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Reaction of diphenylamine with coordinated peroxy-radicals and various hydroperoxides (tert-
-butyl hydroperoxide, cumene hydroperoxide, tetraline hydroperoxide) has been studied in non-
-polar solvents by the EPR method. From this kinetic study the activation energies of H-transfer
(105 £ 2 kJ/mol in the temperature range —40 to —10°C) and e-transfer (97 3 2 kJ/mol in the
temperature range 10 to 50°C) have been determined. From the activation energies it follows
that, in a reaction mixture containing simultaneously a hydroperoxide and initiating peroxy-radi-
cals, oxidation of diphenylamine goes by the both parallel mechanisms until the final concentra-
tion of nitroxyl radical reaches the value of about 1-7 . 102* spin/1.

According to Boozer and Hammond' recombination of nitroxyl radicals with initiating peroxy-
-radicals makes the most substantial contribution to oxidation inhibition of hydrocarbons in the
presence of diphenylamine (DPA). Later Thomas and Tolman? presumed formation of the
activated complex between alkylperoxy-radicals and DPA to be the most significant factor
in the course of the H-transfer, which results in inactivation of the primary oxygen radicals.
Generally amines with suitable steric properties acting as antioxidants are not only donors
of hydrogen atom, but also decompose hydroperoxides at laboratory temperatures, which is
made use of for initiation of polymerization or cross linking of polymers.

The aim of this work is a study of the both mentioned types of transfer processes,
viz. of hydrogen atom or electron from the free electron pair at nitrogen, using the
EPR method in the reaction of DPA with the coordinated, continually produced
free peroxy-radicals* or with hydroperoxides: tert-butyl hydroperoxide (TBHP),
cumene hydroperoxide (CHP), tetraline hydroperoxide (THP). This combined ap-
proach enabled investigation of the individual components of the highly efficient
oxidation system*:*'?* containing up to 107*m of the initiating coordinated tert-
-butyl peroxy-radicals formed by reaction of cobalt acetylacetonate (Co(acac),)
with excess TBPH in non-polar solvents at room temperature. This study can explain
the experimental fact that the system Co(II)-hydroperoxide generates a substantially

* Part X[ in the series Radical Reactions in the Ligand Field of Transition Metals; Part X:
Org. Magn. Resonance, in press.
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higher concentration of the secondary nitroxyl radicals from DPA than the oxidation
systems in which the primary ROO- radicals are generated by thermal decomposition
of peroxides or photochemically.

EXPERIMENTAL

Method A. Reaction of 0-05M Co(acac), with excess TBHP (molar ratio 1:10) in perfectly
dried non-polar solvents (benzene, hexane, CCl,) leads to stationary concentration of the co-
ordinated radicals and, besides that, to continually produced free ROO- radicals® which give
molecular oxygen on recombination. In the reactions of Co(acac), with CHP or THP the molar
ratio was 1 : 1. This system exhibited EPR signal of the coordinated peroxy-radicals (g = 2-0147)
for all types of the hydroperoxides used, and sublimed DPA was added thereto in various con-
centrations in the same volume amount within concentration range 2:5.10 ! t0 5. 103 mol .17 !
either in a closed reaction vessel under inert atmosphere with stirring (magnetic stirrer) or direct
in the EPR cell. In the reaction of Co(acac), with TBHP at room temperature an about 10~ % mol .
.17 concentration of the peroxy-radicals is formed 5 min after mixing the reaction components
whereas analogous reactions with CHP or THP produce about 10~ *mol . 17! concentrations. If
DPA is dissolved direct in 0-05M Co(acac), solution and the respective hydroperoxide is added,
then the primary coordinated peroxy-radicals are not observed; instead the EPR signal of nitroxyl
radicals (characterized by the basic triplet splitting) appears and increases with time. Time de-
pendence of this signal intensity at various temperatures provided kinetic parameters for
study of the radical reaction of DPA.

