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Abstract:
This dissertation encompasses two separate and unrelated research topics.

I. Electrochemical Reduction of Chlorinated Nitro and Nitrosobenzenes in Dimethylsulfoxide The
reduction potentials of nitrobenzene and all possible isomers of its chlorine derivatives have been
obtained by cyclic voltammetry in dimethylsulfoxide. The first reduction wave in each case, except
pentachloronitrobenzene, appears to be a one electron reversible wave. Subsequent reduction waves are
irreversible and have been interpreted in terms of either loss of chloride from the benzene ring or
reduction of the nitro group to nitroso. The loss of chloride is the dominant reduction process for the
higher chlorinated isomers while concomitant reaction of the nitro group and chlorine is observed for
the monochloronitrobenzenes. The proposed reduction processes are indicated by the observation of
new electrochemical processes when a second cycle of the voltammogram is recorded. Nitrosobenzene
and all possible isomers of its chlorine derivatives, except pentachloronitrosobenzene, were synthesized
and cyclic voltammograms were recorded for each. The reduction potentials of nitrosobenzene and the
monochloronitrosobenzenes correspond to some of the reduction potentials for the second cycle
voltammograms for the polychloronitrobenzenes.

II. Power Series Representation in the High Temperature Phase Equilibria of Several Metal Oxide
Systems The use of Redlich Kister power series representations of thermodynamic quantities in the
study of high temperature phase equilibria is described. Literature data was used to obtain power series
equations for the activity and enthalpy of the rutile phase of titanium dioxide treated as a solution of
titanium metal in titanium dioxide. Mass spectrometric data for the vaporization of potassium oxides
was obtained from another researcher. This data was interpreted to give new values for the heats of
formation of K20(s) and K202(g). These new values and literature data were used to determine power
series equations and calculate a potassium oxide phase diagram. The phase equilibria of lithium oxide
and aluminum oxide was treated by power series representations and a revised phase diagram is
proposed. Power series representations in the potassium oxide, calcium oxide, and silicon dioxide
ternary system are presented.
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His invisible attfibutes, that is to say his everlasting
power and deity, have been visible, ever since the world
began, to the eye of reason, in the things he has made.

Romans 1:20 (The New English Bible)
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Abstract

This dissertation encompa.sses two separate_ and unrelated research
topics.

I. ZIlectrochemical Reduction of Chlorlnated Nitro and Nitrosobenzenes
in Dimethylsulfoxide '

The reduction potentials of nitrobenzene and all possible isomers
of its chlorine derivatives have been obtained by cyclic voltammetry
in dimethylsulfoxide. The first reduction wave in each case, except
pentachloronitrobenzene, appears to be a one electron reversible wave.
Subséquent reduction waves are irreversible and have been interpreted
in terms of either loss of chloride from the benzene ring or reduction
of the nitro group to nitroso. ‘The loss of chloride is the dominant
reduction process for the higher chlorinated isomers while concomitant
reaction of the nitro group and chlorine is observed for the mono-
chloronitrobenzenes. The proposed reduction processes are indicated
by the observation of new electrochemical processes when a second cy-
cle of the voltammogram is recorded. Nitrosobenzene and all possible
isomers. of its chlorine derivatives, except pentachloronitrosobenzene,
were synthesized and cyclic voltammograms.were recorded for each. The
reduction potentials of nitrosobenzene and the monochloronitrosoben-
zenes correspond to some of the reduction potentials for the second
cycle voltammograms for the polychloronitrobenzenes.

II. Power Series Representation in the High Temperature Phase
Equilibria of Several Metal Oxide Systems

The use of Redlich Kister power series representations of thermo-
dynamic quantities in the study of high temperature phase equilibria
is described. Literature data was used to obtain power series equa-
tions for the activity and enthalpy of the rutile phase of titanium
dioxide treated as a solution of titanium metal in titanium dioxide.
Mass spectrometric data for the vaporization of potassium oxides was
obtained from another researcher. This data was interpreted to give
new values for the heats of formation of K.0(s) and K50, (g). These
new values and literature data were used to determine power series
equations and calculate a potassium oxide phase diagram. The phase
equilibria of lithium oxide and aluminum oxide was treated by power
series representations and a revised phase diagram is proposed. Power
series representations in the potassium oxide, calcium ox1de, and
silicon dioxide ternary system are presented. :




then, many possible intermediates and products observable electro-

SECTION I.

