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(concentration of ligand which reduced maximal specific [3H]PZ 
binding by 50%) were obtained by fitting the data to a one site 
binding model by nonlinear regression. The ICbo values were 
corrected for receptor occupancy by [%]PZ as described by Cheng 
and Prusoffss to give KA valuea (concentration of ligand that causea 
half-maximal receptor occupancy in the absence of [3H]PZ). For 
comparative purposes, unlabeled pirenzepine (Ml), AF-DX 116 
(Mz) and 4-DAMP (MJ were used to determine the rank order 
of potency of the subtype selective antagonists. All assays were 
performed in polyethylene tubes and equilibrated at  30 OC for 
60 min. Bound radioactivity was trapped on Whatman GF/B 
glass fiber fiters that were soaked in 50 mM sodium-potassium 
phosphate buffer containing 0.05% polyethylenimine (pH 7.4). 

In separate studies, saturation experiments were conducted 
by incubating the tissue homogenate with [3H]PZ (1-100 nM) 
in a total volume of 1 mL. Nonspecific binding was determined 
in the presence of 10 pM atropine. Protein was determined by 
the method of Lowry et al.@ These studies showed that [3H]PZ 
had a KD = 15.5 f 0.7 nM and a B,, = 580 f 72 fmolfmg protein 
(N = 4). In addition, 11-point competition curvea for pirenzepine 
(M1), AF-DX 116 (Mz; 11-[[2-[(diethylamino)methyl]-l- 
piperidinyl]acetyl]-5,11-dihydro-6H-pyrido[2,3-b] [ 1,4] benzo- 
diazepin-6-one) and 4-DAMP (M3; 4-(diphenylacetoxy)-N- 
methylpiperidine methiodide) were constructed to confirm the 
muscarinic subtype associated with the rabbit ganglia. The af- 
finities of these compounds are shown in Table 11. 
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Synthesis and Anticonvulsant Activity of Enaminones 
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A new series of novel enaminones has been synthesized from cyclic 6-dicarbonyl precursors which were condensed 
with morpholine, pyrrolidine, phenethylamine, hydrazinea, substituted benzyl amines, and Substituted anilines. These 
compounds were subsequently evaluated for anticonvulsant activity in a variety of anticonvulsant models by the 
National Institute of Neurological and Communicative Disorders and Stroke and in our laboratory. Several of these 
compounds exhibited potent anticonvulsant activity with a remarkable lack of neurotoxicity. The most active analog, 
methyl 44 @-chlorophenyl)amino]-6-methyl-2-ox~cyclohex-3-en-l-oate (27), was protective in the maximal electroehock 
(MES) seizure test in the rat with an oral EDm of 5.8 mg/kg with no toxicity noted at doses up to 380 mg/kg, thus 
providing a protective index (TDbo/EDm) of >65.5. A similar protective index for 27 was noted upon intraperitoneal 
(ip) administration in mice. The anticonvulsant effect of 27 occurred within 15 min of administration and the compound 
remained active beyond 4 h. Compound 27 was also active in the rat corneal kindled model. The application of 
FreeWilson analysis to structure-activity correlation in this series is discussed. 

Enamines have been shown by previous workers'* to 
be highly unstable in aqueous solution. Enaminones, en- 
amines of 8-dicarbonyl compounds, however are quite 
stable and have been employed as prodrugs with variable 
results.'-12 In addition, two articles have reported the 
potential use of enaminones for biological purp~ses . '~J~ 
Scheone and co-workers13 indicated that several en- 

* Author to whom d correspondence should be addressed. 
Department of Medicinal Chemistry, Howard University. 

t Department of Pharmacology, The University of Toledo. 
Department of Chemistry, Howard University. 

aminones prepared were evaluated for hypoglycemic ef- 
fectiveness; however, they reported poor activity. Kase' 

(1) Stamhuis, E. J.; Maas, W. Mechanism of enamine reactions. 
II. The hydrolysis of tertiary amines. J. Org. Chem. 1965,30, 
2156-2160. 

(2) Maas, W.; Janssen, M. J.; Stamhuis, E. J.; Wynberg, H. 
Mechanism of enamine reactions. IV. The hydrolysis of ter- 
tiary enamines in acidic medium. J. Org. Chem. 1967, 32, 

(3) Coward, J. K.; Bruice, T. C. Mechanism of hydrolysis of pri- 
mary and secondary enamines. J. Am. Chem. SOC. 1969,91, 
5329-5339. 
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Table I. Physical Properties of Enaminones' 
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5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 

% yield, mp, "C 
compd R R' R2 R3 R4 method or bp, OC formula anal.* 

COzCH3 CH3 CH3 -(cH2)4- 76, C 112-113' Cl4HZlN03 C, H, N 
COzCH3 CH3 CH3 -(CHz)zO(CHz)z- 45, C 132-133d C14H21NO4 C, H, N 
COzCH3 CH3 H -(CHz)zO(CHz)z- 49, C 125-127e C13H19N04 C, H, N 
COZCH, C6H5 -(CHz)zO(CHz)z- 63, C 194-195' CieHziNO4 C, HI N 
COzCH3 CH3 H -(cH2)4- 76, C 138-13gd CISHleN03 C, H, N 
COzCzH5 CBH5 -(cH2)4- 48, C 168-169 C18HZ3N03 C, H, N 

COzCH3 CH3 H H CHzC6H5 90, c 154-155d C16HlsN03 C, H, N 
COzCH3 CH3 CH3 H CHzC&, 79, C 138-139 C17HzlN03 C, H, N 
COzCH3 CH3 CH3 H (cHz)zCsH~ 46, C 130-131f C18H23N03 C, H, N 

COzCH3 CH3 H H CHZC~H~@-CH~) 48, C 160-1638 C17H21N03 C, H, N 
COZCH, CH3 H H CHZC~H~@-COZH) 63, C 231-235 de# Cl7Hl9NO5 C, H, N 
H CH3 CH3 H CHzC&& 15, C 124-1278* C15H19NO C, H, N 
COzCH3 CH3 H H C H Z C ~ H ~ ( ~ - N O ~ )  66, C 174-176' C16H18"205 C, H, N 
COzCH3 CH3 H H CH&H,(p-F) 62, C 174-1768 C16H17N03F C, H, N 
CONHCHzC6H5 CH3 H H CHzCsH5 81, E 219-2208 CzzHzJ'JzOz C, HI N 
C 0 N H C 6 H 5 CH3 H H C6H5 34, F 243-244' C&.&&Oz C, H, N 
COzCH3 CH3 H H C&5 28, D 141-144' C15H17N03 C, H, N 
COZCH, CH3 H H NHC~HS 71, D 167-167.5k C15H18N203 C, H, N 
COZCH:, CH3 H H C~H~@-CZH~)  43, D 153.5-155' Cl7HZ1NO3 C, H, N 
COZCH3 CH3 H H C&(p-Cl) 61,D 178-18d C16H16NO3Cl c ,  H, N, C1 
COzCH3 CH3 H H CeHd(p-CH3) 67, D 144-146' C16HlgNO3'HzO C, H, N 
COZCH, CH3 H H C&@-NOz) 55, D 186-187f C15H16NZO5 C, H, N 

