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PHYSICAL CHEMISTRY
A. A. Medzhidov, A. L. Buchachenko, M. B. Neiman

ON THE POSSIBILITY OF ACID–BASE
CATALYSIS OF RADICAL REACTIONS
(Presented by Academician V. N. Kondrat’ev on 22 IX 1964)

Liquid-phase reactions of radicals with saturated molecules, proceeding, for ex-
ample, with abstraction of a hydrogen atom, usually require considerable acti-
vation energies. Such reactions are comparatively slow. However, there appar-
ently exist fundamental possibilities for accelerating such radical reactions, for
converting them into a catalytic regime. The present work illustrates such a
possibility using the example of the reaction of nitroxide radicals with amines
and diamines.

Table 1

Values of 𝑘𝐾𝑅 for certain nitroxide radicals

No. Radical 𝑘𝐾𝑅, l2/mol2・sec
I structural formula:

2,2,6,6-tetramethyl-�-
piperidone nitroxide
radical, with 𝑂 = 𝐶,
𝑁 − 𝑂⋅, and four 𝐶𝐻3
groups

2.1 ⋅ 103

II structural formula:
corresponding
hydroxypiperidine
nitroxide radical, with
𝐻, 𝐻𝑂, 𝑁 − 𝑂⋅, and
four 𝐶𝐻3 groups

3.8 ⋅ 103

III structural formula:
𝐶𝐻3𝑂-substituted
diphenyl nitroxide
radical,
𝐶𝐻3𝑂 − 𝐶6𝐻4 −
𝑁(𝑂̇) − 𝐶6𝐻4 − 𝑂𝐶𝐻3

26.7 ⋅ 103
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The stable nitroxide radicals we used (see Table 1) are stable in acetic acid;
their interaction with N,N�-dialkyl-p-phenylenediamines and N-alkyl-N-aryl-p-
phenylenediamines in hydrocarbons, alcohols, and acetone likewise does not
occur.

However, in mixtures of acetic acid with these solvents, rapid disappearance of
the radicals is observed, the rate of which increases as the pH of the medium
decreases. In this process, the intermediate radical products formed are the
cation radicals of the corresponding amines (1).

To study the final reaction products, 1.32 g of N,N�-di-n-octyl-p-phenylenediamine
and 1.35 g of 2,2,6,6-tetramethyl-�-piperidone nitroxide (radical I) were dis-
solved in a mixture of 50 ml of acetic acid and 50 ml of acetone; the mixture
was left for several days at room temperature in the absence of oxygen. The
solvents were then distilled off in vacuo. The dark residue was made alkaline
with 𝐾2𝐶𝑂3 and extracted with water; the aqueous solution was saturated with
NaCl, and its contents were extracted with small portions of ether. The ether
extract was dried with calcined 𝐾2𝐶𝑂3, after which the ether was distilled off.
This gave 1.15 g (theoretical amount 1.35 g) of an almost colorless crystalline
substance with m.p. 90°. After recrystallization from hexane, m.p. 92°. Ele-
mental analysis of the product corresponds to 2,2,6,6-tetramethyl-�-piperidone
hydroxylamine.

Found, %: C 63.17; H 10.13; N 8.15
Calculated, %: C 63.12; H 10.10; N 8.18

From the dark resinous product, a small amount (0.3 g) of the starting para-
phenylenediamine was isolated. The remaining product is a resin. Thus, the
initial stage of the transformations

can be represented in the following form:

R ⋅ +AH
H+
−−→ RH + A ⋅ H+,

where R⋅ and RH are a nitroxide radical and its hydroxylamine, and AH and
A ⋅ H+ are the diamine and its cation-radical, respectively. Further, special
experiments showed that the cation-radical A ⋅ H+ does not react with R⋅, and
its disappearance occurs by disproportionation according to scheme (2):

2AḢ+ ⇄ A + AH + 2H+,

where A is quinonediimine, which is highly unstable (3). The resinous residue
formed in our case is apparently the product of its transformation.

Thus, the radical is converted into hydroxylamine, and the diamine is ultimately
dehydrogenated into quinonediimine; that is, an acid-catalyzed radical reaction
of abstraction of hydrogen atoms from the diamine by the radical takes place.
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Typical semilogarithmic anamorphoses of kinetic curves for the disappearance
of nitroxide radicals (concentrations are expressed in moles per liter)

Fig. 1. Typical semilogarithmic anamorphoses of kinetic curves for the disap-
pearance of nitroxide radicals (concentrations are expressed in moles per liter)

To elucidate the mechanism of such catalysis, the kinetic laws governing the dis-
appearance of radicals in the presence of 𝑁, 𝑁 ′-di-𝑛-octyl-𝑝-phenylenediamine
in mixtures of acetone with acetic acid were studied in detail. The reaction was
carried out under conditions such that the rate of formation of cation-radicals
was small; here the concentration relation [AH+] ≪ [R⋅] is satisfied.

