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The synthesis of two series of 40-aza-carbocyclic nucleosides are described in which the 40-substituent is
either a reversed amide, relative to the carboxamide of NECA, or an N-bonded heterocycle. Using estab-
lished purine substitution patterns, potent and selective examples of agonists of the human adenosine
A2A receptor have been identified from both series. The propionamides 14–18 and the 4-hydrox-
ymethylpyrazole 32 were determined to be the most potent and selective examples from the 40-reversed
amide and 40-N-bonded heterocyclic series, respectively.

� 2009 Elsevier Ltd. All rights reserved.
Adenosine plays a key role in regulating many aspects of phys-
iology, in part, through the interaction with the four purinergic P1
receptors termed: A1, A2A, A2B and A3.1 This family of four G pro-
tein-coupled receptors has been, and continues to be the subject
of extensive investigations to identify selective agonists and antag-
onists as potential therapies for treating a wide range of diseases
involving: smooth muscle contraction, neurotransmission, platelet
aggregation, pain, wound healing, cardiac function, cardioprotec-
tion, sleep disorders and immune response.2 One example being
the activation of the adenosine A2A receptor which has been dem-
onstrated to result in broad spectrum anti-inflammatory activity,
directly effecting multiple inflammatory cell types in man.3 Our
interest related to the potential for adenosine A2A receptor agon-
ism as a treatment for the chronic inflammation associated with
the respiratory diseases asthma and chronic obstructive pulmon-
ary disease (COPD).4 In vivo studies supporting this possibility in-
clude the A2A receptor agonist CGS21680 having been shown to
inhibit ovalbumin and lipopolysaccharide (LPS) induced pulmon-
ary inflammation in rat and murine models.5 However, the hypo-
tensive effects associated with systemic adenosine A2A receptor
activation are predicted to lead to the requirement for direct deliv-
ery of compounds to the lung if effective treatments for asthma
and COPD are to be realised. This route of administration is antic-
ipated to provide the potential for agents with acceptable cardio-
ll rights reserved.
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vascular side-effect profiles in the case of ligands specifically
designed to maximise their local efficacy at the site of administra-
tion whilst also being associated with a controlled level of systemic
exposure.6 The challenge in identifying inhaled A2A receptor
agonists with such lung-targeted profiles has been highlighted
recently by the clinical data reported for GW328267X and the pre-
clinical studies leading to the identification of the clinical candi-
date UK432,097.7

To date essentially all reported agonists of the adenosine A2A

receptor have been based upon modifications of the endogenous
ligand adenosine.8 Changes to the 50-hydroxy residue and the
introduction of substituents into the purine base have led to the
identification of potent and selective A2A receptor agonists such
as CGS21680 and 2-hexynyl-50-N-ethylcarboxamidoadenosine
(HENECA), Figure 1.9 Both of these ligands are based upon the 50-
carboxamide modification of the potent pan adenosine receptor
agonist 50-N-ethylcarboxamidoadenosine (NECA).10

Further transformation of the 50-carboxamide into a heterocy-
clic residue has also been shown to be the basis for potent
adenosine A2A receptor agonists, as exemplified by the 2-ethyl-5-
tetrazolyl moiety of GW328267X and the analogues described in
related claims.11

As part of our interest in identifying lung-targeted adenosine A2A

receptor agonists for inhaled administration we were interested in
novel nucleoside templates that could offer advantages in terms of
biological activity, stability and synthetic accessibility. In particular,
carbocyclic nucleosides in which an amino group is introduced at
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Figure 1. Structures of the adenosine A2A receptor agonists CGS21680, HENECA and
GW328267X.
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the 40-position provide the opportunity to generate reverse-amide
variants of NECA and N-bonded heterocyclic variants of the
C-bonded 40-(2-tetrazolyl) residue present in GW328267X. The
electron density comparisons shown in Figure 2 highlight the isos-
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Figure 2. Electron density profiles of prototype reversed amide and N-bonded
heterocyclic 40-aza-carbocyclic nucleoside analogues in comparison with NECA.
teric potential of these two 40-aza-carbocyclic nucleoside series in
which the 40-ethyl carboxamide residue of NECA is compared with
40-propionamide and 40-methylpyrazole moieties as representative
examples of the reversed amide and the N-bonded heterocyclic ser-
ies.12 Comparing the electron density surfaces, a high degree of spa-
tial alignment is evident between the high electron density regions,
highlighted in red, associated with the oxygen atoms of the carbonyl
residue of NECA and the carbonyl residue of the reversed amide
example. The carbonyl residue of NECA having been proposed to
be involved in an important hydrogen bonding interaction with
serine 277 on the seventh transmembrane spanning domain of the
activated conformation of the adenosine A2A receptor.13