INTRODUCTION .
The electrochemical reduction of nitrobenzene is one of the
classical reactions of organic polarography. vHowever nitrobenzene
is rather prolific in its reduction products, and éomplex reduc-
tién pathways are possible. Under the proper solvent and elec- -
trode conditions one can reduce nitrobenzene to nitrosobenzene,
phenylhydroxylamine, aniline, azoxybenzene, azobenzené, or hydra-

zobenzene. Most of these compounds can be electroactive, as well:

as many of their possible anions and dianions. There are indeed

chemically even for the reduction of unsubstituted nitrobenzene.
The focus of this present work is on the.eleqtrochemical reduc- ]

tion mechanisms of polycﬁlorinated nitrobenz?nes in the solvent

dimethylsulphoxide, (DMSO). Therefore the reduction of nitrobenzene

in aqueous systems will be éonsidered only briefly and the remainder

of thi; introductory discussion will be limited to the reactions of

nitrobenzene, the halonitrobenzenes, and their decomposition products :

in aprotic'solvent systems,

Electrochemistry of Nitrobenzene
Nitrobenzene can be reduced in acidic aqueous media, pH less than

L.7, and the following mechanism has been proposed:l

FAEN
o e




2 .

COHNO EST + 20— +mF + 4
¢H0,H, e s — CéH5NOH H,0 (slow)

<L -
" Dem 1 + .
O H NOH' + 267 + 2H" ———> C H NH,OH (fast).

Tbe rate determining step is the reduction.of nitrobenzene to the
protonated form of nitrosobenzene. Nitrosobenzene is more -easily
reduced than nitrobenzene and the second step leading t; protonated
phenylhydroxylamine is rapid. Following this four electron wave, at
a more cathodic potential, a two electron reduction to the protonated

form of aniline is observed:

06H5NH203+ + 2~ + 2HT ——> C6H5 3 + H,0

In neutral and dlkaline solution, pH greater than 4.7, the pro-

posed mechanism is:

NO + e +~H20 —_— Céﬂ NO H- + OH™ (slow)

CyH 5

PR

~ + 26™ + 2H0 —> HOH + . t).
06H5NO2H 2e 2H,0 - CéH51~\I OH + 30H (fast)

The second .reduction wave of phenylhydroxylamine to aniline, as in
the acid case, is not observed.
In the nonaqueous solvents N,N—dimethylformamidez, (DMF ), and

3

acetonitrile”, (ACN), nitrobenzene is first reduced in a reversible
one electron transfer to its stable anion radical. At a more catho-

dic potential an irreversible three electron transfer with protonation




3

occurs to form the major product, phenylhydroxylamine, With an
added proton dpnor,.suéh,as phenol, the first reduction wave grows
and the second decreases. At a mole ratio of acid ﬁo nitrobenzene
of four to one only .one irreversible four electron wave is observed
as in the alkaline aqueous’ systems.

Reduction of nitrobenzene in the presence of a suspension 6f
activated neutral alumina to remove every trace of electrophilic
‘impurity, can result in the formation of the nitrobenzene dianion
which is stable'bn the time scale of cyclic voZL.‘c,a.mme.tI'y.l+ This ob-
servation of.reversibie behaviour for the dianion is successful in
DMF, hexamethylphosphofamide, and pyridine, but in ACN where the
solvent itself can donate protons more easily:the dianion decompﬁses
more rapidly.

In anhydrous liquid ammonia the dianion of nitfobenzene'is'sta—
ble with respect to protonation on the time scale of cyclic voltamm-
try and does not protonate even on.an electrolysis time scale, -al-

5 .

though it does precipitate as the .potassium salt,

Electrochemistry of Halonitrobenzenes

- Haloaromatics can generally be divided into two classes with
respect to the mechanism of halogen loss.6 The first class contains
aromatic compounds with only halogen substituents or if other sub-

stituents are present they are-electrochemically imactive. These com-




L |
pounds, such as the halogenated benzenes, biphenyls,ﬂbenzonitﬁiles,
and naphthalenes, lose halide in a two-electron reduction with the
addition of a proton‘to‘quantitatively form the dehalogenated aro-
matic.

