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Summary 
Adenosine (Ado) is an endogenous nucleoside ubiquitous in mammals promoting protection 

and cells repair during metabolic stress conditions. Through interaction with the four Ado 

receptor subtypes (ARs), AR ligands have shown potential therapeutic interest for many 

disorders. In this work both new A2AAR agonists and A3AR antagonists were designed, 

synthesized and tested in vitro. 

Although  Ado  5’-N-ethylcarboxamide derivatives like VT 7 and GCS21680 display a good 

affinity and selectivity for A2AAR, the development of new agonists for this receptor subtype 

is still a big challenge in nucleoside chemistry. In this current decade, some papers have 

reported   that   a   tetrazolyl   residue   in   4’-position of Ado derivatives led to compounds 

endowed with good A2AAR affinity. Hence, in this work, compounds bearing the N-

ethyltetrazoyl   moiety   in   4’- position of the Ado ribose portion together with different 

arylalkylthio and arylalkylamino chains in C2-position were designed and synthesized. 

The new compounds were prepared using a convergent approach. To this purpose, 2,6- 

dichloropurine was coupled with the suitable modified sugar to afford a nucleoside which 

was further modified by introducing an amino group at the C6- and the suitable side chain at 

the C2- position. The modified sugar used in the coupling reaction was synthesized starting 

from the commercially available D-ribose in seven steps. The binding assay and functional 

study performed with the new compounds at all AR subtypes transfected on Chinese hamster 

ovary (CHO) cells revealed that the 2-phenylethylthio derivative was the compound 

endowed with the better affinity for the A2AAR/A3AR subtypes (17: Ki hA2AR = 5.8 nM; Ki 

hA3R = 1.2 nM). It is worthwhile to note that the presence of the ethyltetrazolyl substituent 

in the sugar moiety favors the interaction with the receptor respect to the ethylcarboxamido 

group. As expected, the new derivatives show a dual behavior at ARs, resulting A2AAR 

agonists and A3AR antagonists (17: IC50 at hA3AR of 8.4 nM). Furthermore, the wound 

healing potential of the news nucleosides was evaluated respect to VT 7, CGS21680 and 

epidermal growth factor (EGF, used as positive control). The compounds, 17, 19, 20, 21 and 

22 showed all better wound healing potential respect to VT 7, CGS21680 and EGF. 

Therefore such compounds are good candidates for further investigation in in vivo model of 

wound healing. 

New A3AR antagonists were also prepared based on the observations that, the substitution of 

the 8-bromine atom of 8-bromo-9-ethyladenine (Ki hA2AAR = 52 nM, Ki hA3AR = 2,800 

nM) with phenylacetylene shifts the preference of the resulting compound (Ki hA3AAR = 86 
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nM, hA2AAR= 600 nM) from A2AAR to A3AR. Hence, from these facts, three series of 

compounds were prepared. The first one was 8-phenylethynyladenine derivatives 

substituted at N-9 position with different alkyl/arylalkyl chains. The second one combines 

substitution on the phenyl ring of 8- phenylethynyladenine with either N-9 cyclopentyl or N-

9 phenethyl since they resulted being the best N-9 substituents of the first series. The third 

series combines a fixed para-methoxy- phenylacetylene in C-8 with either N-9 cyclopentyl or 

N-9 phenethyl, 2-chloro, and with different N6 substituents. The 8-arylethynyladenine 

derivatives substituted at 9 position with different alkyl/arylalkyl chains, and the 

corresponding compounds further substituted at the 2 and N6 position, were synthesized 

starting from commercially available adenine or 2,6- dichlorpurine in three/five steps, 

respectively. The results of the in vitro test reported that: N-9 cyclopentyl improved affinity 

while N-9 phenylethyl improved selectivity, the chlorine atom is well tolerated especially 

when combined with C-8 para-methoxy-phenylacetylene, the N6 substitution gave 

compounds with maintained selectivity in the same range of the non- substituted derivatives 

but with a slight decrease of the affinity. Most of the new compounds are endowed with high 

affinity and different degree of selectivity for the A3AR subtype. In particular, the tetra-

substituted adenine derivative 38 (Ki A3R = 8.4 nM; Ki A1R and Ki A2AR >30,000 nM) 

resulting the most active and selective ligand and it represents a very good ligand to study 

the A3AR subtype and its function. 
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1. Overview 
 

1.1 Purinergic receptors 

Adenosine triphosphate (ATP) is the main energy source of the cell. ATP is produced through a 

complex pathway involving both physiological and biochemical processes which convert the 

food we eat to the useful energy source for the cell. Figure 1.1 summarizes the ATP production, 

which starts with food digestion followed by glycolysis and the citric acid cycle. 

 
Figure 1.1: Diagram of three stages of cellular metabolism that leads to ATP production from food. Stage 1: occurs 
outside of the cell. Stage 2: occurs mainly in the cytosol, except for the final step of conversion of pyruvate to acetyl 
groups on acetyl CoA, which occurs in mitochondria. Stage 3: occurs in mitochondria1. 

 

ATP produced is used as a fuel for energy-needed processes in living cells. Such processes 

include movement of substances across the cell membranes, muscle contraction and synthesis of 

many macromolecules essential for the cell existence. The energy stored in ATP is released by 

hydrolysis, which is a breaking down of ATP in ADP and Pi. ADP and Pi production is coupled 

with ATP synthesis, which guarantees ATP regeneration. Figure 1.2 reports the ATP hydrolysis 

and ATP synthesis. 

 

https://www.ncbi.nlm.nih.gov/books/n/mboc4/A4754/def-item/A5055/
https://www.ncbi.nlm.nih.gov/books/n/mboc4/A4754/def-item/A4757/
https://www.ncbi.nlm.nih.gov/books/n/mboc4/A4754/def-item/A4758/
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Figure 1.2: ATP hydrolysis coupled with ATP synthesis. 
 

Concerning the storage, ATP usually reaches high concentrations within cells. However, ATP 

content is quickly depleted due to ATP-dependent processes together with its low stability in 

water. Hence, storage and compensative processes are needed to maintain the high ATP 

concentration within the cell. ATP itself cannot be stored easily within cells, hence ATP is stored 

as carbon sources (such as triglycerides or glycogen), ADP and AMP, which are converted to 

ATP through glycolysis and with the help of ATP synthase2. 

 

Surprisingly, Dowdall and co-workers found a noticeable amount of ATP together with 

acetylcholine in cholinergic vesicles from the electric organ of Torpedo marmorata3. 

Considerable similar findings (co-storage with noradrenaline, serotonin, dopamine, etc.) were 

observed in subsequent years in other mammalian and non-mammalian species. Hence, the 

evidence of co-storage of ATP with neurotransmitters has strongly supported the idea that ATP 

is a fundamental mediator of purinergic neurotransmission in sympathetic and parasympathetic 

nerves, where it can induce several purinergic responses (i.e., control of autonomic functions, 

neural glial interactions, pain and vessel tone control). The purinergic signaling and purinergic 

receptors sub-family will be discussed in the following section. 

1.2 Purinergic receptors family 
For years, interest in purines (ATP, ADP, AMP, GTP, GDP, GMP and IMP) and pyrimidines 

(CTP and UTP) nucleotides was focused on the involvement of ATP in cell metabolism and its 

role as an energy source 4. Nonetheless, in 1972, Burnstock raised the possibility that ATP was a 
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neurotransmitter5 and in 1978, he proposed that specific extracellular receptors, known as P1 

(will be discussed later)  and P2, mediate the physiological effects of adenosine (Ado) and ATP, 

respectively. Subsequently, ATP was known as a co-transmitter5. Hence ATP is now considered 

either as an exclusive transmitter or as a co-transmitter in both peripheral and central nervous 

system (CNS)6. The evidence of ATP as neurotransmitter has driven a great interest in purinergic 

signaling and nowadays a lot has been discovered and published around P2 receptor purinergic 

transmission, especially, the different P2 receptors sub-family which have been well 

documented and are discussed in the following section. 

1.3 Different P2 receptors sub-family 

The work of Burnstock et al in 1985 allowed the classification of P2 purinoreceptors in two 

major sub-families known as P2X and P2Y7. Subsequent research always carried out by 

Burnstock allowed to clone and functionally characterized seven subtypes of the human P2X 

sub-family and eight subtypes of the human P2Y sub-family8. 

 

1.3.1 P2X receptor sub-family 

Members of this sub-family are seven ionotropic receptors subtypes most of which are 

assembled as trimers. The monomers show the following common characteristic: an intracellular 

N- and C-termini; two trans-membrane spanning regions (TM1 and TM2), a large extracellular 

loop, with 10 conserved cysteine residues forming a series of disulfide bridges and an ATP-

binding site9. Additional details are given in Table 1.1. 
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Table 1.1: some key information about distribution and physiological role of P2X receptor sub-
family10. 

PX2 Purinergic receptors Sub-Family 
P2X receptor  
sub-type 

Body distribution  
 

Physiological role 
 

P2X1 
 

Smooth muscle, platelets,cerebellum, 
dorsal horn, spinal neurones  

Smooth muscle contraction; platelet 
activation 

P2X2 
 

Smooth muscle, CNS, retina, chromaffin 
cells, autonomic and sensory ganglia 

Sensory transmission & modulation of 
synaptic function 

P2X3 
 

Sensory neurones, Nucleus Tractus 
Solarius, some sympathetic neurones 

Mediates sensory transmission; 
facilitates glutamate release in CNS 

P2X4 
 

CNS, testis, colon Modulates chronic inflammatory & 
neuropathic pain 

P2X5 
 

Poliferating cells in skin, gut, 
bladder,thymus, spinal cord 

Inhibits proliferation & increases 
differentiation 

P2X6 
 

CNS, motor neurones in spinal cord Functions as a heteromeric channel in 
combination with P2X2 & P2X4 
subunits  

P2X7 
 

Apoptotic cells in immune cells, 
pancreas, skin, 

Mediates apoptosis, cell proliferation & 
proinflammatory cytokine release 

 
 

1.3.2 P2Y Receptors sub-family 
P2Y receptor sub-family comprises eight metabotropic receptor-subtypes characterized by: an 

extracellular N-terminus, an intracellular C-terminus, and seven trans-membrane spanning 

regions. Each P2Y receptor subtype binds to a single heterotrimeric G protein (typically Gq/11). 

However, P2Y12 couples to Gi while P2Y11 can couple to both Gq/11 and Gs. Both purine and 

pyrimidine nucleotides activate P2Y2, P2Y4 and P2Y6 receptors, whereas P2Y1 and P2Y11-13 are 

activated by purine nucleotides alone. The P2Y14 is dually activated by UDP-sugars, such as 

UDP-glucose, and also by UDP. Activation of recombinant P2Y receptors subtype leads either to 

intracellular calcium release following phospholipase C activation or to cyclic AMP (cAMP) 

levels alteration due to interaction with adenylyl cyclase (AC)9. Additional details are given in 

Table 1.2. 
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Table 1.2: some key information about distribution and physiological role of P2Y receptor sub-
family11. 

P2Y Purinergic receptors Sub-Family 
P2Y receptor 
sub-type 

Body distribution  
 

Physiological role 
 

P2Y1 Epithelial and endothelial cells , 
platelets, immune cells, osteoclasts , 
brain 

Smooth muscle relaxation & mitogenic 
actions; platelet shape change & 
aggregation 

P2Y2 Immune cells, epithelial and 
endothelial cells, kidney tubules, 
osteoclasts 

Vasodilatation  & vasoconstriction; 
mitogenic actions 

P2Y4 Endothelial cells, placenta, T cells, 
spleen, thymus. 

Regulates epithelial Cl– transport; 
vasodilatation,  mitogenic actions 

P2Y6 Airway and intestinal epithelial cells 
, placenta , T cells, thymus, 
microglia(activated) 

NaCl secretion in colonic epithelium; role in 
epithelial proliferation  

P2Y11 Spleen, intestine, granalocytes Role in maturation & migration of dendritic 
cells; granulocytic differentiation 

P2Y12 Platelets, glia cells Platelet aggregation; role in dense granule 
secretion  

P2Y13 Spleen, brain, lymph nodes, bone 
marrow , erythrocytes 

Function largely unknown, but present in 
both the immune system and brain 

P2Y14 Placenta, adipose tissue, 
stomach,intestine, discrete brain 
region,mast cells 

Chemoattractant receptor in bone marrow 
hematopoietic stem cells; dendritic cell 
activation 

 
 
 

2. Production, transport, metabolism and physiological role of ATP 
 

2.1 Production 
ATP  is  mainly produced  from  food  we  eat,  from  stored  macromolecules  as  glycogen or 

triglycerides, from ADP and AMP (discussed already in  more detail in the section above).  

Briefly, glucose released either from digestion of sugars or from breaking down of glycogen is 

transported into the intracellular compartment where it is subsequently converted in  pyruvate 

through glycolysis. At this stage, small amount of ATP and NADH is produced. Then the 

pyruvate obtained from glycolysis is converted to acetyl coenzyme A (Acetyl-CoA). Finally, 

Acetyl-CoA moves from cytosol to mitochondria where it enters in Krebs cycle to produce a 

considerable amount of ATP. In fact, acetyl group is oxidized to carbon dioxide (CO2), 

generating a considerable amount of the electron carrier NADH. Then the NADH enter in the 

electron-transport chain within the mitochondrial inner membrane; during that process of transfer 

there is a release of energy which is used to drive a process that produces ATP and consumes 

molecular oxygen (O2)1. 
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2.2 Transport and Metabolism 
The synthesized ATP is transported from mitochondria to cytosol by the help of the 

mitochondrial ADP/ATP carrier. Once in cytosol, ATP is used as energy source for vital cell 

processes such as cell membrane transport and synthesis of macromolecules12. The 

mitochondrial ADP/ATP carrier is one of the most abundant carrier proteins of the mitochondrial 

inner membrane13. The essential activity of the carrier is to import ADP back from cytosol into 

the mitochondrion for ATP synthesis and to export the synthesized ATP out of the 

mitochondrion for use in the cytosol. The activity of mitochondrial ADP/ATP carrier allows 

ATP to reach high intracellular concentration. Even though ATP concentration reaches 

millimolar range within the cell, it is not stored. In fact, storage is mainly impeded by the high 

demand of energy needed processes but also partly by the low water stability of ATP. So, to 

maintain the high concentration of ATP necessary for the cell survival, the depletion of ATP is 

coupled with a compensative process which converts back ADP generated during ATP 

hydrolysis to ATP. The compensative process resides on the mitochondrial ADP/ATP carrier, 

which transports back ADP from cytosol to mitochondria allowing ADP to be reconverted in 

ATP.  Summarizing, ATP synthesized in the mitochondria is transported in cytosol where it is 

used as energy source for cellular metabolism. ATP is not stored and its high concentration of 

ATP within the cell is maintained by the reconversion of ADP to ATP.  

However, Dowdall and co-workers has brought additional knowledge about the storage of ATP 

showing that, even if ATP used as energy source is not stored alone, considerable amount of 

ATP is stored together with neurotransmitters3. An example is the case of co-storage of ATP 

with acetylcholine in the cholinergic vesicles. This co-storage has brought evidence that ATP, 

beside its energetic role, is also released in the extracellular space where it behaves like any 

neurotransmitter. Specifically, neurotransmitter properties of ATP have been proved in 

purinergic signalling where ATP is the signal molecule mediating the purinergic 

neurotransmission both in sympathetic and parasympathetic nerves2. More details about ATP as 

a fundamental mediator of purinergic signalling are given in the next section.  

 

2.3 Physiological role of ATP 
Although evidences of ATP as signal molecule were already reported before, the concept of ATP 

as a signal molecule was accepted in 1998 after P2X and P2Y receptors sub-family were cloned 

and characterized as receptors for purines and pyrimidines (ATP, ADP and UTP)14. From these 

preliminary findings, subsequent studies (physiological, pharmacological and biochemical) 
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allowed to expand knowledge about the concept of ATP as signal molecule. Hence, it is now 

known that, beside the energetic role, ATP mediates neurotransmission in both peripheral and 

CNS. In addition, ATP is also known as a powerful extracellular messenger modulating the 

physiology of non-neuronal cells including secretory, exocrine and endocrine, endothelial, 

immune, musculo-skeletal and inflammatory cells6, 15.  

The demonstration of ATP as a neurotransmitter, but also as an extracellular signal molecule in 

non-neuronal cells, has driven a great interest about the implication of ATP in both physiological 

and pathological conditions. In the following section it will be discussed briefly some disorders 

focusing our interest in the implication of ATP either as the cause of the disorder or as potential 

repair pathway. All informations are gathered in Tables 1.3, 1.4 and 1.5.  

 

The Tables 1.3, 1.4 and 1.5: content information is about the implication of ATP in various 

pathological and physiological states.  

 

Table 1.3 

 
 
 
 
 

Disorders Example of disorders 
Central nervous 
system disorder 

Neurodegenerative 
diseases 

Alzheimer’s  Diseases 
(AD) 

Parkinson’s  Disease (PD) 

Implication of ATP in 
the disorder 

P2X7R antagonists 
are potential 
therapeutic 
candidates16 

Both P2X7R and P2Y4R 
antagonists are 
potential 
therapeutic17,18 

A P2X7R antagonists, 
brilliant blue G, was 
recently shown to be 
protective in an animal 
model of PD19 

Brain injury, 
Neuroprotection, 
Neuroregeneration  

Brain injury Neuroprotection Neuroregeration 

Implication of ATP in 
the disorder 

P2X7R antagonists 
are target to prevent 
secondary 
neurological injury 
after traumatic brain 
injury e and after 
spinal cord injury20 

P2X4R are required for 
neuroprotection via 
ischemic 
preconditioning. 
Neuroprotection 
mediated by microglia 
is associated with 
P2X7R activation and 
release of tumor 
necrosis factor-α21 

Activation of P2Y2R 
evokes regeneration of 
gial cells and nerves. 
Neural stem cell activation 
leads to 
neuroregeneration, 
probably via P2X4R and 
P2X7R17 
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Table 1.4 

 
 
 
Table 1.5 

 

Disorders Example of disorders 
Cardiovascular 
diseases 

Heart Failure Hypertension Thrombosis, Inflammation, 
and Stroke 

Implication of 
ATP in the 
disorder 

Application of ATP, 
prior to or just 
after cardiac 
ischaemia is 
cardioprotective22 

ATP released as a 
cotransmitter from 
sympathetic nerves 
together with 
noradrenaline (NA) 
potentializes, via P2X1R 
vasoconstriction in 
hypertension23 

Nucleotides are mediators of 
vascular inflammation and 
thrombosis. Also  P2Y12 
antagonists, inhibits platelets 
aggregation  and are widely 
prescribed for thrombosis 
and stroke24,25 

Diseases of the 
airways 

Asthma Chronic Obstructive 
Pulmonary Disease 
(COPD) 

Airway Infections 

Implication of 
ATP in the 
disorder 

In human lung 
mast cells, ATP is 
an important 
modulator of 
histamine release25 

COPD is characterized by 
up-regulation of ATP in 
bronchoalveolar lavage 
fluid, which promotes 
inflammation and tissue 
degradation. ATP-induced 
pulmonary vasodilation 
occurs in patients with 
COPD 26 

Antibiotics, including 
erythromycin, are used 
widely for the treatment of 
lower and upper respiratory 
tract infections. Erythromycin 
blocks the P2XR-mediated 
Ca2+ influx and could 
represent one mechanism by 
which it exerts its effects 
stroke 27, 23 

 Example of disorders 
 

Implication of 
ATP in the 
disorder 

Neuropathic pain Brain tumor Lung injury 
Antagonists to 
P2X7R and 
P2Y12R on 
microglia reduce 
neuropathic 
pain27,28 

Neuroblastoma, 
expresses P2X7Rwhich 
may be target for 
treatment since it 
regulates metabolic 
activity, angiogenesis 
and mediates 
proliferation29,30 

The initial inflammatory 
cells recruited during lung 
injury are pulmonary 
neutrophils and P2X7R 
antagonists reduced 
neutrophil infiltration and 
proinflammatory cytokine 
level31  
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3. From ATP to Adenosine 
 
 
The binding of extracellular ATP either on P2X or P2Y receptors subtypes is a key step in the 

purinergic transmission. In fact, as previously discussed, the interaction of ATP with P2 

receptors sub-family is implicated is many disorders and diseases (details are shown in tables 

1.3, 1.4 and 1.5). Extracellular ATP is also susceptible to ectonucleotidases, which break down 

ATP in adenosine (Ado)32. This enzymatic degradation of ATP is one of the main ways of Ado 

production but represents also the tight link between P2 and P1 purinergic transmission 

since adenosine is the endogenous ligands of P1 receptors sub-family. P1 purinergic transmission 

and P1 receptor sub-family are discussed in more detail in the following section. 

 

 

3.1 P1 Receptors 
6-Amino-9-β-D-ribofuranosyl-9H-purine (Ado Fig.1.3) is an endogenous nucleoside, widespread 

in mammals. Ado is made up of a purine ring substituted in 6 position by a primary amino group 

and in 9 position by a D-ribosyl ring.  

 

 

Figure 1.3: Chemical structure of Ado 

Drury and Szent-Györgyi in the beginning of years 1900 were the first to outline the role of Ado 

as an extracellular messenger. In fact, they depicted the considerable vasodilatory potential of 

Ado33. Consequently during the years 70s, Sattin and Rall exhibited a particular role of Ado in 

the central nervous system (CNS), showing that it was found to be implicated in the increase of 

3',5'-cyclic Ado monophosphate (cAMP) in mammalian brain cuts. They also found that the 

cAMP formation was hindered by methylxanthines (for example caffeine and theophylline)34. 

Later on, an inhibitory role of Ado was displayed in cortical neuron35, cerebellar36  and potential 
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synaptic excitatory cortical cuts and hippocampus37. The inhibitory role of Ado on the discharge 

of acetylcholine38, norepinephrine39, amino acids, and excitatory serotonin40,41 was additionally 

demonstrated in  different brain zones. Each single one of these effects was hindered by 

methylxanthines while expanded by Ado reuptake inhibitors, and related with an adjustment in 

cAMP levels. The experimental investigations that pursued these basic informations 

demonstrated the role of Ado in the homeostasis of the CNS as well as in the homeostasis of 

peripheral tissues.  

Ado operates  like a cytoprotective modulator under physiological and pathological conditions in 

response to oxidative stress in organs and tissues42. This defensive reaction may be expressed in 

the four following manner: by expanding the oxygen supply whenever required, securing against 

ischemic damage, activating inflammatory reactions, and stimulating angiogenesis43. Therefore, 

it is conceivable to expect the presence of a guard system that permits the activation of different 

reactions important for the recovery of the cell work and an ordinary oxygen homeostasis.  

Ado has characteristics very close to those of neurotransmitter. In fact, it exerts its function by 

binding to specific receptors known as  adenosine receptors (ARs), it is metabolized in the 

synapses by the help of specific enzymes, and the fact that its functions can be obstructed by 

selective antagonists, by the reuptake system and its catabolism in the cytoplasm44. Moreover, 

studies have demonstrated that Ado additionally is stored in synaptic vesicles and discharged by 

neurons in rat45. 

 

3.2 Synthesis, transport and metabolism of Ado 

Ado is produced in physiological conditions at the intracellular and extracellular level. It is 

present in the cytoplasm mostly in its phosphorylated forms. For example Ado monophosphate 

(AMP), Ado diphosphate (ADP), and Ado triphosphate (ATP). Ado is present in low amount in 

the extracellular space in the range from 30 to 200 nanomolar (nM)46. During ischemia or 

subsequently to an enormous tissue injury that induces cell necrosis, levels of extracellular Ado 

can achieve an amount of 30 micromolar (µM)16. 

Generation of cellular Ado (Fig. 1.4) relies upon the hydrolysis of AMP. Such hydrolysis is 

carried out by intracellular 5'- nucleotidase (cN-1), or by the activity of S-adenosylhomocysteine 

hydrolase on its substrate S-adenosylhomocysteine (SAH)47. The intracellular Ado can be 

released into the extracellular space by the help of specific bidirectional transporters 

(equilibrative nucleoside transporters or ENTs). This movement of Ado out of the cell is crucial 

since it allows the balancing of the intra- and extracellular level of Ado (Fig. 1.4). ENT1 and 
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ENT2 are the two well documented among the four ENT isoforms which have been found to be 

encoded by the human genome (ENT1-4). The classification from 1-4 is determined by their 

sensibility to inhibition carried out by nitrobenzylthioinosine48. These transporters, specifically 

ENT1, are widely expressed in the CNS49. 

 

Figure 1.4: Ado synthesis, metabolism, and transport. 

 

In addition to equilibrative transporter-proteins, a few tissues present Na+-dependent 

concentrative nucleoside transporters (CNTs), able to maintain high concentration of Ado by 

exchanging against gradient.50 These transporter-proteins have been recognized in brain 

macrophages (microglia), thymocytes, liver, lung, choroid plexus, kidneys, and intestine.51 Their 

activity may vary upon interaction with medications or with decrease of body temperature52. 

