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Thie reduction of nitrobenzeie, nitrosobenzelte, azoxybenzene and azobenzene Ly unipositive magnesium anodically

generated lias been investigated.

those expected frout oxidation of magnesium froni its measured valence mumber to the dipositive state was acliieved,

Where conditions permitted, isolatinm of reduction products in amounts corresponding t»

Evi-

dence is presented to show that in eacli case the intermediate product of “anodic reduction’ is capable of corroding nassive

magnesiwin by a cliain mechanisni.

ln previous communications from this Labora-
tory?~+ evidence has been presented that in the
anodic oxidation of magnesium in sodium iodide-
pyridine solutions in the presence of potential
organic oxidants, initial mean valence numbers
{ V) less than two frequently are obtained, and that
when this is the situation, '‘anodic reduction”
products can be isolated in quantities essentially
equivalent to those expected from oxidation of the
metal from the measured mean valence nuinber to
its familiar dipositive state. The nature of the
reduction products and their quantities can rea-
sonably be accounted for by the postulation that
the active reducing agent in the anolyte is uniposi-
tive magnesium. As a matter of fact, there is
reason to believe that the sole primary anodic
process is the production of -1 magnesium, and
that this species is in part oxidized by the organic
oxidant and in part converted to the +2 state elec-
trochemically 3.8

The impetus for the work described in the current
communication arose from the observation that an
abnormally low 17 value of 0.27 was found for the
anodic dissolution of magnesium when nitrobenzene
was the organic oxidant present in the pyridine
solution.” Since a value no lower than one is to be
expected for the valence number of magnesium as a
result of a strictly electrochemical process, the
abnormally low 15 value is indicative of non-elec-
trolytic corrosion. However, solutions of nitro-
benzene and inorganic electrolyte in pyridine at-
tack massive tnagnesium only very slowly at the
temperature of electrolysis; therefore the abnor-
mally low V; value must be attributed to the pres-
cunce of some reduction product of nitrobenzene
formed in the anolvte during electrolysis and cap-
able of attacking the massive metal at a rather rapid
rate. ‘The formation of “'anodic reduction” prod-
ucts which react readily with massive magnesium
has been noted even with organic additives which
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give rise to 15 values lying between one and two.?
In the specific cases where benzophenone and 4,47
dimethylbenzophenone were present in the anolyte,
evidence was accumulated which showed that nou-
electrolytic corrosion of the magnesium anode fol-
lowing electrolysis proceeded by a chain reaction in
which ketyl radical-ions and -1 magnesium func-
tion as chain carriers.”

The present paper describes in some detail the
behavior of nitrobenzene and its stable reduction
products, nitrosobenzene, azoxybenzene, azoben-
zene and hydrazobenzene, when used as additives
in electrolyses carried out between magnesium
electrodes in sodium iodide-pyridine solutions. Not
only was a study made of products formed during
electrolysis, but alsn of the corrosion of massive
magnesium by these products.

Experimental

Materials.~—The 8-uint. magnesium rod, from which all
electrodes were cut, was of 99.8°% murity and was obtained
front the Aluminum Company of Anterica.! The sodinm
iodide employed as electrolyte was Merck and Co., Inc.,
reagent grade and was dried at 110° before use. Pyridite,
Fisher certified reagent, was dried over anhyvdrous barium
oxide, distilled from sodium tlirough a 3-ft. packed columm,
and stored over additional bariuin oxide. Nitrobenzene
was fractionated through a 45-cui. column at atmospheric
pressure. Azoxvbenzenc was obtained by reduction of
nitrobenzene with arsenic(111) oxide in methanolic potas-
sium hyvdroxide solution.’ Phenylhydroxylainine was pre-
pared before use by reductinn of nitrobenzene witlt zinc dust
m aqueous ammonium chloride, and nitrosobenzene was
synthesized from pheuayilivdroxylamiite by chromic acid
oxidation.! Azobenzene was obtuined by reduction of iitro-
benzene with zinc dust in methanolic sodium liydroxide
solution,!? and hydrazobenzene by further reduction of azo-
benzene with aluminum powder in alkaline methanolic 1ne-
dium. 2-Hydroxypyridine of liigh purity was obtained
from Eastman Kodak Co. and was recrystallized from cth-
anol and dried before nse.