The second class of compounds, examples of which are some
halogenated benzophenones, guinolines, phenzaines, and nitroben-
zenes, can losé halide after less than two electrons transferred and
the reductions usually result“in.substéntially.less thanrlOO% con~
version tO'ﬁhe dehalogenated aromatic. The.unhalogenateduparent
compounds in this class -are electrochemically reducible at potentials
similar to those of their halogenated derivatives and after electron
transfer halide loss from these derivatives may have to‘compete-with,
or be replaced by chemical reactions of :the non-halogen functional
groups.

In 1962 Holleck angd Becher7 reported the polarographic halfwave
potentials for ‘the first reduction waves of several of the isomers
of iodo, bromo, and chloronitrobenzene in DMF and ACN. They observed
anomalous reduction waves following the initial ones for p—broﬁo and
p-iodonitrobenzene, Maki and Geske8, previous to this had not been
able ‘to observe an electron spin resonance, (ESR), signal for electro-
chemically generated p-iodonitrobenzene anion radical.

Adams and co'workers9 set about to resolve this problem. They




5
observed two reduction waves at a hanging mercury~drop electrode,
(HMDE), for each of the six isomers of bromoAand-éhloronitrobenzene
and three reduction waves for -each of the three isomers of iodoni-
trobenzene in IMF. By observation of its ESR spectrum during
electrolysis at a potential between the second and third waves, they
determined that the result of the second reduction of each of the
lodonitrobenzenes was the formation of the nitrobenzene anion radical.
Although they were able to show that iodide is lost by electrolysis
on the first wave, no ESR signal was .observed at this potential.
Electrolysis of o-bromonitrobenzene in the presence of tetraethyl-
ammonium perchlorate as supporting electrolyte and of p-bromonitro-
benzene :in the presence of tetraethylammopium'iodide at a potential
more cathodic than thei;‘first reduction waves also resulted in the
generation of the nitrobenzene .anion radical. Ioss of chloride was
not observed during the time“for'which they electrolyzed solutions
of the. chloronitrobenzenes.

From these observaﬂions;,Adams and .coworkers postulated for the
iodonitrobenzenes that the .first wave was .a ‘two electron transfer re-
sulting in the elimination of iodide and tﬁatvthe second -wave was the
10

formation -of the nitrobenzene anion radical. . lawless and Hawley

interpreted them as postulating the following mechanism:

C H NO2I + 2e~ + Hf——> C H NO, + I (first wave)

67 65
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CLHNO, + o= === C4HsNO,, - (second wave).

5

This mechanisﬁ is not consistent with the original data in that
the halfwave potentials for the second-waveé of the iodoniﬁrobeﬁ-
zenes are isomef dependent and fifty to eighty.millivolté more
cathodic than thg first reduction of nitrobenzene.

Fujinaga and coworkersll electrolyzed the three chloronitré-
benzene isomers on the first wave in ACN in -an ESR cavity and did not
observe chloride loss. Electrolysis of the meta and para isomers in
DME at the potential of the second wave resulted in the respective
anion radical ESR 'spectra although at reduced iptensity to that ob~-
served when the electirolysis potential was held between the two waves. -
In bMF electrolysis of o—chloronitrobenzené at the potential of ‘the
first wave resulted in the slow disappearance of the o~chloronitroben-
zene anion radical ESR spectrum and “the slow appéarance.éf that of
the nitrobenzene anion radical. When three moles .of phenol were
added for each mole of o-chloronitrobenzene dehalogenation was not -
observed at any potential. The following mechanism was pfoposed for

o—chloronitrobenzene:

CéHANQQCl + é-'——ﬁ>nC6HANOZCl: | (first wave)
06H4N02017 + 26" + HN — 06H5NQ27 + C1™ (second wave).
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The behaviour of. p-bromonitrobenzene was .similaz"'to o-chloro-
nitrobenzene, o-bromonitrobenzene rapidly dehalog_elna‘ted -even when
electrolyzed in ACN and dehalogenation was not obsgrved for m~bromo-
nitrobenzene. All of the iodo isomers showed rapid dehalogenation
with formation of the nitrobenzene anion radical and the following

order was deduced for the ease of dehalogenation:

p;m~Cly, m-Br<o-Cl< p-Br-< o-Br, p,m,o-I.

