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Cation radicals, symbolized RII * +, are usually gen- 
erated by removing an electron from a neutral, elec- 
tron-paired molecule. Thus they have both a positive 
charge and an unpaired electron. They are familiar 
as transient species in mass spectrometry, and they ap- 
pear as by-products of electron emission in photoelec- 
tron spectroscopy. Several rather stable cation radi- 
cals, such as that from thianthrene (1) and N , N , N ’ , N ’ -  
tetramethyl-p-phenylenediamine (2) have been studied 
by electron spin resonance spectroscopy. However, 
the chemical reactions of cation radicals have not, 
until recently, received much attention. 

1 2 

Cation radicals generated by chemical reactions in 
solution are normally in a thermally equilibrated con- 
dition, whereas those produced in mass spectrometry 
by high-energy electron impact are in el’ectronically 
and vibrationally excited statesa2 Nevertheless, mass 
spectrometric and photoelectron spectroscopic studies3 
teach a lesson that is also relevant to solution chemistry, 
namely, that molecules containing “lone-pair” atoms 
such as 0, S,  or S are particularly prone to lose elec- 
trons. Cation radicals in solution are commonly ob- 
tained from oxidation of amines, sulfides, or oxygen 
compounds. 

The tris(p-bromophenyl) aminium ion 4 played a 
prominent role in our research, and its synthesis4 is 
illustrative. In 1 : 1 CH3CN-CF3COOH the oxidation- 

3 

4 

Xmax 725, 360nm 
log cmax 4.52, 4.32 

reduction potential of the reversible system 3-4 is 
+0.762 V, vs. Ag-AgC104,5 and we have found that 
hexachloroantimonate ion, which has oxidizing charac- 
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ter16 stabilizes the aminium ion against thermal and 
photochemical decomposition. 

While there are obvious thermodynamic limitations 
on the range of substrates oxidizable by reagents such 
as 4, the very rapid rates of electron transfer between 
ion radicals and neutral molecules’ offer a valuable 
kinetic bonus, as illustrated by the rapid, quantitative 
oxidations of cycloheptatriene derivatives to tropylium 
salts8 and metalloporphyrins to corresponding cation 
radicals or dicationic derivatives.9 

Characterization of an open-chain butane dication 
( e . g . ,  6) was a primary objectivelo of our work with 
aminium salt oxidants because of its relevance to new 
initiation processes in cationic polymerization. l1 Sub- 
sequently, there have been several reports of related 
oxidative coupling reactions of olefins by both chemi- 
call2 and electrochemical techniques.13 

The olefin most useful for polymerization studies in- 
volving cation radicals is N-vinylcarbazole (KVC, 5 ) )  
and this monomer gives a quantitative yield of the 
oxidatively coupled methanolysis product 7 upon re- 
action with 4 in CH&1&€€30H solvent ~ysterns . ’~ 
Interestingly the same methanolysis product 7 was 
obtained,I5 again in quantitative yield, by a similar 
oxidation of the corresponding cyclobutane dimer 8, 
indicating the rapid interconversion of cyclic (9) and 
open-chain (10) butane cation radicals (Scheme I), an 
essential feature of the mechanism proposed16 (see later 
discussion) for cycloaddition of certain olefins. 
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Cation Radicals in Cycloaddition Reactions 
Certain vinyl-substituted aromatic amines" (Scheme 

11) readily undergo cyclodimerization under the cata- 
lytic influence of suitable inorganic one-electron oxi- 
dants such as Fe(III), Ce(IV), and Cu(I1). Of these 
enamines, N-vinylcarbazole (NVC ; 5 )  and 4,4'-di- 
methylamino-1,l-diphenylethene (11) are most readily 
available and have been used extensively in our mech- 
anistic studies. 

Scheme I1 
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Methanol is the preferred solvent for the metal- 
catalyzed 2 + 2 cycloadditions; the presence of dis- 
solved air or oxygen is essential for the catalytic action 
of hydrated cupric nitrate on 11. Air markedly ac- 
celerates the cyclodimerization of NVC catalyzed by 
hydrated ferric nitrate. Presumably the catalytically 
active metal derivatives, in both cases, contain meth- 
oxide or hydroxide ligands because of facile hydrolysis 
of the metal nitrates. Addition of other coordinating 
ligands or anions to the reaction mixtures has a marked 
effect on reaction rates, especially in cyclodimerization 

Table I 
Dimerization of NVC Catalyzed by Ferric Nitrate in Methanol. 