At the extracellular level, Ado is produced by consecutive dephosphorylation of adenine 

nucleotides, for example, ATP, mediated by a number of ectoenzymes, such as the apyrase (E-

NTPDase1 or CD39) and the 5'- nucleotidase (CD73), found on the cell surface of numerous 

tissues. The CD73-mediated dephosphorylation  which converts extracellular AMP to Ado is a  

rate restricting step of the nucleoside production53. The whole catalytic pathway is achieved 

within a hundred milliseconds.  
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The metabolism of Ado is mostly controlled by two enzymes: Ado deaminase (ADA) and Ado 

kinase (AK). ADA works at high amount of substrate by converting Ado to inosine. ADA is 

found both in intra and extra cellular level where it is attached to the layer and takes part in the 

degradation mechanism of extracellular Ado54. AK, at contrary, works at low amount of substrate 

changing Ado to AMP.  

Because endogenous amount of Ado , as referenced above, is in the order of nanomolar, it is 

reasonable to access that certainly, under physiological conditions the fundamental catabolic 

pathway of Ado is the phosphorylation lead by AK, while the activity of ADA rise up in 

conditions  inducing an increase of Ado, for example, during an  ischemic episode55. 

 

3.3 Adenosine receptors 

Ado achieves its functions by interfacing with specific membrane receptors coupled to G 

proteins (GPCR), known as ARs. ARs are classified as P1 purinergic receptor family. Up until 

now, four diverse receptor subtypes have been identified. According to their chronological 

discovery they are named A1, A2A, A2B, and A3 (Fig. 1.5).  

 

Figure 1.5: Classification of purinergic receptors. 

 
P1 receptors were firstly divided only into A1 and A2 subtypes. This division was based on their 

capacity to repress or to activate the adenylate cyclase (AC) 56. Later on, the A2 subtype was 

additionally studied and further characterized by Daly et al57 describing them, on the base of 

PURINERGIC 
RECEPTORS 

P1 
(adenosine 
receptors) 

A1 A2A A2B A3 

P2  

P2X 

P2X 1-7 

P2Y 

P2Y 1,2,4,6,11-14 



28 
 

higher or lower affinity for Ado, in two subtypes: A2A, which has higher affinity for the Ado 

(0.1-1.0 µM), and A2B, having low affinity for the Ado (> 10 µM). A3AR was the latest to be 

discovered in 1991 by recognizable proof of the rat cDNA sequences encoding a receptor 

coupled to regulatory proteins (G proteins) utilizing a polymerase chain reaction (PCR). 

Subsequently, Zhou and et al58, reported that one of these sequence had high homology with AR 

subtypes A1 and A2A. However, unlike to others AR subtypes which have present high homology 

among the different species, the "newfound" receptor demonstrated a moderately low sequence 

homology between the rat and human subtypes59. Furthermore, the "newfound" receptor 

demonstrated a difference binding with antagonists60. The classification of P1 receptors has been 

affirmed with molecular cloning studies allowing the expression  of the four receptor subtypes.42 

ARs are found on the membrane of various cell types in the CNS, for example, neurons and glial 

cells61. At peripheral level they are found on the cells of the vascular smooth musculature, in 

platelets, lymphocytes, monocytes, macrophages, neutrophils, basophils, eosinophils, mast cells, 

lungs, heart, bladder and in immune tissues62.  

 

3.4 Structure of the adenosine receptors 

ARs are metabotropic receptors coupled to G proteins (Fig. 1.6). GPCRs are integral membrane 

proteins fundamentally made up of a single polypeptide chain that crosses 7 times the plasma 

membrane and having an extracellular N-terminal domain and an intracellular C-terminal 

domain. The seven transmembrane domains (TM1-7) are sorted out in an α-helix structures, each 

comprising from 20-27 hydrophobic amino acids, associated together by three intracellular loops 

(IL1-3) and three extracellular loops (EL1-3). Two cysteine amino acid residues (one interface 

TM3/EL1, and the other in EL2), forming a disulfide connect, are essential for the right folding 

of the protein63. 

ARs vary essentially in the domain length of the N-terminus, the C-terminus domain, as well as 

in the intra and extra cellular loops. Every one of these domain gives explicit properties to every 

AR subtype deciding explicit ligand selectivity profiles. The N-terminal area contains N-

glycosylation sites having a key role in the right distribution of the receptor in the cell, whereas 

the C-terminal area has serine and threonine residues, phosphorylation sites for protein kinase 

implicated in  the receptor desensitization64. 
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Figure 1.6: Structure of GPCRs. 

 

The C-terminal tail of A1, A2B, and A3 ARs has a conserved cysteine residue which might be a 

palmitoylation site, permitting the arrangement of a fourth IL. ARs are among the littlest 

members of the GPCR family. Human A1, A2B, and A3 are made up of 326, 328, and 318 amino 

acids, respectively, while A2A subtype with its 410 amino acids has a more extended C-terminal 

tail. The additional properties of this more extended C-terminal tail is that it contains the binding 

site of accessory proteins65. 

Additional information about the structure of A2A subtype was provided in 2008 thanks to the 

crystal structure of the A2A antagonist ZM241385 bound with A2AAR66 (Fig 1.7).  In the following 

years A2A subtype was also crystallized with A2AAR agonists UK 432,09767, 5'- N-

ethylcarboxamidoAdo (NECA), CGS 2168068 and Ado69. 
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Figure 1.7: Structure of the antagonist ZM241385-bound A2AAR. 

 

Prior to the discovery of the crystal structure, the primary prediction strategy used for ARs was 

the homology modelling in which the receptor model was made according to the crystallographic 

structure of rhodopsin and mutagenesis studies. 

The principle distinction of binding mode between AR agonists and AR antagonists reside on the 

ability of the agonist to establish hydrogen bonds between its hydroxyl groups of the ribosyl 

moiety with Ser277 (7.42) and His278 (7.43) residue of the AR (Fig. 1.8). In fact those hydrogen 

bonds allow the pulling of the extracellular end of TM3, TM5, and TM7, and this pulling has 

been suggested to be essential for the activation of the receptor. Moreover, because of the 

existence of hydrogen bond donors in the ribose moiety, amino acids Val84 (3.32) and Trp246 

(6.48) could considerably move from their positions inducing like this a change that seems, 

critical for the accomplishment of the conformation vital for receptor activation.  

. 
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Figure 1.8: Interactions between the human A2AAR and a) ZM 241385 and b) Ado. The interactions between the 
receptor and Ado c) are shown as red dotted lines (hydrogen bonds), blue dotted lines (polar interactions), and blue 
rays (van der Waals interactions). 

 

3.4 Signal transduction 

The presence of GPCRs on the outer part of the cell membrane, allows them to transduce many 

extracellular signals into the cells. This happens through the activation of at least one 

heterotrimeric G proteins situated on the cytoplasmic side of the membrane when an agonist 

binds to the extracellular domain of receptor followed by the interaction with different effector 

systems, for example, ion channels, phospholipase, and adenylyl cyclase (AC).  

G proteins are made up of three subunits: α, β, and γ. At least 20 subtypes of the α subunits, 7 

subtypes of the of β subunits and 12 subtypes of the  subunits are known in humans. According 

to actions of the functional subunit α, we can recognize the following diverse G proteins:  Gs 

(stimulating the AC), Gi (repressing AC), Gq (activating phospholipase C, PLC),. 

A1 and A3 ARs are generally coupled to inhibitory G proteins (Gi) whereas A2A and A2B subtypes 

are coupled to stimulatory G protein (Gs) (Fig. 1.9). 
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Figure 1.9: Schematic representation of the signal transduction pathways associated with ARs. 

 

The G protein in the latent state is a trimer, with the α-subunit bound to guanosine diphosphate 

(GDP- αβ). When an agonist come to interact and activates the receptor, there is a 

conformational change allowing the receptor to interact with the G protein. The conformational 

change is followed by the separation of GDP from αβ allowing the formation of a vacuum 

transition state (αβ). Then transition state (αβ) interacts with guanosine triphosphate (GTP) to 

build up GTP- αβ. The complex GTP- αβ triggers a conformational change which induces the 

activation and separation of the protein from the receptor. At this point the activated G protein 

separates into two components: the complex GTP-α and the dimer β, which activate the 

effectors of the signal transduction. The endogenous GTP-ase activity of the α-subunit, in the 

complex GTP-α, hydrolyses GTP to GDP. The hydrolysis results to reconstitution of the initial 

GDP- αβ complex which can therefore interact with another GPCR when activated by an 

agonist (Fig. 1.10). Antagonists prevent the separation of GDP from the GDP- αβ complex and 

by consequent they hamper the G protein activation. 

The primary effectors in charge of the generation of second messengers are the two following 

enzymes: AC, in charge for the production of cAMP and PLC, the enzyme in charge of the 

production of inositol triphosphate (IP3) and diacylglycerol (DAG). 
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Figure 1.10: The activation mechanism of G proteins. 

 

Even though the fundamental way of signal transduction for all ARs is through the interaction 

with G proteins, there are noticeable differences in signal transduction among the four ARs. 

 
3.5 Adenosine receptor subtypes 

3.5.1 A1AR 

The A1AR subtype was purified, cloned and sequenced in various species including human 

species. Although there were featured contrasts in G protein-coupling as well as a species- 

dependent tissue distribution, a considerable homology has been found among the A1AR 

subtypes of different species.  The gene which guarantees the existence of the A1AR subtype in 

human species is found on chromosome 1q32 and encodes a protein of 326 amino acids, with a 

molecular weight of about 36.7 kDa63. 

A1AR subtype is generally distributed but mainly expressed in the CNS in pre-and postsynaptic 

sites on neuronal membranes. Large amounts of A1ARs are expressed in the cerebral cortex, 



34 
 

hippocampus, cerebellum, thalamus, the spinal line and fat tissue. Moderate expression is found 

in skeletal muscle, liver, kidney, salivary organs, throat, colon, eyes, in the sinoatrial and 

atrioventricular hub of the heart, in the cave of the stomach and in the testicles. Relatively lower 

expression is notice in the lungs, ventricles and pancreas.70 

About the signal transduction, A1ARs are essentially coupled to G proteins which belong to Gi/q 

family71 and many are the signal transduction pathways which have been attributed to this 

receptor subtype. Some of them are listed below: 

 inhibition of AC with a subsequent decline of cAMP72 levels followed by phosphorylation of 

various target proteins by cAMP-dependent protein kinase (PKA) 

 activation of PLC with a subsequent increment in the generation of IP3, DAG, and 

accumulation of Ca2+ from intracellular stores contributing to the activation of protein kinase 

C (PKC), phospholipase A2 (PLA2), and nitric oxide synthase (NOS)73 ; 

 activation of various K+ channels through coupling with G proteins having a place in  Go 

family. 

Through those signal transduction pathways, A1ARs modulates many responses in various 

systems of the organism. Their stimulation causes: 

 in the CNS: a decrease of transmitters release, sedation, anticonvulsant impacts, anxiety, 

locomotor-depressants74;  

 in metabolic systems:  there is an antilipolytic effect and an increase insulin sensitivity75;  

 in the gastrointestinal tract: there is an inhibition of chloridiric acid production; 

 in the renal system: a decrease in glomerular filtration rate (GFR), an inhibition of renin 

release, an antidiuretic effect and a supply route vasoconstriction; 

 in the cardiovascular system: a negative inotropic effect, negative chronotropic effects, 

negative dromotropic effects, negative bathmotropic effects and cardioprotection76. 

 

3.5.2. A2AAR 

The first in all crystallographic structure of A2AAR was resolved in 2008.66 The gene which 

guarantees the existence of this subtype in human species is found on chromosome 22 and 

encodes  a protein of 410 amino acids77 with a molecular weight of 45 kDa78. The A2AAR is found at 

central level in dopamine-rich regions, for example, in the striatum79, nucleus accumbens, 

olfactory tubercle, and in the Purkinje cells of the cerebellum. At peripheral level they are plenty 

in endothelial cells, platelets, lymphocytes, monocytes, macrophages, neutrophils, basophils, 

eosinophils, pole cells, lungs, heart, bladder, and immune tissues33,80. 
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A2AAR is linked by the II and III intracytoplasmic loops to Gs proteins at the peripheral level 

and to Golf at the CNS level, both stimulating AC. The stimulation of AC induces an increase of 

intracellular amount of cAMP81. Then the high amount of intracellular cAMP induces the 

activation of PKA. The activated PKA can then activate different receptors, ion channels, 

phosphodiesterases and cAMP-managed phosphoprotein (CREB, cAMP responsive element 

binding protein), critical for numerous neuronal capacities. The activities of the A2AAR are very 

huge because it is sometime co-localized or being sometime physically connected with orther 

GPCRs, for example, the formation of heterodimers with the D2 dopaminergic receptor 

(D2/A2AAR)82, with CB1 cannabinoid receptor (CB1/A2AAR)83, and with mGluR5 glutamate 

receptor (mGluR5/A2AAR)84, and heterotrimers (CB1/A2AAR/D2)85. 

The A2AAR is particularly implicated in the modulation of vasodilation; it stimulates the 

synthesis of new blood vessels, and preserves tissues from collateral damage of inflammatory 

process. In the brain, A2AAR indirectly impact the activity of the basal ganglia. 

Additional mechanism mediated by A2AAR includes:  

•  in  the  CNS:  stimulation  of  the  sensory  nerve  and  synergistic  repression  of  D2;  

•in  the  immune  system: repression of polymorphonuclear leukocytes, repression of the discharge 

pro-inflammatory cytokines (TNF, IL-6, IL-8, and IL-12)86, and activation of the discharge of 

inflammatory cytokines (IL-10);  

•in  the  cardiovascular  system:  repression  of  platelet  aggregation.   

 

3.5.2.1 Interaction between A2AAR and the dopamine D2 receptor 

Strong experimental proof shows that the A2AAR subtypes interacts in an extremely broad way 

with dopaminergic receptors at the level of the basal ganglia. A2AAR and D2 receptors are co-

localized in the membrane of the GABAergic striatopallidal neurons. This co-localization 

provides anatomical basis for the existence of functional association between these two 

receptors, moreover it has been broadly proved that activation of A2AARs enhance the 

functionality of striatopallidal neurons, due to the decrease of D2 receptor activity87. This co-

expression of A2AAR and D2 receptors on neurons of the striatum and pallidum gives the 

anatomical premise to the presence of a practical association between these receptors. 

Furthermore, the impact of excitatory neurons in the striatum and pallidum applied by Ado upon 

A2AAR is due somehow to their antagonistic effect on the activation of D2 receptors by 

dopamin88. Additional biochemical studies performed in rat striatal tissue, in human, and in 

various cell lines, have brought additional information about the A2AAR/D2 interaction since it 
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has been shown that activation of A2AARs diminishes the affinity of D2 receptors for dopamine 

binding.89 These impacts are related  with the formation of heterodimeric complexes between the 

two receptors90. The interaction existing between the A2AAR and D2 receptors is extended even 

at the second messenger level because, whereas the activation of D2 receptors represses AC, the 

activation of A2A ARs stimulates AC (Fig. 1.11) 73. 
 

 

Figure 1.11:  Interactions between A2AAR and D2 receptors. The two receptor subtypes exert opposite regulatory 
activity on the AC, which is inhibited by D2 receptors and stimulated by A2AAR. 

 

Moreover, it has been demonstrated that the activation of A2AAR can repress the Ca2+-dependent 

reactions mediated by the D2 receptor 74, 90. 

It has been demonstrated also that A2AARs can influence the function of the D1 receptors. 

Hence, it has been seen that administration of A2AAR antagonists can enhance both the 

behavioral and neurochemical effects induced by iactivation D1 receptor in the rat.91 Because 

A2AAR and D1 receptors are located on various neuronal populations,92 it is reasonable to suggest 

that, the interaction between these receptors happens via the side fibers of the striatum or via 

circuits that incorporate subthalamic-nigro-cortico striatal projections. In mice missing the 

dopamine D2 receptors, activation or blockade of A2AARs generates behavioral as well as 

biochemical effects, supporting the theory that the activity of A2AARs might be autonomous of 

dopamine93. 
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3.5.3 A2BAR 

The gene   which guarantees the existence of the human A2BAR is found on chromosome 

17p11.2-p12 and encodes a protein of 328 amino acids, with molecular weight of about 37.0 

kDa63. A2BAR signal transduction initiates with activation of AC via a direct coupling with Gs 

protein resulting to an increment of cAMP levels; then the increase of cAMP levels induces a 

stimulation of P type Ca2+ channels as well as the activation of PKA which phosphorylates 

protein residues, treonine and serine, and stimulates gene transcription. Moreover, A2BAR is 

known to be couple through Gq protein family, to a phosphatidylinositol-lipase protein C (PI-

PLC) system promoting an increase of DAG, which stimulates PKC, and IP3, assembling 

intracellular Ca2+. 

At first, it was believed that the expression of the A2BAR was limited to organs like the bladder, 

bowel, lung, epididymis, vas deferens, spine, and brain. However, they were found later to be 

also present in fibroblasts94, hematopoietic cells95, mast cells96, cells of the myocardium97, 

muscle cells98, and endothelium99. 

Large amounts of the A2BAR expression were found in various parts of the intestinal tract and 

their activity on gastric mucosal cells has been investigated100. There are also proofs supporting 

that the presence of  A2BAR on mast cells is implicated in inflammatory processes, for example, 

asthma101. These A2BARs on mast cells activate the human mast cells MHC-I and stimulate the 

release of IL-8.  

Numerous investigations associate A2BARs with cardiovascular effects since their activation can 

regulate fibroblast proliferation102, heart recoveries, and illness such as hypertension or 

myocardial infarction103. 

Among different effects mediated by A2BAR there are:  

• in CNS: inhibition of nerve transmission, stimulation of IL-6 production in astrocytes;  

• in gastrointestinal system: stimulation of chloridric acid production into the intestinal lumen.  

 

3.5.4 A3AR 

The gene which guarantee the existence of the human A3AR is found on chromosome 1p13.3 

and encodes for a protein of about 318 amino acids, with a molecular weight between 36.0 to 

37.0 kDa63. In contrast with other ARs, the A3AR has huge differences in structure, function and 

tissues distribution among species104. These differences make especially complex the A3AR 

signalling physiology specifically among rodents and primates. The activation of A3AR induces 

the inhibition of the AC via the coupling with Gi protein, with then decreases the levels of 
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cAMP. This activation stimulate also PLC and phospholipase D (PLD), via the coupling with the 

Gq protein105, and finally stimulate the release inflammatory mediators (for example histamine 

from mast cells)106.  

A3ARs are found with high density in the lungs, liver, and immune system cells like neutrophils, 

eosinophils, and T lymphocytes, while it is present in low density in order tissues like brain, 

heart, testes, and many others.  

Via interaction with A3ARs, Ado has a cerebral protective role. Elevated amounts of A3ARs 

were found in eosinophil cells in the lungs of rat, where they promote the inhibition of the 

degranulation and the discharge of free superoxide anion radicals107. 

Anticancer properties have been also assigned to A3ARs: in fact, their activation seems to repress 

the tumor development by modulating the Wnt pathway and by regulating NF-κB108. In addition, 

the ability of A3AR antagonists to decrease intraocular pressure is under study as potential 

therapeutic agents in the treatment of glaucoma109. Other effects promoted by A3ARs are:  

• in the CNS: neuroprotection, sedative-hypnotic, anticonvulsant and anxiolytic effects, 

inhibition of exocytosis;  

• in the cardiovascular system: anticoagulant and hypotensive effects. 
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4. Adenosine 
4.1 Overview 

In chapter 1, the discussion was made around ATP as cell energy source and ATP as signal 

molecule for P2 purinergic signalling. In this chapter, the attention is focused on the Ado, P1 

receptors sub-family and therapeutic potential of Ado receptor ligands. 

Introduction 
Previously, the two major metabolic pathways of extracellular ATP were described. 

Until recently, damaged or dying cells were considered as the only source of extracellular ATP. 

However, the release of ATP induced mechanically from healthy cells is now also accepted as a 

physiological mechanism110. A well-known example of physiological release of extracellular 

ATP is the co-release of ATP and noradrenaline found in sympathetic nerves111. Once in the 

extracellular compartment, ATP follows two main pathways, which are the modulation of P2 

purinergic signalling (details in the chapter one) and the production of Ado through cascade of 

enzymatic processes catalyzed by ectonucleotidases. In fact, both ATP and ADP are hydrolyzed 

to AMP by a subtype of ectonucleotidases known as ectonucleoside triphosphate 

diphosphohydrolase1 (NTPDase1), which is abbreviated CD39 for simplicity. The obtained 

AMP is further hydrolyzed to Ado by another subtype of ectonucleotidase known as ecto-5’-

nucleotidase  (5’NT)  generally  known  as  CD7332. Another important source of extracellular Ado 

is cAMP, which can be released from neurons and then converted into Ado in two steps: that is 

conversion of cAMP to AMP by extracellular phosphodiesterases followed by the conversion of 

AMP to Ado by CD7342. Extracellular Ado produced either from ATP or cAMP or constitutes 

the signal molecule for the P1 purinergic receptor signalling, which modulates several 

physiological and pathological conditions. In order to address the therapeutic potential of Ado, 

we will discuss in more details Ado, P1 purinergic receptors sub-family, and ligands for 

adenosine receptors (ARs) that are agonists, antagonists and allosteric modulators.  
   4.2 Production, metabolism and physiological role of adenosine  

Ado (6-amino-9-β-D-ribofuranosyl-9H-purine) is an endogenous nucleoside ubiquitous in 

humans and other species. The structure of Ado is constituted from adenine and D-ribose, which 

are  linked  together  with  a  N9  β-glycosidic bond (shown in figure 1.12). Ado plays a vital role in 

the body since it regulates the function of almost all tissues and constitutes a key component in 

the composition of many biomolecules such as ATP, RNA, NADH, etc112. 
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 Figure 1.12: Structure of adenosine  

 
4.2.1. Production   
While extracellular Ado is produced by the enzymatic hydrolysis of ATP, the intracellular Ado is 

produced by the hydrolysis of adenine nucleotides113 and it can be also synthesized de novo 

during purine biosynthesis114. 

4.2.2. Metabolism 
Both intracellular and extracellular Ado are metabolized. In fact, after production, Ado 

modulates the function of many systems including CNS, cardiovascular system, immune system. 

Extracellular Ado is responsible for its physiological effects. Hence, to obtain a sufficient 

extracellular amount of Ado, intracellular Ado is transported across the cell membrane by the 

help of transporters115. After the extracellular Ado has achieved its modulator function, it is 

metabolized mainly in two pathways: the first one being the conversion to inosine by Ado 

deaminase. This catabolic process happens in erythrocytes and in vascular endothelial cell 

because they are the site where  extracellular Ado is transported for metabolism and the second 

one the reuptake of extracellular Ado back into intracellular space where it is reconverted to 

AMP by adenosine kinase 116. Figure 1.13 reports the production and metabolism of Ado. 
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Figure 1.13:  Production and Metabolism of Adenosine 

4.2.3 Physiological role 

The physiological role of Ado was reported for the first time early in the years 1900s by Drury 

and Szent-Györgyi who described the powerful vasodilator effect of Ado33. From these 

preliminary evidences, subsequent studies were conducted by Sattin and Rall which later  

demonstrated that Ado was able to increase the formation of cAMP in the CNS34. Thus 

following the same interest that is providing more understanding of Ado effects, many others 

studies have been carried out and Ado is now known to control and integrate a wide range of 

brain functions including regulation of sleep, locomotion, anxiety, cognition and memory117. The 

protective response of Ado during ischemia, hypoxia and inflammation has been  also reported 
118,119,120,121. These well described physiological effects are the results of the interaction of Ado 

with four receptors subtype belonging to P1 purinergic receptors sub-family, which are discussed 

in the next section. 
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5. Adenosine receptors 
Ado is the only endogenous ligand for P1 purinergic receptors sub-family. In fact, P1 

purinoreceptors are composed of four metabotropic receptor subtypes known as Ado receptors 

(ARs). The four subtypes of ARs have been identified and cloned from several species including 

rat, dog, mouse, and human. According to their chronological discovery, ARs are classified as 

A1, A2A, A2B and A3
122. Table 1.6 described ARs more in details. 

 

Table 1.6:  ARs receptor subtypes. 

