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ogenate (0.5 mg of protein), 0.1 mL of 3H-labeled ligand (1.0 nM 
DTLET or 1.0 nM DSLET for 6,2.0 nM DAMGO for p), and 0.1 
mL of the test compound in replicates of three. After incubation 
for 60 min at 37 OC, the reactions were terminated by rapid 
fiitration on Whatman GF/B glass-fiber filters and subsequent 
10 mL wash of ice-cold buffer. Filters were prepared for liquid 
scintillation counting. Specific binding was calculated as the 
difference in radioactivity bound in the absence and presence of 
10 pL of levorphanol. ICm values, the concentration of test 
compound that inhibited 3H-labeled ligand binding by 50%, were 
obtained by regression analysis of a log-logit transformation of 
binding data as described by Limbird.30 

Affinity for the K opioid receptor was assessed using a crude 
membrane homogenate prepared from guinea pig brain in KRH 
buffer (millimolar: HEPES, 25; NaC1,118; KC1,4.8; CaC12, 2.5; 
and MgC12, 1.2; pH adjusted to 7.4) according to the method 
described by Takemori et al.33 Test tubes containing approxi- 
mately 1 mg of protein, 4 nM of [3H]-U-69,593 (New England 
Nuclear), and enough KRH buffer to bring the final volume to 
0.5 mL were incubated at 37 OC for 60 min before the contents 
of the tubes were fiitered through Whatman GF/C fiiters which 
were presoaked in 0.3% polyethylenimine for 1 h The filters were 
washed three times with 4 mL of 5 mM Tris-HC1, pH 7.4. Ra- 
dioactivity on the filters was determined by liquid scintillation 
spectrometry. Nonspecific binding was defiied as the amount 
of binding that was not inhibited by 1 pM of (-)ethylketocycl- 
azocine. 
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3-Carboxy-3,4dehydropyrrolidine was found to bind with affinity equal to that of glycine in a [3H]strychnine binding 
assay. Simple substitution of the 1-, 2-, 4-, or 5-position resulted in marked loss of affinity. A decline in affinity 
was also found upon enlargement, contraction, or saturation of the &membered ring. However, @-proline and 
azetidine-3-carboxylic acid retained significant binding affinity. Despite its good affinity in [3H]strychnine binding, 
3-carboxy-3,4-dehydropyrrolidine showed only weak agonist activity in intracellular recordings of cultured murine 
spinal cord neurons. Thm apparent lack of correlation between binding and functional results is discussed in light 
of the current models of the strychnine-sensitive glycine receptor. 

Introduction 
The strychnine-sensitive glycine receptor is a member 

of the ligand-gated ion channel family of receptors.' 
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Within this family, it is most closely related to the GABA, 
receptor.2 Like the GABA, receptor, the glycine receptor 
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Table I. Inhibition of [3H]Strychnine Binding 

Johnson et al. 

2.8 

% inhib NaCl 
example R' R2 R3 R' ICs (PM) at 100 pM shift 

glycine 6.2 f 0.3 10.5 
@-alanine 11.6 & 2.1 5.8 
D-danine 90.9 f 6.4 
L-alanine 198.0 36 
L-proline 414.0 f 63 
D-proline 4 

1 H H H H 7.9 f 0.7 
2 CH3 H H H 31 

H H 0 
H 0 

3 H CH, 
4 H H CH3 
5 H H H CH3 40 
6 H H Ph H 0 
7 H H (CH&CH, H 10 
8 @-proline 17.2 f 1.1 
9 pyrrole-3-carboxylic acid 46 

10 azetidine-3-carboxylic acid 23.7 f 1.5 
11 isonipecotic acid 94.1 f 3.2 3.3 
12 ~,~-3,4-dehydroproline 242.0 f 4 
13 ~-3,4-dehydroproline 34 (1 mM) 
14 ~-azetidine-2-carboxylic acid 399.0 f 41 
15 isoguvacine 694.0 f 89 

has an inhibitory role, mediating an increase in chloride 
conductance. However, in contrast to the GABAA receptor, 
the glycine receptor is located mainly in the spinal cord 
and lower brainstem, where glycine appears to be the major 
inhibitory ne~rotransmitter.~ 

Drugs that modulate GABAA and GABA, receptors (for 
instance, diazepam and baclofen, respectively) are used for 
treatment of spasticity? However, because of the exten- 

other undesired effects. As part of a program to discover 
novel antispastic agents that would be free of these side 
effects, we elected to search for novel glycine receptor 

Scheme Io 

H N /\C02H 
I 
CH3 

la 
sive involvement of GABA receptors in higher brain cen- RvC02Ri d R.$OzR 

ters, these agents cause sedation, muscle weakness, and '..'." --4 [ 'ai ] (R%,Et) I 
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agonists. 
Initial results involving analogues of glycine5v6 and 

heterocyclic glycine isosteres' were disappointing due to 
severe restrictions in allowed structural variations of this 
very simple molecule. Since the higher homologue B-ala- 
nine is known to possess good affinity for the glycine re- 
ceptor,8 and since this lead appeared to afford greater 
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azomethine ylide 

Rtfo2H I Rvw2H H 'HCI 

(1) R P H 

(6) R Ph 

CH3 
(2) R = H 

(4) R = Me 

(7) R = n-Pentyl 
"(a) (CH20),, MgSO, in toluene, 90 'C; (b) RC4C02R'; (c) 

C1C02CHClCHS, CH2C12, 0 "C; (d) CHsOH, reflux; (e) 4 N HC1, 
reflux. 

latitude for structural modification, we turned our atten- 
tion to 0- and y-amino acids. The present study describes 
the glycine receptor activity of various &proline analogues 
in binding and electrophysiological assays. 
Chemistry 

Although the synthesis of 1 has been previously re- 
ported,*'3 known synthetic routes are multistep in nature 

(9) Thorbek, P.; Hjeds, H.; Schaumberg, K. Syntheses and 'H 
NMR spectroscopic investigations of some pyrrolidine car- 
boxylic acids designed as potential glial GABA uptake inhib- 
itors. Acta Chem. Scand. B 1981,35,473-479. 

