
Subscriber access provided by American Chemical Society

Journal of Medicinal Chemistry is published by the American Chemical Society. 1155
Sixteenth Street N.W., Washington, DC 20036

Article

Neoclerodane Diterpenes as a Novel Scaffold for � Opioid Receptor Ligands†

Wayne W. Harding, Kevin Tidgewell, Nathan Byrd, Howard Cobb, Christina M.
Dersch, Eduardo R. Butelman, Richard B. Rothman, and Thomas E. Prisinzano

J. Med. Chem., 2005, 48 (15), 4765-4771• DOI: 10.1021/jm048963m • Publication Date (Web): 22 June 2005

Downloaded from http://pubs.acs.org on March 28, 2009

More About This Article

Additional resources and features associated with this article are available within the HTML version:

• Supporting Information
• Links to the 8 articles that cite this article, as of the time of this article download
• Access to high resolution figures
• Links to articles and content related to this article
• Copyright permission to reproduce figures and/or text from this article

http://pubs.acs.org/doi/full/10.1021/jm048963m


Neoclerodane Diterpenes as a Novel Scaffold for µ Opioid Receptor Ligands†

Wayne W. Harding,‡ Kevin Tidgewell,‡ Nathan Byrd,‡ Howard Cobb,‡ Christina M. Dersch,§
Eduardo R. Butelman,| Richard B. Rothman,§ and Thomas E. Prisinzano*,‡

Division of Medicinal & Natural Products Chemistry, College of Pharmacy, The University of Iowa, Iowa City, Iowa 52242,
Clinical Psychopharmacology Section, IRP, NIDA, NIH, DHHS, Baltimore, Maryland 21224, and Laboratory on the Biology of
Addictive Diseases, Rockefeller University, New York, New York 10021

Received December 21, 2004

Structural modification of salvinorin A, the active component of Salvia divinorum, has resulted
in the synthesis of novel neoclerodane diterpenes with opioid receptor affinity and activity.
We report in this study a nonnitrogenous neoclerodane diterpene with µ opioid receptor affinity
(13) that is an agonist at µ opioid receptors. This represents the identification of a novel
structural class of µ opioid receptor agonists.

Introduction

Intensive research of the last 2 decades has given us
a better understanding of the structure, distribution,
and pharmacology of the opioid receptors.1 Three types
of opioid receptors known as mu (µ), delta (δ), and kappa
(κ) and receptor subtypes have been identified, and the
mRNA encoding these receptors has been isolated.2,3

There is substantial pharmacological evidence for sub-
types of each.4 It has become clear that each receptor
mediates unique pharmacological responses2,5 and is
differentially distributed in the central nervous system
and periphery.2,6 Opioid receptors have recently been
implicated in the actions of a widely available psycho-
active plant, Salvia divinorum.7

S. divinorum is a plant from the Sage family that has
been used in the traditional spiritual practices by the
Mazatec Indians of Oaxaca, Mexico, to produce “mysti-
cal” or hallucinogenic experiences.8 The plant has
become widely available through the Internet and its
recreational use by young adults and adolescents is
increasing.9 Recipes for leaf extracts, elixirs, and tinc-
tures are easily found on the Internet.10 Due to the
recent increase in the popularity of this plant, the DEA
has recently placed it on the list of drugs of concern.9

Currently, S. divinorum is unregulated in most
countries and available throughout the world by pur-
chasing it over the Internet. However, it is listed as a
controlled substance in Denmark, Australia, and Italy.
At present, U.S. laws for controlled substances do not
ban the use of S. divinorum or its active components.
This has resulted in various online botanical companies
advertising and selling S. divinorum as a legal alterna-
tive to other regulated plant hallucinogens. It is predict-
able that its misuse will increase rapidly.

In the traditional spiritual practices of the Mazatec
Indians, fresh S. divinorum leaves are chewed as a quid,
eaten, or prepared as an infusion.11 The resulting

hallucinatory effects that last for up to 1 h are reported
to be potent and intense.11-13 The active ingredient
isolated from the leaves of S. divinorum is salvinorin A
(1) (Figure 1), a neoclerodane diterpene.14,15 A smoked
dose of 200-1000 µg of 1 is effective in humans.12,13 This
potency is similar to the classical hallucinogens lysergic
acid diethyl amide (LSD) and 4-bromo-2,5-dimethox-
yphenylisopropylamine (DOB), which have effective
human doses of 20-250 and 500-1000 µg, respec-
tively.13 However, unlike LSD and DOB, 1 has no
activity at the serotonin 5-HT2A receptor, the presumed
molecular target for these compounds.16-19 Rather, 1
was found to be very selective for κ receptors over µ and
δ opioid receptors, as well as over a battery of other
receptors.7,20

Salvinorin A is a unique opioid receptor ligand. It
bears little structural similarity to other structural
classes of nonpeptidic opioid receptor ligands, such as
morphine (2), cyclazocine (3), fentanyl (4), and SNC 80
(5) (Figure 1).21-23 In addition, 1 has little structural
similarity to other κ agonists, such as U50,488H (6), and
3FLB (7). The common structural motif among all of
these compounds is the presence of a basic amino group.
Until recently it had been assumed that the presence
of a positively charged nitrogen atom in opioid com-
pounds represented an absolute requirement for their
interaction with opioid receptors.24 The general assump-
tion was that this cationic amino charge on the opioid
ligand would interact with the side chain carboxyl group
of an aspartate residue located in TM III of the opioid
receptor.23,25,26 Given the lack of a basic nitrogen in 1,
this interaction is not likely.

