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Tricyclic Imidazoline Derivatives as Potent and Selective Adenosine /AReceptor Antagonists
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Novel tricyclic imidazoline antagonists of the adenosinaéceptor 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. Compourid, the R)4somer of 7,8-dihydro-8-ethyl-2-(4-bicyclo[2.2.2]octan-1-0l)-4-propyl-
1H-imidazo[2,1#]purin-5(4H)-one, is a particularly potent adenosing ¥eceptor antagonist with good
selectivity over the other three adenosine receptor subtypeghuinan)K; = 22 nM; Asa (human)K; =

4400 nM; Ay (human)K; = 580 nM; As (human)K; = 10 000 nM. Imidazolind 4 is a competitive adenosine

A; receptor antagonist with a pAvalue 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, compount¥4 promoted sodium excretion (EP= 0.01 mg/kg). This level of efficacy is
comparable to that of BG9928, a selective adenosineeseptor antagonist that is currently in clinical
trials as a treatment for congestive heart failure. Additional modificatiohd &bso showed that the bridgehead
hydroxyl group could be replaced with a propionic acid (compad@)dvithout a significant loss in binding
affinity or in vivo activity.

Introduction \L o y

The biochemical messenger adenosine has the ability to bind N)iN: 6 > /—COMH
to and activate seven-transmembrane-spanning G-protein- O&'\N N
coupled receptors (GPCRs) and thereby initiate a variety of
immunological, cardiovascular, renal, and neurological re- 1
sponses.Among the four adenosine receptors that have been (BG9928)
extensively characterized (AA2a, Azg, and Ag),? the adenosine o)

A1 receptors hold particular promise in the treatment of kidney

disorders. These receptors have been identified in the proximal COLH OH
tubule as well as the afferent arteriole of the kidAd@hey have NN
been shown to be mediators for tubuloglomerular feedback and =) |
are thus important elements in the control of fluid balahte. NN CI” NN
The adenosine Areceptors’ role in mediating sodium transport 2 3

in the proximal tubule has now been demonstrated in a number (FK'838)
of animal studiesas well as in recent human clinical tridls.
Adenosine A receptor antagonists have been shown to cause Z\N
immediate diuresis (water excretion) and natriuresis (sodium ) §
excretion) without affecting the potassium excretidm. rats, j\)I )—@
selective adenosine ;Areceptor antagonists have also been 0”7 "NT N
shown to possess protective effects against glycerol-, cisplatin-,
gentamycin-, or cephaloridine-induced acute renal faffure.
congestive heart failure (CHF) patients, renal insufficiency
usually leads to excess fluid retention, which necessitates the
use of a diuretic such as furosemidl&xtended usage of Previous work from this laboratory disclosed the discovery
furosemide, however, leads to a decrease in glomerular filtration of the xanthine derivativé (BG9928) as a potent and selective
rate (GFR) and further deterioration of renal function. In recent adenosine Areceptor antagoni§tThis compound is currently
clinical trials, administration with the selective adenosing A being evaluated in human clinical trials for the treatment of
receptor antagonist BG9719 to CHF patients has been showncongestive heart failure in both the acute and chronic settings.
to induce the desired diuretic and natriuretic effects without In connection with this ongoing clinical work, we became
lowering the GFR. interested in identifying other classes of adenosineekeptor
antagonists that could serve as potential backup candidates. To
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Figure 1. Structurally diverse adenosine Aeceptor antagonists.
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contain highly potent and selective adenosing r&ceptor Scheme %

antagonistd! However, the in vivo properties of these 1,8- 0

naphthyridines have not yet been disclosed. We were particularly N NH, . HCI

interested in the reports regarding tricyclic imidazoline deriva- Py \ HO

tives1213for example, compound (KF 20274). These tricyclic 07 "N” "NH, )/-—@OH
imidazolines are essentially derivatives of xanthines. However, ﬁ o —
the additional basic site significantly increased their water 7 8 a,b

solubility relative to xanthines without a substantial loss in A
binding affinity12 We set out to determine if this modification

o} S
H H
would afford similar improvements to a series of compounds HN)E"B_@_OH HN)iN/)—@OH
based on xanthine derivatiee Against the rat A receptor,5 OZ\N N O}\N N
had aK; of 0.6 nM. Against cloned human receptdsslisplayed 0 H 10
Azg Ki = 430 nM, A K; > 1 uM. Xanthine5 was also highly R
nesses of compound was its low water solubility (0.1 mg/
corresponding imidazolines of the general structérerould

provide access to a new series of compounds and may improve A
water solubility while retaining most of the potency and

selectivity.