(10) Miyamoto, M. Active components of Digenea simplex and re- 
lated compounds. J. Pharm. SOC. Jpn. 1957,568-570. 
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Scheme 11' 
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"(a) (CH,O),, MgSO, in toluene, 90 OC; (b) HC4C02Et;  (c) 
ClCO2CHClCH3, CH2C12, 0 OC; (d) CH,OH, reflux; (e) 4 N HCl, 
reflux. 

and are not amenable to systematic ring modification. 
Synthesis of 1 was initially carried out via the published 
route, but the analogues reported in this paper were made 
by a more direct, albeit low-yielding,'4 three-step sequence 
which allowed access to a variety of substitution patterns 
on either the dihydro- or tetrahydropyrrole-&carboxylic 
acid ring system. This ring-forming procedure was based 
on a [3 + 21 cycloaddition reaction between a transient 
azomethine ylide and an unsaturated ester.15J6 Heating 
N-alkylglycine or alanine with formaldehyde under deh- 
ydrating conditions afforded the desired transient azo- 
methine ylides (Schemes I-III). These ylides were trapped 
with akynoate esters in low to moderate yields to give the 
desired dihydropyrrole-3-carboxylate ring systems, or with 
acrylates to give the corresponding tetrahydropyrrole-3- 
carboxylates in moderate yields. The cycloaddition 
products were subsequently dealkylated and hydrolyzed 
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Irradiate Roton: Obscrvc NOE: 

CH, 

Figure 1. Since NOE experiments were carried out in nonde- 
gassed CDC13, the NOE enhancementa reported are of a qualitative 
nature only. 

to give many of the cyclic amino acids shown in Table I. 
The route to 1- and 4-substituted dihydropyrrole-3- 

carboxylates is outlined in Scheme I. Sarcosine (N- 
methylglycine) and paraformaldehyde were heated to- 
gether in toluene a t  90-100 O C .  The choice of reaction 
temperature was found to be critical in that the reactions 
did not proceed a t  less than ca. 75 "C but decomposed 
when heated to reflux. This sensitivity to reaction tem- 
perature was particularly pronounced when the 4-position 
of the cyclic product was unsubstituted. In this case, the 
generation of higher boiling side products was observed. 
The N-methyl group was cleanly removed by treatment 
with l-chloroethyl chloroformate in methylene chloride,l' 
followed by treatment with methanol at  reflux to decom- 
pose the intermediate l-chloroethyl carbamate. Purifi- 
cation of the amino esters before the final hydrolysis sim- 
plified the isolation of the amino acids to that of trituration 
with an alcohol or ether. 

The 2- and &methylated dihydropyrrolecarboxylates (3 
and 5, respectively) were synthesized by trapping the 
corresponding azomethine ylides, derived from N- 
methyl-DL-alanine, with ethyl propiolate (Scheme 11). 
This reaction yielded a 4:l mixture of the isomeric 3,4- 
dehydropyrrolidine products which was separated by 
column chromatography. The major, 2-methyl-substituted 
product was readily elaborated to the desired 2-methyl- 
3,4-dehydropyrrolidine-3-carboxylic acid. However, the 
5-methylated analogue underwent ring fragmentation as 
a competing reaction along with the desired demethylation. 
The relative isomeric distribution of these products may 
be rationalized on the basis of electronic effects. That is, 
the methyl group derived from alanine is electron releasing 
by hyperconjugation, and hence would destabilize the 
transient carbanion generated by decarboxylation. The 
major 2-methyl isomer is derived from the more stable 
tautomeric form of the azomethine ylide where electron 
density is localized on the unsubstituted methylene unit. 
Assignment of the isomeric location of the methyl group 
was made on the basis of difference NOE experiments; the 
vinylic proton resonances at  the 4-position in both the 2- 
and 5-methyl isomers were irradiated and the signals 
saturated. All of the dihydropyrroline ring protons showed 
a positive NOE enhancement in both compounds (Figure 
l), but a positive NOE enhancement was seen only for the 
ring-substituted methyl of compound 24 (the 5-methyl 
isomer). Because the NOE relaxation is predominantly 
a through-space effect, we have correlated the strong NOE 

(17) Olofson, R. A.; Martz, J. T.; Senet, J.-P.; Piteau, M.; Malfroot, 
T. A new reagent for the selective, high-yield N-dealkylation 
of tertiary amines: improved syntheses of naltrexone and 
nalbuphine. J.  Org. Chem. 1984,49, 2081-2082. 



236 Journal of Medicinal Chemistry, 1992, Vol. 35, No. 2 

Scheme IIIa 

H N nC02H 
I 
R 

Johnson et al. 

l a  
c. d . d: 

azomethine ylie 

"(a) (CH20),, MgSO, in toluene, 90 OC; (b) HzC=CCOzEt; (c) 
ClC02CHClCH3, CHzClz, 0 OC; (d) CHSOH, reflux; (e) HP, Pd/C; 
(f) 4 N HCl, reflux. 

with a methyl group proximal to the irradiated Cposition 
and, therefore, assigned the minor isomer (24) to be 5- 
methyl. In addition to the NOE, the structural assignment 
of compounds 23 and 24 was also supported by proton- 
proton coupling in the NMR. Here, the vinyl proton ("H) 
(Figure 1) appeared as a doublet of doublets in compound 
23 and as a broad doublet in compound 24. 
Tetrahydropyrrole-3-carboxylic acid @proline, 8)g was 

also prepared using a [3 + 21 cycloaddition reaction to 
generate the desired ring system (Scheme 111). However, 
in this case the chloroformatemediated demethylation was 
unsuccessful because the l-chloroethyl carbamate inter- 
mediate underwent ring fragmentation in preference to 
N-demethylation. This problem was overcome by using 
N-benzylglycine in place of sarcosine. The benzylic group 
could be removed by catalytic hydrogenation, and this 
procedure provided a successful alternative to the chlo- 
roformate deprotection technique. 

Py1~ole3-carboxylic acid18 and 3-carboxya~etidine~~ were 
prepared as previously reported. ~-Azetidine2-carboxylic 
acid, isonipecotic acid, isoguvacine, and D,L- and ~-3,4- 
dehydroproline were obtained from commercial sources. 
Results 

[3H]Strychnine binding to rat spinal cord membranes 
was used to assess affinities of compounds at  the strych- 
nine-sensitive glycine receptor. Glycine inhibited [3H]- 
strychnine with an ICm of 6.2 pM (Table I), while the 
higher homologue @-alanine had only slightly less affinity 
(ICm = 11.6 pM). The good affinity of @-alanine prompted 
us to examine other higher homologues of glycine, in- 
cluding various cyclic derivatives. Among the commercially 
available derivatives, the cyclic GABA analogue isonipe- 
cotic acid (piperidine-4-carboxylic acid, 11) was found to 
have measurable affinity for the glycine receptor. 

Based on the results with 11, the cyclic @-alanine ana- 
logue l was evaluated in [3H]strychnine binding. In this 
assay 1 had an affinity equal to glycine (ICm = 7.9 pM, 
Table I) and possessed agonist activity (see below). Un- 
fortunately, except for compounds 2 and 5, simple sub- 
stitution of 1 led to total loss of receptor binding affinity 
(compounds 2-7, Table I). Although 5 displayed signifi- 

(18) Rapoport, H.; Willaon, C. D. Synthesis of Pyrrole-3-carboxylic 

(19) Anderson, A. G.; Lok, R. Synthesis of azetidine-3-carboxylic 
acids. J .  Org. Chem. 1961,26, 1102. 

acid. J.  Org. Chem. 1972, 37, 3953. 

cant binding affinity (40% inhibition a t  100 pM) as its 
racemate, this level of activity was deemed insufficient to 
undertake the separation of its component enantiomers. 
Clearly, compound 1 achieves a close fit to a very restricted 
receptor site. Despite the lack of activity of the 4-methyl 
derivative 4, we elected to place pentyl (7) and phenyl (6) 
substituents at  this position on the chance that a more 
distant auxiliary binding site might be present at  this 
position. No improvement in affdty was detected (Table 
I). 