Apparatus and Procedure.---Tle apparatus and procedure
for carrving out electrnlyses liave been described in a pre-
vious communication.? 11 electrolvses were carried out :t
an applied potential of 3550 v., the initial current density
being approximately (LOOL antp. per sq. enr.  Initial nlean
valence nutubers (175 were caleulated as previously de-
scribed.?

Electrolyses with Azoxybenzene as Additive.--The re-
sults of clectrolyses carried out at 40° have been reported
earlier.4 Comntrary to a statement inn our previous report,?*
azoxyhenzene attacks massive magnesium nton-electrolyti-
cally to a small extent,
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Electrolyses with Azobenzene as Additive.—A series of
electrolyses at 40° were carried out in which a sodium iodide—
pvridine solution contained azobenzene (0.5 niolal). Initial
mean valence numbers ( Vi), together with the duration of
electrolyses, were: 1.61 (23 hr.), 1.58 (17 hr.), 1.57 (22 hr.)
and 1.49 (24 hr.). For an electrolysis carried out at 15°, the
value obtained was 1.30 and, at 50°, 1.31.

In the experiment in which the V; value was 1.57, the
anolyte, originally containing 4.1 g. of azobenzene, was hy-
drolyzed with an ice and water mixture. The precipitate
was collected on a filter, washed with petroleum ether, and
then extracted with cold methanol. Following the removal
of the solvent from the methano!l solution, there was ob-
tained 1.33 g. of a white solid, m.p. 128°, and this substance
was identified as hydrazobenzene by comparison of its infra-
red spectrum in 59% chloroform solution with that of au-
thentic hydrazobenzene. An additional 0.14 g. of this re-
duction product was recovered from the petroleum ether
washings, and 0.09 g. from the filtrate of the anolyte hydroly-
sate by continuous ether extraction. The vield for the
“‘anodic reduction’’ of azobenzene was found to be 879 in
terms of the V; of magnesium.

The catholyte was hydrolyzed by the addition of 150 ml.
of cold, deaerated 6 3/ hydrochloric acid, After the hy-
drolvsate had been refrigerated for several hours, the mix-
ture was filtered, the acid filtrate washed with ether and
then neutralized with 6 M sodium hydroxide solution. The
mixture was then extracted with ether in a continuous ex-
tractor. Distillation of the ether left 2.18 g. of a solid
residue, m.p. 122-126°, The infrared spectra in chloroform
solution of this material and authentic benzidine were iden-
tical. The current vield was 81%,. (It proved to be more
convenient to hydrolyze the catholyte with hydrochloric
acid rather than with water. Obviously, the hydrazoben-
zene initiallv formed underwent the benzidine rearrange-
ment.)

Electrolyses with Hydrazobenzene as Additive.—Two
electrolyses in which a sodium iodide-pyridine solution con-
tained hydrazobenzene (0.5 m) gave initial mean valence
numbers for magnesium of 1.89 (23 hr.) and 1.98 (23 hr.) at
40°. Gas evolution, presumably of hydrogen, was ob-
served at both anode and cathode. After the hydrolysis,
small amounts of azobenzene were isolated from the anolyte.
When sodium iodide, after having been weighed, was re-
dried at 110° and used with minimum exposure to air and
moisture, gas evolution was not observed. Initial mean
valence numbers for the anodic dissolution of magnesium,
together with the duration of the electrolyses, were: 2.27
(22 hr.), 2.36 (22 hr.) at 40°, and 2.10 (20 hr.), 2.17 (43 hr.),
2,22 (44 hr.) and 2.21 (48 hr.) at 30°.

