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Synthetic studies of neoclerodane diterpenes from Salvia divinorum:
Selective modification of the furan ring
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Abstract—A synthetic sequence has been developed to selectively functionalize the furan ring of the natural product salvinorin A
(2a). The synthetic routes described convert the furan ring in 2a into an N-sulfonylpyrrole, oxazole or an oxadiazole. In addition, a
procedure has been found to remove the furan skeleton completely. Biological results indicate that replacement of the furan ring
with an N-sulfonylpyrrole leads to reduced affinity and efficacy at j opioid receptors.
� 2006 Elsevier Ltd. All rights reserved.
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Figure 1. Structures of morphine (1), salvinorin A (2a), and salvinorin

B (2b).
G-protein coupled, seven transmembrane segment
receptors (GPCRs or 7TM receptors) are the largest
superfamily of proteins in the body.1,2 Currently, more
than 60% of drugs target GPCRs.3 One class of GPCRs
are opioid receptors. These receptors are particularly
intriguing members of this family in that they are acti-
vated both by endogenously produced opioid peptides
and by exogenously administered opioid drugs, such as
morphine (1) (Fig. 1).4 There are at least three opioid
receptor subtypes, l, d, and j.4 Opioid receptor ligands
are among the most effective analgesics known but are
also highly addictive drugs of abuse.5 New opioid recep-
tor ligands are needed to gain a greater understanding of
the mechanisms of opioid tolerance and dependence, as
well as, to provide new insight into the design of more
effective treatments for pain.

Previous work has shown salvinorin A (2a), a neoclero-
dane diterpene from Salvia divinorum, to be a potent and
selective j opioid receptor agonist.6,7 This is unique giv-
en that virtually all opioid ligands feature a basic nitro-
gen, which is protonated at physiological pH and is
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thought to interact with a conserved aspartate residue,
located inside the receptor transmembrane domain and
conserved among all the opioid receptors.8,9 Several re-
cent reports have begun to explore the structure–activity
relationships of 2a at opioid receptors.10,11,7,12–15

As part of our program to develop novel analgesics with
a potential for reduced tolerance and dependence, we
initiated studies to prepare several heterocyclic replace-
ments for the furan ring present in 2a. This was based
on the activities of salvinicin A and B, as well as, our
goal to reduce the potential for hepatotoxicity seen with
furan containing natural products.16–19 There are few
reported methods for the functionalization of 3-substi-
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tuted furans.20–23 Previously described methods have de-
tailed the photooxidation of the furan moeity under ba-
sic conditions to form a c-hydroxybutenolide. However,
there are few reports of converting the furan ring to
other heterocycles such as an N-sulfonylpyrrole, oxa-
zole, or oxadiazole. Thus, we set out to develop the
methodologies to alter 2a to help further define our
understanding of the elements important to molecular
recognition at opioid receptors.

Salvinorin A (2a) was isolated from S. divinorum as de-
scribed previously.24 With 2a in hand, we sought to con-
vert the furan ring to a pyrrole (Scheme 1). The
treatment of 2a with bromine in a mixture of CH2Cl2
and methanol at �30 �C gave the corresponding 2,5-
dimethoxydihydrofuran derivative in 93% yield as a
mixture of cis and trans isomers.15 This alkene was re-
duced with hydrogen and 5% rhodium on carbon as cat-
alyst to afford dimethoxytetrahydrofuran 3 in 92% yield.
The reduction of 3 leads to a mixture of compounds,
presumably containing the 2,5-dimethoxy cis and trans
isomers and appearing as two spots on TLC, that were
not separated. The reaction of dimethoxytetrahydrofu-
ran 3 (as a mixture of compounds) with methanesulf-
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Scheme 1. Reagents and conditions: (a) Br2, MeOH, CH2Cl2; (b) H2, 5% Rh/C

NaIO4, CCl4/CH3CN/H2O; (e) EDCI, HOBt, LL-serine methyl ester hydroc

CH2Cl2; (h) EDCI, CH3C(NH2)@NOH, CH2Cl2; (i) toluene, heat; (j) PhOP
onamide at 95 �C in acetic acid afforded a mixture of
methanesulfonylpyrrole 4a (30%) and its C-8 epimer
(25%).25 These compounds, however, were readily
separated by column chromatography. Using similar
methodology, benzenesulfonamides 4b and 4c were pre-
pared in 30% and 23% yield, respectively. As seen with
4a, significant amounts of the C-8 epimers were also
formed (20% and 18%, respectively). Attempts to re-
move the benzenesulfonyl group in 4b using Mg and
MeOH,26 and tetrabutylammonium fluoride27 were
unsuccessful.

