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Preface to the Series on Electrochemistry

The scope of electrochemistry having broadened tremendously
within the last ten years has become a remarkably diverse science.
In the field of electroorganic synthesis, for example, selectivity
has been improved by use of electrogenerated reagents, energy
uptake lowered and space-time yields have been improved by
using mediated reactions. In addition, electroorganic chemistry
has been efficiently applied to the synthesis of key building blocks
for complex molecules and has established its role as a new tool
in organic synthesis. However electrochemistry has also found
new and interesting applications in quite different fields of chem-
istry. Photoelectrochemistry, as one example, is not only valuable
for transformations of organic molecules but also for the very
important goal of energy conversion. More insight has been
gained in the processes occurring on illuminated semiconductor
electrodes and micro particles. Designing the composition of
electrode surfaces can lead to the selective activation of electrodes.
Electrochemical sensors and techniques present new opportunities
for the analysis of biological compounds in medicine and biology.
Research in the field of conducting polymers is very intensive
because of interesting potential applications.

Therefore 1 am very happy that Springer-Verlag has decided
to account for these important developments by introducing a
series of volumes on new trends in electrochemistry within its
series Topics in Current Chemistry. The volumes will cover the
important trends in electrchemistry as outlined above in the
following manner:

Electroorganic Synthesis by Indirect Electrochemical Methods ;
New Applications of Electrochemical Techniques ;
Recent Development in Electroorganic Synthesis.

The guest editor is very happy and thankful that well-known
experts who are actively engaged in research in these fields have
agreed to contribute to the volumes. It is hoped that this collection
of reviews is not only valuable to investigators in the respective
fields but also to many chemists who are not so familiar with
electrochemistry.

Bonn, Mai 1987 Eberhard Steckhan



Preface to Volume IV

The fourth volume of the electrochemistry series in Topics in
Current Chemistry combines three contributions from the field
of organic electrochemistry. They demonstrate the broad scope of
this research area which in itself is only a small part of electro-
chemical science.

One contribution belongs to the technically very important field
of material science. It covers the exciting developments in the
area of conducting polymers. It is reviewed from the standpoint
of an electrochemist. Thus, besides giving an overview of the
promising future applications, the formation of the polymers by
electropolymerization, the charging/discharging properties, and
the structures of conducting polymers are treated in detail.

The chemical modification of electrode surfaces is a field which
has grown tremendously during the last 10 years. In most cases
the modifying coatings are designed to contain electroactive
groups. In this way, surface properties can be controlled by elec-
trode potentials. A larg number of possible applications have
therefore been developed. Among them are potential dependent
color displays, sensors, molecular based electronic devices,
catalysis of electrochemical reactions and many others. This
article is mainly concerned with new techniques for the preparation
of modified electrodes and with their application, in particular,
in the field of synthetic and analytical organic electrochemistry.
It is in some respects related to the first contribution to this volume
because in some cases modifications of electrode surfaces use
electrochemically generated conducting polymers as backbones.

The third contribution deals with an rather old synthetic
electroorganic reaction, Kolbe-Electrolysis. However, recently
this reaction has found so many interesting and important new
applications, for example in the synthesis of naturally products
or the generation of versatile, even enatiomerically pure, synthetic
building blocks, that it was necessary to cover these new develop-
ments in a review. As these reactions are usually very easy to
perform without expensive equipment, it is hoped that further
applications in many laboratories will be initiated by this article.

Bonn, July.1989 Eberhard Steckhan
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The exciting new field of conducting polymers has been reviewed from the viewpoint of electro-
chemistry. Their connection to all kinds of modern electrochemical research results from their
unusual charging/discharging properties. In addition, electropolymerization is a challenging method
of preparing these materials. Therefore, main topics treated are electropolymerization, the structure,
and the charge storage mechanism of conducting polymers. An overview of prospective applications

is given.
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1 Introduction

Over the past 15 years the physics and chemistry of organic metals have developed
into a rich field of interdisciplinary research with ever-widening perspectives, both
with respect to basic research and technical application. Initially, interest was concen-
trated on organic donor-acceptor complexes ' ~>. This changed in 1977 with the
discovery by the American scientists Heeger and MacDiarmid that doping poly-
acetylene (PA) with iodine endowed the polymer with metallic properties, including
an increase in conductivity of 10 orders of magnitude ®7. The successful doping
of PA — in electrochemical terminology the equivalent of oxidation or reduction
— encouraged the same scientists to test PA as a rechargeable active battery
electrode 8. Their promising results triggered off world-wide efforts to construct a
polymer battery. In the course of these studies conducting polymers with properties
similar to PA were discovered, such as polypyrrole (PPy) and polythiophene (PTh).
However, it soon became apparent that the pathway from inspiration to practical
realization can be long and thorny, and that basic research on a broad, inter-
disciplinary basis is necessary to reach the goal.

PA"'\/\N\/\...

e OO L

It was also observed that, with the exception of polyacetylene, all important
conducting polymers can be electrochemically produced by anodic oxidation; more-
over, in contrast to chemical methods, the conducting films are formed directly on the
electrode. This stimulated research teams in the field of electrochemistry to study
the electrosynthesis of these materials. Most recently, new fields of application,
ranging from anti-corrosives through modified electrodes to microelectronic devices,
have aroused electrochemists’ interest in this class of compounds =12,
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Electronically Conducting Polymers

A structural characteristic of conducting organic polymers is the conjugation of
the chain-linked electroactive monomeric units, i.e. the monomers interact via a
n-¢lectron system. In this respect they are fundamentally different from redox
polymers. Although redox polymers also contain electroactive groups, the polymer
backbone is not conjugated. Consequently, and irrespective of their charge state,
redox polymers are nonconductors. Their importance for electrochemistry lies mainly
in their use as materials for modified electrodes. Redox polymers have been discussed
in depth in the literature *~'%, and will not be included in this review.

Given the different intentions and objectives of research into conducting polymers,
it is inevitable that the relevant literature is widely scattered over numerous journals,
and that some of it, especially research abstracts and proceedings of meetings 1¢~22,
is difficult to find. Accordingly, this review will primarily take stock of the electro-
chemical literature on the subject of conducting polymers and point out current
trends in research. The large body of theoretical and experimental work on the
characterization of the electrical, magnetic, and optic properties of these materials
will receive only brief attention; the relevant information can be found in a number
of review articles and monographs published in recent years 2373,

2 Electropolymerization

2.1 Historical Background

The existence of materials now included among the conducting polymers has long
been known. The first electrochemical syntheses and their characterization as insoluble
systems took place well over a century ago. In 1862 Letheby ** reported the
anodic oxidation of aniline in a solution of diluted sulphuric acid, and that the
blue-black, shiny powder deposited on a platinum electrode was insoluble in H,O0,
alcohol, and other organic solvents. Further experiments, including analytical
studies, led Goppelsroeder ** to postulate in 1876 that “oligomers” were formed
by the oxidation of aniline.

In 1968 Dall’Olio et al. * published the first report of analogous electrosyntheses
in other systems. They had observed the formation of brittle, filmlike pyrrole black
on a Pt-electrode during the anodic oxidation of pyrrole in dilute sulphuric acid.
Conductivity measurements carried out on the isolated solid state materials gave a
value of 8 Scm™. In addition, a strong ESR signal was evidence of a high number
of unpaired spins. Earlier, in 1961, H. Lund " had reported — in a virtually
unobtainable publication — that PPy can be produced by electrochemical polymer-
ization.

In 1979, Diaz et al. *® produced the first flexible, stable polypyrrole (PPy) film
with high conductivity (100 Scm ~1). The substance was polymerized on a Pt-electrode
by anodic oxidation in acetonitrile. The then known chemical methods of synthesis 3~
*D usually produced low conductivity powders from the monomers. By contrast,
electropolymerization in organic solvents formed smooth and manageable films
of good conductivity. Thus, this technique soon gained general currency, stimulating
further electropolymerization experiments with other monomers. In 1982, Tourillon

3
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Table 1. Conducting polymers: preparation methods and conductivities

Name Structure Main preparation Conductivity® Refs.
method® [S/cm]
Polyacetylene FeA Al Ch 100 6
* > 100000 54
B
Polypyrrole N EP 100 38)
H Jdy
. / \ 42)
Polythiophene 3 EP 106
X
Polyfuran |:l/ \Bgl EP 42)
O X
Polyindol - N Ch 42)
X
Polycarbazole EP 1073-107* 4
Polyparaphenylene ‘E@']— Ch/EP 500 50,51)
X
Polyaniline —EHN—O;I' EP 52)
X
[~ I 7
Polyazulene _k EP 10711 49
{2
Polynaphthalene N d: EP 1073 47
Polyanthracene EP 1073 48)
Polypyrene EP 10711 49




Table 1. (continued)

Electronically Conducting Polymers

Name

Structure Main preparation  Conductivity®  Refs.

method?® [S/em]

Polydithienothiophene _|

Polythieno[3,2-b]
pyrrole

Poly(1,4-di-

(2-thienyl)benzene]

Poly(3-alkylthienylene)

Polyparaphenylene-

vinylene

Polyimides

Polythiazyl

Polyquinolines

Polyphenylenesulfide

Polythieno(3,4-c]
thiophene

Polythienylenevinylene

Polyfuranylvinylene

F N4\ EP 1072 59

EP §x107? N

[\ B 1x107* ®

. S S

- {CH,)—R
_m EP 5% 1073 57
s
@_/T Ch 0.1-2800 60,152)
k.. X

[~ O O
Ch 61)
X
Ch 108 62}
Ch 10-% 264

—Q—S*}- Ch 7 311,312)
- X

7Ny
unknown . 313)

/N

. S x

» Ch 37-62 314
L. S X
[/ Ch 4-36 314
0
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Table 1. Conducting polymers: preparation methods and conductivities

Name Structure Main preparation Conductivity® Refs,
method® [S/cm]
Polyfluorene OUO EP 10* 53,54
X
Polyisothianaphthalene 50 5%
i\
S

X

2 Ch = Chemical Preparation; EP = Electropolymerization;
® in the doped state

and Garnier 4» showed that anodic oxidation of hetero- and homocyclic monomers
produced polythiophene (PTh), polyfuran (PFu), polyindole (PIn) and polyazulene
(PAz). Independent of these experiments, two research teams reported the electro-
polymerization of benzene to polyparaphenylene (PPP) in SO,/Me,NBF, and
HF/SbF; -4, However, in the latter instances the film quality was unsatisfactory
and the conductivity values did not exceed 107 Sem™'. Since then, this principle
of synthesis has been used to polymerize numerous substituted heterocyclic com-
pounds of the pyrrole and thiophene groups as well as other parent substances **),
Recently, alternative electrochemical methods based on a Ni-catalyzed reductive
polymerization or a Cu-catalyzed oxidative polymerization have enable the produc-
tion of even (PA)*® and other barely accessible polyaromatics as conductive films
on electrodes #7-®. The number of conducting polymer systems is still increasing.
Furthermore, structural modifications, among other things, have resulted in qualitati-
vely new properties such as solubility *”. Table 1 presents all the important
conducting polymers known at present.

2.2 Mechanisms of Electropolymerization

The most widely used method of producing intrinsically conductive polymers is the
anodic oxidation of suitable monomer species. This electrosynthesis has two particular
advantages: the polymers are formed in the doped, ie. conducting state, and the
films, as a rule, posses favourable mechanical properties. In the usual elec-
trochemically induced polymerization reactions 63) the electrode catalytically trig-
gers chain growth and, consequently, the process requires little electricity. By contrast,
the anodic oxidation has an electrochemical stoichiometry of 2.07 to 2.7 faraday/mol
of reacting monomer. It has been deduced from numerous measurements of the
electropolymerization of PPy and PTh as well as from elementary analysis 64-66)
that the film-forming process needs only 2 faradays/mol, i.e. 2 electrons/molecule,
and the additional charge serves the partial, reversible oxidation (doping) of the
polymer film. As the potential needed for monomeric oxidation is always significantly
higher than the charging of the existing polymer, the two processes — film forma-

6



Electronically Conducting Polymers

tion and its oxidation — occur simultaneously. The first spectroscopic studies of
PPy 7 and other systems “>-*®_ as well as oxidative decomposition experiments with
PPy — which produce mainly pyrrole-2.5-dicarboxylic acids *® — had already shown
that the basic structure of the monomeric subunit survives in the polymer.
Polymerization experiments with various substituted pyrrole monomers showed
further that only a-substituted derivatives did not polymerize *®. From these results
one concluded that the polymerization of pyrrole and thiophene via cationic inter-
mediates leads to linear polymers whose monomeric units were o,o’-bonded. As in
this process protons in the a-position are eliminated ), this polymerization process
is classified as a condensation reaction.

Taking the electrochemical stoichiometry into account, the complete reaction
equation for the polymerization of a species HMH is:

(n + 2) HMH - HM(M), MH™* 4+ (2n + 2) H* +
+(2n + 2+ nx)ye” . )

(2n + 2) electrons are used for the polymerization reaction itself, while the additional
charging of the polymer film requires nx electrons. In general x lies between 0.25 and
0.4; this means that every 3rd to 4th monomeric subunit in the film is charged.

The mechanism of electropolymerization, and in particular the initiation of the
process, has still not been completely explained. The one certainty is that in the
very first step the neutral monomer is oxidized to a radical cation. By analogy
to the longknown coupling reactions of radical cations in aromatic compounds 7*+72),
Diaz et al. have suggested that in the polymerization of pyrrole the monomers
dimerize (radical-radical coupling == RRC) after oxidation at the electrode, and that
protons are eliminated from the doubly-charged dihydrodimer, forming the neutral
species * 7. As the dimer (E,, = 0.6 V vs. SSCE) is more easily oxidizable than
the monomer (E,, = 1.2V vs. SSCE), under the given experimental conditions it
is immediately reoxidized to the cation. Chain growth is accompanied by the addition
of new cations of the monomeric pyrrole to the already charged oligomers (dimers).
This in turn is followed by another proton elimination and the oxidation of the
propagated oligomeric unit to a cation (Scheme I: a - b —c —f— g). In the
terminology of electrochemical reaction mechanisms, this chain propagation process
corresponds to a cascade of ECCE steps (E = Electron transfer, C = Chemical
step).

Some authors ™~ "® have questioned this mechanism on the ground that the strong
coulomb repulsion between small cation radicals renders a direct dimerization of such
particles improbable. Instead, they postulate a radical substrate coupling (= RSC).
An electrophilic attack by the radical cation on the neutral monomer produces the
single-charged dihydroderivative, which eliminates its protons only after a further
charge transfer, becoming the neutral dimer (Scheme I:a — d — ¢ — ¢ ...). However,
this suggestion is insufficient to characterize the chain propagation process as growth
is observed experimentally only when the oxidation of the monomer occurs parallel
to the oxidation of the film ’”. This also holds when the parent compound is
already present as a dimer or a higher oligomer. This implies that the polymerization
process following on the dimerization of the monomers must involve a change of
mechanism,
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Scheme I

So far, only the electrocrystallization of radical cation salts, such as fluor-
anthene ™, has produced concrete evidence for the RS route. In these cases it leads
to the formation of one-dimensional conductors of stack-like structure. The inter-
action within the primary product, the RS associate, is based solely on a charge-
transfer effect, without any covalent bonding. There have been several recent
reports '289 on kinetic effects, which in the opinion of the authors, indicate the
intermediate formation of a covalently bonded radical-substrate associate from
anodically oxidized aromatics. However, the subsequent controversial discussion 81)
has shown that consistent proof is still lacking. On the other hand, the principal
objection to the RR reaction path — the strong coulomb repulsion between charged
particles — is not convincing for reactions in solution. Using the Debye-Smoluchovski
Theory 3, Eigen 82 had already shown that small particles with the same charge are
able to associate at diffusion-controlled rate.

The difficulties in unequivocally characterizing the electropolymerization reactions
of pyrrole or thiophene are largely a consequence of the high reaction rates,
which make it impossible to analyse their kinetics within the available time scales of
the electrochemical techniques. Owing to its slow coupling reaction compared to
those of other polymerizable systems, electrochemical studies on the anodic oxidation
of N-phenylcarbazole have provided very clear and convincing indications for the
initiation steps of electropolymerization . Although the electro-oxidation of car-
bazoles has frequently been studied ®°~®") in the past, polymerizations have by and
large been disregarded as disturbing side-effects. Cyclic voltammetric measurements
on a concentrated solution (1.7 x 10~2 mol/l) of N-phenylcarbazole show that poly-
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merization starts at a formation potential well before the thermodynamic redox
potential of the monomer species (Fig. 1).

One also obtains analogous findings with trace-crossing effects’® for the electro-
polymerization of thiophene and pyrrole. This cannot be explained by a simple
linear reaction sequence, as presented in Scheme I, because it indicates competing
homogeneous and heterogeneous electron transfer processes. Measurements carried
out in a diluted solution of N-phenylcarbazole provide a more accurate insight into
the reaction mechanism (Fig. 2).

Detailed kinetic studies in connection with digital simulations do confirm the RR
coupling mechanism postulated in older publications 5 37 as well as the oxidation
of the resulting dimer D to the dication D?*. But the surprising drop in the
height of the reduction wave for the D**/D* redox pair as the concentration
of the parent monomer M increases proves that in solution, in addition to the
heterogeneous process, a homogeneous redox comproportionation from D** with
M to D* and M™ takes place (Scheme 1I).

\E
-2e

+

Scheme 11

The dimerization continually disturbs the comproportionation equilibrium by
withdrawing the monomer M. Consequently, M* is formed homogeneously in the
diffusion layer, despite unfavourable thermodynamic conditions. The propagation
process, too, is marked by analogous processes, in which M™ is coupled to the
polymer chain, The evaluation of the measured data give a dimerization constant
kp of 1.2x10° mol/ls for the very ‘slow’ dimerization reaction of the N-phenyl-
carbazole. Accordingly, the ky, values for pyrrole and thiophene must be greater by
some orders of magnitude.

Independently of this, chronoabsorptiometric measurements by Genies et a

have proved that PPy films grow in timer linear to t and not to ]ﬂ In the
opinion of the authors this implies that the rate-determining step during film growth
is a radical ion coupling and not the diffusion of the uncharged monomer towards
the electrode surface. The attested phenomenon 386488759 that PPy polymerizes
considerably faster in the presence of polar H,O (¢ = 79) than in dry aprotic solvents
must be taken as further proof of a purely ionic RR coupling. On account of its high
dielectric constant, water obviously reduces the coulomb repulsion between the
charged pyrrole monomers and oligomers. This also explains why considerably more
soluble oxidation products of pyrrole are formed in anhydrous CH;CN than in

1 73}
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aqueous CH;CN (1 mol %) 192, The observation of Lundstrom et al. °b), viz. that the
polymerization rate of pyrrole significantly increases as the supporting electrolyte
concentration of TEABF, in acetonitrile increases, points in the same direction.
However, their contention that the oxidation of the BF, ion to BF, + e initiates the
polymerization is not convincing as BF; decomposes only above +3.0 V vs. SCE 79,
The fact that the tendency of thiophene to polymerize in CH;CN is drastically reduced
in the presence of small amounts of water appears contradictory. Downard and
Pletcher’s °2) potential step experiments indicated conspicuously low oxidation
currents, from which they concluded that in the presence of water a nonconducting
passivating layer forms on the Pt-electrode or on the PTh-surface. However, it is still
unclear just how water accounts for the changes in the reaction mechanism between
pyrrole and thiophene. A similar passivating effect occurs when benzene is oxidized
in superdry acetonitrile °. But if dry SO, is used instead, adhesive polyparaphenylene
films with suitable mechanical properties are formed °4.

These apparent contradictions can be resolved if one keeps in mind that the

competition between several reaction paths is dependent upon both the reactivities
of the anodically oxidized parent species and the polymer film as well as the reactivity
of the surrounding solvent-electrolyte medium.
As a general rule, the polymerization rate rises with increasing oxidation potential in
the order Py < Th < Fu < Bz. But this is qualified by nucleophilic solvents com-
peting with the radical cation intermediate to couple with the growing polymer. The
nucleophilicity of the solvents commonly used in electropolymerization rises in
the following order: HF < CF;COOH < SO, < CH3NO, < CH,Cl, < PC <
CH;CN < H,O0. In solvents up to and including SO, all the aforementioned mono-
mers polymerize at the appropriate c¢lectrode potentials virtually without any
secondary reactions. In the case of pyrrole, however, the rate constants of dimerization
and oligomerization are markedly lower than in the case of benzene; accordingly,
correspondingly high concentrations of the parent monomer are required to produce
good polymer films. By contrast, benzene can be only partially polymerized in,
CH,;CN as the newly formed oligomers react with the solvent more readily than
with the benzene radical cations, thereby blocking further growth. Consequently,
only a passivating adsorbed layer forms on the electrode. Only pyrrole can be
successfully polymerized in water °°~°®), The high DC of H,0 (g = 79) accelerates
the coupling reaction, while at the same time because of the low oxidation potential
the nucleophilic reactivity between water and the polymer is diminished. Even in
the case of thiophene, which, on account of its higher oxidation potential, is
considerably more reactive than pyrrole and, therefore, easily polymerizes in CH,CN,
small amounts of water are sufficient for nucleophilic addition to block further growth
of the oligomer chain.

Another complication arises from the little regarded circumstance that the reactivity
of the growing polymer chain itself changes, and particularly in the initial growth
phase. In contrast to the normal polycondensation, the reactivity of the chain is
dependent on its charging, which, in turn, is a function of the electrode potential and
the respective degree of polymerization. Hence, as a new chain begins to form
the coupling rate falls ‘rapidly’, until it reaches a steady state characterized by a con-
stant number of charges per segment despite an increasing degree of polymerization.
Parallel to chain growth — during which monomers and dimers as well as lower

11
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oligomers are added to the existing polymer, particularly at high potentials — dimeri-
zation, trimerization and higher oligomerization takes place in solution in the diffusion
layer of the electrode. The oligomers forming in the vicinity of the electrode couple
with growing chains at different rates, depending on size, or are incorporated in to the
polymer matrix, where, as charged nuclei, they can trigger off new associations.
It is self-evident that the number of such competing parallel reactions rises with
increasing positive potential, causing a broad molecular weight distribution and the
formation of irregularly structured materials 77,

The above discussion on the formation mechanism of conducting polymers indicates
the complexity of the reaction sequence. Hence, it is not surprising that there has been
no lack of attempts to establish correlations between the tendency to polymerize and
the physical properties of the starting monomers by systematically varying individual
parameters. Unsubstituted monomers such as pyrrole and thiophene are particularly
popular candidates for studying the effect of substitution on polymerizability as well
as other related properties. Apart from steric effects, the influences of substitution
on electron behaviour have received special attention. Experiments performed by
Salmon et al. '*» with N-substituted pyrroles have shown that sterically crowded
substituents, such as the ters-butyl- or the cyclohexyl-group, totally block polymeri-
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Fig. 3. Accessible potential ranges for the electropolymerization of substituted pyrroles, thiophenes,
indoles, pyrenes and fluorenes
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zation, whereas long alkyl chains 1°"), halogene substituents °2 or ortho-substituents
on the phenyl ring 1® produce films with poor conducting and mechanical properties.
In contrast to the steric effects, the purely electronic influences of substituents are
less clear. They are best documented by linear free-energy relationships, which, for
the cases in question, are for the most part only plots of voltammetrically obtained peak
oxidation potentials of corresponding monomers against their respective Hammett
substituent constant 1%, As a rule, the linear correlations are very good for all
systems, and prove, in accordance with the Hammett-Taft equation, the dominance
of electronic effects in the primary oxidation step. But the effects of identical
substituents on the respective system’s tendency to polymerize differ from parent
monomer to parent monomer. Whereas thiophenes which receive electron-with-
drawing substituents in the, as such, favourable B-position do not polymerize at all *®,
indoles with the same substituents polymerize particularly well 1%,

This contradictory behaviour is reflected in the Hammett plots by a high slope value
¢ = 0.80 for the thiophenes and a lower @ = 0.56 for the indoles. Waltmann,
Diaz and Bargon 1%5:19) explain this in terms of differences in the expansion of the
n-electron systems in the two unsubstituted monomers. Accordingly, there are dif-
ferences in the stability of the corresponding radical cations. Consequently, for each
substance class there is an optimal reaction range for electropolymerization which
depends on the substituents present. In general, taking the Hammett plots together
with the available polymerization data, this means that parent substances with a high
oxidation potential will preferably form polymers with electron-donating substi-
tuents, and those with a low oxidation potential with electron-withdrawing substituents
(Fig. 3).

The intermediate radical cations formed at the electrode have in principle a choice
of three reaction paths '°1%%. These are, first, the polymerization reaction (k,),
second, in the event of high cationic stability, diffusion into the solution (k,) and,
third, for very reactive particles, reaction with the solvent or the anions of the
supporting ¢lectrolyte at the electrode interface (k. ([solv] + [X™I)). The fraction
J, of the radical cations which electropolymerize is then given by the equation

kP
fp = k, + ka + ky(solv] + [X7]) &)

Thus, polymerization will always occur whenk, > ky + k,([solv] + [X~]). Inthe case
of highly electron-donating substituents the stability of the radical cations may be
so great that ky > k, + k,([solv] + [X™]) and most of the ions diffuse into the
solution. By contrast, if — given electron-withdrawing subsituents and high oxidation
potential — k,([solv] + [X~]) becomes greater than k, + kg, then the nucleophilic
addition will dominate and the polymerization will be suppressed.

2.3 The Electrodeposition Process

Despite the vast quantity of data on the chemistry of electropolymerization,
relatively little is known about the processes involved in the deposition of polymers
on the electrode, i.e. the heterogeneous phase transition. Research — voltammetric
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and potential step experiments — has largely concentrated on the induction stage
of film formation of PPy 76-197-109) pT}y 92.110) 554 PANI 114},

A trace-crossing appears on the reverse sweep of the first cycle in all voltammograms,
providing that the scan reversal lies close to the peak potential.

Such effects are observed inter alia 112 when a metal is electrochemically deposited
on a foreign substrate (e.g. Pb?** on graphite), a process which requires an additional
nucleation overpotential. Thus, in cyclic voltammetry metal is deposited during the
reverse scan on an identical metallic surface at thermodynamically favourable poten-
tials, i.e. at positive values relative to the nucleation overpotential. This generates
the typical trace-crossing in the current-voltage curve. Hence, Pletcher et al. 76197
also view the trace-crossing as proof of the start of the nucleation process of the polymer
film, especially as it appears only in experiments with freshly polished electrodes.
But this is about as far as we can go with cyclic voltammetry alone. It must be
complemented by other techniques; the potential step methods and optical spectro-
scopy have proved suitable.

7
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Galvanostatic, potentiostatic as well as potentiodynamic techniques can be used
to electropolymerize suitable monomeric species and form the corresponding film
on the electrode. Provided that the maximum formation potentials for all three
techniques are the same, the resulting porperties of the films will be broadly similar.
The potentiodynamic experiment in particular provides useful information on the
growth rate of conducting polymers. The increase in current with each cycle of a mul-
tisweep CV is a direct measure of the increase in the surface of the redoxactive polymer
and, hence, a suitable measure of relative growth rates (Fig. 5).

The relative growth rate per cycle v is calculated from the peak current of the respective
polymer oxidation using Eq. (3):

v=k-if/n—1) A3)

where k is a proportionality constant. The parameter v is by its nature a function
of the given conditions of polymerization and, thus, must be standardized to v,
in relation to which only one growth parameter may be changed 77

Costa and Garnier !'® conclude from optical measurements based on the differential
ellipsometry of 2-methylthiophene in CH;CN that the intermediate radical cations
form oligomers in coupling reactions in the solution at the electrode interface with
a degree of polymerization of 3 to 4. Above a critical chain length insoluble oligomers
form, which deposit themselves on the electrode surface. Two findings support this
thesis. In the potential step experiment the optical signal indicating the deposition of
oligomers on the electrode only changes when the current on the i~t curve starts to
rise again after the typical t™!2 drop. In the potentiodynamic experiment the
observed oxidation currents, as well as the visible changes on the electrode surface,
are dependent on the scan rate. The slower the scan rate, the more visible the
electrode coating and the greater the rise in the oxidation current. These results
speak against the assumption 7®'?) of primary adsorption of monomers on the
electrode surface, followed by oxidation and polymerization in the adsorbed state
to form a single polymeric layer on the electrode.

