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“In the darkness of the cell surface, the novel subtype-selective fluorescent 

antagonists developed in this study illuminate the pathways to a better 

understanding of the molecular pharmacology of the adenosine A1 and A2A 

receptors in living cells”  
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Abstract 

Adenosine is an important regulatory endogenous molecule which can 

modulate all aspects of tissue functions upon engagement with four 

adenosine receptor (AR) subtypes namely A1AR, A2AAR, A2BAR and A3AR, 

respectively. These membrane proteins are distributed throughout the human 

body and, owing to their prominent role in modulating many physiological 

and pathological processes, they provide important therapeutic opportunities 

for a number of conditions including cardiovascular, inflammatory diseases, 

neuropathic pain, CNS disorders and cancer. Yet, translation of adenosine 

ligands from the bench to the clinic proved challenging. This suggests that 

better understanding of the molecular and cellular mechanisms of action 

underlying specific AR pharmacology in different tissues, cell types and 

subcellular compartments is required for the development of new AR 

therapeutics. Accordingly, subtype-selective fluorescent probes represent 

valuable tools to provide this knowledge as they allow real-time monitoring 

of receptor-specific pharmacology at the single-cell level, in its native, non-

genetically modified environment. 

 

This Thesis describes the rational design, synthesis and 

pharmacological validation of novel subtype-selective fluorescent antagonists 

targeting two AR subtypes, namely the A1AR and A2AAR, respectively. These 

probes allowed quantification of equilibrium and kinetic ligand binding 

parameters using biophysical methods such as NanoBRET and TR-FRET, 

in addition to allow visualisation of specific receptor localisation and 

distribution patterns in living cells by confocal microscopy and total internal 

reflection microscopy (TIRF-M). Moreover, to the best of our knowledge, 

probes 4.44b and 4.46a represent the first examples of subtype-selective 

fluorescent hA1AR antagonists reported to date.  

 

As an extension of the fluorescent ligand technology, this Thesis also 

reports the rational design of a Ligand-Directed (LD) chemistry approach, 

combined with an Inverse-Electron Demand Diels-Alder (IEDDA) click 
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reaction, which enabled fluorescent labelling of hA1ARs expressed in living 

cells. This method offers a novel, non-invasive, bioorthogonal approach to 

study A1AR function and dynamics in its native cellular environment.  

 

Together, the tools developed in this Thesis may support the discovery 

of new sites and mechanisms for therapeutic intervention within the 

adenosine receptors research field, as well as facilitate the design of AR 

ligands with improved selectivity and safer mechanism of action. 
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Chapter 1. General Introduction 
 

1.1 G Protein-Coupled Receptors (GPCRs). 

G Protein-Coupled Receptors (GPCRs) are membrane receptors 

that recognise and respond to a variety of external stimuli (small molecules, 

photons, ions, hormones, peptides) and transduce this information to the 

intracellular environment of the cell through an interaction with a 

heterotrimeric guanine nucleotide-binding (G) protein.1 GPCRs encompass 

the largest family of protein targets of currently marketed drugs, whereby 

approximately 35 % of approved drugs target a GPCR.2 This is because they 

are involved in modulating many different aspects of human physiology and 

pathology e.g. cardiovascular diseases, central nervous system (CNS) 

disorders and cancer. Thus, understanding the molecular mechanisms 

underlying GPCR biology is pivotal for advancing more effective 

therapeutics targeting these important membrane receptors. 

Based on sequence homology between the seven transmembrane 

(TM) domains and functional similarities, GPCR can be classified into five 

main families : class A ( or rhodopsin-like family), class B ( or secretin family), 

class C ( or metabotropic glutamate/pheromone family), class F ( or 

frizzled/smoothened family) and the adhesion family of GPCRs.3,4  

Nonetheless, all GPCRs share common structural features which are 

conserved across all families: this includes seven-membrane spanning a-

helices embedded in the plasma membrane which are connected by three 

extracellular loops (ECL1-ECL3) and three intracellular loops (ICL1-ICL3), 

with an extracellular amino N-terminus and an intracellular carboxyl C-

terminus of different lengths.5 

Binding of an agonist molecule to a GPCR elicits conformational 

changes in the intracellular domains, which in turn initiates a cascade of 

signalling events as result of the activation of intracellular coupling partners, 

such as heterotrimeric G proteins, G protein-coupled receptor kinase (GRK) 

and arrestins.6,7  G protein-engagement and activation represent the classical 

signalling pathway by which GPCR function. In particular, G proteins are a 

heterotrimer composed of three subunits, namely Ga, Gb and Gg 



 2 

respectively. Receptor activation results in an exchange of guanosine 

diphosphate (GDP) with guanosine triphosphate (GTP). This leads to the 

dissociation of Ga and Gbg subunits, which can then modulate various 

downstream effector proteins.7  

 
Figure 1.1 Schematic representation of the signalling cascade triggered by G protein 

coupled receptor activation. GPCR activation can trigger G protein-dependent or G 

protein independent pathways. Image modified after Hilger, D. et al.7 Image created 

with Biorender.com 

 

Recent advances in the field of structural biology, as well as 

innovations in molecular pharmacology and chemical biology are leveraging 

our understanding of the complexity of GPCR function and dynamics, 

providing new avenues for targeting with new drugs for a particular 

therapeutic indication.8,9  

 

1.2 Adenosine Receptors as Drug Discovery Targets. 

The role of adenosine, a naturally occurring nucleoside, in modulating 

heart functions was firstly described by Drury and Szent-Györgyi in 1929.10 

Forty years later, studies on the role of caffeine in mammalian atrial 

muscles,11 as well as studies reporting the effects of adenosine and adenine 
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nucleotides in enhancing cyclic adenosine monophosphate (cAMP) 

accumulation on mammalian cerebral cortex slices12 suggested the existence 

of specific adenosine receptors (ARs) at which methylxanthines caffeine and 

theophylline were acting as antagonists.13–15 Observations that adenosine and 

adenosine analogues were able either to stimulate or inhibit the accumulation 

of cAMP led to the conclusion that these opposite effects were mediated by 

two different adenosine receptor subtypes. The adenosine receptors 

responsible for inhibiting cAMP accumulation were classified as A1AR 

subtypes, whilst those with a stimulating effect towards cAMP accumulation 

were classified as A2AR subtypes.16 In later studies Daly and colleagues 

documented that the A2AR could be additionally divided into two 

subfamilies: a high affinity A2AAR and low affinity A2BAR receptor subtypes 

as a result of the different affinities of adenosine exhibited at the two distinct 

receptors.17  

 
Figure 1.2 Adenosine receptors subtypes and downstream effectors activated 

following AR-stimulation by an agonist ligand such as adenosine, ADO. A2AAR and 

A2BAR stimulate adenylyl cyclase (AC), resulting in an increase of cyclic adenosine 

monophosphate (cAMP) production from ATP. Conversely, A1AR and A3AR inhibit 

AC, resulting in a decrease of cAMP production. The activation of A1AR and A3AR 

can also stimulate Ca 2+ accumulation and activation of potassium K+-ATP channels 

mediated by the Gβγ subunit.18,19 All four receptor subtypes stimulate MAPK signalling 

pathways, which can lead to activation of ERK ½, JNK and p38 MAPK.20 
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After decades of research, it is now widely acknowledged that the 

endogenous ligand adenosine mediates many central and peripheral effects 

upon activation of four adenosine receptor subtypes, namely the A1-, A2A-, 

A2B- and A3AR, respectively (Figure 1.2). The adenosine receptors belong to 

the class A GPCR superfamily and display a structural architecture common 

to other GPCRs. Each AR subtype, however, display a unique 

pharmacological profile owing to the coupling to different effector proteins 

and tissue distribution.21 

Adenosine A1AR and A3AR receptors mainly couple to Gai proteins, 

resulting in adenylyl cyclase inhibition and subsequent reduction of cAMP 

accumulation. Conversely, the A2AAR and A2BAR subtypes primarily engage 

Gas proteins promoting the accumulation of cAMP due to the activation of 

adenylyl cyclase.5,15 ARs activation can also initiate other downstream 

signalling pathways, such as phospholipase C (PLC) and the subsequent 

mobilisation of intracellular calcium [Ca2+].22 Additionally, ARs also regulate 

the mitogen-activated protein kinase (MAPK) signalling responses, including 

extracellular regulated kinase 1/2 (ERK1/2), p38-MAPK and Jun-NH2 

terminal kinase (JNK), which are involved in cell growth, survival and 

differentiation.18 

 

1.2.1 Adenosine production and metabolism 
 

Adenosine is a modulatory molecule, which constitutes a fundamental 

structural unit for nucleic acids and partakes in energy metabolism. 

Specifically, adenosine is released by most cells following hypoxia, 

inflammation and cell damage to promote tissue protection and repair.23,24 
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Figure 1.3 Schematic representation of the main pathways involved in adenosine 

production and metabolism. Abbreviations: ADA, adenosine deaminase; ATP, 

adenosine triphosphate; AMP, adenosine monophosphate; CD39, nucleoside 

triphosphate diphosphohydrolase; CD73, 5’ nucleotidase. Image modified from 

Antonioli, L. et al.25 

 

Under physiological conditions, intracellular and extracellular levels of 

adenosine are continuously produced and sustained by many biological 

processes (Figure 1.3). For example, the main source of extracellular 

adenosine derives from the breakdown of ATP by the activity of specific 

ectoenzymes: ectonucleoside triphosphate diphosphohydrolase (CD39) and 

ecto-5’ nucleotidase (CD73). Intracellular adenosine mainly arises from the 

hydrolysis of S-adenosylhomocysteine (SAH) and from the 

dephosphorylation of AMP, catalysed by the endo-5’ nucleotidase (CD73).20 

Adenosine concentration is maintained under equilibrium by the activity of 

specific nucleoside transporters (NTs) which are expressed in most cells. 

Additionally, adenosine is quickly metabolised to inosine through the activity 

of adenosine deaminase (ADA) or can be phosphorylated to AMP by 

adenosine kinase (ADK).  

Under normal physiological conditions, the concentration of adenosine 

varies between 30-200 nM. This concentration can increase to micromolar 
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(µM) levels depending on the onset of pathologies or on the metabolic 

demand of the cell.25  

 

1.3 Structural and Dynamical Determinants of 

Subtype-Selectivity between the A1 and the A2A 

Receptors 
 

Recent advances in the field of structural biology are leveraging our 

understanding of the molecular determinants involved in GPCR 

pharmacology. With the availability of detailed structural data, derived from 

X-ray crystallography and cryoelectron microscopy (Cryo-EM), drug 

discovery programs can now leverage this information for the design and 

development of specific ligands for the targeted receptor.   

The adenosine A2A receptor subtype has been the third GPCR, after 

rhodopsin26 and b2-AR,27,28 of which the three-dimensional structure has been 

elucidated. 29 Since then, the Protein Data Bank (PDB) depository houses 

more than 50 A2A crystal structures in either agonist30 or antagonist-bound31 

states and fully active state in which the A2AAR is coupled with its intracellular 

binding partner, an engineered heterotrimeric GS protein.32,33 Additionally, 

structures of the  A1AR subtype in either active (agonist-bound)34,35 and 

inactive (antagonist-bound)36,37 states have been recently solved. Therefore, 

mutagenesis studies38,39, molecular modelling simulations40,41 and SARs 

studies42–44, relative to the A1AR and A2AAR subtypes, can now be analysed in 

the context of structural information and, together, provide a compiled map 

for the rational design of selective ligands for the these specific adenosine 

receptors.  
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Figure 1.4   Comparison of the crystal structures of the adenosine A1AR (left hand images) and A2AAR (right hand images) receptors in their inactive states. The  A1AR in 

complex with the irreversible antagonist DU172 (PDB : 5UEN)36 is shown  in ribbon coloured lightblue . DU172 is depicted as sticks coloured orange. The broad binding 

pocket cavity is shown as surface coloured wheat. The  A2AAR in complex with the inverse agonist ZM241385 (PDB : 4EIY)45 is shown  in ribbon coloured greencyan. 

ZM241385 is shown as sticks coloured magenta. The binding pocket cavity is depicted as white surface. For both A1AR and A2AAR structures, hydrogen bonds are shown 

as dashed lines. The key residues (shown in sticks), transmembrane (TM) domains and Extra Cellular Loop 2 (ECL2) are labelled for clarity. With both structures’ 

representations, a zoomed view of co-crystalised ligand (DU172 for A1AR and ZM241385 A2AAR) in the binding pocket is depicted in the box (blue for A1AR and orange 

for A2AAR). Images were generated in PyMol (version 2.2.0) using the crystal structures deposited in the Protein Data Bank with the corresponding codes provided. 



 8 

 

A principal drawback in developing selective adenosine ligands is the high 

sequence similarity displayed between the four adenosine receptor subtypes,46 

in particular at the level of the orthosteric binding pocket, which results in only 

limited structural differences among these purinergic receptors that are 

particularly challenging to address from a medicinal chemistry point of view.  

First of all, comparing the structures of the A1AR and A2AAR in their inactive 

states (Figure 1.4), a striking difference between the two receptors is 

represented by the binding pocket cavity, which is particularly open and wide 

in the A1 subtype. Conversely, the A2A displays a much narrower and elongated 

pocket.  Interestingly, a key structural determinant for subtype selectivity 

between the two adenosine receptors is represented by the residue at position 

7.35 , T2707.35 in A1AR and M2707.35 in A2AAR (the superscript number refers 

to the Ballesteros-Weinstein numbering scheme in which the first value 

represents the transmembrane helix and the second the position of the residue 

with respect to the most conserved residue of the helix, which is 

conventionally set to 50).47 The role of this single amino acid in shaping ligand 

binding selectivity has been supported by site-directed mutagenesis studies and 

molecular modelling simulations. It is widely accepted that bulky substituents 

at 8-position of the prototypical xanthine scaffold as well as alkyl chains at the 

N1 and N3 positions are the principal drivers for affinity and selectivity for the 

A1 subtype. These features of ligand recognition can be rationalised with the 

available crystal structures:36,37,45 owing to the smaller side chain of threonine 

2707.35 in A1, bulkier groups at C8 position are allowed to engage with the 

hydrophobic pocket shaped by residues M1775.35, L2536.54 and T2576.57.  

Conversely, the access to the same pocket in the A2A is hindered by the much 

bulkier methionine residue (M2707.35) which is thought to act as “gatekeeper” as 

reported by Glukhova et al.36 Interestingly, while this residue in the A2A is well 

conserved across different  species, in the A1 there is more variability, resulting 

in significant differences of ligand binding affinities for A1 ligands.48,49 In the 

A2A crystal structure residue 270 points towards the binding pocket, thereby 

restricting the pose of the co-crystalized ligand ZM241385. This feature is a 

result of a more inward movement of TM7 towards the core of A2A compared 

to the A1. Indeed, the steric clash with M270 in A2A can account for the reduced 
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affinity displayed by xanthine-based ligands substituted with bulky groups at 

C8 position.  

Marked differences between the A2A and A1 have been observed in the 

extracellular region of the receptors. ECL2 in A1 adopts a conformation 

perpendicular to the plane of the membrane. In contrast, the corresponding 

ECL2 in A2A folds towards the top of TM3 adopting a conformation almost 

parallel to plane of the membrane. This structural feature is a result of two 

additional disulphide bonds (C74-C146 and C71-C159) joint between ECL 2 

and ECL129 displayed by the A2A but not the A1, which restrict the 

conformation of the ECL2 and narrow the entrance to the binding pocket.  

An interesting study by Mattedi et al.50, conducted through unbiased molecular 

dynamic (MD) simulations, complemented the available structural 

information for the A1 and A2A, demonstrating the importance of the salt 

bridge at the entrance of the orthosteric binding cavity51 and the network of 

water molecules52 in modulating the dynamics of adenosine ligands, ultimately 

affecting their selectivity properties. This study has enabled further 

understanding of the dynamic aspects of ligand recognition exhibited by the 

two adenosine receptors, thereby elucidating the structural and dynamical 

determinants of selectivity. 

 

1.4 Adenosine A2A Receptor 
 

The adenosine A2AAR receptor exerts prominent functions in the immune 

and cardiovascular systems as well as in the brain. Along with the other AR 

subtypes, the A2AAR has been cloned from several mammalian species, 

including dog, human, rat, mouse and guinea pig.53 A2AARs are highly 

expressed in the striatum, olfactory bulb, immune cells, blood platelets and 

spleen. To a lesser extent A2AARs are expressed in cardiac tissue, blood 

vessels and lungs.15,54  

Of note, the A2AAR is considered a high affinity receptor because it is 

activated by nanomolar (circa 316 nM, hA2AAR) concentrations of adenosine. 

Conversely, the A2BAR is activated by micromolar (circa 15 µM, hA2BAR) 

adenosine concentrations.55 As mentioned in section 1.2, A2AARs signal 

mainly through Gas proteins in the periphery,56 but can also signal through 
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Gaolf in the striatum.57 Engagement  of both Ga proteins stimulate adenylyl 

cyclase, leading to an increase in cAMP accumulation and subsequent 

activation of a series of effector signalling proteins. A2AAR activation can 

also stimulate the phospholipid C (PLC) pathway, leading to activation of 

protein kinase C (PKC) and mobilisation of intracellular Ca2+. The signalling 

pathway engaged by the A2AAR can differ depending on the cell type and 

tissue in which the receptor is expressed. For example, it has been observed 

that A2AARs either stimulates or inhibits ERK phosphorylation depending 

on the cellular background (HEK 293 cells vs CHO cells).56 

 

1.4.1 Adenosine A2A Receptor:  
Pharmacology and Therapeutic Application 

 

The application of ARs radioligands and microscopy techniques coupled 

with studies using genetically ARs-deleted mice have allowed mapping of the 

occupancy, as well as understanding of the distribution and physio-

pathological roles of the different adenosine receptor subtypes.58,59   

The activation of A2AARs expressed in coronary arteries and other blood 

vessels produces vasodilating effects, leading to an increase of blood flow 

through a mechanism that can be ascribed to nitric oxide (NO)-mediated 

activation of guanylyl ciclase.60 Indeed, the A2AAR agonist Regadenoson 

(Lexiscan, Astellas Pharma) is currently used in the clinic as pharmacological 

stress agent for myocardial perfusion imaging (MPI).61  

Moreover, A2AARs are highly expressed in striato-pallidal GABA neurons 

in the striatum and regulate neurotransmission. Here, it was found that 

A2AARs form heterodimeric complexes with dopaminergic D2 receptors,62,63 

whereby activation of A2AARs allosterically inhibit D2 signalling, leading to 

inhibition of motor activity. This inhibitory function mediated by the A2AAR 

signalling prompted scientists to investigate the therapeutic role of A2AAR 

antagonists for relieving motor deficits in Parkinson’s Disease (PD) 

patients.64 In 2019, the therapeutic role of A2AAR in PD was validated by the 

U.S. Food and Drug Administration (FDA) with the approval of the A2AAR 

antagonist istradefylline (Nourianz, Kyowa Kirin Inc.) as co-therapy with 

levodopa/carbidopa to treat the “off” episodes of PD.65 Owing to the 
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protective role played by A2AAR blockade in the CNS, it was suggested that 

A2AAR antagonists could also offer a therapeutic benefit for many other 

neurological disorders including Huntington’s Disease (HD),21,66 

schizophrenia,67 depression,68 drug addiction69 and neuropathic pain.21,59  

Signalling mediated by the activation of the A2AAR plays an important role 

in inflammation and cancer biology.25 Activation of A2AAR following tissue 

stress or damage, suppress inflammation by downregulating pro-

inflammatory molecules such as cytokines or oxygen free radicals with the 

aim to restore cellular homeostasis and stimulate healing processes.70 

However, when episodes of tissue stress or damage exceed the acute-injury 

phase, activation of A2AAR can instead trigger pro-inflammatory and 

immunosuppressive responses.71   

 

1.4.1.1 Role of the A2AAR in Cancer Immunotherapy 

 

Within the tumour microenvironment (TME) micromolar levels of 

adenosine are continuously produced and sustained. Here, adenosine can 

engage and activate the A2AARs which are expressed on the surface of 

immune cells including T-lymphocytes, macrophages, dendritic cells (DCs) 

and natural killer (NK) cells. These cells are found to populate the TME and 

the activation of A2AAR signalling in these cells has been identified as the 

mechanism by which cancer can hijack the immune response in the host, 

thereby promoting its further development and progression. In this regard, 

small-molecule A2AAR antagonists are being explored as novel therapeutic 

agents in cancer immunotherapy owing to the promising preclinical outcomes 

observed with blocking the A2AAR pathway.72,73   
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Figure 1.5 Structures of representative A2AAR antagonists or dual A2AAR/A2BAR 

antagonist (AB928), which are undergoing clinical trials in patients with solid malignancies.74 

 

Several A2AAR antagonists have now entered clinical trials to explore their 

efficacy profiles in patients with solid tumours (Figure 1.5). Sosei Heptares/ 

Astra Zeneca’s AZD4635 (HTL1071)75 is 1,3,4 triazine-based A2AAR 

antagonist, which was developed following Structure-Based Drug Discovery 

(SBDD) approach, exhibited promising in vitro pharmacodynamics in 

preclinical studies (Ki = 1.7 nM, with 30-fold A2AAR selectivity compared to 

binding the other adenosine receptor subtypes).76 Subsequent in vivo studies 
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demonstrated that inhibition of A2AAR signalling in syngeneic mouse tumour 

models by AZD4635 caused a reduction in tumour growth alone and in 

combination with anti-PD-L1 Ab.77 This molecule is currently under 

investigation in Phase II clinical trial in combination with durvalumamb or 

with durvalumab and cabazitaxel in patients with advanced solid malignancies 

(NCT04495179). A collaboration between Palobiofarma SL and Novartis led 

to the development of a series of 2,6-Bis-(heteroaryl)-4-amino pyrimidines as 

novel A2AAR antagonist for immune-oncology applications. Amongst these, 

Taminadenant (also known as PF-509/NIR178) showed high hA2AAR 

affinity (Ki = 12 nM), selectivity (A1AR Ki = 2500 nM, A2BAR Ki = 1000 nM 

and A3AR Ki = 5000 nM) and antitumour activity in in vivo models.78 

Taminadenant (NCT03549000) along with the  2-triazole, 6-propargyl 

pyrimidine analogue (PBF-999) are currently in Phase I clinical trial in patients 

with solid tumours (NCT03786484).  

Notably, several studies have shown that the A2BAR subtypes also 

mediates immunosuppression, as its activation leads to tumour growth and 

metastasis.79 Owing to the promise that A2BAR inhibition holds for cancer 

treatments, several antagonist molecules are undergoing clinical trials for this 

application.80 Among these,  Etrumadenant (AB928) a dual A2AAR/A2BAR 

inhibitor (KB = 1.5 nM and KB = 2 nM, respectively) developed by Arcus 

Bioscience, which showed significant antitumour effects in cancer models. 

Following the positive results obtained in Phase I,81 AB928 has entered Phase 

II clinical trial for the evaluation as monotherapy and combination with 

immunotherapies in patients with advanced solid tumours (ClinicalTrials.gov 

identifier NCT04262856). The simultaneous targeting of A2AAR/A2BAR 

signalling in immuno-oncology could provide superior therapeutic activity 

compared to the inhibition of the A2AAR subtype alone. Although preclinical 

data supporting this hypothesis are still lacking, AB928 proved to be well 

tolerated in addition to demonstrate good antitumour activity in mouse 

models of cancer.82  

 

Remarkably, the studies reported herein support the evidence that 

blocking adenosine signalling or production in combination with 

chemotherapy or immune checkpoint blockade inhibitors promotes 
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beneficial outcomes in cancer treatments, offering a new avenue for the 

design and development of novel anticancer drugs.  

 

1.5 Adenosine A1 Receptor 
 

The adenosine A1AR receptor subtype is predominantly expressed in the 

CNS, cardiovascular system, immune system, airway smooth muscles, 

kidney, eye and adipose tissue. Owing to the abundance and wide-spread 

distribution throughout the human body, A1ARs exert many modulatory 

effects, including bradycardia, neuroprotection, inhibition of 

neurotransmitter release and neural firing.43 A1AR mainly signal upon 

coupling with Gai/o proteins, which cause reduction of cAMP accumulation, 

following inhibition of adenylyl cyclase activity. Additionally, A1AR 

activation stimulates phospholipase C (PLC) pathway, thereby leading to an 

incrase of intracellular [Ca2+] levels. Importantly, in myocardial and neural 

tissues A1AR stimulates  KATP
  channels, thereby exerting prominent 

functions in tissue preconditioning.20,21 
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Figure 1.6 Structures of representative A1AR ligands that progressed into clinical trials and/or are currently employed as chemical probe

S
NH2

O

CF3PD 81,723

S
NH2

O Cl
T62

S
NH2

O Cl

N

F

N

TRR469

S
NH2

O

CF3

VCP171

NN S

CNNC

O O

O
N
H

O
NH2 . HCl

S

N Cl

Neladenoson bialanate hydrochloride

O

OH OH

HO N

NN

N

HN

Cl

CCPA

O

OH OH

H
N N

NN

N

NH2

O

NECA

O

OH OH

HO N

NN

N

HN

O

BnOCPA

N

N N

H
N

O

O

OH

O

Tonapofylline

N

N N

H
N

O

O

OH
PSB36

N

N N
H

NH

HO

SLV320

 Agonists Antagonists

partial agonist Positive Allosteric Modulators (PAMs)

S
NH2

O

CF3

Cl
CF3 MIPS521



 16 

 

 

1.5.1 Adenosine A1 Receptor:  

Pharmacology and Therapeutic Application 

 

Owing to the prominent role in the heart, where activation of A1AR exerts 

negative inotropic, chronotropic and dromotropic effects, small-molecule 

A1AR agonists have been explored as therapeutics for cardiovascular 

indications including angina pectoris, paroxysmal supraventricular 

tachycardia (PSVT) and atrial fibrillation.20 Adenosine itself is currently used 

in the clinic for these specific therapeutic applications and as a diagnostic 

tool. Furthermore, although adenosine-mediated anti-inflammatory and 

protective effects have been reported for all the four AR subtypes, these 

effects appeared to be primarily mediated following A1AR-engagement, in 

particular, during ischemia and reperfusion injury.23 Preclinical data showed 

that inhibition of A1AR signalling offered potential for the development of 

potassium sparing diuretics83,84 owing to improved glomerular filtration rate 

(GFR) and natriuresis responses under congestive heart failure (HF) 

conditions.85 Furthermore, blocking A1AR activity may offer an avenue for 

the development of cognitive enhancers.86 

Many medicinal chemistry efforts have been undertaken to improve the 

pharmacology of canonical orthosteric A1AR agonists and antagonists 

(Figure 1.6).43,44 Yet the clinical success of these ligands is still hampered by 

limited efficacy and/or the difficulties of separating  central and 

hemodynamic therapeutic effects (e.g. cytoprotection) from undesired 

effects (e.g. bradycardia, atrioventricular (AV) block and seizures)87,88 which 

are mediated by engagement of the same protein receptor.89 The therapeutic 

limitations of canonical orthosteric A1AR ligands might be overcome 

through the application of emerging pharmacological paradigms. These 

comprise of the development of biased ligands90,91 - ligands that stabilise 

different receptor conformations, thereby leading to the selective activation 

(bias) of one signalling pathway over another. In a recent study, the A1AR 

subtype-selective full agonist BnOCPA92 (Figure 1.6) showed to 

discriminate between Go subtypes, by selectively coupling with the Gob 
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isoform. Notably, when dosed in a rat model of chronic neuropathic pain, 

BnOCPA produced analgesia without the occurrence of commonly 

associated adverse effects such as bradycardia or respiratory depression. As 

such, this novel mechanism of selective A1AR-engagement could provide a 

new opportunity for the development of non-opioids analgesic.93 

Another approach that could exploited for improving more efficacious 

and selective therapeutic A1AR-targeting relies on the application of 

allosteric modulators.94,95 That is, ligands which bind to a spatially and 

topologically distinct (allosteric) site on their target receptor, whereby  they 

can enhance (positive allosteric modulator, PAM) or inhibit (negative 

allosteric modulators, NAM) the binding of endogenous or synthetic ligands 

to their receptor binding site and/or alter the resulting functional effect.96–98  

In principle, the major advantage of using such molecules is that greater 

target, tissue and functional selectivity could be achieved, whilst minimizing 

non-specific interactions and/or unwanted side effects.90,94  

Since the discovery of the first A1AR PAM  PD 81,723 by Bruns and 

colleagues,99,100 medicinal chemistry endeavours have been undertaken by 

several research groups to probe the structure-activity relationships 

(SARs)43,101–104 underlying compounds’ specific pharmacology and 

physicochemical properties (Figure 1.6). Overall, these studies highlighted 

that only limited structural diversification from the reference PD compound 

was allowed, with the core 2-amino-3-benzoylthiophen (2A3BT) scaffold 

required as minimal pharmacophore to maintain reasonable PAM activity 

and the 4- and 5- positions of the thiophene ring allowing greater structural 

modifications. While the potential of allosterically modulate A1AR activity 

has been described in many in vitro studies, the number of A1AR PAM 

molecules explored in more physiologically relevant models is limited to few 

examples. 3-trifluorophrenyl 2A3BT analogue VCP171102 could inhibit 

primary afferent synaptic transmission in rat models of neuropathic pain,105 

where the adenosine tone in the dorsal horn of the spinal cord was enhanced 

following injury. Furthermore, benzoylthiophene analogues TRR469103,106 

and T62107 were able to produce anti-nociceptive effects in neuropathic pain 

models in vivo, with T62 being further advanced to Phase II clinical trials to 

be evaluated in patients with postherpetic neuralgia applications.108 This 
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study was however terminated owing to patients experiencing transient 

elevations in liver transaminases and lack in demonstrating efficacy 

(NCT00809679).109 Recently, PAM 3,5-bis(trifluoromethyl) 2A3BT analogue 

MIPS521 (cmpd 13o in Aurelio, L. et al.)102 exhibited analgesic efficacy in rat 

models of neuropathic pain through the on-target modulation of elevated 

adenosine tone that arises in the spinal cord following neuropathic pain.35 

In a recent Phase II clinical trial, the partial A1AR agonist neladenoson 

bialanate110 (Figure 1.6) has been evaluated as potential treatment in 

patients with chronic heart failure. However, failures in demonstrating the 

primary efficacy endpoints led to discontinue the study.111 

 

Despite the breadth of preclinical data supporting the development of 

adenosine ligands for many therapeutic indications, the number of adenosine 

ligands used in the clinic is limited to three molecules including synthetic 

adenosine, regadenoson and istradefylline (section 1.3.1). Although the 

reasons for the inability to translate in vitro data into clinical benefit may not 

be completely understood, it could be hypothesised that, failures in 

demonstrating therapeutic efficacy of a particular drug candidate in patients 

could be ascribed to many potential factors.112 These include, but are not 

limited to, 1) the limited predictive power of translational animal models for 

therapeutic efficacy in humans,113,114 owing to possible interspecies 

differences;49,115 2) in the patient population studied, some AR ligands might 

be incapable of exerting on-target beneficial effects in the absence of on-

target adverse effects;116,117 3) difficulties in confirming robust AR-

engagement in a particular disease states in vivo and its link to the disease 

studied.118 Notably, these hypotheses suggest that improved understanding 

of AR biology is therefore needed for advancing AR ligands with superior 

therapeutic action and selectivity.  

 

1.6 The use of Fluorescent Ligands for studying A1AR 
and A2AAR biology 

 

The limited translation of AR ligands from the bench to the clinic, 

suggested that a better understanding of the molecular and cellular 



 19 

mechanism of action underlying specific AR pharmacology is required for 

the improvement of new AR therapeutics.119 Specifically, before ARs can be 

exploited as therapeutic targets, it is essential to gain better and thorough 

knowledge on the real-time receptor cellular and/or subcellular location, 

organisation and signalling as well as how different cellular and/or 

subcellular locations may influence specific AR signalling and how these 

events may eventually contribute to the particular physiology or pathology 

studied.120,121 Accordingly, imaging tools represents a useful avenue to further 

this knowledge and help with the clinical advancement of more selective and 

efficacious AR therapeutics.  

 

Traditionally, radioligands - ligands whereby a radioisotope, such as [3H], 

[11C], [19F] or [125I], is introduced in the core structure of the molecule and 

the specific radioactivity can be detected and monitored (emission of b-

particle, positrons) - have been extensively used to measure ligand binding 

affinities and kinetic rate parameters of unlabelled ligands. In addition, some 

radioligands can be combined with Positron Emission Tomography (PET) 

to quantify receptor expression, distribution and occupancy in patients with 

a particular disease studied.122,123  Owing to the hazards and costs associated 

to the handling, licensing and disposal of such ligands,124 coupled  with 

insufficient sensitivity, specificity and/or metabolic stability of some 

reported probes applied in in vivo studies,122,125 many research endeavours 

have been undertaken to improve the methods which allow specific 

visualisation of ARs. Among these, fluorescence-based techniques offer the 

opportunity to interrogate and understand the molecular pharmacology of 

these membrane proteins in their native, unmodified cellular environment, 

in real-time and at single cell level with great spatial and temporal 

resolution.126–128   
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Figure 1.7. Schematic representation of the fluorescence principle as described by the 

Jablonski energy diagram. Upon exposure of light the electrons are promoted to a higher 

energy state. After a transient excited state with minimal energy loss, the fluorescent 

molecule returns to its ground state by emitting light. 129 

 

Fluorescence is a physical process that consists of the emission of light by 

a molecule (fluorophore) which has absorbed light energy. After a transient 

excited state with minimal loss of energy the molecule returns to its ground 

state triggering light emission at longer wavelengths than the excitation light. 

The difference in the excitation wavelength and the emission wavelength is 

called the Stokes shift of the fluorophore (Figure 1.7) 

 

Examples of fluorescence techniques which allow imaging and monitoring 

of receptor functions and dynamics include confocal laser scanning 

microscopy (CLSM), Fluorescence Correlation Spectroscopy (FCS),130 

Fluorescence Polarization (FP),131 specialised flow cytometry techniques such 

Fluorescence-Activated Cell Sorting (FACS),132 fluorescence-resonance 

energy transfer (FRET)133,134 and super resolution microscopy, which 

overcomes the diffraction limit of standard light microscopy.135,136 These 

approaches rely on the possibility of  fluorescently label the protein studied 

and this can be primarily achieved in three different ways: 1) through the use 

of fluorescent proteins137 or self-labelling protein tags (e.g SNAP-tag, CLIP-

tag), fluorescently labelled antibodies138 and/or small-molecules fluorescent 

ligands.139 Notably, compared with the above mentioned labelling 

approaches,  the fluorescent ligand technology  has the greater advantage of 

being readily applicable for the study of protein receptors in their native, 
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unmodified expressing system, which in a drug discovery program should be 

more disease-relavant.140,141   

 

Fluorescent ligands are designed and synthesised by tethering an organic 

fluorescent dye to a known agonist or antagonist ligand for the receptor 

studied via a linker.127,128,142 Notably, the development and application of 

small-molecule fluorescent probes for ARs, and for GPCR in general, has 

rapidly increased in the past 20 years; this has been achieved owing to 

advancements in imaging approaches coupled with increased availability of 

structural information, from both X-ray crystallography29,30,36 and 

cryoelectron microscopy (Cryo-Em),33,34 which can allow the rational design 

of ligands with improved affinity and selectivity for the target protein.40,143 

 

1.6.1 Fluorescent Ligands Design 

Some considerations must be addressed when designing fluorescent 

ligands. Fluorescently-labelled ligands are composed by three independent 

units: the parent pharmacophore, the fluorophore and the linker which 

connects the former two parts together (Figure 1.8). It is important to 

understand that the pharmacological profile of the resulting fluorescent 

ligand is critically influenced by each of these components. Indeed, every time 

a new design approach is carried out, it essential to consider the novel 

fluorescent ligands as new pharmacological entities. The addition of a quite 

bulky fluorophore as well as the linker are likely to alter the pharmacological 

profile of the parent pharmacophore.144–146 

 
Figure 1.8 Fluorescent ligand components. Specifically depicted is a fluorescent 

analogue of propranolol (BODIPY 630/650-X- b-Ala- b-Ala propranolol) designed by 

Alcobia et al.,147 
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Firstly, it is important to elucidate the structure-activity relationship (SAR) 

of the parent pharmacophore at the receptors of interest. This process is 

extremely fundamental because it suggests the most suitable position which 

tolerates the addition of the fluorophore or the linker, therefore without 

possibly affecting the binding affinity or efficacy of the final ligand. An ideal 

fluorescently-labelled compound would retain the pharmacological 

properties of the parent ligand. When available, structural knowledge of the 

target protein can be leveraged for the rational design of these ligands. 

Secondly, the choice of the fluorophore heavily depends on the application 

of the fluorescent probe as different imaging approaches require 

fluorophores with specific spectral properties, such as excitation and 

emission wavelength, quantum yield, exciton coefficient and fluorescence 

lifetime. Additionally, it has been demonstrated that the chemical 

composition and the length of the linker may affect the binding affinity and 

efficacy of the fluorescent ligand.144,148 For example, this theory has been 

investigated by our research group on the adenosine receptor A1 and A3 

subtypes.144,149 More precisely, Vernall et al.,150 have shown that the non-

selective xanthine amine congener (XAC) linked to BODIPY 630/650-X 

through a dipeptide linker was converted into a ligand selective towards the 

adenosine A3 receptor subtypes.  The introduction of amino acids as part of 

the linker contributed in enhancing ligand binding affinity compared to the 

parent ligand as well as generating a selective compound.149,150 

 

1.6.2 Fluorescent Ligands Properties and Recent Applications 

 

The first examples of fluorescent ligands used in bioimaging studies 

encompassed molecules conjugated with dansyl, pyrene and fluorescein 

isothiocyanate (FITC) fluorophores. These dyes, however, exhibited some 

drawbacks such as reduced photostability and sensitivity to environmental pH, 

short excitation and emission wavelengths (<450 nm). Nowadays, numerous 

fluorophores are commercially available, covering the full range of the visible 

/electromagnetic spectrum. Interestingly, the vast collection of available 

fluorophores derives from a handful of “core” scaffolds belonging to the 
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families of coumarins, rhodamines, boron dipyrromethene (BODIPY), 

fluoresceins and cyanines dyes.151,152 Furthermore, recent synthetic chemistry 

endeavours have shown the possibility of accessing a wider palette of 

fluorescent dyes, whereby the spectral and physicochemical properties of the 

latter can be easily tuned and improved for their application in more advanced 

biological techniques.153–155  For broader biological applications such as in vivo, 

fluorophores that absorb and emit in the near-IR region (such as Cyanine5 or 

BODIPY-630/650 dyes) of the electromagnetic spectrum ( > 600 nm) are 

preferred owing to the significant reduction, in this optical window, of light 

scattering and background autofluorescence originating from endogenous 

molecules (e.g reduced nicotinamide cofactors NADH, aromatic amino acids, 

flavoproteins, collagen)156, resulting in enhanced tissue penetration, in addition 

to applying wavelengths that, at this lower energy, are less harmful and toxic to 

tissues.147,157,158 BODIPY 630/650 dyes are amongst the preferred choice for 

fluorophore conjugation as they display great stability and spectral properties, 

such as high fluorescence quantum yield (Φ) and high absorption coefficient 

(ε).159–161 Moreover, these dyes are shown to be heavily quenched in aqueous 

environment, whilst, in marked contrast, are brighter when located in a more 

lipophilic environments, such as  the plasma membrane.144 Accordingly, this 

fluorogenic property of BODPY dyes is particularly advantageous for imaging 

studies as it reduces the background fluorescence from unbound ligand. The 

inherent lipophilicity of these dyes may however limit their application in more 

physiological relevant models such as in vivo. In this regard, more water-soluble 

dyes such as those belonging to the Cyanine (e.g Sulfo-Cyanine5) and 

Alexafluor (e.g. Alexafluor647)157,158 may overcome some of the limitations 

discussed above. 

  Advancement in fluorescent ligands design and imaging techniques 

have broadened the application of such tools, whereby novel facet of ARs 

pharmacology , and GPCRs in general, could be also investigated not only in 

model systems but also in native, unmodified environments.126,140 For example, 

pan-selective fluorescent analogues (BODIPY-630/650-X-lablled) of 

adenosine (ABA-X-BY630/650) and NECA(ABEA-BY630/650)148 and 

CA200645162 (Figure X) have been successfully used in conjunction with 

Nanoluciferase Bioluminescence Resonance Energy Transfer (NanoBRET)163–
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165 ligand binding assays to quantify the effect of positive allosteric modulation 

at human and rat NanoLuc-A1AR (Figure 1.9).49 Moreover, fluorescent ligands 

offer the opportunity to study allosteric interactions following oligomeric 

complexes formation. Indeed,  fluorescent agonist ABA-X-BY630/650 was 

applied in confocal microscopy studies coupled with continuous perfusion of 

buffer to visualise and quantify negative cooperativity across the A3AR-A3AR 

homodimeric interface at single cell level.166 The application of specific 

fluorescent D2R (N-(p-aminophenthyl)spiperone NPS-Lumi4-Tb)167 and 

A2AAR (SCH-red, Figure 1)168 antagonists in FRET studies allowed to monitor 

allosteric interactions across D2R-A2AAR complexes in healthy and disease 

striatal tissues, thus providing mechanistic insights into the functional effect of 

D2R-A2AAR dimerization in a native environment.168,169  

Another exciting opportunity for investigating ligand binding and receptor 

functions under endogenous promotion is through the application of genome-

editing approaches in combination with fluorescent ligands. White et al170were 

able to use CRISPR/Cas9171 technology to insert the bright NanoLuc protein 

into endogenous genome and thus to monitor NanoBRET ligand binding at 

native adenosine hA2BAR172 and chemokine CXCR4173 receptors, respectively.  

In a more recent study subtype-selective fluorescent b2-AR antagonists have 

also been successfully combined with CRISPR/Cas9 genome-edited HEK293 

cells to quantify and visualise ligand binding in a more physiologically relevant 

environment using NanoBRET luminescence imaging.141  

Notably, a specific fluorescent TSH ligand enabled monitoring of 

endogenous TSH internalisation and signalling from intracellular 

compartments (endosomes and Trans Golgi Network, TGN)174 in primary 

cells, thus providing better understanding of the signalling events triggered by 

receptor activation in native settings. Recently, a pan-selective fluorescent b1-

AR and b2-AR ligand based on carazolol was combined with FCS to study the 

localisations and dynamics of both adrenoreceptors in adult murine 

cardiomyocytes, thereby shedding new light into the influence of receptor 

specific localisation on its functional effects.120 

 

The few examples discussed herein demonstrate the power of the 

combination of fluorescent ligands with more advanced fluorescence-based 
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techniques to study receptors functions and dynamics not only in model 

systems, but also in more physiologically relevant settings.  

For a more detailed analysis of fluorescent ligands design and applications, 

examples of excellent reviews on the subject are provided.123,126–128,146,175,176 
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Figure 1.9 Structures of representative fluorescent ligands available for studying the 

A2AAR and A1AR. Fluorescent ligand binding affinity a, b, c, d, e, f, i,  l(pKD and 

pKi)131,149,162,168,177–179 and potency g, h (pEC50)180–182 quantified in cell lines stably expressing 

the human A1AR (hA1AR), rat A1AR (rA1AR) or human A3AR (hA3AR). NL denotes the 

presence of an N-terminal NLuc tag.    

 

1.6.3 Fluorescent Ligands Developed for the A1AR and A2AAR 
 

In 1987 Jacobson and co-workers pioneered the development of 

fluorescent ligands for the adenosine receptors as they applied the 

functionalised congener approach to design fluorescent analogues of 

adenosine,183  NECA184 and xanthine amine congener (XAC)185, which  

encompassed fluorophores such as nitrobenzoxadiazole (NBD) and 

fluorescein isothiocyanate (FITC).186 The utility of the A2AAR-selective FITC-

labelled analogue of NECA has been also recently showed in fluorescence 

polarisation studies to measure binding kinetic paraments of unlabelled A2AAR 

ligands.187 Synthetic efforts oriented towards enhancing ligand binding and 

photochemical properties of available fluorescent A2AAR ligands, led to the 

discovery of the first examples of subtype-selective fluorescent A2AAR 

antagonists based on the subtype-selective A2AAR antagonist SCH4424416: 

AlexaFluor-488 conjugated ligands MRS5346131,188 and MRS7416, 179 

respectively (Figure 1.9). These fluorescent conjugated were successfully 

employed in fluorescence polarisation and flow cytometry experiments. In 

addition, molecular modelling studies suggested that these ligands exhibited a 

bitopic character, owing to the ability of the probe to simultaneously engage 

two distinctive sites within the same receptor.179 More recently, functional 

characterisation of MRS7416 acting at the hA2AAR has been performed in 

stable cell lines, thereby showing that the bitopic fluorescent analogue 

displayed an allosteric mode of action.189 

 

Fluorescent agonist and antagonists developed for the human A1AR have 

been developed by many research groups, including ligands prepared from the 

endogenous A1AR agonist, adenosine, tethered with fluorescein isothiocyanate 

(FITC) and nitrobenzoxadiazole (NBD) (FITC-ADAC and NBD-ADAC)186 

or BODIPY-X-630/650 (ABA-X-BY630).148 Moreover, fluorescent ligands 
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synthesised from the full agonist NECA (dansyl-NECA,190 ABEA-BY630148 

and ABEA-G-(D)-Ala-(D)-Ala-X-BY630181) and antagonists based on 

xanthine amine congener (XAC)185 (XAC-X-BY630)191 and its analogue with a 

polyamide linker (CA200645) are also available (Figure 1.9).162,192 Importantly,  

these fluorescent ligands have allowed researchers to gain important insights 

into A1AR localisation,  spatio-temporal organization148,191,193 and functional 

activity in living cells.49 Nonetheless, many of these ligands suffer from poor 

selectivity of binding as they equally engage with other adenosine receptor 

subtypes. Therefore, this feature limits their application to recombinant 

expression systems and suggests the need for additional fluorescent ligands 

with improved A1AR subtype-selectivity.   

 

 

1.7 Ligand-Directed Labelling of Membrane Proteins 
 

In previous sections the utility of fluorescent ligands to study membrane 

proteins in model systems and/or native settings, with a particular focus to 

ARs, has been described. The main advantage of using fluorescent ligands is 

that genetic manipulation of the protein of interest with a tag or fluorescent 

protein is not required. Thus, this minimises possible alterations of the 

biological functions and expression of the protein studied that could arise 

from such modifications.  However, as for any technique, fluorescent ligands 

also display some limitations. For example, the size and the nature of the 

reporter fluorophore could alter receptor affinity and/or selectivity,  144,150,194 

and could accumulate inside the cell, leading to non-specific binding.149,195  

Another limitation of fluorescent ligands is that their inherent reversible 

nature of ligand binding with the receptor could hinder the extent by which 

many aspects of receptor pharmacology can be visualised and interrogated 

real-time, in endogenous expressing systems. In this regard, ligand-directed 

chemistry has emerged as complementary, biorthogonal approach for 

labelling membrane proteins in their unmodified, native environment.196,197  

  

The Hamachi group in Japan has pioneered the ligand-directed (LD) 

chemistry technology, a traceless198 affinity-based labelling approach which 
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uses a cleavable electrophilic group incorporated into the labelling reagent 

(Figure 1.10 A). The labelling reagent is composed of an “affinity” ligand 

(agonist or antagonist) which binds to the protein under study with good 

affinity and selectivity, and a reactive cleavable moiety conjugated with a 

reporter functional group. In principle, the affinity ligand moiety “directs” 

ligand binding to the protein. Upon ligand binding, close proximity of the 

electrophilic cleavable group with a nucleophilic amino acid side chain in the 

ligand binding site promotes efficient transfer of the reporter functional 

group to the residue, through formation of a covalent bond.199 Once the 

reporter group is covalently transferred to the receptor, the rest of the 

molecule should be able to act as a leaving group and freely dissociate from 

the binding site, leaving it intact and available for additional ligands to engage 

with the receptor.200 Therefore, the key advantage of this technology is that 

once the protein is labelled, its functionality should be preserved.199  

 

Figure 1.10 A) General schematic representation of the Ligand-Directed (LD) 

labelling reaction. The affinity ligand moiety of the labelling reagent “directs” ligand-

protein engagement. The reactive group undergoes proximity-driven nucleophilic 

substitution/addition (depending on the nature of the electrophilic centre), thus 

resulting in covalent transfer of the functional group to the nucleophilic residue side 

chain. The affinity ligand may behave as a leaving group and freely dissociate from the 

binding site leaving it intact. B) Examples of reported reactive group structures, ordered 

chronologically from the first reagent reported in 2009 (LDT, Tosylate)196, to the best 

of our knowledge, up to the most recent reagent described by the Hamachi group in 

2018 (LDNASA).201 
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Many ligand-directed labelling reagents have been developed and applied 

by the Hamachi laboratory as well as other research groups to study a variety 

of proteins, such as enzymes196,202, intracellular proteins201 and membrane-

associated proteins in their native environment, such as ligand-gated ion 

channel proteins (GABAAR203, N-methyl-D-Aspartate, NMDA204 and 

AMPA205,206 receptors) and the GPCR bradykinin B2 receptor.204 In addition 

to enable the study of protein functions, this technology can be also applied 

for drug screening purposes203 and for the development of targeted covalent 

inhibitors (TCIs)201  and covalent drugs.207 

 

Different electrophilic cleavable moieties have been designed and used for 

ligand-directed chemistries, with each group displaying distinctive features 

such as reactivity, stability and amino acid selectivity for protein labelling.200,208   

The first generation of traceless affinity labels encompasses Ligand-

Directed Tosyl (LDT)196,202 chemistry (Figure 1.10 B). This approach exploits 

a phenylsulfonate (tosyl) ester group as cleavable electrophile which 

undergoes SN2 to transfer the reporter functional group to a specific residue. 

Notwithstanding its ability to label endogenous FKBP12, the low labelling 

yield as well as the slow kinetics of labelling, prompted the authors to explore 

alternative reactive groups. This led to Ligand-Directed Acyl Imidazole 

(LDAI)197 chemistry, which uses a moderately reactive alkyloxy acyl imidazole 

as cleavable reactive group, with improved labelling efficiency and kinetics. 

To expand the scope of the method to also enable labelling of intracellular 

proteins, new reactive groups were explored, owing to the reduced stability 

of the acyl imidazole moiety inside the cells, as the group represented a good 

enzyme (e.g. esterases, proteases) substrate and could be easily degraded. It 

was envisaged that application of reactive groups which did not occur in 

nature and, therefore, could minimise enzymatic degradation, could achieve 

more specific and faster labelling kinetics. This led to the design and 

application of Ligand-Directed Dibromophenyl Benzoate (LDBB)209, 

Ligand-Directed N-Sulfonyl Pyridione (LDSP)210 and Ligand-Directed N-

Acyl-N-Alkyl Sulfonamide (LDNASA)201 chemistries (Figure 1.10 B). These 

approaches can be applied for labelling both intracellular and membrane-

bound proteins. Moreover, these methods display greater stability and 
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improved kinetics of labelling, with the LDNASA method showing the 

fastest labelling kinetics among all the LD approaches reported. Notably, an 

in vitro study of this reaction kinetics yielded a second-order rate constant k2 

= ~104 M-1 s-1, a value which, for instance,  is very similar to the kinetic 

parameters measured with the fastest biorthogonal click reaction, such as 

IEDDA reaction between a tetrazine and a trans-cyclooctene.200,211 

 

In the context of GPCR research, ligand-directed chemistry has been 

applied for labelling three GPCRs such as the bradykinin B2 receptor with 

biotin204 and, more recently, the μ-Opioid212 and the A2AAR213 receptors with 

a fluorescent dye. Directed covalent modification of the A2AAR with a 

reporter has been also achieved in an earlier study.214 it was shown, however, 

that the number of binding sites available for subsequent radioligand 

engagement was significantly reduced, suggesting that the binding pocket was 

effectively blocked following covalent labelling.214 This result highlights the 

importance of confirming the unaltered functionality of the labelled receptor 

for the implementation of a ligand-directed chemistry approach.  

As mentioned above, the LD approach has been applied for studying the 

expression pattern, function and organisation of endogenously expressed μ 

opioid receptors and A2AAR receptors. The ligand-directed label described 

for the A2AAR encompassed a novel electrophilic cleavable group based on a 

3-fluoro-phenyl ester moiety. A Structure-Based Drug Discovery (SBDD) 

approach was used to guide reagent design and close proximity with the 

nucleophilic K153 side chain. This new reagent enabled visualisation of 

endogenously expressed A2AAR on a human breast cancer cell line SK-BR-3 

by confocal microscopy and detection of endogenously expressed A2AAR on 

human monocyte-derived macrophages by FACS analysis.213 

The labelling reagent described for the μ opioid receptors was based on 

the LD Acyl Imidazole (LDAI) chemistry, which allowed detection of 

neurons expressing opioid receptors in various brain regions in rats and mice. 

Furthermore, the ability to monitor agonist-induced receptor internalisation, 

following labelling with the LDAI reagent, confirmed that the function of the 

receptor was preserved.212  
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In addition to complement the successful methods reported for labelling 

a GPCR such as SNAP-tag139 and NanoLuc215, ligand-directed chemistry 

provides the opportunity of labelling endogenously expressed proteins 

without affecting their natural functions. Indeed, ligand-directed chemistry is 

a non-invasive approach which allows to visualise and monitor many aspects 

of receptor pharmacology in unmodified and more clinically relevant systems. 



 33 

1.8 Thesis Aims 
  

The complexity of adenosine signalling under normal health conditions 

as well as at different stages of disease has played a crucial role for limiting 

the development of efficacious and safe AR therapeutics. As such, superior 

fundamental understanding of the molecular mechanisms underlying specific 

AR pharmacology in health and disease is required for improving AR 

therapeutic targeting. Importantly, novel subtype-selective fluorescent AR 

ligands should be developed and combined with more advanced 

fluorescence-based techniques for better understanding adenosine receptors 

function and signalling in different cellular or subcellular elements.216 

The primary aim of this thesis was to expand upon the current 

pharmacological toolkit available to study the adenosine A2AAR and A1AR 

receptors subtypes, through the development of additional subtype-selective 

fluorescent ligands, labelled with a broader range of fluorescent dyes and 

which could be amenable for applications in multiple fluorescent-based 

techniques. 

 

- Subtype-selective fluorescent A2AAR antagonists have been reported 

and successfully applied for flow cytometry and fluorescence 

polarisation studies. However, the utility of these probes for 

bioimaging studies has not yet been reported. Accordingly, the first 

project explored in this thesis involved the design, development and 

application of subtype-selective fluorescent A2AAR antagonists, 

labelled with a broad range of fluorophores and that could be coupled 

with multiple fluorescent-based techniques for the study of A2AAR in 

living cells. 

- The second aim of the thesis was to design and develop the first 

examples of subtype-selective fluorescent A1AR antagonists, since, to 

the best of our knowledge, there haven’t been yet reports in the 

available literature.   

- Finally, as an extension of the fluorescent ligands technology, it was 

explored the design, development and application of a ligand-directed 

chemistry approach for labelling the A1AR in living cells. 
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Chapter 2. Subtype-Selective Fluorescent Ligands as 
Pharmacological Research Tools for the Human 
Adenosine A2AAR Receptor 

 
2.1 Brief Introduction 

Among the G Protein-Coupled Receptor (GPCR) superfamily of 

membrane receptors, the adenosine A2AAR is one of the four adenosine 

receptors (AR) subtypes (A1AR, A2BAR and A3AR) which respond to 

extracellular adenosine as their natural agonist and modulator of many 

physiological processes.15,74  A2AAR primarily operates by coupling with Gαs 

proteins56 but, in the striatum, can also signal through engagement of Gαolf 

protein.57 Upon A2AAR activation, both Gαs and Gαolf-coupled A2AAR 

receptors stimulate adenylyl cyclase resulting into an increase of intracellular 

levels of cAMP, with subsequent activation of a series of downstream 

signalling pathways.21 With the protein data bank (PDB) and GPCR database 

(GPCRdb)217 repositories housing over fifty crystal structures, the A2AAR is 

possibly one the most structurally resolved membrane proteins.29,30,32,33,45,218,219 

This structural knowledge could be leveraged by researchers for the rational 

design and development of selective A2AAR ligands9,42,74,220 whereby agonists 

could be used for cardiovascular disorders, inflammation, wound healing and 

respiratory diseases.54,109,221 A2AAR antagonists offer therapeutic 

opportunities for CNS disorders including  Parkinson’s (PD), Alzheimer’s 

(AD) diseases and attention deficit hyperactivity disorder (ADHD).21,74 

Moreover, owing to the role of the A2AAR pathway in the immune system, 

A2AAR antagonists could be used in cancer immunotherapy.222 A number of 

preclinical studies using murine models of cancer have shown that 

pharmacological inhibition of A2AAR signalling71,72 or genetic A2AAR 

deletion223 produced antitumor effects owing to the activity of immune cells 

that could be restored.73 Indeed, as explained in more detailed in Chapter 1 

(section 1.4.1.1), a number of small-molecule A2AAR antagonists are 

currently undergoing evaluation in clinical trials for their ability to inhibit the 

adenosine-mediated suppression of the immune response in patients with 
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solid tumours such breast cancer, prostate carcinoma and non-small cell lung 

cancer.73  

At the current time, only two A2AAR ligands have been approved for 

clinic use: Regadenoson (Lexiscan, Astellas Pharma) a pharmacological stress 

agent for myocardial perfusion injury21,61 and Istradefylline (NOURIANZÒ, 

Kyowa Kirin Inc.),224 a xanthine-based hA2AAR antagonist which has reached 

the market in Japan for treating the symptoms of Parkinson’s Disease 

(PD).225,65 However, despite the many therapeutic opportunities associated 

with the A2AAR, translation of adenosine ligands from the bench into the 

clinic has been hampered by the difficulties in deciphering distinct receptor 

effects dependent on the tissue, cell-type and disease states leading to on-

target side effects.  The successful development of more selective and 

efficacious therapeutics targeting the A2AAR heavily relies on the ability to 

monitor real-time the localisation and function of the receptor at native 

expression levels in different kind of human cells in both health and disease 

states.216 Accordingly, fluorescent ligands represent valuable pharmacological 

tools to achieve this aim as they allow to interrogate the target receptor with 

high spatiotemporal resolution at endogenous expression levels and in 

unmodified living cells.226 

Jacobson and co-workers developed the first examples of subtype-

selective fluorescent A2AAR antagonists, which comprised of fluorescent 

analogues of  the A2AAR selective antagonist SCH442416227 conjugated with 

an AlexaFluor488 dye (MRS5346 and MRS7416, Figure 1.9 in Chapter 1) 

that have been successfully applied for fluorescence polarization131 and flow 

cytometry179 experiments. However, the utility of these fluorescent 

conjugates for bioimaging studies was not explored, suggesting that there still 

remains the scope for the development of additional selective fluorescent 

A2AAR probes optimised for imaging studies, that would allow visualisation 

of specific A2AAR distribution and localisation patterns at single cell level in 

healthy and diseased systems. In the work presented in this chapter we 

expand the current pharmacological toolkit for the A2AAR by developing a 

more versatile suite of fluorescent probes with regard to their photochemical 

properties and areas of potential application. 
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2.2 Rational Design of the Novel Fluorescent A2AAR 
Antagonists 
Preladenant (SCH 420814/MK-3814; Merck) is a pyrazolo[4,3-e]-

1,2,4-triazolo-[1,5-c]pyrimidine (PTP) based A2AAR antagonist, displaying 

high affinity (hA2AAR Ki = 1.0 nM)228 and high hA2AAR selectivity (hA1, hA2B 

and hA3 Ki > 1000 nM), which entered Phase III clinical trial for PD. Yet, 

failures in demonstrating efficacy versus placebo led to discontinue the 

study.229,230  Notably, preladenant has been recently repurposed in immune-

oncology (NCT03099161), but the clinical trial was terminated early as the 

data failed to support the study end points.73 

Owing to the great pharmacodynamic properties displayed, 

preladenant indeed represented an excellent template from which to start 

designing and developing the novel series of fluorescently-labelled hA2AAR 

antagonists. The synthetic strategy began by surveying the existing structure-

activity relationships (SAR)42,220,231–235 of the selected parent drug preladenant 

in binding to the  hA2AAR to identify the optimal position of the molecule 

that would be relatively insensitive to structural changes and allow linker and 

fluorophore conjugation without significantly impairing the original 

pharmacology of the ligand. This preliminary assessment was complemented 

with molecular docking studies which were undertaken to rationalize the 

possible molecular interactions governing preladenant-hA2AAR binding 

(Figure 2.1).
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Figure 2.1 Molecular Docking of preladenant to the crystal structure of the hA2aAR (PDB=4EIY) executed with Schrödinger’s Glide 

(Schrödinger release 2018-3). The images were generated with PyMOL (version 2.2.0). Preladenant is shown in spheres colored magenta. The GPCR 

is shown in ribbon colored cyan. The key residues are labelled and shown in sticks. A zoomed view of preladenant (shown in licorice) in the binding 

pocket is depicted in the box with hydrogen bonding interactions depicted as dashed lines. 
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Docking studies of preladenant (Figure 2.1) to the 1.8 Å resolution 

crystal structure of the hA2AAR45 showed the core pyrazolo[4,3-

e][1,2,3]triazolo[1,5-c]pyrimidin-5-amine (PTP) scaffold interacts with key 

receptor residues in an equivalent fashion to the co-crystalised inverse 

agonist ZM241385, including polar contacts with Asn253 and Glu169 and a 

π-π stacking interaction with Phe168.29,45 The distal region of preladenant 

adopted a conformation extending towards extracellular loop 3 (ECL3) and, 

thus, to a more solvent-exposed region of the membrane protein. These 

results were further corroborated by previously reported SAR studies which 

indicated that chemical modifications at the extended methoxyethylether 

moiety were well tolerated.42,231,233,234 Therefore, it appeared logical to use this 

side chain of preladenant as a flexible conjugation point. Based on the 

docking results, it was envisaged that an amino alkyl spacer would provide 

sufficient spatial separation between the fluorescent dye and the orthosteric 

binding core. Fluorescent ligand design often involves the introduction of a 

spacer between the parent pharmacophore and the fluorophore moieties, 

whereby the chemical composition and length of the linker, as well as the 

fluorophore itself, can significantly influence the final pharmacological 

profile of the fluorescent ligand.144,146,150,236 Structural changes must be 

performed at precise positions of the parent drug which can be well tolerated 

without significantly impairing the original pharmacological activity. 

Therefore, the methoxy tail in the distal region of preladenant was modified 

with an amino alkyl spacer yielding the corresponding amino functionalised 

congener which could be conjugated with a different range of commercially 

available fluorescent dyes (Scheme 2.1). 

The novel series of fluorescent ligands described in this chapter 

encompassed fluorophores of different physico- and photochemical 

properties such as the 4,4-difluoro-4-bora-3a,4a-diaza-s-indacene (BODIPY) 

dyes together with water-soluble dyes such as sulfonated cyanine-5 (sulfo-

Cy5) and AlexaFluor647 fluorophores. The choice of these fluorophores was 

determined by their specific physico- and photochemical properties 

displayed. For instance, the use of fluorescent dyes with long-wavelength 

excitation/emission spectra is preferred as it minimizes the degree of overlap 
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with background autofluorescence in living cells.150,237–239 BODIPY 

derivatives represent the first choice for fluorescent derivatization owing to 

their excellent phtochemical properties and stability.161 The 6-(((4,4-difluoro-

5-(2-thienyl)-4-bora-3a,4a-diaza-s-indacene-3-

yl)styryloxy)acetyl)aminohexanoic acid (BODIPY630/650) is often the 

favoured among this family of fluorophores due to its advantageous spectral 

profile (excitation 630 nm, emission 650 nm). Previous studies have 

suggested that, owing to its lipophilic nature, the BODIPY 630/650 

fluorophore likely resides within the membrane bilayer. Indeed, this 

fluorescent dye has been shown to be heavily quenched in aqueous solution, 

while its quantum yield significantly increased in proximity to the plasma 

membrane, suggesting its optimal location would be in a lipid 

environment.144,237 This property is particularly advantageous for imaging 

studies as it minimises background fluorescence from non-bound florescent 

ligand. However, the intrinsic lipophilic nature of the BODIPY fluorophores 

may limit their applicability in more complex systems such as in a in vivo 

setting due to the reduced stability in the bloodstream as well as limited 

detection after IV administration.147 One possible strategy to overcome these 

issues is by employing more water-soluble fluorophores such as those 

belonging to the Cy5 and AlexaFluor families of dyes. These water-soluble 

dyes also possess excellent photochemical properties and have therefore 

been particularly advantageous for the development of in vivo probes to 

visualise endogenous GPCRs.157,158  

 

2.3 Results and Discussion 
 

2.3.1 Chemistry 
 

2.3.1.1 Synthesis of the Fluorescent hA2AAR antagonists 

 

Based on the knowledge obtained from molecular modelling studies, 

a novel series of fluorescent analogues of preladenant were synthesised 

encompassing BODIPY, SulfoCy5 and AF647-conjugated probes. The 

synthetic route to the desired fluorescent probes is outlined in Scheme 2.1 
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Scheme 2.1 Synthesis of the Fluorescent A2AAR Antagonists a 

 

 

a Reagents and conditions a) 2-furoic hydrazide, NEt3, dry THF, reflux b) 2- 

hydroxyethylhydrazine, CH3CN/H2O, reflux c) POCl3, ZnBr2, 80°C for 5h, 11% over 

three steps d) TsCl, DIPEA, DMAP 5%mol, DCM, 86% e) CbzCl, K2CO3, DMF, 66% 

f) K2CO3, CH3CN, 100°C for 6h, 40% g) H2, Pd/C, EtOH, 82% h) 4, DIPEA, DMF, 

80°C, 20% i) 4N HCl in dioxane, RT, 100% -quantitative j) 12-14-15-16-17 

Fluorophore-NHS, DIPEA, DMF, RT,97% -quantitative; 13 BODIPY carboxylic acid, 

HATU, DIPEA, DMF, 96%. 
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The synthesis involved ten steps to a common precursor from which six 

fluorescently-labelled compounds were generated. First, the core tricycle 2.4 

was prepared following a one pot procedure reported by Kuo et al.240 This 

involved reaction of commercially available 2-amino-4,6-dichloropyrimidine-

5-carbaldehyde 2.1241 with 2-furoic hydrazide in anhydrous THF in the 

presence of Et3N under reflux for 2 h yielding 2.2 via nucleophilic aromatic 

substitution (SNAr).Once the desired product was formed, the solvent was 

evaporated under reduced pressure and a solution of hydroxyethylhydrazine 

in a mixture of CH3CN/H2O was added to the crude product to displace the 

chlorine at 2-position through SNAr, affording intermediate 2.3 after ring 

rearrangement. Subsequently, 2.3 was reacted in the presence of a catalytic 

amount of ZnBr2 and an excess of POCl3. A dehydrative cyclization occurred 

with concomitant Dimroth rearrangement242 to afford intermediate 2.4 in a 

disappointing poor yield (11 %).  Mass spectroscopy and 1HNMR showed 

that the desired product afforded was a 2:1 mixture of chloride and bromide 

derivatives: one single peak at tR=2.50, M+H+ = 304 (4a) and M+H+ = 348 

(4b); 1HNMR spectra showed the peaks characteristic of the aromatic region 

of the spectra were in common to both. Conversely, the peaks characteristic 

of the alkyl halide tail appeared in the spectra with different chemical shift for 

both bromide and chloride derivatives: peaks at 4.66 ppm (t, J=6.2 Hz, 1H, -

CH2Br), 4.60 ppm (t, J=5.9 Hz, 2H, -CH2Cl), 4.09 ppm (t, J=5.9 Hz, 2H, -

CH2CH2Cl), 3.94 ppm (t, J=6.2 Hz, 1H, -CH2CH2Br).  

In parallel, the amino functionalized tail of the final congener was prepared 

starting from activating the hydroxyl group of commercially available 2.5 with 

tosyl chloride in DCM to furnish 2.6. Under basic conditions, commercially 

available 1-(4-hydroxyphenyl) piperazine 2.7 was protected at the free 

secondary amine group with benzyl chloroformate to yield the corresponding 

benzylcarbamate-protected piperazine intermediate 2.8 with reasonable yield 

(66%). Under basic conditions, the tosyl group of 2.6 underwent nucleophile 

displacement by the phenolic hydroxyl of 2.8 to afford the di-protected 

derivative 2.9. This enabled selective removal of the two protecting groups 

under different experimental conditions: hydrogenation of the 

benzylcarbamate group using H2 and 10% palladium-on-carbon (Pd/C) 

afforded the free secondary amine in quantitative yield. Under basic 
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conditions, the primary ethyl halide tail of 2.4 underwent SN2 by the 

nucleophilic piperazine nitrogen of 2.9 to afford compound 2.10. Acid-

mediated Boc deprotection of the latter afforded the corresponding amine 

2.11 as its HCl salt. Finally, 2.11 was coupled with the appropriate 

commercially available fluorophore (e.g. BODIPY, SulfoCy5 and AF647) and 

to a BODIPY 630/650 carboxylic acid synthesized in our laboratory as 

previously reported243 to afford a focused library of six fluorescent conjugates 

(2.12-2.17). 

The novel fluorescent analogues were isolated and purified by reverse-phase 

performance liquid chromatography (RP-HPLC). The final purity of the 

fluorescent ligands was confirmed by analytical RP-HPLC with dual 

wavelength detection and were determined as being >96% homogeneous. 

Furthermore, the chemical identity of the probes (2.12-2.17) was confirmed 

by High Resolution Mass Spectrometry (HRMS) (TOF ES+ and ES-). 

 

2.3.2 Pharmacology 
The novel series of fluorescently-labelled analogues of preladenant 

were subjected to pharmacological profiling in a variety of in vitro assays. First, 

fluorescent analogues 2.12-2.17 were validated through Nanoluciferase 

Bioluminescence Energy Transfer Resonance (NanoBRET) ligand binding 

assay.165,215 NanoBRET is a quantitative, proximity (< 10 nm) method that 

allows to monitor protein-ligand binding interactions in real-time and in 

living cells. This method exploits the non-radiative energy transfer between 

the donor bioluminescent protein nanoluciferase (NanoLuc)163 tagged to the 

receptor of interest at its N-terminus (NanoLuc-A2AAR) and an acceptor 

fluorophore (Figure 2.2) 

 

 

 

 



 43 

 
Figure 2.2. Schematic representation of NanoBRET to monitor receptor-fluorescent 

ligand dynamic interactions. The Nanoluc (NLuc)163 luciferase is fused on the N-

terminus of the receptor of interest. Cells are treated with the desired fluorescent ligand 

for the time required and the substrate furimazine is directly added to the assay buffer. 

Upon furimazine oxidation to furimamide, the NanoLuc produces a glow type of 

luminescence (max emission peak λ = 460 nm). Close proximity of the donor NanoLuc 

tag with the acceptor fluorescent ligand bound, promotes the non-radiative transfer of 

this energy (light) to the acceptor fluorophore employed. Both donor NanoLuc and 

acceptor fluorophore emissions can be measured using a plate reader and BRET ratio 

are calculated dividing the acceptor fluorophore emission by the donor luminescence 

emission measures.215 
 

When profiled in NanoBRET saturation ligand binding assays, all the 

fluorescent conjugates tested (2.12-2.17) in this study produced a clear 

saturable and concentration-dependent BRET signal, consistent with specific 

binding to the NanoLuc-hA2AAR (Figure 2.3 and Table 2.1), which was 

associated with low levels of non-specific binding detected across all the 

concentrations of fluorescent ligands measured. 
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Figure 2.3 NanoBRET saturation binding curves quantified in HEK293G cells 

transiently expressing the NanoLuc-hA2AAR for a) 2.12, b) 2.13, c) 2.14, d) 2.15, e) 2.16 

and f) 2.17 in the presence (open circles) or absence (closed circles) of high concentration 

of competitive antagonist preladenant as indicated. The graph shown are representative 

of n = 5 (a, d, e and f) or n = 4 (b and c) separate experiments. Each data point represents 

the mean value ± SEM performed in triplicate in a single experiment. 
 

