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Summary: Two metallacycles derived from the oxidative
cyclization of nickel(0) with an alkynyl enal have been
isolated and fully characterized. The metallacycles
obtained possess an η1 nickel O-enolate motif within the
metallacyclic framework.

Enynes have proven to be versatile substrates in an
impressive variety of metal-catalyzed processes involv-
ing a broad range of early and late transition metals.1
The classes of reactions that involve metal-catalyzed
functionalization of enynes include cycloisomerizations,2
reductive cyclizations,3 alkylative cyclizations,4 carbo-
nylative cyclizations,5 and various cycloadditions,6 among
others. Many mechanisms have been proposed in these
classes of reactions, but the formation of metallacycles
from the oxidative cyclization of an enyne with a low-
valent catalyst is commonly invoked as a key step.

Early studies by Wilke demonstrated that diene
oligomerizations proceeded via the formation of bis-
(allyl)nickelacycles,7 and a comprehensive study of
structurally simpler nickel metallacycles was carried out
by Grubbs.8 Numerous more recent reports described
the isolation and structure determination of various
nickelacycles, but none of these were related to enyne
cyclizations.9 There is indeed a real paucity of mecha-
nistic and structural insight into the conversion of
enynes to reactive late-transition-metal metallacycles.
Remarkably, to our knowledge, no example of a well-

characterized nickel or palladium enyne-derived met-
allacycle has previously been reported.10,11 This is
surprising, given the extraordinary synthetic impor-
tance of palladium- and nickel-catalyzed cyclizations of
enynes and related polyunsaturated substrates.

Our group has recently contributed to the area of late-
metal-catalyzed enyne cyclizations.12 These reports have
included a variety of nickel-catalyzed or -promoted
processes involving alkynyl enones, such as alkylative
cyclizations,13a reductive cyclizations,13a [2 + 2 + 2]
cycloadditions,13b [3 + 2] alkylative cycloadditions,13c

and [2 + 1] oxidative cycloadditions.13c The intermo-
lecular versions of several of these processes have been
extensively developed by Ikeda.12b Whereas several
mechanisms may be envisioned for these processes, the
formation of a reactive nickel metallacycle has emerged
as the most reasonable mechanistic model on the basis
of the data obtained to date. Our most recent studies
demonstrated that treatment of equimolar quantities
of Ni(COD)2 and tetramethylethylenediamine (tmeda)
with an alkynyl enone afforded a complex in situ that
demonstrated reactivity consistent with the proposed
metallacycle.13c However, no direct evidence for forma-
tion of the proposed nickel metallacycle was initially
obtained.

(1) (a) Ojima, I.; Tzamarioudaki, M.; Li, Z.; Donovan, R. J. Chem.
Rev. 1996, 96, 635. (b) Negishi, E. In Comprehensive Organic Synthesis;
Paquette, L. A., Ed.; Pergamon Press: New York, 1991; Vol. 5, p 1163.

(2) (a) Trost, B. M. Acc. Chem. Res. 1990, 23, 34. (b) Trost, B.;
Krische, M. J. J. Am. Chem. Soc. 1999, 121, 6131. (c) Takacs, J. M.;
Weidner, J. J.; Newsome, P. W.; Takacs, B. E.; Chidambaram, R.;
Shoemaker, R. J. Org. Chem. 1995, 60, 3473. (d) Yamada, H.; Aoyagi,
S.; Kibayashi, C. J. Am. Chem. Soc. 1996, 118, 1054. (e) Trost, B. M.;
Tour, J. M. J. Am. Chem. Soc. 1987, 109, 5268.

(3) (a) Trost, B. M.; Rise, F. J. Am. Chem. Soc. 1987, 109, 3161. (b)
Takacs, J. M.; Mehrman, S. J. Tetrahedron Lett. 1996, 37, 2749. (c)
Mori, M.; Uesaka, N.; Saitoh, F.; Shibasaki, M. J. Org. Chem. 1994,
59, 5643.