In i~t experiments with thiophene, pyrrole and aniline monomers the observed law
of phase formation is usually i ~ t2, after induction periods of varying length with a
t™'2 characteristic. In most publications 171!V this relationship is interpreted
as instantaneous nucleation accompanied by three-dimensional growth of hemisphe-
res '), Depending on the monomeric concentration in the solution, the high density
of the nuclei lead more or less rapidly to mutual overlapping of the hemispheres,
so that a film can continue to grow only perpendicularly to the surface. Although
the three-dimensional growth model — sometimes the discussion also refers to the
two-dimensional progressive nucleation of discs — is generally favoured on the basis
of experimental data, all models of phase formation are viewed with considerable
reservation. The objections to the generally accepted presentation are two-fold.
Firstly, the models developed by Fleischmann and Thirsk 114’ as well as other authors
19 are based on nucleation and growth of metallic phases and anodically deposited
oxide films. The chemistry of the elementary steps of these processes, and thus their
charging, differ fundamentally from the processes in the electropolymerization of
organic materials. Secondly, a prerequisite for the postulated three-dimensional growth
is chain-branching reactions, for which there is no support in the available data on
structure (see Sect. 3).
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3 Structure of Conducting Polymers

Besides synthesis, current basic research on conducting polymers is concentrated
on structural analysis. Structural parameters — e.g. regularity and homogeneity of
chain structures, but also chain length — play an important role in our under-
standing of the properties of such materials. Research on electropolymerized polymers
has concentrated on polypyrrole and polythiophene in particular and, more recently,
on polyaniline as well, while of the chemically produced materials polyacetylene
still attracts greatest interest. Spectroscopic methods have proved particularly suitable
for characterizing structural properties 1'®), These comprise surface techniques such as
XPS, AES or ATR, on the one hand, and the usual methods of structural analysis,
such as NMR, ESR and X-ray diffraction techniques, on the other hand.

PPy was the first conducting polymer to be structurally analyzed. The discovery
that o,a’-disubstituted pyrroles did not electropolymerize led to the conclusion
that the pyrrole units in PPy are o-linked ®-*'7), Magic angle spinning *C-NMR
data ®7-1'® support the view that the pyrrole units bond chiefly in the o,a’-position,
although o,B bondings are also found. Further support is given by IR measure-
ments %7°1*) which show very similar spectra for polypyrrole films and the a,o'-
bonded pyrrole trimer. On the other hand, XPS measurements of polypyrrole ')
reveal that about one-third of the pyrrole rings in a chain are irregularly bonded.
In contrast, as evidenced by XPS spectra, the structure of polymers from f,B-
dimethylpyrrole is by and large regular, for, in this case, polymerization is possible only
in the a-position. Although X-ray structural analyses of neutral PPy provide only
very general information — the material is not very crystalline — this, too, supports
the assumption of a linear chain structure in which the orientation of the o,0t"-bonded
pyrrole molecules alternates '*%). The elementary cell is assumed to be a monoclinic
unit, an assumption based not on experimental results but deduced from models.

Similarly, a chain structure with predominantly «,o’-coupling between the monomer
units is postulated for polythiophene (PTh) on the basis of spectroscopic findings.
Especially IR measurements of uncharged, chemically produced samples clearly
reveal that the aromatic parent unit is not changed by polymerization ). The
(C—H) valence vibration at 788 cm ™" is characteristic for the B-position of the thio-
phene ring and proves that o,u'-bonding predominates in the polymers produced
from o,0/-dibromothiophene %8-4?). By contrast, specially synthesized poly-(a,B)-
thiophene has two characteristic (C—H) vibrations at 730 and 820 cm™" '?%. The
analysis of the C—H stretching vibrations for electrochemically produced PTh
indicates both regular o,a’-bonded PTh as well as disordered o, bonded segments.
An additional band at 1682 cm™! also indicates defects in the polymer chain, cor-
responding inter alia to C=0 bondings, caused by reactions with H,O or O, 23,
On the other hand, as the IR findings prove, the electropolymerization of 2,2'-bithio-
phene or of 3-methylthiophene produces very regular, homogeneous materials, in
which the monomeric units are almost exclusively o,0’-connected *>**?>). The IR
data correlate very well with *C-NMR measurements, which similarly confirm the
dominance of &,0’-bonding in P3-MeTh 2%,

In contrast to the classic conducting polymers such as PPy, PTh, PP or PA, structural
analyses of other systems are few and far between and limited for the most part to
quantum mechanical model calculations on the formation of an ideal polymer structu-
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re. Open-shell INDO calculations of, above all, Diaz, Bargon and Waltman 105-196)

have determined the positions of greatest spin density for some aromatic and hetero-
cyclic radical cations. From PPy studies it is known that these correspond to the po-
sitions of greatest reactivity for a radical-ion coupling. The calculations correlate
with the experimental findings insofar as monomers whose carbon atoms of high spin
density have been substituted do not polymerize.

Chain length is another factor closely related to the structural characterization
of conducting polymers. The importance of this parameter lies in its considerable
influence on the electric as well as the electrochemical properties of conducting
polymers. However, the molecular weight techniques normally used in polymer
chemistry cannot be employed on account of the extreme insolubility of the
materials. A comparison between spectroscopic findings (XPS, UPS, EES) for PPy
and model calculations has led some researchers to conclude that 10 is the minimum
number of monomeric units in a PPy chain, with the maximum within one order of
magnitude 1%-127-128) But the mechanical qualities of the electropolymerized films,
which are at times superb, speak against this conjecture. By electropolymerizing
o,o'-tritium labeled PB,B-dimethylpyrrole and comparing the tritium activity in the
monomer and the polymer, Nazzal and Street ') obtained molecular weights which
indicate chain lengths of between 100 and 1000 pyrrole units. Sato et al. **®) determined
a very much lower degree of polymerization, viz. between 10 and 20 units, for the
Ni-catalyzed polycondensation of naphthalene dibromides, under the assumption
that the polymer retained the bromine substituents at the respective chain ends.
Recently, the molecular weight of polymers was directly measured for the first time.
Soluble poly(3-alkyl)-thiophenes electropolymerized from the corresponding mono-
mers were analyzed using an HPLC technique *'+13%), Their molecular weights M
lay between 20000 and 40000, which corresponds to approximately 150 to 300 mono-
meric units. Recently, L. L. Miller et al. *3® found astonishingly short chains of
maximum 10 monomers for the soluble poly(3-methoxy)thiophenes. The mole mass
was determined by gel permation chromotography (GPC) of reduced material,
with polystyrene as the standard of comparison.

4 Charge Storage Mechanism in Conducting Polymers

Conducting polymers, provided they are chemically produced, are initially insulators.
Their metal-like properties, i.e. their high conductivity and optic reflectivity, only
become obvious after “doping”. Even in the earliest stages of research on these
materials, it was clear that these processes were not comparable with the classical
doping of typical semiconductors. Rather, they correspond to oxidation in the case
of p-doping or reduction in the case of n-doping. Suitable redox reagents are either
chemical electron acceptors, such as iodine, or electron donors, such as potassium
naphthalide; or the process may be electrochemically induced via an electrochemical
cell. Because of the redox reaction the polymer chain is negatively charged in the
case of reduction and positively charged in the case of oxidation. To maintain
electroneutrality the appropriate counterions diffuse irito the polymer during charging
and out of the polymer during discharging.
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The knowledge that conducting polymers can be charged, i.e. oxidized and reduced,
raised early on the question of possible applications, such as the construction of a
polymer battery. But basic research was long unable to explain the charge storage
mechanism.

One major reason for the diversity of views on the redox states of conducting
polymers is the variety of possible shapes and forms of potentiodynamic current-vol-
tage curves, even when the materials are prepared under more or less ‘similar’ con-
ditions.

In the ideal case, reversible cyclic voltammograms of redoxactive films should
show completely symmetrical and mirror-image cathodic and anodic waves with
identical peak potentials and current levels 37137 (Fig. 6).

The current in the reversible case is then:

- n*F?AIv - exp © @
" RT(l + exp®)* ~

where

nF
= - (B — E)°
RT( "

and I't(= T, + T'x) correspond to the total surface covered with reduced and oxidized
sites. The other parameters have their usual meanings. Apart from the mirror symmetry
of the waves, it is also characteristic that, in contrast to measurements obtained with
dissolved redox systems, current i and the scan rate v are directly proportional
to each other. However, if the heterogeneous kinetics are sluggish the two waves
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shift in relation to each other and, depending on the level of the k.-values, become
increasingly asymmetrical 138 7149,

The above statements are valid for monomolecular layers only. In the case of poly-
mer films with layer thickness into the p-range, as are usually produced by
electropolymerization, account must also be taken of the fact that the charge
transport is dependent on both the electron exchange reactions between neighbouring
oxidized and reduced sites and the flux of counterions in keeping with the principle
of electroneutrality '#! “*4) Although the molecular mechanisms of these processes
are not yet understood in all detail, their phenomenology can be adequately described
by the laws of diffusion *4*), All variants of the diffusive mass transport are possible,
from the finite limiting case through to semiinfinite diffusion, depending on film
thickness, the values of the formal diffusion coefficients, and the experimental time
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scales used. For voltammetric experiments this implies that as the sweep rate increases
there must be a shift from mirror symmetrical CV diagrams with i proportional to
v to the classical, asymmetrical voltammogram with i proportional to v'/2.

Although the potentiodynamic charging and discharging of conducting polymers
produces voltammograms of very different shape depending on type and polymeriza-
tion conditions, one frequently finds CV diagrams (Fig. 7) with a very similar ‘struc-
ture’. This is particularly the case when mechanically stable, free-standing films are pro-
duced from unsubstituted monomers under mild conditions 42:32,64.66.69,84,143)
Characteristic features of these systems are, in the case of the p-doping, a steep
anodic wave at the start of charging followed by a broad, flat plateau as potential
increases. In the reverse scan a potential-shifted cathodic wave appears at the negative
end of the capacity-like plateau, whose peak current corresponds to approximately
half the value of the anodic peak.

The conspicuous separation between the cathodic and anodic peak potentials was
initially interpreted in terms of the simple theory for redox polymers as a kinetic
effect of slow heterogeneous charge transfer; the thermodynamic redox potential of
the whole systems was calculated from the mean value between E, and E , 326499140,
As a simplification, it was assumed that the interactions between charged oligomeric
segments were negligible. These redox data correlate well with potential values
obtained by extrapolation from quantum mechanical calculations 7’ and redox
potential measurements 7+ 148149 on oligomers of defined chain length. As expected,
with increasing conjugation length the respective oxidation and reduction potentials
shift towards low energy values. However, the small discrepancy between the measured
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Fig. 8. Relationship between oxidation potential values of substituted monomeric thiophenes (E5™)

and their corresponding polymers (EESY)
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and the extrapolated E,, values gave rise to the opinion that the conjugation
length of the neutral polymer covered only 5 to 10 monomeric units 1*®). Further-
more, from the quantum mechanical findings it was concluded that that the onset
potentials measured in the polymers reflected only the initial ionization of such
systems and that further ionization steps had to be linked to structural changes in
the system 47, Substitution effects, too, influence the position of the oxidation
potentials of the polymers. Whereas electron-donating substituents lower oxidation
potentials just as they do in the monomers, the electron-withdrawing substituents
raise them. The fact that in the majority of cases there is a linear relation between
the oxidation potentials for the monomers and the polymers shows that the sub-
stituents’ effects are primarily of an electronic nature 6-100:146.150) (Fijg g8y,

Another concept has been developed on a refined model based on two-step redox
systems typical for organic compounds **V). This concept 1*2:15% treats a polymer
chain with the degree of polymerization n as x weakly interacting segments containing
k monomeric units, each of which can be charged up to a diionic state in two redox
steps with separate potentials (1 < k < n, x x k = n):

M, =2 (M), (5a)
1
(M), =2 (M), (5b)

2

This concept implies low interaction energies between the segments; consequently,
the essential determinant of the position of the redox potentials must be the
structure of the so-called effectively conjugated segments (ECS).

In principle, such propositions resemble the bipolaron model, which presents the
physicist’s view of the electronic properties of doped conducting polymers 1337159,
The model was originally constructed to characterize defects in solids. In chemical
terminology, bipolarons are equivalent to diionic spinfree states of a system (S = 0)

~

Fig. 9. Sketch of potential energy curves of a
segment of conducting polymers in the
ground state and in the ionized state; Ejp_,
is the vertical ionization energy, E,,, the
relaxation energy gained in the ionized state,
Eip_4 the ionization energy of the distorted
molecule, and E,, the geometrical distortion
[ . 2 energy in the ground state
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after oxidation or reduction from the neutral state. The transition from the neutral
state to the bipolaron state is via the polaron state (=monoion, S = 1/2, ESR signal)
and, thus, corresponds sequentially as well to redox transitions observed in two-step
redox systems. In contrast to normal redox processes, however, additional local
distortions occur in the chain during charging of the polymer. Already in the first
step, the formation of polarons, there is a gain of relaxation energy E_,. This is
released by structure relaxation after ionization, which has required a vertical Frank-
Condon-like ionization energy Ep_,. E., corresponds to the bonding energy of the
polaron (Fig. 9).

The structural relaxation causes a local distortion of the chain in the vicinity of
the charge, whereby the twisted benzoid-like structure of the affected segment trans-
forms to a chinoid-like structure in which the single bonds between the monomeric
units shorten and assume double-bonding character. Quantum mechanical calcu-
lations predict that polypyrrole in a polaron state of this nature must contain four
pyrrole rings. Conversely, in discharging, the energy E;p_ 4 is first released; a coplanar
ground state emerges, which then relaxes into the equilibrium geometry as the
distortion energy Eg;, is released.

Removing a second electron from the polymer segment results not in two polarons
but in the bipolaron, which is predicted to be energetically more favoured than the
polaron. The reason for this lies in the respective structural relaxations: that for the
bipolaron is considerably greater than that for the polaron. The ionization is
considerably greater than that for the polaron. The ionization energy required to
remove a second electron decreases, and the electron affinity for taking up a second
electron increases. The energy gain of the bipolaron compared to two polarons is
said to be about 0.45 ¢V in the case of polypyrrole ** and 0.35¢V in the case of
polyparaphenylene *** (Fig. 10).

OO0

Polaron
(Monoion)

Bipotaron
{Diion}

Fig. 10. Formation of the bipolaron (= diion) state in poly-p-phenylene upon reduction: In the model
it is assumed that the ionized states are stabilized by a local geometric distortion from a benzoid-
tike to a chinoid-like structure. Hereby one bipolaron should thermodynamically become more
stable than two polarons despite the coulomb repulsion between two similar charges
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Whereas the intermediate existence of polarons has been unequivocally proved by
ESR measurements and optical absorption data, up to now, the existence of bipolarons
has been only indirectly deduced from the absence of the ESR signal and the dis-
appearance of the visible polaron bands from the optical absorption spectrum 16163,
On the other hand, spinfree — diionic-charge — states in aromatics, whose optical
properties bear a remarkably resemblence to the predictions of the bipolaron model,
have long been known %4 7169 Fyrther evidence of bipolarons is the fact that doped
polymers have a higher conductivity, which, even though not in complete agreement
with the classical band model, can only be explained in terms of spinfree charge
carriers 154,155,167,168).

So far, electrochemical measurements have not provided any direct proof for the
formation of a bipolaron state in oligomers or polymers which is significantly more
stable than the polaron state. In general, in terms of energy the redox potentials EJ
for bipolaron formation should be much lower than the potentials E; for polaron
formation (/E3/ < /EJ/). However, more recent electrochemical and ESR spectro-
scopic studies by Nechtschein et al. indicate that the bipolaron state is not much
more stable than the polaron state 1°%:179),

Closely connected with the problems of the charge storage mechanism is the
question to what extent one must and can distinguish between faradaic and capacitive
processes during charging and discharging *171~17®) Feldberg 17, in particular,
holds that it is hardly possible to draw such a distinction, and that the capacitive
charge portion is proportional to the amount of the oxidized polymer. He concludes
from the comparison with optical data that the faradaic oxidation processes in CV
experiments are essentially limited to the range of the ‘peak-shaped’ anodic wave,
whereas the adjoining broad anodic tail represents the large double-layer capacity
of the system (Fig. 7). Independent impedance measurements by Bard et al. 17 and

10 05 00 05 10 -5
E [vs. Ag/AgCl}/V

Fig. 11. Cyclic voltammetry of “first” discharging/charging of galvanostatically prepared PPy films

(PC, 0.5 M LiClO,); the first three cycles between +0.5 V and —0.3 V, the following between +0.5V
and —1.1V
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Barendrecht et al. *’2) show that the charged polymer films are similar to porous metal
electrodes with large double layer capacities.

In a refined model, Tanguy et al. ™*) propose ‘the existence of two ionic trapping
sites’. One of these types is responsible for the deep trapping of the counterions which
cannot follow the ac signal measurement and are released only at low potential in
the reduction process. The other type of trapping is a shallow one in which the ions
can follow the low frequency signal giving the capacitance effect. This capacitance
is explained on terms of an ionic double layer formation at the surface of the polymer
chain arising from the accumulation near this chain of the weakly trapped ions.

Voltammetric measurements on newly formed PPy films present a different picture.
Apparently, during the first voltammetric discharging scan (v = 0.5 mV/s) only small
currents are measured. The same effect also appears during the subsequent charging
scan and can be generated in further cycles provided that the film is never totally
discharged and retains at least 80% of it originally produced charge (Fig. 11).

When the switching potential for the discharging step is shifted to more negative
potentials a pronounced cathodic wave in the range between —0.3 and —1.0 V vs.
Ag/AgCl is observed; this wave subsides considerably during the following cycles.
In the subsequent charging/discharging cycles the well-known voltammograms with
their broad anodic tail appear. This unusual discharging phenomenon has been
described several times 17° 7177,

On the basis of experimental findings Heinze et al. *”*) propose the formation of
a particularly stable, previously unknown tertiary structure between the charged
chain segments and the solvated counterions in the polymer during galvanostatic
or potentiostatic polymerization. During the discharging scan this structure is
irreversibly altered. The absence of typical capacitive currents for the oxidized polymer
film leads them to surmise that the postulated double layer effects are considerably
smaller than previously assumed and that the broad current plateau is caused at
least in part by faradaic redox processes.

Table 2. “Doping™ levels for conducting polymers

Polymer Counterion Degree of “doping”  Refs.

PPy Clo; 0.30-0.33 65,124,178
PPy BF; ; PF; 0.25-0.32 179

PPy CF,805 0.30 124,179
PTh BF4— ; PFG_ 0.06 42,49,66,91, 180)
PTh ClO; ; BF; ; CF,;805 0.30 124

PTh Clo; 0.20-0.26 181,182)
PBiTh SO%~ 0.22 49,66)
P-3MeTh CIO; ; CF;805 0.25-0.30 124}
P-3MeTh PF; 0.12 49,91)
PAz Clo; 0.25-0.28 42,49, 105)
PFu BF, 0.26 4

PPP AsF; ; BF;; PF; 0.16 183 -185)
PPP PF; (SO,) 0.27 o4)

PPP Li* 0.44 184,185)
PANI (o 0.42 186-188)
PA BF; ; PF; ; CIO; 0.06-0.08 84,189~151)
Pa Li*; Na*; K* 0.07-0.18 189,181
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A further important characteristic for charge storage in conducting polymers is the
amount of doping or insertion. This gives the mole fraction of the corresponding
monomers whose charge is compensated by incorported counterions. It is determined
either by elementary analysis or by coulometric measurements. However, these
measuring techniques may produce different results as the elementary analysis
cannot distinguish an additional solvent portion, and coulometry also includes the
capacitive charging. The optimum doping level for PPy is about 0.33, but can have
very much lower values. This depends, inter alia, on structure and the applied
charging potential, but is also influenced by environmental parameters such as the
solvent or the supporting electrolyte (Table 2). Spectroelectrochemical studies 1°2),
electronic quartz microbalance (EQCM) measurements 1°¥ as well as SIMS measure-
ments '** on the mechanism of ion transport during charging and discharging of
conducting polymers prove that p-doping involves not only the incorporation of
anions but also cations, the latter largely during reduction of the film. The authors
propose a two-step mechanism. During the first discharging step, cations are incor-
porated into the polymer, forming ion pairs with the mobile anions; in the second
step surplus anions as well as the ion pairs slowly diffuse out of the film:

(PP A7, + (n—m)e” + (n —m)M* -
[(PPy)i'mA™] + (n —m) [M*, A7)y, (6a)

[(PPy)g;'mA™] + me™ — (PPy),, + mA, (6b)
(l'l - m) [M+a A_]pol - (n - m) [M+9 A_]sul .

In a recently published study Miller et al. ***’ describe similar phenomena in which
XPS and AA measurements prove the incorporation of cations during the discharging
of PPy.

From the respective doping levels one can deduce that in the oxidation of PPy,
and often of PTh as well, every 3rd or 4th heterocycle is charged, whereas in the
case of PPP, provided that the experiments take place in common solvents such as
propylene carbonate, only every 6th monomeric unit is charged. By contrast, if
one uses SO,, a solvent with low nucleophilicity, PPP can be reversibly oxidized to
a doping level of 0.24, which corresponds formally to a charge on every 4th monomer
unit *°®. The differences in chargeability of PPP and PPy are explained by the high
oxidation potential of PPP. This significantly increases the reactivity of this system
towards the solution and other nucleophilic impurities. One should note that polymers
such as PA and PPP can be more highly charged by reduction (n-doping) than by
oxidation. This illustrates the advantages of solvents such as propylene carbonate and
THF, which stabilize the anions particularly well.

The above findings are in approximate agreement with the theoretical calculations
for the bipolaron model. These predict that the bipolaron state (=diion) in PPy 169
extends over 4 pyrrole rings, and in PPP ' over 5 rings.

Voltammetric measurements on defined soluble oligomers in the homologous series
of the p-phenylenevinylenes and the p-phenylenes %197 have finally ended specu-
lations about the nature of the redox processes in conducting polymers. In particular,
studies on the oligo-p-phenylenevinylenes show that the number of possible redox
steps rises with increasing chain length (Fig. 12). The unequivocal experimental data
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allow some general statements on the thermodynamics of the redox states in con-
ducting polymers. First, with increasing polymer chain length the energies of diffe-
rent redox stages gradually shift towards a uniform, low, limiting potential. Second,
the redox states degenerate in pairs with increasing chain length. Thirdly, adding
successive monomeric subunits in the molecular chain enlarges the number of accessible
redox states in agreement with expectations. However, the energetic gap increases
strongly between the lowest and the highest charged states.

For real polymer systems — characterized by a more or less broad distribution of
molecular weight and, depending on the conditions of formation, various structural
defects — this means that at the start of charging there is a high density of
virtually degencrate redox states. As potential increases the density of the redox
transitions decreases but remains finite within the experimentally accessible potential
range. This explains the broad, plateau-like waves which are so often characteristic
of the potential range following the peak-like main wave in voltammetric experiments.
Digital simulations carried out under the assumption of mutual overlapping of such
redox processes support this interpretation 1°7,

Insofar as the additional stabilization of the diionic state predicted as a conse-
quence of a geometric distortion is not observed, the experimental data for oligo-p-
phenylenevinylene and oligo-p-phenylenes are not fully consistent with the theoretical
predictions of the bipolaron model. Nevertheless, the charging and discharging of
conducting polymers obviously does involve changes in geometry. The best document-

26



Electronically Conducting Polymers

ed of these is the cis/trans-isomerization during the electrochemical oxidation of cis-
PA, for which there are IR, Raman, ESR and UV measurements 9 ~2°), By con-
trast, it is very difficult to spectroscopically identify the geometric distortions of
polymer chains and the formation of chinoid structures in systems such as PPy and
PTh. But reports of electrochemical experiments 2°2:2°%) are sufficient proof of redox
processes causing structural changes to provide a basis of comparison adequate
for deducing analogous processes in conducting polymers. In agreement with this
knowledge of conformational changes during electrode reactions of monomeric
species, Heinze et al. **7) interpret anodic current-voltage curves of PPy as charging
processes in which a geometric distortion of segments of polymer chains is accom-
panied by the formation of chinoid-like structures already at the monoionic level
{polaron state). Under these preconditions, the energy needed in further electron-
transfer reactions to produce diionic states {(bipolaron) is virtually the same as that
for the formation of the monoionic polarons. During discharging the coplanar chain
structures initially remain unchanged. The system relaxes into a twisted equilibrium
conformation only after complete reduction to the neutral state. In consequence, the
discharging reduction potentials shift to negative values — the charged system is
energetically stabilized — so that the resulting cyclic voltammograms as a whole are
characteristically asymmetrical. The results of digital simulations based on this

Electrode: Pt/PA
Solution: 0.1 M Na,SO,, pH = 1
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Fig. 13. Cyclic voltammogram for the charging/discharging of polyaniline on Pt substrate at different
scan rates, ref. 214 (reprinted by permission of the publisher, The Electrochemical Society, Inc.)

27



Jiirgen Heinze

charging/discharging model agree closely with those of the cyclic voltammetric experi-
ments.

The information from electrochemical voltage spectroscopy (EVS) on thermody-
namic parameters 2% 2% s in essence the same as that obtained by cyclic voltammetry.
This technique involves slowly stepwise incrementing the voltage of the electrochemical
cell and recording the charge removed from (or injected to) the polymer after each
voltage step. Since the cell current in EVS measurements can be kept arbitrarily low,
non-equilibrium effects such as IR-losses, over-potentials, and diffusional phenomena
are virtually eliminated. For the conducting hetero-aromatic polymers a typical
hysteresis in charging and discharging cycles using the EVS technique is observed
207-209) This intrinsic hysteresis corresponds to the asymmetry between the oxidation
and reduction potentials in the CV experiment. It can be evaluated as additional
evidence of the geometric relaxation effects during charging and discharging of
conducting polymers.

Electrochemical measurements on polyaniline (PANI) produce a picture of the
charge storage mechanism of conducting polymers which differs fundamentally from
that obtained using PTh or PPy. In the cyclic voltammetric experiment one observes at
least two reversible waves in the potential range between —0.2 and +1.23 V vs SCE.
Above +1.0 V the charging current tends to zero. ‘Capacitive’ currents and over-
oxidation effects, as with PPy and PTh, do not occur 2°7212) (Fig. 13). The striking
changes in the charge characteristics of polyanilin compared with PPy and PTh are
largely explained by the nitrogen atoms capturing a considerable part of the positive
charge, which eliminates most of the coulomb interaction between the charged
centres.

PANI is usnally produced by the anodic oxidation of aniline in acidic aqueous
solution 52:213-21) byt can also be produced by chemical oxidation 2!!-2'®). Hence,
it is not surprising that the oxidation of PANI is pH-dependent, and that therefore,
in addition to the electron-transfer processes, proton-transfer reactions occur during
charging. Although it is usually assumed that PANT has a chain structure (emeraldine)
with head-tail connection between the aniline units *2!), the existence of cyclic struc-
tures has also been postulated in the literature ). It is generally accepted that there
are different, possibly coexisting forms of polyaniline, including benzoid and chinoid
rings, free amines (NH), imines (=N and protonic amines and imines **”. At present,
discussion centres on three different models of the charge storage mechanism in
polyaniline 211:222:22%)_ Depending on the pH-value of the solution, differently
protonated structures are formed. In the most simple case **»), which is supported
by quantum mechanical calculations, it is assumed that poly-radical cationic states
{polarons) are formed in the first step.

In the second step, which correlates with the second oxidation peak in the CV diagram,
four protons and two electrons are transferred.
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This corresponds with MacDiarmid’s observations 21*), which show that the second
redox step is strongly pH-dependent. MacDiarmid further differentiated his redox
model to take account of the fact that pure leucoemaraldine with its amine-N is
already protonated at pH values =2, and that the totally oxidized pernigraniline with
its less basic imine-N can also be protonated. This gives the following (simplified)
reaction scheme:
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The third variant is that of Genies and Lapowski 22®). They base their model on
the assumption of fundamental differences between the two oxidation steps in PANI.
The first step is analogous to that of MacDiarmid. For the second redox process the
authors postulate the additional oxidation of imine-N

00 ~O--0-1-0- i
~0--O---0--0r

This approach finds experimental support in FTIR measurements of the oxidation
of PANI in organic solvents 2**), which indicate an anion intercalation mechanism
for the second oxidation step. However, the IR findings may also be interpreted as
support for the formation of a protonated imine structure 224,

5 Applications

The enormous efforts put into the basic research and development of conducting
polymers are naturally related to hopes of feasible technical applications 225227,
The starting point of this development was the discovery that PA can function
as an active electrode ¥’ in a rechargeable polymer battery. Since then, the prospects
of technical application have grown considerably ?*®). Apart from the battery electro-
de, conducting polymers are discussed as potential electrochromic displays 222,
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information memories *2°*23%) antistatic materials 23-231232)_anti-corrosives 1%-23%),
electrocatalyzers 224, and as materials in molecular electronics 22°*2?®) and biomedi-
cine. The most advanced developments are the battery **®'*!) and electrochromic
displays 229,

5.1 Rechargeable Batteries

The development of a rechargeable polymer battery is being pursued worldwide.
Its attraction lies in the specific weight of polymers, which is considerably lower than
that of ordinary inorganic materials, as well as potential environmental benefits.
In principle there are three different types of battery. The active polymer electrode can
be used either as cathode (cell types 1, 2), or as anode (cell type 3), or as both cathode
and anode (cell type 4) (Fig. 14). As the most common polymer materials are
usually only oxidizable, recent research has concentrated on developing cells with a
polymer cathode and a metal anode.

