quenching by tert-butylamine of phosphorescence of
benzophenone,? 7.0 X 107 M—!sec~!. That the value
is lower than that for 2-butylamine may be due to a less
favorable steric factor for interaction of the benzophe-
none triplet with the nonbonding electrons of N.
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The self-reactions of methyl, isopropyl, rert-butyl, and phenyl nitroxides in solution have been examined

by epr spectroscopy. The reaction is a disproportionation to yield a hydroxylamine and a nitroso compound:
2RNHO:- — RNHOH -+ RNO. Rate constants for this reaction have been measured in several solvents. In

benzene at 25° the rate constants are in therange 4 X 107to 3 X 10% M~sec™™.

ForR = phenyland R = rerz-butyl

the reaction was shown to be reversible and the equilibrium constants were measured over a range of temperature.
The measured enthalpy change for the reaction with R = terz-butyl is in good agreement with that calculated (for
R = CH;) from the heats of formation of the various species involved. Evidence is presented for hydrogen bond-

ing of methyl nitroxide in methanol.

The rate constant for the slow conversion of phenyl nitroxide to azoxyben-

zene has also been measured over a range of temperature in benzene.

t has been known for some time from qualitative

observations made during the recording of the elec-
tron paramagnetic resonance spectra of nitroxide radi-
cals that N-alkyl and N-aryl nitroxides are much less
stable than the majority of N,N-dialkyl or N,N-diaryl
nitroxides. The epr spectra of phenyl nitroxide®-1
and several alkyl nitroxides (e.g., MeNHO-,!112 |-
PrNHO:,!? tert-BuNHO-,!%1¢ PhCH,NHO- !%) have
been reported but there have been no quantitative stud-
ies of the stabilities or of the decay of any of these
radicals. In Part I* we described an epr study of the
kinetics and mechansim of the self-reaction of N,N-
diethyl nitroxide in solution. The present paper de-
scribes a similar study of the self-reactions of methyl,
isopropyl, tert-butyl, and phenyl nitroxides.

(1) Issued as NRCC No. 12239,

(2) Part I: K. Adamic, D. F. Bowman, T. Gillan, and K. U. Ingold,
J. Amer. Chem. Soc., 93,902 (1971).

(3) NRCC Fellow, 1967-1969.

(4) NRCC Fellow, 1969-1970,

(5) A. L. Buchachenko, Izv. Akad. Nauk SSSR, Otd. Khim. Nauk,
1120 (1963).

(6) C.J. W. Gutch and W. A. Waters, Proc. Chem. Soc., 230 (1964).
( 9(7) )E. J. Geels, R. Konaka, and G. A, Russell, Chem. Commun., 13
1965).

(8) G. C. Letourneux, H. Lemaire, A. Rassat, and J. P, Ravet, Bull.
Soc. Chim. Fr., 1975 (1965).

9) T. A. J. W. Wajer, A. Mackor, T. J. deBoer, and J. D. W. van
Voorst, Tetrahedron Lett,, 1941 (1967),

(10) G. A. Russell, E. J. Geels, F. J. Smentowski, K.-Y. Chang, J.
Reynolds, and G. Kaupp, J. Amer. Chem. Soc., 89, 3821 (1967).

(11) C.J. W. Gutch and W. A. Waters, J. Chem. Soc., 751 (1965).

(12) J. Q. Adams, S. W. Nicksic, and J. R. Thomas, J. Chem. Phys.,
45, 654 (1966).

(13) T. A. J. W. Wajer, A. Mackor, and T. I. deBoer, Tetrahedron,
25, 175 (1969).
(15173)) M. J. Perkins, P. Ward, and A. Horsfield, J. Chem. Soc. B, 395

(15) D. F. Minor, W. A, Waters, and J. V. Ramsbottom, ibid., B,
180 (1967).

