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Abstract:

Cyclic voltammograms of the chlorinated nitrobenzenes and nitrobenzene itself were obtained in
DMSO, DMF and AN with and without the addition of a proton source. Reduction potentials for all
primary processes were obtained from the voltammograms. The first reduction wave corresponds to the
one-electron reversible transfer to form the radical anion. The second reduction wave represents the
addition of more electrons to form the dianion followed by loss of chlorine with subsequent reduction
or protonation. The protonated species can either deprotonate or lose hydroxide to yield nitroso
compounds. With proton addition, the competition between processes is altered and protonation
increases. The potentials of the "irreversible" waves shift anodically and some waves are no longer
seen as the corresponding process is no longer as competitive with increased protonation. Changes in
reduction pathways are noted, sigma rho calculations for the radical anion are obtained and these
factors are compared in different solvents.

Adjacent chlorine interactions are determined to cause pathway changes and these interactions were
also found to be in need of correction in the sigma rho calculations. An interpretation of the effects of
proton addition on the dianion is made using sigma rho radical anion data and cyclic voltammograms.
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ABSTRACT

Cyclic voltammograms of the chlorinated nitrobenzenes and
nitrobenzene itself were obtained in DMSO, DMF and AN with and without
the addition of a proton source. Reduction potentials for all primary
processes were obtained from the voltammograms. The first reduction
wave corresponds to the one—electron reversible transfer to form the
radical anion. The second reduction wave represents the addition of

“more electrons to form the dianion followed by loss of chlorine with
subsequent reduction or protonation.. The protonated species can either
deprotonate or lose hydroxide to yield nitroso compounds. With proton
addition, the competition between processes is altered and protonation
increases.. The potentials of the "irreversible" waves shift anodically
and some waves are no longer seen as the corresponding process is no
longer as competitive with increased protonation. Changes in reduction
pathways are noted, sigma rho calculations for the radical anion are
"obtained and these factors are compared in different solvents.
Adjacent chlorine interactions are determined to cause pathway changes
and these interactions were also found to be in need of correction in
_the sigma rho calculations. An 1nterpretation of the effects of proton
addition on the dianion is made using sigma rho radlcal anion data and
cyclic voltammograms.




INTRODUCTION

Electrochemistry in Amphiprotic Solutions
1. Nitrobenéene '

Nitrobenzené was one of the first organic compounds to be studied
by polarography. It is known to undergo electrochémical reduction in
both protic and aprotic solvents. The aprotic solvents are ifnportant
in the formatién of a stable anion radical while protic solvents have
proven to be valuable for analytical methods.

In agueous solutioné, the pH has a great effect on the cycliq
voltammograms of nitrobenzene, nitrophenols, dinitrophenols and
dinitrobenzenes.l"4 At pH valqes below 5, there are two reductive
waves while at .higher pH values, only one reduction is observed.® The
first wave corresponds to a four electron process with the formation
of phenylhydroxylamine as the product in solutions with pH's higher

than 5.,6

PhNO, + 4e~ + 4H' > PhNHOH + HyO (1L
At pH<5, the occurrence of two waves indicate a four electron process
(Equation 2) followed by a two electron process: (Equation 3).

PhNO, + e + 4H+

> PhNHOH + Hy0 (2)
PhNHOH + 2¢~ + 28" ———> PnNHy + H)O 3).




2

Though both waves are dependent on pH, the second wave is effected to
a greater exténti fchan the first wave.7 The anion radical which is
formed Qhen one electron ié transferred, has been found to be stable
in nonaqueous solutions but unstable in aqueous solqtionaﬁ

In acidic .solutions, preprotonation is. assumed to occur at the

electrode surface yielding the PhN02H22+ ion that is reduced according

to the following mechanism:9 |
PNO,H,*2 + 2674 BY slous, PONOHY +H0 ()
PHNOH' + 267 + 2 fasts, PHNHOHF (5)
PhNHOH' + 2¢™ + 3HY ——> PaNH* + H)O (6)

Equations 4 and 5 represent the four.eiécﬁron process of wave 1 while
Equation 6 is the second wave and a two electron process. The rate
determining step occﬁrs during the formation of PhNOH. This cation
has been Ifound in the reduction of nitrobenzene. appearing as a prewave
at a less negative potential than the nitrobenzene radical anion.. The
pre~-wave corresponding to preprotonation has been determined by Sadek
and Aba—El—Nabey'10 to be the result of an interaction between adsorbed
nitrobenzene molecules and hydrogen ion at the eiectrode surface. The
four electron process in an acidic solution with preprotonation can

then be written as:

¢-NO, + 20" BLOL> g0 Hy 2 (7)
B-NOHy 2t + 4e + 20 £aStspmon + B0 (8)




Iﬁ neutral and alkaline aqueous media, there is not a preceding
surface reaction béfweén adsorbed'nitrobenzene molecules and protohsfa
The rate determining steb (Equation 10) is irreversible. The half-
wa&e potentials are hot pH. dependent indicaﬁing hydrogen ions ére not

involved in the reduction process.

PhNO, + €~ ——> PhNO, ' (9)
PhNO + € -S1OW s prNoZ- (10)
PhNO3™ + 3H,0 + 2¢~ -£aSts phwmon + doH™ (11)

In solutions of low proﬁon donor concentrationl! and in alcohol-
water solutions (éoncent:ation alcohol > 10 wt®)? there are two |
consecutive single'eléctrbn transfer processes (Equations 12-13)

PNO, + €~ e===2PhNO; ' (12)
PINOy- + & SMOspoy= (13)

In liquid ammonia, the first-wave is a one-electron irreversible
process. The second wave is a one—electroﬁ transfer yielding a |
dianion that is stable on a long coulometric time‘scale.:12 The
formation of a'dianion precipitate, characterized by a bright red

color, causes a sharpening of the reduction wave.

II. Nitrosobenzene
Less detailed studies of nitrosobenzene have been undertaken in

the same manner as ni’crobenzene.l3 It has been found that




nitrosobenzene reduces at a less négative poténtial than nitrobenzeﬁe, ’
accounting for the direct reduction of nitrobenzene to
phenyhydroxylamine. 14

_ ~ In 10% ethanol watér solutions, buffers were added to 'vary the
pi. As the pH increased, the first redﬁctive wave moved more
negative. The second wave was identical to the wave representing the
formation of phenylhydroxylaminé and shifted more negative as the

solution became more basic. The general scheme of reduction is shown

in Equations (15-17) R

PhNO + €~ ==PhNO"~ (14) .
PhNO™ + H' —> PhNHO' - (15)
PhNHO + HY + e —> PhNHOH - (16)

. In a 50% ethanol buffered solution, nitrosobenzene yielded one
reduction wave below pH.12.5. Above pH 12,5, two reduction waves
appearei The second wave corresponded to the reduction of
azoxybenzene. above pH 12.5.13 It was found that the half-wave
potential of the first wave varied linearly with pH. Ethanol, dioxane
and acetone with acid solutions yielded a positive movement of the
first wave on increasing the concentration of the acid.16
Using liquid ammonia as the solvent, nitrosobenzene was reduced

in two successive rever51b1e steps, each being a one-electron transfer

with the ‘dianion’ belng more stable than the n1trobenzene dlanlon on




the coulometric time scale.]'2

Nitrobenzene in Aprotic Solvent
In aprotic solvents, the lack of proton availability causes a
change in the redﬁction mechanism of nitrobenzene. Nitrobenzene is
reduced by a one-electron reduction to a stable radical anion. This
is followed by a thfee electron reduction.at a more negative potehtial
with proton donation from the solvent to yield_phenlyhydroxylamine.
PhNO, + € —>PhNO™ (1n
PhNO“ + 3e™ + 2H* ——> PhNHOH (18)
Maki and Geske used acetonitrile (AN) and a mercury pool electrode to
study the nitrobenzene anion radical.? They repeated the early

18‘and found_two reduction waves.

polarography done by'Runner and Balog
The first wave corresponded to a one-electron reducfion to yield the
radical anion fbllowea by a wave representing a one electron reduétion
at a more negative potential to yield the dianion.

19 the reductioﬁ of

In an acidic dimethylformamide (DMF) solution,
nitrobenzene has been described by a series of steps with protonation

following each step.

PhNO, + H'-$=> PhNO,B" (19)
PINOoH® + HY -S-SPhNO + B0 | (20)
PONO + H ~-> PHNOH- " (21)

PhNOH* + HT i>PhNHOH_ (22)




PhNHOH + 2H S5 PhNHY* + Ho0 @)
PhNHS® —=—>PhiNH, - (24)

The transfers that occur in Equations 21 and 23 are rapid at the

reduction potential of Equation 20. The phenylhydroxylamine formed in

Equation 23 is relativel§ stable in écid.solution but in alkaline

- solution, it reacts with nitrosobenzene to yield azoXybenzeneﬂﬁ_
Substitution of a trifluofomethyl group in the péra position of

nitrobenzene results in a one electron reduction for the first wave

and a two electron reduction for the second wave.20 A new coupie‘-

appears anodic of wave 1 that is thought to be a radical product of

the ECE process. The reductive mechanism appears to be:

PhNO)CF3 + €~ === PhNO,CF3~ (25)

. PhNO,CF3 + €7 o===PhNO,CF3~ (26)
PhNO,CF3 + 2HS ;>PhNOCF3 + HyO+ 28 C@n
PhNOCF3 + e~ == PhNOCF3 (28)

Electrolysis of this solution produces a cathodic shoulder on the
radical anion reduction and oxidation wave that is thought to

correspond to azo or azoxy formation.

Nitrosobenzene in Aprotic Solvent

In DMF, nitrosobenzene can be reduced by a two step mechanism.2}

The first wave représents the formation of the unstable radical anion




and reacts with another molecule of nitrosobenzene to form
azoxybenzene.. Cyclic voltammetry and electrolysis studies in DMF.
revealed a three step mechanism in which dimerization of the

nitrosobenzene radical anion is more plausible and corresponds to the

following mechanism:l'27"23 r15
| PhNO i—_\_; PhNO™ | (29)
2PNOT —> Ph-l\}-g-Ph _;g;_ > PhNeN-Ph (30)
e + Ph-NeN-Ph == (Ph-NeN-Ph)~ (D
PhNG™ €3> PhNG” G2

Dimerization fesulted in formation of a dianion-intermediate that
abstracts a proton from the solvent and then releases hydroxide iqn to
yield azoxybenzene. If the mole ratio of.hYdroxide ion to
nitrosobenzene was .3, the nitrosobenzene would be completely consumed
in acetonitrile (AN) .but' the consumption would not be complete in
dimethylformamide.15 This mechanism also fitted the'data for é 80:20

.dimethylsulfoxide (DMSO) /t-butyl alcohol solution.24

. Effects of. Proton Addition

Nitrobenzene. At low alcohol concentrations (3.2 wt% (,5515;1)
ethanol in water) the reduction of nitrobenzene proceeds through one
rate—determining step that may consume two electrons as the systéfﬁ .
9

does ‘in pure agueous solution.

PhNO, + 2¢” + 2H" -SLOWs PhNO + Hy0 (33)




At higher alcohol concentrations (>10 wt% (1.72M) ethanol in water),
the process involves two consechtive'rate—determining electrochémical

reactions followed by two chemical steps.

PhNO, + €~ lcl—>P1nNo§ . (34)

. PINO; + €~ ]—<2—>th0§ A (35)
| PhNO + 2H' —> PhNO,H, (36)

© PhNOjHy —>>Ho0 + PhNO - (37

The half-wave potential of the second wave shifted negétively at
low alcohol concentrations but at concentrations greater than 3.5 wt%,
it shifted positively. This is due to en_hanced ion association
between the nitro anion and the cation of the electrolyte. Isopropyl
alcohol has a greater effect_ than ethanol for producing this two way
shift. -

In solutions of .1M hydrochloric acid and ethanoi, changes in thé
potential of the first wave were noted with increasing alcohol
concentration.23 The half-wave potential shifted negatively as the
alcohol concentratioh increased. |

The addition of alcohol to a solution of liquid ammonia,
nitrobenzene and an electrolyte resulted in the appearance of an
anodic shoulder on the wave that fepresent;s. the formation of the
dianion? Smith and Bard determined the shbulder was caused by the

following reaction:




PhNO§™ + ROH —3> PhNOJH™ + RO™ (38)
However, an electrochemical process for the protonation of a dianion
would cause the entire wave to shift and protonation of the radical
anion would-appear as a shoulder. Two oxidative waves appeared that
corresponded to nitrosobenzene oxidation waves in the preseﬁce of
alcohol. .This indicated both reactions give the same final product,
PhNOH™, by the following mechanism:
PhNO, = PhNO, é PhNO5 + ROH (39)
RO™ + PHNO,H™ = OH" + PHNO == PhNO™ == (40)
PhNO™ + ROH ==> PhNOH™ + RO™ (41)
The addition of o—-phthalic acid to aprofic solvents caused the
formation of a new wave positive of the fifst wave.2? The height of
the first wave decreased with increasing acid concentration whi1e the
new wave continued to increase. The new wave represents the
preprotonation of nitrobenzene at the elgctrode surface prior to the
rate-determining step. The reduction potential of the preprotonation
wave can be correlated with pKa values. When phenol was added to 3
acetonitrile, the second reduction wave shifted positive so that the
sequential reduction no longer occurred.
| According to Greig and Rogers, addition of hydroquinone to a DMF
solution containing an electrolyte and o-trifluoromethylnitrobenzene

does not affect the first wave but the second wave shifts
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20 mhe felationship of current between waves 1 and 2 does

anodically.
not change, indicating no affect on the number of electrons

transferred. The shift of wave 2 is caused by protonation of the

_ radical anion. The protonated radical anion is reduced at a more

positive potential than the unprotonated radical anion. The nitroso
couple which appeared cathodic of wave 1, also protonates and is
reduced more anodically. The proton donor should increase the rate of
formation of the nitroso intermediate and therefore, increase the
intensity of the oxidation-wave.

Holleck and Becheg observed a positive shift in the half—wave.
potential of the second wave of p—chloronitrobenzene with increasing
water concentraticwu25 The addition of phénol was shown to cause
rapid protonation of‘nitrobénzené11 that would cause a positive shift
in the reduction potential. This was observed by noting a decrease in
the rate of radical anion formation at a high phenol coﬁcentration

indicating a lower radical lifetime,

Carre and Belin?® studied tﬁe effects of a protoﬁ source added to

a DMF/nitrobenzene solution. Using phenol and benzoic acid, they

found that at pH'>12d5 two waves appearea corresponding to a one-
electron reduction and a three-electron reduction, respectively. The
first wave corresponded to the formation of the radical anion while

the second wave appeared to represent the formation of
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phenylhydroxylamine and azoxybenzene At pH <12.5, a four électron
reduction wave appeared corresponding to the reduction of nitrobenzene
to phenylhydroxylamiﬁe (Equation 42). |

PhNO, + 4H' + 4~ ——> PhNHOH + Hy0 (42)

Nitrosobenzene. When a proton donor was added to nitrosobenzene in
liquid ammonia, the second reduction‘wave decreased and a new wave
appeared 120mV more positive than Ehe second wave while the first wave
was unaffected.}?2 When the alcohol concentration was increased, the
- new wave shifted positively and increased in height. 'The new wave can
be represented by: | |
PhNO™ + ROH + & ==="PhNOH + RO" (43)

The nitroso radical anion can protonate rapidly producing the

neutral nitroso i:adicai that is oxidized at potential more anodic than

the uriprotonated anion radical oxidation.20

Substituents Ton Nitrobenzene

The stability of the substituted nitrobenzene radical anion
'depends on the nature of the substituent 'and its position on the
r:'Lng.,27'28 Stability increases when an electron withdréwing group is
present and by incréased delo‘calization' of 'the negative charge over
the ring. The degree Qf localization depends on the amount of twist

of the nitro group out of the plane which depends on the
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substituent.?? It is well known that the nature of the substituent -
affects the half-wave potential. It has.been observed that p-
nitrophenol is not as easily reduced as nitrobenzene.6 The electron
density on the nitro group increases because of the electron—donaéing
effect of the hydroxyl group in the pafa position. At low pPH valués(-u‘;i”:
_the o~ and m-nitrophenol are reduced slightly more feadily than | |
nitrobenzene. In the case of the ortho substituent, the hYdrqgen
bonding cancels the inéreased electron density due to an substituent |
ortho to the nitro group. The meta sdbstituent of any nature is more
stable than the corresbonding o~ and P derivatives.?’ -

The reduction potential of o-methylnitrobenzene is more negative
than the reduction éoténtial of nitrobenzene itself.30 When the
substituent is a t-butyl group, the compound will be reduced at a moré
cathodic potential due to aninductive effect. When the substituents
are electron doﬁators, the half—wave potentials aré found. more
negative than when the substituents are electron acceptorsh25 This is
thought to be due to ion-pair formafion occurring prior to the first
reductive wave. It is.aéparent that electron donor substituents
hinder electron addition, making the compound harder to reduce 3l 1t
will reduce at a more negative potential thag compouﬁds thét have
electron acceptor substituents.

EPR studies show the nitrogen coupling constant decreases as the
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ease of reductiop increases.32 When the subs;.ituent is a chlorine,
the electron attracting (withdrawing, accepting) effect of the
substituént causes the reduction to occur mofe easily than in
nitrobenzene and the nitrogen coupling constant to decrease. The
nitrogen coupling constant of o-chloronitrobenzene is éreater than for

the-correspor_lding meta and para isomers indicating a steric eff,ectau‘

Halonitrobenzenes, The halonitrobenzenes are reduced by two diff_erent
mechanisms. One' mechanism involved the solvent and can be shown as

follows:

ArX + e == ArX" (44)
Lk ©
Arx” —+> Are +X° (45)
X
Ar* + SH —2> ArH + S° (46)

'This scheme has been seen when the ArX reduction wave corresponds to
less than a two electron transfer and less than 100% yield of ArH,33
The proton donor in aprotic solvents is thought to be residual WQter
which is a much stronger acid than the solvent itséif. However, a
deuterium study examining whether residual water.or the solvent is
responsible for the proton used has shown that if the Ph™ anion is
fairly basic and the PhH/Ph™ pKa's are much more negative than the

pKa's of the organic solvents, the protonation rates by water and the

solvent may reéch the diffusion limit and the solvent may yield the
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33

proton. 34 It was determined that less than 100% yield was achieved

because of further reaction of the solvent radical to yield

substituted products as is shown in Equations 47-50,27
S*+e —> 8§ - (47)
S + Arc —>ArS” : L 48
ArS® + e=—> ArS (49)
ArS™ + ArX —>ArS + ArX~ (50)

Compounds which have been found to undergo this type of reduction
include halogenated aéetophenones, ioéonitr_obepzenes, 2~
bromonitrobenzene, 3~ and 4-bromobenzophenone, 2-iodophenazine, 6-
chloroquinoline, 6-bromoquanoxaline and 6-iodogquinoxaline. |
The other mechanism of halonitrobenzene reduction may be
associated with éystems' which are less delocalized so that reduction
of Ar* at the electrode will occur more readily than proton transfer.

This will yield 100% ArH and a two electron transfer.

"ArX + e- —> ArX~ . (51)

k. - : .
ArX* —L1>are + x° (52)
Bre + e —> A (53)

Included in the compounds uhdergoirig this reaction: are bromobenzene,
chlorobenzene, halobenzonitriles, chlorobiphenyl, and the
halonapthalenes.

Maki and Geske observed electron spin resonance (ESR) for the p-
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chloro, p-bromo and p-fluoronitrobenzene radical anions but not for
the p-iodonitrobenzene radical anion.3l Other studies revééled that
- the three iodonitrobenzenes lose their iodine, yielding the

11

nitrobenzene radical anion.1/3% An intermediate wave is observed

that corresponds to the formation of the radical anion with preceeding

iodine loss. The proposed mechanism of reduction igs30

‘Wave 1 PhNO,I + 2¢” + HY —>PhNO, + I” , S (54)
Wave 2 PhNO, + ¢T —> PhNG, - | o (55)
Wave 3 PHNO + & —3PhNOS o (56)

There are some inconsistencies in the data, namely, the potentials for
the reductions that occur at wave 2 and 3 should correspond with the
reduction potentials for nitrobenzene under the same conditions. The
second wave is (-) 70mV more nega{:ive than the potential of the
radical ahion off nitrobenzene given in the paper while wave 3 is (=) '
200mV more negative than the dianion of | nitrobenzene. The ' |
intermediate has also been observed for p-bromorvuitrobenzene.zs.
Howevér, the p-bromonitrobenzene ESR spectra yielded a mixture of 'the
nitrobenzene radical anioﬁ and the p—brommitrobenzene radiéal
anion.35 Only the o-bromo isomér loses bromine readiiy. Further
studies revealed that :tﬁhe ortho isomer yields an ESR spectrum

identical. to the nitrobenzene anion radical indicating loss of bromine

prior :to radical anion formation. The spectra of the_bther two
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isomers were identical to the chloro isomérs where no halogen loss is
oioservedl..11 These results are not surprising since the order of .
carbon—-halogen bond strengths is F>CL>Br >1.36 Therefore, iodide
should be lost read.'ily while the bromide isomers may yield'a mixture.
Chlorine isomers are much more stable -and won't lose the halogen. as
readily. | | |
Electroly_s';is of‘ the chloro and bromonitrobenzenes yielded no
halogen loss in acetonitrile after the first wave for all isomefs
except the o-br;omoriitrobenzene.11 In DMF, o-chloronitrobenzene
lyielded the nitrobenzeﬁe radical anién when the potential was held
between the first and second waves during' electrolyéis. " Addition of'
phenol inhibited halogen loss. The para isomer of bromgnitrobenzene
behaved the same as the ortho-chloro isomer, yielding the.radical
anion of nitrobenzene when the potential was held between the first
and second waves.' | | |
Iodonitrobenzene isomers all showed nitrobenzene radical anion
. formation in DMF and AN, The proposed mec;hanism of reduction for the

o~chloro, p-bromo and iodo isomers is:

- -, .t .
0-PhNO,CL S o-Ph-10,1 2225, o-phings + C1” (57)
. Co- -+ )
p-PhNO,Br £—>p-Ph-NO,Br 2e H ., -PENO, + Br™ ~ (58)
B+ PhNO,I 2€>phNO, + I —S > PhNO, (59)

Lawless and Hawley interpreted the iodo reduction mechanism more




17

precisely.37
PONO,I + €~ == PhNO,I" (60)
PHNO,I™ = PINO, + I™ | (61)
PONO, {SLSPINO, +5° (62)

The slow step was determined by noting that the additioﬁ .of‘ iodide
slowed the rate of formation of nitrobenzene_indicating that the
chemically slow step follo_ws the loss of the halogen. Rates of
decomposition of the radical anion of nitrobenzene as determined by
current reversal chronopotentiometry can be ordered as o-iodo>o- |
bromo>>p-iocdo>m—iodo. These were detérmined by current reversal
chronopotientiometry. The ease of dehalogenation of the. possible
halogen and isomers are ordefed Pr m~Cl, m-Br<o-Cl<<p-Br<o~Br, p-, m~,
o~-111 It is obvious that the ease of dehalogenation is depenaent on
. the steric. conditions. In terms of general rate constants,' the
sequence above yields kF<kC1<kBr<kI°34

The ortho isomers have a slightly greater rate due to steric
effects which are noted by looking at the rate 'constént for the .
isomers: km<kp<ko. These orders were further derﬁonstrated by Hawiey
et. al. by studying the stability of the nitrobenzene radical ahién.38
When a methyl group was placed in the 6—position in 3~
iodonitrobeﬁzene, loss of the iodide 'incfeased 36—fold‘ in the anion

radical. When methyl groups were placed in both ortho positions in 4- |
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iodonitrobenzené, a 280-fold increase in the raté of iodide loss
resulted. It was determined that steric intefactién increases with
. size of the ortho-halogen, thus causing an increase in the rate of .
halide loss. An énodiq.shift in,thé reducfion potential results
because of increasing loss of Halide ion. = This shift compensates'fér
the cathodic shift that occurs as steric inteféctién incféaseéﬁg
Lawless and Hawley léoked more closely‘at the effecté'of steric
strain by observing the reduction of Z,G-éichloronitr'obenzene38 in DMF
using tetraethylammoﬁium perchlorate (TEAP) as the electrolyte. They
noted that thg steric effect may be‘observed by predicting the half-
wave potential for the first wave. This is accomplished by using a
rho (p) value for the reduction of a seri¢s of nitfobenzenes in DMF
obtained previously, a half-wave potential for nitrobenzene and a
Hammett substitueﬁt constaﬁt (0) for an ortho—- or para—substituted
chlorines. The value they bredicted was —180mV from the observed
.value, indicating that steric interaction occurs between the nitfo
group and the two ortho chlbrines.. The predicted value for o-
chloronitrobenzene is —60mV from the observed value. The addition of
a chlorine to o—chloronitrobenzene causes the nitro group to twist
from 30° to 65° out of plane. It is obvious that the elimination of a
chlorine relieves strain, thus o—chloronitrobenzene can be reduced to .

nitrobenzehe. Obéervations of the reduction of 2,4-
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dichloronitrobenzene showed the p—chloronitrobenzene ﬁadical anion is
formed, also relieving steric strain. Cyciic voltammetry of p-
bromonitrobenzene demonstrates first a one—-electron reduction to the
radical anion then a one—-electron reduction to the p-bromo dianion.
This is followed by loss of bromide and subsequently, a one-electron
reduction of the nitrobenzene radical anion. When the potentiél is
reversed before the third wave, a new couple appears as a cathodic
shoﬁlder on wave 1. This wave corresponds to the nitrobenzene radical
anioﬁ and proves that wave 3 results from the formation of the
nitrobenzene dianion. The anion radical of p¥chloronitr0benzeh¢ does

not lose its chloride. This is due to competitive pathways.

