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to rationalize pattern ii, as far as 1H and 13C are con
cerned, in terms of an effect operating much more 
strongly in one solvent set than in the other, and 
manifested to a greater extent at the hydrogens than 
at the carbons; such an effect might be the solvent 
anisotropy effect which is believed to be prominent in 
aromatic solvents.11 However, it seems likely (though 
by no means certain) that the greater sensitivity of 
A(T8; than A<rc to changing R from C6H1x to C6H6 is 
due to an influence other than solvent anisotropy, 
perhaps dispersion effects. More detailed interpre
tations into the nature of these interactions will be 
discussed in connection with a more comprehensive 
experimental study. 
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Optical and Electron Spin Resonance Detection of 
Radical Intermediates in the Photooxidation of 
Organic Molecules in Solution by Transition Metal Ions 

Sir: 

Although the thermal oxidations of a great many 
organic substrates by transition metal ions are believed 
to involve free-radical intermediates, the evidence for 
these transient species has rested chiefly on the nature 
of the products of reaction and on induced effects 
such as polymerization, sensitivity to molecular oxygen, 
etc.1 - 3 Direct spectroscopic evidence for radicals in 
solution has been forthcoming only in a few specialized 
cases, such as the oxidation of phenols by CeIV in a 
flow system, which produces phenoxyl radicals de
tectable by electron spin resonance (esr) spectroscopy.4 

The interrelation between thermal and photochemical 
redox processes, which has been discussed by Kochi3 

and Adamson, et a/.,6 has prompted us to attempt 
to characterize spectroscopically radical intermediates 
in the photooxidations of organic molecules in solu
tion by transition metal ions (abundant evidence for 
such intermediates in photooxidations of carboxylic 
acids having been secured by product studies3). Our 
aim has been accomplished for both alkyl and aromatic 
radicals in the photooxidations of simple organic sub
strates, such as alkanols and benzilic acid, by a number 
of transition metal ions including CeIV, UVI, Cu11, 
Fe111, and Vv. The characterization is by esr for 
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Figure 1. Esr spectra obtained by photolyzing (X > 300 nm) 
solutions in ethanol at 5 X 1O-3M concentrations of (a) ceric 
ammonium nitrate and (b) uranyl perchlorate. 

the alkyl radicals and by both optical and esr spectros
copy for the Ph2COH radical. Details of typical ex
periments are as follows. 

(i) When 5 X 1 O - 3 M solutions in neat degassed 
ethanol of, first, ceric ammonium nitrate and, secondly, 
uranyl perchlorate are flowed under pressure at 185 0K 
through a flat cell cooled by cold nitrogen gas and 
situated in the cavity of an esr spectrometer while 
under filtered irradiation (X > 300 nm) from a focused 
1-kW xenon point source,6'7 then the spectra illustrated 
in Figures la and b, respectively, are obtained. Clearly 
the ethanol complex of UVI decomposes to give CH3-
CHOH with aCH = 15.8, a0H = 1-56, and OCH. = 
22.9 Oe while the CeIV complex gives CH3- by a C-C 
cleavage mechanism (aH = 22.8 Oe). Ceric perchlorate 
gave the same result as the ceric ammonium nitrate solu
tion, indicating that NO2- or NO3- is not significantly 
affecting the photochemistry; the behavior of CeIV at 
1850K, however, contrasts strongly with that observed at 
77 0K8 when the radical produced almost exclusively is 
CH3CHOH. Other alcohols RCH2OH (R = C2H6, n-
C3H7) yield the well-resolved esr spectra of R- on 
photooxidation with CeIV at 1850K, although the 
radical at 770K is predominantly RCHOH. 

(ii) When a solution in ethanol of benzilic acid (1O-2 

M) and ferric perchlorate (1O-3 M) is photolyzed at 
1850K in conjunction with the same esr technique, a 
complex spectrum is produced which is analyzed as 
that of the benzophenone ketyl radical Ph2COH in 
terms of the coupling constants fl2,6,2\6' = 3.24, 
«3,s,a-,s' = 1.24, a4,4' = 3.70, a0H = 2.32 Oe (all 
±0.01 Oe); these are in good agreement with those 
of Wilson9 who examined Ph2COH by photolyzing 
benzophenone in various solvents with a similar ir
radiation facility. 
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Figure 2. Flash photolysis spectrum obtained from a solution in 
ethanol of uranyl perchlorate (2 X 10"3 M) and benzilic acid (2 X 
IO"3 M). 

