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In the past few years much effort in our laboratory has been directed toward the study of
adenosine receptor antagonists, and recently we focused our attention on 2-aryl-1,2,4-triazolo-
[4,3-a]quinoxaline-1,4-diones and 2-aryl-1,2,4-triazolo[4,3-a]quinoxalin-4-amino-1-ones, some
of which were potent and/or selective A; receptor antagonists. In the present paper, a new
series of triazologuinoxaline derivatives is described. Most of the new compounds, biologically
evaluated in radioligand binding assays at bovine (b) A; and Az and at human (h) A; and A
adenosine receptors, showed high hA;z; adenosine receptor affinity and selectivity. In particular,
2-(4-nitrophenyl)-1,2,4,5-tetrahydro-1,2,4-triazolo[4,3-a]quinoxaline-1,4-dione (1), also tested
at the hA,a ARs, shows the best binding profile with a high hA; affinity (Ki = 0.60 nM) and
strong selectivity vs hA; and vs hA,a receptors (both selectivity ratios greater than 16 600). To
interpret our experimental results, we decided to theoretically depict the putative transmem-
brane binding motif of our triazoloquinoxaline analogues on hA; receptor. Structure—activity
relationships have been explained analyzing the three-dimensional structure of the antagonist—

receptor models obtained by molecular docking simulation.

Introduction

The neuromodulator adenosine exerts many biological
functions by activation of G-protein-coupled receptors
(GPCRs), currently classified into A, Aga, Azg, and As
subtypes.12 All four adenosine receptor (AR) subtypes
have been characterized on a pharmacological level and
cloned. While A; or Axa receptors from different species
show high amino acid sequence homology (85—95%), the
As subtype exhibits only 74% homology sequence be-
tween rat and human or sheep.3# Activation of the A3
AR subtype has been shown to mediate adenylate
cyclase inhibition® and phospholipase C® and D7 stimu-
lation. Moreover, in a rat model it has been demon-
strated that activation of Az ARs causes the release of
inflammatory and allergic mediators from mast cells.®
On this basis, A3 AR antagonists might be useful as
antiinflammatory and antiasthmatic agents.® Moreover,
the Az AR subtype seems to be involved in cell survival
regulation.l® This makes Az AR antagonists promising
therapeutics in counteracting ischemia- and aging-
associated neurodegeneration.10-11

In the past few years much effort in our laboratory
has been directed toward the study of AR antago-
nists,’2715 and recently we focused our attention on
2-aryl-1,2,4-triazolo[4,3-a]quinoxaline-1,4-diones and 2-ar-
yl-1,2,4-triazolo[4,3-a]quinoxalin-4-amino-1-ones (Chart
1), some of which were potent and/or selective Az AR
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Chart 1. Previously Reported
1,2,4-Triazolo[4,3-a]quinoxaline Derivatives
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antagonists.1617 In this class of compounds the influence
of various substituents on different regions of the triazo-
logquinoxaline framework, i.e., the appended 2-phenyl
ring or the benzofused moiety, was evaluated. The SAR
studies indicated that a p-methoxy group on the 2-phen-
yl ring (compounds 1A and 1B)!¢ as well as a 6-nitro
substituent (compound 2B)Y shifted the affinity toward
the Az AR subtype. Thus, taking 1A, 1B, and 2B as lead
compounds, we rationally designed new 1,2,4-triazolo-
[4,3-a]quinoxaline derivatives, either 1,4-dioxo (com-
pounds 1—12, series A) or 4-amino-1-oxo substituted
(compounds 13—21, series B) (Chart 2), with the pur-
pose of increasing the Az AR affinity and/or Az vs A;
selectivity of the leads. First, we replaced the 2-(4-
methoxyphenyl) substituent of compounds 1A and 1B
with simple substituents (compounds 1—6 and 13—16),
most of which possess electronic properties similar to
those of the methoxy group (amino, dimethylamino,
ethoxy, and hydroxy groups) (Table 1). In the second
phase of the work, the substituents on the 2-phenyl ring,
which were profitable for A; affinity and/or Az vs A;
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Chart 2. Currently Reported
1,2,4-Triazolo[4,3-a]quinoxaline Derivatives
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selectivity in both the present (R = OH, OCOCHg3s, NOy)
and previous studies'®1” (R; = OMe), were variously
combined with the 6-nitro group (compounds 7—10 and
17-19) in order to verify whether the positive effects
of these groups on hAz AR affinity and/or selectivity
were additive. Finally, the 6-nitro derivatives 8, 9, 18,
and 19 were transformed into the corresponding 6-ami-
no derivatives 11, 12, 20, and 21.

Chemistry

The triazoloquinoxalines 1—21 were prepared as
depicted in Schemes 1—3. Scheme 1 shows the synthesis
of the 2-aryl-1,2,4,5-tetrahydro-1,2,4-triazolo[4,3-a]qui-
noxaline-1,4-diones 1—12. Compounds 4, 7, 8 were
prepared following the synthetic procedure previously
reported to obtain compounds 18 and 1A1618 (Scheme
1). Briefly, reaction of 1,2-phenylenediamine with ethyl
N2-arylhydrazono-N2-chloroacetates 22,19 23,20 and 242!
afforded the 3-arylhydrazono-1,2,3,4-tetrahydroquinoxa-
lin-2-ones 25,18 26, and 27,1618 respectively. When the
commercially available 3-nitro-1,2-phenylenediamine
was reacted with the ethyl N!-arylhydrazono-N2-chlo-
roacetates 22 and 24, the 3-arylhydrazono-1,2,3,4-
tetrahydro-8-nitroquinoxalin-2-ones 28 and 29 were
obtained, respectively. The 8-nitro structure of com-
pounds 28 and 29 was assigned on the basis of the 'H
NMR spectra of the corresponding tricyclic derivatives
7 and 8 obtained by cyclizing 28 and 29 with triphos-
gene. The key tool was the signal of the H-9 proton,
which is easily detected, since in this class of tricyclic
derivatives,’6~18 the H-9 is, in general, the most deshield-
ed aromatic proton (about 8.6—9.4 ppm) because of the
paramagnetic effect of the 1-carbonyl group. Thus, the
presence in the IH NMR spectra of the triazologuinoxa-
lines 7 and 8 of a doublet at 8.99 and 9.02 ppm,
respectively, assigned to the H-9 proton indicated that
7 and 8 were 6-nitro-substituted, and consequently, the
corresponding bicyclic derivatives 28 and 29 were
8-nitro-substituted compounds. The triazolo[4,3-a]qui-
noxaline-1,4-dione 4 was prepared as above cited for 7
and 8, i.e., by cyclizing compound 26 with triphosgene
following a reported procedure'®18 to obtain compounds
1 and 1A from 25 and 27, respectively. The 2-(4-
aminophenyl) derivative 2 was obtained from the cor-
responding nitro compound 1 as described in ref 18.
When compound 2 reacted with formaldehyde and
sodium cyanoborohydride, the 2-(4-dimethylaminophen-
yl) derivative 3 was obtained. The 2-(4-hydroxyphenyl)
derivative 58 ensued from treatment of the 2-(4-
methoxyphenyl) derivative 1A with 48% HBr, as previ-
ously described.1® Reaction of compound 5 with acetyl
chloride gave rise to the 2-(4-acetoxyphenyl)-substituted
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triazoloquinoxaline 6. Demethylation of the 2-(4-meth-
oxyphenyl) derivative 8 afforded the corresponding 2-(4-
hydroxyphenyl) derivative 9. The 2-(4-acetoxyphenyl)
derivative 10 was obtained from compound 9 and
acetyl chloride. Catalytic reduction of compounds 8 and
9 yielded the corresponding 6-amino derivatives 11 and
12.

