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Metallacyclobutene complexes have been proposed as inter- 
mediates in a number of fascinating and often synthetically useful 
reactions of metal carbenes with alkynes.'-* For example, Wulff 
previously proposed a metallacyclobutene intermediate in the 
conversion of cobalt carbene complex 1 and 3-hexyne to 
vinylketene 2.2-3 At higher temperatures, 2-alkoxyfurans, 3, are 
the exclusive  product^.^ In fact, examples of observables or 
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isolable6 late metal metallacyclobutenes are rare, reactivity studies 
have not been previously reported, and the very existence of 
metallacyclobutene intermediates in many reactions for which 
they have been proposed has been called into question by the 
theoretical work of Hofmann.' Herein we report the first 
reactivity studies on late metal metallacyclobutenes including 
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direct evidence for the frequently proposed metallacyclobutene 
to q4-vinylketene c o n v e r s i ~ n , ~ ~ ~ ~ ~ ~ ~ ~ ~  evidence for a metallacy- 
clobutene to furan conversion, and the formation of a 94- 
vinylketeniminecomplex from 4 and tert-butylisocyanide. These 
results also provide for the first comparisons of late and early 
metal metallacyclobutene reactivity. 

When a benzene-d6 solution of cobaltacyclobutene (75- 
CSH~(PP~~)C~C(H)(CO~E~)C(S~(CH~)~)=C(SO~P~) (4)* (0.03 
mmol, 0.01 M) is heated at  75 OC for 14 h under 1 atm. of carbon 
monoxide, q4-vinylketene 5, +pyrone 6, furan 7, and (75-CsHs)- 
Co(CO)* are formed in ca. 7:1:9:9 ratio (85% conversion), 
respectively, as determined by IH N M R  spectroscopy on the 
crude reaction mixture (Scheme I).9 In a preparative scale 
experiment, 5 and 6 were isolated in 30% and 2% yield, 
respectively. 

The lH N M R  spectrum ofvinylketene 5 in benzene-d6 exhibits 
broad singlets a t  6 4.81 (5H, CsHs) and 4.17 ( lH) ,  the latter 
resonance attributed to a vinyl hydrogen syn to the trimethylsilyl 
s ~ b s t i t u e n t . ~  In CDC13 solution, the resonances for 5 remained 
broad down to -60 OC but sharpened a t  +60 O C  in the variable- 
temperature lH N M R  spectra. It thus appears that 5 exists in 
equilibrium with one or more unidentified cobalt complexes.10 

The IH N M R  spectrum of v4-pyrone 6 in benzene-d6 exhibits 
well-resolved resonances including a singlet a t  6 4.72 (5H, CsHs) 
andavinyl hydrogenresonanceat 6 3.01 (s, 1H).9J1 Thestructure 
of 6, determined from an X-ray crystal structure analysis,l2 
suggests that it may be a rearrangement product of vinylketene 
5. Indeed, thermolysis of either 5 or 6 in benzene-da at  75 OC 
under 1 atm of CO leads to an equilibrium mixture of 5 and 6 
(5:l ratio), which is slowly converted to furan 7 (94% yield) and 
($-CsHs)Co(CO)2 in a 1:l ratio. 

Two reasonable mechanisms for the formation of furan 7 from 
5 both involve deinsertion of carbon monoxide to generate a new 
metallacyclobutene complex (A). A 1,3-shift of cobalt from the 
sp3 carbon to the ester oxygen leads to oxametallacycle B, and 
reductive elimination gives 7. Alternatively, rearrangement of 
A to a vinyl carbene (C) and addition of the ester carbonyl to the 
carbene carbon (D) would also lead to furan 7 (Scheme II).l3J4 

When tert-butylisocyanide is added to a benzene solution of 
4 (265 mg, 0.37 mmol, 7.5 X lo-' M) and the mixture is heated 
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5: IR(C6H6) 1838 (S), 1713 (S) cm-I; 'H NMR (CDCIj) 6 0.52 (s, 9H, Si- 

Ph); I3C{IH) NMR (CDCIj) 6 1.3, 13.8, 45.4, 60.4, 83.6, 86.7, 93.8, 127.6, 
128.9, 133.4, 140.4, 173.1, 215.0. For 7 IR (C6D6) 1587 cm-I; 'H NMR 
(c6D6) 6 0.46 (S, 9H, SiMej), 0.80 (t, J 

NMR(C~D~)6-0.3,14.1,67.1,88.2,127.8,129.1,132.6,132.8,142.1,142.4, 
163.4. For 8-anti: IR (C6D6) 1700 (S), 1735 (S) Cm-l; 'H NMR (C6D6) 6 

7.2 Hz, 3H, CHI), 3.30 (q, J 
7.2 Hz, 2H, OCH2) 4.94 (s, lH,  %H), 6.848.08 (m, 5H, C ~ H J ) ;  W { H J  

O.~~(S,~H,SI(CH~)~),O.~~(~,J=~.~HZ,~H,CH~), 1.30(~,9H,C(CHj),), 
3.67 (m, lH,CHHCH,, 3.65 (m, 1H,CHHCH3), 3.80 (s, 1H,CH),4.93 (s, 
5H, CsHs), 6.9-7.0 (m, 3H, C6H5). 8.1-8.2 (m, 2H, C6H5); 13C{IH) NMR 
(C6D6) 6 1.4,13.7,29.7,42.1,55.7, 59.7,63.0,85.2,87.8, 128.2,128.6,132.5, 
140.7, 169.8, 173.0. 
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at  50 OC for 24 h, two vinylketenimine complexes are isolated 
following chromatographic workup (silica gel, 5% ethyl 
acetate/benzene): 8-anti (79 mg, 40% yield) and 8-syn (42 mg, 
21% ~ i e l d ) . ~ J ~ J ~  

To compare the structures of an analogous pair of vinylketene 
and vinylketenimine cobalt complexes and to confirm the proposed 
connectivity and stereochemistry, X-ray diffraction studies were 
carried out on both vinylketene 5 and vinylketenimine 8-anti (see 
supplementary material). The structural data confirm that carbon 
monoxide and isocyanide have formally coupled to the sp2 a-carbon 
of the metallacyclobutene ring rather than the sp3 carbon. The 
mechanism of these coupling reactions may involve CO insertion 
or a metallacyclobutene to vinylcarbene rearrangement followed 
by carbene-CO ligand coupling.*4J6 

The conversion of 4 to 5 and 8 allows for the first comparisons 
of early and late metal metallacyclobutene reactivity patterns. 
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Grubbs previously reported the rection of a bis(cyclopentadieny1)- 
titanacyclobutene complex with carbon monoxide to give an ~ 2 -  

(C,O)-vinylketene and with tert-butylisocyanide to givean imino- 
acyl complex in which the isocyanide substrate has formally 
inserted into the (sp3)carbon-titanium bond.” Although it is 
not known if 5 and 8 are kinetic coupling products, it is clear that 
the isocyanide insertion regioselectivity is complementary for the 
cobalt and titanium metallacyclobutenes studied to date. 
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