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A series of a-amino-3-(phosphonoalkyl)-2-quinoxalinepropanoic acids was synthesized and evaluated 
for NMDA receptor affinity using a [3H] CPP binding assay. Functional antagonism of the NMDA 
receptor complex was evaluated in vitro using a stimulated [3H]TCP binding assay and in vivo 
by employing an NMDA-induced seizure model. Some analogues also were evaluated in the [3H]-
glycine binding assay. Several compounds of the AP-6 type show potent and selective NMDA 
antagonistic activity both in vitro and in vivo. In particular a-amino-7-chloro-3-(phosphonomethyl)-
2-quinoxalinepropanoic acid (1) displayed an ED50 of 1.1 mg/kg ip in the NMDA lethality model. 
Noteworthy is a-amino-6,7-dichloro-3-(phosphonomethyl)-2-quinoxalinepropanoic acid (3) with 
a unique dual activity, displaying in the NMDA receptor binding assay an IC50 of 3.4 nM and in 
the glycine binding assay an IC50 of 0.61 fiM. 

Many diverse pathological processes cause ischaemic 
cerebrovascular diseases, of which, focal cerebral ischaemia 
(stroke) is prominent in man. Considerable research 
efforts are ongoing to elucidate the fundamental mech
anisms of ischaemia-induced neurodegeneration. We set 
out to develop an effective therapeutic strategy to intervene 
early on in the cascade-like events which, after an ischaemic 
insult, lead to neuronal death. Overactivation of excitatory 
amino acid transmitter systems, induced by excess 
glutamate, aspartate, and perhaps other related amino 
acids, are believed to play the primary role in the sequence 
of biochemical events which result in neuronal injury and 
death.1-4 The excitatory amino acids mediate their action 
via at least four major subtypes of receptors, namely, the 
NMDA (iV-methyl-D-aspartatic acid), the kainate, the 
AMPA (a-amino-3-hydroxy-5-methyl-4-isoxazolepropi-
onic acid), and the metabotropic receptor.5 NMDA 
receptors play a crucial role in ischaemia-induced neu
rotoxicity by opening calcium-permeable ion channels.6-8 

NMDA antagonists offer protection against permanent 
ischaemic damage even when administered several hours 
after the ischaemic event, thus suggesting that they may 
find utility in the acute therapy of cerebral ischaemia.9 

Therefore we pursued the synthesis and biological eval
uation of diverse, novel NMDA antagonists, (Figure 1). 

Numerous competitive NMDA antagonists have been 
reported in the literature since 1980. With few exceptions, 
the most potent analogues incorporate a-amino acids 
tethered to a phosphonic acid moiety (Figure 1) via an 
alkyl chain consisting of either three-carbon (such as 
2-amino-5-phosphonovaleric acid, AP-510 or five-carbon 
(2-amino-7-phosphonoheptanoic acid, AP-711). Interest
ingly, AP-6 analogues have demonstrated much reduced 
efficacy. Enhanced affinity for the NMDA receptor has 
been obtained by conformationally restraining the phos
phono a-amino acid unit, but the AP-5/AP-7 rule still 
applies to these unsaturated and/or cyclic analogues like 
(E)-2-amino-4-methyl-5-phosphono-3-pentenoic acid (CGP 
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3784912), 4-(3-phosphonopropyl)-2-piperazinecarboxylic 
acid (CPP13-14), a-[4-(phosphonomethyl)phenyl]glycine 
(SC 4664315), 4-(phosphonomethyl)-2-piperidinecarboxylic 
acid (CGS 1975516"18), and 2-amino-4,5-(l,4-butanediyl)-
7-phosphonoheptanoic acid (NPC 1262619). Using the 
quinoxaline ring system as a template, we have synthesized 
various phosphono a-amino acids. Somewhat surprisingly, 
1, an AP-6 type of competitive NMDA antagonist, turned 
out to be the most active compound of the present series. 

Chemistry 

The a-amino-3-(phosphonoalkyl)-2-quinoxalinepro-
panoic acids 1-15 were synthesized as outlined in Schemes 

Ri 

K N ^ R 3 

H2N ^ ^ C O O R 4 

1: R1 = H, R2 = 7-CI, R3 = CH2-PO(OH)2, R4 = H 
2: R1 = 6-CI, R2 = H, R3 = CH2-PO(OH)2, R4 = H 
3: R1 = R2 = 6,7-Dichloro, R3 = CH2-PO(OH)2, R4 = H 
4: R1 < R2 « 5,8-Diehloro, R3 = CH2-PO(OH)2, R4 = H 
S: R1 = R2 = 6,7-Difluoro, R3 • CH2-PO(OH)2, R4 = H 
6: R1 = R2 = 6,7-Dimethoxy, R3 • CH2-PO(OH)2, R4 =H 
7: R1 = R2 = H, R3 = CH2-PO(OH)2, R4 « H 
8: R1 = R2 = 6,7-Dimethyl, R3 * CH2-PO(OH)2, R4 = H 
9: (-) enantiomer of 7 
10: (+) enantiomer of 7 
11: R1 = R2 - H, R3 = CH2-PO(OH)2. R4 = El 
12: R1 • R2 = benzo (g), R3 = CH2-PO(OH)2, R4 = H 
13: see scheme IV 
14: R1 = R2 = H, R3 = CH=OH-PO(OH)2, R4 = H 
15: R1 = R2 = H, R3 = CH2-CH2-PO(OH)2, R4 = H 

II-V. Scheme I depicts the syntheses of some substituted 
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Figure 1. AP-5's and AP-7's versus AP-6's. 

1,2-phenylenediamine starting materials which were not 
commercially available. 

Typically (Scheme II), the appropriately substituted 
1,2-phenylenediamines 22a-h were condensed with 1,4-
dibromo-2,3-butanedione to afford the 2,3-bis(bromo-
methyl)quinoxalines 23a-h in high yields. An Arbuzov 
reaction using trimethyl phosphite and the bis(bromo-
methyl)quinoxaline precursor in equimolar amounts led 
to the corresponding phosphonate esters 24a-h with yields 
in the range of 35-50%. Increasing the amount of 
trimethyl phosphite led to the formation of undesired 
bisphosphonate esters. The regioisomeric 6- and 7-mono-
chloroquinoxalines 24b and 24c were only accessible 
through HPLC separation. Despite a distinct difference 
in the H-NMR between these two regioisomers, conclusive 
assignment of the position of the chlorine atom was not 
possible. Therefore compound 24b was subjected to X-ray 
crystallography, confirming the chlorine to be in position 
6, as illustrated in Figure 3. Compounds 25b-g were 
obtained by alkylating the sodium salt of diethyl aceta-
midomalonate in ethanol with the corresponding bro-
momethylquinoxalines 24b-g. Hydrolysis and decarbox
ylation in refluxing 6 N HC1 followed by treatment with 
propylene oxide in ethanol gave the desired phosphono 
amino acids 1-6. The unsubstituted compounds 26i and 
26j, as well as 26k were obtained by alkylating the 
potassium salt of the appropriate iV-benzylideneglycine 
ester in THF with 24a and 24h. Acidic hydrolysis and 
subsequent treatment with propylene oxide in ethanol led 
to compounds 7 and 8. Treatment of 26j with bromo-
trimethylsilane led to compound 11. The dibenzoyl-L-

Figure 2. An overlay of the low-energy conformations of 
compound 1 (yellow) and the (-)-gauche form of CGS-19755 (red) 
from the SYBYL program. 
tartrate of 26i was prepared and repeatedly crystallized 
from acetonitrile to yield a pure diastereomeric salt, which 
after treatment with sodium bicarbonate followed by 
hydrolysis with 6 N HC1 and treatment with propylene 
oxide gave compound 10. Compound 9 was obtained 
similarly starting with 26i and dibenzoyl-D-tartaric acid. 

As outlined in Scheme III the ammonium salt of 
a-amino-3- (phosphonomethyl)benzo [g\ quinoxaline-2-pro-
panoic acid (12) was obtained by condensing 2,3-dia-
mononaphthalene (19) with l,4-dibromo-2,3-butanedione 
to yield 27. An Arbuzov reaction led to 28 which after 
alkylating the potassium salt of iV-benzylideneglycine 
benzyl ester gave compound 29. Treatment of the 
phosphonate ester with bromotrimethylsilane furnished 
30, which, after hydrogenation and subsequent treatment 
with ammonia, yielded compound 12. 

Treating 4,5-dimethyl-l,2-phenylenediamine (22h) with 
glyoxal gave compound 31 (Scheme IV). Bromination of 
31 withiV-bromosuccinimide led to 6,7-bis(bromomethyl)-
quinoxaline (32) which after an Arbuzov reaction gave 
compound 33. Alkylation of the potassium salt of N-
benzylglycine methyl ester with 33 led to 34, which after 
HC1 hydrolysis and treatment with propylene oxide gave 
the desired a-amino-7-(phosphonomethyl)-6-quinoxa-
linepropanoic acid (13). 

In order to extend the phosphonic acid side chain by 
one carbon, compound 23a was converted to the 2-car-
boxaldehyde derivative 35 by interaction with the sodium 
salt of 2-nitropropane (Scheme V). In a Wittig-type 
reaction with sodium dimethyl methanephosphonate, 35 
was transformed to the vinyl phosphonate ester 36. Only 
the trans isomer was obtained. Treatment of the resulting 
vinyl phosphonate with the sodium salt of diethyl ace-
tamidomalonate provided compound 37. Acidic hydrolysis 
of 37 followed by the removal of HC1 with propylene oxide 
yielded the desired vinyl phosphonic acid 14. Hydroge
nation of 37 in the presence of Pd/C gave 38 which, after 
the usual hydrolysis and HC1 removal, gave the desired 
a-amino-3- (2-phosphonoethyl)-2-quinoxalinepropanoic acid 
15. 

Results and Discussion 
The biological data for the compounds 1-15 are listed 

in Table I along with test results on some standards AP-7, 
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Figure 3. X-ray structure of 24b. 

CGS-19755, and CPP. Affinity for the competitive NMDA 
receptor site was determined by assessing the ability of 
the compounds to displace [3H]CPP, a known ligand for 
this binding site, from rat synaptic membranes. In vivo 
NMDA antagonist activity was determined using an 
NMDA-induced lethality assay, in which a compound's 
ability to prevent the effects of a lethal dose of NMDA, 
was assessed. 

" Reagents: A = l,4-Dibromo-2,3-butanedione; B = P(OCHa)s; C 
= t-BuOK, PhCH=N-CH2COOCH2Ph; D = TMSBr; E = (1) H2, 
Pd-C(2) NH4OH. 

Competitive and noncompetitive NMDA receptor an
tagonists, in contrast to agonists, decrease the association 
rate of tritiated ligands for the PCP receptor2021 and, 
thereby, appear to inhibit stimulated [3H]TCP binding 
following 1 or 2 h of incubation.22 All standard NMDA 
antagonists inhibited the stimulated binding of [3H]TCP 
with a relative potency compared to CGS-19,755 which 
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Figure 4. Packing diagram of 24b. 

correlated with the relative affinities determined in the 
NMDA receptor binding assay. Compounds 1-3,7-9, and 
12, which exhibited significant NMDA receptor affinity, 
also inhibited stimulated [3H]TCP binding, suggesting 
that these compounds possessed antagonist activity at the 
NMDA receptor. The correlation between the NMDA 
binding assay and the stimulated [3H]TCP binding assay 
was obtained for both the standard compounds and the 
quinoxaline analogues (1-3,7-9,12). The high degree of 
significance obtained from the comparisons of these two 
in vitro activities (Figure 5, Chi2 = 0.949, n = 10) suggests 
a sound correlation. 

The first compound synthesized, 7, had an IC50 value 
of 119 nM in the NMDA receptor binding assay and an 
ED50 value in the NMDA-induced lethality test of 3.7 mg/ 
kg (ip). Thus while about equipotent in binding with CPP, 
compound 7 was somewhat less potent in vivo. 

