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A series of substituted [phosphono-, sulfo-, carboxy-, and (iV-hydroxycarbamoyl)methyl]phenylalanines were synthesized 
as probes for the investigation of the preferred antagonist state of the NMDA receptor antagonists. The potency 
of these compounds was evaluated by measuring electrophysiological responses induced by NMDA in cultured mouse 
cortical neurons. 3-(Phosphonomethyl)phenylalanine [l(m)] a formal AP7 analogue, has been shown to be the most 
potent antagonist in this study with an IC50 of around 5 ^M. The isomeric 2-(phosphonomethyl)phenylalanine [l(o)] 
was about half as active as l(m) and as active as compound 5(3), a derivative which is cis-hydrogenated on the phenyl 
ring of l(m). Replacement of a phosphono by a sulfo group led to a large reduction in the ability of these compounds 
to antagonize NMDA responses, although the ortho and meta isomers retained some activity in their reduced forms. 
In both series the para isomers were almost completely inactive at 100 juM. Introduction of a carboxyl or a bidentate 
HONHCO group in place of the phosphono moiety in the 3-position results in compounds devoid of activity. The 
active and inactive compounds of this study were used in conjunction with the most potent linear and cyclic 
phosphono-containing NMDA antagonists reported to date to determine, via computer modeling techniques, a 
three-dimensional model corresponding to an antagonist preferring state of the NMDA binding site. This structure 
defines a pharmacophore which is characterized by (i) well-defined distances between the central atoms of the polar 
groups PO3H-, NHn

+, (n = 2, 3), and COO" (P-N = 5.89 ± 0.12 A, P-C = 6.66 ± 0.08 A, and N-C = 2.28 ± 0.01 
A), (ii) a sterically allowed region between the C6 methylene and the P03H" group, and (iii) a molecular electrostatic 
field in which the positive, neutral, and negative potential zones are self-contained—with the negative potential 
zone connecting the P03H" and COO" groups as the largest. We have compared our results to a preliminary model 
of the NMDA antagonist site by Hutchison et al.1 and to a topological model of the NMDA-glycine receptor site 
by Cordi et al.2 Our proposed steric-electrostatic pharmacophore which refines, simplifies, and improves these models 
has now to be validated by the design of new NMDA antagonists. 

The excitatory amino acids, L-glutamate and L-aspartate 
in particular, play an important role in central synaptic 
transmission.3"6 Electrophysiological6 and binding stud
ies7,8 have demonstrated the existence of a variety of re
ceptors, among which the best characterized are those 
activated selectively by iV-methyl-D-aspartate (NMDA). 
NMDA receptor activation appears to require the binding 
of both an excitatory amino acid at the NMDA site and 
glycine at a separate site of the receptor molecule.910 

There is growing evidence that excitatory amino acids 
could be implicated in central nervous system disorders 
such as epilepsy,11 ischemia,12"14 and Alzheimer's dis
ease,15'16 emphasizing the possible clinical interest of potent 
and selective antagonists. Several selective competitive 
antagonists for NMDA receptors have been described. 
These blocking agents have three common structural 
features: (i) an amino acid of D configuration, (ii) the 
presence of two acidic functions, one of which is prefer
entially a phosphonic acid, and (iii) a separation of four 
to six atoms between the two acidic functions.1718 

The first described potent NMDA antagonists were 
acyclic compounds (Figure 1) such as D-2-amino-5-
phosphonopentanoic acid (22, D-AP5)1920 and D-2-
amino-7-phosphonoheptanoic acid (23, D-AP7).21 The 
increase in biological activity found for the derived cyclic 
compound 4-(3-phosphonoprop-l-yl)piperazine-2-
carboxylic acid (24, CPP)22"2426 initiated pursuit of the 
classical medicinal chemistry strategy of conformational 
restriction and has very recently led to the synthesis of 
other potent cyclic and unsaturated compounds such as 
cis-4-(phosphonomethyl)piperidine-2-carboxylic acid (25, 
CGS 19755),25,27 cis-4-(3-phosphonoprop-l-yl)piperidine-
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2-carboxylic acid (26, CPPP),28 D-4-[(lE)-(3-phosphono-
prop-2-enyl)]piperazine-2-carboxylic acid (27, D-CPP-
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Figure 1. Structures of flexible and conformationally restricted 
competitive antagonists of the NMDA receptor. Those with 
defined rotatable bonds were used for the definition of the 
pharmacophore (see text). TU T2, r3, T4, T6: rotatable bonds. 

ene),26 and D-(£)-2-amino-4-methyl-5-phosphono-3-pen-
tenoic acid (28, CGP 40116).29 In all these compounds, 
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Table I. Percent Inhibition by Substituted Phenylalanine 
Derivatives of Electrophysiological Responses Induced by NMDA 
(10 nM) in Culture Mouse Cortical Neurons 
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antagonist" 
22 
Ho) 
Km) 
1(P) 
2(o) 
2(m) 
2(P) 
3(m) 
4(m) 
5(2) 
5(3) 
5(4) 
6(2) 
6(3) 
6(4) 

% 
100 nU 

antagonist 
100 
87 

100 
0 

22 
0 
0 

31 
12 
75 
90 
18 
50 
50 
20 

inhibn 
10 MM 

antagonist 
68 
40 
80 

34 

" All compounds except 22 were obtained as a mixture of stereo
isomers. 

incorporation of the a-amino acid functional groups into 
a piperidine or a piperazine ring led to a drastic reduction 
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in conformational flexibility. Incorporation of the phos-
phonomethyl groups at various positions into the ring of 
phenylalanine or cyclohexylalanine residues was expected 
to favor the antagonist state receptor-recognition process, 
occurring probably through a zipper mechanism,30,31 by 
increasing the conformational freedom at the level of the 
carboxyl and amino groups. 

Accordingly, a series of 2-, 3-, and 4-(phosphono-
methyl)phenylalanines l(o,m,p) (Table I) were preliminary 
electrophysiological evaluation as NMDA antagonists and 
molecular modeling of these compounds are reported here. 
2-(Phosphonomethyl)phenylalanine has been previously 
synthesized using a,a'-dibromo-o-xylene as starting ma
terial.32 3- and 4-(Phosphonomethyl)phenylalanines have 
been reported33 in independent studies performed during 
the present work using our previously published synthetic 
method.34,35 In order to obtain additional information 
about the structural components of the NMDA binding 
site, the phosphonic group was replaced by either a sul
fonic, carboxylic, or hydroxamic acid group in compounds 
2-4. The chelating hydroxamic acid group was selected 
to test the hypothesis of the presence within the NMDA 
binding site of a metal atom able to strongly interact with 
the acidic function present in most NMDA antagonists. 
This hypothesis was based upon the observed antagonism 
by Zn2+ of NMDA agonists.36,37 The aromatic ring has 
been reduced in compounds 5 and 6 (Table I) to increase 
further the flexibility of the molecules. 
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"(a) AcNHCH(C02Et)2, Na, EtOH; (b) H2 Pd/C HC1; (c) NaN-
02, H20, A; (d) SOCl2, A; (e) P(OEt)3, A; (f) 9 M HC1, A; (g) Na2-
S03, A; (h) HC1, A; (i) Pt02, AcOH. 

On the basis of the abilities to antagonize NMDA-ac-
tivated currents recorded from cultured mouse cortical 
neurons of the various compounds described here, an 
NMDA antagonist pharmacophore was derived taking into 
account the recently reported activity of semirigid mole
cules and the potencies of the compounds reported in this 
paper. The proposed model was compared to the recent 
ones by Hutchison et al.1 and Cordi et al.2 

Results and Discussion 
Chemistry. 2- and 3-(phosphonomethyl- and sulfo-

methyl)phenylalanines were prepared as 4-(phosphono-
methyl- and sulfomethyl)phenylalanines35 (Scheme I): 
base-catalyzed alkylation of diethyl acetamidomalonate 
with 2-, 3-, or 4-substituted cyanobenzyl bromides (using 
various temperatures and time reactions as a function of 
the reactivity of these latter), followed by a three-step 
transformation of the nitrile function into the reactive 
chloromethyl group, led to the intermediates 10(o,m,p). 
Conversion to the racemic phosphonic acids l(o,m,p) was 
obtained by heating the corresponding 10(o,m,p) with 
triethyl phosphite followed by an acid-catalyzed hydrolytic 
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dealkylation. The sulfonic acid derivatives 2(o,m,p) were 
obtained directly from 10(o,m,p) by reaction with sodium 
sulfite followed by acid hydrolysis. 

Reduction of the aromatic rings of compounds l(o,m,p) 
and 2(o,m,p) was performed with P t0 2 in AcOH yielding 
the hydrogenated phosphonic and sulfonic acid derivatives 
5(2,3,4) and 6(2,3,4). The evaluation of the cis/trans 
stereoisomers by *H NMR was difficult due to overlapping 
of the aliphatic resonances. However, in the case of the 
sulfonic acid-containing compounds, the evaluation of the 
relative stereochemistry was achieved for the 4-substituted 
derivative 6(4), on the basis of two distinct doublets cor
responding to the CH2S03~Na+ protons. The measured 
ratio of 7:3 was assumed to be in favor of the cis stereo
isomer by analogy with the predominance of the cis ste
reoisomer of 4-[(diethylphosphono)methyl]piperidine-2-
carboxamide (obtained by hydrogenation with P t0 2 in 
acetic acid of the 4-[(diethylphosphono)methyl]pyridine-
2-carboxamide),1 the structure of which is closely related 
to that of 5(3) (pyridyl in place of phenyl ring). 

