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Efficient Synthesis of a Hexasubstituted Aromatic Ring
via an Intramolecular Michael-Aldol Process:
Preparation of a Late Tricyclic Intermediate for the
Synthesis of Pseudopterosin A
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Isolation of the pseudopterosins

A-L

and secopseudopterosins

+

A-D,marine metabolites from Caribbean sea whips of the genus

Pseudopterogorgia, was described recently.2 These compounds
have been reported to exhibit potent antiinflammatory and
analgesic activity. Among them, pseudopterosin A (1) and
pseudopterosin E (2) have shown the most promise as therapeutic
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agents for inflammation, each exceeding the potency of the drug
industry standard indomethacin.*a,d.e Their biological activity as
well as their interesting structure, containing a substituted
phenalene unit (with a hexasubstituted aromatic ring), has spurred
interest in their synthesis, with two total syntheses of pseudopterosin
and several other approaches to the tricyclic
pseudopterosin skeleton having been r e p ~ r t e d .We
~ report here
an unusual approach to the substituted phenalene ring system,
in which a two-step process for hexasubstituted aromatic ring
formation is used, namely an intramolecular Michael addition of
an electron-rich furan onto a cyclohexenone followed by an aldol
condensation to generate efficiently a late tricyclic intermediate
(11) for the synthesis of pseudopterosin A (1).
Our original idea was to carry out an intramolecular DielsAlder cycloaddition of a properly functionalized 3-(2-furanyl)propylcyclohexenone (e.g., 8) which should proceed to give the
oxanorbornene product from which water should be easily lost
to generate the aromatic system. We prepared the desired
substrate 8 in a straightforward manner as follows (Scheme I).
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1978,34, 1661. (g) Izac, R. R.; Bandurraga, M. M.; Wasylyk, J. M.; Dunn,
F. W.; Fenical, W. Tetrahedron 1982, 38, 301. (h) Bandurraga, M. M.;
Fenical, W.; Donovan, S. F.; Clardy, J. J . Am. Chem. SOC.1982, 104, 6463.
(i) Enwall, E. L.; van der Helm, D.; Nan Hsu, I.; Pattabhiraman, T.; Schmitz,
F. J.; Spraggins, R. L.; Weinheimer, A. J. J . Chem. SOC.,Chem. Commun.
1972, 215.
(3) Broka, C. A.; Chan, S.; Peterson, B. J . Org. Chem. 1988, 53, 1584.
(4) (a) Corey, E. J.; Carpino, P. J . Am. Chem. SOC.1989,111, 5472. (b)
Corey, E. J.; Carpino, P. Tetrahedron Letf. 1990, 31, 3857.
(5) (a) McCombie, S. W.; Cox, B.; Lin, S. 1.; Ganguly, A. K.; McPhail,
A. T. Tetrahedron Letf. 1991, 32, 2083. (b) McCombie, S . W.; Cox, B.;
Ganguly, A. K. Tetrahedron Letr. 1991, 32, 2087. (c) Ganguly, A. K.;
McCombie, S. W.; Cox, B.; Lin, S. I.; McPhail, A. T. Pure Appl. Chem. 1990,
62, 1289. (d) Kozikowski, A. P.; Wu, J. P. Synletr 1991, 465.

12

58%

36%

13

i s h
11

Alkylation of the readily available 5-methyl-3-ethoxycyclohexenone 36under the normal conditions' with allyl bromide afforded
a 7.5: 1 mixtureof diastereomers favoring thedesired trans product
4t in 95% yield. Hydroboration-oxidation of the alkene with
disiamylborane followed by Swern oxidation of the primary alcohol
furnished the aldehyde 5 in 56% yield. The lithium anion 6b was
prepared from the known furan 6a* by treatment with n-butyllithium at 0 OC, and then the aldehyde 5 was added in THF at
-78 OC to give the secondary alcohol as a 1:l diastereomeric
mixture, which was silylated to give 7. Conversion of the
P-ethoxyenone into the transposed enone was accomplished by
careful reduction with DIBAL at -78 OC followed by elimination
on silica gel to give the desired enone 8 in 70% yield. It is
remarkable that in this process the benzylic center CY to the furan
ring (the carbon bearing the silyloxy group) has undergone an
equilibration to give only one diastereomeric silyl ether.g We
believe that under the slightly acidic conditions, an allylic
carbocation formed by dehydration of the allylic alcohol can be
(6) Musser, A. K.; Fuchs, P. L. J . Org. Chem. 1982, 47, 3121.
(7) (a) Stork, G.; Danheiser, R. L.; Ganem, B. J . Am. Chem. SOC.1973,
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Muria, A,; Sato, S.; Masamune, T. Bull. Chem. SOC.Jpn. 1984, 57, 2282.
(8) (a) Jung, M. E.; Street, L. J. J . Am. Chem. SOC.1984,106,8327. (b)
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attacked by the silyl ether to give a bicyclic intermediate, which
may equilibrate via a stabilized furfuryl carbocation, with
subsequent hydrolysis giving the enone 8."J The preference of
the furan to be equatorial in 9 results in overall epimerization of

