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Studies on Tumor Promoters. 11. A New [5 + 2] Cycloaddition Method and Its Application to

the Synthesis of BC Ring Precursors of Phoboids
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Summary: A new method for the generation of oxido-
pyrylium zwitterions has been developed that allows for
its use in the [5 + 2] cycloaddition of substrates incorpo-
rating thermally unstable functionalities, providing for the
synthesis of previously inaccessible precursors to tiglianes,
daphnanes, and ingenanes.

Phorbol (1), daphnane (2), and ingenane (3) derivatives,
long recognized as highly potent tumor promoters, have
recently found use in numerous other studies ranging from
cell differentiation and AIDS virus expression to the bio-
chemical basis of learning.2® The effects caused by these
compounds are attributed in most cases to an anomalous
activation of one or more isozymes of the protein kinase
C family.?* In order to develop an understanding of the
structural requirements for this activation process and to
obtain information about the physiological role of these
isozymes, access to specifically modified derivatives of the
above families is required.> Recently, we reported two
syntheses of phorbol.%a¢ We describe herein a new ad-
vance in this area involving a novel 4-methoxy-3-oxido-
pyrylium-alkene cycloaddition (Scheme I). This process
allows for the facile synthesis of previously inaccessible BC
ring precursors of phorbol derivatives and serves more
generally to broaden the utility of oxidopyrylium cyclo-
additions in [5C + 2C] approaches to complex seven-
membered rings.

The motivation for this study derived from the view that
cycloadduct 4 by virtue of its C-ring unsaturation would
serve as a versatile precursor to the tigliane, daphnane, and

(1) Postdoctoral Fellow of the Ministerio de Educacion y Ciencia
(Spain), 1989-1990.

(2) (a) Naturally Occurring Phorbol Esters; Evans, F. J., Ed.; CRC
Press: Boca Raton, FL, 1986. (b) Hecker, E.; Adolf, W.; Hergenhahn,
M.; Schmidt, R.; Sorg, B. In Cellular Interactions by Environmental
Promoters; Fujiki H., et al., Eds.; Japan Science Society: Tokyo/VNU
Science, Utrecht, 1984; pp 3-36. (c) Fujiki, H.; Suganuma, M.; Sugimura,
T. Envir. Carcino. Revs. (J. Envir. Sci. Hlth.) 1989, C7, 1.

(3) (a) Matzel, L. D.; Lederhendler, I. 1.; Alkon, D. L. Neurosci. 1990,
10, 2300. (b) Poli, G.; Orenstein, J. M.; Kinter, A.; Folks, T. M.; Fauci,
A. 8. Science 1989, 244, 575. (c) Harada, S.; Yamamoto, N.; Fujiki, H.
AIDS Res. Hum. Retroviruses 1988, 4, 99.

(4) (a) Nishizuka, Y. Nature 1984, 308, 693. (b) Nishizuka, Y. Science
1986, 233, 305. (c) Wender, P. A.; Cribbs, C. M. In Molecular Mecha-
nisms and their Clinical Application; Bergsagel, D. E., Mak, T. W., Eds.;
Academic: New York; in press. (d) Mechanism of Tumor Promotion;
Slaga, T. J., Ed.; CRC Press: Boca Raton, FL, 1984; Vol. I-IV. (e)
Blumberg, P. M. Cancer Res. 1988, 48, 1.

(5) (a) Wender, P. A.; Koehler, K. F.; Sharkey, N. A,; Dell'Aquila, M.
L.; Blumberg, P. M. Proc. Natl. Acad. Sci. U.S.A. 1986, 83, 4214. (b)
Wender, P. A.; Koehler, K. F.; Sharkey, N. A.; Herald, C. L.; Kamano,
Y.; Pettit, G. R.; Blumberg, P. M. Proc. Natl. Acad. Sci. U.S.A. 1988, 85,
7197. For modeling and structure—activity studies from other groups: (c)
Jeffrey, A. M.; Liskamp, R. M. J. Proc. Natl. Acad. Sci. U.S.A. 1986, 83,
241. (d) Itai, A.; Kato, Y.; Tomioka, N.; Litaka, Y.; Endo, Y.; Hasegawa,
M.; Schudo, K.; Fujiki, H.; Sakai, S. Proc. Natl. Acad. Sci. U.S.A. 1988,
85, 3588. (e) Nakamura, H,; Kishi, Y.; Pajares, M. A.; Rando, R. R. Proc.
Natl. Acad. Sci. U.S.A. 1989, 86, 9672.

