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REACTIVE COMPOSITIONS CONTAINING
SUPEROXIDE ION FOR THE DEGRADATION OF
HALOGENATED ORGANIC COMPOUNDS

ACKNOWLEDGEMENT

The U.S. Government has rights in this invention
pursuant to Grant No. CHE-8516247 awarded by the
National Science Foundation.

PRIOR APPLICATIONS

This application is a2 continuation-in-part of applica-
tion Ser. No. 07/455,571 filed Dec. 22, 1989, U.S. Pat.
No. 5,143,710.

BACKGROUND OF THE INVENTION

The invention broadly relates to reactive composi-
tions containing superoxide ion, to methods for prepar-
ing those compositions and to methods for using them in
degrading and detoxifying halogenated organic com-
pounds.

The hazard to health and to the environment caused
by synthetic halogen-containing organic chemicals is
well understood. Compounds such as polychlorinated
biphenyls (PCBs), dichlorodiphenyltrichloroethane
(DDT), decachlorocatahydro-1,3,4-metheno-2H-
cyclobuta [c,d}-pentalen-2-one(Kepone ®), and 2,4,5-
trichlorophenoxyacetic acid, (2,4,5-T), have been found
to be persistent environmental poisons, and, therefore,
to require a safe and effective means of disposal.

Halogenated organic compounds are difficult to de-
grade because of the highly stable nature of the carbon-
halogen bonds present in those compounds. These com-
pounds are not only resistant to biodegradation, they
cannot be degraded in a practical and effective manner
by any of the conventional chemical decomposition
methods. In most cases, methods, such as chlorolysis,
catalytic dehydrohalogenation, molten salt reactions,
ozone reactions, and alkali metal reduction, do not
achieve complete dehalogenation. Moreover, these
prior art methods typically require expensive reagents,
inert atmospheres, extensive temperature control, com-
plex apparatus, and substantial energy consumption.

PCBs present a particularly serious disposal problem.
Although PCBs were once widely used because of their
excellent insulating properties, as dielectric fluids in
electrical equipment such as transformers and capaci-
tors, all such use has been banned by the U.S. Environ-
mental Protection Agency (EPA), because it has been
found that they accumulate in human fatty tissue and
are extremely toxic. Incineration has been viewed as a
practical method for achieving the complete decompo-
sition of PCBs. Incineration of PCB-contaminated ma-
terials is wasteful, however, since potentially recyclable
materials, such as dielectric and hydraulic fluids, which
may contain a relatively small amount of PCBs, are
destroyed in the process. To avoid such waste, it has
been proposed to treat recyclable materials contami-
nated by PCBs with an absorbent, e.g., by passing the
material through a bed of activated charcoal or a resin
to selectively remove the PCBs from said material. The
disposal of absorbed PCBs remains a difficult problem.

Significant quantities of waste-containing haloge-
nated organic compounds are presently stored by manu-
facturers, processors, or consumers. These chemicals
must be disposed of in an environmentally acceptable
manner. Efforts to develop a safe, practical and effec-
tive process for their disposal are continuing. Often
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such wastes are either incinerated or are stored in
dumps for toxic wastes. In the past, negligence in locat-
ing such dumps has had catastrophic consequences in
exposing large populations to toxic compounds. As a
result, massive clean-up efforts are being undertaken to
degrade and detoxify these compounds.

Several chemical methods for decomposition of
PCBs have been proposed. In one method, high surface
sodium, sodium/naphthalene, and sodium naphthalide
are employed. These methods are limited, however,
because the reagents are difficult to prepare, expensive
to ship and unstable in storage. Moreover, the sodium-
containing decomposition reagents are sensitive to oxy-
gen and to water and therefore cannot be used reliably.
Other methods include those described in U.S. Pat.
Nos. 4,400,552, 4,417,977, and 4,602,994, the so-called
KPEG or NaPEG processes.

There is thus a clear need for an efficient and safe
method to degrade toxic halogenated waste to harmless
and environmentally compatible products. However,
such a method has been elusive because of certain basic
considerations with respect to the nature of toxic halo-
genated compounds. One aspect of the problem relates
to the wide diversity of such compounds. The com-
pounds range from such simple molecules as carbon
tetrachloride and chloroform to complex insecticides
such as p-p'dichlorodiphenyltrichloroethane (p-p’
DDT).

