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A series of mono-, di-, tri-, and tetrasubstituted 1,4-dihydroquinoxaline-2,3-diones (QXs) were
synthesized and evaluated as antagonists at N-methyl-D-aspartate (NMDA)/glycine sites and
o-amino-3-hydroxy-5-methylisoxazole-4-propionic acid-preferring non-NMDA receptors. An-
tagonist potencies were measured by electrical assays in Xenopus oocytes expressing rat whole
brain poly(A)* RNA. Trisubstituted QXs 17a (ACEA 1021), 17b (ACEA 1031), 24a, and 27,
containing a nitro group in the 5 position and halogen in the 6 and 7 positions, displayed high
potency (K ~ 6—8 nM) at the glycine site, moderate potency at non-NMDA receptors (K;, =
0.9-1.5 uM), and the highest (120—250-fold) selectivity in favor of glycine site antagonism
over non-NMDA receptors. Tetrasubstituted QXs 17d,e were more than 100-fold weaker glycine
site antagonists than the corresponding trisubstituted QXs with F being better tolerated than
Cl as a substituent at the 8 position. Di- and monosubstituted QXs showed progressively weaker
antagonism compared to trisubstituted analogues. For example, removal of the 5-nitro group
of 17a results in a ~100-fold decrease in potency (10a,b,z), while removal of both halogens
from 17a results in a ~3000-fold decrease in potency (10v). In terms of steady-state inhibition,
most QX substitution patterns favor antagonism at NMDA/glycine sites over antagonism at
non-NMDA receptors. Among the QXs tested, only 17i was slightly selective for non-NMDA

receptors.

Introduction

N-Methyl-D-aspartate (NMDA) receptors are impli-
cated in the pathology of numerous neurodegenerative
disorders, including the acute brain damage which
follows ischemic stroke and the more gradual loss of
neurons associated with epilepsy, Alzheimer’s disease,
and acquired immune deficiency syndrome (AIDS)-
related dementia.l In each case, neuronal damage is
thought to be a consequence of the “excitotoxic” effects
of glutamate, wherein excessive excitatory input causes
pathological increases in intracellular Ca?* and ulti-
mately cell death.?

In terms of therapeutic intervention, there are at least
four sites for antagonism of NMDA receptors:® (i)
phencyclidine (PCP)-binding sites, located within the
channel lumen and accessible in open-channel configu-
rations,* (ii) glutamate-binding sites, where antagonists
compete with glutamate to inhibit channel activity,5 (iii)
glycine coagonist sites, which must be occupied by
glycine for glutamate to gate the channel,® and (iv)
polyamine inhibitory sites.” Numerous studies have
shown that PCP site ligands such as dizocilpine (MK-
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801) and glutamate site antagonists such as CGS 19755,
LY 274614, and [3-((4)-2-carboxypiperazin-4-yl)prop-1-
yllphosphonic acid (CPP) have neuroprotective actions
in animal models of stroke.® Unfortunately, the clinical
potential of these classes of antagonists can be compro-
mised by psychotomimetic side effects.®10 For reasons
that remain uncertain, the behavioral side effect profiles
of glycine site antagonists are more encouraging.10-12
In addition, glycine site antagonists do not appear to
cause neuronal vacuolization, a pathological phenom-
enon observed following treatment with potent PCP site
ligands and competitive antagonists.1?

A wide variety of glycine site antagonists are now
known.!* Among the more potent series are (i) the
kynurenic acids, which include 7-chloro-5-iodo-kynurenic
acid (ICso in binding studies, ~30 nM) (1),15 (ii) the
2-carboxytetrahydroquinolines, which include (£)-trans-
2-carboxy-5,7-dichloro-4-(phenylureido)tetrahydroquino-
line (IC50 ~ 8 nM) (2),18 (iii) the tricyclic 1,4-dihydro-
quinoxaline-2,3-diones (QXs), which include (S)-9-bromo-
5-[(phenylcarbamoyl)methyl]-6,7-dihydro-1H,5H-
pyrido[1,2,3-delQX (K; = 0.96 nM) (8),'7 (iv) the
benzazepines, which include 8-methyl-2,5-dihydro-2,5-
dioxo-3-hydroxy-1H-benzazepine (K, ~ 470 nM) (4),18
and (v) the 3-substituted-4-hydroxyquinolin-2(1H)-ones,
which include 3-(3-phenoxyphenyl)-4-hydroxyquinolin-
2(1H)-one (IC50 ~ 2 nM) (5).19

Blood—brain barrier penetration, one indication of in
vivo bioavailability, varies drastically both between and
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within the different classes of antagonists. For example,
kynurenic acids and 2-carboxytetrahydroquinolines are
largely inactive in rodents following systemic adminis-
tration, whereas some 3-phenyl-4-hydroxyquinolin-
2(1H)-ones have anticonvulsant effects at oral doses as
low as 1 mg/kg.1?

QXs 6a,b were initially reported as selective antago-
nists at a-amino-3-hydroxy-5-methylisoxazole-4-propi-
onic acid (AMPA)-preferring non-NMDA receptors.?0
Subsequent characterization revealed that the pharma-
cological profile of these compounds also includes mod-
erately potent antagonism at NMDA receptor glycine
sites.?! Herein, we report the chemistry and pharma-
cology of a series of QXs with novel substitution patterns
on the benzene ring. The steady-state inhibitory poten-
cies of these molecules were measured at rat brain
NMDA and non-NMDA receptors expressed in Xenopus
oocytes. Several trisubstituted compounds were found
to be potent and selective glycine site antagonists. One
of these is ACEA 1021 (17a), a neuroprotective drug
currently undergoing clinical trials for stroke. A pre-
liminary report describing some of these results has
appeared previously.22

Chemistry

Synthesis. Table 1 lists the compounds that have
been synthesized together with supporting data. QX 6
was commercially available, while QXs 10 (Scheme 1)
were prepared by condensation of diethyl oxalate?® or,
better, oxalic acid?* with the corresponding 1,2-di-
aminobenzenes 9. When 9s were not commercially
available, they were prepared from 8 by one of several
methods. Treatment of the appropriate 2-nitroanilines
8 with tin(II) chloride dihydrate in refluxing ethanol or
ethyl acetate furnished 9,25 as did agitating solutions
of 8 in methanol with Pd/C under hydrogen gas. A
different procedure was used in the case of the sym-
metrically substituted 2,6-dinitroaniline 8u. Selective
reduction to 9u was achieved by treatment with a
refluxing solution of ammonium sulfide in ethanol and
water.2®. When nitroanilines 8 were not commercially
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available, they were prepared from the requisite anilines
7 employing routine protection—deprotection sequences
(Scheme 1).

QXs 10x,y are known?? and were prepared by chlo-
rination and bromination, respectively, of commercially
available QX 6. 10z was prepared by chlorination of
10y (Scheme 2).

A third approach (Scheme 3) for the synthesis of QXs
utilized selenium heterocycles to produce the 5-nitro
QXs 16. Regiospecific nitration of selenium heterocycles
of type 18b is known to furnish 14b.28 Accordingly, the
nitroaniline 11b was reduced to the corresponding
diamine 12b, which was then allowed to react with
selenium oxide in aqueous ethanol, giving (2,1,3)benzo-
selenadiazole 18b. Treating 13b with a mixture of
nitric acid and sulfuric acid gave 14b, which was then
converted to the corresponding 1,2-diamine 15b with
hydriodic acid. Finally, 15b was condensed with oxalic
acid to give 16b. A similar reaction sequence was
followed using 1la,c to give 16a,c, respectively. Bro-
mination?? of 16b gave 27 (Table 1). All the compounds
described in Scheme 3 were assigned the structures
shown based on the 'H NMR spin-spin splitting pattern
and coupling constants observed for their aromatic
protons.

Nitration (KNO3, HoSO4 or KNO3, TFA) of QXs 10a—
h, 6, and 10n,x furnished 17a—h,i,n,x, respectively
(Scheme 4). KNO3/TFA was the reagent combination
of choice when 10s were substituted with two or more
fluorine atoms on the aromatic ring. 17x was further
nitrated (KNOj3, HoSO,) to 18x. Nitro QXs 17a—c were
reduced with tin(II) chloride dihydrate to the corre-
sponding amino QXs 18a—ec. Further, 18a was acetyl-
ated with acetyl chloride to give 19.

Nitration of unsymmetrically 6,7-disubstituted QXs
was not satisfactory in many instances using conven-
tional nitration procedures described in Scheme 4.
While nitration of 10f,g gave the single nitro isomers,
other nitrations produced mixtures of two isomers that
were difficult to separate. Hence it was necessary to
develop a regiospecific procedure to prepare 5-nitro-6,7-
disubstituted QXs 24a—d (Scheme 5).

The approach is based on the observation that treat-
ment of 3,4-dihydroquinoxalin-2(1H)-ones 23 with ex-
cess fuming nitric acid (10—20 equiv) in TFA results
both in nitration exclusively at the 5 position and in
oxidation to the QXs 24.39 Accordingly, fluorobenzenes
20 were converted into N-phenyl glycinates 22. Reduc-
tion of 22 and concomitant cyclization gave quinoxalin-
2(1H)-ones 23. Finally, treatment of 23 with excess
fuming HNO; in TFA gave analytically pure QXs 24.