Chronoamperometric techniques were used by lawless and Hawleylo

to determine that the first -two reduction waves for p-iodonitroben-
zene are the result of approximately two electrons being transferred.
They proposed the :following mechanism, where SH represents the sol-

vent:

C.H l\IO2I +em T= CéHhNO I-

67L

C, H,NO, I+ H NOy» + I (fast)

0L =7 Gl

.+ + 5¢
C 6HZ+NOZ SH — C 6H5N02 S

,CéH NO + e~ CéH

5 p)

This mechanism, in contrast to “the .one they assumed to be proposed
by Adams and coworkers9, ‘has. a total of two.electrons transferred in-

stead of three to end up with the formation of the nitrobenzene anion




radical.

lawless and Hawley also-used‘theif chroncamperometric data and
a current-reversal chronopotentiometric technique to measure pseudo
first order rate constants for hydrogen abstraction by nitrophenyl
radicals. The half life of the p-nitrophenyl radical, from their
‘measu}ements, ranges .from approximately one second in DMF té approx-
imately nine seconds in DMSO with tetraethylammonium iodide present
as supporting electrolyte. .Erom their survey of decomposition rates
these workers conclude‘that the stability of anion radicals in the
different solvents used increases in the order DMF~= ACN~<.DMSO.

In two subsequent publications Iawleés,_Hawley, and .coworkers
have described investigations into the mechanism of'decomposition of

diha.loni'brobenzenes12

and steric effects on reduction potential and
rate of halide elimination.l?

Electrolysis of 2,6-dichloro, 2,3-dichloro, and 2,4 dichloro-
nitrobenzene at potentials just past the first reduction waves in .
DMF and/or ACN resulted in the formation of o-chloro, m-chloro, and

.p~chloronitrobenzene .anion radicals respectively. Three reduction

waves were observed for o-chloronitrobenzene in DMF as compared 1o

9

two waves observed by Adams and coworkers’ under supposedly‘thg same
conditions. The second wave was attributed to the further rgduction

.of the o-chloronitrobenzene anion radical to.form the nitrobenzene.
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anion radical and the third wave was considered to be ‘the further
reduction of the nitrobenzene anion radical. Controlled péteptial
electrolysis of 2,6-dibromonitrobenzene to "the point where two elec-
trons had been transferred per mole of substrate resulted in 98% |
disappearance of starting material and the,onlj product analysis
they could determine was 24% conversion to nitrobenzene and 8% con-
version to o-bromonitrobenzene.

Investigation of steric effects on halonitrobenzene -electro-
chemistry led Hawley and coworkers to conclude that .the twisting of
the nitro group out of the plane of the ring by §rtho substituents
causes more loss of résonance energy for the nitro anion radical than
for the neutral molecule. ‘The higher energy préduct requires a mofe
cathodic potential.for‘anion radical formation, -while fhe possibility
for relaxation of the twisted nitro group enhances thé rate of elim-
ination of the .ortho substituent. They also postulate that the cath-
odic reduction potential shift does not reflect -the entire loss of
resonance energy since part of this loss shouid be made-up by in-
creased solvation of the twisted nitro .anion radical. Methyl sub-
stitutions on thé halonitrobenzenes were observed to increase the
rate .of halide loss even when steric effects were not involved.
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Nelson, Carpenter, and Seo™ " have .used cyclic voltammetry,

chronoamperometry, and chronopotentiometry to investigate the reduc-




tion mechanisms of all'the:monohalonitroben;enes; They have demon-
strated that the first reduction wave is a one élecfron transfer for
all of the compounds investigated except o-bromo and o-iodonitroben-

10 on the one -electron

zene. They concur with lawless and Hawley
transfer followed by loss of halide and hydrogen atom extraction fol-
lowed again by one -electron transfer for the decomposition of p-
icdonitrobenzene to the mitrobenzene anion radiqal. They observed
the ESR spectrum for the nitrobenzene anien radical during elec-
trolysis of all the monohalonitrobenzenes in ACN, although for the
fluoro and chloronitrobenzénes up‘ﬁo several hours of electrolysis
time were required. The inference is made that the p-lodonitroben-
zene decomposition mechanism is general'for the hglonitrobenzenes.
However excessive electrolysis time for generation of the nitroben-
zene anion radical demonstrates that this i1s a very slow pathway for
the fluoro and chloronitrobenzenes.

