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EXCITATORY AMINO ACIDS: 6-PHOSPHONOMETHYLTETRAHYDRO-4-PYRIMIDINECARBOXYLIC ACIDS AND THEIR
ACYCLIC ANALOGUES ARE COMPETITIVE N-METHYL-D-ASPARTIC ACID RECEPTOR ANTAGONISTS.
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Abstract. 6-Phosphonoalkyitetrahydro-4-pyrimidinecarboxylic acids and their acyclic equivalents were determined to be
competitive N-methyl-D-aspartic acid (NMDA) receptor antagonists using a [3H]-CPP binding assay. Resuits suggest that
internal hydrogen bonding interactions may exert either a positive or negative influence on NMDA receptor affinity depending
on whether an appropriate receptor active configuration is stabilized.

Changes in homeostasis following a neuronal insult, such as increased glutamate release, can result in excitotoxicity
and uitimately in neurodegeneration and cell death .2 Excitatory amino acid neurotransmitter pathways may be important
in the etiology and progression of a number of neurological disease states including epilepsy,® cerebral ischemia and
stroke, Alzheimer's Disease, Huntington’s Disease, and others, including AIDS-induced neurodegeneration.” Antagonists
of excitatory amino ackd pathways are being studied to determine whether neuroprotective effects can be predictably
obtained and separated from the potential adverse effects that may result by interference with such critical neuronal systems.

Excitatory amino acid neurotransmitters are known to stimulate a number of subtypes of receptors that are classified
as N-methyl-D-aspartate receptors (NMDA) and non-NMDA receptors (kainate receptors, a-amino-3-hydroxy-5-
methylisoxazole-4-propionic acid (AMPA) receptors, quisqualate receptors, (1S,2R})-1-amino-1,2-cyclopentanedicarboxylic
acid (ACPD) receptors).8 The NMDA receptor has been studied intensely for a decade now but until recently details of the
molecular biology of the receptor have been lagging. However, cloning of the NMDA receptor® and/or a major glutamate-
binding subunit of the NMDA receptor complex'® are now published, Previous information about the NMDA receptor
complex was discerned from traditional biochemical and physiological methods. Kinetic analysis of whole cell voitage clamp
recordings has suggested a model of the NMDA receptor that requires the stoichiometry of two molecules of glutamate and
two molecules of glycine to bind to the NMDA receptor for activation of ion channel gating.!' The hypothesized 2:2
stoichiometry of glutamate:glycine supports a mode! of multiple conformations of a single NMDA receptor subtype.'? It has
been suggested that 2-amino-5-phosphonopentancic acid (APS)-like antagonists, such as cis-4-(phosphonomethyl)-2-
piperidinecarboxylic acid (CGS 19755), and 2-amino-7-phosphonoheptanoic acid (AP7)-like antagonists, such as 4-(3-
phosphonopropyl)2-piperazinecarboxylic acid (CPP), may have different binding domains. Different activation states of the
enzyme complex defined by the pattern of glutamate/glycine binding in a single class of NMDA receptor may present
partially overlapping recognition sites for the phosphonic acid antagonists. Alternatively, there may be two (or more)
independent classes of NMDA receptor subtypes.'®'5
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Several potent competitive NMDA antagonists have been studied to date.'®2° These have been useful for SAR and
molecular modeling, as pharmacological tools for understanding the NMDA receptor and some (CGS 19755, CPP-ene, NPC
12626, for example) are being examined in clinical trials. Novel antagonists of the NMDA receptor system are still being
designed because anticonvulsant and neuroprotective properties in vitro and in viva have been demonstrated. Competitive
NMDA receptor antagonists that are described In the literature generally have an a-amino acid group and a terminal
phosphonic acid functionality. The influence of conformational restrictions on binding kinetics was recently discussed.’
In order to further characterize the SAR of competitive NMDA antagonists, we have synthesized a novel class of inhibitors
with a tetrahydropyrimidine template, and determined their affinity to NMDA receptors using [3H]-CPP binding in rat brain
membranes.? Acyclic derivatives were also examined to describe intramolecular interactions which can either contribute
to receptor binding affinity or destabiiize the required configuration.
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Scheme 1. a. PClg (1.1 eq), AcCl, 0°C to RT, 2.5 h (74%); b. CBZCI (1.2 eq), NaHCO,, CH,Cl,/H,0, 0°C to RT, 1.5 h
(97%); ¢. CH3ONa, 0°C, 30 min (94%); d. 3 or 4, KF-Al,O4, THF, RT, 24 h (84% for 8, 37 % for 6); e. 10% Pd-C, conc.
HCI, CH,OH; Silica Gel Chromatography (EtOAC:HCOOH:H,0 = 4:1:1; 65% for 7, 55% for 8); f. 6 N HCI, 110°C, 15 h (75%
for 9, 70% for 10, 72% for 13, 75% for 14); g. ACOCH(OCH,),, DMF, RT, 24 h (71% for 11, 64% for 12).
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The syntheses of the 6-phosphonoalkyi-4-carboxytetrahydropyrimidines 11 and 12, as well as the diamino derivatives
9 and 10, are described in Scheme 1. Conversion of serine methyl ester into the a,B-unsaturated amino acid derivative 2
required three steps: replacement of the hydroxyl group with chlorine, protection of the amino group with benzyl
chioroformate to give N-benzyloxycarbonyl chioroalanine methyl ester 1, and dehydrohalogenation of the chlorine atom with
sodlum methoxide treatment to afford 2. Compound 2 was then coupled with the nitrophosphonate derivatives 322 and 424
via a Michael reaction to give the 7y -nitro amino acid derivatives 5 and 8, respectively. The most suitable catalyst for this
reaction proved to be KF-A|203,25 which gave only desired monoalkylation. Hydrogenation of the nitro intermediates 5 and
6 gave the diamino esters 7 and 8, which were hydrolyzed in refluxing 6 N HCl to provide 9 and 10.

