
DOI: 10.1002/cmdc.200700355

Substituted Pyrazolo ACHTUNGTRENNUNG[3,4-b]pyridines as Potent A1
Adenosine Antagonists: Synthesis, Biological Evaluation,
and Development of an A1 Bovine Receptor Model
Tiziano Tuccinardi,[b] Silvia Schenone,*[a] Francesco Bondavalli,[a] Chiara Brullo,[a]

Olga Bruno,[a] Luisa Mosti,[a] Alessandra Tania Zizzari,[c] Cristina Tintori,[c] Fabrizio Manetti,[c]

Osele Ciampi,[d] Maria Letizia Trincavelli,[d] Claudia Martini,[d] Adriano Martinelli,[b] and
Maurizio Botta[c]

Introduction

Adenosine is an endogenous neuromodulator distributed in a
wide variety of tissues, where it plays a key role in a multitude
of physiological processes.[1, 2] The effects exerted by adenosine
are mediated by its interactions with four receptor subtypes
named A1, A2A, A2B, A3. These receptors belong to the rhodop-
sin-like family of G-protein-coupled receptors (GPCRs), and are
encoded by distinct genes. The stimulation of adenosine re-
ceptors activates several effector systems, such as the enzyme
adenylyl cyclase. Activation of A1AR and A3AR leads to an in-
hibition of adenylyl cyclase activity, while activation of A2AAR
and A2BAR causes a stimulation of adenylyl cyclase.

[3] Moreover,
adenosine can also modulate additional effector systems, in-
cluding potassium or calcium channels and phospholipases.[4]

The A1ARs are present in central nervous system (CNS),
heart, kidney, lung, bladder, and adipose tissue, where they
modulate a variety of physiological processes. In fact, adeno-
sine acts as a CNS depressant, cardiodepressant, antidiuretic,
and immunomodulatory agent, among others.[5] During the
past two decades, a great number of antagonists for ARs has
been developed.[6,7] In particular, many efforts have been in-
vested in the synthesis of A1AR antagonists able to stimulate
cerebral activity by blocking the adenosine central inhibitory
activity.[8] A1AR antagonists have therapeutic potential in the
treatment of various forms of dementia, such as the Alzheim-
er’s disease, depression,[9] and as cognition enhancers in geriat-
ric therapy.[10] Moreover, selective A1AR antagonists are kidney-
protective diuretics useful in the treatment of congestive heart
failure (owing to their diuretic and positive inotropic effects),
bradyarrhythmias, and asystolic arrest.[11,12]

The most recent A1AR inhibitors described in the literature
over the past two years possess different heterocyclic struc-
tures including benzimidazo ACHTUNGTRENNUNGquinoxalines,[13] tricyclic imidazo-
lines,[14] pyrido ACHTUNGTRENNUNGpyrimidinediones,[15] imidazoACHTUNGTRENNUNGpyridines, deazapur-
ines.[16] Other molecules are derived from the xanthine family,
such as 8-bicyclooctylxanthines[17] or 3-hydroxyphenoxypropyl
xanthines.[18]

In this context, we have recently reported the synthesis and
binding affinity at the A1AR, A2AAR, and A3AR of new 4-
aminopyrazolo ACHTUNGTRENNUNG[3,4-b]pyridine-5-carboxylic acid esters.[19–21]

Some of these compounds were characterized by high affinity
and selectivity toward A1AR. In particular, compound 1

Sixty-eight new substituted pyrazolo ACHTUNGTRENNUNG[3,4-b]pyridine derivatives
were synthesized and tested for enriching a library of active A1

adenosine receptor (AR) antagonists belonging to the same class.
These compounds were also used as an external test set to check
the reliability of a 3D QSAR model recently reported by us. To in-
vestigate the binding mode of pyrazolo ACHTUNGTRENNUNGpyridine derivatives, a
model of the bovine A1AR (bA1AR) was developed by a novel ho-
mology modeling approach and used to evaluate the main inter-
actions of the ligands with the receptor through docking studies.
Results suggest important interactions of the ligands mainly with

L3.33(88), T3.36(91), Q3.37(92) and H6.52 ACHTUNGTRENNUNG(251), in agreement with
mutagenesis data. The racemic mixture of the most active com-
pound was separated into the corresponding enantiomers which
showed a bA1AR affinity in the nanomolar range, with the R e-
nantiomer sevenfold more active than the S enantiomer, accord-
ing to results derived from calculations on the receptor model.
Analysis of the bovine/human A1AR affinity profile of ligands sup-
ported the hypothesis that such receptors should be character-
ized by a different size of their binding site, responsible for the
different affinity of the antagonists.
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(Table 1), characterized by the presence of the 5-methyl ester
and the p-methoxyphenylACHTUNGTRENNUNGethylamino side chain at position 4,
showed a bA1AR affinity of 6 nm and a high selectivity toward
bA2AAR and bA3AR subtypes.
bA1AR Affinity data of pyrazolo ACHTUNGTRENNUNGpyridines and additional com-

pounds belonging to other different classes of known A1AR an-
tagonists were also used to develop a 3D QSAR model able to
rationalize the relationships between structure and affinity of
these derivatives. All the reported pyrazolo ACHTUNGTRENNUNGpyridines were char-
acterized by the presence of a chiral center, while the biologi-
cal evaluation of these compounds referred only to racemic
mixtures. For these reasons, we have set a direct method for
enantiomeric separation to obtain sizeable amounts of individ-
ual enantiomers to be submitted to biological assays. Herein
we report the direct liquid chromatography (LC) separation of
enantiomers of 1 using polysaccharide-derived chiral stationary
phases (CSPs), the assessment of the absolute stereochemistry
of the chiral center by means of circular dichroism (CD), and
the A1AR affinity evaluation of both enantiomers.
To enrich the library of active A1AR antagonists belonging to

the class of pyrazolo ACHTUNGTRENNUNG[3,4-b]pyridines, 68 new derivatives
(namely 2a–l, 3a–i, 4a–g, 5a–b, 6a–k, 7a, 8a–b, 9a–f, 10a–
m, and 11a–e ; Table 1) were synthesized and tested. We fo-
cused our attention on new derivatives bearing a substituted
2-phenylethylamino moiety at C4, as such a group is known to
confer high A1AR affinity, as found in 1.

[21] In particular, to com-
plement the previous series of compounds and possibly to en-
large structure–affinity relationship (SAR) insight, we decided
to synthesize compounds with an ortho- or meta-methoxy sub-
stituent, or to insert halogens on the terminal phenyl ring of
the C4 side chain. On the other hand, methyl, ethyl, trifluor-
oethyl, n-propyl and isopropyl esters were chosen as moieties

to be inserted at C5, while an unsubstituted phenyl ring was
kept at the N1 side chain.
Derivatives 3a–i, 4a–g, 5a,b, 7a and 8a,b bearing a halo-

gen (F, Cl, Br) atom at the para position of the phenyl ring at
N1 were also synthesized, maintaining on the phenyl ring at
C4 several substituents (namely p-OCH3, p-CH3, p-Cl, o-F, m-F,
p-F) known to confer the best affinity values in our previously
reported derivatives. Moreover, additional derivatives bearing
substituted anilino (2a, 6a, 9a, 10a,b), 1-phenylethylamino
(2k, 9 f, 10 l), or phenylpropylamino (2 l, 3 i, 4g, 6h, 10m) moi-
eties at C4 were also synthesized to verify the influence on the
A1AR affinity of the length of this side chain. All the new com-
pounds were also used as an external test set for evaluating
the predictive power of the 3D QSAR model for A1AR antago-
nists.
Finally, a bA1AR model was built and in turn submitted to

docking simulations for finding the binding mode of pyrazolo-
ACHTUNGTRENNUNGpyridine derivatives and their main interactions with the recep-
tor. This receptor model was developed applying a novel ho-
mology modeling procedure, which takes into account the
flexibility of the receptor, considering a large number of its
conformations.

Results and Discussion

Chemistry

Compounds 2–11 were prepared as shown in Schemes 1, 2,
and 3. The 2-hydrazinoethanol derivatives 12a–d, obtained
from the appropriate phenyloxirane and hydrazine monohy-
drate,[22] were treated with ethyl(ethoxymethylene)cyanoace-
tate in anhydrous toluene to give the ethyl esters of 5-amino-

Scheme 1. Synthesis of compounds 2–5. Reagents and conditions: a) anhydrous toluene, 80 8C; b) EtOH, NaOH, reflux; c) thermal decarboxylation;
d) EtOCH=CHACHTUNGTRENNUNG(COOEt)2, 120 8C; e) POCl3, reflux; f) anilines, EtOH, reflux; g) aliphatic amines, anhydrous toluene, room temperature.
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Table 1. Structures and experimental affinity of the new compounds.

Compd R2 R1 R Ki [nm][a] or Inhibition [%]
bA1

[b] bA2a
[c] hA3

[d]

