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o,B-unsaturated ketone substituent that strongly bound to the k receptor. The compound with the high-
est Kk receptor selectivity, 6e, produced a dose-dependent antinociceptive effect in the mouse acetic acid
writhing test. However, derivatives 7 and 9, which did not have o,B-unsaturated ketone substituents,
showed less k receptor selectivity than compound 6. Based on structure-activity relationships, we pro-

gzg‘;rds-' posed that these compounds adopted active structures for « selective agonist activity. The pyrrole ring
Pyrrolomorphinan would not function as an accessory site, but the ability of the side chain on the pyrrole ring to localize
Accessory site above the C-ring appeared to confer Kk selective agonist activity. These results will promote the design
Address site of novel k agonists.

© 2010 Elsevier Ltd. All rights reserved.

Morphine is used for the management of severe pain, like that
experienced in cancer or postoperatively. However, morphine also
has adverse effects, including dependence, constipation, and respi-
ratory depression. Intense efforts have been focused on obtaining
an ideal analgesic without the morphine-like side-effects; however,
this goal remains elusive. In 1984, a landmark investigation! with
the irreversible p antagonist, p-funaltrexamine, showed that mor-
phine-like side-effects would be derived from the p receptor, not
from the 5 and k receptors. This has driven medicinal chemists to fo-
cus on the properties of § or k¥ agonists. Recently, a novel, k selective
agonist, TRK-820 (nalfurafine hydrochloride),>®> which produced
neither preferential nor aversive effects, was developed and
launched in Japan as an antipruritic for hemodialysis patients. Nalf-
urafine hydrochloride was rationally designed from the k selective

antagonist, nor-binaltorphimine (nor-BNI),*> based on the ‘mes- N NJ\/ A

sage-address’ concept®~® and the ‘accessory site’ hypothesis.>!° In A0 Ve \E§

the drug design, a potential accessory site was removed, because it “ | o

could have interfered with the induced fit necessary for eliciting ago- OH

nist activity; conversely, a potential address site was retained, be- Nalfurafine

cause it was important for opioid receptor type selectivity (Fig. 1).

This led to the successful synthesis of nalfurafine. However, it re- Figure 1. Drug design of k selective agonist, nalfurafine from the x selective

antagonist, nor-BNI. A potential accessory site and a potential address site are

mains unclear whether the pyrrole moiety could be an accessory site indicated in red and blue, respectively.

in nor-BNI. Clarification of the accessory site would provide useful

information in the design of novel k selective agonists or antago- . o . .
& & 8 nists. Therefore, in this study, we synthesized the pyrrolomorphinan

derivative, 1''"'* to examine whether the pyrrole ring could be an
—_— . . . . . accessory site (Fig. 2). Herein, we report synthesis of the pyr-
Abbreviations: nor-BNI, nor-binaltorphimine; CSA, camphorsulfonic acid;

KHMDS, potassium hexamethyldisilazide; SAR, structure-activity relationship. rOIOmorthan d_envatlve_l ar_ld 1ts pharmacology.
* Corresponding author. Tel.: +81 3 5791 6372; fax: +81 3 3442 5707. Pyrrolomorphinan derivatives were synthesized from the nal-
E-mail address: nagaseh@pharm.kitasato-u.ac.jp (H. Nagase). trexone methyl ether (2)!>~17 (Scheme 1), to make variations of 6,
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Figure 2. Synthesized pyrrolomorphinan derivative 1. A potential address site is
indicated in blue.
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Scheme 1. Reagents and conditions: (a) 2,2-diethoxyethanamine, CSA, DMF,
benzene, reflux, 27%; (b) NaH, Mel, DMF, rt, 81%; (c) N-methyl-2,2-dimethoxye-
thanamine, CSA, DMF, benzene, reflux, 65%; (d) POCl;, DMF, 0°C, 85%; (e)
RC(=0)CH,P(=0)(OMe),, NaH, THF, 50 °C, 28-95%; (f) BBr3, CH,Cl,, rt, 31-85%;
(g) Ha, 10% Pd/C, MeOH, rt, 83%.

