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As a part of our program to discover novel antagonists for the AMPA subtype of EAA receptors,
we designed and synthesized a series of heterocyclic-fused imidazolylquinoxalinones 5a—c, 9,
11, 14a—e, and 18 which led from 6-(1H-imidazol-1-yl)-7-nitro-2,3(1H,4H)-quinoxalinedione
hydrochloride (1a-HCI, YM90K) by replacement of its amide with the imidazole and triazole
rings. Their activity was evaluated by inhibiting [FHJAMPA binding from rat whole brain.
As a result, it appeared that 8-(1H-imidazol-1-yl)-7-nitro-4(5H)-imidazo[1,2-a]quinoxalinone
(5a) and its [1,2,4]triazolo[4,3-a] analogue 14a possessed high affinity for AMPA receptors with
Ki values of 0.057 and 0.19 uM, respectively, similar to the activity of 1a and NBQX (2) (1a, K;
= 0.084 uM; 2, K; = 0.060 uM). In contrast, 8-(1H-imidazol-1-yl)-7-nitro-4(5H)-imidazo[1,5-
alquinoxalinone (5b) and 7-(1H-imidazol-1-yl)-8-nitro-4(5H)-[1,2,4]triazolo[4,3-a]quinoxalinone
(18) showed no or weak affinity for the receptors. Hence, we deduced that the nitrogen atom
of the fused heterocycles at the 3-position of 5a and 14a plays an essential role as hydrogen
bond acceptors in binding to AMPA receptors, whereas their amides act as proton donors. From
the SAR on 1-alkyl derivatives of 5a and 14a, it was indicated that introduction of suitable
1-alkyl substituents led to a severalfold improved AMPA affinity. A computational study on
a model of water—quinoxaline complexes, a mimic of the putative hydrogen-bonding interaction
between the receptors and quinoxalines, indicated that the different affinities of 5a, 14a, 1a,
and 19 for the AMPA receptor may depend on, at least in part, each stabilization energy for
the interaction. On this basis, we propose a pharmacophore model of AMPA receptors for the
binding of the imidazolylquinoxaline derivatives. The heterocyclic-fused quinoxalinones 5a,c
and 9 showed potent inhibitory activity in KA-induced toxicity for hippocampal cell culture
with 1Cso values of 0.30, 0.32, and 0.30 uM, respectively (1a, 0.81 uM; 2, 0.38 uM). Moreover
5a possesses over 5000-fold AMPA selectivity against both the NMDA receptor and the glycine

site on the NMDA receptor.

Introduction

Neurotoxicity mediated by excessive excitatory amino
acid (EAA) neurotransmission has been considered to
be implicated in the pathology of disorders such as
global and focal cerebral ischemia,l™* Parkinson'’s,
Huntington’s, and Alzheimer's disease,>~7 and epilepsy.8
In order to develop effective neuroprotective agents to
treat these neurodegenerative disorders, many research-
ers have been working in this area.® Postsynaptic EAA
receptors have been pharmacologically classified into
four main subtypes:1911 namely, the N-methyl-p-aspar-
tate (NMDA) receptor, the a-amino-3-hydroxy-5-meth-
ylisoxazole-4-propionate (AMPA) receptor, the kainate
(KA) receptor subtypes, which are ligand-gated ionic
channels, and the metabotropic glutamate receptor sub-
type, which is coupled to G-proteins. On the other hand,
the AMPA receptor (also called AMPA/KA receptor) and
the KA receptor (also called high-affinity KA receptor)
may be collectively grouped as non-NMDA receptors.
Recently, the blockade of AMPA-type non-NMDA recep-
tor transmission has drawn much attention, because
implication of the receptor subtype for the diseases, es-
pecially for neurodegeneration after cerebral ischem-
ia,2412-14 has become clear. To date, potential, competi-
tive, and selective AMPA receptor antagonists have
been reported as candidates for the therapeutic agents
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which include 2,3-dihydroxy-6-nitro-7-sulfamoylbenzo-
[flquinoxaline (2) (NBQX),26:8.12 6-(1H-imidazol-1-yl)-7-
nitro-2,3(1H,4H)-quinoxalinedione (1a) (YM90K),*14-16
and others’~1° (Figure 1).

Previously, we discovered a novel series of imida-
zolylguinoxalinedione derivatives, represented by 1a,1516
1-hydroxyquinoxalinedione 1b,2° and pyrido[2,3-b]pyra-
zinedione 1c,?® which possess potent and selective
AMPA antagonist activity. On the basis of their de-
tailed structure—activity relationships (SAR), we de-
duced several pharmacophoric requirements for the
compounds in binding to AMPA receptors. Herein we
focused on our previous suggestions regarding the
requirements for their pyrazinedione portion:2° that is
(1) the oxygen atom of their imidazolyl-near amide may
function as an acceptor in the hydrogen-bonding inter-
action a; with the receptors in their keto form (Figure
2), and (2) the z-conjugation ring system of pseudoring
structure b in 1b (Figure 3) which is formed by its intra-
molecular hydrogen bonding?? may cause its severalfold
improved AMPA receptor affinity as compared to 1-un-
substituted 1a by mediating a #—m or 7—o interaction
with the receptor. In order to test these hypotheses,
we designed heterocyclic-fused quinoxalinones?? such as
(imidazol-1-yl)imidazo- and [1,2,4]triazoloquinoxalino-
nes 5a,b, 14a, and 18. The fused heterocycles of 5a and
14a are expected to function as a bioisostere for the
imidazolyl-near amide portion of 1a—c by acting as both

© 1997 American Chemical Society
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Figure 2. Suggested pharmacophore model of AMPA recep-
tors for the binding of quinoxalinediones with respect to the
pyrazine ring portion.
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Figure 3. Suggested pharmacophore model of AMPA recep-
tors for the binding of 1-hydroxyquinoxalinedione 1b with
respect to the pyrazine ring portion.

the acceptor for the putative hydrogen-bonding system
and the expanded z-conjugation ring system.?2 On the
other hand, 5b and 18 were designed as two types of
heterocyclic isomers of 5a and 14a.

In this paper, we describe the synthesis of 5a,b, 14a,
and 18 as well as related compounds 5c, 9, 11, and
14b—e and SAR on their AMPA affinities in comparison
with quinoxalinediones la—c, 19—25, and related com-
pound 26. On the basis of their SAR and a computa-
tional calculation, we discuss the pharmacophore model
of the AMPA receptor for the binding of imidazolylqui-
noxalines. Moreover, with respect to the representative
compounds, in vitro characterization was carried out.

Chemistry

The synthesis of our heterocyclic-fused quinoxalinones
5a—c, 9, 11, 14a—e, and 18 is outlined in Schemes 1—4.
The nucleophilic disubstitution of 2,4-difluoro-5-nitro-
aniline (3a)?® with imidazole and 2-methylimidazole
gave 2,4-di(1H-imidazol-1-yl)- (4a) and 2,4-bis(2-methyl-
1H-imidazol-1-yl)-5-nitroaniline (4b), respectively. On
the other hand, 2,4-di(1H-imidazol-1-yl)-5-(trifluorom-
ethylaniline (4c) was obtained from 1,5-dichloro-2-
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nitro-4-(trifluoromethyl)benzene (3b) by disubstitution
with imidazole followed by hydrogenation with pal-
ladium on carbon. Treatment of the resulting anilines
4a—c with 1,1'-carbonyldiimidazole®® in refluxing 1,2-
dichlorobenzene led to the formation of the imidazole
ring-fused quinoxalinones 5a—c (Scheme 1).

1-Ethyl-8-(1H-imidazol-1-yl)-7-nitro-4(5H)-imidazo-
[1,2-a]quinoxalinone (9) and its dihydro derivative 11
were prepared as shown in Scheme 2.2 The chlorina-
tion of 6-fluoro-7-nitro-2,3(1H,4H)-quinoxalinedione by
treatment with thionyl chloride provided 2,3-dichloro-
6-fluoro-7-nitroquinoxaline (6). The nucleophilic sub-
stitution of 6 with 1 equiv of l-amino-2-butanol at
ambient temperature resulted in the 3-position selective
monosubstitution on the quinoxaline nucleus. The
resulting 3-chloro-7-fluoro-2-[(2-hydroxy-1-butyl)amino]-
6-nitroquinoxaline (7) was oxidized under Swern'’s con-
dition, intramolecular-cyclized by treatment with the
trifluoroacetic anhydride—trifluoroacetic acid system,
and then hydrolyzed by aqueous hydrochloric acid to
give 1-ethyl-8-fluoro-7-nitro-4(5H)-imidazo[1,2-a]quinox-
alinone (8), whereas 1,2-dihydro-1-ethyl-8-fluoro-7-nitro-
4(5H)-imidazo[1,2-a]Jquinoxalinone (10) was synthesized
from the intramolecular-cyclized condensation of 7 by
treatment with thionyl chloride followed by acidic
hydrolysis. Displacement of the fluorine atom of 8 and
10 with imidazole afforded the desired compounds 9 and
11, respectively.