The 3-[carboxy- and (2V'-hydroxycarbamoyl)methyl]-
phenylalanines were synthesized according to Scheme II 
as described for the corresponding 4-substituted com
pounds.38 The synthesis of the amino acid derivatives 
involved one common step: the base-catalyzed alkylation 

(38) McCort-Tranchepain, I.; Ficheux, D.; Durieux, C; Roques, B. 
P. Replacement of Tyr-S03H by a p-carboxymethyl-phenyl-
alanine in a CCKS derivative preserves its high affinity for 
CCK-B receptor. Int. J. Pept. Protein Res. 1992, 39, 48-57. 
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Figure 2. Voltage-clamp measurements of NMDA steady-con
centration currents. The dotted line corresponds to the period 
of application of NMDA (10 ̂ M) and glycine (1 vM). The an
tagonist lm was applied during the periods indicated by the full 
lines at concentration of 1,10, and 100 nM. 

of Schiff base derivatives of glycine with methyl and benzyl 
3-(bromomethyl)phenylacetate.39 

A two-step acid hydrolysis of 14 allowed the amine to 
be deprotected40 before the carboxylic acid groups, leading 
to compound 3(m). 

For the synthesis of 4(m), the two ester functions present 
in the precursor 15 were chosen to be compatible with 
protection of the a-amino group and selective deprotection 
of the 3-carboxylic group by hydrogenation followed by 
coupling with O-benzylhydroxylamine. Indeed, attempts 
in our laboratory to directly prepare hydroxamic acids by 
condensation of hydroxylamine with ester groups failed. 
Likewise, in the para series, the introduction of the hy-
droxamate function by reaction of O-benzylhydroxylamine 
on the carboxylate of 4-(bromomethyl)phenylacetic acid 
before alkylation of ethyl iV-(diphenylmethylene)glycinate 
gave, after hydrolysis, the corresponding amine in a yield 
of 4%. Thus, after hydrolysis of the imine 15, the a-amino 
group was protected by a tert-butyloxycarbonyl group. 
Deprotection of the carboxylic acid by hydrogenolysis 
allowed coupling with O-benzylhydroxylamine by the 
classical DCC/HOBt method with a yield of 81%. Com
plete deprotection of compound 19 led to amino acid 4(m). 

All modified amino acids described above were obtained 
and tested as racemic forms. 

Pharmacology. Compounds 1-6 were initially tested 
for their ability to antagonize responses induced by NMDA 
(10 fiM in the presence of 1 /uM glycine) in cultured mouse 
cortical neurons. The antagonist properties of these com
pounds were analyzed in voltage clamp experiments using 
the whole-cell configuration of the patch-clamp method. 
The current produced by applying a steady concentration 
of NMDA (10 MM) often showed a slow decay in the first 
minutes of the experiment. After a few minutes, however, 
the response usually became non-desensitizing, although 
eventually after a longer period (>30 min), a new, faster 
desensitization process could be observed. Most of the 
analysis of the effect of l(m) and of the l(m) analogues 
was done in the period during which desensitization was 

(39) Herrling, P. L.; Muller, W. French Patent 2,606,018. 
(40) Yaozhong, J.; Changyou, Z.; Shengde, W.; Daimo, C; Youan, 

M.; Guilan, L. Solid-liquid phase transfer catalytic synthesis 
of a-amino acid via alkylation and nucleophilic addition of 
benzaldehyde imines. Tetrahedron 1988, 44, 5343-5353. 
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minimal (Figure 2). An increasing blockade was observed 
with increasing concentrations of the antagonist and 
eventually complete blockade of the NMD A response could 
be observed. Electrophysiological results are listed in 
Table I. Under the experimental conditions used, the 
unsaturated sulfonic acid derivatives 2(p) and 2(m) show 
no antagonism, or a weak effect (20%) in the case of the 
2-substituted amino acid 2(o). Reduction of the aromatic 
ring led to cyclohexyl derivatives 6 with restoration of some 
effect (20-50%). The carboxylic acid- and hydroxamic 
acid-substituted compounds 3(m) and 4(m) weakly in
hibited (31% and 12%, respectively) the NMDA response. 
In contrast, at a concentration of 100 juM, the 2- and 3-
(phosphonomethyl)phenylalanines l(o) and l(m) which 
can be considered as cyclic analogues of AP6 and AP7, 
were shown to be able to block the response produced by 
NMDA by 87% and 100%, respectively. At 10 times lower 
concentration (10 fiM), l(o) produced 40% inhibition 
versus 80% for l(m). Hydrogenation of the phenyl ring 
of the phosphono derivatives l(o,m,p) led to reduction in 
the pharmacological activity of 5(2) and 5(3). Nevertheless, 
it is interesting to observe that 5(3) remains almost as 
potent as inhibitor as its precursor l(m) in the aromatic 
series. The IC50 of l(m) was evaluated as 5.6 nM (three 
experiments). The blockade produced by 10 nM l(m) on 
the response to 10 MM NMDA was on average 56%. In 
four cells, the same concentration of l(m) was found to 
produce a larger reduction (about 76%) of the response 
to 1 fiM NMDA, in qualitative agreement with the pre
dictions of competitive antagonism. Neglecting the co-
operativity of the NMDA response, an approximate value 
of the inhibition constant K{ of l(m) can be calculated from 
Ki = (IC50 X EC50)/(EC50 + [NDMA]). 

Patneau and Mayer41 have evaluated the EC50 of NMDA 
as 35 /xM, which would lead to a value of if; = 4.4 nM. 
These values, however, do not predict the marked differ
ence between the inhibition of the responses to 10 pM and 
to 1 nM NMDA, and it is probable that, to explain this 
difference, one would require a model involving two 
binding sites for NMDA. 

The ICso of l(m) is in agreement with its potency in 
displacing [3H]CPP from the NMDA binding site of rat 
cortical membranes.33,42 The agreement is somewhat lower 
for compound l(o), which was reported to inhibit less than 
20% of the binding of [3H]AP7 to rat brain membranes 
at 100 MM concentration,32 whereas in this study an IC50 
of around 20 nM can be estimated for its potency in 
blocking NMDA-induced currents. One of the reasons for 
this slight discrepancy could be the use of different binding 
conditions. The experiments of Benveniste et al.,43 which 
were done under conditions comparable to those used in 
the present paper, indicated that 22 inhibited the response 
to 100 fiM NMDA with an IC50 of about 5 fiM; this suggests 
that l(m) and 22 have comparable antagonist potencies. 

These results show that the conformational restriction 
induced by a phenyl or a cyclohexyl ring can generally be 

(41) Patneau, D. K.; Mayer, M. L. Structure-activity relationships 
for amino acid transmitter candidates acting at N-methyl-D-
aspartate and quisqualate receptors. J. Neurosci. 1990, 10, 
2385-2399. 

(42) Bigge, C. F.; Drummond, J. T.; Johnson, G.; Malone, T.; Pro-
bert, A. W., Jr.; Marcoux, F. W.; Coughenour, L. L.; Brahce, 
L. J. Erratum: Exploration of phenyl-spaced 2-amino-(5-9)-
phosphonoalkanoic acids as competitive N-methyl-D-aspartic 
acid antagonists. J. Med. Chem. 1989, 32, 2583. 

(43) Benveniste, M.; Mienville, J. M; Sernagor, E.; Mayer, M. L. 
Concentration-jump experiments with NMDA antagonists in 
mouse cultured hippocampal neurons. J. Neurophysiol. 1990, 
63, 1373-1384. 

(1 ) 

Figure 3. Proposed configuration of the NMDA receptor/ligand 
complex in the antagonist preferring state including chemical 
virtual, and hydrogen-bonds. Each of the interacting atoms may 
establish multiple interactions with the receptor atoms. In this 
model, permutation of the terminal groups bound to the phos
phorus atom is allowed: D, proton, positive charge, proton donors, 
or water molecule; A, oxygen, negative charge, proton acceptors, 
or water molecule. (Charges are meant to be partial. The numbers 
in parentheses correspond to the model of Cordi et al.2) 

accepted in the NMDA binding site, but its position be
tween the two acidic functions is important for biological 
activity (meta > ortho > para). In agreement with a 
structure-activity relationship concerning the antagonist 
recognition site of the NMDA receptor,1718 the order of 
the nonaminated acidic function for the meta series is 
P03H2 > C02H > SO3H. This preference cannot be ex
plained just on the basis of conformational arguments (see 
below), but perhaps by the ability of P03H" to form 
charge-charge Coulombic and/or hydrogen-bond interac
tions with hydrogen acceptor and donor groups in the site 
of the receptor at physiological pH.2 The low affinity of 
compound 4(m) suggests that there is no zinc atom asso
ciated with the hydroxamic function in the NMDA an
tagonist recognition site; nevertheless, this does not exclude 
the hypothesis of the presence of the metal elsewhere in 
the NMDA binding site. 

Computational Chemistry. Computer-assisted mo
lecular modeling was used to try to delineate a pharma
cophore for the NMDA antagonist recognition site. For 
this purpose, five molecules, namely 25, 24, 27, 26, and 28 
(Figure 1), were selected to determine a possible bioactive 
structure for the NMDA antagonist recognition site using 
the molecular modeling software SYBYL 5.3,44 as described 
in the Experimental Section. 