PhNO,X* + € — PhlNOyX™ (63)
| FNOE |

PhNOX™ —L —>PHNOG + X (64)
PHNO,X™ + HY —2—> Products (65)

The above reaction by the ky process depends upon protonravailability;
The reduction of 2,3~dichloronitrobenzene yielded the m—
‘chloronitrobenzene radical anion by ESR spectroscopy but it was not
apparent in cyclic voltammetry. The steric interaction was found to
be greater in the 2,3-dichloro compound than in the o—chloro compound
by 50mV. Lawless and ﬁawley believed'thét neighbofing_ch;orines
effect the steric interaction.

It has been observed that more resonance energy is lost between




20

the nitro group and the ring due to the nitro group being decoupled as

it twists out of the plane of t_he ring.28

The decoupling of the nitro group results in a charge éransfer
from the ring to the nitro group that indicates a decrease in the
strength of the m-system interaction between the ring and the nitro
group.40 | |

ESR studies of nitrobenzene radical anions in aqueous solution
pro{zed that the transfer of the electron occurs via the.nitro group,
but that the efficiency of transfer is determined by the ability of
the radical anion to delocalize the additional electron over the rest
of the molecule.tl The one electron reduction potentiél is more
negati\}e when aﬁoz, Fhe nitrogen hyperfine sf)litting constant,
increases due to the twist of the nitro group when other substitueﬁts
are present. The activation energy for the anion formation increases
due to the loss of delocalization for the twisted radical. anion.

The meta proton splitting constant aﬁxeta’ is not affected the
same as the ortho and para cop_étants which.decrease when aﬁo2 becémes
large. This indicates the shift of spin denéity is towards the nitro
'group. The_ effect of the twist of the nitro group is greater on
agrtho and agara than ageta' In DMF, thé paré 5p1ittin§ constant,
a'gara' decreases from 3.95 to 3.55 Gauss'when water is added while the

ortho and meta constants are stable.42 The change occurs rapidly at
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first and then begins to level off. There is a 1l:1 correlation
between aﬁo2 and agara with and without water added. When the
nitrogen is twisted out of the plane of the ring, it is more open to

solvation and hydrogen bonding.41

Sigma Rho. Sigma rho calculations are used to correlate the nature of

X

the substituent X, with the reactivity of the side chain R,
The Hammett equation‘expresses this relationship as
| log (k/k®) = op (66)

The terms k and k° are equilibrium or rate constants for substituted
benzene derivatives, sigma (0) is the substituent constant that only
depends on the nature of the substituent and its position and rho (P)
is the reaction constant that is independent of the substituents but
dependent on the reaction, the nature of the éide chain and the
reaction conditions.43

When a reaction site on a substituent'is insulated from the
benzene ring (more than a carbon away), the energy of activation is

affected by the change of electron density at the site of the reaction

but there'will not be a changevih resonance energy from the ground




22

. state to the transition state.44 When the reaétion sige is directly
attached to the ring, the resonance energy will be affected.

For electrochemical systems, the effect of substituents is also
determined by use of the Hammett equation. The half-wave potentials
for reveréible procésseé are given by the difference between the.'

standard free energies of the oxidized and reduced forms:

D £ .
= po - RL _OX % _ RU red . (67)
By =E nFln(D oF I E
red ox

where R is the gas constant, T is the absolute temperature, n is the
number of electrons transferred, F is the Faraday charge, Dox @nd Dpog
are the diffusion coefficient of the oxidized and reduced forms, |
-respectively and £,  and f,.5 are the activity coefficients.?® At a
given unit strength at which the éctivity coeffiqients are constant
and Dy = Dpegr |
E =E° . (68)
B, = AG°/nF (69)
The shift in the half-wave potential Q\E%)x caused by aading a |

substituent X onto a reference compound can be represented by

2.3RT

(8m), = S5 (blog ) (70)

where K is the equilibrium constant of an oxidation reduction reaction -

and Alog K = log Ky-log K, where K, is the value for the reference
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'system.46 Because the Hémmett equation can be expressed as- (A1log Ky
=0p, it is possible to use the Hammett expression in terms-of hal f-
wave potential

AFy = op - o
for met'a'and para substituent. This relates polar and inductive
effects. When mesomeric (resonance) interactions between the group R
and a‘para substituent on a behzene ring occur, the equation is -

written as‘l7

AE% = pO’X ) . - (72)
Occasionally, the reaction constant is negative due to an .
electrophilic mechanism and the equation is written as

ABy = ool | (73)

For ortho substituents, X, the equation takes on the form

AE;§= cp + 6ES (74)

I

where GES is the term for steric interactions. Other attempfcs have
been made to find an equation for the ortho sigma constant but have

48

not proved successful. The constant, ¢°, was found to yield better

precision than % p.49 The values are based on the ionization of

4
phenyl acetic acid derivatives instead of benzoic acid. Many- systems
have been used to find oy 4}, values with poor agreement between

values.”054 - When several substituents are on the ring, the

substituent constants are additive.
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AE, = pYo, _ (75)

Hammett's value for the 3,4-dimethyl substituent agrees w_ith the sum-:
of the para and meta methyl substituénts constants.>> Addifive |
effects havé been observed for systems-such as g-naphthyl and phenyl-
3,4~ methylenedioxy derivatives in which two benzene ringé are fused.
When rings are symmetrically located with respect ‘to the reaction
site, additivity is still found.56 ‘Shorter and Stubbs proved additive
effects for a number of polysubstituted benzoic acids bﬁt substituents
in the 2,3- and 2,6~ positions did not conform to the pZotheory.57

Many attempts have been made to explain the effects of thho
substituents on the benzene ring. Soxﬁe treatments have assuméd the
reactant constants were equal for each positio 5_8 (PP #y) and have

used the same values for the para and meta positions (0p=°m)59 and

for para and ortho constants.b0 Ortho substituent constants have. been
61

thought to depend on electrical effects but not steric effects.
Further investigatiohs have determined that resonance effgcts are
extremely import;ant,62!63 It has been éuggéstéd thét each substifuent
and reaction series yields a uhique constant,64 More recently, it has
been determined that ortho effects are a result of both polar and
steric effects.46'65 Classification of 'reactivity into resonance or
inductives divisions depends on the refereﬁce site.66_

Electrochemig:al studies have been used to determine steric
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13,19,67-69 The first wave of nitrobenzene

effects of substituents.
(radical anion formation) has been used to study reactivit§z26'46 The
results are very limited. Recent results show that corrections can be
made for polar interactions of adjacent chlorines for chlorinated
nitrobenzenes in DMSO that make the sigma constants additive.’0 ft
was determined that ¢° constants were more appropriate than

constants for this type of compound.

Rodante studied the effect of solvent on the linear free energy
rélatiohship»7l In a water-DMSO solution,'o—nitrophenol was found to
have internal hydrogen bonding due to strong electrostatic attractions
between the posifively charged hydroxyl hydrbgen and the negative
charge oﬁ a oxygen of the nitro group. 'The reaction constant was
larger than that found in pure water. W;th increasing DMSO
concentration, o increased to a maximum near .7% mole fraction then
decreased. The increase is due to a reduced»number of intermolecular
hydrogen bonds between the anions and the water molecules. The

solvent is causing a slight perturbation with the interactions between

the substituent and the reaction site.

Solvents and Their Effects
The effect of adsorbed ions and proton addition are depéndent on
the properties of individual solvents. It has been shown that the

stability of the nitrobenzene radical anion for the decomposition‘of
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iodonitrobenzene to the nitrophenyl radical anioh and iodide decreases
in the order DMSO>ANSDMF.3® The rate of decomposition of the anion
radical is ten times faster in DMF thén in AN and fifteen times faster
in DMF than in DMSO for the para and meta iodo compounds.

Anion radicals of benzophenone have been shown to be-more stable
in liquid ammonia than in AN or DMF./2 1t appears that the anion :
solvating ability is most influential on the stability of the anion
radicai in various solvents. The negative charge will become more
delocalized by solvation of the radi_cal anion, decreasing the amount
of charge at the carbon attéched to a halogén. This will increase the
" stability of that bond. |

Dimethylsulfoxide (DMSO) contains two acceptor sites;:' the oxygen
and the sulfur./3 The oxygen has thé greater amount of electron
density associated with it. Anions are much less strongly solvated
due to the lack of hydrogen bonding. There is a strong dipole-dipole
interaction between bMSO and water which is stfonger than t;he
molecular association of water. Results of various studies ﬁave not
. agreed on the mole ratio of water:DMSO bonds. Two studies revealed
that one molecule of water is bonded to two ‘moll'eculgs of DMsO’47? or
. DMF/® while another study showed one molecule of DMSO associated v}ith

two molecules of water.’® Alcohols have been shown to be weaker

proton donors toward DMSO than water and form only hydrogen bonded
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complexes.’3 It has been found that anions can be specifically
adsorbed by DMSO solutions in the ordef I’>Br",>Cl"$NO'3'>Cloz but that
cations are not readiiy adsor.bed.77l Mixed DMSO-fwatez;' solutions
enhance specific adeorpt_:ion of anions.

DMSO is strongly adsorbed at a mercury or pla‘tinum- electrode.
The adsorbed DMSO is reduced and oxidized beeause'the sulfur atom is
an e:_lectron pair donator.j8 The DMSO cepacity hump due to adsorption
onto the electrode appears at E = 0V(volts) on a platinum eleetrode'
while in pure agueous solutions this hump occurs at -.35 V. DMSO is
more active than water towards a platinum electrode, so that the DMSO
layer is between the electrode and the weter layer.79 DMSO can adsorb
onto the surface of a platinum electrode with one molecule of DMSO
occupying four adsorption sites on platinum.80 DMSO can be reduced to
dimethylsulfide while it is adsorbed.

It is possible that reduction products can also adsorb to the
elect..ro.de. " In solutioﬁs of sulfuric acid and also in phosphate
buffers, nitrobenzene derivatives are .fou.nd to adsorb strongly to a
platinized platinilm electrode with hydroxyiamines.adsorbing to a much
lesser degree.81 Amines are found to adsorb less than hydroxylamines. -

DMSO yields two. waves for oxygen in TIM tetraethylammonium

" perchlorate which were found at -.85V and -2.20V vs SEC while carbon

dioxide reduces at =-2.24V. vs a mercury pool_ el'ectrod‘e.82 The position
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of these waves depends on the supporting electrolyte. The first step
in the reductiqn of oxygen in DMSO is the formation of the superoxide
ion which is a reversible reaéti;uu83 The superoxide ion can undergo |
its own complete series of reactions. :

DMSO has a viscosity of 1.98 centlpmses (CP) at 25°C while DMF
has a viscosity of .796 CP and in AN, .345 CP. This makes the
diffusion coefficient larger in AN than in DMSO and consequently, the
current in AN solutions Qill be higher due to increased rate of
diffusion. DMSO has a dlelectrlc constant of 47 compared to 37 for
DMF and AN.834 It is somewhat polar and its association with water
kelps to make radical anions‘more stable in it. It is odorless except
for traces of dimethylsulfide. It rapidly penetrates the skin and may
carry with it toxic substances. |

In DMF, tetra-alkylammonium salts are strongly adsorbed at the
mercury solution interface. There is depletion of water from this
interface relative to the bulk solution which'changes the composition
of the double layer at _thé electrode surface.3® Quarternary ammonium’
salts as a group are essentially free ions in DMF and are much less
surface active in DMF than in water.2?

DMF is susceptible to hydrolysis yielding dimethylamine which is
easily oxiaized and -formic acid, a reducing agent. The limiting |

cathodic range of DMF is either reduction of the solvent or the cation
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of the electrolyte while the anodic rangé is limited by the oxidation
of DMF at a platinum electrode where an electron is-removed from the
amide nitrogen.83 |

| Acetonitrile is used aé a electrochemical solvent because it is a
weaker base and a much wéaker acid than water.84 The high vdiele_ctric
constant37 decreases the amount of solvent c':lustering.,85 The limiting

range is the reaction of the electrolyte at the electrode in both the

anodic and cathodic directions‘.86 Holleck énd Becker noted t';he

influence of water is greater in AN than in DMF because of the lack of

hydrogen bonding in acetonitrile (hence, less solvation).2> Jezorek
and Mark agreed that the influence of water is greater in AN but they
found that this was due to rapid protonation in aN.87 Radical anions

usually have a shorter half-life in AN than in DMSO or DMF because‘
84 '

they react with traces of water rapidly.




STATEMENT OF PROBLEM

We started thié wérk with the goal of determining the mechanistic
effect water had on the electrochemical reduction of chlorinated-
nitrobenzenes in DMSO. The work gfew out of a study initiated by H.
Byker.,88 He observed the electrochemical reduction of the chlorinated
nitro and nitrosobenzenes in DMSO and cafaloéued the reduction
potentials. He paid particular attention to the first reduction wave
which is importair‘xt for sigma rho calculations. The pathways of
reduction were observeds Prior to his work, S. O. Farwell82 and F. A

Beland90

investigated the electrochemical’ reductions of
polychlorobiphenyls and polychlorobenzenes which are homologous to the
chlorinated nitrobenzenes. They observed irreversible two-electron
transfers for each reduction wave, corresbonding to loss of chloride
and proton abstraction.

As the data for this thesis were collected, it became apparent
that othern solvents might yield different mechanistic pathways of
'reduction. Ethanol was used along with water to determine whether
ethanol gave a clearer picture of the mechanism than water. Then the
subject of"aajacent chlorine intefaction was included to deal with the
competing processes. -Adjacent chlorine inte‘rlactions are handled by

using sigma rho calculations. The problém to be addressed in this

paper is to determine the mechanisms of reduction of the chlorinated
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nitrobenzene upon addition of a proton source in DMSO, AN and DMF and
to determine and compare the effect of a proton source on sigma rho

calculations in DMSO, DMF and AN,




EXPERIMENTAL,

Instrumentation,ﬂElectrochemical Cell and Electrodes

Voltammograms were obtained using a standard cyclic voltammeter
which consisted of an attenuator module (Figure 1), a logic module
(Figure 2), a voltage module (Figure 3) and a pétentiostat module
(Figure‘4). The system, built by R. Geer, allowed the cathodic,
anodic and initial potentials to be set independent of one another.
The sweep rates used were 37mV/sec, 64mV/sec, 124mV/sec, 253mV/sec,
504nvV/sec and 1004mv/sec. ‘All of the voltammograms presented in the
discussion section were recorded at a sweep rate of 127 mV/sec except
for the acetonitrile work which occurred.at a sweep rate of 64 mV/sec.
The instrument allowed for anodic and cathodic liﬁit holds with very
little drift. Intermediatelpotentials could also be held at any
desired limit. Uncompensated resistance was used to correct for the
IR drop. The voltammograms were recorded on a Houston Instruments
Omnigraphic 2000-X-Y recorder. Peak potentials were detgrmined
graphically.

The cell was constructed from a four-dram glass bottle with a
teflon lined 1id (Figure 5). The total volume used was 15 milliliters
(ml) of solvent plus the addition of 100 to 200 microliters (ul) of
proton source. The cell contained three electrodes. The reference

electrode consisted of a silver wire inside a fritted glass tube
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Containing .1M tetraethylammonium chloride (TEACl). The glass tube
fit into a syringe body that was filled with the éléétrolyte (1M
tetraethylammonium perchlorate (TEAP)), iﬁ dimethylsulfoxide (DMSO).
The reference electrode was éonnected to the sample by a 1.7 milli-
meter (mm) Q.D. teflon tube with capillary flow tip. The working
electrode was a mercury coated platinum flag e1ectrode with a total
area of approximately ;25 cm?.  The platinum was coated with mercury
by the procedure of Enke and coworkers.?l The platinum flag was
attached to a platinum wire which was sealed into the bottom of a 3.4
mm glass tube. Mercury was placed in the tube and surrounded the__‘
platinum wire while a copper wire attached to a 20 gauge insulated
wire was pléced into the mercury from the top of the tube. The
counter electrode was é coiled platinum wire protruding from a 3.4 mm
glass tube and connected to the instrument via a insulated wire
attached to'the platinum. |
| The electrode and teflon lined 1lid were rinsed with the
appropriate solvent between samples. A clean four~dram bottle was
used for each sample. The bottles were cleéned with Mic;olab cleaner
and a Branson ultrasonic cleaner, rinsed with distilled water and were
allowed to air dry.

The cell was filled with 15 ml of .1M TEAP in DMSO, AN or DMF.,

The electrodes were rinsed with the solvent and placed into the system
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along with a s-tirr'ing bar. The system was sealed and deaearated with
Argon while stirring for fifteen minutes. While stirring and
deaerating continued, the voltammeter was allowed to cycle between
limits for five minutes at 120 mv/sec. The-background was run at 120
mv/sec. Backgrounds for all three solvents are shown in Figur'e 6.
The sample was added so that the concentration of the sample in
solution was 5 x 1074M. Argon continued to deaerate the system by
blowing across the top of the solution without disturbing it. The

solution was stirred thirty seconds between voltammograms.

Solvents

Gold label dimethylsulfoxide (DMSO) was obtained from Aldrich
Chemical Co. This was found to be suitable for electrochemical use if
stored in a dessicator. DMSO purified by the method of Byker88 was
found to have more electroactive impurities than the gold label DMSO.
However, it probably contained less water. NMR studies done by E.
Bbbott revealed the gold label DMSO contained .04% water.92 Use of
neutral alumina' to keep solvents free of-prbton donors?3 was tried but
no noticeable diffe;ence was observed in the voltammograms.
Acetonitrile (distilled in glass) was obtained from MCB (Omnisolv).
Dimethylformamide (DMF) was obtained from Burdigk and Jackson and was
also distilled in glass. Both of these solvents picked up water in

two to three days SO experiments with them were done quickly. NMR
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studies by E Abbott showed the DMF contained .04% water but AN data
" could not be obtained because the peak due to water protons was

obscured by the methyl group f)rotons and could not be sep(alrated,;92

Eléctrolyté

The supporting electfolyte used in this study was
. tetraethylammonium perchlorate (TEAP). It was synthésized by a
modification of the method of Sawyer84. 'I}etraéthylammonium bromide
.(.Et4NBr) (31.8 gr) ‘from Sigma Chemical Co. was placed in a 125 ml
erlenmeyer flask containing 48 ml of distilled water. After heating
slightly, warmed perchloric acid (Allied Chemical, 70% solution, 12.8
ml) was added to the warm EtyNBr solution with stirring. A white
precipitate formed immediately. The solution was cooled for fifteen
minutes in an ice bai_:h. The precipitate was suction filtered using a
very small amount of ice water for rinsing. The undried ‘precipitate
was recrystallized with a small amount (5 ml) of hot water. The
| solution was filtered and cooled in a ice bath. After suction
filtration and air drying, the precipitate was placed in a‘Aberha_lter

drying apparatus and vacuum dried.

Polychloronitrobenzenes
Nitrobenzene was obtained from Fisher Scientific Co. Samples of

2,4-dichloro, 3,4—dichloro, 2,4,5-trichloro, and pentachloronitro-
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benzene weré purchased lfroin Aldrich Chemical Co, Inc. and used withéut
further purification. Samples of 2-chloro, 4-chloro, 2,3,4-trichloro,
2,3,4,5-tetrachloro and 2,5—dichloroni£robenzene were purchased from -
J. T. Baker Chemical Co. The.2,6—'dichlor6, 3,5-dichloro, 2,3,5-
‘trichloro, 2,3,6-trichloro, 2,4,6-trichloro, 3,4,5-trichloro and
2,3,4,6-tetrachloro compoﬁnds were synthesized by L. Davis; R. Geer

and/or the author by procedures given in reference No. 91.




RESULTS AND DISCUSSION /

The cyclic voltammograms for each compound, with and without
water added, will be discussed in this section. Each solvent is
discussed individually for each compound since the mechanisms do

change in most cases when the solvent is changed.

Peak Resolution and Reproducibility

Cyclic voltammograms were re.pea.ted‘ consecutively for a variety of -
compounds and a #3nV error was found in ‘the potentials. for the sharp
peaks. For. those waves that are rounded, such as most Wé.VGS from
nitroso compounds or waves that appear on the shoulder of anothgr
peak, the error in measurement is ilmm, equivalent to +12 mV. .‘
Combining this with the instrumental error, the total error becomes
+15mV. In most cases, measurements are obtained with greater
resolution than the X-Y recorder is capable of producing. = When cyclic
voltammograms of compounds were repeated with a new solutibr_x, ana at
time i‘ntérvals ranging tfrom a few days to a few mohths, there were
differences betﬁeen i:he voltammograms due to changes in experimen£a1
conditions. The chief factor in these changes was the variation in
water content of the solvents. This seemed to be dependent on
humidity, storage time, exposure to air and lot number of the solvént.

Other factors affecting the voltammogrards_ are instrumental noise,
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changes in uncompensatéd resistance, the high impedance of the
reference elect;ode, electrolyte purity, eléctrode surface changes and
contamination from the reference electrode (chloride leakage) or from
previous compounds remaining on the electrodes. Most of the effects
were immediately noticeable and could be corrected. In all cases, the
best data are used to deduce mechanisms. Peak potentials (half-wave
potentials) for the réduction and oxidative.waves, with and without an
added protoq source, are listed in Tables 1-6. The general mechénism

is reported in Figure 7.

Interpreting Voltarmograiﬁs

Each voltammogram will be discussed with some detail in order to
propose possible mechanisms. It may be helpfull for the reader to
interpret a voltammogram in much greater detail so the less détailed
explanations will be easier to understand. Using Figure 8, which is
the cyclic voltammogram of 3-chloronitrobenzene, the yertidall axis
represents current while‘ the horizontal axis corresponds to potential,
linearly varied linearly.with time. When there is an electron flow
from the working eiectrode to thé electroactive species in solution,
the current is considered positive (a reduction current) and when the
electroné move tb the WOrking electrode, the current is considered
negative (a oxidation current). Starting from point a, .the initial

potential, a positive current flo_wé. This is ‘composed of a
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Table 1. Peak potentials'GJD of chlorinated nitrobenzenes in DMSO.

Compoﬁnd . Rev

NB.
2
3 .
4

23

24

25

26

34
35%*
234
235
236
245
246
345
2345
2346
2356
23456
Nitroso

1,126

1.102
972
1.046
.987

1.004

877
1.109
.938
. 742
.862
-812
1.005
.813
1.088
.813
«759
.948

924 -
-899 -

+905

QRev .

1
1

.029
.019
.888
.954
.905
.931
.798
.979
.869

668
.781

.716
911
.756
.930
+763
-589

+751
.822

ONitroso

-810
.830/.653
«650
<158
.822/.661
07'24 )
0572
.769
.691
-449
.599
.594
.828/.619
.593
o177
535

674
.589

irf 1
2,032
1.891
1.879
1.934

1.635
1.733

. 1.652

1.696
1.763
1.640
1.473
1.435
1.428
1.532
1,545
1.493
1.342
1.209
1.178
1.300
1.305

Irr 2
2,037

1.878

1.949

1.841
1.888
1.913
1.794
1.685
1.697
1.668
1.672
1.743
1.740

1.480 -

1.517
1.442

© 1.457

1.283

Irr 3

NN
o o
| I T B

N
L
i 1 Ol OO
3
o

o>
o

NN
w O

10

1.806
1.853
1.822
1.946
1.819
1.704
1.655
1.738
1.677
1.743

Irr 4

1.976

1.847

1.797

1.885
1.808
1.957

*3,5 DCNB was recrystallized to get rid of impurity peaks, potentials
prior to recrystallization were .856, .783, .540, 1.742, 1.850(-V).
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Table 2. Peak Potentials (~V) of chlorinated nitrobenzenes in DMF.

