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Abstract—A codrug approach for simultaneous treatment of alcohol abuse and tobacco dependence is considered as very desirable
because of substantial evidence that smoking is increased significantly during drinking, and that smoking is regarded as a behavioral
‘cue’ for the urge to consume alcohol. The purpose of this study was to design and synthesize codrugs for simultaneous treatment of
alcohol abuse and tobacco dependence. Two novel tripartate codrugs of naltrexone (NTX) and naltrexol (NTXOL) covalently
linked to hydroxybupropion (BUPOH) were synthesized (25 and 26, respectively), and their hydrolytic cleavage to the parent drugs
was determined. These codrugs were generally less crystalline when compared to NTX, or NTXOL, as indicated by their lower melt-
ing points, and were expected to be more lipid-soluble. Also, the calculated c logP values were found to be higher for the codrugs
compared to those for NTX and NTXOL. The studies on the hydrolysis of the codrugs provided good evidence that they could be
efficiently converted to the parent drugs in buffer at physiological pH. Thus, these codrugs are likely to be cleaved enzymatically
in vivo to generate the parent drugs, and are considered to be potential candidates for simultaneous treatment of alcohol abuse
and tobacco dependence.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

The prodrug approach is commonly used to improve
physicochemical, biopharmaceutical, and drug delivery
properties of therapeutic agents. Ideally, an inactive
pro-moiety is covalently attached to the parent mole-
cule, and the resulting prodrug is converted to the
parent drug in the body before it exhibits its pharmaco-
logical effect.1–3 A codrug, or mutual prodrug, consists
of two different synergistic drugs within a single chemi-
cal entity. The two drugs may be connected either direct-
ly or by means of a cleavable covalent linker. Many
diseases are treated by a combination of therapeutic
agents that are co-administered in separate dosage
forms.4 However, there are potential advantages in
delivering the co-administered agents as a single chemi-
cal entity. For example, improved delivery and pharma-
cokinetic properties compared to a physical mixture of
the two drugs, and improved targeting of the drugs to
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specific sites of action.5 Numerous codrugs have been
described in the literature,6–8 and the antibiotic drug
sultamicillin (Unasyn Oral) is marketed as a synergistic
codrug combination of ampicillin and the b-lactamase
inhibitor, penicillanic acid sulfone.9,10 We have recently
reported on bipartate codrugs of ethacrynic acid with
atenolol and timolol as novel antiglaucoma drugs,11

and on antiangiogenic tripartate codrugs of 5-fluorouracil
and trihydroxy steroid (THS).12

Simultaneous treatment of alcohol abuse and tobacco
dependence is considered very desirable because of
substantial evidence that smoking is increased signifi-
cantly during drinking.13 It also appears that drinking
is increased in smokers and that a cigarette smoke
environment is a behavioral ‘cue’ for the urge to
consume alcohol;14–21 thus, each addiction exacerbates
the other.14–18 The biochemical basis for this common
co-morbidity may be related to the mediation of the
dopamine-activating and reinforcing properties of alco-
hol via central nicotinic acetylcholine receptors.19 As a
consequence of this, alcoholics may also be at a much
higher risk of developing tobacco-related diseases.20 In
this respect, opiate addicts also exhibit a high prevalence
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of tobacco dependency and associated co-abuse prob-
lems, and would also benefit from a co-therapy
approach.22

Naltrexone (NTX, 1) (Fig. 1) is an opioid antagonist
used in the treatment of opiate addiction and alcohol
dependence.23 However, NTX is a hepatotoxin that
has been demonstrated to have low oral bioavailability,
and adverse side effects, such as abdominal pain, consti-
pation, nausea, and vomiting. b-Naltrexol (NTXOL, 2)
(Fig. 1) is the active metabolite of NTX.24,25 Bupropion
(BUP, 3) (Fig. 1) is an antidepressant medication and a
therapeutic agent currently used in the treatment of
nicotine dependence as a smoking cessation agent.
Hydroxybupropion (BUPOH, 4) (Fig. 1) is the major
active metabolite of BUP, and is believed to contribute
significantly to its antidepressant activity, as well as
the smoking-cessation properties of BUP.26–29 It is likely
that BUP may be acting as a nicotinic receptor antago-
nist, and that this property is responsible for the smok-
ing cessation properties of the drug.27 BUP and BUPOH
are drug molecules that are considered ideally suitable,
from both a chemical and pharmacological perspective,
for covalent linkage to NTX and NTXOL to afford clin-
ically useful codrug entities for the treatment of both
alcohol abuse and tobacco dependence.

The purpose of this present study was to design and syn-
thesize a series of novel NTX and NTXOL tripartate co-
drugs covalently linked to either BUP or BUPOH via an
enzymatically cleavable linker moiety, and to determine
if these codrugs are efficiently hydrolyzed to the parent
drug molecules at physiological pH. This will provide
initial mechanistic rationale for carrying out a more
extensive and in-depth pharmacokinetic study in ani-
mals, including the potential for drug–drug interactions.
The codrug molecules were specifically designed to
determine if such codrugs could improve pharmacother-
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Figure 1. Chemical structures of naltrexone (NTX, 1), 6-b-naltrexol
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(BUPOH, 4).
apy both for alcohol abuse and tobacco dependency, by
providing a single, clinically effective, codrug dosage
form to treat both co-dependent conditions.

