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10 times (once every 30 s) to determine whether or not they were 
mobile. Antidepressant drugs reduce the score in this test in a 
dose-dependent fashion. 

Rat Foot Edema Test. The procedure of Winter'* was 
modified as follows: Adult male, fasted, unanesthetized, Charles 
River CD Sprague-Dawley rats of 170-205 g body weight were 
numbered and weighed. and an ink mark was Dlaced on the right 

week-old 1% solution of carrageenan in distilled water into the 
plantar tissue of the marked paws. Immediately thereafter, the 
volume of the injected paw was measured. The increase in foot 
volume 3 h after the injection of carrageenan constitutes the 
individual response. Compounds were considered active if they 
inhibited the edema response by 30% or more in a group of six 
rats. 

lateral malleolus. 'Each paw was immersed in mercury exactly 
to the ink mark. The mercury was contained in a plastic cylinder 
connected to an Omega pressure transducer. The output from 
the transducer was fed through a Buxco organ volume monitor. 
The volume of mercury displaced by the immersed paw was read, 
then printed on a Texas Instruments Silent 700. Drugs were given 
by gavage in a 25 mL/kg volume. One hour after drug admin- 
istration, edema was induced by injection of 0.05 mL of a 2- 

(18) Winter, C. A.; Risley, E. A,; Nuss, G. W. Proc. SOC. E x p .  Biol. 
1963, I 1  I ,  544. 
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Several 1-acyl-2-pyrrolidinone derivatives were synthesized as derivatives of y-aminobutyric acid (GABA), and their 
pharmacological activities and stabilities were investigated. The derivatives showed anticonvulsant effect on 
picrotoxin-induced seizure at a dose of 200 mg/kg. In particular, 1-decanoyl-2-pyrrolidinone (7) and l-dodecano- 
yl-2-pyrrolidinone (8) had a high activity. The anticonvulsant activity showed a dose dependency. Some of 
1-acyl-2-pyrrolidinone derivatives prolonged sleeping time which was induced by sodium pentobarbital and showed 
a recovery from disruption of the memory of passive avoidance response, which was induced by an electroconvulsive 
shock. As shown by the results of the stability study of 1-acetyl-2-pyrrolidinone (l), it was degraded in an acidic 
buffer and an alkaline buffer although 2-pyrrolidinone was stable. 1-Acyl-2-pyrrolidinone derivatives were degraded 
in liver and brain homogenates of mouse and rat. They showed a degradation rate in rat plasma. Conversion of 
8 to GABA in mouse liver homogenate was demonstrated. These results suggested that the pharmacological activity 
of 1-acyl-2-pyrrolidinone is probably due to the release of GABA by hydrolysis of derivatives although further work 
is necessary. 

Several neurological and neuropsychiatric disorders such 
as epilepsy and Huntington's disease have been reported 
to be associated with a decrease in y-aminobutyr ic  acid 
(GABA) levels in the central nervous system (CNS).1-3 
These observations suggest that increased levels of GABA 
in the CNS may be useful in the treatment of such neu- 
ropsychiatric disorders. However, attempts to use GABA 
in clinical trials failed due to the extremely high doses 
required to force GABA across the blood-brain barr ie~- .~,~ 

Numerous  derivatives of GABA, including alkyl ester 
of GABA,69' y-acetylenic GABA,8 aliphatic and steroid 
esters of GABA,*" Schiff bases of GABA,12 soft d r u g  of 
GABA,13 and isonicotinoyl GABA,14 have been developed 
in the hope of facilitating the uptake  of GABA into the 
brain. 

Callery et al.15J6 suggested another possibility, use of 
2-pyrrolidinone as a GABA prodrug. 2-Pyrrolidinone, the 
lactam of GABA, is more lipophilic than GABA and pen- 
etrates readily into the CNS. However, attempts to in- 
crease whole-brain GABA concentrations with single large 
doses of 2-pyrrolidinone have been u n s u ~ c e s s f u l . ~  The 
fai lure  m a y  be explained b y  a slow hydrolysis of 2- 
pyrrolidinone to GABA.l6 

The t ight  amide  bond of 2-pyrrolidinone m a y  be weak- 
ened b y  introduction of an acyl function to the 1-position. 
Also the lipophilicity of drug  m a y  be controlled by  the 
chain length of the acyl funct ion to be introduced. 
Therefore, several 1-acyl-2-pyrrolidinone derivatives having 
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various alkyl chains were synthesized and their GABA-like 
pharmacological activities such as anticonvulsant activity 
and sedative activity were evaluated. Antiamnesic activity 
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Table I. Structures and Physicochemical Properties of I-Acyl-2-pyrrolidinone Derivatives 
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c=o 
R 

compd or R MWa mp, "C RP log k? log P,d sa: 

GABA 103.1 202 -3.33 > 104 
2-pyrrolidinone 
1 CH, 

85.1 
127.1 
141.2 
155.2 
169.2 
169.2 
197.3 
239.4 
267.4 
189.2 
203.2 
185.2 
285.4 

23-25 
<d 
<d 
<d 
<d 
<d 
<d 
16-17 
25-28 
89-90 
40-41 

106-108 
96-98 

0.51 0.074 -0.85 g 
0.72 0.75 -0.05 g 
0.73 
0.79 1.5 1.18 280 
0.80 
0.81 
0.83 3.0 3.04 24.4 
0.86 4.4 4.33 0.347 
0.87 5.5 5.05 0.048 
0.81 
0.82 
0.56 
0.54 

Molecular weight. b R  values in TLC. CLipophilic indices determined by HPLC. dLogarithmic value of apparent partition coefficient 
between 1-octanol and p d  5.0 phosphate buffer (0.1 M) at  37 OC. eSolubility in pH 5.0 phosphate buffer (0.1 M) at 37 "C. 'The compound 
was liquid when stored at  4 OC. 8Miscible. 

