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actions from iron and chromium porphyrins to olefins.17 

OMo(TPP)X complexes represent the first example of metallo-
porphyrins able to catalyze selective and specific oxidation of 
olefins by peroxy-bond heterolysis. With other transition metals 
like iron or cobalt, free radical chain processes are observed for 
the oxidation of olefins,17'18 giving only extremely low selectivity 
to epoxide," or the hydroxylation of saturated hydrocarbons.20 

This oxomolybdenum porphyrin-tert-butyl hydroperoxide system 
may be considered as a simple chemical model for activation of 
hydroperoxides by cytochrome P-450 dependent mono-
oxygenases.21 These fascinating enzymes, involved in the bio­
logical oxidation of hydrocarbons and olefins according to the 
following equation 

S + O2 + 2H+ + 2e' — SO + H2O 

contain an iron porphyrin in their active center. Until recently 
only speculative mechanisms have been proposed for the crucial 
step of oxygen activation and transfer to the substrate. The 
discovery that organic hydroperoxides, in the absence of both the 
reducing agent and molecular oxygen, were able to generate 
oxidizing species of close reactivity22 required new simple chemical 
models. Until now, successful analogues of these unprecedented 
reactions have been only achieved by using iodosylbenzene as the 
oxidizing agent.17'23 

In conclusion, the catalytic activity of molybdenum porphyrins 
strongly supports the mechanism of olefin epoxidation proposed 
by Sheldon2" and Sharpless:2b direct attack of the olefin on the 
electrophilic oxygen of the activated hydroperoxide, without re­
quiring coordination to the metal center. This metallo-
porphyrin-catalyzed peroxy-bond heterolysis is the first example 
of a simple chemical model for hydroperoxide-supported oxidation 
of a substrate by cytochrome P-450. Mechanistic studies and scope 
of the synthetic applications of this reaction, as well as further 
characterization of the species observed in the presence of t-
BuOOH, are in progress. 
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The key aspect of any photoredox reaction for solar energy 
utilization is to achieve net charge separation. Optical studies 
have demonstrated that photoionization of aromatic molecules 
such as pyrene is much more efficient in anionic micelles than 
in homogeneous solution.1"3 Solubilization sites of solutes in 
micelles have been studied by NMR4 and fluorescence intensities.5 

However, information is lacking about the location of cations 
produced in micelles. 

We have shown how ESR and electron spin echo (ESE) 
modulation can deduce the surrounding structure of paramagnetic 
species in frozen solutions.6"11 Here we apply these techniques 
to Ar,./V,,/V',./V'-tetramethylbenzidine (TMB) in anionic micelles. 
TMB was chosen because it undergoes monophotonic photoion­
ization and has a long-lived cation.12 We also show that the 
micellar structure is retained in frozen solutions. 

TMB was solubilized to 0.1 mM in deoxygenated 0.1 M sodium 
dodecyl sulfate (SDS) by stirring at 60 0C for 3 h. Samples were 
irradiated in 2-mm Suprasil quartz tubes with 366-nm light from 
a high pressure mercury lamp with a No. 760 Corning filter at 
a flux of 105 erg/cm2. A Varian E-4 ESR, Beckman 26 spec­
trophotometer and home-built ESE spectrometer9 were used. 

TMB dissolved in SDS in H2O forms a pale yellow solution 
which freezes to a white polycrystalline solid. No ESR spectrum 
is observed before irradiation. After irradiation at 295 K the ESR 
spectrum in Figure la is seen and is stable for 12 h. Figure lb 
shows the same sample at 77 K; the g factors at 77 and 295 K 
are identical within experimental error. Thawing the frozen 
sample regenerates the spectrum in Figure la. Irradiation at 4.2, 
77, and 295 K gives identical ESR spectra when the sample is 
warmed to 295 K. 

The optical spectrum after photoirradiation exhibits peaks at 
475 and 460 nm characteristic of TMB+14 so the ESR spectrum 
is assigned to TMB+. To show that TMB was solubilized by the 
micelles, benzene and nitrobenzene solvents were also used. Ir­
radiation produced no spectra at 295 K and 50-fold weaker ESR 
spectra than in micelle solutions at 77 K. 