Upon first glance, the epimerization of the C-8 position
was not without precedent. Koreeda and co-workers
have previously proposed a complex mechanism for this
epimerization under basic conditions, involving cleavage
of the C-8/9 bond.28,29 Recently, Rizzacasa and co-
workers proposed that this epimerization seen is the re-
sult of enolate formation, followed by protonation from
the opposite face.10 The exact mechanism of this trans-
formation is currently unresolved. However, it was
interesting to note that unlike the previously described
conditions this epimerization occurs under acidic
conditions.
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Table 1. Binding affinities of 4a–4c and 6 at opioid receptors using

[125I]IOXY as radioligand33,34

Compound Ki ± SD (nM)

l d j

2aa >1000b >1000b 1.9 ± 0.2

4a >10,000 >10,000 840 ± 90

4b >10,000 >10,000 410 ± 30

4c >10,000 >10,000 1620 ± 110

6 >10,000 >10,000 8530 ± 550

a Data from Ref. 7.
b Partial inhibitor.

Table 2. Results from [35S]GTP-c-S functional assay carried out in

stably transfected CHO cells containing DNA for human j receptors

Compound j Agonism

Emax
b ED50 ± SD (nM)

2aa 120 ± 2 40 ± 10

4a 70 ± 3 3600 ± 580

4b 60 ± 3 9160 ± 1900

4c 60 ± 5 15190 ± 3590

a Data from Ref. 7.
b Emax is the percentage at which compound stimulates binding com-

pared to (�)-U50,488 (500 nM) at j receptors.
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Given the mixture of compounds formed in the hydro-
genation step, it was thought that perhaps this reaction
leads to C-8 epimerization. The two spots of 3 on TLC
were reminiscent of 2b and its C-8 epimer formed upon
hydrolysis of 2a, and thus it was presumed that one spot
corresponded to the C-8 epimer of 3 and the other to the
desired epimer. Subsequently, both spots were isolated
and purified. 1H NMR of the separated spots indicated
that neither compound contained any C-8 epimer. Inter-
estingly, the reaction of either spot of 3 with benzene-
sulfonamide in acetic acid afforded a mixture of 4b
and its C-8 epimer. This suggested that C-8 epimeriza-
tion was occurring during the pyrrole formation step.

To test if the C-8 proton was labile under acidic condi-
tions, 2a was heated in acetic acid at 95 �C overnight. As
expected, this led to a mixture of 2b and its C-8 epimer.
Interestingly, further heating did not increase the
amount of the C-8 epimer of 2b. Energy calculations
indicate that the C-8 epimer of 2a is lower in energy than
2a by approximately 2.2 kcal/mol. Similar calculations
showed that the C-8 epimer of 4a is lower in energy than
4a by approximately 1.7 kcal/mol.

Having successfully converted the furan ring in 2a to
an N-sulfonylpyrrole, we focused on preparing other
heterocyclic derivatives of 2a. The reaction of 2a with
NaIO4 and a catalytic amount of RuCl3Æ3H2O in a
mixture of CCl4, acetonitrile, and water afforded the
C-13 acid in 74% yield.15 The C-13 acid was then
coupled with LL-serine methyl ester hydrochloride using
N-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydro-
chloride (EDCI) and 1-hydroxybenzotriazole hydrate
(HOBT) to give the corresponding b-hydroxy amide
in 75% yield. Cyclization of the b-hydroxy amide
using bis(2-methoxyethyl)aminosulfur trifluoride (Deo-
xo-Fluor) afforded oxazoline 5 in 74% yield.30 The
conversion of oxazoline 5 to oxazole 6 was accom-
plished in 80% yield by treatment with bromotrichlo-
romethane and 1,8-diazabicyclo[5.4.0]undec-7-en
(DBU).30 It is interesting to note that these conditions
did not result in epimerization at the C-8 position.
This is presumably due to the low temperature, short
reaction time, and bulky nature of DBU. The cou-
pling of C-13 acid with acetamide oxime followed by
heating in toluene afforded oxadiazole 7 in 56%
yield.31 Unfortunately, these conditions lead to the
formation of the corresponding C-8 epimer (11%
yield). Finally, we focused on removing the furan skel-
eton completely from 2a. The coupling of the C-13
acid derivative of 2a with selenophenol was accom-
plished via the mixed anhydride using phenyl dichlo-
rophosphate to give the corresponding phenyl seleno
ester in 64% yield.32 Decarbonylation of the phenyl
seleno ester with tri-n-butyltin hydride and 2,2 0-azo-
bis(2-methylpropionitrile) (AIBN) in toluene afforded
8 in 70% yield.32

Diterpenes 4a–4c and 6 were then evaluated for opioid
receptor affinity (Table 1).35 Generally, replacement of
the furan ring led to decreased affinity at j receptors
compared to 2a. The replacement of the furan ring with
an N-sulfonylpyrrole (4a–4c) was found to be better tol-
erated than a 4-carbomethoxyoxazole (6). Diterpenes
4a–4c were then tested for functional activity at j recep-
tors using a [35S]GTP-c-S assay (Table 2).35 As a group,
pyrroles 4a–4c were found to be less active at j receptors
compared to 2a. Interestingly, 4a–4c were found to be
partial agonists compared to (�)-U50,488 and 2a. N-
Methylsulfonylpyrrole 4a was found to be the most ac-
tive in the series (ED50 = 3600 nM) but was 90-fold less
active than 2a. These results indicate that replacement of
the furan ring with an N-sulfonylpyrrole leads to re-
duced affinity and efficacy at j opioid receptors com-
pared to 2a.

