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by Olga P^rez de Mdrquez

The mechanisms of the anodic oxidation of a series of alkyl- 

benzenes and alkoxybenzenes in dry acetonitrile are discussed. 

Electrochemical techniques, assisted by analysis of the products, 

were used to determine the mechanisms. Modulated Specular Reflectance 

Spectroscopy was used to identify the major intermediates formed dur 

ing the oxidation of the aromatic compounds.

An ECE type of mechanism is proposed for the oxidation of both, 

the alkylbenzenes and the alkoxybenzenes. Hexaethylbenzene and 1,4- 

Dimethoxybenzene are taken as examples to explain the mechanisms for 

the oxidation of alkyl and alkoxybenzenes, respectively. Reversible 

oxidation waves were observed in dry acetonitrile for either hexaethyl 

benzene and 1,4-dimethoxybenzene. All the other compounds oxidized 

irreversibly under the same conditions.



Decay of the cacion radical of the alkylbenzenes occurs 

due to a side chain proton loss, whilst radical cations from the 

alkoxybenzenes are attacked on the aromatic ring by the acetonitrile, 

In all cases, the formation of a nitrilium ion is suggested.

For many of the compounds it was found that preparative 

electrolyses at constant potential were unsuccesful due to electrode 

fouling and very poor yields of products. A method of pulsed elec

trolysis was developed which, in conjunction with the presence of a 

cationic exchange resin, enabled a high yield of product to be obtain 

in a relatively clean reaction. This technique greatly extends the 

utility of the electrochemical method for the functionalization of 

aromatic compounds.
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CHAPTER 1: INTRODUCTION

1.1. Electrochemical reactions

1.2. Homogeneous reactions in electrochemistry

1.3. Aromatic hydrocarbons

1.4. Alkoxyaromatics

1.5. References



1.1 ELECTROCHEMICAL REACTIONS.

Electroorganic Chemistry has developed considerably in 

the last few years. This development has involved botn, electioorganic 

syntheses and mechanistic studies of organic reactions. A great number 

of these reactions are with ion radical intermediates, and electro 

chemical methods provide very convenient means for generating such 

intermediates.
An extremely wide variety of electrochemical conversions 

can be carried out using relatively simple and inexpensive equipment, 

usually, with the further advantages of speed, good yields and simplicity 

of work up. It is possible to carry out electrochemically many redox 

processes, reductions and oxidations, far more efficiently than with the 

aid of conventional reducing or oxidizing agents.

Oxidations and reductions, particularly those involving 

fast rates of formation and reaction of intermediates in redox processes 

can be studied in considerably greater detail eiectrochcmically than 

is usually possible with chemical oxidants, reductants and conventional 

kinetic methods. There are several features supporting the utility of 

electrochemistry in syntheses as the electrode is an incompaiaOie 

electron source, making it possible to carry out ^clean" reactions without 

polluting the environment with disposal of oxidants or reductants which 

may produce an ecological iruKiim-libriana and by controlling potential 

or current conditions, selective reactions can be performed.

Anodic oxidation is a powerful way to lunctionalize aiomatic 

compounds. Such reactions involve the participation of cationic 

intermediates whose stabilities and mechanisms of formation are very



interesting subjects. The behaviour of such reactions can be studied 

over a wide range of potentials. The intermediates can be detected 

and, sometimes, identified by their oxidation potentials.

Optical methods have been developed to detect, in situ, 

electrochemically generated intermediates. Kinetic information can be 

obtained by analysis of the optical absorption against time responses 

following a potential step perturbation.

1.2. HOMOGENEOUS REACTIONS IN ELECTROCHEMISTRY.

The Polarographic School of Czechoslovakia was the first 

place to carry out investigations of coupled chemical reactions in 

electrochemical systems in the decade of the AO's. Since then, a great 

deal of the theory and applications of electroanalytical techniques to 

the study of such systems has been worked out.

If we represent an electron transfer by E and a homogeneous 

chemical reaction by C and if association of both E and C represent the 

sequence in which such reactions occur, various combinations of,possible 

mechanisms could be enumerated.

i) CE reaction

Y ;=±0 

0 + ne - " R

In this case,0 is the species which undergoes electrochemical 

reaction and it is generated in the reaction media by a chemicai reaction



prior to the electron transfer,

ii) EC reaction

0+ ne ■R

R T'—^ X

For this sequence, the species formed as a result of the 

electrode reaction, suffers a further chemical reaction to give a non

electroactive product within the range of potential where the reduction 

of 0 is occurring.

iii) catalytic EC^ reaction

0 + ne
t_____

R

+ Z 0 + Y

This is a special case of li. This mecnanism takes place 

when the product of an electrochemical reaction is reconverted to the 

starting material at the electrode surface through reaction with u second 

species which is itself electroinactive within the potentials used. Since 

the starting material, 0, is regenerated at the electrooe surr^ce, it 

may be reduced again and the experiment may iali into a vicious circle 

These types of mechanism are not very common in organic electrochemistry 

but they are, quite often met in inorganic systems.



iv.) E.C.E. reaction

0 -f Ti P ----
1 ----  1

->°2

°2 IL 0
2

Here, the chemical reaction follows a previous electron 

transfer, and produces species which are electroactive at potentials of 

the 0^/R^ electron transfer reaction. Thus a second electron transfer

reaction can take place. ECE processes are very common in organic electro-
(13).chemistry, ' but in most of these, the reduction of 0^ is possible at 

a less negative potential than that required for 0^^ for example > E.^. 

In such cases, there can be a competition between homogeneous electron 

transfer reactions and electron transfer involving the electrodes directly, 

therefore it is necessary to distinguish between E.C.E. processes and 

mechanisms involving disproportionation reactions (DISP). This cannot 

be made by ordinary electrochemical techniques, but it is possible by 

means of Modulated Specular Reflectance Spectroscopy (MSRS).

This mechanistic complication is.met in the anodic oxidation 

of hydrocarbons. The competing process can be represented by the following 

generalized reaction scheme.

^3 + -
{1} RH RH. + e

{2} RHt--^ R' +

{3} R- R+ + e



{4'4} R + nucleophile ^nroaucts

(5} RH. + R RH + R

If the sequence {11, (2), {3}, takes place, tnen a pure h.C.h. 

mechanism occurs, while the {%}, {2}, {5} sequence is a pure DISP mecnanism 

Of course, in general, a mixture of these two limiting cases wouid be 

expected depending upon the magnitude of the rate constant for step {o3, 

Savcant and co-workers have given a theoretical analysis for 

disproportionation and E.C.K. mechanisms and their applications to 

several systems. They discuss diagnostic criteria and rate determination 
in such systems,as well as dimerization reactions.^ ' ^ ft 

was, however,in this laboratory,that it was shown for the first time 

that Specular Reflectance Spectroscopy could be used to make a clear 

mechanistic assignment in E.C.E./DISP cases; thus demonstrating the powci 
of tliis technique. Bewick and co—workers ^ using hexamiethy 1 bei\?,ene 

as an example, have proposed the following kinetic scheme:

'Ct-

-p"
\

^1 in

V

H"

CH^NsCCHs
A

A"

CI-LCr4

" V

'2.

"-y-'

T



The rake of the oxidation of the neutral radical by the 

cation radical was sufficiently fast ( diffusion controlled) to effective

ly prevent the oxidation taking place directly at the electrode.

1.3. AROMATIC HYDROCARBONS,

When a solution containing an aromatic hydrocarbon is oxidized, 

a great number of reactions can take place as a function of the structure 

of the aromatic compound and the environmental conditions.

The most common reactions observed in anodic oxidation of
aromatic compounds have been classified as: a) side chain substitution^

(11) . . (12) . . . (13)b) nuclear substitution^ , c) addition' , d) dimerization

Typical examples have been given by the authors:

a, ■2 A" H.0
CH,CN

CH^NHC0C^

OAc

b) -2(rLJ No OAc LJ
HOAc



C)

OCH.

d)

OCH,

2e-

If experimental conditions are suitably chosen, the course 

ot an oxidation could be shifted to favor any of these processes.

Most organic compounds arc insoluble in aqueous solutions, 

consequently, the use of an appropriate non~aqueous solvent is necessary- 

tne solvent must be chosen to be able to dissolve a sufficient quantity 

of supporting electrolyte as well as the substrate of interest. Of 

great importance is the dielectric constant of the solvent, since 

electrolytic conductivity will always be necessary. Values o^ a dielectric 

constant larger than 10 are necessary to avoid experimental difficulties. 

When a solvent with smaller dielectric constant is used, it is necessary 

to have quite high concentrations of supporting electrolyte to achieve



le^sonable conductivities. Solvent viscosity is also important for 

voltammetry and cbronoamperometry. Mass transfer by diffusion is more 

easily maintained in a viscous medium. For large scale work, where 

rapid transport to tne electrode is desirable, low viscosity is advisable, 

When coupled chemical reactions are considered, as is usually the case 

for organic electrochemical reactions, the ability of the solvent to 

behave as a nucleophile and participate in the reaction can be useful. 

These electrophile-nucleophile combination reactions have been discussed 

in detail by Ritchie

Acetonitrile is an excellent solvent. It is quite difficult 

lO oxidize and reduce; ion radicals are more stable in acetonitrile 

than they are in water. A very important requirement for the solvent 

as well as for the supporting electrolyte is that it should be stable in 

the presence of the electrode reaction.

Many cases are known to undergo reaction with the solvent to 
form stable compounds, Eberson and Nyberg^ working with hexamethyl- 

benzene in acetonitrile obtained N-benzylacetamide:

CH-,
1vs.



oxidation potentials under the smne conditions) and using methylene 

chloride as the solvent and tert-butylammonium tctrafluoroborate as 

Supporting electrolyte with added trifluoroacetic acid or methane 

sulphonic acid to ensure that the methylene chloride would not be 

reduced to Cl at the counter electrode. When the reaction was carried 

out without other hydrocarbons with hexamethylbenzene, this was oxidized 

to form penCamethylbenzyltrifluoroacctate,in a very high yield. When 

hydrocarbons were added, at least five different kind of products were 

observed, showing competitive reactions with the intermediates produced 

as a consequence of the anodic oxidation of hexamethylbenzene.

More interesting studies have been made of the oxidation of

A laLet work carried out by Nyberg and co-workersused

benzene, toluene, p-xylene and m^sitylene [hem with higher

alkylbenzenes (15, 16) leading to functionalized derivatives. Bewick

et have studied the mono- and poly-functionalization of

alkylbenzenes, reporting their synthetic and mechanistic results. 

Oxidation of hexamethylbenzene was also studied by them in

dry acetonitrile. Voltammetry of hexamethylbenzene showed six separate 

anodic waves. The first wave (+1.25is associated with the transfer 

of two electrons leading to a high concentration of the nitrilium ion,

o



10

which, in Lhc presence of waker, formed M-(2,3,4,5,G-penCameChyl- 

benzyl)-Acetamide with a high yield.

3

At the second voltammetric wave (1.70 1,3- bis (acetamide methyl)-

2,4,5,6-tetramethylbenzene is the main,product. The monuamide being a 

minor product. The transfer of two additional electrons was observed 

to be associated with the second wave. They concluded that the mono 

and difunctionalization can be succesful although, in some cases, the 

preparative oxidation was not very sucessful because some polymers were 

also obtained.
(19)Mechanistic schemes have been proposed. Rberson suggested

the formation of a cation radical as the initial oxidation product of 

alkylbenzenes in acetonitrile. They propossed that if a cation radical 

is formed and then diffuses to the bulk of the solution, a proton could 

be lost to form the neutral radical with the further dimerization. But 

if the cation radical loses bhe proton in the interface, the neutral 

radical so formed would be oxidized to the cation with two further 

possibilities:either reaction with water to give alcohols or with the 

solvent (acetonitrile) to form amides. The half-life of the pentamethyl- 
benzene cation radical was calculated^^^^ to be, approximately 25 msec
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by using Nicholson and Shain's mcChod gy ^gi^g K.S.R.

hexamechylbenzene cation radical half-life time was found to be 10

times longer than the other methylbenzenes cation radicals. Bewick 
(17.23)and co-workers proved the existence of ion and radical inter

mediates in the anodic oxidation of methylbenzenes in acetonitrile

using Modulated Specular Reflectance Spectroscopy. In a posterior
(9)work they studied the mechanism for the anodic oxidation of methy^ 

benzenes in acetonitrile and, by spectroelectrochemical methods, they 

were able to distinguish clearly between ECE and DISP mechanisms.

As in organic reactions, specially in organometallic syntheses 

and controlled catalysis, the use of polymer bound reagent has being produ

cing good results to prepare compounds under controllable conditions (24)

and to find whether it would be possible to extend such applications of
(2 S')the polymer to electrodic reactions. Bewick ^t, _al ^ ^ investigated the

electrooxidation of the methylbenzenes by following a typical scheme 

for durene: (see the following page)

They found that using a good quality polystyrene polymer based 

resin (in their case, Dowex 50 w-x 8, with sulphonic acid groups bound 

to the polystyrene matrix), they were able to remove, ftom the solution, 

the nitrilium ion formed when methylbenzenes were oxidized in acetonitrile, 

inhibiting subsequents reactions. In this way, they could select the 

conditions to functionalize methylbenzenes in acetonitrile to produce 

amides. With this method, they improved yields of products, which proved 

that Che carbonium ion is converted to the nitrilium ion very rapidly 

and so crapped by the resin. They suggested that this new method will 

be very useful in industrial processes.
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^0
CKNHC:"

3

Filtered 
. Isobted
NaOid- adde

0

Polystyrene

SO^H

C-N=:C-0-S4^l j/Polysty
0

,0^ No

In this work, the funckionalizabion of longer chain subsLiCuted 

alkylbenzenes in acetonitrile will be described. The application of a 

pulse technique for preparative electrolysis was coupled with the use of 

polymer bound reagents to improve the yields of the production of 

acetamides in the anodic oxidation of hydrocarbons in acetonitrile.
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1.4, ALKOXY AROMATICS,

Nethoxy subscituced aromatics comprises a type of compound 

with electron-rich molecular ^ orbitals. The substituent interacts 

strongly with the ring and the high symmetry of benzene derivatives, 

simplifies theoretical treatment of their properties. Those properties 

make them strong candidates to be studied. Due to the relatively high 

stabilities of their cation radicals, E.S.R. spectra have been obtained 

of the radicals which were produced by oxidation with sulphuric acid, 

pulse radiolysis, photochemically, or electrochemically.

Much of the difference between the oxidative behavior of 

simple aromatic hydrocarbons and oxygenated aromatics, is due to the

powerful stabilizing effect of oxygen upon cationic intermediates.
(27 28)Andreades and Zahnow^ '' studied cyanation of organic 

compounds, performing electrolyses in CH^CN/Et,^^ and in Ch^Oh/NaCN, 

under controlled potential conditions. Without the aromatic present, 

electrochemical oxidation of cyanide ion in CBUCM gave no evidence of 

cyano radical. In the presence of aromatic alkoxy compounds, electrolyses 

gave products resulting from aromatic, substitution of hydrogen or methoxy 

groups by nitrile.

They suggested that the products may be predicted on the 

basis of spin density distribution calculated from E.S.R. spectra of the 

cation radical. Later in the section, a list with the values of calcu

lated spin densities reported in the literature, will be given. They 

suggested the following mechanism for cyanation of 1,4-dimethoxybenzene:
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NC OCHrH

NC OCH-

G" V

CN

H 4- CHg^O
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Electrolysis of anisole^^^'^^^ in CH^OH/KCNO at 1.8 V. 

against S.C.E. gave a product of substitution of an aromatic hydrogen 

atom.

OCH.

Aromatic substitution was not observed at 1,0 V vs. SCE, but only 

at more positive potentials. They had evidence for a reaction involving 

discharge of the aromatic, followed by nucleophilic attack of cyanate 

ion.

The following mechanism scheme has been proposed^^^ for 

the oxidation of 1,3 “dimethoxybenzene in CH.OH:
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OCH.

G“

OCH. OCH.

(a)

OCHL

CH^OH;H (b)

<-------> ect.

