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Lewis acid mediated addition of 1,8-bis(trimethylsilyl)octa-2,6-diene (BISTRO) 1 to succinic
anhydride led to spirolactone 2 [(()-6,9-divinyl-1-oxaspiro[4.4]nonan-2-one]. Methoxycarbonylation
followed by stereoselective alkylation by various benzocyclobutenes afforded the substituted
benzocyclobutene steroid precursors 5. Thermolysis of 5 gave rise to steroids (()-6 with a trans-
anti-cis configuration in five steps and in a highly stereoselective manner. Modifications of the
sequence allowed the preparation of steroids (()-11 with trans-anti-trans configuration.

Steroids are compounds of enormous therapeutic im-
portance, and it is estimated that fully one-third of all
prescription drugs contain a steroid drug substance.1 19-
Norsteroids, also known as gestogens,2 are of significant
importance because many of these compounds exhibit
pronounced biological activity as compared to their
methylated analogues.3 In the course of a program
directed toward developing novel steroids with improved
therapeutic indices over existing drugs,4 we developed a
convergent steroid synthesis5 based on the approach A
+ D f AD f ABCD. This strategy involves the use of
intramolecular cycloaddition of o-xylylenes to generate
the BC ring system, which was developed by Oppolzer6

and Kametani7 (Scheme 1). Although this route provides

the most efficient access to the steroid tetracyclic skel-
eton, the difficulties encountered in the synthesis of the
3-vinyl cyclopentane moiety has always prevented it from
becoming an efficient large-scale process. In the past few
years, we have introduced 1,8-bis(trimethylsilyl)octa-2,6-
diene (BISTRO) 1 and extensively studied its reactivity
toward electrophiles.8 BISTRO is a readily available9 and
very convenient annulation reagent to form divinylcy-
clopentane derivatives.10 Acylation of 1 with methyl
3-chloroformylpropionate or succinic anhydride gave the
(()-spirolactone 2 as a single product in 80% yield.11

Initial alkylation attempts of the lactone 2 with various
alkyl iodides required large excess (10 equiv) of electro-
phile and was unsuitable for an efficient synthesis. With
the aim of enhancing the nucleophilic character of the
enolate, the lactone 2 was acylated with dimethyl car-
bonate to provide 3 (98% yield).12 Thus, the alkylation of
the malonic derivative 3 was carried out in refluxing
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acetone in the presence of anhydrous potassium carbon-
ate and only 1.3 mole equiv of iodobenzocyclobutene using
the very simple Claisen procedure.13 A mixture of two
cyclobutene diastereoisomers 5 (2.5:1) was isolated in
93% yield. The stereoselectivity of the reaction is such
that the attack takes place on the face of the enolate
bearing the vinyl group anti to the lactone ring-oxygen
linkage.14 Upon thermolysis of 5a-c, only one vinyl group
is involved in the course of the intramolecular Diels-
Alder reaction, and the steroids (()-6a-c are produced
in almost quantitative yield. The cycloadducts result from
an exo approach of the (E)-o-xylylene intermediate during
the cyclization and the relative configuration of six
stereogenic centers is controlled during the cycloaddition
process. Steroids 6a-c were obtained in five steps from
1,3-butadiene with an overall yield of ca. 27-33% (Scheme
2). The structures of steroids 6a-c were characterized
on the basis of their spectroscopic properties (including
a series of COSY and HMQC NMR experiments, 400
MHz) and X-ray crystallography. The stereochemistry of
the B/C ring was established using 1H NMR, while the
C/D ring junction was determined by X-ray crystal-
lography. For example, steroid 6b displayed a doublet
at 3.04 ppm for the proton H(9) with a coupling constant
JH(8)-JH(9) ) 11.0 Hz, which indicated a trans relationship
for the B/C ring junction. Moreover, COSY experiments
on H(9) showed that the signal of H(8) at 1.22 ppm was a
double quadruplet corresponding to three Jtrans coupling
constants (J ) 11.0 Hz) and one Jcis coupling constant (J
) 7.5 Hz). The C-13 configuration was then rigorously

established by X-ray crystallographic analysis of steroid
8a, obtained by treatment of 6a with methanol in the
presence of catalytic amounts of BF3-OEt2.15

The structure of 8a, along with torsion angles, is
depicted in Figure 1 and reveals unexpected structural
and conformational properties.16 (An ORTEP drawing
and table of bond lengths and angles is available in
Supporting Information.) The A-ring is not planar but
rather exists as a distorted “boat” conformation with H(1)

as bowsprit. The B ring has a half-chair conformation
with atoms C(7)R and C(8)â displaced on opposite sides
of the medium plane of atoms C(6), C(5), C(9), and
C(10).17 As predicted,18 repulsive interactions between the
C(11)-substituents and the hydrogen atom on C(1) open
the C(10)-C(9)-C(11) valence angle to 114.7° and the
C(1)-C(10)-C(9)-C(11) torsion angle to 52.6°. The latter
differs by more than 15° from the average of four
crystallographically independent observations of estrone,
28.1°, 33.1°, 32.9°, and 35.0°.19 Moreover, the bond length
of C(9)-C(11) (1.584 Å) is significantly longer than those
reported for estradiol analogues (1.526 Å in 3,17â-
estradiol,20 1.529 Å in 11-ketoestrone21). One way to
achieve this result is to relieve the unfavorable interac-
tions by putting ring C into a boat-twist conformation,
with H(12R) as bowsprit.22 The D ring conformation is a
distorted 16R-envelope and can be described by the
parameters ∆ ) 158° and æm ) 41°.23

Although, the configuration trans-syn-cis has often
been described because it is present in natural cardio-
active steroids,24 to the best of our knowledge, the only
structural analogue of 8a (trans-anti-cis structure) is d,l-
3-methoxy-14â-hydroxy-8R,9â-estra-1,3,5(10)-trien-17-
one.25 However, this structure was not confirmed by
X-ray analysis.26

Demethoxycarbonylation of diester 6a-c, according to
the Krapcho procedure,27 led to the R-bridged steroids
7a-c. The same compounds could also be obtained in two
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steps: first methanolysis of 6a-c, followed by demethoxy-
carbonylation. Methanolysis of 7a-c gave rise to 13-
hydroxy steroids 9a-c in excellent yields (Scheme 3).
With an aim to access steroids with a trans-anti-trans
configuration, we first performed a demethoxycarbony-
lation of 5. Epimerization occurred and an inseparable
mixture of two precursors 10 was obtained. Cyclization
of 10 on heating gave rise, in similar proportion, to two
isomeric steroids (()-7a-c and (()-11a-c with trans-
anti-cis and trans-anti-trans configurations, respectively
(Scheme 4). Again, the cycloadducts 11a-c result from
an exo approach of the (E)-o-xylylene intermediate during

cyclization. The structures of steroids 11a-c were de-
termined using a series of NMR experiments (COSY and
phase NOESY, 400 MHz). For example, the 1H NMR
spectrum of 11b in C6D6 displayed a doublet at 2.17 ppm
for H(9) with a coupling constant JH(8)-JH(9) ) 11.1 Hz. In
addition, a COSY experiment on H(9) showed that the
signal of H(8) at 1.54 ppm was a double quadruplet
corresponding to three Jtrans coupling constants (J ) 11.1
Hz) and one Jcis coupling constant (J ) 3.2 Hz). The
combination of these observations confirmed the trans
B/C ring junction. Finally, phase mode NOESY experi-
ments confirm the vicinal relationship between H(8) and
H(17) and also between H(9), H(11), H(12R), and H(14) indicat-
ing the C/D trans ring junction.