[Additive], 106 initial rate, yield of 
Additive 1M M nee-1 dimer 

None 1.96 80 
N-Ethylcarbazole 10-2 3.66 81 
Carbazole 10-2 16.7 77 
(C6&)3N 5 x 10-4 19.4 77 

2 x 10-3 5 3 . 7  76 
10-2 185 64 

Cu(N03)z 5 x 10-3 2.42 77 
10-2 6.61 77 

c u  (NOS )* 
(CaH5)sN ;;I:/ 75.7 78 

a [NVC] = 10-l M; [Fe(N08)3.9Hz0] = 2 x 10-2 iM; [2,2'- 
bipyridyl] = 10-1M; temp = 20'. 

of NVC by iron(III), \There excess 2,2-bipyridyl 
greatly slows the reaction but eliminates the need for 
oxygen cocatalysis.'7 Kinetic studies17p18 have es- 
tablished the rate expression 

d(cyc1obutane) 
dt 

= k [metal salt] [olefin] 

Typical experimental conditions and rate data show- 
ing the effect of additives are given in Table I. For 
given reaction conditions, the rate of cyclodimcrization 
of NVC was always six to seven times greater than 
concurrent rate of formation of iron(II), although ac- 
tivation energies for both reactions were identical (26 
kcal mole-l) ; these observations are consistent with a 
chain mechanism for cyclodimerization. 

It is not yet clear why NVC yields exclusively the 
head-to-head trans-P,2-disubstituted cyclobutane di- 
mer 8, whereas 1% gives exclusively the corresponding 
head-to-tail 1,3-tetrasubstituted cyclobutane 12, al- 
though obvious steric effects suggest thcse orientn- 
tions. Another steric phenomenon in these systems 
is the complete lack of reactivity of cis-N-propenyl- 
carbazole ; in contrast, the corresponding trans isomer 
13 gives good yields of the head-to-head cyclodimer. 
Presumably steric interaction between the methyl 
group and the aromatic rings in the cis isomer hinders 
coplanarity required for resonance delocalization in the 
cation radical. 

* I 
-e  
----3 

CH=CH 
I 

CH=CH 
'CH, 'CH, 

13 

II 
CH-kH 
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Cation Radicals in Photochemical Cyclodimerizations 
Aromatic enamines 5 and 11 were also found to 

(17) F. A. Bell, R. A. Crellin, N. Fujii, and A. Ledwith, Chem. 
Commun., 251 (1969). (18) R. A. Crellin, P1i.D. Thesis, University of Liverpool (1970). 
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undergo photosensitized cyclodimerization, l9 producing 
cyclobutanes with the same structure as obtained from 
the metal-catalyzed reactions. The reactions show 
common features markedly different from those of con- 
ventional organic photosensitized reactions. 

Sensitizers ranging from benzophenone (ET = 
69.5 kcal mole-') to methylene blue (ET = 33 kcal 
mole-') may be used and, since the latter value is much 
lower than the anticipated triplet-state energies of the 
reacting olefins (cf. ET for carbazole = 70 kcal mole-'), 
energy transfer sensitization is ruled out in many cases. 

(b) With all sensitizers (except anthraquinone, 
fluorenone, and chloranil) and both enamines, cyclo- 
dimerization occurs only when oxygen is present in 
the system. In the absence of oxygen there is essen- 
tially no photochemical reaction of the enamine 11. 
For NVC, photosensitization in the absence of oxygen 
leads to slow polymerization. 

Yields of cyclobutanes 8 and 12 are essentially 
quantitative if irradiation is prolonged, and the pre- 
cipitated dimers are periodically filtered off. 

(d) Direct photolysis of the enamines 5 and 11 
with, or without, oxygen does not normally produce the 
cyclobutane dimer. By use of wavelength filters, it 
was shown that the sensitizer is the primary absorbing 
species in all cases. In our 0~7n  work we have noted a 
nonreproducible rate of formation of 8 by prolonged 
direct irradiation of NVC in acetone or methanol; 
this observation has also been made in other labora- 
tories.20 However, while the mechanism of the direct 
photodimerization remains obscure, reaction rates are 
orders of magnitude less than those for the correspond- 
ing sensitized reactions. 