Experimental Section

The general experimental procedure has been described pre-
viously.? Nitroxide radicals were produced from the appropriate
hydroxylamine in the cavity of a Varian E3 epr spectrometer.
The hydroxylamine was oxidized to nitroxide by rers-butoxy
radicals formed by the photolysis of di-terr-butyl peroxide (0.05-
0.5 M generally)

hy
tert-BuOOBu-tert —> 2tert-BuQ-
tert-BuQ: +- RNHOH — terr-BuOH + RNHO-

When the light was cut off the decay of the signal due to RNHO-
was rapid. The general procedure of Weiner and Hammond?!¢
was used to monitor the radical decays. That is, the light beam
was chopped by a rotating sectored disc and a large number of
identical decays were collected by a Fabri-Tek 1072 signal averager.
In most cases the reactant solution flowed slowly through the
cavity during an experiment. This prevented the build-up of
nitroxide radicals which were more stable than the nitroxide under
study, but did not interfere with the measurement of radical decays
or of radical concentrations.

N-Methylhydroxylamine hydrochloride was obtained from
Aldrich and was recrystallized from ethanol-ether. Neutralization
of the dried salt with sodium glycolate yielded the free base which
was distilled at reduced pressure under helium into receivers cooled
in liquid nitrogen. This material was used immediately in the epr
experiments without exposure to air.

N-Isopropylhydroxylamine and N-rers-butylhydroxylamine were
prepared by reduction of the corresponding nitro compounds
using the method described by Meisenheimer and Chou.?? The
hydroxylamine hydrochlorides were treated in the same way as for
the methyl compound. N-Phenylhydroxylamine was prepared by
the method of Vogel.!®

(16) S. Weiner and G. S. Hammond, J. Amer. Chem. Soc., 90, 1659
(1968).

(17) 1. Meisenheimer and L.-H. Chou, Justus Liebigs Ann. Chem,,
539, 78 (1939).

(18) A. 1. Vogel, “Practical Organic Chemistry,” 3rd ed, Longmans,
Green and Co., London, 1956, p 629.
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Results

(i) Alkyl Nitroxides. Although all four of the nitrox-
ides studied in this work could be made to decay with
clean second-order kinetics, some care was necessary
to achieve this result. The photolysis of solutions of
alkyl hydroxylamines containing di-zert-butyl peroxide
for periods greater than ~0.1-1.0 sec resulted in the
build up of secondary radicals which, of course, inter-
fered with the decay measurements. Although these
secondary radicals were not investigated in detail, the
major component from methylhydroxylamine was
tentatively identified as methyl fers-butoxy nitroxide
(ten lines in benzene, ay; ~ 29 G, ag ~ 9.5 G) and that
from rert-butylhydroxylamine was identified as di-
tert-butyl nitroxide (three lines in benzene, ay ~ 15.5
G). The formation of the former radical can be as-
cribed to the trapping of fert-butoxy radicals by the
nitrosomethane which is formed in the self-reaction of
methyl nitroxide radicals. The complete reaction se-
quence could be represented as

tert-BuOOBu-fert -—i; 2tert-BuQ-
tert-BuO: + MeNHOH —> rer-BuOH + MeNHO-
MeNHO- + MeNHO: —> MeNHOH + MeNO
tert-BuO- + MeNO —> MeI\fOBu-tert

O

Nitroso compounds are known to be good traps for
alkoxy radicals!41%% and it was therefore a surprise
to find that the major secondary radical from tert-
butylhydroxylamine was di-fer#-butyl nitroxide rather
than rerr-butoxy tert-butyl nitroxide. However, the
latter radical is known to be unstable!® and to decom-
pose. The products may be a fert-butoxy radical and
2-methyl-2-nitrosopropane?!

tert-BuNOBu-rert —= tert-BuQ- + terr-BuNO
O
or a tert-butyl radical and fert-butyl nitrite!® 22
tert-BuITIOBu-tert —> tert-Bu- + tert-BuONO
O
or a tert-butyl radical and 2-methyl-2-nitropropane??
tert-BuNOBu-fert —> tert-BuNO; + terr-Bu-
O

In contrast, di-zers-butyl nitroxide is completely stable.
Nitroso compounds are known to be photolytically
unstable?¢ and so the 2-methyl-2-nitrosopropane can
serve both as a source and as a trap for ters-butyl
radicals

hy
tert-BUNO —> tert-Bu- + NO
tert-Bu- <+ tert-BuNQO —> tert-Bu;NO-

(19) A. Mackor, T. A, J. W. Wajer, T. J. DeBoer, and J. D. W. van
Voorst, Tetrahedron Lett., 385 (1967).