By reaction of the triazoloquinoxaline-1,4-diones 1, 4,
1A, 7, 8, 10 with phosphorus pentachloride and phos-
phorus oxychloride, the unstable 2-aryl-4-chloro-1,2,4-
triazolo[4,3-a]Jquinoxalin-1-ones 30, 31, 32,16 33-35
were isolated (Scheme 2). Reaction of the 4-chloro
derivatives 30—34 with ammonia yielded the corre-
sponding 4-amino-2-aryl-1,2-dihydro-1,2,4-triazolo[4,3-
aJquinoxalin-1-ones 13, 15, 1B,16 17, 18, while from
the 4-chloro derivative 35 the 4-amino-2-(4-hydroxy-
phenyl)-substituted compound 19 was obtained. The
nitro derivative 13 was catalytically reduced to afford
the corresponding amino compound 14. The 2-(4-hydroxy-
phenyl)-substituted compound 16 ensued from de-
methylation of the 2-(4-methoxyphenyl) derivative 1B.
Catalytic reduction of the 6-nitrotriazoloquinoxaline 18
gave the 6-amino derivative 20 (Scheme 3), which by
treatment with boron tribromide yielded the 2-(4-
hydroxyphenyl) compound 21.

Biochemistry

Compounds 1—21 were tested for their ability to
displace [3H]-N®-cyclohexyladenosine ([BH]CHA) from A;
AR in bovine cerebral cortical membranes, [3H]-2-[4-(2-
carboxyethyl)phenethyl]amino-5'-(N-ethylcarbamoyl)ad-
enosine ([?H]CGS 21680) from A,a AR in bovine striatal
membranes, and ['251]-N®-(4-amino-3-iodobenzyl)-5'-(N-
methylcarbamoyl)adenosine ([*2°1]JAB-MECA) from cloned
hA; receptor stably expressed in Chinese hamster ovary
(CHO) cells. In fact, because of the high species differ-
ences in the Az primary amino acid sequence,*2223 we
tested our Az AR ligands on cloned hAgs receptors.

Subsequently, we selected compounds 1, 5, 6, 8, 18,
and 20, which showed high Az AR affinity (K; < 50 nM),
and the previously reported 1A and 1B, and we tested
them for their ability to displace [2H]CHA from cloned
hA: AR in order to establish their Az vs A; selectivity
within the same species. The binding results of 1-21,
together with those of compounds 1A, 1B, 2B as
comparison, are shown in Table 1. Moreover, the bind-
ing data of theophylline and 1,3-dipropyl-8-cyclopen-
tylxanthine (DPCPX), included as antagonist reference
compounds, are also reported. Compound 1, the most
potent and selective Az AR ligand among the herein
reported compounds, was also tested for its ability to
displace [¥H]-5'-(N-ethylcarboxamido)adenosine ([3H]-
NECA) from cloned hA;a ARs. Finally, to evaluate its
intrinsic activity, derivative 1 was tested for its ability
to inhibit the NECA-stimulated guanosine 5'-O-(3-[3°S]-
thio)triphosphate ([3°S]GTPyS) binding (Figure 1) in
membranes prepared from CHO cells stably expressing
hA3z ARs. The [?®*S]GTPyS binding assay is a functional
model where the intrinsic activity of a ligand acting at
GPCRs, including ARs,?425 is measured by evaluating
its influence on [3°*S]GTPyS binding to cell membranes.
Agonists increase the [?*S]GTPyS binding because they
stimulate the GDP—GTP exchange. Antagonists reduce
the agonist-stimulated [*°S]GTPyS binding.



3582 Journal of Medicinal Chemistry, 2004, Vol. 47, No. 14 Colotta et al.
Table 1. Binding Activity at Bovine A; and Aza and Human A; and As; ARs
0 NH;
=N, ;\FN\
! N\\(NOF“ R L N{“OF“
o o™t
1A, 1-12 1B, 2B,13-21
Ki @ (nM) or I (%)

R1 Re bA; P hA; ¢ bAA @ hAz ¢
1A¢® OMe H 934 + 85 42% 0% 16 +1.2
1 NO, H 19% 32% 21% 0.6 +£0.03
2 NH; H 8.7 £ 0.65 28% 3600 + 264
3 NMe;, H 577.7 £ 48 0% 429 + 35.9
4 OEt H 10000 + 866 0% 175+ 15.3
5 OH H 30.6 £ 2.7 168 +11.4 6800 + 522 47 £ 3.9
6 OCOMe H 26 +1.9 320 £ 29 9700 + 752 11.2+14
7 NO, NO; 91+74 0% 24%
8 OMe NO- 25% 0% 14% 4.7 +£0.52
9 OH NO; 38% 4% 21%
10 OCOMe NO; 21.3% 0% 20%
11 OMe NH:2 16% 23% 83+74
12 OH NH> 996 + 56 36% 39%
1Bf OMe H 312 £ 27 69 +£5.2 376 £ 30 454+1.2
2B9 H NO; 82+74 870 £ 22 75.8 £ 6.9 4.75 £ 0.3
13 NO, H 11.9% 31% 28%
14 NH; H 48 + 3.9 3.6 £0.23 335+ 24.9
15 OEt H 537 £ 44 13000 + 1240 203 £ 19.9
16 OH H 116 £+ 10.7 80+75 73.2+6.9
17 NO; NO; 155 + 13.2 2.7% 30%
18 OMe NO; 19% 45% 16.5% 47 + 3.9
19 OH NO, 446 + 35 1600 + 128 45%
20 OMe NH2 38% 186 +11.3 1049 + 98.6 22+1.9
21 OH NH: 61+54 181 + 15.7 176 + 15.9
theophylline 3800 + 340 6200 + 530 21000 + 1800 86000 + 7800
DPCPX 0.5 +0.03 32+02 337 +28 1300 + 125

aThe K; values are the mean 4+ SEM of four separate assays, each performed in triplicate. ® Displacement of specific [?(HJCHA binding
in bovine brain membranes or percentage of inhibition (I %) of specific binding at 20 M concentration. ¢ Displacement of specific [FH]CHA
binding at hA; receptors expressed in CHO cells or percentage of inhibition (1 %) of specific binding at 10 xM concentration. 9 Displacement
of specific [?H]CGS 21680 binding from bovine striatal membranes or percentage of inhibition (1 %) of specific binding at 20 M concentration.
¢ Displacement of specific [*2°I]JAB-MECA binding at hA3 receptors expressed in CHO cells or percentage of inhibition (I %) of specific
binding at 1 M concentration. f bA;, bAza, and hA;z binding data are reported in ref 16. 9 Reference 17.

Results and Discussion

The binding results of compounds 1—21 displayed in
Table 1 show that we have achieved our goal. In fact,
we have produced some potent and/or highly selective
hAz antagonists, some of which possess either increased
As AR affinity or hAs vs hA; selectivity with respect to
those of the corresponding lead compounds (compare
compounds 1 and 8 with 1A, compound 18 with 1B/2B,
and derivative 20 with 1B). Moreover, we have also
obtained some potent bA; AR antagonists (compounds
2,5, 6, 14, and 21), while as expected, all the synthe-
sized compounds except three (derivatives 14, 16, and
21) are scarcely active or completely inactive at the bA;a
AR subtype.

The first modification we made on the lead compounds
1A and 1B was replacement of the p-methoxy group on
the 2-phenyl ring with simple substituents in order to
explore this position in further detail. All the substit-
uents, but two (NO,, OCOMe) were chosen because they
possess electronic properties similar to those of the
methoxy group but with different lipophilicity, steric
hindrance, and above all, different ability to engage
hydrogen bonds. Among the probed substituents, the
p-nitro group on the 2-phenyl-1,2,4-triazolo[4,3-a]qui-
noxaline-1,4-dione core (compound 1) achieved the high-
est Az affinity (Kj = 0.6 nM) among the herein reported

antagonists. Compound 1 is also highly hAz vs hA;
selective, being inactive at the hA; receptor, similar to
the lead compound 1A. To also assess the Az vs Aoa
selectivity, we tested derivative 1 at the hAa ARs,
toward which it is completely inactive (I = 15% at 10
uM). It is noted that 1 is among the most potent and
selective hA; vs hA; and hA;3; vs hA,a (both selectivity
ratios greater than 16 600) tricyclic AR ligands reported
so far.26 Compound 1 resulted in a potent antagonist in
the [**S]GTPyS binding assays at hAsz ARs. In fact, while
it does not affect the [3*S]GTPyS binding in the absence
of NECA, it inhibits the NECA-stimulated [3°S]GTPyS
binding with an ECsy value of 5.4 nM (Figure 1).