Detailed kinetic studies on the dimerization of NVC 
have been carried out with rhodamine 6G as sensitizer. 
For sensitizer concentrations 44 the rate of 
dimerization was first order in sensitizer and first order 
in NVC, with an activation energy of 4 kcal mole-', 
and rates of dimerization mere not increased by the 
use of pure oxygen, instead of air, to saturate the solu- 
tions. Therefore, oxygen must play a catalytic func- 
tion. This is borne out by the complete absence of 
products containing oxygen. 

Quantum yields (&) for photosensitized cyclodi- 
merization of N-vinylcarbazole (NVC) were mea- 
suredl6Sz1 under a variety of experimental conditions 
for several sensitizers. In  fact, 
for sensitization by chloranil, quantum yields as high 
as 14 were observed, leaving little doubt that a chain 
mechanism operates. Another interesting feature of 
these photodimerizations is that the olefins 5 and 11 
were extremely efficient quenchers for the fluorescence 
of fluorenone and rhodamine 6G. Taken with the 
comparatively high quantum yields, this suggests that 
the primary photochemical processes involve singlet 

(a) 

(c) 

In all cases, & 3 1. 

(19) R. A. Carruthers, R. A.  Crellin, and A. Ledwith, Chem. Com- 
mun., 252 (1969). 
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Mikawa, Chem. Commun., 1110 (1970); J. W. Breitenbach, F. Som- 
mer, and G. Unger, Montash. Chem., 101,32 (1970) 

(21) M. C. Lambert, unpublished results. 

Table I1 
Retardation of Cyclodimerization of NVC and Fluorescence 

Quenching at 25' 

Fluorenone (acetone) Rhodamine 6G (methanol) 
KQ, Re1 rate of KQ. Re1 rate of 

Quenoher M-1 dimerization M -1 dimerization 

NVC 88 1.00 23 .0  1.00 
DABCO 171 0.10" 8.0 1.000 
Ferrocene 268 Oa 88.1 0.045 

0 Reaction mixture contained M (quencher). 

excited states of these sensitizers, a conclusion strongly 
supported by parallel quantitative studies of quenching 
eff ects and sensitization (Table 11). 

Photosensitized cyclodimerization of NVC by fluore- 
none was rapid and efficient in acetone (more rapid in 
the presence of oxygen), and ferrocene was found to 
retard the cyclodimerizations in both solvents. The 
reacting enamines were effective quenchers for fluore- 
none fluorescence in a manner similar to that reported 
for other  amine^,^^,^^ as were ferrocene and diazabi- 
cyclooctane (Dabco) . 

Electron transfer mechanisms are responsible for 
fluorescence quenching of fluorenone by several aro- 
matic and aliphatic  amine^.^^-^* The close agreement 
with quenching constants for the present systems ar- 
gues strongly in favor of a similar mechanism for the 
enamines 5 and 11. Additional evidence for electron 
transfer mechanisms in the present work is provided 
by the quenching efficiency of ferrocene, which readily 
undergoes electron transfer reactions. Quenching rate 
coefficients (k4) approach diff usion-limiting values in 
the solvents employed, and the retarding effect of ferro- 
cene on the dimerization of NVC is a consequence of 
its greater quenching ability. It is noteworthy that 
Dabco, a more efficient quencher of fluorescence 
from fluorenone than NVC in acetone, retards photo- 
dimerization of the latter, whereas with rhodamine 
6G in methanol, in which Dabco is a less efficient 
quencher than NVC, there is no effect on rate of photo- 
dimerization. 

A Cation-Radical Chain Mechanism for 
2 + 2 Cycloaddition 

A plausible chain reaction mechanism accounting 
for most of the experimental observations is shown in 
Scheme 111. The initiation reaction applies equally 
well to singlet or triplet excited states, although the 
former are thought to  be primarily involved. Equilib- 
ria between open-chain and cyclized cation radicals 
such as 16 and 17 will obviously be affected by the 
steric and electronic nature of substituents and may 
be diverted to open-chain dicationic species in the pres- 
ence of excess 0xidant,~O*'7 as discussed earlier (Scheme 
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(1969). 

(23) 8. G. Cohen and J. B. Guttenplan, Tetrahedron. Lett., 5353 
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Scheme 111 
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>c-CII, 
18 

I ) .  Experimental proof15 of the reverse process, i e . ,  
one-electron oxidative ring opening of a derivative of 
18, has also been discussed in the previous section. 

