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Well-established cycloaddition processes involving the
coupling of alkynes with either (phenylcarbene)chromium
complexes (benzannulation)2 or (cyclopropylcarbene)chro-
mium complexes (cyclopentannulation) can be imitated by
the coupling of simple chromium carbene complexes with
either (Z)-phenylvinylacetylenes or (Z)-cyclopropylvinylacet-
ylenes, respectively.3 As part of a research program to
further examine this alternative annulation method, the
reaction of a simple carbene complex with conjugated
enediynes4 has been undertaken. This coupling should
produce benzannulation products by way of diradical inter-
mediates based on the trend established in reference 3 and
the intramolecular coupling of alkynes with alkynylcarbene
complexes.5 Herein, we report the preliminary studies of
this novel benzannulation reaction, as well as secondary
reactions of the diradical intermediates.

Treatment of enediyne 16 with methylcarbene complex 2
in refluxing dioxane afforded a complex reaction mixture.
The crude reaction mixture was greatly simplified by treat-
ment with p-toluenesulfonic acid at 25 °C, and three
compounds, butylbenzofuran 4 (26%) and an E-Z mixture
of butenylbenzofuran 5 (34%), could be isolated (Scheme 1).
All of the products in Scheme 1 feature the benzofuran ring
system and can arise via acid-catalyzed cyclization of
intermediate phenol-enol ether derivatives 3; a similar
procedure for the simplification of complex mixtures of o-enol
ether-phenol derivatives was employed in ref 3. The
mechanism in Scheme 2 has been proposed to account for
formation of these compounds. Selective coupling of the less
hindered alkyne7 with the carbene complex ultimately
affords intermediate enyne-ketene 6, which undergoes the
Moore cyclization8 to afford intermediate chromium-com-
plexed diradical 7.5 Formation of butylbenzofuran derivative
4 occurs via hydrogen abstraction from the solvent dioxane to afford phenol-enol ether 3A, followed by conversion to

the benzofuran 4 upon treatment with acid. Formation of
alkene-benzofuran derivatives 5 occurs via sequential in-
tramolecular hydrogen atom transfers9 through preferred
six-atom transition states (7 f 8 f 3B), ultimately affording
phenol 3B, which cyclizes to benzofuran 5 upon acid treat-
ment. Formation of butylbenzofuran 4 could also occur from
intermediate diradical 8 via hydrogen atom abstraction
processes. When the reaction was conducted in dioxane/
deuteriochloroform 49:1, direct formation of benzofuran
derivatives 4 (26%) and 5 (29%) and an additional chlori-
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nated compound 9 (7%) was observed. This compound
presumably arises via chlorine abstraction by diradical
intermediate 8. The weakly acidic nature of chloroform
likely induces cyclization to the benzofuran derivative under
the conditions of the coupling.

As further verification of a radical reaction pathway, the
reaction of diene-diyne 10 with methylcarbene complex 2
was tested. Coupling of these compounds in refluxing
dioxane followed by acid treatment afforded three com-
pounds (Scheme 3). Alkene derivative 17 (54%) was the
major product of the reaction. Minor products from the
reaction were tentatively identified as the naphthalene
derivative 19 (4%) and the methyl derivative 18 (13%).
Compounds 17-19 arise via radical cyclization of the
diradical intermediate (11), which is formed similarly to
diradical 7 of Scheme 2. The predicted 5-exo ring closure10

affords diradical 12,11 and ultimately compounds 17 and 18,
while naphthalene derivative 19 arises via the 6-endo ring
closure. Hydrogen abstraction from the solvent ultimately
affords 18, while 19 results from aromatization-dehydro-
genation.12

Formation of alkene 17 is unanticipated and cannot arise
via simple transfer of hydrogen to the oxygen radical; the
transition state for this hydrogen atom transfer is very
strained. Metal-free diradicals analogous to 12 have previ-
ously been generated;9a however, hydrogen abstraction from
the solvent was the major reaction pathway, ultimately
affording products analogous to 18. Abstraction of the
benzylic hydrogen from intermediate 12 appears to be the

most favorable reaction pathway since alkene 17 is over-
whelmingly the major product of the reaction. A possible
rationale for the rapid hydrogen transfer is depicted in
Scheme 4. Delocalization of the spin density onto chromium
would afford resonance structure 20.13 Since chromium is
syn to the abstractable hydrogen, an intramolecular atom
transfer affording chromium hydride 2114 could occur, which
would then afford phenol 14 after reductive elimination to
cyclohexadienone complex 22,15 enolization, and decomplex-
ation.

In summary, the coupling of carbene complexes with
conjugated enediynes provides diradical intermediates, which
then undergo free-radical-based processes to provide a
variety of products, all containing the benzofuran ring
system (after acid treatment). A variety of mechanistically
reasonable free radical-based processes, which occur after
the benzannulation event, can account the ultimate products
of the coupling reaction. These studies also suggest that the
chromium-complexed diradicals generated in these studies
may feature reactivity patterns that are significantly dif-
ferent from analogous metal-free diradicals. Further study
of this reaction process is currently underway, with empha-
sis on efforts to better control the product distributions in
these complex reaction mixtures.

Acknowledgment. We thank the Petroleum Research
Fund, administered by the American Chemical Society, for
financial support of this research.

Supporting Information Available: Experimental proce-
dures, synthesis of enediynes, and characterization of all products
(24 pages).

JO980300N

(10) For a discussion of 6-endo vs 5-exo ring closure of aryl radicals, see:
Abeywickrema, A. N.; Beckwith, A. L. J.; Gerba, S. J. Org. Chem. 1987, 52,
4072-4078.

(11) The indicated stereochemistry is anticipated on the basis of the
stereodirecting effect of the chromium tricarbonyl unit. (a) Semmelhack,
M. F. In Comprehensive Organic Synthesis; Trost, B. M., Fleming, I.,
Semmelhack, M. F., Eds.; Pergamon Press: Oxford, 1991; Vol. 4, pp 517-
549. (b) Davies, S. G. Chem. Ind. 1986, 506-509.

(12) Aromatization of cyclohexadiene derivatives by chromium(0) com-
pounds has precedent. Tumer, S. U.; Herndon, J. W.; McMullen, L. A. J.
Am. Chem. Soc. 1992, 114, 8394-8404.

(13) An analogous resonance interaction for (C6H5O-)Cr(CO)3 complexes
has been discussed. Heppert, J. A.; Boyle, T. J.; Takusagawa, F. Organo-
metallics 1989, 8, 461-467.

(14) A similar intermediate has been proposed in the protonation of
[(cyclohexadienyl)Cr(CO)3]- complexes. Semmelhack, M. F.; Hall, H. T., Jr.;
Farina, R.; Yoshifuji, M.; Glark, G.; Bargar, T.; Hirotsu, K.; Clardy, J. J.
Am. Chem. Soc. 1979, 101, 3535-3544.

(15) Wulff, W. D.; Bax, B. B.; Brandvold, T. A.; Chan, K. S.; Gilbert, A.
M.; Hsung, R. P.; Mitchell, M.; Clardy, J. Organometallics 1994, 13, 102-
126.

Scheme 3 Scheme 4

Communications J. Org. Chem., Vol. 63, No. 14, 1998 4563


