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Novel tricyclic imidazoline antagonists of the adenosine A1 receptor are described. For key compounds, the
selectivity level over other adenosine receptor subtypes is examined along with their in vivo effects in a rat
diuresis model. Compound14, the (R)-isomer of 7,8-dihydro-8-ethyl-2-(4-bicyclo[2.2.2]octan-1-ol)-4-propyl-
1H-imidazo[2,1-i]purin-5(4H)-one, is a particularly potent adenosine A1 receptor antagonist with good
selectivity over the other three adenosine receptor subtypes: A1 (human)Ki ) 22 nM; A2A (human)Ki )
4400 nM; A2B (human)Ki ) 580 nM; A3 (human)Ki g 10 000 nM. Imidazoline14 is a competitive adenosine
A1 receptor antagonist with a pA2 value of 8.88 and is highly soluble in water (>100 mg/mL). In addition,
it has an oral bioavailability of 84% and an oral half-life of 3.8 h in rats. When orally administered in a rat
diuresis model, compound14 promoted sodium excretion (ED50 ) 0.01 mg/kg). This level of efficacy is
comparable to that of BG9928, a selective adenosine A1 receptor antagonist that is currently in clinical
trials as a treatment for congestive heart failure. Additional modifications to14also showed that the bridgehead
hydroxyl group could be replaced with a propionic acid (compound36) without a significant loss in binding
affinity or in vivo activity.

Introduction

The biochemical messenger adenosine has the ability to bind
to and activate seven-transmembrane-spanning G-protein-
coupled receptors (GPCRs) and thereby initiate a variety of
immunological, cardiovascular, renal, and neurological re-
sponses.1 Among the four adenosine receptors that have been
extensively characterized (A1, A2A, A2B, and A3),2 the adenosine
A1 receptors hold particular promise in the treatment of kidney
disorders. These receptors have been identified in the proximal
tubule as well as the afferent arteriole of the kidney.3 They have
been shown to be mediators for tubuloglomerular feedback and
are thus important elements in the control of fluid balance.4,5

The adenosine A1 receptors’ role in mediating sodium transport
in the proximal tubule has now been demonstrated in a number
of animal studies6 as well as in recent human clinical trials.7

Adenosine A1 receptor antagonists have been shown to cause
immediate diuresis (water excretion) and natriuresis (sodium
excretion) without affecting the potassium excretion.5 In rats,
selective adenosine A1 receptor antagonists have also been
shown to possess protective effects against glycerol-, cisplatin-,
gentamycin-, or cephaloridine-induced acute renal failure.6 In
congestive heart failure (CHF) patients, renal insufficiency
usually leads to excess fluid retention, which necessitates the
use of a diuretic such as furosemide.3 Extended usage of
furosemide, however, leads to a decrease in glomerular filtration
rate (GFR) and further deterioration of renal function. In recent
clinical trials, administration with the selective adenosine A1

receptor antagonist BG9719 to CHF patients has been shown
to induce the desired diuretic and natriuretic effects without
lowering the GFR.7

Previous work from this laboratory disclosed the discovery
of the xanthine derivative1 (BG9928) as a potent and selective
adenosine A1 receptor antagonist.8 This compound is currently
being evaluated in human clinical trials for the treatment of
congestive heart failure in both the acute and chronic settings.
In connection with this ongoing clinical work, we became
interested in identifying other classes of adenosine A1 receptor
antagonists that could serve as potential backup candidates. To
date, a number of interesting non-xanthine adenosine A1 receptor
antagonists have been identified,9 and three of these are shown
in Figure 1. The pyrazolopyridine2 (FK 838) lacks the desired
selectivity over the adenosine A2a receptor, but it is a potent
diuretic with good water solubility.10 More recently, the novel
1,8-naphthyridine series, as exemplified by3, was reported to
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Figure 1. Structurally diverse adenosine A1 receptor antagonists.
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contain highly potent and selective adenosine A1 receptor
antagonists.11 However, the in vivo properties of these 1,8-
naphthyridines have not yet been disclosed. We were particularly
interested in the reports regarding tricyclic imidazoline deriva-
tives,12,13for example, compound4 (KF 20274). These tricyclic
imidazolines are essentially derivatives of xanthines. However,
the additional basic site significantly increased their water
solubility relative to xanthines without a substantial loss in A1

binding affinity.12 We set out to determine if this modification
would afford similar improvements to a series of compounds
based on xanthine derivative5. Against the rat A1 receptor,5
had aKi of 0.6 nM. Against cloned human receptors,5 displayed
high A1 selectivity and theKi for the various adenosine receptor
subtypes are as follows: A1 Ki ) 2 nM, A2A Ki ) 550 nM,
A2B Ki ) 430 nM, A3 Ki > 1 µM. Xanthine5 was also highly
potent in a rat diuresis model with an ED50 of 0.01 mg/kg when
administered orally. One of the pharmaceutical product weak-
nesses of compound5 was its low water solubility (0.1 mg/
mL), which could limit its use in the acute clinical setting where
iv administration would be desirable. Conversion of5 to the
corresponding imidazolines of the general structure6 would
provide access to a new series of compounds and may improve
water solubility while retaining most of the potency and
selectivity.

Results and Discussion

Imidazolines of the general structure6 were prepared using
the synthetic sequence outlined in Scheme 1. The monopropy-
ldiaminouracil7 was prepared by a variety of known methods.14

However, in the free base form,7 was highly insoluble in most
organic solvents, including DMF, and therefore was difficult
to manipulate. In our hands, the hydrochloride salt of7 was
significantly more soluble in DMF. Thus,7 was coupled
conveniently with the acid derivative815 using HATU/Et3N/
DMF and then treated with ethanolic NaOH to form the xanthine
derivative9. Thioamide10 was obtained by treating9 with an
excess of phosphorus pentasulfide in pyridine at reflux. When
10 was alkylated with MeI in ethanolic NaOH, the thioether11
was obtained. This sulfide was easily displaced with a variety
of amino alcohols in DMSO at 150°C in order to obtain12.
Upon treatment with SOCl2, cyclization took place to afford
the desired imidazolines. Table 1 lists the imidazoline derivatives
that have been prepared using this procedure.

