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ABSTRACT The role of GABA in epilepsy and especially in the action of various antiepileptics has been
well established. We have reported the synthesis and pharmacochemical evaluation of a number of GABA
and valproic acid derivatives and also the synthesis of two N-acyl-2-pyrrolidinone derivatives. We now
report the pharmacochemical evaluation—anticonvulsant and antioxidant activity, and also study of
lipophilicity—of the latter two in combination with the synthesis and evaluation of two novel ester deriva-
tives (2-propylpentyl-3-pyridine carboxylate and 3-pyridinylmethyl 2-propylpentanoate), which contain the
moieties of valproic acid and of 2-propyl-1-pentanol. Anticonvulsant activity was evaluated using the picro-
toxin model and the antioxidant potential using the lipid peroxidation method. The study of lipophilicity
was performed both by experimental (by reversed phase thin layer chromatography) and calculating (Rekker’s
and Hansch/Leo’s fragmental and Suzuki/Kudo’s atom-based) methods; lipophilicity was also studied in
combination with other physicochemical parameters of the above-mentioned compounds (van der Waals
volume, van der Waals area, dipole moment, energy of formation, energy of hydration). In this study, we
also include six other derivatives which we synthesized and tested in an earlier study. Only the two ester
derivatives exhibited potent anticonvulsant and also antioxidant activity; the 2-pyrrolidinones did not
exhibit significant activity in these experiments. In accordance with our earlier findings, the nicotinoyl and
the nicotinyl moieties, in combination with considerable lipophilicity, seem to be suitable groups to con-
fer activity in this type of compound. Good multiple correlation was derived between lipophilicity and
energy of hydration and van der Waals volume of the compounds Drug Dev. Res. 51:143–148, 2000.
© 2001 Wiley-Liss, Inc.
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INTRODUCTION

GABA is the neurotransmitter involved in epilepsy
and other neurologic and psychiatric disorders, such as
Huntington’s chorea and anxiety [Cooper et al., 1991].
The antiepileptic valproic acid is thought to act, at least
in part, by stimulating the activity of glutamic acid de-
carboxylase and inhibiting GABA transaminase [Rall and
Schleifer, 1991]. Several GABA derivatives have been
synthesized as candidate anticonvulsants in order to force
GABA through the blood–brain barrier (BBB). Such
derivatives are amides of GABA with several fatty acids
(e.g., dodecanoic [Sasaki et al., 1991], linoleic, stearic, and
palmitic [Kolocouris et al., 1985]), with nicotinic acid
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[Matsuyama et al., 1984], Schiff bases of GABA (e.g.,
progabide [Krogsgaard-Larsen et al., 1998]) and the es-
ter of GABA with cholesterol [Shashoua et al., 1984].

We have synthesized and tested several derivatives
of GABA and valproic acid as candidate mutual prodrugs
of these two anticonvulsants [Rekatas et al., 1996a] (1a-c
and 2a-c, Fig. 1). We also synthesized N-nicotinoyl- and
2-propyl-1-pentanoyl-2-pyrrolidinone [Rekatas et al.,
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1996b] (1d and 2d, Fig. 1). Considering the fact that the
most potent anticonvulsants were 2-propyl-1-pentyl es-
ters, we synthesized 2-propyl-1-pentyl nicotinate; also,
as the nicotinoyl moiety exhibited a tendency to confer
activity in our series of compounds [Rekatas et al., 1996a],
we synthesized 3-pyridinyl-methyI valproate (1e and 2e,
Fig. 2).

In this work, we present the synthesis and pharma-
cochemical evaluation of the latter two esters and also
the evaluation of the two 2-pyrrolidinone derivatives.

The pharmacochemical evaluation includes the in
vivo tests against picrotoxin-induced seizures, the evalu-
ation of the antioxidant potential (inhibition of lipid
peroxidation, L.P., in vitro) and the study of lipophilicity.
The antioxidant potential of the compounds was evalu-
ated because a connection of epileptic convulsions with
the development of oxidative stress and lipid peroxidation
in the brain tissues had been indicated [Kontos, 1989;
Zhang et al., 1987; Willmore et al., 1978].

