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Salvinorin A ) is a hallucinogenic neoclerodane diterpene isolated from the widely available psychoactiveghlant
dizinorum and is the first example of a non-nitrogenous opioid receptor ligand. At present, there is little information
available as to why this compound is selective #avpioid receptors. One approach to better understanding the mode
of binding of 1 at k receptors is to systematically alter the structurel @nd examine the effects on opioid receptor
affinity and activity. Currently, there is a paucity of methods described for the preparation of analogues derived from
1. Here, we report the investigation of several chemical transformatiofhissofated fromS. dvinorum In particular,

this work provides a semisynthesis of salvinicins & &nd B @) and has identifiedlOa as the first neoclerodane

diterpene withd opioid antagonist activity.

Extracts of the opium poppyRapaver somniferumhave been
used for centuries to relieve pain and to induce ste&mong the

most important constituents in opium are the alkaloids morphine
and codeine. Many of the agonists and antagonists derived from
these alkaloids are essential for the practice of modern medicine.
While many potent agonists are effective analgesics, they have
undesirable side effects, such as tolerance, dependence, and
respiratory depression.

Recently, opioid receptors have been implicated in the actions
of salvinorin A (1), the major active ingredient &abia dizinorum
Epling & Jdiva (Lamiaceae), a hallucinogenic plant that has been

used historically in the traditional practices of the Mazatecs in
Oaxaca, Mexicd-® This finding is unique becausk represents
the only known lipid-like small molecule that selectively and
potently activates a peptidergic G-protein coupled receptor (GPER).
Diterpenel was found to be a high-efficacy agonist feopioid
receptors KOR)8° Thus, 1 provides a truly unique template for

the development of novel agents to attenuate pain with a potential

for reduced abuse liability.
Recently, wé*1and other¥-15 have described the isolation and

synthesis of several novel neoclerodane diterpenes with opioid

receptor activity. Among these compounds were salvinicir?A (
and salvinicin B 8).11 Diterpene2 was identified as a partialOR
agonist, wherea3 was found to be the first neoclerodane diterpene
with 4 antagonist activity. There is a growing body of information
as to why 1 and related analogues have activity at opioid
receptord®11.1317 However, there are few synthetic methods
described for related analogues bf On the basis of previous
reportst®11.1314the C-2 position and furan ring appear to be
important sites for the opioid activity of. Thus, we set out to
develop synthetic transformations bto selectively modify these
sites. Here we describe a concise synthesig ahd 3 from 1, as
well as several selective synthetic transformationg.of

T This work was presented in part at the American Society of Pharma-

cognosy 46th Annual Meeting, July 23uly 27, 2005.

Results and Discussion

Salvinorin A (1) was isolated fronS. divinorum as described
previously’® With 1 in hand, our attention focused on the
preparation of salvinicins A2) and B @). These compounds were
needed on larger scale to further assess their biological activity in
vivo. The reaction ofl with bromine in a mixture of CkCl, and
MeOH at—30°C gave 2,5-dimethoxydihydrofurahin 93% yield
presumably as a mixture afs andtransisomers (Scheme 1§:20
The selective oxidation of theis versustrans isomers of4 with
KMnQ, in a mixture of THF and KO at—10°C afforded a mixture
of salvinicin A (2) and salvinicin B 8).2! These compounds were
readily separated from the unreacteghsisomers of4, and each
other, by flash chromatography using a mixture of EtOAc/hexanes.
Interestingly,3 was preferentially formed ov&in an approximate
3:2 ratio, whereas, in the naturally occurring plahtyas isolated
in higher concentrations thah't

Having successfully synthesizédand 3, we sought to further
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to 1. The reaction ol with NalO, and a catalytic amount of Rugl
3H,0 in a mixture of CCJ, acetonitrile, and KD afforded acidb

in 74% yield?? This transformation allows for the selective removal
of the furan ring.
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Scheme 1

a (i) Bra, MeOH, CHCl,, —30 °C; (i) KMnO4, THF/H,0, —10 °C; (i) RuCls, NalO,, CClyCH,CN/H,0; (iv) NBS, CHCN; (v) Bra, DMF.

The treatment ofl with N-bromosuccinimide in acetonitrile at  that were characteristic for anj-unsaturategt-lactone substructure
room temperature afforded bromofur&a in 38% vyield. In an (6 167.7, 149.7, 132.2). The relative downfield shift observed for
HMBC experiment, H-12 showed correlations to nonprotonated H-14 (Oy 7.46) indicated that this proton wak to the lactone
carbons ab 121.3 and 122.7, providing evidence for placement of carbonyl group afc 167.7. The stereochemical assignment of the
the bromo group at C-16 as proposed in Scheme 1. Longer reactionC-15 bromo group a8 came from a ROESY experiment in which

times led to decomposition df. cross-peaks were observed from H-15 to H-12. Thus, the structure
Interestingly, whenl was reacted with bromine in DMF at 0  of 6b is proposed as depicted in Scheme 1.
°C, 6awas not formed. Rather, dihydrofur& was formed as a Our additional synthetic efforts are described in Scheme 2. The

mixture of C-15c. andp isomers. Isomers were readily separated reaction of salvinorin B {) (prepared froml using previously
by flash chromatography followed by recrystallization. In attempts described methodologipwith 1,1-thiocarbonyldiimidazole (CDI)
to separate the C-15 epimers by column chromatography followed and a catalytic amount of DMAP afforded imidaz@la 63% yield.
by recrystallization, it was observed that one epimer (the @15 The treatment of imidazo@with 2,2-azobis(2-methylpropionitrile)
epimer) rapidly re-converted to a mixture of C-d®ndp epimers (AIBN) and tributyltin hydride in toluene afforded an epimeric
in solution. The structure proposed is based on spectral analysis ofmixture of 9a and 9b in 13 and 28% yield, respectively. Other
the purified epimer (the C-1B epimer),6b, which was the more  attempts to remove the 2-acetoxy groud.iasing either samarium
stable of the two isomers in solution. iodide® or Zn and acetic acid were unsucces3fulo circumvent
The structure o6b was elucidated on the basis of mass spectral this problem, we sought to prepare the C-2 epimef.oft was
and spectroscopic techniques. The HRESIMSfm/z527.0918, envisioned that perhaps tjffeacetoxy group might be more readily