Compound Rev

NB
2

3

4

23
24

25

26

34
35
234
235
236
245
246
345
2345
2346
2356
23456
Nitroso

1

1

.004
.959
.846
.901
.872
.868
.838
.023
.781
.719
.801
.743
.937
.748
.936
.676
.692
.885
.874
.808

-+887

ORev

922

.889
779
.830
.796
.798
.746
.925
721
.647
731
.661
.874
.695
.842
.587
.619
.8i5
775

.826

ONitroso

.720
.720
.544
.618
«550
.630
544
.728
.542
.558
.545
.538
771
.522
.548
.54
.539
.536
.534
.533

Irr 1

1.949
1.741
. 1.769
1.824
1.469
1.551
1.614
1.497
1.625
1.655
1.298
1.312
1.258
1.451
1.301
1.342
1.150
1.056
1.012
1.142
1.342

Irr 2

1.920

1.875
1.788
1.832
1.820
1.747
1.779
1.789
1.619
1.676
1.596
1.634
1.557
1.495
1.364
1.435
1.305
1.362
1.258

Irr 3

1.928
1.895
1.820
1.915

1.785
1.814
1.778
1.800

. 1.826

1.666
1,553
1.614
1.670
1.571
1.709

Irr 4

1.791

1 1.780 °

1.769
1.798

1.907
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Table 3. Peak potentials (-V) of chlorinated nitrobenzenes in AN.

Compound Rev = CRev ONitroso Irr 1l Irr2 - Irr 3

NB  1.053  .980 791  1.865 - -

2 1.010 .936 587  1.741 - -

3 .919 .838 633 1.669 - -

4  .966 . .899 683 1,742 - -

23 .929 .875 - 1.463 1.665 -

24 -.928 .868 521 1.600 1,737 -

25  .885  .822 444 1.546 - -

26 1.054 .951 .586  1.524 1,657 -

34  .861 .791 .560  1.654 1.675 -

35  .809 .742 518 1.571 - -
234  .876 .817 - - 1.349 1.650  1.675

235 ..819 .758 515 1.361  1.569 -

236 .996  .920 .46 1.387 1.618 -
245  .829 .776 435 .1.488 1.582  1.758
246  .988  .910 557  1.449 1.628  1.750

345  .764 .709 539  1.420 1,557 -
2345  .776 713 - 1.213 1.435  1.573
2346  .944 .875 .476  1.178 1.516  1.638

2356 935 .865 o156 1.079° 1.371 1.572
23456  .895 .727 - 1.261 1.451 1.580




Table 4.
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Peak potentials (-V) of chlorinated nitrobenzenes in DMSO

with a proton source added (either water or ethanol). Value in

brackets is generally at twice the concentrationof the first value.
See figures for specific values.

'.Cﬁpd

Reév Waves

ORev

Irr 1l

NB 1.110(1.089) 1.024(1.003) 1.909(1.854)
2 1.095(1.077) 1.008(.987)

-3

4

23
24
25
26
34
*35
234
235
236
245
246
345
2345
2346
2356
23456

..945(.937)  .864(.864)
1.041(1.035) .939(.967)
.989(.966)  .917(.913)
.994(.990) ~ (.915)
.869(.864)  .780(.771)
1.131(1.128) 1.040(1.036)
.925(.926)  .876(.865)
.776(.775)  .681(.659)
.858(.850)  .776(.796)
.809(.805)  .720(.696)
1.001(.995)  .904(.880)
.829(.825)  .755(.737)
1.016(1.017) ..878(.857)
.796(.794)  .755(.748)
.764(.753)  ,689 ————
.958(.945) .  ———
.924(.924) —
.899(.886) —

1.797(1.749)
1.748(1.697)

1.815(1.765)
1.635(1.606)
1.682(1.643)
1.551(1.528)
1.815(1.772)
1.655(1.624)
1.536(1.480)
1.435(1.388)
1.399(1.388)
1.440(1.416)
1.525(1.502)
1.506(1.508)
1.450 ——-

1.306(1.280)

1.241(1.231)
1.229(1.229)
1.284(1.284)

1.790(1.715)
1.791(1.737)

1.615(1.545)
1.563(1.507)

1.621(1.566) -

1.598 ——-
1.651(1.638)

1.548(1.516) .
'1.539(1.491)

1.553(1.517)
1.473(1.473)
1.531(1.470)

1.757(1.706)

1.672(1.598)
1.592(1.565)

*Potentials (-V)- prior to recrystalllzatlon were .844( 842), -—(.802),
1.526(1.550) .
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Table 5. Peak potentlals (-V) of chlorinated nitrobenzenes in DMF with
water added. Values in brackets are at twice the concentration of the
first value.

Cnpd  Rev Waves ORev Irr 1 Irr 2 -

NB .991(.974) .912(.907) 1.674(1.591) ——— —_—

2 .953(.938) .875(.845) 1.546(1.481) —_— —

3 .839(.830) «771(.765) 1.516(1.440) —— _—

4 .888(.876) .819(.812) 1.557(1.489) —— —

23 .864(.857) .788(.776) 1.443(1.373) — —

24 .861(.852) .784(.774) 1.471(1.413) 1.558(1.508) —_—

25 .829(.826) 2732(.,731) 1.493(1.423) _— ——

26 1.014(1.003) .924(.918) 1.561(1.492) —— —

34 .773(.765) .704(.695) '1.500(1.420) —— ——

35 .710(.705) .640(.636) 1.430(1.356) — —_—

234 .793(.792) .720(.700) 1.278(1.271) — —

235 .740(.732) .651(.657) 1.312(1.273) 1.477(1.364) —

236 .930(.919) .863(.841) 1.264 -~ 1.435(1.361) ——

245 ,745(.738) .681(.668) 1.432(1.347) - (1.427) o——

246 .932(,.918) .854(.840) 1.303 - 1.457(1.392) e

345 .665(.657) .605(.584) 1.446(1.375) —_— —
2345 .687(.682) .617(.606) 1.142(1.131) 1.353(1.353) 1.427(1.360)
2346 .876(.877) — 1.060(1.058) 1.365(1.304) 1.563(1.511)
2356 . .869(.862) ———— 1.023(1.002) 1.304(1.274) 1.453(1.363)
penta .816(.810) e 1.149(1.142) 1.389(1.348) 1.455(1.415)




Table 6.

first value.

Gnpd  Rev Waves

NB 1.006(.982)

2

3

4

23
24
25
26
34
35
234
235
236
245
246
345
2345
2346
2356
23456

.978(.961)
.882(.859)

925(.899) -

.897(.886)
.894(.878)
.860(.844)
.002(.971)
.829(.808)
.779(.762)
.846(.827)
.798(.786)
«955(.926)
-804(.786)
.951(.925)
.738(.719)
.761(.739)
.910(.885)
.898(.872)
.884(.865)

CRev

<911(.779)
.904(.876)
.831(.788)
.856(.787)
.828(.718)
.816(.797)
.798(.744)
.938(.916)
«761(.747)
.706(.704)
.787(.732)
«736(.719)
.884(.867)
.742(.724)
.881(.857)
.671(.656)
.691(.691)
.839(.749)
.828(.755)

-+704(.704)
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Irr 1

1.443(1.302)
1.370(1.261)
1.356(1.188)
1.376(1.258)
1.206(1.074)
1.301(1.193)

-1.226(1.083)

1.355(1.260)
1.296(1.174)
1.249(1.144)
1.193(1.087)
1.163(1.048)
1.295(1.212)

1.237(1.128)

1.354(1.282)
1.229(1.121)
1.152(1,038)
1.231(1.134)
1.149(1.062)
1.160(1.049)

Irr 2 -

1.239 -

e

1.219 -

Peak potentials (-V) of chlorinated nitrobenzenes in AN with
water added. Values in brackets are at twice the concentration of the
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Figure 7. General mechanism of reduction. All electrochemical
reductions and oxidations moved to the right and left, respectively (E
processes). All chemical steps are vertical arrows (C processes).
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nonfaradaic charging current and possibly faradaic reduction of
impurities until a potential is reached where electrons are
transferred to the 3—chloronitrobenzene compound. The current
increases with potential until it is limited by the rate of diffusion
of 3-CNB to the electrode and the peak of wave 1 is reached. Before
the next electron transfer, the current decreases toward a non-

faradaic current. At 1.8 V, the second set of electrons are

Equations 76 and 77.
NO

transferred. The processes to this point are represented by
2
@+ e
Cl

NO2
El Wave 1
> @ (76)
{ ¢
NOZ NOZ
+ e~ _E2 Wave 2
@ A @ (77)
Cl Cl1

The reversibility of equation (76) is shown by the short sweep in

Figure 7. However, wave 2 is much larger than wave 1, so it is
apparent that wave 2 represents more than a single electron transfer.
The electrochemical process is followed by a chemical process (or
actually, two chemical processes), then further reduction. Equations
77-81 represents the chemistry associated with wave 2. The cathodic

limit is reached and the direction of the potential sweep is reversed.
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NO NO,H
+
Al @ N @ (78)
Cl cl
NOH™ NO
-OH™
-—CS—> (nitrosobenzene) (79)
Cl ¢l
NO NO*
@ + el E5 @ (80)
Cl cl
NO* NO=
Ort e
cl

At point b, a small bump is observed. This is proposed to represent
an oxidation of the protonated dianion which will be described
throughout the discussion as the oxidative "bump" by the C3E2 process
(see Mechanism, Figure 7). The letter "C" refers to a chemical
process and E or E' to an electrochemical process. Point C is a
shoulder on wave 3 and is proposed to result from direct oxidation of

the protonated dianion by the E2' process. Wave 3 corresponds to the
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oxidation of the 3-chloronitrobenzene radical anion and wave 4
represents the oxidation of the 3—chloronitrosobenzene radical anion

(Bquations 82 and 83). .

NO2 NO2
+ e~
. ’ Cl Cl
NO™ NO
Gl €l

On the second negative sweep wave 5 appears to be the reduction of 3-
chloronitrosobenzene to its radical anion. The reversible wave at
point d represents the amount of chloride which is lost from the
substrate. It is due to the formation of the mercurous chloride
complex which occurs when mercury is oxidized in the presence of
chloride ion. In Figure 8, point d is not very large but it is
present, so some chloride is lost. If this wave were larger, this
would be indicative of a greater amount of chloride loss and a wave
for formation of the nitrobenzene dianion would have appeared after
wave 2. By correlating the potential of the dianion of nitrobenzene
from the voltammogram of nitrobenzene with the wave which would have
appeared, a positive identification can be proposed. In the case of
more highly chlorinated compounds, the first irreversible wave of the

actual compounds can be correlated with waves of the more highly
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chlorinated compounds and the reduction péthway can be formulated.

In presenting the discussion, the main interest 1iés in the
determination of processes. occurring at thé "irreversible" waves.
-‘However;, these waves will. be shc&n to be not truly irreversible. They
are reversible waves ﬁoilowed by a reversible éhemical step (E‘qﬁétion
79 for example) which is a EnCr process R for reversible) but the
chemical equilibrium is not favorable for the reversibility of the
chemical reaction so it does not occur rapidly. This céuse_s the waves
to appear as irreversible waves and they will be referred to as
"irreversible" waves iﬁ order to distinguish them from the
"reversible" waves which are quife obviously reversible (waves 1 and
.3, waves 4 and 5). Waves 1 and 3 will appear in all voltammograms and
will often be referred to as the "reversible couple." Rapid chloride
loss does not occur with the electron transfer to form wave 1. It
should be noted by the reader that wave 1 is the formation of the
radical ‘anion and there will be no discussion of it in the
interpretation of the voltammograms.

It will be necessary to refer to the generél mechanism on -
occasion. To avoid redundancy, ﬁhe names of compound will be
abbreviated with the first use of the ‘némeo The solvents will be
abbreviated as was done previously. -

Due to diffidulty in determining éotentials of small waves,
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changes in conditions between a series o_f voltammograms,' and shifting
of potentiais due to other close waves or chpetition between
processes, the exact mechanistic pathway is sometlmes dJ.fflcult to
determine. Allowances must be made when the potent1a1 of a wave and
the potential of the proposed corresponding authentic wave do not
match exactly. When a.proton source is added, changes up to 60 inv are
noted due to a change in the liquid junction potentiaL It is |
necessary to compare the potentials of waves with the authentic
potentials of less chlorinated compounds. The change in potenrial
between the wave and the authentic wave will appear after the compound
w1th a negative sigh if the authentic wave is more negatlve than the
wave in the voitammogram being examined or a positive sign if it is
more positive than the wave. For example, a .wave has a potential of
~1.78V and its formation is due to the formation of the 2-CNB dianion
(+40mV)or 3-CNB (+10mV). This tells us the 2-CNB dianion forms 40mV
more positive than t.he wave and the 3-CNB dianion wave appears 1l0mV
more positive than the wave. ~ In this case, the 3-CNB dianion is
'probably responsible for the formation of the .wave' in the voltammogram
of a more chlorinated compound.

When a proton source is added, some waves will shift anodicaliy.
When this occurs, some waves will decrease while other waves will be

obscured by waves shifting on top of one another. The numbering
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system will remain the same és it was in the voltammogram without a’
proton source. Since two waves may now appear as one wavé, the number
.of the wave will be the lowest number. Therefore, some voltammograms
will not have sequential numbering.

The data are divided into three sets in the discussion of each
section. The two sections are 1) without addition of a proton source
and 2) with addition of a proton source. The three divisions are
Series 1: no ortho chlorines in the compound; Series 2: one ortho
chlorine in the compound and Series 3: two ortho chlorines in the
compound. The voltammograms in each grodp will show particular _
characteristics, and later, the characteristics will be carried into

sigma rho plots.

Cyclic Voltammograms without Proton Addition

Series 1: No Ortho Chlorines

Nitrobenzene. The cyclic voltammogram of nitrobenzene (NB) iﬁ
DMSO is shown in Figure 9a. Wave 1 has already been discussed '
(radical énion formation). The second wave (2), appears to be an
"irreversible" one. eiectron transfer to form the NB dianion with
further reduction to the nitrosobenzene dianion. Evidence for the
nitroso dianion is due to the ratio of peak heights between waves 1
and 2 (1:3), proving that there is more than one electron involved.

According to previously observed mecha’nisms,lz'”'20 the dianion
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Figure 9. Cyclic voltammograms of nitrobenzene in a) DMSO; b)DMF; c)
AN.
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abstracts é proton and then loses hydroxide ion to form '
nitrosobenzené, which is in turn reduced. The oxidafive VSWe‘ep shows
two waves. Wave 3 appears to be the oxidation of the MB radical anion
while wave 4 corresponds to the nitrosobenzene radical anion
oxidat_ion. When the ca.thodic limit is moved more negative, a small
wave appears just negative of wave. 3. This is probablg} fhe oxidation
'of the protonated dianion to the protonated radical by the E2'

process.

In DMF, the cyclic voltammogram appears similar'but, not identical

(Figure 9b). .The anodic shoulder on wave 2 was not seen in DMSO.
This may be reduction of the protonated radical to the protonated
dianion but there is no prewave on wave 1 corresponding to

preprotonation of the parent compound. It may also result from some

nitrosobenzene dianion which forms rapidly as the nitrobenzene -dianion

starts to form. Since the second éweep does not yiéld a réduction
wave for nitrosobenzene, Ehe assumption is made {:hat the

V nitrosobenzene formed is used in another reaction,. When the
nitrosobenzene dianion fofms, it can ql'xic.kly ba protonated aﬁd yield
* the phenylhydroxylamine anion. The phenylhydroxylamine anion and the
nitrosobenzene whiéh continues to form can react to give azoxybenzene
and hydroxide ion. "There is a smail new wave just cathodic of wave 1

on the second swéep which may be thé reduction of azoxybenzene.
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In AN, Figqure 9c, the cyclic voltammogram of NB appears to be
identical fo fhose observed in DMSO excepf for an additional small
oxidat;ive wave anodic of wave 4. Thé wave. doesn'f correlate with any
" known processes for nifro or ’nitrosob.:enzene and therefore, no process
assignmeﬁt can be'made. |

B;-thgx_qnmzene The cyclic .‘volf-.ammogram of 3-chloronitro-
benzene in DMSO is shown in Figure 105. Wave 2 is a multiple elecfron
transfer forming what appears to be the 3~d]B dianidn. There appears
to be very littlg chloride loss since there is no wave for the forma-
tion of the nitrobenzene but there is a small chloride wave which does
indicate some chloride loss. This probably occurs very slowly so no
nitrobenzene dianion wave is obsex.;ved,, The oxidative sweep yields the
oxidative "hump" (C3E2'process) described previously. There is a
cathodic shoulder on wave 3 which may indicate‘direct oxidation by the
'E2' process while wave 3 itself appears to be the oxidation of the 3-
CNB radical anion. Wave 4 ié probably the oxidation of the 3-chloro~
nitrosobenzene radical anion with its corresponding reduétiqn wave
appearing on the second sweep. On the second sweep, a small prewave
appears prior to wave 2 which is prbbably preprotonation of the .
radical anion. There is also a smail wave anodic of this prewave
which may be the azoxybenzéne reduction.

In DMF, the general mechanism is the same as above except for a
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Figure 10. Cyclic voltammograms of 3-chloronitrobenzene in a) DMSO;
b) DMF; c) AN.
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set of prewaveé prior to wave 2 (Figure 10b). One of these waves may
be a preprotonation of the .radical ‘an.ion, and the other could be a
re;sult of an adsorbed product. The nitrobenzene rgdical anion is
.known to strongly adsorb on a platinqm electrode in sulfuric acid.94
Bard and Faulkner described behavior of adsorbed species‘ at the
electrode which It{ay appear as prewaves, postwaves, sharp
irreproducible waves, or rounded or sharp pealgs which are a distance |
from the actual diffusion peak.”® The position and shape of the
prewave aepends on the concentration of species,' thé free energy of:
adsorption of the species and the strength of adsorpi:ion. When the
product is strongly adsorbed, a prepeak resulté. Whén a reactant is
strongly adsorbed, a post-peak results. Weakly adsorbed products and
reactants usually yield normai voltammograms. However, as the free
enérgy of adsorption, AG°, increases weakly ahd strongly adsorbed
rééctants are more difficult to feddce éo that the reductioﬁ occﬁrs
at more cathodic potentialsg.96 For weakly and strongly adsorbed
products, an increasé in AG° résults in a decrease in the enefgy
-feq'uired for reduction to the adsorbed state and the wave moves
ahodically. In this case, the préwaveé on péak 2 may be the result.
of a strongly adsorbed produqt since AEP from the prewave tp wave 1
is 227 mV, corresponding to 2 x -104J/mole. The prewave oh\wave 1,

that is round and more distant, may be the result of a strongly
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‘absorbed product and a larger AG® of that species,

' There is no apparent loss of chloride ion and, consequently, no
wave for the formation of the n1trobenzene dlanlon. In this case, the
nitro oxidation wave is about the same size as the wave for the
oxidation of the radical anion.

In AN, the voltaimmogram aippeairs qualitatively the same as in DMSO
and is shown in Figure 10c. The 'amoun‘t of nitroso formation is much
less than in DMF and DMSO. The size of the nitroso wave may represent
the effect of the solvent on the ease of kyaroxide loss from the
protonated dianion if it assumed that the amount of protonated dianion
and the amount of hydroxide loss are eqpal. It appears that more
hydroxide is lost 'in DMSO than the other solvents.

4-chloronitrobenzene. The cyclic voltammogram of'. 4~chloronitro-
benzene in DMSO, figqure 1la, has only one irreversible wave. The
mechanism is the same as was described for 3-CMB in DMSO. 'Ihere is a
slightly larger chloride wave and a weve is present cathodic of wave 2
which is probably the NB dianion formation. The exidative "hump" and
ox1dat10n by the E2' process are both presenta

In DMF, Figure llb, there are two 1rrever81ble processes. Wave 2
‘corresponds to the formatlon of the 4-C1\IB dianion. Wave 3, whlch ie
quite small, represents the formation of the dianion of NB. On the

oxidative sweep, wave 4 is part of the reversible couple and wave 5
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b) DMF; c) AN.




66

corresponds to the oxidation of the 4fchlofor;itrosobenzene radical
anion. The oxidative wave for the nitroscbenzene radical anion. would
fall between waves 4 and 5. ﬁote that the minimum between two waves
is not particularly sharp, so a very small nitrosobenzene fadical
anion oxidation wave could be present. The set of prewaves on waves 1 '
and 2 are again present. These appear to be characteristic of DMF.

In AN, the cyclic voltammogram (Figure llc) is very similar to
the one shown for DMSO (Figure 1la). Hoﬁ,ever, nitroso formation
(based on relative size of waves) is even less. No further discussion
of this mechanism is necessary.

The series 1 compounds without ortho chlorines show a character-
istic loss of para chlorines before meta chlorines. The voltammograms
in.DMF have a tendency fpr prewaves. In AN there is a marked decrease -
in nitroso férmation and fewer irreversible waves are present.

- 3.4-dichloronitrobenzene. The cyclic voltammogram of 3,4- .
dichloronitrobenzene ih DMSO is shown in Figure '12# There are two
irreversibié_processes. Wave 2 corresponds to 3,4-DCNB dianion forma-
tion with subsequent loss of chloride, yielding the less chlorinated
radicai anion. Wave 3 appears to be formation of the less chlorinated
dianion. This is either the 3-CB dianion (422mV) or the 4-CIB
dianion (-2lmV). Since the wave‘ is between the waves for the two |

possible compounds, competition between the two processes (loss of
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péra vs meta chlorines due to adjacent. chloride 'interactic.n;xs) may be
occurring but CNDO/2 calculations by Beland®® predict the probabilitf
of loss. of the para chlorine to be 88% There is one nitroso wave on
the oxidative sweep which appears to be 3—ch1§ronitros§benzene. |

In DMF, the volt;émmogram of 3,4-DCNB (Figure 125) is very similar
to the one described above. 'I’he potentiai of wave 3 correlates best
with the potential for the formation of the 3-CNB dianion though some
competition may be occurring. There is a cathodié shoulder on wave 3
which may be the formation of the nitrobenzene dianion. Both waves 1
and‘2 show.a prewave which may represent preprotonation of the nitro
group and the radical anion, respectively. Notice the difference
between the front shoulder on wave 1 that is ascribed to preproton—
ation and a front ‘wave. (Figure 10b) that is probably surface ad-

“sorption. Wave 5 correspbnds to. the oxidation of the 3—chloronitfos_o-
benzene r_adical. anion.

In AN, the voli:amxﬁogram of 3,4-DCNB is quite different (Figure
12c). There are two irreversible waves but the first of these is
larger in proéortion to those shown in Figure 1lla and Figure 12b as
well as appearing roundéd on top. This indicateé more than one
process occui:ring near the same éotential._ The front part of the wave
appears to be the formation of the 3,4-DCNB dianion and the back of

the wave agrees with the potential of the 3-CNB dianion. The wave .




69

cathodic of wave 2 may correspond to the formation of the NB dianion
(-40mV) but this wave may also be from unknown sourcés since a wave
similar to it is seen in other’ voltamﬁlogr_éms that can't have NB formae-
tion. It is also more negative than the NB dianion. There ie a small
" wave(s) wﬁich may be the oxidation :bf the 3-chl_oronitrosob.enzene‘
‘radical anior;. |

' LS:dmthxQnth.Qhenzene. The cyclic voltammogram of 3,5-di-
chloronitrobenzene in DMSO is shown in Figure 13a, There are two
irreversible processes. The first, wave 2, corresponds to the forma—
tion of the 3,5-DCNB dianioﬁ and the second wave (3) is probably the
3-CNB dianion. The shoulder on wave 4, the radical anion oxidation,
appears to be the E2' process. Wave 5 corresponds to the 3-chloro-
nitrosobenzene radical anion oxidation. There is a small wave just
anodic of' wave 2 on t;he second sweep which may be azoxybenzene.