Thus, the ultimate therapeutic goal of this approach is
to identify a codrug that can be efficiently hydrolyzed
to afford therapeutically effective levels of the two parent
drugs in the body. The conversion of the highly crystal-
line and high melting NTX to a covalently linked codrug
with BUP or BUPOH should afford a lower melting and
more lipid soluble molecule.
2. Results and discussion

2.1. Chemistry

A codrug is formed by chemical conjugation of two or
more drugs via a suitably designed labile linker unit.
The drugs are usually linked via linker moieties, such
as ester, carbonate, amide, carbamate, etc., which are
then cleaved enzymatically to regenerate the active drug
molecules at a required site in the body. One advantage
is that often, when the two drugs are chemically linked
together in the codrug structure, the resulting physico-
chemical properties of the codrug are superior to those
of the individual parent drugs. Thus, careful design of
the codrug entity can afford a unique product that
may have superior physicochemical properties for drug
delivery, compared to those of the individual drug enti-
ties themselves, leading to improved pharmaceutical
properties. In addition, there are also other factors, such
as the ability to control drug delivery by appropriate
design of the hydrolyzable linker(s) connecting the two
drug entities, and the obvious effect that simultaneous
delivery of the two drugs, as one chemical entity, will
have on the pharmacokinetics of each respective drug.

In efforts to synthesize the carbonate codrugs 7 and 8
(Scheme 1), which are codrugs of BUP covalently linked
to either NTX or NTXOL, initial coupling of the two
molecules utilizing phosgene as the linker precursor
was attempted. First, N-acylation reaction conditions
(Scheme 1) utilizing bupropion and phosgene under a
variety of conditions and solvents in the presence of
triethylamine, followed by addition of NTX, afforded
the stable cyclic product 9 and unreacted NTX. When
BUP was reacted with phosgene in the absence of
NTX, 9 was formed in good yield, rather than the
expected chlorocarbonyl intermediate 5 (Scheme 1). This
result indicates that the chlorocarbonyl intermediate 7 is
not stable enough to be isolated, and its half-life appears
to be too short for the reaction with NTX tooccur. The
formation of 9 can be explained by 5 existing in an equi-
librium mixture with its enol tautomer 6, which then
undergoes rapid intramolecular O-acylation to form 9.

Hussain30 and Nelson31 have reported the synthesis of a
number of 3-O- and 6-O-ester analogs of NTX and
NTXOL. These methodologies do not require protec-
tion of the C-14 hydroxyl group, due to its unreactivity,
which results from significant steric hindrance around
this functional group. Under the reaction conditions
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described by Hussain et al.,30 O-acylation of NTX in the
presence of base is regiospecific for the more reactive C-
3 phenolic group (as the phenolate anion). Similarly, O-
acylation of NTXOL in the presence of base is regio-
specific for the 3-OH group.32 Thus, no prior protection
of either the 14- or 6-b-OH group in either NTX or
NTXOL is required for regiospecific 3-O-acetylation of
these molecules. With this in mind, in an alternative
strategy, the synthesis of codrugs 7 and 8 via intermedi-
ate 10 (Scheme 2), which results from the reaction of
NTX and phosgene in the presence of triethylamine,
was attempted. Under these conditions, the reaction of
NTX with phosgene afforded exclusively the dimeric
3-O, 3 0-O carbonate ester of NTX (11, Scheme 2) rather
than the expected NTX-3-O-chlorocarbonyl intermedi-
ate 10.33 Also, when this reaction was carried out in
the presence of BUP, both 11 and 9 were formed, and
no codrug could be detected in the reaction mixture.
The use of a variety of different reaction conditions in
these reactions failed to yield the desired intermediate
10, affording only 11 in good yield. Similarly, when
NTXOL was utilized in place of NTX, the reaction with
phosgene resulted in the formation of the corresponding
dimeric 3-O, 3 0-O carbonate ester of NTXOL, 13
(Scheme 2).

Efforts to synthesize codrugs 14–17 (Fig. 2) of
BUPOH with NTX or NTXOL were also explored.
The hemiketal form of BUPOH, 4, exists in equilibri-
um with its ring-opened form, 18 (Scheme 3). Thus, if
the hemiketal form of BUPOH, 4, is reacted with
phosgene, then either the chlorocarbamate intermediate
19 (Scheme 3), the chlorocarbonate intermediate 20
(Scheme 3), or both, could be formed, either of which
if coupled with NTX or NTXOL would afford co-
drugs 14–17 (Fig. 2). Also, there is a possibility that
the formation of 19 might be followed by ring open-
ing, leading to the formation of 21 (Scheme 3). On
the other hand, if the ring-opened form of BUPOH,
18, reacts with phosgene, the chlorocarbamate inter-
mediate, 21, would be expected to be formed. If 21
is stable enough to couple to NTX or NTXOL, it
may undergo subsequent cyclization to the hemiketal
form, resulting in the formation of codrugs 14–17.
Also, BUPOH may be initially N-chlorocarbonylated
to afford 21, which, like the corresponding BUP
analog, 6, can exist in equilibrium with its enol tauto-
mer, 22 (Scheme 3), followed by rapid intramolecular
O-acylation to 23 (Scheme 3). When equimolar
amounts of BUPOH and phosgene were reacted under
basic conditions, the phosgene–BUPOH intermediate
23 (Scheme 3) was formed as the major product in
the reaction. Compound 23 could be isolated, purified,
and fully characterized.

