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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-

(13) Transformations of simple 4-pyrones into 4-alkoxypyrylium salts
have been intermittently investigated since the beginning of the century.
For reviews on 4-pyrones, see: (a) Ellis, G. P. In Comprehensive Het-
erocyclic Chemistry Boulton, A. J., Mckillop, A., Eds.; Pergamon Press:
New York, 1984; Vol. 3, part 2B, pp 692-705. (b) Staunton, J. In Com-
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.

(14) 'H and *C NMR spectra indicate that the pyrylium salt is the
major product in the crude reaction mixture (>80%).

(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,?

(1) Doyle, M. P. Acc. Chem. Res. 1986, 19, 348; Chem. Rev. 1986, 86,
919. Adams, J.; Spero, D. M. Tetrahedron 1991, 47, 1765.

(2) Padwa, A. Acc. Chem. Res. 1991, 24, 22. Ganem, B.; Ikota, N.;
Muralidharan, V. B.; Wade, W. S,; Young, S. D.; Yukimoto, Y. J. Am.
Chem. Soc. 1982, 104, 6787. Busch, F. R.; Berchtold, G. A. J. Am. Chem.
Soc. 1983, 105, 3346, Martin, M. G.; Ganem, B. Tetrahedron Lett. 1984,
25, 251. Pirrung, M. C.; Werner, J. A. J. Am. Chem. Soc. 1986, 108, 6060.
Roskamp, E. J.; Johnson, C. R. J. Am. Chem. Soc. 1986, 108, 6062.
Roskamp, E. J. Ph.D. Thesis, Wayne State University, 1986. Doyle, M.
P.; Bagheri, V.; Harn, N. K. Tetrahedron Lett. 1988, 29, 5119. Doyle, M.
P.; Griffin, J. H,; Chinn, M. S,; van Leusen, D. J. Org. Chem. 1984, 49,
1917. Kirmse, W.; Kund, K. J. Am. Chem. Soc. 1989, 111, 1465.

(3) Adams, J.; Poupart, M.-A.; Grenier, L.; Schaller, C.; Ouimet, N.;
Frenette, R. Tetrahedron Lett. 1989, 30, 1749. Taber, D.; Petty, E. H.
J. Org. Chem. 1982, 47, 4808. Heslin, J. C.; Moody, C. J.; Slawin, A. M.
Z.; Williams, D. J. Tetrahedron Lett. 1986, 27, 1403. Taber, D. F.; Ruckle,
R.E,, Jr. J. Am. Chem. Soc. 1986, 108, 7686. Taber, D. F.; Raman, K.
J. Am. Chem. Soc. 1988, 105, 5935. Adams, J.; Poupart, M.-A.; Grenier,
L. Tetrahedron Lett. 1989, 30, 1753. Hon, Y.-S.; Chang, R.-C.; Chau,
T.-Y. Heterocycles 1990, 31, 1745.

(4) Paulissen, R.; Reimlinger, H.; Hayez, E.; Hubert, A. J.; Teyssié, P.
Tetrahedron Lett. 1973, 2233, Petiniot, N.; Anciaux, A. J.; Noels, A. F.;
Hubert, A. J.; Teyssié, P. Tetrahedron Lett. 1978, 1239. Doyle, M. P;
Bagheri, V.; Wandless, T. J.; Harn, N. K,; Brinker, D. A.; Eagle, C. T ;
Loh, K.-L. J. Am. Chem. Soc. 1990, 112, 1906.

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

(5) Davies, H. M. L.; Romines, K. R. Tetrahedron 1988, 44, 3343.
Alonso, M. E.; Morales, A.; Chitty, A. W. J. Org. Chem. 1982, 47, 3747.
Wenkert, E.; Alonso, M. E.; Buckwalter, B. L.; Sanchez, E. L. J. Am.
Chem. Soc. 1983, 105, 2021. Alonso, M. E.; Jano, P.; Hernandez, M. 1;
Greenberg, R. S.; Wenkert, E. J. Org. Chem. 1983, 48, 3047. Alonso, M.
E.; Hernandez, M. 1.; Gomez, M.; Jano, P.; Pekerar, S. Tetrchedron 1985,
41, 2347. Shi, G.; Xu, Y. J. Chem. Soc., Chem. Commun. 1989, 607.
Wenkert, E.; Ananthanarayan, T. P.; Ferreira, V. F.; Hoffman, M. G.;
Kim, H. J. Org. Chem. 1990, 55, 4975.

(6) Danheiser, R. L.; Miller, R. F.; Brisbois, R. G.; Park, 8. Z. J. Org.
Chem. 1990, 55, 1959.

