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The [1,2,4]triazolo[1,5-a]triazine derivative 3, more commonly known in the field of adenosine
research as ZM-241385, has previously been demonstrated to be a potent and selective adenosine
A2a receptor antagonist, although with limited oral bioavailability. This [1,2,4]triazolo[1,5-a]-
triazine core structure has now been improved by incorporating various piperazine deriva-
tives. With some preliminary optimization, the A2a binding affinity of some of the best piper-
azine derivatives is almost as good as that of compound 3. The selectivity level over the
adenosine A1 receptor subtype for some of the more active analogues is also fairly high, >400-
fold in some cases. Many compounds within this piperazine series of [1,2,4]triazolo[1,5-a]tri-
azine have now been shown to have good oral bioavailability in the rat, with some as high as
89% (compound 35). More significantly, some piperazines derivatives of [1,2,4]triazolo[1,5-a]-
triazine also possessed good oral efficacy in rodent models of Parkinson’s disease. For instance,
compound 34 was orally active in the rat catalepsy model at 3 mg/kg. In the 6-hydroxydopamine-
lesioned rat model, this compound was also quite effective, with a minimum effective dose of
3 mg/kg po.

Introduction

In recent years, the adenosine receptors have emerged
as potential drug targets.1 These receptors have been
extensively characterized and divided into four different
subtypes (A1, A2a, A2b, and A3).2 Selective agonists3 and
antagonists4 of these four adenosine receptor subtypes
have been shown to elicit a variety of biological re-
sponses that could be beneficial in a number of clinical
settings. The A2a receptor is abundant in the basal
ganglia, a region of the brain that has been shown to
be important in motor function.5 There are currently a
number of pharmacological studies that demonstrate
that modulation of the A2a receptor will produce sig-
nificant changes in motor movement.6,7 In rats, intrac-
erebroventricular administration with a selective A2a
receptor agonist such as CGS-21680 induces catalepsy,
a condition that shares some similarities with symptoms
of human disorders such as Parkinson’s disease.7 Fur-
thermore, this cataleptic condition could be reversed by
the use of selective adenosine A2a receptor antago-
nists.7,8 Although clinical data are not yet available,
selective antagonism of the A2a receptor in a primate
model of Parkinson’s disease ameliorates motor depres-
sion. Specifically, in marmosets, where MPTP was used
to induced motor disabilities similar to those exhibited
in Parkinsonian patients, oral administration with the
selective A2a receptor antagonist 1 (KW-6002) at 10 mg/
kg has been shown to improve disability without causing
hyperactivity or dyskinesia.9

Compound 1 represents the successful optimization
of the classical xanthine template.10 It is currently being
evaluated in clinical trials for the treatment of Parkin-

son’s disease. Considerable efforts have also been de-
voted to identifying non-xanthine adenosine A2a receptor
antagonists.11 Previous non-xanthine leads from the
literature include compound 2 (SCH-58261) and com-
pound 3 (ZM-241385) (Figure 1).12,13 Since its disclosure
in the early 1990s, significant improvement has been
made with the tricyclic derivative 2.14 Most notable is
the recent report regarding the use of piperazine deriva-
tives to increase the oral bioavailability of this tricyclic
template.15,16 Compound 3 has previously been shown
to be a highly potent and selective adenosine A2a
receptor antagonist.17 However, because of the lack of
oral bioavailability, compound 3 has been of limited
utility in pharmacological assays.18 Subsequent work
centering around these [1,2,4]triazolo[1,5-a]triazines
has not resulted in an improvement in oral bioavail-
ability.19 In connection with our recent interest in
adenosine A2a receptor antagonists, we reexamined this
bicyclic template. The main objective was to identify
new derivatives that are not only orally bioavailable but
also capable of crossing the blood-brain barrier in order
to achieve efficacy in various rodent models of Parkin-
son’s disease. On the basis of the promising in vivo
activity of piperazine derivatives in a related series of
A2a receptor antagonists,15,16 we incorporated this di-
amine into the [1,2,4]triazolo[1,5-a]triazine template
(general structure 4).

Results and Discussion
Scheme 1 illustrates how compounds of the general

structure 4 were prepared. Sulfone 513 was first exposed
to an excess of piperazine in order to obtain compound
6. This could then be treated with a variety of aldehydes
under reductive amination conditions to afford pipera-
zine derivatives 9-45. In cases where the corresponding
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aldehyde was not available, the intermediate 6 could
be alkylated instead with the desired halide or mesylate.
Table 1 summarizes the examples having substituted
or unsubstituted phenyl or benzyl derivatives as cap-
ping group R. For practical purposes, we chose the
2-furanyl as the constant aryl substituent of the [1,2,4]-
triazolo[1,5-a]triazine core. This was based on some
previously available SAR studies that indicated that
2-furanyl was optimal at that particular position.20 The
A2a and A1 binding affinities for these compounds are
summarized in Table 1. For the A2a receptor, mem-
branes were prepared from rat brain tissues and the
radioligand binding assay was performed using the
radioligand [3H]ZM-241385. For the A1 receptor, mem-
branes were prepared from rat cerebral cortex and the
radioligand binding assay was performed using the
radioligand [3H]DPCPX. As a positive control for these
radioligand binding assays, we routinely employed
compound 2, which had a Ki value at A2a receptors of