All the novel synthesised fluorescent ligands were able to engage the 

NanoLuc-hA2AAR with reasonable affinity (Table 2.1). Interestingly, 

compared to what has been previously observed with other adenosine 

receptor subtypes (e.g A1AR144,149 and A3AR150), there were only small 

differences in affinities depending on nature of the fluorophore component 
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tethered to the molecule, with the affinity values measured with water-soluble 

dyes (SulfoCy5 and AF647) being slightly lower than the values measured 

with the BODIPY-labelled conjugates (Table 2.1). As the fluorophore 

constituted the only structural difference between the compounds 

synthesised, it is possible that the boron dipyrromethene scaffold of the 

BODIPY-conjugated probes engages in a cooperative fashion with key 

residues in an additional pocket of the receptor, thereby contributing to 

increase the binding affinity of the ligands.179 In contrast, owing to the more 

hydrophilic character of the SulfoCy5 and AF647-labelled ligands it is 

possible that these dyes are likely extending towards the extracellular medium 

without establishing specific interactions with amino acid residues.  This 

hypothesis would be consistent with the work reported by Duroux et al.179, 

whereby molecular modelling of a BODIPY 630/650-labelled analogue of 

SCH4416 (named MRS7396) to the crystal structure of hA2AAR (PDB = 

4EIY) showed the interaction of the BODIPY moiety with an accessory 

hydrophobic pocket located between TM7, TM1 and TM2 of the hA2AAR. 

Interestingly, this pocket has been suggested as potential novel allosteric 

binding site.219   

Moreover, differences in the BRET ratio measured could be ascribed 

to a variety of reasons (Figure 2.3). For instance, for BRET to occur, as with 

all the resonance energy transfer approaches, there must be a spectral overlap 

between the emission spectra of the donor (NanoLuc) and the emission 

spectra of the acceptor (fluorophore). When using green-emitting 

fluorophores (excitation 503 nm, emission 512 nm) a greater contribution 

from the NanoLuc background emission spectra (bandpass 475-530 nm) is 

recorded in the acceptor emission channel, leading to an increase in BRET 

ratio. In contrast, with red-shifted fluorophores (610-longpass) the 

contribution of the NanoLuc emission is markedly reduced in the red 

emission channel, which results into a reduction in the background BRET 

ratio.215 Furthermore, the distance and the specific orientation of the acceptor 

fluorophore with respect to the donor NanoLuc can also affect the efficiency 

of the energy transfer between the two species and contribute to the abosulte 

differences in the BRET ratio observed.164 
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Table 2.1. Binding Affinities of the novel Fluorescent Ligands 

determined in whole HEK293G cells transiently expressing the 

NanoLuc-hA2AAR. 

Compound pKD (LogM)a n 
2.12 (BY630/650-X) 7.39 ± 0.05 5 

2.13 (BY630/650) 7.39 ± 0.02 4 

2.14 (BY-FL-X) 7.77 ± 0.06 4 

2.15 (BY-FL) 7.65 ± 0.10 5 

2.16 (Sulfo-Cy5) 7.08 ± 0.09 5 

2.17 (AF647) 7.22 ± 0.05 5 
 

apKD value was calculated from the negative logarithm of the equilibrium dissociation 

constant (KD) determined from saturation ligand binding assay using increasing 

concentration of labelled ligand in the absence or presence (to determine non-specific 

binding) of unlabeled ligand preladenant (1 μM). Data are expressed as mean ± SEM of 

n experiments, where each experiment was performed in triplicate. 

 

A major objective of this study was to achieve A2AAR selectivity as 

this novel series of fluorescent A2AAR antagonists are being developed with 

the purpose of being applied to a variety of fluorescence-based techniques in 

different tissues and cellular systems endogenously expressing other 

adenosine receptors subtypes. Here, NanoBRET saturation binding assays 

were used to quantify the binding affinity of each fluorescent A2AAR 

antagonist in HEK293 cells stably expressing either the NanoLuc-hA1, 

NanoLuc-hA2B or the NanoLuc-hA3ARs. Pleasingly, the results revealed that 

no specific binding of the fluorescent conjugates (2.12-2.17) was detectable 

at A1, A2B and A3 subtypes at the concentrations tested (Figure 2.4).
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Figure 2.4 Specific binding of the novel synthesised hA2AAR antagonists at each 

adenosine receptor subtype. For each compound tested 2.12 A), 2.13 B), 2.14 C), 2.15 D),  

2.16 E),  2.17 F), the selectivity profiling is represented by showing only the specific 

binding at the each of the A1, A2A, A2B and A3, respectively. The specific binding at each 

adenosine receptor was quantified by subtracting the non-specific binding from the total 

binding component measured in the saturation binding assays (Figure 2.3 and Table 2.1). 

Non-specific binding was measured in the presence of a high concentration of unlabelled 

competitive antagonist specific for the receptor investigated: 1 μM preladenant for 

NanoLuc-hA2AAR, 10 μM DPCPX for NanoLuc-hA1AR, 10 μM PSB603 for NanoLuc-

hA2BAR and 10 μM MRS1220 for NanoLuc-hA3AR, respectively. The graphs presented 

above are representative of n = 4 (C and D) and n = 5 (A, B, E and F) experiments and 

the data are mean ± SEM of triplicate determinations in a single representative experiment.
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Owing to the better affinity exhibited at the hA2AAR, the BODIPY-

labelled fluorescent analogues were profiled for their ability to retain functional 

antagonism at the hA2AAR compared to the parent compound preladenant. 

This was achieved using a previously described CRE-SPAP reporter gene 

assay244 in CHO cells stably expressing the human adenosine hA2AAR receptor. 

cAMP responsive element (CRE) is a transcription factor which is activated 

upon binding of the phosphorylated cAMP responsive element binding protein 

(CREB). Thus, activation of CRE initiates gene transcription, resulting to the 

translation of secreted placental alkaline phosphatase (SPAP). Once secreted 

outside the cell, SPAP can hydrolyse colourless p-nitrophenolphosphate 

(PNPP) into yellow p-nitrophenol (PNP). This hydrolysis reaction can be 

quantified on a plate reader by measuring the optical density at a wavelength 

of 405 nm, thus allowing to measure Gs-mediated receptor activation as a 

response of downstream activation of the SPAP gene (Figure 2.5). 

 

 
Figure 2.5 Secreted placental alkaline phosphatase (SPAP) mechanism of action. 

Agonist induces the activation of the A2A-AR-Gs complex, which stimulates adenylate 

cyclase to produce cAMP from ATP. cAMP then binds to protein kinase A (PKA) which 

leads to the phosphorylation of cAMP response element binding protein (CREB). Once 

CREB has been phosphorylated, it binds to cAMP response element (CRE) leading to the 

translation of secreted placental alkaline phosphatase (SPAP), which is finally secreted 

outside the cell. The level of SPAP produced can be measured via a colorimetric assay. 
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More precisely, SPAP enzyme dephosphorylates p-nitrophenol (PNPP). This causes a 

colour change which is quantified by measuring the optical density at 450 nm using a plate 

reader.  
 

When profiled in the CRE-SPAP gene reporter assay, all the BODIPY-

labelled probes (2.12-2.15) could inhibit adenosine-5-N-ethylcarboxamide 

(NECA)-mediated increase in SPAP production in a competitive fashion, 

producing a rightward shift of the NECA response curve as represented in 

Figure 2.6. Moreover, from this data the affinity of each compound was 

estimated following Schild regression analysis (Table 2.2). 

Table 2.2 pA2 values of the BODIPY-labeled Fluorescent Ligands. 

compound hA2AAR pA2 
a n 

2.12 (BY630/650-X) 9.31± 0.38*† 7 

2.13 (BY630/650) 8.61± 0.30 6 

2.14 (BY-FL-X) 7.91± 0.26* 5 

2.15 (BY-FL) 8.40± 0.26† 6 

 

a Affinity of the BODIPY-labelled Fluorescent Ligands. Ability for these ligands to inhibit 

the NECA-stimulated CRE-SPAP response in CHO cells expressing the hA2AAR. Data 

are mean ± SEM for n separate experiments performed in triplicate (statistical significance 

was defined as *p < 0.05 unpaired t-test comparing 2.12 and 2.14. † p < 0.05 unpaired t-

test comparing the binding affinity of 2.12 and 2.15 measured in CRE-SPAP assay and the 

NanoBRET assay). 

The BODIPY-labelled probes largely retained their functional 

antagonism as compared to the parent compound preladenant. Moreover, 

when comparing fluorescent ligands labelled with BODIPY dyes without the 

integrated linker no significant difference in the measured functional affinity 

was observed (p > 0.05, comparing compounds 2.13 and 2.15, unpaired t-test). 

Conversely, when comparing fluorescent ligands labelled with BODIPY dyes 

integrating an aminohexanoyl linker, the BODIPY 630/650 conferred 20-fold 

increase in affinity to the congener (p < 0.05, comparing compounds 2.12 and 

2.14, unpaired t-test). In this pharmacological assessment, fluorescent analogue 
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2.12 was the most potent of the series (pA2 = 9.31± 0.38, Figure 2.6 A) and 

Table 2.2). 

 
Figure 2.6 Inhibition of NECA-stimulated SPAP-secretion by the antagonists 2.12 (A), 

2.13 (B), 2.14 (C) and 2.15 (D). CHO CRE-SPAP cells expressing the human A2A receptor 

were stimulated with a concentration range of the agonist NECA in the absence and 

presence of the fluorescent antagonist of interest (1 nM, 10 nM, 100 nM for 2.12 and 2.15; 

10 nM, 100 nM, 1000 nM for 2.13 and 2.14). Data have been expressed as a percentage 

of the SPAP production in response to serum-free media (0%) and to 1 μM forskolin 

(FSK, 100%). The data shown represent the combined mean ± SEM of n = 7 (A), n = 6 

(B and D) and n = 5 (C) experiments, where each experiment was performed in triplicate. 

Interestingly, the affinity values measured through the NanoBRET 

saturation ligand binding assay (Table 2.1) were significantly lower compared 

to the affinity values obtained in CRE-SPAP gene reporter assay (Table 2.2). 

The discrepancy in the affinity values is most likely due to the different host 

cell type and species  (hamster versus human) employed in the two assays 

(CHO cells for CRE-SPAP and HEK293G cells for NanoBRET), the assay 
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configuration (e.g. the influence of the furimazine substrate for NanoLuc) as 

well as the influence of the tag used in the NanoBRET experiments (transiently 

expressed NanoLuc-hA2AAR for NanoBRET and stably expressed wild-type 

hA2AAR for CRE-SPAP).245 However, it is important to note that a small 

reduction in binding affinity of the fluorescent probe is not necessarily 

detrimental as long as the probe binds to the targeted receptor with sufficient 

specificity.246   

 

The incorporation of ligand-binding kinetic parameters into drug 

discovery endeavours is becoming extremely relevant considering the 

emerging concept that the rates at which a drug engages with its target receptor 

(kon) and dissociates from it (koff) may be considered more valuable parameters 

for predicting the effectiveness of a drug candidate in vivo.246–249 Accordingly, 

BODIPY 630/650-X-labelled probe 2.12 was selected to be evaluated for its 

kinetic profile through time-resolved fluorescence energy transfer (TR-

FRET)133,250 assay in membrane preparations from SNAP-tagged hA2AAR 

HEK293 cells (Figure 2.7 A). TR-FRET is a methodology which exploits 

proteins labelled with lanthanides (e.g. terbium) as donor fluorophores. 

Lanthanides display a long emission lifetime which allows for a time delay of 

the measurements between the excitation and the fluorescence of the acceptor 

fluorophore. This increases the sensitivity of the assay due to a reduction of 

the short-lived background fluorescence.127,246,250 The TR-FRET technology 

allowed us to monitor the binding kinetics of 2.12 by measuring the observed 

association constant (kobs) at four different concentrations of fluorescent ligand 

over a period of 1 h. The specific FRET signal was obtained by subtracting the 

non-specific signal (determined in the presence of 10 μM ZM241385) from 

the total signal at each time point. The kinetic parameters kon = 2.4 ± 0.3 x 106 

M-1 min-1, koff = 0.029 ± 0.004 min-1, pKD = 7.91 ±  0.06 and the residence time 

(1/ koff) Tr = 35.36 ± 4.11 min, n = 5 were then calculated by globally fitting 

the resulting FRET data. This study revealed that fluorescent conjugate 2.12 

has a relatively rapid on-rate but once bound dissociates slowly. In addition, 

from the 60 min time point we were also able to plot an equilibrium saturation 

curve of 2.12 and directly measure the equilibrium dissociation constant (KD = 
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15.47 ± 1.92, Figure 2.7 B) which was comparable to the value obtained from 

the kinetic analysis fit. 

 
Figure 2.7 A) TR-FRET association kinetic curve of specific 12 binding to terbium-

labelled SNAP-tagged-hA2AAR-HEK293 cell membranes at 37 oC. Cell membranes were 

treated with the indicated concentration of fluorescent ligand and the FRET signal was 

monitored every 30 s for 1 h. Non-specific binding was determined in the presence of 10 

μM ZM241385. The graph presented is a representative of n = 5 experiments performed 

in triplicate. B) Combined saturation binding curve measured at 60 min time point from 

FRET association kinetic curve of 2.12. The graph shown is from a single experiment 

performed in triplicate and it is a representative of n = 5 experiments. Closed circles 

represent total binding of 2.12, open circles represent non-specific binding of 2.12 
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measured in the continuous presence of 10 μM ZM241385. Data are mean ± SEM of 

triplicate determinations in a single representative experiment. 

Notably, it was found that the binding affinity (pKD = 7.91± 0.06) of 

2.12 measured through the TR-FRET kinetic study in HEK293G membrane 

preparations was similar to the binding affinity (pKD = 7.39 ±  0.05) measured 

in the same cells in NanoBRET experiments. Thus, this data suggests that the 

large difference in measured binding affinity for fluorescent analogue 2.12 

between NanoBRET experiments in HEK293G cells and CRE-SPAP gene 

reporter functional assays in CHO-K1 cells is largely due to the host cellular 

environment. 

Having confirmed that the novel fluorescent ligands retain functional 

activity, binding affinity and selectivity at the target hA2AAR, next it was 

explored if the novel probes could be suitable tools to allow visualisation of 

specific hA2AAR localisation and distribution patterns in imaging studies. 

Ideally, the novel fluorescent antagonists should bind specifically to the 

hA2AAR receptors on the cell surface and show both low levels of non specific 

binding and/or diffusion into the cell cytosol. From the BODIPY-labelled 

probes, fluorescent ligands 2.12 (BODIPY-630/650-X) and 2.15 (BODIPY-

FL) (Scheme 2.1) were selected to determine wheter these probes were 

suitable for visualisation of receptors in living cells. To this end confocal 

microscopy was performed on HEK293 cells stably expressing the SNAP-

hA2AAR (Figure 2.8). The images acquired with the confocal microscope 

revealed that both fluorescent derivatives 2.12 and 2.15 bound specifically to 

the SNAP-tagged hA2AAR as demonstrated by the high level of fluorescence 

localised at the cell membrane. Moreover, pre incubation with a high 

concentration (1 μM) of unlabelled competitive ligand ZM241385 caused a 

significant reduction of fluorescence intensity, with very little intracellular 

fluorescence observed. This demonstrated that binding of both probes was 

specific at the SNAP-hA2AAR as it was surmounted by high concentration of 

unlabelled hA2AAR antagonist. 
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Figure 2.8 Live cell confocal imaging of 2.12 (10 nM) and 2.15 (30 nM) binding to 

SNAP-tagged hA2AAR HEK293 cells in the absence or presence of 1 μM of unlabelled 

antagonist ZM241385. Cells were incubated at 37 oC with BG-AlexaFluor488 when 

imaging red-shifted ligands (2.12) or BG-AlexaFluor647 to label the SNAP-tag on the N-

terminus of the receptor when imaging green-shifted ligands (2.15) (middle frames). 

Images are representative of images captured in three separate experiments (scale bar 20 

μm).
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Figure 2.9 Live cell confocal imaging of 2.16 (30 nM) and 2.17 (30 nM) binding to 

SNAP-tagged hA2AAR expressed in HEK293 cells. Cells were incubated 30 min at 37oC 

with BG-AlexaFluor488 prior incubation in the absence or presence of 1 μM ZM241385. 

Subsequently, cells were incubated with 30 nM fluorescent ligand for 30 min at 37oC prior 

to imaging. The images generated are from one single experiment and are representative 

of three different experiments. The images were all captured using the same settings for 

laser power and detector gain. Scale bars are 50 μm,
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Water-soluble fluorescent analogues 2.16 and 2.17 were also evaluated 

for their ability to allow the study of receptor localization and distribution in 

living cells through confocal microscopy. The results showed that probes 2.16 

and 2.17 could label SNAP-hA2AAR as demonstrated by the high degree of 

fluorescence intensity observed at the plasma membrane of living cells (Figure 

2.9). Notably, the binding of the probes was specific to the target receptor as 

pre incubation with 1 μM cZM241385 ould prevent the binding of each 

fluorescent compound. Very little non-specific binding was detected, with no 

measurable uptake of these probes into the cell cytosol observed. These results 

further validated the utility of these novel probes synthesized for imaging 

studies. 

  AF647-labelled probe 2.17 was selected for additional studies. For 

instance, fluorescent antagonist 2.17 was applied in NanoBRET competition 

ligand binding assays to quantify the binding affinities of unlabelled hA2AAR 

antagonists. To this end, HEK293 cells transiently expressing the NanoLuc-

A2AAR were treated with probe 2.17 (50 nM) and increasing concentrations of 

the hA2AAR antagonists ZM241385, SCH58261, SCH442416 and MRS1334 a 

selective adenosine A3AR antagonist which was used as negative control. A 

concentration dependent decrease of the BRET signal was observed for the 

A2AAR selective compounds, allowing the binding affinities of the unlabelled 

antagonists to be measured (Figure 2.10 A and Table 2.3). The values 

obtained through fluorescent binding assays were comparable to the reported 

literature values (R2 = 0.97, Figure 2.10 B) measured in radioligand binding 

experiments.44,55 No concentration-dependent decrease of the BRET signal 

was observed in the presence of the selective A3AR antagonist MRS1224 

confirming the specificity of the binding of the probe 2.17 to the A2AAR.
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Figure 2.10 A) Displacement of 2.17 (50 nM) by unlabelled hA2AAR antagonists 

ZM241385, SCH58261, SCH442416 and hA3AR antagonist MRS1334 in HEK293G cells 

transiently expressing the Nanoluc-hA2AAR. Blue and red bars represent the total BRET 

signal of 2.17 in absence or presence of ZM241385 (10 μM), respectively. The decrease in 

BRET ratio was monitored as a function of increasing concentration of unlabelled 

antagonist. Each data point represents mean value ± SEM of triplicate determinations in 

a single representative experiment of n = 4 experiments. B) Plot of literature pKi values 

measured in radioligand binding experiments against the pKi values measured in 

NanoBRET competition binding experiments R2 = 0.97.
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Table 3. Binding affinities (pKi) of target hA2AAR antagonists calculated 

from Cheng-Prusoff analysis of the data displayed in Figure 2.10 A.   

Compound pKi (BRET binding assay) pKi (literature) a 

ZM241385 8.84 ± 0.09 8.80 b 

SCH58261 7.92 ± 0.10 8.30 c 

SCH442416 7.90 ± 0.10 8.38 d 

 

a Reported binding affinities of target hA2AAR antagonists. b, c Values determined in 

radioligand binding experiments in CHO-hA2A and HEK293-hA2A cells using [3H] 

SCH58261.55,251 d Values determined in HEK293-hA2A using the radiolabelled agonist [3H] 

CGS 21680.233 The data measured through NanoBRET competition ligand binding assay 

are means ± SEM of n = 4 experiments performed in triplicate. 

 
2.4 Conclusions and Future Work 

 

The work presented in this chapter discussed the successful design, 

development and pharmacological evaluation of a novel series of fluorescent 

hA2AAR antagonists encompassing the BODIPY-bearing probes and water 

soluble SulfoCy5-labelled and AF647-labelled probes, which were based on 

the high affinity and selective preladenant scaffold. Notably, derivatization of 

the amino functionalized congener 2.11 with three families of fluorescent tags 

led to six hA2AAR fluorescent antagonists with retained affinity and, most 

importantly, selectivity at the A2AAR subtype. All families of compounds 

allowed visualization of A2AARs expressed in live cells as demonstrated by the 

high fluorescence intensity at the cell membranes. The binding of these 

fluorescent ligands could be surmounted by a high concentration of 

ZM241385 confirming that the binding of the probes was specific. Very little 

non-specific binding was observed for the water-soluble fluorescent 

antagonists (Figure 2.9). Within the water-soluble family of probes, 

fluorescent conjugate 2.17 was selected to successfully monitor ligand binding 

of reported hA2AAR antagonists (Figure 2.10 and Table 2.3). 
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Future studies will be aimed at applying the probes developed here in 

more physiologically relevant systems, such as native cells and/or tissues which 

endogenously express the hA2AAR. For instance, owing to the crucial role 

played by the A2AAR in cancer immunotherapy, it would be interesting to apply 

these newly synthesized fluorescent A2AAR probes to study the functions and 

dynamics of the hA2AAR expressed in immune cells, such as in T-cells and 

macrophages,252 under both normal and pathological condition at single 

molecule resolution. Specifically, these novel fluorescent hA2AAR probes could 

be combined with more advanced microcopy techniques such as FCS253 or 

super resolution microscopy254 to unravel the differential distribution and 

localization of the hA2AAR in diverse native cellular and subcellular 

compartments and better understand how and to what extent A2AAR-specific 

spatiotemporal characteristics may influence and control the physiological 

response observed.120,255 Moreover, CRISPR/Cas9 genome-editing technique 

could be applied to insert the NanoLuc bioluminescent protein into the N-

terminus of A2AAR expressed under endogenous promotion in both healthy15,21 

or cancerous (e.g. SK-BR-3)256 cell lines, and  combined with the highly 

selective fluorescent hA2AAR antagonists described here to enable real-time 

NanoBRET ligand binding studies to be performed in systems which closely 

embodies a more “natural” cellular environment.141,172,173,257  

All novel hA2AAR fluorescent ligands developed and described in this 

chapter exhibited comparable and optimal pharmacology, thereby allowing the 

opportunity of ligand choice in a broad series of fluorescence-based 

techniques, thus expanding the pharmacological toolbox to study the signaling 

and dynamics of unmodified adenosine A2AAR receptors in living cells. 

Remarkably, the combination of these newly developed fluorescent 

A2AAR probes with the NanoBRET approach and bioimaging studies may help 

to shed light on the complexity of the A2AAR signaling in different biological 

elements and during disease progression. This ultimately should provide useful 

insights concerning specific A2AAR-engagement in several disease phenotypes, 

including cancer.118,216,258 
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Chapter 3. Design, Synthesis and Pharmacological 

Evaluation of Novel Fluorescent A1AR Antagonists 

Based on the 2,6,8-Trisubstituted 1-Deazapurine 

Scaffold. 
 

3.1  Brief Introduction 
The adenosine A1AR receptor is one of the four specific GPCRs 

termed adenosine receptors (AR) -A2AAR, A2BAR and A3AR- of which 

functions are stimulated by the endogenous nucleoside adenosine and 

inhibited by purine alkaloids methylxanthines such as 1,3,7-

trimethylxanthine (caffeine) and 1,3-dimethylxanthine (theophylline),20,43,74 

with caffeine being the most widely consumed psychoactive substance 

worldwide.74,259  Owing to the cardioprotective actions of the A1AR in the 

heart, several A1AR agonists have previously undergone evaluation for the 

treatment of cardiovascular diseases, including atrial fibrillation, angina 

pectoris and paroxysmal supraventricular tachycardia (PSVT).43,44,109 

Moreover, the partial agonist neladenoson bialanate110 (Chapter 1) has 

been also evaluated as a potential treatment for heart failure, but did not 

meet the primary endpoints for efficacy, as well producing on-target side 

effects, such as a dose-dependent decrease in heart rate and glomerular 

filtration rate; this led to discontinue the study in Phase IIb.111,116 A1AR 

antagonists offer therapeutic opportunities for the development of 

cognitive enhancers,43,260 potassium sparing diuretics83,261 and anti-asthmatic 

agents.262 Nonetheless, the number of A1AR ligands that are being used as 

approved therapeutic agents is limited to adenosine itself, which is applied 

for arrhythmias and for diagnostic purposes as a myocardial perfusion 

imaging tool.43 The principal reason for the limited number of A1AR drugs 

approved in the market for a particular therapeutic indication is that 

adenosine signalling is widespread throughout the human body, which 

often results in traditional orthosteric ligands producing on-target side 

effects.89  This suggests that a better understating of A1AR-specific 

pharmacology in different tissues and cell types is still needed for the 
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development of more selective and efficacious A1AR-targeting 

therapeutics. 

Numerous selective agonist and antagonists A1AR ligands have been 

developed and are currently applied as chemical probes for studying this 

receptor.44,220,263  Yet, advancements in microscopy techniques coupled with 

the increased availability of methods for monitoring GPCR functions in 

real-time and unmodified living cells140,264 warrant the development of new 

A1AR-specific probes. Accordingly, fluorescent ligands represent extremely 

useful tools for improving the understanding of A1AR expression patterns, 

functions and dynamics in different tissues and cell types with the aim to 

developping A1AR ligands with superior therapeutic activity.  

   

  Macchia et al., developed the first subtype-selective 

fluorescent A1AR probe, a fluorescent analogue of NECA conjugated with 

a dansyl dye through an aminohexyl spacer linked to the N6 of the adenine 

moiety (rA1AR Ki = 27 nM).190 Owing to the short excitation spectra 

exhibited by dansyl dyes (340 nm), which lies in the region of the spectrum 

characterised by high background fluorescence arising from biological 

molecules, the same research group synthesized fluorescent analogues of 

NECA labelled with a fluorophore with longer excitation wavelength, a 7-

nitrobenzoxadiazole (NBD) fluorophore (λexc = 465 nm and λem = 535 

nm). This fluorophore switch, however, completely abolished A1AR 

binding affinity, resulting in probes with high A3AR affinity and 

selectivity.194 This suggests the need still remains for fluorescent A1AR 

ligands with superior subtype-selectivity, conjugated with a broader range 

of fluorophores, thereby allowing their application in multiple 

fluorescence-based techniques.  

 

Although alkylxanthines embody the prototypical scaffold for the 

design of AR antagonists, xanthine-based probes exhibit some limitations, 

including poor solubility and AR selectivity as demonstrated by a range of 

xanthine amine conger (XAC)-fluorescent conjugates.149 Accordingly, 

ligands displaying an alternative pharmacophore moiety were explored for 

the design of the novel fluorescent A1AR ligands with the aim of achieving 
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improved A1AR affinity and selectivity. To this end, LUF5981 (cmpd 10),265 

a 2,6,8-trisubstituted 1-deazapurine A1AR antagonist with reported high 

A1AR binding affinity (hA1AR Ki = 0.90 nM) and selectivity (hA2AAR Ki = 

194 nM and hA3AR Ki = 637 nM), was selected as parent drug molecule 

for the design and synthesis of the novel series of fluorescent A1AR 

antagonists.  

 

3.2  Design Strategy 
 

Previously reported structure-activity relationships (SAR) studies by 

Chang, L. et al., indicated that substitution at both 2,6-diphenyl rings was 

not well tolerated and both rings were essential for retaining high A1 

binding affinity and selectivity.265,266 Moreover, N3 (H-bond acceptor) and 

N9 (H-bond donor) are also essential for binding as they are reported to 

establish important polar contacts with N2546.55 residue (superscripts refers 

to the Ballesteros-Weinstein numbering scheme).47 Therefore, it appeared 

logical to explore the cyclohexyl group on the C8 position for linker 

attachment and subsequent fluorophore conjugation. This hypothesis was 

further strengthened by molecular modelling studies, investigating the 

molecular interactions of LUF5981 when binding to the hA1AR (Figure 

3.1)



 63  

 

 

 

   
Figure 3.1 Molecular modelling of LUF5981 to the crystal structure of the hA1AR 

(PDB=5UEN) executed with Schrödinger’s Glide (Schrödinger release 2018-3). The 

images were generated with PyMOL (version 2.2.0). LUF5981 is shown in sticks 

coloured orange with hydrogen bonding interactions depicted as dashed lines. The 

transmembrane (TM) helices TM1, TM6 and TM3 are labelled alongside extracellular 

loop (ECL) 2 and ECL3, and TM7 was removed for clarity. The GPCR is shown in 

ribbon coloured grey. The key residues are labelled and shown in sticks.  

 

Docking studies of LUF5981 (Figure 3.1) to the 3.2 Å resolution 

crystal structure of the hA1AR36 revealed that the core 1-deazapurine 

scaffold interacts with key receptor residues in an comparable manner to 

the co-crystalised irreversible antagonist DU172, including H-bonding 

contacts with Asn2546.55 and a π-π stacking interaction with Phe171. The 

C6-phenyl ring appears to explore the hydrophobic pocket near T2707.35, 

also referred as “secondary pocket” of the hA1AR. The C8 cyclohexyl 

group is oriented towards the extracellular face of the receptor, facing 

ECL3. 
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Figure 3.2 High affinity and selective A1AR antagonist LUF5981 and the 

deazapurine numbering system (top structure).  Structures of designed functionalised 

deazapurines, encompassing a piperidine (A) or a trans-4-amino cyclohexyl (B) 

moieties, respectively.  

 
As LUF5981 lacks a reactive functional group to achieve the required 

linker/fluorophore derivatization, two analogues of LUF5981 were 

designed encompassing a piperidine and a trans-4-amino cyclohexyl group, 

respectively, on the C8 position of the deazapurine moiety to provide the 

anchor points for subsequent functionalisation (Figure 3.2). Moreover, to 

enhance the overall polarity of the final fluorescent ligands, it was envisaged 

that a polyethylene glycol (PEG)-based linker would be introduced 

between the pharmacophore and the fluorophore moieties.  

 
 

3.3  Results and Discussion 
 
3.3.1  Chemistry 
The synthetic route to the target congeners is outlined in Scheme 

3.1. The synthesis involved four steps to a common precursor from which 

two series of congeners were generated. The target congeners were 

prepared starting from commercially available 2,4,6-trichloropyridine (3.1). 

Nucleophilic substitution of 3.1 with ammonia in a sealed vessel at 155 oC 

yielded 2-amino 4,6-dichloropyridine (3.2) as major product, which was 
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easily separated from the more polar 4-amino analogue by flash column 

chromatography. Subsequent introduction of a nitro (-NO2) group at the 

3- position of the pyridine ring was achieved through electrophilic aromatic 

substitution (SEAr) employing a mixture of HNO3 and H2SO4, thereby 

affording 4,6-dichloro-3-nitropyridin-2-amine (3.3) in good yield (76%). 

Suzuki-Miyaura cross-coupling conditions, which were facilitated by 

microwave heating, allowed the introduction of aryl substituents on 

pyridine 3.3 to furnish 3-nitro-4,6-diphenylpyridin-2-amine (3.4) in good 

yield (71%).  Subsequent reduction of 3.4 under H2 atmosphere in the 

presence of 11 % palladium on carbon (Pd/C) afforded the corresponding 

2,3-diamine pyridine intermediate 3.5. The ring closure step was less than 

straightforward. Different attempts were performed using reported 

methods for similar fused bi-cyclic compounds, which used 

polyphosphoric acid (PPA) as reaction solvent and could not afford any 

traces of desired product.265,267  Therefore , a two-step procedure involving 

reaction of the diamino pyridine intermediate 3.5 with the corresponding 

freshly prepared acyl chloride, followed by cyclisation under basic 

conditions was envisaged.268 However, reaction of diamino pyridine 3.5 

with 1-[(benzyloxy)carbonyl]piperidine 4-carbonyl chloride, could only 

afford traces of the corresponding carboxamide products even after several 

days, without evidence of increase of product formation over time.  
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Scheme 3.1 Synthesis of the 2,6,8-Trisubstitued 1-Deazapurine-Based Congeners.a 

 
a Reagents and conditions: a)NH3 sol, 155 oC, sealed vessel, 24 h, 45%; b) HNO3, H2SO4, 0 to 5 oC, 10 h, 76%; c) PhB(OH)
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h min, 38 %; eii) trans-4-(Boc-amino) cyclohexane carboxylic acid, BEP, N-methyl imidazole(NMI), CH3CN, 97 oC, o/v, 35 %; f) H2, Pd/C, MeOH, H2O, rt, 1 h, 

75 %; g) 4 M HCl in dioxane, rt, 45 min- 1 h, quantitative; h) 3.18, PyBrop, DIPEA, DCM, rt, 3-4 h, 43-70 %; i) Acetic acid N-hydroxysuccinimide (NHS), DIPEA, 

DMF, 1 h, 33-95%; l) tert-Butyl (2-(2-hydroxyethoxy)ethyl)carbamate, NaH 60 %, Methyl bromoacetate, NaI, rt, o/v, 42 %; m) LiOH, H2O, rt, 5 h, 69 %
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Thus, different coupling reagents and conditions were explored for 

the preparation of the desired carboxamide products. Standard coupling 

conditions using 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide 

hydrochloride (EDC-HCl)269,270 and 1-[bis(dimethylamino)methylene]-1H-

1,2,3-triazolo[4,5-b]pyridinium 3-oxid hexafluorophosphate (HATU)84 

only gave poor yields of desired amides. Longer reaction times or heating 

(40 oC to 70 oC) could not improve the yields, leaving the majority of the 

pyridine 3.5 starting material unreacted.   Condensation of electron-

deficient 2,3-diamino pyridine 3.5 with the corresponding carboxylic acids 

proved indeed challenging, with the electronic influence of the 4,6-diphenyl 

substituents most likely further decreasing the overall reactivity of 3.5. A 

combination of 2-bromo-1-ethyl pyridinium tetrafluoroborate (BEP) and 

N-methyl imidazole (NMI) in CH3CN from a method reported by Beutner 

G. and colleagues 271 proved much more effective for the formation of the 

desired  amide bond, albeit 50 % of amine remained unreacted as observed 

by LCMS. Combination of bromo-tripyrrolidino-phosphonium 

hexafluorophosphate (PyBrop) and NEt3 in DMF was also found effective 

for the formation of the desired amide bond. The resulting amide was 

subsequently cyclised by heating the reaction mixtures to 90-97 oC 

overnight.    Purification of both piperidine (3.6) and trans-4-amino-

cyclohexyl (3.8) intermediates was problematic, leading to the isolation of 

the corresponding deazapurine analogues in low yield (38 % for 3.6 and 

35% for 3.8, respectively). Nonetheless, the material was found adequate 

for the remaining synthetic steps.   

In parallel, linker moiety 2,2-dimethyl-4-oxo-3,8,11-trioxa-5-

azatridecan-13-oic acid (3.18) was synthesised in two steps, thereby reacting 

tert-Butyl (2-(2-hydroxyethoxy)ethyl)carbamate (3.16) with methyl 

bromoacetate  in the presence of NaH (60 %) to form the desired ester 

3.17. The latter easily underwent hydrolysis upon reaction with LiOH to 

furnish carboxylic acid 3.18. 

Removal of benzyl carbamate protecting group of 3.6 under normal 

hydrogenation conditions afforded the corresponding free piperidine 3.7, 

which was readily coupled with PEG linker 2,2-dimethyl-4-oxo-3,8,11-

trioxa-5-azatridecan-13-oic acid (3.18), thereby affording Boc-protected 
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intermediate 3.10.  In parallel, Boc-deprotection of trans-4-amino-

cyclohexyl intermediate (3.8) was achieved upon treatment with 4 M HCl 

in dioxane to afford amine 3.9 as its HCl salt.  Amine 3.9 was liberated in 

the presence of DIPEA and converted to the corresponding amide 3.12 

upon coupling of carboxylic acid 3.18 in the presence of PyBrop.   

Acidolytic removal of both 3.10 and 3.12 Boc protecting group afforded 

amines 3.11 and 3.13 as their HCl salt, which were subsequently acylated 

with acetic acid N-hydroxysuccinimide (NHS) to yield the desired 

functionalised congeners 3.14 and 3.15 as acetyl derivatives. 

 

Scheme 3.2 Synthesis of the 2,6,8-Trisubstitued 1-Deazapurine-

based Fluorescent A1AR ligands.a  

 

a Reagents and conditions: a) 3.19a, 3.19c-3.19e, fluorophore NHS, DIPEA, DMF, 

rt, exclusion of light, 86 %-quantitative; 3.19b BODIPY 630/650 carboxylic acid, 

HATU, DIPEA, DMF, exclusion of light, 77-83 %; 
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The desired 2,6,8-trisubstitued1-deazapurine-based fluorescent 

ligands were accessed upon treatment of amines 3.11 and 3.13 with DIPEA 

and subsequent reaction with the appropriate commercially available 

fluorophore (e.g BODIPY 630/650-X, BODIPY-FL and SulfoCy5) and to 

a BODIPY 630/650 carboxylic acid previously synthesised in our 

laboratory as previously described,243thereby affording a focused library of 

ten final fluorescent ligands (3.19a-e and 3.20a-e, Scheme 3.2). 

 

 

3.3.2  Pharmacology 
 

Before embarking on the synthesis of the fluorescent A1AR 

conjugates, functionalised congeners 3.14 and 3.15 were evaluated for their 

ability to retain reasonable A1AR ligand binding. To this end, 

NanoBRET165,215competition ligand binding experiments (Chapter 2, 

Figure 2.2)  were undertaken in HEK293 cell stably expressing the 

NanoLuc-A1AR, whereby inhibition of 25 nM CA-XAC (CA200645)162 

binding by increasing concentrations of unlabelled congeners 3.14, 3.15 and 

reported A1AR antagonists LUF5981265 and DPCPX was monitored at 37 
OC in living  cells. A concentration dependent decrease in the BRET signal 

was observed for unlabelled congeners 3.14 and 3.15 and for reported 

A1AR selective compounds, allowing the binding affinities of all the 

compounds tested to be measured (Figure 3.3 A and Table 3.1). 

Interestingly, no differences in A1AR ligand binding affinity between the 

two congeners was observed (pKi = 6.52 ± 0.09 for 3.14 and pKi = 6.52 ± 

0.12 for 3.15, n = 5, respectively), suggesting that incorporation of either 

piperidine or trans-4-amino-cyclohexyl ring into the C8 position of the 

deazapurine scaffold produced the same effect. The affinity measured for 

the congeners in this assay was however significantly lower than the affinity 

of the parent drug LUF5981 (Table 3.1), indicating that, overall, 

modification of the cyclohexyl group and subsequent linker coupling had a 

detrimental effect on A1AR ligand binding. Moreover, the binding affinity 

of reported A1AR selective antagonists LUF5981 and DPCPX were also 

lower compared to the reported measured values (Table 3.1). Hence, in a 
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control experiment, the binding affinity at the NanLuc-A1AR of the 

previously characterised fluorescent derivative CA-XAC (CA200645) was 

also measured (Figure 3.3 B) in a NanoBRET saturation ligand binding 

assay. A clear saturable BRET signal was observed, which was indicative of 

CA-XAC specific binding to NanoLuc-A1AR, which yielded a KD = 92.1, 

84.2 (n = 2) comparable to the KD values measured for the same fluorescent 

antagonist at the NanoLuc-hA1AR in previously reported studies.49,272,273 

This results confirmed that the pharmacology of the NanoLuc-A1AR was 

unaltered. Thus, a possible reason for the lower binding affinity measured 

for LUF5981 and DPCPX may be ascribed to solubility issues arising when 

dosing the cells with the compounds prepared by serial dilutions.   

 

Table 3.1. Binding affinities (pKi) of synthesized congeners and target 

hA1AR antagonists calculated from Cheng-Prusoff analysis of the data 

displayed in Figure 3.3 A.   

Compound pKi (BRET binding assay) pKi (literature) a 

3.14 6.52 ± 0.09 - 

3.15 6.52 ± 0.13 - 

LUF5981 7.80 ± 0.17 9.1b 

DPCPX 7.31 ± 0.04 7.4-9.2 c 

 

a Reported binding affinities of target hA2AAR antagonists. bValues determined 

in radioligand binding experiments in hA1AR-CHO-K1 cell membranes using [3H] 

DPCPX265 cValues determined in radioligand binding experiments in A1AR-COS-7274 

or hA1AR-CHO-K1 cell membranes275,276 or whole cells277 using [3H] DPCPX. Data 

are mean ± SEM for n = 5 separate experiments performed in triplicate
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Figure 3.3 A) inhibition of CA-XAC(CA200645) specific binding (25 nM) 

in the presence of increasing concentration of competitive ligands (3.14, 3.15, 
LUF5981 and DPCPX). TOT is total fluorescent ligand binding determined in the 

absence of competitor; NSB represents nonspecific binding determined in the 

presence of 10 µM DPCPX. Data points represent the combined mean ± SEM from 

n = 5 separate experiments performed in triplicate. B) NanoBRET saturation binding 

curve for CA-XAC (CA200645)162 measured at 37 oC in HEK293 cells stably 

expressing the NanoLuc-hA1AR in the presence (open circles) or absence (closed 

circles) of 1 µM A1AR selective competitive antagonist DPCPX, where the latter was 

used to measure non-specific binding. Data are mean ± SEM of triplicate 

determinations in a single representative experiment of n = 2 separate experiments 
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Functionalised congeners 3.14 and 3.15 were also assessed for their 

ability to engage NanoLuc-hA2AAR and NanoLuc-hA3AR in parallel 

NanoBRET competition ligand binding assays. To this end, two subtype-

selective fluorescent antagonists for each of adenosine A2AAR and A3AR 

receptors were used as fluorescent tracers. These were subtype-selective 

fluorescent A2AAR antagonist 2.12 described and characterised in detailed 

in Chapter 2 and AV039, a highly potent and selective fluorescent A3AR 

antagonist developed and successfully applied for live cells ligand binding 

and imaging studies.150,278 From the NanoBRET competition ligand binding 

experiments it was found that compounds 3.14 and 3.15 could not displace 

specific A2AAR fluorescent ligand binding (2.12, Chapter 2) when added 

(up to 10 µM) to HEK293 cells transiently expressing NanoLuc-A2AAR. 

Conversely, over 95 % inhibition of specific AV039 binding to NanoLuc-

hA3AR was only achieved at 10 µM concentration of both 3.14 and 3.15 

(Figure 3.4). Thus, these results were indicative of poor NanoLuc-A3AR 

and NanoLuc-hA2AAR ligand binding abilities by the two congeners. 

 

 
Figure 3.4 NanoBRET competition ligand binding characterisation of 

congeners 3.14 and 3.15 at transiently transfected NanoLuc-hA2AAR (A) and stably 

expressing NanoLuc-hA3AR (B) in HEK293 cells at 37 oC. A) Ability of increasing 

concentration of 3.14, 3.15, DPCPX and ZM241385 to inhibit A2AAR-selective 2.12 
binding (40 nM) NanoLuc-hA2AAR and B) ability of increasing concentrations of 

3.14, 3.15, VUF5574 and PSB-11 to inhibit A3AR-selective AV039 binding (50 nM) 
NanoLuc-hA3AR. DPCPX is a A1AR selective antagonist; ZM241385 is a A2AAR 

selective inverse agonist; VUF5574 (measured pKi = 7.35, n = 1)279 and PSB-

11(measured pKi = 8.03, n = 1)278,280 are A3 selective and high affinity A3 antagonists. 

TOT is total fluorescent ligand binding determined in the absence of competitor; NSB 
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represents nonspecific binding determined in the presence of 10 µM ZM241385 for 

NanoLuc-hA2AAR and 10 µM PSB-11 for NanoLuc-hA3AR. Data points are mean ± 

SEM of triplicate determinations in a single representative experiment of n = 3 

separate experiments for A) and n = 1 for B). 

 

Owing to the comparable ligand binding properties exhibited, both 

3.14 and 3.15 were selected as model functionalised congeners for the 

development of the 1-deazapurine-based fluorescent A1AR ligands 

(Scheme 3.2). NanoBRET saturation ligand binding assays were used to 

quantify the binding affinities of the ten newly synthesised fluorescent 

A1AR ligands (3.19a-e and 3.20a-e) at NanoLuc-hA1AR HEK293 cells. 

The data revealed that, overall, conjugation with green-emitting 

fluorophores (BODIPY FL and BODIPY FL-X) and water-soluble red-

emitting dye SulfoCy5 effectively abolished hA1AR affinity as no specific 

BRET signal could be detected up to 1 µM concentration of fluorescent 

ligand tested (Figure 3.5). Although BODIPY 630/650- and BODIPY 

630/650-X-labelled fluorescent probes 3.19a, 3.19b, 3.20a and 3.20b 

showed a small degree of binding to NanoLuc-hA1AR, the specific binding 

window was small, with concomitant large values of standard error of the 

mean (SEM) of the measured equilibrium dissociation constants (KD) for 

specific binding to NanoLuc-hA1AR (3.19a KD = 610.5 ± 183.4 nM, n = 3; 

3.19b KD = 361.8 ± 221.9 nM, n = 3; 3.20a KD = 570.6 ± 305.3 nM, n = 4; 

3.20b KD = 796.7 nM, n = 1, Figure 3.6).  

Overall, this data indicated that conjugation with a fluorescent 

moiety was clearly detrimental with regard to retaining reasonable ligand 

binding abilities as A1AR affinity was either completely abolished or 

significantly reduced compared to the parent congeners.  Introduction of a 

linker (e.g PEG) and subsequent conjugation with a fluorescent moiety (e.g 

BODIPY 650/650-X) results in a significant increase of molecular weight 

(MW=1044.43 gMol-1 for 3.19a vs MW=353.20 gMol-1 for LUF5981) and 

structural complexity compared to the original parent drug LUF5981, 

thereby resulting in a new molecule which could adopt different 

conformations with concomitant formation of unfavourable interactions 

or steric clashes within the receptor structure.144,281  
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Figure 3.5 NanoBRET saturation binding curves measured in HEK293 cells 

stably expressing the NanoLuc-hA1AR for A) 3.19d (BY FL), B) 3.19c (BY FL-X), C) 

3.20d (BY FL), D) 3.20c (BY FL-X), E) 3.19e (SulfoCy5) and F) 3.20e (SulfoCy5) in 

the presence (open circles) or absence (closed circles) of high concentration (10 µM) of 

competitive antagonist DPCPX. The graph shown are from n = 1 and each data point 

represents the mean value ± SEM performed in triplicate. 
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Figure 3.6 NanoBRET saturation binding curves measured in HEK293 

cells stably expressing the NanoLuc-hA1AR for A) 3.19a (BY 630/650-X), B) 3.19b 
(BY 630/650), C) 3.20a (BY 630/650-X) and D) 3.20b (BY 630/650) in the presence 

(open circles) or absence (closed circles) of high concentration (10 µM) of competitive 

antagonist DPCPX. Specific binding (diamonds, dashed line) was quantified by 

subtracting the non-specific binding from the total binding component. The graph 

shown are from n = 3 (A and B) and n = 4 (C and D), where each data point represents 

the mean value ± SEM performed in triplicate in a single experiment.  

 

3.4  Conclusions and Future Work 
 

The work presented in this Chapter described the synthetic 

endeavours and pharmacological assessments undertaken for the 

development of a novel series of fluorescent A1AR ligands based on the 1-

deazapurine scaffold.  With the aim of providing fluorescent A1AR 

antagonists displaying improved affinity and most importantly A1AR 

selectivity, non-xanthine scaffolds were sort for the design of the 

orthosteric binding moiety of the final fluorescent ligand. To this end, 

LUF5981(Figure 3.2) a 2,6,8-trisubstitued 1-deazapurine based A1AR was 
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selected as parent drug molecule owing to the great pharmacodynamic 

properties displayed. SAR studies were combined with molecular modelling 

to guide the rational design of functionalised congeners (3.14 and 3.15) as 

well as to inform on the most optimal position of the scaffold for linker 

and fluorophore conjugation (Figure 3.1).265,266 A preliminary assessment 

of 3.14 and 3.15 A1AR ligand binding abilities suggested that both 

congeners’ scaffolds could be exploited for the subsequent conjugation 

with a series of commercially available fluorophores (Figure 3.3 A, Figure 

3.4 and Table 3.1). Accordingly, ten fluorescent A1AR ligands were 

generated, five from each congener derivative, encompassing fluorophores 

of different spectral and physiochemical properties with the aim to be 

applied in a broad range of imaging or diverse fluorescence-based 

techniques. Unfortunately, when profiled in NanoBRET saturation ligand 

binding assays, the newly synthesised fluorescent ligands were found to 

either lack or possess only little A1AR ligand binding ability. Thus, owing 

to the narrow specific binding window measured with fluorescent 

analogues 3.19a, 3.19b, 3.20a and 3.20b (Scheme 3.2 and Figure 3.6) in 

the NanoBRET assay, it was reasoned to not progress the probes to further 

pharmacological assessments. In principle, the high signal-to-noise ratio 

displayed by the NanoBRET technology allows the application of higher 

concentrations of fluorescent tracers (hence, with much lower affinity e.g 

KD ≧	 500 nM) compared to standard radioligand binding assays.215 For 

instance, the fluorescent hP2Y2R antagonists developed by Conroy et al., 

exhibited micromolar hP2Y2R affinity values (e.g. pKD = 6.32 ± 0.10) and 

have been successfully applied in BRET-based ligand binding assay.239  

Additional SAR studies could be undertaken with the aim of 

exploring a combination of different linker moieties as well as substituents 

on the C8 position of the deazapurine scaffold and generate ligands with 

potentially higher A1AR affinity. Yet, the small specific binding window 

measured with this series of fluorescent analogues suggested that selection 

of a different high affinity and A1AR selective pharmacophore moiety may 

be more advantageous compared to embarking in another SAR campaign 

using the same pharmacophore.  
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In the next chapter (Chapter 4) a new design approach will be 

presented for the development a new series of fluorescently-labelled A1AR 

antagonists, the synthesis of which was based on the adenosine A1AR 

antagonist Tonapofylline (BG9928).83,88 
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Chapter 4. Development and Application of 
Subtype-Selective Fluorescent Antagonists for the 
Study of the Human Adenosine A1 Receptor in 
Living Cells. 
 
4.1 Brief Introduction 

 

Adenosine is an important endogenous nucleoside, which exerts its 

modulatory role upon binding to four adenosine receptors (AR) subtypes, 

namely A1, A2A, A2B and A3.282 The adenosine A1 receptor (A1AR) operates 

mainly upon coupling with the Gi/o family of heterotrimeric G-protein, 

resulting in adenylyl cyclase inhibition and a subsequent reduction of cAMP 

accumulation.55 A1ARs are highly expressed in the brain and, to a lesser 

extent, in peripheral tissues such as the heart, kidney and lungs,15,56 and 

represent an attractive drug target for the development of therapeutic agents 

for CNS, cardiovascular, renal and respiratory disorders.21,43,283 For instance, 

adenosine itself is administered to patients with paroxysmal supraventricular 

tachycardia (PSVT) to slow heart rate and contractility upon activation of the 

A1AR.21,284 A1AR activation can also reduce ischemia-reperfusion injury and 

neuropathic pain.20,21,23 On the other hand, inhibition of the A1AR function 

may offer therapeutic opportunities for the development of potassium 

sparing diuretics,20,21,44 anti-asthmatic agents262 and cognitive enhancers.43,260 

However, a principal drawback in developing efficacious and safe A1AR -

selective therapeutics, is that this same biological target also mediates the 

onset of undesirable side effects including bradycardia, dyspnoea and 

seizures.87,88,111 As such, the clinical application of A1AR ligands has been 

hindered by the difficulty in separating on-target beneficial effects from 

adverse effects, coupled to the widespread expression of A1AR in multiple 

tissues.87,88,111 Alternative therapeutic approaches could be exploited to 

address the aforementioned issues, which include more selective targeting 

through A1AR biased agonism and allosterism.91,97,285 The development of 

more selective and efficacious therapies, however, heavily depends on our 
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understanding of how A1AR pharmacology differs across tissues, cell types 

and subcellular compartments.53,258,286,287 Fluorescent ligands represent 

valuable tools to enable real-time monitoring of receptor pharmacology, 

including ligand-receptor interactions, receptor signalling and trafficking in 

different cell types, in both health and disease.162,165,181,191,238,239 Importantly 

fluorescent ligands are amenable to quantifying receptor pharmacology at the 

single cell level, in real-time and in unmodified, endogenously expressing 

systems.126,147,226 In Chapter 1 a brief overview regarding reported and 

currently employed fluorescent A1AR ligands has been provided (Section 

1.6.3 and Figure 1.9). Indeed, these probes have been successfully applied 

for studying A1AR spatio-temporal organization148,191,193 and signalling in 

living cells,49 yet the ability of these probes to bind other adenosine receptors 

limits their use to recombinant expression systems. Interrogating A1AR 

pharmacology in more physiologically relevant models necessitates that the 

fluorescent ligand binds to its receptor with high selectivity as other closely 

related adenosine receptors are often coexpressed.56,118,126 Efforts to develop 

A1AR-selective probes have been undertaken. For instance, Singh et al. 

designed fluorescent probes based on a (benzimidazolyl)isoquinolinol 

scaffold, which unfortunately did not show measurable binding affinity to 

the A1AR.272 In Chapter 3 synthetic endeavours towards the development of 

novel high affinity and selective fluorescent A1AR antagonists based on 

reported deazapurine LUF5981265 have been also discussed. However, this 

study could not generate fluorescent A1AR antagonists with improved A1AR 

affinity. Therefore there still remains a need for fluorescent probes with 

marked affinity and, most importantly, subtype selectivity for the A1AR.  

 

The study presented in this Chapter will discuss the design, synthesis 

and pharmacological evaluation of a novel series of subtype-selective 

fluorescent antagonists targeting the adenosine A1AR receptor, which are 

amenable for use in a variety of fluorescence-based techniques. Two different 

positions of the prototypical xanthine scaffold were assessed for 

fluorophore/linker functionalization. To this end, the desired fluorescent 

antagonists were prepared by conjugating 8-bicylo[2.2.2]octylxanthine and 3-
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functionalised 8-(adamant-1-yl)xanthine scaffolds with a series of 

commercially available far-red fluorophores. 

 

4.2 Fluorescent Ligands Design 
 
The available structural information for the hA1AR36,37 (in its inactive 

state) could be leveraged to rationalise the reported structure-activity 

relationships (SARs) relative to xanthine-based A1AR antagonists,43,44,232,276 

thereby helping guide our design strategy. It was envisaged to explore two 

different positions of the prototypical xanthine scaffold, namely the 3- and 

8-positions, for linker/fluorophore attachment as structural data suggested 

that functionalization of either of these positions could be harnessed for the 

development of chemical probes (Figure 4.1).  Tonapofylline (BG9928)83,88 

and its synthetic precursor, compound 4.16 (from Kiesman et al.)83 with a 

carboxylate handle directly attached to the bicyclo[2.2.2]octane group 

(Figure 4.1 B and C), were selected as parent molecules for the development 

of 8-position functionalized xanthine-based fluorescent ligands. These two 

ligands display high hA1AR ligand binding affinities (Ki = 7.4 nM and Ki = 

33 nM for Tonapofylline and compound 4.16, respectively) and good 

selectivity profile with respect to binding other adenosine receptors subtypes 

(hA2AAR Ki = 6410 nM, hA2BAR Ki = 90 nM, hA3AR Ki > 10000 nM for 

Tonapofylline and hA2AAR Ki = 1070 nM, hA2BAR (48%)b, hA3AR (100%)b 

(b% of specific radioligand binding) for compound 4.16).83 Moreover, the 

presence of a carboxylate group in both molecules represented an attractive 

functional handle for subsequent attachment of a linker and fluorophore. 
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Figure 4.1 A) Sectional view of the hA1AR Connolly surface to show the 

binding pose adopted by the co-crystallized irreversible ligand DU172 (Compound 23a 

in Beauglehole et al.)288 (shown in grey sticks) with the 3-(4-

fluorosulfonylbenzamido)propyl group directed towards the extracellular medium. 

Molecular docking of B) Tonapofylline (BG9928), C) compound 16 and D) congener 

4.42 to the crystal structure of the hA1AR (PDB:5UEN) performed with Schrödinger’s 

Glide (Schrodinger release 2019-2). Tonapofylline is rendered in brick-red sticks, 

whilst compound 16 is shown in sticks coloured yellow and congener 4.42 is rendered 

in pink sticks. The hA1AR is shown in ribbon coloured marine blue. The key residues 

are shown in sticks (violet) and are labelled. Hydrogen bonds are shown as yellow 

dashed lines and the transmembrane (TM) helices 1-3, 5 and 6 are labelled for clarity 
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alongside extracellular loop (ECL) 2 and ECL3. Images were generated using PyMOL 

(2.2.0). 

 

Molecular modelling of Tonapofylline and compound 16 to the 3.2 Å 

resolution crystal structure (PDB: 5UEN)36 of the hA1AR revealed that both 

ligands exhibited comparable binding modes, with subtle differences in 

orientation of the 1- and 3-propyl groups for each ligand (Figure 4.1B, C 

and D). The pattern of key interactions established with the orthosteric site 

of the receptor was in keeping with those observed for A1AR crystal structure 

co-bound with xanthine-based analogues, including hydrogen-bonding 

interactions with N2546.55 and π-stacking interaction with F171ECL2 

(superscripts refer to the Ballesteros-Weinstein residues numbering 

system).47
’
36,37 For both ligands, the carboxylate group was oriented towards 

the extracellular face of the A1AR without making direct interactions with 

neighbouring residues. Structure-activity relationships (SAR) reported by 

Kiesman et al.,83 indicated that A1AR affinity was maintained when the 

carboxylate group was functionalized with amide linkers, thereby further 

supporting these docking results. Accordingly, it was sought to probe the area 

beyond the carboxylate group using linkers of different length and chemical 

compositions with the aim to find the optimal congener template upon which 

to append a series of commercially available fluorophores. 

Furthermore, a second library of fluorescently-labelled compounds 

was generated featuring 3-functionalised xanthine-based fluorescent probes. 

This second library of probes, encompassed linkers with shorter length 

compared to the first library as structural data, complemented with docking 

studies, suggested that shorter linkers would provide sufficient spatial 

separation between the pharmacophore and the fluorophore (Figure 4.1 D). 

It was also of interest to explore probes lacking the linker, in which the 

fluorophores were directly conjugated to the orthosteric binding moiety as 

previous studies from our laboratories suggested that such modification was 

advantageous for the development of A1AR fluorescent probes.289 

 

The novel series of fluorescent ligands reported in this Chapter 

included far-red emitting probes tethered with the 6-(((4,4-difluoro-5-(2-

thien-yl)-4-bora-3a,4a-diaza-s-indacene-3-yl)styryloxy)acetyl)aminohexanoic 
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acid (BODIPY630/650-X) dye and the water-soluble sulfonated cyanine5 

(Sulfo-Cy5) dye. Overall, far-red emitting fluorophores were preferred as 

these fluorophores emit at wavelengths of 650-670 nm, where the degree of 

overlap with background autofluorescence from living cells is minimized.156 

In Chapter 3 derivatisation of congeners 3.14 and 3.15 with green-emitting 

BODIPY dyes (e.g. BODIPY FL and BODIPY FL-X) produced probes 

which effectively lack the ability to engage A1AR. Moreover, previous studies 

have shown that conjugation of xanthine amine congener (XAC) with green-

emitting fluorophores, such as BODIPY-FL dye, generated probes with 

markedly reduced affinity for the hA1AR and disadvantageous imaging 

properties due to significant membrane penetration.144 For these reasons, 

BODIPY-FL fluorophores were not included in the present study. 

Conversely, BODIPY 630/650 fluorophores are amongst the preferred 

candidates for fluorescence derivatization due to their advantageous spectral 

properties, including high fluorescence quantum yield (Φ) and photochemical 

stability.160,161 The application of BODIPY dyes, however, may be limited by 

their intrinsic lipophilicity, which could lead to increased levels of nonspecific 

binding195 and reduced stability in plasma. This would thereby limit their 

utility in more physiologically relevant models such as in vivo models.147 

Fluorescent dyes with improved water solubility, such as sulfonated cyanine 

5 dyes, may overcome these limitations as demonstrated by the Cy5-labelled 

quinazoline-based probe developed by Ma et al., for the α1-adrenoreceptor. 
157 In addition, to the best of our knowledge, there are no reported examples 

of fluorescent hA1AR antagonists integrating a Sulfo-Cy5 fluorophore that 

have been successfully utilised in studies of the hA1AR in living cells.
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4.3 Results and Discussion 
 

4.3.1 Chemistry 
 

4.3.1.1 Synthesis of the 8-bicyclo[2.2.2]octylxanthine based 

congeners. 

 

The chemical synthesis of the 8-bicyclo[2.2.2]octylxanthine based 

amino functionalized congeners is outlined in Scheme 1. Tonapofylline 

(BG9928) and 4.16 provided the framework for the development of the series 

of fluorescent ligands featuring linkers and fluorophores extending from the 

8-position of the xanthine scaffold. Tonapofylline (BG9928) and 4.16 were 

synthesized as described in Keisman et al.83 (detailed procedures are reported 

in Appendix I) and were further functionalized with a series of linker variants 

of different length and chemical composition to afford ten final N-Boc-

protected amino functionalized congeners. Briefly, Tonapofylline (BG9928) 

was activated with (1-cyano-2-ethoxy-2-oxoethylidenaminooxy) 

dimethylamino-morpholino-carbenium hexafluorophosphate (COMU) in 

the presence of DIPEA and subsequently coupled with N-Boc-

enthylenediamine in DMF to afford the corresponding mono-protected 

amine intermediate (2.10). Acidolytic removal of the Boc protecting group 

afforded the corresponding amine (4.11) as its HCl salt, which was 

subsequently functionalized in the presence of DIPEA and COMU with 

three linker variants of different length and chemical composition: Boc-8-

amino-3,6-dioxaoctanoic acid, Boc-5-amino-3-oxapentanoic acid and Boc-β-

alanine to afford 4.12, 4.13 and 4.14 respectively (Scheme 4.1).
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Scheme 4.1. Synthesis of the 8-Bicyclo[2.2.2]octylxanthine based Congeners.a  

 

 

aReagents and conditions: (a) N-Boc-ethylenediamine , COMU, DIPEA, DMF, rt, 1 h, 58%; (b) 4 N HCl in dioxane, rt, 30 min, quantitative; (c) N-Boc-8-amino-3,6-

dioxaoctanoic acid or N-Boc-5-amino-3-oxapentanoic acid or N-Boc-β-alanine,  COMU, DIPEA, rt, 1 h, 28-67%; (d) N-Boc-β-alanine, COMU, DIPEA, rt, 1 h; (e) N1-Boc-
ethylenediamine or N-Boc-1,3-propanediamine, BOP, DIPEA, DMF, rt, 1 h, 78-86%; (f) β-Alanine methyl ester, BOP, DIPEA, DMF, rt, 56%; (g) LiOH.H2O, MeOH/H2O 

1:1, rt, 40 min, 84%; (h) N-Boc-5-amino-3-oxapentanoic acid, COMU, DIPEA, rt, 
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Compound 4.16 was coupled with either N-Boc-ethylenediamine or 

N-Boc-1,3-propanediamine to afford the corresponding mono-protected 

intermediates 4.17a and 4.17b respectively. Following acidolysis, N-Boc 

deprotection gave the corresponding primary amines (4.18a and 4.18b) as 

their HCl salts. COMU-mediated amide coupling of 4.18a and 4.18b with the 

N-protected linkers Boc-8-amino-3,6-dioxaoctanoic acid, Boc-5-amino-3-

oxapentanoic acid or Boc-β-alanine afforded the Boc protected congeners 

4.19-4.24. An additional chain-extended congener was also synthesized, to 

investigate the effect of this longer linker variant in modulating A1AR binding 

affinity. To this end, 4.16 was activated with (benzotriazol-1-

yloxy)tris(dimethylamino)phosphonium hexafluorophosphate (BOP) and 

coupled with b-alanine methyl ester to afford 4.26. Saponification of the latter 

and subsequent amide coupling with N-Boc-ethylenediamine yielded the 

corresponding Boc-protected intermediate (4.28). Treatment of 4.28 with 4 

M HCl in dioxane afforded the corresponding amine (4.29) as its HCl salt, 

which was coupled with Boc-5-amino-3-oxapentanoic acid to afford the 

desired protected congener 4.30. 



 87 
 

Scheme 4.2. Synthesis of the 1-Propyl-3-(3-benzamidopropyl)-8-(3-

adamantyl) xanthine based Congeners.a 

aReagents and conditions: (a) Na2S2O4, 30% NH4OH in H2O, 85 oC, 92%; (b) i) 1-Adamantane carboxylic 
acid, COMU, DIPEA, DMF, rt, 15 min, 87% ii) 1M KOH/ n-propanol 1:1, reflux, 1 h, 95%; (c) SEM-Cl, 

K2CO3, DMF, 4 h, 66%; (d) NH4+HCO2-, Pd/C, MeOH, 140 oC, 9 h, 67%; (e) N1-Boc ethylenediamine, 
COMU, DIPEA, DMF, rt, 20 min, 75%; (f) 1M NaOH, THF, rt, 3 h, 90%; (g) 3-bromopropylamine 

hydrobromide, COMU, DIPEA, DMF, rt, 15 min, 61%; h) 35 and 39, K2CO3, DMF, 25-40 oC, 24 h, 49%; (i) 
4 M HCl in dioxane, rt, 30 min, quantitative, then DIPEA; (j) Boc-β-Ala-OH, COMU, DIPEA, DMF, rt, 15 
min, 47%. 
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4.3.1.2 Synthesis of the 1-propyl-3-(3-benzamidopropyl)-8-(3-

adamantyl) xanthine-based congeners. 

 

The synthetic approach for the preparation of 3-functionalized 

analogues is outlined in Scheme 4.2 and was adapted from procedures 

reported by Beauglehole et al.288 6-Amino-1-benzyl-5-nitroso-3-

propylpyrimidine-2,4(1H,3H)-dione (4.31) was previously prepared in our 

laboratory following reported literature procedures.290–292 Reduction of the 

nitroso group of 4.31 with sodium dithionite afforded the corresponding 5,6-

diamino uracil product (4.32), which was subsequently acylated with 1-

adamantane carboxylic acid in the presence of COMU293 to afford the 

corresponding 6-amino-5-carboxamido uracil precursor. The latter then 

underwent cyclization in the presence of 1M KOH to the corresponding 8-

adamantyl-substituted xanthine (4.33) in excellent yield (95%). To ultimately 

allow a selective alkylation of the unsubstituted 3-position of the xanthine 

ring following its debenzylation, a 2-(trimethylsilyl)ethoxymethyl (SEM) 

protecting group was introduced at the 7-position to afford the 

corresponding 7-N-SEM-protected intermediate (4.34) in good yield (66%). 

Subsequent debenzylation was achieved under transfer hydrogenation 

conditions using ammonium formate in the presence of 10% palladium on 

carbon (Pd/C) in methanol at high temperature,294 affording the 

corresponding deprotected xanthine 4.35 in good yield (67%). The aryl amide 

linker variant was prepared starting from commercially available mono-

methyl terephthalate (4.31), which was coupled with N-Boc ethyelenediamine 

by means of COMU, in the presence of DIPEA in DMF, affording 

intermediate 4.37. The latter was then treated with 1 M NaOH to generate 

the corresponding carboxylic acid (4.38), which was subsequently coupled 

with 3-bromopropylamine hydrobromide in the presence of DIPEA, 

affording intermediate 4.39 with good yield (61%). Alkylation of the xanthine 

derivative 4.35 with 4.39 under basic conditions yielded the corresponding 3-

N-propyl-3-benzamide intermediate (4.40) in reasonable yield (49%). 

Concomitant SEM- and Boc-removal was effected by reacting 4.40 with 4 M 

HCl in dioxane for 1 h, followed by treatment of the resulting HCl salt with 

DIPEA to liberate the corresponding amine (4.41), which was coupled with 
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Boc-β-Ala-OH using COMU in DMF to yield the final Boc-protected 

congener (4.42).  

Scheme 4.3. Synthesis of the Fluorescent A1AR Antagonists.

a Reagents and conditions: (i) 4 M HCl in dioxane, rt, 30 min, quantitative; (ii) BY630/650-X-NHS or 

SulfoCy5-NHS, DIPEA, DMF, rt, exclusion of light, 39-100%. 

 

4.3.1.3 Synthesis of fluorescent A1AR antagonists. 
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4.42 were subsequently conjugated with a series of commercially available far-
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N

N N

H
N

O

O HN

O

NH

O NH

NHO
R

N

N N

H
N

O

O HN

O

NH
R

F
FS B

N
N

O

O
HN

O O

N

N+
SO3

SO3H

R =

a b

4.18a 4.25aii i

ii

N

N

O

O N

H
N

NH

O H
N

O
N
H

N
H

O

N

N

O

O N

H
N

NH

O H
N

O
N
H

RR

i
ii

ii4.41 4.42

4.43a R = BY630/650-X
4.43b R = SulfoCy5

4.44a R = BY630/650-X
4.44b R = SulfoCy5

4.45a R = BY630/650-X
4.45b R = SulfoCy5

4.46a R = BY630/650-X
4.46b R = SulfoCy5



 90 
 

focused library of eight fluorescent analogues (4.43a-b-4.46a-b). The novel 

synthesized fluorescent probes were purified by reverse-phase high 

performance liquid chromatography (RP-HPLC) and the high purity of the 

final probes was confirmed by analytical RP-HPLC with dual wavelength 

detection and measured as ³96% homogeneity. Furthermore, chemical 

identity of the final probes was confirmed by high resolution mass 

spectroscopy (HRMS) (TOF ES+ and ES-). 

 

 
4.3.2 Pharmacology 

 
To evaluate which linker functionality could be harnessed for the 

development of the first library of fluorescent probes, the ten newly 

synthesized Boc-protected 8-bicyclo[2.2.2]octylxanthine congeners 4.12, 

4.13, 4.15, 4.19, 4.20, 4.22, 4.23, 4.25a, 4.25b and 4.30 (Scheme 4.1) were 

characterized using [3H]DPCPX binding in FlpIn-CHO cells stably 

expressing the hA1AR (A1AR-FlpInCHO cells). All congeners displayed 

good hA1AR ligand binding affinity (7.65-8.36 pKi range, Table 4.1), 

demonstrating that all linker combinations were well tolerated. Comparison 

of the reported binding affinities83 of Tonapofylline (BG9928) and 4.16 with 

the congeners synthesized  in this Chapter corroborated the original 

observation whereby functionalization of the carboxylate handle of either 

Tonapofylline or 4.16 could be exploited for linker conjugation. Despite the 

similar affinity of these ligands, subtle differences in SARs were observed. 

There was a general trend for congeners incorporating the β-Ala-β-Ala linker 

moiety to possess higher hA1AR affinities relative to congeners lacking the 

dipeptide linker (4.15, 4.25a and 4.25b, Table 1. ** P < 0.01 one-way 

ANOVA with Tukey’s multiple comparison test). Likewise, congeners with 

an ethylenediamine spacer appeared to be better tolerated than those with a 

propane-1,3-diamine. Based on these initial results, compound 4.25a (Table 

4.1 and Scheme 4.1) was therefore chosen as model functionalized congener 

for the development of the 8-bicyclo[2.2.2]octylxanthine based fluorescent 

probes. Moreover, owing to the greater hA1AR affinity observed with 

congeners conjugated with β-alanine, the β-alanine linker was also used for 
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the development of the 1-propyl-3-(3-benzamidopropyl)-8-(3-

noradamantyl)xanthine based fluorescent ligands. Furthermore, structural 

data suggested that a single β-alanine moiety, coupled with an 

ethylenediamine spacer, should provide the optimal linker length for 

conjugating the 1-propyl-3-(3-benzamidopropyl)-8-(3-noradamantyl) 

xanthine-based scaffold with the desired fluorophore. 

 

Table 4.1. Binding Affinities of the Novel 8-

bicyclo[2.2.2]octylxanthine based amino Functionalized Congeners. 

 

Cmpd R pKi (LogM) ± SEMa 

4.12 

 
7.88 ± 0.06 

4.13 

 
7.83 ± 0.10 
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8.11 ± 0.09** 
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4.23 

 
7.79 ± 0.09 

4.25a 

 
8.36 ± 0.08** 

4.25b 

 
7.89 ± 0.05** 

4.30 

 

7.95 ± 0.04 

 

a pKi ± SEM values were calculated from the negative logarithm of the 
equilibrium inhibitory constant (Ki in nM) determined at 4 oC using [3H] DPCPX 
competition binding experiments in FlpIn-CHO cells stably expressing the hA1AR. 
Values represent the mean ± SEM from n = 3 experiments performed in duplicate. ** 
P < 0.01. compared to congeners lacking the dipeptide linker one-way ANOVA with 
Tukey’s multiple comparison test. 

