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Improving Potency, Selectivity, and Water
Solubility of Adenosine A, Receptor
Antagonists: Xanthines Modified at Position 3
and Related Pyrimidol[1,2,3-cd]purinediones
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The structure—activity relationships of xanthine derivatives related
to the adenosine A, receptor antagonists 8-cyclopentyl-1,3-dipro-
pylxanthine (DPCPX) and 1,3-dipropyl-8-(3-noradamantyl)xan-
thine (KW3902) were investigated by focusing on variations of
the 3-substituent. Aromatic residues were well tolerated by the A,
receptor in that position. A moderate effect of stereochemistry
was found for the 3-(1-phenylethyl)-substituted analogue of
DPCPX (S>R) at A, and A; receptors, whereas the opposite ste-
reoselectivity was observed at the A, receptor subtypes. A 3-hy-
droxypropyl substituent was found to be optimal for high A, af-
finity and selectivity. The most potent compound of the present
series was 1-butyl-3-(3-hydroxypropyl)-8-(3-noradamantyl)xan-
thine (10c), which exhibits a K; value of 0.124 nm at rat, and
0.7 nm at human adenosine A, receptors, combined with high se-
lectivity (> 200-fold) versus the other receptor subtypes. The simi-

Introduction

Adenosine receptors (ARs) belong to the superfamily of G-pro-
tein-coupled receptors (GPCRs)."” Four distinct subtypes have
been identified, A;, A,s A and A; which are all of considera-
ble interest as new drug targets.”® Antagonists for A,, ARs
are currently under clinical development as novel therapeutics
for Parkinson’s disease and may also exhibit antidepressive and
neuroprotective activity.”® A,z antagonists show anti-asthmat-
ic, anti-inflammatory and analgesic activity,”"" while A; antag-
onists are of interest as potential anti-inflammatory and anti-
asthmatic agents as well.®'? Antagonists for A, ARs are prom-
ising new drugs for the treatment of congestive heart failure,
and are currently being evaluated as kidney-protective diuret-
ics and positive inotropic agents.>' The first generation of A,
antagonists failed in preclinical or clinical studies. However,
there is now a renewed interest in a second generation of A,
antagonists that are not only potent and highly selective for
the A, AR, but also exhibit favorable pharmacokinetic proper-
ties, including good water solubility. A major problem with the
first generation of A, antagonists has been their high lipophi-
licity, which limits their applicability and activity in in vivo stud-
ies. Furthermore, it has become evident that certain species
differences exist, and compounds that are receptor subtype-se-
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larly potent 8-cyclopentyl-3-(3-hydroxypropyl)-1-propylxanthine
was converted into a water-soluble phosphate prodrug, which
may become a useful pharmacological tool for in vivo studies.
8-Alkyl-2-(3-noradamantyl)pyrimido(1,2,3-cd]purine-8,10-diones,
which can be envisaged as xanthine analogues with a fixed 3-
propyl substituent, were identified as a new class of potent, selec-
tive adenosine A, receptor antagonists. For example, compound
14 (8-butyl-substituted) exhibits a K; value of 13.8 nm at human
A, receptors. A selection of the most potent compounds was in-
vestigated in [F°S]GTPyS binding assays and showed inverse ago-
nistic activity. Their efficacy was generally lower than that of the
full inverse agonist DPCPX, and depended on subtle structural
changes. Some of the new compounds belong to the most
potent and selective A, antagonists described to date.

lective in rats may not be as selective in humans."™ An exam-
ple for this is the standard A, antagonist 8-cyclopentyl-1,3-di-
propylxanthine (DPCPX), which is highly potent and selective
in rats, but somewhat less potent at human A, ARs, and only
moderately selective versus human A,, (20-40-fold) and A, re-
ceptors (10-20-fold). In a recent review article, IJzerman and
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colleagues came to the conclusion that “ligands truly selective
for the human adenosine A, receptor are still scarce”.'® An
ideal A, antagonist that could be further developed as a drug
should exhibit the following profile: 1) a high affinity (K <
10 nm) for the A, receptor, 2) a high selectivity versus other re-
ceptors (> 100-fold), 3) moderate species differences (rodent
versus human < 10-fold), 4) good water solubility and bioavail-
ability, 5) a suitable half-life in vivo (several hours), and 6) poor
CNS penetration in the case of drugs intended for peripheral
targets, for example, in the treatment of congestive heart fail-
ure. Two well-characterized, xanthine-based A; AR antagonists
are depicted in Figure 1.
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DPCPX K\W3902

Figure 1. Standard xanthine adenosine A, receptor antagonists.

Over the past years it has also been reported that many an-
tagonists for GPCRs exhibit full or partial inverse agonistic ac-
tivity by stabilizing the inactive conformation of the recep-
tors.'””? This can be of pharmacological relevance in tissues
with a high receptor density, where the receptors show con-
stitutive activity. In this case, an inverse agonist may lead to a
functional response even in the absence of an agonist, by
shifting the receptor conformation to an inactive state. DPCPX
is the most potent inverse agonist for A, ARs described to
date.l'®

Antagonists for A, ARs can be divided into two subgroups,
xanthines and nonxanthines, three examples of which are de-
picted in Figure 2. Whereas DPCPX is the archetypical xan-
thine-based inhibitor, ADPEP and LUF5751 are examples of
nonxanthine-based inhibitors. The latter group is often struc-
turally related to adenine, but can also include other mono-,
bi-, and tricyclic nitrogen-containing heterocyclic com-
pounds." Recent pharmacophore models of A, AR antago-
nists based on diverse structures, including xanthine and non-

H hridge acceptor/donor
motif N

DPCPX

Figure 2. Pharmacophore model for A,-selective adenosine receptor antagonists. Arrows indicate hydrogen bond

acceptor-donor motifs; dashed circles indicate lipophilic pockets."
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xanthine antagonists, postulate the existence of a hydrogen
bond donor-acceptor motif, and three lipophilic pockets, one
of which can be filled best with a cycloalkyl moiety.'*'

Whereas the structure-activity relationships (SARs) for the 1-
and 8-substituents of xanthine derivatives have been exten-
sively analyzed*?*2" the 3-substituent has been less well ex-
plored. The main reasons for this have been because of diffi-
culties in synthesizing 1,3,8-trisubstituted xanthine derivatives
with variations in the 3-position, which is not always straight-
forward. The majority of xanthine derivatives investigated so
far bear identical substituents at N1 and N3, frequently diprop-
yl or dimethyl groups, because these residues are already in-
troduced in the very first step of the classical Traube purine
synthesis via suitably N,N-disubstituted urea derivatives. Over
the past years we have developed synthetic methods which
allow the straightforward preparation of xanthine derivatives
with many different N3 substituents. This synthetic progress
has now permitted us to explore the SARs of the 3-substituent
of xanthine derivatives in more detail, to obtain more potent
and selective A; AR antagonists. In addition, we discovered a
new class of potent and selective A, AR antagonists, the 2,9-
disubstituted pyrimido[1,2,3-cd]purine-8,10-diones, which can
be envisaged as sterically fixed analogues of 1,8-substituted 3-
propylxanthine derivatives. The new compounds were charac-
terized at human and rat AR subtypes. Their antagonistic/in-
verse agonistic behavior was assessed by [*SIGTPyS binding
studies at human A, ARs. Furthermore, we developed a water-
soluble prodrug of a potent, selective A; AR antagonists, which
was discovered in the present study.

Results and Discussion
Chemistry

The synthesis of 1,3,8-trisubstituted xanthine derivatives con-
taining a phenyl ring or a chiral 1-phenylethyl (1-methylbenzyl)
residue in position N3 started from the corresponding 1-substi-
tuted 6-aminouracils via the classical Traube purine synthesis
(see Scheme 1).2? 6-Aminouracil derivatives (R)-1a, (S)-1a, and
1b were obtained as previously described.” Alkylation of
these compounds at N3 (corresponding to xanthine N1) was
carried out in N,N-dimethylformamide in the presence of po-
tassium carbonate by using propyl iodide at room tempera-

ture. Under these mild condi-

tions, the reaction was regiose-

lective and gave, in the case of
‘\ the 1-phenyl-6-aminouracil, the

. crystalline product 2b. The phe-
nylethyl derivatives (R)-2a and
(S)-2a were obtained as gluey
oils.

Owing to the neighboring 6-
amino group, products 2 are
susceptible to electrophilic sub-
stitution in the 5-position by a
nitrosyl cation, which is pro-
duced insitu from sodium ni-

LUF 5751
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Scheme 1. Synthesis of 1,3,8-trisubstituted xanthine derivatives: a) K,CO;, C;H,l, DMF, 20 h, RT; b) NaNO,,
CH,COOH/H,0, 24 h, RT; ¢) Na,S,0,, NH,/H,0, 80°C; d) R*COOH, EDC, methanol, 24 h, RT; e) NaOCH,, methanol,

3-12 h, reflux.

trite in aqueous acetic acid at

room temperature. This func- R\ N\n/F‘*ia
tionality in position 5 allowed us )\ | 0

to build up the purine structure ° H NH,

by reducing the nitroso group 7a,7b

with sodium dithionate in aque-
ous ammonia solution to yield
an amino group. This reaction
was performed in an inert argon
atmosphere to decrease the for-
mation of side products, and to
reach nearly quantitative yields
of the intermediates 4. These
were treated at room temperature with cyclopentylcarboxylic
acid, benzoic acid, or biphenylcarboxylic acid in methanol in
the presence of N'-(3-dimethylaminopropyl)-N-ethylcarbodi-
imide hydrochloride (EDC) to obtain the corresponding N°-sub-
stituted amides 5¢,d,e,f as well as their N°-substituted iso-
mers. The reactivity of both amino groups seemed to be simi-
lar in the 1,3-disubstituted uracil derivatives 4. The 6-carboxa-
midouracils were clearly more reactive, so that, even under
mild reaction conditions, they were readily condensed to the
desired 1,3,8-substituted xanthines 6. The cyclization of the re-
gioisomeric mixtures of 5- and 6-carboxamidouracil derivatives
was performed under refluxing conditions in methanolic
sodium methylate solution, both isomers yield the same prod-
ucts 6. Therefore, the carboxamides were usually not isolated,
but used without further purification in the last step. The re-
sulting xanthines (R)-6¢, (5)-6¢, 6e, and 6 f could be easily pu-
rified by recrystallization from methanol/water mixtures,
whereas the biphenyl derivatives (R)-6d, (S)-6d had to be puri-
fied by column chromatography (Scheme 1).

