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rically to the triangular face, with a 24O tilt of the least- 
squares line through the CCO relative to the perpendicular 
to the metal triangle. The CCO is more nearly perpen- 
dicular in the CoFe2 compound than in the Fe3 analogue, 
111, where a 33.5’ tilt is observed. In both structures the 
CCO ligand tilts toward the metal atom to which the a- 
carbon of CCO displays the longest distance. Metal re- 
placement reactions similar to that in ea 4 have been ob- 

oxygen transfer and from cleavage of the alkene. The 
results are interpreted in terms of the Sharpless-God- 
dard-Rap$ mechanism of oxidation of alkenes by CI,- 
CrO, involving oxametallacyclobutane formation followed 
by reductive elimination of an epoxide (oxygen transfer) 
or metathesis to give formaldehyde a”d a Cr(VI)-oxo 
carbene (cleavage). 

served for several different clusters containing a capping 
ligand.16J7 In comparison to these other examples of metal 
substitution, the reaction observed here is unusually facile. 

Compound VI displays a reactivity pattern which is 
similar to that of the one other anionic ketenylidene, 111. 
Thus protonation generates a methylidyne with simulta- 
neous migration of the ketenylidene CO into a bridging 
position on the metal framework.18 The mononegative 
iron-cobalt cluster, VI, is significantly less reactive than 
the dinegative Fe3 cluster, 111. For example, it shows no 
reaction with CHJ nor is there any apparent reaction with 
excess C O ~ ( C O ) ~  overnight a t  room temperature. 

In summary, the present work provides the first exam- 
ples of mixed-metal exposed carbide clusters and the first 
example of a mixed-metal ketenylidene. These were 
prepared by cluster building and metal substitution re- 
actions on [Fe3(CO),(CCO)]2-. Similar reactions between 
I11 and labile transition-metal organometallics are likely 
to yield a broad class of clusters which have reactive carbon 
ligands. 
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Summary: Reaction of CICrO,’ with ethylene in a se- 
lected ion flow tube gives product ions deriving both from 

Oxidation of alkenes by do transition-metal oxo species 
such as OsO,, RuO,, Mn04, and Cr(V1) oxo complexes is 
of central importance in preparative organic chemistry. 
Since the relatively recent proposal by Sharpless2 that 
metal-carbon bonded intermediates may be involved in 
these reactions, considerable interest in the mechanism of 
oxidation of alkenes by these high-valence oxo complexes 
has also been generated. Chromium oxo oxidation of al- 
kenes gains a special significance in this regard, since the 
study of reactions of this type has a particularly long 
history, and the chemistry evidenced is very rich indeed.24 

An understanding of the mechanism of oxidation of 
alkenes by Cr(V1) oxo species is hindered by the fact that 
diverse solvents and ligands have been utilized in the 
various experimental studies reported, and these factors 
can have a dramatic effect on the course of the reaction. 
In order to gain a better insight into the intrinsic reactivity 
of chromium dioxo species with alkenes we undertook a 
study of the reactions of some chromium oxo cations with 
ethylene and oxirane in the gas phase.5 This work rep- 
resents to our knowledge the first gas phase study of the 
reactions of any high-valence metal oxo species with al- 
kenes. 

Electron impact on chromyl chloride (95 eV) in the 
low-pressure source of a selected ion flow tube (SIFT) gives 
large quantities of Cr+, CrOz+, ClCrO+, and C1Cr02+. The 
SIFT technique allows clean injection of any one of these 
ions into the flow tube for the study of its reactions with 
neutral reagents. In particular, C1Cr02+ reacts very rapidly 
with ethylene to give two product ions resulting from ox- 
ygen transfer (C2H30+, 75%, and ClCrO+, 12%) and one 
product containing both chromium and carbon 
(C1CrOCH2+, 13%).6 

The mechanistic questions surrounding the reaction of 
Cr(V1) oxo species with alkenes seem to focus on the to- 
pology of the important intermediates or transition states. 
Specifically, experimental work by Sharpless2 and very 
recently by Kochi4 indicates that a primary process in the 
oxidation of alkenes by X2Cr02 (X = C1 or ONOJ in so- 
lution is formation of the epoxide with retention of con- 
figuration. While even the oxidation state of the metal in 
the oxidant is contr~versial,~ an exceedingly interesting 
mechanistic question, which extends to many oxidation 
processes, is well illustrated by the mechanistic proposals 
shown in Schemes I and I1 for the oxidation of ethylene 
by C1Cr02+ (1). 

(1) Alfred P. Sloan Foundation Fellow, 1982-1984. Camille and Henry 
Dreyfus Teacher-Scholar, 1983-1985. 

(2) Sharpless, K. B.; Teranishi, A. Y.; Backvall, J. E. J. Am. Chem. 
SOC. 1977,99, 3120-3128. 

(3) Wiberg, K. B. “Oxidation in Organic Chemistry”; Academic Press: 
New York, 1965; Part A. 

(4) Miyaura, N.; Kochi, J. K. J. Am. Chem. SOC. 1983,105,2368-2378 
and references therein. 

(5) (a) Grabowski, Joseph J. Ph.D. Thesis, University of Colorado, 
1983. (b) Grabowski, J. J.; DePuy, C. H.; Bierbaum, V. M. J .  Am. Chem. 
SOC. 1983, 105, 2565-2571. 

