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Received August 10, 2005

The Cambridge Structural Database (CSD) was searched through two 3D queries based on
substructures shared by well-known antagonists at the A1 and A3 adenosine receptors (ARs).
Among the resulting 557 hits found in the CSD, we selected five compounds to purchase,
synthesize, or translate synthetically into analogues better tailored to interact with the biological
targets. Binding experiments using human ARs showed that four out of five tested compounds
turned out to be antagonists at the A1AR or A3AR with Ki values between 50 and 440 nM.
Lead optimizations of 2-(benzimidazol-2-yl)quinoxalines (BIQs, 3) gave the best results in terms
of potency and selectivity at the A1 and A3 ARs. Particularly, 2-(4-ethylthiobenzimidazol-2-
yl)quinoxaline (3e) exhibited Ki values at the A1AR, A2AAR, and A3AR of 0.5, 3440, and 955
nM, respectively, whereas 2-(4-methylbenzimidazol-2-yl)quinoxaline (3b) displayed at the same
ARs Ki values of 8000, 833, and 26 nM, respectively.

Introduction
Adenosine is an endogenous signaling nucleoside

released from most cells that is responsible for many
physiological processes.1-5 Once in the extracellular
space, it modifies cell functioning by triggering specific
cell membrane G-protein-coupled receptors that modu-
late several effector systems, including adenylate cy-
clase, potassium and calcium channels, phospholipase
C or D, and guanylate cyclase. At least four adenosine
receptor (AR) subtypes, classified as A1, A2 (A2A, A2B),
and A3, have been identified as mediators of these
effects.6 Each receptor subtype has been indicated as a
target for the development of agonist- and antagonist-
based therapies against a wide range of pathologies
(CNS disorders, cardiac arrhythmia, ischemic injuries,
asthma, renal failure, and inflammatory diseases).

In particular, the A1AR is extensively expressed in
both the CNS and peripheral tissues, such as kidney,
lung, bladder, adipose tissue, and heart.6 The main
potential therapeutic applications of A1AR antagonists
are for the treatment of cognitive deficits, CNS disorders
such as Alzheimer’s disease, renal failure, cardiac
bradiarrhythmias, and asystolic arrest.2,7

The A2AAR is highly coexpressed with the dopamine
D2 receptor in the striatum of the basal ganglia, where
an antagonistic cross-talk between A2AAR and D2 has
been reported.8-10 Consequently, potent and selective
A2AAR antagonists are currently investigated as new

drugs for the treatment of neurodegenerative disorders,
such as Parkinson’s disease.11,12

The A3AR is widely distributed in peripheral organs
with the largest expression detected in the testis,
liver, and lung, but it is also expressed in the CNS
and heart.13 A3AR antagonists might be therapeutic-
ally useful for the acute treatment of stroke, for glau-
coma, and also as antiasthmatic and antiinflammatory
drugs.14-16

In this scenario, the search for novel potent and
selective antagonists at the different ARs is still an
attractive field of research.

In recent years, it has been shown that database
searching is a valuable tool to discover novel lead
compounds.17 The input for the search engine can be a
query made up of a substructure (two-dimensional (2D)
search). When the query includes torsion angles and/or
interatomic distances, the search is of three-dimensional
(3D) type. Queries are typically built up from a phar-
macophore model or from the structure of a highly active
compound whose target-bound conformation is known
from X-ray or NMR experiments or is the only one
energetically allowed. A database search ends up yield-
ing a number of hits (i.e., structures matching the query)
between zero and thousands. If the number of hits is
too small or too large, the search is repeated, adjusting
the settings of the query until a manageable number of
hits is found. Typically, the user focuses the search on
“drug-like” structures18 by applying filters on the basis
of molecular weight, the number of heteroatoms, cal-
culated lipophilicity, the number of rotatable bonds, and
any other suitable physicochemical parameter. Because
hits may not be tailored to interact with the target
biomacromolecule (e.g., because they are exceedingly
bulky, hydrophilic, etc.) or are chemically unstable, their
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structure is often converted into derivatives with more
chances of displaying the desired biological properties.
Several examples of 3D database searches aimed at
identifying new leads are documented in literature.17,19-24