Wacker oxidation of the 17R-vinyl groups afforded the
corresponding 17R-acetyl or 17R-(2-oxoethyl)-steroids.
Derivatives bearing the lactonic bridge on the â-face, as
is the case for 11, afforded the expected acetyl deriva-
tives. In contrast, when the lactonic bridge (6 or 7) or a
hydroxyl group (8 or 9) was present on the R-face (syn
relationship), aldehydes resulting from an anti-Mark-
ovnikov hydroxypalladation were obtained in appreciable
yields.28 We have rationalized these results by an in-
tramolecular coordination of the palladium with the
oxygen atom present in the R-face. This chelation induced
an increase of the coefficient of the complexed π*-orbital
at the end of the double bond and increased the overall
rate of the oxidation reaction.29 This result was confirmed
by Wacker oxidation of the benzocyclobutene derivatives
5b,c according to the Miller and Wayner procedure.30 The
major products 12b,c arise from the selective oxidation
of the vinyl group, which was activated by the presence
of the oxygen atom of the lactonic linkage (12b, 54%; 12c,
53%, 13c, 10%) (Scheme 5). Thermolysis of 12c afforded
the expected major product, steroid 14 (trans-anti-cis
geometry) resulting from an exo transition state. The
steroid 15, having a cis-anti-cis geometry, was isolated
in minor amounts and result from an endo transition
state. Elimination followed by decarboxylation of 14
explains the formation of 16 (Scheme 6).
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Conclusion

We have proposed a new strategy for the synthesis of
unnatural steroids in a highly stereoselective and ef-
ficient manner. The construction of the D ring system,
employing Lewis acid mediated addition of BISTRO to
succinic anhydride, provides an effective route to the
synthesis of various steroids. This strategy is of particular
interest, since it allows a quick and facile access to
compounds possessing many structural features present
in natural steroids, such as the aromatic cycle A of
estrone, the oxygenated bridge of aldosterone, or the 17-
acetyl group of progesterone. These compounds can be
used as templates for the attachment of virtually any
functional groups on these positions. Only a few cases of
steroids possessing an 11,13-bridge and its influence on
biological activity have been reported in the literature.
Moreover, only four 13-hydroxy steroids are described in
the literature.31

Experimental Section

General. All reactions were run under argon in oven-dried
glassware. 1H (400 MHz) and 13C NMR (100 MHz) spectra were
recorded in CDCl3 solutions. Chemical shift (δ) are reported
in ppm with tetramethylsilane as internal standard. Flash
chromatography was performed on silica gel (230-400 mesh)
and TLC on silica gel.

1-Iodobenzocyclobutene (4a) is generated through a six-
step sequence. According to literature procedure, anthranilic
acid is easily converted into 1,1-dichlorobenzocyclobutene and
then benzocyclobutenone,32 which was quantitatively reduced
by LiAlH4 in THF into benzocyclobutenol.33 This alcohol is
transformed into the corresponding mesylate (ClSO2Me, NEt3,
CH2Cl2). The crude mixture is directly treated by NaI (in
refluxed acetone)34 to give expected iodobenzocyclobutene.35

The overall yield of the sequence is 29% from anthranilic acid.
(()-6,9-Divinyl-1-oxaspiro[4.4]nonan-2-one (2) was pre-

pared by acylation of BISTRO 1 with succinic anhydride (80%
yield).11

1-Iodo-4-methoxybenzocyclobutene (4b) was prepared
from 4-methoxybenzocyclobutenol36 according to the following
procedure.37 In a two-necked flask equipped with a magnetic

stirring bar and an argon outlet and charged with anhydrous
toluene (500 mL) and iodine (21.3 g, 84 mmol) was added
triphenylphosphine (19.1 g, 73 mmol). After 5 min of stirring,
imidazole was added (11.4 g, 168 mmol). The mixture was
stirred at room temperature for 10 min and 4-methoxybenzo-
cyclobutenol (8.4 g, 56 mmol) in toluene (100 mL) was added.
The solution was heated at 50 °C for 45 min and then was
cooled to room temperature. A saturated solution of NaHCO3

and Na2S2O3 was added. The reaction mixture was extracted
with petroleum ether. The organic layer was dried (MgSO4),
filtered, and concentrated under vacuo. The solid was extracted
with pentane, and after filtration the pentane solution was
concentrated in vacuo to give 4b (11.8 g, 45 mmol, 81%): 1H
NMR (CDCl3) δ 6.99 (1H, d, J ) 8.1 Hz), 6.83 (1H, dd, J )
8.1, 1.5 Hz), 6.59 (1H, d, J ) 1.5 Hz), 5.46 (1H, dd, J ) 4.5,
1.8 Hz), 3.82 (1H, dd, J ) 14.9, 4.5 Hz), 3.76 (3H, s), 3.44 (1H,
dd, J ) 14.9, 2.0 Hz); 13C NMR (CDCl3) δ 161.4 (s), 142.6 (s),
138.8 (s), 123.8 (d), 115.3 (d), 108.2 (d), 55.4 (q), 44.1 (t), 15.1
(d).

1-Iodo-4,5-dimethoxybenzocyclobutene (4c) was ob-
tained from 4,5-dimethoxybenzocyclobutenol,38 which was
treated as for the preparation of 4a. 4c: 1H NMR (CDCl3) δ
6.78 (1H, s), 6.68 (1H, s), 5.30 (1H, dd, J ) 4.2, 1.5 Hz, 3.80
(6H, s), 3.72 (1H, dd, J ) 13.6, 4.2 Hz), 3.28 (1H, dd, J ) 13.6,
1.5 Hz); 13C NMR (CDCl3) δ 151.7 (s), 150.0 (s), 135.8 (s), 132.7
(s), 106.2 (d), 105.4 (d), 53.1 (t), 42.4 (d). Anal. Calcd for C10H11-
IO2: C, 41.4; H, 3.82. Found: C, 41.9; H, 3.78.

3-Methoxycarbonyl-6,9-divinyl-1-oxaspiro[4.4]nonan-
2-one (3). To a solution of 2.1 g (0.011 mmol, 2.2 equiv) of
lithium hexamethyldisilazide in 13 mL of THF at -80 °C was
slowly added lactone 2 (0.96 g, 5 mmol, 1 equiv) in 2 mL of
THF. The mixture was stirred for 0.5 h and then a solution of
dimethyl carbonate (4.21 mL, 4.5 g, 50 mmol, 10 equiv) in 3
mL of THF was slowly added. The solution was stirred for 12
h at -60 °C and the mixture was allowed to warm to room
temperature. The reaction was quenched by the addition of
20 mL of a saturated aqueous NH4Cl solution and then
extracted with diethyl ether. The organic layer was dried
(MgSO4) and evaporated. The yellow oil was flash chromato-
graphed on silica gel eluting with a pentane/diethyl ether (85:
15) affording 1.22 g (4.9 mmol, 98%) of lactone as an insepa-
rable diastereoisomeric yellow mixture (60:40): 1H NMR
(CDCl3) δ 5.76-5.48 (2H, m), 5.20-5.05 (4H, m), 3.72 (3H, s),
3.71-3.52 (1H, m), 2.81-2.62 (1H, m), 2.45-2.33 (2H, m),
2.16-2.06 (1H, m), 2.02-1.50 (4H, m); 13C NMR (CDCl3) δ
171.3 (s), 168.4 (s), 137.4 (d), 135.4 (d), 119.1 (t), 117.6 (t), 96.3
(s), 53.4 (d or q), 53.0 (d or q), 52.9 (d or q), 47.2 (d), 30.9 (t),
28.6 (t), 28.4 (t). Anal. Calcd for C14H18O4: C, 67.18; H, 7.25.
Found: C, 67.23; H, 7.30.

General Procedure for the Alkylation of the Lactone
3. The lactone 3 (5 g, 20 mmol) was dissolved in 200 mL of
acetone, and K2CO3 (3.56 g, 26 mmol) and iodobenzocy-
clobutene (26 mmol) were successively added. The mixture was
brought to reflux under argon. The progress of the reaction
was followed by TLC analysis. The reaction was cooled to room
temperature, filtered and then evaporated under vacuum. The
residue was chromatographed on silica gel (pentane/diethyl
ether, 85:15) to give the expected compound 5 as an insepa-
rable diastereoisomeric mixture (70:30) (6.54 g, 18.6 mmol,
93% for 5a; 6.62 g, 18.8 mmol, 94% for 5b; 8 g, 19.4 mmol,
97% for 5c).