These results clearly indicate that the ring-opened and
cyclized (hemiketal) forms of BUPOH are in dynamic
equilibrium under the conditions of the initial acylation
reaction with phosgene (Scheme 3), although the possi-
bility that 22 might be generated by ring opening of
19, if it is formed, cannot be excluded. Unlike the corre-
sponding BUP analog, 9, intermediate 23 has a terminal
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hydroxyl group that can be utilized for linking with
NTX or NTXOL via a carbonate moiety. Furthermore,
the cyclic carbonate analog of BUPOH, 23, is expected
to be enzymatically cleaved to BUPOH in vivo. Thus,
this modified BUPOH entity was considered to be a
valid substitute for BUPOH in BUPOH–NTX or
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BUPOH–NTXOL codrug molecules. Also, when BU-
POH was reacted with excess phosgene under basic con-
ditions, the intermediate 24 (Scheme 3) was the major
product in the reaction. Intermediate 24 was isolated
and fully characterized, and afforded the modified
codrug 25 (Scheme 3) on treatment with NTX in
dichloromethane.

In a similar manner, the desired NTXOL–BUPOH
codrug 26 (Scheme 3) was obtained when compound
24 was reacted with NTXOL in dichloromethane in
the presence of triethylamine. These results again indi-
cate that the ring-opened and cyclized (hemiketal) forms
of BUPOH are in dynamic equilibrium under the condi-
tions of the initial N-chlorocarbonylation reaction with
phosgene (Scheme 3).

2.2. Hydrolysis studies on codrugs 25 and 26

In order to determine if codrugs 25 and 26 have the
potential to be enzymatically cleaved in vivo to generate
BUPOH and NTX, and BUPOH and NTXOL, respec-
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tively, initial studies on the hydrolysis of these codrugs
in buffer at physiological pH were carried out to provide
evidence that the parent drugs are capable of being
generated by hydrolytic cleavage of the codrug. The
detailed in vivo evaluation and pharmacokinetics of
the codrugs described herein are currently under investi-
gation, and are outside the scope of the current study;
the results from these studies will be reported in a
further communication.34

To determine whether codrugs 25 and 26 could be
hydrolyzed to the parent drugs, hydrolysis studies were
carried out at physiological pH (pH 7.4) using isotonic
phosphate buffer. These carbonate codrug molecules
should be susceptible to hydrolytic cleavage, and we
anticipated the hydrolytic conversion to proceed as illus-
trated in Scheme 4. From previously reported stud-
ies,35,36 the codrug 25 is expected to hydrolyze to NTX
and intermediate 27, which will then hydrolyze rapidly
to give 23. Thus, the intermediate 27 will not accumu-
late, and the rate of appearance of 23 should show pseu-
do-first-order kinetics. Also, from similar kinetic studies
that have been reported on structurally related oxazoli-
dino analogs,37 the intermediate 23 is expected to hydro-
lyze to BUPOH through pseudo-first-order kinetics by
hydrolytic cleavage of the 2,4-oxazolidine ring in 23.
Furthermore, the intermediate 23 is expected to hydro-
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buffer, pH 7.4.
lyze through initial cleavage of the CO–O moiety to give
the transient carbamic acid intermediate, 28; this unsta-
ble intermediate will not accumulate, and will be rapidly
N-decarboxylated to BUPOH, as literature reports indi-
cate.38–40 However, hydrolysis of 23 to 29 followed by
O-decarboxylation to give BUPOH cannot be ruled
out as an alternative cleavage mechanism, as has been
suggested by others.38–45

The chemical stability of the codrug 25 in isotonic phos-
phate buffer at pH 7.4 was studied over 4 days. Concen-
tration versus time curves for the appearance of the
parent drugs NTX and BUPOH, and the disappearance
of the carbonate codrug 25 are shown in Figure 3. The
pseudo-first-order rate constants k1 and k3 (k 03) were
calculated to be 0.020 and 0.015 h�1, respectively, for
the generation of NTX and BUPOH. The rate of
appearance of NTX was the same as the rate of disap-
pearance of the codrug, indicating that there is no
detectable intermediate involved in the direct formation
of NTX from codrug 25. Whereas, the rate of formation
of BUPOH is slower than the disappearance of the
codrug, and follows a sigmoidal time curve, suggesting
the presence of a relatively stable intermediate, which
was subsequently identified as intermediate 23. Howev-
er, a summation of the molar equivalents of BUPOH
and intermediate 23 formed from the hydrolysis of
O

HO

O

N

OHO

O

O

N

OH

O

NH

O

OH

Cl

O

HN

HO

Cl

4

18

k1

1

k4

k'4

e carbonate codrug 25 into NTX and BUPOH in isotonic phosphate



0

0.5

1

1.5

2

2.5

0 20 40 60 80 100
Time, h

D
is

ap
p

ea
ra

n
ce

 o
r 

ap
p

ea
ra

n
ce

 o
f 

d
ru

g
 (

n
m

o
l)

   codrug 25

   NTX, 1

   BUPOH, 4

   Intermediate, 23

BUPOH + Intermediate

Figure 3. A hydrolytic profile of the carbonate codrug 25 showing the hydrolysis into NTX and BUPOH in isotonic phosphate buffer, pH 7.4, at

32 �C.

Table 1. Physicochemical properties of NTX, NTXOL, and the

carbonate codrugs 25 and 26

Compound MW Mp (�C) clogPa Half-life, t1/2 (h)b

1 341.40 175.7 ± 1.20 0.36 Stable

2 343.42 187.76 ± 2.62 0.83 Stable

4 255.74 124.40 ± 1.60 2.87 Stable

25 649.13 137.00 ± 1.41 3.23 36.68 ± 2.88

26 651.15 159.50 ± 2.12 3.71 28.88 ± 2.82

a Derived from Daylight� Software.
b Studied in isotonic phosphate buffer, pH 7.4, at 32 �C.
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codrug 25 indicated stoichiometry with the formation of
NTX, as represented by the dashed line in Figure 3. This
indicates that, apart from 23, there is no other stable
intermediate involved in the formation of NTX and BU-
POH from codrug 25.