The in vivo potency seen with compound 7 was 
gratifying, but the relatively high affinity for the NMDA 
receptor was quite surprising. Recent structure-activity 
relationship (S AR) and molecular modeling studies suggest 
that the generally accepted AP-5/AP-7 pharmacophore is 
required for potent binding to the competitive NMDA 
receptor site.23-25 Contrary to this hypothesis, we have 
found that AP-6-type molecules such as compound 7 can 
display high NMDA receptor affinity. The reasons for 
this apparent paradox were not exhaustively explored. 

If 

Log IC50 (nM) 

Displacement of [3HJ-CPP 

Figure 5. Correlation between affinity for the competitive 
NMDA receptor binding site (as measured by displacement of 
[3H]CPP) and for functional antagonism (as measured by 
inhibition of stimulated [3H]TCP binding). 

However, molecular modeling studies revealed that the 
quinoxaline-derived AP6 pharmacophore (exemplified by 
compound 1) can easily overlap with the minimum energy 
conformation of the potent AP-5 analogue CGS-19755 
(Figure 2). This result encouraged us to elucidate the 
structure-activity relationships among quinoxaline phos-
phono a-amino acids. We set out (a) to synthesize various 
substituted quinoxaline phosphono a-amino acids main
taining the AP-6 configuration (compounds 1-8,12), (b) 
to resolve compound 7 into its enantiomers (compounds 
9 and 10), (c) to determine if an a-amino acid ester 
maintains activity (compound 11), (d) to examine the 
importance of the nitrogen loci in the quinoxaline ring 
system with respect to activity (compound 13), and (e) to 
prepare AP-7 analogues (compounds 14 and 15). 

Since symmetrically disubstituted quinoxalines are 
synthetically easily accessible, we first prepared the 6,7-
dichloro analogue 3. In the NMDA receptor binding assay 
3 turned out to be more potent than any ligand yet reported 
for the NMDA receptor (IC50 = 3.4 nM). In the inhibition 
of NMDA-induced lethality 3 showed a marked improve
ment over 7 (ED50 = 1.6 mg/kg, ip). In contrast, compound 
4, the 5,8-dichloro-substituted quinoxaline, did not sig
nificantly inhibit NMDA-induced lethality (ED50 = >10 
mg/kg) and showed rather moderate displacement in the 
NMDA binding assay (IC50 = 245 nM). While some of the 
other disubstituted analogues displayed some NMDA 
binding affinity (compound 8: IC50 = 22.3 nM; compound 
5: IC50 = 166 nM), their in vivo potency left much to be 
desired. However, benzo[g]quinoxalineanalogue 12scored 
a respectable IC50 = 6.5 nM in the NMDA binding assay 
and displayed an ED50 value of 5.3 mg/kg (ip) in the 
NMDA-induced lethality model. Resolution of compound 
7 revealed, that the eutomer (compound 9) is 4 times more 
potent than the racemate in the [3H]CPP binding assay 
and the distomer (compound 10) is less than maximally 
effective (85% displacement) at the 10 juM concentration. 
When an ethyl ester moiety was substituted for the 
carboxylic acid group (compound 11), both in vitro and in 
vivo activity was diminished. Placing the nitrogen atoms 
of the quinoxaline ring system further away from the 
phosphonic and a-amino acid moieties (compound 13) 
resulted in reduced activity (both, in vitro and in vivo). 
From the limited number of examples it was impossible 
to deduce the reasons for the lower activity seen when the 
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Table I. Biological Activities of Reference EAA Antagonists and Compounds 1-15 

(1) HCl, (2) propylene 

compound 
CGS-19,755 
CPP 
AP-7 
glycine 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 

displacement of 
[3H]CPP binding: 

IC50 (nM)° 
28.0 (22.3-34.2) 
112.6 (96.1-132.3) 
388.0 (277.0-511.0) 
NT6 

24.0 (17.2-32.6) 
38.0 (28.5-52.3) 
3.4 (2.8-4.1) 
245.0 (197.1-304.7) 
166.0 (131.9-210.2) 
832.0 (686.1-1010) 
119.0 (87.4-163.4) 
22.3 (17.7-30.2) 
29.3 (23.5-38.8) 
>1000 
>1000 
6.5 (9.0-11.4) 
>1000 
>1000 
>1000 

displacement of 
[3H]TCP binding: 

ICw (MM)» 

22.4 (18.0-27.8) 
45.0 (39.1-51.8) 
302.0 (217.0-389.0) 
NT 
8.6 (5.8-11.7) 
13.9 (13.0-14.8) 
11.7 (10.0-13.6) 
NT 
NT 
NT 
28.0 (24.6-31.9) 
16.4 (15.3-17.7) 
21.0 (16.8-26.2) 
NT 
NT 
5.6 (4.2-7.6) 
NT 
NT 
NT 

displacement of 
[3H]glycine binding: 

IC50 (MM)° 
>100 
>100 
NT 
0.086 (0.073-0.10) 
>100 
1.80 (1.17-2.76) 
0.61 (0.32-1.17) 
NT 
NT 
NT 
4.7 (3.35-6.55) 
NT 
NT 
NT 
NT 
NT 
NT 
NT 
NT 

inhibition of 
NMDA lethality: 
ED50 (mg/kg, ip)° 

0.6 (0.42-0.93) 
1.0 (0.35-2.89) 
37.6 (31.4-45.1) 
NT 
1.1 (0.63-2.12) 
>10 
1.6 (0.82-3.03) 
>10 
>10 
>10 
3.7 (2.68-5.15) 
~10 
1.5 (1.06-2.02) 
>10 
NT 
5.3 (3.99-7.14) 
>10 
>10 
>10 

" 95% confidence limits. b NT = not tested. 

nitrogen atoms were moved to the B-ring. However, this 
interesting finding suggests that the electronic makeup of 
the A-ring is very important for binding to the NMDA 
receptor to take place. The AP-7 type compounds 14 and 
15 displayed reduced activity in the [3H]CPP binding 
assay. 

An important remaining task was to synthesize a 
monosubstituted analogue. In view of the biological results 
obtained for compound 3, a chloro-substituted derivative 
was chosen. While the 7-chloro analogue 1 turned out to 
be the most potent compound in vivo (ED50 = 1.1 mg/kg 
ip) in the quinoxaline series, its affinity for the NMDA 
receptor was 7 times less (IC50 = 24 nM) than that seen 
with the 6,7-dichloro analogue (compound 3). Surpris
ingly, compound 2, the 6-chloro analogue, was inactive in 

vivo, yet possessed a respectable affinity for the NMDA 
receptor (IC50 - 38 nM). While all compounds have 
negligible interaction at the AMPA and kainate receptor 
sites up to 10 fiM, some compounds displayed some rather 
intriguing affinity at the glycine site. In particular 
compound 3 possessed a noteworthy IC50 of 609 nM (half 
as potent as 7-chlorokynureic acid) in the glycine receptor 
assay representing an 8-fold increase in glycine affinity 
over the unsubstituted analogue 7 (IC50 = 4.7 nM). 
Compounds 1 and 2 displayed an inverse binding profile 
for the glycine site. While compound 1 turned out to be 
a potent ligand for the NMDA receptor, it was practically 
void of any affinity for the glycine site. Yet, compound 
2, which displayed little affinity for the NMDA binding 
site, scored rather significantly in the inhibition of glycine 
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binding (IC50 of 1.8 MM). It has been shown that 
competitive NMDA antagonists can indirectly inhibit the 
binding of glycine to its coagonist site.26-28 However, the 
paradoxical binding profile of compounds 1 and 2 suggests 
that at least part of the apparent glycine affinity displayed 
by the chloro analogues 2 and 3 results from a direct action 
on the glycine binding site. Compounds 1-3 are racemic 
and their resolution will be described in a forthcoming 
paper. 

The discrepancies between in vitro and in vivo activity 
for the abovementioned compounds (1-3, 7-9, and 12) 
may be explained by considering differing abilities to cross 
the blood-brain barrier. All the compounds described 
are very polar and may enter the brain via some active 
transport mechanism, which does not necessarily coincide 
in its recognition properties with those of the NMDA 
receptor complex. Furthermore, dissimilar bioavailabil
ities due to differences in metabolism and/or distribution 
may play a significant role. 

Conclusion 

We have demonstrated that a-amino-3-(phosphono-
methyl)-2-quinoxalinepropanoic acids are potent and 
selective AP6-type Uganda for the NMDA receptor and 
are potent systemic inhibitors of NMDA-induced lethality. 
Compound 3 (a-amino-6,7-dichloro-3-(phosphonomethyl)-
2-quinoxalinepropanoic acid) currently represents the 
most potent known ligand for the NMDA receptor and is, 
to date, the only NMDA antagonist reported which appears 
to interact with both the glycine and NMDA sites. 

Experimental Section 
Melting points were determined on a Thomas-Hoover capillary 

melting point apparatus and are uncorrected. *H NMR spectra 
were recorded on either a Varian XL- 200 or a Bruker AM-400 
spectrometer using tetramethylsilane as an internal standard. 
The chemical shifts are reported in parts per million (5) downfield 
from TMS and coupling constants are reported in hertz (Hz). 
Mass spectra were recorded on a Hewlett-Packard 5995A 
spectrometer or a Finnigan 8230 high-resolution instrument. The 
infrared spectra were recorded on a Perkin-Elmer 784 spectro
photometer. C,H,N combustion analyses were determined on 
either a Perkin-Elmer 240 or 2400 analyzer and all analyzed 
compounds are within ±0.4% of the theoretical value unless 
otherwise indicated. Organic extracts were dried over magnesium 
sulfate and were evaporated in vacuo with a rotary evaporator. 
All products, unless otherwise noted, were purified by flash 
column chromatography using 230-400 mesh silica gel or by 
HPLC using a Waters Prep 500 instrument with silica Prep-Pak 
cartridges. Thin-layer chromatography was performed on silica 
gel 60 F-254 (0.25-mm thickness) plates. Visualization was 
accomplished with UV light and/or I2 vapor. The enantiomers 
of compound 7 were separated by HPLC using a copper(II) 
complexation method. A Novopak phenyl column (150 X 3.9 
mm)29 was used with an eluent consisting of aqueous 0.005 M 
CuSCVO.005 M Ntt.H2PCVO.Ol M L-proline at pH 4.6. Detection 
was at UV 320 nm. Run times were 9 and 11 min for the L and 
D forms, respectively. To establish the elution order of the 
racemate, the separation was also performed on a Crownpak CR-
(-) column30 using an eluent of 97/3 (v/v) aqueous HCIO4, pH 
2.0/2-propanol. Compound 7 was compared to the enantiomers 
9 and 10 and it was found indeed, that compound 9 is the (-) 
form. The unique chemistry of the Crownpak CR(-) stationary 
phase has been shown to elute the (+) form of a-amino acids 
usually first, followed by the (-) form. 

Compounds 16-19, 22a,d,h were purchased from Aldrich 
Chemical Co., Inc. Compounds 20,21, and 22e-g were prepared 
according to literature procedures.31"38 

4,5-Dimethoxy-l,2-dinitrobenzene (20): light-yellow nee
dles, mp 122-4 °C; yield 94 %; >H NMR (CDCls, 200 MHz) 6 4.00 
(s, 6 H, 2 X OCH3), 7.32 (s, 2 H, ArH). 

4,5-Dimethoxy-l^-phenylenediamine (22g): dark red-
brown solid, mp 151-4 °C; yield 95%; lH NMR (CDCI3,200 MHz) 
« 3.2 (br s, 4 H, 2 X NH2), 3.77 (s, 6 H, 2 X OCH3), 6.36 (s, 2 H, 
ArH). 

3,6-Dichloro-l,2-dinitrobenzene (21): creamy solid, mp 98-
100 °C; yield 11%; 'H NMR (CDCls, 200 MHz) 6 7.66 (s, 2 H, 
ArH). 

3,6-Dichloro-l,2-phenylenediamine (22e): beige solid, mp 
88-89 °C; yield >90%; »H NMR (CDCI3,200 MHz) « 3.82 (br s, 
4 H, 2 X NH2), 6.75 (s, 2 H, ArH). 