The extent of intervention by molecular oxygen will 
depend on the relative values of k-1, Lz ,  and k3 which 
in turn reflect the stability of, e . g . ,  anion radicals formed 
from carbonyl sensitizers as well as solvation charac- 
teristics of ion pairs 14 and 15. Similar factors govern 
the ratios k-l/k3, k-z/k3, and kr /k j ,  accounting for varia- 
tion in quantum yield with changing reaction condi- 
tions. 

Charge transfer spectra between N-vinylcarbazole 
(5) and N-ethylcarbazole (used as a model for cyclo- 
dimer 8) arid chloranil have been determined in CHzC12. 
The spectra show maxima at 493, 615 nm for 5 and 524, 
672 nm for the saturated homolog. Thus the ionization 
potential of S V C  may be estimated25 to be approxi- 
mately 3.6 kcal greater than that of the cyclobutane 
18. The heat of polymerization of NVC (-18 kcal 
mole-126) provides a good approximation to the exo- 
thermicity of its self-addition reactions. Taking cyclo- 
butane strain energy to be 26 kcal m 0 1 e - ~ , ~ ~ ~ ~ ~  the cyclo- 
dimerization may be estimated to be exothermic over- 
all by approximately 10 lical mole-'. Hence, it follow 
that for NVC the initiation reaction 14 (or 15) + 13 + 

17 will be exothermic by about 13 kcal mole-', while 
the propagation step 17 + 13 -+ 18 + 14 (or 15) will 
be endothermic by not more than 3-4 kcal mole-'. 
This chain mechanism is therefore supported by simple 
thermochemical considerations. It is possible that 

(25) R. Foster, "Organic Charge Transfer Complexes," Academic 
Press, London, 1969. 

(26) R. M. Joshi, Malcromol. Chem., 55,  35 (1962); P. M. Bowyer, 
A. Ledwith, and D. C. Sherrington, Polumer, 12, 509 (1971). 

(27) J. D. Roberts and &I. C. Caserio, "Basic Principles of Or- 
ganic Chemistry," W. A. Benjamin, New York, N. Y., 1965, p 112. 

(28) R. Schutte and G. R. Freeman, J .  Amer. Chem. SOC., 91, 3715 
(19G9); but see also T. L. Penner, D. G. Whitten, and G. 9.  Ham- 
mond, ibid., 92, 2861 (1970). 

similar processes, involving both cation radicals or anion 
radicals, may be found in other suitably activated sys- 
tems. An analogous chain reaction has in fact been 
postulated2* to explain formation of a 4 + 2 cyclo- 
dimer by radiolysis of 1,3-~yclohexadiene. 

For those sensitizers inactive in the absence of oxy- 
gen, certain other oxidants may be substituted to pro- 
mote activity. Thus copper(I1) heptanoate, or 
chloranil, will effectively promote photodimerization 
of NVC by rhodamine 6G in methanol in the absence 
of oxygen, using light of wavelength >500 nm, not ab- 
sorbed by either additive. Cocatalyzed in this way, 
the photodimerizations may be seen to parallel corre- 
sponding metal-catalyzed reactions even more closely, 
with the latter differing only in the electron transfer 
initiation between olefin and metal ion. As noted 
above, copper(I1) salts provide chain-carrying counter- 
ions for photocyclodimerization of NVC by rhodamine 
6G in the absence of oxygenlg and do not react thermally 
with NVC in methanol a t  room temperature. The 
data of Table I indicate that copper(I1) nitrate also 
cocatalyzes the iron(II1)-promoted cyclodimerization 
of NVC, presumably as a consequence of increased 
rates of propagation or decreased rates of termination. 

A further and more important cocatalytic effect 
has been characterized for initiation of cyclodimeriza- 
tion of KVC.29 Rates of electron transfer between or- 
ganic molecules are often conqiderably faster than rc- 
lated processes involving inorganic oxidants. Inas- 
much as initiation in the present reactions involves 
electron transfer between, e.g., enamine and iron(III), 
other electron donors might undergo electron transfer 
oxidation more rapidly than, e .g . ,  KVC or 11. Aro- 
matic amines, especially triphenylamine, proved to be 
most effective in this respect (Table I) and probably 
function as follows: 

amine + Fe3+ I_ [amine]. i- + Fez+ 

[amine] + + >C=CH2 [>C=CH,]. + + amine 

It should also be noted, from the data in Table I, that 
cocatalysis of the iron(II1)-catalyzed cyclodimerization 
of NYC by Cu(X03)2 and triphenylamine, taken to- 
gether, gave a reaction rate slightly in excess of the 
product of individual cocatalyzed reaction rates, over- 
whelming evidence for the various (chain) reaction 
steps indicated. 

