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Carbon-carbon bond activation is mediated by transition
metals in a range of contexts.2,3 Many take advantage of an
unsaturated electrophilic metal center, where the electron defi-
ciency promotesâ-alkyl elimination type reactions.4,5 In this
contribution, we report an unprecedented class of carbon-carbon
bond activation reactions, using an electrophilic late transition
metal to induce the ring-opening of coordinated cyclopentenyl
rings, including some derived in situ from simpleη5-cyclopen-
tadienyl ligands. The ring cleavage is integrated into “anomalous”
[3 + 2 + 2] allyl/alkyne cycloaddition reactions, which lead to
the formation ofη5-cycloheptadienyl complexes bearing substitu-
tion patterns different from those obtained from “normal” allyl/
alkyne cycloaddition.6 The net transformation of an unstrained
five-membered ring into a seven-membered ring by selective
alkyne insertion provides a conceptual model for the development
of novel metal-mediated ring expansion reactions.

Allyl/alkyne [3 + 2 + 2] cycloadditions produceη5-cyclohep-
tadienyl complexes in both the pentamethylcyclopentadienyl
iridium and cobalt series.6 The substitution patterns obtained from
these reactions are best rationalized on the basis of the mechanistic
outline presented in Scheme 1. Thus, sequential alkyne insertions
(I f III ) occur prior to cyclization (III f IV ), providing η5-
cycloheptadienyl derivatives in which the alkyne-derived sub-
stituents are located on contiguous positions.7 It was, therefore,
perplexing to obtain thenon-contiguously substitutedη5-cyclo-
heptadienyl complexes2 and6 from the reactions ofη3-allyl and
η3-crotyl complexes1 and5, respectively, with 2-butyne (Scheme
2).8 Compounds2 and 6 were obtained in high yield9 and
unambiguously characterized by two-dimensional NMR spec-

troscopy and by the characterization of derivatives3 and 4
prepared by deprotonation and hydride addition (Scheme 2).8,10

Two rearrangement processes can be proposed to rationalize
the observed products: (i) specific migration of methyl substit-
uents along the ring periphery or (ii) skeletal reorganization of
the carbon framework, either prior to or after cyclization. Neither
of these proposals connotes any mechanistic detail and neither is
readily accommodated by standard mechanistic arguments. The
reaction using doubly13C-labeled 2-butyne,8,11 however, yields
quadruply labeledη5-tetramethylcycloheptadienyl complex2-13C4

(eq 1),8 demonstrating that the methyl substituents remain bonded
to the alkyne carbon atoms throughout the reaction.

The skeletal rearrangement can be suppressed by subtle changes
in alkyne reactivity: the reaction of complex1 with cyclooctyne
yields exclusively the “normal” 1,2,3,4-tetrasubstituted tricyclic
η5-cycloheptadienyl complex7 in 84% yield.8,12 The reactions
of less-substituted cyclopentadienyl templates, in contrast, provide
even more unusual products (Scheme 3). Whileη3-crotyl com-
plexes 8 and 9 both deliver straightforward [3+ 2 + 2]
cycloadducts108 and 11,8 the η3-allyl complexes12 and 13
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Scheme 1

Scheme 2a

a Conditions: i. (R) H) 2-butyne (xs), CH2Cl2, -78 °C f RT, 12 h,
81%; ii. NaH, THF, RT, 10h, 77%; iii. HBF4‚Et2O, Et2O, RT, 99%; iv.
LiEt3BH, THF, -78 °C f RT, 10 h, 53%; v. (R) Me) 2-butyne (xs),
CF3CH2OH, 55 °C, 7 h, 78%.
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provide η5-dimethylcyclopentadienylcomplexes148 and 158