4,5-Difluoro-l,2-phenylenediamine (22f): pink solid, mp 
131-2 °C; yield 100%; 'H NMR (DMSO-de, 400 MHz) 6 4.55 (s, 
4 H, 2 X NH2), 6.42 (t, J - 10.5 Hz, 2 H, ArH). 

2,3-Bis(bromomethyl)quinoxaline (23a) was prepared by 
the reported literature36 procedure: mp 152-6 °C: lH NMR 
(CDCI3, 200 MHz) & 4.9 (s, 4 H, 2 X CH2Br), 7.78 (m, 2 H, H-6, 
H-7), 8.05 (m, 2 H, H-5, H-8). 

2,3-Bis(bromomethyl)-6,7-dichloroquinoxaline (23d): a 
mixture of 22d (28 mmol, 6.9 g) and l,4-dibromo-2,3-butanedione 
(28 mmol, 6.9 g) was refluxed in benzene (100 mL) with a Dean-
Stark trap for 1 h. The reaction mixture was then evaporated 
to dryness and the residue flash chromatographed on silica gel. 
Elution with hexane/CHCl3 afforded 9.9 g (92%) of 23d as a 
yellow solid: mp 154-6 °C; lK NMR (CDCI3, 200 MHz) S 4.86 
(s, 4 H, 2 CH2Br), 8.18 (s, 2 H, ArH). 

Compounds 23b,e-h were prepared according to the procedure 
described for compound 23d. 

2,3-Bi8(bromomethyl)-6-chloroquinoxaline (23b): mp 149-
50 °C; yield 89%; 'H NMR (CDCI3, 400 MHz) 5 4.89 (s, 2 H, 
CH2), 4.9 (s, 2 H, CH2), 7.74 (dd, Ji = 2.3 Hz, «/2 = 8.9 Hz, 1 H, 
H-7), 8.01 (d, J = 8.8 Hz, 1H, H-8), 8.07 (d, J = 2.2 Hz, 1H, H-5). 

2,3-Bis(bromomethyl)-5,8-dichloroquinoxaline (23e): mp 
155-8 °C; yield 100%; :H NMR (CDCI3, 200 MHz) « 5.02 (s, 4 
H, 2 X CHaBr), 7.82 (s, 2 H, ArH). 

2,3-Bis(bromomethyl)-6,7-difluoroquinoxaline (23f): mp 
144-5 °C; yield 100%; JH NMR (DMSO-de, 400 MHz) S 5.01 (s, 
4 H, 2 X CH2Br), 8.20 (t, J = 9.7 Hz, 2 H, Ar-H). 

2^Bis(bromomethyl)-6,7-dimetboxyquinoxaline (23g): mp 
182-3 °C; yield 93%; XH NMR (CDCI3,200 MHz) 6 4.06 (s, 6 H, 
2 X OCH3), 4.88 (s, 4 H, 2 X CHjBr), 7.33 (s, 2 H, ArH). 

2,3-Bis(bromomethyl)-6,7-dimethylquinoxaline (23h): mp 
152-4 °C; yield 92%; »H NMR (DMSO-d8, 400 MHz) « 2.46 (s, 
6 H, 2 X CH3), 4.99 (s, 4 H, 2 X CHjBr), 7.84 (s, 2 H, H-5, H-8). 

[[3-(Bromomethyl)-2-quinoxalinyl]methyl]phosphonic 
acid dimethyl ester (24a): a mixture of 23a (15.8 mmol, 5 g) 
and trimethyl phosphite (15.8 mmol, 1.96 g) was refluxed in 
toluene (200 mL) for 6 h. The reaction mixture was then 
evaporated in vacuo to dryness and the residue flash chromato
graphed on silica gel. Elution with EtOAc gave 2.36 g (43 %) of 
24a as an off-white solid: mp 99-102 °C; JH NMR (CDCI3,200 
MHz) S 3.73 (s, 3 H, OCH3), 3.79 (s, 3 H, OCH3), 3.85 (d, J - 21.7 
Hz, 2 H, CH2P), 4.98 (s, 2 H, CH2Br), 7.74 (m, 2 H, ArH), 8.02 
(m, 2 H, ArH). 

. Compounds 24b-h were prepared according to the procedure 
described for compound 24a. 

[[3-(Bromomethyl)-6-chlorc-2-quinoxaUnyl]methyl]phos-
phonic acid dimethyl ester (24b): mp 159-60 °C; yield 27%; 
lH NMR (CDCI3, 400 MHz) S 3.77 (s, 3 H, OCHa), 3.80 (s, 3 H, 
OCH3), 3.84 (d, J = 22.4 Hz, 2 H, CH2P), 4.95 (s, 2 H, CH^r), 
7.69 (dd, J„ = 8.9 Hz, Jm = 2.3 Hz, 1 H, H-7), 7.98 (dd, «/„ - 8.9 
Hz, Jp = 0.5 Hz, 1 H, H-8), 8.42 (dd, Jm - 2.3 Hz, Jp - 0.5 Hz, 
1 H, H-5). 

[[3-(BromomethyI)-7-chloro-2-quinoxalinyl]methyl]phoi-
phonic acid dimethyl ester (24c): mp 129-30 °C; yield 31.5%; 
>H NMR (CDCI3, 400 MHz) S 3.78 (s, 3 H, OCH8), 3.80 (s, 3 H, 
OCH3), 3.85 (d, J = 21.6 Hz, 2 H, CH2P), 4.96 (s, 2 H, CHjBr), 
7.70 (m, J0 - 8.7 Hz, Jm = 2.1 Hz, JH-t - 0.9 Hz, 1 H, H-6), 7.99 
(dd, Jo - 8.7 Hz, Jp * 0.3 Hz, 1 H, H-5), 8.05 (dt, Jm = 2.1 Hz, 
Jo = 0.3 Hz, JH.p - 0.4 Hz, 1 H, H-8). 

[[3-(Bromomethyl)-6,7-dichloro-2-quinoxalinyl]methyl]-
phosphonic acid dimethyl ester (24d): mp 128-30 °C; yield 
41%; »H NMR (CDCI3, 200 MHz) 6 3.74 (s, 3 H, OCH3), 3.80 (s, 
3 H, OCH3), 3.83 (d, J - 15 Hz, 2 H, CH2P), 4.93 (s, 2 H, CHjBr), 
8.17 (s, 2 H, ArH). 

[[3-(Bromomethyl)-5,8-dichloro-2-quinoxalinyl]methyl]-
phosphonic acid dimethyl ester (24e): mp 140-4 °C; yield 

Ntt.H2PCVO.Ol
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43%; 'H NMR (CDC13, 200 MHz) 8 3.8 (s, 3 H, OCH3), 3.9 (s, 3 
H, OCH3), 3.97 (d, J = 22.7 Hz, 2 H, CH2P), 5.02 (s, 2 H, CH2Br), 
7.7 (s, 2 H, H-6, H-7). 

[[3-(Bromomethyl)-6,7-difluoro-2-quinoxalinyl]methyl]-
phosphonic acid dimethyl ester (24f): colorless oil; XH NMR 
(DMSO-d6,400 MHz) 8 3.69 (s, 3 H, OCH3), 3.69 (s, 3 H, OCH3), 
3.87 (d, J = 22.2 Hz, 2 H, CH2P), 5.04 (s, 2 H, CH2Br), 8.17 (t, 
J = 10.1 Hz, 2 H, ArH). 

[[3-(Bromomethyl)-6,7-dimethoxy-2-quinoxalinyl]meth-
yljphosphonic acid dimethyl ester (24g): mp 119-22 °C; XH 
NMR (CDCI3,200 MHz) 8 3.82 (m, 8 H, 2 X OCHs + CH2P), 4.07 
(s, 6 H, 2 X OCH3), 4.96 (s, 2 H, CH2Br), 7.34 (s, 2 H, ArH). 

[[3-(Bromomethyl)-6,7-dimethyl-2-quinoxalinyl]methyl]-
phosphonic acid dimethyl ester (24h): mp 111-2 °C;1H NMR 
(DMSO-de, 400 MHz) 8 2.45 (s, 3 H, CH3), 2.46 (s, 3 H, CH3), 3.67 
s, 3 H, OCH3), 3.70 (s, 3 H, 0CH3), 3.82 (d, J = 21.9 Hz, 2 H, 
CH2P), 5.01 (s, 2 H, CH2Br), 7.82 (s, 2 H, ArH). 

(Acetylamino)[[7-chloro-3-[(dimethoxyphosphinyl)me-
thyl]-2-quinoxalinyl]methyl]propanedioic acid diethyl es
ter (25b): a solution of diethyl acetamidomalonate (5.2 mmol, 
1.145 g) in ethanol (70 mL) was treated dropwise with a solution 
of sodium (5.2 mmol, 122 mg) in ethanol (15 mL) under dry nitrogen 
at ambient temperature. The reaction mixture was stirred until 
all the sodium was dissolved after which a solution of 24b (52 
mmol, 2 g) was added at once. The resulting solution was stirred 
overnight and evaporated in vacuo, and the residue was parti
tioned between 5% NaHC03 (50mL) and EtOAc (100mL). The 
organic layer was separated, washed with brine (70 mL), dried, 
and evaporated to dryness in vacuo. The residue was flash 
chromatographed on silica gel. Elution with 2 % MeOH in CHCI3 
afforded 1.9 g (70 %) of 25b as a colorless gum: JH NMR (DMSO-
de, 400 MHz) 8 1.15 (t, J = 3.5 Hz, 6 H, 2 X OCH2Ctf3), 1.81 (s, 
3 H, COCH3), 3.64 (s, 3 H, OCH3), 3.67 (s, 3 H, OCH3), 3.70 (d, 
J = 10.4 Hz, 2 H, CH2P), 4.02 (br s, 2 H, CH2C), 4.20 (m, 4 H, 
2 X OCff2CH3), 7.84 (dd, J0 = 8.9 Hz, Jm = 2.2 Hz, 1 H, H-6), 
7.96 (d, Jm = 2.2 Hz, 1 H, H-8), 8.06 (d, J„ = 8.9 Hz, 1 H, H-5). 

Compounds 25c-g were prepared according to the procedure 
described for compound 25b. 

(Acetylamino)[[6-chloro-3-[(dimethoxyphosphinyl)me-
thyl]-2-quinoxalinyl]methyl]propanedioic acid diethyl es
ter (25c): white foam; yield 81 %; *H NMR (DMSO-de,400 MHz) 
8 1.15 (t, J = 3.9 Hz, 6 H, 2 X OCH2C#3), 1.81 (s, 3 H, COCH3), 
3.64 (s, 3 H, OCH3), 3.67 (s, 3 H, OCH3), 3.71 (d, J = 10.8 Hz, 
2 H, CH2P), 3.99 (s, 2 H, CH2C), 4.1 (m, 4 H, 2 X OCH2CH3), 7.84 
(dd, J„ = 8.9 Hz, Jm = 2.3 Hz, 1 H, H-7), 7.92 (d, «/„ = 8.9 Hz, 
1 H, H-8), 8.10 (d, Jm = 2.3 Hz, 1 H, H-5). 

(Acetylamino)[[6,7-dichloro-3-[(dimethoxyphosphinyl)-
methyl]-2-quinoxalinyl]methyl]propanedioic acid diethyl 
ester (25d): beige solid, mp 130-2 °C; yield 40%; JH NMR 
(CDCI3,200 MHz) 81.23 (t, J = 8.6 Hz, 6 H, 2 X OCH2CH3), 1.88 
(s, 3 H, COCH), 3.64 (d, J = 23.3 Hz, 2 H, CH2P), 3.78 (s, 3 H, 
OCH3), 3.83 (s, 3 H, OCH3), 4.2-4.35 (m, 6 H, 2 X OCtf2CH3, 
CH2C), 6.97 (s, 1 H, NH), 7.98 (s, 1 H, H-8), 8.13 (s, 1 H, H-5). 