Cation Radicals in Oxidations by Bipyridylium Salts 
Whereas most cation radicals are formcd from ncu- 

tral molecules by one-electron oxidation proccqses, bi- 
pyridyljum salts are readily converted to stable cation 
radicals by one-electron reduction processes.30 Analo- 
gous one-electron reduction of monopyridinium ion 
salts31 also gives rise to stable free radicals. Both 
types of radical are immediately reoxidized by molccu- 

(29) R. Beardwell, R. A.  Crellin, and A. Ledwith, manuscript in 

(30) L. Michaelis, Chem. Rev., 16, 243 (1935); Biochem. Z., 250, 
preparation. 

564 (1932). 

5515 (1964). 
(31) E. M.  Kosower and E. J. Poziomek, J .  Amer. Chem. SOC., 86, 
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lar oxygen. One-electron reductions of 1,1 '-dimethyl- 
4,4/-bipyridylium dichloride (paraquat dichloride; 19) 
and 1, P'-ethylene-:!,'2'-bipyridylium dibromide (diquat 
dibromide; 20) are of considerable interest because of 
the correlation between ease of reduction, cation radical 
stability, and herbicidal activity, in a range of bipyri- 
dylium salts.32 

C H $ m C H 3  --+ + e  C H , N m 3  
- 

c1- C1- c1- 
19 (PQzt) (PQ*+) 

Xmax 603 nm (emax 12,000 M-' cm-') 

20 (DQ~') (DQ+, 

Amax 760 nm (emax 3,109 M-' cm-') 

Paraquat (PQ2+) and diquat (DQ2+) are useful oxi- 
dants in aqueous solution (EO = -446 and -349 mV, 
respectively). Our interest in these compounds was 
further stimulated by the observation that their re- 
spective cation radicals were readily produced by reac- 
tion of the salts with aqueous 

Under high vacuum the reaction between sodium 
hydroxide and paraquat dichloride in water was highly 
reproducible. The final yield of cation radical (based 
on paraquat) approached a limiting value of 667, and, 
after admission of air to the systems, reaction products 
were identified as paraquat dichloride, 1-methyl-4-(4- 
pyridy1)pyridinium chloride (21), and formaldehyde. 

The reaction sequence shown below accounts for the 
experimental observations and is substantiated by the 
observations that, on addition of methanol to aqueous 
systems or working in methanol solvent, yields of PQ. + 

mere quantitative. Oxidation of methoxide ion by the 
paraquat ion is essentially instantaneous in methanol 
or aqueous methanol when [RleO-] 3 0.1 M and is 
in marked contrast to the more usual ring substitution 
which occurs when pyridinium ions interact with 
bases.34 Other alcohols with a-hydrogen atoms will 

N ~ H ,  + CH,OH 

21 

CH3OH + OH- e CH30- + HZO 

2P@ + CH30- CH20 + 2PQ*+ + H+ 
____ 

(32) W. R. Boon, Chem. Ind. (London), 782 (1965); A. A. Akhavein 
and D. L. Linscott, ResidueRev., 23,97 (1968). 

(33) J. A. Farrington, A. Ledwith, and M. F. Stam, Chem. Com- 
m a . ,  259 (1969). 

(34) D. Bruck and D. E. Guttman, J .  Amer. Chem. Soc., 90, 4964 
(1968); E. 31. Kosower and J. W. Patton, Tetrahedron, 22, 2081 
(1966); R. E. Lyle, Angew. Chem., Int. Ed. Engl., 6 ,  973 (1966). 

Scheme IV 

thermal reaction photochemical reaction 
PQ'+ + dCHzR 

i t  
P Q ~ + ~ C H ~ R  
(t, PQ * +OCHZR) 
22 

I+ 
$ 1  

PQ' + + OCHzR PQ. + + (RCH20H). + 
23 25 

PQ - + + (O=CHR) * - + PQ. +. + OCH2R + RCHzOH2+ 
24 BH + 26 

also reduce paraquat in basic media, but solutions of 
potassium tert-butoxide in tert-butyl alcohol are inac- 
tive. 