 

Next, the newly synthesized 8-bicyclo[2.2.2]octylxanthine-based and 

1-propyl-3-(3-benzamidopropyl)-8-(3-noradamantyl) xanthine-based 

fluorescent ligands (Scheme 3) were profiled in a variety of pharmacological 

assays. Initially, the fluorescent ligand binding was quantified using [3H] 

DPCPX competition binding in A1AR-FlpInCHO cells (Figure 4.2 and 

Table 4.2). 
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Figure 4.2 Inhibition of [3H] DPCPX specific binding (1 nM) in the presence 

of increasing concentrations of fluorescent antagonist (4.43a-b to 4.46a-b) at 37oC in 

hA1AR-FlpInCHO cells. TB stands for total radioligand binding. Each data point 

represents the combined mean ± SEM from n = 5 experiments performed in triplicate. 

 

Table 4.2. Binding Affinities of the Novel 8-

bicyclo[2.2.2]octylxanthine based (4.43a-b, 4.44a-b)  and 1-Propyl-3-(3-

benzamidopropyl)-8-(3-noradamantyl) xanthine based (4.45a-b, 4.46a-

b) Fluorescent Antagonists. 

 

Cmpd Linker Fluorophore pKi (LogM) ± SEMa 

SLV320 - - 8.77± 0.05 

4.43a - BY630/650-X 7.69 ± 0.06#### 

4.43b - Sulfo-Cy5 6.07 ± 0.09 

4.44a β-Ala-β-Ala BY630/650-X 9.54 ± 0.05**** 
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4.44b β-Ala-β-Ala Sulfo-Cy5 6.70 ± 0.06 

4.45a - BY630/650-X 8.23 ± 0.07 

4.45b - Sulfo-Cy5 < 5 

4.46a β-Ala BY630/650-X 8.01 ± 0.03 

4.46b β-Ala Sulfo-Cy5 <5 

apKi values were calculated from the negative logarithm of the equilibrium 

inhibitory constant (Ki in nM) measured at 37 oC by radioligand competition binding 

employing [3H] DPCPX as radiotracer in FlpIn-CHO cells stably expressing the hA1AR. 

Values represent the mean ± SEM from n = 5 experiments performed in triplicate 

(statistical significance was defined as ****p < 0.0001 one-way ANOVA with Tukey’s 

multiple comparison test comparing the pKi of 4.44a versus 4.44b. #### p < 0.0001 one-

way ANOVA with Tukey’s multiple comparison test comparing the pKi of 4.44a versus 

4.43a). 

 

Broad differences in hA1AR ligand binding affinities could be 

measured across the novel fluorescent ligands synthesized (Table 4.2). These 

results are consistent with previous studies, which showed a significant 

contribution of the fluorophore in modulating the pharmacology of the final 

conjugates.144,150,295 Indeed, there was a statistical difference for the 

BY630/650-X-labelled compounds (4.43a-4.46a) to display the highest 

affinities of the series compared to the corresponding SulfoCy5-labelled 

analogues (4.43b-4.46b) (Table 2). Overall, conjugation with the Sulfo-Cy5 

probe was detrimental with regard to binding to the hA1AR. Fluorescent 

analogue 4.44a displayed the highest affinity of the series at the hA1AR (pKi 

= 9.54 ± 0.05). The addition of the BY630/650-X fluorophore resulted in a 

circa 16-fold increase of hA1AR affinity compared to the Boc-protected 

congener 4.25a. Replacement of the BY630/650-X fluorophore with Sulfo-

Cy5 yielded fluorescent antagonist 4.44b (pKi = 6.70 ± 0.06) which resulted 

in a significant reduction in hA1AR binding affinity (690-fold) compared to 

the BY630/650-X-labelled analogue. The fluorophore moiety alone, 

however, was not the only driver of hA1AR affinity as demonstrated by 

ligands 4.43a and 4.43b, which had lower affinity compared to 4.44a and 
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4.44b. These two fluorescent analogues lacked the dipeptide β-Ala-β-Ala 

linker and were synthesized to explore the effect of moving the fluorophore 

closer to the 8-bicyclo[2.2.2]octylxanthine scaffold. Despite the reasonable 

hA1AR affinity displayed by compounds 4.43a and 4.43b, removal of the 

dipeptide β-Ala-β-Ala linker proved to be disadvantageous. This suggests that 

there may be a synergistic effect of both linker and fluorophore in influencing 

the binding affinity of the final fluorescent conjugates. The introduction of 

the Sulfo-Cy5 fluorophore to the 1-propyl-3-(3-benzamidopropyl)-8-(3-

noradamantyl) xanthine scaffold (probes 4.45b and 4.46b) effectively 

abolished hA1AR affinity (pKi < 5). In contrast, conjugation with BY630/650-

X fluorophore yielded fluorescent analogues 4.45a and 4.46a with good 

hA1AR affinity (pKi = 8.23 ± 0.07 and pKi = 8.01 ± 0.03, respectively). These 

results supported the original hypothesis whereby fluorophore derivatization 

could be achieved at both the 8- and 3-position of the prototypical xanthine 

scaffold. 

The SAR of these novel fluorescent ligands could be rationalized in 

the context of A1AR structural information. For example, crystal structures 

for the hA1AR34,36,37 revealed the presence of a secondary hydrophobic pocket 

defined by residues F171ECL2, E170ECL2,V833.28, I692.64, L652.60. Molecular 

dynamics simulations (MD) studies suggest this pocket provides an important 

recognition mechanisms for ligand binding, with A1AR ligands affinity and 

selectivity being influenced by their ability to engage with this accessory 

hydrophobic site.50,296 The importance of hydrophobic pockets in influencing 

ligand binding has been suggested for various GPCRs, including the A2AAR 

and the C-C chemokine receptor type 5 (CCR5).41,52 Accordingly, the 

lipophilic nature of the BODIPY probes may enable the boron 

dipyrromethene scaffold to establish favourable interactions with this 

accessory hydrophobic site with concomitant displacement of weakly 

associated water molecules from this pocket, thereby further enhancing the 

overall free energy of binding for the probe bound to the A1AR. In contrast, 

molecular interactions of this type could not be established with the 

corresponding water-soluble SulfoCy5 analogues as, due to their hydrophilic 

nature, the interaction with the solvent could be more favourable. 
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One of the major objectives of this study was to synthesise and 

develop subtype-selective fluorescent ligands that can selectively engage with 

A1AR in cells and tissues where other adenosine receptors are co-expressed. 

To this end, a nanoluc luciferase bioluminescence resonance energy transfer 

(NanoBRET)164,165,215 ligand binding assay was used to quantify the selectivity 

profile of the novel fluorescent ligands synthesised. NanoBRET is a 

proximity assay (<10 nm) which relies upon the energy transfer between a 

donor bioluminescent protein (NanoLuc)163 tagged on the N-terminus of the 

receptor of interest (NanoLuc-hA1AR) and an acceptor fluorophore. The 

binding affinity of the most promising fluorescent ligands of both BODIPY- 

and Sulfo-Cy5-bearing probes (4.44a-b and 4.46a, Scheme 4.3), selected 

based on [3H] DPCPX binding results (Table 4.2), was quantified at each 

adenosine receptor subtypes using NanoBRET saturation ligand binding 

assay in HEK293A cells transiently expressing either the NanoLuc-A1AR, 

NanoLuc-A2A, NanoLuc-A2B or the NanoLuc-A3AR. A robust, specific and 

saturable BRET signal was detected at the NanoLuc-A1AR for each 

fluorescent analogue investigated (4.44a, 4.44b and 4.46a), with low levels of 

nonspecific binding for all concentrations tested. Fluorescent analogue 4.44b 

showed reasonable NanoLuc-hA1AR affinity (pKD = 7.35 ± 0.09, n = 3) and 

the most promising selectivity profile among the fluorescent probes tested in 

this NanoBRET assay (Table 4.3 and Figure 4.3 F). Indeed, minimal BRET 

signal was detected at either NanoLuc-hA2AAR, NanoLuc-hA2BAR or 

NanoLuc-hA3AR at 500nM-1 μM 4.44b (Figure 4.3 F). A concentration-

dependent BRET signal was observed for fluorescent analogues 4.44a and 

4.46a at the NanoLuc-hA2AAR, NanoLuc-hA2BAR and NanoLuc-hA3AR 

(Figure 4.3 E), allowing estimation of their equilibrium dissociation constant 

(KD) (Table 4.3). 4.44a exhibited high affinity for the NanoLuc-hA1AR 

affinity (pKD = 8.93 ± 0.02, n = 3) which was 25-fold, 7-fold and 117-fold 

greater than its affinity for the NanoLuc-hA2AAR, NanoLuc-hA2BAR and 

NanoLuc-hA3AR, respectively. Fluorescent analogue 4.46a also displayed 

high affinity at the NanoLuc-hA1AR (pKD = 8.50 ± 0.07, n = 3), whilst the 

affinities measured at the other adenosine receptors subtypes were 

appreciably lower, displaying approximately 20-fold greater affinity for the 
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NanoLuc-hA1AR compared to the NanoLuc-hA2AAR, NanoLuc-hA2BAR 

and NanoLuc-hA3AR.
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Figure 4.3 NanoBRET saturation ligand binding curves (A-C) measured in HEK293A cells transiently expressing the NanoLuc-hA1AR for (A) 4.44a, (B) 4.46a, (C) 

4.44b in the presence (open circles) and absence (closed circles) of 1 μM SLV320. Graphs (D-F) depict the selectivity profile of the probes tested against each subtype 

of the adenosine receptors. Specific binding (D-F) of (D) 4.44a, (E) 4.46a and (F) 4.44b at each subtype of adenosine receptors was measured from saturation binding 

curves (A-C) after subtraction of the nonspecific binding component from the total binding. Nonspecific binding was determined in the presence of 1 μM of ZM241385 

for NanoLuc-hA2AAR, 1 μM PSB603 for NanoLuc-hA2BAR and 1 μM MRS1220 for NanoLuc-hA2AAR. Data points represent the combined mean ± SEM from n = 3 

experiments performed in duplicate. 
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Table 4.3 Binding Affinities of Fluorescent 8-Bicyclo[2.2.2]octylxanthine Based Conjugates 4.44a and 4.44b and Fluorescent 1-

Propyl-3-(3-benzamidopropyl)-8-(3-noradamantyl) xanthine Based Conjugate 4.46a at NanoLuc-hA1AR, NanoLuc-hA2AAR, 

NanoLuc-hA2BAR and NanoLuc-hA3AR. 

Cmpd  NLuc-hA1AR NLuc-hA2AAR NLuc-hA2BAR NLuc-hA3AR 

4.44a 
pKD (LogM)a 

Bmax 
8.93 ± 0.02 
0.018 ± 
0.002 

7.55 ± 0.09 
0.035 ± 
0.001 

8.11 ± 0.08 
0.016± 
0.003 

6.87 ± 0.04 
0.012 ± 
0.001 

4.46a 
pKD (LogM) 
Bmax 

8.50 ± 0.07 
0.019 ± 
0.0005 

7.30 ± 0.15 
0.003 ± 
0.0003**** 

7.26 ± 0.08 
0.004 ± 
0.0004**** 

7.23 ± 0.09 
0.001 ± 
0.00007**** 

4.44b 
pKD (LogM) 
Bmax 

7.35 ± 0.09 
0.030 ± 
0.006 

< 6 
N.D.b 

< 6 
N.D. b 

< 6 
N.D.b 

a pKD values were calculated from the negative logarithm of the equilibrium dissociation constant (KD) measured at 37oC by NanoBRET saturation 
binding using increasing concentration of fluorescent ligand in the absence or presence (to define nonspecific binding) of 1 μM of selective unlabelled 
AR antagonist (1 μM SLV320 for NanoLuc-A1AR, 1 μM ZM241385 for NanoLuc-A2AAR, 1 μM PSB603 for NanoLuc-A2BAR and 1 μM MRS1220 for 
NanoLuc-A3AR). Data are represented as mean ± SEM of n = 3 experiments, where each experiment was performed in duplicate. bN.D. = not 
determined.  **** P < 0.0001. compared to NanoLucA1 Bmax, one-way ANOVA with Tukey’s multiple comparison test.  
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Notably, the maximal binding capacity (Bmax) value of probe 4.46a 

was significantly higher at the NanoLuc-hA1AR compared to binding to 

either of the NanoLuc-hA2AAR, -hA2BAR and -hA3AR receptor subtypes 

(maximum BRET ratios of 0.003, 0.004, 0.001 respectively) (Table 4.3). They 

were also substantially different to the Bmax values obtained at the NanoLuc-

hA2AAR, -hA2BAR and -hA3AR receptor subtypes with 4.44a (0.035, 0.016, 

0.012 respectively). These results are unlikely to reflect a lack of receptor 

expression for A2AAR, A2BAR and A3AR when profiling 4.46a, as these 

experiments were performed in parallel with 4.44a, which exhibited robust 

expression for all adenosine receptor subtypes. It was therefore hypothesised 

that the BRET signal resulting from probe 4.46a binding to the NanoLuc-

hA2AAR,-hA2BAR and -hA3AR could be a result of the so-called “bystander” 

BRET,297–299 that is, non-specific enrichment of probe 4.46a at the plasma 

membrane of cells expressing hA2AAR, hA2BAR or hA3AR receptors could 

produce a measurable BRET signal owing to the close proximity between the 

probe and the bioluminescent protein NanoLuc. Alternatively, HEK293 cells 

are known to express hA1AR at very low levels300,301 and it is therefore 

possible the low BRET signal detected with 4.46a at the NanoLuc-hA2AAR 

and -hA2BAR is a result of close proximity between the endogenous hA1AR 

and the NanoLuc-hA2AAR-receptors (such as might occur in oligomeric 

complexes). The ability of A1AR and A2AAR to form heterodimeric 

complexes has been previously described by Ciruela et al.302 using BRET and 

FRET in membrane preparations of HEK293 cells co-transfected with 

A2AAR-RLuc and A1AR-YFP. In addition, formation of A1AR-A2AAR 

heterodimer complex was further confirmed in striatal glutamatergic nerve 

terminals by immunostaining and coimmunoprecipitation experiments.302 In 

later studies Briddon et al. were able to visualise and quantify A1AR-A2AAR 

heterodimers expressed in living CHO cells by Bimolecular Fluorescence 

Complementation (BiFC).303  Here, the NanoBRET technology was used to 

quantify direct A1AR and A2AAR heterodimerization in whole living 

HEK293T cells, whereby NanoLuc-tagged A2AAR were used as resonance 

energy transfer (RET) donors and SNAP-tagged A1AR receptors as RET 

acceptors.  Indeed, the NanoBRET saturation assay represents a useful 

avenue to assess for specific protein-protein interactions as well as for non-
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specific BRET signals that may potentially occur in cellular systems 

overexpressing the receptor of interest.304 In these experiments, HEK293T 

cells were co-transfected with a fixed concentration (50 ng/well) of donor N-

tagged NanoLuc-hA2AAR and increasing concentrations (0.5-100 ng/well) of 

acceptor N-tagged SNAP-A1AR. A significant saturable BRET signal could 

be measured (Figure 4.4) which was consistent with specific protein-protein 

interactions.304,305   

 
Figure 4.4 NanoBRET saturation assay investigating A1AR-A2AAR 

heterodimerization in whole living HEK293 cells.  HEK293T cells were transiently co-

transfected with 50 ng/well NanoLuc-hA2AAR and increasing concentrations (0.5-100 

ng/well) of SNAP-A1AR cDNA, and empty vector (pcDNA3.1) was used to maintain 

the concentration of DNA constant in all wells. Saturation binding data presented was 

baseline-corrected by subtracting BRET values measured from cells treated with 

furimazine only. The data displayed represents mean ± SEM of one representative 

experiment from n = 4 experiments, which were performed in triplicate. 

 

To further assess its subtype selectivity, fluorescent ligand 4.46a was 

therefore assessed for its ability to antagonise the NECA-mediated cAMP 

accumulation in FlpIn-CHO cells expressing either of hA2AAR, hA2BAR and 

hA3AR. It was reasoned that if the affinity of 4.46a for the other AR 

subtypes measured in the NanoBRET saturation assay was “true affinity”, 

one would expect to measure comparable affinity values in this functional 

assay. At the hA2AAR and hA2BAR 4.46a caused a small but significant 
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rightward shift of NECA concentration response curve only at the highest 

concentration tested (1 μM) (Figure 4.5), with no detectable effect at the 

hA3AR. Therefore, the estimated affinity of 4.46a for each of the adenosine 

receptor subtypes, quantified using the Gaddum equation as previously 

described, was relatively low (pKD hA2AAR = 6.11 ± 0.08, pKD hA2BAR = 

6.16 ± 0.07, pKD hA3AR < 6, n = 3)150,306 compared to that observed from 

the NanoBRET assay (Figure 4.3 and Table 3.3). Taken together, this 

functional data with the results obtained in the NanoBRET A1AR-A2AAR 

dimerization study (Figure 4.4) suggested that the small BRET signal 

detected with 4.46a in HEK293 cells expressing NanoLuc-hA2AAR and 

NanoLuc-hA2BAR may reflect BRET between 4.46a bound to endogenous 

hA1ARs and the transfected NanoLuc-tagged A2AR receptors as a result of 

oligomerisation. The lower binding affinity obtained for 4.46a in cells 

expressing NanoLuc-hA2AAR and NanoLuc-hA2BAR, compared to 

NanoLuc-hA1AR, would be consistent with negative allosterism across 

oligomeric receptor interfaces.166 

Figure 4.5 Stimulation of cAMP accumulation (a and b) or inhibition of forskolin-

stimulated cAMP accumulation by NECA in the absence (0 nM) or presence of 
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increasing concentration of probe 46a. Data are presented as percentage of cAMP 

accumulation normalized to the response mediated by 3 µM forskolin, (100%) or buffer 

(0%) alone (a and b) and (0%) or buffer (100%) alone (c). Each data point represents 

the combined mean value ± SEM of n = 3 separate experiments each of which was 

performed in triplicate. 

 

The ability of fluorescent ligands 4.44a, 4.46a and 4.44b (Scheme 
4.3) to retain functional antagonism at the hA1AR was also examined. This 

was performed in FlpIn-CHO cells stably expressing the hA1AR. All three 

fluorescent probes demonstrated to be competitive antagonists at the A1AR, 

causing a parallel rightward shift of the NECA response curve in a 

concentration dependent manner (Figure 4.6). From this data we performed 

Schild regression analysis and the pKB value for each of the probe tested was 

calculated (Table 4.4). All three probes 4.44a, 4.46a and 4.44b retained a 

functional antagonism activity at the hA1AR comparable to the parent 

Tonapofylline83 and DU172.36 Moreover, the functional affinity (pKB) 

measured for each of the fluorescent ligands was in agreement with the 

binding affinities measured in the same cell line (hA1AR-FIpInCHO) by 

radioligand binding experiments. 
 

Table 4.4 pKB Values of Fluorescent Analogues 44a, 46a and 44b 

cmpd hA1AR pKB
 a n 

4.44a (BY630/650) 9.75 ± 0.11 3 
4.46a (BY630/650) 8.72 ± 0.02 3 
4.44b (SulfoCy5) 7.12 ± 0.12 4 
aAffinity of the fluorescently-labelled antagonists 44a, 46a and 44b 

measured from the antagonism of the forskolin-stimulated inhibition of the 

cAMP accumulation in hA1AR-FIpInCHO cells. Schild slopes were 1.14, 

1.22 and 0.89 for 4.44a, 4.46a and 4.44b, respectively. Data represent mean 

value ± SEM of n separate experiments, where each experiment was 

performed in duplicate. 
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Figure 4.6 Effect of antagonists 4.44a (A), 4.46a (B) and 4.44b (C) on the NECA-

mediated inhibition of forskolin-stimulated cAMP accumulation. hA1AR-FIpInCHO 

cells were stimulated with increasing concentrations of NECA in the absence and 

presence of increasing concentrations of the fluorescent antagonist Data have been 

presented as percentage of cAMP accumulation in response to 3 µM forskolin (0%) or 

buffer (100%) alone. Each data point represents the combined mean ± SEM from n 

separate experiments (n = 3 for 4.44a and n = 3 for 4.46a, n = 4 for 4.44b) performed 

in duplicate.
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The kinetics of ligand-receptor binding is emerging as powerful 

pharmacological paradigm for predicting the efficacy of drug candidates in 

vivo.249,307 Accordingly, the availability of chemical probes and techniques 

which allow real-time monitoring of the rate at which a drug binds to its 

biological target (kon) and dissociates from it (koff) are therefore of great 

utility.126,237,246 A recent study, which was focused on the real-time 

monitoring of ligand-binding kinetics at the hA3AR expressed in living cells, 

has shown that the kinetics of the labelled probe can influence the kinetic 

parameters of the unlabelled ligands under investigation, suggesting that a 

labelled probe should be chosen with regard to its adequate kinetic profile 

for the given study.278 In this regard, the ligand-binding kinetics of 

fluorescent ligands 4.44a, 4.44b and 4.46a were monitored by NanoBRET 

ligand-binding kinetic assay in HEK293A cells transiently expressing the 

NanoLuc-hA1AR. The kinetic parameters of each fluorescent probe were 

quantified by measuring the observed association constant (kobs) at four 

concentrations of fluorescent probe over a time frame of 1 h. The specific 

BRET signal for each fluorescent probe was calculated after subtraction of 

the nonspecific binding, defined using 1 µM of unlabelled antagonist 

SLV320, from the total binding component at each time point (Figure 4.7).  

The kinetic parameters kon, koff and pKD, along with the calculated residence 

time (1/koff) were measured by globally fitting the resulting BRET data 

(Table 4.5).
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Table 4.5. Kinetic Parameters of Fluorescent Analogues 4.44a, 4.44b and 4.46a Binding to the NanoLuc-hA1AR. 

Cmpd 
kon 

(x106 M-1min-1) 

koff 

(min-1) 

RT (1/ koff) 

(min) 

Kinetic 

pKD (LogM) 

Saturation 

pKD (LogM) 

4.44a 17.90 ± 3.69 0.054 ± 0.009 19.7 ± 3.7 8.51 ± 0.18 8.93 ± 0.02 

4.44b 0.86 ± 0.13 0.117 ± 0.016 9.0 ± 1.0 6.86 ± 0.03* 7.35 ± 0.09 

4.46a 3.60 ± 0.90 0.046 ± 0.008 23.8 ± 3.9 7.88 ± 0.04* 8.50 ± 0.07 

 

The Kinetic parameters kon, koff and pKD were calculated by monitoring the specific BRET signal of four concentrations of fluorescent ligand every 

30 s for 1 h at 37 oC. The residence time (RT) was calculated from the reciprocal of the koff value and the pKD was derived from the negative 

logarithm of the kinetic KD. The values listed represent the mean ± SEM of n = 3 performed in triplicate. *p < 0.05, kinetically derived pKD versus 

equilibrium saturation derived pKD value, Student’s unpaired t-test. 
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Figure 
4.7 NanoBRET association binding kinetic curves of specific 4.44a (A), 4.46a (B) and 

4.44b (C) binding to NanoLuc-hA1AR at 37oC. HEK293A cells transiently expressing 

the NanoLuc-hA1AR were treated with the indicated concentration of fluorescent ligand 

and the NanoBRET signal was monitored every 30 s for 1 h. Nonspecific binding was 

determined in the presence of 1 µM SLV320. Each data point represents the combined 

mean value ± SEM of n = 3 separate experiments performed in triplicate.
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These NanoBRET kinetic studies showed that all three fluorescent 

ligands displayed relatively fast kinetics. Additionally, for probe 4.44a the pKD 

values measured from the kinetic analyses was in agreement with that 

obtained from saturation ligand binding assays, whilst for 4.44b and 4.46a 

the kinetic pKD values were significantly lower compared to the saturation 

pKD. There were, however, large differences in the measured association rates 

(kon) between the fluorescent ligands. Specifically, the BY630/650-X-labelled 

probe 4.44a exhibited a kon two orders of magnitude faster (1.79 ± 3.69 x107 

M-1min-1) than its SulfoCy5-labelled analogue 4.44b (8.6 ± 0.13 x105 M-1min-

1). These two fluorescent analogues differ only by the attached fluorophore 

moiety, demonstrating the potential of the fluorescent pharmacophore to 

establish different interactions with the receptor and the nearby environment 

in a way that affect the observed binding kinetics. This would be consistent 

with observations described recently for the A3AR, where in NanoBRET-

based kinetic ligand binding studies it has been shown that the fluorophore 

moiety can not only influence the ligand binding affinity but also the ligand 

binding kinetics of the fluorescent ligand.278 Moreover, in an elegant study 

with the β2-adrenoreceptor, Sykes et al., showed that the lipophilic nature of 

some structural motifs in a molecule can influence the observed binding 

kinetics, dependent on direct interactions between these motifs and the 

plasma membrane.308 This could therefore be the case for the BODIPY motif 

in the fluorescent analogues tested herein. 

 

After having thoroughly characterised the pharmacology of the 

synthesized fluorescent A1AR antagonists, it was subsequently investigated 

the utility of the probes in a broad range of fluorescence-based techniques. 

For instance, fluorescent analogues 4.44b and 4.46a were applied to monitor 

the ligand binding of unlabelled ligands to the hA1AR. This was achieved 

through NanoBRET competition ligand binding assay in HEK293A cells 

transiently expressing the NanoLuc-hA1AR. Cells were incubated with the 

indicated concentration of fluorescent ligand and increasing concentrations 

of hA1AR antagonists SLV320, DPCPX and the non-selective agonist 

NECA. A clear concentration dependent inhibition of the BRET signal was 

observed for all the compounds tested (Figure 4.8), allowing for the relative 
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half-maximal inhibitory concentrations (IC50) to be measured. These values 

were converted to the corresponding inhibitory constant (Ki) by means of the 

Cheng-Prusoff equation and are listed in Table 4.6.  
 

Table 4.6 Binding Affinities of A1AR ligands Measured by 

NanoBRET competition Ligand binding Assay and Affinities 

Reported in the Literature. 

 4.44b  
(Sulfo-Cy5) 

4.46a 
(BY630/650) 

 

 pKi (LogM) ± SEMd pKi(literature) 

SLV320 9.15 ± 0.07 8.85 ± 0.07 9 a 

DPCPX 8.13 ± 0.05 7.68 ± 0.01 7.4-9.2 b 

NECA 6.40 ± 0.10 5.96 ± 0.06 5.3-8.2 c 
a Reported binding affinities.55 Value determined in radioligand binding 

experiments in hA1AR-CHO-K1 cells using [3H] DPCPX.309 bValues determined in 

radioligand binding experiments in A1AR-COS-7274 or hA1AR-CHO-K1 cell 

membranes275,276 or whole cells277 using [3H] DPCPX. c Values determined in radioligand 

binding experiments in cells expressing the wild type hA1AR using [3H] DPCPX276,310,311 

or [3H]R-PIA312. dMeasured pKi in NanoBRET competition binding experiments in 

whole NanoLuc-hA1ARHEK293A cells using the fluorescent ligand indicated. Values 

are mean ± SEM of n = 3 experiments performed in duplicate. 

 

NanoBRET competition binding assays with fluorescent ligands 

4.46a and 4.44b and the unlabelled competing A1AR ligands yielded pKi 

values that were comparable to the reported literature values measured by 

radioligand binding assays (R2 = 0.95 using 4.46a; R2 = 0.94 using 4.44b; 

(Figure S1 (Appendix I) (A) and (B)) and comparable to those measured in 

NanoBRET binding assays by Stoddart at al.,165 and Cooper et al.49 Overall, 

the pKi values measured using both fluorescent probes were also comparable 

(R2 = 0.99 4.44b vs. 4.46a, Figure S1 (C)).
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Figure 4.8 Displacement of 3 nM 4.46a (A) and 40 nM 4.44b (B) by unlabelled A1AR 

antagonists SLV320 and DPCPX, and agonist NECA in HEK293A cells transiently 

expressing the NanoLuc-hA1AR. The reduction of BRET signal was monitored as a 

function of increasing concentration of competing ligand. Data was normalized to 

maximal BRET signal in the absence of unlabelled competing ligand (total binding, TB). 

Each data point represents the combined mean ± SEM from n = 3 experiments 

performed in duplicate. 
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To further expand the utility of the novel synthesized probes, it was 

explored whether fluorescent probes 4.44a, 4.46a and 4.44b would allow 

visualization of the hA1AR expressed at the plasma membrane of living cells. 

To be suitable for imaging studies, a fluorescent ligand must possess adequate 

properties, showing specific binding of the target protein at the cell surface 

coupled with both low levels of non-specific membrane incorporation and 

diffusion into the cell cytosol. To this end, confocal microscopy studies of 

fluorescent analogues 4.44a, 4.46a and 4.44b were performed in HEK293A 

cells transiently transfected with the engineered SNAP-tagged human A1AR. 

The equatorial images acquired with the confocal microscope (Figure 

4.9) revealed high levels of fluorescent labelling of the SNAP-tagged-hA1AR 

localized at the cell membrane for all the three red-shifted fluorescent probes 

tested. Moreover, preincubation of the cells with 10 µM of unlabelled A1AR 

antagonist SLV320 prevented the binding of the fluorescent probes to the 

SNAP-tagged hA1AR causing a reduction of fluorescence. This demonstrated 

that the binding of the probes was specific at the SNAP-tagged-hA1AR 

localized at the cell membrane. Furthermore, when non-transfected (NT) 

HEK293 cells were treated with probes 4.44a, 4.46a and 4.44b, under the 

same experimental conditions as the SNAP-tagged-hA1AR HEK293 cells, no 

fluorescence signal was detected, further confirming the specificity of these 

fluorescent antagonists for binding to the hA1AR and their low levels of non-

specific binding (Figure S3, Appendix I)
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Figure 4.9 Live cell confocal imaging studies of fluorescent analogues 4.44a 

(5 nM) (A), 4.46a (10 nM) (B) and 4.44b (50 nM) (C) binding to SNAP-tagged human 

A1AR expressed in HEK293 cells in the absence (top frames) or presence (bottom 

frames) of 10 µM unlabelled A1AR antagonist SLV320. Cells were treated with BG-

Alexa Fluor 488 for 30 min at 37 oC to label the SNAP-tag on the N-terminus of the 

A1AR (left hand frames). Middle frames show fluorescent labelling of SNAP-tagged-

hA1AR by the red-shifted fluorescent analogues tested at the given concentration. The 

images presented here are representative of images captured in three independent 

experiments. Scale bar = 15 µm 

 

Lastly, it was explored the suitability of the most hA1AR selective 

probes reported here for single-molecule fluorescence microscopy. To this 

end, the Sulfo-Cy5-labelled ligand 4.44b and the BODIPY-630/650-X-

labelled ligand 4.46a were used in Total Internal Reflection Fluorescence 

Microscopy (TIRF-M) to probe receptor distribution at the plasma 

membrane of living HEK293 cells transiently expressing the SNAP-tagged 

hA1AR. TIRF-M is a wide-field imaging method that allows for the 

visualization of molecule localization and organisation on the surface of living 

cells with high spatial and temporal resolution.121,313,314 Imaging living cells 

with fluorescent antagonist 4.44b allowed for the detection of the SNAP-

hA1AR as single red fluorescent spots localized at the plasma membrane 

(Figure 4.10a). The location of the red fluorescent spots correlated with the 

green fluorescent spots of AF488-labelled SNAP-hA1AR as shown in Figure 

4.10a. Moreover, preincubation of the cells with 10 µM SLV320 prevented 

the visualization of SNAP-hA1ARs by probe 4.44b, further validating the 

specificity of probe 4.44b (bottom frames, Figure 4.10a). While it was found 

that fluorescent antagonist 4.44b had a high signal-to-noise ratio for single-

molecule microscopy applications, fluorescent antagonist 4.46a showed 

reduced performances. Indeed, when 4.46a was used in TIRF-M 

experiments, it was not possible to distinguish the same localisation patterns 

as the AF488-labelled SNAP- hA1AR (Figure S2, Appendix I). The 

BY630/650 moiety increases the lipophilicity of the fluorescent conjugate 

and might allow probe 4.46a to stick either to the plasma membrane of the 

cell or to the glass coverslip surface, resulting in higher background signal in 

this particular microscopy approach.
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Figure 4.10 Fluorescent ligand 4.44b (50 nM) allowed the visualization of the 

organisation of SNAP-tagged-hA1AR localised at the plasma membrane of living 

HEK293 cells by Total Internal Reflection Fluorescence Microscopy (TIRF-M) in the 

absence (top frames) or presence (bottom frames) of 10 µM unlabelled A1AR selective 

antagonist SLV320. A) Cells were labelled with 0.2 µM BG-Alexa Fluor 488 dye for 30 

min at 37 oC (left hand frames). Top middle frame shows the labelling of SNAP-hA1AR 

by probe 4.44b (Sulfo-Cy5) at the given concentration. Bottom middle frame shows that 

pre-treatment of the cells with high concentration (10 mM) of A1AR selective antagonist 

SLV320 prevents the binding of fluorescent ligand 4.44b to the hA1AR. Right hand 

frames represent merged green (AF488) and red (Sulfo-Cy5) channels B) Plot of 

fluorescence intensities of Sulfo-Cy5-labelled (4.44b) spots versus AF448-labelled spots, 

in the absence (blue) or presence (cyan) of 10 µM SLV320. C) Distribution of the nearest 

neighbour distances between single SNAP-hA1ARs labelled with probe 4.44b (red) and 

the BG-Alexa Fluor 488 (cyan). The images reported here are representative TIRF-M 

images from three independent experiments, each of which included the analysis of 14 

to 18 cells. The data reported in graph B) and C) is the average of data analysed from 

14 to 18 cells in a single representative experiment of three independent experiments. 

Scale bar = 12 µm.

b) c)
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4.4 Conclusions and Future Work 
 

The study presented in this Chapter discussed the successful design, 

synthesis and pharmacological evaluation of a series of novel, high affinity 

and subtype-selective fluorescent probes for the study of human A1AR in 

living cells. It has been demonstrated that both positions of the prototypical 

xanthine scaffold, namely the 3- and 8-positions could be harnessed for 

linker/fluorophore functionalisation. Additionally, modifications at both 

positions yielded fluorescent probes that retained binding affinity and 

functional activity at the hA1AR. Overall, a good selectivity profile for the 

probes synthesized was observed, with the SulfoCy5-bearing probe 4.44b and 

the BY630/650-X-bearing probe 4.46a displaying the best selectivity profile 

for the hA1AR compared to the other adenosine receptors. To the best of 

our knowledge, probes 4.44b and 4.46a represent the first examples of 

subtype-selective fluorescent hA1AR antagonists reported to date.  

Furthermore, fluorescent antagonists 4.44b and 4.46a were 

successfully applied to monitor ligand binding of known A1AR ligands by the 

recently described NanoBRET ligand binding assay, demonstrating that these 

probes can be used as alternatives to radioligands. Confocal microscopy 

studies showed that fluorescent analogues 4.44a, 4.46a and 4.44b could be 

applied to visualize the hA1AR expressed at the membrane of living cells as 

demonstrated by the high degree of fluorescence intensity observed at the 

plasma membrane. The binding of the probes could be prevented by 

incubating the cells with a high concentration of non-fluorescent A1AR 

antagonist, demonstrating the specificity of the binding of the probes to the 

SNAP-tagged-hA1AR with very little non-specific cellular uptake detected 

across all the compounds tested.  

Finally, the Sulfo-Cy5-labelled probe 4.44b was successfully combined 

with TIRF microscopy to map hA1AR distribution at the plasma membrane 

of HEK293 cells, suggesting that probe 4.44b could be coupled with 

advanced microscopy techniques for the study of the spatial organization of 

A1ARs at the plasma membrane of living cells. Remarkably, despite the 

introduction of the Sulfo-Cy5 fluorescent tag causing a reduced affinity for 

the hA1AR compared to the corresponding BY630/650-labelled analogues, 
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it was found that the Sulfo-Cy5-labeleld probe (4.44b) proved as specific and 

effective as the BY630/650-labelled analogues (4.44a and 4.46a) and 

possessed even superior physicochemical properties for single-molecule 

microscopy applications. These results highlight the importance of 

developing small-molecule probes labelled with dyes of different 

physicochemical properties and that the characterization and selection of 

these probes should not be merely based on their apparent binding affinity 

for the target protein under investigation, but, principally, for the specific 

biological application. 

Future applications of the probes described in this Chapter, which have 

not been explored yet, include the study of the molecular pharmacology of 

A1AR expressed in native cells and tissues, such as cardiomyocytes, cortical 

and/or spinal cord neurons.315 For instance, owing to the therapeutic 

potential of targeting A1AR in the treatment of neuropathic pain35,105it would 

be exciting to combine probes 4.44b and/or 4.46a with more advanced 

imaging techniques such as FCS253 and super resolution microscopy to 

visualize specific localisation and organization of single A1ARs expressed in 

native nociceptive neurons under normal health and pathological conditions 

(e.g. neuropathic pain) and study possible differences in receptor functions 

and dynamics between the two phenotypes. Thus, a better understanding of 

A1AR-mediated analgesia, at molecular level, in these systems may provide 

new insights to facilitate the development of new non-opioid analgesic 

drugs.35,316 Notwithstanding, to improve the translational potential of these 

fluorescent ligands, it would be also optimal to determine their equilibrium 

and kinetic parameters in rodents (mice and rats) A1AR in order to account 

for possible interspecies differences.49,115  

In summary, the work presented in this chapter expands the available 

fluorescent A1AR ligand toolbox. The novel probes reported herein were 

thoroughly characterised, displayed improved A1AR pharmacology and were 

amenable to a broad range of fluorescence-based techniques. We envisage 

that these novel A1AR fluorescent probes will be valuable pharmacological 

tools to the wider scientific community to aid in understanding of the 

molecular mechanisms underlying A1AR pharmacology in health and disease. 
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Chapter 5. Ligand-directed Labelling of the Human 
Adenosine A1AR Receptors with Fluorescent Probes 
in Living Cells 
  

5.1 Brief Introduction 
The study of proteins function and dynamics in their native cellular 

environment is essential for progressing fundamental science, which can 

potentially benefit through advancement of a more selective and efficient 

therapeutic interventions. Over the past two decades scientists have made 

enormous progress in tackling the challenges associated with the 

complexity of cellular systems, by developing new technologies to allow the 

study of proteins in their native cellular settings, such as in live cells or in 

vivo.200,317 In the context of GPCR research for example, the genetic fusion 

of a fluorescent protein tag such as green fluorescent protein (GFP) or self-

labelling tag proteins such as SNAP-tag and Halo-tag as well as 

fluorescently-labelled antibodies have revolutionised the ways by which 

GPCR localisation, dynamics and functions can be monitored.139 Although 

powerful, these techniques possess some limitations: the tag size and the 

need to genetically engineer the protein to express the tag moiety may 

disturb or alter the native functions of the protein, thereby introducing 

artefacts that can cause misinterpretation of biological data. Moreover, 

these methods cannot be readily applied for studies in endogenous 

expressing systems.139,199 Fluorescent ligands offer an alternative and 

powerful avenue to investigate real-time function of receptors in their 

native cellular environments.126 Yet, the inherent, reversible nature of ligand 

binding may still hamper the extent by which many temporal and spatial 

aspects of GPCR pharmacology can be investigated.140  In this regard, 

Ligand-Directed (LD) chemistry196,197 has most recently emerged as a 

complementary,  bioorthogonal approach for labelling native proteins, 

whereby an affinity “guide” ligand for the protein of interest is conjugated 

to a reporter functional group via an electrophilic reactive linker; upon 

ligand binding, the close proximity of this electrophilic region with a 

nucleophilic amino acid side chain in the binding site effectively increases 
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the rate of the substitution reaction with the reactive group, resulting in 

covalent transfer of the chemical probe to the protein. The “guide” ligand 

therefore acts as a leaving group, which can then freely dissociate and leave 

the binding site of the protein intact. A schematic illustration of ligand-

directed labelling of a GPCR is provided in Figure 5.1.  

 Figure 5.1 Schematic representation of ligand-directed labelling of a GPCR. 

A) Upon ligand binding, the electrophilic carbonyl group undergoes nucleophilic 

attack by a nucleophilic lysine side chain in proximity to the binding site; B) the 

functional probe (here represented by a strained alkene) is covalently attached to the 

receptor and the affinity “guide” ligand freely dissociates (dashed line) leaving the 

binding site available; C) Upon addition of a tetrazine-conjugated probe (Tz-probe), 

the labelled alkene group selectively undergoes an inverse electronic demand Diels-

Alder (IEDDA) reaction forming the labelled cycloadduct D) 

More recently, the utility of ligand-directed technology for labelling 

membrane receptors in living cells has been also described for three 
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GPCRs, the bradykinin B2 receptor,204 the μ opiod212 and the adenosine 

A2AAR213 receptors. In the study presented herein, we expand this method 

to another GPCR, by describing the rational design of chemical probes 

capable of covalently transferring a functional moiety to a nucleophilic 

residue on the hA1AR in living cells by exploiting the ligand-directed 

chemistry approach. 

 

5.2 Rational Design of A1AR Ligand-directed Labels 
 

To develop ligand-directed probes capable of labelling the A1AR in 

living cells, we sought to perform a small and focused SAR study around 

known xanthine scaffolds (Figure 5.2.2), whereby different reactive groups 

as well as their introduction in different positions of the affinity ligand were 

evaluated to guide the efficient and selective transfer of a functional probe 

of choice into the targeted A1AR, owing to the bound molecule’s reactive 

centre’s proximity to a nucleophilic amino acid side chain close to the ligand 

binding site. 

From the available structural information,34,36,37 it was possible to 

identify several nucleophilic amino acid residues located in the extracellular 

vestibules of the A1 receptor; these comprised of lysine residues K168ECL2, 

K173 ECL2, K275 ECL3 and tyrosine Y2717.36 as potential targets for our ligand-

directed chemistry approach (Figure 5.2.1). It is noteworthy that although 

the availability of structural information is of great advantage to guide the 

design of the targeted ligands, structural data only represents a static 

snapshot of one conformation of the receptor, which can only provide 

limited insights into the dynamics of binding, in particular when targeting 

residues located in a highly dynamic domain of the protein, such as the 

extracellular loop region.  
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Figure 5.2.1 Crystal structure of the hA1AR in complex with the orthosteric covalent 

antagonist DU172 coloured deep blue (PDB = 5UEN).288 The structure is shown as 

combined ribbon and surface coloured aquamarine and is depicted focusing on the 

extracellular domains of the protein. The targeted surface-exposed nucleophilic amino 

acid residues are labelled and shown in sticks, coloured orange. The transmembrane 

(TM) helices TM1-TM7 are labelled for clarity alongside extracellular loop (ECL) 2, 

ECL1 and ECL3. Image was generated using PyMOL (2.2.0). 

 

Based on this knowledge, and previous successes for the design of 

reversible subtype-selective fluorescent A1AR ligands (Chapter 4),318 we 

focused on exploring the N3 and C8 positions of the prototypical xanthine 

scaffold for linker and functional probe derivatization. Indeed, reported 

SAR studies suggested that modification of both positions could yield high 

affinity and selective A1AR ligands and, most importantly, conjugation with 

a fluorescent moiety led to molecules with retained ligand binding abilities 

for the targeted receptor (Chapter 4).295 Furthermore, selective high 

affinity irreversible A1AR antagonists, designed upon modification of both 

N3268,288 and C8319,320 positions of the xanthine scaffold, have been also 

reported and successfully applied as pharmacological tools (Figure 5.2.2). 

For example, DU172, also reported as compound 23a,288 is a N3-

substituted xanthine analogue bearing a 4-fluorosulfonyl reactive moiety, 

which establishes a covalent bond with Y271, as shown in its co-crystal 

structure with the human A1AR.36 m or p-DITC-XAC319,320 are irreversible 

analogues of XAC185 integrating an electrophilic isothiocyanate group in the 

aromatic ring distal to the xanthine core. When these latter molecules were 
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first described and characterised, neither structural information nor 

sequence analysis were available for the targeted A1AR.15 With the 

structural knowledge available today, one could identify K168ECL2 or K173 

ECL2 as potential nucleophilic residues engaged by these XAC-based 

irreversible analogues.
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Figure 5.2.2 Examples of representative irreversible A1AR antagonists and schematic summary of the design strategy adopted for the 

development of A1AR ligand-directed probes. Reactive groups are drawn coloured blue. 
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A phenyl ester reactive group substituted with a fluorine atom, the 

most electronegative element, at the 3-position of the phenol ring (Figure 

5.2.2) has been successfully employed for the development of subtype-

selective ligand-directed labels for the hA2AAR.213 Moreover, the fluoro-

substituted phenyl ester reactive group displays improved properties 

compared to reported ligand-directed labelling approaches.207,321 These 

include smaller size, higher reactivity towards nucleophilic addition, with 

the possibility of tuning the reactivity of the ester by the removal or 

introduction of additional electron-withdrawing fluorine atoms into the 

phenyl ring, in addition to be a readily available building block which can 

be easily incorporated into specific ligands for a protein under investigation. 

Accordingly, the 3-fluorophenyl ester moiety was selected and introduced 

as chemoreactive group between the orthosteric moiety (guide ligand) and 

the functional probe of the A1AR ligand-directed labels, with the phenyl 

ester constituting part of the orthosteric binding moiety.  

Molecular modelling studies with C8 substituted xanthines showed 

that key interactions between K265ECL3 and groups in close proximity to 

the bicyclic ring could be also established, indicating the potential of 

incorporating reactive groups also in this region of the binding 

pharmacophore. To retain the proximity effect with the targeted 

nucleophilic residue, this approach warranted the introduction of a smaller 

and more flexible reactive group compared to the phenyl ester moiety. It 

was envisaged that introduction of a β-alanine substituted with geminal α,α-

fluorines would provide sufficient flexibility and reactivity for the labelling 

reaction to occur, in addition to being a structural modification that could 

be tolerated by the scaffold, according to reported SAR studies.83 The utility 

of fluorinated amino acid residues has been extensively described and they 

have become increasingly prominent in peptide chemistry322 and drug 

design applications.323,324 In addition, it has been reported that α,α-difluoro-

β-alanine esters easily undergo aminolysis with amines under neutral 

conditions at rt325 and the estimated neutral hydrolysis of perfluorinated 

esters is 107 faster than the neutral hydrolysis of unsubstituted esters (e.g 

ethyl acetate).326 Moreover, reported synthetic procedures demonstrated 
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that this ester moiety could be easily accessed327,328 and integrated in the 

desired ligand-directed probe, without the occurrence of self-reactive 

intramolecular side reactions.329  

Overall, a focused library of 15 ligand-directed probes for the A1AR 

were designed and synthesised encompassing linkers of various lengths 

with the aim to identify the most optimal ligand-directed label to allow 

selective and efficient transfer of a functional small probe onto the receptor 

(Figure 5.2.2). Moreover, to expand the scope of their biological 

application, these novel labelling reagents were functionalised with 

chemical probes displaying different physico-chemical properties, including 

SulfoCy5 fluorophore, biotin and strained alkenes (trans-cyclooctene, TCO) 

and alkynes (bicyclooctyne, BCN). 

 

Figure 5.2.3 Schematic representation of the inverse-electron demand Diels-Alder 

[4+2] cycloaddition mechanism between a strained alkene (dienophile) and a 1,2,4,5-

tetrazine (diene) to yield a 4,5-dihydropyridazine product upon loss of N2. This 

isomerizes to the final 1,4-dihydropyridazine in protic solvents. Image reproduced 

from Lang, K. et al.211 

  

Importantly, TCO and BCN reactive moieties encompass 

particularly versatile functional groups for ligand-directed chemistries as 

they undergo fast and selective click reactions with tetrazine-conjugated 

fluorophores via Inverse Electron Demand Diels-Alder (IEDDA) 

cycloaddition (Figure 5.2.3).330,331  This methodology, in principle, offers 

the opportunity to use a single ligand-directed probe bearing a reactive 

handle that can be used for labelling the protein under study with a different 

range of organic dyes or probes as required.199,211 

 

5.3 Results and Discussion 

 

5.3.1 Chemistry 
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5.3.1.1 Synthesis of 1-propyl-8-(3-adamantyl) xanthine-based 

ligand-directed probes.  

 

Chemical synthesis of the first series of ligand-directed probes, based 

on the 1-propyl-8-(3-adamantyl) xanthine scaffold, is outlined in scheme 

5.1. Intermediate (4.35), the synthesis of which is detailed in Chapter 4, was 

alkylated under basic conditions with commercially available 3-(Boc-

amino)propyl bromide or 4-(Boc-amino)butyl bromide (5.9) to furnish the 

corresponding N3 propyl (5.1a) and N3 butyl (5.1b) substituted xanthines.  

4-(Boc-amino)butyl bromide (5.9) was previously prepared from the 

corresponding commercially available Boc-amino alcohol, following 

Appel-type reaction conditions.332 Simultaneous SEM- and Boc-

deprotection was achieved upon treatment with 4 M HCl in dioxane to 

afford amines 5.2a and 5.2b as their HCl salts.  N3 substituted propyl 

amine 5.2a was liberated in the presence of DIPEA and was converted to 

the 3-fluoro-4-hydroxyphenyl intermediate 5.3 upon coupling with 

commercially available 3-fluoro-4-hydroxybenzoic acid in the presence of 

COMU at high temperature (90 OC). Butyl amine 5.2b was functionalised 

with Boc-β-alanine in the presence of DIPEA by means of COMU to 

afford Boc-protected intermediate 5.5. Acidolytic removal of the Boc 

protecting group afforded amine 5.6 as its HCl salt, which was subsequently 

acylated with 3-fluoro-4-hydroxybenzoic acid to yield phenol intermediate 

5.7 upon COMU-mediated activation. The desired N3-substituted 

xanthine-based ligand-directed probes were accessed following activation 

of the desired probe, namely Sulfo-cyanine5 (SulfoCy5, A), N-biotinyl-6-

aminohexanoic acid (B) and bicyclooctyne (bicyclo[6.1.0]nonyne, BCN, C) 

respectively, with 2-bromo-1-ethylpyridinium tetrafluoroborate (BEP).271 

These underwent alcoholysis with the corresponding 3-fluoro-4-hydroxy-

benzamido analogues 5.3 and 5.7, thereby affording the title phenyl esters 

5.4a-c and 5.8a-b
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Scheme 5.1 Synthesis of N-3 substituted xanthine-based ligand-directed probes. a 

  

a Reagents and Conditions: a) tert-butyl(4-hydroxybutyl)carbamate, PPh3, CBr4, THF,  rt, 3h, 

98%; b) K2CO3, DMF, 2 h, rt then 3-(Boc-amino) propylbromide or 4-(Boc-amino)butyl 

bromide (5.9), 9h, rt 55-68%; c) 4 M HCl in dioxane, rt, 1 h, quantitative; d) 3-Fluoro-4-

hydroxybenzoic acid, COMU, DIPEA, DMF, 1 h, 90 oC, 36-47 % e) 5.2b, Boc-β-alanine, 

COMU, DIPEA, DMF, rt, 9 h, 77%; f) respective probe (R-OH), BEP, DIPEA, DMF, 15 min, 

rt, then amine, overnight 17-42%.  
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5.3.1.2 Synthesis of 8-(4-(hydroxymethyl)-bicyclo[2.2.2]octyl) 

xanthine-based ligand-directed probes.  

 

A second series of ligand-directed probes was designed and 

synthesised based upon the 8-bicyclo[2.2.2]octylxanthine scaffold, of which 

the synthetic route is illustrated in Scheme 5.2. First, we embarked on the 

synthesis of the core xanthine scaffold following established 

procedures.276,333,334This involved reacting N-butylamine with butyl 

isocyanate to yield the corresponding 1,3-dibutylurea (5.13). This was 

readily reacted with cyanoacetic acid in the presence of acetic anhydride at 

83 OC to afford intermediate 2-cyano-N-butyl-N-(butylcarbamoyl) 

acetamide, which was cyclized to the corresponding 1,3-dibutyl-6-amino 

uracil (5.14)333 upon addition of few drops of 70% NaOH. A nitroso group 

was introduced via electrophilic substitution at the 5-position by means of 

sodium nitrite in aqueous acetic acid to afford the corresponding 6-amino-

5-nitroso-1,3-dibutylpyrimidine-2,4(1H,3H)-dione (5.15) as pink solid.334,335 

Reduction of 5.15 with sodium dithionite in aqueous ammonia yielded the 

desired 5,6-diamino-1,3-dibuylpyrimidine-2,4(1H,3H)-dione (5.16).334,335 

This was immediately coupled with commercially available 4-

(methoxycarbonyl) bicyclo[2.2.2]octane-1-carboxylic acid, employing 

COMU as coupling reagent in the presence of DIPEA at rt. Removal of 

water soluble by products by means of sequential acidic and basic work-

ups, with 10% citric acid and sat. NaHCO3 respectively, yielded the crude 6-

amino-5-carboxamidouracil intermediate; subsequent dehydrative ring-

closure to the corresponding 8-bicyclo[2.2.2]octylxanthine derivative (5.17) 

was achieved in a solution of 1 M KOH and propran-2-ol under reflux for 

2 h. Intermediate 5.17 was subjected to Fischer-Speier336 esterification with 

acidic MeOH to afford the corresponding methyl ester 5.18. Reduction of 

methyl ester intermediate with 1.0 M LiAlH4 in THF yielded the desired 

primary alcohol (5.19) in high yield (86%). The α,α-difluoro-β-alanine 

reactive linker (5.12) was accessed following reported literature 

procedures.327,337 This involved treating commercially available ethyl 

bromodifluoroacetate with zinc dust in the presence of tetramethylsilyl 

chloride (TMSCl), which underwent Reformatsky-type condensation upon 



 128 

reaction with commercially available N-((1H-benzo[d][1,2,3]triazol-1-

yl)methyl)-N-benzyl-1-phenylmethanamine to afford  α,α-difluoro-β-

amino ester 5.10.328,337 

 

 Scheme 5.2 Synthesis of the 8-(4-(hydroxymethyl)-

bicyclo[2.2.2]octyl) xanthine based ligand-directed labels. a

 
aReagents and conditions: a) ethyl bromodifluoroacetate, Zn dust, TMSCl, 1-

(dibenzylaminomethyl)benzotriazole, THF, rt, 3 h, 86%; b) H2, Pd/C, Boc2O, EtOH, rt, 

overnight, 94%; c) LiOH, THF/H2O (1:1), rt, 10 min, 75%; d) i. Cyanoacetic acid, Ac2O, 

83 oC, 2 h, ii. H2O, 70% NaOH, rt, 64%; e) NaNO2, 50% AcOH, 57 oC, 1 h, 41%; f) 
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Na2S2O4, 12.5% NH4OH, 60 oC, 30 min, 80%; g) i.4-(methoxycarbonyl)bicylo[2.2.2] 

octane-1-carboxylic acid, DIPEA, COMU, DMF, rt, 15 min. ii 1.0 M KOH, propan-2-ol, 

reflux, 2 h, 68% (over two steps); h) MeOH, conc. H2SO4, reflux, quantitative; i) LiAlH4 

(1.0 M in THF), anhydrous THF, 0 oC, 1 h, 86%; l) 5.12, DCC, DMAP, dry DCM, 0 oC 

to rt, o/v 33%; m) 4 M HCl in dioxane/DCM (1:1), 20 min, rt, quantitative; n) respective 

probe (R-OH), BEP, DIPEA, DMF, 15 min, rt, then amine, overnight 17-42%  

 

Concomitant N-debenzylation and N-Boc protection of the latter 

occurred upon hydrogenation of amino ester 5.10 in the presence of 10 % 

Pd/C catalyst with tert-butoxycarbonyl anhydride in EtOH to furnish the N-

Boc protected α,α-difluoro-β-amino ester 5.11.338 This readily underwent 

hydrolysis upon treatment with LiOH to yield the title α,α-difluoro-β-alanine 

acid (5.12). Esterification of 5.12 with xanthine alcohol 5.19 under Steglich339 

conditions in the presence of N,N-dicyclohexylcarbodiimide (DCC) and 4-

dimethylaminopyridine (DMAP) afforded the corresponding xanthine-based 

α,α-difluoro-β-alanine ester 5.20. Acidolysis of the N-Boc group, followed by 

subsequent amidation of the resulting hydrochloride salt 5.21 with 

commercially available probes SulfoCy5 (A), N-biotinyl-6-aminohexanoic 

acid (B) and BCN(C) in the presence of BEP and DIPEA, furnished the title 

conjugates 5.22a (SulfoCy5), 5.22b (biotin) and 5.22c (BCN), respectively. 

 

5.3.1.3 Synthesis of 4-(xanthine)bicyclo[2.2.2]octane-1-carboxilyc 

acid-based ligand-directed probes.  

 

More distal regions of carboxylic acid 5.17 were also explored for the 

introduction of the targeted α,α-difluoro-β-alanine and 3-fluoro phenyl 

reactive moieties, respectively. To this end, carboxylic acid 5.17 was either 

coupled with commercially available ethanolamine or N-Boc 

ethylenediamine to afford intermediates 5.23 and 5.27, respectively. Alcohol 

5.23 was subsequently reacted with 5.12 to afford α,α-difluoro-β-alanine 

ester 5.24. Treatment of the latter with 4 M HCl in dioxane, followed by 

coupling of the resulting amine hydrochloride salt 5.25 with targeted 

functional probes by means of BEP, furnished the title functionalised α,α-

difluoro-β-alanine esters 5.26a (BY630/650-X), 5.26b (SulfoCy5) and 5.26c 

(trans-cyclooctene, TCO), respectively. Purification of the final reactive 
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probes by RP-HPLC, however, allowed for the sole isolation of compound 

5.26a (BY630/650-X), while analogues 5.26b (SulfoCy5) and 5.26c (TCO) 

partially or completely hydrolysed in the presence of H2O. Although 

disappointing, this outcome also offered the opportunity to envisage the 

stability of this series of analogues in aqueous buffer during pharmacological 

assessment. The increased lability of this series of esters under neutral 

conditions, compared to the series described above (5.22a-5.22c), could be 

ascribed to the proximity of the electron-withdrawing amide group, which 

was only two methylene units away from the carbonylic carbon; this, coupled 

with the α,α-difluoro group could further increase the electrophilic character 

of the carbonyl, thereby facilitating a faster hydrolysis rate.  
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Scheme 5.3 Synthesis of the 4-(xanthine)bicyclo[2.2.2]octane-1-carboxilyc acid 

based ligand-directed labels.a 

 

a Reagents and conditions: a) ethanolamine, COMU, DIPEA, DMF, rt 53%; b) 3-

((tert-butoxycarbonyl)amino)-2,2-difluoropropanoic acid (5.12), DCC, DMAP, dry 

DCM, 71%; c) 4 M HCl in dioxane, rt, 1 h, quantitative; d) respective probe (-

CO2H), BEP, DIPEA, DMF, 15 min, rt, then amine, overnight 25%; e) tert-butyl 

(3- aminopropyl)carbamate, DIPEA, COMU, DMF, rt, 71 %; f) Boc-β-Ala-OH, 

COMU, DIPEA, DMF, rt, 88%; g) 3-Fluoro-4-hydroxybenzoic acid, COMU, 

DIPEA, DMF, 1 h, 90 oC, 53%; h) respective probe (R-OH), BEP, DIPEA, DMF, 
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15 min, rt, then amine, overnight 29-75%; i)TCO-NHS (5.35), NEt3, DMF, rt, o/v 

16-37%; 

 

Meanwhile, intermediate 5.27 was subjected to acidolytic N-Boc-

removal to afford the corresponding amine 5.28 as its HCl salt. This was 

coupled to Boc-β-Ala-OH in the presence of COMU to obtain carboxamide 

intermediate 5.29. Following N-Boc deprotection, amine 5.30 was reacted 

with 3-fluoro-4-hydroxybenzoic acid to yield xanthine-based phenol 5.31. 

Activation of the given functional probe, namely BY630/650-X (A), 

SulfoCy5 (B), TCO (C) and TCO-PEG (D), respectively, in the presence of 

BEP and DIPEA, followed by reaction with phenol 5.31, furnished the title 

3-fluorophenyl benzoate conjugates 5.32a, 5.32b, 5.32c and 5.32d. The 

novel synthesised ligand-directed labels were purified by RP-HPLC and the 

high purity of each final probe was assessed and confirmed by analytical RP-

HPLC with a photodiode array detector and was confirmed as >98% 

homogeneity. Furthermore, the chemical identity of the final compounds 

was confirmed by NMR and high-resolution mass spectroscopy (HRMS). 

 

5.3.2 Pharmacology 
The ligand binding properties of the newly synthesised probes were 

assessed in a series of pharmacological assays. Initially, a NanoBRET 

saturation binding experiment was used to evaluate the binding affinity at 

the NanoLuc-hA1AR of N3-substitued xanthine-based analogues 

fluorescently labelled with a SulfoCy5 fluorophore.  
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Figure 5.3.1 NanoBRET saturation binding curves for 5.4a (A), 5.8a (B) and CA-

XAC (CA200645)162 (C) measured at 37 oC in HEK293 cells stably expressing the 

NanoLuc-hA1AR in the presence (open circles) or absence (closed circles) of 10 µM 

A1AR selective competitive antagonist SLV320, where the latter was used to measure 

non-specific binding. Data are mean ± SEM of triplicate determinations in a single 

representative experiment of n = 2 separate experiments (A and B) and n = 1 (C). 

 

Treatment of HEK293 cells stably expressing the NanoLuc-hA1AR 

with increasing concentrations (0 - 1 µM) of analogues 5.4a and 5.8a 

produced a very weak BRET signal over the concentration range tested. This 

suggests that the probes effectively bind A1AR with low affinity (Figure 

5.3.1 A and B). In a control experiment, it was measured the binding affinity 

at the NanoLuc-A1AR of a previously characterised fluorescent analogue of 

XAC, CA200645, which was shown to produce a specific saturable BRET 

signal in the same cell line, yielding a KD = 33.9 nM.49 Thus, in contrast to 

5.4a and 5.8a, a clear specific binding of CA-XAC at the NanoLuc-A1AR 

was observed (Figure 5.3.1 C), which yielded a KD = 69 nM, n = 1. This was 

similar to the KD values measured for the same fluorescent antagonist at the 

NanoLuc-hA1AR in previously reported studies.49,273  

Next, NanoBRET saturation ligand binding experiments were 

performed with SulfoCy5-labelled probe 5.22a, which belonged to the C8-

substitued xanthine-based series (Figure 5.3.2, A). Upon treatment of 

NanoLuc-hA1AR HEK293 cells with compound 5.22a for 1 h, a clear 
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saturable BRET signal was observed, allowing the measurement of its 

equilibrium dissociation constant, KD = 201.8 ± 21.0, n = 3. To investigate 

the potential covalent labelling of NanoLuc-hA1AR with 5.22a, cells were 

treated with the compound for additional 3 h and 5 h periods. Albeit not 

conclusive, a time-dependent increase of binding affinity (KD) could be 

indicative of an irreversible labelling character of 5.22a, which could yield to 

higher labelling of available receptors with longer incubation time (Figure 

5.3.2, B and C). However, it was found that with longer incubation time no 

specific BRET signal was observed, suggesting that the stability of the probe 

in HBSS was not optimal under longer incubation time conditions. In 

parallel, probes lacking a fluorescent group were characterised in a 

NanoBRET competition ligand binding assay using CA200645 (25 nM) as 

tracer. A concentration dependent reduction of BRET signal was observed 

for all the compounds tested, allowing for their binding affinity, as half-

maximal inhibitory concentration (IC50), to be quantified (Figure 5.3.2, D). 

This was converted to the corresponding inhibitory dissociation constant 

(Ki) value upon application of the Cheng-Prusoff equation.  
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Figure 5.3.2 NanoBRET saturation (A-C) and competition (D) ligand binding curves 

measured in HEK293 cells stably expressing the NanoLuc-hA1AR. In NanoBRET 

saturation ligand binding experiments, cells were treated with increasing concentration 

(0-1000 nM) 5.22a for 1 h (A), 3 h (B) and 5 h (C) in the absence (closed circles) or 

presence (open circles) of 10 µM A1AR selective competitive antagonist DPCPX, 

where the latter was used to determine non-specific binding.  D) inhibition of CA-

XAC(CA200645) specific binding (25 nM) in the presence of increasing concentration 

of competitive ligands (5.3 to 5.22c) at 37 oC for 1 h in NanoLuc-hA1AR-HEK293 

cells. TOT is total fluorescent ligand binding determined in the absence of competitor; 

NSB represents nonspecific binding determined in the presence of 10 µM DPCPX. 
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Data points represent the combined mean ± SEM from n = 3 (A), n = 4 (D, 5.3, 5.7 
and 5.4b), n = 2 (D, 5.8b and 5.22b), n = 5 (D, 5.4c and 5.22c) performed in triplicate. 

 

Table 5.3.1 Binding Affinities of the Novel N3-substitued and C8-

substitued xanthine-based ligand-directed labels. 

 
cmpd scaffold R probe pKi(LogM) ± SEMa 
5.3 N3-substitued A - 7.29 ± 0.22 (4) 

5.4b N3-substitued A biotin 6.64 ± 0.02 (4) 

5.4c N3-substitued A BCN 6.10 ± 0.10 (5)* 

5.7 N3-substitued B - 7.11 ± 0.09 (4) 

5.8b N3-substitued B biotin 6.20, 6.32 

5.22b C8-substitued C biotin 6.76, 6.98 

5.22c C8-substitued C BCN 7.35 ± 0.12 (5) 

apKi values were calculated from the negative logarithm of the equilibrium inhibitory 

constant (Ki in nM) measured by NanoBRET competition ligand binding assay 

employing CA-XAC(CA200645) as fluorescent tracer in HEK293 cells stably 

expressing the NanoLuc-hA1AR. Values represent the mean ± SEM from n separate 

experiments (value in parenthesis) performed in triplicate. * p < 0.05, compared to 5.4b; 

one-way ANOVA with Tukey’s multiple comparison test. 

 

Overall, the introduction of functional groups to N3-substituted xanthine 

scaffolds yielded probes with markedly reduced hA1AR affinity (circa 10-fold 

reduction) compared to the parent unlabelled phenol analogues 5.3 and 5.7. 

Conjugation of phenol 5.3 with a BCN group proved to be disadvantageous 

with regard to hA1AR binding, as probe 5.4c exhibited the lowest hA1AR 

affinity (pKi = 6.10 ± 0.10, n = 5) measured amongst the synthesised 

compounds. This suggested that the nature of the functional group had a 

major impact on ligand binding when conjugated to N3-substitued 
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xanthines. In contrast, C8-substitued xanthine scaffolds appeared to better 

tolerate attachment of a functional group as the resulting 5.22b and 5.22c 

probes retained reasonable hA1AR ligand binding affinity. Moreover, no 

significant difference (p > 0.05, one-way ANOVA with Tukey’s multiple 

comparison test) in hA1AR ligand binding affinity was observed between the 

two probes, indicating that biotin and BCN groups exerted minor influence 

on ligand binding when conjugated to C8-substitued xanthine scaffolds. 

From this series of compounds, two representative biotin-labelled 

ligands, 5.4b and 5.22b, were used in a NanoBRET assay to quantify their 

ability to label hA1AR in live cells. NanoLuc-hA1AR HEK293 cells were 

treated with three concentrations (1 nM, 100 nM and 10 µM) of 5.4b and 

5.22b in HBSS at 37 oC for 5 h. Reaction with streptadivin-AlexaFluor 633 

conjugate (SAv-AF633), followed by the addition of the substrate 

furimazine, allowed to quantify the resulting BRET signal.  

 
Figure 5.3.3 NanoLuc-hA1AR HEK293 cells were treated with HBSS or 10 µM 

DPCPX alone, or biotin-labelled compound 5.4b and 5.22b added at the given 

concentrations for 5 h at 37 oC. Treatment of the cells with Streptadivin-AF633, 

followed by addition of furimazine allowed for the resulting BRET signal to be 

measured. For each compound, nonspecific binding was measured in the presence of 

10 µM A1AR antagonist DPCPX (squares pattern).  Bars are mean ± SEM of triplicate 

determination in a single experiment.  

 

The results from this experiment (Figure 5.3.3) showed that no significant 

labelling of the NanoLuc-hA1AR was achieved upon treatment with 5.4b 

and 5.22c as, for each concentration of ligand, no significant increase in 



 138 

BRET signal was observed compared to HBSS or 10 µM DPCPX alone (p 

> 0.05, two-way ANOVA with Dunnett’s multiple comparison test). Overall, 

these preliminary data indicated that ligand-directed labelling of hA1AR 

could not be achieved when using functionalised N3-substituted xanthines 

or when C8-subtitued alcohol 5.19 was acylated with α,α-difluoro-β-alanine 

reactive moiety.  

Finally, the last series of functionalised analogues 5.32a-5.32d 

(Scheme 5.3), based upon DITC-XAC ligands, were also evaluated for their 

ability to label hA1AR in a series of pharmacological assays. First, we 

investigated the ability of the compounds to retain ligand binding at hA1AR. 

This was achieved by performing NanoBRET saturation ligand binding 

experiments in NanoLuc-hA1AR HEK293 cells with BY630/650-X-labelled 

5.32a and SulfoCy5-labelled 5.32b analogues, respectively. Furthermore, 

NanoBRET competition ligand binding experiments were performed with 

ligands 5.32c, which was functionalised with a trans-cyclooctene (TCO) 

group (Figure 5.3.4) and DPCPX, which was used as control. 
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Figure 5.3.4 NanoBRET saturation (A and B) and competition (C) ligand binding 

curves measured in HEK293 cells stably expressing the NanoLuc-hA1AR. In 

NanoBRET saturation ligand binding experiments, cells were treated with increasing 

concentration (0-125 nM) 5.32a (A) and 5.32b (B) for 1 h at 37 oC in the absence (closed 

circles) or presence (open circles) of 10 µM A1AR selective competitive antagonist 

DPCPX, where the latter was used to determine non-specific binding.  C) inhibition of 

CA-XAC(CA200645) specific binding (25 nM) in the presence of increasing 

concentration of competitive ligands (5.32c and DPCPX). Data was normalized to 

maximal BRET signal in the absence of unlabelled competing ligand (total binding, TB). 

Each data point represents the combined mean ± SEM from n = 4 (A and B) or n = 2 

(C) experiments performed in triplicate. 
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Table 5.3.2 Binding Affinities of the 8-Bicyclo[2.2.2]octyl xanthine-

based phenyl esters 5.32a-5.32c. 
cmpd probe pKD(LogM) ± SEMa 
DPCPX - 8.85, 8.11 b,c 

5.32a BY630/650-X 8.28 ± 0.12 (4) 

5.32b SulfoCy5 7.74 ± 0.05 (4) 

5.32c TCO 7.46, 7.03b 

apKD values were calculated from the negative logarithm of the equilibrium dissociation 

constant (KD in nM) measured by NanoBRET saturation ligand binding assay. bpKi value 

calculated from the negative logarithm of the equilibrium inhibitory constant (Ki in nM) 

measured by NanoBRET competition ligand binding assay using CA-XAC (CA200645, 

25 nM) as fluorescent tracer in HEK293 cells stably expressing the NanoLuc-hA1AR. 

Values represent the mean ± SEM from n separate experiments (value in parenthesis) 

performed in triplicate. cpKi value for DPCPX comparable to values measured by 

Cooper, S.49 et al., and Stoddart, L. et al.,165 

 

A concentration dependent increase in BRET signal was observed with 

fluorescently-labelled ligands 5.32a (BY630/650-X) and 5.32b 

(SulfoCy5)(Figure 5.3.4). This could be inhibited by co-treatment of the 

cells with 10 µM DPCPX, indicating that the binding was specific to 

NanoLuc-hA1AR. From these curves was therefore possible to measure 

estimated equilibrium dissociation constants (KD), subsequently converted to 

pKD of 8.28 ± 0.12, n = 4 for 5.32a and 7.74 ± 0.05, n = 4 for 5.32b, 

respectively (Table 5.3.2). In parallel, non-fluorescent phenyl ester 5.32c 

(TCO) produced a concentration-dependent inhibition of specific CA-XAC 

(25 nM) binding to NanoLuc-hA1AR HEK293 cells, allowing for its binding 

affinity to be quantified as pKi = 7.25 ± 0.22 (Table 5.3.2).  