In DMF, the voltammogram of 3 5—DCNB appears more complex (Flgure
13pb). There are three irreversible waves and one or two anodic
shoulders on the first irreversible waves. The two shoulders probably

.represent surfaee adsorption and/or preprotonation of the radical |
anion. Waves 2,3, and 4 correspond to the formation of dianions for
3,5-DCNB, 3-CNB and possibly NB, respectively. Nitrobenzene may not
be present since the chloride wave indicafes a relatively small amount’

of chloride ion is lost. On the anodic sweep there is a cathodic
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Figure 13. Cyclic voltammogram of 3,5-dichloronitrobenzene in a)
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| shoulder on .wave 5, corresponding fo the oxidétién of'th‘e. 3-CNB
radical ani‘on,' ‘Waves 6 and 7 correspond to thé oxidation éf the |
radical anions of 3—chloronii:x-:osob.enzene and 3,5-dichloron_:’.£roso— |
benzene, respec‘:t;i.vely-.' Nitroso formation appears relatively weak
. indicating hydroxide loss from the protonated dianion in DMF -is; slow.
In 'AN, Fj.guré 13¢, there.is ohe j.-rreversible wave. Wave 2
appears to-be the-formation. of fhe 3357DCI\B dianion; but, the 3-CNB.
dianion} wave may have shifi:éd and both waves may bé near the same
poténfiai. Note how the heig'ht of wave 2 is very lérge‘ compared to
wave 1. The wave éeparation in AN is alwéys less 1;han that observed
in DMF or DMSO. This will be discussed.in the conclus.ion,’ Waves 3
and‘ 4 correséond to the oxidations of the anion radicals 6f 3,5-DCNB
and 3,5—dichloronitrqsobenzéne, r'.especti\('ely° There is a small amount
of reduction of the r_iitroso speciéé on the second sweep but this .
increases with sweep rate indicating the n.itroso ‘product is ‘conSuméd
in a slow chemical reaét;iom ‘There is another wave that occurs on.the
second sweep just prior to the ‘ir_reversible wave that may be azoxy—
benzene formed from the reaction of the nitroso species énd phenyl-

hydroxylamine or dimerization of ‘the nitroso species.

e. The cyclic voltammogram of 3,4,5- ‘
trichloronitrobenzene in DMSO, _showh in Figure 14a, has three

-irreversible processés. After the dianion formation at wave 2, wave 3
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corr'esponds. to loss of the para chlorine yieldin§ the 3,5-DCNB
dianion. Loss of the one meta chlorine with fﬁrther reduction yields
wave 4, the 3-CNB dianion. There are two nitroéo waves in the voltam-
mograms. | Wave 5 c'orfesponds to the oxidation of ‘the 3,5-dichloro-
nitrosobenzene radical anion. Wave 5 has an anodic shoulder that is
prob&ly the 3-chloronitrosobenzene radical anion oxidation. Wave 3
may also rep‘résent competi-tion between loss of the meta and para-
" chlorines -since Ehe 3,4-DCNB 'dianion is véry close (-20mV) to the -
potential of tﬁe wave but the formation of the 3,5-DCNB dianion
‘probably dominates. >
In DMF, Figure 14b, the voltammogram of 3,4,5~TCNB is véry ‘

strange. 'fhe following mechanistic characteristics are present: . '
reduction of 3,4,5-TCNB to its dianion (wave 2), followed by loss of
tl\f para thorine énd further reduction to give the 3,5-DCNB dianion
(wave 3), then loss of a meta chlorine and reduction yielding the 3-
CNB dianion (wave 4). The oxidative sweep yields a small prewave on
the nééative shoulde; of wave 5 that is probabiy the E2' process
(oxidation of the protonated Idianio'n. to the protonated radical anion).
V‘There is a nitroso wave on the anodic shoulder of wave 5 (wave 6) and
a nitroso wave more anodic. This corresponds to oxidations of the 3-
chloronitrosobenzene radical anion and the 3,5-dichloronitrosobenzene

radical anion, respectively. The waves labeled "a" and "b" may be the
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reductlon and oxidation of the 3,4,5—tr1chloron1trosobenzene dianion
which is observed in voltammograms of the nitroso compound88 but has
not been seen previously in this study. These waves may also be due
to surface adsorption and/or to the oxidation of wave 3. 'I'hey do seem
to be characterlstlc of compounds with two meta chlormes in DMF
though they didn't appear in 3, 5-DCNB itself. _

In _AN, the voltammogram of 3,4,5-trichloronitrobenzene yields two
irreversible waves (Figure 14c). Wave 2 "appears .to be the formation'
of the 2,4, 5—'1’CI\B dlamon and wave 3 corresponds to the formation of
the 3,5-DCNB dlamon. If there is formation of the 3-CNB dianion, the
wave has shifted under wave 3. The wave cathodlc of wave 4 may be the
protonated dianion ox1dat10n (E2"), while wave 5 Corresponds to the
oxidation of- the 3,5-dlchloron1trosobenzene radical anion. Note that
wave 5 is very small indicating hydroxide loss from the ‘protonated

dianion is slow.

Series 2: One Ortho Chlorine

The cyclic vOltammogram for 2-chloronitro-

benzene in DMSO -is shown in Flgure 15a. 'I‘here are two irreversible
processes. Wave 2 appears to be the one-electron addition to yield
the 2-CNB dianion. At this point, either chlorine can be lost, or the
2-CNB dianion can be reduced to its nitroso compound. Wave 3

corresponds to the formation of the NB <dianion indicating chloride is
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lost. The large Chloridé wave confirms this. The oxidative sweep has
two anes'.besl:i.dés wave 4, the oxidative wave of the reversible couple.
: Waves 5"aﬁa 6 eorréspond tb the oxidations 'of the 'nitros'obepzene -
' radical anion ‘and’the 2—chloronitr.;osobenzene radical a'nion;
respebtivelyo The reducéion waves for i:hé nitroso compounds are ..
present on the second sweep. | 4 |

In bMF, the voltaﬁmogram (Figui:e 15b) appears {rery similar to
the corresponding voltammqgr_am in DMSO. The prewaves on waves 1 and’
2 are present. When the cathodic limit was held on the second
prewave éf wave 2, the 2—chioronitr‘osoben‘zene.radiéal anién oxidai-;iqn
wave ap;pears. "It appearé that the prewaves are preprotonation wave‘s‘ )
and surface adsorption waves, that ‘r‘educe ati more positive potehtials
than the unprotonated dianion and. dlssolved spec1es, 'I‘he mtroso
. compound can be formed from the protonated dlamom
| In AN, the cycllc voltammogram has. one 1rrever31ble wave (Figure
15¢). Notmg{ that the ratio of peak helghts of wave 1 to wave 2 is
1:2, it appears that ‘the processes occurring gt the potentlal of wave
2 are the one—electron trahsfer Eo the dianion, protonation with loss
of hydroxide ion and formation of the nitroso a'ni‘on and_diahion for a
total electron fraﬁsfef 'between l and 3 electx;ons. .Only part of the
material is going to the nitroso dianion which indicates hydroxide

‘loss may be slow but chloride loss is 'even:slowef._ The 2-CNB cqmpouhd
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does not lose chloride very readily in AN.

) : The cyclic voltammogram of 2,3-
dichlorenii:robenzene in DMSO is shown in Figure 16a. 'Ihere are three
irreversible waves, the first representing the formation of the 2,3-
DCNB dianion. Wave 3 corresponds to the formation of the 3—CNB' |
dianion and wave 4 to nitrobenzene dianion formatlom This is
interesting since in the -3-CNB voltammogram in DMSO, the nltrobenzene -
‘dlamon d1d not form, indicating. there was no 1oss' of the meta
chlorine. Since the nit;:obenzene dianion weve is presenf, the meta
chlor'i.ne is lost indicating that there is a greater probability fof
loss of the meta chlorine when it is -edjacent to another ciulorine,
There is a small wave on the anedic sheulder of wave 5. This .
corresponds to the oxidation of the nitrosobenzene radical anion
while wave 6 cqrresponds to the 3-chloronitrosobenzene radical anion
oxidhtion. 'Iﬁe small “peak" on the cathodic shoulder of wave 2 may
be ihe formation of the nitrobenzene radical anion' or of the 2—CNB.
radical anion. Very little nitrobenzene is formed so it would be
surprising to see a wave for the redu_ction of its radical anion, but
the existenee of the 2-CNB radical anion is also surprising.

R@er;sal of the sweep direction after wave 2 did not 'show‘ the "peak"
that ipdicates that the meta chlorine was not yet lost. However,

there may be énough eempeti_tion between loss of the ortho and meta
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chlorines to observe the 2-CMB radical anion.

In AN, there are two irreversible waves (Figure 16¢c). Wave 2
appears to be the formation <.>f the 2,3-DCNB dianion and wave 3
correspondé to the 3—-CNB dianion. There is no formation of the
nitrobenzene dianion. This may be .due to an incfeased effective
water concentration (note waves 2 and 3 are closer together than in
DMSO ér DMF), which has shiftéd the nitrobenzene dianion undef wéve'
3. * There is very little nitroso formation indicating the loss of
hydroxide ion is slow. There is a cathodic shoulder on wave 4 that

may be the E2' process or the oxidation hump shifted anodically.

The cyclic voltammogram of 2,4-
dichloronitrobenzene in DMSO (Figure l7a_) yields three irreversible
procesées. Wave 2 represents the dianioh of 2,4-DCNB. Waves 3 and 4V
correspond to the dianions of the less chlorinated compounds, 4-CNB
and NB, respectively. Wave 6 corresponds to the oxidation of the 4~
chloronitrosobenzene radical anion. It appears that the ortho
chlorine is iost prior to the para chlorine since the 4-CNB dianion
(+15mV) - is apparently responsible for wave 3 and the 2-CNB dianion is
+57nV from wave 3. The size of the chloriclie wave‘_indicated both
chlorides are lost.

In DMF, the same three irreversible waveé are present but in

different proportions to one another (Figure 17b). - The wave foi nitro-
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benzene dlanlorl formatlon has 1ncreased° This may mean that more of
.the 4-CNB d1an10n was reduced to the m.trobenzene dlanlon, :|.nd1cat1ng
loss of the para chlorme may be sllghtly easier in DMF. The
okidatiVé 'sweep Yields a small wave cathodic of wave 5 that is
probably ‘the ox1dat1ve "hump". . Waves 6 and 7 correspond to the -
oxidations of radlcal am.ons of 4—chloron1trosobenzene and 2,4—
drchloronltrosobenzene,' respectively. |
" In AN, Figure 17c)there are two .irr,eversible processes with the:

third of these processes being more pronounced on the second sweep.,
Wave 2 corresponds to the formation of the dianion of 2,4—DCNB Wave
3 may be either the formatlon of the 2-CNB dianion (-9mV) or the 4-
. CNB dianion (—3th These are too close together to make an

assignment; " Wave 4 corresporids to the formation of the nitrobenzene
dianion. There is a cathodic shoulder on wave 5 whicﬁ may be the
oxidation of the protonated dianion (E;.f2“).. Waves 6 and 7 are the
oxidation waves of the 4—Chloror1itroso and 2,4-chloronitrosobenzene
radical anions. |

The cyclic voltammogram of 2,5-.

,' dichloronitrobenzene, shown in Figure 18a, hes two irreversible

processes. Wave 2 corresponds to the formation of the dianion of

| 2,5-DCNB, Wave 3 is probably the 3-CIB. dianion formation since .th'e '
2-QB didnion ¢55.1V) is further away than the 3-QNB dianion (+30mV)
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and it-would be followed by a wave for the formation of the nitro- |
benzene dianion. There is no nitrobenzene dianion wave. The 3-CNB
dianion coula be shifted slightly due to competition between
¢hlorines, or more likeiy, to the presence of trace amounts of water.
The oxidative sweep shows one. apparent nitroso wave (5) which is
probably th'e’-oxidation of the 3-chloronitrosobenzene radical aniom
The second sweep yields a small bump .at approximately thé starting
potential (-.33V) from an unknown process and a small wave cathodic
of wave 2, which may be the radical anion formation of 3-CNB, There
is a small Prewave on wave 2 which may indicate preprotbnation,,

In DMF, the voltammogram shown in Figure 18b looks rhuch like'
Figure 18a. In this case, the wave for the formation of the 3-CNB
which follows the 2,5~DCNB dianion is more cathodic (-52mV) than
authentic 3-CNB. This may be due to a change in conditions, such as
the solvent being more anhi/drous or the compound itself containing
less moisture than 3—CNB compound. The nitroso oxidation wave (5) is
probably the 34chloronitrosobenzene radical anion. The oxidative
"nump" is also present.

In AN, Figure 18c, there is one irreve'rs.ible' wave corresppnding '
to the formation of the 2,5-DCNB dianion. There does not appear to
be any wave fér a less chlorinated compound. The wave which fqllows

wave 2 does not correspond to any known waves. = The cathodic shoulder
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_on wayé 3 is probagbiy thel E2' process and the oxidative "hurﬁp“ may be
pr."esento The nitroso wave appears' as a‘reversible couple and
corresponds to the _2,5-dich;oronitrosobenzené radical anion. The 3-
CNB dianion may héve, sh_ifted into wave 2 but if this were trué, there
would be a nitroso wave for the 3-chloro compound: It woﬁld appear
between waves 3 and 4 but there is no wave thefe.

The cyclic voltammogram of 2,3,4-

trichlorbnitrobenzene‘ in DMSO (Figure 19a). yields threé irreversible
waves. The first process, wave 2, corresponds to the f‘ormation‘ of
" the 2,3,4-TCNB dianion.. The second process, wave 3, correlates with
the formai:ion of the 2,3-DCNB dianion (+50mV), but the 2,4—d-ianion is
the same distance the other direction from it (-48mV). Competition
probably results between loss of meta and para chlorines. Wave 4 is
evidently the formation of the 3-CNB dlanlon while wave 6, a m.troso
wave, corresponds with the 2,3-dichloronitrosobenzene radical anion
oxidation. The E2' process and the oxldat:we "hump" are both
present. There is a small prewave on wave 1 whlch is probably
preprotonation.

In DMF, the voltammogram for 2,3,4-trichloronitrobenzene (Figure
19) seems to follow the same mechanism as described for the compound
in DMSO. There is a prewave prior fo wave 1 which is probably

surface adsorption.
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In AN, Fiédre 19c¢, the‘ voltammogram for 2,3,4~trichloronitro~
benzene has three irreversible waveé, ‘The first process, wave 2,
corresponds to the formation of the dianion of 2,3,4~TCNB and the
second process, wave 3, is broad and rounded. This is characteristic
of overlapping waves. The front part of the wave appears to be the
format_ion of the 2,4-DCNB dianion (3a) fnote' fluctuation on second
swéep). The 3,4-DCMB dianion (3b) (note slight bump on first sweep)
and the back of the wave is the 3-CNB dianion (3c) (+30mV) and/or the
4-CNB dianion (34d) (-j40m\7). The potential of the 3-CNB dianion is
closest to the potenfial of tﬁe wave, but there may be competing
processes since loss of the meta chlorine may be gi:eater in this case
due to the presence of adjacent chlorines; This was seen previously
and it does appeaf that both dianions are formed with more of the .
2,47-DCI\B and the 4-CNB dianions being formed on the second sweep. -
The oxidative sweep yields the oxidétive "nump” and the wave for the
E2' process. There is a small nitroso wave (5) which appears to

. correspond to the 3,4-dichloronitrosobenzene radical anion.

The cyclic voltammogram of 2,3,5-
trichloronitrobenzene in DMSO is shown in Figure 20a. Wave 2
corresponds to the formation of the dianion of 2,3,5-TCMB which
includes the rapid loss of chloride ion. This was exhibited by

setting the cathodic limit just passed the potential of wave 2 and
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noting 'the formation of the mercurous chloride wave. Wave 3 appears
to be the. for_matipn of the 3,5-DCNB dianion. Upon setting the
cathodic limit just past this wave, the 3,5-dichloronitrosobenzene
wave forms and a small bump corresponding to the 3-chloronitroso-

benzene radical anion oxidation appears. There is probably

.competition between loss of the meta and ortho chlorine since the

potential of wave 3 lies between that for the formation of the 2,5~
DCNB and 3,5-DCNB dianions. The poténtial of wave 4 does not
correspond to any of '-the possible mono-chloro compounds but it may be
the formation of the 3-CNB dianion which has shifted due to an
increase in residual water concentration. Waves 6 and 7 correspond
to the 3-chloro- and 3:5-dichloronitrosobenzene radical anion
oxidations. The second sweep shows a sharp peak at wave l. This may
be due to a surface ad_so;ption phenoména. There is also a cathedic
shoulder on wave 1 which is probably an impurity. The ox'idat:i've
"nump" is also present. | _

In DMF, the. voltammogram of 2,3,5~-TCNB (Figure 20b) shows waves
for the formation of ‘the 2,3,5-TCNB dianion, 3,5-DCNB dianion and 3-
OB dianion. Between waves 2 and 3, there is a flat shoulder

(labeled “a") and the oxidative sweep yields the corresponding wave
("b"). This may be the reduction and oxidation of the 2,3,5-tri-

chloronitrosobenzene dianion or a surface adsorption wave. It is
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also possible that "a" is a surface wave and "b" is the oxidation of
wave 3, the 3,5-DCNB dianion. . This wave was also seen in 3,4,5-TCNB
'in DMF (Figure 13b). The oxidative "hump” and a wave due to the E2
process are present as v)ell as a nitroso wave (6) that may be a
representative of 3,5-dichloro or 3-chloronitrosobenzene. |

In AN, 2,3,5—m yields two irreversible waves (Figure 20&).
The dianion formatiqn (wave 2) is followéd by loss of a ortho
chlorine to give the 3,5-DCNB dianion (wave 3). On the oxidative
scan, the wave cathodic of wave 4 is probably the oxidation of the
protonated dianion (E2'), while waves 4 and 5 represent oxidations of
the 2,3,5-'1'(1\13 radical anion and the 2,3,5~trichloronitrosobenzene
radical anion‘, respectively. The wave following wave 3 is from
~unkr'10wn sources.

The cyclic voltammogram of

2,4,5~trichloronitrobenzene in DMSO is shown in Figure 2la. Wave 2
fepresents the formation of the dianion i?f the trichloro compound.
Waves 3 and 4 are electrochemical reductions that yield either the
2,5-dichloro dianion (+20mV) or the 3,4-dichloro dianion (-91mV) and
" the 2-CNB dianion (—69mV). or the 3-CNB -dianion (~57mV). It appears
there is loss of the para chlorine formihg the 2,5-DCNB dianion,

followed by loss of the ortho chlorine yielding the 3—chloro dianion.

The oxidative sweeps shows the reversible radical anion oxidation
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(wave 5) and the oxidation of a nitroso compouﬁd, most likely the
2,5~dichloronitrosobenzéne radical anion (wave 6). The cathodic
shoulder on wave 1 is pi:obably an impurity or a surface adsorption
wave. :

In DMF, Figure Zib,' some new waves appear. Wave 1, the. .
reversible anion radical formation, has an anodic shoulder and a , |
small wave cathodic of it but still some distance from wave 2. The
anodic shoulder may be preprotonation of the trichloro compound 6r it
may be surface adsorption. The cathodic shoulder is most likely an
impurity. Wave 2, the formation of the trichloro dianion, appears to
have a prewave which may be due to protonation of the radical anion.
The reduction proceés at wave 3 yields thé 2,5-dichloro dianion
(+20nV) or the 3,4-dichloro dianion (+9mV). Wave 4 is either the
formation of the 3-CNB dianion (+31mV) or the 4~-CNB dianion (-24mV).
These are too close together. for speculatidn, There. is not much
oxidation oécurring but a small nitroso wave is present that
corresponds with the oxidation of the 3,4-dichloronitrosobenzene
radical anion. |

In AN, Figure ‘21c,. the voltammogram of 2,4,5~TCNB shows a
cathodiq' shoulder on wave 1. This seems to be an impurity since it
was presént in DMSO and DMF with this compound. Wave 2 corrésponds

to the formation of the 2,4,5~TCMB dianion and wave 3 may be either
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the 3,5-DCIB dianion (+36mV) or the 2,4-DCNB dianion (-18mV). Wave 4
yields the 2-CNB dlamon (+17mV) or the 4-CNB dianion (+16mV). The
3,4-DCNB dlamon is much further away from wave 3 than the other two
compound (~85mV) "and the 3~CNB dianion is about the same dlstance
from wave 4 (—é9mV). It is apparent that the meta chlorine is lost
at ‘some point in the mechanism. There may be cempetltlon between all
| three positions that shifts the waves so they appear hetween '
potentials of authentic .compeunds, The wave that appears after wave
4 has appeared in many voltammograms in AN and is probably an
1mpur1ty since it is too negative to be NB or an azo compound, Wave
5 appears to be supenmposed on an 1mpur1ty since the wave was
smaller and shifted =32 mv w1th shorter sweep times. 'I‘he potentlal
of wave 5 is between the potentials of the 2,4-DCNB radical anion (-
26mV) and the 2,5-DCNB (+17mV) dianion wave indicating it is a
Adominatin'g ptocees and the loss of chlorine is small compared ton it.
This ie a small nitroso wave (7) which may be the oxidation of the
2,5-dichloronitrosobenzene radical anion. - '

The cyclic voltammogram of .

2,3,4,5—tetrachloronitrobenzene (Figure 22a) has four irreversible.
processes. The first of these, wave 2, corresponds to the dianion
formation of 2,3,4,5~TeCNB. Wave 3 appears to be the 2,3,4-TCNB

dianion +7mV) or the 2,3,5-TCNB dianion (+45mV) formation: Wave 4.
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may be either Ehe formation of the 2,3-DCNB_ dianion (+69mV) or the
3,5~-DCNB dianioh (-38mv). | Wave 5' appears to be the 3-GiB dianion.
-The Qaves 6n the oxidative 'sweep are very. small;_ When the cathodic
limit is moved anoéically, there is a wave for the oxidation of the
2,3,4,5-TeCNB radical anion. The radical anion oxidation is no£
present on 16nger .sweeps due to rapid chloride loss. The- radical
anion may be losing chloride immediatéli'z_ (instead of the dianion)
that would be an irrever;'Sible process.,' Expected products from' this
reduction are the 2,3,5-TCNB dianion, the 3,5-DCNB dianion and the 3-
CNB dlamon. Competition between pos:Lt:Lon of chloride loss would
also yleld the 2,3,4-DCNB dianion and the 2,3-DCNB dianion.

In DMF, Figure 22b, the voltammogram exhibits loss of cﬁlofide
ion to yield the 3,4,5~TCNB dianion (+22mV). This is a different
prdduct than was. seen in DMSQ The 2,3,5-DCNB dianion is +52mV away
from wave 3 and thé 2,3,4-DCNB dianion is +62mV away from the wavé,
so it appears that the 3,4,5-DCNB dianion is formed. It is reduced
| according to the mechanlsm described for 3,4,5—TCNB in DMF. 'Iheré is
a small rever51b1e wave between waves 3 and 4 that was described
previously. Preprotonation of the radical anion and the 6x;'Ldative
"hump" are present. |

In AN, Figure 22c, there is very rapid chloride loss. Wave 2 is

the formation of the 2,3,4,5-TeCNB dianion with rapid chloride loss
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followed by wavé 3 that apéears as a .anddi'c shoulder 'on wavé 4, | The '-
chem‘ical processes are apparen{:ly 6ccurring =Te) rapial'y (Gue to
perhaps more available water in AN) that the electrode processes are
shifted on top of one another., This is a known eff'ect‘of f:he rapid
kinetics of a following c;hemical-step on an electrochemical process:
Wa\}es 3 and 4 corresponds to the formation of the’3,4,5-TCNB dianion
and the 3,5-DCNB dianion. A£ fastér sweép rates, 'the_ E2' wave is

- large. 4Theré is nb nitroso'fqrmation thét .f-urthér indicates the

chloride loss is more rapid ‘than hydroxide loss in this case.

Series 3: Two Ortho Chlorines }
2:.6-dichloronitrobenzene. The 'cyclic voltammogram of 2,6-

dichloronitr_obenzene. in DMSO is shown in Figure 23a. There are three
.irreversible.processesq_ Wave 2 may be the 'formation‘ of the 2,6-DCNB
-diénién;.. Wave 3 and wave 4 are dianions for less chlorinafed '
compound_s (2-CNB and i\lB, respectively). 'i‘he oxidative sweep yields
2,6-DCNB (wave 5), 2-chloronitrosobenzene (wave 6) and ni trosobenzene -
) (wave 7. - '

| In DMF, Figure 23b, the irreversible érocesses aré the 'same as in
DMSO but there is more separation between. the waves. This is very A
characteristi;:: of vqltaﬁmograms in DMF and may be due to less residual
' -wate'r in the solvent. Wave.2, the 2,6-DCMNB dianion formation appeaq:é ‘

to be broader than usual. This may be due to the ext-remely r"apid
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chloride loss observed. Waves 3 and 4 correspond to the fofmations
of the 2-CNB dianion and the NB dianion, res.pectively° There is a
small nitroso wave (6) that is mést likely tﬁe oxidation of the 2~
chloronitrosobenzene radical anion. The prewave to wave 1 is very
Characteristic of the previously described surface adsorption. The
broad "belly" anodic of wave 6 on the oxidative sweeb may be a
surface effect or an electroactive impurity.