Method B. This procedure of preparation of the primary coordinated peroxy-radicals differs
from the “method A” in that the H-transfer between DPA and the coordinated ROO- radicals
takes place without the excess of hydroperoxide and, hence, without formation of free peroxy-
-radicals and molecular oxygens. The excess unreacted hydroperoxide from the reaction ac-
cording to the method A is removed by evaporation in vacuum at 10 to 15°C. The obtained
residue is dissolved in benzene and the evaporation is repeated. The final dissolution gives a practi-
cally unchanged original concentration of the coordinated peroxy-radicals.

Method C. For preparation of the coordinated alkoxy-radicals we used the described method”
i.e. reaction of ditert-butyl peroxalate with Co(acac), at room temperature.

Apparatus. We used an EPR spectrometer Varian E-3 in the range X with 100 kHz modulation
combined with Variable temperature accessory Varian enabling to maintain the sample tempera-
ture in the resonance cavity within 4+ 1°C. The spectra were simulated with a SS-100 apparatus.

Reagents. Tert-butyl hydroperoxide (TBHP) 93% (Fluka, Switzerland); cumene hydropero-
xide (CHP) 92% obtained by vacuum concentration of commercial product (Lachema, Brno);
tetraline hydroperoxide (THP) 949, was prepared by oxidation of tetraline ditert-butylperoxalate,
(DBPO) was prepared from tert-butyl hydroperoxide and oxalyl chloride in the presence of pyri-
dine?*. Diphenylamine (DPA) was purified by crystallization from ethanol under inert atmo-
sphere in dark and by subsequent sublimation in vacuum (133-32 Pa). Cobalt acetylacetonate
(Co(acac),) was prepared by the procedure described by Charles and Pawlikowski??2. It was
dried before use in vacuum (1333-2 Pa) at 120°C,

RESULTS AND DISCUSSION

H-Transfer. Homolytic splitting of NH bond in DPA has been studied so far
by various oxidation systems giving nitrogen or nitroxyl radicals® =13, The elementary
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process of hydrogen abstraction by oxygen radicals produces reactive nitrogen radi-
cals with short life-time the low level of which can be indicated by continuous flow
technique only during irradiation of the sample with UV or ionisation radiation
in inert medium®~1°. On the contrary, nitroxyl radicals exhibit considerable stability
in non-polar solvents'!™!3, and their accumulation and kinetics of formation
can be followed directly by EPR method.

As the unpaired electron of the radical generated from DPA is predominantly
concentrated at nitrogen, the splitting constant is ay = 0-880 mT, on the contrary,
if the unpaired electron is localized predominantly at oxygen of nitroxyl radical and
is stabilized by resonance, then the value of splitting constant depends on the solvent
polarity, being ayo = 0-930 and 1140 mT in non-polar and polar solvents, respectively.

N—p «— R (4)
- —_ e —_
For the nitroxyl radicals the spin density at carbon atoms is the same with ortho
and para hydrogen atoms afy® = 0-183 mT (septet), being different for meta hydrogen
afj = 0:079 mT (quintet). For the nitrogen radical the values of the corresponding
splitting constants are considerably higher (four ortho protons, ay = 0-368 mT,
two para protons, afy = 0-428 mT, and four meta protons, afj = 0152 mT). Spin
density transfer from nitrogen atom to benzene ring enables to differentiate the
EPR signals of nitrogen radicals from those of nitroxyl radicals.

Nitroxyl radicals are formed by a secondary attack of the primary nitrogen radical
by peroxy-radicals'*''?

N ~
/NH + ROOs — /N- + ROOH (B)
~N ~
SNe + ROO- ~> "N—0O+ + ROe. (©)

In the absence of ROO- radicals, a direct attack by RO- radicals is a prerequisite
of generation of nitrogen radicals. The EPR signal obtained in the reaction of ditert-
-butyl peroxalate (DBPO) with Co(acac), (method (C))is identical with that obtained
in the reaction of TBHP with Co(acac), in the presence of DPA (method B) where
the coordinated peroxy-radicals are formed (Fig. 1). From spectral simulation
(splitting constants ayo = 0-940 mT, af; = af; = 0-181 mT, af} = 0-081 mT) it follows
that signals of nitroxyl radical are only observed in the final phase irrespective of the
method of generation ((B) the same as (C)). The only difference is in a small increase
of g-factor corresponding to a decrease of the resonance magnetic field by 0-1 mT.
Afier a short time the value of the g-factor is fixed at g = 2:0073 corresponding
to the nitroxyl radicals. Oxidation of DPA (as we shall show later) also produces
hydroxylamine which can be a source of nitroxyl radicals, and with excess DBPO it is
also impossible to exclude an induced decomposition of DBPO to ROO- radicals
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in the presence of DPA. Thus in the further kinetic study the EPR signals with
basic triplet splitting correspond to nitroxyl radicals.