A structure—activity relationship (SAR) study of
derivatives 1-6 and 13—16 provided some useful in-
sights about the role of the electronic and steric proper-
ties of the 2-(p-phenyl) substituent on the two series A
and B for hA; receptor—ligand recognition. The elec-
tronic properties of the 2-(p-phenyl) substituent do not
seem to play a crucial role in the interaction of the 1,4-
dione series derivatives with the receptor binding
pocket. In fact, the most active compounds 1, 1A, and 6
bear either an electron-donating (OMe) or an electron-
withdrawing (NO,, OCOMe) substituent. More impor-
tant roles seem to be exerted by the steric properties of
the p-phenyl substituent and especially by its capability
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of acting as a hydrogen-bond acceptor. In fact, the
subnanomolar Az AR affinity of compound 1, signifi-
cantly higher than those of the other compounds of
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Figure 1. [**S]GTPyS binding assays at hA; ARs: stimulation
curve of [¥®¥S]GTPyS binding by different concentrations of
NECA (¥); modulation curve of [¥®S]GTPyS binding by differ-
ent concentrations of compound 1 in the absence of NECA (@);
inhibition curve of NECA-stimulated (10 uM) [3*S]GTPyS
binding by different concentrations of compound 1 (O). Curves
are representative of single experiments performed three times
with similar results. ECso =+ SEM values for NECA and
compound 1 were 84.8 &+ 9.2 and 5.4 + 0.8 nM, respectively.

series A, could suggest that the p-nitro substituent en-
gages a hydrogen bond with a receptor proton donor site.
This hypothesis is consistent with the binding affinities
of compounds 1A and 5 (R; = OH) and also explains
the low A3 binding affinity of derivative 2, bearing the
very weak hydrogen-bond acceptor p-amino group.
When this substituent was replaced by the stronger
hydrogen-bond acceptor p-dimethylamino group (com-
pound 3), an 8-fold enhancement of the Az affinity was
obtained. The important role played by the steric bulk
of the p-phenyl substituent is suggested by comparing
the binding affinity of compound 1A with that of the
10-fold less active 2-(4-ethoxyphenyl) derivative 4. To
test our hypothesis that both steric bulk and hydrogen-
bonding interaction play a key role in the anchoring of
the 2-aryl moiety of our triazoloquinoxaline derivatives
to the hA; AR, we rationally synthesized the 2-(4-
acetoxyphenyl) derivative 6. In fact, the acetoxy group
is similar to the ethoxy group from a steric point of view,
but it is a stronger hydrogen-bond acceptor because of
the carbonyl group oxygen. As we expected, compound
6 exhibits 16-fold higher hA; affinity compared to 4.

In series B, replacement of the p-methoxy substituent
of the lead 1B with other groups (compounds 13—16)
modulates the hA; affinity to a minor extent with
respect to series A. Most of the p-phenyl-substituted
derivatives (compounds 14—16) possess good As affinity
even though none of them are more active than the lead
compound 1B. In particular, it is noted that the 2-(4-
nitrophenyl) derivative 13, in contrast to the corre-
sponding 1,4-dione derivative 1, is completely inactive
at the Az subtype. The SARs of series B resemble those
discussed above for series A. In series B the steric
properties of the 2-(p-phenyl) substituent, as well as its
capability of engaging a hydrogen bond, also play a role
in hAs receptor recognition. In fact, derivative 16,
bearing a hydrogen-bond acceptor, i.e., the p-hydroxy
group, is equiactive to 1B, while the 2-(4-aminophenyl)
derivative 14 shows a 7-fold lower hA; affinity than 1B.
The importance of steric bulk is shown by the about
5-fold lower hAj; affinity of the 2-(4-ethoxyphenyl)
derivative 15 with respect to 1B.
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In the second phase of the work we variously com-
bined the R; substituents that were most advantageous
for A; affinity and/or selectivity (R; = OMe, OH,
OCOMe, NO) with the 6-nitro group (compounds 7—10
and 17—19) to verify whether the positive effects of all
these substituents were additive. The binding results
show that in series A only the combination of the 6-nitro
group with the 2-(4-methoxyphenyl) substituent posi-
tively affected both hA; affinity and selectivity. In fact,
compound 8 exhibits high hA; affinity and higher hA;
vs hA; selectivity than its lead compound 1A, while
compounds 7 (R; = NOy), 9 (R = OH), and 10 (R, =
OCOMe) are completely devoid of Az affinity. A similar
trend is observed in the double substituted derivatives
17-19 of series B. In fact, also in this series, only the
combination of the 6-nitro group with the 2-(4-methoxy-
phenyl) substituent (compound 18) affords nanomolar
hAgz affinity and higher hAs vs hA; selectivity, compared
to the lead compounds 1B and 2B.7 In contrast, the
6-nitro derivatives 17 (R; = NO) and 19 (R; = OH) are
completely inactive at the hA; ARs. Finally, the 6-nitro
derivatives 8, 9, 18, and 19 were reduced to the
corresponding 6-amino derivatives 11, 12, 20, and 21
because in previous studies the presence of the 6-amino
substituent on our triazoloquinoxaline derivatives was
advantageous to hA;z affinity.” In the present study, this
transformation causes different effects in series A and
B. In the former, the 6-amino compound 11 is 17-fold
less active than the corresponding 6-nitro derivative 8
while the 6-amino compound 12 is totally inactive,
similar to the 6-nitro derivative 9. In contrast, in series
B, the 6-amino compound 20 and 21 display, respec-
tively, a 2-fold and a more than 6-fold enhanced As
affinity with respect to the corresponding 6-nitro deriva-
tives 18 and 19. Nevertheless, the 6-amino derivative
20 is less hA;3; vs hA; selective than 18, showing only a
8.4-fold selectivity ratio.

The binding data of compounds 1—21 also provided
new insights about the structural requirements of the
bA;1 AR. The bA; receptor seems to tolerate hydrophilic
groups well. In fact, the 2-(4-aminophenyl) derivative
2 exhibits the highest bA; affinity (K; = 8.7 nM) among
the herein reported antagonists. Moreover, either the
2-(4-hydroxyphenyl) derivative 5 or the 2-(4-acetoxyphen-
yl)-substitued compound 6 possesses high bA; affinity.
The advantageous effect of the hydrophilic p-amino and
p-hydroxy groups on the 2-phenyl ring also emerged
among derivatives 13—16 of series B, compounds 14 and
16 being the most active at the bA; ARs. The bA;
binding affinities seem to be also influenced by the steric
bulk of the substituent on the 2-phenyl ring. The lower
A affinities of the p-(dimethylamino) derivative 3 and
of the p-ethoxy-substituted compound 4, compared to
those of 2 (R; = NH_y) and 1A (R; = OMe), respectively,
could be attributed not only to the increased lipophilicity
but also to the higher steric hindrance of the dimethyl-
amino and ethoxy groups with respect to the amino and
methoxy substituents. A similar consideration can be
made, although to a lesser degree, about 15 with respect
to the corresponding lead compound 1B. The binding
activity of compound 6 exemplifies the importance of a
proper balance between the steric bulk and hydropho-
bicity of the substituent for bA; receptor—ligand inter-
action. In fact, compound 6, which shows a significantly
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higher bA; affinity (384-fold) than 4, bears a p-acetoxy
substituent that possesses a steric bulk similar to that
of the ethoxy group (compound 4) but with an increased
hydrophilicity.