The entire contents of the anode compartment from a run
in which the V; value of magnesium was 2.27 were added to
an ice and water mixture. The hydrolysate was refriger-
ated, the precipitate collected on a filter, and organic
material extracted by washing with cold ether. Crystalli-
zation from petroleum ether of the residue obtained by re-
moval of the ether gave 0.35 g. of {rans-azobenzene. The
calculated vield of this compound, based on the Vi of mag-
nesium, was 0.29 g. In other typical experiments, the
amount of azobenzene isolated from the anolvte was con-
sistently higher than the calculated vield by 0.04-0.06 g.
This slightly higher vield can be explained by the assump-
tion that some air oxidation of hvdrazobenzene occurred
during the treatment of the reaction mixture following
electrolysis.

Electrolyses with Phenylhydroxylamine as Additive.—
With 0.5 m phenylhydroxylamine as additive, V; values of
1.58 (7 hr.) and 1.49 (22 hr.) at 30° were found for the dis-
solution of the magnesium anode. Although the electrolyte,
sodium iodide, had been dried carefully, gas evolution was
observed. frams-Azobenzene together with a large amount
of tar were obtained from both anolyte and catholyte follow-
ing hvdrolysis with ice-water. The decomposition of phen-
ylhyvdroxylamine on standing precluded calculation of a
current vield.

Electrolyses with Nitrosobenzene as Additive.—Elec-
trolyses at 30° in which nitrosobenzene (0.5 m) was the
organic oxidant gave initial mean valence numbers ( Vi) for
magnesium of 0.85 (20 hr.), 0.57 (20 hr.), 0.24 (19 hr.),
0.25 (18 hr.), 0.98 (45 hr.), 0.76 (4 hr.), 0.81 (3 hr.), 1.04
(47 hr.), 1.00 (29 hr.) and 0.55 (23 hr.). During the elec-
trolyses in which Vi values of magnesium were approxi-
mately one, the cathode in each experiment was repeatedly
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replaced in order to maintain the current density near its
initial value of 0.004 amp. per sq. cm.

In the experiment in which the V; value was 0.98, the
entire contents of the anolyte were added to 250 ml. of ice-
water and the resulting hvdrolysate neutralized with cold
6 M hydrochloric acid. The mixture was then extracted
with low boiling petroleum ether in a continuous extractor,
and from the petroleum ether solution there was obtained a
reddish-black solid. Extraction of this solid material with
ligroin, followed by removal of the solvent, gave a red resi-
due. Sublimation of the latter at 65° and 1 mm. pressure
gave 1.48 g. of a red sublimate, m.p. 62-63°, whose infrared
absorption spectrum in 3%, chloroform solution was found
to be identical witl: the spectrum of a synthetic binary mix-
ture of 879, trans-azobenzene and 139, azoxybenzene. The
residue from the sublimation contained only tar. From the
data given above it can be calculated that azobenzene and
azoxybenzene were obtained from the anolyte hydrolysate
in 939, vield on the basis of the Vi value. The catholyte
hvdrolysate was found to contain a large aniount of tar and
was not investigated further.

The anolyte front a run in which the V; value was 1.04
was hydrolyzed and worked up in the same manner as de-
scribed above. Following sublimation, 1.33 g. of a red
sublimate was obtained. Infrared analysis indicated that
this material consisted of a binary mixture of 849 trans-
azobenzene and 169, azoxybenzene. Chromatographic
separation was carried out by adsorbing on alumina a pe-
troleum ether solution containing 0.62 g. of this red sub-
stance. On elution with petroleum ether (b.p. 35°), there
was obtained 0.46 g. of an orange colored solid, m.p. 68—
69°, further identified as azobenzene by its infrared spec-
trum in 3% chloroform solution. Further elution with a
chloroform-petroleum ether inixture containing 109, by
weight of the former vielded 0.16 g. of azoxybenzene, m.p.
36—37°. The combined vield was 949.

Electrolyses with Nitrobenzene as Additive.—With 0.5 m
nitrobenzene as the potential organic oxidant, a series of
electrolyses was carried out at 30°, while the current density
was maintained at about 0.004 amp. per sq. cm. by repeated
replacement of the magnesium cathode. Initial mean
valence numbers for the anodic dissolution of magnesium
were 0.42 (27 hr.), 0.39 (22 hr.), 0.50 (28 hr.), 0.48 (33 hr.)
and 0.42 (20 hr.).