 

  

Receptor  
Subtype 

Localization Signal transduction Pharmacological 
implication 

A1AR 

Neocortex, cerebellum, 
hippocampus, dorsal horn 
of the spinal cord, 
sinoatrial and 
atrioventricular node of 
the hear123 

Inhibition of adenylate 
cyclase and also 
phospholipase C 
activation124 

Heart diseases and 
neurodegenerative 
conditions 125 

A2AAR 

Pre and postsynaptic nerve 
terminals , on mast cells, 
airway smooth muscle and 
in circulating leukocytes126 
 

Stimulation of A2AAR 
leads to the activation of 
adenylate cyclase resulting 
to the elevation of 
intracellular cAMP 126 

Heart diseases, 
inflammatory conditions 
and neurodegenerative 
disorders  e.g  Parkinson’s  
disease124 

A2BAR 

Highly expressed in 
gastrointestinal tract, 
bladder, lungs and on mast 
cells 123 

Stimulation of adenylate 
cyclase and phospholipase 
C through activation of Gs 
and Gq proteins, 
respectively 126 

Possible role in the 
pathogenesis of 
inflammatory airways 
disease127 

A3AR 

Kidney, testis, lung, mast 
cells, eosinophils, 
neutrophils, heart and the 
brain cortex 127 

Inhibition of adenylate 
cyclase and also 
stimulation of 
phospholipase C and D 
inducing a release of 
calcium128 

Iinflammatory conditions 
including asthma127 
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6. Adenosine derivatives: agonists, antagonists and allosteric modulators. 

6.1 Adenosine Receptor Agonists 

The unselective action of Ado itself on ARs and its low half-life (~1s) and its limited the 

pharmacological use of it and forced the development of agonists with better profile42 (more 

stable and more selective). Most of the discovered AR agonists possess a structure similar to the 

endogenous ligand Ado. Structure–activity relationships (SARs) of them revealed that:  

- substitution at the N6 position with certain alkyl, cycloalkyl, and arylalkyl groups 

increases selectivity for the A1AR; 

- substitution with an N6-benzyl group or substituted benzyl group increases selectivity for 

the A3AR;  

- substitution at the C2 position, especially with ethers, secondary amines, and alkynes, 

often results in high selectivity for the A2AAR, but sometimes also for the A3ARs.  

Hence, most AR agonists are nucleoside derivatives similar to the natural ligand Ado, some 

exceptions have been reported to be represented by non-nucleoside structures consisting by 

substitute nitrogen heterocyclic derivatives129. Among them Capadenoson (BAY 68–4986, Fig 

1.14), a pyridine-3,5-dicarbonitrile derivative is in clinical trials for the oral treatment of stable 

angina. Its therapeutic potential is attributed to the selective activation of A1AR130,131.  

Figure 1.14 discloses the structure of some ARs agonists. 
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Figure 1.14:  Example of Ado receptors agonists. 
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6.2 Adenosine Receptor Antagonists 

The chemical structure of Ado receptor antagonists varies widely respect to that of agonists. 

Purine derivatives including both xanthine and adenine analogues, constitute the basic structure 

of almost all antagonists.  

 
Figure 1.15: Example of Adenosine receptors antagonists132. 
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However in addition to xanthine and adenine analogues which have contributed a lot to the 

development of promising therapeutic candidates, different scaffolds are now commonly used 

for the synthesis of AR antagonists133, 134. The compounds of these new series have a better 

selectivity profile and are chemically more diverse than the classical 1,3-dialkylxanthines, which 

have been used for long in  pharmacology as AR antagonists53. Figure 1.15 discloses the 

structure of some AR antagonists. 

 

6.3 Allosteric modulators for adenosine receptors 

Among the G-proteins coupled receptors (GPCRs), class A or rhodopsin-like receptors to which 

belong ARs (A1, A2A, A2B and A3) are suggested to be allosterically modulated. Allosteric 

modulation indicates conformational changes of the receptor due to the binding of an allosteric 

agonist and which may affect the binding of the orthosteric ligand (which is either the 

endogenous ligand or the primary agonist). The allosteric agonist is a ligand able to mediate 

receptor activation on its own, by binding to a recognition domain on the receptor 

macromolecule distinct from the binding site of the orthosteric agonist or primary agonist. 

Although an allosteric modulator mediates receptor activation, it does not have any activity by 

itself,  but  it  ‘needs’  the  orthosteric  ligand  to  show  its  action.  Allosteric modulators can influence 

positively or negatively the action of orthosteric ligands135.  Historically, ARs are among the first 

GPCRs discovered to be allosterically regulated, thereby many lead compounds have been 

screened in order to identify allosteric modulators of all four subtype of ARs53, 136. Some 

examples of allosteric modulators for ARs are discussed in the section below. 

 
6.3.1 A1AR allosteric modulators 

They were discovered during a screening of the library in a radioligand binding assay. In fact the 

authors observed that three of the screened molecules were increasing the binding of the agonist 

radioligand [3H]N6-cyclohexyladenosine to A1AR in rat brain membranes. Further investigations 

about that enhancing characteristic were made and the results reported that, these tree 

compounds were increasing agonist activity by slowing the dissociation of the agonist [3H]N6-

cyclohexyladenosine from the A1 receptor. Therefore their mode of action was recognized as an 

allosteric mechanism of action. Interestingly the three compounds also appeared to behave as 

competitive antagonists at the same receptor. Therefore the concentration range within which the 

compounds enhance the effects of agonists was limited, in the 1–10 μM range137. Among these 

three compounds (PD 71,605, PD 81,723 and PD 117,975), PD 81,723 showed to be one of the 
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most potent, displaying the best ratio of enhancing antagonistic action. Hence PD 81,723 has 

been fully studied by many different research groups and represents today the reference allosteric 

modulator of A1AR. PD 81,723 has been also extensively modified structurally by Baraldi et al. 

to afford analogues 2, 4 and 6 which proved to be more potent than PD 81,723 and also has 

shown significant reduction of the cAMP content of CHO cells expressing human A1AR138,139. 

Figure 1.16 disclosures both the structure of the three PD compounds as well as the structure of 

PD 81,723 analogues. 

 

6.3.2 A2AAR allosteric modulators 

Amiloride (Fig. 1.16) and analogues have been reported to allosterically inhibit A2AAR 

antagonists. The mechanism of the allosteric inhibition of amiloride and analogues is the 

increasing of the dissociation rate of the antagonist from A2AAR. An example of such class of 

molecules is the HMA, which has shown to increase the dissociation rate of [3H]ZM 241385 

from the A2AAR. Beside the HMA, which is  one of the most potent A2AAR allosteric inhibitors,  

recent studies carry out  by Giorgi et al. have demonstrated that 1-[4-(9-benzyl-2-phenyl-9H-

purin-6-ylamino)-phenyl]-3-phenyl-urea and 1-[4-(9-benzyl-2-phenyl-9H-8-azapurin-6-

ylamino)-phenyl]-3-phenyl-urea (compound 29, see Fig. 1.16) are allosteric enhancers on the 

A2AAR antagonists since they slowed the dissociation of [3H] ZM241385 from the A2AAR 140.  

 

6.3.3 A2BAR allosteric modulators 

Allosteric modulators for A2BAR have not been noted yet. In fact, till recently, no suitable 

commercial A2BAR radioligands was available and thus the investigation of the allosteric 

modulator was not feasible. Today, even though the investigation of allosteric modulator for 

A2BAR is now possible since the radiolabeled antagonist [3H] MRS1754 and other radioligands 

such as [3H]PSB603141 has been developed, no A2BAR radiolabeled agonist is available and  

therefore development of allosteric enhancers of agonist is still hampered. 

 

6.3.4 A3AR allosteric modulators  

Development of allosteric modulators for A3AR faces the problem of selectivity since almost all 

current allosteric modulators for A3AR have also an allosteric modulator activity for A1AR. 

Therefore, despite the fact that numerous  classes of allosteric modulators has been developed,  

the investigation of potential lead compounds whose modifications may result to selective 

allosteric modulators for A3AR remains an hot topic. Among such current classes, we have 
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HMA, an amiloride analogue which has shown to be an allosteric inhibitor of the antagonist 

binding of both A3 and A1ARs, but it is more potent at A3AR receptors than on A1AR. 

Beside allosteric inhibitors of the antagonist binding, there are a variety of allosteric enhancers 

for agonist binding. The first selective enhancer for A3AR agonist was described by Gao et al.142 

who reported that  the compound VUF5455 was able to significantly enhances the effects of the 

reference A3AR agonist Cl-IB-MECA on forskolin induced cAMP formation143.  

Subsequently,1H-imidazo-[4,5-c]quinolones derivatives, which have been described as non-

xanthine ARs antagonists mainly active  on A1AR, were later considered144. The compound 

DU124183, a member of this 1H-imidazo-[4,5-c]quinolones  family, (Fig. 1.16) showed 

comparable activity with VUF5455 since it has shown to selectively enhanced agonist binding 

on A3AR. However, because DU124183 was reported to possess moderate orthosteric activity to 

human A3AR (Ki = 820 nM), further structural modifications resulted to two optimized 

analogues. Among these two analogues 2-cyclopentyl-4-benzylamino and 2-cyclohexyl-4-(3,4-

dichlorophenyl)amino, the 2-cyclohexyl-4-(3,4-dichlorophenyl)amino (LUF6000) analogue 

displayed the best activity enhancing the maximum efficacy of the  agonist Cl-IB-MECA by 45–

50%137. 

Cannabinoid ligands, investigated by Lane et al., have shown to be potential modulators for 

human A3AR. An example is illustrated by 2-arachidonylglycerol (2-AG), which has displayed 

considerable inhibition of the binding of the agonist [125I]-AB-MECA at the human A3AR145. 

This inhibition was later shown to be the result of the increasing of the dissociation rate of [125I]-

AB-MECA in presence of 2-AG. Therefore 2-AG was known as a potential allosteric inhibitor of 

the agonist binding to hA3AR137. Figure 1.16 discloses the structure of allosteric modulators for 

ARs. 
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 Figure 1.16: Structure of allosteric modulators for A1AR, A2AAR and A3AR 137. 
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7. Therapeutic potential of Ado and adenosine receptor agonists. 
 

The previous sections of this chapter have detailed the topic about Ado, AR subtypes and Ado 

ligands. The following final section reports how those knowledge all put together have allowed 

the use of Ado and Ado related compounds both in diagnosis and in therapy. 

 

7.1 Uses of Ado receptor agonists in diagnosis and in therapy 

Synthetic Ado for long time was the unique Ado agonist to be used in humans. Today, even if 

some others promising agonists have been developed, Ado remains on wide use. In fact 

Adenocard®, which is the synthetic Ado itself, remains the treatment of choice of paroxysmal 

supraventricular tachycardia and it therapeutic effect is due to the activation of A1AR. Another 

Ado agonist is Adenoscan® (Astellas Pharma, Inc.), which is still a synthetic Ado but used for 

diagnostic purposes in myocardial perfusion imaging and its mode of action is based on the 

activation of A2AAR leading to vasodilation132.  

Beside synthetic Ado, which is metabolized quickly after systemic administration, various Ado 

analogues endowed with a better metabolic profile are under investigation both for therapy and 

diagnostic. The most promising are: the selective A1AR agonist selodenoson (formerly known as 

DTI-0009, 8)146 developed by Aderis Pharmaceuticals which has been in clinical trials both for 

tachycardia and diabetic foot ulcers treatment. Another promising A1AR-selective agonist is the 

agonist BAY 68-4986 (Capadenoson)147 which is under investigation for treatment of angina and 

atrial fibrillation. 

Beside selective A1AR agonists and Ado itself, the A2A-selective agonist Regadenoson, also 

known as CVT-3146 or Lexiscan®, (Fig. 1.17), has been also approved and it is currently used 

for diagnostic purposes in cardiac imaging148. Also Adenosine Therapeutics has developed two 

other selective A2AAR agonists, which are currently in preclinical phase for acute inflammatory 

conditions (ATL-1222) and ophthalmic disease (ATL-313)149.  

Concerning A3AR agonists, none has reached the market yet, however, CF101150 and Cl-IB-

MECA (CF102), which are two selective A3AR agonists are currently in clinical trials for 

autoimmune inflammatory disorders (CF101) and for liver cancer (CF-102)151, was recently 

reported to be efficacious in clinical trials of rheumatoid arthritis, psoriasis, and dry eye 

disease152. Figure 1.17 discloses the structure of Ado agonists with relevant therapeutic potential. 
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Figure 1.17: Structure of some AR agonists with promising therapeutic potential 132. 

 

7.2 Uses of Ado receptor antagonists in diagnostic and in therapy 

The methylxanthines (i.e. caffeine and theophylline)34 were the first ARs antagonists to be 

recognized. This finding enlarges the use of methylxanthine in therapy. Some well documented 

cases are the use of caffeine in therapy for CNS stimulation to restore alertness and to counteract 

fatigue and for treatment of pain (e.g. headache, migraine) and the used of theophylline as 

second-line treatment of bronchial asthma and chronic obstructive pulmonary disease 

(COPD)153. Despite the important therapeutic potential of methylxanthines, their use is now 

limited because of side effects both on the CNS and in the renal system. Even though the use in 

therapy has been reduced near to zero, methylxanthines remains molecules of great interest since 

the studies of their SAR allows the development of analogues which are more potent and 

selective for ARs. However, despite the fact that some of these analogues are very promising and 

are currently under investigation as kidney protective agents (A1), antifibrotic (A2A), 
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neuroprotective, antiasthmatic (A2B), and antiglaucoma (A3)153,154, only one AR antagonist, 

istradefylline (Fig. 1.18), has been approved in Japan. Both figure 1.18 and table 1.7 gives 

additional knowledge on AR antagonists with promising therapeutic potential. 

 

Table 1.7: description of AR antagonists with very good therapeutic potential. 

 

 

 

 

 

 

 

 

 

 

 

Example of some promising ARs antagonists 
ARs antagonist 
subtype 

Structure Therapeutic potential 

 
 
 
A1AR antagonist 

L-97-1  Highly selective A1AR antagonist, in late preclinical 
development for the treatment of asthma and 155 

Toponafylline 
 

Preferable clinical candidates heart failure and renal 
function  156 

A2AAR antagonist Istradefylline    
(KW6002 ) 
 

It has been evaluated in clinical trials for the treatment 
of  Parkinson’s  disease  and  in  2013  Kyowa  Hakko  Kirin  
pharmaceutical received the approval to develop 
istradefylline as the adjunctive treatment of PD 157 

A2BAR antagonist GS-6201 GS-6201 is a selective A2B antagonist which has been 
clinically evaluated for the treatment of asthma134 

A3AR antagonist  
 

KF26777 This compound has been explored by Kyowa 
Hakko Kirin pharmaceutical 134  
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Figure 1.18: Structure of AR antagonists having a very good therapeutic potential 132. 

 

Although Ado is present in virtually all cells, its levels are sufficient to activate ARs only where 

they are most abundant. As previously discussed, activation of ARs has the potential to be 

beneficial in the treatment of various inflammatory and autoimmune disorders, pain, arrhythmia 

as well as sleep and some metabolic disorders. During the last decades, specific agonists and 

antagonists of ARs have been synthesized. As a result, increasing numbers of clinical trials 

testing novel adenosine-based drugs in various indications have been initiated. However, to date, 

only few ligands have reached the market. In fact, given the wide-spread distribution of ARs, 

their ligands can have effects in most tissues and produce a variety of responses, which makes 
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them difficult to use. As a consequence, many clinical trials failed due to the appearance of 

serious side effects. Another problem of AR ligands is that, in most cases, they are nucleosides 

or nitrogen heterocyclic molecules that are characterized by poor water solubility, poor oral 

absorption and therefore poor bioavailability. These problems could be overcome by the 

development of highly selective ligands (which is the aim of the present thesis) that could be 

administrated using vehicles like nanoparticles in order to overcome the limits of their scarce 

absorption. 
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The present work target the synthesis and biological evaluation of new ligands for the adenosine 

receptors. Especially the interest is focused on A2A and A3 receptors subtypes. 

About A2AAR subtype, the objectives of the work target the synthesis of new agonists. The 

particularity of the present work is that the author investigates a non-common modification upon 

the sugar moiety. In fact while the N-ethylcarboxamido (NECA) substituent has been well 

documented  as  a  good  5’-modifacation conferring to the resulting nucleoside the good binding 

affinity and selectivity data for A2A subtype, tretrazoyl moiety upon the sugar has been only 

fewer investigated. Hence, even though among the existing nucleosides bearing tetrazoyl moiety 

in  4’-position of the sugar, some have been reported to endow with better binding affinity and 

selectivity data respect the reference A2A agonists NECA and CGS21680158, no existing 

literature has investigated of whether or not the good binding affinity and selectivity data of 

those nucleosides bearing tetrazoyl analogue instead of NECA were related to the presence of 

the tetrazoyl moiety. Hence the originality of this work is properly the elucidation of whether or 

not the solely substitution of NECA with tetrazoyl upon the sugar may improve the binding 

affinity and selectivity of the resulting nucleoside for A2A subtype. Another interesting aspect of 

this work is about the wound healing potential of the nucleosides that bears tetrazoyl moiety. 

Therefore, this work could be the first one reporting the wound healing potential of nucleoside 

bearing tetrazoyl moiety. The methodology, protocols and experiments used to reach those 

objectives are described in details in the following chapter 3 (see section below). 

 Another objective of this work is the synthesis of new antagonists for A3AR subtype. 

Concerning the Ado receptors antagonists, the literature has well reported that the replacement of 

sugar moiety attached to the N-9 position of almost all Ado nucleosides induce loss of the 

agonistic properties159. Hence in this work the N-9 position of the purine core is first substituted 

with a side chain different from the sugar moiety to assure the antagonistic properties of the 

resulting compounds. Then the author investigates different side chain in positions C-8, N-6 and 

C-2 of the purine cord in order to find a highly potent and selective A3AR antagonist. The 

particularity of this research is the fact that the author perfectly combines in only one direction 

many previous and current findings of volpini et al. The methodology, protocols and 

experiments used to reach those objectives are described in details in the following chapter 4 (see 

section below). 
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CHAPTER	
  3:	
  Synthesis	
  of	
  new	
  4’-tetrazolyl adenosine derivatives as 
potential agents for wound healing 
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3.1 Aim of the research 
The crystal structure of A2A with  agonist  NECA  highlighted  the  importance  of  5’- modification. 

In fact A2A agonist NECA (Ki hA2AAR = 20 nM) differs from adenosine (Ki hA2AAR = 700 nM) 

only  with   the  5’-modification   (5’-N-ethylcarboxamido  versus  5’-hydroxyl group)159. From this 

evidence,   the   5’-N-ethylcarboxamido rapidly became a worthy modification found in several 

new A2A agonists (Figure 1.3). Some of the most famous and which have been well studied are 

CGS21680160, Apadenoson161 and UK432097 which have been candidate for clinical 

trials162,163,67.  Contrary  to  the  5’-N-ethylcarboxamido which has been maintained unchanged all 

this while, the C-2 position has shown to be widely modified and in many cases, the C-2 side 

chain has shown to contribute a lot to the affinity and selectivity of the resulting compound 

toward A2A. 
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Figure 3.1: Some promising A2A agonist. 
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 Hence, until the year 2000   where   new   modification   of   5’-position of ribose moiety started 

emerging, the development of A2A agonist was mostly focused on the identification of the best 

C2   side   chain   with   fixed   5’-N-ethylcarboxamido modification at the sugar moiety.  In 2004, 

Bosh  et  al   reported  that  4’-N-ethyltetrazoyl moiety was well tolerated and above all seemed to 

improve the affinity and selectivity of the resulting compounds respect to NECA and CGS21680 

known to be a reference A2A agonist (Figure 3.2). 

 

 

 

Figure 3.2: Lead compounds used for the design of the AR ligands in this project.  

Thus in this work the interest is focused on the investigation of the  4’-N-ethyltetrazoyl moiety 

with the aim to provide additional information or to confirm those reported already about the 

contribution  of  4’-N-ethyltetrazoyl in the binding affinity and selectivity of A2A agonist.  
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Taking the results obtained by the group of Prof Volpini, in which with VT 7 a good affinity and 

moderate selectivity versus the A2A AR subtype was obtained, the synthesis of VT 7 analogues in 

which  the  4’-N-ethylcarboxamido group was substituted by the tetrazolyl moiety used by Bosch 

was designed164. Then  the other side chains  were also introduced in C-2 position in order to 

identify other potential good substituents or even better than phenylethylthio or  which may be in 

the   future   combined   both   with   other   different   5’-modification and with some worthy N6 

substituents. To end up the work, we investigate the displacement of the ethyl substituent from 

the N2 to N1 position of the tetrazole ring (Figure 3.3). 

 

                                

                                              

Figure 3.3:  Plan of the designed research project. 
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3.2 Chemistry 
Synthesis of desired nucleosides 2-23 was carried out by a divergent approach in which a 

suitable modified sugar was coupled with the appropriate heterocycle to get an intermediate 

nucleoside from which final compounds were obtained through several reactions. 

For the synthesis of our compounds we followed the following synthetic steps. 

 

3.2.1 Synthesis of the modified sugar   

For the synthesis of the tetrazolyl sugar moiety has been followed the procedure reported by 

Bosh et al158. The protected ribose 2 was prepared from D-ribose (1) through the reaction with 

2,2-dimethoyxpropane in acetone in the presence of catalytic amount of perchloric acid and 

subsequent treatment of the reaction mixture with methanol (Scheme 3.1). Compound 2 was 

subsequently oxidized to the corresponding carboxylic acid 3 by treatment with 2,2,6,6-

tetramethylpiperidinyloxy (TEMPO), in ethyl acetate (EtOAc), in the presence of NaHCO3, KBr, 

and NaClO (commercial bleach), for the recovery of the TEMPO consumed during the reaction. 

Compound 3 was converted to the acyl chloride by reaction with thionyl chloride in dry EtOAc 

and then bubbling of gaseous ammonia (NH3) in the reaction mixture converted the acyl chloride 
to the corresponding amide derivative 4. The conversion of the amide 4 into the nitrile 5 has 

been obtained by treatment of a solution of 4 and triethylamine in EtOAc with phosphorous 

oxychloride in classical dehydration reaction conditions. The construction of the tetrazole ring at 

the 5-position of D-ribose was obtained by reaction of the nitrile 5 with sodium azide added 

portion wise in a mixture of 5 and ammonium chloride in dimethylformamide (DMF). The 

alkylation of compound 6, obtained previously, was achieved with ethyliodide with dry 

potassium carbonate as the catalyst in dry acetone. The later reaction provided a mixture of 

isomers due to the alkylation in N-1 or N-2 position of compounds 7 and 8 respectively, which 

were separated with flash column chromatography. 

The N-2-ethyltetrazole isomer 7 was first hydrolyzed with trifluoroacetic acid and H2O 

providing a crude which was co-evaporated with dry dichloromethane and freeze-dried 

overnight. The freeze-dried crude mixture obtained was dissolved in dry CH2Cl2 and fully 

acetylated with dry acetic anhydride to provide 9A as an inseparable  mixture  of   the  α- and  β-

anomers. The presence of α- and  β-anomers was confirmed by 1H-NMR. 
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Scheme 3.1 

Reagents and conditions: (a) i. 2,2-Dimethoyxpropane, HClO4, acetone, r.t., 4 h; ii. MeOH, 
acetone, r.t., 2h 96%; (b) TEMPO, KBr, 6% NaHCO3 aqueous solution, NaHCO3 aqueous 
solution, 5% NaClO, EtOAc, r.t., 3 h, 79%; (c) SOCl2, EtOAc, gaseous NH3, 60°C, 3 h; 88%; (d) 
POCl3, Et3N, EtOAc, 0°C, 2 h, 61%; (e) NaN3, NH4Cl, DMF, 40-90°C, 3 h, 82%; (f) EtI, dry 
K2CO3, acetone, 40°C, 3 h, 62% ; (g) i. TFA, H2O, 0°C, 6 h; ii. Ac2O, Et3N, DMAP, CH2Cl2, r.t., 
3 h, 64%. 
 

3.2.2 Glycosylation reaction  

Compound 9A was coupled with commercial 2,6-dichloropurine (10) in the presence of 1,8-

diazabicyclo[5.4.0]undec-7-ene (DBU) and trimethylsilyl triflate (TMSOTf)  in dry acetonitrile 

to afford 11 as inseparable mixture of α- and   β-nucleoside (Scheme 3.2).  Amination of the 

anomer mixture 11 with gaseous NH3 give mixture of 12 and 13 selectively aminated at the 6-

position. The two anomers were separated with flash column chromatography to afford the β  

anomer compound 12 and the α  anomer compound 13, with 55 % and 35 % yield, respectively. 

Contrary to the reference paper by Bosch et al., in this case together with the beta anomer after 

glycosylation it was possible to isolate a sufficient amount of the alpha anomer which permitted 

to define the anomeric structure of the two intermediates obtained.   
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Scheme 3.2 

 
Reagents and conditions: (h) 2,6-DCP, DBU, TMSOTf, dry acetonitrile, 0°C-r.t, 21 h, 90%; (i) 
gaseous NH3, r.t., 6 h, 12: 55%; 13: 35%. 
 