As we expected on the basis of our previous studies,’
introduction of the 6-nitro group on the 2-aryl deriva-
tives 1A, 5, 6, and 1B dramatically decreased the bA;
affinity (see compounds 8, 9, 10 and 18). In contrast,
the 6-nitro-substituted derivatives 7, 17, and 19 display
good affinities for this AR.

Reduction of the 6-nitro group of the 2-(4-methoxy-
phenyl) derivatives 8 and 18 afforded derivatives 11 and
20, which are still inactive on the bA; AR. In contrast,
the 6-amino-2-(4-hydroxyphenyl) derivatives 12 and 21
show a significantly higher bA; affinity than the corre-
sponding 6-nitro compounds 9 and 19.

A comparison of the bA; affinity values of compounds
1A,1,5, 6, 8, 1B, 2B, 18, and 20 with those determined
at the hA; receptor indicates that these two receptors
possess different structural requirements due to well-
known species differences.?®27 In fact, all the tested
compounds exhibit bA; affinities different from those
determined for hA; ARs.

Building an Antagonist-Bound Model of hA;
Adenosine Receptor. The SAR analysis, discussed
above, does not allow us to establish whether derivatives
of the two series A and B interact with the hA; AR
recognition site with a similar or different binding mode.
In fact, although some SAR similarities could suggest
an analogous approach in the binding cavity, the noted
differences and especially the opposite behavior of the
p-nitro-substituted derivatives 1 and 13 allow us to
suppose a different orientation of the 1,4-diones (series
A) and the 4-amino-1-one (series B) derivatives inside
the recognition site. To interpret our experimental
results, we decided to theoretically depict the putative
transmembrane (TM) binding motif of triazoloquinoxa-
line analogues on hA; AR. Following our recently re-
ported modeling approach,?6=30 we built an improved
model of the hA;3; receptor, using the bovine rhodopsin
crystal structure as template,3! which can be considered
a further refinement in building the hypothetical bind-
ing site of the previously proposed A; AR antagonists.
Special attention had to be given to the second extra-
cellular (E2) loop, which has been described in bovine
rhodopsin to fold back over TM helices and therefore
limits the size of the active site.3! As Jacobson and
coauthors have already demonstrated, amino acids of
this loop could be involved in direct interactions with
the ligands.3? Details of the building model are given
in the Experimental Section. As previously reported, the
recognition of classic hA; AR antagonists seems to occur
in the upper region of the TM helical bundle. TMs 3, 5,
6, and 7 appear to be crucial for the recognition of both
agonists and antagonists. Very recently, a number of
amino acid residues in the TM domains 3 and 5 and
the second extracellular loop (EL2) were individually
replaced with Ala and other amino acids.32 These
residues are homologous to those predicted in previous
molecular modeling studies of the adenosine receptor
for ligand recognition, including His95, Trp243, Ser247,
Asn250, and Lys152.

The first interesting result obtained from our molec-
ular docking studies is that the 2-(p-nitrophenyl)-
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Figure 2. hA; receptor model viewed from the membrane side
(A) and from the extracellular side (B) showing the E2 loop
folded into the binding crevice. Putative binding sites, sug-
gested by site-directed mutagenesis studies, is delimited by
the docked derivative 1. The steric complementarity between
the ligand (derivative 1) and the receptor cavity is shown in
part C.

substituted derivative 1 can fit nicely inside the TM
region of hA; AR. As shown in Figure 2, the binding of
the triazoloquinoxaline moiety seems to occur in the
upper region of the helical bundle. A very clear steric
and electrostatic complementarity has been found be-
tween derivative 1 and the hypothetical binding cavity
on hA3; AR. At least six stabilizing hydrogen-bonding
interactions have been described using the most ener-
getically stable docked conformation (see Experimental
Section for details). Thr94 (TM3), His95 (TM3), Trp243
(TM6), Asn250 (TM6), His272 (TM7), Serl65 (EL2), and
GIn167 (EL2) seem to characterize the ligand recogni-
tion region on the receptor. Accordingly, the triazolo-
quinoxaline nucleus should be most favorably oriented
perpendicular to the plane of the lipid bilayer, with the
2-aryl substituent in proximity to TM2 and TM7 and
the fused benzene ring close to TM5 and TM6. Several
important hydrophilic contacts, probably hydrogen-
bonding interactions, seem to be involved among the two
carbonyl groups of the triazoloquinoxaline moiety and
some of the residues oriented inside the TM bundle,
such as Thr94 (TM3), His95 (TM3), Asn250 (TM6), and
GIn167 (EL2).

As previously underlined, the 2-(p-nitrophenyl) sub-
stituent on compound 1 is crucial for high potency and
selectivity. As described above, the 2-aryl substituent
is positioned in a small cleft defined by EL2, TM2, and
TMY7. This peculiar hydrophobic pocket is delimited by
nonpolar amino acids such as Leu90 (TM3), Leu246
(TM6), and 11e268 (TM7). However, two extremely
crucial polar residues, such as Ser165 (EL2) and His272
(TM7), are also present at the border of this hydrophobic
pocket. In our model, the nitro group of derivative 1 is
able to strongly achieve two hydrogen-bonding interac-
tions with Serl65 and His272. These two hydrogen-
bonding interactions seem to be responsible for the
observed subnanomolar activity versus the hA; receptor.
Accordingly, the replacement of the —NO, with other
hydrogen-bond acceptors, as well as —OCOMe (6) and
—OMe (1A), is still acceptable even if the interaction
energies are less favorable. On the other hand, the
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replacement of the nitro with the amino hydrogen-
bond donor (2) drastically reduces the hAz AR affinity.
The presence of bulky and weak hydrogen-bond accep-
tors such as —OEt (4) or —NMe; (3) also produces a
modest affinity to the hA; AR. The amphiphatic behav-
ior of —OH as hydrogen-bond acceptor and donor
reduces the affinity of derivative 5 without, in any case,
abolishing it.

In general, the concurrent presence, on the triazolo-
qguinoxaline-1,4-dione moiety, of the 6-nitro substituent
and the 2-(p-phenyl) substituent is not well tolerated
(compounds 7, 9, 10). The fused benzene ring of the
triazoloquinoxaline moiety is positioned into a tiny
hydrophobic fissure originated by TM5 and TM6. The
double substitution sensibly increases the volume of the
antagonist structure neglecting its appropriate binding
with the receptor cavity. Only the 6-NO; group and the
2-(p-methoxyphenyl) substituent together are still toler-
ated (compound 8). In this case, the small methoxy
group can still be positioned in the small hydrophobic
fissure originated by TM2 and TM7. Accordingly, all
docked double substituted triazoloquinoxaline deriva-
tives have been characterized by high van der Waals
repulsion energies during all of the molecular docking
simulations.