To assess the ability of 5.32a (BY630/650-X) and 5.32b (SulfoCy5) 

to covalently transfer the fluorophore to the hA1AR, NanoBRET 

dissociation experiments were performed, whereby an excess (10 µM) of 

A1AR-selective antagonist DPCPX was added to NanoLuc-hA1AR HEK293 

cells previously labelled with 100 nM 5.32a and 5.32b for 5 h. BRET was 

monitored over the subsequent 60 min and very little change in BRET ratio 

was observed  compared to time 0. The small reduction in BRET signal 

observed towards the end of the reads could be most likely ascribed to 
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substrate (furimazine) consumption. These results indicated that, with both 

ligands, the fluorophores remained in close proximity to the NanoLuc-

hA1AR and could not be displaced by DPCPX, suggesting covalent transfer 

of the fluorophore to the receptor. In contrast, when the reversible 

fluorescent antagonist CA200645 was subjected to the same experimental 

conditions, upon addition of 10 µM DPCPX, the measured BRET signal 

returned to baseline within 4.7 minutes (Figure 5.3.5). A comparable fast 

1/koff for CA200645 was also measured in SNAP-A2AR HEKG cells.213  

 
Figure 5.3.5 NanoBRET dissociation kinetics experiments with A) 5.32a (BY630/650-

X) and B) 5.32b (SulfoCy5). NanoLuc-hA1AR HEK293 cells were treated with 100 nM 

5.32a (purple open circles, A), 100 nM 5.32b (red open circles, B) for 5 h and 100 nM 

CA-XAC (CA200645, black open circles) for 2 h. After baseline BRET was read every 

30 sec for 5 min, 10 µM DPCPX was added and BRET measurements were taken every 
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30 sec over the subsequent 1 h. Specific BRET was calculated after subtraction of non-

specific binding component, determined in the presence of 10 µM DPCPX, from the 

total binding. Each data point represents the mean ± SEM of triplicate determinations 

in a single experiment. This experiment is representative of a total of n = 5 experiments 

which showed similar effects.  

 

Interestingly, BRET ratios measured when using BY630/650-X-labelled 

5.32a were significantly lower compared to the values measured with CA-

XAC, which displayed the same BY630/650-X fluorophore (Figure 5.3.5 

A). Moreover, the SulfoCy5 label in 5.32b yielded similar BRET readings to 

CA-XAC which suggests that, as fluorescent conjugates 5.32a and CA-XAC 

shared the same spectral properties, differences in BRET ratio observed 

could be therefore attributed to the specific orientation of the acceptor 

fluorophore in 5.32a with respect to the donor NanoLuc on the receptor. 

These parameters have shown to contribute in influencing the efficiency of 

energy transfer between the NanoBRET acceptor/donor pairs.164,299  

  Next, SulfoCy5-labelled ester 5.32b was used in confocal 

microscopy studies to test its ability to label and allow visualisation of SNAP-

hA1AR in living HEK293 cells. In these studies, 5.32b was used at 125 nM 

as previously performed NanoBRET saturating binding experiments 

indicated that a 100 % of A1AR labelling was achieved at this concentration 

(Figure 5.3.4 B). A clear fluorescent labelling of SNAP-hA1AR localised at 

the plasma membrane was observed upon treatment with 5.32b for 2 h. This 

fluorescence labelling was comparable to SNAP-hA1AR labelled with AF488 

(Figure 5.3.6 A top frames). Small levels of co-localised fluorescence signals 

were also observed in intracellular compartments, suggesting the possibility 

of a small population of receptors internalised within the timeframe of the 

experiments. Pre-treatment of the cells with 10 µM DPCPX prevented the 

labelling of SNAP-A1AR, demonstrating that the labelling was specific for 

SNAP-hA1AR and, therefore, 5.32b necessitated to engage with the receptor 

to covalently transfer the SulfoCy5 fluorophore (Figure 5.3.6 A middle 

frames). The addition of 10 µM DPCPX to SNAP-hA1AR HEK293 cells 

pre-labelled with 5.32b for 2 h, could not change the level of fluorescence 

signal observed (Figure 5.3.6 A bottom frames, B). Moreover, treatment of 
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non-transfected HEK293 cells with 5.32b could not produce any detectable 

fluorescent signal, further demonstrating the specificity of the probe for 

labelling hA1AR and its low level of non-specific binding and non-specific 

fluorophore transfer to bystander proteins (Figure 5.3.6 C). Taken together, 

these results showed that 5.32b allowed to covalently label and visualise 

specific SNAP-hA1AR expressed in living cells. 
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Figure 5.3.6 Live cell confocal microscopy studies of SulfoCy5-labelled 5.32b (125 nM) 
labelling SNAP-hA1AR HEK293 cells at 37 oC in the absence (A top frames) or 

following pre-treatment with (A middle frames) 10 µM DPCPX. Cells were treated with 

the compound for 2 h prior to the acquisition of the single equatorial images (A). Cells 

were treated for 1 h with 10 µM DPCPX after the binding of 5.32b (125 nM) had 

reached equilibrium (2h incubation) (A bottom frames). Left hand frames represent 

SulfoCy5 channel, middle frames are AF488 channel and right-hand frames represent 

merged images of both channels. B) Fluorescence intensity plots (16-bit) were generated 

for both SulfoCy5 and AF488 channels by hand drawing membrane region of interests 

(ROI) in images obtained as indicated in A using Image J (FIJI). Each data point 

represents membrane fluorescence signal measured from one cell and error bar 

represent mean ± SD. Images were obtained from 3 independent experiments from 

which a total of 72 cells were analysed. C) Confocal imaging with Non-transfected (NT) 

HEK293 cells treated with 5.32b (125 nM) for 2 h at 37 oC. Left hand frame represents 

SulfoCy5 channel, middle frame is brightfield (BF) channel and right-hand frame is 

merged image of the two channels. Images were obtained from 2 independent 

experiments Scale bars are = 13 µm.  

  

A hallmark for the development and application of ligand-directed labels is 

that covalent labelling should be selectively achieved for the protein under 

study. Accordingly, to assess its selectivity profile, probe 5.32b was added to 

HEK293 cells expressing one the three SNAP-tagged adenosine receptor 

subtypes, SNAP-hA2AAR, SNAP-hA2BAR and SNAP-hA3AR, respectively 

(Figure 5.3.7). The levels of 5.23b-directed fluorescent labelling at the 

cognate adenosine receptors were visualised by confocal microscopy. No 

specific SulfoCy5 labelling was observed in HEK293 cells expressing the 

SNAP-hA2BAR and SNAP-hA3AR when treated with 5.32b (125 nM) for 2 

h. In contrast, SulfoCy5 labelling localised at the plasma membrane was 

observed in cells expressing the SNAP-hA2AAR.  
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SulfoCy5-conjugated 5.32b, as well as all other xanthine analogues, 

were designed and synthesised to integrate structural motifs that are reported 

to enhance A1AR affinity and, most importantly, imbue higher A1AR 

subtype-selectivity with respect to binding other adenosine receptor 

subtypes. These include the introduction of butyl substituents on the N1 and 

N3 positions, as well as the presence of a bulky C8-bicyclo[2.2.2]octyl ring. 

Indeed, co-crystal structures of A1AR in complex with irreversible antagonist 

DU172 (PDB:5UEN),36 competitive antagonist PSB36 (PDB:5N2S)37 and 

A2AAR in complex with PSB36 (PDB:5N2R)37, XAC (PDB:3REY)218 

showed that longer substituent at N1 and N3 positions cannot be easily 

accommodated in the narrower A2AAR binding site and bulkier substituents 

at the C8 position may establish unfavourable steric clash with M2707.35 

residue side chain in A2AAR (where the corresponding residue is T2707.35 in 

A1AR). Moreover, the previously discussed reversible SulfoCy5-labelled 

analogue (4.44b Chapter 4) proved to be highly A1AR-selective and ligand-

directed label 5.32b differs from analogue (4.44b Chapter 4) by the 

introduction of the 3-fluorophenyl ester reactive group in place of the 

second β-alanine moiety. This suggests that the phenyl ester reactive group 

plays a major role in influencing 5.32b labelling selectivity. As no A2AAR 

ligand binding experiments were performed with 5.32b to quantify its 

apparent A2AAR affinity, it was hypothesised that the high concentration of 

fluorescent probe used (125 nM), coupled with the proximity effect with a 

nucleophilic lysine in the flexible ECL2 in A2AAR and the highly efficient 

fluorophore transfer could be responsible for the resulting SulfoCy5 

labelling of A2AAR with 5.32b.  
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Figure 5.3.7 Live cell confocal microscopy studies of SulfoCy5-labelled 5.32b (125 nM) 
labelling SNAP-hA1AR, SNAP-hA2AAR, SNAP-hA2BAR and SNAP-hA3AR HEK293 

cells at 37 oC. Cells were labelled with SNAP-AF488 for 30 min prior treatment with 

5.32b for 2 h. Images were obtained from 3 independent experiments. Scale bar = 13 

µm.  

 

trans-Cyclooctene (TCO) analogue 5.32c was subsequently evaluated 

for its ability to label A1AR, following a two-step labelling approach, in 

confocal microscopy studies. First, SNAP-hA1AR HEK293 cells were 

treated with 5.32c (TCO) (2 µM) for 2 h in serum-free media. Second, 

membrane-impermeable SulfoCy5-methyltetrazine (MetTet-SulfoCy5, 1 

µM) was added to the cells and allowed to react for 10 min prior imaging. 

As shown in Figure 5.3.8 B, no fluorescence labelling was observed upon 

addition of the tetrazine dye, indicating that the IEDDA reaction between 

the tetrazine and the TCO group of 5.32c did not occur. This result was 

unexpected as substituted tetrazine are reported to undergo bioorthogonal 

reactions with trans-cyclooctenes with fast rates in aqueous media (k2 > 1x104 

M-1s-1).340  
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In a parallel experiment, the ability of TCO-functionalised ester 

5.32c to react with Met-TetSulfoCy5 in HBSS alone was evaluated. Indeed, 

tetrazines are reported to quench the fluorescence of the dyes with which 

they are conjugated to. Consequently, when tetrazines combine with the 

corresponding dienophile via IEDDA reactions, formation of the resulting 

six-member cycloadduct leads to an increase of fluorescence intensity 

observed. This “turn-on” system is particularly advantageous for imaging 

studies owing to the higher signal-to-noise (S/N) ratio. Therefore, as proof-

of-concept study, the “turn-on” type fluorescence upon reaction of both 

unsubstituted tetrazine H-TetSulfoCy5 and substituted Methyl-TetSulfoCy5 

with TCO-labelled 5.32c was measured in solution in a Clariostar plate 

reader. As expected, when an excess of probe 5.32c (10-fold, 1 µM) was 

added to a solution of HBSS and the tetrazine dye (100 nM), an increase of 

the measured fluorescence excitation and emissions spectra was observed 

compared to the measurements performed with the tetrazine dye alone 

(Figure 5.3.7 A), with the measured fold-increase values comparable to 

those reported in the literature with similar tetrazine-conjugated dyes.206,341 

These results suggested that the inability to detect fluorescence at the plasma 

membrane of SNAP-hA1AR HEK293 cells, following reaction with 5.32c 

(TCO) and tetrazineSulfoCy5, could be dependent on the cellular 

environment.   
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Figure 5.3.7 A) “Turn-on” type reaction of tetrazine-TCO (H-MetSulfoCy5, left 

graph magenta; Met-TetSulfoCy5, right hand graph, blue). Fluorescence excitation 

and emission spectra measured in HBSS with the corresponding tetrazineSulfoCy5 

[100 nM] without, then with 5.32c (TCO) [ 1 µM] (allowed to react for 10 min prior 

detection). Exc maxima (Met-TetSulfoCy5 + TCO) = 1.80-fold increase compared to 

Met-TetSulfoCy5 alone; Em maxima (Met-TetSulfoCy5 + TCO) = 1.40-fold; Exc 

maxima (H-TetSulfoCy5 + TCO) = 1.50-fold; Em maxima (H-TetSulfoCy5 + TCO) 

= 1.30-fold; B) Two-step labelling of SNAP-hA1AR HEK293 cells with 5.32c (TCO) 

at 37 oC. Cells were labelled with SNAP-AF488 (200 nM) for 30 min prior the addition 

of 5.32c (2 µM) for 2 h, in the presence or absence of 10 µM DPCPX to determine 

non-specific binding. For the second step of the labelling, cells were treated with Met-

TetrSulfoCy5 (1 µM) for 10 min at rt and imaged following 4 wash steps. Scale bar = 

13 µm. 

 

Several studies describing the biorthogonal labelling of proteins, 

following reaction of unnatural amino acids (UAAs) equipped with clickable 

handles with tetrazine dyes in living cells, reported that the precise location 
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of the UAA, hence the clickable moiety, in the receptor has a crucial impact 

on its ability to efficiently react with the corresponding tetrazine reporter.342–

345 For example, when labelled, the lipophilic TCO group may interact with 

the hydrophobic milieu at the plasma membrane and, as a result, cannot be 

accessed by the tetrazine reagent for the subsequent click reaction.345 The 

reactivity of the TCO group could be enhanced by the introduction of a 

more hydrophilic linker, such as a poly(ethylene glycol) (PEG) between the 

TCO and the rest of the molecule. This strategy has been successfully applied 

for improving the fluorescence detection of TCO-conjugated antibodies.344 

In this regard, an additional TCO-conjugated probe integrating a PEG linker 

between the ester group and the trans-cyclooctene moiety  was synthesised 

to investigate whether the new ligand possessed improved reactivity towards 

tetrazine dyes and subsequently allowed fluorescence detection of TCO-

PEG-labelled SNAP-hA1AR at the plasma membrane in living cells.  

 
Figure 5.3.8 A) Two-step labelling of SNAP-hA1AR HEK293 cells with 5.32d (TCO-PEG) 

at 37 oC. Cells were labelled with SNAP-AF488 (200 nM) for 30 min prior the addition of 

5.32d (125 nM) for 2 h. For the second step of the labelling, cells were treated with Met-

TetrSulfoCy5 (1.5 µM) for 10 min at rt and imaged following 4-wash steps. Scale bar = 13 µm. 

B) Schematic representation of hA1AR two-step labelling with 5.32d and Met-TetSulfoCy5. 
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Following a two-step labelling approach, SNAP-hA1AR HEK293 

cells were therefore treated with 125 nM 5.32d (TCO-PEG) for 2 h and 

subsequently exposed to Met-TetSulfoCy5 (1.5 µM) for 10 min prior to 

imaging. Pleasingly, it was found that the new PEGylated TCO analogue 

5.32d effectively displayed higher reactivity towards the tetrazine-conjugated 

SulfoCy5, compared to 5.32c, as demonstrated by the higher level of 

fluorescence intensity observed at the plasma membrane of SNAP-hA1AR 

HEK293 cells (Figure 5.3.8 A). Indeed, this result confirmed the original 

hypothesis, whereby the possible location of reactive TCO group in a 

lipophilic environment may hinder its ability to react with the corresponding 

tetrazine-conjugated probe. Therefore, the introduction of more hydrophilic 

linkers or groups may physically preclude its interactions with lipophilic 

domains and could represent an useful strategy for improving the reactivity 

of TCO groups when required.344,345 

 

5.4 Conclusions and Future Work 
 

The work presented in this chapter discussed the rational design and 

development of a ligand-directed chemistry approach for labelling the 

human A1AR in living cells. The combination of co-crystal structures of 

xanthines-A1AR complexes with molecular modelling studies, as well as 

previously reported SAR profiles of xanthine-based A1 ligands indicated 

the possibility of conjugating both N3 and C8 positions of the ligand 

scaffold with functional probes.36,318 Furthermore, structural data provided 

valuable information on the population of nucleophilic amino acid residues 

harbouring the extracellular domains of A1AR, whereby specific labelling 

of single residues could be achieved by the rational design of suitable 

reactive groups and their strategic introduction into the affinity ligand 

scaffold with linkers of optimal length, flexibility and/or rigidity.199 

Interestingly, the co-crystal structure of irreversible antagonist 

DU172-A1AR complex showed covalent engagement of DU172 sulfonyl 

group with Y2717.36, thus representing an attractive functionalisation site that 

could be targeted with the LDL approach. Although fundamentally 
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compelling, replacement of the phenyl sulfonyl group with a 3-fluoro-phenyl 

ester, as for N3-subtitued xanthines, failed to achieve labelling of A1AR with 

different functional groups. This result further emphasised the challenges 

and higher risks of accessing Tyr-targeting conjugations, compared to those 

involving Cys or Lys residues, with ligand-directed chemistries, owing to the 

weaker reactivity displayed by these aromatic amino acids.200,346 Overall, 

derivatization of N3-subtitued xanthines proved ineffective for the targeted 

ligand-directed chemistries, as the newly synthesized ligands either lacked 

the ability to bind A1AR or could not promote covalent transfer of a 

functional probe to a residue side chain in the receptor.  

A novel electrophilic cleavable group, encompassing an α,α-difluoro-

β-alanine moiety, was designed and incorporated into a 8-byciclo[2.2.2]octyl 

xanthine scaffold via hydroxymethyl or N-(2-hydroxyethyl)carboxamide linkers 

(Scheme 5.2, cmpd 5.22a-5.22c; Scheme 5.3, cmpd 5.26a-5.26c ), on the 

basis of targetable amino acid residues in proximity to the binding site 

(Figure 5.2). Unfortunately, ligands 5.26a-5.26c could not be isolated, 

owing to the reduced stability exhibited in aqueous environment as observed 

during RP-HPLC purifications. 5.22a-5.22c could be isolated with high 

purity, yet the inability to measure specific BRET upon treatment of 

NanoLuc-hA1AR HEK293 cells with the compounds for 5 h (Figure 5.3.2 

and Figure 5.3.3), demonstrated that α,α-difluoro-β-alanine esters 5.22a-

5.22c were unsuitable for labelling A1ARs in living cells following LD 

chemistry approach. Although unsuccessful when incorporated into the 

ligands described herein, α,α-difluoro-β-alanine esters may still provide an 

useful avenue for the design of a novel series of reactive groups based on 

natural amino acids, whereby fine tuning of the reactivity and/or stability 

could be achieved by the strategic positioning of EWG atoms relative to the 

electrophilic carbonyl group.  

Overall, the focused SAR study reported herein showed that ligand-

directed labelling of A1AR in living cells could only be achieved with the 

series of 8-bicyclo[2.2.2]octyl xanthine based 3-fluoro phenyl esters (5.32a-

5.32d) which were inspired by features of m- or p-DITC-XAC.319,320,347 

Although structural knowledge can guide ligand design, this cannot readily 

translate into a functional labelling reagent as demonstrated by the results 
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presented in this chapter. Therefore, depending on the affinity ligand of 

choice, it may be recommended to undertake focused and detailed SAR 

studies to explore the positional effect of different reactive groups and 

linkers substitutions on the final labelling reagent to maximize the 

proximity effect for labelling nucleophilic amino acid residues close to the 

binding site. 

Phenyl esters 5.32a-5.32c displayed high A1AR apparent ligand 

binding affinity as demonstrated in the NanoBRET ligand binding assays 

(Figure 5.3.4 and Table 5.3.2). Furthermore, specific labelling of 

NanoLuc-hA1AR with 5.32a (BY630/650-X) and 5.32b (SulfoCy5) could 

not be displaced following the addition of a high concentration (10 µM) of 

competitive A1AR antagonist DPCPX, suggesting either covalent transfer 

of the fluorophore to a nucleophilic residue or very slow dissociation of 

the fluorescent analogues from the receptor. Moreover, ligand 5.32b 

(SulfoCy5) was successfully applied in confocal imaging studies for labelling 

SNAP-A1AR in living cells and the corresponding SulfoCy5 fluorescence 

signal remained unaffected upon treatment with 10 µM DPCPX for 1 h 

(Figure 5.3.6 A and B). Confocal microscopy studies also showed that 

5.32b (125 nM) could not label SNAP-A2B and SNAP-A3 expressed in living 

cells, demonstrating a good selectivity profile of the probe with respect to 

labelling these other adenosine receptor subtypes. Conversely, it was 

possible to visualise labelling of SNAP-A2A following treatment with 5.32b 

(125 nM) (Figure 5.3.7). Notably, 125 nM 5.32b was used to perform these 

studies as it corresponded to the concentration whereby 100% of available 

A1AR receptors were engaged after 1h treatment, as quantified in 

NanoBRET saturation binding experiments (Figure 5.3.4 B). Because of 

the high A1AR apparent ligand binding affinity (pKD = 7.74 ± 0.05), it is 

conceivable that lower concentrations of 5.23b could yield 100% of 

specific receptor labelling with longer incubation time. The close proximity 

of the 3-fluoro phenyl reactive group to a nucleophilic amino acid side 

chain effectively increases the rate of the labelling reaction, thus allowing 

ligands of lower ligand binding affinity to promote efficient labelling of the 

protein under study200,212; for instance, such as it could occur with 5.32b 

also labelling SNAP-A2AAR. Optimisation of reaction conditions, such as 
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ligand concentration and incubation time, may result in a ligand exhibiting 

higher A1AR-labelling selectivity with respect to also engaging A2AAR. For 

instance, real-time monitoring of labelling kinetics could provide insights 

into the efficiency of the labelling reaction achieved over a specific time, as 

well as providing an opportunity to selectively label the A1AR in a 

kinetically controlled process. Alternatively, change in linker length or 

replacing the 3-fluoro phenol with a 4-fluoro phenol, hence with a -OH on 

the meta position, could be explored for its effect on the selectivity profile 

(A1AR vs A2AAR).  

To broaden the scope of the application of these new tools, a 

PEGylated trans-cyclooctene (TCO-PEG)-containing ligand-directed label 

was designed and synthesised (5.32d, Scheme 5.3). Upon the addition to 

SNAP-A1AR HEK293 cells, 5.32d reacted with substituted tetrazines 

(Met-Tet-SulfoCy5) following IEDDA reaction, allowing visualisation of 

SNAP-A1AR expressed in living cells in confocal microscopy studies 

(Figure 5.3.8). In principle, a two-step labelling approach allows for a 

single ligand to direct covalent transfer of a small reactive clickable handle 

to the receptor (first step). This reactive handle can then specifically react 

with a different range of tetrazine-conjugated probes depending on the 

final application (second step). For example, when covalently bound to the 

receptor, reaction of a TCO group with tetrazine-functionalised 

lanthanides, such as terbium, could enable new RET-based studies of 

GPCR signalling and dynamics to be performed in unmodified, 

endogenous membrane proteins.348 

Nonetheless, before this approach could be readily applied in more 

complicated tissues or cells expressing endogenous A1AR (e.g. cortical 

neurons or cardiomyocytes), a complete validation and optimisation of the 

methodology is still required. For instance, it remains to be established 

whether the nature of the labelling of A1AR is indeed covalent and the 

ligand-directed labels developed here do not exhibit a slow dissociation 

character instead. This could be achieved following purification of A1AR 

pre-labelled with 5.32b and subsequent visualisation of the corresponding 

labelled-protein band by in-gel fluorescence. Crucially, it would follow to 

assess that A1ARs maintain their functionalities when labelled, 



 154 

demonstrating that the probe, once covalently attached does not prevent 

additional ligands subsequently binding to the receptor.  Establishment of 

a RET-based assay using TCO-tetrazine-functionalised pairs could allow 

the simultaneous assessment of covalent transfer of a reporter probe as well 

as demonstrating the ability of additional ligands (e.g. reversible fluorescent 

ligands) to access and engage the receptor, following departure of the 

affinity ligand moiety from the orthosteric binding site. Alternatively, 

Fluorescence-Cross Correlation Spectroscopy (FCCS) experiments could 

be also applied to assess the aforementioned hypothesis. FCCS allows for 

the simultaneous detection of two spectrally distinct fluorescent moieties 

interacting within the same detection volume at the same time, thus 

enabling to measure the diffusion coefficient and concentration of dual-

labelled species.349 For instance, A1AR covalently labelled with 5.32b 

(SulfoCy5) and subsequently occupied by a reversible BODIPY630/650-

X-labelled ligands (such as EC067318 or  ABEA-X-630148 or BY630-X-(D)-

A(D)-A-G-ABEA181) could be specifically detected by FCCS. 

Furthermore, site-directed mutagenesis studies could be performed 

to confirm the specific site for covalent attachment. Once established the 

site of attachment, for the most appropriate application of this technology 

in different model systems, it would be also required to assess whether the 

targeted residue is conserved across species (e.g. human, rat and mouse)49,115 

and covalent-labelling is maintained.   

 

In summary, this chapter described the rational design and 

development of a ligand-directed approach for labelling hA1AR in living 

cells. Although additional experiments are required for its complete 

validation, the method developed here hold promise for illuminating the 

functions and dynamics of non-genetically modified, native A1AR in more 

physiologically relevant environments. 



 155 

Chapter 6. General Conclusions and Outlook 
 

Adenosine receptors (AR) signalling regulates almost all aspect of cell 

and tissues biology such as cardiovascular functions, neural firing, blood cells 

regulation, platelet aggregation, inflammation, immune response and 

hypoxia.20,282  As such, for almost a century, these membrane proteins have 

gained intense research interest aimed at development of novel therapeutic 

strategies for treating a broad range of medical conditions.15,21,55 Among 

these, medicinal chemistry endeavours have led to the discovery of many 

potent and selective agonists, partial agonists, antagonists, allosteric 

enhancers and enzyme modulators for these important receptors.44,220,232,350 

Yet, despite the many therapeutic opportunities offered by targeting 

adenosine receptors, the number of adenosine ligands that have reached the 

market is limited to only three molecules: adenosine itself,54 Regadenoson 

(Lexiscan, Astellas Pharma)351 and Istradefylline (Nourianz, Kyowa Kirin 

Inc.).352 As discussed in Chapter 1, translation of adenosine ligands from the 

bench into the clinic has been hampered by the lack of understanding of 

distinct receptor pharmacology dependent on the tissue, cell-type and disease 

states, often leading to on-target side effects.216,353 The successful 

development of AR agents with improved selectivity and therapeutic action 

heavily relies  on the ability to monitor real-time the localisation and function 

of the receptors in its unmodified, native environment in different types of 

cells in both health and disease states.215,354 As such, subtype-selective 

fluorescent probes embody valuable pharmacological tools to achieve this 

aim as they allow to probe the molecular mechanisms which govern specific 

receptor functions at single molecule level with great spatial and temporal 

resolution.126,253  

 

The work presented in this thesis has focused on the design, synthesis 

and pharmacological characterisation of novel series of molecular probes 

which can be applied to study the molecular pharmacology of the hA1AR 

and hA2AAR in living cells. This last Chapter summarises the main findings 

of this thesis work and provides possible future directions for the application 
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of these tools, which may facilitate the development of improved hA1AR- 

and hA2AAR-based therapeutics. 

 

The primary aim of this thesis was to expand upon the current 

pharmacological toolkit available to study the adenosine A2AAR and A1AR 

receptors subtypes, through the development of additional subtype-selective 

fluorescent ligands. Accordingly, Chapter 2 reports on the design, synthesis 

and application of a novel series of subtype-selective fluorescent hA2AAR 

antagonists based on the high affinity and selective hA2AAR antagonist 

preladenant. These ligands were labelled with a broad range of fluorophores, 

encompassing both green- and red-emitting BODIPY-based dyes and more 

water-soluble dyes such as sulfonated cyanine-5 (SulfoCy5) and 

AlexaFluor647 (AF647) fluorophores. All fluorescent ligands synthesised 

retained A2AAR affinity, functional activity (antagonism of A2AAR) and most 

importantly selectivity over all other adenosine receptor subtypes. Notably, 

the probes allowed clear visualisation of specific A2AAR localisation at the 

plasma membrane of living cells through confocal microscopy studies. 

Furthermore, AF647-labelled probe 2.17 enabled monitoring of ligand 

binding affinities of unlabelled A2AAR ligands using the nanoluciferase 

bioluminescence resonance energy transfer (NanoBRET) assay (Figure 

2.10). All novel hA2AAR fluorescent ligands synthesised and described in 

Chapter 2 exhibited comparable and optimal pharmacology, thereby 

allowing the opportunity of ligand choice in a broad series of fluorescence-

based techniques. Finally, the work presented in Chapter 2 significantly 

contributes to expanding the pharmacological toolbox to study the molecular 

pharmacology of A2AARs and it may help to shed new light on the 

complexity of the A2AAR signalling in different biological elements and 

during disease progression.295 

 

The work discussed in Chapter 3 discussed the synthetic efforts and 

pharmacological assessment undertaken to develop novel fluorescent A1AR 

ligands with improved A1AR affinity and selectivity. The novel series of 

probes described in this Chapter encompassed ligands based on a 2,6,8-

trisubstitued 1-deazapurine scaffold, which were inspired by features of a 
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reported high affinity and selective A1AR antagonist LUF5981 (Figure 3.2). 

Previously reported structured-activity relationships (SARs) were combined 

with molecular modelling to guide the rational design of the desired probes. 

Two series of congeners were synthesised in rather challenging ten steps, 

from which, overall, ten fluorescent analogues were prepared (Schemes 3.1 

and 3.2). Pharmacological assessment through NanoBRET ligand binding 

assays, unfortunately, revealed that the probes either lacked or possessed 

very weak A1AR binding ability (Figure 3.5 and Figure 3.6). Overall, the 

findings obtained from the work described in Chapter 3 indicated that the 

selection of a different high affinity and A1AR selective pharmacophore 

moiety could be more advantageous, and this was subsequently explored in 

Chapter 4. 

 

Chapter 4 described the development of a novel class of fluorescent 

ligands for the A1AR exploring two different positions of the prototypical 

xanthine scaffold for linker/fluorophore elaboration. After a preliminary 

screening of a series of amino functionalized congeners equipped with 

linkers of different length and physiochemical composition, it was identified 

the best template upon which append a series of commercially available 

fluorophores. Our synthetic efforts, which involved over 15 steps synthesis, 

led to two families of fluorescent analogues (Scheme 4.3), including probes 

featuring the 4,4-difluoro-4-bora-3a,4a-diaza-s-indacene (BODIPY) dyes 

alongside water-soluble dyes such as sulfonated cyanine-5 (Sulfo-Cy5). This 

focused library of eight fluorescent ligands was thoroughly characterised 

pharmacologically, showing that these novel probes retained binding affinity 

to the target receptor, functional activity and most importantly, selectivity 

with respect to binding the other three adenosine receptor subtypes (A2AAR, 

A2BAR and A3AR) (Figure 4.3). Subsequently, it was evaluated the utility of 

the novel probes as tracers in competition ligand binding assays, ultimately 

determining binding affinities of known unlabelled A1AR ligands that are in 

very good agreement with literature values (Table 4.6). Lastly, three 

fluorescent A1AR antagonists were used for visualizing specific fluorescent 

labelling of engineered A1AR (SNAP-tagged) localized at the membrane of 

living cells by confocal imaging and Total Internal Reflection Fluorescence 
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Microscopy (TIRF-M) (Figure 4.9 and Figure 4.10). To the best of our 

knowledge, probes 4.44b and 4.46a represent the first examples of subtype-

selective fluorescent hA1AR antagonists reported to date. 4.46a and 4.44b 

may provide new opportunities to study real-time A1AR physiology and 

pathophysiology at cellular and subcellular level. 

 

As an extension of the fluorescent ligands technology, Chapter 5 

discussed the design, development and application of a Ligand-Directed 

chemistry approach for labelling the hA1AR in living cells. LD chemistry 

harnesses the specificity of ligand binding of a functionalised ligand to its 

target protein resulting in covalent transfer of  the functional group through 

a proximity-driven reaction.199 Structural data and molecular modelling 

guided the rational design of a focused structure-activity relationship (SAR) 

study around known xanthine scaffolds, whereby different reactive groups 

as well as their introduction in different positions of the affinity ligand were 

evaluated to guide the efficient and selective transfer of a functional probe 

of choice into the targeted A1AR. These studies led to the discovery of 

phenyl esters 5.32a-5.32d (Scheme 5.3), which were inspired by features of 

DITC-XAC ligands (Figure 5.3), as potential tools for “directing” covalent 

labelling of hA1ARs expressed in living cells.  5.32a-5.32c displayed high 

“apparent” hA1AR affinity. Moreover, specific labelling of NanoLuc-hA1AR 

and SNAP-A1AR with 5.32b (SulfoCy5) could not be displaced following 

the addition of 10 µM of competitive A1AR antagonist DPCPX (Figure 

5.3.5 and Figure 5.3.6), which may be indicative of covalent transfer of the 

fluorophore to a nucleophilic residue in close proximity to the binding site. 

Furthermore, PEGylated trans-cyclooctene (TCO-PEG)-containing ligand 

5.32d enabled to perform a two-step labelling approach, which combined 

Ligand-directed chemistry with the Inverse Electronic Demand Diels-Alder 

(IEDDA) reaction (a type of fast click chemistry) to form a labelled 

cycloadduct (Figure 5.1 and Figure 5.3.8 B). This two-step labelling 

approach allowed fluorescence detection of TCO-PEG-labelled SNAP-

hA1AR at the plasma membrane in living cells through confocal microscopy, 

following reaction with a corresponding sulfonated cyanine 5 (SulfoCy5)-

conjugated tetrazine dye (Figure 5.3.8). Although additional experiments are 
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required for its complete validation, LD labelling of A1AR described in this 

Chapter is a non-invasive approach which holds promise for illuminating 

ligand binding, receptor signalling and trafficking of unmodified, native 

A1AR in more physiologically relevant environments. 

 

Overall, the work presented in this Thesis has resulted in the 

development of novel high affinity and subtype-selective fluorescent A2AAR 

(Chapter 2) and A1AR (Chapter 4) antagonists which allowed quantification 

of equilibrium and kinetic ligand binding parameters using biophysical 

methods such as NanoBRET and TR-FRET, in addition to allow 

visualisation of specific receptor localisation and distribution patterns in 

living cells by confocal microscopy and total internal reflection microscopy 

(TIRF-M). Furthermore, this work has resulted in the development of both 

a ligand-directed (LD) approach and combined LD chemistry with IEDDA 

click reaction for labelling hA1AR in living cells, which hold promise for 

labelling and studying endogenous A1ARs (Chapter 5). It is envisaged that 

this work may provide the wider scientific community with a new set of 

pharmacological tools which may facilitate the understanding of the 

complexity of adenosine receptor signalling in its native environment, 

thereby providing new opportunities for the identification of new sites for 

therapeutic intervention as well as for the discovery and development of new 

A2AAR and/or A1AR ligands with fewer side effects.  

 

The cellular context in which a receptor is localised can drastically 

affect its signalling propagation and physiological response, as well as 

formation of specific receptor-receptor complexes.354–356 Accordingly, the 

availability of tools and techniques which allow detailed investigation of 

receptor specific molecular pharmacology in its native, non-genetically 

modified environment are of great utility. As overexpressing systems can lead 

to experimental artifacts,173,356  it is becoming widely appreciated that there is 

a serious need to move the study of ARs’ pharmacology, and GPCRs’ in 

general, at single receptor resolution under more physiological expression 

levels.140,253 Thus, the fluorescent ligands described here could be combined 

with advanced microscopy such as FCS or super resolution techniques to 
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probe the role of the A1AR and A2AAR organisation and distribution in 

native tissues and/or disease-relevant models. Moreover, CRISPR/Cas9 

genome editing technology could be used to insert the NanoLuc163 luciferase 

or its split 11-amino acid peptide derivative HiBiT357 tags into endogenous 

genome of spinal cord neurons or breast cancer cells, and combined with the 

fluorescent ligands described in this Thesis to monitor AR-ligand 

engagement, kinetics of protein-protein interactions, changes in receptor 

expression and receptor internalisation via NanoBRET or NanoBiT-based 

assay. Finally, the application of the Ligand-Directed chemistry approach 

developed here for labelling A1AR represents a complementary, 

biorthogonal technique for study the functions and dynamics of A1ARs 

without the need of genetic manipulation of the protein of interest. This non-

invasive approach opens up a broad spectrum of possibilities to investigate 

ligand binding, AR trafficking and signalling, as well as the role of AR 

oligomerisation in endogenous systems with greater spatial and temporal 

resolution.201 Indeed, it may provide valuable and unique insights on the 

functions and dynamics of endogenously expressed ARs, which could not be 

explored using conventional genetic or overexpressing methods.199  

 

We hope the results and tools arising from this Thesis work may help 

fellow researchers and colleagues within adenosine research field and beyond 

to shedding new light into the complexity of adenosine receptors signalling 

in more physiologically relevant models and thereby move a step closer 

towards the identification of new pharmacological agents with improved and 

safer mechanism of action. 
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Chapter 7: General Methods 
7.1 Chemistry 

7.1.1 Materials and General Methods 
Chemicals and solvents of analytical and HPLC grade were purchased from 

commercial suppliers and used without further purification. 

BODIPY630/650-X-SE, BODIPY-FL-X-SE, and BODIPY-FL-SE were 

purchased from Molecular Probes (Thermo Fisher Scientific). 

AlexaFluor647 NHS ester was purchased from Thermo Fischer Scientific. 

SulfoCyanine5-CO2H, Sulfo-Cyanine5 tetrazine (Met-TetCy5) and Sulfo-

Cyanine5 NHS ester from Lumiprobe (Germany). (1R,8S,9s)-

Bicyclo[6.1.0]non-4-yn-9-ylmethanol (BCN-OH) was from Sigma-

Aldrich (UK) and trans-Cyclooctene-NHS (TCO-NHS) ester was from Jena 

Biosciences (Germany). All reactions were carried out at ambient 

temperature unless otherwise stated. Reactions were monitored by thin-layer 

chromatography on commercially available silica pre-coated aluminium-

backed plates (Merck Kieselgel 60 F254). Visualisation was under UV light 

(254 nm and 366 nm), followed by staining with iodine, ninhydrin or KMnO4 

dips. Flash column chromatography was performed using silica gel 60, 230-

400 mesh particle size (Sigma Aldrich). Automated flash column 

chromatography was performed on a Interchim Puriflash 4100 system 

(PF4100-250) equipped with a dual wavelength DAD UV detector (200-600 

nm) using either silica high performance (HP) 50 µm, or C18-HP (30 µm) 

cartridges. Methods were developed and run using Interchim Flash 

(ver:V5.1c.09) software. NMR spectra were recorded on a Bruker-AV 400. 
1H NMR spectra were recorded at 400.13 MHz and 13C NMR spectra at 

101.62 MHz. All 13C NMR are 1H broadband decoupled. Solvents used for 

NMR analysis (reference peaks listed) were CDCl3 (δH = 7.26 ppm, δC = 

77.16) supplied by Cambridge Isotope Laboratories Inc., MeOD4 (δH = 3.34 

ppm, δC = 49.86) and DMSO-d6 (δH = 2.50 ppm, δC = 40.45) supplied by 

Sigma-Aldrich (UK). Chemical shifts (δ) are recorded in parts per million 

(ppm) and coupling constants are recorded in Hz. The following 

abbreviations are used to described signal shapes and multiplicities; singlet 

(s), doublet (d), triplet (t), quadruplet (q), broad (br), dd (doublet of doublets), 
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ddd (double doublet of doublets), dtd (double triplet of doublets) and 

multiplet (m). Processing of the NMR data was carried out using the NMR 

software Mnova 12.0.4. LC-MS spectra were recorded on a Shimadzu 

UFLCXR system coupled to an Applied Biosystems API2000 and visualised 

at 254 nm (channel 1) and 220 nm (channel 2). LC-MS was carried out using 

a Phenomenex Gemini-NX C18 110A, column (50 mm × 2 mm x 3 μm) at 

a flow rate 0.5 mL/min over a 5 min period (Method A) or on an Agilent 

6100 series single quad coupled to an Agilent 1200 series HPLC instrument 

using the following buffers: buffer A, 0.1% formic acid in H2O; buffer B, 

0.1% formic acid in CH3CN. The following gradient was used with a 

Poroshell 120 EC-C18 3.0 × 50mm, 2.7 μm column a flow rate of 0.5 

mL/min and a total run time of 5 min: 0−1 min 95% buffer A and 5% buffer 

B, 1−2.5 min 0% buffer A and 100% buffer B, 2.5−3.8 min 0% buffer A 

and 100% buffer B, 3.8−4 min 95% buffer A and 5% buffer B, 4−5 min 

95% buffer A and 5% buffer B (Method B). High resolution mass spectra 

(HRMS) were recorded on a Bruker microTOF mass spectrometer using MS 

electrospray ionization operating in positive ion mode or on an Agilent 6624 

TOF LC−MS spectrometer coupled to an Agilent 1290 Infinity system 

(Agilent, Palo Alto, CA). All data were acquired, and reference mass 

corrected via a dual-spray electrospray ionization (ESI) source. Acquisition 

was performed using Agilent Mass Hunter Data Acquisition software version 

B.05.00 Build 5.0.5042.2, and analysis was performed using Mass Hunter 

Qualitative Analysis version B.05.00 Build 5.0.519.13. RP-HPLC was 

performed on a Waters 515 LC system and monitored using a Waters 996 

photodiode array detector at wavelengths between 190 and 800 nm. Spectra 

were analysed using Millenium 32 software. Semi-preparative HPLC was 

performed using YMC-Pack C8 column (150 mm × 10 mm × 5 μm) at a 

flow rate of 5.0 mL/min using a gradient method of 30-95% B over 24 

minutes (Solvent A = 0.01% formic acid in H2O, solvent B = 0.01% formic 

acid in CH3CN (Method C). Preparative HPLC was performed on an 

Agilent 1260 infinity system coupled with a binary preparative pump and 

Agilent 1260 FC-PS fraction collector using an Altima C8, 250 × 22 mm, 5 

μm column. The following conditions were used for this system: buffer A, 

H2O and buffer B, CH3CN with a gradient of 30− 100% buffer B over 11 
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min, with a flow rate of 20 mL/min. Spectra were analyzed using Agilent 

OpenLAB CDS software (Method D). Analytical RP-HPLC was performed 

using a YMC-Pack C8 column (150 mm × 4.6 mm × 5 μm) and a 

Phenomenex Gemini NX-C18 column (250 mm × 4.6 mm × 5 μm) at a flow 

rate of 1.0 mL/min. The retention time of the final product is reported using 

a gradient method of 10-90% solvent B in solvent A over 30 min. (Solvent 

A = 0.01% formic acid in H2O, solvent B = 0.01% formic acid in CH3CN 

(Method E). Purity was also verified on an analytical reverse-phase Agilent 

HPLC system coupled directly to a photodiode array detector and using a 

Zorbax Eclipse Plus C18 Rapid resolution 4.6 × 100 mm, 3.5 μm column 

using the following solvent system: buffer A, 0.1% TFA in H2O; buffer B, 

0.1% TFA in CH3CN. The elution was performed on a gradient of 95% 

buffer A and 5% buffer A to 0% buffer A and 100% buffer B over 12 min 

at a flow rate of 1 mL/min (Method F). Final products were one single peak 

and >95% pure. 

General Procedure A: Amide coupling. A solution of respective 

carboxylic acid (1.0 equiv) in anhydrous DMF (0.5 mL) was stirred with 

DIPEA (1.10 equiv) and COMU (1.10 equiv) for 5 min at rt.  A solution 

of respective amine (1.10 equiv) was added to the reaction mixture and the 

resulting solution was stirred at rt for 15-60 min. Upon completion of the 

reaction, the solvent was evaporated to dryness. The residue was taken up 

in EtOAc and washed with 1 M aq. HCl, sat. NaHCO3, and brine. The 

organic layer was collected, dried over anhydrous MgSO4, filtered, and 

evaporated to dryness. The resulting residue was purified by flash column 

chromatography as indicated.  

General Procedure B: Phenyl esters synthesis. To a solution of respective 

carboxylic acid (1.0 equiv) in anhydrous DMF (0.25 mL), was added a 

solution of 2-bromo-1-ethyl-pyridinium tetrafluoroborate (BEP) (0.8 equiv) 

and DIPEA (10 mg) in anhydrous DMF (0.25 mL). After stirring for 15 min 

in the dark, this solution was added to a solution of respective 3-fluoro-4-

hydroxybenzamido congener (1.0 equiv) in anhydrous DMF (0.3 mL). After 

stirring under the exclusion of light for 16 h, the solvent was evaporated to 

dryness under high vacuum. Purification by semi-preparative RP-HPLC and 

subsequent lyophilization yielded the pure ligand-directed label as a bright 
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blue or off-white solid (for all evaporation steps the water bath was set to < 

32 OC). 

General Procedure C: Deprotection of tert-Butyl Carbamate (Boc-

Group). To the respective Boc-protected amine (1 equiv) was added an 

excess of 4 M HCl in dioxane (1 mL). The resulting mixture was stirred at rt. 

for 30 min. Upon completion of the reaction, monitored by TLC and 

LC/MS, the solvent was evaporated to dryness to give the corresponding 

amine as its HCl salt, which was used for the subsequent step without further 

purification.  

General Procedure D: Syntheses of the Fluorescent Ligands. The 

respective amine congener (as HCl salt) (1.1 equiv) was dissolved in DMF 

(0.5 mL), treated with DIPEA (3 equiv), and reacted with the desired 

fluorophore-NHS (0.5 mg, 1 equiv). The resulting mixture was stirred at rt. 

under the exclusion of light for 15−60 min. Upon completion of the 

reaction, monitored by TLC and LC/MS, the solvent was removed in vacuo 

and the residue was dissolved in a mixture of 1:1 CH3CN/H2O. Purification 

by reverse-phase preparative HPLC and subsequent lyophilization yielded 

the pure fluorescent ligand as a bright blue or orange solid. 

 

7.1.2 Methods Chapter 2 
 

N-(2-Amino-6-chloro-5-formylpyrimidin-4-

yl)furan-2-carbohydrazide (2.2). 2-Amino-4,6-dichloropyrimidine-5-

carbaldehyde (0.5 g, 2.6 mmol, 1 equiv.) was dissolved in anhydrous THF 

(20 mL). To the resulting mixture was added Et3N (0.26 g, 2.86 mmol, 1.1 

equiv.) followed by 2- furoic hydrazide (0.36 g, 2.86 mmol, 1.1 eq.). The 

above mixture was heated to 70°C for 3 h. The mixture was then evaporated 

in vacuo to give intermediate 2.2 as yellow solid which was used for the next 

reaction without further purification.  

 

N
N
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H
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LC-MS m/z calc. for C10H9ClN5O3 [MH]+ 282.04; found 282.10, tR= 

2.09min (Method A) 

 

N-(6-Amino-1-(2-hydroxyethyl)-1H-

pyrazolo[3,4-d]pyrimidin-4-yl)furan-2-carbohydrazide (2.3). To a 

solution of N-(2-amino-6-chloro-5-formylpyrimidin-4-yl)furan-2-

carbohydrazide (1 equiv.) in CH3CN/water (10:2.5 mL) was added 2-

hydrazinoethanol (0.35 mL, 5.2 mmol, 2 equiv.). The mixture was heated to 

reflux for 2.5 h. The solution was allowed to cool at RT. 0.1M HCl (5 mL) 

was added to the reaction mixture. Afterwards, the solution was evaporated 

in vacuo to 5mL and left overnight for a solid to appear. Water (10 mL) was 

added and the solid was collected by filtration. The solid was further washed 

with CH3CN and Et2O. The solid was dissolved in MeOH and the solution 

was evaporated azeotropically with toluene to give the desired compound 

2.3 which was used for the next step without any further purification.  

 

LC-MS m/z calc. for C12H14N7O3 [MH]+ 304.12; found 304.10, tR = 0.61 

min (Method A). 

 

 7-(2-Halooethyl)-2-(furan-2-yl)-7H-

pyrazolo[4,3-e][1,2,4]triazolo[1,5-c]pyrimidin-5-amine (R = Cl and 

Br). Intermediate 2.3 N-(6-amino-1-(2-hydroxyethyl)-1H-pyrazolo[3,4-

d]pyrimidin-4-yl)furan-2-carbohydrazide (0.550 g, 1.8 mmol, 1 equiv.) was 

dissolved in POCl3 (4 mL). To the resulting mixture was added ZnBr2 (0.1 

g). The mixture was heated to 80°C for 5 h. Then, POCl3 was evaporated, 

water (ice) was added and the resulting aqueous solution was extracted with 

EtOAc. Organic layers were collected, dried over Na2SO4 anhydrous, 

filtered and evaporated to dryness. Purification by flash column 
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chromatography on silica gel using 2:1 EtOAc/Pet. Spirits gave a mixture 

of intermediates 2.4a and 2.4b as a pale yellow solid (0.11 g, 11%).  

 

LC-MS m/z calc. for C12H11Cl35N7O [MH]+ 304.07; found 304.10; calc. for 

C12H10Br79N7O [MH]+ 348.02; found 348.10, C12H10Br81N7O [MH]+ 350.02; 

found 350.10, tR = 2.50 min (Method A). 

 

 1H NMR (DMSO-d6) δ 8.23 (s, J = 1.0 Hz, 1H, Ar-pyraz), 8.14 (br s, 2H, 

NH2), 7.95 (d, J = 1.8 Hz, 1H, H-fur), 7.24 (d, J = 3.3 Hz, 1H, H-fur), 6.74 

(dd, J = 3.4, 1.8 Hz, 1H, H-fur), 4.66 (t, J = 6.2 Hz, 1H, CH2Br), 4.60 (t, J 

= 5.9 Hz, 2H, CH2Cl), 4.09 (t, J = 5.9 Hz, 2H, CH2CH2Cl), 3.94 (t, J = 6.2 

Hz, 1H, CH2CH2Br). 

 

 2-(2-((tert-

Butoxycarbonyl)amino)ethoxy)ethyl 4-methylbenzenesulfonate (2.5). 

tert-Butyl (2-(2-hydroxyethoxy) ethyl) carbamate (1 g, 4.87 mmol, 1 equiv.) 

was dissolved in DCM (20 mL). To the resulting mixture were added 

DIPEA (2.5 mL, 3 equiv.), DMAP (5%mol) and TsCl (1.85 g, 9.74 mmol, 

1.3 equiv.). The mixture was stirred at RT overnight. The solution was 

concentrated under reduced pressure to a volume of 5mL. Purification by 

flash column chromatography on silica gel using a gradient of 0à4% 

MeOH/DCM gave the desired product as colourless oil (1.5 g, 86%). 

 

LC-MS m/z calc. for C16H26NO6S [MH]+360.15; found 360.10; tR = 

2.51min (Method A). 

 
1H NMR (CDCl3) δ 7.80 (d, J = 8.0 Hz, 2H, Ar-H), 7.35 (d, J = 7.96 Hz, 

2H, Ar-H), 4.80 (br s, 1H, NH), 4.16 (t, J = 4.1 Hz, 2H, -CH2O), 3.63 (t, J 

= 4.3 Hz, 2H, -CH2O), 3.45 (t, J = 4.4 Hz, 2H, -CH2O), 3.24 (q, J = 5.4 Hz, 

2H, -CH2NH), 2.45 (s, 3H, Ar-CH3), 1.45 (s, 9H, Boc). 

 
13C NMR (CDCl3) δ 155.9 (NHC=O), 145.0 (C), 133.1 (C), 129.9 (Ar-H), 

128.1 (Ar-H), 79.4 (C), 70.4 (CH2O), 69.2 (CH2O), 68.4 (CH2O), 40.3 

(CH2NH), 28.5 (Boc), 21.7 (CH3). 

BocHN O OTs
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 Benzyl 4-(4-hydroxyphenyl)piperazine-1-

carboxylate (2.8). Benzyl chloroformate (0.793 mL, 5.6 mmol, 1 equiv.) 

was added to a stirred suspension of 4-(piperazin-1-yl) phenol and K2CO3 

in DMF (8 mL). Water was then added and the aqueous layer was extracted 

with EtOAc. The organic layer was further washed with water (x3), dried 

over anhydrous Na2SO4, filtered and evaporated to dryness. Purification by 

flash column chromatography on silica using 40% EtOAc/Pet. ether gave 

the desired product as pale beige pink solid. (1.2 g, 66%). 

 

LC-MS m/z calc. for C18H21N2O3 [MH]+ 313.15; found 313.10; tR = 2.51 

min (Method A). 

 
1H NMR (CDCl3) δ 7.39 – 7.31 (m, 5H, Ar-H), 6.85 (d, J = 8.4 Hz, 2H, Ar-

H), 6.77 (d, J = 7.6 Hz, 2H, Ar-H), 5.17 (br s, 1H, NH), 5.00 (s, 2H, -CH2), 

3.66 (t, J = 4.63 Hz 4H, CH2piperaz), 3.01 (m, 4H, CH2piperaz).  

 
13C NMR (CDCl3) δ 155.1 (OC=O), 136.4 (Ar-C), 128.4 (Ar-CH), 127.9 

(Ar-CH), 127.8 (Ar-CH), 119.1 (Ar-CH), 115.8 (Ar-CH), 67.1 (CH2), 50.9 

(CH2-piperaz), 43.7 (CH2-piperaz) (two quaternary carbons in the phenol 

ring not observed). 

 

 Benzyl 4-(4-(2-(2-((tert-

butoxycarbonyl)amino)ethoxy)ethoxy)phenyl)piperazine-1-

carboxylate (2.9i) Compound 2.8 (0.36 g, 1.16 mmol) was dissolved in 

CH3CN (10 mL). K2CO3 (0.5 g) was subsequently added to the reaction 

mixture followed by compound 2.6 (0.416 g, 1.16 mmol, 1 equiv.). The 

resulting mixture was heated to 100°C and held at this temperature for 6 h. 

The reaction was allowed to cool, Et2O was added and the mixture was 

washed with 1M NaOH (x3). The organic layer was collected and 

evaporated to dryness. Purification by flash column chromatography on 

HO N NCbz
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silica using 60% EtOAc/Pet. ether gave the final product as an off-white 

solid (0.2 g, 40%).  

 

LC-MS m/z calc. for C27H38N3O6 [MH]+ 500.28; found 500.10; tR = 3.02 

min (Method A). 
 

1H NMR (CDCl3) δ 7.40 – 7.32 (m, 5H, Ar-H), 6.88 (s, 4H, Ar-H), 5.16 (s, 

2H, Ar-H), 4.98 (br s, 1H, NH), 4.07 (t, J = 4.3Hz, 2H, -CH2O), 3.79 (t, J = 

4.5Hz, 2H, -CH2O), 3.66 (t, J = 4.8 Hz, 4H, CH2piperaz), 3.60 (t, J = 4.8Hz, 

2H, -CH2O), 3.34 (q, J = 4.6 Hz, 2H, -CH2NH), 3.07 – 2.97 (m, 4H, 

CH2piperaz), 1.44 (s, 9H, Boc). 
 

13C NMR (CDCl3) δ 155.4 (NHC=O), 150.1 (OC=O), 141.3 (2xC), 136.4 

(C-Ar), 128.4 (Ar-CH), 127.9 (Ar-CH), 127.79 (Ar-CH), 119.1 (Ar-CH), 

115.3 (Ar-CH), 79.2 (C), 70.2 (CH2O), 69.4 (CH2O), 67.6 (CH2O), 67.1 

(CH2), 50.7 (CH2-piperaz), 43.7 (CH2-piperaz), 40.2 (CH2NH), 28.2 (Boc). 

 

 

tert-Butyl (2-(2-(4-

(piperazin-1-yl)phenoxy)ethoxy)ethyl)carbamate (2.9ii) Compound 

2.9i (0.2 g, 1 equiv.) was dissolved in EtOH (4 mL) and the resulting mixture 

was stirred at RT under a nitrogen atmosphere. Pd/C 11% w/w was added 

to the reaction mixture and the flask was evacuated and replaced with a H2 

atmosphere. The reaction was stirred at RT for 3h. The completion of the 

reaction was confirmed by TLC. The mixture was then filtered through 

CeliteTM and the pad was washed with EtOH (40 mL) and DCM (40 mL x 

3). The filtrate was collected and concentrated under reduced pressure to 

give the pure product as an off-white solid (0.12 g, 82%).  

 

LC-MS m/z calc. for C19H32N3O4 [MH]+ 366.24; found 366.10; tR = 2.12 

min (Method A). 
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1H NMR (CDCl3) δ 6.92 – 6.84 (m, 4H, Ar-H), 5.00 (brs, 1H, -NH), 4.07 

(t, J = 4.4 Hz, 2H, -CH2O), 3.79 (t, J = 4.4 Hz, 2H, -CH2O), 3.60 (t, J = 4.4 

Hz, 2H, -CH2O), 3.33 (q, J = 4.8 Hz, 2H, -CH2NH), 3.05 (s, 6H, -

CH2piperaz), 2.14 (br s, 2H, CH2piperaz)1.44 (s, 9H, Boc). 

13C NMR (CDCl3) δ 156.1 (NHC=O), 153.1 (C), 146.5 (C), 118.4 (Ar-CH), 

115.5 (Ar-CH), 79.4 (C-Boc), 70.5 (CH2O), 69.7 (CH2O), 67.9 (CH2O), 51.7 

(CH2-piperaz), 46.2 (CH2-piperaz), 40.5 (CH2NH), 28.5 (Boc). 

 

 

 

 

 tert-

Butyl (2-(2-(4-(4-(2-(5-amino-2-(furan-2-yl)-7H-pyrazolo[4,3-

e][1,2,4]triazolo[1,5-c]pyrimidin-7-yl)ethyl)piperazin-1-

yl)phenoxy)ethoxy)ethyl)carbamate (2.10) tert-Butyl (2-(2-(4-(piperazin-1-

yl)phenoxy)ethoxy)ethyl)carbamate (30 mg, 0.9 μmol, 1 equiv.) and 2.4a-b 

(40 mg, 0.11x10-5 mol, 1 equiv.) were dissolved in DMF (0.5 mL) prior to the 

addition of DIPEA (4 equiv., 0.4 mL). The resulting mixture was heated and 

held at 100 °C overnight. Completion of the reaction was confirmed by TLC. 

The solution was further dissolved in EtOAc and washed with water (x3). 

The organic layer was collected and concentrated under reduced pressure. 

Purification by flash column chromatography on silica using DCM:MeOH 

(96:4) gave the pure compound as a pale yellow solid (12 mg, 19%).  

 

LC-MS m/z calc. for C31H41N10O5 [MH]+ 633.33; found 633.10; tR = 2.12 

min (Method A). 
 

1H NMR (CDCl3) δ 8.18 (s, 1H, Ar-pyraz), 7.53 (d, J = 1.8 Hz, 1H, Ar-furan), 

7.21 (d, J = 3.4 Hz, 1H, Ar-furan), 6.88 – 6.81 (m, 4H, Ar), 6.56 (dd, J = 3.5, 

1.8 Hz, 1H, Ar-furan), 6.45 (brs, 2H, -NH2), 5.01 (brs, 1H, -NH), 4.53 (t, J = 

OO
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6.42 Hz, 2H, -CH2), 4.05 (t, J = 3.72 Hz, 2H, -CH2O), 3.78 (t, J = 4.2 Hz, 2H, 

-CH2O), 3.59 (t, J = 4.1 Hz, 2H, -CH2O), 3.33 (q, J = 5.1 Hz, 2H, -CH2NH), 

3.14 – 3.07 (m, 4H, H-piperaz), 2.98 (t, J = 6.00 Hz, 2H, -CH2-piperaz), 2.78 

– 2.69 (m, 4H, H-piperaz), 1.43 (s, 9H, Boc). 
 

13C NMR (CDCl3) δ 156.7(C-NH2), 156.1(NHC=O), 152.9 (C), 149.3(C), 

148.3 (C), 145.9 (C), 145.5 (C), 145.5 (CH), 144.7 (CH), 132.3 (CH-pyraz), 

118.1(Ar-CH), 115.5 (Ar-CH), 112.7 (C), 112.1 (C), 97.4 (CH), 79.4 (C-Boc), 

70.5 (CH2O), 69.7 (CH2O), 67.9 (CH2O), 57.0 (CH2), 53.4 (CH2-piperaz), 50.4 

(CH2-piperaz), 45.3 (CH2), 40.5 (CH2NH), 28.5 (Boc).  

 

7-(2-(4-

(4-(2-(2-Aminoethoxy) ethoxy) phenyl) piperazin-1-yl) ethyl)-2-(furan-

2-yl)-7H-pyrazolo[4,3-e][1,2,4]triazolo[1,5-c]pyrimidin-5-amine (2.11) 

Compound 2.10 (12 mg, 1 eq.) was dissolved in 4 M HCl in dioxane (1 mL). 

The completion of the reaction was confirmed by TLC and LC-MS after 

30min. The solvent was removed under reduced pressure and the compound 

was used in the next synthetic step without further purification. (10 mg, 

quantitative 100%). 

 

LC-MS m/z calc. for C26H33N10O3 [MH]+ 533.27; found 533.10; tR = 1.85 

min (Method A). 

 

 
(E)-N-(2-(2-(4-(4-(2-(5-Amino-2-(furan-2-yl)-7H-pyrazolo[4,3-

e][1,2,4]triazolo[1,5-c]pyrimidin-7-yl)ethyl)piperazin-1-

yl)phenoxy)ethoxy)ethyl)-6-(2-(4-(2-(5,5-difluoro-7-(thiophen-2-yl)-
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5H-5l4,6l4-dipyrrolo[1,2-c:2',1'-f][1,3,2]diazaborinin-3-

yl)vinyl)phenoxy)acetamido)hexanamide (2.12). Following general 

procedure D, amine congener 2.11 (0.5 mg, 1 equiv.) was converted to the 

BODIPY630/650–X conjugate 2.12. Purification by RP-HPLC (Method C) 

gave, after lyophilization, the title compound as a blue solid (1.1 mg 98%).  

 

Analytical RP-HPLC tR =15.48 min (Method E), purity >98%.  

 

HRMS (ESI-TOF) calc. for C55H59BF2N13O6S [M+H]+1078.4488; found 

1078.4508 and 1100.4307 [M+Na]. 

(E)-N-(2-(2-(4-(4-(2-(5-Amino-2-(furan-2-yl)-7H-pyrazolo[4,3-

e][1,2,4]triazolo[1,5-c]pyrimidin-7-yl)ethyl)piperazin-1-

yl)phenoxy)ethoxy)ethyl)-2-(4-(2-(5,5-difluoro-7-(thiophen-2-yl)-5H-

4l4,5l4-dipyrrolo[1,2-c:2',1'-f][1,3,2]diazaborinin-3-

yl)vinyl)phenoxy)acetamide (2.13). Following general procedure D, amine 

congener 2.11 (1 equiv., 0.5 mg) was converted to the BODIPY630/650 

conjugate 2.13. Purification by RP-HPLC (Method C) gave, after 

lyophilization, the title compound as a blue solid (1 mg, 56%). 

 

Analytical RP-HPLC tR =15.30 min (Method E), purity >99%. 

 

HRMS (TOF ES+) calc. for C49H48BF2N12O5S, [M+H]+ 965.3574; found 

965.3593. 

N-(2-(2-(4-(4-(2-(5-Amino-2-(furan-2-yl)-7H-pyrazolo[4,3-

e][1,2,4]triazolo[1,5-c]pyrimidin-7-yl)ethyl)piperazin-1-

O
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yl)phenoxy)ethoxy)ethyl)-6-(3-(5,5-difluoro-7,9-dimethyl-5H-4l4,5l4-

dipyrrolo[1,2-c:2',1'-f][1,3,2]diazaborinin-3-

yl)propanamido)hexanamide (2.14). Following general procedure D, 

amine congener 2.11 (1 equiv., 0.5 mg) was converted to the BODIPY-FL–

X conjugate 2.14. Purification by RP-HPLC (Method C) gave, after 

lyophilization, the title compound as an orange solid, (1.2 mg, 70%). 

 

Analytical RP-HPLC tR =13.04 min (Method E) purity >99%. 

 

HRMS (TOF ES+) calc. for C46H57BF2N13O5, [MH]+ 920.4588, found 

920.4660. 

 

N-(2-(2-

(4-(4-(2-(5-Amino-2-(furan-2-yl)-7H-pyrazolo[4,3-e][1,2,4]triazolo[1,5-

c]pyrimidin-7-yl)ethyl)piperazin-1-yl)phenoxy)ethoxy)ethyl)-3-(5,5-

difluoro-7,9-dimethyl-5H-4l4,5l4-dipyrrolo[1,2-c:2',1'-

f][1,3,2]diazaborinin-3-yl)propanamide (2.15).  Following general 

procedure D, amine congener 2.11 (1 equiv., 0.5 mg) was converted to the 

BODIPY–FL conjugate 2.15. Purification by RP-HPLC (Method C) gave, 

after lyophilization, the title compound as an orange solid (0.7 mg, 100%). 

Analytical RP-HPLC tR =13.13 min (Method E), purity >99%. 

HRMS (TOF ES+) calc. for C40H46BF2N12O4, [MH]+ 807.3821, found 

807.3820 and calc. for C40H45BF2N12O4Na [M+Na] 829.3640, found 

829.3627. 
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1-(6-

((2-(2-(4-(4-(2-(5-Amino-2-(furan-2-yl)-7H-pyrazolo[4,3-

e][1,2,4]triazolo[1,5-c]pyrimidin-7-yl)ethyl)piperazin-1-

yl)phenoxy)ethoxy)ethyl)amino)-6-oxohexyl)-3,3-dimethyl-2-((1E,3E)-

5-((E)-1,3,3-trimethyl-5-sulfoindolin-2-ylidene)penta-1,3-dien-1-yl)-

3H-indol-1-ium-5-sulfonate (2.16). Following general procedure D, amine 

congener 2.11 (1 equiv., 0.5 mg) was converted to Sulfo-Cyanine-5 conjugate 

2.16. Purification by RP-HPLC (Method C) gave, after lyophilization, the title 

compound as bright blue solid (1.9 mg, 100%).  

Analytical RP-HPLC tR=12.41 min (Method E) purity >99%. 

HRMS (TOF ES-) C58H68N12O10S2, [MH]- calculated 1155.4550, found 

1155.4547 

3-

(6-((2-(2-(4-(4-(2-(5-Amino-2-(furan-2-yl)-7H-pyrazolo[4,3-

e][1,2,4]triazolo[1,5-c]pyrimidin-7-yl)ethyl)piperazin-1-

yl)phenoxy)ethoxy)ethyl)amino)-6-oxohexyl)-2-((1E,3E)-5-((E)-3,3-

dimethyl-5-sulfo-1-(3-sulfopropyl)indolin-2-ylidene)penta-1,3-dien-1-

yl)-3-methyl-5-sulfo-1-(3-sulfopropyl)-3H-indol-1-ium (2.17). Following 

general procedure D, amine congener 2.11 (1 equiv., 0.5 mg) was converted 

N

N

SO3H

SO3

O N
H

O

O

N
NN

N

N
N

N

N

H2N

O

HO3S

HO3S

N

NO N
H

O

O

N
NN

N

N
N

N

N

H2N

O

SO3

SO3H



 174 

to the AlexaFluor647 conjugate 2.17. Purification by RP-HPLC (Method C) 

gave the title compound as bright blue solid (1.8 mg quantitative 100%). 

 

Analytical RP-HPLC tR =10.58 min (Method E) purity >99%. 

 

HRMS (TOF ES-) calc. for C62H76N12O16S4, [MH]- 1372.4355; found 

1372.4391 [M-2]- calculated 685.2120 found 685.2122. 

 

7.1.3 Methods Chapter 3 

 

 4,6-Dichloropyridin-2-amine (3.2).358 In a pressure 

vessel, 2,4,6-trichloropyridine (1 g, 5.5 mmol) was dissolved in a solution of 

NH3(15 mL). The vessel was sealed and heated for 24h at 155 OC. The 

reaction was then cooled at rt and the vessel was placed in an ice-bath and 

allow to vent slowly. The mixture was dissolved in H2O and extracted with 

DCM (3x150 mL). The organics were collected, dried over anhydrous 

MgSO4, filtered and concentrated in vacuo. Purification by flash 

chromatography with hexane/ethyl acetate 85:15 gave the desired product 

as off-white solid. (0.400 g, 45 %). 

 

LC-MS m/z calcd for C5H5Cl2N2[MH]+: 161.98, found 162.10 tR = 2.56 min 

(Method A) 
1H NMR (CDCl3) δ 6.68 (d, J = 1.4 Hz, 1H, Ar-H), 6.39 (d, J = 1.4 Hz, 1H, 

Ar-H), 4.74 (brs, 2H, NH2). 
 

13C NMR (CDCl3) δ 158.7 (CNH2), 150.3(CCl), 146.3 (CCl), 113.5(CH), 

106.2(CH). 

 

N

Cl

Cl NH2
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 4,6-Dichloro-3-nitropyridin-2-amine (3.3).359 At 0 
OC, to 2-amino-4,6 dichloropyridine (0.200 g, 1.2 mmol) was added conc. 

H2SO4 (1.5 mL), followed by conc. HNO3 (55 μL, 1.5 mmol, 1.2 equiv).The 

resulting mixture was stirred at 0 OC à 5 OC for 10h. Upon completion, the 

reaction was quenched in ice-water and neutralized with sat. NaHCO3 (pH 

= 7). The yellow precipitate was filtered, collected, adsorbed on isolute and 

concentrated to dryness. Purification by flash column chromatography with 

Petroleum ether/EtOAc 70:30 gave the pure product as yellow solid (0.195 

g, 76%). 

 

LC-MS m/z calc. for C5H4Cl2N3O2 [MH]+ 208.10 found 208.10, tR = 2.70 

min 

 
1H NMR (CDCl3) δ 6.83 (s, 1H, Ar-H), 6.24 (brs, 2H, NH2). 

 
13C NMR (CDCl3) δ 170.8 (C), 153.4 (C), 153.26 (C), 141.92 (C), 116.0 (CH).  

 

 3-Nitro-4,6-diphenylpyridin-2-amine (3.4).266 4,6-

Dichloro-3-nitropyridin-2-amine (0.100 g, 0.5 mmol, 1 equiv) was dissolved 

in toluene (2.5 mL). To the resulting mixture were added phenyl boronic acid 

(0.176 g, 1.4 mmol, 3 eq), tetrakis (triphenylphosphino) Pd (0) (29 mg, 25 

μmol, 0.052 eq), K2CO3 (99 mg, 0.72 mmol, 1.5 eq) and H20 (0.5 mL). The 

resulting mixture was heated in a MW reactor for 30 min at 150 O C. The 

solvent was evaporated and the residue adsorbed on isolute. Purification by 

flash column chromatography with Pet. Ether/EtOAc 9:1 afforded the pure 

product as yellow solid (0.100 g, 71%). 

N

Cl

Cl NH2

NO2

N NH2
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LC-MS m/z calc. for C17H14N3O2 [MH]+ 292.00 found 291.9, tR = 3.09 min 

 
1H NMR (CDCl3) δ 8.04 – 7.98 (m, 2H, Ar-H), 7.50 – 7.42 (m, 6H, Ar-H), 

7.39 – 7.34 (m, 2H, Ar-H), 7.10 (s, 1H, Ar-H), 6.17 (brs, 2H, NH2). 
 

13C NMR (CDCl3) δ 159.6 (C), 152.7 (C), 148.8 (C), 137.6 (C), 137.4 (C), 

130.5 (C), 128.9 (CH), 128.8 (CH), 128.8 (CH), 127.5 (CH), 127.1 (CH), 

113.8 (CH). 

 

4,6-Diphenylpyridine-2,3-diamine (3.5). To a 

solution of 3-nitro-4,6-diphenylpyridin-2-amine (0.100 g, 0.3 mmol, 1 equiv) 

in 30 mL of EtOH was added Pd/C 11% w/w. The reaction was stirred 

under N2 at rt. The supply of N2 was replaced with vacuum and this 

procedure was alternated three times. Ultimately the supply of N2 was 

replaced with H2 and the reaction was stirred at rt for 5h. Upon completion, 

the reaction mixture was filtered through celite and the pad was washed with 

EtOH and DCM. The filtrate was collected and concentrated in vacuo to 

give the pure product as yellow oil (yield 87 mg, 97%). 

 

LC-MS m/z calc. for C17H16N3[MH]+ 262.00 found 261.8 tR = 2.21 min 

 
1H NMR (CDCl3) δ 7.93 – 7.88 (m, 2H, Ar-H), 7.54 – 7.46 (m, 4H, Ar-H), 

7.45 – 7.37 (m, 3H, Ar-H), 7.34 – 7.28 (m, 1H, Ar-H), 7.10 (s, 1H, Ar-H), 

4.39 (br s, 2H, NH2), 3.50 (br s, 2H, NH2). 

 
13C NMR (CDCl3) δ 149.1(C), 146.3 (C), 139.8 (C), 137.7 (C), 135.4 (C), 

129.1 (C), 128.6 (CH), 128.5 (CH), 128.2 (CH), 127.6 (CH), 126.2 (CH), 

125.6 (CH), 113.9 (CH). 

N NH2

NH2
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 Benzyl 4-(5,7-diphenyl-1H-

imidazo[4,5-b]pyridin-2-yl)piperidine-1-carboxylate (3.6). A solution of 

1-((benzyloxy)carbonyl)piperidine-4-carboxylic acid (56 mg, 0.2 mmol, 1 

equiv) in dry DMF (0.3 mL) was treated with NEt3 (80 mL, 0.57 mmol, 3 

equiv), followed by PyBroP (89 mg, 0.2 mmol, 1 equiv). After 15 min the 

resulting mixture was added to a solution of 4,6-diphenylpyridine-2,3-

diamine (3.5) (50 mg, 0.2 mmol, 1.1 equiv) in dry DMF (0.5 mL) and stirred 

under N2 at rt overnight. Upon full conversion to the desired carboxamide 

product observed by LCMS (MH+) 507.10, the resulting mixture was stirred 

at 90 oC for 24 h until complete conversion to the desired cyclised product. 