The ESE decay envelopes of TMB+ in H2O and D2O micellar 
solutions at 4.2 K are shown in Figure 2a,b. Proton modulation 
appears in Figure 2a and both proton and deuteron modulation 
in Figure 2b. 
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Figure 1. ESR spectrum of TMB+ in aqueous micellar solution of sodium 
dodecyl sulfate, (a) Spectrum recorded at 295 K at 9.5 GHz, (b) 
spectrum recorded at 77 K at 9.3 GHz, and (c) calculated stick diagram 
for the multiplet groups. Numbers given denote the relative intensities. 
In cases a and b the sample was irradiated at 295 K with 366 nm light. 
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Figure 2. Two-pulse electron spin echo envelope of TMB+ in (a) SDS 
prepared in H2O and (b) SDS prepared in D2O. Spectra were recorded 
at 4.2 K. 

The ESR spectrum of TMB+ in Figure 2a consists of 11 
multiplets split by 4.8 G with a multiplet splitting of 0.85 G. We 
interpret the main splitting as due to nearly equivalent N and 
H(CH3) hyperfine splitting as is the case for the structurally 
similar Wurster's blue cation.13 This would give 17 multiplets 
of which we observe only the central 11. Figure 1 shows that the 
observed and calculated intensities agree well with this model. 
The smaller multiplet splitting is attributed to ring-proton in­
teractions. 

Photoionization of TMB in benzene at 295 K or SDS aqueous 
solutions below the critical micelle concentration produces no 
observable ESR spectra, indicating that charge recombination is 
rapid in nonmicellar solutions. Thus the observation of TMB+ 

at 295 K after freezing and thawing the micelle solution and after 
irradiation at 4.2 and 77 K indicates that the micellar structure 
is retained in the frozen solution and upon thawing. If it were 
not, rapid charge recombination would remove the cation. This 
conclusion is further supported by the identity of the ESE mod­
ulation of TMB+ at 4.2 K for irradiations at 77 and 295 K. 
Electron microscope studies14 of spray frozen micellar solutions 
also indicate that micellar structure is retained in frozen solutions. 

The modulation of the ESE decay envelope of TMB+ arises 
primarily from dipolar interaction between the unpaired electron 
and surrounding nuclei.15 The modulation period identifies the 
interacting nucleus, and the modulation depth is related to the 
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number and distance of the closest interacting nuclei. In Figure 
2a the modulation period indicates that the interacting nuclei are 
protons on the alkyl chains of the surfactant molecules or on 
solvent water molecules. If the modulation arises from water 
protons, the proton modulation should be replaced by deuterium 
modulation when the micellar solution is prepared in D2O. 
Deuterium and proton modulation are easily distinguished by the 
difference in their magnetic moments. Deuterium modulation 
is also more prominent, since the modulation depth increases with 
nuclear spin. In Figure 2b we observe both proton and deuterium 
modulation and that deuterium modulation arises at the expense 
of proton modulation. This suggests that the cation interacts with 
protons of both alkyl chains and solvent water. From the mod­
ulation depth the cation to water distance is 0.4-0.5 nm. 

There is current controversy regarding micellar structure.16 To 
suggest a probable region of cation localization in frozen micellar 
solutions, we assume a spherical micelle with a polar exterior and 
nonpolar interior.17,18 For this model we suggest that TMB+ is 
located in a weakly polar region of alkyl groups adjacent to polar 
headgroups of the surfactant, since weak D2O interactions are 
observed. Also, since identical ESE data are found for TMB+ 

produced at 295 K and then frozen as for TMB+ produced in 
frozen solution, it appears that TMB+ has not moved much relative 
to its precursor TMB. 

If a more open micellar structure16'19 is assumed, the cation 
location becomes more uncertain. Further experiments concerning 
this with different length surfactants are under way. 
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Cycloheptatrienylidene (1) is of prime importance to carbene 
chemistry, since it is a classical example of a carbocyclic, nu-
cleophilic, aromatic carbene when in its lowest energy singlet state. 

(I)A partial account of this work was presented at the Fifth IUPAC 
Conference on Physical Organic Chemistry, Santa Cruz, CA, Aug 1980. 
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