
/. Am. Chem. Soc. 1986, 108, 507-508 507 

predicted by Chipman and Miller (Table I, Column A). The large 
value of A3 is similar to that observed for the corresponding protons 
in l,2-dimethylcyclopropen-3-yl4b and is characteristic for a a 
radical. This requires that the hydrogen is substantially bent out 
of the ring plane, probably by 40-50°. 

Our present work does not enable us to determine the dynamics 
of pseudorotation in la because the matrix softens at 140 K and 
the spectrum disappears. However, there are no substantial 
changes on heating from 20 to 140 K, putting a lower limit of 
3 kcal/mol on the height of the barrier if we assume the preex-
ponential factor to be 1012MO13. 

In summary, we believe we have generated and trapped the 
elusive cyclopropen-3-yl radical and have determined its symmetry 
and gross structure. Perhaps the most remarkable outcome of 
this work is the almost quantitative agreement of the observed 
EPR spectrum with the predicted one, demonstrating the power 
of modern ab initio MO methods! 
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Interest in the elucidation of biological strategies for the me­
tabolism of oxygen has focused sustained attention on the 
mechanism of cytochrome P-4501 and the development of synthetic 
metalloporphyrin models2 for these processes. That an oxo-iron 
intermediate is produced in the enzymic cycle is now generally 
accepted.3 Rate saturation and competitive inhibition for iron 
and manganese porphyrin systems have been interpreted by 
Collman et al. to indicate the formation of a stable intermediate 
during the epoxidation of olefins.2™'" The preparation and 
characterization of an oxo-iron(IV) porphyrin radical species, 1, 
in our laboratories4 which is kinetically competent to oxidize 
hydrocarbons has now allowed the examination of the oxygen-
transfer step. We describe here the direct observation of an 
intermediate olefin-iron porphyrin complex and its subsequent 
evolution to the product epoxide. 
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Figure 1. (A) (—) Based on yields of cyclooctene oxide (A" = 45%) 
at -78 0C in 430 /uL of CH2Cl2 containing Fe(TMP)Cl (3.9 X 10"3 

mmol), mCPBA (4.3 X 10~3 mmol), and cyclooctene (3.1 X 10""2 mmol). 
(B) (—) Based on the spectral change from 3 to Fe111TMP at 416 nm 
in CH2Cl2 at -43 0C. 

Visible spectral changes after the addition of olefins to 1 
indicated that a stable intermediate was formed prior to epoxide 
production. The oxidation of either Fe(TMP)Cl or Fe(TMP)OH 
(2) (TMP = 5,10,15,20-tetramesitylporphyrin) (1.63 X 10'5M) 
in methylene chloride with 2.2. equiv of m-chloroperoxybenzoic 
acid (mCPBA) at -42 0C produced a visible spectrum charac­
teristic of 1 (Figure IA). The addition of 5 /iL of cyclooctene 
caused a distinct color change, green to dark green, within a 
minute, and an altered visible spectrum (Figure IA) of an in­
termediate species 3 appeared which decayed in a first-order 
fashion over 3 h to Fem(TMP) (Figures IB and inset b; k = 2.8 
X 10"4S"1)- The EPR spectrum of this intermediate (3) formed 
at -78 0C with 1.1 equiv of mCPBA followed by 8 equiv of 
cyclooctene showed no evidence of iron(III) but 3 decomposed 
to Fein(TMP) upon warming to room temperature. 

Quenching 3 with iodide after 24 s gave less than 2% cyclo­
octene oxide. Lengthening the time between olefin addition and 
the iodide quench caused & first-order increase in the epoxide yield 
over 5 h to a maximum of 45% at a rate similar to the appearance 
of iron(III) (k = 3.2 X 10"4 s"1) (Figure IB, inset a). However, 
the addition of 3 equiv of imidazole or 1% methanol to a preformed 
solution of 3 at -78 °C led to a 46% yield of cyclooctene oxide 
after only 3 min. 

The rate of reaction of 1 with substituted styrenes correlated 
with the Hammett a+. Fe(TMP)OH (2) was oxidized in meth­
ylene chloride with 2.2 equiv of mCPBA at -50 0C to produce 
1. Upon the addition of 400-2000 equiv of styrene both the 
disappearance of 1 and the formation of 3 were monitored over 
at least 2 half-lives (40-200 s). Good pseudo-first-order kinetics 
were obtained for all substrates and no rate saturation was ob­
served under these conditions. The observed rate constants 
correlated with c+ with a large negative p+ (-1.9). The reaction 
of 1 with the same styrenes in the presence of 1 % methanol led 
to the regeneration of Fe111TMP with the identical Hammett 
correlation (x = p-OMe, p-Me, H, p-Cl). 

