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as an efficient oxidant of aniline and some N�substituted anilines
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The tri�tert�butoxyaluminum—tert�butyl hydroperoxide system generates molecular oxy�
gen in the electron�excited singlet state (1O2), which oxidizes diphenylamine, N�ethylaniline,
aniline, and 2,6�diisopropylaniline to form nitroxyl radicals. The latters were identified by ESR
at 240—293 K. Oxidation proceeds via the intermediate formation of nitrogen�containing
N�peroxide compounds.
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The tri�tert�butoxyaluminum (1)—tert�butyl hydrop�
eroxide (2) system in CCl4 and С6Н6 in a molar ratio of
1 : 2 generates dioxygen in ∼80% yield.1 We have shown2

that dioxygen is evolved through the intermediate forma�
tion of aluminum�containing trioxide (3) according to
the general Scheme 1. It is known3 that peroxides (HOOH,
ButOOH) are stronger nucleophilic reagents in substitu�
tion than water or alcohol.

Scheme 1

The evolution of O2 is catalytic,1 and the systems 1—2
and di�tert�butoxy�tert�butylperoxyaluminum—hydroper�

oxide at room temperature are efficient oxidizing agents
of the C—H bonds in methylene fragments to the oxo
(ketonation) and hydroxy groups in alkanes and alkyl�
arenes.2,4—6 Under the same conditions, the oxidation of
the C—H methine bonds in alkylarenes forms the corre�
sponding hydroperoxides and the products of their subse�
quent decomposition.6

It should be mentioned that under mild conditions
(293 K) this system transforms sulfides into the corre�
sponding sulfones in ∼100% yield.7,8

As shown in the study9 of aluminum�containing triox�
ide (3) and the routes of its thermal decomposition using
ESR combined with the spin trap technique, trioxide 3
eliminates O2 and also generates the oxygen�centered radi�
cals ButOO•, ButO•, (ButO)2AlOO•, and (ButO)2AlO•.
The latters are formed by the homolysis of the О(1)—О(2)
and О(2)—О(3) bonds in the molecule of trioxide 3.

The authors9 believe that the the main route of ther�
mal decomposition of trioxide 3 produces dioxygen
through the transfer of the ButO group both with a pair
of electron and as a radical to the aluminum atom
(SR2 substitution) to evolve singlet dioxygen according to
the spin conservation rule (Scheme 2).

The reactions in Scheme 2 can be considered as a
route of catalytic generation of singlet dioxygen. The yield
of the latter determined from its interaction with such
typical 1О2 acceptors as anthracene and 9,10�dimethyl�
anthracene is 40% in C6H6 and 50% in СCl4, depending
on the solvent.9
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It is noteworthy that since organic dialkyl trioxides are
decomposed homolytically to form alkoxy� and alkyl�
peroxy radicals and singlet dioxygen, the yield of the lat�
ter depends substantially on the experimental conditions,
especially on the solvent nature.10,11

The purpose of this work is to study the low�tempera�
ture oxidation of the N—H bonds in aniline and some its
N�alkyl(aryl) derivatives by the 1—2 system.

Experimental

Benzene (analytical grade), which was purified by distilla�
tion over Р2О5 and stored above metallic sodium, was used as
solvent. Chlorobenzene (reagent grade, for chromatography)
was distilled and stored above Na2SO4. Aniline and N�ethyl�
aniline (both pure grade) were distilled and stored above NaOH.
Tri�tert�butoxyaluminum (1) was synthesized by the reaction of
tert�butanol and aluminum followed by sublimation12 (b.p.
160—170 °C (1 Torr)). Found (%): Al, 11.12. C12H27AlO3. Cal�
culated (%): Аl, 10.96. All procedures with tri�tert�butoxy�
aluminum (1) were carried out under dry oxygen�free argon. The
concentration of tert�butyl hydroperoxide 2 was ≥99.5—99.8%.
2,2´�Dipyridylamine (99%, Aldrich) was used. Diphenylamine
(analytical grade) was purified by recrystallization from a ben�
zene—hexane mixture. Tetraphenylhydrazine was synthesized
using a known procedure13 by oxidation with potassium per�
manganate in acetone. Melting points of the synthesized com�
pounds coincide with the published values.

ESR spectra were detected on a Bruker ER200D�SRC spec�
trometer equipped with an ER 4105 DR double resonator (work�
ing frequency ∼9.5 GHz) and an ER 4111 VT temperature�
controlling unit. Diphenylpicrylhydrazyl (DPPH) was used as
standard in determination of the g factor.

