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Introduction

The neuromodulator adenosine acts by stimulating four cell
surface receptors classified as subtypes A1, A2A, A2B, and A3, all
members of the superfamily of G-protein-coupled receptors.[1]

The four adenosine receptors have been pharmacologically
characterized and cloned, the most recently being the A3 sub-
type in the early 1990s.[2] Activation of the A3 adenosine recep-
tor has been shown to mediate adenylate cyclase inhibition,[2]

stimulation of phospholipase C[3] and D,[4] and the release of in-
flammatory and allergic mediators from mast cells.[5] Potential

therapeutic applications of this re-
ceptor subtype include cardiopro-
tection,[6,7] cancer,[8–10] or glauco-
ma.[11,12] Over the last two decades,
many efforts have been made to
search for potent and selective
human A3 antagonists, leading to a
great variety of structurally diverse
antagonist families.[13–15]

In 2002, our research group de-
scribed the tricyclic 1H,3H-pyrido-
ACHTUNGTRENNUNG[2,1-f]purine-2,4-dione family as a
new xanthine class of highly
potent A3 antagonists,

[16] some of
the most potent compounds are
shown in Figure 1. Our previous
SAR studies have shown three key
points: 1) the substituent at posi-
tion 3 has a mayor impact on the

potency against A3 receptors, with propyl (as in compounds 1
and 2) and cyclopropylmethyl (as in compound 3) groups af-
fording the most potent antagonistic effect, 2) the substituent
at position 8 of the core structure afforded a certain degree of
selectivity versus A1 and A2A receptors, and 3) the benzyl group
at position 1 was required for activity and introduction of sub-
stituents on the benzyl group could also influence the selectiv-
ity against the different receptor subtypes.[16]

The peculiarity of our structures, being xanthine-fused com-
pounds, among A3 receptor antagonists, led us to the present
study with two major goals : first, to obtain a selective A3 an-
tagonist as our previous structures kept significant binding af-
finity for the A1 receptor;

[16] and second, to study the binding
mode of these compounds in a model of the hA3 receptor.
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Based on our previous results on the potent antagonist effect of
1H,3H-pyrido ACHTUNGTRENNUNG[2,1-f]purine-2,4-diones at the human A3 adenosine
receptor, new series of this family of compounds have been syn-
thesized and evaluated in radioligand binding studies against the
human A1, A2A, A2B, and A3 receptors. A remarkable improvement
in potency, and most noticeable, in selectivity has been achieved,
as exemplified by the 3-cyclopropylmethyl-8-methoxy-1-(4-meth-
ylbenzyl)-1H,3H-pyrido ACHTUNGTRENNUNG[2,1-f]purine-2,4-dione (10) that combines
a very high affinity at hA3 (Ki=2.24 nm), with lack of affinity for

the A1, A2A, and A2B receptors. On the basis of the published hA3
receptor model (PDB 1OEA), molecular modeling studies, includ-
ing molecular dynamics (MD) simulations, have been performed
to depict the binding mode of the 1H,3H-pyrido ACHTUNGTRENNUNG[2,1-f]purine-2,4-
diones and to justify the selectivity against the other adenosine
receptors. These studies have led to novel features of the cavity
where our antagonists are bound so that the cavity is lined by
the hydrogen-bonded Gln167-Asn250 pair and by the highly con-
served Phe168.

Figure 1. Representative hA3
antagonists based on pyrido-
ACHTUNGTRENNUNG[2,1-f]purine-2,4-diones.
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For our first goal, and based on our previous SAR data, we
undertook the synthesis and biological evaluation of a new
series of 1H,3H-pyrido ACHTUNGTRENNUNG[2,1-f]purine-2,4-diones that carry a me-
thoxy group at position 8, a cyclopropylmethyl group at N3
and selected benzyl groups at position 1. The selection of the
benzyl groups at position 1 was based on the Topliss batch-
wise approach for the optimization of series where the lead
compound has an unfused and unsubstituted benzene ring.[17]

For our second goal, we performed molecular modeling
studies of the newly synthesized A3 antagonist 10 and a pub-
lished hA3 receptor model,

[18] using docking and molecular dy-
namic simulations techniques. It should be mentioned that
molecular modeling of the A3 receptor is being heavily investi-
gated with at least three aims: to perform a pharmacophore
analysis to obtain new lead compounds;[19] to rationalize the
increase in potency and/or selectivity of already synthesized
compounds;[20] or, as performed by Kim et al. ,[21] to get a
better understanding of receptor activation. Our aim is clearly
in the second category, using compound 10 as the ligand and
the described model of the transmembrane domain of the hA3
as the receptor.[18] In the course of our studies, we found novel
features of the previously described hA3 model that can be of
interest not only for our pyridopurinediones, but also for other
A3 antagonists.

Results and Discussion

Chemistry

The synthesis of the core structure of 1H,3H-pyridoACHTUNGTRENNUNG[2,1-f]-
purine-2,4-dione has been carried out according to our previ-
ously published procedure,[16,22] and consisted of the treatment
of 6-amino-1-benzyluracil with 2.5 equivalents of N-bromosuc-
cinimide (NBS) to generate the intermediate 5,5-dibromo-6-
imino derivative that reacted in situ with different substituted
pyridines to afford the target tricyclic compounds.[22] Based on
this strategy, compound 4 was obtained from 6-amino-1-ben-
zyluracil as previously described in 74% yield.[16] Alkylation at
position 3 with (bromomethyl)cyclopropane in the presence of
DBU in acetonitrile at room temperature afforded compound 5
in 90% yield (Scheme 1).

To introduce the selected benzyl groups at N1 according to
the Topliss approach,[17] the synthetic scheme undertaken in-
volved the debenzylation of compound 5 to afford the NH-1
free compound, followed by the reaction with different benzyl
halides (Scheme 2). Different debenzylation alternatives, using

similar described methods for 1,3-disubstituted uracils[23] or
xanthines,[24,25] did not lead us to the desired NH-free com-
pound in a sufficient yield for our purposes. These difficulties
to remove certain N-benzyl groups have already been de-
scribed by other authors.[24] In our hands, compound 6 was ob-
tained in 42% yield by reaction of 5 with ammonium formate
in the presence of Pd(OH)2 in refluxing ethanol for 5 h, togeth-
er with 54% of starting material.
Compound 6 was made to smoothly react with selected

benzyl halides in DMF at room temperature and in the pres-
ence of K2CO3 as the base. The resulting structures (7–12) are
shown in Scheme 2 and yields ranged from 81 to 93%. The
synthesis of the 4-(dimethylamino)benzyl derivative 13 re-
quired the preparation of 4-(dimethylamino)benzyl chloride,
which was synthesized according to described procedures,[26]

by reduction of 4-(dimethylamino)benzaldehyde to the corre-
sponding alcohol, followed by transformation into the benzyl
halide in the hydrochloride form. Reaction between compound
6 and this benzyl halide was carried out in the presence of
K2CO3 and Et3N to afford the desired N1-substituted compound
13 in 87% yield.

