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1. INTRODUCTION

Electrolytic processes in aqueous and non-aqueous
electrolytes often lead to the formation of free radicals.
Free radical reactions during electrolysis do not appear to
have attracted the attention they deserve, and very few
published papers deal specifically with electrochemical
methods of preparation of free radicals and with the
characterisation of free radicals thus produced. Yet
studies of the properties and behaviour of electrochemically
generated free radicals offer great theoretical and practical
possibilities.

The present article discusses the electrochemical reac-
tions of organic compounds in which free radicals are in-
volved.

2. METHODS OF DETECTING FREE RADICALS IN THE
ELECTROLYSIS OF ORGANIC COMPOUND%

The formation of free radicals during electrolysis of
organic compounds can be demonstrated by a number of
methods.

One can, for example, make a study of the products
which appear when organic compounds are electrolysed in
the presence of free radical acceptors, i.e., of unsaturated
compounds, which readily combine with free radicals.
Styrene, acrylonitrile, butadiene, isoprene, and other
similar compounds will readily accept free radicals.

The nature of the free radicals formed during electroly-
sis can often be inferred from the products obtained when
organic compounds are electrolysed in the presence of such
acceptors. The method was applied with success to the
free radical reactions occurring during the Kolbe synthesis.
Thus, electrolysis of a solution of potassium acetate in an-
hydrous acetic acid containing acrylonitrile gives a number
of products ! whose formation can be described by the fol-
lowing scheme if it is assumed that the anodic process
generates methyl radicals which then react with molecules
of acrylonitrile:

CH3=CH—CN
<CH3

CHy—CH;—CH—CY

Hs
l CH,—CH;‘E‘H—CHr‘iH-—CH;
N N

CHy—CHy—CH—CH—CH,—CHy cua—zu—cn,—cu,—cn-‘cu,
N N N

«CH,—CH—CN

The electrolysis of sodium acetate solutions in acetic
acid containing styrene !»2, isoprene, or butadiene?® yields
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addition products of acetate radicals as well as of methyl
radicals, thus:

CgHsCH=CH,
6"5’00 G,
<« sC—CH,COOCHj, CHs-CH:—C' —

H,C00 1
C sCOOCHz'I'-CaH» Gt \ / Gy e

i
CH3—CH2—C—C—CH,—COOCH;
HeCq CoHis

. H
|
CH,COOCH,C—~CgHs

o
|

CHy—CH,— I—QH.
G —Cath-
H

An interesting reaction is observed when salts of di-
carboxylic acid mono-esters are electrolysed in the pres-
ence of butadiene. For example, a salt of monoethyl
maleate gives3»* substituted vinyl radicals at the anode:

2C,H,00CH=CHCOO" —— 2C,H;00CCH=CH-2C0;,
which then react with butadiene:

2C,H,00CCH=CH + CH,=CHCH=CH, —

— C;H;00CCH=CHCH,CH=CHCH;CH=CHCOOC,H,.

The resulting unsaturated compound gives sebacic acid
upon saponification and hydrogenation. Electrolysis of the
salt of monomethyl adipate in the presence of butadiene
gives similar results®.

Certain other addition reactions between organic free
radicals and organic compounds, which also can be used
to detect the formation of free radicals during electrolysis,
will be considered in Section 4d, “Interactions with the Sol-
vent”.

The free radicals formed during electrolysis are some-
times stable enough to cause observable changes in the
colour and in the chemical properties of the solution.
following are a few examples:

The

1. A solution of anthraquinone in acetonitrile develops new
chemical properties during electrolysis. It reacts vigor-
ously with ethyl bromide forming 9, 10-diethoxyanthracene?®,
probably via the electrolytically generated double anion:

OCng.
\/ \/ Vavd
-+ 2C,HyBr —— ” /j - 2Br-
\/ \ / \/ 7/
(o OC,H;

2. The radical anions formed when a solution of stilbene in
dimethylformamide is electrolysed can react with carbon
dioxide, giving diphenylsuccinic acid™:

+

CHyCH—CHGHy —— CH,CH—CHCH,

| co+H*
CyH,CH—CHC,H,

' |
COOH
e

CHCH—CHCH,

COoH

L oot
C,HCH—CHC,H,

HOOC ~ GOOH

v

Addition of carbon dioxide to an organic radical with for-
mation of a dicarboxylic acid has also been observed?® with
certain other hydrocarbons. Thus, naphthalene gives 1,4-
-dihydronaphthalene~1, 4-dicarboxylic acid:

ey

and phenanthrene gives 9, 10-dihydrophenanthrene-9, 10-di-
carboxylic acid, whilst diphenylfumaric acid is obtained
from diphenylacetylene.

H COOH

u I2c0,+ze+2H+ (\[ j ;

NN/
H/ COOH

3. The formation of free radicals during electrolytic re-
duction of naphthalene at a mercury cathode is also con-
firmed by the appearance of a green colour in the vicinity of
the cathode. The same coloration is also observed during
the reaction between naphthalene and metallic sodium?®, and
is clearly due to free radicals.

The chemical methods mentioned above can only detect
free radicals which are sufficiently stable (and therefore
long-lived) to diffuse into the solution. Physicochemical
methods, above all polarographic analysis, are free from
this limitation. By studying “current vs. potential” curves
it is often possible to show that addition of electrons to an
organic molecule at a dropping mercury cathode proceeds
by a stepwise mechanism, which implies that the inter-
mediate reduction product is a radical or a radical-ion.
Polarographic data have proved very valuable for inter-
preting the mechanism of the electrolytic reduction of or-
ganic substances 1°712, and have shown that many electro-
chemical reactions proceed via free radical intermediates.

We shall consider, as an example, the electrolytic re-
duction of benzaldehyde '3, which can give two different
products, benzyl alcohol or hydrobenzoin:

o /o CgHyCH,OH
H
“\u :c,H,CH (OH) CH (OH) C¢H; .

In an acid medium benzaldehyde gives two distinct one-
-electron waves, which merge into a single two-electron
wave at pH 7. Further increase in pH gradually lowers the
combined wave to one-half of its initial height, and a riew
wave appears whose height accounts for the decrease in
height of the combined wave.

The following reaction mechanism !? explains the be-
haviour of benzaldehyde during reduction:

r dimerisation
H
£

({ + / H
R— . & ——rC
- —_ <= —
u \Ols ®\o1e
pH>10l - l -
2H+
H “ R-CH,0H
AL H pH
R—S:\ o ¢ Z R—C-H
= 0.8~ ~1.4 @
on oL OH oH

L dimerisation

In acid solution, a protonated molecule of aldehyde is re~-
duced to the radical CgH;CHOH, which then dimerises to
hydrobenzoin. Further reduction of the radical (to benzyl

31
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alcohol) is possible at sufficiently negative potentials
(>-1.3 V). In strongly alkaline media the reduction fol-
lows a somewhat different path. An electron adds on to an
unprotonated aldehyde molecule, giving the radical

o
Cs“s—(.\ale

which then dimerises. Further reduction of this radical
occurs at potentials below -2 V, and appears to set in be-
fore protonation.

The above mechanism, originally put forward in con-
nection with the electrolytic reduction of benzaldehyde, ap-
pears to be generally applicable to the reduction of other
aromatic aldehydes and ketones 1471¢, although some details
of the electrode processes involved are still controversial.