Similarly for the N-bonded heterocycle series, the imino-nitro-
gen of the pyrrazole ring exhibits a comparable high electron den-
sity surface which also closely matches the position of the carbonyl
residue of NECA. Thus, highlighting the need for an imino-nitrogen
adjacent to the site of attachment to the carbocyclic ring in the 40-
heterocyclic series, if this key interaction is to be maintained. Addi-
tionally, the substitution of the pyrazole residue in the 4-position
presents a methyl residue in a similar spatial orientation to the al-
kyl residues of both NECA and the reversed-amide series providing
the opportunity for homologation along a similar vector. Interest-
ingly, in contrast to the 40-aza-carbocyclic nucleoside series, de-
scribed above, the corresponding 40-aza-ribose analogues would
be anticipated to be of relatively low stability. The reason for the
instability of such 40-aza-ribose variants being as a consequence
of their doubly-anomeric nature, and to the best of our knowledge
no reports of either have been made.

The preparation of 40-aza analogues of the carbocyclic nucleo-
side aristeromycin as antiviral agents, including reversed amide
analogues, has been reported previously.14 These derivatives have
been prepared starting from either: (1R,3S)-4-cyclopentene-1,3-
diol monoacetate in which the purine base is introduced via a pal-
ladium(0) catalysed allylic coupling reaction and the 40-amino sub-
stituent via a Mitsunobu reaction, with azide as the nucleophile, or
from the cycloaddition product 2-oxa-3-azabicyclo[2.2.1]hept-5-
ene in which cleavage of the N-O bond provides the 40-amino sub-
stituent directly as well as an allylic alcohol for the introduction of
the purine base via a palladium(0) allylic coupling reaction. In both
cases the 20,30-diol is introduced via a cis-dihydroxylation reaction
with addition to the double bond required to occur from the steri-
cally less hindered face. The nature of the substituents at the 10-
and 40-positions having been shown to be important in controlling
the facial selectivity of the cis-dihydroxylation reaction.15 We had
envisioned a similar approach starting from (1R,3S)-4-cyclopen-
tene-1,3-diol monoacetate, but using two palladium(0) catalysed
allylic coupling reactions to introduce both the purine base and
the 40-aza substituent, as outlined in Figure 3. This approach was
selected because it was anticipated to provide: the opportunity
for the shortest synthetic sequences, common intermediates to
OOH
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Figure 3. Key aspects of the synthetic approach to the 40-aza-carbocyclic nucleo-
side series from (1R,3S)-4-cyclopentene-1,3-diol monoacetate.
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prepare both the reversed amide and N-bonded heterocyclic series
and favourable selectivities in the cis-dihydroxylation reaction.

To start exploring the two 40-aza-carbocyclic nucleoside series,
the reversed amide analogue of HENECA and N-bonded heterocy-
clic analogues of GW328267X were selected as the initial targets
for synthesis. Starting from (1R,3S)-4-cyclopentene-1,3-diol mono-
acetate, palladium(0) catalysed allylic coupling reactions with the
sodium anions of the purine derivatives 1a–c provided the prod-
ucts coupled at the 9-position in good yield, Scheme 1.16 Small
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amounts of an isomeric product, presumed to be the 7-substituted
purine analogues, were identified in the crude reaction mixtures
from these allylic coupling reactions and were removed upon puri-
fication. Subsequent acylation to prepare the ethyl carbonate 2a
proceeded smoothly with ethyl chloroformate. Similarly, for the
6-substituted-amino analogues, acylation with 3-ethoxycarbonyl-
benzotriazole-1-oxide was found to give improved yields of the
carbonates 2b,c.17 Starting from 2b to prepare the reversed amide
series, a second palladium(0) catalysed allylic coupling reaction
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and conditions: (i) 1.1 equiv N-heterocycle (R2–H), 0.05 equiv (Ph3P)4Pd, 0.15 equiv
(20–71%); (iii) 5 equiv (S)-phenylalaninol, 1,2-dichlorobenzene, 3 h, 240 �C Biotage
%), or 5 equiv histamine derivative, 1 equiv NaI, 1:1 CH3CN/NMP, 1–2 h, 200–240 �C
3, 15 mol % Ph3P, THF, 1 h, 50 �C (68–72%); (vi) 1.1 equiv amine, 1.2 equiv i-Pr2NEt,
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with bis-(tert-butoxycarbonyl)-amine as the nucleophile intro-
duced the 40-aza functionality with the anticipated high level of re-
gio and stereoselectivity. Dihydroxylation of the 2,3-double bond
then proceeded under steric control with a high degree of facial
selectivity to give the intermediate 3b bearing all the key function-
ality of the targeted compounds. To prepare the reversed amide
analogue of HENECA, treatment of 3b with trifluoroacetic acid re-
moved the tert-butoxycarbonyl (Boc) and 4,40-dimethoxybenzhyd-
ryl (DMBH) protecting groups from the two amino residues.
Acylation of the free base form of the diamino intermediate gave
the 40-propionamide 4 which then underwent a Sonogashira cou-
pling with 1-hexyne to give the targeted product 5. Similarly to
prepare the N-bonded heterocyclic analogues of GW328267X the
ethyl carbonate 2b underwent palladium(0) catalysed allylic
coupling reactions with a series of N–H heterocycles to give the
corresponding N-allylated analogues, as shown in Scheme 2 with
the substituents detailed in Table 1. Isolated yields for these
N-allylation reactions ranged from good for the pyrazole analogues
(76–95%), to modest in the case of the pyridine-2-one (47%) and
indazole (27%) examples. In an analogous fashion to the prepara-
tion of 5, dihydroxylation of the N-allylated heterocycles
Table 1
Purinergic P1 receptor binding and functional data
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Compound R1 (reversed amide)/R2 (N-bonded
heterocycle)