Binding Studies and Structure–Affinity Relationships

The synthesized compounds were tested in radioligand dis-
placement assays to determine their affinities for the human
adenosine A1, A2A, and A3 receptors using
[3H]DPCPX,[3H]ZM241385, and [125I]AB-MECA, respectively, as
the specific radioligands. Human A1 and A2A receptors were
stably expressed in membranes of CHO cells whereas human
A3 receptors were stably expressed in HEK 293 cells. The results
are shown in Table 1, which also includes the previously syn-

Scheme 1. Reagents a) (bromomethyl)cyclopropane, DBU, CH3CN, RT.

Scheme 2. Reagents a) HCO2NH4, Pd(OH)2 (20%), EtOH, D, 5 h; b) ArX, DMF,
K2CO3, RT, 1 h
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thesized compounds 1, 2, and 3[16] for comparative purposes.
The new synthesized compounds 6–12 were also tested in a
radioligand binding assay for the human adenosine A2B recep-
tor using [3H]MRS1754 as the radioligand. Little if any displace-
ment of the radioligand (<10%) was detected at 1 mm (data
not shown), suggesting that the compounds are not active on
human adenosine A2B receptors.
Most of the synthesized compounds showed nanomolar af-

finities for the human adenosine A3 receptor. For example,
compound 5, the prototype of this new series of 1H,3H-pyrido-
ACHTUNGTRENNUNG[2,1-f]purine-2,4-diones, had a Ki of 2.4 nm. However, this com-
pound showed low selectivity versus the A1 and A2A receptors.
As expected, substitutions at the benzyl moiety at N1 had a
major impact on both the affinity and the selectivity against
the different adenosine receptor subtypes. Thus, the 4-chloro-
benzyl derivative 7 had a slightly reduced affinity for the hA3
receptor compared to 5, but more importantly, it lost its affini-
ty for hA1 and hA2A receptors, so that selectivity was signifi-
cantly increased. The 3-chlorobenzyl derivative (8) was also a
selective A3 antagonist, although its affinity was reduced com-
pared to that of the 4-chlorobenzyl analogue (7). In accord-
ance with these data, the 3,4-dichlorosubstituted benzyl deriv-
ative 9 showed a marked selectivity for the hA3 receptor and
an affinity that was intermediate between those of the mono-
substituted compounds 7 and 8. More pronouncedly, the 4-
methylbenzyl derivative (10) combined a very high affinity for
hA3 (Ki=2.2 nm) with lack of affinity for the A1 and A2A recep-
tors, thereby becoming the most potent and selective A3 an-
tagonist among the 1H,3H-pyrido ACHTUNGTRENNUNG[2,1-f]purine-2,4-diones tested
so far. The 4-methoxybenzyl derivative (11) afforded quite a
similar profile both in activity and selectivity, as did the 4-(di-
methylamino)benzyl derivative 13. However, the affinity for the
hA3 receptor of the bulkier 4-tBu-benzyl derivative (12) was re-

duced 90-fold compared to the 4-CH3 benzyl derivative (10).
These data point to the importance of the benzyl substituent
at position N1 with regard to the potency and selectivity of
this family of adenosine receptor antagonists versus the differ-
ent receptor subtypes.

Molecular Modeling

With the aim of proposing a binding mode for this family of
compounds and to rationalize the potency and selectivity of
compound 10, we were prompted to perform molecular mod-
eling studies, including docking analysis and MD simulations,
where experimental data could be integrated and rationalized.
We first analyzed the hypothetical binding location of the
1H,3H-pyrido ACHTUNGTRENNUNG[2,1-f]purine-2,4-diones on the hA3 receptor by
undertaking a docking study for a few selected compounds
from this family of A3 antagonists. This study was followed by
a MD simulation of the complex between the receptor and the
most potent antagonist, compound 10, to have a better un-
derstanding of the requirements for the binding of this partic-
ular family of antagonists.
In the absence of the 3D structure of the hA3 receptor,

models based on the structure of rhodopsin have been used
as suitable templates for the resting state,[27] which resembles
an antagonist-like state. Thus, for the docking study, we em-
ployed the previously described model of the transmembrane
domain of the hA3 receptor (PDB code: 1OEA), that was refined
by us, and the automated docking program AutoDock.[28] The
putative binding site of the ligands was located using CastP
analysis,[29] and included the residues that are known to be cru-
cial for activity located in transmembrane (TM) segments 3, 5,
6, and 7,[18] and the second extracellular loop (EL2). From visual
inspection, the main interactions within the putative binding
site agree with those proposed by Moro and co-workers for
their triazoloquinoxaline[30] and pyrazolotriazolopyrimidine de-
rivatives.[31] The ligands were placed inside the TM bundle,
with the tricyclic ring system stacked between Phe168 and the
hydrogen-bonded Gln167-Asn250 pair, the condensed pyri-
dine ring pointing toward EL2 (situated on top acting as a lid),
and the CO group at position 4 oriented toward the NH group
of Phe168 (Figure 2). Interestingly, all the solutions provided
by AutoDock for the different pyridopurinediones inside the
putative binding site of the hA3 receptor shared this common
orientation. Moreover, docking of some of our previously syn-
thesized compounds[16] possessing polar or more hindered side
chains at N3, compounds that have very little affinity for the
human A3 receptor, did not lead to any solutions inside the pu-
tative binding site or they were not energetically favorable
(data not shown). It is noticeable that the Gln167-Asn250 pair,
as shown in Figure 2 has not been described before.
To validate and test the stability of the proposed binding

mode, the 10–hA3 receptor complex was chosen to perform a
MD simulation with positional restraints applied to Ca atoms.
Also a MD simulation on the 3–hA3 receptor complex was car-
ried out for comparison purposes, as compound 3 is the non-
substituted analogue. Compound 10 remained docked along
the simulations within the proposed binding pocket and re-

Table 1. Affinities of 3-cyclopropylmethyl-8-methoxy-1H,3H-pyrido ACHTUNGTRENNUNG[2,1-
f]purine-2,4-diones at adenosine hA1, hA2A, and hA3 receptors.