The pharmacology of 1 appears to be different than
other κ agonists.27 Although 1 and 6 had similar
potencies in stimulating [35S]GTPγS binding, 1 was
about 40-fold less potent than 6 in promoting κ receptor
internalization. In addition, 1 was not active in the
acetic acid abdominal constriction test. The discrepancy
between in vitro and in vivo results is thought to result
from in vivo metabolism of 1 and possibly its effects on
other pharmacological targets.27

Presently, few studies have been initiated to more
fully understand the remarkable selectivity of 1 for κ
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opioid receptors. A recent report explored the role of the
2-acetyl group of 1 on affinity and selectivity for κ opioid
receptors.20 Interestingly, replacement of the 2-acetoxy
group in 1 with other groups resulted in novel partial
agonists at κ opioid receptors.20 In an effort to further
explore this phenomenon, we sought to make additional
structural modifications to the 2-position of 1 and
determine their effects on opioid receptor affinity and
activity. In addition, we also sought to probe the role of
several stereocenters in the high affinity and selectivity
of 1 for κ opioid receptors.

Chemistry
Recently, we described the synthesis of (acetyl-2H3)-

salvinorin A from salvinorin A.28 This compound was
needed as an internal standard for the development of
an LC-MS method to determine the concentration of 1
in biological fluids.29 Using this recently described
methodology, 1 was isolated from dried S. divinorum
leaves.14,15,28,30 Initially, we sought to prepare salvinorin
B (8a)15 from 1 using ammonolysis at 0 °C in MeOH
(Scheme 1).31 This method affords 8a in low yield
without the use of chromatography. However, this
method leads to significant amounts of the C-8 epimer
(8b). An alternate method using Na2CO3 in MeOH
afforded 8a in higher yield and produced significantly
less 8b.28 The reaction of 8a with the appropriate

anhydride or acid halide and a catalytic amount of
DMAP in CH2Cl2 gave analogues 9-16 in 26-98% yield.
Reacetylation of 8b using acetic anhydride as previously
described gave 17, the C-8 epimer of 1.32

Additional chemistry associated with 1 is described
in Schemes 2 and 3. Reduction of 8a using sodium
borohydride in 2-propanol at 60 °C gave a mixture of
diol 1815 and its C-8 epimer 1933 (Scheme 2). These
compounds were readily separated using column chro-
matography eluting with a mixture of EtOAc/n-hexanes.
Treatment of diol 18 with an excess of acetic anhydride
and a catalytic amount of DMAP in NEt3 afforded
diacetate 20.33 This method afforded diacetate 20 in one
synthetic step rather than the two steps previously
described by Valdés et al. The reaction of 8a with
trichloroacetonitrile and diazobicycloundecene at 0 °C
afforded trichloroacetimidate 21 in low yield (Scheme
3).34 Finally, reaction of 8a with phenylisocyanate and
allylisocyanate in the presence of trimethylsilyl chloride
in CH2Cl2 gave carbamates 22 and 23, respectively.35

Figure 1. Structures of salvinorin A (1), morphine (2),
cyclazocine (3), fentanyl (4), SNC 80 (5), U50,488H (6), and
3FLB (7).

Scheme 1a

a Reagents and conditions: (a) NH3, MeOH, 0 °C; (b) Na2CO3,
MeOH; (c) appropriate anhydride or acid chloride, DMAP, CH2Cl2;
(d) acetic anhydride, DMAP, CH2Cl2.

Scheme 2a

a Reagents and conditions: (a) NaBH4, i-PrOH, 60 °C; (b) Ac2O,
DMAP, NEt3.
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Results and Discussion
Newly synthesized compounds 10-16 and 21-23 as

well as previously assayed compounds 1, 9, and 17-20
were then evaluated for affinity at opioid receptors using
methodology previously described (Table 1).36 These
analogues were prepared to give insight as to the nature
of the high affinity and selectivity of 1 for κ receptors.
As shown previously, 1 was found to have high affinity
(Ki ) 1.9 nM) for κ receptors and to have low affinity
for δ receptors (Ki > 10 000).20 Interestingly, 1 was a
partial inhibitor at µ receptors.

Initially, propionyl derivative 920 was prepared to
probe the effects of an additional methyl group on opioid
receptor affinity and selectivity. This also allowed an
avenue to compare our results with previously reported
data. Propionate 9 had similar affinity compared to 1
at κ receptors (Ki ) 1.8 nM vs Ki ) 1.9 nM). To further
explore the role of the 2-position on the affinity and
selectivity of 1 for κ opioid receptors, we made additional
structural modifications. The addition of a methyl group
(10) reduced affinity 10-fold at κ receptors compared to
9 (Ki ) 19 nM vs Ki ) 1.8 nM). Introduction of an alkene
(11) reduced affinity 3-fold for κ receptors compared to
10 (Ki ) 42 nM vs Ki ) 19 nM). Interestingly, this

modification led to an 11-fold increase in affinity at µ
receptors compared to 10 (Ki ) 260 nM vs Ki ) 2,980
nM). The replacement of the 2-methylacryloyl group
with a methyl glyoxyl group (12) resulted in a 10-fold
loss of affinity at κ receptors compared to 11 (Ki ) 430
nM vs Ki ) 42 nM). In addition, this change produced
a loss of affinity for µ receptors (Ki > 10 000 nM).

To further explore the role of the size of the 2-position
substituent, benzoate 13 and nicotinate 14 were syn-
thesized. Introduction of the benzoyl group (13) resulted
in a 47-fold loss of affinity at κ receptors compared to 1
(Ki ) 90 nM vs Ki ) 1.9 nM). Surprisingly, this
modification resulted in a 25-fold increase in affinity at
µ receptors compared to 1 (Ki ) 12 nM vs Ki > 1000
nM) and a 5-fold increase in affinity at δ receptors
compared to 1 (Ki ) 1170 nM vs Ki ) 5790 nM). This
represented to the best of our knowledge the first
neoclerodane diterpene that binds selectively to the µ
opioid receptor. Replacement of the benzoyl group with
a nicotinoyl group (14) resulted in a 6-fold decrease in
affinity at µ receptors compared to 13 (Ki ) 73 nM vs
Ki ) 12 nM) and a 20-fold loss of affinity for κ receptors
(Ki ) 1930 nM vs Ki ) 90 nM).