The binding affinities of the antagonists were determined first
in rat A1 (rA1) and A2A (rA2A) receptors by methods previously
described.8 Compounds that displayed sufficient rA1 activity
were then screened against the available human adenosine
receptors (hA1, hA2A, hA2B, hA3).8 These results are summarized
in Tables 1 and 2. When R) H, as in compound13, a
significant loss of rA1 binding affinity was observed (more than
100-fold) when compared to xanthine5 (rA1 Ki ) 0.6 nM).

When R) alkyl, the rA1 binding affinity was greatly improved
but only for alkyl substituents in the (R)-configuration. This
result is in agreement with an earlier report of tricyclic
imidazoline analogues (4).10 In that report, the (R)-configuration
showed substantially better rA1 binding affinity than the (S)-
configuration. In our series6, the same trend favoring the (R)-
configuration was observed. This is clearly illustrated with
compounds14 and15. Compound14, with the (R)-configura-
tion, was significantly more potent against the rA1 receptor
(>10-fold) than the corresponding (S)-isomer15. Most of the
imidazolines displayed in Table 1 also possessed low affinities
for the rA2A receptor. Shortening the ethyl side chain of14
resulted in slight loss of rA1 binding affinity (16, rA1 Ki ) 10
nM). Lengthening the ethyl side chain, as in17, resulted in a
larger decrease of rA1 activity. Addition of a methyl group to
form an isobutyl group, as in18, resulted in a further decrease
in rA1 binding affinity. However, movement of the methyl to
the adjacent carbon, as in thesec-butyl derivative19, improved
the rA1 activity slightly. The rA1 binding affinity could be
restored more effectively by using the isopropyl group, as in
compound20. With larger R substitution, as intert-butyl,
phenyl, or benzyl (as in21, 22, and23), a significant loss in
rA1 binding affinity was observed. The six-membered-ring
homologues24 and25 were synthesized, but both compounds
were significantly less active against the rA1 receptor than the
corresponding imidazolines14 and16. Interestingly for regioi-
somers26 and 27, the stereochemistry was no longer critical
but both compounds were less active against the rA1 receptor
than compound16. In previously described xanthine series,
significant selectivity over hA2A receptors has been achieved
while control over hA2B receptor affinity has been difficult.8-10

Imidazoline14showed significant selectivity over hA2A but not
over hA2B receptors (Table 2). In addition, the selectivity level
over hA2B was improved for imidazoline20.

Compounds14and20were tested in a rat model of diuresis.16

In this model, rats were placed in metabolic cages to allow for
urine collection. Test compounds, formulated as hydrochloride

Scheme 1a

a Reagents and conditions: (a) HATU/Et3N/DMF, room temp; (b) NaOH,
EtOH/H2O, reflux, acidification to pH 2 with concentrated HCl; (c) P4S10,
pyridine, reflux; (d) MeI, NaOH, EtOH/H2O, room temp; (e) HOCH2CH(R)-
NH2, DMSO, 150°C; (f) SOCl2, reflux.
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salts, were dosed orally in 0.5% cmc suspension. Urines were
collected over a period of 4 h, and the sodium excretion levels
(UNaV) were determined. The dose-response curve for14 is
shown in Figure 2 along with that of1, the current clinical
candidate for treatment of congestive heart failure. From this
experiment, the ED50 for 14 was determined to 0.01 mg/kg po,
comparable to that of1. In a similar fashion, the ED50 for 20
was determined to be 0.01 mg/kg po (dose-response curve not
shown). Pharmacokinetic (PK) experiments were carried out
using standard protocols where rats were dosed both orally and

iv at 1 mg/kg. Both14 and 20 were formulated as their
hydrochloride salts and dissolved in saline before dosing. Plasma
samples were collected at nine time points over a period of 24
h and analyzed by extraction and LC/MS. In rats,20 had an
oral bioavailability of 54% and an oral half-life of 2.9 h (1 mg/
kg po and iv administration: oral AUClast ) 810 ng‚h‚mL-1;
oral CL) 20.8 mL‚min-1‚kg-1; Vdss) 1.7 L‚kg-1). In contrast,
14 had a higher oral bioavailability of 84% and a longer oral
half-life of 3.8 h (1 mg‚kg-1 po and iv administration: oral
AUClast ) 800 ng‚h‚mL-1; oral CL ) 17.8 mL‚min-1‚kg-1;
Vdss ) 4.1 L‚kg-1). Table 3 summarizes the efficacy data for
these three compounds along with their PK properties.

In order to determine the intrinsic potency of imidazoline14
against the A1 receptor, the pA2 was determined by an
experiment involving blockade of agonism in isolated, beating
rat atria (Figure 3). With this type of experiment, spontaneously
beating rat atria are hung in tissue baths.17 Either vehicle or
antagonist14 is added at three different concentrations (3, 30,
and 300 nM14). An increasing concentration of the selective
A1 receptor agonist CPA (Figure 3,X-axis) is then added to
reduce the beating rate (Figure 3,Y-axis). The EC50 values for
the agonist CPA are then calculated, and the pA2 value (which
is the-log of the value required to double the agonist’s IC50)
is determined. As shown in Figure 3, the pA2 value for
compound14 is 8.88. The characteristic shift to the right with
varying concentration of14 also indicated that this compound
was a full competitive antagonist of the adenosine A1 receptor.
This level of intrinsic potency compares favorably with that of
compound1,8 a full competitive adenosine A1 receptor antago-

Table 1. Binding Data for Tricyclic Imidazolines

a For the rA1 receptor, membranes were prepared from rat cerebral cortex
and the radioligand binding assay was performed using [3H]DPCPX. For
the rA2A receptor, membranes were prepared from rat striatum and the
radioligand binding assay was performed using [3H]ZM241385. All Ki

values were calculated from binding curves generated from the mean of
three determinations per concentration (seven antagonist concentrations),
with the variation in individual values being<15%. b Values in parentheses
indicate the percent of specific radioligand binding in the presence or 10
µM antagonist relative to control (no antagonist).c Not tested.