[M + H]*) indicated a molecular formula of,gH,704Br, requiring cleaved using these conditions given the structural similarities to
10 double-bond equivalents. THel NMR spectrum displayed  the diterpene taxd® Thus, the reaction of with acetic acid under
methyl singlets typical of the salvinorin A core} 1.11 (H-19), modified Mitsunobu conditiorf8 afforded acetat&Oain 80% yield.

1.44 (H-20), 2.19 {CH3CO), and 3.73{CO,CHy). In addition, To confirm the inversion of stereochemistry at C-2, theNMR
typical signals for H-2¢ 5.13, dd,J = 8.0, 12.0 Hz), H-4§ 2.74, spectrum ofLlOawas compared td. The change in chemical shift
dd,J = 4.6, 12.2 Hz), and H-14 (6 2.52, dd,J = 5.8, 13.3 Hz) of H-2 for 10aversusl (6 4.85 vs 5.14) and the coupling constants
were observed. As compared fg the aromatic region of the  observed (ddJ = 3.2, 3.2 Hz vs ddJ = 10.0, 10.0 Hz) indicated
spectrum showed significant differences. Only two proton signals that epimerization had occurred at C-2. Based on previous #éfk,
were observed, which was suggestive of substitution on the furanthe absolute stereochemistry dda is as depicted in Scheme 2.
ring. A COSY spectrum indicated that these two protons were Using similar methodology benzoat@bwas also prepared in good
vicinal (6 6.86 and 7.46J,ic = 1.4 Hz). Inspection of th&C NMR yield. However, the reactions d0awith either samarium iodide
spectrum in conjunction with HMBC and HSQC analysis indicated or Zn and acetic acid in attempts to prepa@b were also
that the furan ring was no longer present. However, signals appearedunsuccessful.
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Table 1. Activity of Compounds at Human Opioid Receptors

h«OR [*S]GTP+-S Gu16-hwOR calcium flux cmpd/U69,593 Eratio
cmpd EGo (NM)! Emax (%)° ECso (nM)d Emax (%)° [35S]GTPy-S calcium flux mOR Ke (NM) hoOR Ke (NM)
U69,593 207+ 34h 100+ 15 6.6+ 0.9 100+ 5f
10a 3854 74 104+ 6 6.5+ 1.9 111+ 249 1.9 1.0 3650+ 1970 964+ 220
1 454+ 1200 108+ 4 0.81+0.38 120+ 59 0.2 0.1 >5000 >5000

aThe data represent the meanSEM from 3 or 4 independent experiments for th@©R data and 2 experiments for theando receptors. The
h«OR data in each column were compared by one-way ANOVA and Tukey’s post hoc test performed only if the ANOVA was sighFigant.
= 9.99,P < 0.01.¢Fpg = 0.137,P = NS.9Fp¢ = 7.09,P < 0.05.6Fpe = 5.63,P < 0.05.""Data with different letter superscripts are
different from each other.

Scheme 2 Biological Results

The activity of1 and10aat the kOR was determined using the
[¥5S]GTP#-S binding assay in CHO membrane preparations stably
expressing the 4OR, and these data were compared to those
obtained using the Calcium 3 dye homogeneous assay that detects
the release of internal calcium stores. For the calcium flux assay,
CHO cells stably expressing the promiscuoysp®tein G,16 were
stably transfected with a mammalian vector containing tHem,
resulting in the Gcoupled ROR being coupled to the mobilization
of internal calcium. In keeping with early resulfs1 was a full
agonist at the FOR and more potent than tkeopioid full agonist
U69,593 in the PS]GTP+-S binding assay. Compourida was
also a full agonist, but with a potency similar to U69,593. The
results in the whole cell calcium flux assay paralleled those of the
binding assay except that the &®alues were over 10-fold lower
for all three compounds. This probably reflects a higher degree of
2 receptor reserve in the &6-h«OR cells (Table 1, Figure 1). The
CO,Me ratios of the EG values forl and10ato the U69,593 E€; were
7 10a: Ry = CHg essentially the same in both assays, indicating that the nonradioac-
10b: Ry =Ph tive calcium flux assay is a viable method for determining the
activity of a compound at thed®R. Of interest is that produced
a slight, but significantly higher stimulation of calcium flux than
either 10a or U69,593. This change is similar to what has been
observed from electrophysiological studies on the activation of
h«OR expressed in Xenopus oocyfebut significantly higher
stimulation of calcium flux than eithdraor U69,593. It is possible

1 that1 is recognizing conformations of the®R not bound by either
a (i) (Im),CS, DMAP, CHCI; (ii) AIBN, BusSnH, toluene; (iii) Appropriate 10aor U69,593 and nqt_present in gppremable amounts in the CI—_|O
acid, (2-Py)PPh DBAD, THF; (iv) CrOs, pyridine. cell membranes. Additional experiments are needed to determine

if this is the case. The selectivity dfand10afor the hcOR was
determined by measuring the ability of test compounds to inhibit
stimulated $°S]GTP+/-S binding produced by the selective agonists
'DAMGO [(p-Ala?,MePhé,Gly-olF)enkephalin] (selective fow
opioid receptor) and DPDPE [cycm{Per?,p-Pert]lenkephalin]
(selective ford opioid receptor) using membranes prepared from
CHO cells expressing theuldR or WOR. In keeping with early
work,8 1 was highly selective for thed©R. In contrast10awas
found to have antagonist activity at(Kd/ECso = 9.5) andd (K¢
ECso = 2.5) opioid receptors. This describes the first neoclerodane
diterpene 10a) with ¢ antagonist activity.