The fully saturated @-proline 8 showed activity almost 
equal to 1. However, pyrrole-3-carboxylic acid (91, the 
aromatic derivative of 1, was inactive, presumably because 
the amine was no longer sufficiently basic to possess a 
positive charge at  physiological pH. 

Movement of the carboxy residue of 8 to afford proline 
resulted in more than 20-fold loas of affinity (Table I). The 
binding of D- and L-proline showed stereoselectivity, with 
only the L isomer being active. This stereopreference is 
opposite to that observed for alanine (Table I). D,L-3,4- 
Dehydroproline (12) bound with greater affmity than the 
pure L isomer (13), suggesting a preference for the D isomer. 
This preference is the same as alanine but opposite to that 
of proline. 

Azetidine-3-carboxylic acid (10) bound to the glycine 
receptor with an affimity comparable to that of &alanine 
and @-proline (Table I). Comparing the distance from the 
ring nitrogen to the carboxylate carbon atom calculatedm 
for energy-minimized nonionized forms of @-proline (3.6 
A) and (10) (3.2 A), the latter clearly represents a more 
compact cyclized analogue of @-alanine and, therefore, 
presumably a closer mimic of glycine (amino-carboxy 
distance of 2.5 A). ~-Azetidine-2-carboxylic acid (14), 
which might be considered a structurally closer analogue 
of alanine, bound with significantly less affinity. Isogu- 
vacine (15), 3,4-dehydroisonipecotic acid, was 6-fold less 
active than isonipecotic acid (1 1). 

Sodium chloride is known to have opposite effects on 
the affinity of glycine receptor agonists and antagonists 
in [3H]strychnine binding.21-23 Since antagonists show 
increased affinity in the presence of 1 M NaC1, while 
agonists show decreased affmity, the NaCl shift has been 
used as a predictor of agonist/antagonist a~tivity.2~3~ For 
instance, glycine shows a NaCl ratio of 10.5 (Table I), while 
strychnine shows a ratio of 0.4. However, it is not entirely 
clear whether the ratio differentiates agonists from an- 
tagonists or, alternatively, whether it distinguishes com- 
pounds that bind to the glycine site from those that bind 
to the strychnine site. In one case, several amino acid-like 
glycine antagonists gave agonist-like NaCl shifts.= In the 
present series, compounds 1 and 11 gave NaCl shifts of 2.8 
and 3.3, suggesting the possibility of agonist activity. 

Another effect of 1 M NaCl is to alter the slope of the 
glycine inhibition curve. In the absence of NaCl (Figure 
l), glycine inhibits [3H]strychnine binding with a Hill 
coefficient less than one (0.71 f 0.02, n = 3); however, in 
the presence of NaC1, glycine shows a steeper curve, with 
a Hill coefficient of 1.35 f 0.03 (n = 3). The other com- 

(20) Unpublished result. 
(21) Muller, W. E.; Snyder, S. H. Strychnine binding associated 

with synaptic glycine receptors in rat spinal cord membranes: 
ionic influences. Brain Rea. 1972,147, 107. 

(22) Brune, R. F.; Welbaum, B. E. A sodium chloride shift method 
to distinguish glycine agonists from antagonists in [SH]strych- 
nine binding. Fed. Roc. 1985,44,1828. 

(23) Braestrup, C.; Nielsen, M.; Krogagaard-Larsen, P. Glycine an- 
tagonists structurally related to 4,5,6,7-tetrahydroieoxazolo- 
[5,4-c]pyridin-3-01 inhibit binding of [SH]strychnine to rat 
brain membranes. J.  Neurochem. 1986,47,691. 
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Table 11. Change in Input Resistance of Cultured Spinal Cord Neurons Produced by Application of Putative Glycine Agonists 
concentration-dependent decrease in input resistance, % 

1 mM + 100 pM 
bicuc + 3 pM TTX + 100 pM + 100 pM 

example 100 pM 1 mM bicuc + 3 pM TTX bicuc + 3 pM l T X  10 pM strych 
1 mM + 100pM 

1 22.7 f 13.2 60.4 f 12 5.1 f 6.3 37.2 f 13.8 4.7 
(n = 10) (n  = 7) (n = 6) (n = 7) (n = 1) 

(n  = 5) (n = 6) (n = 5) (n = 9) (n = 6) 

(n = 3) (n = 3) (n = 3) (n = 4) 

10 9.4 f 4.7 83.1 f 0.4 10.7 f 1.2 71.7 f 18.6 37.1 f 14.3 

11 19.2 f 13.2 73.6 f 16.7 3.0 i 8.1 0.1 f 4.6 

a Bicuc = bicuculliie, TXX = tetrodotoxin, strych = strychnine. 

c 
1 0 0  
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Figure 2. Inhibition of [3H]strychnine binding by glycine, j3- 
alanine, 1, 10, and 11. Data are expressed as the mean * SEM 
of three or more independent experiments. 

pounds which produced significant inhibition of [3H]- 
strychnine binding all showed slopes near unity in the 
absence of NaCl (Figure 2). These results suggest a dif- 
ference in binding propertiea between glycine and the other 
putative agonists. 

To resolve the ambiguity of the NaCl shift data, we 
evaluated 1, 10, and 11 in cultured mouse spinal cord cells 
and compared their activity to the reference agonists 
glycine and &alanine. Pressure ejection of greater than 
10 p M  glycine produced a depolarization of the membrane 
potential (recorded with KC1 electrodes) and a decrease 
in the input resistance due to the opening of chloride 
channels. The concentration-response relationship for 
glycine was steep, with complete shunting of the input 
resistance occurring a t  100 pM. The Hill coefficient was 
4.26 ( r  = 0.996, Figure 3B). &Alanine produced a similar 
decrease in the input resistance. The roughly similar 
concentration-response curve for 8-alanine suggests that 
channel opening by this close structural analogue also 
requires binding of more than one molecule. Although the 
two curves were not strictly parallel, &alanine was about 
2-fold less potent than glycine, in agreement with the 
relative affinities of the two compounds in displacing 
[3H]strychnine binding. The above results with glycine 
and @-alanine are consistent with previous  report^.^^-^^ 
All three of the novel putative glycine agonists produced 

a concentration-dependent decrease in input resistance 

(24) Curtis, D. R.; Hosli, L.; Johnston, G. A. R. A pharmacologic 
study of the depression of spinel neurons by glycine and re- 
lated amino acids. Erp.  Brain Res. 1968,6, 1. 

(25) Tokutomi, N.; Kaneda, M.; Akaike, N. What confers specificity 
on glycine for its receptor site? Br. J. Phormacol. 1989, 97, 
353. 

(26) Barker, J. L.; Ransom, B. R. Amino acid pharmacology of 
mammalii central neurones grown in tissue culture. J. Phy- 
siol. 1978, 280, 331. 
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Figure 3. (A) Concentration response curves for the change in 
input resistance in cultured spinal neurons following pressure 
ejection of glycine, @-alanine, 1, 10, and 11. The curvea for glycine 
and &alanine were generated in normal DBPS, while the medium 
for the other compounds included 100 pM bicuculline and 3 pM 
TTX to block the contribution of GABA receptor mediated 
changes in input resistance. Data are expressed as the mean f 
SEM change in input resistance of 3-10 cells. (B) Hill plot of 
glycine data presented in A. The Hill coefficient was 4.26 (r  = 
0.996). 

