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Abstract: The self-reactions of a series of acyl methyl nitroxides have been studied in solution. These reactions proceed by /3-
disproportionation, for which the measured rate contants lie in the range 101 -103 M - 1 s~' at 298 K. Arrhenius parameters de
rived from the kinetic data are unusual, having low A factors (ca. 104 M - 1 s_l) and low activation energies (ca. 1-4 kcal/mol); 
such values indicate that the reactions do not proceed by a simple mechanism. These results are interpreted in terms of a strong 
dipole-dipole induced orientation within the caged radical pair which disfavors the disproportionation reaction. 

Acyl nitroxides are persistent radicals which have been 
studied spectroscopically2 for some years. It has recently been 
shown that some acyl 'e/7-alkyl nitroxides may be isolated as 
pure materials,7 and that such radicals have a potential syn
thetic role as mild oxidizing agents,8 converting monohydric 
phenols to quinones and allylic alcohols to aldehydes. Thus, 
vitamin A alcohol can be oxidized to retinal by tert-buty\ un-
decanoyl nitroxide in ca. 90% yield.815 

There are also strong indications that acyl nitroxides play 
a significant role in biological environments.9 For example, it 
has been suggested that acyl aryl nitroxides are the active re
agents formed in the metabolic transformation of certain 
carcinogenic amines.10 This proposal has recently given cause 
for concern" since hydroxamic acids are used widely in che
motherapy and are easily oxidized to the corresponding acyl 
nitroxides. 

As part of our general investigations of fundamental 
chemistry in this area we have now undertaken a kinetic study 
of the self-reactions of acyl methyl nitroxides, 2a-f, in an at
tempt to understand the reasons for their persistence. The 
radicals were generated from the corresponding hydroxamic 
acids (la-f) using tert-butoxy radicals which were produced 
by UV photolysis of di-'er/-butyl peroxide. 

Our results show that compounds 2 decay by a compara-
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(2) la , 2a, R = n-hexyl; R' = CH3 

l b , 2b, R = sec-butyl; R' = CH3 

Ic, 2c, R = sec-butyl; R' = CD3 

Id, 2d, R = ferf-butyl; R' = CH3 

Ie, 2e, R = l-adamantyl; R' = CH3 

If, 2£, R = (CH3CH2)3C; R' = CH3 

tively slow bimolecular disproportionation to yield 1 and the 
corresponding nitrone 3, e.g. 
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The slowness of these radical-radical reactions does not arise 
because reaction 3 has an appreciable activation energy. In
stead, there is a very low probability that two radicals forming 
an encounter pair will actually react with one another. We 
suggest that this comparatively unusual behavior in a radi
cal-radical reaction is a consequence of the dipole-dipole in
teraction between the > N - 0 - groups of the encounter pair. 
Presumably this interaction disfavors orientations of the rad
icals which lead to reaction. 

Experimental Section 

Materials. Most of the hydroxamic acids were prepared from N-
methylhydroxylamine and the appropriate acyl chloride using stan
dard procedures.12 They were generally purified by column chro
matography over silica. Their mass spectra all showed a peak due to 
the parent ion and all 1 gave satisfactory NMR spectra13 and ele
mental analysis.13 Compounds Ie and If were kindly provided by A. 
H. Sharma. 

The deuterated hydroxamic acid Ic was prepared as follows. A 
mixture of O-benzylhydroxylamine hydrochloride (10 g) and 
a-methylbutyryl chloride (7.6 g) in pyridine (30 mL) was briefly 
heated to 60 0C, then cooled and quenched with ice water. On workup 
A'-a-methylbutyryl-O-benzylhydroxylamine was obtained in 77% 
crude yield as a colorless solid. A portion of this unpurified material 
was methylated with CD3I and sodium hydride in dry dimethoxy-
ethane. The product was then hydrogenated over 10% Pd/C in ethanol 
under 1 atm of hydrogen. This gave Ic, which was purified in the usual 
way. 

Solvents were either reagent grade and were used as received or 
were distilled before use. Di-rert-butyl peroxide was distilled and was 
then passed through alumina in order to remove any traces of tert-
butyl hydroperoxide. 

