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The influence of diverse methoxyphenyl substitution patterns on the N-(2,6-diarylpyrimidin-4-yl)acet-
amide scaffold is herein explored in order to modulate the A3 adenosine receptor antagonistic profile. As
a result, novel ligands exhibiting excellent potency (Ki on A3 AR < 20 nM) and selectivity profiles (above
100-fold within the adenosine receptors family) are reported. Moreover, our joint theoretical and
experimental approach allows the identification of novel pharmacophoric elements conferring A3AR
selectivity, first established by a robust computational model and thereafter characterizing the most
salient features of the structureeactivity and structureeselectivity relationships in this series.

� 2012 Elsevier Masson SAS. All rights reserved.
1. Introduction

The purine nucleoside adenosine exerts its key regulatory roles
on several tissues through activation of the four adenosine receptors
(ARs), namely A1, A2A, A2B and A3 [1]. Being members of the super-
family of G protein-coupled receptors (GPCRs), ARs are validated
targets for pharmacological intervention in several pathophysio-
logical conditions [2]. In addition, the crystallization of the human
A2AAR [3] is boosting the rational design of novel selective ligands for
the different ARs. Among the ARs, A3ARs are the latest cloned and
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pharmacologically characterized. The A3AR is involved in a variety of
important physiological processes, including modulation of cerebral
and cardiac ischemic damage [4,5], inflammation [6], modulation of
intraocular pressure [7], regulation of normal and tumor cell growth
[8,9] and immunosuppression [10]. However, A3-signaling in several
processes is still controversial [11,12], being perhaps the most enig-
matic among adenosine receptors. The two personalities of A3AR
often come into direct conflict, e.g., in ischemia, inflammation and
cancer, rendering this receptor as a single entity behaving in 2
differentways. Thus, the elucidation of A3AR dual behavior in several
pathophysiological conditions remains an unmet challenge.

The antagonists of the A3AR [13e15] have shown to be partic-
ularly attractive as novel potential anti-inflammatory drugs [6],
cerebro-protective agents [16], as well as for the treatment of
glaucoma [17]. Furthermore, the recent evidence of high expression
levels of A3AR in several cell lines has suggested potential appli-
cations in cancer chemotherapy [18]. The putative applications of
A3AR antagonists as drugs, as well as the growing demand for
pharmacological tools to study the dual roles of human A3AR, has
made the identification of potent and selective small molecule
ligands a topic of great interest [1,2,19]. The pursuit of non-
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Fig. 2. Combined structure- and ligand-based computational protocol for the affinity
prediction of novel compounds in A3AR.
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xanthinic A3AR antagonists focused on the exploration of diverse
heterocyclic libraries (particularly tri- and bi-cyclic heteroaromatic
scaffolds and, to a lesser extent, mono-heterocyclic systems).
Whereas the systematic structural elaboration of these prototypes
has provided derivatives possessing good affinity, the selectivity
issue and the relatively poor bioavailability profiles of drug candi-
dates have remained elusive until recently [1,2,19].

We have recently described highly potent and selective A3AR
antagonists through a straightforward and convergent synthetic
pathway [20], obtaining single ringed heterocyclic cores showing
low nanomolar affinities at the A3AR and marked selectivity versus
the other ARs. These molecules were designed by the structural
redecoration of the aryl moieties at positions 2 and 6 of the N-
(pyrimidin-4-yl)-acylamide scaffold [21], a fruitful substructure that
is present in diverse ARs antagonists [2,21,22]. It was observed that
the methoxy substituents on the phenyl ring not only increased the
affinities for the hA3AR, but also remarkably enhanced the selectivity
profiles of this series (Fig. 1). This finding reinforces key observations
from other authors [22e25], and motivated a thorough exploration
of the pharmacological insights ofmethoxyaryl substitution patterns
on the A3AR antagonistic profile of N-(2,6-diphenylpyrimidin-4-yl)
acetamides. Building upon the development of a computational
model with satisfactory predictivity together with an efficient and
flexible synthetic methodology, we herein report the design,
synthesis and pharmacological evaluation of an expanded series
derived from the N-(2,6-diphenylpyrimidin-4-yl)acetamide scaffold.
This study, in addition to providing novel potent A3AR antagonists,
highlights several novel methoxyphenyl-derived pharmacophoric
elements conferring A3AR selectivity, as well as the most salient
features of the structureeactivity (SAR) and structureeselectivity
(SSR) relationships in this series.
2. Molecular modeling

A small library consisting of ten N-[(2,6-bisaryl)pyrimidin-4-yl]-
acetamides was designed, including mono-, bi- and tri-
methoxyphenyl substitution patterns as well as 4-ethoxyphenyl,
4-trifluoromethoxyphenyl and 4-methoxystyryl residues. The
designed molecules were then evaluated in silico, using combined
Structure- and Ligand-Based computational pipeline protocol
derived from our previous work [20], which is here adapted as
summarized in Fig. 2. Briefly, the protocol includes two stages:

(i) Molecular docking of each ligand on a homology model of the
hA3AR, built with MODELLER [26] using the inactive structure
of A2AAR (PDB code 3EML) [3] as a template. The program
Fig. 1. The N-[(2,6-bisaryl)pyrimidin-4-yl]-acetamide scaffold and the effect on the selectivi
follow the nomenclature of an A1AR model [10].
GOLD [27] was employed with the parameters indicated in the
Experimental Section, and the observed poses were compared
with the consensus bindingmode defined for this scaffold [20].