37 nM and a Ki value at A1 receptors of 390 nM. As
additional points of reference, the binding affinities for
compounds 1 and 3 were also determined. For com-
pound 1, the Ki value at A2a receptors was 42 nM and
the Ki value at A1 receptors was 930 nM. Similarly, for
compound 3, the Ki value at A2a receptors was 0.9 nM
and the Ki value at A1 receptors was 680 nM. Compound
6 was essentially inactive, indicating that some form of
capping group was needed for A2a activity. When a
phenyl group was installed as a capping group, the
optimal chain length was explored with compounds
7-10. Substituted benzyl derivatives appeared to be
optimal, which was convenient because a large number
of substituted benzaldehydes and benzyl halides were
commercially available. Looking closely at the type of
substitution pattern on the phenyl ring, we observed
that electron-withdrawing groups such as chloro and
fluoro were more favorable than electron-donating
groups such as OMe (compare compounds 11 and 12).
With chlorine as the aromatic substituent, ortho sub-
stitution as in 12 was clearly superior to either meta or
para substitution (13 and 14, respectively). With two
chlorine atoms, as in 15, the binding affinity toward A2a
improved somewhat. When three chlorine atoms are
used (compound 16), a more dramatic improvement in
A2a binding affinity was observed. Substituting fluoro
for chloro was better for A2a activity, as evident by the
7-fold improvement in affinity between compounds 15
and 17. Again, trisubstitution on the phenyl ring
increased the binding affinity even more (compound 18).
When a chlorine atom was substituted in the appropri-
ate position, as in 20, there was a marked improvement
in binding affinity toward A2a. With the o,o,p-substitu-
tion pattern, as in 21, a very potent and selective
adenosine A2a receptor antagonist was obtained.

Table 2 lists the compounds where the phenyl group
has been replaced with a heterocyclic group. Unsubsti-
tuted heterocycles, in general, worked reasonably well,
and fairly potent and selective A2a antagonists were
obtained (compounds 22-27). As observed previously
in the substituted phenyl derivatives, substitution at
the 2-position of a heterocycle will improve the A2a
activity (compare compounds 27 and 28; also compare
compound 22 with compounds 29 and 30). Compounds
31 and 32 illustrated a more dramatic improvement in
A2a binding affinity when two methyl groups were
placed in the correct position of the heterocycle. A
similar trend was observed with the pyrazine deriva-
tives 33 and 34. With the pyridine ring as the hetero-
cyclic component, a similar trend was observed favoring
analogues having substitution at the 2-position as in
38 and 39. Sustituting two chlorine atoms at the
2-position (compound 40) resulted in a very potent A2a
receptor antagonist. When the pyridine ring was re-
placed with the quinoline ring as in 41-45, again, a
similar trend was observed. The 2-chloro-substituted
quinoline derivative 44 showed a 10-fold increase in A2a
activity, and that activity was diminished slightly with
an additional Me group on the quinoline ring (compound
45).

There are a number of rodent models for Parkinson’s
disease, and we employed three of them to evaluate the
in vivo activity of these piperazine derivatives. As a
preliminary evaluation for both oral bioavailability and

Figure 1.

Scheme 1a

a Reagents and conditions: (a) 5 equiv of piperazine, CH3CN,
reflux; (b) RCHO, Na(OAc)3BH, CH2Cl2, room temp; or RCH2Cl,
Et3N, CH3CN, room temp. For compounds 7 and 8, phenylpipera-
zine and benzylpiperazine were condensed, respectively, with 3.
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central nervous system (CNS) activity, we used the
mouse catalepsy model. In this model, mice (CD-1,
25-30 g) were injected subcutaneously with 3 mg/kg of
haloperidol in order to induce catalepsy. This is a
behavioral condition in which the animal is unable to
correct an externally imposed posture.21 With this
type of study, a test compound was determined to be
efficacious when it allowed the animals to correct the
externally imposed posture within a certain time
period (refer to the Experimental Section for a more
detailed description of the mouse catalepsy model).
Since catalepsy shares some similarity to symptoms of
Parkinson’s disease, this type of behavioral study
represents a relatively quick way to assess efficacy. The
sample requirement for the mouse catalepsy study
was low (3 mg), making this assay a convenient,
moderately high-throughput screen for both oral and
CNS activity. As a point of reference, the full dose
response for the xanthine derivative 1 was determined
in this mouse catalepsy model and its ED50 was 1
mg/kg po. Since compound 1 has been selected for
clinical testings, we arbitrarily set this dose as a

highly desirable dose of efficacy for our piperazine ana-
logues.