3-(Benzocyclobuten-1-yl)-3-methoxycarbonyl-6,9-divi-
nyl-1-oxaspiro[4.4]nonan-2-one (5a). 1H NMR (CDCl3) δ
7.16 (4H, m), 5.51 (1H, dt, J ) 17.8, 8.9 Hz), 5.12 (3H, m),
4.72 (1H, dd, J ) 9.9, 1.3 Hz), 4.13 (1H, d, J ) 17.9 Hz), 3.80
(1H, m), 3.76 (3H, s), 3.35 (1H, m), 2.94 (1H, m), 2.43-1.48
(8H, m); 13C NMR (CDCl3) δ 172.3 (s), 169.5 (s), 143.6 (s), 142.2
(s), 136.5 (d), 134.7 (d), 127.9 (d), 126.5 (d), 122.2 (d), 121.6
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(d), 117.1 (t), 116.4 (t), 93.0 (s), 56.5 (q), 55.5 (s), 52.0 (d), 51.7
(d), 45.7 (d), 32.6 (t), 29.5 (t), 27.4 (t); MS (EI) m/z (relative
intensity) 352 (4), 324 (13), 221(78), 103 (100); HRMS calcd
352.1674, found 352.1689. Anal. Calcd for C22H24O4: C, 74.98;
H, 6.86. Found: C, 75.03; H, 6.75.

3-(4-Methoxybenzocyclobuten-1-yl)-3-methoxycarbo-
nyl-6,9-divinyl-1-oxaspiro[4.4]nonan-2-one (5b). Yellow
oil, 1H NMR (CDCl3) δ 6.90 (1H, d, J ) 8.2 Hz), 6.73 (1H, dd,
J ) 8.2, 2.2 Hz), 6.63 (1H, d, J ) 2.2 Hz), 5.68 (1H, ddd, J )
17.8, 9.5, 8.9 Hz), 5.18 (1H, ddd, J ) 17.0, 10.0, 9.4 Hz), 5.03
(4H, m), 4.71 (1H, dd, J ) 10.2, 1.7 Hz), 4.21 (1H, dq, J )
17.0, 0.8 Hz), 4.06 (1H, dd, J ) 5.1, 2.1 Hz), 3.74 (3H, s), 3.71
(3H, s), 3.22 (1H, 1/2AB, d, J ) 14.9, 5.2 Hz), 2.82 (1H, 1/2AB,
d, J ) 14.9, 2.4 Hz), 2.31 (1H, q, J ) 9.0 Hz), 2.25 (1H, 1/2AB,
J ) 14.3 Hz), 2.13 (1H, 1/2AB, J ) 14.3 Hz), 2.08-2.05 (1H,
m), 1.84 (1H, dtd, J ) 13.3, 9.0, 4.3 Hz), 1.71 (1H, ddt, J )
17.0, 10.6, 6.6 Hz), 1.43 (1H, dddd, J ) 13.1, 9.4, 6.6, 3.7
Hz);13C NMR (CDCl3) δ 173.7 (s), 170.6 (s), 160.8 (s), 144.8
(s), 137.2 (d), 135.4 (d), 134.3 (s), 123.8 (d), 118.1 (t), 117.3 (t),
114.0 (t), 108.7 (t), 94.2 (s), 57.5 (s), 55.5 (d), 53.3 (d or q), 53.0
(d or q), 52.8 (d or q), 45.7 (d), 32.7 (t), 30.2 (t), 28.2 (t), 27.8
(t); HRMS calcd for C23H26O5, 382.1780, found 382.1781.

3-(4,5-Dimethoxybenzocyclobuten-1-yl)-3-methoxycar-
bonyl-6,9-divinyl-1-oxaspiro[4.4]nonan-2-one (5c). Major
diastereomer, white crystals, mp 89 °C; 1H NMR (CDCl3) δ
6.65 (1H, s), 6.57 (1H, s), 5.70 (1H, dt, J ) 17.8, 9.2 Hz), 5.20
(1H, dt, J ) 17.2, 9.6 Hz), 5.05 (2H, m), 4.73 (1H, dd, J ) 10.2,
1.4 Hz), 4.29 (1H, d, J ) 17.0 Hz), 4.08 (1H, dd, J ) 4.8, 2.0
Hz), 3.82 (3H, s), 3.78 (3H, s), 3.73 (3H, s), 3.20 (1H, dd, J )
14.3, 4.9 Hz), 2.79 (1H, dd, J ) 14.3, 2.0 Hz), 2.35 (1H, q, J )
9.3 Hz), 2.27 (1H, 1/2AB, J ) 14.3 Hz), 2.16 (1H, 1/2AB, J )
14.3 Hz), 2.06 (1H, m), 1.86 (2H, m), 1.71 (1H, m), 1.45 (1H,
m); 13C NMR (CDCl3) δ 174.0 (s), 170.6 (s), 151.0 (s), 150.1 (s),
137.1 (d), 135.5 (d), 135.3 (s), 133.7 (s), 118.2 (t), 117.4 (t), 107.1
(d), 106.6 (d), 94.3 (s), 57.6 (s), 56.4 (d or q), 56.3 (d or q), 53.5
(d or q), 53.0 (d or q), 52.9 (d or q), 45.9 (d), 32.6 (t), 30.2 (t),
28.3 (t), 27.8 (t). Anal. Calcd for C24H28O6: C, 69.89; H, 6.84.
Found: C, 69.92; H, 6.88. Minor diastereomer, white crystals,
mp 110 °C; 1H NMR (CDCl3) δ 6.65 (1H, s), 6.57 (1H, s), 5.70
(1H, dt, J ) 17.8, 9.2 Hz), 5.49 (1H, dt, J ) 17.8, 9.2 Hz), 5.06
(4H, m), 4.08 (1H, dd, J ) 4.9, 1.8 Hz), 3.73 (3H, s), 3.82 (3H,
s), 3.79 (3H, s), 3.20 (1H, dd, J ) 14.3, 4.9 Hz), 2.78 (1H, dd,
J ) 14.3, 1.8 Hz), 2.37-1.38 (9H, m); 13C NMR (CDCl3) δ 172.8
(s), 169.6 (s), 150.4 (s), 149.3 (s), 136.4 (d), 134.7 (d), 134.5 (s),
132.9 (s), 117.2 (t), 116.4 (t), 106.5 (d), 105.8 (d), 93.2 (s), 56.7
(s), 55.5 (q), 55.4 (q), 52.7 (q), 52.1 (d), 51.8 (d), 44.9 (d), 31.8
(t), 29.4 (t), 27.5 (t), 27.0 (t).

General Procedure for the Thermolysis of 5. The
benzocyclobutenic precursor 5 (1 mmol) was dissolved in 10
mL of 1,2,4-trichlorobenzene and boiled under argon. The
progress of the reaction was followed by TLC analysis. After
cooling at room temperature, the mixture was concentrated
under vacuum. The residue was chromatographed on silica gel
(petroleum ether/diethyl ether) to give the expected compound
6 in 85-87% yield.

(()-(8â,9r,14r)-11r,13r-γ-Carbolactone-11â-methoxy-
carbonyl-17r-vinylgona-1,3,5(10)-triene (6a). White crys-
tals, mp 112 °C; 1H NMR (CDCl3) δ 7.09 (3H, m), 6.83 (1H, d,
J ) 6.3 Hz), 5.86 (1H, dt, J ) 17.6, 8.3 Hz), 5.13 (2H, m), 3.71
(3H, s), 3.09 (1H, d, J ) 10.9 Hz), 2.82 (2H, m), 2.75 (1H, d, J
) 12.2 Hz), 2.47 (1H, dt, J ) 11.8, 7.1 Hz), 2.22 (1H, d, J )
12.2 Hz), 1.99 (4H, m), 1.63 (2H, m), 1.23 (1H, m), 0.90 (1H,
dq, J ) 11.9, 5.5 Hz); 13C NMR (CDCl3) δ 175.3 (s), 170.2 (s),
142.0 (s), 137.6 (s), 134.8 (d), 128.5 (d), 125.9 (d), 125.5 (d),
120.6 (d), 116.9 (t), 93.1 (s), 54.9 (s), 53.1 (q), 52.4 (d), 50.5 (d),
42.9 (d), 42.6 (d), 35.3 (t), 31.6 (t), 30.5 (t), 27.0 (t), 25.8 (t);
MS (EI) m/z (relative intensity) 352 (85), 308 (52), 306 (70),
276 (59), 154 (65), 129 (100), 128 (85); HRMS calcd for
C22H24O4, 352.1674, found, 352.1674. Anal. Calcd for
C22H24O4: C, 74.98; H, 6.86. Found: C, 74.50; H, 7.02.