The formation of free radicals has also been demon-
strated during the electrolytic reduction of @, -unsaturated
aliphatic ketones, and the following mechanism has been
suggested 12

ol ]
CH=CHC=0 + ¢~ + H* - CHCH=COH.

The structure of the resulting radical, however, has not
yet been fully characterised.

Hoijtink et al.'” made a careful polarographic study of
the electrolytic reduction mechanism of many unsaturated
hydrocarbons, and concluded that polycyclic aromatic
hydrocarbons — and also aliphatic hydrocarbons containing
conjugated double bonds, (CH=CH),, — are reduced through
the intermediate stage of a radical anion, formed by addi-
tion of an electron:

diffusion into bulk of solution

R-+ H—RH ——

dimerisation or disproportionation

R+e2> R-+ H* —— RH +-¢—— RH- + H* . RH,

diffusion into bulk of solution

l_ R?- 4 2Ht —— RH,

R-+e R —

R+ H*—— RH- + H* —— RH, .

Polarographic studies !® have also shown that free radi-
cals are formed during the reduction of tropylium ions.

Some polarographic results® on the reduction of quinones
are of considerable interest, because they confirm the
above mechanism involving radical anions. The quinones
investigated include the duroquinone of a-hydroxyphenazine 1°,
of N-methyl-a -hydroxyphenazine?°, and others?22, Addi-
tion of one electron occurs, leading to the formation of
radical ion (semiquinone):

o (o]

I |

W 7
ﬂl—fc;—f_-? l ﬂ N
YO

o
which then adds on a second electron giving a di-anion:

= ()

32

The di-anion captures protons from the solvent forming

hydroquinone:

0_

The reduction of anthraquinone, 2-methyl-1, 4-naphtho-
quinone, and duroquinone proceeds according to this
scheme.

The reduction of quaternary pyridinium ions has been
shown, polarographically, to yield free radicals by a re-
versible one-electron step23,%:

@ﬂ__.(j 10

N -ethylpyridinium salts with electron-acceptor substituents
show a similar behaviour %.

Holleck concluded, from a polarographic study of the re-
duction of aromatic nitro-compounds, that one~electron re-
actions can occur in alkaline media independently of hydro-
gen-ion concentration, giving rise to a radical anion %%;

RNO,te- — (RNOy)~ .

Alternating-current, oscillographic voltammetry with a
hanging-drop cathode #72° has given valuable indications of
the formation of free radicals during electrolysis. Thus,
the presence of free ketyl radicals during the reduction of
benzophenone has been convincingly demonstrated by this
polarographic technique 3°. Benzophenone and its reduc-
tion products are oxidised, at a mercury anode, at poten-
tials more positive than -0.28 V. Using a.c. voltammetry,
a well-defined peak is observed in the anodic branch at a
potential of -1.34 V: this corresponds to the reversible
oxidation of the ketyl radicals formed at the electrode
during the cathodic polarisation.

Another successful technique for investigating the for-
mation of free radicals during electrolysis is the method of
paramagnetic resonance.

The method was first applied to solutions prepared by
controlled-potential electrolysis and stabilised at liquid—~
nitrogen temperature. A qualitative proof was given of the
formation of free radicals in the electrolysis of hydrocar-
bons and quinones, but no indication of the structure of the
radicals was obtained because the EPR spectrum of frozen
radicals has no hyperfine structure?3!.

Some recent attempts have been made to place the elec-
trolytic cell directly in the resonant cavity, thus enabling
the structure and concentration of short-lived radicals to
be studied. This improved technique has made it possible
to demonstrate the presence of ClO4 radicals on the elec-
trode in the electrolysis of 0.1 M solutions of lithium per-
chlorate in acetonitrile 3, and to prove that radical ions
with single negative charges are formed during electrolytic
oxidation of nitrobenzene %, dinitrobenzene3, phenothiaz-
ine 3, p-phenylenediamine?®’, and various aliphatic nitro-
-compounds . In these experiments the hyperfine struc-
ture of the EPR spectra was preserved, and the structure
of the free radicals formed during electrolysis could be
inferred from the results. Thus, it was shown that the
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radical anion {(C,Hy;NO,)" is present in the controlled-poten-
tial electrolytic reduction of nitrobenzene at a mercury
cathode. Radicals of this type, it should be noted, had al-
ready been postulated by Holleck on the basis of his polaro-
graphic work 3,2, ’

The structure (NH,C,H,NH,)", assigned by EPR to the
positive radical ion formed during the controlled-potential
oxidation of p-phenylenediamine at a mercury cathode?’, is
also in full agreement with the conclusions of polarographic
investigations of this compound 38-4°,

3. CLASSIFICATION OF ELECTROCHEMICAL REAC-
TIONS LEADING TO THE FORMATION OF FREE RADI-
CALS '

It has been shown, by the methods discussed in the pre-
vious section, that both anodic and cathodic electrochemical
reactions can give rise to organic free radicals.

a. Anodic Reactions

Discharge of organic anions. The most typi-
cal reactions of this class take place when carboxylic acids
or organometallic compounds are electrolysed. The salts
of organic acids dissociate in aqueous solutions, to which
they impart a high electrical conductivity. The same an-
ions are formed also when these salts are dissolved in
other solvents of high dielectric constant, such as methan-
ol, organic acids, dimethylformamide, acetonitrile, etc.
Electrolysis of these solutions, under suitable conditions,
results in discharge of the anions at the anode with the for-
mation of free radicals*!:

0 0
o/ —e —aRrR-’
R C\O_ e R C\O‘
The free radicals formed by the electrode reaction are
unstable, and usually undergo further decomposition ac-
cording to the equation:

R-c{o s R 4-CO;.
o

The subsequent fate of these radicals is discussed below
(see Section 4).

Solutions of mono- and dithio-acids 43~%%, and also ether
solutions of organomagnesium compounds have a fair
electrical conductivity due to their discociation:

RMgX 2 R™4-MgX+,

Only one anodic process is possible when such a solution
is electrolysed: discharge of the anion and formation of the
free radical R-.

Some other organometallic compounds {e.g. diethylzinc47),
and certain organic compounds containing alkali metals,
show a similar behaviour when their solutions are electro-
lysed. Thus, sodiomalonic ester dissociates in alcoholic
solution according to the equation8:

NaHC (COOR), 32 Na*+HC (COOR),

and the anions can be discharged at the anode, giving the
corresponding free radicals. This electrolysis scheme
(dissociation followed by formation of free radicals) is also
applicable to solutions of alkoxides4® and mercaptides 5°.

Some nitro-compounds form electrically conducting
salts. For example, the dissociation of the potassium salt
of nitroisopropane can be depicted as5':

H,C_ NO, O, -
v C—NO,| +K*.
H,c” MK [Hac/ ’] +

Lastly, we should note that the salts of the oximido-deri-
vatives of malonic acid can be electrolysed. Dissociation
in this case proceeds®? according to:

NaON=C (COOR); ——> Na* - ON=C (COOR);.

Oxidation of neutral organic molecules.
The electrochemical oxidation of alcohols in sulphuric acid
solution %35 is a reaction of this type. An alcohol molecule
loses an electron at the electrode surface:

—e

CH;OH [CH,OHJ* ,
and the resulting cation rapidly attacks water:
[CH,OHJ* + H;0 ——» CH;0" + HyO* .