R,S-1 CH2CH2C6H4-4OCH3 CH3 H 6�1 (94�7) 29% 41%
R-1 CH2CH2C6H4-4OCH3 CH3 H 3.5�0.3 (31�3) 14%
S-1 CH2CH2C6H4-4OCH3 CH3 H 24�2 (435�42) 25%
2a C6H4-3F CH2CH3 H 247�15 9% 516�41
2b CH2CH2C6H4-2CH3 CH2CH3 H 111�10 42%
2c CH2CH2C6H4-3CH3 CH2CH3 H 203�16 32%
2d CH2CH2C6H4-2OCH3 CH2CH3 H 54�3 33%
2e CH2CH2C6H4-3OCH3 CH2CH3 H 97�8 (55%) 44%
2 f CH2CH2C6H3-3,4diF CH2CH3 H 29�1 2275�22
2g CH2CH2C6H3-2,3diCl CH2CH3 H 250�15 31%
2h CH2CH2C6H3-2,4diCl CH2CH3 H 173�12 (45%) 3%
2 i CH2CH2C6H3-3,4diCl CH2CH3 H 357�28 43%
2 j CH2CH2C6H3-2,6diCl CH2CH3 H 278�19 6%
2k CHCH3C6H4-4OCH3 CH2CH3 H 31% 16%
2 l ACHTUNGTRENNUNG(CH2)3C6H5 CH2CH3 H 1019�86 24%
3a C3H7 CH2CH3 F 141�11 38%
3b CH2CH2C6H5 CH2CH3 F 81�6 52%
3c CH2CH2C6H4-4CH3 CH2CH3 F 186�14 57%
3d CH2CH2C6H4-4OCH3 CH2CH3 F 56�4 (9%) 0%
3e CH2CH2C6H4-2F CH2CH3 F 76�7 55%
3 f CH2CH2C6H4-3F CH2CH3 F 297�24 76%
3g CH2CH2C6H4-4F CH2CH3 F 109�9 58%
3h CH2CH2C6H4-4Cl CH2CH3 F 86�8 46%
3 i ACHTUNGTRENNUNG(CH2)3C6H5 CH2CH3 F 2765�197 12%
4a CH2CH2C6H4-2F CH2CH3 Cl 7.0�0.4 (15%) 25% 6%
4b CH2CH2C6H4-3F CH2CH3 Cl 48�4 (11%) 52%
4c CH2CH2C6H4-4F CH2CH3 Cl 27�2 (25%) 40%
4d CH2CH2C6H4-4Cl CH2CH3 Cl 7.5�0.6 (16%) 22%
4e CH2CH2C6H4-4CH3 CH2CH3 Cl 59�5 (15%) 24%
4 f CH2CH2C6H4-4OCH3 CH2CH3 Cl 7.0�0.8 (15%) 40%
4g ACHTUNGTRENNUNG(CH2)3C6H5 CH2CH3 Cl 5800�470 11%
5a CH2CH2C6H4-2F CH2CH3 Br 13.5�1.0 18%
5b CH2CH2C6H4-4OCH3 CH2CH3 Br 8.0�0.8 (36%) 18% 12%
6a C6H5 CH3 H 502�35 45% 35%
6b CH2CH2C6H4-2CH3 CH3 H 100�10 35%
6c CH2CH2C6H4-2OCH3 CH3 H 74�7 42%
6d CH2CH2C6H4-3OCH3 CH3 H 148�14 45%
6e CH2CH2C6H4-2F CH3 H 16.0�1.1 (3074�300) 44% 20%
6 f CH2CH2C6H4-3F CH3 H 19.0�1.4 (2625�252) 55% 16%
6g CH2CH2C6H4-4F CH3 H 14�1 (30%) 61%
6h ACHTUNGTRENNUNG(CH2)3C6H5 CH3 H 357�29 59%
6 i CH2CH2C6H3-3,4diF CH3 H 18�1 2511�25
6 j CH2CH2C6H3-2,4diCl CH3 H 90�7 27%
6k CH2CH2C6H3-2,6diCl CH3 H 362�29 28%
7a CH2CH2C6H4-4OCH3 CH3 F 15.6�1.5 37%
8a CH2CH2C6H5 CH3 Cl 28�2 (34%) 6502�585
8b CH2CH2C6H4-4OCH3 CH3 Cl 15�1 40%
9a C6H5 CH2CH2CH3 H 1843�166 6% 47%
9b CH2CH2C6H4-4CH3 CH2CH2CH3 H 431�4 42%
9c CH2CH2C6H4-2OCH3 CH2CH2CH3 H 285�20 16%
9d CH2CH2C6H4-4OCH3 CH2CH2CH3 H 73�6 39%
9e CH2CH2C6H3-3,4diF CH2CH2CH3 H 108�3 47%
9 f CHCH3C6H4-4OCH3 CH2CH2CH3 H 31% 2%
10a C6H5 CHACHTUNGTRENNUNG(CH3)2 H 946�75 17% 656�46
10b C6H4-3F CHACHTUNGTRENNUNG(CH3)2 H 598�42 25% 46%
10c CH2CH2C6H4-2CH3 CHACHTUNGTRENNUNG(CH3)2 H 81�5 46%
10d CH2CH2C6H4-2OCH3 CHACHTUNGTRENNUNG(CH3)2 H 173�12 48%
10e CH2CH2C6H4-3OCH3 CHACHTUNGTRENNUNG(CH3)2 H 256�23 54%
10 f CH2CH2C6H4-2F CHACHTUNGTRENNUNG(CH3)2 H 32�3 (27%) 46%
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1H-pyrazole-4-carboxylic acids 13a–d in good yield. Basic hy-
drolysis and thermal decarboxylation produced the corre-
sponding 2-(5-aminopyrazol-1-yl)-1-phenylethanol intermedi-
ates 15a–d. Condensation of the latter with diethyl ethoxyme-
thylenemalonate gave 16a–d, which, upon treatment with
POCl3 at reflux for 36 h, underwent cyclization to the pyrazolo-
ACHTUNGTRENNUNGpyridine nucleus with a concurrent chlorination of the hydroxy
side chain, producing the corresponding crude derivatives
17a–d, purified by Florisil (100–200 mesh) column chromatog-
raphy, using CHCl3 as the eluent.

Derivative 2a was obtained by treating 17a with excess 3-
fluoroaniline in EtOH at reflux for 4 h, while derivatives 2b–l,
3a–i, 4a–g and 5a,b were obtained from the appropriate de-
rivative 17, treated with an excess of various aliphatic amines
in toluene for two days at room temperature. Acid hydrolysis
of 17a–c (Scheme 2) gave the corresponding carboxylic acids
18a–c, where the chlorine atom at C4 has been undesirably
substituted by a hydroxy group. Fisher esterification of 18a–c
with methyl, n-propyl and isopropyl alcohol in the presence of
concentrated H2SO4 at reflux for 18 h gave the esters 19a–e in

Table 1. (Continued)

Compd R2 R1 R Ki [nm][a] or Inhibition [%]
bA1

[b] bA2a
[c] hA3

[d]

10g CH2CH2C6H4-3F CHACHTUNGTRENNUNG(CH3)2 H 469�39 52%
10h CH2CH2C6H4-4F CHACHTUNGTRENNUNG(CH3)2 H 37�3 (33%) 66%
10 i CH2CH2C6H3-3,4diF CHACHTUNGTRENNUNG(CH3)2 H 32�3 (22%) 44%
10 j CH2CH2C6H3-2,4diCl CHACHTUNGTRENNUNG(CH3)2 H 109�7 11%
10k CH2CH2C6H3-3,4diCl CHACHTUNGTRENNUNG(CH3)2 H 592�47 42%
10 l CHCH3C6H4-4OCH3 CHACHTUNGTRENNUNG(CH3)2 H 23% 39%
10m ACHTUNGTRENNUNG(CH2)3C6H5 CHACHTUNGTRENNUNG(CH3)2 H 5200�440 11%
11a CH2CH2C6H5 CH2CF3 H 640�53 42%
11b CH2CH2C6H4-4OCH3 CH2CF3 H 199�11 52%
11c CH2CH2C6H4-2F CH2CF3 H 475�39 48%
11d CH2CH2C6H4-4F CH2CF3 H 248�19 52%
11e CH2CH2C6H4-4Cl CH2CF3 H 366�31 80%

[a] Ki values reflect the mean �SEM of three separate assays, each performed in triplicate. [b] Displacement of specific [3H]DPCPX binding in bovine corti-
cal membranes or percentage of specific binding inhibition at a ligand concentration of 10 mm ; in parentheses: affinity values toward human A1AR CHO
transfected cells. [c] Displacement of specific [3H]CGS21680 binding in bovine striatal membranes or percentage of specific binding inhibition at a ligand
concentration of 10 mm. [d] Displacement of specific [125I]AB-MECA binding in human A3AR CHO transfected cell membranes or percentage of specific bind-
ing inhibition at a ligand concentration of 1 mm.

Scheme 2. Synthesis of compounds 6–10. Reagents and conditions: a) 3m H2SO4, EtOH, reflux; b) R
1OH, concd H2SO4, reflux; c) POCl3/DMF, CHCl3, reflux;

d) anilines, EtOH, reflux; e) aliphatic amines, anhydrous toluene, room temperature.
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good yield. Treatment of the latter compounds with the Vils-
meier complex (POCl3/DMF 1:1) in CHCl3 at reflux for 8 h gave
the corresponding 4-chloro derivatives 20a–e, which were in
turn treated with the appropriate amines (in toluene for two
days at room temperature for aliphatic amines and in EtOH at
reflux for 4 h for anilines) to lead to the final compounds 6a–
k, 7a, 8a,b, 9a–f, and 10a–m.
To obtain the trifluoroethyl ester 21, the carboxylic acid 18a

was treated with 2,2,2-trifluoroethanol and 1-[3-(dimethylami-
no)propyl]-3-ethylcarbodiimide (Scheme 3) in the presence of
4-(dimethylamino)pyridine in CH2Cl2 at room temperature for
24 h, as the Fisher method did not produce the desired prod-
uct. The hydroxy ester 21 was in turn chlorinated with the Vils-
meier complex leading to the chloro derivative 22 which was
treated with an excess of various phenylethylamines to give
the final derivatives 11a–e in high yield.

Enantiomeric separation

The enantiomeric resolution of compound 1 (Ki=6 nm for
bA1AR) was achieved by using a Chiralcel HPLC OD column
and a linear gradient eluent (see Figure A, Supporting Informa-
tion). Afterwards, for semipreparative purposes, a Chiralpak AS
column was used by means of a rapid and practical isocratic
method. Figure B in the Supporting Information shows a chro-
matographic profile reached for the resolution of the racemic
mixture of 1.
The collected fractions were first filtered and then concen-

trated by rotary evaporation to give 16.6 mg of the first enan-
tiomer (A) and 15.2 mg of the second enantiomer (B). Analyti-
cal HPLC re-runs on the eluates indicated an enantiomeric
purity of 100% for A and 99% for B. (Figure 1).

Specific rotation and circular dichroism (CD) spectra

A specific rotation [a]20D =+3.46 (c=0.10 gmL�1, acetonitrile)
was measured for the first-eluted sample of 1 (enantiomer A),
whereas the second (enantiomer B) gave [a]20D =�3.45 (c=

0.10 gmL�1, acetonitrile). The CD spectra of both
compounds were measured in ethanol and are re-
ported after subtraction of the baseline of the sol-
vent. CD spectra of the compounds obtained from
the separation of the racemic mixture were mirror
images of each other, as shown in Figure C in the
Supporting Information, indicating their enantiomer-
ic nature.

Assignment of absolute configuration

The knowledge of the absolute configurations[23] of
the related compound (S)-(+)-23 and (R)-(�)-23 al-
lowed us to infer the absolute configuration of enan-
tiomers A and B by comparison of their CD spectra
(Figure D in the Supporting Information) following a
protocol previously reported.[24] As a result, we have
hypothesized the S configuration for the enantiomer
(+)-A and the R configuration for (�)-B.