(()-(8â,9r,14r)-11r,13r-γ-Carbolactone-3-methoxy-11â-
methoxycarbonyl-17r-vinylgona-1,3,5(10)-triene (6b).
White crystals, mp 98 °C; 1H NMR (CDCl3) δ 6.74 (1H, d, J )
8.4 Hz), 6.71 (1H, d, J ) 2.6 Hz), 6.61 (1H, dd, J ) 8.4, 2.6
Hz), 5.87 (1H, ddd, J ) 16.7, 10.6, 8.2 Hz), 5.12 (1H, d, J )

16.7 Hz), 5.11 (1H, d, J ) 10.6 Hz), 3.75 (3H, s), 3.71 (3H, s),
3.04 (1H, d, J ) 11.0 Hz), 2.83 (1H, br. q, J ) 8.2 Hz), 2.74
(1H, td, J ) 8.3, 3.0 Hz), 2.70 (1H, d, J ) 12.4 Hz), 2.47 (1H,
br. dt, J ) 11.8, 7.4 Hz), 2.22 (1H, d, J ) 12.3 Hz), 2.04 (1H,
quint., J ) 6.0 Hz), 1.90 (2H, m), 1.88 (1H, dd, J ) 12.9, 7.4
Hz), 1.65 (1H, qd, J ) 12.2, 5.4 Hz), 1.54 (1H, qm, J ) 10.8
Hz), 1.22 (1H, qd, J ) 11.0, 7.5 Hz), 0.94 (1H, qd, J ) 12.1,
5.5 Hz); 13C NMR (CDCl3) δ 175.6 (s), 170.5 (s), 157.8 (s), 139.3
(s), 135.0 (d), 134.3 (s), 121.9 (d), 117.2 (t), 114.6 (d), 110.4 (d),
93.2 (s), 55.2 (s), 55.2 (q), 53.2 (q), 52.7 (d), 50.8 (d), 43.4 (d),
42.3 (d), 35.6 (t), 31.8 (t), 30.7 (t), 27.7 (t), 26.0 (t); HRMS calcd
for C23H26O5, 382.1780, found, 382.1761.

(()-(8â,9r,14r)-11r,13r-γ-Carbolactone-2,3-dimethoxy-
11â-methoxycarbonyl-17r-vinylgona-1,3,5(10)-triene (6c).
White crystals, mp 137-138 °C; 1H NMR (CDCl3) δ 6.65 (1H,
s), 6.50 (1H, s), 5.88 (1H, ddd, J ) 17.6, 9.6, 8.2 Hz), 5.12 (2H,
m), 3.83 (3H, s), 3.77 (3H, s), 3.68 (3H, s), 3.05 (1H, d, J )
11.2 Hz), 2.80-2.73 (3H, m), 2.62 (1H, d, J ) 12.3 Hz), 2.48
(1H, dt, J ) 11.5, 7.5 Hz), 2.31 (1H, d, J ) 12.3 Hz), 2.05 (1H,
br. q, J ) 5.9 Hz), 1.95-1.87 (4H, m), 1.66 (1H, qd, J ) 12.2,
5.5 Hz), 1.54-1.47 (2H, m), 1.34 (1H, qd, J ) 11.1, 6.7 Hz),
1.00 (1H, dq, J ) 12.0, 5.7 Hz); 13C NMR (CDCl3) δ 175.2 (s),
171.0 (s), 147.0 (s), 146.8 (s), 135.1 (d), 133.0 (s), 129.7 (s), 117.2
(t), 112.3 (d), 106.5 (d), 92.7 (s), 56.1 (q), 55.9 (q), 55.1 (s), 52.9
(d or q), 52.6 (d or q), 51.0 (d), 43.4 (d), 43.0 (d), 36.1 (t), 31.8
(t), 30.5 (t), 27.5 (t), 26.5 (t); MS (EI) m/z (relative intensity)
412 (100), 205 (36), 189 (29), 163 (38); HRMS calcd for
C24H28O6, 412.1885, found, 412.1894.

General Procedure for the Demethoxycarbonylation.
A mixture of 6 (5 mmol), 40 mL of DMSO, and NaCN (735
mg, 15 mmol) was heated at 90 °C under argon. The progress
of the reaction was followed by TLC analysis. After cooling at
room temperature, the mixture was poured in water and then
extracted with CH2Cl2. The organic layer was washed with
water, filtered, and concentrated under vacuum. The residue
was chromatographed on silica gel and then recrystallized in
diethyl ether to give 7 (1.04 g, 3.55 mmol, 71% for 7a, 1.02 g,
3.14 mmol, 63% for 7b, 1.61 g, 4.55 mmol, 91% for 7c).

(()-(8â,9r,14r)-11r,13r-γ-Carbolactone-17r-vinylgona-
1,3,5(10)-triene (7a). White crystals, mp 95 °C; 1H NMR
(CDCl3) δ 7.30 (1H, d, J ) 6.8 Hz), 7.16 (2H, m), 7.11 (1H, d,
J ) 6.9 Hz), 5.91 (1H, ddd, J ) 17.6, 9.6, 8.2 Hz), 5.15-5.07
(2H, m), 3.24 (1H, br. s), 2.90 (2H, m), 2.75 (1H, d, J ) 10.9
Hz), 2.46 (1H, dt, J ) 11.4, 7.5 Hz), 2.14 (1H, quint.m, J ) 4.9
Hz), 2.05 (1H, s), 2.04 (1H, s), 2.01 (1H, m), 1.93 (1H, m), 1.90
(1H, m), 1.66 (1H, qd, J ) 12.1, 5.5 Hz), 1.58-1.49 (2H, m),
1.09 (1H, qd, J ) 12.1, 5.7 Hz); 13C NMR (CDCl3) δ 180.6 (s),
138.6 (s), 137.0 (s), 135.8 (d), 129.4 (d), 126.5 (d),125.9 (d), 124.3
(d), 116.5 (t), 94.5 (s), 52.2 (d), 51.5 (d), 41.4 (d), 40.5 (d), 40.2
(d), 33.0 (t), 31.7 (t), 29.9 (t), 29.0 (t), 27.2 (t); MS (EI) m/z
(relative intensity) 294 (100), 265 (36), 249 (15), 222 (38), 156
(32), 141 (42), 128 (52); HRMS calcd for C20H22O2, 294.1620,
found, 294.1619. Anal. Calcd for C20H22O2: C, 81.60; H, 7.53.
Found: C, 81.55; H, 7.59.

(()-(8â,9r,14r)-11r,13r-γ-Carbolactone-3-methoxy-17r-
vinylgona-1,3,5(10)-triene (7b). White crystals, mp 134 °C;
1H NMR (CDCl3) δ 7.20 (1H, d, J ) 8.5 Hz), 6.72 (1H, dd, J )
8.5, 2.5 Hz), 6.65 (1H, d, J ) 2.5 Hz), 5.91 (1H, ddd, J ) 16.4,
10.8, 8.4 Hz), 5.08 (1H, d, J ) 16.4 Hz), 5.08 (1H, d, J ) 10.8
Hz), 3.76 (3H, s), 3.17 (1H, s), 2.87 (2H, m), 2.70 (1H, d, J )
11.3), 2.45 (1H, dt, J ) 11.5, 7.4 Hz), 2.15-1.85 (3H, m), 1.65
(1H, qd, J ) 12.0, 6.4 Hz), 1.55-1.45 (2H, m), 1.08 (1H, qd, J
) 11.9, 5.6 Hz); 13C NMR (CDCl3) δ 180.6 (s), 158.1 (s), 138.3
(s), 135.9 (d), 130.7 (s), 125.6 (d), 116.5 (t), 114.7 (d), 111.3 (d),
94.5 (s), 55.3 (q), 52.1 (d), 51.5 (d), 41.0 (d), 40.8 (d), 40.5 (d),
33.0 (t), 31.7 (t), 29.9 (t), 29.5 (t), 27.3 (t); HRMS calcd for
C21H24O3, 324.1725, found 324.1726.