(ii) 3D-QSAR: In parallel to the docking studies, a predictive 3D-
QSAR model was built using the 68 molecules with previously
reported Ki values [20], by means of the last generation of
Grid-Independent Descriptors (GRIND-2) [28]. The software
Pentacle [29] was used for this purpose, with the parameters
detailed in the Experimental Section. Thereafter, the relative
affinities of the filtered compounds (those that achieved the
conserved binding orientation discussed below) were evalu-
ated with the 3D-QSAR model II (see Table 1), using the
“Prediction mode” included in Pentacle. The interpretation of
QSAR models developed with the GRIND-2 methodology is
based on the analysis of the correlograms, which encode the
geometrical relationships between the most relevant molec-
ular interaction fields (MIFs). Thereafter, one can easily
ty profile of the (poly)methoxy substitution on the phenyl fragments. The substitutions



Table 1
Summary of 3D-QSARmodels considered in this work. The number of molecules and
latent variables considered for each model are indicated, as well as statistics
regarding their accuracy and predictivity in cross-validation. Prospective assessment
is also shown where applicable, with the number of new molecules evaluated and
the standard deviation (in pKi units) of their corresponding predictions.

Model Cpds. LV R2 Q2 SDEP SDEC New cpds.
pred.

SDEP
pred.

Ia 62 2 0.86 0.67 0.48 0.31 6 0.37
IIb 68 2 0.88 0.73 0.42 0.29 8c 0.73c

IIId 76 3 0.88 0.70 0.44 0.28 e e

a Model built with 62 diaryl-pyrimidines, see Ref. [9].
b Model elaborated with both the training and tested molecules in model I.
c All the novel molecules presented in this work that found a satisfactory docking

bindingmode on a homologymodel of A3AR. Note that the elimination of compound
4ewould diminish the value of the SDEP to 0.49 pKi units, which is close to the SDEP
of the internal validation of the model itself.

d Partial least squares 3D-QSAR model generated with the molecules present in
model II plus the novel 8 compounds.
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identify and further examine the pharmacophoric variables
that contribute the most to the partial least squares fitness,
and thus to the modulation of the A3AR affinity.

3. Chemistry

Guided by the modeling results, we assembled a focused library
that was representative of the diverse substitution patterns on the
phenyl residues of the N(2,6-diphenylpyrimidin-4-yl)-acetamide
Scheme 1. Synthetic pathway and structure o
template. The synthetic pathway developed follows a two-step
sequence as illustrated in Scheme 1 [30]. The selected approach is
based on the highly reliable and well-established SuzukieMiyaura
cross-coupling reaction [31], exploiting the excellent commercial
availability of boronic acids (3). Acetylation of the heterocyclic core
and subsequent palladium-catalyzed arylation afforded a library of
fifteen N-(2,6-diphenylpyrimidin-4-yl)acetamides (4aeo) in yields
ranging 73e91%.

4. Pharmacology

The pharmacological profile of the synthesized compounds
(4aeo) was studied in vitro at the four human adenosine receptor
subtypes, using radioligand binding assays according to the
experimental protocols described elsewhere [32]. Table 2 compiles
the pharmacological data, together with the associated computa-
tional predictions, obtained for the 10 novel compounds here
presented: 4c, 4eeh, 4jel and 4neo. For comparative purposes,
some derivatives previously described by our group [20] (4a, 4b, 4d,
4i and 4m) were evaluated again and incorporated into the series.

5. Results and discussion

The consensus binding mode proposed for the N-[(2,6-bisaryl)
pyrimidin-4-yl]acetamide scaffold is illustrated in Fig. 3A [9]. From
the 10 novel ligands, 8 presented this conserved binding mode,
which is defined by a double hydrogen bond of the exocyclic amido
f the compounds here presented (4aeo).



Table 2
Structure and affinity data for the N-(2,6-diarylpyrimidin-4-yl)acetamides (4aeo) at the human adenosine receptors.

Comp Ar Ki (nM) or % at 1 mM pKi @ hA3

hA1
a hA2A

b hA2B
c hA3

d Exp Prede

4af Ph 31.2 � 4.1 255.3 � 1.3 22% 12.1 � 1.3 7.92 7.83
4bf

(ISVY158)
2-OMe-Ph 4% 15% 7% 24.1 � 1.3 7.62 7.43

4c 3-OMe-Ph 22.6 � 2.4 49.4 � 3.7 67.5 � 4.3 2.8 � 0.1 8.55 8.26
4df (ISVY130) 4-OMe-Ph 2% 4% 2% 3.6 � 0.2 8.44 8.32
4e 4-OCF3-Ph 8% 1% 4% 389.0 � 8.5 6.41 8.02
4f 4-OEt-Ph 12% 2% 1% 40.2 � 2.6 7.40 8.06
4g 4-OMe-Styryl 16% 13% 2% 513.1 � 9.8 6.29 n.p.
4h 2,3-OMe-Ph 10% 375.1 � 8.3 493.7 � 5.1 42.4 � 2.2 7.37 7.43
4if