We applied the 3D database searching approach to
design new antagonists at the A1 and A3 ARs. The Cam-
bridge Structural Database (CSD)25 (version 5.25, No-
vember 2003) was scanned using two different queries,
each made up of a pharmacophore substructure whose
3D disposition was defined by torsion angles. Our work-
ing hypothesis was that pharmacophoric features of A1-
AR and A3AR antagonists could be found in some of the
structures deposited in the CSD that have never been
assayed or even considered for such biological proper-
ties. Among the resulting 557 hits, we selected five com-
pounds to purchase, synthesize, or translate syntheti-
cally into analogues thought to be more suited for bind-
ing to the target receptors. Four compounds turned out
to be active as antagonists at the human A1AR or A3-
AR with Ki values between 50 and 440 nM (Table 1).
Among these compounds, 2-(benzimidazol-2-yl)quinoxa-
line (BIQ), labeled as 3a in this contribution, was select-
ed as the most promising lead to optimize affinity and
selectivity at both the A1AR and the A3AR. In a few
make-and-test cycles, we obtained two BIQ derivatives
active as selective antagonists at the A1AR (3e with Ki
) 0.5 nM) and A3AR (3b with Ki ) 26 nM) (Table 4).

3D Database Search and Lead Design
The six highly potent selective antagonists at the A1-

AR and A3AR reported in Figure 1 contain one of the

following substructures: (1) C-N-C-C-NH-C (ex-
tracted from the A1AR antagonists I26 and II27 as well
from the A3AR antagonist IV28) or (2) C-C-N-C-
NH-C (featured by the A1AR antagonist III29 as well
as by the A3AR antagonists V30 and VI31). The two
substructures were further detailed through 2D con-
straints based on connectivity and 3D constraints based
on torsion angles to yield the queries used to scan the
CSD32 (Figure 2). The whole process of lead finding is
illustrated in Figure 3. The searches performed with
queries 1 and 2 gave 299 and 258 hits, respectively.
Each hit was subsequently inspected on the basis of
“drug-likeliness” criteria proposed by Lipinski,18 chemi-
cal stability, and ease of synthesis. At the end of this
step, we selected five structures filed in the CSD with
the reference codes bzquxl,33 biyroq,34 fapwoi,35 hex-
pab,36 and sortey.37 Biyroq (1) was purchased from
ChemBridge Corp. (San Diego, CA); hexpab (2) was
prepared as described in the literature.36 The remaining
three hits (bzquxl, fapwoi, and sortey) were synthetically
translated into analogues expected to display higher
affinity as antagonists at the A1AR and/or A3AR, namely
compounds 3a, 4a (less bulky), and 5a (less hydrophilic).

Chemistry
Compounds 3a-o were prepared by following the

published synthetic procedure (Schemes 1 and 2) for the
obtainment of 3a.38 In brief, the starting quinoxaline-
2-carboxylic acid 6 was heated in polyphosphoric acid
with the appropriate phenylendiamine 7a-o to obtain
the target benzimidazolequinoxaline 3a-o.

The o-phenylendiamines 7 were all commercially
available, except 7d and e; their synthesis involved the
preparation of 10e, in accordance with the published
procedure for 10d,39 followed by a simple reduction of
the nitro group to an amino (Scheme 3).

Compound 4a was prepared starting from the com-
mercially available 11 (Ambinter, Paris, France) and
acetic anhydride.40 Product 4d, previously reported to

Table 1. Affinities at Human A1, A2A, and A3 ARs of
Compounds Designed as A1AR and/or A3AR Antagonists by 3D
Database Searching