O

high A; selectivity and thé&; for the various adenosine receptor c
subtypes are as follows: 1&; = 2 nM, Aza Ki = 550 nM,

potent in a rat diuresis model with an Ef®f 0.01 mg/kg when s Ho\)\NH

administered orally. One of the pharmaceutical product weak- H H

mL), which could limit its use in the acute clinical setting where 0> >N~ N 0" >N~ N

iv administration would be desirable. ConversionSofo the H 1 o H 12

6

a2 Reagents and conditions: (a) HATUBIDMF, room temp; (b) NaOH,
EtOH/H:O, reflux, acidification to pH 2 with concentrated HCI; ()S,,
pyridine, reflux; (d) Mel, NaOH, EtOH/KD, room temp; (e) HOCKCH(R)-

(0]
N H NH,, DMSO, 150°C; (f) SOCb, reflux.
N N

When R= alkyl, the rA; binding affinity was greatly improved
but only for alkyl substituents in theRj-configuration. This
5 result is in agreement with an earlier report of tricyclic
R imidazoline analoguet).1° In that report, theR)-configuration
Z\N showed substantially better yAinding affinity than the §-
N : N configuration. In our serie§, the same trend favoring th&)-
A | )—@*OH configuration was observed. This is clearly illustrated with
07"N7 N compoundsl4 and15. Compoundl4, with the R)-configura-
6 tion, was significantly more potent against the;réeceptor
(> 10-fold) than the correspondin@)isomerl15. Most of the
. . imidazolines displayed in Table 1 also possessed low affinities
Results and Discussion for the rApa receptor. Shortening the ethyl side chain 1af
Imidazolines of the general structuBewvere prepared using  resulted in slight loss of rAbinding affinity (16, rA; Ki = 10
the synthetic sequence outlined in Scheme 1. The monopropy-nM). Lengthening the ethyl side chain, asli, resulted in a
Idiaminouracil7 was prepared by a variety of known methétls.  larger decrease of rAactivity. Addition of a methyl group to
However, in the free base formwas highly insoluble in most ~ form an isobutyl group, as I8, resulted in a further decrease
organic solvents, including DMF, and therefore was difficult in rA; binding affinity. However, movement of the methyl to

to manipulate. In our hands, the hydrochloride sal7ofias the adjacent carbon, as in teecbutyl derivativel9, improved
significantly more soluble in DMF. Thus7 was coupled the rA; activity slightly. The rA binding affinity could be
conveniently with the acid derivative'® using HATU/EEN/ restored more effectively by using the isopropyl group, as in
DMF and then treated with ethanolic NaOH to form the xanthine compound20. With larger R substitution, as itert-butyl,
derivative9. ThioamidelO was obtained by treating with an phenyl, or benzyl (as i1, 22, and23), a significant loss in

excess of phosphorus pentasulfide in pyridine at reflux. When rA; binding affinity was observed. The six-membered-ring
10was alkylated with Mel in ethanolic NaOH, the thioetldr homologue®4 and 25 were synthesized, but both compounds
was obtained. This sulfide was easily displaced with a variety were significantly less active against the;&ceptor than the
of amino alcohols in DMSO at 158C in order to obtairl2. corresponding imidazolines4 and16. Interestingly for regioi-
Upon treatment with SOg| cyclization took place to afford  somers26 and 27, the stereochemistry was no longer critical
the desired imidazolines. Table 1 lists the imidazoline derivatives but both compounds were less active against there&eptor
that have been prepared using this procedure. than compoundl6. In previously described xanthine series,
The binding affinities of the antagonists were determined first significant selectivity over hgx receptors has been achieved
in rat A; (rA1) and Apa (rAoa) receptors by methods previously — while control over hAg receptor affinity has been difficuft:10
described. Compounds that displayed sufficient yrActivity Imidazolinel4 showed significant selectivity over hAbut not
were then screened against the available human adenosin@ver hAy receptors (Table 2). In addition, the selectivity level
receptors (hA hAza, hAzs, hAz).8 These results are summarized over hAyp was improved for imidazolin€0.
in Tables 1 and 2. When R= H, as in compoundl3, a Compoundd.4 and20were tested in a rat model of diure&fs.
significant loss of rA binding affinity was observed (more than  In this model, rats were placed in metabolic cages to allow for
100-fold) when compared to xanthirie(rA; Ki = 0.6 nM). urine collection. Test compounds, formulated as hydrochloride
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Table 1. Binding Data for Tricyclic Imidazolines 80

70 -

—e—Cmpd 14 T

R
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BN E o
2] )—@OH S 4 || - BG9928
o“ >N~ N E |
H S 40
2 30 =
: 3
K’ (nM) or § 20
% of specific radioligand binding’ 10 ;/
Cmpds R rA, rA,, 0 : ; ;
0.001 0.01 0.1 1
13 H >100 (77%)

Dose (mg/kg, IG)

14 Y 6 2700 Figure 2. Natriuresis dose-response of compoulticompared to
BG9928 Rats are placed in metabolic cages to allow for urine

15 e >100 (70%) collection. The compounds are dosed at the indicated doses, by gavage

16 \; 10 (32%) in 0.5% cmc susp_ension. L_Jrines are collected for 4 h, and sodium
excretion (UNaV) is determined.