In addition to the mouse catalepsy model, we also
made use of the rat catalepsy model. This type of rat
study also allowed us to correlate the in vivo activity
with the in vitro binding data, which were obtained
using rat membranes. As with the rat model, haloperidol
was used to induce catalepsy. Male Sprague-Dawley
rats (225-275 g) responded to haloperidol at a much
lower dose, and 1 mg/kg sc was sufficient to induce the
same cataleptic state observed in mice. The xanthine
derivative 1 was tested in this rat catalepsy model, and
its ED50 was determined to be 1 mg/kg po. Since our
piperazine analogues are derivatives of the triazolotri-
azine lead 3, this compound was also tested in both the
mouse and rat catalepsy model. Compound 3 showed
no oral activity at 10 mg/kg in both of these catalepsy
models.

As an additional measure of efficacy, we employed the
6-hydroxydopamine-lesioned rat model.7 This is a fre-
quently used rodent model for Parkinson’s disease in
which efficacy is defined as the ability to potentiate

Table 1. Phenyl Derivatives as Capping Groupsa

a For the A2a receptor, membranes were prepared from rat brain tissues and the radioligand binding assay was performed using the
radioligand [3H]ZM-241385. For the A1 receptor, membranes were prepared from rat cerebral cortex and the radioligand binding assay
was performed using the radioligand [3H]DPCPX. Ki values were calculated from binding curves generated from the mean of three
determinations per concentration, with variation in individual values of <15%.
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L-Dopa-induced turning behavior. In this model, rats
were anesthetized and injected in the left medial fore-
brain with 6-hydroxydopamine. Following a recovery
period, these animals were screened for contralateral
rotation in response to apomorphine (0.1 mg/kg, sc).
Animals that showed robust contralateral rotations
during the test period were then selected for the
behavioral study. For this part of the study, the animals
were administered first with the test compounds. Thirty
minutes later, the animals were given L-Dopa (3.7
mg/kg, ip) and the peripheral decarboxylase inhibitor
benserazide (25 mg/kg, ip) and the contralateral rota-
tions were counted for the next 2 h. Efficacious com-
pounds were defined as those that increased the con-
tralateral turning behavior of L-Dopa-administered rats.

In this model, the minimum effective dose (MED) for
the xanthine derivative 1 was determined to be 3
mg/kg po.

In general, compounds with a Ki value at A2a receptors
of less than 100 nM and a reasonable level of selectivity
over the adenosine A1 receptor were first tested in
this mouse catalepsy model. Thus, compounds 15-21,
24-28, 33-35, 38-45 were evaluated for anticataleptic
activity in this mouse model. The results were sum-
marized in Table 3. Among the halogenated benzyl
derivatives 15-21, oral activity at either 10 or 3 mg/kg
was observed initially in the mouse catalepsy model.
Compound 15, for instance, showed oral activity at 10
mg/kg in the mouse catalepsy model. It was then tested
in the rat catalepsy model where the ED50 was deter-

Table 2. Heterocyclic Capping Groupsa

a Refer to Table 1 for rat membrane preparation and details regarding the radioligand binding assay.
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mined to be 10 mg/kg po. When compound 15 was tested
in this 6-hydroxydopamine model, the MED was deter-
mined to be 10 mg/kg po. Compound 20 was substan-
tially more active than compound 15 in the in vitro
binding assay. However, in both the mouse and rat
catalepsy model, compound 20 appeared to be equipo-
tent to 15 and the ED50 was also 10 mg/kg po. Interest-
ingly, when 20 was tested in the 6-hydroxydopamine
model, it was essentially ineffective when it was ad-
ministered orally at 10 mg/kg. Among the halogenated
benzyl derivatives shown in Table 3 (15-21), a number
of these showed oral activity at 3 mg/kg in the mouse
catalepsy model. We selected compound 21 for ad-
ditional profiling. In the rat catalepsy model, compound
21 was still fairly potent and an ED50 of 3 mg/kg po was
observed. However, when 21 was tested in the 6-hy-
droxydopamine model, the MED was determined to be
slightly higher, at 10 mg/kg po. The trend of lower oral
activity in the 6-hydroxydopamine model would be
observed later with different compounds (see discussion
below), and it appeared that this model was a more
stringent test for efficacy than the rat catalepsy model.