The 1,8-disubstituted xanthine derivative 8b (1-butyl-8-(3-
noradamantyl)xanthine) was obtained in analogy to the previ-
ously described procedure for the preparation of 8a (8-cyclo-

pentyl-1-propylxanthine, see Scheme 2).?¥

HMDS = hexamethyldisilazane.
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The ring closure reaction of
H,C, NH, 1-butyl-5-(3-noradamantyl)car-
)\ boxamidouracil (7b) to 8b was
performed in hexamethyldisila-
zane at high temperature in
analogy to a published proce-
dure,” whereas 1-propyl-5-cy-
clopentanecarboxamidouracil
(7a) was cyclized in 30% meth-
anolic sodium methylate solu-
tion to yield 8a.*** Subse-
quent alkylation of xanthine de-
rivative 8a at N3 yielded 3-
benzyl-8-cyclopentyl-1-propyl-
xanthine (9a). Owing to the
similar acidities of N3 and N7, a
regioselective alkylation was
not easy to perform. The benzy-
lation of 8a was carried out in

Rs
R:S-4a,4b

R/S- Gc d6ef

L e ke

a: R'=propyl R®=cyclopentyl
b: R1=butyl R&=3-noradamantyl

Scheme 2. Synthesis of 1,8-disubstituted xanthines and 3-benzyl-8-cyclopentyl-1-propylxanthine: a) NaOCH,
(30%), 3 h, reflux (for 8a) or HMDS, 18 h, reflux (for 8 b); b) benzyl bromide, KOH, EtOH, 1 h, reflux.

the presence of potassium hydroxide in ethanol, and produced
predominantly the 3-benzyl-8-cyclopentyl-1-propylxanthine
(9a), which could be isolated in 52% yield after several extrac-
tion and recrystallization steps.

The syntheses of all other trisubstituted xanthines (10a,
10b, and 10¢), and the preparation of the tricyclic 2,9-disubsti-
tuted  4,5-dihydro-6 H,8H-pyrimido[1,2,3-cd]purine-8,10-diones
12, 13, 14 and 15 have been described previously.?

Preparation of a water-soluble phosphate prodrug

All synthesized xanthine derivatives possess moderate water
solubility, as they contain large nonpolar aliphatic or aromatic
residues. In radioligand binding studies it was shown that the
3-(3-hydroxypropyl)-substituted xanthine derivatives were the
most potent and selective adenosine A, receptor ligands, ex-
hibiting considerably improved properties compared with the
standard A, antagonist DPCPX. The synthesized 3-(3-hydroxy-
propyl)xanthine derivatives would be suitable precursors to
prepare more water-soluble derivatives such as phosphoric
acid, sulfuric acid, or amino acid esters, which could act as pro-
drugs if they were cleaved in vivo by esterases. The 8-cyclo-
pentyl derivatives (10a and 10b) were chosen as starting com-
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pounds to prepare phosphate prodrugs because they easily
could be obtained in large quantities for further derivatization,
while the somewhat more potent 10c was more difficult to
prepare and purify, and required an expensive precursor, 3-nor-
adamantylcarboxylic acid. We had previously obtained a phos-
phate prodrug of the potent, A,,-selective adenosine receptor
antagonist MSX-2 by phosphorylation of the hydroxypropyl de-
rivative using phosphorus oxychloride in trimethyl phos-
phate.”>?! However, when we applied this method to the A,-
selective xanthine derivatives 10a and 10b, we did not ob-
serve phosphorylation of the hydroxy group, but substitution
of the hydroxy group by chloride which yielded the chloro-
propyl derivatives 11a and 11b, as confirmed by mass spec-
trometry (Scheme 3). Therefore, the phosphate prodrug had to

O Q
R! H R! H
-0 O
Y/ V
O)\N N O)\N N
ﬁOaJOb J)11a,11b

HO a: R' = propyl Cl
b) b: R = butyl
0 0
H H
CaH7\N N c) d) CaHr\N N
A = =
07 N7 N 07N N
J) J) 12a (PSB-16P)
Q ¢
|
Lo P
Bu-0" ~O-Bu HO ™ oH

Scheme 3. Synthesis of a water-soluble phosphate prodrug of an A;-selec-
tive xanthine derivative: a) POCl;, OP(OMe),, 2 h, RT; b) (tBuO),P-N(Et),, 1H-
tetrazole, MeCN/THF, 2 h, RT; ¢) tBUuOOH, 1 h, RT; d) CF;COOH, CH,Cl,, 2 h, RT.

be prepared by a different approach by applying the multistep
phosphoramidite method (Scheme 3).?” After phosphitylation
with di-tert-butyl-N,N-diethylphosphoramidite, the phosphorus
was subsequently oxidized to yield the tert-butyl-phosphoric
acid ester. Without prior isolation, the ester was cleaved by
treatment with trifluoroacetic acid in dichloromethane. The re-
sulting phosphoric acid ester derivative 12a was detected as a
single spot on thin-layer chromatography, and was visualized
with a phosphate-specific spraying reagent. The phosphoric
acid ester (free acid) was then converted into the more water-
soluble disodium salt by treatment with an ion exchange resin.

Biological evaluation

The new compounds were initially investigated in radioligand
binding studies at rat brain adenosine A, and A,, receptors,
and at human recombinant A,y and A; receptors. Selected
compounds were additionally investigated at human recombi-
nant A, and A,, receptors, and at recombinant rat A, receptors,
to obtain information on the affinities and selectivities of the
most interesting compounds in both species, rat and human.
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[*H]2-Chloro-N°®-cyclopentyladenosine (CCPA) was used as an
A,-selective radioligand; [*H]3-(3-hydroxypropyl)-7-methyl-8-(m-
methoxystyryl)-1-propargylxanthine (MSX-2) was used for the
A,, radioligand binding assays, and [*H]4-(2-((7-amino-2-
(furyl)1,2,4-triazolo[2,3-a]1,3,5-triazin-5-yl)amino)ethyl)phenol
(ZM-241385) was used as an A, radioligand. For binding
assays at human A; receptors, the As-selective antagonist radi-
oligand  [*H]2-phenyl-8-ethyl-4-methyl-(8R)-4,5,7,8-tetrahydro-
1H-imidazo[2,1-]purin-5-one (PSB-11) was applied. As [*H]PSB-
11 is not suitable for labeling rat A; receptors, the agonist radi-
oligand ['*IJAB-MECA had to be used for binding studies at rat
A, receptors. The most potent compounds of the present
series were investigated for their functional properties in
ligand-mediated [**SIGTPYS binding via recombinant human A,
receptors.

Structure-activity relationships

Ten 1,3,8-trisubstituted xanthines (R/S-6¢, R/S-6d, 6e, 6f, 9a,
10a, 10b, and 10c), the 1,8-disubstituted xanthine derivative
8b, and four 2,9-disubstituted 4,5-dihydro-6H,8H-pyrimido-
[1,2,3-cd]purin-8,10-diones (compounds 13-16) were investi-
gated in radioligand binding assays at all four rat and/or
human adenosine receptor subtypes. The respective affinities
are summarized in Table 1. The potent A, antagonists DPCPX
and KW3902, both 1,3-dipropylxanthine derivatives with a cy-
cloalkyl residue in position 8, served as our lead structures.
DPCPX is widely used as an experimental standard compound,
whereas KW3902 has been developed for potential use as a
drug.

The 8-cyclopentylxanthine derivative DPCPX is a very potent
inhibitor at rat A, receptors (K;=0.5 nm), but is a 6-fold less
potent inhibitor at human A, receptors (K;=3 nm). While
DPCPX appears to be quite selective in rats, it shows only
moderate selectivity in humans (20-40-fold versus A,,, 10-20-
fold versus A,z 100-1000-fold versus A,). The analogous com-
pound KW3902, in which the cyclopentyl group is replaced by
a 3-noradamantyl residue, appears to be less potent at rat ARs
but more potent and more selective at human ARs. However,
the data for KW3902 at A,; and A; receptors have not been
available.

Our goal was to explore the structure-activity relationships
(SARs) of the substituent in the 3-position of 1,3,8-trisubstitut-
ed xanthine derivatives. In our series of compounds, the sub-
stituent at N1 was always propyl or butyl, both of which have
been shown to be favorable for the A, AR['*2"2428 The 8-sub-
stituent was in most cases a cyclopentyl (as in DPCPX) or a 3-
noradamantyl residue (as in KW3902). In addition, analogues
bearing a phenyl or a biphenyl residue were investigated. The
3-substituents encompassed the aromatic residues phenyl,
benzyl, and the chiral 1-methylbenzyl, the latter to study the
stereoselectivity. Besides propyl, as in the lead structures, an
unsubstituted analogue (compound 8b) as well as 3-hydroxy-
propyl derivatives were also investigated. Furthermore, ana-
logues in which the 3-propyl substituent was connected to the
N7 nitrogen atom, resulting in 4,5-dihydro-6H,8H-pyrimido-
[1,2,3-cd]purine-8,10-diones 13-16 were studied.