The methoxy radical now loses a second electron at the
anode:

—¢

CHyO* [CH O},

and the (CH:,O)+ ion gives up a proton to the solvent and is
converted into formaldehyde:

[CH;OJ* 4 H,0 —— HCHO -+ H,0*.

The electrochemical oxidations of aniline5-57, p-phenyl-
enediamine 373940, and also of phenylthiourea®s®, appear to
follow a similar course.

Reaction of an organic compound with an
inorganic free-radical primary anodic pro-
duct. An organic free radical may be formed by a chemi-
cal reaction involving an inorganic free radical:

RH 4 X' — R* + HX,

where X- is an inorganic free radical, formed as a primary
product in an electrode reaction.

If the activity of the inorganic free radicals at the elec-
trode surface is high enough, rapid combination with the R-
radicals will take place:

R+ X ——RX .

This sequence of events is usually termed “anodic sub-
stitution”, and occurs in many electrochemical fluorina-
tions, chlorinations, brominations, iodinations, hydroxyla-
tions, alkoxylations, thiocyanations, etc.%®

The electrochemical chlorination of benzene, involving®°
the following scheme, is a good example of a reaction be-
tween an organic compound and electrolytically generated
inorganic free radicals:

Cl Ci Cl Cl Ct
| | | | ay
@ 2c1- @ 21 Iﬁj *Cl- I —Cl o1 WJ—C‘ e, —Cl
p —Cl -—Cl
/ kl a/ o/ l o/
Cl 1 Cl

Cl
’ 20H. l 20H-
(':l Cl
I N-—Cl HO— —Cl
Cl— (—OH Cl—, | —Cl
C1 ICl

33
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In addition to chlorination, hydroxylation occurs to some
extent. A plausible explanation is an attack on the organic
compound by anodically generated hydroxyl radicals.

Another typical reaction of this type takes place®'~5% be~
tween aromatic compounds and anodically generated thio-
cyanogen radicals. Thus, 4-thiocyanophenol can be ob-
tained from phenol:

OH

oH
|
AN
| + 2CNS* —— | + HCNS
\I
ONs

- Ethylene reacts with the nitrate radicals formed in the
electrolysis of aqueous solutions of nitrates®8:

CH,0NO,
CH,0NO,
IfllHa 2No, /
CH, xo, CH,ONO,
CH,
CH,0NO, CH,

—_——
CH,  dimerisation CH;ONQ,

An interesting reaction has been reported® in the elec-
trolysis of a solution of perchlorate in acetonitrile: the
ClO; radicals, formed at the anode, react with the aceto-
nitrile, giving an organic free radical:

CHyCN + CIO, —— CH,CN + HCIO, .

b. Cathodic Reactions

The following processes can give rise to free radicals at
a cathode.

Discharge of organic cations. For example,
tropyl radicals are formed*® by discharge of tropylium ions:
CH; X, CH,

Free radicals also appear when quaternary ammonium
cations are discharged®®:

ARl
R” R

R R
. N .
+e [R/N\R] ——— NRy+R-.

Fission of a halogen atom from an organic
molecule. Many dehalogenation reactions®~", and
symmetrisations of organometallic compounds, can be
classified here. The symmetrisation process is described
by the following general equations:

RMeX 22y RMe' + HX
2RMe' ——» |R—Me—Me—R] ——— RMeR + Me

Addition of a proton and an electron to
the double bond of an organic compound.
Reactions of this type are fairly common. They can be
visualised as

Ht, e .
A=B—— AH-B .

34

The cathodic reduction of hydrocarbons containing con~
jugated double bonds 7=% 82~  and of many of their deriva-
tives, and also the reduction of carbonyl compounds 4-16,85-88
involve this type of reaction.

4. FREE RADICAL REACTIONS

It is well established that free radicals can undergo the
following reactions in solution 8899,

1. Dimerisation,
two methyl radicals:

For example, ethane is formed from

CHj + +CH, - — CHg.

2. Disproportionation, such as the formation of
ethane and ethylene from ethyl radicals:

GH; + +CHy - — CaHa+-Coly o

3. Addition to unsaturated compounds present
in solution, or reaction with the electrode metal.

4, Solvent interaction. For example, the primary

phenyl radicals, formed in the electrolysis of a solution of
phenylmagnesium bromide in dry ether react with the ether
almost quantitatively.

Some of the most typical examples of these four reac-
tion types will now be discussed.

a. Dimerisation Reactions

Dimerisation is by far the commonest reaction of elec-
trolytically generated free radicals.

Anodic dimerisation. Nearly all cases of anodic
dimerisation involve free radicals produced by the dis~
charge of organic anions.

Aliphatic hydrocarbon radicals which appear when the
salts of carboxylic acids or organometallic compounds are
electrolysed invariably show some tendency to dimerise.

The dimerisation of hydrocarbon radicals formed during
electrolysis of carboxylates is generally known as Kolbe's
electrosynthesis, and is usually represented as:

2€,H,,,C00- ——+ 2C,H,,, COO —— 2C,H,, , - +2C0;.
Cann+1_CuHan+l

Practically all aliphatic acids with a normal carbon chain,
and many of their derivatives such as the mono-esters of
dicarboxylic acids, undergo the Kolbe reaction®92;

o /o o /o
2 %(cn,)nc — %(CH,)MC +2C0,
% /
RO o RO OR,

A recent review*! deals exhaustively with the dimerisa~
tion of radicals formed in the electrolysis of carboxylic
acids and their derivatives.

It was long believed that aromatic acids do not give
dimeric products at the anode. = Fichter ®® showed,
however, that electrolysis of a solution of benzoic acid in
pyridine yields biphenyl:

2CHCOO- — CyHyCoHy+2C0s-
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If, instead of benzoic acid, a solution of phenylacetic acid
in pyridine is electrolysed, the yield of dibenzyl by the re-
action

—3e
2C,H;CHyCO0 —— C,HsCH,CH.CeHy4-2CO;,

is 50% of theoretical. This is due to the relatively high
stability of the benzyl radical CgH,CH;, which favours
dimerisation. Similar results are obtained when 3-phenyl-
propionic acid is electrolysed. Electrolysis of a solution
of indane-2-carboxylic acid in methanol gives a low yield of

2, 2'-bi-indanyl at the anode %
/CH,-—
\CH,——I l .
4

N\ —CH, —2e {N—CH
2 E ™ oo = L Tawene

J—Ch CH,
Dimerisation of hydrocarbon radicals has been observed in

the electrolysis of n-butyl-, isobutyl-, and n-hexylmagnes-
ium bromides %.

The free radicals formed from anodically discharged
xanthate anions undergo interesting dimerisation reactions
at the anode. Thus, potassium methylxanthate reacts to
give dimethylxanthogen:

2CH,0C55~ % CH,0CSSSSCOCH .
Other xanthogenates show an analogous behaviour.
Thioacetic acid gives diacetyl disulphide on electroly-
sis4?:
00

O - Il Il
¢/ % CHLCSSCCH;,
\S_

whilst sodium ethyl-, methyl-, and phenyl-mercaptides
undergo a similar reaction*Z;

2CH,-

2CHS- T CHSSCH,,
giving the disulphide.