In AN, ther;e are two irreversible processes (Figure 23c). Wave
2 appears as a shoulder on wave 3 indicating'rapid chl'oride. 1oés from
the 2,6-DCNB dianion (wave 2) and subsequent formation of the 3-CNB
dianion (wave 3). This is the same effect noted earlier for a rapid
chemical proceés following an electrochemical process. The oxidative
processes appear to be the oxidation of the 2,6-DCNB radical anion
(wave 4) and the 2-chloronitrosobenzene radical anion (wave 5). Wave
4 has a anodic shoulder on it that makes the wave broad and founded_.
The shoulder is ap'pérently due to the oxidation of the nitrosobenzene
radical anion or the 2-CNB radical anion.

The cyclic voltammogram of 2;3,6-

trichloronitrobenzene in DMSO (Figure 24a) appears to have lost an-
ortho and/or a meta chlorine to yield the 2,5-DCNB dianion (+16mV)
and/or the 2,3-DCNB dianion (+33mV) at wave 3. Wave 2, the formation

of the 2,3,6~TCNB dianion, is quite broad and may indicate
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Figure 24. Cyclic voltammograms of 2,3,6-trichloronitrobenzene in a)
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competition in the loss <.>f chlorine between the oftho and meta
chlorine. Wave 3 'corres'ponds to the 3-CNB dianion that indicated the-
2,5-DCNB dianion formation was probably dominate. Howevér, wave 4
corresponds with the NB dianion that is not formed from the 3-CNB
dianion unless adjacent chlorines are present. If some 2,3-DCNB .
dianion was forméd, loss of the meta chlorine could result and yield
the small wave for the NB dianion. There could also have been

: competition between 2,5-DCNB and 2,6-DCMB but this is not as likely.
The oxidative sweép yields two waves for nitro radical anion
oxidations. Wave 5 cqrresponds to the 2,3,6-TCNB radical anion
oxidation and wé.ve 6 is apparently the 2,5-DCNB radical anion
oxidation. Shorter sweeps produced this wave and appeared to prove
the -existence of the 2,5-DCNB radical anion. Wave 7 corresponds to
the oxidation of the 2,5-dichloronitrosobenzene radical anion.

In DMF, the voltammogram of 2,3,6~TCNB (Figure 24b) follows the
same mechanism as described for DMSO except for the prewave to wave 1
which is probably surface adsorption. . |

In AN, Figure 24c,l the voltammogram of 2,3,6-TCNB yields two
Iirreversib]'.e waves. There is a prewave to wave 1 that is reversible
at slow sweép rates when the cathodic limit is moved to a potential
just negative of wave 1. At faster sweép rates, the process dis-

appéars. This may be preprotonation or a surface adsorption wave.
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. There is also a pre'v.'vave on_wéVe 2 that is probably formation of the
protonated dianion (r’edi:ction of the.protonatéd radical anion). | ﬁave '
2 is the formation of the-2,3,6-'I'CNB.diax-1ion.. Note that the wave is
very br.;oad. The wave labéled (4) is too cathodic to be aichlord
compoufxds so it appears that thé cathodic part of wave 2 is wave 3,
which is 'jlos‘s' of chloride fofming a diéhlofo compound, - Wave 4
corresponds to the 3—CN§ dianion formation:s Wave '6 corresponds to
the oxidation of the 2,3-dichloronitrosoben2ene' radical ’anion, The
'shoulde; between waves 5 and 6 could be the oxidation of the 3-

chloronitrobenzene radical anion.

The cyclic voltammogram of 2‘,4,6'-
trichloronitrobenzene, shown in Figliré 25a, yields four ir'reversible.
processes. ﬁave 2 appears to be the dianion formation of 2,4,6-DCNB
while wave 3 is the formation of the 2,4-DCNB, and wave 4 corresponds
. Eo the 4—(I\IB'dianic_>n°' The oxidative sweep yields the oxidative'

| ;'hump", the E2' process wave, and waves 5 and 6. Wave 5 has two
peéks. One a;;pearé as -a cathddic shoulde_r but the waves are almost
the same size. These wéves ‘appear to represent the oxidatior;'s of the
radical anions of 2,4,6~TCNB and 4-GNB or 2,4-DCNB. The 2,4-DCNB
-radical anion probably is present because the cathodic _part.of wave 5
+ likely éorreséonds to the 2,4,6-DCNB radical anion oxidation since it
‘must be about 60mV from its reversible couple. The 4-CNB radical '
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Figure 25. Cyclic voltammograms of 2,4,6-trichloronitrobenzene in a)
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anion would fall at the same potential as the 2,4,6-DCNB radical
anion. However, CNDO/2 calculations b'y Beland'90 predict a 89%
probabiiity of the 2,6-ﬁCBB dianion forming. - Wave 6 corresponds to
the 4-chloronitrosobenzene radical anion oxidation ..

In DMF, the pathway is the same as described for DMSO (2,4-DCNB
forniation) with only a slight amount of NB formation. The voltam-
mogram is shown in Figure 25b. There is a prewave to wavé 1 that is
probably a result of .'a strongly adsorbed product.

In AN, Figure 25c, the mechanism of feduction 'is the same as in
DMF without NB formatiom There is preprotonation of the radical
anion, and the nifroso waves are present (wave 6 and a cathodic
shoulder on 6) aﬂd are probably 2,4-dichloronitroscbenzene and 4-
chloronitrosobenzene, respectively. The oxidative "hump" may be
present.

The cyclic voltammogram of

2,3 ,4,6—t'etra.chloronitrob@enzene in DMSO is shown the Figure 26a.
Wave 2 corresponds to the formation of the 2,3,4,6-TeCNB dianion
which reduces t.o-.2,4,5—'I'CNBI(—I15mV) and forms its dianion at wave 3.
The 2,4,6-TCNB dianion (-28mV) may be formed by competition between
the ortho and meta chlorines. The reduction proceeds to the 2,5-DCNB
dianion at wave 4 and the 3-CNB dianion at wave 5. Chlorine is lost

very rapidly and a small amount of a chlorinated nitroso compound is
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formed.

 1n DMF, Figure 26b, the reduction of 2,3,4,6-TeCNB yields the
2,4,5-1@3 dianion at wave 3 followed by formation of the .2,5~113CNB
dianion (dm\f) or the 3,4-DCNB dianions (—limV) at wave 4, and wave 5
corresponds to the 3-CNB dianion. Thefe is some preprotonation of
the radical anion and a nitroso wave (7), that corresponds to-the‘
oxidation of the 3 ,4—dichloronitrosobenzene~.rédical anion. flhére ié
" a shoulder between wave 6 and 7 that is probably the 3-chléronitroso-
benzene radical anion “oxidation wave. |

In AN, Figure 26c, 2,3,4,6-TeCNB yields a more definite pathwéyo

Wave 2 is a broad wa\}e that appears to be .the' 2,3,4,6-TeCNB dianion
with preproi;ohation occcurring on the front of the wave which may be
linked to preprotbnétion of the radical anion or to sﬁrface
adsorption. Wave 31 may be the formation of the 2,4,5-TCNB dianion
and waves 4 and 5 correspond to the formation of the 3,4-DCNB dianion
and the 4-CNB dianion, respectively. There is a small amount of.
nitroso formation thét is probably the 3,,4-51ch10ronitrosobenzém .

radical anion oxidation.

zene. The cyclic voltammogram of
2,3,5,6-tetrachloronitrobenzene in DMSO is shown in Figure 27a. The
full sweep shows five Iirre\'rérsible processes. Waves 2 and 3 appear to

represent formation of the 2,3,5,6~-TeCNB dianion and the 2,3,5-TCNB
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dianion (+7mv) or the 2,3,6-TCNB dianion (+14mV), respectively. Wave
4 may be the 2,6-DCNB dianion ¢+33mV), the 2,5-DCNB dianion (36 mV),
the 2,3-DCNB dianion (+103mV), or the '3,57-DCI\B dianion (~13mV). From
this data, it appears that the 2,3,5-.and '2,3',6-'1‘CNB dianions ére too
close to deciphef the actual process and competition is occurrihg
between loss of the ortho and meta chlorin_eso It also .appear."s that
there may. be some competition between the 3,5~ and 2;6~DCNB dianions
but the 3,5~-DCNB process dominates. Wave 5 corresponds with the 3-
CNB dianion and wave 6 to the NB aianiom CNDO/ 2 caiculations by
Beland?0 do show that the probability of losing an ortho chlorine is
only slightly favored over loss of a meta c‘hlc')riheﬂ for this cbmpound°
Some competition could be involved. There appears to be some nitroso
oxidation (Qéve 8) that may be the. 3,5—dichlor6nitrosobenzene radical
‘anion. This is anbfr_hez;, case where 3@ loses a chloride due to an
adjacent chloride ion in the parent vcompouhd,

In DMF, Figure 27b, there are four irreversible pfocésses. Wave
1 appears as a shoulder on wave 2 ‘indicating rapid chloride loss as
soon as the 2,3,5,6-TeCNB dianion starts to form. The_re is a small
prewave on wave 1 which.may be a surface wave. Wave 3 correéponds to
the 2,3,5-ICNB dianion. Wave 4 is probably the 3,5-DCNB dianion and
wave 5 corresponds with the formation qf the 3-CNB dianion. 'The...

oxidative sweep shows a definite oxidative "hump" and two pitroso _
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waves (waves 7 and 8) but from this data;.the waves cannot be matched
with corresponding compounds. The peak labeled "a" is either the
reduction of a nitroso dianion or a surface wave. There appears to
be a small oxidation wave directly below it (sharp corner).

In AN, Figure 27c, waves 3 and 4 are closer together than -in the
other solvents. After formation of the 2,3,5,6-TECNB dianion (wave
2), loss of a chloride ion and further reduction yields the 2,3,5-
TCNB dianion (+10mV) or fhe 2,3,6-TCNB dianion (-17mV). Wave 4
represents formation of the 2,5-DCNB dianion +27mV) or the 3,5-DCNB
dianion (+lnﬂn; It appears that the 2,3,5~TCNB dianion is formed,
then loss of the ortho chlorine yields the 3,5-DCNB dianion éfter

reduction. In AN, the 3,5~DCNB cémpound does not have a wave for
further reduction. The most cathodic wave is, apparently; an
impurity. The oxidative "hump" and three other'oxidation waves are.
present. Wave 5 corresponds to the oxidation of the 2,3,5,6-TeCNB
radical anion. It appears to have a cathodic shoulder that méy be
the E2' process. Wave 6 does not correspond to a nitroso compound
but it may be the oxidation of the 2,3,5~TCNB radical anion (-2mV)- or
the 3,5—DCNB radical anion (+15nkn. The wave is not well defined so
it is difficult to determine an accurate potential. The reduction
- waves for the radical anions would:appear under wave l. Wave 7 |

corresponds to the 3,5-dichloronitrosobenzene radical anion
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oxidation.

The cyclic voltammogram of
2,3,4,5,6—-pentachloronitrobenzene is shown in Figﬁre 28a. Wave 1
represents the formation of thg radical anion and formation of the
irreversible dianion with rapid loss of chloride ion. This makes the
wave irreversible. Wave 2 appears to be the formation of the
2,3,4,5-TeCNB d;’.anion. The rest of the voltammogram interpretation
follows that for 2,3,4,5~TeCNB. There is a small prewave on wave 1
that may indicate some preprotonétion. Chloride loss is too rapid in
the penta-chloro compound for nitrbso formation. |

In DMF, Fiqure 28b, wave 1 is very large indicating formation of
the radical anion and dianion with rapid chloride loss. However, the
2,3,4,5-TeChB formed would be reduced immediately to its radical
anion since the wave for the radical anion formation i.s positive of
the first wave of the penta-chloro compound. Wave 1 corresponds to a
three electron transfer. The rest of the voltammogram can be
interpreted as it was for 2,3,4,5-TeCNB. Wave 1 has a prewave which
may be surface adsorpfiom The small oxidative waves may be
oxidations of 2,3,4,5-TeCNB radical anion (wave 5), the 3,5-di or the
3,4,5-TCNB radical anion (wave 6) and the 3- or 3,5-dichloronitroso-
benzene radical anion (wave 7). ‘

In AN, Figure 28c, PCNB appears to undergo reduction to the .
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Figure 28. Cyclic voltammograms of 2,3,4,5,6—-pentachloronitrobenzene
in a) DMSO; b) DMF; c) AN.
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2,3,4,5-TeCNB dianion. Wave 1 is thé same as it was in DMF. The
height of the wave is indicativé of a three—elect;ron transfer. The
pathway of feduction' is the same as was described for 2,3,4,5-TeCNB
in AN, The oxidative "hump" and two small 6xida£ive waves are
:pfesent. 'I‘he.é;e represent the 3,5-DCNB radical anion oxidation .l(wave

5 and the 2,3,4,5-TeCNB radical anion oxidation wave (6).
Cyclic Voltammograms with Proton Addition

Series 1: No Ortho Chlorines

Nitrobenzene. For nitrobenzene, Figure 29, addition of water to
DMSO yielding a water concentration of 097 M produces new waves and
changes in the poté'ntials of some of the previously existing w.aives’,°
The irreversible wave (2) shifts +48mV, however, the other waves do
not. The first of the new waves is a cathodic shoulder on wave 3.
It appears, for the nonagueous experin.lent', when the cathodic limit is
moved more negative,‘ presumably allowing more product formation time,
This wave is probably due to thé E2' process. The wave anodic. of
wave 4 has not been previously seen. The (ox'ifdative wave appears to
be due to a reaction of the mercury on the surface of the electrode |
with hydroxide ion, that is lost as nitroso compounds are formed..
Since the addition of a protoh source appears to increase the amount

of nitroso formation, as is shown by wave 5, more hydroxide ion will
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Figure 29. Cyclic voltammograms of nitrobenzene in DMSO with a) .097
M H20; b) 37 M HzO} c) .74 M H20.
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be produced. This wave will be referred to as the :mercury complexyor
mercuric oxide wave. It appears at low concentrations of proton
source and ;i.ncrease's to a. J_.arge sha'rp wave at hJ".gher conce_ntratibns,
It also shifts anodicélly as the concentrétion increases (see Figure
77 for a good éxample of this). ‘Increasing ‘the water' concentration
to .38 M, the irreversible wave (2) and wave 5 both shift approxi- |
mately +68mV. Wave 5 is ‘sharper and larger.. There is a prewave on
wa\}e 1 on the first sweep, that is probably due io product adsorption
on the electrode,95 but the second sweeb shows the wave takes ori
strange shape»s and repetitive voltammograms have proved it is not
reproducible, This is very characteristic of surface aﬁsorptiom
Waves 1 and 3 reﬁain steady but a cathodic shoulder on wave 3 shows
anodic motion. Wave 2 decreases in height, indicating a shift in.
equilibrium. On the second sweep, wave 2 shifts positively towards
the two large round waves that are due to the mercury complex. This
could be due to competition between the protonated and unérotonated
nitrobenzene radical anions. At .74 M HyO, waves 2, 4 and 5 shift
+56nV, +24mV and +52nV, respectively, while the cathodic shoulder on
the steady wave 3 shifts +30mV. The wave ancdic of wave 1 is largé,
indicating a significant ihcrease' in that process.

In DMF, Figure 30, there is a dramatic 4275 mV anodic shift in

the potential of the irreversible wave with .37 M water. Wave 4
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Figure 30. Cyclic voltammograms of nitrobenzene in DMF with a) 37 M
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shifts +42mV, whereas the potentials of the radical anion reversible
couple are constant. The mércury compiex vlzaves are present Ianodi'c of
wave 4. It is not know whether bpth of these oxidation waves jau;e' due
. to the mercury complex or whether one may be surface adsorption. At
.74 M, wave 2 shifts +83mV while wave 1 shows a small +17mV shift,
that may be due to elther liquid Junctlon potentlal changes or to
competition between the protonated and unprotonated species.

Figure 31 is the voltammogram for the addition of water to
nitrobenzene in AN, At ;37 M B0, wa.ve 2 méves +422mV while waves 1
and 3 shift +50mV and +69mV, respectively. Wave 4, the nitroso wave,
sh'ifté +104ﬁ1V, The mercury complex waves showed definite surface
interactions. It is hoteworthy that nitrosobenzené shows the éﬁrface
interactions with water addition in AN, Nitrosobenzene in DMSO and
DMF with water do not yield a surface wave. This helps us understand
that there must be available- pfotons for the mercury compouhds to
form and that AN must help make the protons more available. At 74
M, the mechanism of reduction unfolds. Waves 1; 2 and 4 move an _
additional +27mV, +142mV and +33mV, respectively, while wave 3 has
split into two waves. The wave‘ that hés moved the least has to be
the reversible couple since reversibility w1ll not occur 1f the
potentlals are too far apart. The most cathodic of the two waves

shifts +24mvV. Wave 3, at 37 M HZO, did show broadnesso The new
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Figure 31. Cyclic voltammograms of nitrobenzene in AN with a) .37 M
Hy0; b) .74 M Hy0.




116

wave is between Qaves 3 and 4. In the voltam_mograrﬁs of nitrobenzéne,
a wave was noted cathodic to the wave associated with the oxidation
of the radical anion which is thought to be from the E2° pro'cess or
the E2C3 process (oxidative "hump"). This wave may be shifting into
wave 3 ahd is thus not at .37 M HyO; but, moves anodic_ally at '.74 M
H,0 so it is readily apparent. The shift of this wave has been séen

in computer simulation studies by R, Geer.”’

Cyclic voltammograms for tﬁe addition of
water to' 3-CNB in DMSO appear in Figﬁre 32. At a water ‘cbncentration
of .34 M, waves 1 and 3 remains steady while wave 2 moves anodically
by +78mV. Two new waves due to the mercury cofnplex appéar. At 74
M, wave 2 shifts +101mV. The wave for the reversi-ble fadical anion
couple does not shift. The .me-rcury. pomplex waves take on a definite
appearance of surface -effects (shafpness, irreproducibility, odd-
shaped). There is a large preprotonation wave prior to wave 1 that
has increased from the lower water concentration. We find that the
use of ethanol helps avoid the formation of mercury complexes.
Figure 33 shows the voltammograms for‘ the addition of ethanol
(100%) to 3—CNE; in DMSO, At .32 M, waveé 1 and 3 are éqnstant while
wave 2 shifts +110mV. Wave 3 shows a cathodic shoulder that has
grown considerably and shifted anodically. This is probably due'to

the E2' or the C3E2 process since it is too negative to result from




117

a)

b)

00 5 Oh Lk OF . MBI B0
ZE (V.Ag/AGCI-IMCI)

Figure 32. Cyclic voltammograms of 3—chloronitrobenzene in DMSO with




a)

b)

Figure 33.

118

3-CNB 2
32M ETOH

S53METOH

A

-

I50,uA
DMSO

|

V=

ble

i
L

OF 1. 05 ADE =~ 15 Aa0: % oy
“E (V. Ag/AGCI-IMCIY)

Cyclic voltammograms of 3-chloronitrobenzene in DMSO with

a) .32 M EtOH; b) .53 M EtOH.




119

nitrobenzene. Wave 4 has moved +17mV- and a new Qave anodic of it has
formed, probably a mercury complex due to hydroxide ion. At .53 M,
the irreversible wave shifts +78mV. Wave 3 is covered by a shoulder
that has shifted +62mV. Wave 4 moves +20mV and a new reversible
couple has formed just anodic of wave 4. This could be a surface

effect or the oxidation of a protonated species. There are three

reductive process for the two oxidative processes; The most cathodic |

of these is probably the protonated radical anion.

_In DMF, the addition of water produces a reversible couple
anodic of the nitroso couple, as seen in Figure 34. At .37 M, waves
1 and 3 are steady, but wave 2 shifts +253mV. The prewave on wave 1
due to preprotonation or a surface effect, shifts +67mV. This may be
a direct effeét of ﬁroton availability since the limiting factor in
the mechanisfic path is the amount of proton source available; The
3—chloronitrosobenzene couple shifts +20mV and increases in size.
The reversible couple anodic of the nitroso couple is the mercury
complex. It is very broad and faster .sweep rates' show a more
pronounced surfa_ce. effect. The "hump" cathodic of wave 3 appears to
be the protonated dianion oxidation. At .74 M, wave 2 shifts +77mV
and the nitroso couple and the new couple grow and shift anocdically.

In AN, Figure 35, the shifts in potentials are more pronounced

than in DMF or DMSO. At .37 M y}Jater, wave 2 moves +312mV. Though
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Figure 34. Cyclic voltammograms of 3-chloronitrobenzene in DMF with
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Figure 35. Cyclic voltammograms of 3-chloronitrobenzene in AN with
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wave 3 does not move, wave 1 shifts +3&v3mV°‘ It appearé ti'xat a new
wave is forming between 1 and 2 that may cause wave 1 to shift. At
<74 M, wave 2 moves +169mV while wave 1 moves +25mV; wave 3 éhifts
+441V and wave 4 shifts +24nV. The mercury complex waves appéar
anodic of wave 4, most likely resulting from the 3‘—chloronitlroso- |
benzene radical anion oxidation.

4-Chloronitxobenzene. Cyclic vol(témmograms for experimets havng
water added to 4—cMor<;nitrobenéene in DMSO appear in Figﬁre 36.

Waves 1 and 3 remain relatively steady while wave 2 shifts +119 nV at

'.37 M H,0 and +50mv mor,é'at J4 M H20. The cathodic shoulder on wave

3 grew considerably and moves positive with increasing water concen-
tration. A The nitroso wave is rounded at the 1_ower water concen-
Eration, denoting mb_re than one process; but, tﬁis sharpens to the
mercury complex wave at the higher water concentration. Note that
the mercurous chloride wave decreases with incfeasing water concen-
tration, indiéating a change in the pathway away' from chloride loss
and probably, towards nitroso formation.

In DMF, Figure 37, the irreversible waves merge at .37 M Hy0 and |
wave 2 shows a shift of +267mV. The nitroso wave increases in size
and shifts +38mV. At .74 M, the voltammogram does not appear much
different than the previous one. Wave 2 shifts ;l-68mV while the otj.her

waves show some slight movements of +10-20mV. Chloride loss
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Figure 36. Cyclic voltammograms of 4-chloronitrobenzene in DMSO with
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Figure 37. Cyclic voltammograms of 4—chloronitrobenzene in DMF with
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decreases so that the pathway folldwed"is probably oxidation of a

"chlorinated nitroso compound.

In AN, Figure 38, wave 2 shifts +365mV while waves 1 and 3 both
shift +49mV at a water concentration of .37 M. The wave just anodic
of wave 3 is the nitroso wave (4). At .74 M, the only change in the
voltammogram is in the potentials. Waves 1, 2, 3 and 4 all shift
anodically by +25nV, +118mV, +69mV.and +36mvV, respectivelye_ - The
mercury complex wévés appear upon the first addition of wate‘r' and the

nitroso formation appears to have increased.

The cyclic voltammograms of 3,4-

- dichloronitrobenzene (E‘igﬁre 39) in DMSO yield a éhange in their

appearances upon addition of ethanol. At .35 M, wave 3 shifts +243mV
into wave 2 and wave 2 moves +31lmV. There appears-to be a cathodic
shoulder on wave 4, characteristic of the protonated dianion. The
new wave, anocdic of wave 4, is round and broad denoting two

processes. The cathodic end of the wave is probably associated with

the nitroso oxidation while the anodic side is the mercury complex.

The doubleness of the new wave separates at .70 M and becomes two
distinct waves. There is a large préprotonatidn wave on the ancdic
shoulder of wave 1. The corresponding oxiaation wave would appear -
under the new waves. The irreversible wave shifts +38nV. Uéon

extension of the positive limits, the irreproduéible ‘reduction waves
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Figure 38. Cyclic voltammograms of 4-chloronitrobenzene in AN with
a) 37 M H20; b) .74 M HzOo
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Figure 39. Cyclic voltammograms of 3,4-dichloronitrobenzene in DMSO
with a) .35 M EtOH; b) .70 M EtOH.
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appear, denoting the surface effects caused by free hydroxide ion-
mercury surface. In this case, even though chloride loss still
occurs, there i$ not a separate wave for the less chlorinated
dianion. There inay be some formation of it under the irreveréible
wave. .

