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We recently reported the synthesis of the metallacyclobutene
complex, (η5 -C5H5)(PPh3)Co[C(SO2Ph)dC(TMS)CH(CO2Et)]
(1),1awhich has subsequently prompted the first reactivity studies
on late-metal metallacyclobutenes.1 Here we report the conver-
sion of metallacyclobutenes to metal-allene complexes, the first
spectroscopic and X-ray crystallographic analyses of mononuclear
cobalt-allene complexes,2 and mechanistic studies on the cobal-
tacyclobutene to cobalt-allene transformation.
Desilylation of cobaltacyclobutene1 (710 mg, 1.0 mmol, 0.1

M) with tetrabutylammonium fluoride (TBAF, 783 mg, 3.0 mmol,
0.3 M) and methanol (2.8 M) in acetone at 70°C for 6 h produced
a dark orange solution. Evaporation of the volatiles and chro-
matography on silica gel with 20% ethyl acetate/hexane led to
the isolation of three air-stable allene complexes (Scheme 1):2-Z
(62% isolated yield),2-E (6% isolated yield), and3-E (15%
isolated yield).3 In the 1H NMR spectra (acetone-d6), the
resonances observed for Ha and Hb of the allene ligands were
assigned as follows:2-Z δ 1.81 (dd,JPH ) 13.2,JHH ) 2.1 Hz,
Ha) and 6.06 (dd,JPH ) 4.8,JHH ) 2.1 Hz, Hb); 2-E δ 2.51 (dd,
JPH ) 12.0,JHH ) 2.7 Hz, Ha) and 6.48 (t,JPH ) JHH ) 2.7 Hz,
Hb); 3-E δ 1.75 (dd,JPH ) 11.7,JHH ) 1.8 Hz, Hb) and 6.71 (t,
JPH) JHH ) 1.8 Hz, Ha). The observation that Hb in 2-Z resonates
0.42 ppm upfield of where it is observed for2-E runs counter to
literature chemical shift trends4,5 and is presumably due to
shielding of the anti hydrogen by the phenyl ring on the sulfone
substituent. In the13C{1H} NMR spectrum (CDCl3) for 2-Z,
resonances for the allene ligand were observed atδ 35.3 (JPC )
3.6 Hz, CoCH(SO2Ph)), 118.8 (br,CH(CO2Et)), and 186.7 (JPC
) 15 Hz, CoC(dC)C). Oxidation of2-Z with iron(III) chloride
gave a 70% isolated yield of (SO2Ph)HCdCdCH(CO2Et) (4),
for which allenyl carbon resonances were observed atδ 96.0,
104.7, and 213.4 in the13C{1H} NMR (CDCl3) spectrum.

It has been demonstrated that metal-allene complexes undergo
two fundamental fluxional processes: rotation about the metal-
allene bond and migration of the metal between the orthogonal
alleneπ-systems.4-6 For2-Z in acetone-d6, there was no evidence
of a fluxional process on the NMR time scale between-90 °C
and+60 °C. However, the cobalt-allene complexes underwent
thermal interconversion when observed over longer time periods.7

Thermolysis of either2-Z or 3-E in acetone-d6 at 70 °C for 2
weeks gave a 64:30:7 equilibrium ratio of2-Z:3-E:2-E. The
greater thermodynamic stability of theZ isomer relative to theE
isomer [∆G°(70°C)≈ 1.5 kcal mol-1] is unprecedented for metal-
allene complexes.8 An example of the typical behavior of metal-
allene complexes is found for [(η5-C5H5)(CO)2Fe(2,3-η2-
CH2dCdCHMe)]BF4 which exists as a 1.95/1 equilibrium ratio
of E/Z isomers at 50°C.5
Single-crystal X-ray diffraction studies established the relative

stereochemistry for the three allene complexes to be (RRZ,SSZ)
for 2-Z, (RRE,SSE) for 2-E, and (SRE,RSE) for 3-E. The Co-
C(51) distance is essentially identical (1.864 Å average) in all
three structures and significantly shorter than the Co-(sp3)carbon
distances. Despite the presence of the sulfone substituent on
C(50) of2-E and an ester substituent on C(52) of3-E, the Co-
(sp3)carbon bond distances are identical (2.00 Å) within experi-
mental error. The C(50)-C(51)-C(52) angle of 136.6(4)° in 2-Z
is at the low end of the range observed for other allene complexes
(134.5-160°).4
Deuterium labeling studies were employed to address the