In conclusion, we have developed a practical method for the
synthesis of salvinicins A2) and B @) from 1 isolated fromS.
dizinorum In addition, we report useful methodology for the
functionalization ofl. We have shown that reduction of the furan
to a dihydrofuran is feasible. The furan ring may be selectively
removed or halogenated. A three-step procedure for removal of
the acetoxy group has been developed, and inversion of stereo-
chemistry at C-2 has been accomplished. These methods provide
access to the compounds described, as well as to related analogues
that may be used to further study the structtaetivity relationships
of neoclerodane diterpenes at opioid receptors. Finally, we have
identified 10aas the first neoclerodane diterpene witantagonist
activity.

We next focused on oxidizing to the corresponding diketone
using a mixture of chromium trioxide and pyridine in gEl,. To
our surprise, the corresponding diketone was not formed. Instead
dilactonell was formed in 37% yield. In theH NMR spectrum,
signals characteristic of the salvinorin core were observed. Thus,
signals atby 7.43, 7.41, and 6.39 were ascribed to the furan ring.
In addition, signals for H-8 (2.15, dd,= 1.6, 6.1 Hz), H-10 (2.40,
s), H-12 (5.59, ddJ = 2.7, 5.7 Hz), two saturated methyl groups
(0n 1.33 and 1.45), and the methyl ester grodp 8.76) were also
observed. On the basis of these data it was inferred that rings B
and C and the furan ring had remained intact during the oxidation.
Unexpectedly however, a signal @t7.32 (1H, s) was present in
the spectrum.

In the13C spectrum, signals were seen for the furan ring@s.5,
125.5, 139.6, 144.0), the ring C lactone carbonyl graup70.8),
and the C-18 ester group (64.5). Additionally, signals at 123.6
and 148.1 indicative of a double bond were also observed. A signal
characteristic of an ester carbonyl group was also observéd at
166.4. This signal showed HMBC correlations to H-10 and to the
proton atd 7.32. Signals abc 164.5 and 123.6 also showed HMBC
correlations to the proton aly 7.32. Further HMBC analysis
allowed for assignment of the proposed structure. An alternate
structure with the ester group & 166.4 adjacent to the carbon at
Oc 148.1 was also considered on the basis of the HMBC data, but
this was ruled out on the basis of the chemical shifts observed Experimental Section
particularly for H-10. Thus, the structure dfl is proposed as General Experimental ProceduresUnless otherwise indicated, all
depicted in Scheme 2. reagents were purchased from commercial suppliers and were used
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hKOR Functional Assays
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Figure 1. Representative data from th#$]GTP+-S binding and Calcium 3 dye assays. All the compounds displayed greater potency in
the calcium flux assay, suggesting greater receptor/effector coupling indaé«®R CHO cells. BotHl and10awere full agonists in the
[33S]GTP+-S binding assay, antl, but not10a elicited greater calcium stimulation than U69,593 in the calcium flux assay.

without further purification. All melting points were determined on a 5.59 (1H, m); 5.85 (2H, m); HRESIMBvVz[M + NaJ" 551.2080 (calcd
Thomas-Hoover capillary melting apparatus and are uncorrected. The for CysHs40:12Na, 551.2104).
'H NMR and™*C NMR spectra were recorded at 300 MHz on a Bruker  Preparation of Salvinicin A (2) and Salvinicin B (3) from 4. To
Avance-300 spectrometer or on a Bruker AMX-600 spectrometer using a solution of4 (0.27 g, 0.54 mmol) in THF (30 mL) at10 °C under
CDCl; as solventy values in ppm (TMS as internal standard), and nitrogen was added with vigorous stirring KMa@.09 g, 0.54 mmol)
(Hz) assignments ofH resonance coupling. HMBC and HMQC data in H,O (10 mL). The resulting mixture was stirred a0 °C for 30
were collected on the AMX-600 spectrometer. Thin-layer chromatog- min and was then allowed to warm to room temperature and stirred
raphy (TLC) was performed on 0.25 mm Analtech GHLF silica gel for a further 16 h. The mixture was filtered and the residue was washed
plates. Spots on TLC were visualized with vanillin0, in EtOH. with THF (2 x 30 mL). Solvent was removed under reduced pressure,
Column chromatography was performed with silica gel<(83 um affording a cr_ude oil. The crude _0|I was dissolved in _EtOAc (50 mL),
particle size) from Bodman Industries (Atlanta, GA). Elemental analyses and the solution was washed with® (70 mL) and dried (N&5O).
were performed by Atlantic Microlabs, Norcross, GA. DAMGO, Remoyal of solvent L_Jnder reduced pressure afforded a_crud_e mixture.
DPDPE. and U69.593 were obtained via the Research TechnologyThe mixture was subjected to flash chromatography eluting with-50%