17 Y 43 (90%)

18 ﬁ/\; 170 97%) R
19 (S) 14 (91%) (‘\ N
j\% A
20 4 1100 )—@— OH
¥ oél\ N N

21 155 NT*
>ks’ 24, R' = Me, rA; K; > 250 nM
Ph
2 ¥ 68 (79%) 25, R" = Et, rA; K; > 250 nM
23 P Y 710 (84%)
N
el A
aFor the rA receptor, membranes were prepared from rat cerebral cortex )\ | )—@OH
and the radioligand binding assay was performed usiHg{PCPX. For 0 >N~ "N

the rApa receptor, membranes were prepared from rat striatum and the
Vallies were calcuated tom binding cures generted flam the mean o 26, R = (R)-CH, A, = 51 1M

three determinations per concentration (seven antagonist concentrations), 27, R? = (S)-CHg, rA; Ki = 69 nM

with the variation in individual values being15%.° Values in parentheses

indicate the percent of specific radioligand binding in the presence or 10 iv at 1 mg/kg. Both14 and 20 were formulated as their

#M antagonist relative to control (no antagonistNot tested. 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 r&28,had an

oral bioavailability of 54% and an oral half-life of 2.9 h (1 mg/

Table 2. Summary of Binding Data Against the Various Rahd
Humar? Adenosine Receptor Subtypes

Ki (M) selectivity ratios kg po and iv administration: oral AU&: = 810 ngh-mL™1;

compd A hA1  hAsa  hAz  PhAs  hAx/hA; hAz/hA oral CL= 20.8 mL'min~%kg™?; Vgss= 1.7 L-kg™2). In contrast,

1 1 7 6400 90 >10000 914 13 14 had a higher oral bioavailability of 84% and a longer oral

i4 2-6 52 iigo ggg 28880 %g %5 half-life of 3.8 h (1 mgkg™! po and iv administration: oral

16 10 60 NT 2200 NT NTE 37 AUC,t = 800 ngh-mL™%; oral CL = 17.8 mL:min1-kg™%;

20 4 35 1600 2000 >10000 46 57 Vuss = 4.1 L-kg™?). Table 3 summarizes the efficacy data for

35 8 35 >10000 1900 >10000 >280 54 these three compounds along with their PK properties.

36 10 45 18000 3100 >10000 400 69 In order to determine the intrinsic potency of imidazoline

aRefer to Table 1 for additional details regarding the rat radioligand against the A receptor, the pA was determined by an
binding assay. AlK; values were calculated from binding curves generated experiment involving blockade of agonism in isolated, beating
rom the mear ofhrce determinations per concertraton (seven ANtagon'iat atia (Figure 3). WIththis type of experimen, spontaneously
ref 8 for details’regarding human adenosine receptor bindingoa“ssmy. beating _rat a,ma are hung in US,Sue bath&ither Ve,hlde or
tested antagonistl4 is added at three different concentrations (3, 30,

and 300 nM14). An increasing concentration of the selective

salts, were dosed orally in 0.5% cmc suspension. Urines wereA; receptor agonist CPA (Figure X-axis) is then added to
collected over a period of 4 h, and the sodium excretion levels reduce the beating rate (Figure¥3axis). The EG values for
(UNaV) were determined. The dose-response curvelfbis the agonist CPA are then calculated, and the y#lue (which
shown in Figure 2 along with that df, the current clinical is the —log of the value required to double the agonist'sgC
candidate for treatment of congestive heart failure. From this is determined. As shown in Figure 3, the pAalue for
experiment, the ER for 14 was determined to 0.01 mg/kg po, compoundl4 is 8.88. The characteristic shift to the right with
comparable to that of. In a similar fashion, the E& for 20 varying concentration of4 also indicated that this compound
was determined to be 0.01 mg/kg po (dose-response curve notvas a full competitive antagonist of the adenosingéceptor.
shown). Pharmacokinetic (PK) experiments were carried out This level of intrinsic potency compares favorably with that of
using standard protocols where rats were dosed both orally andcompoundi,? a full competitive adenosine/Xeceptor antago-
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Table 3. Summary of in Vivo and Pharmacokinetic Data

pharmacokinetic (PK) properties

rat diuresis model, po dosing oral AUCast oral CL Vss
compd EDso (Mmgrkg ™) F (%) oralty (h) (ng-h-mL~1) (mL-min~1-kg™1) (Lkg™)
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 mgkg~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 refers to the % oral bioavailabilitWyss refers to the volume of distribution following oral administration.

20% Scheme 2
pA2=8.88
0% 1
z N
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3 >/~—< \ }co Me / COH
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ﬁ -60% { |~ Vvehic (n=4) 28 e 29
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Figure 3. Determination of the pAvalue for compound4. The pA R
determination was carried out using the blockade of agonism in isolated, Z\\ H
beating rat atria. Spontaneous beating rat atria are hung in tissue baths. N N
Either vehicle or antagonist is added at the concentration shown. 2\ L COzH
Increasing concentration of the adenosingdéceptor agonist CPAX 07 "N" "N

axis of the above graph) is then added to reduce beating Yeigig).
CPA’s EGy values are calculated, and the p@e., the—log of the

value required to double the agonist’s &)Cof the antagonisii4 is
determined. 31, R% = (R)-Et, rA; K; =40 nM; rA, = 48% at 10 uM