CONHCHZC6H5 C6H5 H H CHZC~H, 22, E 219-2208 CnHzsNzOz C, H, N 

CONH(CHz)zC& CH3 H H (CHz)zC& 55, E 171-172d CzrHaNzOz C, H, N 
COzCH3 CH3 H H CHzC6Hd(p-C1) 64, C 173-1748 Cl6Hl8N03Cl C, H, N, C1 

COzCH3 CH3 H H C6H,(P'-OCH,, 5'-CH3) 28, D 160.5-161.5' C17HzlNO4 C, H, N 
COzCH3 CH3 H H C&(2',5'-(OCH3)2) 88, D 134-135' C17H21N05 C, H, N 
COzCH3 CH3 H H C ~ H ~ ( ~ - C O Z H )  89, D 226-228 de# Cl6H17NO5 C, HI N 

COzCH3 CH3 H H C6H4@-OH) 41, D 199.5-2011 C15H17N03 C, H, N 
H CH3 CH3 H C6H5 89, D 181-183fv" C14H17NO C, H, N 

COzCH3 CH3 H H N(CHz)zO(CHz)z 52, D 200-202k C13Hd204 C, H, N 
C02CH3 CH3 H H N(CHz)zO(CHz)Z 52, D 207-2128 C13Hdz04 C, H, N 

The infrared and 'H NMR spectra were consistent with assigned structures. Recrystallization solvents as indicated. *All compounds 
gave satisfactory C, H, N, and halogen (when required) analyses (*0.4%). cEtOAc-petroleum ether (80-100 "C). dEtOAc. 'EtOAc-ligroine 
(70-90 "C). '2-Propanol. #Methanol. hReference 17, mp 129-130 "C; reference 18, mp 129.2-130.0 OC. 'Methanol-H,O. )Toluene- 
methanol. Toluene. Total yield of the two isomers. Reference 17, mp 174-177 "C. 

Scheme Io 
method A 

0 0 R3-N-R' 

3 4 

t 
method B c I  

A 
R = CH2CH3, C02C2H5 
R' = H, CH3, C&Is 
I? = H, CH3 

'Reagents: (a) NaOMe; (b) A, amine. 

and ceworkers14 mentioned in an abstract that MK 1-203 
(5,5-dimethyl-3- [ (o-chlorophenyl)amino] -2-  (N- 

(4) Sollenberger, P. Y.; Martin, R. B. Mechanism of enamine hy- 
drolysis. J. Am. Chem. SOC. 1970,94,4261-4270. 

piperidinylmethyl)-cyclohex-2-en-l-one, 1, and MK 1-907 
(5,5-dimethyl-3- [ (m-methoxyphenyl)amino]-2-(N- 

(6 )  Guthrie, J. P.; Jordan, F. Enamine formation and hydrolysis. 
Ethyl &cyanomethylaminotonat.e. J. Am. Chem. Soc. 1972, 

(6) Kavalek, J.; El-Bahei, S.-; Sterba, V. Hydrolysis kinetics of 
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(7) Caldwell, H. C.; Adams, H. J.; Jones, R. G.; Mann, W. A.; 
Dittert, L. W.; Chong, C. W.; Swintosky, J. V. Enamine pro- 
drugs. J. Phurm. Sci. 1971,60, 1810-1812. 

(8) Jensen, N. P.; Freidman, J. J.; Kropp, H.; Kahan, F. M. Use 
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rectal administration of enamine prodrugs of amino acid-like 
@lactam antibiotics in rabbits. Chem. Phorm. Bull. 1981,29, 
1986-1997. 

(10) Murakami, T.; Yata, N.; Tamauchi, H.; Nakai, J.; Yamazaki, 
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Table 11. Anticonvulsant Screening Project (ASP): Phase I Test Results 
activity 

ASP dose, MES" scMetb Toxc 
compd mglkg 30 min 4 h  30 min 4 h  30 min 4 h  classificationd 

01 3 011 01 1 018 014 1 
0.1 011 01 1 314 012 

12 100 213 
300 111 

13 300 111 011 01 1 01 1 114 012 
14 100 113 013 011 01 1 018 014 

300 111 011 01 1 01 1 114 012 
15 300 01 1 111 01 1 011 014 012 
16 300 111 111 111 011 014 012 

19 100 113 013 01 1 01 1 018 014 1 
300 111 111 01 1 01 1 114 01 2 

21 300 011 111 01 1 01 1 014 01 2 
25 300 111 011 111 01 1 014 01 2 

26 100 213 01 3 011 011 018 014 
27 100 313 013 011 011 118 014 

300 111 111 011 011 414 012 
28 30 011 011 111 011 014 012 

300 111 011 01 1 01 1 214 012 
29 100 01 3 013 111 01 1 018 014 

(014) (014) 
31 100 113 01 3 01 1 01 1 014 1 

300 111 01 1 011 01 1 014 
36 100 213 013 01 1 01 1 

300 111 011 01 1 01 1 014 

2 
1 

2 
2 

(014) (014) 

2 
2 

1 
1 

1 

(014) (014) 

(014) (0/4) 

1 

1 
OJ8 012 

OJ8 012 
014 

OMaximal electroshock test (number of animals ProtectedJnumber of animals teated). *Subcutaneous pentylenetetrazol teat. 'Rotorod 
toxicity (number of animals exhibiting toxicityJnumber of animals tested). dThe classifications are as follows: 1, anticonvulsant activity at 
100 mg/kg or lees; 2, anticonvulsant activity at doses greater than 100 mg/kg. Valuee in parentheses are the results of a second trial. eToxic 
at 30 min. 

methyl-N-phenethylaminomethyl)cyclohex-2-en-l-one, 2, 
possessed analgesic, papaverine-like, and anticonvulsant 
actions. We herein report our studies on certain en- 
aminones as potential anticonvulsanta. 