Thus, codrug 25 is hydrolyzed in isotonic phosphate
buffer (pH 7.4, 32 �C) and efficiently releases the par-
ent drugs, NTX and BUPOH. However, the rate of
formation of BUPOH is somewhat slower than that
of NTX, due to the relatively slower rate of hydroly-
sis of intermediate 23. Nevertheless, we believe that
codrug 25 will be susceptible to enzymatic cleavage
in vivo to generate BUPOH and NTX, and the rate
of this conversion should be even more efficient than
that seen in buffer. Thus, codrug 25 is a potential
candidate for the treatment of both alcohol abuse
and tobacco dependency.

Similarly, hydrolytic studies with codrug 26 were also
carried out, and the corresponding rate constants k1

and k3 were calculated to be 0.024 and 0.014 h�1, respec-
tively. Thus, both codrugs 25 and 26 appear to hydro-
lyze rapidly at the carbonate linker moiety to afford
NTX or NTXOL followed by hydrolytic cleavage of
the resulting common cyclic BUPOH intermediate 23,
to generate BUPOH. This comparable hydrolytic behav-
ior of codrugs 25 and 26 is expected, since the only
difference between codrugs 25 and 26 is at the C-6
position, which is a carbonyl moiety in NTX, and a
b-hydroxy group in NTXOL. This structural difference
is not expected to affect the rate of cleavage of the
carbonate linker to afford NTX/NTXOL.

2.3. Physicochemical properties of the codrugs

A more qualitative basis for the design of codrugs to en-
hance delivery of NTX or NTXOL is to improve the
physicochemical properties essential for increased per-
meation through biological membranes. Some of the
physicochemical properties of codrugs 25 and 26 were
measured and compared to those for NTX or NTXOL,
and these are shown in Table 1.

The melting points of the codrugs were measured
because this physical property can be easily related to
drug solubility properties.24,41 As shown in Table 1,
the calculated clogP values were found to be higher
for the codrugs compared to those for the corresponding
parent drugs. The clogP value provides a way of esti-
mating the lipophilicity of a drug, and the higher the
clogP value the more lipophilic the drug. Another
important physicochemical property necessary for
enhancement of bioavailability is rapid bioconversion
of the codrug to the corresponding parent drugs. Rapid
bioconversion rates of codrugs are represented by short
half-lives in isotonic phosphate buffer (pH 7.4/32 �C),
and these values can be significantly increased in vivo,
because in addition to hydrolysis, the codrugs are also
susceptible to enzymatic action by esterases. In addition
to regeneration of the active parent drugs, rapid biocon-
version of the codrugs in plasma causes an enhancement
of the concentration gradient across biological mem-
branes, and consequently leads to an increased potential
of the drug to cross the biological barrier.
3. Conclusions

Two novel codrugs of NTX and NTXOL with BUPOH
(25 and 26) have been synthesized, and the kinetics of
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their hydrolysis has also been studied. Both codrugs
were hydrolyzed in isotonic phosphate buffer (pH 7.4/
32 �C) and efficiently released the parent drugs. Thus,
the two codrugs 25 and 26 are predicted to be cleaved
enzymatically in vivo to generate BUPOH and NTX,
and BUPOH and NTXOL, respectively, representing
potential candidate drugs for the treatment of both
alcohol abuse and tobacco dependency.
4. Experimental section

4.1. General methods

All purchased solvents and reagents were used without
further purification. Phosgene was purchased from Flu-
ka Chemie AS. (CAUTION!!! Care must be exercised in
the handling of phosgene). Flash column chromatogra-
phy was carried out using ICN SilicTech 32–63, 60 silica
gel. TLC analyses were carried out on EMD Chemicals
Inc. glass plates precoated with 250 lm silica gel 60 F254.
Melting points were determined on a Fisher Scientific
melting point apparatus and are uncorrected. 1H and
13C NMR spectrometric analyses were recorded on a
Varian spectrometer, operating at 400.1 and
299.9 MHz, respectively. Chemical shifts are reported
in parts per million (d) using TMS as the internal stan-
dard. The splitting pattern abbreviations are as follows:
s = singlet, d = doublet, t = triplet, q = quartet, and
br = broad. Mass spectra were recorded on a JEOL
JMS-700T MStation or on a Bruker Autoflex MAL-
DI-TOF MS. GC-mass spectra were recorded on an
Agilent 6890 GC incorporating an Agilent 7683 auto-
sampler and an Agilent 5973 MSD.

4.2. Liquid chromatography–mass spectrometry identifi-
cation of synthetic products

Different drugs were identified in different experiment
under varying mobile phase compositions. Chromatog-
raphy was performed on a Waters Symmetry� C18
(2.1 mm · 150 mm, 5 lm) column at 35 �C using a
mobile phase consisting of acetonitrile: 2 mM ammoni-
um acetate (32:68 v/v for NTX, NTXOL, BUP, and
BUPOH; 80:20 v/v for 25 and 26; or 60:40 v/v for 23)
at a flow rate of 0.25 mL/min. A Waters Symmetry�
C18 (2.1 mm · 10 mm, 3.5 lm) guard column was also
used. The LC–MS system consisted of a Waters Alliance
2695 HPLC pump (Waters, Milford, MA, USA), a
Waters Alliance 2690 autosampler, and a Micromass
ZQ detector (Waters, Milford, MA, USA) that utilized
electrospray ionization (ESI) for ion production. Select-
ed ion monitoring (SIM) was performed in the positive
mode, with dwell time set at 0.30 s. Capillary voltage
was 4.5 kV and cone voltage was 30 V. The source block
and desolvation temperatures were 120 and 250 �C,
respectively. Nitrogen was used as a nebulization and
drying gas at flow rates of 50 and 450 L/h, respectively.
LC–MS data are as follows, for NTX m/z 342
(M+, retention time: 4.80 min), NTXOL m/z 344 (M+,
retention time: 3.22 min), 25 m/z 650 (M+, retention
time: 3.51 min), 26 m/z 282 (M+, retention time:
3.13 min), and 23 m/z 652 (M+, retention time: 4.21 min).
4.3. Synthesis of 6-b-naltrexol (2)

