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The neoclerodane diterpene salvinorin)\yas isolated in 1982  Scheme 1. Synthesis Plan for Salvinorin A (1)
from the rare mintSabia dizinorum, indigenous to Oaxaca, 0
Mexicol Recent efforts established salvinorin A as a potent and
selectivex opioid receptor agonist, the only non-alkaloid psycho-
active substance, and the most potent naturally occurring hal-
lucinogen? As a result of its therapeutic potential, renewed isolation 2
efforts have discovered a number of related salvinorin congéners,
and a number of analogues afhave been prepared by semi-
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Construction of the tricyclic salvinorin core is predicated on the
proposed transannufaMichael reaction cascatleof bisenone —
macrocycle3 (Scheme 1). Conformational analysif 3 leads to BOMO., CHO.  otes Bovo,
a prediction wherein the resident stereocenters,al’q; and G ’ u\/'\/cozm
should mutually reinforce the desired stereochemical course of the 42 2T
reaction. This plan permits the convergent assembly of vinyl iodide
4 and aldehydeb, which can be prepared through established Scheme 2. Aldehyde Fragment Synthesisa

GHIOMe);  § CH(OMe): 3

methods. Me

The synthesis of aldehydebegan with the Ni(ll}-(R)-BINAP- \ S \/\)j\ X coga
catalyzed orthoester alkylatibiof thiazolidinethione, followed 8% MeO)HG 65% (MeO)zHC
by a subsequent Claisen condensation with ethyl hydrogen mal- 94% ee eh J 56%
onaté to give -ketoester7 (Scheme 2). Selective formation of R Me OTBS Me OTBSO 8
the ©)-enol phosphate permitted an Fe-catalyzed cross-coupling A S coMe _ K X )]\
with methylmagnesium chlorid®to furnish trisubstituted olefin 2z (ESH(SOMe) "1 90% GHOMe), 10 \_/
8. Reduction to the unsaturated aldehyde then allowed a selective p_ ., o, o ? dr=6:1 dr=9:1 P
aldol addition of acetate-derived chiral auxilig@y>12The derived Me OTBS o s
allylic alcohol was protected as thert-butyldimethylsilyl (TBS) kn /”\/\/K/\/COZMe MQJKN)LS 9
ether10. After revealing the terminal aldehyde, an)¢N-methyl- 70% BOMO  CH(OMe), -,
ephedrine-mediated zinc acetylide additfyprovided propargylic 5 HPr

alcohol 11 in good diastereoselectivity. Alcohol protection as the ~ #Conditions: (a) Ni-R-BINAP(OTf),, 2,6-lutidine, BsOEt, HC(OMe};
BOM ether was uniquely effected using NaHMDS and BOMCl at (P) HO:CCH.CO:EL, i-PrMgCl, 65 °C; (c) LIHMDS; CIPO(OEY; (d)
low temperature under Barbier conditiol{sSemi-hydrogenation Fe(acaq) MeMgCl, ~20 *C; (€) DIBAL-H, —78 °C; () MO (g)

8 . i . ! Sn(OTfy, N-ethylpiperdine9, —78°C; (h) TBSOTT, 2,6-lutidine; (i) KCOs,
dihydroxylation!® and oxidative cleavage furnished fragmént MeOH: (j) OsQ, NMO: NalOy; (k) Zn(OTf), (—)-N-Me-ephedrine, BN,

The synthesis of vinyl iodide4 employed an asymmetric  4-phenyl-1-butyne; (I) BOMCI, NaHMDS:-78 °C; (m) Lindlar catalyst,
reduction of ketond 2 using R)-B-Me-oxazaborolidene as catafifst ~ Hzi (n) K20sQy, NMO, citric acid, 50°C; Pb(OAc), KoCOs.
to afford alcoholl3 (Scheme 3). Alkyne isomerizatidhof 13 to
14 preceded carboaluminatitrand TES-silyl ether protection.

In the coupling event, chelate-controlled addition of the Grignard
reagent derived frord to aldehyde5 afforded allylic alcoholl5 4 85% /\QO 77% \/\Co 68%
(Scheme 4). A series of protecting group manipulations provided Me ! 13
seco-acid16, subsequent macrolactonization using the Shiina . (Z%;_;_Me_CBS catalyst, BEMesS, ~30°C: (b) KH
proceduré? desilylation, and_OX|dat|on afforded macrocyc_?»e HaN(CHo)sNHs, 0 °C: () MesAl, Cp-ZZrCiz; Iy, i °C: (d)’ TESCL
Treatment of3-ketolactoned with TBAF at —78 °C and warming imidazole.
to 5°C induced the selective transannular reaction cascade to afford
tricycle 2 as a single diastereomer. The reaction delivers two o )
quaternary methyl stereocenters ai &hd G in a 1,3-diaxial appears to be under kinetic as well as thermodynamic control, as
alignment from the correspondifig3-disubstituted enones, moieties ~ €Pimerization studies conducted @an(DBU, 110°C in toluene)
known to possess poor reactivity toward conjugate addition. result in a mixture of @epimers biased toward &si-salvinorin A