Ki (nM)a

cmpd hA1
b hA2A

c hA3
d

1 >10000 >10000 >1000
2 3336 ( 557 >10000 125 ( 20
3a 50 ( 15 561 ( 17 763 ( 13
4a >10000 >10000 130 ( 3
5ae >10000 >10000 440 ( 33
DPCPX 0.5 ( 0.03 337 ( 28 >1000
NECA 14 ( 4 16 ( 3 73 ( 5
Cl-IBMECA 890 ( 61 401 ( 25 0.22 ( 0.02
a The Ki values are means ( SEM of at least three determina-

tions derived from an iterative curve-fitting procedure (Prism
program, GraphPad, San Diego, CA). b Displacement of specific
[3H]DPCPX binding in membranes obtained from hA1AR stably
expressed in CHO cells. c Displacement of specific [3H]NECA
binding in membranes obtained from hA2AAR stably expressed in
CHO cells. d Displacement of specific [125I]AB-MECA binding in
membranes obtained from hA3AR stably expressed in CHO cells.
e Assayed with a purity degree of 96%.

Scheme 1

Scheme 2

Scheme 3
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be obtained by reaction of 11 and propionic acid with a
low yield (2.6%),35 was prepared from 11 and propionic
anhydride with satisfactory yields (34%). The unknown
4b,c were synthesized, together with derivatives 4a,d,
by the reaction of 11 with a mixture of acetic anhydride
and propionic anhydride in a large excess (Scheme 4).

The known compounds 5b,c were obtained following
a reported procedure;41 product 5d was similarly syn-

thesized, reacting the diamino derivative 12 and 1,2-
dichloroethylene in alkaline medium to give 13, which
was successively cyclized to the target triazole (Scheme
5).

Finally, compound 5a was obtained with a very small
yield, following a different synthetic strategy, reported
in Scheme 6; many other attempts at preparation failed.
The known compound 1442 was allowed to react with

Figure 1. Substructures extracted by potent antagonists at the A1AR and A3AR.

Figure 2. Two 3D queries employed to search the CSD using the ConQuest search engine.32 Organometallic compounds were
excluded from the search by the “only organics” option. The ranges of the torsion angles were chosen to yield a manageable
numbers of hits.
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1,2-dibromopropane to give a mixture of 5a and the
regioisomer in which the methyl group is on the C-2
atom. After column chromatography and recrystalliza-
tion, compound 5a was obtained with a 96% degree of
purity.

Biology

The affinity of the new compounds toward human A1,
A2A, and A3 ARs was evaluated by competition experi-
ments assessing their respective abilities to displace

[3H]DPCPX, [3H]NECA, or [125I]AB-MECA binding from
transfected CHO cells. Experiments were performed as
described elsewhere.43

Results and Discussion

Table 1 lists the binding affinities at the human A1,
A2A, and A3 ARs of compounds 1, 2, 3a, 4a, and 5a,
designed as antagonists of the A1AR and/or the A3AR
as schematized in Figure 3. Although 1 did not elicit
any appreciable affinity for any of the AR subtypes, the
remaining compounds displayed submicromolar affinity
at the A1AR (3a) or the A3AR (2, 4a, and 5a), consistent
with our working hypothesis. The disappointing binding
data of 1 might be ascribed to a combination of small
molecular size and lipophilicity. Although the above
drawbacks could have been solved by preparing alkyl
derivatives of 1, we decided to initially focus lead
optimization efforts on the more promising and easily
modifiable four active compounds 2, 3a, 4a, and 5a.

Three homologues of the 2,5,8-trimethylbenzotriimi-
dazole 4a were prepared and tested in an attempt to
improve potency and retain selectivity at the A3AR. As
shown in Table 2, none of these compounds (4b-d)
revealed a significant selectivity for either the A3AR or
the A1AR. Incidentally, the triethyl derivative 4d was
slightly selective for the A1AR.

The triazolopyrimidinone 5a exhibited an interesting
selectivity profile at the A3AR (Table 3). Actually, this
compound was assayed as a mixture made up of 96% of
(R,S)-5a and 4% of the corresponding (R,S)-2-methyl
isomer. However, in the context of our lead-finding
strategy, there was no need to obtain 5a with a higher
purity level. Simple modifications about the thiazolidine
ring of 5a yielded compounds equipotent (5c) or inactive
(5b,d) in the binding experiments. Research in this
series is still in progress, and results will be reported
in due time.