Reaction rates for reduction of PQ2+ by CHJO- and 
CD30- were shown to be almost identical; the absence 
of kinetic isotope effect eliminates hydrogen or hydride 
abstraction as the likely rate-determining step in oxida- 
tion of methoxide ion. It seems reasonable, there- 
fore, to assume that primary electron transfer between 
CH30- and PQ2+ is rate determining (see Scheme IV). 
Before discussing the mechanism of these reactions in 
more detail, it  is relevant to consider the related photo- 
chemical oxidation of neutral alcohols by PQ2+ and 
DQ2+. 

Paraquat dichloride is reduced to the cation radical 
PQ. + by uv irradiation of aqueous solutions containing 
primary or secondary a l ~ o h o l s . ~ 5 ~ ~ ~  There was no 
reaction on irradiation in pure water or aqueous tert- 
butyl alcohol. Rates were retarded by added halide 
ion in the sequence of increasing quenching ability C1- 
< Br- << I-. Similar results were observed for di- 
quat] salts (DQ2+, 2C1-), except that  in this case 
halide ion quenching was so effective that the com- 
mercially important diquat dibromide could not be 
photoreduced in 0.1 M solutions. For all alcohols, 
stoichiometric amounts (glc) of corresponding carbonyl 
compounds were produced according to the following 
overall equation and reaction rates were proportional to 
the first power of the light intensity. 

hu 
2PQ2+ + R'R'CHOH + 2PQ*+ + R'R2C=0 + 2H+ 

Reaction could be activated using 313 or 334 nm (but 
not 366 nm) irradiation, consistent with excitation via 
the long-wavelength tail of the absorption spectrum of 
paraquat, and quantum efficiencies lie in the range 

A striking feature of the photoreduction of PQ2+ was 
the rapid decay in rate as reaction proceeded ascribed 

10-40%. 

(35) C. 5. Johnson and H. S. Gutowsky, J .  Chem. Phys., 39, 58 
(1963). 

(36) A. 8. Hopkins, A. Ledwith, and M. F. Stam, Chem. Commun., 
494 (1970). 
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to the cation-radical product. PQ.+ has a con- 
venient “window” a t  310-340 nm in its absorption 
~pec t rum,~’  and this rate retardation must therefore 
involve genuine quenching of excited states or re- 
versibility of the redox processes. Paraquat does not 
luminesce at room temperature, whereas diquat di- 
chloride fluorescences in water (+F = 0.04 rf 0.02) but 
not a t  all in alcohols (including tert-butyl alcohol) or 
in -20% aqueous alcoholic solutions. The observed 
quenching of photoreduction of paraquat (ET = 71.5 
lrca13*) by phenol (ET = 82 k ~ a l ~ ~ )  is unlikely to involve 
triplet energy transfer. Also the comparable, mild, 
quenching efficiency of ferrocene, normally a very effi- 
cient quencher for triplet states,40 argues against triplet 
intermediates. k ~ / k ~  kinetic isotope effects for CHI- 
OH-CDSOH and CH3OH-CH3OD are approximately 
1.4, suggesting strongly that hydrogen abstraction is 
not a rate-determining process. Rather, these isotope 
effects are similar to those reported24 for electron trans- 
fer quenching of biacetyl fluorescence by amines, 
phenols, and alcohols and support a similar mechanism 
for the prcsent case (Scheme IV). Electron transfer 
quenching of fluorescence has also been reported for 
pyridinium ions41 and other organic cati0ns.4~ 

An important step in the suggested mechanism is the 
oxidation of alcohols to alkoxy radicals by singlet ex- 
cited paraquat. Only when the alkoxy radical has an 
a-hydrogen atom is the product PQ.+ observed ex- 
perimentally; otherwise intermediate stages 25 and 26 
revert back to ground-state reactants, with apparent 
fluorescence quenching in the case of diquat. B y  this 
mechanism tert-butyl alcohol should be effective as a 
quencher for diquat fluorescence, as observed experi- 
mentally, but cannot produce PQ. +. Unambiguous 
confirmation of the intermediacy of alkoxy radicals was 
provided by spin-trapping experiments with benxyli- 
dene N-tert-butyl nitrone (27). Continuous photolysis 
of paraquat in methanol containing the latter gives 
rise to a long-lived free radical having nitrogen and p- 
hydrogen hyperfine coupling constants43 identical with 
those of the nitroxide radical 28. 