Furthermore, the synthesis of the N1-ethyltetrazole nucleoside derivative has been carried out by 

glycosylation of the 2,6-dichloropurine (10) with the compound 9B, to obtain nucleoside 15. The 

compound 9B was obtained after a deprotection/protection reaction, in similar conditions used 

for 9A, on the side product 8 (Scheme 3.1. The intermediate nucleoside 15 has been obtained, 

following similar steps of the synthesis that was previously utilized to obtain the N-2 isomer 12 

(Scheme 3.3).   After   the   glycosylation   an   inseparable   mixture   of   the   α   and   β-anomers were 

obtained. The conversion of the 2,6-dichloronucleosides 14 to the 6-amino derivatives, furnished 

after  purification  the  β-anomer  with  60%  yield.  The  β-configuration was confirmed by 1H-NMR. 

NOESY  bidimensional,   in   fact,   in   the   β   configuration   the   hydrogens   in   position   1'   and   4'   are  

placed on the same side with respect to the plane of the sugar moiety and this conformation is 

detectable by using long-range coupling in the 1H-NMR analysis. Hence, the saturation of H-1’  

of 12 resulted in NOEs of the H-4’,  whereas,  the  saturation  of  H-1’  of  13 did not express NOEs 

of the H-4’,  confirming  that  12 corresponds to  the  β  anomer  while  13 to  the  α  anomer. 
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Scheme 3.3 

 
Reagents and conditions: (h) 2,6-DCP, DBU, TMSOTf, dry acetonitrile, 0°C-r.t., 21 h, 94%; (i) 
gaseous NH3, r.t., 6 h, 90%. 
 

3.2.3 Final compounds 

Compounds 16-23 were prepared by addition of the corresponding arylalkylthiols or 

phenylethylamine, to a solution of 12 or 15 in dry DMF in the presence of dry K2CO3 to get the 

desired derivatives as pure compounds with yields ranging from 18 to 95% (Scheme 4.3). In the 

case of the synthesis of the C-2 alkoxy derivative, a different procedure was used. In fact, first 

the activation of the alcohol with metallic sodium has been carried out, then to the obtained 

suspension the suitable nucleoside 12 was added. The reaction was heated at 80 °C for 4 hours to 

get the designed final compound with 45% yield after chromatographic purification. 
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Scheme 3.4 

 
Reagents and conditions: (j) R-SH or R-NH2, K2CO3, DMF, 120°C, 24 h, 18-95%; (k) R-OH, 
Na, 80 °C, 4 h.   
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3.3 Results and discussion 
The newly synthesized derivatives were tested in binding and functional studies by the research 

group of Professor Marucci G., at human A1, A2A, and A3 ARs cloned and transfected in CHO 

cells. For the binding studies the [3H]-N6-cyclopentyl-2-chloroAdo ([3H]-CCPA), the [3H]-

NECA, and the [3H]-2-hexynyl-N6-methylAdo ([3H]-HEMADO) radioligands for the A1, A2A, 

and A3 AR subtypes, respectively, were used. At A2B subtype a functional study evaluating the 

adenylyl cyclase activity assay was performed by measuring the cAMP levels in CHO cells.  

Moreover, selected compounds showing high hA2A AR affinity and selectivity were studied by 

evaluating their effect on cAMP production in CHO cells, stably expressing A1, A2A, and A3 

receptor subtypes in order to assess their ability to inhibit or stimulate adenylyl cyclase activity 

coupled with the activation of the receptor. 

 Results are shown in Table 3.1 and Table 3.2, with the Ki and EC50 or IC50 expressed as nM. 

The compound 6-amino-2-(phenethylthio)-5'-N-ethylcarboxamidoadenosine (VT 7) has been 

used as reference compound.  
The binding studies at A1, A2A, and A3 receptors showed that compounds are endowed with 

binding affinity in the nanomolar range having the better binding affinity versus the A3 subtype.  

Evaluation at A2B subtype showed that the analyzed compounds are not endowed with affinity 

for this receptors behaving, in general, EC50 value > 30,000 nM. 

The comparison of the activity of the reference compound VT 7 and its analogue compound 17 

modified at the sugar moiety with a N2-ethyltetrazolyl group   in   4’-position indicate that this 

modification improve affinity of the resulting compound for all the AR subtypes (17: Ki hA1R = 

35 nM; Ki hA2AR = 5.8 nM; Ki hA3R = 1.2 nM; versus VT 7: Ki hA1R = 189 nM; Ki hA2AR = 24 

nM; Ki hA3R = 86 nM). These results shows that compound 17 is approximately 4 times 

selective for A3AR respect to A2AAR (17: selectivity A1/A3 = 29; selectivity A2A/A3 = 5). 
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Table 3.1: Binding studies at human A1, A2A, and A3 ARs cloned and transfected in CHO cells 
and functional activity at A2BAR cloned and transfected in CHO cells. Ki, for data at A1, A2A, 
and A3 ARs, and EC50, for data at A2BAR, are expressed as nM. 
 

 

Cps R ahA1AR bhA2AAR chA2BAR dhA3AR 

4’-N2-ethyltetrazoyl derivatives 

VT 7164  189 24 >100,000 86 

12 Cl 1.0±0.18 19±4 5,900±1,250 0.23±0.06 

16 S-CH2-Ph 208±47 165±37 > 30,000 1.4±0.24 

17 S-(CH2)2-Ph 35±8.5 5.8±0.78 > 30,000 1.2±0.17 

18 S-(CH2)3-Ph 165±38 188±47 > 30,000 2.6±0.45 

19 S-(CH2)2-p-Cl-Ph 51±21 21±3.5 > 30,000 4.0±0.75 

20 S-(CH2)2-p-CH3O-Ph 96±21 7.9±1.5 > 30,000 5.1±1.0 

21 NH-(CH2)2-Ph 49±11 11±2.5 > 30,000 1.3±0.3 

22 O-(CH2)2-Ph 0.45±0.08 0.91±0.03 > 30,000 0.08±0.02 

4’-N1-ethyltetrazoyl derivatives 

15 Cl > 30,000 > 30,000 > 30,000 417±68 

23 S-(CH2)2-Ph > 30,000 > 30,000 > 30,000 251±33 

 aDisplacement of specific [3H]-CCPA binding at human A1R expressed in CHO cells.  bDisplacement of specific 
[3H]-NECA binding at human A2AR expressed in CHO cells. cValue obtained from cAMP quantification. 
dDisplacement of specific [3H]-HEMADO binding at human A3R expressed in CHO cells. Data are expressed as 
means ± SE. 
 

The capacity of compound 17 to interact with good affinity both with A2AAR and A3AR is in 

agreement  with  the  study  of  Bosch  et  al  which  reported  “the  dual  effect  of  4’-N2-ethyltetrazolyl 

analogues”158. Another interesting aspect of the results obtained is the binding affinity data of 

compounds 16 and 18. In fact, the replacement of the ethyl chain in 2-position, of the adenine 

core, in these two compounds with a shorter methylene or a longer propylene chain brought to a 
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lower affinity both for A1 and A2A subtypes maintaining their ability to bind to the A3 AR being 

more selective for this subtype (16: Ki hA3R = 2.6 nM; 18: Ki hA3R = 1.4 nM ; 16: selectivity  

A1/A3 = 148, A2A/A3 = 117; 18: selectivity  A1/A3 = 63, A2A/A3 = 72) 

So, even if such compounds 16 and 18 were not further investigated due their lower affinity for 

A2A, their affinity and selectivity data for A3 open widely their evaluation as A3 ligands.  

Compounds 19 and 20 bearing a substitution in para position of the phenyl ring disclosed a 

slightly decreased affinity for A1, A2A, and A3 ARs. However, while the para-methoxy 

substituent is better tolerated by A2AAR (20: Ki hA2AR = 7.9 nM versus 17: Ki hA2AR = 5.8 nM) 

the para-chloro substitution resulted detrimental for such subtype reducing affinity more than 4 

times (19: Ki hA2AR = 21 nM versus 17: Ki hA2AR = 5.8 nM). 

Considering the substitution of the sulfur atom with the isosteric amino group or oxygen it is 

possible to outline that the first substitution seems to affect more A2A subtype since affinity has 

decreased twice (21: Ki hA2AR = 11 nM versus 17: Ki hA2AR = 5.8 nM) while the affinity for the 

other receptor was almost unchanged. On the other hand, in the case of the substitution of the 

sulfur atom with oxygen a great improvement of affinity for A1, A2A and A3 ARs was obtained 

(22: Ki hA1R = 0.45 nM; Ki hA2AR = 0.91 nM; Ki hA3R = 0.08 nM) with a subnanomolar affinity 

of the compound at all the adenosine receptors excepting A2B subtype. Also in this case the 

selectivity is maintained for the A3 subtype (22: selectivity A1/A3 = 5, A2A/A3 = 11) but the 

selectivity versus the A2A and A3 receptors it worse than the other compounds. 

Some selected compounds were analyzed in functional studies at human A1, A2A, and A3 ARs 

transfected in CHO cells by evaluating the ability of the compounds to affect cAMP levels 

associated with AC activity coupled with the receptor. In particular, the technique of the 

GloSensor cAMP assay in which the cAMP production was detected through a luciferase-based 

biosensor was used: the binding of the produced cAMP to the biosensor leads to a 

conformational change which promotes a luminescence activity which is proportional to the 

concentration of the second messenger. The technology permits to perform the evaluation on live 

cells. NECA was used as a reference agonist, and the compounds that are being studied, were 

added to the preparation at different concentration to draw a curve concentration-effect. When 

compounds were unable to stimulate the cAMP production or to inhibit cAMP production 

stimulated by forskolin in the case of receptors coupled to Gi, they were studied as antagonists. 

In particular, the antagonist profile was evaluated by assessing the ability of these compounds to 

counteract NECA-induced increase of cAMP accumulation. The cells were incubated in the 
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reaction medium with different understudy derivative concentrations and then treated with 

NECA. 

In Table 3.1 have been also reported the results of the binding affinity of compounds 15 and 23 

which  are  4’-N1-ethyltetrazoyl derivatives. The displacement of the ethyl group from the N2 to N1 

position resulted to be not tolerated for affinity at A1 and A2A while it is tolerated at the A3 

subtype. These compounds showed a Ki at hA3AR equal to 451 and 217 nM, respectively. The 

inability to bind the A1 and A2A ARs resulted in an increased selectivity of 15 and 23 for A3AR, 

compared   to   the   4’-N2-ethyltetrazoyl derivatives (Table 3.1). However, even though the 

displacement of ethyl really improved selectivity for A3, the binding affinity was reduced for 

more than 1000 time for compounds bearing the chlorine atom in 2 position (12: hKiA3 = 0.23 

nM and 15: hKiA3 = 417 nM,) and more than 200 time for compounds bearing the 2-

phenylethylthio chain in 2 position (17: hKiA3 = 1.16 and 23: hKiA3 = 251 nM): these results did 

not allow further investigation with the evaluation of different C2 substituents.  

So even though this investigation was not done before and it may require more investigations or 

even different orientations, it is obvious that the displacement of ethyl from N2 to N1 is 

detrimental for the development of AR ligands. 

Functional studies data are shown in Table 3.2. The results of functional studies agreed with our 

expectations since they effectively confirmed the dual behavior of the N2-ethyltetrazolyl 

derivatives tested which showed to activate A1, A2A, A2B ARs and at the same time to inhibit the 

A3 subtype (Table 3.2). 

Compounds 17 and 21 showed a comparable activity at all the receptors with EC50/IC50 in the 

nanomolar range (17: EC50 hA1R = 790 nM; EC50 hA2AR = 160 nM; IC50 hA3R = 79 nM; 21: 

EC50 hA1R = 630 nM; EC50 hA2AR = 98 nM; IC50 hA3R = 40 nM; Table 3.2). The functional 

assay confirmed a low preference of these compounds for the A3 receptors, and, in this case, 

compound 21 resulted faintly more active than 17 (Table 3.2). 

 Thus, even though only compound 17 and 21 were investigated in functional studies, it is 

reasonable to assume that all the compounds (12-22) are endowed with the dual effect. 

Furthermore, it is difficult to establish a border line to differentiate such compounds as being A2A 

or A3 ligands and it is possible to argue that they could be used in conditions in which the A2A 

agonism is not well-suited with the activation of the A3AR.  
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Table 2.3: Functional studies on chosen candidates at human A1, A2A, A2B, and A3 ARs cloned 
and transfected in CHO cells. The activities, EC50 or IC50, are expressed as nM. 

 
Cpds hA1AR (EC50)a hA2AAR (EC50)b hA3AR (IC50) 

17 790±120 160±90 79±14 

21 630±110 98±27 40±10 
aEC50 values of the inhibition of forskolin-stimulated adenylyl cyclase activity in CHO cells expressing hA1AR. 
bEC50 values of the stimulation of adenylyl cyclase activity in CHO cells expressing hA2AAR. eIC50 values of the 
inhibition of NECA-effect on adenylyl cyclase activity in CHO cells expressing hA3AR. 
 

Those binding affinity and functional studies results are in agreement and support the previous 

observation of Volpini et al164 which reported that 2-phenylethylthio was a promising C-2 side 

chain and should be further investigated in the development of new A2AR agonist.  

 

In conclusion, the results are in agreement with the previous observation of Bosch et al who 

described   the   dual   effect   of   4’-N-ethyltetrazolyl analogue158. Also such results clearly reports 

that the improvement of the affinity for A2A of  4’-N-ethyltetrazolyl analogue respect to NECA 

and CGS21680  observed by Bosh et al158 was due   to  presence  of  4’-N-ethyltetrazolyl moiety 

since compound 17 which differs from VT 7 only   with   the   4’-N-ethyltetrazolyl moiety is 

endowed with better affinity for A2A compared to VT 7. Those results are also in agreement with 

the previous observation of Volpini et al164 which reported that phenylethylthio is a promising C-

2 side chain and should get particular interest in the development of new A2A agonists. The 

reason  which  may  explain  why  4’-N-ethyltetrazolyl moiety improve A2A binding affinity respect 

to  5’-NECA is that 4’-N-ethyltetrazolyl moiety could establish additional interaction with A2A 

respect  to  5’-NECA. This hypothesis received a great support from a paper published in 2015 by 

Bosh   et   al   where   it   was   reported   that,   probably   4’-N-ethyltetrazolyl moiety allows additional 

interaction with histine 6.52 respect to NECA (Figure 3.4). 
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Figure 3.4:  NECA      and      4’-N-ethyltetrazolyl Ado derivative in the A2AAR binding pocket with their respective 
interactions  highlighting  the  additional  4’-N-ethyltetrazolyl group interaction  with  histine  6.52  respect  to  the  4’-N-
ethyl group165. 

 

Although   those   results   have   shown   that   4’-N-ethyltetrazolyl   can   be   an   alternative   5’-

modification respect to the well-known  5’-NECA, there is still a lot to study on the contribution 

of  4’-N-ethyltetrazolyl in the binding affinity of the resulting compound for ARs. In this case, 

some compounds, such as compound 16 (selectivity of human A1/A3=148 and selectivity of 

hA2A/A3=117; see table 3.1) and compound 18 (selectivity of human A1/ A3=63 and selectivity 

of hA2A/A3=72; see table 3.1) resulted A3 ligands with a certain selectivity respect to the other 

receptors. Also a recent paper of Petrelli  et  al  also  reported  that,  combining  4’-N-ethyltetrazolyl 

moiety with some N6-modification resulted to compounds endowed with dual effect of being A1 

agonist and A3 antagonist166. Thus, to  access for which AR  subtype  4’-N-ethyltetrazolyl  moiety  

specifically improve binding affinity or how the C-2 side chain or the N6 modification can 

improve   or   shift   the      binding   affinity   of   a   4’-N-ethyltetrazolyl analogue for an AR subtype 

respect to another is still not yet well understood.  
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3.4 Wound healing assay 
It has been reported that Ado acts as one of the factor that modulate wound healing and some 

A2AAR agonists have been tested for their ability to repair damaged skin behaving as tools for 

the treatment of pathologies which involve skin damage: some compounds have been tested in 

clinical studies for the treatment of diabetic foot ulcers95,96. 

In order to understand the ability of new synthesized compounds 16-22 and also of the 

intermediate 12, which showed affinity at A2AAR in the nanomolar range, in the mechanism of 

fibroblast migration and hence their ability to modulate wound healing, they were tested in the 

scratched wound assay. 

The scratched wound assay is a standard in vitro technique developed to study directional cell 

migration in two dimensions and it allows the study of compounds as potential wound healing 

agents. This method mimics cell migration during wound healing in vivo. The basic steps 

involve creating a "wound" in a cell monolayer, capturing the images at the beginning and at 

regular intervals during cell migration to close the wound, and comparing the images to quantify 

the migration rate of the cells which led to the reparation of the wound. As example, in Figure 8 

are reported images of the scratched areas at different time points of the control, of compound 12 
at the concentration of 200 nM, and also of the positive control EGF. 
This assay is particularly suitable for studies on the effects of cell-matrix and cell-cell 

interactions on cell migration97,98 For the assay, epidermal growth factor (EGF) is used as 

positive control, at 10 nM, to promote the stimulation of growth, while CGS21680 was used as 

reference A2AAR agonist and the migration was evaluated by measuring the reduction in wound 

area (%) at specific time point after 6, 12, and 24 hrs after the treatment with the compounds at 3 

different concentrations. 



74 
 

 
Figure 3.5: Example of the scratched wound assay in which it is showed the effect of compound 12 on the 
migration of human fibroblasts in comparison with control and EGF (10 nM). In each picture is showed, as example, 
the scratch width after 0, 6, 12, and 24 hrs.  
 

In Table 3.3 all the data of compounds 12, 16-22 are reported at the different concentration 

tested at time 6, 12, and 24 has versus activity of control and EGF at the same time points, while 

in Figures 3.6-3.7 are reported graphics of the activity of reference compounds CGS21680 and 

VT 7, respectively. 
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Figure 3.6: Effect of CGS21680 on wound healing assay at 10, 100, 1000, 10000 nM at 0, 6, 12, 
and 24 hrs. The results represent the average of three independent experiments. 
 
 

The lowest concentration tested was set close to the Ki of the compound under evaluation, at the 

A2AAR, while the other 2 concentrations have been set at higher levels in order to understand 

how efficiency change with concentration. Each experiment was conducted in comparison with 

the control, untreated sample, and with the positive control (EGF 10 nM). 

As shown is Figure 3.6, CGS21680 induces an higher repair of the wound thorough the 

migration of fibroblasts after 6 and 12 hrs at 10 and 100 nM concentration respect to the control 

even if it remains less or equal potent than the positive control: at 100 nM at 12 hrs CGS and 

EGF show the same effect.  
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Figure 3.7: Effect of VT 7 on wound healing assay at 100, 1000, 10000 nM at 0, 6, 12, and 24 
hrs. The results represent the average of three independent experiments. 
 
 
At 24 hrs there is no difference between CGS21680, control, and positive control: this is an 

expected result since the assay is done with live cells having ability of self-growth. This result 

allows us to conclude that CGS21680 is able to stimulate the growth of fibroblasts and, even if 

these data are already known, they show that the assay used here is efficient and correct 96. At 10 

µM the loss of the ability of CGS21680 to stimulate cell growth is probably due to a toxic effect 

at this concentration and CGS21680 became lethal for cells. 

The results on the scratch wound assay of VT 7 (Figure 3.7) showed that, at 100 nM the 

maximun effect has been obtained. The higher reparation of the scratched area respect to the 

control, at T6 and also at T12, demonstrates an effect on the fibroblasts migration respect to the 

untreated batch, even if it did not reach the effect of EGF. Also in this case the percentage of 

repair decreases at higher concentrations probably due to a toxic effect. 
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Table 3.3: Activity of tested compounds 12, 16-22 at different concentrations and at different 
time points in comparison with EGF (positive control) and control, in the wound-healing assay. 

Cpd Conc. 
(nM) 

% repair at time point (h) Normalized effect to the control at 
time point (h) 

T6 T12 T24 T6 T12 T24 
CGS 10 25.28 32.12 100.00 1.60 1.50 1.00 

" 100 27.53 48.50 100.00 1.74 2.27 1.00 
" 1000 15.69 55.85 100.00 0.99 2.61 1.00 
" 10000 1.46 14.21 100.00 0.09 0.66 1.00 

EGF  28.88 48.20 100.00 1.83 2.25 1.00 
Control  15.79 21.40 100.00 1.00 1.00 1.00 

VT 7 100  24.26 38.88 87.00 1.54 1.82 1.04 
"  1000  19.33 35.72 91.00 1.22 1.67 1.09 
" 10000 15.65 32.33 100.00 0.99 1.51 1.19 

EGF  28.88 48.20 100.00 1.83 2.25 1.19 
Control  15.79 21.40 83.73 1.00 1.00 1.00 

12  50  33.25 52.39 100.00 1.20 1.15 1.00 
"  200  54.97 85.87 100.00 1.98 1.89 1.00 
" 1000  42.38 57.99 100.00 1.53 1.23 1.00 

EGF  40.86 56.69 100.00 1.47 1.25 1.00 
Control  27.71 45.44 100.00 1.00 1.00 1.00 

16  500  21.06 35.60 87.00 1.19 1.34 1.18 
"  1500  31.04 65.79 91.00 1.76 2.48 1.23 
" 3000  27.05 48.20 100.00 1.53 1.81 1.35 

EGF  20.90 41.16 100.00 1.18 1.55 1.35 
Control  17.67 26.58 74.00 1.00 1.00 1.00 

17 10  39.20 60.19 100.00 1.93 1.53 1.00 
"  60  42.55 69.58 100.00 2.09 1.77 1.00 
" 300  14.49 53.83 100.00 0.71 1.37 1.00 

EGF  34.27 71.49 100.00 1.69 1.82 1.00 
Control  20.30 39.28 100.00 1.00 1.00 1.00 

18  500  17.83 30.15 82.53 1.11 1.23 1.14 
"  2000  28.21 37.37 82.97 1.76 1.52 1.14 
" 10000  10.26 12.33 25.50 0.64 0.50 0.35 

EGF  18.99 39.51 100.00 1.18 1.61 1.38 
Control  16.05 24.57 72.67 1.00 1.00 1.00 

19  50  30.25 50.39 100.00 0.98 1.10 1.00 
"  200   57.97 80.26 100.00 1.88 1.76 1.00 
" 800   40.38 52.99 100.00 1.31 1.16 1.00 

EGF  38.86 52.47 100.00 1.26 1.15 1.00 
Control  30.83 45.67 100.00 1.00 1.00 1.00 

20  20  39.47 74.09 100.00 0.84 0.97 1.00 
"  100  55.58 83.72 100.00 1.18 1.09 1.00 
" 200  86.69 95.75 100.00 1.85 1.27 1.00 

EGF  75.40 100.00 100.00 1.61 1.31 1.00 
Control  46.76 76.40 100.00 1.00 1.00 1.00 

21 20 30.83 73.15 100.00 1.80 1.19 1.00 
"  100 42.72 74.26 100.00 2.48 1.21 1.00 
" 500 40.24 75.17 100.00 2.34 1.22 1.00 

EGF  29.56 70.67 100.00 1.72 1.15 1.00 
Control  17.19 61.31 100.00 1.00 1.00 1.00 

22 2  44.39 75.05 100.00 0.94 0.98 1.00 
"  10  53.63 81.04 100.00 1.15 1.06 1.00 
" 50  87.58 93.87 100.00 1.87 1.23 1.00 

EGF  75.40 100.00 100.00 1.61 1.31 1.00 
Control  46.76 76.40 100.00 1.00 1.00 1.00 
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There is a noticeable variability of the repairing effect both for the control and for EGF (compare 

the % of repair and control in table 3 left part). In fact, in any case both at T6 and at T12 the 

growth rate of fibroblasts, expressed in percentage change according to preparation, ranged 

15.79-46.76% repaired area at T6, 21.40 – 76.40% at T12 for the control; 18.99—75.40 at T6 

and 41.16 – 100% at T12 for EGF, although the preparations were evaluated at the same 

conditions (concentration in the case of EGF). These data demonstrated a great variability of the 

self-reparative ability of the fibroblasts and hence a great variability of the capacity of 

compounds and EGF to modulate the wound-healing. On the other hand, almost all the 

preparations showed complete reparation of the wound at T24. 

The great variability for control at T6 and T12 required an elaboration of the data obtained 

through a normalization of the repaired area of the tested compound and EGF respect to the 

effect of the control in order to remove the divergence for the better interpretation of the effect of 

the tested compounds in the single preparation (Table 3.3, blue part).  