GLC analysis of the volatile products was carried out on an
LKhM�80 chromatograph (flame�ionization detector, column
120 cm, 30% dinonyl phthalate on Chromaton N�AW�DMCS).
The temperature was varied within 30—120 °С. GLC analysis of
the high�boiling products was carried out on a Tsvet�2�65
chromatograph (flame�ionization detector, helium as carrier
gas, column 120 cm, 15% Reoplex�400 on Chromaton
N�AW�DMCS, 120—190 °С).

Reaction of aniline with the tri�tert�butoxyalumi�
num (1)—tert�butyl hydroperoxide (2) (1 : 1 : 2) system. To
ButOOH (0.72 g) was added a mixture of (ButO)3Al (0.98 g) and

PhNH2 (0.37 g) in benzene (20 mL) and was left for 1 day at
∼20 °C. Then the solvent and volatile components were con�
densed off in a trap cooled with liquid nitrogen. The volatile
fraction contained PhNO2 (0.04 g) and ButOH (0.91 g). The
residue, a dry yellow powder, was hydrolyzed with 10% H2SO4,
extracted with diethyl ether, and dried with Na2SO4. GLC
analysis of the ether hydrolyzate detected PhNO2 (0.04 g),
ButOH (0.33 g), ButOOH (0.09 g), PhN=NPh (0.01 g), and
PhN(О)=NPh (0.29 g).

ESR analysis was carried out in a tube of the ESR spectrom�
eter. Reaction solutions were degassed to improve the resolution
of ESR spectral lines and to remove oxygen, which evolved in
the interaction of components 1—2.

The reactions in the system 1—2 with other amines were
carried out analogously.

Results and Discussion

Diphenylamine, N�ethylaniline, 2,2´�dipyridylamine,
aniline, and 2,6�diisopropylaniline were chosen as oxi�
dized substrates to study the reactivity of trioxide 3 as
an 1О2 source and an efficient low�temperature oxidizing
agent. The reactions were carried out in benzene at room
temperature and the ratio amine : 1 : 2 = 1 : 1 : 2.

It is known14 that 1О2 generated in a benzene—etha�
nol mixture (Bengal Rose as sensitizer, λ = 5.46•103 Å)
oxidizes the secondary and tertiary amines to free nitroxyl
radicals.

Our experiments showed that trioxide 3 oxidizes diphe�
nylamine at room temperature only at the N—H bond of
the amine to form the diphenylnitroxyl radical15 (Fig. 1)
(аN = 0.985 mT, а6H

О,Р = 0.188 mT, а4H
M = 0.082 mT,

g = 2.0058) according to Scheme 3.

Scheme 3

The intermediate formation of the diphenylnitrogen�
centered radicals is indicated by the formation of tetra�
phenylhydrazine, which is the dimerization product of
this radical (the yield was 0.12 moles per mole of diphe�
nylamine).

We failed to oxidize 2,2´�dipyridylamine under simi�
lar conditions to the corresponding nitroxyl radical. This
is probably reasoned by the association of alkoxide 1 with
this amine, resulting in the strong shielding of the
N—H bond.

It was of interest to study the transformations of
N�ethylaniline in the 1—2 system. This amine contains
the C—H bonds of the methylene group, which are readily
oxidized to the oxo and hydroxy functional groups,2,4—6

Scheme 2
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and also the N—H bonds of the amino group. The latters,
as established by ESR, undergo predominant oxidation to

form radicals of two types:  (in benzene, 293 K)

with the constants аN = 1.078 mT, а3H
О,Р = 0.290 mT,

а2H
M = 0.102 mT, а2H

α = 0.786 mT, and g = 2.0059 16

(Fig. 2) and the spin�adduct of nitron  (4)

(in chlorobenzene, 286 K) with the X radical, which is
present in the system (Х is the oxygen�centered radical),

 
with the constants аN =

 
1.038 mT, а3H

Mα =

0.108 mT, а3H
О,Р = 0.256 mT, and g = 2.0059 (Fig. 3).

The formation of these nitroxyl radicals indicates that
trioxide 3 oxidizes the N—H bonds of the initial amine
through intermediate N�hydroperoxide via Scheme 4.

Scheme 4

Unstable nitrogen�containing hydroperoxide decom�

poses to the nitroxyl radical , which was detected

by ESR (see Fig. 2).
In addition, this N�hydroperoxide also decomposes to

form nitron 4. The latter, as known, can serve as a good
spin trap (Scheme 5).

Scheme 5

Nitron 4 also could be formed through the oxidation
of the nitroxyl radical. The adduct of nitron 4 with the
Х• radical was also found by ESR (see Fig. 3). The
Х• radical is, most likely, the ButO• radical.