In an effort to gain more information as to the
structure-activity relationships of 1, we probed ad-
ditional structural changes. Bioisosteric replacement of
the acetyl group with a mesylate group, i.e., 15, resulted
in a compound with similar affinity compared to 1 (Ki
) 2.3 nM vs Ki ) 1.9 nM). The replacement of the acetyl
group with a trimethylsilyl group (16) resulted in an
almost 850-fold loss in affinity at κ receptors compared
to 1 (Ki ) 1610 nM vs Ki ) 1.9 nM). Inversion of
stereochemistry at the C-8 position (17) resulted in a
17-fold loss in affinity at κ receptors compared to 1 (Ki
) 38 nM vs Ki ) 1.9 nM). Diol 18 was found to have
low affinity at µ and κ receptors (Ki ) 5740 nM and Ki
) 3190 nM), whereas 19 was found to have no affinity
for any opioid receptors (Ki > 10 000 nM). Replacement
of the 1-position carbonyl with an R-acetoxy group (20)
resulted in a 370-fold decrease in affinity at κ receptors
compared to 1 (Ki ) 650 nM vs Ki ) 1.9 nM). Substitu-
tion of a trichloroacetimidate (21) resulted in a 34-fold
decrease in affinity for κ receptors compared to 1 (Ki )
64 nM vs Ki ) 1.9 nM). This modification, however, had
little effect on affinity for δ receptors (Ki ) 6470 nM vs
Ki ) 5790 nM). The introduction of a phenylcarbamoyl
group (22) decreased affinity for κ receptors 49-fold
compared to 1 (Ki ) 93 nM vs Ki ) 1.9 nM). However,
this change resulted in an increase in affinity for µ
receptors (Ki ) 16 nM). It would appear, on the basis of
the affinities of 13, 14, and 22 for µ receptors, that the
introduction of an aromatic moiety in the 2-position
increases µ affinity. Compound 22 had the highest
affinity for δ receptors of the series (Ki ) 230 nM).
Finally, the presence of an allylcarbamoyl group in 23
resulted in a 63-fold decrease in affinity at κ receptors
compared to 1 (Ki ) 120 nM vs Ki ) 1.9 nM).

To further explore these developments, 1, 9, 10, 13,
14, 15, and 22 were evaluated for functional activity
using a [35S]GTPγS assay (Table 2).36 As expected, 1 was
found to be an agonist at κ receptors (EC50 ) 40 nM,
Emax ) 120% relative to U50,488H). Interestingly,
propionate 9, isobutyrate 10, mesylate 15, and carbam-
ate 22 were also found to be agonists (Emax ) 110, 105,

Scheme 3a

a Reagents and conditions: (a) trichloroacetonitrile, DBU,
ClCH2CH2Cl, 0 °C; (b) appropriate isocyanate, TMSCl, CH2Cl2.

Table 1. Binding Affinities of Salvinorin A Analogues at
Opioid Receptors Using [125I]IOXY as Radioligand43,44

Ki ( SD, nM selectivity

compd µ δ κ µ/κ δ/κ

1 >1000a 5790 ( 980 1.9 ( 0.2 NDb 3050
9 >1000a 6690 ( 870 1.8 ( 0.1 ND 2730

10 2980 ( 110 >10000 19 ( 2 196 ND
11 260 ( 6 8880 ( 390 42 ( 1 7 210
12 >10000 >10000 430 ( 10 >30 >30
13 12 ( 1 1170 ( 60 90 ( 2 0.13 12
14 73 ( 2 4820 ( 300 1930 ( 50 0.04 3
15 6820 ( 660 >10000 2.3 ( 0.1 2750 >4000
16 >10000 >10000 1610 ( 120 >7 >7
17 >10000 >10000 38 ( 2 >33 >33
18 5740 ( 210 >10000 3190 ( 150 2 >3
19 >10000 >10000 >10000 ND ND
20 >10000 >10000 650 ( 30 >15 >15
21 >10000 6470 ( 310 64 ( 2 >150 95
22 16 ( 1 230 ( 10 93 ( 3 0.2 2
23 640 ( 30 6460 ( 390 120 ( 4 5 55
a Partial inhibitor. b Not determined.
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112, and 103, respectively) at κ receptors. However, 9
and 10 were less potent than 1 (EC50 ) 140 nM and
EC50 ) 360 nM vs EC50 ) 40 nM). Mesylate 15 was
found to be more potent than 1 (EC50 ) 30 nM vs EC50
) 40 nM). Benzoate 13 was found to be 30-fold less
potent as a κ agonist compared to 1 (EC50 ) 1320 nM
vs EC50 ) 40 nM) and to have no agonist activity at δ
receptors. Surprisingly, 13 was found to be an agonist
at µ receptors (EC50 ) 500 nM and Emax ) 130%). This
represents to the best of our knowledge the first example
of a nonnitrogenous µ agonist. This also identifies a new
structural class of µ opioid receptor ligands for further
investigation. Similarly, 14 and 22 were also found to
be µ agonists, but these are not as potent as 13 (EC50 )
2100 nM and EC50 ) 590 nM vs EC50 ) 500 nM).

Compound 1 was further evaluated for its in vivo
opioid receptor activity in mice using three assays,
p-phenylquinone (PPQ) writhing, tail-flick (TF), and hot-
plate (HP) (Table 3).37-39 In the TF and PPQ tests,
potent opioid agonist activity was evident. The ED50
value in the TF and PPQ tests were 1.98 and 0.59 mg/
kg sc, respectively. Interestingly, 1 was more potent
than 2 in the TF but less potent in the PPQ test.
However, 1 was less potent than the κ agonist enado-
line.40 Curiously, significant HP activity was not seen.