(6) For previous synthetic work from our laboratory and lead refer-
ences, see: (a) Wender, P. A.; Lee, H. Y.; Wilhelm, R. S.; Williams, P.
D.J. Am. Chem. Soc. 1989, 111, 8954, (b) Wender, P. A.; Kogen, H.; Lee,
H. Y.; Munger, J. D.; Wilhelm, R. 8,; Williams, P. D. J. Am. Chem. Soc.
1989, 111, 8957. (c) Wender, P. A.; McDonald, F. E. J. Am. Chem. Soc.
1990, 112, 4956. (d) Bulman Page, P. C.; Jennens, D. C.; Porter, R. A.;
Baldock, A. N. Synlett. 1991, 7, 472 and reference 4 cited therein.

ingenane derivatives. We previously reported that related
cycloadducts can be obtained through a [5 + 2] cyclo-
addition involving an oxidopyrylium intermediate, pro-
duced in situ from a 3-(silyloxy)-4-pyrone through an in-
ternal silyl transfer.® In order to test systematically
whether this process could be utilized with thermally less
robust but synthetically more versatile functionalities such
as a tethered diene, the C13-C14 unsaturated and satu-
rated 4-pyrones 6 and 8 were synthesized (Scheme II).’
Pyrone 8a was obtained by addition of bromide 7, prepared
from acrolein in two steps (53%), to a solution of potas-
sium kojate® and Claisen rearrangement of the resulting
allyl ether (90% yield for 2 steps). Silylation of 8a gave
(silyloxy)pyrone 8b in five steps overall. Pyrone 8¢ was
prepared similarly, requiring only an additional benzyla-
tion step. The synthesis of pyrone 6a was accomplished
in seven steps (36% yield) through a related sequence.
Thus, addition of propargylmagnesium bromide to acro-
lein, followed by palladium-catalyzed coupling with vinyl
bromide,® and subsequent treatment of the resulting al-
cohol with SOBr, gave bromide 10 in 56% yield (3 steps).
Treatment of this bromide with potassium kojate afforded
the corresponding pyrone—dienyne ether, which was con-
verted to the cis diene 11a by reduction with activated Zn
(72% for 2 steps).® Claisen rearrangement and silylation
gave pyrone 6a (89%), while benzoylation and rear-
rangement provided 6b, from which 6¢ was obtained by
silylation.

For comparison purposes, silylated pyrones 8b and 6a
were heated independently in a sealed tube for 3 days at
200 °C. Pyrone 8b afforded the expected cycloadduct 9b
(Scheme II) as a single isomer in 74% yield (84% based
on recovered 8b). However, 6a gave only a trace amount
of the desired cycloadduct. Inseparable mixtures of
starting material and isomerization products accounted for
the majority of the reaction mass. Clearly, the thermal
requirements for this transformation preclude its extension
to delicately appointed substrates such as 6.