Table 2. Summary of Binding Data Against the Various Rata and
Humanb Adenosine Receptor Subtypes

Ki (nM) selectivity ratios

compd rA1 hA1 hA2A hA2B hA3 hA2A/hA1 hA2B/hA1

1 1 7 6400 90 >10000 914 13
5 0.6 2 550 430 >1000 275 215
14 6 22 4400 580 >10000 200 26
16 10 60 NTc 2200 NTc NTc 37
20 4 35 1600 2000 >10000 46 57
35 8 35 >10000 1900 >10000 >280 54
36 10 45 18000 3100 >10000 400 69

a Refer to Table 1 for additional details regarding the rat radioligand
binding assay. AllKi values were calculated from binding curves generated
from the mean of three determinations per concentration (seven antagonist
concentrations), with the variation in individual values being<15%. b See
ref 8 for details regarding human adenosine receptor binding assay.c Not
tested

Figure 2. Natriuresis dose-response of compound14 compared to
BG9928. Rats are placed in metabolic cages to allow for urine
collection. The compounds are dosed at the indicated doses, by gavage
in 0.5% cmc suspension. Urines are collected for 4 h, and sodium
excretion (UNaV) is determined.

7134 Journal of Medicinal Chemistry, 2006, Vol. 49, No. 24 Vu et al.



nist with a pA2 value of 9.8. When evaluated against cloned
human receptors,14 showed a high level of selectivity across
the four receptor subtypes: hA1 Ki ) 22 nM; hA2A Ki ) 4400
nM; hA2B Ki ) 580 nM; hA3 Ki g 10 000 nM. These data are
summarized in Table 3. For comparison purposes, the binding
data for compounds1 and 5 are also included. In terms of
physical characteristics, compound14 was completely soluble
in water at 100 mg/mL, when formulated as the hydrochloride
salt. It was also quite stable and showed no sign of decomposi-
tion after heating in boiling water for 10 days.

Compound20 was evaluated in the same isolated, beating
rat atria experiment described above. Like14, 20 was also a
full competitive adenosine A1 receptor antagonist, and its pA2

was determined to be 9.9 (curves not shown). When tested
against the cloned human adenosine receptors, compound20
also exhibited a good level of selectivity (Table 2, hA1 Ki ) 35
nM, hA2A Ki ) 1600 nM, hA2B Ki ) 2000 nM, and hA3 Ki >
10 µM). In terms of water solubility and physical stability,
compound20 was essentially indistinguishable from14.

After the optimization of the imidazoline series6, we were
interested in modifying the bicyclo[2.2.2]octyl ring system. In
our next modification, we replaced the bridgehead hydroxyl
group with a carboxyl group as in compounds31 and 32.
Scheme 2 illustrates how these compounds were prepared from
the hemiester28.8 This acid was first coupled with the uracil4
and then cyclized in the same manner as described previously
in order to obtain the monopropylxanthine29. Esterification
and construction of the imidazoline gave31and32. Compound
31, the (R)-isomer, had aKi of 40 nM against the rA1 receptor;
compound32, the (S)-isomer, was substantially less active with
an rA1 Ki > 250 nM. This dependence on the stereochemistry

at the imidazoline ring has already been encountered with
tricyclic series 6. However, the successful conversion of
compound14 to 31 without a significant drop in rA1 binding
affinity suggested that the dipropylxanthine1 could also
accommodate the imidazoline ring.

Scheme 3 illustrates how compounds35and36were prepared
from acid29. Reduction to the alcohol using BH3‚THF followed
by oxidation gave the corresponding aldehyde. The acrylate of
33 was then introduced by a Wittig coupling and then
hydrogenated over Pd/C. Propionate34 was converted to the
imidazolines35 and 36 using the same reaction sequence as
described in Scheme 1. Against the rA1 receptor, both35 and
36were still very potent with aKi of 8 and 10 nM, respectively.
When evaluated against the human receptors, both35 and36
exhibited an excellent level of selectivity across all four subtypes
(both rat and human data are summarized in Table 3). It is clear
that the level of selectivity over the hA2B receptor of the
dipropylxanthine1 can be improved quite significantly by
conversion to the corresponding imidazoline derivative. On the
basis of the slightly improved selectivity profile, compound36
was selected for additional profiling in pharmacological assays.
Compound36 was dosed po and iv in rats at 1 mg/kg in order
to determine its PK properties. The oral bioavailability for36
was 77%, surprisingly high for a zwitterionic species (oral half-
life of 3.1 h; oral AUClast ) 2600 ng‚h‚mL-1; oral CL ) 1.3
L‚h-1‚kg-1; Vdss) 0.7 L‚kg-1). Most significantly, in terms of

Table 3. Summary of in Vivo and Pharmacokinetic Dataa

pharmacokinetic (PK) properties

compd
rat diuresis model, po dosing

ED50 (mg‚kg-1) F (%) oralt1/2 (h)
oral AUClast

(ng‚h‚mL-1)
oral CL

(mL‚min-1‚kg-1)
Vdss

(L‚kg-1)

1 0.01 99 3.1 10000 1.6 0.3
14 0.01 84 3.8 800 18 4.1
20 0.01 54 2.9 810 21 1.7
36 0.01 77 3.1 2600 22 0.9

a Details regarding the rat diuresis model can be found in ref 8. Rat PK experiments were carried out using standard protocols. Compounds were dosed
both iv and orally at 1 mg‚kg-1. Test compounds were formulated as the hydrochloride salt and dissolved in saline. Plasma samples were taken at nine time
points over a period of 24 h.F refers to the % oral bioavailability;Vdss refers to the volume of distribution following oral administration.