A recent report has shown that 1 produces a discrimi-
native stimulus effect similar to the high efficacy κ

agonist U69,593 in nonhuman primates.41 In an effort
to further understand the in vivo pharmacology of these
derivatives, propionate 9 was evaluated for behavioral
effects in nonhuman primates in a pilot study. Prelimi-
nary results indicate that 9 acts behaviorally as a
partial κ agonist. Propionate 9 generalized to U69,593
in only one of two rhesus monkeys tested, up to the
highest dose that could be administered (0.1 mg/kg sc).

Conclusions
Various neoclerodane diterpenes have been prepared

in several steps from salvinorin A (1) isolated from the
dried leaves of Salvia divinorum. Structure-activity
relationship studies have shown that a C-8 hydrogen
in the â position is favored over the R position. Intro-

duction of an aromatic group into the 2 position results
in increased µ opioid receptor affinity. Propionate 9 and
mesylate 15 were found to be selective κ agonists.
Benzoate 13 was identified as the first nonnitrogenous
µ agonist identified to date. The antinociceptive activity
of 1 and 13 are currently under investigation and will
be presented in due course.

Experimental Section
Unless otherwise indicated, all reagents were purchased

from commercial suppliers and are used without further
purification. All melting points were determined on a Thomas-
Hoover capillary melting apparatus and are uncorrected. The
1H NMR spectra were recorded at 300 MHz on a Bruker
Avance-300 spectrometer using CDCl3 as solvent, δ values are
reported in ppm (TMS as internal standard), and 1H resonance
coupling constants, J, are reported in hertz. Thin-layer chro-
matography (TLC) was performed on 0.25 mm plates Analtech
GHLF silica gel plates using n-hexanes/EtOAc, 1:1 as the
solvent system. Spots on TLC were visualized with vanillin/
H2SO4 in ethanol. Column chromatography was performed
with silica gel (32-63 µm particle size) from Bodman Indus-
tries (Atlanta, GA). Elemental analyses were performed by
Atlantic Microlabs, Norcross, GA and were within (0.4% of
the theoretical values. No attempt was made to optimize yields
reported. Absolute stereochemistry has been assigned on the
basis of comparison with previously reported data.42

Ammonolysis of 1. A mixture of NH3 (6 mL of a 7 N
solution in MeOH) and 1 (0.4 g, 1.12 mmol) in absolute MeOH
(100 mL) was stirred at room-temperature overnight. The
resulting precipitate was collected by filtration and washed
with cold n-hexanes (250 mL) and dried to afford 0.2 g of
salvinorin B (8a) as a white solid, mp 211-214 °C (lit.15 mp
213-216 °C). The combined filtrate was evaporated to dryness
under reduced pressure and the residue was subjected to
column chromatography. Eluting in gradient fashion (20%
EtOAc/n-hexanes to 60% EtOAc/n-hexanes) afforded 8a (0.06
g) and 8b (0.06 g) as an oil.

(2S,4aS,6aR,7R,9S,10aS,10bR)-9-Hydroxy-2-(3-furanyl)-
dodecahydro-6a,10b-dimethyl-4,10-dioxo-2H-naphtho-
[2,1-c]pyran-7-carboxylic Acid Methyl Ester (8b). 1H NMR
(CDCl3): δ 1.18 (3H, s, H-19), 1.47 (3H, s, H-20), 1.59-1.66
(3H, m, H-7R, â and H-11â), 1.84 (1H, ddd, J ) 3.0, 3.0, 9.9
Hz, H-6R), 2.11 (1H, dd, J ) 2.4, 10.8 Hz, H-8), 2.21 (1H, s,
H-10), 2.26 (1H, m, H-6â), 2.47 (2H, m, H-3 R, â), 2.55 (1H,
dd, J ) 5.1, 13.5 Hz, H-11 R), 2.84 (1H, dd, J ) 6.9, 9.9 Hz,
H-4), 3.63 (1H, d, J ) 3.3 Hz, OH), 3.75 (3H, s, CO2CH3), 4.13

Table 2. Results from [35S]GTPγS Functional Assay Carried out in Stably Transfected CHO Cells Containing DNA for Human µ, δ,
and κ Receptors

µ δ κ

compd
EC50 ( SD

nM Emax
a

EC50 ( SD
nM Emax

a
EC50 ( SD

nM Emax
a

1 NDb ND ND ND 40 ( 10 120 ( 2
9 ND ND ND ND 140 ( 20 110 ( 2

10 ND ND ND ND 360 ( 50 105 ( 3
13 500 ( 140 130 ( 4 ND ND 1320 ( 150 140 ( 2
14 2100 ( 300 110 ( 5 ND ND 5740 ( 890 76 ( 4
15 ND ND ND ND 30 ( 5 112 ( 4
22 590 ( 50 92 ( 2 2530 ( 380 82 ( 3 480 ( 60 100 ( 3

a Emax is the percentage which compound stimulates binding compared to DAMGO (10 µM) at µ, SNC80 (500 nM) at δ, and (-)-
U50,488 (500 nM) at κ receptors, respectively. b Not determined.

Table 3. Agonist Activity of 1 in Antinociceptive Assays in the Mouse Following Subcutaneous Administration

ED50 (mg/kg)

compd PPQa TFb HPc

1 0.59 (0.024-1.43) 1.98 (1.02-3.82) inactive at 1, 28% at 10,
and inactive at 30

2d 0.23 5.8 0.8
enadolinee 0.0015 (0.0004-0.006) 0.015 (0.003-0.059) 0.01 (0.004-0.04)

a PPQ ) p-phenylquinone writhing test. b TF ) tail flick test. c HP ) hot plate test. d Taken from ref 45. e Taken from ref 40.
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(1H, ddd, J ) 3.2, 7.5, 11.2 Hz, H-2), 5.28 (1H, d, J ) 10.5 Hz,
H-12), 6.39 (1H, dd, J ) 0.9, 1.8 Hz, H-14), 7.40 (1H, dd, J )
1.5, 1.8 Hz, H-15), 7.42 (1H, dd, J ) 0.9, 1.5 Hz, H-16).