ChemMedChem 2006, 1, 891 -902
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Table 1. Affinities of xanthine derivatives for adenosine receptor subtypes.
e 5| H;S—RB
o%\rf] e
3
Compd R R R® K [nm]
Rat A, Human A,\®  RatA,,® HumanA,,® HumanAy;“ RatA,¥  Human A,®
DPCPX  propyl propyl cyclopentyl 05+02%  30408% 15746 60+ 45" 5169 >10000 243456
KW3902 propyl propyl 3-noradamantyl 12,6119 0.72140lla! 510401 108M01f n.d. nd. nd.
propyl (S)-1-phenylethyl cyclopentyl 10.14+2.1 n.d. 3500 =+ 1400 n.d. 8000 4600 >10000 85+43
(5)-6¢ (2247 %)
(R-6c  propyl (R)-1-phenylethyl cyclopentyl 23.8+3.5 n.d. 24001700 nd. 2960+ 30 n.d. 370+76
(5)-6d  propyl (S)-1-phenylethyl biphenyl > 10000 nd. >10000 nd. > 10000 n.d. 455+35
(3245 %) (5+5%) (0%)
(R>-6d  propyl (R)-1-phenylethyl biphenyl >10000 >10000 >10000 >10000 > 10000 n.d. 456 +45
(9+5%) (10£4 %) (10+£5%) (164 %) (0%)
6e propyl phenyl cyclopentyl 1.01+0.36 71+£1.1 492+ 116 1200+ 100 625+135 n.d. 395+135
6f propyl phenyl phenyl 245+734 n.d. 314+57 600 +40 245+115 n.d. 145+35
9a propyl benzyl cyclopentyl 8.70+1.90 243487 511+90 nd. nd. n.d. 54.6+24.1
10a propyl  3-hydroxypropyl cyclopentyl 0.574+0.03 5744037 664+ 16 nd. 194420 n.d. 31004200
(PSB-16)
10b butyl  3-hydroxypropyl cyclopentyl 0.45+0.04 nd. 582+42 nd. nd. n.d. 1190 +£178
10c butyl  3-hydroxypropyl 3-noradamantyl 0.1244+0.007 0.7+0.2 552+47 980 + 20 187+0.07 6500+600 2300+ 100
(PSB-36)
8b butyl H 3-noradamantyl  1.13+0.24 520+ 110 n.d. 21.0+1.0 n.d. 24004200
[a] Versus [*HICCPA. [b] Versus [PHIMSX-2. [c] Versus [*H]ZM-241385. [d] Versus ['*IJAB-MECA. [e] Versus [*H]PSB-11. [f] Versus [*H]CGS21680. [g] Versus
[’HIDPCPX.

As expected, in the 1-position both propyl and butyl were
well tolerated by the A, AR; both substituents afforded similar
A, affinities and selectivities (see 10a/10b and 13/14). In the
8-position of the xanthine derivatives 6-10, cyclopentyl and 3-
noradamantyl residues led to potent and selective A; AR an-
tagonists ((R)-6¢, (S)-6¢, 6e, 6f, 8b, 9a, 10a, 10b, and 10c).
The 3-noradamantyl residue appeared to be somewhat superi-
or to the cyclopentyl residue (compare: 10b/10c). An 8-phenyl
substituent, as in 6 f, had previously been shown to be favora-
ble for A, ARs in xanthine derivatives, but also at the other re-
ceptor subtypes.”® We have now investigated the effect of a
biphenyl substituent in the 8-position ((S)-6d and (R)-6d). The
biphenyl substituent was not well tolerated by the ARs with
the exception of the human A; AR, at which the compounds
showed K; values of 455 nm (for (S)-6d) and 456 nm (for (R)-
6d). The biphenyl derivatives (R)-6d and (S)-6d were A;-selec-
tive.

The main focus of the present study was to investigate
whether modification of the 3-substituent could lead to en-
hanced affinity and/or selectivity at A, ARs. Since the lipophilic
pocket occupied by the 3-propyl group of DPCPX and KW3902
in A, receptor models is frequently filled with aromatic resi-
dues in nonxanthine AR antagonists (Figure 2), we investigated
the replacement of the 3-propyl group by aromatic residues in
xanthines as well. Compared with DPCPX, a 3-phenyl ring de-
creased the A, affinity of compound 6e only slightly (rat A,
Ki=1.01 nm, human A; K,=7.1 nm). A,,, Ay, and A; affinity was
also somewhat reduced, thus retaining good selectivity for the

ChemMedChem 2006, 1, 891 -902
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A, AR. An analogue of 6e, compound 6f, in which the cyclo-
pentyl residue in position 8 was replaced by a phenyl ring, fur-
ther reduced the A, affinity, but slightly increased affinity for
the other receptor subtypes which resulted in an only moder-
ately A,-selective antagonist. The 3-benzyl analogue of DPCPX,
9a, was somewhat less potent at A; ARs than the phenyl-sub-
stituted analogue 6e, but showed increased A; affinity. Thus,
the human A; AR appears to favor a benzyl substituent in the
xanthine 3-position and a phenyl substituent at C8. The 3-sub-
stituent was further enlarged in compound 6 ¢ featuring an (S)-
or (R)-1-methylbenzyl residue. The A, affinity of these deriva-
tives was similar to that of the benzyl derivative, but the A,, af-
finity was reduced and the compound also showed low A, af-
finity. The human A; receptor tolerated the methylbenzyl resi-
due, and the compounds showed moderate selectivity versus
A;, but good selectivity versus the A, receptor subtypes. For
the first time the requirements of adenosine receptors with
regard to a chiral substituent in the 3-position of xanthine de-
rivatives have been explored. The S-enantiomer was 2-fold
more potent at A; and 4-fold more potent at A; receptors, but
the opposite was true for A,, and A,; receptors, where the R-
enantiomer was more potent than the S-enantiomer. Although
the degree of stereoselectivity was only moderate at the A, re-
ceptor, the R-enantiomer of 6 ¢ was much more selective than
the S-enantiomer with regard to the A, receptor subtypes ((S)-
6c: 100-fold versus A,,, 124-fold versus A,; (R)-6c: 346-fold
versus A,,, 792-fold versus A,g). Thus, a chiral center at the 3-
substituent could be used to enhance selectivity towards cer-
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tain receptor subtypes. For the 8-biphenyl derivatives 6d, no
stereoselectivity was observed, but this is probably due to the
low AR affinity of the compounds.

The introduction of a terminal hydroxy group at the 3-
propyl residue of DPCPX retained affinity for the A, receptor
but increased selectivity towards the A,,, Az and A; ARs. Thus,
compound 10a, a hydroxylated DPCPX derivative (and a po-
tential metabolite of DPCPX) exhibited a similar affinity for the
rat and human A, AR relative to the parent DPCPX, but was
somewhat more selective. The same modification at N3, in
combination with a 1-butyl (instead of 1-propyl) and an 8-(3-
noradamantyl) (instead of a 8-cyclopentyl) residue yielded the
most potent compound of the present series: compound 10c¢
(PSB-36), which exhibited a subnanomolar K; value of 0.124 nm
at the rat A, AR, and thus belongs to the most potent A, AR li-
gands described to date. At the human A, adenosine receptor
it was about 6-fold less potent, but still a highly potent ligand
with a K; value of 0.7 nm. Compound 10c was highly A,-selec-
tive at rat as well as human ARs. Compounds 8b, which is a 3-
unsubstituted analogue of 10¢, was 9-fold less potent at A, re-
ceptors, but demonstrated little change in the A,, and A; re-
ceptor affinity. However, 8b was 9-fold more potent at the A,
receptor compared with the 3-substituted 10c analogue, con-
firming that 3-unsubstituted xanthines are potent A,; AR an-
tagonists.”® But, because 8b is more potent at the A, than at
the A, receptor, it is not Ajg-selective.

Finally, tricyclic 2,9-disubstituted 4,5-dihydro-6H,8H-pyrimido-
[1,2,3-cd]purine-8,10-diones 13-16 were investigated. The com-
pounds can also be envisaged as xanthine derivatives, in
which the 3-propyl substituent is additionally attached to N9,
and thus in a sterically fixed conformation. This results in the
removal of the N—H function in position 1, which corresponds
to the xanthine N7-position. In antagonist-binding models for
the A, receptors, it has been suggested that this hydrogen
atom is important for good affinity as it is required for hydro-
gen bonding between the receptor and the ligand.'>'%??
Therefore, these tricyclic compounds are expected to show de-
creased affinity to the A, ARs. In fact, the direct analogue of
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DPCPX, compound 12, showed dramatically reduced affinity
for the A, receptor (2880-fold, compared with DPCPX). A,, and
A, affinities were also largely reduced. Compound 15, An ana-
logue of 12 which bears a butyl instead of a propyl group at
N9 (corresponding to xanthine N1), and a phenyl instead of a
cyclopentyl ring at C2 (corresponding to xanthine C8) was also
a very weak A, ligand (K;=8630 nm), confirming that a hydro-
gen-bond donor was very important for high affinity to A,, and
also the other AR subtypes. Despite their moderate A, affinity,
both compounds were still A;-selective.

Surprisingly, the 2-(3-noradamantyl)-substituted tricyclic
compounds 13 and 14, which are analogues of KW3902, be-
haved differently. The direct analogue of KW3902, propyl deriv-
ative 13 (PSB-63), was a potent and selective A, AR ligand, and
exhibited K; values of 16.9 nm for rat, and 90.6 nm for human
A, ARs (Table 2). It was highly selective for the rat A, versus the
rat A,, (1300-fold) AR, and for the human A, versus human A,,
(381-fold), human A; (110-fold), and human A,; adenosine re-
ceptors (35-fold). The homologous butyl derivative 14 was sim-
ilarly potent at A, (rat A, K;=40.6 nm, human A, K,=13.8 nm)
and highly selective versus A,, and A, receptors. However, the
butyl derivative 14 also showed a relatively high affinity for
the human A; AR (K;=188 nm). It appears that the butyl group
optimally fits into a lipophilic pocket of the A; receptor protein
and interacts with this pocket much better than the propyl res-
idue. An alternative explanation could be that the longer butyl
chain induces a slightly different, more favorable binding
mode than the shorter propyl group. The divergent SARs of
1,3,8-trisubstituted xanthine derivatives on the one hand, and
pyrimidopurinediones on the other hand may indicate differ-
ent binding modes for the two classes of compounds. Since
pyrimidopurinediones lack a hydrogen-bond donor function,
they may bind in different ways depending on the 8-substitu-
ent (cyclopentyl/phenyl or 3-noradamantyl), which results in
very different effects for cyclopentyl and phenyl, versus 3-nora-
damantyl substitution, in contrast to the situation for the 1,3,8-
substituted xanthine derivatives featuring an N—H donor at the
N7 position. Pyrimido[1,2,3-cdlpurines represent a novel class

Table 2. Affinities of pyrimidopurinediones for adenosine receptor subtypes.
(0]
RLS A1\
j\ﬂo \2 R8
7
078N N3
6 4
Compd R R® K [nm]
Rat A, Human A, Rat A,,®! Human A,,"! Human A Rat A, Human A,®
12 propyl cyclopentyl 1440 +94 nd. 12400 nd. 426007 n.d. n.d.
+3790
13 propyl 3-noradamantyl 169+28 90.6+17.0 22000 34500+ 1500 3190 n.d. > 10000
(PSB-63) +4200 +75 (244-0%)
14 butyl 3-noradamantyl 40.6+11.3 13.8+£3.7 23400 =~ 25000 22300 n.d. 188+ 54
+2200 (55+9%) +5600
15 butyl phenyl 8630+ 500 n.d. >10000 n.d. n.d. ~10000 >10000
(27+4%) (50+12%) (0%)
[a] Versus P*HICCPA. [b] Versus PHIMSX-2. [c] Versus [*H1ZM-241385. [d] Versus ['*’[JAB-MECA. [e] Versus [*H]PSB-11. [f] Single value determined in duplicates.
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of AR antagonists which exhibit SARs different from the classi-
cal xanthine derivatives.