The polyacetylene cell has been most extensively researched 1892337243 Initially,
p-doped (oxidized) PA was used as active electrode, and Li as anode *'%%-23%:24D),
in cells containing inter alia solutions of LiClO, in propylene carbonate (PC) °-18%-23:
241 o sulfolane 2! (cell type 1). Before PA cells can be used as current sources they
first have to be charged. If (CH), is the anode and Li"/Li is the cathode, the overall
charging reaction is:

(CH), + (xy)Li* — (CH™), + (xy) Li @)

The observed open circuit potentials (V,.) lie between 3 and 4V vs. Li*/Li for a
maximum charging of 6 mol %. The energy densities of such cells reach values of up

Cathode (charged state) Anode (charged state)
[Anode (discharged state)] [Cathode {discharged state}]
¢® Charge —»

«— e° Discharge
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Fig. 14. Cell types for a polymer battery with active polymer anode, cathode or both respectively
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to 120 Whkg™', which are far above the figures for conventional lead batteries
(40 W h kg™*) 2*, Current densities can rise to 20 mA cm™? during discharging;
but in this event discharge capacity recovery is only 16%,. At low current densities,
up to 65 %, of total capacity can be recovered, which is about 85 A h kg~! fora 6 mol %
charging '), In an experiment to improve cycle stability a Li—Al alloy was substituted
for the Li-anode of the conventional battery **%), A solid state battery employing
oxidized PA as the cathode-active material has also been reported 2**', The cell,
Ag/RbAg,J/(CH’*) (I7),, operates at room temperature with a V . of 0.65V, an
energy density of 10 W hkg™*, a current density up to 50 mA cm™2 of (CH), and
a long lifetime, with a test cell functioning for at least two years.

As the reduction potential for (CH),/(CH? ™), is approx. 0.5 to 1 V positive to the
Li*/Li electrode, reducing neutral PA with a positive EMF produces an energy gain
(cell type 2) 2447246.250,251) The complete cell reaction is then:

(CH), + (xy) Li + (Bu,N*) (CIO;) — [(Bu,N™),(CH'"), + (xy) LiCIO, . ®

However, under these conditions, the energy density is lower than with the (CH”*),
electrode, whereas, on the other hand, the coulombic efficiencies attain values of 98 %,.
In some cases PA in its n-doped form has also been used as battery anode (cell type 3)
190.191,241) The discharging reaction in a cell with a TiS, cathode is as follows:

[Liy (CH' )] + (TiS,), - [Lij (TiS} )], + (CH), ®

This cell has an open circuit voltage of 1.65 V and possesses good stability. It has a
theoretical energy density of 110 W hkg™*.

There have been several reports of all-plastic batteries with PA-electrodes {cell
type 4) °-249:252.253) The observed cell potentials lie between 3.4 and 2.5 V, the short
circuit current was 50 mA cm~? down to 12 mA cm 2. The overall discharge reaction
is:

(CH"™), + (CH'"), - 2(CH), (10)

Although, in principle, the properties of PA are promising, its commercial prospects
are less so. This is chiefly due to the chemical instability of PA, which is increased by
doping. Highly conducting PA with conductivities of over 100000 S/cm 2% has
recently been developed, but this has not improved the prospects of polymer batteries.
Among the essential requirements are charging capacity, cycle stability and the self-
discharging rate. Studies have shown that doped PA in vacuum spontaneously
decomposes at temperatures of 60 to 80 °C, forming BF; and PF; from the anions
BFZ and PF¢ '*®). In PC, the most extensively used solvent in batteries, the material
has largely “degenerated™ after just 10 charging-discharging cycles 2%, Independent
experiments with the largely inactive solvent SO, prove 3% that the nucleophilic
reactivity of the solvent ) is a basic cause of PA degrading within a few battery
cycles, as it leads to addition reactions, thereby interrupting conjugation (Fig. 15).

A promising candidate for a polymer battery that does not possess the typical
disadvantages of PA is PPy 176:178:256-259) Ttg open circuit voltage lies near 3.5 V vs
Li*/Li. Charge capacity is about 70 to 85 A h kg™, and the effective energy density
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Fig. 15. Self-discharge of oxidized PA in 8O, (charged to 5.5 mol %)) and in PC (charged to 4.5 mol %)

(vs Li™ /Li) reaches values of 40 to 60 W h kg™ *. In addition, PPy has a long lifetime
and a relatively slow self-discharging rate. PTh has similar properties to PPy 182
260-262) Tts V,, is +3.5V vs Li*/Li and its charge capacity lies near 70 A hkg™*.
However, its self-discharging rate of 10 to 15%;/d is extremely high. Poly(p-phenylene)
(PPP) has also been studied as a potential battery electrode **:8%:184) Ag the neutral
form can be both oxidized and reduced, it can in principle serve both as a positive and
a negative electrode. The p-doped material gives an open circuit voltage of 44V vs
a Li-electrode and a current density of 40 mA cm ™2, With an electrochemically
produced film the charge capacity reaches values of 90 A hkg™" ®¥. The powder
obtained by chemically oxidizing benzene is not very conductive and must first be
predoped 5%,

Other materials which appear to be suitable as active battery electrodes are
polyazulene 263# poly (N-vinylcarbazole) 26, polyquinolines *) and, most recent-
ly, polyaniline (PANI) #5-26%) PANI, in particular, is a promising material for the
construction of a commercial battery. It can be used with both aqueous and aprotic
electrolytes and has a high coulombic efficiency with high cycle stability. In aqueous
electrolytes PANI can be employed both as cathode (cell type 1) and as anode (cell

type 3):

PANI/ZnSO,(H,0)/Zn ,
PbO,/ZnSO,(H,0)/PANI .

The first cell has the maximum capacity of 108 A h kg™ and the energy density of
111 W h kg™ *. The coulombic efficiency was close to 100%, over at least 2000 com-
plete cycles when cycled between 1.35V and 0.5V at a constant current density of
1 mA cm™2. The second cell also showed excellent recyclability (4000 cycles with
959 coulombic efficiency), on the other hand the discharge capacity decreased
steadily from 40 to 25 A hkg™! after 4000 cycles. In PANI batteries with aprotic

electrolytes PC is usually employed as solvent and Li as the negative electrode
210,266 —268).

PANI/PC(LiCIO,)/Li:

32



Electronically Conducting Polymers

The open circuit voltage lies near 3.40 V with a discharging capacity of 140 A h kg ™.
It is stated to have an energy density of 352 W hkg™! and to show excellent
rechargeability 219,

An important problem encountered with polymer electrodes is that of overoxidation.
It occurs after reversible charging of the electrode at high oxidation potentials and
leads to polymer degeneration. The results of thorough studies 8*24®) show that such
degenerative mechanisms are promoted by the nucleophilicity of the solvent. Especially
the activity of water leads to the formation of quinone-type compounds, to the
cleavage of C—C bonds, the liberation of CO,, and the formation of carboxylic
acids 2697272, Hence, there is a clear tendency to avoid both nucleophile solvents
and water in the construction of polymer batteries.

5.2 Electrochromic Devices

Apart from polymer batteries, applied research on conducting polymers is most
advanced in the field of electrochromic displays 22°-22:2"3)_ Electrochromic displays
are based on an electrochemical reaction of a material that displays a visual change
upon changing its redox state. The advantages of using electrochromic displays
(ECD) are their ease of preparation and the uniformity of the prepared films.
Furthermore, ECDs have no limited visual angle but they exhibit a memory function,
even after the driving voltage has been removed. Erasing and rewriting can be per-
formed almost at will.

The suitability of PPy 73:274:275) PTh 145.276) and PANI 277279 a5 electrochromic
displays have been intensively studied. Recently, the suitability of other polymers 227
such as polyisothianaphthalene *°-?%% has also been analyzed.

PANI appears to be particularly promising, as its colour changes during oxidation
covers the spectrum from yellow through green, blue and violet to brown. The
response times for the transition from one state to the next lie below 100 msec, which
is acceptable for practical applications. The maximum cycle count so far is about
10°, and thus one order of magnitude worse than that for inorganic tungsten oxide.
Whether such devices can be technically realized depends on whether the life times
of polymers can be lengthened and whether response times can be shortened by a
selection of suitable anions which diffuse into the polymer.

5.3 Miscellaneous

The unusual electric and optical properties of conducting polymers together with the
typical mechanical material properties of polymers have raised expectation of nume-
rous further applications in the future. As the mechanical stabilities of conducting
polymers such as PPy or PANI are generally poor, it is hoped to overcome this by
synthesizing composites. Two techniques have been developed. In one case, pyrrole
is electropolymerized in a non-conducting polymer film such as PVC, which is
prepared on the electrode by dipcoating 2%2-281~28%) The resulting composites have
the desirable mechanical properties of the PVC host, yet they retain the high con-
ductivity of the PPy dopant. In the same way, films have been produced which contain
poly(vinylalcohol) **¢ or polyether/polyester ") as insulating polymer materials.
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Stable highly conductive films of PPy-Nafion-impregnated Gore-tex 2% and PPy-
Nafion 259:2%®) have also been reported. Polymer blends can also be produced by
coelectropolymerizing suitable host compounds. This composite technique includes
the electrooxidation of pyrrole with pyrrole-grafted polymers *°), the electropoly-
merization of o,o’-bithienyl in THF 2**) and the anodic oxidation of 3-methylthio-
phene in a solution containing poly(methacrylate) 2°®. A chemical variant for pro-
ducing composite materials consists of dispersing the conducting polymer in the host
matrix. PANI/PVC blends are produced in this way ?**). Potential applications
discussed in the literature include antistatic materials, electromagnetic shieldings,
or reversible fuses 28-231:295),

Intensive research on the electrocatalytic properties of polymer-modified electrodes
has been going on for many years >4}, Until recently, most known coatings were
redox polymers. Combining redox polymers with conducting polymers should, in
principle, further improve the electrocatalytic activity of such systems, as the
conducting polymers are, in addition, electron carriers and reservoirs. One possibility
of intercalating electroactive redox centres in the conducting polymer is to incor-
porate redoxactive anions — which act as dopants — into the polymer. Most
research has been done on PPy, doped with inter alia Co?* 2°%, RuO, *°7, Co-
and Fe-phthalocyanines 2°%:2° as well as Co-porphyrines *°°-*°1. Evidently, in these
cases the cathodic activity for the O,-reduction is significantly increased. A further
method of incorporating redoxactive groups in PPy is to covalently bind the redox
centre to the pyrrole nitrogen via an alkyl chain 27319,

Increasing attention is being paid to research on conducting polymers as materials
for microelectronic devices. Here the characteristic property — changing conductivity
by up to 9 orders of magnitude through doping — is exploited for the construction
of diodes and transistors. The derivatized electronics were fabricated e.g. on an
array of Au microelectrodes by depositing polypyrrole *'**'%), poly(3-methylthio-
phene) '’ and polyaniline 7). The polymer-based transistor-like devices can be turned
on and off by electrical or chemical signals that oxidize or reduce the polymer.
The charge necessary to turn the device completely on is 107 C. The devices have
transconductance values of only about 1 order of magnitude lower than found for good
solid-state St MOSFET’s. They are stable for thousands of on-off cycles and have
switching times below 50 ms.

In recent years further concepts have been developed for the construction of poly-
mer-based diodes, requiring either two conjugated polymers (PA and poly(N-methyl-
pyrrole) *®) or poly(N-methylpyrrole in a p-type silicon wafer solid-state field-effect
transistor 2!2). By modifying the transistor switching, these electronic devices can also
be employed as pH-sensitive chemical sensors %, or as hydrogen or oxygen sensors
321) jn aqueous solutions. Recently a PPy alcohol sensor has also been reported 322),

Electron transfer processes at the electrode/electrolyte interface take place not only
when there is a suitable electrode potential, but can also be activated by photoenergetic
processes. These photophsysical or photovoltaic processes occur mainly in semicon-
ductors or semiconductor-like materials. They convert light energy into electricity
or chemical energy. The development of photoenergy conversion systems called
solar cells is limited mainly by the problem of photocorrosion of small bandgap
electrodes. This degradation can be slowed or prevented completely by suitable
coatings on the electrode. The highly conductible polymers like PPy 323-332) and
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Table 3. Prospective applications of conducting polymers

Application

Materials

Refs.

Rechargeable Battery

Doped PA  — Li system

9,189,238,241)

Doped PPy — Li system 178,256 -259)
Doped PANI — Li system 210,266 ~268)
Polymer composites PPy/PVC 232,281 - 285, 295)
as antistatic and electromagneticaily PANI/PVC 28,294, 295)
shielding materials
Electrochromic device PTh 145,275, 276)
PANI 277-279)
Electronic devices Au/PPy 315,316)
(diodes, transistors) Au/P (3-MeTh) 12
Au/PANI 317)
GaAs/P (3-MeTh) 338y
Si/8i0,/P (N-MePy) 319)
Chemical sensors: Pt/PANI; Pt/PPy 325~322)
pH, O,, H,, alcohol
Electrocatalysts Modified PPy electrodes 296-310)
Piezoelectric transducer Ceramics/PPy 336y
Memory devices PPy 230)
Photoelectrochromic dev. n-Si/P (N-MePy) 275,337)
Photovoltaic devices Si/PPy 323-329)
CdS/PPy 330)
GaAs/P (3-MeTh) 333,335
PPy/liquid junction 338,339)
PANI/liquid junction 340)
PTh/liquid junction 341y
Controlled drug release P (MeOTh) 133)

PTh 3337339 gre evidently materials which are suitable for such applications and which
stabilize the photoanodes considerably.
Some of the most important applications for conducting polymers which might

show at least some commercial viability in the near future are listed in Table 3. The
list is by no means complete, and is growing all the time. However, one should not
expect fundamental progress in practical applications until basic research on con-
ducting polymers moves beyond the stage of trial and error, and develops concepts
to obtain quantitative information about molecular structures and properties, on
the one hand, and the resultant material properties on the other hand.
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7 Note Added in Proof

Since completion of the manuscript several special reviews have appeared on the
electrochemistry of conducting polymers and related topics 4273 A further
stimulus was the International Conference on Science and Technology of Synthetic
Metals in Santa Fe 1988 (USA) 3#%. Several trends are discernible. First, much effort
is still concentrated on synthesizing novel heterocyclic monomers as well as sub-
situated derivatives of pyrrole and, especially, of thiophene in the hope of discovering
interesting new material properties. Second, it is becoming apparent that optimization
of polymerization conditions may considerably improve the qualities of polymers.
Third, with respect to basic research, the combination of electrochemical techniques
and spectroscopic methods has proved to be a powerful tool for characterizing the
electronic and structural properties of these materials.

Several novel polymers such as poly[2,5-bis(2-thienyl)thiazole *%), poly(dihydro-
benzodipyrrole) 37, poly-PyPy[3,2-b] 3*®, polydithienobenzene ***, polyisonaph-
thothiophene (PINT) 33, and polyisothianaphthene (PITN) ** have been synthesized
by electropolymerization. It was predicted **" that some of these systems shouid,
on electrochemical switching to the oxidized state, develop a very small band gap
leading to transparent highly conducting materials. As was shown by Wudl et al. 344,
352) the band gap of charged PITN and PINT reduces to approximately 1.2 €V in the
near infrared, which opens up interesting perspectives of applications as antistatic
transparent films.

In the field of soluble conducting polymers new data have been published on
poly(3-alkylthiophenes 35 3%, They show that the solubility of undoped polymers
increases with increasing chain length of the substituent in the order n-butyl > ethyl
> methyl. But, on the other hand, it has turned out that in the doped state the electro-
chemically synthesized polymers cannot be dissolved in reasonable concentrations 356),
In a very recent paper Feldhues et al. >*” have reported that some poly(3-alkoxythio-
phenes) electropolymerized under special experimental conditions are completely
soluble in dipolar aprotic solvents in both the undoped and doped states. The molecular
weights were determined in the undoped state by a combination of gel-permeation
chromatography (GPC), mass spectroscopy and UV/VIS spectroscopy. It was
established that the usual chain length of soluble poly(3-methoxthythiophene)
consists of six monomer units.

Meanwhile, the R-R coupling (see Sect. 2.2) has evidently found general acceptance
as the main reaction path for the electropolymerization of conducting polymers .
The ionic character of the coupling species explains why polar additives such as anions
or solvents with high permittivity >>® accelerate the rate of polymerization and func-
tion as catalysts. Thus, electropolymerization of pyrrole is catalyzed in CH,CN by
bromide ions3*® or in aqueous solution by 4,5-dihydro-1,3-benzenedisulfonic
acid 369361 The electrocatalytic influence of water has been known since the work
of Diaz %% and is also described by other authors 7®. The effects of the extremely
high dielectricity constant (180) of N-methylformamide (NMF) increase polymeriza-
tion rates of PPy. Thus, in acetonitrile the relative growth rate of a PPy film in the
presence of NMF increases by a factor of up to 300 7.

36



Electronically Conducting Polymers

The discussion on the “capacitive” charging of conductive polymers continues
362-364) Following Feldberg’s hypothesis !7), the capacitive charge should be pro-
portional to the amount of oxidizable film whereby it is assumed that oxidation of
the film occurs at one defined redox potential E°. All available experimental findings
are unequivocal evidence %197 that the latter assumption is wrong. In a recent
paper Heinze et al. ** again showed by spectroelectrochemical measurements that
charging of PPy in the plateaulike range of current-voltage curves corresponds to
the formation of bipolaron (iionic) states, which is equivalent to a faradaic charging
process.

Simultaneous ESR and electrochemical measurements on a polypyrrole film give
convincing evidence that the charging process in this film involves the generation of
paramagnetic species which are obviously intermediates in the process of switching
from the neutral to the oxidized state *%®). In any case, independent of all other findings,
this proves that there are several redox states formed at different redox potentials.
In a recent paper, Feldberg and Rubinstein *¢7 offer a new explanation for the typical
finite difference between anodic and cathodic peak potentials of conducting polymers
which is independent of scan rate in cyclic voltammetry. In their opinion the hysteretic
behavior is not due to the classical “square scheme” involving heterogeneous and
homogeneous kinetics, but to N-shaped free energy curves as a consequence of
phase transitions in the polymer. The discussion on this topic is just starting in the
literature, and a challenging exchange of views may be expected.

The cis/trans isomerization of cis-polyacetylene, previously only disclosed from
spectroscopic data, has recently been detected by cyclic voltammetry ). The analysis
of the redox data reveals that the trans-form is thermodynamically more favorable
in the charged than in neutral state.

The electrodesposition process of conducting polymers can be monitored by spectro-
electrochemical in situ techniques **+-36 37D Especially useful are ellipsometric
studies **® combined with time-resolved UV-visible spectroscopy 35371, Measure-
ments of the deposition of polythiophene reveal that during the starting period of
electrolysis only species in the solution phase are generated and that the growth of
the nuclei is not a simple three-dimensional deposition process but a fairly complex
one,

The study of composite materials containing both conducting polymers and other
polymeric systems attracts much interest because there are well-founded expectations
of improving mechanical, electrical or other properties 3’27379, Obviously, the
copolymerization of pyrrole and thiophene derivatives yields products which may
be well suited for applications in photocorrosion and battery techniques 76378,

Research on the electrochemistry of polyaniline is steadily increasing, as documented
by numerous publications *’° %7, Shacklette et al. ®” showed in a very thorough
study of the phenyl-end-capped tetramer of polyaniline that the first oxidation step
involves a 2e-transfer step leading to the emeraldine salt form in which 50%, of the
nitrogens are oxidized. The second oxidation wave also indicates a 2e-step and varies
with pH at a rate of approximately 120 mV/pH, which suggests a deprotonation of
4 protons. In this case the resulting species should be the pure imine form.

The application of PANI as active electrode material in a commercially available
polymer lithium battery is described by Nakajima and Kawagoe 3®. In aprotic solvents
redox properties are optimal when PANT is switched from the amine to the emeraldine
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salt form and vice versa. Further constructions of rechargeable batteries using PANI
as positive electrode are given by Mizumoto et al. 3% and Genies et al. **?. Besides
PANI, PPy 3392 ig still under study for battery applications. Recently, poly(3-
methylthiophene) was successfully tested as a rechargeable stable material 9% 394,
In a recent paper > it has been reported that unsaturated polymers such as
polyisoprene which are not conjugated can be also reversibly doped by oxidation
with I, or Br,. In the doped state conductivities of more than 107% S/cm have been
measured. Obviously, the belief that conjugated chains in polymers are a prerequisite
for conduction can no longer hold. As yet there are no independent, electrochemical
measurements which give further insights into this unusual phenomenon.
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The historical development of chemically electrodes is briefly outlined. Following recent trends, the
manufacturing of modified electrodes is reviewed with emphasis on the more recent methods of
electrochemical polymerization and on new ion exchanging materials. Surface derivatized elec-
trodes are not treated in detail. The catalysis of electrochemical reactions is treated from the
view of theory and of practical application. Promising experimental resuits are given in detail. Finally,
recent advances of chemically modified electrodes in sensor techniques and in the construction of

molecular electronics are given.
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1 Introduction and Overview

In 1975, the fabrication of a chiral electrode by permanent attachment of amino acid
residues to pendant groups on a graphite surface was reported V. At the same time,
stimulated by the development of bonded phases on silica and aluminia surfaces 2
the first example of derivatized metal surfaces for use as chemically modified electro-
des ¥ was presented. A silanization technique was used for covalently binding redox
species to hydroxy groups of SnQ, or Pt surfaces. Before that time, some successful
attemps to create electrode surfaces with deliberate chemical properties made use
of specific adsorption techniques .

These publications stimulated innovative work in many research groups as docu-
mented in the first major account on the subject in 1980 %), By this time it was also
recognized that the modification of electrode surfaces by polymer layers can be
simpler, more effective and more versatile than the derivatization techniques 7-%9).

From the beginning, most electrode coatings were designed to contain electroactive
groups. The primary advantage was that such coatings can be easily monitored and
characterized by electroanalytical methods in situ whereas other physical methods
to characterize solid-liquid interfaces are still not well developed. The most fascinating
and actually stimulating idea about surface confined redox molecules, however,
is the possibility of controlling surface properties by electrode potentials. Thus a
number of well recognized fields of applications have been developed over the last
10 years. This is well documented in R. W. Murray’s thorough and authoritative
review of 1984 19;

— study of electron self exchange within surface films

— potential dependent color display

— corrosion protection and photoactivation of photovoltaic electrodes
- catalysis of electrochemical reactions

- reference electrode systems

— substrate selective electroanalytical sensors
— enzyme immobilization to electrodes for biological sensors

— molecular based electronic devices

Provided electron transfer between the electrode and solute species is not inter-
rupted by the coating, even electroinactive films can offer interesting applications.
Thus, a chiral environment in the surface layer may impose stereoselectivity in the
follow-up reactions of organic or organometallic intermediates. Furthermore, poly-
mer layers may be used to obtain diffusional permeation selectivity for certain sub-
strates, or as a preconcentration medium for analyzing low concentration species.

In the first part of the present review, new techniques of preparation of modified
electrodes and their electrochemical properties are presented. The second part is
devoted to applications based on electrochemical reactions of solute species at modi-
fied electrodes. Special focus is given to the general requirements for the use of modi-
fied electrodes in synthetic and analytical organic electrochemistry. The subject
has been reviewed several times '! ~'4. Besides the latest general review by Murray 19,
a number of more recent overview articles have specialized on certain aspects: macro-
molecular electronics '*~'7), theoretical aspects of electrocatalysis '*), organic appli-
cations '°~?), sensor electrodes 22, and applications in biological >*?* and medi-
cinal #* chemistry.
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2 Manufacturing of Modified Electrodes

2.1 Coating with Preformed Polymers

Surface derivatization methods® cannot produce more than monolayer
(=5 % 1071% mol cm ~2) coverages of material at the electrode surface. Whenever
this is sufficient, the use of surface functionalities like carboxyl groups on carbon
materials ! or hydroxy groups on metal surfaces %1% is convenient for the attach-
ment of an unlimited variety of molecular species. In most cases of application how-
ever, multilayers of active surface coverage are required. This is best achieved with
polymer layers and in the following this review will be dealing almost exclusively with
organic polymer coated electrodes and some inorganic equivalents.

It was first shown that electrochemistry, at reasonable electron transfer rates, is
possible at electrodes coated with substantial amounts of electroinactive polymer 2.
The first polymer coatings on electrodes containing redox centers, polyvinyiferrocene
or polynitrostyrene, were reported soon after 8", The most important result of this
early work was the fact that many more redox centers than monolayer populations
are reversibly addressed by electrochemical reduction/oxidation and that again the
electrochemistry of solute species can be observed at such polymer modified slectrodes.
Cyclic voltammograms of e.g. diphenylanthracene at bare or polyvinylferrocene-
coated platinum electrodes are virtually identical "-*”, The presence of pinholes
in the polymer film was discussed to explain the fact that solute species could penetrate
the film so easily”, but the present view is that substrates and reactants are
transported through the polymer film by diffusion in the splvent-swollen poly-
mer 27. Even with relatively small diffusion coefficients of species in the film, voltam-
mograms look the same on coated and uncoated electrodes when the diffusion layer
in relation to the time scale of the experiment is large compared to film thickness
and pore size 2®. Relatively free diffusion appears to be characteristic of linear
vinylic polymers and, as will be shown later, is quite essential for applications in elec-
trocatalysis. The diffusion coefficients can be estimated from the comparison of
limiting currents of rotating disk voltammograms at coated and uncoated electro-
des 2239 Values in the range of 1071% cm? s™! may be typical.

The techniques of applying preformed polymers to the surface require that the
polymer is soluble in some solvent and insoluble in the solvent/supporting electrolyte
system used for electroanalytical studies. Simple “dip coating” and subsequent
drying is effective in producing the films although “wiping away” 7 or “shaking
away” 2 excess dipping solution before evaporation of the adherent solvent point
to a certain lack of reproducibility. The nature of adhesion of the films to the electrode
surface is not known for certain and has been described as adsorption or simply
precipitation. A confirmed chemical binding of the polymer layer can be achieved
by the use of surface attached anchor groups *'-*%. In the case of polyvinylferrocene,
enhanced adsorption in the oxidized state allows an electrochemical procedure to
control the polymer layer formation 7.

Alternatively, the amount of polymer deposited can be determined via ‘‘droplet
evaporation” by microsyringe application of known amounts of polymer solution
on the electrode surface, but the problem of homogeneity of the film is still not solved.
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The reproducibility of polymer film formation is greatly improved by the “spin
coating” technique where the polymer solution is applied by a microsyringe onto the
center of a rapidly rotated disk electrode 3. Rather thick films can be produced by
repeated application of small volumes of stock solution. A thorough discussion and
detailed experimental description of a reliable spin coating procedure was given
recently 3%,

A great variety of suitable polymers is accessible by polymerization of vinylic
monomers, or by reaction of alcohols or amines with functionalized polymers such
as chloromethylated polystyrene or methacryloyichloride. The functionality in the
polymer may also be a ligand which can bind transition metal complexes. Examples are
poly-4-vinylpyridine 2%-35 749 and triphenylphosphine modified polymers *). In all
cases of reactively functionalized polymers, the loading with redox active species
may also occur after film formation on the electrode surface but it was recognized
that such a procedure may lead to inhomogeneous distribution of redox centers in
the film 39,

A very similar idea is the use of ion exchanging polymers into which redox active
ions can be incorporated by equilibration with an adherent solution. Sulfonated
perfluoro polymers (Nafion), “*™*®, polyvinylsulfonic acid 4”, and polystyrene
sulfonic acids *%-3*-3%3) have been introduced as cation exchanging films, and pro-
tonated or quaternized aminopolymers such as polylysine >->¥ and protonated
polyvinylpyridine ¥ or N-methylated polyvinylpyridine > were used as anion ex-
changers. [Fe(CN)gl*™ ** and [Co(C,0,):F ™ 5%-5%, for instance, were used as redox
active anions and 2,2"-bipyridine complexes of Ru 43-4%:30.3 apd Co 4647 Feedta) ™,
and viologen cations *® were used as loading ions for cation exchanging polymers.
The ion exchanging process of introducing redox active ions may be enforced by
cycling the potential of the polymer coated electrode in contact with the feeding solu-
tion 39,

Polyelectrolytes may exhibit rather specific properties depending on their mor-
phology. Nafion, for instance, contains extremely hydrophobic fluorocarbon regions
where neutral organic species “**%-5” may be selectively incorporated. Other poly-
electrolytes appear to have domains filled with solvent where ions can diffuse quite
freely *2. In such polymers, charge may propagate by both electron hopping and
diffusion of redox sites *. Although polyelectrolytes offer some principal advantages
over covalent polymers, a number of draw-backs have been identified in some poly-
mers: lack of strong binding to the electrode surface, insufficient ion exchange capac-
ity, insufficient retention of redox ions during measurements *®), relatively high so-
lubility in aqueous solvents, and almost complete impenetrability in nonaqueous
solvents unless hydrated *". New ion exchanging copolymers were recently reported

0.28 037 0.35
+ +
N(Et)3 N{EtOH)3
cr ct” Scheme 1
7
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that apparently overcome most, or all of these difficulties. A ternary random copoly-
mer / made from a polystyrene/chloromethylated styrene copolymer by subsequent
quaternization with two different tertiary amines at the chloromethyl sites exhibits
enhanced diffusion rates of ions within the film and very good retention (Scheme 1 °%
9. Polystyrene sulfonic acids can be stabilized for use in aqueous solutions by co-
polymerizing with polyvinylpyridine *® and crosslinking of the polymer after filming
with 1,2-dibromoethane vapors °?. Both the water solubility and the problems with
ion retention may be avoided by the use of mixed polyanions and polycations such
as Nafion or polystyrenesulfonate and polyviologenes. Polysalts are precipitated
on electrode surfaces by simply mixing aqueous solutions of both components -2

2.2 Formation of Polymer Coatings Directly from Monomers

2.2.1 Non-electrochemical Methods

Some chemically stable vinyl monomers can be polymerized from the gas phase
using a glow discharge plasma for activation . The polymer is produced as a tightly
adhering film on surfaces. This method was applied in the preparation of polyvinyl
ferrocene films from the monomer. The electrochemical properties of the films are
similar to those made from soluble linear polyvinylferrocene *4-°%. Recent studies
carried out in great detail show that the plasma polymerized PVF is more difficult
to penetrate for electrolyte anions ®%-¢7-®_ A rather high degree of crosslinking is

51

N
N-—-M——N
1. LiOCsH : g N
N;?w > N N N
/ 4
N

NC:@CN A
NC cN M. MXq MXq
2 Lo AT NG CN
aT ;

N N N N
. N N N
—_M— —M—N
. NN N N
N N\ N N N\ N
3
Scheme 2 EEERN AN

54



Chemically Modified Electrodes

believed to be responsible. Likewise, plasma polymerized polyvinyl pyridine has a
complexing behaviour towards transition metal cations that is very different from that
observed with the linear polymer °. On the whole, this method appears to be restricted
to rather stable monomers and of limited value for electrode coatings that require
a high permeability for electrolyte ions and substrates.