Compound 6 was utilized again as the starting
material for the preparation of 8-(1H-imidazol-1-yl)-7-
nitro-4(5H)-[1,2,4]triazolo[4,3-a]quinoxalinone (14a) and
its 1-alkyl derivatives 14b—e. Namely, reaction of 6
with hydrazine provided (3-chloro-7-fluoro-6-nitroqui-
noxalin-2-yl)hydrazine (12), of which condensation with
various ortho esters?® followed by acidic hydrolysis of
its chloroimine structure into amide produced the
corresponding 8-fluoro-7-nitro-4(5H)-[1,2,4]triazolo[4,3-
ajquinoxalinones 13a—e. The substitution of 13a—e
with imidazole afforded the desired compounds 14a—
e, respectively (Scheme 3).

7-(1H-Imidazol-1-yl)-8-nitro-1-propyl-4(5H)-[1,2,4]tri-
azolo[4,3-a]quinoxalinone (18) was prepared in four
steps: namely, cyclic condensation of (6-fluoro-3-meth-
oxyquinoxalin-2-yl)hydrazine?® with tri-n-propyl ortho-
formate, acidic hydrolysis, nitration, and nucleophilic
substitution with imidazole (Scheme 4).

Results and Discussion

The heterocyclic-fused quinoxalinones were evaluated
for their activity to inhibit [FHJAMPA binding from rat
whole brain.2® The structures of the compounds and the
results of the assay are summarized in Tables 1 and 2.
Their affinities are presented as K; (uM) values. Ini-
tially, we examined 8-(1H-imidazol-1-yl)-7-nitro-4(5H)-
imidazo[1,2-a]quinoxalinone (5a) and 8-(1H-imidazol-
1-yl)-7-nitro-4(5H)-[1,2,4]triazolo[4,3-a]quinoxalinone
(14a), which are the heteroaromatic-fused quinoxalino-
nes designed from quinoxalinediones 1a,b by replace-
ment of their imidazole-near amide portion into imida-
zole and triazole rings (Figure 4). As predicted, it
appeared that both 5a and 14a showed high affinity for
AMPA receptors (K;j = 0.057 and 0.19 uM) (Table 1)
similar to the imidazolylquinoxalinedione derivatives
la—c (K;j = 0.084, 0.021, and 0.14 uM, respectively)
(Table 2).16:2021 |n contrast, 1-methyl-8-(2-methyl-1H-
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imidazol-1-yl)-7-nitro-4(5H)-imidazo[1,5-a]quinoxalino-
ne (5b, X = carbon, Y = nitrogen, Figure 4), heterocyclic
isomer of 5a with respect to the position of the nitrogen
atom which was a putative acceptor for the hypothesized
hydrogen-bonding interaction with the AMPA recep-
tor,20 had no or negligible affinity for the receptors at a
10 uM dose (Table 2). Since l-alkylimidazo[1,2-a]-
quinoxalinone 9 and (2-methylimidazol-1-yl)quinoxa-

H N=
H = H
F N._O F N¢© K/N N 0
Ny ON NN 0N Ny
— =N .
=y =

Pr)§

o=

Pr "pr

17 18

linedione 23 possess substantial AMPA affinity (K; =
0.020 and 0.39 uM, respectively) (Tables 1 and 2), the
deprivation of AMPA affinity of 5b should not be caused
by its methyl substituents. The results clearly indicated
that suitable heterorings, such as the imidazo[1,2-a]
structure of 5a and the [1,2,4]triazolo[4,3-a] structure
of 14a, function as a bioisostere for the imidazolyl-near
amide portion of the imidazolylquinoxalinediones during
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Table 1. Imidazo[1,2-a]- and [1,2,4]Triazolo[4,3-a]quinoxalinones and 1-Alkylquinoxalinediones
Structure R / H- Me- Et n-Pr- n-Bu-
1
Compd. Sa 9
j@[ I o rab 0.057 0.020
ON"7 Ki(uM) (0.054-0.060) (0.020-0.020)
R N
&/N Compd. 14a 14b l4c 14d 14e
:@: 1 ‘ ab 0.19 0.096 0.048 0.099 0.070
ON"7 m Ki (uM) (0.18-0.19)  (0.094-0.098) (0.047-0.049) (0.097-0.10) (0.069-0.070)
N= Rﬁ
1 Compd. 19 20 21
- ab 0.33 0.19 0.13
ON"g ’;‘1 o KM (0.33-034)  (0.19-0.19)  (0.13-0.14)

a AMPA receptor affinity. P Data were determined by double experiments performed in triplicate. Values in parentheses are 95%

confidence intervals.

Table 2. Alternative Imidazolylquinoxalines and Related Compounds

AMPA receptor affinity AMPA receptor affinity
Compd. St C d
p Tucture K, (uM)° omp: Structure K, (M)
N=y H
k/ K/N 6 N© 020020021
Sc B[ I 0.066 (0.063-0.069) 22 ;@: I 20 (0.20-0.21)
CF3 (0] CF3 7 N (@]
H
Me

0.15(0.15-0.15)

g
§ IIO

Me
—N
g N )
5b >10
N (¢]
H
H
k/N 7 N
18 D[ I 6.6 (5.8-1.5)

n
1a (YM90K) o 0.084 (0.083-0.086)
1b 0.021 (0.019-0.023)
1c 0.14 (0.14-0.15)

2 (NBQX) 0.060 (0.058-0.061)

0.39 (0.35-0.43)
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0.44 (0.39-0.51)

>100

b See corresponding footnote b in Table 1.
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Figure 4. Design of heterocyclic-fused quinoxalinones.

AMPA receptor binding,?* whereas an unsuitable het-
eroring, such as the imidazo[1,5-a] structure of 5b, does
not. We therefore deduced that (1) the heteroatom Z
shown in Figure 5, which corresponds to the nitrogen
atom of the fused heterocycle of 5a and 14a and the

oxygen atom of the imidazolyl-near amide of quinoxa-
linediones 1a—c, plays an essential role in binding to
the AMPA receptor as an acceptor for the hypothetical
hydrogen-bonding interaction a; and (2) the position of
the heteroatom Z in the quinoxaline skeleton is a critical
factor in expressing significant affinity for the receptor.

On the other hand, 7-(1H-imidazol-1-yl)-8-nitro-1-
propyl-4(5H)-[1,2,4]triazolo[4,3-a]quinoxalinone (18), of
which the fused triazole ring corresponds to the imida-
zolyl-far amide portion of 1la—c, exhibited only about
1/70 time AMPA affinity compared to its 8-imidazolyl-
7-nitro derivative 14d (K; = 6.6 and 0.099 u«M, respec-
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Figure 5. Suggested pharmacophore model of AMPA recep-
tors for the binding of imidazolylquinoxaline derivatives.

tively) (Tables 1 and 2). This may be caused by the
steric effect of the propyl substituent of 18. However,
a similar relationship was observed between the 1-sub-
stituted 7-imidazolyl-6-nitro- and 6-imidazolyl-7-nitro-
quinoxalinediones, i.e., 21 versus 24 (K; = 0.13 vs 4.5
uM) and 1b versus 25 (Ki = 0.021 vs 0.44 uM).20
Moreover, 6-(1H-imidazol-1-yl)-5-nitro-2,3(1H)-indo-
linedione (26) possesses no or negligible affinity for the
AMPA receptor.2%30 Further, the ratios of the affinity
between 14d versus 18 (about 1/70) is largely similar
to that of 21 versus 24 and 1b versus 25 (about 1/30
and 1/20). On this basis, we suggest that the amide
portion of the heterocyclic-fused quinoxalinones plays
an essential role in the receptor binding as a proton
donor site probably in a Coulombic interaction a,
(Figures 5) in a similar manner with the imidazolyl-far
amide of imidazolylquinoxalinediones (Figures 2 and
3).20 This structural requirement is in contrast to that
aforementioned for the imidazolyl-near side of the
quinoxalinones and quinoxalinediones. On the other
hand, we previously proposed that AMPA receptor
binding requires different structural features for the 6-
and 7-substituents on quinoxalinediones, respectively.1621
It is therefore speculated that the slight AMPA affinity
of 18 probably results from its binding to the receptor
in an upside-down mode, in which the positions of
imidazolyl and nitro groups should be less favorable.?°

From the previous results of SAR on 1-substituted
guinoxalines,?%31 we next evaluated 1-alkyl derivatives
of 5a and 9. As shown in Table 1, compounds 9 and
14b—e (K; = 0.020 and 0.048—0.099 uM, respectively)
showed high affinity for the AMPA receptor with
equipotent to 4-fold greater affinity than the corre-
sponding unsubstituted 5a and 14a (K; = 0.057 and 0.19
uM, respectively). As a result, we found that compound
9 possesses one of the highest affinities for the AMPA
receptor with a K; value of 0.020 uM among the
heterocyclic-fused quinoxaline derivatives and the other
existing AMPA ligands (for example, 1a, 0.084; 1b,
0.021; and 2, 0.060 uM, respectively). A similar rela-
tionship was observed within the 1-alkyl quinoxalinedi-
ones, i.e., 20 and 21 versus 19 (K; = 0.19, 0.13 vs 0.33
uM). These findings agreed with our former sugges-
tion?° with respect to a hypothetical bulk tolerate pocket
of the AMPA receptor for the 1-substituents; that is, the
inner part of the pocket may be, at least in part, a
hydrophobic environment (Figure 2). Because the ethyl
substitution for the R group resulted in better affinity
than the others (at least within the compounds in Table
1), there seems to be common favorable sizes or hydro-
phobicities for the 1-substituents on these quinoxalines.
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In the case of the replacement of the nitro group of
5a with trifluoromethyl, compound 5c exhibited com-
parable AMPA affinity with 5a, giving a similar relation
to that between the corresponding quinoxalinediones 1a
and 22 (Table 2). Hence we speculated that electron-
withdrawing groups would be appropriate for the 7-sub-
stituents on these heteroring-fused quinoxalinones for
AMPA receptor binding like the corresponding position
on the imidazolylquinoxalinediones.®