(4) (a) Trost, B. M.; Pfrengle, W.; Urabe, H.; Dumas, J. J. Am. Chem.
Soc. 1992, 114, 1923. (b) Trost, B. M.; Dumas, J.; Villa, M. J. Am.
Chem. Soc. 1992, 114, 9836.

(5) (a) Schore, N. E. The Pauson-Khand Cycloaddition Reaction for
Synthesis of Cyclopentenones. In Organic Reactions; Paquette, L. A.,
Ed.; Wiley: New York, 1991; Vol. 40, p 1. (b) Tamao, K.; Kobayashiu,
K.; Ito, Y. J. Am. Chem. Soc. 1988, 110, 1286.

(6) (a) Vollhardt, K. P. C. Angew. Chem., Int. Ed. Engl. 1984, 23,
539. (b) Lautens, M.; Klute, W.; Tam, W. Chem. Rev. 1996, 96, 49. (c)
Wender, P. A.; Smith, P. A. J. Org. Chem. 1995, 60, 2962.

(7) For an overview of the outstanding early contributions from
Wilke in nickel-catalyzed oligomerizations, see: Wilke, G. Angew.
Chem., Int. Ed. Engl. 1988, 27, 185.

(8) (a) Grubbs, R. H.; Miyashita, A.; Liu, M. M.; Burk, P. L. J. Am.
Chem. Soc. 1977, 99, 3863. (b) Grubbs, R. H.; Miyashita, A. J. Am.
Chem. Soc. 1978, 100, 1300. (c) Grubbs, R. H.; Miyashita, A.; Burk, P.
L. J. Am. Chem. Soc. 1978, 100, 2418. (d) McKinney, R. J.; Thorn, D.
L.; Hoffman, R.; Stockis, A. J. Am. Chem. Soc. 1981, 103, 2595.

(9) (a) Binger, P.; Doyle, M. J.; Krüger, C.; Tsay, Y. Z. Naturforsch.,
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To prepare such a metallacycle, alkynyl enal 1 was
treated with a stoichiometric quantity of Ni(COD)2 and
tmeda (Scheme 1). A deep red solution resulted, and
upon concentration, filtration, and recrystallization with
hexane/THF, a red crystalline solid was obtained.
Single-crystal X-ray analysis of the crystalline solid 2
was carried out, and the molecular structure is the η1-
(O)-bound tautomer of the metallacycle proposed in
catalytic cyclizations (Figure 1).14 A square-planar
geometry is observed, and the Ni-O-C bond angle of
125° clearly demonstrates the η1 nature of the enolate.
The metallacycle was further characterized by IR, 1H
and 13C NMR, and elemental analysis, and NMR
assignments were rigorously made utilizing 2D tech-
niques. The η1(O)-bound solution structure was con-
firmed by the data provided in Scheme 1. The O-bound
structure is unusual, since most classes of late-metal
enolates exist as the C-bound tautomers. The extensive
studies from Bergman and Heathcock with a variety of
mid- and late-metal enolates clearly document this
trend, and enolates of nickel were reported in their
study to be η1(C)-bound.15 Significantly, in the NMR
spectra of nickel C-enolates, the carbon and protons R
to the carbonyl appeared at δ -8.0 to 13.6 (13C) and δ
0.75-1.88 (1H), compared with the analogous signals

for complex 2, which appeared at δ 101 (13C) and δ 3.5
(1H). Complex 2 is the first example of a nonconjugated
η1(O)-bound nickel enolate,16 although η1(O)-bound eno-
lates of palladium and copper have been proposed on
the basis of spectroscopic evidence.17 The corresponding
bipyridine complex 6 was also prepared, and its struc-
tural and spectroscopic properties were directly analo-
gous to those of complex 2 (Figure 2).14

