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a b s t r a c t

Ligands that selectively block P2X3 receptors localized on nociceptive sensory fibres may be useful for
the treatment of chronic pain conditions including neuropathic pain, migraine, and inflammatory pain.
With the aim at exploring the suitability of adenine moiety as a scaffold for the development of an-
tagonists of this receptor, a series of 9-benzyl-2-aminoadenine derivatives were designed and synthe-
sized. These new compounds were functionally evaluated at rat or human P2X3 receptors expressed in
human embryonic kidney (HEK) cells and on native P2X3 receptors from mouse trigeminal ganglion
sensory neurons using patch clamp recording under voltage clamp configuration. The new molecules
behaved as P2X3 antagonists, as they rapidly and reversibly inhibited (IC50 in the low micromolar range)
the membrane currents induced via P2X3 receptor activation by the full agonist a,b-methyleneATP.
Introduction of a small lipophilic methyl substituent at the 6-amino group enhanced the activity, in
comparison to the corresponding unsubstituted derivative, resulting in the 9-(5-iodo-2-isopropyl-4-
methoxybenzyl)-N6-methyl-9H-purine-2,6-diamine (24), which appears to be a good antagonist on re-
combinant and native P2X3 receptors with IC50 ¼ 1.74 � 0.21 mM.

� 2013 Elsevier Masson SAS. All rights reserved.
1. Introduction

P2X3 receptors belong to the purinergic P2X receptor class of
ligand-gated channels activated by extracellular ATP to induce a
rapid increase in membrane permeability to mono- and di-valent
cations [1e3]. P2X3 receptors were cloned in 1995 [4,5] and shown
to be almost exclusively localized on nociceptive sensory neurons
and on afferent fibre terminals in lamina two of the spinal cord
dorsal horn [6]. They contribute to pain sensation, visceral
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mechanosensory transduction, and gut peristalsis [7e10]. Exten-
sive activation of such receptors is believed to be involved in a
number of chronic pain conditions including neuropathic pain,
which is typically resistant to standard pain treatment, migraine,
and inflammatory pain [11]. Functional P2X3 receptors are pre-
dominantly expressed as homomers (with fastly desensitizing
property upon prolonged exposure to ATP), and to a much lesser
extent as heteromers with P2X2 (P2X2/3) [4,5,12]. However, the
latter can be distinguished by their insensitivity to low concen-
trations of the reference non-hydrolysable and selective P2X3
agonist a,b-methyleneATP (a,b-meATP) [12e14]. Targeting these
receptors with selective, potent antagonists can represent an
innovative approach to treat chronic pain conditions of both
neuropathic and inflammatory origin when P2X3 receptor function
is reported to be enhanced [15,16]. In the last few years consider-
able effort has been dedicated to the development of potent and
selective antagonists at P2X3 receptors; the first identified P2X3
antagonists were negatively charged and/or high molecular weight
organic molecules like suramin, pyridoxalphosphate-6-azophenyl-
20,40-disulfonic acid (PPADS), 20,30-O-(2,4,6-trinitrophenyl)-ATP
(TNP-ATP) [17], and A-317491 (Fig. 1) [18]; on the other hand, some
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Fig. 1. Structure of some known P2X3 antagonists (PPP ¼ triphosphate).
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of them lacked selectivity and potency. The poor pharmacokinetic
properties of these molecules (poor oral bioavailability, high pro-
tein binding, and uneven tissue distribution) would likely make
them unattractive for their development as drugs. More recently,
novel antagonists for homomeric P2X3 and heteromeric P2X2/3
receptors, structurally related to the diaminopyrimidine antibac-
terial drug trimethoprim, have been identified by a high-
throughput screening (HTS) campaign [19]. Among them, a com-
pound named RO-3 (Fig. 2A) represents an important step towards
Fig. 2. A and B: known P2X3 ligands; C: 3D alignment of one of the designed purine deriva
atoms are hidden; D: designed molecules.
discovery of novel drug-like P2X antagonists [20,21] endowed with
high affinity and selectivity. Furthermore, new acyclic-nucleotides
based on the adenine skeleton and bearing in 9-position a phos-
phorylated four carbon chain (Fig. 2B) mimicking the ribose func-
tion have been described as partial agonists of P2X3 receptors [22].

In the present study, the information coming from the latter two
series of above cited compounds was combined with the aim at
testing the suitability of the adenine moiety as scaffold for the
development of P2X3 antagonists. In detail, a new class of P2X3
tives (dark grey) with the pyrimidine analogue RO-3 (light grey). Non-polar hydrogen
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ligands was firstly designed by taking into account the structural
features of the above mentioned P2X3 receptor antagonists and
the adenine scaffold of the partial agonists and by combining
this data with the use of molecular modelling tools. A molecular
superimposition (Fig. 2C) of the diaminopyrimidine derivative
A and the adenine scaffold led to the identification of the 9- and
the 2-positions of adenine as possible sites to introduce the
substituted aromatic chains and the second amino group observed
in diaminopyrimidine series, respectively. As a consequence, 2,6-
diaminopurine bearing 2-isopropyl-4,5-dimethoxybenzyl or 5-
iodo-2-isopropyl-4-methoxybenzyl chain in 9-positionwere design
ed, synthesized, and tested functionally on P2X3 receptors (Fig. 2D).
In order to study the influence of N6-substitution on P2X3 receptors
activity, a methyl and a more sterically hindered cyclopentyl moiety
were introduced at N6-position of these new molecules. Further-
more, the 6-methylamino group was replaced with the isosteric
methoxy substituent (Fig. 2D). The new compounds were evaluated
for their biological activity on rat and human P2X3 receptors,
expressed on human embryonic kidney (HEK) cells and on native
P2X3 receptors from mouse trigeminal ganglion (TG) sensory neu-
rons by the patch clamp technique.