32, R% = (S)-Et, rA; K;> 250 nM; rAs = 80% at 10 uM

nist with a p/ value of 9.8. When evaluated against cloned  aRreagents and conditions: (4) HATU/EGN/DMF, room temp; (b)
human receptorsl4 showed a high level of selectivity across  NaOH. (c) MeOH, HSQ;, reflux; (d) RSy, pyridine, reflux; (€) Mel, NaOH,
the four receptor subtypes: hA; = 22 nM; hAca Kj = 4400 EtOH/H,0; (f) For the preparation @1, (R)-HOCH,CH(Et)NH,, DMSO,
nM: hAss Ki = 580 nM: hA; K; > 10 000 nM. These data are ]:50°C; for the preparation @2, (S)-HOCH,CH(Et)NH,, DMSO, 150°C;
summarized in Table 3. For comparison purposes, the binding (i) SOCE, reflux, NaOH.
data for compoundd and 5 are also included. In terms of at the imidazoline ring has already been encountered with
physical characteristics, compoufid was completely soluble  tricyclic series 6. However, the successful conversion of
in water at 100 mg/mL, when formulated as the hydrochloride compoundl4 to 31 without a significant drop in rAbinding
salt. It was also quite stable and showed no sign of decomposi-affinity suggested that the dipropylxanthirnke could also
tion after heating in boiling water for 10 days. accommodate the imidazoline ring.

Compound20 was evaluated in the same isolated, beating  Scheme 3 illustrates how compourgfand36 were prepared
rat atria experiment described above. Lik&¢ 20 was also a from acid29. Reduction to the alcohol using BH'HF followed
full competitive adenosine Areceptor antagonist, and its pA by oxidation gave the corresponding aldehyde. The acrylate of
was determined to be 9.9 (curves not shown). When tested33 was then introduced by a Wittig coupling and then
against the cloned human adenosine receptors, comp@@ind hydrogenated over Pd/C. Propion&4 was converted to the
also exhibited a good level of selectivity (Table 2,,H& = 35 imidazolines35 and 36 using the same reaction sequence as
nM, hAza Ki = 1600 nM, hAg Ki = 2000 nM, and hAK; > described in Scheme 1. Against the;&eceptor, botl85 and
10 uM). In terms of water solubility and physical stability, 36 were still very potent with &; of 8 and 10 nM, respectively.
compound20 was essentially indistinguishable froid. When evaluated against the human receptors, B6tand 36

After the optimization of the imidazoline seriés we were exhibited an excellent level of selectivity across all four subtypes
interested in modifying the bicyclo[2.2.2]octyl ring system. In  (both rat and human data are summarized in Table 3). Itis clear
our next modification, we replaced the bridgehead hydroxyl that the level of selectivity over the hA receptor of the

group with a carboxyl group as in compounds and 32 dipropylxanthinel can be improved quite significantly by
Scheme 2 illustrates how these compounds were prepared fronconversion to the corresponding imidazoline derivative. On the
the hemieste28.28 This acid was first coupled with the uradil basis of the slightly improved selectivity profile, compous®l
and then cyclized in the same manner as described previouslywas selected for additional profiling in pharmacological assays.
in order to obtain the monopropylxanthir&®. Esterification Compound36 was dosed po and iv in rats at 1 mg/kg in order
and construction of the imidazoline ga8&and32. Compound to determine its PK properties. The oral bioavailability 8&

31, the R)-isomer, had &; of 40 nM against the rAreceptor; was 77%, surprisingly high for a zwitterionic species (oral half-

compound32, the §)isomer, was substantially less active with life of 3.1 h; oral AUGsst = 2600 ngh-mL~%; oral CL = 1.3
an rA; Ki > 250 nM. This dependence on the stereochemistry L-h~1-kg™1; Vgss= 0.7 L-kg~1). Most significantly, in terms of
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Scheme 3
o}
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35, R* = CH,CHg, rA; K; = 8.4 nM; rAy, = 83% at 10 uM
36, R* = CH(CHg)y, rA; Ki=10.5nM; rAy, = 74% at 10 uM
aReagents and conditions: (a) BHTHF, room temp; (b) pyridine.S£

DMSO, room temp; (c) THF, PREBHCO:Me, reflux; (d) H, 10%Pd/C,
THF; (e) RSio, pyridine, reflux; (f) Mel, NaOH, EtOH/HO; (g) for the
preparation of35, (R-HOCHCH(Et)NH,, DMSO, 150 °C; for the
preparation of36, (R)-HOCH,CH(CHs),NH,, DMSO, 150°C; (h) SOC},
reflux, NaOH.

in vivo efficacy, compound6, with an EDy, of 0.01 mg/kg
po, was just as effective dswhen administered orally in the
rat diuresis model (Table 3).

In summary, we have demonstrated how a tricyclic imida-

Vu et al.