(Acetylamino)[[5,8-dichloro-3-[(dimethoxyphosphinyl)-
methyl]-2-quinoxalinyl]methyl]propanedioic acid diethyl 
ester (25e): waxy yellow solid, mp 74-8 °C; yield 66%; JH NMR 
(CDCI3,200 MHz) 8 1.2 (t, 6 H, J = 7.6 Hz, 2 X OCH2Cif3), 1.89 
(s, 3 H, COCH3), 3.68 (d, J = 22.8 Hz, 2 H, CH2P), 3.80 (s, 3 H, 
OCH3), 3.86 (s, 3 H, OCH3), 4.2-4.35 (m, 6 H, 2 X OC#2CH3, 
CH2C), 7.24 (s, 2 H, H-6, H-7). 

(Acetylamino)[[6,7-difluoro-3-[(dimethoxyphosphinyl)-
methyl]-2-quinoxalinyl]methyl]propanedioic acid diethyl 
ester (25f): green-yellow oil, yield 100%; *H NMR (DMSO-d6, 
400 MHz), 8 1.15 (t, J = 7.1 Hz, 6 H, 2 X CH2Ctf3), 1.81 (s, 3 H, 
COCH3), 3.64 (s, 3 H, OCH3), 3.67 (s, 3 H, OCHs), 3.66 (d, J = 
22.4 Hz, 2 H, CH2P), 3.98 (s, 2 H, CH2C), 4.2 (m, 4 H, 2 X CH2-
CH3),7.91 (t, J = 8.5 Hz, 1H, ArH), 8.12 (t, J = 8.5 Hz, 1H, ArH). 

(Acetylamino)[[6,7-dimethoxy-3-[(dimethoxyphosphin-
yl)methyl]-2-quinoxalinyl]methyl]propanedioic acid di
ethyl ester (25g): off-white crystals, mp 136-9 °C; *H NMR 
(DMSO-de, 200 MHz) 8 1.08 (t, J = 5.5 Hz, 6 H, 2 X CH2Ctf3), 
1.81 (s, 3 H, COCH3), 3.56 (d, J = 17.5 Hz, 2 H, CH2P), 3.61 (s, 
3 H, POCH3), 3.63 (s, 3 H, POCH3), 3.9 (m, 8 H, CH2C, 2 X 
OCHs), 4.2 (q, J = 5.5 Hz, 4 H, 2 x Ci/2CH3), 7.12 (s, 1 H, Ar-H), 
7.31 (s, 1 H, ArH). 

a-Amino-7-chloro-3-(pho8phonomethyl)-2-quinoxalinepro-
panoic acid (1): 25b (106 mmol, 5.5 g) was refluxed in 6 N HC1 
(100 mL) for 3 h and evaporated to dryness in vacuo, and the 
residue taken up in ethanol (50 mL). The resulting solution was 
treated at once with propylene oxide (5 mL), affording almost 
immediately a suspension which was stirred for 2 h, filtered, and 
washed with ethanol (20 mL) and ether (20 mL). The material 
was dried at 80 °C at 1 Torr over P20B to give 3.4 g (93%) of 1 
as a greenish-yellow powder: mp 181-92 °C; XH NMR (DMSO-
de + 1 drop DC1, 400 MHz) 8 3.56 (m, 2 H, CH2P), 3.81 (d, J -
5.6 Hz, 2 H, CHCH2), 4.54 (t, J = 5.9 Hz, 1H, CffCH2), 7.82 (dd, 
Jo = 8.9 Hz, Jm = 2.4 Hz, 1 H, H-6), 8.03 (d, J0 = 8.9 Hz, 1 H, 
H-5), 8.07 (d, Jm = 2.3 Hz, 1 H, H-8). Anal. (CiaHuClNaOsP-
0.25H2O) C, H, N. 

Compounds 2-6 were prepared according to the procedure 
described for compound 1. 

a-Amino-6-chloro-3-(pho8phonomethyl)-2-quinoxalinepro-
panoic acid (2): yellow powder, mp 176-7 °C dec; yield 82%; 
'H NMR (DMSO-de + 1 drop DC1, 400 MHz) 8 3.54 (dd, <A = 
16.6 Hz, J2 = 22.1 Hz, 2 H, partially exchanged with DC1, CH2P), 
3.80 (d, J = 5.7 Hz, 2 H, CHCH2), 4.55 (t, J = 5.7 Hz, 1H, CifCH2), 
7.82 (dd, </„ = 9 Hz, Jm = 2.2 Hz, 1 H, H-7), 8.01 (d, Ja = 9 Hz, 
1 H, H-8), 8.07 (d, Jm = 2.2 Hz, 1 H, H-5). Anal. (Ci2Hi3-
ClN3O6P-0.25H2O) H, N, C: calcd, 39.63; found, 40.74. 

a- Amino-6,7-dichloro-3- (phosphonomethyl) -2-quinoxa-
linepropanoic acid hydrochloride (3): pinkish-beige micro-
crystals, mp 184 °C dec; yield 60 %; »H NMR (DMSO-d6 + 1 drop 
DC1,400 MHz) 8 3.82 (d, J = 5.6 Hz, 2 H, CHCtf2), 4.54 (t, J = 
5.6 Hz, 1 H, OffCH2), 8.29 (s, 1 H, H-8), 8.32 (s, 1 H, H-5); MS 
(+FAB) m/e 380 (M + H). Anal. (Ci2H12Cl2N306P) C, H, N. 

a-Amino-5,8-dichloro-3-(phosphonomethyl)-2-quinoxa-
linepropanoic acid hydrochloride (4): light-beige micro-
crystals, mp 193 °C dec; yield 62 %; 'H NMR (DMSO-d6 + 1 drop 
DC1, 400 MHz) 8 3.68 (dd, Jx = 4 Hz, J2 = 22 Hz, 2 H, CH2P), 
3.88 (d, J = 5.8 Hz, 2 H, CHCff2), 4.62 (t, J = 5.9 Hz, 1H, CffCH2), 
7.97 (d, J = 1.4 Hz, 2 H, H-6, H-7); MS (-FAB) m/e 378 (M -
2). Anal. (Ci2H12Cl2N3O6P-0.5H2O) C, H, N. 

a-Amino-6,7-difluoro-3-(phosphonomethyl)-2-quinoxa-
linepropanoic acid hydrochloride (5): light-ochre micro-
crystals, mp 208 °C dec; yield 70%; XH NMR (DMSO-d6 + 1 drop 
DC1) 8 3.55 (m, 2 H, CH2P), 3.77 (s, 2 H, Ctf2CH), 4.52 (s, 1 H, 
CHCH2), 8.05 (m, 2 H, ArH); MS (-FAB) m/e 346 (M - H). Anal. 
(C12H12F2N305P-H20) C, H, N. 

a-Amino-6,7-dimethoxy-3-(phosphonomethyl)-2-quinox-
alinepropanoic acid hydrochloride (6): light-yellow powder, 
mp 220 °C dec, yield 87%; 'H NMR (DMSO-de + 1 drop DC1, 
400 MHz) 8 3.55 (m, 2 H, CH2P), 3.69 (d, J = 5.7 Hz, 2 H, CH2-
CH), 3.92 (s, 6 H, 2 X OCH3), 4.51 (t, J = 5.9 Hz, 1 H, CJJCH2), 
7.37 (s, 1 H, ArH), 7.39 (s, 1 H, ArH); MS (-FAB) m/e 370 (M 
- H ) . Anal. (Ci4Hi8N307P-H20) C, H, N. 

a-Amino-3-[(dimethoxyphosphinyl)methyl]-2-quinoxa-
linepropanoic acid methyl ester (26i): a solution of iV-benz-
ylideneglycine methyl ester (29 mmol, 5.13 g) in THF (40 mL) 
was added dropwise at -78 °C under dry nitrogen to a solution 
of t-BuOK (29 mmol, 3.25 g) in dry THF (100 mL) over 3 min. 
The resulting dark-yellow solution was then treated at once with 
a solution of 24a (0.029 mol, 10 g) in dry THF (150 mL) at -78 
°C. The reaction mixture was stirred for 2 h at -78 °C and then 
allowed to reach -40 ° C at which point it was poured into ice-cold 
10% NaHCO3(200mL). The product was extracted with EtO Ac 
(3 X100 mL), and the combined organic layer washed with brine, 
dried, and evaporated. The residue was flash chromatographed 
on silica gel. Elution with a gradient of 2-6% MeOH in CHC13 
gave 10 g (98%) of 26i as an amber oil: JH NMR (CDCI3, 200 
MHz) 8 1.98 (br s, 2 H, NH2), 3.55 (m, 2 H, CH2CH), 3.68 (d, J 
= 21.8 Hz, 2 H, CH2P), 3.73 (s, 3 H, OCH3), 3.76 (s, 3 H, OCH3), 
3.80 (s, 3 H, CH3), 4.41 (m, 1 H, CHCH2), 7.7 (m, 2 H, ArH), 7.98 
(m, 2 H, ArH). 

a-Amino-3-[(dimethoxyphosphinyl)methyl]-2-quinoxa-
linepropanoic acid ethyl ester (26j): this compound was 
prepared like 26i using N-benzylideneglycine ethyl ester; amber 
oil; yield 85%; 'H NMR (CDCI3, 200 MHz) 8 1.22 t, J = 7.8 Hz, 
3 H, CH2C#3), 3.55 (m, 2 H, CH2CH), 3.67 (d, J = 20.3 Hz, 2 H, 
CH2P), 3.75 (s, 3 H, OCH3), 3.78 (s, 3 H, OCH3), 4.15 (m, 3 H, 
CHiCHs, C#CH2), 7.7 (m, 2 H, ArH), 7.98 (m, 2 H, ArH). 
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a-Amino-6,7-dimethyl-3-[(dimethoxypho8phinyl)methyl]-
2-quinoxalinepropanoic acid ethyl eater (26k) was prepared 
like 23i but starting from 24g: amber oil; yield 86%; XH NMR 
(CDCls, 200 MHz) 61.22 (t, J = 7.8 Hz, 3 H, OCHjCHs), 3.55 (m, 
2 H, OCftCH), 3.70 (d, J = 20.3 Hz, 2 H, CH2P), 3.75 (s, 3 H, 
OCHs), 3.78 (s, 3 H, OCH3), 4.15 (m, 3 H, OCH2CH3 and CtfCH2), 
7.7 (m, 2 H, ArH), 7.98 (m, 2 H, ArH). 

a-Amino-3-(phosphonomethyl)-2-quinoxalinepropanoic 
acid ethyl ester (11): bromotrimethylsilane (15 mmol, 2 mL) 
was added to a solution of 26 j (19 mmol, 880 mg) in dry methylene 
chloride (20 mL). The reaction mixture was refluxed for 4 h 
then evaporated to dryness. The residue was triturated with 
water (20 mL) and washed with ether (2X10 mL), and the aqueous 
layer was evaporated to dryness. The resulting gum was stripped 
with benzene (2 x 10 mL) and dissolved in ethanol (10 mL). 
Propylene oxide (4 mL) was added, the mixture stirred for 1 h 
and then evaporated, and the residue triturated in ethanol, 
acetonitrile, and ether after which the compound precipitated. 
It was filtered, washed with acetonitrile/ether, and air-dried. The 
crude compound was recrystallized from ethanol/ether to afford 
450 mg (70%) of 11 as an off-white powder: mp 169-72 CC dec; 
*H NMR (D20,400 MHz) b 0.96 (t, J - 7.1 Hz, 3 H, CH2Cff3), 
3.28-3.41 (m, 2 H, CHSJP), 3.86 (dd, «A - 4.2 Hz, J2 = 13.7 Hz, 
2 H, CHCtf2), 4.12 (q, J = 7 Hz, 2 H, CH2CH3), 7.67 (m, 2 H, H-6, 
H-7), 7.86 (d, J = 8 Hz, 2 H, H-5, H-8); MS (-FAB) m/e 338 (M 
- H). Anal. (Ci^HuNjAP-O.SEtOH) C, H: calcd, 5.65; found, 
5.21; N: calcd, 11.90; found, 11.32. 