Polymeric phthalocyanines 3 are available from 1,2,4,5-tetracyanobenzene 2 by
deposition from the vapor phase on hot substrate surfaces, or by thermal curing of
its tetramer, octacyanophthalocyanine 4 in the presence of metal cations
(Scheme 2 70749,

On the whole, curing procedures appear a promising way to obtain very stable
polymer films. Thus, the structure of already mentioned polylysine 52:3® has been
revised as a block polymer involving either the o or ¢ amino groups of lysine 7.
Vitamin B, modified carbon electrodes were prepared by thermal curing of a mixtare
of a diamino functionalized B,, derivative 5 and an epoxy prepolymer 6 of the araldite
type (Scheme 3 79)),

This process is probably accompanied by fixation at surface functional groups as
well as crosslinking reactions. The simplicity of this approach makes it quite pro-
mising for a more general application.

The coupling of molecular species to surfaces by the silanization technique
has been extended by employing bis-trialkoxysilylated monomers. Examples are
the viologen derivative 777-"® and the cobaltocinium complex 8 (Scheme 4 7).
In acetonitrile containing trace amounts of water, siloxane type connections lead
to simultaneous attachment to surface groups and crosslinking between redox centers.
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2.2.2 Electrochemically Initiated Polymerization

Reactive radical ions, cations and anions are frequent intermediates in organic elec-
trode reactions and they can serve as polymerization initiators, e.g. for vinylic poly-
merization. The idea of electrochemically induced polymerization of monomers has
been occasionally pursued and the principle has in fact been demonstrated for a
number of polymers 3-8V, But it appears that apart from special cases with anionic
initiation the heterogeneous initiation is unfavorable and thus not competitive for
the production of bulk polymers 3V, A further adverse effect is the coating of electrodes
with insulating polymer layers, although the formation of insulating coatings can
have advantages in the field of corrosion protection 82-8% and the electrochemical
deposition of paint 3%,

Electropolymerization is also an attractive method for the preparation of modified
electrodes. In this case it is necessary that the forming film is conductive or permeable
for supporting electrolyte and substrates. Film formation of nonelectroactive poly-
mers can proceed until diffusion of electroactive species to the electrode surface be-
comes negligible. Thus, a variety of nonconducting thin films have been obtained
by electrochemical oxidation of aromatic phenols and amines %:%®. Some of these
polymers have ligand properties and can be made electroactive by subsequent in-
incorporation of transition metal ions 3759

Vinyl substituted bipyridine complexes °” of ruthenium 9 and osmium /0 can be
electropolymerized directly onto electrode surfaces®’-°?. The polymerization is
initiated and controlled by stepping or cycling the electrode potential between posi-
tive and negative values and it is more successful when the number of vinyl groups
in the complexes is increased, as in 17 *?. A series of new vinyl substituted terpyridinyl
ligands have recently been synthesized whose iron, cobalt and ruthenium com-
plexes 12 are also susceptible to electropolymerization .

2.2.3 Electrochemical Preparation of Conductive Polymers

In 1979, the formation of conductive polypyrrole films by the electrochemical oxida-
tion of pyrrole was reported for the first time **). This work has stimulated intense
and fruitful research in the field of organic conducting polymers. Further important
conductive polymers are polythiophene, polyaniline and polyparaphenylene. The
development and technological aspects of this expanding research area is covered
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in an excellent handbook ®> and the electrochemical aspects are reviewed in this
volume *® with respect to the mechanisms of formation of conducting polymers, the
origin of their conductivity and their electroanalytical chemistry. Here, the properties
of polypyrrole as a new type of electrode material or as a basic constituent of modified
electrodes are discussed.

Due to its electronic conductivity, polypyrrole can be grown to considerable thick-
ness. It also constitutes, by itself, as a film on platinum or gold, a new type of electrode
surface that exhibits catalytic activity in the electrochemical oxidation of ascorbic
acid and dopamine °”, in the reversible redox reactions of hydroquinones °%-°%
and the reduction of molecular oxygen '°%1°V, N.substituted pyrroles are excellent
electropolymerizable monomers for the preparation of conductive polymers containing
additional redox centers. Several research groups have used this approach to obtain
modified electrodes. The polymers obtained in this way are summarized in Table 1.

Even the simplest N-substituted pyrrole, N-methylpyrrole, electropolymerizes
much slower than pyrrole itself '*7-1'®_ Furthermore, the conductivity of polymers
derived from N-substituted pyrroles is much lower than that of pure polypyr-
role '°%18 apparently due to the non-planarity of polypyrrole chains induced
by the bulky N-substituents. The very low conductivity of higher poly-N-alkylpyr-
roles ''® as well as most homopolymers given in Table 1 allows only for the formation
of rather thin films. Nevertheless, such films have proved valuable as modified
electrodes as will be detailed in Sect. 4.

The homo-electropolymerization is improved by the use of monomers with more
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Table 1. N-substituted pyrroles employed in the preparation of redox-Modified polypyrrole films on
electrodes

Active group Homopolymer Co-Polymer
Aryl groups 102 103,104,105}
Ferrocenes 103) 106,107)
Nitroxides 108) 109)
Pyridine (ligand) 110)

Bipyridine (ligand) 111,112) 109)
Triarylamine 109) 109)
Viologene 113

Anthraquinone 114)

Metalloporphyrines 115,116,295 -297)

than one pyrrole nucleus connected to the active redox group '°®. Another approach
is the technique of co-polymerization of N-substituted pyrroles with the readily poly-
merizable unsubstituted pyrrole 1%, In this case, however, the polymerization kine-
tics and polymer composition as well as the conductivities are not a linear function
of the monomer ratio in the feeding solution '°”. Thus, in the preparation of poly-
[pyrrole/ N-(w-ferrocenylalkyl-)pyrrole] a molar fraction of 0.1 of the substituted
pyrrole in the polymer could not be exceeded when the typical properties of poly-
pyrrole were to be maintained. Within this limit, self-supported modified polypyrrole
films are also available 197-119),

The permanent inclusion of solution constituents during the electropolymerization
of pyrrole was also used to prepare modified electrodes with cobalt phthalocya-
nine 129121 and glucose oxidase 12%+12% as examples. Another technique of perhaps
more general application is the preparation of composite films '**7'?® where pyrrole
is electropolymerized into a preformed solvent swollen film of a redox polymer at an
electrode 129139 A great variety may be expected when combinations of dozens of
redox polymers with at least 6 known conductive organic polymers obtainable by
anodic polymerization are taken into account. As will be shown in Sect. 3, it will
be necessary to produce conductive modified polymers with a high degree of porosity,
with pore diameters at least one order of magnitude larger than molecular dimensions.
Particularly for this goal, composite polymers involving conductive components
appear promising.

2.3 Inorganic Supporting Structures

2.3.1 Ion Exchanging Materials

Polynuclear transition metal cyanides such as the well-known Prussian blue and its
analogues with osmium and ruthenium have been intensely studied 131 Prussian
blue films on electrodes are formed as microcrystalline materials by the electrochemical
reduction of FeFe(CN)s in aqueous solution 13%:*3¥, They show two reversible
redox reactions, and due to the intense color of the single oxidation states, they appear
to be candidates for electrochromic displays *3¥. lon exchange properties in the re-
duced state are limited to certain ions having similar ionic radii. Thus, the reversible
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electrochemistry is retained in the presence of K, Rb, Cs, and NH; cations but
blocked by smaller cations %), An application as ion-selective electrodes has there-
fore been discussed 3!

The clay mineral bentonite (sodium montmorillonite) has an excellent ion exchange
and adsorption capacity. Films can be applied to electrode surfaces from colloidal
clay solutions by simple dip or spin coating that become electroactive after incor-
poration of electroactive cations or metal particles 136 ~143),

Clay films cast from a pure aqueous colloid appear to form a regular array of micro-
platelets, thin films of which show selective cation exchange, e.g. segregation of
Ru(bipy)?* from Na* and methylviologen dication *3®, and even partial separation
of the enantiomers of Co(bipy); ***. Thicker films (approx. 3 pm) can be supported
by the addition of polyvinyl alcohol 13%-13®_ This additive also aids swelling of the
bentonite structure giving rise to more ready ion exchange and mobility of cations 3%,
Clay minerals have recently been introduced as supporting structures for redox re-
agents in organic reactions *¥, Since they are inexpensive and have excellent chemical
stability they may be promising for applications in organic electrochemistry.

Similar films are obtained from powdered molecular sieves loaded with organic
molecules 3. Zeolite Y microparticles embedded into a polystyrene film and loaded
with appropriately sized transition metal complexes allow selective electron exchange
reactions between trapped and mobile species in the film *9,

2.3.2 Porous Supporting Structures

Some porous ceramic structures of oxides on titanium (Cr,0;, RuO,, MnO,, VO,)
obtained by baking films of metal complexes like acetylacetonates on titanium sur-
faces can also be regarded as chemically modified electrodes 4”149, Applications
in organic electrochemistry will be discussed in Sect. 4.

A specially prepared alumina has been suggested as a support for organic poly-
mers 3 the anodic oxidation of aluminum surfaces in dilute phosphoric acid gives
rise to the formation of an oxide layer with parallel pores perpendicular to the metal
surface. The size distribution of the pores is rather narrow and can be controlled (20 to
150 nm) by the cell voltage. The porous oxide layer can then be cleaved off the alu-
minum surface by amalgamation of the metallic site and subsequently be transferred
to metal surfaces such as gold. A very stable redox electrode has been described, con-
sisting of a polyvinyl pyridine film coating just the inner walls of the pores.

Yet another novel approach towards inorganic supports is the use of microporous
glass films prepared on metal or carbon surfaces from glass sols by spin coating and
subsequent thermal treatment >V, The enhanced mechanical stability of such devices
has been pointed out. Experimental results available up to now show that the charac-
teristic electrochemistry of-a platinum oxide surface in aqueous sulfuric acid is still
observed after glass coating, that the diffusional barrier of the glass films can be mani-
pulated by manufacturing conditions, and that electroactive polymers can be formed
within the glass layer that adhere very tightly unless they are protruding over the
glass surface.
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2.4 Characterization of Modified Electrodes

For the in situ characterization of modified electrodes, the method of choice is electro-
chemical analysis by cyclic voltammetry, ac voltammetry, chronoamperometry or
chronocoulometry, or rotating disk voltametry. Cyclic voltammograms are easy
to interpret from a qualitative point of view (Fig. 1). The other methods are less direct
but they can yield quantitative data more readily.

Further structural information is available from physical methods of surface
analysis *? such as scanning electron microscopy (SEM), X-ray photoelectron or
Auger electron spectroscopy (XPS), or secondary-ion mass spectrometry (SIMS),
and transmission or reflectance IR and UV/VIS spectroscopy. The application of
both electroanalytical and surface spectroscopic methods has been thoroughly re-
viewed 1 and appropriate methods are given in most of the references of this chapter.
The physical methods mostly require ultra high vacuum conditions having the dis-
advantage of not being applicable directly to solvent swollen films, but recent develop-
ments of in situ measurements in SIMS 5, X-ray diffraction **¥, surface enhanced
Raman spectroscopy (SERS) 1%, and scanning electrochemical tunneling microscopy
(SETM) 1% give hope that the full structural characterization of modified electrodes
will be achieved in the near future.

Fig. 1a—c. Cyclic voltammograms of dissolved and
surface confined ferrocene in acetonitrile/0.1 M TBAP.
2. 4 x 107* M dissolved ferrocene at Pt. b. 4-ferrocenyl-
phenylacetamid monolayer bound to Pt (ref. ®). ¢. Poly-
vinylferrocene dip coated on Pt, I" = 1 x 1072 molem ™1,
Straight arrows indicate diffusional events. Curved
arrows electron transfer events (from ref. ).
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3 Requirements for Mediator Catalysis at Modified Electrodes

3.1 Classification of Mediator Catalyzed Reactions

Mediated electrolyses make use of electron transfer mediators P/Q that shuttle elec-
trons between electrodes and substrates S, avoiding adverse effects encountered
with the direct heterogeneous reaction of substrates at electrode surfaces (Scheme 6).
In recent years this mode of electrochemical synthesis has been widely studied and
it is becoming increasingly well understood. A review is given in vol 1 of the present
electrochemistry series 137,
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If the redox mediator is dissolved in the electrolyte solution together with the
substrate it is a homogeneous mediator as opposed to the surface bound species at
modified electrodes. Two basic cases of homogeneous mediation have been classi-
fied 15®):

3.1.1 “Outer sphere” or Simple Redox Catalysis

The oxidation or reduction of a substrate suffering from sluggish electron transfer
kinetics at the electrode surface is mediated by a redox system that can exchange
electrons rapidly with the electrode and the substrate. The situation is clear when the
half-wave potential of the mediator is equal to or more positive than that of the
substrate (for oxidations, and vice versa for reductions). The mediated reaction path
is favored over direct electrochemistry of the substrate at the electrode because, by
the diffusion/reaction layer of the redox mediator, the electron transfer step takes
place in a three-dimensional reaction zone rather than at the surface 139,
Mediation can also occur when the half-wave potential of the mediator is on the
thermodynamically less favorable side, in cases where the redox equilibrium between
mediator and substrate is disturbed by an irreversible follow-up reaction of the latter.
The requirement of sufficiently fast electron transfer reactions of the mediator is
usually fulfilled by such reversible redox couples P/Q in which bond and solvate
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reorganization energies are small due to enhanced delocalization of charge. Typical
examples are organic molecules with extended n-systems, and transition metal
complexes many of which are given in Ref. 1*7 together with further requirements
for useful mediators.

3.1.2 “Inner-sphere” or Chemical Redox Catalysis

When the overall electrochemical reaction of the substrate involves bond-breaking
or bond-forming processes prior to, followed by, or concerted with electron transfer,
or between successive electron transfer steps, the overall activation energy may be
lowered by “chemical™ redox catalysis. In this situation the catalyst has to play a
multiple role in the reaction path: electron tranfer and intermediate fixation of
substrates and reactive intermediates. Substrate and product selectivity will arise
herefrom. One remarkable feature of chemical redox catalysis is the possibility of
concerted two electron transfer reactions which is generally not possible with outer-
sphere redox reactions !*%. Clearly, the catalyst will have to be tailormade to meet
the electronic and structural requirements of the substrate, and the most serious
problem is to regenerate such catalysts in their active forms !>°:19.

Models for this goal are the reactions of redox enzymes which in turn should be
closest possibly mimicked by transition metal complex chemistry. A presently very
promising approach is therefore the use of enzymes or coenzymes for the desired
reaction in combination with a redox mediator that regenerates the redox activity
of the enzyme complex 2324:1%% Such a system would be called a multiple mediator
arrangement.

3.1.3 Surface Confined MediatorkSystems

Electrocatalysis with mediators located in coatings at the electrode surface is one
of the proposed applications of modified electrodes. A number of obvious advantages
over the homogeneous case can easily be compiled:

— Though using a much lower total amount of catalyst than in the homogeneous
case, a considerably higher catalyst concentration in the reaction layer can be
supplied.

— Theory predicts a substantial rate enhancement over the homogeneous case.

— Even the use of costly catalysts may be considered

— No separation of products and catalyst is required

A number of possible pitfalls can be anticipated as well:

— A catalyst molecule bound to a polymeric support may be less active than in homo-
geneous solution, or exhibit different reactivity *°V.

— When a small fraction of irreversible mediator side reactions cause a rapid de-
crease of catalytic activity in the homogeneous case *”, in a modified electrode
this would be disastrous since there is no bulk supply of catalyst. Thus, higher
turnover numbers are generally required than in the homogeneous case

_ Reactions of reactive intermediates with the polymer constituents may produce
unforeseeable artefacts.

— Polymers or other supporting materials may not be able to tolerate the high
current densities desired for preparative electrolyses.
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3.2 Theory and Electroanalytical Chemistry

3.2.1 General Description of Models

A general theory based on the quantitative treatment of the reaction layer profile
exists for pure redox catalysis where the crucial function of the redox mediator is
solely electron transfer and where the catalytic activity largely depends only on the
redox potential and not on the structure of the catalyst °8-152) This theory is consistent
with experimental data and has been successfully applied in the evaluation of kinetic
and thermodynamic parameters of electrochemical reactions 163 -169),

This theoretical model has been extended to the case of heterogeneous mediation
at redox modified electrodes '57 717, Since the generation of a three-dimensional
reaction/diffusion layer is essential for redox catalysis to occur, a monolayer derivatiz-
ed electrode is expected to be inactive in the pure redox catalysis case. A polymer
layer containing mutilayer equivalents of redox centers thus appears to be ideally
suited, and at first sight, the film may be expected to operate better the thicker it is 1°7.
But even a qualitative view can show that, apart from the electron transfer rate of the
actual mediation step, two further potentially rate determining processes must be
considered: the propagation of charge within or across the film, and the partition
and mobility of substrates (and products) in the film as compared to the bulk solution.

Charge propagation within the film is in principle slower than charge injection
(or consumption) at the electrode/film interface !”. Whether electrons are transported
through the film by electron hopping between fixed redox sites ', or partially by
diffusion of redox sites within the film **, or assisted by movements of the polymer
chains °V), the overall process is treated as a diffusion of charge. The corresponding
diffusion coefficient is dependent on the intrinsic self-exchange rate and on the con-
centration of redox sites in the film *¢-177-178_ The diffusion coefficients of substrates
in the film may well be 3 or 4 magnitudes smaller than in a solvent 29-39,

If substrate diffusion becomes rate determining, only a small fraction of the film
at the film/solution interface will be used. On the other hand, if charge diffusion be-
comes rate determining, the catalytic reaction can take place only in a film fraction
close to the electrode surface. Each of these effects will render parts of the film super-
fluous, and it is obvious that there is no sense in designing very thick redox films,
rather there is an optimal layer thickness to be expected depending on the individual
system.

3.2.2 Classification of Cases

Rigorous quantitative treatments lead to kinetic zone diagrams that distinguish
between different extreme and borderline cases depending on which parameters
controll the overall reaction '7%17? (Fig. 2). A realistic picture is obtained from cross
sectional diagrams of the electrode-film-solution interface that show the concentra-
tion profiles of catalyst redox states and substrate for the various kinetic situations
under steady state operation (Fig. 3 8:165-17%) The catalytic efficiency can be ex-
pressed by a characteristic current 1 as given in Fig. 2 for the limiting current at
the rotating disk electrode, or by an effective heterogeneous rate constant 172,
Apparently, for effective catalysis, conditions are desirable under which the com-
plete film volume is active (case R, Fig. 3). But such conditions will be difficult to
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Fig. 2a~c. Kinetic zone diagram for the catalysis at redox modified electrodes®®*. a. The kinetic
zones are characterized by capital letters: R: control by rate of mediation reaction, S: control by rate
of subtrate diffusion, E: control by electron diffusion rate, combinations are mixed and borderline
cases; b. The kinetic parameters on the axes are given in the form of characteristic currents: i, : current
due to exchange reaction, ig: current due to electron diffusion, ig: current due to substrate
diffusion; e, The signpost on the left indicates how a position in the diagram will move on changing
experimental parameters: c¢%: bulk concentration of substrate; cJ, c%: catalyst concentration in the
film; Dg, Dy diffusion coefficients of substrate and electrons; k; : rate constant of exchange reaction;
k: distribution coefficient of substrate between film and solution; ®: film thickness (from ref. 17%),

Table 2. Analytical scale mediated redox reactions with participation of a significant layer of polymer
films

Polymer-System Mediator Reaction Ref.
Catalyzed
Polyvinylpyridine/H " IrC12- Fe?* JFe®* 181)
Polyvinylpyridine/H * Ru(edta) [Fe(CN) J* /2~ 18D
Polylysine/H™* [Mo(CN) P~ Co(tpy)** 175)
Polylysine/H* [WICN)P~ Co(tpyy** 179)
Polyvinypyridine/Polylysine/H* IrCI2~ Fe?* /Fe®* 182)
Nafion Methylviologen or O, redn. 183)
Polyxylylviologen
Nafion [Ru(NH,) I**/ O, redn. 180
Co"TPMPyP
Polyvinylpyridine-ligand Ru'(bipy),Cl — Fe?* [Fe*t 29
Polyvinylpyridine/Polystyrenesulfonate  Os(bipy)?* [Fe(CN),J* 2~ 30
crosslinked

Abbreviations: edta = ethylenediamine-tetraacetic acid, bipy = 2,2'bipyridine, tpy = 2,2',6',2"-
terpyridine, TPMPyP = tetrakis(4-N-methylpyridyD)porphyrin
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Fig. 3. Steady state concentration profiles of catalyst and substrate species in the film and diffusion
layer for for various cases of redox catalysis at polymer-modified electrodes. Explanation of layers
see bottom case (S + E): f: film; d: diffusion layer; b: bulk solution; i;: limiting current at the rotating
disk electrode; other symbols have the same meaning as in Fig. 2 (from ref. 1)),

achieve in practice. The second-best situation is a reaction layer extending from the
film/solution interface as far as possible towards the electrode surface (case R + S,
Fig. 3). If such a situation can be established, one can calculate that electrosynthesis
at current densities up to 1 A cm~? are possible with a rate enhancement up to 10°
over the uncatalyzed electrode reaction *’®. The necessary but not easily available
set of parameters includes a second order rate constant for the mediation step
>10 mol~! L™, and a diffusion coefficient of the substrate in the layer near 10~% cm?
x s~'. The optimum film layer under these conditions is 1 um 172, All other cases
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in the kinetic zone diagram should be less or not effective with the exception of che-
mical catalysis by the mediator 717%-189 1n this latter case even a catalyst monolayer
would be catalytically active if a sufficient turnover number is given.

3.2.3 Electroanalytical Proof of Redox Catalysis

Appropriate electroanalytical procedures to verify the one or other case have been
given in the references of this section. The main techniques are cyclic voltammetry,
chronoamperometry, chronocoulometry, and rotating disk voltammetry. The last
one appears 1o be best suited since constant mass transport in the film is a very im-
portant feature as outlined above 18:29:39.170.172.173)  Tahle 2 gives examples for
which the participation of a substantial part of the film (R or S + R cases in Fig. 3)
in redox catalysis has been proven by electroanalytical methods. Other examples
corresponding to various cases of the kinetic zone diagram have been reviewed else-
where '),

3.2.4 Practical Problems

Theories neglect that catalysts usually have limited turnover numbers due to destruc-
tive side reactions. This may not be so obvious in analytical experiments but it has
severe consequences for large scale applications. A simple calculation can illustrate
this problem: if a redox polymer with a monomer molecular weight of 400 Da and a
density of 1 g cm ™! is considered with all redox centers addressable from the electrode
and accessible to the substrate with a turnover number of 1000, then, to react 1 mmol
of substrate at a 1 cm? electrode surface, at least 5 pmol of active catalyst centers
corresponding to 2 mg of polymer, or a dry film thickness of 20 pm are required.
This is 20 times more than the calculated optimum film thickness for rather favorable
conditions 7%,

Certainly, the same arguments apply for “chemical redox catalysis”, but as dis-
cussed above, thinner films may be effective in this case. Hence, it will be reasonable
to work with modified electrodes having a large effective area instead of thick films,
i.e. three-dimensional, porous or fibrous electrodes. The notorious problem with
current/potential distribution in such electrodes '** may be overcome by the potential
bias given by selective redox catalysts. Some approaches in this direction are described
in the next section.

4 Preparative Scale Electrochemistry at Modified Electrodes
4.1 General Overview

The first reported electroorganic synthesis of a sizeable amount of material at a
modified electrode, in 1982, was the reduction of 1,2-dihaloalkanes at p-nitrostyrene
coated platinum electrodes to give alkenes '®%. The preparation of stilbene was
conducted on a 20 pmol scale with reported turnover numbers approaching 1 x 10%.
The idea of mediated electrochemistry has more frequently been pursued for inorganic
electrode reactions, notably the reduction of oxygen which is of eminent importance
for fuel cell cathodes 188, Almost 20 contributions on oxygen reduction at modified

66



Chemically Modified Electrodes

electrodes have been reviewed earlier !®. Catalysts employed are mainly viologens '8!
187,188) and quinones '*° 1Y), giving hydrogen peroxide, as well as the metal complexes
of various porphyrins 182199 Especially the last species appear to fulfill the more
favored 4 electron reduction to H,O instead of the 2 electron reduction to H,0,.
Modified electrodes prepared by electropolymerization of a tetrakis-o-aminophenyl-
porphyrin were reported to proceed with at least 10* turnovers of redox sites %%,
Polypyrrole films can catalyze dioxygen reduction as well 1°%1°D_ In none of the cited
works was more than analytical scale reduction documented. The potential applica-
tion of modified electrodes in fuel cells was demonstrated for an acidic methanol/
oxygen cell using metal tetraarylporphyrins pyrolyzed on porous carbon supports 1%,
A test cell shown at the 1987 Annual Meeting of the Fachgruppe Angewandte Elektro-
chemie of the GDCh was working for 100 days without appreciable decrease of the
cell potential.

The reduction of carbon dioxide is another of the basic electrochemical reactions
that has been studied at modified electrodes. The reduction at Co or Ni phthalocyanine
in acidic solution yields formic acid **® or carbon monoxide °®. A very high selectiv-
ity for carbon monoxide is observed at electrodes modified with an electropolymerized
Rhenium vinylbipyridine complex '°7),

Other reactions of small inorganic molecules are the oxidation of chloride ion at
a Nafion electrode impregnated with a ruthenium oxo complex '°® and the reduction
of nitrogen monoxide to ammonia at a Co phthalocyanine modified electrode 1°.

Fewer examples are reported for organic electrode reactions: some alkyl halides
were catalytically reduced at electrodes coated with tetrakis-p-aminophenylporphy-
rin 2%, carboxylate ions are oxidized at a triarylamine polymer 2°V, and Os(bipy)3*
in a Nafion film catalytically oxidizes ascorbic acid 2°%. Frequently, modified elec-
trodes fail to give catalytic currents for catalyst substrate combinations that do work
in the homogeneous case '° even when good permeability of the film is proven .

As discussed before, very high turnover numbers of the catalytic site and a large
active electrode area are the most important features for effective catalysis. In the
following sections three relatively successful approaches are illustrated in detail,
all of which make use of one or both of these parameters. A further section will deal
with non-redox modified electrodes for selectivity enhancement of follow-up reactions.

4.2 Reduction of Vicinal Organic Dihalides

An irreversible reaction of the intermediate of a redox reaction will greatly facilitate
redox catalysis by thermodynamic control. A good example is the reduction of the
carbon halogen bond where the irreversible reaction is the cleavage of the carbon
halogen bond associated, or concerted, with the first electron transfer 96209 The
reactive carbon-centered radicals produced in this step may howéver be disastrous
for the polymer structure of the electrode coatings. The situation is more favorable
for vicinal dihalides because of the rapid elimination of the second halide ion together
with the uptake of a second electron. With specially suited redox catalysts this reductive
elimination can even proceed as a concerted, “inner sphere” two-electron process 294,
Even the non-catalyzed reaction at the electrode surface has been described as
“Concerted" 205, 206)'
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It is not surprising then that the first reported surface mediated reaction made use
of vicinal dihalides. In addition to poly-p-nitrostyrene '*%, immobilized metallo-
porphyrins 1°®2°7 and viologens °® were found to be catalytically active. Recently,
the mediated reduction of meso- and dl-dibromodiphenylethane at viologen modified
electrodes was re-examined using a polymer formed directly at the electrode surface
by anodic oxidation of suitable pyrrole monomers (13, 14, 15, Scheme 7) !13.210.211),
The electroanalytical proof of effective mediation was obtained by cyclic voltammetry
(Fig. 4 2'9) although no attempt of a quantitative kinetical assay was made. The
catalytic reduction of dibromostilbene occurs in the second reduction peak of the
viologen system, almost 1 V more positive than without mediator. It would be inter-
esting to know if the neutral viologen species can transfer two electrons to the sub-
strate.

c— + +
—(CH -NO N—R

2 BF”

S
13 R= -(CHzla—Ng

4 R

15 R= - EH2© Scheme 7

- CHy

#

Ai/ZpA

E/V

ji/BA

o .
[

Fig. 4. Catalytic reduction of meso-1,2-dibromo-1,2-diphenylethane (DBDPE) at poly-I3-coated Pt.
cyclic voltammograms in 0.1 M TBAP/acetonitrile at 0.1 V s-! scan rate. A: I6 at bare Pt; B:
DBDPE at poly-/3 (I' = 1 x107® molem™?); C: poly-13 in clean electrolyte (from ref. %),
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Catalytic currents for a given scan rate were compared for the three different
polymers and for increasing thickness of the films. An optimum film thickness for
maximum catalytic efficiency was found that was depending on the type of polymer.
Poly-14 and poly-15 had a higher optimum thickness and catalytic efficiencies although
the electrochemistry of all three polymers in pure solvent is very similar. The authors
ascribed this effect to different permeabilties of the polymers. Interestingly, with very
thin films (2 x 10-° mol cm —2) of poly-13, catalytic effects were no longer observed
neither could reversible redox species in solution be detected. This was assigned to
a lesser permeability of the film closer to the electrode surface than in regions stretching
out further into solution. These results document that, of necessity, deviations from
theory must be observed because the diffusion coefficients of substrates in polymer
films may not be constant throughout the reaction layer.