H-Transfer kinetics. The activation energy of hydrogen-transfer from DPA to the
coordinated ROO- radicals in the absence of hydroperoxide (method (B)) was deter-
mined by means of kinetic curves of generation of nitroxyl radicals within the tempe-
rature range —40 to —15°C (Fig. 2). At higher temperatures the reaction was so fast
that it was impossible to record the concentration changes of nitroxyl radicals with
time by the usual EPR technique. Autocatalytic character is marked especially in the
low-temperature range. After crossing the induction period the level of nitroxyl
radicals increases initially exponentially. The linear section of the curves after reach-
ing the maximum velocity was used for determination of the maximum velocity
Umay Of the H-transfer. The Arrhenius dependence of log v,,,, vs 1/T(Fig. 3) is linear,
and its slope was used for determination of the activation energy value of hydrogen
transfer from amino group of DPA to the coordinated peroxy-radicals (105 +
+ 2 kJ/mol). The found value is about 2 x greater than that found for the H-transfer
from OH group of unhindered phenols to the coordinated peroxy-radicals'®. In spite
of that, the reached final concentration of the secondary generated nitroxyl radicals
is substantially higher than that of phenoxy-radicals under the same reaction condi-
tions. This fact explains the autocatalytic course of the kinetic curves with typical S
shape. If phenols or bisphenols are the source of hydrogen for H-transfer!” ',

O'?_émT

FiG. 1
EPR Signals of the Nitroxyl Radicals Gen-
erated from DPA in Benzene Solution by
Peroxy-Radicals 1, 3 and Alkoxy-Radicals 2,
4 at Room Temperature
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then the level of secondary phenoxy-radicals is fixed practically immediately at room
temperature without any subsequent kinetics.

e-Transfer. The primary complexes between amines and peroxides are decom-
posed at room temperature in a reaction cage with partially ionic heterolytic splitting
of O—O bond or by radical way with partial homolytic decomposition'*+'8. The
ionic and homolytic decompositions are preferred in polar and non-polar solvents,
respectively. A prerequisite of homolytic decomposition of hydroperoxide is the
transfer of one electron from free electron pair at nitrogen with transient formation
of cation-radical. Similarly, unstable cation-radicals are formed by electron-transfer

from sulphur atom of thiobisphenols to hydroperoxides'®:?® or from phosphites
to hydroperoxides?*
s H S 4+ OH" - RO “§—0OH D
OS: + ROOH — St + 4 RO- > §— (D)
~N \+ - AN
3P: 4 ROOH — =P-+ OH™ + RO- —- =P—OH (E)
2
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Fi1G. 2 FiG. 3
Dependence of Ippp of Signal of Nitroxy Dependence of Ig v, of Formation of Nitro-
within Temperature Interval —15 to —40°C xyl Radicals on 1/T (calculated from the
Generated by the Method B 1 —I15°C, curves in Fig. 2)

2 —20°C, 3 —25°C, 4 —30°C, 5 —40°C
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If the free electron pair is removed e.g. by oxidation of the sulphides to sulphones
or phosphites to phosphates, then the free radicals are not formed in the presence
of hydroperoxides.