which has an o,B-unsaturated ketone substituent. Treatment of 2
with 2,2-diethoxyethanamine in the presence of camphorsulfonic
acid (CSA)'® and subsequent N-methylation gave pyrrolomorphinan
3, but the yield of this two-step procedure was low (22%). The use of
N-methyl-2,2-dimethoxyethanamine instead of 2,2-diethoxyethan-
amine gave compound 3 directly from 2 and improved the yield
(65%). A Vilsmeier-Haack formylation'® of compound 3 gave the
5’-formyl derivative 4 in 85% yield, along with a 4'-formyl derivative
(14%). A Horner-Wadsworth-Emmons reaction was performed on
compound 4 with acylmethylphosphonate!® to afford compounds
5a-e; these were then converted to compounds 6a-e by O-demeth-
ylation with BBrs. A catalytic hydrogenation of the enone 6a afforded
compound 7, with a saturated ketone side chain (Scheme 1). To syn-
thesize other pyrrolomorphinan derivatives, we performed a
Kocienski-modified Julia olefination?®2! of the formyl derivative 4
and a subsequent O-demethylation. This afforded derivatives 9a, b
with an olefin moiety (Scheme 2).

The binding affinities of the synthesized compounds 6, 7, and 9
were evaluated with a competitive binding assay?? (Table 1). All
the o,B-unsaturated ketone derivatives 6a-e strongly bound to
the x receptor. Among these derivatives, compound 6¢ showed
the strongest binding affinity, with a twofold weaker affinity than
that of nalfurafine and a twofold stronger affinity than that of nor-
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Scheme 2. Reagents and conditions: (a) RCH,SO,(1-phenyl-1H-tetrazol-5-yl),
KHMDS, THF, —78 °C to rt, 86-91%; (b) BBr3, CH,Cl,, rt, 61%.

BNI. Derivative 6e, which was the most selective for the K receptor,
was evaluated for agonist activity in the mouse acetic acid writhing
assay. We found that, when compound 6e was administered sub-
cutaneously, it induced a dose-dependent antinociceptive effect
(Fig. 3) with an EDsq value of 5.87 mg/kg. This indicated that 6e
was a K receptor agonist. This result suggested that the pyrrole ring
in the pyrrolomorphinan derivatives could not be an accessory site.
All the o,B-unsaturated ketone derivatives 6a-e had a longer ad-
dress site than nalfurafine; in contrast, the olefin derivative 9a pos-
sessed an address site the same length as that in nalfurafine.
Moreover, a heteroaromatic ring, like pyrrole, had been previously
applied as a bioisostere with amide functionality.?> Therefore, we
expected that the olefin derivatives 9a, b would bind to the
receptor with higher selectivity and affinity than the o,B-unsatu-
rated ketone derivatives 6a-e. However, contrary to our expecta-
tion, compound 9a was not selective for the k receptor, and its
binding affinity was eightfold weaker than that of compound 6c.
The only structural difference between compounds 6 and 9 was
the presence or absence of the ketone moiety. The selectivity for
the k receptor over the [ receptor of the saturated ketone deriva-
tive 7 was also lower than that of the corresponding o,B-unsatu-
rated ketone derivative 6a. These results could not be explained
by the message-address concept, where the length of the address
site plays an important role in receptor type selectivity. We re-
cently reported a putative active conformation of nalfurafine;*-
25 we proposed that nalfurafine would adopt this conformation
to bind to the k receptor (Fig. 4). In the proposed active conforma-
tion, the C-ring in nalfurafine was in the boat conformation and the
amide side chain (x address) was localized above the C-ring. This
hypothesis was supported both by the structure-activity relation-
ship (SAR) in nalfurafine derivatives>*?> and by conformational
analyses®® with the CAMDAS software program.?’ Based on the
plausible active conformation of nalfurafine and the observed
SAR in pyrrolomorphinan derivatives 6, 7, and 9 (Table 1), we
developed the working hypothesis that the o,f-unsaturated ketone
derivatives 6a-e might adopt the active structures of 11a-e to
achieve x selective agonist activity (Fig. 5). We conjectured that
the o,B-unsaturated ketone 6 could adopt the structure of the
iminium species 10 due to the electron withdrawing ketone func-
tionality. In contrast, compounds 7 and 9 would not be able to
adopt such iminium species, because the saturated ketone deriva-
tive 7 lacks the conjugation between the pyrrole ring and ketone
moiety, and the olefin derivative 9 lacks the electron withdrawing
ketone functionality. The iminium species 10a-e could be con-
verted to the plausible active structures of 11a-e owing to the
equilibriums between 10a-e and 11a-e. To confirm this working
hypothesis, we attempted to trap the proposed active structures
11a-e by acetylation; we used the formyl derivative 4 as a model
compound. After intense investigation to optimize the acetylation
conditions, 4 was treated with a solvent amount of Ac,0O in the
presence of CSA (2 equiv) at 50 °C (disappearance of the starting
material 4 was observed by TLC analysis). A subsequent aqueous
workup gave crude compounds including compounds 13 and 14
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Table 1
Binding affinities of pyrrolomorphinan derivatives 6, 7, and 9 for opioid receptors®
Compound K; () (nM)P Ki (n) (nM)© K; (8) (nM)? Selectivity
A 3/
Nalfurafine 0.225 0.582 96.5 2.6 429
nor-BNI 0.861 28.2 29.3 33 34
6a 0.935 6.89 1.73 7.4 1.9
6b 1.13 6.58 2.08 5.8 1.8
6¢ 0.467 3.76 3.74 8.1 8.0
6d 1.15 6.20 1.47 5.4 1.3
6e 1.24 15.0 3.55 12 2.9
7 0.342 0.548 1.59 1.6 4.6
9a 3.79 1.76 ND¢ 0.5 -
9b 7.38 5.85 6.58 0.8 0.9