(20) G. R. Chalfont, M. J. Perkins, and A. Horsfield, J. Amer. Chem,
Soc., 90,7141 (1968).

(21) D.J. Cowley and L. H. Sutcliffe as quoted in ref 14,

(22) A. Mackor, T. A. J. W. Wajer, and T. J. DeBoer, Tetrahedron,
24, 1623 (1968).

(23) Suggested by Dr. S. W. Benson.

(24) A. Mackor, T. A. J. W, Wajer, T. J. DeBoer, and J. D. W. van
Voorst, Tetrahedron Lett., 2115 (1966).

The different types of secondary nitroxide radicals
formed from methyl- and fert-butylhydroxylamine can
presumably be attributed to differences in the relative
stabilities of the dialkyl and fers-butoxy alkyl nitroxides.

In the room temperature experiments the formation
of the secondary nitroxide radicals was prevented by
allowing the hydroxylamine solution to flow slowly
through the cavity. Photolysis of the flowing solution
gave clean alkyl nitroxide spectra similar to those re-
ported by other workers. When the light was cut off
the disappearance of the alkyl nitroxides followed ac-
curate second-order kinetics provided the flow rate was
slow compared with the decay rate. In experiments
at other temperatures the solution was only passed
through the cavity to replace a sample which had al-
ready been photolyzed. After the used sample had
been flushed out the flow was stopped and the fresh
sample was allowed to come to thermal equilibrium
before the light was flashed on the sample and the radi-
cal decays were monitored. Each sample was used to
generate 16 or 32 identical decays which were collected
by the signal averager. At each temperature sufficient
samples were used to generate smooth decay curves.

The results of the present work with alkyl nitroxides
are summarized in Table I. This table lists the bimolec-
ular rate constants, K, for the rapid self-reactions

Kepr
2RNHO.- —> RNHOH + RNO

of methyl, isopropyl, and fers-butyl nitroxides at 25°
in the various solvents employed. The rate constants
are averages of not less than five separate experiments
which generally covered a reasonable range in the ini-
tial nitroxide concentration. Measurements were also
made over arange of temperatures with methyl nitroxide
in methanol and with isopropyl and ters-butyl nitroxides
in benzene. The activation parameters for the overall
reactions are listed in these cases.

Wajer, et al.,!3 have shown that alkyl nitroxides can
be produced by treating tertiary nitrosoalkanes with
hydroxylamines. This suggested that the self-reaction
of tert-butyl nitroxide might be reversible

Keo:
2tert-BUNHO - —= ter--BuNHOH + rert-BuNO
R—eor
Benzene solutions of fert-butylhydroxylamine and of
2-methyl-2-nitrosopropane (which is monomeric in
solution) when mixed together gave low concentrations
of tert-butyl nitroxide (see Table II). The equilibrium
constant for this process is given by
k_ _BuNHO-
(Kepr)tert-BuNHO' = (‘—‘egr)t—e”& =
(kepr)tert-BuNHOr

[tert-BuNHO-]?
[tert-BuNHOH] [ters~-BuNO],

where [tert-BuNHOH], and [ters-BuNO], are the con-
centrations of hydroxylamine and nitroso compound
on mixing, there being no correction necessary for the
very small amount of each that is converted to nitroxide.
The variation of (Kep)wr-Bunuo. With temperature in
benzene can be represented by the van’t Hoff relation

(K )t S BUNHO. = e(ASem)em.BuNHo. IRg™ (AHepe) tert-BuNHO. /RT
eprJiert- .