e-Transfer kinetics. Kinetics curves of formation of nitroxyl radicals with time
have linear course (Fig. 4) for various initial molar ratios DPA : TBHP. Using the
same temperature and benezne solutions, we observed the highest final concentra-
tion of the generated nitroxyl radicals at the molar ratio DPA : TBHP = 1:4.
Obviously the excess of TBHP determined the equilibrium concentration of the
primary complex between DPA and TBHP dimer in which the e-transfer takes
place connected with radical decomposition of peroxidic bond. From kinetic study
within the temperature interval 15—50°C we determined the activation energy
of the electron transfer 97 + 2 kJ/mol (Fig. 5). As this value is lower than the activa-
tion energy of the H-transfer by about 8 kJ/mol, it can be presumed that in the oxida-

08 06 +—NraHp

0]

FiG. 4 FiG. 5
Time Dependence of Igpg of Signal of Nitro- Time Dependence of Jppp of Signal of Nitro-
xyl Radicals (23°C) in Reaction of DPA xyl Radicals in Reaction of DPA with
with TBHP at Various Molar Ratios TBHP : TBHP (molar ratio 1 : 4) at Various Tempera-
: DPA (a); Dependence of Igpp of the Signal tures (a)
on Molar Ratio TBHP : DPA after 30 min 1 50°C, 2 40°C, 3 30°C, 4 20°C, 5 15°C.
Reaction (b) (b) Dependence of lg v, (formation rate

TBHP:DPA 1 4:1, 2 2:1, 3 1:4, of nitroxyl radicals) on 1/T.

41:2,510:1,61:1.

Collection Czechosfovak Chem. Commun. [Vol. 46] [1981]



Hydrogen and Electron Transfer 1077

tion with the coordinated peroxy-radicals in the presence of the unreacted hydro-
peroxide the e-transfer will take place along with the hydrogen transfer.

Quantitative analysis of level of the coordinated and the continuously generated
peroxy-radicals tested by DPA. In recent studies of hydrogen transfer from various
H-donors (—OH, —SH, —NH) the system Co(acac),~hydroperoxide (method (A))
in non-polar solvents is applied as an efficient system for generation of unusually
high concentration of secondary free radicals as the H-transfer products. If the
respective antioxidant as a H-donor is allowed to react with the initiating peroxy-
-radicals under these dynamic conditions of excess hydroperoxide, it is possible
to generate substantially higher level of secondary nitroxyl radicals than that in the
oxidation by only the coordinated peroxy-radicals with exclusion of the unreacted
excess of hydroperoxide according to the method B. This fact was explained by simul-
taneous continuous formation of free tert-butylperoxy-radicals (TBHP) in the presen-

Neo
10 10 08 02 0
8|
lepr '
o JEPR’»
sl cm i
4
2
Of----
o] 7. .
40 min 160 9] 04 10
N1gHP(DBPO)
FiG. 6 FiG. 7
Time Dependence of Izpg of Signal of Nitro- Dependence of Igpg of Signal on Molar
xyl Radicals (23°C) in Oxidation of DPA Ratio TBHP:Co 1 and DBPO:Co 2
by Method A at Various Molar Ratios at Room Temperature in Benzene
TBHP : Co

110:1,27:1,35:1,42:1,51:1,
61:2,7 1:4. DPA concentration 5. 1072
mol/dm?, benzene as solvent.
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ce of excess hydroperoxide along with the coordinated radicals*. DPA is a suitable
H-donor for quantitative testing of individual contributions of the reacting com-
ponents of the oxidation system. Whereas the level of the coordinated radicals is
fixed at a value 10~ *mol . |~ * after mixing the reactants (i.e. it can be indicated by the
EPR technique), the same is not true of the continuously generated ROO- radicals
whose stationary concentration is lower by about two orders of magnitude. Low
activation energy of recombination of free ROO- as compared to that of the coordinat-
ed ROO-'® causes their short life time so that the corresponding EPR signals can be
indicated only by rapid “flow” technique.