From a classical structure—activity relationship point
of view, as explained above, the comparison between
derivatives 1 and 13, both with the 2-(p-nitrophenyl)
substitution, at first glance depicts an irrational sce-
nario. Surprisingly, derivative 13 is almost inactive
against the hAs receptor. On the other hand, derivative
2B with a nitro group at the 6-position presents a high
nanomolar activity versus the same receptor. Conse-
quently, the replacement of the 4-carbonyl group of the
triazoloquinoxaline moiety with an amino group drasti-
cally changed the structure—activity relationships al-
ready proposed. A convincing answer to this dilemma
can be found from our molecular docking simulations.
Inside the binding cavity, the orientations of the two
triazoloquinoxaline moieties, the 2-aryl-1,2,4-triazolo-
[4,3-a]quinoxaline-1,4-diones (series A) and 2-aryl-1,2,4-
triazolo[4,3-a]quinoxalin-4-amino-1-ones (series B), are
surprisingly different. As shown in Figure 3, the re-
placement of the carbonyl group with the amino sub-
stituent flips the orientation of the triazoloquinoxaline
moiety by 180° with respect to the original one. In this
new situation, the triazoloquinoxaline nucleus is still
favorably oriented perpendicular to the plane of the lipid
bilayer but with the 2-aryl substituent in proximity to
TMS5 and TM6 and the fused benzene ring close to TM2
and TM7. The 2-(p-nitrophenyl) position of derivative
1 is almost in correspondence with the 6-position of
derivative 2B. This molecular flip inside the binding
cavity seems to be aimed at preserving the hydrogen-
bonding interactions among the triazoloquinoxaline
moiety and the most crucial amino acids of the binding
cavity. In particular, the 6-nitro group of derivative 2B
can still interact through two hydrogen bonds with
Serl65 (EL2) and His272 (TM7). Moreover, further
evidence supporting our hypothesis about the flipped
conformation can be obtained from the analysis of dock-
ing results concerning the already published 2-phenyl-
6-nitro-1,2,4-triazolo[4,3-a]quinoxaline-1,4-diones (name-
ly, compound 7 in ref 17). This compound presents a
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Figure 3. Triazoloquinoxaline derivatives binding site in the
hA; receptor: derivatives 1 (upper-left side) and 2B (upper-
right side) docked into the ligand binding crevice of the human
As receptor viewed from the membrane side facing TM helices
5 and 6. H-bonding interactions are shown by the dashed line.
Hydrogen atoms are not displayed.

high nanomolar range activity versus the hA3 receptor
(Ki = 279 nM).1” This derivative shares the peculiar
binding conformation of all series A compounds bearing
the 6-nitro group positioned in the tiny hydrophobic
fissure originated by TM5 and TM6, as already de-
scribed for derivative 13. The steric hindrance of the
6-nitro moiety with both TM5 and TM6 and the lost
possibility of directly interacting with EL2 and His272
(TM7) drastically reduce the hA; AR binding affinity.
As previously speculated for series A, also for series B
the simultaneous presence on the triazoloquinoxaline
moiety of the 6-nitro substituent and of the p-nitro or
p-hydroxy groups on the 2- phenyl ring (compounds 17
and 19, respectively) is not well tolerated.

Conclusion

The present study has highlighted that the 1,2,4-
triazolo[4,3-a]Jquinoxalin-1-one moiety is an attractive
scaffold for obtaining potent and selective hAz AR
antagonists. The classical SAR analysis, supported by
molecular modeling studies, provides new useful in-
sights about the steric, lipophilic, and electrostatic
requirements that are important for the optimal an-
choring of these derivatives to the hAz; AR recognition
site. Advances in the general methods of molecular
modeling and the resolution of the template structures
of rhodopsin have brought this integrated perspective
to a stage of practicality as a medicinal chemical
approach to studying GPCRs in general and purine/
pyrimidine receptors specifically. Ligand—receptor mod-
eling studies have clarified the binding mode of our
triazoloquinoxaline derivatives and have provided in-
sights into the putative binding sites and recognition
elements. Identification of microscopic complementarity
between residues of the putative receptor binding site
and the docked high-affinity ligands (i.e., energetically
stabilizing elements in ligand recognition) has aided in
the design process. The ligand—receptor modeling stud-
ies have pointed out that (i) several hydrogen-bonding
interactions seem to be crucial for the anchoring of this
class of antagonists to the hA; AR recognition site, (ii)
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both the 2-aryl group and the fused benzene ring
interact with two size-limited binding pockets and, as
a consequence, the volume of the whole molecule is
critical in the fitting with the receptor, and (iii) the
orientations of the 1,4-dione (series A) and 4-amino-1-
one derivatives (series B) inside the binding site are
probably different. Taking into account these new
findings, further modifications of these compounds to
improve Az AR affinity and selectivity are in progress.

Experimental Section

(A) Chemistry. Silica gel plates (Merck Fzs4) and silica gel
60 (Merck, 70—230 mesh) were used for analytical and column
chromatography, respectively. All melting points were deter-
mined on a Gallenkamp melting point apparatus. Microanaly-
ses were performed with a Perkin-Elmer 260 elemental
analyzer for C, H, N, and the results were within +0.4% of
the theoretical unless otherwise stated. The IR spectra were
recorded with a Perkin-Elmer Spectrum RX | spectrometer in
Nujol mulls and are expressed in cm~. The *H NMR spectra
were obtained with a Varian Gemini 200 instrument at 200
MHz. The chemical shifts are reported in 6 (ppm) and are
relative to the central peak of the solvent that is always
DMSO-de.

General Procedure for the Synthesis of 1,2,3,4-Tet-
rahydro-3-arylhydrazonoquinoxalin-2-ones 25, 26, 27,1618
28, 29. Compounds 26, 28, and 29 were obtained following
the reported procedure'®18 described to prepare compounds 25
and 27. Briefly, ethyl N!-arylhydrazono-N?-chloroacetates
22241721 (9 mmol) were reacted with 1,2-phenylenediamine
(9 mmol) in refluxing ethanol (80 mL) and triethylamine (10.8
mmol) for 3 h. The suspension was cooled at room temperature,
and the solid, made up of 25—27, was collected by filtration
and washed with water (30—40 mL). Similarly, when 22 and
24 reacted with the 3-nitro-1,2-phenylenediamine, compounds
28 and 29 were obtained, respectively. Compounds 26, 28, 29,
as previously described for 258 and 27,1618 may exist in either
tautomeric forms a and b:

R1 R
H 1
N N\/@/ N H/Q/
N N0
H
Rs RGH
a b

(0]

In fact, their *H NMR spectra revealed the existence of both
tautomers because there are more than three signals relative
to protons that exchange with D,0.

26: yield 90%; mp 226—228 °C dec (EtOH); 'H NMR ¢ 1.08—
1.38 (m, CH3; of both tautomers), 3.83—3.94 (m, CH, of both
tautomers), 6.65—7.29 (m, ar), 8.49 (br s, NH), 9.36 (br s, NH),
9.47 (br s, NH), 11.09 (br s, NH), 12.29 (br s, NH). Anal.
(C16H15N402) C, H, N.

28: yield 85%; mp 283—285 °C dec (DMF); 'H NMR 6 6.80—
7.08 (m, ar), 7.98—8.19 (m, ar + NH), 8.21-8.27 (m, ar,), 9.28
(br's, NH), 10.22 (br s, NH), 12.08 (br s, NH). Anal. (C14H10NgOs)
C, H, N.

29: yield 80%; mp 155—157 °C dec (AcOH); *H NMR 0o
3.68 (s, OCHj3), 6.68—7.40 (m, ar), 7.62—7.70 (m, ar + NH),
7.92—7.98 (m, ar), 8.84 (br s, NH), 9.89 (br s, NH), 9.97 (br s,
NH), 10.31 (br S, NH), 11.40 (br S, NH) Anal. (C15H13N504) C,
H, N.

General Procedure for the Synthesis of 1,2,4,5-Tet-
rahydro-2-aryl-1,2,4-triazolo[4,3-a]Jquinoxaline-1,4-di-
ones 1,84, 1A,%618 7 8. Compounds 4, 7, and 8 were prepared
by reacting compounds 26, 28, and 29 (4 mmol), respectively,
with triphosgene (4 mmol) in refluxing anhydrous tetrahy-
drofuran (40 mL) for 2—3 h, as described to prepare 1'¢ and
1A%18 from 25 and 27, respectively.

4: yield 95%; mp >300 °C (AcOH); *H NMR ¢ 1.35 (t, 3H,
CHg), 4.07 (q, 2H, CHy), 7.09 (d, 2H, ar, J = 9.2 Hz), 7.26—
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7.35(m, 3H, ar), 7.85 (d, 2H, ar, 3 = 9.2 Hz), 8.59 (d, 1H, H-9,
J = 8.1 Hz), 11.94 (s, 1H, NH). Anal. (C17H14N403) C, H, N.