Scheme I. Synthesis of 1-Acyl-2-pyrrolidinone Derivatives 
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2-Pyrrolidinone 
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I 

1-Acyl-2 - 
pyrrolidinone 
(1-11) 

of the derivatives was also examined. Their fundamental 
stability and conversion to GABA in biological media were 
demonstrated. 

Results and Discussion 
Chemistry. 1-Acyl-2-pyrrolidinone derivatives (1-8) 

were prepared in good yield by a direct acylation of 2- 
pyrrolidinone with acyl chloride a t  room temperature in 
the presence of a proton capturer, triethylamine, as shown 
in Scheme I. The oily products were purified with dis- 
tillation under reduced pressure. The derivatives having 
longer acyl chains showed higher boiling point for distil- 
lation. l-Benzoyl-2-pyrrolidinone (9) and l-(phenyl- 
acetyl)-2-pyrrolidinone (10) were purified by recrystalli- 
zation. 1-Succinyl-2-pyrrolidinone (1 1) was prepared by 
acylation of 2-pyrrolidinone with succinic anhydride and 
purified by recrystallization, N-Dodecanoyl-GABA (12) 
was prepared by acylation of GABA with dodecanoyl 
chloride in 2 M NaOH for comparing its conversion and 
anticonvulsant activity with 1-dodecanoyl-2-pyrrolidinone 
(8). The NMR spectra and elemental analysis of the 
compounds were consistent with their proposed structures. 

Structure and Physicochemical Property of De- 
rivatives. Table I summarizes the structures and phys- 
icochemical properties of the derivatives. The derivatives 
showed various R, values in TLC due to the introduction 
of the functional group. Lipophilicity and solubility of 
2-pyrrolidinone and its derivatives, 1, 3, and 6-8, were 
examined in detail. The elongation of the alkyl side chain 
increased lipophilicity and decreased solubility in pH 5.0 
phosphate buffer (0.1 M). The relationship between 
carbon number of the alkyl side chain (R) and physico- 
chemical properties is represented in Figure 1. They 
showed good linear relationships. Controlling the lipo- 

6 

4 

2 

0 

-2 
0 2 4 6 8 1 0  12 

Carbon number of alkyl side chain 

Figure 1. Relationship between physicochemical properties and 
carbon number of the alkyl side chain of derivatives 1,3, and 6-8. 
0, log kb; A, log Pc; 0, Saq. The lines through the data were 
obtained from a linear regression fit: log k',,, Y = 0.477X + 0.167, 
r = 0.999; log P,, Y = 0.514X - 0.374, r = 0.994; Sa,, Y = 4.487X 
+ 4.047. r = 0.994. 

philicity of a compound is important for its brain up- 
take.*ll 

Pharmacological Properties. GABA is the major in- 
hibitory neurotransmitter in the mammalian CNS. The 
GABA receptor is an oligometric complex composed of a 
GABA-binding site, a chloride channel, binding sites for 
benzodiazepines and P-carbolines, and sites coupled to the 
chloride channel, which bind picrotoxin and barbitu- 
rates.13J7J8 GABA receptor-ionophore complex mediates 
the flux of chloride ions across nerve membranes and may 
be relative to anticonvulsant and sedative actions of 
GABA-mimetic d r ~ g s . ~ ' J * ~ ~  

The anticonvulsant effect of test compounds on picro- 
toxin-induced seizure in mice is shown in Table 11. Test 
compounds were suspended in 1 % (carboxymethy1)cellu- 

(17) Krogsgaard-Larsen, P. J. Med. Chem. 1981, 24, 1377. 
(18) Harris, R. A.; Allan, A. M. Science 1985, 228, 1108. 
(19) Wood, J. D.; Russell, M. P.; Kurylo, E. J .  Neurochem. 1980, 

(20) Sawynok, J.; LaBella, F. S. Neuropharmacology 1982,21,397. 
(21) Allan, A. M.; Harris, R. A. J.  Pharmacol. Exp. Ther. 1986,238, 