Ki [nm] or % displacement[a]

Compd. R1 R2 hA1 hA2A hA3

5 H H 27�11 134�61 2.4�0.5
6 – – N.D. 462�134 593�274
7 Cl H 26.5% 12.6% 17�5
8 H Cl 17.4% 13% 71�15
9 Cl Cl 13% 3% 45�6
10 CH3 H 24% 0% 2.2�0.1
11 OCH3 H 39.8% 0% 6.4�0.6
12 tBu H 17.5% 12% 208�91
13 N ACHTUNGTRENNUNG(CH3)2 H 19.8% N.D. 11�5
1 50�17 119�23 4.0�0.3
2 179�34 44% 10�1
3 40.9% 242�73 4.2�1.1

[a] Percent displacement at [1 mm] (n=2, average) or Ki�SEM (nm, n=3).
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tained its starting conformation (rsmd <0.5 O for all non-H
atoms). Interestingly, while performing the MD simulation, the
hydrogen-bonding pairing between Gln167 (EL2) and Asn250
(TM6) that probably stabilizes the folding of the EL2 hairpin
over the TM bundles, was maintained during the whole length
of the simulation. This prominent contact would not be possi-
ble in A1 and A2 receptors, as Gln at position 167 is unique to
hA3 receptors (this residue is a Glu in the A1 receptor and a
Leu in the A2A and A2B receptors) (Supporting Information, Fig-
ure S1). Thus, the hA3 exclusive Gln-Asn pair, together with the
highly conserved Phe168, sterically delimits the cavity where
compound 10 is confined within the putative binding site
(Figure 3). The inspection of the van der Waals contributions of
individual residues to the binding energy (Supporting Informa-
tion, Figure S2A) reveals that major interactions arise from
Gln167 (EL2), Phe168 (EL2), and Asn250 (TM6). It has already
been demonstrated that amino acids of the extracellular loop
(EL2) could be involved in direct interactions with the li-
gands.[32] In particular, there is an interaction between the CO
group at position 4 of compound 10 and the NH group of the
highly conserved Phe168.
Looking for additional stabilizing interactions, it should be

noted that the CO group at position 2 of 10 establishes a hy-
drogen bond with the hydroxyl group of Ser181, coincident
with strong electrostatic interaction energies (Supporting Infor-
mation, Figure S2B). At the same time Ser181 is hydrogen
bonded to His95. Both protonation states for His95 were con-
sidered in our calculations. To allow this probable Ser181-
His95 hydrogen bond, as already has been reported,[33] the
protonation on He was chosen.
Hydrophobic ligand–receptor interactions were identified as

important in the interaction of pyridipurinediones with the A3

receptor. These are three regions occupied by substituents at
positions 1, 3, and 8 of the core structure, which would be
acting as three anchorage points inside the binding site. The
first anchorage domain corresponds to position 8 of the con-
densed pyridine ring of the pyridopurine which is an important
region in the SAR studies,[16] and as described in this paper, the
8-OMe group is essential for A3 selectivity. This group is located
in a highly hydrophobic pocket in the hA3 receptor made up
by hA3 exclusive residues such as Ile253 (TM6, Thr in other
subtypes of adenosine receptors), Tyr254 (TM6, Leu or Phe in
A1, A2A, and A2B adenosine receptors), Val169-Ser170-Val 171
backbone (EL2), and Met172 (EL2, Ile, or Val in other subtypes).
The presence of the 8-OMe group leads to van der Waals inter-
action energy values larger than those calculated for the com-
plex with the unsubstituted compound 3 (data not shown).
The second and third anchorage points correspond to the

cyclopropyl and benzyl chains at N3 and N1, respectively. The
cyclopropyl chain at N3 of compound 10 is accommodated
into the pocket delimited by the highly conserved residues
Leu90 (TM3), Leu91 (TM3), Leu246 (TM6), and Ile268 (TM7),
correlating with increased van der Waals interactions (Support-
ing Information, Figure S2A). The third hydrophobic pocket
corresponds to the highly conserved region delimited by Ile98
(TM3), Ile186 (TM5), Trp243 (TM6), and Leu244 (TM6), which is
occupied by the p-methylbenzyl substituent of 10 with favora-
ble van der Waals interaction energies (Supporting Informa-
tion, Figure S2A). It is interesting to note that the lack of the
benzyl moiety at N1, as shown with compound 6, results in a
strong decrease in affinity for the A3 receptor (Ki=593�
274 nm). Similar results have been observed with our previous
series of pyrido ACHTUNGTRENNUNG[2,1-f]purinediones.[16] Selectivity for hA3 was
improved with substitution at the position 4 of the benzyl at

Figure 2. Superposition of some 1H,3H-pyrido ACHTUNGTRENNUNG[2,1-f]purine-2,4-diones deriva-
tives considered in the docking positions obtained by AutoDock Ligands:
black (compound 10), light gray (compound 11), and gray (compound 3).

Figure 3. Proposed binding site for compound 10, inserted in the cavity de-
limited by TM helices 3, 5, and 6, and EL2. Side chains of some amino acids
important for ligand recognition are highlighted and labeled.
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N1 by small substituents, methyl, or methoxy groups being
the most selective. Substitution by a chloro atom, with lipophi-
licity similar to that of the methyl group but with different
electronic properties, does not lead to such a high degree of
selectivity. Derivatives with bulkier substituents such as 4-tert-
butyl (12) do not fit appropriately in this well-defined region,
leading to a decrease of affinity, which reveals that a steric
control is taking place inside this cavity. Therefore, benzyl
groups containing small electron donor substituents fill most
efficiently this lipophilic pocket. Additionally, Trp243 has been
shown to act as a switch in the TM6-mediated structural transi-
tion from the resting to the active state.[34] Interactions with
the benzyl group of compound 10 with this residue would not
allow the reorientation of its side chain accompanying the in-
active to active state transition. Thus, this benzyl group would
be responsible for the improved potency in the antagonistic
effect of this family of compounds, in agreement with favora-
ble van der Waals interactions with Trp243.
The hA3 exclusive Gln167-Asn250 pair, to the best of our