In the experiment in which the initial mean valence num-
ber of magnesium was 0.42, the anolyvte, consisting of a
brown solid suspended in a dark brown solution, was added
to 250 ml. of an ice and water mixture, neutralized with 6
M hydrochloric acid and then subjected to extraction with
low boiling petroleum ether in a continuous extractor. The
residue resulting from evaporation of the solvent from the
petroleum ether solution was steam distilled. Subsequent
sublimation of the steam distillation residue at 65° and 1
mm. pressure yvielded 0.47 g. of a red solid, m.p. 60-62°.
The infrared spectra of this material in 39 chloroform solu-
tion and a synthetic binary mixture of 839, trans-azobenzene
and 17% azoxybenzene were identical. Results obtained
from infrared analysis were confirmed by actual isolation
of trans-azobenzene and azoxvbenzene from the red subli-
mate. Thus, 0.35 g. of the former compound and 0.10 g. of
the latter were obtained by eluting, successively with pe-
troleum ether and chloroform—petroleum ether mixtures,
an alumina column on which the red sublimate had been
adsorbed. Based on the assumption that the reduction of
nitrobenzene by unipositive magnesium gave a binary mix-
ture of azobenzene and azoxybenzene of the same composi-
tion as that isolated, the yield from the anolyte was 38%,.
Another typical experiment in which the V; value was 0.385
gave a vield of 559, for the ‘‘anodic reduction’’ of nitroben-
zene. In each case only tar was obtained from the catho-
lyte following hydrolysis.

Condensation of Nitrosobenzene with Phenylhydroxyl-
amine in Pyridine.—Equimolar amounts of nitrosobenzene
and phenylhydroxylamine were found to condense readily
and completely in pyridine to give azoxybenzene. The con-
jugate base of phenylhvdroxylamine, which is the actual
species to be expected from ‘‘anodic reduction’ of nitroso-
benzene, should condense with the latter compound even
more readily under similar conditions.

Corrosion Experiments.—With hydrazobenzene as addi-
tive, where V; values greater than 2 were obtained when the
sodium iodide electrolyte was thoroughly dried, there was no
non-electrolytic corrosion of massive magnesium following
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electrolysis.  With nitrobenzene and nitrosobenzene as
additives, no quantitive corrosion studies were carried out
inasmuclh as the abnormally low V; values obtained indi-
cated that corrosion of the massive magnesium anode was
actually occurring during electrolysis. It was demon-
strated qualitatively, however, that massive magnesiunt
was attacked nou-electrolytically by products formed in the
anolyte when these substances were used as additives.

Following an electrolysis at 40° of 4-lir. duration in which
azoxybenzene was the additive and the V,; value was 1.04,
a freshly cleaned magnesium rod was placed int the anolyte
and permitted to stand for 44 hr. Whereas the magnesium
anode lost 152 mg. during electrolysis, non-electrolytic
corrosion of the fresh rod amounted to 232 mg.

Int a 6-lir. electrolytic run at 40° in which azobenzene was
the additive, tlte magnesium anode lost 184 mg. and the
Vi value was found to be 1.34. A fresh magnesium rod
placed in the anolyte after electrolysis and allowed to stand
for 46 hr. lost 178 mg. It is interesting and significant that
the only reduction product isolated from thie hydrolysate
of the mixture following corrosion was identical with that
produced on ‘‘anodic reduction,” namely, hydrazobenzene.

Results and Discussion

It is noteworthy that with nitrobenzene, nitroso-
benzene, azoxybenzene and azobenzene as addi-
tives, Vi values for magnesium significantly less
than two were obtained. However, with hydrazo-
benzene as organic additive and thoroughly dried
sodium iodide as electrolyte, the 1j values were ap-
preciably greater than two. This fact indicated
that an anodic reaction competing with the dis-
solution of magnesium was occurring and, indeed,
an oxidation product of hydrazobenzene, namely,
trans-azobenzene, was isolated from the anolyte
following hydrolysis in quantity in reasonably good
agreement with that expected on the basis of the V;
value and the amount of current which had flowed
through the solution.