35, 125. 
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Table 11. Anticonvulsant Effect of 1-Acyl-2-pyrrolidinone 
Derivatives on Picrotoxin-Induced Seizure in Mice 

onset of clonic' survival' 
seizure, % time, % survival 

compdo Nb of control of control ratio 
control 20 100 100 0 
GABA 5 115f 13 112 f 8 0 
2-pyrrolidinone 9 107 f 10 102 f 10 0 
'1 9 97 f 10 144 f 138 0 
2 4 104 f 9 112 f 7 0 
3 8 9 2 f 3  142 f 2 d  0 
4 4 7 8 f 7  107 f 20 0 
5 8 101 f 7 120 f l l d  0 
6 10 124 f 15 116 f 13 0 
7 8 302 f l l B e  364 f 828 50 
8 10 129 f 13d 494 f 558 80 
9 5 1 1 4 6 5  93 f 6 0 
10 4 106 f 9 281 f 154' 33 
11 6 113 f 5 93 f 7 0 
12 10 493 f 108O 388 f 54' 60 
valproic acid 8 171 f 148 472 f 648 63 
ethosuximide 6 792 f 1748 5778 100 
a The compounds were administered intraperitoneally (200 mg/ 

kg, a final volume of 0.1 mL/10 g of body weight) in the form of 
pH 7.4 isotonic phosphate buffer suspension containing 1% CMC- 
Na 15 min prior to subcutaneous administration of picrotoxin (5 
mg/kg). bNumber of animals. 'They represent the means f 
SEM. d-gStatistical significance (Student's t test) from control: d p  
< 0.05, ' p  < 0.02, f p  < 0.01, gp < 0.001. 
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Figure 2. Dose dependency of anticonvulsant activity of 2- 
pyrrolidinone and its derivatives, 1,3, and 6-8: 0,2-ppolidinone; 
A, 1; 0, 3; 0, 6; A, 7; H, 8. 

lose sodium salt (CMC-Na) and administered intraperi- 
toneally (200 mg/kg). The effect was represented as a ratio 
of time for the treated group to time for the control group. 
GABA and 2-pyrrolidinone did not show significant ac- 
tivity, which agreed with the results reported by Maynert 
and Kaji.* However, some 1-acyl-2-pyrrolidinone deriva- 
tives showed a significant anticonvulsant activity. In 
particular, lipophilic 7 and 8 showed a high activity 
equivalent to that of valproic acid, which has been used 
clinically as an anticonvulsant agent.22-24 Compound 12 
also showed high activity. I t  is well-known that N-al- 
kylation and N-acylation of GABA leads to an almost 
complete loss of affinity for the GABA receptor site. 
However, some N-acyl-GABA derivatives exhibit anti- 
convulsant activity in rats because presumably they act 
as GABA via pr~drug . '~  Ethosuximide showed further 

~ ~~ ~~ 

(22) Simler, S.; Ciesielski, L.; Maitre, M.; Randrianarisoa, H.; 
Mandel, P. Riochem. Pharmacol. 1973,22, 1701. 

(23) Maitre. M.: Ciesielski. L.: Mandel. P. Biochem. Pharmacol. 
1974, 23, 2363. 

1979, 31, 413. 
(24) Schmutz, M.; Olpe, H.-R.; Koella, W. P. J. Pharm. Pharmacol. 

Table 111. Effect of 1-Acyl-2-pyrrolidinone Derivatives on 
Sleeping Time Induced bv Sodium Pentobarbital in Mice 

compda 
control 
GABA 
2-pyrrolidinone 
1 
3 
6 
8 
valproic acid 

Nb 
9 

' 4  
5 
4 
5 

10 
10 
4 

onset forc 
sleep, min 
7.7 f 0.9 

10.1 f 0.8 
10.2 f 1.2 
6.9 f 0.7 
7.2 f 0.8 
7.9 f 0.4 
9.6 f 1.4 

10.0 f 0.3d 

sleeping time: 
min 

34.9 * 6.6 
25.7 f 9.0 
24.8 f 11.5 
38.2 f 15.2 
92.0 f 11.3e 
61.8 f 9.Bd 
47.4 f 8.0 
36.4 f 8.5 

a The compounds were administered intraperitoneally (50 mg/ 
kg, a final volume of 0.1 mL/10 g of body weight) in the form of 
pH 7.4 isotonic phosphate buffer suspension containing 1% CMC- 
Na 30 min prior to intraperitoneal administration of sodium pen- 
tobarbital (45 mg/kg). bNumber of animals. 'They represent the 
means f SEM. d*e Statistical significance (Student's t test) from 
control: d p  < 0.05, ' p  < 0.001. 

Table IV. Effect of Derivatives I, 6, and 8 on 
Electroconvulsive-Shock-Induced Disruption (ECS) of the 
Memory of Passive Avoidance Response in Mice 

learning step-through' 
compda Nb time, s latency, s 
control 10 17.0 f 3.2 222.5 f 26.ge 
ECS 7 13.7 f 1.5 20.1 f 3.8 
1 9 15.3 f 1.8 101.7 f 36.gd 
6 8 20.4 f 3.7 240.6 f 21.5e 
8 6 19.4 f 3.5 278.8 f 20.0e 

The compounds were administered intraperitoneally (200 mg/ 
kg, a final volume of 0.1 mL/10 g of body weight) in the form of a 
pH 7.4 isotonic phosphate buffer suspension containing 1% CMC- 
Na 60 min before training of the memory of passive avoidance. 
bNumber of animals. 'They represent the means f SEM. 
d v e  Statistical significance (Student's t test) from ECS: d p  < 0.1, ' p  
< 0.001. 

superior effect. Figure 2 shows dose-response curves of 
2-pyrrolidinone and 1-acyl-2-pyrrolidinone derivatives (1, 
3, and 6-8). Their anticonvulsant activities showed dose 
dependency. Slight anticonvulsant activity of 2- 
pyrrolidinone was found at  a dose of 426 mg/kg. They 
showed various EDm (311 mg/kg for 1,551 mg/kg for 3, 
799 mg/kg for 6,200 mg/kg for 7, and 150 mg/kg for 8). 