Figure 3. Structures and refcodes of the five hits identified by searching the CSD. Three out of the five hits (bzquxl, fapwoi, and
sortey) were synthetically translated into analogues 3a, 4a, and 5a, respectively, expected to display a higher affinity as antagonists
at the A1AR and/or the A3AR.

Scheme 4

Scheme 5

Scheme 6
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Compounds 2 and 3a were soon regarded as the most
promising leads in the perspective of affinity and
selectivity optimization at the target receptors (Table
1). Because 2 (fairly selective for the A3AR) was a
truncated analogue of 3a (slightly selective for the A1-
AR), we hypothesized that 2-(benzimidazol-2-yl)qui-
noxaline (BIQ) would represent a suitable molecular
scaffold to obtain both A1AR and A3AR selective an-
tagonists. Several derivatives of 3a were, in principle,
obtainable from commercially available substituted-o-
phenylendiamines, whereas structural modifications to
compound 2 seemed more difficult and restricted to the
replacement of the chlorine. Accordingly, we prepared
and tested some BIQ derivatives substituted on the
benzimidazole system (3b-l) or featuring isosteric CH
f N variations about the benzimidazole ring (3m-o).
Their structures and binding affinities at the A1, A2A,
and A3 ARs are summarized in Table 4. Compound 3e,
characterized by R1 ) SC2H5 in the benzimidazole 4′
position, stands out for its remarkable affinity and
selectivity at the A1AR (Ki values of 0.5, 3440, and 955
nM at the A1AR, A2AAR, and A3AR, respectively).
Interestingly, replacement of the SC2H5 of 3e with the
smaller and less lipophilic CH3, to give 3b, is associated
with a 6000-fold drop in affinity at the A1AR, as well
as a 37-fold increase in potency at the A3AR (Ki values

of 3b are 8000, 833, and 26 nM at the A1AR, A2AAR,
and A3AR, respectively). The dramatic switch of selec-
tivity observed on going from 3e to 3b is probably
related to a better steric tolerance of the A1AR cavity
hosting the R1 substituent/4′ position of the BIQ deriva-
tives compared with that of the topologically analogous
pocket of the A3AR. Consistent with this hypothesis, 3d
and 3c are increasingly less selective for the A1AR over
the A3AR, owing to their less bulky R1 substituents
(SCH3 and Cl, respectively). Replacement of the SC2H5

of 3e with the relatively large NO2 led to 3f inactive
at the A1AR but provided appreciable affinity at the
A3AR. This fact apparently contradicts the above state-
ment regarding the greater amount of room available
to R1 substituents at the A1AR compared with that at
the A3AR. However, NO2 is hydrophilic, whereas the
groups so far considered in the same position (CH3, Cl,
SCH3, and SC2H5) are lipophilic. Taken together, these
data suggest that the A1AR pocket hosting the R1

substituent is mainly lipophilic. The poor binding
profiles of the azaisosters 3m-o can be reasonably
ascribed to their unfavorable hydrophilicity.

A small substituent in the benzimidazole 5′ position
(R2), as in 3g-i, is associated with little or no affinity
at the ARs, thus suggesting that the corresponding
binding sites (especially A1AR and A2AAR) do not have
much room available for the R2 substituent. The 5′ and
6′ positions bearing substituents R2 and R3 are chemi-
cally equivalent, thanks to the free rotation about the
bond connecting the two heteroaromatic rings as well
as tautomeric shifting of the imidazole hydrogen. The
above-mentioned equivalence implies that steric en-
cumbrance at the ARs should apply to both the 5′ and
6′ positions of the benzimidazole nucleus. Such a model
explains the poor affinities of 3j at the A1AR and A2A-
AR and the substantial equipotence of 3j and 3a at the
A3AR. However, the high potency at the A1AR of the
4′-methyl-6′-chloro derivative 3k seems difficult to
rationalize in the light of the structure-affinity rela-
tionships so far outlined. On comparing the Ki value of
3k (3.6 nM) with the disappointing Ki values of 3b and
3h at the A1AR, it becomes clear that the CH3 and Cl
substituents on the benzimidazole ring do not exert any
additive effects on affinity. One can speculate that 3k
adopts a binding mode at the A1AR different from those
of the monosubstituted BIQ derivatives. Replacement
of the CH3 of 3k with a Cl to give 3l slightly increases
the Ki values at the A1AR and A3AR, thus confirming
that the electronic effects of R1 and R2 substituents do
not play a significant role in tuning affinity at these
receptors.

