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Isosterism is commonly used in drug discovery and development to address stability, selectivity, toxicity,
pharmacokinetics, and efficacy issues. A series of 14-O-substituted naltrexone derivatives were identified
as potent mu opioid receptor (MOR) antagonists with improved selectivity over the kappa opioid receptor
(KOR) and the delta opioid receptor (DOR), compared to naltrexone. Since esters are not metabolically
very stable under typical physiological conditions, their corresponding amide analogs were thus synthe-
sized and biologically evaluated. Unlike their isosteres, most of these novel ligands seem to be dually
selective for the MOR and the KOR over the DOR. The restricted flexibility of the amide bond linkage
might be responsible for their altered selectivity profile. However, the majority of the 14-N-substituted
naltrexone derivatives produced marginal or no MOR stimulation in the 35S-GTP[cS] assay, which resem-
bled their ester analogs. The current study thus indicated that the 14-substituted naltrexone isosteres are
not bioisosteres since they have distinctive pharmacological profile with the regard to their opioid recep-
tor binding affinity and selectivity.

Published by Elsevier Ltd.
The antinociceptive actions and the addiction/abuse liability of
most opiates are primarily mediated through the mu opioid recep-
tor (MOR).1–3 Thus, blockade of the MOR represents a practical
pharmacological intervention for opioid addiction treatment. How-
ever, the available non-peptidic, reversible MOR antagonists
(Fig. 1), such as naltrexone, failed the expectation,4 partially due
to its lack of high MOR selectivity over both the kappa opioid
receptor (KOR) and the delta opioid receptor (DOR).5 Some moder-
ately potent ligands, e.g. cyprodime,6 are in use. Compared with
the high selectivity of GNTI for the KOR (Ki value ratios are mu/
kappa � 120, delta/kappa � 250)7 and NTI for the DOR (Ki value
ratios are mu/delta � 152, kappa/delta � 276),8 cyprodime has a
moderate selectivity for the MOR over the DOR and KOR (Ki value
ratios are kappa/mu � 45, delta/mu � 40).9 Another drawback of
cyprodime is that it showed much lower affinity for the MOR than
naloxone and naltrexone,6 which generally limits its application.
Further structure–activity relationship studies of cyprodime deriv-
atives did not generate any antagonists with improved selectivity
for the MOR.10–15

b-FNA,16 clocinnamox17 and its derivatives,18–24 have been re-
ported as selective and irreversible antagonists for the MOR. How-
ever, the fact that they bear the capacity to bind covalently with
the receptor largely limits their utility. In most cases, reversible
antagonist would be preferred because they can ‘knock out’ the
receptors temporarily for pharmacological study and then can be
washed out from the binding locus and ‘revive’ the receptors.

A series of the 14-O-substituted naltrexone derivatives were
originally designed as MOR antagonists based on the ‘message-
address’ concept and molecular modeling study. One of them
(ONP, Fig. 1) showed promising MOR selectivity without any
apparent agonist activity on the receptor.25 Further pharmacologi-
cal characterization (particularly some unrepeatable in vitro whole
cell system assays and certain in vivo experimental observation)
indicated that ONP was not metabolically stable. Therefore its ester
bond at 14 position linkage was replaced with its isostere, the
amide bond. We here report the chemical synthesis and biological
evaluation of these novel ligands and compare their pharmacolog-
ical profile with that of their ester analogs.

The synthesis of 14-N-substituted naltrexone derivatives 1–8 is
shown in Scheme 1. Northebaine hydrochloride salt 11 was pre-
pared from thebaine 9 by the method of Pohland and Sullivan.26

Reaction of 11 with cyclopropylcarbonyl chloride, followed by lith-
ium aluminium hydride reduction afforded compound 13,27 which
was then conjugated with the C-nirtrosoformate esters generated
in situ from 1428 to give the Diels–Alder adduct 15.29 Compound
16 was obtained by catalytic hydrogenation of 15 in acetic acid/so-
dium acetate buffer using Pd/C as reported by Sebastian et al.30

Demethylation of 16 with BBr3
30 yielded 14-amino-17-cyclopro-

pylmethyl-7,8-dihydronormorphinone (17), which was then
coupled with either acyl chloride or acid to furnish the
14-N-substituted naltrexone derivatives 1–8 as described
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Figure 1. Representative non-peptidyl MOR antagonists.
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Scheme 1. Synthetic route of 14-N-substituted naltrexone derivatives.
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previously.25,31–33 All new ligands were obtained with reasonable
yields (see Supplementary data).