Effect of 2-pyrrolidinone and derivatives (1, 3, 6, and 
8) on sleeping time induced by sodium pentobarbital in 
mice was examined to determine their sedative action. The 
results are shown in Table 111. Compounds 3 and 6 sig- 
nificantly prolonged the sleeping time. The difference 
between anticonvulsant and sedative potencies suggests 
different pharmacological mechanisms. 

Some cyclic analogues of GABA including l-p-anisoyl- 
2-pyrrolidinone (aniracetam) have been developed as an- 
tiamnesic agents which are expected to be used for 
treatment of disruption of Therefore, the 
effect of compounds 1, 6, and 8 on electroconvulsive- 
shock-induced disruption (ECS) of the memory of passive 
avoidance response in mice was examined. The mice, 
which have an instinct to escape from a lighted com- 
partment into a darkened compartment, received an 
electrical foot shock in the darkened compartment. 
Learning time is the time in which the mouse entered the 

(25) Galzigna, L.; Garbin, L.; Bianchi, M.; Marzotto, A. Arch. Znt. 
Pharmacodyn. 1978,235, 73. 

(26) Bonta, I. L.; De Vos, C. J.; Grijsen, H.; Hillen, F. C.; Noach, 
E. L.; Sim, A. W. Br. J. Pharmacol. 1971,43, 514. 

(27) Pifferi, G.; Pinza, M. Farmaco, Ed. Sci. 1977, 32, 602. 
(28) Banfi, S.; Fonio, W.; Allievi, E.; Pinza, M.; Dorigotti, L. Far- 

maco, Ed. Sci. 1983, 39, 16. 
(29) Nakayama, S.; Ichihara, S.; Ichihara, Y.; Sakata, H.; Tomisawa, 

H.; Tateishi, M. Jpn.  Pharmacol. Ther. 1986, 14, 795. 
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Table V. Degradation Rates of 2-Pyrrolidinone and 1 in Various 
pH Buffer Solutions at  37 "C 

degradation degradation 
rate rate 

compd DH constant, h-' compd DH constant, h-' 
2-pyrrolidinone 2.0 0.0003 1 6.0 0.0018 

7.4 <0.0001 7.4 0.0152 
10.0 0.0003 8.0 0.0609 

1 2.0 0.0090 9.0 0.2455 
4.5 0.0007 10.0 3.316 
li.0 o.nno6 

0.6 

0.4 

0.2 

0 0.5 1.0 1.5 2.0 0 1 2 3 4  

Time lh) Time lh)  

Figure 3. Conversion of 8 (A) and 12 (B) to GABA in mouse liver 
homogenate: 0, derivative; 0, GABA. 

darkened compartment and came out of it by the electrical 
shock. The memory is described as the length of step- 
through latency from the nonelectrical, lighted compart- 
ment to the electrical darkened compartment. The results 
are summarized in Table N. The derivatives showed little 
influence on learning time. ECS actually reduced the time 
for step-through latency, suggesting that mice forgot the 
memory of the electrical foot shock. Compounds 1,6, and 
8 significantly recovered the disruption of the memory. 

Stability Study. The degradation of 2-pyrrolidinone 
and its derivative 1 was determined in various pH buffers. 
Their degradations showed pseudo-first-order kinetics and 
their apparent degradation rates are listed in Table V. 
Derivative 1 was degraded under acid and alkaline con- 
ditions. The maximum stabilized pH is about 5.0 although 
2-pyrrolidinone was very stable. 

Table VI summarizes the degradation rates of l-acyl- 
2-pyrrolidinone derivatives in pH 7.4 buffer and biological 
media a t  37 "C. The derivatives were more stable in pH 
7.4 buffer than in biological media. They degraded in liver 
and brain more than in plasma. The plot of degradation 
rate on lipophilicity of compounds showed a parabolic 
pattern and the maximum-degraded derivative was 6 in 
liver homogenate and 7 in brain homogenate. There was 
no big species difference between rat and mouse. 2- 
Pyrrolidinone was more stable than its derivatives in bi- 
ological media. 

Figure 3 (A, B) shows the degradation of 8 and 12 and 
the regeneration of GABA in mouse liver homogenate. 
They rapidly converted to GABA. Regeneration of GABA 
from 8 was lower than that of 12. Scheme I1 shows the 
simplified regeneration route of GABA from 8 via 2- 
pyrrolidinone and via 12. In the scheme, k,-k4 are first- 
order rate constants. The rate constants calculated from 
data in Figure 3 using a nonlinear least-squares progra" 
were k l  = 0.0297, k2 = 0.0342, k3 = 0.727, and k, = 0.396. 
These results suggest that derivative 8 predominantly 
converts to GABA via N-acyl-GABA. However, the 
identity and properties of the actual intermediates and the 

(30) Yamaoka, K.; Nakagawa, T. J .  Pharmacobio-Dyn. 1983,6595. 