Superoxide ion, which is an effective nucleophile, has
proven particularly effective for destroying haloge-
nated organic compounds such as polychlorinated bi-
phenyls (PCBs) and similar toxic materials that create
environmental hazards. U.S. Pat. Nos. 4,468,297 and
4,410,402 describe the use of superoxide ion for degrad-
ing halogenated organic compounds and halogenated
olefinic hydrocarbons.

While halogenated hydrocarbons typically react
slowly or incompletely with traditional bases, and this
becomes an even more significant problem as the num-
ber of halogen atoms in the compound increases, super-
oxide ion overcomes this difficulty, and reacts rapidly
with halogenated hydrocarbons when the reaction is
carried out in an aprotic solvent.

Several methods have been developed to generate
superoxide ion, including, e.g., pulse radiolysis of dioxy-
gen, Gebicki et al., J. Am. Chem. Soc. 1982, 104, 796,
photolysis of hydrogen peroxide in aqueous media,
McDowell et al.,, Inorg. Chem. 1983, 22, 847 and base-
induced decomposition of hydrogen peroxide,
Morrison et al., Inorg. Chem. 1979, 18, 1971. Solutions
of superoxide ion in aprotic solvents have been pre-
pared using electrochemical means. Sawyer et al., Anal.
Chem. 1982, 54, 1720. The superoxide ion used for de-
grading halogenated hydrocarbons in U.S. Pat. Nos.
4,468,297 and 4,410,402 is generated in a controlled
potential electrolysis cell which uses aprotic solvent for
the electrolyte.

The known methods for generating superoxide ion
have several disadvantages. Methods for generating
superoxide ion based on pulse radiolysis, photolysis, or
electrolysis, all require radiation or electrical energy
sources. Typically, the energy costs for these methods
are prohibitively high, especially for applications such
as degrading halogenated hydrocarbons on an industrial
scale. Likewise, methods for generating superoxide ion
based on decomposing hydrogen peroxide are prohibi-
tively expensive for many applications due to the cost of
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hydrogen peroxide. Consequently, other methods for
generating superoxide ion are desired.

The art has thus not solved the problem of efficient
degradation and detoxification of halogenated organic
compound wastes. In particular, while methods em-
ploying liquid phase reagents containing superoxide ion
have shown some promise, methods known to the art
are technically difficult, expensive or impractical to use
in industrial and soil-remediation projects.

OBJECTS OF THE INVENTION

It is thus a primary object of the invention to provide
reagent compositions which are particularly adapted
for efficient use in processes for the degradation of
halogenated organic compounds.

It is a further and related object of this invention to
provide methods for efficiently preparing reactive rea-
gent compositions for use in a variety of industrial and
soil-remediation circumstances for the efficient, cost
effective destruction of halogenated organic com-
pounds, including PCBs.

It is still a further object of this invention to provide
liquid phase reagent compositions which develop large
concentrations of superoxide ion capable of attacking
halogenated, and particularly chlorinated hydrocarbon
compounds which are conventionally believed to be
relatively unreactive.

It is still a further object of this invention to provide
methods for conducting industrial processes for the
destruction of compounds containing toxic wastes com-
prising PCBs and other chlorinated compounds.

SUMMARY OF THE INVENTION

These and other objects of the invention are obtained
by employing liquid phase reagent compositions com-
prising solutions, in an aprotic solvent, of a hydrogen
donor, e.g., a primary or secondary aromatic amine, or
phenylhydrazine or substituted phenylhydrazine, a
compound which produces hydroxide or alkoxide ion
and dioxygen. The reagent composition forms superox-
ide which is then available for the intended purposes of
degrading a halogenated organic compound. In a pre-
ferred embodiment, an anthraquinone or substituted
anthraquinone compound is used together with certain
hydrogen donors to generate superoxide.

In another embodiment of the invention, the hydro-
gen donor is replaced with a proton donor, e.g., hydrox-
ylamine.

The reactive compositions of the invention are pre-
pared by forming a solution of the three components or
by forming a solution of the hydrogen donor and source
of hydroxide or alkoxide ion, and thereafter introducing
dioxygen.