QXs 26a,b (Scheme 6) were prepared by reduction of
the nitro @Xs 17¢’,n to amino QXs 25a,b respectively,
followed by diazotization and subsequent treatment
with copper(I) chloride in hydrochloric acid.

Structural Considerations. Structures of the syn-
thetic intermediates and tested ligands were assigned
by applying well-established ortho-, para-, or meta-
directing effects of substituents already present on the
aromatic ring and are consistent with *H NMR spectra
and elemental composition by HRMS. In the case of
the F-containing QXs, structures were confirmed by the
magnitude of the F-H coupling constant (J) in the 'H
NMR spectra.?! Structures of the corresponding Cl or
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Table 1. Physical Data, NMR Spectroscopic Data, and Methods of Preparation for Substituted QXs

Rs H
Rs NIO
Ry (o]
Rs

compd starting material; yield
no. Rs Rse R: Rs mp (°C) methods? (%) formula® 1H NMR¢

6 H H H H >300 comm available

10a H Cl CIl H >400¢ 9a; H 74 7.23 (2H), 12.02 (2H)

10b H Br Br H 335¢ 7; B, E,H 49 : 7.37 (2H), 11.96 (2H)

10c Cl H CF; H 346—-348 8¢; G 36 CgH,ClF3N.O7 7.30, 7.53, 11.9 (b, 2H)

10d Cl Cl CIl H 355 84; D, G 23  CgH3sClaNoOo 7.25,11.62, 12.12

10e F Cl F H >250 7¢; B,D,H 62 CgH3ClFgN20q 6.93 (d, J = 9.6), 12.14, 12.17 (b)

10f H Br CF; H >360 7f,A,D, H 46 CgH4BrFsN,Oo 7.54, 7.74, 12.05, 12.30

10g H Cl CF; H >360 72, A,D,H 13  CgH4ClF3N,0." 7.27,7.48,12.14 (2H)

10h H F F H >360 8h; E, H 89 CgH4FN20¢ 7.05(d, J =9.3), 11.94 (2H)

10i Br Cl CI H 332—-335 8i;D,G 24  CgH3BrCloNoOq 7.30,11.19 (b), 12.14 (b)

10j Br H Br H 356—-358 8j;D,G 16  CsH4BryN.OY 7.21(d,J=2.1),753,J=21),
11.1 (b), 12.1 (b)

10k Br H CF; H 332-334 9k; G 62 CgH4BrFi;N,Oo 7.28,7.56, 11.7 (b, 2H)

101 CF3 H Br H 307-309 7L A,D,H 22 CgH4BrFsN,Oo 7.51(d,J=1.8),7.56(d,J=1.5),
11.34,12.22

10m CF; H CF; H 308—-310¢ 7m; A, D, H 12 CyoH4FgN,Oo 7.65,7.69, 11.58, 12.31

10n CF; H Cl H 302—-304 Tm;A,D,H 31 CgH,CIF3N,OY 7.37(d,J=1.8),747(d,J = 1.8),
11.35,12.22

100 CF3 H F H 300-302 70;A,D,H 9  CgH,F4N,O¢ 7.18 (dd, J = 8.7, 2.7), 7.36 (d, J = 8.7,
2.7),11.27,12.24

10p Cl H Cl H 326—-328* 9p; D, G 41 7.05(d,J=1.8),732(d,J=1.8),
11.5 (b), 12.1 (b)

10q F F F F 330-331 8q;D,G 46  CgHoF4N20Y 12.33 (b, 2H)

10r F F F H >360 7r;B,D,H 9 CgH3F3NyOp 6.91 (m), 12.02, 12.19

10s H F CF; H 330—-333 7s;A,D,H 20 CoH4 F4N20y 7.08(d,J=11.4),7.38(d,J =5.1),
12.02, 12.23

10t NO; H Cl H 315-317 8t;F, H 52 CgH,CIN3040.5H:0 7.40,7.90,11.19, 12.34

10u H Cl F H 344-348 9u; G 45 CgH4CIFN,O¢ 6.93(d,J =10.2), 7.08 (d, J = 7.2)

10v NO; H H H 279-283* 9v; H 77 7.26(t,J =8.1),746 d, J =17.8), 7.87
(dd, J = 8.4, 0.9), 11.09, 12.31

10w Cl F F H 322-326 8h;P,D,G 8 CsHsCIFoN.O2 7.05 (dd, J = 10.8, 7.2), 11.6 (b, 2H)

10x H Cl H H >360™ ; P 29 7.07 (m, 3H), 11.94 (2H)

10y H Br H H >350™ 6, P 53 7.04(d,J =9),7.24 (m, 2H), 11.96
(b, 2H)

10z H Br CI H >360 10y; P 42  CgH4BrCIN,O/ 7.24,7.37,11.8, 12.2

16a NO; H CF; H 329-332" 1la;I 22  CgH4F3N304 7.64,8.11,11.41,12.43

16b NO;, CIl H H 321 11b; 1 23  CsH4CIN304 7.22(d,J =9.0),7.36(d,J =87,
12.14,12.22

16¢ NO; Br H H >350 li¢;1 36 CgH4BrN3;O,° 7.15(d,J =8.7), 747 (d, J =8.7), 12.12
(b), 12.22

17a NO;, Cl Cl H 342—-344 10a;J 90 CsH3ClIpN3O4 7.38, 12.28, 12.37 (b)

17b NO; Br Br H 352—354 10b;J 77 CsH3BroN3;O4 7.48,12.22, 12.26

17¢ Cl H CF3; NOg; 305 10c; J 14 CgHsClF3N3zO4 7.86,12.03, 12.43 (b)

17¢ Cl NOz CF3 H 345 100; dJ 70 CgHgCngNgOJ 7.48, 12.21, 12.42

17d NO, Cl Cl ¢cl 324 104; J 65 CgHoCl3N3O4 11.9 (b), 12.5 (b)

17e NOz F Cl F 310 10e; K 7 CBH201F2N304 12.10 (b), 12.50

17f NO; Br CF; H 333-335 10f J 74 CgH3BrF3Ns;O4 7.61, 12.34, 12.60 (b)

17g NO, Cl CF3 H 342—-345 10g; dJ 80 CQH301F3N304 7.62, 12.35

17h NO; F F H 288—-290 10h; K 68 CgH3FoN3O4 7.33,11.86, 12.25

17i H NO; H H >300 6;J 78 CgHsN3Oy? 7.21(d,J =8.7), 7.92 (m, 2H), 12.14
(b, 1H), 12.33 (b, 1H)

17n CF; NO; C1 H 278—280 10n;J 91 CoHsCIF3N3O4 7.53,11.8 (b), 12.46

17x H Cl NO; H >370 10x; J 37 CsH4CIN;0O4 7.25,17.8,12.18, 12.30

18a NH;, CI Cl H >360 17a; L 62 CgHsCleN3O, 5.94 (2H), 6.60, 11.32, 11.87

18b NH; Br Br H 324-326 17b;L 59 CgHsBroN3;Oo 5.84 (2H), 6.73, 11.26, 11.81

18c Cl H CF; NH: >360 17¢; L 93 CgH;sCIF3N3O2" 5.92 (2H), 7.24, 11.32, 11.44

18x NO; NO; C1 H 298-300 17x;J 35 CsH3CIN,O¢" 7.75,10.82, 11.53

19 NHAc C1 Cl1 H 320—-322 18a;M 88 C1oH7CleN3Of" 2.06 (3H), 7.24, 9.62, 11.66, 12.10

24a NO; Br Cl H 338—-343 20a;N 26  CgH3BrCIN3;O4 7.35, 12.25 (2H)

24b NO; Br F H 323-327 20b; N 11  CsH3BrFN3O4 7.18 (d, J = 9.0), 12.21, 12.32

24c NO; F Br H 316—-321 20¢; N 5 CgH3BrFN3zO4 7.46 (d, J = 6.3), 12.01 (b), 12.18

24d NO; F Cl H 308—-310 20d; N 8 CgH3CIFN3O4HoO  7.37(d, J =6.9), 12.02 (b), 12.22

26a Cl Cl CF; H >250 17¢;, L, O 52  CgH3CloFaNoOo 7.49,11.85, 12.22

26b CF3 Cl CI H 305-307 17n;L, 0 69 CoH3ClF3N0¢ 7.52, 11.05 (b), 12.27

27 NO;, Cl Br H >350 16b; P 44  CgH3BrCIN;O4 7.48,12.22, 12.32 (b)

« For details of synthesis, refer to experimentals. ® Analyses for C, H, and N are within £0.4% of the theoretical values, unless otherwise
noted. ¢ Unless otherwise noted, values listed are for one-proton singlets. Abbreviations: b = broad singlet, d = doublet, dd = double
doublet, m = multiplet, and t = triplet. Splitting values are reported in hertz (Hz). ¢ Lit.23 mp >360 °C. ¢ Lit.23 mp >360 °C.HRMS =+
0.002, purity by HPLC, >95.0%. £ Lit.* mp 333 °C. # Lit.45 mp 320 °C. i Lit.%6 mp 300 °C. / Lit.* mp 320—323 °C. * Lit.* mp 284-285 °C.
! Contaminated by 11% dechloro QX. ™ See ref 27. » Lit.*4 mp 342—344 °C. ° Contaminated by 5% debromo QX. ? See ref 23.
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7, X=H X
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aorborc[: 8 X =NO, h H F F H
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k, Br H CF3 H
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'9 orn m H CFy H CF
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Rs N© 9 F F F F
I r, F F F H
R s, H F CFy H
7 : © t, NO, H cl- H
Re uy H C F H
10 v, NO, H H H
w, Cl F F H

2 Reagents: (a)i. Ac0O, ii. HNOg, HgSOy, iii. HCI, (b) i. AceO,
CHCls, ii. KNOgs, HaSOy; (¢) i. (CF3CO):0, ii. HNO;, HoSOy, iii.
KoCO3, MeOH; (d) SnCl;-2H,0, EtOH or EtOAc; (e) Pd/C, EtOH,
(f) (NH4)2S, aqueous EtOH; (g) (COOEt)y; (h) (COOH)2-:2H20, 2 N
HCI; (i) same as 10m, Table 1.