Figure 3. Determination of the pA2 value for compound14. The pA2

determination was carried out using the blockade of agonism in isolated,
beating rat atria. Spontaneous beating rat atria are hung in tissue baths.
Either vehicle or antagonist is added at the concentration shown.
Increasing concentration of the adenosine A1 receptor agonist CPA (X-
axis of the above graph) is then added to reduce beating rate (Y-axis).
CPA’s EC50 values are calculated, and the pA2 (i.e., the-log of the
value required to double the agonist’s EC50) of the antagonist14 is
determined.

Scheme 2a

a Reagents and conditions: (a)4, HATU/Et3N/DMF, room temp; (b)
NaOH. (c) MeOH, H2SO4, reflux; (d) P4S10, pyridine, reflux; (e) MeI, NaOH,
EtOH/H2O; (f) For the preparation of31, (R)-HOCH2CH(Et)NH2, DMSO,
150°C; for the preparation of32, (S)-HOCH2CH(Et)NH2, DMSO, 150°C;
(j) SOCl2, reflux, NaOH.
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in vivo efficacy, compound36, with an ED50 of 0.01 mg/kg
po, was just as effective as1 when administered orally in the
rat diuresis model (Table 3).

In summary, we have demonstrated how a tricyclic imida-
zoline ring system can be used to improve the water solubility
relative to dipropylxanthines such as2. In addition, we have
shown how the dipropylxanthine1 could be converted to the
corresponding imidazoline ring system without a significant loss
in adenosine A1 binding affinity or in vivo activity. Three
compounds (14, 20, and 36) appeared to have many of the
desirable attributes of the clinical candidate BG9928. More
complete profiling of these compounds is still underway, and
these results will be disclosed in due course.

Experimental Section

General Information. All proton nuclear magnetic resonance
spectra were determined in the indicated solvent using a Bruker
400 MHz with the appropriate internal standard. Low-resolution
MS experiments were performed on a Micromass single quadrupole
electrospray platform. High-resolution MS experiments were
performed on a MALDI-TOF MS (Voyager-DE STR, Perseptive
Biosystems) in the reflector mode with delayed extraction and an
accelerating voltage of 20 kV. Each spectrum was an average of
100 laser shots, and the experimental monoisotopic M+ + H value
was calculated by averaging five spectra. Elemental analyses were
carried out at Quantitative Technologies Inc. (QTI, Whitehouse,
NJ). Unless indicated otherwise, reagent-grade chemicals and
solvents were purchased from Aldrich (Milwaukee, WI), Lancaster
(Ward Hill, MA), Fisher (Geel, Belgium), or Maybridge (Cornwall,
U.K.). Analytical HPLC analysis was carried out using a HP 1100
series, with a 100 mm× 4.6 mm i.d. YMC column with S-5µm
packing (catalog no. AM-301). Preparative HPLC was carried out
using a Gilson platform equipped with UV/visible detector and an
automatic fraction collector. The preparative HPLC column was a
50 mm× 20 mm i.d. YMC column with S-5µm packing. HPLC
solvents (H2O and CH3CN) were buffered with 0.1% TFA.

General Procedure for the Preparation of Compounds of the
General Structure 6 (Compounds 13-23 and 24-27). Step 1.

5,6-Diamino-1-propyl-1H-pyrimidine-2,4-dione Hydrochloride
Salt (7). The starting material, 6-amino-1-propyl-1H-pyrimidine-
2,4-dione, was prepared according to a known literature procedure.12

This material (8.5 g, 50 mmol) was dissolved in 250 mL of aqueous
acetic acid and then cooled in an ice bath. Sodium nitrite (4.14 g,
1.2 equiv) was added as a solution in 10 mL of water over a period
of about 15 min. After about 10 min, a light-red solid began to
precipitate out of the reaction mixture. The solids were collected
by filtration and dried under vacuum overnight to afford 8.0 g of
the nitroso intermediate.

The nitroso intermediate (6.0 g, 30 mmol) was suspended in 100
mL of water and heated to 80-85 °C. Sodium dithionite (15.8 g,
3.0 equiv) was added fairly rapidly over a period of about 5 min.
After about 5 min, the heating source was removed and the light-
green reaction mixture was cooled to room temperature and then
in an ice bath. The solids were collected by filtration and dried
under vacuum to afford the diaminouracil. This was then converted
to the hydrochloride salt by dissolving in 10 mL of H2O containing
1.5 equiv of HCl and then lyophilized.1H NMR (DMSO-d6) δ 11.1
(s, 1 H), 9.2 (br s, 3 H), 7.6 (s, 2 H), 3.6 (t,J ) 7.0 Hz, 2 H), 1.3
(m, 2 H), 0.8 (t,J ) 7.0 Hz, 3 H) ppm.