QOCH3 
NH NH 

1 2 

Results and Discussion 
Chemistry. Cyclic enaminone esters 4 (Table I) were 

synthesized from @-hydroxy keto esters 3, which in turn 
were synthesized by Michael addition of a vinyl ketone to 
a malonic ester, followed by a ring-closing Claisen con- 
densation (method A), or by a basecatalyzed condensation 
of a crotonate ester and acetoacetate (method B)16 as 
shown in Scheme I. In our hands, method B was preferred 
especially in the case of 3-penten-2-one, which was 

(12) Naringrekar, V. H.; Stella, V. J. Mechanism of hydrolysis and 
structure-stability relationship of enaminonee as potential 
prodruge of model primary amines. J. Pharm. Sci. 1990, 79, 
138-146. 

(13) Romuesi, G.; Parodi, B.; Bignardi, G.; Menozzi, G.; Scheone, 
P. Reaction of N,N-disubstituted a-aminomethyleneketones 
with b y 1  iaacyanate. Farm. Ed. Sci. 1986,41,639-647. 

(14) Kase', Y.; Saita, M.; Takahama, K.; Masaki, K.; Miyata, T. 
Phnrmacological studies on centrally-acting drugs belonging to 
enaminone Mannich bases. 11. Pharmacology of MK 1-203 
and 1-907, new potent analgesics. Jpn. J. Pharmacol. 1974,24 
(SUPPl.), 86. 

(16) Spencer, T. A.; Newton, M. D.; Baldwin, S. W. Condewtion 
of diethyl malonate with methyl vinyl ketone. J. Org. Chem. 
1964,29, 787-789. 

available in only 65% purity. 5-Methylcyclohexane-1,3- 
dione was formed by the acid-catalyzed decarboxylation 
of either methyl 4-hydroxy-6-methyl-2-oxocyclohex-3-en- 
l a t e  or the ethyl ester. The Bhydroxy keto esters 3 were 
refluxed with 1 equiv of the appropriate amino compound 
under various conditions to provide the desired product. 
In the case of 5-10, 12-14, and 16-21, the reaction pro- 
ceeded effectively in the presence of toluene (method C). 
In the case of the hydrazines and anilines, a much lower 
temperature was employed, due most probably to the lower 
pK, of the aniline (4.63 for aniline) derivatives compared 
to the benzylamine analogs (9.33 for benzylamine)l8 (me- 
thod D). The enaminone esters can, in turn, be reacted 
with additional amine to yield enaminone amides, either 
through the @-hydroxy ketones (method E) or through the 
intermediate enaminone esters (method F). The NMR 
resulta at 300 M H z  of the enaminones were consistent with 
the assigned structures. Of interest is the assignment of 
the methoxy groups in methyl 4- [ (2,5-dimethoxyphenyl)- 
amino]-6-methyl-2-oxocyclohex-3-en-l-oate, 31. The 
chemical shifta (6 ppm) for the carbomethoxy, 2'-methoxy, 
and 5'-methoxy protons occurred at 6 3.81,3.&1, and 3.78, 
respectively. The X-ray crystal structure of methyl 4- 
(benzylamino)-6-methyl-2-oxocyclohex-3-en-l-oate, 12, 
indicated that 12 occurred as a single diastereiomer with 
a trans orientation of the chiral 1-carbomethoxy and 6- 
methyl groups. 

Pharmacology. Preliminary pharmacological testing 
of the compounds listed in Table I has been provided by 

(16) Wease, R. C. CRC Handbook of Chemistry and Physics, 66th 
ed.; CRC Press: Cleveland, 1984-1985; pp D 163-D 164. 

(17) Kotera, K. Infrared absorption spectra of cyclic diketonee. N. 
Studies on keteamine derivatives. Yakugaku Zasshi 1960,80, 
1276-1278. 

(18) Dudek, G. 0.; Holm, R. H. Nuclear magnetic resonance studies 
of keteenol equilibria. III. a,&Unsaturated-&ketoamines. J.  
Am. Chem. SOC. 1962,84,2691-2696. 
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Table 111. Phase I1 Quantification Data 
TPEa MES, PI, 

compound EDmasb TDma*' MESd activity toxicity 
12 64.7 ~ 5 0 0  7.7 0.5 1 

13 131.9 >500 3.0 0.5 1 

27 26.2 254.8 9.7 0.5 2 

36 109.4 232.6 2.1 0.5 0.5 

(41-89) (nd) 

(92-189) (nd) 

(17-40) (202-322) 

(88-124) (200-273) 

(8-10) (55-72) 

(5-14) (46-135) 

(247-338) (369-450) 

phenytoin 9.5 65.5 6.9 2 2 

carbamazepine 8.8 71.6 8.1 0.25 0.25 

valproate 272 426 1.6 0.25 0.25 

aEDso and TDm values are in milligrams/kilogram of test drug de- 
livered intraperitoneally (ip). Test compounds administered in a 0.5% 
methylcellulose suspension. bMeasured at time of peak effect. 
CMeaeured at time of peak neurologic deficit on the rotorod. dPI = 
protective index (TD,/EDm). aTime of peak effect. Numben, in par- 
entheees are 95% confidence interval. nd = not determined. /Values 
from ref 20. 

the Antiepileptic Drug Development (ADD) Program, 
Epilepsy Branch, Neurological Disorders Program, Na- 
tional Institutes of Neurological and Communicative 
Disorders and Stroke, by testing procedures that have been 
de~cribed.'~ Phase I results of the active enaminone 
moieties in mice are shown in Table 11. The three tests 
were maximal electroshock seizure (MES), subcutaneous 
pentylenetetrazol (scMet), and neurologic toxicity (Tox). 
Compounds 16,25,28, and 29 gave spurious results in the 
scMet evaluation and were not advanced further. As a 
result of these tests, compounds 12,13,27,31, and 36 were 
advanced to Phase I1 trials for quantification of their an- 
ticonvulsant activity and neurotoxicity in mice by deter- 
mining the median effective dose (ED,) and median toxic 
dose (TDM). These data are shown in Table 111. Also 
included are data for several currently marketed anticon- 
vulaants for comparison. The protective indices for 12 (7.7) 
and 27 (9.7) compare favorably with phenytoin (6.9) and 
carbamazepine (8.1) and both far surpass valproate (1.6). 
Compounds 12, 19, and 21 were also evaluated in our 
laboratory for their ability to protect against MES and to 
elevate the threshold for electroshock-induced maximal 
(tonic extension) seizures in mice. In addition, the neu- 
rotoxicity of these compounds was assessed by measuring 
their effect on rotorod performance. Both phenobarbital 
and valproic acid were evaluated as reference standards. 
These data are shown in Table IV. It should be noted 
that the MES EDM (42 mg/kg) for intraperitoneal (ip) 
administration of 12 was comparable to the MES EDM (64 
mg/kg) determined for this same compound in Phase I1 
evaluation by the ADD Program. In addition, the TDw 
values for ip administration of 12 were determined to be 