After having examined the in vivo efficacy of com-
pounds 15 and 21, we then turned our attention to their
pharmacokinetic (PK) properties. The data are sum-
marized in Table 4. For the rat PK study, we employed
standard protocols, and compounds were dosed both iv
and po at 1 mg/kg. Plasma samples were then taken 9
times over a period of 24 h and analyzed by extraction
and LC/MS. Compound 15 had a low oral bioavailability
of 2%; its oral half-life was 1.8 h, and its volume of

distribution (Vdss) was 2.8 L/kg. Likewise, compound 21
also had a low level of oral bioavailability of 3%. Even
though its oral half-life was shorter at 0.9 h, its volume
of distribution was still fairly high, at 3.4 L/kg, indicat-
ing a good measure of tissue distribution.

For compounds with higher oral bioavailability, we
turned to analogues with an additional basic site at the
capping groups, as in 35 and 38-45. The dibasic
derivatives in general showed very good oral efficacy in
the mouse catalepsy model. The activity in the rat
model, however, was more variable. The pyridine ana-
logue 35, for example, had a very high level of oral
bioavailability of 89%. Its oral half-life was still reason-
ably long, at 1.9 h; and its volume of distribution was
1.1 L/kg. Even though 35 was orally active at 10 mg/kg
in both the mouse and rat catalepsy model, it was
essentially ineffective at 10 mg/kg when it was given
orally to rats in the more challenging 6-hydroxydopam-
ine model. Similarly, the quinoline analogues 42, 44,
and 45 all showed a fairly high level of oral bioavail-
ability (Table 4, F ranging from 46% to 87%). However,
these dibasic derivatives all failed to show compelling
CNS activity in the various rat models of efficacy.

Of the remaining compounds that were tested, com-
pound 34 was particularly interesting. Even though its
oral bioavailability in the rat was still rather low, at
7%, and its oral half-life was still rather short, at 0.5 h,
compound 34 showed very robust oral activity at 3
mg/kg in both the mouse and rat catalepsy models. More
significantly, when tested in the rat 6-hydroxydopamine
model, compound 34 had a MED of 3 mg/kg po. This
level of efficacy was comparable to that of the xanthine
derivative 1, the clinical candidate from Kyowa Hakko.
Figures 2 and 3 summarize the in vivo data for com-
pound 34 along with the benchmark compound 1. In
Figure 2, the rat catalepsy data for compounds 34 and
1 are shown along with those for compound 15. Note
that compounds 34 and 1 were both substantially more
potent than compound 15. For this study, compounds
34 and 1 were dosed orally at 3 and 1 mg/kg, respec-
tively, whereas compound 15 was dosed orally at a
higher dose of 10 mg/kg. Figure 3 summarizes the
efficacy data for 34 and 1 in the 6-hydroxydopamine-
lesioned rat model. In this study, both compounds
showed an MED of 3 mg/kg po. We have since evaluated
compound 34 against the four cloned human adenosine
receptor subtypes and were pleased with the level of
selectivity (A2a Ki ) 100 nM; A1 Ki ) 10 µM; A2b Ki )

Table 3. Summary of Efficacy Data in Rodent Models of
Parkinson’s Diseasea

compd mouse catalepsy po

rat catalepsy
po

(ED50, mg/kg)

rat
6-hydroxydopamine

po (MED, mg/kg)

15 active @ 10 mg/kg 10 10
16 active @ 3 mg/kg NT NT
17 active @ 3 mg/kg NT NT
18 active @ 3 mg/kg NT NT
19 active @ 10 mg/kg NT NT
20 active @ 10 mg/kg 10 >10
21 active @ 3 mg/kg 3 10
24 inactive @ 10 mg/kg NT NT
25 active @ 3 mg/kg NT NT
26 active @ 3 mg/kg >3 NT
27 inactive @ 10 mg/kg NT NT
28 inactive @ 10 mg/kg NT NT
32 NT 10 >10
33 active @ 3 mg/kg NT NT
34 active @ 3 mg/kg 3 3
35 active @ 10 mg/kg 10 >10
38 active @ 3 mg/kg >3 NT
39 active @ 3 mg/kg NT NT
40 active @ 3 mg/kg NT NT
41 inactive @ 10 mg/kg NT NT
42 NT 10 NT
43 active @ 10 mg/kg NT NT
44 active @ 3 mg/kg >3 NT
45 active @ 10 mg/kg >10 NT
3 inactive @ 10 mg/kg >10 NT
1 active @ 1 mg/kg 1 3

a For the mouse catalepsy study, CD-1 mice (25-30 g) were
injected subcutaneously with 3 mg/kg of haloperidol in order to
induce catalepsy. For the rat catalepsy study, male Sprague-
Dawley rats (225-275 g) were treated with haloperidol (1 mg/kg
sc) in order to induce catalepsy. Additional details regarding the
6-hydroxydopamine model can be found in the Experimental
Section as well as in Figure 3. In all of these studies, test
compounds, formulated as the hydrochloride salt, were dissolved
in saline and administered by oral gavage.