Controlled potential electrolyses of dibromostilbenes at poly-13 coated platinum

foils 219211 gave results similar to those previously observed 3%, The electrodes lose
their catalytic activity after the passage of about 2 pF cm ™2, although up to 80%,
of the viologen electroactivity is retained in the film. Thus, it is obvious that redox
conduction within the film is still fast and not rate determining. The absence of catalysis
could be explained by either kinetic inhibition of the mediation reaction by accumu-
lated bromide ions or, as favored by the authors, by irreversible reactions within the
polymer backbone blocking substrate diffusion into the film.
Furthermore, it was found that, although the catalytic efficiency measured in initial
current was lower for /3, the latter was more stable. When carbon felt electrodes
were coated with this polymer (approx. 1x107° mol on a 20%20x 4 mm piece)
the reduction of dibromostilbene was obtained on a mmol scale with only moderate
decrease of mediator electroactivity *'"). The production of about 0.15 mmol of stilbene
is the highest hitherto reported yield at an organic polymer modified electrode.

4.3 Electrocatalytic Hydrogenation

The viologen-coated carbon felt electrode has, in fact, to be rated as a success that
points the right way. Recently, in the same research group a further application of
the polypyrrole based viologen electrode has been demonstrated: when electrodes
as described above were additionally impregnated with palladium or rhodium micro
particles, the electrochemical hydrogenation of activated alkenes, acetylenic triple
bonds, aromatic aldehydes, and aromatic nitro groups was achieved in batches up to
15 mmol (Table 3 [212]). The electrolyte was aqueous potassium chloride with added
ethanol or 2-ethoxyethanol to achieve solubility of the substrates. The electrochemical
reaction proceeded at —0.4 to 0.5V (vs. SCE). The electrodes appear to be very
stable being reusable even after a turnover of more than 5000 molecules per
Pd or Rh atom at a metal to viologen ratio of approx. 1:1.

4.4 Vitamin B,, Reactions
Vitamin B, is one of the most extraordinary and effective catalysts working in
biological systems *!%. The application of natural B,, as well as its cyanocobalamine

form as a redox mediator '7%-2'%, especially in the hydrogenolysis of the carbon
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Table 3. Electrocatalytic hydrogenations on carbon felt electrodes coated with polyviologen/Pd %

substrate init amt, consmd current, product yield
mmol electron molecule™* (current effency)

PhCH=CHCO,H 7 2 PhCH,CH,CO,H 95 (95)
>%_<::j>:0 15 2 >_{<::>;:0 100 (100)

0 15 9.6 a 48 (10)
PhC=CPh 3 4 PhCH,CH,Ph 98 (98)

CHO 4 2 CHpOH 100 (100)

CH30 CH30
PhNO, 8 6 PhNH, 86 (86)

halogen bond #'* and the reductive Michael addition of alkyl and alkenyl halides
to activated olefins 2'®) has been amply demonstrated. B,, mediated reactions
represent a typical chemical redox catalysis involving oxidative addition of alkylating
agents and subsequent group transfer 17%2%4.214 Highly reactive intermediates can
be avoided in this way and high turnover numbers are likely to be achieved.

An epoxy resin made by thermal curing of an araldite prepolymer with the 3,5-
diaminophenylester of a peripherically modified vitamin B, , as “*hardener” on carbon
surfaces gave stable polymer films (see Scheme 3, Sect. 2.2.1). The typical B,

R=X X~
Coll !3
Co(m
R +fe + H
\/\Y /\Y or
+2e + H+
2e, 2HY
S TR Y —E;;'—’ AN =N

16 Scheme 8
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electrochemistry was demonstrated by cyclic voltammetry at basal plane pyrolytic
graphite electrodes ™. The same electrode showed catalytic activity in the reductive
Michael addition of ethyl iodide to acrylonitrile (Scheme 8).

Controlled potential electrolysis of the substrates, at —1.4 V vs. SCE, at a carbon
felt electrode on which only 3.6x107®mol B,, were immobilized (approx.
1x107'° mol cm~?) resulted in the production of 76 umol of valeronitrile 16,
corresponding to a turnover number of 2100 76-2*7), This example shows that the
combination of inner sphere redox mediators and high surface electrodes is
promising.

The reductive cleavage of the alkylcobalamine is facilitated by light irradiation
and can then proceed at a much more positive potential. A demonstration photoelec-
trochemical reactor for the B,,-catalyzed photoelectrochemical synthesis of Michael
adduct 17, the alarm pheromone of the ant atta texana (Scheme 9) has been constructed
where the complete device is driven solely by solar energy #'®. Hopefully, mediated
photoelectrochemical reactions of this type will also be realized at chemically modi-
fied electrodes.

g .
ie, H
o+ [ ——
H \H)J\ 812, hv
Br Scheme 9
17

4.5 Ceramic Oxide Electrodes

Many transition metal compounds are used as reduction or oxidation agents in organic
chemistry. Surface modified electrodes using such reagents are well known, e.g. the
alkaline nickel peroxide electrode, applications of which have been reviewed in the
present electrochemistry series 2!%. As an alternative approach some ceramic metal
oxide electrodes (Cr,0,, RuO,, MnO,, VO, TiO,) have been developed 47149,
Typically, such electrodes combine the porosity of the oxide layers and the high reac-
tivity of surface groups. Oxidation as well as reduction reactions can be carried out.
The oxidation of 2-propanol at a Ti/Cr,0, electrode is given in Scheme 10 22,
Ceramic chromium'™ oxide forms a green layer on the titanium surface which is
oxidized to chromium trioxide in aqueous sulfuric acid. When 2-propanol is present,
it is rapidly oxidized to give acetone in 1009 current yield. The similarity of the
molecular oxidation mechanism to the one known for the homogeneous reaction
was indicated by the expected kinetic isotope effect. High turnover numbers were
noted, but the operating life of the electrode is limited by leakage of Cr"! into
the acid solution. The possibility of stabilizing the layers by the admixture of other
metal oxides is indicated 22,

Ti/TiO, electrodes manufactured by impregnating a Ti surface with a soluble Ti"
compound and subsequent baking in air can be used for reduction processes with
Ti™ or Ti" species as proposed catalytic intermediates. The usefulness of such electrodes
was demonstrated by the reduction of nitrobenzene in 1 M H,80,/CH,0H (1:1)
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with 709 current yield on a 0.4 mol scale *2*?, Since there was no hydrogen forma-
tion, other reduction products of nitrobenzene must have been formed. In both cases
the oxide layers are seen as true mediator systems in a three dimensional array,
and not as improved surfaces 147-22%),

4.6 Modified Electrodes for Stereoselectivity
in Electroorganic Synthesis

High product selectivity is one of the most important challenges in synthetic
methods. Some electrode reactions of organic substrates show a surprisingly high
chemoselectivity and regioselectivity 2**. Diastereoselectivity is occasionally observed,
apparently due to diastereoface discriminating adsorption at the electrode surface 224

Enantioselective electron transfer reactions are not possible in principle because the
electron cannot possess chirality. Whenever the choice of enantiodifferentiation
becomes apparent, it will occur in chemical steps subsequent (or prior) to electron
transfer. Thus, enantioselectivities require a chiral environment in the reaction
layer of electrochemical intermediates 22> although asymmetric induction was report-
ed for the electrochemical reduction of mandelic and pyruvic acids in the presence of
a magnetic field normal to the electrode surface without any chiral inductor
present 29,

Partially successful attempts towards chiral electrochemical synthesis have involved
chiral supporting electrolytes 227, chiral solvents **®), and chiral adsorbates, mostly
alkaloids 222230, Witk the latter method enantiometric excess values >40% have
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been achieved 2*!-2*? but these are still far from those available with modern organo-
metallic methods and hence expected and required for a useful synthetic method 233,

From this discussion it is clear, that, independently of their redox properties,
suitably modified electrodes offer themselves for the introduction of diastereo- or
enantioselectivity into electrochemistry. Early reports of chiral inductions at modified
electrodes include reactions at graphite **2*¥ and SnO ?*% surfaces derivatized with
monolayers of (S)-(—)-phenylalanine. Asymmetric inductions at the “chiral graphite
electrode” P could, however, not be verified in other laboratories even after great
efforts 236,

Subsequently, a number of reactions at poly-L-valine coated carbon electrodes
237-243) were reported to yield optically active products. Reductions, e.g. of citraconic
acid #*? or 1,1-dibromo-2,2-diphenylcyclopropane %, as well as the oxidation
of aryl-alkyl sulfides ?**:2*2) proceeded with chiral induction at such electrodes
(Table 4). Chemical and optical yields were highly dependent on the mode of
fabrication of the polymer layers *!:242  Enantiometric excess values, chemical
stability and resuability were greatly improved by using polyvaline coated on a
polypyrrole film that itself was anchored to the electrode surface by a chemical
derivatization method %),

The highest reported optical yield was 939, for the oxidation of t-butyl-phenyl
sulfide to the S-enantiomer of the corresponding sulfoxide **?. The polyvaline
electrode could also be used for the kinetic resolution of racemic electroactive
compounds as demonstrated for the oxidation of 2,2-dimethyl-1-phenyl-1-propanol
which, after work-up, left 439, pure S(—)-enantiomer following oxidation of half
of the starting alcohol to the ketone ***. Another approach of asymmetric induction
at chirally modified electrodes uses the intrinsically asymmetric structure of sodium
montmorillonite which has been shown to act as a chiral adsorption material for
chromatography *** and an ion exchanging electrode coating as well 3. The
potential usefulness of clay coated electrodes modified with Ru(phen);* was shown
by a kinetic resolution in the oxidation of racemic Co(phen)?* to optically active
Co(phen);* with 77 ee **>. The asymmetric oxidation, at a similar electrode, of
cyclohexyl-t-pentyl sulfide to the sulfoxide proceeded with 20 %/ ee on a submicromolar
scale >*¢. The enantiomeric purity was determined from cd spectra. An interesting
question is whether the asymmetric induction is imposed on the reactive complex
solely by the asymmetric environment of the montmorillonite structure with the
ruthenium complex acting as redox mediator, or if preferential electron transfer
through one of the enantiomeric species of the complex is also important. We
suggested earlier that the function of redox enzymes is representative for the ideal
“chemical” redox mediator inasmuch as both electron transfer and chemical follow-
up reactions are coordinated in a tailor-made microenvironment. Thus, one has to
look for systems where the chirality transfer is nearly concerted with electron transfer
in a real inner sphere process.

The results cited in this section indeed appear very promising and encouraging, but
there are still many problems to solve. Chemical and optical yields are extremely
sensitive to experimental conditions such as current density and electrolyte composi-
tion *®. Some experimental details in the asymmetric reduction of citraconic acid
are indeed puzzling, such as a temperature maximum of the optical yield, and the fact
the same product enantiomer is formed regardless if D or L polyvaline was used
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Table 4. Asymmetric electrochemical reactions at poly-L-valine coated carbon electrodes

Reactant Product Absol. Yield % ee? Ref.
config. %
COOR
ROOC COOR Hl—Me
/ \ H H
Me H
CO0R
R — H R(+) 80b 35 237,238)
R o CH3 R(+) 651: 23 237,238}
CiOH
H £ 00K Me—t—H
= i SO e 10
/TN
HooC Me
cooH
Me Me
g 0 8] 0
Ph—IEI—COOR Ph—C‘H—CDOR
OH
R=H R 39¢ 0.7 240)
R = Et S 48¢ 6.7 240
Ph——-lfl—«COOH Ph—-%H—EDDH
N NHz
“OH
R = Me S 13 6.2 240)
R =Ph S 18 2.1 240

Ph Br Ph 8r
>&< A R 48? 17 240)
Ph Br Ph H
R—S—Ph RJIsI'—@
0

R = Me S 82° 2 242
R = i-Pr S 19¢ 77 242)
R = n-Bu S 9e 20 242
R = iso-Bu S 69° 4 2
R = t-Bu S 45° 93 242y
R = cyclo-C H, nd. 31° 51 242
R = cyclo-C,H¢ n.d. 31¢ 2 s

a. Optical yields are the maximum ones described within a set of various reaction conditions; current
or chemical yields may be higher under different conditions; b. Current efficiency; c. Chemical yield;
d. p-tolyl for Ph
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for the electrode coating 2*®. Unfortunately, independent attempts 247 to reproduce
asymmetric inductions in the oxidation of prochiral sulfides ** failed to give optically
active products. It thus appears that experimental procedures for asymmetric elec-
trochemical reactions at modified electrodes are still not straightforeward enough to
allow a general application 234 247,

S Analytical Applications

Electrochemistry has long been an important tool in analytical chemistry. Polaro-
graphic, voltammetric and coulometric techniques allow for the quantitative deter-
mination of trace levels of metal ions and electroactive organic compounds %),
amperometry is successfully used in hplc detectors >*® and the use of micro-
electrodes for in vitro or in vivo determination of biological materials is becoming
increasingly important 22725250 A drawback of all electroanalytical methods is an
intrinsic lack of substrate selectivity because many substrates, notably biologically
active species, have similar redox potentials and many are difficult to discern because
of Nernstian irreversibility and adorption effects at solid electrodes. With the develop-
ment of ion-selective electrodes and other types of substrate selective membrane
electrodes this problem has been solved very successfully >*). An analogous approach
towards substrate selective bioelectrochemistry is the use of immobilized enzyme
electrodes 2+ 2%:259), Chemically modified electrodes can be designed to have similar
and possibly more versatile properties and they have recently attracted wide interest
in analytical chemistry '7-22), Polymer layers on electrodes can serve several purposes:
a preconcentration medium, a substrate or class specific redox catalyst, or a substrate
selective diffusion barrier. The combination of these properties can assume an un-
precedented complexity approaching the action of enzyme electrodes 7.

5.1 Preconcentration Methods

Electrochemical analyses of trace level analyte concentrations can be considerably
improved by forced accumulation of redox active species at, or in the vicinity of, the
electrode surface from very dilute solutions. The preconcentration step can be achieved
by specific binding or by a favourable partition coefficient of the analyte in electrode
coatings. The subsequent voltammetric detection resembles the technique of anodic
stripping **”. All ion exchange polymers are potential matrices for the specific
incorporation of ions or dipole molecules according to charge, size or hydrophilicity
of the guest species. Among these polymers, sulfonated perfluorinated polymers
are the most thoroughly investigated *>~*®. According to their morphology of hydro-
philic and hydrophobic regions **36:57:23) " Nafion is particularly suited for the
incorporation of large transition metal complex cations or organic protonated
species including neurotransmitters like dopamine 2*. The specific uptake of cyclo-
dextrines is an example for the preconcentration of polar neutral molecules 259,
The analytical principles of the method have been discussed in detail including the
question of complete stripping for reuse of the electrodes 22259 and technical
improvements by the use of supporting perfluorosulfonic membranes have been

75



Andreas Merz

suggested 22, The response times of such electrodes at rapid concentration changes
have also been studied 2°%,

Preconcentration of metal cations is also achieved by providing ligand binding
sites in polymer layers, e.g. 4-methyl-4’-vinyl-2,2'-bipyridine **” for Fe?* and Cu?"*.
Carbon paste electrodes containing dimethylglyoxime 258 25%) or o-phenanthroline 269
have been used for trace level detection of Ni2* and Cu®*, respectively.

The presence of redox catalysts in the electrode coatings is not essential in the
cases cited above because the entrapped redox species are of sufficient quantity to
provide redox conductivity. However, the presence of an additional redox catalyst
may be useful to support redox conductivity >°”) or when specific chemical redox
catalysis is used. An excellent example of the latter is an analytical electrode for the
low level detection of alkylating agents using a vitamin B,; epoxy polymer on
basal plane pyrolytic graphite 2'”. The preconcentration step involves irreversible
oxidative addition of R-X to the Co' complex (see Scheme 8, Sect. 4.4). The
detection by reductive voltammetry, in a two electron step, releases R™ that can be
protonated in the medium. Simultaneously the original Co' complex is restored and
the electrode can be re-used. Reproducible relations between preconcentration times
as well as R-X concentrations in the test solutions and voltammetric peak currents
were established. The detection limit for methyl iodide is in the submicromolar
range.

The electrochemical stripping of ions incorporated into polymer films can also be
used in the sense of release of reagents into solution ! 2%, The electrochemically

stimulated and controlled release of drugs 2°>2% and neurotransmitters 7 from
doped polypyrrole films has been demonstrated. Quantitative studies were conducted
using hexacyanoferrate ions 2°%).

The incorporation of minute amounts of certain ions into lattice type inorganic ion
exchanging films can induce changes in the polymer morphology **':'**) that can be
detected electrochemically. Thus a nickel electrode modified with [FeNi(CN) >~
was used in the detection of Na* and Cs* at a 107® M level 2%

A similar approach is the use of insulating Langmuir-Blodgett films of phospholipid
membranes on electrodes that can be “opened” by Ca’?* ions *’®. Electroactive
ions can then diffuse through ion channels to the electrode surface to give a
voltammetric signal. The membrane can be closed again by a sequestering agent like
EDTA.

The application of modified electrodes for the assay of antibodies in serum
preparations using redox indicators encapsuled into antigene marked liposomes
attached to an electrode surface was suggested 7. First model studies towards this
goal 27V make use of ferricyanide ions entrapped in synthetic vesicles.

5.2 Microstructured Electrodes
Apart from molecular, or supramolecular design, modified electrodes can be

improved by microstructuring. Two different strategies have been developed : multi-
layered electrodes *3-272) and the array of microelectrodes 27,
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5.2.1 Multilayered Electrodes

Redox or conducting polymers can be sandwiched between two electrodes either by
vapor phase deposition of a porous gold film onto the outer surface of a polymer
modified electrode %227 or by micrometer gauge controlled contacting of the modi-
fied electrode by the counter electrode 2™, The access of counter ions from the elec-
trolyte solution during electrochemical reactions within the redox polymer film is
provided through the porous counter electrode or from the edges of the device.
Sandwich electrodes of the former type were used to determine the rate of self-
exchange of vicinal redox centers >’?. The second type provided an experimental
method to measure the potential dependence of polypyrrole conductivity under
steady state current flow 2™,

The application of two successive redox polymer layers at an electrode surface
gives rise to rectifying properties because the electron transport between the electrode
and the outer layer has to be mediated by the inner redox polymer °%-275).
Among several conteivable situations, the one where the inner layer possesses two
reversible redox potentials (e.g. a Ru"(bipy), polymer) and the outer layer has one
redox transition with a potential between the former ones (e.g. polyvinylferrocene)
is most interesting °*?’®. Such an electrode device has two opposite-sign rectifying
regions beyond each threshold potential (E-Pt2 and E-Pt3) of the inner layer and an
inner potential region (E-Pt2 < E-Pt1 < E-Pt3) in which the outer film can neither
be oxidized nor reduced through the inner layer (Fig. 5). A bilayer lectrode
sandwiched between two electrodes can be used to determine the electron transfer rate
at the boundary between both redox films 276277,

Pt |Polymer|Polymer

A B
Ea ‘1N

-
| S
m
o

Ept 1

Iy Fig. 5. Schematic representation of a Pt electrode coated with succesive

N E 1 ; layers of redox polymers A and B: a bilayer transistor electrode.

Epts | Arrows indicate directions in which communication of the electrode
and the outer layer is possible (from ref. 1%).

5.2.2 Microelectrode Arrays

The adaption of techniques developed for the fabrication of microelectronic compo-
nents has recently led to the development of arrays of microelectrodes each of
which, or groups of which can be individually addressed by an electrochemical
operating instrument 27, The microelectrodes are 6 to 8 parallel rectangular gold
strips 0f 50 x 2.5 x 0.1 pm size and 1.5 pm interelectrode gap deposited on an insulating
layer of SiO, on p-silicon wafers following a photolithographic process 273 279),
An additional layer of Si,N, on top of SiO, apparently helps to avoid conductive
contact between Au and Si 7%, While many new electrochemical techniques appear
possible with this concept, a standard array that has been studied quite thoroughly
by now is the electrochemical transistor device shown in Fig. 6 7%,

The gap between two adjacent microelectrodes (source and drain) is filled by the
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deposition of an organic polymer that can be switched between a conductive and
a nonconductive state. When a voltage is applied to the source-drain circuit the
current flow in this circuit is controlled and possibly amplified by the redox
state of the polymer the conductivity of which is manipulated by the gate circuit.
Polypyrrole 272, poly-3-methylthiophene *’® and polyaniline ?** have been used
as connecting polymers. The transistor property of this device was shown by the
induction of a 1 kHz ac signal in the source-drain circuit by a corresponding stimula-
tion by the gate voltage 28!, The switching time as well as the amplification of the
signal can be greatly reduced by decreasing the amount of bridging polymer.
Thus using the technique of shadow deposition, the interelectrode gap could be
reduced from 1.5 pm to 50 nm 2. Consequently, the upper limit of the switching
frequency was raised from 1 to 10 kHz. The passage of only 107'? C of charge
per electrode connection is necessary in each cycle.

Undoubtedly, these ““devides” can still by far not compete with semiconductor
electronic elements but the rapid improvement of the concept together with the
potential development of better and more versatile organic polymers may allow
applications in near future.

5.2.3 Sensors Based on Microelectrode Arrays

The redox processes responsible for the switching of the bridging redox polymer can
also be brought about by redox processes induced by molecular species in solution 0},
Alternatively, the switching processes can be designed so that a solution component
is essential for, or mediates the redox process. The array electrode can then be
used as a sensor for those solution constituents.

Several demonstrations of this concept have recently been published 283725,
The first one is based on the pH dependence of redox transitions in oxide
semiconductors that are connected with conductivity changes. If the bridging polymer
layer in Fig. 6 is WO, sputtered onto the electrode array 284) or electrochemically
deposited Ni(OH), 2*%), the transistor amplification is a function of the pH of the
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test solution. The former works at low to neutral, the latter at high pH values.
In a similar way, a platinized poly(3-methylthiophene) transistor responds to pH and
to dissolved hydrogen or oxygen 2, A microelectrode array coated with poly(4-
vinylpyridine) functions as a transistor when redox conductivity is activated by
redox ion incorporation. Since the latter is only possible with protonated pyridine
nitrogens, the function of the device is a function of both pH and the concentration
of redox ion, e.g. ferricyanide 28®. The analytical applicability for all four cases was
tested in flow-through cells. No interference of metal cations in the pH dependence
was noted.

5.2.4 Solid State Electrochemistry

Both microstructured layer electrodes 287 ~?%%) and microelectrode arrays 2°%- 2V have

been found to operate without a liquid electrolyte under appropriate conditions.
At a Pt-[Os(bipy),(4-vinylpyridine),](C1O,) -Au sandwich electrode (see Sect.

5.2.1) plateau-like voltammograms are observed in the dry, solvent-free state when

an

PVA,,\ HyPO, /
<

(P = m—
Counter Drain Sdurce Ag epoxy
electrode SigNy reference
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Fig. 7: Solid state m'oleculgr transistor based on polyaniline bridged microelectrodes, PVA : layer of
p(;lyvmyl alcohol; ip: c%ram current; V§: gate voltage rendering the polyaniline non-conductive;
Vg: gate voltage switching on conductivity of the polyaniline layer (from ref. 2°1),
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a potential between the Pt and Au terminals is varied ?*®. Current flow begins when
the potential difference is approaching the potential gap between the Os"™ and
Os"™! redox transitions. The observed conductivity is maintained by electron hopping
in electron self-exchange or disproportionation processes Jriven by the applied
potential. By electroneutrality constraints, the effect is connected to the presence
of a pool of counter ions and their mobility. Thus, the polymer must have combined
redox and solid state ionic conductivity. The overall process is described as electron
diffusion which is an activation driven process as obtained from its temperature
dependence 289,

The qualitative and quantitative appearance of the voltammograms is sensitive to
the “doping level”, i.e. the initial redox state of Os in the film: Os' (n = 1),
Os!' (n = 2) or an Os"™ 1:1 mixture (n = 2.5). The limiting currents are depending
on the composition of the gas phase (vacuum, laboratory air, nitrogen, vapors of
acetonitrile, toluene or heptane #%). Thus, solid state electrodes of this type can
possibly be used as sensors for the constituents of the surrounding atmosphere. The
way these species influence the kinetics of the device is not yet clear; for instance, the
effects of gases on limiting currents are partially inverted by changes in the doping
level.

The microarray electrodes used for solid state electrochemistry are a slight varia-
tion of the transistor decribed in Sect. 5.2.2 ?"®. The most appealing feature is the
location of all the necessary electrodes on a single microchip, the reference electrode
being provided by the application of a droplet of silver epoxy to one of the gold micro
electrodes (Fig. 7).

The bridging polymer is a conducting poly(3-methylthiophene) *** or polyaniline
291) and the solid state redox conduction between all electrodes is accomplished by
a common coating with poly(ethyleneoxide)/Li*CF;SO; ° or poly(vinyl alcohol)/
H,PO, **V. The polyaniline based molecular transistor proved as a very sensitive
moisture detector: it works well in a dry argon atmosphere but in water saturated
argon the device cuts out ",

5.3 Reference Electrodes

Reference electrodes for non-aqueous solvents are always troublesome because the
necessary salt bridge may add considerable errors by undefined junction potentials.
Leakage of components of the reference compartment, water in particular, into the
working electrode compartment is a further problem. Whenever electrochemical
cells of very small dimensions have to be designed, the construction of a suitable
reference electrode system may be very difficult. Thus, an ideal reference electrode
would be a simple wire introduced into the test cell. The usefulness of redox
modified electrodes as reference electrodes in this respect has been studied in some
detail 196-29%),

By setting the ratio of the oxidized and reduced forms of a redox couple in an
electrode coating film to unity, the potential of this electrode in an inert electrolyte
is poised at the half-wave potential of the couple. This has indeed been shown for
platinum wires coated with polyvinylferrocene ** or ferrocene modified polypyr-
role 1%, But the long term stability of these electrodes during cell connection
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or under storage conditions is still insufficient for repeated use or commercial
fabrication. Two reasons have to be discussed. The first is the change of the Red/Ox
ratio by the Faradayic reaction at the reference electrode during measurements. With
a typical surface concentration of redox centers at the modified electrode of 1078 to
107 mol cm ™2, at very small electrodes the absolute amount may be 107!2 mol.
With typical currents in reference circuits in the 100 pA range, a turnover of 10~ mol
per minute can occur that will already cause a sizeable shift of the reference
potential. This argument holds for any reference couple, but such an electrode
may be readjusted by potential setting.

Worse is the instability of one redox stage of the reference couple. In the
ferrocene/ferrocinium system, the oxidized form is sensitive to nucleophiles and traces
of water and oxygen in nonaqueous media ?°* and it cannot be used in basic
aqueous solutions. Typically, the potential of a ferrocene modified electrode shifts
towards more positive potentials on storage, indicating a depletion of the ferro-
cinium form. The gross deficit of redox material is easiliy detected by voltammo-
graphic analysis of the coating. The poly(vinylferrocene) reference electrode has been
recently reinvestigated with a polymer improved by crosslinking >°. Standard
potential drifts <|5mV| in 4 days were reported. Although the results are not
satisfactory at present, research on reference systems based on polymer coated electro-
des is an important task and should be continued.

6 Outlook

The field of modified electrodes spans a wide area of novel and promising research.
The work cited in this article covers fundamental experimental aspects of electro-
chemistry such as the rate of electron transfer reactions and charge propagation
within threedimensional arrays of redox centers and the distances over which electrons
can be transferred in outer sphere redox reactions. Questions of polymer chemistry
such as the study of permeability of membranes and the diffusion of ions and neutrals
in solvent swollen polymers are accessible by new experimental techniques. There
is hope of new solutions of macroscopic as well as microscopic electrochemical
phenomena: the selective and kinetically facile production of substances at square
meters of modified electrodes and the detection of trace levels of substances in
wastes or in biological material. Technical applications of electronic devices based
on molecular chemistry, even those that mimic biological systems of impulse trans-
mission appear feasible and the construction of organic polymer batteries and color
displays is close to industrial use.