(19) (a) Anticonvulsant Screening Project, Antiepileptic Drug De- 
velopment Program, National Institutes of Health, DHE W 
Pub1 (NZM (U.S.) 1978, NIH 78-1093. (b) Porter, R. J.; Cer- 
eghino, J. J.; Gladding, G. D.; Hwie ,  B. J.; Kupferberg, H. J.; 
Scoville, B.; White, B. G. Antiepileptic drug development 
program. Cleveland Clin. Q. 1984,51,293-305. (c) Krall, R. 
L.; Penry, J. K.; White, B. G.; Kupferberg, H. J.; Swinyd ,  E. 
A. Antiepileptic drug development: 11. Anticonvulsant drug 
screening. Epilepsia 1978,19, 400-428. 

(20) Swinyard, E. A.; Woodhead, J. H.; White, H. S.; Franklin, M. 
R. General Principles-Experimental selection, quantification, 
and evaluation of anticonvulsante. In Antiepileptic Drugs, 3rd 
ad.; Levy, R. H., Dreifuse, F. E., Mattson, R. H., Meldnun, B. 
S., Penry, J. K., Eds.; Raven Press: New York, 1989 pp 
86-102. 
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>500 mg/kg by both laboratories. Valproic acid also 
demonstrated similar activity against MES in both labo- 
ratories (ip MES EDM = 272 mg/kg by ADD Program v8 
MES EDM = 248 mg/kg by our laboratory) and similar 
neurotoxicity (ip TDm = 426 mg/kg by ADD Program vs 
ip TD, = 442 mg/kg by our laboratory). Compounds 19 
and 21 were less effective than 12 in protecting against 
MES after ip administration; however, 12,19, and 21 were 
all more active than valproic acid in this test. Upon oral 
administration (PO), compounds 12 and 19 were still ef- 
fective against MES. As compared to valproic acid, com- 
pounds 12,19, and 21 were 6-10 times more effective in 
elevating electroehock-induced seizure threshold. This test, 
which measures the ability of the drug to alter the seizure 
threshold, is much more sensitive than the MES test, 
which we8 a supramaximal stimulus to induce tonic limb 
extension.21 
As a result of the favorable protective indices, com- 

pounds 12 and 27 were evaluated for oral activity in the 
rat by the ADD Program. Two additional compounds were 
included, the p-fluorobenzylamine derivative 21 and the 
aniline enaminone of dimedone 36. These data are shown 
in Table V. As previously observed in mice, 12 and 27 
displayed excellent protection (MES EDw's of 18.7 and 
65.6 mg/kg, respectively). Also included in Table V are 
several commercial anticonvulsants for comparison. It 
should also be noted that the criteria for evaluation of 
toxicity for the three commercial compounds in the rat 
were leas stringent than the rotorod test for the compounds 
synthesized herein. Whereas compounds 12,21,27, and 
36 were evaluated for the ability of the test animals to 
remain on the rotorod, the testing of the commercial 
products was based on the onset of ataxia. None of the 
enaminones in this report displayed ataxia. Compound 
12 was subjected to a special intraperitoneal (ip) rat 
screening evaluation. This special screen attempts to 
determine whether toxicity of the compound changes when 
employing the ip route of administration versus oral in- 
tubation. The previous rat screen (Table V) in which 12 
was administered orally, showed no toxicity up to doses 
of 500 mg/kg. The results from the ip screen of 12 reduce 
the possibility that lack of oral toxicity was due to an 
absorption phenomena. No toxicity was noted throughout 
the 4 h toxicity evaluation with the ip administration of 
100 mg/kg of compound 12. Corneal kindling studies were 
performed in our laboratories on 12,27, phenobarbital, and 
valproic acid. The results are shown in Table VI. Com- 
parative data for the commercial products was kindly 
provided by the ADD Program. It should be noted that 
we employed the modified Racine scoring systemz2 while 
the ADD Program employed the Racine system.23 The 
EDM values calculated in our laboratory are slightly more 
conservative than those reported by the ADD Program in 
that the former is equal to the dose which reduced seizure 
severity by 50% and the latter is equal to the dose which 
reduced seizure severity from stage 5 to stage 4 in 50% of 
the animals. Seizures evoked in electroshock-kindled rats 
provide a suitable model consistent with complex partial 
seizures evolving into generalized motor seizures in hu- 

(21) Loecher, W.; Schmidt, D. Which animal models should be used 
in the search for new for new antiepileptic drugs? A proposal 
baaed on experimental and clinical considerations. Epilepsy 
Res. 1988,2, 145-181. 

(22) Schwark, W. S.; Haluska, M. Prevention of amygdala kindling 
with an inhibitor of y-aminobutyric acid uptake. Neurosci. 
Lett. 1986, 69, 65-69. 

(23) Racine, R. J. Modification of seizure activity by electrical 
stimulation. 11. Motor seizure. Electroencephalogr. Clin. 
Neurophysiol. 1972,32,281-294. 
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Table IV. Maximal Electroshock Seizure (MES), Threshold for Maximal Electroconvulsions, and Toxicity Testing in Mice 
~ 

dose elevating 
TPE' route MES, ED," (95% electroshock- TDm' (95% 

of confidence induced seizure confidence 
compound administration limits) threshold by 20%b limits) PI, MESd activity toxicity 

12 iP 42 13 >500 >11.9 0.5 0.25 
(34-52) 

(140-189) 

(44-64) (135-163) 

(163-207) 

(122-207) 

(16-21) (78-108) 

PO 162 ndf >500 >3.1 0.5 g 

19 iP 53 20 148 2.8 0.5 0.25 

PO 211 ndf nd ndf 0.5 ndf 

21 iP 159 10 nd ndf 0.5 ndf 

phenobarbital iP 18 3 92 5.1 1.0 1.0 

valproate iP 248 132 44 1 1.8 0.5 0.5 
(227-27 1) (229-653) 

ODose (mg/kg) protecting 50% of the mice from tonic hind limb extension at the time of peak anticonvulsant effect. bDose (mg/kg) 
elevating threshold for maximal (tonic extension) electroconvulsions by 20% at the time of peak anticonvulsant effect. e Median neurotoxic 
dose (mg/kg) as determined by the rotorod test at the time of peak neurotoxic effect. dPI = protective index (TD,/,MES EDw). 'Time of 
peak effect. fnd = not determined. gNo toxicity observed with 500 mg/kg during the first 120 min after PO administration. 