Scheme 2°
Rs H
s N_.O
a
6 orb I
R N (0]
Rg H
10x, Rg = Cl, Rg = R; = Rg = H

10y, Rg = Br, Rg = Ry = Rg = H
L
10z, Rg = Br, R; = Cl, Rg = Rg = H
@ Reagents: (a) NCS, DMF; (b) NBS, DMF.

Br compounds were assigned by analogy to the fluorine
derivatives.

The structures of 6,7-dichloro-1,4-dihydro-5-nitroqui-
noxaline-2 3-dione (17a), 7-chloro-5-(triflucromethyl)-
1,4-dihydro-6-nitroquinoxaline-2,3-dione (17n), and
5-chloro-7-(trifluoromethyl)-1,4-dihydro-6-nitroquinoxa-
line-2,3-dione (17¢’) were established by single-crystal
X-ray crystallographic determinations (see supporting
information). The X-ray studies indicated that in all
three QXs, the nitro group is twisted out of the plane of
the aromatic ring.

Biology

Potencies of QXs at mammalian NMDA and AMPA-
preferring non-NMDA receptors were assessed by elec-
trical assays in Xenopus oocytes expressing rat whole
brain poly(A)* RNA. NMDA receptors were selectively
activated by coapplication of NMDA and glycine.®
Membrane current responses elicited by NMDA/glycine
were inward at a holding potential of =70 mV, showing
an initial spike of current and a subsequent more slowly
developing peak. For all pharmacological assays the
spike of current, due to secondary activation of Ca?*-
gated Cl- channels,?? was ignored and response ampli-
tudes were measured at the peak of the second phase
(e.g., Figure 1, arrow). Non-NMDA receptors expressed
in oocytes by rat brain mRNA are predominantly
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Scheme 3¢
Y NH2 X
w _ Se

11a, W= NOz, Y= CF3
11b, W =NO,; ¥ = CI,
11c, W=NO, Y = Br

——t

12a, W = NHp; Y = CF,
12b, W=NH,. Y =Cl
12¢, W=NH,; Y =Br ¢

13b,Y=Cli X= Z=H

{ 133,Y=CFy;X=Z=H
13¢,Y=Br:X=2=H

14a, X = H: Y = CF3; Z = NO,
14b, X =NO,; Y=Cl; Z=H
14¢,X=NOy Y =Br;Z=H

/
X X H
Y NH, . Y NIO
NH, NTTO
z z H

15a, X = H;Y = CFy; Z = NO,

15b, X=NO,: Y =Cl;Z=H 16b, X =NO,:Y=Cl;Z=H
15¢, X=NOy; Y=Br;Z=H 16¢, X =NOp; Y =Br; Z =H

¢ Reagents: (a) SnCly-2H20 in EtOH; (b) SeQs, aqueous EtOH;
(¢) HNOs, H2S0y; (d) 48% HI; (e) (COOH)y-2H,0, 2 N HCl.

163, X = H; Y = CFy: Z = NO,

Scheme 4¢
Rs W
Rs N__O
10a-10h, 6, 100, 10x 222 I
Ry N0
Rg H
17
Rs Rs Rs Rg Rs R¢ R; Rg
18a,NH, CI Ci H c a,NO,Cl Cl H
18b,NH, Br Br H - | b,NO,Br Br H
18¢,Cl H CFy NH, ¢, Cl H CF3 NO,
d ¢, Cl NO; CFy H
Rs Rs R R d, No,Cl ¢l ¢l
19, NHAc Gl o H e NO.F Cl F
f, NO, Br CFj H
g, NO, Cl  CFs H
h, NO,F F H
LH NO;H H
RS RG R? Re a n, CF3 N02 Cl H
H

18x, NOz N02 Cl H -— x, H N02 Cl

2 Reagents: (a) KNOjz, HaSOy; (b) HNO;, TFA; (¢) SnCl2-2H,0
in EtOH or EtOAc; (d) AcCl.

AMPA-preferring subtypes. The AMPA receptors were
activated by application of kainic acid, which elicits non-
desensitizing responses and hence larger steady-state
currents than AMPA. The membrane currents were
inward at —70 mV and had a monophasic time course
(not illustrated).33-35

Apparent agonist affinities (ECsos) were estimated
from concentration—response curves (Figure 1). For
NMDA receptor ligands, glycine receptor affinity was
measured at a fixed concentration of 100 uM NMDA,
and NMDA receptor affinity was measured using 10 uM
glycine. Current ranges and mean maximum responses
in concentration—response experiments for glycine,
NMDA, and kainic acid were 367—740 nA (527 + 59
nA, n =6), 420—790 nA (569 = 99 nA, n = 4), and 1040—
2925 nA (1932 + 668 nA, n = 3), respectively. Levels
of receptor expression were similar for assays of an-
tagonist potency.



Substituted 1,4-Dihydroquinoxaline-2,3-diones

Scheme 5¢
Re X Rs Ry
Br Cl
R Y Br F
7

F Br
20, X=F;¥Y=H
a
E 21, X=F;¥Y=NO,

F Cl
b E 22, X = NHCH,COO™Na*; Y = NO,

lc

aoom

Rg N Re N._.O
Ty < Y
Ry N“TO Ry N0
H H
23 24

@ Reagents: (a) KNOs, H2SO04; (b) NH,CH:COO~Na*, DMF,
H,0; (¢) SnCly-2H,0, EtOH; (d) fuming HNO3, TFA.

Scheme 6°

R5 H RS H
HoN N._O cl N_O
R, N0 Ry N"So
H H

25 26
Rs Ry
a, CI CFa
b, CF; ClI

@ Reagents: (a) SnCly2H20, EtOH; (b) concentrated HCI,
NaNOg, CuCl.

ICsp values of QXs at NMDA receptor glycine sites
and non-NMDA receptors were estimated from partial
(three- or four-point) concentration—inhibition curves
(e.g., Figure 2). Oocytes were pretreated with antago-
nist for ~30 s prior to receptor activation, and inhibition
was fully washed out following 1—5 min of wash.
Antagonist concentrations were selected such that levels
of inhibition ranged between ~20% and 80%, i.e., within
the pseudolinear portion of semilog plots and spanning
the ICs0 value. Fixed agonist concentrations were 1 4M
glycine (~80% saturating)/100 uM NMDA for NMDA
receptors and 20 4M kainate (~10% saturating) for non-
NMDA receptors. For the majority of compounds, slope
values for concentration—inhibition curves ranged be-
tween —1.3 and —0.9. Compounds showing potentially
atypical slopes were 17x, 19, 10m, and 18x, slope >—0.9
in NMDA assays, 6 and 16b, slope >—0.9 in non-NMDA
assays, 10i,d,r, 16¢, and 26b, slope <—1.3 in NMDA
assays, and 10j,n and 17b,g, slope <—1.3 in non-NMDA
assays. These groups of compounds do not share any
common motifs with respect to substitution patterns.
We suspect that the main source of variability in slope
values stems from the narrow range of antagonist
concentrations used in the partial curves, though the
possibility that some compounds detect a pharmacologi-
cally heterogeneous population of receptors cannot be
wholly ruled out. The pharmacology of 17a,b and 10d
was characterized in detail, and antagonism at NMDA
glycine sites and non-NMDA receptors was found to be
full and consistent with a competitive mechanism
(presented elsewhere®). Antagonist dissociation con-
stants (K, values) for all the QXs tested in the present
study were estimated by assuming full competitive
antagonism and applying a Leff—Dougall variant of the
Cheng—Prussoff relationship (Table 2).36 Steady-state
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Figure 1. Upper panel: Sample records illustrating measure-
ment of a partial concentration—inhibition curve for QX 26a
at rat brain NMDA receptors expressed in an oocyte. 26a
caused a dose-dependent reduction in current. Amplitudes
were measured at the slow or plateau phase of the response
(arrow). Antagonists were applied together with glycine to
promote equilibration prior to receptor activation. Middle
panel: Partial concentration—inhibition curves comparing
potencies of nitro-/chloro-substituted QXs at NMDA receptors
(glycine = 1 uM, NMDA = 100 4M). This series shows a ~2000-
fold range in IC;, values. Broken lines, 16b (¢) and 10t (O)
have almost identical IC5, values. Data are plotted as the mean
+ SEM expressed as a fraction of control response (number of
experiments is given in parentheses). Smooth curves, best fits
of eq 2 to data for each antagonist. Optimal ICso (in #M) and
slope values for fits are 0.024, —1.01 for 17a; 0.17, —1.1 for
18x; 1.1, —0.86 for 17x; 1.6, —1.2 for 10a; 2.0, —1.3 for 16b;
2.1, —0.98 for 10t; 5.4, —0.91 for 17d; 11, —1.3 for 10x; 68,
—1.1 for 6; and 71, —1.2 for 10v (quoted to two significant
figures). Lower panel: Concentration—response curves for
glycine at NMDA receptors, NMDA at NMDA receptors, and
kainic acid at AMPA-preferring non-NMDA receptors. Smooth
curves, best fits of eq 1 to data for each drug (see the
Experimental Section). Optimal ECs; and slope values for
these fits are 0.3 uM, 1.1 for glycine; 24 uM, 1.6 for NMDA;
and 140 u4M, 1.3 for kainic acid.

selectivity indices for glycine site antagonism were
estimated by dividing Ky at non-NMDA receptors by Kj,
at glycine sites.