In line with other studies®# in which the quanti-
ties of “‘anodic reduction” products were in excel-
lent agreement with those expected from amounts of
+1 magnesium anodically generated, a similar sit-
uation was found to hold with most of the organic
additives employed in the current investigation.
Thus, with azobenzene as additive, hydrazobenzene
was obtained as the only reduction product from
the anolyte hydrolysate in 879, vield; with
azoxybenzene, a quantitative yield of {rans-azoben-
zene was found, a figure in substantial agreement
with that reported previously*; with nitrosoben-
zene, the anolyte hydrolysate afforded a mixture of
trans-azobenzene and azoxybenzene in a combined
yield of 939;. It is significant that with nitroso-
benzene as additive no starting material could be
recovered after electrolysis, even though insuffi-
cient unipositive magnesium was produced to ef-
fect complete reduction. In addition to the reduc-
tion products, appreciable tarry material was
found in the anolyte. By way of comparison, un-
reacted azobenzene and azoxybenzene could be
recovered after electrolysis. It was only with
nitrobenzene as additive that relatively low yields
of reduction products (38-55%, of mixtures of
trans-azobenzene and azoxybenzene) were found.
It seems reasonable to suppose that the relatively
large quantities of tar also obtained arose from ni-
trosobenzene, another reduction product and the
precursor of the two products isolated.

It is a striking fact that, whereas hydrazoben-
zene is obtained from reduction of azobenzene,
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only trans-azobenzene results from reduction of
azoxybenzene, and a mixture of frans-azobenzenc
and azoxybenzene from nitrobenzene and nitroso-
benzene. The explanation for this became appar-
eut after studies had been carried out to deter-
mine the point at which oxygen was lost from ni-
trobenzene, nitrosobenzene and azoxybenzene, re-
spectively. After an electrolysis in which nitro-
benzene was emploved as additive, a precipitate
which had formed in the anolyte was collected by
filtration and washed free of pyridine with succes-
sive portions of anhydrous chloroformi and ether.
Addition of the solid to water gave a gelatinous pre-
cipitate of magnesium hydroxide and a solution
which was basic to litmus and gave tests for so-
dium and iodide ions. These observations definitely
show that oxide ion was formed during the electrolytic
process.  Tdentical results were obtained with ni-
trosobenzene as additive. However, when azoxy-
benzene was present in the electrolytic solution,
the solid which had formed in the anolyte was com-
pletely soluble in water and the resulting solution
gave no test for hydroxide ion. Furthermore, 120
2-hydroxypyridine could be obtained from the py-
ridine mother liquor, although coutrol experi-
ments showed that small amounts of the hydroxy-
pyridine could have been detected. 7f is thercfore
clear that in the conversion of azoxybenzene to asoben-
zene by “anodic reduction’” an oxide ion 1s lost during
the hydrolysis process. Since uitrobenzene and
nitrosobenzene give azoxybenzene on reduction and
sifice no free azobenzene is formed in tlte anolyte
during electrolyses with the azoxybenzene as addi-
tive, it is evident that no further reduction of any
of these additives to the conjugate hase of hiydrazo-
benzene could have been expected.

The corrosion of massive magnesimn brought
about by the initial product of the “anodic reduc-
tion” of azobenzene (see Corrosion Experiments, Ex-
perimental section) has provided information perti-
nent to the mechanisms of both the “anodic recduc-
tion"” and corrosion processes. It should be kept in
mind that neither azobenzene nor hydrazobenzene
attack rassive 1nagnesium 1on-electrolytically;
however, the anolyte solution following electrolysis
of azobenzene corrodes the metal readily. In keep-
ing with the mechanism of “‘anodic reduction” pro-
posed in previous papers,®~*¢ it is thought that +1
magnesium anodically generated is the effective re-
ducing agent for the organic additive. It con be
calculated from the ¥ value of 1.3} and the amount
of magnesitn (184 mg.) entering solution that the
apparent quantity of Mg™ produced was 0.0050 g.
ion. The loss in weight of magnesium on corrosicn
(178 mg.) corresponded to 0.0073 g. atom. TFur-
thermore, only a single product, hydrazobenzene,
was found in the hydrolysate either after clectroly-
sis alone or after electrolysis followed by corrosion.
Only one species derived by reduction of azoben-
zene by -1 magnesium capable of corroding mas-
sive miagnesiuin with formation of the conjugate
base of hydrazobenzene can be visualized, namely,
the radical-ion I.1%

