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Formation of six-membered heterocycles by the reaction of
metallacyclopentadienes prepared from two alkynes or diynes with
unsaturated compounds-X)Y- is an attractive methodology in
organic synthesis. However, only several examples have been
reported for Co, Ni, and Rh.1,2

Zirconacyclopentadienes are very useful intermediates in organic
synthesis, and they can be conveniently prepared from two different
alkynes with high selectivity.3 However, there is no example of
six-membered heterocyclic compound formation from zirconacy-
clopentadienes, although five-membered heterocycles have been
prepared by the reaction with dihalohetero compounds such as
RPCl2, R2SnX2, R2GeX2, SOCl2, and BiX3.4 In this paper we would
like to report the selective reaction of zirconacyclopentadienes with
CdO, CdN, and NdN with electron-withdrawing groups for the
formation of six-membered heterocycles such as pyran, pyridine,
and dihydropyridazine derivatives.

Reaction of zirconacyclopentadienes1 with diethyl ketomalonate
2 gaveR-pyrans in excellent yields in the presence of BiCl3 as
shown in eq 3. A typical procedure is as follows. To a THF solution

of 1a (1 mmol) was added BiCl3 (2 mmol), and the solution was
stirred at room temperature for 1 h. The reaction mixture was cooled
to 0 °C. To the mixture was added diethyl ketomalonate (2 mmol),
and the mixture was stirred at the same temperature for 1 h. Pyran
3awas formed in 98% (GC) yield. Zirconacyclopentadiene1awas
completely consumed.

In the absence of BiCl3, zirconacyclopentadienes did not react
with diethyl ketomalonate. Zirconacyclopentadienes remained un-
reacted. In the presence of 2 equiv of CuCl,3a was formed in a
lower yield (40%). Using other metal halides such as NiCl2(PPh3)2,
Me2SnCl2, ZnCl2, or AlCl3 did not produce the desired products.
For the carbon-carbon bond formation reactions of zirconacyclo-

pentadienes, transmetalation of zirconacyclopentadienes with metal
salts is an effective protocol. We have recently reported that the
transmetalation of zirconacyclopentadienes to Cu, Li, and Ni5-7 is
very useful for selective carbon-carbon bond formation in organic
synthesis. For theR-pyran formation, we found the best metal salt
to achieve excellent results was BiCl3.

The results are shown in Table 1. Unsymmetrical zirconacyclo-
pentadiene1b prepared in situ from two different alkynes and
Cp2ZrEt2 afforded3b as one regioisomer in 93% yield. The structure
of 3b was characterized by X-ray analysis. This structure clearly
shows the regioselective formation of pyrans by the reaction of1b
with 2. Interestingly, bicyclic or tricyclicR-pyran derivatives3c
and3d could be efficiently prepared by this procedure. 2,3-Diethyl-† Aichi University of Education.

Table 1. One-Pot Preparation of Six-Membered Heterocycles
from Zirconacyclopentadienesa

a Reactions were carried out at 0°C for pyran formation and at-78 °C
for pyridine and pyridazine formation.b GC or NMR yields. Isolated yields
are given in parentheses.
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4,5-dithienylzirconacyclopentadiene also afforded the corresponding
pyran in 45% isolated yield.

It is known that zirconacyclopentadienes react with BiCl3 to give
chlorobismole, which can be converted into phenylbismole.4i In fact,
when BiCl3 was added to 2,3,4,5-tetramethylzirconacyclopen-
tadiene, the quantitative formation of Cp2ZrCl2 was observed. To
check the formation of unstable chlorobismole in the reaction
mixture, PhLi was added to it, and the formation of the phenyl-
bismole was detected. Monitoring of the reaction of the chloro-
bismole with2 showed the direct formation of the free pyran. The
formation of oxabismacycles was not detected. The reaction of1g
with 2 did not give a pyran product; instead, a dienolic ether4 was
obtained in 53% isolated yield. The reaction of1g with 2 followed
by deuteriolysis with 20% DCl in D2O afforded, after workup, a
dideuterated compound with deuterium incorporation D1 ) 50%,
D2 > 98% (eq 4). This result suggested the formation of an

intermediate of seven-membered oxabismacycle via insertion of the
CdO double bond and also indicated the sense of this novel
insertion is such that the C-O bond was formed rather than the
Bi-O bond. The structure of4 was confirmed by X-ray analysis.

It was known that anR-pyran ring which bears a dienolic ether
structure may undergo electrocyclic ring-opening to a dienone.
When zirconacyclopentadiene fused with five-membered oxa or
carbocycles was employed, the dienone tautomers6a and6b were
obtained in 80% and 60% yields, respectively. This isomerization
strongly depended on the structure and substituents of theR-pyran
ring.

When 1.5 equiv of oximinosulfonate7 was added to zircona-
cyclopentadiene1a in THF at -78 °C, the reaction proceeded
smoothly to give8a in 95% GC yield within 10 min, and no
cycloadduct of9 was isolated (eq 6). A similar result was obtained

even at -100 °C. Unlike the copper- or nickel-catalyzed or
-mediated cycloaddition of zirconacyclopentadiene,5,7 this reaction
does not need any metal salt as a transmetalation reagent to increase
the reactivity of zirconacycles.

The results are shown in Table 1. The corresponding pyridine
compounds8a-c were obtained in good to high yields. Interest-
ingly, bicyclic zirconacycle1e afforded cyclohepta[d]pyridine8c
in 86% yield. Unsymmetrical zirconacycle1b reacted with oximi-
nosulfonate regioselectively to give exclusively8b in 63% yield
without formation of the 3,4-diphenyl-5,6-diethyl substituted re-
gioisomer. Similar regioselectivity was obtained for the formation
of pyridines from azazirconacyclopentadienes.7c The structure of
8b was characterized by X-ray analysis.

The cycloaddition was also applied to the formation of substituted
dihydropyridazines by the reaction of1 with azodicarboxylate10.

When1awas treated with 2 equiv of azodicarboxylate and 2 equiv
of CuCl at -78 °C and stirred for 12 h, dihydropyridazine11a
was formed in 61% yield (eq 7). The structure of11c was

determined by X-ray analysis.

Supporting Information Available: Experimental details and
spectroscopic characterization of new compounds, and structures, tables
of crystallographic data, atomic coordinates, thermal parameters, bond
lengths and angles for3b, 4, 8b, and 11c (PDF). This material is
available free of charge via the Internet at http://pubs.acs.org.
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