(Table 11). However, both 1 and 11 have been shown 
previously to exhibit GABA agonist a~tivity.~'  Since a 
GABA agonist would shunt the membrane in a manner 
similar to a glycine agonist, it was necessary to distinguish 
these two agonist effects by measuring the putative glycine 
agonist effects in the presence of the GABA antagonist 
bicuculline (100 pM). Tetrodotoxin (3 pM) was also added 
to the medium to prevent the spontaneous firing that 
occurs following GABA blockade. Under these conditions, 
compound 11 had no glycineric activity, while 1 and 10 
were only weak glycine agonists (Table 11, Figure 3A). To 
test further whether the remaining activity was mediated 
by the glycine receptor, strychnine (10 pM) was added to 
the medium. Under these conditions, all the activity of 

(27) Schousboe, A.; Thorbek, P.; Hertz, L.; Krogsgaard-Larsen, P. 
Effecta of GABA analogs of restricted conformation on GABA 
transport in astrocytes and brain cortex slices and on GABA 
receptor binding. J. Neurochem. 1979,33,181-189. 
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1 was reversed. However, there was still a 40% decrease 
in input resistance in the cells exposed to compound 10. 
The cause of this residual activity is not known; possi- 
bilities include mediation by the strychnine-insensitive 
neonatal form of the glycine receptorz8 or by a separate 
receptor for taurine or @-alanine.29 

Discussion 
From its established localization in lower motor centers 

of the mammalian central nervous ~ y s t e m , ~  the strych- 
nine-sensitive glycine receptor is a promising target for 
nonsedating therapy of spasticity and other neuromuscular 
conditions. However, despite this potential, the develop- 
ment of pharmacologically useful glycine agonists has 
proved elusive. In large measure, the inability to synthesize 
new glycine agonists results from the extreme steric in- 
tolerance of the glycine r e ~ e p t o r . ~ ~ ~ ~ ~  Compounding this 
problem may be the stoichiometry of channel activation 
by agonists. The present electrophysiological results in- 
dicate that about four molecules of glycine must bind to 
the receptor complex before the chloride channel is opened 
(Figure 3B). Binding0 and patch clamp31S2 experiments 
indicate that two or three molecules are required. Al- 
though the exact number of glycine molecules needed to 
open the channel is unclear, the above studies clearly imply 
the need for binding of more than one molecule of glycine. 
Furthermore, molecular cloning and biochemical studies 
on the glycine receptor33 and the related GABAA and 
nicotinic receptors show that each receptor is a pentam- 
er,33*34 consisting of several different but homologous 
s ~ b u n i t s . ~ ~ , ~ ~  The glycine receptor contains at  least two 
such subunits, an a-subunit that has a high affinity for 
glycine and can be blocked by strychnine, and a &subunit 
that has a 100-fold lower affinity for both glycine and is 
not significantly blocked by strychnine. The apparent 
stoichiometry of the pentameric complex is proposed to 
be three cy-subunits and two @-subunits.36 To fully mimic 
glycine, an agonist presumably must bind to and activate 
at least the three a-subunits (and possibly the &subunits), 
a requirement that could be difficult to fulfill. The ad- 

Johnson et al. 

ditional steric requirements of binding to multiple subunits 
may explain the difficulty in identifying novel agonists or 
antagonists at  this site. Since presumably strychnine does 
not bind to the @-subunit, the ability to displace [3H]- 
strychnine binding would be only a partial indicator of 
affinity for the holoreceptor. Combined, these consider- 
ations may explain the poor functional activity of com- 
pounds 1 and 11. Whether a compound that selectively 
activated only one subunit would have useful functional 
or therapeutic activity is an unexplored question. 

In addition to differences between the a- and @-subunits, 
differences between the adult and neonatal forms of the 
a-subunit (cy1 and cy2, respectively) may explain the 
unexpectedly poor activity of 1 and 11 in the electrophy- 
siological studies. Primary cultures of mouse spinal cord 
mainly express the neonatal isoform of the glycine recep- 
tor.37 There are significant differences in the pharma- 
cology of the adult and neonatal forms of the glycine re- 
~ e p t o r . ~ ~ ? ~ ~  Most strikingly, the rat (but not human) 
a2-subunit is about 500 times less sensitive to strychnine 
than its adult counterpart.28 Since the tissue for our 
binding studies was derived from adult rat spinal cord, this 
isoform of the receptor may have a higher affiity for these 
novel agonists than the neonatal isoform expressed in 
cultured neurons. Additional studies with the two receptor 
isoforms may shed light on this possibility. 

Two models could explain the observed high Hill slope 
of glycine in the electrophysiological studies (Figure 3B). 
In the fmt model, the receptor subunits are allosterically 
coupled, so that transition to an open-channel state re- 
quires a concerted conformational change in all the sub- 
units (or at least the a-subunits). A second model posits 
several independent subunits, each of which controls a 
separate sector of the channel. Each of the subunits must 
be in the activated state before the channel can pass 
chloride ions. Although both models are consistent with 
the electrophysiological data, they should be distinguish- 
able in binding experiments. If several subunits were 
allosterically coupled as in model 1, the binding of glycine 
should show positive cooperativity, with a Hill coefficient 
greater than one. Conversely, binding to several dissimilar 
independent sites as predicted by model 2 should give a 
Hill slope less than one. Unfortunately, experiments under 
different NaCl conditions support either alternative (Le., 
the Hill coefficient was less than 1 in the absence of NaCl 
and greater than 1 in the presence of 1 M NaC1). The 
overall behavior of the receptor may be best explained by 
a combination of both models, that is, two or more dis- 
similar glycine binding sites with partial allosteric coupling. 

In addition to the strychnine-sensitive inhibitory glycine 
receptor, a strychnine-insensitive binding site on the ex- 
citatory N-methyl-D-aspartate (NMDA) receptor has been 
described.39 This site interacts allosterically with the 
NMDA binding site to produce channel opening. Of those 
compounds discussed above, only azetidine-3-carboxylic 
acid (compound 10) bound with appreciable affinity to the 
glycine site of the NMDA receptor (unpublished results). 
This suggests a divergent structural preference for this new 
glycine receptor.39 
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In summary, these results illustrate the severe structural 
limitations placed on compounds binding at  the strych- 
nine-sensitive glycine receptor. Compounds 1, 10, and 11 
clearly represent novel leads, but the failure of simple 
analogues to retain binding activity suggests that further 
improvements in affinity may be difficult to achieve. The 
reason for the poor agonist activity of these leads is unclear. 
Additional ligands are needed to further explore this poorly 
understood receptor. 