5,6-Diamino-1-propyl-1H-pyrimidine-2,4-dione Hydrochloride

Salt (7). The starting material, 6-amino-1-propyHipyrimidine-
2,4-dione, was prepared according to a known literature procétiure.
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 8@5 °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® containing
1.5 equiv of HCI and then lyophilizedH NMR (DMSO-dg) 6 11.1
(s, 1H),9.2(brs,3H),7.6(s,2H),3.6@a=7.0Hz,2H), 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-H-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}>HATU (5.9 g, 1.05 equiv) was added, followed
by E&N (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 HO 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 HCI. The resulting precipitate
was collected by filtration and dried to afford 1.85 g of the xanthine
derivative9. *H NMR (DMSO-dg) 6 11.1 (s, 1 H), 3.6 (tJ = 7.0
Hz, 2 H), 1.9-1.3 (m, 14 H), 0.9 (tJ = 7.0 Hz, 3 H) ppm. MS

zoline ring system can be used to improve the water solubility m/z 317 amu (M — H).

relative to dipropylxanthines such &s In addition, we have
shown how the dipropylxanthing& could be converted to the
corresponding imidazoline ring system without a significant loss
in adenosine A 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

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-dion®, (500 mg, 1.57
mmol) was dissolved in 10 mL of pyridine,8,(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 bD. It was next acidified at 0C
to pH 5 with 6 N HCI. The aqueous layer was extracted with EtOAc.
The combined organic layer was dried @S&) and concentrated
under reduced pressure. Purification by preparative HPLC afforded
100 mg of the titled compounédiH NMR (DMSO-ds) 6 3.6 (t,J =
7.0 Hz, 2 H), 1.9-1.3 (m, 14 H), 0.9 (tJ = 7.0 Hz, 3 H) ppm.

spectra were determined in the indicated solvent using a Bruker MS vz 333 amu (M™ — H).

400 MHz with the appropriate internal standard. Low-resolution

Step 4. 8-(4-Hydroxybicyclo[2.2.2]oct-1-yl)-6-methylsulfanyl-

MS experiments were performed on a Micromass single quadrupole 3-propyl-3,7-dihydropurin-2-one (11).8-(4-Hydroxybicyclo[2.2.2]-

electrospray platform. High-resolution MS experiments were
performed on a MALDI-TOF MS (Voyager-DE STR, Perseptive

oct-1-yl)-3-propyl-6-thioxo-1,3,6,7-tetrahydropurin-2-01i€,(120
mg, 0.36 mmol) was suspended in 3 mL of®Hand 1.5 mL of

Biosystems) in the reflector mode with delayed extraction and an EtOH. NaOH was added as a solution in 0.4 mL eCHfollowed
accelerating voltage of 20 kV. Each spectrum was an average ofby 2 molar equiv of Mel. The reaction mixture was stirred at room

100 laser shots, and the experimental monoisotopictvH value

temperature for 1 h. It was then neutralized with 0.1 N HCI and

was calculated by averaging five spectra. Elemental analyses wereextracted with CHGl The combined organic layers were dried {Na

carried out at Quantitative Technologies Inc. (QTI, Whitehouse,

SO, and concentrated under reduced pressure to afford an

NJ). Unless indicated otherwise, reagent-grade chemicals andessentially quantitative yield of the tittle compounii NMR

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 mnx 4.6 mm i.d. YMC column with S-&m

(DMSO-dg) 6 3.6 (t,J = 7.0 Hz, 2 H), 3.3 (s, 3 H), 1:91.3 (m,

14 H), 0.9 (t,J = 7.0 Hz, 3 H) ppm. MS1/z 349 amu (M + H).
Step 5. Intermediate 12In order to prepare compouni@, (R)-

(—)-2-amino-1-butanol was used. 8-(4-Hydroxybicyclo[2.2.2]oct-

packing (catalog no. AM-301). Preparative HPLC was carried out 1-yl)-6-methylsulfanyl-3-propyl-3,7-dihydropurin-2-oné1( 125

using a Gilson platform equipped with UV/visible detector and an

mg, 0.36 mmol) was dissolved in 3 mL of DMSO along with an

automatic fraction collector. The preparative HPLC column was a excess of R)-(—)-2-amino-1-butanol (0.24 mL, 7 equiv). The

50 mmx 20 mm i.d. YMC column with S-&m packing. HPLC

solvents (HO and CHCN) 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.

resulting reaction mixture was stirred at 180 for 3 h. It was
then cooled to room temperature and purified by preparative HPLC
to afford 110 mg of the intermediat® (where R= (R)-Et): H
NMR (DMSO-dg) 6 3.8 (m, 2 H), 3.6 (m, 1 H), 3.4 (m, 1 H), 2:0
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1.7 (m, 15 H), 1.6-0.8 (m, 10 H) ppm. MSnz = 388 amu (M CH,Cl,. The organic layer was dried (B80,) and concentrated
+ H). HPLC retention time= 2.4 min (Agilent HP1100 series  to afford 860 mg of the thioamide. M&/z 375 amu (M + H).
equipped with a 100 mnx 4.6 mm i.d. YMC column with S-5 This material (860 mg, 2.29 mmol) was dissolved in 5 mL of EtOH
um packing; gradient elution at a rate of 2 mL/min, 5% aqueous and 5 mL of HO. NaOH (183 mg, 2 equiv) was added as a solution

CH3CN to 95% aqueous G)N in 10 min). in 2 mL of H,O, followed by Mel (213«L, 1.5 equiv). The resulting
Step 6. Imidazoline of the General Structure 6.For the reaction mixture was stirred at room temperature for 30 min. It
preparation of compouni#4, the intermediatd 2 (where R= (R)- was then extracted with EtOAc. The organic layer was dried{(Na