G
\1/

OCH.

1

CH,OH,-H

OCI-L,

CKOH,-H

H "OCH.

CH^OH

^OCH

H "OCH.

V
OCH

©

L-

OCH 3

V l-HCO OCH

further _ 
reachon

3

^OCH.

OCH. I^CO OCH^



To explain the scheme above, they carried out experiments 

using 1,3-dimethoxybenzene labeled with Those experiments

did not show a decrease, in the specific radioactivity of (?) , 

excluding the .possibility of mechanism (a) and favouring (h) or (c).
(31)Methoxylation of 1,2--dimethoxybenzcne (veratole) gave,

apart from the products obtained for the oxidation of 1,3-dim.ethoxy~ 

benzene, 5,5,6,6-tetramethoxy-l,3-cyclohexadiene (I) and hexaraethyl- 

cis,cis-othomuconate (II):

OCH-

OCH3
/ OCH3
0CH3

OCH3
/OCH.
^OCH:

.OCH3
OCH^
OCH^

IT

The author confirmed that(II) is obtained from (;t) by 

electrolysis of (I) to give (II) in 77% yield. They proposed the 

following reaction:

nn-i

HI



L^ggescing chaL Lhe InLermediace species III is not long-lived and 

that an adsorption process may be involved in maintaining the cis-cis 

configuration.
^39)Anodic acetoxylation and methoxylation of anisble' ' gave

0, m, and p-products, in both cases, m-products were found in low

yield. For the 0- and p-products, the rate methoxylation/acetoxyl-

ation, was found to be 39/67.4 and 58/29.1.
(33)Eberson ' suggested a concerted mechanism involving a 

two-electron transfer from anisole with formation of a C-0 bond 

for the acetoxylation. This suggestion is consistent with that proposed 
for electrophilic aromatic substitution in homogeneous solution^^^^

A preponderance of the ortho isomer has been proposed^' in the 

photochemical methoxylation of anisole.

Oxidation of methoxybenzenes in acetonitrile at platinum 
electrode was performed^^^^ and E.S.R. spectra obtained at controlled 

potential ^n situ in H^SO, 96%.Polarographic data we^e obtained using 

dry acetonitrile at a rotating disc electrode. Tetra n-propylammonium 

perchlorate was used as supporting electrolite and the SCE as reference 

electrode. They made molecular orbital calculations to help to explain 

their results. All the methoxybenzenes, under controlled potential 

oxidation, displayed E.S.R. spectra when the potential was adjusted 

to the peak of their first oxidation wave. Results for the 1,4-dimeth- 

oxybenzene, suggested two different radical species and they attributed 

it to the possibility of cis-trans isomerism.
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0-
'CH.

They observed E.S.R. spectra at 1.0 V against SCE, and as the

potential was increased the shape of the spectra changed. From 1,3-

dimethoxybenzene the spectrum obtained was found unlikely to be due

to the cation radical. 1,2-dimethoxybenzcne (vcratrole), anh anisole,

showed a single line for E.S.R.
(37)Norman and Thomas ' compared acetoxylation for 0-m- and 

p-dimethoxybenzene. They found m-dimethoxybenzene to be less reactive 

than the others, probably because in that reaction, where the aromatic 

compounds donates one electron to an electrophilic reagent, the energy 

of its highest filled molecular orbital is greater than those of its 

isomers. They extended their expectation to a reaction in which the 

aromatic compound donated two electrons. The observed order of reactivity 

was found to be p>o>m , for acetoxylation. They suggested aromatic 

substitution.

Similar studies of acetoxylation were carried out by Yoshida 

and co-workersThey oxidized, anodically, p-dimethoxybenzenc 

under a nitrogen atomosphere using a platinum foil anode in glacial 

acetic acid containing sodium acetate and at a constant current of
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0.1 Ai2,5-dimethoxy-phenylacecate (68% yield) was the main product.

They attributed the primary step of the oxidation to a direct discharge 

of the aromatic at the anode, from a cation radical intermediate. The 

second stage is the combination of the cation radical intermediate with 

the nucleophile. In each case, the methoxyl displacement by cyanide ion 

occurs at the position of highest spin density, but acetoxylation does 

not show the same behavior. Yoshidaattributed this to the un

stability of an acylol type of intermediate, because acetate ion is a 

better leaving group than the methoxide ion. They proposed the following 

mechanism:

OMe OMe

Me 0 OAc

OMe
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(13)Gabion radical pairing has been posLulabed as bhe 

mechanism for anodic coupling of aromatic compounds. Since mebhoxy 

aromatic compounds are far more nucleophilic than hydrocarbons* the 

coupling mechanism would appear to be even more plausible for these 

substrates.

Potential dependent competitive cyanation and methoxylation
(31)of 1,4-dimeChoxybenzenc was studied by Weinberg et^ a^ ' ' . They oxidized 

p-dimethoxybenzene in NaCN-CBLOH, and suggested, in both cases, the 

formation of a cation radical.By voltammetry, they found n=2 elections 

per molecule of p-dimethoxybenzene. They stated that relatively stable 

earbonium ions, will react about 40 times faster with methoxide ions 

than with cyanide ions in methanol solution. The following sequence 

was proposed:

Mech. I

R +R. + e

:2:> "i

Mech. II Disproportionation

R. + e

+ ^ +2^R. R + R

^here is much support from literature for this mechanism.
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Mech. Ill Competitive reaction of
OCH.

+ \

OCH.

3

+ H+CH,0



The cation radicals of alkoxy aromatics ha^c been found to 
be remarkably stable in trifluoroacetic acid. Vcratrole' ^ was 

oxidized in TFA acid, and trimer cation radical was observed.

P. O'Neill and co-workers^^^^ studied the sequences: anisole, 

1,2-; 1,3-; and 1,4-dimethoxybenzene and 1,2,3-; 1,2,4,-; and l,j,5- 

trimethoxybenzene using optical and conductometric pulse ladioiysis 

and in situ radlolysis E.S.R. for detection. They produced the radicals 

cation by pulse irradiation of lo'^M Tl^SO^ solutions saturated with 

HgO at pH 4 containing lO'^M of the methoxy aromatic and suggested 

the decay to follow a second order kinetics with rate constants tanging 
from 4 X 10^ to 1 x lO^pT^ sec"^^ depending on the position of the 

methoxy groups relative to each other. At 5'C, they monitoreo the b.S.R. 

spectra for cis and trans isomers of p-dimethoxybenzenc- in contrast, 

ortho and meta dimethoxybenzene E.S.R. spectra showed no evidence lor 

the existence of more than one isomer. The cation radicals were found 

to decay more rapidly in the case of anisole, 1,3-dimethoxybcnzene and 

1^3,5-trimethoxybenzenc than those of 1,2— and 1,4-dimctnoxybenzene.

In agreement with these kinetic results, the stationary concentration 

of the cation radicals of anisole and 1,3-dimcthnxybenzene, was found,



24

for E.S.R., to be considerably lower than that of 1,2- and 1,4-dimethoxy- 

benzene, respectively. They used p-dimcthoxybenzene as an example to 

explain the mechanism they proposed, assuming that the mechanism is 

also applicable to the other methoxylated benzenes.

OCH.

+ 0H

OCH.3

■tH
H+

(2)

+ 0H 

adduct

D

Products.

OH,
t-{

OCH^

3

C Hg^O

OCH.

As they changed the pH, they found rate constant for the decay 

of the cation radicals to be dependent on pH and when the pH was increased 

over 4, the decay tended to follow a first order behavior. From the 

scheme above, they proposed that electron transfer from radical (2) 

to cation radical, may result in a carbonium ion:
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OCH3 OCH.

but that it could also form a dimeric product;

of E.S.R. studies have been done to the alkoxyaromatics in order to 

explain their behavior by molecular orbitals consideration of spin 

densities. A summary of such data is shown below:

Spin densities
Reactant Position for cation

Anisole 1 0.258
2,6 0.122
3,5 0.048
4 0.282

oxygen 0.120

1,2~dimethoxy 1,2 0.233
benzene 3,6 0.012

4,5 0.162
oxygen 0.092



1,3-dimechoxy-
benzene

1 > j 9
A,6
5

oxygen

0.161
0.000
0.270
0.000
0.069

l,4-dim2Choxy'
benzene

1,4
2,3,5,6

0.241
0.084
0.090

1,3,5-trimethoxy'
benzene

1.3.5
2.4.6 
oxygen

0.107
0.180
0.046

X45)

Raman spectroscopy has been combined with E.S.R.to 

study alkoxy aromatics: 1,4-dimethoxybenzene cation radical was 

generated in acidic aqueous solution by oxidation with Cerium IV 

The free radical was studied in steady-state conditions by .Raman 

spectroscopy .

A free radical species, at very low concentrations, can 

produce a strong band in a solution spectrum.

They determined the optical parameters and calculated the 

half time of the cation radical at different experimental conditions, 

and it was found to be within a range of 2.2 to 3 sec.

The effect of an alkyl substituent in alkoxy aromatics has 
^45-47)been also considered' : Electrochemical oxidation of methylanisoles

in methanol containing sodium cyanide was investigated by Yoshida^^^^.

In the case of ortho and meta substitutions nuclear cyanation took 

place preferentially,with p-methylanisole, side chain metho^ylation 

compound was formed as the main product. They propose then the following 

mechanism scheme:
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OCH.

CN

'CH-

OCH.

\! -

3

OCH.

+ ^

OCH.^I *0)
H

r' [

H" ON

NO OCH. NC^^OCH^

CH.

OCH. OCH. OCH.,

CH^OH
H'

^ % N 
-2

■CH 3
' + -H

H OCH3

Cl-
H'^CH.

H^C"^
Y'
OCH^

OCH.3

CM

OCH

- H
3 OCH.

\
- e

CH^ H^C"

N C H gC'

CH.
CH.OH 

- H+.
H.COHr-

o'.^n -

H^COI^HC-



demonscraced that there arc two esentially important

In any case, lor the scheme above, they proposed the scheme: 

cation radical-neutral radical-carbonium ion, whether the substitution 

is on the ring or on the side-chain. In an earlier paper Yoshida and 

co-workers

stages for anodic cyanation of aromatic compounds: firstly, the 

electrochemical oxidation of organic compounds to cation radicals and 

secondly, the reaction of the combination of the cation radical with 

the CN ion. The second stage being apparently assisted by larger 

positive charge localized on the carbon atoms in the cation radical. 

They calculated such charge distribution and the results are shown 

below.
OCH^

f6 X

Reactant Position Charge

2-methyl'
anisole

1
2
3
4
5
6 
7

oxygen

0.1284
0.0335
0.0418
0.1264
0.0525
0.0694
0.0476
0.5000

3-methyl-
anisole

1
2
3
4
5
6 
7

oxygen

0.1326
0.0647
0.0064
0.1259
0.0505
0.0798
0.0393
0.5013



4.me thyl” 1 0.1312
anisole 2,6 0.0744

4 0.0459
3.5 0.0817
7 0.0557

oxygen 0.0491

For the p-methylai\isole, they proposed the reaction of the 

cation radical to lose a proton- Also, an attack of a nucleophile on 

the aromatic ring was proposed to compete chain

reaction when a relatively reactive nucleophile is used. They found 

that the relative degree of positive charge on the carbon atoms with 

an aromatic hydrogen in p-methylanisole cation radical is less than 

that for the o- and m- methyianisole.

Oxidation of anisole in MeOH (51) has shown;

22%

32%
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2.1. GENERAL INTRODUCTION TO VOLTAMMETRY.

Voltammetry is the general term applied to the study of 

current-potential relationships upon the application of a potenti; 

CO a working electrode.

2.1.1. SINGLE SWEEP VOLTAMMETRY.

In single-sweep peak voltammetry, a rapidly changing tamp 

potential > lOmV/sec is applied to the working electrode and the 

resulting current is measured as a function of the potential. The 

solution is unstirred and mass transport is a result of diffusion 

alone. Unlike steady-state techniques where the limiting current 

becomes constant, Che current in peak voltammetry increases to a maximum 

and then decays, yielding a peak shaped curve. The rate of the reaction 

increases as the potential is increased through the region where the 

electrochemical reaction occurs, however, because the solution is un

stirred, the region in the vicinity of the electrode is depleted of 

elecCioactive substance, and the size of the diffusion layer increases,

A peak potential is thus reached where the increase in reaction rate 

is balanced by the depletion effect. At potentials beyond this point, 

the current decreases as the depletion effect becomes dominant. The 

potential at which the peak current occurs, E , can be reiated to the

E, potential for a reversible system. At 25 C, the relationshi]

0.029 VoltF (2 - 1}



The peak potential is 0.029/n voles more cathodic than 

for an anodic process, and 0.028/n volts more anodic than E, 

for a cathodic process. Another parameter which is uselul in 

describing the shape of a peak voltammogram is the difference 

between the peak potential and the potential at which the current 

is one half the maximum value, ^ For a reversible system, thi

is given by:

" ^p/2 0.057 Volts [2 - 2}

That means that the peak voltammogram of a reversible 

system is quite sharp. A simple relationship exists between E 

and Gp/2 irreversible systems:
P

-p/2 0.048 Volt! ^ - 3)
ana

Where a IS the electron transfer coefficient and is 

the number of electrons up to and including the rate determining 

step. The shape of the voltammogram for the irreversible system 

is dependent on the product an ,and the voltammograms for these systems 

are very often spread out.

The peak current for a reversible system at 25°C is

given by:

= 2.72 X 10^ X n^^^ A {2 - 4}

2Where A is the electrode area in cm', and V is the potential scan 

rate in Volts/s
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The peak poLcnkial for a reversible system is iadepeadcnt 

of the sweep rate and it is related to by equation {2 - Ij^

The peak current for an irreversible system is smaller than that 

for the reversible system. This difference can, under certain 

conditions, be used to determine the reversibility of a system.

The peak current for an irreversible system, at 25 C 

is given by:

5 1/9 1/2 M 1/2I = 3.01 X icr n(an ) A C v ^
P ct

:}

In this case, the peak potential is dependent on the sweep rate, 

and it shifts by about 30/an per tenfold change in sweep rates.

The control settings for single-sweep voltammetry, are 

as follows: The potential range should be selected to include all 

the electrochemical reactions of interest,and the selected sweep 

rate should be rapid enough to achieve peak voltammograms, usually, 

greater than 10 mV/sec.

2.1.2. CYCLIC VOLTAMMETRY

This technique differs form single-sweep voltammetry in that 

the ramp potential function is replaced by a triangular potential 

function. In this technique, the current is measured over the entire 

potential scan: both, anodic and cathodic current are measured.

The potential scan rates employed are about the same as those used 

for single-sweep voltammetry.

Figure 2.1 shows a typical cyclic voltammogram for a reversible

case.



Fig 2.1.

For an eleccrochemically reversible system, the anodic and 

cathodic peaks are separated by approximately 0.058/n Volts, and the

peak separation is independent of the sweep rate.

As the system becomes less reversible, the current peak 

spreads and the separation between the anodic and cathodic peaks 

increases. The peak separation for the irreversible systems is dependent 

on the scan rate.

For a reversible system, the peak separation may be greater 

than the 0.058/n Volts predicted by theory if the potential at which 

the scan is reversed is close to the peak potential. This happens 

because even at the potential of peak current, the concentration of 

the oxidized or reduced species undergoing reaction at the electrode, 

is not zero, and a gradient of concentration is present in the system,
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The result is a shift in the peak potential. When the sweep is carried 

200 or 300 mv past the peak potential, the reverse peak is relatively 

unaffected by the potential.

Cyclic voltammetry provides a very good tool for an estimate 

of heterogeneous rate constant, k^- Care must be taken when working 

at fast sweep rates to insure that the change in peak separation is 

not due to IR loss. Modern potentiostats such as the one used in this 

work, have built-in positive feedback IR compensation.

Cyclic voltammetry is very useful for studying overall processes 

occuring at the electrode surface. Very often we can observe (specially 

with organic systems) that the initial cycle is quite different from 

the second and succeeding cycles, due to chemical reactions coupled 

with the electrode process. In our case tliis phenomenon t^is observed and 

the electrode was flamed each time before the run (more details of the 

treatment will be given in chapter 3).