Table 4. Summary of Rat PK Dataa

compd F (%) T1/2 (h) Vdss (L/kg)

15 2 1.8 2.8
21 3 0.9 3.4
34 7 0.5 1.8
35 89 1.9 1.1
42 87 2.5 0.8
44 59 1.4 0.5
45 46 1.0 0.5
1 60 4.1 3.7

a Rat PK experiments were carried out using standard protocols.
Compounds were dosed both iv and orally at 1 mg/kg. Test
compounds were formulated as the hydrochloride salt and dis-
solved in saline. Plasma samples were taken at 9 time points over
a period of 24 h. F refers to the % oral bioavailability. Vdss refers
to the volume of distribution. Both T1/2 and Vdss were determined
from the oral administration.
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28 µM; A3 Ki > 10 µM). The selectivity level of the A2b
receptor was quite significant because the lead com-
pound 3 displayed little selectivity toward this receptor
(A2b Ki ) 30 nM).19 Future work in this series will focus
on understanding how low oral bioavailability in the rat
and high oral efficacy in the mouse are consistently
observed among the various derivatives. Specifically, the
drug level in the brain and the presence of active
metabolites will have to be examined in order to account
for the observed oral efficacy in rodent models of
Parkinson’s disease.

In summary, we have shown how the basic [1,2,4]-
triazolo[1,5-a]triazine core structure could be improved
by incorporating the appropriately substituted pipera-
zines. After some preliminary optimization, we have
been able to prepare a number of highly potent and

selective adenosine A2a receptor antagonists. Selected
compounds from this series have now been shown to be
orally active in three different rodent models of Par-
kinson’s disease. Efforts are still underway to identify
compounds from this series with the right combination
of high oral bioavailability and potent anticataleptic
activity. The results will be disclosed in future publica-
tions.

Experimental Section
General Information. All proton nuclear magnetic reso-

nance spectra were determined in the indicated solvent using
a 400 MHz Bruker with the appropriate internal standard.
Low-resolution MS were performed on a Micromass/single
quadrupole/electrospray platform. High-resolution MS were
performed on a MALDI-TOF MS (Voyager-DE STR, Perseptive
Biosystems) in the reflector mode with delayed extraction and
an accelerating voltage of 20 kV. Each spectrum was an
average of 100 laser shots, and the experimental monoisotopic
M+ + H value was calculated by averaging five spectra.
Elemental analyses were carried out at Quantitative Tech-
nologies Inc. (QTI, Whitehouse, NJ). Unless indicated other-
wise, reagent-grade chemicals and solvents were purchased
from Aldrich, Lancaster, Fisher, or Maybridge. Analytical
HPLC analysis was carried out using an HP 1100 series
instrument, with a 100 mm × 4.6 mm ID YMC column with
S-5 µm packing (catalog no. AM-301). Preparative HPLC was
carried out using a Gilson platform equipped with a UV/visible
detector and an automatic fraction collector. Preparative HPLC
columns were 50 mm × 20 mm IC YMC column with S-5 µm
packing. HPLC solvents (H2O and CH3CN) were buffered with
0.1% TFA.

5-(4-Benzylpiperazin-1-yl)-2-furan-2-yl[1,2,4]triazolo-
[1,5-a][1,3,5]triazin-7-ylamine (8). In a typical procedure,
5 mmol of 2-furan-2-yl-5-methanesulfonyl[1,2,4]triazolo[1,5-
a][1,3,5]triazin-7-ylamine (sulfone 5)13 was suspended in 10
mL of CH3CN along with 1.5 equiv of benzylpiperazine and 2
equiv of Et3N. The reaction mixture was stirred under reflux
for 2 h. It was then cooled to room temperature and concen-
trated under reduced pressure. The residue was taken up in
CH2Cl2 and washed with H2O and brine, dried (Na2SO4), and
concentrated under reduced pressure. The resulting crude
product was purified by column chromatography (SiO2, 95%
CH2Cl2, 4% MeOH, 1% Et3N) to afford the titled compound 8.
1H NMR (DMSO-d6) δ 7.60 (d, J ) 1.0 Hz, 1 H), 7.3 (m, 5H),
7.28 (br s, 2 H), 7.22 (d, J ) 3.6 Hz, 1 H), 6.68 (dd, J ) 3.6 Hz,
1.0 Hz, 1 H), 3.6 (br s, 2 H), 2.5 (br s, 4 H), 1.6 (br s, 4 H) ppm.
MS m/z ) 377 amu (M+ + H). Anal. (C19H18N8O) C, H, N.

