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Summary

Bioreversible derivatization of mebendazole to improve its poor water solubility, which is attributed to its low peroral
bioavailability, was performed by N-acylation of the benzimidazole moiety with various chloroformates. The N-alkoxycarbonyl
derivatives were readily hydrolyzed to mebendazole in rabbit liver homogenate and in human and rabbit plasma. The pH-rate
profiles for the hydrolysis of the derivatives were derived at 37°C, and the lipophilicity of the compounds was assessed by partition
experiments in octanol-aqueous buffer systems. The water solubility of the N-alkoxycarbony! derivatives was up to 16-times higher
than that of the parent drug. The results obtained suggest that N-alkoxycarbonyl derivatives of benzimidazole anthelmintics may be

useful to improve the peroral bioavailability.

Introduction

Mebendazole, albendazole, and other benzimi-
dazole carbamates are active against many gas-
trointestinal and tissue-stage helminths (Van den
Bossche et al., 1982). These benzimidazoles are
in general characterized by having a very poor
solubility in water (Van den Bossche et al., 1982).
This property is most likely the main reason for
the poor oral absorption of mebendazole and
most of the other compounds (Miinst et al., 1980;
Dawson et al.,, 1982, 1985a,b; Marriner et al.,
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1986; McKellar and Scott, 1990). The very low
aqueous solubility makes the compounds less
suitable for the treatment of systemic infections
like alveolar and cystic echinococcosis (hydatide
disease) which are caused by infection with the
larval stage of the cestodes Echinococcus multi-
locularis and E. granulosus, respectively (Thomp-
son, 1986).

Several reports have indicated the potential
usefulness of the benzimidazole carbamates, es-
pecially mebendazole and albendazole, in treat-
ing human echinococcosis (Witassek et al., 1981;
Schantz et al., 1982; Davis et al., 1986, 1989), but
because of their poor and variable oral bioavail-
ability inefficient tissue and plasma concentra-

tions are generally obtained (Braithwaite et al.,
1982).
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Studies have previously been undertaken in
our laboratory to overcome or diminish this deliv-
ery problem by the prodrug approach. It was
shown with thiabendazole, used as a model com-
pound for the benzimidazole carbamates, that it
was possible to obtain prodrugs possessing a
higher water solubility than the parent drug and
with an adequate lipophilicity in regard to oral
absorption (Nielsen et al., 1992). In the present
work, a series of N-alkoxycarbonyl derivatives
(Scheme 1) of the widely used mebendazole (I)
was prepared. Their physicochemical properties,
chemical and enzymatic stability were investi-
gated. In contrast to thiabendazole, mebendazole
and related compounds are asymmetrically sub-
stituted at position 5 in the benzene ring of the
benzimidazole moiety. Thus, acylation of the ben-
zimidazole nitrogens in mebendazole may result
in the formation of two isomeric derivatives
(Scheme 1) (Viswanathan and Sidhaye, 1985).

Materials and Methods

Apparatus

High-performance liquid chromatography
(HPLC) was performed with a Hitachi system
consisting of a Model L-6000 constant flow pump
equipped with a Model 4000 UV detector, a
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Model As-2000 Auto Sampler, and a Rheodyne
7125 20 wl loop injection valve. Separations were
performed on a deactivated reversed-phase
Lichrocart Lichrospher 106 RP-8 column (125 X 8
mm, 5 wpm particles) (E. Merck, Germany)
equipped with a precolumn packed with Perisorb
RP-8 (30-40 um particles) (E. Merck, Germany).
A silica saturation column placed, between the
pump and the injection device, was packed with
LiChroprep SI 60 (15-25 um particles) (E. Merck,
Germany). Readings of pH were carried out on a
Radiometer PHMS83 Autocal instrument at the
temperature of study. Melting points were taken
in capillary tubes and were not corrected. 'H-
NMR spectra were run on a Bruker AC-200F
instrument. Elemental analyses were performed
at the Microanalytical Laboratory, Leo Pharma-
ceutical Products, Ballerup, Denmark.

Synthesis of the mebendazole derivatives 11-IV
The N-alkoxycarbonyl derivatives II-IV were
prepared by reacting mebendazole (obtained from
Sigma Chemical Co., St. Louis) with the appro-
priate chloroformate in dichloromethane in the
presence of NaOH. The chloroformate (6 ml, 88
mmol) was added over 5 min to a stirred suspen-
sion of mebendazole (10 g, 34 mmol) in a mixture
of dichloromethane (300 ml) and 1 N NaOH (70
ml, 70 mmol). The reaction mixture was stirred at
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Scheme 1.