As the affinity of the tricyclic compounds seems to rely on
the 3-noradamantyl substituent, their bicyclic precursors
(Figure 3) were also tested at three different concentrations

Y@IYQ

O NH

N

2
1

Figure 3. Bicyclic precursors of tricyclic pyrimido[1,2,3-cd]purinediones.

(2.5 uM, 25 pm and 250 pm) at the A, receptor. The roughly es-
timated K; values derived from these inhibition tests were very
high (5-20 pm) and did not differ much from the data for the
corresponding cyclopentyl derivative (70 um). Therefore we
can conclude that the fixed tricyclic 4,5-dihydro-6H,8H-
pyrimido[1,2,3-cd]purine-8,10-dione structure is an important
determinant for the high A, affinity.

The most potent compounds of the present series, which
bear a hydroxypropyl function in the 3-position offer the possi-
bility to prepare prodrugs with improved pharmacokinetic
properties, for example, enhanced water solubility. We have re-
alized one example and synthesized a phosphate prodrug 12a
(PSB-16P) of the potent and selective A, antagonist 10a (PSB-
16), analogously to a previously developed prodrug (MSX-3) of
an A,,-selective antagonist (MSX-2).>?”" Phosphorylation leads
to a large increase in water solubility as reported in a number
of previous publications.””” MSX-3 has been shown to be an
extremely useful pharmacological tool for invivo studies of
central A,, ARs allowing systemic application by injections, for
example, i.p. application, and even injection directly into cer-
tain brain areas.®” It is rapidly hydrolyzed by ubiquitous phos-
phatases in vivo to release the potent, but highly lipophilic A,
antagonist MSX-2. Similarly, the new A; prodrug 12a (PSB-16P)
or related prodrugs may become useful tools to study the role
of adenosine A, receptors in animal models.

Species differences

In basic research as well as and in preclinical drug develop-
ment, rodents (frequently rats or mice) are usually the primary
species for in vivo studies. Therefore it is important to obtain
pharmacological data for new compounds that are being de-
veloped as pharmacological tools not only for the human, but
also for a rodent species. Species differences for human and
rat A;, A5, and A,z adenosine receptors have been described to
be moderate for most ligands as a result of the high degree of
sequence similarity for these three AR subtypes across the
mammalian species (>85%). In contrast, rat and human A; re-
ceptors show less than 75% similarity in the amino acid se-
quences,” and many A, antagonists that have been described
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exhibit high affinity only to the human but not to the rat A; re-
ceptor." We initially screened our compounds at the “high-af-
finity” AR subtypes A, and A,, using rat brain tissues (cortical
membranes for A, and striatal membranes for A,,) as a natural
tissue source for these receptors with high receptor densities.
Since A, and A; receptors are usually expressed in low density
only, we used recombinantly expressed human receptors for
testing the compounds’ affinities. Selected compounds were
additionally investigated at recombinantly expressed human
A;, human A,,, and rat A; ARs, respectively.

As expected, species differences were only moderate for A,
and A,, receptors, but usually much larger at the A; AR. Affini-
ties for the investigated compounds were in most cases some-
what weaker at human than with rat A; ARs (3-13-fold). The
only exception was the pyrimidopurinedione 14, which was 3-
fold more potent at human than at rat A, receptors. Only very
minor species differences were observed for the A,, receptors;
the determined K; values at rat and human receptors were sim-
ilar. In contrast, large species differences between human and
rat A; ARs were determined for the xanthine derivatives
DPCPX (K;>10000 nm at rat A; ARs; 243 nm at human A; ARs)
and (5)-6c¢ (K;>10000 nm at rat A; ARs; 85 nm at human A,
ARs), but compound 10¢, which exhibited only relatively low
affinity for the human A; AR (K;=2300 nwm), was only 2.8-fold
less potent for the rat A; AR (K,=6500 nm).

Functional properties

The most potent compounds of the present series were inves-
tigated in [**S]GTPYS binding assays to study their intrinsic ac-
tivity. The lead compounds DPCPX and KW3902 are antago-
nists at ARs. DPCPX has been shown to exhibit inverse agonis-
tic activity at A, ARs, an effect which can best be demonstrat-
ed in cell lines overexpressing the A; AR. DPCPX is the com-
pound with the highest intrinsic inverse agonistic activity
described so far. In Figure 4A the effects of N-cyclopentylade-
nosine (CPA), DPCPX and 8-cyclopentyltheophylline (CPT) on
[*SIGTPYS binding to membranes of human embryonic kidney
(HEK) cells overexpressing the human A, AR are shown: the
full agonist CPA led to a dose-dependent enhancement of
GTPyS binding from a basal level of 100% to 201 % (see also
Table 3). The determined ECs, value (2.9 nm) corresponds well
with K value (2.3 nm) from radioligand binding studies. In
contrast, the full inverse agonist DPCPX led to a dose-depen-
dent decrease of GTPyS binding from a basal level of 100% to
57%. Again, the determined IC;, value (2.9 nm) corresponds to
the K; value that was determined in radioligand binding studies
(3.0 nm). CPT, an analogue of DPCPX in which the 1,3-dipropyl
groups of DPCPX are replaced by methyl groups, also reduced
GTPYS binding, but to a lesser extent; it can thus be character-
ized as a partial inverse agonist showing 66% of the intrinsic
activity of DPCPX.

In Figure 4B and 4C and Table 3 the effects of selected
newly synthesized xanthine and pyrimidopurinedione deriva-
tives are shown. None of the investigated compounds led to
an increase in GTPyS binding thus showing that they were all
antagonists at A; ARs. In fact, like DPCPX, they led to a de-
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Figure 4. [3SS]GTPYs binding studies at human adenosine A, receptors,
which are expressed in human embryonic kidney (HEK) cells. A) Curves for
the standard compounds CPA (o, Né—cyclopentyladenosine) as a full A, ago-
nist, DPCPX (v, 1,3-dipropyl-8-cyclopentylxanthine) as an A, antagonist with
full inverse agonistic activity, and CPT (m, 8-cyclopentyltheophylline) as an A,
antagonist with partial inverse agonistic activity. B) Effects of selected potent
1,3,8-substituted xanthine and 2,9-substituted pyrimidopurinedione deriva-
tives in comparison with DPCPX (0): 9a (¥), 3-benzyl analogue of DPCPX; 6e
(a), 3-phenyl analogue of DPCPX; 14 (V¥), 2-(3-noradamantyl)-9-butyl-4,5-di-
hydro-6H,8H-pyrimido[1,2,3-cd]purine-8,10-dione. C) Effect of 1-butyl-3-(3-hy-
droxypropyl)-8-(3-noradamantyl)xanthine (A, 10c) in comparison with
DPCPX ().

crease in GTPYS binding, but to variable extents. None were as
efficacious as the full inverse agonist DPCPX. Replacement of
the 3-propyl residue of DPCPX by a phenyl ring (in 6e) re-
duced the intrinsic activity to 47 % of that of DPCPX. A benzyl
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Table 3. GTPyS binding studies of selected compounds at human adeno-
sine A, receptors in comparison with K; values from adenosine A, receptor
radioligand binding data.”

Compd K; Inm]® ECs, or ICs, [NM] Intrinsic
Activity [%]'“!
Rat A, Human A, Human A,
CPA 0.32141f 2.3 29+18 201 +£179
DPCPX 058 3.08% 29+1.0 100™
CPT 24410 nd. 6.2+3.1 6643
9a 87+19 nd. 93+79 11+1
6e 1.04+0.4 71411 56+47 4747
10c 0.1240.01 0.7+0.2 0.01240.002 4245
14 406+11.3 138437 75+51 4442

[a] ARs expressed in human embryonic kidney (HEK) cells; values ex-
pressed as mean =4 SEM. [b] Versus [*HICCPA. [c] Inhibition of [**SIGTPyS
binding. [d] Activity of inverse agonists normalized with respect to the
full inverse agonist DPCPX set at 100%. [e] AR from rat brain cortical
membranes. [f] Versus [3H]N"—(R)-phenylisopropyladenosine. [g] Value rep-
resents maximal stimulation by the full agonist CPA (n=3) relative to
basal (100%). [h] The full inverse agonist DPCPX reduced [**SIGTPyS bind-
ing from basal (100%) to 57 £3% (n=4).

group instead of a phenyl residue nearly abolished the intrinsic
activity (compound 9a). The tricyclic noradamantyl-substituted
pyrimidopurinedione 14 and 1-butyl-3-(3-hydroxypropyl)-8-(3-
noradamantyl)xanthine (10c), the most potent compound of
the present series, showed low intrinsic activity relative to
DPCPX: 44 and 42%, respectively. The determined ICs, values
for the inhibition of GTPYS binding were in most cases consis-
tent with K, values from the radioligand binding studies
(Table 3). It can be concluded that minor structural modifica-
tions may have a large influence on the inverse agonistic effi-
cacy of xanthine derivatives. This may play a role in tissues
with high A; AR expression where the receptors may be consti-
tutively active.l'"”'®