7-Furan-2-yl-2-piperazin-1-ylimidazo[1,2-a][1,3,5]triazin-
4-ylamine (Intermediate 6). In a typical procedure, 18 mmol
of 2-furan-2-yl-5-methanesulfonyl[1,2,4]triazolo[1,5-a][1,3,5]-
triazin-7-ylamine (sulfone 5)13 was suspended in 50 mL of
CH3CN along with 5 equiv of piperazine. The reaction mixture
was stirred under reflux for 2 h. It was then cooled to room
temperature and concentrated under reduced pressure. The
residue was taken up in CH2Cl2 and washed with H2O and
brine, dried (Na2SO4), and concentrated under reduced pres-
sure. The resulting crude product was purified by column
chromatography (SiO2, 95% CH2Cl2, 4% MeOH, 1% Et3N) to
afford the title compound, 7-furan-2-yl-2-piperazin-1-ylimi-
dazo[1,2-a][1,3,5]triazin-4-ylamine (intermediate 6). 1H NMR
(DMSO-d6) δ 8.2 (br s, 2 H), 7.85 (d, J ) 1.0 Hz, 1 H), 7.07 (d,
J ) 3.6 Hz, 1 H), 6.68 (dd, J ) 3.6 Hz, 1.0 Hz, 1 H), 3.20-2.75
(m, 8 H) ppm. MS m/z ) 287 amu (M+ + H).

General Method for Reductive Amination. In a typical
reductive amination procedure, 7-furan-2-yl-2-piperazin-1-
ylimidazo[1,2-a][1,3,5]triazin-4-ylamine (0.15 mmol) was dis-
solved in 4 mL of CH2Cl2 along with 2 equiv of the desired
aldehyde and 25 µL of glacial acetic acid. The reaction mixture
was stirred at room temperature for 30 min, and sodium
triacetoxyborohydride (4 equiv) was added in a single portion.
The resulting reaction mixture was then stirred at room
temperature for 18 h. It was then concentrated under a stream

Figure 2. Rat catalepsy data. Male Sprague-Dawley rats
(225-275 g) were injected with haloperidol (1 mg/kg sc) in
order to induce catalepsy. Test compounds, formulated as the
hydrochloride salts, were dosed orally. Compounds 34 and 1
were dosed at 3 and 1 mg/kg po, respectively. Compound 15
was dosed at 10 mg/kg po. The data represent the mean of six
animals per group. Catalepsy was measured as the time in
seconds until the animals removed at least one forepaw from
the bar, with a maximum value of 120 s per test. Values for
each animal in the drug-treated groups were expressed as the
percentage of the mean value for the vehicle-treated control
group at that time point.

Figure 3. Efficacy data for the 6-hydroxydopamine rotation
model. Male Sprague-Dawley rats (225-250 g) were injected
in the left medial forebrain with 6-hydroxydopamine. Follow-
ing a recovery period, rats were screened for rotational
response to apomorphine (0.1 mg/kg sc). Only rats showing
robust contralateral rotation were used for the behavioral
study. Six animals were used per group. Compounds 34 and
1 were dissolved in 2% DMSO in H2O and 0.5% methyl
cellulose, respectively, and dosed orally. Thirty minutes after
dosing of the test compounds, all rats were given L-Dopa
(3.7 mg/kg, ip) and benserazide (25 mg/kg, ip). Contra-
lateral rotations were then counted for the next 2 h. The
minimum effective dose is shown above for 34 and 1 (MED )
3 mg/kg po).
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of N2 and purified by preparative HPLC using a mixture of
aqueous CH3CN that has been buffered with 0.1% TFA. Most
of the derivatives shown in Tables 1 and 2 (with the exception
of compounds 7, 8, 31, and 32) were prepared using this
reductive amination condition and the appropriate aldehyde.
As an example, to prepare compound 35, pyridine-2-carbox-
aldehyde was used. Spectroscopic data for 35: 1H NMR
(DMSO-d6) δ 8.52 (d, J ) 6.0 Hz, 1 H), 7.64-7.60 (m, 1 H),
7.50-7.19 (m, 4 H), 6.84 (dd, J ) 3.6 Hz, 1.0 Hz, 1 H), 4.09-
4.06 (m, 4 H), 3.89 (br s, 2 H), 2.51-2.41 (m, 4 H) ppm. MS
m/z ) 378 amu (M+ + H). Anal. (C18H19N9O) C, H, N.