N�Ethylaniline is partially oxidized at the CH2 group
of the Et fragment, which is indicated by the presence of
acetic acid (∼7%) and azoxybenzene (to 10%) in the reac�
tion products. These products are formed due to the cleav�
age of the N—C bond of the substrate. However, their

0.5 mT
H

a

b

Fig. 1. ESR spectrum detected in the (ButO)3Al—ButOOH—Ph2NH (1 : 2 : 1) system without spin traps in benzene at 293 K (degassed
sample) (a) and the model spectrum simulated by the WINEPR SimFonia Version 1.25 program (b).
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minor yield indicates that the attack of the oxidant is
predominantly directed to the amino group of the initial
compound.

The following compounds were identified as the main
products of aniline oxidation (mole per mole of amine):
nitrobenzene (0.12—0.14), azoxybenzene (0.28—0.36),
and azobenzene (0.02).

After mixing of compounds 1 and 2 in benzene or
CCl4, in the absence of spin traps, we could not detect by

ESR the unresolved singlet with ∆H = 2.5 mT and
g = 2.014—2.015 belonging to the aluminum�containing
peroxy radical (ButO)2AlOO•.9 No oxygen evolution was
detected, which is caused by its reaction with the initial
substrate.

Fig. 2. ESR spectrum detected in the (ButO)3Al—ButOOH—PhNHEt (1 : 2 : 1) system without spin traps in benzene at 293 К
(degassed samples) (a) and the model spectrum simulated by the WINEPR SimFonia Version 1.25 program (b).

0.5 mT H

a

b

0.5 mT
H

a

b

Fig. 3. ESR spectrum detected in the
(ButO)3Al—ButOOH—PhNHEt (1 : 2 : 1) system without spin
traps in chlorobenzene at 286 К (degassed sample) (a) and the
model spectrum simulated by the WINEPR SimFonia Ver�
sion 1.25 program (b).

Fig. 4. ESR spectrum detected in the
(ButO)3Al—ButOOH—PhNH2 (1 : 2 : 1) system in the presence
of phenyl�tert�butylnitron in chlorobenzene at 251 К (degassed
sample) (a) and the model spectrum simulated by the WINEPR
SimFonia Version 1.25 program (b).

0.5 mT H

a

b

0.5 mT
H

Fig. 5. ESR spectrum detected in the
(ButO)3Al—ButOOH—Pri

2C6H3NH2 (1 : 2 : 1) system without
spin traps in chlorobenzene at 240 K (degassed sample).
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The expected phenylnitroxyl radical  with

the constants аN = 0.95 mT, а3H
О,Р = 0.32 mT, and

аH
N = 1.21 mT17 was observed only in the presence of

phenyl�tert�butylnitron in chlorobenzene at 251 K
(Fig. 4). Probably, under the reaction conditions, this
radical enters rapidly into further transformations.

In order to prove the formation of similar primary
radicals, which was expected for the oxidation of the amino
group, we used 2,6�diisopropylaniline. In this compound,
the amino group is strongly shielded. Therefore, the reac�
tivity of this group and intermediate radical species should
differ substantially from that of the unsubstituted aniline.
In fact, the oxidation of 2,6�diisopropylaniline by the
1—2 system in chlorobenzene at 240 K afforded the radi�

cal  (Fig. 5) with the constant аN = 1.44 mT,

which is the adduct of the Х• radicals, which are present
in the system, with the corresponding nitrosoarene. Based
on a comparison of these results with the published data,18

we believe that Х is most likely the ButO group.
The presence of the earlier identified stable products

of aniline oxidation and the ESR data suggest that
hydroperoxyphenylamine is the primary oxidation prod�
uct (Scheme 6).

The product of this reaction, viz., nitrogen�contain�
ing hydroperoxide, can undergo both homolytic and in�
tramolecular transformations according to the general
Scheme 7.

We also cannot exclude the molecular route of forma�
tion of these compounds through the activation of the
O(1) or O(3) atoms by one of the H atoms via Scheme 8.

The dissociation energy of the О—О bond determined
for organic alkyl hydrotrioxides10 is 21—23.3 kcal mol–1.

Azoxybenzene, being the main product of aniline oxi�
dation, is formed due to the fast reaction of nitrosobenzene
with phenylnitrene17,19 (Scheme 9).

Scheme 9

The dimerization of nitrene affords azobenzene20

(Scheme 10).

Scheme 10

It was shown in a particular experiment that azo�
benzene is not oxidized to azoxybenzene by the 1—2 sys�
tem. The sole products of the oxidation of nitrosobenzene
and 2�methyl�2�nitrosopropane by this system are the
corresponding nitro derivatives formed in 80—90% yield
at room temperature for 1 h.

The efficient reaction of phenylnitrene with nitroso�
benzene (see Scheme 9) and the complete absence of
spin�adducts of the latter indicate that the escape of the
oxygen�centered radicals into the bulk is insignificant in
this reaction and singlet dioxygen is a predominant oxi�
dizing agent.

