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ABSTRACT

Regioselective and stereospecific intramolecular alkylative arylation of unsaturated oxabicyclic diol 6, mediated by Lewis acid or strong protic
acid to give the tetracyclic products 7a and 7b, as shown above, represents the first example of an electrophilic (cationic in character)
ring-opening−cyclization of oxabicyclic alkene. This constitutes the key cyclization step for a long-standing and potentially useful diene approach
for the synthesis of estrone and analogous steroid structures.

Estrone (1) and analogous steroids are physiologically highly
active compounds, and thus a variety of synthetic strategies

and methods have been developed for this important class
of substances,1 among which the diene cycloaddition ap-
proaches are the most extensively studied.2

An interesting early synthetic approach explored by
Cohen3 in 1935 is shown in eq 1, in which the attempted

† In memory of the late R. B. Woodward.
‡ Current address: Department of Chemistry and Chemical Biology,

Harvard University, 12 Oxford Street, Cambridge, MA 02138.
(1) For reviews, see: (a) Groen, M. B.; Zeelen, F. J.Recl. TraV. Chim.

Pays-Bas1986,105, 465. (b) Zeelen, F. J.Nat. Prod. Rep. 1994,11, 607.

(2) For recent examples, see: (a) Tsogoeva, S. B.; Dürner, G.; Bolte,
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intramolecular cyclization of a diene-maleic anhydride (MA)
adduct 3 to an analogous structure2 was unsuccessful.
Woodward had investigated4 this approach in 1940 at MIT,
in which furan derivatives4a and4b were employed as the
dienes5 for the Diels-Alder cycloaddition with MA (eq 2).
However, due to some difficulties in the catalytic hydrogena-
tion of cycloadducts5a and 5b,6 the subsequent assumed
acid-mediated isomerization-cyclization7 of the postulated
dihydro derivatives of5aand5b to establish estrone analogue
2 or related structures was left unverified, due presumably
to the ready dissociation of cycloadducts5aand5b via retro-
Diels-Alder process.4,8

In connection with our general program on the develop-
ment of novel strategy for stereocontrolled terpenoid syn-
thesis based on the cationic ring-opening-cyclization of
oxabicyclic alkenes,9 we report here a successful realization
of the aforementioned strategic approach to estrone-like
steroid structures attempted by Cohen and Woodward many
decades ago, via a novel electrophilic cyclization of the
unsaturated oxabicyclic intermediate.10 To prevent the ready
dissociation of the Diels-Alder cycloadduct5, the labile
adduct5b11 was directly reduced by LiAlH4 in THF to give
the corresponding oxabicyclic diol6 (Scheme 1). The

designated acid-mediated cyclization reaction of6 was
examined next.

To our delight, common strong Lewis acids such as
TMSOTf, BF3‚(OEt2), TiCl4, or SnCl4 and strong protic acids

(i.e., MeSO3H or CF3SO3H) were found to be effective to
promote the intramolecular alkylative arylation of unsaturated
oxabicycle6 to give dehydrated tetracyclic products7a (more
polar) and7b in a ratio of ca. 3:1 (para vs ortho cyclization)12

and in an overall yield of 70%, while relatively weaker Lewis
acids such as EtAlCl2, MgI2, or ZnI2, as well as weaker protic
acids (i.e., CH3CO2H, HCO2H, or CF3CO2H), resulted in no
apparent reaction (starting material was recovered). The
reactions are generally carried out in a dilute (<0.1 M)
solution of CH2Cl2 at 0 °C to ambient temperature with 30
mol % acid catalyst.13 In contrast, the saturated oxabicycles
8aand8b14 did not yield any intramolecular arylation product
under a variety of acidic conditions, and underwent instead
epoxy ring-opening to give cyclohexene derivatives9a and
9b, respectively, on treatment with strong protic acids (i.e.,
CF3SO3H or MeSO3H) in moderate yields (eqs 3 and 4).
These results indicated that the previously assumed4a,7acid-
mediated isomerization-cyclization of analogous precursors
(vide supra) leading to a steroid skeleton would not take place
readily even under strongly acidic conditions.

It is apparent that the presence of the olefinic function in
the unsaturated oxabicyclic ring system is crucial for the
observed cyclization reaction. It is important to note that the
trans-fused BC ring system was formed exclusively in this
intramolecular cationic cyclization, presumably via a con-
certed pathway of exo-SN2′ type as illustrated in eq 5, which
involves consecutive epoxy ring-opening, olefinic double-
bond transposition, and para-selective alkylative arylation,15
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Scheme 1a

a Conditions: (a) LiAlH4, THF, 0 °C to rt, 40% from4b. (b)
Lewis acid or protic acid (see text).
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along with the facile dehydrative tetrahydrofuran ring forma-
tion. The structures of the tetracycles7a and7b were fully
characterized by extensive spectroscopic analysis (including
NOE and two-dimensional NMR) and confirmed furthermore
by the following chemical transformations (Scheme 2): (1)

catalytic hydrogenation of7agave the corresponding dihydro
derivative10 (mp 144-145°C), and (2) ready dehydration
on treatment withp-TsOH in refluxing benzene produced
the sole elimination product11 in 80% yield. The chemical
structures of both10 and11 were verified by spectroscopic
methods.

To the best of our knowledge, this is the first example of
an acid-mediated cationic intramolecular alkylative cycliza-
tion16 of an oxabicyclic alkene initiated by the epoxy ring-
opening, although various catalytic nucleophilic ring-opening
reactions of oxabicyclic alkenes have been studied exten-
sively.10 Since the tetracyclic product7a is of great potential
for further elaboration to the analogous steroid structures,17

the synthetic method demonstrated herein represents a novel
diene cycloaddition approach for steroids.

Although Woodward had described the synthesis of furano
diene precursors4aand4b in some detail in 1940,4 we found

that it is more convenient to reduce the olefination product
13 by magnesium in absolute methanol to give4b in nearly
quantitative yield (Scheme 3).18

In summary, the key cyclization step of a long-standing
strategic diene approach19 directed toward the synthesis of
estrone and analogous steroid structures was realized via a
novel acid-catalyzed regioselective and stereospecific in-
tramolecular alkylative arylation of oxabicyclic alkene
intermediates. The success of the electrophilic (cationic)
cyclization of unsaturated oxabicyclics initiated by acid-
mediated 1,4-epoxy ring-opening20 should provoke the
investigation of cyclization of substrates bearing other
π-nucleophiles (i.e., olefinic or electron-rich systems) and
implies further application of oxabicyclic alkene as a
stereocontrolling template21 for natural product synthesis.
Studies along these lines are under way in our laboratory.
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Scheme 2a

a Conditions: (a) H2, 10% Pd-C, MeOH, 96%. (b) Cat.
p-TsOH‚H2O, benzene, reflux, 80%.

Scheme 3a

a Conditions: (a) (i) Ph3P, benzene; (ii)tBuOK, THF, then
furfural, 0 °C to rt, 82%. (b) Mg, MeOH, reflux, 98%.
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