2.1.3. MATHEMATICS CONSIDERATIONS FOR VOLTAMMETRY^

Earlier in this chapter, expressions for the peak current 

in both, reversible and irreversible cases, were given (eqs.{2-4} and 

^2-5}). The aim of this section is to provide more details about the 

considerations and(^sumptions made in the derivation of such expressions.

If we consider a simple electrode process of species 0 under

going electrochemical reaction to give species R:

so, conditions during the forward scan to the reverse scan may differ.

ne
:R

auQj 11 we assume linear diffusion of the species from a plane electrode
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surface co the bulk of che solution, the potential-time {K(t)} 

function can be written as

E(t) = E. - VC {2 - 6}

where V is the sweep rate (dE/dt) and E. the initial potential.

If the reaction follows a Nernstian behaviour, i.e. the 

reaction is completely reversible, eq {2 - 6] can be rewritten as:

^t) = E, vt = E° +
RT

nF
In

CgCO.t)

Cn(o,b)
{2 - 7}

where and C are concentration of species 0 and R, respectively.

The ratio of the concentrations C (o,t)/C^(o,t) is then a 

function of time:

0^(0,t)

C^^o,t)
f(t) = exp (E,-Vt-E^) {2 - 8}

The diffusion equations to be solved in this case are

6C^(x,t) 

51

d'Cg(X,t)
5x^ [2 - 9}

5C^^x,t)

6t

6'C^Xx,t)

ox
f2 - 101
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Initial conditions: species R initially absent:

CQ(x,o) =

Cg^x,o) = 0

Flux balance and boundary conditions:

n , 6c (x,t) \

"Sx

+ / ^C^(x,t) \

x=o
R

\ x-0

lim C^(X)t) =
X—"

[2 - 12}

lim C (x,t) = 0 {2 - 13}
X—

Irom equation {2 - 8} we can write dio:m:

CgCOft) 8 e = 8 s(t) {2 - 1^'

ir

where

u = e: tp [(nF/RT) (E. - E°)]



40

RT

and s(t) = e -at

The Laplace transform solution to the diffusion equations 

and boundary conditions are:

S (x,5) - C (%,s) 
---

dx 2
{2 - 15}

S (x,s)
d^ (x,s)

dx
{2 " 16}

d C (x,s) 
dx^ C (x,s)

D
(2 - 17}

Considering ordinary differential equations:

Gn (x,s) + A'(s) exp x} +

+B' (s) exp x} (2 - 18}

Since lim (x,s)
X—

{2 - 18} becomes

C« then B' = 0 and eq

Cg (x,s) Coe + A'(s) exp (S/D^)^/^x}

{2 - 19}



Fuchcrmore, as

i(t:

nFA

6CL(x,c)
{2 - 20}

6x / x=o

Where J is khe flux of species 0, and expression for the current 

can be written:

i(s) = nFA D
/ 6C^(%,s)\

dx x=o {2 - 21}

combining eqs [2 - 19} and {2 - 2l} :

,(x,s) \

I
-A'(s) (S/D^) 1/2 T(s)

x=o nFA D0

A(s)
/gC (x,s)
^ gx ^ x=o

Then, the value A'(s) can be determined:

A'(s) i(s)

hFA (S/D^^
(2 - 22}

pitting {2 - 22} into {2 - 19} :

C^(x,s) i(s)
1:^FA"DQ(Y/DQ)'1/2

1/2



convolution formula

The inverse transformation can be made by using the 

(12,13)

at
y(z)dz
(at-z) 1/2

X (2 - 23}

1 + G(at)

where: z = aT ,T is a dummy variable arising trom use of the con

volution theorem on the Laplace transformed diffusion equations,

X (z) g(%)
Co" 1/2

i(at)
nFA Cq" (}rD^,a) 1/2

and

nFA Cg^C^D^a) 1/2 X (at) (2 - 24}

The solution of equation {2 - 23}has been found by a 
series solution^^'^^ and analytically^^^'^^^. The function m X(at)

and, hence, the current reaches a maximum (at 25°C) at - ^p/l)

1/2* -28.5 mV. At that point, ' x(^^) " 0,4463. If we fit this 

value into eq. {2 - 24}^ the peak current is:

I = 2.7 X 10^ n^^^ A D
p 0 0

which is the same equation {2 - 4},
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The same treakmenC is valid for khe peak potential. If 
at the maximum of current function, at 25°C, " ^p/z)^

we can write:

^p " ^p/2 ' ^p ^
1/2

.1.1 RT ^ -28,5
nr n

RT
Sn ’ '■4/2 * * 4/2 " 28'0" "V

and

14 - 4/2 2.2 RT _ 56.5
nF n ID)V

For a totally irreversible reaction:

0 + ne R

The Nernstian boundary condition is replaced by

1
nFA D

dC^(x,t)
0 6x - ki(t) C^(o,c) {2 - 25}

where

kj(t) exp an f {E(t) - E }a

K^(t) C^(o,t) = C^(o,c) ebt
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where

, , ,0k.. = k expri oa f(K.a 1

b = On^

RT

Following the procedure as before:

i = UFA f X(bt) {2 - 26}
RT /

The function X(bt) goes through a maximum at x(bt) = 0.496,

If we replace this value in eq {2 - 26}, the peak current

IS

- 3 X 10^ n A

;hich is equation (2 - 5}.

This value occurs when

“'4, (4
E°) + |i In

'(^Dgb) 1/2

K
-5.34mV

^p ^p/2 1.857 RT = 47.7 my at 25 C
an^F an



1.4. DIAGNOSTIC CRITERIA FOR VOLTAMMETRY,

Paragraphs 2.1.1. and 2.1.2. describe the information that 

could be taken from a voltammogram. In this section we will summarize 

those diagnostic criteria.

1/2(i) The ratio should be a constant value for a simple

electron transfer process not coupled to any chemical steps,

(ii) For a reversible process, if the potential at which the

potential reverses is not very close to the peak potential, 

the difference between the peak potential for the forward

reaction and the reverse peak potential should be 59 mV

and independent of sweep rate. The peak potential, E^, 

should also be independent of the sweep rate.

(iii) The shape of the voltammogram could give further information

about reversibility, so, a reversible peak band width should
5 7be about twice — mV.n

The peak potential is related to the half wave potential, 

^1/2' expression:

'1/2
28.5

n mV

(v) For a reversible process, the ratio Ip^/Ipp is equal to unity,
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2.1.5. ' CHEMICAL REACTION COUPLED TO ELECTRON TRANSFER.

(3 18 ]9)More complicated mechanisms '' ' can be analyzed

by cyclic voltammetry. Aa it was described in Chapter 1, when 

there are chemical reactions coupled with the electrochemical 

process, a series of different mechanisms could take place. In 

organic electrochemistry, the most important is the ECE. It was 
first studied by Hawley and Feldberg^^^ ^^^Nicholson and Shain^ ^ 

and Saveant e^: have done a great deal on the numerical

solutions of the integral equations describing ECE mechanism.
(3)A typical ECE scheme is shown below:

n. e0 ---^R E., {2 - 27}

R '{2 - 28}

n e-
Y ---2--- . X {2 - 29}

Species Y may be more easily oxidized or reduced than

species 0 and, therefore, the electron transfer involving species

Y may occur homogeneously (DISP).
The equilibrium constant Keq (^^T/k_ ) for reaction (2 - 28} 

. (29)IS given by ,

RT In K p- eq



4 7

If species 0 is more easily oxidized chan species Y in
0 8an oxidation reaction, kben E. , < E_ and K is high and thereaction1 / eq

does noh enter much in disproportionation.However,if Y is much more
0 8easily oxidized than 0, then E. << and K is very small, so,

' L i GCJ
species R, diffusing away from the electrode, is capable of reducing 

Y in the bulk solution.

Equation {2 - 28} is considered to be irreversible. The 

change transfer reactions could be either reversible (r) or irreversible, 

so, four different posibilities could happen: R - R, R - I, I - R 

or I - I.

The diffusion equations to be solved, could be obtained

from:

5CjO
6t {2 - 30}

6CR
Gt

6^ C '
31}

6C
6t

/ 6^ C

6x
{2 - 32}

6t
'6 C

6x /
{2 - 33}
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By.putting k . = 0 and k. = k, and assuming that all”i i
the diffusion coefficients are equal, we can write:

D
26 C,

6x'
f2 - 34}

5CR
6t

2 C.

6x
k GII {2 - 35}

6C 
__}
6t

C \
y + kc {2 - 36}

6C
6t

2
6 C

6t'
{2 - 37}

The initial and boundary conditions are

t = 0, X > 0: C. = C. , - C = C = 0 f2 - 38}— 0 0 R y X

t > 0, Cg.-- ^ = Cy = C^-^0 {2 - 39}

t>0, x=0:
+ D \ bx; I {2 - 40}
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D N
6% {2 - 41}

X f:(E,C) {2 - 42}

where f(E,b) describes the nature of the experiment and 

follows Nernstian behaviour for reversible reactions and the Butler- 
Volmer equation/^^^for irreversible reactions.

If C = + C and the diffusion equations given above are

Laplace transformed, subject to boundary conditions, inverse trans

forms yield the following integrals for the concentrations of all 

the species involved in terms of the fluxes of 0 and Y at the electrode 

surface:

CL (o,t) = CL - A

(o,t)

Cy (0,t) An"" Ay - A

^x ^

{2

{2

{2

{ 2

43}

44}

45}

46}

where

4.
/o

(b-r) 1/2' dxl /L’'’ {2 - 47)

e (t) (t-r)’''' (1/2 ^1/2 {2 - 48}
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/6C. \
«i(t) -D -jj x=o izb or y

so, the expression for the current will be:

FA f^^t) + FA f (t) {2 - 49}

If equations {2.43 - 46} are put into eq {2 - 42}, 

dimensionless current functions for reversible charge transfers 

could be expressed like:

X (at) = f^(t) / a^^^

^ (at) = fy(t) / a^^^

(2 - 50}

{2 - 51

and for irreversible reactions as similar functions: {x(bt), ^ (bt)},

(3)where a and b have been defined in section 2.2. Nicholson and Shain 

have solved the equations for all the variants described above, and

presented tables for theoretical current functions.
1/9They have published values of ^ ' ^x(at) in tabular form

for many electrode mechanisms. Suitable values for ECE mechanism
f31)were plotted by B.S. Pons' 'as a function of k,/a (fig 2.2). By 

combining equations (2 - 20}, {2 - 21} and (2 - 24} , we obtain 

the relation

FA (Da)^^^ CA {x(at) + ^^at)} {2 - 52}
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if there is one electron transfered in each step {2 27} and (2 - 29}.

The left hand side of the eqnation above, is obtained from experiments 

for different values of sweep rates. As values of ^ and ^ are 

listed in literature as functions of k^/a (where is the pseudo 

first order rate constant for the homogeneous reaction) ^ after choosing 

arbitrary values of k^, k^/a is calculated for several vanes of v •

The values of and {^at) are taken from the tables and the sum

of both functions is plotted versus to obtain the theoretical 

working curves.

Theoretical working curves in this vmrk have been constructed 

by using this method and assuming E^< E^ , botn charge transfer 

reversible and the chemical step irreversible yCat) and ^(at) were found 

for several values of k./a from Fig 2.2. The function sum ^(at)

+ 6(at) , was plotted against sweep rate, and theoretical working

curves were obtained for various values of rate constant. Experimental 

current functions (left hand side of equation{2 “ 52})against v were 

fitted into the same graphs and the closest fit for k^ was found.

Since the time of the experiment is low compared with k^, 

at slow sweep rates, the plot will show two electrons iDcliaviour, As 

sweep rate is increased, the behaviour is changing from two election 

transfer to one electron transfer process. A crossover region is 

observed and it is characteristic of the coupled chemical reaction 

and, therefore, of the value of k^.

2.2. GENERAL INTRODUCTION TO POTENTIAL STEP METHODS.

In a typical potential step experiment, electrode potential 

is stepped from a value E^, at which no Faradaic processes are taking
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place, up ko a value E^, at which reaction takes place. Either the 

resultant current/time transient Is recorded and analyzed, chiono 

amperometry; or the charge/tlme transient Is used, chronocoulometry. 

In this work, we are concerned with chronoamperometry.

2.2.1 CHRONOAlIEEROliETRY, (1, 32-37)

In chronoamperometry, a potential step function is applied 

to the working electrode, and the resulting current is me^^ured as a 

function of time. The potential step Is selected such that at the 

Initial potential, E^, no Faradalc current flows, and at the final 

potential, E^, the current Is diffusion controlled. With semi- 

Infinlte linear diffusion control, the Instantaneous current, I^,

Is given by the Cdt equation.

n FA
^1/2 ^1/2 {2 - 53}

where C Is the bulk concentration and t Is tne time since uhe 

application of the potential step. The other terms have their usual

significance.
From equation {2 - 53} It Is apparent that the product I^ , 1/2

is constant. Therefore, the diffusion coefflcent can be obtained, 

providing the n value and electrode area are known. In this work, we 

used the geometrical area of the electrode; but the real area can be 

obtained by using a standard solution, such as ferricyanide, for which

the diffusion coefficient is well known.

Chronoamperometry Is a good tool tor the study of electrode 

reaction kinetics and chemical reaction, coupled to electrode process



kinetics. At very short times, a linear relationship exists between
1/2T and t ' . These data can be used to study electrode reaction

t
kinetics, and chemical reactions which follow an electrochemical 

reaction. For these studies, working curves must be used. Details 

of the working curves will be given later in this chapter.

2.2.2, DOUBLE POTENTIAL STEP CHRONOANPEROMETRY.

This technique is just an extension of chronoamperometry in 

that at some time, T, after application of the potential step, the 

potential is returned to E . That is: a potential pulse is applied 

to the working electrode and the current-time transient is monitored. 

This technique is quite useful in the study of chemical reactions 

which follow an electrochemical process. During the initial potential 

step, the oxidation or reduction of the electroactive species takes 

place at a diffusion controlled rate. The product of such reactions 

then suffers a chemical reaction while diffusing away from the electrode 

surface. Reversal of the potential step then results in the electro

chemical reaction of unreacted portion of this species.

The control setting for potential step experiments is 

as follows:

The initial potential is usually set to a potential such 

that no electrode process takes place, and hence, no Faradaic current 

is observed. The final potential is set to a potential where the 

reaction is diffusion limited. If double potential step has been 

performed, a suitable pulse duration should bo chosen.

Chronoamperometry has been found to be particularly useful



ko measure homogeneous rate consLanC for an ECE process 'f 3 38)

2.2.3. MATHEMATICS CONSIDERATIONS FOR CHRONOAMPEROMETRY 
19,39-41),

(13T16,

If we consider a system with a small value for the ratio 
electrode area/volume of solution^^^^, in which the mass transport 

of electroactive species occurs only under diffusion conditions, and 

if we also consider the more general case: The potential is stepped 

from a potential where the working electrode reaction:

K
0 + ne

K

has a negligible rate to a value where its rate has a finite value^^^^. 

The initial condition involves only species 0. The diffusion equations 

to be solved are:

<3 C,

6t

« ' c.
D a - 54}

6 C

5 t

9
6 CR
5 X

& - 55 }

Initial and boundary conditions

t=o "Vx,
C c)o {2 - 55} 

{2 - 57}
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x=o /■! Cf /6 C
6 X/ x=o

R
6 X x=o

k c,''- k.C/= ^ - 58}

where and are khe concenCraLions of 0 and R ac Lhe

interface, respectively, and'k and k' are the potential dependent 

rate constants for the electron transfer processes.