The voltammograms for 3,4-dichloronitrobenzene in DMF with water
added are shown in Figure 40. Wave 3 decreases ané shifts into wave
2 as this wave moves +125mV. There is more preprotonation and/or |
adsorpfion, as is noted by the increase in the prewaves prior to
waves 1 and 2. The most cathodic of the new waves appears to be
associated with 3—chloronitrosobenzene, The oxidative sweep moves
anodically with increasing water concentration. The rate of ctgloride
loss may decrease but chloride loss still occurs.

In AN, the 3,4-dichloronitrobenzene compound shows.a +356mV
shift in wave 2. with .37 M water (Figure 41). The nitroso wave (4)
moves anodically by +72nV. At .74 M, the two waves which were under
the one irreversible wave have now moved to the g;otential of the 3-
CNB dianion by shifting +122mV. There is no further loss of
chloride.

e. In DMSO, the cyclic voltammograms of

3,5-DCNB with water added (Figuré 42) ‘show large adsorption waves.

The two irreversible waves move anodically (not shown) énd form one
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Figure 40. Cyclic voltammograms of 3,4-dichloronitrobenzene in DMF
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Figure 41. Cyclic voltammograms of 3,4-dichloronitrobenzene in AN




a)

b)

31
35DCNB 5
37MH,0
1
S504A
4 DMSO
74M HoO | 2/\
In\
1 // &\ o
m }II A it ~.__,§ 1
/ // \;‘ -
ISO,LA
4 DMSO

el

Figure 42.

00 05 L e T TEn
“E (V. Ag/AGCI-IMCIY)

Cyclic voltammograms of 3,5-dichloronitrobenzene in DMSO
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i

wave when the water concentration is .37 M. Wave 2 has shifted
+104nV. Wave 1 is steady on the first éweep} but the mercﬁfy'complex
and adsorption wave are so large on t';he second sweep tﬁat wave 1 is
either obscured or mixed in with the irregular waves. The mércury
complex wave is present on the oxidative sweep. There may be some
nitroso formation on the cathodic part of the mercury wave. At .74 M
water, wave 2 shifts +56mV and the reductive adsorption waves grow. |
The waves that appear on the sécond sweepy between waves 1 and 2, may
be due to azoxybenzéne ana azobenzene.. ﬁhe broad cathodic shoulder
on wave 1 on the first sweep may be due to adsorption of the
reactants or to some 3-CNB radical anion formation if 3-CMB was
present as .an. impur.ity., |

In DMF, Figure 43, addition of wat.er to yield a cohcentr'ati.on of
37 M causes a +225mV shift in ,the. potential of wave 2, the dichloro
dianion. 'The .wave 4 process decreases but also mergeé .with wave 3.
The wave 2 process may increase if it is preprotonation bﬁt this wave
is obscured by wave 3. The oxidative "hump" grows larger. and moves
anodically. At highér water gdncentrations, wave 3 shifts +74mV..
Chloride loss decreases rapidly with thié shift. .The 3,5-DCNB
compound has very 1i£tle chloride 1655 without water; but, the
addition of a prot_:on source pushes the equilibrium towards nitroso

formation; The position of the nit_ros'o wave is questionable. It may
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Cyclic voltammograms of 3,5-dichloronitrobenzene in DMF
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be represented by the new waves or it could be between the new wave and
the radical anion wave. The 3,5-dichloronitrosobenzene wa';re occurs
in this area. | |

In AN, the addition of water to 3,5-dichloronitrobenzene. causes .
quick changes (Figure 4‘4)'. At .37 M, wave 2 shifted +323mV while
. waves 1 and 3 shift +30mV and +35mV, respectively. At .74 M, wéve‘z -
coﬁtinues to shift (+104mV) and there is a cathodic shoulder on waves
1 and 3. These waves are 87mV apart so they cannot represent a
reversible couple. The reductive wave may result from surface
adsorption and the oxid;ation wave is associated with the protonat,ea
dianion from the E2! process. The cathodic shoulder (wave 4) on the
mercury wave may résult from nitroso formation.

Cyclic voltammograms for 3,4,5— ‘

Erichloronitrobenzene with ethanol are shown in Figure 45. Note the o
shorter positive limit. Waves 3 and 4 merge and move anodically
+192nV (from the origihal wave 3, 3,5-DCNB dianion; potential) and
wave 2 becomes a énodic shoulder on wave 3, but it remaines steédy at
.35 M ethanol. lAt 58 M ethanol, wa\ie_ 3 shifts +31mV over wave 2.

The second sweep yields two waves under wave 3. The first of these
waves corresponds to the 3,4,5~-TCNB dianion and the second wave
represents the 3,5-DCNB dianion formation. Wave 6, the nitroso wave, .

‘has grown and is shown as the most anodic wave in the voltammogr am.
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Figure 44. Cyclic voltammograms of 3,5-dichloronitrobenzene in AN
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Cyclic voltammograms of 3,4,5-trichloronitrobenzene in

DMSO with a) .35 M EtOH; b) .58 M EtOH.




137

In DMF, Figure 46, the voltammograms of 3,4,5-TCNB with water

‘added to yield a concentration of .37 M, show a decrease in the
amount of chloride lost and a +220mV shift in wave 3 while wave 4
merges with it. Wave "a" disappeared or is obscured as wave 3 merges
into wave 2. The nitroso wave is quite broad, indicating that both
the 3,5-dichloronitroso and 3,4,5‘—trichloroni£rosobenzenes may be
present or that the mercury wave may be part of the b:.;oad wave. At
.74 M, wave 3 shifts +71mV while wave 2 is obscured and apparently
does not shift, indicating chloride loss is more rapid than
érotonation.

In AN, Figure 47, 3,4,5-TCNB with water at .37 M causes waves 2
and 3 to.merge and shift +326mV from thé initial position of wave 3
or +191mV from wave 2 (original position). 'Wave 1 shifts +27mV, . and
wave 5 moves +38mV due to wave 4 pushing on it, ,'as it also shifts
+38mV. Bt 74 M, wave 2 shifts +108mV and wave 4 moved +133nV. The
pathway does 'not o;hange with water addition. The protonated dianion
shifts rapidly but there does not appear to be nitroso formation.
Here, wave 2 is shifting, indicating a decrease in rate of chloride

loss and/or an increase in protonation of the dianion.

Series 2: One Ortho Chlorine
z_ﬁhlgxgnij;mmnzgnga _The addition of water to 2-chloronitro-

benzene in bMSO, Figure 48, causes a shift in the potentials of the
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Figure 46. Cyclic voltammograms of 3,4,5-trichloronitrobenzene in
DMF with a) .37 M H,0; b) .74 M Hy0.
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Figure 47. Cyclic voltammograms of 3,4,5-trichloronitrobenzene in AN
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Figure 48. Cyclic voltammogram of 2-chloronitrobenzene in DMSO with
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irreversible waves. At .09 M water, the revérsiblé couple remains
steady, within experimental.error, while both waves 2 and 3 move
anodicélly by +21mV and +73mV, respectively. It is obvious that wave
3 is moving at a,fasfef rate than wave 2. Both processes are now
occurring at approximately the same potential. The mercurous chloride
. wave decreasés, marking a shift in the equilibrium bet@een chloride
loss and proton addition due to proton availability. @ The oxidative
sweep yields wave 4, the radical anion; wave 5, the nitroso wave; and
a new wave that appears to be the mercury complex wave. Aﬁ..37 M, the
mercury complex waves are more noticeable. There appearé to be some

- preprotonation or a residual sufface wave prior to wave 1 on the first
sweep'and the oxidative "hump" is present. Waves 2 and 3 have merged
and wave 2 has shifted +99mV. A new wave has férmed cathodic of wave
2. This maybe a surface effect. At .74 M, wave 2 shifts +49nV while
waves 1 and 4 both shift +20mV, possibly due to-changes in liquid
junction potential. The total changes in potential for wave 2 from
background water (02 M) to .74 M water is +143mV.

In DMF, the addition of water causes some quick changes in the
voltammogfams (Figure 49). At .37 M, wave 3 has merged into wave 2
and wave 2 has shifted +196mV. Waves 1 and 4 are Steaéy whilerave 5,.
the nitrosobenzéne wave, no longer exists since the rate of chloride

loss has decreased and nitrosobenzene does not form. However, the




142

a)

b)

S
DMF
4

0O -« 108 WM el e e
“E (V. Ag/AGCI-1IM CIF)

Figure 49. Cyclic voltammograms of 2-chloronitrobenzene in DMF with
a) .37 M Hy0; b) .74 M HyO0.
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- formation of 2—chloronitr;osobenzene is strongly favored. At .37 M,

' the cathodic shoulder on the new wave (mercury complex) anodic of wave
4 corresponds to the oxidation of the 2-chloronitrosobenzene radical
anion. At .74 M, wave 2 shifts +65mV and wave 4 moves +30mV with a
new wave appearing just anodic of its peak. This 1s probably the
oxidative "hump" (C3E3 process) which has shifted anodically.' ‘The
C3E2 process is known, by computer 'simulating to move rapidly with
proton addition.d’ At .37 M, it is under wave 4; but, with more
available protons, it lﬁoves anodically and increased in size. |

In AN, Figure 50, .37 M water shifts the irreversible wave
+370mV. The reversib;e couple, waves 1 ana 3, shift +32mV. There is
a new wave just anodic of wave 3 that is probably the oxidétive
"hump" shifts anodically. Wave 4, the- 2-chloronitrosobenzene wéve,
shifts +69mV, but its reduction wave is covered by the mercury
complexation wave or is the wave (4) anodic of the oxidative "hump.ﬁ
At .74 M, waves 1 and 3 shift +76mV and +29mV, respectively, while
wave 2 moves +112mV. The shift in wave 1 is most likely due to the
approaching wave 2. Wave 2 has_ shifted a total of +580mV.

2.3-dichloronitrobenzene, The addition of water.to 2,3-
dichloronitrobenzene in DMSO, Figure 51, demonstrates a change in the
mechanistic path. At .37 M, waves 1 and 2 remain steady but wave 3

shifts positive by +88mV while the wave 4 process no longer occurs.
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Figure 50. Cyclic voltammograms of 2-chloronitrobenzene in AN with
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Figure 51. Cyclic voltammograms of 2,3-dichloronitrobenzene in DMSO
with a) 37 M H,0; b) .74 M HyO.
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This mean$ the‘mono-chl.oro compound is formed but not nitrobenzene.
There appears tq be compt_ati‘tion between loss of the ortho and meta
chlofines, since ‘a't the lower water concentration the 2-CNB dianion
formation predomi.nate_s;: but, at .74 M water the 3-CNB dianion
formatiéﬂ dominates. |

In DMF, Figure 52, waves 1 and 5 remain steady while the wave 4
process no longer occurs at .37 .M water and wave 3 shifts +226mV,
nearly into wave 2 that has shifted ‘-!-26mV. At .74 M, wave 2 shifts
+90mV and wave 3 merges into it. There is one irreversible wave on
the first sweep but the second sweep sho‘;vs that two procésses are |
' éc’:tually occurring. The rate of c_:hloride loss may be décreaseing.
The second irreversible wave is the formation of the 3-CNB dianion.
This probably is a slow process at high water coric_entrations. There
is some formation of 2,5—dichloronitrosobenzene. ~_ ‘

In AN, Figure 53, all waves shift anodicaliy. Wave 1 moves
+31nV at .37 M and wave 4 shifts +48mV.- Wave 3 moves into wave 2
while it shifts +25TmV. At .74 M, wave 2 shifts +134mV and moves .
into wave 1. Wave 1 remains steady but wave 4, its reversible
counterpart, shifts +110mv, meaning fhat more than one process is
. occurring at the potential- of wave 4. The wave from the E2' process_
may belshifting into it. The wave just anodic of wave 4 may be a

nitroso wave or part of the mercury complex.
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Figure 52. Cyclic voltammograms of 2,3-dichloronitrobenzene in DMF
with a) 37 M HzO; b) .74 M HzOo
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Figure 53. Cyclic voltammograms of 2,3-dichloronitrobenzene in AN
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In DMSO, Figure 54, the addition of

water to 2,4-.dichl<_>ronitrobehz“ene at a concentration of 37 M causes

. waves 2 and 3 to shift by +42mV and +146mv, respectivelyo ' Wave 4 is
| no longerl a competing érdcess_and‘ disappears, since chloride .loss
decreases and nitrobenzene is probably‘ not formed. Wave 5 appears to
shift +81mv bﬁt wave 5 is aétually the shoulder on a new wave énd
it's the .new wave (mercury complex)-which-is +481mV from the position
of wavé_ 5 prior to water ac'-idii':ion.’ As more water is added‘, to yield

‘ a concentration of .74 M, wave 1 remains steady while wave 2 shifts
+40mV and wave 3 becomeé a 'cathodic shéulder on wave 2, The
oxidative sweep sﬁows the real wave 5, now uncovered, és the metcury
wave shifts'+i'30mv,° 'Ihe;e may be competition between positions of

" chloride loss .éince the 'potentiais are not too far ‘apart but it
appears that the 2-CNB dianion (-6mV at 37 M, -12nV at .74 W) is
closer than the 4—CN§ dianion (-24mV at .37 M, -25nV at 74 M. This
is a different result from the voltammogram without water.

Figure 55 .shows: the voltammograms fbr water addition to 2,4-DC§B
in DMF. - This is a good case for obsewing the increase in peak
height as wave 4 .shifts' +80mV. The cathodic shoulder on the ﬁercury
wave appears to result from 4'—chloroni£rosoben2ené radical anion
‘oxidation. The 2,4—dichlc’>ronitrpsobenzéne wave maybe part of the -

. mercury wave, if it is present. Increasing the water concentration
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Figure 54. Cyclic voltammograms of 2,4-dichloronitrobenzene in DMSO
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Figure 55. Cyclic voltammograms of 2,4-dichloronitrobenzene in DMF
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to .74 M, wave 3 shlfts +50mV into wave 2, becommg only a shoulder
on the first sweep. Wave 2 sh:.fts +58mV. Chl_orlde loss appears to
remain rapid, so that protonatlon may be controlllng whether :
dechlorination or hydroxide loss occurs.

In AN, Figur;e 56, .37 M water causes waves 1 and'5 to shift by
+30mV and +50ﬁ1V, respecti\llely. Wave 3 decreases and shifts +324mV
into wave 2, itself moving +298niV; but, both processes are still
occurring. There is a wave for @e NB aianion on the second sweep.
(wave 4). At .7tll~M, the irreversible waves both shift +109mV while
the revers:.ble couple shifts less than +20mVo The potential |

‘_.corresponds to .the reductlon of 2,4—DCNB to 4-CNB. -The ox1dat1ve
sweep shows a rounded wave moving through wave 5 at the higher water
concentration that is probablir due to the E2' or E2C3 process. The
nitroso wave (6) 1s ‘p‘robal‘oly the cathodic shoulder-on the mercury
complex. | ‘

The voltammograms of 2,5-dichloro-

nitrobenzene in DMSO after the addition of ethanol are shown in
Figure 57. At a concentration of .35 M, wave 3 has merged with wave
2, causing wave 2 to incréase in height and shift +102mV. . The
reversible couple remains steady butb a ﬁeyi set of«waves'appear enodic
. of the couple. These appear to be the mercury complex waves. There

appears to be some preprotonation .at both .35 M and 47 M ethanol.
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Figure 56. Cyclic voltammograms of 2,4-dichloronitrobenzene in AN
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Figure 57. Cyclic voltammograms of 2,5-dichloronitrobenzene in DMSO
with a) .35 M EtOH; b) .47 M EtOH.
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There is also a +22mV shift in wave 2 a£ the highér concentratioﬂo_
Dianion formation of the less chlorinated .cbmpound occurs under the
tail of the irreveréi_blc_—:- waveo. This procéss is not predominant.

In DMF, Figqure 58; a water addition. (.37 M) causes wave 3 to -
join wave 2, which shifts +125 \YA Waves' 1 and 4 are reasonablfz
stable. The 'oxidati‘:re "hump"-due to the C3E2 process moves positive
and increases as proton availabiiity increases. There is small-
oxidative wave prior to the mercury wa&e_- that appears to,.relat;e‘ .to
£he E2' process at .74 M water or it may be the 3-chloronitroso-
benzene radical anion oxida-t;ion. The amount of chioridé .lo's.c;;"may
have 'de,cr.jeased due to increased protonation. Paft of the mercury |
wave may also repi:esent a nitroso compound. |

In AN, addition'of water to yield a 37 M solution causes wave 2
to shift +320mv '(Figuré 59); There ié a very small bump, cathodic of
‘wave 2, labeled "b" that may result from the 3-CNB dianion formation.
At higher water qoncentrat/i'ons (74 M), the mercury wave shifts |
anodically revealing another wa\}e on the oxidative sweep that may

represent oxidation of a nitroso radical -anion.

The compound 2,3,4~trichloronitro~-
benzene in DMSO is represented in Figure 60 at various ethanol ‘
concentrations, At .35 M, wave 3 shifts into wave 2 as it moves

+71mV while wave 2 moves +38mV. Wave 6 moves anodically; increases
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Figure 58. Cyclic voltammograms of 2,5-dichloronitrobenzene in DMF
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Figure 59. Cyclic voltammograms of 2,5-dichloronitrobenzene in AN
with a) .37 M HzO; b) .74 M HzOo
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| Figure 60. Cyclic voltammograms of 2,3,4,~trichloronitrobenzene in
‘ DMSO with a) .35 M EtOH; b) .70 M EtOH.
\
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in size and appears on the cathodic shoulder of a new wave.
Preprétonation oc.curfs.on the first sweep pfior to wave 1. At .70 M,
wave 3 shifts at a gx;éat_:er rate than wave 2, moving +46mV and causing
wave 2 to be a small shoulder on wave 3; Wave 5 has become a broad
~wave but looking clos'ely,': the bottom of wave 5 is actiually another
wave that is sliding off of wave 5 on its anodic trek. At higher
- ethanol goncentr;atior_ls (nbf shdwn); wavé 5 reat_ppeafs as the othér wave
shifEs. The mercury complex wave is present as the most anodic wa§e. A
Chloride loss continues in significant amounts throughout this series. -
The 2,3-DCNB' di_aﬁion or the 3,4-dichl§ro'dianion appears to form qqite '
readily,. ' |

The voltammograms of 2,3,4—tricMor6nitrobenzene in DMF with .
water are shown in Figuré 61. Waves 3 and 4 merge and shift +1lS.mV.
at .37 M while Qave 2 only shifts +20mV, due to changes in liquid
" junction potential. The C3E2 process 'yield's the oxidative "hump."
Anodic of 'wave 5, the )new, wave appears. It is broad aﬁd may
represent more than 'one process. Either the 2,3- or the 3,4~
aichloronitrbsobenizené wave occufs on the cathodic shoulder of the .
hew wave or ét Ehe peak- itself. The 3—chlofohitfosobenzene wave may
form but it is obscured by the new ﬁaVee The rate of chloride loss
‘does not appear to decrease. At 74 M wave 3 shifts +60mV but the

wave 4 process, 3-CNB formation, is still ap’p'"ax‘:entAéh the second
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Figure 61. Cyclic voltammograms of 2,3,4-trichloronitrobenzene in
DMF with a) .37 M H20; b) .74 M HyO.
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sweep as the amount of it increases.

In AN, Figure 62, 2,3,4-TCNB undergoes the same reduction
pathway with water added. Wave 2 éhifts'. +152mV in a .37 M solution
of water/AN and the anodic paft of wave 3 (seé Figure 19c) shifts
approximately +455mV into wave 2 and wave 2 increases in height. The ,
cathodic pari: of wave 3 shifts +288mV and becomes the smaller of the
two irreversible waves. Wave 2 consists of loss of the ortho
chlorine after formation of the 2,3,4-TCNB dianion with subsequent
reduction to the 3,4-DCMB dianion. Wave 3 (cathodic) corresponds to:
the 3-chloro or 4-chloro dianion which has probably not shifted as |
much because the process is decreasing due to a réduction in chloride
loss. At .74 M water, wave 2 shifts +106mV while wave 3 (cathodic)
shifts +86mV. The mercury complex wave is sharp and the cathodic
shouider (wave 5), -that is uncovered af the higher water
concentration as the mercury wave shifts anodically, may,lbe due to
nitroso oxidation. :

The cyclic voltammograms of 2;3,5-

trichloronitrobenzene in DMSO yield a decrease in the chloride wave,
merging of two proéesses -anc.i positive movement in the irreversible
wéves upon addition of ethanol (Figure 63). The reversible couple
remains steady but waves 3 and 4 merge and shift +134nV while wave 2

moves +36mV. This corresponds to loss of the ortho chlorine and
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Figure 62. Cyclic voltammograms of 2,3,4-trichloronitrobenzene in AN
with a) .37 M Hy0; b) .74 M H,0.
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Figure 63. Cyclic voltammograms of 2,3,5-trichloronitrobenzene in
DMSO with a) .35 M EtOH; b) .70 M EtOH.
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formation of the 3,5-dichloro dianion. At 70 M, wave 3 shifts +56mV
showing continued movement. The double peaks on the second sweep at
Qave 2 appear tb be surface effects but there may also be competiiﬁior_l
due ‘tb preprotonation. ‘ ‘ ’

In DMF, Figure 64, water addit'ion to 2,3,5~TCNB causes waves 3
and 4 to fn_erge shifting wave 3 +199mV. Wave 2 is steady, 'és. is the
reversible couple. Chloride loss continues but the formation of 3,5~
dichloronitrosobenzene increases. The oxidative “hump" is large an.d'
broad. At .74 M, wave 3 shifts into wave 2 causing wave 2 to
.increase and wave 3 to decrease: The secphd sweep reveals the wave 4 .
process is sfill_ present. Wave 2 shifts +39mV and wave 3 moves
+133mV as chloride loss decreases. |

Using AN as the solvent, the 2,3,5~TCNB compound 'cl:;anges its
pathway with water addition (Figure 65). Wave 3 has moved into wave
2 and wave 2 has grown and shifted +198mV. There is a small cathodic
shoulder on wave 2. This may be some formation of the 3-CNB dianion.
Wave 2 is the formation of the 2,3,5-TCNB dianion and the 3,5-DCNB
dianion. There is a protonated dianion cathodic of wave 4 which has
grown larger and moved anodically. There is no nitroso formation.

In DMSO, cyclic voltammograms of

2,4,5~trichloronitrobenzene with ethanol added show a decrease in th_e

chloride wave and merging of the irreversible waves (Figure 66).
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Figure 64. Cyclic voltammogram of 2,3,5~trichloronitrobenzene in DMF
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Figure 65. Cyclic voltammograms of 2,3,5-trichloronitrobenzene in AN
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Figure 66. Cyclic voltammograms of 2,4,5-trichloronitrobenzene in
DMSO with a) .35 M EtOH; b) .70 M EtOH.
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Voltammograms with less ethanol added show waves 3 and 4'merging and
moving towards wave 2, thus producing the rounded wave seen at .35 M.
Wave 2 remains steady and wave 3 shifts +75mV, The new oxidative
wave is broad and deﬁotes more than one process. The nitroso wave
and the mercury complex wave may both be presént in this area. There
is some preprotonation of the radical anion and a reverse wave for .
this process may occur near the radical anion oxidation. Chahging to
.70 M ethanol, the irreversible waves form one éeak, though it is
still broad. Both formation of the 2,4,5-trichloro dianion and the
2,5~dichloro dianion occur at the potential of this wave. It has
shifted +35mV from' the potential of wave 2 at..35 M.

