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It is astounding that among the myriad of reported reactions
in which alkynes have been allowed to transform in the presence
of transition metal complexes, frequently in a catalytic manner
leading to arenes, none has so far yielded a simple metallacy-
clopentadiene bearing aπ-bound alkyne ligandsthe crucial
intermediate postulated for the “common mechanism”1f of such
cyclotrimerizations.1,2 The elusive nature of such a species is
likely due to its facile reorganization to the (complexed) arene.
We report the isolation of cobaltacyclopentadiene(alkyne) com-
plexes3, in which their reactivity is attenuated by strain in the
aromatic end product, the kinetics of their rearrangement, and
the X-ray structural characterization of the resultingη4-arene
intermediate4b en route to free arene5. This study constitutes
the most compelling confirmation to date of the “common
mechanism” of such cyclizations.3

The new metallacycles were prepared as in Scheme 1, simply
by mixing Cp′Co(C2H4)2 (2)4 with triynes15 in high (quantitative
by NMR) yields (isolated3a, 91%; 3b, 76%; 3e, 72%) as dark
brown, microcrystalline powders, unsuitable for X-ray analysis.
Their structural assignments rest on unambiguous spectral data
(see Supporting Information) and subsequent transformations.
Diagnostic are the metallacycle1H [δ ∼ 6.5 (H9) ppm]6 and13C

NMR [δ ∼ 195 (C8), 142 (C9) ppm]7 absorptions, the establish-
ment (for 3a and 3b) of connectivity by heteronuclear shift
correlations (HMBC, HMQC) and (for3a) the H9-H9′ coupling
(J ) 6.2 Hz). The complexed alkyne moiety reveals13C signals
ranging from δ ) 75.8 (3e) to 85.8 ppm (3b) and weak IR
absorptions (when observable) at 1922 (3a) and 1979 cm-1 (3b),
both types of spectroscopic data indicative of its function as a
weak 2e donor with little back-bonding.8 Apart from their novelty
as organometallic intermediates, complexes3 also represent
unique examples of (metalated) dibenzodehydro[10]annulenes.9

In the absence of an X-ray structure, the geometryA of 3a
was calculated at the B3LYP/6-311G* level (see Supporting
Information),10 revealing the expected piano stool topology around
Co and details of the cobaltacyclopentadiene nucleus in excellent
agreement with those experimentally determined on phosphine
(instead of alkyne) ligated systems [e.g., cobaltacyclopentadiene
bond lengths (Å),A: Co-C1 1.922, C1-C2 1.359, C2-C3
1.457; CpCo(C4H4)P(C6H5)3: 1.947, 1.351, 1.447, respectively].6a

That A constitutes a fairly accurate structural reflection of3a is
also indicated by an identical calculation for4a that reproduces
the (relevant) experimental data on4b (vide infra) superbly. Most
remarkable inA is the abnormal,3,8a,11“perpendicular” bend from
linearity of the alkyne ligand (dCdC ) 1.242 Å,RCdCC ) 165.97°,
dihedral angle Co-Csp-Csp-Csp2 94.268°) relative to the com-
plexed metal, a consequence of the requirements of the constrained
dehydroannulene frame. The distance of the alkyne from the
respectiveR-carbons in the cobaltacycle to which they become
attached in the next step (vide infra) is calculated as 2.5135 Å.
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With compounds3 in hand, their relevance with respect to the
mechanism of the CpCo-catalyzed cyclization of1 to angular [3]-
phenylene512 was scrutinized. Thus, thermal decomposition
(100-130 °C) of 3 gave the corresponding angular phenylenes
5a and5e, respectively, in variable yields. Cleanest conversions
(quantitative by1H NMR for 3a) were achieved in the presence
of external ligands [CO, C6(CH3)6], which serve to trap the Cp′Co
unit. Moreover, complexes3 are catalytically about as effective
as CpCo(CO)2 for the conversion of1 to 5. Kinetic analysis of
the transformation of3a to 5a in the presence of CO (1-5 atm)
at 55-85 °C followed a first-order rate law, independent of CO
pressure, with∆H‡ ) 26(2) kcal mol-1 and∆S‡ ) 11 (1) eu. We
suggest that these parameters are associated with the reorganiza-
tion of the ligands around CpCo to a reactiveη4-arene complex,1,10b

by a probably concerted “double vinyl shift” (topologically
equivalent to an intramolecular Diels-Alder reaction). The
slightly positive (rather than negative)∆S‡ value might be a
reflection of the relative rigidity of the framework in3 in which
the reacting centers are already perfectly aligned to enter into
the next step. The alternative “single vinyl shift” (equivalent to
insertion of the alkyne unit to furnish a metallacycloheptatriene)
is sterically prohibitive for3 (but is, of course, not ruled out for
other systems). Corroboration of the suggested nature of the rate
determining step is obtained with3b, which rearranges by very
similar, added ligand independent kinetics at 85°C [∆H‡ ) 27-
(3) kcal mol-1, ∆S‡ ) 5(7) eu] to the very heat- and air-sensitive,
dark red complex4b that could be characterized by X-ray
crystallography.13 Unlike that in the correspondingη6-Cr com-
plex,14 the metal is clearly tetrahapto-bound, with the characteristic
leveling of the bound diene C-C bond distances and a boat-
shaped benzene nucleus.13 The value of the dihedral angle
between the two benzene planes (32.3°) is at the low end of the
range reported for complexes most closely related to4b (35.4-
47.9°).13 The calculated structure (vide supra) of4a reproduces
all the pertinent features of4b (nearly) within experimental error,

including the boat deformation of the ligating cyclohexatriene
(dihedral angle 33.28°).

It is interesting to note that the metal prefers to coordinate in
such a way as to minimize benzocyclobutadienoid resonance in
the angular [3]phenylene frame,12,15 perhaps of thermodynamic
origin, considering the fluxionality of the systems CpM(η4-C6R6)
(M ) Co, Rh, Ir).16 The site of attachment of CpCo to the angular
phenylene frame contrasts with that observed for its (higher) linear
counterparts, where it prefers cyclobutadiene ligation.17 Another
noteworthy feature is the almost identical activation parameters
for the conversion of3a and3b. It is possible that the expected
greater stabilization18 of the (formally) higher valent Co(III) in
3b relative to 3a is attenuated by steric activation due to the
bulkier ligand. Finally, curious, albeit possibly fortuitous, are
the rather similar kinetic data observed for the topologically
related rearrangement of Cp-cobaltacyclopentadiene(phosphite)
complexes to their alkoxyphospholoxide counterparts (∆H‡ ∼ 19-
22 kcal mol-1, ∆S‡ ∼ -4 eu).19

While the simplest pathway from3 to 4 is the one postulated,
we cannot rule out a rate determining retrocyclization20 of the
cobaltacycle followed by oxidative coupling of one of the terminal
alkyne units with its internal neighbor to furnish an isomeric
benzocyclobutacobole21 which is then trapped by the appended
other terminal triple bond by either double or single “vinyl shifts”
to eventually provide4. This and other intricacies of the
mechanism of the reaction may be studied with appropriately
substituted versions of3, now readily accessible.
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