Table V. Phase VI Oral Rat Data 
dose, 

compound mg/kg time, h MES" Toxb ED,' TD,' PId 
12 50 0.25 214 014 26.8 >500 18.7 
~~ 

0.50 4 j 4  o j 4  (16-38) (nd) 
1.00 31 4 014 
2.00 214 014 
4.00 214 014 

21 50 0.25 214 014 
0.50 21 4 014 
1.00 114 014 
2.00 214 014 
4.00 314 014 

27 10 0.25 31 4 014 

1.00 41 4 014 
2.00 41 4 014 

014 

0.50 31 4 014 
1.00 214 014 

014 2.00 114 

60 0.25 31 4 014 
0.50 31 4 014 
1.00 014 014 
2.00 014 014 
4.00 014 014 

49.3 >230 4.7 
(34-78) (nd) 

5.8 >380 65.6 
0.50 41 4 014 (4-7) (nd) 

4.00 31 4 
6 0.25 nd nd 

nd 4.00 nd 
30.1 >250 
(15-54) (nd) 

29.8 >300d > 100 
(22-39) 

(3-11) (489-1234) 

phenytoin' 

carbamazepine' 8.50 819  95.7 

valproate' 490 286 0.6 
(351-728) (191-353) 

"Maximal electroshock test (refer to Table I1 for definition). bRotorod toxicity (refer to Table I1 for definition). cEDM and TD, values 
are in milligrams/ kilogram of test drug delivered orally. dRefer to Table I11 for definition. e Values from ref 20. f Tox data based on ataxia. 

36 8.3 

mans.24 Compound 27 provided an EDw of 34.2 mg/kg, 
whereas phenytoin was inactive in this test via the oral 
route. The EDw value for 27 of 34.2 mg/kg compares 
favorably with that for carbamazepine (28.9 mg/kg). Both 
12 and 27 were evaluated in Phase V of the ADD Program 
evaluation scheme. Phase V provides quantification 
against bicuculline, picrotoxin, pentylenetetrazol, and 
strychnine. This screen provides information on the 
mechanism of action of the anticonvulsant activity. Bi- 
cuculline, picrotoxin, and strychnine correspond to GABA 
inhibitory function, chloride channel inhibition, and in- 

(24) Methods-Comedy kindled rata, Antiepileptic Drug Devel- 
opment (ADD Program Protocol). 

hibition by glycine, respectively. Compound 12 was uni- 
formly inactive in all tests at doses of 12.5,25,50, and 100 
mg/kg. While compound 27 was also inactive in these 
tests, it did not lower the seizure threshold to the che- 
mostimulants. In addition, 27 was inactive in the benzo- 
diazepine receptor binding evaluation, the GABA receptor 
binding test, and the adenosine uptake assay. In view of 
the recent reporta that 5-fluoro-4-oxopentanoic acidz5 and 
3,5-dioxocyclohexanecarboxylic acidz6 inhibit GABA am- 

(25) Lippert, B.; Metcalf, B. W.; Resvick, R. J. Enzyme-activated 
irreversible inhibition of rat and mouse brain 4-aminobutyric 
acid-a-ketoglutarate transaminase by 5-fluore4oxo-pentic 
acid. Biochem. Biophys. Res. Commun. 1982,108, 146-152. 
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Table VI. Rat Corneal Kindling Dataa 
~ _ _ _ _ _ _ _  

route and time dose, % ave seizure E%, mg/krf (95% 
compound* of test, h mg/kg reduction score (SEM') Nd confidence interval) 

12 PO; 0.5 0 0 5.0 (0.0) 29 
50 29 3.6 (0.7) 9 78.3 (51-119) 
60 40 3.0 (0.7) 11 
75 47 2.6 (0.7) 11 

27 PO; 0.5 0 0 4.9 (0.0) 57 
20 40 3.0 (0.7) 12 34.2 (18-64) 
30 40 3.0 (0.8) 
40 49 2.6 (0.9) 7 
50 67 1.7 (0.9) 9 

phenobarbital ip; 0.5 0 0 5.0 (0.0) 40 
15 47 2.7 (0.8) 9 15.0 (10-23) 
20 68 1.7 (0.7) 9 
25 70 1.5 (0.5) 10 

valproic acid ip; 0.5 0 0 5.0 (0.0) 35 
100 49 2.6 (0.9) 7 96.0 (66-139) 
150 76 1.2 (0.6) 9 
200 98 0.1 (0.1) 8 
250 90 0.5 (0.3) 10 

30 74 1.3 (0.5) 13 

clonazepamf po; 1.0 0.7 (0.5-1) 
carbamazepind po; 1.0 28.9 (8-76) 

phenytoinf ip; 0.5 48.25 (25-78) 
valproic acidf PO; 0.5 117.4 (68-189) 

phenytoinf PO; 0.5 >lo0 

a Rats kindled to stage 5 seizures as described in Experimental Section. Seizures were scored according to the modified Racine scoring 
system:22 0 = no effect; 1 = immobility; 2 = facial clonus, head nodding; 3 = facial clonus and rearing; 4 = forelimb clonus and rearing; 5 = 
forelimb clonus and falling. *Compounds 12 and 27 administered in a 0.5% methylcellulose suspension. Sodium phenobarbital was ad- 
ministered in a 0.9% NaCl solution and valproic acid was administered in corn oil. 'Standard error of the mean. dNumber of animals 
tested. e EDso = dose which reduced seizure severity by 50%. f Data provided by the ADD Program. Rats kindled to stage 5. Endpoint was 
reduction from stage 5 to stage 4 (ref 23). 

inotransferase and were classified as 'Class IV" inactivators 
by S i l ~ e r m a n , ~ ~  the starting ,&hydroxy ketones were 
evaluated for anticonvulsant activity. All starting j3-hy- 
droxy ketones were inactive in Phase I evaluations. This 
fact, together with the rapid onset of action of 12 and 27, 
would preclude their acting as prodrugs.12s28 From the 
above data, a structure-activity relationship can be ten- 
tatively proposed. 