NTXOL base was synthesized by a modification of a
previously published method.42 To a suspension of
NTX free base (10.22 g, 30.0 mmol) under argon was
added 100 mL (enough to afford complete dissolution)
of 7.22 M aqueous NaOH. This alkaline solution of
NTX was treated drop-wise at ambient temperature
over 20 min with 13.0 g (120 mmol) of formamidinesulfi-
nic acid dissolved in 200 mL of 7.22 M aqueous NaOH.
After the addition was complete, the solution was heated
and stirred at 80–85 �C for 1.5 h when silica gel TLC
analysis indicated that the reaction was complete. The
reaction mixture was cooled (ice bath) and then treated
drop-wise under argon with a solution of ammonium
chloride (15.40 g, 288 mmol) in distilled water
(100 mL). The aqueous mixture was extracted with
5·100 mL of CHCl3, the combined organic extracts
were filtered through a pad of Na2SO4 and evaporated
in vacuum to afford the crude product (free base) as a
foam, which was dissolved in 20 mL of warm (50 �C)
ethyl acetate and diluted to 60 mL with warm (40 �C)
n-hexane. Crystallization occurred spontaneously on
cooling. The crystals were collected by filtration, washed
with 2 · 10 mL of cold ethyl acetate/n-hexane (1:3
volume/volume), and oven-dried in vacuo at 60 �C to
give 9.12 g (89% yield) of NTXOL as a white solid,
mp 175–177 �C (lit. 42 mp 188–190 �C). The NMR spec-
tral data were consistent with the previously published
data.30 1H NMR (CDCl3, 400 MHz): d 6.71 (d,
J = 8.1 Hz, 1 H), 6.56 (d, J = 8.1 Hz, 1 H), 4.55 (d,
J = 6.1 Hz, 1H), 3.57 (m, 1H), 3.16–3.02 (m, 2H),
2.70–2.58 (m, 2H), 2.37 (d, J = 6.4 Hz, 2H), 2.33–2.22
(m, 1H), 2.16–2.06 (m, 1H), 2.02–1.88 (m, 1H), 1.72–
1.55 (m, 2H), 1.54–1.44 (m, 1H), 1.38–1.24 (m, 1H),
0.82 (m, 1H), 0.60–0.50 (m, 2H), 0.20–0.10 (m, 2H)
ppm. 13C NMR (DMSO-d6, 300 MHz): d 142.5, 140.5,
132.0, 123.1, 118.1, 117.0, 95.4, 71.7, 69.7, 61.8, 58.5,
46.9, 43.6, 30.4, 29.7, 27.3, 22.2, 9.3, 3.8, 3.6 ppm.
LC–MS: m/z 344 (M+) single peak at tR = 3.22 min.

4.4. Synthesis of bupropion hydrochloride

Bupropion was synthesized by a modification of a
previously published method.43 12.24 g (72.6 mmol) of
m-chloropropiophenone was dissolved in 25.0 ml of
methylene chloride in a 50-ml round-bottomed flask.
A few drops of 1.0 M solution of Br2 in methylene chlo-
ride were added with stirring and the reaction mixture
was briefly warmed to initiate the reaction (as judged
by the disappearance of the color of the bromine). Then,
the flask was placed in an ice bath and 11.6 g
(72.5 mmol) of bromine in methylene chloride solution
was added drop-wise with stirring. The methylene
chloride was removed by distillation. Thirty-five millili-
ters of tert-butylamine and 25 ml NMP were added,
and the flask was heated in a 50–60 �C water bath with
stirring for 10 min. The contents of the flask were trans-
ferred to a separatory funnel, 100 ml of 10% w/v aque-
ous sodium carbonate was added, and the mixture was
extracted with diethyl ether (3· 50 ml). The combined
ether extracts were washed with water (3· 50 ml), then
brine solution (50 ml), dried over anhydrous K2CO3,
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and transferred to a beaker chilled in an ice bath. A
20:100 v/v mixture of concentrated HCl and isopropyl
alcohol was added drop-wise with stirring until the con-
tents were acidic. The desired product was filtered at the
pump, washed with diethyl ether, and dried to afford
BUP–HCl as a white solid (20.1 g, 95% yield), mp
236–238 �C (lit. 44 mp 233–234 �C). 1H NMR (DMSO-
d6, 400 MHz): d 9.75 (d, J = 12.3 Hz, 1H), 8.63 (br,
1H), 8.27 (s, 1H), 8.17 (d, J = 7.8 Hz, 1H), 7.85 (d,
J = 7.8 Hz, 1H), 7.69 (d, J1 = 7.8 Hz, J2 = 7.8 Hz, 1H),
5.32 (qt, J = 7.2 Hz, 1H), 1.53 (m, J = 7.2 Hz, 3H),
1.32 (s, 9H) ppm. 13C NMR (DMSO-d6, 300 MHz): d
203.60, 136.56, 133.83, 132.94, 130.70, 127.87, 126.98,
52.10, 50.31, 29.39, 22.18 ppm.