The nature of the compositions and the ease of gener-
ating the superoxide ion in situ, make the compositions
and methods particularly adapted for effective use in
processes for the destruction of halogenated hydrocar-
bons, e.g., in the treatment of liquid phase waste prod-
ucts, the remediation of soils, and in many other uses as
well.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 depicts cyclic voltammograms for (a) aniline
(PhNHy); (b) aniline (PhNH3) in the presence of hy-
droxide ion (OH™); (c) aniline (PhNH3) in the presence
of hydroxide ion (OH—) and dioxygen (O2); and (d) the
product solution of (c) after deaeration with argon (Ar).
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DETAILED DESCRIPTION OF THE
INVENTION

The invention is broadly in reagent compositions
which contain superoxide ion and have utility in the
degradation of polyhalogenated organic compounds.
The compositions of the invention are believed to con-
tain superoxide ion although the invention is not limited
to the presence of superoxide ion in those compositions.
The invention is also in methods for preparing the rea-
gent compositions and in methods for using those rea-
gent compositions to degrade polyhalogenated organic
compounds.

In a first embodiment of the invention, the reagent
composition comprises an aprotic solvent having dis-
solved therein (a) an effective amount of a hydrogen
donor, (b) an effective amount of a compound which
produces hydroxide ion (OH—) or alkoxide ion (OR ™),
and (c) dioxygen (O2). The composition contains super-
oxide ion (O2—). A major advantage of the composi-
tions is that they can be used in a wide variety of cir-
cumstances wherein it is advantageous to generate su-
peroxide ion in situ. These ions are generated in solu-
tions of aprotic solvents that contain hydroxide ions
(OH ) or alkoxide ions (RO—) and are or become satu-
rated with dissolved dioxygen (O3).

The first embodiment proceeds via a hydrogen trans-
fer mechanism. The preferred hydrogen donors are
compounds of the formulae

R R2

/
Ph—N or RI—N
N\

H NH;
where R is H, lower alkyl containing 1-4 carbon atoms
or phenyl, and R! and R? may be the same or different
and each is H, alkyl of 1-4 carbon atoms or phenyl.
They include primary aromatic amines, secondary aro-
matic amines, and N-substituted hydrazines. The pre-
ferred hydrogen donors are aniline, N-methylaniline,
N-phenylaniline, phenylhydrazine, 1,1-diphenylhydra-
zine, and 1-methyl-l-phenylhydrazine.

While not bound by any theory, it appears that the

reaction mechanism for the hydrogen transfer method; -~

where aniline (PhNHb>) is the hydrogen donor, is as
follows:

2 PhNHz+2 OH—+-3
O—[PEN(H)OON(H)Ph}+2 O2™*+2 HO

[PhN(H)OON(H)Ph]—»PhN:NPh+HObH
The overall reaction is thus as follows:

2 PhNH;+2 OH~+3 O2—2
034 PhN=NPh-+HOOH+2 H0

The hydroxide ion (OH™) acts as a one-electron
reducing agent towards the dioxygen (O2), and is facili-
tated by the available hydrogens of the aniline
(PhNH3). The aniline (PhNH3>) appears to form radicals
which are stabilized by radical coupling to dioxygen
(O2) to form the intermediate [PhN(H)OON(H)Ph]
which in turn decomposes into azobenzene
(PhN=NPh) and hydrogen peroxide (HOOH).

N-substituted anilines such as N-methylaniline
(PhNHMe) and N-phenylaniline (PhNHPh) also act as
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hydrogen donors, to give similar yields of superoxide
ion when reacted with hydroxide ion and dioxygen in
an aprotic solvent. Phenylhydrazine (PhNHNH)>), 1,1-
diphenylhydrazine (PhyNNH)), and 1-methyl-1-phenyl-
hydrazine [Ph(Me)NNH;] also act as hydrogen donors,
like aniline, to give similar yields of superoxide ion
when reacted with hydroxide ion and dioxygen in an
aprotic solvent. The reaction when phenylhydrazine
(PhNHNHy) is the hydrogen donor is as follows:

2 PhNHNH3+2 OH™ +3 O2—2 O~+2 PhH+2
N2+HOOH+2 H;0

Aprotic solvents are used as the solvents in the com-
positions of the invention because they are conducive to
the reactions necessary to generate the superoxide ion.
Such solvents are well known, See Sawyer et al., Exper-
imental Electrochemistry for Chemists, John Wiley &
Sons, New York, 1974, pp. 167-215. Aprotic solvents
generally have hydrogen bound only to carbon and are
at best poor hydrogen-bond donors. They are weakly
acidic and proton exchange occurs slowly. The pres-
ence of acidic hydrogen in the solution interferes with
the generation of superoxide ion. Common aprotic sol-
vents include various amides, nitriles, chlorinated hy-
drocarbons, ethers and other materials. Specific exam-
ples include acetone, pyridine, acetonitrile, benzonitrile,
adiponitrile, dimethylformamide, N-methyl-2-pyrroli-
done, tetrahydrofuran, dioxane, dimethyl sulfoxide,
sulfolane, and hexamethylphosphoramide. Preferably,
aprotic solvents such as dimethylsulfoxide, dimethyl-
formamide and tetramethylenesulfone are used in the
compositions of the invention. Dimethylsulfoxide is
preferred over other aprotic solvents, however, because
it deactivates water which reacts with superoxide ion.

Still another class of aprotic solvents which can be
used to advantage include the monoalkyl and dialkyl
ethers (wherein the alkyl group is a lower alkyl contain-
ing from 1-4 carbon atoms) of alkylene, dialkylene or
polyalkylene glycol having from 2-4 carbon atoms in
the alkylene group. Such compounds may include mix-
tures of alkyl and or alkylene groups having 1-4 or 2-4
carbon atoms in the ether and/or chain moleties, respec-
tively. Preferred compounds in such class include poly-
ethylene glycol and its monomethyl and dimethyl ether
derivatives, glyme, diglyme, triglyme and tetraglyme.

Many compounds may be used as the source of hy-
droxide ion or alkoxide ion in the aprotic solvent.
Among them are alkali or alkaline earth metal oxides,
bimetallic oxides, hydroxides, carbonates, bicarbonates,
phosphates, and alkoxides with 1-4 carbon atoms. Also
useful are compounds of the formula (R3)4—N—OR#
where R3 is lower alkyl of 1-4 carbon atoms and R4 is

" hydrogen, and complexes comprising the reaction prod-
ucts of an alkali metal or alkali metal hydroxide, a liquid
polyglycol or polyglycol monoalkyl ether and oxygen.
The latter complexes are described in, e.g., U.S. Pat.
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often referred to as NaPEG, KPEG, etc. These com-
plexes may be added to the aprotic solvent or may be

formed in situ by the reaction in the aprotic solvent of 60

an alkali metal hydroxide, the liquid polyglycol (which
may itself comprise the aprotic solvent), and dioxygen.
Representative sources of hydroxide or alkoxide in-
clude (BusN) OH, (Me4N) OH.5H;0, KOH, NaOH,
Na(PEG) , K(PEG) , K(MePEG) , Na(MePEG) ,
(BuN)PEG, (MesN)PEG, KOMe, NaOMe, (MegN-
)JOMe, K2COs, NaxCO3, CaCO3, KHCO3, NaHCO:;3,
K3PO4, NazPQO4, CaO, NaAlO;, and NayZnO;. The
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common alkali metal hydroxides are most economical
and therefore preferred.

It has been found that certain catalysts can effectively
catalyze the hydrogen transfer method. The catalysts
are selected from the group consisting of quinones,
phenazines and flavins.

Preferred among the catalysts are anthraquinone and
its derivatives. While not being bound by any theory, it
appears that anthraquinone catalyzes the reaction of
hydrazine with hydroxide ion and dioxygen. The reac-
tion mechanism appears to be:

AQ+OH-=[AQ(OH)~]
[AQ(OH)~]+1 HoNNH;—~AQ " +H0+1 N3
AQ™+0:2AQ+02—

No anthraquinone (AQ) is consumed in the reaction and
thus the overall reaction is:

HyNNH; +4 Op-+4 OH=—4 03~ +Ny+4 Hy0

Dioxygen is preferably not added to the solution until
the first step of the reaction has reached equilibrium.