(7) Wenkert, E.; Guo, M.; Lavilla, R.; Porter, B.; Ramachandran, K.;
Sheu, J.-H. J. Org. Chem. 1990, 55, 6203. Alonso, M. E.; Jano, P.; Her-
nandez, M. L; Greenberg, R. S.; Wenkert, E. J. Org. Chem. 1983, 48, 3047.
Wenkert, E.; Alonso, M. E.; Gottlieb, H. E.; Sanchez, E. L.; Pellicciari,
R.; Cogolli, P. J. Org. Chem. 1977, 42, 3945. Wenkert, E.; Bazukis, M.
L. F.; Buckwalter, B. L.; Woodgate, P. D. Synth. Commun. 1981, 11, 533.
Wenkert, E.; Decorzant, R.; Naf, F. Helv. Chim. Acta 1989, 72, 756.
Wenkert, E.; Guo, M.; Pizzo, F. Helv. Chim. Acta 1987, 70, 1429. Padwa,
A.; Wisnieff, T. J.; Walsh, E, J. J. Org. Chem. 1989, 54, 299. Babu, S. D;
Hrytsek, M. D.; Durst, T. Can. J. Chem. 1989, 67, 1071. Matlin, 8. A,;
Chan, L. J. Chem. Soc., Chem. Commun. 1981, 10; Tetrahedron Lett.
1981, 22, 1627.
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reaction provides a concise synthetic entry into desirable
polyheterocyclic targets.

Diazo compounds used in this study include 2-diazo-
1,3-cyclohexanedione (1) and diazodimedone (2).2 Reac-
tions with dihydrofuran were first examined. When
treated with 1 (neat, reflux, 2 h or 25 °C, 4 h, 2 mol %
Rh,(0Ac),), dipolar cycloadduct 3 is obtained (>80%).
The cycloadduct is also produced in solvents containing
2 equiv of heterocycle (25 °C, 24 h). There is a strong
solvent dependence, with the best yield being obtained in
fluorobenzene (70%). Other solvents studied include THF
(61%), benzene (48%), dichloroethane (43%), and aceto-
nitrile (20% + 18% of oxazole?). We have been unable
to conduct any reactions of 1 or 2 in methylene chloride;
the major product is always derived from carbene insertion
into adventitious water. Rhy(OAc), is the superior cata-
lyst!? for reaction 2.

(o] (o]
N 0
ﬁ 2 — (gAc__*) @:Q 2)
0 T o

R=H,H 3 (84%)
R=Me, Me

These cyclic metal carbenoids show a startling departure
from the reactivity previously observed with furans: di-
polar cycloadducts rather than dienals are produced. The
yields of 4 and 5 are 48 and 56%, respectively (furan
solvent, room temperature, Rhy(OAc),, 24 h, flash chro-
matography) (Chart I). An even higher yielding reaction
occurs with 2,5-dimethylfuran. Similarly, with substituted
pyrroles, cycloadducts 7-9 are produced. Because of its
aminal and enamine substructures, 7 is somewhat unstable,
leading to the modest yield. Attempts to achieve cyclo-
addition to acetylimidazole lead to recovery of diazo com-
pound. Control experiments demonstrate that acetyl-
imidazole (3 mol %) completely inhibits the addition of
1 to dihydrofuran. With benzofuran, two regioisomeric
cycloadducts, 10 and 11, are obtained in 36 and 19% yields,
respectively. A non-acetal product similar to 11 is exclu-
sively produced in the reaction of benzofuran and ethyl
diazopyruvate, another diazo compound that strongly fa-
vors dipolar cycloaddition.’ Uniquely, 2-methylfuran
provides dienal product 12 (41%).1!

These cycloadducts can be elaborated toward interesting
polycylic systems. For example, 7 can be selectively hy-
drogenated (88%) and treated with methylamine hydro-
¢hloride (EtOH, A, 12 h) to produce 3-acylpyrrole 13
(72%), and subjecting compound 4 to a second cyclo-
addition produces the interesting bis-adduct 14 (54%). An

R
1
2

(8) Stetter, H.; Kiehs, K. Chem. Ber. 1965, 98, 1181.

(9) Connell, R. D,; Scavo, F.; Helquist, P.; Akermark, B. Tetrahedron
Lett. 1986, 27, 5559. Hubert, A. J.; Feron, A.; Warin, R.; Teyssie, P.
Tetrahedron Lett. 1976, 1317.

(10) OAc, 90%; 0CO-adamantane, 82%; OCO-¢-Bu, 79%; OCOCF,,
71%; OCSCHjy, 0% (rt, 24 h).

(11) With diazo-2,4-pentanedione, dipolar adducts can be obtained
from vinyl ethers in ~40% yield. Attempted cycloadditions of diazo-
cyclooctane-1,3-dione and diazocyclopentane-1,3-dione with dihydrofuran
(Rh;0Ac,) give transannular C-H insertion and no decomposition of
diazo compound, respectively.
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Figure 1. ORTEP diagram showing the crystallographic atom
numbering scheme for the major (60%) solid-state conformer of
14; small circles represent hydrogen atoms.