Scheme 11. Conversion of 8 to GABA 

2-Pyrrolidinone 

n 

8 

potential for reversibility of some of the reactions are 
necessary for confirming this simple regeneration model. 
Conclusion 

Thus, l-acyl-2-pyrrolidinone derivatives have GABA-like 
depressant effects on the CNS such as anticonvulsant and 
sedative actions. They also showed antiamnesic activity. 
Derivative 8 showed a conversion to GABA in biological 
media. These results suggested that the pharmacological 
activity of l-acyl-2-pyrrolidinone is probably due to the 
release of GABA by hydrolysis of derivatives as a prodrug. 
However, the derivatives may also act intact on various 
targets such as the GABA receptor, the uptake systems, 
and the catabolic enzyme." Perlman and Goldstein3' also 
reported that some fatty acids have sedative and anti- 
convulsant actions in mice by disruption of membrane 
structure. S k ~ n d i a ~ ~  demonstrated that an antiamnesic 
agent having a 2-pyrrolidinone group shows in its chemical 
structure a kinship to GABA, but it has no significant 
effect upon neurotransmitter levels. Further work is 
necessary to elicit their mechanisms. 
Experimental Section 

Chemistry. GABA, 2-pyrrolidinone, valproic acid, and etho- 
suximide were obtained from Nacalai Tesque Inc. (Kyoto, Japan) 
and used without further purification. NMR spectra were taken 
on a Hitachi R-600 FT-NMR spectrometer (Hitachi Co., Ltd., 
Tokyo, Japan) and elemental analysis were performed by the 
Center for Organic Elemental Micro-analysis, Nagasaki University. 
The analytical results obtained were within &0.4% of the theo- 
retical values. All other reagents were of reagent grade. TLC 
analysis of derivatives was performed on silica gel plates (60 Fm, 
E. Merck, Darmstadt, Federal Republic of Germany) with the 
following solvent system: chloroform/ethyl acetate/acetic 
acid/methanol907:3:10, v/v/v/v. The products on TLC plate 
were detected by staining with bromocresol green and iodine after 
removing the solvent completely. 

Physicochemical Property.  The lipophilic indices (log k ') 
were determined by HPLC employing the equation log k' = log 
[ ( t R  - to)/to],  where tR is the retention time and to is the elution 
time of a solvent. The log k' values were extrapolated to  0% 
methanol concentration to obtain the lipophilic indices (log k b).= 

Apparent partition coefficients of derivatives were determined 
in l-octanol (2 mL) and pH 5.0 phosphate buffer (0.1 M, 8 mL) 
system a t  37 "C. Final drug concentration was 2 mM. 

The solubilities of compounds in pH 5.0 phosphate buffer were 
determined at 37 OC. Excess amounts of compounds (200 mg/mL) 
were suspended in the solvent, shaken for 30 min, sonicated for 
30 min, and kept for 2 days in a thermostated chamber a t  37 "C. 
The supernatant was filtered with an HV filter (pore size 0.45 
pm, Nihon Millipore Kogyo K.K., Yonezawa, Japan) and supplied 
for analysis. The supernatant for oily compounds was supplied 
for analysis without filtration. 

(31) Perlman, B. J.; Goldstein, D. B. Mol. Pharmacol. 1984,26, 83. 
(32) Skondia, V. Clin. Ther. 1979, 2, 316. 
(33) Yamana, T.; Tsuji, A.; Miyamoto, E.; Kubo, 0. J. Pharm. Sci. 

1977, 66, 147. 
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Table VI. Degradation Rates of 1-Acyl-2-pyrrolidinone Derivatives in pH 7.4 Buffer and Biological Media of Rat and Mouse 
degradation rate constant, h'' 

rato mouseo pH 7.4 
compd buffer plasma liver brain liver brain 

2-pyrrolidinone <0.0001 0.018 o.oao 0.016 0.034 0.002 
1 0.015 0.028 0.097 0.014 0.221 0.010 
3 0.006 0.054 3.11 0.016 1.35 0.016 
6 0.012 0.056 14.6 0.075 11.9 0.086 
7 0.008 0.025 2.87 0.381 2.53 0.326 
8 0.007 0.016 1.23 0.233 0.789 0.155 

Apparent degradation rate constant in 40% homogenate. 

Synthesis. 1-Acetyl-2-pyrrolidinone (1). Acetyl chloride 
(0.4 mol) was added gradually to triethylamine (0.6 mol) and 
2-pyrrolidinone (0.6 mol) in 500 mL of tetrahydrofuran a t  0 "C 
and was stirred for 30 min a t  room temperature. A white solid, 
triethylamine chloride, was filtered and the filtrate was evaporated. 
The residual oily product was distilled under a reduced pressure 
to give a colorless fluid, I-acetyl-2-pyrrolidinone. The yield was 
about 60% based on pyrrolidinone: bp 90-93 "C (0.5 mmHg); 

J = 7.4 Hz, 3-H), 2.48 (3 H, s, COCH,), 1.80-2.40 (2 H, m, 4-H). 
Anal. (C6HsN02) C, H, N. 

The following 1-acyl-2-pyrrolidinone derivatives were prepared 
in the same manner. 

I-Propionyl-2-pyrrolidinone (2): bp 96-99 "C (0.2 mmHg); 

'H NMR (CDCl,) 6 3.80 (2 H, t, J = 7.0 Hz, 5-H), 2.59 (2 H, t, 

'H NMR (CDC1,) 6 3.85 (2 H, t, J = 7.0 Hz, 5-H), 2.94 (2 H, q, 
J = 7.0 Hz, COCHZCHJ, 2.62 (2 H, t ,  J = 7.0 Hz, 3-H), 1.80-2.40 

(C,HiiNOJ C, H, N. 
(2 H, m, 4-H), 1.17 (3 H, t, J = 7.5 Hz, COCH,CH,). Anal. 