Kinetics of generation of the secondary nitroxyl radicals from DPA at various
initial conicentrations of the coordinated peroxy-radicals according to the method (A)
is given in Fig. 6. From the moment the reaction is started the concentration of nitro-
xylradicals increases at maximum velocity at room temperature, and this rate gradual-
ly decreases, until it reaches zero value in the stationary region. The final level
of nitroxyl radicals in the stationary region is the higher the higher was the original
concentration of peroxy-radicals. Starting from the molar ratio Co : TBHP = 1 : 1,
the concentration of the initiating coordinated peroxy-radicals increases with
increasing concentration of TBHP and reaches its maximum at the molar ratio
Co : TBHP = 1:10 (Fig. 7). Thus it is possible to investigate the quantitative
relations between the amount of the generated secondary nitroxyl radicals and con-
centration of the initiating coordinated peroxy-radicals (Fig. 8). From the simplified
diagram it can be seen that, though concentration of the coordinated peroxy-radicals
in the oxidation system is low (below 10'* spin/0-1 ml) up to the ratio Co : TBHP
= 1:1, it is possible 10 generate 5.10'° to 10'® spin/0-1 ml nitroxyl radicals
by e-transfer from DPA to hydroperoxide. At the molar ratios Co : TBHP above 1 : 1
there are generated 10'®—10'7 spin/0-1 ml of nitroxyl radicals in benzene solution
with simultaneous initiation concentration of peroxy-radicals 5.10'® spin/0-1 m].
Such increase in amount of nitroxyl radicals can be explained by continuous genera-
tion of free ROO- radicals produced in the presence of excess TBHP in the system.
Another source of the coordinated ROO- radicals can also be in coordinated tetroxi-
des*.

If stabilized alkoxy-radicals are used for initiation of the nitroxyl radicals (absolule
concentration of the former is lower than that of the coordinated peroxy-radicals
by about one order of magnitude), then the amount of the nitroxyl radicals reaches
about 9. 10'5 per 0-1 ml of benzene solution at the molar ratio Co : DBPO = 1: 10
(Fig. 9).

Testing of capacity of radical initiation systems for H- or e-transfer based on
Co(acac),/hydroperoxide in the presence of DPA characterized quantitatively the
contribution of individual initiation systems leading to accumulation of the nitroxyl
radicals. This fact is expressed in a summarized diagram (Fig. 10). From the time
dependence of logarithm of concentration of the nitroxyl radicals generated at the
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same temperature in the same time it follows that the highest level of nitroxyl radicals
is reached in the initiation system with excess hydroperoxide where their generation
proceeds dynamically (method (A4)), curve 1. After 30 min the amount of nitroxyl
radicals equals 1. 107 spin/0-1 ml. If the radicals are generated from DPA by only
electron transfer, i.e. in the presence of TBHP without Co(acac)z, the final level
of radicals is ten times lower after the same time, viz. 3. 10'® spin/0-1 ml — curve 2.
If the nitroxyl radicals are initiated by only the coordinated peroxy-radicals —
method B, i.e. in the absence of any excess unreacted hydroperoxide, the nitroxyl
radicals level reaches 5.10'° spin/0-1 ml which is approximately equivalent to con-
centration of the initiating coordinated peroxy-radicals. If the nitroxyl radicals are
generated by cobalt(IIl) dihydroxytetrakisacetylacetonate (Co(III)L,OH), their
concentration is lower by one order of magnitude in the stationary region, i.e. 3. 10'4
spin/0-1 ml — curve 4. The cobalt(IIT) acetylacetonate itself does not react with
DPA in benzene solution and gives no nitroxyl radicals. If we try to explain the
fact that concentrations of the nitroxyl radicals generated by the dynamic method (A)

2
10 3
1017 IEP R //
R cm
[Phy,NO)
4
ﬁ

spin/01mi

10

z 8
oot —p—g——15 , |
10" [ColRO,) spin/0Iml 10™ 10 min 50

FIG. 8 FiGc. 9

Dependence of Amount of Nitroxyl Radicals
on Concentration of the Coordinated RO,
Radicals in Benzene at Room Temperature
(method (4))

Time Dependence of Igpg of Signal of Nitro-
xyl Radicals (23°C) in Reaction of DPA
with Oxidation System Containing RO
Radicals (method (C)) at Various Molar
Ratios DBPO : Co