Co “ S

Cr ■ «

(]3}Laplace transforming the above equations ' , we obtain:

" ^0 -
9d CL
dx

(2 - 59}

C
S - 0 R

dx
{2 - 60}

at x=o

Dl
' ilo 1

dx x=o
c c,.'
dx j x=o

K C/ ^ K C/ {2 - 61}



s {2 - 62}

{2 - 63}

Equation (2 - 60} can be solved by considering ordinary 
differential equation^^^^ and then we can write:

:o " ^ -Ds 1/2 X + B exp- {2 - 64}

5|l/2 X + E exp 'S\l/2 {2 - 65}

According with the initial and boundary conditions, the 

constants could be found:

A (2 - 66}

B = -E {2 - 67}

and

S +(k
\

{2 - 68}

Putting equations {2 - 66} and ^2 - 68} into (2 - 64}

we obtain:
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05 1/9-k exp - (S/D)X 00
•S-''

s + (k +'k)/D/^^) s
{2 - 69}

If we transform equation {2 - 58}

d C
I = nFD 0

dx I x=o {2 - 70}

COn F k Cg
gl/2 ^gI/2 ^ {2 - 71}

Inverting equation {2 - 71} co a time dependent 

function again:

I = F k c," exp ^tA)5 ^ {2 . 22}
0

which represents the current transient over all the time scale. Let 

ua now consider ECE mechanism:

Numerical analysis has been used to solve the Laplace trans
formed equation^'and the current is given by:

I = FA 0 ^ ^-1/2 ^FA D"'" C ^ t {n^ + n^ (1-e ^^)} f 9 -73}

where I is the observed current at time t, K. is the pseudo-first
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order race consCanC, and n. and are che number of electrons 

lost in the first and second electron transfer, respectively.

2.2.4. DIAGNOSTIC CRITERIA FOR CHRONOAMPEROMETRY,

(i) As for cyclic voltammetry, the effect of a coupled

chemical reaction is shown in a graph of I against C -1/2

"kr-t-(ii) At short times, {1-e f }tends to zero and the slope 

of che plot is determined by n^ electrons.

(iii) At long times, {l-e ^f^}tend5 to one and the slope 

is determined by (n.+ n2) electrons.

(iv) At intermediates time , the current shifts from one 

limit to the other, the time at which this change occurs 

being proportional to the rate constant.

(v) The profile of the crossover from one electron process 

to that for two electron process can be represented in 

time by:

2 - {l-exp (-kt)} /2kt {2 - 74}

for the particular case in which the second electron
. r . 1 1 1 T - - (41,42)transfer takes place by disproportionation

(vi) The crossover profile for ECE mechanism is:
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2 - e%p ("kt) ^ - 75}

and the current:

I = n FA C w t"^^^ (2-e

for the case in which electron is involved in

each electron transfer step.

(vii) :The number of "apparent"electrons (n ) transfered
app

during the time between one electron transfer and the

second, is given by:

app k=o

In this work, the systems gav^ and overall 2 electron reacti

It was assumed n^ = 1 and n. = 2 and theoretical working curves were
-]/2constructed by plotting I vs t the limiting cases ' being given by

k=o (for one electon process) and K (for two electron processes).

A changeover region was found between the two boundaries. Experimental 
-1/2plots of I vs t ' were fitted into the theoretical working curves, 

and the rate constant values determined by a best fit method.

on.

2.3. GENERAL INTRODUCTION TO COULOMETRY,

2.3.1 COULOMETRY LAW. (43-48)

Faraday's law states that 96484 coulombs are consumed per 

equivalent of substance electrolyzed. The number of coulombs, Q,
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consumed in an electrolysis, can be measured with considerable accuracy 

and precision. At constant E, the fraction of the total amount which 

hus been electrolyzed after time t is independent of its initial

concentration. The decay of electrolysis current with time for a given
* . '— Ic tcell arrangement follows the relationship i = i^ e , being an 

exponential decay. Q is obtained through integration of the current

time curve

i dt {2 - 76}

where t is the time at which the electrolysis current has decayed to a 

level indistinguishable from the background current. An operational 

amplifier integrator built in this laboratory was used in this work 

to measure the charge Q.

In analysis by coulometry, the species that is determined is 

quantitatively electrolyzed in a portion of the sample solution, and 

the amount present is calculated from the quantity of coulombs passed 

during the electrochemical reaction:

W weq i dt {2 - 77}

Jo

Where Wand W ^ are weight of material electrolyzed and its equivalent 

weight, respectively.
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2.3.2. CONTROLLED POTENTIAL COULOMETRY.

The concept of controlled potential electrolysis has revolution
ized electroorganic syntheses since 1942 when Hickling^constructed 

the potentiostat. The use of controlled potential avoids the formation 

of many by-products and makes the achievement of selective syntheses 

much simpler. The fast response of modern potentiostats has allowed the 

development, of powerful non-steady state methods for elucidating 

reaction mechanisms and this has established the basis for the possibility 

of improving product yields by pulse techniques. The use of nonaqueous 

solvents has removed the limitation on the range of electrode potential, 

allowing a wider potential range, and therefore, making possible the 

study of systems which were not able to be studied before. The use of 

tetrafluoroborate or hexafluorophosphates instead of more common salts

as supporting electrolyte, makes it possible to extend the potential
(44)range in acetonitrile ,

2.4. SPECTROELECTROCHEMISTRY.

2.4.1. GENERAL CONSIDERATIONS OF SPECTROELECTROCHEMISTRY.

The study of electrochemical systems by conventional methods 

is hampered by constraints of the kind of information which is accessible, 

Such limitations have led to the development of a number of more sophis

ticated associated techniques to assist in the elucidation of mechanisms 

and the identification of intermediates. In situ spectroscopic methods 

have been developed for the detection, the characterisation and the 
kinetic monitoring of intermediates (^9-34, 64) well as for
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study of the electrode surface properties. Contributions have also 

been made in the areas of photoelectrochemical cells 

Internal reflection and conventional transmission spectroscopy have 
been used to monitor an absorbing species 53,6'^) their use

is limited by the material of the electrodes (they must be optically 

transparent to light in the frequence range under study). Modulated 

Reflectance Spectroscopy, however, overcomes such problems and can 

be used extensively.

2.4.2. MODULATED SPECULAR REFLECTANCE SPECTROSCOPY (MSRS).(^'5-7l)

2.4,2.1, GENERAL CONSIDERATIONS OF SPECULAR REFLECTANCE.

Measurements of specular reflectance involve the 

intensities of light reflected from the surface of interest. Usually, 

the incident light is polarized either parallel or perpendicular to the 

plane of incidence, and a detector such as a photodiode or a 

photomultiplier monitors the intensity of the reflected beam. Fig. 2.3. 

shows how an incident beam is reflected from a, specular surface.

incident beam reflected beam

Fig. 2.3.
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The surface should be smooth and any irregularities in it 

should be small compared to a wavelength. Reflection is obviously a 

surface effect. In fact, it involves only those atoms in a layer about 

^/2 deep. Figure 2.4. shows the reflection and transmission of an 

incident monochromatic light.

A cos ■ A cos 0

1 r

Fig. 2.4

If we let I^, I^ and I^ be the incident, reflected and 

transmitted flux densities, respectively, accordingly, the portion 

of the energy incident normally on a unit area of ttic boundary per 

second is: I^ cos G^. Similarly, I^ cos 8^ and 1^ cos 8_ fhe

energies per second leaving a. unit area of the boundary normally on 

either side. The reflectance, R, is the ratio of the reflected



over the incident flux:

64

I C08 8
E 5 _______I

I. cos 8.1 1
78]

I.1

While the transmittance, T, is the ratio of the transmitted over 

the incident flux and is given by:

I cos 8, r t
I. cos 8.1 1

(2 79}

So, reflectance, R, is defined as the ratio of the reflected 

light intensity to the intensity of the incident beam. Absolute 

reflectance are difficult to measure and are not necessarily of interest 

More interesting is to know the change in reflectance Ag induced by 

some change in the system.

Electrochemical modulation spectroscopy is a powerful method 

for characterizing the state of an electrode surface in situ. It 

offers to the electrochemist the possibility of determining the electronic

energy levels (relative to the Fermi level) of adsorbed species, and
(72)determining the nature of the chemisorption bond. The surface spec!"

ficity of this technique, combined with the very high fields that can 

be generated in the electrical double layer, can be utilized to advantage 

in studying the electronic structure of metal surfaces.It can 

be used for chemical identification of adsorbed species, with the help 

of theoretical understanding and the use of digital deconvolution tech

niques. Its wavelength selectivity, polarization sensitivity, and
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Lhe rapid respoase makes electrochemical modulation spectroscopy a 

versatile technique for studying the kinetics and mechanism of 

electrosorption processes.

2k 4.2.2. CONSIDERATIONS OF NODULATED SPECULAR REFLECTANCE
SPECTROSCOPY.

Modulated peflectance spectroscopy was used in this work 

to monitor absorbing species which have been produced at the electrode.

The use of reflectance methods, allows performance in situ 

of absorption spectroscopy in the U.V, visible, near IR region and, 

lumw, in this laboratory, very succesful experiments arc going on in the 
whole I.R. range^^^'"^"^. Such experiments permit one to obtain infor

mation for the detection and the identification of reaction intermediates 

within the normal limits of spectroscopy in the range of wavelength to

be covered. With the help of high sensitivity means of detection and
-13 . - 2signal averaging techniques, 10 ' mole of intermediate per cm of

electrode area can be detected.
To measure intensity changes, the Beer-Lambert law^'is

used:

I exp-Ekc.T {2 - 80}

where I is the intensity of reflected beam when the electrode is in 

the reference state, I is the intensity of the reflected beam, e is 

the extinction coefficient, c is concentration of absorbing species 

and 1 is the longitude of the light path.

In electrochemistry, reflectance experiments in which a 

species is generated at the electrode and it exists with a time, t.
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and a disLance,x, dependent profile C(x,t), the equation (2 - 80} 

can be expressed like:

I([) I exp- 0 E C(x,c) dx {2 - 81}

where I(L) is the time dependent intensity of the reflected beam 

after the electrode process has been initiated and x is the coordinate 

of the light path.

The light travels twice through the profile at an angle 

of incidence 8, so,

.oo
C/1 COSO C(x,t) dx

Kt) I exp-o
2E
cos^ C(x,t)d}

Vo
(2 - 82}

2.4.3. MATHEMATICS CONSIDERATIONS FOR MhS.R. (^5,69,78 82)

Let us consider the dimension under the actual experimental 

conditions. If we have a close view of what is going on inside the 

optical cell:



Incident
beam

Reflected 
beam

Fig. 2.5
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Where x is the width of the cell,8 is the angle of incidence of 

the monochromatic light, x. is the value of x in which the concen

tration of absorbing species is equal to zero.

The concentration profile for such cell will be:

Xi

\

\
concentration

Fig..2,6

(77)It has been stated^ that the number of molecules under

going energy transfer per length dx parallel to the light path per 

second, can be expressed like:

CO,. Pb,
ri --------

3 Go
n'dx {2 83}

where ^^i is the transition rate, I(w) is the frequency dependent 

light intensity, G is the permitivity, h is the Planck constant 

and n' is the number of molecules per cm . P |is the matrix element 

of the electric dipole moment of the absorbing molecule,

It was also stated that the energy released by the beam in 

each transition, is equal to the loss of intensity -dl:
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diCv)
2r I(u) ^A

3 E 4^ n'hv dx {2 84}

The real light path due to the incidence angle 0, in the 

cell shown in figure 2.4, is related to the cell width, x, and as 

the light passes twice through the cell, the actual path length is:

COSQ 85}

If we substitute{2 - 85}into {2 - 84}, the new expression 

for the loss of intensity will be:

d IN):
TTl(v) BA

3 6oih'0
{2 - 86}

n' = lo"^ NC {2 - 87}

Where H is Avogadros number and C is molar concentration, so eq 

{2 - 86}can be converted as a function of molar concentration by 

substituting(2 - 87}into[2 - 86}:

T I(v) ^
dl(u) BA

^ 10"^ NChu d
' cosQ {2 - 88}

3 E.0



Integrating between the limits of incident and reflected 

intensities I and I respectively, and along the light path coordinates 

from o to X, the following expression is obtained:

exp-
2 - 3BA 10 N hv ^ I

3 Eo (2.303) I -o
X \
Cdx {2 - 89)

(77)The first term in brackets has been found ^ to be extinction 

coefficient E.

If we now assume semi-infinite linear diffusion, and if 

we work in the basis of that the concentration of the species varies 

with the distance x and with the time, t, equationf2 - 89}can be 

rewritten as:

I(t)
I exp- 2E

co^
-CO

C(x,t) dx {2 - 90}

If we define 61 as

6l = I - l(t)

we can then write:

o

The ratio is equivalent to if we think in terms of reflectivities,
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1(c)
R

6R haa been defined by cbe quantityCR2 " where is che reflect

civicy of the most cathodic part of the pulse, and R^ was that at 

the most anodic potential. Equation {2 - 90} can be expressed as:

AR
"R exp 2G__

cos8 C(x,t) dx {2 - 91}

If the exponential term is expanded and if we work at 

low concentrations so that C(x,t) is small enough, we have:

AR
"R 1 - 2E

cosG
CO
C(x,t) dx

Jo

{2 - 92}

which is the same as

AR
R

2E
CO s8

CO
C(x,t) dx {2 - 93}

As in the equation above, the concentration is dependent on 

the time, a comparison of the optical transients with mathematical 

expression can be made, providing that we know the extinction coefficient 

of the chromophore and the concentration profile with time. For semi

infinite linear diffusion e.g. for the diffusion controlled generation
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of a stable absorbing species at constant pokencial in a pobencial 

step experiment, the current density is given by:

{2 - 94}

and the total amount of species formed is:

'c^x.t) dx = [idt = 2^"^^^ Cf t^^^^
/o Vo

therefore.

61 4
R cosQ£■ . c° D'/" (2 - 95]

If a plot of against t^^^ behaves linearly, E can.1/2,

(82)
be determined from the slope.

Mathematical treatment has been made^^^^ for the single 

potential step in a diffusion controlled reaction considering a charge 

transfer process:

R——^0 + ne

The diffusion of the two species of the redox couple to a planar 

surface may be given by

6C^ 6^ C
--- = D -
6t 5x2

{2 - 96}



and
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6C,

6t

D '' 'O

6x 2
' ^ - 97}

Where D = D = D^. If the potential at the working eletrode 

is stepped from a value where no Faradaic reaction occurs to a value 

where the reaction proceeds at a diffusion controlled rate, the follow

ing initial and boundary conditions are valid^

C_ (x,o), = 0

(x,o) = {2 - 98}

Cg^o,t) = 0;
X = o

t
6x x=o {2 - 99}

(x--- >™,+) = 0 ; C_(xy—= CR "R'
■ r 2 - 100}

Where CLo is the bulk concentration of R.

Solution of eq. {2 - 96} and {2 - 97} by the method of 

Laplace transformation shows that the concentration of the product 

of the electrode reaction, 0, is given in the transform plane by

Cg (x,s) 0^ (o,8) exp {2 - 101}



The absorbance of species 0, A , may be related to the 

diffusion equations through Beer's Law

-<X>

AQ(X,t) EO(X) Cg(x,t) dx {2 - 102}

Where Eo is the molar absorptivity of 0. Transformation of eq 

{2 - 102} gives

^L(X,s) = EO I C^(x,s) dx
Jo

{2 - 103}

Substitution of equation {2 - 101} into equation {2 - 103} 

and performance of the indicated integration yield

A^^X,s) = Eo(X) (o,s) {2 - 104}

Inversion of the above expression gives the result^^^^ 

for the time dependence of the absorbance of the product of a diffusion 

controlled charge-transfer process.

AQ(X,t) = 2^ eo(X) t^^^ (2 - 185}

Kuwana and co-workersevaluated first order and pseudo

first order homogeneous reactions following charge transfer.
(72 82)They used the pulse and pulse relaxation '' ' methods, 

to follow electrogenerated species^both during the applied electro

chemical perturbation and then during a subsequent openTcircuit.



In this.work, the method proposed by Bewick et al^ ^ 

for evaluating the homogeneous rate constant was used. The method 

will be described in chapter 4.
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2.4.4, INFORMATION THAT ARISES FROM NSRS EXPERIMENTS.

(i) The complete UV-visible spectra from all species in 

volved in the electrochemical reaction can be obtarn 

ed.