7: yield 89%; mp >300 °C (DMF); *H NMR 6 7.53 (t, 1H, ar,
J=28.1Hz),8.13(d, 1H, ar, J = 7.0 Hz), 8.31 (d, 2H, ar, J =
9.5 Hz), 8.45 (d, 2H, ar, J = 9.5 Hz), 8.99 (d, 1H, H-9, J = 6.9
Hz), 11.38 (br s, 1H, NH); IR 1707, 3324. Anal. (C15sHgNsOs)
C, H, N.

8: yield 85%; mp 262—264 °C (AcOH); 'H NMR ¢ 3.80 (s,
3H, CHs), 7.12 (d, 2H, ar, J = 9.16 Hz), 7.49 (t, 1H, H-8, J =
8.3 Hz), 7.85 (d, 2H, ar, 3 = 9.1 Hz), 8.12 (d, 1H, H-7, 3 = 8.3
Hz), 9.02 (d, 1H, H-9, J = 8.1 Hz), 11.25 (s, 1H, NH). Anal.
(C16H11Ns0s) C, H, N.

2-(4-Aminophenyl)-1,2,4,5-tetrahydro-1,2,4-triazolo-
[4,3-a]quinoxaline-1,4-dione (2).18 The title compound was
prepared from 1 as described in ref 18.

2-(4-Dimethylaminophenyl)-1,2,4,5-tetrahydro-1,2,4-
triazolo[4,3-a]quinoxaline-1,4-dione (3). Aqueous formal-
dehyde (40%, 0.74 mL) was added to a suspension of 2 (0.85
mmol) in acetonitrile (15 mL). The mixture was stirred at room
temperature for 5 min, then sodium cyanoborohydride (2.9
mmol) was added. After the mixture was stirred for 6 h at
room temperature, a second portion of aqueous formaldehyde
(40%, 0.74 mL) and sodium cyanoborohydride (2.9 mmol) was
added and the suspension was left overnight at room temper-
ature. After dilution with water (10 mL), the mixture was
acidified with glacial acetic acid and the solid was collected
and washed with water. Yield: 95%; mp >300 °C (DMF/
EtOH); *H NMR 6 2.94 (s, 6H, 2CHjs), 6.85 (d, 2H, ar, 3 = 9.1
Hz), 7.21-7.40 (m, 3H, ar), 7.71 (d, 2H, ar, J = 9.1 Hz), 8.60
(d, 1H, H-9, J = 8.1 Hz), 11.90 (s, 1H, NH); IR 1690, 1730,
3160 cm™1. Anal. (Cl7H15N502) C, H, N.
2-(4-Hydroxyphenyl)-1,2,4,5-tetrahydro-1,2,4-triazolo-
[4,3-a]quinoxaline-1,4-dione (5).8 The title compound was
obtained from 1A as described in ref 18.
2-(4-Acetoxyphenyl)-1,2,4,5-tetrahydro-1,2,4-triazolo-
[4,3-a]lquinoxaline-1,4-dione (6). A mixture of compound 58
(0.68 mmol), triethylamine (2.72 mmol), and acetyl chloride
(0.68 mmol) in anhydrous tetrahydrofuran (20 mL) was
refluxed for 3 h. After the mixture was cooled at room
temperature, the solid was filtered off and the solvent of the
clear solution was evaporated at reduced pressure. The residue
was purified on silica gel column, eluting with chloroform/
methanol (11:0.5). Evaporation of the solvent of the second
eluates afforded compound 6. Yield: 62%; mp 298—299 °C
(DMF); *H NMR 6 2.30 (s, 3H, CH3), 7.22—7.41 (m, 5H, ar),
8.02 (d, 2H, ar, J = 9.2 Hz), 8.60 (d, 1H, H-9, J = 8.1 Hz),
11.99 (s, 1H, NH); IR 1690, 1720, 1770, 3390 cm™*. Anal.
(C17H12N40s) C, H, N.
2-(4-Hydroxyphenyl)-6-nitro-1,2,4,5-tetrahydro-1,2,4-
triazolo[4,3-a]quinoxaline-1,4-dione (9). A suspension of
compound 8 (1.4 mmol) in glacial acetic acid (2 mL) and
hydrobromic acid (48%, 9 mL) was refluxed for 40 h. After the
mixture was cooled at room temperature, the solid was filtered
and washed with water. Yield: 86%; mp >300 °C (DMF); 'H
NMR 6 6.91 (d, 2H, ar, J = 8.8 Hz), 7.47 (t, 1H, ar, J = 8.4
Hz), 7.71 (d, 2H, ar, J = 8.8 Hz), 8.10 (d, 1H, ar, J = 8.4 Hz),
9.01 (d, 1H, H-9, J = 8.4 Hz), 9.82 (s, 1H, OH), 11.22 (s, 1H,
NH), Anal. (C15H9N505) C, H, N.
2-(4-Acetoxyphenyl)-6-nitro-1,2,4,5-tetrahydro-1,2,4-
triazolo[4,3-a]lquinoxaline-1,4-dione (10). A mixture of
compound 9 (0.58 mmol), acetyl chloride (0.87 mmol), and
triethylamine (0.87 mmol) in anhydrous tetrahydrofuran (20
mL) was refluxed for 12 h. The suspension was cooled at room
temperature, and the solid was collected by filtration and
washed with water. Yield: 90%; mp 266—268 °C (DMF); H
NMR ¢ 2.29 (s, 3H, CH3), 7.34 (d, 2H, ar, J = 9.1 Hz), 7.50 (t,
1H, ar, J = 8.4 Hz), 8.01 (d, 2H, ar, J = 8.8 Hz), 8.14 (d, 1H,
ar, J = 8.1 Hz), 9.01 (d, 1H, H-9, J = 8.1 Hz), 11.30 (s, 1H,
NH) Anal. (C17H11N506) C, H, N.
6-Amino-2-(4-methoxyphenyl)-1,2,4,5-tetrahydro-1,2,4-
triazolo[4,3-a]Jquinoxaline-1,4-dione (11). A mixture of
compound 8 (0.79 mmol) and 10% Pd/C (30 mg) in hot ethyl
acetate (200 mL) was hydrogenated in a Parr apparatus at 30
psi for 1 h. After evaporation of the solvent at reduced
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pressure, the residue was suspended in hot DMF (8 mL) and
the catalyst was filtered off. The solution was diluted with
water, and the solid was collected by filtration. Yield: 50%;
mp >300 °C (AcOH); *H NMR 6 3.79 (s, 3H, CH3), 5.60 (s, 2H,
NH,), 6.68 (t, 1H, ar, J = 8.4 Hz), 6.98 (t, 1H, ar, J = 8.4 Hz),
7.09 (d, 2H, ar, 3 = 8.8 Hz), 7.84 (d, 2H, ar, J = 8.8 Hz), 7.93
(d, 1H, ar, J = 8.4 Hz), 10.98 (s, 1H, NH). Anal. (C16H13Ns03)
C,H, N.
6-Amino-2-(4-hydroxyphenyl)-1,2,4,5-tetrahydro-1,2,4-
triazolo[4,3-a]Jquinoxaline-1,4-dione (12). A mixture of the
6-nitro derivative 9 (1.03 mmol) and 10% Pd/C (0.03 g) in
dimethylformamide (30 mL) was hydrogenated in a Parr
apparatus at 30 psi for 12 h. The catalyst was filtered off, and
the clear solution diluted with water gave a solid that was
collected by filtration and washed with water and ethanol.
Yield 94%; mp >300 °C (EtOH/DMF); *H NMR ¢ 5.62 (s, 2H,
NH,), 6.70 (d, 1H, ar, J = 7.3 Hz), 6.85—7.05 (m, 3H, ar), 7.72
(d, 2H, ar, 3 = 8.9 Hz), 7.95 (d, 1H, ar, J = 7.3 Hz), 9.56 (s,
1H, OH), 10.99 (s, 1H, NH). Anal. (C1sH11NsO3) C, H, N.