4.5. Synthesis of bupropion free base (2)

1.0 g of BUP–HCl was dissolved in a minimum amount
of water in a 250 ml flask. The contents of the flask were
transferred to a separatory funnel, to which 20 ml of
10% w/v aqueous sodium carbonate was added, and
the mixture was extracted with methylene chloride (3·
50 ml). The combined methylene chloride extracts were
washed with water (3· 50 ml), then brine solution
(50 ml), dried over anhydrous K2CO3, filtered and the
filtrate stripped down under reduced pressure on a rotary
evaporator to give the desired product as a yellow oil
(7.9 g, 90% yield). 1H NMR (CDCl3, 400 MHz): d 7.90
(s, 1H), 7.81 (d, J = 7.8 Hz, 1H), 7.48 (d, J = 7.8 Hz,
1H), 7.37 (t, J = 7.8 Hz, 1H), 4.24 (qt, J = 7.2 Hz, 1H),
1.19 (d, J = 7.2 Hz, 3H), 0.97 (s, 9H) ppm; MS: m/z
240 (M+). LC–MS: m/z 240 (M+) single peak at
tR = 8.40 min.

4.6. Synthesis of hydroxybupropion (4)

The racemate45 of BUPOH [(+/�)-2-(3-chlorophenyl)-
3,5,5-trimethyl-2-morpholinol] was synthesized by the
following procedure. 10.2 g (60.5 mmol) of m-chloro-
propiophenone was dissolved in 25.0 ml of methylene
chloride in a 50-ml round-bottomed flask. A few
drops of a 1.0 M solution of Br2 in methylene chloride
were added with stirring and the reaction mixture was
briefly warmed to initiate the reaction (as judged by
the disappearance of the color of the bromine). Then,
the flask was placed in an ice bath, and 11.6 g
(72.5 mmol) of bromine in methylene chloride was
added drop-wise with stirring. The methylene chloride
was removed by distillation. Forty milliliters of
2-amino-2-methyl-1-propanol and 25 ml of NMP were
added, and the flask was heated in a 50–60 �C water
bath with stirring for 50 min. Then, the contents of
the flask were transferred to a separatory funnel,
100 ml of 10% w/v aqueous sodium carbonate solution
was added, and the mixture was extracted with meth-
ylene chloride (3· 50 ml). The combined methylene
chloride extracts were washed with water (3· 50 ml),
then brine solution (50 ml), dried over anhydrous
K2CO3, and reduced to a small volume under reduced
pressure on a rotary evaporator. The desired product
was precipitated by trituration with excess n-pentane.
The resulting solid was filtered at the pump, and further
purified by recrystallization from a methylene chloride:
n-pentane mixture to afford BUPOH as a white solid
(17.3 g, 92% yield), mp 123–126 �C. 1H NMR (CDCl3,
300 MHz): d 7.58 (s, 1H), 7.44 (m, 1H), 7.27–7.25 (m,
2H), 3.76 (d, J = 11.1 Hz, 1H), 3.36 (d, J = 11.1 Hz,
1H), 3.12 (q, J = 6.6 Hz, 1H), 1.34 (s, 3H), 1.01 (s, 9H),
0.77 (d, J = 6.6 Hz, 3H) ppm; MS: m/z 256 (M+). LC–
MS: m/z 256 (M+), single peak at tR = 3.96 min.

4.7. Synthesis of 3-tert-butyl-5-(3-chloro-phenyl)-4-meth-
yl-oxazolidin-2-one (9)

A solution of phosgene (20% w/w in toluene, 10.0 ml,
20.0 mmol) was cooled to 0 �C in an ice-bath under
argon. To this stirred solution was added a mixture
of BUP (1.0 g, 4.2 mmol) and triethylamine (1.7 ml,
12.5 mmol) in 20.0 ml of methylene chloride. After
stirring for 48 h, the excess phosgene and solvents
were removed in a stream of argon. The resulting
residue was dissolved in methylene chloride and
washed with 5% hydrochloric acid ((2· 60 ml), water
(50 ml), and then brine solution (20 ml). The organic
phase was then separated and dried over anhydrous
sodium sulfate, filtered, and the solvent stripped off
under reduced pressure and dried to afford 9 as a
brown oil (1.1 g, 90% yield). 1H NMR (CDCl3,
300 MHz): d 7.46–7.28 (m, 4H), 2.39 (s, 3H), 1.68
(s, 9H) ppm. 13C NMR (CDCl3, 300 MHz) d: 154.3,
134.7, 133.9, 130.2, 130.0, 127.9, 126.6, 124.7, 121.1,
58.7, 29.8, 14.0 ppm. LC–MS: m/z 265 (M), single
peak at tR = 3.12 min.