(+)-a-Amino-3-(phosphonomethyl)-2-quinoxaline-
propanoic acid (10): a solution of 26i (21 mmol, 7.43 g) in 
acetonitrile (30 mL) was treated at once with a hot solution of 
dibenzoyl-L-tartaric acid monohydrate (21 mmol, 8 g) and left 
standing for 3 days. The obtained crystals were filtered, washed 
with acetonitrile (10 mL), and twice recrystallized from aceto
nitrile to afford 2.6 g (mp 121-4 °C) of a-amino-3-[(dimethoxy-
phosphinyl)methyl]-2-quinoxalinepropanoic acid methyl ester 
dibenzoyl-L-tartrate, of which 1.8 g were treated with ice-cold 
10% NaHCO3(30mL). The liberated amino ester was extracted 
with methylene chloride (3 x 30 mL), and the combined organic 
layers were dried and evaporated to dryness. The resulting 
residue (660 mg) was refluxed in 6 N HC1 (10 mL) for 45 min, 
hot-charcoaled, and filtered through Celite. The filtrate was 
evaporated to dryness and the residue stripped with water (2 x 
30 mL) and then with toluene (2 X 20 mL). The resulting gummy 
material was dissolved in ethanol (10 mL) and treated at room 
temperature with propylene oxide (0.75 mL). The resulting 
suspension was stirred for 15 min, filtered, and the filtercake 
washed successively with ethanol, hot methanol, and ether. The 
light-yellow microcrystals were dried at 1 Torr over P2Os at 80 
°C to afford 310 mg (40%) of 10: mp 182 °C dec; [ a ] 2 ^ = +2.27°; 
m NMR (DMS0-d6 + 1 drop DC1, 400 MHz) S 3.55 (m, 2 H, 
partially exchanged with DC1, CH2P), 3.79 (d, J = 5.6 Hz, 2 H, 
Cff2CH), 4.55 (t, J = 5.8 Hz, 1 H, CHCH2), 7.8 (m, 2 H, ArH), 
8.0 (m, 2 H, ArH); MS (-FAB) m/e 310 (M - H). Anal. 
(Ci2H14N3O6P-0.75H2O) C, H, N. 

(-)-a-Amino-3-(phosphonomethyl)-2-quinoxaline-
propanoic acid (9): the filtrate obtained from the above 
dibenzoyl-L-tartrate salt of a-amino-3-[(dimethoxyphosphinyl)-
methyl]-2-quinoxalinepropanoic acid methyl ester (10) was 
evaporated to dryness and the residue partitioned between ice-
cold 10% NaHCOs (50 mL) and methylene chloride (3 X 50mL). 
The combined organic layers were dried and evaporated to give 
2.2 g of a residue which was filtered through a plug of silica gel 
using 5% MeOH in CHCI3. The free amino ester (6 mmol, 2.14 
g) was dissolved in hot acetonitrile (10 mL) and treated with a 
hot solution of dibenzoyl-D-tartaric acid (6 mmol, 2.15 g) in 
acetonitrile (10 mL). Ether (10 mL) was added to the clear 
solution, which after 48 h standing at ambient temperature 
resulted in the crystal formation of the diastereomer. The salt 
was filtered and repeatedly (5X) recrystallized from acetonitrile 
until a constant melting point (130-5 °C) was obtained. It was 
then converted to the free amino ester by partitioning it between 
ice-cold 10% NaHC03 (20 mL) and methylene chloride (3 X 20 
mL). The combined organic layers were dried and evaporated 
in vacuo to dryness. The obtained residue (660 mg) was refluxed 
in 6 N HC1 (10 mL) for 40 min, hot-charcoaled, and filtered 
through Celite. The clear yellow filtrate was washed with ether 

(2 X 20 mL) and then evaporated to dryness. The residue was 
dissolved in ethanol (10 mL) and treated with propylene oxide 
(0.65 mL) at ambient temperature. The resulting precipitate 
was filtered and washed successively with ethanol, hot methanol, 
and ether. The light yellow powder was dried at 1 Torr at 25 °C 
over P2O5 to give 370 mg of 9 (3.2% overall yield starting from 
the racemic amino ester): mp 176 °C dec; [al^D = -3.10°; lH 
NMR (DMSO-de +1 drop DC1,400 MHz) 5 3.58 (m, 2 H, partially 
exchanged with DC1, CH2P), 3.80 (d, J - 6 Hz, 2 H, CH2CH), 4.56 
(t, J = 6.1 Hz, 1 H, CHCH2), 7.79 (m, 2 H, ArH), 7.99 (m, 2 H, 
ArH); MS (-FAB) 310 (M - H). Anal. (Ci2Hi4N30BP-
0.25EtOH-0.5H2O) C, H, N. 

a-Amino-3-(phosphonomethyl)-2-quinoxalinepropanoic 
acid (7): 26j (11.7 mmol, 4.3 g) was refluxed in 6 N HC1 (25 mL) 
for 3 h. The resulting dark green solution was treated with 
charcoal in the heat and filtered through Celite and the clear 
yellow filtrate washed with ether (30 mL). After evaporating the 
solution to dryness in vacuo, the residue was stripped with water 
(50 mL) and benzene (3 X 50 mL). The obtained solids were 
dissolved in ethanol (75 mL) and treated at once with propylene 
oxide (8.4 mL), and the reaction mixture was kept stirring at 
ambient temperature for 12 h. The resulting suspension was 
filtered, washed with ether (2 x 10 mL) and dried at 1 Torr at 
80 °C to afford 2.4 g (59%) of compound 7 as an off-white 
powder: mp 178 °C dec; 'H NMR (DMSO-d«, 400 MHz)b 3.56 
(m, 2 H, CH2P), 3.80 (d, J = 6.7 Hz, 2 H, Cff2CH), 4.57 (t, J -
6.7 Hz, 1 H, CHCH2), 7.79 (m, 2 H, ArH), 8 (m, 2 H, ArH); MS 
(-FAB) m/e 310 (M - H). Anal. (CiaHuNsAP-HCl) C, H; N: 
calcd, 12.08, found, 11.62. 

a-Amino-6,7-dimethyl-3-(phosphonomethyl)-2-quinoxa-
linepropanoic acid (8): the compound was prepared from 26h 
according to the procedure given for 7: mp 198-200 °C; yield 
79%; lH NMR (DMSO-d6, 400 MHz) b 2.43 (s, 6 H, 2 X CH3), 
3.37 (m, 2 H, CH^), 3.75 (m, 2 H, CH2CH), 4.52 (t, J = 5.7 Hz, 
1 H, CHiCH), 7.76 (s, 1 H, ArH), 7.77 (s, 1 H, ArH). Anal. 
(CnHisNsOsP-HaO) C, H; N: calcd, 47.05; found, 47.54. 

2,3-Bis(bromomethyl)benzo[«']quinoxaline (27): a mixture 
of 19 (20 mmol, 3.16 g) and l,4-dibromc~2,3-butanedione (20 
mmol, 4.88 g) was refluxed in benzene (120 mL) with a Dean-
Stark trap for 2 h. The reaction mixture was then cooled to room 
temperature, and the precipitate filtered, washed with hexane 
(30 mL), and air-dried to yield 6.8 g (93 %) of 27 as green crystals: 
mp 190-1 °C; >H NMR (DMS0-d6, 400 MHz) 8 5.07 (s, 4 H, 2 
X CH2Br), 7.68 (dd, J, - 3.2 Hz, «72 - «.8 Hz, 2 H, H-7, H-8), 8.26 
(dd, Ji = 3.3 Hz, J2 = 6.4 Hz, 2 H, H-6, H-9), 8.78 (s, 2 H, H-5, 
H-10). 

[[3-(Bromomethyl)benzo[j,]quinoxalin-2-yl]methyl]pho8-
phonic acid dimethyl ester (28): 27 (10 mmol, 3.66 g) and 
trimethyl phosphite (12 mmol, 1.488 g) were refluxed in toluene 
(300 mL) for 6 h. The mixture was evaporated in vacuo and the 
residue flash chromatographed on silica gel. Elution with ethyl 
acetate/hexane (4:1) furnished 1.5 g (38%) of 28 as an orange 
wax: »H NMR (DMSO-d6,400 MHz) b 3.73 (s, 3 H, OCH3), 3.76 
(s, 3 H, OCH3), 3.94 (d, J = 22 Hz, 2 H, CHjP), 5.10 (s, 2 H, 
CHjjBr), 7.66 (dd, Ji = 2 Hz, «72 = 3.4 Hz, 2 H, H-7, H-8), 8.24 
(dd, Ji = 1.9 Hz, Ji - 4.8 Hz, 2 H, H-6, H-9), 8.74 (s, 2 H, H-5, 
H-10). 

a-Amino-3-[(dimethoxyphosphinyl)methyl]benzo-
[gjquinoxaline-2-propanoic acid phenylmethyl ester (29): 
a solution of Af-benzylideneglycine benzyl ester (4.5 mmol, 1.159 
g) in dry THF (20 mL) was added dropwise at -78 °C under dry 
nitrogen to a solution of t-BuOK (4.6 mmol, 515 mg) in dry THF 
(10 mL). The resulting bright yellow solution was stirred for 5 
min at -78 °C after which a solution of 28 (4.5 mmol, 1.8 g) in 
dry THF (30 mL) was added in a dropwise fashion. The obtained 
red-brown reaction mixture was stirred at 25 ° C overnight, poured 
into water (100 mL), and extracted with ether (3 X 50 mL). The 
combined organic layers were dried and evaporated to dryness. 
The residue was flash chromatographed on silica gel. Elution 
with 2% methanol in chloroform afforded 1.3 g (60%) of 29 as 
an amber oil: 'H NMR (DMSO-d6, 400 MHz) b 2.48 (br s, 2 H, 
NH2), 3.51 (d, J - 6 Hz, 2 H, CH2CH), 3.67 (s, 3 H, OCHs), 3.70 
(s, 3 H, OCH3), 3.78-3.96 (m, 2 H, CH2P), 4.10 (t, J = 6.2 Hz, 1 
H, CJTCHs), 5.13 (d, J = 5.5 Hz, 2 H, CH2Ph), 7.21 (m, 3 H, H-3', 
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H-4', H-5'), 7.27 (m, 2 H, H-2', H-6'), 7.60-7.63 (m, 2 H, H-6, 
H-9), 8.16-8.22 (m, 2 H, H-7, H-8), 8.48 (s, 1 H, Ar-H), 8.66 (s, 
1 H, ArH). 

a-Amino-3-(phogphonomethyl)benzo[aT]quinoxaliiie-2-
propanoic acid phenylmethyl ester (30): bromotrimethyl-
silane (13.5 mmol, 2.065 g) was added to a stirred solution of 29 
(2.7 mmol, 1.3 g) in methylene chloride (50 mL). The solution 
was refluxed under exclusion of moisture for 4 h and evaporated 
to dryness in vacuo and the residue triturated with water (40 
mL) for 10 min and then washed with ether (50 mL). The aqueous 
layer was separated and evaporated to dryness in vacuo and the 
residue dissolved in ethanol (40 mL). Propylene oxide (2 mL) 
was added to the solution and the resulting fine suspension kept 
at 0 °C overnight. A waxy green material was isolated by 
filtration, washed with ether (20 mL), and dried at 1 Torr at 
ambient temperature to yield 940 mg (77%) of 30: >H NMR 
(DMSO-de, 400 MHz) 5 3.4 (m, 2 H, CH2P), 3.8 (m, 2 H, CH2CH), 
4.75 (s, 1 H, CifCH2), 5.2 (s, 2 H, CH2Ph), 7.1 (d, J = 7 Hz, 3 H, 
H-3', H-4', H-5'), 7.2 (d, J = 7 Hz, 2 H, H-2', H-6'), 7.6 (m, 2 H, 
H-6, H-9), 8.11-8.21 (2 m, 2 H, H-7, H-8), 8.39 (s, 1H, ArH), 8.62 
(s, 1 H, ArH). 

a-Amino-3-(phosphonomethyl)benzo[ff]quinoxaline-2-
propanoic acid ammonium salt (12): palladium (10%) on 
charcoal (100 mg) was added to the solution of 30 (2.3 mmol, 910 
mg) in acetic acid (30 mL). The mixture was hydrogenated for 
14 h at normal pressure, then diluted with water (40 mL), and 
filtered through Celite. The filtrate was evaporated and the 
residue dissolved in ammonia (5 %, 30 mL). The resulting solution 
was hot-charcoaled and filtered through Celite and the filtrate 
concentrated in vacuo. Acetone was added to the filtrate to induce 
crystallization. The resulting suspension was kept at 0 °C for 2 
h and the product filtered, washed with acetone, and air-dried 
to yield 600 mg (68 %) of 12 as a yellow powder: mp 215 °C dec; 
>H NMR (DMSO-de + 1 drop DC1,400 MHz) « 3.82-3.88 (m, 2 
H, CHCtf2), 4.6 (m, 1 H, CtfCH2), 7.6 (dd, Ji = 3.3 Hz, «/2 = 6.5 
Hz, 2 H, H-7, H-8), 8.2 (dd, «7i = 6.3 Hz, J2 = 9.5 Hz, 2 H, H-6, 
H-9), CH2 exchanged with DC1,8.62 (s, 1 H, ArH), 8.66 (s, 1 H, 
ArH); MS (-FAB) m/e 362 (M + 1). Anal. (CieHisMOeP-
0.25H2O) C, H, N. 