(ii) If the absorbance at a value of due predomi

nantly to one species then kinetic and mechanistic 

information can be readily obtained from the analysis 

of the absorbance/time transients resulting from a 

potential step experiment.

(iii) For the cation radical produced in the primary step

of an anodic oxidation, a plot of the absorbance/time 

transient as absorbance vs. t^ should be linear at 

short times where the intermediate can be considered 

stable. From the slope of this plot, the extinction 

coefficient can be obtained.

(iv) At longer times the absorbance vs. t^ plot will

deviate from linearity and from this deviation, the 

rate constant for the decay of the cation radical can 

be calculated.(see chapter 4).
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(v) More detailed mechanistic and kinetic information on further

steps in the reation can be obtained by careful fitting of 

the absorbance/time transients for the secondary intermediates, 

In general, the experimental transients need to be fitted^

' to calculate transients derived by digital methods,from the

set of partial differential equations,governing the 

diffusion/reation scheme corresponding to the particular 

mechanism being fitted.
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3.1. REAGENTS

Hexaechylbenzene (Eastman-Kodak); 1-Phenyloccane 

(Aldrich); l-Phenylnonane(Aldrich); n-Propylbcnzene (Aldrich); 

cert-Bu±ylbenzene (BDH); 1,2-DimeChoxybenzGnc (Aldrich); 

1,3-Dimethoxybenzene (Aldrich);. 4- Mcchylanisole (Aldrich); 

Ebhoxybenzene,PhenerolG,(BDH); 3-Merhylphcnecole(Eaatman-Kodak); 

1,3,5-Trimekhoxybenzene (Aldrich); Anisole (Koch - Lighc ), were 

uacd wibhoub further purification.

Toluene (BDH) was purified by vacuum distillation. 

Acetonitrile (Fisons) was purified as described later; 1,4-Dime 

thoxybenzene (BDH) was recrystal^zed from ethanol; Tetra-n-butyl 

ammonium tetrafluoroborate (Bu" NBF ) was prepared by a modified 

procedure of Clark,Fleischman^, and Fletcher which will be 

described later in this section.

3.3.3. PURIFICATION OF ACETONITRILE

Fisons' far UV grade acetonitrile was distilled on 

P^O^ at atmospheric pressure (boiling point 81.5°C). The disci :, .a t 

was collected into a flask containing KMnO , and re-distilled at 

about 5 ml. per minute, discarding the first 10 and the last 50 ml 

The distillate was then collected into a conical flask containing 

Woelm Super grade neutral alumina and stored until use.



3.1.2. PREPARATION OF SUPPORTING ELECTROLYTE.

Tetra—n-bucylammonium hydrogen sulphate (Labkemi, Coceborg, 

Stocholm) (339 g.) was dissolved in triply distilled water (2 1.) 

and sodium tetrafluoroborate (110 g.) was dissolved in water (1 1,). 

The two aqueous solutions were added and immediately, a white 

fluffy precipitate of tetra-n-butylammonium fluoroborate dropped 

out of solution. The precipitate was filtered, only the first 

batch of crystals being collected. Tl^ precipitate was then dissolved 

in dichloromethane (200 ml.) and this solution washed three times 

with water (300 ml.). The dichloromethane solution was filtered 

and poured into ether; Pure crystals of Bu^NBF, precipitated.

Only the first crystals were collected and purified twice by dis

solving in dichloromethane, washing with triply distilled water and 

pouring into ether. The precipitate was vacuum dried at 80°C for 

48 hours,

3.2. GLASSWARE CLEANING.

All glassware was washed with acetone, rinsed with distilled 

water, and then, boiled during 5 miU] in a mixture (1:1) of concentrated 

Nitric and Sulphuric acids. After cooling the acid mixture, it was 

rinsed with hot running water and then boiled for 10 min. in triply 

distilled water, rinsed again with distilled acetone and vacuum dried 

at lOO^C for at least one hour prior to use.
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3.3, ANALYSIS,

Infrared specfra were recorded on a Pye Unicam SP 200 

Spectrometer for samples in,Nujol on a NaCl window.

N.M.R. spectra were recorded on a Perkin Elmer R 12,

Varian Associates HA 100 or XL 100 spectrometer.

Thin Layer Chromatography (TLC) were run on 20 x 20 glass 

places with 1 mm thick silica gel coat.

Gas-liquid chromatography (GLC) was performed using Pye Unicam 

GCD gas chromatograph fitted with a flame ionisation detector, and 

using 2m OVl on chromosorb GAW DMCS 100-200 mesh (5% w/w) column.

Mass spectra were carried out in a Kratos M3 30 mass 

Spectrometer (sometimes, coupled to a gas chromatograph).

3.4 CYCLIC VOLTAMMETRY EXPERIMENTS.

Cyclic Voltammetry experiments were performed using a Hi-Tek 

potentiostat type DT 2101 and a Hi-Tek waveform generator type PP Rl. 

The voltammograms were recorded either directly on a Hewlett Packard 

7015B x-y recorder at slow sweep rates, or via a Could Advance 0S410O 

Digital storage oscilloscope/waveform Digitizer at those sweep rates 

higher than 0.7 Vs

IR compensation was not necessary with the arrangement used 

in these experiments.
2The working electrode was 0.2 cm platinum wire. The secondary 

electrode was a cylindrical platinum gauze surrounding the working 

electrode, to ensure good cylindrical geometry.



All measuremenCs ware caken against a silver wire held in 

an acetonitrile-BuY NBF, (0.1 M) solution containing silver nitrate 

(0.01 M). A frit separated the silver wire from the reference 

compartment and a Luggin capillary isolated the reference electrode 

from the working compartment. The voltammetric cell is shown in 

fig. 3.1.

To assure that the ramp points matched the digital store 

points on the oscilloscope, a dummy cell was used, and the scope 

controls were adjusted until a straight diagonal line was obtained 

on the display of the oscilloscope. This was done for each sweep 

rate.

For quantitative studies, only the first sweep was recorded 

and the working electrode was flamed before each run. Concentrations
were between 5 x 10 ^ and 1 x 10 M.

■1

500 V S

The system provided a range of sweep rate from 10 mV s to
1

ChROHOAMPFROMETRY EXPERIMENTS.

The potential step experiment for obtaining current-time 

transients, wa^ performed by using the same setting up as that for 

fast cyclic voltammetry, (fig 3.2.) , and the same range of concentra 

tions. The starting potential was chosen from 200-300 mV cathodic 

to the oxidation peak, to 100-200 mV anodic to this peak; depending 

upon the shape of the voltammogram.

The transients were monitored and stored in the digital storage 

oscilloscope, and then plotted out on an x-t recorder, the time scale
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of the recorder being syiicronized with the plotting scale of the

oscilloscope.
A dummy cell was used to adjust the scope controls until 

the desired pulse length was obtained, to ensure that the pulse points 

matched the digital store points on the oscilloscope.

The cell used in these experiments was the same as that used 

for cyclic voltammetry.

3.6. PREPARATIVE COULOMETRY EXPERIMENTS,

Preparative coulometry experiments were performed using a 

three compartment electrolysis cell (fig. 3.3.). Both, the working 

and the secondary electrodes were 2 cm geometrical area platinum 

gauzes. The anolyte and catholyte compartments were separated by 

two number 3 sintered frits, leaving a small space in between filled 

with the same solution, in order to minimize migration from tne working 

to the secondary compartment. The reference electrode was as described 

before, and it was conected to the working electrode by the Luggin 

capillary.
For all the experiments, the anolyte and catholyte were solutions 

of acetonitrile^BuY NBF, (0.10 M). The anolyte was continuoosi/ stirred 

magnetically.
A cationic resin (DOWEX 500 W-X8, 100-200 mesh) was added to 

the working electrode compartment before the start of the electrolysis, 

to trap the intermediate and to simplify the reaction.

The resin was continuously washed with Ch^CN in a Soxhlet



PREPARATIVE ELECTROLYSIS

Fig . 3.3



extractor for 24 hours and then vacuum dried during 24 hours at 80 C 

prior to use.
After the reaction finished, the anolyte was filtered and 

the resin separated, washed with CH^CN and poured into 1 M NaOH solution, 

leaving it to stand for 1 hour, stirring magnetically. It was then 

filtered and the resin poured into CH^CI^for 2 hr. The aqueous solution 

was neutralized with HCl and extracted with CH2CI2' Both, CM^Cl^ 

extracts were put together, dried with sodium sulphate, the solvent 

evaporated, the residue taken up in ethylacetate (5 ml) and recrystalli

zed from ethanol.
The solvent of the anolyte solution was evaporated, the residue 

washed three times with triply distilled water, and the product 

extracted with diethylether.

Both, steady state and pulsing preparative coulometry experiments 

were performed during this work. In the first case, potentials were 

set at the peak voltammetric potential. For the second case, consccutiva 

pulses were applied instead of a constant potential: the potential 

was modulated with a square wave from 0.00 V up to the peak potential, 

the time potentials being maintained for 0.1 s each. This latter 

procedure allowed high currents to be maintained when severe electrode 

fouling was encountered using a steady fixed potential.

Background currents were measured with solvent-supporting 

electrolyte solution; they were found to be very low. (0.05 mA), 

compared with the value for the reaction (20-30 mA).

A Hi-Tek Potentiostat type DT 2101 was used to maintain a 

constant potential applied to the working electrode. Coupled to the
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potentiostak, a Hi-Tek waveform generator type PPRl was used for 

stepping tne potential for the pulsing coulometry. A current integrator 

(iTicide in the department workshop) was used to measure the amount of 

coulombs passed during the electrolysis.

3.7. THE OPTICAL SYSTEM.

Modulated Specular Reflectance Spectroscopy (MSRS) was used 

to detect optically absorbing intermediates at the electrode.

The light source was a 200 watt Hg-Xe arc (Engelhard Hanovia 

901-Bl) in a special housing (Oriel Optical Corp. 6165) with a fan 

incorporated. The lamp was coupled with a Bausch & Lamb (Grating 1200 

Grooves/mm) monochromator. The monochromator output beam was focussed 

with a 2.5 cm focal length lens (Thermal Syndicate Ltd.),to allow the 

beam to pass through the 45°optical cell window onto the platinum 

electrode mirror surface. The monochromatic light out was equally 

focussed with a similar lens to bring the beam onto the detector.

Both, a EMI 6256 B Photomultiplier and a UDT 500 photodiode were used 

0,0 aetectois. The photomultiplier was fed from a high voltage source 

(Brandenberg 472 R).

All optical components, except the detectors, were set up using 

adjustaole mounts on a long optical bench. The detector, preceded by 

the lens, was mounted on a short optical bench positioned perpendicular 

to the long bench.

Tile optical arrangement, except the lamp and the monochromator, 

were enclosed in a black box.
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A Brookdeal 401A Lock-in amplifier was used to monitor 
the reflectivity difference, AR, (produced by a change AL in potential) 

for the reflectance spectra. A low noise differential amplifier was 

used for monitoring AR in the optical transient experiments. The 

optical transients were stored in a Ri-Tek AAl signal averager.

The block diagrams for both KSRS spectra scanning and optical 

transients measurements are illustrated in fig. 3.4. and 3.5. respectively

3.7.1. OPTICAL CELL AND ELECTRODES.

Optical experiments were carried out in a typical optical cell 

(fig. 3.6.). It was made of pyrex glass except the optical window^

wh^ch were made with "spectrosil" discs.
The monochromatic light was focussed onto the pl^tunum mir 

working electrode, and the reflected bcot. taken onto the detector ad

it was described before.
The working electrode consisted of a platinum disc welded onto

the end of a syringe barrel (fig. 3.6.)
The secondary electrode was a platinum mesh held parallel to

the working electrode at a distance of 3 cm from it. The reference 

electrode was the same as for the other experiments; it was also 

mounted in a syringe barrel to allow correct positioning. The Luggin 

was positioned at about 1 mm from the working electrode. To reduce 

impedance in the Luggin arrangement, a platinum wire was inserted 

between the Luggin and the two way tap which isolated the reference 

compartment. A 0.1pP capacitor was arranged in parallel between the

reference electrode and the platinum wire.



SPECULAR REFLECTANCE 
BLOCK DIAGRAM
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The cell was held such that the angle of incidence of the 

beam on the electrode surface vas 45°.

The working electrode was polished with alumina of successively 

decreasing grades (0.3^^ 0.1^, 0.05p) on a polishing cloth lubricated 

with distilled water, Then, it was placed into a 1:1 concentrated 

nitric and sulphuric acid mixture for about 15 min (the mixture was kept 

just under the boiling point), rinsed off with triply distilled water 

and vacuum dried at 30°C during two hours before use. The secondary 

electrode was flamu^f each time before use.

3.7.2. THE OPTICAl EXPERIMENTS,

The MSRS spectra were monitored using phase sensitive detection. 

The waveform generator was triggered by the oscillator and the square 

wave pulse length was adjusted to finish at the same time on both the 

oscillator and the waveform generator. This pulse train was applied 

to the working electrode via the potentiostat, giving a modulated reflected 

light beam, which was converted into a.c. voltage by the photodetector.

The lock-in amplifier (referenced by the waveform generator pulse trigger) 

received the signal sent by the detector, shifted the reference signal 

into phase with the potential modulation at the electrode. Finally the 

lock-in amplifier delivered a d.c. output voltage proportional to the 

change in reflectivity AR.

The amplitude of the square wave was chosen according to the 

cyclic voltammogram for each particular system; for a system exhibiting 

a smooth cyclic voltammogram, the pulse was from a potential where no
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electrochemical reaction was taking place,a point where the reaction 

was completely diffusion controlled. For those with a cyclic voltammo- 

gram showing a rather complex behavior, the pulse was from a potential 

of no faradaic reaction to the voltammetric peak potential, to avoid 

the appearance of complicated species. For a better resolution of

the spectra it is desirable to make the modulation potential range as
1 (2) short as possible.

Care must be taken to choose the pulse length for the experiments 

it is necessary to work away from the main line frequency (50 Hz in 

OUT case) and any odd harmonic frequency of it, to avoid interferences 

and noise. If the pulse is too short, any species formed in a future 

chemical step could be missed. If the pulse is too long, poisoning 

of the electrode in some organic systems may occur, spoiling the mirror 

properties of the electrode surface, and the signal may not be seen.

What is observed as a result of this experiment is the variation 

of AR/R as a function of the wavelength. The value AR/R can he defined 

as the quantity (R. - R^)/R^, where R was the reflectivity of the most 

cathodic part of the pulse, and R is that at the most anodic potential. 

Therefore, for oxidations where intermediates species absorb, R. < R^ 

and AR are negative.

Once wo had the MSRS spectra, optical transients at each well- 

defined peak wavelength could be stored digitally in a Hi-Tek signal 

averager (triggered to start at the same time as the waveform generator 

pulse started) which was fed by the signal coming from the photodetector, 

passing through a low-noise amplifier.

Proper choice of the time of data input must be made, taking
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into account the life time of the intermediates (if known) and trying 

to include part of the species decay.

For all the experiments in this work, the following arrangement 

was used:

X

lOx
(open circuit)

WFC
output

on off

signal
averager

on

The shape of the transient observed depended on the nature 

of the system under study and the intermediates.

The open circuit time was chosen 10 times longer than the 

oxidation pulse length, to allow the system to reach initial conditions 

before the start of the next pulse.

For some of the systems studied here, the working electrode
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became completely covered by a dark film, so it was necessary to 

take it out to be cleaned and polished by the procedure described 

before,washing it with distilled acetone followed by solvent-supporting 

electrolyte solution (5 ma)^ to avoid contamination of the solution 

when replaced back to the cell. Reproducible transients were found 

by this procedure.

As a result of this experiment, a AR vs time transient was plotted 

out on a x-y recorder.

Values of R were measured for each transient to build the plot 

AR/R vs time from the recorded transients.

In all the cases, signal averaging of 512 transients was carried

out

were:

The experimental parameters for the spectra of most compounds

Frequency of modulation: 80Hz 

Modulation pulse height:

Base Potential:

Recorded sensitivity: IV/inch 

Lock-in amplifier time constant: 1 s 

Lock-in amplifier sensitivity: (100-300) pv

see tables 4.7. and 5.4.