2. Results and discussion

2.1. Chemistry

The 9-substituted purine derivatives 21e25, 28 were prepared
by alkylating the commercially available 2-amino-6-chloropurine
(16) with the suitable electrophiles 6 and 15 (Schemes 1e3). For
the synthesis of the electrophiles, some intermediates, already re-
ported in literature, were here prepared with different synthetic
routes. Experimental details for their synthesis are reported in the
Supporting information.

The 2-isopropyl-4,5-dimethoxybenzyl methanesulfonate (6)
was synthesized starting from the commercially available 3,4-
dimethoxy acetophenone (1), which was reacted with methyl
lithium to give the hydroxy derivative 2-(3,4-dimethoxyphenyl)
propan-2-ol (2) (Scheme 1). Intermediate alcohol 2 was reduced in
the presence of acetic acid, ammonium formate, and a catalytic
amount of 10% Pd/C to obtain the corresponding 4-isopropyl-1,2-
dimethoxybenzene (3).

Formylation of 3 with dichloro(methoxy)methane and tin tet-
rachloride in dichloromethane (DCM) gave 4: the synthesis of this
Scheme 1. Reagents and conditions: a. CH3Li, THF, 69% yield; b. HCOONH4, 10% Pd/C, AcOH, 9
TEA, DCM, 89% yield.
compound was also reported in a patent but consisted in a longer
route [20]. Compound 4 was then reduced with NaBH4 to (2-
isopropyl-4,5-dimethoxyphenyl)methanol (5). Mesylation of 5 us-
ing methanesulfonyl chloride in the presence of triethylamine gave
the desired electrophile 6 (Scheme 1).

The 5-iodo-2-isopropyl-4-methoxybenzyl methanesulfonate
(15) was synthesized starting from the commercially available 3-
methoxyacetophenone (7) (Scheme 2). Hence, 7 was reacted with
methyl lithium to give the hydroxy derivative 2-(3-methox
yphenyl)propan-2-ol (8), which was dehydroxylated in the pres-
ence of acetic acid, ammonium formate, and catalytic amount of
10% Pd/C, to obtain the corresponding 1-isopropyl-3-methoxy
benzene (9) [23]. Hence, nitration of compound 9 was performed
by reaction with tetrabutylammonium nitrate (TBAN) and tri-
fluoroacetic anhydride (TFAA), in DCM, to obtain the 4-isopropyl-2-
methoxy-1-nitrobenzene (10). The nitro group of 10 was reduced
by hydrogen and 10% Pd/C to furnish the 4-isopropyl-2-
methoxyaniline (11). 1-Iodo-4-isopropyl-2-methoxybenzene (12)
was synthesized from 11 by Sandmeyer reaction conditions using
p-toluenesulfonic acid (PTSA), sodium nitrite, and potassium io-
dide. Formylation of 12 was achieved by dichloro(methoxy)
methane and tin tetrachloride in DCM to furnish 13 (Scheme 2).

The formyl group of 13was reduced by NaBH4 to give 14, which
was mesylated using the same conditions described for compound
5, to furnish the desired electrophile 15 (Scheme 2).

After workup, the crude mixtures of mesylates 6 and 15 were
reacted with commercially available anhydrous 2-amino-6-
chloropurine (16) in the presence of K2CO3 and 18-crown-6 ether
in DMF at 70 �C, to give the desired N9-isomers 17 and 18, which
were obtained as major products along with the N7-regioisomers
19 and 20, respectively (Scheme 3). The chemical structures of
the N9 and N7 isomers were first attributed to compounds 17, 18
and 19, 20, respectively, on the basis of their chemical/physical
properties. Firstly, N9-isomers 17 and 18 were obtained in higher
yield than the corresponding N7-isomers as it is reported in similar
reactions [24]. Secondly, the 1H NMR spectra of the N9-isomers 17
and 18 showed CH2eN and H-8 signals at higher magnetic field
with respect to the corresponding signals of the N7-isomers,19 and
20, as reported in literature for analogous compounds (Fig. 3)
[24,25].

The N9-isomers, 6-chloro-9-(2-isopropyl-4,5-dimethoxybenzyl)-
9H-purin-2-amine (17) and 6-chloro-9-(5-iodo-2-isopropyl-4-meth
oxybenzyl)-9H-purin-2-amine (18) were reacted with ammonia to
4% yield; c. Cl2CHOCH3, SnCl4, DCM, 92% yield; d. NaBH4, MeOH, 87% yield; e. MeSO2Cl,



Scheme 2. Reagents and conditions: a. CH3Li, THF, 77% yield; b. HCOONH4, 10% Pd/C, AcOH, 77% yield; c. TBAN, TFAA, DCM, 77% yield; d. H2, 10% Pd/C, MeOH, 83% yield; e. PTSA,
NaNO2, KI, H2O/CH3CN, 65% yield; f. Cl2CHOCH3, SnCl4, DCM, 95% yield; g. NaBH4, MeOH, 64% yield; h. MeSO2Cl, TEA, DCM, 92% yield.
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obtain compounds 21 and 22. From the iodomethoxy derivative
18 were also prepared 6-methoxy, 6-methylamino, and 6-
cyclopentylamino analogues 23e25 by reacting it with sodium
methoxide in MeOH, methylamine, and cyclopentylamine, respec-
tively. The two N7-isomers bearing in the 6 position an amino group,
Scheme 3. Reagents and conditions: a. K2CO3, 18-crown-6, DMF, yields: 17e19 and 20 51%, 5
THF, yields: 21e25 and 28 54%, 40%, 69%, 76%, 69%, and 40%, respectively; c. NH3 liq. or CH
26 and 27, were prepared from 19 and 20 using the same reaction
conditions described above for the corresponding N9-isomers
(Scheme 3).