Subsequently, these conditions make it possible to take into account only the
direct transfer reaction and to avoid complications due to side processes. The
rate of radical disappearance was measured by the EPR method at various initial
concentrations of the amine (with [AH]0 ≫ [R]) and at different pH values of
the medium.

Figure 1 shows semilogarithmic anamorphoses of typical kinetic curves for the
disappearance of radicals, from which it is seen that radical disappearance obeys
well the first-order kinetic equation with an effective rate constant 𝜑. Figure 2
shows the dependence of 𝜑 on the initial concentration of amine [AH]0, and Fig.
3 the dependence between the logarithm of the reduced constant 𝜑/[AH]0 and
the pH of the medium, the slope of the straight line in the latter case being equal
to unity. The observed linear dependences of the rate of radical disappearance on
the concentration of the radical, the diamine, and the concentration of protons
mean that the rate of radical disappearance obeys the following kinetic equation:

−𝑑𝑅
𝑑𝑡 = 𝑘eff[R⋅][AH]0[H+]. (1)

Here 𝑘eff is the effective rate constant, and [H+] is the concentration of protons
(here and below, by H+ is meant, of course, a solvated proton).

The most probable scheme satisfying the kinetic laws found is the following:

R ⋅ +H+ ⇄ R ⋅ H+,

AH + H+ ⇄ AH+
2 ,

R ⋅ H+ + AH
𝑘−→ RH + A+H ⋅ .

This scheme provides for the equilibrium formation of the protonated form of
the radical R ⋅ H+ and of the amine AH+

2 , followed by electron transfer from
the amine to the protonated radical. Cation radicals, as already indicated,
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are consumed in disproportionation (2) and, under the conditions of kinetic
experiments, are not formed in measurable concentrations.

Fig. 2 and Fig. 3

Fig. 2. Dependence of 𝜑 on the initial concentration of amine at 20∘.
1—pH 5.5, 2—pH 4.95, 3—pH 4.60

Fig. 3. Dependence of the logarithm 𝜑/[AH]0 on the pH of the medium at 20∘

Analyzing the scheme presented, one can obtain the following expression for the
rate of disappearance of radicals (at small degrees of their protonation):

−𝑑𝑅
𝑑𝑡 = 𝑘𝐾R[H+]

1 + 𝐾A[H+] [R⋅][AH]0. (2)

For 𝐾A[H+] ≫ 1

−𝑑𝑅
𝑑𝑡 = 𝑘𝐾R

𝐾A
[R⋅][AH]0, (3)

for 𝐾A[H+] ≪ 1

−𝑑𝑅
𝑑𝑡 = 𝑘𝐾R[R⋅][AH]0[H+] (4)

with the effective rate constant in equation (1)

𝑘eff = 𝑘𝐾R.

In our case, apparently, the latter condition is realized, and equation (4) agrees
well with the experimentally obtained equation (1). Table 1 gives the values of
𝑘𝐾R for several radicals.

The 𝑝𝐾 values of azoxy radicals are unknown (unlike those of phenoxyl radicals
(4,5)); this does not permit determination of the absolute values of 𝑘.

It should be noted that in the scheme considered the following reactions were
not taken into account:

a) R ⋅ +AH → RH + A⋅,

b) R ⋅ +AH+
2 → RH + AH⋅+,

c) R ⋅ +AH+
2 → R− + AH2+

2 .
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The first of these reactions, as was noted at the beginning, proceeds immeasur-
ably slowly. The rate of the second reaction should be still smaller, than the
first, since the positive charge increases the energy of homolytic bond cleavage:

Bond H2O+ − H HO − H H − O− NH+
4 NH3

Bond
energy,
kcal/mol

158 117 98 130 105

Reaction c) is also unlikely, since removal of a second electron from the cation
AH+

2 is apparently energetically hindered.

Thus, electron transfer from an amine molecule to a radical proceeds with the
participation of the protonated form of the radical. The stationary concentra-
tion of this form is low and is not detected by the EPR method.

However, the presence of the protonated form of the radical is not an obligatory
condition for electron transfer. In a number of cases transfer may also occur
to the free radical6, the possibility of this being determined by the oxidation–
reduction potentials of the interacting pairs.

Thus, in general form, for the case of the interaction of nitroxyl radicals with
disubstituted p-phenylenediamines one may write:

2 Diamine + 2 R⋅ + 2H+

−−−−−→ 2 RH + 2 Cation Radical

2 Cation Radical
− 2H+

−−−−−→ Quinonediimine + Diamine

or, omitting the intermediate catalytic stages,

Diamine + 2R⋅ → Quinonediimine + 2RH.

Thus, the fundamental possibility of acid–base catalysis of radical reactions has
been shown here; its meaning consists in the fact that nuclear motions in the
activated complex of the uncatalyzed reaction are replaced by electronic motions
in the limiting stage of the catalyzed reaction.
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