These compounds are among those exhibiting the 
highest affinities28,45 and selectivities25 in the series of 
phosphonates for the NMDA recognition site. All of them 
contain the three functional groups, -P03H2, -COOH, and 
>NH, which have been shown to be essential for activi
ty.3,19,26,46 A systematic conformational search on the 
zwitterionic molecules whose ionized functional groups now 
become POgH",25,47 COO", and NHn

+ (n = 2, 3) was per-

(44) SYBYL 5.3 (1989), Tripos Associates, Inc., 1699 S. Hanley Road, 
Suite 303, St. Louis, MO 63144. 

(45) Lehman, J.; Chapman, A. G.; Meldrum, B. S.; Hutchison, A.; 
Tsai, C; Wood, P. L. CGS 19755 is a potent and competitive 
antagonist at NMDA-type receptors. Eur. J. Pharmacol. 1988, 
154, 89-93. 

(46) Davies, J.; Francis, A. A.; Jones, A. W.; Watkins, J. C. 2-
Amino-5-phosphonovalerate (2APV), a potent and selective 
antagonist of amino acid-induced and synaptic excitation. 
Neurosci. Lett. 1981, 21, 77-81. 

(47) Bjorkroth, J.-P.; Pakkanen, T. A.; Lindroos, J. Comparative 
molecular field analysis of some clodronic acid esters. J. Med. 
Chem. 1991, 34, 2338-2343. 



Figure 4. (a, upper left) "Relaxed" stereoscopic view of the ligand-accessible volume V, (blue) 
in the NMDA antagonist recognition site generated by the five conformationally-restricted 
molecules of Figure 1 in their bioaetive conformations and least rms orientations with respect 
to 25. Molecules are shown inserted in the volume. Phosphorus is in yellow, oxygen in red. 
and nitrogen in blue (see the text for additional details), (b, upper right) "Relaxed" spectroscopic 
view of the inactive ligand-occupied volume V2 (green) for the NMDA receptor antagonist 

recognition site, in the same orientation shown in part a. Compound 25 inserted (see the text), 
(c, lower left) "Relaxed" stereoscopic view of the excluded volume V,, (green) for the NMDA 
receptor antagonist recognition site (see the text), (d, lower right) Superimposition of the 
molecular electrostatic potential surfaces for the molecules of part a, with compound 25 inserted. 
Contour levels: red, V < -10 kcal/mol; green, 10 kcal/mol < V < +10 kcal/mol; blue, V 
> +10 kcal/mol. 
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Table II. Fitting Index, Torsional Angle, and Relative Energies of the Active Conformers 
torsional angle 

rms- values for best conformers (deg) total energy AE 
no. (A) n T2 73 T4 T5 (kcal/mol),* E (kcal/mol),' E - Em 

25 0.000 252 185 179 -72.36 0.53 
24 0.023 249 277 270 63 177 -69.68 3.89 
27 0.104 238 60 88 45 -49.52 1.11 
26 0.099 253 295 310 313 299 -66.40 0.62 
28 0.123 236 188 217 66 -83.74 L50 

"rms of the three atoms N„, C, and P, with respect to 25. ''Total energy is the sum of bond length, bond angle, torsional angle, van der 
Waals, and electrostatic (with t = r) energy terms. c Difference between the minimized intramolecular total energy and its corresponding 
value after MULTIFIT (EM). 

formed by making use of the technique of distance maps48 

in order to reduce the number of conformations generated 
by restraining the conformational search of related mole
cules. Subsequently, an energy minimization49 for each 
conformation generated was undertaken. Superimposition 
of the central atoms of the three functional groups, i.e., 
the P, Na, and C (of the COOH group) was achieved with 
the MULTIFIT option of SYBYL (see Molecular Modeling in 
the Experimental Section). 

Upon interaction, more than one of the oxygen, nitrogen, 
and hydrogen atoms of the ionized phosphonate, carboxyl, 
and amino functional groups will be among the actual 
points of contact with the NMDA receptor, locking in a 
given configuration the corresponding functional groups 
through H-bonding interactions. These multiple interac
tions have been clearly established from crystallographic 
data on complexes between, for example, the bacterial 
metallopeptidase thermolysin and inhibitors bearing 
phosphonate or carboxyl functions.50 Hughes and An
drews51 use a "receptor fit point" method which consists 
of adding receptor guide points located at hydrogen-bond 
distances from the acceptor or donor groups. In such a 
case, one common or two separate receptor guide points 
can be used for the carboxylate oxygens. In the present 
study, we have adopted the more "rigid" fit procedure, 
supposing therefore that there are two receptor guide 
points for the carboxylate oxygens. In this way, only the 
P, Na, and C atoms were used in the molecular modeling 
studies for delineating the pharmacophore. The quality 
of the superimposition of the three central atoms was 
evaluated by the root mean square (rms) deviation between 
the atoms constituting the pharmacophore in the reference 
molecule (25) and the corresponding atoms in the other 
molecules (Table II). From the various solutions resulting 
from the MULTIFIT approach, one set presented good in
teratomic overlap and best minimized intramolecular en
ergy (Table II). This set was chosen as that containing 
the possible bioactive conformations for 25,24,27,26, and 
28. In this set the active structure of 25 has a conformation 
4,7-trans for torsion T2 (see Figure 1). The resulting 
pharmacophore is characterized by the mean internuclear 
distances among N, C, and P shown in Figure 3. A van 
der Waals surface corresponding to the envelope of the 

(48) Mayer, D.; Naylor, C; Motoc, I.; Marshall, G. R. A unique 
geometry of the active site of angiotensin-converting enzyme 
consistent with structure-activity studies. J. Comput.-Aided 
Mol. Des. 1987,1, 3-16. 

(49) Clark, R.; Cramer, D. R. Ill; Van Opdenbosch, N. Validation 
of the Tripos 5.2 force field. J. Comput. Chem. 1989, 10, 
982-1012. 

(50) Matthews, B. W. Structural basis of the action of thermolysin 
and related zinc peptidases. Ace. Chem. Res. 1988, 21, 
333-340. 

(51) Hughes, R. A.; Andrews, P. R. Structural and conformational 
analogy between cholecystokinin and ergopeptines. J. Pharm. 
Pharmacol. 1987, 39, 339-343. 

superimposed antagonists in their allowed bioactive con
formations and representing an accessible volume (Vx) for 
ligands of the NMDA receptor antagonist recognition site 
is shown in Figure 4a. 

All the compounds synthesized in this work were sub
sequently studied by the same conformational techniques 
in order to select which compounds, if any, presented 
structural properties matching those of the proposed 
pharmacophore (the reduced forms 5(2), 5(3), 5(4), 6(2), 
6(3) and 6(4) were in the cis configuration). A confor
mational search for these molecules was performed allow
ing the bonds to rotate with a chosen stepwise increment 
of 10° or 120° [30° for 4(m)] of the dihedral angles. We 
selected the conformations which had the Y-N and Y-C 
(where Y = P, C, S) distances within ±0.3 A to those 
obtained in the previously defined pharmacophore (P-N, 
5.89 ± 0.12 A; P-C, 6.66 ± 0.08 A). We then obtained a 
volume corresponding to the Boolean difference between 
the total volume of the superimposed inactive compounds 
and the total volume of the best antagonists 25,24,27,26, 
28, l(m), l(o), and 5(3), all in their supposed bioactive 
conformations. This volume represents an excluded van 
der Waals volume (V2) for the NMDA receptor antagonist 
recognition site (Figure 4b), in which the region between 
the C6 methylene and the P03H" group results as the only 
one occupied by a potential ligand. 

Using the previously described techniques, a new al
lowed volume (V3) containing the active phosphono de
rivatives l(m), l(o), and 5(3) was obtained. The union of 
Vi and V3 led to an allowed volume V4. V4 is characterized 
essentially by two supplementary zones with respect to Vly 
adding up 188 A3. One is present above and below the 
mean plane of the ring in the bioactive conformation of 
25 on the side of the Cg-C6 bond and is due to the aromatic 
parts of both enantiomers of l(o); the other one forms a 
protuberance on the side of the C3-C4 bond, but only on 
the C4 axial direction (Figure 4a) and is a result of the 
aromatic ring of l(m)-CR) and of the cyclohexyl rings of 
the R and £ enantiomers of 5(3) (R and S referred to the 
absolute configuration of the C0 of the amino acid). 
However, when we calculated the van der Waals surface 
of 5(2)-(/J), its volume intersected by 4.0 A3 the excluded 
volume V2 whereas that of 5(2)-(S) intersected V2 by 14.8 
A3. We hypothesize therefore that the relatively good 
activity of the racemic mixture of compound 5(2) is due 
to the R enantiomer, a result which agrees with previous 
structure-activity relationship studies in which the R en
antiomers have been proposed as the active isomers.1718 

As compared to their corresponding active phosphono 
derivatives, the sulfo-containing molecules 2(m), 6(3), 2(6), 
and 6(2) present poor or no biological activity (Table I), 
even though the differences in the corresponding electronic 
properties of the sulfonate and the phosphonate groups 
are rather small (our unpublished calculations). In ad
dition, when we calculated the corresponding molecular 
electrostatic potentials from the charge distribution,52,53 
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Figure 5. Structures of (a) 3- and 4-(phosphonomethyl)-
phenylglycine31 and (b) 4-(phosphonoalkyl)- and 4-(phosphono-
alkenyl)-2-piperidinecarboxylic acids1 used for refinement of the 
final excluded volume Vs (see the text). 

we found no differences between the sulfo and carboxyl 
analogues and the phosphonates l(m), 25, 24,27,26, and 
28. However, it will be noted that, in contrast to the 
phosphonate, the sulfonate and carboxylate groups bear 
no protons in the ionized state. In the case of 4(m) (a very 
poor antagonist), its hydroxamic acid group possesses a 
potential proton donor hydroxyl group, but at physiological 
pH it carries no formal charge.54 Thus, in this series of 
antagonists, a negatively charged moiety with proton donor 
abilities seems to be necessary for receptor blockade. 