Binding studies with 17a,b and 10d indicated weak
affinity at NMDA glutamate-binding sites. (Inhibition
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Figure 2. Upper panel: Ky values at non-NMDA receptors
plotted as a function of K} values at NMDA receptor glycine
sites (data from Table 2). Apparent affinities are plotted on
symmetrical axes. The solid line bisects the graph into equal
areas defining selectivity for NMDA receptor glycine sites or
AMPA-preferring non-NMDA receptors. Parallel broken lines
indicate levels of selectivity in each area. Under steady-state
conditions, the vast majority of QXs assayed in this study show
selectivity for glycine sites. Ky values for DNQX and CNQX
were measured in separate studies employing similar proce-
dures® and are included for purposes of comparison. Middle
panel: Relationship between potency at NMDA receptor
glycine sites and potency at non-NMDA receptors. Increased
potency at glycine sites generally correlates with an increase
in potency at non-NMDA receptors. Solid line, the apparent
linear fit of all data points for non-NMDA receptors; slope
value is 0.48. K}, values for glycine sites are included for direct
comparison. Equation used for the fit: y scale (Y) = (0.83 +
0.071) + (0.48 = 0.074)x scale (X); correlation coefficient, R =
0.67. Lower panel: Relationship between potency at NMDA
receptor glycine sites and selectivity of antagonism with
respect to non-NMDA receptors. Increase in potency at glycine
sites generally correlates with an increase in selectivity. Solid
line is the apparent linear fit of all selectivity indices; slope
value is —0.52. Equation used for the fit: y scale (Y) = (0.84
+0.072) — (0.52 % 0.075) scale (X); R = 0.70.
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of [*HICGS 17955 binding indicated Kis > 50 uM; E.
Weber, unpublished results.) This is consistent with
previous studies suggesting that QXs as a class have
low potency as conventional competitive antagonists at
NMDA receptors.?! In the present study, electrophysi-
ological assays for glutamate site antagonism were
designed simply to assess some upper limits of potency.
Agonist concentrations were 1 mM glycine, promoting
saturation at glycine sites, and 1-5 uM NMDA, to
maximize chances of detecting inhibition at glutamate-
binding sites. Any strychnine-sensitive glycine re-
sponses, coexpressed by the whole brain poly(A)* RNA,
were allowed to desensitize, and the steady-state level
was used as a base line for assaying effects at NMDA
receptors. Assuming a competitive interaction, mini-
mum K}, values were estimated using the ECso and slope
value for NMDA (Figure 1) and the highest concentra-
tion of antagonist that failed to induce 50% inhibition
of the response.®® In this type of functional assay,
defining potency limits at glutamate sites was compro-
mised by the encroachment of glycine site antagonism
and the limited solubility of most QXs at high micro-
molar concentrations. As a result, demonstrable selec-
tivity indices were progressively reduced as glycine site
potency decreased. For example, QXs with glycine site
Kps of <0.01, 0.01-0.1, and 0.1—1 «M showed glutamate
site Kys of >5 (>500-fold selectivity), >18 (>180-fold
selectivity), and >50 (>50-fold selectivity) uM, respec-
tively. Whereas QXs with glycine site Ki,s of 1-18 uM
had demonstrable selectivity indices ranging between
50- and only ~5-fold.

Discussion

General Overview. As a result of previous studies,
QXs are commonly classed either as selective non-
NMDA receptor antagonists?’ or as moderately potent
NMDA receptor glycine site antagonists with low levels
of selectivity versus non-NMDA receptors.2! All the QXs
in the present study were found to inhibit both types of
receptors. Unexpectedly, nearly all showed steady-state
selectivity indices in favor of glycine sites, and moreover,
a number of trisubstituted compounds were found to be
potent and highly selective glycine site ligands (Figure
2, upper panel).

Notwithstanding clear exceptions (see below), increas-
ing potency at glycine sites generally correlates with
increases in potency at non-NMDA receptors (Figure 2,
middle panel). There is, however, a >10-fold greater
range in the glycine site affinities; K;, values at glycine
sites vary from 0.006 to 17.5 uM, whereas those at non-
NMDA receptors vary between 0.47 and 100 uM. One
consequence is that increases in affinity at glycine sites
are not associated with parallel increases in affinity at
non-NMDA receptors, and high potency at glycine sites
correlates with high selectivity (Figure 2, lower panel).

Structure—Activity Relationships at the NMDA
Receptor Glycine Site. The relationship between
structure and activity of QXs at NMDA receptor glycine
sites is summarized in Table 2. Favorable substitution
patterns are able to improve potency at the NMDA
receptor by as much as several thousand fold over the
unsubstituted QX 6. The most active antagonists (K
= 5.9—7.7 nM) possess a nitro group at the 5 position
and either Br or Cl, or combinations thereof, at the 6
and 7 positions. The activity of compounds 17a,b, 24a,
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Table 2. Apparent Binding Constants of Substituted 1,4-Dihydroquinoxaline-2,3-diones to NMDA Receptor Glycine Sites and
Non-NMDA Receptor Glutamate sites as Determined in Electrophysiological Assays in Xenopus Oocytes

Rg H
Re NIO
Ry (0]
Rs

Ky, (uM) (95% confidence limits) selectivity for
compd no. Rs Rs R7 Rs NMDA receptor glycine site non-NMDA receptor glycine site
17a NO; Cl Cl H 0.0059 (0.0058—0.0060) 1.5(1.4-1.6) 254
17b NO; Br Br H 0.0065 (0.0060—0.0069) 0.89 (0.80—1.0) 140
27 NO. Cl Br H 0.0075 (0.0068—0.0084) 1.24 (1.04—-1.49) 170
24a NO, Br Cl H 0.0077 (0.0065—0.0092) 0.95 (0.85—-1.07) 120
17f NO; Br CF; H 0.027 (0.022—0.034) 0.47 (0.45-0.49) 17
17g NO; Cl CF3 H 0.037 (0.028—-0.050) 0.55 (0.52—-0.59) 15
24c NO; F Br H 0.04 (0.035—0.046) 1.4 (1.23-1.59) 35
18x NO; NO. Cl H 0.042 (0.025—-0.071) 0.99 (0.90-1.09) 24
18b NH, Br Br H 0.05 (0.04—0.06) 3.32 (2.94-3.75) 66
18a NH; Cl Cl H 0.059 (0.050—-0.070) 5.19 (4.74-5.68) 88
24d NO; F Cl H 0.019 (0.017-0.023) 1.61(1.46-1.79) 81
10d Cl Cl Cl H 0.082 (0.070—0.096) 4.19(3.69—4.75) 51
10i Br Cl Cl H 0.095 (0.085—0.106) 4.11 (3.37-5.01) 43
24b NO. Br F H 0.10 (0.086—0.12) 3.45 (3.22—-3.70) 35
26a Cl Cl CF3 H 0.19 (0.14-0.24) 1.23 (1.07-1.42) 6.5
26b CF; Cl Cl H 0.19 (0.16—-0.21) 2.66 (2.15—3.29) 14
10b H Br Br H 0.21 (0.17-0.26) 4.05 (3.67—4.46) 19
17¢ Cl NO, CF; ° H 0.22 (0.17-0.29) 0.47 (0.45—-0.53) 2.1
19 NHAc Cl Cl H 0.24 (0.15-0.41) 5.57 (4.89—6.35) 23
101 . CF; H Br H 0.24 (0.20—0.29) 3.40 (2.95-3.91) 14
10f H Br CF; H 0.26 (0.19-0.37) 1.49 (1.27-1.75) 5.7
10g H Cl CF3 H 0.26 (0.22—-0.37) 2.55(2.43-2.67) 9.8
17e NO, F Cl H 0.28 (0.24—-0.33) 6.56 (5.31—8.10) 23
17x H Cl NO. H 0.28 (0.21-0.36) 0.64 (0.46—0.88) 2.3
17h NO. F F H 0.31 (0.29—0.33) 6.01 (5.70—6.35) 19
16a NO; H CF; H 0.33 (0.31-0.35) 4.13(3.74—-4.56) 13
10z H Br Cl H 0.36 (0.32—0.40) 5.70 (4.98-6.53) 16
10a H Cl Cl H 0.38 (0.34—0.43) 4.81 (4.44-5.20) 13
10m CF3 H CF3 H 0.45 (0.31-0.64) 2.21 (2.06—2.36) 49
16b NO; Cl H H 0.49 (0.46—0.53) 36.4 (30.2—43.9) 74
10t NO; H Cl H 0.51 (0.40—0.66) 8.02 (7.01-9.17) 16
10c Cl H CF3 H 0.52 (0.46—0.58) 3.70(3.29—4.16) 7.1
10n CF; H Cl H 0.61 (0.51-0.72) 4.67 (4.38—4.97) 7.6
10p Cl H Cl H 0.73 (0.67-0.80) 9.27 (7.93-10.8) 13
10j Br H Br H 0.89 (0.74—-1.06) 6.01 (5.57—-6.48) 6.8
10k Br H CFs H 1.02 (0.84-1.23) 4.29 (3.67-5.01) 4.2
17d NO, Cl Cl Cl 1.31(0.98—1.74) 14.1 (11.4-17.5) 11
16c NO; Br H H 1.32 (1.27-1.37) 36.3 (32.8—40.2) 28
10w Cl F F H 1.79 (1.61-1.99) 17.9 (14.6—-21.9) 10
10e F Cl F H 1.81 (1.58—2.08) 13.2 (12.0-14.6) 7.3
10y H Br H H 2.37 (1.90—2.94) 11.22 (9.83—-12.81) 4.7
171 H NO; H H 2.40 (2.02—-2.86) 1.67(1.52—-1.82) 0.7
10u H Cl F H 2.42 (2.20-2.67) 10.8 (9.36—12.5) 4.5
10s H F CF; H 2.53 (2.21-2.89) 3.78 (3.32—4.29) 1.5
10x H Cl H H 2.62 (1.98-3.48) 16.4 (14.3-18.8) 6.3
10q F F F F 3.33 (2.92-3.81) 26.6 (23.3—30.4) 8
100 CF3 H F H 3.39 (3.02—-3.80) 16.3 (15.1-17.6) 4.8
10h H F F H 4.82 (4.26—5.45) 21.5(20.2—-22.8) 4.5
10r F F 'F H 5.53 (4.71-6.50) 30.4 (26.5—34.9) 5.4
6 H H H H 16.5 (14.7-18.5) 98.2 (75.3—128) 59
10v NO; H H H 17.3 (15.8—18.9) >100 >5.8
18¢c Cl - H CF3 NH, >30 63.4 (55.4—72.5)
17c Cl H CF3 NO. >30 >30