ORTEP plot derived from a crystal structure determination!?
(Figure 1) shows 14 to be the sterically favored Cy-sym-
metric isomer.!?

Mechanistic details on dipolar cycloadditions of diazo
carbonyls are sparse.> Some evidence is available con-
cerning the addition of diazo carbonyls to acetylenes to
produce furans. In this work,% initially formed acyl-
cyclopropenes were shown to convert to furans under

(12) Crystal data for 14: C,¢H,405, M = 288.30, tetragonal, space group
P4,2,2,a = b =8813 (1) A, c = 17.583 (2) A, v = 1365.7 (5) A%, Z = 4,
degioa = 1.402 g em3, u(Cu K, radiation ) = 8.3 em™. The crystal structure
was solved by direct methods. Full-matrix least-squares refinement of
atomic parameters converged at R = 0.033 (R,, = 0.049, GOF = 1.21) over
682 reflections with I > 3.00(I) recorded on an Enraf-Nonius CAD-4
diffractometer (Cu K, radiation, A = 1.5418 A; graphite monochromator;
w-2To scans). The cyclohexenone ring of 14 is disordered in the solid
state where it occurs as each of the alternative envelope (half-boat)
conformations (60:40) in which C(3) is the out-of-plane atom. Further
details are provided as supplementary material.

(13) Whitesell, J. K. Chem. Rev. 1989, 89, 1581.
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rhodium catalysis. The existing postulate that diazo
compounds initially cyclopropanate furans and the pre-
duction of both types of products from 1 suggest a unified
mechanism for these reactions involving the acylcyclo-
propane. An explanation for the favored conversion of this
adduct to the dihydrofuran product rather than a dienal
is then required (eq 3). Ring opening to the zwitterion with
cyclic dicarbonyls could be aided by “spiroactivation”.14
NMR experiments aimed at identifying intermediates in
the cycloadditions to give 3 or 6 have thus far given no
evidence for such cyclopropanes. An alternative mecha-
nism that has been proposed previously for dipolar ad-
dition involves direct generation of the zwitterion.! This
is difficult to reconcile with the known preference of furan
for electrophilic attack at the 2-position.
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(14) Danishefsky, S. Acc. Chem. Res. 1979, 12, 66.

In summary, the dipolar cycloaddition of cyclic diazo
1,3-diketones provides a rapid entry into polyheterocyclic
systems. The influence of ring size and breadth of ap-
plication of this reaction will be established in the future.
It is already apparent, however, that the method provides
an expeditious synthetic route toward such natural het-
erocycles as aflatoxin.!®

Aflatoxin B,
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(15) Woff, S.; Hoffmann, H. M. R. Synthesis 1988, 10, 760. Townsend,
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Smenochromenes A-D (2-5) are four unusual macrocyclic chromenes that can be derived by cyclization of
farnesyl hydroquinone. The structure of smenochromene A (2) was determined by X-ray analysis and the structures
of the remaining compounds were elucidated by interpretation of spectral data. The unusual geometry of
smenochromene A gives rise to some unexpected spectral data. The sponge Smenospongia sp. also contains
smenodiol (6), which is related to compounds previously found in this genus.

Compounds of mixed biogenesis that are based on the
farnesyl hydroquinone skeleton are commonly found in
Dictyoceratid sponges? and occasionally in brown algae of
the genus Dictyopteris.® Some compounds in this series

(1) BOYSCAST Fellowship awardee. Present address: Indian Insti-
tute of Chemical Technology, Hyderabad-500 007, India.

(2) There are at least 24 papers reporting this class of compounds. For
reviews, see: Faulkner, D. J. Tetrahedron 1977, 33, 1421. Faulkner, D.
J. Nat. Prod. Rep. 1984, 1, 561; 1986, 3, 1; 1987, 4, 539; 1988, 5, 613; 1990,
7, 269; 1991, 8, 97.
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such as avarol (1) from Dysidea avara* have been exten-
sively studied due to their pharmacological properties.’
Although a wide variety of carbon skeletons derived by

(3) Fenical, W.; Sims, J. J.; Squatrito, D.; Wing, R. M.; Radlick, P. J.
Org. Chem. 1973, 38, 2383. Fenical, W.; McConnell, O. J. Experientia
1975, 31, 1004. Ochi, M.; Kotsuki, H.; Muraoka, K.; Tokoroyama, T. Bull.
Chem. Soc. Jpn. 1979, 52, 831. Dave, M.-N.; Kusumi, T.; Ishitsuka, T.;
Iwashita, T.; Kakisawa, H. Heterocycles 1984, 22, 2301.

(4) Minale, L.,; Riccio, R.; Sodano, G. Tetrahedron Lett. 1974, 3401.

(5) Sarin, P. S.; Sun, D.; Thornton, A.; Miller, W. E. G. J. Nat. Cancer
Inst. 1987, 78, 663.
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