And for transient experiments:

Time of data input: 10 mus.

Modulation peak height:

Base potential:

Signal averager sensitivity: (±0.5, ±1) ^olts

see tables 4.7 and 5.4



Amplifier gain: ^0-60 dB

Amplifier frequency range: 10 Hz-lKHz
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4.1, CYCLIC VOLTAMMETRY RESULTS FOR ANODIC OXIDATION OF 
HYDROCARBONS.-

All VO 1 taiBinetry experiiaants were performed using the cell

described in section 3.4, and shown in figure 3.1. The composition of 

the solutions used for voltammetry are described on the voltammograms.

The voltammetry of hexaethylbenzene will be described 

separately because it showed a different behaviour, compared with the 

other hydrocarbons discussed in this chapter, while 1-Phenyloctane , 

1-Phenylnonane , n-Propylbenzene and tert-Butylbenzene showed certain 

similarities in their behaviour.

At a sweep speed of 40 mV. s.^, hexaethylbenzene gave an 

oxidation wave with only a barely defined peak, As the sweep rate 

was increased,a well defined anodic reversible peak developed at 

+ 1.360 V. ; the cathodic reverse peak was at + 1.300 V. Figure

4.1 shows the hexaethylbenzene cyclic voltammogram at several 

sweep rateg. The potentials of both the anodic and the cathodic 

peaks did not change with the sweep rate.

Theoretical working curves were constructed as described 

in chapter 2,section 2.1.5,and compared with the experimental data 

by fitting the curves in the same graph (fig. 4.2). The pseudo-first 

order rate constant ,k^, was estimated. A list of the experimental 

rate constants of all the members of this series, will be given 

later Ln this chapter.
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HexaeChyIbenzene - CH^CN ( IraH ) 
E vs. Ag / Ag ( 0,01 M )

-1 0 1 E(V)

0

0 1 E(V)

Fig. 4.1 Cyclic voltamrnograms of HexaethyIbenzcne
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From fig. 4.2, iL can be observed fhac at low sweep ra

tes, the current function decays as the sweep rate is increased, 

whereas at faster sweep rates, the decay is approximately linear

and becomes independent of the sweep rate; the best fit for the
-1

experimental data, matches a k, value of 0.75 s

The voltammetry of 1- Phenyloctane, 1- Phenylnonane, 

n" Propylbenzene and tert-Butylbenzene will be described below:

Except for the tert-Butylbenzene, which showed a second 

wave at +2.16 V, all the compounds showed only one peak within the 

range of potential 1.84 - 1.94 Volts. Those values of potential, 

are much higher than that observed for Hexaethylbenzene. They also 

exhibited a reverse broad peak at -0.60 V, which disappeared at high 

sweep rates. This could be indicative of a reaction of the cation 

radical at relatively long time. It has been reported '' that 

such wave at -0.60 V, is due to the reduction of hydrogen ion, At 

very high sweep rates (after 400 Volts/s.), a reverse peak was 

observed at far negative potentials. All of them showed irreversible 

behaviour in the voltammetry.

Table 4.1 shows peak potentials against AgYAg (0.01 M) 

and half peak width values for all the hydrocarbons studied in this 

work at sweep rate of 0.2 Volts/s.
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SUBSTRATE Ep (Volts) Ep/^ (Volts) Ep-Ep/_ (Volts)

Hexaethylbenzene 1.360 1.300 0.060

1- Phenyloctane 1.920 1.820 0.100

1- Phdnylnonane 1.850 1.770 0.080

n- Propylbenzene 1.900 1.800 0.100

terc-Butylbenzene 1.940 1.860 0.080

TABLE 4.1.- Voltammetric data for anodic

oxidation of hydrocarbons.

Theoretical working curves were constructed and the best 

fit for a pseudo-first order rate constant was found to be within a 
range of 1000 to 1500 s. ^ (Figures 4.3 and 4.4).

4.2 CHRONOAMPEROMETRY RESULTS FOR ANODIC OXIDATION OF

HYDROCARBONS,

Chronoamperometry was performed using the same cell as 

that used for cyclic voltammetry. The setting up of the system and 

the choice of a suitable pulse amplitude, have been described in 

section 3.5. Figures 4.5. through 4,7 show the plots of I vs.t 

taken from the current transients obtained for the substrates 

under study. Theoretical working curves were constructed for various k^
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according to the method described in section 2.2.3. The limiting 

curves corresponding to the rate constants k. = 0 and k^ = ^ are 

also shown on the plots. Semi-infinite linear diffusion and over 

all 2 electron process were assumed. Therefore, the boundary 

conditions correspond to a one electron (k_ = 0) and two electron 

process (k^ = respectively.

The experimental points were put into the theoretical 

working curves and the best fit method was used to estimate rate

constant values. The value of the experimental rate constant for
”1Hexaethylbenzene was found to be 1.5 s. and^ for the other

hydrocarbons it varied from 900 to 1200 s . Table 4.2 shows the 

experimental conditions for the chronoamperometry.

SUBSTRATE BASE POTENTIAL (Volts) PULSE HEIGHT (Volts)

Hexaethylbenzene

1- Phenyloctane

1- Phenylnonane

n- Propylbenzene

ter:-Butylbenzene

1.200

1.500

1.700

1.600

1.600

0.300

0.520

0.320

0.500

0.540

TABLE 4.2.- Experimental conditions for the 

chronoamperometric experiments.
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4.3 MODULATED REFLECTANCE SPECTROSCOPY EXPERIMENTS,

All the optical experiments were performed in a cell

giving an angle of incidence at the electrode of 45° (fig. 3.6).

A description of the optical cell, the electrodes and the setting

up procedures for the experiments, has been given in sections

3.7.1 and 3.7.2. Figures 4.8 through 4.12 show the spectra

obtained during oxidation of the five alkylbenzen^ discussed here.

All the data were obtained at room temperature in dry

Acetonitrile and Bu? NBF,. Table 4.3 summarizes the characteristics
4 4

for the spectra.

For all of the compounds, normalized reflectance changes, 

AR/R at wavelength believed to correspond to monitoring of the 

cation radical produced in the first electron transfer:

RH RH' {4.1}

we re recorded as a function of time in response to a potential step as

described in section 3.7.2. The theoretical transient assuming
(3)that the cation radical is stable is giveni by:

AR/R 4 G C A (Dt) 1/2 {4.2}
^ Cos 9

Where all the parameters have been identified previously. For Che
1/2plots where AR/R vs. t behaved linearly, values of G could be 

calculated from the slope. Table 4.3 shows the results for Chose 

experiments.
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All the optical transients are shown in figures

4.13 through 4.22.

4.4. PREPARATIVE COULOMETRY.

Preparative electrolyses on Hexaethylbenzene, 1- Phenyl 

octane, 1- Phenylnonane, nr Propylbenzene and tertrButylbenzene were 

carried out by steady state coulometry and also using a pulse 

activation procedure. It was found, in all the cases, that the 

latter method was greatly superior. The general procedure will be 

described using Hexaethylbenzene as an example. Paragaph 2.6 

describes all the experimental features.

4.4.1, STEADY STATE PREPARATIVE ELECTROLYSIS OP

HEXAETHYLBENZENE.

Hexaethylbenzene in acetonitrile was oxidized at 1.360 V. 

the background current being 0.05 mA. Table 4,4 gives the initial 

current and the current reached after several hours of electrolysis

for different amounts of Hexaethylbenzene, in 25 ml of
2solution, when using a 2 cm working electrode.

AMOUNT OF SUBSTRATE 
IN 25 ml. OF SOLUTION 

(mol)

INITIAL CURRENT CURRENT AFTER 
10 hr. OF ELEC
TROLYSIS

1.25 X io“'‘ 8.2 7.5

2.50 X io“'* 13.0 10.6

1.25 X lO"^ 18.8 16.9

2.50 lo"^ 30.0 27.1

TABLE 4.4.- Results for the steady state 

preparative Coulometry of 

Hexaethylbenzene.
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After a few minutes of electrolysis* the anolyte solution 

became red-brown and the catholyte was yellow. From table 4.4* it 

can be seen that after 10 hours of electrolysis, the current had d^ 

clined only slightly from the initial value even though more charge 

had been passed than that required to consume all of the substrate at 

2 F per mole. This may be due to catalyzed oxidation taking place.

The anolyte was quenched with water (0.2 ml.) and the sol

vent evaporated. The remaining solid was washed three times with dis 

tilled water and the main product was extracted from the residue 

overnight with diethylether, drying the extract with sodium sulphate. 

The filtered solution was evaporated, the residue was extracted using 

ethylacetate (10 ml.) and recrystallized from ethanol. The product 

was the starting material, Hexaethylbenzene, in high yield. This was 

confirmed by IR and mass spectra. In view of those results, an attempt 

was made to use a cation exchange resin to trap possible intermediate 

cation, e.g., the nitrilium ion, and thus, simplify the reaction. All 

the other conditions were mantained the same. After a few minutes of 

the electrolysis, the anolyte was brown and the catholyte yellow.

Table 4.5 shows similar data to those shown in table 4.4 for this new 

set of electrolyses conditions. The behaviour now offers to be much 

simpler with a substantial fall in the current indicating consumption 

of substrate.

The anolyte was filtered and the resin separated, washed 

with CH CN and poured into IM HaOH solution, leaving it to stand for 

1 hour, stirring magnetically. It was then filtered. The resin was 

poured into CH^Cl. and stand for 2 hours. The aqueous was neutralized 

with HCl and then extracted with the CH^Cl^ and dried with sodium 

sulphate, the solvent was evaporated, the residue taken up in ethyl-



acecace (5 ml.) and recrysLallized from ebhanol.

ini

AMOJNT OF SUBSTRATE 
IN 25 ml. OF SOLUTION 

(mol)

INITIAL CUEBENT 
(mA)

CURRENT AFTER 
10 hr. OF ELEC 
TROLYSIS (mA)

1.25 X 10^^ 8.5 0.6

2.50 X 10-4 13.0 0.8

1.25 X 10“^ 19.0 1.0

2.50 X 10-3 30.0 1.5

TABLE 4.5.- Effect of the presence of 2.5 g.

' ' of cation exchange resin on the

electrolysis.

Preparative thin layer chromatography (TLC) was run for

0.016 g. of this recrystallixed product in a 80% - 20% petroleum 

ether-ethylacetate mixture on a (20x20) cm^ plate. Seven lines were 

observed, the most important one being scraped off from the plate, 

the solid poured into ethylacetate and then filtered. The solvent 

was evaporated and the product (0.008 g.) gathered to be analyzed. 

Infrared and mass spectra indicated the presence of the monoamide 

and the diamide with the former predominating. Prom the TLC results, 

50% of material trapped by the resin was the amide. According to 

the results presented in table 4.6 the highest yield corresponded 

to the electrolysis carried out with 10 g. of resin and 0.025 g. 

of Lexaethylbenzene. From 0,025 g. (10 mol) of starting material, 

6.5 mg. of amide was obtained.



For a complete conversion, 0.030 g. of amide should he ohhained, 

therefore, the yield was 21.7% respect to the starting material.

It was found that the amount of resin used during the electrolysis, 

played a very important role in determining the yield. Table 4.6 

shows this effect.

The product remaining in solution in the anolyte was 

also investigated. The solvent was evaporated from the anolyte 

solution, the residue washed three times with water and the product 

extracted with diethylether. The product was found to be a dimer.

AMOUNT OF STARTING 
MATERIAL (g.)

AMOUNT OF 
RESIN (g.

AMOUNT OF 
RESIDUE FROM 
THE RESIN (g)

AMOUNT OF 
RESIDUE FROM 
THE SOLUTION 

(g.)

4.4.2.

0.240 5.00 0.018 0.197

0.120 5.00 0.016 0.098

0.050 10.00 0.020 0.026

0.025 10.00 0.013 0.008

TABLE 4.6.— Effect of the amount of

the yield of the amide.

resin on

NOl^^STEADY STATE PREPARATIVE ELECTROLYSIS OF HEXAETHYL

BENZENE.
Hexaethylbenzene (0.100 g. , 4 x 10 ^ mol) was oxidazed 

in acetonitrile by repetitively switching the potential from 0.00 V. 

up t^ t±e yoltammetric peak potential(+i,36o being a 4 s. on

period and 4 s. off period. The initial current was 27 mA., and 

this value was mantained for a long time. After 75 coulombs were
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passed, Che currenc had dropped Co 2 cA.; 95.8 mg of Hexaechylbenze 

ne reacCed and 4.5 mg remained unreacCed; 9.7 g. of resin were used 

and 0,084 g. of residue were exCracCed from ic. TLC was run cogecher 

wich a sCandard sample of Che monoamide in a 50% - 50% echanol " 

pecroleum echer mixCure. The separaCion was similar in boch cases. 

NMR and mass specCra showed Che monoamide as Che main produce.

Traces of che diamide could be observed from mass speccra. The 

yield was 71.25% wich respect Co sCarcing macerial.

4.4.3. STEADY STATE PREPARATIVE ELECTROLYSES OF THE OTHER 

MEMBERS OF THIS SFRIES OF HYDROCARBONS.

Sceady state preparacive electrolyses were performed 

-for 1- PhenylocCane, 1- Phenylnonane, n- Propylbenzene and Cert- 

BuCylbenzene, under Che same conditions as for HexaeChylbenzene.

In all che cases, che current dropped drastically to che background 

value, 5 Co 10 minutes after the electrolysis started. The anolyce 

solution was very dark and che electrode was completely poisoned.

No information could be obtained from Chose experiments, even when 

Che resin was used.

4.4.4. NON STEADY STATE PREPARATIVE EELECTROEYSES OP .THE OTHER 

MEMBERS OF THIS SERIES.

As all che members of the series of hydrocarbons under 

study, except the Hexaethylbenzene, had a similar behaviour, all 

the conditions and the results for the pulsed electrolyses will be 

sumarized in tables 4,7 and 4.8.
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SUBSTRATE AMOUNT OF RESIN 
(g.)

YIELD OF AMIDE RESPECT 
TO STARTING MATERIAL 

(%)

Phenyloccane

1- Phenylaonane

n- Propylbenzene

Lerc-Butylbenzene (c)

3.0

3.0

3.0

3.0

56.0

51.2

50.6

20.4

TABLE 4.8." Yield of amide from the same 

amount of resin.

(a) The base potential was chosen such that no cathodic current wa; 

observed during the electrolysis.

(b) For all the experiments, the on period and the off period were 

equal at 0.1 s.

(c) From the anolyte solution, a considerable amount of acetamide 

(M.M. 59) was found.

None of the electrolyses described before, have been 

reported in the literature, so, to ensure whether the improvement 

achieved by using pulsed electrolysis could be extended to other 

systems, we tried the oxidation of toluene in dry acetonitrile, 

which has been reported in literature^ ^ to yield 17% of amide; the 

process is described in section 4.4.5.

4.4.5. NON-STEADY STATE PREPARATIVE ELECTROLYSIS OF TOLUENE.

Toluene (0.096 g., 9.3 x 10 ^ mol) was oxidized in 

acetonitrile by modulating the potential from 0.00 V. up to the
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volkammetric peak potential (2.220 V.)) Ihe pocenciai being 0.1 s. 

switched on and 0.1 5. off. The initial current was 19 mA, and this 

value was mantained for a long time. After 63 coulombs had been 

passed, the current was 6.4 mA., 30 mg. of toluene reacted and 50 mg. 

remained unreacced (at this point, the anolyte became black, probably 

due to the formation of polymer). Five grams of resin were used and 

48.7 mg of residue was extracted from the resin. The material was 

dissolved in acetone, examined by g.l.c. and compared with a stan

dard sample of the amide. A yield of the amide of 44.21% with 

respect to the starting material, was found. Further studies for 

other compounds, following the same technique^ gave satisfactory 

'results, which reinforces our expectations.