The reaction was cooled to rt, diluted with EtOAc (5 mL), washed with H2O 

(2x10 mL), sat NaHCO3 (2x5 mL) and brine (2x5 mL). The organic layers 

were combined, dried over anhydrous MgSO4, filtered and concentrated to 

dryness. Purification by flash column chromatography on silica gel with 

DCM/MeOH 98:2 afforded the pure product as colourless film (35 mg, 

38%). 

 

LC-MS m/z calc. for C31H29N4O2 [MH]+ 489.00 found 489.00 tR = 3.11 min 

 
1H NMR (CDCl3) δ 12.08 (brs, 1H, NH-imidazole), 8.24 (d, J = 6.7 Hz, 2H, 

Ar-H), 8.06 (d, J = 7.0 2H, Ar-H), 7.84 (s, 1H, Ar-H), 7.58 – 7.51 (m, 4H, 

Ar-H), 7.49 – 7.43 (m, 2H, Ar-H), 7.37 – 7.30 (m, 5H, Ar-H), 5.12 (s, 2H, 

benzyl-CH2), 4.19 – 4.05 (m, 2H, CH2 piperidine), 2.69 – 2.56 (m, 3H, CH + 

CH2 piperidine), 1.89 – 1.80 (m, 2H, CH2 piperidine), 1.79 – 1.66 (m, 2H, 

CH2 piperidine). 

 
13C NMR (CDCl3) δ 167.1(C), 159.0 (C), 155.1 (C=O), 152.1 (C), 140.3 (C), 

139.8 (C), 136.8 (C), 136.0 (C), 129.3 (CH), 129.2 (CH), 128.8 (CH), 128.5 

N N

H
N

N Cbz
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(CH), 128.0 (CH), 127.9 (CH), 127.6 (CH), 114.6 (CH), 67.1 (benzyl-CH2), 

43.4 (CH piperidine), 36.4 (CH2 piperidine), 30.1 (CH2 piperidine). 

 

 tert-Butyl ((1r,4r)-4-(5,7-

diphenyl-1H-imidazo[4,5-b]pyridin-2-yl)cyclohexyl)carbamate (3.8). 

A solution of trans-4-(Boc-amino) cyclohexane carboxylic acid (20 mg, 82 

mmol, 1 equiv) in CH3CN (0.5 mL) was treated with N-methyl imidazole (23 

mL, 0.29 mmol, 3.5 equiv), followed by 2-bromo-1-ethyl pyridinium 

tetrafluoroborate (BEP) (27 mg, 99 mmol, 1.2 equiv. To the resulting mixture 

was added a solution of 4,6-diphenylpyridine-2,3-diamine (3.5) in CH3CN 

(0.5 mL) and the resulting solution was stirred at rt for 24 h. The solution 

was concentrated to dryness and the crude product was dissolved with 

toluene. The resulting mixture was heated to 97 oC overnight until complete 

conversion to the desired cyclised product was observed. The solvent was 

evaporated in vacuo. Purification by preparative TLC with DCM/MeOH 97:3 

afforded the desired product as colourless film (15 mg, 35%).  

 

LC-MS m/z calc. for C29H33N4O2 [MH]+ 469.00 found 469.00 tR =2.99 min 

 
1H NMR (CDCl3) δ 12.70 (br s, 1H, NH-imidazole), 8.26 (d, J = 7.1 Hz, 2H, Ar-

H), 8.09 (d, J = 7.2 Hz, 2H, Ar-H), 7.84 (s, 1H, Ar-H), 7.58 – 7.51 (m, 4H, Ar-H), 

7.50 – 7.43 (m, 2H, Ar-H), 4.31 (d, J = 8.0 Hz, 1H, NHCO), 3.36 – 3.20 (m, 1H, 

CH cyclohexane), 2.43 – 2.29 (m, 1H, CH cyclohexane), 1.97 – 1.83 (m, 4H, CH2 

cyclohexane), 1.63 – 1.50 (m, 2H, CH2 cyclohexane), 1.46 (s, 9H, Boc), 0.93 – 

0.74 (m, 2H, CH2 cyclohexane). 

 

13C NMR (CDCl3) δ 160.2 (C), 155.1(C=O), 151.8 (C), 150.2 (C), 140.3 (C), 139.6 

(C), 136.2 (C), 132.8(C), 129.3 (CH), 129.1 (CH), 129.0 (CH), 128.8 (CH), 128.7 

N N

H
N
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(CH), 127.7 (CH), 114.5 (CH), 79.0 (C), 48.9 (CH), 37.7 (CH), 32.8 (CH2), 30.1 

(CH2), 28.5 (CH3 Boc). 

 Methyl 2,2-dimethyl-4-oxo-3,8,11-trioxa-5-

azatridecan-13-oate (3.17). Under N2, tert-Butyl (2-(2-

hydroxyethoxy)ethyl)carbamate (0.500 g, 2.43 mmol, 1 equiv) was dissolved 

in anhydrous THF (30 mL) and cooled to 0 oC. To the solution was added 

NaH 60% mineral oil (0.146 g, 13.66 mmol, .5 equiv) portionwise and the 

mixture was stirred for 30 min. Methyl bromoacetate (0.447g, 2.92 mmol, 1.2 

equiv) was added, followed by NaI (5% mol) and the resulting mixture was 

stirred overnight. The mixture was diluted with H2O (30 mL) and extracted 

with DCM (30 mL). The organic layer was washed with brine, dried over 

anhydrous MgSO4, filtered and concentrated to dryness. Purification by flash 

column chromatography with Petroleum ether/EtOAc 4:6 gave the pure 

product as colourless oil (0.300 g, 42%). 

 
1H NMR (CDCl3) δ 5.02 (s, 1H, NH), 4.14 (s, 2H, CH2), 3.74 (s, 3H, CH3), 

3.73 – 3.68 (m, 2H, CH2), 3.66 – 3.61 (m, 2H, CH2), 3.52 (t, J = 5.2 Hz, 2H, 

CH2), 3.29 (q, J = 5.5 Hz, 2H, CH2), 1.42 (s,9H, Boc). 

 
13C NMR (CDCl3) δ 170.8 (C=O), 156.0 (C=O), 79.2 (C), 70.9(CH2), 70.3 

(CH2), 70.3 (CH2), 68.6 (CH2), 51.8 (CH2), 40.3 (CH2), 28.4 ((CH3)3 Boc). 

 

 2,2-Dimethyl-4-oxo-3,8,11-trioxa-5-

azatridecan-13-oic acid (3.18). Methyl 2,2-dimethyl-4-oxo-3,8,11-trioxa-5-

azatridecan-13-oate (0.300 g, 1.03 mmol, 1 equiv) was dissolved in THF (25 

mL) and to the resulting mixture was added a solution of LiOH (0.216 g, 5.2 

mmoL, 5 equiv) in H2O (25 mL). The reaction mixture was stirred at rt for 

3h. Upon completion of the reaction monitored by TLC, the organic layer 

was removed in vacuo and the water layer was extracted with EtOAc (2x 10 

mL). The aqueous layer was separated and acidified with 2 M HCl until pH 

O
O

O NH

O O
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O
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= 3-4. The aqueous layer was extracted with EtOAc and the organic phase 

was separated, dried over anhydrous MgSO4, filtered and evaporated to 

dryness to give the pure product as colourless oil (0.186 g, 69%). 

 
1H NMR (CDCl3) δ 6.92 (br s, 1H, OH), 5.04 (s, 1H, NH), 4.16 (s, 2H, CH2), 

3.78 – 3.71 (m, 2H, CH2), 3.69 – 3.63 (m, 2H, CH2), 3.56 (t, J = 5.6 Hz, 2H, 

CH2), 3.38 – 3.22 (m, 2H, CH2), 1.43 (s, 9H, Boc). 
 

13C NMR (CDCl3) δ 173.2 (C=O), 156.2 (C=O), 79.5 (C), 71.2 (CH2), 70.5 

(CH2), 70.1 (CH2), 68.6 (CH2), 40.3 (CH2), 28.4 ((CH3)3 Boc). 

 

tert-Butyl (2-(2-(2-(4-

(5,7-diphenyl-1H-imidazo[4,5-b]pyridin-2-yl)piperidin-1-yl)-2-

oxoethoxy)ethoxy)ethyl)carbamate (3.10). Benzyl 4-(5,7-diphenyl-1H-

imidazo[4,5-b]pyridin-2-yl)piperidine-1-carboxylate (3.6)(66 mg, 135 µmol, 

1 equiv) was dissolved in a mixture of MeOH (3 mL) and H2O (0.3 mL). To 

the resulting solution, under N2, was added Pd/C 11% w/w. The supply of 

N2 was replaced with vacuum and this procedure was alternated three times. 

Ultimately the supply of N2 was replaced with H2 and the reaction was stirred 

at rt for 1h. Upon completion, the reaction mixture was filtered through 

celite and the pad was washed with EtOH and DCM. The filtrate was 

collected and concentrated in vacuo to give the desired 5,7-diphenyl-2-

(piperidin-4-yl)-1H-imidazo[4,5-b]pyridine product as colourless oil (3.7) 

(yield 12 mg, 75%), which was used for the next step without further 

purification. LC-MS m/z calc. for C23H22N4 [MH]+ 355.2 found 355.2 tR = 

2.26 min. 5,7-diphenyl-2-(piperidin-4-yl)-1H-imidazo[4,5-b]pyridine product  

(3.7) (37 mg, 104 µmol, 1 equiv) was dissolved in anhydrous DCM (0.5 mL) 

and the resulting mixture was added to a previously reacted solution of 2,2-

dimethyl-4-oxo-3,8,11-trioxa-5-azatridecan-13-oic acid (3.18) (30 mg, 104 

mmol, 1 equiv), DIPEA (55 mL, 300 µmol, 3 equiv) and PyBroP  (58 mg, 
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100 µmol, 1.2 equiv) in anhydrous DCM (0.5 mL).The resulting mixture was 

stirred at RT for 4h under N2. Upon completion of the reaction, the solution 

was washed with sat. NaHCO3 (2x5 mL) and brine (1x 10 mL). The organic 

layer was dried over anhydrous MgSO4, filtered and concentrated to dryness. 

Purification by flash column chromatography with DCM/MeOH 98:2 

yielded the pure product as colourless film (44 mg, 70%) 

 

LC-MS m/z calc. for C34H42N5O5 [MH]+ 600.00 found 599.9 tR = 2.88min  
 

1H NMR (CDCl3) δ 13.03 (brs, 1H, NH-imidazole), 8.24 (d, J = 7.0 Hz, 2H, 

Ar-H), 8.09 (d, J = 7.2 Hz, 2H, Ar-H), 7.84 (s, 1H, Ar-H), 7.60 – 7.52 (m, 

4H, Ar-H), 7.52 – 7.44 (m, 2H, Ar-H), 5.15 (br s, 1H, NHCO), 4.50 – 4.36 

(m, 1H, CH piperidine), 4.21 (d, J = 12.5 Hz, 1H, COHCHO), 4.15 (d, J = 

12.4 Hz, 1H, COHCHO), 3.92 – 3.81 (m, 1H, CH2 piperidine), 3.73 – 3.58 

(m, 4H,CH2), 3.52 (t, J = 4.9 Hz, 2H, CH2), 3.31 – 3.19 (m, 2H, CH2), 2.83 – 

2.73 (m, 1H,CH2 piperidine), 2.66 – 2.53 (m, 1H, CH2 piperidine), 2.43 – 2.31 

(m, 1H, CH2 piperidine), 1.86 – 1.64 (m, 4H, CH2 piperidine), 1.39 (s, 9H, 

Boc). 

 

13C NMR (CDCl3) δ167.6 (C), 158.9 (C), 156.2 (C=O), 152.2 (C), 150.3 (C), 

140.5 (C), 136.2 (C), 132.9 (C), 129.4 (CH), 129.3 (CH), 128.9 (CH), 127.8 

(CH), 114.7 (CH), 79.2 (C), 70.7 (CH2), 70.3 (CH2), 44.7(CH2), 41.6 (CH), 

40.4 (CH2), 36.6 (CH2), 29.8 (CH2), 28.5. (one carbonyl carbon not observed), 

 

tert-Butyl (2-(2-(2-

(((1r,4r)-4-(5,7-diphenyl-1H-imidazo[4,5-b]pyridin-2-

yl)cyclohexyl)amino)-2-oxoethoxy)ethoxy)ethyl)carbamate (3.12). tert-

Butyl ((1r,4r)-4-(5,7-diphenyl-1H-imidazo[4,5-b]pyridin-2-

yl)cyclohexyl)carbamate (3.8) (18 mg, 380 µmol, 1 equiv) was treated with 4 

M HCl in dioxane for 45 min. Evaporation of the solvent in vacuo yielded 

the desired (1r,4r)-4-(5,7-diphenyl-1H-imidazo[4,5-b]pyridin-2-

O
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yl)cyclohexan-1-aminium chloride product (3.9) as off-white solid, which 

was used for the next step without further purification. LC-MS m/z calc. 

for C24H25N4 [MH]+ 369.20 found 369.00 tR = 2.24 min.  

2,2-dimethyl-4-oxo-3,8,11-trioxa-5-azatridecan-13-oic acid (3.18) (11 mg, 41 

µmol, 1 equiv), DIPEA (55 mL, 40 µmol, 3 equiv) and PyBroP (19 mg, 40 

µmol, 1.05 equiv) were reacted in anhydrous DCM (0.5 mL) for 15 min. 

Subsequently, a solution of (1r,4r)-4-(5,7-diphenyl-1H-imidazo[4,5-

b]pyridin-2-yl)cyclohexan-1-aminium chloride product (3.9) ( 14 mg, 38 

µmol, 1 equiv) in anhydrous DCM (0.5 mL) was added to the flask and the 

resulting mixture was stirred at rt, under N2, for 3 h. Purification by 

preparative TLC with DCM/MeOH 96:4 afforded the desired product as 

colourless film (10 mg, 43%). 

 

LC-MS m/z calc. for C35H44N5O5 [MH]+ 614.00 found 614.00 tR = 2.98min 

 
1H NMR (CDCl3) δ 12.14 (br s, 1H, NH-imidazole), 8.20 (d, J = 7.0 Hz, 2H, 

Ar-H), 8.08 (d, J = 6.8 Hz, 2H, Ar-H), 7.82 (s, 1H, Ar-H), 7.57 – 7.40 (m, 

6H, Ar-H), 6.79 (d, J = 7.0 Hz, 1H, NH), 4.93 – 4.84 (m, 1H, CH), 4.26 (s, 

2H, COCH2O), 4.05 – 3.91 (m, 1H, CH), 3.75 – 3.68 (m, 2H, CH2), 3.68 – 

3.61 (m, 2H, CH2), 3.56 (t, J = 7.0 Hz, 2H, CH2), 3.39 – 3.30 (m, 2H, CH2), 

2.90 – 2.80 (m, 1H, CH), 2.15 – 2.03 (m, 4H, CH2 cyclohexane), 1.94 – 1.65 

(m, 4H, CH2 cyclohexane), 1.44 (s, 9H, Boc). 

 
13C NMR (CDCl3) δ 169.7 (C), 160.1(C), 155.9 (C=O), 151.8 (C), 150.1 (C), 

140.3 (C), 139.2 (C), 136.5 (C), 132.2 (C), 129.2 (CH), 128.8 (CH), 128.4 

(CH), 127.2 (CH), 114.1 (CH), 79.6 (C), 70.9 (CH2), 70.5 (CH2), 70.4 (CH2), 

69.9 (CH2), 47.5 (CH), 40.2 (CH2), 38.5 (CH2), 32.6 (CH2), 30.2 (CH2), 28.4 

(CH3 Boc). 
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N-(2-(2-(2-(4-(5,7-

Diphenyl-1H-imidazo[4,5-b]pyridin-2-yl)piperidin-1-yl)-2-

oxoethoxy)ethoxy)ethyl)acetamide (3.14). tert-Butyl (2-(2-(2-(4-(5,7-

diphenyl-1H-imidazo[4,5-b]pyridin-2-yl)piperidin-1-yl)-2-

oxoethoxy)ethoxy)ethyl)carbamate (3.10) (3 mg, 5 µmol, 1 equiv) was treated 

with 4M HCl in dioxane (0.7 mL) for 1 h and 30 min. After the removal of 

the solvent in vacuo, the resulting product (x), as HCl salt, was used for the 

subsequent step without further purification. LC-MS m/z calc. for 

C29H34N5O3 [MH]+ 500.0 found 500.00   tR = 2.28 min. 2-(2-(2-(4-(5,7-

Diphenyl-1H-imidazo[4,5-b]pyridin-2-yl)piperidin-1-yl)-2-

oxoethoxy)ethoxy)ethan-1-aminium chloride product (3.11) (2 mg, 4 µmol, 

1 equiv)  was dissolved in DMF (0.5 mL) and treated with DIPEA (2 mL, 12 

mmol, 3 equiv), followed by acetic acid N-hydroxysuccinimide ester (0.6 mg, 

4 µmol, 1 equiv). The resulting mixture was stirred at rt for 1 h. Upon 

completion of the reaction, the solvent was removed in vacuo and the crude 

product was purified by preparative TLC with DCM/MeOH 96:4. Pure 

product obtained as white waxy solid (1.9 mg, 95%). 

 

LC-MS m/z calc. for C31H36N5O4 [MH]+ 542.30 found 542.00   tR = 2.61 

min 

HRMS (TOF ES+) calcd for C31H36N5O4 [MH]+: 542.2762, found 542.2757; 

calcd for C31H35NaN5O4 [MH]+: 564.2581, found 564.2591 

 
1H NMR (CDCl3) δ 12.39 (br s, 1H, NH-imidazole), 8.22 (d, J = 7.0 Hz, 2H, 

Ar-H), 8.06 (d, J = 7.0 Hz, 2H, Ar-H), 7.84 (s, 1H, Ar-H), 7.59 – 7.51 (m, 

4H, Ar-H), 7.50 – 7.43 (m, 2H, Ar-H), 6.68 (br s, 1H, NHCO), 4.54 –  4.45 

(m, 1H, CH piperidine), 4.31 (d, J = 14.1 Hz, 1H, COHCHO), 4.14 (d, J = 

13.2 Hz, 1H, COHCHO), 3.95 – 3.85 (m, 1H, CH2 piperidine), 3.76 – 3.64 

(m, 4H, CH2), 3.62 – 3.55 (m, 2H, CH2), 3.47 – 3.38 (m, 2H, CH2), 2.95 – 

N N

H
N

N
O

O
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2.76 (m, 2H, CH2 piperidine), 2.56 – 2.44 (m, 1H, CH2 piperidine), 1.95 (s, 

5H, acetal -CH3 and cyclohexane-CH2 overlapping), 1.81 – 1.71 (m, 2H, 

cyclohexane-CH2 overlap with H2O peak). 

 
13C NMR (CDCl3) δ 170.9 (C=O), 167.8 (C), 158.6 (C), 152.4 (C), 150.1 (C), 

140.4 (C), 139.9 (C), 136.2 (C), 132.6 (C), 129.4 (CH), 129.3 (CH), 129.2 

(CH), 129.0 (CH), 128.9 (CH), 127.6 (CH), 114.8 (CH), 70.8 (CH2), 70.6 

(CH2), 70.3 (CH2), 69.9 (CH2), 44.9 (C=O), 41.8 (CH), 39.4 (CH2), 36.9 

(CH2), 30.6 (CH2), 23.2 (CH3). 

2-(2-(2-

Acetamidoethoxy)ethoxy)-N-((1r,4r)-4-(5,7-diphenyl-1H-imidazo[4,5-

b]pyridin-2-yl)cyclohexyl)acetamide (3.15). tert-Butyl (2-(2-(2-(((1r,4r)-4-

(5,7-diphenyl-1H-imidazo[4,5-b]pyridin-2-yl)cyclohexyl)amino)-2-

oxoethoxy)ethoxy)ethyl)carbamate (3.12) (5 mg, 8 µmol, 1 equiv) was treated 

with 4M HCl in dioxane (0.7 mL) for 1 h and 30 min. After the removal of 

the solvent in vacuo, the resulting product (3.13), as HCl salt, was used for 

the subsequent step without further purification. LC-MS m/z calc. for 

C30H36N5O3 [MH]+ 514.3 found 514.00   tR = 2.27 min. 2-(2-(2-(((1r,4r)-4-

(5,7-diphenyl-1H-imidazo[4,5-b]pyridin-2-yl)cyclohexyl)amino)-2-

oxoethoxy)ethoxy)ethan-1-aminium chloride (3.13) (4 mg, 8 µmol, 1 equiv) 

was dissolved in DMF (0.5 mL) and treated with DIPEA (4 mL, 23 µmol, 3 

equiv), followed by acetic acid N-hydroxysuccinimide ester (1.2 mg, 8 µmol, 

1 equiv). The resulting mixture was stirred at rt for 1 h. Upon completion of 

the reaction, the solvent was removed in vacuo and the crude product was 

purified by preparative TLC with DCM/MeOH 96:4. Pure product obtained 

as white waxy solid (1.4 mg, 33%). 

 

LC-MS m/z calc. for C32H38N5O4 [MH]+ 556.30 found 555.8 tR = 2.56min 

HRMS (TOF ES-) calcd for C32H36N5O4 [MH]-: 554.2773, found 554.2765; 
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1H NMR (CDCl3) δ 11.14 (br s, 1H, NH-imidazole), 8.20 (d, J = 7.2 Hz, 2H, 

Ar-H), 8.09 (d, J = 7.2 Hz, 2H, Ar-H), 7.83 (s, 1H, Ar-H), 7.57 – 7.42 (m, 

6H, Ar-H), 6.71 (d, J = 7.2 Hz, 1H, NH), 5.94 – 5.87 (m, 1H, CH), 4.21 (s, 

2H, COCH2O), 4.04 – 3.96 (m, 1H, CH), 3.76 – 3.72 (m, 2H, , CH2), 3.68 – 

3.64 (m, 2H, CH2), 3.56 (d, J = 4.7 Hz, 2H, CH2), 3.48 – 3.42 (m, 2H, CH2), 

2.96 – 2.87 (m, 1H, CH), 2.22 – 2.10 (m, 4H, CH2 cyclohexane), 1.97 (s, 3H, 

CH3), 1.91 – 1.80 (m, 2H, , CH2 cyclohexane), 1.38 – 1.26 (m, 2H, , CH2 

cyclohexane). 
 

13C NMR (CDCl3) δ 170.3 (C=O), 169.6 (C), 159.6 (C), 152.0 (C), 149.8 (C), 

140.1 (C), 139.3 (C), 136.4 (C), 132.2 (C), 129.3 (CH), 129.0 (CH), 129.0 

(CH), 128.9 (CH), 128.6 (CH), 127.2 (CH), 114.2 (CH), 71.0 (CH2), 70.8 

(CH2), 70.4 (CH2), 70.2 (CH2), 47.6 (C=O), 39.4 (CH), 38.5 (CH), 32.8 (CH2), 

30.4 (CH2), 29.7 (CH2), 23.4 (CH3). 

 

 
(E)-6-(2-(4-(2-(5,5-Difluoro-7-(thiophen-2-yl)-5H-4l4,5l4-dipyrrolo[1,2-

c:2',1'-f][1,3,2]diazaborinin-3-yl)vinyl)phenoxy)acetamido)-N-(2-(2-

(2-(4-(5,7-diphenyl-1H-imidazo[4,5-b]pyridin-2-yl)piperidin-1-yl)-2-

oxoethoxy)ethoxy)ethyl)hexanamide (3.19a). Following general 

procedure D, amine congener 3.11 (0.6 mg, 1.2 µmoL, 1.1 equiv) was 

converted to the BODIPY 630/650-X conjugate 3.19a. Purification by RP-

HPLC (Method E) gave after lyophilisation the title compound as a blue 

solid (1.3 mg, quantitative) 

HRMS (TOF ES+) calcd for C58H60BF2N8O6S [MH]+: 1045.4412, found 

1045.4411;  

Analytical RP-HPLC tR = 22.18 min, purity > 97% (Method C). 
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 (E)-

2-(4-(2-(5,5-Difluoro-7-(thiophen-2-yl)-5H-4l4,5l4-dipyrrolo[1,2-c:2',1'-

f][1,3,2]diazaborinin-3-yl)vinyl)phenoxy)-N-(2-(2-(2-(4-(5,7-diphenyl-

1H-imidazo[4,5-b]pyridin-2-yl)piperidin-1-yl)-2-

oxoethoxy)ethoxy)ethyl)acetamide (3.19b). Following general procedure 

D, amine congener 3.11 (0.7 mg, 1.4 µmoL, 1.1 equiv) was converted to the 

BODIPY 630/650 conjugate 3.19b, following pre activation of BODIPY 

630/650 CO2H (0.6 mg, 1.3 µmoL, 1 equiv) with HATU (0.6 mg, 1.5 µmoL, 

1.2 equiv) in the presence of DIPEA (5 equiv). Purification by RP-HPLC 

(Method E) gave after lyophilisation the title compound as a blue solid (1 

mg, 83%). 

 

HRMS (TOF ES+) calcd for C52H49BF2N7O5S [MH]+: 932.3577, found 

932.3642;  

 

Analytical RP-HPLC tR = 22.73 min, purity > 99% (Method C). 

6-(3-(5,5-Difluoro-7,9-dimethyl-5H-4l4,5l4-dipyrrolo[1,2-c:2',1'-

f][1,3,2]diazaborinin-3-yl)propanamido)-N-(2-(2-(2-(4-(5,7-diphenyl-

1H-imidazo[4,5-b]pyridin-2-yl)piperidin-1-yl)-2-

oxoethoxy)ethoxy)ethyl)hexanamide (3.19c). Following general 
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procedure D, amine congener 3.11 (0.7 mg, 1.4 µmoL, 1.1 equiv) was 

converted to the BODIPY FL-X conjugate 3.19c. Purification by RP-HPLC 

(Method E) gave after lyophilisation the title compound as a blue solid (1.2 

mg, quantitative) 

 

HRMS (TOF ES+) calcd for C49H58BF2N8O5 [MH]+: 887.4591, found 

887.4586;  

 

Analytical RP-HPLC tR = 18.67 min, purity > 99% (Method C). 

 3-(5,5-

Difluoro-7,9-dimethyl-5H-4l4,5l4-dipyrrolo[1,2-c:2',1'-

f][1,3,2]diazaborinin-3-yl)-N-(2-(2-(2-(4-(5,7-diphenyl-1H-

imidazo[4,5-b]pyridin-2-yl)piperidin-1-yl)-2-

oxoethoxy)ethoxy)ethyl)propenamide (3.19d). Following general 

procedure D, amine congener 3.11 (0.5 mg, 1 µmoL, 1.1 equiv) was 

converted to the BODIPY FL conjugate 3.19d. Purification by RP-HPLC 

(Method E) gave after lyophilisation the title compound as a blue solid (0.6 

mg, 86%). 

 

 

HRMS (TOF ES+) calcd for C43H47BF2N7O4 [MH]+: 774.3745, found 

774.3744; calcd for C43H46NaBF2N7O4 [MH]+: 796.3565, found 796.3550 

 

Analytical RP-HPLC tR = 19.40 min, purity > 99% (Method C). 
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1-(6-

((2-(2-(2-(4-(5,7-Diphenyl-1H-imidazo[4,5-b]pyridin-2-yl)piperidin-1-

yl)-2-oxoethoxy)ethoxy)ethyl)amino)-6-oxohexyl)-3,3-dimethyl-2-

((1E,3E)-5-((E)-1,3,3-trimethyl-5-sulfoindolin-2-ylidene)penta-1,3-

dien-1-yl)-3H-indol-1-ium-5-sulfonate (3.19e). Following general 

procedure D, amine congener 3.11 (0.5 mg, 1 µmoL, 1.1 equiv) was 

converted to the SulfoCy5 conjugate 3.19e. Purification by RP-HPLC 

(Method E) gave after lyophilisation the title compound as a blue solid (1.6 

mg, 89%). 

 

HRMS (TOF ES+) calcd for C61H70N7O10S2 [MH]+: 1124.4620, found 

1124.4569;  

 

Analytical RP-HPLC tR = 19.40 min, purity > 95% (Method C). 
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6-(2-(4-((E)-2-(5,5-Difluoro-7-(thiophen-2-yl)-5H-4l4,5l4-dipyrrolo[1,2-

c:2',1'-f][1,3,2]diazaborinin-3-yl)vinyl)phenoxy)acetamido)-N-(2-(2-

(2-(((1r,4r)-4-(5,7-diphenyl-1H-imidazo[4,5-b]pyridin-2-

yl)cyclohexyl)amino)-2-oxoethoxy)ethoxy)ethyl)hexanamide (3.20a). 

Following general procedure D, amine congener 3.13 (0.8 mg, 1 µmoL, 1.1 

equiv) was converted to the BODIPY 630/650-X conjugate 3.20a. 

Purification by RP-HPLC (Method E) gave after lyophilisation the title 

compound as a blue solid (0.9 mg, 90%) 

 

HRMS (TOF ES+) calcd for C59H62BF2N8O6S [MH]+: 1059.4574, found 

1059.4666; calcd for C59H61NaBF2N8O6S [MH]+: 1081.4447, found 

1081.4447 

 

Analytical RP-HPLC tR = 21.20 min, purity > 99% (Method C). 

 2-(4-

((E)-2-(5,5-Difluoro-7-(thiophen-2-yl)-5H-4l4,5l4-dipyrrolo[1,2-c:2',1'-
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f][1,3,2]diazaborinin-3-yl)vinyl)phenoxy)-N-(2-(2-(2-(((1r,4r)-4-(5,7-

diphenyl-1H-imidazo[4,5-b]pyridin-2-yl)cyclohexyl)amino)-2-

oxoethoxy)ethoxy)ethyl)acetamide (3.20b). Following general procedure 

D, amine congener 3.13 (0.7 mg, 1.6 µmoL, 1.1 equiv) was converted to the 

BODIPY 630/650 conjugate 3.20b, following pre activation of BODIPY 

630/650 CO2H (0.6 mg, 1.3 µmoL, 1 equiv) with HATU (0.6 mg, 1.6 µmoL, 

1.2 equiv) in the presence of DIPEA (5 equiv). Purification by RP-HPLC 

(Method E) gave after lyophilisation the title compound as a blue solid (1 

mg, 77%).  

 

HRMS (TOF ES+) calcd for C53H52BF2N7O5S [MH]+: 946.3812, found 

946.3711; 

 

Analytical RP-HPLC tR = 21.23 min, purity > 99% (Method C). 

 6-(3-(5,5-

Difluoro-7,9-dimethyl-5H-4l4,5l4-dipyrrolo[1,2-c:2',1'-

f][1,3,2]diazaborinin-3-yl)propanamido)-N-(2-(2-(2-(((1r,4r)-4-(5,7-

diphenyl-1H-imidazo[4,5-b]pyridin-2-yl)cyclohexyl)amino)-2-

oxoethoxy)ethoxy)ethyl)hexanamide (3.20c). Following general 

procedure D, amine congener 3.13 (1 mg, 1.9 µmoL, 1.1 equiv) was 

converted to the BODIPY FL-X conjugate X. Purification by RP-HPLC 

(Method E) gave after lyophilisation the title compound as a blue solid (1.6 

mg, 91%). 

 

HRMS (TOF ES+) calcd for C50H60BF2N8O5 [MH]+: 901.4742, found 

901.4733; calcd for C50H59NaBF2N8O5 [MH]+: 923.4562, found 923.4566 
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Analytical RP-HPLC tR = 18.00 min, purity > 99% (Method C). 

3-(5,5-

Difluoro-7,9-dimethyl-5H-4l4,5l4-dipyrrolo[1,2-c:2',1'-

f][1,3,2]diazaborinin-3-yl)-N-(2-(2-(2-(((1r,4r)-4-(5,7-diphenyl-1H-

imidazo[4,5-b]pyridin-2-yl)cyclohexyl)amino)-2-

oxoethoxy)ethoxy)ethyl)propenamide (3.20d). Following general 

procedure D, amine congener 3.13 (0.8 mg, 1.7 µmoL, 1.1 equiv) was 

converted to the BODIPY FL conjugate X. Purification by RP-HPLC 

(Method E) gave after lyophilisation the title compound as a blue solid (1.1 

mg, 92%).  

 

HRMS (TOF ES+) calcd for C44H49BF2N7O4 [MH]+: 788.3902, found 

788.3930;  

 

Analytical RP-HPLC tR = 18.61 min, purity > 99% (Method C). 

 

1-(6-((2-

(2-(2-(((1r,4r)-4-(5,7-Diphenyl-1H-imidazo[4,5-b]pyridin-2-

yl)cyclohexyl)amino)-2-oxoethoxy)ethoxy)ethyl)amino)-6-oxohexyl)-

3,3-dimethyl-2-((1E,3E)-5-((E)-1,3,3-trimethyl-5-sulfoindolin-2-

ylidene)penta-1,3-dien-1-yl)-3H-indol-1-ium-5-sulfonate (3.20e). 
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Following general procedure D, amine congener 3.13 (0.7 mg, 1.3 µmoL, 1.1 

equiv) was converted to the SulfoCy5 conjugate 3.20e. Purification by RP-

HPLC (Method E) gave after lyophilisation the title compound as a blue 

solid (1.4 mg, 93%). 

 

HRMS (TOF ES+) calcd for C62H72N7O10S2 [MH]+: 1138.4777, found 

1138.4784;  

 

Analytical RP-HPLC tR = 18.68 min, purity > 97% (Method C). 

 

7.1.4 Methods Chapter 4 

1,3-Dipropylurea (1). Propylamine (7.44 mL, 1.10 equiv.) was 

dissolved in anhydrous THF (20 mL) and the solution was cooled to 0 oC. 

Propyl isocyanate (7.63 mL, 1.0 equiv.) was added dropwise and the reaction 

was stirred at rt. After few seconds a white precipitate developed which was 

filtered off and dried to get the pure product as off-white solid (6.052 g, 97 

%).  
 

1H NMR (DMSO-d6) δ 5.74 (t, J = 5.7 Hz, 2H, -NH), 2.92 (td, J = 7.1, 5.8 

Hz, 4H, -CH2-NH), 1.35 (h, J = 7.3 Hz, 4H, CH3CH2-), 0.82 (t, J = 7.4 Hz, 

6H, CH3).  
 

13C NMR (DMSO-d6) δ 158.1 (C=O), 41.1 05 (CH2-NH), 23.2 (CH2), 11.3 

(CH3). 

 

NH

O NH
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6-Amino-1,3-dipropylpyrimidine-2,4(1H,3H)-dione (2). 

1,3-Diisopropylurea (0.100 g, 0.6 mmol, 1.0 equiv.) was dissolved in Ac2O 

(2.5 mL). To the reaction mixture was added cyanoacetic acid (64.88 mg, 1.1 

equiv.). The resulting mixture was stirred at 83 oC for 2 h. The solution was 

then concentrated to dryness (water bath set at 80 oC) to give the crude 

product as brown oil (HNMR of the crude product revealed that the 2-cyano-

N-propyl-N-(propylcarbamoyl)acetamide intermediate was formed. 1H NMR 

(CDCl3) δ 3.78 (s, 2H), 3.64 – 3.57 (m, 2H), 3.28 – 3.21 (m, 2H), 1.68 – 1.51 

(m, 5H), 0.98 – 0.89 (m, 7H)). H2O (2 mL x2) was added and evaporated off 

to remove residual Ac2O from the reaction mixture. The crude product was 

then dissolved in H2O (4.5 mL) and the resulting solution was basified with 

70% NaOH (three drops). A white precipitate developed which was 

subsequently filtered off and washed with H2O. The precipitate was dried 

under vacuum overnight (73 mg, 50%).  

 

LC-MS m/z calcd for C10H18N3O2 [MH]+: 212.1, found 212.10 tR = 3.07 min 

(Method B).  
 

1H NMR (DMSO-d6) δ 6.77 (br s, 2H, NH2), 4.64 (s, 1H, CO-a-H), 3.73 (t, 

J = 8.0 Hz, 2H, -CH2-N), 3.66 (t, J = 7.3 Hz, 2H, -CH2-N), 1.58 – 1.40 (h, J 

= 7.2 Hz, 4H, CH3-CH2-, two sextet partially overlapping)), 0.85 (t, J = 7.4 

Hz, 3H, CH3), 0.80 (t, J = 7.5 Hz, 3H, CH3).  
 

13C NMR (DMSO-d6) δ 161.4 (C=O), 154.5 (C=O), 151.5 (C), 75.2 (C-H), 

43.3 (CH2), 41.4 (CH2), 21.0 (CH2), 11.4 (CH3), 10.9 (CH3).  

N
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6-Amino-5-nitroso-1,3-dipropylpyrimidine-

2,4(1H,3H)-dione (3). 1,3-diisopropyl-6-amino uracil (70 mg, 1.0 equiv.) was 

dissolved in 50% acetic acid (1.5 mL) and the resulting solution was heated 

to 57 oC. To the mixture was added NaNO2 (28 mg, 1.20 eq.) over 15 min. 

The solution from colourless turned pink and a pink precipitate formed. The 

reaction mixture was stirred at rt for 1h. The precipitate was collected, washed 

with cold water and dried to get the pure product as pink solid (51 mg, 64%).  

 

LC-MS m/z calcd for C10H17N4O3 [MH]+: 241.1, found 241.10 tR = 3.10 min 

(Method B).  

 
1H NMR (DMSO-d6) δ 13.17 (s, 1H, OH), 9.12 (s, 1H, NH), 3.85 (t, J = 6.9 

Hz, 2H, -CH2-N), 3.78 (t, J = 7.3 Hz, 2H, -CH2-N), 1.60 (h, J = 6.8 Hz,  2H, 

CH3-CH2-), 1.53 (h, J = 6.8 Hz, 2H, CH3-CH2-), 0.92 – 0.84 (m, 6H, CH3). 

 
3C NMR (DMSO-d6) δ 159.9 (C=O), 149.1 (C=O), 145.4 (C), (one 

quaternary carbon not observed) 42.5 (CH2), 42.4 (CH2), 20.7 (CH2), 19.7 

(CH2), 11.2 (CH3), 10.7 (CH3) 

 

5,6-Diamino-1,3-dipropylpyrimidine-2,4(1H,3H)-

dione (4). To a stirred solution of 6-amino-5-nitroso-1,3-

diipropylpyrimidine-2,4(1H, 3H)-dione (3) in 12.5 % aqueous ammonium 

hydroxide solution (3 mL) at 60 oC was added sodium dithionite (5.7 equiv.) 

until a colourless solution had formed (30 min). After cooling to rt, the 

product was extracted with DCM (4x 20 mL). The combined organics were 
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dried over anhydrous Na2SO4, filtered and evaporated to dryness to give the 

title product as pale yellow solid (crystalline form) (39 mg, 87%).  

 

LC-MS m/z calcd for C10H19N4O2 [MH]+: 227.1, found 227.1, tR = 2.70 min 

(Method B).  
 

1H NMR (CDCl3) δ 5.01 (br s, 2H, NH2), 3.91 – 3.76 (m, 4H, -CH2-N), 2.32 

(br s, 2H, NH2), 1.71 (h, J = 7.5 Hz, 2H, CH3-CH2), 1.61 (h, J = 6.9 Hz, 2H, 

CH3-CH2), 0.96 (t, J = 7.4 Hz, 3H, CH3), 0.90 (t, J = 7.5 Hz, 3H, CH3).  
 

13C NMR (CDCl3) δ 161.7 (C-NH2), 150.4 (C=O), 148.7(C=O), 95.7 (C-

NH2), 44.8 (CH2), 43.2(CH2), 21.8 (CH2), 21.3 (CH2), 11.4 (CH3), 11.3 (CH3). 

4-(2,6-Dioxo-1,3-dipropyl-2,3,6,9-

tetrahydro-1H-purin-8-yl) bicyclo[2.2.2]octane-1-carboxylic acid (6). 

To a solution of 5,6-Diamino-1,3-diisopropylpyrimidine-2,4(1H,3H)-dione 

(0.152 g, 1.10 equiv.) (4) in acetonitrile (5 mL) were added 4-

(methoxycarbonyl) bicyclo [2.2.2] octane-1-carboxylic acid (0.128 g, 1.0 

equiv.) and NEt3 (0.16 mL, 2 equiv.) followed by HATU (0.250 g, 1.10 

equiv.). The resulting mixture was stirred at rt for 1 h 30 min. The mixture 

was concentrated to dryness and the crude was taken up in EtOAc and 

washed with 10 % citric acid. The organics were collected washed with sat. 

NaHCO3, brine, dried over MgSO4, filtered and concentrated in vacuo to give 

methyl 4-((6-amino-2,4-dioxo-1,3-dipropyl-1,2,3,4-tetrahydropyrimidin-5-

yl)carbamoyl)bicyclo[2.2.2]octane-1-carboxylate intermediate (5) which was 

used for the next step without any further purification . The residue was 

dissolved in a mixture of propan-2-ol and 1 M KOH (2.5 mL, 4 equiv.) and 

heated to reflux (91oC) for 2 h. The reaction mixture was then cooled to rt 

and the solvent concentrated to dryness. The yellow residue was taken up in 

4 mL of water and extracted with DCM. The aqueous layer was collected and 
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acidified with conc HCl and a white precipitate formed which was collected 

by suction filtration and oven dried. (0.159 g, 68% over two steps).  

 

LC-MS m/z calcd for C20H29N4O4 [MH]+: 389.20, found 389.20 tR = 3.44 

min (Method B).  
 

1H NMR (CDCl3) δ 12.62 (s, 1H, NH), 12.54 (br s, 1H, OH), 4.09 (t, J = 7.1 

Hz, 2H, CH2-N), 4.00 (t, J = 6.6 Hz, 2H, CH2-N), 2.04 (s, 12H, bicycle 

[2.2.2]), 1.80 (h, J = 7.4 Hz, 2H, CH3-CH2-), 1.67 (h, J = 6.6 Hz, 2H, CH3-

CH2-), 0.99 – 0.90 (m, 6H, CH3).  
 

13C NMR (CDCl3) δ 182.1 (HOC=O), 161.3 (C), 156.2 (C=O), 150.7 (C=O), 

149.2 (C), 106.4 (C), 45.1 (C), 43.2 (C), 38.5 (CH2), 33.6 (CH2), 29.6 (CH2), 

27.9 (CH2), 21.2 (CH2), 21.1 (CH2), 11.2 (CH3), 11.0 (CH3). 

 

 Methyl 4-(2,6-dioxo-1,3-dipropyl-2,3,6,9-

tetrahydro-1H-purin-8-yl) bicyclo[2.2.2]octane-1-carboxylate. 4-(2,6-

Dioxo-1,3-dipropyl-2,3,6,9-tetrahydro-1H-purin-8-yl) bicyclo[2.2.2]octane-

1-carboxylic acid was diluted with 6 mL of MeOH and 3 drops of conc. 

H2SO4. The resulting mixture was refluxed until complete consumption of 

starting material. Once the reaction was completed, the resulting solution was 

neutralised with sat. NaHCO3 (a couple of drops). The mixture was then 

concentrated to dryness and the residue was taken up in EtOAc and washed 

with sat. NaHCO3 and brine. The resulting organic layer was dried over 

MgSO4, filtered and concentrated to dryness to give the title compound as 

off-white solid (74 mg, 84%).  

 

LC-MS m/z calcd for C21H31N4O4 [MH]+: 403.20, found 403.20 tR = 3.88 

min (Method B).  
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1H NMR (CDCl3) δ 12.22 (s, 1H, NH), 4.09 (t, J = 7.1 Hz, 2H, CH2-N), 4.03 

(t, J = 6.6 Hz, 2H, CH2-N), 3.67 (s, 3H, OCH3), 2.08 – 2.03 (m, 6H, bicycle 

[2.2.2]), 1.96 – 1.90 (m, 6H, bicycle [2.2.2]), 1.80 (h, J = 7.4 Hz, 2H, CH3-

CH2-), 1.71 (h, J = 6.6 Hz, 3H, CH3-CH2-), 1.00 – 0.93 (m, 6H, CH3).  
 

13C NMR (CDCl3) δ 177.9 (CH3OC=O), 161.4 (C), 155.6 (C=O), 151.2 

(C=O), 149.0 (C), 107.1 (C), 51.9 (OCH3), 45.3 (CH2), 43.3 (CH2), 38.9 (C), 

33.9 (C), 29.9 (CH2), 28.2 (2xCH2), 21.5 (CH2), 11.6 (CH3), 11.3 (CH3). 

 

8-(4-

(Hydroxymethyl)bicyclo[2.2.2]octan-1-yl)-1,3-dipropyl-3,9-dihydro-

1H-purine-2,6-dione (7). Methyl 4-(2,6-dioxo-1,3-dipropyl-2,3,6,9-

tetrahydro-1H-purin-8-yl) bicyclo[2.2.2]octane-1-carboxylate (74 mg, 184 

µmol, 1 equiv.) was dissolved in dry THF and the resulting solution was 

evacuated and kept inert with cycles of vacuum and nitrogen. The solution 

was cooled to 0 oC and stirred for 10 min. At that point LiAlH4 1.0 M sol. In 

THF (0.28 mL, 276 µmol 1.50 equiv.) was slowly added dropwise (little 

effervescence developed). The resulting mixture was stirred at 0 oC for 1 h. 

Completion of the reaction was checked by TLC and LC-MS. After 1 h the 

solution was quenched by the dropwise addition of cold H2O, followed by 

the addition of a saturated solution of Rochelle’s reagent/salt (circa 7 mL 

added). The solution was stirred at rt for 1h. The reaction mixture was then 

extracted with EtOAc (3x20 mL). The organic layer was dried over MgSO4, 

filtered and evaporated to dryness to yield the title compound as off-

white/pale pink solid (66 mg, 97%).  

 

LC-MS m/z calcd for C20H31N4O3 [MH]+: 375.20, found 375.20 tR = 3.45 

min (Method B).  
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1H NMR (CDCl3) δ 12.08 (br s, 1H, NH), 4.10 (t, J = 6.5 Hz, 2H, CH2-N), 

4.02 (t, J = 6.9 Hz, 2H, CH2-N), 3.35 (s, 2H, CH2-OH), 2.06 – 1.99 (m, 6H, 

bicycle), 1.80 (h, J = 6.8 Hz, 2H, CH3-CH2-), 1.70 (h, J = 6.6 Hz, 2H, CH3-

CH2-), 1.61 – 1.53 (m, 6H, bicycle), 1.00 – 0.91 (m, 6H, CH3).  
 

13C NMR (CDCl3) δ 161.9 (C), 155.6 (C=O), 151.3 (C=O), 149.1(C), 106.9 

(C), 71.3 (CH2OH), 45.3 (CH2), 43.3 (CH2), 34.4 (C), 33.4 (C), 30.3 (CH2), 

29.8 (C), 27.9 (CH2), 21.5 (CH2), 11.6 (CH3), 11.3 (CH3). 

4-(2,6-Dioxo-1,3-dipropyl-2,3,6,9-

tetrahydro-1H-purin-8-yl) bicyclo[2.2.2]octane-1-carbaldehyde. To a 

solution of 8-(4-(Hydroxymethyl) bicyclo[2.2.2]octan-1-yl)-1,3-dipropyl-3,9-

dihydro-1H-purine-2,6-dione (66 mg, 184 µmol, 1 equiv.) (7) in DCM (4 mL) 

was added Dess -Martin periodinane (88 mg, 210 µmol, 1.20 equiv.). The 

reaction mixture was stirred at rt until the oxidation was complete (2 h).  The 

mixture was subsequently filtered through a plug of basic alumina and the 

filtrated was washed with sat. NaHCO3 (2x) and brine. The organics were 

collected, dried over MgSO4 anhydrous, filtered and evaporated to dryness to 

get the product as off-white/pale pink solid (29 mg, 80%).  

 

LC-MS m/z calcd for C20H29N4O3 [MH]+: 373.20, found 373.20 tR = 3.69 

min (Method B).  
 

1H NMR (CDCl3) δ 12.26 (s, 1H, NH), 9.52 (s, 1H, H-CO), 4.10 (t, J = 6.2, 

2H, CH2-N), 4.03 (t, J = 6.5 Hz, 2H, , CH2-N), 2.14 – 2.06 (m, 6H, , bicycle), 

1.83 – 1.76 (m, 8H, bicycle and CH3-CH2-), 1.73 (h, J = 7.3 Hz, 2H, CH3-

CH2-), 1.00 – 0.93 (m, 6H, CH3).  
 

13C NMR (CDCl3) δ 205.3 (HC=O), 161.1 (C), 155.7(C=O), 151.2 (C=O), 

149.1 (C), 107.1 (C), 45.4 (CH2), 43.7 (C), 43.3 (CH2), 34.7 (C), 29.8 (CH2), 

29.5 (CH2), 25.6 (CH2), 21.5 (CH2), 11.7 (CH3), 11.3 (CH3). 
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(E)-3-(4-(2,6-dioxo-1,3-dipropyl-

2,3,6,9-tetrahydro-1H-purin-8-yl) bicyclo[2.2.2]octan-1-yl)acrylic acid 

(9). Triethylphosphono acetate (19 mg, 86 µmol, 1.10 equiv.) was dissolved 

in dry THF (5 mL) and cooled to 0oC. To the mixture was added dropwise 

potassium bid (trimethylsilyl)acetamide (KHDMS) 1.0 M sol. in THF (0.16 

mL, 156 µmol, 2 equiv.). The resulting mixture was stirred 0 oC for 1h. After 

that time, 4-(2,6-dioxo-1,3-dipropyl-2,3,6,9-tetrahydro-1H-purin-8-

yl)bicyclo[2.2.2]octane-1-carbaldehyde (29 mg, 78 µmol, 1.0 equiv. ) 

previously dissolved in dry THF was added and the resulting mixture was 

stirred at rt for 1 h. Completion of the reaction was assessed by TLC and 

LCMS after 1 h. The reaction mixture was then concentrated to dryness. The 

resulting residue was diluted in EtOH and an aqueous solution of LiOH (10.0 

equiv.) was added to the mixture which was stirred at rt for 4-5 h. The 

solution was concentrated to dryness and the residue was taken up in water 

and extracted twice with EtOAc. The aqueous layer was collected and 

acidified with conc. HCl, and the resulting precipitate was collected by suction 

filtration to give the title compound as off-white solid (14 mg, 30 %).  

 

LC-MS m/z calcd for C22H31N4O4 [MH]+: 415.20, found 415.20 tR = 

3.60min (Method B).  

 
1H NMR (CDCl3) δ 12.34 (br s, 1H, NH), 7.00 (d, J = 15.9 Hz, 1H, CH), 

5.83 (d, J = 15.9 Hz, 1H, CH), 4.09 (t, J = 6.3 Hz, 2H, CH2-N), 4.00 (t, J = 

6.7 Hz, 2H, CH2-N), 2.08 – 2.00 (m, 6H, bicycle), 1.82 – 1.64 (m, 10H, 

bicycleand CH3-CH2-), 0.99 – 0.92 (m, 6H, CH3). 
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3-(4-(2,6-Dioxo-1,3-dipropyl-2,3,6,9-

tetrahydro-1H-purin-8-yl)bicyclo[2.2.2]octan-1-yl)propanoic acid 

(Tonapofylline, BG9928). (E)-3-(4-(2,6-dioxo-1,3-dipropyl-2,3,6,9-

tetrahydro-1H-purin-8-yl) bicyclo[2.2.2]octan-1-yl)acrylic acid (120 mg, 290 

µmol, 1.0 equiv.) was dissolved in MeOH and to the resulting mixture was 

added Pd/C 10% w/w while under a stream of N2. The resulting mixture was 

evacuated with cycles of N2 and vacuum (x3). Finally, the stream of N2 was 

replaced with H2 (balloon) and the mixture was allowed to stir at rt for 2 h. 

Upon completion of the reaction, the solution was filtered through CeliteRT 

and the pad was washed with DCM/MeOH. The filtrate was collected and 

evaporated to dryness, giving the title compound as off-white solid (120 mg, 

100%).  

 

LC-MS m/z calcd for C22H33N4O4 [MH]+: 417.20, found 417.20 tR = 3.60 

min (Method B).  

 
1H NMR (CDCl3) δ 11.99 (br s, 1H, NH), 4.08 (t, J = 6.9 Hz, 2H, CH2-N), 

3.98 (t, J = 6.5 Hz, 2H, CH2-N), 2.37 (t, J = 7.7 Hz, 2H, CH2-CO2H), 2.00 – 

1.91 (m, 6H, bicycle), 1.78 (h, J = 7.4 Hz, 2H, CH3-CH2-), 1.69 – 1.51 (m, 

10H, bicycle, CH3-CH2-, bicycle-CH2), 0.94 (t, J = 7.4 Hz, 6H, CH3,). 

 

tert-Butyl(2-(3-(4-(2,6-

dioxo-1,3-dipropyl-2,3,6,9-tetrahydro-1H-purin-8-yl) 

bicyclo[2.2.2]octan-1-yl)propanamido)ethyl)carbamate (4.10). 

Following general procedure A, to  solution of 3-(4-(2,6-dioxo-1,3-dipropyl-

2,3,6,9-tetrahydro-1H-purin-8-yl)bicyclo[2.2.2]octan-1-yl)propanoic acid, 
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Tonapofylline (120 mg, 288 µmol 1.0 equiv.) in DMF (1 mL) was added 

DIPEA (55 µL, 317 µmol, 1.10 equiv.) and COMU (136 mg, 317 µmol 1.10 

equiv.) followed by a solution of tert-butyl (2-aminoethyl)carbamate (51 mg, 

317 µmol 1.10 equiv.) in DMF (0.5 mL). Purification by flash column 

chromatography using a gradient of 97:3 to 94:6 DCM/MeOH gave the title 

compound as colourless oil (93 mg, 58%).  

 

LC/MS m/z calcd for C29H47N6O5 [MH]+: 559.20, found 559.20 tR = 3.78 

min (method B) 

 
1H NMR (CDCl3) δ 12.13 (s, 1H, xanthine-NH), 6.33 (s, 1H, amide-NH), 

5.03 (s, 1H, amide-NH), 4.08 (t, J = 7.0 Hz, 2H, CH2-N), 4.00 (t, J = 7.3 Hz, 

2H, CH2-N), 3.35 (q, J = 5.4 Hz, 2H, -NHCH2), 3.26 (q, J = 5.7 Hz, 2H, -

NHCH2), 2.16 – 2.08 (m, 2H, CH2), 2.03 – 1.93 (m, 6H, bicycle), 1.79 (h, J = 

7.4 Hz, 2H, CH3-CH2), 1.70 (h, J = 6.7, 6.0 Hz, 2H, CH3-CH2-), 1.54 – 1.38 

(m, 17H, bicycle, Boc, bicycle-CH2), 0.95 (t, J = 6.5 Hz, 6H, CH3).  
 

13C NMR (CDCl3) δ 174.2 (NHC=O), 161.9 (C), 157.2 (NHC=O), 155.5 

(C=O), 151.2 (C=O), 148.9 (C), 106.9 (C), 79.8 (C), 45.3 (CH2), 43.2 (CH2), 

41.1 (C), 40.3 (C), 36.8 (CH2), 34.0 (CH2), 31.5 (CH2 bicycle), 30.6 (CH2 

bicycle), 30.6 (2xCH2), 28.5 (Boc), 21.5 (2xCH2), 11.7 (CH3), 11.3 (CH3). 

 

tert-Butyl (15-(4-(2,6-dioxo-1,3-dipropyl-2,3,6,9-tetrahydro-1H-purin-

8-yl)bicyclo[2.2.2]octan-1-yl)-8,13-dioxo-3,6-dioxa-9,12-

diazapentadecyl)carbamate (4.12). Following general procedure C, 

Compound 4.11 (as HCl salt) was synthesized (75 mg, quantitative) and was 

used for the next steps without further purification.  
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LC/MS m/z calcd for C24H39N6O3 [MH]+: 459.20, found 459.20 tR = 3.07 

min (method B).  

Following general procedure A, to a solution of 2,2-dimethyl-4-oxo-3,8,11-

trioxa-5-azatridecan-13-oic acid (linker A) (15 mg, 57 µmol, 1.0 equiv.) in 

DMF (0.5 mL) was added DIPEA (40 µL, 228 µmol, 4.0 equiv.), followed by 

COMU (26.84 mg, 63 µmol, 1.10 equiv.) and a solution of compound 4.11 

(29 mg, 63 µmol , 1.10 equiv.) in DMF (0.5 mL). Purification by flash column 

chromatography using a gradient of 97:3 to 95:5 DCM/MeOH gave the title 

compound as colourless oil (15 mg, 38%). 

 

LC/MS m/z calcd for C35H56N7O8 [MH]-: 702.20, found 702.20 tR = 3.63 

min (method B).  

 

HRMS (TOF ES+) calcd for C35H58N7O8 704.4341, found 704.4356; calcd 

for C35H58N7O8Na 726.4161, found 726.4178.  

 
1H NMR (CDCl3) δ 11.86 (br s, 1H, NH), 7.33 (t, J = 5.7 Hz, 1H, amide-

NH), 6.42 (s, 1H, amide-NH), 5.19 (s, 1H, amide-NH), 4.09 (t, J = 6.7 Hz, 

2H, CH2-N), 4.00 (m, 4H, CH2-N-xanthine and CO-CH2-O), 3.68 – 3.61 (m, 

4H, NH-(CH2)2-NH), 3.57 (t, J = 5.3 Hz, 2H, CH2), 3.47 – 3.38 (m, 4H, CH2), 

3.36 – 3.29 (m, 2H, CH2), 2.15 – 2.07 (m, 2H, CH2) 2.02 – 1.95 (m, 6H, 

bicycle), 1.79 (h, J = 7.4 Hz, 2H, CH3-CH2), 1.69 (h, J = 7.1 Hz, 2H, CH3-

CH2), 1.54 – 1.46 (m, 8H, bicycle and -CH2), 1.43 (s, 9H,Boc), 0.95 (t, J = 7.4 

Hz, 6H, CH3-CH2-).  

 
13C NMR (CDCl3) δ 174.2 (NHC=O), 161.7 (C), 156.3 (NHC=O), 155.1 

(C=O), 151.3 (C=O), 148.8 (C), 106.9 (C), 71.2 (COCH2O), 70.5 (CH2O), 

70.1(CH2O), 45.3 (CH2), 43.2 (CH2), 40.6 (2xCH2), 38.9 (C), 36.8 (C), 34.0 

(CH2), 31.5 (CH2 bicycle), 30.6 (CH2 bicycle), 30.6 (2xCH2), 28.5 (Boc), 21.5 

(CH2), 21.5 (CH2), 11.7 (CH3), 11.3 (CH3).  

 

Analytical RP-HPLC tR = 5.77 min, purity > 99% (method F). 
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 tert-

Butyl(2-(2-((2-(3-(4-(2,6-dioxo-1,3-dipropyl-2,3,6,9-tetrahydro-1H-

purin-8-yl) bicyclo[2.2.2]octan-1-yl)propanamido)ethyl)amino)-2-

oxoethoxy)ethyl)carbamate (4.13). Following general procedure A,  to a 

solution of 2-(2-((tert-butoxycarbonyl)amino)ethoxy)acetic acid (linker B) (12 

mg, 55 µmol, 1.0 equiv.) in DMF (0.5 mL) was added DIPEA (38 µL, 219 

µmol, 4.0 equiv.) and COMU (25.80 mg, 60 µmol, 1.10 equiv.), followed by 

a solution of 4.11 (28 mg, 60 µmol, 1.10 equiv.) in DMF (0.5 mL). Purification 

by flash column chromatography using a gradient of 96:4 to 94:6 

DCM/MeOH gave the title compound as colourless oil (10 mg, 28%).  

 

LC/MS m/z calcd for C33H52N7O7 [MH]-: 658.20, found 658.40 tR = 3.70 

min (method A).  

 

HRMS (TOF ES+) calcd for C33H54N7O7 660.4079, found 660.4096; calcd 

for C33H54N7O7Na 682.3899, found 682.3917.  

 
1H NMR (CDCl3) δ 7.43 (s, 1H, amide-NH), 6.44 (s, 1H, amide-NH), 5.57 

(s, 1H, amide-NH), 4.09 (t, J = 6.9 Hz, 2H, CH2-N), 4.00 (t, J = 6.9 Hz, 2H, 

CH2-N), 3.95 (s, 2H, , CO-CH2-O), 3.56 (t, J = 5.0 Hz, 2H, CH2), 3.45 – 3.40 

(m, 4H, CH2), 3.40 – 3.33 (m, 2H, CH2), 2.17 – 2.11 (m, 2H, CH2), 2.02 – 

1.95 (m, 6H, bicycle), 1.78 (h, J = 7.4 Hz, 2H, CH3-CH2-), 1.69 (h, J = 7.0 Hz, 

2H, CH3-CH2-), 1.55 – 1.47 (m, 8H, bicycle and -CH2), 1.44 (s, 9H, CH3-Boc), 

0.95 (t, J = 7.4 Hz, 6H, CH3-CH2-).  

 
13C NMR (CDCl3) δ 174.9 (NHC=O), 170.8 (NHC=O), 161.7 (C), 156.5 

(NHC=O), 155.4 (C=O), 151.2 (C=O), 148.8 (C), 106.8 (C), 79.4 (C), 71.3 

(COCH2O), 70.4 (CH2O), 45.4 (CH2), 43.2 (CH2), 40.1(CH2), 40.0 (C), 36.8 
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(C), 34.0 (CH2), 31.5 (CH2 bicycle), 30.6 (CH2 bicycle), 30.6 (2xCH2), 28.6 

(Boc), 21.5 (CH2), 21.5 (CH2), 11.6 (CH3), 11.3 (CH3).  

 

Analytical RP-HPLC tR = 5.77 min, purity > 99% (method F). 

 

 tert-Butyl (3-

((2-(3-(4-(2,6-dioxo-1,3-dipropyl-2,3,6,9-tetrahydro-1H-purin-8-

yl)bicyclo[2.2.2]octan-1-yl)propanamido)ethyl)amino)-3-

oxopropyl)carbamate (4.14). Following general procedure A, to a solution 

of 3-((tert-butoxycarbonyl)amino)propanoic acid (Boc-β-Ala-OH) (10 mg, 53 

µmol, 1.0 equiv.) in DMF (0.5 mL) was added DIPEA (37 µL, 211 µmol, 4.0 

equiv.) and COMU (25 mg, 58 µmol, 1.10 equiv.), followed by a solution 

of 4.11 (27 mg, 58 µmol, 1.10 equiv.) in DMF (0.5 mL). Purification by flash 

column chromatography using a gradient of 96:4 to 94:6 DCM/MeOH gave 

the title compound as an off-white solid (29 mg, 78%). 

 

LC/MS m/z calcd for C32H52N7O6 [MH]+: 630.20, found 630.40 tR = 3.69 

min (method B).  
 

1H NMR (CD3OD) δ 4.07 (t, J = 6.3 Hz, 2H, CH2-N), 3.95 (t, J = 6.8, 2H, 

CH2-N), 3.29 (br s, 4H, NH-(CH2)2-NH), 2.37 (t, J = 6.8 Hz, 2H, CH2), 2.20 

– 2.14 (m, 2H, CH2), 2.00 – 1.93 (m, 6H, bicycle), 1.78 (h, J = 6.8 Hz, 2H, 

CH3-CH2), 1.66 (h, J = 6.8 Hz, 2H, CH3-CH2), 1.59 – 1.48 (m, 8H, bicycle 

and CH2), 1.45 (s, 9H, Boc), 0.95 (t, J = 7.5 Hz, 6H, CH3).  
 

13C NMR (CD3OD) δ 176.9 (2xNHC=O), 174.1 (NHC=O), 162.7 (C), 155.8 

(C=O), 152.6 (C=O), 149.3 (C), 107.8 (C), 79.9 (C), 45.8 (CH2), 43.6 (CH2), 

39.8 (2xCH2), 37.9 (C), 37.3 (C), 34.9 (CH2), 31.8 (CH2), 31.4 (CH2), 31.4 (CH2 
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bicycle), 31.2 (CH2 bicycle), 28.5 (Boc), 22.2 (CH2), 22.1 (CH2), 11.3 (CH3), 

11.1 (CH3).  

 

Analytical RP-HPLC tR = 5.65 min, purity > 99% (method F).  

 

tert-

Butyl (3-((3-((2-(3-(4-(2,6-dioxo-1,3-dipropyl-2,3,6,9-tetrahydro-1H-

purin-8-yl) bicyclo[2.2.2]octan-1-yl)propanamido)ethyl)amino)-3-

oxopropyl)amino)-3-oxopropyl)carbamate (4.15) Following general 

procedure C, compound 4.14 (27 mg, 1.0 equiv.) was reacted with 4 M HCl 

in dioxane (1 mL) and, after the removal of the solvent in vacuo, the resulting 

HCl salt was used for the subsequent step without further purification. The 

synthesis of 4.15 was carried out as described for xanthine 4.14, following 

general procedure A, reacting a solution of 3-((2-(3-(4-(2,6-dioxo-1,3-

dipropyl-2,3,6,7-tetrahydro-1H-purin-8-yl)bicyclo[2.2.2]octan-1-

yl)propanamido)ethyl)amino)-3-oxopropan-1-aminium chloride intermediate 

(22 mg, 41 µmol, 1.10 equiv.) in DMF (0.5 mL)  with a solution of 3-((tert-

Butoxycarbonyl)amino)propanoic acid (Boc-β-Ala-OH) (7 mg, 37 µmol, 1.0 

equiv.), DIPEA (32 µL, 185 µmol, 5eq.), COMU (17.43 mg, 41 µmol, 1.10 

equiv.) in DMF (0.5 mL). Purification by flash column chromatography using 

a gradient of 96:4 to 93:7 DCM/MeOH gave the title compound as an off-

white solid (12 mg, 46 %).  

 

LC/MS m/z calcd for C35H57N8O7 [MH]+: 701.20, found 701.40 tR = 3.57 

min (method B).  

 

HRMS (TOF ES+) calcd for C35H57N8O7 701.4350, found 701.4360; calcd 

for C35H57N8O7Na 723.4164, found 723.4184.  
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1H NMR (CD3OD) δ 4.07 (t, J = 6.3 Hz, 2H, CH2-N), 3.95 (t, J = 6.3 Hz, 

2H, CH2-N), 3.45 (t, J = 6.8 Hz, 2H, CH2), 3.33 – 3.31 (m, 2H, CH2), 3.30 (br 

s, 4H, NH-(CH2)2-NH), 2.38 (dt, J = 9.0, 6.8 Hz, 4H, CH2-CH2-NH), 2.20 – 

2.14 (m, 2H, CH2), 2.00 – 1.92 (m, 6H, bicycle), 1.78 (h, J = 7.5 Hz, 2H, CH3-

CH2-), 1.66 (h, J = 7.0 Hz, 2H, CH3-CH2-), 1.59 – 1.49 (m, 8H, bicycle and 

CH2), 1.44 (s, 9H, Boc), 0.95 (t, J = 7.4, 6H, CH3).  

 
13C NMR (CD3OD) δ 177.1 (2xNHC=O), 174.1 (NHC=O), 162.7 (C), 158.3 

(NHC=O), 156.0 (C=O), 152.9 (C=O), 149.5 (C), 108.0 (C), 80.1(C), 45.9 

(CH2), 43.8 (CH2), 40.2 (CH2), 40.0 (CH2), 38.1 (C), 37.4 (C), 37.1 (CH2), 36.9 

(CH2), 35.1 (CH2), 32.1 (CH2), 31.6 (2xCH2, bicycle and CH2 ), 31.4 (CH2 

bicycle), 28.8 (Boc), 22.4 (CH2), 22.3 (CH2), 11.5 (CH3), 11.3 (CH3).  

 

Analytical RP-HPLC tR = 5.52 min, purity > 99% (method F). 
  

tert-Butyl(2-(4-(2,6-dioxo-1,3-

dipropyl-2,3,6,9-tetrahydro-1H-purin-8-yl) bicyclo[2.2.2]octane-1-

carboxamido)ethyl)carbamate (4.17a). Following general procedure A , to 

a solution of (2,6-dioxo-1,3-dipropyl-2,3,6,9-tetrahydro-1H-purin-8-

yl) bicyclo [2.2.2] octane-1-carboxylic acid (compound 16 from Kiesman et 

al.)83 (80 mg, 206 mmol, 1.0 equiv.), tert-butyl (2-

aminoethyl) carbamate (33 mg, 206 µmol, 1.0 equiv.), BOP (137 mg, 309 

µmol ,1.50 equiv.) in dry DMF (2 mL) was added DIPEA (143 µL, 824 µmol, 

4.0 equiv.). Purification by flash column chromatography using a gradient of 

97:3 to 96:4 DCM/MeOH gave the title compound as off-white solid (85 mg, 

78%).  

 

LC/MS m/z calcd for C27H43N6O5 [MH]+: 531.30, found 531.30 tR = 3.61 

min (method B).  
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1H NMR (CDCl3) δ 11.67 (br s, 1H, NH), 6.53 (br s, 1H, NH-amide), 4.90 

(br s, 1H, NH-amide), 4.09 (t, J = 6.3 Hz, 2H, CH2-N), 4.02 (t, J = 6.6 Hz, 

2H, CH2-N), 3.37 – 3.26 (m, 4H, NH-(CH2)2-NH), 2.08 – 2.01 (m, 6H, 

bicycle), 1.93 – 1.87 (m, 6H, bicycle), 1.80 (h, J = 6.5 Hz, 2H, CH3-CH2), 1.70 

(h, J = 6.5 Hz, 2H, CH3-CH2), 1.45 (s, 9H, Boc), 0.96 (t, J = 7.5 Hz, 6H, 

CH3).  

 
13C NMR (CDCl3) δ 176.1 (NHC=O), 155.5 (C=O), 152.2 (C=O), 151.3 (C), 

148.9 (C), 106.9 (C), 47.6 (CH2), 45.3 (C), 44.9 (CH2), 43.4(CH2), 39.0 (C), 

34.1(CH2), 30.2 (CH2 bicycle), 28.5 (CH2 bicycle), 28.5 (Boc), 21.5 (2xCH2), 

11.6 (CH3), 11.3 (CH3). 

 

tert-Butyl (3-(4-(2,6-

dioxo-1,3-dipropyl-2,3,6,9-tetrahydro-1H-purin-8-

yl)bicyclo[2.2.2]octane-1-carboxamido)propyl)carbamate (4.17b). The 

synthesis of the title compound 4.17b was carried out as described for 

xanthine (4.17a), following general procedure A. To a stirred solution of (2,6-

dioxo-1,3-dipropyl-2,3,6,9-tetrahydro-1H-purin-8-yl) bicyclo [2.2.2] octane-

1-carboxylic acid (compound 16 from Kiesman et al.)  (110 mg, 283 µmol, 1 

equiv.), tert-butyl (3-aminopropyl) carbamate (49 mg, 283 µmol, 1.0 equiv.), 

BOP (188 mg, 425 µmol, 1.50 equiv.) in dry DMF (2 mL) was added DIPEA 

(197 µL, 1.13 µmol, 4.0 equiv.). Purification by flash column chromatography 

using a gradient of 97:3 to 96:4 DCM/MeOH gave the title pure compound 

as off-white solid (132 mg, 86%).  

 

LC/MS m/z calcd for C28H45N6O5 [MH]+: 545.30, found 545.40 tR = 3.66 

min (method B).  
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1H NMR (CDCl3) δ 12.20 (br s, 1H, NH), 6.55 (br s, 1H, NH-amide), 4.91 

(br s, 1H, NH-amide), 4.08 (t, J = 6.9, Hz, 2H, CH2-N), 4.02 (t, J = 6.2 Hz, 

2H, CH2-N), 3.30 (q, J = 4.6 Hz, 2H, NH-CH2-CH2), 3.16 (q, J = 4.6 Hz, 2H, 

CH2-CH2- NH), 2.10 – 2.04 (m, 6H, bicycle), 1.94 – 1.88 (m, 6H, bicycle), 

1.78 (h, J = 6.5 Hz, 2H, CH3-CH2), 1.70 (h, J = 6.5 Hz, 2H, CH3-CH2), 1.62 

– 1.54 (m, 2H, CH2), 1.43 (s, 9H, Boc), 0.95 (t, J = 7.0 Hz, 6H, CH3)).  
 