(2S,4aS,6aR,7R,9S,10aS,10bR)-9-(Propionyloxy)-2-(3-
furanyl)dodecahydro-6a,10b-dimethyl-4,10-dioxo-2H-
naphtho[2,1-c]pyran-7-carboxylic Acid Methyl Ester (9).
A solution of 8a (0.05 g, 0.13 mmol), propionic anhydride (0.09
g, 0.66 mmol), and a catalytic amount of DMAP in CH2Cl2 (20
mL) was stirred at room temperature overnight. Absolute
MeOH (15 mL) was added and the solvent was removed under
reduced pressure. CH2Cl2 (25 mL) was added to the residue
and the solution was washed with 10% HCl (3 × 20 mL) and
saturated NaCl (3 × 20 mL) and dried (Na2SO4). Removal of
the solvent under reduced pressure afforded 0.04 g (78%) of 9
as a white solid, mp 217-221 °C. 1H NMR (CDCl3): δ 1.12
(3H, s, H-19), 1.18 (3H, t, J ) 7.5 Hz, CH3CH2CO2), 1.46 (3H,
s, H-20), 1.47-1.70 (4H, m, H-6â, H-7R,â and H-11â), 1.80 (1H,
ddd, J ) 3.0, 3.0, 9.9 Hz, H-6R), 2.07 (1H, dd, J ) 3.0, 11.1
Hz, H-8), 2.17 (1H, s, H-10), 2.30 (2H, q, J ) 7.5 Hz, CH3CH2-
CO2), 2.47 (2H, m, H-3R,â), 2.53 (1H, dd, J ) 5.4, 13.2 Hz,
H-11R), 2.76 (1H, dd, J ) 8.1, 8.7 Hz, H-4), 3.73 (3H, s,
CO2CH3), 5.16 (1H, dd, J ) 9.9, 10.5 Hz, H-2), 5.53 (1H, dd, J
) 5.4, 11.7 Hz, H-12), 6.38 (1H, dd, J ) 0.6, 1.8 Hz, H-14),
7.39 (1H, dd, J ) 1.5, 1.8 Hz, H-15), 7.41 (1H, dd, J ) 0.6, 1.5
Hz, H-16). Anal. (C24H30O10‚0.25H2O): C, H, O.

(2S,4aR,6aR,7R,9S,10aS,10bR)-9-(Isobutyryloxy)-2-(3-
furanyl)dodecahydro-6a,10b-dimethyl-4,10-dioxo-2H-
naphtho[2,1-c]pyran-7-carboxylic Acid Methyl Ester (10).
10 was synthesized as described for 9 from 8a using isobutyryl
chloride to afford 0.04 g (62%) of 10 as a white solid, mp 209-
211 °C. 1H NMR (CDCl3): δ 1.13 (3H, s, H-19), 1.24 (3H, d, J
) 6.9 Hz, CH3CH(CH3)CO2), 1.26 (3H, d, J ) 6.9 Hz CH3CH-
(CH3)CO2), 1.46 (3H, s, H-20), 1.52-1.78 (3H, m, H-7R,â and
H-11â), 1.80 (1H, ddd, J ) 3.0, 3.0, 9.9 Hz, H-6R), 2.12 (2H,
m, H-3R and H-8), 2.20 (1H, s, H-10), 2.25-2.35 (2H, m, H-3â
and H-6â), 2.51 (1H, dd, J ) 5.1, 13.2 Hz, H-11R), 2.68 (1H,
sept, J ) 6.9 Hz, CH3CH(CH3)CO2), 2.77 (1H, dd, J ) 8.4, 8.4
Hz, H-4), 3.74 (3H, s, CO2CH3), 5.15 (1H, dd, J ) 9.9, 10.3 Hz,
H-2), 5.52 (1H, dd, J ) 5.3, 11.9 Hz, H-12), 6.39 (1H, dd, J )
0.9, 1.5 Hz, H-14), 7.40 (1H, dd, J ) 1.5, 1.5 Hz, H-15), 7.42
(1H, dd, J ) 0.9, 1.5 Hz, H-16). Anal. (C25H32O8‚0.25H2O): C,
H, O.

(2S,4aR,6aR,7R,9S,10aS,10bR)-9-(2-Methylacryloyloxy)-
2-(3-furanyl)dodecahydro-6a,10b-dimethyl-4,10-dioxo-
2H-naphtho[2,1-c]pyran-7-carboxylic Acid Methyl Ester
(11). 11 was synthesized as described for 9 from 8a using
methacrylic anhydride to afford 0.03 g (56%) of 11 as a white
solid, mp 196-199 °C. 1H NMR (CDCl3): δ 1.15 (3H, s, H-19),
1.47 (3H, s, H-20), 1.50-1.75 (4H, m, H-6â, H-7R,â and H-11â),
1.82 (1H, ddd, J ) 3.0, 3.0, 10.2 Hz, H-6R), 1.99 (3H, s, CH2d
C(CH3)CO2), 2.04-2.21 (2H, m, H-3R and H-8), 2.23 (1H, s,
H-10), 2.40 (1H, m, H-3â), 2.53 (1H, dd, J ) 5.1, 13.5 Hz,
H-11R), 2.80 (1H, dd, J ) 8.4, 8.4 Hz, H-4), 3.75 (3H, s,
CO2CH3), 5.22 (1H, dd, J ) 9.9, 9.9 Hz, H-2), 5.53 (1H, dd, J
) 5.1, 11.7 Hz, H-12), 5.69 (1H, d, J ) 1.5 Hz, H-CHdC(CH3)-
CO2), 6.24 (1H, d, J ) 1.5 Hz, H-CHdC(CH3)CO2), 6.39 (1H,
dd, J ) 0.9, 1.5 Hz, H-14), 7.41 (1H, dd, J ) 1.5, 1.5 Hz, H-15),
7.42 (1H, dd, J ) 0.9, 1.5 Hz, H-16). Anal. (C25H30O8‚
0.25H2O): C, H, O.