Electrolysis of dimethyldithiocarbamate produces some
tetramethylthiuram disulphide °:

s s s
2(CH:,),N—C<S_ . (cHyNCssON(CHY),,

Zelinskii and Shilov5! obtained some interesting results
by electrolysing a concentrated aqueous solution of the
potassium salt of nitroisopropane, K[(CH,),CNO,], and
showed that a dimeric product is formed at the anode:

s HC CH
o N/
H | I\CH, .

20N
HC” |
NO

The radicals formed in solution during electrolysis of
sodiomalonic ester dimerise to give tetracarboxylic acid
derivatives:

2HC(COOR)y — (ROOC); CH—CH(COOR);.

Oximido-derivatives of malonic acid undergo a similar re-
action®2:

ON—C(COOR)y

20N—C(COOR), — .
CCOOR), ON—C(COOR),

Dimerisation processes are observed during electrolytic
oxidation of several amines, e.g. aniline®~%", Thus, elec-
trolysis of an aqueous solution of aniline hydrochloride or
sulphate with a platinum anode affords p-aminodiphenyl-
amine. It seems probable that C;H,NH- radicals are
formed initially at the anode, and that these subsequently

react with the benzene ring, abstracting a hydrogen atom
from the para-position:

CHNH-4& /\—NH,, - c.H,NH.+-</= /\—NH,.

The free radicals formed by this process can now react
with the primary radicals:

& S NH4+d D>-NH,+ ¢ S-NH-L __D—NH,.
The reactions of dimethyl- and diethyl-aniline are particu-
larly interesting®»®®. They produce N,N,N’,N'-tetra-

alkylbenzidines, suggesting direct combination of two radi-
cals:

RN—" D+ L DNR: = RN~ S-NR),

where R = CH; or C,H,.

Some curious phenomena have been observed?®® in the
electrochemical oxidation of hydrochloric acid solutions of
phenylthiourea. It would seem that the primary process is
the formation of the free radical CBH5NH—('?|-NH-, and

S
that the anodic reaction follows the scheme suggested by
Khomutov®. This is followed by a redistribution of elec-
trons within the molecule, the unpaired electron being
transferred to the sulphur atom with formation of the free

. H,NH . . . .
radical Co NH = C—S", This radical can now dimerise
NHNH
C,H,,NH s [
S C¢H;NHCSSCNHCH,

forming phenylformamidine disulphide. Electrolysis of
thiourea, symmetrical diethylthiourea, and allylthiourea
gives analogous results %8,

Lastly, we can distinguish a class of dimerisation pro-
cesses in which the organic radicals are apparently formed
by reaction with inorganic radicals, produced at the anode
as the primary product. Reactions of this type usually in-
volve the hydroxyl radical, as shown in the following list of
examples.

Oxidation of 2,4-dimethylphenol gave a derivative of
biphenyl9°:

C‘Ha Hy CHy
20H~; —a2¢
2 () N r) 42H,0.
HC/ Y Ha
OH

1-Methylnaphthalene undergoes a similar reaction at the

anode 1%;
\ \l - ' A
CH, CH,

CH,
Also interesting are the dimerisation of acetylacetone 48:

CH,CO. +OH~: s CH5CO COCH,
2 NeH, 2y NcH.cud + 2H,0,
cHeco” CH,c0” \COCH, ¥
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and of dimethylethynylcarbinol 0.

CH,
HC 100 —se  H;C
2’ >C0H~CECH e >C(OH)C=—=CCEL/COH -+ 2H,0.
H,C HiC New
'3

Other reactions of this type include the synthesis of
dithymol by oxidation of thymol at a lead dioxide anode *®:

(iH,, CH,
2HO— /j sOH- —1¢ HO ‘<=‘—‘\__\/ ‘—/\—OH + 2H,0,
] ]
\ N
1€ CH, H,( CH, Hy \CHs

and the synthesis of 1, 1’ -dinaphthol by the oxidation of
1-naphthol under similar conditions !%:
OH OH

=)0

Dimers of the same type are formed, by anodic dehy-
drogenation, in the electrolysis of several other organic.
compounds, e.g. m-cresyl methyl ether'®, p-cresyl
methyl ether'®, veratrole'®, guaiacol?®, and a mono-
ether of resorcinol *®.

An interesting anodic dimerisation is observed®’ during
electrolysis of a solution of potassium perchlorate in aceto-~
nitrile, the perchlorate radical (formed as a primary pro-
duct) reacting with the organic solvent. The resulting
organic radicals dimerise to form succinonitrile:

2CH,CN — CNCH,CH,CN.

Cathodic dimerisation. Some instances of the
formation of dimers from cathodically generated radicals
will now be discussed.

The tropyl radical, which appears at the cathode when
tropylium ions are discharged, dimerises to bitropyl!®:
2C;Hy—— CiH,C;Hy.
Dimerisation processes sometimes occur in the elec-
trolysis of quaternary ammonium ions. Thus, electroly-

sis of methylquinolinium iodide gives a low yield of the
dimer 1%:

/\/ S N
T N ScH—cH __ DNGH,
en,

and a similar reaction takes place in the electrolysis of
ethylquinolinium iodide.

Like these typical dimerisations of organic cations,
dimerisation processes involving cathodic dehalogenation
via a free radical intermediate have not been studied sys-
tematically. The following are a few examples of this type
of reaction.

1. Electrolytic dehalogenation of ethyl iodide produces
butane °:

+2¢, 2H+
2CH,CH,l —— CHCH,CH,CH; + 2HL.
2. Dehalogenation of 1,1, 1-trichloro-2, 2-diphenylethane

and of some of its derivatives containing substituents in the
benzene ringaffords a good yield of acetylene derivatives 70=:

+6e. eHt
2(Ar)yCHCCly ——— (Ar);CHC=CCH(Ar)y+6HCI.
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3. Symmetrisation of organometallic compounds can also
be regarded as a dimerisation process. The reaction has
been studied with organic compounds of mercury ™77,

tin ", lead"®°, and arsenic®l.

The cathodic reduction of multiple bonds has been the
object of more detailed studies. Following the suggestion
of Knunyants !, reduction of an organic compound accom-
panied by simultaneous dimerisation is usually called
hydrodimerisation.

Hydrodimerisation processes can be carried out by
purely chemical means (using various reducing agents) or
by cathodic reduction. The following classes of compounds
undergo hydrodimerisation: unsaturated and aromatic
hydrocarbons, ketones, aldehydes, and compounds con-
taining conjugated double bonds, such as 1, 2-unsaturated
aldehydes, ketones, carboxylic acids, and nitriles. These
unsaturated compounds frequently yield unsymmetrical
derivatives as well as symmetrical hydrodimers.

We shall now discuss the hydrodimerisation of different
classes of organic compounds.

1. Hydrodimerisation at a C—H bond. Unsatu-
rated aliphatic hydrocarbons can be converted into their
hydrodimers by chemical hydrogenation!”, but little is
known about their hydrodimerisation by electrolytic reduc-
tion.

The preparation of the hydrodimers of acyclic aliphatic
hydrocarbons by electrolysis has not yet beenaccomplished,
probably because isolated double bonds are relatively inac~
tive and not easily reduced at a cathode. When conjugation
is present, however, double bonds become much more re-
active, and hydrodimerisation by electrolytic reduction is
possible with heterocyclic and aromatic compounds, and
with 1,2-unsaturated aldehydes, acids, ketones, and
nitriles.