General Method for Alkylation of Intermediate 6. To
prepare compound 31, (5-methylisoxazol-3-yl)methanol (32 mg,
0.28 mmol) was dissolved in 4 mL of CH2Cl2 along with 1.3
equiv of Et3N. The solution was cooled in an ice bath, and
methanesulfonyl chloride (1.2 equiv) was added. The reaction
mixture was warmed to room temperature and stirred for 45
min. It was then quenched with brine, and the two layers were
separated. The organic layer was dried (Na2SO4) and concen-
trated under reduced pressure to afford the mesylate deriva-
tive. This mesylate was then added to a solution of 7-furan-
2-yl-2-piperazin-1-ylimidazo[1,2-a][1,3,5]triazin-4-ylamine (0.14
mmol) and Et3N (0.3 mmol) in 3 mL of CH3CN. The resulting
reaction mixture was stirred at room temperature for 18 h. It
was then concentrated and purified by preparative HPLC
using a mixture of aqueous CH3CN that has been buffered with
0.1% TFA. Spectroscopic data for 31: 1H NMR (DMSO-d6) δ
7.90 (br s, 2 H), 7.80 (d, J ) 1.0 Hz, 1 H), 7.05 (d, J ) 3.6 Hz,
1 H), 6.68 (dd, J ) 3.6 Hz, 1.0 Hz, 1 H), 6.30 (s, 1 H), 3.65 (m,
2 H), 3.20-2.75 (m, 8 H), 2.35 (s, 3H) ppm. MS m/z ) 382
amu (M+ + H). Anal. (C17H19N9O2) C, H, N.

Alternatively, if the halide is available, as in the synthesis
of compound 32, 1.5 equiv of 4-chloromethyl-3,5-dimethylisox-
azole could be added to a solution of 7-furan-2-yl-2-piperazin-
1-ylimidazo[1,2-a][1,3,5]triazin-4-ylamine (0.14 mmol) and
Et3N (0.3 mmol) in 3 mL of CH3CN directly. The resulting
reaction mixture was stirred at room temperature for 18 h. It
was then concentrated and purified by preparative HPLC
using a mixture of aqueous CH3CN that has been buffered with
0.1% TFA. Spectroscopic data for 32: 1H NMR (DMSO-d6) δ
7.60 (d, J ) 1.0 Hz, 1 H), 7.28 (br s, 2 H), 7.22 (d, J ) 3.6 Hz,
1 H), 6.68 (dd, J ) 3.6 Hz, 1.0 Hz, 1 H), 3.8 (br s, 2 H), 2.2-
3.2 (m, 8H), 1.6 (br s, 6H). MS m/z ) 396 amu (M+ + H). Anal.
(C18H21N9O2) C, H, N.

Biological Assays. A2a Receptor. Membranes were pre-
pared from rat brain tissues purchased from Pel-Freez. Tis-
sues were homogenized in buffer A (10 mM EDTA, 10 mM
Na-HEPES, pH 7.4) supplemented with protease inhibitors
(10 µg/mL benzamidine, 100 µM PMSF, and 2 µg/mL each of
aprotinin, pepstatin, and leupeptin) and centrifuged at 20000g
for 20 min. Pellets were resuspended and washed twice with
buffer HE (10 mM Na HEPES, 1 mM EDTA, pH 7.4, plus
protease inhibitors). Final pellets were resuspended in buffer
HE, supplemented with 10% (w/v) sucrose and protease
inhibitors, and frozen in aliquots at -80 °C. Protein concentra-
tions were measured using a BCA protein assay kit (Pierce).

Rat A1 Receptor. Membranes were prepared from rat
cerebral cortex isolated from freshly euthanized rats. Tissues
were homogenized in buffer A (10 mM EDTA, 10 mM
Na-HEPES, pH 7.4) supplemented with protease inhibitors
(10 µg/mL benzamidine, 100 µM PMSF, and 2 µg/mL each
of aprotinin, pepstatin, and leupeptin) and centrifuged at
20000g for 20 min. Pellets were resuspended and washed
twice with buffer HE (10 mM Na HEPES, 1 mM EDTA, pH
7.4, plus protease inhibitors). Final pellets were resuspended
in buffer HE, supplemented with 10% (w/v) sucrose and
protease inhibitors, and frozen in aliquots at -80 °C. Protein
concentrations were measured using a BCA protein assay kit
(Pierce).

Radioligand Binding Assays. Membranes (40-70 µg
membrane protein), radioligands, and varying concentrations
of competing ligands were incubated in triplicates in 0.1 mL
of buffer HE plus 2 units/mL adenosine deaminase for 2.5 h
at 21 °C. Radioligand [3H]DPCPX was used for competition

binding assays on A1 receptors, and [3H]ZM241385 was used
for A2a adenosine receptors. Nonspecific binding was measured
in the presence of 10 µM NECA for A1 receptors or 10 µM XAC
for A2A receptors. Binding assays were terminated by filtration
over Whatman GF/C glass fiber filters using a BRANDEL cell
harvester. Filters were rinsed three times with 3-4 mL of ice-
cold 10 mM Tris-HCl, pH 7.4, and 5 mM MgCl2 at 4 °C and
were counted in a Wallac â-counter.