(1) Amino substitution: For potential activity, primary 
amines should be employed, as pyrrolidine (5,9 and 10) 
and morpholine (6-8) analogs are uniformly inactive. The 
primary amine should be attached directly, or through a 
methylene, ethylene, or amino bridge, to an aromatic ring. 
The condensation of 8-hydroxy keto ester 3 (R=C02CH3; 
R' = CH,; R2-H) with N-aminomorpholine produced the 
two isomers, 33 and 34; however, neither was active in 
Phase I evaluations. In addition, it was observed that, in 
proceeding through the homologous series from the highly 
active unsubstituted benzylamine analog 12 to the un- 
substituted phenylamine compound 24, activity was lost. 

(2) Substitution on position 6: Substitution may ac- 
commodate a methyl or dimethyl functionality, while 
phenyl substitution (8, 10, and 11) produces inactive 
compounds. 

(3) Ester functionality at position 1: This function may 
not be required as two dimedone analogs 1917J8 and 3617 
have also proved to be potent anticonvulsants. Phase I1 
(Table III) and VI (Table V) data for 36 indicate that the 
protective index in mice is modest, while in rats anticon- 

(26) Alston, T. A.; Porter, D. J. T.; Wheeler, D. M. S.; Bright, H. 
J. Mechanism-based inactivation of GABA aminotransferase 
by 3,5-dioxocyclohexanecarboxylic acid. Biochem. Pharmocol. 

(27) Nanavati, S. M.; Silverman, R. B. Design of potential anti- 
convulsant agents: mechanistic classification of GABA ami- 
notransferase inactivators. J. Med. Chem. 1989,32,2413-2421. 

(28) Greenhill, J. V. Enaminones. Chem. SOC. Reu. 1977, 6, 

1982,31,4081-4084. 

277-294. 

vulsant activity is lost after 1 h. Thus, for maximum 
sustained activity and safety, the carbomethoxy function 
should be present. 

(4) Carboxamide functionality at position 1: As with the 
ester function, the homologous carboxamides vary from 
the highly active phenethyl analog 15 to the proconvulsant 
benzyl analog 22 to the inactive phenyl compound 23. 
(5) Aromatic substitution: in view of the highly active 

12, we undertook a systematic evaluation of the electronic 
and steric effects involved in para substitution. We had 
previously employed a similar technique in our study of 
anticonvulsant spirosuccinimides.29 While the T ~ p l i s s ~ ~ ~ ~  
approach was used previously, we now employed the 
Free-Whn analysis32 successfully employed by Craig.33*34 
The substituted benzylamines 16-18,20, and 21 provided 
only a slight modification in activity compared with 12, 
with only 21 providing any significant activity in Phase 
I1 evaluation. The conclusion that activity may reside in 
the +a, +7r quadrant was thus established. The fact that 
the enaminone of aniline, 24, the starting compound in our 
analysis, was inactive in anticonvulsant evaluations was 
remarkable in our view due to the previous report.14 
Nevertheless, we prepared 26-32 and 35. With the ex- 
ceptions of 32 (comparable to inactive 18 in the benzyl- 
amine series) and 35, anticonvulsant activity was observed. 

Tamer, M. L.; Nicholson, J. M.; Scott, K. R. spirosuccinimidea 
as potential akiconvulsants. 2 Pharm. Sci. 1985,74,785-787. 
Topliss, J. G. Utilization of operational schemes for analog 
synthesis in drug design. J. Med. Chem. 1972,15,1006-1011. 
Topliss, J. G. A manual method for applying the Hansch ap- 
proach to drug design. J. Med. Chem. 1977,20,463-469. 
Free, S.  M., Jr.; Wilson, J. W. A mathematical contribution to 
structure-activity studies. J. Med. Chem. 1964, 7,  395-399. 
Craig, P. N. Interdependence between physical parameters and 
selection of substituent groups for correlation studies. J. Med. 
Chem. 1971,14,680-684. 
Craig, P. N. Structure-activity correlations of antimalarial 
compounds. 1. Free-Wilson analysis of 2-phenylquinoline-4- 
carbinols. J. Med. Chem. 1972, 15, 144-148. 



2804 Journal of Medicinal Chemistry, 1992, Vol. 35, No. 15 

i0- -; 
Edafiogho et al. 

for the elements were within 0.4% of the theoretical values. 
Experimental data for all of the enaminone compounds are 
provided in Table 1. Ethyl 4-hydroxy-6-methyl-2-oxocyclohex- 
3-en-l-oate was prepared by Method B.16 Compounds 19:'J8 and 
3617p28*3s were prepared by method D with comparable yields 
compared with those of method C employed in the literature. 
Typical experiments illustrating the general procedures for the 
preparation of the enaminones and intermediates are described 
below. X-ray crystallographic experiments were performed in 
the laboratory of Dr. Penelope W. Codding, University of Calgary, 
Department of Chemistry, Calgary, Alberta, Canada. 

Methyl 4-Hydrory-6-methyl-2-oxocyclohex-3-en-l-oate (3) 
(R = CHS, R1 = CH, Rz = H). Method A. To a freshly prepared 
solution of sodium (7 g, 0.3 g-atom) in methanol (100 mL) was 
added dimethyl malonate (48 g, 0.36 mol) over 30 min and the 
mixture stirred on an ice bath for an additional 30 min. 3-Pen- 
ten-2-one (a%, 21 g, 0.16 mol) was added and stirring continued 
in the cold for 1 h and then refluxed for an additional 2 h. The 
reaction mixture was cooled and the white precipitate which 
formed from the reddish-brown solution was collected, dissolved 
in a minimum amount of cold water (20 mL), acidified with 2 M 
sulfuric acid (120 mL), and extracted with dichloromethane (2 
x 200 mL). After washing with water, the dichloromethane extract 
was dried over sodium sulfate. Additional 3 was obtained on 
evaporation of the methanolic solution and workup of the residue 
as previously indicated. Evaporation of the combined extract and 
recrystallization of the residue from toluene provided 3 (10.6 g, 
39%): white plates; mp 122-123 "C; NMR (CDC13) ii 1.03 (3 H, 
d, J = 6 Hz, CH3CH), 2.50 (2 H, m, CH2), 3.20 (2 H, m, 2 X 2 H), 
3.70 (3 H, s, OCHJ, 5.03 (1 H, s, =CHI; IR (CHC13 solution), 3150 
(br), 3020 (CH), 1730,1659,1610 cm-'. Anal. (CgHl2O4) C, H. 