Biological assays

Compounds were tested for their ability to displace [3H]-8-cy-
clopentyl-1,3-dipropylxanthine, [3H]DPCPX, from bA1AR, and
[3H]-2-[[4-(2-carboxyethyl)phenethyl]amino]-5-(N-ethylcarba-
moyl)adenosine, [3H]CGS21680, from bA2AAR. The ability of the
most active compounds to displace [125I]-N-(3-iodo-4-amino-
benzyl)-5-N-methylcarboxamidoadenosine, [125I]AB-MECA, from
bA3AR was also evaluated in CHO cells transfected with human
A3AR. Moreover, the most A1AR selective compounds were also
tested for their affinity toward human A1 CHO transfected cells
(hA1AR). Binding affinities toward A1AR (both bovine and
human receptors), A2AAR and A3AR, expressed as affinity con-

Scheme 3. Synthesis of compounds 11. Reagents and conditions: a) 2,2,2-trifluoroetha-
nol, 1-[3-(dimethylamino)propyl]-3-ethylcarbodiimide hydrochloride, 4-(dimethylamino)-
pyridine, CH2Cl2, room temperature; b) POCl3/DMF, CHCl3, reflux; c) aliphatic amines, an-
hydrous toluene, room temperature.

Figure 1. Analytical HPLC re-runs on the single separated enantiomers and
the racemic compound on Chiralcel OD at a flow rate of 0.8 mLmin�1 with
n-hexane/2-propanol 80:20 (v/v) ; the elution order on Chiralcel OD and Chir-
alpak AS column is reversed: a) racemic mixture 1, b) first eluate from AS
column, namely enantiomer A, c) second eluate from AS column, namely
enantiomer B.
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stant values (Ki) or percent inhibition of specific radioligand
binding, are reported in Table 1. To evaluate the pharmacologi-
cal profile of selected compounds (4a, the most active among
the newly synthesized compounds and 8b, 6e, as representa-
tive of methyl ester series, 5b as representative of ethyl ester
series, 10 f as representative of isopropyl ester series) toward
A1ARs, GTP shift binding was performed.

[21] Results (Table 2)
showed an insignificant GTP shift, suggesting an antagonistic
profile for all compounds.

SAR analysis

The affinity of the two enantiomers of compound 1 is reported
in Table 1. Both compounds show a good bA1AR affinity. The
R-1 enantiomer is the most active (Ki bA1AR=3.5 nm) while the
S enantiomer is sevenfold less active (Ki bA1AR=24 nm). Both
enantiomers are selective for the A1AR subtype.
The newly synthesized compounds are characterized by the

pyrazoloACHTUNGTRENNUNG[3,4-b]pyridine scaffold with varied substitutions at po-
sitions 1, 4, and 5. These data, together with those already re-
ported for other pyrazolo ACHTUNGTRENNUNGpyridine derivatives,[19–21] allow a
better clarification of the role of amino and ester groups at po-
sitions 4 and 5 and explain the effects of substitution on the
phenylethyl moiety at N1.
As for the C4 substituent, the best affinity values of the dif-

ferent esters bearing different substituents (H, F, Cl, Br) on the
phenyl ring of the N1 side chain, have been found for the p-
methoxyphenylethylamino derivatives 3d, 4 f, 5b, 8b, 9d, and
11b (Table 1), confirming our previously data. In contrast, after
moving the methoxy group from the para to the ortho or
meta position of the phenyl ring, activity decreased (1 showed
a Ki value of 6 nm, while the corresponding o-methoxy and m-
methoxy analogues 6c and 6d possessed Ki values of 74 and
148 nm, respectively).
Ethyl esters 4a and 4d showed high potency toward A1AR,

with Ki values of 7.0 and 7.5 nm, respectively. They both bear a
p-chloro substituent on the phenyl ring of the N1 side chain
and an o-fluoro- (4a) or a p-chlorophenylethylamino (4d) sub-
stituent at C4. Compound 5a, corresponding to the bromo an-
alogue of 4a, was also very active (13.5 nm).
Removing (in the anilino derivatives 2a, 6a, 9a, 10a, 10b),

branching (in the phenylethylamino derivatives 2k, 9 f, 10 l) or

lengthening (in the phenylpropylamino derivatives 2 l, 3 i, 4g,
6h, 10m) the alkyl chain connecting the nitrogen and the
phenyl ring of the C4 substituent always determined a de-
crease of bA1AR affinity. Moreover, the affinity decrease due to
the replacement of the phenylethylamino moiety with a n-pro-
pylamino group (3a) indicated the importance of a phenyl
ring on the substituent at C4, in agreement with our previous
results.[21]

Concerning the ester substituent, the presence of a small
group (such as a methyl or ethyl) was important for a high
bA1AR affinity. In fact, activity of propyl and isopropyl esters, in
general underwent a decrease. Also the trifluoroethyl substitu-
ent (11a–e) determined a marked drop in bA1AR affinity (see
below). Comparing the new biological data with the affinity of
compounds previously published,[21] including compounds A–L
in Table 3, it is possible to derive some interesting considera-
tions. Introduction of a fluorine substituent at the para posi-
tion of the phenyl ring at N1 (3a–i, 7a) determined a decrease
of bA1AR affinity. On the other hand, introduction of a bromine
(5a, 5b) or a chlorine (4a–g, 8a, 8b) did not seem to strongly
influence the binding affinity. Moreover, among methyl, ethyl,
propyl and isopropyl esters, introduction of mono- or difluoro
substituents on the phenylethylamino moiety at C4 maintained
good bA1AR affinity (compare 6e–6g and 6 i with A; 2 f and
D–F with H; 9e with I ; 10 f, 10h and 10 i with L) while the di-
chloro substitution was generally unfavorable (compare 6k to
A ; 2g–2 j to H ; 10 j and 10k with L). All the compounds
showed low bA2aAR and bA3AR affinity, with the exception of
4-anilino derivatives 2a and 10a, which retained some bA3AR
affinity.

Molecular modeling

3D QSAR analysis

The binding affinity of all the new compounds toward bA1AR
were predicted using a 3D QSAR model previously de-
scribed,[21] finding a good correlation between experimental
and predicted affinity values. The value of the standard devia-
tion error of predictions (SDEP) was 0.73, in agreement with
that already reported of 0.63,[21] confirming that the affinity
values were on average predicted with an error lower than
one order of magnitude.
Figure 2 shows a graphical representation of the experimen-

tal affinity versus estimated/predicted affinity of the molecules
of the training set and the test set previously described[21] and
of the test set constituted by compounds reported here. Re-
sults from calculations showed that the 3D QSAR model was
able to explain the major SAR of the new compounds. Accord-
ing to the interpretation of the PLS coefficient plots previously
reported,[21] the substituent at position 4 should be character-
ized by a small volume close to C4. This explains the low activi-
ty of compounds with bulky groups at C4 (2a, 2k, 6a, 9a, 9 f,
10a, 10b, 10 l). On the contrary, the distal portion of the side
chain tolerated a larger group. In particular, analysis of the
contour map obtained with the C3 probe around the active
compound 1 suggested that a p-methoxy substituent on the

Table 2. Intrinsic activity toward A1AR expressed as GTP shift.

Ki [nm][a]

Compd �GTP +GTP GTP shift[b]

R-PIA 4.2�0.3 20�1 4.7
4a 7.5�0.5 10�0.8 1.3
5b 8�1 7.2�1 0.9
6e 16.3�1 13.1�1.2 0.80
8b 17.3�1.2 15.5�1 0.90
10 f 31�2 28�3 0.9

[a] Displacement of [3H]DPCPX from bovine cortical membranes in the ab-
sence and presence of 1 mm GTP; values reflect the mean �SEM from
three different experiments. [b] GTP shift= (Ki +GTP/Ki �GTP).
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phenyl ring group at position 4 is important for affinity. Ac-
cordingly, the p-methoxy-substituted derivatives (3d, 4 f, 5b,
7a, 8b, 9d, and 11b) showed good affinities. In addition, the
model also showed that para-substituted phenylethylamino
side chains were preferred over the corresponding ortho and
meta analogues, in agreement with the new data (compare 1
with 6c and 6d). Concerning the introduction of different sub-
stituents at the para position of the phenyl ring of the N1 side
chain, the model suggested a low influence on the activity, as

confirmed by the affinity values of 3a–i, 5a–b, 4a–g, 8a–b.
Considering the 5-ester substituent, we have already report-
ed[21] that a synergy between the ester chain and the C4 sub-
stituents is important in defining the activity of bA1AR inhibi-
tors. In particular, a butyl or propyl chain (9a–9 f) seemed to
be too bulky, independently from the C4 substituents, giving
unfavorable steric interactions (as also demonstrated by the C3
contour map). In contrast, methyl and ethyl groups (2a–l, 3a–
i, 4a–g, 5a–5b, 6a–6k, 7a, 8a–8b) showed favorable steric in-
teractions. This result accounts for the better activity of methyl
and ethyl esters in comparison with propyl derivatives. The be-
havior of the isopropyl esters is strongly dependent on the
substitution at C4 and the new data confirmed this hypothesis.
In fact, the isopropyl esters show good affinity values when
the C4 phenylethylamino group is p-fluoro- or p-methoxy-sub-
stituted while the meta or ortho substitutions are generally
not allowed (10a–10m and G). The trifluoroethyl esters,
having both a higher steric hindrance and a more marked
polar character with respect to the ethyl esters, show unfavora-
ble interactions in the plot obtained with the methyl probe C3,
explaining their low affinity (11a–11e).

Homology modeling

The bA1AR model was generated using the crystal structure of
bovine rhodopsin (1L9H, 2.6 L resolution)[25] as the template.
This structure revealed that seven water molecules were found
to bind some of the residues highly conserved among rhodop-
sin-like GPCRs, mediating intramolecular interactions between
the seven transmembrane (TM) domains.
The sequence alignment was studied on several adenosine

receptors. The alignment was guided by the highly conserved
amino acid residues (Figure E in the Supporting Information),

Table 3. Structures and experimental affinity of previously published compounds[21] cited in this study.