To sum up, a few chemically diverse antagonists at
the human A1AR and A3AR were designed by a 3D
searching of the CSD. Subsequent binding experiments
confirmed the rationale of this design approach because
four out the five tested compounds revealed appreciable
affinities at one or both of the target receptors. Lead
optimizations in the BIQ series 3 gave the best results
in terms of potency and selectivity at the A1AR as well
as the A3AR: 3e exhibited Ki values at the A1AR, A2A-
AR, and A3AR of 0.5, 3440, and 955 nM, respectively,
whereas 3b displayed at the same ARs Ki values of 8000,
833, and 26 nM, respectively.

Table 2. Affinities at Human A1, A2A, and A3 ARs of
Compounds 4a-d

Ki (nM)a

cmpd R1 R2 R3 hA1
b hA2A

c hA3
d

4a CH3 CH3 CH3 >10000 >10000 130 ( 3
4b CH3 CH3 C2H5 496 ( 16 >10000 146.5 ( 21
4c CH3 C2H5 C2H5 966 ( 43 329 ( 18 135 ( 15
4d C2H5 C2H5 C2H5 46 ( 4 720 ( 20 104.2 ( 9
a See footnote of Table 1 and Ki values of reference ligands. b See

footnote of Table 1. c See footnote of Table 1. d See footnote of Table
1.

Table 3. Affinities at Human A1, A2A, and A3 ARs of
Compounds 5a-d

Ki (nM)a

cmpd hA1
b hA2A

c hA3
d

5a >10000 >10000 440 ( 33
5b >10000 >10000 >1000
5c >10000 >10000 437 ( 51
5d >10000 >10000 >1000

a See footnote of Table 1 and Ki values of reference ligands. b See
footnote of Table 1. c See footnote of Table 1. d See footnote of Table
1.
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Experimental Section
Chemistry. Melting points were determined using a Büchi

apparatus B-540 and are uncorrected. Routine nuclear mag-
netic resonance spectra were recorded on a Varian Mercury
400 spectrometer operating at 400 MHz. EI and HRMS mass
spectra were obtained on a Finnigan MAT95XP spectrometer
using a direct injection probe and an electron beam energy of
70 eV. ESI mass spectra were recorded with a Micromass ZMD
Waters Instrument or an Applied Biosystems API 2000.
Evaporation was performed in vacuo (rotary evaporator).
Analytical TLC was carried out on Merck 0.2 mm precoated
silica gel aluminum sheets (60 F-254). Silica gel 60 (230-400
mesh) was used for column flash chromatography. Elemental
analyses were performed by our Analytical Laboratory in Pisa
and agreed with theoretical values to within (0.4%.

3-Chloro-2-nitroaniline was commercially avalaible from
Frinton Laboratories Inc., New Jersey, U.S.A.

General Procedure for the Synthesis of 2-(Subtituted-
1H-benzimidazol-2-yl)quinoxaline Derivatives 3a-l, 2-(1H-
Imidazo[4,5-b]pyridin-2-yl)quinoxaline, 3m, 2-(1H-Imi-
dazo[4,5-c]pyridin-2-yl)quinoxaline, 3n, and 2-(7H-Purin-
8-yl)quinoxaline, 3o. A mixture of quinoxaline-2-carboxylic
acid 6 (0.50 g, 2.9 mmol), the appropriate diamine 7a-o (2.9
mmol), and polyphosphoric acid (17.5 g) was heated for 1 h at
125 °C and then for 2 h at 200 °C. The mixture was poured
into a large volume of ice-water, and the solid mass was
collected. The crude product was treated with saturated
sodium bicarbonate solution and purified by chromatography
to give the desired derivative 3a-o. Yields, melting points,
and analytical and spectral data are reported in the Supporting
Information.