In conclusion, we have provided methodology to
selectively functionalize the furan containing natural
product salvinorin A.36–41 In particular, we have
shown it is possible to convert the furan to either
an N-sulfonylpyrrole, oxazoline, oxazole or oxadia-
zole. Finally, we have described a method to remove
the furan skeleton altogether. Biological results indi-
cate that replacement of the furan ring with an N-sul-
fonylpyrrole leads to reduced affinity and efficacy at j
opioid receptors compared to 2a. Further exploration
of these findings is underway and will be reported in
due course.
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at rt for 6 h. The mixture was then washed sequentially
with 2 N HCl (40 mL) and water (40 mL). The organic
layer was dried (Na2SO4), filtered, and concentrated in
vacuo to give the crude ester. A solution of the ester in
toluene (30 mL) was then heated at reflux overnight. The
solvent was removed under reduced pressure to afford a
crude residue. The crude residue was purified by column
chromatography (eluent: EtOAc/hexanes, 40%) to afford
0.03 g (56%) of 7 as an oil: 1H NMR (CDCl3): d 1.12 (3H,
s); 1.48 (3H, s); 1.64 (3H, m); 1.83 (1H, dd, J = 2.7, 9.9);
1.92 (1H, dd, J = 11.1, 13.5); 2.18 (3H, s); 2.29 (4H, m);
2.42 (3H, s); 2.66 (1H, dd J = 6.6, 13.5); 2.74 (1H, dd,
J = 7.2, 9.9); 3.74 (3H, s); 5.15 (1H, dd, J = 9.6, 10.2); 5.74
(1H, dd, J = 6.6, 10.5); 13C NMR (CDCl3): d 11.7, 15.7,
16.5, 18.3, 20.8, 30.9, 35.6, 38.1, 40.1, 42.2, 51.0, 52.2, 53.7,
64.1, 69.7, 75.1, 167.6, 169.4, 170.1, 171.6, 176.0, 201.9;
HRESIMS m/z [M+H]+ 449.1924, (calcd for C22H29N2O8,
449.1940).

41. Preparation of 8: NEt3 (71 lL, 0.5 mmol) and phenyl
dichlorophosphate (50.3 lL, 0.34 mmol) were added to a
solution of C-13 acid15 (0.07 g, 0.17 mmol) in THF
(20 mL) at 0 �C. After 30 min, NEt3 (117 lL, 0.84 mmol)
and selenophenol (71 lL, 0.68 mmol) were added and
the solution was warmed to room temperature. Et2O
(100 mL) was added and the mixture was washed with
saturated NaCl (50 mL). The organic portion was dried
(Na2SO4) and the solvent was removed under reduced
pressure to afford a crude oil. The oil was purified by
column chromatography (eluent: EtOAc/hexanes, 40%)
to afford 0.06 g of the phenyl seleno ester. A solution of
the phenyl seleno ester (0.06 g, 0.11 mmol), tri-n-butyltin
hydride (87 lL, 0.33 mmol), and a catalytic amount of
AIBN (0.007 g) in toluene (20 mL) was heated at reflux
for 3 h. The solvent was then removed under reduced
pressure to afford a crude residue. The crude residue
was purified by column chromatography (eluent: EtOAc/
hexanes, 40%) to afford 0.03 g (70%) of 8 as a white
solid, mp 203–206 �C: 1H NMR (CDCl3): d 1.09 (3H, s);
1.29 (1H, m); 1.36 (3H, s); 1.57 (2H, m); 1.61 (1H, s);
1.71 (1H, m); 1.80 (1H, dd, J = 3.3, 12.0); 2.07 (1H, m);
2.19 (3H, s); 2.30 (3H, m); 2.77 (1H, dd, J = 6.9, 9.9);
3.74 (3H, s); 4.31 (1H, dd, J = 6.0, 12.0); 4.41 (1H, m);
5.15 (1H, dd, J = 9.6, 10.5); 13C NMR (CDCl3): d 16.4,
17.7, 18.4, 20.8, 30.9, 35.1, 37.0, 38.2, 42.4, 49.9, 52.2,
53.8, 65.2, 65.5, 75.3, 170.2, 171.8, 172.6, 202.1; Anal
(C19H26O7): C, H, O.
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