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Abstract—Salvinorin A is the most potent naturally occurring opioid agonist with a high selectivity and affinity for x-opioid recep-
tor. To explore its structure—activity relationships, modifications at the C(4) position have been studied and a series of salvinorin A
derivatives were prepared. These C(4)-modified salvinorin A analogues were screened for binding and functional activities at the
human «-opioid receptor and several potent new agonists have been identified.

© 2005 Elsevier Ltd. All rights reserved.

Opioid receptors belong to a class of seven transmem-
brane spanning (7TM) G-protein-coupled receptors
(GPCRs).! It is well known that GPCRs mediate many
of the actions of neurotransmitters and hormones. Three
decades of pharmacological studies have identified three
major subtypes of opioid receptors, p, 6, and k, along
with other less well-characterized subtypes.? Many of
these receptors appear to be involved in determining
psychological states. Specifically, it has been postulated
that k agonists produce prodepressant-like effects in
behavioral models of depression in rats, whereas antag-
onists produce antidepressant-like effects.’

Many classes of ligands are known to act on p, 8, and
k-opioid receptors (KORs), yet few ligands selectively
bind to the x receptor. Salvinorin A (Fig. 1), a neoclero-
dane diterpene isolated from a Mexican mint Salvia
divinorum,* is one of the most potent naturally occurring
opioid agonists with a high selectivity and affinity for
KORs.> More interestingly, it represents the only known
non-nitrogenous and terpenoid KOR selective agonist.
The effective dose of salvinorin A is 200-1000 pg in
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Figure 1. Selective k-opioid receptor agonist.

humans, which is at the same scale as other synthetic
hallucinogens such as lysergic acid diethylamide and
4-bromo-2,5-dimethoxy-phenylisopropylamine.®  Salvi-
norin A represents a promising lead for the development
of more potent and selective clinically useful KOR ago-
nists and antagonists.%7

A molecular modeling study reveals that residues Y312,
Y313, and Y139 on the KOR might interact with the
carbonyl groups at C(2), C(4), and C(17) via H-bond-
ing.®> Several reports show salvinorin B, the major
metabolite and a C(2) deacetyl compound, to be inac-
tive.’8 Interestingly, previous modifications at C(2)
position and corresponding binding studies have gener-
ated numerous C(2) analogues, but only the 2-propio-
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nate derivative showed submicromolar affinity, equiva-
lent to salvinorin A, for human KORs.8? Other steric
hindered ester derivatives such as pivalate, 1-naphtho-
ate, and carbonates were all inactive.

To further explore the structure-activity relationship
(SAR) at C(2), we have synthesized a series of C(2) es-
ters and carbonates and found that the methoxymethyl
analogue showed approximately 7 times greater binding
affinity than salvinorin A (1).>!° Thus, a short straight
chain with two oxygen atoms appears to fit the binding
site better than an acetyl group, and the carbonyl group
at C(2) may not be necessary as a H-bond acceptor. In
summary, C(2) is a sensitive and crucial site for binding
to the x receptor with very limited structure tolerance in
terms of size and electronegativity of the substituent
group. As little is known regarding the SAR at C(4),
we started to investigate modifications at C(4). Our ini-
tial approach was to keep the C(4) carbonyl functional
group intact and we synthesized a series of ester and
amide derivatives.

The starting material, salvinorin A, was isolated from
dry Salvia divinorum leaves and purified using a modi-
fied procedure.’®!" Obviously, C(4) methyl ester must
be cleaved to couple with other building blocks. In the
literature, the C(4) carboxylic acid 1 was prepared by
cleaving both the ester groups at C(2) and C(4) simulta-
neously, followed by re-acetylation at C(2).!> To cleave
the C(4) ester selectively, we have tried many hydrolysis
conditions and found that lithium iodide in pyridine
could fulfill the task and gave the acid 1a and 1b as a
1:1 mixture in good yield (Scheme 1).!* 1D and 2D
NMR experiments reveal that epimerization occurred
at the C(8) position. The configuration of 8-epi-1 (1b)
is determined by coupling between H-8 and H-7. Cou-
pling constants of H-8 and H-7 showed trans and gauche
pattern in la, while only gauche pattern in 1b. In addi-
tion, the H-12 multiplet (6 5.50 ppm, dd) in 1a showed
the expected coupling to both protons of H-11 (COSY),
while only the H-12 doublet (6 5.30 ppm) showed in 1b.
A small portion of starting materials and corresponding
C(8) epimer were also isolated from this transforma-
tion.*® The acid mixture was separable by flash column
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Scheme 1. Synthesis of salvinorin A acids. Reagents and conditions:
(a) Lil pyridine, reflux 36 h, 1a (39%) and 1b (33%).

chromatography; however, it is easier to separate the
further derivatized C(4) esters because the carboxylic
acid functional group tends to dominate the polarity
on silica gel and make the isolation of individual acids
very difficult.

The C(4) esters were synthesized according to stan-
dard published procedures. A mixture of 1la and 1b
was treated with dicyclohexylcarbo-diimide (DCC)
and 4-(dimethyl-amino)pyridine (DMAP) as the cata-
lyst in the presence of various alcohols (Scheme 2).
To further examine the role of unsaturated functional
groups at the C(4) position, several terminal alkynes
and alkenes were linked at the C(4) site. Esters
2a-10a as well as epimers 2b-10b were obtained
from the corresponding alcohols. In all the cases,
the ester epimers were successfully separated by
chromatography.

Nitrogen-containing building blocks often play impor-
tant roles in drug design and provide enhanced interac-
tion between pharmacophore and receptor sites. We
attached a series of N-containing units to C(4) position.
Amides 11 and 12 were prepared by reacting acid 1 with
benzyl and phenylethyl amine, respectively (Scheme 3).
Compound 13 was synthesized as an intermediate for
the isostere of salvinorin acid.'* As shown in compound
14, a terminal hydroxyl functional group was introduced
to improve solubility.

To further examine the steric effect, several bulky cyclic
units were linked to the C(4) carbonyl group as shown in
Scheme 3 (15, 16, and 17). In most of the cases, 1-(3-
dimethylaminopropyl)-3-ethylcarbo-diimide hydrochlo-
ride (EDCI) in DMF was used as the coupling reagent
and 1-hydroxybenzotriazole hydrate (HOBt) served as
the catalyst and base.!> Since amino acid residues can
often interact with the active site of receptors and play
a pivotal role via H-bond and charge effects, L-(+)-ala-
nine analogues of both acid epimers 18a and 18b were
synthesized. In addition, derivatives of other amino
acids, such as glycine, L-(+)-serine, L-(—)-proline, and
L-(+)-histidine, were also synthesized by a similar
approach (Scheme 4).

G
O o _DCC,DMAP
o U/ CH,Cly, 1t o)
o
1 2
3
4:
5:
6: R= CH3(CH,);
7: R= HC=C(CH,),
8: R=HC=C(CH,),
9: R= CH,=CHCH,
10: R= PhCH,

Scheme 2. Synthesis of C(4) esters.
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