Many techniques have been developed for the preparation of modified surfaces
and a variety of modified electrodes have been demonstrated to function as designed.
The more spectacular results have hitherto been attained for those situations where
solely the electrochemistry of the coating itself is used and comparatively small
currents are required. Major difficulties are encountered in most cases where redox
and chemical reactions of film constituents with solute species are involved, particular-
ly when high turnover numbers are required. All aspects of modified electrodes,
however, are of high research value and require modern interdisciplinary thinking.
For this reason, qualified work in this field should be greatly encouraged.
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7 Note Added in Proof

A delay in the production of this volume has made it desirable to add some recent
work that was published or became available to me within 1988. The arrangement
of the additional material follows the headings in the main part.

2.: A newly emerging technique is the film-formation by use of self-assembling
amphiphiles. Homogeneous and well adhering films are obtained by the Langmuir-
Blodgett technique with films transferred from an air/water interface to an electrode
surface. Examples are suitable derivatives of 2,2-bipyridine complexes **®, ferro-
cene 2°? or 4,4"-bipyridinium salts 3°®. There are also cases reported where electrode
modification occurs directly by self-assembling of the amphiphiles from dilute solu-
tion to the electrode 3°1-3%2, The presence of a microporous structure like the alumina
described in 2.3.2. 139 appears to be favorable as demonstrated for N-methyl,N'-
octadecyl viologen 3. Polymers containing amphiphilic redox groups develop
structured regions depending on the redox state 3°4),

2.2.2.: Metal-free poly-4-vinyl-4'-methyl-2,2-bipyridine films on electrodes have
been prepared by the electroreductive polymerization of a Rh complex and subsequent
leaching of the metal by a strong complexand. The films can incorporate a variety of
transition metals %%,

2.2.3.: Further interesting redox modified polypyrrole films were prepared: e.g.
a polymeric copper phenanthroline complex that can be reversibly de- and re-
metallated 3°® because it retains the pseudotetrahedral environment after decomple-
xation. A very diversified electrochemistry is displayed by polypyrrole films con-
taining electron donor as well as electron acceptor redox centers in the same film %7
or in adjacent layers 3°®, The first electropolymerized 3-substituted pyrroles containing
redox centers were also reported as copolymers with pyrrole 3°%319),

2.3.1.: New inorganic electrode films based on molybdenum and tungsten oxides
have been introduced for aqueous solutions: heteropolyanion electrodes 3'1-3!2
and WYV oxide electrodes ', The latter was catalytically active in the reduction
of bromate ions. A polypyrrole film doped with heteropolyanions was recently
reported 3. Clay modified electrodes have been shown to be considerably stabilized
by polymerization of pyrrole within the film3'%-3'®. In a similar way it was
found that redox molecules retained in zeolites can be activated by embedding in a
carbon paste 37-318),

2.4.: EXAFS spectroscopy was introduced as a further tool for the in situ
investigation of electrode coatings *'?).

3.2.: In the theoretical treatment of ion exchange polymers the roles of charge
propagation 3 and of migration of ions 3*'+¥*? were further studied by digital
simulation. Another example of proven 3-dimensional redox catalysis of the oxidation
of K4[Fe(CN)s] at a ruthenium modified polyvinylpyridine coated electrode was
reported 323,

4.1.: The catalytical reduction of molecular oxygen at modified electrodes
remains to be the most intensely investigated topic. New examples employ several
types of metal, mostly cobalt, porphyrins and phthalocyanines 302,324-32%) o
viologen 317. One of the new electrodes works in the gas phase and might be used as
an oxygen sensor *2*), The reduction of carbon dioxide to methanol at various
quinone modified electrodes is reported on an analytical scale 330.330)  the CO,
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reduction to CO was observed at a polypyrrole film containing a rhenium com-
plex 332,

4.2.: The catalytic activity of viologen modified polypyrrole electrodes in pre-
parative electroreductions 'Y ~2!2) has been extended from vicinal to geminal poly-
halides where the selective dehalogenation of hexachloroacetone to penta- or
symm. tetrachloroacetone was achieved 3%, Preparative electrode reactions in the
submillimolar region were also reported for the oxidation of benzylic alcohols at
nitroxide modified polypyrrole 3*# and also polyacrylic acid 3**). The epoxidation of
cis-cyclooctene by molecular oxygen was electrochemically catalyzed by a manganese
porphyrin attached to a polypyrrole film **®, A polypyrrole film containing a cova-
lently bound ruthenium bipyridine complex as well as incorporated ruthenium dioxide
particles was catalytically active in the oxidation of benzylic alcohol 337,

4.6.: Some progress has also been achieved in the use of chiral polymer films at
electrodes. Conductive polythiophenes containing optically active substituents in the
3-positions were prepared by electropolymerization of suitable monomers without
apparent loss of optical activity >*® 33 The polymer of R(—)-19 exhibits distinct
differences of voltammograms in the presence of either (+)- or (—)-camphor
sulfonate anions 3. Enantioselective redox transformations of the enantiomeric
Ru(bpy);*”* complexes were detected at an electrode modified with a cholesteric
liquid crystal phase 349,

Ph
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Carboxylic acids can be decarboxylated by anodic oxidation to radicals (Kolbe-electrolysis) and/or
carbocations (non-Kolbe electrolysis). The procedure and necessary equipment is simple, a scale-up
easy, the choice of carboxylic acids wide, the selectivity towards radicals or carbocations can be con-
trolled by reaction conditions and the structure of the carboxylic acid, the yields are in general good.
The radical pathway can be used for the preparation of e.g. 1,n-diesters, pheromones, or rare fatty
acids. Electrolysis in the presence of olefins affords additive dimers and monomers or by intramolecular
addition five membered carbocycles and heterocycles. By non-Kolbe electrolysis carboxylic acids can
be converted into ethers, acetals, olefins or acetamides. Rearrangements and fragmentations lead to

stereospecifically substituted cyclopentanoids and one- or four-carbon ring extensions.
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1 Introduction and Historical Background

Kolbe electrolysis is a powerful method of generating radicals for synthetic applica-
tions. These radicals can combine to symmetrical dimers (chap 4), to unsymmetrical
coupling products (chap 5), or can be added to double bonds (chap 6) (Eq. 1, path a).
The reaction is performed in the laboratory and in the technical scale. Depending on
the reaction conditions (electrode material, pH of the electrolyte, current density,
additives) and structural parameters of the carboxylates, the intermediate radical
can be further oxidized to a carbocation (Eq. 1, path b). The cation can rearrange,
undergo fragmentation and subsequently solvolyse or eliminate to products. This
path is frequently called non-Kolbe electrolysis. In this way radical and carbenium-
ion derived products can be obtained from a wide variety of carboxylic acids.

V R—R
Y
R"-—Coze :—;'62 R- -—-E-)——-Y R R )
_—
—e l (b)
Re ester, ether, olefin, amide

Faraday, in 1834, was the first to encounter Kolbe-electrolysis, when he studied the
electrolysis of an aqueous acetate solution [1]. However, it was Kolbe, in 1849, who
recognized the reaction and applied it to the synthesis of a number of hydrocarbons
[2]. Thereby the name of the reaction originated. Later on Wurtz demonstrated that
unsymmetrical coupling products could be prepared by coelectrolysis of two different
alkanoates [3]. Difficulties in the coupling of dicarboxylic acids were overcome by
Crum-Brown and Walker, when they electrolysed the half esters of the diacids in-
stead [4]. This way a simple route to useful long chain 1,n-dicarboxylic acids was
developed. In some cases the Kolbe dimerization failed and alkenes, alcohols or
esters became the main products. The formation of alcohols by anodic oxidation of
carboxylates in water was called the Hofer-Moest reaction [5]. Further applications
and limitations were afterwards found by Fichter [6]. Weedon extensively applied
the Kolbe reaction to the synthesis of rare fatty acids and similar natural products 7.
Later on key features of the mechanism were worked out by Eberson [8] and Utley [9]
from the point of view of organic chemists and by Conway [10] from the point of
view of a physical chemist. In Germany [11], Russia [12], and Japan[13] Kolbe
electrolysis of adipic halfesters has been scaled up to a technical process.

The large amount of literature in connexion with the Kolbe and non-Kolbe electro-
lysis is covered in a number of reviews [7, 10, 16, 17, 22, 23, 24, 26, 27] and chapters
in books [6, 9, 14, 15, 18, 19, 20, 21, 29].
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2 Reaction Conditions for Kolbe Electrolysis

The yield and selectivity of Kolbe electrolysis is determined by the reaction conditions
and the structure of the carboxylate. The latter subject is treated in chaps 3, 4. Experi-
mental factors that influence the outcome of the Kolbe electrolysis are the current
density, the temperature, the pH, additives, the solvent, and the clectrode material.

High current densities and high carboxylate concentrations favor the formation
of dimers. This is due to a high radical concentration at the electrode surface that
promotes dimerization. Furthermore, at high current densities the so called critical
potential of about 2.4 V (vs NHE) is reached [28] above which Kolbe dimerization
proceeds smoothly. At this potential in aqueous solution and nonaqueous solvents
the oxygen evolution and solvent oxidation is effectively suppressed [10, 29, 30).
The critical potentials for different carboxylates have been compiled {29}, they are
in the order of 2.1 to 2.8 V (vs NHE), whereby the structure of the carboxylate and
its critical potential do not obviously correlate. There is, however, no need for poten-
tial control in Kolbe electrolysis as the critical potential is already exceeded at 1 to
10 mA/cm®. This is much below the usually applied current density, which should
be as high as possible, normally equal or greater than 250 mA /cm?. It is assumed that
at the critical potential the carboxylate forms a layer at the electrode surface, whereby
the solvent is desorbed, whilst below the critical potential the solvent is preferentially
oxidized.

In the anodic decarboxylation of phenylacetic acid benzaldehyde is the major
product (807%;) at low current density (< 3.2 mA/cm?). Its formation is supposed
to occur by reaction of the intermediate benzyl radical with oxygen, which is possibly
simultaneously generated at the anode [31].

A neutral, or even better a weakly acidic medium seems to be preferable for the Kolbe
reaction. This is achieved by neutralizing the carboxylic acid to an extent of 2 to 574,
in some cases up to 307, by an alkali metal hydroxide or alkoxide. The concentration
of carboxylate remains constant during the electrolysis. When the carboxylate is
consumed at the anode, base is continuously formed at the cathode and this way the
carboxylate is regenerated from the acid. The endpoint of the electrolysis is indicated
by a change of the electrolyte to an alkaline pH. This procedure is denoted as the salt-
deficit method. The degree of neutralization can be as low as 0.5%,. In spite of the
low conductivity in this case, a low cell voltage can be maintained by a small electrode
distance (0.1 to 2 mm) and vibrating electrodes [32, 33] or capillary gap electrodes
[34, 35]. Sometimes it is necessary to convert the carboxylic acid totally into the car-
boxylate to improve its solubility in aqueous solution or to suppress discrimination
in mixed Kolbe electrolysis due to different acidities of the carboxylic acids. In these
cases a mercury cathode is used in the Dinh-Nguyen cell [36]. Here the electrolyte
remains neutral, because alkali metals are discharged and bound as amalgams.

In aqueous solution an elevated pressure favors the Kolbe-coupling against non-
Kolbe products [37]. A possible explanation is that high pressure aids the formation
of a lipophilic medium at the electrode surface that prevents the adsorption of water
and thus disfavours the formation of carbenium ions.

Temperature has some effect on Kolbe electrolysis. Higher temperatures seem to
support disproportionation against the coupling reaction and intramolecular additions
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to double bonds against a competing intermolecular coupling (chap 6). The unwanted
conversion of the carboxylic acid into its methyl ester, that rivals to some extent with
the decarboxylation, when methanol is used as solvent, can become the main reaction
at higher temperatures, e.g. at about 65 °C with 11-bromcundecancate [38].

Additives can strongly influence the Kolbe-reaction. Foreign anions should be
definitively excluded, because they seem to disturb the formation of the necessary
carboxylate layer at the anode. Their negative effect increases with the charge of the
anion. While fluoride or formate inhibit, in low concentration, only slightly the ethane
formation in the electrolysis of acetate, sulfate hinders the Kolbe reaction totally
at concentrations as low as 1073 mol/l {39]; even more pronounced, is the effect of
Fe(CN)2 ™ [22, 40]. In the anodic decarboxylation of phenylacetate the dimerization
can be totally supressed in favor of the non-Kolbe product, benzylmethylether, when
the electrolyte is more than 5.18 mM in NaClO, [31]. The inhibition by C1~, NO;,
NCS™, Br~, I can be partially counteracted by the addition of cyclohexene or
pyridine [41]. The inhibition is attributed to the competitive formation of complexes
Pt.PtO-foreign anion,y, and Pt.PtO—(RCOj; )4, The former complex does not in-
hibit the dehydrogenation of the solvent, e.g. MeOH to H,C=0 and C=0. Unsatu-
rated hydrocarbons are effective, because they trap the halogen from the anode sur-
face. The shift from the radical to the carbenium ion pathway by perchlorate can be
explained as due to blocking part of the anode surface by perchlorate adsorption,
which lowers the radical concentration at the electrode. This disfavours the bimolec-
ular radical dimerization and aids a second electron transfer to form the carbenium
ion.

Foreign cations can increasingly lower the yield in the order Fe?*, Co** < Ca®*
< Mn?* < Pb?* [22]. This is possibly due to the formation of oxide layers at the
anode [42]. Alkali and alkaline earth metal ions, alkylammonium ions and also zinc
or nickel cations do not effect the Kolbe reaction [40] and are therefore the counter-
ions of choice in preparative applications. Methanol is the best suited solvent for
Kolbe electrolysis [7, 43]. Its oxidation is extensively inhibited by the formation of
the carboxylate layer. The following electrolytes with methanol as solvent have been
used: MeOH-sodium carboxylate [44], MeOH-—MeONa [45, 46], MeOH-—-NaOH
[47]), MeOH —Et;N-pyridine [48]. The yield of the Kolbe dimer decreases in media that
contain more than 4%, water.

In aqueous solution especially, the current yield is distinctly lower; furthermore,
solubility problems can occur when the salt-deficit method is used. In aqueous solu-
tion, a-amino- or o-phenyl substituted carboxylates lead mainly to decomposition
products, whilst in dry methanol or methanol-pyridine, coupling products were ob-
tained with a-phenyl- and a-acetylaminocarboxylates [49].

Dimethylformamide is also a suitable solvent [50], it has, however, the disadvantage
of being oxidized at fairly low potentials to N-acyloxy-N-methyl formamide [S1].
The influence of the composition of the ternary system water/methanol/dimethyl-
formamide on the material and current yield has been systematically studied in the
electrolysis of w-acetoxy or -acetamido substituted carboxylates [32]. Acetonitrile
can also be used, when some water is added [52]. The influence of various solvents on
the ratio of Kolbe to non-Kolbe products is shown in Table 1[53].

Other electrolytes, that have been used, are: dimethylsulfoxide-NaH [54], glycol
methylether-water (3:7, v, v) [55] or acetic acid [22].
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Table 1. [53] Anodic decarboxylation® of cyclohexanecarboxylic acid in different
solvents

Solvent Bicyclohexyl: Carbeniumion product®
H,0-MeOH (30% v/v)* 0.97
MeOH*® 1.76
MeCN* 2.26
HCONMe,* 4.32

2 Acid (0.78 M), neutralized to 257%; Pt-anode, 0.25 A/cm®
® Alcohol, ester, ether and acetamide according to solvent
¢ Sodium salt

¢ Tetrabutylammonium-salt

As anode material, smooth platinum in the form of a foil or net seems to be most
universally applicable [32, 33]. In nonaqueous media, platinized titanium, gold, and
nonporous graphite can also be used [56]. PbO,-, MnO,- or Fe O, -anodes do not
lead to Kolbe-dimers [57], except for PbO, in acetic acid [58].

To keep the consumption of the valuable platinum low, thin foils have been glued
to a graphite support [34] or thin-layers of platinum have been sputtered on to a glass
base [59]. Platinum can be used in a particle electrode by plating silica gel with pla-
tinum [60], or in a solid polymer electrolyte where platinum is incorporated into a
nafion ion exchange membrane {61].

Electrolysis of triethylammonium heptanoate gave, in protic solvents (MeOH,
EtOH, H,0), dodecane as major the product at vitreous carbon (24-5375) or baked
carbon (30-397%), compared to 45627 at platinum; with graphite as anode, esters
(non-Kolbe products) were the major products. Additionally, large differences in
the product ratios were found by using face or edge surfaces of pyrolytic graphite [48].
In acetonitrile, longer fatty acids form dimers also at graphite anodes. Is has been
argued that this is possibly due to stacking of the alkyl chain at the electrode surface
[52). In acetonitrile, glassy carbon behaves like platinum in the anodic oxidation of
acetate [62]. In non-aqueous media, ruthenium dioxide-titanium anodes have been
successfully applied to Kolbe dimerizations [63].

The nature of the cathode material is not critical in the Kolbe reaction. The reduc-
tion of protons from the carboxylic acid is the main process, so that the electrolysis
can normally be conducted in an undivided cell. For substrates with double or triple
bonds, however, a platinum cathode should be avoided, as cathodic hydrogenation
can occur there. A steel cathode should be used, instead.

In summary the following general experimental conditions should be applied for a
successful dimerization of carboxylic acids: An undivided beaker type cell can be
used equipped with a smooth platinum anode and a platinum, steel or nickel cathode
in close distance; a current density of 0.25 A/cm? or higher should be provided by a
regulated power supply, a slightly acidic or neutral electrolyte, preferable methanol
as solvent and a cooling device to maintain temperatures between 10 to 45 °C should
be employed. With this simple procedure and equipment yields of coupling product
as high as 9075 can be obtained, provided the intermediate radical is not easily further
oxidized (see chap 7).
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3 Mechanism of Kolbe Electrolysis

In the 1930s, very different mechanisms for Kolbe electrolysis were proposed. The
discharged ion or free-radical theory was suggested by Crum, Brown and Walker {64],
it assumes acyloxy radicals as intermediates. This proposal comes closest to present
mechanistic ideas. According to Glasstone’s and Hickling’s hydrogen peroxide
theory [65], Kolbe dimers and Hofer-Moest products (alcohols, esters) are formed
by the action of OH' radicals and H,0,. The acyl peroxide theory by Schall [66] and
Fichter [6] proposes that the acyloxy radicals formed by discharge of the carboxylates
couple to diacyl peroxides, that decompose. These early mechanistic ideas are covered
in refs [67, 68]. More recent mechanistic concepts explain the experimental facts bet-
ter. However, there is still some dispute between physical and organic chemists on
some reaction steps. The recent mechanistic proposals have been critically discussed
in refs. [8, 69-72] and from the physical chemists points of view in ref. [10].

The following general scheme is assumed (Eq. 2)

R RH-+RH(~—H,)

\ /

Rads‘."—' R (2)

l“e
@
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alcohols
ethers
alkenes
esters

R__.
——— bt - . "‘COz
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The competing pathways to radical or carbenium ion derived products are deter-
mined, apart from experimental factors (see chap. 2), by the ionization potential of
the radical. From product ratios and ionization potentials of the intermediate
radicals, the conclusion could be drawn that such radicals with ionization potentials
above 8 eV lead preferentially to coupling products, whilst those with ionization
potentials below 8 eV are further oxidized to carbenium ions 8¢l

Pulsed current experiments of aqueous acetate solutions indicate that at least in
aqueous solution a platinum oxide layer seems to be prerequisite for the decarboxy-
lation to occur. Only at longer pulse durations (> 1072 s} is ethane produced [73, 74].
These are times known to be necessary for the formation of an oxide film. At a shorter
pulse length (< 107*s) acetate is completely oxidized to carbon dioxide and water
possibly at a bare platinum surface [75]. The potentiodynamic response in the electro-
lysis of potassium acetate in aqueous solution also points to an oxide layer, whose
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average thickness is probably equivalent to three monolayers [76]. Other resuls,
however, indicate that platinum oxides formed in the presence of water significantly
inhibit the Kolbe reaction. This is assumed from a comparison of reaction rates in
anhydrous and aqueous solutions [77] and the fact that the highest yield of dimers are
usually obtained in nonaqueous media {78].

It has been shown by employing the radioactive tracer method with #C-labeled
carboxylic acids {79} and with rotating disc electrode experiments [80] that carbo-
xylates are adsorbed at the anode surface.

Current potential curves exhibit a critical potential at 2.1 to 2.4 V versus NHE.
Below this potential in aqueous solution, oxygen is formed preferentially [81], while
above it the discharge of oxygen is inhibited and Kolbe dimers are obtained [81-82].
At this critical potential the coverage of the electrode with acetate increases sharply
[83]. From an anomalous Tafel slope, from the decrease of the differential capacity in
this voltage range [83] and from other electroanalytical data [84] it is deduced that
above the critical potential a rigid layer of adsorbed acyloxy or alkyl radicals is formed
on top of the metal [8¢c, 78] or metal oxide [68], which inhibits the oxygen evolution
or solvent oxidation and promotes Kolbe electrolysis [8a, b, 10, 76]. Recent results on
the capacitative behaviour of sodium acetate in an aqueous acetic acid solution at
platinum indicate that the double layer capacitance is due to adsorption of methyl
radicals, while the coverage by acetate radicals is insignificant [85]. The different
stages of oxide formation and adsorption of intermediates have been observed by
modulated specular reflectance spectroscopy applied to the Kolbe reaction of ethyl
malonate in aqueous solution [86]. By polaromicrotribometry is has been shown that
at the critical potential a hydrophobic polymer film is formed that apparently in-
hibits the oxygen discharge [87].

For the tetrabutylammonium salts of substituted acetate the quarter wave potentials
have been determined by chronopotentiometry in acetonitrile. The ease of oxidation,
as reflected in the E; a-values, decreases with increasing strength of the acid [88].

The current-potential relationship indicates that the rate determining step for the
Kolbe reaction in aqueous solution is most probably an irreversible 1 e-transfer to the
carboxylate with simultaneous bond breaking leading to the alkyl radical and carbon
dioxide [8]. However, also other rate determining steps have been proposed [10].
When the acyloxy radical is assumed as intermediate it would be very shortlived and
decompose with a half life of © ~ 1078 to carbon dioxide and an alkyl radical [89].
From the thermochemical data it has been concluded that the rate of carbon dioxide
elimination effects the product distribution. Olefin formation is assumed to be due
to reaction of the carboxylate radical with the alkyl radical and the higher olefin ratio
for propionate and butyrate is argued to be the result of the slower decarboxylation
of these carboxylates [90).

Whilst electroanalytical data have been interpreted in terms of a mechanism in-
volving the coupling of adsorbed radicals [10, 91] the stereochemistry of the products
and the regioselectivity of the coupling reaction indicates that adsorption of saturated
alkyl radicals seems to be relatively unimportant. Support that non or weakly ad-
sorbed radicals combine, comes from the coupling products of cyanoalkyl radicals 1
[8]. These radicals with two reaction sites produce the same  amount of carbon to
carbon and carbon to nitrogen coupling product, when generated by photolytic or
thermal decomposition of an azonitrile, by persulfate oxidation or by electrolysis
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of a-cyanoacetic acid in methanol, acetonitrile or dimethylformamide. In sharp
contrast, photolysis of the same azonitrile adsorbed on silica produces only the carbon
to carbon coupling product. Similarly the addition of radical 4 to butadiene affords
the same ratio of 1,1-, 1,3- and 3,3-additive dimers, irrespective of whether the radical
was generated by anodic or persulfate oxidation of methyl malonate 2 or reductive
fragmentation of the hydroperoxide 3 (Eq. 3) [92].

Carboxylates, which are chiral in the a-position totally lose their optical activity
in mixed Kolbe electrolyses [93, 94]. This racemization supports either a free radical
or its fast dynamic desorption-adsorption at the elgctrode. A clearer distinction can
be made by looking at the diastereoselectivity of the coupling reaction. Adsorbed
radicals should be stabilized and thus react via a more product like transition state

3,3-dimer
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But But
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that reflects different stabilities of the products. The free radical on the other side
should have a more educt like transition state and should therefore couple more
randomly. This has been tested with the carboxylic acids 5 to 9. The saturated car-
boxylic acids 5 and 6 coupled randomly, which indicated that these radicals are not
significantly adsorbed. The unsaturated carboxylic acids 7 to 9 did not dimerize quite
statistically, which agrees with the fact that unsaturation favors adsorption [95, 96].

The intermediate radical (Eq. 2) can be further oxidized to a carbenium ion that
undergoes solvolysis, rearrangement and elimination (see chaps 8-12). This oxidation
is strongly influenced by experimental factors as for example the presence of foreign
anions, or the electrode material (see chap. 2). If one assumes, that the radical is
oxidized from an adsorbed state the strong increase of the benzyl cation formation
in the phenylacetatic acid oxidation by added perchlorate can be explained by the
competitive preferential adsorption of the perchlorate anion [31]. With nuclear
substituted phenyl acetates the portion of radical coupling products increases with
increasing electron withdrawing ability of the substituents, for example with p-rert-
butyl it is 13 9/ (ionization potential of the benzyl radial = 7.4 eV)and for unsubstituted
phenyl it is 76 %, (IP = 7.76 eV). For the oxidation of p-methoxyphenylacetic acid a
pseudo-Kolbe reaction (see chap. 13) is assumed, which means an electron transfer
from the aromatic nucleus [31]. Besides its dimerization or addition to double bonds
(chap. 6) the radical can disproportionate or react with oxygen [31, 97]. The ratio of
disproportionation to dimerization seems to be higher in Kolbe electrolysis than in
an homogeneous reaction [98].

4 Symmetrical Coupling of Carboxylic Acids

Two equal carboxylates can be coupled to symmetrical dimers (Eq. 4). In spite
of the high anode potential, that is necessary for Kolbe electrolysis, a fair number of

Ly

| T
B—C—C0 —=— B—C—C—R *)
o ke e

RLRZ,R3: W, Alkyl, Arylalkyl

RLRZ=H, R3: cOMe, (CHy) X (X=COR, COR, n>1,
X=0Ac, NHAC, Hal, n>4)

substituents can be present in the carboxylic acid. As the reaction involves radicals
as reactive intermediates, polar substituents can be handled without protection. This
saves additional steps for protection and deprotection, that are often necessary in
polar reactions, where strong bases, nucleophiles or electrophiles are used as reagents.
Furthermore carboxylic acids are readily available in a wide variety of structures.
These advantages make Kolbe electrolysis a method of choice for the construction
of symmetrical compounds.
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Table 2. Symmetrical coupling of selected carboxylic acids

No.  Substituents in R'R*R*C-CO,~ Yield® of Ref.
coupling product
R! R? R? (7%)
1 H H H 93 7.9
2 Alkyl H H 30-90 7,9
(C,-Cy)
3 Alkyl Alkyl H 0-26 9
4  RO,C(CH,), H H 40-95 7
n = 3-15,
R = Me, Et
5 Alkyl E0,C H 20-85 99, 100
6 Alkyl Alkyl EtO,C 15-35 99, 101
7 Alkyl CN H, Alkyl 30-60 102
8 Alkyl CONH, H, Alkyl 5-55 103
9 Alkyl-CO AlkylL H Alkyl, H 32-40 104
10 CH,CO(CH,), H H
n=1 70 105
n=25 63 106
11 F, Br, C1, I, OH, NH, H H 0 7,9,107
122 F F F 93 84b, 108
12b F F Cl 43 109
13 X(CH,, H H
X:F,n>3 45-70 110
X:CL,n:1,34,57,89,11 40-80 110, 111,
112
X: Br, n: 4-11, 14 54-71 38a,110
14 RO,C(CF,), F F high yield 113
n = 0-3,R = Me, Et
15 H(CF,), F F 40-86 114
n=3735
16 CF,(C,F,),C H H 75 115
17 CH,CO,(CH,), H H 70-83 32
n: 2-5
18 CH,CONH-(CH,), H H 24-39 32,116
19 Iﬁ’hthalcyl—l\l——CSHCH2 H 32,117
CO,H
20 @ H H
X
X: p-OMe to >1-74 31
X:Fg
21 Ph Ph H 25 118
22 H H 45 118
H 39 119

z
9

a Electrolyses are normally performed at a platinum anode in water, methanol, ethanol or ethanol/
water
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A great number of Kolbe dimerizations have been tabulated in refs. [9, 17-19].
Here no comprehensive coverage is intended, but to demonstrate with selected
examples the range and limitations of Kolbe dimerization. In the following discussion
and in Table 2 the carboxylates are arranged according to their functional groups
in the order alkyl-, ester-, keto-, halo- and olefinic substituents.

In general, only the kind of substituent in the a~position is critical for the yield of
the coupling product. Electron donating groups (more than one alkyl group, phenyl,
vinyl, halo or amino substituents) more or less shift the reaction towards products
that originate from carbenium ions (non-Kolbe products, see chap. 7). Electron
attracting groups (cyano, ester or carbonyl substituents) or hydrogen, on the other
side, favor the radical dimerization.

