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Abstract—Modulation of opioid activity was accomplished for analogues of Leu-enkephalin through incorporation of a 4-imi-
dazolidinone moiety. The peptide backbone was constrained via a methylene bridge between two neighboring amides within its
regular peptide sequence, which was expected to disrupt the secondary structure of the original molecule. Five positional analogues
of Leu-enkephalin based on the same sequence and different location of the imidazolidinone-constrict were designed, synthesized,
and examined for their affinity to m-, d- and k-opioid receptors.
# 2002 Elsevier Science Ltd. All rights reserved.

Peptidomimetics1 are generally designed to mimic the
topology of peptides using a range of synthetic approa-
ches to change typical amide backbone characteristics.
Alteration of amide bonds using a variety of isosteres or
insertion of unnatural amino acids into a peptide
sequence has widely proven to enhance enzymatic sta-
bility of peptides.2 Various approaches have also been
used to rigidify an active structure by cyclization or by
introduction of constraints into regular peptide mol-
ecules in order to amplify conformational and func-
tional features beneficial to enzymatic stability and
biological activity. Diverse peptidomimetics have found
applications in immunology,3 receptor binding interac-
tions,4 and in the design of enzyme inhibitors.5 Our
interest focused on the introduction of a simple hetero-
cyclic constraint based upon the generation of an 4-
imidazolidinone moiety at individual amide bonds while
preserving the remaining amide backbone and side
chain functionalities. 4-Imidazolidinone is a five-mem-
bered ring that can be formed directly on an N-terminus
of a peptide backbone via a cyclic condensation with an
aldehyde or ketone.6,7 Traditionally, this cyclization
mechanism has been used for the temporary protection
of primary amines7 or as a synthon for the preparation
of unnatural amino acids.8 Since the hydrolytic stability
of N-terminal imidazolidinones is reported to be rela-
tively low and C-2 substituent-dependent, its incor-

poration to ‘temporarily’ modify the peptide, has been
attempted in order to create bioreversible prodrugs.9

This concept was investigated by several groups on
Leu-enkephalin analogues with diverse N-terminal
tyrosine-based imidazolidinones.10�13 The goal of those
studies was to obtain an analogue having a slow rate of
hydrolysis while providing complete recovery of the
original active substance. Investigation of imidazolidi-
none derivatives formed from monosaccharide-modified
enkephalins by intramolecular rearrangement14,15 has
also been carried out. To our knowledge, the incor-
poration of the 4-imidazolidinone group into specific
sequences, in order to reduce the memory loss asso-
ciated with aging,16 is the only example of biological
activity of imidazolidinone-modified peptides. 4-Imizo-
lidinones, derived from single aromatic amino acids and
acetone, have also been found to be moderate inhibitors
of tyrosine and histidine decarboxylase.17

Recently, we developed a method for a solid-phase
synthesis of 1,2,5-trisubstituted 4-imidazolidinones18

based on Katritzky’s benzotriazole-mediated reaction.19

We have adopted this synthetic protocol in the solid-
phase preparation of various imidazolidinone-based
peptidomimetics.20 This enables the incorporation of
individual imidazolidinone constraints into each posi-
tion of the Leu-enkephalin sequence and thus prepara-
tion of a set of peptidomimetic analogues (Scheme 1).
This paper presents the relationship between the posi-
tion of the imidazolidinone insert within a sequence and
the opioid activity of such analogues. We have prepared
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imidazolidinone-based Leu-enkephalin peptidomimetics
6–10 (Fig. 1) using a modification of a standard solid-
phase peptide synthesis incorporating the formation of
the imidazolidinone ring. All of the compounds were
purified by RP HPLC and characterized by LC–MS
(electrospray ionization), HRMS, and 13C NMR. The
peptidomimetics 6–10 were synthesized on p-methyl-
benzhydrylamine resin using the ‘tea-bag’ technique21

and a synthetic protocol described elswhere.20 Starting
material 1 (see Scheme 1) was prepared by tert-butyl-
oxycarbonyl (Boc) solid-phase peptide synthesis strategy

using activation with diisopropylcarbodiimide (DIPCI)
and 1-hydroxybenzotriazole (HOBt) in dimethylform-
amide (DMF). Following Boc-deprotection and neu-
tralization, amine 1 was reacted with formaldehyde and
benzotriazole to form adduct 2. The imidazolidinone 3
was formed by spontaneous nucleophilic substitution of
the benzotriazole (Bt) group by the amide nitrogen of
the neighboring moiety in the presence of a Lewis acid
(BF3

.Et2O). The remainder of the synthetic steps for
analogues 6–9 was continued by classical Boc peptide
synthesis generating the resin-bound peptidomimetic 4.
The coupling of Boc-amino acids on the secondary
amine of intermediate 3 was performed after additional
neutralization with 5% diisopropylethylamine (DIEA)
in dichloromethane (DCM). The final step involved HF
treatment of resin 4 at 0 �C (1.5 h) to yield product 5.
The synthesis of analogue 10 was stopped at resin-
bound intermediate 3 and the resin treated with HF to
obtain the desired product. Following extraction
(AcOH), lyophilization and RP HPLC purification, all
products were obtained as white solids in yields greater
than 70%.22 Despite the expected partial decomposi-
tion20 of analogue 10, all analogues were stable under
physiological conditions (phosphate buffer pH 7.4, 24 h,
37 �C).