Experimental Section 
Chemistry. Melting points were determined on a Thomas- 

Hoover melting point apparatus and are uncorrected. IR spectra 
were obtained on a Nicolet MX-1 FT spectrometer. The 'H NMR 
spectra were recorded on a Varian EM 390, a IBM W-P100SY 
NMR spectrometer (100 MHz), a Varian XL 200 NMR spec- 
trometer (200 MHz), or a Varian XL 300 spectrometer equipped 
with a 5-mm broad-band switchable probe. All spectra were 
consistent with the proposed structures. The peaks are described 
in ppm downfield from TMS (internal standard). The mass 
spectra were obtained on a Finnigan 4500 mass spectrometer or 
a VG Analytical 7070E/HF mass spectrometer. Although all 
intermediates were characterized by 'H NMR, IR, and MS, these 
data are given only for final products and selected intermediates. 
Where analyses are indicated by the symbols of the elements, the 
results are within 0.4% of the theoretical values; values outside 
the limits are indicated. TLC was carried out with 0.25-mm silica 
gel F254 (E Merck) glass plates. Some intermediate producta were 
used directly without purification or characterization. 

1H-Pyrrole-3-carboxylic Acid, 2,5-Dihydro- l,4-dimethyl-, 
Methyl Ester (16). To a mechanically stirred suspension of 
N-methylglycine (50.7 g, 0.57 mol), powdered paraformaldehyde 
(18.8 g, 0.57 mol), and magnesium sulfate (140 g) in toluene (1 
L) was added methyl 2-butynoate (56.3 g, 0.57 mol), and the 
reaction mixture was heated 3 h at 95-100 "C. The reaction 
mixture was allowed to cool, charged with a fresh mixture of 
N-methylglycine (50.7 g) and paraformaldehyde (18.8 g), and then 
heated an additional 3 h as before. The reaction mixture was 
filtered, and the product was extracted into 1 N HCl (3 X 250 
mL) and the acid washed with toluene. The aqueous phase was 
adjusted to pH 9.0 with a 50% NaOH solution, extracted with 
dichloromethane (4 X 200 mL) which was dried over sodium 
sulfate, and concentrated to a yellow oil (17.0 g, 19%). NMR 
(CDC13, 90 MHz): 6 3.6 (s, 3 H), 3.4 (m, 4 H), 2.3 (e,  3 H), 2.0 
(8,  3 HI. 

1H-Pyrrole-3-carboxylic Acid, 2,5-Dihydro-4-methyl-, 
Methyl Ester, Monohydrochloride (17). A solution of 16 (12.0 
g, 77.4 mmol) in dichloromethane (100 mL) was cooled to 5 OC 
in an ice bath. A solution of 1-chloroethyl chloroformate (11.1 
g, 77.4 mmol) was added dropwise over 30 min whereupon the 
reaction mixture was filtered through a pad of silica (75 g) and 
the product was eluted with ethyl acetate. The solvents were 
concentrated to an oil (9.0 g), which was dissolved in methanol 
(100 mL), refluxed 1 h, and then concentrated to a solid. Pre- 
cipitation from methanol with diethyl ether afforded a fluffy, 
crystalline solid (4.0 g, 30%), mp 160-161 OC. Anal. (C7HlIN- 
Oz.HC1) C, H, N. NMR (DzO): 6 4.3 (m, 4 H), 3.8 (8,  3 H), 2.2 
(s,3 H). IR (KBr): 1720,1668,1429,1290,1077,763 cm-'. MS: 
m / z  142.0 (37.2), 126.0 (76), 82.0 (100). 

lH-Pyrrole-3-carboxylic Acid, 2,5-Dihydro-l-methyl-, 
Monohydrochloride (4). The ester 17 (3.3 g, 20.2 mmol) was 
refluxed for 2.5 h in 4 N HCl, concentrated in vacuo at  50 "C, 
and then reconcentrated from water. The solid was triturated 
with 2-propanol, suspended in diethyl ether, filtered, and dried 
at  78 OC in vacuo to give a white solid (2.5 g, 76%), mp 227-9 
OC. Anal. (C6H9NOz-HCl) C, H, N. NMR (DzO): 6 4.3 (m, 4 
H), 2.2 (s, 3 H). IR (KBr): 1719, 1376, 1281, 1219, 1121 cm-'. 
MS: m / z  170 (55.4), 154.1 (63.5), 82.1 (100). 

la-Pyrrole-3-carboxylic Acid, t$-Dihydro-l-methyl-4-11- 
pentyl-, Ethyl Ester (18). To a mechanically stirred suspension 
of N-methylglycine (26.7 g, 0.30 mol), powdered paraformaldehyde 
(9.0 g, 0.30 mol), and magnesium sulfate (75 g) in toluene (500 
mL) was added ethyl 2-hexynoate (50.0 g, 0.30 mol), and the 
reaction mixture was heated 3 h at 95-100 "C. The reaction solids 
were filtered, and the product was extracted into 1 N HCl(3 X 
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100 mL). The acid was neutralized by adding solid sodium bi- 
carbonate with stirring, and the product was extracted into ethyl 
acetate (3 X 100 mL), dried (magnesium sulfate), and concentrated 
to an oil (8.4 g) which was purified by chromatography on silica 
(toluene to load, 2040% ethyl acetate in hexane to elute) to give 
a pure oil (8.0 g, 12%). NMR (CDCl& 6 4.1 (q,4 H, J = 7 Hz), 
3.6 (m, 4 H), 2.5 (t, 2 H), 2.3 (s, 3 H), 1.3 (m, 9 H), 0.9 (t, 3 H, 
J = 7 Hz). 

lH-Pyrrole-3-carboxylic Acid, 2,5-Dihydro-4-pentyl-, 
Ethyl Ester, Monohydrochloride (19). The N-methyl precureor 
18 (7.55 g, 33.6 mmol) was demethylated exactly as described for 
compound 16. Ether trituration of the product gave a finely 
divided, fluffy solid (4.9 g, 59%), mp 76-77 "C. Anal. (C12- 

= 7 Hz), 2.7 (t, 2 H, J = 7 Hz), 1.5 (quint, 2 H, J = 7 Hz), 1.3 
(m, 7 H), 0.9 (t, 3 H, J = 7 Hz). IR (KBr): 1766,1667,1257,1106, 
1036, 770 cm-l. M S  m/z  212.1 (loo), 138.1 (25), 68.0 (31.4). 

1H-Pyrrole-3-carboxylic Acid, 2,5-Dihydro-4-pentyl-, 
Monohydrochloride (7). A solution of 19 in 4 N HCl(60 mL) 
was refluxed 3 h and concentrated to a gray solid which waa 
reconcentrated from tetrahydrofuran. Suspension of the solid 
in diethyl ether gave, after several hours, a fine white solid (3.6 
g, 95%), mp 189-190 OC. Anal. (Cl,,Hl7NOZ.HC1) C, H, N. NMR 
(DzO): 6 4.34 (s,4 H), 2.70 (t, 2 H, J = 7 Hz), 1.56 (m, 2 H), 1.35 
(m, 4 H), 0.92 (t, 3 H, J = 7 Hz). IR (KBr): 1741, 1671, 1205, 
694 cm-'. Ms: m / z  184.1 (46.2), 138.1 (36.9), 112.0 (76.9), 68 (100). 