knowledge has not been described before, and together with
the highly conserved Phe168, could be one of the main char-
acteristics defining the hA3 subtype binding site. To establish if
this novel feature applies exclusively to the binding mode of
our pyridopurinediones or also to other selective A3 antago-
nists, docking studies were performed with the pyrazolotriazo-

lopyrimidine derivative 14, a highly potent and selective A3 an-
tagonist (Ki=0.2 nm).[35] Superimposition of the docked struc-
tures of compounds 10 and 14 is shown in Figure 4. Interest-
ingly, the binding mode of compound 14 makes use of bind-
ing regions common to those described above for our
pyridopurinediones: the tricyclic system of 14 is stacked be-
tween Phe168 and the Gln167-Asn250 pair, the methoxyphen-
yl group of 14 nicely occupies the region delimited by the
Trp243 where the benzyl of compound 10 is lodged, the N6
atom forms a H-bond with the backbone NH of Phe168, analo-
gously to the CO group at position 4 in compound 10, and the
furan O atom of 14 interacts with the hydroxyl group of
Ser181, equivalent to the interaction with the CO at position 2
in compound 10. An additional H-bond between the NH of
the urea closer to the methoxybenzyl group, and the CO
group of the Gln167 side chain was found.

Conclusions

By modifications performed at positions 1, 3, and 8 of our pre-
viously identified 1H,3H-pyrido ACHTUNGTRENNUNG[2,1-f]purine-2,4-diones, an in-
crease in potency and, most remarkably, in selectivity against
the human adenosine A3 receptor has been achieved. The 3-cy-
clopropylmethyl-8-methoxy-1-(4-methylbenzyl)-1H,3H-pyrido-
ACHTUNGTRENNUNG[2,1-f]purine-2,4-dione (10) described herein, is a highly selec-

Figure 4. Superimposition of the docked structures of compounds 10 (black) and 14 (gray) inside the TM domain of hA3 receptor. An enlarged detail is
shown.

ChemMedChem 2008, 3, 111 – 119 G 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemmedchem.org 115

Adenosine A3 Antagonists

www.chemmedchem.org


tive hA3 antagonist with a Ki=2.2 nm, and with no affinity for
the A1, A2A, and A2B receptors, being the most potent and se-
lective A3 antagonist among the 1H,3H-pyridoACHTUNGTRENNUNG[2,1-f]purine-2,4-
diones tested so far. Molecular modeling studies performed
with several of our pyridoACHTUNGTRENNUNG[2,1-f]purine-2,4-diones in the pro-
posed model for the human A3 receptor,

[18] resulted in the li-
gands being located in the putative binding site already pro-
posed by other authors.[30,31] The Gln167-Asn250 pair, main-
tained during the MD simulation, together with the highly con-
served Phe168, delimits the cavity where the pyrido ACHTUNGTRENNUNG[2,1-
f]purine-2,4-diones are located, and could be an important fea-
ture related to the hA3 subtype binding site. Van der Waals
and electrostatic contributions of crucial residues to the bind-
ing of the pyridopurinediones are in good agreement with
SAR data. Antagonist potency and selectivity are explained in
terms of interactions with the key residue Trp243, and other
polar interactions involving Phe168 and Ser181. Similar inter-
actions were found when the reported nonnucleoside A3 selec-
tive antagonist 14 was subjected to docking studies inside the
cavity. Therefore, and based on the studies described herein,
our pyridopurinediones can be considered as an important
tool that have provided further insights into the binding mode
of ligands to the hA3 receptor, contributing to this very active
research area.

Experimental Section

Chemical Procedures

Melting points were obtained on a Reichert-Jung Kofler apparatus
and are uncorrected. Microanalyses were obtained with a Heraeus
CHN-O-RAPID instrument. Electrospray mass spectra were mea-
sured on a quadrupole mass spectrometer equipped with an elec-
trospray source (Hewlett–Packard, LC/MS HP 1100). 1H- and
13C NMR spectra were recorded on a Varian Gemini operating at
200 MHz (1H) and 50 MHz (13C), respectively, on a Varian INNOVA
300 operating at 299 MHz (1H) and 75 MHz (13C), respectively, and
Varian INNOVA-400 operating at 399 MHz (1H) and 99 MHz (13C), re-
spectively. Monodimensional 1H and 13C spectra were obtained
using standard conditions. 2D inverse proton detected heteronu-
clear one-bond shift correlation spectra were obtained using the
Pulsed Field Gradient HSQC pulse sequence. Data were collected
in a 2048Q512 matrix with a spectral width of 3460 Hz in the
proton domain and 22500 Hz in the carbon domain, and process-
ed in a 2048Q1024 matrix. The experiment was optimized for one
bond heteronuclear coupling constant of 150 Hz. 2D inverse
proton detected heteronuclear long range shift correlation spectra
were obtained using the Pulsed Field Gradient HMBC pulse se-
quence. The HMBC experiment was acquired in the same condi-
tions that HSQC experiment and optimized for long range cou-
pling constants of 7 Hz. Analytical TLC was performed on silica gel
60 F254 (Merck) precoated plates (0.2 mm). Spots were detected
under UV light (254 nm). Separations on silica gel were performed
by preparative centrifugal circular thin layer chromatography
(CCTLC) on a ChromatotronR (Kiesegel 60 PF 254 gipshaltig
(Merck)), layer thickness (1 or 2 mm), flow rate (4 or 8 mLmin�1, re-
spectively). Flash column chromatography was performed with
silica gel 60 (230–400 mesh) (Merck). All experiments involving
water-sensitive compounds were conducted under scrupulously
dry conditions. Acetonitrile was dried by refluxing over calcium hy-