' | : : 70% EtOAc/hexanes to affordl (0.03 g, 17%).3 (0.04 g, 27%), and
Branch, NIDA, and were prepared by Multiple Peptide Systems (San i .
Diego, CA). P’S]GTP+-S was obtained from Perkin-Elmer Inc. t’\rlelt/ln;4 (Odll\l/lg)_aComp?ur_](:lz ﬁnds shoyved IMD’ R, '; ;\IMIE °C |
(Boston, MA), and GTP~S and GDP were obtained from Sigma  an Identical with those previously reported for the natura

. . ) diterpenoids previously found i8. dvinorum?*?*
Che_mlcgl Compr_:my (St. Louis, MO). The systematic name for (25 42R 62R, 7R 95,1025, 10bR)-9-(Acetyloxy)dodecahydro-6a, -
salvinorin A () is (254aR,6aR,7R,9S10&5100R)-9-(acetyloxy)-2- ’ ; -
(furan-3-yl)dodecahydro-6a,10b-dimethyl-4, 10-diosé-Baphtho[2, 1- 10b-dimethyl-4,10-dioxo-H-naphtho[2,1-c]pyran-2,7-dicarboxyl-
- R ’ ’ ic acid 7-methyl ester (5).A solution of 1 (0.10 g, 0.23 mmol) in

c]pyran-?-carpoxyllc-aCId mfe"[hyl ester. ) CCly/CHsCN/HO (2:2:3, 7 mL) was stirred at room temperature. To

Plant Material. Dried S. dvinorumleaves were purchased in May  the solution was added Nal@0.75 g, mmol) followed by a catalytic
2004 from Ethnogens.com (Berkeley, CA). Voucher specimens were amount of RuG3H,0. The mixture was stirred vigorously at room
deposited at the Ada Hayden Herbarium, lowa State University, Ames, temperature fol h and then filtered through a pad of Celite. The Celite
IA, Voucher #437081. pad was washed with EtOAc (50 mL), and the organic layer was

Isolation of 1. Dried S. dwinorum leaves (1.5 kg), obtained collected. The organic layer was washed with saturated NaH3®
commercially from ethnogens.com, were ground to a fine powder and mL), and the aqueous layer was collected. The aqueous layer was then
percolated with acetone. The acetone extract was concentrated undeacidified with 2 N HCI (50 mL) and extracted with EtOAc (50 mL).
reduced pressure to afford a crude green gum, which was subjected toThe organic extract was washed with@(2 x 30 mL), dried (Na-
repeated column chromatography on silica gel with elution using a SQy), filtered, and concentrated under reduced pressure to yield 0.70 g
mixture of EtOAc/hexanes to afford (TLC) and other minor (74%) of 5 as a white solid, mp 144146.5°C: *H NMR (CDCl;) 6
diterpenes. The melting point add NMR and*3C spectra ofl were 1.07 (3H, s); 1.37 (3H, s); 1.62 (4H, m); 2.13 (2H, m); 2.19 (3H, s);

in agreement with previously reported data. 2.30 (2H, m); 2.38 (1H, s); 2.59 (1H, dd= 6.6, 13.5); 2.85 (1H, dd,
(2S,4eR,62R, 7R,9S,10aS,10bR)-9-(Acetyloxy)-2-(2,5-dimethoxy- J=16.0, 11.4); 3.72 (3H, s); 5.01 (1H, dd,= 6.9, 10.2); 5.28 (1H,

2,5-dihydrofuran-3-yl)-dodecahydro-6a,10b-dimethyl-4,10-dioxo- ~ dd,J = 9.3, 10.8); 5.78 (1H, br s}}*C NMR (CDCk) 6 15.9, 16.5,

2H-naphtho[Z’1.C:|pyran-7_carboxy||c acid methy| ester (4) A 183, 209, 308, 354, 378, 388, 422, 501, 522, 532, 637, 736,

solution of bromine (0.075 mL, 1.46 mmol) in MeOH (1 mL) was /5.7, 170.8, 171.1, 171.9, 172.9, 202.3; HRESIM& [M + H]*
added in a dropwise manner to a solutionld®.25 g, 0.59 mmol) in 411.1672 (calcd for gH270,, 411.1655).

a mixture of CHCI, (50 mL) and MeOH (2 mL) at=30 °C. The (2S,4aR,6aR,7R,9S,10aS,10bR)-9-(Acetyloxy)-2-(2-bromofuran-
mixture was allowed to stir at30 °C for 1 h and was quenched by  3-yl)dodecahydro-6a,10b-dimethyl-4,10-dioxo42-naphtho[2,1<]py-

the addition of saturated NaHGQL.00 mL). The layers were separated, ran-7-carboxylic acid methyl ester (6a) A solution of1 (0.10 g, 0.23

and the organic layer was collected, washed with saturated NgHCO mmol) andN-bromosuccinimide (0.46 g, 0.25 mmol) in acetonitrile
(50 mL) and HO (70 mL), and dried (N&Qy). Removal of the solvent (40 mL) was stirred at room temperature for 2.5 h. Solid®@; (0.30
under reduced pressure afforded a white foam. The foam was purified g) was added and the mixture stirred at room temperature for 5 min.
by flash column chromatography (eluent: EtOAc/hexanes, 60%) to give The reaction mixture was filtered to remove solid ,88; and
0.27 g (93%) of4 as a colorless oil*H NMR (CDCls) 6 1.10 (3H, s); concentrated under reduced pressure. The crude product was purified
1.40 (3H, s); 1.56 (2H, m); 1.68 (1H, dd= 2.7, 12.6); 1.78 (1H, dd, by flash column chromatography (eluent: hexanes/EtOAc, 2:3) to yield
J=2.7,9.9); 2.03 (1H, dd] = 2.7, 11.4); 2.13 (1H, m); 2.17 (3H, s);  0.45 g (38%) oBaas a white solid, mp 174174°C: 'H NMR (CDCls)