The .first order rate constants measured for halonitrobenzene

decomposition from chroncamperometric data show the following trends:

k

m.eta'= k

para< kortho and ' kF<kGf kBr< kI.‘

In experiments with deuterium oxide :and deuterated "ACN ‘they
were able to persuasively show that the solvent.and not residual

water is the source of hydrogén-for halide replacement.
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During electrochemical synthesis investigations, at high sub-
" strate concentration, 4-nitrobiphenyl.was formed by electrolysis of
p-iodonitrobenzene in a 50/50 mixture of ACN/benzene, also 50 — 60%
yields of 4,4'-dibromoazoxybenzene were obtained by electrolysis of
p-bromonitrobenzene at the potential of .its second reduction wave.
Notably, no dinitrobiphenyls or solvent addition products could be
isolated or characterized although several unidentified products were
produced.

Sosonkin and coworkersi5’16 have used both-electrochemical and
chemical reduction of halonitrobenzenes to determine the mechanism
of halide substitution by hydrogen. They support the mechanisms pro-
posed for o=-chloro, p-bromo, .and the iodonitrobeqzenes_ﬁy Fujinaga

and coworkersil, They elaborated on these mechanisms as follows:

ANOZX + e~ :;::'06HAN02XT (first wave;.X=Cl,Br)

CeH
.06H4N02X7 + e~ —> 06H4N02x= — céﬂhqu" i S

CgH,NO,™ + gt — C4HN0, 5 (second wave)

G HNO, + o™ —= CAHNO," .

6 2

and
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C,H NOZI +e- =— C,H NOZIT—%>06H NO,+ + I™

674 674 42

CgH,NO,* + e™ —> CgH NO (first wave)
06H4N02_ + HF — C4HgNO,,

céf;ﬁqu +eT =T 6}151\102“T | (second wave)

Thus far in this section, pertinent results of the electro-
chemical investigations of halonitrobenzenes have been presenfed with
a minimum of personal comments., These results will now be summarized
and critically analyzed..

The several proposed mechanisms are illustrated in figure 1.
Pathway (1) encompasses an initial one-électronyreversible-wave to
form the stable halonitrobenzene anion radical, At a more cathodic
potential, (c.a. one volt), a éecond electron is. added, rapid dehalo-
genation occurs, and the resulting carbanion-extracts a proton from
the solvent to form nitrobenzene. Nitrobenzene is reduced more
easily than the halonitrobenzene anion radical :so it is rapidly re-
duced in.a one electron transfer to make the second wavela'two elec-
tron reduction. This pathway is the one . originally suggested by

11

Fujinaga .and coworkers™  and also supported by Sosonkin.and co-

workers.'l5’16
The pathway represented by (2) begins with.a two-electron wave

which can be ‘broken down .into .an initial one electron transfer to




FIGURE 1. -Halonitrobenzene Reduction Pathways
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yield an unstable halonitrobenzene anion radical. It loses halide
and is .rapidly reduced by a second-electron to a carbanion. .Pro-
tonation results 'in the formation of meutral nitrobenzene which .is
reduced at a slightly more cathodic potential, (c.a. 0.2 volts),
resulting in the second wave. This pathway was inferred by the data
of Adams and coworkers9tfor‘the decomposition of the iodonitroben-
zenes. It was also supported by the observations in references 11,
A5, and 16.