dride. Anhydrous N,N’-dimethylformamide was purchased from Al-
drich.
1-Benzyl-3-cyclopropylmethyl-8-methoxy-1H,3H-pyrido ACHTUNGTRENNUNG[2,1-f]-
purine-2,4-dione (5). (Bromomethyl)cyclopropane (226 mL,
2.33 mmol) and DBU (255 mL, 1.71 mmol) were added to a solution
of 4[16] (500 mg, 1.55 mmol) in dry CH3CN (15.5 mL). The mixture
was stirred at room temperature for 6 h. Then, volatiles were re-
moved and the residue was taken up in CH2Cl2 (150 mL) and
washed with 1n HCl (100 mL), water (100 mL), and brine (100 mL).
The organic phase was dried (MgSO4), filtered, and evaporated.
The residue was purified by column chromatography using
CH2Cl2 :acetone (30:1) as eluent, to afford 506 mg (90%) of the title
compound 5 as a white solid. Mp (CH2Cl2:MeOH): 198–200 8C. MS
(ES, positive mode): m/z 377 [(M+1)+] , 399 [(M+Na)+] . 1H NMR
(CDCl3): d=0.47 (m, 4H, CH2), 1.32 (m, 1H, CH), 3.95 (m, 5H, 3-
NCH2, OCH3), 5.38 (s, 2H, 1-NCH2), 6.75 (dd, J=7.4, 2.6 Hz, 1H, H-7),
6.99 (d, J=2.2 Hz, 1H, H-9), 7.26–7.58 (m, 5H, Ph), 8.84 ppm (d, J=
7.3 Hz, 1H, H-6). 13C NMR (CDCl3): d=3.84 (CH2), 10.19 (CH), 45.53
(3-NCH2), 46.63 (1-NCH2), 55.86 (OCH3), 95.28 (C-9), 101.08 (C-4a),
107.59 (C-7), 127.74, 127.91, 128.50, 128.61, 136.52 (C-6, Ph),
149.97, 151.46, 151.70 (C-2, C-9a, C-10a), 154.79 (C-4), 161.51 ppm
(C-8). Anal. (C21H20N4O3) C, H, N.
3-Cyclopropylmethyl-8-methoxy-1H,3H-pyridoACHTUNGTRENNUNG[2,1-f]purine-2,4-
dione (6). Pd(OH)2 (20%) (350 mg) was added to a stirred solution
of 5 (350 mg, 0.93 mmol) in EtOH (18 mL), and the mixture was
heated to reach 80 8C. Then, ammonium formate was added
(469 mg, 7.44 mmol), and the reaction mixture was heated at 80 8C
for 1 h. Another portion of ammonium formate (469 mg,
7.44 mmol) was added and heating was continued for 5 h.
Na2SO4·10H2O was added and the mixture was allowed to reach
room temperature, filtered, and the filtrate was evaporated. The
residue was purified by flash column chromatography (florysil)
using CH2Cl2 :MeOH (40:1) as eluent to afford 184 mg (54%) of 5
from the fastest moving fractions; the slowest moving fractions af-
forded 112 mg (42%) of the title compound 6 as a white solid. Mp
(CH2Cl2 :MeOH): 297–299 8C. MS (ES, positive mode): m/z 287
[(M+1)+] , 313 [(M+Na)+] . 1H NMR ([D6]DMSO): d=0.49 (m, 4H,
CH2), 1.29 (m, 1H, CH), 3.77 (d, J=7.0 Hz, 2H, 3-NCH2), 3.92 (s, 3H,
OCH3), 6.89 (dd, J=7.3, 2.6 Hz, 1H, H-7), 7.11 (d, J=2.2 Hz, 1H, H-
9), 8.75 (d, J=7.3 Hz, 1H, H-6), 11.99 ppm (br s, 1H, NH-1). 13C NMR
(CDCl3): d=3.53 (CH2), 10.15 (CH), 43.72 (3-NCH2), 56.15 (OCH3),
95.40 (C-9), 99.94 (C-4a), 107.30 (C-7), 127.55 (C-6), 149.85, 150.55,
151.28 (C-2, C-9a, C-10a), 154.58 (C-4), 161.08 ppm (C-8). Anal.
(C14H14N4O3) C, H, N.
General Procedure for the preparation of N1-substituted-3-cyclo-
propylmethyl-8-methoxy-1H,3H-pyrido ACHTUNGTRENNUNG[2,1-f]purine-2,4-diones.
K2CO3 (2.6 equiv) was added to a stirred solution of 6 (1 equiv) in
anhydrous DMF (2 mL) and the mixture was stirred at RT for 1 h.
Then, the corresponding benzyl halide (1.2 equiv) was added, and
the reaction mixture was heated at 40 8C for 3 h. After cooling to
RT, volatiles were removed, and the residue was taken up in EtOAc
(20 mL) and washed with a saturated NaHCO3 solution (20 mL).
The organic phase was dried (Na2SO4), filtered, and evaporated.
The residue was purified by CCTLC on the Chromatotron using
hexane:EtOAc (2:1) as eluent.
1-(4-Chlorobenzyl)-3-cyclopropylmethyl-8-methoxy-1H,3H-
pyrido ACHTUNGTRENNUNG[2,1-f]purine-2,4-dione (7). Following the general proce-
dure, reaction of 6 (44 mg, 0.15 mmol) with K2CO3 (28 mg,
0.20 mmol) and 4-chlorobenzylbromide (36 mg, 0.18 mmol) yielded
51 mg (81%) of the title compound 7 as a white solid. Mp
(CH2Cl2 :MeOH): 218–220 8C. MS (ES, positive mode): m/z 411-
ACHTUNGTRENNUNG[(M+1)+] , showing the Cl isotopic pattern. 1H NMR (CDCl3): d=0.47
(m, 4H, CH2), 1.31 (m, 1H, CH), 3.94 (m, 5H, 3-NCH2, OCH3), 5.33 (s,
2H, 1-NCH2), 6.76 (dd, J=7.2, 2.6 Hz, 1H, H-7), 6.98 (d, J=2.4 Hz,
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1H, H-9), 7.28 (d, J=8.3 Hz, 2H, Ph), 7.51 (d, J=8.3 Hz, 2H, Ph),
8.84 ppm (d, J=7.3 Hz, 1H, H-6). 13C NMR (CDCl3): d=3.84 (CH2),
10.18 (CH), 45.57, 45.97 (3-NCH2, 1-NCH2), 55.89 (OCH3), 95.28 (C-9),
107.69 (C-7), 127.94, 128.67, 130.19, 133.67, 135.02 (C-6, Ph),
149.97, 151.25, 151.66 (C-2, C-9a, C-10a), 154.70 (C-4), 161.61 ppm
(C-8). Anal. (C22H19ClN4O3) C, H, N.
1-(3-Chlorobenzyl)-3-cyclopropylmethyl-8-methoxy-1H,3H-
pyrido ACHTUNGTRENNUNG[2,1-f]purine-2,4-dione (8). Following the general proce-
dure, reaction of 6 (31 mg, 0.11 mmol) with K2CO3 (20 mg,
0.14 mmol) and 3-chlorobenzy bromide (16 mL, 0.12 mmol) yielded
43 mg (97%) of the title compound 8 as a white solid. Mp
(CH2Cl2 :MeOH): 225–226 8C. MS (ES, positive mode): m/z 411
[(M+1)+] , showing the Cl isotopic pattern. 1H NMR (CDCl3): d=0.45
(m, 4H, CH2), 1.30 (m, 1H, CH), 3.92 (m, 5H, 3-NCH2, OCH3,), 5.32 (s,
2H, 1-NCH2), 6.74 (dd, J=7.3, 2.4 Hz, 1H, H-7), 6.96 (d, J=2.4 Hz,
1H, H-9), 7.27 (dd, J=3.8, 1.3 Hz, 2H, Ph), 7.42 (td, J=4.3, 1.5 Hz,
1H, Ph), 7.51 (s, 1H, Ph), 8.82 ppm (d, J=7.3 Hz, 1H, H-6). 13C NMR
(CDCl3): d=3.81 (CH2), 10.15 (CH), 45.54, 46.02 (3-NCH2, 1-NCH2),
55.85 (OCH3), 95.27 (C-9), 101.02 (C-4a), 107.68 (C-7), 126.74,
127.87, 127.93, 128.53, 129.74, 134.27, 138.41 (C-6, Ph), 149.93,
151.18, 151.60 (C-2, C-9a, C-10a), 154.63 (C-4), 161.55 ppm (C-8).
Anal. (C21H19ClN4O3) C, H, N.
3-Cyclopropylmethyl-1-(3,4-dichlorobenzyl)-8-methoxy-1H,3H-
pyrido ACHTUNGTRENNUNG[2,1-f]purine-2,4-dione (9). Following the general proce-
dure, reaction of 6 (42 mg, 0.15 mmol) with K2CO3 (26 mg,
0.19 mmol) and 3,4-dichlorobenzylbromide (41 mg, 0.17 mmol)
yielded 59 mg (90%) of the title compound 9 as a white solid. Mp
(CH2Cl2 :MeOH): 214–216 8C. MS (ES, positive mode): m/z 445
[(M+1)+] , showing the isotopic 2Cl pattern. 1H NMR (CDCl3): d=
0.47 (m, 4H, CH2), 1.30 (m, 1H, CH), 3.94 (m, 5H, 3-NCH2, OCH3),
5.30 (s, 2H, 1-NCH2), 6.75 (dd, J=7.3, 2.6 Hz, 1H, H-7), 6.97 (d, J=
2.4 Hz, 1H, H-9), 7.39 (m, 2H, Ph), 7.65 (s, 2H, Ph), 8.82 ppm (d, J=
7.3 Hz, 1H, H-6). Anal. 13C NMR (CDCl3): d=3.83 (CH2), 10.16 (CH),
45.52, 45.58 (3-NCH2, 1-NCH2), 55.88 (OCH3), 95.31 (C-9), 101.05 (C-
4a), 107.75 (C-7), 127.92, 128.16, 130.43, 130.63, 131.91, 132.50,
136.68 (C-6, Ph), 149.97, 151.05, 151.60 (C-2, C-9a, C-10a), 154.58
(C-4), 161.64 ppm (C-8). Anal. (C21H18Cl2N4O3) C, H, N.
3-Cyclopropylmethyl-8-methoxy-1-(4-methylbenzyl)-1H,3H-
pyrido ACHTUNGTRENNUNG[2,1-f]purine-2,4-dione (10). Following the general proce-
dure, reaction of 6 (35 mg, 0.12 mmol) with K2CO3 (22 mg,
0.16 mmol) and 4-methylbenzylbromide (26 mg, 0.14 mmol) yield-
ed 42 mg (90%) of the title compound 10 as a white solid. Mp
(CH2Cl2 :MeOH): 189–191 8C. MS (ES, positive mode): m/z 391
[(M+1)+] . 1H NMR (CDCl3): d=0.46 (m, 4H, CH2), 1.31 (m, 1H, CH),
2.31 (s, 3H, CH3), 3.94 (m, 5H, 3-NCH2, OCH3), 5.34 (s, 2H, 1-NCH2),
6.73 (dd, J=7.2, 2.4 Hz, 1H, H-7), 6.99 (d, J=2.4 Hz, 1H, H-9), 7.12
(d, J=7.8 Hz, 2H, Ph), 7.46 (d, J=7.8 Hz, 2H, Ph), 8.83 ppm (d, J=
7.5 Hz, 1H, H-6). 13C NMR (CDCl3): d=3.83 (CH2), 10.17 (CH), 21.13
(CH3), 45.49, 46.37 (3-NCH2, 1-NCH2), 55.83 (OCH3), 95.25 (C-9),
101.07 (C-4a), 107.51 (C-7), 127.86, 128.68, 129.14, 133.54, 137.44
(C-6, Ph), 149.93, 151.42, 151.67 (C-9a, C-2, C-10a), 154.76 (C-4),
161.45 ppm (C-8). Anal. (C22H22N4O3) C, H, N.
3-Cyclopropylmethyl-8-methoxy-1-(4-methoxybenzyl)-1H,3H-
pyrido ACHTUNGTRENNUNG[2,1-f]purine-2,4-dione (11). Following the general proce-
dure, reaction of 6 (43 mg, 0.15 mmol) with K2CO3 (27 mg,
0.20 mmol) and 4-methoxybenzylchloride (23 mL, 0.17 mmol) yield-
ed 57 mg (93%) of the title compound 11 as a white solid. Mp
(CH2Cl2 :MeOH): 195–197 8C. MS (ES, positive mode): m/z 407
[(M+1)+] , 429 [(M+Na)+] . 1H NMR (CDCl3): d=0.47 (m, 4H, CH2),
1.29 (m, 1H, CH), 3.76 (s, 3H, OCH3), 3.93 (m, 5H, 3-NCH2, OCH3),
5.30 (s, 2H, 1-NCH2), 6.72 (dd, J=7.4, 2.5 Hz, 1H, H-7), 6.83 (d, J=
8.7 Hz, 2H, Ph), 6.98 (d, J=2.6 Hz, 1H, H-9), 7.53 (d, J=8.7 Hz, 2H,
Ph), 8.82 ppm (d, J=7.3 Hz, 1H, H-6). 13C NMR (CDCl3): d=3.82
(CH2), 10.16 (CH), 45.47, 46.08 (1-NCH2, 3-NCH2), 55.18 (Ph OCH3),