1H-Pyrrole-3-carboxylic Acid, 2,5-Dihydro-l-methyl-4- 
phenyl-, Ethyl Ester (20). To a magnetically stirred Suspension 
of N-methylglycine (13.8 g, 0.15 mol), powdered paraformaldehyde 
(5.16 g, 0.17 mol), and magnesium sulfate (50 g) in toluene (300 
mL) was added ethyl 3-phenylpropynoate (30.0 g, 0.17 mol), and 
the reaction mixture was heated to 90 OC. After 2 h the reaction 
was cooled and charged with a fresh mixture of N-methylglycine 
(13.8 g) and paraformaldehyde (5.16 9). The reaction mixture 
was heated to 90 "C, but became unstirable after 30 min, and the 
reaction mixture was allowed to cool and the solids filtered. The 
product was extracted into 1 N HCl (2 X 100 mL) which was 
washed with toluene, combined with ethyl acetate (100 mL), and 
neutralized with solid sodium bicarbonate. The aqueous phase 
was washed with ethyl acetate (2 X 100 mL), and the ethyl acetate 
layers were combined, dried over magnesium sulfate, and con- 
centrated to an oil (9.2 g) which was chromatographed to give 
a colorless oil (8.8 g, 20.2%). NMR (CDC13): 6 7.3 (m, 5 H), 4.1 
(q, 2 H, J = 7 Hz), 3.9 (s,4 H), 2.5 (8,  3 H), 1.15 (9, 3 H, J = 7 
Hz). IR (LF): 1701, 1296, 756, 699 cm-'. MS: m / z  232 (64.2), 
158 (100). 

1H-Pyrrole-3-carboxylic Acid, 2,5-Dihydro-4-phenyl-, 
Ethyl Ester, Monohydrochloride (21). A solution of 20 (8.0 
g, 34.6 mmol) in dichloromethane (100 mL) was stirred under 
nitrogen in an ice bath and treated with a solution of 1-chloroethyl 
chloroformate (4.95 g, 34.6 mmol) in dichloromethane (50 mL) 
over 45 min. The reaction mixture was stirred at room tem- 
perature 30 min and filtered through a pad of silica (75 g) which 
was washed with 1 L of ethyl acetate. The solvents were con- 
centrated, the residue was dissolved in methanol (200 mL), and 
the reaction mixture was refluxed 3 h Concentration gave a solid 
which was precipitated from hot methanol (20 mL) with diethyl 
ether (150 mL), filtered, washed with ether, and dried in vacuo 
to give a fluffy white solid (3.82 g, 44%), mp 159-161 OC. Anal. 

4 H, J = 14.2, 1.4 Hz), 4.2 (9, 2 H), 1.2 (t, 3 H). IR (KBr): 1695, 
1282,758 cm-'. MS: m / z  218.1 (21.8), 144.1 (loo), 115.0 (17.5). 

1H-Pyrrole-3-carboxylic Acid, 2,5-Dihydro-4-phenyl-, 
Monohydrochloride (6). Ester 21 was dissolved in 4 N HCl(45 
mL) and refluxed for 2 h. The solvent was concentrated, the 
residue was reconcentrated from tetrahydrofuran, and the solid 
was suspended in 2-propanol, filtered, and washed with diethyl 
ether. The solid was dried in vacuo at  78 "C overnight (2.25 g, 
79%), mp 247-249 OC. Anal. (CllHllNOz-HC1) C, H, N. NMR 
(DzO): 6 7.5 (a, 5 H), 4.6 (dt, 4 H). IR (KBr): 1700, 1255, 756, 
696 cm-'. Ms: m / z  188.9 (5.4), 169.9 (4.7), 144.0 (loo), 115.0 (28.2). 

1H-Pyrrole-3-carboxylic Acid, 2,5-Dihydro-l-methyl-, 
Ethyl Ester (22). To a stirred suspension of N-methylglycine 
(15.0 g, 0.17 mol), powdered paraformaldehyde (6.0 g, 0.20 mol), 
and magnesium sulfate (40 g) in toluene (300 mL) was added ethyl 
2-propynoate (20.0 g, 0.20 mol), and the reaction mixture was 

H21NOZ.HCl) C, H, N. NMR (DzO): 6 4.8 (8,  4 H), 4.3 (9, 2, J 

(C13H15NOZ"Cl) C, H, N. NMR (DzO): 6 7.3 (8, 5 H), 4.6 (dt, 
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heated to 100 OC. After 1.5 h the reaction mixture was allowed 
to cool, filtered, and extracted with 1 N HCl(2 X 100 mL). The 
acid was washed with chloroform (2 X 75 mL) and adjusted to 
pH 9.0 with a 50% NaOH solution, and the aqueous phase was 
extracted with chloroform (2 X 100 mL). The chloroform was 
dried over sodium sulfate and concentrated to a crude red oil (6.7 
g, 67% purity by GC analysis). The crude ester was unstable to 
distillation and was hydrolyzed without purification. NMR 
(CDC13, 90 MHz): 6 6.7 (8, 1 H), 4.2 (9, 2 H, J = 7 Hz), 3.6 (8, 
4 H), 2.4 (8, 3 H), 1.2 (t, 3 H, J = 7 Hz). 

la-Pyrrole-3-carboxylic Acid, 2P-Dihydro-1-methyl- (2). 
The crude ester 22 (5.7 g) was refluxed for 2 h in 4 N HCl and 
concentrated to a black semisolid, decolorized by warming in 
methanol with activated carbon. The solids were filtered, and 
the methanol was concentrated to a light brown solid (0.82 g) 
which was purified by precipitation from hot methanol with 
2-propanol. The solid was washed with cold 2-propanol and then 
diethyl ether, filtered, and dried in vacuo at 78 "C to give 0.12 
g of product, mp 215-216 OC. Anal. (C6Hl1NO2.HC1) C, H, N. 
NMR (D20): 6 6.8 (e, 1 H), 4.5-4.8 (m, 2 H), 4.1-4.2 (m, 2 H), 
3.1 (s,3 H). IR (KBr): 1735,1650,1236,736,709 cm-'. Mi3 m/z 
127.1 (43.9), 82.1 (loo), 6.0 (23.5), 42.0 (51). 