2.17 (1H, s); 2.30 (2H, m); 2.47 (1H, m); 2.75 (1H, dd= 5.6, 10.9); 6 1.14 (3H, s); 1.49 (3H, s); 1.62 (3H, m); 1.82 (1H, dd= 3.5,
3.39 (3H, ddJ = 1.4, 2.0); 3.44 (3H, m); 3.73 (3H, s); 5.14 (2H, m);  10.6); 2.17 (3H, s); 2.18 (2H, m); 2.31 (3H, m); 2.41 (1H, des 5.1,
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13.5); 2.78 (1H, ddj = 8.4, 8.4); 3.75 (3H, s); 5.14 (1H, dd= 9.6,
10.5); 5.45 (1H, ddJ = 5.4, 12.0); 6.40 (1H, d] = 2.1); 7.44 (1H, d,
J = 2.4);13C NMR (CDCk) ¢ 15.0, 16.4, 18.1, 20.5, 30.7, 35.5, 38.2,
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mmol), diphenyl-2-pyridylphosphine (0.20 g, 0.77 mmol), and acetic
acid (0.12 mL, 2.05 mmol) was dissolved in anhydrous THF (15 mL)
under an argon atmosphere. To this solution was addeertli-

42.2,42.8,51.6,52.0,53.6, 63.9, 71.9, 75.0, 110.75, 121.3, 122.7, 144.6 putylazodicarboxylate (DBAD) (0.18 g, 0.77 mmol) in one portion,
170.0, 170.9, 171.5, 201.8; HRESIM$z [M + H]* 511.0947 (calcd and the mixture was stirred for 18 h at 80. The solvent was removed
for CaaH2g05Br, 511.0968). under reduced pressure, and the residue was dissolved in dichlo-
(2S,4aR,6aR,7R,9S,10a5,10bR)-9-(Acetyloxy)-2-(5-bromo-2-oxo- romethane (25 mL). The Gi€l, portion was washed wit4 M HCI (2
2,5-dihydrofuran-3-yl)dodecahydro-6a,10b-dimethyl-4,10-dioxo-3- x 25 mL) and saturated NaCl (25 mL) and dried §8@,). Removal
naphtho[2,1c]pyran-7-carboxylic acid methyl ester (6b).A solution of the solvent under reduced pressure afforded a crude residue. Flash
of 1 (0.10 g, 0.23 mmol) in DMF (40 mL) was cooled to°C in an column chromatography (eluent: EtOAc/hexanes, 3:7) gave 0.18 g
ice bath. A solution of Brin DMF was prepared by dissolving 1 mL  (80%) of 10aas a white crystalline solid, mp 23216 °C; *H NMR
of Broin 9 mL of DMF. A 0.1 mL portion of this solution was added  (CDCl) 6 1.10 (3H, s); 1.28 (1H, dd] = 6.0, 14.1); 1.45 (1H, m);
over 10 min to the stirring solution df and stirred for 20 min. An 1.46 (3H, s); 1.64 (2H, m); 1.80 (1H, dd= 3.0, 9.9); 2.10 (1H, m);
additional 0.05 mL of the Brsolution was added over 2 min, and the  2.13 (3H, s); 2.18 (1H, ddd] = 3.3, 3.3, 15.0); 2.34 (1H, ddd,=
reaction was allowed to warm to room temperature and stirred for 1 h. 3.3, 13.0, 15.6); 2.45 (1H, dd,= 5.1, 13.5); 2.54 (1H, s); 2.90 (1H,
The mixture was diluted with 0 and extracted with ED (2 x 20 dd,J= 3.6, 13.2); 3.71 (3H, s); 4.85 (1H, dd= 3.2, 3.2); 5.54 (1H,
mL). The combined organic extracts were then driec.8), filtered, dd,J=5.1, 11.7); 6.38 (1H, ddl = 1.4, 1.7); 7.40 (2H, m)}3C NMR
and concentrated under reduced pressure to yield a crude oil. The 0il(CDCl;) 6 15.4, 16.3, 18.3, 21.2, 31.1, 35.2, 38.8, 43.2, 43.6, 51.1,
was purified by flash column chromatography (eluent: EtOAc/hexanes, 51.5, 52.1, 61.9, 72.3, 76.6, 108.5, 125.7, 139.4, 143.9, 169.6, 171.4,
1:1) to give 0.042 g (34.3%) db as a white solid, mp 128130.5°C 172.4, 204.6anal. C 63.63%, H 6.59%, O 29.70%, calcd fogz8,¢0s,
(EtOAc/hexanes)H NMR (CDCl) 6 1.11 (3H, s); 1.44 (3H, s); 1.57 C 63.88%, H 6.53%, O 29.60%.
(1H, s); 1.64 (3H, m); 1.80 (1H, m); 2.+2.20 (2H, m); 2.19 (3H, s); (2S,4aR,6aR,7R,9R,10aS,10bR)-9-(Benzoyloxy)-2-(3-furanyl)-
2.31 (2H, m); 2.52 (1H, dd) = 5.8, 13.3); 2.74 (1H, ddJ = 4.6, dodecahydro-6a,10b-dimethyl-4,10-dioxo42-naphtho[2,1c]pyran-
