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Cation-Radicals: Formation of Methoxy-Radicals by Photochemical and Thermal 
Oxidation of Methanol 

By A. LEDWITH,* P. J. RUSSELL, and L. H. SUTCLIFFE 
(Donnan Laboratories, University of Liverpool, Liverpool L69 3BX) 

Summary Spin-trapping experiments with the nitrone, 
N-benzylidene-t-butylamine N-oxide (I) and 2-methyl-2- 
nitrosopropane (IV) have demonstrated that methoxy- 
radicals are important intermediates in photochemical 
oxidations of methanol by paraquat dichloride, uranyl 
nitrate, potassium peroxydisulphate, and lead tetra- 
acetate; in the y-radiolysis of methanol; and in thermal 
oxidation by potassium peroxydisulphate. 

OXIDATION by hydrogen abstraction of primary and 
secondary alcohols occurs mainly at  CC-C-H rather than 0-H 
linkages on account of the lower activation energy in the 
former case. Cleavage of the C-H bond is also the most 
likely mechanism for the photochemically induced oxidation 
of alcohols. Recently, however, we suggested1 that photo- 
chemical oxidation of methanol by l1l'-dimethyl-4,4'-bipy- 
ridylium (paraquat, PQ") dichloride involves primary 
electron transfer from methanol to the photoexcited oxidant 
resulting in formation of methoxy-radicals rather than the 
more usual hydroxymethyl-radicals (equation 1). Forma- 

MeOH . + MeOH 
p ~ z +  + ( p ~ z + ) *  - [PQ+*, Meom --+ 

hv 

4- 

(1) PQ+* + Me@ f MeOH, 

tion of methoxy-radical from the methanol cation radical 
has also been inferred from studies of the pulse radiolysis of 
methan01.~~~ 
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Methoxy- and hydroxymethyl-radicals should be dis- 
tinguishable by the spin-trapping technique which allows 
short-lived free radicals to be detected and identified in 
reacting ~ysterns.~ We report details of such a study with 

the radical scavenger (spin trap) N-benzylidene-t-butyl- 
amine N-oxides (I), and confirm that methoxy-radicals are 
important intermediates in the oxidation of methanol by a 
wide range of photochemical oxidants, by y-radiolysis, and 
by thermal oxidation with peroxydisulphate ion. 
In sifu U.V. irradiation of an e.s.r. spectrometer cavity 

containing methanolic solutions of paraquat dichloride, 
uranyl nitrate, lead tetra-acetate, and potassium peroxy- 
disulphate, in the presence of the nitrone (I), gave rise to 
very similar e.s.r. spectra. These consisted of a 1:  1: 1 
triplet of closely spaced but sharply resolved doublets 
[subsequently assigned to nitroxide radical (11) (equation 2) ] 
resulting from nitrogen and /$hydrogen couplings (see 
Table). Similar irradiation of corresponding methanolic 
solutions of di-t-butyl peroxide, hydrogen peroxide, and 
2,3,5,6-tetrachloronitrobenzene, containing (I), also pro- 
duced a triplet of doublets but the hyperfine splittings and 
line widths are significantly greater (Table). These spectra 
are assigned to the nitroxide radical (111) since it is reason- 
able to assume that photolysis of peroxides in methanol will 
lead ultimately to hydroxymethyl-radicals via hydrogen 
abstraction, and there is independent evidence6 to support 
such a mechanism for the photochemical oxidation of 
alcohols by 2,3,5,6-tetrachloronitrobenzene. 

S04"+MeOH-[ MeOH 1'' 1 M ~ O H  

0 CHzOH MeOH Me00 + MeOH," 

(2) 
Recent work7 with 2-methyl-2-nitrosobutan-3-one as spin 

trap has shown unambiguously that alkoxy-radicals are 
produced on photo-oxidation of alcohols by lead tetra- 
acetate. Thus, the radical (11) would be expected from 
methanol in the presence of (I),t confirming that methoxy- 
radicals are important intermediates in similar photo- 
oxidations with paraquat dichloride, uranyl nitrate, and 
potassium peroxydisulphate. Additional evidence was 
obtained from the e.s.r. spectra of radicals produced by 
y-radiolysis (13'Cs) of liquid methanol containing (I). Again 
a triplet of sharply defined doublets was observed, identical 
to those assigned to the radical (11) (Table), and confirming 
that methoxy-radicals result from fragmentation of the 
methanol cation r a d i ~ a l . ~ ? ~  It should be noted that the 
radical (111) is responsible for the major signal produced 
during unfiltered U.V. irradiation of the nitrone (I) itself in 
methanol, confirming that photo-excited (I) is able to 
abstract hydrogen from donor solvents;4 no signal is 
observed when the light is filtered (Table). 