General Procedure for the Synthesis of 2-Aryl-4-
chloro-1,2-dihydro-1,2,4-triazolo[4,3-a]Jquinoxalin-1-
ones 30, 31, 32,6 33—35. Compounds 30, 31, 33, 34, and 35
were obtained from 1, 4, 7, 8 and 10, respectively, following
the reported procedure® to obtain 32 from 1A. Briefly, a
mixture of 1,618 4,7, 8, and 10 (2 mmol), phosphorus
pentachloride (4 mmol) in phosphorus oxychloride (40 mL), and
anhydrous pyridine (0.2 mL) was refluxed until the disap-
pearance (TLC monitoring) of the starting material (12—24
h). Evaporation of the excess phosphorus oxychloride at
reduced pressure gave a residue that was treated with iced
water (50 mL), collected, and washed with water and then
cyclohexane. The 4-chloro derivatives 30, 31, 33—35, obtained
in high overall yields (80—90%), were unstable upon recrys-
tallization; however, they were pure enough to be used without
purification.

30: *H NMR ¢ 7.58—7.65 (m, 1H, ar), 7.78 (t, 1H, ar, J =
8.8 Hz), 7.91 (d, 1H, ar, J = 8.8 Hz), 8.35 (d, 2H, ar, J = 9.2
Hz), 8.47 (d, 2H, ar, J = 9.2 Hz), 8.72 (d, 1H, H-9, J = 7.3 Hz).

31: 'H NMR 6 1.33 (t, 3H, CH3, J = 8.6 Hz), 4.05 (g, 2H,
CH,, J = 8.6 Hz), 7.08 (d, 2H, ar, J = 8.8 Hz), 7.22—8.05 (m,
5H, ar), 8.71 (d, 1H, H-9, J = 8.1 Hz).

33: 'H NMR ¢ 7.95 (t, 1H, H-8, J = 8.4 Hz), 8.09 (d, 1H,
H-7, J = 8.4 Hz), 8.32—8.50 (m, 4H, ar), 8.91 (d, 1H, H-9, J =
6.7 Hz).

34: 1H NMR 6 3.81 (s, 3H, OCH3), 7.13 (d, 2H, ar, J = 9.1
Hz), 7.87—-7.98 (m, 3H, ar), 8.05 (d, 1H, ar, J = 6.6 Hz), 8.94
(d, 1H, ar, J = 8.1 Hz).

35:'H NMR 6 2.31 (s, 3H, COCH3), 7.37 (d, 2H, ar, J = 8.8
Hz), 7.90—-8.12 (m, 4H, ar), 8.93 (d, 1H, H-9, J = 8.1 Hz).

General Procedure for the Synthesis of 4-Amino-2-
aryl-1,2-dihydro-1,2,4-triazolo[4,3-a]Jquinoxalin-1-ones 13,
15, 17—-19, 1B.* Compounds 13, 15, and 17—19 were prepared
as previously described to obtain 1B from 32,16 i.e., by heating
overnight at 120 °C in a sealed tube a suspension of 30, 31,
and 33—35 (2 mmol) in absolute ethanol (30 mL) saturated
with ammonia. After the mixture was cooled, the solid was
collected and washed with water.

13: yield 80%; mp >300 °C (DMF); *H NMR ¢ 7.30—7.45
(m, 3H, ar), 7.61 (br s, 2H, NH,), 8.37 (d, 2H, ar, J = 8.8 Hz),
8.47 (d, 2H, ar, J = 8.8 Hz), 8.57 (d, 1H, H-9, J = 6.7 Hz); IR
1713, 3434 cm~1. Anal. (C15H10N503) C, H, N.

15: yield 82%; mp 246—248 °C (2-ethoxyethanol); *H NMR
0 1.35 (t, 3H, CH3, J = 7.0 Hz), 4.04 (q, 2H, CH,, 3 = 7.0 Hz),
7.08 (d, 2H, ar, J = 9.1 Hz), 7.21-7.47 (m, 5H, 3 ar + NH,),
7.88 (d, 2H, ar, J = 9.1 Hz), 8.60 (d, 1H, H-9, J = 7.7 Hz); IR
1718, 3299, 3461 cm~. Anal. (C17H1sNs0,) C, H, N.

17: yield 70%; mp >300 °C (DMF); *H NMR ¢ 7.38 (t, 1H,
ar, J = 8.1 Hz), 7.75 (d, 1H, ar, J = 8.1 Hz), 8.21 (br s, 2H,
NH,), 8.36 (d, 2H, ar, J = 9.1 Hz), 8.48 (d, 2H, ar, J = 9.1 Hz),
8.73 (d, 1H, H-9, J = 8.4 Hz); IR 1728, 3361, 3469 cm~*. Anal.
(C15sHgN7Os) C, H, N.

18: yield 85%; mp 289—291°C (AcOH/DMF); *H NMR 6 3.80
(s, 3H, CHs), 7.11 (d, 2H, ar, J = 9.1 Hz), 7.34 (t, 1H, ar, J =
8.4 Hz), 7.71 (d, 1H, ar, 3 = 7.7 Hz), 7.89 (d, 2H, ar, J = 9.1
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Hz), 8.06 (br s, 2H, NH>), 8.75 (d, 1H, H-9, J = 8.1 Hz). Anal.
(C16H12N6O4) C, H, N.

19: yield 76%; mp >300 °C (2-methoxyethanol); *H NMR ¢
6.90 (d, 2H, ar, J = 8.8 Hz), 7.35 (t, 1H, ar, J = 8.1 Hz), 7.62—
8.01 (m, 3H, ar), 8.08 (br s, 2H, NH>), 8.75 (d, 1H, ar, 3 = 8.4
Hz), 9.77 (s, 1H, OH). Anal. (C15H10NsO4) C, H, N.

4-Amino-2-(4-aminophenyl)-1,2-dihydro-1,2,4-triazolo-
[4,3-a]quinoxalin-1-one (14). Compound 13 (0.9 mmol) was
dissolved in hot dimethylformamide (30 mL), and 10% Pd/C
(0.10 g) was added. The mixture was hydrogented in a Parr
apparatus at 30 psi for 3 h. The catalyst was filtered off and
the solution was diluted with water to give a solid that was
collected by filtration and washed with water and ethanol.
Yield 58%; mp > 300 °C (2-methoxyethanol); *H NMR ¢ 5.34
(s, 2H, NHy), 6.66 (d, 2H, ar, J = 8.4 Hz), 7.20—7.44 (m, 5H,
3ar + NHy), 7. 54 (d, 2H, ar, J = 8.4 Hz), 8.61 (d, 1H, H-9, J
= 8.2 Hz); IR 1720, 3304, 3402, 3460 cm~*. Anal. (C1sH12NgO)
C, H, N.

4-Amino-1,2-dihydro-2-(4-hydroxyphenyl)-1,2 4-triazolo-
[4,3-a]lquinoxalin-1-one (16). A suspension of 1B (0.97
mmol) in glacial acetic acid (2 mL) and hydrobromic acid (48%,
9 mL) was refluxed for 4 h. After the mixture was cooled at
room temperature, the solid was collected and washed with
water. Yield 95%; mp >300 °C (2-ethoxyethanol); *H NMR 6
6.89 (d, 2H, ar, J = 8.8 Hz), 7.21-7.46 (m, 5H, 3ar + NH_),
7.75(d, 2H, ar, J = 8.8 Hz), 8.60 (d, 1H, H-9, 3 = 7.7 Hz), 9.74
(br s, 1H, OH); IR 1690, 3200—3450 cm™*. Anal. (C15H11N50>)
C, H, N.