To unequivocally attribute the structure of the N7 and N9-
isomers, NOE experiments were performed on 6-amino
2%, 35%, and 12%, respectively; b. NH3 liq., or MeONa/MeOH, or CH3NH2, or cC5H9NH2/
3NH2, yields: 26, 27, and 29 24%, 40%, and 33%, respectively.



Fig. 3. NOE experiment performed on compound 28 and 29 by irradiation of the signal of CH2-benzylic group unequivocally permitted to attribute the N9 and N7 isomer structure,
respectively.
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derivatives 21 and 26 after irradiation of the benzylic CH2 protons.
Results showed increased H-8 signals in 1H NMR spectra of both
compounds, but unfortunately no effect was detected at N6-H2
hydrogens leaving no possible structure determination. For this
reason, the N6-methylamino derivatives 28 and 29 were prepared
from 17 and 19 by reaction with methylamine (Scheme 3). NOE
experiments were then performed on 28 and 29 by irradiating the
benzylic CH2 groups. As expected, the intensity of signals for H-8
protons of the two compounds and the N6-H signal intensity of 29
were increased after irradiation, while no effect was detected on
the N6-H signal of 28. These data confirmed the structure of the N7-
isomer 29, in which the increased signal intensity of the N6-H atom
was due to the close proximity with the irradiated CH2 group,
which failed to influence the N6-H signal of 28 owing to its relative
distance (Fig. 3).

2.2. Biological assays

2.2.1. Recombinant rat P2X3 receptors expressed in HEK cells
Newly synthesized adenine derivatives 21e28, together with

the precursors 17 and 19, were tested for their biological activity on
P2X3 receptors with the patch clamp recording technique. For
initial screening, we used rat or human P2X3 receptors transfected
into HEK 293T cells, which do not constitutively express them
[26,27].

The reference P2X3 agonist a,b-meATP was applied at 100 mM
concentration that was reported to elicit maximal effect at this
receptor (for full doseeresponse curve of a,b-meATP at P2X3, see
Refs. [26,28,29]; its IC50 value is 1.4 mM). All compoundswere tested
at 100 mM, unless noted, and then the most potent compounds
Fig. 4. Effect of 21 and 24 on rat P2X3 receptors expressed by HEK cells. Typical rapidly dese
control peak current (dashed line). After 20 s application of test compound 21 (100 mM; via fa
amplitude smaller than the reference one. Application of 100 mM test compound 24 exert
recovery from a,b-meATP-induced desensitization), the current amplitude was almost com
were evaluated also at lower concentrations ranging from 100 to
0.3 mM. Fig. 4 shows the representative trace of the fast desensi-
tizing inward current evoked by a,b-meATP from a HEK 293T cell
transfected with rat P2X3 receptors. None of the tested compounds
could elicit functional responses even at concentration of 100 mM,
except for the rather small and slow current elicited by compound
17 (43 � 11 pA; 6 � 2% of control peak of 100 mM a,b-meATP, data
not shown). All tested compounds exhibited antagonistic activity
on P2X3 receptors, since their continuous application for 20 s
blocked subsequent current responses evoked by 2 s pulse of
maximal (100 mM) concentration of a,b-meATP with distinct
inhibiting potencies. Such inhibition was reversible, as the peak
current amplitude fully or partially recovered after 6 minwash out.
Inhibition of P2X3-mediated ionic currents induced by compounds
21 and 24 is shown in Fig. 4.

Table 1 shows the calculated percent inhibition of the rat
P2X3-mediated currents elicited by tested compounds. At the
concentration of 100 mM, the 6-chloro intermediates 17 and 19
showed low inhibition of P2X3 current with a percentage of
27 � 5% and 19 � 2%, respectively. The corresponding iodo de-
rivatives 18 and 20 were not tested due to solubility problems. In
the series of 6-amino derivatives, the N9-substituted derivatives
weremore active than the corresponding N7-substituted analogues
in all cases. In particular, at 100 mM compound 21 showed 82%
inhibition versus compound 26 that showed 23% inhibition, while
at 10 mMcompound 22 showed higher inhibitory activity versus the
corresponding N7 isomer 27 (78% versus 43% inhibition, respec-
tively). Compound 27 was not tested at 100 mM due to solubility
problems. Among these compounds the presence of an iodine atom
in the benzyl chain instead of a methoxy group favoured the P2X3
nsitizing inward current evoked by 100 mM a,b-meATP (a,b in the figure) was taken as
st superperfusion), subsequent application of 100 mM a,b-meATP induced peak current
ed more potent inhibition of P2X3 activity. After 6 min wash out (time necessary for
pletely restored.



Table 1
Summary of antagonism activity of novel adenine derivatives.

Compound Concentration, mM Inhibition of P2X3 current, %

17 100 27 � 5
19 100 19 � 2
21 1 8 � 4

10 36 � 2
100 82 � 2

22 0.3 23 � 7
1 35 � 3
10 78 � 7
100 93 � 2

23 100 50 � 6
24 0.3 22 � 4

1 41 � 3
10 76 � 5
100 98 � 1

25 0.3 45 � 3
1 51 � 3
10 60 � 10
100 58 � 6

26 100 23 � 7
27 10 43 � 10
28 100 71 � 5

Effects of the novel compounds were investigated on P2X3 currents evoked by
100 mM a,b-meATP; inhibition is expressed as % amplitude of control a,b-meATP-
evoked current; data are from 5 to 14 experiments.