Finally, in order to improve the excluded volume at the 
NMDA antagonist receptor site, we selected another set 
of active and inactive molecules from the works of Bigge 
et al.33 and of Hutchison et al.1 This set includes 4- and 
3-(phosphonomethyl)phenylglycine33 (Figure 5a) and 4-
(phosphonoalkyl)- and 4-(phosphonoalkenyl)-2-
piperidinecarboxylic acids1 (Figure 5b). We then applied 
once more the methodology used for the first ensemble of 
compounds. The excluded volume obtained previously 
(V2) was slightly improved, resulting in a final volume V5 
(Figure 4c). V5, representing a forbidden volume, is 
characterized by a small reduction near the phosphonate 
group, and a significant increase near the NOI C5, and C6 
atoms of 25 in its bioactive conformation. It shall be noted 
that the internal faces of the volume fragments making 
up Vb that are facing the antagonist molecule represent 
the receptor/ligand interface of the active site cavity 
(Figure 4c). 

(52) Weiner, P. K.; Langridge, R.; Blaney, J. M.; Schaefer, R.; 
Kollman, P. A. Electrostatic potential molecular surfaces. 
Proc. Natl. Acad. Sci. U.S.A. 1982, 79, 3754-3758. 

(53) Stewart, J. J. P. MOP AC: A semiempirical molecular orbital 
program. J. Comput.-Aided htol. Des. 1990, 4, 1-103. 

(54) Bauer, L.; Exner, O. The chemistry of hydroxamic acids and 
N-hydroxyimides. Angew. Chem. Int. Ed. Engl. 1974, 13, 
376-384. 

Dorville et al. 

The electrostatic field generated by the polarity of the 
molecules is "a powerful tool that can provide insights into 
the molecular properties of small molecules";52 it can be 
obtained by calculation of the net atomic charge distri
bution. At neutral pH, one expects the amino acids to be 
in the zwitterionic forms and the phosphono group to carry 
a single negative charge.47 The electrostatic molecular 
potential was then calculated for 25, 24, 27, 26, and 28. 
After superimposition of all the electrostatic potential 
molecular surfaces, we observed essentially three self-
contained zones (Figure 4d), corresponding to each of three 
defined intervals of the calculated electrostatic potential 
(see the Experimental Section). In general terms, the 
region of positive potential (>10 kcal/mol) is small and 
is localized on the Nx atom; the negative potential (<-10 
kcal/mol) is widely distributed on the side of P03H~ and 
COO" and "connects" these two groups. The potential 
corresponding to nonpolarity (-10 to +10 kcal/mol) is 
located around the cyclic moieties and aliphatic chains of 
24, 26, and 27, and would bring into play interactions of 
the hydrophobic type. A complementarity of the elec
trostatic potential between the ligand and the NMDA 
receptor site is expected to encourage a mutually favorable 
interaction. 

Cordi et al.2 have presented a topological model for the 
NMDA-glycine receptor complex consisting of two nega
tive charges and two positive charges arranged arbitrarily 
in a tetrahedral arrangement, plus a negative charge above 
one of the faces of the tetrahedron. In this "five point" 
model only Coulombic interactions are taken into account. 
Given the molecular volumes computed in this paper 
(Vi~V5) and Figure 3, our proposed pharmacophore model 
gives the steric interactions not considered in ref 2 and 
provides the interatomic distances involved on the NMDA 
side of the receptor complex in its antagonist state;2 how
ever, it must be considered that the arrangement of the 
ionized basic and acidic side chains of the amino acid 
residues in the receptor protein does not in general cor
respond precisely to the arrangement of the corresponding 
opposite charges on the antagonist. To Cordi et al.'s 
schematic model for the receptor should be added, as ob
served crystallographically for other systems,50 the 
knowledge of the existence of numerous contact points on 
the receptor, some of them carrying partial electric charges, 
others being acceptors or donors of protons (see Figure 3). 
In our view, the five points in the model of Cordi et al. 
correspond rather to the central atoms of the bound Ug
anda, and not to atoms or entities of the doubly occupied 
glycine-NMDA receptor. The receptor itself, due to the 
complex network of polyfurcated interactions (electrostatic, 
H-bonds) involving, in addition, water molecules, becomes 
actually a highly distorted polyhedron. 

Hutchison and co-workers1 assessed a series of substi
tuted piperidine carboxylic acids as competitive ligands 
of the NMDA receptor. With computer-assisted modeling 
techniques using a torsional grid method, these authors 
propose bioactive conformations for two molecules (25 and 
26) of the series, and subsequently present a NMDA re
ceptor model in the antagonist state. Their favored con
formations are characterized by the gauche (-) confor
mation for torsion r2 of 25 and torsion r4 of 26 (Figure 1). 
As a result of the extensive conformational space search, 
multifitting, and energy minimization techniques described 
in this paper we favor, however, the trans (or anti) con
formation for torsion r2 of 25 as that of the bioactive 
conformation. Our studies include, but are not limited to, 
the analogues of AP5 and AP7 studied by Hutchison et 
al.1 Moreover, since it is possible to find excellent su-
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perimpositions of the three central atoms N, C, and P of 
26 with those of 25, only one location is found for the 
phosphorus atom, and not two as in ref 1. This allows the 
formulation of a generalized model for the antagonist state 
of the NMDA receptor as shown in Figure 3. As can be 
seen in that figure, the interatomic distances between the 
pair of central atoms N-C' (2.28 A) and the pair P-C' (6.66 
A) compare rather well to those of Hutchison et al. (2.47 
and 6.70 A, respectively; for P-C' we take an average of 
their PI and P2). In addition, it is not necessary to try 
to interpret some affinity results from binding studies of 
NMDA receptors by making recourse of twist-boat con
formations for the trans stereoisomers of the analogue 
compounds studied, since the formulation of our model 
incorporates these in their chair conformations. The 
computation of the molecular surfaces, and their visuali
zation by molecular graphics (Figure 4), gives a quantita
tive picture concerning the steric hindrances present in the 
receptor protein, such as the one in front of the amino 
group (and already described by Hutchison et al.1) and the 
new one extending from the carboxylate to the phospho-
nate groups along the P-C„ molecular surface profile of 
the pharmacophore (Figure 4c). 

Conclusion 
In this study, compounds endowed with interesting an

tagonist properties such as l(m) have been obtained by 
the insertion of a phenyl ring between the two acidic 
functions present in phosphono containing NMDA an
tagonists. Using previously described and newly syn
thesized compounds, a model for the NMDA receptor 
antagonist recognition site has been proposed. In this 
model, which is subject to the validity of the used mo
lecular mechanics force field, the active molecules 25 and 
28 are in an extended conformation, whereas 24, 27, and 
26 are in a folded conformation. They present together 
excluded volumes (Figure 4c in green) (i) around the amino 
group and (ii) extending from the carboxylic to the 
phosphonic acid moieties. This latter corresponds to a 
zone of negative electrostatic potential (Figure 4d in red 
color). Conversely, there are also several potential sites 
where hydrophobic substituents can be introduced onto 
the ring for instance to increase the bioavailability of the 
antagonists. 

The proposed pharmacophore model gives the electro
static, geometric, and stereochemical features of the lig-
and/receptor cavity, illustrating its topographic and 
electrostatic complementarity. Using these features for 
predicting binding properties of NMDA antagonists, more 
efficient and selective, competitive NMDA receptor 
blockers could be designed. 

Experimental Section 
Chemistry. (2-, 3-, and 4-cyanobenzyl bromide, ethyl N-

(diphenylmethylene)glycinate, and benzyltrimethylammonium 
hydroxide (40%) were obtained from Aldrich. Diethyl acet-
amidomalonate, 3-methylphenylacetic acid, and O-benzyl-
hydroxylamine were obtained from Janssen-Chimica. D-2-
amino-5-phosphonopentanoic acid (22) was obtained from Sig-
ma-Chimie. All the other reagents and solvents (Normapur label) 
were obtained from Prolabo. Methyl 3-methylphenylacetate was 
synthesized from 3-methylphenylacetic acid by a classical es-
terification method. Melting points of the crystallized compounds 
were taken on an electrothermal melting point apparatus and are 
uncorrected. Chromatography was carried out with Merck silica 
gel (230-400 mesh). TLC was performed on precoated silica gel 
plates (60F-254,0.2 mm thick, Merck) with the following solvent 
systems (v/v): A, CH2Cl2-MeOH (9:1); B, cyclohexane-EtOAc-
MeOH (6:4:0.4); C, 2-propanol-NH4OH (28%) (6:4); D, 2-
propanol-NH4OH (28%) (7:3); E, hexane-EtOAc (9:1); F, 
CH2C12-Et20 (9:1); G, CHCl3-MeOH-H20-AcOH-EtOAc 
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(7:3:0.6:0.3:10.9); H, CH2Cl2-MeOH (95:5): I, CH2C12; J, cyclo-
hexane-EtOAc (1:1); K, CHCl3-MeOH (8:2). 

