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voltammetry were the same as already described.14 Positive feedback 
compensation of the cell resistance26 was used for sweep rates above 
10 V s -1. The working electrode was a mercury drop hanged at the 
tip of a gold disk of about 0.8 mm2 surface area. The reference elec
trodes were Ag/Ag+ (Ag+ 10~2 M) in the used solvent (DMF, ACN, 
Me2SO) or aqueous saturated calomel electrode. All the potentials 
were converted to values referred to the aqueous saturated calomel 
electrode in the corresponding medium. 

Chemicals. The aromatic halides, catalysts, solvents, and supporting 
electrolytes were from commercial origin.27 

Acknowledgment. The work was supported by the CNRS 
(Equipe de Recherche Associee 309 "Electrochimie Molecu-
laire"). 

References and Notes 

(1) M'Halla, F.; Pinson, J.; Saveant, J. M. J. Electroanal. Chem. 1978, 89, 
347. 

(2) Saveavant, J. M.; Thiebault, A. J. Electroanal. Chem. 1978, 89, 335. 
(3) Amatore, C; Chaussard, J.; Pinson, J.; Saveant, J. M.; Thiebault, A. J. Am. 

Chem. Soc. 1979, 101, 6012. 
(4) Lawless, J. G.; Hawley, M. D. J. Electroanal. Chem. 1969, 21, 365. 
(5) Nadjo, L.; Saveant, J. M. J. Electroanal. Chem. 1971, 30, 41. 
(6) Nelson, R. F.; Carpenter, A. K.; Seo, E. T. J. Electrochem. Soc. 1973, 120, 

206. 
(7) Houser, K. J.; Bartak, D. E.; Hawley, M. D. J. Am. Chem. Soc. 1973, 95, 

603. 
(8) Grimshaw, J.; Trocha-Grimshaw, J. J. Electroanal. Chem. 1974, 56, 

443. 
(9) Gores, G. J.; Koeppe, C. E.; Bartak, D. E. J. Org. Chem. 1979, 44, 380. 

(10) Alwair, K.; Grimshaw, J. J. Chem. Soc. Parkin Trans. 1973, 1150. 
(11) Alwair, K.; Grimshaw, J. J. Chem. Soc. Perkin Trans. 1973, 1811. 

We have been interested for many years in the rates and 
mechanisms of decay of four classes of isoelectronic radicals: 
alkylperoxyls (ROO-),3 alkyl nitroxides (R2NO-),4 alkylhy-
drazyls (R 2NNR), 5 and alkoxyaminyls (RNOR).6 Although 
persistent iV-alkoxyarylaminyl radicals6'7 and a persistent 
TV-alkoxyWV-vinylaminyl8 are known, there are no reports of 
a persistent 7V-alkoxy-./V-alkylaminyl.9 Tertiary alkyl groups 
dramatically increase the persistence of peroxyls, nitroxides, 
and hydrazyls. Unfortunately we were previously unable to 
explore this area of RONR chemistry since all our attempts 
to synthesize 7V,0-di-/e/-/-butylhydroxylamine were unsuc
cessful.6 This problem has now been overcome since Meesters 
and Benn1' have reported an elegant synthesis of this com
pound and of three other TV-tert-butoxy-./V-ferr-alkylamines. 
They very kindly presented us with samples of their hydroxyl-
amines and we have been able to show that the corresponding 
N-tert-b\itoxy-N-tert-a\ky\aminy\ radicals are extremely 
persistent in solution under oxygen-free conditions. 

Experimental Section 

Sample Preparation. JV.O-Di-terz-butylhydroxylamine (1-H) was 
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prepared according to the procedure of Meesters and Benn" and 
purified by distillation and preparative GLC. N-tert-Amy\-, N-
tert-octy\-, and N-(I-adamantyl)-0-tert-butylhydroxylamine (2-H, 
3-H, and 4-H, respectively) were liberated from their hydrochlorides 
under oxygen-free conditions. Normally this reaction was carried out 
under vacuum directly in the EPR tube by distilling onto 5-25 mg of 
the solid hydrochloride thoroughly deoxygenated NH3 and a hydro
carbon solvent (usually benzene or /i-pentane). 

Radical Generation. Radicals 1-, 2-, 3-, and 4- were generated in 
hydrocarbon solvents by one of the following methods: (a) UV pho
tolysis of the hydroxylamine in the presence.of di-fe«-butyl peroxide; 
(b) UV photolysis of the hydroxylamine alone; (c) H abstraction by 
an inorganic oxidizing agent, e.g., PbC>2 and Ag20 in the presence of 
a drying agent, usually MgSO4, and K3Fe(CN)6 in 2 N NaOH. 