with  (ASepr)wereBunmo. = —82 gibbs/mol and
(AHeps)ierr-Bunmo. = 10.4 keal/mol.  That s, the conver-
sion of two tert-butyl nitroxide radicals into rert-butyl-
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Table I. Bimolecular Rate Constants and Activation Parameters for Fast Nitroxide Radical Decay
[NitI‘OXide]o“ X (kepr)ese X 1078, Log Aep:,
Nitroxide Solvent 108, M M~ sec™? Temp range, °C  Eepr, kcal/mol M1 sec!
MeNHO- Isopentane b
Benzene 0.7-5.0 6 + 16
1-Propanol 2.0-3.5 3.5+0.2
Methanol 2.9-7.5 1.54+0.2 —77 to +25 —4.2 3.1
i-PrNHO- Benzene 1.5-7.0 2+3 8 to 68 2.5 8.9
tert-BuNHO - Isopentane 0.50.7 6 = 19
Benzene 0.8-3.6 6.7+0.8 10 to 72 2.5 8.7
PhNHO- Benzene 2.0-6.0 3.4+0.3
¢ Range of initial nitroxide concentration at 25°. * Methylhydroxylamine was too insoluble in isopentane to give a usable MeNHO-

signal.

Table II. The Equilibrium of fer-Butyl Nitroxide in Benzene
[tert- [tert- [tert-
Temp, BuNOJ], X BuNHOH], BuNHO:] X

°C 103, M X 103, M 100, M K X 101
24 50 7 3.5 3.4
24 7 50 4.0 4.4
24 29 29 5.6 3.8
24 29 29 5.7 3.9
44 29 29 10 12
63 29 29 16 30
77 29 29 22 59

hydroxylamine and 2-methyl-2-nitrosopropane is exo-
thermic by 10 kcal/mol in benzene.

The rate constant for the self-reaction of rers-butyl
nitroxide in benzene at 25°, (kepr)iere Bunno-, 18 6.7 X 108
M- sec—! (Table I). At this temperature the equilib-
rium constant is 4.4 X 1071 and hence (X_epr)iert-Bunto-
= 3 X 10~% M—!sec™!. The variation with tempera-
ture of the forward reaction (see Table I) is given by

(kepr)tert-Bu;\:HO- = 1087 CXp(—ZSOO/RT) M- sec™!
Combining this with the equilibrium constant gives
(k—epr)tert-BuNHO- = 108° CXp(— 12,900/RT) M-1lsec™!

The concentration of terz-butyl nitroxide present in
equilibrium with the hydroxylamine and nitroso com-
pound did not change noticeably over several days at
room temperature nor over 10-15 min at 77°, the high-
est temperature studied. Given sufficient time the
radical signal would presumably decay with the for-
mation of azoxyisobutane

tert-BUuNHOH —+ tert-BuNO —>
tert-BUN=N(—O)Bu-rert + H,O

This compound is a stable liquid (bp 50° (20 mm))
which has been prepared by oxidizing azoisobutane
with peracetic acid.?® There seems no reason to sup-
pose that this compound could not be formed in the
above reaction since methylhydroxylamine and 2-
methyl-2-nitrosobutane when heated in the absence of
solvent to 85-110° react to give MeN=N(—O)-tert-
Bu. Presumably the rate of formation of azoxyiso-
butane in solution is quite small,

(ii) Phenyl Nitroxide. Under flow conditions and
with light flashes of short duration so that each flash
fell on a fresh sample of the reactant solution, up to
70-80 %7 of the phenyl nitroxide radicals decayed rapidly
with second-order kinetics provided the phenylhydroxyl-
amine concentration was not more than ~4 X 10-3

(25) 1. P. Freeman, J. Org. Chem., 28, 2508 (1963).