la-Pyrrole-%carboxylic Acid, 2,5-Dihydro-lf-dimet hyl-, 
Ethyl Ester (23) and la-Pyrrole-3-carboxylic Acid, 2,5- 
Dihydro-l,5-dimethyl-, Ethyl Ester (24). In each of two 
identical reactions, a suspension of N-methylalanine (10.0 g, 97.1 
mmol), powdered paraformaldehyde (3.5 g, 116 mmol), and 
magnesium sulfate (22 g) in toluene (175 mL) was prepared. Ethyl 
propiolate (11.4 g, 116 m o l )  was added, and the reaction mixture 
was heated to 90-100 OC for 3.5 h. The reaction mixtures were 
cooled, filtered, and combined before extraction with 1 N HC1 
(2 X 250 mL). The acid was washed with chloroform (3 X 100 
mL), combined with ethyl acetate (200 A), and neutralized with 
stirring by adding solid sodium bicarbonate. The layers were 
separated, and the aqueous phase was extracted with ethyl acetate 
(2 X 200 mL). The ethyl acetate layers were combined, dried over 
magnesium sulfate, and concentrated to a yellow oil (16.7 g, 51 % ) 
as a mixture of the 2- and 5-methylpyrrolines. Chromatography 
on silica (200 g) using a gradient of 50-100% ethyl acetate in 
heptane afforded the less polar 5-methyl isomer (3.4 g pure 
material, 10%) plus the more polar 2-methyl isomer (13.3 g, 41% 
but contaminated with the 5-methyl derivative). 23. NMR 
(CDC13): 6 6.65 (8, 1 H), 4.1 (m, 2 H), 3.8 (m, 1 H), 3.5 (m, 1 H), 
3.25 (m, 1 H), 2.4 (8, 3 H), 1.2 (m, 6 H). IR (LF): 1719, 1456, 
1281,1172,1121,746 cm-'. MS: m/z  170.1 (55.4), 154.1 (63.5), 
96.1 (34.4), 82.1 (100). 24. NMR (CDC13): 6 6.5 (8, 1 H), 4.1 (m, 
2 H), 3.9 (m, 1 H), 3.45 (m, 1 H), 3.35 (m, 1 H), 2.4 (8, 3 H), 1.2 
(m, 6 H). IR (LF): 1720,1456,1278,1169,1116,738 cm-'. MS: 
m/z 170.1 (50.7), 154.1 (62), 96.1 (38.3), 82.0 (100). 

la-Pyrrole-3-carboxylic Acid, 2,5-Dihydro-2-methyl-, 
Ethyl Eater (25). A solution of 23 (1.75 g, 10.4 mmol) in 
methylene chloride (30 mL) was cooled under nitrogen in an ice 
bath. A solution of 1-chloroethyl chloroformate (1.5 g, 10.4 m o l )  
in methylene chloride (15 mL) was added dropwise over 20 min, 
and the reaction mixture was removed from the bath and stirred 
for 45 min. The crude reaction mixture was poured onto silica 
(10 g), and the intermediate amide was eluted with ethyl acetate 
(100 mL) to give an oil (1.8 9). The amide was deprotected by 
refluxing 2 h in methanol (50 mL), but the amine salt could not 
be readily crystallized from methanol/ether. The ether solution 
was extmcted with water (2 X 5 mL), neutralized with solid sodium 
bicarbonate, and extracted repeatedly with ethyl acetate (5 mL), 
and the organic phases were combined and dried over magnesium 
sulfate then concentrated. Chromatagraphy of the residue on silica 
(10% methanol in ethyl acetate) afforded the free base as an oil 
(0.17 g, 10.6%) which was characterized by NMR and directly 
hydrolyzed to the amino acid (3). NMR (CDC13, 90 MHz): 6 6.8 
(m, 1 H), 4.5 (9, 3 H), 3.8 (m, 2 H), 2.5 (bs, 1 H), 1.3 (m, 6 H). 

la-Pyrrole-3-carboxylic Acid, 2,5-Dihydro-2-methyl-, 
Monohydrochloride (3). The ester 25 (0.17 g, 1.1 mmol) was 
dissolved in 4 N HCl(3 mL), refluxed 2.5 h, then concentrated 
in vacuo to a light brown solid which was triturated with 2- 
propanol and then diethyl ether, and dried in vacuo overnight 
at 78 "C to give a solid (0.11 g, 64%), mp 229-230 OC. Anal. 

H, J = 7 Hz), 1.56 (d, 2 H, J = 7 Hz). IR (KBr): 1711,1639,1585, 
(C6HgNO2.HC1) C, H, N. NMR (D2O): 6 6.9 (8 , l  H), 4.8 (q ,3  
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1201,717 cm-'. MS: m/z 128 (M + 1,10.7), 112 (100),68 (88.5). 
la-Pyrrole-3-carboxylic Acid, 2,5-Dihydro-5-methyl-, 

Ethyl Ester (26). The 1-methyl precursor 24 (2.5 g, 14.8 mmol) 
was dissolved in methylene chloride (25 mL) and cooled under 
nitmgen to -15 "C before a solution of l-chloroethyl chloroformate 
(2.1 g, 14.8 mmol) in methylene chloride (25 mL) was added 
dropwise over 20 min. After warming to room temperature, the 
reaction mixture was refluxed for 45 min, cooled, and poured onto 
20 g of silica, and the product was eluted with ethyl acetate and 
concentrated. The residue was refluxed for 3 h in methanol (100 
d), concentzated, and triturated with ethyl acetate to give a white 
solid which was recrystallized from 2-propanol/diethyl ether to 
give white crystals (1.3 g, 46%) but contaminated with a ring 
opened side product. The free base (0.10 g, 9.5%) was isolated 
by hmatugraphy as described for the 2-isomer (25) and directly 
hydrolyzed. NMR (CDCl,, 90 MHz): 6 6.7 (m, 1 HI, 4.2 (q,3 H), 
3.9 (m, 2 H), 2.85 (bs, 1 H), 1.3 (t, 6 H). 

la-Pyrrole-3-carboxylic Acid, 2,S-Dihydro-S-methyl-, 
Monohydrochloride (5). Hydrolysis of 26 (0.10 g, 0.65 mmol) 
was carried out as described for 3 to yield a light brown solid (0.068 
g, 60%), mp 224-227 OC. Anal. (CsH&IOTHCl) C, H, N. NMR 
(D20): 13 6.73 (m, 1 H), 4.83 (m, 3 H), 1.5 (d, 2 H, J = 7 Hz). IR 
(KBr): 1706,1657,1225,749,706 cm-'. Mi3 m/z 127 (8.9), 112 
(48), 82 (53), 68 (100). 

Receptor Binding. [3H]Strychnine binding to rat spinal cord 
membranes was carried out in 50 mM Tris-citrate (without NaCl) 
as previously described? In experiments evaluating the effects 
of NaCl, the assay was performed in parallel in 50 mM Tris-citzate 
with or without 1 M NaCl.n The NaCl shift is expressed as the 
ratio of the ICbo values in the presence and absence of 1 M NaC1. 
ICW values in structure-activity studies were calculated by 
nonlinear curve fitting to a Langmuir isotherm, and ICbo values 
in NaCl shift experiments were fit to a logistic equation. 

Electrophysiological Studies. Cultures of spinal-cord neu- 
rons were kindly supplied by h. Robert L. MacDonald, University 
of Michigan, Ann Arbor, MI. Details of the culturing procedures 
used in this study can be found elsewhere.& Briefly, spinal cords 
and dorsal-root ganglia were dissected from 12- to 14ddy-old 
fetal-mouse embryos. Following dissociation and trituration, they 
were suspended in Eagle's minimal essential medium (supple- 
mented with serum and g l u m )  in collagen-coated, 35-mm dishes. 
Cultures were maintained in an incubator at 35-37 OC in an 
atmosphere of 10% COP. Cultures were used for recording at 3-6 
weeks in vitro in Dulbecco's phosphate buffer saline (DPBS) 
(composition in m M  CaC12, 1.0; MgC12, 8-10; NaCl, 143.4; KCl 
4.2; and glucose 5.6 in 9.5 mM sodium phosphate buffer at pH 
7.4). All experiments were performed at m m  temperature (20-25 
"C). 