OxalicAcid(2S,4aR,6aR,7R,9S,10aS,10bR)-7-Carbometh-
oxy-2-(3-furanyl)dodecahydro-6a,10b-dimethyl-4,10-dioxo-
2H-naphtho[2,1-c]pyran-9-yl Methyl Diester (12). 12 was
synthesized as described for 9 from 8a using methyl chlo-
rooxoacetate to afford (26%) of 12 as a white solid, mp 241-
244 °C. 1H NMR (CDCl3): δ 1.16 (3H, s, H-19), 1.47 (3H, s,
H-20), 1.56-1.81 (4H, m, H-3R, H-6â, H-7â and H-11â), 1.84
(1H, ddd, J ) 3.0, 3.0, 10.1 Hz, H-6R), 2.11 (1H, dd, J ) 3.0,
11.3 Hz, H-8), 2.19 (1H, m, H-7R), 2.22 (1H, s, H-10), 2.46 (1H,
dd, J ) 4.5, 8.1 Hz, H-3â), 2.52 (1H, dd, J ) 5.6, 12.8 Hz,
H-11R), 2.79 (1H, dd, J ) 5.1, 12.0 Hz, H-4), 3.76 (3H, s,
CO2CH3), 3.96 (3H, s, COCO2CH3), 5.26 (1H, dd, J ) 8.5, 11.9
Hz, H-2), 5.54 (1H, dd, J ) 5.1, 11.7 Hz, H-12), 6.39 (1H, dd,
J ) 0.9, 1.5 Hz, H-14), 7.42 (2H, m, H-15 and H-16). Anal.
(C24H28O10‚0.25H2O): C, H.

(2S,4aR,6aR,7R,9S,10aS,10bR)-9-(Benzoyloxy)-2-(3-fura-
nyl)dodecahydro-6a,10b-dimethyl-4,10-dioxo-2H-naphtho-
[2,1-c]pyran-7-carboxylic Acid Methyl Ester (13). 13 was
synthesized as described for 9 from 8a using benzoyl chloride
to afforded 0.06 g (98%) of 13 as a white solid, mp 165-170
°C. 1H NMR (CDCl3): δ 1.18 (3H, s, H-19), 1.47 (3H, s, H-20),
1.50-1.75 (4H, m, H-6â, H-7R,â and H-11â), 1.84 (1H, ddd, J
) 3.0, 3.0, 9.9 Hz, H-6R), 2.11 (1H, dd, J ) 2.4, 10.8 Hz, H-8),
2.26 (1H, s, H-10), 2.47 (2H, m, H-3R,â), 2.55 (1H, dd, J ) 5.1,
13.5 Hz, H-11R), 2.84 (1H, dd, J ) 6.9, 9.9 Hz, H-4), 3.75 (3H,
s, CO2CH3), 5.40 (1H, dd, J ) 9.6, 10.5 Hz, H-2), 5.52 (1H, dd,
J ) 2.1, 11.7 Hz, H-12), 6.39 (1H, dd, J ) 0.9, 1.8 Hz, H-14),
7.40 (1H, dd, J ) 1.5, 1.8 Hz, H-15), 7.42 (1H, dd, J ) 0.9, 1.5
Hz, H-16), 7.48 (2H, dt, J ) 7.2, 7.5 Hz, Ar-m-H), 7.60 (1H, tt,
J ) 1.2, 7.5 Hz, Ar-p-H), 8.09 (2H, dt, J ) 1.2, 7.2 Hz, Ar-o-
H). Anal. (C28H30O8): C, H.

Nicotinic Acid (2S,4aR,6aR,7R,9S,10aS,10bR)-7-Car-
bomethoxy-2-(3-furanyl)dodecahydro-6a,10b-dimethyl-
4,10-dioxo-2H-naphtho[2,1-c]pyran-9-yl Ester (14). 14 was
synthesized as described for 13 from 8a using nicotinoyl
chloride hydrochloride to afford 0.03 (56%) of 14 as a white
solid, mp 200-204 °C. 1H NMR (CDCl3): δ 1.18 (3H, s, H-19),
1.47 (3H, s, H-20), 1.50-1.72 (4H, m, H-6â, H-7R,â and H-11â),
1.84 (1H, ddd, J ) 3.0, 3.0, 9.9 Hz, H-6R), 2.11 (1H, dd, J )
2.4, 10.5 Hz, H-8), 2.27 (1H, s, H-10), 2.49 (2H, m, H-3R,â),
2.54 (1H, dd, J ) 5.1, 13.2 Hz, H-11R), 2.85 (1H, dd, J ) 6.2,
10.7 Hz, H-4), 3.76 (3H, s, CO2CH3), 5.41 (1H, dd, J ) 10.1,
10.1 Hz, H-2), 5.53 (1H, dd, J ) 5.1, 11.7 Hz, H-12), 6.39 (1H,
d, J ) 0.9 Hz, H-14), 7.42 (3H, m, H-15, H-16 and Ar-H), 8.34
(1H, ddd, J ) 1.5, 3.9, 7.8 Hz, Ar-H), 8.82 (1H, ddd, J ) 1.8,
3.9 Hz, Ar-H), 9.27 (1H, d, J ) 1.5 Hz, Ar-H). Anal. (C27H29-
NO8‚0.25H2O): C, H, N.