Table III. The Equilibrium and Slow Decay of Phenyl
Nitroxide in Benzene
[Ph- [Ph-
[PhNO], NHOH], NHO'],
Temp, X 105, X 103, X 105, Kazo,

°C M M M K X 106 M~!sec!
22 6.6 5.8 2.1 1.2 1.0
22 6.6 29 6.7 2.4 1.5
22 33 5.8 7.3 2.8 1.8
22 33 29 12 1.5 1.8
41 33 29 21.5 4.7 2.2
60 33 29 24 6.0 6.0
80 33 29 37 15 15

M. However, even under these conditions a small resid-
uadl concentration of phenyl nitroxide always remained
after the initial rapid decay and this disappeared only
very slowly. With higher concentrations of phenyl-
hydroxylamine or in static systems with photolysis
for periods of a second or longer only a small part of
the nitroxide decays rapidly and the main bulk of the
radicals disappears extremely slowly. These results
are consistent with the report of Russell, es al.,'® that
mixtures of nitrosobenzene and phenylhydroxylamine
in benzene (and in a number of other solvents) give rise
to low concentrations of phenyl nitroxide. These
workers found that the concentration of radicals de-
creased slowly over a period of hours, after which an
essentially quantitative yield of azoxybenzene was iso-
lated. It is clear that the initial, fast, bimolecular re-
action between phenyl nitroxide radicals must be re-
versible.

2PhNHO. “‘—‘ PhNHOH + PhNO

Ferr

The equilibrium constant for this process was mea-
sured in benzene over a range of temperature. Known
concentrations of phenylhydroxylamine and nitroso-
benzene (which is monomeric in solution) were mixed
and the initial concentration of phenyl nitroxide, [Ph-
NHO];,, was determined. The equilibrium constant
is given by

_ (k—epr)PhNHO~ _
(KePT)PhK\ Ho: (kepr)PhNHO .
[PINHO];2

([PhNO], — [PhNHO ])(([PhNHOH], — [PhNHO"])

The values of this equilibrium constant are given in
Table III. The variation with temperature can be rep-
resented by the van’t Hoff relation, with (ASep)punno.
= 2.9 gibbs/mol and (AHepr)punmo. = 7.2 kcal/mol.
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The rate constant for the fast self-reaction of phenyl
nitroxide in benzene at 25° is 3.4 X 10 M~! sec!
(Table I). At this temperature (K.p)pnnmo. = 2.3 X
10~% and hence (K_epr)pnnmo. = 78 M~!sec~!in ben-
zene. If it is assumed that the activation energy for
the self-reaction of phenyl nitroxide is 2.5 kcal/mol (as
is the case for isopropyl nitroxide and tert-butyl ni-
troxide in benzene) then A, = 2 X 108 M~! sec™L.
For the back reaction then we have

(k—-epr)panmo. = 10%° exp(—9700/RT) M-! sec™!

The slow decay of phenyl nitroxide (to yield azoxy-
benzene eventually!®) was monitored by epr at each
temperature at which the equilibrium constant was mea-
sured. The decays were accurately second order in
phenyl nitroxide

Kazo
PhNHO- + PhNHO: —. .. > PAN=N(—O0)Ph + H:0

The measured rate constants for this slow decay, k.o,
are given in Table III. From 22 to 80° this rate con-
stant can be represented by

kazo = 2.2 X 10¢ exp(—8300/RT) M~! sec~!

with (Kazo)e = 1.8 M~! sec™! in benzene. There
would seem to be no way of determining whether azoxy-
benzene is actually produced in a reaction involving
two phenyl nitroxide radicals or whether the reaction
occurs directly between nitrosobenzene and phenyl-
hydroxylamine, the measured nitroxide concentration
serving merely to monitor the change in concentra-
tion of these species. Other possibilities also exist,
for example, the coupling of the isomeric PhANOH radi-
cals or some condensation reaction involving PhANO - -,
the nitrosobenzene radical anion, 10.26~23

Discussion

The rate constants for the fast self-reactions of the
three alkyl nitroxides and of phenyl nitroxide in ben-
zene at 25° differ by only a factor of ~10 which indi-
cates that the overall reaction is not particularly sub-
ject to steric or resonance effects. This result contrasts
with the very pronounced influence of steric and reso-
nance factors on the rate constants for the self-reactions
of dialkyl and diaryl nitroxides. For example, in
benzene at 25°, k., for dimethyl nitroxide is 2.1 X
104 M—! sec™.,*® and for diisopropyl nitroxide it is
5 M~-! sec!? while di-tert-butyl nitroxide is com-
pletely stable® and diphenyl nitroxide would decay
only very slowly.® The preexponential factors, Aepr,
for the isopropyl and tert-butyl nitroxide self-reactions
in benzene are somewhat smaller than the values gener-
ally found for simple radical-radical reactions in solu-
tion which is consistent with the small (2.5 kcal/mol)
activation energies observed for both reactions. It
is possible that a part of this activation energy arises
from the energy required to desolvate the radicals prior

(26) The decay curve for PANO . ~is second order inradical anion and
has a rate constant of 140 M~1sec! at 23° in ethanol containing sodium
hydroxide.0,27  The product is azoxybenzene.