12.2); 3.73 (3H, s); 5.13 (1H, dd,= 8.0, 12.0); 5.41 (1H, dd) = 7-carboxylic acid methyl ester (10b). 10lwas synthesized as described
5.7,11.7); 6.86 (1H, dd] = 1.4, 3.9); 7.46 (1H, d) = 1.4, 5.1);°C for 10afrom 7 using benzoic acid to afford 0.19 g (75%) 1db as a
NMR (CDCls) ¢ 14.0, 15.9, 18.4, 20.6, 31.1, 36.0, 38.0, 40.1, 41.7, white crystalline solid, mp 223225 °C: 'H NMR (CDCl) 6 1.13
51.6,52.7,53.3, 64.5, 72.0, 74.0, 75.2, 132.2, 149.7, 167.7, 170.1, 170.5(3H, s); 1.40 (1H, ddJ = 11.6, 13.1); 1.50 (3H, s); 1.64 (2H, m); 1.84
171.9, 201.0; HRESIM&Vz[M + Na]" 549.0708 (calcd for GH»70s- (1H, dd,J = 2.9, 11.3); 2.10 (2H, m); 2.37 (1H, ddd,= 3.0, 4.2,
BrNa, 549.0736). 12.3); 2.45 (1H, m); 2.50 (1H, m); 2.62 (1H, s); 3.01 (1H, de; 4.4,
(2S5,48R,6aR,7R,9S,10a5,10bR)-9-(Imidazole-1-carbothioyloxy)- 12.5); 3.73 (3H, s); 5.00 (1H, dd,= 3.0, 3.0); 5.52 (1H, dd] = 4.7,
dodecahydro-6a,10b-dimethyl-4,10-dioxo42-naphtho[2,1-c]pyran- 11.4); 6.32 (1H, ddJ = 0.8, 2.0); 7.32 (1H, m); 7.36 (1H, dd,= 1.8,
7-carboxylic acid methyl ester (8).A solution of 7 (0.14 g, 0.36 1.8); 7.50 (2H, m); 7.65 (1H, tf] = 1.6, 7.5); 8.03 (2H, m)}*C NMR
mmol), 1,I-thiocarbonyldiimidazole (0.19 g, 1.07 mmol), and a (CDCk) 6 15.6, 16.2, 18.3, 31.3, 35.2, 38.9, 43.4, 43.6, 51.4, 51.4,
catalytic amount of DMAP in CkCl, (30 mL) was stirred at room 52.1,61.8,72.2,77.5, 108.5, 125.7, 129.0, 129.0, 129.9, 134.1, 139.3,
temperature for 3 h. The solvent was removed under reduced pressurel43.8, 165.4, 171.4, 172.2, 204&8al. C 67.85%, H 6.14%, O 25.70%,
to yield a crude solid. The solid was purified by flash column calcd for GgH30Os, C 68.00%, H 6.11%, O 25.88%.
chromatography (eluent: EtOAc/hexanes, from 50 to 65% EtOAc) to  (4aR,6aR,9S,10aS,10bR)-9-(3-Furyl)-4a,10a-dimethyl-1,7-dioxo-
give 0.12 g (64%) oB as a white solid, mp 267208 °C: H NMR 5,6,6a,7,9,10,10a,10b-octahydra-l4aH-pyrano[3,4-flisochromene-
(CDClg) 6 1.18 (3H, s); 1.48 (3H, s); 1.66 (3H, m); 1.87 (1H, dd= 4-carboxylic acid methyl ester (11) A solution of chromium trioxide
2.5,10.0); 2.18 (2H, m); 2.30 (1H, s); 2.53 (3H, m); 2.87 (1H, He; (0.15 g, 1.53 mmol) and pyridine (0.25 mL) in GEl, (30 mL) was
3.3, 12.3); 3.76 (3H, s); 5.50 (1H, dd= 4.3, 10.8); 5.88 (1H, dd] stirred at room temperature for 15 min. A solution70.10 g, 0.26
=7.2,10.8); 6.39 (1H, dd] = 0.9, 1.8); 7.08 (1H, dd]) = 0.6, 1.8); mmol) in CHCl, (10 mL) was added in one portion and stirred at
7.41 (1H, br dJ = 1.5); 7.44 (1H, m); 7.67 (1H, 1= 1.2); 8.39 (1H, room temperature for 48 h. A second portion of @(0.30 g, mmol)
s); anal. C 59.92%, H 5.67%, O 22.25%, calcd fopsH2sN-07S, C and pyridine (0.5 mL), prepared as before, was then added to the
59.99%, H 5.64%, O 22.37%. mixture and stirred at room temperature for 16 h and filtered. The filtrate
Preparation of 9a and 9b from 8. A solution of 8 (0.30 g, 0.60 was washed wit 2 N NaOH (20 mL) 2 N HCI (30 mL), and water
mmol), AIBN (0.02 g, 0.12 mmol), and B8nH (0.52 g, 1.78 mmol) (30 mL), dried (NaSQy), filtered, and concentrated under reduced
in toluene (30 mL) was heated at reflux overnight. The reaction mixture pressure to yield a brown solid. The solid was purified by flash column
was concentrated under reduced pressure to yield a crude solid. Thechromatography (eluent: EtOAc/hexanes, 3:10) to give 0.03 g (37%)
solid was purified by flash column chromatography (eluent: EtOAc/ of 11 as a white solid, mp 274273 °C (EtOAc/hexanes)!H NMR