Cyclic voltammograms of 2,4,5~TCNB in DMF -with water additions
are shown in Figure 67. The preprotonation or adsdrption wave prior’
to.wave 1 increases at .34 M as does preprotonation of the dianion ‘
that appears as a anodic shoulder on wave 2. Wave 4 no longer exists |
and wave 3 merges with wave 2; but, the merged wave is round and
broad denoting both processes occur at equilibrium rates. Chloride
loss is still rapid but some nitroso formation occurs. ‘The first
wave anodic of wave 5 results from either the oxidation of the
protonated radical anion (E2') or the 3,4—dichloronit_roéobenzéne_
radical anion. The potential of the irreversible wave gives no clue

as to which dianion is being formed. Both the 3,4-DCNB and the 2,5~
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Figure 67. Cyclic voltammograms of 2,4,5-trichloronitrobenzene in
DMF with a) .37 M H,0; b) 74 M H50.
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DCNB dianions occur at the same potential. 'Tk'lere may be a
competitive proc;ess for ;'aosition of c_;hloride loss or both may be
occurring 1n equal amounts. At higher water concentrations the
. nitroso waves are smeared and chloride loss does nc;t significantly
decrease. ' | . ' o
In AN, Figure 68‘, the potentials of the waves for 2,4,5—TCNB
shift rapidly. Waves 2 and 3 merge and shift +306mV at a water
"concentration of .37 M while wave 4. decreases ahd becomes a small
-‘bump on the cathodic shoulder of wavé 2. It corresponds with the
potentiél for the 3-CNB dianion under the same conditions. Wave 1
shifts +25mV but wave 6, its reversible coﬁple,,’ shifts‘ +34nV due to
wave 5 shifting into it. At .74 M, wave 2 moves‘+114mV, uncovering
more of the moho—ghloro wave. Wave 2 is due .té more than one
process, including both the 2,4,5-TCNB dianion and the 2,5~DCNB
dianion, and the cathodic shoulder results from 3-CMB dianion
formation that occurs at a low rate. There does not appear to be any
nitroso formation.

zene. Cyclic voltanimograms of

2,3,4,5~tetrachloronitrobenzene  in DMSO with ethanol are shown in
Figure 69. At an ethanol concentration of .35 M, waves 4 and 5
" merge, both moving anodically, then move ‘into wave 3 to form a single.

peak. This wave is large and broad, denoting more than one process. -
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Figure 68. Cyclic voltammograms of 2,4,5-trichloronitrobenzene in AN
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Figure 69. Cyclic voltammograms of 2,3,4,5-tetrachloronitrobenzene
in DMSO with a) .35 M EtOH; b) .70 M EtOH.
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The potential of the pea'k does not correspond to any particular
compound. Looking at the second sweep, thé wave appears to have.
shoulders on both sides. of the peak. The multiple processes that |
appear to be occurring at the shoulder potential and the peak
_ potentials are formation of the 3,4,5-TCNB dianion, the 2,4,5-ICNB
dianion, the 3,5-DCNB dianion and the 2,5-DCNB dianion. Chloride
loss is apparently occurring rapidly with competition between loss
from the meta and para p'ositiqns.. The second sweep shows the process
on the cathodic shouldgr on wave 1 is now domihate which may
correspond to the 3,4,5-TCNB radical anion. At °70-,M ethanol,
competifion still exists. -The pathway has not changes except for' a
more normal appearance of wave. L |
Cyclic voltammograms of 243,4,5~-tetrachloronitrobenzene in DMF
- with water additions.‘are shown in Figufe 70. In a .37 M water/DMF
solution, wave 3 becomes a shouldef on,wa\.re 4 as it shifts +136mV.
The amount of chloride loss .de.creases and the nitroso formation
increases. At .74 M, wave 4 shifts +67mV to merge completely with a
stable wave 3. Waves 3 and 4 are due to the 3,4,5~TCNB and 3,5-DCNB
dianions, respectively. The wave just ancdic of wave 5, that appears
as a shoulder on the new wave, is probably due to the 3,5-dichloro~
nitrosobenzene radical anion oxidation while the new wave, which is

round and broad, may represent both the 3,4,5 trichloronitroso-
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Figure 70. Cyclic voltammograms of 2,3,4,5-tetrachloronitrobenzene
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benzene radical (cathodic side) and the mercﬁ:y complex (anodic
side).

In AN, Figure 71, the addition of water' to 2;3,4,5-TeCNB causes
wave 2 to shift +61lmV ‘while Qaves 3 and 4 merge and shift into it,
causing a increase in the peak height of wave 2.. The second
_irreversible wave at .37 M is due to the 3,4,5~TCNB dianion witﬁ some -
. 3,5-dichloro dianion formation following it. At' .74 M, wave 2 shi_fts
+114nV and wave 3 merges with it. There are two'waves on the
reductive sweep cathodic of wave 2, arising from an unknown source.
The most cathodic of these corresponds to the wave which appears as a
small peak at the negative end of most of AN voltammograms. There
does not appear to be nitroso formation; but, note how the wave
cathodic of wave 5 in .37 M water shifts into wavé 5.in .74 M szo

This is a good example of the shifting of the E2' (or C3E2) process.

Series 3: Two Ortho Chlorines.

In DMSO, Figure 72, the addition of.

water to 2,6-dichloronitrobenzene causes wave 4 to shift into wave 3
and wave 2 remains steady somewhere under wave 3, that itself has
shifted +100mV. The feversible radical anion couple is steédy and a
new qxidati\_re wave forms. This is due to the mercury complex wave,
but it also could be the nitroso wave. The lwave is fouﬁded on the

anodic side and gives the appearance of two processes. At .74 ‘M,
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Cyclic voltammograms of 2,3,4,5-tetrachloronitrobenzene
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Figure 72. Cyclic voltammograms of 2,6-dichloronitrobenzene in DMSO
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this wave is a sharp peak. The nit_ros_o wave is probably' between wéve
- 5 and the mercury complex wave. The irreversible wave has shifted
+43mV from the position of wave 3. Chloride loss is: occurring \}ery
rapidly and the nitroso formation is probably secondarf,. The
irreversible wave represents both the fo:;mationl of the 2,6-dichloro
and the 2I—chloro dianions. | ) ‘ |

In DMF, Figure 73, the pathway of reduction of' 2,6-DCNB with
water present has changed towards chloride~ loss. Wave 2 remains
steady, but wave 3 shifts +186mV and moves on top of it. Wave 4, the
formation of the NB dianion, decreases and can't be seen. Wave 1
shiftsAabout +10mV, probably due to liquid junction potential
changes. The mercury complex and surface adsorption waves form. - The
nitroso wave appears as a small wave between wave 5 and the mercury
complex. At .74 M, wavé 1 shifts another +10mV while wave 2
apparently remains steady, since the irreversible wave has not moved
positive ‘of the wave 2 potential and wave 3 shifts +68mV.

In AN, Figure 74, wave 2 shifts +168ﬁV while wave 3 shifts
+301mV and moves over the top of wave 2. Wave 1 is relatively stable
but has a prewave which is probably due to prep_rotonatiorL The
height of the irfeversible wave decfeases,_ indi‘cating. ieés chloride
loss. The nitroso wave has shifted anodically and may be the small '

"belly" prior to the first of the mercury waves or the first actual
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Figure 73. Cyclic voltammograms of 2,6-dichloronitrobenzene in DMF
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Figure 74. Cyclic voltammograms of 2,6—dichloronitrobenzene in AN
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wave anodic of wave 4. At .74 M, the irreversible wave shifts +97mV
while wave 1 shifts +33mV. Wave 4 shifts +22mV and the nitroso waves
appears as one of the small peaks anodic of wave 4 and on the

shoulder of the mercury complex wave.

Cyclic voltammograms of 2,3,6~
trichlbronitrobenzene appear at different water concentrations in
f‘igure 75. When the water coﬁcentration is 35 M, wave 5 disappeéres
and wave 3 shifts +47mV as wave 4 merges with it. Wave 4 most likeliz
has also decreased. Wave 2 is steady and appears as a anodic
shoulder on wave 3. When the cathodic limit is set just past wave 2,
a double wave appears on the oxidative sweep under wave l. ‘This.is
related to the radical anion of the trichloro compound and the
radical anion of 2,5-DCNB. Apparently, chloride is lost as soon as
the dianion stars to form. If the sweép is stopped prior to thé 2.,5—
DCNB dianion formation, the 2,5-DCNB radical is oxidized and
correspondingly reduced. There are two 'other oxidative waves. The .
most cathodic of these forms when the potential is held at the base
of wave 2, and the other wave forms when the potential is held at the .
base of wave 3. The wave associated with wave 3 ‘appears to be t.he
surface effect and the second wave may be another surface phenomépa.
In a solution of .34 M water and DMF (f;igure 76), reddcfion of

2,3,6~trichloronitrobenzene yields a anodic shift o;f'+162mv as waves.
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Cyclic voltammogram of 2,3,6-trichloronitrobenzene in
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Figure 76. Cyclic voltammograms of 2,3,6-trichloronitrobenzene in DMF
with a) .37 M Hy0; b) .74 M Hy0.
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3 and 4 merdge and move positively. The other waves remain relatively
steady, with only minor fluctuations. - The potentlal of wave 3
corresponds to the dianion of authentlc 2,3-DCNB in 34 M water.
This is a change in _the pathway from the compo,und without water. The
2,3,—DéNB_dianion (-9mV)- is much closer to the potential of wave 3" |
than the 2,5-DCNB 'dianion (-58mV). Thére is a bump just anodic of
wave 5 that mey be the pi:otonated diahion by the E2! proces.é or the
oxidative "hump" that’ shifte anodically.' Just positive of this,
there is a shoulder on a new wave. This may represent the 2,3~
dichloronitrosobenzene radical anion oxidation. At higher water
concentratlons, wave 3 continues to correspond to the 2,3-DCNB
dianion. Wave 3 shifts +69mV to overtake wave 2 which results ina
decrease in the rate of chloride loss. The mercury complex waves |
have grown. | |

Figure 77 shows the series of voltammograms for water aadition
to 2,3,6~TCNB in Al\L Wave 3 moves quickly over wave 2 by shifting
43221V, Wave 2 moves +90nV while waves 1 and 4 shift +41mV and
+36mV, respectively. In a 37 M solution, the irreversible wave is .
‘broad and may correspond to the 2,5-’DCNB‘ dianion +69mV) , the‘2,6-
DCNB dianion (~59mV) or the 2,3-DCNB dlanlon (+89mV), as well as the
2-CNB dianion (~75mV) or the 3-CNB dianion (-61mV) and the 2,3,6—'ICNB

dianion. When the anodic 11m1t is moved more positive, it is
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Figure 77. Cyclic voltammograms of 2,3,6-trichloronitrobenzene in AN
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difficult Eo distinguish a chloride wave. There appears to be no

nitroso formation at the low water concentration. At .74 M water,

the possible dianions are the 2,5-DCNB dianion (-129mV), the 2,6-DCNB’

dianion (-48mV) or the 2,3-DCNB dianion (-137mv). It is apparent
that the 2,6-DCIB dianion is formed. This is a change in the .
mechanistié'pathway. There is a cathodic shoulder (wave 5) on the
mercury waves that was uncovered when the mercury waves shift
anodically due to increased hydroxide concentrétion, since proton
addition will cause an increase in nitrosobenzene formafion. This

wave is probably due to a nitroéo compound,

Cyclic voltammograms of 2,4,6-
tr.ichléronitrobehzene with water added in DMSO are shown in Figure
78. ' The potential for the formation of the 2,4,6-TCNB dianion
remains steady at both concentrations, as does the reversible couple.
The formation of nitroben%eng (wave 5) no longer occurs as.'wave 4
moves +146mV into wave 3, that also Ashif-ts +39mV at .37 M water.
Increased nitroso formation is represented by a cathodic shoulder on
the new mercufy complex waves At .§3 M, wave 4 moves +51mV and - '
becomes a shoulder on wave 3, that correspondingiy shifts +13mV.
Wave 3 corresponds to the reduction of ‘the 2,4-DCNB dianion and .wa\.ze
4 to éither the 2-CNB or 4@ dianion.

In DMF, Figqure 79, the potentials of waves 3 and 4 in 2,4,6—
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Cyclic voltammograms of 2,4,6-trichloronitrobenzene in

DMSO with a) .37 M H,0; b) .93 M H,0.
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Figure 79. Cyclic voltammograms of 2,4,6-trichloronitrobenzene in
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trichloronit;obenzene with .37 M water merge énd shift anodically
+100mV until wave 2 1s ‘an anodic shoulder on wave 3. Wave 2 does not .
shift. Wave 3 corre'spc_)nds to the 2,4-DCNB dianion while wave 4,
appearing on the second sweep, is probably the 4-CNB dianion wave.
The oxidative sweep yields two new waves. The wave just anodic of .
wave 5 corresponds to 2,4—dichloronittosobenzené while the cathédic
shoulde;’ on this is 1;he 4-chldronitrosobenzerie wave. The other neﬁ '
wave is dﬁe to the mercury complex; At .74 M, wavé 3 merges'and'
obscures wa\'re 2,

N In AN, Figure 80, the addition of water causes all waves to
shift anodically. It is difficult to distinguish which compounds are
formed. Thé irreversible wave is broad,'denoting more than one
process. There is probably competition between loss of the orfho and
‘para chlorines yielding either the 2,4;DCNB dianion (+52mV) or the
2,6-DCNB dianion (-lmv). Loss of another chloride ion will yield
either the 2-CNB dianion (~16mv) or the 4-CNB dianion (-23mV) at the
same. potential. It appears that the 2,6-DCNB dianion is formed,
again a change in pathWays. At a higher water concentration, a small
wave occurs ‘just".' anodic of wave 5, cor‘res';ponding to eithef a nitroso
compound or a protonated species. The wéve just anodié of this,l a

shoulder on the mercury wave, may also be due to a nitroso compound.

e, The cyclic voltammograms of -
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Figure 80. Cyclic voltammograms of 2,4,6-trichloronitrobenzene in AN




191

2,3,4,6-tetrachloronitrobenzene with water ‘in DMSO are shown in
Figﬁre 8l. Wave 5 merges into wave 4 at .37 M'by shifting +152mv.
Wave 2 mox;es -25mV (cathodical;y) whilé the other waves are steady.
The mercury comp1<_-3x is sharp but other waves may be present on the
anodic and cathodic tails of .it. At .74 M, wave 4 no longer . is
present and \;rave 3 decreases and éhifts +73mV.  Wave 2 moves +36mV.
Wave 3 appears to be the 2,4;5-trichloro dianion, wave 4 the 2,5~
dichloro dianion-ar'xd wave 5, while it exists, the 3-chloro dianion.
Wave 2 may be broad due to loss of both the ortho and para chlorines
with formation of both 2,3,6- and 2,4,5-TCNB. o

Cyclic voltammograms of 2,3 ,4,6-tetrachloron:itrobenzene 'in DMF
with water additions are shown in Figure 82. The wéve 5 process has
decreased and wave 4 shifts into wave 3 and wave 3 moves 4-71mV° At
.34 M, there appears to be competition between the position of
chlorine loss. The potential of the .ir.reversible waves are not
consistent throughout a pathway. The potential of wave 3 does not
correspond to a particular compound, so the potential is due to.
competing processes. There ils ‘a increase in nitroso formation and an
increase in ‘the size of the mercury complex.

The 2,3,4,6-tetrachloronitrobenzene voltammograms in AN v}ith'
water added are shown in Figure 83. Wave 3 shifts +285mV and wave 2

is obscured by it. There is some formation of 3,4-DCNB dianion on
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Cyclic voltammograms of 2,3,4,6-tetrachloronitrobenzene

in DMSO with a) .37 M Hy0; b) .74 M Hy0.
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Figure 82. Cyclic voltammograms of 2,3,4,6-tetrachloronitrobenzene




194

2346TeCNB
37MH0

a)

b)

0B s . A0 A B8
“E (V.Ag/AGCI-1M CI)

Figure 83. Cyclic voltammograms of 2,3,4,6-tetrachloronitrobenzene
in AN with a) .37 M H,0; b) .74 M Hy0.
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the second sweep. There may be competition_ between formation of the
3,4-DCNB dianion and the 2,5 DCNB dianion. At .74 M, the
irreversible wave shifts +97mV from the position of wave 3. It is
difficuit to aéﬁefminé if there is formation of a dichléro dianion.
There does not appear to be nitroso fqrmatioﬁ;

. The cyclic voltammograms of

2,3,5,6-tetrachloronitrobenzehe"in DMSO with ethanol are shown in
‘Figure 84. Observing voltammograms ét low ethanol concéntraﬂom, it
is apparent ﬁhat wave 6 disappears and wave 5 shifts into wave 4
causing an increése in beak. height. Wave 4 shiftsl +185mV between no
ethanol and 35 M efhanol. Wave 3 is steady but wave 2 shifts
cathodically by -51mV. The wave (2) is broad without ethanol but is -
sharper with it. It is easy to assume that mbre than one process is '
occurring; but, another process wéuld have to occur prior to the
tetrachloro dianion formation. This is not likely to happen. It may
be possible that chloride loss is occurring so rapidly that it causes
the wave to be broad; but, with ethanol present, the rapid chloride
loss slows down. Wave 3 also appears to have shifted cathodically by
-30mV. This is due to competition befween_ loss of a meta and an
ortho chlorine. As 'the 2,3,5-TCNB dianion starts to form, a small
amount loses the meta chloride. The potential of the shoulder is

exactly between the potential of thel 2,3,5—'1‘CN;B‘ and the 2,5-DCNB
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Figure 84. Cyclic voltammograms of 2,3,5,6-tetrachloronitrobenzene
in DMSO with a) .35 M EtOH; b) .58 M EtOH.
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_ dianions. Thé ortho chlorine is lost, for‘ the most part, 'and férms
.the dianion for 3,5-DCNB at wave 4. With more ethanol (.58 M),‘ the :
. potential of wave 4 shifts slightly and thg reductive waves of the
mercury complex become more apparent. o

Cyélic voltammograms of 2,3,5,6-TeCNB in DMF with water
additioné are shown in Figure 85. 'I‘h‘e wave 5 process decreases while
wavé 4 shifts +217mV. _Wéve 3 is stable and appears to be the 2,3,5~
TCNB dianion. At .74 M, wave 2 shifi:s +30mV and still corresponds
with the 2,3,5-TCNB dianion while wave 4 moves +91lmV proving its the
3,5-DCNB dianion. The rate of chloride loss may decrease and nitroso
formation increases along with the mercury complex wave. " The second
sweep shows some formation of the 3-CNB dianion.

In AN, Figuré 86, 2,3,5,6~TeCNB with water addition yields a’
decrease in nitroso ﬁo’rmatipn. Wave 3 shifts +222mV as it moves iﬁto
wave 2. Wave 4 decreases but may also shift into wave 3,
corresponding to the 2,3,5-TCNB dianion. There may be formation of
either the 2,3- or 2,5-DCNB dianion. At .74 M, wave 3 shifts to the
potential of wave 2. Wave 2 remains steady but wave 1 has shifted
.slowly with increasing water addition. '

The cyclic voltammogr‘amsu of

2,3 ,4,5,6—pentachioronitrobenzene in DMSO with ethanol are shown in .

Figure 87. Waves 1 and 2 are very steady and wave lhasa -
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Figure 85. Cyclic voltammograms of 2,3,5,6-tetrachloronitrobenzene
in DMF with a) .37 M Hy0; b) .74 M Hy0.
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Figure 86. Cyclic voltammograms of 2,3,5,6~tetrachloronitrobenzene
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Figure 87. Cyclic voltammograms of 2,3,4,5,6-pentachloronitrobenzene
in DMSO with a) .23 M EtOH; b) .47 M EtOH.
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preprotonation wave but wave 5 .m‘erges into wave 4 while it shifts
into wave 3. Wave 4 'shifts +146mV while wave 3 is on the anodic tail
of wave 4. Wave 2 is the dianion formation of 2,3,4,5-TeCNB at .23 M
éthanoi. At lower ethanol concentrations, wave 3 appeared to be dué
to the 2,3,5~-TCNB dianion with competition between the 2,5-DCNB
dianion and the 3,5-DCNB dianion, causing a shift in the potential of
wave 3. Wave 3 is still oécurring but it's under wave 4. Wave 4 is
the 3,5-bCNB dianion. At higher ‘céncentrations, wave 4 me'rges' with
wave 3 and wa\}e 3 does ﬁot move, so that the péthway is loss of the
para chlorine to yield 2,3,5-DCNB. ‘ This,l in turn, reduces and loses
- a meta chlorine to yield 2,5-DCNB, which is also reduced. It may |
Jose a chlorine but the dianion does not form.

In DMF, Figu;e 88, 2,3,4,5,6-PCNB with water demonstrates shifts
in potentials, but not as dramatic aé might- be expected. This is due
to the continued rapid chlorine loss and little nitroso formation.
Wave 4 éhifts +116mV, merging into a stable wa\'7e 3. With more water,
it shifts +39ﬁV while wave 3 shifts abouf the same. This compound
follows the 2,3,4,5-TeCNB reduction scheme. There is a large
chloride wave, but ﬁo apparent mercury complex wavé.‘ Since there is
probably no nitroso formation due to the rapid chlorine loss, there
is no hydroxide loss. | o ' '

" In AN, the addition of water to 2,3,4,5,6—PCNB does not change
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Figure 88. Cyclic voltammograms of 2,3,4,5,6-pentachloronitrobenzene
in DMF with a) .37 M H,0; b) .74 M H,0.
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the pathway (Figure. 89), Waves 3 and 4 decrease and shift toward
wave 2. The potentials of the shifted waves correspond to the
mechanism found without added water. With the water concentration at
.74 M, the .waves past the 2,3,4,5-TeCNB dianion formation are not |
visible. However, since they decrease in size they could be
occurring L_1ndér the dominant wave 2. Their decrease éhbws chloride
loss decreases and there is styill no nitroso formation. Waves 5 and
~ 6 correspond tb the oxidation of the 2,3,5,6-TeCNB radical anion and

the 2,3,5-TCNB or the 3,5-DCNB radical anion.

- Sweep Rate Studies

Changes in sweep rate are very helpful in determining if a
process is rate—lirt;ii:ed. The work done in DMF and AN is observed at
a variety of sweep rates as was some of the DMSO studies. Figure 90
‘shows the voltammograms-.of 2,5~dichloronitrobenzene in DMF at .37 M
water. At a sweep rate of 503.7mV/sec (Figure 90a), there is one
irreversible wave on both sweeps and a small oxidative "hump" for the
protonated dianion (C3E2). At 64.2mV/sec, (Figure 90b), the |
irreversible wave shdws a cathodic shoulder on the second sweep and
the oxidative hump has grown cdﬁsidérabiy. .Noté that the slower-
swéep rate has allowed more material to aiffuse to the surface so
that the secénd sweep follows the first sweep more closely (this is

shown more clearly in Figure 90a). The growth of the oxidative
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Figure 89. Cyclic voltammograms of 2,3,4,5,6-pentachloronitrobenzene
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Figure 90. Sweep rate variations for 2,5-dichloronitrobenzene with
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"hump" is- indicative of a slow protonation prc‘>cess° The slower swéep
rate also allows processes that occur under a wave to be seen. For
3,5~dichloronitrobenzene in DMF, a sweep rate of 32.6mV/sec allows
observation of three irreversible processes and a front shoulder
(Figure 91a). There is some nitroso formatioh but actual peaks are
not seen. At 252.6mV/sec the first irreversible process appears' as a .
shoulder on the first sweep and éa a peak on the second (Figure 91b).
The nitroso Waves have grown. At 1004nV/sec (Figure %1c), thefe is a
front shoulder on the irreversible waves but the first irreversible
wave is not present. The nitroso waves occur as one large wave. The
nitroso process must occur fast enough that it dominates at rapid
sweep rates while the slow rates allow for diffusion and for chemical
reactions to oc'cur.‘ The lower sweep rates are most accurate as a | |
plot of sweep rate vs potential of 2-CNB in DMF yields an expotential

curve (Figure 92).

Sigma Rh,o' Calculatiops

Sigma rho studies help to study the effect of adjacent chlorine
on dianion formation and changes due to différéni: solvents. Using
the method of R. Geer and H. Byker,7° calculations are performed
using linear regression. Initial sigma constanfs used are Ypara =
23s Ogrtho = 20 and opers = o37. - The uncorrected calculated values

for rho (P) and the correlation coefficients are in Table 8 for DMF
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Figure 91. Sweep rate variations for 3,5-dichloronitrobenzene in DMF.
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Figure 92. Plot of sweep rate (V/sec) vs peak potential (V) using 2-
chloronitrobenzene data in DMF.
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without water added. Each series of. compounds are taken individually
and a correction constant, 0,, for compounds with adjacent chlorines
is determined. This is found by determining the reaction constant
(slope = P) for eadh éeries using 6nly compounds without .adjacent _
chlorines (Table 7), finding the total deviation from the line of
compounds with adjacent chlorines and dividing by the number of
adjacent chlorines to find the average deviation per adjacent

' chlorine. This is divided by the reaction constant (¢) to yield o
for each series. These are averaged to yield one correction constant.
(Table 8). The dorrection factor is subtracted for each adjacent
'(:hl<->rine interaction' from the Zovalue for each compound.

Using the new Iovalues, a new 0.,,.. is determinéd since the

par
Gpara. value originally used is too small compared with opo¢ae Linear
regression on all data in a series is done and the average deviation
from the line for all compounds with a para chlorine is found and a
new opara is calculated from (2(Avg. dev)/e) + OPara Where 0Pars is
the original value (.23). Values found are in Table 9. Another o,
is calculated using the new o, then both corrections, o, and 'cp; are
' applied and the linear regression reveals the final correlation
coefficient, showing excellent aQr;eement for the dat.a: (Table 9).