(2S,4aR,6aR,7R,9S,10aS,10bR)-9-(Methanesulfonyloxy)-
2-(3-furanyl)dodecahydro-6a,10b-dimethyl-4,10-dioxo-
2H-naphtho[2,1-c]pyran-7-carboxylic Acid Methyl Ester
(15). A solution of 8a (0.05 g, 0.13 mmol), methanesulfonyl
chloride (1 mL, 12.9 mmol), and NEt3 (2 mL, 14.3 mmol) in
CH2Cl2 (30 mL) was stirred at room temperature overnight
and then the mixture was washed with saturated NaHCO3

(20 mL) and saturated NaCl (2 × 15 mL) and dried (Na2SO4).
The solvent was removed under reduced pressure. The result-
ing crude solid was purified by column chromatography (eluent
EtOAc/n-hexanes) to afford 0.02 g (32%) of 15 as a white solid,
mp 147-150 °C. 1H NMR (CDCl3): δ 1.14 (3H, s, H-19), 1.47
(3H, s, H-20), 1.50-1.70 (3H, m, H-7R,â and H-11â), 1.81 (1H,
m, H-6R), 2.11 (1H, dd, J ) 2.9, 11.3 Hz, H-8), 2.16 (1H, s,
H-10), 2.19 (1H, m, H-6â), 2.42 (1H, dd, J ) 13.2, 13.2 Hz,
H-3R), 2.50 (1H, m, H-3â), 2.52 (1H, dd, J ) 4.8, 13.2 Hz,
H-11R), 2.75 (1H, dd, J ) 3.6, 13.2 Hz, H-4), 3.25 (3H, s, CH3-
SO2), 3.74 (3H, s, CO2CH3), 5.07 (1H, dd, J ) 8.0, 12.2 Hz,
H-2), 5.55 (1H, dd, J ) 5.1, 11.7 Hz, H-12), 6.41 (1H, dd, J )
0.9, 1.8 Hz, H-14), 7.42 (1H, dd, J ) 1.8, 1.8 Hz, H-15), 7.45
(1H, br d). Anal. (C22H28O9S): C, H, O.

(2S,4aR,6aR,7R,9S,10aS,10bR)-9-(Trimethylsilanyloxy)-
2-(3-furanyl)dodecahydro-6a,10b-dimethyl-4,10-dioxo-
2H-naphtho[2,1-c]pyran-7-carboxylic Acid Methyl Ester
(16). A solution of 8a (0.08 g, 0.20 mmol), NEt3 (0.1 mL, 0.72
mmol), and chlorotrimethylsilane (0.1 mL, 0.79 mmol) in CH2-
Cl2 (30 mL) was stirred at room temperature overnight. The
mixture was washed with saturated NaHCO3 (2 × 10 mL) and
H2O (50 mL) and dried (Na2SO4), and the solvent was removed
under reduced pressure. The resulting crude solid was purified
by column chromatography (eluent EtOAc/n-hexanes) to afford
0.06 g (68%) of 16 as a white solid, mp 197-200 °C. 1H NMR
(CDCl3): δ 0.14 (9H, s, (CH3)3SiO), 1.11 (3H, s, H-19), 1.48
(3H, s, H-29), 1.50-1.73 (3H, m, H-7R,â and H-11â), 1.79 (1H,
ddd, J ) 3.0, 3.0, 10.5 Hz, H-6R), 2.03 (1H, dd, obscured, H-8),
2.06 (1H, s, H-10), 2.10-2.38 (3H, m, H-3R,â and H-6â), 2.57
(1H, dd, J ) 5.1, 10.5 Hz, H-11R), 2.69 (1H, dd, J ) 3.9, 12.9
Hz, H-4), 3.72 (3H, s, CO2CH3), 4.12 (1H, dd, J ) 7.5, 11.7 Hz,
H-2), 5.56 (1H, dd, J ) 5.1, 11.4 Hz, H-12), 6.38 (1H, dd, J )
0.8, 1.7 Hz, H-14), 7.40 (1H, m, H-15), 7.42 (1H, m, H-16). Anal.
(C24H34O7Si): C, H.
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(2S,4aR,6aR,7R,9S,10R,10aS,10bR)-9,10-Diacetoxy-2-(3-
furanyl)dodecahydro-6a,10b-dimethyl-4-oxo-2H-naphtho-
[2,1-c]pyran-7-carboxylic Acid Methyl Ester (20). A so-
lution of 1815 (0.02 g, 0.05 mmol), acetic anhydride (2 mL, 21.2
mmol), NEt3 (4 mL, 28.7 mmol), and a catalytic amount of
DMAP was stirred at room temperature for 3 h. The solution
was then poured into 2 N NaOH (20 mL) and the resulting
mixture was extracted with CH2Cl2 (30 mL). The CH2Cl2

portion was washed with 2N HCl (10 mL) and H2O (2 × 20
mL) and dried (Na2SO4). Removal of the solvent under reduced
pressure afforded a brown oil that was purified by column
chromatography (eluent ethyl acetate/n-hexanes) to afford 0.01
g (60%) of 20 as a colorless oil. 1H NMR (CDCl3): δ 1.19 (3H,
s, H-19), 1.39 (3H, s, H-20), 1.58-1.90 (5H, m, H-6R,â, H-7R,â
and H-11â), 1.99 (3H, s, CH3CO2), 2.01-2.13 (2H, m, H-8 and
H-10), 2.15 (3H, s, CH3CO2), 2.20-2.38 (3H, m, H-3R,â and
H-11R), 2.44 (1H, dd, J ) 5.4, 13.2 Hz, H-4), 3.71 (3H, s,
CO2CH3), 4.77 (1H, m, H-2), 5.47 (1H, dd, J ) 5.6, 11.6 Hz,
H-12), 5.68 (1H, br s, H-1), 6.43 (1H, dd, J ) 0.8, 1.7 Hz, H-14),
7.42 (1H, m, H-15), 7.46 (1H, m,H-16). Anal. (C25H32O9‚
0.25H2O): C, H, O.

