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Preparation, characterization and in vivo conversion of new
water-soluble sulfenamide prodrugs of carbamazepine
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Abstract—Improved synthetic methods are reported for the preparation of sulfenamide derivatives of carbamazepine (CBZ) for
evaluation as prodrugs. These sulfenamide prodrugs were designed to rapidly release CBZ in vivo by cleavage of the sulfenamide
bond by chemical reaction with glutathione and other sulfhydryl compounds. Physicochemical characterization and in vivo conver-
sion of a new prodrug of CBZ was evaluated to further establish the proof of concept of the sulfenamide prodrug approach.
� 2007 Elsevier Ltd. All rights reserved.
Carbamazepine (CBZ, 1) is effective in the treatment of
partial and generalized tonic–clonic epileptic seizures,1

and is less sedating and causes less cognitive impairment
than other anticonvulsants such as phenytoin, pheno-
barbital, and primidone.2 Unfortunately, CBZ’s rela-
tively poor aqueous solubility (120 lg mL�1) hampers
parenteral administration,3 and despite the need, there
is no commercially available injectable formulation.
The poor solubility of CBZ can be addressed to some ex-
tent by use of cosolvents and/or surface active agents,4

but the effectiveness of these approaches is limited and
these additives are undesirable for intravenous (iv) for-
mulations due to the risk of severe allergic reactions
and formulation related toxicities.5 A water-soluble pro-
drug of CBZ that could be administered intravenously
in a safe and effective formulation would be of consider-
able medical benefit.

There is a significant void in the literature for prodrug
strategies available for weakly acidic NH-acid drugs
such as amides, carbamates, and ureas.6 A new prodrug
approach involving the preparation and evaluation of
sulfenamide prodrugs of a variety of NH-acids has
recently been reported by Guarino et al.6,7 The general
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route for the synthesis of these derivatives involved the
reaction of the appropriate disulfide with sulfuryl chlo-
ride to generate a sulfenyl chloride intermediate, which
was then further reacted in situ with the NH-acid to
form the sulfenamide derivative. One of the sulfenamide
prodrugs synthesized and evaluated was 3, an O-ethyl
cysteinyl prodrug of CBZ. While the sulfenyl chloride
synthetic route was considered adequate for most of
the amine, amide and imide drug, and model com-
pounds studied, the yields for this approach with the
urea drug example CBZ were very poor (overall yield
1–2%). It was apparent that improved synthetic methods
would be required to further the study of sulfenamide
derivatives of CBZ for evaluation as prodrugs.

In this communication, we report improved synthetic
methods for the preparation of sulfenamide derivatives
of CBZ and physicochemical characterization, and
in vivo evaluation of a new water-soluble sulfenamide
prodrug. N-cysteamine-CBZ (4) was designed as a
water-soluble prodrug of CBZ to regenerate CBZ
in vivo by cleavage of the sulfenamide bond by chemical
reaction with glutathione and other endogenous sulfhy-
dryl compounds. A successful in vivo result, supporting
the proof of concept of the sulfenamide prodrug strat-
egy, could further the application of this approach to
improve the physicochemical properties and/or delivery
characteristics of other NH-acidic drugs, including
ureas.

Thiophthalimides are well-known sulfur transfer
agents,8 and were utilized as such here to attach various
promoieties to the secondary nitrogen of CBZ. The
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Scheme 2. Improved synthesis of 3. Reagents: (i) SO2Cl2, THF; (ii)

potassium phthalimide, THF; (iii) deprotonated CBZ (with t-BuLi),

THF; (iv) TFA, CH2Cl2.
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Scheme 3. Synthesis N-(Boc-cysteamine)-phthalimide. Reagents: (i)

Br2, pyridine, CH3CN.
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Scheme 4. Preparation of 4. Reagents and condition: (i) �78 �C, THF,

Ar; (ii) TFA, CH2Cl2.
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reaction of tert-butyllithium with CBZ followed by N-
(phenylthio)-phthalimide produce the sulfenamide N-
(phenylthio)-CBZ (2) in good yield (76%, Scheme 1).9

Although not further studied here, compound 2 pro-
vides a sulfenyl urea model with a UV-active promoiety
to further investigate the stability and degradation reac-
tions for this class of compounds.