(ISVY167)
2,4-OMe-Ph 3% 10% 7% 5.4 � 0.1 8.27 8.25

4j
(ISVY350)

2,5-OMe-Ph 4% 17% 1% 6.3 � 0.3 8.20 7.85

4k 2,6-OMe-Ph 4% 1% 3% 4% e n.p.
4l
(ISVY345)

3,4-OMe-Ph 10% 5% 2% 5.2 � 0.2 8.28 8.19

4mf 3,4-OCH2O-Ph 17.00 � 3.1 3345.0 � 1127 6% 3.3 � 0.4 8.48 8.11
4n 3,5-OMe-Ph 15% 3% 1% 55.0 � 3.1 7.26 8.15
4o 3,4,5-OMe-Ph 14% 1% 1% 26.1 � 2.1 7.58 8.04

a Displacement of specific [3H]DPCPX binding in human CHO cells expressed as Ki � SEM in nM (n ¼ 3) or percentage displacement of specific binding at a concentration of
1 mM (n ¼ 2).

b Displacement of specific [3H]4-(2-[7-Amino-2-(2-furyl) [1,2,4]triazolo[2,3-a] [1,3,5]triazin-5-ylamino]ethyl)phenol binding in human HeLa cells expressed as Ki � SEM in
nM (n ¼ 3) or percentage displacement of specific binding at a concentration of 1 mM (n ¼ 2).

c Displacement of specific [3H]DPCPX binding in human HEK-293 cells expressed as Ki� SEM in nM (n¼ 3) or percentage displacement of specific binding at a concentration
of 1 mM (n ¼ 2).

d Displacement of specific [3H]NECA binding in human HeLa cells expressed as Ki � SEM in nM (n ¼ 3) or percentage displacement of specific binding at a concentration of
1 mM (n ¼ 2).

e Ligands 4g and 4k are marked as not predicted (n.p.), since they do not present the conserved binding mode in the molecular docking stage.
f For comparative purposes, previously described compounds (Ref. [9]) were evaluated again at 1 mM, these compounds were included in the generation of the 3D-QSAR

model, thus the calculated pKi value on A3AR is indicated in italics.
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group (donating) and the N3 of the heterocyclic core (accepting)
with Asn 6.55 (note Ballesteros & Weinstein numbering [33]), plus
a d stacking interaction with Phe 5.29 at EL2. In addition to these
interactions with the abovementioned residues, which are totally
conserved in the ARs family, the binding of the central heterocycle
is reinforced by hydrophobic interactions with Leu 6.51 (see
Fig. 3A). The symmetric aryl substitutions are accommodated
respectivelywithin the binding pocket defined by Leu 3.32, Ser 5.42,
Ser 6.52 and Trp 6.48 (substituent L2) and Val 2.64, Leu 3.33 and Leu
7.35 (substituent L3), the residues in italics being specific for the
A3AR. The release of a new crystal structure of the A2AAR (also in its
inactive conformation) with a 1,2,4-triazine derivative [34], an
antagonist that shows a relative chemical similarity to our scaffold,
provided us the opportunity of further assessing this binding
orientation. This comparison is illustrated in Fig. 3B, and provides
an experimental support to the binding mode discussed for our N-
[(2,6-bisaryl)pyrimidin-4-yl]-acetamide scaffold. Once defined the
binding orientation, and following the protocol in Fig. 1, the 8
ligands selected in the docking stage were evaluated in a 3D-QSAR
model. Such a model had been built with a training set of 68
molecules previously reported by us (model II in Table 1), pre-
senting very good accuracy (r2 ¼ 0.88) and predictivity (q2 ¼ 0.73)
in the leave-one-out cross-validation. The predictions for the
selected 8 compounds anticipated high affinities for all of them, in
the range of 7.43e8.26 pKi units.

The experimental binding affinities confirm that most of the
examined compounds display high affinities for the hA3AR, in the
nanomolar range (Table 2), being particularly noteworthy some
novel, highly potent and selective ligands (e.g., compounds 4j, 4l,
4f, 4n). Moreover, the predictions of the computational model
show good agreement with the experimental results (Table 2 and
Fig. 4A). The two compounds that did not achieve the consensus
binding orientation in the docking stage (4g and 4k) were experi-
mentally confirmed as theweakest binders within thewhole series.
Compound 4g, that can hardly accommodate the 4-OMe-styryl
substituents in the binding site, exhibit a reduced A3AR affinity
(pKi < 6.5). Similarly, the highly restrained conformational spec-
trum of compound 4k (due to the 2,6-dimethoxy substitution
pattern) probably precludes its binding to any AR. The predictions
of the 3D-QSAR model for the 8 new molecules (4c, 4eef, 4h, 4j, 4l
and 4neo) show an initial standard error of the prediction (SDEP)
of 0.73 pKi units. A closer examination revealed that approximately
1/3 of this error is due to the insensitivity of the model to thew100
fold decrease in affinity of 4-trifuoromethoxyphenyl derivative 4e,
as compared to the related 4-methoxyphenyl compound 4d
(ISVY130) (see Table 2). Indeed, a similar detrimental effect of the
trifluoro substitution was already observed in previous series [20],
where the 4-trifluorotolyl derivative showed a 28-fold reduction in
affinity as compared with the 4-tolyl compound (ISVY133).