The values reported on the blue side were computed based on the effect of each single tested 

compound. To do such calculations it was considered the control as reference point and it was 

evaluated the efficacy of each tested compound according to the control. Hence, the growth rate 

percentage induced by each compound was divided by the growth rate value of the control 

allowing to have the proportion of the effect on the repairing ability of the compounds respect to 

the growth rate of each preparation. In this way, the growth rate induced by each compound was 

converted into the same scale taking in consideration the growth rate of each preparation. The 

calculations were made at T6, T12, and T24 for each of the tested compound at the different 

concentrations and also for EGF. 

However at certain highest concentrations a lower effect was reported. This experimental 

observation was hypothesized as being the result of a toxic effect.  Most of the tested compounds 

an ability to repair the wound superior than to that of the control. In fact, the effect at the 

different time, T6 and T12, the normalized effect is higher than 1 which is the value of the 

control, demonstrating their effectiveness in wound-healing. 

Some of the new compounds showed an ability to increase fibroblasts migration higher respect 

to the positive control EGF. In fact, at the concentration of 200 nM compound 12 showed a 

doubled effect respect to the control (1.98 at T6 and 1.89 at T12 versus 1.00 of the control). The 

same compound resulted also more effective than EGF (1.47 at T6, 1.25 at T12). 
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The same results have been observed for compound 16 at both concentrations 1.5 and 3 µM with 

the normalized effect of 1.76 and 1.53 at T6, and 2.48, 1.81 at T12 versus that of EGF (1.18 at 

T6 and 1.55 at T12). 

Compounds 17, 18, and 19 resulted more active respect to the positive control only at specific 

concentration and at T6, generally (17: effect 2.09 at 60 nM versus EGF 1.69; 18: effect 1.76 at 2 

µM versus EGF 1.18; 19: effect 1.88 at 200 nM versus EGF 1.26).  

It is worthwhile to note that, compound 21 bearing a phenylethylamino chain in 2-position of the 

tetrazolylnucleoside, resulted, in general, more active of the positive control at all the three tested 

concentrations at T6 and also at T12 (21: 1.80, 2.48, 2.34 at 20, 100, 500 nM, respectively, at T6; 

1.19, 1.21, 1.22, at the same concentration, at T12; versus EGF 1.72 and 1.15 at T6 and T12, 

respectively). This compound 21 showed a comparable activity as compound 16 but in this case 

the activity was obtained at higher concentrations (16: 1.98 and 1.53 at 1500 nM, respectively, 

versus 21: 1.80, 2.48 and 2.34 at 20, 100, 500 nM, respectively). This showed the higher activity 

among the new compounds. Furthermore, it is possible to argue that the thioalkyl chain in 2-

position did not favor the activity of the corresponding nucleosides respective to the 

arylalkylamino chain.  

The activity of this compounds, in the present assay, demonstrated that their A3AR antagonist 

behavior do not interfere with their ability to stimulate fibroblasts migration. Other experiments 

are necessary to demonstrate if the A3AR antagonist activity could be beneficial in the wound 

healing. 

 

 

3.5 Conclusion 
In general, in the wound–healing assay compounds 12, 16-22 showed an agonist effect justified 

by their growth stimulating effect on fibroblasts which is dependent to their binding affinity. In 

fact, compound 17, which showed a good binding affinity, at the A2AAR showed also a good 

behavior at the scratched wound test. On the other hand, compounds 16 and 18 described as 

compounds with low A2AAR affinity showed a low activity as fibroblasts migration stimulatory 

agents.  

Moreover this promising effect supports the fact that wound healing effect resulting from A2AAR 

activation is not affected by simultaneous blockage of A3. 
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Moreover, at high doses, some compounds showed to inhibit wound healing showing a 

percentage of repair lower than the untreated batch. This result could be explained with a toxic 

effect obtained at these concentrations.  

The evaluation of the ability of such compound to revert wound demonstrate they are suitable for 

the use in the repair of skin and possibly to be used for pathologies as diabetic foot ulcers. 

 

 

 

  



81 
 

3.6 Experimental section 
3.6.1 Materials and methods 

Thin layer chromatography (TLC) 

The reactions were monitored by thin layer chromatography (TLC), using TLC plates pre-coated 

with silica gel 60 (F254, Merck); the thickness of the silica layer is 0.25 mm. The products were 

visualized  by  UV  radiation  (λ  =  254 nm) and iodine vapours. 

Column chromatography 

For flash chromatography, it was used Fluka silica gel 230-400 mesh. When the reaction mixture 

was not soluble in the eluent, it was prepared out a dry-load. 

Nuclear magnetic resonance (NMR) 

All products reported showed an 1H NMR spectrum in agreement with the assigned structure. 

The 1H  NMR  spectra  were  obtained  with  a  Varian  Mercury  400  MHz  spectrometer;;  δ  in  ppm,  J 

in Hz. All exchangeable protons were confirmed by addition of D2O. 

Mass spectroscopy (MS) 

Mass spectroscopic analyses were performed by ESI-mass with single quadrupole analyser (HP 

1100 MSD). 

Melting point 

The melting points were determined with a Büchi apparatus and have not been modified. 
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3.6.2 Chemistry 

2’,3’-O-isopropylidene-1-O–methyl-D-ribose158 (2): 2,2-Dimethoyxpropane (20.5 mL, 166.53 

mmol), and 70% HClO4 (4.0 mL) were added to a suspension of D-ribose (1) (10.0 g, 66.61 

mmol) in acetone (80 mL). The mixture was stirred at room temperature for 4 h, and MeOH 

(13.3 mL) was then added and further stirred for 2 h more. The mixture was cooled on an ice 

bath, and a 30% Na2CO3 solution (30 mL) was slowly added and the pH was checked to be 

basic. The precipitate was filtered and washed with EtOAc (3 x 15 mL). The filtrate was 

concentrated and diluted with a mixture of EtOAc (100 mL) and water (50 mL). The phases were 

decanted, and the aqueous one was extracted with EtOAc (2 x 60 mL). The organic phases were 

washed with brine, dried over anhydrous NaSO4, and filtered. The filtrate was dried under 

vacuum to afford 2 (13.047 g, 63.89 mmol) as a yellow oil. This was used in the next step 

without further purification. Yield: 96%; 1H-NMR (DMSO-d6)  δ: 1.23 (s, 3H, CH3), 1.35 (s, 3H, 

CH3), 3.18 (s, 3H, OCH3), 3.30 (m, 1H, HCH-5’), 3.35 (m, 1H, HCH-5’), 3.98 (q, J=6.0 Hz, 1H, 

H-4’),  4.51  (app  d,  J=6.0 Hz, 1H, H-3’),  4.65  (app  d,  J=6.0 Hz, 1H, H-2’),  4.84  (t,  J = 5.6 Hz, 

1H, OH), 4.85 ppm (app s, 1H, H-1’). 

5’-Carboxyl-2’,3’-O-isopropylidene-1-O–methyl-D-ribose158 (3): 2 (13.05 g, 63.89 mmol) was 

dissolved in EtOAc (104 mL) and a 6% NaHCO3 aqueous solution (44.7 mL, 31.95 mmol), KBr 

(684 mg), and TEMPO (50 mg) were added. The mixture was cooled to 0 °C, and then, a 

solution of NaHCO3 (1.932 g, 23.00 mmol) in 5% NaClO (commercial bleach, 232 mL) was 

slowly added. When the addition was complete, the reaction was stirred at room temperature for 

3 h. Then, a saturated aqueous solution of NaHCO3 (10 mL) and water (10 mL) were added, the 

phases separated, and the aqueous one was acidified to pH 3 with 3 M HCl and extracted with 

EtOAc (3 x 150 mL). The organic phase was dried over anhydrous Na2SO4, filtered, and 

concentrated to provide a residue, which was washed with cold hexane (3 x 30 mL). After drying 

under vacuum, 3 (10.250 g, 46.97 mmol) was obtained as a white crystalline solid, which was 

directly used in the next step. Yield: 73%. M. p.: 118-121 °C; 1H-NMR (DMSO-d6)  δ: 1.24 (s, 

3H, CH3), 1.36 (s, 3H, CH3), 3.26 (s, 3H, OCH3), 4.48 (app d, J = 5.6 Hz, 1H, H-2’),  4.51  (app  s,  

1H, H-3’),  4.95  (app  s,  1H,  H-4’),  5.08  (d,  J = 6.0 Hz, 1H, H-1’),  12.9  ppm  (br s, 1H, COOH). 

5’-Carboxamide-2’,3’-O-isopropylidene-1-O–methyl-D-ribose158 (4): The acid 3 (5.737 g, 26.29 

mmol) was dissolved in dry EtOAc and SOCl2 (27 mL, 37.07 mmol) was added. The reaction 

mixture was warmed to 60 °C for 3 h and then cooled to room temperature. Dry NH3 was 

bubbled into the mixture maintaining the temperature between 0 °C and 10 °C for 15 min. Water 

(15 mL) and EtOAc (15 mL) were added, the aqueous phase was separated and washed with 
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EtOAc (2 x 15 mL). The organic layers were washed with brine, dried over anhydrous Na2SO4, 

filtered, and evaporated to dryness. The residue was recrystallized from a 1:4 mixture of 

diethylether and n-hexane to afford 4 (4.659 g, 21.45 mmol) as an off-white solid. Yield: 82%. 

M. p.: 127–130 °C; 1H-NMR (DMSO-d6)  δ: 1.24 (s, 3H, CH3), 1.37 (s, 3H, CH3), 3.32 (s, 3H, 

OCH3), 4.36 (app s, 1H, H-3’),  4.48  (app  d,  J = 6.0 Hz, 1H, H-2’),  4.99  (app  s,  1H,  H-4’),  5.07  

(d, J = 5.6 Hz, 1H, H-1’),  7.11  (br s, 1H, HNHCO) 7.29 ppm (br s, 1H, HNHCO). 

4’-Nitril-2’,3’-O-isopropylidene-1-O–methyl-D-ribose158 (5): POCl3 (7.0 mL, 75.35 mmol) was 

added drop wise to a solution of 4 (3.254 g, 14.98 mmol) in EtOAc (39.4 mL), DMF (6.4 mL), 

and Et3N (10.9 mL, 78.05 mmol) cooled to 0 °C. The reaction was stirred for 2 h at 0 °C and 

quenched by the addition of NaHCO3 saturated aqueous solution (6.5 mL). The layers were 

separated, the aqueous phase was extracted with EtOAc (2 x 10 mL), and the combined organic 

layers were washed with NaHCO3 saturated aqueous solution (2 x 15 mL) and brine. The organic 

layer was dried over anhydrous Na2SO4, filtered, and evaporated to dryness. The residue was 

purified over a flash column eluting with n-hexane/EtOAc 99:1 to 98:2 to obtain a yellow gum, 

which was thoroughly dried under vacuum to obtain 5 (1.827 g, 9.17 mmol) as yellow vitreous 

solid. Yield: 61%. 1H-NMR (DMSO-d6)   δ: 1.25 (s, 3H, CH3), 1.35 (s, 3H, CH3), 3.31 (s, 3H, 

OCH3), 4.68 (app d, J = 5.6 Hz, 1H, H-3’),  5.12  (app  d,  J = 6.0 Hz, 1H, H-2’),  5.15  (app  s,  1H,  

H-4’),  5.18  ppm  (app  s,  1H,  H-1’). 

4’-(2-H-tetrazolyl)-2’,3’-O-isopropylidene-1-O–methyl-D-ribose158 (6): NaN3 (948 mg, 14.85 

mmol) was added portion wise to a mixture of 5 (1.450 g, 7.28 mmol) and NH4Cl (833 mg, 

15.58 mmol) in DMF (37 mL) cooled to 0 °C. The reaction mixture was then stirred for 5 min at 

0 °C, 15 min at r.t., 1 h at 40 °C, slowly increased to 90 °C over 3 h, and then at 90 °C for 2 h. 

The mixture was then left to cool to r.t. and placed in an ice bath. It was quenched by the 

addition of 6% aqueous solution of NaNO2 (2.5 mL) and water (7 mL) and the mixture was 

stirred at 0 °C for 2 h. the pH was adjusted to 2 with 2M H2SO4 and extracted with EtOAc (3 x 

20 mL). The combined organic layer was washed with water (5 x 30 mL), dried over anhydrous 

Na2SO4, filtered, and concentrated to give a yellow gum, which was thoroughly dried to give 6 

(1.327 g, 5.48 mmol) as a yellow amorphous solid. Yield: 75%. M. p.: 119 - 121 °C; 1H-NMR 

(DMSO-d6)  δ: 1.31 (s, 3H, CH3), 1.43 (s, 3H, CH3), 3.01 (s, 3H, OCH3), 4.63 (app d, J=5.6 Hz, 

1H, H-3’),  5.07  (app  s,  1H,  H-2’),  5.50  (app  s,  1H,  H-4’),  5.53  ppm  (d,  J = 6.0 Hz, 1H, H-1’). 

4’-(2-Ethyl-tetrazolyl)-2’,3’-O-isopropylidene-1-O–methyl-D-ribose158 (7), 4’-(1-ethyl-
tetrazolyl)-2’,3’-O-isopropylidene-1-O–methyl-D-ribose158 (8): Dry K2CO3 (908 mg, 6.57 

mmol) was added to a stirred solution of 6 (1.223 g, 5.09 mmol) and ethyliodide (528 µL, 6.57 
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mmol) in dry acetone (8.5 mL). The reaction was stirred at 40 °C for 3 h and then cooled to r.t. 

Cyclohexane was added, and the precipitate was separated and further washed with more 

cyclohexane (thoroughly washed till there was no more product in it). The filtrate was 

concentrated under vacuum and the residue was made into slurry and purified over a flash 

column. The column was eluted with n-hexane/EtOAc 94:6 to obtain 7 (865 mg, 3.17 mmol) as a 

colourless oil and then with n-hexane/EtOAc 92:8 – 90:10 to get 8 (427 mg, 1.58 mmol) as a 

white solid. Yields: 7 (62%), 8 (31%), overall (93%); 7: m. p.:  n.d.; 1H-NMR (DMSO-d6)  δ: 

1.31 (s, 3H, CH3), 1.43 (s, 3H, CH3), 1.47 (t, J=7.2 Hz, 3H, CH3), 2.98 (s, 3H, OCH3), 4.66 (m, 

3H, H-3’  &  CH2), 5.03 (app s, 1H, H-2’),  5.35  (app  s,  1H,  H-4’),  5.45  ppm  (d,  J = 6.0 Hz, 1H, H-

1’).   

8: m. p.:  111–113 °C; 1H-NMR (DMSO-d6)  δ: 1.33 (s, 3H, CH3), 1.44 (s, 3H, CH3), 1.47 (t, 

J=7.2 Hz, 3H, CH3), 2.90 (s, 3H, OCH3), 4.48 (q, J=7.2 Hz, 2H, CH2), 4.71 (app d, J = 6.0 Hz, 

1H, H-3’),  5.06  (app  s,  1H,  H-2’),  5.62  (app  s,  1H,  H-4’),  5.66  ppm  (d,  J = 5.6 Hz, 1H, H-1’). 

4’-(2-Ethyl-tetrazolyl)- 1’,2’,3’-O-tetracethyl-D-ribose158 (9A): A solution of 7 (856 mg, 3.17 

mmol) in TFA (2 mL, 26.12 mmol) and H2O (218 µL, 12.11 mmol) was stirred at r.t. for 6 h. 

The mixture was evaporated to dryness under reduced pressure and the residue was co-

evaporated with dry CH2Cl2 (3 x 5 mL). The residue was freeze-dried overnight and then 

dissolved in CH2Cl2 (11.1 mL), and DMAP (23 mg, 0.19 mmol) was added. The solution was 

cooled to 0 °C and dry Et3N (1.6 mL, 11.19 mmol) and Ac2O (1.8 mL, 18.64 mmol) were added. 

The reaction mixture was stirred at r.t. for 3 h. After the removal of all volatiles under vacuum, 

the residue was made into slurry and purified over a flash column (n-hexane/EtOAc 88:12 to 

80:20)  to  afford  an  inseparable  mixture  of  the  α- and  β-anomers of 9A (697 mg, 2.04 mmol) as a 

slightly yellow transparent oil. Yield: 65%.  

9A (α-anomer) - 1H-NMR (DMSO-d6)  δ: 1.50 (t, J = 7.2 Hz, 3H, CH3), 2.06 (s, 3H, CH3), 2.08 

(s, 3H, CH3), 2.10 (s, 3H, CH3), 4.71 (q, J = 7.2 Hz, 2H, CH2), 5.48 (m, 2H, H-3’  and H-2’),  5.58  

(m, 1H, H-4’),  6.43  ppm  (d,  J = 4.8 Hz, 1H, H-1’). 

9A (β-anomer)- 1H-NMR (DMSO-d6)  δ: 1.50 (t, J=7.2 Hz, 3H, CH3), 2.00 (s, 3H, CH3), 2.01 (s, 

3H, CH3), 2.12 (s, 3H, CH3), 4.71 (q, J=7.2 Hz, 2H, CH2), 5.43 (m, 2H, H-3’  &  H-2’),  5.78  (m,  

1H, H-4’),  6.15  ppm  (s,  1H,  H-1’). 

4’-(1-Ethyl-tetrazolyl)-1’,2’,3’-O-tetracethyl-D-ribose158 (9B): A solution of 8 (1,5g, 5.55 mmol) 

in TFA (3.5 mL, 45.7 mmol) and H2O (0.38 mL, 21.2 mmol) was stirred at r.t. for 6 h. The 

mixture was evaporated to dryness under reduced pressure and the residue was co-evaporated 

with dry CH2Cl2 (3 x 5 mL). The residue was freeze-dried overnight and then dissolved in 
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CH2Cl2 (11.1 mL), and DMAP (39.6 mg, 0,32 mmol) was added. The solution was cooled to 0 

°C and dry Et3N (2.7 mL, 19.4 mmol) and Ac2O (3.1 mL, 32.6 mmol) were added. The reaction 

mixture was stirred at r.t. for 3 h. After the removal of all volatiles under vacuum, the residue 

was made into slurry and purified over a flash column (n-hexane/EtOAc 88:12 to 80:20) to 

afford an  9B (968 mg, 2.83 mmol) as a slightly yellow transparent oil. Yield: 55%. 1H-NMR 

(DMSO-d6)  δ: 1.53 (t, J = 7.2 Hz, 3H, CH3), 1.95 (s, 3H, CH3), 2.08 (s, 3H, CH3), 2.12 (s, 3H, 

CH3), 4.02 (q, J = 7.2 Hz, 2H, CH2), 5.45 (m, 2H, H-3’  &  H-2’),  5.68  (m,  1H,  H-4’),  6.17  ppm  

(s, 1H, H-1’). 

2,6-Dichloro-N9-[4’-(2-ethyl-tetrazolyl)]-2’,3’-O-diacethyl-purinoriboside (11): Trimethylsilyl 

triflate (635 µL, 3.51 mmol) was added dropwise to a suspension of 2,6-dichloropurine (10) (478 

mg, 2.53 mmol), 9A (660 mg, 1.93 mmol), and DBU (435 µL, 2.91 mmol) in dry acetonitrile 

(8.6 mL) cooled at 0 °C. The final solution was stirred at room temperature for 21 h and 

quenched by the addition of H2O (10 ml). The product was extracted with EtOAc (3 x 20 ml). 

The combined organic layers were dried over anhydrous Na2SO4, filtered, and concentrated 

under vacuum. The residue was made into slurry and purified over flash column eluting with c-

hex/CHCl3/MeOH 90:8:2 to afford 11 as  a  mixture  of  both  α  and  β  anomer  that  was  not  possible  
to separate. 

2-Chloro-4’-(2-ethyl-tetrazolyl)-Ado (β-anomer)158 (12) and 2-chloro-4’-(2-ethyl-tetrazolyl)-
Ado   α-anomer (13): NH3 was condensed into a steel vessel at -78 °C and 11 (400 mg, 0.85 

mmol) was added. The steel vessel was tightly closed and left to react at r.t. for 6 h. The content 

was then transferred into a flask by solvent and co-evaporated with MeOH (5 x 10 mL). The 

residue was further dried on an oil pump to eliminate all NH4Cl. It was then recrystallized from 

MeOH to afford 12 as a white powder in 55% yield and 13 in 35% yield. 12: m. P.: 214–216 °C; 
1H-NMR (DMSO-d6)  δ: 1.52 (t, J = 7.2 Hz, 3H, CH3), 4.54 (q, J = 4.4 Hz, 1H, H-3’),  4.71  (q,  J 

= 7.2 Hz, 2H, CH2), 4.77 (q, J = 5.2 Hz, 1H, H-2’),  5.20  (d,  J = 4.4 Hz, 1H, H-4’),  5.79  (d,  J = 

6.8 Hz, 1H, OH), 5.82 (d, J = 6.8 Hz, 1H, OH), 6.02 (d, J = 5.2 Hz, 1H, H-1’),  7.85 (br s, 2H, 

NH2), 8.40 ppm (s, 1H, H-8). ESI-MS: positive mode m/z 367.9 [M+H]+, 389.8 [M+Na]+, 756.9 

[2M+Na]+. 13: 1H-NMR (DMSO-d6)  δ: 1.50 (t, J = 7.6 Hz, 3H, CH3), 4.41 (q, J = 4.4 Hz, 1H, H-

3’),  4.54  (q,  J = 7.2 Hz, 1H, H-2’),  4.70  (q,  J = 5.6 Hz, 2H, CH2), 5.32 (d, J = 4.4 Hz, 1H, H-4’),  

5.85 (d, J = 6.0 Hz, 1H, OH), 6.02 (d, J = 6.0 Hz, 1H, OH), 6.15 (d, J = 5.6 Hz, 1H, H-1’),  7.39  

(br s, 2H, NH2), 8.61 ppm (s, 1H, H-8). 

2-(Methylthiophenyl)-4’-(2-ethyl-tetrazolyl)-Ado (16): A mixture of 12 (50 mg, 0.14 mmol), 

benzyl mercaptan (82 µL, 0.70 mmol), and K2CO3 (39 mg, 0.28 mmol) in dry DMF (1.4 mL) 
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was heated in a steel vessel at 120 °C for 24 h. After the removal of volatiles under vacuum, the 

residue was made into slurry and purified over a flash column, eluting with CH2Cl2/MeOH 99:1 

to 97:3. The correct fractions were pooled and evaporated to dryness. The obtained solid was 

recrystallized from isopropanol to afford 16 (58 mg, 0.13 mmol) as a white powder. Yield: 93 %. 

M. p.: 102-105 °C; 1H-NMR (DMSO-d6)  δ: 1.50 (t, J=7.2 Hz, 3H, CH3), 4.34 (s, 2H, CH2), 4.60 

(app s, 1H, H-3’),  4.68  (q,  J=7.2 Hz, 2H, CH2), 4.80 (app s, 1H, H-2’),  5.18  (d,  J=4.8 Hz, 1H, H-

4’),  5.88  (app  s,  1H,  OH),  5.91  (app  s,  1H,  OH),  6.08  (d,  J=5.2 Hz, 1H, H-1’),  7.20  (m,  1H,  Ph),  

7.27 (m, 2H, Ph), 7.43 (m, 4H, Ph and NH2), 8.27 ppm (s, 1H, H-8). 13C-NMR (DMSO-d6, 75 

MHz)  δ: 14.77, 35.04, 48.92, 73.94, 74.31, 77.57, 88.41, 117.34, 127.55, 129.01, 129.77, 138.89, 

139.26, 150.86, 156.05, 164.22, 164.81 ppm. ESI-MS: positive mode m/z 455.9 [M+H]+, 477.8 

[M+Na]+. 

2-(2-Phenyl-ethylthio)-4’-(2-ethyl-tetrazolyl)-Ado (17): A mixture of 12 (150 mg, 0.41 mmol), 

phenylethanthiol (275 µL, 2.05 mmol), and K2CO3 (113 mg, 0.82 mmol) in dry DMF (4.1 mL) 

was heated in a steel vessel at 120 °C for 24 h. After the removal of volatiles under vacuum, the 

residue was made into slurry and purified over a flash column, eluting with CHCl3/MeOH 

99.5:0.5. The correct fractions were pooled and evaporated to dryness. The obtained solid was 

recrystallized from isopropanol to afford 17 (148 mg, 0.32 mmol) as light yellowish crystals. 

Yield: 78%. M. p.: 158-160 °C; 1H-NMR (DMSO-d6)  δ: 1.50 (t, J = 7.2 Hz, 3H, CH3), 2.96 (t, J 

= 6.8 Hz, 2H, CH2), 3.26 (m, 2H, CH2), 4.59 (q, J = 5.2 Hz, 1H, H-3’),  4.68  (q,  J = 7.2 Hz, 2H, 

CH2), 4.87 (q, J = 5.6 Hz, 1H, H-2’),  5.20  (d,  J = 4.4 Hz, 1H, H-4’),  5.80  (m,  2H,  OH  x  2),  6.10  

(d, J = 5.2 Hz, 1H, H-1’),  7.21  (m,  1H,  Ph),  7.31  (m,  4H,  Ph),  7.41  (br.s,  2H,  NH2), 8.28 ppm (s, 

1H, H-8). 13C-NMR (DMSO-d6,   75  MHz)   δ: 14.77, 32.42, 36.18, 48.92, 73.81, 74.38, 77.75, 

88.07, 117.26, 126.85, 129.06, 129.41, 138.80, 141.27, 151.07, 156.12, 164.56, 164.84 ppm. 