Conclusions

In conclusion, we have explored the SAR of the substituent in
the 3-position of xanthine derivatives related to the standard
A; AR antagonists DPCPX and KW3902. This led to the finding
that phenyl, benzyl and 1-phenylethyl residues are well tolerat-
ed by the A, ARs. The highest affinity and selectivity, however,
was observed with the more hydrophilic and flexible 3-hydrox-
ypropyl substituent, suggesting that the hydroxy group at that
position may form a hydrogen bond to the A, receptor pro-
tein. The most potent compound of the present series was 1-
butyl-3-(3-hydroxypropyl)-8-(3-noradamantyl)xanthine (10 c) ex-
hibiting a K; value of 0.124 nm at rat and 0.7 nm at human ade-
nosine A, receptors, combined with high selectivity (1400-fold
versus human A,,, 267-fold versus human A,; and > 3000-fold
versus human A,). It belongs to the most potent and selective
A, antagonists described to date. We prepared the first water
soluble phosphate prodrug of a highly potent and selective A,
AR antagonist, which can be a useful pharmacological tool for
in vivo studies. Finally, we discovered a new class of potent
and selective A, AR antagonists, the 8-alkyl-2-(3-
noradamantyl)pyrimido[1,2,3-cd]purine-8,10-diones.
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Experimental Section

General remarks: NMR spectra were recorded on a Varian XL-300
("H: 300 MHz, "*C: 75 MHz) or a Bruker DRX 500 ('H: 500 MHz, '*C:
125 MHz). Deuterated DMSO was used as a solvent unless other-
wise noted. The chemical shifts of the remaining protons of the
solvent were used as an internal standard: 'H, 2.49 ppm; 3C,
39.7 ppm. All chemical shifts (0) are expressed in ppm. Coupling
constants (J) are given in Hertz (Hz). The following abbreviations
are used: pr=propyl, cp =cyclopentyl, ar=phenyl, pheth =phenyl-
ethyl, and hpr=hydroxypropyl. The reactions were monitored by
TLC using aluminum sheets with silica gel 60 F,;, (Merck). The
melting points were determined on a Gallenkamp melting point
apparatus and are uncorrected. Optical rotations were determined
with a Perkin-Elmer 241 polarimeter. Elemental analyses were per-
formed in the Pharmaceutical Institute, Pharmaceutical Chemistry
Endenich, University of Bonn, using a VarioEL instrument (Elemen-
tar Analysensysteme GmbH, Hanau, Germany). Mass spectra were
collected on an MS-50 A.E.l. (Manchester) mass spectrometer with
an ionization energy of 70eV. The 6-aminouracils with an o-
branched substituent ((R)-1a and (S)-1a) or a phenyl substituent
(in 1b) in position 1 were synthesized as previously described,”!
and compound 8a was prepared according to literature proce-
dure.” Compounds 7b, 10a, 10b, 10c, 13-16 were synthesized
by following a multistep procedure recently developed in our
group.®

General procedure for the preparation of compounds (R)-2a, (S)-
2a and 2b: A suspension of 1-substituted 6-aminouracil ((R)-1a,
(S)-1a, or 1b) (10 mmol) and potassium carbonate (3.5 g, 25 mmol)
in N,N-dimethylformamide (40 mL) was stirred for 3 h at room tem-
perature. Propyl iodide (2 mL, 3.4 g, 20 mmol) was then added,
and the reaction mixture was stirred for about 20 h at room tem-
perature. The progress of the reaction was controlled by TLC using
dichloromethane/methanol (9:1) as the eluent. After all of the start-
ing material had disappeared, water (50 mL) was added and the re-
sulting mixture was washed three times with petrol ether (bp:
60°C, 40 mL). Then the aqueous layer was extracted three times
with dichloromethane (30 mL). The combined dichloromethane
layers were dried with sodium sulfate, and after filtration, the sol-
vent was removed by distillation under reduced pressure.

6-Amino-1-(1-phenylethyl)-3-propyluracil ((R)-2a and (S)-2a): The
remaining brown oil was stirred in a mixture of diethyl ether and
ethanol (1:1, v/v). The solvent was removed under vacuum, and
the residue was used without further purification in the next step.
Yield: Risomer: 1.18 g (51%), [a]3=—184.82 (c=0.94, ethanol);
Sisomer: 1.04g (45%); 'HNMR (500 MHz): 6=0.78 (t, 3H, J=
7.5 Hz, CH;-pr), 1.33-1.46 (m, 2H, CH,-pr), 1.83 (d, 3H, J=7.6 Hz,
CH;-pheth), 3.61-3.70 (m, 2H, N3CH,), 4.81 (s, 1H, H5), 5.70-5.91
(m, TH, N1CH), 6.65 (s, 2H, NH,), 7.23-7.37 ppm (m, 5H, H-ar);
3CNMR (125 MHz): 6 =11.4 (CH5-pr), 21.2 (CH;-pheth), 31.1 (CH,-
pr), 36.1 (N1CH), 41.5 (N3CH,), 76.5 (C5), 125.9, 127.1, 128.2, 128.6
(C-ar), 155.1 (C6), 161.8 (C2), 162.6 ppm (C4).

6-Amino-1-phenyl-3-propyluracil (2b):*" The remaining yellowish
product was stirred in petrol ether (10 mL), which was subsequent-
ly decanted. The residue was dissolved in a mixture of petrol ether
and ethanol (1:4 v/v). After 24 h the precipitated product was col-
lected by suction filtration to give 1.59g (65%); mp: 178-181°C
(dec); '"HNMR (500 MHz): 6=0.83 (t, 3H, J=7.6 Hz, CH,-pr), 1.51
(quint, 2H, J=7.6 Hz, CH,-pr), 3.68 (t, 2H, J=7.6 Hz, N3CH,), 4.81
(s, TH, H5), 6.12 (s, 2H, NH,), 7.33-7.56 ppm (m, 5H, H-ar); *C NMR
(125 MHz): =11.6 (CHs-pr), 21.3 (CH,-pr), 41.6 (N3CH,), 75.1 (C5),
129.6, 129.9, 130.3, 134.9 (C-ar), 151.5 (C6), 154.5 (C2), 162.0 ppm
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(C4); elemental analysis calcd (%) for C;5H,sN;0,: C 63.66, H 6.16, N
17.12; found: C 63.82, H 5.99, N 16.93.

6-Amino-5-nitroso-1-(1-phenylethyl)-3-propyluracil ((R)-3a and
(5)-3a): 6-Amino-1-(1-phenylethyl)-3-propyluracil ((R)-2a or (S)-2a)
(7.0 g, 25.6 mmol) was dissolved in a mixture of acetic acid and
water (2:1, 75 mL) To improve the solubility, ethanol (6 mL) was
added. Then sodium nitrite (4.5 g, 65 mmol) was added in small
portions. After stirring the reaction mixture for 24 h at room tem-
perature a solid precipitated. The solvent was decanted and ex-
tracted twice with dichloromethane (30 mL). Then the combined
organic layers were washed with a saturated sodium bicarbonate
solution (30 mL) and dried with sodium sulfate. The solvent was re-
moved under reduced pressure, and the residue was used without
further purification for the next step. To obtain a sample for analyt-
ical purposes, the residue was suspended in diethyl ether and
stored at 4°C for 4 h. The resulting dark violet crystals were collect-
ed by suction filtration. Yield: Risomer 4.1 g (53%); mp: 160°C;
Sisomer: 3.5g (45%); mp: 163°C; '"HNMR (500 MHz, CDCl,): 6 =
0.83 (t, 3H, J=7.5Hz, CH;-pr), 1.54-1.57 (m, 2H, CH,-pr), 1.79 (d,
3H, J=7.2 Hz, CH;-pheth), 3.82-3.88 (m, 2H, N3CH,), 6.10-6.21 (m,
1H, N1CH), 7.20-7.28 (m, 5H, H-ar), 13.47 ppm (s, 2H, NH,);
3C NMR (125 MHz, CDCl,): 6 =10.2 (CH5-pr), 14.5 (CH;-pheth), 20.1
(CH,-pr), 42.6 (N3CH,), 51.5 (N1CH), 125.0, 127.3, 128.2, 136.3 (C-ar),
136.9 (C5), 144.9 (C2), 147.6 (C6), 159.5 ppm (C4); elemental analy-
sis calcd (%) for Cy5H;gN,O;: C 59.59, H 6.00, N 18.53; found (for (R)-
3a): € 59.26, H 6.00, N 18.36; (for (S)-3a): C 59.15, H 6.34, N 18.51.

6-Amino-5-nitroso-1-phenyl-3-propyluracil  (3b):®" 6-Amino-1-
phenyl-3-propyluracil (2b) (1.5 g, 6.12 mmol) was dissolved in a
mixture of acetic acid and water (1:1, 80 mL) by heating the mix-
ture to 80°C. Then the solution was cooled to room temperature
and sodium nitrite (1.2 g, 17.4 mmol) was added in small portions.
After stirring for 1 h at room temperature the reaction mixture was
cooled again to 4°C and the violet precipitate was collected by
suction filtration and washed with water (10 mL) to give 0.73 g
(44%) of 3b; mp: 215°C (dec); '"H NMR (300 MHz): 6=0.92 (t, 3H,
J=7.5Hz, CH;-pr), 1.66 (quint, 2H, J=7.6 Hz, CH,-pr), 3.87 (t, 2H,
J=7.5Hz, N3CH,), 7.44-7.62 (m, 5H, H-ar), 7.92 ppm (s, 2H, NH,);
BCNMR (75 MHz): =112 (CH;-pr), 20.7 (CH,-pr), 42.3 (N3CH,),
128.6, 128.9, 129.9, 131.8 (C-ar), 139.1 (C5), 145.9 (C2), 148.8 (C6),
160.0 ppm (C4); elemental analysis calcd (%) for C;3H;,N,O;: C
56.91, H 5.14, N 20.42; found: C 56.64, H 5.12, N 19.99.

General procedure for the preparation of compounds (R)-4a, (S)-
4a and 4b: 1-Substituted 6-amino-5-nitroso-3-propyluracil ((R)-3a,
(S)-34a, or 3b) (20 mmol) was dissolved in aqueous ammonia solu-
tion (12.5%, 200 mL) by heating at 80°C. The insoluble residue
was removed by filtration. Under an inert atmosphere of argon,
sodium dithionite (=40 mmol) was added in small portions to the
clear violet-colored solution until it became colorless. Then the
mixture was cooled for 1 h to —5°C and then brought to 4°C. The
resulting slightly yellow precipitate was separated by suction filtra-
tion, and was washed with small amounts of water.