5 Only a very weak signal was observed before irradiation. Control experiments with sodium acetate in methanol produced no 
signal.* 
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Thermal decomposition (ca. 55') of potassium peroxy- 
disulphate in the presence of (I) also gave rise to (11). 
Howelrer, detailed studies of the thermolysis have estab- 
lished that lowering of the concentration of nitrone (I) 

of Me00 has been estimated2 to be GU. 4 ,US in pure methanol.) 
Additional confirmation of these conclusions was obtained 

by spin-trapping experiments in similar systems with 
2-methyl-2-nitrosopropane (IV).l0 In this case only one 

TABLE 

Oxidation of methanol in the presence of N-benzylidene-t-butylamine N-oxides (I) 

Oxidanta 
Photochemical Paraquat dichloride . . .. 
oxidationc Paraquat dichlorided . . .. 

Pb(OAc), .. .. .. 
UOsP"Ja 
UO,(NO,),d . . 
K,S,08d . . .. I .  .. 
ButO-OBut . . .. .. 
HO-OH . . 0 .  .. .. 
2,3,5,6-Tetrachloronitrobenzene 

Thermal K2S,08d J .. .. .. 
oxidatione I(aS,O,d*g .. .. .. 
y-Radiolysish of liquid methanol .. .. .. 

.. .. .. 
.. .. 

Nitroxide radical 
splittingsb Radical 

ON a w  type 
1.437 0.286 (11) 
1 *452 0.298 111) 
1.442 0.287 (11) 
1.435 0.288 (11) 
1.459 0.296 (11) 
1-449 0.295 (11) 
1.531 0.373 (111) 
1-541 0.373 (111) 
1-535 0.373 (111) 
1.450 0.294 (11) 
1.536 0.376 (111) 
1-439 0.288 (11) 

[I] = 0.08-0.12M; [oxidant] = O'01--0*1M. 
In mT. Each coupling constant is an average of a t  least twenty measurements and the e.s.d. is typically +0.005 and f0.002 mT 

C Photolysis of degassed solutions by 250 W medium-pressure mercury lamp through a filter solution containing 0 . 5 ~  nitrone (I) 

d Solvent 9 : 1 v/v MeOH-HaO. 
e At ca. 55' but spectra recorded a t  room temperature. 

g [I] = 0.01m 
h 100 Ci 13'Cs source: irradiation in unsealed vessels. 

for a N  and apri respectively. 

in methanol. 

f [I] = 0.351. 

results in an e.s.r. spectrum identical to that assigned to 
nitroxide (111). Control experiments have shown that the 
spin adduct is not the result of the trapping of SO,-. 
radical anions, although in the absence of oxidisable 
substrate this intermediate does give rise to weak signals with 
the nitrone (GI. addition of SO,-* to aci-anions of nitro- 
alkanes9). 

Variation in the concentration of (I) within the range 
indicated (Table) gave rise to complex e.s.r. spectra as a 
result of the simultaneous formation of nitroxide radicals 
(11) and (111). It seems reasonable to conclude therefore 
that methoxy-radicals [giving (11) ] are formed initially 
during reactions of SO,-. with methanol, and that isomeric 
hydroxymethyl radicals [giving (111) ] are produced by 
subsequent hydrogen abstraction. At high concentrations 
of (I), M e 0  radicals formed initially are completely 
scavenged, whereas a t  lower concentrations, competitive 
hydrogen abstraction from methanol yields the thermo- 
dynamicallj- more stable isomer, CH,OH. (The half-life 

type of e.s.r. signal was observed and this has previously 
been assigned1' to the hydroxymethyl adduct (V) (equation 
3). Alkoxy-radical adducts of nitroso-alkanes are therm- 
ally unstable at  room temperature, and, in this sense, the 
nitroso-compounds must be regarded as less efficient radical 
scavengers than the nitrones. 

Very similar results have been obtained from preliminary 
work with other primary and secondary alcohols, although 
it  appears that substituents affect the relative rates of 
reaction of alkoxy-radicals with the spin-trapping agents 
and in hydrogen abstraction. It is clear therefore that the 
present widespread assumption12 of hydrogen abstraction 
by SO,-*, as the primary step in oxidation of alcohols by 
peroxydisulphate ion, must be reconsidered. These findings 
also cast some doubt on the mechanism proposed for the 
photo-oxidation of alcohols by uranyl salts13 and assump- 
tions of hydrogen abstraction mechanisms for other photo- 
oxidants should be carefully examined. 
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