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ABSTRACT

Regio-, stereo-, and facial selective [4 þ 2] cycloadditions between highly activated vinyl sulfones and 1,3-dienes derived from (R)-4-tert-
butyldimethylsilyloxy-2-cyclohexen-1-one provide a powerful approach for the asymmetric synthesis of compounds containing the
bicyclo[2.2.2]octanone carbon skeleton. This new methodology has been successfully applied to the asymmetric synthesis of the cis-decalin
core structure of the potent anticancer marine natural products superstolides A and B.

Bicyclo[2.2.2]octanone derivatives have attracted con-
siderable interest from organic chemists because the

unique molecular architecture can be found in natural
products1 and can serve as scaffolds in the design of
therapeutic agents.2 In addition, the rigid bicyclo[2.2.2]-
octanone structure can undergo versatile transformations
to other molecular structures that are difficult to be
constructed.3 Although a number of methods have been
developed for the synthesis of racemic bicyclo[2.2.2]-
octanone derivatives,4 asymmetric synthesis of highly
functionalized bicyclo[2.2.2]octanone derivatives still poses
a formidable synthetic challenge.5

We have recently reported for the first time that 1,3-
dienes derived from (R)-4-tert-butyldimethyl-silyloxy-2-
cyclohexen-1-one can undergo stereo- and facial selective
asymmetric [4 þ 2] cycloadditions with various activated
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symmetric dienophiles (Scheme 1).6 These reactions are
exclusively endo selective and occur at the face syn to the
bulkyTBSOgroup to afford predominantly (or sometimes
exclusively) syn/endo products. These controlled [4 þ 2]
cycloadditions increase the asymmetric complexity from
one asymmetric center in the starting material to five
asymmetric centers in the products in a single step and
provide a powerful approach for the asymmetric synthesis
of compounds containing the bicyclo[2.2.2]octanone
carbon skeleton.

To expand the scope of these new asymmetric [4 þ 2]
cycloadditions, we decided to investigate the possibility of
employing unsymmetric dienophiles. We were particularly
interested in highly activated unsymmetric dienophiles such
as vinyl sulfone 6 (Scheme 2).7 Because of the steric hin-
drance between the alkyl (or aryl) sulfonemoiety andTBSO
group, 7-anti/endo should be formed predominantly.

In the event, 1,3-diene 5 reacted with dienophile 6a8 to
provide 7a in 92% yield (entry 1, Table 1). The reaction
was highly regioselective and completely stereo- and facial
selective.As expected, the [4þ 2] cycloaddition occurred at
the face anti to the bulky TBSO group, and 7-syn/endowas
not detected. The facial selectivity observed in this reaction
is opposite to that of those reactions employing symmetric
dienophiles shown in Scheme 1.
Several highly reactivevinyl sulfones (6b�e) were chosen

to study the scope and limitation of this asymmetric [4þ 2]

cycloaddition, and the results are summarized in Table 1.
All reactions provided exclusive 7-anti/endo products in
very good yields (entries 2�5, Table 1). These experiments
showed that the N-substituent on the maleimide moiety of
the dienophile had no effect on the stereo- and facial
selectivity of the [4 þ 2] cycloadditions (entries 1�3,
Table 1). In addition, R-(phenylsulfonyl)maleic anhydride
6d reacted with 1,3-diene 5 in the same fashion. The
relatively low yield of 7d was due to the decomposition
of the anhydride moiety of the product on the silica gel
during flash column chromatography.9 Furthermore, it
was found that the phenylsulfonyl group could be replaced
by the tert-butylsulfonyl group, and therewas no change in
the facial selectivity of the reaction (entry 5, Table 1).

We then turned our attention to the scope of chiral 1,3-
dienes (Scheme 3). The results of asymmetric [4 þ 2]
cycloadditions between various chiral 1,3-dienes (8a�e)
and vinyl sulfone 6a are summarized in Table 2.10

Compound 9-anti/endo was the only product that was
isolated from the reaction, and the yields (9a�e) were
uniformly excellent. Experimental results show that intro-
ducing an alkyl group at the 1 and/or 4 position of the 1,3-
diene had no effect on the stereochemical outcome of the
reaction (entries 1 and 2, Table 2). It should be noted that
among four newly created stereogenic centers in 9b three of
them are quaternary carbons and two of them are bridge-
head quaternary carbons, which are difficult to construct.
In addition, the reactions were relatively faster when 1,3-
diene 8c with a vinyl carbonate moiety and 1,3-dienes 8d
and 8e with silyl enol ether moiety were employed (entries

Scheme 1. [4 þ 2] Cycloadditions with Syn Facial Selectivity

Scheme 2. [4 þ 2] Cycloadditions with Anti Facial Selectivity

Table 1. [4 þ 2] Cycloadditions with Anti Facial Selectivitya

entry 1,3-diene 5 dienophile 6 7-anti/endo yieldb (%)

1 5 6a, R = Ph, Y = NPh 7a, 92

2 5 6b, R = Ph, Y = NBn 7b, 93

3 5 6c, R = Ph, Y = NEt 7c, 79

4 5 6d, R = Ph, Y = O 7d, 58

5 5 6e, R = t-Bu, Y = NPh 7e, 83

aAll reactions were run in CH2Cl2 at 25 �C for 1 day under argon.
bThese were isolated yields. All compounds were fully characterized.