For example, coumarone forms a hydrodimer when re-
duced electrolytically at a mercury cathode %®:

"—_CH 3w, aH l_—fﬂ"?ﬂ
o~ €/ '

and coumarin undergoes a similar hydrodimerisation 1%®: {

0, =000 L0,

From pyridine, 2,2’- and 4, 4’-bipiperidyl can be isol-
ated 110,111:
9 — =N N -

The formation of dimeric and trimeric reduction products
has been observed in the electrolytic reduction of quinol-
ine 1*3113 quinaldine 14-118  and lepidine 1177120,

1 But see R.Patzak and L.Neugebauer, Monatsh.,
(1951) (Ed. of Translation).

82, 662
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Dimeric products have been reported also from the re-
duction of 1, 2-diphenylethylene (stilbene) at a mercury
cathode ":

+1e, s+ CH;~—CH—CH—CH,

2C¢H,CH=CHC,H; | | [
Gy GH, CHy GH,

The formation of dimers by electrolytic reduction of
crotonaldehyde, acrolein, and mesityl oxide has been ex-
plained !2'~127 by the following scheme:

WRC=CH—C—Ry

//':iﬁ‘:_lo\
R;

>C-—CH—'C R \Cch C —Ra

| o - |
R, o™ _@
N >T—CH=(;—K, e Ht \C=CH —Rg
2
R
SC—CcH=C—R, oH R‘\c:cu— ~R
Ry { Risy ! R,” 3
y o oSG Ry R "
o R oH
I 1N,
\C—CH,—C—R, R /—cr{,-g - Ry
Ry K
—C
R1>0——CH <R3 R1>C=CH_C<(;
R l R, 1
———CH, ——Ch,
R l ! R R T ?
R <2H R C———CH\ H
RN y ? R R,

In this reaction cyclic derivatives of cyclopentane and
furan are formed as well as linear dimers.

Methyl styryl ketone can give two hydrodimers by elec-
trolytic reduction 28;

[¢]
]
C4HCHCH,CCH,

CeH,CHCH.CCH,
seaH+ [}
2CH;CH=CHCCH, o
I OH
0 |
C¢H:CH=CHCCH,
CoH,CH=CHCCH,
{
OH

Three different dimers have been isolated from the
cathodic hydrodimerisation of sorbic acid !°:

2 CHy—~CH=CH—CH=CH—COOH

+2e,2H7T
H

CH,CH=CH~C—CH;—COOH

-

CH,CH~CH,CH=CH—COOH
.

CHy—CH=CH=—CH—CH,—COOH l
CH3CH=CH—C—CH,—COOH
b B
CH,CH=CH—C—CH,—COOH
CH;CH:CH-—(}:—CH,.*COOH
H

CH3CH—CH;—CH=CHCOOH
CH3CH—CH,—CH=CHCOOH

The reduction of vinylacrylic acid follows exactly the same
path 139131,

Electrolytic reduction of cinnamic acid gave the iso-
meric 8,y-diphenyladipic acids and other similar products,
among which a keto-acid was isolated and identified 132~34;

H1el? | H,CHCH,COOH

CH;CHCH,COOH
C4H,CHCH,COOH
CHyCH,CH,CO

2CHyCH=CHCOOH—

Adiponitrile can be prepared by the hydrodimerisation
of acrylonitrile:

2CHy=CHEN 2 ™ N CCH,CH,LCHLCHLCN.
Some a, B-unsaturated nitriles, such as
C¢HyCH=CHCN,
CH;CH=CHCN,
(CHz){C=CHCN, etc.,

undergo an analogous dimerisation, induced by the develop-
ment of a free valency at the g-carbon atom 135,

2. Hydrodimerisation at a >C=0 bond. The
hydrodimerisation of aldehydes has been demonstrated in a
number of interesting systems.

Electrolytic reduction of acetaldehyde in an alkaline
medium produces 2, 3-butylene glycol 138:
0

+ae.aH+
2CH3-c< _’“_.cu,clu—cucn,
H OH OH

Octanal gives rise to hexadecan-7, 8-diol at a mercury
cathode 137

OH OH
+s¢,2HY
2CH, (CH,)yCHO ————+ CH, (CH,),- CH—CH (CH,)CHj .

Tartaric acid has been prepared in good yield from glyoxy-
lic acid 1%8,139;

+-2¢,3H+
2HOOCCHO

HOOCCH (OH) CH (OH) COOH.

Benzaldehyde and many of its ring-substituted deriva-
tives are reduced to hydrobenzoins 14941,

2G,H,CHO & C4H,CH (OH) CH (OH) CH;.

Derivatives of benzaldehyde with a carboxylic group in
the ortho -position undergo a distinctive type of electrolytic
reduction. Thus, two isomeric biphthalidyls 42 are formed
from salicylic acid [sic. o-formylbenzoic acid (Ed. of

Translation)]:
co coy
AN /
} /0 o\ +2H,0,
NCH ————cH”/

5 i —COOH 41¢,3H+
—CHO

whilst electrolytic reduction of opianic acid follows a
similar path, with formation of isomeric bimeconinyls 14;

OCH, OCH,4
CH0—¢ \—COOH freae CH,0— / AN C0\ _OCH,.
z | —CHO I O \ “
H

Furfural gives a high yield of hydrofuroin 143:

CH——»CS CH=CH CH /CH
2 o e, gH* l \0 \
=C)
1H=C/ _c< C=CH
\cHo lc (H
OH OH
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Ketones, like aldehydes, can undergo cathodic hydro-

dimerisation. Pinacone (tetramethylglycol) is obtained in
good yield from acetone 144-165;
H,C HiC CH
2 '>Co+u.ﬂ-l+ a\c_.-._—c< !.
HyC B g dy CHs

1, 2-Diethyl-1, 2-dimethylglycol can be prepared by elec-
trolytic reduction of ethyl methyl ketone 5:

H'C\co LN A
O 5K
HG CASIN I

The reduction of cyclopentanone follows a rather unusual
path, giving the dimer cyclopentylidenecyclopentanone 2:

CH,—Cl +1eaHt  CH,—CH CO—CH,
) H'\CO_—" | ) 8>C= / 3
Hy—CH,” CH,—CHjy CHy—CH, ,
and also some more complex products with up to four mole-
cules of cyclopentanone 8%,

L-Menthone is converted into the corresponding pina-
cone 167,168,

CH, CHy - CH,
& n du
T
H, CO CH, C(OH)—— C(OH) CH,
i R o
& du d
cﬁ,\ CH, cﬁ;\ CH, cﬁ,\ CH,
and pulegone undergoes a similar reduction 5:
CH, CH, CH,
du du du
CH,/ }:H, e, cn,/ \CH, CH,/ \CH,
CHy CO (IZH, C(OH) —— L!.(OH) c';H,
. \C c
CHy——CHy CHa—léZ—CH. CH,—‘(l:—CH,

A hydrodimer of santonin has been prepared by electro-
lytic reduction 168,170

CH, CH, CH,
d CH, cHy ¢ C CH,
of \CH/\CH, Freamy crﬁ A Senof \CH,
o 4 b &Lt b
\c/ o en.cn cHycH—cH NN “Hen,
&y, —_do dod én, Ly, do

Hydrodimerisation can also be carried out with hetero-
cyclic ketones. This has been demonstrated !”! in the case

of acetylpyridine:
—C—CH, K J—c—é
NS N dn du

Aromatic ketones, however, have amuch higher tendency
to form dimeric products. Acetophenone, for example,
can be reduced to diphenyldimethylglycol almost quantita-
tively 149172

2“"’\ $reaHr “’C\c c/c“'
/ e’ 1 [ \CH,,
H,Ce 1Ce OH H

38

and benzophenone readily gives benzopinacone 145:169, 172,178,

HSCO\ + cht\ /C'Hl
2 o hM C (OH) —C (OH .
H,C./ H,C./ (OH) —C( )\C.H,.