Study of lipophilicity and a number of other physi-
cochemical parameters of the compounds was also per-
formed because the tested compounds are expected to
exhibit central action, and for this action penetration of

the BBB is required; lipophilicity is the most important
parameter that crucially influences penetration of the
BBB [Banks and Kastin, 1985; Rapoport et al., 1979]. The
other parameters (van der Waals volume, van der Waals
area, energy of formation, energy of hydration) were stud-
ied in connection with lipophilicity, in order to elicit
which of them are determinant for lipophilicity.

MATERIALS AND METHODS
Materials

All chemicals used were of the highest commercially
available purity. Methylene chloride, 3-pyridinylmethanol,
triethylamine, and thionyl chloride were purchased from
Merck (Darmstadt, Germany); 2-propylpentanol and
nicotinoyl chloride hydrochloride were purchased from
Aldrich-Chemie (Steinheim, Germany).

Synthesis

Melting points (mp) were obtained on a MEL-
TEMP II (Laboratory Devices, USA) apparatus and are
uncorrected. Infrared (IR) spectra were performed with
a Perkin-Elmer 597 infrared spectrophotometer. Proton
nuclear magnetic resonance (1H NMR) spectra were re-
corded on a Bruker AW-80 MHz spectrometer; chemi-
cal shifts are reported in parts per million (δ) relative to
tetramethylsilane (TMS). Signals are designated as fol-
lows: s, singlet; d, doublet; m, multiplet. All compounds
gave 1H NMR spectra consistent with the structures.
Elemental analyses were performed with a Perkin Elmer
2400 CHN analyzer. Compounds 1e (2-propylpentyl-3-
pyridine carboxylate) and 2e (3-pyridinylmethyl 2-
propylpentanoate) were synthesized by the following
general procedure: To a stirred and cooled in an ice bath,
solution of the corresponding alcohol (1e: alcohol/chlo-
ride 16/20 mmol) in methylene chloride (130 ml), triethy-
lamine (11 ml, 79 mmol) and the corresponding chloride
(2e: alcohol/chloride 20/16 mmol) were added and the
resulting mixture was stirred at room temperature over-
night. The volatile material was evaporated under re-
duced pressure and the residue dissolved in chloroform
(100 ml). The resulting solution was washed successively
with 2 × 30 ml H2O, 30 ml 10% sodium bicarbonate solu-
tion and 30 ml of saturated aqueous sodium chloride so-
lution, dried (CaCl2) and the product was isolated as a
colorless liquid by flash chromatography using ethyl ac-
etate/petroleum ether as eluent (1e: ethyl acetate/petro-
leum ether 1/2; 2e: ethyl acetate/petroleum ether 1/1).

1e: IR (neat): v = 1726 cm–1 (C=O, ester). 1H-NMR
(CDCl3): δ 9.2 (m, 1H, pyridine H-2), 8.7–8.8 (m, 1H,
pyridine H-4), 8.1–8.4 (m, 1H, pyridine H-6), 7.2-7.5 (m,
1H, pyridine H-5), 4.2 (d, J = 6 Hz, 2H, COOCH2CH),
1.5–2.0 (m, 1H, CH), 0.7-1.5 (m, 14H, 4CH2, 2CH3). Anal.
calcd. for C14H22ClNO2 (hydrochloride): C, 61.87, H, 8.16,
N, 5.15. Found: C, 61.33, H, 7.88, N, 4.94.

Fig. 1. Structures of the studied compounds 1a–d and 2a–d.

Fig. 2. Structures of the synthesized and studied novel compounds 1a
and 2a.
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2e: IR (neat): v = 1735 cm-1 (C=O, ester). 1H-NMR
(CDCl3): δ 8.5–8.7 (m, 2H, pyridine H-6, H-2), 7.6–7.8 (m,
1H, pyridine H-4), 7.2–7.4 (m, 1H, pyridine H-5), 5.1 (s,
2H, COOCH2), 2.2–2.6 (m, 1H, CH), 0.6–1.9 (m, 14H,
2CH2CH2CH3). Anal. calcd. for C14H22ClNO2 (hydrochlo-
ride): C, 61.87, H, 8.16, N, 5.15. Found: C, 61.91, H, 8.39,
N, 5.53.

2-Propylpentanoyl chloride was obtained from 2-
propylpentanoic acid by reacting with thionyl chloride
according to a general procedure [Furniss et al., 1989a]
and purified by distillation under reduced pressure. bp
78.5–79.5°C/25 mm Hg.