110:1,27:1,35:1, 43:1, 52:1,
61:1,7 1:2, 8 1:4. DPA concentration
5.1072 mol dm3, benzene as solvent.
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are substantially higher than the level of the coordinated peroxy-radicals indicated
by the EPR method, two alternatives can be considered: (i) an autocatalyzed chain
mechanism of generation of nitroxyl radicals (with exponential course) and (ii)
continuous generation of free peroxy-radicals in the catalytic circle

Co(acac),OH + ROOH — Co(acac), + ROO« + H,0 (F)
Co(acac), + ROOH — Co(acac),OH + ROQs (G)
RGCe + ROOH —- ROH + ROO-. (H)

Systematic studies of H-transfer between the coordinated peroxy-radicals and
phenols or bisphenols'® showed that the final level of phenoxy-radicals generated
by the H-transfer initiated by the coordinated peroxy-radicals is lower than that
of the original initiation radicals, and the H-transfer is established immediately
after mixing the reactants at room temperature. On the contrary, in the radical
attack of DPA we can see a substantially different kinetic course of generation
of nitroxyl radicals. At the beginning their concentration increases exponentially
and (as we have already told) reached substantially higher values in the stationary
region of the kinetic curves as compared with the secondary phenoxy-radicals.
Generation of the phenoxy-radicals by the coordinated peroxy-radicals is conditioned

17

loglPh,NO)
spin/01ml

14

Fic. 10
Time Dependence of Ig of Nitroxyl Radixal Concentration in Oxidation of DPA with Various
Initiation Systems

1 Method A, 2 TBHP, 3 method B, 4 (CoL,OH), at room temperature.
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by formation of primary associate between cobalt and the original phenol. In contrast
to phenols, DPA (which does not form complexes with cobalt, but forms complexes
with hydroperoxide dimer) does not block the catalytic circle of the electron transfer
from cobalt to hydroperoxide and, hence, the continuous generation of the initiating
free peroxy-radicals until complete exhaustion of the hydroperoxide.

In the complex between DPA and hydroperoxide the electron transfer can take
place from the free electron pair at nitrogen of DPA to the peroxidic bond, the pro-
ducts in the reaction cage being hydroxylamine and alcohol:

Ph,NH + ROOH —> PhiNH + RO- + OH™ —> Ph,NOH + ROH. (I

The presumed intermediate diphenyl hydroxylamine decomposes hydroperoxide
by analogous electron transfer from free electron pair of nitrogen, the final products
being nitroxyl radicals and water; a similar course was found by Albuin and co-
workers'” in the reaction of dimethylhydroxylamine with H,0,.

Ph,N—OH + HOOH —> PhiNOH -+ OH™ + HO- —

OH
o Ph,N—O+ + H,0 (K)
OH

— Ph,N

The intermediate alkoxy- or peroxy-radicals attack DPA directly to give a nitrogen
radical and finally the stable nitroxyl radical.

To sum up, reaction of hydroxylamines with hydroperoxides produces two inter-
mediate free radicals, which explains exponential course of generation of nitroxy! radi-
cals in oxidation of DPA by the dynamic method A. If it is taken into account that the
original reaction mixture (before oxidation) contained 3.10'° DPA molecules
per 0:1 ml, and 1:77 . 10'® nitroxyl radicals per 0-1ml was detected by the EPR
method after the oxidation, it is obvious that 5:6%; DPA reacted by H- and e-transfers
to give stable nitroxyl radicals. This fact excludes the presumption that the nitroxyl
radicals take part in inactivation of oxygen radicals by recombination at room
temperature or lower temperatures, which was presumed by Boozer and Hammond'.
Quantitative analysis indicates that predominant part of these nitroxyl radicals
(about 90%) is formed by catalytic generation — e-transfer from cobalt to hydro-
peroxide, whereas 10% is formed by direct H-transfer to the coordinated ROO-
radicals and e-transfer from the free electron pair at nitrogen to- hydroperoxide.
In a further study the process is analyzed of generation of nitroxyl radicals in the pre-
sence of hydroxylamines. When the absorbance change of =NH group is followed
quantitatively by IR spectroscopy in the course of oxidation of DPA by the method (4),
its quantitative decrease is found to be at a value similar to the level of the generated
nitroxyl radicals indicated by the EPR method.
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