Fig. 6. Representative traces of a,b-meATP evoked P2X3 currents in control (black) and
after pre-application of compound 24 (grey) from a TG neuron, superimposed. Note
the almost complete suppression of the current after compound application.
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inhibition activity (see 22: 78% versus 21: 82% and 24: 98% versus
28: 71%). Replacement in compound 22 of the 6-NH2 group with
the methoxy substituent strongly decreased the activity (compare
22 and 23 at 100 mM: 93% and 50%, respectively). On the other hand,
the presence of a small alkyl group at the N6-position gave a further
enhancement of the inhibitory activity (compounds tested at
100 mM), which decreased when a more hindered cyclopentyl was
introduced in the same position (at 100 mM 22: 93% inhibition,
24: 98% inhibition, and 25: 58% inhibition). At lower concentration,
there was a dose-dependent decrease of the inhibition; although
compound 25 produced a relatively strong inhibition (45%)
at submicromolar concentration, its antagonism saturated at
approximately 60% despite the application of 100 mM. The N6-
methyl derivative 24, bearing the iodobenzyl chain, resulted in the
most potent P2X3 receptors inhibitor of the series with an almost
complete inhibition of the full agonist evoked currents and a sig-
nificant residual 22% inhibition also at the lowest tested concen-
tration of 0.3 mM.
Fig. 5. Doseeinhibition curves of P2X3-mediated currents for compounds 21, 22, and
24 built by applying different concentrations of antagonists using the same concen-
tration of agonist (100 mM a,b-meATP). Data points from n ¼ 6e14 cells, fitted with Hill
equation (Eq. (2)).
Inhibitioneresponse curves were built for the most potent
compounds (21, 22, and 24) as demonstrated in Fig. 5, in which log
compound concentration was plotted against the percent depres-
sion of the a,b-meATP evoked current. Fitting the data with Hill
equation (Eq. (2): see experimental details) yielded for compound
22 a value of IC50 ¼ 2.23 � 0.29 mM with nH ¼ 0.6 � 0.1, for com-
pound 24 a value of IC50 ¼ 1.74 � 0.21 mM with nH ¼ 0.7 � 0.1, and
Fig. 7. A. Concentrationeresponse curves for a,b-meATP-evoked rat P2X3 currents in
control and with pre-application of increasing concentrations of compound 24 were
fitted with empirical Hill equation (Eq. (2) see Experimental section). EC50 values for
a,b-meATP were 7.2 � 1.6 mM for control, 6.9 � 1.0 mM in the presence of 1 mM of 24
and 7.2 � 2.3 mM in the presence of 10 mM of 24. B. The data from A re-plotted in terms
of inhibition of currents by various concentrations of compound 24 vs log concen-
tration of agonist a,b-meATP. Data presented from 5 to 17 cells.
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for compound 21 IC50 ¼ 18.6 � 0.9 mM with nH ¼ 0.9 � 0.1 (n ¼ 6e
14 cells, Table 1).

2.2.2. Recombinant human P2X3 receptors
We next enquired if human P2X3 receptors transiently

expressed by HEK cells were equi-sensitive to the novel antagonist
compound 24 (that was most effective on rat receptors). Human
P2X3 currents induced by 100 mM a,b-meATP were almost
completely blocked by 20 s pre-application of compound 24
(100 mM).We also tested if compound 24 could block the a,b-meATP
current even at the concentrations of 1 mM and 10 mM. Indeed, the
percent inhibition of human P2X3 receptor activity was 29 � 2%
(compared with the one of rat P2X3 receptor: 40 � 3%, n ¼ 5), thus,
slightly less intense than the blocking action on rodent receptors.
Fitting inhibitioneresponse curve with Hill equation yielded for
compound 24 a value of IC50 ¼ 2.2 � 0.1 mM with nH ¼ 1.1 � 0.1
(n ¼ 2e5 cells).

2.2.3. Native receptors in trigeminal ganglion neurons
Since 100 mM of compound 24 produced the strongest inhibi-

tion of P2X3 receptors expressed by HEK cells, it was important to
test the sensitivity of native P2X3 receptors expressed by TG
sensory neurons in culture. Fig. 6 shows an example of a,b-meATP-
evoked inward current recorded from a TG neuron and its near-full
inhibition by compound 24 (100 mM). At 1 mM the percent inhi-
bition of the current was 37 � 3% (n ¼ 7), hence compound 24 had
similar antagonistic potency on recombinant and native P2X3
receptors.

To assess the nature of the mechanism antagonistereceptor
interaction, we tested how efficiently compound 24 at different
concentrations inhibited the P2X3 currents evoked by different
concentrations of the agonist a,b-meATP. As the level of inhibition
was similar for the wide range of agonist concentration (low and
high concentrations, see Fig. 7), we hypothesize that compound 24
behaves as non-competitive antagonist. However, we cannot
exclude that the nature of antagonism is of a mixed type.

3. Conclusions

This study was aimed at testing the adenine moiety as possible
new scaffold for the development of P2X3 antagonists. The
designed series of 2-aminoadenine derivatives was synthesized
and tested on recombinant rat P2X3 receptors expressed in HEK
cells, by using patch clamp recording technique. The novel com-
pounds showed to behave as P2X3 receptor antagonists, the N9-
isomers being more active than the corresponding N7 analogues.
Introduction at the 6-amino group of a small lipophilic substituent
increased the potency at least in the series containing the iodo
atom within the substituted benzyl chain, resulting in the 9-(5-
iodo-2-isopropyl-4-methoxybenzyl)-N6-methyl-9H-purine-2,6-
diamine (24), which is the most active compound of the presented
derivatives (at 100 mM) and appears to be a good antagonist on
recombinant and native P2X3 receptors with IC50 in the low mM
range.

The effect of the introduction of a methyl group in N6-position
was an increase of activity respect to the corresponding unsub-
stituted compound (at 100 mM; 22: 93% activity vs 24: 98%
activity).