The improvement in synthetic yield of 3 over the sulfe-
nyl chloride method is shown by the reaction of
tert-butyllithium with CBZ followed by N-(Boc-Cys-
OEt)-phthalimide, which yielded N-(Cys-OEt)-CBZ (3)
with improved overall yield (55%, Scheme 2) compared
to the overall yield using the synthetic method reported
by Guarino et al.7

N-(Cys-OEt)-CBZ (3) is a water-soluble CBZ deriva-
tive that likely acts as a prodrug and the stability of
3 was recently characterized in detail.7 Cysteamine
was selected as the promoiety for this in vivo study
to avoid any potential complication caused by hydro-
lysis of the ethyl ester functionality of 3. The aqueous
chemical stability of 4 was also found to be superior
to that of 3. The essential cysteamine derivative of
phthalimide, N-(Boc-cysteamine)-phthalimide, was pre-
pared by reaction of phthalimide with Boc-cysteamine
in the presence of bromine and pyridine (96%,
Scheme 3).

N-(Boc-cysteamine)-phthalimide was then reacted
with lithium CBZ to yield N-(Boc-cysteamine)-CBZ,
followed by reaction with TFA to yield 4 as a white
powder in good overall yield (66%, Scheme 4).

The white powder 4 dissolved rapidly in pure water with
apparent solubility in excess of 100 mg mL�1 (final pH
value of 2.6). The chemical stability of 4 was determined
in aqueous solution at various pH values. Figure 1
shows the pH-rate profile for the aqueous degradation
of 4 at 70 �C.

Eq. 1 expresses the observed rate constant (kobs) for the
loss of 4 in terms of rate and equilibrium constants as a
function of hydrogen ion concentration, or pH where
[H+] = 10�pH and Kw = 1.51 · 10�13 at 70 �C.10 The
rates of hydrolytic reactions of the ionized and neutral
forms of 4 include acid catalyzed hydrolysis (kH), water
hydrolysis (ko), and base catalyzed hydrolysis (kOH) of
the protonated form and base catalyzed hydrolysis of
the neutral form (k 0OH).
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Scheme 1. Synthesis of N-(phenylthio)-CBZ (2). Reagents and condi-

tion: (i) �78 �C, THF, Ar.
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The results for kobs from the accelerated stability studies
of 4 conducted at pH 4 were 9.39 · 10�6 s�1 for 70 �C,
1.67 · 10�6 s�1 for 60 �C, and 3.96 · 10�7 s�1 for
50 �C. The Eyring behavior was assumed to be linear
and the values obtained were: DH� = 143 kJ mol�1

(34.2 kcal mol�1) and DS� = 74 J mol�1 K�1 (R2 = 0.9949).
The DH� value appears to be relatively high compared
to the activation energies reported for the hydrolysis
of many other drug compounds.11 The predicted hydro-
lysis rate (kobs) for the aqueous degradation of 4 extrap-
olated to 25 �C at pH 4.0 is 3.8 · 10�9 s�1, which
corresponds to a half-life (t1/2) of 5.7 years and a time
for 10% degradation (t90) of 320 days. Extrapolation
to 4 �C predicts a kobs value of 4.4 · 10�11 s�1 and a
t90 value of 75 years indicating that a refrigerated
ready-to-use injectable formulation of 4 with a shelf-life
of >2 years may be possible. While the time for 10%
degradation (t90) appears to be more than adequate
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Figure 1. pH-rate profile for the aqueous degradation of 4 at 70 �C.

The solid line represents the fit of the data to Eq. 1. The values for the

rate constants obtained from the fit of the pH-rate profile were:

kH = 7.06 · 10�3 s�1M�1, ko = 9.04 · 10�6 s�1, kOH = 5.92 s�1 M�1,

and k 0OH = 1.01 · 10�10 s�1 M�1, and the value obtained for the pKa

of 4 was 7.4.
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Figure 2. Plasma concentration of CBZ versus time profile following

crossover iv administration of 4 (•) and CBZ control (h) in rat 1.