We also postulated that an expanded conjugated ring
system of 1b resulting from the pseudoring structure b
(Figure 3) may contribute to AMPA receptor binding by
mediating the 7—x or 7—o interaction.?® This hypoth-
esis may deserve an explanation such that the 1,2-
dihydroimidazo derivative 11, in which the fused het-
erocycle is partially hydrogenated, possesses an AMPA
affinity (K; = 0.15 uM) equipotent to that of the
topologically corresponding 1-alkylquinoxalinedione de-
rivative 21 (K; = 0.13 uM) and only 1/8 times that of
the fully aromatized derivative 9 (K;j = 0.020 uM)
(Tables 1 and 2). On the other hand, the diminished
AMPA affinity of 11 as compared to 9 may be caused
by the steric effect of its 1-ethyl group and/or the
existence of the enantio isomer. However, since imi-
dazo[1,2-a]quinoxalinones 5a and 9 displayed 6—7-fold
greater affinities than the corresponding 1-alkylqui-
noxalinediones 19 and 21, and since [1,2,4]triazolo[4,3-
ajquinoxalinones 14a—c exhibited equipotent to 3-fold
greater affinities than the corresponding 19—21, re-
spectively (Table 1), it seems that (1) an expanded
m-conjugated ring system, such as the pseudoring struc-
ture b of 1b (Figure 3), and the imidazole and triazole
rings of 5a, 9, and 14a—e may contribute to, at least in
part, AMPA receptor affinity and (2) the electronic
topography of their fused heteroring may result in a
different affinity in terms of 5a and 9 versus 14a,c.

These SAR indicated that the heterocyclic-fused imi-
dazolylquinoxalinones 5a,c, 9, 11, and 14a—e probably
bind to AMPA receptors in a similar manner to the
imidazolylquinoxalinediones, the lead compounds. On
the basis of these results, we propose the pharmaco-
phore model of the AMPA receptorl832 for the binding
of the imidazolylquinoxaline series as shown in Figure
5, which includes propositions from previous SAR.16:20.21
In this model, other substituents possessing moderately
sized m-conjugation systems and appropriate hydropho-
bicity, such as nitro and cyano groups, may also be
conformed to the imidazol-1-yl group favorable site.16

Among the heterocyclic-fused quinoxalinone deriva-
tives possessing high affinity for the AMPA receptor,
5a,c and 9 were assessed functionally by examining
their inhibitory activity in KA-induced toxicity for
hippocampal cell primary culture, a putative predictor
of antagonist activity to the AMPA receptor.3® As shown
in Table 3, 5a,c and 9 exhibited potent inhibitory
activity with 1Cso values of 0.30, 0.32, and 0.30 uM,
respectively. Their activities are comparable with those
of known AMPA antagonists 1a,b and 2 (ICso = 0.81,
0.31, and 0.38 uM, respectively).3435

Further, 8-(1H-imidazol-1-yl)-7-nitro-4(5H)-imidazo-
[1,2-a]Jquinoxalinone (5a) was characterized by its af-
finity for the NMDA binding site and the strychnine-
insensitive glycine site on the NMDA receptor3¢:37 and
showed no or negligible affinity for both sites (Table 3).
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Table 3. In Vitro Characterization on Selected Compounds
receptor affinity K; (uM)P
NMDA receptor

AMPA NMDA glycine anti-KA toxicity
compd receptor binding site binding site 1Cs0 (uM)P

5a 0.057 >300 >300 0.30 (0.016—0.59)
5c 0.066 NT NT 0.32 (0.064-0.58)
9 0.020 NT NT 0.30 (0.29—-0.31)
la 0.084 >100 37 (34-40) 0.81 (0.23-1.4)
1b 0.021 12(7.8—19) 4.2(3.6—4.9) 0.31(0.18—0.44)
2 0.060 >100 >100 0.38 (0.17—0.59)

b See corresponding footnote b in Table 1.
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Figure 6. Structures of alternate compounds 27 (for 1a), 28
(for 5a), 29 (for 14a), and 30 (for 19) and model complex 31.

Namely, we found that not only is 5a one of the most
potent AMPA antagonists among known compounds but
it also possesses excellent AMPA selectivity against the
NMDA and glycine sites (over 5000-fold, respectively),
which is comparable to those of NBQX. Since another
series of 4(5H)-imidazo[1,2-aJquinoxalinones having a
non-imidazolyl substituent at the 8-position were re-
ported as nonselective glycine/AMPA antagonists,? the
AMPA selectivity of 5a should not simply be caused by
its three-ring system skeleton, like benzo[flquinoxaline
2. Although it is well-known that most of the known
quinoxalines generally lack specificity in distinguishing
the AMPA receptor from the glycine site, 233! imida-
zolylquinoxalinediones 1a,b also possess AMPA selec-
tivity.16:20.21 We therefore deduced that a 1H-imidazol-
1-yl group at that position should be an adequate
substituent for these quinoxalines in distinguishing the
AMPA receptor from the glycine site.
Computational Study. We have continuous inter-
est in the discrepancy of AMPA affinity among 1-alkyl-
and 1l-unsubstituted quinoxalinediones, imidazo[1,2-a]-
quinoxalinones, and [1,2,4]triazolo[4,3-a]quinoxalinones,
such as la, 19, 5a, and 14a. As a hypothesis, we
considered that the discrepancy may reflect the effect
of respective structural features on the hydrogen-
bonding interaction a; (Figure 5). To examine this hy-
pothesis, we carried out a computational study on a
model of the interaction utilizing MOPAC.3® A water
molecule was used as a mimic for the putative hydrogen
bond donor site for the interaction a; in the receptor
pocket (Figure 5), and quinoxaline—water complex 31
(Figure 6) was designed as a model for the interaction.
For this study, in order to facilitate the computations,
quinoxalines 27—30 were employed as alternates to 1a,
5a, 14a, and 19, respectively (Figure 6). In the present
study, 1-hydroxyquinoxalinedione 1b was excluded,
because it is difficult to estimate the effect of its
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1-hydroxy group which may contribute to the binding
as a supplementary interaction site and may form an
intramolecular hydrogen bond.2°

First, each optimum structure of complex 31 for 27—
30 was calculated. The results are shown in Figure 7.
Values described in yellow letters show their hydrogen
bond distance H—Z (d), the green letters show the
degree for bond angle H—Z—C, and white letters show
the degree for bond angle Z—C—C. Resultsared =1.83
A, angle H—Z—C = 129°, angle Z-C-C = 125° for 27,
1.84 A, 129°, 130° for 28, 1.89 A, 124°, 131° for 29, and
1.83 A, 130°, 123° for 30, respectively. The differences
in bond distance d among them seems to not be
significant (within 0.06 A). In order to examine the
effect of relative position between the quinoxaline and
H,O molecule in each optimum complexes, a superim-
position study was done on the complexes for 27 (red),
28 (blue), 29 (green), and 30 (cyan) based on the position
of their H,O molecule (Figure 8). As see in Figure 8,
the relative positions for 27, 29, and 30 are very similar,
and a small difference was observed for 28. Although
this may be one reason for the different AMPA affinities
of the respective parent compounds la, 5a, 14a, and
19, their relative position seems to be unrelated to the
rank order of the affinity of the parent compounds.

Next, we calculated their stabilization energy (AE) for
the hydrogen bonding. The graph shown in Figure 9
describes the effect of varying distance d (optimum dis-
tance, 1.70, 1.80, 2.0, and 7.0 A) along with the hydrogen
bond axis (as illustrated in 31, Figure 6) on AE for each
complex. Their potential energy (Ep) was calculated as
the final heat of formation. Since the hydrogen-bonding
effect, when d = 7.0 A, was considered to be negligibly
small, each AE was determined as the discrepancy from
Ep@=7.04). Values in the graph indicate AEmax
(Ep@=optimum) — Ep(d=7.04)) for 27—30, and they are —2.78,
—3.02, —1.37, and —1.32 kcal/mol, respectively. Their
rank order correlates to the K; values of parent com-
pounds la, 5a, 14a, and 19. Moreover, the maximum
difference in AEnax among 27—30 is observed between
30 and 28, and the discrepancy (AEmaxcompd 28) —
AEmax(compd 30)) 1S 1.70 kcal/mol. This nearly agrees with
the discrepancy of free energy, 1.12 kcal, between the
corresponding parent compounds 19 and 5a calculated
from their K; values for AMPA affinity eq a:

AG - AGcompd 5a
=RT In(Ki(compd 19)/Ki(00mpd 53))

=1.99 x 10> kcal-K *-mol* x
298 K x 2.30 x —[(log 0.38 x
10° M) — (log 0.057 x 10°° M)]

= 1.12 kcal (eq a)

Although the range of the values is limited, the data
support the hypothesis that the different AMPA affini-
ties of 1a, 5a, 14a, and 19 may depend on, at least in
part, their stabilization energy AEmax for the hydrogen-
bonding interaction a; resulting from the structural
feature of the fused heterocycles and imidazolyl-near
amides.

compd 19

Conclusion

This study shows that a novel series of heterocyclic-
fused imidazolylquinoxalinones 5a,c, 9, 11, and 14a—e
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Figure 7. Model of hydrogen bonding of 27—30 with a H,O molecule. Molecular modeling and optimization were done with

MOPAC using the PM3 Hamiltonian.