Step 2. 8-(4-Hydroxybicyclo[2.2.2]oct-1-yl)-3-propyl-3,7-di-
hydropurine-2,6-dione (9).5,6-Diamino-1-propyl-1H-pyrimidine-
2,4-dione hydrochloride salt (3.4 g) was dissolved in 80 mL of
DMF along with 4-hydroxybicyclo[2.2.2]octane-1-carboxylic acid
(2.5 g, 15 mmol).15 HATU (5.9 g, 1.05 equiv) was added, followed
by Et3N (8.30 mL, 4.05 equiv). The reaction mixture was stirred
at room temperature overnight. The following morning, the reaction
mixture was filtered to remove some precipitate and the resulting
filtrate was concentrated under reduced pressure. The residue was
dissolved in 60 mL of H2O containing 10 equiv of NaOH (5.9 g),
stirred under reflux for 1 h, then cooled to room temperature and
acidified to pH 2 with concentrated HCl. The resulting precipitate
was collected by filtration and dried to afford 1.85 g of the xanthine
derivative9. 1H NMR (DMSO-d6) δ 11.1 (s, 1 H), 3.6 (t,J ) 7.0
Hz, 2 H), 1.9-1.3 (m, 14 H), 0.9 (t,J ) 7.0 Hz, 3 H) ppm. MS
m/z 317 amu (M+ - H).

Step 3. 8-(4-Hydroxybicyclo[2.2.2]oct-1-yl)-3-propyl-6-thioxo-
1,3,6,7-tetrahydropurin-2-one (10).8-(4-Hydroxybicyclo[2.2.2]-
oct-1-yl)-3-propyl-3,7-dihydropurine-2,6-dione (9, 500 mg, 1.57
mmol) was dissolved in 10 mL of pyridine. P4S10 (1.05 g, 1.5 equiv)
was added, and the reaction mixture was stirred under reflux for 6
h. The reaction mixture was then cooled to room temperature and
quenched slowly with 5 mL of H2O. It was next acidified at 0°C
to pH 5 with 6 N HCl. The aqueous layer was extracted with EtOAc.
The combined organic layer was dried (Na2SO4) and concentrated
under reduced pressure. Purification by preparative HPLC afforded
100 mg of the titled compound.1H NMR (DMSO-d6) δ 3.6 (t,J )
7.0 Hz, 2 H), 1.9-1.3 (m, 14 H), 0.9 (t,J ) 7.0 Hz, 3 H) ppm.
MS m/z 333 amu (M+ - H).

Step 4. 8-(4-Hydroxybicyclo[2.2.2]oct-1-yl)-6-methylsulfanyl-
3-propyl-3,7-dihydropurin-2-one(11).8-(4-Hydroxybicyclo[2.2.2]-
oct-1-yl)-3-propyl-6-thioxo-1,3,6,7-tetrahydropurin-2-one (10, 120
mg, 0.36 mmol) was suspended in 3 mL of H2O and 1.5 mL of
EtOH. NaOH was added as a solution in 0.4 mL of H2O, followed
by 2 molar equiv of MeI. The reaction mixture was stirred at room
temperature for 1 h. It was then neutralized with 0.1 N HCl and
extracted with CHCl3. The combined organic layers were dried (Na2-
SO4) and concentrated under reduced pressure to afford an
essentially quantitative yield of the title compound.1H NMR
(DMSO-d6) δ 3.6 (t, J ) 7.0 Hz, 2 H), 3.3 (s, 3 H), 1.9-1.3 (m,
14 H), 0.9 (t,J ) 7.0 Hz, 3 H) ppm. MSm/z 349 amu (M+ + H).

Step 5. Intermediate 12.In order to prepare compound12, (R)-
(-)-2-amino-1-butanol was used. 8-(4-Hydroxybicyclo[2.2.2]oct-
1-yl)-6-methylsulfanyl-3-propyl-3,7-dihydropurin-2-one (11, 125
mg, 0.36 mmol) was dissolved in 3 mL of DMSO along with an
excess of (R)-(-)-2-amino-1-butanol (0.24 mL, 7 equiv). The
resulting reaction mixture was stirred at 150°C for 3 h. It was
then cooled to room temperature and purified by preparative HPLC
to afford 110 mg of the intermediate12 (where R) (R)-Et): 1H
NMR (DMSO-d6) δ 3.8 (m, 2 H), 3.6 (m, 1 H), 3.4 (m, 1 H), 2.0-

Scheme 3a

a Reagents and conditions: (a) BH3-THF, room temp; (b) pyridine.SO3,
DMSO, room temp; (c) THF, PPh3CHCO2Me, reflux; (d) H2, 10%Pd/C,
THF; (e) P4S10, pyridine, reflux; (f) MeI, NaOH, EtOH/H2O; (g) for the
preparation of 35, (R)-HOCH2CH(Et)NH2, DMSO, 150 °C; for the
preparation of36, (R)-HOCH2CH(CH3)2NH2, DMSO, 150°C; (h) SOCl2,
reflux, NaOH.
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1.7 (m, 15 H), 1.0-0.8 (m, 10 H) ppm. MSm/z ) 388 amu (M+

+ H). HPLC retention time) 2.4 min (Agilent HP1100 series
equipped with a 100 mm× 4.6 mm i.d. YMC column with S-5
µm packing; gradient elution at a rate of 2 mL/min, 5% aqueous
CH3CN to 95% aqueous CH3CN in 10 min).

Step 6. Imidazoline of the General Structure 6.For the
preparation of compound14, the intermediate12 (where R) (R)-
Et) prepared in step 5 above was used. 8-(4-Hydroxybicyclo[2.2.2]-
oct-1-yl)-6-(1-hydroxymethylpropylamino)-3-propyl-3,7-dihydropurin-
2-one (110 mg) was dissolved in 3 mL of SOCl2 and stirred under
reflux for 20 min. It was then cooled to room temperature and
concentrated. The residue was quenched with saturated aqueous
NaHCO3 and extracted with CHCl3. The combined organic layers
were dried (Na2SO4) and concentrated under reduced pressure.
Purification by preparative HPLC afforded 50 mg of compound
14 as the TFA salt:1H NMR (DMSO-d6) δ 4.2 (m, 1 H), 3.8 (m,
2 H), 3.7 (m, 1 H), 2.0-1.7 (m, 15 H), 1.0-0.8 (m, 10 H) ppm.
13C NMR (DMSO-d6) δ 162.1, 147.2, 146.5, 97.8, 67.0, 62.3, 48.1,
44.5, 33.5, 33.1, 32.2, 31.4, 25.4, 22.3, 17.5, 9.5 ppm. MSm/z )
372 amu (M+ + H). HPLC tR) 2.8 min (Agilent HP1100 series
equipped with a 100 mm× 4.6 mm i.d. YMC column with S-5
µm packing; gradient elution at a rate of 2 mL/min, 5% aqueous
CH3CN to 95% aqueous CH3CN in 10 min). Anal. Calcd for
C20H29N5O8‚HCl: C, 58.92; H, 7.42; N, 17.18. Found: C, 58.15;
H, 7.09; N, 16.98.