Et) prepared in step 5 above was used. 8-(4-Hydroxybicyclo[2.2.2]- SOs) and concentrated under reduced pressure to afford 800 mg of
oct-1-yl)-6-(1-hydroxymethylpropylamino)-3-propyl-3,7-dihydropurin- ~ 30. *H NMR (DMSO-dg) 0 3.6 (t,J = 7.0 Hz, 2 H), 3.3 (s, 3 H),
2-one (110 mg) was dissolved in 3 mL of SQ@hd stirred under 2.4(s,3H),1.91.3(m, 14 H), 0.9 (tJ= 7.0 Hz, 3 H) ppm. MS
reflux for 20 min. It was then cooled to room temperature and nvz 391 amu (M + H).
concentrated. The residue was quenched with saturated aqueous Step 3. Preparation of 31.Intermediate30 (50 mg) was
NaHCG; and extracted with CH@I The combined organic layers  dissolved in 32 mL of DMSO along with 7 equiv of Q)-(—)-2-
were dried (NgSOy) and concentrated under reduced pressure. amino-1-butanol. The reaction mixture was stirred at 46dor 3
Purification by preparative HPLC afforded 50 mg of compound h. It was then cooled to room temperature and purified by
14 as the TFA salt:'H NMR (DMSO-dg) 4 4.2 (m, 1 H), 3.8 (m, preparative HPLC. The resulting compound (30 mg) was dissolved
2 H), 3.7 (m, 1 H), 2.6-1.7 (m, 15 H), 1.6-0.8 (m, 10 H) ppm. in 1 mL of SOC} and stirred under reflux for 15 min. The reaction
13C NMR (DMSO-dg) 0 162.1, 147.2, 146.5, 97.8, 67.0, 62.3, 48.1, mixture was then cooled to room temperature and concentrated
445, 33.5, 33.1, 32.2, 31.4, 25.4, 22.3, 17.5, 9.5 ppm.nvi5= under reduced pressure. The resulting residue was dissolved in a
372 amu (M + H). HPLC tg= 2.8 min (Agilent HP1100 series  solution containing 1 mL of water, 0.5 mL of MeOH, and 0.1 mL
equipped with a 100 mnx 4.6 mm i.d. YMC column with S-5 of 10% aqueous NaOH. The reaction mixture was stirred at room
um packing; gradient elution at a rate of 2 mL/min, 5% aqueous temperature for 30 min. It was then acidified to pH 2 with dilute
CHsCN to 95% aqueous GEN in 10 min). Anal. Calcd for 1 N HCl and concentrated. The resulting crude product was purified
CooH20NsOg'HCI: C, 58.92; H, 7.42; N, 17.18. Found: C, 58.15; by preparative HPLC to affor@1 'H NMR (DMSO-ds) 6 4.2
H, 7.09; N, 16.98. (m, 1 H), 3.8 (m, 2 H), 3.7 (m, 1 H), 2:01.7 (m, 15 H), 1.6-0.8

In order to prepare compounds3, 15—23, and 24—27, the (m, 10 H) ppm.2:C NMR (DMSO-ds) 181.1, 162.3, 147.2, 146.5,
appropriate amino alcohol was used in step 5 of the above general98.7, 67.7, 48.1, 44.5, 35.6, 33.5, 33.1, 32.2, 29.4, 25.4, 22.3, 17.1,
procedure. For instance, in the preparation of compd®MhdR)- 9.8 ppm. MSm/z = 400 amu (M + H). HPLC tg = 2.2 min
2-amino-3-methyl-1-butanol was used as the amino alcohol com- (Agilent HP1100 series equipped with a 100 mxm4.6 mm i.d.
ponent in step 5. Spectroscopic dataZ6r 'H NMR (DMSO-ds) YMC column with S-5um packing; gradient elution at a rate of 2
042 (m,1H), 3.8 (m, 2H), 3.7 (m, 1H), 2.7 (m, 15 H), mL/min, 5% aqueous C¥CN to 95% aqueous GIN in 10 min).

1.0-0.8 (m, 12 H) ppm13C NMR (DMSO-ds) 0 162.5, 147.8, Compound32 was prepared using the same procedure outlined
147.6,97.8, 67.0, 62.8, 48.9, 44.5, 33.3, 32.9, 32.0, 31.1, 25.4, 20.6,above but using)-(—)-2-amino-1-butanol.
18.0, 17.8, 10.9 ppm. M8Vz = 386 amu (M + H). HPLCtgr = General Procedure for Preparing Compounds 35 and 36. Step

3.1 min (Agilent HP1100 series equipped with a 100 mn#.6 1. Preparation of Intermediate 33.The acid29 (3.2 g, 9.25 mmol)
mm i.d. YMC column with S-5um packing; gradient elution ata  was dissolved in 100 mL of anhydrous THF and cooled €0
rate of 2 mL/min, 5% aqueous GEN to 95% aqueous GJCN in Borane-THF (1.0 M in THF, 18.5 mL, 2 equiv) was added, and

10 min). High-resolution MS (M + H) calcd for G;H3,NsO, the reaction mixture was stirred at°@ for 10 min. It was then