Kinetic Procedure. The kinetic EPR procedure has been described 
previously.14 Samples were prepared in standard EPR tubes using a 
stock solution containing 20-25 mg of the appropriate hydroxamic 
acid, solvent (1.5-2 mL), and di-tert-buty\ peroxide (7% v/v). They 
were deoxygenated using the usual "freeze-thaw" degassing proce
dure. Samples were irradiated with UV light for a few seconds, to 
generate nitroxide concentrations in the range 10-4-5— 10 - 7 0 M, and 
were then shaken in order to ensure uniform radical distribution. They 
were placed in the spectrometer and equilibrated to the operating 
temperature before measurements were made. 

EPR Parameters. Spectroscopic parameters for radicals 2a-f were 
obtained from measurements of the magnetic field position and mi
crowave operating frequency for several lines of each spectrum. So
lution of the isotropic Hamiltonian based on these data yielded g 
values and hyperfine splittings. This procedure has been described in 
greater detail elsewhere.15 

Results and Discussion 

Radical generation via reactions 1 and 2 is a standard and 
well-tested procedure.'6 The hydroxamic acids all gave clean 
EPR spectra of the corresponding acyl methyl nitroxides, the 
spectroscopic parameters for which are presented as supple
mentary material. 

Radical decay via reaction 3 is supported by the following 
kinetic evidence: (a) decay occurred with "clean" second order 
kinetics; (b) rate constants were independent of the initial 
concentrations of radical, hydroxamic acid, and di-rerr-butyl 
peroxide, when the concentration of each was changed by a 
factor of 10 or more; (c) the decay kinetics for the 2b, 2c pair 
of radicals show a large deuterium kinetic isotope effect; (d) 
no evidence was found for the formation of measurable 
quantities of nitroxide dimer in the temperature and concen
tration ranges studied. 

The products of the bimolecular self-reactions of 2 are dif
ficult to identify because the nitrones, 3, are extremely reactive. 
However, they do behave as powerful acylating agents which 
does allow their products to be identified. Thus, one-electron 
oxidation of A'-methylhydroxamic acids17'18 yields the 0-acyl 
derivatives, 4, and, in some cases, the O-acyloximes, 5, have 
also been isolated. These two classes of compounds are formed 

by acylation of the hydroxamic acid and the oxime, respec
tively, e.g., eq 4 and 5. 

O 9-O OH 

( 1 - A d ) - C - N - C H 3 + (1-Ad)C-N=CH2 
+ 

Ie 3e 

/ 

O 
O 
Il OC(I-Ad) 

(1-Ad)CN + CH2=NOH (4) 

CH1 

4e 
O 

-Ad) (5) CH2=NOH + CH 2=N-OC(I-

5e 

This general mechanism is supported by the observation18 

that addition of nucleophiles (including other oximes) to the 
reaction mixtures gives the corresponding acyl derivatives. 
Moreover, when the reaction is carried out in the presence of 
/V-phenylmaleimide, the nitrone itself is trapped to give the 
cycloadduct 6, e.g.,18 eq 6. 

0 0 O 

( 1 - A d ) - C N l N - C H , (6) 3e + -CH-, 

O 
6e 

Finally, the nitrone can act as a spin trap for the acyl ni
troxide when oxidation of the hydroxamic acid is carried out 
to high conversion using alkaline K3Fe(CN)6 at 25 °C as ox
idant.18'19 Under these conditions the EPR signals due to 2 and 
7 are observed, e.g., eq 7. 

O CH:j O- 0 

Il I I Il 
2e + 3e =*= ( 1 - A d ) - C - N - O - C H 2 - N - C - ( I - A d ) (7) 

7e 
All this evidence supports our conclusion that the bimolec

ular self-reaction of acyl methyl nitroxides can be represented 
by reaction 3. 

Arrhenius parameters for the decay of 2a-f are presented 
in Table I. The errors given for E correspond to one standard 
deviation, while those for the A factor include an allowance 
for the error involved in measuring the absolute radical con
centrations. Individual rate constants at specific temperatures 
are available as supplementary material. 

Arrhenius parameters for the self-reactions of 2 show the 
following features: (a) the measured A factors are substantially 
lower than those normally found for radical-radical reactions 
(which are generally 108-1010 M - 1 s~');20 (b) in two instances 
the observed activation energy is less than that expected if the 
reaction were diffusion controlled,21 i.e., it is less than that 
conferred by the temperature dependence of solvent viscosity; 
(c) the kinetic isotope effect observed with radical pair 2b and 
2c is approximately equal to the theoretical maximum estab
lished by classical theory;23 (d) activation energies increase 
as the steric protection afforded by the acyl group is in
creased;24 (e) activation energies are smaller in heptane than 
in toluene. 