Analysis of Binding Data. For Ki determinations, com-
petition binding data were fit to a single-site binding model
and plotted using Prizm GraphPad. The Cheng-Prusoff equa-
tion KI ) IC50/(1 + [I]/KD) was used to calculate KI values from
IC50 values, where KI is the affinity constant for the competing
ligand, [I] is the concentration of the free radioligand, and KD

is the dissociation constant for the radioligand.
Catalepsy Experiments. Haloperidol-induced catalepsy

was used to mimic the effects of Parkinson’s disease in rats
and mice. Animals were injected with haloperidol, which
causes immobility. A test compound was then administered
orally, and the compound’s ability to reverse these Parkinson-
like symptoms was analyzed.

Mouse Catalepsy Study. In this model, mice (CD-1,
25-30 g) were injected subcutaneously with 3 mg/kg of
haloperidol in order to induce catalepsy. This is a behav-
ioral condition in which the animal is unable to correct an
externally imposed posture.21 With this type of study, a
test compound was determined to be efficacious when it
allowed the animals to correct the externally imposed posture
within a certain time period. For the mouse catalepsy study,
the animals’ forelimbs were placed on an aluminum bar
suspended horizontally 4.5 cm above the surface of the bench
in order to create an unnatural posture. Catalepsy-free mice,
i.e., those without haloperidol, should be able to come down
from the horizontal bar almost immediately. On the other
hand, cataleptic mice, when placed in this awkward position,
were unable to come down from the bar over a period of 120 s
or more. With haloperidol, the induced catalepsy was suf-
ficiently severe that the animals usually would remain in this
state for 3 h or more. A test compound was then administered
orally by gavage. Orally efficacious compounds were defined
as those that allowed the mice to come down from the bar
within 60 s. The animals must then remain in this catalepsy-
free state for at least 60 min. In other words, when placed
back on the horizontal bar 60 min after drug administration,
the animals should still be able to place one of its forelimbs
back on the bench within 60 s. Six animals were used per
group, and data were analyzed by one factor analysis of
variance with Dunnett’s “t” test used to make post hoc
comparisons.

Rat Catalepsy Study. Male Sprague-Dawley rats
(225-275 g) were injected with haloperidol (1 mg/kg sc). Every
30 min for the next 3 h, catalepsy was measured using the
bar test.21 In this test, the rats’ forelimbs were placed on an
aluminum bar (1 cm in diameter) suspended horizontally 10
cm above the surface of the bench. The elapsed time until the
rat places one forepaw back on the bench is measured, with a
maximum time of 120 s allowed. Once rats show a stable
baseline cataleptic response (about 3 h after haloperidol
injection), test compound or vehicle alone is administered by
oral gavage, and catalepsy was measured by the bar test every
30 min for the next 2 h. Efficacious compounds were de-
fined as those that allowed the rats to come down from the
horizontal bar within 60 s and then remain in the same
catalepsy-free state over the next 60 min. Six animals were
used per group, and data were analyzed by one factor analysis
of variance with Dunnett’s “t” test used to make post hoc
comparisons.

6-Hydroxydopamine Rotation Model. Male Sprague-
Dawley rats (225-250 g) were given a stereotaxic injection of
6-hydroxydopamine hydrochloride into the left medial fore-
brain bundle under brevital (45 mg/kg)/isoflurane anesthesia.
Injections were placed 4.0 mm anterior to λ, 1.3 mm lateral to
the midline, and 8.4 mm ventral to the surface of skull at the
site of injection. 6-Hydroxydopamine‚HCl was injected at dose
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of 8 µg (weight of salt) in 4 µL of saline with 0.02% ascorbate
over 8 min using a syringe pump. The cannula was left in place
for an additional 1 min and withdrawn slowly to minimize
reflux up the tract. Rats were kept warm on a heating pad
until they woke from anesthesia.

Three weeks after surgery, rats were screened for rotational
response to apomorphine (0.1 mg/kg sc) in an automated
rotometer; only rats showing robust contralateral rotation were
included in the study. Six animals were used per group. One
week after apomorphine testing, rats were given compound
31, KW-6002, or the corresponding vehicle solutions (2%
DMSO in H2O for compound 31; 0.5% methyl cellulose for KW-
6002) in the case of controls and placed in the rotometers.
Thirty minutes later, all rats were given L-Dopa (L-dihy-
droxyphenylalanine, 3.7 mg/kg, ip) and the peripheral decar-
boxylase inhibitor benserazide (25 mg/kg, ip), and contralateral
rotations were counted for the next 2 h. The total number of
contralateral rotations in the drug-treated groups was com-
pared to that in the corresponding vehicle-treated control
group using the Mann-Whitney rank sum test.

Note: All experiments using animals were conducted in
accordance with the NIH Guide for the Care and Use of
Laboratory Animals and approved by the Institutional Animal
Care and Use Committee. The IACUC protocol number for all
the catalepsy studies is 105-00, and the corresponding number
for the 6-hydroxydopamine studies is 77-98.
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