General Procedure for the Synthesis of 2,5,8-Trimeth-
yl-4,7-dihydro-1H-benzo[1,2-d:3,4-d′:5,6-d′′]triimida-
zole, 4a, and 2,5,8-Triethyl-4,7-dihydro-1H-benzo[1,2-d:
3,4-d′:5,6-d′′]triimidazole, 4d. A solution of benzenehexamine
11 (0.50 g, 2.91 mmol) and the appropriate anhydride (15 mL)
was stirred under a nitrogen atmosphere at 170 °C until a
white precipitate formed (1.5 h). The solid was taken off by
filtration, and the filtrate was refluxed with HCl 4 N (15 mL)
for 4 h under a nitrogen atmosphere. The solution was made
alkaline with NaOH 2 N, and the precipitated solid was
collected and purified by flash chromatography (CHCl3-CH3-
OH, 9:1 v/v as the eluant) and then recrystallized from ethyl

acetate. Yields, melting points, and analytical and spectral
data are reported in the Supporting Information.

General Procedure for the Synthesis of 2-Ethyl-5,8-
dimethyl-4,7-dihydro-1H-benzo[1,2-d:3,4-d′:5,6-d′′]triimi-
dazole, 4b, and 2,5-Diethyl-8-methyl-4,7-dihydro-1H-
benzo[1,2-d:3,4-d′:5,6-d′′]triimidazole, 4c. Following the
above-reported procedure, benzenehexamine 11 (0.50 g, 2.91
mmol) was reacted with a mixture of acetic anhydride (5 mL)
and propionic anhydride (10 mL). The precipitated solid,
containing the derivatives 4a-d, was flash chromatographed
(CHCl3-CH3OH, 9:1 v/v as the eluant) to separate the four
components. The fastest running band was identified as 4d
(traces), the second band was the derivative 4c (10%), then
4b (12%), and the slowest band was 4a (15%). Each compound
was recrystallized from ethyl acetate. Melting points and
analytical and spectral data are reported in the Supporting
Information.

7-Methyl-6,7-dihydro[1,3]thiazolo[3,2-a][1,2,3]triazolo-
[4,5-d]pyrimidin-9(1H)-one, 5a. 1,2-Dibromopropane (0.62
mL, 6.0 mmol) and triethylamine (0.92 mL, 6.6 mmol) were
slowly added to a stirred suspension of 1442 (1.02 g, 6.0 mmol)
in anhydrous DMF (8 mL), and then the mixture was heated
at reflux for 1 h. After cooling and concentration to dryness,
the residue obtained, made up of a mixture of 6-methyl and
7-methyl isomers (1H NMR spectrum), was flash chromato-
graphed (CHCl3-MeOH, 9:1 v/v as the eluant). After recrys-
tallization from water, the 7-methyl isomer 5a was obtained
with a 96% degree of purity and a yield of 17%. 1H NMR
(DMSO-d6): δ 16.06 (bs exch, 1H, NH), 5.15 (m, 1H, CH), 3.98
(m, 1H, CH2), 3.24 (m, 1H, CH2), 1.38 (d, 3H, CH3). MS (EI)
m/z (%): 209 (M+, 100); 194 (35); 181 (25); 165 (22); 148 (10);
126 (6); 111 (27); 86 (33). HRMS: 209.01160, C7H7N5OS
requires 209.03713.

[1,3]Thiazolo[3,2-a][1,2,3]triazolo[4,5-d]pyrimidin-9(1H)-
one, 5d. Crystalline sodium nitrite (0.22 g, 3.2 mmol) was
slowly added to a stirred suspension of 13 (0.5 g, 2.7 mmol) in
20 mL of HCl 6 M in an ice bath. After the addition was
complete, the solution was left to stand at room temperature
for 4 h, heated at 50 °C for 40 min, and then concentrated to
half volume and cooled. The resulting precipitate consisted of
pure 5d (80%). Mp 265-266 °C. 1H NMR (DMSO-d6): δ 11.24
(bs exch, 1H, NH), 8.08 (d, 1H, H-3), 7.42 (d, 1H, H-2). MS