These reaction kinetics are most distinctive and are quite 
unusual. An obvious explanation for the low activation energies 
and low A factors would be that the H-atom transfer proceeds 
by quantum-mechanical tunneling. However, this seems im-
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Table I. Arrhenius Parameters for the Self-Reactions of Acyl 
Methyl Nitroxides, R C ( = 0 ) N ( 0 - ) R ' , in Toluene Unless 
Otherwise Noted 

2a 
2b 
2c 
2d 
2e 
2f 
2b 
2c 

radical 
R 

«-hexyl 
sec-butyl 
sec-butyl 
tert-buty\ 
1-adamantyi 
(CH3CH2)3C 
sec-butyl 
sec-butyl 

R' 

CH3 

CH3 
CD3 
CH3 
CH3 
CH3 

CH3 
CD, 

fc3
29i*K 

M - ' 
s - l a 

3700 
390 
26 
53 
33 
46 

1200* 
74* 

log 
(/4/M-1 

4.6 ±0.5 
4.2 ±0.6 
4.2 ±0.6 
4.0 ±0.4 
3.5 ±0.4 
4.3 ±0.3 
3.6 ±0.4* 
3.7 ±0.6* 

E, 
kcal/ 
mol 

1.4 ±0.3 
2.2 ±0.4 
3.8 ±0.5 
3.1 ±0.3 
2.7 ±0.3 
3.6 ±0.2 
0.7 ±0.3* 
2.5 ±0.5* 

" Calculated from Arrhenius parameters. * In «-heptane as sol
vent. 

probable because authentic examples of reactions proceeding 
by quantum-mechanical tunneling are characterized by 
Ao/Aw ratios much greater than unity and by kinetic isotope 
effects, kwjk-o, significantly larger than the "classical" 
maximum.25 Neither of these phenomena is observed with the 
acyl methyl nitroxides. 

Low activation energies and low A factors can also arise in 
radical-radical reactions if the radicals are in equilibrium with 
a dimer which can decay irreversibly, i.e., eq 8 and 9. Under 

O 9 ' O OH 
Il I *. H, Il I 

2 R - C - N - C H 3 s = s . dimer —<- R - C - N - C H 3 
ft-8 

+ R - C - N = C H 2 (8), (9) 

such conditions the measured rate constant for radical decay 
is a composite rate constant. In particular, if 2/Cs[RCON(O)-
CH3]/k-% < 1, the observed decay will proceed with second-
order kinetics and ^(apparent) = kgks/k-%. This type of ki
netic scheme has been applied to the self-reactions of certain 
iminoxy radicals26 and has also been invoked to account for 
the low A factors and low activation energies observed in the 
bimolecular self-reaction of dialkyl nitroxides.14'27 We believe 
that it also applies to the acyl methyl nitroxides examined in 
this work. However, we suggest that the "dimer" does not in
volve a species having a formal chemical bond between the two 
acyl nitroxide radicals. All that is actually required, kinetically, 
is that there be only a low probability that the encounter pair 
of radicals within a solvent cage assume a configuration suit
able for chemical reaction. Such a situation does not require 
the formation of a chemical bond. It could also be produced 
by a dipole-dipole interaction which holds the caged pair of 
radicals in an orientation which does not allow the /3-dispro-
portionation reaction to occur. 

O O- O O- o O-

Il I Il I Il I 
2 R - C - N - C H 3 =f=̂  R—C—N-CH 3 R - C - N - C H 3 

O OH o O" 

Il I Il I 
—>- R—C—N—CH1 + R — C - N = C H , (10) 