Figure 8. Superimposition of the model complex for quinoxa-
lines 27 (red), 28 (blue), 29 (green), and 30 (cyan) with a H,O
molecule.

possess high affinity for AMPA receptors similar to
known potential AMPA antagonists 1la—c and 2. On
the basis of their SAR, we suggest that these heterocyclic-
fused imidazolylquinoxalinones probably bind to the
receptors in a similar manner as imidazolylquinoxa-
linediones 1la—c. We also deduced that their heteroa-
tom in the imidazolyl-near side (as Z shown in Figure
5) plays an essential role in AMPA receptor binding as
a hydrogen bond acceptor, whereas their imidazolyl-far
amide portion plays a critical role as a proton donor.
Moreover, we propose a pharmacophore model of AMPA
receptors for the binding of the imidazolylquinoxaline
derivatives. Further, a computational study indicated
that the different AMPA affinities of 1a, 5a, 14a, and
19 may depend on, at least in part, their stabilization
energy for the hypothetical hydrogen-bonding interac-
tion. The heterocyclic-fused quinoxalinones 5a,c and
9 showed potent inhibitory activity in KA-induced

] Compd.
7 Model : Parent Ki , uM
0y e 27| 1a 0.084
0 B 28 5a 0057
= 4 29! 14a0.19
sE f o 301 19 033
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Figure 9. Effect of varying hydrogen bond distance on AE
from Ep@=7.04) for 27—30. Values in the graph are AEmax for
each hydrogen bonding.

toxicity for hippocampal cell culture with 1Csy values
of 0.30, 0.32, and 0.30 «M, respectively (1a, 0.81 uM; 2,
0.38 uM), and 5a possesses over 5000-fold AMPA
selectivity against both the NMDA receptor and the
glycine site on the NMDA receptor. We believe that this
study could contribute to an understanding of the
pharmacology of EAA receptors and the ligand—AMPA
receptor interactions and to the design of novel AMPA
receptor ligands.

Experimental Section

Chemistry. Melting points were measured on a Yanaco
MP-3 melting point apparatus and are uncorrected. Unless
stated otherwise, 'H NMR spectra were measured with a
JEOL FX90Q, FX100, EX400, or GX500 spectrometer in
DMSO-ds except where stated otherwise; chemical shifts are
expressed in J units using tetramethylsilane as the standard
(in NMR description, s = singlet, d = doublet, t = triplet, q =
quartet, qu = quintet, se = sextet, m = multiplet, and br =
broad peak). Mass spectra were recorded with a Hitachi M-80
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or JEOL JMS-DX300 spectrometer. Where elemental analyses
(C, H, F, CI, N) are indicated only by symbols of the elements,
analytical results obtained for these elements were within
0.4% of the theoretical values except where stated otherwise.
All solvents were evaporated in vacuo, and precipitates were
dried under reduced pressure. The preparation of quinoxa-
linedione derivatives la—c and 19—26 has been reported
previously.16:20

2,4-Di(1H-imidazol-1-yl)-5-nitroaniline (4a). The inter-
mediate 2,4-difluoro-5-nitroaniline (3a) was prepared from 2,4-
difluoroaniline by treatment with THNO3;—H,S0O, in the pres-
ence of a catalytic amount of urea in excellent yield.?s
Alternatively, 3a was synthesized from 1,5-difluoro-2,4-dini-
trobenzene performed by the application of selective hydro-
genation using PdCl, and Fe in ACOH—EtOH (82%):3° 1H NMR
0 7.52 (s, 1H), 7.43 (t, 1H), 5.66 (br, 2H); MS (EI) m/z 174
(M).

A solution of 3a (0.50 g, 2.14 mmol) and imidazole (1.45 g,
21.4 mmol) in DMF (20 mL) was heated at 140 °C overnight.
The reaction mixture was cooled to room temperature and then
concentrated in vacuo. The residue was purified by silica gel
column chromatography (CHCIl;—methanol = 8:1) and washed
with boiling H;O to give the title compound as a brown solid
(0.50 g, 64%): H NMR 6 7.92 (s, 1H), 7.78 (s, 1H), 7.59 (s,
1H), 7.47 (d, 1H), 7.44 (s, 1H), 7.31 (t, 1H), 7.16 (d, 1H), 7.02
(s, 1H), 6.00 (s, 2H); MS (El) m/z 270 (M).

2,4-Bis(2-methyl-1H-imidazol-1-yl)-5-nitroaniline (4b):
prepared by the same method described for 4a using 2-meth-
ylimidazole; 30% from 3a; *H NMR 6 7.54 (s, 1H), 7.39 (s, 1H),
7.17 (d, 1H), 7.09 (d, 1H), 6.97 (d, 1H), 6.83 (d, 1H), 5.96 (brs,
1H), 2.18 (s, 3H), 2.12 (s, 3H); MS (El) m/z 298 (M).

2,4-Di(1H-imidazol-1-yl)-5-(trifluoromethyl)aniline (4c).
The intermediate, 1,5-di(1H-imidazol-1-yl)-2-nitro-5-(trifluo-
romethyl)benzene, was prepared from 1,5-dichloro-2-nitro-4-
(trifluoromethyl)benzene (3b) using the same method de-
scribed for 4a from the intermediate (73%): *H NMR 6 8.73 (s,
1H), 8.16 (s, 1H), 8.06 (s, 1H), 7.98 (s, 1H), 7.53 (s, 2H), 7.16
(s, 2H); MS (FAB) m/z 324 (M + 1).

The 1,5-di(1H-imidazol-1-yl)-2-nitro-5-(trifluoromethyl)ben-
zene (2.00 g, 6.19 mmol) thus obtained was hydrogenated in
methanol (100 mL) under 3 atm at 35 °C overnight using 10%
palladium on carbon. The reaction mixture was filtered,
evaporated, and recrystallized from ethyl acetate to give 4c
(1.40 g, 77%): *H NMR 6 7.89 (s, 1H), 7.71 (s, 1H), 7.43 (s, 1H),
7.37 (s, 1H), 7.32 (s, 2H), 7.14 (s, 1H), 7.02 (s, 1H), 5.87 (s,
2H); MS (El) m/z 293 (M).

The preparation of 5a—c was performed by the application
of a procedure described by Davey et al.?6

8-(1H-Imidazol-1-yl)-7-nitro-4(5H)-imidazo[1,2-a]qui-
noxalinone (5a). A solution of 4a (2.33 g, 8.62 mmol) and
1,1'-carbonyldiimidazole (4.19 g, 25.8 mmol) in 1,2-dichlo-
robenzene (25 mL) was heated at reflux for 4 h. After cooling,
the resultant precipitate was collected and washed with boiled
methanol to afford 5a (1.23 g, 48%): mp >300 °C; *H NMR ¢
12.28 (br, 1H), 8.66 (s, 1H), 8.56 (s, 1H), 8.13 (s, 1H), 7.97 (s,
1H), 7.67 (s, 1H), 7.48 (s, 1H), 7.14 (s, 1H); MS (FAB) m/z
297 (M + 1) Anal. (C13H3N603) C, H, N.

The following examples 5b,c were prepared by the method
described above.

1-Methyl-8-(2-methyl-1H-imidazol-1-yl)-7-nitro-4(5H)-
imidazo[1,5-a]quinoxalinone Dihydrochloride (5b-2HCI).
The crude 5b was treated with 1 N HCI, evaporated, and then
washed with methanol—EtOAc to give 5b-2HCI: 32% from 4b;
mp >300 °C; *H NMR 6 12.33 (brs, 1H), 8.47 (s, 2H), 8.06 (s,
1H), 7.81 (s, 2H), 2.99 (s, 3H), 2.53 (s, 3H); MS (FAB) m/z
325 (M + l) Anal. (015H12N503'2.1HC|'2H20) C, H, N, ClI.

8-(1H-Imidazol-1-yl)-7-(trifluoromethyl)-4(5H)-imidazo-
[1,2-a]quinoxalinone (5c¢). The crude 5c¢ was washed with
methanol—water and then boiled DMF—water to afford 5¢c: mp
>300 °C; 'H NMR ¢ 12.19 (br, 1H), 8.66 (s, 1H), 8.52 (s, 1H),
7.89 (s, 1H), 7.83 (s, 1H), 7.65 (d, 1H), 7.45 (s, 1H), 7.13 (s,
1H); MS (FAB) m/z 320 (M + 1). Anal. (C14HgNsOF3:0.3DMF)
C,H N, F.

For the preparation of 9 and 11, the procedure described
by Lumma et al.?” was applied.
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2,3-Dichloro-6-fluoro-7-nitroquinoxaline (6). To a solu-
tion of 6-fluoro-7-nitro-2,3(1H,4H)-quinoxalinedione (25.0 g,
111 mmol) in thionyl chloride (250 mL) was added dropwise
DMF (1 mL). The reaction mixture was refluxed for 4 h and
then concentrated under vacuum. The resulting residue was
coevaporated with chloroform several times, dissolved in
chloroform (700 mL), and poured onto ice—water. The organic
layer was collected, washed with saturated aqueous NaCl,
dried over Na,;SO,, and then evaporated to provide 6 as a
brown solid (28.3 g, 97%), which was used without further
purification in the next step: 'H NMR ¢ 8.94 (d, J = 7.29 Hz,
1H), 8.37 (d, J = 11.3 Hz, 1H); MS (El) m/z 261 (M), 263 (M
+ 2).