To ascertain the time scale of production of Ph2COH 
we have also flash photolyzed with light of X > 300 
nm solutions of benzilic acid and various perchlorates, 
including those of Fe111, UVI, Vv, and Cu11 (all at 2 X 
IQ-3 M concentration). The optical spectrum obtained 
spectrographically with UVI 1 yttsec af t e r t n e flasri ( i . i 
kJ, ~ 2 5 /usee) shown in Figure 2 (Xmax 542 ± 3 nm) 
is identical with that given by Porter and Wilkinson.10 

The other metal ions behaved similarly. Benzilic acid 
alone gave no transient absorption when flashed with 
light of X > 300 nm and addition of 10~2 M naphthalene, 
which would have quenched any process of abstraction 
by benzophenone impurity10 in the benzilic acid, was 
without effect on any of these systems. 

In both the esr and flash photolysis experiments 
the substrate is subjected to oxidative decarboxylation 
by the complexed oxidant, e.g. 
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Photochemical 8 + 2 Cycloadditions of Tropone 

Sir: 

The thermal cycloaddition of tropone to various 
unsaturated molecules gives, depending on the nature 
of the addend and on reaction conditions, products 
resulting from 6 + 4, 4 + 2, and 8 + 2 addition pro
cesses,1 all of which are predicted to be symmetry 
allowed by the now well-known orbital symmetry 
selection rules.2 Tropone has been reported to un-
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dergo photochemical dimerization to afford, in acetoni-
trile, a mixture of 6 + 4, 6 + 2, and 4 + 2 dimers,3 and 
in aqueous sulfuric acid, a low yield of the anti 6 + 6 
dimer.4 The 6 + 4 dimer, at least, seems to be the 
result of a nonconcerted, multistep process and the 
Woodward-Hoffmann rules of course do not apply to 
this and other two-step processes. We report here the 
photochemical 8 + 2 addition of tropone to simple 
olefins, which leads to products of the 8-oxabicyclo-
[5.3.0]decanetype. 
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Irradiation of tropone (1, 0.02 mol, Pyrex filter, 
acetonitrile solvent) for 3 hr in the presence of a tenfold 
excess of isobutene gave 35-40% of a 1:1 adduct, 2, 
bp 44-45° (0.2 mm). Compound 2 exhibits infrared 
bands at 1634 (m) and 1070 (s) cm -1 , indicative of a 
vinyl ether linkage; the nmr spectrum (CCl4) includes 
signals at r 3.72 (2 H, m, H-4, H-5), 4.26 (2 H, m, H-3, 
H-6), 4.77 (1 H, 2 d, J = 10.1, / ' = 3.0 Hz, H-2), 
5.88 (1 H, 2 d, J = 3.0, J' = 2.2 Hz, H-7), 6.36 (2 H, s, 
-OCH2), and 8.74 and 8.88 (3 H each, s, -CCH3). 
The chemical-shift assignments and couplings were 
verified by double resonance experiments and by 
comparison with the spectrum of the thermal adduct of 
tropone and diphenylketene, whose structure is anal-
gous to that of 2.5 Adduct 2 exhibits X ^ f H 279 
nm (i 3400), in agreement with expectation for a 
fused cycloheptatriene chromophore, and a mass 
spectral parent ion at mje 162 (relative intensity 40) 
as well as major fragment ions at 147 (100), 119 (62), 
107 (48), 91 (95), and 77 (82). Heating 2 to 180° under 
nitrogen, or simply gas chromatography on a column 
at 200°, caused isomerization via 1,5-sigmatropic 
shifts of hydrogen to the air- and heat-sensitive isomers 
4 and 6 (3:1 ratio). Compound 4 showed ir££ 1640 
and 1029 cm"1; nmr (CCl4) r 4.08 and 4.12 (2 H, 2 d, 
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