Cyclization of the diamino functionalities of 7 and 8 provided the tetrahydropyrimidine rings of 11 and 12. Initial
efforts to cyclize the tetrahydropyrimidine rings with either trimethylorthoformate or (dimethoxy)methylene acetate employing
the crude hydrogenation products gave only traces of the desired material. When purified 9 and 10 (silica gel
chromatography with EtOAc:HCOOH:H,O = 4:1:1 as the eluant) were treated with (dimethoxy)methylene acetate in DMF,
the cyclization went cleanly to afford 11 and 12. Hydrolysis in refluxing 6 N HCI gave the desired acids 13 and 14.

The 4-hydroxy AP5 analog 16 was synthesized from N-BOC 7y -methyl tert-Butyl aspartic ester. Displacement of the
methyl ester of 16 with lithium diethyl methylphosphonate in THF at -78°C gave the 4-oxo0-5-phosphononorvaline ester 15.2
Reduction of the ketone followed by hydrolysis gave compound 18 (Scheme 2).
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Scheme 2. a. (Et0),POCH,LI (2.4 eq), THF, -78°C, 30 min (42%); b. NaBH, (1.2 eq), CHzOH, 0°C, 30 min (91%); .
6 N HCl, 110°C, 15 h (78%).

Compounds in this study were designed to examine structural features which may affect affinity at the NMDA
receptor. The 6-phosphonoalkyl-4-carboxytetrahydropyrimidines are structurally related to the reference agents CPP and
CGS 19755 in that they have the carboxylic acid group constrained within a 6-membered ring, and a terminal phosphonic
acid group. However, in this series the a-amino group is connected electronically to the other ring nitrogen (N-1), which
may affect the pKa of the a-amino group (N-3) and bonding interactions at the receptor binding site. Whether these
properties would enhance or diminish receptor affinity could not be predicted a priori.

