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Summary: The first study of the relative diastereose- 
lectivity of the intramolecular [2 + 21 cycloadditions of 
alkenes and vinyl ketenes generated from the reactions of 
carbene complexes with chiral enynes is reported. 

Since the initial reports on the reactions of enynes with 
Fischer carbene complexes in 1985,1p2 these reactions have 
been found to produce a number of products including 
cyclopropanes of the type 4 and cyclobutanones of the 
type 6.3 All studies subsequent to the initial report have 
been focused on the cyclopropane products of the type 4 
which result from the intramolecular transfer of the 
carbene ligand to the alkene in intermediate 3. An 
alternate outcome of this reaction involves the migratory 
insertion of a C.0 ligand into the carbene ligand to generate 
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the vinyl ketene complex 5 and then a formal [2 + 21 
cycloaddition of the ketene and alkene to give the 
cyclobutanone 6.1ap4 This reaction is related to the 
intramolecular [2 + 23 cycloaddition of the metal free 
ketene with a tethered alkene, a reaction of established 
synthetic utility5sdue to the importance of cyclobutanones 
as synthetic intermediates.' We report that the reaction 
of Fischer carbene complexes with chiral enynes gives 
cyclobutanones 6 with high diastereoinduction and evi- 
dence that indicates that both the rates and the diaste- 
reoselectivity of the [2 + 21 cycloaddition step are greater 
for the metal-mediated process. 

The results of the reactions of the methyl substituted 
Fischer carbene complexes 1 with several 1,6-heptenynes 
are summarized in Table I. The primary products of these 
reactions are the bicyclo[3.2.0lheptanones 9 with the 
angular enol ether function, and in those reactions with 
chiral enynes they are obtained as a mixture of four 
diastereomers. The isolated yields of 9 as a mixture of 
isomers are given in entries c, d, and f, and in one case the 
stereochemical assignment was made for each of the four 
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Table I. Reactions of Enyne 8 with Carbene Complex 1. 
% %  major 

en- yield yield diaatereomer 
try enyne 9 10b of 10 selectivity 

Communications 
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1 O f  gfi 2 : P  

h TBq 73 20:lh 
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aUnlese otherwise specified all reactions were carried out in 
acetonitrile a t  0.006-0.01 M in complex la with 1.6 equiv of alkyne 
a t  70 O C  for 3-4 h. b Overall yield from complex 1 in each caae after 
workup with aqueous HOAC. C Reference Sa d Reference 8b. 2.35 
1.0 mixture of E and 2 isomera. f Reference 9. Stereochemistry not 
determined. h Stereochemistry assigned on the basis of 1Oc. 

diastereomers (entry c ) . ~  It was found most convenient, 
however, to remove the stereochemistry of the enol ether 
function in 9 by including an acid hydrolysis in the workup 
which gave the diketones as a more simplified mixture of 
only two diastereomers of which only the structure of the 
major diastereomer is shown. Chiral centers at the position 
a to the alkyne lead to diastereoselection of from -90% 
for loa, lOc, 10d, and 1Oe to 95% for the siloxy derivative 

1 10h. For the enyne 8g with a chiral center a to the alkene 
the stereoselection was only 2:l in the cyclobutanone log 
and the stereochemistry was not assigned. In the case of 
the enyne 8f the cyclobutanone 10f was obtained in good 

(8) (a) Compound Oc wan isolated in 83% total yield as a 72.419.5 
6.R1.4 mixture of four diaetareomera that were identified aa Sc-EOl, 9c- 
Za, 9c-&9, and 9c-Z& respectively (E and Z refere to the enol ether 
stareochemisty and a refers to the isomer with the two methyl groups on 
the &membered ring trans). (b) Thie reaction also produces a lactone 
product in 27% yield and a cyclobutanone product in 6% yield. 

Scheme I 

J l a  M-Cr L=CO 
l b  M=Cr L=Pph3 3 
IC M=Mo L=CO 

L 
6 5 

yield that resulted from a crossed [2 + 21 cycl~addition.~ 
The stereochemistry of the major diketone 1Oc from the 
reaction of the enyne 8c was shown to be that where the 
methyl on the tertiary carbon is trans to the quaternary 
methyl substituent by an X-ray analysis of 13.1° Inter- 
estingly, the stereochemistry of methyl group on the 
tertiary carbon in 10d (but not 1Oe) is reversed from that 
of lOC.'O 