5,6-Diamino-1-(1-phenylethyl)-3-propyluracil  ((R)-4a, (S)-4a):
Risomer: 2.5g (42%); Sisomer: 2.7 g (45%); '"H NMR (300 MHz,
40°C): 6=0.82 (t, 3H, J=7.5 Hz, CH5-pr), 1.55 (sext, 2H, J=7.6 Hz,
CH,-pr), 1.85 (d, 3H, J=7.2 Hz, CH;-pheth); 3.21 (s, 2H, C6-NH,),
3.76 (t, 2H, J=7.6 Hz, N-CH,), 5.63 (s, 2H, C5-NH,), 7.21-7.54 ppm
(m, 5H, H-ar); *CNMR (75MHz): 6=114 (CH;-pr), 13.3 (CH;-
pheth); 21.0 (CH,-pr), 42.1 (N3CH,), 51.2 (CH-pheth); 95.4 (C5),
128.4, 129.6, 129.9, 134.1 (C-ar), 144.3 (C2), 150.1 (C6), 160.3 ppm
(C4).
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5,6-Diamino-1-phenyl-3-propyluracil (4b):*"” 519 (98%); mp:
174.2°C; "H NMR (300 MHz):  =0.83 (t, 3H, J=7.5 Hz, CH,-pr), 1.54
(sext, 2H, J=7.6 Hz, CH,-pr), 3.01 (s, 2H, C6-NH,), 3.74 (t, 2H, J=
7.6 Hz, N3CH,), 5.31 (s, 2H, C5-NH,), 7.31-7.54 ppm (m, 5H, H-ar);
BCNMR (75 MHz): 6=11.4 (CHs-pr), 21.0 (CH,-pr), 42.0 (N3CH,),
96.4 (C5), 129.2, 129.6, 129.8, 135.1 (C-ar), 143.3 (C2), 149.5 (C6),
159.3 ppm (C4); elemental analysis calcd (%) for C3H;sN,O,: C
59.98, H 6.20, N 21.52; found: C 59.83, H 6.33, N 21.45.

General procedure for the preparation of compounds (R)-5¢, (S)-
5¢, (R)-5d, (S)-5d, 5e, 5 f: 1-Substituted 5,6-diamino-3-propyluracil
((R)-44a, (S)-4a, 4b) (4.2 mmol) was suspended in methanol (30 mL).
Cyclopentanecarboxylic acid, benzoic acid, or 4-biphenylcarboxylic
acid (4.5 mmol) was added under an inert atmosphere of argon.
The resulting suspension was stirred for 30 min at room tempera-
ture. Then N-(3-dimethylaminoproyl)-N'-ethylcarbodiimide hydro-
chloride (0.9 g, 4.7 mmol) was added and the reaction mixture was
stirred for 24 h at room temperature. The methanol was removed
by distillation under reduced pressure and the yellow oily residue
was used directly for the next step.

6-Amino-5-cyclopentylcarboxamido-1-(1-phenylethyl)-3-propyl-
uracil ((R)-5¢, (S)-5¢): Yield: 0.34 g (21 %).

5-(4-Biphenyl)carboxamido-1-(1-phenylethyl)-3-propyluracil ((R)-
5d, (S)-5d): Yield: 0.51 g (26 %).

6-Amino-5-cyclopentylcarboxamido-1-phenyl-3-propyluracil
(5e): Yield: 0.33 g (22%).

6-Amino-5-phenylcarboxamido-1-phenyl-3-propyluracil (51):
Yield: 0.58 g (38 %).

General procedure for the preparation of compounds (R)-6¢, (S)-
6¢c, 6e or 6f: A freshly prepared methanolic solution of sodium
methylate (20%, 40 mL) was added to the oily 6-amino-5-carbox-
amidouracil derivatives ((R)-5¢, (S)-5¢, 5e, or 5f). The reaction mix-
ture was kept at reflux for 3.5 h. It was then cooled to 40°C, and
water (5 mL) was added. The acidity was adjusted to pH 5 with
concentrated hydrochloric acid. Then the reaction mixture was
stored at 4°C until a precipitate was formed. The solid product
was collected by suction filtration, and was recrystallized from
methanol/water, and was finally washed thoroughly with water.

8-Cyclopentyl-3-(1-phenylethyl)-1-propylxanthine ((R)-6 c, (S)-6 c):
R isomer: 350 mg (52%); mp: 158°C, [a]X’=+98.36 (c=0.9, etha-
nol); Sisomer: 270 mg (40%); mp: 161°C. [a]®=-102.66 (c=
1.011, ethanol); '"H NMR (500 MHz): 6=0.82 (t, 3H, J=7.4 Hz, CH;-
pr), 1.47-1.60 (m, 4H, 2CH,-cp), 1.65-1.80 (m, 4H, CH,-pr, CH,-cp),
1.91-1.99 (m, 5H, CH,-cp, CH;-pheth), 3.09 (quint, TH, J=7.9 Hz,
CH-cp), 3.81 (t, 2H, J=7.4Hz, N1CH,), 6.09 (g, TH, J=7.6 Hz, CH-
pheth), 7.19-7.37 (m, 5H, H-ar), 13.09 ppm (s, TH, NH); *C NMR
(125 MHz): 6=11.2 (CH5-pr), 17.1 (CH;-pheth), 21.0 (CH,-pr), 25.1,
25.1, 32.0, 32.0 (CH,-cp), 38.7 (CH-cp), 42.1 (N1CH,), 53.0 (CH-
pheth), 106.6 (C5), 126.6, 127.0, 127.1, 128.4, 140.8 (C-ar), 147.6
(C6), 150.5 (C8), 154.0 (C2), 157.6 ppm (C4); elemental analysis
calcd (%) for C,;HxN,O,: C 68.83, H 7.15, N 15.29; found (for (R)-
6c): C 68.58, H 7.12, N 15.22; (for (S)-6¢): C 68.44, H 7.12, N 15.00.

8-Cyclopentyl-3-phenyl-1-propylxanthine (6 e): Yield: 0.3 g (63 %);
mp: 292.7°C; "H NMR (500 MHz): 0=0.87 (t, 3H, J=7.8 Hz, CH;-pr),
1.53-1.70 (m, 8H, 3CH,-cp, CH,-pr), 1.91 (quart, 2H, J=8.2 Hz, CH,-
cp), 3.04 (quint, 1H, J=7.9Hz, CH-cp), 3.85 (t, 2H, J=7.4Hz
N1CH,), 7.38-7.51 (m, 5H, H-ar), 13.15 ppm (s, 1H, NH); *C NMR
(125 MHz): 6=11.3 (CH;-pr), 21.0 (CH,-pr), 25.1, 31.8, 32.0 (CH,-cp),
39.1 (CH-cp), 42.4 (N1CH,), 106.6 (C5), 128.3, 128.8, 129.0, 135.9 (C-
ar), 148.0 (C6), 150.7 (C8), 154.1 (C2), 157.9 ppm (C4); elemental
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analysis calcd (%) for C;4H,,N,O,: C 67.44, H 6.55, N 16.56; found: C
66.99, H 6.44, N 16.42.

3,8-Diphenyl-3-propylxanthine (6f): Yield: 185 mg (36%); mp:
348.2°C (dec); '"HNMR (500 MHz): 6=0.88 (t, 3H, J=7.5 Hz, CH;-
pr), 1.64 (quint, 2H, J=7.6 Hz, CH,-pr), 3.92 (t, 2H, J=7.6 Hz,
N1CH,), 7.44-7.79 (m, 10H, H-ar), 13.89 ppm (s, 1H, NH); *C NMR
(125 MHz): 6 =11.6 (CH;-pr), 21.2 (CH,-pr), 67.8 (N1CH,), 108.4 (C5),
126.7, 128.0, 128.7, 128.9, 129.2, 129.3, 130.5, 136.9 (C-ar), 148.8
(C8), 150.0 (C6), 150.9 (C4), 154.6 ppm (C2); elemental analysis
caled (%) for CyH,gN,O,: C 69.35, H 5.24, N 16.17; found: C 69.21,
H 5.25, N 16.23.

General procedure for the preparation of compounds (R)-6d
and (S)-6d: A freshly prepared methanolic solution of sodium
methylate (20%, 35 mL) was added to the oily 6-amino-5-biphenyl-
carboxamido-1-(1-phenylethyl)-3-propyluracil ((R)-5d or (S)-5d).
The reaction mixture was kept at reflux for 12 h. Water (30 mL) was
then added, and the mixture was cooled to room temperature.
The acidity was adjusted to pH 5 with concentrated hydrochloric
acid. The precipitate was collected by suction filtration, and
washed with water (20 mL) twice. Then the crude product was pu-
rified by column chromatography with dichloromethane/methanol
(9:1) solvent. The resulting product was washed with diethyl ether
(50 mL) and dried invacuo to give either enantiomer of 6d.
Risomer: 2.0 g (45%); mp: 290°C, [a]¥ =+51.81 (c=0.564, etha-
nol); Sisomer: 1.9 g (40%); mp: 288°C, [a]X=-51.02 (c=0.568,
ethanol); '"H NMR (500 MHz): 6=0.86 (t, 3H, J=7.5Hz, CHs;-pr),
1.57 (quint, 2H, J=7.7 Hz, CH,-pr), 2.00 (d, 3H, J=7.4 Hz, CH,-
pheth), 3.86 (t, 2H, J=7.4 Hz, N1CH,), 6.22 (quart, 1H, J=7.3 Hz,
CH-pheth), 7.21-8.19 (m, 14H, H-ar), 13.86ppm (s, 1H,
NH);"®*C NMR (125 MHz): =113 (CH,-pr), 17.2 (CHs-pheth), 20.0
(CH,-pr), 42.4 (N1CH,), 53.1 (N3CH), 108.5 (C5), 126.2, 127.0, 127.2,
128.1, 128.3, 129.1, 133.5, 139.2, 139.4, 140.7, 141.8, 142.8 (C-ar),
148.2 (C6), 150.5 (C8), 154.2 (C2), 165.3 ppm (C4); elemental analy-
sis calcd (%) for C,gH,6N,0,: C 74.65, H 5.86, N 12.44; found (R)-6d:
C 7428, H 5.82, N 12.38; (5)-6d: C 74.49, H 572, N 12.44.