If the foregoing procedures were carried out under oxygen-free 
conditions, using thoroughly degassed solvents and reagents, high 
concentrations of A'-rerr-butoxy-TV-terr-alkylaminyl radicals could 
be generated. The radicals obtained in this way were extremely per
sistent, there being no detectable decay over very many days at room 
temperature. However, if oxygen was not carefully excluded, the 
radicals were very much less persistent, especially when they were 
generated by photolysis. Decay rates were not reproducible and, during 
photolysis, an intense spectrum of the corresponding to-r-butoxy-
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rert-alkyl nitroxide, Me3CON(O)R (aN ~ 26 G), could be observed. 
These radicals decayed rapidly when the light was cut off. Small 
amounts of di-re«-alkyl nitroxides were also formed in these experi
ments. 

H igher radical concentrations could be obtained by chemical oxi
dation than by photolysis. Normally, a ca. 1 M solution of the hy-
droxylamine in benzene was stirred with Pb02 or Ag20 in the presence 
of MgSO4 at 40-50 0C for 10-15 min. Traces of O2 proved to be less 
of a problem than was the case with the photolytically generated 
radicals. 

At concentrations of ca. 10-5 M in pentane the radicals showed no 
sign of dimerization to form a diamagnetic product at temperatures 
down to -80 0C. 

EPR Measurements. Spectra were recorded on a Varian E 104 EPR 
spectrometer. Spectroscopic parameters for the radicals were obtained 
from measurements of the magnetic field positions and microwave 
operating frequencies. The EPR parameters showed no significant 
change over a range of temperatures from —80 to +60 CC. 

The spectra of all radicals were sufficiently intense that a number 
of satellite lines could be observed. The radicals giving rise to these 
satellites contain 13C, 15N, and 17O in natural abundance (13C, 1.11%, 
m\ = V2;

 15N, 0.36%, m\ = V2;
 17O, 0.037%, m\ = 5/2; the intensities 

of the 17O satellites are therefore only 0.006% of the intensities of the 
three central lines. To our knowledge, there is only one previous report 
on the detection of 17O hyperfine splitting (hfs) from samples with 
17O in natural abundance and this was for a radical anion having one 
central line and four equivalent oxygens.'2 

From the remaining satellites, only the 13C lines of 1- were suffi
ciently well resolved to allow exact measurements of the coupling 
constants. The remaining '3C and '5N hfs could not be determined 
because of overlap among the various satellites. 

Equilibrium Measurements. In order to obtain the N-H bond 
strength of 1-H, we attempted to measure by EPR the equilibrium 
constant for H transfer between 1-H and a persistent radical, R-, for 
which the bond strength for the parent compound R-H was already 
known. 

1-H + R-— 1-+ R-H 

K=[1.][R-H]/[R.][1-H] 

For this purpose, H transfer has to be the only reaction between the 
two species, and both radicals have to persist for the duration of the 
experiment. 

Attempts to react 1-H with bis(trifluoromethyl) nitroxide 
((CF3)2NO-) and with diadamantylketiminoxy ((1Ad)2C=NO-) 
were unsuccessful. These compounds reacted with 1-H by pathways 
other than purely an H exchange. The mechanism of these other re
actions was not investigated. However, the appropriate conditions for 
determining the 1-H bond strength were met with 2,4,6-tri-rerr-
butylphenoxyl (5*). 

Samples for equilibrium measurements were prepared by mixing 
benzene solutions of 1-H and 5- of known concentrations. Radical 5* 
was prepared in essentially quantitative yield by stirring a benzene 
solution of the corresponding phenol, 5-H, with Pb02/MgS04. All 
operations were carried out under oxygen-free conditions (either 
vacuum or under an argon atmosphere). The concentrations of solu
tions of 5« were checked against DPPH as standard and were found 
to equal the starting concentration of 5-H within the limits of accuracy 
of this procedure. The overall radical concentration did not change 
upon mixing the solutions of 1-H and 5-. The equilibrium constant, 
K, was evaluated by measuring the relative intensities of 1- and 5- by 
double integration of their first-derivative EPR spectra. Knowledge 
of this ratio and the starting concentrations of 1-H and 5* allows K 
to be calculated. 

Table I. EPR Parameters for Me3CONR Radicals" 
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" In n-pentane or benzene at 24 0C. Hyperfine splittings are given 
in gauss. * Assigned to N-tert-buty\ group. c 15N hfs insufficiently 
resolved. d 13C hfs insufficiently resolved. 
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This mechanism is supported by the detection (by GLC) of 
traces of terf-butyl alcohol and terr-butylamine in an EPR 
sample of Me 3CONHCMe 3 after prolonged irradiation. 