3-Chloro-7-fluoro-2-[(2-hydroxy-1-butyl)amino]-6-ni-
troquinoxaline (7). In a water bath, to a solution of 6 (5.00
g, 19.1 mmol) in chloroform (50 mL) was added dropwise a
solution of 1-amino-2-butanol (3.57 g, 40.1 mmol) in chloroform
(2 mL) with the temperature maintained below 35 °C. The
reaction mixture was stirred at room temperature for 4 h and
then cooled to 0 °C. The resulting precipitate was collected
and washed with n-hexane—EtOAc (1:1) to give 7 (4.38 g,
73%): *H NMR ¢ 8.50 (d, J = 8.10 Hz, 1H), 8.02 (brt, 1H),
7.55 (d, J = 13.1 Hz, 1H), 4.84 (d, 1H), 3.64—3.87 (m, 1H),
3.37—3.56 (m, 2H), 1.34—1.54 (m, 2H), 0.93 (t, 3H); MS (EIl)
m/z 314 (M).

1-Ethyl-8-fluoro-7-nitro-4(5H)-imidazo[1,2-a]quinox-
alinone (8). A solution of oxalyl chloride (6.15 g, 63.5 mmol)
in dichloromethane (40 mL) was cooled to —60 °C. The
mixture was added dropwise to a solution of DMSO (9.93 g,
127 mmol) in dichloromethane (10 mL) with the temperature
maintained below —50 °C. After being stirred at the same
temperature for 2 min, to the mixture was added dropwise a
solution of 7 (4.00 g, 12.7 mmol) in DMSO (5 mL) and
dichloromethane (5 mL); the mixture was stirred for 15 min
and then added dropwise into triethylamine (10.9 g, 108 mmol)
with the temperature maintained below —50 °C. After 5 min,
the reaction mixture was allowed to warm to room tempera-
ture and then poured into water (70 mL). The solution was
extracted with chloroform, and the organic layers were col-
lected, washed with saturated aqueous NaCl, dried over Nay-
SQO,, and evaporated. The residual brown solid was washed
with water and then ethyl acetate to give 2.21 g (56%) of
4-chloro-7-fluoro-2-[(2-oxo-1-butyl)amino]-6-nitroquinoxaline as
a yellowish brown solid: *H NMR 6 8.55 (d, J = 7.92 Hz, 1H),
8.43 (brd, 1H), 7.56 (d, J = 12.9 Hz, 1H), 4.33 (d, 2H), 2.59 (q,
2H), 1.00 (t, 3H); MS (El) m/z 312 (M).

A solution of the 4-chloro-7-fluoro-2-[(2-oxo-1-butyl)amino]-
6-nitroquinoxaline (2.18 g, 6.97 mmol) in trifluoroacetic an-
hydride (20 mL), trifluoroacetic acid (0.50 mL), and chloroform
(40 mL) was refluxed overnight. After cooling, the reaction
mixture was evaporated, and the resulting residue was washed
with n-hexane and then boiled in methanol to give 1.53 g of a
yellow solid, 4-chloro-1-ethyl-8-fluoro-7-nitroimidazo[1,2-a]qui-
noxaline including a slight amount of 8. Spectral data for the
4-chloroimidazo[1,2-a]Jquinoxaline: *H NMR 6 8.73 (d,J =7.74
Hz, 1H), 8.34 (d, J = 12.6 Hz, 1H), 7.75 (s, 1H), 3.30 (q, 2H),
1.44 (t, 3H); MS (FAB) m/z 295 (M + 1).

This obtained mixture was treated with a solution of 4 N
HCI (12 mL) and methanol (12 mL) under reflux for 2 h. After
cooling, the resulting precipitate was collected and washed
with methanol and water to provide the title compound 8 (1.21
g, 63% from the 4-chloro-7-fluoro-2-[(2-oxo-1-butyl)amino]-6-
nitroquinoxaline) as a slightly yellow solid: mp >300 °C; *H
NMR 6 12.09 (br, 1H), 8.14 (d, J = 7.33 Hz, 1H), 8.10 (d, J =
12.7 Hz, 1H), 7.43 (s, 1H), 3.25 (g, 2H), 1.39 (t, 3H); MS (FAB)
m/z 277 (M + 1). Anal. (C12HgN4OsF) C, H, N, F.

1-Ethyl-8-(1H-imidazol-1-yl)-7-nitro-4(5H)-imidazo[1,2-
ajquinoxalinone (9). Under an argon atmosphere, sodium
hydride (60% suspension in mineral oil (0.46 g, 11.5 mmol)
from which the mineral oil was removed by extraction with
n-hexane) was suspended in DMF (10 mL). Imidazole (0.78
g, 11.5 mmol) was added to the solution and stirred at room
temperature for 15 min, and then 8 (0.90 g, 3.26 mmol) was
added. The reaction mixture was vigorously stirred at 50 °C
for 1.5 h, diluted with water (100 mL), and filtered. The
filtrate was neutralized with 1 N HCI. The resulting precipi-
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tate was collected and washed with methanol to give 9 (0.67
g, 63%) as a slightly yellow solid: mp >300 °C; *H NMR 6
12.28 (br, 1H), 8.16 (s, 1H), 8.09 (s, 1H), 8.00 (s, 1H), 7.51
(s, 1H), 7.45 (s, 1H), 7.12 (s, 1H), 3.26 (q, 2H), 1.38 (t, 3H);
MS (FAB) m/z 325 (M + 1). Anal. (CisH1,NgO3+1.25H,0) C,
H, N.
1,2-Dihydro-1-ethyl-8-fluoro-7-nitro-4(5H)-imidazo[1,2-
a]quinoxalinone (10). A solution of 7 in thionyl chloride (5
mL) and chloroform (5 mL) was heated under reflux for 2 h.
After cooling, the reaction mixture was concentrated in vacuo,
and the residue was coevaporated several times with chloro-
form and then ethyl acetate. The crude product thus obtained
was washed with ethyl acetate to afford 1.08 g (57%) of
4-chloro-1,2-dihydro-1-ethyl-8-fluoro-7-nitroimidazo[1,2-a]qui-
noxaline as the intermediate: *H NMR 6 8.54 (d, J = 7.74
Hz, 1H), 7.85 (d, J = 12.3 Hz, 1H), 5.1 (m, 1H), 3.75—4.40 (m,
2H), 1.83 (qu, 2H), 0.92 (t, 3H); MS (FAB) m/z 297 (M + 1).

The 4-chloro-1,2-dihydro-1-ethyl-8-fluoro-7-nitroimidazo[1,2-
alquinoxaline (1.08 g, 3.24 mmol) was treated with a mixture
of 4 N HCI (12 mL) and methanol (12 mL) under reflux for 40
min. After cooling, the resulting precipitate was collected and
washed with methanol and water to provide the title compound
10 (0.35 g, 34%): mp >300 °C; *H NMR 6 13.16 (br, 1H), 8.24
(d, 3 = 7.11 Hz, 1H), 7.80 (d, J = 12.4 Hz, 1H), 5.08 (t, 1H),
4.22 (dd, 1H), 4.01 (dd, 1H), 1.76—1.88 (m, 2H), 0.92 (t, 3H);
NOE between H-9 and 1-ethyl protons observed; MS (FAB)
m/z 278 (M + 1). Anal. (Ci12H11N4OsF-1.25H,0) C, N, F; H:
caled, 4.52; found, 3.89.

1,2-Dihydro-1-ethyl-8-(1H-imidazol-1-yl)-7-nitro-4(5H)-
imidazo[1,2-a]Jquinoxalinone (11): prepared by the same
method described for 9; 58% from 10; mp >300 °C; 'H NMR ¢
11.93 (brs, 1H), 7.86 (s, 1H), 7.84 (s, 1H), 7.38 (s, 1H), 7.22 (s,
1H), 7.08 (s, 1H), 4.69—4.73 (m, 1H), 4.09 (dd, 1H), 3.85 (dd,
1H), 1.61-1.75 (m, 2H), 0.81 (qu, 3H); MS (FAB) m/z 327 (M
+ 1) Anal. (C15H14N603'1.5H20) C, H, N.

General Method for Preparation of 8-Imidazolyl-7-
nitro[1,2,4]triazolo[4,3-a]quinoxalinones 14a—e. The com-
pounds were prepared by nucleophilic substitution of 6 with
hydrazine followed by cyclic condensation with the appropriate
ortho ester,?® hydrolysis, and then nucleophilic substitution
with imidazole.

(3-Chloro-7-fluoro-6-nitroquinoxalin-2-yl)hydrazine
(12). In an ice—salt bath, to a solution of 6 (0.40 g, 1.52 mmol)
in methanol (4 mL) was slowly added dropwise a solution of
hydrazine monohydrate (0.098 g, 1.96 mmol) in methanol (1
mL). With stirring, the reaction mixture was allowed to
gradually warm to 0 °C. After 30 min, the resulting precipitate
was collected and washed with methanol to afford 12 (0.36 g,
92%): 'H NMR 6 8.30 (d, J = 8.19 Hz, 1H), 7.34 (d, J = 13.1
Hz, 1H), 6.80 (br, 3H); MS (EI) m/z 257 (M).