The adduct 3 formed from 1 and cyclooctene decomposed in 
the presence of methanol and styrene to produce only cyclooctene 
oxide. A 1-mL solution of 1 formed at -78 °C from Fenl(TMP)Cl 
(7.8 X 10"3 M) and 1.2 equiv of mCPBA in methylene chloride 
was allowed to react with 10 juL of cyclooctene for 5 min to 
product 3. The addition of 10 ML of styrene led to the slow 
production of cyclooctene oxide (37%) and styrene oxide (17%) 
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Scheme I 

2 ^ dfc>p 

after 4 h. When 50 yiL of methanol containing 10 pL of styrene 
was added to an identical solution of 3 at -78 0C, 41% of cy-
clooctene oxide and no styrene oxide were detected after 10 min. 

These results show unambiguously that an intermediate, 3, was 
formed rapidly upon the addition of olefins to 1 and that the rate 
of its formation was sensitive to the concentration and structure 
of the olefin. In the absence of imidazole or methanol, 3 de­
composed slowly to Fe111TMP and epoxide. The isolation of 
styrene oxide upon addition of styrene to 3 suggests that the 
formation of 3 was reversible under these conditions, consistent 
with the recent kinetic analysis of Collman et al.2m'" The very 
rapid evolution of epoxide in the presence of methanol or imidazole 
and the production of only cyclooctene oxide when 3 was quenched 
with methanol-styrene indicates that the conversion of 3 to cy­
clooctene oxide was faster in the presence of methanol than its 
reversion to 1. Accordingly, the formation of 3 must be rate-
limiting as well as product-determining in the presence of 
methanol. The similarity of the Hammett plots for the formation 
of 3 in the absence of methanol and the formation of Fe(IH)TMP 
in the presence of methanol confirms this interpretation. 

A mechanism for oxygen transfer from 1 to olefins via an 
intermediate 3 consist with these observations is presented in 
Scheme I. The negative Hammett p+ is consistent with an initial 
electron-transfer process5 between 1 and the substrate as proposed 
by Ortiz de Montellano6 and by Watanabe7 for cyclochrome 
P-450. Two likely possibilities for the structure of the intermediate 
3 are an olefin ir-complex (4) and an oxametallacycle (5).2m,Iu8 

The dark green color of 3, the characteristic visible spectrum,9 

and the weak EPR spectrum indicate a porphyrin radical similar 
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to I.10 That the reductive quenching of 3 with iodide decreased 
the amount of product indicates that the product epoxide was not 
fully formed at this stage. The profound effect of added imidazole 
or methanol on the rate of conversion of 3 to Fe111TMP and epoxide 
suggests an important role for axial coordination of the iron on 
the kinetics of epoxide release." A detailed examination of 3 
and its reactions is under way. 
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Formation of C-C bonds via insertion of CO into M-CH2 is 
a fundamental reaction type of potential relevant to both stoi­
chiometric1 and catalytic2 transformations mediated by transition 
metals. In previous examples involving formation of ketene lig-
ands, further reaction of these ketenes has been limited to elim­
ination of methyl acetate and related organics.ld'f,B It has, 
therefore, been assumed that CO insertion into M-CH2 leads only 
to C2-oxygenated products. We wish to report the synthesis and 
characterization of two unique ruthenium complexes, the first, 
which contains both a methylene ligand and an O-bound ketene 
ligand, and the second, which is generated by carbon monoxide 
induced coupling to these ligands to form a bridging 7j4-oxaallyl 
moiety. 

Treatment of Ru3(CO)10(dppm)3 (1) with 2-3 equiv of ethereal 
diazomethane in refluxing toluene for 10 min provides a mixture 
of unreacted 1 (25-30%), the ligand cleavage product Ru3-
(CO)9[^-P(C6H5)CH2P(C6H5)(C6H4)]

4 (5-10%), and a new 
complex characterized as Ru3(CO)70i3,7j3-C(O)CH2)0i-CH2)-
(dppm) (2). Evaporation, TLC separation, and crystallization 
from pentane-acetone gave 2-CH3COCH3 in 30% yield as red-
orange crystals.5 
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