Me

9

10
the CScenter. With the enone 8 in hand, we attempted to effect
the intramolecular Diels-Alder but were unable to isolate the
initial adduct, the oxanorbornene 10, or the dehydrated product,
the desired phenalene 11, under both thermal and Lewis acidcatalyzed conditions. The major products of the acid-catalyzed
reactions were the novel intramolecular Michael adducts 12 and
13. Thus treatment of the furyl enone 8 with stannic chloride
(9) Thecharacteristicdoublingof peaks in the ' H a n d t h e ' T N M R s p e c t r a
similar to that seen for the enol ether 7 was not observed for these compounds,
thus clearly establishing the presenceofonly onediastereomer. The assignment
of the relative stereochemistry was made on the basis of the coupling constants
for H o in the IH N M R spectra of ketone 11 and enone 12 (11: J x d 9= 11.8
Hz, J x , = 4.4 Hz; 1 2 Jx.,Y = 11.5 Hz, Jx,9 = 5.0 Hz), which place the silyl
ether function in an equatorial position. This unanticipated epimerization
occurred directly from the enol ether 7 upon treatment with DIBAL and also
upon treatment of the intermediate allylic alcohol withp-toluenesulfonic acid.
The allylic alcohol was clearly an epimeric mixture at Cq, since its ' H N M R
spectrum showed thecharacteristic doubling of peaks due to two diastereomers.
(10) We postulate that the allylic alcohol formed from 7 affords the cation
i which is internally trapped by the silyl ether to give the diastereomeric
mixture of bicyclic cations ii. This mixture can then be equilibrated to the
more stable 9, having the furyl group equatorial via the very stable benzylic
cation iii in which the very electron-rich furan ring stabilizes the secondary
cation. Final opening of the bicyclic ring by the ethoxyalkene and hydrolysis
generates 8.

in toluene at -78 OC for 1 h gave the hemiacetal 12 in 58%
isolated yield accompanied by the elimination product 13 in 36%
yield. Presumably the methyl substituent on the furyl ring is too
sterically hindering to allow the concerted Diels-Alder reaction
to occur easily, and a Lewis acid-catalyzed Michael addition of
the very electron-rich furan occurs instead.'l Addition of water
in the workup produces the hemiacetal and the enone. However,
the hemiacetal 12 is perfectly set up for conversion to the desired
phenalene 11 if an aldol reaction followed by elimination of 2
equiv of water could be effected. Treatment of 12 with potassium
tert-butoxide in tert-butyl alcohol gave a mixture of the desired
product 11 and its desilylated analogue, which was subjected to
silylation to give the desired phenalene 11 in an overall yield of
60%.12
Thus we have developed a new route to substituted phenalenes
via a Michael-aldol sequence which permitted the preparation of
the tricyclic intermediate 11 for the synthesis of pseudopterosin
A 1 in only six steps. Further studies in this area are in progress.
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(1 1) It is possible that the Michael addition of the electron-rich furan is
just much faster than the Diels-Alder reaction or that the Diels-Alder adduct
10 does indeed form but is rapidly opened to relieve ring strain by a retro
aldol-type reaction to give, after hydrolysis, the observed products 12 and 13.
All attempts to trap 10, e g , by reduction with borohydride, failed to show
any evidence for this adduct. Other Michael adducts could also be easily
prepared by this route, e.g., compound iv was formed when a solution of the
furan 6a and cyclohexenone was treated with MeAICI?.

iv
(12) We also tried to convert the enone 13 to the tricyclic aromatic ketone
analogous to 11 (with OH at the I-position instead of OBn), hoping that under
basic conditions an intramolecular Michael addition would occur followed by
elimination of the bridging oxygen atom. However, treatment of enone 13
with potassium ferf-butoxide in terf-butyl alcohol did not provide any of the
desired aromatic ketone. T L C established the formation of a new compound,
which reverted back to 13 upon workup and isolation. This compound may
be the corresponding Michael adduct, which undergoes retro-Michael reaction
to break the more labile C-C bond in favor of @-eliminationof the bridging
oxygen. Further experiments to convert 13 to analogues of 11 are underway.

