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The bakkanes, novel spiroγ-butyrolactone hydrindane ses-
quiterpenes, include a small but growing number of terrestrial
and marine natural products. Members of this class, with the
exceptions of the archetype bakkenolide A and the octocoral-
derivedâ,γ-epoxy lactone palmosalide C, are characterized by
an acyloxyl function in the A and/or B rings and a methylene
group at C-11.1

The unusual structural features of the bakkanes coupled with
their associated biological effects2 have produced in several
laboratories efforts directed toward their preparation, which have
culminated in the syntheses of (()- and (+)-bakkenolide A,3

(()- and (-)-homogynolide A,4 (()-homogynolide B,5 and (()-
palmosalide C.6 However, since the vast majority of the
bakkanes have, in addition to the spiroâ-methylene-γ-butyro-
lactone moiety, an A-ring acyloxyl (generally acetoxyl) function
at C-9, it is significant that the introduction of this latter feature
has not been described to date. In this paper we report the
synthesis of 9-acetoxyfukinanolide, one of several bakkanes
isolated from the wild butterburs indigenous to Japan,Petasites
japonicusmaxim.1g

The highly stereoselective, efficient, and potentially general
approach relies on a new free radical strategy for the introduction
of the spiroâ-methylene-γ-butyrolactone unit and a serendipi-

dously discovered, thermodynamically driven retroaldol-aldol
reaction for adjusting the stereochemistry at the vicinal C-7,
C-9 stereocenters.
The previously prepared3c dichloroketene-1,6-dimethylcy-

clohexene cycloadduct3a cleanly afforded in 63% yield from
2 cyclobutanone3b7 on treatment with Zn in warm acetic acid
(Scheme 1). Ring expansion of3b through exposure to ethyl
diazoacetate in the presence of antimony pentachloride8 was
regioselective (81:19) in the desired sense and produced
carbethoxycyclopentanone4a in 64% yield after purification
on silica gel. Following conversion of4a to the corresponding
propargyl ester4b by acid-catalyzed transesterification with
propargyl alcohol in refluxing benzene, a novel free radical
â-methylene-γ-butyrolactonization method was examined. To
our delight, on exposure to ca. 2.5 equiv of manganese(III)
acetate9 in deoxygenated ethanol at 20°C, keto ester4b
underwent clean, selective 5-exo digcyclization to provide a
unique lactone (5), albeit of uncertain C-7 stereochemistry,10

in 61% yield from4a.
Steric hindrance at the C-9 carbonyl in this product, as

expected, rendered potentially selective hydride reducing agents

* Author to whom correspondence should be addressed: tel (33) 4-76-
51-46-00; fax (33) 4-76-51-43-82; e-mail Jean-Pierre.Depres(Andrew.
Greene)@ujf.grenoble-fr. Correspondence concerning the crystallographic
data should be directed to Dr. B. Tinant.

(1) (a) Abe, N.; Onoda, R.; Shirahata, K.; Kato, T.; Woods, M. C.;
Kitahara, Y.Tetrahedron Lett.1968, 9, 369-373. (b) Abe, N.; Onoda, R.;
Shirahata, K.; Kato, T.; Woods, M. C.; Kitahara, Y.; Ro, K.; Kurihara, T.
Tetrahedron Lett.1968, 9, 1993-1997. (c) Shirahata, K.; Abe, N.; Kato,
T.; Kitahara, Y.Bull. Chem. Soc. Jpn.1968, 41, 1732-1733. (d) Naya, K.;
Takagi, I.; Hayashi, M.; Nakamura, S.; Kobayashi, M.; Katsumura, S.Chem.
Ind. (London)1968, 318-320. (e) Shirahata, K.; Kato, T.; Kitahara, Y.;
Abe, N. Tetrahedron1969, 25, 3179-3191; 4671-4680. (f) Naya, K.;
Hayashi, M.; Takagi, I.; Nakamura, S.; Kobayashi, M.Bull. Chem. Soc.
Jpn.1972, 45, 3673-3685. (g) Naya, K.; Kawai, M.; Naito, M.; Kasai, T.
Chem. Lett.1972, 241-244. (h) Harmatha, J.; Samek, Z.; Synackova, M.;
Novotny, L.; Herout, V.; Sorm, F.Collect. Czech. Chem. Commun.1976,
41, 2047-2058. (i) Jakupovic, J.; Grenz, M.; Bohlmann, F.Planta Med.
1989, 55, 571-572. (j) Wiemer, D. F.; Wolfe, L. K.; Fenical, W.; Strobel,
S. A.; Clardy, J.Tetrahedron Lett.1990, 31, 1973-1976.