X Y A2

NECA 25
CGS21680 21
GW328267 2.
5 Et 18
7 1-Pyrazolyl 70
8 4-Methyl-1-pyrazolyl 22
9 4-Ethyl-1-pyrazolyl 18
10 4-Phenyl-1-pyrazolyl >1
11 1-Indazolyl 54
12 1-Pyridin-2-one 54
14 Et DPEA H 5.
15 Et DPEA Me 4.
16 Et DPEA Et 5.
17 Et EPA Et 5.
18 Et EPA i-Pr 8.
19 n-Pr DPEA i-Pr 39
20 i-Pr DPEA i-Pr 27
21 tert-Bu DPEA i-Pr 38
22 CycloPr DPEA i-Pr 16
23 CycloBu DPEA i-Pr 7.
24 CH2Ph DPEA i-Pr 16
25 CH2CH2Ph DPEA i-Pr 54
26 Et DPEA CH2CO2H 97
28 4-Ethyl-1-pyrazolyl DPEA Et 14
29 5-Methyl-2-tetrazolyl DPEA i-Pr 38
31 4-Ethyl-1-pyrazolyl EPA Et 34
32 4-Hydroxymethyl-1-pyrazolyl DPEA Et 5.
33 2-(4-Ethyl-1,2,3-triazolyl) DPEA Et 48

All data are expressed as means from duplicates derived from 1 to 5 separate experime
All functional assay EC50 data reflect agonist activity unless otherwise indicated.
nd; not determined.

a Most potent activity of the compound determined to be >50% antagonism of the I-A
b Most potent activity determined to be a partial agonism, producing 48% the maxim
proceeded with a high level of facial selectivity to give the interme-
diates 6b. Finally, SNAr reactions to introduce (S)-phenylalaninol
into the purine 2-position of the intermediates 6b occurred under
elevated temperatures which also resulted in the removal of the
DMBH protecting groups to give directly the targeted products
7–12. The modest yields observed in these final coupling reactions
were not improved upon if a two-step approach was followed in
which the DMBH group was removed prior to displacement of
the 2-chloro substituent.