Method B. To a freshly prepared solution of sodium (17.8 g, 
0.77 g-atom) in methanol (220 mL) was added methyl acetoacetate 
(89.7 g, 0.77 mol) over 30 min and the mixture stirred on an ice 
bath for an additional 15 min. Ethyl crotonate (96%, 100 mL, 
0.77 mol) was added dropwise and the mixture stirred at  room 
temperature for an additional 30 min. After refluxing for 2 h, 
the mixture was cooled and the precipitate treated as indicated 
in method A to yield 57 g (40%) with identical constants as in 
method A. 
S-Methylcyclohexane-l,3-&one (3) (R = R' = H, R2 = CHJ. 

Ethyl 4hydroxy-6-methyl-2-oxocyclohex-3-en-l-0ate~~ prepared 
by method B (129 g, 0.59 mol as the sodium enolate) was diesolved 
in 60 mL of water, 118 mL of a 5 M sodium hydroxide solution 
added, and the mixture refluxed for 1 h. After cooling to room 
temperature, the mixture was acidified with 90 mL of 5 M sulfuric 
acid and extracted with dichloromethane (2 x 100 mL). After 
washing with water, the organic layer was dried over magnesium 
sulfate, the solvent removed under reduced pressure, and the 
residue distilled [bp 60 OC (0.3 mm), 33.5 g, 44.9%1 and cry~talbd 
on standing for 1 week. The solid was recrystallized from toluene, 
mp 139-141 OC. Anal. (C, H). 

Methyl 4-(Benzylamino)-6-methyl-2-oxocyclohex-3-en- 1- 
oate (12). Method C. To a solution of 3 (R = C02CH3, R' = 
CH3, R2 = H) (2 g, 10.9 mmol) in 100 mL of toluene was added 
benzylamine (1.61 g, 15 "01) and the mixture refluxed for 3 h 
using a Dean-Stark water separator. During the reaction, 0.25 
mL of water was mllected. Evaporation of the mixture to dryness 
and two cryatallizations from ethyl acetate provided 1.6 g (81.3%) 
of the title compound, mp 154-155 OC. Anal. (C, H, N). 

Methyl 4-1 (p -Chlorophenyl)amino]-6-methyl-2-oxocyclo- 
hex-3-en-l-oate (27). Method D. A solution containing 60 mL 
of ethyl acetate and 140 mL of ether was employed to dissolve 
3 (R = C02CH3, R1 = CH3, R2 = H) (5 g, 27 mmol) and 4- 
chloroaniline (4.16 g, 33 mmol) (Caution! Possible mutagen). 
The mixture was stirred and refluxed for 4 h. After evaporation 
of the solvents and refrigeration, the dark brown viscous liquid 
solidified. Two recrystallizations from toluene provided 27, mp 
178-180 OC. Anal. (C, H, N). 
N-Benzyl-4-(benzylamino)-6-methyl-2-oxocyclohex-3- 

ene-1-carboxamide (22). Method E. Compound 3 (R = 

Figure 1. Proposed common 'fingerprint" region of anticon- 
vulsant activity (enclosed) for phenytoin, methyl 4-(benzyl- 
amino)-6-methyl-2-oxocyclohex-3-en-l-oate (12), and methyl 
4- [ (p-chlorophenyl)amino]-6-methyl-2-oxocyclohex-3-en- l-oate 
(27). Regions of commonality include (a) imide carbonyl of 
phenytoin and 2-oxo carbonyl of 12 and 27, (b) 4-nitrogen of 
phenytoin and the 3-ene carbon of 12 and 27, and (c) 5-phenyl 
of phenytoin and the 4-(benzylamino) or 4-[(p-chlorophenyl)- 
amino] function of 12 and 27, respectively. Attention is drawn 
to the increased bond distance from a to c in 12 and 27. 

Thus, the conclusion that anticonvulsant activity can be 
enhanced by para substitution to the +u, +A quadrant as 
well as the -6, +A quadrant appears valid. Due to the 
similarity in anticonvulsant spectrum to phenytoin, it 
seemed logical to compare the structure of each of the 
active enaminones, 12 and 27, to that of phenytoin. This 
is shown in Figure 1. Furthermore, the lack of enhanced 
anticonvulsant activity in the benzylamine series may be 
due to the lack of a -I effect with the para substituents 
due to the methylene bridge which effectively blocks this 
electronic contribution. As noted by Topliss,3O p-fluoro 
substitution produces a minimal change in u and A effects 
compared to the unsubstituted compound. This is borne 
out in the anticonvulsant activity of 21. Steric effects in 
the benzylamine series cannot be overlooked. Figure 1 
indicates an increased distance from the phenyl ring to the 
carbonyl group of 12 compared to phenytoin and 27. The 
aniline series bears out the conclusion that a -I effect 
enhances activity, and that strong +?r groups enhance 
activity. Comparing p-chlorobenzylamine 16 to p- 
chlorophenylamine 27, p-methylbenzylamine 17 to p- 
methylaniline 28, and p-nitrobenzylamine 20 to p-nitro- 
aniline 29, it is clear that activity is enhanced in all cases. 
In addition, the p-hydroxy phenyl analog 35 is inactive, 
which parallels the metabolic inactivation of phenytoin. 
Thus, the active anticonvulsant region of the enaminones 
can tentatively be outlined as indicated in Figure 1. With 
the further evaluation of compound 27, the synthesis of 
additional analogs, CLOGP35 evaluation, further X-ray 
crystallographic analysis, and molecular modeling, a clearer 
picture of these enaminones should emerge. Further re- 
search in these areas is underway in our laboratories and 
will be reported shortly. 
Experimental Section 

Chemistry. Melting points were determined on a Thomas- 
Hoover capillary melting point apparatus and are uncorrected. 
Observed boiling points were also uncorrected. IR spectra were 
recorded on samples in Nujol, as diluted chloroform solutions in 
matched sodium chloride cells, or neat with a Perkin-Elmer 1330 
spectrophotometer. 'H NMR spectra were recorded on a General 
Electric QE 300-MHz spectrometer in deuterated solvents using 
tetramethyhilane as an internal reference. Elemental analyses 
(C, H, N, and halogen) were performed by Schwarzkopf Micro- 
analytical Laboratory (Woodside, NY). Where analyses are in- 
dicated only by the symbols of the elements, analytical results 