8-Fluoro-7-nitro-4(5H)-[1,2,4]triazolo[4,3-a]quinoxali-
none (13a). A solution of 12 (0.70 g, 2.72 mmol) in triethyl
orthoformate (3.56 g, 24.0 mmol) was stirred at 130 °C for 15
min. After cooling, the precipitate was collected and washed
with methanol to provide 0.61 g (84%) of 4-chloro-8-fluoro-7-
nitro[1,2,4]triazolo[4,3-a]quinoxaline as an intermediate: 'H
NMR 6 10.20 (s, 1H), 8.84 (d, J = 7.30 Hz, 1H), 8.81 (d, J =
11.5 Hz, 1H); MS (FAB) m/z 268 (M + 1).

The same procedure as described for 8 from 4-chloro-1-ethyl-
8-fluoro-7-nitroimidazo[1,2-a]quinoxaline was used for the
preparation of 13a from the intermediate: mp >300 °C; 'H
NMR ¢ 12.29 (s, 1H), 9.88 (s, 1H), 8.56 (d, J = 11.6 Hz, 1H),
8.10 (d, J = 6.70 Hz, 1H); MS (FAB) m/z 250 (M + 1). Anal.
(CoHsNsO3F) C, H, N.

8-Fluoro-1-methyl-7-nitro-4(5H)-[1,2,4]triazolo[4,3-a]-
quinoxalinone (13b). 4-Chloro-8-fluoro-1-methyl-7-nitro-
[1,2,4]triazolo[4,3-a]quinoxaline: 73% from 12; *H NMR 6 8.79
(d, 3 =7.74 Hz, 1H), 8.44 (d, 3 = 11.9 Hz, 1H), 3.13 (s, 1H);
MS (FAB) m/z 282 (M + 1).

The title compound: 85% from the intermediate; mp >300
°C; 'H NMR 6 12.24 (brs, 1H), 8.19 (d, J = 7.29 Hz, 1H), 8.08
(s, J =6.93 Hz, 1H), 3.01 (s, 3H); MS (FAB) m/z 264 (M + 1).
Anal. (C10H6N503F) C, H, N, F.

1-Ethyl-8-fluoro-7-nitro-4(5H)-[1,2,4]triazolo[4,3-a]qui-
noxalinone (13c). 4-Chloro-1-ethyl-8-fluoro-7-nitro[1,2,4]-
triazolo[4,3-a]quinoxaline: 82% from 12; 'H NMR 6 8.79 (d, J
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=7.74 Hz, 1H), 8.39 (d, J = 12.2 Hz, 1H), 3.51 (q, 2H), 1.50 (t,
3H); MS (FAB) m/z 296 (M + 1).

The title compound: 82% from the intermediate; mp >300
°C; 'H NMR 6 12.25 (s, 1H), 8.13 (d, J = 9.54 Hz, 1H), 8.11 (d,
J = 9.90 Hz, 1H), 3.40 (q, 2H), 1.46 (t, 3H); MS (FAB) m/z
278 (M +1). Anal. (C11HsNsOsF) H, N; C: calcd, 47.66; found,
47.13. F: calcd, 6.85; found, 7.30.

8-Fluoro-7-nitro-1-propyl-4(5H)-[1,2,4]triazolo[4,3-a]-
quinoxalinone (13d). 4-Chloro-8-fluoro-7-nitro-1-propyl-
[1,2,4]triazolo[4,3-a]quinoxaline: 91% from 12; 'H NMR ¢ 8.78
(d, 3 =7.74 Hz, 1H), 8.39 (d, J = 12.0 Hz, 1H), 3.49 (t, 2H),
1.99 (se, 2H), 1.11 (t, 3H); MS (EI) m/z 309 (M).

The title compound: 79% from the intermediate; *"H NMR
6 12.22 (brs, 1H), 8.09 (d, 3 = 7.30 Hz, 1H), 8.09 (d, J = 11.6
Hz, 1H), 3.34 (t, 2H), 1.91 (se, 2H), 1.06 (t, 3H); MS (EI) m/z
291 (M) Anal. (C12H10N503F) C, H, N.

1-Butyl-8-fluoro-7-nitro-4(5H)-[1,2,4]triazolo[4,3-a]qui-
noxalinone (13e). 1-Butyl-4-chloro-8-fluoro-7-nitro[1,2,4]-
triazolo[4,3-a]quinoxaline: 73% from 12; *H NMR ¢ 8.80 (d,
1H), 8.40 (d, 1H), 3.35 (t, 2H), 1.93 (qu, 2H), 1.54 (se, 2H),
0.99 (t, 3H); MS (FAB) m/z 324 (M + 1).

The title compound: 77% from the intermediate; mp 250—
253 °C dec; *H NMR 6 12.24 (brs, 1H), 8.17 (d, J = 1.35 Hz,
1H), 8.06 (d, J = 3.33 Hz, 1H), 3.34 (t, 2H), 1.90 (m, 2H), 1.50
(m, 2H), 0.98 (t, 3H); MS (FAB) m/z 306 (M + 1).

8-(1H-Imidazol-1-yl)-7-nitro-4(5H)-[1,2,4]triazolo[4,3-a]-
quinoxalinone (14a): prepared by the method described
for 9; 15% from 13a; mp >300 °C; *H NMR 6 12.40 (s, 1H),
9.90 (s, 1H), 8.62 (s, 1H), 8.11 (s, 1H), 7.97 (s, 1H), 7.48 (t,
1H), 7.15 (t, 1H); MS (FAB) m/z 298 (M + 1). Anal.
(C12H7N703'Hgo) C, H, N.

8-(1H-Imidazol-1-yl)-1-methyl-7-nitro-4(5H)-[1,2,4]tri-
azolo[4,3-a]lquinoxalinone (14b): 88% from 13b; mp >300
°C; 'H NMR ¢ about 12.00 (br, 1H), 8.13 (s, 1H), 8.11 (s, 1H),
8.02 (t, 1H), 7.52 (t, 1H), 7.13 (t, 1H), 3.04 (s, 3H); MS (FAB)
m/z 312 (M + l) Anal. (C13H9N703’l.5Hgo) C, H, N.
1-Ethyl-8-(1H-imidazol-1-yl)-7-nitro-4(5H)-[1,2,4]triazolo-
[4,3-a]quinoxalinone (14c): 81% from 13c; mp >300 °C; *H
NMR 6 12.41 (br, 1H), 8.13 (s, 1H), 8.07 (s, 1H), 8.00 (t, 1H),
7.50 (t, 1H), 7.13 (t, 1H), 3.43 (g, 2H), 1.46 (t, 3H); MS (FAB)
m/z 326 (M + l) Anal. (C14H11N7O3'1.5H20) C, H, N.
8-(1H-Imidazol-1-yl)-7-nitro-1-propyl-4(5H)-[1,2,4]tri-
azolo[4,3-a]Jquinoxalinone (14d): 91% from 13d; mp 294—
295 °C dec; *H NMR 8 12.43 (s, 1H), 8.13 (s, 1H), 8.05 (s, 1H),
8.01 (s, 1H), 7.51 (s, 1H), 7.14 (s, 1H), 2.50 (t, 2H), 1.93 (se,
2H), 1.05 (t, 3H); MS (FAB) m/z 340 (M + 1). Anal.
(C15H13N703:0.75H,0) C, H, N.
1-Butyl-8-(1H-imidazol-1-yl)-7-nitro-4(5H)-[1,2,4]triazolo-
[4,3-a]quinoxalinone (14e): 87% from 13e; mp 178—180 °C
dec; 'H NMR ¢ 12.34 (br, 1H), 8.13 (s, 1H), 8.04 (s, 1H), 8.00
(s, 1H), 7.51 (t, 1H), 7.14 (s, 1H), 3.41 (t, 2H), 1.85 (m, 2H),
1.45 (m, 2H), 0.94 (t, 3H); MS (FAB) m/z 354 (M + 1). Anal.
(C16H15N7O3'0.5H20) C, H, N.
7-Fluoro-4-methoxy-1-propyl[1,2,4]triazolo[4,3-a]qui-
noxaline (15): prepared from (6-fluoro-3-methoxyquinoxalin-
2-yhhydrazine?® using the same method described for the
intermediate of 13d; 74% from starting material; *H NMR ¢
8.20 (dd, J = 5.17, 9.35 Hz, 1H), 7.33—7.77 (m, 2H), 4.17 (t,
2H), 1.96 (se, 2H), 1.17 (t, 3H); MS (El) m/z 260 (M).
7-Fluoro-1-propyl-4(5H)-[1,2,4]triazolo[4,3-a]quinox-
alinone (16): prepared by the method described for 13d from
its intermediate; 82% from 15; *H NMR ¢ 12.08 (brs, 1H), 8.03
(dd, 3 = 5.06, 10.1 Hz, 1H), 7.03—7.23 (m, 2H), 3.30 (t, 2H),
1.92 (se, 2H), 1.08 (t, 3H); MS (El) m/z 246 (M).
7-Fluoro-8-nitro-1-propyl-4(5H)-[1,2,4]triazolo[4,3-a]-
quinoxalinone (17). To an ice-cold solution of 16 (0.51 g,
2.07 mmol) in concentrated H,SO, (5 mL) was added portion-
wise KNOj3 (0.27 g, 2.67 mmol) with the temperature being
maintained below 10 °C. After being stirred at ambient
temperature for 2 h, the reaction mixture was poured onto ice—
water. The resulting precipitate was collected and washed
with water to give 17 (0.53 g, 88%): 'H NMR 9§ 12.56 (brs,
1H), 8.59 (d, J = 6.70 Hz, 1H), 7.35 (d, J = 12.2 Hz, 1H), 3.36
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(t, 2H), 1.95 (se, 2H), 1.15 (t, 3H); MS (El) m/z 291 (M). Anal.
(CleloNsogF‘Hzo) C, H, N, F

7-(1H-Imidazol-1-yl)-8-nitro-1-propyl-4(5H)-[1,2,4]tri-
azolo[4,3-aJquinoxalinone (18): prepared by the same
method described for 9; 90% from 17; mp 185—189 °C dec; 'H
NMR 6 12.11 (brs, 1H), 8.66 (s, 1H), 8.00 (s, 1H), 7.51 (s, 1H),
7.43 (s, 1H), 7.14 (s, 1H), 3.40 (t, 2H), 1.96 (se, 2H), 1.12 (t,
3H); MS (FAB) m/z 340 (M + 1). Anal. (CisH13N,03-H;0) C,
H, N.