(()-(8â,9r,14r)-11r,13r-γ-Carbolactone-2,3-dimethoxy-
17r-vinylgona-1,3,5(10)-triene (7c). White crystals, mp 196
°C; 1H NMR (CDCl3) δ 6.79 (1H, s), 6.59 (1H, s), 5.91 (1H, ddd,
J ) 17.6, 9.6, 8.2 Hz), 5.15-5.05 (2H, m), 3.87 (3H, s), 3.83
(3H, s), 3.12 (1H, d, J ) 3.7 Hz), 2.89-2.80 (2H, m), 2.72 (1H,
d, J ) 10.2 Hz), 2.46 (1H, br. dt, J ) 11.2, 7.2 Hz), 2.12 (1H,
m), 2.08 (1H, 1/2AB, J ) 11.9 Hz), 2.03 (1H, 1/2ABd, J ) 11.9,
4.3 Hz), 1.94-1.86 (2H, m), 1.66 (1H, qd, J ) 12.0, 5.4 Hz),
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1.57-1.48 (3H, m), 1.10 (1H, qd, J ) 12.0, 5.7 Hz); 13C NMR
(CDCl3) δ 180.5 (s), 147.6 (s), 147.1 (s), 135.8 (d), 130.1 (s),
128.8 (s), 116.5 (t), 112.4 (d), 108.6 (d), 94.5 (s), 56.2 (q), 55.9
(q), 51.8 (d), 51.5 (d), 41.3 (d), 41.2 (d), 40.4 (d), 33.0 (t), 31.7
(t), 29.8 (t), 29.1 (t), 27.5 (t); MS (EI) m/z (relative intensity)
354 (74), 279 (16), 190 (18), 167 (27) 149 (71), 57 (100); HRMS
calcd for C22H26O4, 354.1831, found, 354.1822.

General Procedure for the Transesterification of 6.
The steroid 6 (2 mmol) was dissolved in 20 mL of dry methanol
and boiled under argon for 48 h. After cooling at room
temperature, the mixture was concentrated under vacuum.
The residue was recrystallized in diethyl ether to give 8 (0.545
g, 1.42 mmol, 71% for 8a, 0.561 g, 1.35 mmol, 68% for 8b).

(()-(8â,9r,14r)-11,11-Bis(methoxycarbonyl)-17r-vinylg-
ona-1,3,5(10)-trien-13r-ol (8a). White crystals, mp 174 °C;
1H NMR (CDCl3) δ 7.41 (1H, m), 7.01 (3H, m), 5.80 (1H, ddd,
J ) 17.2, 10.5, 7.5 Hz), 5.21 (1H, dd, J ) 10.5, 1.1 Hz), 5.15
(1H, dt, J ) 17.2, 1.2 Hz), 3.85 (3H, s), 3.72 (1H, d, J ) 11.5
Hz), 3.19 (3H, s), 2.84-2.70 (2H, m), 2.74 (1H, d, J ) 14.3
Hz), 2.18 (2H, d, J ) 14.3 Hz), 2.16 (1H, quint., J ) 6.4 Hz),
2.0 (1H, dquint., J ) 12.8, 2.4 Hz), 1.76-1.69 (2H, m), 1.63-
1.54 (3H, m), 1.36 (1H, qd, J ) 12.5, 4.5 Hz), 1.18 (1H, qd, J
) 12.3, 5.9 Hz); 13C NMR (CDCl3) δ 174.8 (s), 172.3 (s), 138.1
(s), 136.9 (s), 136.4 (d), 128.8 (d), 128.5 (d), 125.6 (d), 125.3
(d), 118.5 (t), 79.4 (s), 59.5 (s), 55.8 (q), 54.9 (d), 53.0 (q), 51.9
(d), 44.7 (d), 42.5 (t), 40.3 (d), 30.8 (t), 30.7 (t), 29.3 (t), 27.9
(t). Anal. Calcd for C23H28O5: C, 71.85; H, 7.34. Found: C,
71.92; H, 7.28.

(()-(8â,9r,14r)-11,11-Bis(methoxycarbonyl)-3-methoxy-
17r-vinylgona-1,3,5(10)-trien-13r-ol (8b). Yellow oil; 1H
NMR (CDCl3) δ 7.36 (1H, d, J ) 8.8 Hz), 6.59 (1H, dd, J )
8.8, 2.7 Hz), 6.54 (1H, d, J ) 2.7 Hz), 5.80 (1H, ddd, J ) 17.3,
10.3, 7.5 Hz), 5.21 (1H, ddd, J ) 10.3, 1.0, 0.7 Hz), 5.15 (1H,
ddd, J ) 17.3, 1.2, 0.5 Hz), 3.84 (3H, s), 3.73 (3H, s), 3.64 (1H,
d, J ) 11.4 Hz), 3.23 (3H, s), 2.83-2.66 (2H, m), 2.72 (1H, d,
J ) 14.3 Hz), 2.18 (1H, d, J ) 14.3 Hz), 2.18-2.12 (2H, m),
1.98 (1H, dquint., J ) 12.7, 2.1 Hz), 1.74-1.53 (4H, m), 1.34
(1H, qd, J ) 12.3, 4.5 Hz), 1.22-1.12 (2H, m); 13C NMR (CDCl3)
δ 174.8 (s), 172.3 (s), 157.2 (s), 139.6 (s), 136.4 (d), 129.8 (d),
129.0 (s), 118.4 (t), 113.3 (d), 111.3 (d), 79.4 (s), 59.5 (s), 55.8
(d or q), 55.1 (q), 55.0 (q), 52.9 (d), 52.0 (d), 44.2 (d), 42.4 (t),
40.4 (d), 31.1 (t), 30.8 (t), 29.3 (t), 27.9 (t); HRMS calcd for
C24H30O6, 414.2042, found 414.2043.

Transesterification of 7. The procedure was the same as
before, except for the purification of the crude product. In this
case, the residue was chromatographed on silica gel (petroleum
ether/diethyl ether, 80:20 for 9a,b; petroleum ether/ethyl
acetate, 70:30 for 9c) to give 9 (0.58 g, 1.78 mmol, 89% for 9a,
0.58 g, 1.64 mmol, 82% for 9b, 0.66 g, 1.72 mmol, 86% for 9c).

(()-(8â,9r,14r)-11r-Methoxycarbonyl-17r-vinylgona-
1,3,5(10)-trien-13r-ol (9a). White wax; 1H NMR (CDCl3) δ
7.08 (3H, m), 6.99 (1H, m), 5.88 (1H, m), 5.58 (1H, m), 5.12
(1H, ddd, J ) 17.2, 1.7, 1.2 Hz), 3.77 (3H, s), 3.07 (1H, dd, J
) 11.7, 9.4 Hz), 2.88 (1H, td, J ) 9.0, 6.3 Hz), 2.79 (2H, m),
2.29 (1H, dt, J ) 8.4, 7.8 Hz), 2.15 (1H, dddd, J ) 13.8, 10.4,
7.4, 4.1 Hz), 2.07 (1H, dd, J ) 14.0, 6.3 Hz), 1.99 (1H, m), 1.95
(1H, dd, J ) 14.0, 6.5 Hz), 1.73 (3H, m), 1.49 (1H, ddd, J )
16.2, 9.6, 6.8 Hz), 1.29 (1H, m), 1.18 (1H, m); 13C NMR (CDCl3)
δ 177.9 (s), 140.4 (s), 137.6 (s), 136.9 (d), 128.3 (d), 125.9 (d),
125.8 (d), 125.2 (d), 117.2 (t), 80.3 (s), 54.1 (q), 52.3 (d), 52.1
(d), 44.0 (d), 41.0 (d), 40.4 (d), 36.5 (t), 29.1 (t), 28.6 (t), 28.2
(t)(2C); MS (EI) m/z (relative intensity) 352; HRMS calcd for
C21H26O3, 308.17762, found, 308.17760. Anal. Calcd for
C21H26O3: C, 77.27; H, 8.03. Found: C, 77.34; H, 7.97.