TABLE 1

Physical and analytical data of various N-alkoxycarbonyl
derivatives of mebendazole

Compound m.p. °C) Formula Analysis (%)

Cale.  Found

C,H;sN;05 € 6119 60.09
428 430
1189 11.84
6212 61.90
466  4.67
1144 1131
6298 6283
502 5.1
N 1102 10.84

Im e 156-157
Iila 165-166  C oH ;,N;O5

P 113-114  CygHoN; 04

ZTMmZonn0zZT

4 The '"H-NMR spectra of II showed it to be a 50:50 mixture
of Ila and IIb, respectively.

b The 'H-NMR spectra of IV showed it to be a 40: 60 mixture
of IVa and IVb, respectively.

room temperature overnight. The dichlorometh-
ane phase was separated from precipitated (un-
dissolved) mebendazole by filtration, then washed
with water, dried over anhydrous sodium sul-
phate and evaporated in vacuo. The residue (oil)
obtained was dissolved in dichloromethane and
cthyl acetate-petroleum ether. The crystalline
precipitate formed, upon cooling to — 10°C, was
filtered off and recrystallized from
dichloromethane and ethyl acetate-petroleum
ether. The yields of the N-alkoxycarbonyl deriva-
tives were 30~40%. Physical and analytical data
for the derivatives are given in Table 1.

Structure determination (by '"H-NMR)
To determine the structure of compounds II-
IV, a "H-NMR assignment was carried out with

TABLE 2
'H-NMR spectral data of compounds H-IV ¢
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compound HI using a NOESY experiment. The
spectra showed NOE between the ethyl group
and the aromatic proton at 8.27 ppm, while no
NOE was observed between the ethyl group and
the protons at 7.46-7.83 ppm. Furthermore, a
NOESY experiment was carried out on the mix-
ture of Ila and IIb. The spectra showed NOE
between only one of the methoxycarbonyl groups
(at 4.17 ppm) and the aromatic proton at 8.27
ppm. No NOE was observed between the other
methoxycarbonyl group (at 4.21 ppm) and the
aromatic protons at 7.46—7.82 ppm or from either
of the methoxycarbony! groups and the proton at
8.07 ppm. From these NOESY experiments, it
can be concluded that the structure of the com-
pounds, where R is ethyl, is IIfa in agreement
with the structure assignment of the correspond-
ing 3-amino compounds (Ravindranathan et al.,
1987). '"H-NMR spectral data are listed in Table
2.

Hydrolysis in aqueous solutions

The hydrolysis of the mebendazole derivatives
was studied in aqueous buffer solutions at con-
stant temperature (+0.2°C). The buffers used
were hydrochloric acid, acetate, phosphate, bo-
rate and carbonate buffers. The total buffer con-
centration was generally 0.02 M, and a constant
ionic strength () of 0.5 was maintained for each
buffer by adding a calculated amount of potas-
sium chloride. The rates of degradation were
followed by using isocratic reversed-phase HPLC
procedures capable of separating the derivatives
from mebendazole. The chromatographic column
was eluted with mobile phase systems consisting
of mixtures of 0.05 M phosphoric acid (pH 2.5)

Compound H, NHCOOCH, NHCOOCH, R

Ila 8.27 (bs) 10.03 (bs) 3.92(S) 417(S)

11b 8.07 (bs) 9.88 (bs) 3.90 (S) 421(S)

Ila 8.27 (bs) 10.02 (bs) 3.92(S) 4.59 (q); 1.47 (1)

IVa 8.27 (bs) 10.04 (bs) 392(S) 4.48 (1); 1.85 (m); 0.99 (1)
IVb 8.07 (bs) 9.89 (bs) 390 (S) 4.53 (1); 1.96 (m); 1.14 (1)

* 1In DMSO-d,,. The chemical shifts of the 5-benzoyl group and Hy and H, (8): 7.71~7.83 (4H,m) and 7.46-7.60 3H.m).
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and methanol. The concentration of methanol
(50-65% v /v) was adjusted for each compound
to give an appropriate retention time (3-8 min).
The flow rate was 1.0 ml min~!, and the column
effluent was monitored at 251 nm. Quantitation
of the compounds was carried out by measuring
the peak heights in relation to those of standards
chromatographed under the same conditions.

The reactions were initiated by adding 50-200
@l of a stock solution of the compounds in ace-
tonitrile to 5 ml of preheated buffer solution in
screw-capped test tubes to give an initial concen-
tration of about 5 x 10~° M. The solutions were
kept in a water-bath at a constant temperature,
and at appropriate intervals samples were with-
drawn and chromatographed immediately.
Pseudo-first-order rate constants for the degrada-
tion were determined from the slopes of linear
plots of the logarithm of residual derivative
against time.