In conclusion, biological results show that the synthesised
adenine-based compounds possess antagonist activity at P2X3 re-
ceptors, even if with lower potency respect to the corresponding
diaminopyrimidines taken as reference compounds. These results
are encouraging as the versatility of the adenine scaffold allows
the insertion of different substituents in several position of the
purine moiety itself. The investigation on the effect of these
modifications on P2X3 receptor antagonist activity could help for
the development of new agents for the treatment of neuropathic
pain, migraine, and inflammatory pain.
4. Experimental section

4.1. Molecular modelling

All molecular modelling studies were performed on a 2 CPU (PIV
2.0e3.0 GHz) Linux PC. Rebuilding of analysed compound struc-
tures was carried out using Molecular Operating Environment
(MOE, version 2010.10) suite [30]. All ligand structures were opti-
mized using RHF/AM1 semiempirical calculations and the software
package MOPAC [31] implemented in MOE was utilized for these
calculations. Superimposition of molecules was performed by using
the Flexible Alignment tool of MOE.
4.2. Chemistry

Melting points were determined with a Büchi apparatus B-540.
1H NMR spectra were obtained with Varian Mercury 400 MHz
spectrometer; d in ppm, J in Hz. All exchangeable protons were
confirmed by addition of D2O. Thin-layer chromatography (TLC)
was carried out on pre-coated TLC plates with silica gel 60 F-254
(Merck) and preparative thin-layer chromatography (PTLC) on pre-
coated plates with silica gel 60 �A Analtech. For column chroma-
tography, silica gel 60 (Merck) was used. Mass spectra were
recorded on an HP 1100-MSD series instrument. All measurements
were performed using electrospray ionization (ESI-MS) on a single
quadrupole analyzer. Elemental analyses were determined on a
Fisons model EA 1108 CHNSeO model analyser and are within
�0.4% of theoretical values. Purity of the compounds was �95%
according to elemental analysis data. See the Supporting
information for further information.
4.3. General procedure for the preparation of compounds 17e20

K2CO3 (0.452 g, 3.27 mmol) was added to stirred solution of
mesyl compound 6 or 15 (2.73 mmol) in dry DMF (12 mL). 2-
Amino-6-chloropurine (16) (0.506 g, 2.73 mmol) and 18-crown-6
(1 mg) were added after 5 min and reaction was left at 65 �C for
12 h. Then reaction mixture was partitioned between EtOAc and
water. The combined organics werewashedwith saturated solution
of NaHCO3 and brine, and then they were dried over Na2SO4,
concentrated under reduced pressure and the residue was chro-
matographed over flash silica gel column using the appropriate
eluent to obtain compounds 17e20 as white solids.

4.3.1. 6-Chloro-9-(2-isopropyl-4,5-dimethoxybenzyl)-9H-purin-2-
amine (17) and 6-chloro-7-(2-isopropyl-4,5-dimethoxybenzyl)-7H-
purin-2-amine (19)

Compounds 17 and 19were obtained from 6 after flash silica gel
column chromatography eluting with CHCl3eMeOH (99.75:0.25e
97:3, v/v) as white solids. 17: Yield 51%; mp 161e163 �C. 1H NMR
(DMSO-d6): d 1.02 (d, 6H, J ¼ 6.8 Hz, CH(CH3)2), 3.19 (sept, 1H,
J ¼ 6.8 Hz, CH(CH3)2), 3.68 (s, 3H, OCH3), 3.74 (s, 3H, OCH3), 5.19 (s,
2H, NCH2), 6.84 (s, 1H, HePh), 6.91 (s, 1H, HePh), 6.93 (brs, 2H,
NH2), 7.95 (s, 1H, H-8). 19: Yield 35%; mp 193e195 �C. 1H NMR
(DMSO-d6): d 1.12 (d, 6H, J ¼ 6.8 Hz, CH(CH3)2), 3.13 (sept, 1H,
J ¼ 6.8 Hz, CH(CH3)2), 3.52 (s, 3H, OCH3), 3.76 (s, 3H, OCH3), 5.51 (s,
2H, NCH2), 6.33 (s, 1H, HePh), 6.67 (brs, 2H, NH2), 6.90 (s, 1H, He
Ph), 8.12 (s, 1H, H-8).
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4.3.2. 6-Chloro-9-(5-iodo-2-isopropyl-4-methoxybenzyl)-9H-purin-
2-amine (18) and 6-chloro-7-(5-iodo-2-isopropyl-4-methoxybenzyl)-
7H-purin-2-amine (20)

Compounds 18 and 20 were obtained from 15 after flash chro-
matography eluting with CH2Cl2eMeCN (98:2, v/v) as white solids.
18: Yield 52%; mp 120e122 �C. 1H NMR (DMSO-d6): d 1.08 (d, 6H,
J ¼ 6.8 Hz, CH(CH3)2), 3.20 (sept, 1H, J ¼ 6.8 Hz, CH(CH3)2), 3.82 (s,
3H, OCH3), 5.20 (s, 2H, NCH2), 6.89 (s, 1H, HePh), 6.95 (s, 2H, NH2),
7.47 (s, 1H, HePh), 7.99 (s, 1H, H-8); and CH2Cl2eMeCN (96:04, v/v).
20: Yield 12%; mp 140e142 �C. 1H NMR (DMSO-d6): d 1.18 (d, 6H,
J ¼ 6.8 Hz, CH(CH3)2), 3.10 (sept, 1H, J ¼ 6.8 Hz, CH(CH3)2), 3.83 (s,
3H, OCH3), 5.52 (s, 2H, NCH2), 6.71 (brs, 2H, NH2), 6.88 (s, 1H, He
Ph), 6.94 (s, 1H, HePh), 8.27 (s, 1H, H-8).