Anticonvulsant Activity

A method previously reported [Sasaki et al., 1991]
was adapted, with the following modifications: picrotoxin
(9 mg/kg) was administered s.c. to male Fischer-344 rats
(220–250 g) and after 30 sec the tested compound was
administered i.p. (0.8 or 1.6 mmol/Kg) in the form of an
aqueous solution of the compound (1d), or the hydro-
chloride (1e, 2e), or a suspension in water (2d) with the
addition of few drops of Tween-80. The behavioral
changes of the rats were observed for 2 h. The latency to
the onset of generalized clonic seizures, the survival time,
and the survival ratio were measured and evaluated as a
percent of the control. The control rats received only pi-
crotoxin. Valproic acid (0.8 mmol/kg) was used as the
positive control.

Antioxidant Activity

Heat-inactivated (90°C for 90 sec) hepatic mi-
crosomes corresponding to 0.125 g liver/ml from Fischer-
344 rats were used as the peroxidizable material. The
incubation mixture also contained ascorbic acid (0.2 mM)
in Tris-HCl/KCl buffer (50 mM/150 mM, pH 7.4). The
tested compounds were added to the incubation mixture
as DMSO solutions at various concentrations. The reac-
tion was started by the addition of a freshly prepared
FeSO4 solution (10 µM) and the mixture was incubated
at 37°C. Aliquots (0.3 ml) were taken at various time in-
tervals for 45 min. Lipid peroxidation, induced by the
ascorbic acid (0.2 mM)/Fe2+ (10 µM) system, was assayed
spectrophotometrically as the 2-thiobarbituric acid re-
active material at 535 nm against 600 nm [Rekka et al.,
1990]. DL-α-tocopheryl acetate was used as positive con-
trol and at a concentration of 0.5 mM was found to in-
hibit lipid peroxidation by 100, 75, 19, and 9% after 5,
15, 30, and 45 min incubation, respectively.

RESULTS
A good linear correlation was found between the

RM values and the three expressions of calculated
lipophilicity (Table 1). The results for compounds 1d–e
and 2d–e combine very well with the results for com-
pounds 1a–c and 2a–c [Rekatas et al., 1996a]:

1) ClogP = 4,60 (±0,62)RM + 2,67 (±0,25); n = 10,
r = 0,934, s = 0,781, F = 54,382

2) LogPSK = 4,84 (±0,83)RM + 2,33 (±0,34); n =
10, r = 0,899, s = 1,044, F = 33,766

3) Σf = 5,38 (±1,04)RM + 2,82 (±0,42); n = 10, r =
0,877, s = 1,304, F = 26,717

The anticonvulsant activity of compounds 1d–e and
2d–e was evaluated in vivo against picrotoxin-induced
seizures in rats. There were three measured parameters:
onset of seizures, survival time, and survival ratio. Re-
sults are shown in Table 2.

The antioxidant potential of the examined compounds
was studied in the nonenzymatic lipid peroxidation assay.
Table 1 shows the percent inhibition of lipid peroxidation
of these compounds at a concentration of 1 mM after 45
min incubation.

The time course of lipid peroxidation as affected
by 1e and 2e in 0.5 mM and 1 mM concentrations is
shown in Figure 3.

We also calculated the values of a number of physi-
cochemical parameters for the compounds 1a–e and 2a–e,
i.e., van der Waals volume, van der Waals area, dipole mo-
ment, energy of formation, energy of hydration by perform-
ing the am1 and am1–sm2 calculations (MacSpartan;
Wavefunction, Inc.). The results are shown in Table 3.

None of the above parameters correlated well with

TABLE 1. RM,ClogP, Σf, (LogPSK) Values and % Inhibition of Lipid
Peroxidation of the Synthesized Compounds

% inhibition
of lipid

Compound           RM ClogP Σf(Rekker) LogPSK peroxidation*

1d –0.46 ± 0.045 –0.599 –1.528 –1.367 —
1e 0.38 ± 0.026 4.340 4.568 4.147 92.2
2d –0.15 ± 0.042 2.717 0.892 1.149 4.9
2e 0.04 ± 0.02 3.417 3.911 2.665 91.7

*Concentration: 1 mM; incubation time: 45 min.