Compd R2 R1 Ki [nm][a] or Inhibition [%]
bA1

[b] bA2a
[c] hA3

[d]

A CH2CH2C6H5 CH3 88�7 (161�15) 1232�116 0%
B CH2CH2C6H4-4CH3 CH3 15�2 (148�18) 26% 40%
C CH2CH2C6H4-4OCH3 CH2CH3 10�1 (25�4) 53% 49%
D CH2CH2C6H4-2F CH2CH3 16�1 (29�3) 36% 53%
E CH2CH2C6H4-4F CH2CH3 12�1 (16�2) 30% 37%
F CH2CH2C6H4-4Cl CH2CH3 19�1 (153�13) 63% 46%
G CH2CH2C6H4-4OCH3 CHACHTUNGTRENNUNG(CH3)2 7�1 (17�1) 34% 52%
H CH2CH2C6H5 CH2CH3 50�4 4% 34%
I CH2CH2C6H5 CH2CH2CH3 130�10 1358�104 ND[e]

L CH2CH2C6H5 CHACHTUNGTRENNUNG(CH3)2 31�2 1517�124 0%

[a] Ki values reflect the mean �SEM of three separate assays, each performed in triplicate. [b] Displacement of specific [3H]DPCPX binding in bovine corti-
cal membranes or percentage of specific binding inhibition at a ligand concentration of 10 mm ; in parentheses: affinity values toward human A1AR CHO
transfected cells. [c] Displacement of specific [3H]CGS21680 binding in bovine striatal membranes or percentage of specific binding inhibition at a ligand
concentration of 10 mm. [d] Displacement of specific [125I]AB-MECA binding in human A3AR CHO transfected cell membranes or percentage of specific bind-
ing inhibition at a ligand concentration of 1 mm. [e] Not determined.

Figure 2. Experimental activity versus estimated/predicted activity for the
molecules of the training set (&), for the test set previously described[21] (~),
and for the test set composed of the new compounds (*).
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including asparagine N1.50, the LA-AD (L2.46, A2.47, A2.49,
and D2.50) and D/ERY (D/E3.49, R3.50 and Y3.51) motif, the
highly conserved tryptophan W4.50, the two prolines P4.59
and P6.50, and the NPXXY motif in TM7 (N7.49, P7.50, and
Y7.53).[26]

On the basis of this alignment, the bA1AR model was built
and then subjected to a simulated annealing protocol by
means of the Modeller program.[27] The backbone conforma-
tion of the best scored structure was evaluated by using the
PROCHECK software[28] (see the Experimental Section for de-
tails), and an analysis of the y/f Ramachandran plot indicated
that only six amino acids of loop fragments (I111, R154, D155,
W156, H306 and F307) had a disallowed geometry (Figure F in
the Supporting Information). The bA1AR model was then re-
fined by means of a 2-ns molecular dynamics (MD) simulation.
We carried out the simulation in a fully hydrated phospholipid
bilayer environment made up of dipalmitoylphosphatidylcho-
line (DPPC) molecules solvated by TIP3 water molecules, as de-
scribed in the Experimental Section.
The system contained 200 DPPC molecules, 11540 water

molecules, eight chlorine atoms and the bA1AR for a total of
65904 atoms. Analyzing the root mean square deviation
(RMSD) of all the a carbons of the TM helices from the starting
bA1AR model structure, we observed that, despite an initial in-
crease, the RMSD after 1 ns remained between 1.9 and 2.2 L
(Figure 3), suggesting that the system was fairly stable during
the entire remaining time of MD simulation.

In the 1L9H structure, three water molecules constitute a hy-
drogen bond network which links N7.49, a key residue of the
NPXXY motif, with residues in helices II, III, VI and VII. In the
bA1AR model, positions of these three water molecules were
very similar to that reported in the 1L9H structure. There was a
hydrogen bond network which involved three water molecules
(Figure 4), as well as D2.50(55), S3.39(94), W6.48 ACHTUNGTRENNUNG(247), N7.45-
ACHTUNGTRENNUNG(280) and 7.49 ACHTUNGTRENNUNG(284), thus connecting TM2, TM3, TM6 and TM7.
The interaction of S3.39(94) is in agreement with mutagenesis

data, because in the hA1AR the S/A mutation resulted in the
complete loss of agonist and antagonist binding.
Furthermore, E1.39(16) and H7.43 ACHTUNGTRENNUNG(278), suggested by muta-

genesis data as important residues, interacted with each other,
forming a hydrogen bond network also involving N2.70(70).
Thus, as previously hypothesized,[29,30] it is conceivable that the
electrostatic interaction between these residues is important
for the maintenance of a particular conformation of the recep-
tor.

Docking of compound 1

The binding site of the ligands, defined by taking into account
interaction of retinal in the X-ray structures and the major mu-
tagenesis data, was individuated in the region between TM3,
TM5, and TM6.[30] The hypothetical binding site was then sub-
jected to a simulated annealing protocol by means of the
Modeller program to obtain 500 conformations of the receptor.
They were then clustered and 42 representative conformations
were extracted through an in house software (see the Experi-
mental Section for details).
Both R and S enantiomers of compound 1 were docked into

the 42 receptor models using the GOLD software.[31] Docking
results were filtered on the basis of the interaction of the two
enantiomers with L3.33(88), T3.36(91), Q3.37(92), and H6.52-
ACHTUNGTRENNUNG(251), which are the main residues that a mutagenesis study[30]

suggested to be important.
In all but one of the 42 receptor models, the two enantio-

mers were able to interact with a maximum of two of the
above listed residues. In only one receptor model, all the im-
portant residues interacted with both enantiomers. In particu-
lar, the pyrazolo ACHTUNGTRENNUNGpyridine scaffold of the R-1 enantiomer inter-
acted with T3.36(91), the ester chain formed a hydrogen bond
with Q3.37(92), the 2-chloro-2-phenylethyl group interacted
with H6.52ACHTUNGTRENNUNG(251) and the p-methoxyphenyl substituent was sta-
bilized by the lipophilic interaction with L3.33(88). The S enan-
tiomer showed a disposition very similar to that observed for
the R enantiomer with only a slightly different disposition of
the 2-chloro-2-phenylethyl side chain.

Figure 3. Analysis of the MD simulation of bA1AR. The plot shows the RMSD
of all the a carbon atoms of the TM helices from the starting model struc-
ture during the simulation.

Figure 4. Hydrogen bond network between TM2, TM3, TM6, and TM7 of the
bA1AR model and water molecules.
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The two ligand–receptor complexes were then subjected to
1.3 ns of MD simulation in a fully hydrated phospholipid bilay-
er environment (see the Experimental Section for details).
Figure 5 shows the minimized structures of the average of the
last 800 ps of the MD simulation. The pyrazolo ACHTUNGTRENNUNGpyridine nucleus
of R-1 interacted with a lipophilic cleft delimited by F5.43ACHTUNGTRENNUNG(185),
V5.47 ACHTUNGTRENNUNG(189), L6.51 ACHTUNGTRENNUNG(250) and W6.48 ACHTUNGTRENNUNG(247). The hydrogen bond
with T3.36(91) was maintained (Figure 5A). The ester chain in-
teracted with Q3.37(92) and formed an intramolecular hydro-
gen bond with the amino group at C4. The terminal methyl

substituent of the ester chain was inserted in a cleft limited by
L3.33(88), M5.38 ACHTUNGTRENNUNG(180), V5.39 ACHTUNGTRENNUNG(181), N5.42 ACHTUNGTRENNUNG(184) and F5.43 ACHTUNGTRENNUNG(185).
The p-methoxyphenyl substituent at C4 showed lipophilic in-
teractions with A3.29(84), L3.33(88), I167, M177, and V5.39-
ACHTUNGTRENNUNG(181), and the methoxy group formed a hydrogen bond with
N147. Finally, the 2-chloro-2-phenylethyl mainly interacted with
V5.47 ACHTUNGTRENNUNG(189), F5.43 ACHTUNGTRENNUNG(185) and H6.52 ACHTUNGTRENNUNG(251).
Compound S-1 displayed a very similar disposition of the

central scaffold. The ester and p-methoxyphenyl substituents
showed all the above described interactions, whereas the 2-

Figure 5. Docking of compounds A) R-1, B) S-1, C) R-A, D) R-C, E) R-G, F) R-9d, G) R-11b, and H) R-6a in the bA1AR model.
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chloro-2-phenylethyl moiety had a different disposition, inter-
acting with L248 and H251, and lacking the lipophilic interac-
tions with V5.47 ACHTUNGTRENNUNG(189) and F5.43ACHTUNGTRENNUNG(185) (Figure 5B).
The bA1AR biological affinity similar for the two enantiomers

seemed to confirm our binding hypothesis. Furthermore, R-1
was the most active enantiomer, probably because of the
better lipophilic stabilization of the 2-chloro-2-phenylethyl
group.

Docking of the remaining ligands

The R enantiomer of each of the new ligands was docked
(GOLD software)[31] in the minimized structure of the receptor
extracted from the complex with R-1 (see the Experimental
Section for details). Replacement of the p-methoxyphenylethyl-
amino chain with a phenylethylamino group determined a 15-
fold decrease of bA1AR affinity. Docking of compound A (a
phenylethylamino derivative, Table 3) showed a binding mode
very similar to that found for R-1. However, the absence of the
methoxy substituent determined the loss of the hydrogen
bond with N147 and the lipophilic interaction with M177 (Fig-
ure 5C).
Increasing the size of the alkyl group of the ester chain from

a methyl to an ethyl or isopropyl moiety did not seem to influ-
ence bA1AR affinity. As shown in Figure 5D and E, docking of C
and G confirmed this data, as the orientation and interactions
of these two ligands were very similar to those observed for
R-1.
On the contrary, a propyl and trifluoroethyl group deter-

mined a 12- and 33-fold decrease of bA1AR affinity, respective-
ly. Docking of 9d and 11b (Figure 5F and G) indicated that the
lipophilic cleft limited by L3.33(88), M5.38 ACHTUNGTRENNUNG(180), V5.39 ACHTUNGTRENNUNG(181),
N5.42 ACHTUNGTRENNUNG(184) and F5.43 ACHTUNGTRENNUNG(185) could be too small to allocate the
propyl and trifluoroethyl substituents. Ligands underwent a ro-
tation leading the N1 side chain to interact with A3.29(84),
L3.33(88), I167, M177 and V5.39 ACHTUNGTRENNUNG(181) and the p-methoxypheny-
lethylamino group to interact with F5.43 ACHTUNGTRENNUNG(185), V5.47 ACHTUNGTRENNUNG(189), and
H6.52 ACHTUNGTRENNUNG(251).
Finally, 6a (Figure 5H), which possesses an anilino substitu-

ent instead of the phenylethylamino group, showed a bA1AR
affinity 502.4 nm. Docking studies revealed a translation of the
ligand of about 2.0 L toward the extracellular side, breaking
the hydrogen bonds with T3.36(91) and Q3.37(92), thus ac-
counting for its low affinity.
The most promising bA1AR antagonists were also tested for

their affinity toward the hA1AR. Unexpectedly, the new com-
pounds show no affinity toward hA1AR, in contrast to our pre-
viously published derivatives. Nevertheless, taken together,
these last results, demonstrating the hA1AR affinity of some of
the previously reported pyrazolo ACHTUNGTRENNUNGpyridines (Table 3) and the
A1AR affinity of R-1 and S-1, define an interesting scenario. In
particular, a substituent at the para (B, C, E, F, G, Table 3) and
ortho (D) position is generally responsible for high hA1AR affin-
ity. On the contrary, an ortho,para disubstitution (2h) or meta
substitution (2e) caused a marked decrease of affinity. Ethyl
esters are suitable for bA1AR affinity, whereas generally the
substitution of ethyl with methyl (6e–g, A, B) and isopropyl