Stability in various biological media

The hydrolysis of the derivatives II-IV was
studied at 37°C in human and rabbit plasma
diluted to 80% with 0.05 M phosphate buffer of
pH 7.4 as well as in 2.5% rabbit liver ho-
mogenate. The liver homogenate was prepared as
previously described (Buur and Bundgaard, 1985).

The initial concentration of the derivatives was
in the range of 0.5-1x 10 * M. The mixtures
were kept in a water bath at 37°C, and at appro-
priate intervals samples of 250 ul of the reaction
solution were withdrawn and deproteinized by
addition of 500 wl of acetonitrile. After mixing
and centrifugation for 3 min at 10000 rpm, 20 ul
of the clear supernatant was analyzed by HPLC
as described above.

Determination of solubility and partition coeffi-
cients

The aqueous solubility of the N-alkoxycar-
bonyl derivatives in 0.02 M acetate buffer of pH
5.0 was determined at room temperature ( ~ 22°C)
by adding excess amounts of the compounds to
the buffer in screw-capped test-tubes. The sus-
pensions were placed in an ultrasonic water bath
for 15 min and then rotated on a mechanical
spindle for 20-25 h. It was ensured that satura-

tion equilibrium was established. The mixtures
were filtered, and an aliquot of the filtrate was
diluted with buffer and analyzed by HPLC.

The apparent partition coefficients of meben-
dazole and the N-alkoxycarbonyl derivatives were
determined in an octanol-buffer system at 20-
22°C. The aqueous phase was a 0.02 M acetate
buffer solution of pH 5.0. The buffer solution and
octanol were mutually saturated at 20-22°C be-
fore use. The compounds were dissolved in the
aqueous buffer phase at a concentration of 10—
2x 10~* M, and the octanol-water mixtures were
shaken for about 2 h to reach a distribution
equilibrium. The volumes of each phase were
chosen so that the solute concentration in the
aqueous phase, before and after distribution,
could readily be measured using the above-men-
tioned HPLC procedure. At distribution equilib-
rium, the two phases were separated by centrifu-
gation for about 5 min. The partition coefficients
(P) were calculated from Egn 1:

S

w (8]

where C, and C,, represent the solute concentra-
tions in the aqueous buffer phase before and
after distribution, respectively, V,, is the volume
of the aqueous phase, and V, denotes the volume
of the octanol phase. For each compound, deter-
minations were carried out in triplicate, and the
P values thereby obtained were reproducible to
within +10%.

Results and Discussion

The various N-alkoxycarbonyl derivatives (II-
IV) of mebendazole were prepared by reacting
mebendazole with excess of the appropriate chio-
roformates. Since mebendazole exists in two tau-
tomeric forms, the N(1)-H-tautomer and the
N(3)-H-tautomer (shown as I), acylation of the
benzimidazole nitrogens may occur either at N(1)
or at N(3). HPLC analysis of compound II and III
revealed only one major peak, accounting for



more than 95%, but two peaks of almost equal
size were seen for compound IV indicating two
isomers (IVa and IVb), consistent with the NMR
spectrum. However, the NMR spectrum of the
N-methoxycarbonyl derivative (II) showed that it
also consisted of two isomers (Ila and IIb) in the
proportion 1:1. On the other hand, the NMR
spectrum of the N-ethoxycarbonyl derivative (I1I)
showed that acylation had only occurred at posi-
tion N(3) resulting in IIla. Viswanathan and Sid-
haye (1985) have previously reported that both
isomers in most cases are obtained by acylation
with alkyl chloroformates. Further support for
the assignment of the position of substitution in
compound Illa was provided by NMR spec-
troscopy (see Structure determination).

Kinetics of hydrolysis

The chemical stability of the derivatives (II-IV)
in aqueous solution was examined in detail as a
function of pH and temperature. At constant pH
and temperature, the hydrolysis of the com-
pounds followed strict first-order kinetics and
proceeded with the quantitative formation of
mebendazole. At the buffer concentration used
(0.02 M), no significant buffer catalysis was ob-
served. The hydrolysis of the two isomeric forms
of the N-propoxycarbonyl derivative (IVa and IVb)
proceeded approximately with the same rate of
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TABLE 3

pK, values and rate data for the hydrolysis of various N-al-
koxycarbonyl derivatives of mebendazole

Compound pK, k, k., kon
(min™")  (min™") ™M 'min™"H
Ila,b 1.5 25%x107% 25%107% 6000

1lia 1.5 12%x107% 12x107* 2700
IVa 14 1.1x107% 7.0x107> 2500
IVb 14 1.2x107% 80x107° 3000

hydrolysis (Table 3 and Fig. 1). This finding sug-
gests that hydrolysis of the two isomeric forms of
the N-methoxycarbonyl derivative (Ila and IIb)
may also proceed with the same rate.