55.83 (OCH3), 95.22 (C-9), 101.09 (C-4a), 107.50 (C-7), 113.77, 128.76,
128.86, 130.29, 159.14 (C-6, Ph), 149.92, 151.38, 151.65 (C-2, C-9a,
C-10a), 154.75 (C-4), 161.46 ppm (C-8). Anal. (C22H22N4O4) C, H, N
1-(4-Tert-butylbenzyl)-3-cyclopropylmethyl-8-methoxy-1H,3H-
pyrido ACHTUNGTRENNUNG[2,1-f]purine-2,4-dione (12). Following the general proce-
dure, reaction of 6 (31 mg, 0.11 mmol) with K2CO3 (20 mg,
0.14 mmol) and 4-tert-butybenzylbromide (20 mL, 0.12 mmol) yield-
ed 46 mg (97%) of the title compound 12 as a white solid. Mp
(CH2Cl2 :MeOH): 183–186 8C. MS (ES, positive mode): m/z 433
[(M+1)+] . 1H NMR (CDCl3): d=0.46 (m, 4H, CH2), 1.30 [m, 10H, C-
ACHTUNGTRENNUNG(CH3)3, CH], 3.93 (m, 5H, 3-NCH2, OCH3,), 5.35 (s, 2H, 1-NCH2), 6.73
(dd, J=7.4, 2.6 Hz, 1H, H-7), 6.98 (d, J=2.4 Hz, 1H, H-9), 7.34 (d,
J=8.3 Hz, 2H, Ph), 7.51 (d, J=8.6 Hz, 1H, Ph), 8.82 ppm (d, J=
7.3 Hz, 1H, H-6). 13C NMR (CDCl3): d=3.83 (CH2), 10.16 (CH), 31.25
[C ACHTUNGTRENNUNG(CH3)3] , 35.45 [CACHTUNGTRENNUNG(CH3)3] , 45.48, 46.23 (3-NCH2, 1-NCH2), 55.81
(OCH3), 95.22 (C-9), 101.05 (C-4a), 107.48 (C-7), 125.38, 127.83,
128.42, 133.48, 149.90, 150.55 (C-6, Ph, C-9a), 151.44, 151.68 (C-2,
C-10a), 154.74 (C-4), 161.42 ppm (C-8). Anal. (C25H28N4O3) C, H, N.
3-Cyclopropylmethyl-1-(4-dimethylaminobenzyl)-8-methoxy-
1H,3H-pyrido ACHTUNGTRENNUNG[2,1-f]purine-2,4-dione (13). Following the general
procedure, reaction of 6 (55 mg, 0.19 mmol) with K2CO3 (35 mg,
0.25 mmol), 4-dimethylaminobenzyl chloride hydrochloride[26]