Given the facility of many oxidopyrylium cyclo-
additions,'12 it was reasoned that silyl transfer from O-3
to O-4 could be the rate-limiting step in the above reac-
tions. Consequently, it was expected that this problematic
step could be circumvented through a process involving
initial O-4 alkylation,'® to produce the previously unknown
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4-alkoxypyrylium salt, followed by O-3 desilylation to give
the desired oxidopyrylium intermediate. Of the several
alkylating agents screened to test this possibility, methyl
trifluoromethanesulfonate (MeOTf) proved to be the
reagent of choice. When 6¢ in CH,Cl, was treated with
MeOT{ at 20 °C for 8 h, 0-4 alkylation occurred readily
to give pyrylium salt 12¢ (Scheme III).}4 Gratifyingly,
when this salt!® in CH,Cl,/DMF was exposed to anhydrous
cesium fluoride, cycloaddition proceeded smoothly at room
temperature to give cycloadducts 4a/b (3.8:1 mixture) in
84% yield. A variant of this protocol allowed for the direct
use of hydroxypyrones. Thus, when 6b in CH,Cl, was
treated with MeOTY for 11 h, the pyrylium salt 12b!* was
produced. Upon reaction with the nonnucleophilic base
2,2,6,6-tetramethylpiperidine, 12b'® gave at 20 °C cyclo-
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prehensive Organic Chemistry; Sammes, P. G., Ed.; Pergamon Press:
London, 1979; Vol. 4, pp 647-665. For reviews on pyrylium salts, see: (c)
Balaban, A. T'; Dinculescuy, A.; Dorofeenko, G. W.; Fisher, G. W.; Koblic,
A. V.; Mezheritskii, V. V.; Schroth, W. Pyrylium salts: Synthesis, Re-
actions and Physical Properties, Adv. Heterocyclic Chem.; Academic
Press: New York, 1982; Suppl. Vol. 2. (d) Balaban, A. T. In Organic
Synthesis: Modern Trends. 6th IUPAC Symposium; Chizov, D., Ed,;
Blackwell Scientific Publications: Oxford, 1987; p 263.
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(15) In order to obtain a efficient cycloaddition, complete elimination
of the excess MeOTY (under vacuum at room temperature) from the crude
pyrylium salt is required.

adducts 4a/b (3.8:1, respectively, 82% yield, 94% based
on recovered 6b).

The novel protocols developed for the cyclization of
substrates 6b and 6¢ were also applicable to pyrones 8a
and 8c (Scheme II). The respective cycloadducts 9a and
9c were obtained again at room temperature in 83% and
88% yield as single isomers. The differences in stereose-
lectivity observed in the cycloadditions of substrates 8 and
6 are potentially a reflection of the relative energy dif-
ferences between pro-axial and pro-equatorial C-11 sub-
stituents on the developing C rings in the cyclization
tr)ﬂsition states (cyclohexanyl for 8 and cyclohexenyl for
6).8ac

In summary, a new method has been developed for the
synthesis of complex seven-membered rings based on the
novel generation and cycloaddition of 4-methoxy-3-
oxidopyrylium intermediates. The mild conditions in-
volved with the method create new opportunities for its
use with thermally unstable functionalities, as required in
the synthesis of phorbol derivatives and other highly
functionalized seven-membered carbocycles. In the present
case, this process delivers cycloadducts incorporating C
ring unsaturation directly amenable to elaboration into
diterpenoid promoters, including those bearing oxidation
at the C-11 group. Further studies on the scope and lim-
itations of this methodology are in progress.
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Summary: Cyeclic diazo 1,3-dicarbonyl compounds are
decomposed by rhodium carboxylate salts in the presence
of furans, dihydrofurans, pyrroles, and indoles to generate
7-oxatricyclo[6.4.0.026]dodecane derivatives.

Rhodium-mediated decomposition of diazo carbonyl
compounds has become an important methodology in or-
ganic synthesis.! The reactions in which the putative
intermediate metal-carbene participates include ylide
formation,2 O-H and C-H insertion,? cyclopropanation,?
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and dipolar cycloaddition.® Acyclic diazo ketones and
diazo B-keto esters® have been widely used for these pro-
cesses. In reactions of carbenoids derived from these
compounds with furans, the products are (Z)-a,8,v,6-die-
nals or dienones.” It has been postulated that they are
produced via initial cyclopropanation followed by elec-
trocyclic ring opening (eq 1). Much less study has been
made of the reactions of cyclic metal carbenoids. In this
paper we report that cyclic diazo 8-diketones preferentially
yield dipolar cycloaddition products in rhodium-mediated
reactions with aromatic heterocycles such as furan. The
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