Plates were developed with UV light, iodine vapor, or ninhydrin. 
The structure of the compounds was confirmed by XH NMR 
spectroscopy (Bruker WH, 270 MHz). Mass spectra were recorded 
using a double-focusing VG 70-250 SEQ instrument. Elementary 
analysis (C, H, N) were in agreement with theoretical values. 

The following abbreviations are used: THF, tetrahydrofuran; 
B0C2O, di-tert-butyl dicarbonate. Other abbreviations used are 
those recommended by the IUPAC-IUB commission (Biochem. 
J. 1984, 219, 345). 

Diethyl (3-Cyanobenzyl)acetamidomalonate [7(m)]. 
Procedure A. To a solution of Na (2.60 g, 113 mmol), in EtOH 
(150 mmol), were added successively diethyl acetamidomalonate 
(22.20 g, 102 mmol) and 3-cyanobenzyl bromide (20 g, 102 mmol). 
The solution was stirred for 30 min at room temperature and the 
resulting precipitate was collected by filtration and washed twice 
with water. 7(m) was obtained as a white solid (30.85 g, 91% 
yield): R, (A) 0.70; XH NMR (DMSO-d6) 6 1.12 (t, 6 H, 2 
OCHaCHs), 1.90 (s, 3 H, CH3CO), 3.43 (s, 2 H, PhCtf2C), 4.11 (q, 
4 H, 2 OCtf2CH3), 7.26-7.73 (m, 4 H, aromatic protons), 8.17 (s, 
1H, NH). Anal. (CHHMNA) C, H, N. 

Diethyl (2-Cyanobenzyl)acetamidomalonate [7(o)] and 
Diethyl (4-Cyanobenzyl)acetamidomalonate [7(p)]. Com
pound 7(o) was synthesized via procedure A (stirred overnight) 
from 2-cyanobenzyl bromide in 95% yield. 7(o): Rf (A) 0.70; XH 
NMR (DMSO-d6) b 1.12 (t, 6 H, 2 OCH2CJ73), 1.91 (s, 3 H, 
CH3CO), 3.57 (s, 2 H, PhC#2C), 4.10 (q, 4 H, 2 OCtf2CH3), 
7.11-7.78 (m, 4 H, aromatic protons), 8.20 (s, 1 H, NH). Anal. 
(CnHa^Os) C, H, N. Compound 7(p) was obtained as previously 
described,38 R, (A) 0.70. 

Diethyl [3-(Aminomethyl)benzyl]acetamidomalonate [8-
(m)]. Procedure B. To a suspension of 10% Pd on charcoal 
(3.60 g) in EtOH (40 mL), saturated with hydrogen, was added 
a solution of 7(m) (16.4 g, 49.4 mmol) in CHC13 (200 mL), EtOH 
(100 mL), and concentrated HC1 (15 mL). The resulting mixture 
was stirred at room temperature for 24 h. After filtration and 
evaporation of the solvent, the residue was taken up in water (200 
mL) and the unreacted material was filtered. Evaporation of the 
filtrate gave 8(m) (11.22 g, 68% yield) as a white solid: R, (A) 
0.15; XH NMR (DMSO-d6) 5 1.13 (t, 6 H, 2 OCH2Ctf3), 1.94 (s, 
3 H, CH3CO), 3.40 (s, 2 H, PhCtf2C), 3.93 (s, 2 H, PhCH2N), 4.12 
(q, 4 H, 2 OCiJ2CH3), 6.92-7.37 (m, 4 H, aromatic protons), 7.90 
(s, 1 H, NH), 8.87 (brs, 3 H, NH3

+). Anal. (C17H24N205-HC1) C, 
H, N. 

Diethyl [2-(Aminomethyl)benzyl]acetamidomalonate [8-
(o)] and Diethyl [4-(Aminomethyl)benzyl]acetamido-
malonate [8(p)]. These compounds were synthesized via pro
cedure B from 7(o) and 7(p), respectively, in 61% and 75% yields. 
8(0): Rf (A) 0.20; >H NMR (DMSO-dg) & 1.13 (t, 6 H, 2 OCH2CH£, 
1.89 (s, 3 H, CH3CO), 3.50 (s, 2 H, PhCff2C), 3.82 (d, 2 H, 
PhCJf2N), 4.11 (q, 4 H, 2 OC*72CH3), 6.94-7.55 (m, 4 H, aromatic 
protons), 8.18 (s, 1 H, NH), 8.26 (brs, 3 H, NH3

+). Anal. (C17-
H^NA-HCl) C, H, N. 8(p): Rf (A) 0.10. Physical data are in 
accordance with the literature.35 

Diethyl [3-(Hydroxymethyl)benzyl]acetamidomalonate 
[9(m)]. Procedure C. A solution of compound 8(m) (9.0 g, 24.16 
mmol) in water (150 mL) was adjusted to pH 6 with 10% NaOH 
and then NaN02 (2.33 g, 33.76 mmol) was added and the reaction 
mixture was refluxed for 5 h, cooled, and extracted with EtOAc 
(4 X 100 mL). The organic extracts were washed with 1 M HC1 
(20 mL), water (20 mL), 5% NaHC03, (20 mL), water (20 mL), 
and brine (20 mL) and dried over Na2S04. Evaporation of the 
solvent gave 9(m) as a white solid (7.90 g, 97% yield): Rf (A) 0.47; 
lH NMR (DMSO-d6) 8 1.12 (t, 6 H, 2 OCH2Cff3), 1.90 (s, 3 H, 
CH3CO), 3.37 (s, 2 H, PhCtf2C), 4.12 (q, 4 H, 2 OCif2CH3), 4.39 
(d, 2 H, PhCJJ20), 5.07 (t, 1 H, OH), 6.72-7.22 (m, 4 H, aromatic 
protons), 7.92 (s, 1 H, NH). Anal. (C^H^NO,,) C, H, N. 

Diethyl [2-(Hydroxymethyl)benzyl]acetamidomalonate 
[9(o)] and Diethyl [4-(Hydroxymethyl)benzyl]acetamido-
malonate [9(p)]. These compounds were synthesized via pro
cedure C from 8(0) and 8(p), respectively, in 89% and 78% yields. 
9(o): Rf (A) 0.47; »H NMR (DMSO-de) 61.09 (t, 6 H, 2 OCH&HJ, 
1.87 (s, 3 H, CH3CO), 3.43 (s, 2 H, PhCff2C), 4.08 (q, 4 H, 2 
OCH2CH3), 4.32 (d, 2 H, PhCH20), 4.98 (t, 1 H, OH), 6.83-7.41 
(m, 4 H, aromatic protons), 8.09 (s, 1 H, NH). Anal. (C^HasNOe) 
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C, H, N. 9(p): Rf (A) 0.47. Physical data are in accordance with 
the literature.35 

Diethyl [3-(Chloromethyl)benzyl]acetamidomalonate 
[10(m)]. Procedure D. A solution of compound 9(m) (7.85 g, 
23.3 mmol) and thionyl chloride (34 mL, 46.6 mmol) in CH2C12 
(200 mL) was refluxed for 20 h and concentrated to dryness. The 
residue was washed twice with Et^O to give a white solid 10(m) 
(8.05 g, 97% yield): Rf (B) 0.36; JH NMR (DMSO-d6) S 1.13 (t, 
6 H, 2 OCHjCifs), 1.91 (s, 3 H, CH3CO), 3.40 (s, 2 H, PhGff2C), 
4.12 (q, 4 H, 2 OGffjCHs), 4.67 (s, 2 H, PhCtf2Cl), 6.85-7.33 (m, 
4 H, aromatic protons), 7.99 (s, 1 H, NH). Anal. (C17H2sN06Cl) 
C, H, N. 

Diethyl [2-(Chloromethyl)benzyl]acetamidomalonate 
[10(o)] and Diethyl [4-(Chloromethyl)benzyl]acetamido-
malonate [10(p)]. These compounds were synthesized via 
procedure D from 9(o) and 9(p), respectively, in 90% and 95% 
yields. 10(o): Rf (B) 0.37; >H NMR (DMSO-d6) « 1.12 (t, 6 H, 
2 OCH2Ctf3), 1.88 (s, 3 H, CH3CO), 3.55 (s, 2 H, PhCH2C), 4.12 
(q, 4 H, 2 OCtf2CH3), 4.54 (s, 2 H, PhCH2Cl), 6.93-7.44 (m, 4 H, 
aromatic protons), 8.21 (s, 1 H, NH). Anal. (C17H22N06C1) C, 
H, N. 10(p): Rj (B) 0.35. Physical data are in accordance with 
the literature.3* 

Diethyl [3-[(Diethoxyphosphinyl)methyl]benzyl]acet-
amidomalonate [ll(m)]. Procedure E. Compound 10(m) (2.5 
g, 7.03 mmol) was dissolved in triethyl phosphite (20 mL), refluxed 
overnight, and concentrated to dryness. Flash chromatography 
of the residue on silica gel with cyclohexane-EtOAc-MeOH 
(6:4:0.4) gave ll(m) as a white solid (2.51 g, 78% yield): mp 93-95 
°C (lit.33 mp 92-93 °C); R, (B) 0.13; XH NMR (DMSO-d6) & 1.12 
(m, 12 H, 4 OCH2Cff3), 1.92 (s, 3 H, CH3CO), 3.06 and 3.16 (s, 
2 H, PhCtf2P), 3.35 (s, 2 H, PhCtf2C), 3.88 (m, 4 H, P-
(OCff2CH3)2), 4.12 (q, 4 H, 2 OCtf2CH3), 6.74-7.21 (m, 4 H, 
aromatic protons), 7.87 (s, 1H, NH). Anal. (C21H32NOgP) C, H, 
N. 