The same calculations are repeated for .AN without water (Tables

10-12), for DMF and AN at low concentrations of water (Tables 13-15
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Table 7.
With all data

0-Cl's 0 1 2
'# compounds | 6 8 6
c=0, mv -989 -1003 -1086
e, mv 351 275 199
r .995 973 .978
(@) 0y = 0,20, 0 = 0’37'-0p = 0,23

Table 8.

Empirical determination of Ad
Factor, .

o2 in DMF.

0-Cl's 0 1
Set of Adj Cl's 3 8
Avg. Deve, W0 =17.0#1.7 . =-23.6+10
Pe, vV 382 334

o0 -.045+.005 -.071+.0
(a) 9 = .20, Op = .37, Oy = .23, 0y =

(b o, (avg) = —-079£.039

Hammett Op correlations using primafy 0 constants in DMF.

Data without adjacent chlorine
0 1 2
4 3 2
-995 -1022  -1174
382 334 378
2997  .990  1.000

jacent Chlorine Correction

2
2
.l ~45.7+11.6
378
30 -.121+.031
avg dev/Pe
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Table 9. Re—evaluation of Hammett Correlation Using the Empirical
" a, (avg) corrections® in DMF,

with o, = ,23 with 0p° = .293
and o,5= .079 and ¢S = .070
0-Cl's o -1 2 0 1 2
0=0, WV -998 =-1027 -1130 . -1003 -1030 -1115
Pe, mv 403 35 289 384 332 267
r .99  .964  .975 998  .994  .976
ogP 036  .082  .072
@) og = .2, op = op° = .37, of = 2Aava dev
(b) 0 8 = +063(£.024) + .23 = .293

pavg

(c) o, (calculated using o 293) = .070 + .009

p~

Table 10. Hammett op Correlations Using Primary o Constants,2 in AN.

0-Cl's 0 1 2 0 1 2
# compounds 6 '8 6 4 3 2
0=0, v -1043 -1043  -1103 ~1046 -1077  -1169
e, mv ' 308 235 153 327 340 287
r 997 .97 .98l 998  ,999  1.000

(@ o4 = 0.20, op = 0.37, 0y = 0.23
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Table 1l. Empirical Determination of Adjacent Chlorine Correction
Factor,” ¢2 in DMF with .34 M water.

0-Cl's - 0 1 2

Sets of Adj. Cl's 3 8 o2
Avg. Dev., mV .. =11.040.0 -37.4+11.4 -34.647.1
Pe, mv 327 340 287
L . -.03440.0 -.110+.034 -.121+.025

o

(a) O = +20, o = .37~, 0? = .23, 0, = avg.dev/Pe

(b) —.088io 047 r

o, (avg) ~

Table 12. Re—evaluation of Hammett Correlation Using the Empirical
o, (avg) correction?® in AN.

with op = 023 with "p;' = .284

and o, = .088 and ¢C = .089
0-Cl's 0 1 2 0 1 2
c=0, v =1050 -1072 -1144 -1056 -1073 -1144
e, mv 356 319 235 349 307 228
r .922 .98  ,983 .99 .994 .99

oﬁgor .049 .044  ,068

(@) 0y = .2, o = op® = .37, of = 4Xavg dev

(b) "f)avg = ,054 (+.013) + .23 = .284

(c) oy(calculated using opavg = .284) = ,089+.023
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Table 13. Hammett op Correlations Using Primary o constants® in DMF '
~ with .34 M water. ' , :

0-Cl's 0 1 2 0 1 2
# compounds 6 8 - 6 4 3. 2
o=0, v =978 =995  =1071 983 -1018  -1157
e, MV 348 272 187 . 375 32 357
r 996  .975 979 2998 .99  1.000

(a) oy = 0,20, o = .037, o, = 0.23

‘Table 14. Fmpirical Determination of Adjacent Chlorine Correction

Factor, cg in DMF with .34 M water.

0-Cl's 0 1 ' 2
Sets of Adj. Cl's 3 8 2
Avg. Deve, mV /=15.3£.3  -25.4%12.9 -41.9+10.1
Pe, mv 375 342 357
o2 | -.041#.001  -.074+.038  -.117+.028

@) oy = .20, oy = .37, Op = «23, Oy = avg.dev/fe

B g (avg) = =+077+.038
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Table 15. Re—evaluation of Hammett Correlation Using the Empirical
oy(avg) correction? in DMF with .34 M water. -

i o 2 e
ocl's 0 1 2 | o 1 2
o =0, v ~987 =-1023 -1113 2991 -1025 ~-1108
Pe, WV 399 353 272 . 392 345 257
r .996  .986  .980 999  .995  .980
oo "~ .040 .06l 022

(a) 0y = .2, oy = 030 = .37, o2 = 2Xave dev

m o P

(b) = 0.41 (£.020) + .23 = .271

% avg
(€) o, (calculated using o7 ayq = 0271) = .080+.015

énd Tables 16-18, respectively) and for DMF and AN at higher
concentrations of water (Tables 19-21 and Tables 22-24,
respectively). Note that sigma rho calculations are not done for
DMSO. The DMSO, data recorded by H. Byker89 yielded better results
because they were taken under drier solvent conditions and the sigma
rho calculations reported by Geer-and Bylger70 yield a much better

fit.
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Table 16. -Hammett op Correlations Using Primary o constants® in AN
with .34 M water.

0-Cl's 0 1 2 - 0 1 2
# compounds 6 8 6 4 3 2
=0, v =996 -1004 -1039 -1001 -1040  -1091
Pe, mV 282 217 120 311 324 222
r ~.997  .9%4  .975 2999  .995 - 1.000

(a) 0o = 0,20, 0, = .037, o = 0.23

Table 17. Empirical Determination of Adjacent Chlorine Correction

Factor, ¢2 in AN with .34 M water.

0-Cl's 0 ' 1 2
Sets of Adj. Cl's 3 8 2
Avg. Dev., nV -13.741.2 ~36.6+11.5 -25,143.1
Pe, mV | 311 324 222
ob | -.044+.004  -.112+.036 ~.113+.014

(@) o, = .20, op = .37, op = .23, 0, = avg.dev/Fe _

(b) ca(avg) = =.090+.040
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Table 18. Re~evaluation of Hammett Correlation Using the Empirical
o, (avg) correction? in AN with .34 M water.

<293

' With Op = 923 . Witl’] O'po =
and o P= 079 » and 5C = .070
0-Cl's 0 1 2 0 1 2
o=0, v =994 -1027 -1075 = -1010 =-1037. ~-1075
Pe, mv = 335 295 190 - 329 292 185
r 994 .94  .993 997 .992  .998
G eb 042,076  .042

pcor
(a) 0g =2, oy = 0p° = .37 o 0 = 2xavg dev

P p
o - =
(b) Opavg = 0.5341 (£.020) + .23 = .283 ‘
(@) o, '(calculated using Upgvg = ,283) = .093+.026

~ Table 19. Hammett op Correlations Using Primary o constants® in DMF
with .74 M water. '

Hith all data Data without adjacent chlorine
0-Cl's 0 1 2 0 1 2
# compounds 6 8 6 4 -3 2
o=0, W  -963 -983  -1055 -967 = -996. -1151
e, MV 338 264 178 359 310 370
r .997 972 973 998  .987  1.000

(@) o, = 0.20, Oy = ,037, o, = 0.23

P
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Table 20. Empirical Determination of Adjacent Chloriné Correction

Factor, og in DMF with .74 M water.

0-Cl's : 0 | 1 P
Sets of Adj. Cl's 3 8 ' 2
Avg. Deve, iV .=13.0£.9 -21.048.3 -47.9410.8
‘.’e, nv | 359 310_, ., . 370 |
05 - ~.036£.002  -.068+.027  =.1304.029

@) o4 = .20, o = .37, o = .23, o, = avg.dev/Pe

(b) -.078+.048

Yalavg) =

Table 21. Re-evaluation of Hammett Correlation Using the Empirical
o, (avg) correction® in DMF'with .74 M water. ,

with op, = .23 with 0,0 = .278
and ca = 0078 N “ and o’g = 0078
0-Cl's 0 1 2 .0 1 2
o=0, W -970 =-1010 -1095 ' -977 -1012 -109
Pe, mv 385 342 259 378 332 251
r .995 .985  .977 988 .994 987
b ,
9 Eor -043 . .069 0322
(a) go =.2, Op=0p°= .37 gpo = Zx.az%...dgx
(b) 0 8uq = -048 (£,019) + .23 = .278

() o4 (calculated using o o = .278) = .078+.024

]
pavg
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Table 22. Hammett op Correlations Using Prlmary o constants® in AN

with .74 M water.

0-Cl's 0 1 ‘2
# compounds 6 8 6
520, - -971 990 -1004
Pe, mv 278 221 110
r 99 .964 .970

(@) oy = 0.20, op = .037, o, = 0.23

p

Table 23. EmpJ.rJ.caJ. Determination of
Factor, ¢& in DMF with .74 M water.

0-Cl's | 0

Sets of Adj. Cl's 3
Avg. Dev., mV ~9.3+.6
© e, mV 294
o -.032+.002

[0

(b) 9y (ayq). = ~+083+.046

' 0 1 2
4 3 2

. =974 -1023  -1051
294 321 200
.99  .,995  1.000

Adjacent Chlorine Correction

1 2
8 2
~35.5+13.9 -21.143.18
321 200
~111+.043 -.107+.16

Op = +23, 0y = avg.dev/Pe
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Table 24. Re-evaluation of Bammett Correlation U81ng the Empurlcal
o, (avg) correctlona in AN with .74 M water.

Wlth Gp = .23 : With Opo = 9275
and oa = 0083 al’ld ()'ccx = .085
0-Cl's o 1 2 0. 1 2
o=0, W -977 ~1015 -1034 . . -982 -1017 -1033
Pe, v 319 293 168 312 287 162
r .92 .98 .99 .97  .993  .993"
o |
SrBor 053 .065 028
(a) Op = 2¢ Op = on’ = .37 o§° = melg_dﬂl
(b) op avg = +049 (£.019) + .23 = .279

(c) o, (calculated using o p avg = .275) = .084+.027




CONCLUSIONS

Cyclic Vqltanmograxﬁs Without Proton Addition

The mechanistic pathways. of reduction of the chlorinated
nitrobenzenes appear to‘ be characteristic of a particglar solvent. |
' Voltammograms run in DMSO and DMF often had similar mechanistic |
pathways though DMF had a seriés of prewaves attributable to strong
product adsofption ,.and/or protonation. Voltammograms run in AN showed
fewer waves, showed less nitroso formatioﬁ and the wave separation was .
not as great as in DMSO or DMF. AN does npt hydrogen bond and the
‘nitrile group is not very reactive tow;ards water so that the diahion
protonates rapialy and causes the waves to appear more positive and
closer together. We noticed an iﬁérease in peak height in AN compared
to DMF or DMSO when equal molar amounts of substrate are added to
each. Runner et,al., found the ratios of wave heights in AN for the
reduction of stilbene and other hydrocarbons in the presence of ‘water
were consistently greater than the same ratio in DMF.38 They
attributed this to the effect. of the watér on AN which would cause it
to behave more acidically than DMF. We noted from the literature that
AN has a lower viscosity than DMF or DMSO. Since viscosity is
inversely related to the ldiffusion ‘co.efficient, the diffusion

coefficient of AN should be greater than the values for DMF or DMSO.
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This would éllow material to move through AN to the sur_face of the
.ejlelctrode more rapidly than in DMSO or DMF and could ‘account for the
increased sensitivity in AN, : .

It has also been reported that the énthal;y of mixing of water
and AN is endothermic so that breaking water-water hyérogén bbnds
occur at_nd "free" watc_ar is pfesent.B‘7 It was also noted that the
enthalpy of mixing 6f DMF and DMSO with water is exothermic. The
viscosity increaseé, the cixrrent decreases, which is what theory
described since the diffusion coefficient is directly related to the
diffusion current b_\} the square root of the diffusion coefficient and
the diffusion coefficient is invefsely related to viscosity. The .
viscosity of DMSO was found to double and the viscosity of DMF was
found to quadruple suggesting that the diffusion coefficient in

DMF decreases with water addition.87 '

This may account for the
adsorption~waves in DMF because a decrease in thé diffusion
coeffiéie_nt would allow material to remain at the surface of the
electrode longer. DMF may also- solvate the anions less than AN or
DMSO. | |

We have seen that the pathwalys for reduction of the chlorinated
nitrobenzeﬁes Eompete with each other. The competitive pathways are"

protonation vs chloride loss vs hydroxide loss as well as chlorine

loss being competitive with loss of chloride from another position.
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. The protonatioﬁ précess (C3) competes with loss of chloride (C4) and
the 4-chloronitrobenzene voltammogram in DMSO is a good example of
this (Figure lQ;).. There is only one irreversibie wave representing
the 4-CNB dianion by the f.2' wave and the oxidative "hump" are |
present. Tﬁis means that the C3 predominates while for 3,5-dichloro-
nitrobenzene in DMSO (Figure 13a), there is formation of the 3-CNB
dianion but no further loss of chloride. However, the E2' wave is
present, indicating that chloride loss competes with protonétién.
Loss of hydroxide competes with return of the protonated dianion by
the E2' or C3E2 process. ~The hydroxide loss can be very slo.w and is
dependent on the solveﬁt. Our data show hydroxide loss is fastest in’
DMSO and slowest in AN. Loss of chlorine has been discussed above.
The competition between the positién of thoride loss hés been seen in
many cases. We have seen in some cases (Figure 18b, for example) that
loss of the para and ortho chlorines are easiér than loss of the me{:a
~ chlorine. However; when meta chlorines are adjacent, there is
appreciable loss.of the meta chlorine which is not seen.when it is
isolated as in the 2,5-CNB case. Aﬁother example where adjacent
chlorine interactions cause a change in the expected pa‘thway vis 243,5~
DCNB in AN where the 3,5-DCNB dianion is formed compared to the 2,3-
DCNB dianion in DMF and the 2,5- and 3,5-DCNB dianions in competition

in DMSO. There are many other examples of adjacent chlorine inte_r—
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actions which differ according to solvent (Tabl.e‘25)., DMSO studies
yielded competitive processes in all but one compound while the other
solvents usually had a aefinite prbcess. DMSO may protonate more
slowly thus allowing for competition between cﬁlorines.

Sigma ;ho calculations were done to help détérmine the effects of
adjacent chlorline interactions, the éffect of changing solvents and to
try to correlate the .dianion behavior with the radical anion behavior.
Sigma rho calculations use the radical anion data because the dianion
peak potentials are modified due to more than one process occurring
and no equilibrium is obtained. However, the sigma rho calculations
from the radical anion can'be compared with the behavior of the second
wave. The corrected data for AN and DMF are plétted in Figures 93 and
94. All compounds now fit the line or are within one standard
deviation of the line yielding excellent correlation. For these
data, it is apparent that the slopes of the lines (p) for each series
of compounds are different. The slqpe qualitatively measures the
amouﬁt of charge on the nitro group (radical anion). It has been
shown in another study that the reduction of nitrobenzen_e to its
radical anion yields a different p in AN than in pMF.47  This appears
to be the case in our sf:udy where the slope for each set of data in
each solvent is uniﬁue, In AN, the slope of the series 2 compounds is

1.18 times larger than the series 3 slope and 1.04 times longer than
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Table 25. Effects of adjacent chlorines and solvent on position of '
chloride loss. '

Compound with  # Adj. Cl's Position # of Chloride loss*

adjacent Cl's
DMSO DMF AN
23 1 23 2 2
34 1 3;4 3;4
234 2 334 4 23
235 1 2;3 2 2
236 1 216 2;6 6
245 1 4 2 4
- 345 2 3;4 | 4 4
2345 3 4 2 2
2346 2 (653) 14 (6) 4 (8) r2
2356 2 s;g ' 6 s
23456 4 (8.4 - (8,2 (& ;2

* Position numbers underlined are position of major loss. Number in
parenthesis indicate first chlorine loss when change in position of
chlorine loss occurs after one or more chlorines is lost.
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the series 1 slope., In DMF, the slope of the serieé 2 compounds .is
1.24 t1mes larger than the series 2 slope but .86 times smaller that
the series 1 slope. Note that in ANp the potentlals are all more
hegative than in DMF (Nitrobenzene reduces at -1 004V in DMF and - .
1.053v in AN), 1nd1cat1ng that the compounds should be easier to
reduce in DMF. The comparlson of energy in terms of joules in 9.7 X
10%3/mole for the nitrobenzene radical anion in DMF compared to 1 X
1053/mole in AN, The reduction of nitrobenzene is easier in DMF by
3000J/mole. |

Bs stated above, the series 3 (two ortho chlorines) slope in DMF

is much smaller than the other slopes. This is apparently due to the |

twisting of the nitro group from the plane of the aromatic ring
because of the presence of two ortho chlorines. Series 2 (one ortho
chlorine) has a shallower slope (moré charge localized on the nitro
group) than series 1 (o ortho chlorines). This is again probab’iy due
to the effect of the twisting of the nitro-group whicﬁ allow less
charge to be delocalized onto the ring. Chlorine usually develops

~ strong dipoles with the carbon it's bonded to due to its large
electronec_t;atlv1ty¢,70 Chlorines delocalize' the electron density from a
reaction center due to their inductive effect. When adjacent |
chlorines are present in a molecule, a strong electrostatic repulsion

occurs due to the localized charge of ad_jacent dipoles. This can
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cause bond bending, gtretching and/or a decrease in the amount of

charge the ghlorine can carry so that the chlorine is not as effective
with withdrawing electron ‘density from the riﬁg as shown by sigma rho
data. This can also céuse the chlorine bond to be weaker and more
prone to bond bréaking which can cause a change from the normaliy
exp_ected route of chlorine loss. DMSO studies reveal the same sort df

phenomena but to a much lesser degree.’0

Cyclic Volta:mnogramé with a Proton Source

The competitive processes have already been discussed and will
play an important_ roie‘ when a proton source is added to the system.
An increa'ée in nitroso formation is noted upon addition of a proton
sourcé. Apparently, the rate of protonation of the dianion increases
and in some cases, competes effectively with chloride loss reducing
the amount of loweL; chlorinated species. .We have observed the
decrease of wave heights as this occurs. It also allows a greater
opportunity for hydroxide loss from the dianion therefore increasing
the size of'the nitroso wave. However, on the electrochemical time
séale, nitroso formation is still a slow process. The nitroso wave in
DMSO is always 1ar.;ger, corresponding to the ordef ‘of hydroxide 1_os‘s~
from the dianion which decreases from DMSO to DMF to AN, The increase
in the rate of protonatioh is not surprising but it does vary among

solvents. AN protonates much more rapidly then DMF or DMSOY2 though
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other studies found the order of ease of hydrogen abstraction by. the
phenyl radical decreases in.the order DMF>AN>DMSO,29

bompetition between position of chloride loss in compounds with
adjacent chioridés is noted when a proton source is added (Table 26).
Some positions of chloride loss for é particular' compound and solvent
have not changed with proton addition while others show a marked
qhangé.

In DMF; the flamr‘nett plots (Ficjureé 95 and 96) show a lowering of
the energy required for reduction upon the = addition of a proton
source for 'the series 1 and 2 compounds. Though the actual potent;iéls
of the radicai'énions don't reflect fhis lowering, the dianions do..
Series 1 and 2 compounds at .74 M show an energy change of 3.2 x'.
10J/mol‘e' for series l'énd 9.6 x 1033/mole for series 2. 'The
‘ir'reversib'le waves shi_ft positively while the reversible wave does
not. This process is typical of protonation of—the dianion but not |
the radical anion and it is apparently dependent on thé proton
concentratién as was observéd‘ in & study of .addition of phenol or
benzoic acid to benzophenbhe in DME.lOO"l01 In our study, tﬁe slope.
(0) changes by only 1.5% between the no water and .74 M water plots -
for series 1 and 2 which inéicates that the chlorines' induct-ive.
effec_t was Vnot modified by the addition of water.

Series 3 compounds (two ortho chlorines) in DMF show a slight (6%)
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Table 26. Effects of adjacent chlorines and solvent on p051t10n of
. chloride loss with a proton source added. - ,

Compound with # Adj. Cl's Position # of Chloride loss*
adjacent Cl's '
iSO DMF AN
23 1 2;3 . - -
34 1 4 4 4
234 2 2;3 2;3 2
235 1 2;3 2;5 3;5
236 1 2 2 3
245 1 4 2;4 4
345 2 4 e 4
2345 3 2.4 @4 (D4
2346 2 (2),(2),4 (2),2 2
2356 2 2;4 6),2;5 (6)3;5

23456 ' 4 " (6),(4),2;3 (6),4 (6) ,4

* Number in-parenthesis indicate previous chlorine(s) lost prior to
competition.
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change in slope but no change in energy. The same process occurs in
DMSO. Relating this slope change which indicates more charge on the

nitro group to the dianion, we note that for this series t'he'first '

‘irreversible wave remains steady. The two ortho chlorines cause the

nitro group to twist 65° out qf the place of the ring which allows
less delocalization of the charge.-

In AN, the effect of an increase in proton availability differs
from the effect in DMF (Figure 97 and 98). Compounds in Series 1 and
2 shift to a lower energy level as the same compounds did in DMF, but
to a grgater degree. Serieé 1 had an energy change of 4.6 x '104J/mole
for tﬁe di‘ani_dn and series 2 changes 3.7 x 10%3/mole. The voltam—.
mograms revealed shifts in both the reversible and irx;eversible waves
upon water addition. The energy change of Ithe radical anion is |
therefore 5790J/mole for series 1 and 41503/mole for series 2. The
slope of the Hammett plot has been modified by a decrease of 11% for
series 2 and 16% for series 2. ~This may be representing rapid
prbtonation of both waves which would result in a lower probability of
chloride loss and more charge on the nitro group. Though the series 2
compounds do not normally ‘cause twistihg of the nitro grbup, the .
change in the slope may be a result of rapid protonation while the
other effects which cause the slope to change may be secondary.

The series 3 compounds in AN show a 29% slope change in the
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Hammett plots With wéi;er added and an energy change of 2,5 x 10%37mole
fqr the dianion and ‘8010J/mole for the radical anion. At the same
time, the voltam;nograms show a positive shift of all waves indicating
that proton addition becomes competitive with chloride loss. The more
chlorinated compounds do. not show as great a shift of the dianion .
potentials, indicating chloride loss occurs more réadily. However,
another e@lmtion of these shifts in AN which involve both the
radical anion and dianion is a change in solvation witﬁ added proton
source. Apparently, the "free" water molecules replace AN in the
solvation sphere of the radical anion lowering its energy and cause it;
to reduce earlier. The dianion would also be easier to protonate
since wafer molecules would already be associated with it.

Pathways of electrochemical reductions in DMSO with a proton
source added 'do not appear to differ significantly from that described
in DMF. However, there appears to be more competition between ad-
jacent chlorine loss in DMSO which may be a reflection of the rela—
tively less stable radical anion (than in AN or DMF) thus indicating
adjacent chlorine interactions are incréased in the dianion.

A final point of éur study is to disagree with a previous study87
which stated that solvents (DMSO,DMF,AN) do not have to be dried for
polarogfaphic ‘studies since the radical anion is not affected until

high concentrations of water (10-20 mole % (1.7-3.3M) in AN, 60-70%
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mole % in DMF and DMSO). Jezorek and Mark faiied t6 notice the effect
water has on the irreversible waves. However, at very iow concen-
.trations of water (.05M), we observed a shift in the irreversible
waves. = This shift ié due to a mechanism changé relative to the rate
of chlqride loss, increased protonation, ahdicoﬁpetition betweeﬁ |
processes. They also noted that the addition of methanol did not
‘yield the expected result. Since methanol has one proton capable of
hydrogen bonding and does not form,é rigid structure with the solvent,
the moie % of methanol added would need to be greater to achieve the
same'effect. .They'fouﬁd they needed to add 35 mole® to achieve the
same results aé the addition of 60—70 mole¥ water. We found that very
' low concentration of ethanol yielded minor shifts but‘a'much greater
amount was necessary to observe the dianion shifts equivalent to those
_observed with water addition. ' .

If expefimental difficulties and time had allowed for an ex-
tension of this study, it would have included the effect of proton .
addition to .the chlorinated nitrosobenzenes. This would be helpful in
determining where the nitroso compound ;ies and how it behaves.
Chronocoulbmetry would be extremely useful since it records the‘
electrochémical respbnse by integrating the current and records it
‘against time. It allows separation of current due to reactions of

. adsorbed species and current due to diffusing species reacting.
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