hexanes, 10:3) to give 0.03 g (13%)@d as a white solid and 0.09 g (CDCl) 6 1.33 (3H, s); 1.45 (3H, s); 1.56 (1H, s); 1.69 (2H, m); 2.15
(28%) of 9b as a white solid. (1H, dd,J = 1.6, 6.1); 2.20 (2H, m); 2.43 (1H, s); 2.72 (1H, dt=
(2S,4aR,6aR,7R,10a5,10bR)-Dodecahydro-6a,10b-dimethyl-4,10- 3.0, 13.8); 2.93 (1H, dd] = 5.4, 13.5); 3.76 (3H, s); 5.59 (1H, dd,
dioxo-2H-naphtho[2,1<]-pyran-7-carboxylic acid methyl ester (9a): = 2.7,5.7); 6.39 (1H, ddJ = 0.6, 1.8); 7.32 (1H, s); 7.41 (1H, dd,
mp 224-226°C (EtOAc/hexanes)H NMR (CDCl;) 6 1.13 (3H, s); = 1.5, 1.8); 7.43 (1H, ddJ = 0.6, 1.5);*3C NMR (CDCk) ¢ 14.7,
1.41 (3H, s); 1.52 (2H, m); 1.69 (2H, m); 2.03 (2H, m); 2.14 (1H, s); 18.1, 21.2, 34.2, 35.7, 37.2, 43.8, 51.3, 52.0, 56.3, 72.0, 108.5, 123.6,
2.27 (3H, m); 2.47 (1H, m); 2.68 (2H, m); 3.71 (3H, s); 5.54 (1H, dd, 125.5, 139.6, 144.0, 148.1, 164.5, 166.4, 170.8; HRESHVIGM +
J=4.8,11.7); 6.39 (1H, dd] = 0.6, 1.5); 7.40 (1H, dd] = 1.5, 1.8); H]+ 375.1455 (calcd for §H2507, 375.1444).
7.42 (1H, dd,J = 0.6, 1.8);3C NMR (CDCk) 6 15.5, 17.7, 24.6, Intrinsic Activity at Human « Opioid Receptors.Test compounds
25.2, 34.0, 34.7, 41.7, 41.9, 45.7, 48.8, 51.7, 55.0, 66.3, 70.3, 108.7,were assayed for their ability to stimulat&J]GTP+/-S binding in CHO
123.9, 139.8, 143.7, 173.5, 174.0, 208.7; HRESIM& [M + H]* cell membrane homogenates expressing the hw@d) or to stimulate
375.1805 (calcd for EH»706, 375.1808). the mobilization of internal calcium via opioid receptors coupled to
(2S,4aS,6aR,7R,10aS,10bR)-Dodecahydro-6a,10b-dimethyl-4,10- the promiscuous gprotein G16 expressed in CHO cells (Molecular
dioxo-2H-naphtho[2,1-c]-pyran-7-carboxylic acid methyl ester (9b): Devices Corporation, Sunnyvale, CA) (see below). Fe8]GTP+-S
mp 158-160°C (EtOAc/hexanes)H NMR (CDCl) ¢ 1.10 (3H, s); binding, seven or eight different concentrations of test compound were
1.44 (2H, m); 1.58 (3H, s); 1.84 (1H, m); 1.98 (2H, m); 2.15 (1H, m); assayed in triplicate in 1.4 mL polypropylene tubes (Marix Technolo-
2.19 (1H, s); 2.27 (2H, m); 2.44 (3H, m); 2.67 (1H, dd+= 3.3, 12.6); gies, Hudson, NH) in 96-well format. The subtype selective agonists
3.68 (3H, s); 5.27 (1H, dd] = 1.8, 12.0); 6.38 (1H, dd] = 0.6, 1.8); (p-Ala?,MePhé,Gly-olF)enkephalin (DAMGOuOR), (o-Perf,p-Per?)-
7.39 (1H, dd,J = 1.5, 1.8); 7.44 (1H, dd) = 0.6, 1.5);'3C NMR enkephalin (DPDPE)OR), and U69,593OR) were run as positive
(CDCly) 6 15.2. 16.6, 18.3, 25.3, 35.5, 38.3, 41.6, 41.8, 43.9, 51.7, controls as appropriate. The membranes were incubated with positive
51.9, 55.9, 66.3, 72.2, 108.5, 125.8, 139.4, 143.8, 171.7, 173.2, 208.6;control or test compound, 0.1 nM*§]GTP+-S and 1uM GDP in 50
HRESIMSm/z [M + H]* 375.1760 (calcd for §H»70s, 375.1808). mM HEPES buffer (pH 7.4) at room temperature for 1 h, after which
(2S,4aR,6aR,7R,9R,10aS,10bR)-9-(Acetyloxy)-2-(3-furanyl)- bound radioligand was separated from free via rapid vacuum filtration
dodecahydro-6a,10b-dimethyl-4,10-dioxo42-naphtho[2,1-c]pyran- over GF-B filters with a Brandel Scientific (Gaithersburg, MD) 96-
7-carboxylic acid methyl ester (10a).A mixture of 7 (0.20 g, 0.51 well harvester. Bound radioactivity was determined using a TopCount
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12-detector instrument (Packard Instruments) using standard scintillation (2) Stein, C.; Schafer, M.; Machelska, Nat. Med.2003 9, 1003-8.