¢ Binding assay was carried out in duplicate using homogenate of guinea pig brain (k: cerebellum, p and §: forebrain).

> [3H] U-69593 was used.

¢ [*H] DAMGO was used.

9 [®H] NTI was used.

¢ ND: The K; value was not determined because the ICso value was over 1000 nM.
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Figure 3. Antinociceptive effect of compound 6e in the mouse acetic acid writhing
test. p <0.025 versus vehicle-treated group.
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Figure 4. Proposed active conformation of nalfurafine.

(Fig. 6). IR spectra of the crude products showed a sharp band at
1761 cm™~!, which suggested the presence of enol acetate. In the

TH NMR spectra, six singlets at 2.00, 3.80, 4.07, 5.52, 6.53, and
9.47 ppm and a doublet at 4.55 ppm were observed, consistent
with the structure of compound 13. Moreover, four characteristic
signals were detected, including three singlets at 5.51, 5.99, and
7.69 ppm and a doublet at 4.52 ppm. The three singlets and a dou-
blet would represent the 5-proton, vinylic protons of a 3-pyrroline
ring, an enol acetate moiety, and a 9-methine proton, respectively.
The doublet at 4.52 ppm suggested the production of compound
14, and not compound 12, because acylation of a 14-hydroxy group
generally induces a downfield shift of the 9-methine proton signal
from approximately 3.2 ppm to approximately 4.5 ppm. The mass
spectrometry spectra indicated a peak at m/z =505, which would
stem from compound 15 derived from 14 by fragmentation; this
also supported the structure of 14. However, an attempt to isolate
compound 14 failed, due to its instability.?®=4° These outcomes
suggested that o,B-unsaturated ketone derivatives 6a-e could pro-
duce the iminium species 10, which could then be converted to the
active structures 11a-e. Taken together, our results suggested that
the pyrrole ring in the pyrrolomorphinan derivatives 6, 7, and 9
would not function as an accessory site, however the K address,
that is, the side chain on the pyrrole ring localized above the C-ring
may play a key role in conferring x selective agonist activity.

In conclusion, we synthesized pyrrolomorphinan derivatives 6,
7, and 9 to confirm whether the pyrrole ring might be an accessory
site in the x selective antagonist, nor-BNI. We found that «,
B-unsaturated ketone derivatives 6a-e strongly bound to the K
receptor. Moreover, the most selective for the K receptor, com-
pound 6e, produced a dose-dependent antinociceptive effect in
mice. Based on the SAR analysis of the synthesized compounds, a
hypothetical active structure was proposed for conferring «
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Figure 5. Hypothetical active structure 11 and plausible mechanism from 6 to 11.

Figure 6. Structures of compounds 12-15.

selective agonist activity. The pyrrole ring in the compounds could
not function as an accessory site, however, the ability of the side
chain on the pyrrole ring to localize above the C-ring may have
played a key role in conferring ¥ selective agonist activity. This
study provided useful information for the further design of novel
K agonists.
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