13C NMR (CDCl3) δ 177.6 (NHC=O), 161.4 (C), 156.9 (NHC=O), 155.6 

(C=O), 151.2 (C), 149.0 (C), 107.0 (C), 79.6 (C), 45.3 (CH2), 43.2 (CH2), 39.1 

(C), 36.9 (CH2), 35.6 (CH2), 33.9 (C), 30.3 (CH2), 30.2 (CH2 bicycle), 28.6 

(CH2 bicycle), 28.5 (Boc), 21.5 (2xCH2), 11.6 (CH3), 11.3 (CH3).  

 

 tert-

Butyl (1-(4-(2,6-dioxo-1,3-dipropyl-2,3,6,9-tetrahydro-1H-purin-8-

yl)bicyclo[2.2.2]octan-1-yl)-1,6-dioxo-8,11-dioxa-2,5-diazatridecan-13-

yl)carbamate (4.19). Following general procedure C, compound 4.17a (85 

mg, 206 µmol, 1.0 equiv.) was treated with 4 M HCl in dioxane (1 mL) to 

afford compound 4.18a (68 mg, quantitative) as HCl salt, which was used in 

the next step without further purification.  

LC/MS m/z calcd for C22H35N6O3 [MH]+: 431.34, found 431.30 tR = 3.10 

min. Compound 4.19 was synthesized according to general procedure A, 

reacting a solution of compound 4.18a (25 mg, 57 µmol, 1.1 equiv.) in DMF 

(0.5 mL) with 2,2-dimethyl-4-oxo-3,8,11-trioxa-5-azatridecan-13-oic acid (15 

mg, 57 µmol, 1.0 equiv.), DIPEA (40 mL, 228 µmol, 4.0 equiv.) and BOP 

(38 mg, 85 µmol, 1.50 equiv.). Purification by flash column chromatography 

using a gradient of 98:2 to 96:4 DCM/MeOH gave the title compound as 

colourless oil (15 mg, 38%).  
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LC/MS m/z calcd for C33H54N7O8 [MH]+: 676.20, found 676.40 tR = 3.50 

min (method B).  

 

HRMS (TOF ES+) calcd for C33H54N7O8 676.4028, found 676.4045; calcd 

for C33H54N7O8Na 698.3848, found 698.3869.  
 

1H NMR (CD3OD) δ 4.07 (t, J = 6.9, Hz, 2H, CH2-N), 4.01 (s, 2H, CO-CH2-

O-), 3.95 (t, J = 7.1 Hz, 2H, CH2-N), 3.72 – 3.66 (m, 4H, NH-(CH2)2-NH), 

3.56 (t, J = 5.7 Hz, 2H, O-CH2-CH2-O), 3.41 – 3.37 (m, 2H, O- CH2-CH2-

O), 3.37 – 3.34 (m, 2H, O- CH2- CH2), 3.27 (td, J = 5.7, 4.4 Hz, 2H, CH2-

CH2-NH), 2.05 – 1.98 (m, 6H, bicycle), 1.93 – 1.86 (m, 6H, bicycle), 1.79 

(h, J = 7.3 Hz, 2H, CH2-CH2-CH3), 1.65 (h, J = 7.3 Hz, 2H, CH2-CH2-CH3), 

1.44 (s, 9H, Boc), 0.96 (t, J = 7.4, 6.3 Hz, 6H, CH2--CH3). 
 

13C NMR (CD3OD) δ 180.5 (NHC=O), 173.3 (NHC=O), 160.9 (C), 156.0 

(NHC=O), 152.9 (C=O), 151.6 (C=O), 149.5 (C), 108.2 (C), 80.1 (C), 72.0 

(CH2), 71.3 (CH2), 71.2 (CH2), 71.1 (CH2), 49.6 (CH2), 45.9 (CH2), 43.8 (CH2), 

41.3 (CH2), 40.5 (CH2), 40.5 (CH2), 40.1 (C), 39.7 (CH2), 34.9 (C), 31.0 (CH2 

bicycle), 29.2 (CH2 bicycle), 28.8 (Boc), 22.4 (CH2), 22.3 (CH2), 11.5 (CH3), 

11.4 (CH3).  

 

Analytical RP-HPLC tR = 5.85 min, purity >99% (method F). 
 

 tert-Butyl (2-

(2-((2-(4-(2,6-dioxo-1,3-dipropyl-2,3,6,9-tetrahydro-1H-purin-8-yl) 

bicyclo[2.2.2]octane-1-carboxamido)ethyl)amino)-2-

oxoethoxy)ethyl)carbamate (4.20). The synthesis of 4.20 was carried out 
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as described for 8-bicyclo[2.2.2]octylxanthine 4.19, following general 

procedure A. Compound 4.18a (20 mg, 46 µmol, 1.1 equiv.) was added to a 

solution of 2-(2-((tert-butoxycarbonyl)amino)ethoxy)acetic acid (10 mg, 46 

µmol, 1.0 equiv.), BOP (30 mg, 68 µmol, 1.50 equiv.) and DIPEA (32 mL, 

182 µmol, 4.0 equiv.) in DMF (1 mL). Purification by flash column 

chromatography using a gradient of 97:3 to 96:4 DCM/MeOH gave the title 

compound as colourless oil which slightly solidified upon cooling (10 mg, 

36%). 

 

LC/MS m/z calcd for C31H50N7O7 [MH]+: 632.20, found 632.40 tR = 3.53 

min (method B).  

 

HRMS (TOF ES+) calcd for C31H50N7O7 632.3766, found 632.3781; calcd 

for C31H50N7O7Na 654.3586, found 654.3601.  

 
1H NMR (CDCl3) δ 11.86 (s, 1H, NH), 7.38 (s, 1H, NH-amide), 6.57 (s, 1H, 

NH-amide), 5.46 (s, 1H, NH-amide), 4.09 (t, J = 6.4 Hz, 2H, CH2-N), 4.01 

(t, J = 6.4 Hz, 2H, CH2-N), 3.96 (s, 2H, CO-CH2-O-), 3.57 (t, J = 5.0 Hz, 2H, 

O-CH2-CH2), 3.47 – 3.41 (m, 4H, NH-(CH2)2-NH), 3.40 – 3.33 (m, 2H, O-

CH2-CH2-NH), 2.09 – 2.01 (m, 6H, bicycle), 1.92 – 1.85 (m, 6H, bicycle), 1.79 

(h, J = 6.9 Hz, 2H, CH2-CH2-CH3), 1.69 (h, J = 6.9 Hz, 2H, CH2-CH2-CH3), 

1.45 (s, 9H, Boc), 0.95 (t, J = 7.5 Hz, 6H, CH2--CH3).  

 

13C NMR (CDCl3) δ 178.5 (NHC=O), 171.1 (NHC=O), 156.4 (NHC=O), 

155.5 (C=O), 151.2 (C=O), 106.9 (C), 79.7 (C), 70.4 (CH2), 69.5 (CH2), 43.3 

(CH2) , 40.7 (2xCH2), 39.9 (CH2), 39.0 (C), 33.9 (C), 30.1 (CH2 bicycle), 29.8 

(CH2), 28.6 (CH2 bicycle), 28.5 (Boc), 21.5 (CH2), 21.5 (CH2), 11.6 (CH3), 11.3 

(CH3).  

 

Analytical RP-HPLC tR = 5.87 min, purity >97% (method F). 
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 tert-Butyl (3-((2-

(4-(2,6-dioxo-1,3-dipropyl-2,3,6,9-tetrahydro-1H-purin-8-

yl)bicyclo[2.2.2]octane-1-carboxamido)ethyl)amino)-3-

oxopropyl)carbamate (4.21). Compound 4.18a (22 mg, 53 µmol, 1.0 equiv.) 

was reacted with Boc-β-Ala-OH (10 mg, 53 µmol ,1.0 equiv.) in the presence 

of BOP (35 mg, 79 µmol, 1.50 equiv.) and DIPEA (37 µl, 211 µmol, 4.0 

equiv.) in DMF (2 mL) according to general procedure A. Purification by 

flash column chromatography uisng a gradient of 97:3 to 96:4 DCM/MeOH 

gave the title compound as colourless oil, which slightly solidified upon 

cooling (12 mg, 38%). 

 

LC/MS m/z calcd for C30H48N7O6 [MH]+: 602.20, found 602.40 tR = 3.48 

min (method B).  

 
1H NMR (CD3OD) δ 4.07 (t, J = 6.9, 2H, CH2N), 3.95 (t, J = 6.9, 2H, CH2N), 

3.32 (s, 2H, CH2), 3.30 (s, 4H, NH-(CH2)2-NH), 2.37 (t, J = 6.8 Hz, 2H, CH2), 

2.05 – 1.98 (m, 6H, bicycle), 1.95 – 1.87 (m, 6H, bicycle), 1.77 (h, J = 7.5, 2H, 

CH2-CH2-CH3), 1.66 (h, J = 7.5, 2H, CH2-CH2-CH3), 1.45 (s, 9H, Boc), 0.96 

(t, J = 7.4, 6H, CH3). 

 

 tert-

Butyl (3-((3-((2-(4-(2,6-dioxo-1,3-dipropyl-2,3,6,9-tetrahydro-1H-
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purin-8-yl)bicyclo[2.2.2]octane-1-carboxamido)ethyl)amino)-3-

oxopropyl)amino)-3-oxopropyl)carbamate (4.25a). Compound 4.21 (12 

mg, 1.0 equiv.) was treated with 4 M HCl in dioxane following general 

procedure B, to yield the corresponding 3-((2-(4-(2,6-dioxo-1,3-dipropyl-

2,3,6,7-tetrahydro-1H-purin-8-yl)bicyclo[2.2.2]octane-1-

carboxamido)ethyl)amino)-3-oxopropan-1-aminium chloride intermediate (9 

mg, quantitative), which was used for the next step without any further 

purification. The synthesis of the title compound 4.25a was carried out as 

described for 8-bicyclo[2.2.2]octylxanthine 4.21, treating 3-((2-(4-(2,6-dioxo-

1,3-dipropyl-2,3,6,7-tetrahydro-1H-purin-8-yl)bicyclo[2.2.2]octane-1-

carboxamido)ethyl)amino)-3-oxopropan-1-aminium chloride intermediate (5 

mg, 1.10 equiv.) with DIPEA (31 µl, 186 µmol, 10.0 equiv.), Boc-β-Ala-OH 

(4 mg, 19 µmol ,1.0 equiv.) and BOP (12 mg, 28 µmol, 1.50 equiv.) in DMF 

(1 mL). Purification by flash column chromatography using a gradient of 96:4 

to 94:6 DCM/MeOH gave the title compound as colourless oil, which 

solidified upon cooling (8 mg, 67%).  

 

LC/MS m/z calcd for C33H53N8O7 [MH]+: 673.20, found 673.40 tR = 3.42 

min (method B).  

 

HRMS (TOF ES+) calcd for C33H53N8O7 673.4032, found 673.4043; calcd 

for C33H52N8O7Na 695.3851, found 695.3866.  

 
1H NMR (CD3OD) δ 4.07 (t, J = 6.3 Hz, 2H, CH2-N), 3.95 (t, J = 5.7 Hz, 

2H, CH2-N), 3.45 (t, J = 6.8 Hz, 2H, CH2-NH-CO), 3.30 (s, 4H, NH-(CH2)2-

NH), 2.38 (t, J = 6.8 Hz, 4H, CO-CH2-CH2), 2.04 – 1.98 (m, 6H, bicycle), 

1.93 – 1.87 (m, 6H, bicycle), 1.77 (h, J = 7.4 Hz, 2H, CH2-CH2-CH3), 1.66 

(h, J = 6.4 Hz, 2H, CH2-CH2-CH3), 1.43 (s, 9H, Boc), 0.96 (t, J = 7.2 Hz, 6H, 

CH2--CH3).  

 
13C NMR (CD3OD) δ 179.1(NHC=O), 172.9 (2xNHC=O), 161.5(C), 160.8 

(C), 151.5 (2xC=O), 111.2 (C), 78.7 (C), 46.8 (CH2), 42.5 (CH2), 39.1 (C), 

38.7(2xCH2), 35.7(CH2), 35.5(CH2), 33.6 (CH2), 33.6 (C), 33.3 (CH2), 29.6 
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(CH2 bicycle), 27.8 (CH2 bicycle), 27.4 (Boc), 20.9 (CH2), 20.9 (CH2), 10.1 

(CH3), 9.9 (CH3).  

 

Analytical RP-HPLC tR = 5.58 min, purity > 97% (method F). 

 

 Methyl 3-(4-(2,6-dioxo-1,3-

dipropyl-2,3,6,9-tetrahydro-1H-purin-8-yl) bicyclo[2.2.2]octane-1-

carboxamido)propanoate (4.26). To a solution of 4-(2,6-dioxo-1,3-

dipropyl-2,3,6,9-tetrahydro-1H-purin-8-yl)bicyclo[2.2.2]octane-1-carboxylic 

acid (compound 16 from Kiesman et. al.) (80 mg, 206 µmol, 1.0 equiv.)  in 

DMF (1 mL) was added DIPEA (0.143 mL, 824 µmol, 4.0 equiv.), β-Ala-

methyl ester (29 mg, 206 µmol, 1.0 equiv.) and BOP (136 mg, 309 µmol, 1.50 

equiv.). The resulting mixture was stirred at rt for 1 h. Upon completion of 

the reaction checked by TLC and LC/MS, DMF was evaporated to dryness 

and the resulting residue was taken up in water (20 mL) and extracted 

with EtOAc. The organic layer was collected and washed with 1 M HCl, sat. 

NaHCO3 and brine. The organic layer was then dried over anhydrous 

Na2SO4, filtered and evaporated to dryness to give the crude as pale 

yellow oil. Purification by flash column chromatography using a gradient of 

96:4 to 94:6 DCM/MeOH gave the title compound as off-white solid (76 mg, 

56%).  

 

LC/MS m/z calcd for C24H36N5O5 [MH]+: 474.20, found 474.30 tR = 3.57 

min (Method B).  

 
1H NMR (CDCl3) δ 12.25 (s, 1H, NH), 6.33 (t, J = 6.0 Hz, 1H, NH-amide), 

4.08 (t, J = 7.6, 6.1 Hz, 2H, CH2-N), 4.01 (t, J = 6.7 Hz, 2H, CH2-N), 3.69 (s, 

3H, OCH3), 3.51 (q, J = 6.0 Hz, 2H, NH-CH2), 2.52 (t, J = 6.2 Hz, 2H, CH2-

CO), 2.10 – 2.02 (m, 6H, bicycle), 1.87 (m, 6H, bicycle), 1.79 (h, J = 7.4 Hz, 
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2H, CH2-CH3), 1.74 – 1.64 (h, J = 7.4 Hz, 2H, CH2-CH3), 0.95 (t, J = 7.4 Hz, 

6H, CH3).  

 
13C NMR (CDCl3) δ 177.1 (NHC=O), 173.5 (NHC=O), 161.2 (C), 155.5 

(C=O), 151.2 (C=O), 149.0 (C), 107.1 (C), 51.9 (CH3), 45.3 (CH2), 43.3 (CH2), 

38.9 (C), 34.9 (CH2), 33.9 (C), 33.7 (CH2), 30.1 (CH2 bicycle), 28.5 (CH2 

bicycle), 21.5 (2xCH2), 11.6 (CH3), 11.3 (CH3). 

 

 3-(4-(2,6-Dioxo-1,3-dipropyl-

2,3,6,9-tetrahydro-1H-purin-8-yl)bicyclo[2.2.2]octane-1-

carboxamido)propanoic acid (4.27).  Methyl 3-(4-(2,6-dioxo-1,3-dipropyl-

2,3,6,9-tetrahydro-1H-purin-8-yl)bicyclo[2.2.2]octane-1-

carboxamido)propanoate (4.26) (76 mg, 160 µmol, 1.0 equiv.) was dissolved 

in MeOH (5 mL). To the mixture was added a solution of LiOH×H2O (33.67 

mg, 802 µmol, 5.0 equiv.) in water (5 mL). The resulting mixture was stirred 

at rt for 40 min. By that time, TLC and LC/MS showed the reaction was 

completed. MeOH was then removed under reduced pressure and the water 

layer was acidified with 2 M HCl to pH = 1. The water layer was extracted 

with EtOAc (2x20 mL). The organic layer was separated, dried 

over anhydrous MgSO4, filtered and evaporated to dryness to give the title 

compound as off-white solid (61 mg, 84%). 

 
1H NMR (CDCl3) δ 12.10 (s, 1H, NH), 6.45 (t, J = 6.0 Hz, 1H, NH-amide), 

4.08 (t, J = 6.6 Hz, 2H, CH2-N), 3.98 (t, J = 7.0 Hz, 2H, CH2-N), 3.58 (q, J = 

6.0 Hz, 2H, NH-CH2), 2.66 (t, J = 4.9 Hz, 2H, CH2), 2.07 – 2.00 (m, 6H, 

bicycle), 1.96 – 1.91 (m, 6H, bicyle), 1.78 (h, J = 7.0 Hz, 2H, CH2-CH3), 1.65 

(h, J = 7.0 Hz, 2H, CH2-CH3), 0.94 (t, J = 7.4, 6H, CH3-CH2). 
 

13C NMR (CDCl3) δ 178.2 (NHC=O), 176.6 (NHC=O), 161.4 (C), 156.4 

(C=O), 150.8 (C=O), 149.7(C), 106.5 (C), 45.5 (CH2), 43.6 (CH2), 38.9 (C), 
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34.6 (CH2), 33.8 (C), 30.2 (CH2 bicycle), 28.5 (CH2 bicycle), 21.4 (2xCH2), 

11.4 (CH3), 11.3 (CH3).  

 

 tert-Butyl (2-(3-

(4-(2,6-dioxo-1,3-dipropyl-2,3,6,9-tetrahydro-1H-purin-8-

yl)bicyclo[2.2.2]octane-1-carboxamido)propanamido)ethyl)carbamate 

(4.28). Following general procedure A, to a solution of compound 4.27 (61.00 

mg, 133 µmol, 1eq.) in DMF (1 mL) was added DIPEA (92 mL, 531 µmol, 

4.0 equiv.), tert-butyl (2-aminoethyl)carbamate (21.27 mg, 133 µmol, 1.0 

equiv.) and BOP (88 mg, 199 µmol, 1.50 equiv.). Purification by flash column 

chromatography using a gradient of 96:4 to 94:6 DCM/MeOH gave the title 

compound as off-white solid (62 mg, 70%).  

 

LC/MS m/z calcd for C30H48N7O6 [MH]+: 602.20, found 602.40 tR = 3.62 

min (Method B).  
 

1H NMR (CDCl3) δ 6.86 (br s, 1H, NH-amide), 6.65 (br s, 1H, NH-amide), 

5.02 (br s, 1H, NH-amide), 4.10 (t, J = 6.4 Hz, 2H, CH2-N), 4.00 (t, J = 6.4 

Hz, 2H, CH2-N), 3.57-3.48 (m, 2H, CH2), 3.39 – 3.32 (m, 2H, CH2), 3.31 – 

3.22 (m, 2H, CH2), 2.46 – 2.37 (m, 2H, CH2), 2.10 – 2.00 (m, 6H, bicycle), 

1.95 – 1.85 (m, 6H, bicycle), 1.79 (h, J = 7.3 Hz, 2H, CH2-CH3), 1.68 (h, J = 

7.4 Hz, 2H, CH2-CH3), 1.44 (s, 9H, Boc), 0.95 (t, J = 7.5 Hz, 6H, CH3-CH2).  
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 tert-

Butyl (1-(4-(2,6-dioxo-1,3-dipropyl-2,3,6,9-tetrahydro-1H-purin-8-

yl)bicyclo[2.2.2]octan-1-yl)-1,5,10-trioxo-12-oxa-2,6,9-triazatetradecan-

14-yl)carbamate (4.30). Following general procedure B, compound 2-(3-(4-

(2,6-dioxo-1,3-dipropyl-2,3,6,9-tetrahydro-1H-purin-8-

yl)bicyclo[2.2.2]octane-1-carboxamido)propanamido)ethan-1-aminium 

chloride (4.29) was synthesized reacting 4.28 (64 mg, 1.0 equiv.) with 4 M 

HCl in dioxane (1 mL). The resulting intermediate 4.29 was used for the 

subsequent step without further purification. The synthesis of the title 

compound 4.30 was carried out following general procedure A, reacting a 

solution of 2-(3-(4-(2,6-dioxo-1,3-dipropyl-2,3,6,9-tetrahydro-1H-purin-8-

yl)bicyclo[2.2.2]octane-1-carboxamido)propanamido)ethan-1-aminium 

chloride (4.29) (54 mg, 100 µmol, 1.10 equiv.) in DMF (0.5 mL) with a 

solution of 2-(2-((tert-butoxycarbonyl)amino)ethoxy)acetic acid (20 mg, 91 

µmol, 1.0 equiv.), DIPEA (64 µl, 365 µmol, 4.0 equiv.)and COMU (43 mg, 

100 µmol, 1.10 equiv.) in DMF (0.5 mL). Purification by flash column 

chromatography using a gradient of 97:3 to 94:6 DCM/MeOH gave the title 

compound as an off-white solid (37 mg, 58%).  

 

LC/MS m/z calcd for C34H55N8O8 [MH]+: 703.20, found 703.40 tR = 3.37 

min (Method B).  

 

HRMS (TOF ES+) calcd for C34H55N8O8 703.4137, found 703.4155; calcd 

for C34H55N8O8Na 725.3957, found 725.3974.  
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1H NMR (CDCl3) δ 12.05 (s, 1H, NH), 7.57 (s, 1H, NH-amide), 7.10 (s, 1H, 

NH-amide), 6.71 (s, 1H, NH-amide), 5.62 (s, 1H, NH-amide), 4.07 (t, J = 6.1 

Hz, 2H, CH2-N), 4.01 – 3.93 (m, 4H, CO-CH2-O- and CH2-N-), 3.59 – 3.50 

(m, 4H, CH2), 3.43 – 3.38 (m, 4H, NH- (CH2)2-NH), 3.38 – 3.32 (m, 2H, 

CH2), 2.56-2.42 (m, 2H, CH2), 2.07 – 1.98 (m, 6H, bicycle), 1.90 – 1.82 (m, 

6H, bicycle), 1.78 (h, J = 7.4 Hz, 2H, CH2-CH2-CH3), 1.67 (h, J = 7.4 Hz, 2H, 

CH2-CH2-CH3), 1.43 (s, 9H, Boc), 0.94 (t, J = 7.5 Hz, 6H, CH2--CH3).  

 
13C NMR (CDCl3) δ 176.6 (NHC=O), 161.5 (C), 160.9 (NHC=O), 156.5 

(C=O), 155.4 (NHC=O), 151.2 (C=O), 148.8 (C), 107.0 (C), 101.7 

(NHC=O), 79.9 (C), 71.2 (CH2), 70.5 (CH2), 45.3 (2xCH2), 43.2 (CH2), 39.9 

(CH2), 39.0 (C), 35.9 (CH2), 35.8 (CH2), 33.9 (C), 30.1 (CH2 bicycle), 28.6 

(Boc), 28.4 (CH2 bicycle), 21.5 (2xCH2), 11.6 (CH3), 11.3 (CH3). 

 

Analytical RP-HPLC tR = 5.62 min, purity > 98% (Method F).  

 

 tert-

Butyl (1-(4-(2,6-dioxo-1,3-dipropyl-2,3,6,9-tetrahydro-1H-purin-8-

yl)bicyclo[2.2.2]octan-1-yl)-1,7-dioxo-9,12-dioxa-2,6-diazatetradecan-

14-yl)carbamate (4.22). The title compound was synthesized as described 

for 8-bicyclo[2.2.2]octylxanthine 4.19, following general procedure A: to a 

solution of 2,2-dimethyl-4-oxo-3,8,11-trioxa-5-azatridecan-13-oic acid (11 

mg, 42 µmol, 1.0 equiv.) in DMF (0.7 mL) was added DIPEA (15 µL, 85 

µmol, 4.0 equiv.) followed by COMU (20 mg, 46 µmol, 1.10 equiv.) 

and intermediate 4.18b (21 mg, 46 µmol, 1.10 equiv.) previously dissolved in 

DMF (0.5 mL). Purification by flash column chromatography using a gradient 
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of 97:3 to 95:5 DCM/MeOH gave the title compound as colourless oil (15 

mg, 39%).  

 

LC/MS m/z calcd for C34H56N7O8 [MH]+: 690.20, found 690.40 tR = 3.57 

min (Method B).  

 

HRMS (TOF ES+) calcd for C34H56N7O8 690.4185, found 690.4199; calcd 

for C34H56N7O8 Na 712.4004, found 712.4020.  
 

1H NMR (CDCl3) δ 11.86 (s, 1H, NH), 7.17 (t, J = 6.6 Hz, 1H, NH-amide), 

6.86 (t, J = 6.8 Hz, 1H, NH-amide), 4.92 (br s, 1H, NH-amide), 4.10 (t, J = 

6.5 Hz, 2H, CH2-N), 4.04 – 3.99 (m , 4H, CO-CH2-O- and CH2-N-), 3.71 – 

3.66 (m, 2H, O-CH2-CH2-O), 3.66 – 3.63 (m, 2H, O- CH2-CH2-O), 3.57 

(t, J = 5.3 Hz, 2H, O- CH2- CH2), 3.35 (dt, J = 10.5, 5.7 Hz, 4H, NH-

CH2CH2CH2-NH), 3.26 (q, J = 6.1 Hz, 2H, CH2-CH2-NH-CO), 2.10-2.03 (m, 

6H, bicycle), 1.97-1.90 (m, 6H, bicycle), 1.79 (m, 2H, CH2-CH2-CH3), 1.74 – 

1.67 (m, 2H, CH2-CH2-CH3), 1.67 – 1.60 (m, 2H, NH-CH2CH2CH2-NH), 

1.44 (s, 9H, Boc), 0.96 (t, J = 7.5 Hz, 6H, CH2--CH3).  
 

13C NMR (CDCl3) δ 177.5 (NHC=O), 171.2 (NHC=O), 166.7 (NHC=O), 

156.1(C), 155.5 (C=O), 151.2 (C=O), 148.7 (C), 106.9 (C), 75.4 (CH2), 71.2 

(CH2), 70.5 (CH2), 70.5 (CH2), 70.5 (CH2), 70.1 (CH2), 43.3 (CH2), 39.1 (C), 

35.4 (CH2), 35.3 (CH2), 33.9 (C), 30.2 (CH2), 29.7(CH2 bicycle), 28.6 (CH2 

bicycle), 28.5 (Boc), 21.5 (CH2), 21.5 (CH2), 11.6 (CH3), 11.3 (CH3).  

 

Analytical RP-HPLC tR = 5.92 min, purity > 99% (Method F). 
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tert-Butyl 

(2-(2-((3-(4-(2,6-dioxo-1,3-dipropyl-2,3,6,9-tetrahydro-1H-purin-8-

yl)bicyclo[2.2.2]octane-1-carboxamido)propyl)amino)-2-

oxoethoxy)ethyl)carbamate (4.23). The synthesis of 4.23 was carried out 

as described for 8-bicyclo[2.2.2]octylxanthine 4.20, following general 

procedure A: to a solution of 2-(2-((tert-butoxycarbonyl)amino)ethoxy)acetic 

acid (13 mg, 59.30 µmol, 1.0 equiv.) in DMF (0.7 mL) was added DIPEA (21 

mL, 118.6 µmol, 4.0 equiv.), followed by COMU (27.93 mg, 65 µmmol, 1.10 

equiv.) and intermediate 4.18b (29 mg, 65.23 µmol, 1.10 equiv.) previously 

dissolved in DMF (0.5 mL). Purification by flash column chromatography 

using a gradient of 96:4 to 95:5 DCM/MeOH gave the title compound as 

colourless oil (14 mg, 37%).  

 

LC/MS m/z calcd for C32H52N7O7 [MH]+: 646.20, found 646.40 tR = 2.82 

min (Method B).  

 

HRMS (TOF ES+) calcd for C32H52N7O7 646.3923, found 646.3937; calcd 

for C32H52N7O7 Na 668.3742, found 668.3758.  
 

1H NMR (CDCl3) δ 12.08 (s, 1H, NH)7.43 (br s, 1H, NH-amide), 6.52 (br s, 

1H, NH-amide), 5.54 (br s, 1H, NH-amide), 4.09 (t, J = 6.0 Hz, 2H, CH2-N), 

4.01 (t, J = 6.3 Hz, 2H, CH2-N), 3.98 (s, 2H, CO-CH2-O), 3.58 (t, J = 5.0 Hz, 

2H, O-CH2-CH2-NH), 3.40 – 3.35 (m, 2H, O-CH2-CH2-NH), 3.34 – 3.27 (m, 

4H, NH-CH2CH2CH2-NH), 2.11 – 2.04 (m, 6H, bicycle), 1.96 – 1.90 (m, 6H, 

bicycle), 1.79 (h, J = 6.5 Hz, 2H, CH2-CH2-CH3), 1.71 (h, J = 6.5 Hz, 2H, 

CH2-CH2-CH3), 1.66 – 1.57 (m, 2H, NH-CH2CH2CH2-NH), 1.43 (s, 9H, 

Boc), 0.95 (t, J = 7.5 Hz, 6H, CH2--CH3). 
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13C NMR (CDCl3) δ 178.1 (NHC=O), 170.5 (NHC=O), 161.1(NHC=O), 

156.4 (C), 155.5 (C=O), 151.2 (C=O), 148.8 (C), 106.9 (C), 79.4 (C), 71.4 

(CH2), 70.5 (CH2), 45.4 (CH2), 43.3 (CH2), 40.7 (CH2), 39.2 (C), 35.4 (CH2), 

34.9 (CH2), 33.9 (C), 30.2 (CH2), 29.7(CH2 bicycle), 28.6 (CH2 bicycle and 

Boc), 21.5 (CH2), 21.5 (CH2), 11.6 (CH3), 11.3 (CH3).  

 

Analytical RP-HPLC tR = 5.95 min, purity > 99% (Method F). 

 

 tert-Butyl (3-

((3-(4-(2,6-dioxo-1,3-dipropyl-2,3,6,9-tetrahydro-1H-purin-8-

yl)bicyclo[2.2.2]octane-1-carboxamido)propyl)amino)-3-

oxopropyl)carbamate (4.24). The synthesis of compound 4.24 was carried 

out as described for 8-bicyclo[2.2.2]octylxanthine 4.21, following general 

procedure A: to a solution of Boc-β-Ala-OH (12 mg, 61 µmol, 1.0 equiv.) in 

DMF (0.5 mL) was added DIPEA (21 µL, 122 µmol, 2.0 equiv.) followed by 

COMU (29 mg, 67 µmol, 1.10 equiv.) and  intermediate 4.18b (30 mg, µmol, 

1.10 equiv.) previously dissolved in DMF (0.5 mL). Purification by flash 

column chromatography using a gradient of 96:4 to 94:6 DCM/MeOH gave 

the title compound as an off-white solid (36 mg, 92%).  

 

LC/MS m/z calcd for C31H50N7O6 [MH]+: 616.37, found 616.40 tR = 3.43 

min (Method B).  

 
1H NMR (CDCl3) δ 6.58 – 6.49 (m, 2H, NH-amide), 5.20 (s, 1H, NH-amide), 

4.09 (t, J = 6.5 Hz, 2H, CH2-N-), 4.02 (t, J = 6.7 Hz, 2H, CH2-N-), 3.41 (t, J = 

5.3 Hz, 2H, ,-COCH2CH2), 3.31 – 3.23 (m, 4H, NH-CH2CH2CH2-NH), 2.45 

(t, J = 6.1 Hz, 2H, CH2), 2.11 – 2.04 (m, 6H, bicycle), 1.96 – 1.89 (m, 6H, 

bicycle), 1.79 (h, J = 6.5 Hz, 2H, CH2-CH2-CH3), 1.70 (h, J = 6.4 Hz, 2H, 
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CH2-CH2-CH3), 1.65 – 1.56 (m, 2H, CH2), 1.42 (s, 9H, Boc), 0.96 (t, J = 7.4 

Hz, 6H, -CH3).  
 

13C NMR (CDCl3) δ 177.9 (NHC=O), 161.1 (C), 157.9 (NHC=O), 156.4 

(NHC=O), 155.5 (C=O), 151.2 (C=O), 148.8 (C), 106.9 (C), 47.7 (CH2), 45.4 

(CH2), 43.3 (CH2), 39.2 (C), 36.8 (CH2), 35.8 (CH2), 35.5 (CH2), 33.9 (C), 30.2 

(CH2), 29.8 (CH2 bicycle), 28.6 (CH2 bicycle), 28.5 (Boc), 21.5 (CH2), 21.5 

(CH2), 11.6 (CH3), 11.3 (CH3).  

 

 tert-

Butyl (3-((3-((3-(4-(2,6-dioxo-1,3-dipropyl-2,3,6,9-tetrahydro-1H-

purin-8-yl)bicyclo[2.2.2]octane-1-carboxamido)propyl)amino)-3-

oxopropyl)amino)-3-oxopropyl)carbamate (4.25b). Following general 

procedure C, the intermediate 3-((3-(4-(2,6-dioxo-1,3-dipropyl-2,3,6,7-

tetrahydro-1H-purin-8-yl)bicyclo[2.2.2]octane-1-

carboxamido)propyl)amino)-3-oxopropan-1-aminium chloride was 

synthesized and was used for the subsequent step without further 

purification. The synthesis of the title compound 4.25b was carried out as 

described for xanthine 4.25a, following general procedure A: to a solution 

of Boc-β-Ala-OH (11 mg, 58 µmol, 1.0 equiv.), DIPEA (41 µL, 233 µmol, 

4.0 equiv.) and COMU (22 mg, 64 µmol, 1.10 equiv.) in DMF (0.5 mL) was 

added a solution of  3-((3-(4-(2,6-dioxo-1,3-dipropyl-2,3,6,7-tetrahydro-1H-

purin-8-yl)bicyclo[2.2.2]octane-1-carboxamido)propyl)amino)-3-oxopropan-

1-aminium chloride (33 mg, 64 µmol, 1.10 equiv.) in DMF (0.5 mL). 

Purification by flash column chromatography using a gradient of 96:4 to 93:7 

DCM/MeOH gave the title compound as an off-white solid (12 mg, 31%).  
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LC/MS m/z calcd for C34H55N8O7 [MH]+: 687.20, found 687.40 tR = 3.38 

min (Method B).  

 

HRMS (TOF ES+) calcd for C34H55N8O7 687.4188, found 687.4202; calcd 

for C34H55N8O7 Na 709.4008, found 709.4026.  

 
1H NMR (CD3OD) δ 4.07 (t, J = 6.9 Hz, 2H, CH2-N), 3.95 (t, J = 6.9 Hz, 

2H, CH2-N), 3.46 (t, J = 6.7 Hz, 2H, CH2), 3.31 (s, 2H, CH2), 3.22 (dt, J = 

6.7, 4.2 Hz, 4H, CH2), 2.39 (dt, J = 15.7, 6.8 Hz, 4H, CH2), 2.06 – 1.99 (m, 

6H, bicycle), 1.95 – 1.89 (m, 6H, bicycle), 1.78 (h, J = 6.9 Hz, 2H, CH2-CH2-

CH3), 1.72 – 1.61 (m, 4H, CH2), 1.44 (s, 9H, Boc), 0.96 (t, J = 7.3 Hz, 6H, 

CH2--CH3). 

 
13C NMR (CD3OD) δ 181.9 (NHC=O), 159.9 (C), 156.0 (NHC=O), 153.9 

(NHC=O), 151.0 (C=O), 150.8(C=O), 143.9 (C), 109.1(C), 57.9 (CH2), 47.4 

(CH2), 46.1 (CH2), 43.3 (CH2), 40.2 (C), 38.8 (CH2), 36.9 (CH2), 34.9 (C), 31.2 

(CH2), 31.0 (CH2), 30.3 (CH2 bicycle), 29.3 (CH2 bicycle), 28.8 (Boc), 22.4 

(CH2), 22.3 (CH2), 19.4(CH2), 11.5 (CH3), 11.3 (CH3).  

 

Analytical RP-HPLC tR = 5.30 min, purity >99% (Method F). 

  

5,6-Diamino-1-benzyl-3-propylpyrimidine-

2,4(1H,3H)-dione (4.32).292 A solution of 6-amino-1-benzyl-5-nitroso-3-

propylpyrimidine-2,4(1H,3H)-dione (4.31) (0.250 g, 0.87 mmol, 1 equiv.) in 

water (25 mL) and 30% NH3OH (10 mL) was heated to 85 oC and sodium 

dithionite (3.0 equiv.) was added in small portions until the colour 

disappeared. The reaction was cooled to rt and the mixture was extracted 

with EtOAc. The organic phase was dried over anhydrous MgSO4, filtered 

and evaporated to dryness to give the title compound as yellow solid (0.218 

g, 92%).  
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LC/MS m/z calcd for C14H19N4O2 [MH]+: 275.14, found 275.10 tR = 2.90 

min (Method B).  
 

1H NMR (DMSO-d6) δ 7.36 – 7.30 (m, 2H, , Ar-H), 7.27 – 7.22 (m, 1H, , Ar-

H), 7.21 – 7.15 (m, 2H, , Ar-H), 6.13 (s, 2H, -NH2), 5.13 (s, 2H, -CH2-Ar), 

3.76 (t, J = 6.2 Hz, 2H, CH2-CH2-CH3), 2.95 (br s, 2H, NH2), 1.51 (h, J = 7.3 

Hz, 2H, CH2-CH2-CH3), 0.82 (t, J = 7.5 Hz, 3H, -CH3).  

 
13C NMR (DMSO-d6) δ 158.9 (C=O), 149.8 (C=O), 144.1(C), 136.9 (C), 

128.4 (CH-Ar), 127.1 (CH-Ar), 126.4 (CH-Ar), 96.3 (C), 44.9(CH2), 42.0 

(CH2), 20.9 (CH2), 11.2 (CH3). 

 

8-((1R,3R,5S)-Adamantan-1-yl)-3-benzyl-1-

propyl-3,7-dihydro-1H-purine-2,6-dione (4.34). To a solution of xanthine 

4.32 (0.201 g, 0.73 mmol, 1.0 equiv.) in DMF (1 mL) was added DIPEA (0.13 

mL, 0.73 mmol, 1.10 equiv.). The resulting mixture was added to a solution 

of 1-adamantane carboxylic acid (0.120 g, 0.67 mmol, 1 eq.) and COMU 

(0.314 g, 0.73 mmol, 1.10 equiv.) in DMF (1 mL). The resulting solution was 

stirred at rt for 15 min. Upon completion of the reaction (LC-MS) cold water 

was added to the reaction mixture and subsequent precipitation of a white 

solid occurred. The solid was filtrated, washed with cold water and dried. The 

title intermediate (1R,3R,5S)-N-(6-amino-1-benzyl-2,4-dioxo-3-propyl-

1,2,3,4-tetrahydropyrimidin-5-yl)adamantane-1-carboxamide was obtained as 

off-white solid (0.254 g, 87%).293  

LC/MS m/z calcd for C25H33N4O4 [MH]+: 437.14, found 437.20 tR = 2.99 

min (Method B). 
1H NMR (DMSO-d6) δ 7.83 (s, 1H, NH), 7.37 – 7.31 (m, 2H, Ar-H), 7.27-

7.22 (m, 1H, Ar-H), 7.23 – 7.17 (m, 2H, Ar-H), 6.28 (s, 2H, -NH2), 5.16 (s, 

2H, -CH2-Ar), 3.71 (t, J = 7.2, 2H, , CH2-CH2-CH3), 2.00 – 1.92 (m, 3H, 
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adamantyl), 1.89-1.86 (m,5H, adamantyl), 1.71 – 1.60 (m, 6H, adamantyl), 

1.49 (h, J = 7.3 Hz, 2H, -CH2), 0.82 (t, J = 7.5 Hz, 3H, -CH3). 
13C NMR (DMSO-d6)) δ 177.9 (NHC=O), 159.0 (C=O), 151.5 (C=O), 150.7, 

136.6 (C), 128.6 (CH-Ar), 127.3 (CH-Ar), 126.4 (CH-Ar), 88.3 (C), 45.2 

(CH2), 42.1 (CH2), 36.3(CH2 adamantane), 27.8 (CH adamantane), 20.9 (CH2), 

11.3 (CH3). 

(1R,3R,5S)-N-(6-amino-1-benzyl-2,4-dioxo-3-propyl-1,2,3,4-

tetrahydropyrimidin-5-yl)adamantane-1-carboxamide (0.254 g, 0.58 mmol, 

1.0 equiv.) was dissolved in propan-2-ol (7 mL). To the resulting mixture was 

added 1 M KOH (7 mL) and the resulting solution was heated to reflux for 

1 h. Upon completion of the reaction, the solvent was removed under 

reduced pressure and the residue was taken up in water and extracted with 

DCM (2 x 20 mL). The organic layers were combined, dried over anhydrous 

MgSO4, filtered and evaporated to dryness to give the title compound as pale 

yellow solid. Subsequent recrystallization from hot ethanol and water gave 

the title compound as fluffy off-white solid (0.232 g, 95%).  

 

LC/MS m/z calcd for C25H31N4O2 [MH]+: 419.20, found 419.20 tR = 4.73 

min (Method B).  

 
1H NMR (CDCl3) δ 12.10 (s, 1H, -NH), 7.60 – 7.56 (m, 2H, Ar-H), 7.34 – 

7.24 (m, 3H, Ar-H), 5.32 (s, 2H, CH2-Ar), 4.04 (t, J = 6.3 Hz, 2H, CH2-CH2-

CH3), 2.19-2.09 (m, 9H, adamantyl), 1.90-1.77 (m, 6H, adamantyl), 1.69 (h, J 

= 6.5 Hz, 2H, CH2-CH2-CH3), 0.94 (t, J = 7.4 Hz, 3H, CH3). 

 
13C NMR (CDCl3) δ 162.8 (C), 155.5 (C=O), 151.3 (C=O), 148.9 (C), 136.9 

(C-Ar), 129.3 (CH-Ar), 128.5 (CH-Ar), 127.8 (CH-Ar), 106.7 (C), 46.9 (CH2), 

43.3 (CH2), 41.0 (CH2 adamantane), 36.6 (CH2 adamantane), 35.9 (C 

adamantane), 28.3 (CH2 adamantane) , 21.4 (CH2), 11.4 (CH3). 

 



 225 

 Methyl 4-((2-((tert-

butoxycarbonyl)amino)ethyl)carbamoyl)benzoate (4.37). 4-

(Methoxycarbonyl) benzoic acid 4.36 (0.200 g, 1.11 mmol, 1.0 eq.) was 

dissolved in DMF (2 mL). To the resulting solution was added DIPEA (0.21 

mL, 1.22 mmol, 1.10 equiv.), COMU (0.523 g, 1.22 mmol, 1.10 equiv.) 

and tert-butyl (2-aminoethyl) carbamate (0.19 mL, 1.22 mmol, 1.10 equiv.). 

The reaction was stirred at rt for 20 min. Upon completion of reaction 

checked by LC-MS and TLC, cold water (7 mL) was added and a pale pink 

precipitate developed which was collected by suction filtration and washed 

with cold water.  The title compound was obtained after air drying (0.270 g, 

75 %).  

 

LC/MS m/z calcd for C16H22N2O5 [MH]+: 223.15, found 223.10 (-Boc); tR 

= 2.69 min (Method B).  

 
1H NMR (CDCl3)) δ 8.08 (d, J = 8.0 Hz, 2H, Ar-H), 7.89 (d, J = 7.3 Hz, 2H, 

Ar-H), 7.43 (br s, 1H, NH), 5.00 (br s, 1H, NH), 3.94 (s, 3H, -CH3), 3.56 (dt, 

J = 6.5, 4.8 Hz, 2H, CH2), 3.45 – 3.39 (m, 2H, CH2), 1.43 (s, 9H, Boc). 

 
13C NMR (CDCl3) δ 166.9 (NHC=O), 166.5 (NHC=O), 155.6 (NHC=O), 

138.2 (C), 132.8 (C), 129.9 (CH-Ar), 127.2 (CH-Ar), 80.4 (C), 52.5 (CH2), 28.5 

(Boc). 

 

4-((2-((tert-

Butoxycarbonyl)amino)ethyl)carbamoyl)benzoic acid (4.38). Methyl 4-

((2-((tert-butoxycarbonyl)amino)ethyl)carbamoyl)benzoate (4.37) (0.260 g, 

O
H
N

OO

NHBoc

O
H
N

OHO
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0.81 mmol, 1.0 equiv.) was dissolved in THF (10 mL). To the resulting 

mixture was added 1M NaOH (8 mL) and the solution was stirred at rt for 3 

h. Upon completion of the reaction checked by TLC and LCMS, the organic 

layer was removed under reduced pressure. Dropwise addition of conc. HCl 

gave the title compound as white solid, which was obtained after suction 

filtration and vacuum drying (0.223, 90%).  

 

LC/MS m/z calcd for C15H21N2O5 [MH]+: 209.14, found 209.10 (-Boc); 

calcd for C15H21N2O5Na [MH]+ 331.14, found 331.10; tR = 3.18 min. (Method 

B).  

 
1H NMR (CD3OD) δ 8.08 (d, 2H, Ar-H), 7.89 (d, J = 8.3 Hz, 2H, Ar-H), 

3.46 (t, J = 5.6 Hz, 2H, CH2), 3.28 (t, J = 6.1 Hz, 2H, CH2), 1.41 (s, 9H, Boc).  

 

 
13C NMR (CD3OD) δ 169.0 (NHC=O), 158.8 (NHC=O), 139.6 (C-Ar), 

134.8 (C-Ar), 130.8 (CH-Ar), 128.4 (CH-Ar), 80.2 (C), 41.5 (CH2), 40.8 (CH2), 

28.7 (Boc).  

 

 tert-Butyl (2-(4-((3-

bromopropyl)carbamoyl)benzamido)ethyl)carbamate (4.39). To a 

solution of 4-((2-((tert-Butoxycarbonyl) amino)ethyl)carbamoyl)benzoic 

acid 4.38 (0.100 g, 0.32 mmol, 1.0 equiv.) in DMF (2 mL) was added COMU 

(0.153 g, 0.36 mmol, 1.10 equiv.) and 3-bromopropyl amine hydrobromide 

(0.092 g, 0.42 mmol, 1.30 eq.). DIPEA (0.112 mL, 0.65 mmol, 2.0 equiv.) was 

subsequently added to the reaction mixture dropwise. The resulting mixture 

was stirred at rt for 15 min. Completion of the reaction was checked by TLC 

(Rf 0.35 in DCM/MeOH 95:5) and LCMS. The resulting mixture was diluted 

with water and extracted with EtOAc. The organic layer was subsequently 

washed with 1M HCl (10 mL), dried over MgSO4, filtered and concentrated 

O
H
N

N
H

O

NHBoc

Br
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to dryness to afford the crude product as orange oil. Purification by flash 

column chromatography on a gradient of 97:3 to 94:6 % DCM/MeOH 

afforded the title product as off-white solid (0.085 g, 61%).  
 

1H NMR (DMSO-d6) δ 8.70 (t, J = 5.6 Hz, 1H, -NH), 8.55 (t, J = 5.3 Hz, 

1H, -NH), 7.83 (s, 4H, Ar-H), 3.51 (t, J = 6.6 Hz, 2H, -CH2-Br), 3.40 – 3.33 

(m, 2H, , CH2), 3.31-3.26 (m,  2H, , CH2), 3.10 (t, J = 6.1 Hz, 2H, , CH2), 2.05 

(p, J = 6.7 Hz, 2H, , CH2), 1.31 (s, 9H, Boc).  

 
13C NMR (DMSO-d6) δ 167.6 (NHC=O), 155.1 (NHC=O), 129.9 (CH-Ar), 

128.2 (CH-Ar), 36.8 (CH2), 36.0 (CH2), 34.3 (CH2), 33.1 (2xCH2), 28.8 (Boc) 

(two quaternary carbon not observed) 

 

 8-((1R,3R,5S)-Adamantan-1-yl)-3-benzyl-1-

propyl-7-((2-(trimethylsilyl)ethoxy)methyl)-3,7-dihydro-1H-purine-

2,6-dione (4.34). Potassium carbonate was added to a solution of xanthine 

4.33 (0.232 g, 0.55 mmol, 1.0 equiv.) in DMF (3 mL) and the resulting mixture 

was stirred at rt for 2 h. (2-(Chloromethoxy)ethyl)trimethylsilane (0.110 g, 

0.67 mmol, 1.20 equiv.) was the added dropwise and the solution was stirred 

at rt for additional 2 h. TLC showed complete consumption of the starting 

material. The reaction was then evaporated to dryness and the residue was 

adsorbed on isolute. Purification by flash column chromatography using a 

gradient of 100:0 to 80:20 PE/EtOAc gave the title compound as colourless 

oil which solidified upon cooling (0.200 g, 66%)  
 

1H NMR (CDCl3) δ 7.61 – 7.56 (m, 2H, Ar-H), 7.34 – 7.24 (m, 3H, Ar-H), 

5.91 (s, 2H, N-CH2-O), 5.26 (s, 2H, CH2-Ar), 3.94 (t, J = 6.9Hz, 2H, CH2), 

3.70 (t, J = 6.9 Hz, 2H, CH2), 2.23 – 2.17 (m, 6H, adamantyl), 2.15 – 2.09 (m, 

3H, adamantyl), 1.85 – 1.78 (m, 6H, adamantyl), 1.64 (h, J = 7.2 Hz, 2H, 

CH2), 0.96 – 0.90 (m, 5H, CH2(SEM) and CH3), -0.02 (s, 9H, TMS).  
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13C NMR (CDCl3) δ 161.6 (C), 155.3 (C=O), 151.3 (C=O), 147.0 (C), 137.0 

(C-Ar), 129.5 (CH-Ar), 128.5 (CH-Ar), 127.9 (CH-Ar), 107.6 (C), 73.6 (CH2), 

66.5 (CH2), 46.5 (CH2), 43.1(CH2), 40.9 (C adamantane), 37.9 (CH2 

adamantane), 36.6 (CH2 adamantane), 28.5 (CH2 adamantane), 21.5 (CH2), 

18.2 (CH2), 11.5(CH3), -1.3 (TMS).  

 

 8-((1R,3R,5S)-Adamantan-1-yl)-1-propyl-7-

((2-(trimethylsilyl)ethoxy)methyl)-3,7-dihydro-1H-purine-2,6-dione 

(4.35).360 Xanthine 4.34 (0.188 g, 0.34 mmol, 1.0 equiv.) was dissolved in 

methanol and to the solution was added 10% Pd/C (100 mg), followed 

by ammonium formate (3.53 mmol, 15 equiv.). The flask was equipped 

with a condenser with a balloon with N2 at the top and heated to 140 oC for 

9 h. The completion of the reaction was monitored by TLC.  The reaction 

mixture was then cooled to rt and filtered through CeliteTM. The pad was 

washed with MeOH and DCM. The colourless solution was concentrated to 

dryness to give the title compound as off-white solid (0.105 g, 67%).  
 

1H NMR (CDCl3) δ 5.93 (s, 2H, N-CH2-O), 3.95 (t, J = 7.2, 5.4 Hz, 2H, 

CH2), 3.71 (t, J = 7.2 Hz, 2H, CH2), 2.19 (s, 6H, adamantyl), 2.09 (s, 3H, 

adamantyl), 1.78 (s, 6H, adamantyl), 1.66 (h, J = 7.6 Hz, 2H, CH2), 0.98 – 0.89 

(m, 5H, CH2(SEM) and CH3), -0.02 (s, 9H, TMS).  

 
13C NMR (CDCl3) δ 162.1 (C), 155.9 (C=O), 107.7 (C), 73.6 (CH2), 66.5 

(CH2), 42.5 (CH2), 40.8 (CH2), 37.9 (CH2 adamantane), 36.5 (CH2 

adamantane), 28.4 (CH2 adamantane), 21.5 (CH2), 18.2 (CH2), 11.5 (CH3), -

1.3 (TMS) (two quaternary carbon not observed) 
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 tert-Butyl (2-(4-((3-(8-

((3R,5R,7R)-adamantan-1-yl)-2,6-dioxo-1-propyl-7-((2-

(trimethylsilyl)ethoxy)methyl)-1,2,6,7-tetrahydro-3H-purin-3-

yl)propyl)carbamoyl)benzamido)ethyl)carbamate (4.40). To a solution 

of xanthine 4.35 (105 mg, 1.0 equiv.) in DMF (2 mL) was added K2CO3 (42 

mg, 1.3 equiv.). The resulting mixture was stirred at rt for 1 h. After that time, 

a solution of tert-butyl (2-(4-((3-

bromopropyl)carbamoyl)benzamido)ethyl)carbamate (4.39) (113 mg, 1.15 

equiv.) in DMF (1 mL) was added to the reaction mixture, which was stirred 

at 40 oC for 23h. The reaction was subsequently filtered and concentrated to 

dryness. The crude material was adsorbed on isolute and purified by flash 

column chromatography using a gradient of 50:50 to 20:80 PE/EtOAc to 

give the title compound as off-white foam (90 mg, 49 %).  
 

1H NMR (CDCl3) δ 7.90 (s, 4H, Ar-H), 7.78 (t, J = 6.1 Hz, 1H, -NH), 7.47 

(s, 1H, -NH), 5.92 (s, 2H, , N-CH2-O), 5.14 (br s, 1H, NH), 4.26 (t, J = 5.6 

Hz, 2H, -CH2-N3), 3.98 (t, J = 7.3 Hz, 2H, CH2-N1), 3.71 (t, J = 8.0 Hz, 2H, 

-O-CH2), 3.56 (q, J = 4.8 Hz, 2H, , CH2-NHCO), 3.45 – 3.37 (m, 4H, -CH2), 

2.13 – 2.08 (m, 6H), 2.08 – 1.97 (m, 5H, adamantane + CH2), 1.76 – 1.60 (m, 

8H, adamantane + CH2), 1.42 (s, 9H, Boc), 0.93 (m, 5H, CH3 and CH2), -0.03 

(s, 9H, TMS).  

 
13C NMR (CDCl3) δ 167.0 (NHC=O), 166.9 (NHC=O), 161.9 (C), 155.1 

(C=O), 151.8 (C=O), 147.0 (C), 137.7 (C), 136.7 (C), 127.4 (CH-Ar), 127.4 

(CH-Ar), 107.7 (C), 80.2 (C), 73.7 (OCH2N), 66.6 (OCH2), 43.1 (CH2), 40.9 

(CH2 adamantane), 40.4 (CH2), 37.9 (2xCH2), 36.4 (CH2 adamantane), 35.9 
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(CH2), 28.5 (Boc), 28.3 (CH2 adamantane), 28.2 (CH2), 21.5 (CH2), 18.2 (CH2), 

11.5 (CH3), -1.3 (TMS).  

 

 

N1-(3-(8-((3R,5R,7R)-

Adamantan-1-yl)-2,6-dioxo-1-propyl-1,2,6,7-tetrahydro-3H-purin-3-

yl)propyl)-N4-(2-aminoethyl)terephthalamide (4.41). The synthesis of 

the title compound 4.41 was achieved following general procedure C. The 

title compound 4.41 was used for the subsequent step without any further 

purification (29 mg, quantitative).  LC-MS m/z calcd for C31H42N7O4 [MH]+: 

576.20, found 576.40; tR = 3.16 min (Method B). 

 tert-Butyl (3-((2-(4-

((3-(8-((3R,5R,7R)-adamantan-1-yl)-2,6-dioxo-1-propyl-1,2,6,7-

tetrahydro-3H-purin-3-

yl)propyl)carbamoyl)benzamido)ethyl)amino)-3-

oxopropyl)carbamate (4.42). The title compound 4.42 was synthesized 

following general procedure A, reacting a solution of Boc-β-Ala-OH (10 mg, 

1.0 equiv.), DIPEA (18 µL, 2.0 equiv.) and COMU (24.90 mg, 1.10 equiv.) in 

DMF (0.5 mL) with a solution of N1-(3-(8-((1R,3R,5S)-adamantan-1-yl)-2,6-

dioxo-1-propyl-1,2,6,7-tetrahydro-3H-purin-3-yl)propyl)-N-4-(2-
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aminoethyl)terephthalamide (4.41) (34 mg, 1.10 equiv.) in DMF (0.5 mL). 

Purification by flash column chromatography using a gradient of 96:4 to 93:7 

DCM/MeOH gave the title compound as an off-white solid (18 mg, 47%).  

 

LC/MS m/z calcd for C39H55N8O7 [MH]+: 747.40, found 747.40; tR = 3.71 

min (Method B).  
 

1H NMR (CD3OD) δ 7.93 (s, 4H, Ar-H), 4.59 (s, 1H, NH), 4.26 (t, J = 6.6 

Hz, 2H, CH2), 3.95 (t, J = 6.3 Hz, 2H, CH2), 3.52 (t, J = 5.8 Hz, 2H, CH2), 

3.48-3.39 (m, 4H, -NH(CH2)2NH), 3.36 (s, 2H, CH2), 2.37 (t, J = 6.7 Hz, 2H, 

CH2), 2.10 (q, J = 6.5 Hz, 2H, COCH2), 2.02-1.96 (m, 9H, adamantane), 1.81 

– 1.70 (m, 6H, adamantane), 1.69 – 1.62 (m, 2H, CH2CH3), 1.42 (s, 9H, Boc), 

0.94 (t, J = 7.5 Hz, 3H, CH3).  
 

13C NMR (CD3OD) δ 187.4 (NHC=O), 181.9, 169.3 (NHC=O), 169.2 

(NHC=O), 163.6 (C), 156.0 (C=O), 152.9 (C=O), 149.5 (C), 138.7 (C-Ar), 

138.2 (C-Ar), 128.6 (CH-Ar), 128.5 (CH-Ar), 107.9 (C), 80.2 (C), 43.9(CH2), 

42.2 (CH2), 41.9 (CH2), 40.9 (CH2 adamantane), 40.1 (CH2), 38.0 (CH2), 37.6 

(CH2), 37.4 (CH2 adamantane), 36.9 (CH2), 29.5 (CH2 adamantane), 28.9 

(CH2), 28.7 (Boc), 22.3 (CH2), 11.6 (CH3).  

 

  (E)-N-(2-(6-(2-

(4-(2-(5,5-Difluoro-7-(thiophen-2-yl)-5H-4l4,5l4-dipyrrolo[1,2-c:2',1'-

f][1,3,2]diazaborinin-3-

yl)vinyl)phenoxy)acetamido)hexanamido)ethyl)-4-(2,6-dioxo-1,3-

N
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dipropyl-2,3,6,7-tetrahydro-1H-purin-8-yl)bicyclo[2.2.2]octane-1-

carboxamide (4.43a). Following general procedure D, amine congener 4.18a 

(0.5 mg, 1.10 equiv.) was converted to the BODIPY 630/650 conjugate. 

Purification by RP-HPLC (Method D) gave, after lyophilisation, the title 

compound as blue solid (0.4 mg, 39%)  

 

LC/MS m/z calcd for C51H61BF2N906S [MH]+: 976.30 found 976.30 tR = 

3.98 min (Method B).  

 

HRMS (TOF ES+) calcd for C51H61BF2N906S [MH]+: 976.4530 found 

976.4530; calcd for C51H61BF2N906SNa [M+Na]+: 998.4349 found 998.4335.  

 

Analytical RP-HPLC tR = 6.86 min, purity > 99% (Method F). 

  

1-(6-((2-(4-(2,6-Dioxo-1,3-

dipropyl-2,3,6,7-tetrahydro-1H-purin-8-yl)bicyclo[2.2.2]octane-1-

carboxamido)ethyl)amino)-6-oxohexyl)-3,3-dimethyl-2-((1E,3E)-5-

((E)-1,3,3-trimethyl-5-sulfoindolin-2-ylidene)penta-1,3-dien-1-yl)-3H-

indol-1-ium-5-sulfonate (4.43b). Following general procedure D, amine 

congener 4.18a (0.5 mg, 1.10 equiv.) was converted to the sulfo-Cyanine5 

conjugate 4.43b. Purification by RP-HPLC (Method D) gave after 

lyophilization the title compound as bright blue solid (0.5 mg, 56%).  

 

LC/MS m/z calcd for C54H71N8010S2 [MH]+: 1055.30 found 1055.30.; tR = 

3.09 min (Method B).  
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HRMS (TOF ES+) calcd for C54H71N8010S2 [MH]+: 1055.4729 found 

1055.4705; calcd for C54H71N8010S2Na [M+Na]+: 1077.4549 found 

1077.4527.  

 

Analytical RP-HPLC tR = 4.93 min, purity > 99% (Method F).  

 

 (E)-

N-(20-(4-(2-(5,5-Difluoro-7-(thiophen-2-yl)-5H-4l4,5l4-dipyrrolo[1,2-

c:2',1'-f][1,3,2]diazaborinin-3-yl)vinyl)phenoxy)-4,8,12,19-tetraoxo-

3,7,11,18-tetraazaicosyl)-4-(2,6-dioxo-1,3-dipropyl-2,3,6,9-tetrahydro-

1H-purin-8-yl)bicyclo[2.2.2]octane-1-carboxamide (4.44a). Following 

general procedure C, compound 4.25a (5 mg, 1.0 equiv.) was subjected to 

acidolysis and, after the removal of the solvent, the resulting intermediate (as 

HCl salt) was used for the next step without further purification (4 mg, 

quantitative). LC-MS m/z calcd for C28H45N8O5 [MH]+: 573.34, found 

573.30 tR = 3.13 min. Following general procedure D, the resulting amine 

congener was converted to the BODIPY 630/650 conjugate. Purification by 

RP-HPLC (Method D) gave, after lyophilization, the title compound as blue 

solid (0.9 mg, 70%).  

 

LC/MS m/z calcd for C57H71BF2N1108S [MH]+: 1118.30 found 1118.40 tR = 

3.78 min (Method B).  
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HRMS (TOF ES+) calcd for C57H71BF2N1108S [MH]+: 1118.5273 found 

1118.5252; calcd for C57H71BF2N1108SNa [M+Na]+: 1140.5092 found 

1140.506.  

 

Analytical RP-HPLC tR = 6.73 min, purity > 99% (Method F) 

.  

1-(1-(4-(2,6-

Dioxo-1,3-dipropyl-2,3,6,7-tetrahydro-1H-purin-8-

yl)bicyclo[2.2.2]octan-1-yl)-1,6,10,14-tetraoxo-2,5,9,13-

tetraazanonadecan-19-yl)-3,3-dimethyl-2-((1E,3E)-5-((E)-1,3,3-

trimethyl-5-sulfoindolin-2-ylidene)penta-1,3-dien-1-yl)-3H-indol-1-

ium-5-sulfonate (4.44b). Following Boc-deprotection of 4.25a, the resulting 

amine congener (0.5 mg, 1.10 equiv.) was converted to the sulfo-Cyanine5 

conjugate 4.44b following general procedure D. Purification by RP-HPLC 

(Method D) gave, after lyophilization, the title compound as bright blue 

solid (1.1 mg, quantitative).  

 

LC/MS m/z calcd for C60H79N10012S2 [MH]-: 1195.54 found 1195.60.; tR = 

3.05 min (Method B).  

 

HRMS (TOF ES+) calcd for C60H81N10012S2 [MH]+: 1197.5471 found 

1197.5450; calcd for C60H81N10012S2Na [M+Na]+: 1219.5291 found 

1219.5255.  

 

Analytical RP-HPLC tR = 4.88 min, purity > 99% (Method F). 
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N1-(3-(8-

((3R,5R,7R)-Adamantan-1-yl)-2,6-dioxo-1-propyl-1,2,6,7-tetrahydro-

3H-purin-3-yl)propyl)-N4-(2-(6-(2-(4-((E)-2-(5,5-difluoro-7-(thiophen-

2-yl)-5H-4l4,5l4-dipyrrolo[1,2-c:2',1'-f][1,3,2]diazaborinin-3-

yl)vinyl)phenoxy)acetamido)hexanamido)ethyl)terephthalamide 

(4.45a). Following general procedure D, amine congener 4.41 (0.7 mg, 1.10 

equiv.) was converted to the BODIPY 630/650 conjugate. Purification by 

RP-HPLC (Method D) gave after lyophilization the title compound as blue 

solid (0.7 mg, 59%).  

 

LC/MS m/z calcd for C60H68BF2N1007S [MH]+: 1121.30 found 1121.30 tR = 

4.05 min (Method B).  

 

HRMS (TOF ES+) calcd for C60H68BF2N1007S [MH]+: 1121.5059 found 

1121.5060; calcd for C60H68BF2N1007SNa [M+Na]+: 1143.4878 found 

1143.4855.  

 

Analytical RP-HPLC tR = 7.00 min, purity > 99% (Method F). 

  

1-(6-((2-(4-((3-(8-

((3R,5R,7R)-Adamantan-1-yl)-2,6-dioxo-1-propyl-1,2,6,7-tetrahydro-

3H-purin-3-yl)propyl)carbamoyl)benzamido)ethyl)amino)-6-
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oxohexyl)-3,3-dimethyl-2-((1E,3E)-5-((E)-1,3,3-trimethyl-5-

sulfoindolin-2-ylidene)penta-1,3-dien-1-yl)-3H-indol-1-ium-5-

sulfonate (4.45b). Following general procedure D, amine congener 4.41 (0.6 

mg, 1.10 equiv.) was converted to the sulfo-Cyanine5 conjugate 4.45b. 

Purification by RP-HPLC (Method D), followed by preparative TLC using 

80:20 DCM/MeOH as eluent. After lyophilization, the title compound was 

obtained as bright blue solid (0.9 mg, 83%).   

 

LC/MS m/z calcd for C63H78N9011S2 [M-2]+: 600.76 found 600.8; tR = 3.19 

min  (Method B).  

 

HRMS (TOF ES+) calcd for C63H78N9011S2 [MH]+: 1200.5257 found 

1200.5220; [M-2]+:600.7665 found 600.7680.  

 

Analytical RP-HPLC tR = 5.19 min, purity > 99% (Method F). 

 

N1-(3-

(8-((3R,5R,7R)-Adamantan-1-yl)-2,6-dioxo-1-propyl-1,2,6,7-tetrahydro-

3H-purin-3-yl)propyl)-N4-(2-(3-(6-(2-(4-((E)-2-(5,5-difluoro-7-

(thiophen-2-yl)-5H-4l4,5l4-dipyrrolo[1,2-c:2',1'-f][1,3,2]diazaborinin-3-

yl)vinyl)phenoxy)acetamido)hexanamido)propanamido)ethyl)terepht

halamide (4.46a). Following general procedure C, compound 4.42 (5 mg, 

1.0 equiv.) was converted to the corresponding HCl salt intermediate, which, 

after the removal of the solvent in vacuo, was used for the subsequent step 

without further purification. LC/MS m/z calcd for C34H47N8O8 [MH]+: 

647.34, found 647.40 tR = 3.18 min. Following general procedure D, the 

resulting amine congener (0.7 mg, 1.10 equiv.) was converted to the BODIPY 

630/650 conjugate. Purification by RP-HPLC (Method D) gave the title 

compound as blue solid (0.7 mg, 56%).  
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LC-MS m/z calcd for C63H73BF2N1108S [MH]+: 1192.40 found 1192.40 tR = 

3.95 min (Method B).  

 

HRMS (TOF ES+) calcd for C63H73BF2N1108S 

[MH]+: 1192.5430 found 1192.5433; calcd for 

C63H73BF2N1108SNa [M+Na]+: 1214.5250 found 1214.5229.  

 

Analytical RP-HPLC tR = 6.98 min, purity > 97% (Method F). 

 

1-(6-((3-((2-(4-

((3-(8-((3R,5R,7R)-Adamantan-1-yl)-2,6-dioxo-1-propyl-1,2,6,7-

tetrahydro-3H-purin-3-yl)propyl)carbamoyl)benzamido)ethyl)amino)-

3-oxopropyl)amino)-6-oxohexyl)-3,3-dimethyl-2-((1E,3E)-5-((E)-1,3,3-

trimethyl-5-sulfoindolin-2-ylidene)penta-1,3-dien-1-yl)-3H-indol-1-

ium-5-sulfonate (4.46b). Following general procedure D, amine congener 

(0.6 mg, 1.10 equiv.) was converted to the sulfo-Cyanine5 conjugate 4.46b. 

Purification by RP-HPLC (Method B), followed by preparative TLC using 

80:20 DCM/MeOH. After lyophilization, the title compound was isolated as 

bright blue solid (0.9 mg, 79%).  

 

LC-MS m/z calcd for C66H83N10012S2 [M-2]+: 636.3 found 636.3; tR = 3.17 

min  (Method B).  

 

HRMS (TOF ES+) calcd for C66H83N10012S2 [MH]+: 1271.5628 found 

1271.5571; calcd for C66H83N10012S2Na [M+Na]+: 1293.5447 found 

1293.5364; [M-2]+:636.2850 found 636.2861.  

 

Analytical RP-HPLC tR = 5.25 min, purity > 99% (Method F).  
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7.1.5 Methods Chapter 5 
 

1,3-Dibutylurea (5.13) Butylamine (7.68 mL, 78 

mmol, 1.10 equiv.) was dissolved in anhydrous THF (20 mL) and the 

solution was cooled to 0 oC. Butyl isocyanate (7.95 mL, 71 mmol 1.0 equiv.) 

was added dropwise and the reaction was stirred at rt. The resulting mixture 

was stirred at rt for 4h. Evaporation of the solvent in vacuo yielded the title 

product as off-white solid (12 g, quantitative).  

 
1H NMR (DMSO-d6) δ 5.72 (t, J = 5.7 Hz, 2H, -NH), 2.95 (td, J = 6.8, 5.6 

Hz, 4H, -CH2-NH), 1.37 – 1.19 (m, 8H, -CH2-), 0.85 (t, J = 7.2 Hz, 6H, -

CH3). 
 

13C NMR (DMSO-d6) δ 158.1 (C=O), 38.9(CH2-NH), 32.2(CH2), 19.5(CH2), 

13.7 (CH3). 
 

6-Amino-1,3-dibutylpyrimidine-2,4(1H,3H)-

dione (5.14). 1,3-Dibutylurea (6 g, 35 mmol, 1 equiv) was reacted with 

cyanoacetic acid (3.26 g, 38 mmol, 1.10 equiv) in Ac2O (20 mL). The resulting 

mixture was heated to 85 oC for 2 h. Afterwards, the solution was 

concentrated to dryness (water bath set to 80 oC) until brown syrup appeared. 

3x4 mL of H2O were added to remove excess of Ac2O. 10 mL of H2O were 

NH

O NH

N

N

O

O NH2
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added and the residue was basified with 70% NaOH (4 drops) to obtain a 

precipitate which was filtered off. The filtrate was collected and conentrated 

to dryness. The resulting residue was recrystallised from hot EtOH/H2O to 

obtain fine pale yellow crystals (5.332 g, 64%) 

 

LC-MS m/z calcd for C12H22N3O2 [MH]+: 240.17, found 240.7 tR = 2.65 

min (Method A) 
 

1H NMR (DMSO-d6) δ 6.75 (s, 2H, -NH2), 4.64 (s, 1H, -CH, xanthine), 3.76 

(t, J = 7.2 Hz, 2H, -CH2-NH), 3.69 (t, J = 7.2 Hz, 2H, -CH2-NH), 1.52 – 1.38 

(m, 4H, -CH2-), 1.25 (m, J = 20.6, 7.4 Hz, 4H, -CH2-), 0.87 (q, J = 7.4 Hz, 

6H, -CH3). 
 

13C NMR (DMSO-d6) δ 161. (C=O), 154.2 (C=O), 151.2 (C-NH2), 75.1 

(CH), 41.5 (CH2), 29.7 (CH2), 29.7 (CH2), 19.6 (CH2), 19.3 (CH2), 13.7 (CH3), 

13.7 (CH3). 

 6-Amino-1,3-dibutyl-5-

nitrosopyrimidine-2,4(1H,3H)-dione (5.15). 1,3-Dibuyl-6-amino uracil 

(3.577 g, 15 mmol, 1.0 equiv.) was dissolved in 50% acetic acid (50 mL) and 

the resulting solution was heated to 57 oC. To the mixture was added NaNO2 

(1.238 g, 18 mmol, 1.20 eq.) over 15 min. The solution from colourless 

turned pink and a pink precipitate formed. The reaction mixture was stirred 

at rt for 1h. The precipitate was collected, washed with cold water and dried 

to get the pure product as pink solid (1.625 g, 41%) 

 

LC-MS m/z calcd for C12H21N4O3 [MH]+: 269.16, found 269.10 tR = 2.71 

min (Method A) 
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1H NMR (DMSO-d6) δ 13.17 (s, 1H, =NOH), 9.10 (s, 1H, =NH), 3.89 (t, J 

= 7.3 Hz, 2H, -CH2-NH), 3.81 (t, J = 7.7 Hz, 2H, -CH2-NH), 1.61 – 1.52 (m, 

2H, -CH2-), 1.51 – 1.43 (m, 2H, -CH2-), 1.38 – 1.26 (m, 4H, -CH2-), 0.90 (dt, 

J = 11.4, 7.3 Hz, 6H, -CH3). 
 