Some derivatives of benzophenone (hydroxybenzophenone,
phenyl tolyl ketone, and 2, 4-dimethylbenzophenone) show
the same behaviour under conditions of cathodic reduc-
tions 45,17, Benzoin forms 1, 2, 3, 4-tetraphenylerythritol 1%

CqHy-CH (OH)-C (OH) CH,
CHy-CH (OH)-C (OH) CH, .

+2¢,3H+
2C,H,-CH (OH)-CO-GHy s

The same product was obtained by electrolytic reduction of
benzil 149

+1e,8H+

C{HyCH (OH) C (OH) C,H,
2C,H;COCOC,Hy

CgH;CH (OH) C (OH) C,H; ,

and an analogous hydrodimer was isolated from the acyloin
of cumene 14%;

OH
CsH:CH,CH (OH)": CeHGH,

G3H,C{HCH (OH) (l}C.H.C,H-,
OH

+3e,9H+
2(CH;),CHC,H,CH (OH) COC,H,CH (CHy)s

b. Disproportionation Reactions

Disproportionation reactions are one of the less fre-
quently observed types of free radical reaction in the
electrolysis of organic compounds.

Salts of saturated aliphatic acids give unsaturated hydro-
carbons by disproportionation. Thus, the propyl radicals
formed during electrolysis of butyric acid can dispropor-
tionate ™ to propylene and propane:

2CHCH,CH;* — CHyCH=CH, + CH,CH,CH.

Ethyl radicals from propionic acid form ethylene and
ethane 8%

2CH,CH,' —= CH,=CHj 4 CH,CH,.

A similar explanation probably applies to the formation
of unsaturated hydrocarbons by the electrolysis of isobuty-
ric 8l valeric '®2, and various other acids 83,

The hydrocarbon radicals formed during electrolysis of
aliphatic organomagnesium compounds also show a tendency
to disproportionate!®, Propane and propylene are pro-
duced by disproportionation during the electrolysis of
n-propylmagnesium, and t-butylmagnesium bromide yields
isobutane and isobutylene .

The methoxy-radicals resulting from the discharge of
methoxyl ions in the electrolysis of methanolic solutions of
sodium methoxide disproportionate to formaldehyde and
methanol 4°;

2CH,0" — CH;0+CH,0H.

c. Reactions with the Electrode Metal

When organic substances are electrolysed, the electrode
is sometimes attacked with formation of organometallic
compounds. Reactions of this type appear to be confined
almost exclusively to systems in which an aldehyde or
ketone is electrolytically reduced at a lead or mercury
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cathode. For example, diisopropylmercury has been pre-
pared by electrolysis of acetone with a mercury cathode '#3,
and diisobutylmercury and dimenthylmercury have been ob-
tained by a similar reaction from ethyl methyl ketone %
and menthol ®7 respectively. At a lead cathode, acetone
forms a mixture of diisopropyl- and tetraisopropyl-lead;
ethyl methyl ketone forms tetrabutyllead, and diethyl ket-
one forms tetrapentyllead 1885189,

Organomercury compounds have been isolated and identi-
fied when the following ketones are reduced in a sulphuric
acid medium: phenylacetone, cyclohexanone, cyclopenta-
none, 2-, 3-, and 4-methylcyclohexanones!®, Organolead
compounds have been isolated from the electrolysis of
various aldehydes 67,191, but not characterised. Electro-
lysis of aqueous alkaline solutions of acrylonitrile, with a
tin cathode, has yielded'tetra-(2-cyano-ethyl)-stannane 192,

Processes of this type may be explained by assuming
that the primary electrode process forms active free radi-
cals which spontaneously react with the cathode material to
form organometallic compounds. For example, the forma-
tion of di-isopropylmercury by reduction of acetone at a
mercury cathode can be represented by the reaction series:

HyC
H,c>c=o

Similar equations can be written for the other reactions
listed above.

We should stress, perhaps, that the formation of organo-
metallic compounds has been observed only with substances
capable of giving hydrodimers on electrolytic reduction.
This is further proof that the two processes are similar in
that as they stem from the reactivity of the resulting free
radicals.

seaH+ Hy
—_

C\. HJC\. ch\ CH,
CH--HO; 2 CH+Hg — CH—Hg—CH{  °.
e/ T e/ DtHE £ e,

Organometallic compounds have also been reported 8
among the products of the electrolytic reduction of alkyl
halides at a lead cathode. The first stage of this reaction
is obviously the formation of a free radical, by reduction
of the alkyl halide, which then reacts with the cathode
material.

Organometallic compounds have also been detected in
some anodic processes. When solutions of organometallic
compounds are electrolysed, the anode material is some-
times attacked by the free radicals formed at the anode,
resulting in metal exchange as the overall reaction. For
example, if diethylzinc (containing ethylsodium) is electro-
lysed with a lead anode some tetraethyllead is formed %4,

A recently patented %519 method of preparation of tetra-
ethyllead involves electrolysis of a triethylaluminium com-
plex salt solution with a lead anode; metallic aluminium is
deposited on the cathode.

Similarly, many alkyls of the alkali and alkaline earth
metals, of gallium, indium, thallium, silicon, germanium,
tin, and lead have been prepared !*® by the electrolysis of a
mixture of diethylzinc and triethylaluminium containing
lithium and sodium chloride (or fluoride). The preparation
of organolead compounds by electrolysis of a solution of a
Grignard reagent, using a lead anode, has been des-
cribed 200,201,

The formation of alkoxides during electrolysis of alco-
holic solutions can also be mentioned here. When a solu-
tion of sodium methoxide in methanol is electrolysed with
a magnesium or copper anode, magnesium or copper meth-
oxide is formed?®, Clearly, the anode material is attacked
by the methoxy-radicals produced at the anode.

d. Interactions with the Solvent

Free radicals can sometimes react with the solvent.
The most detailed studies of reactions of this type have
been concerned with the electrolysis of organomagnesium
compounds. Thus, the methyl radicals formed anodically
by the discharge of complex ions during electrolysis of
methylmagnesium iodide in di-n-butyl ether undergo the
following series of reactions 2®=2%;

CH, + 1-CHiOCH,CHyCHyCHy —» CH, + n-CiHyOCHCH,CH,CH,

in which a hydrogen atom is abstracted from ana-carbon
atom of the ether by a methyl radical, the resulting radical
undergoing further transformations:
7-CH,OCHCH,CH,CH, - n-C,H; + CH,CH,CH,CHO
CH:Mgl

CeHg+ CiHyo CH,CH,CH,CHCH,

H

If the methyl radical abstracts a hydrogen atom from
the g-position, the reaction follows a different path:

CH, + #-C HyCCHyCH,CHyCH, — CH, -+ n-C;H,0CH,CHCH,CH, ,
1-CH;OCH,CHCH,CH; — n-CH,0" 4 CH,=CHCH,CH, .
Mgl

n-CH,OMgl — n-C,HyOH

The propylradical formed during electrolysis of propyl-
magnesium bromide in diethyl ether reacts as follows:

C;Hy' + CHyOC;Hy — CsHy+ CHiCHOGH,,

forming propane and a new free radical by solvent interac-
tion. The new radical undergoes further decomposition,
of which the final products are pentan-2-o0l and an ethyl
radical:

CH,CHOC,H; —> CH,;CHO +C,H;
lc.n.msr

CH,CHOH
H,

Further examples are provided by the reactions of
phenyl and benzoyl radicals. Electrolysis of phenylmag-
nesium bromide in dry diethyl ether produces mainly ben-
zene, styrene, ethane, ethylene, and other products ?®,
and only traces of biphenyl. The reaction scheme is
probably as follows:

CHyMeBr — CH; + MgBr*,
CeHy* + CH;CH,0C,H; — CoH, + CH,FO_C,H, ,
H
CH{CHOC,H, — CH,;CHO + GH; ,
2GHy — CgH, + GoH,,

o} /H
" -+ C¢HsMgBr - CHyC—~OMgBr,

CH,-C
| Nen,

N\

/H
CeHy;CH=CH,; ——— CH,CZ-OH .
NGH,

39
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The free alkyl radicals formed in the electrolysis of
pyridine solutions of salts of carboxylic acids also attack

the solvent:
A0
o8 I
‘ \O —‘“)

Reactions of this type have been observed during electroly-
sis of propionates and butyrates? and of benzoates %3,

The methyl radicals formed by electrolysis of sodium
acetate can react with trinitrotoluene 27

NO,

|
\ ( —CH,
i +CH,.
o,N/ \No o )‘No

The phenyl radlcal is so reactive that it can remove
hydrogen from water and from organic solvents. As a
consequence, aromatic acids do not undergo the Kolbe syn-
thesis 2%,

This review of the reactivity of the free radicals formed
during electrolysis of organic compounds indicates that a
great variety of low-molecular-weight products can be ex-
pected, and that the path taken by the reaction is controlled
by various factors, such as the nature of the radical and of
the solvent, the electrode material, and the current density.
Unfortunately, the data so far available do not allow us to
establish firm relationships between all these factors. Of
the few published papers which have dealt with the subject,
those discussing the electrolysis of organomagnesium com-
pounds have arrived at the most interesting general con-
clusions.

The free radicals formed in the electrolysis of organo-
magnesium compounds behave like typical alkyl radicals:
they can react with the solvent, dimerise, or disproportion-
ate. The three possibilities are summarised in the follow-
ing reaction scheme, which applies to the free radicals
formed at the anode when a diethyl ether solution of an or-
ganometallic compound is electrolysed:

(2
Q\ PN
[ o\" “cg
e

RH + H3C(CH4CH,0)CH « R(+H) + R{—H)

- ©
dimerisation *
Q
;.
¥
Qo
>
S
~
A~
s
2
§
o I
S

o
|
E)

2R(—H) + H,

In practice which reaction predominates is determined
largely by the nature of the radical itself.

Some general conclusions concerning the behaviour of
alkyl radicals can be made from a study of the relative
amounts of the three types of product obtained when dif-
ferent organomagnesium compounds are electrolysed.
These are summarised below.

Methyl radicals are the most reactive, and tend to re-
act preferentially with the solvent. The ethyl radicals ob-
tained from the electrolysis of organomagnesium compounds
are somewhat less reactive, and undergo a characteristic,
nearly quantitative disproportionation. Propyl radicals,
on the other hand, tend to dimerise, and undergo solvent
interactions and dlS proportionation only toa minor extent 184

40

n-Butyl, isobutyl, and n-hexyl radicals dimerise almost
quantitatively 2%, Thus, the stability (and tendency to
dimerise) of alkyl radicals is seen to increase with chain
length, while disproportionation and reaction with the sol-
vent become progressively less favoured.

We have seen that the phenyl radical is very reactive,
and tends to attack the solvent rapidly. The benzyl radical
C¢H;CH;, on the other hand, is relatively stable and readily
gives dimerisation products. The inertness of the benzyl
radical stems (quoting Semenov) from the fact that “when a
new bond is formed in a reaction of the type:

CeHsCHp+ RH—CeHsCH3+ R,

the electron from the benzyl radical has to be extracted,
loosely speaking, from the conjugated system of the ben-
zene ring which in this case behaves very much like a
'negative' substituent. This effect decreases the bond energy
and correspondingly increases the activation energy” 20,

The remaining type of free radical process observed in
the electrolysis of organic compounds (initiation of poly-
merisation processes) will be considered in the following
section.

e. Initiation of Polymerisation Processes

We have already stated that electrolytically generated
free radicals can interact with unsaturated compounds pre-
sent in solution to give various addition products. Under
certain conditions this can lead to chain polymerisation,
with formation of macromolecular products.

Processes of this type have only recently been dis-
covered, and their study has been confined to relatively
few systems. Nevertheless, it is already well established
that macromolecular products can be formed by electroly-
sis of the appropriate monomers at current densities of the
order of 10-4~10-3 A cm~2. At higher current densities
the process stops at the dimer or trimer stage. The use
of non-aqueous solvents and a high monomer concentration
favours polymerisation.

We shall now discuss some electrode reactions which
have led to the formation of macromolecular products.

The radicals formed at the anode in the electrolysis of
potassium propionate or acetate (dissolved, respectively,
in anhydrous propionic or acetic acid) can initiate the
polymerisation of styrene®., A similar effect is shown by
the radicals formed in the electrolysis of a solution of
potassium iodide in anhydrous pyridine 23!,

Polymerisation of acrylonitrile can be initiated by
cathodically generated radicals when an aqueous solution of
a ferric salt and hydrogen peroxide is electrolysed?!?, and
also in aqueous hydrochloric acid electrolysed with a
cathode of high hydrogen overpotential 23,

Acrylonitrile in aqueous solution is not polymerised by
sodium amalgam, but in dry dimethylformamide polymeric
products of molecular weight between 4100 and 5430 are
formed 24,

Methyl methacrylate polymerises fairly readily at a
cathode 214,215 giving a polymer of molecular weight pro-
portional to the hydrogen overpotential of the cathode.

Although the number of publications dealing with the
electrochemical initiation of polymerisation is quite con-
siderable 2*¢, most of these fail to comment on the mechan-
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ism of the relevant electrode processes. The first serious
study of cathodic processes in the electrochemically initia-
ted polymerisation of methyl methacrylate was published by
Fedorova et al.?'”, who used polarography as well as isola-
tion of the products formed at a large-area cathode. They
initiated the polymerisation of methyl methacrylate by re-
ducing oxygen at a dropping mercury electrode, and showed
that the effect of oxygen on the reaction under study is two-
fold, both inhibition and initiation of the polymerisation pro-
cess being attributable to the oxygen present in solution.
The initiation reaction seems to involve the HO, radicals
formed at the cathode by the reduction of oxygen:

Oyt-e+H* —» HO;.