To complete the synthesis, we employed a deoxygenation 19.23 Deprotection of both the £and G acetals inl7 followed by
sequence involving enol triflate formatidhpalladium-catalyzed  oxidation and esterification gaveepisalvinorin B (L8). Epimer-
triflate reductior?! and subsequent conjugate reductido yield ization using KCQO; in oxygen-free methanol followed by acylation
17, epimeric at @. Protonation from thei-face byt-BuOH in situ produced salvinorin AX), spectroscopically identical to previous

Scheme 3. Vinyliodide Fragment Synthesis?
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Scheme 4. Fragment Coupling and Salvinorin A Synthesis? reinforce the desired diastereoselectivity, a fact borne out by the
experiments. This analysis also suggests that enolization favors the
Z-enolate. While this analysis presumes a stepwise process, a
concerted mechanism involvirexoselective Diels-Alder cyclo-
additior?* via the derived dipole-minimized enolate ®tannot be
excluded.

In conclusion, we completed the first synthesis of salvinorin A
and demonstrated the utility of a transannular reaction cascade in
the construction of polycyclic architectures. Current efforts are di-
rected toward finding epimerization conditions that favor the natural
Cg stereochemistry, probing the mechanism of the cascade reaction,
and synthesizing analogueslothat bear modified G functionality.

Acknowledgment. Support was provided by the National
Institutes of Health (GM-33327-19) and by unrestricted support
from Amgen, Merck, and Eli Lilly. The authors wish to thank Dr.
Regan Thomson for helpful suggestions.

"ll ’
B OH
M

I Me
(MeO),HC 2

He BoMO-., Supporting Information Available: Experimental procedures,
T e spectroscopic data, and copies f and **C NMR spectra for all
o (MeO), HC Ve a7 8% Meozé ™ n . compounds. This material is available free of charge via the Internet
*dr> 2011 :g: gz::g :| Bt at http:/pubs.acs.org.

aReaction conditions: (ap-BuLi, MgBrye(OEt), —78 °C, then5,

MgBr=OEb, CH,Cl, —78 to 0°C: (b) TBSOTY, 2.6-lutidine: () PPTS,  Rererences
MeOH; (d) LiOH,i-PrOH, HO; (e) MNBA, DMAP, [0.0015 M]; (f) TBAF; (1) Ortega, A.; Blount, J. F.; Manchand, P.B5.Chem. Soc., Perkin Trans.
(g) Dess-Martin periodinane; (h) TBAF;-78 to 5°C; (i) NaH, Comins @ %a§9RS§tthi325L0§I‘32ai%?- K.: Westkaemper, R.: Siebert, D.; Rice, K. C.
r_esagirg:t., (JI) ECI;(I(:)AQI\)/I ng; %E.S'H’ (’5) ase!e_ﬁ\l;:g%it_iBu.OH, K7g to Steinberg, S.; Ernsberger, P.; Rothman, RPRc. NatI._Acad. Spi. U.S.A.

; () LiBF4, MeCN/H,O; (m) NaCIQ; No; (n) KaCOs, 2002 99, 11934-11939. (b) For molecular mechanism studies of KOR
MeOH, quant. mass recovery; (0) A2, py., DMAP. binding, see: Yan, F.; Mosier, P. D.; Westkaemper, R. B.; Stewart, J.;

Zjawiony, J. K.; Vortherms, T. A.; Sheffler, D. J.; Roth, B.Biochemistry

Scheme 5. Transannular Cyclization Analysis 2005 44, 8643-8651.

(3) Shirota, O.; Nagamatsu, K.; Sekita, B.Nat. Prod.2006 69, 1782~
H 1786 and references therein.