(2) Jamieson, G. R.; Reid, E. H.; Turner, B. P.; Jamieson, A. T.
Phytochemistry1976, 15, 1713-1715. Kano, K.; Hayashi, K.; Mitsuhashi,
H. Chem. Pharm. Bull.1982, 30, 1198-1203. Nawrot, J.; Bloszyk, E.;
Harmatha, J.; Novotny, L.; Drozdz, B.Acta Entomol. BohemosloV. 1986,
83, 327-335. Nawrot, J.; Harmatha, J.; Bloszyk, E. International Conference
on Stored-Product Protection, 4th; Tel-Aviv, Sept. 1986.

(3) (a) Hayashi, K.; Nakamura, H.; Mitsuhashi, H.Chem. Pharm. Bull.
1973, 21, 2806-2807. (b) Evans, D. A.; Sims, C. L.; Andrews, G. C.J.
Am. Chem. Soc.1977, 99, 5453-5461. (c) Greene, A. E.; Depre´s, J.-P.;
Coelho, F.; Brocksom, T. J.J. Org. Chem.1985, 50, 3943-3945. (d)
Greene, A. E.; Coelho, F.; Depre´s, J.-P.; Brocksom, T. J.Tetrahedron Lett.
1988, 29, 5661-5662. (e) Srikrishna, A.; Reddy, T. J.; Nagaraju, S.;
Sattigeri, J. A.Tetrahedron Lett.1994, 35, 7841-7844.

(4) (a) Hartmann, B.; Kanazawa, A. M.; Depre´s, J.-P.; Greene, A. E.
Tetrahedron Lett.1991, 32, 767-768. (b) Hartmann, B.; Kanazawa, A.
M.; Deprés, J.-P.; Greene, A. E.Tetrahedron Lett.1993, 34, 3875-3876.
(c) Mori, K.; Matsushima, Y.Synthesis1995, 845-850. (d) Srikrishna, A.;
Reddy, T. J.Ind. J. Chem.1995, 34B, 844-846.

(5) (a) Coelho, F.; Depre´s, J.-P.; Brocksom, T. J.; Greene, A. E.
Tetrahedron Lett.1989, 30, 565-566. (b) Srikrishna, A.; Nagaraju, S.;
Venkateswarlu, S.Tetrahedron Lett.1994, 35, 429-432.

(6) Hartmann, B.; Depre´s, J.-P.; Greene, A. E.; Freire de Lima, M. E.
Tetrahedron Lett.1993, 34, 1487-1490.