(10 f, 10h, 10 i) groups caused a drop in the hA1AR affinity,
with compound G being the only exception.
Finally, in contrast to the bA1AR affinity data, the para substi-

tution on the phenyl ring of the 2-chloro-2-phenylethyl moiety
(3d, 4a–f, 5b, 8a) caused the complete loss of hA1AR affinity.
These data suggest that the requisites of the 2-chloro-2-phe-
nylethyl moiety for a favorable interaction with the hA1AR are
stricter than those for the bA1AR. Furthermore, the affinity of
the R-1 derivative is about sevenfold greater than that of the
S-1 enantiomer in the bA1AR, while the S/R affinity ratio in the
hA1AR is about 14-fold.

Conclusions

In this study, we have expanded the series of pyrazolo ACHTUNGTRENNUNG[3,4-
b]pyridines by introducing various substituents at the 1, 4, and
5 positions of the central scaffold, enriching the library of
active pyrazoloACHTUNGTRENNUNG[3,4-b]pyridine A1AR antagonists and exploring
the interaction of the phenyl ring of the 2-chloro-2-phenylethyl
moiety linked to the 1 position of the central scaffold. Some of
the synthesized derivatives are very potent antagonists of the
bovine A1AR receptor.
All the new compounds were also used as an external set to

check the predictive power of our recently reported 3D QSAR
model and results obtained confirmed its reliability. To investi-
gate the binding interaction of these compounds, we con-
structed a model of the bA1AR using a novel homology model-
ing approach. The docking results suggested that, in agree-
ment with the main mutagenesis data, the pyrazolo ACHTUNGTRENNUNGpyridine
scaffold interacted with T3.36(91), the ester chain formed a hy-
drogen bond with Q3.37(92), the 2-chloro-2-phenylethyl group
interacted with H6.52 ACHTUNGTRENNUNG(251) and the p-methoxyphenyl substitu-
ent was stabilized by a lipophilic interaction with L3.33(88). In
contrast, the model suggested that S3.39(94), E1.39(16) and
H7.43 ACHTUNGTRENNUNG(278), whose mutation determined important affinity var-
iations, seemed to be mainly important for the maintenance of
the conformation of the receptor. The most active compound
(1) was separated into its enantiomers and, as suggested by
the receptor model, both enantiomers showed good bA1AR af-
finity, with the R enantiomer being sevenfold more active than
the S enantiomer.
Analysis of the bovine/human A1AR affinity profile of new

and previously synthesized compounds gave us suggestions
which need further investigations. In particular, the 2-chloro-2-
phenylethyl substituent seemed to be allocated in a more flexi-
ble or larger cavity in the bA1AR which also allowed the inter-
action of para-substituted phenyl rings. Similarly, various sub-
stituents on the ester chain are tolerated by bovine receptor,
while restricted steric characteristics are required for high
hA1AR affinity. It is interesting to note that the difference in af-
finity toward hA1AR shown by the two enantiomers is much
larger than that shown against bA1AR, in agreement with a hy-
pothesized larger cavity for the latter.
Previous computational studies on bA1AR and hA1AR report-

ed by us suggested that these two receptors could be charac-
terized by a different size of their binding site responsible for
the different antagonist affinities.[32] As a consequence, we are
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confident that a model derived from affinity data toward
bA1AR cannot be considered as a reliable model also for affini-
ty data toward the hA1AR. Similarly, docking simulations on
the three-dimensional model of bA1AR could scarcely help the
design of new antagonists toward hA1AR. This hypothesis, to-
gether with results reported herein, encourages us to further
investigate this different affinity profile, either with a computa-
tional as a synthetic approach, in particular exploring the ef-
fects of substitutions at the 2-chloro-2-phenylethyl moiety in
the pure enantiomers, followed by construction of a new
hA1AR receptor.

Experimental Section

Chemistry

All raw materials were purchased from Aldrich-Italia (Milan, Italy).
Melting points were determined with a BOchi 530 apparatus and
are uncorrected. IR spectra were measured in KBr with a PerkinElm-
er 398 spectrophotometer. 1H NMR spectra were recorded in a
(CD3)2SO solution on a Varian Gemini 200 (200 MHz) instrument.
Chemical shifts are reported as d (ppm) relative to TMS as internal
standard, 1H patterns are described using the following abbrevia-
tions: s= singlet, d=doublet, t= triplet, q=quartet, m=multiplet,
br=broad. All compounds were tested for purity by TLC (Merck,
Silica gel 60 F254, CHCl3 as eluent). Analyses for C, H, and N were
within �0.3% of the theoretical value and are reported in the Sup-
porting Information. The synthesis of intermediates 12a, 13a, 14a,
15a, 16a, 17a, 18a, 19a,d,e and 20a,d,e has already been report-
ed.[21]

General procedure for the synthesis of ethyl 5-amino-1-[2-(4-halo-
phenyl)-2-hydroxyethyl]-1H-pyrazole-4-carboxylates 13b,c,d. The
appropriate hydrazine 12b–d (20 mmol) was added to a solution
of ethyl(ethoxymethylene)cyanoacetate (3.38 g, 20 mmol) in anhy-
drous toluene (20 mL) and the mixture was heated at 80 8C for 8 h.
The solution was concentrated under reduced pressure to half of
the volume and allowed to cool to room temperature. The yellow
pale solid was filtered and recrystallized from toluene to obtain
13b–d as white solids.

13b. Yield 70%; mp: 163–164 8C; 1H NMR: d=7.55 (s, 1H, H-3),
7.40–7.03 (m, 4H, Ar), 5.36 (br s, 2H, NH2, disappears with D2O),
5.18–5.01 (m, 1H, CHO), 4.29 (q, J=7.0 Hz, 2H, CH2O), 4.15–3.90
(m, 2H, CH2N), 3.73 (br s, 1H, OH, disappears with D2O), 1.33 ppm
(t, J=7.0 Hz, 3H, CH3); IR (KBr): ñ=3448, 3346 (NH2), 3300–3000
(OH), 1685 cm�1 (CO); anal (C14H16N3O3F) C, H, N.

13c. Yield 75%; mp: 168–169 8C; 1H NMR: d=7.59 (s, 1H, H-3),
7.46–7.25 (m, 4H, Ar), 5.33 (br s, 2H, NH2, disappears with D2O),
5.18–5.05 (m, 1H, CHO), 4.28 (q, J=7.0, 2H, CH2O), 4.19–3.91 (m,
2H, CH2N), 3.56 (br s, 1H, OH, disappears with D2O), 1.38 ppm (t,
J=7.0 Hz, 3H, CH3); IR (KBr): ñ=3412, 3291 (NH2), 3219–3100 (OH),
1685 cm�1 (CO); anal (C14H16N3O3Cl) C, H, N.

13d. Yield 65%; mp: 164–165 8C; 1H NMR: d=7.55 (s, 1H, H-3),
7.47–7.37 and 7.24–7.14 (2m, 4H, Ar), 5.12 �5.03 (m, 1H, CHO),
4.21 (q, J=7.2 Hz, 2H, CH2O), 4.13–3.84 (m, 2H, CH2N), 1.28 ppm (t,
J=7.2 Hz, 3H, CH3); IR (KBr): ñ=3411, 3291 (NH2), 3157–2900 (OH),
1689 cm�1 (CO); anal (C14H16N3O3Br).

General procedure for the synthesis of 5-amino-1-[2-(4-halophen-
yl)-2-hydroxyethyl]-1H-pyrazole-4-carboxylic acids 14b,c,d. To a so-
lution of the appropriate derivative 13b–d (10 mmol) in ethanol
96% (15 mL), a 3.5m NaOH solution (10 mL) was added. The reac-

tion mixture was held at reflux for 4 h, the ethanol was then
evaporated under reduced pressure. The mixture was acidified
with 6N HCl. The resulting white solid obtained was filtered and
washed with water. The crude product was then recrystallized
from absolute ethanol to give 14b–d as white solids.

14b. Yield 97%; mp: 186–187 8C (dec); 1H NMR: d=8.30 (br s, 1H,
COOH, disappears with D2O), 8.19 (s, 1H, H-3), 7.47–6.94 (m, 4H,
Ar), 6.10–5.80 (br s, 3H, NH2+OH, disappears with D2O), 5.13–5.00
(m, 1H, CHO), 4.30–3.80 ppm (m, 2H, CH2N); IR (KBr): ñ=3388,
3280 (NH2), 3240–3000 (OH), 1650 cm

�1 (CO); anal (C12H12N3O3F) C,
H, N.

14c. Yield 90%; mp: 166–167 8C (dec) ; 1H NMR: d=11.70 (br s, 1H,
COOH, disappears with D2O), 7.33 (s, 1H, H-3), 7.31–7.12 (m, 4H,
Ar), 6.00 (br s, 2H, NH2, disappears with D2O), 5.70 (br s, 1H, OH,
disappears with D2O), 4.99–4.81 (m, 1H, CHO), 4.07–3.80 ppm (m,
2H, CH2N); IR (KBr): ñ=3440, 3339 (NH2), 3250–3017 (OH),
1658 cm�1 (CO); anal (C12H12N3O3Cl) C, H, N.