ESI-MS: positive mode m/z 469.8 [M+H]+, 491.8 [M+Na]+. 

2-(3-Phenyl-propylthio)-4’-(2-ethyl-tetrazolyl)-Ado (18): A mixture of 12 (50 mg, 0.14 mmol), 

phenylpropanethiol (107µL, 0.70 mmol), and K2CO3 (39 mg, 0.28 mmol) in dry DMF (1.4 mL) 

was heated in a steel vessel at 120 °C for 24 h. After the removal of volatiles under vacuum, the 

residue was made into slurry and purified over a flash column, eluting with CH2Cl2/MeOH98:2 

to 96:4. The correct fractions were pooled and evaporated to dryness. The obtained solid was 

recrystallized from an EtOAc/n-Hexane 1:9 mixture to afford 18 (42 mg, 0.09 mmol) as a white 

powder. Yield: 64%. M. p.: 87-90 °C; 1H-NMR (DMSO-d6)  δ: 1.49 (t, J = 7.2 Hz, 3H, CH3),1.94 

(quint., J = 6.4 Hz, 2H, CH2), 2.70 (t, J = 7.2 Hz, 2H, CH2),3.02 (m, 1H, H-CH), 3.10 (m, 1H, H-

CH), 4.67 (m, 3H, H-3’  and  CH2), 4.85 (app s, 1H, H-2’),  5.17  (d,  J = 4.8 Hz, 1H, H-4’),  5.78  
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(app s, 1H, OH),5.85 (app s, 1H, OH),6.03 (d, J = 4.4 Hz, 1H, H-1’),  7.16  (m,  1H,  Ph),  7.23  (m,  

4H, Ph), 7.37 (br s, 2H, NH2), 8.26 ppm (s, 1H, H-8). 13C-NMR (DMSO-d6,  75  MHz)  δ: 14.77, 

30.36, 31.81, 35.01, 48.89, 73.71, 74.33, 77.51, 88.54, 117.31, 126.47, 129.02, 129.04, 139.06, 

142.18, 150.88, 156.06, 164.65, 164.78 ppm. ESI-MS: positive mode m/z 484.3 [M+H]+, 

506.2[M+Na]+. 

2-(2-p-Chloro-phenyl-ethylthio)-4’-(2-ethyl-tetrazolyl)-Ado (19): A mixture of 12 (50 mg, 0.14 

mmol), 4-chlorophenylethyl mercaptan (121 mg, 0.70 mmol), and K2CO3 (39 mg, 0.28 mmol) in 

dry DMF (1.4 mL) was heated in a steel vessel at 120 °C for 24 h. After the removal of volatiles 

under vacuum, the residue was made into slurry and purified over a flash column, eluting with 

CH2Cl2/MeOH 99:1 to 98:2. The correct fractions were pooled and evaporated to dryness. The 

obtained solid was recrystallized from methanol to afford 19 (43 mg, 0.085 mmol) as a white 

powder. Yield: 61 %. M. p.: 176-178 °C; 1H-NMR (DMSO-d6)  δ: 1.50 (t, J = 7.2 Hz, 3H, CH3), 

2.95 (t, J = 7.2 Hz, 2H, CH2), 3.25 (m, 2H, CH2), 4.57 (q, J = 4.0 Hz, 1H, H-3’),  4.68  (q,  J = 7.2 

Hz, 2H, CH2), 4.86 (q, J = 4.8 Hz, 1H, H-2’),  5.20  (d,  J = 3.6 Hz, 1H, H-4’),  5.82  (m,  2H,  OH  x  

2), 6.10 (d, J = 5.6 Hz, 1H, H-1’),  7.35  (app  s,  4H,  Ph),  7.43  (br.s,  2H,  NH2), 8.28 ppm (s, 1H, H-

8). 13C-NMR (DMSO-d6, 75 MHz) δ: 14.77, 32.20, 35.48, 48.91, 73.84, 74.40, 77.75, 88.01, 

117.27, 128.95, 131.35, 131.46, 138.74, 140.30, 151.05, 156.14, 164.38, 164.85 ppm. ESI-MS: 
positive mode m/z 504.2 [M+H]+, 526.2 [M+Na]+. 

2-(2-p-Methoxy-phenyl-ethylthio)-4’-(2-ethyl-tetrazolyl)-Ado (20): A mixture of 12 (50 mg, 

0.14 mmol), 4-methoxyphenylethyl mercaptan (118 mg, 0.70 mmol), and K2CO3 (39 mg, 0.28 

mmol) in dry DMF (1.4 mL) was heated in a steel vessel at 120 °C for 24 h. After the removal of 

volatiles under vacuum, the residue was made into slurry and purified over a flash column, 

eluting with CH2Cl2/MeOH 99:1 to 98:2. The correct fractions were pooled and evaporated to 

dryness. The obtained solid was recrystallized from an EtOAc/n-Hexane 1:9 mixture to afford 20 

(13 mg, 0.026 mmol) as a white powder. Yield: 19%; M. p.: 174-176 °C; 1H-NMR (DMSO-d6) 

δ: 1.50 (t, J = 7.6 Hz, 3H, CH3), 2.87 (m, 2H, CH2), 3.22 (m, 2H, CH2), 3.71 (s, 3H, OCH3), 4.58 

(m, 1H, H-3’),  4.68  (q,  J = 7.2 Hz, 2H, CH2), 4.86 (m, 1H, H-2’),  5.19  (app  s,  1H,  H-4’),  5.85 

(app br.s, 2H, OH x2), 6.10 (d, J = 4.0 Hz, 1H, H-1’),  6.85  (d,  J = 7.6 Hz, 2H, Ph), 7.23 (d, J = 

8.0 Hz, 2H, Ph), 7.40 (br.s, 2H, NH2), 8.27 ppm (s, 1H, H-8). 13C-NMR (DMSO-d6,  75  MHz)  δ: 

14.75, 32.69, 35.28, 48.92, 55.64, 73.77, 74.37, 77.75, 88.02, 114.43, 117.18, 130.39, 133.21, 

138.80, 151.05, 156.06, 158.36, 164.66, 164.82 ppm. ESI-MS: positive mode m/z 500.3 [M+H]+, 

522.3 [M+Na]+. 
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2-(2-Phenyl-ethylamino)-4’-(2-ethyl-tetrazolyl)-Ado (21): A mixture of 12 (50 mg, 0.14 mmol) 

and phenylethylamine (2 mL) was heated in a steel vessel at 120 °C for 16 h. The reaction 

mixture wade directly made into slurry and purified over a flash column, eluting with CH2Cl2/c-

Hexane 90:10 to remove the excess phenylethylamine and then with CH2Cl2/MeOH 99:1 to 97:3. 

The correct fractions were pooled and evaporated to dryness. The obtained solid was 

recrystallized from an EtOAc/n-Hexane 1:9 mixture to afford 21 (17 mg, 0.038 mmol) as a white 

solid. Yield: 27%. M. p.: 92-95 °C; 1H-NMR (DMSO-d6)  δ: 1.48 (t, J = 7.2 Hz, 3H, CH3), 2.82 

(t, J = 7.2 Hz, 2H, CH2), 3.42 (q, J = 8.4 Hz, 2H, CH2), 4.62 (m, 1H, H-3’),  4.66  (q,  J = 7.6 Hz, 

2H, CH2), 4.79 (m, 1H, H-2’),  5.13  (d,  J = 4.8 Hz, 1H, H-4’),  5.69  (d,  J = 5.6 Hz, 1H, OH), 5.76 

(d, J = 5.2 Hz, 1H, OH), 5.96 (d, J = 5.2 Hz, 1H, H-1’),  6.32  (t,  J = 5.2 Hz, 1H, NH), 6.74 (br s, 

2H, NH2), 7.17 (m, 1H, Ph), 7.25 (m, 4H, Ph), 7.94 ppm (s, 1H, H-8). 13C-NMR (DMSO-d6, 75 

MHz)  δ: 14.78, 36.02, 37.75, 43.49, 48.86, 73.74, 74.35, 77.22, 87.85, 126.56, 128.94, 129.44, 

136.17, 140.83, 152.46, 156.56, 160.06, 164.93 ppm. ESI-MS: positive mode m/z 452.9 [M+H]+, 

474.9 [M+Na]+, 927.1 [2M+Na]+. 

2-(2-Phenyl-ethylalchoxy)-4’-(2-ethyl-tetrazolyl)-Ado (22): In a round bottom flask, the 2-

phenyl-ethanol (1 ml, 8.35 mmol) was first activated with sodium metallic (30 mg, 1,3 mmol) in 

oil bath at 100 °C under stirring until the total consumption of sodium, then the solution was 

cooled at room temperature and 12 was then added under N2 flow. The mixture was heated at 80 

°C in oil bath and was left to react. After 4 h the reaction was complete, cooled and evaporated to 

dryness, made into slurry and purified on flash chromatography eluting with CH2Cl2/MeOH 99:1 

to 97:3. Compound 22 was obtained as with solid (42 mg, 0.096 mmol). Yield: 45%. M. p.: 156-

162 °C; 1H-NMR (DMSO-d6)  δ: 1.52 (t, J = 7.3 Hz, 3H, CH3), 3.02 (t, J = 6.8 Hz, 2H, CH2), 

4.41 (t, J = 6.7 Hz, 2H, CH2), 4.65 (t, 1H, H-3’),  4.70 (q, J = 7.3 Hz, 2H, CH2), 4.82 (m, 1H, H-

2’),  5.18  (d,  J = 4.4 Hz, 1H, H-4’),  5.78  (br s, 2H, 2xOH), 6.01 (d, J = 4.9 Hz, 1H, H-1’),  7.23  

(m, 1H, Ph), 7.32 (m, 6H, NH2+Ph), 8.19 (s, 1H, H-8) ppm. ESI-MS: positive mode m/z 454.0 

[M+H]+, 476.0 [M+Na]+, 929.3 [2M+Na]+; negative mode m/z 488.1 [M-H]-. 

2,6-Dichloro-N9-[4’-(1-ethyl-tetrazolyl)]-2’,3’-O-diacethyl-purine (14): Trimethylsilyl triflate 

(635 µl, 3.51 mmol) was added dropwise to a suspension of 2,6-dichloropurine (10) (478 mg, 

2.53 mmol), 9B (660 mg, 1.93 mmol), and DBU (435 µl, 2.91 mmol) in dry acetonitrile (8.6 ml) 

cooled at 0 °C. The final solution was stirred at room temperature for 21 h and quenched by the 

addition of H2O (10 ml). The product was extracted with EtOAc (3 x 20 ml). The combined 

organic layers were dried over anhydrous Na2SO4, filtered, and concentrated under vacuum. The 
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residue was made into slurry and purified over flash column eluting with c-hex/CHCl3/MeOH 

90:8:2 to afford 14 as  a  mixture  of  α  and  β  anomer. 
2-Chloro-4’-(1-ethyl-tetrazolyl)-Ado (15): NH3 was condensed into a steel vessel at -78 °C and 

14 (501 mg, 1,06 mmol) was added. The steel vessel was tightly closed and left to react at r.t. for 

6 h. The content was then transferred into a flask by solvent and co-evaporated with MeOH (5 x 

10 mL). The residue was further dried on an oil pump to eliminate all NH4Cl. It was then 

recrystallized from MeOH to afford 15 (167 mg, 0.45 mmol) as a white powder. Yield: 43%. M. 

p.: 134-138 °C; 1H NMR (DMSO-d6) δ: 1.31 (t, J = 7.17 Hz, 3H,CH3),  4.40 (q, J = 7.06 Hz, 1H, 

H-3’), 4.79 (d, J = 3.45 Hz, 2H, CH2),  4.83 (t, J = 5.07 Hz, 1H, H-2’),  5.40 ( d, J = 2.95 Hz, 1H, 

H-4’), 5.87 (d, J = 5.40 Hz, 1H, OH), 5.94 (d, J = 4.60 Hz, 1H, OH), 6.05 (d, J = 5.60 Hz, 1H, 

H-1’), 7.86 (br s, 2H, NH2), 8.39 (s, 1H, H-8). ESI-MS: positive mode m/z 367.9 [M+H]+, 389.9 

[M+Na]+, 756.9 [2M+Na]+; negative mode m/z 365.9 [M-H]-, 401.9 [M-H]-, 733.0 [2M-H]-. 

2-(2-Phenyl-ethylthio)-4’-(1-ethyl-tetrazolyl)-Ado (23): 15 (78 mg, 0,21 mmol), 

phenylethanthiol (0.28 mL, 2.1 mmol), and K2CO3 (58.05 mg, 0.42 mmol) in dry DMF (2.1 mL) 

was heated in a steel vessel at 120 °C for 24 h. After the removal of volatiles under vacuum, the 

residue was made into slurry and purified over a flash column, eluting with CHCl3/MeOH 

99.5:0.5. The correct fractions were collected and evaporated to dryness. The obtained solid was 

recrystallized from isopropanol to afford 23 (12 mg, 0.025 mmol) as light yellowish crystals. 

Yield: 12%. M. p.: 98-102 °C; 1H-NMR (DMSO-d6)  δ: 1.31 (t, J = 7.50 Hz, 3H, CH3), 2.95 (m, 

2H, CH2Ph),  3.20 (m, 2H, CH2S), 4.41 (q, J = 7.30 Hz, 2H, CH2),  4.81 (q, J = 4.0 Hz,1H, H-

2’), 4.92 (q, J = 5.10 Hz, 1H, H-3’), 5.39 (d, J = 3.65 Hz, 1H, H-4’), 5.86 (d, J = 5.70 Hz, 1H, 

OH), 5.93 (d, J = 5.00 Hz, 1 H, OH), 6.12 (d, J = 5.00 Hz,1 H, H-1), 7.22 (m, 1H, H-Ph), 7.33 

(m, 4H, H-Ph), 7.42 (br s, 2H, NH2), 8.25 (s, 1H, H-8). ESI-MS: positive mode m/z 469.9 

[M+H]+, 491.8 [M+Na]+; negative mode m/z 468.0 [M-H]-, 937.2 [2M-H]-. 
 

 

3.7 Biological assay 
3.7.1 Cell culture 

The Chinese hamster ovary cells (CHO) stably transfected with the desired ARs were grown in 

DMEM / F12 medium containing 10% FBS (fetal bovine serum), 100 U / ml penicillin, 100 µg / 

ml streptomycin, 2.5 g / ml amphotericin B, 1 mM sodium pyruvate, 0.1 mg / ml genetecina 

(G418) and incubated at 37 °C in a gaseous mixture of 5% CO2: 95% O2. 
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3.7.2 Preparation of membranes 

Cell membranes for binding assays were prepared mechanically detaching the cells from the 

petri and suspending them in a cold hypotonic buffer (5 mM Tris / HCl, 2 mM EDTA, pH 7.4). 

The cell suspension was homogenized (Ultra-Turrax, 2 x 15 sec at maximum speed) and the 

homogenate centrifuged for 10 min (4 °C) to 1000 g. The supernatant was subsequently 

centrifuged for 30 min (4 °C) at 100,000 g and the pellet containing the membrane proteins was 

resuspended in specific buffer for each receptor subtype (A1: 50 mM Tris / HCl, pH 7.4; A2A: 50 

mM Tris / HCl, 10 mM MgCl2, pH 7.4; A3: 50 mM Tris / HCl, 10 mM MgCl2, 1 mM EDTA, pH 

8.25). The amount of the protein suspension was determined according to the Bradford method 

using the BCA Protein Assay Kit (Pierce), frozen in liquid nitrogen and stored at - 80 °C. 

3.7.3 Binding assays  

The dissociation constants of the radioligand (KD) were calculated through saturation assays, 

while the dissociation constants of the compounds under study (Ki) were determined by 

competition experiments. All binding data were calculated by nonlinear regression curves using 

the software GraphPad Prism 5 (GraphPad Software, San Diego, CA, USA). For the increasing 

concentrations of radioligand saturation binding ([3H]-CCPA for the A1 receptor subtype, [3H]-

NECA for the A2A receptor subtype and [3H]-HEMADO for the A3 receptor) subtype were 

incubated in a total volume  of  250  μL  containing  0.2  U  /  ml  of  Ado  deaminase  (ADA)  and  12  

micrograms of membrane proteins in the specific buffer. In competition experiments for the A1 

receptor subtype wells containing 1 nM of [3H]-CCPA and the compound to be tested at 

increasing concentrations  to  a  final  volume  of  200μL.  The  samples  were  left  to  incubate  for  3  h  

at room temperature, filtered in a filter 96-well plate (UniFilter GF / C, Perkin-Elmer Life and 

Analytical Science, Boston, MA) using the FilterMate Cell Harvester (Perkin-Elmer) and washed 

3  times  with  cold  distilled  water.  After  drying  the  filter  plate  at  40  °C  for  30’,  they  were  added  

20  μl  of  scintillating  liquid  (Microscint-20, Perkin-Elmer) to each well, and then the radioactivity 

was quantized with the MicroBeta2 Plate Counter (Perkin-Elmer). The conditions for binding 

experiments at A2A and A3 receptor subtypes were essentially the same as for the A1AR using 

[3H]-NECA (N-ethylcarboxyamideAdo) at a concentration of 10 nM and [3H]-HEMADO (2-(1-

hexyne)-N6-methylAdo) at a concentration of 1 nM, respectively, as radioligands. The samples 

were incubated with 12 micrograms of protein for 3 h at room temperature and filtered as 

described above. 

The non-specific binding was determined in the presence of 1 mM theophylline for the A1 

receptor, or 100 µM R-PIA (N6-(1-methyl-2-phenylethyl)Ado) for the A2A and A3 receptors. 
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3.7.4 GloSensor cAMP Assay 

Cells, stably expressing the human A1, A2A, A2B, or A3 ARs and transiently the biosensor, were 

harvested in CO2-independent medium and were counted in a Neubauer chamber. The desired 

number of cells was incubated in equilibration medium containing a 3% v/v GloSensor cAMP 

reagent stock solution, 10% foetal bovine serum (FBS), and 87% CO2 independent medium. 

After 2 h of incubation at r.t., the cells were dispensed in the wells of a 384-well plate and, when 

a steady-state basal signal was obtained, agonists understudy (or the reference agonist NECA), at 

different concentrations, were added. After 10 minutes various luminescence reads were 

performed at different incubation times167,168. 

The desired cell number was incubated in equilibration medium containing a 3% v/v GloSensor 

cAMP reagent stock solution, 10% foetal bovine serum (FBS), and 87% CO2 independent 

medium. After 2 h of incubation, the cells were dispensed in wells of 384-well plate and, when a 

steady-state basal signal was obtained, agonists understudy (or the reference agonist NECA), at 

different concentrations, were added. After 10 minutes various luminescence reads were 

performed at different incubation times.    

3.7.5 Wound healing-migration assay 

Five hundred thousand fibroblast cells were seeded on a 6-well plate. The day after the medium 

was aspirated and fresh 2% FBS medium with or without several concentrations of methanolic or 

aqueous extract was added. To create an artificial wound (0.5–1 mm) the cells were scratched 

once per well with a P10 pipette tip and the wound was allowed to heal for 24 h. After the 

scratch, fibroblasts were treated with the suitable concentration of compounds under study and 

they were examined at 0, 6, 12, and 24 h after treatment. 

Untreated control and positive control (10 nM Epidermal Growth Factor, EGF) were also 

maintained. The average extent of wound closure was evaluated by measuring the area of the 

wound. The extent of cell migration into the wound area was photographed at the same location 

and measured using Image J as Image analysing software169. Each experiment was performed in 

triplicate. 
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CHAPTER 4: SINTHESYS OF NEW ADENINE DERIVATIVES AS POTENT 
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4.1 Aim of the work 
A3AR subtype has been reported as an important therapeutic target in cancer and inflammatory 

diseases.  Therefore for such purposes development of new ligands has been the target of many 

efforts and researches activities.  

In particular, Volpini et al. reported in many papers the design and synthesis of new A3AR 

antagonists consisting in substituted adenine derivatives and their structure activity 

relationship170. In particular, they reported that the substitution of the bromine atom in C-8 

position of the 8-bromo-9-ethyladenine (Ki hA1AR = 280 nM, Ki hA2AAR = 52 nM, Ki hA2BAR 

= 840 nM, Ki hA3AR = 28,000 nM; Fig. 4.1) with  a phenylethynyl chain  shifts the preference 

of the resulting compound 9-ethyl-8-phenylethynylenadenine (Ki hA1AR = 1,300 nM, Ki 

hA2AAR = 600 nM, Ki hA2BAR  ≥   30,000   nM,  Ki hA3AR = 86 nM) from the A2AAR  to the 

A3AR subtype.  

Moreover, the substitution of the ethyl group of 9-ethyl-8-phenylethynyladenine with a 

cyclopentyl ring improved affinity of the resulting 9-cyclopentyl-8-phenylethynyladenine for 

A3AR (Ki hA3AR: 86 nM and 30 nM, respectively; Fig. 4.1) 170.  

 

 
Figure 4.1: previously synthesized compounds and their AR binding affinity as rational for the design of new 
antagonists for the A3AR subtype.  

 

Hence, the present work focused attention first on the substitution of cyclopentyl in 9 position of 

9-cyclopentyl-8-phenylethynyladenine with other side chains in order to identify the better 9-

substituent (first series). The chains were chosen on the base of previous findings which showed 

that a propanol or phenethyl chain in 9-position of adenine derivatives proved to increase 

affinity/selectivity for the A3AR subtype. Furthermore, while a longer chain was not tested 
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before, also 3-propylphenyl group in 9-position of the adenine was introduced in order to test its 

influence on the binding of the resulted compound 171. Then, in the second series, the 9-

substituents which improve the binding A3AR profile, where selected and combined with a 

substituted aromatic group at the alkynyl chain in C-8 position. In particular chlorine, methyl, 

and methoxy groups were introduced at the ortho, meta, and para position of the phenyl ring. 

Furthermore the phenyl was replaced by the pyridine. 

The third series of compounds derived from the combination of most promising chains in 9-

position, the best C-8 arylalkynyl substituent, and a 2-chlorine atom together with different alkyl 

groups in N6-position. 

 

Figure 4.2: structure of designed compounds. 
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4.2 Chemistry 
All the compounds were synthesized in three main steps starting with the introduction of the 

appropriate chain in 9-position of the commercial adenine or purine derivative, followed by 

bromination at C-8 position, and finally substitution of bromide with the suitable alkyne chain. 

In the case of compounds substituted at the N6 position, the synthesis has been carried out first 

by introducing the 9-alkyl chain, then the substitution at the N6 position, bromination at 8-

position, and finally introduction of the 8-alkynyl chain.  

 
4.2.1 First series of compounds  

Compounds 2-10 were all synthesized from commercial adenine (1). Reaction of the suitable 

alkyl bromide with adenine (1) suspended in dry DMF and in presence dry K2CO3 furnished a 

mixture of N-9 and N-7 adenine derivatives isomers 2-4, 2a-4a, respectively.  Mixture of the two 

isomers were separated through flash column chromatography to afford compounds 2-4 and 2a-
4a with yields ranging from 70-90% for the N-9 isomers, and 8-10% for the N-7 isomers. The N-

9 and N-7 alkylation site was assigned on the base of different characteristics: N-9 isomers 

showed always an higher hydrophobic behavior and for this reason they always had an higher Rf 

on TLC run; furthermore the N-9 isomers were always obtained in much higher yields respect to 

the N-7 isomers, in addition 1H-NMR chemical shifts of the H-2, H-8, and NH2 of the two 

isomers are different. In fact, in DMSO-d6, pronounced downfield shifts were observed for the 

signals resulting from the H-8, 6-amino group, and the protons of the alkyl chain of all N-7 

versus those of N-9 isomers (compare 1H-NMR shifts of compounds 2a-4a, 22a, 23a with 2-4, 

22, 23, respectively). On the other hand, an opposite trend is highlighted in the case of H-2 

signals for N-7 isomers, which were found to be shifted higher field relative to those of the 

corresponding N-9 isomers. All these data are in accordance with data obtained previously with 

similar compounds171. Bromination of the 9-alkyladenines 2-4 with N-bromosuccinimide (NBS) 

in DMF afforded the 8-bromoderivatives 5-7. Following the Sonogashira cross-coupling reaction 

which used a palladium catalysis for the formation of the C-C bond of the terminal alkyne with 

the carbon bearing an halogen was used to introduce the alkynyl chain in 8-position. The reaction 

was conducted in a solution of 5-7 in dry DMF, triethylamine, and catalytic amount of 

Bis(triphenylphosphine)palladium(II) dichloride and copper iodide to afford 8-10 with yields 

ranging from 40-51% (Scheme 4.1).  
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Scheme 4.1 

 
Reagents and conditions: (a) Alkylbromide, dry K2CO3, DMF, r.t, 65 h, 2-4: 70-90% yield, 2a-
4a: 8-10% yield; (b) NBS, DMF, 46 h, 39-43% yield; (d) phenylacetylene, Et3N, (PPh3)2PdCl2, 
CuI, DMF, 1 week, 36-51% yield. 
 