The influence of pH on the rates of hydrolysis
of the N-alkoxycarbonyl derivatives of mebenda-
zole at 37°C is shown in Fig. 1 where the loga-
rithm of the observed pseudo-first-order rate con-
stants (k) is plotted against pH. The rate of
hydrolysis of the N-alkoxycarbonyl derivatives
(II-1IV) increases sharply above and below pH
4-6, whereas it approaches a plateau below pH 1.
This is consistent with the pH-rate profile previ-
ously found for the N-ethoxycarbonyl derivative
of thiabendazole (Nielsen et al., 1992). The shape
of the pH-rate profile is similar to that of N-
acetylimidazole (Jencks and Carriulo, 1959) as
well as to those of N-ethoxycarbonyl imidazole
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OH Kom
+ ROH + COz

Scheme 2.



-2

109 Kope (Min—?)

-3

-4}

-5 £ ;
[+ 9 10
pH

Fig. 1. The pH-rate profiles for hydrolysis of compound 11
(a), compound IHla (O) and compound IVa (©) and IVb (e)
in aqueous solution (x = 0.5) at 37°C.

(Melchior and Fahrney, 1970) and other imida-
zole carbamates (Klixbiill and Bundgaard, 1983;
Bundgaard and Magss, 1990; Buur and Bundgaard,
1991). The hydrolysis of N-acetylimidazole has
been demonstrated to involve a water-catalyzed
or spontaneous hydrolysis of the acetylimida-
zolium cation and a spontaneous or water-cata-
lyzed as well as a hydroxide ion-catalyzed reac-
tion of unprotonated acetylimidazole (Jencks and
Carriulo, 1959; Wolfenden and Jenks, 1961). Ac-
cordingly, the reactions depicted in Scheme 2 are
suggested to account for the hydrolysis of the
N-alkoxycarbonyl derivatives of mebendazole, and
the following rate expression may be formulated:

kg Lk
obs OaH +Ku OaH +Ka

a

k

KE\
+ koulon

2
ay+ K (2)

a

where a,; and g, refer to the hydrogen ion and
hydroxide ion activity, respectively, K, is the
apparent ionization constant of the protonated

benzimidazole group, a,,/(ay, + K,) and K, /(a,,
+ K, ) are the fractions of the derivative in proto-
nated and unprotonated form, respectively, and
k., k,, and ko, are rate constants referring to
the reactions shown in Scheme 2. The values of
ay and a,y were calculated from the measured
pH at 37°C according to the following equations
(Harned and Harmer, 1933):

log a,,=0.14 —pH (3)
log agpy =pH —13.62 {4

The values of the specific rate and ionization
constants for compounds (II--IV) listed in Table 3
were obtained from the pH-rate profile and Egn
2.

The N-alkoxycarbonylation is seen to result in
a marked depression of the basicity. This paral-
lels the behaviour of similar carbamate deriva-
tives of imidazole-containing compounds
(Melchior and Fahrney, 1970; Bundgaard and
Mgss, 1990; Buur and Bundgaard, 1991; Nielsen
et al., 1992).

At pH 2.0 and 37°C, the pseudo-first-order
rate constant for the hydrolysis of the N-
methoxycarbonyl derivative (I1), the most labile
derivative, was determined to be 6 X 1073 min "},
corresponding to a half-life of 2 h. However, its
poor stability in the stomach does not appear to
represent a problem regarding oral absorption,
because it is suggested that the poor availability
of mebendazole is due to its very low solubility
and not to the absorption of mebendazole itself
{Dawson et al., 1982, 1985a,b).

The effect of temperature (37-60°C), on the
stability of compounds II-IV was studied in 0.02
M acetate buffer of pH 5.0, at which pH the
compounds showed maximal stability. The rate
constants obtained were plotted according to the
Arrhenius equation (Eqn 5) (Fig. 2):

log k=1log A — (5)

2.303RT

where A is the frequency factor, E, denotes the
apparent energy of activation, R is the gas con-
stant and 7T is the absolute temperature (in K).
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Fig. 2. Arrhenius plot of the rate of hydrolysis of the N-
methoxycarbonyl derivative (IT) in 0.02 M acetate buffer solu-
tion of pH 5.0.