386.2556; found 386.2527. warmed to room temperature and stirred for 48 h. The reaction
General Procedure To Prepare Compounds 31 and 32. Step  mixture was then carefully quenched with 10 mL of MeOH and

1. Preparation of Intermediate 29. 5,6-Diamino-1-propyl-H- then concentrated under reduced pressure. The resulting residue

pyrimidine-2,4-dione hydrochloride salt (570 mg) was dissolved was dissolved in 20 mL of MeOH and concentrated under reduced
in 20 mL of DMF along with bicyclo[2.2.2]octane-1,4-dicarboxylic  pressure. This treatment was repeated four more times to afford
acid monomethyl ester (520 mg, 2.45 mmol). HATU (980 mg, 1.05 the desired alcohol. M8Vz 333 amu (M + H). 'H NMR (DMSO-
equiv) was added, followed by & (1.40 mL, 4.05 equiv). The ds) 0 3.6 (t,J= 7.0 Hz, 2 H), 3.2 (br s, 2 H), 1:91.3 (m, 14 H),
reaction mixture was stirred at room temperature overnight. The 0.9 (t,J = 7.0 Hz, 3 H) ppm. This alcohol (2.70 g, 8.13 mmol)
following morning, the reaction mixture was filtered to remove was dissolved in 40 mL of DMSO. PyridiresO; (3.88 g, 3 equiv)
some precipitate, and the clear filtrate was concentrated underwas added, followed by Bl (7.4 mL, 7 equiv) at room temperature.
reduced pressure. The resulting residue was dissolved in 10 mL of The resulting reaction mixture was stirred at room temperature for
H,O containing 10 equiv of NaOH (980 mg). The reaction mixture 18 h. It was then diluted with EtOAc and washed with 5% aqueous
was stirred under reflux for 2 h. It was then cooled to room citric acid, HO, and brine, dried (N&0O,), and concentrated under
temperature and acidified to pH 2 with concentrated HCI. The reduced pressure to afford 900 mg of the desired aldehyde. MS
resulting precipitate was collected by filtration and dried to afford m/z 329 amu (M — H). 'H NMR (DMSO-dg) 6 9.1 (s, 1 H), 3.6

680 mg of29 as a white solid (80% yieldtH NMR (DMSO-ds) (t,J=7.0Hz, 2 H), 1.91.3 (m, 14 H), 0.9 (tJ = 7.0 Hz, 3 H)
03.6(,J=7.0Hz 2H), 1.9-1.3(m, 14 H), 0.9 (tJ = 7.0 Hz, ppm. This material (900 mg, 2.73 mmol) was dissolved in 25 mL
3 H) ppm. MSmVz 345 amu (M — H). HPLCtgr = 1.8 min (Agilent of THF, and methyl (triphenylphosphoranylidene)acetate (1.83 g,

HP1100 series equipped with a 100 mm4.6 mm i.d. YMC 2 equiv) was added. The resulting reaction mixture was stirred under
column with S-5um packing; gradient elution at a rate of 2 mL/  reflux for 18 h. It was then cooled to room temperature and purified
min, 5% aqueous CHCN to 95% aqueous GJEN in 10 min). by preparative HPLC using a mixture of aqueous acetonitrile to

Step 2. Preparation of Intermediate 30.The intermediat®9 afford 300 mg of intermediat@3. '"H NMR (DMSO-ds) 6 7.0 (d,
above (1.4 g) was suspended in 50 mL of MeOH, and 5 drops of J =12 Hz, 1 H), 5.8 (dJ =12 Hz, 1 H), 3.8 (s, 3H), 3.6 (1 =
concentrated sulfuric acid was added. The reaction mixture was 7.0 Hz, 2 H), 1.9-1.3 (m, 14 H), 0.9 (tJ = 7.0 Hz, 3 H) ppm.
stirred under reflux for 18 h. It was then cooled to room temperature MS nv/z387 amu (M + H). HPLCtgr = 3.4 min (Agilent HP1100
and concentrated under reduced pressure. The resulting residue waseries equipped with a 100 mm4.6 mm i.d. YMC column with
diluted with CHCl, and washed with aqueous NaH&&hd brine, S-5um packing; gradient elution at a rate of 2 mL/min, 5% aqueous
dried (NaSQy), and concentrated to afford 1.2 g of the methyl ester. CHzCN to 95% aqueous GJEN in 10 min).

This material (1.2 g, 3.33 mmol) was dissolved in 20 mL of Step 2. Preparation of Intermediate 34.Intermediate33 (300
pyridine. RS0 (2.22 g, 1.5 equiv) was added, and the reaction mg) was dissolved in 20 mL of THF. Then 10% Pd on C (25 mg)
mixture was stirred under reflux for 3 h. It was then cooled to 0 was added and the resulting reaction mixture was hydrogenated
°C and carefully quenched with water. Enbug N HCl was added under 50 psi of Hat room temperature for 6 h. The reaction mixture
to bring the pH to 5, and the reaction mixture was extracted with was filtered through Celite, and the filtrate was concentrated under
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reduced pressure to afford 280 mg of the propionate.nviS389
(M* + H). 'H NMR (DMSO-dg) 6 3.8 (s, 3 H), 3.6 (tJ = 7.0 Hz,
2 H),2.2-1.3 (m, 18 H), 0.9 (tJ = 7.0 Hz, 3 H) ppm. This material kit (Pierce).