containingη5-cycloheptadienyl ring systems deriVed from ring
expansion of the originalη5-cyclopentadienyl andη5-methylcy-
clopentadienyl ancillary ligands!14 Two mechanistic features can
be deduced from these unexpected but illuminating results: (i)
cyclization of the vinyl olefin intermediate (cf.,II ) can be faster
than incorporation of the second alkyne12,15eVen in reactions that
giVe cycloheptadienyl products, and (ii) electrophilic cobalt(III)
is capable of activating carbon-carbon bonds in coordinated five-
membered rings under very mild conditions.16 Thus, the allyl and
one alkyne cyclize to form the dimethylcyclopentadienyl ligands
in complexes14 and15, transferring two hydrogen atoms to the
original cyclopentadienyl ring, which then undergoes alkyne
insertion and carbon-carbon bond cleavage.

An integrated mechanistic hypothesis consistent with these
results can be constructed. At the vinyl olefin stage (Scheme 4),
an initial kinetic partition selects between [3+ 2 + 2] cycload-
dition (path a) and [3 + 2] cyclization to form a η1,η2-
cyclopentenyl ligand (pathb). After â-hydride elimination along
the latter pathway, a second kinetic partition determines whether
the new cyclopentenyl ligand or the “ancillary” cyclopentadienyl
ligand transforms into theη5-cycloheptadienyl ring. Reinsertion
of the hydride (pathc) leads toη3-cyclopentenyl intermediate
VII .17 Alternatively, migration of the hydride to theη5-cyclo-
pentadienyl ligand (pathd, Scheme 5) provides a bis(η4-diene)
intermediate that equilibrates to the transposedη3-cyclopentenyl
complex VII ′. Both η3-cyclopentenyl intermediates react with
alkyne to formη5-cycloheptadienyl products, as illustrated for
complex VII (Scheme 4). This transformation, we propose,

proceeds via alkyne insertion, providing a second vinyl olefin
intermediateVIII , which undergoes activation of the carbon-
carbon bond adjacent to the coordinated olefin. Theη5-cyclo-
heptadienyl product then results from a 1,2-migration of the vinyl
ligand.18 The strongly electrophilic cobalt center and the con-
strained geometry of complexVIII may act in concert to promote
carbon-carbon bond activation, perhaps by distorting the olefin
coordination toward the illustrated carbocationic canonical. Scis-
sion of the proximalâ-carbon bond then benefits from stabilization
of the incipient carbocation by electron donation from the metal.
The selective cleavage of the less substituted cyclopentenyl ring
suggests thatVII (Cp′ ) C5H5, MeC5H4) and VII ′ equilibrate
completely, with the cleavage controlled by the relative rates of
alkyne insertion.

Consistent with this proposal, the sterically crowded penta-
methylcyclopentadienyl vinyl olefin intermediates undergo cy-
clization faster than alkyne insertion; however, the permethylated
ring resists disruption and the reaction proceeds along pathway
c. In the sterically more accessible cyclopentadienyl and meth-
ylcyclopentadienyl series, the terminal methyl substituent present
in the crotyl-derived vinyl olefin complex inhibits initial cycliza-
tion, leading to selective formation of normal [3+ 2 + 2]
cycloadducts. The use of terminal7b or highly reactive alkynes
also favors sequential double insertion. It is nonetheless remark-
able that all three pathways lead toη5-cycloheptadienyl products,
via two mechanistically distinct processes: [3+ 2 + 2]
cycloaddition and [5+ 2] ring expansion. The latter can perhaps
be cast as a metal-induced Wagner-Meerwein rearrangement,
in which the electron-deficient metal weakens the carbocyclic
framework and directs subsequent transformations. Detailed
mechanistic and synthetic investigations are in progress.
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Scheme 3a

a Conditions: i. R) H: 2-butyne (xs), CF3CH2OH, 60°C, 12 h, 54%;
R ) Me: same as for R) H, but followed by KPF6, H2O, 39%. ii. R)
H: 2-butyne (xs), AgBF4, acetone,-78 °C f RT, 12 h, 6%; R) Me:
2-butyne (xs), CF3CH2OH, 55 °C, 7h; then KPF6, 43%.
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