4.2.2 Second series of compounds  

The second series of compounds were characterized by a cyclopentyl and a phenethyl chain in 9-

position. The desired 12-20 adenine derivatives were then synthesized from compounds 6 and 

11, previously reported171 by the Sonogashira cross-coupling reaction described previously (see 

first series of compounds) using the suitable terminal alkyne (Scheme 4.2). The cyclopentyl 

analogue, serie A (Scheme 4.2) were constituted by derivatives in which the phenyl group of the 

alkynyl chains in 8-position bears either a methyl or a methoxy in para position, or a chlorine 

atom in ortho, meta, and para position, a methoxy in para. The 4-ethynylpridinyl chain in 8-

position was also synthesized. For the second series bearing the phenethyl chain in 9-position 

(series B, Scheme 4.2), fewer derivatives were synthesized on the base of biological data 
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obtained with the cyclopentyl series. In fact, using the same procedure, only the ortho and meta-

chloro derivative and para-methoxy derivative were synthesized. 

Scheme 4.2 

 

Reagents and conditions: (d): Arylacetylene, (PPh3)2PdCl2, Et3N, CuI, DMF, r.t, 1 week, 15-
30%. 
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4.2.3 Third series of compounds  

The third series of compounds include 9-cyclopentyladenine and 9-phenethyladenine derivatives 

bearing a chlorine atom in 2-position and, in the case of the second group of compounds, an 

alkyl chain in N6-position together with a para-methoxyphenylethynyl in 8-position. 

Compounds 22-38 were all synthesized in four main steps by using 2,6-dichloropurine (21) 

commercially available, as starting material (Scheme 4.3).  

The alkylation of 2,6-dichloropurine (1) achieved in DMF in presence of dry K2CO3 and using 

the suitable alkyl bromide as alkylating agent led to mixtures of the N-9 and N-7 isomers 22-23 

and 22a-23a, respectively, which were separated through flash column chromatography. Also, in 

this case, the N-7 isomers were obtained with lower yield and they showed lower Rf during the 

development of TLC; furthermore, N-9 and N-7 isomers showed different chemical shifts for 

NH2 and H-8, as it has been obtained for similar adenine derivatives discussed before. To 

confirm the alkylation position, the corresponding 6-amino derivatives of 22a and 23a 

(compounds 24 and 25) have been hydrogenated in the presence of palladium and the reactions 

led to the respective 2-unsubstituted adenine yet described172. These data are the final proof that 

the  alkylation have been obtained in 9-position. 

The N-9 isomers 22 and 23 were in turn selectively aminated at 6-position. The reaction for the 

introduction of the amino group has been carried out by treatment with gaseous ammonia in tight 

closed steel vial at room temperature (r.t.). On the other hand, reaction with the other amines, 

methylamine, cyclopentylamine, phenethylamine has been carried out in DMF, using 

triethylamine as base catalyst, at r.t for 4-6 hrs. The 2-chloroadenine derivatives 24-28 have been 

obtained as pure compound after extraction with water and organic solvent followed by 

evaporation to dryness and crystallization with yield of about 90% (Scheme 4.3).   
Compounds 24-28 were, then, treated with NBS in a mixture methanol-acetonitrile (1:1) to get 

the 2-chloro-8-bromo adenine derivatives 29-33 after reaction at r.t for 24 h. 29-33 were obtained 

as pure compounds after chromatography on a silica gel column with the yield 37-71%  

The final desired derivatives were obtained through a Sonogashira cross-coupling in the same 

conditions described for the first and second series of derivatives reported here but heating the 

reactions at 100 °C for 4h-6 h to get the 8-para-methoxyphenylethyladenine derivatives 34-38. 
The yield of the reactions are very low due to side products formed and also to the difficult 

purification of those compounds which required silica gel flash chromatography and then a 

second purification by reverse-phase silica chromatography. The compounds were obtained after 

crystallization with yields ranging from 15-40% (Scheme 4.3). 
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Scheme 4.3                  

 
Reagents and conditions: (e) Alkylbromide, dry K2CO3, DMF, r.t., 1 week ,39% (22); 70% (23); (f) gaseous NH3 
or R1-NH2, Et3N, DMF, r.t., 4-6 h, 90%; (g) NBS, MeOH-CH3CN (1:1), 24 h, 37-71%; (h) para-
methoxyphenylacetylene, (PPh3)2PdCl2, CuI, Et3N, DMF, 100 °C, 6 h, 15-40%.  
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4.3 Results and discussion 
All the newly synthesized adenine derivatives 8-10, 12-20, 24-38 were tested were tested in 

binding or functional studies at human A1, A2A, A2B, and A3 ARs cloned and transfected in CHO 

cells by the research group of Prof. Klotz K.-N., at the University of Wuerzburg (Germany), and 

by the research group of Prof. Marucci G., at the University of Camerino. Binding studies were 

performed at the A1, A2A, and A3 AR subtypes using the [3H]-N6-cyclopentyl-2-chloroAdo ([3H]-

CCPA), the [3H]-NECA, and the [3H]-2-hexynyl-N6-methylAdo ([3H]-HEMADO) as 

radioligands, respectively. At A2BR subtype a functional study was performed by the evaluation 

of adenylyl cyclase activity inhibition, through the measure of the cAMP levels 173,174. 

The results of binding studies are summarized in Tables 4.1-4.3 where the 9-cyclopentyl-8-

(phenylethynyl)adenine (ANR 235) has been reported as reference compound. 

All the compounds showed IC50 values at A2BR higher than 30,000 nM, for this reason these data 

are not reported in the tables.   

The reference compound ANR 235 is endowed with high affinity and good selectivity for the 

A3R (Ki A3R = 30 nM; selectivity A1/A3 = 110 and A2A/A3 = 44; Table 4.1). Replacement of the 

9-cyclopentyl group with different substituents led to compounds 8-10 (first series), which 

maintained the preference for the A3R subtype, although with a slight decrease of affinity. In 

particular, the introduction of a hydroxypropyl chain at the 9-position decreases both the affinity 

and the selectivity for the A3R (8: Ki A3R = 274 nM; selectivity A1/A3 = 5 and A2A/A3 = 4; Table 

4.1). On the contrary, the introduction at the same position of a phenylethyl and a phenylpropyl 

chains improved the A3R selectivity (9, Ki A3R = 67 nM; selectivity A1/A3 and A2A/A3 > 1,492; 

10: Ki A3R = 103 nM; selectivity A1/A3 > 291 and A2A/A3 > 970; Table 4.1). 

Since compounds ANR 235 and 9, bearing in 9-position a cyclopentyl and a phenylethyl chains, 

showed the best A3R affinity and selectivity, respectively, these two substitutions have been 

chosen for the synthesis of the further compounds (series 2 and 3). 

Hence, in the second series of compounds, which maintained in N-9 position either a cyclopentyl 

or a phenylethyl chain, different substituents at the ortho, meta, and para position of the  8-

phenylalkyne were introduced. Furthermore in one case, the phenyl ring of the 8-phenylalkyne 

was replaced by a pyridine. The results reported in Table 4.2 showed that, also in this case, the 

resulted compounds 12-20 showed a preference for the A3R, with two exceptions represented by 

12 and 17, which bear a cyclopentyl at 9-position and a para-methyphenylethynyl and a 4-

ethynylpyridine in 8-position, respectively. 



102 
 

Table 4.1: Biological profile of 8-phenylethyladenine derivatives 8–10 (first series of compounds) at human  A1, 
A2A, A3 ARs stably transfected in CHO cells; values are expressed as Ki nM; 9-cyclopentyl-8-phenylethyladenine 
has been reported as reference compound.                                          

 

Cpds R hA1
a hA2A

b hA3
c 

9-cyclopentyl-8-
phenylethyladenine cC5H9 

3,320 
(3,082-3,580) 

1,320 
(871-1,990) 

30 
(18-50) 

8 HO(CH2)3 
1,500 

(1,430-1,570) 
1,080 

(875-1,320) 
274 

(169-444) 

9 Ph(CH2)2 >100,000 >100,000 67 
(43-103) 

10 Ph(CH2)3 >30,000 >100,000 103 
(74.1-142) 

aDisplacement of specific [3H]CCPA binding at human A1AR expressed in CHO cells (n = 3−6). bDisplacement of 
specific [3H]NECA binding at human A2AAR expressed in CHO cells. cDisplacement of specific [3H]HEMADO 
binding at human A3AR expressed in CHO cells. Data are expressed as geometric means, with 95% confidence 
limits. 
 
 

In fact, 12 (Ki A1R > 30,000 nM, Ki A2AR = 660 nM, Ki A3R = 1,010 nM) showed a slight 

preference for the A2AR, while 17 (Ki A1R = 851 nM, Ki A2AR = 855 nM, Ki A3R = 851 nM) 

resulted unselective. The introduction of an ortho-chloro substituent in the phenyl ring of ANR 

235 led to a derivative which maintains affinity for the A3AR (13: Ki A3R = 27 nM versus ANR 

235: Ki hA3R = 30 nM) but decreased selectivity for the A2AAR more than 6 fold respect to the 

reference compound (13: selectivity A2A/A3 = 7 versus ANR 235: selectivity A2A/A3 = 44 see 

Tables 4.1 and 4.2). The presence of meta-chloro decreased affinity for the A3AR of only 2 fold 

but the noticeable effect was that selectivity for the A1AR which decreased of 20 fold (14: 

selectivity A1/A3 = 5 ANR versus 235: selectivity A1/A3 = 110). The para-chloro substitution led 

to a significant reduction of both affinity and selectivity. Among the different substituents, the 

para-methoxy group seems to be the most favorable. In fact, 16 showed the best A3 affinity (16: 

Ki A3R = 5.5 nM) and increased selectivity for A1R for more than 50 fold, although the 

selectivity versus the A2AR decreased (7: selectivity A1/A3 = 6000 and A1/A2A = 22 versus ANR 

235: selectivity A1/A3 = 110 and A1/A2A = 44). These data suggest that the phenyl group para-

position should be substituted with groups, like the methoxy able to accept a hydrogen bond 

from the receptor (e.g methyl or chlorine as found in 12 and 15, respectively). Surely, this 
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hypothesis should be verified with the synthesis and evaluation of other derivatives bearing 

different hydrogen bond acceptors in the para-position of the phenyl ring. 

 

Table 4.2: Biological profile of synthesized compounds 12–20 (second series of compounds) at human A1, A2A, A3 
ARs stably transfected in CHO cells; values are expressed as Ki nM.                                          

 

 

Cpds R Ar hA1
a hA2A

b hA3
c 

12 cC5H9 Ph-(p-CH3) >30,000 660±64 1,010±17 

13 cC5H9 Ph-(o-Cl) 1,589±47 192±54 27±2 

14 cC5H9 Ph-(m-Cl) 334±75 1,442±138 61±15 

15 cC5H9 Ph-(p-Cl) >30,000 >30,000 983±81 

16 cC5H9 Ph-(p-OCH3) >30,000 124±23 5.5±1 

17 cC5H9 4-pyridine 851±104 855±10 851±104 

18 Ph(CH2)2 Ph-(p-OCH3) >30,000 >30,000 19±4 

19 Ph(CH2)2 Ph-(o-Cl) 8,119±924 >30,000 40±9 

20 Ph(CH2)2 Ph-(m-Cl) >30,000 >30,000 284 ± 73 
aDisplacement of specific [3H]CCPA binding at human A1AR expressed in CHO cells (n = 3−6). bDisplacement of 
specific [3H]NECA binding at human A2AAR expressed in CHO cells. cDisplacement of specific [3H]HEMADO 
binding at human A3AR expressed in CHO cells. Data are expressed as means ± SE. 
 
 

As expected, replacement of the 9-cyclopentyl group in compounds 13, 14, and 16 with a 

phenylethyl chain, to obtain 18-20, led to an increase of the A3R selectivity in most cases, 

although with a slight decrease of the affinity for the same receptor subtype. The presence of the 

para-methoxyphenyl ring in the 8-position gave the compound endowed with the best A3R 

affinity and, in this case, with a very good selectivity profile (18: Ki A3R = 19 nM, selectivity 

A1/A3 and A1/A2A > 1,578). 

The third series of compounds focused the interest on the contribution of C-2 chlorine combined 

with alkyl chain in N6-position, maintaining the 8-p-methoxyphenyl group and the 9-cyclopentyl 

or 9-phenylethyl chains. The goal of this third series was mainly to increase the selectivity ratio 
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A2A/A3 of cyclopentyl derivatives 16 or to increase the A3R affinity of the phenylethyl derivative 

18, maintaining the same highest A1/A3 and A2A/A3 selectivity ratio. 

 
Table 4.3: Biological profile of synthesized compounds 24–38 (third series of compounds) at human A1, A2A, A3 
ARs stably transfected in CHO cells; values are expressed as Ki nM.      

 

Cpd R R1 R2 hA1
a hA2A

b hA3
d 

24 cC5H9 H H 1893±160 465±129 631±61 

29 cC5H9  Br ND ND ND 

34 cC5H9 H C≡C-(p-OCH3)Ph >30,000 >30,000 376±94 

25 Ph(CH2)2 H H 9,147±1233 >30,000 57±12 

30 Ph(CH2)2 H Br 6,548±424 3,802±399 58±5 

35 Ph(CH2)2 H  C≡C-(p-OCH3)Ph >30,000 >30,000 26±3 

26 Ph(CH2)2 CH3 H >30,000 >30,000 50±9 

31 Ph(CH2)2 CH3 Br >30,000 >30,000 329±28 

36 Ph(CH2)2 CH3 C≡C(p-OCH3)Ph >30,000 >30,000 35±4 

27 Ph(CH2)2 cC5H9 H ND ND ND 

32 Ph(CH2)2 cC5H9 Br 1,002±171 2,155±218 1,289±58 

37 Ph(CH2)2 cC5H9 C≡C(p-OCH3)Ph  >30,000 >30,000 61±12 

28 Ph(CH2)2 Ph(CH2)2 H 2,279±403 >30,000 29±1.2 

33 Ph(CH2)2 Ph(CH2)2 Br 2,435±3 >30,000 44±8 

38 Ph(CH2)2 Ph(CH2)2 C≡C(p-OCH3)Ph  >30,000 >30,000 8.4±1.1 
aDisplacement of specific [3H]CCPA binding at human A1AR expressed in CHO cells (n = 3−6). bDisplacement of 
specific [3H]NECA binding at human A2AAR expressed in CHO cells. cDisplacement of specific [3H]HEMADO 
binding at human A3AR expressed in CHO cells. Data are expressed as means ± SE. 
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In the case of this series also the 8-unsubstituted adenine derivatives and 24-26, 28 and the 8-

bromo derivatives 30-33 and were evaluated in binding assay. Compounds 27 and 29 were not 

available in sufficient amount for their evaluation. The results reported in Table 4.3. 

The introduction of a C-2 chlorine atom at the 9-cyclopentyl derivative 16 was detrimental for 

the A3AR affinity leading to 34 (Ki A3R = 5.5 nM and 376 nM, respectively). On the contrary, 

the same substitution on the 9-phentlethyl derivative 18 led to a maintaining of the A3 affinity 

and selectivity ((18: Ki A3R = 19 nM, selectivity A1/A3 and A1/A2A > 1,578 versus 35: Ki A3R = 

26 nM, selectivity A1/A3 and A1/A2A > 1,154). These findings suggested the further substitution 

only in the 9-phenylethyl derivative 35. 

The introduction of a methyl or a cyclopentyl group at the N6-position of 35 did not improve or 

slightly decreased the A3R affinity (36: Ki A3R = 35 nM and 37: Ki A3R = 61 nM), while the 

presence of a more hindered phenylethyl chain, in the same position, favored  the interaction 

with the A3R subtype leading to the most active and selective compound of the newly 

synthesized ligands (38: Ki A3R = 8.4 nM, selectivity A1/A3 and A1/A2A > 3,571). 

The intermediate derivatives bearing at C-8 position an hydrogen or a bromine atom displayed in 

general good affinity and different degree of selectivity, the 8-bromo substituted derivatives. 

 

4.3.1 Functional studies at human A3AR  
In order to verify the antagonistic behaviour of new ligands, selected compounds 16, 18, and 38 
were evaluated in functional assay at the human A3 receptors. In this assay, the ability of the 

compounds to counteract the inhibition of adenylyl cyclase activity in CHO cells expressing such 

receptors was evaluated. In table 4.4, the IC50 values of such compounds are reported in 

comparison with their binding affinity.  

 
Table 4.4: Functional data, as IC50 value (nM), at human A3ARs in comparison with binding affinity data (Ki, nM) 
of compounds 16, 18, and 38. 

Compound hA3R 
a(Ki nM) 

hA3R 
b(IC50 nM) 

16 5.5 ± 1 86 ± 11 

18 18.5 ± 4 152 ± 22 

38 8.4 ± 1.1 110 ± 18 
aDisplacement of specific [3H]-HEMADO binding at human A3R expressed in CHO cells. bIC50 values obtained 
counteracting NECA inhibition of adenylyl cyclase activity in CHO cells expressing hA3R. Data are expressed as 
means ± SE. 
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The compounds confirmed antagonist behaviour as they were able to reverse the inhibition of the 

adenylyl cyclase activity induced by the full agonist NECA at the A3 subtype. Furthermore, they 

showed IC50 values in the high nanomolar range with compound 16 acting as the best antagonist 

with IC50 equal to 86 nM.   

 

 

 

In conclusion, three different series of di-, tri-, and tetra-substituted adenine derivatives have 

been designed and synthesized as A3AR antagonists. Binding studies at human ARs 

demonstrated that most of the new compounds are endowed with high affinity and different 

degree of selectivity for the A3AR subtype. In particular, the tetra-substituted adenine derivative 

38 (Ki A3R = 8.4 nM; Ki A1R and Ki A2AR >30,000 nM) resulting the most active and selective 

ligand. 

 The functional studies confirmed the antagonistic behavior of the selected newly synthesized 

adenine derivatives. Calculated IC50 values were in good agreement with the binding data and 

confirmed the 2-chloro-N6,9-diphenylethyl-8-paramethoxyphenylethynyladenine (38) as the 

most potent and selective A3R antagonist of the three series. This compound represents a very 

good ligand to study the A3AR and its functions. 
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4.4: Experimental section 

4.4.1: Materials and methods  
The materials and methods have been described earlier in the experimental section of Chapter 3. 

4.4.2: Chemistry 
General procedure for the synthesis of 9-alkyladenines 2–4 and 7-alkyladenines 2a–4a, 9-
alkyl-2,6-dichloro-9H-purine (22, 23) and 7-alkyl-2,6-dichloro-9H-purine (22a, 23a): To 1.0 

mmol of adenine (1) or 2,6-dichloropurine (21), dissolved in 4 mL of dry DMF, dry K2CO3 (200 

mg) and the suitable alkyl halide (1.2 mmol) were added. The mixture was stirred under a 

nitrogen atmosphere from 3-7 days. The solvent was evaporated and the residue was 

chromatographed on a silica gel column eluting with the suitable mixture of solvents (see the 

section below) to give compounds 2–4, 2a-4a and 22, 23, 22a, 23a. 

Compounds 2 and 2a were obtained from 1 by reaction with 3-bromo-1-propanol as pure 

compounds after column chromatography eluting with CHCl3–CH3OH–NH3/CH3OH (94:4:2) 

with 28 and 27% yield, respectively. 

9-(3-Hydroxypropyl)-9H-adenine (2): 1H NMR (DMSO-d6) : 1.91 (m, 2H, CH2CH2OH), 3.35 

(m, 2H, CH2OH), 4.17 (t, 2H, J = 7.0 Hz, CH2N), 4.64 (t, 1H, J = 5.2 Hz, OH), 7.18 (br s, 2H, 

NH2), 8.09 (s, 1H, H-8), 8.10 (s, 1H, H-2). 

7-(3-Hydroxypropyl)-7H-adenine (2a): Compound 2a was obtained after column 

chromatography eluting with CHCl3–CH3OH–NH3/CH3OH (94:4:2). 1H NMR (DMSO-d6) : 

2.02 (m, 2H, CH2CH2OH), 3.39 (m, 2H, CH2OH), 4.37 (t, 2H, J = 6.9 Hz, CH2N), 4.85 (t, 1H, J 

= 5.2 Hz, OH), 7.76 (s, 1H, H-2), 7.87 (br s, 2H, NH2), 8.31 (s, 1H, H-8). 

Compounds 3 and 3a were obtained from 1 by reaction with 1-bromo-2-phenylethane as pure 

compounds after column chromatography eluting with CHCl3–CH3OH (95:5) with 82 and 8% 

yield, respectively. 

9-Phenylethyl-9H-adenine (3): 1H NMR (DMSO-d6) : 3.11 (t, 2H, J = 7.0 Hz, CH2Ph), 4.36 (t, 

2H, J = 7.2 Hz, CH2N), 7.18 (m, 7H, H-Ph and NH2), 7.90 (s, 1H, H-8), 8.12 (s, 1H, H-2).  

7-Phenylethyl-9H-adenine (3a): 1H NMR (DMSO-d6) : 3.24 (t, 2H, J = 7.1 Hz, CH2Ph), 4.54 

(t, 2H, J = 7.2 Hz, CH2N), 7.21 (m, 5H, H-Ph), 7.81 (s, 1H, H-2), 7.87 (br s, 2H, NH2), 8.12 (s, 

1H, H-8). 

Compounds 4 and 4a were obtained from 1 by reaction with 1-bromo-2-phenylpropane as pure 

compounds after column chromatography eluting with CHCl3-NH3/CH3OH (99:2) with 82 and 

11% yield, respectively. 
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9-Phenylpropyl-9H-adenine (4): 1H-NMR (DMSO-d6) : 2.13 (m, 2H, CH2CH2CH2), 2.59 (m, 

2H, CH2Ph), 4.16 (t, J = 7.1 Hz, 2H, CH2N), 7.24 (m, 7H, NH2 and H-Ph), 8.13 (s, 1H, H-2), 

8.15 (s, 1H, H-8). 

7-Phenylpropyl-9H-adenine (4a): 1H-NMR (DMSO-d6) : 2.22 (m, 2H, CH2CH2CH2); 2.62 

(m, 2H, CH2Ph); 4.33 (t, J = 7.0 Hz, 2H, CH2N); 7.23 (m, 5H, H-Ph); 7.75 (s, 1H, H-2); 7.83 (br 

s, 2H, NH2); 8.32 (s, 1H, H-8). 

Compounds 22 and 22a were obtained from 21 by reaction with bromocyclopentane as pure 

compounds after column chromatography eluting with cC6H12-EtOAc (90:10 to 70:30) with 37 

and 7% yield, respectively. 

9-Cyclopentyl-2,6-dichloro-9H-purine (22): 1H-NMR (DMSO-d6) : 1.69 (m, 2H, H-

cyclopentyl), 1.86 (m, 2H, H-cyclopentyl), 2.00 (m, 2H, H-cyclopentyl), 2.18 (m, 2H, H-

cyclopentyl), 4.92 (m, 1H, NCH), 8.82 (s, 1H, H-8). 

7-Cyclopentyl-2,6-dichloro-9H-purine (22a): 1H-NMR (DMSO-d6) : 1.67 (m, 2H, H-

cyclopentyl), 1.85 (m, 2H, H-cyclopentyl), 1.99 (m, 2H, H-cyclopentyl), 2.14 (m, 2H, H-

cyclopentyl), 5.01 (m, 1H, NCH), 8.97 (s, 1H, H-8). 

Compounds 23 and 23a were obtained from 21 by reaction with 1-bromo-2-phenylethane as pure 

compounds after column chromatography eluting with cC6H12-EtOAc (90:10 to 70:30) with 64 

and 16% yield, respectively. 

2,6-Dichloro-9-phenylethyl-9H-purine (23): 1H-NMR (DMSO-d6) : 3.17 (t, J = 7.0 Hz, 2H, 

CH2Ph), 4.52 (t, J = 7.5 Hz, 2H, CH2N), 7.14-7.27 (m, 5H, H-Ph), 8.55 (s, 1H, H-8). 