(2S,4aR,6aR,7R,9S,10aS,10bR)-9-(2,2,2-Trichloroacet-
imidoyloxy)-2-(3-furanyl)dodecahydro-6a,10b-dimethyl-
4,10-dioxo-2H-naphtho[2,1-c]pyran-7-carboxylic Acid
Methyl Ester (21). A solution of 8a (0.05 g, 0.13 mmol),
trichloroacetonitrile (0.1 mL, 1.0 mmol), and 1,8-diazobicylo-
[5.4.0]undec-7-ene (0.05 mL, 0.3 mmol) in dichloroethane (20
mL) was stirred at 0 °C for 24 h. The reaction mixture was
then washed with saturated NaHCO3 (10 mL) and H2O (10
mL) and dried (Na2SO4). The solvent was removed under
reduced pressure to give a crude oil. The oil was purified by
column chromatography (eluent EtOAc/n-hexanes) to afford
0.02 g (37%) of 21 as a white solid, mp 120-123 °C. 1H NMR
(CDCl3): δ 1.18 (3H, s, H-19), 1.50 (3H, s, H-20), 1.52-1.76
(4H, m, H-7R,â and H-11R,â), 1.85 (1H, ddd, J ) 2.6, 2.6, 10.1
Hz, H-6R), 2.10 (1H, dd, J ) 2.9, 11.6 Hz, H-8), 2.20 (1H, m,
H-6â), 2.24 (1H, s, H-10), 2.35-2.58 (3H, m, H-2 and H-3R,â),
2.80 (1H, dd, J ) 4.1, 12.5 Hz, H-4), 3.75 (3H, s, CO2CH3),
5.34 (1H, dd, J ) 7.7, 12.2 Hz, H-12), 6.40 (1H, dd, J ) 0.9,
1.5 Hz, H-14), 7.41 (1H, dd, J ) 1.5, 1.5 Hz, H-15), 7.43 (1H,
dd, J ) 0.9, 1.5 Hz, H-16), 8.38 (1H, s, NH). Anal. (C23H26Cl3-
NO7‚0.5H2O): C, H, N.

(2S,4aR,6aR,7R,9S,10aS,10bR)-9-(Phenylcarbamoyloxy)-
2-(3-furanyl)dodecahydro-6a,10b-dimethyl-4,10-dioxo-
2H-naphtho[2,1-c]pyran-7-carboxylic Acid Methyl Ester
(22). A solution of 8a (0.06 g, 0.14 mmol), trimethylsilyl
chloride (0.01 mL, 0.08 mmol), and phenylisocyanate (0.1 mL,
0.92 mmol) in CH2Cl2 was stirred at room temperature for 5
d. The reaction mixture was then washed with saturated
NaHCO3 (10 mL) and H2O (10 mL) and dried (Na2SO4). The
solvent was removed under reduced pressure to give a crude
oil. The oil was purified by column chromatography (eluent
EtOAc/n-hexanes) to afford 0.01 g (14%) of 22 as a clear oil.
1H NMR (CDCl3): δ 1.15 (3H, s, H-19), 1.48 (3H, s, H-20),
1.52-1.72 (3H, m, H-7R,â and H-11â), 1.82 (1H, ddd, J ) 2.7,
2.7, 10.2 Hz, H-6R), 2.03-2.20 (1H, m, H-8), 2.22 (1H, s, H-10),
2.24-2.48 (2H, m, H-3R,â), 2.54 (1H, dd, J ) 5.1, 13.5 Hz, H-4),
2.80 (1H, dd, J ) 3.6, 13.2 Hz, H-11R), 3.75 (3H, s, CO2CH3),
5.21 (1H, dd, J ) 7.8, 12.3 Hz, H-2), 5.54 (1H, dd, J ) 5.7,
11.7 Hz, H-12), 6.40 (1H, m, H-14), 6.69 (1H, br s, NH), 6.87
(1H, br s, Ar-H), 7.12 (2H, m, Ar-H’s), 7.28-7.45 (5H, m,
H-14, H-15 and Ar-H’s). Anal. (C28H31NO8‚1.25H2O): C, H,
N.

(2S,4aR,6aR,7R,9S,10aS,10bR)-9-(Allylcarbamoyloxy)-
2-(3-furanyl)dodecahydro-6a,10b-dimethyl-4,10-dioxo-
2H-naphtho[2,1-c]pyran-7-carboxylic Acid Methyl Ester
(23). 23 was synthesized as described for 22 from 8a using
allyl isocyanate to afford 0.01 g (17%) of 23 as a white solid,
mp 196-199 °C. 1H NMR (CDCl3): δ 1.13 (3H, s, H-19), 1.48
(3H, s, H-20), 1.50-1.76 (4H, m, H-6â, H-7R,â and H-11â), 1.80
(1H, ddd, J ) 2.7, 2.7, 9.9 Hz, H-6R), 2.10 (1H, dd, J ) 3.1,
11.1 Hz, H-8), 2.19 (1H, s, H-10), 2.20-2.40 (2H, m, H-3R,â),
2.55 (1H, dd, J ) 5.4, 13.5 Hz, H-4), 2.76 (1H, dd, J ) 3.9,
13.2 Hz, H-11R), 3.74 (3H, s, CO2CH3), 3.84 (2H, dd, J ) 5.4,

5.4 Hz, CH2dCHCH2NH), 4.98 (1H, t, J ) 5.4 Hz, NH), 5.12
(1H, dd, J ) 7.8, 12.3 Hz, H-2), 5.18 (1H, dd, J ) 1.2, 10.2 Hz,
H-CHdCHCH2NH), 5.25 (1H, dd, J ) 1.2, 17.1 Hz, H-CHd
CHCH2NH), 5.54 (1H, dd, J ) 5.4, 11.4 Hz, H-12), 5.86 (1H,
ddt, J ) 5.4, 10.2, 17.1 Hz, CH2dCHCH2NH), 6.40 (1H, dd, J
) 1.5, 1.8 Hz, H-14), 7.41 (1H, dd, J ) 0.9, 1.5 Hz, h-15), 7.43
(1H, dd, J ) 0.9, 1.5 Hz, H-16). Anal. (C25H31NO8‚0.75H2O):
C, H, N.
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