1-Butyryl-2-pyrrolidinone (3): bp 86-87 "C (0.5 mmHg); 
'H NMR (CDC1,) 6 3.80 (2 H, t, J = 7.0 Hz, 5-H), 2.88 (2 H, t, 

1.80-2.40 (2 H, m, 4-H), 1.30-1.90 (2 H, m, COCH2CH2CH3), 0.96 
(3 H, t, J = 7.0 Hz, COCH2CH2CH,). Anal. (C7Hl1NO2) C, H, 
N. 

1-Valeryl-2-pyrrolidinone (4): bp 95-100 "C (0.2 mmHg); 
'H NMR (CDCl,) 6 3.83 (2 H, t, J = 7.0 Hz, 5-H), 2.92 (2 H, t, 
J = 7.4 Hz, COCH, (CH2)2CH3), 2.62 (2 H, t, J = 7.0 Hz, 3-H), 

J = 7.4 Hz, COCH2CH2CH3), 2.59 (2 H, t, J = 7.0 Hz, 3-H), 

1.80-2.40 (2 H, m, 4-H), 1.20-1.80 (4 H, m, COCH2(CH,),CH3), 
0.94 (3 H, t, J = 6.0 Hz, COCH,(CH2),CH3). Anal. (CgHl5NO2) 
C, H, N. 

1-Pivaloyl-2-pyrrolidinone (5): bp 85-87 "C (0.2 mmHg); 

J = 7.4 Hz, 3-H), 1.80-2.40 (2 H, m, 4-H), 1.29 (9 H, s, COC(CH,),). 
Anal. (CSH15N02) C, H, N. 

bp 120-122 "C (0.2 
mmHg); 'H NMR (CDCl,) 8 3.78 (2 H, t, J = 7.0 Hz, 5-H), 2.85 

3-H), 1.80-2.40 (2 H, m, 4-H), 1.00-2.00 (8 H, m, COCH2- 
(CH,),CH,), 0.84 (3 H, t, J = 5.0 Hz, COCH2(CH2),CH3). Anal. 

1-Decanoyl-2-pyrrolidinone (7): bp 146-148 "C (0.2 mmHg); 
mp 16-17 "C; 'H NMR (CDC13) 6 3.78 (2 H, t ,  J = 7.0 Hz, 5-H), 

Hz, 3-H), 1.80-2.40 (2 H, m, 4-H), 1.23 (14 H, s, COCH2- 
(CH,),CH,), 0.84 (3 H, t, J = 5.0 Hz, COCH2(CH,),CH3). Anal. 
(CiJhNOz) C, H, N. 

bp 212-215 "C (1.0 
mmHg); mp 25-28 "C; 'H NMR (CDCl,) 6 3.78 (2 H, t, J = 7.0 

t, J = 7.4 Hz, 3-H), 1.80-2.40 (2 H,  m, 4-H), 1.25 (18 H, s, 

Anal. (Cl6HZ9NO2) C, H, N. 
1-Benzoyl-2-pyrrolidinone (9). This derivative was recrys- 

tallized with acetone to give a white solid. The yield was about 
80% based on 2-pyrrolidinone: mp 89-90 "C; 'H NMR (CDCl,) 
6 7.40-7.80 (5 H, m, COC&J, 3.93 (2 H, t, J = 7.0 Hz, 5-H), 2.56 
(2 H, t, J = 7.0 Hz, 3-H), 1.80-2.40 (2 H,  m, 4-H). Anal. (Cll- 
HiiN02) C, H, N. 

l-(Phenylacetyl)-2-pyrrolidinone (10). This derivative was 
purified with a silica gel column (Art 7734,70-230 mesh, E. Merck, 
300 X 20 mm i.d.), eluted with chloroform. The derivative was 
recrystallized with acetone and the yield was about 60% based 

'H NMR (CDClJ 6 3.82 (2 H, t, J = 7.0 Hz, 5-H), 2.59 (2 H, t, 

1-Heptanoyl-2-pyrrolidinone (6): 

(2 H, t, J = 7.4 Hz, COCH2(CH,),CH,), 2.56 (2 H, t, J = 7.0 Hz, 

(CliHiJ'J02) C, H, N. 

2.85 (2 H, t, J = 7.0 Hz, COCH2(CH2)7CH3), 2.56 (2 H, t, J = 7.4 

1-Dodecanoyl-2-pyrrolidinone (8): 

Hz, 5-H), 2.89 (2 H, t, J = 7.4 Hz, COCHZ(CH,),CH,), 2.59 (2 H, 

COCH,(CH,)gCH3),0.87 (3 H, t,J = 4.7 Hz, COCH,(CH,)9CH,). 

on 2-pyrrolidinone: mp 40-41 "C; 'H NMR (CDC13) 6 7.28 (5 H, 

Hz, 5-H), 2.58 (2 H, t, J = 7.0 Hz, 3-H), 1.80-2.40 (2 H, m, 4-H). 
Anal. (C12H13N02) C, H, N. 