4,6-Diamino-1,2-dihydro-2-(4-methoxyphenyl)-1,2,4-
triazolo[4,3-a]Jquinoxalin-1-one (20). The title compound
was obtained by catalytic reduction of 18, following the
experimental procedure described above to prepare 14. Yield
64%; mp 261—-263 °C (DMF); *H NMR 6 3.79 (s, 3H, CHs),
5.33 (s, 2H, NH; at the 6-position), 6.65 (d, 1H, ar, J = 8.1
Hz), 6.97 (t, 1H, ar, J = 8.1 Hz), 7.09 (d, 2H, ar, J = 8.7 Hz),
7.23 (br s, 2H, NH; at the 4-position), 7.83—7.99 (m, 3H, ar);
IR 1718, 3300, 3466 cm~1. Anal. (C16H14N602) C, H, N.

4,6-Diamino-1,2-dihydro-2-(4-hydroxyphenyl)-1,2,4-tri-
azolo[4,3-a]lquinoxalin-1-one (21). A solution of boron tri-
bromide in dichloromethane (1 M, 6.9 mL) was added dropwise
at 0 °C, under nitrogen, to a stirred suspension of compound
20 (3.4 mmol) in anhydrous dichloromethane (10 mL). The
reaction mixture was allowed to proceed at 0 °C for 2 h and
then at room temperature for 24 h. The mixture was then
diluted with water and neutralized with 1 M NaOH solution.
The solid was collected by filtration and washed with water.
Yield 90%; mp 294—296 °C (EtOH); *H NMR 6 5.33 (br s, 2H,
NH: at the 6-position), 6.65 (d, 1H, ar, J = 7.7 Hz), 6.80—7.01
(m, 3H, ar), 7.19 (br s, 2H, NH; at the 4-position), 7.74 (d, 2H,
ar, J = 84 Hz), 7.85 (d, 1H, ar, J = 8.1 Hz), 9.71 (br s 1H,
OH); IR 1703, 3183, 3318, 3390, 3462, 3513 cm™. Anal.
(C15H12N602) C, H, N.

(B) Biochemistry. Bovine A; and A, Receptor Bind-
ing. Displacement of [P(H]JCHA from A; ARs in bovine cerebral
cortical membranes and [*H]CGS 21680 from Aza ARs in
bovine striatal membranes was performed as described in ref
33.

Human Ai, Aza, and As; Receptor Binding. Binding
experiments at hA; and hA; ARs stably expressed in CHO cells
were performed as previously described!” using [*BH]CHA and
[*?511AB-MECA, respectively, as radioligands. Displacement of
[EBHINECA from hA,x ARs stably expressed in CHO cells was
performed as reported in ref 27.

The concentration of the tested compounds that produced
50% inhibition of specific [P(H]CHA, [PH]CGS 21680, or [*?°1]-
AB-MECA binding (ICso) was calculated using a nonlinear
regression method implemented in the InPlot program (Graph-
Pad, San Diego, CA) with five concentrations of displacer, each
performed in triplicate. Inhibition constants (K;) were calcu-
lated according to the Cheng—Prusoff equation.®* The dis-
sociation constant (Kq) of [P(H]JCHA and [*H]CGS 21680 in
cortical and striatal bovine brain membranes were 1.2 and 14
nM, respectively. The K4 value of [BH]CHA, [*H]NECA, and
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[*251]JAB-MECA in hA;, hAza, and hA; ARs in CHO cell
membranes were 1.9, 30, and 1.4 nM, respectively.

[(°S]1GTPyS Binding Assay. The [¥®*S]GTPy S binding was
carried out using CHO cells expressing hA; receptors. Mem-
branes, prepared as previously described,®® were suspended
in a buffer containing 50 mM Tris, 3 U/mL adenosine deami-
nase, 100 mM NaCl, and 10 mM MgCl,, pH 7.4, at a protein
concentration of 10—20 ug per tube. The membrane suspension
was preincubated in a final volume of 500 uL of buffer at 25
°C for 15 min with 1 M GDP and different concentrations of
the agonist NECA (10 nM to 10uM) or compound 1 (0.5 nM to
1 uM) alone or in the presence of 10 uM NECA. [®*S]GTPy S
(0.1 nM) was added, and the mixture was incubated for 60
min at 25 °C. The effect on nonspecific binding was determined
in the presence of 10 uM GTPyS. Incubation was terminated
by filtration over a GF/C glass fiber filter, and the sample was
washed three times with the same buffer.

The ECso values were calculated using the InPlot program
with six to eight concentrations of ligand, each performed in
triplicate.

(C) Computational Methodologies. All molecular model-
ing studies were carried out on a six-CPU (P1V 2.0—-3.0 GHz)
Linux cluster running under openMosix architecture.® Homol-
ogy modeling, energy calculation, and docking studies were
carried out using the Molecular Operating Environment (MOE,
version 2003.03) suite.’” The ground-state geometry of all
charged and uncharged docked structures were fully optimized
without geometry constraints using RHF/3-21G(*) ab initio
calculations. Vibrational frequency analysis was used to
characterize the minimum stationary points (zero imaginary
frequencies). The software package Spartan O2 was utilized
for all quantum mechanical calculations.®

Homology Model of the hA; AR. On the basis of the
assumption that GPCRs share similar TM boundaries and
overall topology,3* a homology model of the hA; receptor was
constructed. First, the amino acid sequences of TM helices of
the A; receptor were aligned with those of bovine rhodopsin,
guided by the highly conserved amino acid residues, including
the DRY motif (D3.49, R3.50, and Y3.51) and three Pro
residues (P4.60, P6.50, and P7.50) in the TM segments of
GPCRs. The same boundaries were applied to the TM helices
of the As receptor, as identified from the X-ray crystal structure
for the corresponding sequences of bovine rhodopsin, the C,
coordinates of which were used to construct the seven TM
helices for the human A; receptor. The loop domains of the
hA; receptor were constructed by the loop search method
implemented in MOE. In particular, loops are modeled first
in random order. For each loop, a contact energy function
analyzes the list of candidates collected in the segment
searching stage, taking into account all atoms already modeled
and any atoms specified by the user as belonging to the model
environment. These energies are then used to make a Boltz-
mann weighted choice from the candidates, the coordinates of
which are then copied to the model. Any missing side chain
atoms are modeled using the same procedure. Side chains
belonging to residues whose backbone coordinates were copied
from a template are modeled first, followed by side chains of
modeled loops. Outgaps and their side chains were modeled
last. Special caution had to be given to the second extracellular
(E2) loop, which has been described in bovine rhodopsin to fold
back over transmembrane helices3! and therefore limits the
size of the active site. Hence, amino acids of this loop could be
involved in direct interactions with the ligands. A driving force
to this peculiar fold of the E2 loop might be the presence of a
disulfide bridge between cysteines in TM3 and E2. Since this
covalent link is conserved in all receptors modeled in the
current study, the E2 loop was modeled using a rhodopsin-
like constrained geometry around the E2—TM3 disulfide
bridge. After the heavy atoms were modeled, all hydrogen
atoms were added, and the protein coordinates were then
minimized with MOE using the AMBER94 force field.®® The
minimizations were carried out with 1000 steps of steepest
descent followed by a conjugate gradient minimization until
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the rms gradient of the potential energy was less than 0.1 kcal
mol~1 A1,

Molecular Docking of the hA; AR Antagonists. All
antagonist structures were docked into the hypothetical TM
binding site by using the DOCK docking program, part of the
MOE suite. Searching is conducted within a user-specified 3D
docking box, using the Tabu Search protocol*® and the MMFF94
force field.**~4” MOE-Dock performs a user-specified number
of independent docking runs (50 in our specific case) and writes
the resulting conformations and their energies to a molecular
database file. The resulting docked complexes were subjected
to MMFF94 energy minimization until the rms of the conju-
gate gradient was <0.1 kcal mol~1 A-1, Charges for the ligands
were imported from the Spartan output files.

The interaction energy values were calculated as follows:
AEpinding = Ecompiex — (Eligand T Ereceptor). These energies are not
rigorous thermodynamic quantities but can only be used to
compare the relative stabilities of the complexes. Conse-
quently, these interaction energy values cannot be used to
calculate binding affinities because changes in entropy and
solvation effects are not taken into account.
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