In order to prepare compounds13, 15-23, and 24-27, the
appropriate amino alcohol was used in step 5 of the above general
procedure. For instance, in the preparation of compound20, (R)-
2-amino-3-methyl-1-butanol was used as the amino alcohol com-
ponent in step 5. Spectroscopic data for20: 1H NMR (DMSO-d6)
δ 4.2 (m, 1 H), 3.8 (m, 2 H), 3.7 (m, 1 H), 2.0-1.7 (m, 15 H),
1.0-0.8 (m, 12 H) ppm.13C NMR (DMSO-d6) δ 162.5, 147.8,
147.6, 97.8, 67.0, 62.8, 48.9, 44.5, 33.3, 32.9, 32.0, 31.1, 25.4, 20.6,
18.0, 17.8, 10.9 ppm. MSm/z ) 386 amu (M+ + H). HPLC tR )
3.1 min (Agilent HP1100 series equipped with a 100 mm× 4.6
mm i.d. YMC column with S-5µm packing; gradient elution at a
rate of 2 mL/min, 5% aqueous CH3CN to 95% aqueous CH3CN in
10 min). High-resolution MS (M+ + H) calcd for C21H32N5O2

386.2556; found 386.2527.
General Procedure To Prepare Compounds 31 and 32. Step

1. Preparation of Intermediate 29. 5,6-Diamino-1-propyl-1H-
pyrimidine-2,4-dione hydrochloride salt (570 mg) was dissolved
in 20 mL of DMF along with bicyclo[2.2.2]octane-1,4-dicarboxylic
acid monomethyl ester (520 mg, 2.45 mmol). HATU (980 mg, 1.05
equiv) was added, followed by Et3N (1.40 mL, 4.05 equiv). The
reaction mixture was stirred at room temperature overnight. The
following morning, the reaction mixture was filtered to remove
some precipitate, and the clear filtrate was concentrated under
reduced pressure. The resulting residue was dissolved in 10 mL of
H2O containing 10 equiv of NaOH (980 mg). The reaction mixture
was stirred under reflux for 2 h. It was then cooled to room
temperature and acidified to pH 2 with concentrated HCl. The
resulting precipitate was collected by filtration and dried to afford
680 mg of29 as a white solid (80% yield).1H NMR (DMSO-d6)
δ 3.6 (t,J ) 7.0 Hz, 2 H), 1.9-1.3 (m, 14 H), 0.9 (t,J ) 7.0 Hz,
3 H) ppm. MSm/z345 amu (M+ - H). HPLC tR ) 1.8 min (Agilent
HP1100 series equipped with a 100 mm× 4.6 mm i.d. YMC
column with S-5µm packing; gradient elution at a rate of 2 mL/
min, 5% aqueous CH3CN to 95% aqueous CH3CN in 10 min).

Step 2. Preparation of Intermediate 30.The intermediate29
above (1.4 g) was suspended in 50 mL of MeOH, and 5 drops of
concentrated sulfuric acid was added. The reaction mixture was
stirred under reflux for 18 h. It was then cooled to room temperature
and concentrated under reduced pressure. The resulting residue was
diluted with CH2Cl2 and washed with aqueous NaHCO3 and brine,
dried (Na2SO4), and concentrated to afford 1.2 g of the methyl ester.
This material (1.2 g, 3.33 mmol) was dissolved in 20 mL of
pyridine. P4S10 (2.22 g, 1.5 equiv) was added, and the reaction
mixture was stirred under reflux for 3 h. It was then cooled to 0
°C and carefully quenched with water. Enough 6 N HCl was added
to bring the pH to 5, and the reaction mixture was extracted with

CH2Cl2. The organic layer was dried (Na2SO4) and concentrated
to afford 860 mg of the thioamide. MSm/z 375 amu (M+ + H).
This material (860 mg, 2.29 mmol) was dissolved in 5 mL of EtOH
and 5 mL of H2O. NaOH (183 mg, 2 equiv) was added as a solution
in 2 mL of H2O, followed by MeI (213µL, 1.5 equiv). The resulting
reaction mixture was stirred at room temperature for 30 min. It
was then extracted with EtOAc. The organic layer was dried (Na2-
SO4) and concentrated under reduced pressure to afford 800 mg of
30. 1H NMR (DMSO-d6) δ 3.6 (t, J ) 7.0 Hz, 2 H), 3.3 (s, 3 H),
2.4 (s, 3 H), 1.9-1.3 (m, 14 H), 0.9 (t,J ) 7.0 Hz, 3 H) ppm. MS
m/z 391 amu (M+ + H).

