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EDITOR'S INTRODUCTION 

The synthetic organic chemist, must, of necessity, be 
well versed in the applications and subtleties of a wide 
variety of reactions. As time goes on, and the volume of 
literature expands, it becomes increasingly difficult for 
the practicing organic chemist to be aware of all of the 
applications of a given reaction. It also becomes much 
more difficult for him to select the conditions which are 
most suitable for each particular application of a given 
reaction. It is the purpose therefore of this series on 
techniques and applications in organic synthesis to pro¬ 
vide chemists with concise and critical evaluations of as 
many reactions of synthetic importance as possible. 

While the use of electrolysis in organic chemistry is 
not new, its synthetic application is usually limited to 
the Kolbe reaction on carboxylic acids. In recent years, 
the apparatus required for electrolysis has become more 
readily available and, as a result, more synthetically 
useful reactions have been developed. This technique un¬ 
fortunately, is but one of an increasing number of syn¬ 
thetically useful procedures. It is the purpose of this 
book to provide the practicing organic chemist with a 
practical guide to the synthetic utility of organic electro¬ 
chemistry. 

Included in this book is a discussion of the various 
types of apparatus used, a consideration of the important 
reaction parameters, and a presentation of the types of 
reactions which can be run electrochemically. Specific 
experimental procedures are given for a number of these 
reactions. 

It is hoped that by the use of this book, the syn¬ 
thetic organic chemist will not only become aware of the 
practical utility of electrochemistry but also be relieved 
of the necessity of surveying the original literature in 
the field, and, thus, have more time to spend in the pur¬ 
suit of his ultimate goal. 

Robert L. Augustine 
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PREFACE 

Organic electrochemistry is a field that represents 
a challenge both in its theoretical as well as in its 
practical aspects. The researcher who is well versed in 
both areas has the opportunity to make significant contri¬ 
butions. In the past, the practical art outstripped the 
ability of theory to account for the observations. The 
opposite appears to be the case today. Electrochemical 
theory has been developed to the point where most mecha¬ 
nistic hypotheses can be put to the text of experimental 
verification. Sophistication in instrumentation has also 
undergone a recent revolution; with respect to organic 
synthesis, this means that the researcher has access to 
most of the "eyes" he needs to "see" what is really going 
on when a current passes between electrodes through an 
electrolytic medium. Electroorganic processes are "scale- 
up-able," a contention we hope will not escape the eyes of 
the industrialist. 

The ideal organic electrochemist should first and 
foremost be a top-notch organic chemist. He also needs to 
understand and appreciate the fundamentals of electrochem¬ 
istry and its unique advantages with respect to synthesis. 
He needs the ability to sort the electrochemistry from the 
organic chemistry and to put them back together in a real¬ 
istic way. He must be able to tap on many disciplines -- 
besides straight organic synthesis and electrochemistry, 
he needs to be knowledgeable in analytical techniques, 
instrumentation, design of apparatus, heterogeneous and 
homogeneous catalysis, surface physical chemistry, and 
analysis of multivariable systems. Creativity and inge¬ 
nuity of course are also essential to success. 

The authors themselves, both of whom are organic 
chemists by training, recognized the desirability of being 
knowledgeable in the above areas when they first became 
involved in organic electrochemistry. At that time, how¬ 
ever, we were unable to find a modern text which covered 
the subject in an introductory, yet comprehensive manner. 
Having acquired our knowledge the hard way, we felt a need 
existed for a text to serve as a guide for organic chemists 
interested in initating and expanding projects in organic 
electrochemistry. With this thought in mind, we undertook 

Vll 
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the task of writing this book. We sincerely hope that this 
book will in fact help to fulfill that need, and that 
similar books will appear in the future to update the 
rapidly expanding technology in this field. 

M. R. Rifi 

Frank H. Covitz 
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1.1. HISTORICAL PERSPECTIVE 

Organic electrochemistry is not a new field of endeavor. 

On the contrary, it was among the first general techniques 

to be employed at a time when organic chemistry itself was 

in its infancy. The foundation of electrochemistry, as laid 

down by Faraday and Nernst in the nineteenth century, was 

well recognized by organic electrochemists of the late nine¬ 

teenth and early twentieth centuries. The importance of 

the electrode potential in controlling the course of an 

electrolytic reaction was also understood and was expounded 

in quite definite and succinct terms by Haber (_1) in 1898 . 