mechanism of the metallacyclobutene to metal-allene transfor-
mation. Reaction of TBAF with a 1:1 mixture of (η5-C5D5)-
(PPh3)Co[C(SO2Ph)dC(TMS)CH(CO2Et)] (1-d) and (η5-C5H5)-
(PPh3)Co[C(SO2Ph)dC(TMS)CH(CO2R)] (5, R ) (CH2)2-
CHdCH2) occurred without crossover to give deuterium-enriched
2-Z-d and3-E-d as well as nonenriched [(η5-C5H5)Co{1,2-η2-
CH(SO2Ph)dCdCH(CO2(CH2)2CHdCH2)}] (6-Z) and [(η5-
C5H5)Co{2,3-η2-CH(SO2Ph)dCdCH(CO2(CH2)2CHdCH2)}] (7-
E).9 The 1,3-propendiyl ligand in1 was therefore transformed
to the allene ligand in2-Z and3-E without migration between
metal centers. When the conversion of1 and TBAF to allenes
was carried out in the presence of CD3OD in acetone-d6, all three
allene complexes were deuterium-enriched only at the Hapositions
(>95%-d). Thermal isomerization of2-Z (deuterium-enriched
at Ha) in the presence of 0.1 M NaOCH3 (2.8 M CH3OH) gave
a mixture of allene complexes with less than 5% deuterium at
the Ha sites.
The reactions listed in Table 110 were carried out to determine

the origin of the allene product distribution. Allene isomerization
in the presence of added NaOCH3 was examined since methoxide
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is generated from methanol in the reaction of1 and TBAF (Table
1; entries 3 and 5). A comparison of entries 2-5 established
that base accelerated the rate of allene isomerization. Entry 6
indicated that at only 0.5 h of reaction the2-Z/3-E ratio from1
was close to the equilibrium value (entry 8). The observation
that isomerization of2-Z (entry 3) and3-E (entry 5) did not reach
equilibrium even after 6 h indicates that neither2-Z nor 3-E
isomerization is rapid enough to account for the nearly equilibrium
ratios of allene product observed from1 at 0.5 h of reaction (entry
6). Thus it is unlikely that either2-Z or 3-E is formed as the
sole kinetic product. In addition to accelerating allene isomer-
ization, added NaOCH3 accelerated the rate of reaction for
conversion of1 to allenes (entries 6 and 7). Significantly, the
2-Z/3-E ratio of 1.7 at 0.5 h of reaction (entry 6) rapidly changed
to 4.0 at 6 h ofreaction (entry 1). Thus, as [CH3O-] increases
during the conversion of1 to allenes, the rate of3-E formation
becomes less competitive with the rate of2-Z formation.

A mechanism consistent with these results is shown in Scheme
2. Desilylation of1 leads to the anionic intermediate8, which
can then ring open to propargyl complex9 (path A) and/or allenyl
complex10 (path B). Protonation at cobalt gives hydrides11
and12, respectively.11 Propargyl hydride11 is converted to3-E
by an intramolecular addition of the cobalt-hydride bond across
the alkyne,12 whereas reductive elimination from12gives2-Z/E.
The effect of added base on product distribution is explained if
9 and 10 interconvert,13 and each is in equilibrium with the
corresponding hydrides11 and12. At early reaction times (low
[CH3O-]), the formation of3-E from 11 is competitive with
reversion to9. At later reaction times (higher [CH3O-]), reversion
to 9 is more competitive in the partitioning of11. It is unlikely
that the activation energy for ring opening of8 by path A would
be of similar magnitude in comparison to ring opening via path
B. Preferential opening by path A is most consistent with the
observation that the2-Z/3-E ratio increases as the base concentra-
tion builds up during the course of reaction.
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Scheme 1

Scheme 2

Table 1. Allene Complex Isomer Distributionsa

entry
starting
complex

reaction
time (h)

added
NaOCH3 (M) 2-Z 3-E 2-E

1 1 6 73 18 09
2 2-Z 6 89 08 03
3 2-Z 6 0.1 73 17 10
4 3-E 6 17 83 00
5 3-E 6 0.1 45 49 06
6b 1 0.5 56 33 11
7c 1 0.5 0.1 82 09 09
8d 2‚Z/3‚E 336 63 29 08

aReaction conditions: acetone solvent, 0.1 M starting complex, 2.8
M CH3OH, 0.3 M TBAF, 70 °C. b 20% conversion of1. c 80%
conversion of1. d Equilibrium ratio of allenes.
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