Diethyl [2-[(Diethoxyphosphinyl)methyl]benzyl]acet-
amidomalonate [U(o) ] and Diethyl [4-[(Diethoxy-
phosphinyl)methyl]benzyl]acetamidomalonate [ l l (p ) ] . 
These compounds were synthesized via procedure E from 10(o) 
and 10(p), respectively, in 65% and 82% yields. ll(o): Rf (B) 
0.16; lH NMR (DMSO-d6) 6 1.11 (m, 12 H, 4 OCH2Ctf3), 1.87 (s, 
3 H, CH3CO), 3.02 and 3.10 (s, 2 H, PhCtf2P), 3.52 (s, 2 H, 
PhCff2C), 3.83 (m, 4 H, P(OCfJ2CH3)2), 4.10 (q, 4 H, 2 OCH2CH^), 
6.85-7.25 (m, 4 H, aromatic protons), 8.09 (s, 1 H, NH). Anal. 
(C^HJBNOSP) C, H, N. ll(p): mp 115 °C (lit.33 mp 95-96 °C); 
Rf (B) 0.10. Physical data are in accordance with the literature.35 

3-(Phosphonomethyl)-DL-phenylalanine [l(m)]. Procedure 
F. Compound ll(m) (563 mg, 1.23 mmol) in 9 M HC1 (20 mL) 
was refluxed overnight and concentrated to dryness. Flash 
chromatography of the residue on silica gel with 2-propanol-
NH4OH (28%) (6:4) as eluent gave l(m) as a white solid (309.4 
mg, 85% yield): R, (C) 0.10; JH NMR (D20) S 3.09 and 3.17 (s, 
2 H, PhCH2P), 3.09 and 3.17 (s, 2 H, PhC#2CH), 4.12 (dd, 1 H, 
CH), 7.27-7.52 (m, 4 H, aromatic protons); FB+ (MH+) calcd, 296; 
found, 296. Anal. (CIOHMNOBP-HC1) C, H, N. 

2-(Phosphonomethyl)-DL-phenylalanine [l(o)] and 4-
(Phosphonomethyl)-DL-phenylalanine [l(p)]. These com
pounds were synthesized via procedure F from ll(o) and U(p), 
respectively, in 91% and 80% yields. l(o): Rf (C) 0.12; XH NMR 
(D20) 6 3.03 and 3.10 (s, 2 H, PhCif2P), 3.24 and 3.42 (dd, 2 H, 
PhCZf2CH), 4.03 (dd, 1 H, CH), 7.21-7.42 (m, 4 H, aromatic 
protons). Anal. (C10H14NO5P-HCl) C, H, N. l(p): fy(C) 0.08. 
Physical data are in accordance with the literature. 

3-(Sulfomethyl)-DL-phenylalanine [2(m)]. Procedure G. 
A solution of compound 10(m) (500 g, 1.41 mmol) and Na^C^ 
(1.0 g, 7.9 mmol) in water (50 mL) was refluxed for 2 h and 
acidified with 9 M HC1 (30 mL). The reaction mixture was 
still-heated overnight and concentrated to dryness. Flash chro
matography of the residue on silica gel with 2-propanol-NHtOH 
(28%) (7:3) as eluent gave 2(m) as a white solid (273 mg, 61% 
yield): R, (D) 0.24; XH NMR (D20) d 3.20 and 3.47 (dd, 2 H, 
PhC#2CH), 4.12 (dd, 1 H, CH), 4.31 (s, 2 H, PhCffaS), 7.41-7.60 
(m, 4 H, aromatic protons); FB+ (MH+ - CI - Na) calcd, 260; 
found, 260. 

2-(Sulfomethyl)-DL-phenylalanine [2(o)] and 4-(Sulfo-
methyl)-DL-phenylalanine [2(p)]. These compounds were 
synthesized via procedure G from 10(o) and 10(p), respectively, 

in 61% yields. 2(o): R, (D) 0.24; XH NMR (D20)« 3.37 and 3.57 
(dd, 2 H, PhCH2CH), 4.15 (dd, 1H, CH), 4.42 (s, 2 H, PhCtf2S), 
7.43-7.62 (m, 4 H, aromatic protons). 2(p): Rf (D) 0.24; >H NMR 
(D20) « 3.22 and 3.48 (dd, 2 H, PhCif2CH), 4.13 (dd, 1 H, CH), 
4.32 (s, 2 H, PhCff2S), 7.45-7.57 (2 d, 4 H, aromatic protons). 

0-[3-(Phosphonomethyl)cyclohexyl]-DL-alanine [5(3)]. 
Procedure H. To a suspension of P t0 2 (30 mg) in 80% AcOH 
(10 mL), saturated with hydrogen, was added a solution of l(m) 
(50 mg, 0.169 mmol) in 80% AcOH (10 mL). The resulting 
mixture was stirred at room temperature for 2 days. After fil
tration and evaporation of the solvent and flash chromatography 
of the residue on silica gel with 2-propanol-NH4OH (28%) (6:4) 
as eluent, 5(3) was obtained quantitatively (51 mg) as a white solid: 
Rf (C) 0.12; XH NMR (D20) S 0.65-2.30 (m, 14 H, CHCif2-cttc-
CtfjP), 3.70 (m, 1H, CH); FB+ (MH+ - CI) calcd, 266; found, 266. 
Anal. (CjoHjioNOgP-HCl) C, H, N. 

/3-[2-(Phosphonomethyl)cyclohexyl]-DL-alanine [5(2)], 
0-[4-(Phosphonomethyl)cyclohexyl]-DL-alanine [5(4)], 0-
[3-(Sulfomethyl)cyclohexyl]-DL-alanine [6(3)], 0-[2-(Sulfo-
methyl)cyclohexyl-DL-alanine [6(2)], and £-[4-(Sulfo-
methyl)cyclohexyl]-DL-alanine [6(4)]. These compounds were 
synthesized via procedure H from l(o), l(p), 2(m), 2(o), and 2(p), 
respectively, in 88%, 64%, 100%, and 50% yields. 5(2): Rf (C) 
0.15; XH NMR (D20) 6 0.90-2.85 (m, 14 H, CHCff2-cffx-CH2P), 
3.75 (m, 1 H, CH). Anal. (CxoHjoNOsP-HCl) C, H, N. 5(4): R, 
(C) 0.10; lH NMR (D20) 51.0-2.12 (m, 14 H, CHCHrcHx-CHP), 
3.87 (m, 1 H, CH). Anal. (CUHZONOBP-HCI) C, H, N. 6(3): Rf 

(D) 0.29; XH NMR (D20) 6 0.70-2.40 (m, 12 H, CHCHrcHx), 3.0 
(m, 2 H, CH2S), 3.70 (m, 1 H, CH); FB+ (MH+ - CI - Na) calcd, 
266; found, 266. 6(2): Rf (D) 0.29; XH NMR (D20) « 1.0-2.30 (m, 
12 H, CHCff2-cHx), 3.0 (m, 2 H, CHJJS), 3.75 (m, 1 H, CH). 6(4): 
Rf (D) 0.29; XH NMR (D20) 6 1.08-2.33 (m, 12 H, CHCHrcHx), 
2.97 and 3.08 (d, 2 H, CH2S), 3.88 (m, 1 H, CH). 

Methyl 3-(Bromomethyl)phenylacetate (12). Procedure 
I. To a solution of methyl 3-methylphenylacetate (3.20 g, 19.2 
mmol) in CC14 (166 mL) was added JV-bromosuccinimide (3.47 
g, 19.2 mmol) and dibenzoyl peroxide (100 mg) and was refluxed 
overnight Hot filtration of succinimide, evaporation of the filtrate, 
and flash chromatography of the residue on silica gel with hex-
ane-EtjO (9:1) as eluent gave 12 (2.37 g, 50% yield) as an oil: Rf 

(E) 0.14; XH NMR (DMSO-d6) 8 3.57 and 3.67 (s, 5 H, 
C H J C O J C H ^ , 4.65 (s, 2 H, PhCtfaBr), 7.08-7.35 (m, 4 H, aromatic 
protons). Anal. (C10HuO2Br) C, H. 