(52 mg, 0.25 mmol) and Et3N (35 mL, 0.25 mmol) yielded 76 mg
(87%) of the title compound 13 as an amorphous solid. MS (ES,
positive mode): m/z 420 [(M+1)+] . 1H NMR (CDCl3): d=0.46 (m,
4H, CH2), 1.28 (m, 1H, CH), 2.91 [s, 6H, N ACHTUNGTRENNUNG(CH3)2] , 3.94 (m, 5H, 3-
NCH2, OCH3,), 5.28 (s, 2H, 1-NCH2), 6.67 (d, J=8.5 Hz, 2H, Ph), 6.72
(dd, J=7.4, 2.4 Hz, 1H, H-7), 6.99 (d, J=2.4 Hz, 1H, H-9), 7.52 (d,
J=8.8 Hz, 2H, Ph), 8.82 ppm (d, J=7.6 Hz, 1H, H-6). 13C NMR
(CDCl3): d=3.86 (CH2), 10.20 (CH), 40.62 [NACHTUNGTRENNUNG(CH3)2] , 45.48 (3-NCH2),
46.24 (1-NCH2), 55.85 (OCH3), 95.25 (C-9), 107.43, 112.27, 127.87,
130.25 (C-6, C-7, Ph), 149.94, 151.71, 152.02 (C-9a, C-10a, C-2),
154.83 (C-4), 161.43 ppm (C-8). Anal. (C23H25N5O3) C, H, N.

Radioligand Binding Studies

Radioligand binding studies were performed on stably transfected
cell lines expressing human adenosine receptors. CHO cells ex-
pressing the human adenosine A1 receptor were obtained from Dr.
A. Townsend-Nicholson. These cells were cultured at 37 8C in a 5%
CO2 atmosphere in a 1:1 mixture of DMEM/F12, 2 mm Glutamax (a
stable analogue of glutamine), 10% newborn calf serum with 50
IU/mL penicillin, and 50 mgmL�1 streptomycin. Dr. S. Rees kindly
provided CHO cells expressing the human A2A and A2B receptor.
These cells were cultured at 37 8C in a 5% CO2 atmosphere in a 1:1
mixture of DMEM/F12, 2 mm Glutamax, 10% newborn calf serum,
1 mgmL�1 G418 with 50 IU/mL penicillin, and 50 mgmL�1 strepto-
mycin. HEK 293 cells expressing human adenosine A3 receptors
were from Dr. K.-N. Klotz. These cells were cultured at 37 8C in a
7% CO2 atmosphere in a mixture of DMEM, 2 mm Glutamax, 10%
newborn calf serum, 0.5 mgmL�1 G418 with 50 IUmL�1 penicillin,
and 50 mgmL�1 streptomycin. Confluent cells expressing the
human A1, A2A, and A2B receptor or semiconfluent cells expressing
the human A3 adenosine receptor were trypsinized and centrifuged
for 10 min at 1000 rpm. The cell pellets were resuspended in
50 mm Tris/HCl (pH 7.4) at room temperature and homogenized
on ice for 5 s at position 8 with an Ystral homogenizer. The homo-
genate was centrifuged for 45 min at 12 700 rpm in an SW-30
rotor at 4 8C. The resulting pellet was resuspended in 50 mm Tris/
HCl (pH 7.4) at room temperature. Adenosine deaminase,
2 IUmL�1, was added, and aliquots were stored at �80 8C. Stock
solutions of ligands were made in DMSO. The final concentration
of DMSO in the assay did not exceed 1%.[3H]DPCPX and [125I]AB-
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MECA were obtained from Amersham, and [3H]ZM241385 and
[3H]MRS1754 were obtained from Tocris Cookson, Ltd. (Northpoint,
U.K.).
Adenosine A1 Receptor. Membranes containing 40 mg of protein
were incubated in a total volume of 400 mL of 50 mm Tris/HCl
(pH 7.4) and [3H]DPCPX (final concentration, 1.6 nm) for 1 h at 25 8C
in a shaking water bath. Nonspecific binding was determined in
the presence of 10 mm CPA. The incubation was terminated by fil-
tration over Whatman GF/B filters under reduced pressure with a
Brandell harvester. Filters were washed three times with ice cold
buffer and placed in scintillation vials. Emulsifier Safe (3.5 mL) was
added, and after 2 h, radioactivity was counted in an LKB rack b