Table 4. Affinity of BIQs Derivatives 3a-o at Human A1, A2A, and A3 ARs

Ki (nM)a

cmpd. A R1 R2 R3 hA1
b hA2A

c hA3
d

3a H H H 50 ( 15 561 ( 17 763 ( 13
3b CH3 H H 8000 ( 567 833 ( 67 26 ( 9
3c Cl H H 350 ( 61 >10000 140 ( 20
3d SCH3 H H 2.1 ( 0.3 3000 ( 200 278 ( 44
3e SC2H5 H H 0.5 ( 0.01 3440 ( 980 955 ( 215
3f NO2 H H >10000 >10000 879 ( 72
3g H CH3 H >10000 >10000 >1000
3h H Cl H >10000 >10000 632 ( 10
3i H OCH3 H >10000 >10000 >1000
3j H CH3 CH3 >10000 >10000 370 ( 35
3k CH3 H Cl 3.6 ( 0.6 >10000 238 ( 32
3l Cl H Cl 9.3 ( 1.2 >10000 699 ( 120
3m [4,5-b]pyridine >10000 >10000 >1000
3n [4,5-c]pyridine >10000 >10000 168 ( 23
3o [4,5-d]pyrimidine >10000 >10000 >1000

a See footnote of Table 1 and Ki values of reference ligands. b See footnote of Table 1. c See footnote of Table 1. d See footnote of Table
1.

8258 Journal of Medicinal Chemistry, 2005, Vol. 48, No. 26 Novellino et al.



(EI) m/z (%): 193 (M+, 100); 165 (6); 110 (51). HRMS:
193.03520, C6H3N5OS requires 193.00583.

General Procedure for the Synthesis of 3-(Methylth-
io)benzene-1,2-diamine, 7d, and 3-(Ethylthio)benzene-
1,2-diamine, 7e. A solution of 3-(methylthio)-2-nitroaniline
(10d)39 or 3-(ethylthio)-2-nitroaniline (10e) (3.3 mmol) and tin-
(II)chloride dihydrate (3.72 g, 16.5 mmol) in ethyl acetate (30
mL) was heated at reflux for 2 h. After cooling, the reaction
mixture was diluted with 70 mL of ethyl acetate and poured
into ice-water (200 mL). While stirring, the pH was adjusted
to 8 with saturated sodium bicarbonate solution, and the
precipitate that formed was filtered off. The aqueous phase
was separated and extracted three times with 50 mL portions
of ethyl acetate. The combined organic phases were dried (Na2-
SO4) and evaporated to dryness to give the desired compounds
7d (86%) or 7e (92%), respectively. These compounds were
employed without further purification.

7d: 1H NMR (CDCl3): δ 6.96-6.93 (m, 1H, H-Ar), 6.69-
6.64 (m, 2H, H-Ar), 4.35-3.23 (bs, 4H, 2 × NH2), 2.36 (s, 3H,
CH3). ESI (CH3OH): 178.8 [M + Na+].

7e: 1H NMR (CDCl3): 6.98-6.94 (m, 1H, H-Ar), 6.75-6.64
(m, 2H, H-Ar), 4.25-3.21 (bs, 4H, 2 × NH2), 2.75 (q, 2H, CH2),
1.22 (t, 3H, CH3). ESI (CH3OH): 191.6 [M + Na+].

3-(Ethylthio)-2-nitroaniline, 10e. A solution of NaSEt
(0.58 g, 6.9 mmol) in DMF (7 mL) was added dropwise to a
stirred solution of 3-chloro-2-nitroaniline (9) (1.0 g, 5.8 mmol)
in DMF (25 mL) at 20 °C. After the addition was complete,
the mixture was stirred for 1 h at 40 °C and refluxed for 2 h.
The solvent was evaporated to dryness, and the residue was
chromatographed (ethyl acetate-n-hexane, 7:3 v/v as the
eluant) to give 10e (30%). 1H NMR (CDCl3): δ 7.16 (t, 1H,
H-5), 6.60 (d, 1H, H-4), 6.54 (d, 1H, H-6), 5.80 (bs, 2H, NH2),
2.89 (q, 2H, CH2), 1.34 (t, 3H, CH3).