In order to provide further interpretation of the structuree
activity relationships of the series, a new 3D-QSAR model was
generated now adding the novel 8 compounds to the training set of
68 compounds initially considered. The statistics of this refined
model, (model III in Table 1), remain almost unchanged as



Fig. 3. Binding mode of novel compounds in A3AR and selectivity considerations within ARs. (A) Docking pose of compound 4l (ISVY345) in A3AR: residues within 3�A of the ligand
are labeled, indicating with a square A3AR specific residues. (B) Docking solution of panel A superimposed to X-ray structure of A2AAR in complex with the 1,2,4-triazine derivative
T4E (white carbons, PDB 3UZC). Both ligands present similar chemical scaffolds, and show common anchoring points with each receptor, while the aryl substituents sit in analogous
binding subpockets. (C) Pseudo-sequence alignment the human ARs, including the binding site residues defined above, with the specific A3AR residues shadowed in gray. (D)
Docking poses of the novel compounds (4c, 4eeh, 4jel, 4neo) in A3AR, showing a superposition of the broader binding site surface of the A3AR (blue) and that of the A2AAR (orange,
PDB 3EML). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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compared to previous models (see Table 1), thus adding confidence
on the robustness of the 3D-QSAR methodology. The most impor-
tant features identified by the model are illustrated in Fig. 4B and
can be briefly summarized as follows: (i) the optimal substitution at
the L1 site by an acetamide [TIPeTIP representing the alkyl
substitutions at L1 at the optimal distance of 3 Ǻ; TIPeN1 cross-
Fig. 4. Results of the 3D-QSAR modeling. (A) Representation of the experimental versus ca
newly predicted molecules by that model. (B) Most relevant correlogram vectors in the exp
binding site of A3AR, where main residues are labeled. The GRID nodes are represented by
vectors (N1eTIP, N1eN1, TIPeTIP and DRYeTIP) are labeled in red. (For interpretation of the
article.)
correlogram delimiting the optimal distance (5 Ǻ) between the
surface of L1 and the interaction with Asn 6.55] and (ii) the relative
disposition of the aromatic L2 and L3 substituents with respect to
the surface tip of L1 (DRY-TIP cross-correlogram at an optimum
distance of 13 Ǻ). These features reinforce the initial interpretation
of the interdependence of the size of L1 and L2/L3 substituents,
lculated affinities using the 3D-QSAR model II (see Table 1). Red diamonds represent
lanatory model (model III in Table 1) are represented for compound ISVY345 (4l) in the
dots colored in yellow (DRY probe), blue (N1), red (O) and green (TIP). The main four
references to color in this figure legend, the reader is referred to the web version of this
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which is optimally achieved with the acetamide in L1 and partic-
ularly 3 and 4methoxy-phenyl substituents, i.e., compounds 4c, 4d,
4i, 4j, 4l and the piperonyl derivative 4m.

A comparison of the pharmacological data obtained for the
parent compound of the series (4a, Ar ¼ Ph, a potent but not
selective ligand) and its mono-methoxy derivatives (ortho 4b,meta
4c and para 4d) reveals a significant, but differentiated variation in
their pharmacological profile. On one side, the introduction of the
methoxy group at either ortho or para positions generated highly
potent and completely selective ligands (4b and 4d), with the
4-methoxyphenyl derivative (4d, Ki ¼ 3.6 nM) displaying a 7-fold
higher affinity than the 2-methoxyphenyl ligand 4b
(Ki ¼ 24.1 nM). On the other side, methoxylation at position 3
afforded a ligand exhibiting an outstanding potency (4c,
Ki ¼ 2.8 nM), albeit reproducing the promiscuity profile of the
parent compound (4a). Three novel compounds (4e-g) were
synthesized on the basis of the optimal potency/selectivity profile
observed for the 4-methoxyphenyl derivative 4d [9], also encour-
aged by the predictions of the computational model (Table 2 and
Fig. 4A). Even if compound 4gwas anticipated to hardly bind to the
A3ARmodel in the docking stage, we prepared and tested this styryl
derivative to provide a broader characterization of the series and to
further challenge the computational pipeline. While substitutions
at the para position significantly attenuated the potency by 10e140
fold, these compounds retained an excellent selectivity profile,
with the 4-ethoxyphenyl derivative 4f displaying a satisfactory
balance between moderate potency (Ki ¼ 40.2 nM) and high
selectivity. A complementary docking exploration in the A2AAR
crystal structure was performed to obtain deeper knowledge on the
selectivity issues, as detailed in the Experimental Section. Encour-
agingly, only compounds with sub-micromolar affinity on A2AAR
(4a, 4c, 4h) achieve the conserved binding mode depicted for the
A3AR in Fig. 3, with the only exception of the 2-OMe-Ph substituted
compound 4b, a highly selective compound that also finds this
conserved pose in A2AR. According to this finding, the enhanced
selectivity of the 4-substituted compounds (4deg, as well as 4l)
could be explained by the lack of this binding orientation due to
steric clashes with His 6.52 and Asn 5.42. Instead, A3AR presents
a smaller serine in the two equivalent positions, offering a bigger
cavity to accommodate the para substitutions in the aromatic ring
at L2. Fig. 3D shows the superposition of the binding site surface of
the A3AR (blue) and A2AAR (orange), where it can be appreciated an
increased surface to accommodate bulkier substituents, particu-
larly at meta and para positions of the L2 moiety for binding A3AR.