To determine the pharmacological properties of these novel li-
gands 1–8 as compared to their ester isosteres, the MOR, KOR
and DOR competitive radioligand binding assay and the [35S]GTPcS
functional assay were performed using monocloned opioid recep-
tor-expressing Chinese hamster ovary (CHO) cell membranes as re-
ported previously.31–34

As seen in Table 1, all the amide isosteres displayed subnanom-
olar to low nanomolar binding affinity to the MOR, with pyridinyl
series (compounds 1–3) showing slightly higher affinity than the
quinolinyl series (compounds 5, 6). Similarly to their ester analogs,
the presence of the nitrogen atom in the aromatic ring of these new
ligands seemed to enhance MOR binding affinity, except for com-
pound 6, compared to the corresponding control compounds 4
and 8. These findings are consistent with the original hypothesis
that the nitrogen atom in the aromatic ring can act as a hydrogen
bond acceptor in the alternative MOR address domain.25 Mean-
while, compounds with the nitrogen atom located in the meta-
or para-position bound slightly more potently to MOR than those
with an ortho-nitrogen substitution (1 vs 2 or 3, 6 vs 7), whereas
no such a trend was observed for the ester counterparts. Further-
more, the relatively low MOR binding affinity of the phenyl-,
3-isoquinolinyl-, and 2-naphthalenyl substitution in the ester
analogs was significantly improved in compounds 4, 5, and 8,
respectively, indicating a positive contribution of the amide bond
for the ligand–receptor interactions.

In addition, the replacement of the ester bond with the amide
bond considerably increased the KOR binding affinity of all the
Table 1
The binding affinity, selectivity, and MOR [35S]GTPcS functional assay results of 14-N-sub

Compd R Ki (nM)

[3H]NLX (l) [3H]DPN (j) [3H

NTXb N/A 0.34 ± 0.03 0.90 ± 0.11 95.4

1
N

1.51 ± 0.34 0.36 ± 0.01 94.5

2

N
0.75 ± 0.28 0.16 ± 0.01 39.8

3
N

0.82 ± 0.33 0.33 ± 0.01 10.8

4 4.34 ± 0.70 0.12 ± 0.001 57.3

5
N

3.50 ± 1.87 0.27 ± 0.02 25.

6

N

9.09 ± 4.94 0.26 ± 0.004 15.1

7

N
1.13 ± 0.25 0.13 ± 0.02 1.4

8 6.22 ± 4.01 0.33 ± 0.02 10.5

a The values are the means ± S.E.M. of three independent experiments. The percenta
produced by 3 lM DAMGO (normalized to 100%). Naltrexone (NTX) was tested as a contr
naltrindole; N/A, not applicable.

b N.D. = not determined because dose dependent stimulation was not produced and t
c Percentage stimulation relative to DAMGO that was produced at the maximum con
14-N-substituted isosteres, with the Ki values in the subnanomolar
range as compared to the double or triple digit nanomolar Ki values
for the ester analogs.25 Not only did the pyridinyl and quinolinyl
series bind with equal affinity to the KOR, the presence/absence
of the nitrogen atom in the aromatic ring also did not significantly
affect the KOR binding, which supported the original hypothesis
that an alternative MOR ‘address’ domain composed of hydrogen
bonding interaction is absent in the KOR binding pocket.6 It thus
appeared that the introduction of the amide bond linkage could
be the major cause of the enhanced KOR binding of 14-N-
substituted isosteres. As a matter of fact, compounds 4 and 6
displayed at least 30-fold KOR selectivity over the MOR, whereas
their ester counterparts are more MOR selective.25