Pathway (3) again begins with an initial one electron ‘transfer
to yield an unstable halonitrobenzene anion radical which loses ha-
lide. 'The neutral radical which results is reasonably stable and de-
compeses by hydrogen atom extraction from the solvent. .Nitrobénzeﬁé
is then reduced at the same or a slightly more cathodic potential and
a total of two one electron waves are supposedly .observed. The work

10,11 and. that -of Nelson and coworkerslh

of Hawley .and coworkers sup-
port this pathway.
The following observations ;are made:
1. It appears obvious that any supposed conflict between the mechan~
isms of pathwajs (1) and {(3) can be explained by allowing both
to be vélid. If an electrode is held;at'the;ﬁotential of the

first reversible wave the halonitrobenzene anion radical -can

lose halide at a rate characteristic of :the particular halogen
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and isomer involved. If as in the case of iodine;fhalide loss
is rapid and if hydrogen atom extraction is valid, the nitro-
benzene anion‘radicél can be generated with only two electrons

transferred.

When the halonitrobenzene anion.radicai is quite stable as for
chlorine, reaction by pathway (3).Qill be slow. Applicétion of
an electrode potential .as cathedic as the second wave can then
produce the nitrobenzene anion radical with a transfer-of three

electrons.

Neither pathway (2) or (3) explain the iodonitrobenzene electro-
9

chemistry of Adams and coworkers’. The first reduction wave of

these compounds is at least twice as large; (twice :as much

\current), as the second wave. The halfwave potentials of the

second and third waves do not correspond to those of nitroben-
zene, the supposed product of the first wave. A reduction mechan-
ism involving a solvent addition product may be able to explain

these results.

Product analyses after controlled potential electrolysis have not

.resulted in the identification of ‘the nitrobenzene radical coupling

product, dinitrobiphenyl, even though the postulated lifetime .of

the radicals is quite .long. Also the faté of the solvent radicals
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remains a ‘mystery. A number of its addition products are possi-

ble, (figure 2), and they should be .identifiable.

4. Failure to minimize residual watér can have a substantial effect
on ‘the potentials and possibly the mechanisms of decomposition
at the more cathodic irreversible reductions. As .mentioned

9

earlier, Adams and coworkers’ observed one reversible and one
irreversible wave for the reduction of o-chloronitrobenzene. ILaw-
less and Hawleylz obsefved one reversible and two irréversible
waves for this compound under nearly identical conditions. This
author has observed that addition of traces of water to dry DMSO
can ‘cause a change from a total of three waves to .a “total of two
for the reduction of.this compound and that changes in the volt~-

ammograms of polychlorbnitrobenzenes by traces of water is a

general feature.

5. DNo reactions of the nitro group concomitant to halide loss have

been described previous to this investigation.

Electrochemistry of Nitrosobenzene and Azoxybenzene

Kemula and Siodal7.have investigated the electrochemical reduc-
tion of nitrosobenzene in DMF with sodium nitrate as .supporting
electrolyte. They observed two polarographic waves for this reduc-

tion, and the first was attributed to the formation of the nitroso-
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benzene anion radical. The second wave was postﬁlated'to be a com-
bination of the further reduction of the nitrosobenzene anion radi-
cal and the reduction of azoxybenzene formed by the reaction of ‘two
anion radicals from the first wave or anion radicals reacﬂing with
neutral nitrosobénzene molecules. Electrolysis of nitrosobenzene on
the first wave resulted in the current decaying to zero before the
passage of oné electron per molecule of substrate. Polarography'of
an electrolyzed solution indicated only the formation of azoxybenzene.

Asirvathan and Hawley:L8 have studied the controlled-potential e;ec-
trolysis of nitrosobenzené in ACN.and DMF. In ACN they observed un~
usually rapid decoﬁposition which was complete after the passage of
0.3 moles of electrons per mole of substrate. They proposed that
hydroxide ions produced during the formation of azoxybenzene also
caused the decomposition of nitrosobenzene to azoxybenzene. This was
supported by the fact that each 0.3 of a mole of tetraethylammonium
hydroxide added to a solution of nitrosobenzene caused the disappear-
ance of one mole of nitrosobenzene, with the formation of azoxybenzene
at a 70% yield. At least nine other minor products were isolated but
not identified. Similar yields of azoxybenzene were obtained from
exhaustive électrolysis and again it was the only product_that could
be identified. - A

Although the nitrosobenzene anion radical was somewhat more stable
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in DMF, similar results were obtained .for both electrochemical .and
chemical decomposition in this solvent.