Ho oHoM
H‘n’LH*[ ~° (4) (a) Beguin, C.; Richards, M. R.; Li, J.; Wang, Y.; Xu, W.; Liu-Chen, L.;
oo BoMo I I T Carlezon, W. A., Jr.; Cohen, B. MBioorg. Med. Chem. LetR00§ 16,
! {MeD);HC OMe Me e o 4679-4685 and references therein. (b) Tidgewell, K.; Harding, W. W.;

'
q

Lozama, A.; Cobb, H.; Shah, K.; Kannan, P.; Dersch, C. M.; Parrish, D.;
o bis-Michasl (stepwise) Deschamps, J. R.; Rothman, R. B.; Prisinzano, T1.Bat. Prod.2006
P 69, 914-918 and references therein.
O Me (5) (a) Evans, D. A,; Starr, J. TAngew. Chem., Int. EQR002 41, 1787
BOMO,, P o TBAF 1790. (b) Evans, D. A.; Scheerer, J.A1gew. Chem., Int. EQ005 44,
Me O BOMO., 6038-6042.
. 7810 5°C (6) Ho, T. Tandem Organic Reaction®Viley & Sons: New York, 1992;
: © : oH Chapter 3, pp 3356.
{MeO);HC 3 99%, dr >95:5 Pl (7) still, W. C.; Galynker, |.Tetrahedron1981, 37, 3981—3996.
(MeO).HC (8) Evans, D. A.; Thomson, R. J. Am. Chem. So@005 128 10506
' a ' 10507.
: L~ ! (9) Pollet, P.; Gelin, SSynthesisl978§ 142-143.
- |BOMO “)7{\5 (10) Cahiez, G.; Avedissian, FBynthesi<€ 998 1199-1205.
(MeO)HC' OME MeNy (11) Nagao, Y.; Fujita, EJ. Org. Chem1986 51, 2391-2393.
H (12) We targeted the indicated,-@iastereomer because molecular modeling
exo-Diels-Alder (concerted) studies suggested a gearing effect, potentially rendering the macrolacton-
ization of 16 more facile.
reports and having an identical optical rotation (synthitja]2% (13) Frantz, B_E.; Fassler, R.; Carreira, E. 8Am. Chem. S0@000 122
—40.7 € = 0.12, CHC}); naturall, [a]?% —41 (c = 1, CHCE)).1 (14) KHMDS and LIHMDS caused elimination of the allylic silyloxyether.
As a prelude to the pivotal cyclization cascage-@) featured NaH effected heteroconjugate addition of the-alkoxide onto the

. . . . extended polyene system. Interestingly, treatment of thei&tereomer
in the synthesis, model systems were designed to probe the influence with NaH &eﬁmy af')f/orded benzylox)?rr){ethylated prod%qct.

of the resident stereocenters on the course of the cyclization (eqs (15) Dupau, P.; Epple, R.; Thomas, A. A.; Fokin, V. V.; Sharpless, KA.
1 and 2). The first cyclization evaluated the role of the-foryl Synth. Catal2002 344, 421 433
and 2). Y/ y (16) Corey, E. J.; Helal, C. Angew. Chem., Int. EA.998 37, 1986-2012

moiety and resulted in complete diastereocontrol (eq 1). Subsequent and references therein.

; f i ; : (17) Brown, C. A.; Yamashita, AJ. Am. Chem. Sod.975 97, 891-893.
inclusion of the G-dimethyl acetal seemingly reinforced the (18) Negishi, E.: Van Horn, D. E.: King, A. O.; Okukado, Bynthesid979

diastereoselection imparted by the-Gubstituent (eq 2). 79, 501-502.
(19) (a) Shiina, I.; Kubota, M.; Ibuka, R.;efrahedron Lett2002 43, 7535~
Ar 7539. (b) Shiina, I.; Kubota, M.; Oshiumi, H.; Hashizume, §4.0rg.
o] Me  Ar Chem.2004 69, 1822-1830.
_ 12 (20) Comins, D. L.; Dehghani, ATetrahedron Lett1992 33, 6299-6302.
O  TBAF (21) Kotsuki, H.; Datta, P. K.; Hayakawa, H.; Suenaga,3nthesisl995
Me O - - (1) R=H 1348-1350.
X o 95% o (2) R=CH(OMe), (22) (a) Ganem, B.; Fortunato, J. N..Org. Chem1975 40, 2846-2848. (b)
4: A Fortunato, J. M.; Ganem, B. Org. Chem1976 41, 2194-2200.
R dr>95:5 4: l\:/|e OH (23) This likely is due to the small energy difference between chair and boat
Ar = 2-furyl ’ A d-lactones. See: (a) Thomas, S.ACrystallogr. Spectrosc. Rek985

15, 115-131. (b) Stanley, J.; Matallana, A.; Kinsbury, C. A.Phy. Org.
) . L Chem.199Q 3, 419-427.
Scheme 5 provides a rationale for the observed selectivity in (24) For a review of TADA reactions in synthesis, see: Marsault, E.; Toro,

the 3—2 cyclization: conformational analysis & suggests that A.; Nowak, P.; Deslongchamps, Petrahedron2001, 57, 4243-4260.
the three stereocenters, in pseudo-equatorial positions, mutually JA073590A

J. AM. CHEM. SOC. = VOL. 129, NO. 29, 2007 8969