(27) G. A. Russell and E. J. Geels, J. Amer. Chem. Soc., 87, 122
(1965).

(28) R.Konaka, K. Kuruma, and S. Terabe, ibid., 90, 1801 (1968).

(29) D. F. Bowman, T. Gillan, and K. U. Ingold, ibid., 93, 6555
(1971).

(30) A. R, Forrester, J. M. Hay, and R. H. Thomson, “Organic
Chemistry of Stable Free Radicals,” Academic Press, New York, N. Y.,
1968, Chapter 5.

to their self-reaction. That is, the rate data in benzene
are consistent with a simple bimolecular dispropor-
tionation between two nitroxide radicals with, possibly,
a prior desolvation of the radical centers.

RNHO- + CGHG : (RNHO')solv
2RNHO: —> RNHOH + RNO

The rate constants for the self-reactions of methyl
and tert-butyl nitroxide decrease as the polarity of the
solvent increases. The magnitude of this effect ap-
pears to be more pronounced than that observed pre-
viously for the self-reaction of diethyl nitroxide® which
probably reflects the more exposed nature of the radi-
cal center in the monoalkyl nitroxides.

The very low value of the preexponential factor and
the existence of a negative activation energy for the
self-reaction of methyl nitroxide in methanol was com-
pletely unexpected since diethyl nitroxide behaves quite
normally in methanol.? The negative activation energy
can be qualitatively accounted for by assuming that
hydrogen-bonded nitroxide radicals?! do not react with
one another and that the strength of the hydrogen bonds
that they form with the solvent is less than the strength
of the hydrogen bonds formed in bulk methanol. The
overall process can be represented as

(MeOH),, + (MeOH), —= (MeOH) .4~ e))

MeNHO: + (MeOH),, === MeNHO(MeOH),, 2
MeNHO: + MeNHO- —> MeNHOH + MeNO (3)

where (MeOH),, etc., represent the long chains of hy-
drogen-bonded methanol molecules which are present
in liquid methanol, and MeNHO-(MeOH),, represents
a hydrogen-bonded nitroxide radical. Since each (Me-

OH), chain contains one nonbonded OH group the
concentration of such groups is given by

knonbonded OH]? = k_[nonbonded OH]
that is
[nonbonded OH] = k_i/ki = Ky

A hydrogen bond to the nitroxide requires a nonbonded
OH group. The concentration of nonbonded ni-
troxide is therefore given by

Ky[MeNHO-(MeOH),] _
[nonbonded OH]

[MeNHO] =

II%[MeNHO-(MeOH),,]
1

Since most of the nitroxide radicals will by hydrogen
bonded, the rate of nitroxide decay measured by epr
spectroscopy is given by

—-——_dgjo'] — k[MeNHO-J* =

K" [IMeNHO - (McOH), ]2
1

kaK

The measured rate constant, ke, is therefore equal to
k:K,?/K,? and the measured activation energy

Eepr = —4.2 kcal/mol = E; + 2AH; — 2AH,
(31) The involvement of methyl nitroxide in hydrogen bonding is also

indicated by the fact that the coupling constants (a, etc.) are larger in
methanol than in isopentane or benzene, %
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The hydrogen bond strength in bulk methanol, AH,,
is about 5 kcal/mol.3? The activation energy for re-
action 3 is probably ~2.5 kcal/mol to judge from the
results with isopropyl nitroxide and terz-butyl nitroxide
in benzene. Hence, the negative activation energy for
the overall process can be accounted for if the strength
of the hydrogen bond formed between the nitroxide
and methanol, AH,, has a value of ~2 kcal/mol, which
seems not unreasonable.