13C NMR (DMSO-d6) δ 159.9 (C=O), 149.0 (C=O), 145.4(C=NH), 

138.9(C=NOH), 41.0 (CH2), 40.6 (CH2), 29.5 (CH2), 28.4 (CH2), 19.6 (CH2), 

19.2 (CH2), 13.7(CH3), 13.6 (CH3). 

 

5,6-Diamino-1,3-dibutylpyrimidine-

2,4(1H,3H)-dione (5.16). To a stirring solution of 6-amino-5-nitroso-1,3-

diibutylpyrimidine-2,4(1H, 3H)-dione (0.700 g, 2.61 mmol, 1 equiv) in 12.5 

% aqueous ammonium hydroxide solution (25 mL) at 60 oC was added 

sodium dithionite (3 equiv.) until a colourless solution had formed (30 min). 

After cooling to rt, the product was extracted with DCM (4x 20 mL). The 

combined organics were dried over anhydrous Na2SO4, filtered and 

evaporated to dryness to give the title product as pale yellow solid/wax 

(0.529 g, 80%) 

 

LC-MS m/z calcd for C12H23N4O2 [MH]+: 255.18, found 255.20 tR = 2.20 

min (Method A) 
 

1H NMR (CDCl3) δ 5.16 (s, 2H, -NH2), 3.91 (t, J = 7.4, 2H, -CH2-NH), 3.87 

(t, J = 8.4, 6.8 Hz, 2H, -CH2-NH), 3.17 (s, 2H, -NH2), 1.65 (p, J = 7.3, 2H), 

1.58 (p, J = 7.3 Hz, 2H, -CH2-), 1.41 (h, J = 7.1 Hz, 2H, -CH2-), 1.35 (h, J = 

7.1 Hz, 2H, -CH2-), 0.94 (dt, J = 15.6, 7.3 Hz, 6H, -CH3). 
 

N

N

O

O NH2

NH2



 241 

13C NMR (CDCl3) δ 161.5(C-NH2), 150.4(C=O), 148.6(C=O), 94.7(C-

NH2), 43.2 (CH2), 41.6 (CH2), 30.5 (CH2), 30.2 (CH2), 20.4 (CH2), 20.2 (CH2), 

14.0 (CH3), 13.8 (CH3). 

4-(1,3-Dibutyl-2,6-dioxo-2,3,6,7-

tetrahydro-1H-purin-8-yl)bicyclo[2.2.2]octane-1-carboxylic acid (5.17). 

To a solution of 5,6-Diamino-1,3-diisobutylpyrimidine-2,4(1H,3H)-dione 

(0.297 g, 1.10 mmol, 1.10 equiv.) (5.16) in DMF (5 mL) was added a solution 

of 4-(methoxycarbonyl) bicyclo [2.2.2] octane-1-carboxylic acid (0.225 g, 

1.06 mmol, 1.0 equiv.), DIPEA (0.37 mL, 2 equiv.) and COMU (0.499 g, 

1.10 mmol, 1.10 equiv.). The resulting mixture was stirred at rt for 15 min. 

The mixture was diluted with cold H2O and extracted with EtOAc. The 

organic layer was separated and washed with 10 % citric acid. The organics 

were collected washed with sat. NaHCO3, brine, dried over MgSO4, filtered 

and concentrated in vacuo to give methyl 4-((6-amino-2,4-dioxo-1,3-dibutyl-

1,2,3,4-tetrahydropyrimidin-5-yl)carbamoyl)bicyclo[2.2.2]octane-1-

carboxylate intermediate, which was used for the next step without any 

further purification . The residue was dissolved in a mixture of propan-2-ol 

and 1 M KOH (2.5 mL, 4 equiv.) and heated to reflux (91oC) for 2 h. The 

reaction mixture was then cooled to rt and the solvent concentrated to 

dryness. The yellow residue was taken up in 4 mL of water and extracted 

with DCM. The aqueous layer was collected and acidified with conc HCl 

(until pH = 3-4) and a white precipitate formed which was collected by 

suction filtration and oven dried. (0.300 g, 68% over two steps) 

 

LC-MS m/z calcd for C22H33N4O4 [MH]+: 417.10, found 417.10 tR = 3.08 

min (Method A) 
 

1H NMR (DMSO-d6) δ 12.73 (br s, 1H, -OH), 3.95 (t, J = 7.1 Hz, 2H, -CH2-

NH), 3.85 (t, J = 6.9 Hz, 2H, -CH2-NH), 1.91 – 1.83 (m, 6H, bicycle), 1.79 – 
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1.72 (m, 6H, bicycle), 1.62 (p, J = 6.9 Hz, 2H, -CH2-), 1.49 (p, J = 6.9 Hz, 

2H, -CH2-), 1.27 (h, J = 7.4 Hz, 4H, -CH2-), 0.89 (dt, J = 7.3, 4.8 Hz, 6H, -

CH3). 
 

13C NMR (DMSO) δ 178.5 (HOC=O), 160.3 (C), 153.9 (C=O), 150.6 

(C=O), 147.3 (C), 106.6 (C), 42.3 (C), 37.8 (CH2), 33.2 (CH2), 29.7 (CH2), 

29.6 (CH2), 29.5 (CH2), 27.7 (CH2), 19.6 (CH2), 19.3 (CH2), 13.7 (CH3), 13.6 

(CH3). 

 Methyl 4-(1,3-dibutyl-2,6-dioxo-

2,3,6,7-tetrahydro-1H-purin-8-yl)bicyclo[2.2.2]octane-1-carboxylate 

(5.18). 4-(2,6-Dioxo-1,3-dibutyl-2,3,6,9-tetrahydro-1H-purin-8-yl) 

bicyclo[2.2.2]octane-1-carboxylic acid (5.17) (0.128 g, 0.31 mmol, 1 equiv) 

was diluted with 7 mL of MeOH and 3 drops of conc. H2SO4. The resulting 

mixture was refluxed until complete consumption of starting material. Once 

the reaction was completed, the resulting solution was neutralised with sat. 

NaHCO3 (a couple of drops). The mixture was then concentrated to dryness 

and the residue was taken up in EtOAc and washed with sat. NaHCO3 and 

brine. The resulting organic layer was dried over MgSO4, filtered and 

concentrated to dryness to give the title compound as off-white solid (0.132 

g, quantitative). 

 

LC-MS m/z calcd for C23H35N4O4 [MH]+: 431.27, found 431.30 tR = 3.26 

min (Method A) 
 

1H NMR (CDCl3) δ 12.08 (s, 1H, -NH), 4.13 (t, J = 7.3 Hz, 2H, -CH2-NH), 

4.06 (t, J = 6.4 Hz, 2H, -CH2-NH), 3.68 (s, 3H, OCH3), 2.10-2.01 (m, 6H, 

bicycle), 1.97 – 1.89 (m, 6H, bicycle), 1.75 (p, J = 7.5 Hz, 2H, -CH2-), 1.66 

(p, J = 7.8 Hz, 2H, -CH2-), 1.39 (hd, J = 7.3, 4.3 Hz, 4H), 0.96 (dt, J = 7.3, 

4.8 Hz, 6H,-CH3). 

N

N

O

O N

H
N

O

O



 243 

 
13C NMR (CDCl3) δ 177.9 (CH3OC=O), 161.3 (C), 155.6 (C=O), 151.2 

(C=O), 149.0 (C), 107.1 (C), 52.0 (OCH3), 43.6(CH2), 41.7 (CH2), 39.0 (C), 

33.9 (C), 30.4 (CH2), 30.2 (CH2), 30.0 (CH2), 28.2 (CH2), 20.5 (CH2), 

20.1(CH2), 14.0 (CH3), 13.9 (CH3). 

 

1,3-Dibutyl-8-(4-

(hydroxymethyl)bicyclo[2.2.2]octan-1-yl)-3,7-dihydro-1H-purine-2,6-

dione (5.19). Methyl 4-(2,6-dioxo-1,3-dibutyl-2,3,6,9-tetrahydro-1H-purin-

8-yl) bicyclo[2.2.2]octane-1-carboxylate (5.18) (0.129 g, 0.3 mmol, 1 equiv.) 

was dissolved in dry THF and the resulting solution was evacuated and kept 

inert with cycles of vacuum and nitrogen. The solution was cooled to 0 oC 

and stirred for 10 min. At that point LiAlH4 1.0 M sol. In THF (0.449 mL, 

0.450 mmol 1.50 equiv.) was slowly added dropwise (little effervescence 

developed). The resulting mixture was stirred at 0 oC for 1 h. Completion of 

the reaction was checked by TLC and LC-MS. After 1 h the solution was 

quenched by the dropwise addition of cold H2O, followed by the addition of 

a saturated solution of Rochelle’s reagent/salt (circa 7 mL added). The 

solution was stirred at rt for 1h. The reaction mixture was then extracted 

with EtOAc (3x20 mL). The organic layer was dried over MgSO4, filtered 

and evaporated to dryness to yield the title compound as off-white/pale pink 

solid (0.103 g, 86%) 

 

LC-MS m/z calcd for C22H35N4O3 [MH]+: 403.27, found 403.30 tR = 3.48 

min (Method A) 
 

1H NMR (CDCl3) δ 11.96 (s, 1H, -NH), 4.15 (t, J = 7.3 Hz, 2H, -CH2-NH), 

4.05 (t, J = 7.5 Hz, 2H, -CH2-NH), 3.35 (s, 2H, -CH2OH), 2.09 – 1.99 (m, 

6H, bicycle), 1.75 (p, J = 7.6 Hz, 2H, -CH2-), 1.66 (p, J = 7.7 Hz, 2H, -CH2-
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), 1.61 – 1.54 (m, 6H, bicycle), 1.39 (h, J = 7.4 Hz, 4H, -CH2CH3), 0.95 (q, J 

= 7.3 Hz, 6H, -CH3). 

 
13C NMR (CDCl3) δ 161.7(C), 155.5(C=O), 151.2(C=O), 148.7(C), 106.9(C), 

71.3(-CH2OH), 43.7(CH2), 41.7(CH2), 34.4 (C), 33.4 (C), 30.4(CH2), 

30.3(CH2), 30.3(CH2), 27.8(CH2), 20.5(CH2), 20.0(CH2), 14.0 (CH3), 13.9 

(CH3). 

 

Ethyl 3-(dibenzylamino)-2,2-

difluoropropanoate (5.10).327 Zinc dust (99 mg, 1.53 mmol, 3.10 equiv) was 

added into a flame-dried round-bottom flask containing anhydrous THF (10 

mL). To the resulting suspension, under N2, was added chlorotrimethylsilane 

(TMSCl, 97 µL, 0.77 mmol, 1.56 equiv), followed, 10 min later, by ethyl 

bromodifluoroacetate (63 µL, 0.49 mmol, 1 equiv). After stirring for 10 min, 

a solution of 1-(benzylaminomethyl)benzotriazole in anhydrous THF (5 mL) 

was added to the reaction mixture and the resulting solution was stirred at rt 

for 3 h. After that time, the reaction mixture was diluted with 5 % NaHCO3 

(7 mL) and filtered through Celite. THF was evaporated and the resulting 

aqueous phase was extracted with EtOAc (3x 10 mL). The organic layers 

were combined, washed with 1 M HCl, dried over MgSO4, filtered and 

concentrated to dryness. Purification by automated flash chromatography on 

a 12 g cartridge using a gradient of cyclohexane/EtOAc 99:1 to 95:5 and a 

flow rate of 20 mL/min, afforded the title compound as colourless oil (0.141 

g, 86%) 

 

LC-MS m/z calcd for C19H22F2NO2 [MH]+: 334.20, found 334.20 tR = 3.65 

min (Method A) 
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1H NMR (CDCl3) δ 7.36 – 7.24 (m, 10H, Ar), 4.19 (q, J = 7.2 Hz, 2H, 

CH2CH3), 3.71 (s, 4H, CH2-Ar), 3.17 (t, J = 13.1 Hz, 2H, CH2CF2), 1.24 (t, J 

= 7.2 Hz, 3H, -CH3). 
 

13C NMR (CDCl3) δ 163.9 (t, J = 31.8 Hz, C=O), 138.2 (C), 129.3(CH-Ar), 

128.4(CH-Ar), 127.5(CH-Ar), 116.3(t, J = 252.5 Hz, -CF2), 62.8(OCH2), 

58.6(CH2Ar), 55.3 (t, J = 26.4 Hz, CH2CF2), 13.9(CH3). 

 

 Ethyl 3-((tert-

butoxycarbonyl)amino)-2,2-difluoropropanoate (5.11).338 Under N2, to a 

solution of ethyl 3-(dibenzylamino)-2,2-difluoropropanoate (5.10) (0.361 g, 

1.08 mmol, 1 equiv) and Boc2O (0.352 g, 1.64 mmol, 1.52 equiv) in EtOH 

was added Pd/C 10% w/w (37 mg). H2 (balloon) was bubbled through while 

stirring vigoursly overnight. In the morning reaction was filtered through 

celite and the pad was washed with EtOH (3x). The clear filtrate was 

concentrated to dryness. Purification by automated flash chromatography on 

a 12 g cartridge using a gradient of cyclohexane/EtOAc 85:15 to 65:35 and 

a flow rate of 20 mL/min, afforded the title compound as colourless oil 

(0.257 g, 94%) 

 
1H NMR (CDCl3) δ 4.85 (s, 1H, NH), 4.32 (q, J = 7.1 Hz, 2H, OCH2), 3.75 

(td, J = 13.4, 6.6 Hz, 2H, CH2CF2), 1.43 (s, 9H, -Boc), 1.35 (t, J = 7.1 Hz, 

3H, -CH3). 
 

13C NMR (CDCl3) δ 163.2 (t, J = 31.7 Hz, CF2C=O), 155.4 (NHC=O), 113.4 

(t, J = 252.6 Hz, -CF2), 80.5 (C), 63.3 (OCH2), 43.6 (t, J = 28.2 Hz, CH2CF2), 

27.5 (-Boc), 14.0 (CH3). 
 

19F NMR (377 MHz, CDCl3) δ -112.0. 
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  (both rotamers 

observed by HNMR in CDCl3) 3-((tert-Butoxycarbonyl)amino)-2,2-

difluoropropanoic acid (5.12).361 To a solution of ethyl 3-((tert-

butoxycarbonyl)amino)-2,2-difluoropropanoate (5.11) (63 mg, 0.25 mmol, 1 

equiv) in THF (3 mL) was added a solution of LiOH (18 mg, 0.75 mmol, 3 

equiv) in H2O (3 mL). Reaction was stirred at rt for 10 min and, upon 

completion of the reaction checked by TLC, the organic layer was evaporated 

in vacuo. The resulting aqueous layer was extracted with EtOAc (2x 5 mL), 

separated and acidified with M HCl until pH = 3-4. The aqueous layer was 

then extracted with EtOAc (3 x5 mL). The organic layers were combined, 

dried over anhydrous MgSO4, filtered and concentrated to dryness to give 

the title compound as colourless oil (42 mg, 75%). 

 
1H NMR (CDCl3) δ 8.21 (s, 3H), 6.52 (d, J = 7.8 Hz, 1H), 5.07 (s, 1H), 3.74 

(td, 4H), 1.46 (d, J = 19.3 Hz, 18H). 

 

 

(4-(1,3-

Dibutyl-2,6-dioxo-2,3,6,7-tetrahydro-1H-purin-8-

yl)bicyclo[2.2.2]octan-1-yl)methyl 3-((tert-butoxycarbonyl)amino)-

2,2-difluoropropanoate (5.20). 3-((tert-Butoxycarbonyl)amino)-2,2-

difluoropropanoic acid (5.12) ( 6 mg, 29 µmol, 1 equiv) was dissolved in 

anhydrous DCM and cooled to 0 oC in an ice-bath. To the resulting mixture 

was added 1,3-dibutyl-8-(4-(hydroxymethyl)bicyclo[2.2.2]octan-1-yl)-3,7-

dihydro-1H-purine-2,6-dione (5.19) (10 mg, 29 µmol, 1 equiv), DCC (5.13 

mg, 29 µmol, 1 equiv) and DMAP (2.43 mg, 20 µmol, 0.8 equiv) and the 

resulting mixture was stirred overnight. Purification by preparative thin layer 
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chromatography (TLC) with DCM/MeOH 98:2 afforded the title product 

as white foam (5 mg, 33%). 

 

LC-MS m/z calcd for C30H46F2N5O6 [MH]+: 610.20, found 610.20 tR = 3.86 

min (Method A) 
 

1H NMR (CDCl3) δ 11.85 (br s, 1H, -NH), 4.83 (s, 1H, -NH), 4.14 (t, J = 

7.4 Hz, 2H, -CH2-NH), 4.05 (t, J = 7.5 Hz, 2H, -CH2-NH), 3.99 (s, 2H, -

CH2OH), 3.77 (td, J = 13.4, 6.5 Hz, 2H, -CF2CH2-), 2.09-2.00 (m, 6H, 

bicycle), 1.75 (p, J = 7.5 Hz, 2H, -CH2-), 1.69-1.59 (m, 8H, bicyle +-CH2-), 

1.44 (s, 9H, -Boc), 1.42 – 1.34 (m, 4H,-CH2-), 0.96 (q, J = 7.6 Hz, 6H, -CH3). 

 
13C NMR (CDCl3) δ 163.2 (CH2OC=O), 161.2(C), 155.5(HNC=O), 

155.4(C=O), 151.2(C=O), 148.8(C), 113.5(-CF2-), 106.9(C), 80.6(C), 74.1(-

CH2OH), 43.7(2xC), 41.7(CH2), 34.1(-CH2NH), 32.1(CH2), 30.4(CH2), 

30.3(CH2), 30.0(CH2), 28.4(-(CH3)3), 27.9(CH2), 20.5(CH2), 20.0(CH2), 

14.0(CH3), 13.9(CH3). 
 

19F NMR (377 MHz, CDCl3) δ -111.6. 

 

3-((4-(1,3-

Dibutyl-2,6-dioxo-2,3,6,7-tetrahydro-1H-purin-8-

yl)bicyclo[2.2.2]octan-1-yl)methoxy)-2,2-difluoro-3-oxopropan-1-

aminium chloride (5.21).  A solution of (4-(1,3-dibutyl-2,6-dioxo-2,3,6,7-

tetrahydro-1H-purin-8-yl)bicyclo[2.2.2]octan-1-yl)methyl 3-((tert-

butoxycarbonyl)amino)-2,2-difluoropropanoate (5.20) (3 mg, 5 µmol, 1 

equiv) in anhydrous DCM (200 µL) was treated with 4 M HCl in dioxane 

(200 µL). Upon completion of the reaction (20 min), solvent was removed 

under reduced pressure (water bath set < 32 OC) and the resulting amine salt 

was used for the next step without further purification (quantitative). 
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LC-MS m/z calcd for C25H38F2N5O4 [MH]+: 510.20, found 510.20 tR = 2.83 

min (Method A) 

 

1-(6-((3-((4-(1,3-Dibutyl-2,6-dioxo-2,3,6,7-tetrahydro-1H-purin-8-

yl)bicyclo[2.2.2]octan-1-yl)methoxy)-2,2-difluoro-3-

oxopropyl)amino)-6-oxohexyl)-3,3-dimethyl-2-((1E,3E)-5-((E)-1,3,3-

trimethyl-5-sulfoindolin-2-ylidene)penta-1,3-dien-1-yl)-3H-indol-1-

ium-5-sulfonate (5.22a). A solution of Sulfo-Cy5 CO2H (1 mg, 1.5 µmol, 

1 equiv) in anhydrous DMF (0.25 mL) was reacted with DIPEA (10 mg) and 

BEP (0.4 mg, 1.5 µmol, 1 equiv) for 15 min. Afterwards, this mixture was 

added to a solution of amine (5.21) (0.8 mg, 1.5 µmol, 1 equiv) in anhydrous 

DMF (0.5 mL) and the resulting reaction mixture was stirred overnight. The 

solvent was evaporated with high vacuum and the residue dissolved in 1:1 

CH3CN/H2O. Purification by RP-HPLC on a linear gradient 35 % to 95% 

CH3CN/H2O afforded, after lyophilization, the title product as bright blue 

solid (0.7 mg, 42%). 

 

HRMS (TOF ES-) calcd for C57H72F2N7O11S2 [MH]-: 1132.4705, found 

1132.4671  

 

Analytical RP-HPLC tR = 17.12 min, purity > 98% (Method E). 
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(4-(1,3-Dibutyl-2,6-dioxo-2,3,6,7-tetrahydro-1H-purin-8-

yl)bicyclo[2.2.2]octan-1-yl)methyl 2,2-difluoro-3-(6-(5-((3aR,4R,6aS)-

2-oxohexahydro-1H-thieno[3,4-d]imidazol-4-

yl)pentanamido)hexanamido)propanoate (5.22b). A solution of N-(+)-

Biotinyl-6-aminohexanoic acid (0.7 mg, 1.9 µmol, 1 equiv) in anhydrous 

DMF (0.25 mL) was reacted with DIPEA (10 mg) and BEP (0.5 mg, 1.9 

µmol, 1 equiv) for 15 min. Afterwards, this mixture was added to a solution 

of Amine (5.21) (1 mg, 1.9 µmol, 1 equiv) in anhydrous DMF (0.5 mL) and 

the resulting reaction mixture was stirred overnight. The solvent was 

evaporated with high vacuum and the residue dissolved in 1:1 CH3CN/H2O. 

Purification by RP-HPLC on a linear gradient 35 % to 95% CH3CN/H2O 

afforded, after lyophilization, the title product as bright blue solid (0.7 mg, 

41%).  

LC-MS m/z calcd for C41H63F2N8O7S [MH]+: 849.50, found 849.50 tR = 

3.30 min (Method A) 

 

HRMS (TOF ES+) calcd for C41H63F2N8O7S [MH]+: 849.4503, found 

849.4489; calcd for C41H62F2N8NaO7S [M+Na]+: 871.4322, found 871.4327.  

 

Analytical RP-HPLC tR = 16.94 min, purity > 98% (Method E). 
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(4-(1,3-Dibutyl-2,6-dioxo-2,3,6,7-tetrahydro-1H-purin-8-

yl)bicyclo[2.2.2]octan-1-yl)methyl 3-(6-(((((1R,8S,9s)-

bicyclo[6.1.0]non-4-yn-9-yl)methoxy)carbonyl)amino)hexanamido)-

2,2-difluoropropanoate (5.22c). A solution of 6-(((((1R,8S,9s)-

bicyclo[6.1.0]non-4-yn-9-yl)methoxy)carbonyl)amino)hexanoic acid (1.8 mg, 

5.7 µmol, 1 equiv) in anhydrous DMF (0.300 mL) was reacted with DIPEA 

(10 mg) and BEP (1.6 mg, 5.7 µmol, 1 equiv) for 15 min. Afterwards, this 

mixture was added to a solution of amine (5.21) (2.90 mg, 5.7 µmol, 1 equiv) 

in anhydrous DMF (0.5 mL) and the resulting reaction mixture was stirred 

overnight. The solvent was evaporated with high vacuum and the residue 

dissolved in 1:1 CH3CN/H2O. Purification by RP-HPLC on a linear gradient 

45 % to 95% CH3CN/H2O afforded, after lyophilization, the title product 

as bright blue solid (0.75 mg, 17%).  

 

LC-MS m/z calcd for C42H61F2N6O7 [MH]+: 799.50, found 799.50 tR = 8.30 

min (Method A) 

 

HRMS (TOF ES+) calcd for C42H61F2N6O7 [MH]+: 799.4564, found 

799.4553; calcd for C42H60F2N6NaO7 [M+Na]+: 821.4384, found 821.4378.  

 

Analytical RP-HPLC tR = 20.34 min, purity > 98% (Method E). 
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 tert-Butyl (3-(8-((3r,5r,7r)-

adamantan-1-yl)-2,6-dioxo-1-propyl-7-((2-

(trimethylsilyl)ethoxy)methyl)-1,2,6,7-tetrahydro-3H-purin-3-

yl)propyl)carbamate (5.1a). To a solution of 4.35 (SEM-protected 

xanthine) (0.223 g, 486 µmol, 1 equiv.) in DMF (4 mL) was added K2CO3 

(87 mg, 632 µmol, 1.50 equiv.). The resulting solution was stirred at rt for 2 

h. Then 3-(Boc-amino) propylbromide (0.127 g, 534 µmol, 1.10 equiv.) was 

added and the resulting solution was stirred at rt for 9 h. Upon completion 

of the reaction monitored by TLC and LCMS, the solution was diluted with 

H2O (10 mL) and extracted with EtOAc (2x15 mL). The organic layer was 

washed with sat. NaHCO3 and brine. The combined organic extracts were 

dried over anhydrous MgSO4, filtered and evaporated to dryness. The 

resulting crude material was purified by flash column chromatography with 

PE/EtOAc 8:2 to yield the title compound as white foam (0.165 g, 55%).  

 

LC-MS m/z calcd for C32H54N5O5Si [MH]+: 616.40, found 616.40 tR = 5.69 

min (Method B) 
 

1H NMR (CDCl3) δ 6.05 (br s, 1H), 5.91 (s, 2H, N-CH2-O), 4.20 – 4.14 (t, J 

= 5.4 Hz, 2H, OCH2-), 3.98 – 3.90 (t, J = 7.4 Hz, 2H, -NCH2-), 3.74 – 3.65 

(t, J = 7.4 Hz, 2H, NCH2-), 3.02 (q, J = 5.7 Hz, 2H, NHCH2-), 2.20-2.14 (m, 

6H, adamantane), 2.13-2.07 (m, 3H, adamantane), 1.94-1.84 (m, 2H), 1.82-

1.76 (m, 6H, adamantane), 1.63 (h, J = 7.4 Hz, 2H, -CH2CH3), 1.43 (s, 9H, -

Boc), 0.96 – 0.89 (m, 5H, -CH2-  + CH3), -0.04 (s, 9H, -SEM). 
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13C NMR (CDCl3) δ 161.7(C), 156.1(NHC=O), 155.3(C=O), 151.2(C=O), 

147.3(C), 107.4(C), 78.9(C-Boc), 73.7(NCH2O), 66.5 (OCH2), 43.0(CH2), 

40.8(CH2 adamantane), 40.4(CH2), 37.9 (C adamantane), 36.5(CH 

adamantane), 28.6(CH2 adamantane), 28.4(Boc), 21.4(CH2), 18.2(CH2), 

11.4(CH3), -1.3 (SEM). 

3-(8-((3r,5r,7r)-Adamantan-1-yl)-2,6-

dioxo-1-propyl-1,2,6,7-tetrahydro-3H-purin-3-yl)propan-1-aminium 

chloride (5.2a). To tert-butyl (3-(8-((1r,3R,5S)-adamantan-1-yl)-2,6-dioxo-1-

propyl-7-((2-(trimethylsilyl)ethoxy)methyl)-1,2,6,7-tetrahydro-3H-purin-3-

yl)propyl)carbamate (5.1a) (0.162 g, 263 µmol, 1 equiv.) was added 4 M HCl 

in dioxane (1.50 mL). The resulting solution was stirred at rt for 1 h. After 

that time a white precipitate developed and the reaction was completed. The 

solvent was evaporated to dryness and the product was used for the 

subsequent step without further purification. 

 

LC-MS m/z calcd for C21H32N5O2 [MH]+: 386.30, found 386.30 tR = 3.22 

min (Method B) 

 

Analytical RP-HPLC tR = 4.64 min, purity > 99% (Method F). 

 N-(3-(8-((3r,5r,7r)-Adamantan-1-yl)-

2,6-dioxo-1-propyl-1,2,6,7-tetrahydro-3H-purin-3-yl)propyl)-3-fluoro-

4-hydroxybenzamide (5.3). 3-Fluoro-4-hydroxybenzoic acid (20 mg, 131 

µmol 1.01 equiv.) was dissolved in DMF (0.5 mL) and reacted with COMU 

(67 mg, 156 µmol, 1.10 equiv.) in the presence of DIPEA (67 µL, 389 µmol, 
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3 equiv.). To the resulting mixture was added a solution of 3-(8-((1r,3R,5S)-

adamantan-1-yl)-2,6-dioxo-1-propyl-1,2,6,7-tetrahydro-3H-purin-3-

yl)propan-1-aminium chloride(5.2a) (50 mg, 39 µmol, 1.10 equiv.) in DMF 

(0.5 mL). The resulting solution was stirred at 90 oC for 1 h. Upon 

completion of the reaction monitored by LCMS, the solvent was removed 

under reduced pressure and the resulting residue was dissolved in EtOAc 

and washed with water (2x10 mL). The organics were collected, dried over 

MgS04 anhydrous, filtered and evaporated to dryness. The resulting residue 

was purified by flash column chromatography with DCM/MeOH on a 

gradient of 100: 0 % to 97: 3 %. The title compound was obtained as off-

white solid (32 mg, 47%). 

 

LC-MS m/z calcd for C28H35FN5O4 [MH]+: 524.30, found 524.30 tR = 3.69 

min (Method B) 
 

1H NMR (CDCl3) δ 11.40 (br s, 1H, NH xanthine), 7.87 (t, J = 5.4 Hz, 1H, 

NH), 7.69 (dd, J = 9.9, 2.2 Hz, 1H, Ar), 7.62 (dd, J = 8.5 Hz, 1H, Ar), 7.05 

(t, J = 8.4 Hz, 1H, Ar), 6.65 (br s, 1H, OH), 4.28 (t, J = 5.7 Hz, 2H, CH2), 

4.05 (t, J = 6.8 Hz, 2H, CH2), 3.39 (q, J = 6.1 Hz, 2H, CH2), 2.05 – 1.99 (m, 

9H, Adamantane), 1.81 – 1.68 (m, 10H, adamantane + 2xCH2), 0.96 (t, J = 

7.4 Hz, 3H, CH3). 
 

13C NMR (MeOD) δ 168.7(NHC=O), 163.2 (C), 155.9(C=O), 

152.90(C=O), 152.4 (d, J = 241.7 Hz, CF), 149.7 (d, J = 13.1 Hz, Ar), 

149.1(C), 127.2 (d, J = 5.3 Hz, Ar), 125.1 (d, J = 3.1 Hz, Ar), 118.4 (d, J = 

2.9 Hz, Ar), 116.3 (d, J = 20.0 Hz, Ar), 107.9 (C), 43.9(C adamantane), 

42.3(CH2), 41.8 (CH2 adamantane), 37.8(CH2), 37.4(CH2 adamantane), 

36.9(CH2), 29.5(CH2 adamantane), 29.0 (CH2), 22.3(CH2), 11.5 (CH3). 

 

HRMS (TOF ES+) calcd for C28H35FN5O4 [MH]+: 524.2668, found 

524.2688; calcd for C28H34FN5O4Na [M+Na]+: 546.2487, found 546.2512 

 

Analytical RP-HPLC tR = 5.59 min, purity > 99% (Method F). 
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 tert-Butyl (4-bromobutyl)carbamate 

(5.9). To a solution of tert-butyl(4-hydroxybutyl)carbamate (0.700g, 3.70 

mmol, 1 equiv.) in dry THF (20 mL) was added PPh3 (1.46 g, 5.55 mmol, 

1.50 equiv.), followed by CBr4 (1.84 g, 5.55 mmol, 1.50 equiv.). The resulting 

solution was stirred at rt for 3 h. Upon completion of the reaction monitored 

by TLC, the solvent was removed under reduced pressure and the resulting 

solid was adsorbed on isolute and purified by flash column chromatography 

using PE/EtOAc 3:1 to give the title compound as colourless oil which 

solidified upon cooling (0.846 g, 91%). 
 

1H NMR (CDCl3) δ 4.57 (s, 1H, NH), 3.40 (t, J = 6.7 Hz, 2H, CH2), 3.13 (t, 

J = 7.1 Hz, 2H, CH2), 1.87 (p, J = 6.6 Hz, 2H, CH2), 1.62 (p, J = 6.6 Hz, 2H, 

CH2), 1.42 (s, 9H, Boc). 
 

13C NMR (CDCl3) δ 156.1(NHC=O), 79.4 (C), 39.8 (CH2), 33.4 (CH2), 30.0 

(CH2), 28.9 (CH2), 28.5 (Boc). 

 

 tert-Butyl (4-(8-((3r,5r,7r)-

adamantan-1-yl)-2,6-dioxo-1-propyl-7-((2-

(trimethylsilyl)ethoxy)methyl)-1,2,6,7-tetrahydro-3H-purin-3-

yl)butyl)carbamate (5.1b). To a solution of 4.35 (0.200 g, 0.43 mmol, 1 

equiv.) in DMF (4 mL) was added K2CO3 (90 mg, 654 µmol, 1.50 equiv.). 

The resulting solution was stirred at rt for 2 h. Then 4-(Boc-amino) butyl 

bromide (5.9) (0.120 g, 480 µmol, 1.10 equiv.) was added and the resulting 
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solution was stirred at rt for 9 h. Upon completion of the reaction monitored 

by TLC and LCMS, the solution was diluted with H2O (10 mL) and extracted 

with EtOAc (2x15 mL). The organic layer was washed with sat. NaHCO3 

and brine. The combined organic extracts were dried over anhydrous 

MgSO4, filtered and evaporated to dryness. The resulting crude material was 

purified by flash column chromatography with PE/EtOAc 8:2 to yield the 

title compound as white foam (0.186 g, 68%). 

 

LC-MS m/z calcd for C33H56N5O5Si [MH]+: 630.40, found 630.40 tR = 6.15 

min (Method B). 
 

1H NMR (CDCl3) δ 5.91 (s, 2H, N-CH2-O), 4.74 (s, 1H, NH), 4.11 (t, J = 

7.2 Hz, 2H, CH2), 3.95 (t, J = 6.6 Hz, 2H, CH2), 3.71 (t, J = 7.8 Hz, 2H, CH2), 

3.18 (q, J = 6.1 Hz, 2H, CH2), 2.20-2.14 (m,  6H, adamantane), 2.13 – 2.06 

(m, 3H, adamantane), 1.82-1.75 (m, 8H, adamantane + CH2 ), 1.64 (h, J = 

7.6 Hz 2H, CH2), 1.54 (h, J = 5.8 Hz 2H, CH2), 1.42 (s, 9H), 0.93 (td, J = 8.2, 

2.9 Hz, 5H, CH2 + CH3). 
 

13C NMR (CDCl3) δ 161.7 (C), 156.1(NHC=O), 155.4(C=O), 151.2 (C=O), 

147.1 (C), 107.6 (C), 79.2 (C-Boc), 73.6(NCH2O), 66.4(OCH2), 43.0 (CH2), 

42.7 (CH2), 40.9(CH2 adamantane), 37.8 (C adamantane), 36.6(CH2 

adamantane), 28.60 (CH adamantane)28.4(Boc), 27.1(CH2), 25.6(CH2), 

21.5(CH2), 18.2(CH2), 11.5 (CH3), -1.3 (-SEM). 

 

 4-(8-((3r,5r,7r)-Adamantan-1-yl)-

2,6-dioxo-1-propyl-1,2,6,7-tetrahydro-3H-purin-3-yl)butan-1-aminium 

chloride (5.2b). To tert-Butyl (4-(8-((3r,5r,7r)-adamantan-1-yl)-2,6-dioxo-1-

propyl-7-((2-(trimethylsilyl)ethoxy)methyl)-1,2,6,7-tetrahydro-3H-purin-3-

yl)butyl)carbamate (5.1b) (0.145 g, 230 µmol, 1 equiv.) was added 4 M HCl 

in dioxane (1.50 mL). The resulting solution was stirred at rt for 2 h. AT that 
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time a white precipitate developed and the reaction was completed. The 

solvent was evaporated to dryness and the product was used for the 

subsequent step without further purification. 

 

LC-MS m/z calcd for C22H34N5O2 [MH]+: 400.30, found 400.30 tR = 3.36 

min (Method B). 

 

Analytical RP-HPLC tR = 4.73 min, purity > 99% (Method F). 

 

 tert-Butyl (3-((4-(8-

((3r,5r,7r)-adamantan-1-yl)-2,6-dioxo-1-propyl-1,2,6,7-tetrahydro-3H-

purin-3-yl)butyl)amino)-3-oxopropyl)carbamate (5.5). To a solution of 

Boc-b alanine (40 mg, 211 µmol, 1 equiv.) in DMF (0.5 mL) was added 

DIPEA (110 µL, 634 µmol, 3 equiv.) followed by COMU (107 mg, 253 

µmol, 1.20equiv.). To the resulting mixture was added a solution of 4-(8-

((1r,3R,5S)-adamantan-1-yl)-2,6-dioxo-1-propyl-1,2,6,7-tetrahydro-3H-

purin-3-yl)butan-1-aminium chloride (5.2b) (100 mg, 232 µmol, 1.10 equiv.) 

in DMF (0.5 mL). The resulting solution was stirred at rt for 9 h. Upon 

completion of the reaction monitored by TLC and LCMS, the solution was 

diluted with H2O and extracted with EtOAc (20 mL). The organic layer was 

subsequently washed with 1 M HCl (15 mL), sat NaHCO3 (15 mL) and brine 

(15 mL). The combined organic extracts were collected, dried over 

anhydrous MgSO4, filtered and evaporated to dryness. The crude was 

purified by flash column chromatography with DCM/MeOH 99:1 to 96:4. 

The title compound was obtained as colourless oil (93 mg, 77%). 

 

LC-MS m/z calcd for C30H47N6O5 [MH]+: 571.40, found 571.40 tR = 3.93 

min (Method B). 
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1H NMR (CDCl3) δ 12.05 (s, 1H, NH xanthine), 6.35 – 6.24 (m, 1H, NH), 

5.37 (s, 1H, NH), 4.14 (t, J = 7.2 Hz, 2H, CH2), 4.01 (t, J = 6.6, 4.8 Hz, 2H, 

CH2), 3.36 (dq, J = 19.5, 6.2 Hz, 4H, 2xCH2), 2.39 (t, J = 6.1 Hz, 2H, CH2), 

2.13 – 2.06 (m, 9H, adamantane), 1.85 – 1.73 (m, 8H, adamantane + CH2), 

1.66 (h, J = 6.6 Hz, 2H, CH2), 1.58 (h, J = 6.9 Hz, 2H, CH2), 1.38 (s, 9H, 

Boc), 0.91 (t, J = 7.5 Hz, 3H CH3). 
 

13C NMR (CDCl3) δ 171.6 (NHC=O), 162.8 (C), 156.3 (NHC=O), 155.4 

(C=O), 151.3(C=O), 148.8 (C), 106.7(C), 79.2(C-Boc), 43.2 (CH2), 42.9 

(CH2), 41.0 (CH2 adamantane), 39.1(CH2), 36.9(C adamantane), 36.5(CH 

adamantane), 35.9 (CH2), 28.5(CH2 adamantane), 28.2(Boc), 26.2 (CH2), 25.6 

(CH2), 21.4 (CH2), 11.4(CH3). 

 

 3-((4-(8-((3r,5r,7r)-

Adamantan-1-yl)-2,6-dioxo-1-propyl-1,2,6,7-tetrahydro-3H-purin-3-

yl)butyl)amino)-3-oxopropan-1-aminium chloride (5.6). To tert-butyl (3-

((4-(8-((3r,5r,7r)-adamantan-1-yl)-2,6-dioxo-1-propyl-1,2,6,7-tetrahydro-3H-

purin-3-yl)butyl)amino)-3-oxopropyl)carbamate (5.5) (93 g, 163 µmol, 1 

equiv.) was added 4 M HCl in dioxane (1.50 mL). The resulting solution was 

stirred at rt for 2 h. AT that time a white precipitate developed and the 

reaction was completed. The solvent was evaporated to dryness and the 

product was used for the subsequent step without further purification 

 

LC-MS m/z calcd for C25H39N6O3 [MH]+: 471.30, found 541.40 tR = 3.24 

min (Method B). 
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 N-(3-((4-(8-

((3r,5r,7r)-Adamantan-1-yl)-2,6-dioxo-1-propyl-1,2,6,7-tetrahydro-3H-

purin-3-yl)butyl)amino)-3-oxopropyl)-3-fluoro-4-hydroxybenzamide 

(5.7). 3-Fluoro-4-hydroxybenzoic acid (23 mg, 147 µmol 1.01 equiv.) was 

dissolved in DMF (0.5 mL) and reacted with COMU (69 mg, 162 µmol, 1.10 

equiv.) in the presence of DIPEA (51 µL, 295 µmol, 3 equiv.). To the 

resulting mixture was added a solution of 3-((4-(8-((1r,3R,5S)-adamantan-1-

yl)-2,6-dioxo-1-propyl-1,2,6,7-tetrahydro-3H-purin-3-yl)butyl)amino)-3-

oxopropan-1-aminium chloride (5.6) (76 mg, 162 µmol, 1.10 equiv.) in DMF 

(0.5 mL). The resulting solution was stirred at 90 oC for 1 h. Upon 

completion of the reaction monitored by LCMS, the solvent was removed 

under reduced pressure and the resulting residue was dissolved in EtOAc 

and washed with water (2x10 mL). The organics were collected, dried over 

anhydrous MgSO4, filtered and evaporated to dryness. The resulting residue 

was purified by flash column chromatography with DCM/MeOH on a 

gradient of 99:1 % to 96:4 %. The title compound was obtained as off-white 

solid (32 mg, 36%). 

 

LC-MS m/z calcd for C32H42FN6O3 [MH]+: 609.30, found 609.30 tR = 3.57 

min (Method B). 
 

1H NMR (DMSO-d6) δ 10.42 (s, 1H, NH xanthine), 8.34 (t, J = 5.6 Hz, 1H, 

NH), 7.85 (t, J = 5.6 Hz, 1H, NH), 7.60 (dd, J = 12.4, 2.1 Hz, 1H, Ar-H), 

7.52 (dd, J = 8.4, 2.1 Hz, 1H, Ar-H), 6.96 (t, J = 8.6 Hz, 1H, Ar-H), 3.96 (t, 

J = 6.9 Hz, 2H, CH2-N), 3.82 (t, J = 5.9 Hz, 2H, CH2-N), 3.43 – 3.36 (m, 

2H, CH2), 3.11 – 3.04 (m, 2H, CH2), 2.31 (t, J = 7.3 Hz, 2H, CH2), 2.04 – 

1.99 (m, 3H, adamantane), 1.98 – 1.94 (m, 6H, adamantane), 1.74-1.67 (m, 

6H, adamantane), 1.64 (h, J = 7.2 Hz, 2H, CH2), 1.54 (h, J = 7.1 Hz, 2H, 

CH2), 1.42 – 1.33 (m, 2H, CH2), 0.84 (t, J = 7.4 Hz, 3H, CH3). 
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13C NMR (DMSO-d6) δ 170.2 (NHC=O), 164.8 (ArNHC=O), 158.5 (C), 

153.9 (C=O), 150.8 (C=O), 148.2 (d, J = 182.2 Hz, CF), 147.8 (C),  125.7 (d, 

J = 4.6 Hz, ArCH), 124.1 (d, J = 2.7 Hz, ArCH), 117.1 (d, J = 3.1 Hz, ArCH), 

115.1 (d, J = 19.03 Hz, ArCHCF) 106.1 (C), 42.4(CH2), 42.0 (CH2), 

38.1(CH2), 36.2 (C adamantane), 35.9 (CH2), 35.5(CH2), 35.1(CH2 

adamantane), 27.6 (CH adamantane), 26.3 (CH2), 25.1 (CH2), 20.9 (CH2), 

11.2 (CH3). 

 

HRMS (TOF ES+) calcd for C32H42FN6O5 [MH]+: 609.3195, found 

609.3218; calcd for C32H42FN6O5Na [M+Na]+: 631.3015, found 631.3038 

 

Analytical RP-HPLC tR = 5.34 min, purity > 99% (Method F). 

4-((3-(8-((3r,5r,7r)-Adamantan-1-yl)-2,6-dioxo-1-propyl-1,2,6,7-

tetrahydro-3H-purin-3-yl)propyl)carbamoyl)-2-fluorophenyl 6-

(((((1R,8S,9s)-bicyclo[6.1.0]non-4-yn-9-

yl)methoxy)carbonyl)amino)hexanoate (5.4c). Following general 

procedure B, phenol 5.3 (1 mg, 2 µmol, 1 equiv) was converted to the BCN 

analogue 5.4c. Purification by RP-HPLC (Method C) gave after 

lyophilization the title compound as an off-white solid (0.34 mg, 23%). 

 

LC-MS m/z calcd for C45H58FN6O7 [MH]+: 813.50, found 813.50 tR = 3.23 

min (Method A) 

 

HRMS (TOF ES+) calcd for C45H58FN6O7 [MH]+: 813.4346, found 

813.4350; calcd for C45H57FN6NaO7 [M+Na]+: 835.4165, found 835.4146.  
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Analytical RP-HPLC tR = 20.41 min, purity > 97% (Method E). 

4-((3-(8-((3r,5r,7r)-Adamantan-1-yl)-2,6-dioxo-1-propyl-1,2,6,7-

tetrahydro-3H-purin-3-yl)propyl)carbamoyl)-2-fluorophenyl 6-(5-

((3aR,4R,6aS)-2-oxohexahydro-1H-thieno[3,4-d]imidazol-4-

yl)pentanamido)hexanoate (5.4b). Following general procedure B, phenol 

5.3 (1.5 mg, 2.8 µmol, 1 equiv) was converted to the Biotin analogue 5.4b. 

Purification by RP-HPLC (method C) gave after lyophilization the title 

compound as an off-white solid (0.34 mg, 23%). 

 

LC-MS m/z calcd for C44H60FN8O7S [MH]+: 863.20, found 863.20 tR = 3.23 

min (Method A) 

 

HRMS (TOF ES+) calcd for C44H60FN8O7S [MH]+: 863.4284, found 

863.4274; calcd for C44H59FN8NaO7S [M+Na]+: 885.4104, found 885.4116.  

 

Analytical RP-HPLC tR = 16.91 min, purity > 99% (Method E). 
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1-

(6-(4-((3-(8-((3r,5r,7r)-Adamantan-1-yl)-2,6-dioxo-1-propyl-1,2,6,7-

tetrahydro-3H-purin-3-yl)propyl)carbamoyl)-2-fluorophenoxy)-6-

oxohexyl)-3,3-dimethyl-2-((1E,3E)-5-((E)-1,3,3-trimethyl-5-

sulfoindolin-2-ylidene)penta-1,3-dien-1-yl)-3H-indol-1-ium-5-

sulfonate (5.4a). Following general procedure (B), 3-fluoro-4-

hydroxybenzamido congener (5.3) (1 mg, 1.17 µmol, 1 equiv) was converted 

to the SulfoCy5 conjugate 5.4a. Purification by RP-HPLC (Method C) gave, 

after lyophilization, the title compound as a bright blue solid (1 mg, 74%).  

 

HRMS (TOF ES-) calcd for C60H69FN7O11S2 [MH]-: 1146.4486, found 

1146.4452 

 

Analytical RP-HPLC tR = 17.28 min, purity > 98% (Method E). 

 
1-(6-(4-((3-((4-(8-((3r,5r,7r)-Adamantan-1-yl)-2,6-dioxo-1-propyl-

SO3H

SO3

N

N

O

O
N

H
N

NH

O
O

F

N+

N

O

N

N

O

O N

H
N

H
N

O

H
N

O

F
O

O

N

N+
SO3

SO3H



 262 

1,2,6,7-tetrahydro-3H-purin-3-yl)butyl)amino)-3-

oxopropyl)carbamoyl)-2-fluorophenoxy)-6-oxohexyl)-3,3-dimethyl-2-

((1E,3E)-5-((E)-1,3,3-trimethyl-5-sulfoindolin-2-ylidene)penta-1,3-

dien-1-yl)-3H-indol-1-ium-5-sulfonate (5.8a). Following general 

procedure B, phenol 5.7 (0.7 mg, 1.2 µmol, 1 equiv) was converted to the 

SulfoCy5 analogue 5.8a. Purification by RP-HPLC (Method C) gave after 

lyophilization the title compound as an off-white solid (0.47 mg, 37%). 

 

HRMS (TOF ES-) calcd for C64H76FN8O12S2 [MH]-: 1231.5014, found 

1231.4988 

 

Analytical RP-HPLC tR = 16.78 min, purity > 98% (Method E). 

 

 
4-((3-((4-(8-((3r,5r,7r)-Adamantan-1-yl)-2,6-dioxo-1-propyl-1,2,6,7-

tetrahydro-3H-purin-3-yl)butyl)amino)-3-oxopropyl)carbamoyl)-2-

fluorophenyl 6-(5-((3aR,4R,6aS)-2-oxohexahydro-1H-thieno[3,4-

d]imidazol-4-yl)pentanamido)hexanoate (5.8b). Following general 

procedure B, phenol 5.7 (1.70 mg, 2 µmol, 1 equiv) was converted to the 

Biotin analogue 5.8b. Purification by RP-HPLC (Method C) gave after 

lyophilization the title compound as an off-white solid (0.80 mg, 30%). 

 

HRMS (TOF ES+) calcd for C48H67FN9O8S [MH]+: 948.4812, found 

948.4810; calcd for C48H66FN9NaO8S [M+Na]+: 970.4631, found 970.4633.  

 

Analytical RP-HPLC tR = 15.89 min, purity > 97% (Method E). 
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tert-Butyl (2-(4-(1,3-

dibutyl-2,6-dioxo-2,3,6,7-tetrahydro-1H-purin-8-

yl)bicyclo[2.2.2]octane-1-carboxamido)ethyl)carbamate 

(5.27). Following general procedure A,  to a stirring solution of (2,6-dioxo-

1,3-dibutyl-2,3,6,9-tetrahydro-1H- purin-8-yl) bicyclo [2.2.2] octane-1-

carboxylic acid (5.17) (300 mg, 720 μmol, 1 equiv), DIPEA (138 μL, 792 

μmol, 1.10 equiv) and COMU (339 mg, 792 μmol, 1.10 equiv) and DMF (1.5 

mL) was added tert-butyl (2- aminoethyl) carbamate (0.125 mL, 792 μmol, 

1.10 equiv). Purification by automated flash column chromatography using 

a gradient of 98:2 to 90:10 DCM/MeOH gave the title pure compound as 

an off-white solid (284 mg, 71%). 

 

LC-MS m/z calcd for C29H47N6O5 [MH]+: 599.30, found 599.30 tR = 3.22 

min (Method A) 
 

1H NMR (MeOD) δ 4.12 (t, J = 7.3 Hz, 2H, CH2-N), 3.99 (t, J = 7.3 Hz, 

2H, CH2-N), 3.26 (t, J = 5.8 Hz, 2H, CH2-NH), 3.19 (t, J = 6.0 Hz, 2H CH2-

NH), 2.05 – 1.98 (m, 6H, bicycle), 1.94 – 1.86 (m, 6H, bicycle), 1.75 (p, J = 

6.4 Hz, 2H -CH2-), 1.62 (p, J = 6.6 Hz, 2H, -CH2-), 1.47 (s, 9H, Boc), 1.39 

(hd, J = 7.3, 3.6 Hz, 4H, -CH2CH3), 0.99 (dt, J = 7.3, 7.3 Hz, 6H, -CH3). 
 

13C NMR (MeOD) δ 180.4 (NHC=O), 162.1(C), 158.8 (NHC=O), 156.0 

(C=O), 152.8 (C=O), 149.4 (C), 108.2 (C), 80.2 (C), 44.2 (CH2), 42.1 (CH2), 

41.3 (C), 40.7 (C), 40.1(CH2), 34.9 (CH2), 31.2(CH2), 31.0 (CH2 bicycle), 

29.2(CH2 bicycle), 28.8 (Boc), 21.1 (CH2), 20.8 (CH2) , 14.2 (CH3), 14.1 

(CH3). 
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 tert-

Butyl (3-((2-(4-(1,3-dibutyl-2,6-dioxo-2,3,6,7-tetrahydro-1H-purin-8-

yl)bicyclo[2.2.2]octane-1-carboxamido)ethyl)amino)-3-

oxopropyl)carbamate (5.29). Compound 5.27 (274 mg, 1.0 equiv) was 

treated with 4 M HCl in dioxane (1 mL) following general procedure C to 

yield the corresponding 3-((2-(4-(2,6-dioxo- 1,3-dibutyl-2,3,6,7-tetrahydro-

1H-purin-8-yl)bicyclo[2.2.2]octane-1- carboxamido)ethyl)amino)-3-

oxopropan-1-aminium chloride intermediate (5.28) (quantitative), which was 

used for the next step without any further purification. Following general 

procedure A, 3-((2-(4-(2,6-dioxo-1,3-dibutyl-2,3,6,7-tetrahydro-1H- purin-8-

yl)bicyclo[2.2.2]octane-1-carboxamido)ethyl)amino)-3-oxo- propan-1-

aminium chloride intermediate (5.28) (225 mg, 1.0 equiv) was treated with 

with DIPEA (234 μL, 1.4 mmol, 10.0 equiv) and reacted with a solution of 

Boc-β-Ala-OH (85 mg, 449 μmol, 1.0 equiv),  COMU (211 mg, 494 μmol, 

1.10 equiv) in DMF (1 mL). Purification by automated flash column 

chromatography using a gradient of 97:3 to 90:10 DCM/MeOH gave the 

title compound as off-white solid (250 mg, 88%). 

 

LC-MS m/z calcd for C32H52N7O6 [MH]+: 630.30, found 630.30 tR = 3.13 

min (Method A) 
 

1H NMR (MeOD) δ 4.11 (t, J = 7.3 Hz, 2H, CH2-N), 3.99 (t, J = 6.1 Hz, 

2H, CH2-N), 3.30 (s, 4H (CH2)2NH), 2.37 (t, J = 6.7 Hz, 2H CH2NH), 2.05 

– 1.98 (m, 6H, bicycle), 1.94 – 1.87 (m, 6H, bicycle), 1.74 (p, J = 5.4 Hz, 2H, 

-CH2-), 1.62 (p, J = 4.9 Hz, 2H, -CH2-), 1.45 (s, 9H, Boc), 1.38 (hd, J = 7.4, 

2.5 Hz, 4H, -CH2CH3), 0.98 (q, J = 7.2 Hz, 6H, , -CH3). 

 
13C NMR (MeOD) δ 179.1 (NHC=O), 173.1 (NHC=O), 160.8 (C), 157.0 

(NHC=O), 154.6 (C=O), 151.4 (C=O), 148.1(C), 106.8 (C), 78.8 (C), 42.8 

(CH2), 40.7 (C), 39.2 (CH2), 38.7 (CH2), 38.6 (CH2), 36.7 (C), 36.2 (CH2), 33.5 
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(CH2), 29.8 (CH2), 29.8 (CH2), 29.6 (CH2 bicycle), 27.8 (CH2 bicycle), 27.4 

(Boc), 19.8(CH2), 19.4(CH2), 12.8 (CH3), 12.7 (CH3). 

 

 3-((2-(4-(1,3-

Dibutyl-2,6-dioxo-2,3,6,7-tetrahydro-1H-purin-8-

yl)bicyclo[2.2.2]octane-1-carboxamido)ethyl)amino)-3-oxopropan-1-

aminium chloride (5.30). Compound 5.29 (70 mg, 0.11 mmol, 1.0 equiv) 

was treated with 4 M HCl in dioxane (1 mL) following general procedure C 

to yield the title intermediate as HCl salt (quantitative), which was used for 

the next step without any further purification. 

 

LC-MS m/z calcd for C27H44N7O4 [MH]+: 530.30, found 530.30 tR = 2.47 

min (Method A) 

 4-

(1,3-Dibutyl-2,6-dioxo-2,3,6,7-tetrahydro-1H-purin-8-yl)-N-(2-(3-(3-

fluoro-4-

hydroxybenzamido)propanamido)ethyl)bicyclo[2.2.2]octane-1-

carboxamide (5.31). 3-fluoro-4-hydroxybenzoic acid (16 mg, 102 µmol 

1.01 equiv.) was dissolved in DMF (0.5 mL) and reacted with COMU (53 

mg, 123 µmol, 1.10 equiv.) in the presence of DIPEA (54 µL, 307 µmol, 3 

equiv.). To the resulting mixture was added a solution of dibutyl-2,6-dioxo-

2,3,6,7-tetrahydro-1H-purin-8-yl)bicyclo[2.2.2]octane-1-

carboxamido)ethyl)amino)-3-oxopropan-1-aminium chloride (5.30) (59 mg, 
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111 µmol, 1.0 equiv.) in DMF (0.5 mL). The resulting solution was stirred at 

90 oC for 1 h. Upon completion of the reaction monitored by LCMS, the 

solvent was removed under reduced pressure and the resulting residue was 

dissolved in EtOAc and washed with water (2x10 mL). The organics were 

collected, dried over anhydrous MgSO4, filtered and evaporated to dryness. 

The resulting residue was purified by automated flash column 

chromatography with DCM/MeOH on a gradient of 94: 6 % to 90: 10 %. 

The title compound was obtained as off-white solid (39 mg, 53%). 

 

LC-MS m/z calcd for C34H47FN7O6 [MH]+: 668.30, found 668.30 tR = 2.96 

min, purity > 99%  (Method A) 
 

1H NMR (MeOD) δ 7.58 (dd, J = 11.9, 2.1 Hz, 1H, Ar-H), 7.53 (dd, J = 8.4, 

2.2 Hz, 1H, Ar-H), 6.95 (t, J = 8.5 Hz, 1H, Ar-H), 4.10 (t, J = 7.3 Hz, 2H, 

CH2-N), 3.97 (t, J = 6.9 Hz, 2H, CH2-N), 3.62 (t, J = 6.7 Hz, 2H, -CH2), 3.30 

(s, 4H, (CH2)2NH), 2.50 (t, J = 6.7 Hz, 2H, -CH2), 2.01 – 1.93 (m, 6H, 

bicycle), 1.89 – 1.82 (m, 6H, bicycle), 1.73 (p, J = 6.8 Hz, 2H, -CH2), 1.60 (p, 

J = 6.2 Hz, 2H, -CH2), 1.37 (hd, J = 7.4, 3.3 Hz, 4H, -CH2), 0.97 (q, J = 7.3 

Hz, 6H-CH3). 

 
13C NMR (MeOD) δ 180.5 (NHC=O), 174.5 (NHC=O), 168.73 (d, J = 2.2 

Hz, NHC=OAr), 162.1(C), 156.0 (C=O), 152.8 (C=O), 152.4 (d, J = 241.5 

Hz, CF), 149.86 (d, J = 13.0 Hz, COH), 149.4 (C), 126.88 (d, J = 5.4 Hz, 

COC-Ar), 125.15 (d, J = 3.1 Hz, CH-Ar), 118.43 (d, J = 3.0 Hz, CH-Ar), 

116.32 (d, J = 20.1 Hz, CH-Ar), 108.2 (C), 79.5, 44.2 (CH2), 42.1 (CH2), 

40.6(C bicycle), 40.1(CH2), 37.7 (CH2), 36.9 (CH2), 34.9 (C bicycle), 31.2 

(CH2), 31.2 (CH2), 31.0 (CH2 bicycle), 29.2 (CH2 bicycle), 21.2 (CH2), 20.8 

(CH2), 14.2 (CH3), 14.1 (CH3). 
 

19F NMR (377 MHz, MeOD) δ -138.6. 
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4-(1,3-Dibutyl-2,6-dioxo-

2,3,6,7-tetrahydro-1H-purin-8-yl)-N-(2-

hydroxyethyl)bicyclo[2.2.2]octane-1-carboxamide (5.23). Following 

general procedure A, to a stirring solution of (2,6-dioxo-1,3-dibutyl-2,3,6,9-

tetrahydro-1H- purin-8-yl) bicyclo [2.2.2] octane-1-carboxylic acid (5.17) 

(100 mg, 240 μmol, 1 equiv), DIPEA (50 μL, 288 μmol, 1.20 equiv) and 

COMU (113 mg, 264 μmol, 1.10 equiv) and DMF (1.5 mL) was added 

ethanolamine (29 μL, 480 μmol, 2 equiv). Purification by automated flash 

column chromatography using a gradient of 96:4 to 90:10 DCM/MeOH 

gave the title pure compound as an off-white solid (58 mg, 53%). 

 

LC-MS m/z calcd for C24H38N5O4 [MH]+: 460.30, found 460.30 tR = 2.94 

min (Method A) 

 
1H NMR (CDCl3) δ 6.19 (t, J = 6.1 Hz, 1H, NH), 4.12 (t, J = 7.4 Hz, 2H, 

CH2-N), 4.04 (t, J = 7.4 Hz, 2H, CH2-N), 3.73 (t, J = 5.0 Hz, 2H, CH2), 3.46 

(dt, J = 5.2 Hz, 2H, CH2), 2.13 – 2.02 (m, 6H, bicycle), 1.96 – 1.86 (m, 6H, 

bicycle), 1.73 (p, J = 6.7 Hz, 2H, CH2), 1.64 (p, J = 6.7 Hz, 2H, CH2), 1.37 

(h, J = 7.4 Hz, 4H, CH2), 0.94 (dt, J = 9.3, 7.4 Hz, 6H, CH3). 
 

13C NMR (CDCl3) δ 178.3 (NHC=O), 160.8 (C), 155.4 (C=O), 151.0 (C=O), 

148.6 (C), 106.9 (C), 62.3 (CH2), 43.6 (C), 42.4 (CH2), 41.6 (C), 39.0 (CH2), 

33.8 (CH2), 30.2 (CH2), 30.1 (CH2), 29.9 (CH2 bicycle), 28.4 (CH2 bicycle), 

20.4 (CH2), 19.9 (CH2), 13.9 (CH3), 13.8 (CH3). 

2-(4-

(1,3-Dibutyl-2,6-dioxo-2,3,6,7-tetrahydro-1H-purin-8-
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yl)bicyclo[2.2.2]octane-1-carboxamido)ethyl 3-((tert-

butoxycarbonyl)amino)-2,2-difluoropropanoate (5.24). Under N2, to a 

solution of 4-(1,3-Dibutyl-2,6-dioxo-2,3,6,7-tetrahydro-1H-purin-8-yl)-N-

(2-hydroxyethyl)bicyclo[2.2.2]octane-1-carboxamide (5.23) (58 mg, 126 

μmol, 1.0 equiv) in anhydrous DCM (3 mL) were added in sequence, 3-((tert-

butoxycarbonyl)amino)-2,2-difluoropropanoic acid (5.12) (31 mg, 189 μmol, 

1.5 equiv), DCC (52 mg, 256 μmol, 2.0 equiv) and DMAP (4.6 mg, 39 μmol, 

0.3 equiv). The resulting mixture was stirred at rt overnight. Purification by 

automated flash column chromatography on a linear gradient of 98:2 to 96:4 

DCM/MeOH afforded the title compound as colourless resin (60 mg, 71%). 

 

LC-MS m/z calcd for C32H49F2N6O7 [MH]+: 667.30, found 667.30 tR = 3.30 

min (Method A) 
 

1H NMR (CDCl3) δ 12.07 (br s, 1H, NH xanthine), 6.89 (t, J = 5.8 Hz, 1H, 

-NH), 5.18 (t, J = 6.9 Hz, 1H, -NH), 4.36 (t, J = 5.5 Hz, 2H, CH2O), 4.12 (t, 

J = 6.4 Hz, 2H, CH2 CH2-N), 4.04 (t, J = 7.4 Hz, 2H CH2-N), 3.76 (td, J = 

11.9, 6.9 Hz, 2H, CF2CH2-N), 3.52 (q, J = 5.1 Hz, 2H, CH2), 2.10 – 2.02 (m, 

6H, bicycle), 1.96 – 1.88 (m, 6H, bicycle), 1.74 (p, J = 6.1 Hz, 2H, CH2), 1.65 

(p, J = 6.6 Hz, 2H, CH2), 1.41 (s, 9H, Boc), 1.36 (hd, J = 11.7, 4.4 Hz, 4H, 

CH2), 0.94 (dt, J = 10.8, 7.3 Hz, 6H CH3). 
 

13C NMR (CDCl3) δ 177.8 (NHC=O), 162.81 (t, J = 32.5 Hz, CF2C=O), 

161.2 (C), 156.0 (NHC=O), 155.5 (C=O), 151.2(C), 148.9(C), 113.16 (t, J = 

252.1 Hz, CF2), 107.0(C), 81.1 (C), 66.4(CH2O), 43.94 (t, J = 29.9 Hz, 

CF2CH2), 43.6 (CH2), 41.6 (CH2), 39.0 (C), 38.3(CH2), 33.9 (C), 30.4 (CH2), 

30.2 (CH2), 30.2 (CH2 bicycle), 28.4(CH2 bicycle), 28.3 (Boc), 20.4 (CH2), 20.0 

(CH2), 14.0 (CH3), 13.9 (CH3). 
 

19F NMR (377 MHz, CDCl3) δ -111.5. 
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((1R,8S,9s)-Bicyclo[6.1.0]non-4-yn-9-

yl)methyl (2,5-dioxopyrrolidin-1-yl) carbonate.362 (1R,8S,9s)-

bicyclo[6.1.0]non-4-yn-9-ylmethanol (BCN-OH) (32 mg, 213μmol, 1.0 

equiv) was dissolved in anhydrous CH3CN (1 mL). To the resulting mixture 

was added DIPEA (15 μL, 850 μmol, 4.0 equiv) and the solution was cooled 

to 0 OC under N2 (balloon). To the mixture was added N,N-disuccinimidyl 

carbonate (82 mg, 320 μmol, 1.50 equiv) and the resulting solution was 

stirred at rt for 6 h. Purification by automated flash column chromatography 

on a linear gradient of cyclohexane/(3:1 EtoAC/IPA) 90:10 to 

80:20afforded the title product as off-white resin (10 mg, 16%). 

 
1H NMR (CDCl3) δ 4.45 (d, J = 8.3 Hz, 2H, CH2O), 2.84 (s, 4H, (CH2)2CO), 

2.36 – 2.18 (m, 6H, cyclooctine- CH2), 1.62 – 1.53 (m, 2H, cyclooctine- CH2), 

1.49 (p, J = 8.2 Hz, 1H, CH2CH), 1.10 – 1.00 (m, 2H, CH). 

 

((1R,8S,9s)-Bicyclo[6.1.0]non-4-yn-9-

yl)methyl (4-nitrophenyl) carbonate.363 (1R,8S,9s)-bicyclo[6.1.0]non-4-

yn-9-ylmethanol (BCN-OH) (50 mg, 333 μmol, 1.0 equiv) was dissolved 

in anhydrous DCM (1 mL). While under N2 (balloon), to the resulting 

mixture was added pyridine (67 μL, 832 μmol, 2.5 equiv), followed by 4-

nitrophenyl chloroformate (84 mg, 416 μmol, 1.25 equiv). Upon completion 

of the reaction (25 min), the reaction mixture was quenched with sat. NH4Cl 

(5 mL) and the resulting aqueous layer was extracted with DCM (3x 5 mL). 

Organic layer was separated, dried over anhydrous MgSO4, filtered and 
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concentrated to dryness. Purification by automated column chromatography 

on a linear gradient of cyclohexane/EtoAC 100:0 to 80:20 afforded the title 

product as colourless resin (61 mg, 58%). 

 
1H NMR (CDCl3) δ 8.26 (d, J = 8.9 Hz, 2H, Ar-H), 7.37 (d, J = 8.9 Hz, 2H, 

Ar-H), 4.39 (d, J = 8.3 Hz, 2H, CH2O), 2.37 – 2.17 (m, 6H, cyclooctine- 

CH2), 1.65 – 1.53 (m, 2H, cyclooctine- CH2), 1.49 (p, J = 8.1 Hz, 1H, 

CH2CH), 1.09 – 0.99 (m, 2H, CH). 

 

6-(((((1R,8S,9s)-Bicyclo[6.1.0]non-4-

yn-9-yl)methoxy)carbonyl)amino)hexanoic acid.363 ((1R,8S,9s)-

Bicyclo[6.1.0]non-4-yn-9-yl)methyl (4-nitrophenyl) carbonate (x) (61 mg, 193 

μmol, 1.0 equiv) was added into a flame-dried RBF and was diluted with 

anhydrous DMF ( 0.7 mL) while under a stream of N2. To the solution was 

added NEt3 (108 μL, 774 μmol, 4 equiv), followed by 6-aminohexanoic acid 

(46 mg, 348 μmol, 1.80 equiv) added in one portion. The flask was wrapped 

in foil and stirred under N2 at rt for 20 h. After that time the solution was 

diluted with H2O and extracted with EtOAc (2x5 mL). The aqueous layer 

was acidified with 6% acetic acid (until pH = 3-4) and extracted with DCM 

(3x 7 mL). The organic layers were combined and concentrated to dryness. 

Purification by automated column chromatography using a linear gradient of 

cyclohexane/(3:1 EtoAC/IPA) 80:20 to 50:50 afforded the title product as 

colourless oil (35 mg, 59%). 

 
1H NMR (CDCl3) δ 4.75 (t, J = 5.8 Hz, 1H, NH), 4.13 (d, J = 8.0 Hz, 2H, 

CH2O), 3.16 (q, J = 6.8 Hz, 2H, NHCH2), 2.34 (t, J = 7.4 Hz, 2H, CH2CO), 

2.30 – 2.14 (m, 6H, cyclooctine- CH2), 1.70 – 1.46 (m, 6H, cyclooctine- CH2+ 

O

H H

O NH

OH
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CH2 linker), 1.39 – 1.29 (m, 3H, CH2CH + CH2 linker), 0.93 (t, J = 9.9 Hz, 

2H, CH cyclopropyl). 

 (R,E)-6-(((Cyclooct-4-en-1-

yloxy)carbonyl)amino)hexanoic acid (5.38).341 trans-Cyclooctene-NHS 

(TCO-NHS) (13 mg, 49 μmol, 1.0 equiv) was added into a flame-dried RBF 

and was diluted with anhydrous DMF ( 0.7 mL) while under a stream of N2. 

To the solution was added NEt3 (27 μL, 195 μmol, 4 equiv), followed by 6-

aminohexanoic acid (12 mg, 88 μmol, 1.80 equiv) added in one portion. The 

flask was wrapped in foil and stirred under N2 at rt for 20 h. After that time 

the solution was diluted with H2O and extracted with EtOAc (2x5 mL). The 

aqueous layer was acidified with 6% acetic acid (until pH = 3-4) and extracted 

with DCM (3x 7 mL). The organic layers were combined and concentrated 

to dryness. Purification by automated column chromatography using a linear 

gradient of cyclohexane/(3:1 EtoAC/IPA) 60:40 to 20:80 afforded the title 

product as colourless oil (10 mg, 16%). 

 
1H NMR (MeOD) δ 5.59 (ddd, J = 21.9, 7.5, 1.8 Hz, 1H, alkene-H), 5.47 

(ddd, J = 16.0, 10.7, 3.5 Hz, 1H, alkene-H), 4.29 (dt, J = 9.1, 4.4 Hz, 1H, 

OCH), 3.06 (t, J = 6.9 Hz, 2H, CH2NH), 2.34 (m, 3H, cyclooctene-CH2), 

2.28 (t, J = 7.4 Hz, 2H, CH2CO), 2.01 – 1.88 (m, 4H, cyclooctene-CH2), 1.77 

– 1.66 (m, 2H, cyclooctene-CH2), 1.60 (m, 3H, CH2+ cyclooctene-CH), 1.52 

– 1.44 (m, 2H, CH2), 1.39 – 1.32 (m, 2H, CH2). 

 

 2,2-Dimethyl-

4,15-dioxo-3,8,11-trioxa-5,14-diazaoctadecan-18-oic acid (5.33). At 0 
OC, to the mono protected amine (0.200 g, 0.8 mmol, 1 equiv) in chloroform 

(7 mL) was added succinic anhydride (81 mg, 1 equiv). The resulting solution 

was warmed to rt and stirred for 12 h. The solvent was removed under 
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reduced pressure to afford the crude product as pale yellow oil. Purification 

by automated flash column chromatography using a linear gradient of 

cyclohexane/(3:1 EtoAC/IPA) 65:35 to 25:75 afforded the title product as 

colourless oil (120 mg, 43%). 