Benzyl 3-(Bromomethyl)phenylacetate (13). From 3-
methylphenylacetic acid (5 g, 33.3 mmol) and N-bromosuccinimide 
(5.92 g, 33.3 mmol) was obtained 11.5 g of crude 3-(bromo-
methyDphenylacetic acid via procedure I. Esterification of this 
compound by benzyl alcohol was performed by using the proce
dure of Ziegler and Berger.66 Flash chromatography of the residue 
on silica gel with hexane-Et20 (9:1) as eluent gave 13 (3.5 g, 50% 
yield) as an oil: R, (E) 0.16; lH NMR (DMSO-d6) & 3.70 (s, 2 H, 
PhCH2C), 4.64 (s, 2 H, PhCiJjBr), 5.07 (s, 2 H, OCJJjPh), 7.12-7.42 
(m, 9 H, aromatic protons). Anal. (C16H1802Br) C, H. 

Ethyl JV-(Diphenylmethylene)-3-[(carbomethoxy)-
methyl]-DL-phenylalaninate (14). Procedure J. To a cold 
(10 °C) stirring solution of methyl 3-(bromomethyl)phenylacetate 
12 (972.4 mg, 4 mmol), ethyl N-(diphenylmethylene)glycinate (1.17 
g, 4.4 mmol), and potassium iodide (73 mg, 0.44 mmol) in dioxane 
(35 mL) was added dropwise over 45 min benzyltrimethyl-
ammonium hydroxide (1.57 mL, 40% aqueous). The reaction 
mixture was then brought to room temperature and stirred for 
an additional 3 h. After cooling at 0 °C, water (30 mL) was added 
and the mixture was extracted with toluene (6 X 50 mL). The 
organic extracts were washed with water (20 mL) and dried over 
MgS04. Evaporation of the solvent gave 14 quantitatively (1.72 
g) as a yellow oil, which was not further purified: Rf (F) 0.77; XH 
NMR (DMSO-d6) b 1.12 (t, 3 H, OCH2C#3), 2.97 and 3.09 (dd, 
2 H, PhCH2CH), 3.44 and 3.49 (s, 5 H, CH2C02CH3), 4.02 (m, 3 
H, CHC02CH2), 6.42-7.87 (m, 14 H, aromatic protons). 

Ethyl JV-(Diphenylmethylene)-3-[(carbobenzoxy)-
methyl]-DL-phenylalaninate (15). This compound was syn
thesized via procedure J. From compound 13 (3.5 g, 10.96 mmol) 

(55) Ziegler, F. E.; Berger, G. D. A mild method for the esterifica
tion of fatty acids. Synth. Commun. 1979, 9, 539-543. 
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and ethyl iV-(diphenylmethylene)glycinate (3.22 g, 12.06 mmol) 
was obtained a yellow oil 15 quantitatively (5.64 g) which was not 
further purified: R, (F) 0.80; lH NMR (DMSO-ds) 6 1.10 (t, 3 
H, OCH2CJJ3), 2.88-3.20 (m, 2 H, PhCff2CH), 3.56 (s, 2 H, 
PhCff2C), 3.95-4.17 (m, 3 H, CHCOzCHj), 5.07 (s, 2 H, OCtf2Ph), 
6.44-7.79 (m, 19 H, aromatic protons). 

3-(Carboxymethyl)-DL-phenylalanine [3(m)]. Compound 
14 (1.72 g, 4 mmol) was dissolved in ether (12 mL) and 1 M HC1 
(12 mL) and stirred for 2 h at room temperature. The ethereal 
phase was then separated and the aqueous layer was concentrated 
to dryness in vacuo. HC1 (6 M, 12 mL) was then added, refluxed 
for 5 h, and evaporated. The residue was concentrated twice from 
water to give a foam, which was dissolved in EtOH (6 mL) and 
treated with propylene oxide (2 mL). A fine white precipitate 
3(m) was collected by filtration, washed successively with EtOH 
(2 X 5 mL) and EtjO (5 mL), and dried in vacuo (223 mg, 25% 
yield): mp 236-238 °C dec; Rf (G) 0.14; XH NMR (D20) 6 2.80 
and 3.02 (dd, 2 H, PhCff2CH), 3.45 (s, 2 H, PhCtf2C02H), 3.73 
(m, 1 H, CH), 6.85-7.27 (m, 4 H, aromatic protons); FB+ (MH+) 
calcd, 224; found, 224. Anal. (CnH13N04) C, H, N. 

Ethyl 3-[(Carbobenzoxy)methyl]-DL-phenyla1aninate (16). 
Compound 15 (5.54 g, 10.96 mmol) was dissolved in Et̂ O (35 mL) 
and 1 M HC1 (35 mL) and stirred for 2 h at room temperature. 
The ethereal phase was then separated; the aqueous layer was 
made alkaline with 10% NaHC03 and extracted with CH2C12 (7 
X 50 mL). The organic extracts were dried over MgS04 and 
evaporated in vacuo to yield a yellow oil, 16 (1.5 g, 40% yield), 
which was not further purified: R, (H) 0.29; *H NMR (DMSO-de) 
6 1.04 (t, 3 H, OCH2Ctf3), 2.0 (brs, 2 H, NH2), 2.73 (m, 2 H, 
PhCH2CH), 3.46 (m, 1 H, CH), 3.64 (s, 2 H, PhCtf2C), 3.96 (q, 
2 H, OCtf2CH3), 5.04 (s, 2 H, OCif2Ph), 6.88-7.51 (m, 9 H, aro
matic protons). 

Ethyl JV-(tert-Butyloxycarbonyl)-3-[(carbobenzoxy)-
methyl]-DL-phenylalaninate (17). To a cold (0 °C) stirring 
solution of the preceding compound 16 (1.5 g, 4.39 mmol) in THF 
(75 mL) was added BocaO (1.72 g, 7.87 mmol). After 1 h at 0 °C 
and 2 h at room temperature, the THF was added and the mixture 
was extracted with CH2C12 (3 X 50 mL). The organic extracts 
were dried over MgS04 and evaporated. Flash chromatography 
of the residue on silica gel with CH2C12 as eluent gave 17 (900 
mg, 46% yield) as a colorless oil: Rf (I) 0.14; >H NMR (DMSO-de) 
b 1.05 (t, 3 H, OCH2C#3), 1.27 (s, 9 H, C(CH3)3), 2.68-2.95 (m, 
2 H, PhCHjCH), 3.65 (s, PhCff2C), 4.0 (m, 3 H, CHCOjCHj), 5.06 
(8, 2 H, OCJf2Ph), 6.93-7.50 (m, 10 H, aromatic protons, NH). 
Anal. (C26H31N06) C, H, N. 

Ethyl JV-( tert -Butyloxycarbonyl)-3-(carboxymethyl)-DL-
phenylalaninate (18). Procedure K. To a suspension of 10% 
Pd on charcoal (100 mg) in MeOH (4 mL), saturated with hy
drogen, was added 17 (720 mg, 1.63 mmol) in MeOH (4 mL). The 
mixture was stirred for 1 h at room temperature. After filtration 
and evaporation of the solvent, 18 was obtained quantitatively 
(573 mg) as a colorless oU: Rf (H) 0.24; lK NMR (DMSO-d6) & 
1.05 (t, 3 H, OCHijCffa), 1.28 (s, 9 H, CtCH^a), 2.79 and 2.87 (dd, 
2 H, PHCffjCH), 3.46 (s, 2 H, PhCff2C), 3.91-4.10 (m, 3 H, 
CHC02CH2), 6.96-7.29 (m, 10 H, aromatic protons, NH). Anal. 
(dgHasNOe) C, H, N. 

Ethyl JV-(tert-Butyloxycarbonyl)-3-[[JV'-(benzyloxy)-
carbamoyl]methyl]-DL-phenylalaninate (19). To a cold (0 °C) 
stirring solution of the preceding compound 18 (573 mg, 1.63 
mmol) in THF (2 mL) were added 1-hydroxybenzotriazole (250 
mg, 1.63 mmol) in THF (3 mL) and dicyclohexylcarbodiimide (367 
mg, 1.79 mmol) in THF (2 mL). After being stirred for 3 h at 
room temperature, the reaction mixture was recooled to 0 °C and 
a solution of O-benzylhydroxylamine hydrochloride (260 mg, 1.63 
mmol) and E^N (1.63 mmol, 0.23 mL) in CHC13 (2 mL) was 
added. The resulting mixture was stirred for 1 h at 0 °C and then 
at room temperature overnight. After filtration of dicyclo-
hexylurea (DCU) and evaporation of the solvents, the residue was 
dissolved in EtOAc and washed successively with water (6 mL), 
10% citric acid (2X6 mL), water (6 mL), 10% NaHC03 ( 2 x 6 
mL), water (6 mL), and finally, saturated NaCl (6 mL). The 
organic layer was dried over Na2S04 and evaporated in vacuo. 
Flash chromatography of the residue on silica gel with cyclo-
hexane-EtOAc (1:1) as eluent gave 19 (605 mg, 81% yield) as a 
colorless oil: R, (J) 0.23; lH NMR (DMSO-d„) 6 1.05 (t, 3 H, 
OCH2Cff3), 1.29 (s, 9 H, C(CH3)3), 2.81 and 2.90 (dd, 2 H, 

PhCH2CH), 3.22 (s, 2 H, PhCH2C), 4.03 (m, 3 H, CHC02CH2), 
4.76 (s, 2 H, OCH2Ph), 6.90-7.42 (m, 10 H, aromatic protons, 
NHCK), 11.19 (s, 1 H, NHO). Anal. ( C ^ N A ) C, H, N. 