The tetrahydropyrimidine derivatives 13 and 14 have chiral centers at C-4 and C-6, and the diastereomers (7:3
mixture by NMR) were not separable by silica gel chromatography.” Based on the reference agents CPP and CGS 19755,
we expected that the phosphonomethy! derivative 13 would have similar affinity to that of the phosphonopropyl derivative
14. However, as can be seen in Figure 1, 13 (IC,, = 5.95 uM) Is significantly less potent than 14 (IC;, = 0.42 uM). Ina
previous study with the phosphonomethylpiperazine derivative related to CPP, we saw a similar decrease in afﬂnity.28 One
explanation for the decreased affinity in the case of 13 is that an internal hydrogen bond interaction between a hydroxyl of
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the phosphonate group and N-1 of the pyrimidine can form a six member ring that stabilizes a receptor inactive
configuration. This type of interaction apparently is minimized when the side chain separating the phosphonate and the ring
system i lengthened to three carbons, and the difference in potency between 14 and 13 reflects the strength of a hydrogen
bond interaction. The amidine functionality in the tetrahydropyrimidine ring system Is slightly deleterious to receptor binding
affinity relative to the piperazine ring system, due either to a change in basicity associated with electron withdrawing
resonance of the conjugated imine,?® or perhaps to a change in ring conformation induced by the internal double bond.
Although the reasons for the reduction in potency relative to CPP are unclear, 14 is still a potent NMDA antagonist and is
quite active against glutamate-induced calcium influx in cultured neuronal colls® (data not shown).
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Figure 1. Displacement of [*H}-CPP binding by CPP, CGS 19755 and the tetrahydropyrimidines (13 and 14). IC5, values
represent determinations using means of four to fourteen individual data points taken from three to five independent
experiments. Binding to NMDA receptors in rat brain membranes were carried out using 10 nM [3H]-CPP as the radioligand
and 100 M glutamate to define non-specific binding according to previously described methods.?

Those compounds which provide a rigid template for the key interaction of the a-amino acid and the terminal
phosphonic acid group have been shown to pravide an entropic advantage over those without constraints. This Is typified
by the potent reference agents, CGS 19755, which is constrained in a piperidine ring system, ' and (E)-2-amino-4-methyl-5-
phosphono-3-pentenoate, which is constrained by its double bond."® (R)-4-Oxo-5-phosphononorvaline (MDL 100453, K; =
0.11 uM) was recently shown to have improved affinity relative to its parent, AP5 (K, = 0.17 /JM).ZS This was explained by
suggesting that enolization of the ketone provides an olefinic functionality to enhance NMDA receptor affinity in analogues
of AP5 and CPP.'®1% Data shown in Figure 2 suggest that compounds that are able to form an intemnal hydrogen bond
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coupling the a-amino group to C-4 can provide a substantial enhancement in NMDA receptor affinity. This concept suggests
that a hydroxyl functionality at C-4 may form an internal hydrogen bond with the a-amino group to give a stabilized 6-
membered ring system in a receptor-preferrad configuration. The 4-hydroxy AP5 derivative was prepared to examine
whether this is a feasible explanation since it no longer contains the enolic bond that would provide structural rigidity.
Binding results in membranes (ICg, = 0.13 uM) demonstrate that 18 has affinity comparable to the keto analogue, MDL
100453. In contrast, although the diamino derivatives 9 and 10 potentially have the abllity to form similar hydrogen bonding
interactions, they are more likely to exist as diammonium species that prefer a configuration with the diamines extended
away from one another because of charge interactions. The weak affinity of 8 (ICg, = 1.44) and 10 (IC5; = 2.27) support
this explanation. A previous resuit from our laboratory with the sulfinyl AP5 derivative 17 (IC5, = 0.24 uM) provides
additional support for this hypothesis.3' The sulfoxide oxygen may form a stable 6-membered ring hydrogen bond
interaction with the a-amino group, thus stabilizing a configuration similar to that seen in cyclic analogs. Both 18 and 17
are significantly more active than the acyclic diamines 9 and 10, have approximately the same activity as the pyrimidine
derivative 14, and have configurations that may be stabilized by an internal hydrogen bond. Our results also suggest that
differences in binding between the AP5- and AP7-like antagonists are more likely due to properties of the analogues rather
than having to invoke muitipie NMDA receptors.
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Figure 2. Displacement of [*H]-CPP binding by CPP, CGS 19755, and the acyclic derivatives (9, 10, 16 and 17). IC,,
values represent determinations using means of four to fourteen individual data points taken from three to five independent
experiments. Each data point was acquired In the presence of 10 nM [SH]~CPP. Nonspecific binding was determined in
the presence of 100 uM glutamate.
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