6,7-Dimethylquinoxaline (31): a solution of 40% aqueous 
glyoxal (50 mmol, 7.25 g) and sodium hydrogen sulfite (10.4 g, 
mixture of sodium bisulfate and sodium metabisulfite) in water 
(80 mL) was heated to 70 °C and then poured into a suspension 
of 22h (0.050 mol, 6.8 g) in water (100 mL). The reaction mixture 
was then allowed to reach room temperature at which point it 
was basified to pH 7.5 with solid sodium carbonate. The organic 
materials were extracted with chloroform (3 X 100 mL) and the 
combined organic extracts dried and evaporated to dryness. The 
residue was flash chromatographed on silica gel. Elution with 
2 % methanol in chloroform gave 6g(76%)of31asa brown solid: 
mp 99-100 °C; »H NMR (DMSO-de, 200 MHz) & 2.44 (s, 6 H, 2 
X CH3), 7.83 (s, 2 H, ArH), 8.80 (s, 2 H, H-2, H-3). 

6,7-Bis(bromomethyl)quinoxaline (32): a solution of 31 
(37.9 mmol, 6 g) in carbon tetrachloride (400 mL) was treated 
at once with benzoyl peroxide (200 mg), followed by NBS (76 
mmol, 13.53 g). The reaction mixture was refluxed for 4 h and 
cooled to 0 °C and the precipitated succinimide removed by 
filtration. The filtrate was evaporated and the residue chro
matographed on silica gel. Elution with 2% methanol in 
chloroform furnished 6 g (50 %) of 32 as an amber oil: lH NMR 
(DMSO-de, 400 MHz) 6 5.10 (s, 4 H, 2 X CH2Br), 8.28 (s, 2 H, 
H-5, H-8), 9.00 (s, 2 H, H-2, H-3). 

[[7-(Bromomethyl)quinoxalin-6-yl]methyl]phosphonic 
acid dimethyl ester (33): a mixture of 32 (18.9 mmol, 6 g) and 
trimethyl phosphite (20 mmol, 2.36 mL) was refluxed in toluene 
(250 mL) for 6 h. The solvent was evaporated and the residue 
flash chromatographed on silica gel. Elution with 2 % methanol 
in CHCI3 gave 1.9 g (30.6%) of 33 as an amber oil: 'H NMR 
(DMSO-de, 400 MHz) & 3.62 (s, 3 H, OCH3), 3.65 (s, 3 H, OCH3), 
3.70 (d, J = 22.1 Hz, 2 H, CH2P), 5.09 (s, 2 H, CH2Br), 8.08 (d, 
J = 3.6 Hz, 1 H, H-5), 8.25 (s, 1 H, H-8), 8.93 (s, 2 H, H-2, H-3). 

a-Amino-7-[(dimethoxyphosphinyl)methyl]-6-quinoxa-
linepropanoic acid methyl ester (34): under stirring and dry 
nitrogen a solution of iV-benzylideneglycine methyl ester (5.5 
mmol, 980 mg) in dry THF (15 mL) was added dropwise at -78 
°C to a solution of t-BuOK (5.5 mmol, 620 mg) in dry THF (15 

mL). The reaction mixture was stirred for 2 min at -78 °C after 
which a solution of 33 (5 mmol, 1.9 g) in dry THF (60 mL) was 
added. Stirring was continued for 1 h at -78 °C and then at 
ambient temperature overnight. The mixture then was poured 
into ice-cold saturated brine (100 mL) and extracted with ethyl 
acetate (2 X 80 mL). The combined organic extracts were dried, 
filtered, and evaporated to dryness in vacuo. The residue was 
flash chromatographed on silica gel. Elution with 5 % methanol 
in chloroform gave 450 mg (24%) of 34 as a greenish-yellow oil: 
m NMR (DMSO-de, 400 MHz) & 3.18 (m, 2 H, CtfjCH), 3.58 (s, 
3 H, CH3), 3.59 (s, 3 H, OCH3), 3.62 (s, 3 H, OCH3), 3.65 (m, 3 
H, CHjP, CH2CH), 7.90 (s, 1 H, H-5), 7.99 (d, J - 3.3 Hz, 1 H, 
H-8), 8.87 (s, 2 H, H-2, H-3). 

a-Amino-7-(phosphonomethyl)-6-quinoxalinepropanoic 
acid (13): 34 (12.7 mmol, 450 mg) was refluxed in 6 N HC1 (10 
mL) for 1 h, hot-charcoaled, filtered through Celite, and 
evaporated to dryness. The residue was dissolved in ethanol (15 
mL) and treated with propylene oxide (1.5 mL). The precipitate 
was filtered, titurated in hot methanol, and dried in vacuo at 80 
°C to yield 280 mg (68%) of 13: lH NMR (DMSO-de, 400 MHz) 
« 3.3-3.6 (m, 5 H, CH2P, CH2CH), 7.99 (d, J = 3.5 Hz, 1H, H-8), 
8.03 (s, 1H, H-5), 8.89 (d, J - 2 Hz, 2 H, H-2, H-3); MS (-FAB) 
m/e310(M-H) . Anal. (CwHu^OsP-O.SEtOH) C, H, N. 

3-(Bromomethyl)quinoxaline-2-carboxaldehyde (35): a 
solution of sodium (760 mg) in ethanol (90 mL) was treated with 
2-nitropropane (35 mmol, 3.115 g) under dry nitrogen at ambient 
temperature. At 0 °C a solution of 23a (31 mmol, 9.8 g) in THF 
(200 mL) and ethanol (200 mL) was added by cannula. The 
reaction mixture was stirred at 25 °C overnight and evaporated 
to dryness and the residue partitioned between water (100 mL) 
and chloroform (3 X100 mL). The combined organic layers were 
dried and evaporated to dryness. The residue was chromato
graphed on silica gel. Elution with chloroform afforded 1.8 g 
(34 %) of 35 as a white powder: mp 164-5 °C; lH NMR (DMSO-
de, 200 MHz) S 5.18 (s, 2 H, CH2Br), 8.0-8.35 (m, 4 H, ArH), 10.2 
(s, 1 H, CHO). 

[[3-(Bromomethyl)-2-quinoxalinyl]ethenyl]phosphonic 
acid dimethyl ester (36): a mixture of tetramethyl meth-
ylenediphosphonate (7.6 mmol, 1.76 g) and sodium hydride 
(0.0075 mol, 300 mg, 60%) was stirred in toluene (50 mL) for 30 
min at 25 °C and then added dropwise to a solution of 35 (7.17 
mol, 1.8 g) in toluene (200 mL) at 0 °C. The mixture was allowed 
to reach ambient temperature over 1 h and then washed with 
water (100 mL). The organic layer was separated, dried, and 
evaporated to dryness to yield 2.5 g (97 %) of 36 as a white waxy 
solid: 'H NMR (CDCI3,200 MHz) 6 3.75 (s, 3 H, OMe), 3.80 (s, 
3 H, OMe), 4.78 (s, 2 H, CH2Br), 7.1-7.35 (m, 2 H, PCH—CH), 
7.7 (m, 2 H, H-6, H-7), 8.0 (m, 2 H, H-5, H-8). 

(Acetylamino)[[3-[(dimethoxyphosphinyl)ethenyl]-2-
quinoxalinyl]methyl]propanedioic acid diethyl eater (37): 
a solution of sodium (97 mg) in ethanol (10 mL) was added 
dropwise to a solution of diethyl acetamidomalonate (4.2 mol, 
911 mg) in ethanol (20 mL) under dry nitrogen. After stirring 
at 25 °C for 30 min, a solution of 36 (3.92 mol, 1.4 g) in ethanol 
(30 mL) was added at once. Stirring was continued for 3 h. The 
solvent was removed in vacuo and the residue partitioned between 
sodium bicarbonate (10% aqueous) and ethyl acetate. The 
organic layer was dried and evaporated to afford 1.85 g (96%) 
of 37 as an amber oil: >H NMR (DMSO-de, 400 MHz) S 1.19 (t, 
J - 3.1 Hz, 6 H, 2 x OCH2CH3), 1.79 (s, 3 H, COCH8), 3.71 (s, 
3 H, OMe), 3.73 (s, 3 H, OMe), 3.99 (s, 2 H, CCH2), 4.20 (m, 4 
H, 2 X OCH2CH3), 7.10 (dd, Jx - 16.6 Hz, «/2 • 20.2 Hz, 1 H, 
CCH=CH), 7.63 (dd, Ji = 16.7 Hz, «72 = 21.1 Hz, 1 H, 
CCH=CHP), 7.86 (m, 2 H, ArH), 7.92 (m, 1 H, ArH), 8.08 (m, 
1 H, ArH), 8.15 (s, 1 H, NH). 

(Acetylamino)[[3-[(dimethoxyphosphinyl)ethyl]-2-
quinoxalinyl]methyl]propanedioic acid diethyl ester (38): 
a solution of 37 (1.85 mol, 900 mg) in methanol (20 mL) was 
treated with 10% Pd/C(100mg). The mixture was hydrogenated 
at ambient temperature and atmospheric pressure for 4 h. The 
catalyst was removed by filtration and the filtrate was evaporated. 
The residue was chromatographed on silica gel. Elution with 
2 % methanol in chloroform gave 620 mg (69 %) of 38 as an faintly 
yellow oil: >H NMR (DMSO-de, 400 MHz) S 1.18 (t, J - 4.3 Hz, 
6 H, 2 X OCH2CJJ3), 1.82 (s, 3 H, COCH3), 2.32 (m, 2 H, CHaP), 
3.11 (m, 2 H, CH2CH2P), 3.64 (s, 3 H, OMe), 3.66 (s, 3 H, OMe), 
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3.92 (s, 2 H, CCH2), 4.2 (m, 4 H, 2 X OCif2CH3), 7.78 (m, 2 H, 
H-6, H-7), 7.89 (m, 1 H, ArH), 8.00 (m, 1 H, ArH), 8.22 (s, 1 H, 
NH); MS (+FAB) m/e 496 (M + H). 

a-Amino-3-(2-phosphonoethenyl)-2-quinoxal ine-
propanoic acid (14): 37 (1.7 mmol, 850 mg) was refluxed in 6 
N HC1 (40 mL) for 2.5 h, hot-charcoaled, and filtered through 
Celite. The filtrate was evaporated to dryness and the residue 
dissolved in ethanol (30 mL). Propylene oxide (2 mL) was added 
and the precipitated compound removed by filtration and 
crystallized from water/ethanol to yield 200 mg (35%) of 14 as 
off-white microcrystals: mp 207-10 ° C; 'H NMR (DMSO-d6 plus 
1 drop DC1,400 MHz) S 3.8 (m, 2 H, Ctf2CH), 4.6 (m, 1H, CH2Cfl), 
7.14 (dd, Ji = 16.7 Hz, </2 = 18.3 Hz, 1 H, CH=CH), 7.59 (dd, 
Jx - 16.7 Hz, Ji = 20.5 Hz, 1 H, CH=CH), 7.84 (m, 2 H, H-6, 
H-7), 8.02 (m, 2 H, H-5, H-8); MS (-FAB) m/e 322 (M - H). Anal. 
(CisHuNaOfsP-HiiO) C, H, N. 

a-Amino-3-(2-phosphonoethyl)-2-quinoxalinepropanoic 
acid (15) was prepared like 14: yield 71 %; white microcrystals, 
mp 185-7 °C dec; JH NMR (DMSO-d6, 400 MHz) 8 2.02 (m, 2 
H, CH2P), 3.5 (m, 2 H, Cff2CH2P), 3.62 (m, 2 H, CHCff2), 4.31 
(m, 1 H, CtfCH2), 7.72 (br s, 2 H, H-6, H-7), 7.96 (m, 2 H, H-5, 
H-8); MS (-FAB) m/e 324 (M - H). Anal. (C13Hi6N306P-
0.75H2O) C, H, N. 