The authors thank the Bruker Co. for the presented
WINEPR SimFonia Version 1.25 program for spectra
simulation. Spectroscopic studies were carried out at the
Analytical Center of Collective Use of the Institute of
Organometallic Chemistry, RAS, and were financially

Scheme 8

Scheme 6 Scheme 7



Electron�excited dioxygen in amine oxidation Russ.Chem.Bull., Int.Ed., Vol. 52, No. 4, April, 2003 915

supported by the Russian Foundation for Basic Research
(Project No. 00�03�40116).

References

1. V. A. Dodonov, L. P. Stepovik, and S. M. Sofronova,
Zh. Obshch. Khim., 1990, 60, 1839 [J. Gen. Chem. USSR,
1990, 60 (Engl. Transl.)].

2. V. A. Dodonov and L. P. Stepovik, Zh. Obshch. Khim., 1992,
62, 2630 [Russ. J. Gen. Chem., 1992, 62 (Engl. Transl.)].

3. D. T. Sawyer, Coord. Chem. Rev., 1997, 165, 297.
4. V. A. Dodonov, L. P. Stepovik, A. S. Soskova, and E. A.

Zaburdaeva, Zh. Obshch. Khim., 1994, 64, 1715 [Russ. J. Gen.
Chem., 1994, 64 (Engl. Transl.)].

5. V. A. Dodonov, E. A. Zaburdaeva, N. V. Dolganova, L. P.
Stepovik, and T. I. Zinov´eva, Zh. Obshch. Khim., 1997, 67,
988 [Russ. J. Gen. Chem., 1997, 67 (Engl. Transl.)].

6. L. P. Stepovik, V. A. Dodonov, and E. A. Zaburdaeva,
Zh. Obshch. Khim., 1997, 67, 116 [Russ. J. Gen. Chem., 1997,
67 (Engl. Transl.)].

7. V. A. Dodonov, E. A. Zaburdaeva, and L. P. Stepovik,
Zh. Obshch. Khim., 2000, 70, 1577 [Russ. J. Gen. Chem.,
2000, 70 (Engl. Transl.)].

8. E. A. Zaburdaeva, L. P. Stepovik, and V. A. Dodonov,
VI Intern. Conf. on Heteroatom Chemistry (Lodz, June 24—28,
2000), Abstrs., Lodz (Poland), 2001, 143.

9. L. P. Stepovik, I. M. Martynova, V. A. Dodonov, and V. K.
Cherkasov, Izv. Akad. Nauk, Ser. Khim., 2002, 590 [Russ.
Chem. Bull., Int. Ed., 2002, 51, 638].

10. S. L. Khursan, V. V. Shereshovets, A. F. Khalizov, A. I.
Voloshin, V. D. Komissarov, and V. P. Kazakov, Izv. Akad.
Nauk, Ser. khim., 1993, 2056 [Russ. Chem. Bull., 1993, 42,
No. 12 (Engl. Transl.)].

11. S. L. Khursan, A. F. Khalizov, and V. V. Shereshovets, Izv.
Akad. Nauk, Ser. Khim., 1997, 924 [Russ. Chem. Bull., 1997,
46, 884 (Engl. Transl.)].

12. Organic Synthesis. An Annual Publication of Satisfactory Meth�
ods for the Preparation of Organic Chemicals, New York,
1940—1945.

13. L. Gatterman and G. Viland, Prakticheskie raboty po
organicheskoi khimii [Practical Works on Organic Chemistry],
Goskhimizdat, Moscow, 1948, 516 pp. (in Russian).

14. V. B. Ivanov, V. Ya. Shlyapintokh, A. B. Shapiro, O. M.
Khvostach, and E. G. Rozantsev, Izv. Akad. Nauk SSSR,
Ser. Khim., 1974, 1916 [Bull. Acad. Sci. USSR, Div. Chem.
Sci., 1974, 23 (Engl. Transl.)].

15. J. Pannell, Mol. Phys., 1962, 5, 291.
16. G. Chappelet�Letourneux, H. Lemaire, and A. Rassat, Bull.

Soc. Chim. Fr., 1965, 3283.
17. R. A. Abramovich and S. R. Challand, J. Chem. Soc., 1972,

16, 964.
18. S. Terabe and R. Konaka, J. Chem. Soc., Perkin Trans. 2,

1972, 14, 2163.
19. S. V. Zelentsov, N. V. Zelentsova, A. B. Zhezlov, and A. V.

Oleinik, Khim. Vys. Energ., 2000, 34, 201 [High Energy Chem.,
2000, 34 (Engl. Transl.)].

20. C. Lee Go and W. H. Waddell, J. Org. Chem., 1983, 48, 2897.

Received June 26, 2002;
in revised form December 15, 2002