6,7-Diamino-5H-[1,3]thiazolo[3,2-a]pyrimidin-5-one, 13.
Propan-2-ol (32 mL) was added to a solution of NaOH 2 M (32
mL) containing 4,5-diamino-6-hydroxy-2-mercaptopyrimidine
(12) (5.0 g, 31 mmol). A light precipitate was immediately
formed. cis-1,2-Dichloroethene (2.49 mL, 33 mmol) was then
slowly added to the reaction mixture at room temperature, and
stirring was continued at the same temperature for 2 h and
then at 60-70 °C for a further 5 h. After cooling, the solvents
were removed, and the residue was treated with H2O (20 mL)
and exhaustively extracted with ethyl acetate. The organic
extracts were dried over Na2SO4 and then evaporated to
dryness to yield a solid that was purified by flash-chromatog-
raphy (CH2Cl2-MeOH, 9:1 v/v as the eluant) to give 13 (10%).
Mp 170-172 °C. 1H NMR (DMSO-d6): δ 7.76 (d, 1H, J ) 5.0
Hz, H-3), 7.20 (d, 1H, J ) 5.0 Hz, H-2), 6.12 (s, 2H, 7-NH2),
3.64 (s, 2H, 6-NH2).

Biological Methods. Materials. [3H]DPCPX, [3H] NECA,
and [125I]AB-MECA were obtained from DuPont-NEN (Boston,
MA). Adenosine deaminase (ADA) was from Sigma Chemical
Co. (St. Louis, MO). All other reagents were from standard
commercial sources and of the highest commercially available
grade.

Adenosine Receptor Binding Assay. Human A1 Ad-
enosine Receptors. Aliquots of membranes (50 µg proteins)
obtained from A1 CHO cells were incubated at 25 °C for 180
min in 500 µL of T1b/T1h buffer (50 mM Tris-HCl, 2 mM MgCl2,
pH 7.7)/(50 mM Tris-HCl, 2 mM MgCl2, 2 units/mL ADA, pH
7.4) containing [3H]DPCPX (3 nM) and six different concentra-
tions of the newly synthesized compounds. Nonspecific binding
was determined in the presence of 50 µM RPIA.

The dissociation constant (Kd) of [3H]DPCPX A1 CHO cell
membranes was 3 nM.

Human A2A Adenosine Receptors. Aliquots of cell mem-
branes (80 µg) were incubated at 25 °C for 90 min in 500 µL
of T2h buffer (50 mM Tris-HCl, 2 mM MgCl2, 2 units/mL ADA,
pH 7.4) in the presence of 30 nM of [3H]NECA and six different
concentrations of the newly synthesized compounds. Nonspe-
cific binding was determined in the presence of 100 µM NECA.
The dissociation constant (Kd) of [3H]NECA in A2A CHO cell
membranes was 30 nM.

Human A3 Adenosine Receptors. Aliquots of cell mem-
branes (40 µg) were incubated at 25 °C for 90 min in 100 µL
of T3h buffer (50 mM Tris-HCl, 10 mM MgCl2, 1 mM EDTA,
2 units/mL ADA, pH 7.4) in the presence of 1.4 nM [125I]AB-
MECA and six different concentrations of the newly synthe-
sized compounds. Nonspecific binding was determined in the
presence of 50 µM RPIA. The dissociation constant (Kd) of [125I]
AB-MECA in A3 CHO cell membranes was 1.4 nM.

All compounds were routinely dissolved in DMSO and
diluted with assay buffer to the final concentration, where the
amount of DMSO never exceeded 2%. Percentage inhibition
values of specific radiolabeled ligand binding at 1-10 µM
concentration are means ( SEM of at least three determina-
tions. At least six different concentrations spanning 3 orders
of magnitude, adjusted appropriately for the IC50 of each
compound, were used. IC50 values, computer-generated using
a nonlinear regression formula on a computer program (Graph-
Pad, San Diego, CA), were converted to Ki values, knowing
the Kd values of radioligands in the different tissues and using
the Cheng and Prusoff equation.44 Ki values are means ( SEM
of at least three determinations.
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