Computer Modeling of Compound 1. A superimposition at 
the three pharmacophoric sites of compound 1 on those of the 
low-energy (-)-gauche form of CGS 1975518 is shown in relative 
3-D orientation in Figure 2. These structures were obtained by 
a flexible fit optimization of closely related low-energy confor
mations using the MAXIMIN MULTIFIT procedure in the 
molecular modeling software program SYBYL.37" The partial 
atomic charges for the molecules were calculated using the MOP AC 
semiempirical method.37b Five pharmacophoric atom pair points 
(P=0 , C = 0 , and N) were chosen and the MULTIFIT procedure 
was run using the Tripos force field with electrostatic terms 
included.37* The resulting root mean square distance (RMS) 
between the atom pairs was 0.08 A with a resulting sacrifice in 
energy for CGS 19755 of 0.2 kcal/mol above the global minimum 
and a sacrifice of 0.7 kcal/mol above the local minimum for 
compound 1. 

Single Crystal X-Ray Analysis of 24b. Needle-shaped 
crystals were obtained from ether/hexane. Intensity data were 
collected at 296 K using graphite monochromated Mo Ka (X = 
0.71073 A) radiation on a Siemens R3m diffractometer, employing 
<t>/28 scans with variable speeds and a range of 0.80°. Three 
standard reflections (measured once every 97 reflections) used 
to monitor data collection did not reveal significant intensity 
decay during the period of data collection. A total of 2824 
reflections were collected having -25 < h < 25, -2 < k < 8, -14 
< I < 24. Of these, 2526 were unique and 1482 (F > 4.0a(F)) 
observed. Unit cell constants were determined by a least squares 
fit of the 20 values of 20 reflections having 25° < 28 < 30°. The 
X-ray intensities were corrected for scan speed, background, and 
Lorentz and polarization factors. Absorption corrections were 
not applied. 

The structure was solved by direct methods and refined using 
the SHELTXL Plus package of programs.38 All hydrogen atoms 
were located on a difference Fourier map. Final refinement was 
performed using the full matrix least square method. The non-
hydrogen atoms were refined with anisotropic thermal param
eters, and all hydrogen atoms were allowed to ride the carbon to 
which they are attached (C-H = 0.96 A, X-C-H = 109° or 120°). 
The analytical scattering factors for the neutral atoms were used,39 

and all non-hydrogen scattering factors were corrected for both 
the real and imaginary anomalous dispersion.40 The largest 
residual peaks were in the vicinity of the bromine atom. Crystal 
data and selected details of the refinement calculations are listed 
in Table II. The X-ray structure of 24b is depicted in Figure 3 
and the packing diagram is presented in Figure 4. 

In Vitro Pharmacology. Tissue preparation: Crude synaptic 
membrane pellets were prepared according to a modification of 
the method described by Murphy, D. E. et al.41 from rat whole 
brain and used in [3H]CPP, [3H]glycine, and stimulated [3H]-
TCP binding assays. 

Rats were decapitated and their brains were immediately 
removed, weighed, and placed in ice-cold 10% sucrose. Each 
brain was homogenized using a Potter-Elvehjem tissue grinder 

Table II. Crystal Data and Selected Details of the Refinement 
Calculation for 24b 

formula 
formula weight 
crystal size, mm 
crystal system 
space group 
a, A 
o,A 
c,A 
0,deg 
volume, A3 

Z 
density (calcd), mg/mm3 

absorption coefficient, mm"1 

range, deg 
fl-Df.-.F«|/EF„ 
R^'tw^Wo-Fd/lw^Fo 

Ci2Hi3BrClN203P 
379.6 
0.20 X 0.24 X 0.62 
monoclinic 
C2/c 
27/571 (7) 
6.963 (2) 
20.410 (4) 
128.29 (2) 
3066.9 (13) 
8 
1.644 
2.938 
3 < 28 < 50 
0.068 
0.072 

equipped with a Teflon pestle (12 strokes at approximately 800 
rpms). The homogenate was then centrifuged at 1000; for 10 
min, and the resulting supernatant was centrifuged at 20000; for 
20 min. The crude mitochondrial pellet was resuspended in ice-
cold water and dispersed using a Brinkman Polytron (PT-10, 
setting of 6 for 30 s), and the suspension was centrifuged at 8000; 
for 20 min. The supernatant and buffy coat were centrifuged at 
48000; for 20 min. The resulting pellet and buffy coat were then 
resuspended in 15 volumes of 50 mM Tris HC1 (pH 7.6) buffer 
containing 0.04% Triton X-100 and incubated at 37 °C for 15 
min. The suspension was then centrifuged at 20000; for 20 min, 
after which the pellet was washed twice in ice-cold buffer and 
finally frozen at -70 °C for subsequent use in binding assays. 

[*H]CPP Binding. The method described by Murphy, D. E. 
et al.41 was used. Membrane pellets were thawed and resuspended 
in 15 volumes of ice-cold 50 mM Tris HC1 (pH 7.6) buffer. In 
triplicate, 1000 11L of the membrane homogenate containing 
between 0.2 and 0.5 mg of protein were incubated at 23 °C for 
15 min together with 8 nM [3H]CPP (specific activity 30-40 
Ci/mmol42), one of the various test solutions, and an appropriate 
volume of buffer for a final incubation volume of 2.0 mL using 
plastic minivials.43 The reaction was initiated by the addition 
of the homogenate to the incubation medium. Tris buffer and 
a 1.0 mM NMDA solution were substituted for the test solution 
in separate triplicates to define "total" and "nonspecific" binding, 
respectively. The samples were then centrifuged at 48000; for 
20 min, and the pellets were digested with 0.5 mL/sample of 
tissue solubilizer (NCS, Amersham) for 1 h. A 4 N hydrochloric 
acid solution (0.1 mL) was added to each sample to reduce 
chemiluminescence during subsequent counting. Scintillation 
cocktail (3.2 mL/sample); Aquasol, DuPont) was added and the 
samples were prepared for counting using conventional liquid 
spectroscopy. The compounds were tested at 5-10 concentrations 
for ICso and 95% confidence limits values. 

[sH]Glycine Binding. The method of Kemp, J. A. et al.44 was 
adopted for these assays. Membrane pellets were thawed and 
washed with 50 mM Tris citrate and resuspended in 15 volumes 
of Tris citrate buffer. In triplicate, samples (1000 ML) were 
incubated at 4 °C for 20 min in a final incubation volume of 2 
mL containing 20 nM [3H] glycine (specific activity 45-50 pC\l 
mL; Aquasol, DuPont) and one of several test solutions. Separate 
triplicates also contained vehicle and 1 mM glycine to define 
"total" and "nonspecific" [3H]glycine binding. The reaction was 
initiated by the addition of homogenate to the incubation 
medium. The samples were then centrifuged at 48000; for 20 
min, and the resulting pellets were digested using tissue solubilizer 
(0.5 mL/sample; NCS, Amersham). A 4 N hydrochloric acid 
solution (0.1 mL) was added to each sample to reduce potential 
chemiluminescence during subsequent counting. Scintillation 
cocktail (3.2 mL/sample; Aquasol, DuPont) was then added to 
each sample, and the samples were counted for radioactivity using 
conventional liquid spectroscopy. The compounds were tested 
at 5-10 concentrations for determination of ICso and 95% 
confidence limits values. 

[SH]TCP Binding. A modification of the methods described 
by Kloog, Y. et al.20 was used. Membrane pellets were thawed 
and resuspended in 15 volumes of ice-cold 5.0 mM Tris HC1 (pH 
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7.4) buffer. The homogenate was then centrifuged at 48000# for 
20 min and the pellet resuspended in ice-cold buffer for use in 
the binding assay. In triplicate, 1000-ML samples of the homo
genate were incubated for 1 h at 25 °C in the presence of 2.5 nM 
[3H]TCP (specific activity 45-50 Ci/mmol29), 3 iM L-glutamate, 
1 nM glycine, one of various test solutions, and an appropriate 
volume of buffer for a final incubation volume of 2 mL using 
glass disposable culture tubes. The reaction was started by the 
addition of homogenate to the incubation medium. Tris buffer 
and a 100 *iM solution of MK-801 were substituted for the test 
solution in separate triplicates to define "total" and "nonspecific" 
binding, respectively. The samples were then filtered under 
vacuum using polyethyleneimine (0.05% in buffer) presoaked 
glass fiber filters (Whatman GF/B) and rinsed with three 2-mL 
volumes of ice-cold buffer. The filters were placed into individual 
20-mL glass scintillation vials and prepared for counting using 
conventional liquid spectroscopy. The compounds were tested 
at 5-10 concentrations for determination of ICw and 95% 
confidence limits values. 

In Vivo Pharmacology. Antagonism of NMDA-induced 
lethality was determined using a modification of the NMDA 
convulsion model described by Hutchison, A. J. et al.18 Male, 
Swiss-albino mice (CD-I, 18-22 g4*) were acclimated for 30 min 
to an observation chamber and then injected with one of several 
intraperitoneal doses of a test solution or vehicle (control). Thirty 
minutes thereafter, the mice received an intraperitoneal injection 
of 195 mg/kg NMDA (a lethal dose in 90% of naive mice), and 
the number of responding (surviving) mice was determined 30 
min following the injection of NMDA. Animals were tested in 
groups of 10 mice/dose level. Data were analyzed using the probit 
analysis program PS NONLIN (Natural Response Rate Version) 
for ED50 and 95% confidence limits determinations. 

Acknowledgment. We express our appreciation to Mr. 
J. Can tone, Ms. S. Ellis, Mr. B. Hofmann, Mr. J. Kulishoff, 
Mr. J. Mattes, Ms. R. Moore, and Ms. K. Santilli for 
microanalytical and spectral data. We also like to thank 
Dr. Donna Van Engen (Princeton University) for the X-ray 
crystallography and Dr. W. E. Childers for his stimulating 
discussions relating to biological data. 

Supplementary Material Available: A listing of atomic 
coordinates, bond lengths and angles, isotropic and anisotropic 
thermal parameters, and H-atom coordinates for compound 24b 
is available (41 pages). Ordering information is given on any 
current masthead page. 

References 
(1) Scatton, B.; Carter, C; Benavides, J.; Giroux, C. N-Methyl-D-

Aspartate Receptor Antagonists: A Novel Therapeutic Perspective 
for the Treatment of Ischemic Brain Injury. Cerebrovasc. Dis. 
1991,1, 121-135. 

(2) Scatton, B.; Benavides, J.; Gotti, B. A therapeutic approach to 
focal cerebral ischaemia. Arteres Veines 1990, 9, 477-494. 

(3) Buchan, A. Do NMDA Antagonists Protect Against Cerebral 
Ischemia: Are Clinical Trials Warranted? Cerebrovasc. Brain 
Metab. Rev. 1990, 2, 1-26. 