Although the presence of the amide bond also improved the
DOR binding affinity of most of the 14-N-substituted isosteres
compared to their ester analogs, all of these new ligands bound
to the DOR with at least modestly lower affinity than to both the
MOR and KOR. Compounds with one aromatic ring had lower
DOR binding affinity than the corresponding analogs with two aro-
matic rings, when taking the substitution effect of the aromatic
nitrogen atom into account (1 vs 5/6, 2 vs 7). The position of the
nitrogen atom also seemed to affect DOR binding affinity of the
14-N-substituted isosteres, with ortho-substitution exhibiting
the lowest affinity for both the pyridinyl and quinolinyl series.

Collectively, it appeared that isosterism had a substantial effect
on opioid receptor binding affinity and selectivity for the 14-O-
substituted and 14-N-substituted naltrexone derivatives. The
replacement of the ester bond with the amide bond facilitated
binding affinity to all three opioid receptors, with a general rank
stituted naltrexone derivativesa

Selectivity MOR 35S-GTP[cS] binding

]NTI (d) j/l d/l EC50 (nM) % Emax of DAMGO

6 ± 6.09 2.6 281 0.38 ± 0.10 7.18 ± 0.57

4 ± 6.48 0.24 63 N.D.b 0.90 ± 0.42c

8 ± 0.50 0.21 53 N.D.b 5.09 ± 0.57c

6 ± 1.31 0.40 13 1.67 ± 0.99 7.74 ± 0.69

2 ± 4.33 0.03 13 7.20 ± 1.74 5.79 ± 1.35

07 ± 1.84 0.07 7.2 N.D.b 2.84 ± 1.62c

3 ± 0.63 0.03 1.7 38.85 ± 17.98 34.40 ± 5.43

8 ± 0.05 0.12 1.3 2.81 ± 0.29 15.76 ± 5.61

4 ± 1.35 0.05 1.7 11.13 ± 5.11 16.52 ± 1.97

ge Emax of DAMGO is the Emax of the compound compared to of the stimulation
ol compound under same assay conditions. NLX, naloxone; DPN, diprenorphine; NTI,

he data could not be fit by non-linear regression.
centration of 10 lM of test compound.
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order of KOR > DOR > MOR. Figure 2 illustrates the possible cause
of the different opioid receptor selectivity profiles for the 14-
substituted naltrexone isosteres. The anticipated lower flexibility
of the aryl group due to the presence of the amide bond, is postu-
lated as the reason for the difference in activity between amide and
ester analogs.

The [35S]GTPcS functional assay (Table 1) revealed that com-
pounds 1, 2, and 5 acted as neutral MOR antagonists, which resem-
bled their corresponding ester isosteres. Compounds 3, 4, 7, and 8
were MOR partial agonists with low efficacy (percentage Emax of
DAMGO <20%) and moderate to high potency, whereas compound
6 behaved as a MOR partial agonist with moderate efficacy and po-
tency. In contrast, all the ester counterparts acted as MOR neutral
antagonists except for the 3-quinolinyl substituted one (isostere of
compound 7).25 It thus seemed that the presence of the amide
group also played some role in MOR activation by the 14-N-substi-
tuted naltrexone derivatives.

In conclusion, a series of 14-N-substituted naltrexone deriva-
tives were synthesized as metabolically stable isosteres of the cor-
responding 14-O-substituted analogs. The isosterism employed
here significantly altered the opioid receptor selectivity profile
while producing a less profound impact on their functional activ-
ity. Among the newly synthesized 14-N-substituted naltrexone
derivatives, compounds 1 and 2 showed the highest KOR/MOR
selectivity over the DOR and neutral MOR antagonism, and were
thus identified as new leads for future optimization. The current
study indicates that the 14-substituted naltrexone isosteres seem
not to act as bioisosteres because they have distinctive pharmaco-
logical profiles with regard to their opioid receptor binding affinity
and selectivity.
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