(6) A single measurement of the rate constant for this reaction gave 
k = 1 X lo4 cm3 particle-’ s-l. Stevens and Beauchamp (Stevens, A. E.; 
Beauchamp, J. L. J .  Am. Chem. SOC. 1979,101,64494450) have observed 
products analogous to ClCrO+ and ClCrOCH2+ in the reaction of MnO+, 
a d4 species, with ethylene. 
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4 

" 1 .  

3 - 2 - 
J 1. 

ClCrOH + C2H30* CICrO' + C2H40 
6 - 5 - 4 - 

Thus, as shown in Scheme I, the C2H30+ (5) and ClCrO+ 
(6) ions may derive from a "classical" direct oxygen transfer 
to the alkene, affording the complex 3 via an intermediate 
or transition state represented by structure 2. Hydride 
transfer in 3 may then give the chromium hydride species 
4 and the major observed ion 5. Alternatively, dissociation 
of C2H40 from complex 3 would give the Cr(rv) oxo species 
6. Experimentally, the pathway leading from 6 and oxirane 
to the ion 5 is established, since oxirane reacts rapidly' with 
ClCrO+ (6) in the flow tube to give C2H30+ (5) as the only 
observed ionic product. This scheme, however, does not 
readily explain the formation of the carbon-containing 
ionic product. 

A topologically distinct mechanistic framework in which 
carbon-metal-bonded intermediates are involved is shown 
in Scheme 11. Thus, on the basis of the elegant specula- 
tions of Sharpless and the pioneering theoretical work of 
Goddard and Rapp6,8 epoxide may derive from initial 
stereospecific insertion of the alkene into an oxo bond in 
a formal 2 + 2 process to give the oxametallacyclobutane 
7.9 In structure 7, the "spectator oxon bond is drawn as 
a triple bond analogous to the CO bond in carbon mon- 
oxide, according to the Goddard-Rapp6 theory. A re- 
ductive elimination with retention of configuration then 
results in the Cr(1V) complex 3. However, the ion 7 may 
fragment in an alternative manner by retro "2 + 2" to 
afford the complex 8. Loss of formaldehyde would then 
give the chromium oxo carbene species 9. The latter 

(7) k = 1 X lo+ cm3 particle-' s-l (one determination). 
(8) (a) Rap@, A. K.; Goddard, W. A., III. J. Am. Chem. SOC. 1980,102, 

5114-5115. (b) Rapp6, A. K.; Gddard, W. A., 111. Ibid. 1982, 104, 
448-456. 

(9) We have proposed similar oxametallacyclobutane intermediates for 
the novel stereospecific oxidative cyclizations promoted by Mn04- and 
Cr03.2py. (a) Walba, D. M.; Wand, M. D.; Wilkes, M. C. J. Am. Chem. 
Soe. 1979,101,4396-4397. (b) Walba, D. M.; Stoudt, G. S. Tetrahedron 
Let t .  1982,23, 727-730. 
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mechanism links the Cr oxo oxidation of alkenes with the 
mechanistically and commercially important olefin me- 
tathesis process,1o which is known to involve do oxo carbene 
complexes of tungsten and molybdenum exactly analogous 
to complex 9, at least in some cases." 

While other interpretations of these data are certainly 
possible, we believe that the observed agreement with the 
theoretical predictions of Goddard and Rapp6 argues in 
favor of the mechanism shown in Scheme 11. It must be 
pointed out that if the Goddard-RappB calculations are 
basically correct, then the gas-phase chemistry of C1Cr02+ 
in the SIFT is an excellent model, since the CrX bonds 
of X2CrOz species are expected to be highly ionic and the 
theory applies to reactions of gas-phase species a t  room 
temperature. 

Thus, in the reaction of C1Cr02+ with ethylene, both 
oxygen transfer and cleavage are indeed observed, with the 
primary channel for reaction being oxygen transfer and 
a minor channel being cleavage, as predicted by Goddard 
and RappB. Further studies aimed at  experimental veri- 
fication of the structure of the ion 9 and at exploration of 
the reactivity of other do transition-metal oxo species in 
the gas phase are under way. 
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Summary: Intramolecular exchange processes in the 
molybdenum complexes [Mo(CO)(HCSR),(Cp)] + (R = 
t-Bu, Ph, CO,Me, Me) were studied by using 2-D NMR 
exchange techniques in which kinetic parameters for the 
two independent alkyne rotations are derived from the 
intensities of the offdiagonal cross peaks. The exchange 
rates were largely governed by the steric bulk of the 
alkyne ligands. The 2-D NMR technique was very effec- 
tive for thermally sensitive compounds in slow exchange. 

Two-dimensional NMR spectroscopy' provides an ele- 
gant new technique for the study of chemical exchange 
which has not been previously applied to organo- 

(1) (a) Bax, A. 'Two-Dimensional Nuclear Magnetic Resonance in 
Liquids"; D. Reidel: Boston, 1982. (b) Jeener, J.; Meier, B. H.; Bach- 
mann, P.; Ernst, R. R. J.  Chem. Phys. 1979, 71, 4546-4553. 
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