The preexponential factor for the overall reaction is

Aepr = 1081 = A,¥aS:=8S0/R Jf-1 gec-1

Since the preexponential factor for reaction 3 is proba-
bly ~10%% M~-! sec™! (Table I), the experimental data
indicate that AS; — AS; ~ —13 gibbs/mol. This
result is consistent with the general observation that
entropy differences accompanying reversible associa-
tions decrease as the size of the species involved in-
creases.

While the above picture of the mechanism of the
self-reaction of methyl nitroxide in methanol is un-
doubtedly oversimplified, it does account qualitatively
for the observed results. Furthermore, it suggests
that similar unusual Arrhenius parameters may be
found for other bimolecular reactions in hydrogen bond-
ing media, provided the reactants can form a weak hy-
drogen bond to give unreactive species, whereas the non-
bonded reactants can react together rapidly and with
little activation energy.

(32) G. C. Pimentel and A. L. McClellan, “The Hydrogen Bond,”
W. H. Freeman, San Francisco, Calif., 1960.
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Thermochemistry of Nitroxide Self-Reactions. Ben-
son and coworkers®® have recently summarized the
heats of formation of a number of compounds of in-
terest in connection with the present work. Thus,
AH(CH;NHOH) = —12 kcal/mol, AH;°(CH;NO)
= 16 kcal/mol, and since AH:°(H-) = 52 kcal/mol the
overall reaction

CH;NHOH —> CH;NO + H- + H-

is endothermic by 12 + 16 + 2 X 52 = 132 kcal/mol
in the gas phase. If we make the reasonable assump-
tion that the O-H bond strength in methylhydroxyl-
amine, D(CH;NHO-H), is the same as that in 2,2,6,6-
tetramethyl- N-hydroxypiperid-4-one  (viz., 71 kcal/
mol34) it follows that D(CH;N(O)-H) = 132 — 71 =
61 kcal/mol. The reaction

2CH;NHO- —> CH;NHOH + CH;NO

is therefore exothermic by 10 kcal/2 mol of radical in
the gas phase. This value is in excellent agreement with
the value of 10 kcal/mol found in this work for the anal-
ogous self-reaction of ters-butyl nitroxide in ben-
zene. The low activation energies found for these
self-reactions are consistent with exothermic processes.
The lower rate constant for phenyl nitroxide compared
with the alkyl nitroxides is probably related to the
lower exothermicity found for this reaction, viz., 7.2
kcal.

(33) S. W. Benson, F. R, Cruickshank, D. M. Golden, G. R. Haugen,
H. E. O’'Neal, A. S. Rodgers, R. Shaw, and R, Walsh, Chem. Rev., 69,

279 (1969).
(34) L. R. Mahoney, private communication.
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Bimolecular rate constants and activation parameters have been measured for the self-reactions of
It has been shown that there is a large deuterium isotope effect

on the reaction if the hydrogens on the a-carbons are replaced by deuterium. The results are consistent with a
mechanism involving the reversible formation of a diamagnetic nitroxide dimer and its slow decomposition to a

hydroxylamine and a nitrone.
CD,);NO- in isopentane and in CF,Cl,.
cals is pointed out.

The first paper in this series® described a study
of the self-reaction of diethyl nitroxide in solution.
The second-order rate constants for decay of the radi-
cals were measured by epr spectroscopy over a range of
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Ingold, J. Amer. Chem. Soc., 93, 6551 (1971).
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The equilibrium constant for dimer formation has been determined with (CHj,-
The analogy between the self-reactions of nitroxides and of peroxy radi-

temperature in a variety of solvents. Studies at low
temperatures (— 100 to —150°) indicated that the
nitroxide radicals exist in equilibrium with a diamag-
netic dimer

2Et;NO- === (Et,NO).

Dimer was identified in isopentane and in CF.Cl; and,
in the latter solvent, the irreversible decay of the radi-
cals was just slow enough to obtain a very rough esti-
mate of the equilibrium constant and the heat and en-
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