14d. Yield 85%; mp: 143–145 8C (dec) ; 1H NMR: d=11.22 (br s, 1H,
COOH, disappears with D2O), 7.40 (s, 1H, H-3), 7.28–7.02 (m, 4H,
Ar), 6.06 (br s, 2H, NH2, disappears with D2O), 5.80–5.63 (m, 1H, OH,
disappears with D2O), 4.88–4.78 (m, 1H, CHO), 4.02–3.77 ppm (m,
2H, CH2N); IR (KBr): ñ=3460, 3333 (NH2), 3200–3020 (OH),
1660 cm�1 (CO); anal (C12H12N3O3Br) C, H, N.

General procedure for the synthesis of 2-(5-amino-1H-pyrazol-1-yl)
�1-(4-halophenyl)ethanol derivatives 15b,c,d. Derivatives 14b–d
were heated at their corresponding melting points. At these tem-
peratures decarboxylation occurs. When the evolution of CO2 had
finished, the residue was cooled to room temperature, dissolved in
6n HCl and neutralized with solid NaHCO3. Light brown solids ob-
tained were filtered, washed with water and recrystallized from
CHCl3, to give 15b–d as light yellow solids.

15b. Yield 90%; mp: 141–142 8C (dec); 1H NMR: d=7.42–7.02 (m,
6H, 4Ar+H-3+H-4), 5.77 (br s, 1H, OH, disappears with D2O), 5.28–
5.23 (m, 1H, CHO), 5.07–4.86 (m, 2H, CH2N), 3.95 ppm (br s, 2H,
NH2, disappears with D2O); IR (KBr): ñ=3453, 3353 (NH2), 3300–
3050 cm�1 (OH); anal (C11H12N3OF) C, H, N.

15c. Yield 80%; mp: 121–122 8C (dec); 1H NMR: d=7.30–7.03 (m,
5H, 4Ar+H-3), 5.44 (s, 1H, H-4), 5.00–4.84 (m, 1H, CHO), 4.11–3.84
(m, 2H, CH2N), 3.62 ppm (br s, 2H, NH2 disappears with D2O); IR
(KBr): ñ=3450, 3340 (NH2), 3250–3000 cm�1 (OH); anal
(C11H12N3OCl) C, H, N.

15d. Yield 75%; mp: 135–137 8C (dec); 1H NMR: d=7.42–7.18 (m,
5H, 4Ar+H-3), 5.71–5.42 (m, 2H, H-4+OH, 1H disappears with
D2O), 5.30–5.15 (m, 1H, CHO), 4.90 (br s, 2H, NH2, disappears with
D2O), 4.81–4.73 ppm (m, 2H, CH2N); IR (KBr): ñ=3430, 3322 (NH2),
3300–3050 cm�1 (OH); anal (C11H12N3OBr) C, H, N.

General procedure for the synthesis of diethyl[({1-[2-(4-halophenyl)-
2-hydroxyethyl]-1H-pyrazol-5-yl}amino)methylene]malonates
16b,c,d. Diethyl ethoxymethylenemalonate (2.16 g, 10 mmol) was
added to the appropriate derivative 15b–d (10 mmol) and the mix-
ture was heated at 120 8C for 2 h and then cooled to room temper-
ature. After diethyl ether (20 mL) was added, a pale yellow solid
precipitated. The crude solid was filtered and then recrystallized
from absolute ethanol to give compounds 16b–d as white solids.

16b. Yield 90%; mp: 108–109 8C; 1H NMR: d=10.98 (br s, 1H, NH,
disappears with D2O), 7.95 (d, J=12.0 Hz, 1H, CH=), 7.40–7.18 and
7.05–6.90 (2m, 5H, 4H, Ar+H-3), 5.97 (d, 1H, H-4), 5.10–4.98 (m,
1H, CHO), 4.31–4.00 (m, 6H, 3CH2), 1.80–1.60 (br s, 1H, OH, disap-
pears with D2O), 1.30 and 1.23 ppm (2t, J=7.2 Hz, 6H, 2CH3); IR
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(KBr): ñ=3396 (NH), 3200–3100 (OH), 1688 (CO), 1610 cm�1 (C=C);
anal (C19H22N3O5F) C, H, N.

16c. Yield 85%; mp: 128–129 8C; 1H NMR: d=10.98 (br s, 1H, NH,
disappears with D2O), 8.00 (d, J=12.0 Hz, 1H, CH=), 7.31–7.20 (m,
5H, 4H, Ar+H-3), 5.56 (d, 1H, H-4), 5.05–4.90 (m, 1H, CHO), 4.60
(br s, 1H, OH, disappears with D2O), 4.28–4.06 (m, 6H, 3CH2), 1.30
and 1.28 ppm (2t, J=7.0 Hz, 6H, 2CH3); IR (KBr): ñ=3450 (NH),
3400–3200 (OH), 1700 (CO), 1600 cm�1 (C=C); anal (C19H22N3O5Cl) C,
H, N.

16d. Yield 70%; mp: 123–124 8C; 1H NMR: d=11.00 (s, 1H, NH, dis-
appears with D2O), 7.99 (d, J=12.0 Hz, 1H, CH=), 7.51–7.21 (m, 5H,
4H, Ar+H-3), 5.67 (d, 1H, H-4), 5.15–5.00 (m, 1H, CHO), 4.85 (br s,
1H, OH, disappears with D2O), 4.30–4.08 (m, 6H, 3CH2), 1.32 and
1.30 ppm (2t, J=7.0 Hz, 6H, 2CH3); IR (KBr): ñ=3420 (NH), 3350–
3270 (OH), 1705 (CO), 1598 cm�1 (C=C); anal (C19H22N3O5Br) C, H, N.

General procedure for the synthesis of ethyl 4-chloro-1-[2-chloro-2-
(4-halophenyl)ethyl]-1H-pyrazolo ACHTUNGTRENNUNG[3,4-b]pyridine-5-carboxylates
17b,c,d. POCl3 (16 g, 104 mmol) was added to the appropriate
compound 16b–d (10 mmol) and the mixture was held at reflux
for 24 h. After cooling to room temperature, the excess of POCl3
was removed under reduced pressure; H2O (20 mL) was carefully
added to the residue and the suspension was extracted with CHCl3
(3R20 mL). The organic solution was washed with H2O (20 mL),
dried (MgSO4), filtered and concentrated under reduced pressure.
The crude was purified by column chromatography (Florisil 100–
200 mesh) using CHCl3 as an eluent to produce the pure products
17b–d as white solids.

17b. Yield 60%; mp: 87–88 8C; 1H NMR: d=9.03 (s, 1H, H-6), 8.22
(s, 1H, H-3), 7.48–6.94 (m, 4H, Ar), 5.63–5.48 (m, 1H, CHCl), 5.17–
5.03 and 4.97–4.84 (2m, 2H, CH2N), 4.47 (q, J=7.2 Hz, 2H, CH2O),
1.46 ppm (t, J=7.2 Hz, 3H, CH3); IR (KBr): ñ=1722 cm�1 (CO); anal
(C17H14N3O2Cl2F) C, H, N.

17c. Yield 62%; mp: 88–89 8C; 1H NMR: d=8.94 (s, 1H, H-6), 8.13
(s, 1H, H-3), 7.42–7.11 (m, 4H, Ar), 5.52–5.42 (m, 1H, CHCl), 5.07–
4.92 and 4.89–4.78 (2m, 2H, CH2N), 4.39 (q, J=7.2 Hz, 2H, CH2O),
1.37 ppm (t, J=7.2 Hz, 3H, CH3); IR (KBr): ñ=1722 cm�1 (CO); anal
(C17H14N3O2Cl3) C, H, N.

17d. Yield 60%; mp: 99–100 8C; 1H NMR: d=8.94 (s, 1H, H-6), 8.12
(s, 1H, H-3), 7.39–7.21 (m, 4H, Ar), 5.47–5.42 (m, 1H, CHCl), 5.02–
4.96 and 4.84–4.81 (2m, 2H, CH2N), 4.39 (q, J=7.0 Hz, 2H, CH2O),
1.37 (t, J=7.0 Hz, 3H, CH3); IR (KBr): ñ=1722 cm�1 (CO); anal
(C17H14N3O2Cl2Br) C, H, N.

General procedure for the synthesis of 1-[2-chloro-2-(4-halopheny-
l)ethyl]-4-hydroxy-1H-pyrazoloACHTUNGTRENNUNG[3,4-b]pyridine-5-carboxylic acids
18b,c. To a solution of the appropriate ethyl ester 17b or 17c
(10 mmol) in 96% ethanol (50 mL), 3m H2SO4 (20 mL) was added.
The solution was held at reflux for 24 h, the solid precipitated was
filtered and recrystallized from absolute ethanol to give com-
pounds 18b and 18c as white solids.

18b. Yield 70%; mp: 278 8C (dec); 1H NMR: d=8.67 (s, 1H, H-6),
8.19 (s, 1H, H-3), 7.61–7.43 and 7.26–7.04 (2m, 4H, Ar), 5.63–5.50
(m, 1H, CHCl), 5.16–4.96 and 4.82–4.68 ppm (2m, 2H, CH2N); IR
(KBr): ñ=3000–2500 (OH), 1676 cm�1 (CO); anal (C15H11N3O3ClF) C,
H, N.

18c. Yield: 70%; mp: 240–241 8C (dec); 1H NMR: d=8.68 (s, 1H, H-
6), 8.22 (s, 1H, H-3), 7.59–7.49 and 7.44–7.33 (2m, 4H, Ar), 5.64–
5.50 (m, 1H, CHCl), 5.14–4.97 and 4.84–4.68 ppm (2m, 2H, CH2N);
IR (KBr): ñ=3100–2700 (OH), 1692 cm�1 (CO); anal (C15H11N3O3Cl2)
C, H, N.

General procedure for the synthesis of methyl 1-[2-chloro-2-(4-hal-
ophenyl)ethyl]-4-hydroxy-1H-pyrazoloACHTUNGTRENNUNG[3,4-b]pyridine-5-carboxylates
19b,c. To a suspension of 18b or 18c (5 mmol) in anhydrous
CH3OH (30 mL) 98% H2SO4 (4 mL) was added dropwise. The mix-
ture was held at reflux for 18 h, then concentrated under reduced
pressure. The crude was dissolved in CHCl3 (50 mL), washed with
5% NaHCO3 solution (2R20 mL), then with H2O (20 mL), dried
(MgSO4), filtered and concentrated under reduced pressure. The
residue was crystallized from absolute ethanol to give compounds
19b,c as white solids.