Mg* 4 CeHN=NCsH; —> Mg=? + CeHyNNCol,
I

(13) Radical-ion I has been isolated in the form of its lithinu salt by
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Corrosion of magnesium by I to produce the conju-
gate base of hydrazobenzene II and +2 magne-
siui could conceivably occur by either of the two
routes

Q- S
2CHNNCH, + Mg —> 2CH;NNCH; + Mg*?or
11

.
(El> CeH;NNCeH; + I\Ig —_

SAS
CsHaL\'NCeHs + I\'Ig+-
11

(b) Mg+ + CH;N=NCH; —>
l\Ig‘” + CeHs%NCsHs
The quantitative data cited above exclude the
first of these routes, inasmuch as the amount of
magnesium brought into solution was approxi-
mately three times as great as the 0.0025 g. atom
required by this route.

The formation of hydrazobenzene from the radi-
cal-ion I produced in the anolyte during electrolysis
undoubtedly resulted from disproportionation of the
conjugate acid of I (or its dimer) produced on hy-
drolysis. It is unlikely that the radical-ion I un-
derwent any significant degree of disproportiona-
tion to produce azobenzene and the conjugate base
of hydrazobenzene prior to hydrolysis since such a
reaction would leave the solution depleted of the
only species capable of attacking magnesium metal.
Finally, it should be pointed out that some corro-
sion of the magnesium anode during electrolysis to
produce the conjugate base of hydrazobenzene has
not been excluded.

Evidence that the product initially formed on
“anodic reduction” of azoxybenzene is capable of
corroding massive magnesium by a free radical
chain reaction also has been obtained. Thus in an
electrolysis in which the V; value was 1.04 and the
calculated quantity of 41 magnesium consumed in
reaction with azoxybenzene amounted to 0.006 g.
atom, corrosion (44 hr.) following electrolysis
brought 0.0096 g. atom of magnesium into solution.
The “‘anodic reduction” and corrosion reactions
may be visualized to occur as

anodic reduction

(01S)

chain
reaction

l®
2Mg+ + 2CH:N=NC:Hs —>

treatment of N,N’-dilithiohydrazobenzene with an equivalent quantity
of azobenzene (G. Wittig and O. Stichnoth, Ber., 68, 928 (1935)).
Polarographic evidence for the existence of the radical-ion also has been
obtained (see, e.g., A. Volpi, Gags, chim. ital., TT, 473 (1947)).
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0%
GIE CSHJ\II\'CGHs
20NN Gl + 2Mg+? <~ CeHsNIi\ICeH;,
111 C[)‘a
corrosion
|ofe 09

i | o
(a) CeHsNNCsH; + Mg —> CeH;NNC:H; + Mg-+
- v

(OS]
l®
(b) CeHsNzNCsHs + I\Ig*' —_—>
[o}S)
C:H NNCeH; + Mg*?
II1

It should be pointed out that azoxybenzene itself
can corrode massive magnesium. However, con-
trol experiments indicated that less than one-third
of the quantity of magnesium brought into solution
in the corrosion experiment cited above could be
attributed to attack by azoxybenzene.

Additional support for the free radical chain
mechanism of corrosion was gained by examination
of the effect of pyrrole, a substance known to be
capable of capturing free radicals,! as an inhibitor
of corrosion following electrolysis. The addition of
this substance to the anolyte mixture after elec-
trolysis decreased markedly the extent of corrosion,
the degree of inhibition being roughly proportional
to the quantity of pyrrole added.®
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when 4.5 g. of pyrrole had been added. In each case the conditions of
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after electrolysis, the loss in weight of the metal amounted to 66, 5 and
5 mg.