General procedure for the synthesis of compounds 11a and
11b: Under an inert atmosphere of argon, the 1-substituted 8-cy-
clopentyl-3-(3-hydroxypropyl)xanthine (10a or 10b) (0.31 mmol)
was suspended in freshly distilled trimethylphosphate. Phosphorus
oxychloride (0.1 mL) was added to the resulting suspension, and
the reaction mixture was stirred at room temperature for 2 h. Then
water (10 mL) was added and the precipitate was isolated by suc-
tion filtration. The product was washed first with water (10 mL)
and then with methanol (10 mL) to yield the pure white products
11aand 11b.

3-(3-Chloropropyl)-8-cyclopentyl-1-propylxanthine (11a): Yield:
36 mg (34%); mp: 182°C; '"H NMR (500 MHz): 6=0.84 (t, 3H, J=
7.5 Hz, CH;-pr), 1.54 (sext, 2H, J=7.4 Hz, CH,-pr), 1.60-2.01 (m, 8H,
4CH,-cp), 2.12 (quint, 2H, J=6.7 Hz, CH,hpr), 3.12 (quint, 1H, J=
8.1 Hz, CH-cp), 3.65 (t, 2H, J=6.5Hz, CH,OH), 3.81 (t, 2H, J=
74 Hz, N1CH,), 4.09 (t, 2H, J=6.7 Hz, N3CH,), 13.08 ppm (NH);
3CNMR (125 MHz): 6 =11.3 (CH5-pr), 20.9 (CH,-pr), 25.2 (2C, 2CH,-
cp), 31.0 (CH,-hpr), 32.0 (2C, 2CH,-cp), 38.9 (CH-cp), 40.8 (N3CH,),
422 (N1CH,), 429 (CH,0OH), 106.4 (C5), 147.7 (C8), 150.9 (C4),
154.0 ppm (C2), 158.0 (C6); MS: m/z=340.1 (16) + 338.1 (48).

1-Butyl-3-(3-chloropropyl)-8-cyclopentylxanthine (11b): Yield:
27 mg (25%); 'HNMR (300 MHz): §=0.90 (t, 3H, J=7.3 Hz, CH;-
bu), 1.30 (sext, 2H, J=7.4 Hz, CH,-bu), 1.53 (quint, 2H, /=7.2 Hz,
CH,-bu), 1.63-2.07 (m, 8H, 4CH,-cp), 2.14 (quint, 2H, J=6.7 Hz,
CHy-hpr), 3.15 (quint, 1H, J=8.02 Hz, CH-cp), 3.68 (t, 2H, J=6.7 Hz,
CH,OH), 3.88 (t, 2H, J=7.3Hz, N1CH,), 412 (t, 2H, J=6.9 Hz,
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N3CH,), 13.08 ppm (NH); MS: m/z=352.2 (16); 354.2 (50) + 316.1
(28).

Synthesis of 8-cyclopentyl-3-[3-O-(phosphatyl)propyl]l-1-propyl-
xanthine (12a): 8-Cyclopentyl-3-(3-hydroxypropyl)-1-propylxan-
thine (100 mg, 0.31 mmol) was dissolved in a mixture of THF
(20 mL) and acetonitrile (10 mL) under an inert atmosphere of
argon. Then 1-H-tetrazole (210 mg, 3.0 mmol) was added, followed
by di-tert-butyl-N,N-diethyl phosphoramidite (0.3 mL). The reaction
mixture was stirred for 2 h at room temperature. Then tert-butylhy-
droperoxide (70%, 5 mL, 35 mmol) was added and the mixture
was stirred for another hour. Then it was cooled to 0°C and a
sodium bisulfite solution (5%, 15 mL) was added. The solution was
stirred until the reaction temperature reached room temperature
again. It was extracted five times with dichloromethane (10 mL),
and the combined organic phases were washed twice with water
(20 mL each) and dried over magnesium sulfate. The solvent was
removed in vacuo and the resulting product was directly used for
the subsequent step.

After the solid product was dissolved in dichloromethane (10 mL)
trifluoroacetic acid (98%, 0.3 mL, 3.9 mmol) was added. The solu-
tion was kept for 2 h at room temperature and the solvent was
subsequently removed in vacuo. The oily residue was co-evaporat-
ed with water until no white fumes appeared anymore. Then the
white precipitate was isolated by suction filtration and washed
with water (30 mL). The product was detected by TLC by using iso-
propanol/ammonia/water (6:3:1) as the eluent, and visualized by
using a solution of 0.1% FeCl;:6H,0 and 7% sulfosalicylic acid in
75% ethanol. Yield: 45 mg (36%); 'H NMR (500 MHz): 5=0.84 (t,
3H, J=7.4Hz, CH;-pr), 1.53-2.10 (m, 12H, 4CH,-cp, CH,-pr CH,-
hpr), 3.12 (quint, TH, J=8.2 Hz, CH-cp), 3.81 (t, 2H, J=7.4 Hz,
CH,OP), 3.85 (t, 2H, J=6.7 Hz, N1CH,), 4.02 (t, 2H, J=7.4Hz
N3CH,), 13.09 ppm (br, 1H, NH); *C NMR (125 MHz): 0=11.3 (CH;-
pr); 21.0 (CHy-pr), 25.2 (2C, 2CH,-cp), 29.0 (CH,-hpr), 32.1 (2C, CH,-
pr), 38.9 (CH-cp), 40.4 (N3CH,), 42.1 (N1CH,), 63.3 (d, 'J=4.7 Hz,
CH,OP), 1064 (C5), 147.6 (C8), 150.8 (C4), 154.0 (C2), 158.0 ppm
(Ce).

Synthesis of 1-butyl-8-noradamantylxanthine (8b): 6-Amino-3-
butyl-5-(hexahydro-2,5-methanopentalene-3a)-carboxamido-2,4-
dioxo-1,2,3,4-tetrahydropyrimidine (7b) (350 mg, Tmmol) was stir-
red in hexamethyldisilazane (30 mL) for 18 h under reflux. Then the
solvent was removed by distillation under reduced pressure. The
product was purified by column chromatography by using di-
chloromethane/methanol (100:2) as the eluent to afford 8b
(95 m@) in 29% yield. '"H NMR (500 MHz): 6=0.88 (t, 3H, J=7.3 Hz,
CH;-bu), 1.27 (sext, 2H, J=7.4Hz, CH,-bu), 1.49 (quint, 2H, J=
7.3 Hz, CH,-bu), 1.59 (m, 4H, C1HH-n, C6HH-n, C7H,-n), 1.88 (m,
4H, C1HH-n, C3HH-n, C4HH-n, C6HH-n), 2.09 (m, 2H, C3HH-n,
C4HH-n); 2.27 (m, 2H, C2H-n, C5H-n), 2.57 (t, TH, J=6.7 Hz, C6aH-
n), 3.82 (t, 2H, J=7.3 Hz, N1CH,); 11.63 (brs, 1H, N3H), 12.80 ppm
(brs, TH, N7H); *C NMR (125 MHz): 6 =13.9 (CH;-bu), 19.7 (CH,CH,-
bu), 29.9 (NCH,CH,-bu), 34.3 (C7-n), 37.1 (2C, C2-n, C5-n), 39.5
(NCH,), 43.3(2C, C1-n, C6-n), 45.2 (C6a-n), 48.4 (2C, C3-n, C4-n), 49.0
(C3a-n), 106.6 (C5), 147.2 (C8), 151.1 (C4), 154.8 (C2), 160.2 ppm
(Ce).

Synthesis of 3-benzyl-8-cyclopentyl-1-propylxanthine (9a): 8-Cy-
clopentyl-1-propylxanthine 8a* (0.2 g, 0.76 mmol), potassium hy-
droxide (63 mg, 1.1. mmol) and benzyl bromide (0.1 mL) were sus-
pended in ethanol (10 mL). The reaction mixture was kept at reflux
for 1 h, during which time it became clear. The suspension was
cooled to room temperature, water (10 mL) was added, and the
precipitate was collected by filtration. The starting material was re-
moved by suspending the solid material in a solution of sodium
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hydroxide (1N), in which only the starting material was soluble,
and the purified product was collected by filtration. The product
was washed with water, and after drying, it was purified by recrys-
tallization from dichloromethane (5 mL) by the addition of diethyl
ether (10 mL). Yield: 0.14 g (52%); mp: 217°C; 'H NMR ([D¢]DMSO/
CDCl;=4:1): =033 (t, 3H, CH;-pr); 0.40-0.97 (m, 10H, cp-CH,
and CH,-pr); 2.20 (m, 1H, C1'H-cp); 3.02 (t, 2H, NCH,-pr); 4.33 (s,
2H, CHy,-bn); 6.46 ppm (m, ar-5H); elemental analysis calcd (%) for
CyoHy6N,0,: C 67.8, H 7.39, N 15.8; found: C 67.5, H 6.98, N 15.6.

Biological assays:

Materials: Radioligands were obtained from the following sources:
[PHICCPA from NEN Life Science (54.9 Cimmol™"), [HIMSX-2 from
Amersham (85 Cimmol™), [*HI1ZM-241385 from  Tocris
(17 Cimmol™"), and [HIPSB-11 (53 Cimmol™") and ['®[]JAB-MECA
(2000 Cimmol™") from Amersham. The nonradioactive precursors
of PHIMSX-2 and [*HIPSB-11 were synthesized in our laboratory.