No initiation was observed in carefully deoxygenated
solutions.

The polymerisation products were also allowed to accu-
mulate for extended periods, so that their molecular weight
could be ascertained. These experiments were carried out
at constant cathode potential and constant concentration of
methyl methacrylate. The molecular weight, deduced from
viscosity measurements on benzene solutions of the poly-
mer, was found to be 2.5~3 X 10°. The authors believe
that the polymerisation of methyl methacrylate under their
experimental conditions proves that free radical inter-
mediates are present in the electrolytic reduction of oxy-
gen.

The F- radical, which appears at the anode when anhy -
drous hydrogen fluoride is electrolysed, can initiate the
polymerisation of chlorotrifluoroethylene 214, Similarly,
tetrafluoroethylene polymerises under the influence of the
radicals generated by the electrolysis of trifluoroacetic
acid 2,

5. BEHAVIOUR OF FREE RADICALS FORMED DURING
ELECTROLYSIS

Free radicals formed by electrolysis can differ in their
behaviour and properties from the same free radicals pre-
pared by other methods.

This phenomenon must be due to some specific feature
of electrochemical reactions, such as the fact that the re-
action occurs exclusively at the electrode surface. It
follows that high concentrations of free radicals can be ex-
pected to arise at the surface of the electrode and in a thin
layer of solution immediately adjacent to it: this favours
reaction of the resulting free radicals with each other and
with the electrode material rather than with the organic
molecules in the bulk of the solution. The high concentra-
tion of electrolytically formed free radicals in a limited
volume of the solution and their short lifetime (due to di-
merisation) account for the electrochemical initiation of
polymerisation only being possible under a narrow range of
conditions.

The peculiarities of electrolytic free radicals can be
studied by subjecting differently prepared free radicals to
various reactions and comparing their behaviour. Some
examples are given below.

A detailed free radical mechanism has been proposed
for the processes occurring when potassium propionate
solutions in anhydrous propionic acid are electrolysed ?2°,
and for the decomposition of propionyl peroxide.

When propionic acid is electrolysed with a platinum
anode, propionate ions are discharged and free radicals
are formed:

—2e
2C,H;C00- ——» 2C,H,CO0" +

The decomposition of propionyl peroxide produces the
same free radicals:

[CHsCOO], ~ 2C,H,COO0 .«

The C,H;COO- radicals, whether chemically or electro-
chemically prepared, react further to give the same pro-
ducts but in different proportions (see below).

2C,H;CO0™ ~2¢ {c.Hsc00],
electrolysis peroxide
decomposition
2C3H;CO0

1) {1y)

CyH3COO0+ + CyHye —=

2C3HCO" + O, ay
L ———= C,HsCO0C,Hs

~

CaH. Hse + CO
C3HsCOC,Hy CyHs [ 2CHg + CO,

+
)

CaHs + CoHe CiHio 2 « CHy—CH,COOH + CsHs
GJ XY
3 l(xu l +CoMy
pof
=]
(X Ha
CHy—CH—COOH + CoHy e EH’
0 s HC—COOH  (CHy)s
WY (1X}) | + CoHye
H (CHz)a OOH
CH;—C —COOH CHJ—EH——-COOH COOH
CHy—~C—COOH 2Hs
rxvnl+ CaHse (XIV) | + CoHse
cw;:iu—com “CH;—GH—COOH + Cath
CHy—( —COOH CaHy
(xvml + CHy~CHCOOH (xwl + CoHse
CH;—CH—COOH

CattsCHy—CH—COOH
CHy—C— COOH CyHy

CHy—CH—COOH

Reactions (I) and (IV), giving diethyl ketone and ethyl
propionate respectively, need no comment.

The disproportionation reaction (V) produces ethane and
ethylene, whilst thedimerisation reaction (VI) yields butane.
All the other products stem from reactions between ethyl
radicals and propionic acid in which a hydrogen atom is
removed from the a- or from the g-carbon atom of the
acid, reactions (VII) and (X) respectively. New free radi-
cals are thus produced, and these react together (XIII),
forming methylglutaric acid, or with more ethyl radicals,
forming ethylmethylacetic (IX) and butyric acid (XII). The
dimerisation reaction (VIII) produces dimethylsuccinic acid
which, like ethylmethylacetic acid, undergoes further reac-
tion with ethyl radicals (XIV) and (XVI). The final products
are tribasic acids, resulting from the reaction (XVII) be-
tween dimethylsuccinic acid and the free radical of reac~
tion (VII). All the other products are also formed by free
radicalreactions. Thus the mechanism put forward by these
authors 220 gatisfactorily explains the formation of all the
products.

The yield of butane, by reaction (VI), is 15.8% by elec-
trolysis and only 6.9% when the peroxide is decomposed.
This is further confirmation that electrolysis favours di-
merisation as a result of the high concentration of C,Hg
radicals at the electrode surface. For the same reason,
the yield of ethylene is higher (5.6%) in the electrolytic
than in the decomposition reaction (3.0%): disproportiona-
tion is more effective under electrolysis conditions.
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An even more striking illustration of the abnormal be-
haviour of electrolytically generated free radicals is pro-
vided by comparative studies of the electrolysis of pyridine
solutions of acetic, propionic, and butyric acid and of the
decomposition, in pyridine, of the corresponding perox-
ides 2!, The reactions can be summarised as follows:

N Re
el v

deq,
{RCOQ)2 °rnposj, ion
2RCOO*.

a8 c, o R
TN A A
RCOO™ ~2¢ | — |
N k\)

R—R =—— 2Re + 2CO,

Electrolysis gives mainly hydrocarbons (by the dimerisa-
tion of alkyl radicals), with traces of alkylpyridines. De-
composition of the peroxides, on the other hand, produces
alkylpyridines in yields of 84—8'%.

To quote one final example of the unusual behaviour of
electrolytic free radicals, Lindsey and Peterson?® have
made a study of the electrolysis of alcoholic solutions of
potassium acetate and 1, 3-butadiene, acidifed with acetic
acid. Among the electrolysis products some dimers were
detected which must have arisen from the following reac-
tions:

—2e
2CHZCO0- ——— 2CH,CO0",
2CH,COO" - 2CHy $-2C0,.

Even in the absence of butadiene the methyl radicals pro~
duced by electrolysis can recombine to give ethane:

2CH; —» C,H,.

Some of the methyl radicals, however, reacted with the
butadiene, giving products of two types:

2CH, 4 2CH,=CHCH=CH, - 2CH;CH,CH=CHCH;, -
— CHyCH,CH=CHCH,CH,CH =CHCH,CH, (deca-3,7-dienc),
2CH,+CHy=CHCH=CH, —» CH;CH,CH=CHCH,CH, (hex-3-ene).

Analysis of the products showed that in this reaction only
some 30 to 50% of the methyl radicals react with butadiene,
the remainder recombining to give ethane.

Goffman and Jenner, on the other hand, had shown 2??
that the dimerisation of butadiene in the presence of
hydroxyl free radicals generated by Fenton's reagent pro-
duces exclusively C,,~dienes: neither ethane nor hex-3-ene
were detected among the products. Lindsey and Peterson?
explain this difference by pointing to the large excess of
free radicals (as compared with butadiene) which may exist
at the electrode surface, thus greatly increasing the proba-
bility of radical—radical reactions.
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