Step 3. Preparation of 31. Intermediate30 (50 mg) was
dissolved in 1-2 mL of DMSO along with 7 equiv of (R)-(-)-2-
amino-1-butanol. The reaction mixture was stirred at 150°C for 3
h. It was then cooled to room temperature and purified by
preparative HPLC. The resulting compound (30 mg) was dissolved
in 1 mL of SOCl2 and stirred under reflux for 15 min. The reaction
mixture was then cooled to room temperature and concentrated
under reduced pressure. The resulting residue was dissolved in a
solution containing 1 mL of water, 0.5 mL of MeOH, and 0.1 mL
of 10% aqueous NaOH. The reaction mixture was stirred at room
temperature for 30 min. It was then acidified to pH 2 with dilute
1 N HCl and concentrated. The resulting crude product was purified
by preparative HPLC to afford31: 1H NMR (DMSO-d6) δ 4.2
(m, 1 H), 3.8 (m, 2 H), 3.7 (m, 1 H), 2.0-1.7 (m, 15 H), 1.0-0.8
(m, 10 H) ppm.13C NMR (DMSO-d6) 181.1, 162.3, 147.2, 146.5,
98.7, 67.7, 48.1, 44.5, 35.6, 33.5, 33.1, 32.2, 29.4, 25.4, 22.3, 17.1,
9.8 ppm. MSm/z ) 400 amu (M+ + H). HPLC tR ) 2.2 min
(Agilent HP1100 series equipped with a 100 mm× 4.6 mm i.d.
YMC column with S-5µm packing; gradient elution at a rate of 2
mL/min, 5% aqueous CH3CN to 95% aqueous CH3CN in 10 min).

Compound32 was prepared using the same procedure outlined
above but using (S)-(-)-2-amino-1-butanol.

General Procedure for Preparing Compounds 35 and 36. Step
1. Preparation of Intermediate 33.The acid29 (3.2 g, 9.25 mmol)
was dissolved in 100 mL of anhydrous THF and cooled to 0°C.
Borane-THF (1.0 M in THF, 18.5 mL, 2 equiv) was added, and
the reaction mixture was stirred at 0°C for 10 min. It was then
warmed to room temperature and stirred for 48 h. The reaction
mixture was then carefully quenched with 10 mL of MeOH and
then concentrated under reduced pressure. The resulting residue
was dissolved in 20 mL of MeOH and concentrated under reduced
pressure. This treatment was repeated four more times to afford
the desired alcohol. MSm/z333 amu (M+ + H). 1H NMR (DMSO-
d6) δ 3.6 (t,J ) 7.0 Hz, 2 H), 3.2 (br s, 2 H), 1.9-1.3 (m, 14 H),
0.9 (t, J ) 7.0 Hz, 3 H) ppm. This alcohol (2.70 g, 8.13 mmol)
was dissolved in 40 mL of DMSO. Pyridine-SO3 (3.88 g, 3 equiv)
was added, followed by Et3N (7.4 mL, 7 equiv) at room temperature.
The resulting reaction mixture was stirred at room temperature for
18 h. It was then diluted with EtOAc and washed with 5% aqueous
citric acid, H2O, and brine, dried (Na2SO4), and concentrated under
reduced pressure to afford 900 mg of the desired aldehyde. MS
m/z 329 amu (M+ - H). 1H NMR (DMSO-d6) δ 9.1 (s, 1 H), 3.6
(t, J ) 7.0 Hz, 2 H), 1.9-1.3 (m, 14 H), 0.9 (t,J ) 7.0 Hz, 3 H)
ppm. This material (900 mg, 2.73 mmol) was dissolved in 25 mL
of THF, and methyl (triphenylphosphoranylidene)acetate (1.83 g,
2 equiv) was added. The resulting reaction mixture was stirred under
reflux for 18 h. It was then cooled to room temperature and purified
by preparative HPLC using a mixture of aqueous acetonitrile to
afford 300 mg of intermediate33. 1H NMR (DMSO-d6) δ 7.0 (d,
J ) 12 Hz, 1 H), 5.8 (d,J ) 12 Hz, 1 H), 3.8 (s, 3 H), 3.6 (t,J )
7.0 Hz, 2 H), 1.9-1.3 (m, 14 H), 0.9 (t,J ) 7.0 Hz, 3 H) ppm.
MS m/z 387 amu (M+ + H). HPLC tR ) 3.4 min (Agilent HP1100
series equipped with a 100 mm× 4.6 mm i.d. YMC column with
S-5µm packing; gradient elution at a rate of 2 mL/min, 5% aqueous
CH3CN to 95% aqueous CH3CN in 10 min).

Step 2. Preparation of Intermediate 34.Intermediate33 (300
mg) was dissolved in 20 mL of THF. Then 10% Pd on C (25 mg)
was added and the resulting reaction mixture was hydrogenated
under 50 psi of H2 at room temperature for 6 h. The reaction mixture
was filtered through Celite, and the filtrate was concentrated under
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reduced pressure to afford 280 mg of the propionate. MSm/z 389
(M+ + H). 1H NMR (DMSO-d6) δ 3.8 (s, 3 H), 3.6 (t,J ) 7.0 Hz,
2 H), 2.2-1.3 (m, 18 H), 0.9 (t,J ) 7.0 Hz, 3 H) ppm. This material
(250 mg, 0.64 mmol) was dissolved in 8 mL of pyridine. P4S10

(430 mg, 1.5 equiv) was added, and the reaction mixture was stirred
under reflux for 3 h. It was then cooled to room temperature and
quenched with 3 mL of H2O and then with enough 6 N HCl to
bring the pH to 3. The resulting reaction mixture was extracted
with CHCl3. The organic layer was dried (Na2SO4) and concentrated
under reduced pressure. The crude residue was purified by
preparative HPLC to afford 100 mg of the thioamide. MSm/z 405
(M+ + H). This fairly labile thioamide (100 mg) was dissolved in
2 mL of EtOH and 1 mL of H2O. NaOH (20 mg) was added as a
solution in 1 mL of H2O, followed by MeI (23µL, 1.5 equiv). The
resulting reaction mixture was stirred at room temperature for 30
min. It was then extracted with EtOAc. The organic layer was dried
(Na2SO4) and concentrated under reduced pressure to afford 105
mg of intermediate34. 1H NMR (DMSO-d6) δ 3.8 (s, 3 H), 3.6 (t,
J ) 7.0 Hz, 2 H), 3.2 (s, 3 H), 2.2-1.3 (m, 18 H), 0.9 (t,J ) 7.0
Hz, 3 H) ppm. MSm/z417 (M+ - H). HPLC tR ) 4.0 min (Agilent
HP1100 series equipped with a 100 mm× 4.6 mm i.d. YMC
column with S-5µm packing; gradient elution at a rate of 2 mL/
min, 5% aqueous CH3CN to 95% aqueous CH3CN in 10 min).