19b. Yield 75%; mp: 126–127 8C; 1H NMR: d=12.09 (br s, 1H, OH,
disappears with D2O), 8.76 (s, 1H, H-6), 8.08 (s, 1H, H-3), 7.40–7.24
and 6.94–6.83 (2m, 4H, Ar), 5.53–5.41 (m, 1H, CHCl), 5.04–4.90 and
4.88–4.71 (2m, 2H, CH2N), 3.94 ppm (s, 3H, OCH3); IR (KBr): ñ=
3100–2950 (OH), 1677 cm�1 (CO); anal (C16H13N3O3ClF) C, H, N.

19c. Yield 70%; mp: 163–164 8C; 1H NMR: d=12.10 (br s, 1H, OH,
disappears with D2O), 8.77 (s, 1H, H-6), 8.09 (s, 1H, H-3), 7.36–7.12
(m, 4H, Ar), 5.53–5.40 (m, 1H, CHCl), 5.03–4.88 and 4.86–4.72 (2m,
2H, CH2N), 3.95 ppm (s, 3H, OCH3); IR (KBr): ñ=3080–2950 (OH),
1667 cm�1 (CO); anal (C16H13N3O3Cl2) C, H, N.

Synthesis of 2,2,2-trifluoroethyl 1-(2-chloro-2-phenylethyl)-4-hy-
droxy-1H-pyrazoloACHTUNGTRENNUNG[3,4-b]pyridine-5-carboxylate 21. To a solution of
18a (3.17 g, 10 mmol) in CH2Cl2 (20 mL), 1-[3-(dimethylamino)-
propyl]-3-ethylcarbodiimide hydrochloride (2.09 g, 10.92 mmol), 4-
(dimethylamino)pyridine (0.4 g, 3.27 mmol) and 2,2,2-trifluoroetha-
nol (1.11 g, 11.10 mmol) were added at 0 8C. The mixture was
stirred at room temperature for 24 h, then filtered and the solid
precipitated was washed with CH2Cl2. The organic solution was
washed with H2O (10 mL), dried (MgSO4) and concentrated under
reduced pressure. The crude was purified by column chromatogra-
phy (silica gel 100–200 mesh), using a CHCl3/CH3OH mixture (9:1)
as the eluent. The oil obtained was crystallized by adding diethyl
ether. Yield 60%; mp: 123–124 8C; 1H NMR: d=11.49 (br s, 1H, OH,
disappears with D2O), 8.85 (s, 1H, H-6), 8.13 (s, 1H, H-3), 7.43–7.14
(m, 5H, Ar), 5.57–5.43 (m, 1H, CHCl), 5.09–4.93 and 4.86–4.77 (2m,
2H, CH2N), 4.71 ppm (q, J=8.2 Hz, 2H, CH2O); IR (KBr): ñ=3115–
3017 (OH), 1689 cm�1 (CO); anal (C17H13N3O3ClF3) C, H, N.

General procedure for the synthesis of methyl 4-chloro-1-[2-chloro-
2-(4-halophenyl)ethyl]-1H-pyrazolo ACHTUNGTRENNUNG[3,4-b]pyridine-5-carboxylates
20b,c and of 2,2,2-trifluoroethyl 4-chloro-1-(2-chloro-2-phenyleth-
yl)-1H-pyrazolo ACHTUNGTRENNUNG[3,4-b]pyridine-5-carboxylate 22. The Vilsmeier com-
plex, previously prepared from POCl3 (6.13 g, 40 mmol) and anhy-
drous dimethylformamide (2.92 g, 40 mmol), was added to a sus-
pension of the appropriate compounds 19b,c or 21 (10 mmol) in
CHCl3 (20 mL). The mixture was held at reflux for 8 h, then washed
with H2O (2R20 mL), dried (MgSO4) and evaporated under reduced
pressure. The crude oil was crystallized by adding absolute ethanol
(10 mL) to give compounds 20b,c or 22 as white solids.

20b. Yield 75%; mp: 133–134 8C; 1H NMR: d=8.91 (s, 1H, H-6),
8.10 (s, 1H, H-3), 7.29–7.04 (m, 4H, Ar), 5.50–5.38 (m, 1H, CHCl),
5.04–4.89 and 4.82–4.75 (2m, 2H, CH2N), 3.94 ppm (s, 3H, OCH3);
IR (KBr): ñ=1730 cm�1 (CO); anal (C16H12N3O2Cl2F) C, H, N.

20c. Yield 80%; mp: 142–143 8C; 1H NMR: d=8.94 (s, 1H, H-6),
8.13 (s, 1H, H-3), 7.36–7.14 (m, 4H, Ar), 5.52–5.40 (m, 1H, CHCl),
5.08–4.92 and 4.88–4.76 (2m, 2H, CH2N); 3.92 ppm (s, 3H, OCH3);
IR (KBr): ñ=1727 cm�1 (CO); anal (C16H12N3O2Cl3) C, H, N.

22. Yield 85%; mp: 104–105 8C; 1H NMR: d=9.00 (s, 1H, H-6), 8.18
(s, 1H, H-3), 7.42–7.16 (m, 5H, Ar), 5.56–5.44 (m, 1H, CHCl), 5.13–
5.00 and 4.92–4.77 (2m, 2H, CH2N), 4.69 ppm (q, J=8.2 Hz, 2H,
CH2O); IR (KBr): ñ=1740 cm�1 (CO); anal (C17H12N3O2Cl2F3) C, H, N.
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General procedure for the synthesis of 4-anilino substituted deriva-
tives 2a, 6a, 9a, 10a,b. To a solution of the appropriate 4-chloro
derivative (10 mmol) in absolute ethanol (5 mL), the appropriate
aniline (15 mmol) was added and the mixture was held at reflux
for 3–4 h. After cooling to room temperature, the solid precipitated
was filtered, washed with H2O and recrystallized from absolute eth-
anol. Yield, melting point, analytical and spectral data are reported
in the Supporting Information.

General procedure for the synthesis of 4-amino substituted deriva-
tives 2b–l, 3a–i, 4a–g, 5a,b, 6b–k, 7a, 8a,b, 9b–f, 10c–m, 11a–e.
To a solution of the appropriate 4-chloro derivative (10 mmol) in
anhydrous toluene (10 mL), appropriate amine (40 mmol) was
added and the mixture was stirred at room temperature for 48 h.
Then the organic phase was washed with H2O (2R10 mL), dried
(MgSO4) and concentrated under reduced pressure. The crude oil
was crystallized by adding a mixture 1:1 of diethyl ether and petro-
leum ether (bp: 40–60 8C). Yield, melting point, analytical and spec-
tral data are reported in the Supporting Information.

Separation of enantiomers of compound 1

Instrumentation. The chiral separation studies were carried out on
a Varian Prostar HPLC system (Varian Analytical Instruments, USA)
equipped with a binary pump with manual injection valve and
model Prostar 325 UV-VIS detector. Circular dichroism was carried
out on a Jasco CD-815 detector (Jasco Corporation, Tokyo, Japan).
Optical rotation was measured with a PerkinElmer polarimeter,
Mod 343 (PerkinElmer, USA), using a 10�1-dm microcell.

LC conditions. All separations were carried out at room tempera-
ture. Detection was carried out at 220 and 254 nm. Samples of the
racemic mixture were dissolved with the solvents used for the
mobile phase at the same percentage (v/v). For analytical purpos-
es, a cellulose tris-3,5-dimethylphenylcarbamate derived column
(Chiralcel OD, 250R4.6 mm), coated on 10 mm silica gel, was used
and a linear gradient elution for 15 min with n-hexane and 2-prop-
anol, 80:20 to 90:10 (v/v) at the flow rate of 0.8 mLmin�1 was em-
ployed.

For semipreparative separation, an amylose-tris-5-a-methylbenzyl
carbamate derived column (250 mmR10 mm, Chiralpak AS) coated
on 10 mm silica gel was used. The mobile phase consisted of n-
hexane and 2-propanol doped with acetonitrile 5%. The separation
was achieved using an isocratic method with 80% of n-hexane at
flow rate of 2.5 mLmin�1. The injection volume was 20 mL and
200 mL for the analytical and semipreparative purpose, respectively.
All the above columns were obtained from Daicel (Tokyo, Japan).
All the solvents and reagents were from Sigma–Aldrich Srl (Milan,
Italy).

CD conditions. CD spectra were acquired on a Jasco J-815 dichro-
ism spectrometer with a linear data array, two accumulations and
with a scanning speed of 100 nmmin�1. A 1 mm path-length
quartz cell was used and CD spectra were recorded at room tem-
perature. CD spectra obtained from compounds eluted from the
racemic mixture separation were acquired in the 190–500 nm
range. Pure enantiomers were dissolved in ethanol to obtain 0.001
mol/L solutions. Two scans were averaged and blank-subtracted to
obtain the CD spectrum.

Biological methods

[3H]DPCPX,[3H]CGS21680 and [125I]AB-MECA were obtained from
DuPont–NEN (Boston, USA). Adenosine deaminase was from Sigma

Chemical Co. (St. Louis, USA). All other reagents were from stan-
dard commercial sources and of the highest commercially available
grade.

A1AR and A2AAR receptor binding assays. Affinity of the new
compounds toward A1 and A2AAR was evaluated by competition
experiments assessing their ability to displace [3H]DPCPX and
[3H]CGS21680 binding from bovine cortical and striatal mem-
branes, respectively. Binding assays were carried out as previously
described.[33,34] A pharmacological profile of the most active com-
pounds toward A1AR were evaluated by GTP shift assay.