The early twentieth century saw a flurry of activity in 

organic synthesis using electrochemical techniques by such 

prolific individuals as Haber, Fichter, Thatcher, Kolbe, 

and many others who recognized the promise of electrolysis 

as an important synthetic tool for both laboratory and in¬ 

dustrial reactions. In fact, industrial electrochemical 

processes to produce anthraquinone, benzidine, and other 

intermediates were practiced within the German dye industry 

1 



2 INTRODUCTION 

on a small scale in the early 1900s (2). And yet, from 

these early promising beginnings, interest and activity in 

organic electrochemistry declined in the 1930s and 1940s, 

a period when organic chemistry was flourishing and expand¬ 

ing in many directions. 

What can we point to in order to understand the reasons 

for a decreasing influence during this time? For one, or¬ 

ganic electrochemistry became, to a considerable extent, a 

victim of the inadequacy of the theory of reversible elec¬ 

tron transfer to describe the irreversible events occurring 

in the electrode when large currents are passing, the typi¬ 

cal situation required for convenient synthesis. The Nernst 

equation, which works so well for highly reversible systems, 

is not applicable to most organic synthetic systems because 

of their general irreversibility and the complexity of the 

chemical and electrochemical processes occurring. Phenomena 

such as polarization, overvoltage, and even electrode poten¬ 

tial were not well understood in their connection with or¬ 

ganic systems. The terms were so misused during the early 

days of organic electrochemistry that one cannot help but 

gain the impression of "black magic art" from reading the 

literature of that time. The predominant use of aqueous or 

partially aqueous media, with concomitant limited solubility 

for organic materials, also contributed to the disenchant¬ 

ment with organic electrochemistry. The remarkable ionizing 

ability of water for inorganic salts which is largely respon¬ 

sible for the considerable success of electrochemistry in 

producing workhorse inorganic chemicals such as sodium, 

chlorine, and many metals and in the battery field, is not 

necessary and is unduly restrictive for organic systems. 

In many cases the evolution of hydrogen and oxygen from 

electrolysis of water limits the range of accessible poten¬ 

tials, or causes many reported electroorganic reactions to 

resemble catalytic hydrogenation or oxygenation, and would 

thus tend to dampen the enthusiasm of the potential researcher 

in electrochemistry. The overworked terms "hydrogen 
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carrier" and "oxygen carrier," found in the early litera¬ 

ture point out the obsession with aqueous media. The need 

to unravel the complexity of reaction products, common to 

many organic systems under uncontrolled conditions, coupled 

with the added desire to understand the electrochemical as¬ 

pects, had to remain largely unfulfilled without the power¬ 

ful analytical and electrochemical tools of today. 

The typical introduction to electrochemistry, to which 

an aspiring organic chemist is subjected, is usually made 

within a predominantly physical chemical framework. Nor¬ 

mally, little or no connection with organic synthesis is 

made. On the other hand, until recently, the only refer¬ 

ence to electrochemistry made in organic chemistry courses 

was the timeworn Kolbe reaction (3j of carboxylic acids. 

Can the reader recall any other "name" reactions of electro¬ 

chemistry? 

The organic electrochemists of yesterday thus were 

improperly equipped—both because of inadequacies in the 

theory and in their instrumentation—to stimulate growth 

of electroorganic research and to achieve the still largely 

unexploited potential of electrochemistry in organic syn¬ 

thesis. (The "potential" of electrochemistry is a standard 

pun used by electrochemists!) Perhaps starting with the 

extensive work of Tafel (jl) on the phenomenological descrip¬ 

tion of irreversible electron-transfer reactions, and con¬ 

tinuing on with the more advanced theoretical studies of 

Frumkin, Temkin, Delahay, Bockris, and others, the under¬ 

standing of the electrochemical aspects of irreversibility 

and the effect of the so-called "double layer" and adsorp¬ 

tion is now much deeper and on firmer ground than previously. 

Although the synthetic organic chemist will probably not be 

able to take direct advantage of these theoretical develop¬ 

ments, the much sounder and more quantitative, although 

admittedly complex, description of electrochemical events 

occurring at the electrode/solution interface allows pro¬ 

gress to be made from a solid theoretical base. 