The EPR parameters for the four radicals studied in this 
work are listed in Table I. Their g values and nitrogen hfs re
quire no comment since they are similar to those reported for 
other alkoxyalkylaminyls.6,7 The 13C hfs observed with !• can 
be assigned to the N-tert-butyl group. The hfs of the N-alkyl 
groups and the 0-tert-buty\ groups are not resolved, because 
of the large EPR line widths (ca. 1.0 G). Only in the case of 
7V-(l-adamantyl)-0-terf-butoxyaminyl (4«) could an incom
pletely resolved hydrogen hfs be observed. An attempt to 
measure aH for 1* by the N M R method13 was unsuccessful 
because the radical could not be generated in sufficiently high 
concentration (>0.1 M). 

A simple relationship between the isotropic 17O hfs, an°, 
and the 7r-spin density at the oxygen nucleus, po, has been 
developed by Silver14 through an investigation of the 17O hfs 
of organic and inorganic oxygen-containing radicals.15 

QO = a"°/po - 41G 

It is presumed that any spin polarization at the oxygen nucleus 
is completely dominated by the T-spin density on the oxygen 
so that the effect of the spin on neighboring atoms can be ig
nored. If Silver's equation is applied to I; the ir-spin density 
on oxygen will be ca. 0.30. This leaves a spin density for ni
trogen, PN, of ca. 0.70, provided that derealization into the 
alkyl substituents can be neglected. A PN value for 1-, signifi
cantly greater than the value of ca. 0.5 which has been gener
ally accepted16,17 for di-tert-b\ity\ nitroxide (6«) and related 
radicals, is also indicated by the magnitude of the N-tert-butyl 
13C hfs for these two radicals in benzene, viz., a^Me3 = 9.1 G 
for 1-, 4.38 G for 6«;18 a8(CH3)3 = 7.0 G for 1-, 4.35 G for 
6-.18 

When comparing the spectroscopic or chemical properties 
of isomeric alkoxyaminyl and nitroxide radicals the greater 
electronegativity of oxygen compared with nitrogen should 
always be kept in mind. This difference in electronegativity 
implies, for example, that the dipolar canonical structure lb* 
will contribute less to the resonance hybrid of 1« than does the 
corresponding dipolar canonical structure 6b« to the hybrid of 

5 - H 

-f— N — 6—|-

Ia ' 

N— O 

Ib' 

Results and Discussion 

All four ferf-butoxy-teri-alkylaminyl radicals could be 
generated by direct photolysis of their parent hydroxylamines. 
The anticipated mechanism for their formation is 
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6: Conjugative electron derealization is therefore less im
portant in I* than in 6». This led us to conclude that the N-H 
bond strength in 1-H should be greater than the O-H bond 
strength in 6-H—which is known to be ca. 70 kcal/mol.19 To 
check this prediction the equilibrium constant, K ~ ([1*][5-
H]/[5«][1-H]), was measured in benzene. At 24 0C, K is 1.48 
± 0.30 (mean of five separate determinations) and hence AG 
= 0.2 kcal/mol. A calorimetric measurement of the O-H bond 
strength for 5-H gave 81.2 kcal/mol in benzene.20 Provided 
that solvent effects are essentially the same for the 1«/1-H pair 
as for the 5-/5-H pair and that AS for H-atom transfer is 
negligible, the N-H bond strength for 1-H will be 81.0 kcal/ 
mol. 

The great persistence of the terf-butoxy-terf-alkylaminyls 
stands in interesting contrast to the behavior of the (unknown) 
trialkylsilyltrialkylsiloxyaminyls.21 Hydrogen-atom abstrac
tion from Ar,0-bis(trimethylsilyl)hydroxylamine yields only 
bis(trimethylsilyl)nitroxide, even at temperatures as low as 
-80 0 C. 2 1 

Me3SiONHSiMe3 -^-*- [Me3SiONSiMe3] 

[Me3SiONSiMe3] -Q-KMe3Si)2NO 

Intramolecular radical rearrangements occurring by 1,2 mi
gration of silicon-centered groups between two heteroatoms 
are well documented.22 However, analogous processes do not 
occur with sp3-hybridized carbon-centered groups because sp3 

carbon has no orbital which is sufficiently low lying to accept 
the unpaired electron in the transition state. (In contrast, silicon 
has fairly low-lying vacant d orbitals.) The lowest energy 
pathway by which an alkoxyalkylaminyl could rearrange to 
a nitroxide would involve the elimination and readdition of the 
O-alkyl group, i.e. 

Me3CONCMe3 -»• Me3C + O=NCMe3 — (Me3C)2NO-

From the observed persistence of these radicals we estimate 
that the activation energy for this /3-scission must be ^28 
kcal/mol. 
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