 
1H NMR (CDCl3) δ 7.45 (s, 1H, -NH), 6.90 (s, 1H, -NH), 3.61 (s, 4H, 

O(CH2)2O), 3.54 (q, J = 5.1 Hz, 4H, OCH2), 3.44 (q, J = 5.1 Hz, 2H, CH2), 

3.32 (t, J = 5.1 Hz, 2H, CH2), 2.70 – 2.63 (t, J = 5 Hz, 2H, CH2), 2.50 (t, J = 

4.5 Hz, 2H, CH2), 1.45 (s, 9H, Boc). 

 

 (R,E)-1-

(Cyclooct-4-en-1-yloxy)-1,12-dioxo-5,8-dioxa-2,11-diazapentadecan-

15-oic acid (5.36). 2,2-Dimethyl-4,15-dioxo-3,8,11-trioxa-5,14-

diazaoctadecan-18-oic acid (5.33) was treated with 4 M HCl in dioxane (1 

mL) at rt for 1 h. Removal of the solvent with high vacuum, followed by 

three cycles of Et2O evaporation, afforded the title amine as its HCl salt, 

which was used for the subsequent step without further purification. 

Following the method described for compound (5.38), trans-Cyclooctene-

NHS (TCO-NHS) (11 mg, 47 μmol, 1.0 equiv) was reacted with 2-(2-(2-(3-

carboxypropanamido)ethoxy)ethoxy)ethan-1-aminium chloride (5.34) (30 

mg, 1.10 equiv) in the presence of NEt3 (8 equiv). Purification by automated 

column chromatography using a linear gradient of cyclohexane/(3:1 

EtoAC/IPA) 60:40 to 15:85 afforded the title product as colourless oil (6 

mg, 36%). 

 
1H NMR (MeOD) δ 5.62 (ddd, J = 16.7, 10.0, 4.7 Hz, 1H, alkene-H), 5.49 

(ddd, J = 16.4, 7.9, 3.2 Hz, 1H, alkene-H), 4.38 – 4.29 (m, 1H, OCH), 3.65 – 

3.60 (m, 4H, O(CH2)2O), 3.57 – 3.51 (m, 4H, OCH2), 3.37 (t, J = 5.5 Hz, 2H, 

CH2), 3.27 (q, J = 5.1 Hz, 2H, CH2), 2.60 (t, J = 6.8 Hz, 2H, COCH2), 2.49 

(t, J = 6.9 Hz, 2H, COCH2), 2.35 (dq, J = 9.7, 4.9 Hz, 3H, cyclooctene-CH2), 
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2.04 – 1.88 (m, 4H, cyclooctene-CH2), 1.80 – 1.68 (m, 2H, cyclooctene-CH2), 

1.66 – 1.55 (m, 1H, cyclooctene-CH2). 

 

  
4-((3-((2-(4-(1,3-Dibutyl-2,6-dioxo-2,3,6,7-tetrahydro-1H-

purin-8-yl)bicyclo[2.2.2]octane-1-carboxamido)ethyl)amino)-3-

oxopropyl)carbamoyl)-2-fluorophenyl (R,E)-6-(((cyclooct-4-en-1-

yloxy)carbonyl)amino)hexanoate (5.32c). Following general procedure 

B, 3-fluoro-4-hydroxybenzamido congener (5.31) (2.24 mg, 3.32 µmol, 1 

equiv) was converted to the TCO conjugate 5.32c. Purification by RP-HPLC 

(Method C) gave, after lyophilization, the title compound as a off-white solid 

(1 mg, 32%). 

 

LC-MS m/z calcd for C49H70FN8O9 [MH]+: 933.50, found 933.50 tR = 3.31 

min (Method A) 

 
1H NMR (CDCl3) δ 7.68 (d, J = 9.7 Hz, 1H, Ar-H) , 7.63 (d, J = 8 Hz, 1H, 

Ar-H), 7.53 (d, J = 10.4 Hz, 1H, Ar-H), 7.17 (t, J = 7.9 Hz, 1H, NHCO), 

6.54 (br s, 1H, NHCO), 6.34 (br s, 1H, NHCO), 5.57 (ddd, J = 21.8, 15.1, 

6.6 Hz, 1H, alkene-H), 5.48 (ddd, J = 15.6, 9.0, 2.8 Hz, 1H, alkene-H), 4.65 

(s, 1H, NHCO), 4.38-4.30 (m, 1H, OCH), 4.10 (t, J = 7.3 Hz, 2H, CH2-N), 

4.01 (t, J = 7.3 Hz, 2H, CH2N), 3.72 (q, J = 5.7 Hz, 2H CH2NH), 3.46 – 3.37 

(m, 4H, (CH2)2NH), 3.21-3.13 (m, 2H, CH2NH ), 2.64 (t, J = 7.3 Hz, 2H, 

COCH2), 2.52 (t, J = 5.7 Hz, 2H, COCH2), 2.37-2.31 (m, 2H, cyclooctene-

CH2), 1.97 – 1.90 (m, 8H, bicycle + cyclooctene-CH2), 1.85 – 1.79 (m, 6H, 

bicycle), 1.77 – 1.60 (m, 12H cyclooctene-CH2 + linker CH2), 1.58 – 1.51 (m, 
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2H, CH2), 1.48 – 1.42 (m, 2H, CH2), 1.37 (qd, J = 7.3, 4.4 Hz, 4H, CH2), 0.94 

(dt, J = 10.4, 7.3 Hz, 6H, CH3). 

 

HRMS (TOF ES+) calcd for C49H70FN8O9 [MH]+: 933.5244, found 

933.5226; calcd for C49H69FN8NaO9 [M+Na]+: 955.5064, found 955.5037.  

 

Analytical RP-HPLC tR = 19.04 min, purity > 99% (Method E). 

 
4-((3-((2-(4-(1,3-Dibutyl-2,6-dioxo-2,3,6,7-tetrahydro-1H-purin-8-

yl)bicyclo[2.2.2]octane-1-carboxamido)ethyl)amino)-3-

oxopropyl)carbamoyl)-2-fluorophenyl (E)-6-(2-(4-(2-(5,5-difluoro-7-

(thiophen-2-yl)-5H-4l4,5l4-dipyrrolo[1,2-c:2',1'-f][1,3,2]diazaborinin-3-

yl)vinyl)phenoxy)acetamido)hexanoate (5.32a). Following general 

procedure B, 3-fluoro-4-hydroxybenzamido congener (5.31) (2.06 mg, 3.09 

µmol, 1 equiv) was converted to the BODIPY 630/650-X conjugate 5.32a. 

Purification by RP-HPLC (Method C) gave, after lyophilization, the title 

compound as a off-white solid (0.7 mg, 19%). 

 

HRMS (TOF ES+) calcd for C63H73BF3N10O9S [MH]+: 1213.5322, found 

1213.5263;  

 

Analytical RP-HPLC tR = 20.24 min, purity > 98% (Method E). 
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1-(6-(4-((3-((2-(4-(1,3-Dibutyl-2,6-dioxo-2,3,6,7-tetrahydro-1H-purin-

8-yl)bicyclo[2.2.2]octane-1-carboxamido)ethyl)amino)-3-

oxopropyl)carbamoyl)-2-fluorophenoxy)-6-oxohexyl)-3,3-dimethyl-2-

((1E,3E)-5-((E)-1,3,3-trimethyl-5-sulfoindolin-2-ylidene)penta-1,3-

dien-1-yl)-3H-indol-1-ium-5-sulfonate (5.32b). Following general 

procedure B, 3-fluoro-4-hydroxybenzamido congener (5.31) (0.98 mg, 1.47 

µmol, 1 equiv) was converted to the SulfoCy5 conjugate 5.32b. Purification 

by RP-HPLC (Method C) gave, after lyophilization, the title compound as 

an off-white solid (1.42 mg, 75%). 

 

HRMS (TOF ES-) calcd for C66H81FN9O13S2 [MH]-: 1290.5385, found 

1290.5345 

 

Analytical RP-HPLC tR = 15.72 min, purity > 98% (Method E). 
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4-((3-((2-(4-(1,3-Dibutyl-2,6-dioxo-2,3,6,7-tetrahydro-1H-

purin-8-yl)bicyclo[2.2.2]octane-1-carboxamido)ethyl)amino)-3-

oxopropyl)carbamoyl)-2-fluorophenyl (R,E)-1-(cyclooct-4-en-1-

yloxy)-1,12-dioxo-5,8-dioxa-2,11-diazapentadecan-15-oate (5.32d). 

Following general procedure B, 3-fluoro-4-hydroxybenzamido congener 

(5.31) (6.67 mg, 9.99 µmol, 1 equiv) was converted to the PEG-TCO 

conjugate 5.32d. Purification by RP-HPLC (Method C) gave, after 

lyophilization, the title compound as an off-white solid (3.02 mg, 29%). 

 

LC-MS m/z calcd for C53H77FN9O12 [MH]+: 1050.57, found 1050.80 tR = 

3.12 min (Method A) 
 

1H NMR (400 MHz, CDCl3) δ 7.68 (d, J = 2.0 Hz, 1H, Ar-H), 7.61 (d, J = 

8.6 Hz, 1H, Ar-H), 7.54 (t, J = 6.0 Hz, 1H, Ar-H), 7.21 (t, J = 7.4 Hz, 1H, 

NHCO), 6.67 (br s, 1H, NHCO), 6.52 (br s, 1H, NHCO), 6.32 (br s, 1H, 

NHCO), 5.58 (ddd, J = 17.7, 8.5, 4.2 Hz, 1H, alkene-H), 5.48 (ddd, J = 15.6, 

9.6, 3.3 Hz, 1H, alkene-H), 5.12 (br s, 1H, NHCO), 4.33 (br s, 1H, NHCO), 

4.09 (t, J = 7.3 Hz, 2H, CH2-N), 4.00 (t, J = 7.5 Hz, 2H, CH2-N), 3.73 (q, J 

= 5.8 Hz, 2H, CH2NH), 3.61 – 3.49 (m, 7H, CH2), 3.48 – 3.39 (m, 6H, CH2), 

3.35 – 3.27 (m, 2H, CH2), 3.04 – 2.94 (m, 2H, CH2), 2.65 (t, J = 6.7 Hz, 2H, 

CH2), 2.51 (t, J = 5.8 Hz, 2H, CH2), 2.38 – 2.29 (m, 2H, cyclooctene-CH2), 

2.03 – 1.94 (m, 2H, cyclooctene-CH2), 1.93 – 1.81 (m, 8H, bicycle + 

cyclooctene-CH2), 1.77 – 1.71 (m, 8H, bicycle + cyclooctene-CH2), 1.67 – 

1.57 (m, 10H, cyclooctene-CH2 + 2xCH2 butyl, over integrating for 4H due to 

the presence of water peak at 1.66 ppm following freeze drying), 1.37 (hd, J 

= 7.4, 2.7 Hz, 4H, CH2), 0.95 (dt, J = 9.4, 7.3 Hz, 6H, CH3). 
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HRMS (TOF ES+) calcd for C53H77FN9O12 [MH]+: 1050.5670, found 

1050.5656; calcd for C53H76FN9NaO12 [MH]+: 1072.5490, found 1072.5491 

 

Analytical RP-HPLC tR = 17.24 min, purity > 98% (Method E). 

 

 

 

 tert-Butyl (4-(1,2,4,5-tetrazin-3-

yl)benzyl)carbamate.364 In a sealed vessel, hydrazine monohydrate (1.024 

mL) was added to a stirring suspension of tert-butyl (4-cyanobenzyl)carbamate 

(98 mg, 0.42 mmol, 1 equiv), formamidine acetate (0.421 g, 4.05 mmol, 9.60 equiv) 

and Zn(OTf)2 (77 mg, 0.5 equiv) in dioxane at rt. The resulting suspension was 

heated to 60 OC in a sealed vessel for 3 days. After that time the reaction mixture 

was cooled to rt and the vessel was gently evacuated. The reaction mixture was 

diluted with EtOAc (10 mL) and washed with 1 M HCl (10 mL). The organic phase 

was dried over MgSO4, filtered and concentrated to dryness. The resulting crude 

was dissolved in a mixture of DCM/AcOH (1:1, 5 mL) and NaNO2 (0.582 g, 8.44 

mmol) was added slowly over a period of 15 min during which time the reaction 

turned bright red. The nitrous fumes were chased with active air purge and the 

reaction was then diluted with DCM (25 mL). The mixture was washed with 

NaHCO3 (25 mL) and the aqueous phase extracted with DCM (2x 10 mL). The 

organic phase was concentrated to dryness and purified by automated column 

chromatography with 20 % EtOAc in cyclohexane. Title compound was obtained 

as pink solid (11 mg, 9%). 

 

LC-MS m/z calcd for C14H18N5O2 [MH]+: 288.50, found 288.50 tR = 2.97 

min (Method A) 

 
1H NMR (CDCl3) δ 10.23 (s, 1H CH-Tz), 8.62 (d, J = 7.4 Hz, 2H, Ar-H), 

7.55 (d, J = 8.3 Hz, 2H, Ar-H), 5.01 (br s, 1H NH), 4.47 (d, J = 6.0 Hz, 2H, 

CH2-Ar), 1.49 (s, 9H, Boc). 

BocHN
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1-(6-((4-

(1,2,4,5-Tetrazin-3-yl)benzyl)amino)-6-oxohexyl)-3,3-dimethyl-2-

((1E,3E)-5-((E)-1,3,3-trimethyl-5-sulfoindolin-2-ylidene)penta-1,3-

dien-1-yl)-3H-indol-1-ium-5-sulfonate. tert-Butyl (4-(1,2,4,5-tetrazin-3-

yl)benzyl)carbamate (x) was treated with 4 M HCl in dioxane (1 mL) for 1 h, 

at rt. After that time, the reaction was completed and the solvent was 

evaporated to dryness to afford the title deprotected amine (x) as its HCl salt, 

which was used for the subsequent step without further purification. 

Following general procedure D, (4-(1,2,4,5-tetrazin-3-

yl)phenyl)methanaminium chloride (x) was converted to the corresponding 

SulfoCy5 tetrazine (x). Purification by RP-HPLC (Method C) gave, after 

lyophilization, the title compound as a bright blue solid (0.7 mg, 33%). 

 

HRMS (TOF ES-) calcd for C41H44N7O7S2 [MH]-: 810.2749, found 810.2715 

 

Analytical RP-HPLC tR = 12.32 min, purity > 99% (Method E). 
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2-(4-(1,3-Dibutyl-2,6-dioxo-2,3,6,7-tetrahydro-1H-purin-8-

yl)bicyclo[2.2.2]octane-1-carboxamido)ethyl (E)-3-(6-(2-(4-(2-(5,5-

difluoro-7-(thiophen-2-yl)-5H-4l4,5l4-dipyrrolo[1,2-c:2',1'-

f][1,3,2]diazaborinin-3-yl)vinyl)phenoxy)acetamido)hexanamido)-

2,2-difluoropropanoate (5.26a). 2-(4-(1,3-Dibutyl-2,6-dioxo-2,3,6,7-

tetrahydro-1H-purin-8-yl)bicyclo[2.2.2]octane-1-carboxamido)ethyl 3-((tert-

butoxycarbonyl)amino)-2,2-difluoropropanoate (5.24) (2.50 mg, 3.75 µmol, 

1 equiv) was dissolved in anhydrous DCM (0.5 mL) and treated with 4 M 

HCl in dioxane (0.5 mL). The resulting mixture was stirred at rt until 

completion of the reaction (20 min). Solvent was removed in vacuo and the 

resulting residue was dissolved in anhydrous DMF (0.25 mL). To the mixture 

was added a previously reacted solution of BODIPY 630/650-X-CO2H (1 

mg, 1.77 µmol, 1 equiv), DIPEA (10 mg) and BEP (0.49 mg, 1.77 µmol, 1 

equiv) in anhydrous DMF (0.3 mL). The resulting reaction mixture was 

stirred under the exclusion of light overnight at rt. Solvent was removed with 

high vacuum and residue was dissolved in 1:1 CH3CN/H2O. Purification by 

RP-HPLC (Method C), followed by lyophilization, afforded the pure 

product as blue solid (0.5 mg, 25 %). 

 

HRMS (TOF ES+) calcd for C56H67BF4N9O8S [MH]+: 1112.4857, found 

1112.4823; calcd for C56H66BF4N9NaO8S [MH]+: 1134.4676, found 

1134.4657 
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Analytical RP-HPLC tR = 20.55 min, purity > 98% (Method E). 

 

 

7.1.6 Molecular modelling studies 

 
For studies performed in chapter 2, docking of preladenant to the high 

resolution hA2AAR crystal structure was performed using Schrodinger 

software suite (release 2018-3) and the 1.8 angstrom resolution hA2AAR 

crystal structure was imported from the Protein Data Bank (PDB = 4EIY) 

and was prepared with the Protein Preparation Wizard program. This 

involved removal of water molecules, co-crystalized head groups, with the 

exclusion of the co-crystalized ligand ZM241385, and the addition of 

hydrogen atoms. For studies performed in chapter 3, molecular docking 

simulation of Tonapofylline (BG9928) and 16 to the 3.2 Å resolution A1AR 

crystal structure was performed using Schrödinger software suite (release 

2019-2). The 3.2 Å A1AR crystal structure in complex with the irreversible 

ligand DU172 was retrieved from the Protein Data Bank (PDB 5UEN) 

depository and was firstly prepared in PyMOL (2.2.0) as follows: one copy of 

the A1AR-dimer crystal structure was removed and the covalent bond 

between the Y271 and the irreversible antagonist DU172 was broken to 

facilitate the definition of docking site during the Grid generation step. This 

structure was subsequently imported on Maestro and was prepared with the 

Protein Preparation Wizard tool. Hydrogen atoms were added. For all 

studies,  the H-bonding network was optimized using PROPKA at pH= 7.0. 

The structures of the proteins were energy minimized using OPLS3 force 

field. The docking site was defined using Glide Grid generation with the 

barycenter of the co-crystallized ZM241385 or DU172 representing the 

centre of the grid. Preladenant, Tonapofylline, 16 and congener 4.42 were 

prepared for docking using LigPrep tool. Molecular docking of these ligands 

was performed using Glide with XP (extra precision) mode and flexible ligand 

sampling with no restriction applied. For all ligands the highest docking 

scoring pose was selected and depicted with PyMOL to include key binding 

interactions and distance measurements. 
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7.2 Pharmacology 
 

Cell culture reagent were purchased from Sigma Chemicals (Pool, 

Dorset, UK) except Fetal Calf Serum (FCS) which was provided by PAA 

Laboratories (Teddington, Middlesex, UK). G418 and Optimem were 

obtained from Life Technologies (Paisley, UK). SNAP-Lumi4-Tb was 

obtained by Cisbio Bioassays (Bagnols-sur-Cèze, France). All plates were 

obtained from Corning Costar (Corning Incorporated, Corning, NY, USA) 

unless otherwise stated. FuGENEÒ transfection reagent and furimazine 

were purchased from Promega (Southampton, UK).  Adenosine deaminase 

(ADA) and Hygromycin B were purchased from Roche Diagnostics 

(Mannheim, Germany) Ultima GoldTM scintillation cocktail, [3H] DPCPX (8-

cyclopentyl-1,3-dipropylxanthine, [dipropyl-2,3-3H(N)], specific activity 137 

Ci/mmol), and LANCEâ cAMP kit were purchased from PerkinElmer Life 

Sciences (Glen Waverley, Australia). Adenosine receptor ligands, 8-(4-(4-(4-

chlorophenyl)piperazide-1-sulfonyl)phenyl)-1-propylxanthine (PSB-603), N-

[9-chloro-2-(2-furanyl)[1,2,4]-triazolo[1,5-c]quinazolin-5-yl]benzene 

acetamide (MRS1220), 4-(2-[7-Amino-2-(2-furyl)[1,2,4]triazolo[2,3-

a][1,3,5]triazin-5-ylamino]ethyl)phenol (ZM241385), and trans-4-((2-phenyl-

7H-pyrrolo[2,3-d]pyrimidin-4-yl)amino)cyclohexanol (SLV320) were 

purchased from Tocris Bioscience (Bristol, UK). 8-Cyclopentyl-1,3-

dipropylxanthine (DPCPX), 5’-(N-ethylcarboxamido)adenosine (NECA) 

and all other reagents were purchased from Sigma-Aldrich (UK or Castel 

Hill, Australia) and were of analytical quality. 

 

7.2.1 General Cell culture 
 

7.2.1.1 Passaging of Cells 

The cell lines were split once they had grown 80% confluency in a 

75cm2 tissue culture flask. Medium was aspirated with vacuum and the flask 

was washed with Dulbecco’s Phosphate Buffered Saline (PBS) (2-3 mL) to 

remove residual FBS, which deactivates trypsin. PBS was removed and cells 
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were detached from the flask by employing trypsin/EDTA (1 mL). Trypsin 

is a serine protease which allows cell detachment from culture flask, as it 

hydrolyses proteins involved in cell adherence. Once detached fresh medium 

(10 mL) was added to the flask and the resulting mixture was collected, added 

to a universal vial (30 mL) and spun at 1000 rpm for five minutes. The 

medium was then removed and the pellet of cells was re-suspended in fresh 

medium (10 mL) in a universal flask and passaged into a new 75cm2 flask 

containing 20 mL of fresh medium. All cell colonies were incubated at 37 °C, 

5% CO2 and the tissue culture procedures were performed in a class II 

laminar flow hood using sterile conditions. For experiments, 100 μL cell 

suspension was placed onto a haemocytometer and the number of cells, 

within a 1 mm2 area, was counted (25x0.04mm2 squares). The average 

number of cells was multiplied by 10000 to determine the number of cells 

present in 1 mL. This cell suspension was subsequently resuspended in an 

appropriate amount of media to give the cell density required for the 

experiment. For studies using HEK293 cells, plates were pre-coated with 

poly-D-lysine (10 μg/mL in PBS, filter sterilised using 0.2 μm filter and a 

20mL syringe). Poly-D-lysine was left for 30min and washed with DMEM 

before seeding the cells or PBS for plate storage. 

 

7.2.1.2 Cell Freezing 

Cell from confluent T-75 flask were treated with trypsin and 

centrifuged as described previously. Finally, the pellet of cells was re-

suspended in freezing mix composed of FCS containing 10% DMSO (filter 

sterilised using 0.2 μm filter and a 20mL syringe). DMSO was added to 

prevent the formation of big ice crystals. Consequently, 1 mL of the resulted 

suspension was transferred to a cryovial (Nalgene, Rochester, NY, USA) and 

cooled in an isopropanol-filled freezing chamber (Mr Frosty) to reduce the 

temperature at slow rate for 24 h. The next day, cryovials were transferred to 

the -80°C freezer and eventually to liquid nitrogen for long term storage. 
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7.2.1.3 Defrosting Cells 

Cryovials containing the cells were moved from -80°C freezer to the 

hood and they were allowed to warm at 37°C. The cells were suspended in 

10mL of fresh complete media and then spun at 1000 rpm for five minutes. 

The medium was removed and the pellet of cells was re-suspended in 1 mL 

of fresh complete medium and transferred to a T75 flask containing 20 mL 

of medium. 

 

7.2.1.4 Cell lines used in the experiments 

Transfection is the process of introducing DNA into a recipient 

eukaryotic cell and, for stable transfection, the integration of this DNA into 

the genome of the host cell. A CHO cell line stably expressing cAMP 

response element-secreted placental alkaline phosphatase (CRE-SPAP) 

reporter gene and the human A2AR were generated as previously described.127 

CHO A2A CRE-SPAP cell lines were cultured in Dulbecco’s modified Eagle’s 

medium (DMEM-F12) nutrient mix supported by 10% heat-inactivated FCS 

and 2mM L-glutamine. HEK293 cells stably expressing Nluc-A1 and Nluc-

A3 were as described previously.165  To generate cells stably expressing the 

Nluc-A2B HEK293 cells were stably transfected with pcDNA-Nluc-A2B using 

FUGENEÒ reagent, following the manufacturer’s instructions, using 2:1 

reagent:DNA ratio. Transfected cells were selected using 1 µg/mL G418. 

Cells were cultured in DMEM supplemented with 10% FCS. A SNAP-tagged 

HEK293 cell line stably expressing the human SNAP-A2AR was generated 

by Dr. Laura Kilpatrick who performed the transfection, dilution cloning and 

isolation of a stable clone line. HEK293 cells expressing the GloSensor 

cAMP bionsensor (HEK293G) were obtained from Promega (Madison, 

United States). The HEK293 cell lines were maintained in DMEM containing 

10% FCS and 2 mM L-glutamine and were grown to 70-80% confluency in 

75 cm2 tissue culture flask before splitting.  

Transient Transfection of NanoLuc-tagged human A2AR in 

HEK293G cell line was carried out as follows: 72 h prior the experiment cells 

were removed from a confluent T75 flask and centrifuged. The pellet of cells 

was re-suspended in 10 mL of fresh complete DMEM. Afterwards, each 
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CORNINGÒ 10mmx20mm style dish was seeded with a density of 3x106 

cells per dish in 10 mL complete DMEM. 48 h prior the experiment 

transfection of the NanoLuc-tagged human A2AR in HEK 293G cell line was 

carried out using a mixture of 6 μg DNA and 12 μL FuGENEâ(1:2 ratio) in 

880 μl OptiMEM, followed by 5 min incubation at room temperature to 

allow the DNA: FuGENE complex to form. After that time, the entire 

mixture was carefully added to the CORNINGÒ dish and incubated at 37°C, 

5%CO2 overnight. 24h prior the experiment day cells were removed from a 

confluent dish and centrifuged. The pellet of cells was re-suspended in 10 

mL of fresh DMEM and the resulting NanoLuc-tagged hA2AR HEK293G 

cells were seeded in white Thermo Scientific 96-well plates at a density of 

32000 cells/well and grown in normal growth medium.  

Terbium labelling of SNAP-tagged A2AAR cells. To terbium label 

the SNAP-HEK293-A2AAR cells, cell culture media was removed from 

confluent SNAP-HEK293-A2AAR cells contained in T175 cm2 flasks, washed 

once in DPBS and then incubated with 100 nM of SNAP-Lumi4-Tb in 

1xLabMed buffer for 1h at 37°C, 5%CO2. Then the terbium labelling reagent 

was removed and cells were washed once with ice cold 15 mL PBS. The cells 

were then removed from the wall of the flask by scraping and centrifuged at 

2000 rpm for 10 min and the resulting cells pellets were stored at -80°C.  

Membrane preparations of Terbium-labelled SNAP-HEK293-

A2AAR cells. The following described steps were conducted at 4 °C to prevent 

receptor degradation. Thawed pellets of cells were resuspended in PBS and 

homogenized using an electronical homogenizer, 10x2 sec bursts. 

Homogenized solution of cells was centrifuged at 1500 rpm for 20 min to 

remove unbroken cells and nuclei. The supernatant was subsequently 

centrifuged at 41,415 g for 30 min. The resulting pellet was resuspended in 4 

mL PBS and fully homogenized. Protein concentration was determined using 

a BCA protein assay and membranes were stored at -80°C until required. 

Before their use, frozen membranes were thawed and suspended in HBSS 

buffer 
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7.2.2 Cell culture chapter 4 

 
Chinese Hamster Ovary FlpIn (FlpIn-CHO) cells stably expressing 

the human A1AR were generated as described previously. 365 A1AR-FlpIn-

CHO cell lines were cultured in DMEM, supplemented with 10% (v/v) FBS 

and the selection antibiotic hygromycin B (500 μg/mL) to maintain 

adenosine receptor expression. Non transfected HEK293 adherent 

(HEK293A) cells were cultured in DMEM, supplemented with 10% (v/v) 

FBS. All cells were cultured at 37oC in a humidified incubator containing 

5% CO2, grown to confluence, and then seeded into 96-well culture plates 

at assay-specific densities. Transfection of NanoLuc-tagged human A1AR, 

A2AAR, A2BAR and A3AR and SNAP-tagged-hA1AR in HEK293A cells was 

performed using polyethylamine (PEI) at 4:1 ratio of PEI:DNA. Cells were 

transfected with 3 μg DNA in 10 mm x 20 mm style dishes at a density of 5 

x 106 cells per dish, and used 48 h following transfection.  

 

 

7.2.3 Experiments 
 

7.2.3.1 NanoBRET-based binding assays  

All NanoBRET experiments were performed in white flat bottomed 

96-well Greiner plates (Bio One, UK) precoated with Poly-D-Lysine and 

were read on a PheraSTAR FS plate reader (BMG Labtech) at room 

temperature or at 37 oC for kinetic binding experiments. The filter light 

emissions were read at 420nm (80 nm bandpass; donor NanoLuc emission) 

and 535 nm (60nm-bandpass; fluorescent ligand emission) for BYFL-labelled 

ligands and at 420 nm (80 nm-bandpass) and > 610 nm (longapass; 

fluorescent ligand emission) for the BY630/Cy5/AF647-labelled ligands. 

The raw BRET ratio was calculated by dividing the > 610 nm emission or 

533 nm emission by the 420 nm emission. The term “raw BRET ratio” refers 

to the unprocessed data as no background ratio has been subtracted. In all 

NanoBRET binding experiments, non-specific binding was determined in 

the presence of 10 μM competitive antagonist selective for the adenosine 

receptor under investigation. 
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For studies described in chapter 2, HEK 293G cells were transiently 

transfected to express Nluc-A2AAR. For experiments described in chapter 2, 

3, 5, HEK293 cells stably/transiently expressing Nluc-AR were seeded in 

white 96-well plates Greiner plates (Bio One, UK) at 32000 cells/well and 

grown 24 h prior the day of the experiment in normal growth medium. Before 

the experiment, DMEM was replaced with warm HBSS. For saturation and 

competition assays the required concentration of fluorescent ligands and 

competing ligand was added at the same time. Thereafter, plates were 

incubated for 2 h at 37 °C. After 2 h, 10 μM furimazine (1:400 dilution; 

Promega) was added to each well and plates were incubated for further 5 min 

at 37 °C. For dissociation kinetic experiments described in chapter 5, stable 

NanoLuc-hA1AR HEK293 cells were incubated with compounds for 5 h or 

2 h for CA200645 (CA-XAC) at 37 °C in 96-well plates. After that time, 10 

μM furimazine was added to each well and incubated at 37oC for 15 min in 

the dark to allow the luminescence signal to reach equilibrium. Basal BRET 

readings were acquired on the PheraSTAR every 30 s for 5 min. Then, 10 μM 

DPCPX was added manually in a 1:10 ratio and BRET readings were taken 

every 30 s for 60 min at 37oC. Bioluminescence emission at two different 

wavelengths was measured using a PHERAstar FS plate reader (BMG 

Labtech) at room temperature (saturation and competition binding 

experiments) or at 37oC (association and dissociation kinetic binding 

experiments). 

 

For studies described in chapter 4, HEK293A cells were transiently 

transfected to express either the NanoLuc-tagged human A1AR, A2AAR, 

A2BAR and A3AR. 24 h following transfection, cells were seeded into 96-well 

poly-D-lysine solid white bottom plates at 40,000 cells/well and incubated 

overnight in serum-free DMEM. Before the experiment, DMEM was 

replaced with HBSS. For saturation and competition assays the required 

concentration of fluorescent ligand, and competing ligands, was added at the 

same time and the plates were then incubated at 37oC for 1 h. After 50 min 

incubation, 1 μM furimazine was added to each well and plates were 

incubated for additional 10 min (1 h total) at 37oC. For association kinetic 
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experiments, 1 μM furimazine was added to each well and incubated at 37oC 

for 15 min in the dark. The required concentration of fluorescent ligand in 

the presence or absence of 1 μM SLV320 (to define non-specific binding) 

was added simultaneously. The plates were then read immediately, with each 

well read once every 30 s for 60 min. Bioluminescence emission at two 

different wavelengths was measured at room temperature (for saturation and 

competition binding experiments) or at 37oC (for kinetic binding assays) 

using a PheraSTAR Omega plate reader (BMG Labtech). 

 

7.2.3.2 NanoBRET Saturation Assay to Investigate A1-A2A Interactions 

(Chapter 4). 

 

HEK293T cells were seeded into poly-D-lysine coated white flat 

bottom 96-well plates and incubated for 24 h at 37 OC, 5% CO2. At 70-

80% confluency, cells were transiently transfected with a fixed 

concentration of donor N-terminal tagged NanoLuc-hA2AAR (0.050 

µg/well) and increasing concentrations of N-terminal tagged acceptor 

SNAP-hA1AR (0.0005-0.100 µg/well). All transfections were performed 

using FuGENE HD in Opti-MEM at 3:1 ratio of reagent to cDNA, 

following manufacturer’s protocol. Empty p3.1zeo was used when 

necessary to ensure total concentration of cDNA were maintained 

consistent across all wells. Cells were incubated for further 24 h at 37 OC, 

5% CO2. 24 h post transfection, cells were incubated at 37 OC, 5% CO2 for 

30 min with 0.2 µM SNAP-AF488 prepared in DMEM/10%FCS. 

Following incubation, cells were washed 3x with pre-warmed HBSS and 

incubated with HBSS for 1 h at 37 OC. After this time, 10 µM furimazine 

(1:400 dilution) was added in each well and plates were left for 5 min in the 

dark at room temperature. Sequential emission measurements were taken 

using a PHERAStar FS plate reader using 460nm (80nm bandpass; donor 

NanoLuc emission) and 535nm (60nm bandpass; SNAP-Tag emission) 

filters. Raw BRET ratios were calculated by dividing the 535nm emission 

(acceptor) by the 460nm emission (donor).  
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7.2.3.3 CRE-SPAP gene transcription functional assay (performed in 

Chapter 2) 

 

48 h prior the experiment day CHO CRE-SPAP A2AR cells were 

seeded into clear 96-well plates and subsequently serum starved 24 h before 

the experiment employing DMEM-12 supplemented with 2 mM L-glutamine 

(serum-free media). On the day of the assay serum-free media was added to 

the cells and the fluorescent compounds under investigation were further 

added to the appropriate well at three concentrations (10 nM, 100 nM, 1000 

nM), and the plates were incubated for 30 min at 37 °C, 5% CO2. After 30 

min NECA was added at increasing concentrations and the plates were 

incubated for further 5h at 37 °C/5% CO2. Following 5h incubation the 

media was removed and replaced with 40 μL of serum-free media. The plates 

were further incubated for 1h at 37 °C/5% CO2. Following 1h incubation the 

plates were moved to an oven at 65 °C for 30 min to degrade endogenous 

alkaline phosphatases. The plates were then allowed to cool to room 

temperature and 100 μL of 5 mM of 4-p-nitrophenyl phosphate in DEA 

buffer (100 mM Diethanolamine; 280 mM NaCl; 0.5 mM MgCl2.6H2O, 

pH=9.85) were added in each well and the plates incubated at 37°C for 15 

min. Once the yellow colour had developed, the plates were read on the 

Dynex MRX plate reader which measured the absorbance at 405 nm. 

 

7.2.3.4 HTRF Binding Kinetic of BODIPY-630/650-X conjugate 2.12 

(performed in Chapter 2) 

To determine the binding kinetics of fluorescent conjugate 2.12, 

HEK293 SNAP-hA2AAR cell membranes were diluted to the required 

concentration (10 μg/well) in HBSS buffer containing saponin (1 mg/mL) 

and added to white Thermo Scientific 96-well microplates. Fluorescent 

conjugate 2.12 was added simultaneously at four different concentrations in 

the presence and absence of 10 μM ZM241385 to define non-specific 

binding. The plates were read immediately: each well was read every 30 s for 

60 min. TR-FRET signals were acquired in a PHERAstarFS plate reader 

(BMG Labtech) equipped with a Homogeneous Time Resolved Fluorescence 
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module with excitation at 337 nm and emission 620 nm and 655 nm. HTRF 

ratios were calculated by dividing the acceptor signal (655 nm) by the donor 

signal (620 nm).   

 

7.2.3.5 [3H] DPCPX Radioligand binding assay (performed in Chapter 4) 

 

A1AR-FlpIn-CHO cells were seeded into white 96-well isoplates at 

40,000 cells/well and incubated overnight. Before the experiment, DMEM 

was replaced with binding buffer (10 mM HEPES, 10 mM D-glucose, 145 

mM NaCl, 5 mM KCl, 1 mM MgSO4, 1.5 mM NaHCO3, 2 mM CaCl2, 

1U/mL adenosine deaminase (ADA), pH 7.4) and cells were incubated with 

increasing concentrations of competing ligands, followed by addition of 1 

nM [3H] DPCPX (precise concentration in each experiments was 

determined by β-counting). The cells were incubated for 4 h in binding 

buffer at 37oC. Buffer was removed and cells were washed three times with 

ice-cold phosphate buffer saline (PBS, 10 mM Na2HPO4, 1.8 mM KH2PO4, 

137 mM NaCl, 2.7 mM KCl), and then dissolved in Ultima Gold 

scintillation liquid (100 µL/well). Isoplates were sealed and allowed to 

incubate at RT for 1 h before radioactivity was determined by β-counting 

using a MicroBeta 2 LumiJET microplate counter (PerkinElmer). In all 

radioligand binding experiments, non-specific binding was determined in 

the presence of 1 µM SLV320.  

 

7.2.3.6 cAMP functional assay 

 

A1AR-FlpIn-CHO cells were seeded into 96-well culture plates at 

20,000 cells/well and incubated overnight. The Gi/o protein mediated 

inhibition of cAMP accumulation was determined as described 

previously.39 Briefly, media was removed and cells were incubated with 

stimulation buffer (140 mM NaCl, 5.4 mM KCl, 0.8 µM MgSO4, 0.2 mM 

Na2HPO4, 0.44 mM KH2PO4, 1.3 mM CaCl2, 5.6 mM D-glucose, 5 mM 

HEPES, 0.1% bovine serum albumin (BSA), 0.1 U/mL ADA, and 10 μM 

rolipram, pH 7.4) and incubated at 37 °C for 30 min. Inhibition of cAMP 

was assessed by preincubation with increasing concentrations of 
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antagonists for 10 min. NECA concentration response curves were 

performed by subsequent incubation of increasing concentrations of 

NECA in the presence of 3 µM forskolin for additional 30 min at 37 oC. 

The reactions were terminated by the addition of 50 µL ice-cold 100% 

ethanol. The lysis buffer (0.1% BSA, 0.3% tween-20, 5 mM HEPES, pH 

7.4) was added to the cells after ethanol evaporation. Level of cAMP was 

detected using LANCE cAMP 384 kits (PerkinElmer) following the 

manufacturer’s protocol and fluorescence was measured with EnVision® 

plate reader (PerkinElmer). Ligand concentration-response curves were 

normalized to the response mediated by 3 µM forskolin (0%) or buffer 

(100%) alone. All experiments were performed in duplicate.  

  

 

7.2.3.7 Confocal Imaging studies using Zeiss LSM710 

 

Confocal microscopy using LSM710 was performed on cells grown 

to 70-80 % confluence on 8-well LabteK chambered coverglass (Nunc 

Nalgene) pre-coated with poly-D-lysine.  On the day of the experiment 

medium was removed and the cells were labelled for 30 min at 37 °C with 

0.2 µM SNAP AF488 or AF647 as required in fresh HBSS [HEPES 

Balanced Salt Solution (HBSS), 25 mM HEPES, 10 mM glucose, 145 mM 

NaCl, 5 mM KCl, 1 mM MgSO4, 2 mM sodium pyruvate, 1.3 mM CaCl2 at 

pH 7.4]. After washing twice with HBSS the cells were treated with or 

without 10 µM AR competitive antagonist (DPCPX for studies with A1 or 

ZM241385 for studies with A2A) for 30 min at 37 °C. Following the 

incubation step the fluorescent ligands under investigation were added to 

the appropriate wells at the required concentrations.  

 

For the experiments discussed in Chapter 5, HEK293T cells were 

seeded in 8-well plates (Nunc Lab-Tek, Thermo Fischer Scientific), pre-

coated with Poly -D-Lysine, at 12, 000 cells per well in DMEM/10% FCS. 

24 h post seeding, cells were transiently transfected with human SNAP-A1. 

Transient transfections were carried out following manufacturer’s protocol: 

used FuGENE HD at 3:1 ratio of reagent to cDNA with a total of 300 ng 
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cDNA per well. Transfection solutions were made up in Gibco Opti-MEM 

(Thermo Fischer Scientific), incubated at rt for 5 min and added as 11 µL 

per well. Cells were incubated for additional 24 h at 37 OC, 5% CO2. 

On the day of the experiment medium was removed and the cells were 

labelled for 30 min at 37 °C with 0.2 µM SNAP AF488 in SFM. After 

washing twice with SMF the cells were treated with or without 10 µM AR 

competitive antagonist (DPCPX for A1, ZM241385 for A2A, PSB603 for A2B 

and MRS1220 for A3) for 30 min at 37 °C. Following the incubation step 

the ligand-directed probe under investigation (SulfoCy5 or TCO) (5.32b or 

5.32d) was added to the appropriate wells at the required concentrations 

and incubated for 2 h. After that time, cells were washed 4x with warm 

HBSS, followed by the addition of 300 µL warm HBSS and imaged. For 

click-chemistry reactions, after washing 4x with warm HBSS, cells pre-

labelled with the corresponding trans-cyclooctene-conjugated ligand (TCO-

5.32d) were subsequently treated with 1.5 µM Methyl-TetrazineSulfoCy5 

(Lumiprobe, Germany) for 10 min at RT in the dark. Cells were washed 2x 

with warm HBSS and imaged. When required, 10 µM DPCPX was added 

after 2 h and cells were incubated for and additional 1 h before imaging.  

 

For all the experiments, Live cell imaging was performed at 37 °C 

using a Zeiss LSM 710 laser scanning confocal microscope fitted with a 

Zeiss Plan-Neofluar 40 × 1.2 NA water immersion objective. A 633 nm 

HeNe laser was used for the excitation of BY630/650, Cy5 or AF647 

respective fluorophores, and a 488/561/633 dichroic, and the emission was 

detected between 634 and 755 nm (laser power 5 %, laser power 7.5 % with 

Met-TetrSulfoCy5). A 488 nm HeNe laser was used to excite SNAP-AF488 

and the emission was detected between 493 and 586 nm (laser power 5 %). 

The pinhole diameter (1 Airy Unit; 1.1 μm optical slice), laser power and 

gained remained constant in all the experiments. Images were acquired as 

16-bit depth, 1024x1024 pixel resolution with a line averaging of 8 and a 

pixel dwell time 6.30 µs (set to 5). Imges were either processed in Zeiss 

ZEN 2 (blue edition) or FIJI (ImageJ) version 2.0.0 software, and linear 

adjustments to the brightness and contrast have been applied equally across 
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all the images. To obtain membrane intensity values, regions of interest were 

drawn by hand around the cell membranes in FIJI (ImageJ) version 2.0.0 

software.  

 

7.2.3.8 Confocal Imaging studies using Leica TCS SP8X (Chapter 4) 

 

Transiently transfected SNAP-tagged human A1AR HEK293 cells 

were grown to 80-90% confluence in a μ-Slide 8 well chambered coverslip 

(Ibidi GmbH, Gräfelfing, Germany) precoated with poly-D-lysine. On the 

day of the experiment culture media was removed and the cells were labelled 

for 30 min at 37 oC with 0.2 μM SNAP AlexaFluor488 label as required in 

binding buffer (10 mM HEPES, 10 mM D-glucose, 145 mM NaCl, 5 mM 

KCl, 1 mM MgSO4, 1.5 mM NaHCO3, 2 mM CaCl2, 1U/mL ADA, pH 7.4). 

After washing twice with buffer, the cells were treated with or without 10 

μM SLV320 for 30 min at 37 oC. After that time, the cells were treated with 

the required concentration of fluorescent ligand under investigation. Live 

cell imaging was performed at 37 oC on a Leica TCS SP8 X confocal running 

system fitted with a HC PL APO CS2 40x/1.1 NA water immersion 

objective. A diode 633 laser was used for the excitation of BODIPY-

630/650 and SulfoCy5 fluorophores and a beam splitter TD 488/552/638 

and the emission was collected using a Hybrid Detector (HyD) (emission 

filter range 642-782 nm). A 488 Optically Pumped Semiconductor Laser 

(OPLS) was used for the excitation of the SNAP AF488 label and the 

emission was detected using a Hybrid Detector (HyD) (emission filter range 

493-572 nm). The pinhole diameter (1 Airy Unit; 1.1 μm optical slice), laser 

power and gain remained constant in all the experiments. The images were 

captured using 1024x1024 pixel resolution, 16-bit depth, scan speed of 200 

Hz with line averaging of 6. Images were processed in FIJI (ImageJ)366 

version 2.0.0 software and linear adjustments to the brightness and contrast 

have been applied equally across all the images. 
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7.2.3.9 Total Internal Reflection Fluorescence Microscopy (TIRF-M, 

Chapter 4).  

HEK293A cells were seeded into 10 mm x 20 mm style dishes at a 

density of 5 x 106 cells per dish in complete DMEM. After 12 h, cells were 

transiently transfected with 2 μg cDNA of SNAP-hA1AR using 1:4 ratio of 

DNA/PEI to achieve lower receptor expression levels. After 12 h, 

transiently transfected SNAP-hA1AR HEK293 cells were seeded onto a 

poly-D-lysine-pre-coated FluoroDishÔ (35 mm, 23 mm well) to 70-80 % 

confluency. On the day of the experiment (24 h following transfection), 

DMEM was removed and the cells were incubated with 0.2 μM BG-AF488 

in binding buffer (10 mM HEPES, 10 mM D-glucose, 145 mM NaCl, 5 mM 

KCl, 1 mM MgSO4, 1.5 mM NaHCO3, 2 mM CaCl2, 1U/mL ADA, pH 7.4) 

for 30 min at 37 oC. Buffer was removed and the cells were washed twice 

with warm binding buffer to remove any unbound BG-AF488. 

Subsequently, the cells were treated with or without 10 μM SLV320 for 30 

min at 37 oC. After that time, the cells were treated with the required 

concentration of fluorescent ligand under investigation.  

TIRF Imaging was performed by Mr. Cameron Nowell (Drug 

Discovery Biology research theme within the Monash Institute of 

Pharmaceutical Sciences, Australia). Images were captured on a Leica 

DMI6000 3D GSD TIRF microscope running LAS X version 1.9 using a 

HC Plan Apo 100x NA 1.43 TIRF Objective. Excitation was provided from 

a 633 nm laser for the BODIPY-630/650 and SulfoCy5 fluorophores. 

Detection was through either a 540-620 nm emission filter or 640-700nm 

emission filter. The TIRF field penetration depth was kept at 80 nm for all 

wavelengths and samples. Images were captured with an Andor iXon3 897 

Ultra EM-CCD camera with exposure times and gain settings being 

consistent across all images. TIRF Image Analysis. Analysis of TIRF 

images were carried out using a custom macro written in the Fiji distribution 

of ImageJ (Schindelin et al., 2012). In brief, the user was asked to manually 

outline the cell of interest. Both image channel were then filtered to remove 

noise (Gaussian filter-Sigma = 1) and discrete spots were extracted from the 

red channel using the find maxima command (prominence = 3) and 

displaying the same as single binary points. The extracted binary points were 
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used to measure the intensity in both the red and far red channel for each 

discrete spot. 

 

7.2.3.10 Data Analysis 

All data are represented as mean ± SEM of n experiments performed 

either in duplicate or triplicate. The n refers to the number of separate 

experiments. A separate experiment required a separate flask of cells and a 

separate drug dilution used throughout the experiment. The data were 

presented and analysed using Prism software (GraphPad Prism 7.0, 8.0, 9.0, 

San Diego, CA) and Excel.  

 

Reporter Gene SPAP Assay: Antagonism by unlabeled and labelled 

(fluorescent) ligands of the CRE-reporter gene response (SPAP, secreted 

placental alkaline phosphatase) to NECA in CHO cells expressing the 

human A2A AR was analysed. For each concentration of the antagonists, the 

ratio (DR, dose ratio) of NECA concentrations required to produce the 

same sized response in the presence and absence of the antagonist was 

determined. The antagonist dissociation constant (KB) was determined by 

globally fitting the data to the Schild equation:  

 

Schild :              Log (DR-1) = Log([B]) - LogKB 

 

Where DR (dose ratio) is the ratio of the agonist concentration required to 

stimulate an identical response in the presence or absence of antagonist, [B]. 

KB represents the equilibrium dissociation constant of the antagonist.  

 

NanoBRET saturation binding assay. Total and nonspecific saturation 

binding curves were fit simultaneously using the following equation: 

!"#$	&'()* = 	
!!"#[!]
! + (0$)

+ 2(!) + 3 

Where Bmax is the maximal specific binding, [B] is the concentration of 

fluorescent ligand in nM, KD is the equilibrium dissociation constant in nM, 

M is the slope of the nonspecific binding component, C is the intercept with 

the y axis. 
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[3H] DPCPX binding assay and NanoBRET competition binding 

assays. The competition binding curves were fit to the following equation:  

45)5ℎ)7)(89	:;8<)=)<	7)59)5> = 100 −	
100	B	[C]
[C] + (D3%&)

 

 

Where [A] is the concentration of competing drug and the IC50 is the molar 

concentration of ligand required to inhibit 50% of the specific binding of 

specified concentrations of fluorescent ligands or 1 nM [3H] DPCPX.  

The Cheng-Prusoff equation was used to correct fitted IC50 values to Ki 

values: 

0' = ()!"
*+ #

$%
 

 

Where L is the concentration of fluorescent ligand or [3H] DPCPX in nM 

and KD is the dissociation constant of fluorescent ligand or [3H] DPCPX in 

nM. The KD values used were calculated from the saturation binding 

experiments. The concentration in the assay of [3H] DPCPX was directly 

determined by measuring DPM counts with a scintillation counter using the 

following equation:  

[E] = 	
FG2

HC	B	2.2	B	10,
K*ELM8

 

 

Where SA is the specific activity of the radioligand in Ci/mmol and 

volume is the final volume of the assay in litre. 

 

NanoBRET and HTRF kinetic binding assay. For association binding 

kinetics, nonspecific binding was determined at each concentration of the 

fluorescent ligands at each time point by adding 1 µM SLV320 for A1AR or 

10 µM ZM241385 for A2AAR studies, respectively. This was subtracted 

from total binding to obtain specific binding measurements. The 

association rate (kon) in M-1 min-1 and dissociation rate (koff) min-1 constants 

were calculated from specific binding using the following equation: 

N-. =	
N-/0	−	N-22

[O]  
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Where [L] is the concentration of the fluorescent conjugate in M and kobs is 

calculated from the global fitting of the data to the following exponential 

association function: 

P = P!"#(1 −	834&'(5) 
 

Where Y is the specific binding at time t, Ymax represents the specific binding 

at infinite time (t) and kobs is the rate constant for the observed rate of 

association.  

The kinetic equilibrium dissociation constant (KD) was determined from the 

data using the following equation: 

0$ =	
N-22
N-.

 

 

cAMP Assay. Antagonism by fluorescent ligands of the NECA-induced 

inhibition of cAMP accumulation in FlpIn-CHO cells expressing the 

human A1AR was analysed. For each concentration of the antagonists, the 

ratio (DR, dose ratio) of NECA concentrations required to produce the 

same magnitude of response in the presence and absence of the antagonist 

was determined. To estimate antagonist affinity values, functional 

interaction studies between NECA and single concentration of each 

antagonist in the cAMP assays were fitted to the following form of Schild 

regression analysis: 

"8:;*5:8 = !*((*M +	
(E678 − 7*((*M)

1 +	

⎝

⎜
⎛10

39:;!" U1 + V [B]
1039<)X

=
Y

[A]

⎠

⎟
⎞

>?@@=@A9B 

Where pEC50 is the negative logarithm of the EC50 of NECA (A) in the 

absence of antagonist (B). HillSlope is the slope of the agonist curve, S is 

the Schild slope, pA2 is the negative logarithm of the molar concentration 

of antagonist necessary to shift the agonist EC50 by a factor of two. The 

Schild slope parameter, S, was constrained to 1 and therefore the estimated 

pA2 values for each antagonist are equal to the pKB (negative logarithm of 

the antagonist equilibrium dissociation constant). 
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Appendix I 
§ Supplementary Material Chapter 4 
Scheme 1. Synthesis of Tonapofylline (BG9928)a 

 
a Reagents and conditions: a) i. Cyanoacetic acid, Ac2O, 83 oC, 2 h, ii. 

H2O, 70% NaOH, rt, 50%; b) NaNO2, 50% AcOH, rt, 1 h, 64%; c) Na2S2O4, 

12.5% NH4OH, 60 oC, 30 min, 87%; di) 4-(methoxycarbonyl)bicyle [2.2.2] 

octane-1-carboxylic acid, NEt3, HATU, CH3CN, rt, 90 min. dii) 1.0 M KOH, 

propan-2-ol, reflux, 2 h, 68% (over two steps); e) MeOH, conc. H2SO4, reflux, 

84%; f) LiAlH4 (1 M in THF), anhydrous THF, 0 oC, 1 h, 97%; g) Dess-

Martin periodinane, DCM, rt, 2 h, 80%; h) Triethylphosphono acetate, 1. 0 

M potassium bid (trimethylsilyl)acetamide (KHDMS) in THF, anhydrous 

THF, 0 oC, 1 h; i) aq. LiOH, EtOH, reflux, 5 h, 30% (over two steps); l) H2, 

Pd/C 10% w/w, MeOH, rt, 2 h, quantitative.  

 

Chemistry Methods. 

1,3-Dipropylurea (1). Propylamine (7.44 mL, 1.10 equiv.) was dissolved 

in anhydrous THF (20 mL) and the solution was cooled to 0 oC. Propyl 

isocyanate (7.63 mL, 1.0 equiv.) was added dropwise and the reaction was 

stirred at rt. After few seconds a white precipitate developed which was 

filtered off and dried to get the pure product as off-white solid (6.052 g, 97 
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%). 1H NMR (DMSO-d6) δ 5.74 (t, J = 5.7 Hz, 2H), 2.92 (td, J = 7.1, 5.8 Hz, 

4H), 1.35 (h, J = 7.3 Hz, 4H), 0.82 (t, J = 7.4 Hz, 6H). 13C NMR (DMSO-d6) 

δ 158.1, 41.1, 23.2, 11.3. 

6-Amino-1,3-dipropylpyrimidine-2,4(1H,3H)-dione (2). 1,3-Diisopropylurea 

(0.100 g, 0.6 mmol, 1.0 equiv.) was dissolved in Ac2O (2.5 mL). To the 

reaction mixture was added cyanoacetic acid (64.88 mg, 1.1 equiv.). The 

resulting mixture was stirred at 83 oC for 2 h. The solution was then 

concentrated to dryness (water bath set at 80 oC) to give the crude product as 

brown oil (HNMR of the crude product revealed that the 2-cyano-N-propyl-

N-(propylcarbamoyl)acetamide intermediate was formed. 1H NMR (CDCl3) 

δ 3.78 (s, 2H), 3.64 – 3.57 (m, 2H), 3.28 – 3.21 (m, 2H), 1.68 – 1.51 (m, 5H), 

0.98 – 0.89 (m, 7H)). H2O (2 mL x2) was added and evaporated off to remove 

residual Ac2O from the reaction mixture. The crude product was then 

dissolved in H2O (4.5 mL) and the resulting solution was basified with 70% 

NaOH (three drops). A white precipitate developed which was subsequently 

filtered off and washed with H2O. The precipitate was dried under vacuum 

overnight (73 mg, 50%). LC-MS m/z calcd for C10H18N3O2 [MH]+: 212.1, 

found 212.10 tR = 3.07 min (Method A). 1H NMR (DMSO-d6) δ 6.77 (br s, 

2H), 4.64 (s, 1H), 3.73 (t, J = 8.0 Hz, 2H), 3.66 (t, J = 7.3 Hz, 2H), 1.58 – 

1.40 (h, J = 7.2 Hz, 4H), 0.85 (t, J = 7.4 Hz, 3H), 0.80 (t, J = 7.5 Hz, 3H). 13C 

NMR (DMSO-d6) δ 161.4, 154.5, 151.5, 75.2, 43.3, 41.4, 21.0, 11.4, 10.9.   

6-Amino-5-nitroso-1,3-dipropylpyrimidine-2,4(1H,3H)-dione (3). 1,3-

diisopropyl-6-amino uracil (70 mg, 1.0 equiv.) was dissolved in 50% acetic 

acid (1.5 mL) and the resulting solution was heated to 57 oC. To the mixture 

was added NaNO2 (28 mg, 1.20 eq.) over 15 min. The solution from 

colourless turned pink and a pink precipitate formed. The reaction mixture 

was stirred at rt for 1h. The precipitate was collected, washed with cold water 

and dried to get the pure product as pink solid (51 mg, 64%). LC-MS m/z 

calcd for C10H17N4O3 [MH]+: 241.1, found 241.10 tR = 3.10 min (Method A). 
1H NMR (DMSO-d6) δ 13.17 (s, 1H), 9.12 (s, 1H), 3.85 (t, J = 6.9 Hz, 2H), 

3.78 (t, J = 7.3 Hz, 2H), 1.60 (h, J = 6.8 Hz,  2H), 1.53 (h, J = 6.8 Hz, 2H), 

0.92 – 0.84 (m, 6H). 3C NMR (DMSO-d6) δ 159.9, 149.1, 145.4, 42.5, 42.4, 

20.7, 19.7, 11.2, 10.7, (one quaternary carbon not observed), 
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5,6-Diamino-1,3-dipropylpyrimidine-2,4(1H,3H)-dione (4). To a stirred 

solution of 6-amino-5-nitroso-1,3-diipropylpyrimidine-2,4(1H, 3H)-dione in 

12.5 % aqueous ammonium hydroxide solution (3 mL) at 60 oC was added 

sodium dithionite (5.7 equiv.) until a colourless solution had formed (30 min). 

After cooling to rt, the product was extracted with DCM (4x 20 mL). The 

combined organics were dried over anhydrous Na2SO4, filtered and 

evaporated to dryness to give the title product as pale yellow solid (crystalline 

form) (39 mg, 87%). LC-MS m/z calcd for C10H19N4O2 [MH]+: 227.1, found 

227.10 tR = 2.70 min (Method A). 1H NMR (CDCl3) δ 5.01 (br s, 2H), 3.91 – 

3.76 (m, 4H), 2.32 (br s, 2H), 1.71 (h, J = 7.5 Hz, 2H), 1.61 (h, J = 6.9 Hz, 

2H), 0.96 (t, J = 7.4 Hz, 3H), 0.90 (t, J = 7.5 Hz, 3H). 13C NMR (CDCl3) δ 

161.7, 150.4, 148.7, 95.7, 44.8, 43.2, 21.8, 21.3, 11.4, 11.3. 

4-(2,6-Dioxo-1,3-dipropyl-2,3,6,9-tetrahydro-1H-purin-8-yl) 

bicyclo[2.2.2]octane-1-carboxylic acid (6). To a solution of 5,6-Diamino-1,3-

diisopropylpyrimidine-2,4(1H,3H)-dione (0.152 g, 1.10 equiv.) in acetonitrile 

(5 mL) were added 4-(methoxycarbonyl) bicyclo [2.2.2] octane-1-carboxylic 

acid (0.128 g, 1.0 equiv.) and NEt3 (0.16 mL, 2 equiv.) followed by HATU 

(0.250 g, 1.10 equiv.). The resulting mixture was stirred at rt for 1 h 30 min. 

The mixture was concentrated to dryness and the crude was taken up in 

EtOAc and washed with 10 % citric acid. The organics were collected washed 

with sat. NaHCO3, brine, dried over MgSO4, filtered and concentrated in 

vacuo to give methyl 4-((6-amino-2,4-dioxo-1,3-dipropyl-1,2,3,4-

tetrahydropyrimidin-5-yl)carbamoyl)bicyclo[2.2.2]octane-1-carboxylate 

intermediate 5 which was used for the next step without any further 

purification . The residue was dissolved in a mixture of propan-2-ol and 1 M 

KOH (2.5 mL, 4 equiv.) and heated to reflux (91oC) for 2 h. The reaction 

mixture was then cooled to rt and the solvent concentrated to dryness. The 

yellow residue was taken up in 4 mL of water and extracted with DCM. The 

aqueous layer was collected and acidified with conc HCl and a white 

precipitate formed which was collected by suction filtration and oven dried. 

(0.159 g, 68% over two steps). LC-MS m/z calcd for C20H29N4O4 [MH]+: 

389.20, found 389.20 tR = 3.44 min (Method A). 1H NMR (CDCl3) δ 12.62 

(s, 1H), 12.54 (br s, 1H), 4.09 (t, J = 7.1 Hz, 2H), 4.00 (t, J = 6.6 Hz, 2H), 

2.04 (s, 12H), 1.80 (h, J = 7.4 Hz, 2H), 1.67 (h, J = 6.6 Hz, 2H), 0.99 – 0.90 
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(m, 6H). 13C NMR (CDCl3) δ 182.1, 161.3, 156.2, 150.7, 149.2, 106.4, 77.2, 

76.8, 76.5, 45.1, 43.2, 38.5, 33.6, 29.6, 27.9, 21.2, 21.1, 11.2, 11.0. 

 Methyl 4-(2,6-dioxo-1,3-dipropyl-2,3,6,9-tetrahydro-1H-purin-8-yl) 

bicyclo[2.2.2]octane-1-carboxylate. 4-(2,6-Dioxo-1,3-dipropyl-2,3,6,9-tetrahydro-

1H-purin-8-yl) bicyclo[2.2.2]octane-1-carboxylic acid was diluted with 6 mL 

of MeOH and 3 drops of conc. H2SO4. The resulting mixture was refluxed 

until complete consumption of starting material. Once the reaction was 

completed, the resulting solution was neutralised with sat. NaHCO3 (a couple 

of drops). The mixture was then concentrated to dryness and the residue was 

taken up in EtOAc and washed with sat. NaHCO3 and brine. The resulting 

organic layer was dried over MgSO4, filtered and concentrated to dryness to 

give the title compound as off-white solid (74 mg, 84%). LC-MS m/z calcd 

for C21H31N4O4 [MH]+: 403.20, found 403.20 tR = 3.88 min (Method A). 1H 

NMR (CDCl3) δ 12.22 (s, 1H), 4.09 (t, J = 7.1 Hz, 2H), 4.03 (t, J = 6.6 Hz, 

2H), 3.67 (s, 3H), 2.08 – 2.03 (m, 6H), 1.96 – 1.90 (m, 6H), 1.80 (h, J = 7.4 

Hz, 2H), 1.71 (h, J = 6.6 Hz, 3H), 1.00 – 0.93 (m, 6H). 13C NMR (CDCl3) δ 

177.9, 161.4, 155.6, 151.2, 149.0, 107.1, 51.9, 45.3, 43.3, 38.9, 33.9, 29.9, 28.2, 

21.5, 11.6, 11.3. 

8-(4-(Hydroxymethyl)bicyclo[2.2.2]octan-1-yl)-1,3-dipropyl-3,9-dihydro-1H-

purine-2,6-dione (7). Methyl 4-(2,6-dioxo-1,3-dipropyl-2,3,6,9-tetrahydro-1H-

purin-8-yl) bicyclo[2.2.2]octane-1-carboxylate (74 mg, 184 mmol, 1 equiv.) 

was dissolved in dry THF and the resulting solution was evacuated and kept 

inert with cycles of vacuum and nitrogen. The solution was cooled to 0 oC 

and stirred for 10 min. At that point LiAlH4 1.0 M sol. In THF (0.28 mL, 276 

mmol 1.50 equiv.) was slowly added dropwise (little effervescence 

developed). The resulting mixture was stirred at 0 oC for 1 h. Completion of 

the reaction was checked by TLC and LC-MS. After 1 h the solution was 

quenched by the dropwise addition of cold H2O, followed by the addition of 

a saturated solution of Rochelle’s reagent/salt (circa 7 mL added). The 

solution was stirred at rt for 1h. The reaction mixture was then extracted with 

EtOAc (3x20 mL). The organic layer was dried over MgSO4, filtered and 

evaporated to dryness to yield the title compound as off-white/pale pink solid 

(66 mg, 97%). LC-MS m/z calcd for C20H31N4O3 [MH]+: 375.20, found 375.20 

tR = 3.45 min (Method A). 1H NMR (CDCl3) δ 12.08 (br s, 1H), 4.10 (t, J = 
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6.5 Hz, 2H), 4.02 (t, J = 6.9 Hz, 2H), 3.35 (s, 2H), 2.06 – 1.99 (m, 6H), 1.80 

(h, J = 6.8 Hz, 2H), 1.70 (h, J = 6.6 Hz, 2H), 1.61 – 1.53 (m, 6H), 1.00 – 0.91 

(m, 6H). 13C NMR (CDCl3) δ 161.9, 155.6, 151.3, 149.1, 106.9, 71.3, 45.3, 

43.3, 34.4, 33.4, 30.3, 27.9, 21.5, 11.6, 11.3. 

4-(2,6-Dioxo-1,3-dipropyl-2,3,6,9-tetrahydro-1H-purin-8-yl) 

bicyclo[2.2.2]octane-1-carbaldehyde. To a solution of 8-(4-(Hydroxymethyl) 

bicyclo[2.2.2]octan-1-yl)-1,3-dipropyl-3,9-dihydro-1H-purine-2,6-dione (66 

mg, 184 mmol, 1 equiv.)  in DCM (4 mL) was added Dess -Martin 

periodinane (88 mg, 210 mmol, 1.20 equiv.). The reaction mixture was stirred 

at rt until the oxidation was complete (2 h).  The mixture was subsequently 

filtered through a plug of basic alumina and the filtrated was washed with sat. 

NaHCO3 (2x) and brine. The organics were collected, dried over MgSO4 

anhydrous, filtered and evaporated to dryness to get the product as off-

white/pale pink solid (29 mg, 80%). LC-MS m/z calcd for C20H29N4O3 

[MH]+: 373.20, found 373.20 tR = 3.69 min (Method A). 1H NMR (CDCl3) δ 

12.26 (s, 1H), 9.52 (s, 1H), 4.10 (t, J = 6.2, 2H), 4.03 (t, J = 6.5 Hz, 2H), 2.14 

– 2.06 (m, 6H), 1.83 – 1.76 (m, 8H), 1.73 (h, J = 7.3 Hz, 2H), 1.00 – 0.93 (m, 

6H). 13C NMR (CDCl3) δ 205.3, 161.1, 155.7, 151.2, 149.1, 107.1, 45.4, 43.7, 

43.3, 34.7, 29.5, 25.6, 21.5, 11.7, 11.3. 

 (E)-3-(4-(2,6-dioxo-1,3-dipropyl-2,3,6,9-tetrahydro-1H-purin-8-yl) 

bicyclo[2.2.2]octan-1-yl)acrylic acid. Triethylphosphono acetate (19 mg, 86 mmol, 

1.10 equiv.) was dissolved in dry THF (5 mL) and cooled to 0oC. To the 

mixture was added dropwise potassium bid (trimethylsilyl)acetamide 

(KHDMS) 1.0 M sol. in THF (0.16 mL, 156 mmol, 2 equiv.). The resulting 

mixture was stirred 0 oC for 1h. After that time, 4-(2,6-dioxo-1,3-dipropyl-

2,3,6,9-tetrahydro-1H-purin-8-yl)bicyclo[2.2.2]octane-1-carbaldehyde (29 

mg, 78 mmol, 1.0 equiv. ) previously dissolved in dry THF was added and the 

resulting mixture was stirred at rt for 1 h. Completion of the reaction was 

assessed by TLC and LCMS after 1 h. The reaction mixture was then 

concentrated to dryness. The resulting residue was diluted in EtOH and an 

aqueous solution of LiOH (10.0 equiv.) was added to the mixture which was 

stirred at rt for 4-5 h. The solution was concentrated to dryness and the 

residue was taken up in water and extracted twice with EtOAc. The aqueous 

layer was collected and acidified with conc. HCl, and the resulting precipitate 
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was collected by suction filtration to give the title compound as off-white 

solid (14 mg, 30 %). LC-MS m/z calcd for C22H31N4O4 [MH]+: 415.20, found 

415.20 tR = 3.60 min (Method A). 1H NMR (CDCl3) δ 12.34 (br s, 1H), 7.00 

(d, J = 15.9 Hz, 1H), 5.83 (d, J = 15.9 Hz, 1H), 4.09 (t, J = 6.3 Hz, 2H), 4.00 

(t, J = 6.7 Hz, 2H), 2.08 – 2.00 (m, 6H), 1.82 – 1.64 (m, 10H), 0.99 – 0.92 (m, 

6H). 

3-(4-(2,6-Dioxo-1,3-dipropyl-2,3,6,9-tetrahydro-1H-purin-8-

yl)bicyclo[2.2.2]octan-1-yl)propanoic acid (Tonapofylline, BG9928). (E)-3-(4-(2,6-

dioxo-1,3-dipropyl-2,3,6,9-tetrahydro-1H-purin-8-yl) bicyclo[2.2.2]octan-1-

yl)acrylic acid (120 mg, 290 mmol, 1.0 equiv.) was dissolved in MeOH and to 

the resulting mixture was added Pd/C 10% w/w while under a stream of N2. 

The resulting mixture was evacuated with cycles of N2 and vacuum (x3). 

Finally, the stream of N2 was replaced with H2 (balloon) and the mixture was 

allowed to stir at rt for 2 h. Upon completion of the reaction, the solution 

was filtered through CeliteRT and the pad was washed with DCM/MeOH. 

The filtrate was collected and evaporated to dryness, giving the title 

compound as off-white solid (120 mg, 100%). LC-MS m/z calcd for 

C22H33N4O4 [MH]+: 417.20, found 417.20 tR = 3.60 min (Method A). 1H NMR 

(CDCl3) δ 11.99 (br s, 1H), 4.08 (t, J = 6.9 Hz, 2H), 3.98 (t, J = 6.5 Hz, 2H), 

2.37 (t, J = 7.7 Hz, 2H), 2.00 – 1.91 (m, 6H), 1.78 (h, J = 7.4 Hz, 2H), 1.69 – 

1.51 (m, 10H), 0.94 (t, J = 7.4 Hz, 6H). 
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Crystallography4 

Intensity data for 4.34 was collected on a Rigaku XtalLAB Synergy at 

100.0(1) K. The temperature was maintained using an Oxford Cryostream 

cooling device. The structures were solved by direct methods and difference 

Fourier synthesis.1 The thermal ellipsoid plot was generated using the 

program Mercury2 integrated within the WINGX3 suite of programs.   

 
 

Crystal data for 4.34. C31H44N4O3Si, M = 548.79, T = 100.0 K, l = 

1.54184 Å, Monoclinic, space group P21/c, a = 16.3125(2) b = 13.8503(2), 

c =13.9346(2) Å, b = 109.184(1)°  V = 2973.46(7) Å3, Z = 4, Dc = 1.226 

mg M-3 µ(Cu-Ka) 0.994 mm-1, F(000) = 1184 crystal size 0.40 x 0.10 x 

0.05 mm3, 21537 reflections measured qmax = 77.2°,  6133 independent 

reflections [R(int) = 0.0432], the final R was 0.0402 [I > 2sym(I), 5424 

data] and wR(F2) was 0.1066 (all data), GOF 1.068. 
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Figure S1 Regression plots comparing the pKi of competing ligands SLV320, 

DPCPX and NECA reported in the Literature to pKi measured in the NanoBRET 

competition ligand binding assay using 4.46a (A) (R2 = 0.95) or 4.44b (B) (R2 = 0.94) as 

fluorescent tracers.   C) A comparison of the pKi values measured at the NanoLuc-

hA1AR using the two fluorescent ligands 4.46a and 4.44b.   The values were taken from 

Table 6. in the main article body. 

 

 

Figure S2 Total Internal Reflection Fluorescence Microscopy (TIRF-M) 

studies of probe 4.46a (10 nM) performed in living HEK293 cells transiently 

expressing the SNAP-tagged-hA1AR (2 µg) 24 h prior imaging to achieve low 

expression levels, suitable for TIRF-M studies. The frames show one individual cell. 

The cells were treated with 0.2 µM BG-Alexa Fluor 488 dye for 30 min at 37 oC (left 

frame), followed by treatment with fluorescent ligand 4.46a (BY630/650-X) (middle 

frame). The right frame represents the overlay of both green and red channels.
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Figure S3. Live cell confocal imaging studies of probes 4.44a (5 nM), 4.46a (10 

nM), and 4.44b (50 nM), performed in Non-Transfected (NT) HEK293 cells at given 

concentrations at 37 oC. Left frames represent the far-red channel for imaging the red-

shifted probes. Middle frames show the brightfield (BF) channel for the visualization of 

the whole cell population under focus. Right frames represent merge of the two channels. 

The images presented here are representative of images captured in two independent 

experiments. Scale bar = 30 µm 
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