(()-(8â,9r,14r)-3-Methoxy-11r-methoxycarbonyl-17r-
vinylgona-1,3,5(10)-trien-13r-ol (9b). Colorless oil; 1H NMR
(CDCl3) δ 6.91 (1H, d, J ) 8.4 Hz), 6.66 (1H, dd, J ) 8.4, 2.7
Hz), 6.61 (1H, d, J ) 2.7 Hz), 5.87 (1H, ddd, J ) 17.2, 10.4,
7.6 Hz), 5.17 (1H, ddd, J ) 10.4, 1.8, 0.8 Hz), 5.12 (1H, ddd, J
) 17.2, 1.8, 1.2 Hz), 3.76 (3H, s), 3.75 (3H, s), 3.00 (1H, dd, J
) 11.5, 9.4 Hz), 2.85-2.76 (3H, m), 2.28 (1H, td, J ) 10.6, 7.8
Hz), 2.18-2.04 (1H, m), 2.05 (1H, 1/2AB,d, J ) 14.0, 6.3 Hz),
2.00 (1H, m), 1.93 (1H, 1/2AB,d, J ) 14.0, 6.4 Hz), 1.79-1.67
(3H, m), 1.46 (1H, m), 1.29 (1H, m), 1.16 (1H, qd, J ) 11.5,
4.3 Hz); 13C NMR (CDCl3) δ 178.1 (s), 157.6 (s), 138.9 (s), 136.9

(d), 132.6 (s), 126.5 (d), 117.4 (t), 113.5 (d), 111.6 (d), 80.4 (s),
55.2 (q), 54.5 (q), 54.5 (d), 52.4 (d), 44.4 (d), 41.0 (d), 40.9 (d),
36.5 (t), 29.6 (t), 28.8 (t), 28.3 (t)(2C); HRMS calcd for C22H28O4,
356.1988, found, 356.2004.

(()-(8â,9r,14r)-3,4-Dimethoxy-11r-methoxycarbonyl-
17r-vinylgona-1,3,5(10)-trien-13r-ol (9c). White crystals,
mp 140 °C; 1H NMR (CDCl3) δ 6.59 (1H, s), 6.56 (1H, s), 5.88
(1H, ddd, J ) 17.4, 10.4, 7.6 Hz), 5.16 (1H, dq, J ) 10.4, 1.6
Hz), 5.11 (1H, dd, J ) 17.4, 0.9 Hz), 3.82 (3H, s), 3.77 (3H, s),
3.76 (3H, s), 3.02 (1H, t, J ) 10.3 Hz), 2.84 (1H, dt, J ) 9.2,
6.3 Hz), 2.74 (2H, q, J ) 4.0 Hz), 2.27 (1H, dt, J ) 10.3, 7.8
Hz), 2.14 (1H, m), 2.05 (1H, ?ABd, J ) 14.2, 6.0 Hz), 1.93 (1H,
?ABd, J ) 14.2, 6.6 Hz), 1.76-1.65 (3H, m), 1.44 (1H, br. quint.,
J ) 10.3 Hz), 1.28 (1H, dq, J ) 12.2, 8.0 Hz), 1.17 (1H, dq, J
) 11.4, 3.8 Hz); 13C NMR (CDCl3) δ 178.5 (s), 147.1 (s)(2C),
137.0 (d), 132.0 (s), 129.6 (s), 117.3 (t), 111.5 (d), 109.5 (d),
80.3 (s), 55.9 (q), 55.8 (q), 54.5 (q), 52.8 (d), 52.4 (d), 44.8 (d),
41.6 (d), 41.0 (d), 36.5 (t), 29.1 (t), 29.0 (t), 28.5 (t)(2C). Anal.
Calcd for C23H30O5: C, 71.48; H, 7.82. Found: C, 71.55; H,
7.72.

Demethoxycarbonylation of Precursors 5a-c. A mix-
ture of benzocyclobutenic derivative 5 (20 mmol), 150 mL of
DMSO, and NaCN (2.94 g, 60 mmol) was heated at 90 °C. The
progress of the reaction was followed by TLC analysis. After
the usual work up, the residue was chromatographed on silica
gel (petroleum ether/diethyl ether) to give 10 as an inseparable
mixture of four diastereoisomers (5.30 g, 18 mmol, 90% for
10a, 5.38 g, 16.6 mmol, 83% for 10b, 6.23 g, 17.6 mmol, 88%
for 10c).

3-(Benzocyclobuten-1-yl)-6,9-divinyl-1-oxaspiro[4.4]-
nonan-2-one (10a). Mixture of isomers, 1H NMR (CDCl3) δ
7.16 (4H, m), 5.65 (2H, m), 4.99 (4H, m), 3.79 (1H, m), 3.39
(1H, m), 2.68 (1H, m), 2.35 (1H, m), 2.25 (2H, m), 2.20-1.47
(6H, m); 13C NMR (CDCl3) δ 176.5 (s), 145.6 (s), 143.0 (s), 137.9
(d), 135.5 (d), 127.9 (d), 127.0 (d), 122.9 (d), 122.2 (d), 118.2
(t), 116.5 (t), 94.4 (s), 53.4 (d), 52.1 (d), 43.0 (d), 42.4 (d), 33.8
(t), 29.2 (t), 28.4 (t), 27.9 (t). Anal. Calcd for C20H22O2: C, 81.60;
H, 7.53. Found: C, 81.48; H, 7.60.

3-(4-Metoxybenzocyclobuten-1-yl)-6,9-divinyl-1-
oxaspiro[4.4]nonan-2-one (10b). Mixture of isomers, 1H
NMR (CDCl3) δ 6.86 (1H, d, J ) 8.1 Hz), 6.70 (1H, dd, J )
8.1, 2.2 Hz), 6.65 (1H, d, J ) 2.2 Hz), 5.72-5.56 (2H, m), 5.19-
4.94 (4H, m), 3.75 (1.5H, s), 3.74 (1.5H, s), 3.35 (1H, dd, J )
14.6, 5.4 Hz), 2.98-2.86 (2H, m), 2.77-2.67 (1H, m), 2.29 (1H,
dd, J ) 13.0, 8.8 Hz), 2.18-1.69 (5H, m), 1.55-1.46 (2H, m);
13C NMR (CDCl3) δ 177.4 (s), 160.2 (s), 144.3 (s), 138.5 (d),
137.0 (s), 135.6 (d), 123.5 (d), 118.1 (t), 116.8 (t), 113.5 (d), 108.7
(d), 94.6 (s), 55.4 (q), 52.9 (d), 52.4 (d), 43.1 (d), 41.9 (d), 34.2
(t), 29.3 (t), 28.9 (t), 28.8 (t).

3-(4,5-Dimethoxybenzocyclobuten-1-yl)-6,9-divinyl-1-
oxaspiro[4.4]nonan-2-one (10c). Mixture of isomers, 1H
NMR (CDCl3) δ 6.59 (1H, s), 6.58 (1H, s), 5.65 (2H, m), 5.0
(4H, m), 3.83 (3H, s), 3.81 (3H, s), 3.58 (1H, m), 3.25 (1H, m),
2.79 (2H, m), 2.40-1.04 (8H, m); 13C NMR (CDCl3) δ 177.5
(s), 150.3 (s), 149.8 (s), 137.9 (d), 135.9 (d), 135.8 (s), 134.5 (s),
118.4 (t), 116.9 (t), 107.5 (d), 106.6 (d), 94.9 (s), 57.8 (q), 56.7
(q), 53.6 (d), 52.8 (d), 43.2 (d), 42.1 (d), 33.4 (t), 29.6 (t), 29.5
(t), 29.0 (t). Anal. Calcd for C22H26O4: C, 74.55; H, 7.39.
Found: C, 74.61; H, 7.34.