4.4. General procedure for the preparation of compounds 21 and 22

Ammonia gas was condensed at �70 �C in cooled steel vial then
starting material 17 or 18 was added and reaction mixture was
maintained at room temperature for 16 h. Volatiles were removed
and crude mixture was partitioned between EtOAC and H2O. Then
combined organics were washed with saturated solution of NH4Cl,
dried over Na2SO4 and concentrated under reduced pressure to
obtain crude product 21 or 22, respectively.

4.4.1. 9-(2-Isopropyl-4,5-dimethoxybenzyl)-9H-purine-2,6-diamine
(21)

Compound 21 was obtained from 17 after crystallization from
MeOH, as white solid. Yield 54%; mp 198e200 �C. 1H NMR (DMSO-
d6): d 1.03 (d, 6H, J ¼ 6.4 Hz, CH(CH3)2), 3.18 (sept, J ¼ 6.4 Hz, 1H,
CH(CH3)2), 3.66 (s, 3H, OCH3), 3.74 (s, 3H, OCH3), 5.08 (s, 2H, NCH2),
5.78 (brs, 2H, NH2), 6.64 (brs, 2H, NH2), 6.84 (s, 1H, HePh), 6.89 (s,
1H, HePh), 7.46 (s, 1H, H-8); ESI-MS: positive mode m/z 343.1
([M þ H]þ), 365.1 ([M þ Na]þ).

4.4.2. 9-(5-Iodo-2-isopropyl-4-methoxybenzyl)-9H-purine-2,6-di
amine (22)

Compound 22was obtained from 18 after flash silica gel column
chromatography eluting with CHCl3eMeOH (98:2e95:5, v/v) as
white solids. Yield 40%; mp 230e232 �C. 1H NMR (DMSO-d6): d 1.14
(d, 6H, J ¼ 6.8 Hz, CH(CH3)2), 3.09 (sept, 1H, J ¼ 6.8 Hz, CH(CH3)2),
3.82 (s, 3H, OCH3), 5.46 (s, 2H, NCH2), 5.55 (s, 2H, NH2), 6.29 (s, 2H,
NH2), 6.91 (s, 1H, HePh), 7.65 (s, 1H, H-8), 7.08 (s, 1H, HePh); ESI-
MS: positive mode m/z 439.0 ([M þ H]þ), 461.0 ([M þ Na]þ),
477.0 ([M þ K]þ).

4.4.3. 9-(5-Iodo-2-isopropyl-4-methoxybenzyl)-6-methoxy-9H-
purin-2-amine (23)

A suspension of 18 (50 mg, 0.10 mmol) and sodium methoxide
(53 mg, 0.98 mmol) in dry CH3OH (2 mL) was refluxed for 2 h. Then
solvent was evaporated and the resulted residue was extracted
with EtOAc and water. Combined organics were washed with
saturated NH4Cl solution, dried over anhydrous Na2SO4, and
evaporated to dryness. The crude was crystallized from MeCN to
give 23 as white solid. Yield 69%; mp 212e214 �C. 1H NMR (DMSO-
d6): d 1.08 (d, 6H, J ¼ 6.8 Hz, CH(CH3)2), 3.21 (sept, 1H, J ¼ 6.8 Hz,
CH(CH3)2), 3.81 (s, 3H, OCH3), 3.95 (s, 3H, OCH3), 5.17 (s, 2H, NCH2),
6.43 (s, 2H, NH2), 6.89 (s, 1H, HePh), 7.37 (s, 1H, HePh), 7.71 (s, 1H,
H-8); ESI-MS: positive mode m/z 454.0 ([M þ H]þ), 492.0
([M þ K]þ), 929.0 ([2M þ Na]þ).

4.4.4. 9-(5-Iodo-2-isopropyl-4-methoxybenzyl)-N6-methyl-9H-
purine-2,6-diamine (24)

To a suspension of 18 (50 mg, 0.10 mmol) in dry THF (2 mL) was
added methylamine (1.5 mL, 33.80 mmol) at �20 �C and reaction
mixture was left for 3 h at room temperature, then solvent was
evaporated and the resulting residuewas extractedwith EtOAc. The
combined organics were washed with water, dried over anhydrous
Na2SO4, concentrated and the crude was crystallized fromMeCN to
give 24 as white solid. Yield 76%; mp 238e240 �C. 1H NMR (DMSO-
d6): d 1.09 (d, 6H, J ¼ 6.8 Hz, CH(CH3)2), 2.86 (s, 3H, NHCH3), 3.20
(sept, 1H, J ¼ 7.2 Hz, CH(CH3)2), 3.81 (s, 3H, OCH3), 5.10 (s, 2H,
NCH2), 5.85 (s, 2H, NH2), 6.88 (s,1H, HePh), 7.21 (s,1H,NHCH3), 7.37
(s, 1H, HePh), 7.50 (s, 1H, H-8); ESI-MS: positive mode m/z 453.0
([M þ H]þ), 475.0 ([M þ Na]þ).

4.4.5. N6-Cyclopentyl-9-(5-iodo-2-isopropyl-4-methoxybenzyl)-9H-
purine-2,6-diamine (25)

A suspension of 18 (0.050 g, 0.10 mmol) and cyclopentylamine
(1.02mL,10.40mmol) in dry THF (2mL)was stirred for 30 h at 60 �C.
Then solventwas evaporated and the resulted residuewas extracted
with EtOAc. The combined organics were washed with water, dried
over anhydrous Na2SO4, evaporated under vacuo and the crude was
chromatographed over flash silica gel column eluting with CHCl3e
MeCN (98:2, v/v) to give 25 as white solid. Yield 69%; mp 182e
184 �C. 1H NMR (DMSO-d6): d 1.09 (d, 6H, J¼ 6.8 Hz, CH(CH3)2), 1.50
(m, 4H, H-cyclopentyl), 1.68 (m, 2H, H-cyclopentyl), 1.88 (m, 2H, H-
cyclopentyl), 3.20 (sept,1H, J¼ 6.8 Hz, CH(CH3)2), 3.81 (s, 3H, OCH3),
4.44 (m, 1H, NHCH), 5.10 (s, 2H, NCH2), 5.80 (brs, 2H, NH2), 6.88 (s,
1H, HePh), 7.06 (brs, 1H, NH), 7.38 (s, 1H, HePh), 7.51 (s, 1H, H-8);
ESI-MS: positive mode m/z 507.1 ([M þ H]þ), 529.0 ([M þ Na]þ).