4.5 DISCUSSION.

The cyclic voltammetric peak heights for the oxidation of 

all the members of this series, did not show simple linear proportio 

nality to the square root of the sweep rates over the entire range 

of sweep rates. The deviation were towards higher currents at lower 

sweep speed and thus for the data processing, an ECE type of mecha
nism has been assumed. From the current function Ip/v^, as a 

function of scan rate,qualitative information was obtained by compa

rison with the diagnostic criteria presented by Nicholson and 
Shain/^'^^. In all cases, a region where the current function 

remained almost independent of the sweep rate was observed, indica_ 

ting that a simple diffusion controlled electron transfer process 

was caking place, i.e. the transference of the first electron to form 

the cation radical. At lower sweep rates, the current function was 

not independent of the sweep rate indicating that over that time 

scale, the cation radical was undergoing a chemical reaction. At
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even slower sweep rakes, the uransfcrenee of the second electron was 

observed for all, except the Hexaethylbenzene, where the date were 

possibly affected by convection at the very slow sweep rates required. 

For convenience of presentation, only the data concerned with the 

transference of the first electron and the coupled chemical reaction 

are included in the graphs.

Hexaethylbenzene behaved quite differently from the

other hydrocarbons of this series. The cation radical was very
3stable. Its life time was found to be about 10 times longer than 

the life time of the others from the results obtained in cyclic 

voltammetry.

If we now compare the results of the cyclic voltammetry 

with that of the chronoamperometry experiments performed under 

diffusion controlled conditions, we find that they are closely 

related. The current/time transients have been analyzed assuming 

overall a two electron process, and taking as limiting behaviour 

firstly a chemical rate constant equal to zero to represent a 

simple one - electron process and secondly, a rate constant of 

infinity to represent a two - electron process. At very short times, 

for all the hydrocarbons, the behaviour approached that for one 

electron oxidation, while at long times, the current function reached 

values which were indicative of two electron behaviour. A crossover 

region between the two extreme situations was exhibited by all the 

hydrocarbons, so, we can conclude from the cyclic voltammetry and 

chronoamperometry, that the anodic oxidation of Hexaethylbenzene,

1- Phenyloctane, 1- Phenylnonane, n- Propylbenzene and tert-Butylben 

zene, follow an ECE type of mechanism. Whether this second electron 

transfer occurs in the bulk of the solution or on the electrode



108

The reflectance experiments showed a tendency for all the

members of this series to exhibit absorption peaks in three wavelengths

regions, the first ranging between 575 and 660 nm.; the second within

the interval 400 - 500 nm. and the third one from 300 - 350 nm., in the

UV region . This result is in good agreement with literature. Those
^6-10)three regions have been assigned to cation radical ' , carbonium

ion/^^ and free radical respectively, for alkylbenzenes.

Qualitative information can be obtained from a comparison of the shapes

of the experimental absorbance/time transients observed at different

wavelengths with Chose reported in the literature for the correspond^

ing species. The cation radical has been found to produce a transient

significantly different from those for the other intermediates. Since

the cation radical is the primary species produced at the electrode

surface ( + e ), Che absorbance increases rapidily from

the time at which the anodic pulse is applied; the slope dA/dt is grea^

est at zero time and thereafter decreases monotonically. For the free

radical and the carbonium ion, which are produced only after the delay

caused by the homogeneous chemical reaction, the absorbance rise should

be slower at short times. Absorbance/time transients with qualitatively

the shapes expected for the carbonium ion and neutral radical were

observed at wavelengths, and On this basis, therefore, those

bands, X , in table 4.3, observed for alkylbenzenes in this series, can

be assigned to the cation radical. All the optical transients performed

at those values of wavelength X., for each compound were of the shape

expected for the cation radical as described above. Furthermore,

linearity was observed in the plots of AR/R vs. t^ , which is also ind^
63)native of the cation radical^ At longer times, a deviation from 

linearity of the absorbance could be observed. Extrapolating the

surface, i.e., whether the mechanism is pure ECE or of the DISP type,

can not be predicted by these techniques.



109

sLraighL line observed at shorter times, the chemical rate constant, 

k^, can be calculated for the decay of the cation radical. For a first 

order decay the following relationship holds

i?' dt {4 - 3}

were is the total amount of cation radical in the diffusion layer 

at a time t, after the start of the anodic pulse^Q is the amount of 

species that would have been present if was zero. Since

A(t) = 2 Q E / cos8, we can write:

{4 - 4}

= A(t) cosG / 2 E {4 - 5}

Substituting [4-4} and {4-5} into {4-3}

„tA(t)^ cos8 / 2E = cos9 / 2 E A(t) - k [ A(c) dtI ° ^ Jo ^ J
A(t)^ - A(t)^

A(t)^ - A(t)^

f rt
|A(t)^ dt
-^0

{4 - 6}
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+ f +RH. ----- 1---^R' + R+ f4 - 7}

Rnt + R'--- ---- ^RH + R^ {4 - 8}

and if we consider the reaction '{4 - 8}to be ^ery fast, each time 

a cation radical molecule reacts to give the free radical, another 

molecule of cation radical reacts with free radicals to give the 

carbonium ion and the hydrocarbon, The rate of disappearance of 

cation radical observed in the optical experiment is given by:

dt
2k_ RHf {4 - 9 }

The consumption of the cation radical is expected to 

follow a first order decay with an apparent rate constant, k
app

twice as large as k^. rrom equation {4 - 6 values of k_ were

estimated ( see table 4.3 Table 4.10 shows the values of k
'f

obtained by the different methods used in this work.

As the functionalization of hydrocarbons in acetonitrile

to produce amides has been carried out in this laboratory with great
2 X8™20)success ' , and the use of polymer bound reagents has im-

proved the yield of the product; in this work we have extrapolated 

our expectations towards longer chain substituted alkylbenzenes in 

acetonitrile. The nexacthylbenzene was also of particular interest 

to be compared with the hexamethylbenzene which has been widely 

studied and its behaviour well known.

For preparative coulometry, hexaethylbenzene was chosen 

as an example because of its structural similarity with hexamethyl
benzene which gave a good yield of the amide^^'^'^^'^°^ with respect
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Lo the starting material. The results presented for preparative elec 

trolyses of the hydrocarbons, showed that they were oxidized in dry 

acetonitrile to give functionalized products, the amide being the 

main product when a cationic resin trapping agent was used during 

the electrolysis to separate physically the nitrilium ion and pre

venting its further reaction. When the electrolysis of hexaethyl- 

benzene was carried out without the resin, a catalyzed oxidation took 

place after a small amount of starting material had reacted giving 

rise to the comsumption of a large amount of charge while almost the 

whole amount of starting material remained unreacted. Although the 

use of the resin made it possible to obtain the expected amide, in 

the case of hexaethylbenzene, the results given in table 4,4 snow 

that it is necessary to take into account, the role that the ratio 

starting material/amount of resin plays in the production of the ami 

des. Indeed, the yield of the amide obtained in this work, increased 

markedly as this ratio decreased, and the best yield, in the case 

of hexaethylbenzene was obtained when a ratio of 0.0025 was chosen. 

In those cases when a low amount of resin has been used, the form

ation of a considerable amount of dimer could be explained in two 

ways: either the structure of the nitrilium ion is such that exchange 

with the proton of the resin is slow for steric reasons and some of 

the nitrilium ion therefore reacts to form the dimer before being 

trapped by the resin, or the equilibrium constant is sufficiently low 

to maintain a significant concentration of nitrilium ion even though 

the exchange with the resin is fast. When the amount of resin used 

during the electrolysis is increased, this situation is avoided, no 

dimer is formed and, instead, a reasonable yield of the amide can be 

observed. iS. (
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As was mentioned in paragraph 4.4.3, the other members 

of this series gave rise to poisoning of the electrode surface, no 

matter if the resin was present or not. To overcome tnis problem, 

a square wave, instead of a constant potential was applied to the 

working electrode, with the result shown in tables 4.5, 4.6 and 

paragraph 4.4.5. The duration of the pulse was chosen, according to 

the system under study, to produce always anodic currents. The 

advantages of the pulse technique can be summarized as follows:

(i) The surface of the electrode is mantained active, 

the poisoning and the consequent rapid fall off of 

the current being avoided.

(ii) If the equilibrium for the exchange of the proton of 

the resin is slow, the pulse technique allows the 

nitrilium ion time to link to the resin before its 

concentration increases considerably, thus inhibiting 

the formation of the dimer and increasing the conc

entration of nitrilium ion on the resin, leading to 

a higher yield of the amide.

(iii) By changing the length of the pulse, the concentration 

of nitrilium ion in the solution can be controlled.

Table 4.9 shows the yields reached by using the combine 

tion of pulse technique and resin. Table 4.10 shows a comparison 

between the values of rate constant, k^, calculated by the various 

methods used in this work.
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SUBSTRATE k^(sec ) k^(sec ) k (sec )

Hexaechylbenzene 0.75 1.5

1-PhenylocCane 1000 1200 900

1-Phenylnonane 1000 900 800

n-Propylbenzene 1200 1100 900

terb-Butylbenzene 1200 1100

TABLE 4.10.- Pseudo firsb order rabe 

consbanb calculated by

(1) Cyclic voltammetry

(2) Chronoamperometry

(3) Modulated Specular Reflectance 

Spectroscopy

Using the hexaethylbenzene as an example, and from the 

results of this work, the following scheme can be proposed for the 

production of the amide.

If the transference of the second electron is taking 

place on the electrode surface, the carbonium ion is produced through 

reaction (a), whilst if it happens in the bulk solution, it will 

follow path (b). In any case, the production of the nitrilium ion 

takes place by nucleophilic attack of acetonitrile.
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SCHEME I:

+ CH^CN -- 
nucleophile

carbonium ion

OH
hydro!s^:

nitrilium ion
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CHAPTER 5: ANODIC OXIDATION OE ALKOXYBENZENES.

5.1, Cyclic voltammetry results for the anodic oxidation 

of Alkoxybenzenes.

5.2. Chronoampcrometry results for the anodic oxidation of 

alkoxybenzenes.

5.3. Modulated reflectance spectroscopy experiments

5.4. Preparative Coulometry,

5.5. Discussion.

5.6. References,
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5.1 CYCLIC VOLTAMMETRY RESULTS FOR THE ANODIC OXIDATION OF

ALKOXYBEHZENES.

Cyclic voltammetry cf 1,2-dimethoxybcnzene, 1,3-dimethoxy' 

benzene, 1,4-dimethoxybenzene, 1,3,5-trimethoxybenzene, ethoxybenzene 

(Phenetole), 3-methylphenetole, anisole and A-methylanisole, were 

carried out in the second part of this work. All voltammetric experi

ments were carried out using the cell described in section 3.4 and 

showed in figure 3.1. The composition of the solution used for vol

tammetry described on the voltammograms.

Except for the 1,4-dimethoxybenzene, which behaved revers

ibly (fig. 5.1 ), all the members of this series showed irreversible 

behaviour. 1,2-dimethoxybenzene showed a rather complex voltammogram: 

at slow sweep rates (0.01 - 0.3 volts.s ), three anodic irreversible

peaks were observed. As the sweep rate was increased, the value of the 

peak current for the first voltammetric wave increased while the peak 

currents for the second and third peaks decreased indicating that the 

latter were probably due to a further reaction of the species formed 

in the first process. A cathodic peak was also observed, which shifted

towards more positive values as the sweep rate increased. Above 0.4
-] . -1 volts, s , only one anodic peak was observed. At 50 volts, s , a new

reverse peak was observed at a potential more positive than that for

the peak observed at slower sweep rates. The amplitude of this second

reduction peak increased as the sweep rate was increased and concurren

tly there was a diminution of the peak due to the reduction of the

proton, the latter peak being observed for all the members of this

series.
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Table 5.1 shows the experimental values of peak potential 

and half peak widths for all the alkoxybenzenes studied in this work;

all at a sweep rate of 0.2 — %volts , s , ■hagain^Ag/Ag (O.OIM) refer

ence electrode.

SUBSTRATE E (volt)
P

E^/^OoU) E -E ,(volt) P p/2

1,2-Dimethoxybenzene +1.23 +1.15 +0.08

1,3-Dimethoxybenzene +1.16 + 1.08 +0.08

1,4-Dimethoxybenzene +1.00 +UL94 +0.06

1,3,5-Trimethoxybenzene +1.16 +1.09 +0.07

Ethoxybenzene + 1.40 +1.32 +0.08
(Phenetole)

3-Methylphenetole +1.30 +1.22 +0.08

Anisole +1.38 +1.30 +0.08

4-Methylanisole +1.16 +1.08 +0.08

TABLE 5.1.- Voltammetric data for Anodic 

Oxidation of Alkoxybenzenes.

Theoretical working curves for an ECE mechanism according 

to the procedure described in chapter 2,were constructed.Table a.2 

shows the values of k^ giving the oest fit to the data (ligo.j.2 

througk5.5).
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SUBSTRATE RATE CONSTANT 
(SecT^)

1,2-DimeLhoxybenzene 15

1,3-Dimekhoxybenzene 40

1,4-DimeChoxybenzene 0.7

1,3,5-Trimethoxybenzene 15

Ethoxybenzene
(Phenetole)

3-Methylphenetole- 10

Anlsole 6-7

4-Methylanisole 30

5.2

TABLE 5.2.- Values of pseudo-firsk order

rate constant for the chemical 

reation obtained from Cyclic 

Voltammetry,

CHRONOAMPEROMETRY RESULTS FOR THE ANODIC OXIDATION OF 

ALK0XYBEN2ENES.

Chronoamperometry experiments were performed using the 

same cell as that used for cyclic voltammetry. The setting up of the 

system and the choice of a suitable pulse profile have been described 

in section 3.5. Figures 5.6 through .5^ , show the plots of I vs.

for each case, taken from the current transients obtained for
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Cha members of Lhis series. The experimental data were treated in 

the same way described in chapter 4. Table 5.3 contains the expe

rimental conditions for chronoamperometry and the values of ob

tained from these experiments.

SUBSTRATE BA5E POTENTIAL 
(Volts.)

PULSE HEIGHT 
(Volts.) (s

1,2-Dimethoxybenzene +0.850 +0.480 15

1,3-Dimethoxybenzene +0.850 +0,400 38

ly4-Dimethoxyben2ene +0.750 +0.375 0.8

1,3,5-Tfimethoxybenzene +0.680 +0.600 13

Ethoxybenzene
(Phenetole)

+1.000 +0.500 8

3-Methylphenetole +0.900 +0.500 10

Anisole +1.100 +0.400 7

4-Methylanisole +1.000 +0.400 30

TABLE 5.3.- Experimental conditions and pseudo-

first order rate constants obtained 

from chronoamperometry.

5.3 NODULATED REFLECTANCE SPECTROSCOPY EXPERIMENTS.

All the optical experiments carried out for the alkoxybenzenes 

were performed in the same way as those for Alkylhenzenes and under the
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same experimental conditions (see chapter 4),

],2-Dimethoxybenzene did not produce reflectance spectra 

under the conditions of these experiments. In most of the other 

cases,it was possible to obtain spectra if the electrode was polished 

from time to time during the experiments,as it was described in chap

ter 3.

Figures 5.10 through 5.16 show the spectra obtained 

for all the members of this series, except for 1,2-Dimethoxybenzene. 

Table 5.4 summarizes the observed characteristics for the spectra. 

For all the compounds, absorbance/time transients were recorded at a 

fixed wavelength, believed to correspond to maximum absorption by 

the radical cation produced in the first electron transfer, using 

the method described in sections 3.1.2. and 4.3,Table 5.5 shows the 

results for those experiments ( figures 5.17 - 5.24 ).
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SUBSTRATE X (nm) {E(M ^ cm } k (s

1,3-Dimethoxybenzene 675 {1659 } 38.0

l*4-Dimethoxybenzene 550 {3135 } 0.9

1,3,5-Trimechoxybenzene 625 {3504 ) 13.2

Echoxybenzene
(Phenecole) 650 {6839 } 7.6

3-Methylphenetole 665 {5839 9.1

Anisole 625 {6830 } 8.6

4-Methylanisole 630 {1060 } 30.6

TABIE 5.5.- Experimental data for the extinction 

coefficient and pseudo-first order 

rate constant.
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5.4 PREPARATIIT: COULOl-IETRY.