Scheme 3. [4 þ 2] Cycloadditions with Anti Facial Selectivity
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3�5, Table 2). Furthermore, entry 5 indicates that an iodo
group at the 3 position of the 1,3-diene had no effect on the
facial selectivity (entry 5, Table 2).

The enantiopure products of these highly controlled [4þ
2] cycloadditions contain the rigid bicyclo[2.2.2]octanone
carbon skeletons that are rich in both functionality and
stereochemical complexity. These compoundsare excellent
scaffolds for further synthetic manipulations. To demon-
strate the synthetic utility we decided to design a concise
approach for the conversion of compound 7a to the cis-
decalin core structure present in the highly potent anti-
cancer marine natural products superstolides A (10) and B
(11) that were isolated from the deep-water marine
sponge Neosiphonia superstes collected off New Caledo-
nia (Figure 1).11,12

Compound 7a was chemo- and regioselectively reduced
to give compound 12 in 94% yield (Scheme 4). Hemiacetal
12 was protected by a TES group to afford compound 13,

which was converted to a samarium enolate followed by
the addition of MeI to provide compound 14 with the
requisite stereochemistry of the quaternary carbon in 88%
yield.Compound 14was treatedwith1NHCl in i-PrOHat
120 �C in a sealed tube to reach an equilibrium to give a
mixture of 15 and 16 in an approximately 1:3 ratio with a
combined yield of 95% (compound 15 could be recycled to
16 under the same reaction conditions). Compound 16was
converted to olefin 17 in 84% yield under the standard
conditions. Vinyllithium 18, prepared from the corre-
sponding vinylstannane,13 underwent a stereospecific 1,2-
addition to ketone 17 to afford tert-alcohol 19, which
underwent an anionic oxy-Cope rearrangement to provide
cis-decalin 20with the five requisite stereogenic centers and
the double bond at the desired positions. Stereoselective
reduction of ketone 20 by Me4NBH4 followed by the
methylation of the resulting alcohol gave compound 21

in 78% yield.
The conversion of compound 21 to 23 failed under

various Tamao�Fleming oxidation conditions because
of the quick cleavage of the isopropyl group of the hemi-
aminal ether moiety of compound 21 in the presence of
typical strong acidic conditions of the Tamao�Fleming
oxidation and the labile olefin moiety toward various
electrophilic reagents such as Hg(OAc)2 and Br2.

14

Table 2. [4 þ 2] Cycloadditions with Anti Facial Selectivitya

entry 1,3-diene dienophile

9-anti/endo

yieldb (%)

1 8a: R1 = Ac, R2 = Me,

R3 = X = H

6a 9a, 83

2 8b: R1 = Ac, R2 = n-Bu,

R3 = Me, X = H

6a 9b, 97

3 8c: R1 = CO2Me, R2 = H,

R3 = X = H

6a 9c, 87

4 8d: R1 = TIPS, R2 = H,

R3 = Me, X = H

6a 9d, 90

5 8e: R1 = TIPS, R2 = H,

R3 = Me, X = I

6a 9e, 91

aAll reactions were run in CH2Cl2 at 25 �C for 1 day under argon
unless other stated. bThese were isolated yields. All compounds were
fully characterized.

Figure 1. Anticancer marine natural products superstolides A
and B.

Scheme 4. Synthesis of the Core Structure of Superstolides A
and B
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To solve these commonproblems in Tamao�Fleming oxida-
tion it was imperative to develop a mild procedure that
avoids the strong acidic conditions as well as those electro-
philic reagents. We were delighted to observe that the
phenyl group of the dimethylphenylsilyl moiety could be
cleaved by TBAF in wet DMF at 65 �C to give compound
22, which was easily oxidized to alcohol 23 in 82% yield. It
was discovered that the reaction temperature of 65 �Cwas
critical. If the temperature was too low, the reaction was
very slow. If the temperaturewas too high, then compound
22 further reacted with TBAF resulting in protiode-
silylation.15,16 In 10 operations the [4 þ 2] cycloaddition
adduct 7a was converted to the cis-decalin core structure
present in superstolides A (10) and B (11), and two fused
rings, six stereogenic centers (including one quaternary
carbon), and a double bond were established.

In conclusion, we have demonstrated for the first time
that 1,3-dienes derived from (R)-4-tert-butyldimethyl-
silyloxy-2-cyclohexen-1-one react with highly activated
vinyl sulfones in a highly regio-, stereo-, and facial-
selective fashion. The facial selectivity of these cycload-
ditions is opposite to that of those [4þ 2] cycloadditions
employing symmetric dienophiles. In addition, this new
methodology has been successfully applied to the asym-
metric synthesis of the cis-decalin core structure of the
potent anticancer marine natural products supersto-
lides A and B. Furthermore, a mild procedure was
developed to solve a long-standing problem in the
Tamao�Fleming oxidation of the dimethylphenylsilyl
group. The scope and limitations of this protocol are
currently under investigation andwill be reported in due
course.
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