To further explore the 40-aza carbocyclic nucleosides, examples
bearing histamine 2-substituents were selected for synthesis in
both the reversed amide and N-bonded heterocyclic series. This
selection was based upon the NECA analogues having been re-
ported to be highly potent and selective adenosine A2A receptor
agonists with good solubility profiles.18 The reversed amide exam-
ples were prepared by an analogous sequence to that described
above as outlined in Scheme 3 with the substituents detailed in Ta-
ble 1. Starting from 3a, displacement of the 6-chloro substituent
with either 2,2-diphenylethylamine or 1-ethylpropylamine was
followed by Boc deprotection to give the 40-primary amines
13c,d. Subsequent acylation of 13c,d with a range of acid chlorides
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and then displacement of the 2-chlorosubstituent with a series of
histamine derivatives (Y = H, Me, Et, i-Pr and CH2CO2C6H11) gave
the products 14–26.19 The carboxylic acid example 26 being iso-
lated directly from the SNAr reaction following an in situ hydrolysis
of the histamine acetic acid cyclohexyl ester derivative. Synthesis
of the N-bonded heterocyclic analogues is shown in Scheme 2 with
the substituents detailed in Table 1. Starting from the 6-DPEA
substituted carbonate 2c, 4-ethylpyrazole and 5-methyltetrazole
were introduced by allylic coupling reactions using the
(Ph3P)4Pd/Ph3P catalyst system to give the intermediates 27c. In
the case of 5-methyltetrazole a single regioisomer was obtained
exhibiting spectral properties consistent with the 2-substituted
derivative. Only approximately 10% of an isomeric product was
present in the crude allylic coupling reaction mixture for this
example, consistent with formation of a small amount of the
1-substituted tetrazole. Dihydroxylation of the intermediates 27c
was then followed by SNAr reactions to deliver the products 28
and 29. Similarly the 2,6-dichlorocarbonate 2a underwent allylic
coupling reactions with 4-ethylpyrazole, 4-hydroxymethylpyraz-
ole and 4-ethyl-1,2,3-triazole to give the intermediates 30 using
a Pd2(dba)3/Ph3P catalyst protocol. For the 1,2,3-triazole example
again predominantly a single product was obtained in the allylic
coupling reaction and determined to be the 2-substituted regio-
isomer by NMR spectroscopy. Dihydroxylation and SNAr reactions
with the intermediates 30 then yielded the targeted products
31–33.

To assess the activity of the compounds against the human
adenosine A2A receptor: affinity was measured in a radioligand
binding assay versus [3H]-NECA with membranes produced from
SF21 cells coexpressing recombinant human adenosine A2A recep-
tors and the human G protein subunits Gas2, b4 andg2. Functional
adenosine A2A activity was assessed by the ability to inhibit fMLP
induced release of reactive oxygen species from isolated human
neutrophils.20 Selectivity versus the other human P1 purinoceptors
was assessed in a series of functional assays: GTPcS for the aden-
osine A1 and A3 receptors expressed in Chinese hamster ovary
(CHO) cells, in both agonist and antagonist modes versus the li-
gands NECA and I-AB- MECA, respectively; and with a CRE-lucifer-
ase reporter gene assay measuring cAMP production in CHO cells
expressing the adenosine A2B receptor, with NECA as the reference
agonist. All the data are shown in Table 1.

Comparison of the data generated for the reversed amide HEN-
ECA analogue 5 with the human data reported for the parent com-
pound shows: a similar high level of affinity for, and functional
activity at, the adenosine A2A receptor; a comparable high level
of selectivity over the adenosine A1 and A2B receptors; and modest
10-fold selectivity over the adenosine A3 receptor.21 In contrast,
the most active 4-methyl and 4-ethylpyrazole N-bonded heterocy-
clic analogues 8 and 9 of GW328267X are 100-fold less active
adenosine A2A receptor agonists compared to the parent com-
pound. However, 8 and 9 do possess similar P1 receptor selectivity
profiles to GW328267X, including antagonist activity against the
I-AB-MECA activation of the adenosine A3 receptor. The pyrazole
4-methyl and 4-ethyl substituents proved more effective than
the unsubstituted example 7. The larger phenyl residue in 10
was not tolerated and neither was the fusion of the phenyl ring
in the indazole example 11. Incorporation of pyridin-2-one in
example 12, as a cyclic reversed amide analogue, showed little
affinity for the adenosine A2A receptor. The weak activity of 12 is
also consistent with the requirement for an imino-nitrogen adja-
cent to the site of attachment to the carbocyclic ring for the N-
bonded heterocyclic series, as hypothesised from the electron den-
sity analysis.

Analysis of the data from the 2-histamine reversed-amide ana-
logues showed all the propionamide examples 14–18 to be potent
adenosine A2A receptor agonists with both the 2,2-diphenylethyla-
mino (DPEA) and 1-ethylpropylamino (EPA) purine 6-substituents.
High functional selectivity over the other P1 receptors was also ob-
served, in particular for the 6-EPA substituted examples 17 and 18
where greater than 100-fold selectivity was determined over the
closely related adenosine A3 receptor. The nature of the imidazole
substituent Y, as methyl, ethyl, isopropyl or in the unsubstituted
form in examples 14–18 was seen to have little impact on the over-
all P1 receptor profiles for these examples. Increasing the size of
the amide group reduced the affinity and functional activity at
the adenosine A2A receptor: the single homologation to the n-pro-
pyl, isopropyl and cyclopropyl analogues 19, 20 and 22 resulted in
a 10–30-fold drop in functional potency relative to the propiona-
mide. Interestingly, for the larger cyclopropyl and cyclobutyl ana-
logues 22 and 23 this also resulted in a drop in intrinsic efficacy
at the adenosine A3 receptor. These derivatives exhibited partial
agonist and antagonist adenosine A3 activities, respectively, rela-
tive to the fuller agonism seen for the propionamide examples
14 and 15. The histamine acetic acid derivative 26, with a carbox-
ylic acid residue in a similar position to that of CGS21680, surpris-
ingly showed a 20-fold drop in affinity towards the adenosine A2A

