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Abstract
Salvinorin A, the active ingredient of the hallucinogenic plant Salvia divinorum is the most potent
known naturally occurring hallucinogen and is a selective κ-opioid receptor agonist. To better
understand the ligand-receptor interactions, a series of dicarboxylic ester-type of salvinorin A
derivatives were synthesized and evaluated for their binding affinity at κ, δ, and μ-opioid
receptors. Most of the analogues show high affinity to the κ-opioid receptor. Methyl malonyl
derivative 4 shows the highest binding affinity (Ki = 2 nM), analogues 5, 7, and 14 exhibit
significant affinity for the κ-receptor (Ki = 21, 36 and 39 nM).
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The neoclerodane diterpenoid salvinorin A (1) isolated from the leaves of hallucinogenic
sage Salvia divinorum, is a potent and selective κ-opioid receptor (KOR) agonist.1, 2 Since
its discovery, a large number of analogues have been prepared by semi-synthesis to probe
the pharmacophore and mode of binding.3 Some of these analogues present interesting
pharmacological profiles from full KOR agonist to partial δ-opioid receptor (DOR) or μ-
opioid receptor (MOR) agonist and antagonists. The current objective is to utilize the
knowledge about salvinorin A-KOR interactions to rationally design salvinorin A
derivatives with different pharmacological profiles and therapeutic potential. In the course
of our work on the molecular mechanism of interaction of salvinorin A with KOR, we
reported irreversible binding of 22-thiocyanatosalvinorin A (2) (Fig. 1) with the sulfhydryl
group of Cys-315 at the κ-opioid receptor.4, 5 Our previous work on the KOR model and
analysis of the mode of binding of 2 suggest that Cys-315 may be a good anchoring amino
acid at the binding site in KOR.4, 6 The presence of ester substituents at C-22 may enhance
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electrophilicity of this center and thereby leads to stronger binding with the thiol group of
Cys-315 of KOR.

Herein, we report the synthesis of series of new dicarboxylic ester salvinorin A derivatives
and their binding affinity to κ, δ and μ-opioid receptors.

Salvinorin A (1) was isolated from dried leaves of Salvia divinorum and purified as
previously reported.7 It was hydrolyzed to salvinorin B (3), which served as the starting
material for the preparation of the C(2)-modified dicarboxylic ester analogue library 4-16
(Schemes 1 and 2). Compounds 4-10, 14, and 15 were prepared8 in yields of 57-69% by
reacting 3 with the corresponding acid halides in the presence of Et3N in DCM (Schemes 1
and 2). Analogues 11-13 and 16 were synthesized9 in yields of 40-51% via the reaction of 3
with appropriate anhydrides using DBU (1, 8-diazabicyclo [5.4.0] undec-7-ene) as base
(Schemes 1 and 2). The physical data (1H NMR, 13C NMR and HR-ESIMS) were consistent
with the proposed structures.

The κ, δ and μ-opioid receptor binding affinities of synthesized compounds 4-16 were
evaluated at the NIMH-sponsored Psychoactive Drug Screening Program (PDSP),
University of North Carolina at Chapel Hill using radioligand binding assays conducted as
previously described, 1, 5 and the data are collated in Tables 1 and 2. For comparison
purposes, opioid binding affinity data for compounds 1-3 and positive controls for MOR and
DOR are included in Table 1. Most of the dicarboxylic ester derivatives show appreciable
binding affinity to KOR, and no affinity to MOR and DOR. The methyl malonyl derivative
4 had higher affinity than 1 at KOR (Ki = 2.0 vs 6.2 nM) (Table 1). The ethyl malonyl and
methyl succinyl ligands 5 and 7, also have significant affinities to KOR, these being
respectively 3- and 6-fold reduced compared to 1 (Ki = 21.0 and 36, respectively, vs 6.2
nM). The KOR affinities of analogues 6, 8, and 9 were decreased 24-, 70-, and 49-fold as
compared to 1 (Ki = 148, 437 and 302, respectively, vs 6.2 nM). Similarly, compounds 10,
12, and 15 show reduced affinity (Ki = 575, 263, and 427 nM respectively) at KOR.
Interestingly, the methyl fumaryl ligand 14 had a 6-fold reduced but still considerable
affinity for the κ-opioid receptor compared to 1 (Ki = 39 vs 6.2 nM). Analogues 11 and 16
exhibited less affinity for the κ-receptor (Ki = 4070 and 2291 nM, respectively), and
derivative 13 has no affinity for any of the opioid receptors.

To characterize the relative efficacy of these dicarboxylic ester ligands, compounds 4, 5, 7,
and 14 together with salvinorin A (1) were selected for a functional assay. Table 2 shows the
EC50 values of these ligands in stimulating Gαi signaling mediated by the κ-opioid receptor.

In summary, a series of new dicarboxylic ester-type analogues of salvinorin A were
synthesized in an effort to explore the effects of C-2 substitution towards selectivity at κ, δ,
and μ-opioid receptors. Most of the analogues showed high binding affinity to the κ-opioid
receptor with little affinity for δ- and μ-opioid receptors. Compound 4 possessing a C-2
methyl malonyl group exhibited increased selectivity for KOR compared to the parent
salvinorin A (1).
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Figure 1.
The structures of salvinorin A, 22-thiocyanatosalvinorin A, and salvinorin B.
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Scheme 1.
Synthesis of dicarboxylic ester-type salvinorin A analogues 4-12 Reagents and conditions:
(a) appropriate acid chloride, Et3N, dry DCM, N2 r.t, 2-3 h, or appropriate acid anhydride,
DBU, dry DCM, N2, r.t, 6-8 h.
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Scheme 2.
Synthetic route for the designed ligands 13-16. Reagents and conditions: (a) appropriate acid
chloride, Et3N, dry DCM, N2, r.t, 3 h, or appropriate acid anhydride, DBU, dry DCM, N2,
r.t, 6-8 h.
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Table 2

Kappa opioid receptor functional assay: Efficacies of Gαi activation in live HEK293 cells using a cAMP
biosensor Glosensor-22F (Promega)

Compound EC50±SD [nM]
a

1 5±3

4 137±15

5 52±23

7 855±130

14 70±25

a
Data are mean of four experiments
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