Purified compounds were tested in m-, d-, and k-opioid
receptor binding assays as described elsewhere. Each
sample contained 0.5mL of membrane suspension,
3 nM of a tritiated competitor of binding ([d-Ala2,
MePhe4, Gly5-ol]enkephalin (DAMGO) for the
m-receptor, [d-Ser2, Leu5, Thr6]enkephalin (DSLET) for
the d-receptor, and U69,593 for the k-receptor.23 Each
imidazolidinone analogue was initially tested at a con-
centration of 0.1mg/mL, and 50mM Tris–HCl in a final
total volume of 0.65mL. Unlabeled DAMGO, unla-
beled DSLET and unlabeled U50,488, respectively, were
used to generate standard curves and determine non-
specific binding. The results, shown in Table 1, indicate
that the presence of the imidazolidinone ring at the
C-terminus yields enhanced affinity for binding to the
m-receptor (analogue 6). This analogue shows good
affinity for the d-receptor and poor affinity for the
k-receptor. Dramatic loss of activity was observed for
the analogue in which the ring was shifted by one posi-
tion to the N-terminus (analogue 7). This analogue was
also totally inactive at the k- and d-receptors. Analogues

Scheme 1. Solid-phase synthesis of 4-imidazolidinone analogues of
peptides: (a) Boc-Aaa, DIPCI, HOBt, DMF; (b) TFA in DCM;
(c) DIEA in DCM; (d) benzotriazole, formaldehyde, DMF, 85 �C;
(e) BF3

.Et2O, DCM; (f) HF, 0 �C.

Figure 1. 4-Imidazolidinone-based Leu-enkephalin analogues.

Table 1. Affinity of Leu-enkephalins 6–13 analogues for opioid

receptors (m, k, d)a

Compd m-Receptor
Ki (nM)

k-Receptor
Ki (nM)

d-Receptor
Ki (nM)

6 4 2892 109
7 2555 >10,000 >10,000
8 236 >10,000 141
9 92 >10,000 229
10 547 >10,000 >10,000
11 46 2226 67
12 145 1368 95
13 28 1691 209
Leu-enkephalin 24 >10,000 31

aValues are the mean of three experiments; the variation between
experiments was less than 10%.
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8 and 9 have moderate binding to m- and d-receptors and
no affinity to the k-receptor. Analogue 10 shows low
binding to the m-receptor. None of the compounds
had high receptor selectivity. When compared to Leu-
enkephalin only analogue 6 has showed higher affinity
at m- and k-receptors. As expected, all the modifications
located toward the N-terminus lowered affinity. High
affinity and selective peptide opioids are frequently
based on constrained cyclic analogues of enkephalin,
b-casomorphin, demorphin, or deltorphin I.24�26 The
tertiary amide bonds formed would be expected to have
clear conformational preferences due to cis/trans beha-
vior. This type of modification was found in an array of
morphiceptin27 analogues with characteristics ranging
from high affinity and selectivity to total inactivity. Our
compounds (except analogue 10) exhibit cis/trans
conformational equilibrium both on RP HPLC (ranging
from broad to split peaks) and 13C NMR. Comparison
of the NMR spectra at rt and 80 �C showed that atoms
neighboring the tertiary amide bond had double signals
at rt, while when heated to 80 �C these signals converged
to single lines.22 We were interested in determining if
there was any similarity in opioid activity between an
imidazolidinone-based analogue 6 and its counterpart
with N-methyl group(s) in the same position(s). We
prepared three analogues 11–13 (Fig. 2) varying the
location ofN-methyl groups on the backbone toward the
C-terminus. These were prepared by a combination of
classical solid-phase peptide synthesis using N-methy-
lated Boc protected amino acids and solid-phase
N-methylation described elsewhere.28 The compounds
were purified, analyzed, and tested as described above.
These three compounds show good binding affinity for
the m- and d-receptors and low affinity to the k-receptor.
Their affinities for the m-receptor were poorer than that
of analogue 6 but the similarity to this analogue is clear.

The five-membered, ring-based moiety employed here
was partly inspired by the pseudo-proline concept ori-
ginally established by Mutter et al.29 in order to disrupt
the secondary structure of peptides, prevent peptide

aggregation, and improve solubility. Our main goal was
to influence bioactivity. The highest m-receptor affinity
was found for analogue 6 (Ki=4 nM) which is higher
than that of regular Leu-enkephalin (Ki=24 nM). In
this case, the C-terminal backbone constriction poten-
tially yields a bioactive conformation which improves
binding. We have also found comparable activity fea-
tures for its N-methylated counterparts which suggest a
similarity of both modifications. Analogues with an
imidazolidinone ring in other positions (8–10) retained
some opioid activity for the m- and d-receptors. All
weak k-active compounds (6, 11–13) were modified on
their C-terminus. In contrast, imidazolidinone modifi-
cation of analogue 7 completely changes the original
opioid character of the molecule, resulting in loss of
activity. In summary, we have tested the imidazolidi-
none constraint for modulation of opioid activity on
five analogues of Leu-enkephalin. The synthetic method
presented enables the preparation of peptidomimetics
for any peptide sequence by straightforward solid-phase
techniques. The whole concept enables modification of
physicochemical properties of peptides, alteration of their
activity, and is a useful tool for structure–activity studies.
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