receptor relative to the alkyl substituted analogues 15 and 16.
Assessing the data for the N-bonded heterocyclic 2-histamine ana-
logues: the methyl and ethyl substituted pyrazole, 1,2,3-triazole
and tetrazole examples 28, 29, 31 and 33 all showed only modest
affinity for the adenosine A2A receptor which translated into a sim-
ilar level of functional activity for the two examples tested. Of
greater interest was the 4-hydroxymethylpyrazole analogue 32
which exhibited sub 10 nM adenosine A2A receptor affinity and
functional activity. In terms of selectivity, greater than 100-fold
selectivity was observed over the other P1 purinoceptors for 32,
which again exhibited antagonist activity at the adenosine A3

receptor. Presumably the increase in activity and selectivity for
compound 32, relative to the other N-bonded heterocyclic deriva-
tives, is as a consequence of a favourable interaction of the
hydroxymethyl residue of the pyrazole moiety with the adenosine
A2A receptor.

Interspecies cross-reactivity variation has been described for a
number of purinergic P1 receptor ligands as a consequence of vari-
ations in the amino acid receptor sequences.22 Additionally, our
primary interest related to the potential for adenosine A2A receptor
agonists as anti-inflammatory agents, where consistent responses
can be established across a wide range of human inflammatory cell



Table 2
Comparison of the inhibition of TNF-a release in rat and human LPS stimulated PBMC
assays

Compound PBMC IC50 (nM)

Human Rat

NECA 40 187
CGS21680 58 83
GW328267 1.3 2.9
17 4.7 255
18 5.9 458
32 21 3591

All data are expressed as means from 2 to 5 separate experiments.
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types.3 In contrast, reproducing these A2A responses in the equiva-
lent inflammatory cell types of lower species was found to be prob-
lematic. After reviewing several test systems an equivalent
adenosine A2A dependant response was established for the inhibi-
tion of the LPS induced release of tumour necrosis factor alpha
(TNF-a) from isolated human and rat peripheral blood mononu-
clear cells (PBMC).23 Using this test system it was possible to assess
the extent of any cross-reactivity differences between human and
rat as a consequence of receptor sequence variation. Cross-reactiv-
ity data for the most interesting 40-azacarbocyclic nucleoside
examples and the reference compounds are shown in Table 2.
The three reference compounds exhibited modest 2–5-fold shifts
to lower IC50 values in the rat relative to the human PBMC assay.
In contrast, the reversed amide analogues 17 and 18 demonstrated
54- and 78-fold shifts in activity, respectively. Even more dramatic
was the 171-fold shift observed for the N-bonded heterocyclic
example 32. These data highlight that an understanding of inter-
species cross-reactivity, as a consequence of amino acid sequence
differences, will be an important parameter for the preclinical opti-
misation of both the N-bonded heterocycle and reversed amide 40-
aza carbocyclic nucleoside series.

In summary, reversed amide and N-bonded heterocycle 40-aza
carbocyclic nucleosides were identified as scaffolds of interest
through in silico electron density comparisons with the known
adenosine A2A receptor agonist NECA. An efficient synthetic route
to these two 40-aza carbocyclic nucleoside series is described
which utilises two successive palladium(0) allylic coupling reac-
tions as the key transformations. Following this approach, highly
potent and selective agonists of the human adenosine A2A receptor
have been identified in both the N-bonded heterocycle and re-
versed amide series by employing established purine substitution
patterns. Using these established purine substitution patterns the
propionamides 14–18 and the 4-hydroxymethylpyrazole 32 were
determined to be the most potent and selective examples from
the 40-reversed amide and 40-N-bonded heterocyclic series, respec-
tively. An assessment of the interspecies variability highlighted rel-
atively poor rat cross-reactivity for the most potent examples at
the human adenosine A2A receptor from both 40-aza carbocyclic
nucleoside series. The optimisation of these two 40-aza carbocyclic
nucleoside series as lung-targeted adenosine A2A receptor agonists
for use as inhaled anti-inflammatory agents will be the subject of
future publications.
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