Standard intracellular recordings were made with glass mi- 
cropipettes filled with 3 M KCl (2040 Ma). An active bridge 
circuit was used to simultaneously record membrane potential 
and pass current. Some experiments were performed while passing 
constant hyperpolarizing current (4 nA) to prevent spontaneous 
depolarizing activity from generating action potentials. When 
a stable membrane potential was obtained, input resistance 
meaeurements were obtained by passing hyperpolarizing current 
(&mms duration) and recording the voltage change on a Gould 
chart recorder. Drugs were administered by micropipette with 
a tip diameter of 5-10 pm (puffer pipette) that was positioned 
10-40 flm from the cell body. Using a timed pressure regulator, 
drug was ejected from the barrel at 0.5-1 psi for 10-30 8. All drugs 
were dissolved in DPBS, or if insoluble, in DMSO and diluted 
in buffer to a concentration of no greater than 0.1% DMSO. 

For putative glycine agonists, the principle measure was the 
change in input resistance produced by pressure ejection of the 
test compound. Hyperpolarizing current pulses were delivered 
throughout at a frequency of approximately 1 Hz. Data were 
utilized only when five consecutive measurements during drug 
application were within 15% of each other. To calculate the 
change in input resistance, the mean of five voltage measurements 

(40) Ransom, B. R; Neale, E.; Henkart, M.; Bullock, P. N.; Nelson, 
P. G. Mouse spinal cord in cell cultures. I. Morphology and 
intrinsic neuronal electrophysiologic properties. J. Neuro- 
physiol. 1977, 40, 1132. 
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during the drug delivery was calculated and divided by the mean Registry NO. 1,72519-12-1; 2,137569-65-4; 3.HC1,137569-66-6; 
of measurements made before and after the drug pipette was 
brought next to the cell. 

3 (free base), 137569-80-3; 4.HC1, 137569-67-6; 4 (free base), 
137569-81-4; 5.HC1,137569-687; 5 (free base), 137569-82-5; 6.HC1, 

498-94-2; 12,3395355; 13,4043-883; 14,2133-34-8; 15,64603-90-3; 

24, 137569-77-8; 25, 137569-789; 26, 137569-79-0; H-Sar-OH, 
107-97-1; H-Gly-OH, 56-40-6; Me-Na-OH, 3913-67-5; MeCE 
CCOOMe, 23326-27-4; PrC<COOEt, 16205-90-6; PhC= 
CCOOEt, 2216946; HC=CCOOEt, 623-47-2; strychnine, 57-249. 

137569-69-8; 6 (free b), 137569-83-6; 7.HC1,137569-70-1; 7 (free 
base), 137569447; 8,5937887-9; 9,931-03-3; 10,36476785; 11, 

suppl*g the initial Of and Dr* '' Bigge and 16,137569-71-2; 17,137569-72-3; 18,137569-73-4; 19,137569745; 
T. for the preparation Of p~01e3-mhw'c 20,137569-75-6; 21,137569-76-7; 22,35516-940; 23,683g4-73-6; 
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Nucleosides and Nucleotides. 103. 2-Alkynyladenosines: A Novel Class of 
Selective Adenosine A2 Receptor Agonists with Potent Antihypertensive Effects?,' 

Akira Matsuda,*J Misao Shinozaki,g Toyofumi Yamaguchi,ll Hiroshi Homma,* Rie Nornoto,$ Tadashi Miyasaka,l 
Yohko Watanabe," and Toichi Abiru" 
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Pharmaceutical Sciences, Showa University, Hatanodai 1-5-8, Shinagawa-ku, Tokyo 142, Japan, and Research & Development 
Division, Yamasa Shoyu Co., Ltd., Araoicho 2-10-1, Choshi-shi, Chiba 288, Japan. Received June 11, 1991 

The synthesis and receptor-binding activities at Al and A2 adenosine receptors for a series of 2-alkynyladenosines 
are described. The palladium-catalyzed cross-coupling reaction of 2-iodoadenosine (4a) with various terminal alkynes 
in the presence of bis(tripheny1phosphine)palladium dichloride and cuprous iodide in N,N-dimethylformamide 
containing triethylamine gives 2-alkynyladenosines (Sa-r). An economical synthetic method for the preparation 
of 9-(2,3,5-tri-0-acetyl-l-~-~-ribofuranosyl)-6-c~oro-2-iodopurine (2), which is a precursor of 4a, is also included. 
Several transformation reactions of 2-(l-octyn-l-yl)adenosine (Se) and 2-(l-ethyn-l-yl)adenosine (9) and a similar 
cross-coupling reaction of 6-chloropurine derivative 11 and 8bromoadenosine (13) with 1-octyne are also reported. 
Many of these 2-alkynyladenosines tested for A1 and A2 adenosine receptor binding activities in rat brain are selective 
for the A2 adenosine receptor. Among them, 2-(l-hexyn-l-yl)adenosine (54  has the highest affinity for both AI 
and A2 receptors with Ki values of 126.5 and 2.8 nM, respectively. The structure-activity relationship of this series 
of compounds including 6- or 8alkynylpurine nucleosides and 2-alkyl- and 2-alkenyladenosines is discussed in terms 
of potency at both receptor subtypes. Additionally, we describe how hypotensive activity and heart rate decrease 
brought on by 5 and some other compounds with spontaneously hypertensive rats are proportional to the order 
of the potency to both AI and A2 binding affinities. Thus, 2-alkynyladenosinee are interesting and promising as 
antihypertensive agents that should be considered for further detailed preclinical evaluation. 

Adenmine has long been recognized as a physiologically 
important material to mediate a wide variety of physio- 
logical effects including decreased locomotor activity,2 
inhibition of neurotransmitter release: hypothermia: 
negative inotropic and chronotropic action? inhibition of 
lipolysis,6 inhibition of renin release: inhibition of platelet 
aggregation? and peripheral and cerebral vasodilation? 
However, the therapeutic potential of adenosine is con- 
sidered to be low, since extracellular adenosine is known 
to be unstable due to its rapid uptake into red blood cells,'O 
deamination to inosine by adenosine deaminase,,' and 
phosphorylation to 5'-AMP by adenosine kinase. Moreo- 
ver, such a wide variety of actions is thought to have some 
detrimental effects in therapeutic use. 

Adenosine-induced effects can be attributed to the ac- 
tion via interactions with two cell-surface adenosine re- 
ceptor subtypea, A, and A2, that either inhibit (A, receptor) 
or stimulate (A2 receptor) the activity of adenylate cyclase. 
On the basis of the receptor binding-pharmacological re- 
lationship of several adenosine analogues, adenosine ana- 
logues that have preferential affinity for A, receptors 
produce depression in heart rate and cardiac contractility, 
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on the other hand those analogues having high affinity for 
A2 receptors produce vasodilation. Adenosine agonists that 
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