(250 mg, 0.64 mmol) was dissolved in 8 mL of pyridingSR Radioligand Binding Assays.Membranes (4670 ug of mem-

(430 mg, 1.5 equiv) was added, and the reaction mixture was stirredbrane protein), radioligands, and varying concentrations of compet-
under reflux for 3 h. It was then cooled to room temperature and ing ligands were incubated in triplicate in 0.1 mL of buffer HE
quenched with 3 mL of kD and then with enodg6 N HCI to plus 2 units/mL adenosine deaminase for 2.5 h & 1Radioligand
bring the pH to 3. The resulting reaction mixture was extracted [*H]DPCPX (2 nM) was used for competition binding assays on
with CHCls. The organic layer was dried (b&0;) and concentrated ~ A; receptors, and®H]ZM241385 (0.5-1.2 nM) was used for £
under reduced pressure. The crude residue was purified byadenosine receptors. Nonspecific binding was measured in the

sucrose and protease inhibitors, and frozen in aliquotsg&°C.
Protein concentrations were measured using the BCA protein assay

preparative HPLC to afford 100 mg of the thioamide. k& 405
(M* + H). This fairly labile thioamide (100 mg) was dissolved in

presence of 1«M NECA for A; receptors or 1«M XAC for
Aza receptors. The binding assays were terminated by filtration over

2 mL of EtOH and 1 mL of HO. NaOH (20 mg) was added as a Whatman GF/C glass fiber filters using a BRANDEL cell harvester.

solution in 1 mL of HO, followed by Mel (23uL, 1.5 equiv). The

The filters were rinsed three times with-8 mL of ice-cold 10

resulting reaction mixture was stirred at room temperature for 30 MM Tris-HCI, pH 7.4, and 5 mM MgGlat 4°C and were counted
min. It was then extracted with EtOAc. The organic layer was dried in & Wallacf-counter. o -
(Na,SOy) and concentrated under reduced pressure to afford 105 Analysis of Binding Data. For K; determinations, competition

mg of intermediate84. 'H NMR (DMSO-dg) ¢ 3.8 (s, 3 H), 3.6 (t,
J=7.0Hz,2H),3.2(s,3H),221.3(m, 18 H), 0.9 (tJ= 7.0
Hz, 3 H) ppm. MS1/z417 (M" — H). HPLCtg = 4.0 min (Agilent
HP1100 series equipped with a 100 mm4.6 mm i.d. YMC
column with S-5um packing; gradient elution at a rate of 2 mL/
min, 5% aqueous CHCN to 95% aqueous GIEN in 10 min).

Step 3. Preparation of 35.The methyl ester derivativé5 (105
mg) was dissolved in 2 mL of DMSO along with 16Q of (R)-
2-amino-1-butanol. The reaction mixture was stirred at AS@or
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 S@&hd stirred
under reflux for 15 min. The reaction mixture was then cooled to
room temperature and concentrated under reduced pressure. Th
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 diletl N HCI and concentrated.
The resulting crude product was purified by preparative HPLC to
afford 35: *H NMR (DMSO-dg) 6 4.2 (m, 2 H), 3.8 (m, 2 H), 3.7
(m, 1 H), 2.2 (m, 2 H), 2.61.7 (m, 18 H), 1.6-0.8 (m, 6 H) ppm.

binding data were fit to a single-site binding model and plotted

using GraphPad Prism (GraphPad Software, San Diego, CA). The

Cheng-Prusoff equationK; = 1Cs¢/(1 + [IJ/Kg) was used to

calculateK; values from IG values, wher; is the affinity constant

for the competing ligand, [I] is the concentration of the free

radioligand, andj is the dissociation constant for the radioligand.
Human adenosine receptor binding assays, ggterminations,

and the rat oral efficacy screens were performed as outlined in the

preceding articlé2
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13C NMR (DMSO-dg) 6 177.7, 162.6, 147.7, 146.9, 99.2, 67.7, 48.1, References

445, 35.6, 33.4, 32.9, 32.2, 31.6, 29.4, 25.4, 22.3, 20.3, 17.1, 9.8
ppm. MSnVz = 428 amu (M + H). HPLCtg = 4.5 min (Agilent
HP1100 series equipped with a 100 mm4.6 mm i.d. YMC
column with S-5um packing; gradient elution at a rate of 2 mL/
min, 5% aqueous CHN to 95% aqueous GIEN in 10 min). Anal.
Calcd for G3H33Ns0g:2H,0: 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 usingR)-2-amino-3-methyl-1-butanol.

Biological Assays. Rat A 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 ug/mL benzamidine, 10&M PMSF, and 2ug/mL each of
aprotinin, pepstatin, and leupeptin) and centrifuged at 26060
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 A, 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 (HmL benzamidine,

100 uM PMSF, and 2ug/mL each of aprotinin, pepstatin, and
leupeptin) and centrifuged at 200Pfbr 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)
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