Membrane preparations: Membranes from Chinese hamster ovary
(CHO) cells stably transfected with the human A,, the human A,,,
or the human A, AR, were prepared as described." For [**SIGTPYS
binding assays HEK cells expressing the human A, AR in high den-
sity were used. For assays at human A, and rat A; ARs, commer-
cially available membrane preparations containing the human A,
or the rat A; AR, respectively, expressed in human embryonic
kidney (HEK) cells, were obtained from Biotrend (Cologne, Germa-
ny). Frozen rat brains obtained from Pel Freez, Rogers, Arkansas,
USA, were dissected to obtain cortical membrane preparations for
A, assays, and striatal membrane preparations for A,, assays as de-
scribed.?%3%

Radioligand binding assays: Stock solutions of the compounds
were prepared in dimethyl sulfoxide (DMSO); the final concentra-
tion of DMSO in A, assays was 1%, and in the other assays not
more than 2.5%. The radioligand concentrations were: [PHJCCPA:?%
0.5nm (rat and human A,); PHIMSX-2:*¥ 1.0 nm (rat and human
A,n); [PHIZM-241385:5¢ 5nm (human A); BHIPSB-11:57 0.5 nm
(human A;). Binding assays were performed as described.>2%3437)
Approximately 50 ugmL~" of protein were used in the assays. At
least two to three separate experiments were performed, each in
duplicate or triplicate.

[P*SIGTPyS binding assays: Membrane preparations of HEK293 cells
expressing the human A, AR (5 pug per tube) were incubated with
0.1-0.5 nm [**SIGTPYS (46.3 TBgmmol ™', NEN) in a total volume of
200 pL in 50 mm Tris-HCI buffer pH 7.4 containing 1 mm EDTA,
5mm MgCl,, 1 mm dithiothreitol, 10 um GDP, 100 mm Nadl,
2 1UmL"" adenosine deaminase (ADA), 0.5% bovine serum albumin
and test compound, according to Lorenzen etal.*® Adenosine
(10 nm) was added to prove that the amount of ADA was sufficient
to remove endogenous adenosine as well as the added adenosine
(data not shown). Nonspecific binding was determined by using
10 um of unlabeled GTPyS. The incubations were terminated after
45 min at 25°C by the addition of 1 mL of ice-cold buffer contain-
ing 50 mm Tris-HCl pH 7.4 and 5 mm MgCl,, and rapid filtration
through GF/B filters (Whatman) on a 48-channel Brandel cell har-
vester, followed by three washing steps with cold buffer (2 mL
each). The wet filters were transferred into scintillation vials, 2 mL
of scintillation cocktail (Ultima Gold, Canberra Packard, Dreieich,
Germany) was added and the radioactivity was measured by liquid
scintillation in a Tricarb 2100 TR liquid scintillation analyzer (Can-
berra, Packard, Dreieich, Germany).

Data analysis: Data were analyzed by using Graph Pad Prism Ver-
sion 3.0 (San Diego, CA, USA). For the calculation of K; values by
nonlinear regression analysis, the Cheng-Prusoff equation and K
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values of 0.5 nm (rat A,), 0.61 nm (human A,) for [PHJCCPA, 8 nm for
[PHIMSX-2, 33 nm for [*H]ZM-241385, 4.9 nm for [*HIPSB-11, and
1.48 nm for ['*IJAB-MECA were used.

Acknowledgements

This study was supported by the Deutsche Forschungsgemein-
schaft (GRK-677, scholarship for B.S.).

Keywords: adenosine receptors - prodrugs - pyrimidopurines -
structure-activity relationships - xanthines

[1] B.B. Fredholm, A. P. lJzerman, K. A. Jacobson, K. N. Klotz, J. Linden, Phar-
macol. Rev. 2001, 53, 527 -552.
2] B.B. Fredholm, Drug News & Perspect. 2003, 16, 283 -289.
3] C.E. Mdller, B. Stein, Curr. Pharm. Des. 1996, 2, 501 -530.
4] C.E. Mdller, Curr. Med. Chem. 2000, 7, 1269-1288.
5] L. Yan, J. C. Burbiel, A. MaaB, C. E. Muller, Expert Opin. Emerging Drugs
2003, 8, 537-576.
[6] R. Akkari, J. C. Burbiel, J. Hockemeyer, C. E. Muller, Curr. Top. Med. Chem.
2006, in press.
[7]1 C.E. Mlller, Drugs Future 2000, 25, 1043-1052.
[8] J. F. Chen, Drug News Perspect. 2003, 16, 597 —604.
[9] B. Cacciari, G. Pastorin, C. Bolcato, G. Spalluto, M. Bacilieri, S. Moro, Mini-
Rev. Med. Chem. 2005, 5, 1053 - 1060.
[10] J.R. Fozard, C. McCarthy, Curr. Opin. Invest. Drugs 2002, 3, 69-77.
[11] O. M. Abo-Salem, A. M. Hayallah, A. Bilkei-Gorzo, B. Filipek, A. Zimmer,
C. E. Mdller, J. Pharmacol. Exp. Ther. 2004, 308, 358 -366.
[12] C.E. Mller, Curr. Top. Med. Chem. 2003, 3, 445 -462.
[13] C.E. Mller, Expert Opin. Ther. Pat. 1997, 7, 419 -440.
[14] P.S. Modlinger, W.J. Welch, Curr. Opin. Nephrol. Hypertens. 2003, 12,
497 -502.
[15] K-N. Klotz, J. Hessling, J. Hegler, C. Owman, B. Kull, B. B. Fredholm, M. J.
Lohse, Naunyn-Schmiedeberg's Arch. Pharmacol. 1998, 357, 1-9.
[16] W. Soudijn, I. van Wijngaarden, A.P. lJzerman, Curr. Top. Med. Chem.
2003, 3, 355-367.
[17] T. Costa, S. Cotecchia, Trends Pharmacol. Sci. 2005, 26, 618 -624.
[18] J. C. Shryock, M. J. Ozeck, L. Belardinelli, Mol. Pharmacol. 1998, 53, 886 -
893.
[19] L.C.W. Chang, R.F. Spanjersberg, J.K. von Frijtag Drabbe Kunzel, T.
Mulder-Krieger, G. van den Hout, M. W. Beukers, J. Brussee, A.P. lJzer-
man, J. Med. Chem. 2004, 47, 6529 -6540.

C. E. Miiller et al.

[20] C.E. Miller, U. Geis, J. Hipp, U. Schobert, W. Frobenius, M. Pawloski, F.
Suzuki, J. Sandoval-Ramirez, J. Med. Chem. 1997, 40, 4396 -4405.

21] S. Hess, Expert Opin. Ther. Pat. 2001, 11, 1533 -1561.

22] W. Traube, Ber. Dtsch. Chem. Ges. 1900, 33, 3035.

23] F. Fulle, C. E. Mdiller, Heterocycles 2000, 53, 347 -351.

24] C.E. Muller, D. Shi, M. Manning, Jr., J. W. Daly, J. Med. Chem. 1993, 36,
3341-3349.

[25] J. Hockemeyer, J. C. Burbiel, C. E. Mdller, J. Org. Chem. 2004, 69, 3308 -
3318.

[26] S. Weyler, A. M. Hayallah, C. E. Muller, Tetrahedron 2003, 59, 47 - 54.

[27] R. Sauer, J. Maurinsh, U. Reith, F. Fille, K-N. Klotz, C. E. Mller, J. Med.
Chem. 2000, 43, 440-448.

[28] A. M. Hayallah, J. Sandoval-Ramirez, U. Reith, U. Schobert, B. Preiss, B.
Schumacher, J. W. Daly, C. E. Mdiller, J. Med. Chem. 2002, 45, 1500-1510
and references cited therein.

[29] K. A. Jacobson, P.J. M. van Galen, M. Williams, J. Med. Chem. 1992, 35,
407 -422.

[30] a) W. Hauber, Neuroreport 1998, 9, 1803 -1806; b) K. Antoniou, Z. Papa-
dopoulou-Daifoti, T. Hyphantis, G. Papathanasiou, E. Bekris, M. Marselos,
L. Panlilio, C.E. Mller, S.R. Goldberg, S. Ferré, Psychopharmacology
2005, 783, 154-162; c)J. Nagel, H. Schladebach, M. Koch, I. Schwien-
bacher, C.E. Muller, W. Hauber, Synapse 2003, 49, 279-286; d)W.
Hauber, P. Neuscheler, J. Nagel, C. E. Muller, Eur. J. Neurosci. 2001, 14,
1287-1293; e) I. Stromberg, P. Popoli, C. E. Mdiller, S. Ferré, K. Fuxe, Eur.
J. Neurosci. 2000, 12, 4033 -4037.

[31] M. Tobe, Y. Isobe, Y. Goto, F. Obara, M. Tsuchiya, J. Matsui, K. Hirota, H.
Hayashi, Bioorg. Med. Chem. 2000, 8, 2037 -2047.

[32] C.E. Maller, M. Diekmann, M. Thorand, V. Ozola, Bioorg. Med. Chem. Lett.
2002, 72, 501-503.

[33] R.F. Bruns, G.H. Lu, T. A. Pugsley, Mol. Pharmacol. 1986, 29, 331-346.

[34] K. N. Klotz, M. J. Lohse, U. Schwabe, G. Cristalli, S. Vittori, M. Grifantini,
Naunyn-Schmiedeberg's Arch. Pharmacol. 1989, 34, 679-683.

[35] C.E. Mller, J. Maurinsh, R. Sauer, Eur. J. Pharm. Sci. 2000, 10, 259-265.

[36] X.D.Ji, K. A. Jacobson, Drug Des. Discovery 1999, 16, 217 -226.

[37] C.E. Mdller, M. Diekmann, M. Thorand, V. Ozola, Bioorg. Med. Chem. Lett.
2002, 72, 501-503.

[38] A. Lorenzen, L. Guerra, H. Vogt, U. Schwabe, Mol. Pharmacol. 1996, 49,
915-926.

[39] J. Bulicz, D. C. Bertarelli D. Baumert, F. Fille, C. E. Muller, D. Heber,
Bioorg. Med. Chem. 2006, 14, 2837 —2849.

[40] J.R. Pfister, L. Belardinelli, G. Lee, R.T. Lum, P. Milner, W. C. Stanley, J.
Linden, S. P. Baker, G. Schreine, J. Med. Chem. 1997, 40, 1773-1778.

[41] C.E. Muller, T. Scior, Pharm. Acta Helv. 1993, 68, 77 -111.

Received: March 14, 2006
Published online on July 10, 2006

202

www.chemmedchem.org

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

ChemMedChem 2006, 1, 891 -902


www.chemmedchem.org