Preparative electrolysis was carried out on l,4-Dimethox2 

benzene in the presence of resin and using the pulse activation pro

cedure, 3o mg. (2.53 x 10 mol.) of starting material was electro

lyzed in acetonitrile by modulating the potential between +0.800 Volts 

and + 1.00 Volts with a symetrical square wave of 2 Hz. The initial 

cuirent was 95 mA. , and this value was niantained for a long time, the 

liiidl current being 3 mA. ; 30 mg. of 1,4—Dimethoxybenzene reacted and 

5 mg. remained unreacted. Two grams of resin were used and 14.3 mg. 

of residue was extracted from the resin. The material was dissolved 

in diethyl ether, examined by g.l.c. coupled with a mass spectrometer, 

the results of this analysis suggested the formation of 2,5-Dimethoxy 

benzylacetamiue with a yield of 34% with respect to the starting mate 

rial. Preparative electrolyses of the other members of this series 

were not carried out.

0.0 DISCUSSION.

This series is particularly interesting for studying interme

diates because of the expected stabilizing effect of clectrondonating

groups on the cation radicals. For that reason, perhaps, they have 
, . . (7-191been very widely studied ^ and several schemes have been proposed 

for the various reactions under examination.

For all the Alkoxybenzenes examined in this work, as for 

the former series, cyclic voltammetry peak heights for the anodic oxi 

dation in acetonitrile did not show simple linear proportionality to 

the square root of the sweep rates, therefore, the same asumptions 

made for the alkylbenzenes for tl^ treatment of cyclic voltammetric
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data, were also aade for this series. The same tendency for one- 

electron transfer at short times then a crossover region, characte

ristic of an homogeneous reaction followed by a two-electron transfer 

at longer times was observed for the alkoxybenzenes in both, cyclic 

voltammetry and chronoamperometry experiments. 1,4-Dimethoxybenzene 

produced the most stable intermediate species of all in this series. 

In general, the alkoxybenzenes oxidized in dry acetonitrile on 

platinum electrode producing intermediate species more stable than

those produced by the alkylbenzenes when they were oxidized under
-1

the same conditions. If we observe the I vs t ^ plots for the alkoxy 

benzenes, the time scale on which the reactions take place allows one 

to observe clearly the transition from a one-electron to a two elec

tron process.

In the reflectance experiments, the alkoxybenzenes showed 

very complex spectra, but with the same tendency observed for the 

alkylbenzenes to show absorption peaks in three regions of wavelengths 

The spectral absorptions obtained from the reflectance experiments, 

are in good agreement with the literature (see table 5. 6).

Analysis of the shapes of the experimental absorbance/time transients 

for different wavelengths indicated for all the members of this series 

that a cation radical absorbing at the longer wavelengths was the 

primary species produced at the electrode surface; the same criteria 

were used as for the alkylbenzenes (see paragraph 4.5). On this basis 

those bands in table 5.5, can be assigned to the cation radical.
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1,4-Dimethoxybenzene was chosen as a model compound for 

detailed mechanistic analysis because of the stability of 11.? cation

radical and the availability of data in the literature for comparison.

The evidence from the cyclic voltammetry and the chrono- 

amperometry is that all the members of this series reacted according 

to an ECE mechanism when they were anodically oxidized at platinum in 

dry acetonitrile / Bu? NBF, at room temperature.

The product analysis was made by comparison with a stand 

ard sample of the suspected product. This procedure proved that the 

product was coincident with the species(V) proposed in the scheme 

shown on the next page.

As it was stated earlier in this chapter, the first 6le^ 

tron transfer leads to the formation of the cation radical. Unlike 

the cation radicals of alkylbenzenes which decay to the neutral radi 

cal by the loss of a proton, the decay of the radical cations from 

the alkoxybenzenes occurs by nucleophilic attack of the solvent on 

the cation radical to produce the species (II), which undergoes an 

electron transfer followed by the loss of an aromatic pioton to yield 

species (IV).
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(I)

iii)
OCH.
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-N = &K
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It is interesting to note that the cyclic voltanmograms 

showed a peak due to the reduction of a hydrogen ion, for all the 

members of this series; two possibilities have to be taken into 

account from the origin of this hydrogen ion: either (a) there is a 

competition.for the decay of the cation radical between the nucleo

philic attack proposed in scheme II, and the loss of a proton by the 

cation radical to produce a free radical, or (b) paths (iii) and

(iv) in scheme II are sufficiently rapid for the proton loss in (IV) 

to be observed in the reverse scan of cyclic voltammetry at relatrv 

ely slow sweep rates. If we favour possibility (a), the rate con? 

slant we are measuring for the decay of the cation radical ia due to 

a mixture of both processes and from the observations of this work 

it is not possible to be certain whether the proton loss at that 

stage occurs on the side chain or on the nucleus,perhaps an analysis 

of the secondary products would enable us to discriminate. If we 

consider possibility (b), the rate constant refers to the kinetics 

of the nucleophilic reaction. Nevertheless, in the light of this 

work, the major product identified Indicates that there is a major 

contribution from the nucleophilic attack on the cation radical by 

theacetonitrile. The last stage of the proposed mechanism is the 

srn^ as tlmt for alkylbenzenes; the hydrolysis of the nitri-

lium ion to produce the acetamide. Cyanation, methoxYlation and
acetoxylation of methoxybenzenes have been extensively studied (7"9,

' ? 1 “ 2 A ) In all these cases, the formation of the cation radical

has been proposed as the primary species produced at the electrode.

There is also agreement that the anodic axidation of methoxyben-
(20 2])zenes may follow an ECE type of mechanism/ and support for

the assumption that the cation radical does not decay by proton
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loss but by a nucleophilic attack.

For the cyanation of 1,4-dimethcxj^benzene, some authors 
^ have suggested that the decay of the cation radical is

due to the attack on position 1 by the nitrile ion with the subse

quent release of the methoxy group at that position to form aniso- 

nitrile. For the acetoxylation, however, nucleophilic attack on the 
aromatic ring has been proposed by Yoshida et al^^ \ furthermore, 

they propose a scheme in which the formation of an intermediate of 

the type

does not occur.

Eberson and co-workers have reported, for the cyanation 

of 1,A-dimethoxybenzene, the formation of 4-methoxybenzonitrile 

(40%) and 2,5-dimethoxybenzonitrile (3%). The same observations of 

attack at the free ring position were made in for other dimethoxyben 

zenes, Other authors^ have observed the formation of dimeric

species. The ocurrence of these reactions will depend, to same ex
tent, upon the amount of positive charge^^^^ on certain positions 

on the ring. In the case of 1,4-dimethoxybenzene there is a high 

unpaired electron density at position 1 and 4 and, hence, if there 

is the formation of a dimer, it would be expected to be in those 

positions; the 2, 3, 5 and 6 positions, however, have a high posi

tive charge density which makes the 1,4-dimethoxybenzene a good 

acid and also more vulnerable to nucleophilic attack at these posi

tions, In this work, nucleophilic attack on the free ring positions 

was observed. The use of the cationic resin, allowed the nitrilium 

ion exchange with the proton of the resin and makes the reaction
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more selective to favour the formation of the 2,5-dimethoxybenzyl-

acetamide.
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6.1 MECHANISTIC CONSIDER.\TIONS,'

In this work, the anodic functionalization of substituted 

benzenes (alkylbenzenes and alkoxybenzenes) in dry acetonitrile to 

produce acetamides has been described.The results show that two gen 

eral reactions types are observedhside chain substitution is favoured 

for alkylbenzenes and ring substitutions for alkoxybenzenes. Side 

chain oxidation is also expected to occur for alkoxybenzenes at poten 

tials higher than the peak potential^ . An ECE type of mechanism 

has been observed in both cases. From the cyclic voltammetry, a wave 

due to the reduction of hydrogen ion could be observed for both, the 

alkyl and alkoxybenzenes, which supports the postulated reaction 

schemes

Consideration of the voltammetric characteristics, sup

plemented by coulometry and analysis of products, leads to the 

mechanistic schemes I and II proposed in chapter 4 and 5 for the alkyl 

and alkoxybenzenes respectively.

In the case of the alkylbenzenes (Scheme I), the cation 

radical undergoes a de-protonation to produce a neutral radical. This 

is oxidized either anodically or homogeneously (DISP mechanism) to a 

carbonium ion. This latter species is attacked by the solvent to give 

the nitrilium ion which is then trapped by the cationic exchange resin 

and then hydrolysed to the acetamide.

1 or the decay of the anodically generated cation radical 

of the alkoxybenzenes, however, two competitive pathways could be con 

sidered. Firstly, the cation radical is attacked by the acetonitrile



to produce the species (II) in scheme (II), followed by further ano^ 

ic oxidation and sucessive proton release thus leading to the nitri- 

lium ion which is also trapped by the resin and then hydrolyzed to 

yield the annular acetamide. Alternatively, the cation radical could 

lose a proton, probably from the side chain, to produce species simi- 

lar to those proposed in scheme I. Indeed, the use of the resin per

mits the selectivity of the product because the most stable of the 

species (in this case it is expected to be the annular substituted 

species) will be trapped by the resin. If paths (iii) and (iv) in 

scheme (II) are fast enough, we would be able to observe from cyclic 

voltammetry, the reduction of the hydrogen ion released in path (iv).

The rate constants for the decay of the cation radicals 

of the alkylbenzenes arc much higher than those for the decay of the 

alkoxybenzenes cation radicals. That is indicative of the stabiliz

ing effect of the methoxy groups on the cation radicals.

6.2 PUTSED ELECTROLYSIS.-

The anodic oxidation of organic molecules,is often ham 

pered to a greater or lower extent by the problem of electrode foul 

ing. Inis is often severe when non aqueous media are used. A tech 

nique which is frequently used to try to overcome this problem dur

ing steady state electrolyses is periodically to pulse the working 

electrode to a high anodic potential in order to oxidize off the ad

sorbed species which are inhibiting the desired reaction. This meth
,2-4)od is often succesful In the present work fouling was observed

for many of the substrates and the simple pulsed activation method
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described above was found bo have little effect. However, it was 

found that dramatic improvements could be obtained by combining a dif^ 

ferent kind of pulsed electrolysis procedure with the use of an ion 

exchange resin in the anolyte to trap cationic intermediates, In thio 

method,, instead of pulsing the electrode to a potential considerably 

more positive than that required for the normal oxidation, the elec 

trode was pulsed to a less positive value. It was found that the 

best results were obtained if the pulsing took the form of a square 

wave with equal periods at the normal oxidation potential and at the 

more negative value, the latter being chosen to be as negative as 

possible without leading to appreciable cathodic currents. A good 

example of the efficacy of this method is seen in the oxidation of 

Toluene. The literature value for the yield of benzylacetamide ob

tained at a steady potential and without the benefit of the resin is

a similar electrolysis in the presence of the resin led to 
(5)a yield of 17%. However, as reported in table 4.9, the yield in this 

work using pulsed electrolysis and resin was 44%

It is clear that the pulse technique used in this work 

does not overcome the electrode fouling by oxidizing off adsorbed 

species. In conjunction with the resin trapping agent, it appears 

to provide optimum conditions for the trapping of intermediates thus 

minimising further undersirable reactions leading to adsorbable poi 

soning species. The rather lengthy cathodic period of the square 

wave, seems to be necessary for the complete trapping on the resin 

of the species produced in relatively high concentration during the 

anodic period. It is interesting to note that, in the case of Hexa 

ethylbenzenes, pulsed electrolysis in the absence of resin was suf
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ficienC to overcome electrode fouling but the presence of the resin 

was necessary to achieve a good yield of the desired amide product. 

It is likely that this technique, or variants of it, could be used 

in many cases to obtain good product yields.

Thus it is clear that the variations of chemistry observ 

ed in this work are mainly due to the differing structures and sta

bilities of the radical cation species, produced in the primary elec 

tron transfer reaction at the anode. The important factors are 

clearly the lifetime of the cation radical before it decays by pro

ton loss (which will be related to its acid strength), and its sus

ceptibility towards nucleophilic attack, which will be determined by 

the charge distribution in the ion.
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Wavenmhber
(cm

infrared spectrum^ observed fur the product of oxidation of
Hexaethylbenzene.-

ufdup

3100 - 3200 Secondary amide

1375 - 1400

2890 Tertiary C - H

1400 - 1500 Skeletal vibrations C-C

3000 - 3100 Aromatic C - H

1540 - 1870 C " 0 ( amide )

1515 - 1650 Amide I band (N-H)

3400 - 3500 Free N-H stretch

1405 - 1450 - N (amides)

1000 - 1100 Aromatics



Mass spectrum prddr^t of oxidacioa of 1,4-Dimdchoxybenzeue.'

Fractions

(N.W.) Loss of

180 CH,

165 C“3 ■- ™3

164 OCH,

152
'CH,

150 -CH^, -CH^ , -CH^

149 -OCH. , -CH,

122 -NHC.
0

CLU
'CHL

107 -NHC
■N CH,
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Maag spectrum for the product of oxidation of Hexaethylbenzene.-

The spectra shows mainly a mixture of the mono and the 
diamide ( M.W. of monoamide: 303 and the diamide: 360 ).

Fractions
(N.W.) Loss of

303 - 360 mono and diamide 
respectively.

261 - 318 OH.CO

260 - 317 COCH.

246 - 30: -NCOCH 3

244

245 - 302

2 (-HNC0CH )

-mcocH.

234 - 291 -CNCOCH,

232 - 289

220 - 277

217 - 274

216 - 273

-COCH. , C.H,3 2 4

-C0NHC-, C^H,

COCH^.C^H^, CH

NHCOCH^ , C^H

This spectrum was taken for the product extracted from ; 
the resin. The characteristics of the spectra for the product 
extracted from the anolite solution are shown on next page.



Mass spectrum for the product of oxidation of Hexaethylbenzene.

If we assume that the actual structure of the dimer(M.W. 549) is

NHCOCH3

Fractions
(M.W.) Loss of

477 -CH^NHCOCH

448 -CH^NHCOCH^ , -CgH

317 NBCOCH^ , 6 (CgH )

315 6( CgH^) , 4 ( CH^ )

304

246 , NF^OCH

245 4^

NHCOCH.

247 , 2 (C^H^)



234

232

219

-CHgNHCOCH^ ,-C H

S«4 r

-CHgCO-, -C^H^ , -CH



Mass spectrum for the product of oxidation of 1-Phenyloctane,

Fractions
(M.W.) Loss of

232 -CH^

220 -NHCO

218

217 2 (-CH^)

204

190

189 -NHCOCH.

176 -'^Hll

174 -CH , NHCOCH^

162

148 "^7^15

135 -CH(C^H )

90 , NHCOCH^

77 -(CLH^^)CHNHCOCH



Mass spectrum the product of dxidhtion of 1-Phehylhdndne

Fractions
(M.W.) Los^ of

246 -CH,

231 2(-CH^)

218

204

203 -NHCOCH3

190 -CgH 1 ,-CHNCOCH

176

162 '^7^15

148 -^8^7

135

77 -CH(CgH^^)NHC0CH_



Mass spectrum goj. product of oxidation of n-Propylbenzene,

Fractions 

(M.W.) Loss of

^62 -CH,

148 -C^H^

147 2 ( -CH^ )

135 2 5

134 -COCH 3

119 -NHCOCH 3

106 -CHNHCOCH,

105 , -COCH

77 C«(C^H^)NHCOCH^

or

NHCOCH^ , CHC^H^



Mass spectrum for the produce of oxidation of Tertbucylbenzent

Fractions
(M.W.) Loss of

176 -CH,

161 2 ( )

148 -COCH. or -NHCO

146 3 ( -CH^ )

133 -NHCOCH,

119 -CHgNHCOCH

107 -ccH^mcocH

103 -NHCOCH^ , 2 ( -CH )

92 -CCH.NHCOCH. , CH^ / 3 j

77 -CCH^NHCOCH , 2 (-CH )

or

-C(CH^)2CH^NHC0CH_