Other quinones effective for catalyzing the reaction
between hydrazine, hydroxide ions, and dioxygen are
2-ethylanthraquinone (2-EtAQ), 2-methylanthraqui-
none (2MeAQ), 1,4-naphthaquinone (NQ), and 1,4-ben-
zoquinone (Q). The relative reaction rates for the qui-
nones are in the order 2-EtAQ ~ 2-MeAQ > AQ >
NQ > Q. Similar catalytic effects are also obtained for
hydrated quinones.

Anthraquinone has also been used to catalyze a reac-
tion between 1,4-cyclohexadiene (1,4-CHD), as a hy-
drogen donor instead of hydrazine, with hydroxide ion
and dioxygen to produce superoxide ion. The overall
reaction appears to be:

20242 OH™ +1,4-CHD—2 O;~-+2 H0+PhH

Dimethyl sulfoxide is preferred over dimethylform-
amide and acetonitrile as the aprotic solvent in this
reaction because only low concentrations of superoxide
ion are present in these solvents when the reaction is
carried out. It appears that the water produced by the
reaction disproportionates the superoxide ion and re-
duces the yield of superoxide ion when dimethylform-
amide and acetonitrile are the aprotic solvent. Dimethyl
sulfoxide, on the other hand, deactivates water and
tends to avoid this effect.

In another embodiment of the invention, the compo-
sitions include a proton donor instead of a hydrogen
donor in order to create, by a proton transfer mecha-
nism, the desired superoxide ion. In the proton transfer
method, the desired compounds to effect proton trans-
fer include those having the formula:

RS
N-—OH
RO
where R5 and Ré may be the same or different and each
is H or lower alkyl of 1-4 carbon atoms.

These compounds together with the compounds
which provide hydroxide or alkoxide ions and dioxygen
generate superoxide ion. The preferred proton donors
are hydroxylamine, N-methylhydroxylamine and N,N'-
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dimethylhydroxylamine. The aprotic solvents are those
used in the hydrogen transfer method.

While not being bound by theory, the reaction mech-
anism where hydroxylamine is the proton donor ap-
pears to be as follows:

H;NOH-+OH~—H;NO~ +H0
2 HoNO~ +2 03—2 HaNO. 420,
2 HoNO.—{H,NOONH;]

[HoNOONH;]4-2 OH~ +2 O3—2
NO;~+HOOH+2 H,O

The overall reaction is:

2HoNOH+4 OH™ +4 022 027 +2
NO;~+HOOH+4 H0

In the first step of the reaction, the hydroxylamine
(H,NOH) is deprotonated by hydroxide ion (OH—) to
form the anion (H;NO—) and water (Hyp). In the second
step the anion (Ho2NO—) gives up an electron to dioxy-
gen (O2) to form the radical (H>NQ.) and superoxide
ion (02—"). Two of the radicals (H2NO.) are stabilized
by coupling to give an intermediate [H;NOONH],
which in turn reacts with hydroxide ion (OH~) and
dioxygen (O) to give nitrite ion (NO>~), hydrogen
peroxide (HOOH), and water (H2O0).

It appears that the oxygen atom of the hydroxylamine
is involved in attack on the dioxygen because O-methyl-
hydroxylamine and = O-benzylhydroxylamine have
proven unreactive in this context. In contrast, N-
methylhydroxylamine and N,N’-dimethylhydroxyla-
mine are rapidly oxidized in alkaline aprotic solutions.

The compositions of the invention can be prepared by
several different methods. In its broadest embodiment,
the composition can be prepared by forming a solution,
in an aprotic solvent, of the hydrogen donor, the com-
pound which produces hydroxide ion or alkoxide ion
and dioxygen. If it is desired to catalyze the system,
then the catalyst can be added to the solution as well.
Where proton transfer mechanisms are involved, like-
wise, in its broadest embodiment, the reagent composi-
tion can be prepared by mixing, in any order, the proton
donor, the compound which produces hydroxide ion or
alkoxide ion and dioxygen.

In a preferred method, a solution of the hydrogen
donor or proton donor and the source of hydroxide or
alkoxide ion is formed in the desired aprotic solvent and
thereafter dioxygen is dissolved in that solution by bub-
bling dioxygen gas through it.