1-Succinyl-2-pyrrolidinone (1 1). This derivative was syn- 
thesized by acylation of 2-pyrrolidinone by succinic anhydride 
instead of acyl chloride and recrystallized with chloroform and 
hexane to give a white solid of 1-succinyl-2-pyrrolidinone. The 
yield was about 70% based on 2-pyrrolidinone: mp 106-108 "C; 

S, COCH,C,H5), 4.25 (2 H, S, COCH2CBH5), 3.80 (2 H, t, J = 7.0 

'H NMR (CDC1,) 6 3.80 (2 H, t, J = 7.0 Hz, 5-H), 3.22 (2 H, t, 
J = 6.6 Hz, COCH,CH2COOH), 2.69 (2 H, t, J = 6.2 Hz, 
COCH,CH,COOH), 2.61 (2 H, t, J = 6.6 Hz, 3-H), 1.80-2.40 (2 
H, m, 4-H). Anal. (C8HllN04) C, H, N. 

N-Dodecanoyl-GABA (12). Dodecanoyl chloride (0.4 mol) 
was added gradually to GABA (0.6 mol) in 2 M NaOH and was 
stirred vigorously for 2 h at room temperature. The pH of solution 
was maintained a t  10-12 with 4 M NaOH during the reaction. 
The derivative was precipitated by addition of 6 M HCl (adjusted 
to pH 1-2) and was extracted with ethyl acetate. The organic 
solution was washed with water 10 times and dried with an an- 
hydrous sulfate overnight. The solution was evaporated and the 
residual was recrystallized with isopropyl ether and methanol to 
give a white solid of N-dodecanoyl-GABA. The yield was about 
80% based on pyrrolidinone: mp 96-98 "C; 'H NMR (CDCl,) 
8 5.80 (1 H, br, -NHCO-), 3.30 (2 H, q, J = 7.1 Hz, y H ) ,  2.42 

a-H), 1.60-2.20 (2 H, m, P-H), 1.21 (18 H, s, COCH2(CH2),CH,), 
0.84 (3 H, t, J = 5.0 Hz, COCH,(CH,)gCH3). Anal. (Cl6H3,No3) 
C, H, N. 

Anticonvulsant Activity. Male ddY mice weighing 20-30 
g were used in the experiment. Test compounds were adminis- 
tered intraperitoneally (200 mg/kg) in the form of pH 7.4 isotonic 
phosphate buffer suspension containing 1% CMC-Na 15 min prior 
to subcutaneous administration of picrotoxin (5 mg/kg). The final 
volume of administration for all test compounds and picrotoxin 
was 0.1 mL/10 g of body weight. The behavioral changes of the 
mice were observed for 2 h. The latency to the onset of generalized 
clonic epileptic seizures and the protection against lethality by 
picrotoxin were measured and evaluated as a percent of the 
control. The control mice received the vehicle. Dosage of test 
compound was changed and the survival ratio was calculated for 
determination of dose dependency. 

Sedative Activity. Male ddY mice weighing 20-30 g were used 
in the experiment. The test compounds were administered in- 
traperitoneally (50 mg/kg) in the form of pH 7.4 isotonic phos- 
phate buffer suspension containing 1% CMC-Na 30 min prior 
to intraperitoneal administration of sodium pentobarbital (45 
mg/kg). The final volume of administration for all test compounds 
was 0.1 mL/10 g of body weight. Sleeping time and the time of 
loss of righting reflex was determined for each mouse as sedative 
activity. 

Antiamnesic Activity. Male ddY mice weighing 20-25 g were 
used in the experiment. The apparatus consisted of two com- 
partments with an opening between the compartments. Both 
compartments had grid floors. An electrical foot shock of 30 V 
could be applied in one darkened compartment. One hour after 
intraperitoneal administration of each compound (200 mg/kg in 
1% CMC-Na), each mouse was placed into a nonelectrical, lighted 
compartment. Immediately the mouse escaped from the lighted 
compartment through a small hole into the darkened compart- 
ment. After 3 s, the mouse received a foot shock and was removed 
from the darkened compartment. After this training, immediately 

(2 H, t, J = 7.0 Hz, COCH2(CH2)9CH3), 2.19 (2 H, t, J = 7.0 Hz, 
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each mouse received a single electroconvulsive shock, 100 V for 
0.4 s, delivered through clips attached to the ears. The mice were 
individually returned to the lighted compartment 24 h after ECS 
treatment to measure the retention of the inhibitory avoidance 
response. The period the mice remained in the nonelectrical 
lighted compartment was measured for a t  least 5 min. 

Stabil i ty Study. Stock solution of all compounds was pre- 
pared in acetonitrile a t  a concentration of 0.1 M and an appro- 
priate volume was mixed with an aqueous buffer or biological 
media for stability study. 

All stability experiments were carried out in aqueous buffer 
solutions at 37 f 0.2 "C. The pH of the solution was maintained 
at  the desired value by using appropriate buffer systems (sodium 
citrate/HCl and NaHzP04/NazHP04). The total buffer con- 
centration was 0.1 M. The ionic strength of each buffer solution 
was adjusted to 0.3 with sodium chloride. Degradation was in- 
itiated by the addition of the stock solution to a preheated, 
buffered solution to give a concentration of 1 mM. Aliquots of 
the solution were withdrawn at appropriate time intervals. 