and 27 is due to a favorable combination of all three
substituents, which can be seen by analyzing com-
pounds with only two of the three necessary substitu-
ents. Compounds 10a,b lack the 5-nitro functionality
and are about 100-fold less potent than 17a,b. Com-
pounds 10t and 16b lack one of the chlorines at the 6
or 7 position and are at least 100-fold less potent than
17a. A drastic decrease is also seen when both halogens
are removed, leaving 1,4-dihydro-5-nitroquinoxaline-2,3-
dione (10v). The potency of this QX is roughly equal to
that of the unsubstituted molecule 6.

Other 5,6,7-trisubstituted compounds with variations
of the pattern characterizing the most active structures
also proved to be potent antagonists. If either the Br
or Cl at the 7 position is replaced by a trifluoromethyl
group, then the resulting compounds (17f,g) are about
one-fourth to one-fifth as active as the most active
antagonists. Similarly, 24b with Br at the 6 position
and F at the 7 position is only 10-fold less active than
17b or 24a.

Interestingly, manipulation of substituents at the 6
position reduced potency less than changes at the 7
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position. Exchange of the 6-Br substituent of 17b by a
F atom results in 24¢ which is about 6 times less potent
than 17b but 2.5 times more active than its 6-bromo-
7-fluoro isomer 24b. This comparison indicates that the
6 position is somewhat more tolerant toward variation
than the 7 position.

Further exploration of the structural requirements at
the 5 position reveals that 5-amino QXs 18a,b are only
10-fold less active than the corresponding 5-nitro ana-
logues 17a,b, indicating that a powerful electron-
withdrawing substituent at the 5 position is not requi-
site for high affinity. 19, which is an acetyl derivative
of 18a, is 5 times less active than 18a, indicating that
a steric effect may also be operative at the 5 position.
In compounds 10i,d, the 5-nitro group of 17a has been
replaced by Br and Cl atoms, respectively. These
compounds are 15-fold less active than 17a. Other
5,6,7-trisubstituted compounds with greater deviations
from the substitution pattern of 17a are less active. In
addition, replacement of a Cl or Br substituent by F
invariably results in a decrease in potency. Thus, 17h
is the least active of the 5-nitro-6,7-dihalo combinations
tested, while the 5,6,7-trifluorinated ligand 10r is the
least active of all the 5,6,7-trisubstituted QXs tested.

The addition of a fourth substituent decreases activity
in most cases. For example, 17d is about 200 times less
potent than 17a. Only a F atom at the 8 position is
tolerated, although H is preferred. The 8-fluorinated
ligand 17e is about 4 times less active than 24d.
Tetrafluorinated QX 10q has a higher affinity than the
trifluoro analogue 10r, although both ligands are among
the least active compounds tested. Thus, substituents
other than F at the 5 and/or 8 position strongly diminish
affinity.

Among the disubstituted compounds, 6,7-disubstitut-
ed QXs are generally more active than 5,7-disubstituted
QXs. Similar to what is observed among the trisubsti-
tuted compounds, the presence of Br, Cl, trifluoro-
methyl, and nitro functionalities translates into higher
affinity while replacement with F decreases the affinity.
The monosubstituted ligands 10x,y,v and 17i are
particularly weak ligands at the glycine site.

Selectivity: NMDA Receptor Glycine Sites ver-
sus NMDA Glutamate Sites. The QXs assayed in this
study show selectivity indices in favor of NMDA receptor
glycine sites over NMDA glutamate sites. For the
higher potency ligands, selectivity is at least 200-fold.
Our results suggest that inhibition of NMDA receptors
by QXs is dominated by interactions at glycine sites. It
is unlikely that effects of these molecules in vivo are,
to any significant extent, due to inhibition of NMDA
receptors by conventional competitive antagonism at
glutamate-binding sites.

Selectivity: NMDA Glycine Sites versus Non-
NMDA Glutamate Receptors. The potency of 5-nitro-
6-chloro QX (16b) and 5-nitro-6-bromo QX (16¢) at non-
NMDA receptors is atypically low when compared to
other compounds with similar potency at glycine sites
(Figure 2). Selectivity indices for these compounds are
74 and 28, i.e., 3—5-fold higher than would be expected
for compounds with equivalent glycine site potencies.
This suggests that the 5-nitro-6-chloro and, to a some-
what lesser extent, 5-nitro-6-bromo substitution pat-
terns are unfavorable at non-NMDA sites but are well
tolerated at glycine sites. One reason may be that non-
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NMDA sites prefer planarity of substituents in the
region of the 5-nitro group. Since the 5-nitro group is
twisted out of the plane of the ring (as indicated by
X-ray studies of 17a,¢’,n) owing to steric interaction (see
supporting information), this phenomenon may contrib-
ute to the high selectivity of 17a,b, 27, and 24a. It
would also appear to be operating with the 5-amino-
6,7-dihalogen substitution patterns (selectivity indices
are 88 for 18a and 66 for 18b).

Conversely, potency at non-NMDA receptors is strongly
favored by nitro substitutions at positions 6 and 7. Data
for DNQX and CNQX have been included to help
illustrate this point (Figure 2). Of the compounds tested
in the present study, only the 6-nitro QX (17i) showed
steady-state selectivity in favor of non-NMDA receptors.
5-Chloro-6-nitro-7-trifluoromethyl QX (17¢’) and 6-chloro-
7-nitro QX (17x) were essentially nonselective. All
molecules with a nitro group at position 6 or 7 showed
distinctly higher potencies at non-NMDA receptors than
might be predicted from their corresponding glycine site
affinity.

Potency at non-NMDA receptors also tended to be
favored by a CF; group at position 6 or 7. For example,
QXs 17f,g, 26a, and 10fm ks all have a 7-trifluoro-
methyl group, and all showed ~3—5-fold lower selectiv-
ity indices than the general trend (Figure 2, lower
panel). Exceptions are 16a, which has the glycine site-
favoring 5-nitro substitution, and to a lesser extent
10g,d, the 6-trifluoromethyl-7-chloro- and 5-chloro-7-
trifluoromethyl-substituted molecules.

Our study suggests that the initial characterization
of DNQX and CNQX has given a distorted impression
as to the relative potencies of substituted QXs at NMDA
and non-NMDA receptors.”® The present results indi-
cate that the selective actions of DNQX and CNQX at
non-NMDA receptors are, in fact, quite atypical for this
class of molecule. Most substitution patterns favor
antagonism at NMDA receptors.

Selectivity indices in the present study were meas-
ured under steady-state conditions. Kinetic consider-
ations and disparities in agonist concentrations will
almost certainly affect levels of true “functional selectiv-
ity” at excitatory synapses. Indeed, previous studies
characterizing the synaptic pharmacology of QXs in
hippocampal slices indicate a ~6-fold reduction in
functional selectivity compared to values predicted by
steady-state measurements.3 If similar factors are
operating in vivo, then any compound with selectivity
<20-fold would be rendered essentially “nonselective,”
and even compounds showing 100—250-fold selectivity
for glycine sites would show more moderate levels of
functional selectivity.