19

Lipsztajn and.coworkers observed three polarographic waves for
the reduction qf nitrosobenzene in DMFlWith'tetraethylammoﬁium
perchlorate -as supporting electrolyte. However under the same con-
ditions, four reduction wéves were observed oh.a chrono~voltammogram
‘taken at a hanging mercury drop electrode. They interpreted their
results as shown in figure 3. Nitrosobenzene .is .reduced in a par-
tially reversible one electron wave to the nitrosobenzene anion rad-
ical which can dimerize and lose hydroxide to form azoxybenzene. From
the electrochemistry of authentic azéx&benzenezo,'they'were able to
interpret the second wave as the reversible one electron reduction
of azoxybenzene. The third wave was believed to be .a combination of
further reduction of nitrosobenzene anion radicals that had survived
dimerization and the irreversible reduction of azoxybenzene anions
to give azobenzene, The.aéobenzene.formed:is moré easily reduced
than the azoxybenzene anions so a second -electron is instantly trans-
ferred to give ézobenzene anions, whose reduction td hydraéobenzene
constitute the fourth wave.

They found that changing ‘the -concentration or the cation of "the.
supporting electrolyte could cause substantial changés in -the electrd—

chemistry of nitrosobenzene and in the presence of sodium perchlorate




FIGURE 3. Electrochemical Reduction Pathways for Nitrosobenzene

NO
E -
NO NO ° : -
e : ‘ | i
< —_— —N =3
- - |
. ’ "'O .
NO
—»  Products
Es - E,

ont

e
©

=OH™




21
their results were similar to.those of Kemula and Sioda.l7
In anhydrous liquid ammonia .nitrosobenzene caﬁ be reduced in
two reversible one electron steps to its stable_dianion.s Nitro-~
sobenzene 1s also observed as a stable reduction product of nitro-
benzene in liquid ammonia with isopropyl -alcohol added as a proﬁon
donor. The proposed mechanism is as follows:
e~ ‘ ~e;

C,H NO =——> C,H NO.* === C,HNO _
675 2 652 675 2

C6H5N02 '+AROH-—%>06H5NO2H"+'RO'

C6H NO2H'——*-CéH NO + OH™

5 5

b b

e~ b - _e =
CéH NO =—= 06H5NO a— CéH NO

H NOT + ROH — C,H_NOH™ + RO™.

C¢ 5 65

The cathodic cycle of a cyclic voltammogram shows two waveé. The
nitrobenzene anion radical is formed‘on the first wave and the pro-
tonated'nitrosobénzene dianion is formed on ‘the second wave. On the
anodic scan 'two new .waves are seen. The first is from the oxidation
of the protonated nitrosobenzene dianion which after loss of ‘an
electron, rapidly deprotonated to give the nitrosobenzene anion rad-
dical. The oxidation of the nitrosobenzene anion radical makes up

the second new wave. .A second cathodic sweep 'shows the reduction
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of nitrosobenzene at a potential anodic of nitrobenzene reduction.
No reports of electfochemical investigations .of halogenated nitro~
sobenzenes in .aprotic media were discovered during an extensive lit-

erature search.
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STATEMENT OF PROBLEM

This work has grown out of that of S. 0. Farwell>® and F. A.
Beland.22 They investigated ‘the electrochemical reduction of
several chlorinated homologs such as the polychlorobenzenes and
polychlorobiphenyls, -The only electroactivg functions in these com-
pounds were the chlorine substituents and ‘they concluded ‘that eaéh
electrochemical reduction wave was the result of an"irreveréible
two electron transfer with the loss of chloride and proton abstrac-
tion. They applied controlled potential electrolysis and CHNDO
molecular orbital calculations to the problem of determining electro-
chemical reduction mechanisms .and product distributions for these
compounds.