counting technigues. The data were normalized to samples containing (3) Valdes, L. J., Ill; Butler, W. M.; Hatfield, G. M.; Paul, A. G.;
vehicle (basal binding). Koreeda, M.J. Org. Chem1984 49, 4716-4720.

Apparent Affinity ( Ke) at Human u and 6 Opioid Receptors.The (4) valdes, L. J., Ill; Diaz, J. L.; Paul, A. Q. Ethnopharmacol1983
ability of a single concentration of test compound to shift the agonist 7,287-312.
dose-response curve to the right was used to determinkdtéssay (5) Siebert, D. JJ. Ethnopharmacol1994 43, 53-56.
conditions were identical to that for the determination of intrinsic ~ (6) Roth, B. L.; Baner, K.; Westkaemper, R.; Siebert, D.; Rice, K. C.;
activity except that the final GDP concentration wagd\d. The EGo's Steinberg, S.; Ernsberger, P.; Rothman, RPRic. Natl. Acad. Sci.
were calculated from a three-parameter logistic curve fit to the data U.S.A.2002 99, 11934-11939.
with Prism (version 4.0, GraphPad Software, Inc., San Diego, CA).  (7) Sheffler, D. J.; Roth, B. LTrends Pharmacol. Sc2003 24, 107~
Agonist dose-response curves were run in the presence or absence of 109.
a single concentration of test compound. Kaevalues were calculated (8) Chavkin, C.; Sud, S.; Jin, W.; Stewart, J.; Zjawiony, J. K.; Siebert,
using the formulae = [L)/[(A '/A) — 1)], where [L] is the concentration D. J,; Toth, B. A.; Hufeisen, S. J.; Roth, B. [l. Pharmacol. Exp.
of antagonist and Aand A the agonist EG value in the presence or Ther.2004 308 1197-1203.

absence of antagonist, respectively. (9) Wang, Y.; Tang, K.; Inan, S.; Siebert, D.; Holzgrabe, U.; Lee, D.

Calcium Flux Assay.«<OR activation was also assayed in CHO cells Y.; Huang, P.; Li, J. G.; Cowan, A,; Liu-Chen, L. . Pharmacol.
stably expressing s (Molecular Devices, Sunnyvale, CA) and the Exp. Ther.2005 312, 220-230.
h«OR (University of Missouri CDNA Resource Center). The Calcium ~ (10) Harding, W. W.; Tidgewell, K.; Byrd, N.; Cobb, H.; Dersch, C. M.;
3 dye assay (Molecular Devices) was used and carried out according Egé‘g'n;gna%g'j‘%(’lmman' R. B.; Prisinzano, T.JEMed. Chem.
to manufacturer’s specifications. Briefly, the cells were plated in HAM’s T o . . . .
F-12 medium with 10% FBS, 200g/mL hygromycin, and 40g/ (11) Ha}rdmg, W. W.., T|dgewe||, K Schmidt, M.; Shgh, K.; Dersch, C. .
mL Geneticin at 30 000 cells/well in 96-well black clear-bottom plates :\3/' _Snyder,TJ.I,E gar”ih’tt 3602‘3750;'3;“7830%6 R.; Rothman, R. B.;
(Corning, Corning, NY) and incubated at 3, 5% CQ overnight. (12) n/[LSr:?éaQO'A ; Rizzrg;:asea'M Al i\lat Prod 20'03 66 703-705
Activation of the ROR via test compounds was assessed the next day. (13) Munro’ T'A"'Rizzacasa 'M 'A '.Roth' B.L "Toth B’A “van J:
On the day of assay, the culture medium was removed and the cells Med C’he.mEOOS 48 345—3'48” T o o
washed once in 10@L of HBSS buffer containing 0.78 mg/mL ‘ ' '

- ” (14) Beguin, C.; Richards, M. R.; Wang, Y.; Chen, Y.; Liu-Chen, L. Y ;
probenicid, followed by the addition of 1Qd. of HBSS buffer plus Ma, Z.; Lee, D. Y.; Carlezon. W. A., Jr.. Cohen, B, Bioorg. Med.

probenicid and 10@L of Calcium 3 dye (diluted 1:1 with HBSS). -

The cells were incubated with the dye at°€for 1 h. Test compounds (15) (EgeemD. lft_tﬁﬂofszl_?_’ifgﬁe?fsy :Wang, Y.: Chen, Y.; Carlezon

were evaluated using seven different concentrations run in duplicate. W. A. Jr- Cohen. BBioorg.’M.ed..’Chem‘ZO(.)'E 13 5635-5639.

These were added to cells at final concentration in HBSS/probenicid (16) Lee D.Y.W. Kamnati. V. V. R.: He. M. Liu-Chen. L.-Y - Kondaveti

containing 1.25% DMSO (0.25% final concentration). The effect of L: Ma. Z- Wang Y- Chen. V.- I’Beghin CBioo’rg. Med. Chem.

test compound on internal calcium mobilization was determined with Lett. 2(’)05'15’ 3744-3474. '

a FlexStation I 384 (Molecular Devices) set for bottom read with 485 (17) | ee D. v.: He, M.; Kondaveti, L.; Liu-Chen, L. Y.; Ma, Z.: Wang,

nm excitation and 525 nm emission wavelengths with a 515 nm Y.; Chen, Y.: Li, J. G.; Beguin, C.: Carlezon, W. A., Jr.; Cohen, B.

emission cutoff. Data were captured using SoftmaxPro (Molecular Bioorg. Med. Chem. LetR005 15, 4169-4173.

Devices) and max-min used to calculate the change in fluorescence (1g) Tidgewell, K.; Harding, W. W.; Schmidt, M.; Holden, K. G.; Murry,

intensity. ) D. J.; Prisinzano, T. EBioorg. Med. Chem. LetR004 14, 5099~
Data Analysis.Data are reported as the mearSEM from at least 5102.

three separate experiments. Prism was also used to run the one-way (19) Fakstorp, J.: Raleigh, D.; Schniepp, L.EAm. Chem. Sod.95Q

ANOVA and post hoc tests on thec®R data. 72, 869-874.

. . (20) Gagnaire, D.; Vottero, MBull. Soc. Chim. Fr1963 2779-2884.
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