Isolation of a metal complex tells nothing about its
kinetic competence in a catalytic pathway, but the
isolation of 2 and 6 does clearly demonstrate that
metallacycles are accessible from the oxidative cycliza-
tion of Ni(0) with enals and alkynes. Furthermore,
complex 2 was observed to demonstrate reactivity that
closely parallels the nickel-catalyzed and nickel-pro-
moted chemistry of alkynyl enal 1. For instance, treat-
ment of complex 2 with dimethylzinc affords a 71%
isolated yield of aldehyde 3, in direct analogy to the
catalytic alkynyl enone/organozinc couplings that we
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Scheme 1. Structure and Reactivity of
Metallacycle 2a

a 1H NMR (CD2Cl2): C(1)-H (δ 5.6), C(2)-H (δ 3.5). 13C
NMR (CD2Cl2): C(1) (δ 153), C(2) (δ 101). IR (Nujol): 1577,
1450 cm-1. Figure 1. X-ray crystal structure of metallacycle 2.

Selected bond lengths (Å) and angles (deg): Ni-O ) 1.852-
(6), O-C1 ) 1.316(10), C1-C2 ) 1.298(11), C2-C3 )
1.508(11), C7-C8 ) 1.357(10) C8-Ni ) 1.897(7); O-Ni-
C8 ) 91.3(3), O-Ni-N2 ) 88.9(3), N2-Ni-N1 ) 85.6(3),
N1-Ni-C8 ) 94.3(3), Ni-O-C1 ) 124.7(5), O-C1-C2 )
132.1(8), C1-C2-C3 ) 126.0(8).
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extensively developed (Scheme 1).13a,b,18 Likewise, alky-
lative cycloadditions of 2 with methyl iodide and ben-
zaldehyde proceeded in direct analogy to the one-pot
procedures recently developed13c to allow the efficient
production of 4 and 5 in 69% and 68% yields, respec-
tively.

It must be stressed that isolation of nickel metalla-
cycle 2 does not rigorously demonstrate its involvement
in the catalytic organozinc-promoted cyclizations. How-

ever, we are unaware of any other mechanistic alterna-
tive that is fully consistent with the very diverse
manifolds of reactivity demonstrated in alkynyl enone
cyclizations. This study now provides the first direct
precedent for formation of a metallacycle derived from
oxidative cyclization of an alkynyl enone. We cannot rule
out the possibility that metallacycle 2 cycloreverts to a
nickel(0) alkynyl enal complex which could then proceed
by an alternative mechanism to products 3-5. However,
treatment of complex 2 with an excess of tmeda does
not result in recovery of alkynyl enone 1 as might be
expected if the cyclization were reversible. Indeed, we
have obtained no evidence to date that indicates that
the formation of 2 is reversible, although we are
continuing to investigate this possibility.

In summary, we have demonstrated that an alkynyl
enal, upon treatment with Ni(COD)2 and tmeda or
bipyridine, is converted to a Ni(II) metallacycle with a
highly unusual η1(O)-enolate ligand structure. In addi-
tion to elucidating the structural characteristics of the
key intermediate proposed in the alkynyl enone cycliza-
tions developed in our laboratory, the metallacycles
prepared in this study serve as excellent structural
models for many synthetically important catalytic pro-
cesses developed in other laboratories.12b,19
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Figure 2. X-ray crystal structure of metallacycle 6.
Selected bond lengths (Å) and angles (deg): Ni-O )
1.8347(17), O-C11 ) 1.319(3), C11-C12 ) 1.324(4), C12-
C13 ) 1.493(4), C17-C18 ) 1.333(3), C18-Ni ) 1.897(2);
O-Ni-C18 ) 92.13(8), O-Ni-N1 ) 89.62(8), N1-Ni-N2
) 82.35(9), N2-Ni-C18 ) 95.87(9), Ni-O-C11 ) 127.5-
(2), O-C11-C12 ) 130.6(3), C11-C12-C13 ) 125.8(3).
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