From such plots, the Arrhenius parameters A
and E, were obtained and are listed in Table 4.
On the basis of these data, it is possible to
estimate the time for 10% degradation at pH 5.0
and at various temperatures. The results of such
calculations are shown in Table 4.

Enzymatic hydrolysis of the derivatives

The susceptibility of the N-alkoxycarbonyl
derivatives, to undergo a potential enzymatic hy-
drolysis, was studied in vitro at 37°C in a phos-
phate buffer of pH 7.4 containing either 80%
human plasma, 80% rabbit plasma or 2.5% rabbit
liver homogenate. The hydrolysis followed strict
first-order kinetics and proceeded in all cases to
give mebendazole in quantitative amounts. The
observed half-lives for hydrolysis in the biological
media are listed in Table 5 together with the

TABLE 4

Energies of activation (E ) and frequency factors (4) for hydro-
lysis of various N-alkoxycarbonyl derivatives of mebendazole in
aqueous solution at pH 5.0 (u = 0.5) and predicted shelf-lives
(t190,) of such solutions at 5° and 21°C

Compound E, log A tpe, ()
-1 B PO —_
(kcalmol™') (A inmin~") 2°C 50
IIa,b 76.2 9.24 34 206
II1a 65.1 7.10 50 233
IVa 66.7 7.13 92 440
IVb 66.7 8.18 87 478
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TABLE 5

Half-lives (t; ,,) for the hydrolysis of various N-alkoxycarbonyl
derivatives of mebendazole (II-1V) in aqueous buffer, 80%
human and rabbit plasma and in 2.5% rabbit liver homogenate
(pH 7.4) at 37°C

Compound 1, ,, (min)
Buffer Human Rabbit Rabbit
plasma plasma liver
Iila,b 139 13 0.6 6.1
Illa 347 2.9 2.1 5.5
IVa 517 5.3 1.6 4.4
IVb 462 44 1.4 6.8

half-lives of hydrolysis in pure buffer solutions of
pH 7.4. As appears from the data, both plasma
and rabbit liver enzymes markedly increase the
rate of hydrolysis. Similar observations were re-
ported for the N-alkoxycarbonyl derivatives of
thiabendazole (Nielsen et al., 1992). These obser-
vations indicate that N-alkoxycarbonyl derivatives
of benzimidazoles may be expected to be readily
cleaved in vivo.

Lipophilicity and aqueous solubility

The lipophilicity of the derivatives and of
mebendazole was assessed by measuring the par-
tition coefficients (P) between octanol and 0.02
M phosphate buffer of pH 5.0. At this pH, the
derivatives II-IV and mebendazole are present in
their free base forms. The log P values obtained
are shown in Table 6. The difference in the log P

TABLE 6

Melting points (m.p.), agueous solubilities (S) and partitions
coefficients (P) of mebendazole (I) and the N-alkoxycarbonyl
derivatives (I1-1V)

Compound m.p.(°C) S 2 (mg/ml) S (M) log PP
I 289-290 5x1074¢ 1.7x107% 283
IIa,b 156-157 7x1073 1.9x10°° 247
Illa 165-166 1x107? 27x107° 293
IVa,b 113-114  5x10°7 1.3x107° 343

* Solubility in 0.02 M acetate buffer solution of pH 5.0 at
21°C.

b Between octanol and 0.02 M acetate buffer of pH 5.0 at
21°C.

¢ From Allan and Watson (1983).
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values for the derivatives II-IV is as expected on
the basis of the 7 substituent values (Hansch and
Leo, 1979).

The water solubilities of the compounds are
also listed in Table 6. It is apparent that despite
their increased lipophilicity the derivatives III
and IV also possess a higher aqueous solubility
relative to mebendazole.

The higher solubility of the derivatives II-IV
relative to mebendazole can be ascribed to a
decreased crystal lattice energy achieved by re-
moving an NH- proton in the benzimidazole moi-
ety by N-alkoxycarbonylation and is manifested in
the pronounced melting point decrease (cf. Table
6) (Yalkowsky and Morozowich, 1980).

Conclusions

The results of the present study show that
N-alkoxycarbonylation of the benzimidazole moi-
ety in mebendazole may be a useful prodrug
approach to obtain derivatives possessing in-
creased water solubilities with retainment of ap-
propriate lipophilicities. The N-alkoxycarbonyl
derivatives possess an adequate stability with re-
gard to oral administration, and are readily
cleaved enzymatically and quantitatively to the
parent drug. The potential utility of such a pro-
drug type, to improve the oral bioavailability of
benzimidazole anthelmintics, has recently been
demonstrated with derivatives II-IV given to rab-
bits (to be published elsewhere).
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