Concluding Remarks

The purpose of the present study was to identify
molecules with therapeutic potential as neuropro-
tectants. A variety of NMDA receptor antagonists have
neuroprotective actions in animal models of ischemic
stroke.f More recently, the selective non-NMDA recep-
tor antagonist 2,3-dihydroxy-6-nitro-7-sulfamoylbenzo-
{flquinoxaline (NBQX) has also been shown to have
neuroprotective actions in vivo.?"38 The QXs 17ab, 24a,
and 27 herein described are antagonists with nanomolar
affinities at NMDA receptor glycine sites and low
micromolar affinities for AMPA-preferring non-NMDA
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receptors. Requirements for high potency at NMDA
receptor glycine sites include the presence of a nitro
group at the 5 position and either Br or Cl at the 6 and
7 positions. Other 5,6,7-trisubstituted QXs are also
potent ligands, while disubstituted, monosubstituted,
and tetrasubstituted QXs are less active. The four most
potent compounds are also the most selective at the
glycine site with respect to non-NMDA receptors. QXs
17a,b have robust neuroprotective effects in rat models
of focal ischemia.’® We believe that this is predomi-
nantly due to inhibition at NMDA receptors, though
additional inhibition at non-NMDA receptors may also
play a role. Our experiments suggest that any contri-
bution of non-NMDA receptor inhibition will be more
pronounced for the moderate potency glycine site ligands
such as 10d (ACEA 1011) which is also active as a
neuroprotectant in rat focal ischemia.%

Experimental Section

Chemistry. Melting points were taken on a Mel-Temp
apparatus and are uncorrected. The samples of QXs were
placed in a block preheated to 250 °C in order to minimize
decomposition. 'H NMR spectra were recorded at 300 MHz.
Starting materials 6, 7e—g,l-n,r,u, 8a,h j,p,t, 9r,v,w, 11a—
¢, and 20a—d were purchased from Aldrich Co., while 7b—
d k,0,s and 8t were purchased from Lancaster Co. 8d,i were
prepared from 8a by adapting the method of Mitchell.?® 8q
was prepared from pentafluoronitrobenzene using the method
of Brooke.** 'H NMR spectra of synthetic intermediates were
consistent with the assigned structures. For complete char-
acterization of QXs, refer to Table 1. The intermediate
compounds were used without purification unless otherwise
noted. Microanalyses were performed by Desert Analytics,
Tucson, AZ. Mass spectra were recorded on a VG ZAB-2-HF
mass spectrometer with a VG-11-250 data system, in the
electron ionization mode (70 eV). Reverse phase HPLC were
obtained at 254 nm on a 4.6 x 250 mm Microsorb-MV C18
column, using as solvents 0.1% trifluoroacetic acid in HyO (A)
and 0.1% trifluoroacetic acid in acetonitrile (B). The linear
gradient was 20% B in A to 95% B in A with a flow rate of 1
ml/min. Reagents were used as received, except for N,N-
dimethylformamide (DMF), which was dried over molecular
sieves, and triethylamine and acetyl chloride, which were
distilled prior to use. Aqueous (NH)oS (20%) (Aldrich) was
diluted before use. The following general procedures are
illustrative.

General Procedure A for the Nitration of Substituted
Anilines: Synthesis of 4-Chloro-6-(trifluoromethyl)-2-
nitroaniline (8n). A solution of 2-amino-4-chlorobenzotri-
fluoride (7n; 1.01 g, 5.16 mmol) in acetic acid anhydride (5.0
mL) was stirred at 25 °C for 12 h. The resulting suspension
was filtered in vacuo to give 1.12 g (92%) of 4-chloro-2-
(trifluoromethyl)acetanilide as white needles: mp 142—143 °C;
'H NMR (CDCl;) 6 7.35 (br s, 1H), 7.52 (d, 1H, J = 9.0 Hz),
7.59 (s, 1H), 8.18 (d, 1H, J = 8.1 Hz).

To a stirred solution of acetanilide (0.89 g, 3.7 mmol)
dissolved in concentrated HoSO, (4.0 mL) at 0 °C, concentrated
HNO; (0.5 mL) was added dropwise. The resulting solution
was allowed to warm to room temperature and stirred at room
temperature for 3 h. It was then poured into ice water (15
mL). The resulting suspension was filtered in vacuo to give
0.700 g of crude product which was crystallized from EtOH—
H;0 to give 0.560 g (53%) of 4-chloro-6-(trifluoromethyl)-2-
nitroacetanilide as yellow needles: mp 186—188 °C; 'H NMR
(CDCls) 6 7.37 (s, 1H), 7.90 (d, 1H, J = 2.1 Hz), 8.11 (d, 1H, J
= 2.1 Hz).

A solution of 2-nitroacetanilide (0.35 g, 1.2 mmol) and
concentrated HCl (3.0 mL) was refluxed overnight. The
mixture was extracted with EtOAc (2 x 3.0 mL). The ethyl
acetate extract was washed with brine, dried, and concentrated
in vacuo to give 0.25 g (40% overall yield) of 8n as a shining
yellow powder: mp 65—69 °C; 'H NMR 6 6.65 (br s, 2H), 7.72
(d, 1H, J = 2.1 Hz), 8.36 (d, 1H, J = 2.1 Hz).

Journal of Medicinal Chemistry, 1995, Vol. 38, No. 22 4375

General Procedure B for the Nitration of Substituted
Anilines: Synthesis of 3-Chloro-2,4-difluoro-6-nitro-
aniline (8e). To a stirred solution of 3-chloro-2,4-difluoro-
aniline (10.5 g, 64.3 mmol) in dioxane (25 mL) in an ice bath
was added dropwise trifluoroacetic anhydride (14.8 g, 70.4
mmol). The solution was warmed to room temperature and
stirred at room temperature for 20 h. The solution was then
poured into ice—water (150 mL) and stirred for 1 h. The
resulting suspension was filtered in vacuo, washed with water
(50 mL), and dried to give 16.1 g (96%) of 3-chloro-2,4-difluoro-
1-(trifluoroacetamido)benzene as an almost colorless powder:
mp 73—74 °C; 'H NMR (CDCl3) 6 7.07 (m, 1H), 7.98 (br s, 1H),
8.15 (m, 1H).

To a stirred solution of 3-chloro-2,4-difluoro-1-(trifluoro-
acetamido)benzene (15.1 g, 58.1 mmol) in concentrated HoSO4
(80 mL) in an ice bath was added dropwise concentrated HNO;
(10 mL). The resulting suspension was stirred in an ice bath
for 4 h and poured into ice—water (600 mL). The resulting
suspension was filtered in vacuo and washed with water (100
mL) to give 16.8 g (95%) of 3-chloro-2,4-difluoro-1-(trifluoro-
acetamido)-6-nitrobenzene as an almost colorless powder: mp
124—125 °C; 'H NMR (CDCl;) é 7.69 (dd, 1H, J = 1.6, 8.0 Hz),
8.94 (br s, 1H).

A solution of 3-chloro-2,4-difluoro-1-(trifluoroacetamido)-6-
nitrobenzene (6.35 g, 20.8 mmol) in MeOH/7% aqueous K,CO3
(3:2, 60 mL) was stirred at room temperature for 4 h. The
resulting suspension was filtered in vacuo, washed with water,
and dried to give 0.301 g of 8e as a yellow powder: mp 96—-97
°C; 'H NMR (CDCl;) 6 6.07 (br s, 2H), 7.82 (dd, 1H, J = 1.9,
9.0 Hz); 3.5 g of additional 8e was isolated from the filtrate to
give a total yield of 3.8 g (87%).

General Procedure C for the Nitration of Substituted
Anilines: Synthesis of 2,3,4-Trifluoro-6-nitroaniline (8r).
To a pink solution of 2,3,4-trifluoroaniline (7s; 1.04 g, 9.45
mmol) in CHCl;3 (12 mL) was added acetic anhydride (1.63 g,
16.0 mmol), giving a pale purple solution which was stirred
overnight under nitrogen. The solvent was removed in vacuo,
and the resulting solid was then allowed to air-dry to give 1.35
g (99%) of 2,3,4-trifluoroacetanilide as a white powder: mp
98-100 °C; 'H NMR (CDCl3) 4 6.91—7.00 (m, 1H), 7.22 (br s,
1H), 7.96—8.04 (m, 1H).

The nitration was accomplished adapting the procedure of
Cheeseman.?? To a stirred solution of the 2,3,4-trifluoro-
acetanilide (0.526 g, 2.78 mmol) in concentrated H,SO4 (3 mL)
in an ice bath was slowly added KNOj; (0.281 g, 2.78 mmol).
The resulting pale brown solution was stirred overnight at
room temperature. The dark red solution was carefully
neutralized by adding saturated NaHCO; solution. The red
solution was extracted with CHoCls (4 x 20 mL). The CH.Cly
extract was dried over anhydrous NagSO, and removed in
vacuo to give 0.333 g of an amber powder which was purified
on silica gel using hexane—chloroform (1:1) as eluant to give
0.258 g (48%) of 8r as a crystalline golden solid: mp 56—58
°C; 'H NMR (CDCl;) 6 6.12 (br s, 2H), 7.32 (dd, 1H, J = 6.0,
9.2 Hz).