In an attempt to establish the optimum substitution patterns for
the possible dimethoxyphenyl (2,3-, 2,4-, 2,5-, 2,6-, 3,4- and 3,5-),
as well as trimethoxyphenyl derivatives, compounds 4h-o were
prepared and evaluated. A second methoxy group on the phenyl
rings led to the identification of very potent (low nanomolar
affinity) and completely selective ligands (e.g., compounds 4i, 4j,
4l). The first remarkable observation is the ability of the
4-methoxyphenyl substitution to accommodate a second methoxy
group in either ortho (4i) or meta (4l) without affecting the affinity
and selectivity of the reference monosubstituted compound (4d).
Even the 3,4,5-trimethoxyphenyl (4o) retains this high selectivity
profile, while experiencing a less than 10- and 5-fold drop in A3AR
affinity, as compared to the mono (4d) or dimethoxyphenyl (4l)
analogs respectively. Not surprisingly, compound 4o displays an
intermediate affinity when compared to the 3,4- (4l) and 3,5-
dimethoxyphenyl (4n) analogs. The fact that all these bi- and tri-
substituted compounds retain an excellent selectivity profile is
again in agreement with the deeper subpocket identified for these
voluminous substitutions at L2 in the A3AR, as compared to other
AR subtypes (see Fig. 3). Indeed, the limited selectivity observed for
the piperonyl analog 4m, which on the other side retains the
affinity of the closest compound 4l (Ki ¼ 3.3 nM), may be explained
by the reduced volume that the piperonyl residue can explore
compared with the 3,4-OMe-Ph derivative (4l).

The SAR and SSR analysis for the remaining ligands can be
discussed using the 2-methoxyphenyl derivative 4b as reference.
This ligand is a relatively potent (Ki ¼ 24.1 nM) and highly selective
hA3AR antagonist, and a pairwise comparison of this compound
with the dimethoxyphenyl derivatives that retain the ortho-
methoxyphenyl (4h-4k) is especially suitable. The 2,4-
dimethoxyphenyl (4i) and 2,5-dimethoxyphenyl (4j) congeners
elicited remarkable affinity (Ki of 5.4 and 6.3 nM respectively) and
selectivity for the A3 receptor. As observed in the binding poses of
these compounds on the A3AR, depicted in Fig. 3D, the ortho-
methoxy at L2 is preferably located close to the N1 of the pyrimi-
dine ring, in away that the para andmetamethoxy groups in 4i and
4j, respectively, exploits the selective A3AR subpocket defined by
Ser 5.42 and Ser 6.52, discussed above. The 2,3-dimethoxyphenyl
derivative 4h can be compared with the monosubstituted deriva-
tives in ortho (4b) and meta (4c), since it exhibits a slightly lower
affinity for A3 as compared to 4b, while reproducing the non-
selective profile observed for 4c. Interestingly, the docking pose
of this ligand places themeta-methoxy of L2 in themost buried area
(i.e., closer to the N1 of the pyrimidine), as opposed to the selective
A3AR subpocket explored by 2,5-OMe-Ph (4j). This could explain
the lower selectivity of the ligand 4h, and also the meta mono-
substituted derivative (4c), which according to the docking simu-
lations adapts its binding pose to exploit the selective A3AR
subpocket while avoiding this region in A2AAR, a differential
binding mechanism probably occurring for the remaining ARs.

6. Conclusion

In summary, we have documented a comprehensive exploration
of the N-(2,6-diarylpyrymidin-4-yl)acetamide scaffold with several
combinations of methoxyphenyl residues at positions 2 and 6 of the
heterocyclic core, reporting a series of novel optimized potent and
selective A3AR antagonists. The design of the current series was
guided by our mixed structure-based/3D-QSAR computational
pipeline, which not only demonstrated a good predictive power,
but also shown its utility for interpreting the biological data here
reported concerning the four human ARs. Two new molecules are
particularly promising, 4j (ISVY350) and 4l (ISVY345), which
combine excellent affinities for the hA3AR (Ki � 7 nM) and highly
selective profiles among ARs.