iV-(tert-Butyloxycarbonyl)-3-[[iV'-(benzyloxy)carbamo-
yl]methyl]-DL-phenylalanine (20). To a solution of the pre
ceding compound 19 (600 mg, 1.31 mmol) in EtOH (5 mL) and 
water (1.25 mL), cooled to 0 °C, was slowly added 1 N aqueous 
NaOH (1.44 mL, 1.1 equiv). After 15 min at 0 °C and room 
temperature overnight, EtOH was evaporated. The residue was 
dissolved in water (10 mL), washed with EtOAc (5 mL), and then 
acidified carefully to pH 2 with 1 M HC1 and extracted with 
EtOAc (3X7 mL). The organic layer was dried over Na^SO* and 
evaporated in vacuo. Flash chromatography of the residue on 
silica gel with CHCl3-MeOH (8:2) as eluent gave a white solid 
(562 mg, 100% yield): mp 184 °C; R, (K) 0.23; JH NMR 
(DMSO-d6) « 1.27 (s, 9 H, C(CH3)3), 2.83 and 3.03 (dd, 2 H, 
PhCff2CH), 3.18 (s, 2 H, PhCtf2C), 3.89 (m, 1 H, CH), 4.73 (s, 
2 H, OCffjPh), 6.05 (s, 1H, BocNH), 6.84-7.50 (m, 9 H, aromatic 
protons), 11.26 (s, 1 H, NHO). Anal. (C^H^NA) C, H, N. 

3-[[JV'-(Benzyloxy)carbamoyl]methyl]-DL-phenylalanine 
Hydrochloride (21). The preceding compound 20 (280 mg, 0.65 
mmol) was dissolved in 3 M HC1 in EtOAc (2 mL) at room 
temperature and stirred for 30 min.66 A white solid was collected 
by filtration and washed with EtOAc (216 mg, 91% yield): mp 
222-224 °C dec; Rf (L) 0.17; »H NMR (DMSO-d6) 5 3.08 (m, 2 
H, PhCff2CH), 3.25 (s, 2 H, PhCH2C), 4.06 (m, 1 H, CH), 4.74 
(s, 2 H, OCff2Ph), 6.97-7.48 (m, 9 H, aromatic protons), 8.48 (s, 
3 H, NH3

+), 11.35 (s, 1 H, NHO). 
3-[(iV'-Hydroxy carbamoyl)methyl]-DL-phenylalanine Hy

drochloride [4(m)]. This compound was obtained via procedure 
K. From the preceding compound 21 (211 mg, 0.58 mmol) was 
obtained a pale pink solid quantitatively (158 mg): XH NMR 
(DMSO-d6) 6 3.05 (d, 2 H, PhCH2CH), 3.24 (s, 2 H, PhCff2C), 
4.02 (t, 1H, CH), 7.03-7.27 (m, 4 H, aromatic protons), 8.40 (bra, 
3 H, NH3

+), 8.79 (s, 1 H, OH), 10.65 (s, 1 H, NHO); FB+ (MH+ 
- CI) calcd, 239; found, 239. 

Electrophysiology. The methods were those described by 
Henderson et al.67 All experiments were performed on primary 
cultures of cortical neurons taken from 15- or 16-day-old mouse 
embryos. The responses to N-methyl-D-aspartic acid (NMDA) 
were studied using the whole cell configuration of the patch-clamp 
method. The recording pipet was filled with (in mM): CsF, 140; 
EGTA, 10; CaCl2,1; HEPES, 10 (pH 7.2). 

The extracellular solution contained (in mM) NaCl, 140; KC1, 
2.8; CaCl2,1; HEPES, 10, to which were added tetrodotoxin (0.2 
mM) and glycine (1 nM). NMDA (obtained from Cambridge 
Research Biochemicals) was applied in most experiments at a 
concentration of 10 nM, using a three-barrel fast-perfusion system. 
The membrane potential was held at -50 mV. 

Molecular Modeling. The topographical and electrostatic 
characterization of the NMDA pharmacophore was performed 
using the following steps: (i) Models of compounds 25, 24, 27, 
and 26 in the chair conformation, and of 28, were built from the 
Tripos database using the SYBYL44 software on an Evans & 
Sutherland PS390 picture system driven by a Microvax 2000. (ii) 
Torsion angles were defined around the indicated single bonds 
for each compound (see Figure 1), and a systematic conformational 
search was performed, allowing the bonds to rotate with a chosen 
stepwise increment. Selected increments for torsions rlt T2, and 
T3 in compound 25 were 120°, 10°, and 120°, respectively; in 24 
and 26 they were T1( 120°; T2, 10°; T3, 10°; T4, 10°; and T6, 120°; 
in 27 they were rlt 120°; T2, 10°; T3, 10°; and T4, 120°; and in 28 
they were rlt 120°, T2, 10°; T3, 10°; T4, 120°. (iii) Evaluation of 
the internal energy and geometry optimization for all generated 
conformers were achieved using the molecular mechanics empirical 
Tripos force field49,68"61 including the electrostatic term. However, 

(56) Stahl, G. L.; Walter, R.; Smith, C. W. General procedure for 
the synthesis of mono-N-acylated 1,6-diaminohexanes. J. Org. 
Chem. 1978, 43, 2285-2286. 
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chanics calculations. Comput. Chem. 1977,1, 225-233. 
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the bonds Pfsp^-Ctep2) and S(sp3)-0(sp3) are not defined in this 
force field. We assigned the values for the corresponding 
stretching, bending, and torsional force constants by using an 
iterative minimization procedure in which the values for the force 
constants were adjusted so as to reproduce the crystallographic 
structures of related molecules (values available upon request), 
(iv) A multimolecule structural fitting was done by using the 
MAXIMIN MULTOTT option of SYBYL. The MULTIFIT program 
performs a flexible fit between two or more molecules by selecting 
the atoms to be fitted. The fit is done by minimization of an 
energy expression that contains additional spring constants (20 
kcal/mol A2) between the fitted points, thus forcing atoms of 
different molecules to occupy the same place, while the geometry 

(59) Motoc, I.; Dammkoehler, R. A.; Mayer, D.; Labanowski, J. 
Three-dimensional quantitative structure-activity relation
ships. I. General approach to the pharmacophore model va
lidation. Quant. Struct.-Act. Relat. 1986, 5, 99-105. 

(60) Labanowski, J.; Motoc, I.; Naylor, C. B.; Mayer, D.; Dammk
oehler, R. A Three-dimensional quantitative structure-activity 
relationships. 2. Conformational mimicry and topographical 
similarity of flexible molecules. Quant. Struct.-Act. Relat. 
1986, 5, 138-152. 

(61) Vinter, J. G.; Davis, A.; Saunders, M. R. Strategic approaches 
to drug design. I. An integrated software framework for mo
lecular modelling. J. Comput.-Aided Mol. Des. Res. 1987,1, 
31-51. 

Introduction 
The renin-angiotensin system (RAS) has long been a 

target of the medicinal chemist for the treatment of hy
pertension in man.1 The first event in this cascade is the 
cleavage of angiotensinogen by the aspartic proteinase 
renin to yield the decapeptide angiotensin I (AI). AI is 
then transformed by angiotensin converting enzyme (ACE) 
to produce the extremely potent vasoconstrictor angiot
ensin II (All). Inhibitors of ACE are effective agents for 
treatment of hypertension and congestive heart failure.2-4 

More recently, selective All receptor antagonists have been 
reported that may potentially be useful as antihypertensive 
agents.5 

Each point of attack for inhibition of the renin-angio
tensin system has advantages and disadvantages. For 
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of each molecule is simultaneously adjusted in order to relieve 
any strain, (v) The van der Waals surface and corresponding 
molecular volumes of the molecules were computed. Logical 
operations between volumes such as union, subtraction, and in
tersection were then performed in order to obtain certain regions 
of interest at the level of the receptor, (vi) The net atomic charges 
generating the electrostatic charge distribution of the molecules 
was obtained with the PM3 method53 of the AMPAC package, which 
resulted in atomic charge values more in line with chemical in
tuition, as compared to other methods such as MNDO. The mo
lecular electrostatic potential surfaces in the monopole-monopole 
approximation were then calculated as implemented in SYBYL 
according to the approach of Weiner et al52 and partitioned into 
three intervals as follows: -10 kcal/mol and down, from +10 to 
-10 kcal/mol, and +10 kcal/mol and up. 
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example, angiotensinogen is the only known natural sub
strate for renin. Thus, renin inhibitors may produce a 
highly selective inhibition of the RAS, leading to an im
proved side-effect profile for therapeutic agents.6,7 Nu-
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Structure-Activity Relationships of a Series of 2-Amino-4-thiazole-Containing 
Renin Inhibitors 
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A series of renin inhibitors was synthesized that contained a 2-amino-4-thiazolyl moiety at the P2 position. These 
derivatives are potent inhibitors of monkey renin in vitro and are selective in that they only weakly inhibit the closely 
related aspartic proteinase, bovine cathepsin D. Four compounds exhibited oral blood pressure lowering activity 
in high-renin normotensive monkeys. One of these compounds, 22 (PD 134672), was selected for further evaluation 
in renal hypertensive monkeys, on the basis of its superior efficacy and duration of action in the in vitro assays 
and the normotensive primate model. 
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