4.5. General procedure for the preparation of compounds (26 and 27)

Ammonia gas was condensed at�70 �C in steel vial then starting
material 19 or 20 was added and reaction mixture maintained at
100 �C for 16 h inwell packed steel vial. Volatiles were removed and
the residuewas partitioned between EtOAC and H2O; the combined
organics were washed with saturated solution of NH4Cl, dried over
the Na2SO4 and concentrated under reduced pressure. The residue
was purified by flash column chromatography.

4.5.1. 7-(2-Isopropyl-4,5-dimethoxybenzyl)-7H-purine-2,6-diamine
(26)

Compound 26was obtained from 19 after flash silica gel column
chromatography eluting with CHCl3eMeOH (98:2e92:8, v/v) as
white solid. Yield 24%; mp 245e247 �C. 1H NMR (DMSO-d6): d 1.09
(d, 6H, J ¼ 6.8 Hz, CH(CH3)2), 3.03 (sept, 1H, J ¼ 6.8 Hz, CH(CH3)2),
3.57 (s, 3H, OCH3), 3.75 (s, 3H, OCH3), 5.42 (s, 1H, NCH2), 5.51 (brs,
2H, NH2), 6.32 (brs, 2H, NH2), 6.57 (s, 1H, HePh), 6.89 (s, 1H, HePh),
7.51 (s, 1H, H-8); ESI-MS: positive modem/z 343.1 ([MþH]þ), 685.3
([2M þ H]þ), 707.3 ([2M þ Na]þ).

4.5.2. 7-(5-Iodo-2-isopropyl-4-methoxybenzyl)-7H-purine-2,6-
diamine (27)

Compound 27was obtained from 20 after flash silica gel column
chromatography eluting with CHCl3eMeOH (98:2e95:5, v/v) as
white solid. Yield 40%; mp 240e242 �C. 1H NMR (DMSO-d6): d 1.14
(d, 6H, J ¼ 6.8 Hz, CH(CH3)2), 3.09 (sept, 1H, J ¼ 6.8 Hz, CH(CH3)2),
3.82 (s, 3H, OCH3), 5.46 (s, 2H, NCH2), 5.55 (s, 2H, NH2), 6.29 (s, 2H,
NH2), 6.91 (s, 1H, HePh), 7.08 (s, 1H, HePh), 7.65 (s, 1H, H-8); ESI-
MS: positive mode m/z 439.0 ([M þ H]þ), 877.2 ([2M þ H]þ),
899.0 ([2M þ Na]þ), 915.0 ([2M þ K]þ).

4.6. General procedure for the preparation of compounds (28 and 29)

To compound 17 or 19 (0.22 mmol), taken in steel vessel
at �70 �C, methylamine (1.0 mL) was added. The reaction was left
for 1 day at room temperature, volatiles were then removed and the
crude mixture was purified by silica gel flash column chromatog-
raphy eluting with the suitable solvent.
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4.6.1. 9-(2-Isopropyl-4,5-dimethoxybenzyl)-N6-methyl-9H-purine-
2,6-diamine (28)

Compound 28was obtained from 17 after flash silica gel column
chromatography eluting with CH2Cl2eCH3OH (97:3, v/v) as white
solid. Yield 40%; mp 188e190 �C. 1H NMR (DMSO-d6): d 1.02 (d, 6H,
J ¼ 7.2 Hz, CH(CH3)2); 2.85 (br m, 3H, NHCH3), 3.18 (m, 1H,
CH(CH3)2), 3.65 (s, 3H, OCH3); 3.73 (s, 3H, OCH3); 5.08 (s, 2H, CH2);
5.84 (brs, 2H, NH2); 6.83 (s, 1H, HePh); 6.88 (s, 1H, HePh); 7.15 (brs,
1H, NH); 7.44 (s, 1H, H-8); ESI-MS: positive mode m/z 357.4
([M þ H]þ), 379.5 ([M þ Na]þ), 735.8 ([2M þ Na]þ).

4.6.2. 7-(2-Isopropyl-4,5-dimethoxybenzyl)-N6-methyl-7H-purine-
2,6-diamine (29)

Compound 29was obtained from 19 after silica gel flash column
chromatography eluting with CH2Cl2eCH3OH (95:5, v/v) as white
solid. Yield 33%; mp 254e256 �C. 1H NMR (DMSO-d6): d 1.09 (d, 6H,
J¼ 6.8 Hz, CH(CH3)2); 2.86 (d, 3H, J¼ 4.4 Hz, NHCH3), 3.01 (sept, 1H,
J ¼ 6.8 Hz, CH(CH3)2), 3.59 (s, 3H, OCH3), 3.76 (s, 3H, OCH3), 5.42 (s,
2H, CH2), 5.63 (brs, 2H, NH2), 6.46 (bs, 1H, NHCH3), 6.65 (s, 1H, He
Ph), 6.89 (s, 1H, HePh), 7.38 (s, 1H, H-8); ESI-MS: positive modem/z
357.2 ([M þ H]þ), 713.5 ([2M þ H]þ), 735.5 ([2M þ Na]þ).