(35) Leo, A.; Weininger, D.; Weininger, A. CLOGP, CMR, Medi- 
cinal chemistry Project, Pomona College: Claremont, CA 
91711; version 3.54, distributed by Daylight Chemical Infor- 
mation Systems, 1989. 

~~~~ 

(36) Greenhill, J. V. Aromatic enaminones. Part 1. Ultraviolet 
absorption of N-aryl enaminones derived from dimedone. J. 
Chem. SOC. Perkin Tram. 1 ,  1976, 2207-2210. 
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COZCHS, R' = CHS, R2 = H) (46 g, 0.25 mol) and benzylamine 
(80.4 g, 0.75 mol) in 350 mL of toluene was refluxed under a 
Dean-Stark water separator for 6 h. The solvent was evaporated, 
and the residue was crystallized from methanol to give 19.2 g 
(22%), mp 219-220 OC. Anal. (C, H, N). 

Method F. Compound 12 (5.34 g, 19.5 "01) was mixed with 
2.09 g (19.5 "01) of benzylamine in 100 mL of toluene and the 
mixture refluxed for 6 h. Workup aa indicated in method E 
provided 11 with the identical constants as reported. 

Pharmacology. Initial evaluation for anticonvulsant activity 
was done by the Antiepileptic Drug Development Program, E p  
ilepsy Branch, Neurological Disorders Program, National Institute 
of Neurological and Communicative Disorders and Stroke and 
included Pham I, II, and V teat procedm,  which have previously 
been described.19 These testa were performed in male Carworth 
Farms #1 (CF1) mice. Phase I of the evaluation included three 
tests: maximal electroshock (MES), subcutaneous pentylene- 
tetrazol (scMet), and the rotorod test for neurological toxicity 
(Tox). Compounds were either dissolved or suspended in 30% 
polyethylene glycol 400 and were administered by intraperitoneal 
injection at  three dosage levels (30,100, and 300 mg/kg) with 
anticonvulsant activity and neurotoxicity noted 30 min and 4 h 
after administration. The compounds listed in Table 11 were those 
which displayed significant activity in Phase I evaluations. Phase 
II teating quantitated the anticonvulsant activity and neurotoxicity 
observed for the most promising compounds in Phase I. Thus, 
12, 13,27, and 36 were evaluated in this development scheme. 
Thew data are provided in Table 111. Phase I1 determined the 
median effective dose (EDW) and median toxic dose (TDw). The 
J3DW and TDW valuea and their confidence limits were determined 
at  the time of peak effect of each compound by the method of 
Litchfield and W i l c o x ~ n . ~ ~  The MES and neurotoxicity tests 
done in our laboratory (Table 111) were also carried out in CF1 
male mice (ca. 24-34 g) by the same methods employed by the 
ADD Program. All compounds were administered in a 0.5% 
methylcellulose suspension by either ip or oral (Po) tion. 
The elevation of maximal seizure threshold tests were performed 
according to the method previously described by Loscher and 
Schmidt?' Briefly, the current which induced hind limb extension 
in 50% of control mice (threahold current = CCd was determined 
according to the 'up and down" method, Le., the stimulus intensity 
for each mouse was dependent upon the response of the mouse 
previously tested. If the previous animal failed to exhibit a tonic 
seizure, then the stimulus intensity was increased by an increment, 
or if the animal failed to respond, decreased to the next lower 
increment. Each control group consisted of 15-25 mice treated 
with 0.5% methylcellulose and a control group was tested with 
each experimental group. Each experimental group of 15-25 mice 
was treated with a dose of the test drug and subjected to the same 
procedure as the controls. At least three doses of each teat drug 
were evaluated. The dose of the test drug which elevated the 
control threshold current by 20% was calculated by plotting the 
doses of the teat drug against the percentage threshold increaees. 
Phase V of the ADD testing protocol measured the ability of the 
compounds to provide protection against seizures induced by 
subcutaneous injection of the CDw of the following convulsant 
agents; Met (85 mg/kg), bicuculline (2.7 mg/kg), picrotoxin (3.15 
mg/kg),  and strychnine (1.2 mg/kg). Compounds 12 and 27 were 
uniformly inactive in this phase of testing. Phase VI provided 
oral rat data comparable to Phase I1 ip data in mice. Male 
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Sprague-Dawley rata were employed in this evaluation. Table 
V detaile the results of this evaluation for compounds 12,21,27, 
and 36. A special ip toxicity evaluation was performed on com- 
pound 12 in Sprague-Dawley rats. This compound was nontoxic 
at 100 mg/kg at  15, and 30 min and 1,2, and 4 h. Compounds 
12 and 27, as well as phenobarbital and valproic acid, were teated 
in comeal kindled rata in our laboratory according to the p d m  
described by Skeen et al.ae The results are shown in Table VI. 
In this procedure, Sprague-Dawley rata (85-95 g initial weight) 
were subjected to twice a day, 4 s,8 mA stimulations via comeal 
electrodes for 5 to 6 days, followed by a single stimulation per 
day until a criterion of 10 consecutive stage 5 sei" was reached. 
A 1% solution of butacaine sulfate was applied to the comea as 
a topical anesthetic. The seizure score according to a modified 
Racine scale,22 seizure duration, and duration of forelimb clonus 
was recorded. The modified Racine scale was as follows: 0 = no 
effect, 1 = immobility; 2 = facial clonus, head nodding; 3 = facial 
clonus and rearing; 4 = forelimb clonus and rearing; 5 = forelimb 
clonus and falling. Following the establishment of kindling, rate 
received vehicle (0.5% methylcellulose, 0.9% saline, or com oil) 
by either ip or po administration and were subjected to a single 
shock at the correaponding test drug's time of peak effect to a" 
a stage 5 response. Following a 2-day shock-free period, rata 
received either compound 12,27, phenobarbital, or valproic acid 
by either ip or po administration and a single shock at the test 
drug's time of peak effect. The animal's response was recorded. 
The EDw for each test drug was calculated by the method of 
Litchfield and Wilcoxons7 and is equivalent to the dose which 
reduced seizure severity by 50%. Data for PO administration of 
clonazepam, phenytoin, and valproic acid and for ip injection of 
phenytoin were provided by the ADD Program and the EDW for 
each of these drugs was calculated to be the dose which reduced 
seizure severity to a stage 4 in 50% of the animals.% The 
methodology used was similar to what is described above, however 
the Racine scale" was used to score seizure severity: 0 = im- 
mobility; 1 = facial and mouth movements, 2 = head nodding; 
3 = forelimb clonus; 4 = forelimb clonus and rearing; 5 = forelimb 
clonus and falliig. 
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