+ 
CeHaCH=NC(CHa)3 + CHEO. + CsH&CH--NC(CH3)3 

I I /  
d- 

27 
CH30 0 

28 

Electron Transfer Scavenging of Alkoxy and 
Hydroxyalkyl Radicals 

Examination of the reactions outlined in Scheme IV 
shows that alkoxy radicals (RCHzO.) should be pro- 

(37) E. M. Kosower and J. C. Cotter, J .  Amer. Chem. Soc., 86, 

(38) Personal communication from Dr. G. D. Short, I.C.I. Petro- 

(39) C. A. Parker, “Photoluminescence of Solutions,” Elsevier, 

(40) A.  J. Foy, R. 6 .  Lin, and G. S. Hammond, J .  Amer. Chem. Soc., 

(41) M. T. McCall and D. G. Whitten, ibid., 91,5681 (1969). 
(42) T .  G. Beaumont and K.  hl. C. Davis, J .  Chem. SOC. B,  456 

(1970); D. G. Whitten, J. W. Happ, G. L. B. Carson, and 31. T.  
AMcCall, J .  Amer. Chem. Soc., 92, 3500 (1970): 

(43) A. Ledwith, P. J. Russell, and L. H. Sutoliffe, Chem. Commun., 
964 (1971). 

5524 (1964). 

chemicals and Polymer Laboratories. 

London, 1968. 

88,4781 (1966). 

duced via both thermal (alkoxide ion) and photo- 
chemical (neutral alcohol) routes. For the former, 
the initial reactant pair 22 is analogous to pyridinium 
ion-iodide ion pairs, in which charge transfer forces are 
known to be important.44 A necessary corollary of 
these processes is that tert-alkoxy radicals, generated 
in the presence of paraquat cation radical, should 
immediately undergo electron transfer reduction form- 
ing tert-alkoxide ion and paraquat. This has been 
confirmed44 unambiguously for tert-butoxy radicals 
and paraquat cation radical, the former being gen- 
erated photochemically from di-tert-butyl peroxide 
(29) and thermally from di-tert-butyl hyponitrite (30). 

11. 

--%--7 t-CuO0Bu.t 

29 2t-BuO. Zf-BuO- + 2PQ2’ 
t-BuOh’=NOBu-t 3 

50”(-NA) 30 

Photolysis of di-tert-butyl peroxide in 1: 1 mater- 
tert-butyl alcohol, containing independently generated 
paraquat cation radical, resulted in steady decoloration 
of the solution. I h e t i c  measurements establishcd 
that the rate of disappearance of PQ . + was independent 
of [PQ.+] but first order in [di-tert-butyl peroxide]. 
Thermal decomposition of di-tert-butyl hyponitrite in 
1: 1 water-tert-butyl alcohol was an even more con- 
venient source of tert-butoxy radicals, and kinetic stud- 
ies gave comparable result~.~5 Rate coefficicnts for 
thermal decomposition of di-tert-butyl hyponitrite at 
65” obtained in the present work (12 = (3.5 =t 0.2) X 
loF4 see-l) compare very wcll with those cxtrapolatcd 
from data of Traylor and E Z e i f ~ ~ ~  ( k  = 3.7 X 
see-l) and Neuman and Bussey4’ ( k  = 3.6 X 
sec-’), obtained by very different techniques in dif- 
ferent solvents. Reaction products contained 1 molo 
of base for each mole of PQ. + consumed, strongly sup- 
porting the proposed electron transfer mechanism. 
It follows that, in 1: 1 tert-butyl alcohol-H20, tert- 
butoxy radical must possess oxidizing power in excess 
of that of PQ2+, for which E, = -446 mV, and may, 
therefore, function as a primary one-electron oxidant 
in reactions presently interpreted in other ways. 