Molecular Modeling. The structures and potential ener-
gies of the quinoxaline—H,0O complexes were calculated using
the PM3 method with the MMOK parameter as implemented
in the MOPACS38 version 5.0 program. For these computations
including visualization, the molecular modeling package SYBYL
on an Indigo2 R4400 workstation (SiliconGraphics) was used.

Biology. 1. Radiobinding Assay. Inhibition of the
specific binding of [*(HJAMPA, NMDA-sensitive [*H]Glu, and
strychnine-insensitive [H]Gly to brain membranes in vitro
was evaluated using standard procedures.

The binding of [BH]JAMPA was conducted with crude mem-
branes of rat whole brain in the presence of 100 mM KSCN
as described by Honore et al.?° [*H]Glu and [®H]Gly bindings
were examined using Triton X-100-treated membranes of
whole brain except cerebellum.®3” Final ligand concentrations
were as follows: [PHJAMPA, 43 nM; [?H]Glu, 10 nM; [*H]Gly,
35 nM.

ICs values were determined from logit—log analysis, and
Ki values were determined using the Cheng—Prusoff relation-
ship.

2. Anti-KA-Induced Neurotoxicity in Rat Primary
Hippocampal Cultures.®®* The hippocampal cell cultures
were prepared from embryonic day 18—20 Wister rats. The
cultures were used when 9—15 days in vitro and were treated
overnight with compounds and 300 uM kainic acid. The cell
viability was quantified by measuring the amount of released
lactate dehydrogenase (LDH).

Acknowledgment. We thank Drs. N. Inukai, K.
Murase, T. Mase, S. Usuda, S. Tsukamoto, T. Furuya,
T. Yamaguchi, and K. Koshiya of the Institute for Drug
Discovery Research, Yamanouchi Pharmaceutical Co.
Ltd., for their encouragement and helpful discussions.
We also thank Dr. K. Hidaka, Dr. S. Yatsugi, Mr. J.
Togami, Ms. S. Kawasaki-Yatsugi, and Mr. K. Ohno for
the biological experiments, Ms. Y. Yamagiwa for the
technical assistance in the molecular calculations, and
the staff of the Structure Analysis Department for
measurement of NMR, mass spectra, and elemental
analysis at the Institute for Drug Discovery Research,
Yamanouchi Pharmaceutical Co. Ltd.

References

(1) Choi, D. W. Glutamate Neurotoxicity and Diseases of the
Nervous System. Neuron 1988, 1, 623—634.

(2) Sheardown, M. J.; Nielsen, E. O.; Hansen, A. J.; Jacobsen, P.;
Honore, T. 2,3-Dihydroxy-6-nitro-7-sulfamoyl-benzo(F)quinoxa-
line: A Neuroprotectant for Cerebral Ischemia. Science 1990,
247, 571-574.

(3) Gill, R.; Brazell, C.; Woodruff, G. N.; Kemp, J. A. The Neuro-
protective Action of Dizocilpine (MK-801) in the Rat Middle
Cerebral Artery Occlusion Model of Focal Ischemia. Br. J.
Pharmacol. 1991, 103, 2030—2036.

(4) Shimizu-Sasamata, M.; Kawasaki, S.; Yatsugi, S.; Ohmori, J.;
Sakamoto, S.; Koshiya, K.; Usuda, S.; Murase, K. The Neuro-
protective Actions of YM-900, a Novel and Potent o-Amino-3-
hydroxy-5-methylisoxazole-4-propionate (AMPA) Receptor An-
tagonist, in a Gerbil Global Ischemia Model and a Rat Focal
Ischemia Model. Presented at the 22nd Annual Meeting of the
Society for Neuroscience, Anaheim, CA, October 1992; Abstract
44.14.

(5) Weiss, J. H.; Koh, J.-Y.; Baimbridge, K. G.; Choi, D. W. Cortical
Neurons Containing Somatosatatin- or Parvalbumin-like Im-
munoreactivity Are Atypically Vulnerable to Excitotoxic Injury
In Vitro. Neurology 1990, 40, 1288—1292.

Ohmori et al.

(6) Klockgether, T.; Turski, L.; Honore, T.; Zhang, Z.; Gash, D. M.;
Kurlan, R.; Greenmyre, J. T. The AMPA Receptor Antagonist
NBQX Has Antiparkinsonian Effect in Monoamine-Depleted
Rats and MPTP-Treated Monkeys. Ann. Neurol. 1991, 30, 717—
723.

Lipton, S. A.; Rosenberg, P. A. Excitatory Amino Acids as A Final

Pathway for Neurologic Disorders. N. Engl. J. Med. 1994, 330,

613—622.

(8) Chapman, A. G.; Smith, S. E.; Meldrum, B. S. The anticonvul-

sant effect of the non-NMDA antagonists, NBQX and GY-

K152466, in mice. Epilepsy Res. 1991, 9, 92—96.

For example: Dorman, P. J.; Counsell, C. E.; Sandercock, P. A.

G. Recently Developed Neuroprotective Therapies for Acute

Stroke. CNS Drugs 1996, 5, 457—474.

(10) Monghan, D. T.; Bridges, R. J.; Cotman, C. W. The Excitatory
Amino Acid Receptors: Their Classes, Pharmacology, and
Distinct Properties in the Function of the Central Nervous
System. Annu. Rev. Pharmacol. Toxicol. 1989, 29, 365—402.

(11) Nakanishi, S. Molecular Diversity of Glutamate receptors and
Implications for Brain Function. Science 1992, 258, 597—603.

(12) Gill, R.; Nordholm, L.; Lodge, D. The Neuroprotective Actions
of 2,3-Dihydroxy-6-nitro-7-sulfamoyl-benzo(F)quinoxaline (NBQX)
in a Rat Focal Ischemia Model. Brain Res. 1992, 580, 35—43.

(13) Nellgard, B.; Wieloch, T. Postischemic Blockade of AMPA but
not NMDA Receptors Mitigates Neuronal Damage in the Rat
Brain Following Transient Severe Cerebral Ischemia. J. Cereb.
Blood Flow Metab. 1992, 12, 2—11.

(14) Shimizu-Sasamata, M.; Kawasaki-Yatsugi, S.; Okada, M.; Saka-
moto, S.; Yatsugi, S.; Togami, J.; Hatanaka, K.; Ohmori, J.;
Koshiya, K.; Usuda, S.; Murase, K. YM90K: Pharmacological
Characterization as a Selective and Potent a-Amino-3-hydroxy-
5-methylisoxazole-4-propionate (AMPA)/Kainate Receptor An-
tagonist. J. Pharmacol. Exp. Ther. 1996, 276, 84—92.

(15) Sakamoto, S.; Ohmori, J.; Shimizu-Sasamata, M.; Okada, M.;
Kawasaki, S.; Yatsugi, S.; Hidaka, K.; Togami, J.; Tada, S.;
Usuda, S.; Murase, K. Imidazolylquinoxaline-2,3-diones: Novel
and Potent Antagonists of a-Amino-3-hydroxy-5-methylisox-
azole-4-propionate (AMPA) excitatory Amino Acid Receptor.
Presented at the XlIIth International Symposium on Medicinal
Chemistry, Basel, Switzerland, September 1992; Abstract 28.

(16) Ohmori, J.; Sakamoto, S.; Kubota, H.; Shimizu-Sasamata, M.;
Okada, M.; Kawasaki, S.; Hidaka, K.; Togami, J.; Furuya, T.;
Murase, K. 6-(1H-Imidazol-1-yl)-7-nitro-2,3-(1H,4H)-quinoxa-
linedione Hydrochloride (YM90K) and Related Compounds:
Structure-Activity Relationships for the AMPA-type Non-NMDA
receptor. J. Med. Chem. 1994, 37, 467—475.

(17) Ornstein, P. L.; Arnold, M. B.; Augenstein, N. K.; Lodge, D.;
Leander, J. D.; Schoepp, D. (3SR,4aRS,6RS,8aRS)-6-[2-(1H-
Tetrazol-5-yl)ethyl]decahydroisoquinoline-3-carboxylic Acid: A
Structurally Novel, Systemically Active, Competitive AMPA
Receptor Antagonist. J. Med. Chem. 1993, 36, 2046—2048.