The electrochemical behaviour of molecules with more than one
electroactive functional group, specifically the chlorinated nitro
and nitrosobenzenes, are the subject of this investigation. .Further-
more, both reversible and irreversible electrochemical processes are
involved in the reduction of these compounds and cyclic voltammetry
is needed to distinguish between the two .processes. The elucidation -
of the mechanism of reduction in the presence of competing electro-
¢hemical and chemical reactions and the cataloging of the reductiqn
potentials in the solvent dimethylsulfoxide .for the .polychloronitro
and polychloronitrosobenzenes is the problem .addressed in this :por-

tion of this dissertation.




EXPERIMENTAL
Electrochemical Cell and Electrodes

A small volume H—pell,was constructed with a glass wool plug
to divide the two compartments. A total sémplg volume of 8 to ld
milliliters for the two compartments was found to be convenient.
Between analysis of samples the cell was rinsed repeatedly with
distilled water and the cell was then dried by rinsing three or four‘
‘times with acetone followed by forcing a current of air through the
glass wool plug.

The working electrode was a platinum flag with a total area of
approximately 60 mm?,-coated with mercury by the procedure of Enke
and-coworkersJQB An auxiliary or counter electrode was formed by a
coil of 20 gauge platinum wire. The reference electrode was a silver
wire which had been anodized in the presence of chloride to form a
silver chloride coating. This coated wire was:placed.in a glass tube
with a fine capillary'tip and ‘the tube was filled with a saturated
aqueous solution of potassium chloride.and silver chloride.

Although aqueous reference electrodes have .large, unknown juhction
potentials when used in nonagueous systems, these junction potentials
can be made reproducible with a properly constructed reference elec-
trode.?* This Ag/AgCl reference has an equilibrium potential 0.197

volts positive -of the .standard hydrogen-electrode. This is 0.045
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volts negative of the potential of the .more commonly used saturated‘
calomel eiectrodecand:approximate comparison to potentials reported
versus the saturated calomel can be obftained by subtracting 0.045
volts from the potentials reported herein.

The reference electrode was placed in contact with the solution
in one compartment of .the H-cell and the wquing-and coﬁnter elec-
trodes were placed in theiother‘compartﬁent. The working compartment
solution was flushed with nitrogen for several minutes to remove

oxygen prior to recording of a voltammogram.

Cyclic Voltammetry Instrumentation

A& conventional cyclic voltammeter with :a sténdard"three electrode,
operational amplifier potentiostat was constructed as shown schemati-~
cally in figures 4 and 5. This design,allowed for the initial poten-
tial and the cathodic .and anodic limits to be independentlj and arbi-
trarily set. .The .anodic and cathodic sweep rates were also independ-
ently variable, but for all the work reported herein they were :set
-equal to -each other -at 75 mv/sec. The uncompensatea IR drop in ‘the
system was deemed negligible and was not corrected 'foI" electronically.
All voltammograms were recorded on a Houston Insﬁruments Omnigraphic

2000 X-Y recorder and peak potentials were determined graphically.
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Solvent Purification

Reagent grade dimethyl-sulfoxide, (DMSO), was obtained from.J. T.
Baker Co. and was found to contaiﬁ at least one electroactive impur-
ity which interferred with the recording of voltammograms of sub-
strates .at 5 x.lO'QE concentrations.

The solvent was purified by refluxing BOO-AOO'ml per batch over
ten grams of sodium hydroxide at.épproximately 75°C for two and a
half hours. The refluxing mixture was continuously stirred and
.maintaiﬁéd under an atmosphere of nitrogen at reduced pressure. The
solvent was then decanted into a flask containing five grams of pul-
verized calcium hydride, to removéﬁwaterz and the mixture was ‘stirred
for -three to four hours.wﬁile a nitrogen atmosphere was maintained
above the liquid. The DMSO was then distilled under vacuum, with the
first and last 20-30 ml being discarded. The collection flask was
cooled in an ice bath and the middle fraction was obtained as a solid.
A1l soiutions for electrochemical .analysis were prepared and analyzed

within.48 hours -after this purification and drying procedure.
Electrolyte and Organic Substrates

The supporting electrolyte used throughout this study was tetra-
ethylammonium perchlorate from Eastman Organic .Chemicals, halogens

as bromide 100 .ppm or less.


























































































































































































































































































































































































































