General Procedure D for the Reduction of Substituted
2-Nitroanilines to Substituted 1,2-Diaminobenzenes: Syn-
thesis of 1,2-Diamino-3-bromo-4,5-dichlorobenzene (9i).
The procedure of Bellamy and Ou?® was adapted as follows. A
suspension of 2-bromo-3,4-dichloro-6-nitroaniline (8i; 0.35 g,
1.2 mmol) and SnCly-H0O (1.90 g, 6.5 mmol) in EtOAc (3.7
mL) and EtOH (1.9 mL) was stirred at 70 °C for 35 min. The
resulting brown solution was added to crushed ice (12 mL) and
carefully neutralized using aqueous NaHCOj3;. The resulting
suspension was extracted with EtOAc (3 x 15 mL). The
combined EtOAc extract was washed with brine, dried, and
removed in vacuo to give 0.26 g (84%) of 9i as a brown
powder: mp 123—125 °C; 'H NMR (CDCly) 6 3.49 (br s, 2H),
3.96 (br s, 2H), 6.80 (s, lH)

General Procedure E for the Reductlon of Substituted
2-Nitroanilines to Substituted 1,2-Diaminobenzenes: Syn-
thesis of 1,2-Diamino-4-chloro-3,5-difluorobenzene (9e).
To a solution of 3-chloro-2,4-difluoro-6-nitroaniline (8e; 3.60
g, 17.3 mmol) in CH;0H (25 mL) was added 10% Pd/C (0.20
g). The mixture was hydrogenated at 20—30 psi for 3 h. The
catalyst was filtered, and the filtrate was evaporated to
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dryness. The residual solid was crystallized from hexane to
give 2.97 g (96%) of diamine 9e as brown needles: mp 77-78
°C; 'H NMR (CDCly) é 3.16 (br s, 2H), 3.70 (br s, 2H), 6.35
(dd, 1H, J = 1.8, 9.9 Hz).

General Procedure F for the Selective Reduction of
Substituted 2,6-Dinitroanilines to Substituted 1,2-Di-
amino-3-nitrobenzenes: Synthesis of 1,2-Diamino-5-
chloro-3-nitrobenzene (9t). The procedure of Gillespie et
al.?¢ was adapted as follows. A suspension of 8t (0.26 g, 1.2
mmol) in 6.7% aqueous (NHy)oS (8.0 mL) and EtOH (8.0 mL)
was refluxed for 45 min. The resulting dark red solution was
cooled to room temperature, and the solid was collected by
filtration in vacuo to give 0.181 g (80%) of diamine 9t as shiny
red needles: mp 161-163 °C dec; 'H NMR (CDCl;) 4 5.03 (br
s, 1H), 6.69 (brs, 1H), 6.91 (d, 1H, J = 2.4 Hz), 7.41 (d, 1H, J
= 2.4 Hz).

General Procedure G for the Conversion of Substi-
tuted 1,2-Diaminobenzenes to Substituted QXs: Syn-
thesis of 5,7-Dibromo QX (10j). The procedure of Cheese-
man? was adapted as follows. A solution of diethyl oxalate
(2.19 g, 15.0 mmol) and 9j (0.40 g, 1.5 mmol) was heated to
reflux under N; for 6 h. The resulting suspension was cooled
to room temperature, and the solid was collected by vacuum
filtration, washed with EtOH, and dried in air to give 0.260 g
(55%) of crude 10j. A portion of this solid (0.150 g) was
dissolved in 1 N aqueous NaOH (20 mL) by gently heating on
a steam bath. The solution was treated with activated
charcoal and filtered. The pH of the filtrate was adjusted with
1 N HCI to 1. The yellow suspension was filtered in vacuo,
washed with water (20 mL), and dried ir vacuo to give 0.050
g (18%) of 10j as yellow needles (Table 1).

General Procedure H for the Conversion of Substi-
tuted 1,2-Diaminobenzenes to Substituted QXs: Syn-
thesis of 6,7-Dichloro QX (10a). The procedure of Foged et
al.? was adapted as follows. A suspension of 4,5-dichloro-o-
phenylenediamine (2.65 g, 15.0 mmol) and oxalic acid dihy-
drate (1.986 g, 15.75 mmol) in 2 N aqueous HCl (22.5 mL)
was refluxed for 2.5 h. The resulting suspension was cooled
to room temperature and diluted with water (50 mL). The
solid was collected by vacuum filtration, washed with water
(150 mL), and dried at in vacuo at 60 °C to give 3.39 g (98%)
of 10a as a deep pink powder (Table 1).

General Procedure I for the Conversion of Substi-
tuted 2-Nitroanilines to Substituted QXs via Selenium
Heterocycles: Synthesis of 6-Chloro-1,4-dihydro-5-nitro-
quinoxaline-2,3-dione (16b). Using method D, 11b was
converted to diamine 12b. To a refluxing solution of 12b
(0.643 g, 4.51 mmol) in ethanol (5 mL) was added dropwise a
solution of SeO; (0.550 g, 4.95 mmol) in water (2.3 mL). The
resulting suspension was refluxed for 30 min and cooled to
room temperature. The solid was collected by vacuum filtra-
tion, washed with water (5 mL), and dried in vacuo to give
0.801 g (81%) of 5-chloro-2,1,3-benzoselenadiazole (13b) as a
light brown powder: mp 116—117 °C (lit.*2 mp 118-119 °C);
H NMR (DMSO-ds) 6 7.53 (dd, 1H, J = 2.1, 9.6 Hz), 7.84 (d,
1H, J = 9.6 Hz), 7.98 (d, 1H, J = 1.8 Hz).

To a stirred, dark red solution of 13b (0.200 g, 0.919 mmol)
in concentrated H,SO,4 (3 mL) at 10 °C was added concentrated
HNO; (0.20 mL, 3.0 mmol), and the resulting yellow solution
was stirred at 10 °C for 1 h. It was then poured into ice—
water (30 mL), and the solid was collected by vacuum filtra-
tion, washed with water (10 mL), and dried in vacuo to give
0.219 g (90%) of 5-chloro-4-nitro-2,1,3-benzoselenadiazole (14b)
as a yellow powder: mp 228—230 °C (lit.?®2 mp 230—-232 °C);
'H NMR (DMSO-dg) 6 7.82 (d, 1H, J = 9.6 Hz), 8.13 (d, 1H, J
= 9.6 Hz).

To a stirred suspension of 14b (0.160 g, 0.610 mmol) in
concentrated HCl (1.5 mL) was added, 48% HI (0.5 mL) and
the mixture was stirred at room temperature for 2 h. Aqueous
NaHSO; (5%) (3 mL) was added to react with the liberated I,.
The pH was adjusted with 50% NaOH to 8 and the mixture
extracted with EtOAc (2 x 20 mL). The EtOAc extract was
washed with brine, dried, and removed in vacuo to give 0.101
g (88%) of 4-chloro-3-nitro-1,2-phenylenediamine (15b) as a
red powder: mp 124—-126 °C (lit.28> mp 127.5—-129.5 °C); 'H
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NMR (acetone-ds) 6 4.78 (br s, 2H), 5.12 (br s, 2H), 6.64 (d,
1H, J = 8.4 Hz), 6.76 (d, 1H, J = 8.4 Hz).

Method H was used to convert 15b to quinoxalinedione 16b.

General Procedure J for the Nitration of QXs: Syn-
thesis of 6,7-Dichloro-1,4-dihydro-5-nitroquinoxaline-
2,3-dione (17a). The procedure of Cheeseman?? was adapted
as follows. To a stirred solution of 10a (3.33 g, 14.5 mmol) in
concentrated HoSO, (65 mL) in an ice bath was added KNO;
(2.20 g, 21.8 mmol) in portions over 10 min. The resulting
solution was stirred at room temperature for 20 h and slowly
poured into ice—water (400 mL). The solid was collected by
vacuum filtration, washed with water (50 mL), and dried in
vacuo to give 3.39 g (85%) of 17a as a yellow powder. It was
purified as follows. 17a (3.365 g) was added to 1 N aqueous
NaOH (550 mL) and stirred vigorously for 20 min. The
resulting suspension was filtered in vacuo to remove a small
amount of insoluble material. The pH of the filtrate was
adjusted from 13 to 11 by dropwise addition of concentrated
HCI1 (43 mL) and monitoring by pH meter. The solid was
collected by vacuum filtration and washed with water (250
mL). The moist product was taken up as a suspension in water
(200 mL), and concentrated HC1 was added dropwise to adjust
the pH to 5. After stirring at pH 5 for 30 min, the solid was
collected by vacuum filtration, washed with water (400 mL),
and dried in vacuo at 60 °C to give 3.12 g (93%) of 17a as a
yellow powder (Table 1).

General Procedure K for the Nitration of QXs: Syn-
thesis of 6,7-Difluoro-1,4-dihydro-5-nitroquinoxaline-2,3-
dione (17h). To a stirred suspension of 10h (0.837 g, 4.23
mmol) in TFA (30 mL) was added KNO;3 (0.512 g, 5.07 mmol).
The mixture was stirred at 55 °C for 20 h. KNO; (0.256 g,
2.53 mmol) was added to the mixture and the mixture stirred
further at 55 °C for 20 h. A final addition of KNO; (0.256 g,
2.53 mmol) was made, and the mixture was again stirred for
20 h at 55 °C. The reaction mixture was concentrated in
vacuo, and the residual paste was added to cold HyO. The
solid was collected by vacuum filtration, washed with cold HO
(25 mL), and dried in vacuo to give 0.700 g (68%) of 17h as a
yellow powder (Table 1).