(7) Yields are for purified, chromatographically homogeneous substances.
Cyclobutanone3b: IR 1775, 1460 cm-1; 1H NMR (200 MHz, CDCl3) δ
3.00-2.90 (m, 1 H), 2.74 (dd,J ) 1.0, 15.4 Hz, 1 H), 2.53 (dd,J ) 1.7,
15.4 Hz, 1 H), 1.85-2.00 (m, 1 H), 1.70-0.90 (m, 6 H), 1.26 (s, 3 H),
0.93 (d,J ) 6.7 Hz, 3 H);13C NMR (20.1 MHz, CDCl3) δ 208.3 (C), 64.5
(CH2), 57.7 (CH), 38.7 (CH2), 31.8 (C), 28.6 (CH or CH3), 23.6 (CH or
CH3), 20.2 (CH or CH3), 16.5 (CH2); MS (EI)m/z 152 (M, 1.4), 67 (100).
Keto ester4a: IR 1755, 1726 cm-1; 1H NMR (200 MHz, CDCl3) δ 4.19
(q, J ) 7.1 Hz, 2 H), 3.26 (dd,J ) 8.9, 11.0 Hz, 1 H), 2.35 (dd, J) 8.9,
13.2 Hz, 1 H), 2.15-2.05 (m, 2 H), 1.87 (dd,J ) 11.0, 13.2 Hz, 1 H),
1.70-0.90 (m, 6 H), 1.28 (t,J ) 7.1 Hz, 3 H), 1.11 (s, 3 H), 0.87 (d,J )
5.5 Hz, 3 H);13C NMR (50.3 MHz, CDCl3) δ 211.3 (C), 169.6 (C), 61.0
(CH2), 57.6 (CH), 51.9 (CH), 39.6 (C), 35.6 (CH2), 34.7 (CH3 or CH),
29.4 (CH2), 22.6 (CH2), 20.2 (CH2), 19.3 (CH3 or CH), 16.1 (CH3 or CH),
13.8 (CH3 or CH); MS (EI)m/z 238 (M+, 25), 55 (100). Anal. Calcd for
C14H22O3: C, 70.55; H, 9.31. Found: C, 70.11; H, 9.21. Ketone5: IR
3090, 1779, 1736, 1669 cm-1; 1H NMR (200 MHz, CDCl3) δ 5.18-4.96
(m, 3 H), 4.82 (A of ABXX′, d of ps t,J )1.6, 12.8 Hz, 1 H), 2.63 (d,J
) 14.4 Hz, 1 H), 2.42 (m, 1 H), 2.06-1.90 (m, 1 H), 1.71 (d,J) 14.4 Hz,
1 H), 1.70-0.80 (m, 6 H), 1.16 (s, 3 H), 0.93 (d,J ) 6.5 Hz, 3 H);13C
NMR (50.3 MHz, CDCl3) δ 207.8 (C), 174.9 (C), 145.2 (C), 106.8 (CH2),
70.4 (CH2), 61.0 (C), 54.5 (CH), 40.3 (CH2), 38.5 (C), 35.1 (CH), 29.4
(CH2), 21.8 (CH2), 19.6 (CH2), 19.3 (CH3), 16.0 (CH3); MS (EI) m/z 248
(M+, 27), 41 (100). Anal. Calcd for C15H20O3: C, 72.55; H, 8.12. Found:
C, 72.64; H, 8.23. Hydroxy lactone6: mp 112-113°C (dichloromethane-
hexane); IR 3420, 3090, 1758, 1672 cm-1; 1 H NMR (200 MHz, CDCl3)
δ 5.30 (br s, 1 H), 5.13 (ps t, 1 H), 4.87 (d of ps t,J ) 2.7, 12.7 Hz, 1 H),
4.74 (d of ps t,J ) 1.9, 12.7 Hz, 1 H), 4.51 (ps t,J ) 10.5 Hz, 1 H), 2.39
(d, J ) 14.5 Hz, 1 H), 1.82 (d,J ) 10 Hz, OH), 1.58 (d,J ) 14.5 Hz, 1
H), 1.90-1.40 (m, 8 H), 0.99 (s, 3 H), 0.84 (d,J) 6.6 Hz, 3 H);13C NMR
(50.3 MHz, CDCl3) δ 182.8 (C), 147.9 (C), 108.9 (CH2), 80.4 (CH), 72.0
(CH2), 55.9 (C), 51.8 (CH), 46.9 (CH2), 38.6 (C), 36.0 (CH), 30.7 (CH2),
21.2 (CH2), 20.9 (CH2), 20.1 (CH3), 16.5 (CH3); MS (CI)m/z 268 (M+ +
18, 100). Anal. Calcd for C15H22O3: C, 71.97; H, 8.86. Found: C, 72.09;
H, 9.09. (()-9-Acetoxyfukinanolide: mp 109.5-110.5°C (dichloromethane-
hexane); IR 3090, 1773, 1736, 1670, 1240 cm-1; 1H NMR (200 MHz,
CDCl3) δ 5.46 (d,J ) 11.7 Hz, 1 H), 5.20 (m, 1 H), 5.14 (m, 1 H), 4.70
(ps t,J ) 2.2 Hz, 2 H), 2.35 (m, 1 H), 2.19 (d,J ) 14.4 Hz, 1 H), 2.07 (s,
3 H), 1.96 (d,J ) 14.4 Hz, 1 H), 1.60-1.10 (m, 7 H), 1.04 (s, 3 H), 0.89
(d, J ) 6.5 Hz, 3 H);13C NMR (50.3 MHz, CDCl3) δ 178.2 (C), 170.4
(C), 148.1 (C), 107.7 (CH2), 82.9 (CH), 70.5 (CH2), 54.1 (C), 49.5 (CH),
46.9 (CH2), 40.0 (C), 36.1 (CH), 30.6 (CH2), 21.0 (CH2), 20.8 (CH2), 19.4
(CH3), 16.2 (CH3); MS (EI) m/z 292 (M+, 2), 43 (100). Anal. Calcd for
C17H24O4: C, 69.83; H, 8.27. Found: C, 69.80; H, 8.11.