7. Experimental protocols

7.1. Computational methods

7.1.1. Structure-based methods: receptor preparation and ligand
docking

Several programs and servers were employed for the generation
of the homology model of A3AR as originally reported in ref. [20].
These include (i) ClustalX for the sequence alignment with the
template A2AAR (PDB code 3EML) [3], (ii)Modeler for the generation
and selection of homology models and loop refinement procedures
[26], (iii) Molprobity [35] and PDB2PQR [36] servers for the assess-
ment of Asn/Gln/His rotamers, and side chain protonation states,
and finally (iv) tools from Schrödinger Suite for energetic structural
refinements [37]. Steps (iii) and (iv) were performed also for the
refinement of the crystal structure of A2AAR (PDB code 3EML).

Molecular dockingswere performedwithGOLDv4 software [27].
A sphere of 15 Ǻwas centered in the C-g of the conserved residue Ile
7.39, ensuring a proper search grid in the binding site of the receptor.
20 genetic algorithm runs were performed for each ligand,
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employing ChemScore as scoring function, and allowing rotation of
the protein hydroxyl groups. For theA2AAR structure, additional side
chain rotamers at residues Glu 5.30 and His 7.29 were considered,
taking into account the induced-fit effect observed in the crystal
structure of A2AAR in complex with a relatively similar chemical
scaffold, the1,2,4-triazinederivative [34] (PDBcode3UZC). Fig. 3was
preparedwith PyMOL v1.2, including the structural superimposition
of A2AAR and A3AR (‘super’ command) and the calculation of Con-
nolly surfaces of their binding sites with the default 1.4�A probe.

7.1.2. 3D-QSAR
The software Pentacle [29] was employed for the generation of

3D-QSAR models (see Table 1) following previously published
procedures by us [20]. The model originally reported in ref. [9]
(model I) was extended with the tested molecules in that same
effort (model II), and used with predictive purposes in this work
(see Figs. 2 and 4A). Finally, a partial least squares model consid-
ering all diaryl-pyrimidines that found satisfactory binding modes
on A3AR (model III) was built in order to extract the main phar-
macophoric elements of the series (Fig. 4B). The common meth-
odology employed in these 3D-QSAR models includes four
consecutive stages, wherewe used default options unless specified:
(i) computation of the molecular interaction fields (MIFs) with
selected chemical probes from the GRID force field, in the present
case DRY, O, N1 and TIP probes, (ii) discretization of the MIFs with
the AMANDA algorithm [28], (iii) consistency large auto and cross
correlation (CLACC), which guarantees that a given variable
represents exactly the same information for every compound of the
series, in this case generated based on the biological superimpo-
sition of the ligands using the “strict” options, and (iv) two rounds
of fractional factorial design were applied for the selection of the
most relevant variables in the model.

7.2. Chemistry

Commercially available starting materials, reagents and solvents
were purchased (SigmaeAldrich) and used without further purifi-
cation. After extraction from aqueous phases, the organic solvents
were dried over anhydrous sodium sulfate. The reactions were
monitored by thin-layer chromatography (TLC) with 2.5 mmMerck
silica gel GF 254 strips, and the purified compounds each showed
a single spot; unless stated otherwise, UV light and/or iodine vapor
were used for detection of compounds. The Suzuki cross-coupling
reactions were performed in coated Kimble vials on a PLS (6 � 4)
Organic Synthesiser with orbital stirring. Purity and identity of all
tested compounds were established by a combination of HPLC,
mass spectrometry and NMR spectra. Purification of isolated
products was carried out by column chromatography (Kieselgel
0.040e0.063 mm, E. Merck) or medium pressure liquid chroma-
tography (MPLC) on a CombiFlash Companion (Teledyne ISCO) with
RediSep pre-packed normal-phase silica gel (35e60 mm) columns
followed by recrystallization. Melting points were determined on
a Gallenkamp melting point apparatus and are uncorrected. The
NMR spectra were recorded on Bruker AM300 and XM500 spec-
trometers. Chemical shifts are given as d values against tetrame-
thylsilane as internal standard and J values are given in Hz. Mass
spectra were obtained on a Varian MAT-711 instrument. High
resolution mass spectra were obtained on an Autospec Micromass
spectrometer. Analytical HPLC was performed on an Agilent 1100
system using an Agilent Zorbax SB-Phenyl, 2.1 mm� 150mm, 5 mm
column with gradient elution using the mobile phases (A) H2O
containing 0.1% CF3COOH and (B) MeCN and a flow rate of
1mL/min. The purity of all tested compoundswas determined to be
>95%. Acetylation of 4-amino-2,6-dichloropyrimidine (1) was near
quantitative (97%).
7.2.1. General procedure for the synthesis of compounds 4
A mixture of the amide 2 (0.43 mmol), boronic acids 3

(1.3 mmol), Pd(PPh3)4 (0.043 mmol), and Na2CO3 (2.1 mmol) in
5 mL of a mixture of DME/H20 (3:1) in coated Kimble vials was
stirred with orbital stirring at 110 �C for 12 h. The resulting mixture
was concentrated in vacuo and then ethyl acetate was added. This
solution was washed with water and NaOH 1 N to remove the acid
boronic excess. The organic layer was collected, dried over Na2SO4,
filtered and concentrated in vacuo. The residue was purified by
column chromatography or preparative method on silica gel.