The reaction conditions, normally applied, are those described in chap. 2 for the
radical pathway. These are a platinum anode, high current densities, no additives
and a slightly acidic medium. However, the dimerizations shown in Table 2, No. 2,
also gave in some cases good yields at a carbon anode in acetonitrile-water [52] or at a
baked carbon anode in methanol [48]. With propionic and butyric acid an unusually
high portion of alkene is formed at the cost of the dimer.

The coupling of carboxylic acids has been profitably used in natural product syn-
thesis. Kolbe electrolysis of 10 is part of a (+ )-x-onocerin synthesis [120], the dimeriz-
ation of 11 leads to a pentacyclosqualene [121], the electrolysis of 12 afforded a dime~
with two quaternary carbon atoms [122], and 2,6,10,15,19,23-hexamethyltetracontane
has been synthesized from 13 [123).

40% (MeOH,Pt) 34% (MeOH,Pt)

|

CO,H
’,
‘OAc
11 ~50%
/[\/\/,\/\/k/\COZH
13
12
62% (Pyr. ,Hy0,Et;N)
EtO, ‘ COH
CO,H ~— 41% (MeOH)
EtO, z
14 : &
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For the preparation of long-chain alkanes it proved useful to extract the electrolyte
continously with a high boiling point nonpolar solvent. This way the alkanes: C,,H,,
CysHog and C,,Hy, were prepared with high yields (70, 75 and 879, respectively)
[124].

Some cyclopropylcarboxylic acids, namely 14 [125] and 15 [46] could be coupled
to bicyclopropyl compounds, others led to allylic compounds via ring opening of an
intermediate carbenium ion (see chap. 7). Tertiary alkanoates yield predominantly
non-Kolbe products (see chap. 8).

The Brown-Walker version of Kolbe electrolysis namely the dimerization of half-
esters to diesters of diacids, is of industrial interest, because using this method, seba-
cates can be prepared from adipic half esters [126]. This process appears to have
reached the pilot stage in Germany [11], Japan [13], and Russia [12]. In Russia, the
behaviour of other half esters has also been studied in detail {12]. From China, too,
activities concerning this coupling reaction have recently been reported [127]. Yields
as high as 937 have been obtained [128). Bis(2-ethylhexyl)sebacate, a plasticizer,
has been prepared from the corresponding adipate in 857 yield [128]. In sebacate
production, platinum can be replaced by a special carbon anode, which gives nearly
the same yields as platinum and is highly resistant to the electrolyte [129].

Efficient syntheses of substituted succinic acids (Table 2, Nos. 5, 6) have been de-
veloped in the past; a more recent application is the coupling of 16 as part of a semi-
bullvalene synthesis [130].

o, w-Dicarboxylated polyethylene or polydifluormethylene is reported to be ob-
tained by electrolysis of azelaic acid [131] or perfluoroglutaric acid [132].

65% 67%

CO,H l l
MeO, CO,tBu EO\CH></\002H (Et0),CH —CH,CO,H
/

28% (MeOH,Pt)

16 17 18

Whilst ketocarboxylic acids can be dimerized satisfactorily (Table 2, No. 9, 10),
the corresponding aldehydes couple poorly. Good yields can be obtained in these
cases when the acetals, e.g. 17 {133}, 18 [134], are electrolyzed instead.

Carboxylic acids with a halide, hydroxy or amino group in the a-position form no
dimers (Table 2, No. 11), except when two or three fluorine atoms are present there
(Table 2, No. 12). A large amount of work has been devoted to the coupling of fluoro-
carboxylic acids (Table 2, Nos. 13-16) due to interesting properties of the produced
fluorohydrocarbons. By statistical analysis optimal conditions for Kolbe electrolysis
of perfluorinated acids have been calculated [135].

Hydroxy- and amino carboxylic acids can be dimerized in good to moderate yields,
when the substituents are not in the a- or B-position and when they are additionally
protected against oxidation by acylation (Table 2, No. 17-19). 2-Alkenoic acids
cannot be dimerized but lead to more or less extensive passivation of the anode due
to the formation of polymer films [136]. 3- and 4-Alkenoic acids give moderate yields
when they are neutralized with BuyN or Et;N [136]. 3-Alkenoic acids with the structure
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of unsymmetrical half esters, derived from Stobbe condensations, afford dimers in
14-30%, yield, major side products are ethers arising from non-Kolbe electrolysis
[137]. 3-Alkenoic acids dimerize to a mixture of three 1,5-dienes (Eq. 5), that arise
by 1,1'-, 1,3’- und 3,3’-coupling of the intermediate allyl radical [138]. When the 3-
position of the allyl radical is increasingly sterically shielded, the ratio of 3-coupling
decreases. The relative amount of the 1,1’-dimer thus can vary from 52 to 769, (Ta-
ble 3). The configuration of non-terminal double bonds is retained to a high degree
(~90%)[138a].

e SV
1,1
3 1
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3,3

Table 3. Yields in Kolbe dimerization of 3-alkenoic acids [138b)}

Carboxylic acid® Product distribution {75} Yield
(72)
LT 1,3 3,3
CH,;—(CH,),—CH=CH—CH,—CO; 52 39 9 67
(CH;),—CH—CH =CH--CH,—CO; 59 41 — 79
(CH;);—C—CH=CH~CH,—CO; 60 40 - 15
CH,—C0,® 60 40 — 45
(CH,),—CH=CH—CH,—CO," 65 - 36 42
CH—CH,~CO0L° 76 24 - 29

* 10-150 mmol were dissolved in 25-100 m! methanol, neutralized to 8-50%, with triethylamine and
electrolyzed in an undivided cell at platinum electrodes at 400-800 mA /em? with change of polarity
of the electrodes until pH = 8 was reached

40%
€, ‘COZ

CH, ==CH— (CH,),C0, © CHy ==CH-—(CH,); —CH,"

N

CHp ==CH— (CH,)y —CH=CH, CHp ==CH— (CH,)s D% —CHr—G

42% 37% 1%

©)
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With 6-alkenoic acids the intermediate radical partially cyclizes to a cyclopentyl-
methyl radical in a 5-exo-trig cyclization [139] (Eq. 6) [138a, 140] (see also chap. 6).
To prevent double bond migration with enoic acids the electrolyte has to be hindered
to become alkaline by using a mercury cathode. Z-4-Enoic acids partially isomerize to
E-configurated products. Results from methyl and deuterium labelled carboxylic
acids support an isomerization by way of a reversible ring closure to cyclopropyl-
carbinyl radicals. The double bonds of Z-N-enoic acids with N > 5 fully retain their
configuration [140].

The acid 19 has been dimerized, although in low yield, in the course of a perhydro-
phenanthrene synthesis [141]. When the oxidation potential of the double bond is
sufficiently lowered by alkyl substituents, lactone formation by oxidation of the
couble bond rather than of the carboxyl group occurs (Eq. 7) [142] (see also chap. 15).

- 1% (OMF)

9
O
coH CozH o—i”
= s —
-

Q)

oA o P
&
— + )

Other alkenoic acids that have been dimerized with retention of configuration at
the double bond are oleic acid (239 dimer yield), elaidic acid (44 %) [143], and erucic
acid (407c) [144].

Substituted phenylacetic acids form Kolbe dimers when the pheny! substituents
are hydrogen or are electron attracting (Table 2, Nos. 20-23); they yield methy! ethers
{non-Kolbe products), when the substituents are electron donating (see also chap. 8).
Benzoic acid does not decarboxylate to diphenyl. Here the aromatic nucleus is rather
oxidized to a radical cation, that undergoes aromatic substitution with the solvent
f145].

5 Cross-Coupling of Different Carboxylates

Cross coupling of two different carboxylates (= mixed Kolbe electrolysis) is a method
for synthesizing unsymmetrical compounds (Eq. 8). As, however, the intermediate
radicals combine statistically, the mixed coupling product
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4'RCOH + 4RCOH > 4R +4R ——

% ®

R—IR + 2R—R + R—FR

is always accompanied by two symmetrical dimers as major side products. To make
this coupling more attractive for synthesis the less costly acid is taken in excess. This
way the number of major products is diminished to two, which facilitates the isolation
of the mixed dimer. Furthermore the more costly acid is incorporated to a large
extent into the mixed dimer. Some calculated yields are listed in Table 4. Some ex-
perimental yields obtained for cross-coupling of methyl adipate with hexanoate are
compiled in Table 5.

When one of the two acids is used in excess and the pk_-values of the two acids differ
strongly, the salt deficit method should be used with caution. Formic acid, acetic
acid, propionic acid, and trifluoroacetic acid have been electrolyzed competitively
in mixtures of pairs. Formic acid and trifluoroacetic acid are comparable in case
of electrolysis, both are more readily electrolyzed than acetic and propionic acids.
Deviations are rationalized on the basis of differences in ionization [147]. It might be
useful in such cases to neutralize both acids completely. Sometimes one of the two
acids, although being the minor component, is more favorably oxidized possibly due
to preferential adsorption or its higher ‘acidity [148]. In this case the continuous
addition of the more acidic acid to an excess of the weaker acid may lead to successful
cross-coupling [149]. The chain length of the two acids should be chosen in such a

Table 4. Calculated theoretical yields for mixed coupling
products 'R—R

'RCO,H : 2RCO,H Yield of 'R-2R
oy

50
66
80
86
91

— o
SN B b e

—

* Calculated according to -Yield = n - 100/(1 + n)
with 1:# as ratio of 'RCO,H:*RCO,H

Table 5. Yield of methyl decanoate in the cross-coupling of methyl adipate and hexanoate {146]

Ratio of Ye-Yield of
HO,C(CH,),CO,CH; :  CH,(CH,),CO,H MeO,C(CH,),CH, (%)

in MeOH in H,0
1 : 1 36 12
1 : 2 49 39
1 : 6 58 48
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way that the symmetrical dimer formed in excess can be separated from the cross-
coupling product either by distillation or crystallization. For smaller scale reactions
the selective coupling of two different alkyl groups can be achieved by photolysis of
unsymmetrical peroxides at low temperatures in the solid state [150].

Problems due to passivation that lead to an increase of the cell voltage or due to
competition by non-Kolbe electrolysis [179] are often less pronounced in mixed
coupling.

Despite of the disadvantage. that at least one symmetrical dimer is formed as a
major side product, mixed Kolbe electrolysis has turned out to be a powerful synthetic
method. It enables the efficient synthesis of rare fatty acids, pheromones, chiral
building blocks or non proteinogenic amino acids. The starting compounds are either
accessible from the large pool of fatty acids or can be easily prepared via the potent
methodologies for the construction of carboxylic acids.

Another advantage of the synthesis by mixed Kolbe electrolysis is that polar groups
in the carboxylic acid are tolerated in radical coupling. This makes additional pro-
tection-deprotection steps unneccessary, which are often needed in polar CC-bond
forming reactions and can make these approaches less attractive in such cases.

Selected examples of the large number of compounds synthesized since the pioneer-
ing work of Weedon are subsequently arranged either in Tables 6, 7 or in formulas.
At first the coupling products between unsubstituted alkyl groups and substituted

Table 6. Cross-coupling by Kolbe electrolysis of unsubstituted (A) with substituted carboxylic acids (B)

Carboxylic acids Crosscoupling Ref.
product (A-B)
A—CO,H B—CO,H Yield (7o)
CH,(CH,),CO,H CH,0,C(CH,),C=C(CH,),CO,H 23 151
CH,(CH,),,CO,H (CH,),CHCO,H 40 152
CH,(CH,),CO,H (E)—CH,(CH,),CH= 37 152
CH(CH,),CO,H
CD,CO,H CF,CO,H 68 149
CD,CO,H CF,CF,CO,H 75 149
CH,CO,H HC=C—(CH,),CO,H 36 153
CH,CH,CO,H C,H;—(CH,),CO,H 44 154
CH,(CH,);CO,H CH,0,C(CH,),CO,H 69 144
CH,(CH,),CO,H CH,0,C(CH,),CO,H 61 144
CH,(CH,),CO,H CH,0,CCH(OCOCH,)CO,H 29 155
CH,(CH,),CO,H CH,CO(CH,),CO,H 62 156
Methylhexadecanoic acid CH,0,C(CH,),CO,H 42 157
CH,(CH,),CO,H CH,0,C(CH,),CO,H 38 146
CH,(CH,),CO,H CH,0,CCH,CH(CH,)CH,CO,H 30 158
OCHZCOZ H CH,0,C(CH,),,CO,H 30 159
(CH,),C(CH,),CH(CH,)— CH,0,CCH,CH(C,H,)— 15 160
—CH,CO,H —CH,CO,H
CH,(CH,),,CO,H CH,0,CCH(OCH,)CH,CO,H 21 161
CH,(CH,),CH(CH,)CH,CO,H  CH,0,C(CH,),CO,H 30 162
Me(CH,),,CO,H CH,0,C(CH,),CO,H
m = 8-16, 18 n=472812-20 — 163
i-C,H,CO,H (C,H,),C(CO,E)CO,H 38 164
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alkyl groups are described, whereby the latter are ordered according to the presence
of double and triple bonds, hydroxy groups, halides, carbonyl, carboxyl, ester, amino
groups and other heterosubstituents. These examples are than followed by cross-
coupling products between two substituted alkyl groups in the same order. In the
formulas often the product of subsequent transformations is shown, the coupling
site is marked by an arrow and the yield in mixed Kolbe electrolysis is indicated.
Further examples are given in references [9, 23].

A large number of trialkylacetic acid esters have been prepared by mixed Kolbe
electrolysis of ethyl malonates [164]. Crossed-coupling is also used for chain extension.
Extension by two carbon atoms is achieved with benzyl succinates [153, 180-182],
whereby the purification of the chain extended fatty acid is simplified by using the
benzyl half ester [181a].

Extension by three carbon atoms is possible with methyl glutarate [183], by the
isoprene unit with ethyl 3-methyl adipate [184], by four carbon atoms with methyl
adipate [143], by five carbon atoms with methyl pimelate [185] and by six carbon
atoms with methy! suberate [186]. A series of branched e-fluorocarboxylic acids were
prepared by cross-coupling with @-fluorocarboxylic acids [187]. For further examples
see Tables 6, 7.

Table 7. Cross-coupling by Kolbe electrolysis of substituted carboxylic acids (A) with substituted
carboxylic acids (B)

Carboxylic acids Crosscoupling ~ Ref.

product (A-B)

A—CO,H B—CO,H Yield (%)
CH,=CH(CH,),CO,H CH,0,C(CH,),,CO,H 68 165
(CH,),CHCH=CHCH,CO,H CH;0,C(CH,),CO,H  good 1662
n=124
(£)—CH,0,C(CH,),CH=CH(CH,),CO,H CH,(CH,),CO,H 30 166b
CH,=CH(CH,);CO,H CH,0,C(CH,),CO,H 52 166¢
R—C=C—(CH,),CO,H CH,0,C(CH,),CO,H  45-59 167
R: C,H,, C,H,,C H, n=234,6
(2—CH,(CH,),CH=CH~—(CH,),CO,H  CH;0,C(CH,),CO,H 1520 168
CF,CF,0CF,CO,H MeO,C(CF,) CO,H  24-34 169
n=1-3
CF,0CF,CF,CO,H MeO,C(CF,),CO,H  24-34 169
n=1-3
CF,CO,H CH,0,CCH,CO,H 46 170
Br(CH,),,CO,H CH,0,C(CH,),CO,H 50 144
Br(CH,),,CO,H EtO,C(CH,),CO,H 54 171
Br(CH,),,CO,H MeO,C(CH,),CO,H 37 38b
AcO(CH,),CO,H Et0,C(CH,),,CO,H  27-32 172,178
Me,SiCH,CO,H MeO,C(CH,),CO,H  71-76 173
n=4,7
CH,0,C(CH,),,CO,H CH,0,C(CH,),CO,H — 174
CH;0,C(CH,);0CO,H CH,0,C(CH,),CO,H — 175
CH,0,C(CF,),CO,H CH,0,C(CF,),CO,H  25-38 113
n=m=1-4
CH,CO(CH,),CO,H CH,CO(CH,),CO,H 31 176
CH,CO(CH,),CO,H CH;0,C(CH,),CO,H 32 177
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Muscalure 20, the pheromone of the housefly has been prepared from oleic acid or
erucic acid, similarly (Z)-11-heneicosene 21, the synergist of muscalure was obtained
[189]. The intermediate 22 for the pheromone of the Cabbage looper was prepared
using (Z)-methyl-4-octenedioate [166b], that was obtained by partial ozonolysis of
(Z,Z)-1,5-cyclooctadiene. Similarly disparlure 23, the sex attractant of the gypsy
moth, has been synthesized by two successive crossed-couplings with (Z)-4-octene
dioate [191].

The optically active Trogoderma -pheromones (E)- and (Z)-24 have been synthesized
starting from (S)-citronellol and 4-pentynoic acid [192]. Alkatrienes 25, sex attractants
of Lepidoptera, were prepared by mixed Kolbe electrolysis with linolenoic acid [193].
26, the pheromone of the German cockroach Blattela Germanica has been prepared
from 3-methylheneicosanoic acid [194]. (+) — Tuberculostearic acid (27) has been
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obtained in two successive electrolyses from methyl 2-methyl-succinate [195]. 10,16-
Dimethyleicosanoic acid 28 was synthesized by three successive electrolyses [180].
The bromide 29, a key intermediate in the synthesis of natural a~tocopherol has been
prepared starting from (R)-( + )-citronellic acid [196]. The alkane 30 with three quatern-
ary carbon atoms has been obtained by two successive cross-couplings [122]. In an
alternative approach looplure 31, the pheromone of the Cabbage Looper was made
available by Kolbe electrolysis of (Z)-4-nonenoic acid with methyl glutarate [197].
Similarly the pheromone of the fruit pest insect Dacus cucurbitae 32 [198] and of the
false codling moth 33 [199] have been prepared. Cross-coupling of (E)-3-hexenoic
acid and levulinic acid provided a shorter route to brevicomin 34 [200}, the sex attrac-
tant of the western pine beetle. Pure (E)- or (Z)-configurated unsaturated pheromones
can be prepared by cross-coupling with 5-alkynoic acids and subsequent selective
hydrogenation (Table 7) [167]. In the cross-coupling of perfluorinated acids with
unsubstituted acids an excess of the weaker acid and a solvent with alkaline properties,
e.g. pyridine, seems to be profitable [201]. The attempted cross coupling between
trifluoroacetate and propionate does not lead to a mixed dimer but to the addition
product of the CF;-radical to ethylene formed from propionate [43b]. Useful inter-
mediates for the synthesis of dicarba analogues of cystine peptides 35 have been
prepared by mixed Kolbe-electrolysis of protected L- or p-glutamic acids [202].
Chiral building blocks 36-38 for synthesis have been obtained by cross-coupling with
enantiomerically pure $-hydroxybutyric acid derivatives [203]. Chiral y-lactones 39
have been prepared from (R)-3-cyclohexene-1-carboxylic acid [204].

By coelectrolysis of polymethacrylic acid with e-acetaminocaproic acid or cyano-
acetic acid the alkylacetamido- or cyanomethyl group can be grafted on to the main
chain of the polymer [205].

6 Addition of Kolbe Radicals to Double Bonds

Kolbe radicals can be added to olefins that are present in the electrolyte. The primary
adduct, a new radical, can further react by coupling with the Kolbe radical to an
additive monomer I (Eq. 9, path a), it can dimerize to an additive dimer II (path b),
it can be further oxidized to a cation, that reacts with a nucleophile to III {path c), or
it can disproportionate (path d).

I
Y Y
RCOO ™ R —— R I . ©)
N
m
v
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Oligomerization and polymerization of the olefin by addition of the primary ad-
duct to further monomers occurs only in a few cases (see below). The radical con-
centration in the reaction layer in front of the electrode is so high, that the termination
step and not the propagation step of the polymerization predominates. On the other
hand as a result of the high radical concentration the dimerization of the Kolbe radical
can compete strongly with the addition. With reactive olefins, e.g. butadiene, iso-
prene or styrene, generally good yields of adduct are obtained (Table 8, Nos. 1~10).
With unreactive olefins, however, like cyclohexene, isobutene (Table 8, No. 11) the
yields of addition product are low and Kolbe dimers predominate. However, for
ethylene good yields have also been claimed (No. 12). The yields can be increased,
when nucleophilic radicals, as alkyl radicals, are added to electrophilic olefins, as
a,B-unsaturated carbonyl compounds or nitriles (Nos. 17-22). The same seems to
be valid for the reaction of electrophilic radicals (CF;, MeO,CCHj;) with nucleo-
philic olefins, as enols or enolacetates (Nos. 23-27). With the trifluoromethyl radical,
obtained from trifluoroacetic acid, also with electrophilic olefins fair yields of adduct
have been found.

To some degree the ratio of additive monomer to additive dimer can be influenced
by the current density. High current densities favor the formation of additive mono-
mers, low ones these of additive dimers (Table 8, Nos. 4, 5). This result can be ration-
alized according to Eq. 9: At high current densities, which corresponds to a high
radical concentration in front of the electrode, the olefin can trap only part of the
Kolbe radicals formed. This leads to a preferred coupling to the Kolbe dimer and a
combination of the Kolbe radical with the primary adduct to the additive monomer.
At low current densities the majority of the Kolbe radicals are scavenged by the olefin,
which leads to a preferential formation of the additive dimer.

In the addition to 1,3-dienes, ¢.g. butadiene, an intermediate allyl radical is formed,
that couples to 1,1’-, 1,3~ and 3,3'-dimers (Eq. 10). The reactivity of the intermediate
allyl radical is about 2.4 to 2.7 higher in the C1- than in the C3-position leading to a
preferred formation of the 1,1'-dimer [206].

= R

RNENNEN
73
Nt YA, e NF " (10)

A
3,3 R
R
AN

The ratio of C1- to C3-coupling is not influenced by the solvent but to some extent
by the electrode material [227].

Additions of Kolbe radicals to dienes are reported in refs. [45, 215, 228] and in the
reviews named in chap. 1.
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The electrolysis of methyl adipate in the presence of butadiene has received con-
siderable attention, because it makes long chain diacids easily accessible. A total
yield of 9675 diester has been claimed for this reaction (Table 8, No. 7).

The addition of various Kolbe radicals generated from acetic acid, monochloro-
acetic acid, trichloroacetic acid, oxalic acid, methyl adipate and methyl glutarate to
acceptors such as ethylene, propylene, fluoroolefins and dimethyl maleate is reported
in ref. [213]. Also the influence of reaction conditions (current density, olefin-type,
olefin concentration) on the product yield and product ratios is individually discussed
therein. The mechanism of the addition to ethylene is deduced from the results of
adsorption and rotating ring disc studies. The findings demonstrate that the Kolbe
radicals react in the surface layer with adsorbed ethylene [229]. In the oxidation of
acetate in the presence of l-octene at platinum and graphite anodes, products that
originate from intermediate radicals and cations are observed [230].

In some cases the polymerization of reactive olefins can be initiated by electrolysis
of carboxylic acids. Monomers that have been polymerized this way are styrene [212],

U“e = 5 e
2 + RO — (an

X= 0, NCOR, C(CH;)z

(CHz)y —CO,CH5 (CH2)4C0,CH;3
0 N 41
‘0 [
(CHZ)4CO,CHy (CH,)4CO,CHy
NC
42 43

H

CO;
— g—-OEt RCO,H
AcO 0 =
Y 33-35%
R, OEt
AcO

)
R: CHj,(CH,),CO,CHs

(12)
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acrylonitrile [212], vinyl acetate [231], methyl acrylate [231], vinylchloride [232],
acrylic acid [232] and acrylamide [233].

Kolbe radicals can also be trapped by oxygen to yield dialkylperoxides, aldehydes,
and ketones [97]. Furthermore methyl and trifluoromethyl radicals from acetic acid
and trifluoroacetic acid are trapped, although inefficiently, by pyridine (3-207)
{234}, benzotrifluoride and benzonitrile[ 235].

Alkyl radicals that add only in low yield to nucleophilic alkenes can be more effi-
ciently trapped, if they react intramolecularly. Kolbe electrolysis of A®’- and A75-
unsaturated carboxylates leads to five membered and six membered rings in a 5- or
6-exo-trig cyclization [139]. Such an intramolecular cyclization was first reported
by Weedon [138a]. In a systematic study on the Z/E-isomerization of unsaturated
carboxylates with different distances of the double bond from the carboxylate group
cyclopentanes and to a smaller extent cyclohexanes were formed by cyclization of the
intermediate 5-hexenyl and 6-heptenyl radicals {140]. This reaction has been utilized
for the efficient construction of heterocycles (Eq. 11, 40 (4175) [236], 41 (537) [237],
and carbocycles 42 (747), 43 (7575) [238]. The reaction has been applied to the syn-
thesis of a prostaglandine precursor (Eq. 12) [239]. The stereospecificity of this
reaction can be rationalized by the cis-annulation of five-membered rings and the
predominant coupling of the cyclized radical from the sterically unshielded site.
Compared to chemical radical cyclizations [240] these electrochemical ring closures
have the advantages that they join two carbon bonds in one step, whilst in the chemical
reactions in most of the cases only one carbon-carbon and one carbon-hydrogen
bond are formed. Secondly electrolysis avoids the toxic tributylin hydrides, that
are mostly used as initiators in the chemical radical cyclizations.

7 Non-Kolbe Electrolysis to Carbenium Ions as Intermediates

The electrolysis of carboxylic acids in aqueous solution can lead to alcohols and
esters as major reaction products[5, 241]. When electrolyses are performed in methanol
or acetic acid methyl ethers or acetates can be found as side or major products. These
observations led Walling and others [242] to suggest that in these cases the inter-

combination
disproportionation
addition

R—CoP == R TTR
2z ""Coz e
[
B— P (13)
adsT— rearrangement ® alcohols
R —  esters
® ethers
Swvent | H RCOH olefins
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mediate Kolbe radicals are further oxidized to carbenium ions that undergo solvolysis
and elimination. The oxidation of carboxylates to carbenium ions has been applied
in mechanistic investigations and used in synthesis, this work is summarized in refs.
[9, 18, 19, 251

In order to be more precise the oxidation of carboxylates to radicals shown in
Eq. 2, has to be extended by some additional steps outlined in Eq. 13. The free or
adsorbed radical is further oxidized to a free or adsorbed carbenium ion. This can
solvolyze to ethers, alcohols or esters, can lose a proton to form an olefin, can combine
with the unreacted acid to an ester, or can undergo rearrangement or fragmentation
prior to these reactions. This part of the anodic decarboxylation, leading to carbenium
ions, is often called the Hofer~Moest reaction, when water is used as solvent, or more
generally non-Kolbe electrolysis. The two electron oxidation can be recognized by a
major portion of olefinic products, the formation of alcohols, esters, ethers, amides
and especially by means of products that originate from rearrangement or fragmen-
tation.

Low current densities suppress Kolbe-dimerization and promote the formation of
alcohols or ethers [9, 31]. Non-Kolbe electrolysis is further favored by graphite as
the electrode material [243, 244, 245, 246b]. However, if nonporous carbon anodes
(baked carbon, vitreous carbon, hard carbon) are used Kolbe dimers are formed in
moderate to good yields [48]. This suggests that the different real surface areas of
the carbon anodes lead to different current densities and thus different radical con-
centrations at the electrode. High concentrations at dense graphite favor the bimolecu-
lar dimerization, whilst low ones at soft graphite support the second electron transfer.
With porous graphite even primary alkanoates can be oxidized to primary carbenium
ions [52].

A mixture of water/pyridine appears to be the solvent of choice to aid carbenium
ion formation [246]. In the Hofer-Moest reaction the formation of alcohols is optimiz-
ed by adding alkali bicarbonates, sulfates [39] or perchlorates. In methanol solution
the presence of a small amount of sodium perchlorate shifts the decarboxylation
totally to the carbenium ion pathway [31]. The structure of the carboxylate can also
support non-Kolbe electrolysis. By comparing the products of the electrolysis of
different carboxylates with the ionization potentials of the corresponding radicals
one can draw the conclusion that alkyl radicals with gas phase ionization potentials
smaller than 8 eV should be oxidized to carbenium ions [8¢] in the course of Kolbe
electrolysis. This gives some indication in which cases preferential carbenium ion
formation or radical dimerization is to be expected. Thus a-alkyl, cycloalkyl [247,
248], a-chloro [249] or bromo, a-amino, alkoxy, hydroxy, acyloxy, a,a-diphenyl
more or less promote the oxidation of the radical to the carbenium ion. Besides elec-
tronic effects the oxidation seems also to be controlled by steric factors. In the oxi-
dation of nuclear substituted phenylacetic acids even strongly electron withdrawing

Ph Ph
e L oao @
"1 00,0 co®
Me Me  CO© €Oz 2
L4 45 46

47
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groups, such as CF;, do not inhibit the oxidation of the radical. This has been inter-
preted by a lower extent of adsorption, from which the dimerization is assumed, due
to steric shielding [31]. In summary, the experimental factors that favor the carbenium
ion pathway are: low current density, a porous graphite anode, addition of foreign
anions (e.g. perchlorate), a high pH and structural factors in the carboxylic acid as
electron donating groups in the a-position and bulky substituents that retard adsorp-
tion of the radicals.