4.8. Synthesis of naltrexol duplex codrug (13)

A solution of 1.6 ml phosgene (3.0 mmol, 20% w/w in
toluene) was cooled to 0 �C in an ice-bath under argon.
To this stirred solution was added a mixture of NTXOL
(120 mg, 0.35 mmol) and triethylamine (50 ll,
0.36 mmol) in 20.0 ml of methylene chloride. After
stirring for 20 h, the excess phosgene and solvents were
removed in a stream of argon. The resulting residue was
dissolved in methylene chloride and washed with water
(2· 50 ml), 10% w/v aqueous sodium carbonate solution
(2· 40 ml), then brine solution (50 ml). The organic
phase was then separated and dried over anhydrous
sodium sulfate, filtered, and the filtrate reduced to a
small volume under reduced pressure on a rotary
evaporator. The desired product was precipitated by
trituration with excess n-pentane. The resulting solid
was filtered at the pump, and further purified by recrys-
tallization from a mixture of methylene chloride and n-
pentane to afford 13 as a white solid (102 mg, 82%). 1H
NMR (CDCl3, 400 MHz): d 6.97 (d, J = 8.0 Hz, 1H),
6.68 (d, J = 8.0 Hz, 1H), 4.58 (d, J = 6.0 Hz, 1H),
3.62–3.50 (m, 1H), 3.16–3.02 (m, 2H), 2.70–2.58 (m,
2H), 2.37 (d, J = 6.4 Hz, 2H), 2.33–2.22 (m, 1H), 2.16–
2.06 (m, 1H), 2.02–1.88 (m, 1H), 1.72–1.55 (m, 2H),
1.54–1.44 (m, 1H), 1.38–1.24 (m, 1H), 0.82 (m, 1H),
0.60–0.50 (m, 2H), 0.20–0.10 (m, 2H) ppm. 13C NMR
(CDCl3, 300 MHz): d 150.79, 146.87, 134.18, 133.61,
131.51, 121.68, 119.12, 97.56, 72.42, 70.27, 62.08,
59.39, 47.40, 43.75, 30.82, 29.70, 25.38, 23.16, 9.55,
4.14, 3.98 ppm. LC–MS: m/z 713 (M+), single peak at
tR = 18.15 min.



7060 M. O. Hamad et al. / Bioorg. Med. Chem. 14 (2006) 7051–7061
4.9. Synthesis of hydroxybupropion phosgene intermedi-
ate 24 [5-(3-chlorophenyl)-3-(2-chlorocarbonoic-1,1-
dimethylethyl)-4-methyl-oxazolidin-2-one]

A solution of phosgene (20% w/w in toluene, 15 ml) was
cooled to 0 �C in an ice-bath under argon. To this stirred
solution was added a mixture of BUPOH (2.00 g,
7.84 mmol) and triethylamine (3.3 ml, 24 mmol) in
20.0 ml of methylene chloride. After stirring for 48 h,
the excess phosgene and solvents were removed in a
stream of argon. The resulting residue was dissolved in
methylene chloride and washed with water (2· 50 ml),
and then brine solution (20 ml). The organic phase
was separated and dried over anhydrous sodium sulfate,
filtered, and the filtrate reduced to a small volume and
dried under reduced pressure to afford 24 as a yellow
oil (2.4 g, 90% yield). 1H NMR (CDCl3, 300 MHz): d
7.38–7.28 (m, 4H), 4.65 (s, 2H), 2.34 (s, 3H), 2.24 (m,
1H), 1.75 (s, 6H) ppm.

4.10. Synthesis of hydroxybupropion: naltrexone codrug
(25)

A solution of 24 (1.02 g, 2.97 mmol) in methylene
chloride (20 ml) was cooled to 0 �C in an ice-bath under
argon. To this stirred solution was added a mixture of
NTX (1.0 g, 2.93 mmol) and triethylamine (0.45 ml,
3.23 mmol) in 20.0 ml of methylene chloride. After
stirring for 48 h, the reaction mixture was washed with
water (2· 50 ml), then brine solution (20 ml). The
organic phase was separated and dried over anhydrous
sodium sulfate and reduced to a small volume under re-
duced pressure. The desired product was precipitated by
adding excess n-pentane, filtered at the pump, and
washed with cold n-pentane. The desired product was
further purified by recrystallization from a methylene
chloride:n-pentane mixture to afford 25 as a white solid
(1.5 g, 78% yield), mp 136–138 �C. 1H NMR (CDCl3,
300 MHz): d 7.38–7.28 (m, 4H), 6.87 (d, J = 8.4 Hz,
1H), 6.64 (d, J = 8.4 Hz, 1H), 4.65 (s, 2H), 4.59 (s,
1H), 3.19 (d, J = 6.0 Hz, IH), 3.13–2.92 (m, 2H), 2.68
(dd, J = 5.7, 12.3 Hz, 1H), 2.59 (dd, J = 6.0, 18.9 Hz,
1H), 2.50–2.34 (m, 6H), 2.24 (m, 1H), 2.09 (m, 1H),
1.85 (m, 1H), 1.75 (s, 6H), 1.60 (m, 1H), 1.52 (m, 1H),
0.89 (m, 1H), 0.60–0.52 (m, 2H), 0.20–0.11 (m, 2H)
ppm. 13C NMR (CDCl3, 300 MHz): d 207.24, 153.96,
152.60, 147.42, 134.55, 134.04, 133.04, 130.35, 129.92,
129.86, 127.88, 126.68, 126.66, 124.79, 122.62, 121.69,
119.54, 90.85, 72.31, 70.18, 61.96, 60.33, 59.31, 50.75,
46.06, 36.24, 31.46, 30.71, 25.48, 25.36, 22.63, 14.38,
8.97, 4.54, 4.15 ppm. LC–MS: m/z 650 (M+), single peak
at tR = 3.51 min.