In still a further preferred embodiment the compound
that provides the source of hydroxide or alkoxide ion is
first added to the aprotic solvent, then the hydrogen
donor or proton donor is added and thereafter dioxygen
gas is bubbled through the solution. In catalyzed hydro-
gen transfer systems, the anthraquinone or other cata-
lyst is added after the other compounds are dissolved in
the aprotic solvent, and, after the system has reached
equilibrium, dioxygen is added to the solution. In all
cases the formation of superoxide ion proceeds as the
dioxygen is bubbled through the solution. It will be
apparent to those skilled in the art that different proce-
dures may be adopted for the preparation of superoxide
depending upon the circumstances of use.

It is a major advantage of the invention that reagent
compositions containing superoxide can be used to de-
grade and detoxify polyhalogenated organic com-

10

15

20

25

30

35

45

50

65

8

pounds. Representative polyhalogenated organic com-
pounds which may be degraded by contact with the
compositions of the invention include hexachlorocy-
clohexane, hexachlorobenzene, trichlorobenzene, tetra-
chlorobenzene, dichlorodiphenyltrichloroethane,
decadichlorooctahydro -1,3,4-metheno-2H-cyclobuta-
[c,d]-pentalen-2-one, tetrachlorodibenzo-p-dioxin
(TCDD), and polychlorinated biphenyls. The invention
is particularly useful for the decomposition of PCBs.
Brominated or fluorinated analogues of any of the
aforementioned compounds may also be degraded using
the processes of the invention.

The degradation reactions may be carried out by
contacting a substance, e.g., soil, containing a haloge-
nated organic compound, e.g., PCBs, with the composi-
tion of the invention, or, the contaminated substances
may be contacted with aprotic solvent containing hy-
drogen donor or proton donor and a source of hydrox-
ide or alkoxide ion, and thereafter dioxygen may be
introduced into that solution in contact with the sub-
stance in order to generate superoxide ion in situ.

The compositions of the invention may be reacted
with a variety of materials, including transformer oils,
wastes from chemical process plants, soils, and other
materials. It is well within the scope of the art to adapt
the compositions and methods of the invention to effec-
tively treat a variety of materials.

Compositions of the invention provide an economical
way of decomposing halogenated organic compounds.
They may be made from relatively inexpensive starting
materials and no specialized equipment is required in
connection with their preparation or use. The composi-
tions may be used effectively to produce superoxide in
situ for use in a multitude of applications using air as the
source of dioxygen. The compositions are extremely
effective because they react with a broad spectrum of
polyhalogenated organic compounds and substantially
completely dehalogenate the carbon-halogen bonds
under moderate reaction conditions.

The invention is further illustrated by the following

.examples:

EXAMPLE 1

Experiments were conducted to determine the ability
of aniline, N-substituted aniline and phenylhydrazine, to
generate superoxide ion when reacted with hydroxide
ion and dioxygen in an aprotic solvent.

A solution of aniline (PhNH>) in dimethy] sulfoxide
which was saturated with dioxygen (O2) was prepared.
The solution included concentrations of 5.5 mM (mil-
limolar) of aniline and 2.1 mM of dioxygen (at 1 atmo-
sphere). The dimethyl sulfoxide used was “distilled in
glass” grade without further purification. The aniline
used was “99.5+ percent pure” and was used without
further purification.

Excess hydroxide ion (OH-) in the form of tet-
rabutylammonium hydroxide [(BusN)OH] was added
to the solution to achieve a concentration of 22 mM of
OH- ion. The tetrabutylammonium hydroxide and
other reagents used were analytical grade or the highest
available grade and were used without further purifica-
tion.

The excess hydroxide ion (OH™), dissolved dioxygen
(O3), and aniline (PhNHp) reacted in the dimethyl sulf-
oxide solution to form superoxide ion (O2~), azoben-
zene (PhN==NPh), hydrogen peroxide (HOOH), and
water (H20). The dioxygen was introduced by bubbling
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gaseous dioxygen through the solution of other reac-
tants for 20 minutes, and then purging with argon. The
reaction yielded concentrations of 1.4 mM of superox-
ide ion and 2.5 mM of azobenzene.