TABLE 2. Anticonvulsant Effect of the Synthesized Compounds

Onset of seizure % of Survival time % of
Compound (min) Control (min) control

Control 26.2 ± 6.7 100 40.0 ± 8.1 100
1d (1.6mmol/Kg) 26.7 ± 2.8NS 102 41.4 ± 8.5NS 103
1e (0.8mmol/Kg) 48.6 ± 12.2*** 185 69.9 ± 17.1*** 175
2d (0.8mmol/Kg) 25.0 ± 3.2NS 95 38.6 ± 3.6NS 96

 (1.6mmol/Kg) 35.3 ± 5.0** 135 47.3 ± 8.3NS 118
2e (1.6mmol/Kg) 79.0 ± 9.1*** 302 91.0 ± 12.7*** 227

 Valproic acid 33.0 ± 11.9* 126 57.1 ± 16.5*** 143
 (0.8mmol/Kg)

N = 6, NS: nonsignificant.
*P < 0.05.
**P < 0.01.
***P < 0.001.
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the lipophilicity (either the experimentally derived RM

or the calculated logP values, Table 1). However, good
multiple correlations were derived between the expres-
sions of lipophilicity and two other physicochemical pa-
rameters: energy of hydration (Eh) and van der Waals
volume (VWV):

1) ClogP = 0.212(±0.038)Eh + 0.015(±0.001)VWV;
n = 10, r = 0.946, s = 0.754, F = 29.950, P <
0.001

2) LogPSK = 0.239(±0.042)Eh + 0.015(±0.002)VWV;
n = 10, r = 0.943, s = 0.848, F = 28.171, P <
0.001

3) Σf = 0.256(±0.047)Eh + 0.017(±0.002)VWV; n =
10, r = 0,940, s = 0.950, F = 26.529, P = 0.001

4) RM = 0.055(±0.012)Eh + 0.002(±0.000)VWV; n
= 10, r = 0.853, s = 0.247, F = 9.317, P < 0.05

Similarly, good correlations were derived also when
van der Waals area (VWA) or molecular weight (MW) was
used in the place of van der Waals volume:

5) ClogP = 0.230(±0.040)Eh + 0.016(±0.002)
VWA; n = 10, r = 0.943, s = 0.779, F =
27.913, P < 0.001

6) LogPSK = 0.257(±0.046)Eh + 0.015(±0.002)
VWA; n = 10, r = 0.937, s = 0.891, F = 25.166,
P = 0.001

7) Σf = 0.278(±0.049)Eh + 0.017(±0.002)VWA; n
= 10, r = 0,940, s = 0.952, F = 26.423, P =
0.001

8) RM = 0.057(±0.013)Eh + 0.002(±0.000)VWA; n
= 10, r = 0.846, s = 0.253, F = 8.781, P < 0.05

9) ClogP = 0.273(±0.046)Eh + 0.021(±0.002)MW;
n = 10, r = 0.937, s = 0.814, F = 25.204, P =
0.001

10) LogPSK = 0.299(±0.054)Eh + 0.020(±0.002)MW;
n = 10, r = 0.928, s = 0.952, F = 21.625, P =
0.001

11) Σf = 0.325(±0.057)Eh + 0.023(±0.003)MW; n
= 10, r = 0,933, s = 1.002, F = 23.480, P =
0.001

12) RM = 0.062(±0.014)Eh + 0.002(±0.001)MW; n =
10, r = 0.851, s = 0.248, F = 9.212, P < 0.05.

DISCUSSION

Both compounds 1e and 2e were synthesized by
reacting the acyl chloride with the corresponding alco-
hol in dichloromethane in the presence of triethylamine.
A classical method [Furniss et al., 1989b] was used, with
modifications: triethylamine as base, methylene chloride
as solvent at room temperature rather than dimethyl-
aniline, diethyl ether, and reflux, respectively.

Conventional esterification of the acids with the
corresponding alcohols was not chosen for the synthesis
of 1e and 2e since it had been investigated and found im-
proper for this type of compound. In particular, the esteri-
fication in benzene or toluene in the presence of an acid

Fig. 3. Time course of the lipid peroxidation as affected by 1e and 2e in
concentrations of 0.5 and 1 mM.