General Procedure L for the Reduction of 1,4-Dihy-
dro-5-nitroquinoxaline-2,3-diones to 5-Amino QXs: Syn-
thesis of 5-Amino-6,7-dibromo QX (18b). The procedure
of Bellamy and Ou? was adapted as follows. A solution of 17b
(0.300 g, 0.82 mmol) and SnClz2H,0 (0.925 g, 4.10 mmol) in
EtOH (10 mL) and DMSO (0.5 mL) was stirred at 80 °C for
2.5 h. It was then cooled to room temperature, and the solid
was collected by vacuum filtration, washed with cold EtOH (4
mL), and dried to give crude 18b which was purified by
crystallization from DMSO-H,0 to give 0.160 g (59%) of 18b
as bright yellow needles (Table 1).

General Procedure M for Conversion of 5-Amino QXs
to 5-Acetamido QXs: Synthesis of 5-Acetamido-6,7-
dichloro QX (19). To a stirred solution of 18a (0.062 g, 0.25
mmol) in DMF (7 mL) were added Et;N (0.033 g, 0.33 mmol)
and acetyl chloride (0.020 g, 0.26 mmol). The mixture was
stirred overnight at room temperature to give a white suspen-
sion. The solid was collected by vacuum filtration and washed
with HoO (2 mL) to give crude 19 as a white solid. It was
crystallized from DMSO—H,0 to yield 0.025 g (35%) of 19 as
a white powder (Table 1).

General Procedure N for the Conversion of 3,4-
Disubstituted Fluorobenzenes to 6,7-Disubstituted-
1,4-dihydro-5-nitroquinoxaline-2,3-diones: Synthesis of
6-Bromo-7-fluoro-1,4-dihydro-5-nitroquinoxaline-2,3-di-
one (24b). To a stirred solution of 20b (1.000 g, 5.181 mmol)
in concentrated HoSO4 (8 mL) at 0 °C was added KNO; (0.525
g, 5.19 mmol) in one portion. The resulting yellow solution
was allowed to warm to room temperature and stirred over-
night at room temperature. The solution was poured into ice
(80 g) and extracted with ethyl acetate (75 mL). The ethyl
acetate extract was washed with water and brine, dried and
concentrated. The residual solid was dried in vacuo to give
1.105 g (89%) of 21b as a white powder: mp 58-60 °C; 'H
NMR (CDCl3) 6 7.59 (dd, 1H, J = 5.4,9.6 Hz), 7.89 (t, 1H, J =
6.9 Hz).



Substituted 1,4-Dihydroquinoxaline-2,3-diones

To a stirred solution of 21b (1.100 g, 4.622 mmol) in DMF
(11 mL) at 70 °C was added dropwise a solution of sodium
glycinate (0.451 g, 4.65 mmol) in water (5 mL). The resulting
solution was stirred overnight at 70 °C. The solution was then
cooled to room temperature resulting in a bright orange
suspension. The solid was collected by vacuum filtration,
washed with CHCl; (10 mL) and dried in vacuo to give 0.690
g (51%) of 22b as a bright orange powder: mp 252 °C dec; 'H
NMR (DMSO-dg) 6 3.46 (d, 2H, J = 3.9 Hz), 7.15 (d, 1H, J =
6.0 Hz), 7.94 (d, 1H, J = 9.3 Hz), 8.74 (s, 1H).

A solution of 22b (0.650 g, 2.22 mmol) and tin(II) chloride
dihydrate (1.501 g, 6.66 mmol) in ethanol (10 mL) was refluxed
for 30 min. It was then cooled to room temperature, and the
solvent was removed in vacuo. The residual slurry was diluted
with water (15 mL), and the pH was adjusted with 10%
NayCO; to 8. The resulting suspension was extracted with
ethyl acetate (100 mL). The ethyl acetate extract was washed
with water and brine, dried, and concentrated. The residual
solid was dried in vacuo to give 0.348 g (64%) of 23b as a yellow
powder: mp 214—216 °C dec; 'H NMR (DMSO-d;) & 3.68 (s,
2H), 6.06 (s, 1H), 6.63 (d, 1H,J = 9.3 Hz), 6.83 (d, 1H,J = 6.6
Hz), 10.30 (s, 1H). .

To a stirred solution of 23b (0.050 g, 0.20 mmol) in TFA
(0.5 mL) was added excess fuming HNO; (0.17 mL, 3.9 mmol),
and the red solution was stirred overnight at room tempera-
ture. The resulting yellow suspension was poured into ice—
water (3 mL). The solid was collected by vacuum filtration,
washed with water (3 mL), and dried in vacuo to give 0.053 g
(85%, 24.7% overall) of 24b as a yellow powder (Table 1).

General Procedure O: Synthesis of 5,6-Dichloro-7-
trifluoromethyl QX (26a). 17¢’ was reduced to 25a using
procedure L. A mixture of 25a (0.054 g, 0.19 mmol) in
concentrated HCI (2 mL) was stirred in an ice bath for 1 h. To
the mixture was added dropwise a solution of NaNO, (60 mg,
0.86 mmol) in H2O (0.3 mL), and the resulting solution was
stirred in an ice bath for 3 h. To the red solution was added
a cold solution of CuCl (120 mg) in 6 N HCl (1.2 mL), and the
stirring was continued in an ice bath for 2 h followed by
overnight at room temperature. The resulting mixture was
diluted with 1 N HCl (3 mL), stirred at room temperature for
30 min, and finally diluted with H>O (2 mL). The solid was
collected by filtration, washed with water, and dried to give
0.030 g (52%) of 26a as a white powder (Table 1).

General Procedure P for Halogenation:? Synthesis of
7-Bromo-6-chloro-1,4-dihydro-5-nitroquinoxaline-2,3-di-
onhe (27). To a stirred solution of 16b (0.035 g, 0.14 mmol) in
DMF (0.5 mL) was added NBS (0.039 g, 0.22 mmol), and the
solution was stirred at room temperature for for 5 days. The
resulting solution was diluted with water (4 mL), and the
yellow solid was collected by vacuum filtration, washed with
water (2 mL), and dried in vacuo to give 0.042 g of crude 27
which was crystallized three times from DMSO—water to give
0.018 g (44%) of 27 as shining yellow flakes (Table 1). Similar
procedure was carried out for the chlorination by substituting
NBS with NCS.

Electrophysiology. Total RNA from whole rat brain
(including cerebellum and a portion of the brain stem) was
prepared by the acid guanidinium/phenol method.*® Poly(A)*
RNA was isolated by oligo(dT) chromatography. Following
established procedures,** ovarian lobes were surgically re-
moved from mature female Xeropus laevis, and oocytes (stages
V-VI) were dissected from the ovary, microinjected with
approximately 50 ng of whole rat brain poly(A)* RNA, and
stored in Barth’s medium containing (in mM): NaCl, 88; KCl,
1; CaCly, 0.41; Ca(NOjs)e, 0.33; MgS0,, 0.82; NaHCOs3, 2.4;
HEPES, 5; pH 7.4, with 0.1 mg/mL gentamycin sulfate.
Oocytes were defolliculated 1—2 days following injection by
treatment (0.5—1 h) with collagenase (0.5 mg/mL, Sigma type
I). Recordings were made 3—10 days following injection using
a two-electrode voltage clamp (Dagan TEV-200) in a 0.1 mL
recording chamber continuously perfused (5—15 mL min~!)
with frog Ringer’s solution containing (in mM): NaCl, 115;
KCl, 2; CaCly, 1.8; HEPES, 5; pH 7.4. Drugs were applied by
bath perfusion, and Ringer’s solution pH was readjusted to
7.4 where necessary. DNQX and CNQX were obtained from
Research Biomedicals Inc. (Natick, MA). Other drugs were
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from Sigma. QXs were made up in DMSO. Depending upon
potency of antagonism, DMSO stock concentrations varied over
the range 0.3 uM—100 mM. Ringer solutions of QXs were
made by 1000—3000-fold dilution of DMSO stocks into Ringer’s
solution. At 0.03—0.3% (by vol) DMSO alone did not ap-
preciably affect the amplitudes of membrane current re-
sponses. Stocks were stored for up to 4 weeks in the dark at
4 °C without reduction in potency. Ringer solutions of drugs
were made up fresh, minutes prior to each experiment.

Data Analysis. Concentration—response data were fit to
the logistic equation (eq 1): n is the slope factor, ECs is the
agonist concentration that produces a half-maximal response,
and pECso is —log ECs (Sigmaplot, Jandel Scientific).

I, = 141 + (10 P"°/[agonist])) (1)
Partial concentration—inhibition curves were fit with eq 2:
I = 1/1 + (lantagonist)/10 PC0)y"  (2)

in which Lol 18 response activated by agonist alone, ICsq is
the concentration of antagonist that produces half-maximal
inhibition, pICso is —log ICso, and n is the slope factor. The
K, values for antagonists were determined from inhibition
curves using eq 3:

K, = F(IC5(2 + ([agonistl/EC;)")"* - 1)  (3)

a Leff—Dougall-generalized variant of the Cheng—Prusoff
equation,®® where [agonist]; is the fixed dose of agonist. In
practice, the parameter 107PICs was replaced in eq 2 by
107P%u((2 + ([agonist]/ECs0)?)Y?) — 1); 95% confidence intervals
for pK}, were obtained as the product of the standard deviation
for each parameter multiplied by the ¢ distribution value.
Confidence intervals in Table 2 have been transformed to the
linear scale. Data quoted in the text is given as mean = SEM.
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