It is generally assumed that the carbenium ion is formed by oxidation of the inter-
mediate radical (Eq. 13). There are, however, small differences in the product ratios
of configurational isomers in the non-Kolbe electrolysis of 44/45 and 46/47 that could
be interpreted as a result of a synchronous electrocyclic ring opening of an acyloxy
cation (RCO;") [249]. The differences are, however, small and do not point to RCO;
as being a significant intermediate. The carbenium ions formed are assumed to be
“hot”. The product distribution is similar to that obtained from carbenium ions
generated chemically by deamination and deoxygenation [243, 250, 251]. Compared
to the chemically formed carbocations, the pH in the electrolysis can be chosen rather
freely. This way rapid rearrangements can be partially intercepted by electrolysis at
high pH [252], e.g. of the anodically generated pinacolyl cation [253). The degree and
rate of rearrangement seems to be independent of the electrode material, whether it is
platinum or carbon [254] appears to have no effect.

Non-Kolbe electrolysis may lead to a large product spectrum, especially when there
are equilibrating cations of about equal energy involved. However, in cases where the
further reaction path leads to a particularly stabilized carbocation and either elimi-
nation or solvolysis can be favored, then non-Kolbe electrolysis can become an effi-
yient synthetic method. This is demonstrated in the following chapters.

8 Non-Kolbe Electrolysis of Carboxylic Acids to Ethers,
Esters, and Alcohols

Carboxylic acids with an electron donating substituent in the a-position decarboxylate
in a two-electron oxidation to carbocations (see chap. 7). These can react with the
solvent (alcohol, acetic acid, water) or the unreacted carboxylate to ethers, esters, or
alcohols (Eq. 14). In some cases the carbon skeleton rearranges, which is a clear
indication of the cationic pathway.

) I T
—2e HOS
R—CH—Ccof — r—o® 2 Rp—cH—os (14)
-002

SO=CH30, CH3002, HO
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QAc
-e, ACOH
—— (s
CBuoH, EtaN )
E 72%
/\ N
(% Pt, -e, -CO CH
(H"O(cozn 2 (CHa)a (16)
Z CH<CO-H, ‘BuoH
3L0;
ELh Ac

n: 4-13 ~80%

In this way bridgehead carboxylates have been converted into the corresponding
ethers (Table 9, Nos. 1-2). Both exo- and endo-2-norbornylcarboxylic acid yield
the exo-2-methyl ether indicating that a bridged norbornyl cation is the intermediate
(Table 9, No. 3). Steric reasons can prevent the rearrangement as in the conversion
of the tricyclic carboxylic acid to the corresponding acetate (Eq. 15) [281]. In other
cases the intermediate cyclopropylcarbinyl cation undergoes rearrangement (see
also chap. 11). Carboxylic acids formed by a Stobbe condensation can react to an
allyl cation that solvolyses in the 1- and 3-position (Table 9, No. 6). In some cases
the allyl cation undergoes a regioselective acetolysis (Eq. 16)[282). In the norbornenyl
system the intermediate cation can add intramolecularly to the double bond leading
to nortricyclene derivatives (Table 9, Nos. 18, 19).

a-Phenyl substituted carboxylic acids react selectively, because the intermediate
phenylmethyl cations cannot undergo elimination or rearrangement (Table 9, Nos. 4,
7-11, 15). a-Ketoesters can be converted to esters possibly via intermediate acylium
cations (Table 9, No. 12). The a-alkoxy group is very effective in directing the de-
carboxylation towards the cation, whose solvolysis leads to acetals (Table 9, Nos. 13,
14, 20, 28, 29, 32). Cyclic ketals of B-ketocarboxylic acids react to 2-methoxy-1,4-
dioxenes (Eq. 17) [283]. Uronic acid has been converted to a pentaacctate (Eq. 18)
[275].

HisC
HiC_ _CHCOP QPO ?
>< -e, -0, (}L\) HzPO,. Pyr. — a7

O 4] o
CHOH N 90% N\ /
62%
CO.H
o 1. CH0H, Et,NH, C OAc
OH OH 2.NaBby OAc OAc (18)
HO 3. AC0 Ac
H 55% OAc
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CO,H
EtN, C

2 . (19)

HoAc, CBuoH

0 0
R: S-Benzthiazol: 61%
: C02H . 55%
HsC R
HC R )i
$ —2e,CO
N CO,H 2 CoH50,C  "CHO (20)
CoHs0,C CH30H
H 58-71%

R= Csz, CH20H=CH2, CHzCsHs

2-Furane carboxylic acids are first oxidized to the 1,4-dimethoxy compound and
then decarboxylated (Table 9, Nos. 13, 14, 30). The current density and thus the
potential at the cathode can determine whether (Table 9, No. 13) or not (Table 9,
No. 14) a subsequent reductive hydrogenation at the cathode occurs. The thio- and
even the sulfonyl group can promote the further oxidation to the cation (Table 9,
Nos. 16, 17, 21) leading to acetals in these cases. When this reaction is combined with
ana-alkylation the a-thio carboxylic acid can be used as a d,-synthon (Eq. 19)[284a-<].
The malonate unit can be employed in the same way (Eq. 19) [284d]. (S)-Malic-acid
derivatives are transformed into enantiomerically pure alkyimalonaldehyde esters
(Eq. 20) [285]. Many examples are reported for the decarboxylation of a-amino acids
to the corresponding amino acetals (Table 9, Nos. 22-27, 31).

OR
I~ ™S
—e,Pt Pt - (21)
s CH5;0H TiCl,
HO,C HC 75%
cc:,,cH3 CO,CHy
>977% ds
OR
/\_(j R=Si(CHs),Bu
|
CO,CH;
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(CHz)n (CHZ)nj\
22
( CO,H _zaﬁ OR? @2

Lom 75-98%

. 1,2 RL,
n: 1,2; RY H, CHgo P OEt; R CHg, Cobs, H, loghy

COH e, pcom Ohe
[ ——— (23)
MeCN., AcONa
84
R = TBDMS
CHy CHy CHs
é CH5CN,C
E4Q —— CH~—CO,H Et0 ~— CH—0,C—CH—OEt (24)
~2e
81%

4-Hydroxy-L-prolin is converted into a 2-methoxypyrrolidine. This can be used
as a valuable chiral building block to prepare optically active 2-substituted pyrrolidines
(2-allyl, 2-cyano, 2-phosphono) with different nucleophiles and employing TiCl, as
Lewis acid (Eq. 21) [286]. Using these latent N-acylimmonium cations (Eq. 22) [287]
(Table 9, No. 31), 2-(pyrimidin-1-yl)-2-amino acids [288], and S-fluorouracil deriv-
atives [289] have been prepared. For the synthesis of B-lactams a 4-acetoxyazetidinone,
prepared by non-Kolbe electrolysis of the corresponding 4-carboxy derivative (Eq. 23)
[290], proved to be a valuable intermediate. O-Benzoylated a-hydroxyacetic acids are
decarboxylated in methanol to mixed acylals [291]. By reaction of the intermediate
cation, with the carboxylic acid used as precursor, esters are obtained in acetonitrile
(Eq. 24)[292] and surprisingly also in methanol as solvent (Table 9, No. 32). Hydroxy
compounds are formed by decarboxylation in water or in dimethyl sulfoxide (Table 9,
Nos. 34, 35).

The various carbenium ions: rerz-alkyl, bridgehead-, norbornyl-, allyl-, benzyl- or
cyclopropylcarbinyl-cations, which are assumed to be intermediates in these de-
carboxylations are compiled in ref. [293].

9 Non-Kolbe Electrolysis of Carboxylic Acids to Acetamides

Non-Kolbe electrolysis of carboxylic acids in acetonitrile/water leads to acetamides
as main products [294] (Table 10). The mechanism has been investigated by using
14C.labeled carboxylic acids. The results are rationalized by assuming a reaction
layer rich of carboxylate resulting in the formation of a diacylamide that is hydrolyzed
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(Eq. 25) [295]. A similar mechanism has also been proposed for the electrolysis of
isobutyric and pivalic acid in acetonitrile [296]. As the intermediate alkyl cation can
rearrange and the intermediate iminium cation can furthermore react with the starting
carboxylic acid three different amides can be isolated (Eq. 26) {295a]. The portion of
the diacylamide can be considerably increased if the electrolyte consists of acetonitrile/
acetic acid [2950].

Me5CC0,© 2 Meyc® Mo Me_—,C-——N:?Me
~C0,
14
o0 Me;C—N=C—Me —= MesC—NCOMe 25)
oL ** Come
by
H0

14
MesCNHCOCH;  + MesCNHCOCH;

o —2e,Pt ® D
Me,CH— CH,CO, Mexc® + MeCH—Ft 26)
MeCN,H,0 ~
‘ COCH,CHM
MeCONHCMe, 0 HaCHMe,
10% MegCH—CH,CNHCMe; ~ MeCON
7% CH(Me)Et
53%

At a graphite anode and with potassium valerate analogous products were obtained,
the yields were at a maximum with a water content between 10 % and 30%,. When the
percentage of water was increased, larger amounts of butanols were formed. With
increasing chain length of the carboxylic acid CH;(CH,),CO,H (n: 6, 10) the amount
of amide found decreased and the Kolbe dimer became the major product. This has
been attributed to a higher concentration of carboxylates at the electrode surface
due to a stacking effect, whereby radical coupling is favoured {52}

The rearrangement of the intermediate alkyl cation by hydrogen or methyl shift
and the cyclization to a cyclopropane by a CH-insertion has been studied by deuterium
labelling [298]. The electrolysis of cyclopropylacetic acid, allylacetic acid or cyclo-
butanecarboxylic acid leads to mixtures of cyclopropylcarbinyl-, cyclobutyl- and
butenylacetamides [299]. The results are interpreted in terms of a rapid isomerization
of the carbocation as long as it is adsorbed at the electrode, whilst isomerization is
inhibited by desorption, which is followed by fast solvolysis.

125



Recent Contributions of Kolbe Electrolysis to Organic Synthesis

Table 10. Acetamides by non-Kolbe electrolysis of carboxylates in acetonitrile

No.  Carboxylic acid Product Yield (76}  Ref.
1 Me,CCO,H Me, CNHCOCH, 40, 80 2944a, 295
2 MezClCOZMe Me,C—CO,Me 25 294a
Me,CCO,H Me,C—NHCOMe
CH3 CHs3
3
COH O<NHCOCH3 68 29
4 C,H,C(CH,),CO,H C,H, C(CH,),NHCOCH, 63 295
5 (CH,),CHCO,H (CH;),CH—N—-COCH;, 50 295, 296
COCH(CH,),

6 Q-COZH QNR‘ R2 54

R =H, R%= Q—co 20
R =CH,CD, R2=<;>—CO 45

R'=CH3CO, RZ=H 20
il "f'e ?f bf‘e
7 R'-C—C—CO3H R1—C—C—NHCOR? 18-50 104b
L. L
R! = Me, i-Prop
R?* = Me, Et

R?® = Me, Et, i-Prop

8 g NHCOMe 35 297
é 2C02H ’:ﬁ ;

10 Conversion of Carboxylic Acids into Olefins
by Non-Kolbe Electrolysis

Carboxylic acids can be converted into olefins, when there is a leaving group such as
H (Eq. 27), SiMe,, SPh or CO,H in the B-position. The olefin is formed, when the
carbocation, that is generated by decarboxylation, undergoes a subsequent El-
elimination. Some examples are summarized in Table 11 (Nos. 1-10).

~_o M T2 o M
eozc/c C\ —co, & C\ >_"< 27

Reaction No. 5 (Table 11) is part of a synthetically useful method for the alkylation
of aromatic compounds. At first the aromatic carboxylic acid is reductively alkylated
by way of a Birch reduction in the presence of alkyl halides, this is then followed by an
climinative decarboxylation. In reaction No. 9 decarboxylation occurs probably by
oxidation at the nitrogen to the radical cation that undergoes decarboxylation (sce
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pseudo-Kolbe electrolysis, chap. 14). Such a mechanism seems also to be involved
in the decarboxylation/desulfenylation (Eq. 28) [318]. There sulfur appears to be
oxidized to a radical cation that cleaves to the exo-methylene lactone, carbon dioxide
a proton and a thiyl radical (reaction a); in the direct electrolysis the yield is much
lower (reaction b). In the eliminative decarboxylations of cycloalkanecarboxylic acids
{seven- to eleven-membered rings), besides the 1,2-elimination, a 1,3-elimination to
cyclopropanes and a transannular 1,5-elimination occur to some-extent [247, 319].

(28)
(a) + -CO
-e : & -t
SPh —— 0 SPh 3. H
COH O.H 73-92%
0 o 2
-yt
(b 0-35% 0
o L.
co; o, ) ®
0 0

In B-trimethylsilylcarboxylic acids the non-Kolbe electrolysis is favored as the
carbocation is stabilized by the B-effect of the silyl group. Attack of methanol at the
silyl group subsequently leads in a regioselective elimination to the double bond
(Eq. 29) [307, 308]. This reaction has been used for the construction of 1,4-cyclohexa-
dienes. At first Diels-Alder adducts are prepared from dienes and B-trimethylsilyl-
acrylic acid as acetylene-equivalent, this is then followed by decarboxylation-desilyl-
ation (Eq. 30) [308]. Some examples are summarized in Table 11, Nos. 12-13.

SiMe3 L SiMe;
-e, CH30H \c—c/
e_l_%* 0, _@"lé— TN
0,C -Me3Si0Me
SiMes @ Me,Si
[ m ‘CO2’ _e @
- i+ 30
COX Hozc Me381 )
X=C1
/4
CO,H 0.H
0,H OoH
48 49

Bisdecarboxylation of vicinal dicarboxylates is the older method of converting
vicinal diacids into olefins. The reaction can be combined with a 4+ 2}-or{2+ 2)-
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cycloaddition, e.g. with maleic anhydride, whereby unsaturated polycyclic hydro-
carbons can be prepared in a few steps (Table 11, Nos. 14-25). 907, Pyridine: tri-
ethylamine:water as electrolyte, and platinum as electrode appear to favor this
elimination. The optimum choice of conditions has been discussed in ref. [315]. The
addition of the radical scavenger 4-zert-butyl-catechol to the electrolyte can improve
the yield [312]. The anodic bisdecarboxylation is in most cases better than the cor-
responding oxidation with lead tetraacetate. When reaction No. 14 (Table 11) is
conducted with lead tetraacetate only 3% of the product is yielded, sometimes, how-
ever, both methods are equivalent [320a]. For the dicarboxylic acids 48 and 49 the
influence of the solvent, electrode material, current density, the kind of base and addi-
tives have been studied systematically [320b]. Out of the solvents acetonitrile, di-
methylformamide, sulfolane, pyridine, 2,6-lutidine or pyridine/water (1:9) the
latter leads to the highest yields and lowest passivation, From the anode materials
platinum, gold, lead dioxide, graphite or glassy carbon the highest yields are obtained
with platinum. At graphite, double bonds are apparently additionally oxidized.
Higher current densities also support the reaction. The structure of the base (triethyl-
amine or 1,4-diazabicyclo[2.2.2]octane) influences strongly the degree of passivation
but not the yield, Addition of copper(Il)acetate lowers the yield, that of lithium per-
chlorate inhibits the reaction.

As the mechanism, a radical and a cationic pathway are conceivable (Eq. 31). The
stereochemical results with rac- or meso-1,2-diphenyl succinic acid, both yield only
trans-stilbene [321], and the formation of a tricyclic lactone 51 in the decarboxylation
of norbornene dicarboxylic acid 50 (Eq. 32) [309] support a cation (path b, Eq. 31)
rather than a “biradical” as intermediate (path a).

coP

Zoe —zco2 I 3D

cof ~(b) coP
—C0, ® ?
—23 - 32)
QAT AT
51 Yo

However, the inhibition of the reaction by lithium perchlorate, that strongly favors
the cationic pathway (see chap. 2, 7), contradicts this assumption. With regard to
yield and the degree of passivation the decarboxylation/desilylation appears to be a
better choice than the bisdecarboxylation for the construction of unsaturated poly-
cyclic compounds (see for example Table 11, No. 12b and No. 22).
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In the bisdecarboxylation of the cyclobutenedicarboxylic acid 52, products are
obtained whose formation possibly involves a cyclobutadiene intermediate [322].
A case of a 1,3-bisdecarboxylation has been reported in the preparation of a bicyclo-
butane (Table 11, No. 26). An elimination, that involves the cleavage of an carbon-
oxygen bond after the decarboxylation, has been observed with the carboxylic acid
53 (Eq. 33) [282].

MexC. CMe;
T
Me;C COzH
52
MeOH, EtN (g
— (o)
Pt
8ux A ;
0

11 Rearrangement of Intermediate Carbocations in Non-Kolbe
Electrolysis

The carbocations generated by non-Kolbe electrolysis can rearrange by alkyl, phenyl
or oxygen migration. The migratory aptitudes of different alkyl groups have been
studied in the rearrangement of a-hydroxy carboxylic acids (Eq. 34) [323].

OH oH o 0
mmé—-cu,coze 2 prbeo® 2wl w (34)

Migratory aptitude: vinyl > iso-propyl > cyclopropyl > benzyl

Rearrangements in the course of a decarboxylation can be taken as strong indicator
for the involvement of carbocations. Anodic oxidation of exo- or endo- norbornane-
2-carboxytic acid produced in both cases only the exo-norbornyl methyl ether (Table
12, No. 1) [242¢]. Exo- or endo-5-norbornene-2-carboxylic acid react by double bond
participation and subsequent rearrangement to 3-methoxynortricyclene (Table 12,
No. 2). The kind of products was the same as obtained in solvolysis [329]. The product
in reaction No. 3 (Table 12), has been used as intermediate for a methyl (+)-jas-
monate synthesis. The three isomeric carboxylic acids in reaction No. 4 (Table 12)
decarboxylate by rearrangement to the same product mixture. An analogous obser-
vation is made for the anodic oxidation of cyclopropylacetic acid, cyclobutylcarbo-
xylic acid and allylacetic acid [252]. The anodic oxidation of cyclopropylcarboxylic
acid can lead to Kolbe dimers (see chap. 4) and/or cationic products by ring opening
to an allyl cation that undergoes methanolysis or acetolysis depending on the electro-
lyte [330].

In the electrolysis of quinuclidine-2-carboxylic acid decarboxylation occurs without
rearrangement (Table 12, No. 5). Stereospecifically substituted cyclopentanes, that
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Table 13. Ring Extension of alicyclic B-hydroxycarboxylic acids by non-Kolbe electrolysis

No.  Carboxylic acid Products Reaction Yield (75)  Ref.
conditions
/7 T\ _CH,COzH
I el € (CHz)ps1 C=0 Pt, CH,CN
OH n = 4: 54-63 242¢
n=5: 54-63 242¢
C, Pyr./H,0
n=9: 82 335
ne=11: 82 335
2 H OH H C, DMF 56 336
C(j\CHZCOzH 0
A H
Cbo
H
3 H H o C,DMF 58 336
CH(Me)COzH
OH Me
A A
H Me
C-
A
4 OH
CH,COH
CHj
MeOH, KOH 30 323
CH3
d}o MeOH, KOH 5

136



Recent Contributions of Kolbe Electrolysis to Organic Synthesis

may serve as intermediates for the synthesis of cyciopentanoids, can be prepared by
decarboxylation of oxa-bicycloheptanecarboxylic acids (Table 12, Nos. 6, 7). Mi-
gration of oxygen has been observed in the decarboxylation of glycidic acids [331,
332] and acetals of B-oxocarboxylic acids [333]. Rearrangement of the phenyl group
was encountered in the decarboxylation of 3,3-diphenylpropionic acid, which af-
forded in acetic acid 1,2-diphenylethylacetate as the major product [334].

Non-Kolbe electrolysis of alicyclic §-hydroxy carboxylic acids offers interesting
applications for the one-carbon ring extension of cyclic ketones (Eq. 35) [242¢].
The starting compounds are easily available by Reformatsky reaction with cyclic
ketones. Some examples are summarized in Table 13. Dimethylformamide as solvent
and graphite as anode material appear to be optimal for this reaction.

1. BrznCH,COMe /\c _-CHCOH

(CH)s  C=0 ———= (CHy),

< 33)
2. OH” \_/ OH

C, DMF (CHz/)\C/CHze
~2e, (0, \n_/ o -H*

(CHy)pyy C=O

With unsymmetrical cyclic ketones, however, mixtures due to similar migratory
aptitudes of the different groups are obtained (Table 13, Nos. 2, 3). The rearrangement
has also been used as key step in a d,/-muscone synthesis (Table 13, No. 4).

12 Fragmentation of Carboxylic Acids by Non-Kolbe Electrolysis

Non-Kolbe electrolysis of carboxylic acids can be directed towards a selective
fragmentation, when the initially formed carbocation is better stabilized in the v-
position by a hydroxy or trimethylsilyl group. In this way the reaction can be used
for a three-carbon (Eq. 36) [335] (Table 14, No. 1) or four-carbon ring extension
(Eq. 37) [27] (Table 14, Nos. 2-4). Furthermore it can be employed for the stereo-

COH
@
-2e -0
(CHa)n 2 (o, L ),
'602
H HO 0
36
CO,H 36)
@
-2e /
(CHz)n o, — (CHz)n 0 - (CHz)n 0.
DA ) )
. 0
iMes SiMes SiMe;
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~(Me3Si™ =
— D> (CHp), 0 37
e
0
COfBut -% COZtBUt COztBut
H co,° HO HO

2
Q\“\CHO

COz%Ut

7%
(38)

specific construction of cis- or wrans-disubstituted cyclopentenes from 6-hydroxy-
norbornane-2-carboxylic acids (Eq. 38) [338] (Table 14, Nos. 5, 6). Similarly it has
been used for a stereospecific synthesis of a tetraalkylcyclohexane (Table 14, No. 7).
The anodic fragmentation of a-acyloxycarboxylic acids: RCO,CR'R2CO, H (R = Me,
EtO; R1,R? = H, Me, Ph) yields ketones R*COR? and products derived from acyl
cations: RCO* [341].

13 The Pseudo-Kolbe Reaction

Pseudo-Kolbe electrolysis is the name given to anodic decarboxylations where the
electron transfer does not occur from the carboxylate but from a group attached to
it [31]. These oxidations are characterized by potentials that are much lower than the
critical potential for the Kolbe electrolysis. The salt of p-methoxyphenylacetic acid
can be oxidized in methanol to afford the corresponding methyl ether as the sole
product. The low oxidation potential of 1.4V (sce) suggests, that the electron is
being transferred from the aromatic nucleus (Eq. 39) [31].

0 o
cof ‘\~c//\> OMe
Hy Jz@ CH, HZL
e €0 - (39)
MeOH
Me OMe Me
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Table 14. Fragmentation of carboxylic acids by non-Kolbe electrolysis

No.  Carboxylic acid Reaction conditions Product Yield (%)  Ref.
COzH a)
C-anode, n=3 6 335
1 (H2C)n MeCN/EtOH, (CH@ n=4 47
100%6 neutralization 0 n=10 8
OH CH3 CHj

a) n=13 39
(Cl—@ n=4 15
n=1052
OH
2 MeOH 44 337
)\ (j;:\ 35 335

OH 0
COz2H
3 Qi)’o CH;CN/EtOH C\/i:‘/o 85 27
oJ OJ
SiME3
SiMes
4 mo CH,CN/EtOH C©<o 70 27
0 0:]
COOH
5 C-anode, O“\\CHO 38 338
OTHP MeCN/EtOH 1, OTHP
0
0
6 SO,Ph  MeOH, S e0,Me 63 338
C-anode
0,Ph

7 MeOH, Pt 34-38 339
8 MeOH, NeONa CHO 53 340
0,H OTHP
HO 2
OTHP OH
0 17

* After hydrogenation of the product
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CH; CHs Hs
30% 40%
(40)
COgH HO
L L
S Ho:©Q
HoC” CO,H
CHy | 2
CeHs
54 55

The decarboxylation of the caesium salt of 9-methylanthracene-10-acetic acid
occurs at an even lower potential (0.7 V) and affords the dimer as well as the methyl
ether (Eq. 40) [342]. The low oxidation potentials for the decarboxylation of 54
{0.13 10 0.77 V) [306a] and 55 (—0.17 V) [306b] indicate too, that the initial electron
transfer occurs from the amino or aryl group rather than from the carboxylate.

14 The Photo-Kolbe Reaction

2]
RC0,® — = RCO® + & —— RO+ oco, & & RH

f

1/2 R—R

(41)

The photo-Kolbe reaction is the decarboxylation of carboxylic acids at low voltage
under irradiation at semiconductor anodes (TiO,), that are partially doped with
metals, e.g. platinum [343, 344]. On semiconductor powders the dominant product
is a hydrocarbon by substitution of the carboxylate group for hydrogen (Eq. 41),
whereas on an n-TiO, single crystal in the oxidation of acetic acid the formation of
ethane besides methane could be observed [345, 346). Dependent on the kind of semi-
conductor, the adsorbed metal, and the pH of the solution the extent of alkyl coupling
versus reduction to the hydrocarbon can be controlled to some extent [346]. The
intermediacy of alkyl radicals has been demonstrated by ESR-spectroscopy [347],
that of the alkyl anion by deuterium incorporation [344]. With vicinal diacids the
mono- or bisdecarboxylation can be controlled by the light flux [348]. Adipic acid
yielded butane [349] with levulinic acid the products of decarboxylation, methyl ethyl-
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ketone, and of CC-bond cleavage, propionic acid, acetic acid, acetone, acetaldehyde
were found. These can subsequently undergo decarboxylation to ethane and methane.
The product distribution is a complex function of the phase of n-TiO, and. the level
of metalization of the semiconductor powder [350]. Preparative applications of the
method have not been reported yet. The reaction seems attractive for several reasons.
It needs only a low discharge potential, sun light is sufficient for irradiation and the
carboxylgroup can be substituted for hydrogen. The latter cannot be achieved by
Kolbe electrolysis and needs more steps, if the conversion is done by chemical methods.
However, up to now the yields in photo-Kolbe electrolysis are very low.

15 Anodic Oxidation of Carboxylic Acids Without Decarboxylation

In carboxylic acids with an aromatic group or a double bond the n-systems can be
oxidized to radical cations that react with the carboxyl group to lactones (Egs. 7, 42)
[142, 351}

In solvents that strongly resist anodic oxidation as MeCN, CH,CL,/CF,CO,H, or
+SO,H CH-bonds in the alkyl chain can be oxidized. In acetonitrile a preferential
acetamidation in the (©-2)- and (w-1)-position occurs (Eq. 43) [352].

= CJ =
MeOH 5 —2H®
o X0 1o X Ho X0

KOH
NHCOCH;
—e,MeCN
CHs(CH,),CO,Me CH3CH— (CHp)sCOMe  +  CHyCHy——CH— (CHZ),CO,Me
LicIO
* 42% NHCOCH;
1%
43)
0,CCF5
—e,TBABF, é
CH3(CH,)4,C0,H CH3(CH,), CH(CH,),CO,H 44)
CH,Clp/CF5CO,H
40%

y 6 7 8 9 10 11

rel. yield (%) 7 19 28 20 16 7
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In methylenechloride/trifluoroacetic acid or fluorsulfonic acid trifluoracetoxyl-
ation (Eq. 44)[353] or fluorsulfonation [354] of the alkyl chain remote from the proton-
ated carboxyl group occurs.

16 Conclusions

Carboxylic acids can be converted by anodic oxidation into radicals and/or carbo-
cations. The procedure is simple, an undivided beaker-type cell to perform the reaction,
current control, and usually methanol as solvent is sufficient. A scale up is fairly easy
and the yields are generally good. The pathway towards either radicals or carbocations
can be efficiently controlled by the reaction conditions {electrode material, solvent,
additives) and the structure of the carboxylic acids. A broad variety of starting com-
pounds is easily and inexpensively available from natural and petrochemical sources,
or by highly developed procedures for the synthesis of carboxylic acids.

By the radical pathway 1,n-diesters, -diketones, -dienes or -dihalides, chiral inter-
mediates for synthesis, pheromones and unusual hydrocarbons or fatty acids are
accessible in one to few steps. The addition of the intermediate radicals to double
bonds affords additive dimers, whereby four units can be coupled in one step. By
way of intramolecular addition unsaturated carboxylic acids can be converted into
five membered hetero- or carbocyclic compounds. These radical reactions are attrac-
tive for synthesis because they can tolerate polar functional groups without pro-
tection.

Possibly the use of fatty acids as renewable resources and alternative to petro-
chemical feed stocks can profit from the application of Kolbe electrolysis.

The cationic pathway allows the conversion of carboxylic acids into ethers, acetals
or amides. From a-aminoacids versatile chiral building blocks are accessible. The
eliminative decarboxylation of vicinal diacids or B-silyl carboxylic acids, combined
with cycloaddition reactions, allows the efficient construction of cyclobutenes or
cyclohexadienes. The induction of cationic rearrangements or fragmentations is a
potent way to specifically substituted cyclopentanoids and ring extensions by one-
or four carbons. In view of these favorable qualities of Kolbe electrolysis, numerous
useful applications of this old reaction can be expected in the future.
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