7.2.2. N-(2,6-Bis(3-methoxyphenyl)pyrimidin-4-yl)acetamide (4c)
Yield: 93%. Mp 135e136 �C. 1H NMR (CDCl3) d (ppm): 2.14 (3H, s,

CH3), 3.86 (3H, s, OCH3), 3.89 (3H, s, OCH3), 7.00e7.05 (2H, m,
Aromatics), 7.38 (2H, q, J¼ 7.8 Hz, Aromatics), 7.78 (2H, q, J¼ 7.8 Hz,
Aromatics), 8.02e8.09 (2H, m, Aromatics), 8.47 (1H, s, NH), 8.68
(1H, s, H5). 13C NMR (CDCl3) d (ppm): 169.6, 165.6, 163.5, 159.8,
159.7, 158.2, 138.7, 138.4, 129.7, 129.4, 120.5, 119.8, 116.7, 116.4, 112.9,
112.6, 103.3, 55.29, 55.23, 24.7. MS m/z: 350 (MHþ) (100). HRMS
(ESI) calculated for C20H20N3O3 350.1426, found 350.1492.

7.2.3. N-(2,6-Bis(4-(trifluoromethoxy)phenyl)pyrimidin-4-yl)
acetamide (4e)

Yield: 81%. Mp 146e147 �C. 1H NMR (CDCl3) d (ppm): 2.31 (3H, s,
CH3), 7.31e7.37 (4H, t, J ¼ 8.2 Hz, Aromatics), 8.07 (1H, s, NH), 8.26
(2H, d, J ¼ 8.7 Hz, Aromatics), 8.50e8.54 (3H, m, 2H
Aromatics þ 1H, H5). 13C NMR (CDCl3) d (ppm): 169.3, 164.4, 162.6,
158.2, 151.1, 151.0, 148.0, 147.5, 135.5, 135.3, 129.6, 128.9, 120.8,
120.4, 103.0, 24.8. MSm/z: 458 (MHþ) (100). HRMS (ESI) calculated
for C20H14F6N3O3 458.0861, found 458.0938.

7.2.4. N-(2,6-bis(4-ethoxyphenyl)pyrimidin-4-yl)acetamide (4f)
Yield: 76%. Mp 155e156 �C. 1H NMR (CDCl3) d (ppm): 1.44 (6H, t,

J ¼ 6.7 Hz, 2� CH2CH3), 2.17 (3H, s, CH3), 4.11 (4H, q, J ¼ 6.7 Hz, 2�
CH2CH3), 6.95e7.01 (4H, m, Aromatics), 8.20 (2H, d, J ¼ 8.6 Hz,
Aromatics), 8.36e8.43 (4H, m, 2H Aromatics þ 1H H5 þ 1H NH). 13C
NMR(CDCl3)d (ppm):169.4,165.2,163.4,161.2,161.1,157.9,129.9,129.6,
129.4, 128.8, 114.4, 114.1, 101.2, 63.4, 24.7, 14.6. MS m/z: 378 (MHþ)
(100). HRMS (ESI) calculated for C22H24N3O3378.1739, found378.1818.

7.2.5. N-(2,6-Bis(4-methoxystyryl)pyrimidin-4-yl)acetamide (4g)
Yield: 37%. Mp 134e135 �C. 1H NMR (CDCl3) d (ppm): 2.24 (3H, s,

CH3), 3.84 (6H, s, 2� OCH3), 6.93 (4H, d, J ¼ 8.1 Hz, Aromatics), 7.01
(2H, dd, J ¼ 16.15 Hz, J ¼ 4.65 Hz, CH]CH), 7.55 (4H, d, J ¼ 8.3 Hz,
Aromatics), 7.88 (2H, dd, J¼15.9Hz, J¼5.07Hz, CH]CH), 7.96 (1H, s,
H5), 8.09 (1H, s, NH). 13C NMR (CDCl3) d (ppm): 169.4, 164.5, 164.0,
160.4,160.3,157.3,137.5,137.4,136.3,129.0,128.9,128.6,128.5,124.9,
124.1, 114.1, 103.9, 55.2, 55.1, 24.8. MS m/z: 402 (MHþ) (100). HRMS
(ESI) calculated for C24H24N3O3 402.1739, found 402.1815 (Mþ).

7.2.6. N-(2,6-Bis(2,3-dimethoxyphenyl)pyrimidin-4-yl)acetamide
(4h)

Yield: 76%. Mp 105e106 �C. 1H NMR (CDCl3) d (ppm): 2.19 (3H, s,
CH3), 3.86e3.93 (12H, m, 4� OCH3), 7.03 (2H, d, J ¼ 6.7 Hz,
Aromatics), 7.13 (2H, t, J¼ 7.8 Hz, Aromatics), 7.30 (1H, d, J¼ 7.8 Hz,
Aromatics), 7.55 (1H, d, J ¼ 7.8 Hz, Aromatics), 8.31 (1H, s, NH), 8.63
(1H, s, H5). 13C NMR (CDCl3) d (ppm): 169.2, 164.6, 164.4, 157.2,
153.2, 153.0, 148.0, 147.5, 133.6, 132.0, 123.8, 122.6, 122.4, 114.0,
113.5, 107.6, 61.5, 61.1, 55.9, 24.6. MS m/z: 409 (98). HRMS (EI)
calculated for C22H23N3O5 409.1638, found 409.1651.