Table 1 indicates the yields of superoxide ion (O2—)
and azobenzene (PhN=—=NPh) in both mM concentra-
tion and % yield of the stoichiometrically expected
amount according to the reaction for the hydrogen
transfer method when aniline is the hydrogen donor for
various starting concentrations of aniline (PhNH>) and
various amounts of excess hydroxide ion (OH-).

TABLE 1
Yields of O>~. and PAN=NPh, mM (%)
PhiNH; mM O~ .M (%) PhN=—=NPh mM (%)
1:1 OH—:PhNH; mol-ratio (unreacted PhINH- present):
11 0.3(30) 0.2(33)
2.2 0.4(19) 0.4(35)
5.5 0.7(13) 0.9(34)
11.0 1.3(12) 2.4(43)
2:1 OH—:PhNH; mol-ratio (unreacted PhNH) present):
1.1 0.4(40) 0.3(56)
22 0.6(26) 0.7(63)
55 1.1Q20) 1.6(59)
11.0 1.5(14) 3.3(60)
4:1 OH—:PhNH», mol-ratio:
1.1 0.6(51) 0.5(87)
2.2 1.0(47) 0.9(84)
5.5 1.4(26) 2.5(89)
11.0 2.4(22) 4.9(89)
10:1 OH—:PhNH; mol-ratio:
1.1 1.1097) 0.5(93)
22 1.9(84) 1.0(51)
5.5 2.0(36) 2.6(93)
11.0 1.6(15) 5.0091)

The yields of superoxide ion and azobenzene were
determined by linear sweep voltammetry. The azoben-
zene concentration was also determined by UV absorp-
tion spectroscopy.

FIG. 1 depicts cyclic voltammograms for: (a) aniline
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TABLE 2
Yields of O;—. mM (%)
2:1 4:1 10:1
OH~:PhNHMe mol-ratio
PhNHMe (mM)
1.8 0.6(30) 0.8(45) 1.4(77)
4.6 1.2(26) 2.2(48) 3.4(73)
92 2.6(28) 4.8(52) 4.5(49)
OH—:PhNHPh mol-ratio
PhNHPh (mM)
2.0 —_ 1.2(60) 1.8(90)
3.6 1.0(26) — —_
4.6 — 2.7(58) 4.0(88)
10.0 1.6(16) 5.6(56) 6.9(69)
124 — 5.9(48) —
OH~:PhNHNH> mol-ratio
PhNHNH; (mM)
3.5 — 0.9(45) 1.0(50)
5.5 — 1.4(28) 1.8(36)
10.0 —_ 1.8(18) 2.6(26)
OH—:PhoNNH> mol-ratio
PhyNNH
35 —_ 0.6(17) 1.4(40)
5.1 — 1.0(20) 1.5(29)
OH ~:Ph(Me)NNH> mol-ratio
PhMONNH, (mM) _
4.2 — 1029 1.3(31)
EXAMPLE II

Experiments were conducted to determine the ability
of hydrazine to generate superoxide ion when reacted
with dioxygen and hydroxide ion in an aprotic solvent
in the presence of anthraquinone or its derivatives.
Table 3 indicates the yields of superoxide ion (O2—) for
the reaction between hydrazine (HoNNH>), hydroxide
ion (OH-), and dioxygen (O2) in the presence of an-
thraquinone (AQ), 2-ethylanthraquinone (2-EtAQ),
2-methylanthraquinone (2-MeAQ), 1,4-naphthaquinone

dissolved in dimethyl sulfoxide at a concentration of 2 40 (NQ), and 1,4-benzoquinone (Q).

mM; (b) the solution of (a) to which hydroxide ion has
been added to achieve a hydroxide ion to aniline mol-
ratio ‘'of 2:1; (c) the solution of (b) with dioxygen dis-
solved in the solution at one atmosphere; and (d) the
product solution of (c) after purging the solution with
argon. The depth of the minimum for the curve at —0.7
V in voltammograms (c) and (d) indicates the concen-
tration of superoxide ion that has been generated in situ.