(4) Meldrum, B. Protection Against Ischaemic Neuronal Damage by 
Drugs Acting on Excitatory Neurotransmission. Cerebrovasc. Brain 
Metab. Rev. 1990, 2, 27-57. 

(5) Watkins, J. C; Kroogsgaard-Larson, P.; Honore, T. Structure-
activity relationships in the development of excitatory amino acid 
receptor agonists and competitive antagonists. Trends Pharmacol. 
Sci. 1990,11, 25-33. 

(6) Mayer, M. L.; Westbrook, G. L. The Physiology of Excitatory Amino 
Acids in the Vertebrate Central Nervous System. Prog. Neurobiol. 
1987,28, 197-276. 

(7) MacDermott, A. B.; Dale, N. Receptors, ion channels and synaptic 
potentials underlying the integrative actions of excitatory amino 
acids. Trends. Neurosci. 1987, 10, 280-284. 

(8) Choi, D. W. Calcium-mediated neurotoxicity: relationship to 
specific channel types and role in ischaemic damage. Trends 
Neurosci. 1988, 11, 465-469. 

(9) Iversen, L. L.; Woodruff, G. N.; Gill, R. Glutamate antagonists as 
novel neuroprotective agents. J. Cereb. Blood Flow Metab. 1989, 
9 (Suppl), S743. 

(10) Davies, J.; Francis, A. A.; Jones, A.; Watkins, J. C. 2-Amino-5-
phosphonovalerate (2-APV), a Potent and Selective Atagonist of 
Amino Acid-induced and Synaptic Excitation. Neurosci. Lett. 1981, 
21, 77. 

(11) Perkins, M. N.; Stone, T. W.; Collins, J. F.; Curry, K. Phosphonate 
Analogues of Carboxylic Acids as Amino Acid Antagonists on Rat 
Cortical Neurons. Neurosci. Lett. 1981, 23, 333. 

(12) Fagg, G. E.; Olpe, H. R.; Pozza, M. F.; Baud, J.; Steinmann, M.; 
Schmutz, M.; Portet, C; Baumann, P.; Thedinga, K.; Bittiger, H.; 
Allgeier, H.; Heckendorn, R.; Angst, C; Brundish, D.; Gingwall, J. 
G. CGP 37849 and CGP 39551; Novel and Potent Competitive 
N-Methyl-D-Aspartate Receptor Antagonists with Oral Activity. 
Br. J. Pharmacol. 1990, 99, 791-7. 

(13) Harris, E. W.; Ganong, A. H.; Monaghan, D. T.; Watkins, J. C; 
Cotman, C. W. Action of 3-((±)-2-Carboxypiperazin-4-yl)-propyl-
1-phosphonic Acid (CPP): A New and Highly Potent Antagonist 
of N-Methyl-D-Aspartate Receptors in the Hippocampus. Brain 
Res. 1986, 382, 174. 

(14) Davies, J.; Evans, R. H.; Herrling, A. W.; Jones, A. W.; Olvermann, 
H. J.; Pook, P.; Watkins, J. C. A New Potent and Selective NMDA 
Antagonist. Depression of Central Neuron Responses, Affinity for 
[3H]D-AP5 Binding Sites on Brain Membranes and Anticonvulsant 
Activity. Brain Res. 1986, 382, 169-73. 

(15) Bigge, C. F.; Drummond, J. T.; Johnson, G.; Malone, T.; Probert, 
A. W., Jr.; Marcoux, F. W.; Coughenour, L. L.; Brahce, L. J. 
Exploration of Phenyl-spaced 2-Amino-(5-9)-phosphonoalkanoic 
Acids as Competitive N-Methyl-D-Aspartic Acid Antagonists. J. 
Med. Chem. 1989, 32,1580-90. 

(16) Lehman, J.; Hutchison, A. J.; McPherson, S. E.; Mondadori, C; 
Schmutz, M.; Sinton, C. M.; Tsai, C; Murphy, D. E.; Steel, D. J.; 
Williams, M.; Cheney, D. L.; Wood, P. L. CGS 19755, A Selective 
and Competitive N-Methyl-D-Aspartate-Type Excitatory Amino 
Acid Receptor Antagonist. J. Pharmacol. Exp. Ther. 1988, 246, 
65-75. 

(17) Ornstein, P. L.; Schaus, J. M.; Chambers, J. W.; Huser, D. L.; 
Leander, J. D.; Wong, D. T.; Paschal, J. W.; Jones, N. D.; Deeter, 
J. B. Synthesis and Pharmacology of a Series of 3- and 4-(Phos-
phonoalkyl)pyridine and piperidine-2-carboxylic Acids. Potent 
N-Methyl-D-Aspartate Receptor Antagonist. J.Med. Chem. 1989, 
32, 827. 

(18) Hutchison, A. J.; Williams, M.; Angst, C; de Jesus, R.; Blanchard, 
L.; Jackson, R. H.; Wilusz, E. J.; Murphy, D. E.; Bernard, P. S.; 
Schneider, J.; Campbell, T.; Guida, W.; Sills, M. A. 4-(Phospho-
noalkyl)- and 4-(phosphonoalkenyl)-2-piperidinecarboxylic acids: 
Synthesis, Activity at iV-Methyl-D-Aspartic Acid Receptors, and 
Anticonvulsant Activity. J. Med. Chem. 1989, 32, 2171-78. 

(19) Ferkany, J. W.; Kyle, D. J.; Willets, J.; Rzeszotarski, W. J.; Guzewska, 
M. E.; Ellenberger, S. R.; Jones, S. M.; Sacaan, A. I.; Snell, L. D.; 
Borosky, S.; Jones, B. E.; Johnson, K. M; Balster, R. L.; Burchett, 
K.; Kawasaki, K.; Hoch, D. B.; Dingledine, R. Pharmacological 
Profile of NPC12626, a Novel, Competitive N-Methyl-D-Aspartate 
Receptor Antagonist. J. Pharmacol. Exp. Ther. 1989,250,100-9. 

(20) Kloog, Y.; Haring, R.; Sokolovsky, M. Kinetic Characterization of 
the Phencyclidine-N-Methyl-D-Aspartate Receptor Interaction: 
Evidence for a Steric Blockade of the Channel. Biochemistry 1988, 
27, 843-848. 

(21) Young, A. B.; Fagg, G. E. Excitatory amino acid receptors in the 
brain; membrane binding and receptor autoradiographic ap
proaches. Trends. Pharmacol. Sci. 1990,11,126-133. 

(22) Carter, C; Benavides, J.; Legendre, P.; Vincent, J. D.; Noel, F.; 
Thuret, F.; Lloyd, K.; Arbilla, S.; Zivkovic, B.; MacKenzie, E. T.; 
Scatton, B.; Langer, S. Z. Ifenprofil and SL82.0715 as Cerebral 
Anti-Ischemic Agents. II. Evidence for N-Methyl-D-Aspartate 
Receptor Antagonist Properties. J. Pharmacol. Exp. Therapeut. 
1988, 247, 1222-1232. 

(23) Whitten, J. P.; Harrison, B. L.; Weintraub, J. R. H.; McDonald, I. 
A. Modeling of Competitive Phosphono Amino Acid NMDA 
Receptor Antagonists. J. Med. Chem. 1992, 35, 1509-14. 

(24) Ortwine, D. F.; Malone, T. C; Bigge, C. F.; Drummond, J. T.; 
Humblet, C.j Johnson, G.; Pinter, G. W. Generation of N-Methyl-
D-aspartate Agonist and Competitive Antagonist Pharmacophore 
Models. Design and Synthesis of Phosphonoalkyl-Substituted 
Tetrahydroisoquinolines as Novel Antagonists. J. Med. Chem. 
1992, 35,1345-70. 

(25) Bigge, C. F.; Johnson, G.; Ortwine, D. F.; Drummond, J. T.; Retz, 
D. M.; Brahce, L. J.; Coughenour, L. L.; Marcoux, F. W.; Probert, 
Jr., A. W. Exploration of iV-Phosphonoalkyl-.N-Phosphonoalkenyl-, 
and N-(Phosphonoalkyl)phenyl-Spaced a Amino Acids as Com
petitive N-Methyl-D-Aspartic Acid Antagonists. </. Afed. Chem. 
1992, 35, 1371-84. 

(26) Monahan, J. B.; Biesterfeldt, J. P.; Hood, W. F.; Compton, R. P.; 
Cordi, A. A.; Vazquez, M. L.; Lanthorn, T. H.; Wood, P. L. 
Differential modulation of the associated glycine recognition site 
by competitive N-methyl-D-aspartate receptor antagonists. Mol. 
Pharmacol. 1990, 37, 780-4. 

(27) Monahan, J. B.; Corpus, V. M.; Hood, W. F.; Thomas, J. W.; 
Compton, R. P. Characterization of [3H]glycine recognition site as 
a modulatory site of the N-methyl-D-aspartate receptor complex. 
J. Neurochem. 1989, 53, 370-5. 

(28) Monahan, J. B.; Michel, J. Identification and characterization of 
an iV-metnyl-D-aspartate-specific L- [3H] -glutamate recognition site 
in synaptic plasma membranes. J. Neurochem. 1987, 48, 1669-
1708. 

(29) Waters Inc., Milford, MA. 



342 Journal of Medicinal Chemistry, 1993, Vol. 36, No. 3 Baudy et al. 

(30) Oaicel Chemical Industries Ltd., Tokyo, Japan. 
(31) Merck, Wilhelm. Examinations of Veratricacid. Liebigs Ann. Chem. 

1858,108, 58-62. 
(32) Zincke, Theodor. About the action of hypochloric acid on diazo-

compounds. Chem. Ber. 1895, 28, 2948-51. 
(33) Nietzki, R.; Konwaldt, A. About the nitration of o-dichlorobenzene. 

Chem. Ber. 1904, 37, 3892-3. 
(34) Noelting, E.; Kopp, E. For the information of amido-p-dichloro-

benzene. Chem. Ber. 1905, 38, 3506-15. 
(35) Freudenberg, K.; Jones, K.; Renner, H. Synthetic lignin from defined 

coniferylalcohol. Chem. Ber. 1963, 96 (7), 1844-9. 
(36) Wegman, J. About the synthesis of arylketoles by addition of 

aromatic hydrocarbons in the diacetyl series. Helv. Chim. Acta 
1946,29, 101. 

(37) (a) SYBOL, version 5.41c was obtained from Tripos Associates, Inc., 
1699 S. Hanley Road, Suite 303, St. Louis, MO 63144. (b) MOPAC 
version 5.0 by James J. P. Stewart can be obtained from the 
Quantum Chemistry Program Exchange (QCPE), Creative Arts 
Building 181, Indiana University, Bloomington IN 47405. 

(38) Sheldrick, G. M. SHELXTL. An Integrated System for Solving, 
Refining, and Displaying Crystal Structures from Diffraction Data. 
University of Gottingen, Germany, 1980. 

(39) Cromer, D. T.; Waber, J. T. International Tables for X-Ray 
Crystallography; Kynoch Press: Birmingham, England, 1974; Vol. 
IV, p 99. 

(40) Cromer, D. T.; ref 39, p 149. 
(41) Murphy, D. E.; Schneider, J.; Boehm, C; Lehmann, J.; Williams, 

M. Binding of [3H] 3-(2-Carboxypiperazin-4-yl)propyl-l-phos-
phonic acid to Rat Brain Membranes: A Selective, High-Affinity 
Ligand for JV-Methyl-D-Aspartate Receptors. J. Pharmacol. Exp. 
Therapeut. 1987, 240, 778-784. 

(42) Dupont, NEN, Boston, MA. 
(43) Skatron Inc., Sterling, VA. 
(44) Kemp, J. A.; Foster, A. C; Leeson, P. D.; Priestley, R.; Tridgett, 

R.; Iversen, L. L. 7-Chlorokynurenic acid is a selective antagonist 
at the glycine modulatory site of the N-methyl-D-aspartate receptor 
complex. Proc. Nat. Acad. Sci. U.S.A. 1988, 85, 6547-6550. 

(45) Charles River, Wilmington, DE. 