(18) Bigge, C. F.; Malone, T. C.; Boxer, P. A.; Nelson, C. B.; Ortwein,
D. F.; Schelkun, R. M.; Retz, D. M.; Lescosky, L. J.; Borosky, S.
A.; Vartanian, M. G.; Schwarz, R. D.; Campbell, G. W.; Ro-
bichaud, L. J.; Watjen, F. Synthesis of 1,4,7,8,9,10-Hexahydro-
9-methyl-6-nitropyrido[3,4-flquinoxaline-2,3-dione and Related
Quinoxalinediones: Characterization of a-Amino-3-hydroxy-5-
methyl-4-isoxazolepropionic Acid (and N-Methyl-D-aspartate)
Receptor and Anticonvulsant Activity. J. Med. Chem. 1995, 38,
3720—3740.

(19) Desos, P.; Lepagnol, J. M.; Morain, P.; Lestage, P.; Cordi, A. A.
Structure-Activity Relationship in a Series of 2(1H)-Quinolones
Bearing Different Acid Function in the 3-Position: 6,7-Dichloro-
2(1H)-oxoquinoline-3-phosphonic Acid, a New Potent and Selec-
tive AMPA/Kainate Antagonist with Neuroprotective Properties.
J. Med. Chem. 1996, 39, 197—206.

(20) Ohmori, J.; Shimizu-Sasamata, M.; Okada, M.; Sakamoto, S.
Novel AMPA Receptor Antagonists: Synthesis and Structure-
Activity Relationships of 1-Hydroxy-7-(1H-imidazol-1-yl)-6-nitro-
2,3(1H,4H)-quinoxalinedione and Related Compounds. J. Med.
Chem. 1996, 39, 3971—-3979.

(21) Ohmori, J.; Kubota, H.; Shimizu-Sasamata, M.; Okada, M.;
Sakamoto, S. Novel oa-amino-3-hydroxy-5-methylisoxazole-4-
propionate Receptor Antagonists: Synthesis and Structure-
Activity Relationships of 6-(1H-Imidazol-1-yl)-7-nitro-2,3(1H,4H)-
pyrido[2,3-b]pyrazinedione and Related Compounds. J. Med.
Chem. 1996, 39, 1331—-1338.

(22) Pimentel, G. C.; McClellan, A. Intramolecular Hydrogen Bonds.
The Hydrogen Bond; L. W. H. Freeman and Co.: San Francisco
and London, 1960; Chapter 5, pp 167—192.

(23) With respect to our first finding of the derivatives, see: Saka-
moto, S.; Ohmori, J.; Shimizu-Sasamata, M.; Okada, M.; Hidaka,
K. Pat. Appl. WO 93/20077, 1993. On the other hand, another
series of heterocyclic-fused quinoxalinones were found as glycine
and glycine/AMPA antagonists by Ely Lilly (McQuaid, L. A;
Mitch, C. H.; Ornstein, P. L.; Schoepp, M. D. D.; Smith, E. C. R.
Pat. Appl. US 5196421, 1993), ICI (Jackson, P. F.; Davenport,
T. W.; Resch, J. F.; Lehr, G. S.; Pullan, L. M. Tricyclic Quinoxa-

@

~

€

N



Synthesis, SAR for AMPA-type Non-NMDA Receptor

(24

(25)
(26)

@7

(28)

(29)

(30)

1)

lines as Ligands for the Strychnine-insensitive Glycine Site.
Bioorg. Med. Chem. Lett. 1991, 1, 751—756), and Novo Nordisk
(Jacobsen, P.; Nielsen, F. E. Pat. Appl. WO 93/06103, 1993)
independently around the same time.

Several heteroaromatic rings are known as bioisosteres for the
amide structure in other biological activities; for example:
Swain, C. J.; Baker, R.; Kneen, C.; Moseley, J.; Saunders, J.;
Seward, E. M.; Stevenson, G.; Beer, M.; Stanton, J. Novel 5-HT3
Antagonists. Indole Oxadiazoles. J. Med. Chem. 1991, 34,
140—-151.

Nasu, M.; Hamaguchi, M. Pat. Appl. JP 3-255056, 1991.
Davey, D. D.; Erhardt, P. W.; Cantor, E. H.; Greenberg, S. S.;
Ingebretsen, W. R.; Wiggins, J. Novel Compounds Possessing
Potent cAMP and cGMP Phosphodiesterase Inhibitory Activity.
Synthesis and Cardiovascular Effects of a Series of Imidazo[1,2-
aJquinoxalinones and Imidazo[1,5-a]quinoxalinones and Their
Aza Analogues. J. Med. Chem. 1991, 34, 2671—-2677.

Lumma, W. C., Jr.; Randall, W. C.; Cresson, E. L.; Huff, J. R.;
Hartman, R. D.; Lyon, T. F. Piperazinylimidazo[1,2-a]pyrazines
with Selective Affinity for in Vitro o-Adrenergic Receptor
Subtypes. J. Med. Chem. 1983, 26, 357—363.

Sarges, R.; Howard, H. R.; Browne, R. G.; Lebel, L. A.; Seymour,
P. A. 4-Amino[1,2,4]triazolo[4,3-a]quinoxalines. A Novel Class
of Potent Adenosine Receptor Antagonists and Potent Rapid-
Onset Antidepressants. J. Med. Chem. 1990, 33, 2240—2254.
Honore, T.; Lauridsen, J.; Krogsgaard-Larsen, P. The binding
of [BHJAMPA, a Structural Analogue of Glutamic Acid, to Rat
Brain Membranes. J. Neurochem. 1982, 38, 173—178.
Ohmori, J.; Shimizu-Sasamata, M.; Okada, M.; Kawasaki, S.;
Togami, J.; Murase, K.; Sakamoto, S. Synthesis and Structure-
Activity Relationships of Excitatory Amino Acid Receptor (AMPA
subtype) Antagonist 2. Presented at the 113th Meeting of
the Pharmaceutical Society of Japan, March 1993; Abstract
29PB10-07.

McQuaid, L. A.; Smith, E. C. R.; South, K. K.; Mitch, C. H;
Schoepp, M. D. D.; True, B. A,; Calligaro, D. O.; O'Malley, P. J.;
Lodge, D.; Ornstein, P. L. Synthesis and Excitatory Amino Acid
Pharmacology of a Series of Heterocyclic-Fused Quinoxalinones
and Quinazolinones. J. Med. Chem. 1992, 35, 3319—3324.

Journal of Medicinal Chemistry, 1997, Vol. 40, No. 13 2063

(32

(33)

(34

(35

(36)

(37

(38)
(39)

Carling, W. R.; Leeson, P. D.; Moore, K. W.; Smith, J. D.; Moyes,
C. R.; Mawer, I. M.; Thomas, S.; Chan, T.; Baker, R.; Foster, A.
C.; Grimwood, S.; Kemp, J. A.; Marshall, G. R.; Tricklebank, M.
D.; Saywell, K. L. 3-Nitro-3,4-dihydro-2(1H)-quinolones. Exci-
tatory Amino Acid Antagonists Acting at Glycine-Site NMDA
and (RS)-a-Amino-3-hydroxy-5-methyl-4-isoxazolepropionic Acid
Receptors. J. Med. Chem. 1993, 36, 3397—3408.

(a) Yamaguchi, T.; Ono, K.; Kohara, A. The Neurotoxicity of
Kainic Acid in the Culture System of Rat Hippocampal Neuron.
J. Neurochem. 1993, 32, 86—87. (b) Ohno, K.; Okada, M.;
Tsutsumi, R.; Kohara, A.; Yamaguchi, T. Kainate Excitotoxicity
Is Mediated by AMPA- But Not Kainate-preferring Receptors
in Embryonic Rat Hippocampal Cultures. Neurochem. Int.
accepted for publication.

Ono, K.; Okada, M.; Sakamoto, S.; Yamaguchi, T. YM900 [6-(1H-
imidazol-1-yl)-7-nitro-2,3(1H,4H)-quinoxalinedione] Antagonizes
Non-NMDA Receptor-mediated Neurotoxicity in Rat Primary
Hippocampal Cultures. Presented at the 23rd Annual Meeting
of the Society for Neuroscience, Washington DC, November 1993.
Okada, M.; Kohara, A.; Yamaguchi, T. Characterization of
YMOOK, a Selective and Potent Antagonist of AMPA Receptors,
in Rat Cortical mRNA-injected Xenopus Oocytes. Eur. J. Phar-
macol. 1996, 309, 299—306.

Monahan, J. B.; Michel, J. Identification and Characterization
of an N-methyl-D-aspartate-Specific L-[3H]Glutamate Recogni-
tion Site in Synaptic Plasma Membranes. J. Neurochem. 1987,
48, 1699—1708.

Monahan, J. B.; Corpus, V. M.; Hood, W. F.; Thomas, J. W.;
Compton, R. P. Characterization of a [3H]Glycine Site of the
N-Methyl-D-aspartate Receptor Complex. J. Neurochem. 1989,
53, 370—375.

Stewart, J. J. P. A Semiempirical Molecular Orbital Program.
J. Comput.-Aided Mol. Des. 1990, 4, 1—105.

Theodoridis, G.; Manfredi, M. C.; Krebs, J. D. Selective Hydro-
genation of Polynitroaromatic Derivatives with Nobel Metal
Catalysts in the Presence of Catalytic Amounts of Iron. Tetra-
hedron Lett. 1990, 31, 43, 6141—6144.

JM960664C