Ideally, according to the stoichiometry of the overall
equation for the reaction of aniline with hydroxide ion
and dioxygen, the moles of superoxide ion generated
should be equal to the mole: of aniline consumed. The
percent yields of superoxide ion (O2—) in Table 1 indi-
cate that this is not the case. It is believed that residual
water causes the superoxide ion to disproportionate
according to the following reaction:

2 02~ +H0-024+HOO—+0OH~

Nevertheless, Table 1 indicates that if a large excess of
OH - is used the amount of superoxide ion produced is
very near the stoichiometric amount.

Table 2 indicates the yields of superoxide ion for
N-substituted anilines, i.e, N-methylaniline (PhNHMe)
and N-phenylaniline (PhHNPh), and for three phenyl-
hydrazines, i.e., phenylhydrazine (PHNHNH), 1,1-
diphenylhydrazine (PhoNNH,), and 1-methyl-1-phenyl-
hydrazine [Ph(Me)NNH;].
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TABLE 3
Yields of O;~. mM (%)
H;NNH; mM OH— mM O~ mM (%)
AQmM
0.5 3.0 12.0 3.8(32)
0.5 6.0 24.0 6.427)
0.5 9.0 36.0 8.2(23)
1.0 3.0 12.0 3.5(29)
1.0 6.0 24.0 6.2(26)
1.0 9.0 36.0 7.6(21)
20 3.0 12.0 3.1(26)
2.0 90 36.0 6.8(19)
2-EtAQ mM
1.0 3.0 120 3.6(30)
1.0 6.0 24.0 6.3(26)
1.0 9.0 36.0 8.5(24)
2.0 3.0 120 3.4(28)
2.0 6.0 240 6.1(25)
20 9.0 360 8.2(23)
2-MeAQ mM
1.0 30 12.0 3.428)
1.0 6.0 240 6.2(26)
1.0 9.0 36.0 8.2(23)
NQ mM
1.0 3.0 12.0 3.3(28)
1.0 6.0 24.0 4.9(20)
QmM
1.0 3.0 120 3.3(28)
1.0 6.0 240 3.6(15)
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EXAMPLE III TABLE 4-continued
. Yield Oy —. mM (%)
Experiments were conducted to determine the ability a:1 10:1
of hydroxylamine and its derivatives to generate super- 5 124 2.4(52) 4.3(35)

oxide ion when reacted with dioxygen and hydroxide
ion in an aprotic solvent. Table 4 indicates the yields of
superoxide ion (O2—) for various concentrations of
hydroxylamine and its derivatives.

TABLE 4
Yield O;—. mM (%)
4:1 10:1
In dimethyl sulfoxide solvent:
OH~:H,NOH
HoNOH mM~
14 0.7(50) 0.9(64)
43 17(37) 2.0(46)
5.4 1.6(30) 2.0637)
OH~:MeNHOH
MeNHOH mM
43 1.3(30) 1.5(35)
OH~:Me;NOH
Me,NOH mM
1.8 1.0(55) 1.4(77)
3.8 1.3(34) 1.4(37)
6.5 1.5(23) 1.7(26)
In dimethylformamide solvent:
OH~—:H;NOH
H)NOH mM
4.6 2.4(52) 3.1(67)
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The apparent yield of superoxide ion was low when
hydroxylamine (HoNOH) was used as proton donor
because the superoxide ion (02— -) reacts with hydroxy-
lamine (H;NOH) to produce nitrous oxide (NO) ac-
cording to the following reaction:

H;NOH+3 O ~——NO+3 HOO~

The examples and embodiments described above are
illustrative of the invention. Changes and modifications
can be made without departing from the scope of the
invention. It is intended that such changes and modifi-
cations fall within the scope of the invention as defined
by the claims.

What is claimed is:

1. A reagent composition comprising an aprotic sol-
vent having dissolved therein (a) an effective amount of
a hydrogen donor; (b) an effective amount of a com-
pound which produces hydroxide ion or alkoxide ion;
(c) a catalyst selected from the group consisting of qui-
nones, phenazines and flavins; and (d) dioxygen.

2. A composition as recited in claim 1 wherein said
catalyst is selected from the group consisting of anthra-
quinone, 2-ethylanthraquinone, 2-methyl-anthraqui-
none; 1,4-naphthaquinone and 1,4-benzoquinone.

3. A composition as recited in claim 2 wherein said

hydrogen donor is hydrazine or 1,4-cyclohexadiene.
* * * % *