The reaction sequence (Scheme IV) for thermal re- 
actions of alkoxide ion with PQ2+ assumes that alkoxy 
radicals react rapidly with base to  give corresponding 
anion radicals of the appropriate carbonyl compound 
( i e . ,  conversion of 23 to 24). This idea, first proposed 
by Bunnett and his ~o l l abora to r s~~  to explain detail3 
of related, reductive dediazoniation processes involving 
methoxide ion, is supported49 by the increasing acidity 

(44) E. AI.  Kosower, Progr. Phys. Org. Chem., 3, 81 (1965); “An 
Introduction t o  Physical Organic Chemistry,” Wiley, New York, 
N. Y , 1968. 

(45) A. S. Hopkins and A. Ledwith, Chem Commun., 830 (1971). 
(46) H. Keifer, and T. G. Traylor, J .  Amer. Chem. Soc., 89, 6667 

(1967); Tetrahedron Lett., 6163 (1966). 
(47) R. C. Neuman and R. J. Bussey, J .  Amer. Chem. Soc., 92, 

2440 (1970). 
(48) J. F. Bunnett and H. Takayama, J .  Org Chem., 33, 1924 

(1968); J. Amer. Chem. Soc., 90,5173 (1968); J F. Bunnett and C. C. 
Wamser, ib id . ,  89, 6712 (1967). 

(49) G. Porter and F. Wilkinson, Trans. Faraday Soc., 57, 1686 
(1961); W, V. Sherman, J .  Amer. Chem. Soc., 89, 1302 (1967). 
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of P h 2 c 0 H  over its parent alcohol PhZCHOH. Inter- 
coilversion of alkoxy radicals (RCHzO .) and corre- 
sponding hydroxyalkyl radicals (RCHOH) is known to 
be extremely rapid,50 and generation of the former, 
in basic media, would rapidly yield (RCH=O).-, as 
indicated in Scheme IV. 

A similarly rapid interconversion of RCHzO * and 
RCHOH will be likely in the photochemical oxidation 
of alcohols by PQ2+. In this case, RCHOH radicals 
must then be further oxidized by ground-state para- 
quat. Independent evidence for the latter process 
was obtained by studying thermal decomposition of 
benzpinacol (31) in methanol containing paraquat di- 
chloride. 

CeHs CsH6 C6H5 
I I A  1 2PQ2+ 

HOC--COH --it 2HOC. 
I 
C6H5 

I I 70° 
CaH5 Ce" 

31 2PQ.' + 2(c~,Hs)zC=O + 2H' 

Paraquat oxidation of semipinacol radicals (Ph&OH) 

(50) F. S. Dainton, I. V. Janovsky, and G. A.  Salmon, Chem. Com- 

(51) K. Brown, A. S. Hopkins, and A.  Ledwith, manuscript in 
mun., 335 (1969). 

preparation. 

formed by unimolecular thermolysis of 31 was ap- 
parently very efficient. Reaction rat'es, monitored by 
observing the appearance of PQ. +, indicated an ap- 
parent activation energy of 28 kcal mole-' for decom- 
position of benzpinacol (k = 2.5 X sec-' at> 64") ; 
these figures are in good agreement with data extrap- 
olated from those of Ycckers and Colenbrandef12 for 
thermal decomposition of benzpinacol in the presence 
of oxygen. 

It seems reasonable to conclude, therefore, that  
these preliminary experiments with paraquat cation 
radical and paraquat establish a potentially useful, 
and extremely convenient, new technique for quantita- 
tive scavenging of organic radicals by clearly defined 
electron transfer reactions. Cation radicals are likely 
to be increasingly recognized as intermediates in many 
well-known organic processes. Moreover, highly col- 
ored, stable cation radicals offer convenient tools for 
quantitative studies in suitable systems. 
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From textbooks one might conclude that reactions 
of aryl halides with basic or nucleophilic reagents are 
relatively few and relatively straightforward. They 
say that unsubstituted aryl halides are unreactive with 
nucleophiles under ordinary conditions, which is true. 
They point out that certain electron-attracting sub- 
stituents, especially when ortho or para to  halogen, 
greatly facilitate displacement of halogens by the SNAr 
mechanism' (cf. eq 1).  They also teach that with very 

NO:, NO,- 
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strong bases aryl halides may react by the aryne mech- 
anism,2 as exemplified in eq 2.  But that is about all 

Br 
I 

benzyne 

most have to  say. 
Presentations which are more advanced and more 

current also describe the halogen-metal interconversion 
reaction3 (cf. eq 3), the remarkably facile SNAr reactions 

of hexafluorobenzene and related compounds, the anal- 
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