[35]

Human A1AR and A3AR receptor binding assays. Selected com-
pounds were also evaluated for their affinity toward hA1 and
hA3AR, stably expressed in CHO cells (kindly supplied by K.-N.
Klotz, WOrzburg University, Germany).[36]

All compounds were routinely dissolved in dimethyl sulfoxide
(DMSO) and diluted in assay buffer so that DMSO never exceeded
2%. At least six different compound concentrations were used for
IC50 determination. IC50 values, computer-generated using a nonlin-
ear regression formula on a computer program (GraphPad, San
Diego, CA), were converted to Ki values, knowing the Kd values of
radioligands in the different tissues and using the Cheng–Prusoff
equation.[37]

Computational details

3D QSAR. According to a previously reported procedure, all new
structures were sketched and their energy was minimized using
the 2D-3D sketcher implemented in the software Catalyst.[38] Then,
the conformational space of all molecules under investigation was
explored by means of the “best” conformational search procedure,
keeping all conformations within 5 kcalmol�1 from the global mini-
mum and specifying 250 as the maximum number of conformers.
Subsequently, following the active analogue approach as the align-
ment method, we have prepared the files for all the following cal-
culations. In fact, the putative bioactive conformation of molecule
1 (obtained as previously reported) was in turn used as the tem-
plate for the alignment of novel pyrazolo ACHTUNGTRENNUNGpyridines. For each mole-
cule, the conformer with the highest fit to the target model was
selected. For this purpose, the Align Molecules/Drug Discovery
module in Cerius2[39] was employed. The aligned ligands were then
imported into the GRID software[40] for the calculation of the Mo-
lecular Interaction Fields. Finally, the molecular structures together
with their descriptors were imported into the GOLPE software[41]

and projected on our 3D QSAR model as a test set. In this way, the
predictive power of the model was further assessed and SDEP was
derived.

Homology modeling. The novel homology modeling approach
discussed here consists of five steps: optimization of the A1AR by
means of MD simulations, simulated annealing on the receptor
binding site, clustering of the resulting structures, docking of the li-
gands into the clustered structures, optimization of the ligand–re-
ceptor complexes. The crystal structure of bovine rhodopsin was
taken from the Brookhaven Protein Data Bank,[42] while all the pri-
mary sequences were obtained from the Swiss-Prot protein se-
quence database.[43] The sequential alignment of bovine rhodopsin
and the A1ARs was performed by means of CLUSTALW,

[44] using
the Blosum series as a matrix, with a gap open penalty of 10 and a
gap extension penalty of 0.05. The TM helices, the first and second
intracellular and the third extracellular loops of the bA1AR were
constructed directly from the coordinates of the corresponding
amino acids in rhodopsin by means of the Modeller program.[27] As
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the amino acid length differs from the template, the other loop re-
gions were constructed by means of the “loop optimization
method” of Modeller, applying the “very slow” loop refinement
method. During the construction of the receptor and the loop re-
finement, the presence of a disulfide bridge between C80 and
C169 was taken into account, as it was present in bovine rhodop-
sin and was also suggested by mutagenesis studies.[45] Starting
from this receptor, ten structures were generated by means of the
“very slow MD annealing” refinement method, as implemented in
Modeller. On the basis of the Discrete Optimized Protein Energy
(DOPE) assess method, the best receptor model was chosen. The
backbone conformation of the resulting receptor structure was
evaluated by inspection of the y/f Ramachandran plot obtained
from PROCHECK analysis.[28] The receptor was then embedded into
a previously stabilized phospholipid bilayer made up of DPPC mol-
ecules. It was manually inserted into the entry of the DPPC bilayer
in such a way that the a helices of the receptor were oriented ap-
proximately parallel to the hydrocarbon chains of the phospholi-
pids. Next, all phospholipids within a radius of 1 L around the re-
ceptor were deleted.

All simulations were performed using AMBER 8.[46] MD simulations
were carried out using the modified parm94 force field at 300 K.
An explicit solvent model TIP3P water was used and the system
was solvated on the “extracellular” and “intracellular” side with a
15 L water cap. Chloride ions were added as counterions to neu-
tralize the system. Prior to MD simulations, three steps of minimi-
zation were carried out. In the first stage, the protein and phos-
pholipids were kept fixed with a position restraint of 500 kcalmo-
l�1L2, while only the positions of the water molecules were mini-
mized. In the second stage, the phospholipid-water system was
minimized by applying a position restraint of 500 kcalmol�1L2 on
the protein. Finally, a restraint of 50 kcalmol�1L2 was applied only
to the a carbon atoms of the receptor. The three minimization
stages consisted of 5000 steps in which the first 1000 were based
on the Steepest Descent (SD) and the last 4000 on the Conjugate
Gradient (CG) method, respectively.

MD trajectories were run using the minimized structure as the
input, and the particle mesh Ewald (PME) algorithm was used for
dealing with long-range interactions.[47] The time step of the simu-
lations was 2.0 fs with a cutoff of 12 L for the non-bonded interac-
tion, and SHAKE was employed to keep all bonds involving hydro-
gen atoms rigid. A constant-volume MD was carried out for 100 ps,
during which time the temperature was raised from 0 to 300 K
(using the Langevin dynamics method). Then, 1900 ps of constant-
pressure MD were carried out at 300 K. In the first 400 ps, all the a

carbons of the receptor were blocked with a harmonic force con-
stant, which decreased during these 300 ps from 30 to 1 kcal
mol�1L, while in the last 1600 ps, no constraints were applied.
During the whole MD simulations, the intra-helix hydrogen bonds
were subjected to a distance constraint of 2.2 L with a force con-
stant of 10 kcalmol�1L2. The final structure was obtained as the
average of the last 1000 ps of MD minimized with the CG method
until a convergence of 0.05 kcalmol�1L.

The General Amber Force Field (GAFF) parameters were assigned
to DPPC molecules, while the partial charges were calculated using
the AM1-BCC method as implemented in the Antechamber suite
of AMBER 8. The phospholipid bilayer system was previously stabi-
lized by 600 ps of MD using the same parameters described above.
Prior to MD simulations, two steps of minimization were carried
out. In the first stage, the phospholipids were kept fixed with a po-
sition restraint of 500 kcalmol�1L2 and only the positions of the
water molecules were minimized. In the second stage, the phos-

pholipids-water system was minimized by applying a restraint of
100 kcalmol�1L2 on the heavy atoms of the phospholipids. In the
first 200 ps of MD, all the heavy atoms of the DPPC molecules
were blocked with a harmonic force constant, which decreased
from 100 to 10 kcalmol�1L2. No constraints were applied during
the last 400 ps. The structure of the bilayer system, in which the
bA1AR was embedded, was obtained as the average of the last
300 ps of MD minimized with the CG method until a convergence
of 0.05 kcalL�1mol�1.

Simulated annealing and receptor clustering. On the basis of the
interaction of retinal in the bovine rhodopsin X-ray structures and
the main adenosine mutagenesis studies, the binding site was de-
fined as the region between TM3, TM5, and TM6. The residues of
the hypothetical binding site (Table 4) were then subjected to a si-

mulated annealing protocol by means of the “loop optimization
method” of Modeller, applying the “very slow” loop refinement
method; 500 receptors were generated. The resulting 500 A1AR
structures were then clustered by means of an in house software.
To perform the clustering, a series of pharmacophoric points were
defined corresponding to the residue of the binding site, which
was subjected to the simulated annealing protocol (Table 4). All
the distances among these pharmacophoric points were then cal-
culated and centered (i.e. , from each distance its mean value was
subtracted). Then, a principal components analysis (PCA) of all the
500 structures considered in the space of the above mentioned
distances, was performed. The clustering was made on the basis of
the “distances” among the structures in the sub-space of the most
significant PCs. At this point, the software extracts the most repre-
sentative structures to be used for the docking through an algo-
rithm that:

1. assigns to each structure a score measuring how many struc-
tures are close to it ;

2. extracts the best-scored structure and cancels all the structures
which, in the sub-space of the PCs, have distances smaller than
a threshold;

3. repeats step 2, considering the structures not cancelled until all
structures are extracted or cancelled;

4. if the total number of extracted structures is larger than that
established by the user, the value of threshold is increased and
steps 2 and 3 are iteratively repeated.

A more accurate description of the program can be found at
http://www.mmvsl.farm.unipi.it/downloads/reserved-downloads
where it can also be freely obtained by researchers from nonprofit
institutions.

Docking of compounds R-1 and S-1. The result of the cluster anal-
ysis gave 42 receptor structures. Compound R-1 and S-1, the enan-
tiomers of the more active compound of this series, were then
docked into this model using GOLD software.[31] Before docking,

Table 4. Residues of the hypothetical binding site subjected to the simu-
lated annealing protocol.

TM3 EL2 TM5 TM6

A84 V87 N147 V166 M180 V181 I239 F243
L88 L90 I167 N184 F185 L248 L250
T91 Q92 W188 V189 H251 N254
I95 L98 L193 M196
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the ligands were subjected to a conformational search of 1000
steps in a water environment (using the Generalized-Born/Surface-
Area model) by means of Macromodel.[48] The algorithm used was
the Monte Carlo method with the MMFFs force field and a dis-
tance-dependent dielectric constant of 1.0. The ligands were then
minimized using the CG method until a convergence value of
0.05 kcalL�1mol�1, using the same force field and parameters as
for the conformational search. The region of interest used by
GOLD was defined in such a manner that it contained the residues
which stay within 15 L from the center of the hypothetical binding
site. The “allow early termination” command was deactivated while
the possibilities for the ligand to flip ring corners, amide bonds,
planar R-NR1R2 and pyramidal N, were activated. Remaining GOLD
parameters were kept at their default values. Ligands were submit-
ted to 30 Genetic Algorithm (GA) runs using the GoldScore fitness
function. The best docked conformation of the two ligands in each
receptor model was then used for further studies. In particular, the
ligand–receptor interactions were visually checked to analyze the
interaction suggested as important by mutagenesis studies
(L3.33(88), T3.36(91), Q3.37(92) and H6.52ACHTUNGTRENNUNG(251)). For one receptor
model, all of these residues interact with both ligands (there were
no other receptor model in which these residues interact with at
least one of the two ligands), therefore only this model was taken
into account, although the ligand–receptor binding energy was
higher than that found for other models. The two complexes were
subjected to 1.3 ns of MD simulation in a water-lipid environment
using the same procedure described above. For the first 500 ps, a
distance restraint of 10 kcalmol�1L2 was used.

Docking of the ligands. All the ligands were subjected to a confor-
mational search followed by minimization using the same proce-
dure described above. Ligands were docked by means of the
GOLD software[31] into the minimized average structure of the re-
ceptor extracted from the complex with R-1. The region of interest
used by Gold was defined in such a manner that it contains the
residues which stay within 15 L from R-1. The “allow early termina-
tion” command was deactivated while the possibilities for the
ligand to flip ring corners, amide bonds, planar R-NR1R2 and pyra-
midal N, were activated. Remaining GOLD parameters were kept at
their default values. Ligands were submitted to 30 GA runs using
the GoldScore fitness function. The best docked conformation was
then used for subsequent analysis.
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