Cyclization of 10. Synthesis of Steroids 7 and 11.
Benzocyclobutenic derivative 10 was dissolved in 150 mL of
1,2,4-trichlorobenzene and boiled under argon. The progress
of the reaction was followed by TLC analysis. After cooling at
room temperature, the mixture was concentrated under
vacuum. In the case of 11a, the residue was first crystallized
in diethyl ether in order to partially remove compound 7a.
Then, mother liquors were purified by chromatography on
silica gel (petroleum ether/ethyl acetate, 90:10) providing
expected steroid 11a as a pure form. The two diastereoisomers
were quantitatively obtained in a 57/43 ratio in favor of 7a.
In the case of 11b, the residue was first crystallized in diethyl
ether/methanol (3:1) in order to partially remove compound
7b. The mother liquors were purified by chromatography on
silica gel (petroleum ether/diethyl ether, 90:10) providing
expected steroid 11b as a pure form (60/40 ratio in favor of
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7b). In the case of 11c, the crude was directly chromato-
graphed on silica gel (petroleum ether/ethyl acetate, 85:15)
allowing the complete separation of the two diastereoisomers
7c and 11c. These latter were quantitatively obtained in a
53/47 ratio in favor of 7c. Overall yields were higher than
95%.

(()-(8â,9r,14r)-11â,13â-γ-Carbolactone-17r-vinylgona-
1,3,5(10)-triene (11a). White crystals, mp 107 °C; 1H NMR
(CDCl3) δ 7.42 (1H, d, J ) 7.6 Hz), 7.23 (2H, m), 7.06 (1H, dd,
J ) 6.9, 6.7 Hz), 5.64 (1H, ddd, J ) 17.0, 10.0, 9.0 Hz), 5.11
(2H, m), 3.50 (1H, dd, J ) 5.4, 1.4 Hz), 2.90 (2H, m), 2.86 (1H,
m), 2.70 (1H, d, J ) 10.0 Hz), 2.48 (1H, dd, J ) 11.7, 5.4 Hz),
2.23 (1H, m), 2.02 (1H, m), 1.78 (1H, d, J ) 11.7 Hz), 1.70
(1H, m), 1.61 (3H, m), 1.46 (1H, m); 13C NMR (CDCl3) δ 175.7
(s), 137.3 (d), 136.3 (s), 135.5 (s), 128.9 (d), 126.1 (d), 125.3
(d), 124.8 (d), 116.2 (t), 95.9 (s), 49.1 (d), 48.9 (d), 44.0 (d), 41.8
(d), 40.7 (d), 38.6 (t), 29.3 (t), 28.7 (t), 27.3 (t), 26.9 (t); MS (EI)
m/z (relative intensity) 294 (100), 265 (26), 222 (34), 193 (33),
141 (32), 129 (42); HRMS calcd for C20H22O2, 294.1620, found,
294.1619. Anal. Calcd for C20H22O2: C, 81.60; H, 7.53. Found:
C, 81.60; H, 7.54.

(()-(8â,9r,14r)-11â,13â-γ-Carbolactone-3-methoxy-17r-
vinylgona-1,3,5(10)-triene (11b). White crystals, mp 129 °C;
1H NMR (CDCl3) δ 7.31 (1H, d, J ) 8.6 Hz), 6.72 (1H, dd, J )
8.6, 2.6 Hz), 6.60 (1H, d, J ) 2.6 Hz), 5.63 (1H, ddd, J ) 17.1,
10.1, 8.8 Hz), 5.12 (1H, d, J ) 17.1 Hz), 5.08 (1H, d, J ) 10.1
Hz), 3.74 (3H, s), 3.43 (1H, d, J ) 5.3 Hz), 2.92-2.82 (3H, m),
2.62 (1H, d, J ) 10.0 Hz), 2.46 (1H, dd, J ) 11.7, 5.4 Hz), 2.22
(1H, m), 2.03-1.96 (3H, m), 1.76 (1H, d, J ) 11.7 Hz), 1.72-
1.53 (3H, m), 1.45 (1H, q, J ) 10.4 Hz); 13C NMR (CDCl3) δ
176.2 (s), 158.2 (s), 138.0 (s), 137.7 (d), 126.2 (d), 116.6 (t), 114.5
(d), 111.4 (d), 96.4 (s), 55.2 (q), 49.5 (d), 49.3 (d), 44.2 (d), 42.5
(d), 41.5 (d), 39.2 (t), 29.7 (t), 29.5 (t), 27.8 (t), 27.2 (t); HRMS
calcd for C21H24O3, 324.1725, found 324.1745.

(()-(8â,9r,14r)-11â,13â-γ-Carbolactone-2,3-dimethoxy-
17r-vinylgona-1,3,5(10)-triene (11c). White crystals, mp 137
°C; 1H NMR (CDCl3) δ 6.87 (1H, s), 6.55 (1H, s), 5.63 (1H, ddd,
J ) 17.0, 9.8, 9.2 Hz), 5.12 (1H, d, J ) 17.0 Hz), 5.08 (1H, d,
J ) 9.8 Hz), 3.87 (3H, s), 3.80 (3H, s), 3.40 (1H, d, J ) 5.5
Hz), 2.84 (2H, m), 2.79 (1H, m), 2.63 (1H, br. d, J ) 9.8 Hz),
2.47 (1H, dd, J ) 11.7, 5.5 Hz), 2.23 (1H, m), 2.01 (2H, m),
1.77 (1H, d, J ) 11.7 Hz), 1.70-1.57 (4H, m), 1.45 (1H, quint,
J ) 10.4 Hz); 13C NMR (CDCl3) δ 176.1 (s), 147.7 (s), 146.9
(s), 137.6 (d), 128.8 (s), 127.6 (s), 116.5 (t), 112.2 (d), 108.9 (d),
96.4 (s), 56.1 (q), 55.9 (q), 49.4 (d), 49.2 (d), 44.4 (d), 42.8 (d),
41.4 (d), 39.2 (t), 29.6 (t), 29.0 (t), 27.9 (t), 27.1 (t); HRMS calcd
for C22H26O4, 354.1831, found, 354.1834. Anal. Calcd for
C22H26O4: C, 74.55; H, 7.39. Found: C, 74.42; H, 7.48.

Wacker-Type Oxidation of 5b,c. To a solution of 0.1 mmol
of Pd(OAc)2 (22.4 mg, 0.1 equiv) and 0.9 mmol of benzoquinone
(97 mg, 0.9 equiv) in 10 mL of acetonitrile, were successively
added 3.1 mL of water and 0.65 mL of HClO4 (70%). The
mixture was stirred 0.5 h at room temperature under argon.
Then a solution of 5 (1 mmol) in 12 mL of acetonitrile was
added and stirred at room temperature for 4 h (the progress
of the reaction was followed by TLC analysis). The mixture
was poured in diethyl ether and washed with a solution of
NaOH (30%). The aqueous layer was extracted with diethyl
ether. The combined organic layers were dried on MgSO4,
filtrated, and concentrated under vacuum. The crude product
was purified by chromatography on silica gel (petroleum ether/
ethyl acetate) to give 12b (214 mg,0.54 mmol, 54%) or a
separable mixture of 12c (226 mg, 0.53 mmol, 53%) and 13c
(44 mg, 0.1 mmol, 10%).

6-Acetyl-3-(4-methoxybenzocyclobuten-1-yl)-3-meth-
oxycarbonyl-9-vinyl-1-oxaspiro[4.4]nonan-2-one (12b).
Colorless oil; 1H NMR (CDCl3) δ 6.92 (1H, d, J ) 8.1 Hz), 6.75
(1H, dd, J ) 8.1, 1.9 Hz), 6.65 (1H, d, J ) 1.9 Hz), 5.13 (1H,
ddd, J ) 17.0, 10.3, 8.3 Hz), 4.75 (1H, dq, J ) 10.3, 0.5), 4.43
(1H, dt, J ) 17.0, 1.3 Hz), 4.18 (1H, dd, J ) 5.0, 2.2 Hz), 3.87
(3H, s), 3.75 (3H, s), 3.24 (1H, dd, J ) 14.9, 5.1 Hz), 2.91 (1H,
dd, J ) 9.4, 7.5 Hz), 2.77 (1H, dd, J ) 14.8, 2.4 Hz), 2.44 (1H,
d, J ) 14.1 Hz), 2.13 (3H, s), 2.09 (1H, d, J ) 14.1 Hz), 2.03
(3H, m), 1.57 (2H, m); 13C NMR (CDCl3) δ 207.9 (s), 173.5 (s),
171.0 (s), 160.9 (s), 144.6 (s), 135.5 (d), 134.3 (s) 124.1 (d), 118.1

(t), 114.1 (d), 108.7 (d), 91.1 (s), 58.5 (q), 57.8 (d or q), 55.5 (d
or q), 53.3 (d), 51.3 (d), 45.8 (d), 32.6 (t), 30.9 (t), 30.5 (q), 26.0
(t), 24.3 (t); HRMS calcd for C23H26O6, 398.1729, found
398.1732.