4.7. Biological assay

4.7.1. Recombinant P2X3 receptors
Experiments were performed in accordance with our recent

reports [22,32]. In brief, HEK 293T cells, supplied by the in-house
SISSA bank, were cultured in Dulbecco’s Modified Eagle Medium
(DMEM) supplemented with 10% foetal bovine serum (FBS), Glu-
tamax and antibiotics in an incubator (5% CO2/95% humidity, 37 �C).
Cells were placed on poly-L-lysine coated 35 mm Petri dishes and
transiently transfected by the calcium phosphate technique with
pEGFP (Clontech, Mountain View, CA) and pcDNA3-P2X3 plasmids
(0.5 mg/mL each; 1:1 ratio). Rat and human pcDNA3-P2X3 con-
structs (NCBI accession numbers CAA62594 and AAH74793,
respectively) were kindly provided by Prof. R.A. North (University
of Manchester, UK). Twenty four or 48 h later transfected cells were
used for experiments, because P2X3 expression was found to be
comparable at these time points, probed by immunofluorescence
and western blotting.

4.7.2. Trigeminal ganglia culture neurons
Cultures of trigeminal ganglion sensory neurons were prepared

from C57Bl/6 wild type mice (P10e14) as previously described [33].
In brief, trigeminal ganglia were rapidly excised and enzymatically
dissociated in F12 medium (Invitrogen Corp, Milan, Italy) contain-
ing 0.25 mg/mL trypsin, 1 mg/mL collagenase, 0.2 mL DNAse
(Sigma, Milan, Italy) at 37 �C for 12min. Cells were plated on poly-L-
lysine coated 35 mm Petri dishes on F12 medium supplemented
with 10% foetal bovine serum and antibiotics and incubated for 24 h
(5% CO2/95% humidity, 37 �C).

4.7.3. Patch clamp recordings
Currents were recorded from small/medium size mouse TG

neurons (nociceptors that strongly express native P2X3 receptors
[33]) or single GFP-positive (visualized by fluorescent microscopy)
HEK cells as previously described [32,33] under whole cell voltage
clamp mode at a holding potential of �60 mV. Cells were contin-
uously superfused at room temperature with control solution
containing (in mM): 152 NaCl, 5 KCl, 1 MgCl2, 2 CaCl2, 10 glucose, 10
HEPES; pH 7.4 adjusted with NaOH. Patch pipettes had a resistance
of 3e4 MU when filled with (in mM): 140 KCl, 2 MgCl2, 0.5 CaCl2, 2
ATPeMg, 2 GTPeLi, 20 HEPES, 5 EGTA; pH 7.2 adjusted with KOH
(for recordings from TG neurons) and 130 CsCl, 20 HEPES,1MgCl2, 3
ATPeMg, EGTA 5, pH 7.2 adjusted with CsOH (for HEK cells). Data
were acquired and analysed with the pCLAMP software Clampex
9.2 (Molecular Devices, Palo Alto, CA, USA). After obtaining whole
cell configuration, cell slow capacitance was compensated. Access
resistance was never>10 MU and was routinely compensated by at
least 70%.

4.7.4. Drug application and data analysis
The receptor agonists a,b-meATP (Sigma) and test compounds

were applied by rapid solution changer system (Perfusion Fast-Step
System SF-77B, Warner Instruments, Hamden, CT, USA). Unless
otherwise stated, a,b-meATP was applied at 100 mM concentration
that is known to produce a maximal inward current response
[26,28,29]. Membrane currents were analysed in terms of their
peak amplitude and rise time (10e90% of the peak). Current decay
due to receptor desensitization during agonist application was
fitted with either a monoexponential or biexponential function
using pCLAMP Clampfit 9.2.

Test compounds were kept at þ4 �C and dissolved to 10 mM in
DMSO or DMSOeH2O (1:1) or DMSOeHCl (18% 1 N) before exper-
iments and then diluted to necessary concentration in control so-
lution. For routine tests, a,b-meATP was applied at 100 mM
concentration (2 s pulse) at least 3 times (at 5 min interval to
prevent cumulative receptor desensitization) to obtain an average
control response. Since activated P2X3 receptors desensitize
rapidly in the sustained presence of agonist, the inward current
transient is, of course, too short for the binding equilibrium to be
reached when agonist and antagonist are co-applied. Thus, to
assess potential receptor blocking activity, each test compound was
continuously pre-applied for 20 s before the a,b-meATP application
as done previously [22,28]. Antagonist activity was quantified as
percent inhibition of the a,b-meATP-induced current:

% inhibition ¼ 100� ð1� I2=I1Þ; (1)

where I1 is the control peak current, I2 is the peak amplitude of the
current after test compound.

For the most potent compounds, antagonist doseeinhibition
curves were constructed by applying for 20 s different concentra-
tions of each test compound using the samemaximal concentration
(100 mM) of a,b-meATP agonist. Data were plotted and fitted with
empirical Hill equation using Origin 6.0 (Microcal, Northampton,
MA, USA):

% inhibition ¼ 100=
�
1þ ðIC50=½Ant�ÞnH

�
; (2)

where [Ant] is the concentration of the antagonist, nH is the Hill
coefficient, IC50 is the concentration of antagonist required to block
the maximal current by 50%. Agonist concentrationeresponse
curves in terms of normalized currents vs log agonist concentration
were fitted with the same Hill equation, with corresponding pa-
rameters EC50 and nH, where EC50 is the concentration of agonist
required to produce the half-maximal current. All data are pre-
sented as mean� standard error of themean (S.E.); n is the number
of cells. Statistical significance was evaluated with paired Student’s
t-test (for parametric data) or ManneWhitney rank sum test (for
nonparametric data), p < 0.05 was considered statistically
significant.
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