Male ddY mice weighing 20-30 g and male Wistar albino rats 
weighing 200-250 g were used to obtain plasma, brain, and liver 
homogenates. The liver and brain were homogenized at  0-5 "C 
in a glass-Teflon homogenizer to prepare 40% homogenate with 
a pH 7.4 isotonic phosphate buffer, then centrifuged at  2500g for 
15 min, and the supernatant was used for the experiments. 
Degradation experiments were performed a t  37 f 0.2 "C and 
initiated by adding the stock solution to give a final concentration 
of 1 mM. At appropriate time intervals aliquots of the solution 
were withdrawn and acetonitrile was added to them to precipitate 
the protein. The supernatant was subjected to HPLC analysis. 

Analysis. The derivatives were determined by the use of an 
HPLC system (LC-6A, Shimadzu Co., Kyoto, Japan) equipped 
with a variable-wavelength UV detector (UVIDEC 100-11, Japan 
Spectroscopic Co., Ltd., Tokyo, Japan) in a reverse-phase mode. 

Derivatives were monitored at  205 nm. The stationary phase used 
was a Cosmosil 5C18-P packed column (150 X 4.6 mm i.d., Nacalai 
Tesque Inc.). Mixtures of methanol/water (1585 for 1,4060 for 
3,65:35 for 6,8020 for 7 85:15 for 8, v/v) were used as the mobile 
phase with a flow rate of 1.0 mL/min. 

GABA regenerated from derivatives was determined by the use 
of an HPLC system equipped with a fluorescence spectromonitor 
(RF-530, Shimadzu Co.) after derivatization with dansyl chloride 
according to the method of Tapuhi et  al.34 Twenty microliters 
of 5-amino-n-valeric acid (internal standard, 2 mM) in a pH 9.5 
lithium carbonate buffer (0.04 M) and 20 WL of dansyl chloride 
(5.56 mM) in acetonitrile were added to the sample (2 mL). After 
30 min, the derivatization was terminated by adding 2% me- 
thylamine solution (2 mL). In all reactions, vials were wrapped 
with aluminum foil to exclude light. The stationary phase used 
was a Cosmosil 5CI8-P packed column (150 X 4.6 mm id. ,  Nacalai 
Tesque Inc.). Mixtures of methanol/O.Ol M Tris HCl buffer, pH 
7.4 (36:64, v/v), were used as the mobile phase with a flow rate 
of 1.0 mL/min. Excitation wavelength was 250 nm and emission 
wavelength was monitored at  470 nm. 
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Renin Inhibitory Peptides. Incorporation of Polar, Hydrophilic End Groups into 
an Active Renin Inhibitory Peptide Template and Their Evaluation in a Human 
Renin Infused Rat Model and in Conscious Sodium-Depleted Monkeys 
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We previously reported that Boc-Pro-Phe-N-MeHis-Leu~[CHOHCH2]-Ile-Amp (1) is a potent and specific inhibitor 
of human renin in vitro. I t  was shown to resist degradation by selected proteases and a rat liver homogenate. I t  
was shown to inhibit plasma renin activity and to reduce blood pressure in renin-dependent-animal models both 
by the intravenous and by the oral routes using dilute citric acid as vehicle. In an effort to discover compounds 
with improved pharmacological efficacy, we set out to modify the physical characteristics of this highly lipophilic 
renin inhibitor by incorporation of hydrophilic end groups. We report here a variety of water-solubilizing groups 
and the resulting structure-activity relationship of these compounds. They all maintain an extremely high level 
of enzyme inhibitory activity in vitro. Evaluation of these potent renin inhibitors in a human renin infused rat 
model suggests that some of these compounds exhibit improved pharmacological efficacy in vivo. This observation 
was further confirmed in the conscious sodium-depleted cynomolgus monkey. Importantly, the oral efficacy was 
demonstrated in a water vehicle in the absence of citric acid. 

The renin-angiotensin system has been implicated in 
several forms of hypertensi0n.l Renin catalyzes the first 
and rate-limiting step of the cascade b y  cleaving the sub- 
strate angiotensinogen to  form the  decapeptide angiotensin 
I. Th i s  intermediate is further hydrolyzed by angiotensin 
converting enzyme t o  yield the biologically active octa- 
peptide angiotensin 11. This  octapeptide is one of the most 
po ten t  vasoconstrictors known, and i t  also st imulates se- 
cretion of aldosterone and catecholamines, all of which lead 

t o  elevation of blood pressure. The uniquely high enzyme 
specificity of renin offers the potential  of selective phar- 
macological intervention by compounds  designed t o  be 
specific inhibi tom2 Interest in the blockade of renin has 
led t o  rapid development of potent inhibitors by the design 
of substrate analogues. The most successful approach has 
been based on the concept of transit ion-state analogue of 
the catalyt ic  mechanism of the aspa r ty l  p r ~ t e a s e . ~  

(1) Davis, J. 0. Circ. Res. 1977, 40, 439. Swales, J. D. Pharmucol. 
Ther. 1979, 7, 172. 
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(2) Peach, M. J. Physiol. Reu. 1977, 57, 313. Ondetti, M. A.; 
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E. N .  Engl. J .  Med. 1984, 311, 1631. 
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