7.2.7. N-(2,6-Bis(2,5-dimethoxyphenyl)pyrimidin-4-yl)acetamide
(4j, ISVY350)

Yield: 57%. Mp 176e177 �C. 1H NMR (CDCl3) d (ppm): 2.10 (3H, s,
CH3), 3.77e3.90 (12H, m, 4� OCH3), 6.96 (4H, s, Aromatics), 7.32
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(1H, s, Aromatics), 7.66 (1H, s, Aromatics), 8.72 (2H, s, 1H, H5 þ 1H,
NH). 13C NMR (CDCl3) d (ppm): 169.6, 164.2, 157.2, 153.5, 153.4,
152.3, 151.7, 128.9, 127.1, 117.1, 116.5, 116.2, 115.7, 113.4, 112.8, 108.1,
56.3, 56.1, 55.7, 24.3. MS m/z: 410 (MHþ) (100). HRMS (ESI) calcu-
lated for C22H24N3O5 409.1638, found 410.1702.

7.2.8. N-(2,6-Bis(2,6-dimethoxyphenyl)pyrimidin-4-yl)acetamide
(4k)

Yield: 27%. Mp 184e185 �C. 1H NMR (CDCl3) d (ppm): 1.97 (3H, s,
CH3), 3.67 (6H, s, 2� OCH3), 3.72 (6H, s, 2� OCH3), 6.57e6.59 (4H,
m, Aromatics), 7.27 (2H, s, Aromatics), 8.06 (1H, s, H5), 9.08 (1H, s,
NH). 13C NMR (CDCl3) d (ppm): 169.5, 165.4, 163.8, 161.2, 160.7,
159.2, 138.9, 138.7, 106.2, 105.8, 103.6, 103.4, 103.1, 55.40, 55.36,
24.7. MS m/z: 410 (MHþ) (100). HRMS (ESI) calculated for
C22H24N3O5 410.1638, found 410.1717.

7.2.9. N-(2,6-Bis(3,4-dimethoxyphenyl)pyrimidin-4-yl)acetamide
(4l, ISVY345)

Yield: 85%. Mp 147e148 �C. 1H NMR (CDCl3) d (ppm): 2.26 (3H, s,
CH3), 3.96 (6H, s 2� OCH3), 4.00 (6H, s, 2� OCH3), 6.98 (2H, d,
J¼ 8.4 Hz, Aromatics), 7.82 (1H, d, J¼ 8.4 Hz, Aromatics), 7.86 (1H, s,
Aromatics), 8.05 (1H, s, Aromatics), 8.12 (1H, d, J ¼ 8.4 Hz,
Aromatics), 8.26 (1H, s, NH), 8.39 (1H, s, H5). 13C NMR (CDCl3)
d (ppm): 169.4, 165.2, 163.2, 157.8, 151.3, 151.2, 148.9, 148.6, 130.1,
129.8, 121.3, 120.6, 110.7, 110.5, 109.9, 109.8, 101.6, 55.8, 55.7, 24.8.
MS m/z: 410 (MHþ) (100). HRMS (ESI) calculated for C22H24N3O5
410.1638, found 410.1710.

7.2.10. N-(2,6-Bis(3,5-dimethoxyphenyl)pyrimidin-4-yl)acetamide
(4n)

Yield: 98%. Mp 186e187 �C. 1H NMR (CDCl3) d (ppm): 2.27 (3H, s,
CH3), 3.89 (12H, s, 4� OCH3), 6.61 (2H,s, Aromatics), 7.38 (2H, s,
Aromatics), 7.67 (2H, s, Aromatics), 8.13 (1H, s, NH), 8.45 (1H, s, H5).
13C NMR (CDCl3) d (ppm): 169.4, 165.5, 163.2, 160.9, 160.7, 158.0,
139.3, 139.1, 105.8, 105.3, 103.4, 103.2, 102.8, 55.39, 55.34, 24.7. MS
m/z: 409 (72). HRMS (EI) calculated for C22H23N3O5 409.1638, found
409.1642.

7.2.11. N-(2,6-Bis(3,4,5-trimethoxyphenyl)pyrimidin-4-yl)
acetamide (4o)

Yield: 95%. Mp 199e200 �C. 1H NMR (CDCl3) d (ppm): 2.30 (3H, s,
CH3), 3.93 (6H, s, 2� OCH3), 3.98 (12H, s, 4� OCH3), 7.48 (2H, s,
Aromatics), 7.79 (2H, s, Aromatics), 8.15 (1H, s, NH), 8.42 (1H, s, H5).
13C NMR (CDCl3) d (ppm): 169.4, 165.2, 163.0, 158.0, 153.3, 153.0,
140.4, 132.5, 132.4, 105.1, 105.0, 104.4, 104.3, 102.4, 60.8, 56.0, 55.9,
24.8. MS m/z: 469 (100). HRMS (EI) calculated for C24H27N3O7
469.1849, found 469.1852.
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