Since the reactions of enynes with the carbene complexes 
1 were all carried out in acetonitrile the question is raised 
whether the metal unit is displaced from the vinyl ketene 
complex 5 (Scheme I) and thus whether the [2 + 21 
cycloaddition occurs via the free vinyl ketene.11 Evidence 
that the metal is coordinated to the vinyl ketene during 
the cycloaddition can be taken from the fact that the 
stereoselectivity of the formation of 1Oc is dependent on 
the nature of the metal (11.3:l for Cr, 5.8:l for Mol entry 
c) and the nature of the metal ligands (11.3:l for (CO)a, 
6.4:l for (CO)J'Ph3, entry c). Further evidence for the 
presence of the metal during the cycloaddition comes from 
a comparison of the rates and the stereoselectivity of the 
formation of 1Oc and 10d obtained from the reaction of 
a carbene complex la and from the free vinyl ketene 7 
generated from the electrocyclic ring-opening of the 
cyclobutenones l lc  and lld.12J4J7 The carbene complex 
lagives lOcasa11.31mixtureofisomers (entryc) whereas 
the free vinyl ketene gives 1Oc as a 4.3:l mixture of isomers, 

(9) The etructure of 1OI was confi ied by IF labeling experiments 
(see supplementary material). 
(10) Addition of phenyl Grignardto the ketone of the mixture of hmem 

of 90 and hydrolysis produced the ketone alcohol 13 (69%) aa the mqjor 
isomer which provided suitable crystale for X-ray analysis. Exhaustive 
methylation of the mixturea of isomers of 9c, 9d, and 9e and subsequent 
hydrolysis in each case produced a mixture of 140 and 14b for which 14a 
is the major isomer from 9c and 9e but not from 9d. 
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Scheme I1 

R 
l l c  R = H  
l l d  R=Me 

7 

9 E-isomers 10c CHsCN, 15 h 26%, 4.3:1 
1 Oc acetone, 15 h 26 %, 4.0:1 only 

10d CHjCN,lOh - 
10d CH3CN,4d ~ 4 %  

5c B 

Figure 1. 

the conformer 5c since the methyl group a t  C-4 would 
have additional close contacta with the metal and its ligands 
in the C-4 epimer of 5c that would not be present in the 
C-4 epimer of the conformer 7c of the free ketene. Why 
the metal unit in 5c would be preferred (or preferentially 
react from) on the lower face of the vinyl ketene can not 
be probed with the present experiments. 

Although a large number of ketene metal complexes 
have been isolated and characterized,ls there is only one 
example of a [2 + 2l cycloaddition of an alkene with a 
coordinated ketene. In this intermolecular example, the 
12 + 21 cycloaddition of cyclopentadiene with a manganese 
complex of diphenylketene is slower for the coordinated 
ketene than for the free ketene.l6 This is in contrast with 

cycloaddition of the metal coordinated ketene 7d is greater 
than that for the free ketene. A possible explanation for 
this which remains to be experimentally verified is that 
the manganese complex undergoes cycloaddition with an 
anti approach of the alkene to the coordinated ketene and 

via a syn approach of the alkene perhaps through an alkene 
complex. 

This work should prompt experiments to further explore 
the mechanistic issues associated with the reactions of 
carbene complexes with enynes and the consideration of 
synthetic strategies created by the ready access to the 
bicycloheptanones described herein. 

and furthermore the stereoselectivity of the reaction is 
solvent dependent from the carbene complex but not from 
the free vinyl ketene.13 The diketone 10d is obtained in 
39% yield from the reaction of carbene complex la in 4 
hours at  70 OC. Under exactly the same conditions the 
free vinyl ketene 12d gives no detectable amount of 10d 
after 10 hours and only trace amounts of 10d after 4 days. 

electocyclic ring-opening to 7 with similar rates, it can be 
concluded that the intramolecular [2 + 21 cycloaddition 
of 7d is slower than 7c (thermolysis of l l c  is complete in 
15 h) and also slower than the metal complexed 7c 
generated from the reaction of la  with 8d. The confor- 
mations of 7c and 5c shown in Figure lare drawn to depict 

as the olefin begins to approach the ketene in a perpen- 
dicular fashion. The stereoselectivity of the [2 + 21 
cycloadditionof the free vinyl ketene 7c is likely the result 
of the lower energy of the conformation of 7c shown relative 
to that of its epimer a t  C-4. The increased stereoselectivity 
in the formation of 1Oc from the chromium coordinated 
vinyl ketene would be expected from a consideration of 

With the assumption that 'Ic and 'Id undergo the data above which suggest that the rate for the [2 + 21 

likely close contacts in the coordinated and free ketenes the reaction of the present chromium complex proceeds 
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