6-Acetyl-3-(4,5-dimethoxybenzocyclobuten-1-yl)-3-meth-
oxycarbonyl-9-vinyl-1-oxaspiro[4.4]nonan-2-one (12c).
White crystals, mp 91-92 °C; 1H NMR (CDCl3) δ 6.66 (1H, s),
6.56 (1H, s), 5.16 (1H, m), 4.76 (1H, d, J ) 17.5 Hz), 4.49 (1H,
d, J ) 9.3 Hz), 4.18 (1H, dd, J ) 4.8, 1.6 Hz), 3.88 (3H, s),
3.83 (3H, s), 3.78 (3H, s), 3.21 (1H, dd, J ) 14.3, 4.8 Hz), 2.95
(1H, J ) 8.8 Hz), 2.68 (1H, dd, J ) 14.3, 1.6 Hz), 2.42 (1H, d,
J ) 14.1 Hz), 2.14 (3H, s), 2.12 (1H, d, J ) 14.1 Hz), 1.79 (5H,
m); 13C NMR (CDCl3) δ 207.9 (s), 173.7 (s), 170.9 (s), 151,0 (s),
150.0 (s), 135.3 (d), 134.9 (s), 133.6 (s), 118.2 (t), 107.0 (d), 106.8
(d), 91.2 (s), 58.4 (d), 57.7 (s), 56.3 (q), 51.2 (q), 51.2 (d), 45.8
(d), 32.5 (t), 30.8 (t), 30.7 (q), 25.9 (t), 24.2 (t). Anal. Calcd for
C24H28O7: C, 67.28; H, 6.59. Found: C, 67.35; H, 6.48.

6,9-Diacetyl-3-(4,5-dimethoxybenzocyclobuten-1-yl)-3-
methoxycarbonyl-1-oxaspiro[4.4]nonan-2-one (13c). White
crystals, mp 93 °C; 1H NMR (CDCl3) δ 6.62 (1H, s), 6.59 (1H,
s), 4.13 (1H, dd, J ) 5.0, 1.8 Hz), 3.85 (3H, s), 3.78 (3H, s),
3.14 (1H, m), 3.12 (1H, dd, J ) 14.5, 5.0 Hz), 2.84 (1H, d, J )
14.5 Hz), 2.69 (1H, m), 1.98 (3H, s), 1.59 (3H, s); 13C NMR
(CDCl3) δ 209.3 (s), 207.0 (s), 173.7 (s), 170.4 (s), 151.1 (s), 150.0
(s), 135.4 (s), 133.7 (s), 107.2 (d), 106.6 (d), 90.1 (s), 59.7 (d),
59.3 (d), 56.9 (s), 56.6 (q), 56.3 (q), 53.3 (q), 46.7 (d), 32.2 (t),
31.2 (q), 30.9 (t), 29.9 (q), 25.6 (t), 25.4 (t). Anal. Calcd for
C24H28O8: C, 64.85; H, 6.35. Found: C, 64.92; H, 6.41.

Thermolysis of 12c. Compound 12c (118 mg, 0.257 mmol)
in 1,2,4-trichlorobenzene was refluxed for 16 h (the progress
of the reaction was followed by TLC analysis). The solvent was
removed under vacuo and the residue was flash chromato-
graphed on silica gel to give 14 (79 mg, 0.186 mmol, 67%), 15
(19 mg, 0.044 mmol, 16%), and 16 (17 mg, 0.043 mmol, 16%).

(()-(8â,9r,14r)-17r-Acetyl-11r,13r-γ-carbolactone-2,3-
dimethoxy-11â-methoxycarbonylgona-1,3,5(10)-triene (14).
White crystals, mp 137-138 °C; 1H NMR (CDCl3) δ 6.63 (1H,
s), 6.52 (1H, s), 3.82 (3H, s), 3.77 (3H, s), 3.65 (3H, s), 3. 07
(1H, d, J ) 11.1 Hz), 2.91 (1H, dd, J ) 10.2, 7.1 Hz), 2.79 (1H,
d, J ) 12.5 Hz), 2.75 (2H, t, J ) 6.6 Hz), 2.57 (1H, d, J ) 12.5
Hz), 2.24 (3H, s), 2.15 (2H, m), 1.96 (1H, ddd, J ) 11.1, 7.1,
5.5 Hz), 1.87 (2H, m), 1.50, (1H, m), 1.41 (1H, qd, J ) 11.1,
5.5 Hz), 1.04 (1H, m); 13C NMR (CDCl3) δ 204.3 (s), 173.9 (s),
169.8 (s), 147.0 (s), 146.7 (s), 131.4 (s), 129.5 (s), 112.2 (d), 106.8
(d), 91.1 (s), 57.7 (d), 56.3 (s), 55.9 (q), 55.8 (q), 52.5 (q or d),
51.9 (d or q), 43.5 (d), 42.4 (d), 37.4 (t), 30.7 (q), 29.6 (t), 27.2
(t), 26.7 (t), 26.5 (t). Anal. Calcd for C24H28O7: C, 67.28; H,
6.59. Found: C, 67.15; H, 6.65.

(()-(8â,9â,14r)-17r-Acetyl-11r,13r-γ-carbolactone-2,3-
dimethoxy-11â-methoxycarbonylgona-1,3,5(10)-triene (15).
White crystals, mp 117 °C; 1H NMR (CDCl3) δ 7.34 (1H, s),
6.42 (1H, s), 4.29 (1H, d, J ) 7.1 Hz), 3.79 (3H, s), 3.49 (3H,
s), 3.48 (3H, s), 2.56 (1H, d, J ) 11.9 Hz), 2.49 (1H, m), 2.29
(1H, m), 2.22 (1H, dd, J ) 10.4, 6.9 Hz), 2.06 (1H, d, J ) 11.9
Hz), 1.99 (1H, m), 1.93 (1H, m), 1.87 (3H, s), 1.72 (1H, m),
1.52 (3H, m), 1.37 (1H, dddd, J ) 14.9, 6.7, 6.6, 1.9 Hz), 0.49
(1H, dq, J ) 11.8, 6.4 Hz); 13C NMR (CDCl3) δ 204.9 (s), 172.0
(s), 171.3 (s), 147.5 (s), 146.6 (s), 128.9 (s), 124.5 (s), 112.3 (d),
111.3 (d), 90.6 (s), 58.6 (d), 55.9 (q), 55.8 (q), 55.2 (s), 52.8 (d),
45.2 (q), 41.7 (d), 39.4 (d), 35.1 (t), 30.6 (t), 30.1 (t), 26.9 (q),
25.1 (t), 24.3 (t). Anal. Calcd for C24H28O7: C, 67.28; H, 6.59.
Found: C, 67.19; H, 6.68.

(()-(8â,9r,14r)-17-Acetyl-2,3-dimethoxy-11â-methoxy-
carbonylgona-1,3,5(10),13(17)-tetraene (16). White crys-
tals, mp 156-157 °C; 1H NMR (CDCl3) δ 6.76 (1H, s), 6.52
(1H, s), 3.90 (1H, m), 3.81 (3H, s), 3.80 (3H, s), 3.59 (1H, m),
3.43 (3H, s), 2.71 (5H, m), 2.23 (6H, m), 2.22 (3H, s), 1.43 (2H,
m); 13C NMR (CDCl3) δ 198.8 (s), 172.3 (s), 153.9 (s), 147.2 (s),
134.9 (s), 129.5 (s), 128.7 (s), 125.1 (s), 112.1 (d), 109.3 (d),
56.1 (q), 55.8 (q), 53.8 (q or d), 51.4 (d or q), 44.2 (d), 43.0 (d),
42.6 (d), 33.2 (t), 32.3 (q), 30.3 (t), 29.7 (t), 28.5 (t), 27.3 (t).
Anal. Calcd for C23H28O5: C, 71.85; H, 7.34. Found: C, 71.77;
H, 7.42.
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