TABLE 3. Calculated Values of Some Physicochemical Parameters of the Novel GABA and Valproic Acid Derivatives

Van der Waals Van der Waals Molecular Dipole Energy of Energy of
Compound volume area weight moment formation hydration

1a 204.00 227.71 208,219 2.14 –101.303 –18.996
1b 227.01 249.59 222,246 2.24 –95.148 –15.674
1c 372.36 379.76 320,435 2.41 –138.092 –13.027
1d 187.29 204.54 190,204 2.83 –30.267 –12.255
1e 281.89 290.05 235,329 0.48 –92.818 –3.991
2a 274.60 286.36 229,322 3.97 –186.350 –12.206
2b 374.09 387.69 320,435 4.52 –141.032 –12.093
2c 449.09 448.97 341,539 4.57 –221.954 –5.739
2d 257.84 263.84 211,307 5.89 –110.167 –9.197
2e 282.71 300.94 235,329 3.19 –94.043 –4.283
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catalyst (sulphuric or 4-toluenesulfonic acid) using a Dean-
Stark apparatus was investigated. The main problem of this
procedure was the low yield, which was attributed to the
low solubility of the salts formed by the pyridine moiety
and the acid catalyst [Rekatas et al., 1996a].

Also, esterification at room temperature in dichloro-
methane in the presence of N,N′-dicyclohexylcarbodiime
(DCC) had been investigated; it resulted in a tedious
purification procedure [Rekatas et al., 1996a].

The lipophilicity of the compounds was determined
both experimentally, by the reversed phase thin layer
chromatography (RPTLC) technique as RM values and
calculated according to Rekker’s (Σf) [Rekker and Mann-
hold, 1992], Hansch/Leo’s (ClogP) [Leo, 1993] fragmen-
tal constant methods and Suzuki/Kudo’s (log PSK) [Suzuki
and Kudo, 1990; Suzuki, 1991] atom-based procedure.
The results in Table 1 show that both the esters 1e and
2e exhibit a lipophilic character (ClogP 4.340 and 3.417,
respectively); of the two 2-pyrrolidinones, 2d is relatively
lipophilic with a ClogP value (2.717) similar to logP value
of valproic acid (2.750) and 1d exhibits a hydrophilic char-
acter (ClogP –0.599).

The two lipophilic esters 1e and 2e exhibit signifi-
cant anticonvulsant activity (Table 2). 2e, being a valproate
ester and significantly more lipophilic than the acid it-
self, is expected to act as an anticonvulsant. 1e is not a
valproic acid derivative (it is a 2-propylpentyl ester) but
also exhibits significant activity in this respect; it is note-
worthy that two more 2-propylpentyl esters, 1c and 2c,
also exhibited potent anticonvulsant activity [Rekatas et
al., 1996a]. On the other hand, 2d, although a valproic
acid derivative, exhibits very weak activity in vivo and
1d is inactive in this respect.

Also, in the in vitro experiment (inhibition of lipid
peroxidation) 1e and 2e exhibit potent activity while 1d
and 2d are practically inactive. 1d and 1e include the
nicotinoyl moiety but the former is hydrophilic while the
latter is highly lipophilic; the relatively lipophilic 2d is
also inactive. The above are in accordance with our con-
clusion [Rekatas et al., 1996a] that the nicotinoyl moiety,
in conjunction with considerably high lipophilicity, is a
suitable group to confer activity in this type of deriva-
tive. The potent activity of  2e indicates that the nicotinyl
moiety could function the same manner as nicotinoyl.

There are data that indicate a connection between
convulsions and formation of reactive oxygen species and
other free radicals in the brain [Mori et al., 1995]. There-
fore, potent antioxidant properties may be useful for an-
ticonvulsant compounds. Considering the above, we
investigated the antioxidant potential of the novel com-
pounds in the in vitro lipid peroxidation model. The re-
sults in Tables 1 and 2 show that both compounds that
act as anticonvulsants (1e and 2e) also exhibit a potent
inhibitory effect on lipid peroxidation; on the other hand,

1d and 2d, practically inactive as anticonvulsants, are also
inactive against lipid peroxidation.

In order to ascertain which physicochemical prop-
erties are determinant for the lipophilicity of the com-
pounds, we calculated the values of a number of
physicochemical parameters of the examined compounds
and investigated possible correlations with the expres-
sions of lipophilicity; this investigation led to good mul-
tiple correlations between the expressions of lipophilicity
and two other physicochemical parameters. The best
correlations were derived when using van der Waals vol-
ume and energy of hydration as the independent vari-
ables; using van der Waals area or molecular weight in
the place of van der Waals volume also derived similarly
good correlations. These correlations indicate that
lipophilicity is affected by the affinity of the molecule to
water (energy of hydration) and also the size of the mol-
ecule (van der Waals volume, van der Waals area, or mo-
lecular weight).
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