+ 
Though the following picture is undoubtedly an oversim

plification, we suggest that the actual radical decay reaction 
can be viewed as occurring only in those rare encounters which 
bring the two radicals directly together in some highly specific 
mutual orientation in which /3-disproportionation can occur. 
In this "reactive" orientation there is a small but significant 
activation energy for H-atom transfer and, naturally, a larger 

activation energy for D-atom transfer—hence the kinetic 
isotope effect. However, in the same solvent the probability of 
a "reactive" orientational encounter will be the same for the 
normal and for the deuterated radical and hence AH = AQ. 
The vast majority of radical-radical encounters occur with 
"unreactive" orientations and such orientations are maintained 
by strong dipole-dipole forces not only as the radicals approach 
one another, but also while they remain in close encounter 
within the solvent cage, and as they diffuse apart once again. 
That is, reorientation of an "unreactive" to a "reactive" or
ientation does not easily occur within the solvent cage. The 
degree of solvation of the radicals could influence (1) the 
probability that an encounter will occur along a "reactive" 
orientation and (2) the activation energy for reaction in such 
encounters. Furthermore, solvent viscosity could affect the 
number of encounters and the lifetime of the encounter pair. 
For these reasons, the effect that a change in the solvent would 
have on the rate constant and Arrhenius parameters for decay 
cannot, a priori, be predicted. In fact, it is even questionable 
if the Arrhenius parameters should be interpreted in simple 
terms since the "solvation" of these nitroxide radicals even in 
a single solvent will be dependent on the solvent density and 
hence on the temperature.28 For this reason, we are not dis
turbed by activation energies for decay that in some cases29 

are less than the activation energy for diffusion. 
A similar picture can be applied to the bimolecular decay 

of dialkyl nitroxides. These are comparatively slow reactions 
that also have low A factors and low activation energies.14'27-29 

In addition, there was evidence of "dimer" formation at low 
temperatures.14 '27 '28 '30,31 However, the experimental obser
vations are quite consistent with a "dimer" formed by di
pole-dipole forces and, in fact, A/ / for "dimer" formation is 
of the magnitude expected for such an interaction.3' That is, 
we would now argue that the Arrhenius parameters obtained 
for the bimolecular decay of dialkyl nitroxides arise because 
nitroxide radicals have large dipole moments31 '32 rather than 
because a chemically bonded dimer is produced. A similar 
model may apply to other dipolar radicals which undergo slow 
bimolecular self-reactions. 

In conclusion, the present work emphasizes once again that 
radical-radical reactions show far more diverse and interesting 
chemistry and kinetics in solution than do radical-radical re
actions in the gas phase. This can be attributed partly to the 
fact that very few classes of radicals have as yet been carefully 
examined in the gas phase and partly to the fact that there is 
no gas-phase techniques which has anything like the power and 
versatility of kinetic EPR spectroscopy. We hope that the 
unusual kinetic behavior of acyl methyl nitroxides in solution 
will stimulate studies of these radicals in the gas phase. 
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Abstract: The biradicals generated in the Norrish type Il reaction abstract hydrogen atoms from mercaptans and Bu3SnH with 
rate constants of 9 X 10° and l.l X 10° M -1 s -1, respectively (for the biradical from 7-methylvalerophenone). The data from 
competitive and time-resolved experiments are in excellent agreement. The results suggest that the reactivity of radical sites 
in biradicals is identical with that of the same sites in monoradicals. 

Introduction 

Triplet-derived biradicals produced in the Norrish type II 
reaction have been the subject of several recent studies.3^10 The 
first trapping studies were reported in 1972 and involved the 
abstraction of hydrogen atoms from mercaptans;3 these studies 
also led to the first estimate of biradical lifetimes. While 
mercaptans proved to be excellent biradical scavengers because 
of their high reactivity toward radical centers and low reac
tivity toward carbonyl triplets," they also led to considerable 
uncertainty in the biradical lifetimes because of the unusually 
large spread in the reported values for the rate constants for 
the reactions of S-H bonds with carbon-centered radicals.12 

The direct detection of biradicals7-'3 offers now the possibility 
of a direct, time-resolved measurement of their rates of reaction 
with mercaptans. 

In this paper we report the results of a laser flash photolysis 
study of the reactions of biradicals generated in the Norrish 
type II reaction of phenyl alky] ketones with octanethiol and 
tri-n-butylstannane. We have been able to establish that (a) 
biradicals react in hydrogen-abstraction reactions with the 
same rate constants as monoradicals having the same reactive 
center; (b) the biradical lifetimes obtained from direct or 
competitive studies are in full agreement if the correct rates 

of the competitive reactions are known; and (c) we have ob
tained absolute rate constants for the reactions of secondary 
and tertiary carbon radical centers with mercaptans. 

Results 
Our experiments have been carried out using the biradicals 

generated in the Norrish type II process (reaction 1) of val-
erophenone (1) and 7-methylvalerophenone (2). 
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