scintillation counter.
Adenosine A2A Receptor. Membranes containing 40 mg of protein
were incubated in a total volume of 400 mL of 50 mm Tris/HCl
(pH 7.4) and [3H]ZM241385 (final concentration, 2.0 nm) for 2 h at
25 8C in a shaking water bath. Nonspecific binding was determined
in the presence of 100 mm CPA. The incubation was terminated by
filtration over Whatman GF/B filters under reduced pressure with a
Brandell harvester. Filters were washed four times with ice cold
buffer and placed in scintillation vials. Emulsifier Safe (3.5 mL) was
added, and after 2 h, radioactivity was counted in an LKB rack , b

scintillation counter.
Adenosine A2B receptor. Membranes containing 11 mg of protein
were incubated in a total volume of 100 mL of 50 mm Tris/HCl,
0.1% CHAPS, ADA 1UmL�1 (pH 7.4) and [3H]MRS1754 (final concen-
tration, 1.2 nm) for 1 h at 25 8C in a shaking water bath. Nonspecific
binding was determined in the presence of 1 mm NECA. The incu-
bation was terminated by filtration over Whatman GF/C filters
under reduced pressure with a Brandell harvester. Filters were
washed three times with ice cold 50 mm Tris/HCl pH 7.4 and
placed in vials. Radioactivity was counted by a b counter.
Adenosine A3 Receptor. Membranes containing 20–40 mg of protein
were incubated in a total volume of 100 mL of 50 mm Tris/HCl,
10 mm MgCl2, 1 mm EDTA, 0.01% CHAPS (pH 7.4), and [125I]AB-
MECA (final concentration, 0.10 nm) for 1 h at 37 8C in a shaking
water bath. Nonspecific binding was determined in the presence
of 100 mm R-PIA. The incubation was terminated by filtration over
Whatman GF/B filters under reduced pressure with a Brandell har-
vester. Filters were washed three times with ice cold buffer and
placed in vials. Radioactivity was counted by a b counter.

Computational Methods

The geometry of compounds 3, 5, 6, 7, 9, 10, 11, and 14 were first
optimized using the ab initio quantum chemistry program Gaussi-
an 98[36] and the HF/3-21G* basis set. Partial atomic charges were
then obtained using the RESP[37] methodology with the 6-31G(d)
basis set.
Different conformers of compounds 3, 5, 6, 7, 9, 10, 11, 14, as well
as the previously described 1-benzyl-8-phenyl-1H,3H-pyrido-[2,1-f]-
purine-2,4-dione and 1-benzyl-3-[(E)-3-methoxycarbonyl-2-pro-
penyl]-1H,3H-pyrido-[2,1-f]purine-2,4-dione[16] (data not shown)
were docked in different orientations using the genetic algorithm
implemented in AutoDock,[28] and the refined form of human ade-
nosine A3 receptor (see below) as the target protein, by randomly
changing the torsion angles and overall orientation of the mole-
cule. A volume for exploration was defined in the shape of a three-
dimensional cubic grid (30Q30Q30 O3) with a spacing of 0.375 O
that enclosed the putative binding site, which was located using
castP analysis,[29] and included the residues that are known to be
crucial for activity[18] and EL2. At each grid point, the receptor’s
atomic affinity potentials for carbon, aromatic carbon, oxygen, ni-

trogen, and hydrogen atoms were precalculated for rapid intra-
and intermolecular energy evaluation of the docking solutions for
each inhibitor.
The 3D structure of the transmembrane domain of the human ade-
nosine A3 receptor as built using homology modeling from the X-
ray structure of bovine rhodopsin[27] was retrieved from the Protein
Data Bank[38] (access number 1OEA). It is generally accepted that
this model is a suitable template for the resting state of the recep-
tor, which resembles an antagonist-bound state. Molecular dynam-
ic simulations were carried out using the SANDER module in
AMBER 6.[39] The updated (parm99) second generation[40] AMBER
force field was used. SHAKE[41] was applied to all bonds, and the in-
tegration time step was 1 fs. A fixed dielectric constant of 4.0 was
used for all calculations.
The structure of the adenosine A3 receptor was minimized with
backbone constraints (5 kcalmol�1O�2) on the secondary structure
(5000 steps). The compound 10–receptor complex was energy
minimized (4000 steps), heated (from 0 to 300 K in 10 ps), and
equilibrated (from 10 to 200 ps). Distance restraints (10 kcalmo-
l�1O�2) were applied to maintain the hydrogen bonds (2.8�0.1 O)
between the backbone NH of Phe168 and the carbonyl of com-
pound 10, as these electrostatic interactions were thought to be of
prime importance for complex stabilization. This restraint was re-
moved thereafter and the system coordinates were then collected
every 5 picoseconds for 1800 ps, which yielded an ensemble of
180 structures for each complex for further analysis. The geome-
tries obtained during the trajectory from 1600 to 2000 ps (a total
of 20) were averaged and energy minimized. The Ca atoms were
kept fixed at the positions originally determined because of the
absence of the lipid environment in the molecular dynamic simula-
tions. Molecular mechanics interaction energies between different
parts of the system were calculated using the ANAL module of
AMBER, and electrostatics were computed with DelPhi, following
the procedure described in detail elsewhere.[42]
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