(8) Liu, H. J.; Ogino, T.Tetrahedron Lett.1973, 35, 4937-4940.
(9) Snider, B. B.Chem. ReV. 1996, 96, 339-363 and references cited

therein. For related, but less efficient, recent protocols for effecting free-
radical spiro lactonization, see: ref 4d. Back, G. B.; Gladstone, P. L.; Parvez,
M. J. Org. Chem.1996, 61, 3806-3814. Also see: Clive, D. L. J.; Tao,
Y.; Khodabocus, A.; Wu, Y.-J.; Angoh, A. G.; Bennett, S. M.; Boddy, C.
N.; Bordeleau, L.; Keller, D.; Kleiner, G.; Middleton, D. S.; Nichols, C. J.;
Richardson, S. R.; Vernon, P. G.J. Am. Chem. Soc.1994, 116, 11275-
11286. The generality of thisâ-methylene-γ-butyrolactonization is currently
being studied in our laboratory.

9992 J. Am. Chem. Soc.1996,118,9992-9993

S0002-7863(96)02517-6 CCC: $12.00 © 1996 American Chemical Society



completely ineffective. Fortunately, however, samarium diio-
dide proved remarkably efficacious and delivered a single
hydroxy lactone (6), of unclear C-7, C-9 stereochemistry, in
92% yield.11

Although the derived acetate (7) displayed spectroscopic data
quite similar to those reported for the natural product, there were
nevertheless obvious discrepancies (eq 1). Since NOSEY

experiments proved inconclusive, the C-9 hydroxyl group was
removed for the purpose of defining the stereochemistry at C-7
through correlation with bakkenolide A (8); misleadingly,
bakkenolide A was indeed obtained (eq 2). At this point,
fortunately, the long-sought authentic sample of the natural
product was finally secured. The natural material on acid
hydrolysis provided the corresponding hydroxy lactone, which,
in turn, on PCC oxidation furnished the corresponding keto
lactone. These two derivatives of the natural product were
distinctly different from the synthetic compounds6 and 5,
respectively. A single-crystal X-ray analysis of the dichloro-
acetate derivative of6 (Figure 1a) indicated the stereochemistry
to be in fact 7R(S), 9S(R).12

The only reasonable explanation for the above results was
that a fortuitous retroaldol-aldol reaction during xanthate
formation was generating the natural configuration at the C-7
diastereogenic center from epimeric material.This was, in fact,
the case: exposure of6 in THF to sodium hydride, or better

tetrabutylammonium fluoride, yielded hydroxy lactone9 as the
exclusiVe product,in addition to some starting material (ca. 3.5:
1, eq 3).13 Molecular modeling of the four possible hydroxy
lactone stereoisomers revealed, as now expected,9, with the
natural relative stereochemistry at C-7, C-9, to have the lowest
global minimum energy (followed by6).14 The natural product,
conceivably, also issues from such an equilibration process.
Preparatively, the transformation of hydroxy lactone6 into

9-acetoxyfukinanolide could be conveniently accomplished in
a single flask by addition of acetyl chloride and triethylamine
directly to the retroaldol-aldol reaction medium. The product,
so obtained in 60-70% yield, was indistinguishable on chro-
matographic and spectroscopic comparison from the authentic
sample of the natural product. A single-crystal X-ray analysis
of (()-1 (Figure 1b) served to corroborate the structure and
relative stereochemical assignments1d,g for synthetic and natural
9-acetoxyfukinanolide.15,16

Work directed toward the synthesis of related bakkanes
through application of this effective approach (1 is obtained in
seven steps and 15% overall yield) is currently being carried
out in our laboratory. Preliminary results have shown that keto
lactone5 can be dehydrogenated to produce the∆1(10)derivative,
which may prove to be a useful intermediate for the preparation
of densely functionalized bakkanes such as fukinolidiol, ho-
mofukinolide, and the bakkenolides B-D.17
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Scheme 1a

a (a) Reference 3c. (b) CH3CO2H, 70 °C, 3 h (63%, two steps). (c)
SbCl5, CH2Cl2, -78f -30 °C, 12 h (64%). (d)p-TsOH, C6H6, reflux,
30 h. (e) C2H5OH, 20 °C, 2.5 h (61%, two steps). (f) THF-H2O, 20
°C, 1 h (92%). (g) THF, 0°C, 15 min; (C2H5)3N, DMAP, THF, 20°C,
48 h (60-70%).

Figure 1. (a) Crystal structure of dichloroacetate of6. (b) Crystal
structure of (()-1.
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