4.11. Synthesis of hydroxybupropion:naltrexol codrug
(26)

A solution of 24 (1.00 g, 2.91 mmol) in methylene chlo-
ride (20 ml) was cooled to 0 �C in an ice-bath under
argon. To this stirred solution was added a mixture of
NTXOL (1.0 g, 2.92 mmol) and triethylamine (4.5 ml,
3.23 mmol) in 20.0 ml of methylene chloride. After stir-
ring for 48 h, the reaction mixture was washed with
water (2· 50 ml), then brine solution (20 ml). The organ-
ic phase was separated and dried over anhydrous sodi-
um sulfate and reduced to a small volume under
reduced pressure. The desired product was precipitated
by adding excess n-pentane, filtered at the pump, and
washed with cold n-pentane. The product was further
purified by recrystallization from a methylene chlo-
ride:pentane mixture to afford 26 as a white solid
(1.6 g, 85% yield), mp 157–161 �C. 1H NMR (CDCl3,
300 MHz): d 7.45–7.28 (m, 4H), 6.85 (d, J = 8.2 Hz,
1H), 6.65 (d, J = 8.1 Hz, 1H), 4.83 (d, J = 11.1 Hz,
1H), 4.54 (d, J = 11.1 Hz, 1H), 4.48 (d, J = 5.1 Hz,
1H), 3.58–3.42 (m, H), 3.19 (d, J = 5.4 Hz, 1H), 3.16–
2.92 (m, 2H), 2.70–2.52 (m, 2H), 2.28–2.20 (m, 2H),
2.18–1.80 (m, 2H), 1.77 (s, 3H), 1.75 (s, 3H), 1.48–1.39
(m, 2H), 1.37–1.20 (m, 2H), 0.82 (m, 1H), 0.60–0.50
(m, 2H), 0.20–0.10 (m, 2H) ppm. 13C NMR (CDCl3,
300 MHz): d 154.15, 152.74, 147.14, 134.66, 134.32,
133.88, 133.24, 131.14, 129.98, 129.87, 128.10, 126.78,
124.91, 121.83, 121.48, 118.90, 97.15, 72.46, 72.17,
70.23, 62.24, 60.33, 59.50, 47.24, 43.95, 31.24, 29.54,
25.68, 25.36, 25.30, 23.36, 14.40, 9.57, 4.35, 4.19 ppm.
LC–MS: m/z 652 (M+), single peak at tR = 4.21 min.

4.12. Synthesis of 5-(3-chloro-phenyl)-3-(2-hydroxy-1,1-
dimethylethyl)-4-methyl-oxazolidin-2-one (23)

A solution of phosgene (20% w/w in toluene, 2.2 ml,
4.2 mmol) was cooled to 0 �C in an ice-bath under
argon. To this stirred solution was added a mixture of
BUPOH (1.07 g, 4.2 mmol) and triethylamine (1.2 ml,
8.6 mmol) in 20.0 ml of methylene chloride. After stir-
ring for 18 h, the excess phosgene and the solvents were
removed in a stream of argon. The resulting residue was
dissolved in methylene chloride and washed with water
(2· 50 ml), then brine solution (20 ml). The organic
phase was separated and dried over anhydrous sodium
sulfate and reduced to a small volume under reduced
pressure. The desired product was precipitated by add-
ing excess n-pentane, filtered at the pump, and washed
with cold n-pentane to afford 0.92 g (86% yield) of 23.
1H NMR (CDCl3, 300 MHz): d 7.38–7.28 (m, 4H),
3.92 (s, 2H), 2.42 (s, 3H), 2.24 (m, 1H), 1.57 (s, 6H)
ppm. 13C NMR (CDCl3, 300 MHz): d 154.48, 134.91,
134.80, 130.09, 129.61, 128.21, 126.37, 124.41, 121.28,
121.28, 70.24, 62.24, 25.22, 13.47 ppm. LC–MS: m/z
282 (M+), single peak at tR = 3.13 min.

4.13. Hydrolysis studies on BUPOH:NTX and
BUPOH:NTXOL codrugs

Methods. Standards were prepared in the concentration
range 100–1000 ng/mL in Hanks’ buffer. Equal amounts
of the each of codrugs were distributed into labeled test-
tubes (20 nmol in each tube). Care was taken to ensure
that the entire codrug was dissolved and the solution
remained clear. Hydrolysis of the carbonate codrug
(�20 nmol) was conducted in isotonic phosphate buffer,
pH 7.4, at 32 �C in a water-bath with continuous stir-
ring. Samples were collected at predetermined time
intervals and stored in the freezer at �20 �C until ana-
lyzed. All experiments were conducted in triplicate. An
aliquot part (250 lL) of the hydrolysis solutions was
mixed with 750 lL of acetonitrile, vortexed for 30 s,
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and analyzed by HPLC for the presence of codrug and
the two corresponding parent drugs, as well as for the
intermediate hydrolysis product, 23. Standards of co-
drug 25, codrug 26, NTX, 6-b-NTXOL, intermediate
23, and BUPOH were prepared in isotonic phosphate
buffer:acetonitrile (1:3, v/v) in the concentration range
0.1–2.0 lg/mL, and these solutions were used for the
generation of the respective calibration curves. Sample
recoveries were >95% for all the drugs, and data were
corrected for the respective extraction efficiencies. A
modification of the high-pressure liquid chromatograph-
ic (HPLC) assay reported by Hussain et al.30 was used
for the analysis of hydrolysis samples. The HPLC sys-
tem consisted of a Waters (Milford, MA, USA) model
717 Autosampler, two model 1525 pumps, and a model
2487 dual wavelength UV absorbance detector with
Millennium Chromatography software. A Brownlee
C18 reversed-phase Spheri-5 lm column (220 · 4.6 mm)
connected to a C18 reversed-phase guard column
(15 · 3.2 mm) was utilized and detection of solutes was
carried out at 215 nm. The mobile phase consisted of a
mixture of acetonitrile:0.1% trifluoroacetic acid adjusted
to pH 3.0 with triethylamine (50:50, v/v). The mobile
phase flow rate was 1.5 mL/min and 100 lL of hydroly-
sis sample was injected onto the column. The retention
times for each of the analytes were 14.60, 10.50, 2.86,
2.28, 5.20, and 4.56 min for codrug 25, codrug 26,
NTX, NTXOL, intermediate 23, and BUPOH,
respectively.
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