O N
H

H
N

O

NH2

O
S

O

O

O

H

O N
H

H
N

O

NH2

O
S

O

O

O

S

NH3
N

O NH

S
NH3

N

O NH2

Scheme 5. Proposed conversion mechanism for reaction of 4 with

glutathione to release to CBZ in vivo.

Table 1. Values for dose amounts of CBZ (DCBZ) and 4 (D4), AUC

values for CBZ from 4 and control, and peak plasma CBZ concen-

tration (Cmax)

Rat 1 Rat 2

Rat mass (g) 187 227

DCBZ (mg) 2.54 3.08

D4 (mg) 4.54 5.50

CBZ AUCcontrol
a (lg min�1 mL�1) 959 ND

CBZ AUC4
a (lg min�1 mL�1) 964 545

Cmax (control) (lg mL�1) 16.4 17.4

Cmax (from 4) (lg mL�1) 14.1 16.3

a Values determined by trapezoidal method.
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for this indication, it is likely that the precipitation of
insoluble degradation products would be the limiting
factor.

A 59 lM solution of 4 in 25 mM isotonic pH 7.4 phos-
phate buffer was found to rapidly and completely con-
vert to CBZ in the presence of a 10-fold molar excess
of LL-cysteine at 25 �C. The conversion was nearly instan-
taneous as the immediate HPLC analysis of this sample
showed no detectable 4. Similarly, it was found that 4
rapidly and completely converted to CBZ in rat whole
blood at ambient temperature.

A limited animal study was performed to establish the
bioavailability of CBZ following iv administration of 4
in rats. A crossover design was chosen because of the
large degree of interanimal variation seen in pharmaco-
kinetics studies with CBZ in rats.12 Rats were given an iv
bolus dose of CBZ control (dissolved in 10% HP-b-CD)
followed 48 h later by an equimolar iv dose of 4 in sterile
saline or vice versa in a crossover design.13 N-methylma-
leimide was added to drawn blood samples to trap any
available sulfhydryl compounds to limit the ex vivo con-
version of 4 to CBZ to less than 1.8% during blood sam-
ple processing, refrigerated storage, and analysis. The iv
bolus dose administration of 4 resulted in the immediate
appearance of the peak plasma level of CBZ and no in-
tact 4 was observed in any blood samples. The plasma
concentration versus time profiles of CBZ from iv doses
of 4 and CBZ control for rat 1 are shown in Figure 2.
The area under the curve values for CBZ were
964 lg min mL�1 for CBZ from 4 and 959 lg min mL�1

for CBZ from control.

A second rat showed a similar plasma CBZ profile from
administration of 4, but only one data point was able to
be collected for the CBZ control dose due to failure of
the carotid artery from blood clot blockage. Values for
the dose amounts of CBZ (DCBZ) and 4 (D4), AUC val-
ues for CBZ from 4 and control, and CBZ Cmax values
are listed in Table 1. Compound 4 was not detected in
any blood or urine samples.

All rats dosed with CBZ and/or 4 did not seem to exhibit
any pain or discomfort with the injections. Prior to dos-
ing, rats appeared active, and within minutes following
dosing the rats calmed down and went to sleep and were
no longer active for several hours. The observed behav-
ior was identical following doses of CBZ and 4.

In summary, these results show that 4 acts as a prodrug of
CBZ and the conversion of 4 to CBZ is rapid and quan-
titative in vitro and in vivo. This supports the hypothesis
that sulfenamide prodrugs release parent NH-acidic
drugs by reaction with glutathione and other endogenous
sulfhydryl containing compounds (Scheme 5).
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Glutathione activity is known to be high in red blood cells
and tissues such as the liver and kidney of rats and
humans.14 The rapid and complete conversion of 4 to
CBZ in rat whole blood is consistent with the proposed
mechanism of conversion via reaction with glutathione.
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