2,6-Dichloro-7-phenylpethyl-9H-purine (23a): 1H-NMR (DMSO-d6) : 3.16 (t, J = 7.5 Hz, 2H, 

CH2Ph), 4.70 (t, J = 7.5 Hz, 2H, CH2N), 7.15-30 (m, 5H, H-Ph), 8.63 (s, 1H, H-8). 

General procedure for the synthesis of 9-alkyl-8-bromoadenines 5–7 and 29-33: To 1.0 

mmol of the appropriate 9-alkyladenines 2–4 dissolved in 4 mL of dry DMF, N-

bromosuccinimide (NBS, 2.0 mmol) was added. The mixture was stirred under a nitrogen 

atmosphere at room temperature for the suitable time (see below).  

For the synthesis of compounds 29-33, to 1.0 mmol of the appropriated 9-alkyl-2-chloro-9H-

adenine 24 or 25 or N6,9-dialkyl-2-chloro-9H-adenines 26-28 solubilized in a mixture of dry 

MeOH-dry CH3CN (50:50) NBS (3.37 mmol) was added. The mixture was stirred under a 

nitrogen atmosphere at room temperature for 12 hours after which an equal amount of NBS was 

added (3.37mmol) and the mixture left under stirring at room temperature for others 12 hours. 
The solvent was removed in vacuo and the residue was chromatographed on a silica gel column 
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eluting with the suitable mixture of solvents for 5-7 (see below) and with cC6H12-EtOAc (90:10 

to 70:30) for 29-33. 

8-Bromo-9-(3-hydroxypropyl)-9H-adenine (5): Compound 5 was obtained from 2 as pure 

compound after chromatography eluting with CHCl3–CH3OH (97:3) with 24% yield. 1H-NMR 

(DMSO-d6) : 1.89 (m, 2H, CH2CH2OH), 3.44 (m, 2H, CH2OH), 4.19 (t, 2H, J = 4.8 Hz, CH2 

N), 4.66 (t, 1H, J = 3.4 Hz, OH), 7.39 (br s, 2H, NH2), 8.13 (s, 1H, H-2). 

8-Bromo-9-phenethyl-9H-adenine (6): Compound 6 was obtained from 3 as pure compound 

after chromatography eluting with CHCl3–CH3OH (99:1) with 55% yield. 1H-NMR (DMSO-d6) 

: 3.10 (t, 2H, J = 7.1 Hz, CH2Ph), 4.36 (t, 2H, J = 7.1 Hz, CH2N), 7.11 (d, 2H, J = 7.4 Hz, H–

Ph), 7.26 (m, 3H, H–Ph), 7.39 (br s, 2H, NH2), 8.15 (s, 1H, H-2). 

8-Bromo-9-phenylpropyl-9H-adenine (7): Compound 7 was obtained from 4 as pure 

compound after chromatography eluting with cC6H12-EtOAc (75:25 to 60:40) with 43% yield.  
1H-NMR (DMSO-d6) : 2.05 (m, 2H, CH2CH2Ph), 2.61 (m, 2H, CH2-Ph), 4.15 (t, J = 7.0 Hz, 

2H, CH2N), 7.22 (m, 5H, H-Ph), 7.38 (bs, 2H, NH2), 8.13 (s, 1H, H-2).  

8-Bromo-2-chloro-9-cyclopentyl-9H-adenine (29): Compound 29 was obtained from 24 with 

the yield of 51%. M. p.: 198-201 °C; 1H-NMR (DMSO-d6)  δ: 1.68 (m, 2H, H-cyclopentyl), 2.00 

(m, 2H, H-cyclopentyl), 2.01 (m, 2H, H-cyclopentyl), 2.20 (m, 2H, H-cyclopentyl), 4.86 (m, 1H, 

NCH), 7.88 (br s, 2H, NH2).   
8-Bromo-2-chloro-9-phenethyl-9H-adenine (30): Compound 30 was obtained from 25 with the 

yield of 60%. M. p.: 139-144 °C; 1H-NMR (DMSO-d6) δ: 3.07 (t, J = 7.00 Hz, 2H, CH2Ph), 4.34 

(t, J = 7.00 Hz, 2H, CH2N), 7.08 (m, 2H, H-Ph), 7.24 (m, 3H, H-Ph), 7.87 (s, 2H, NH2). 
8-Bromo-2-chloro-9-phenethyl-N6-methyl-9H-adenine (31): Compound 31 was obtained from 

26 with the yield of 37%. M. p.: 163-166 °C; 1H-NMR (DMSO-d6) δ: 2.91 (d, J = 4.50 Hz, 3H, 

CH3N),  3.07 (t, J = 7.00 Hz, 2H, CH2Ph), 4.32 (t, J = 7.00 Hz, 2H, CH2N), 7.08 (m, 2H, H-Ph), 

7.24 (m, 3H, H-Ph), 8.36 (br m, 1H, NH). 
8-Bromo-2-chloro-9-phenethyl-N6-cyclopentylamino-9H-adenine (32): Compound 32 was 

obtained from 27 with the yield of 71%. M.p.: 115-120 °C; 1H-NMR (DMSO-d6) δ: 1.56 (m, 2H, 

H-cyclopentyl), 1.71 (m, 2H, H-cyclopentyl), 1.92 (m, 2H, H-cyclopentyl), 3.06 (t, J = 7.00 Hz, 

2H, CH2Ph), 4.33 (t, J = 7.00 Hz, 2H, CH2N), 4.40 (m, 1H, NCH), 7.10 (m, 2H, H-Ph), 7.25 (m, 

3H, H-Ph), 8.41 (m, 1H, NH). 
8-Bromo-2-chloro-N6,9-diphenylethyl-9H-adenine (33): Compound 33 was obtained from 28 

with the yield of 37%. M.p.: 157-160 °C; 1H-NMR (DMSO-d6)  δ. 2.91 (m, 2H, CH2Ph), 3.06 (t, 
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J = 7.00 Hz, 2H, CH2Ph), 3.64 (m, 2H,  CH2NH), 4.32 (t, J = 7.00 Hz, 2H, CH2N), 7.08 (m, 2H, 

H-Ph), 7.25 (m, 8H, H-Ph), 8.49 (br m, 1H, NH). 
General procedure for the synthesis of 6-aminopurine derivatives 24 and 25: Gaseous NH3 

was condensed into a steel vessel at -78 °C and 22 or 23 (0.85 mmol) was added. The steel vessel 

was tightly closed and left to react at r.t. for 6 hs. The content was then transferred into a flask by 

solvent and co-evaporated with MeOH (5 x 10 mL). The residue was extracted with water (H2O) 

and EtOAc (15 ml x 3 times). The organic phase was collected washed with brine and dried over 

anhydrous sodium sulphate (Na2SO4). The organic phase was filtered and evaporated under 

vacuum to dryness to afford a yellowish solid. The yellowish solid was crystallized from in 

CH2Cl2/n-hexane to afford 24 and 25 as white solids. 

2-Chloro-9-cyclopentyl-9H-adenine (24): Compound 24 was obtained from 22 with the yield 

of 70%. M. p.: 225-229 °C;  1H-NMR (DMSO-d6)  δ: 1.69 (m, 2H, H-cyclopentyl), 1.86 (m, 2H, 

H-cyclopentyl), 1.94 (m, 2H, H-cyclopentyl), 2.14 (m, 2H, H-cyclopentyl), 4.77 (m, 1H, NCH), 

7.72 (s, 2H, NH2), 8.23 (s, 1H, H-8). ESI-MS: positive mode m/z 238.0 [M+H]+, 260.0 [M+Na]+.  

2-Chloro-9-phenylethyl-9H-adenine  (25): Compound 25 was obtained from 23 with the yield 

of 91%. M. P.: 217-221 °C; 1H-NMR (DMSO-d6)  δ 3.12 (t, J = 7.00 Hz, 2H, CH2Ph), 3.36 (t, J = 

7.00 Hz, 2H, CH2N), 7.15 (m, 2H, H-Ph), 7.21 (m, 1H, H-Ph), 7.27 (m, 2H, H-Ph), 7.12 (s, 2H, 

NH2), 7.94 (s, 1H, H-8). ESI-MS: positive mode m/z 274.1 [M+H]+, 295.9 [M+Na]+.  

General procedure for the synthesis of 6-alkyladenine derivatives 26-28: Intermediate 23 

(1.36 mmol) was solubilized in dry DMF (10 mL) under N2 atmosphere. Et3N (1.2 mL, 0.009 

mmol) and the suitable amine (5.3 mmol) were added and the mixture was left under stirring at 

r.t for 4 hs. The reaction mixture was stopped: volatiles were removed under vacuum and the  

residue was extracted with water (H2O) and EtOAc (15 mL x 3 times). The organic phase was 

collected, washed with brine and dried over anhydrous Na2SO4. The dry organic phase was 

filtered and evaporated under vacuum to dryness to afford a yellowish solid. The yellowish solid 

was crystallized CHCl3/n-hexane afford 26-28 as white solids. 

2-Chloro-N6-methyl-9-phenethyl-9H-adenine  (26): Yield: 92%. M.P.: 126-131°C; 1H-NMR 
(DMSO-d6)  δ: 2.91 (d, J = 4.50 Hz, 3H, CH3-NH), 3.12 (t, J = 7.00 Hz, 2H, CH2Ph), 4.36 (t, J = 

7.00 Hz, 2H, CH2N), 7.16 (m, 2H, H-Ph), 7.21 (m, 1H, H-Ph), 7.26 (m, 2H, H-Ph), 7.91 (br s, 

1H, HNCH3), 8.13 (br s, 1H, H-8). ESI-MS: positive mode m/z 288.0 [M+H]+, 310.0 [M+Na]+.  

2-Chloro-N6-cyclopentyl-9-phenethyl-9H-adenine (27): Yield: 81%. Vitreous solid; 1H-NMR 
(DMSO-d6)   δ: 1.56 (m, 4H, H-cyclopentyl), 1.71 (m, 2H, H-cyclopentyl), 1.92 (m, 2H, H-

cyclopentyl), 3.12 (t, J = 7.00 Hz, 2H, CH2Ph), 4.37 (t, J = 7.00 Hz, 2H, CH2N), 4.42 (m, 1H, 
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NCH), 7.18 (m, 2H, Ph), 7.22 (m, 1H, Ph), 7.26 (m, 2H, 7.91 (br s, 1H, H-8), 8.17 (br s, 1H, 

NH). ESI-MS: positive mode m/z 342.1 [M+H]+, 364.0 [M+Na]+.  

2-Chloro-N6,9-diphenylethyl-9H-adenine (28): Yield: 70%. M.p.: 157-160 °C; 1H-NMR 
(DMSO-d6)  δ: 2.92 (t, J = 7.00 Hz, 2H, CH2Ph), 3.12 (t, J = 7.00 Hz, 2H, CH2Ph), 3.65 (t, J = 

7.00 Hz, 2H, CH2NH), 4.36 (t, J = 7.00 Hz, 2H, CH2N), 7.23 (m, 10H, H-Ph), 7.93 (s, 1H, H-8), 

8.26 (br s, 1H, NH). ESI-MS: positive mode m/z 378.0 [M+H]+, 399.9 [M+Na]+.  

General procedure for the synthesis of 8-alkynyl-9-alkyladenines 8-10, 12-20, and 34-38.  
The title compounds were synthesized following similar methodologies previously reported175, 
176. To a solution of 5-7, 11, 29-33 (0.84 mmol) in dry DMF, bis(triphenylphosphine)palladium 

dichloride (12 mg, 0.017 mmol), CuI (0.84 mg, 0.004 mmol), Et3N (3.4 mL), and the appropriate 

terminal alkyne (4.2 mmol) were added. The reaction mixture was stirred under N2 atmosphere, 

at room temperature, for 5-7 days.  For the synthesis of compounds 34-38, the reaction mixtures 

were heated at 100°C under stirring and under N2 atmosphere for 4-6 hs. The solvent was 

removed in vacuo and the residue was chromatographed on a silica gel column eluting with 

CHCl3-cC6H12-CH3OH (85:10:5) (compounds 8-10), CH2Cl2-MeOH (100:00 to 95:5) 

(compounds 12-20), or cC6H12-EtOAc (90:10 to 70:30) (compounds 34-38). Compounds 12-20 

and 34-38 were further purified by reverse-phase chromatography eluting with H2O:CH3CN 

(80:20 to 50:50). 

9-(3-Hydroxypropyl)-8-phenylethynyl-9H-adenine (8): Yield: 42%. M.P.: 204-208 °C;  1H-

NMR (DMSO-d6) : 2.00 (m, 2H, CH2CH2CH2), 3.49 (m, 2H, CH2OH), 4.36 (t, J = 7.2 Hz, 2H, 

CH2-N), 4.68 (t, J = 5.1 Hz, 1H, CH2OH), 7.48 (bs, 2H, NH2), 7.55 (m, 3H, H-Ph), 7.72 (m, 2H, 

H-Ph), 8.20 (s, 1H, H-2). ESI-MS: positive mode m/z 294.0 [M+H]+, 316.0 [M+Na]+.  

9-Phenylethyl-8-phenylethynyl-9H-adenine (9): Yield: 40%. M. p.: 167-171°C; 1H-NMR 

(DMSO-d6) : 3.17 (t, J = 6.8 Hz 2H, CH2-Ph), 4.51 (t, J = 7.0 Hz, 2H, CH2-N), 7.05-7.65 (m, 

12H, H-Ph and NH2), 8.21 (s, 1H, H-2). ESI-MS: positive mode m/z 340.0 [M+H]+, 361.9 

[M+Na]+.  

8-Phenylethynyl-9-phenylpropyl-9H-adenine (10): Yield: 51%. M. p.: 197-199 °C; 1H-NMR 

(DMSO-d6) : 2.18 (m, 2H, CH2CH2CH2), 2.68 (t, J = 7.5 Hz,  2H, CH2-Ph), 4.30 (t, J = 7.2 Hz, 

2H, CH2-N), 7.24 (m, 5H, H-Ph), 7.48 (bs, 2H, NH2), 7.55 (m, 5H, H-Ph), 8.21 (s, 1H, H-2). 

ESI-MS: positive mode m/z 354.0 [M+H]+, 375.9 [M+Na]+.  

9-Cyclopentyl-8-(para-methylphenylethynyl)-9H-adenine (12): Yield: 15%. M.p.: 212-216 

°C; 1H-NMR (DMSO-d6)  : 1.73 (m, 2H, H-cyclopentyl), 2.06 (m, 2H, H-cyclopentyl);  2.12 

(m, 2H, H-cyclopentyl );  2.21 (m, 2H, H-cyclopentyl ); 5.12 (m, 1H, NCH); 7.33 (m, 2H, H-Ph); 
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7.45 (s, 2H, NH2); 7.58 (m, 2H, H-Ph); 8.17 (s, 1H, H-2). ESI-MS: positive mode m/z 318.0 

[M+H]+, 340.0 [M+Na]+, 657.1 [2M+Na]+.   

9-Cyclopentyl-8-(ortho-chlorophenylethynyl)-9H-adenine (13): Yield: 12%. M. p.: 208-210 

°C; 1H-NMR (DMSO–d6) : 1.71 (m, 2H, H-cyclopentyl), 1.99 (m, 2H, H-cyclopentyl), 2.12 (m, 

2H, H-cyclopentyl), 2.37 (m, 2H, H-cyclopentyl), 5.18 (m, 1H, NCH), 7.50 (m, 4H, H-Ph and 

NH2), 7.68 (m, 1H, H-Ph), 7.82 (m, 1H, H-Ph),  8.19 (s, 1H, H-2). ESI-MS: positive mode m/z 

338.1 [M+H]+, 360.1 [M+Na]+, 697.2 [2M+Na]+.   
9-Cyclopentyl-8-(meta-chlorophenylethynyl)-9H-adenine (14): Yield: 7%. M. p.: 197-203 °C; 
1H-NMR (DMSO-d6)  δ: 1.74 (m, 2H, H-cyclopentyl),  2.00 (m, 2H, H-cyclopentyl),  2.13 (m, 

2H, H-cyclopentyl ),  2.33 (m, 2H, H-cyclopentyl), 5.15 (m, 1H, NCH), 7.49 (br s, 2H, NH2), 

7.54 (m, 1H, H-Ph), 7.62 (m, 1H, H-Ph), 7.67 (m, 1H, H-Ph), 7.82 (s, 1H, H-Ph), 8.19 (s, 1H, H-

2). ESI-MS: positive mode m/z 338.3 [M+H]+, 360.3 [M+Na]+, 697.3 [2M+Na]+.   
9-Cyclopentyl-8-(para-chlorophenylethynyl)-9H-adenine (15): Yield: 20%. M. p.: 230-235 

°C; 1H-NMR (DMSO-d6)  δ: 1.73 (m, 2H, H-cyclopentyl),  1.99 (m, 2H, H-cyclopentyl),  2.14 

(m, 2H, H-cyclopentyl),  2.31 (m, 2H, H-cyclopentyl), 5.13 (m, 1H, NCH), 7.49 (br s, 2H, NH2); 

7.60 (m, 2H, H-Ph), 7.72 (m, 2H, H-Ph), 8.18 (s, 1H, H-2). ESI-MS: positive mode m/z 338.0 

[M+H]+.   
9-Cyclopentyl-8-(para-methoxylphenylethynyl)-9H-adenine (16): Yield: 35%. M. p.: 188-194 

°C; 1H-NMR (DMSO-d6)  δ: 1.73 (m, 2H, H-cyclopentyl), 2.00 (m, 2H, H-cyclopentyl),  2.13 (m, 

2H, H-cyclopentyl),  2.31 (m, 2H, H-cyclopentyl), 3.83 (s, 3H, OCH3), 5.12 (m, 1H, NCH), 7.06 

(m, 2H, H-Ph), 7.42 (br s, 2H, NH2), 7.63 (m, 2H, H-Ph), 8.18 (s, 1H, H-2). ESI-MS: positive 

mode m/z 334.0 [M+H]+, 356.0 [M+Na]+, 689.1 [2M+Na]+.   
9-Cyclopentyl- 8-(pyridin-4-ylethynyl)-9H-adenine (17):  Yield: 10%. M. p.: 231-234 °C; 1H-

NMR (DMSO-d6)  δ:  1.74 (m, 2H, H-cyclopentyl), 2.01 (m, 2H, H-cyclopentyl), 2.15 (m, 2H, H-

cyclopentyl), 2.32 (m, 2H, H-cyclopentyl), 5.15 (m, 1H, NCH), 7.55 (br s, 2H, NH2), 7.67 (d, J = 

5.8 Hz, 2H, H-Ph), 8.20 (s, 1H, H-2), 8.73 (d, J = 4.8 Hz, 2H, H-Ph). ESI-MS: positive mode m/z 

304.9 [M+H]+.   
9-Phenylethyl- 8-(para-methoxylphenylethynyl)-9H-adenine (18): Yield: 8%. M. p.: 188-193 

°C; 1H-NMR (DMSO-d6)  δ:  3.17 (t, J = 7.0 Hz, 2H, CH2Ph), 3.84 (s, 3H, OCH3), 4.50 (t, J = 7.0 

Hz, 2H, CH2N), 7.08 (m, 4H, H-Ph), 7.11 (m, 3H, H-Ph), 7.47 (br s, 2H, NH2), 7.58 (m, 2H, H-

Ph), 8.20 (s, 1H, H-2). ESI-MS: positive mode m/z 370.0 [M+H]+, 392.0 [M+Na]+.   
9-Phenylethyl- 8-(ortho-chlorophenylethynyl)-9H-adenine  (19): Yield: 28%. M. p.: 190-194 

°C; 1H-NMR (DMSO-d6)  δ:  3.19 (t, J = 7.0 Hz, 2H, CH2Ph), 4.55 (t, J = 7.0 Hz,  2H, CH2N), 
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7.15 (m, 2H, H-Ph), 7.18 (m, 3H, H-Ph), 7.50 -7.77 (m, 6H, H-Ph and NH2), 8.23 (s, 1H, H-2). 

ESI-MS: positive mode m/z 373.9 [M+H]+, 395.8 [M+Na]+.   

 
9-Phenethyl-8-(meta-chlorophenylethynyl)-9H-adenine (20): Yield: 9%. M. p.: 222-225 °C; 
1H-NMR (DMSO-d6) δ: 3.17 (t, J = 7.0 Hz, 2H, CH2Ph), 4.54 (t, J = 7.0 Hz, 2H, CH2N), 7.07-

7.18 (s, 5H, H-Ph), 7.49 (br s, 2H, NH2), 7.63 (m, 3H, H-Ph), 7.72 (s, 1H, H-Ph), 8.23 (s, 1H, H-

2). ESI-MS: positive mode m/z 373.9 [M+H]+, 395.8 [M+Na]+, 768.9 [2M+Na]+.   
2-Chloro-9-cyclopentyl-8-(para-methoxylphenylethynyl)-9H-adenine (34): Yield: 15%. M. 

p.: 232-234 °C; 1H-NMR (DMSO-d6) δ: 1.73 (m, 2H, H-cyclopentyl), 1.99 (m, 2H, H-

cyclopentyl), 2.14 (m, 2H, H-cyclopentyl), 2.25 (m, 2H, H-cyclopentyl), 3.84 (s, 3H, OCH3), 

5.01 (1H, NCH), 7.07 (m, 2H, H-Ph); 7.63 (m, 2H, H-Ph), 7.98 (s, 2H, NH2). ESI-MS: positive 

mode m/z 368.1 [M+H]+, 390.1 [M+Na]+, 757.2 [2M+Na]+.   
2-Chloro-9-phenylethyl-8-(para-methoxylphenylethynyl)-9H-adenine (35): Yield: 16%. M. 

p.: 232-236 °C; 1H-NMR (DMSO-d6) δ: 3.14 (t, J = 7.0 Hz, 2H, CH2Ph), 3.84 (s, 3H, OCH3), 

4.46 (t, J = 7.0 Hz, 2H, CH2N), 7.08 (m, 4H, H-Ph), 7.36 (m, 3H, H-Ph), 7.58 (d, J = 2.0 Hz, 2H, 

H-Ph), 7.93 (br s, 2H, NH2). ESI-MS: positive mode m/z 404.0 [M+H]+, 425.9 [M+Na]+.   

 2-Chloro-N6-methyl-9-phenylethyl-8-(para-methoxylphenylethynyl)-9H-adenine (36): 
Yield: 17%. M. p.: 137-144 °C; 1H-NMR (DMSO-d6) δ: 2.94 (d, J = 4.5 Hz, 3H, CH3NH), 3.14 

(t, J = 7.0 Hz, 2H, CH2Ph), 3.84 (s, 3H, OCH3); 4.47 (t, J = 7.0 Hz, 2H, CH2N), 7.07 (m, 4H, H-

Ph), 7.18 (m, 3H, H-Ph), 7.56 (d, J = 8.5 Hz, 2H, H-Ph); 8.40 (s, 1H, CH3NH). ESI-MS: positive 

mode m/z 338.1 [M+H]+, 360.1 [M+Na]+, 697.2 [2M+Na]+.   

2-Chloro-N6-cyclopentyl-9-phenylethyl-8-(para-methoxylphenylethynyl)-9H-adenine (37): 
Yield: 23%. M. p.: 151-154 °C; 1H-NMR (DMSO-d6) δ: 1.57 (m, 4H, H-cyclopentyl), 1.72 (m, 

2H, H-cyclopentyl), 1.93 (m, 2H, H-cyclopentyl), 3.14 (t, J = 7.0 Hz, 2H, CH2Ph), 3.84 (s, 3H, 

OCH3), 4.46 (t, J = 7.0 Hz, 2H, CH2N), 7.10 (m, 4H, H-Ph), 7.19 (m, 3H, H-Ph), 7.55 (m, 2H, 

H-Ph), 8.48 (br m, 1H, NH). ESI-MS: positive mode m/z 472.0 [M+H]+, 494.0 [M+Na]+, 965.3 

[2M+Na]+.   
2-Chloro-N6,9-diphenylethyl-8-(para-methoxylphenylethynyl)-9H-adenine (38): Yield: 40%. 

M. p.: 204-206 °C; 1H-NMR (DMSO-d6) δ: 3.00 (m, 4H, 2 x CH2Ph), 3.65 (m, 2H, CH2NH); 

3.87 (s, 3H, OCH3), 4.50 (m, 2H, CH2N), 7.20 (m, 4H, H-Ph), 7.30 (m, 4H, H-Ph), 7.45 (m, 4H, 

H-Ph), 7.55 (m, 2H, H-Ph), 8.51 (s, 1H, NH). ESI-MS: positive mode m/z 507.9 [M+H]+, 529.9 

[M+Na]+.   
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4.5: Biological assay 
The cell culture, preparation of membranes and binding Assay were done as described before in 

chapter 3 in experimental section. In addition the non-specific binding was determined in the 

presence of 1 mM theophylline for the A1 receptor, or 100 µM R-PIA (N6-(1-methyl-2-

phenylethyl)Ado) for the A2A and A3 receptors. 
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