Step 3. Preparation of 35.The methyl ester derivative35 (105
mg) was dissolved in 2 mL of DMSO along with 160µL of (R)-
2-amino-1-butanol. The reaction mixture was stirred at 150°C for
3 h. It was then cooled to room temperature and purified by
preparative HPLC to afford 50 mg of the desired amino alcohol.
This material (30 mg) was dissolved in 1 mL of SOCl2 and stirred
under reflux for 15 min. The reaction mixture was then cooled to
room temperature and concentrated under reduced pressure. The
resulting residue was dissolved in a solution containing 1 mL of
water, 0.5 mL of MeOH, and 0.1 mL of 10% aqueous NaOH. The
reaction mixture was stirred at room temperature for 30 min. It
was then acidified to pH 2 with dilute 1 N HCl and concentrated.
The resulting crude product was purified by preparative HPLC to
afford 35: 1H NMR (DMSO-d6) δ 4.2 (m, 2 H), 3.8 (m, 2 H), 3.7
(m, 1 H), 2.2 (m, 2 H), 2.0-1.7 (m, 18 H), 1.0-0.8 (m, 6 H) ppm.
13C NMR (DMSO-d6) δ 177.7, 162.6, 147.7, 146.9, 99.2, 67.7, 48.1,
44.5, 35.6, 33.4, 32.9, 32.2, 31.6, 29.4, 25.4, 22.3, 20.3, 17.1, 9.8
ppm. MSm/z ) 428 amu (M+ + H). HPLC tR ) 4.5 min (Agilent
HP1100 series equipped with a 100 mm× 4.6 mm i.d. YMC
column with S-5µm packing; gradient elution at a rate of 2 mL/
min, 5% aqueous CH3CN to 95% aqueous CH3CN in 10 min). Anal.
Calcd for C23H33N5O8‚2H2O: C, 59.59; H, 8.04; N, 15.11. Found:
C, 58.97; H, 7.21; N, 14.57.

Compound36 was prepared using the same procedure outlined
above, but using (R)-2-amino-3-methyl-1-butanol.

Biological Assays. Rat A1 Receptor. The membranes were
prepared from rat cerebral cortex isolated from freshly euthanized
rats. The tissues were homogenized in buffer A (10 mM EDTA,
10 mM Na-HEPES, pH 7.4) supplemented with protease inhibitors
(10 µg/mL benzamidine, 100µM PMSF, and 2µg/mL each of
aprotinin, pepstatin, and leupeptin) and centrifuged at 20000g for
20 min. The pellets were resuspended and washed twice with buffer
HE (10 mM Na-HEPES, 1 mM EDTA, pH 7.4, plus protease
inhibitors). The final pellets were resuspended in buffer HE,
supplemented with 10% (w/v) sucrose and protease inhibitors, and
frozen in aliquots at-80 °C. The protein concentrations were
measured using the BCA protein assay kit (Pierce).

Rat A2A Receptor. The membranes were prepared from rat
striatum tissues purchased from Pel-Freez. The tissues were
homogenized in buffer A (10 mM EDTA, 10 mM Na-HEPES, pH
7.4) supplemented with protease inhibitors (10µg/mL benzamidine,
100 µM PMSF, and 2µg/mL each of aprotinin, pepstatin, and
leupeptin) and centrifuged at 20000g for 20 min. The pellets were
resuspended and washed twice with buffer HE (10 mM Na-HEPES,
1 mM EDTA, pH 7.4, plus protease inhibitors). The final pellets
were resuspended in buffer HE, supplemented with 10% (w/v)

sucrose and protease inhibitors, and frozen in aliquots at-80 °C.
Protein concentrations were measured using the BCA protein assay
kit (Pierce).

Radioligand Binding Assays.Membranes (40-70 µg of mem-
brane protein), radioligands, and varying concentrations of compet-
ing ligands were incubated in triplicate in 0.1 mL of buffer HE
plus 2 units/mL adenosine deaminase for 2.5 h at 21°C. Radioligand
[3H]DPCPX (2 nM) was used for competition binding assays on
A1 receptors, and [3H]ZM241385 (0.5-1.2 nM) was used for A2A

adenosine receptors. Nonspecific binding was measured in the
presence of 10µM NECA for A1 receptors or 10µM XAC for
A2A receptors. The binding assays were terminated by filtration over
Whatman GF/C glass fiber filters using a BRANDEL cell harvester.
The filters were rinsed three times with 3-4 mL of ice-cold 10
mM Tris-HCl, pH 7.4, and 5 mM MgCl2 at 4°C and were counted
in a Wallacâ-counter.

Analysis of Binding Data. For Ki determinations, competition
binding data were fit to a single-site binding model and plotted
using GraphPad Prism (GraphPad Software, San Diego, CA). The
Cheng-Prusoff equationKi ) IC50/(1 + [I]/ Kd) was used to
calculateKi values from IC50 values, whereKi is the affinity constant
for the competing ligand, [I] is the concentration of the free
radioligand, andKd is the dissociation constant for the radioligand.

Human adenosine receptor binding assays, pA2 determinations,
and the rat oral efficacy screens were performed as outlined in the
preceding article.8a
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