4 INTRODUCTION 

Perhaps more important has been the development of 

electrochemical techniques and instrumentation, initially 

developed for analytical uses, but capable of providing 

much deeper information concerning the electrode process 

itself, and which have finally given the organic electro¬ 

chemist the "eyes" to examine properly the electrode re¬ 

actions he is dealing with. By far the most immediately 

useful technique is that of polarography, with which we 

associate the names of Heyrovsky (I>) and Ilkovic (6^) . This 

technique involves a recording of the current-potential re¬ 

lationship at a dropping mercury electrode and is normally 

employed for the investigation of reduction processes, since 

mercury itself is easily oxidized. Polarography is covered 

in more detail in Chap. 3. More recent developments, covered 

in detail in an excellent book by Adams (7_) , have allowed 

solid electrode voltammetry to be equally useful, although 

requiring considerably more experimental skill. A host of 

instrumental techniques permit the present-day worker in 

organic electrochemistry to study, in as sophisticated a 

manner as he requires, the details of organic electrochemi¬ 

cal reaction mechanisms. Of course, the importance of the 

newer analytical techniques to identify the reaction pro¬ 

ducts is not to be underestimated; a detailed knowledge of 

the identity and amounts of the products still provides the 

least ambiguous information about the course of the reaction. 

The activity devoted to development of organic fuel 

cells and high-energy-density batteries using organic elec¬ 

trolytes has also contributed to the awakening of interest 

in electroorganic synthesis. 

Finally, one should acknowledge the devoted efforts of 

people like S. Wawzonek (8^) and S. Swann (5)) to promote and 

encourage activity and interest in organic electrochemistry. 

The field is, in fact, on the upswing, and a definite en¬ 

thusiasm and feeling of newness is evident among the workers 

in organic electrochemistry, even though the report of 

Michael Faraday (ICO that ethane is produced by electroly- 
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tic oxidation of aqueous acetate solutions occurred well 

over 100 years ago. 

1.2. ADVANTAGES AND DISADVANTAGES 

As in most specialized synthetic techniques, organic 

electrochemistry has intrinsic advantages and disadvantages 

which should be recognized and understood by the potential 

and actual practitioner. Let us dispose of the disadvan¬ 

tage first: 

1. Of primary concern to the experimentalist is the 

fact that organic electrochemical reactions are usually 

relatively slow, i.e., high current densities (current per 

unit electrode area) cannot routinely be used, when com¬ 

pared to typical inorganic electrolyses or conventional 

homogeneous reactions. The inherent rate is often related 

to a rate-limiting electron-transfer or adsorption/desorp¬ 

tion step. More practically, the reputed slowness can 

usually be attributed to the low surface-to-volume ratio 

of most preparative electrochemical cells described in the 

literature. 

2. Cell designs for synthetic usage are not standard, 

nor is such apparatus generally available from commercial 

sources. In practice, the experimenter is faced with a 

compromise between designing a cell with maximum flexibility 

(electrode replacement, reference electrode accessibility, 

cell divider, temperature control, and agitations) and one 

which maximizes electrode area and minimizes electrode spac¬ 

ing. The cell divider, when needed, gives rise to experi¬ 

mentally awkward construction, can be a maintenance problem, 

and usually results in high voltage drops. Also, the number 

of available types of dividers are limited. 

3. The requirement that the solvent be inert as well 

as capable of ionizing a suitable electrolyte and dissolving 

the organic substrate, is restrictive, although several 
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choices, such as DMF, dioxane, acetonitrile, ethanol, pyri¬ 

dine, and others have been used extensively. Choices of 

electrolytes in nonaqueous media are usually also limited, 

tetraalkylammonium salts being the most generally used in 

organic systems; they are quite soluble and have sufficient 

conductivity and inertness for a wide variety of electro¬ 

chemical syntheses. Also, the electrolyte must be separated 

from the product in the work-up. 

4. Finally, in oxidative studies, the number of stable 

anode materials are limited, since most metals are them¬ 

selves easily oxidized. The noble metals, such as platinum 

and gold, carbon and graphite, and lead dioxide, are the 

only ones which had heavy usage in anodic reactions. 

The advantages of electrochemical syntheses are even 

more formidable: 

1. Precise control of the electrode potential, and 

hence of selectivity, is easily attainable when required. 

The equivalent of a continuum of oxidizing and reducing 

agents, all equally accessible, is an attractive (although 

admittedly not precise) analogy. 

2. Electrochemical reactions do not require thermal 

energy to overcome activation barriers, and hence are appli¬ 

cable to thermally sensitive compounds. The driving force 

is the electrode potential. 

3. Stoichiometric amounts of oxidants and reductants 

are not required, and their by-products are thus avoided. This 

has interesting implications when one considers the current 

pressure to avoid pollution by discarded by-products. In 

this connection, many conventional redox reactions have the 

possibility of being "catalytic" if the redox product can 

be easily reconverted in situ to the starting reagent by 

electrolysis. 

4. It should be generally recognized that although the 

cost of most materials has increased steadily over the years, 

the cost of electricity has remained remarkably stable, and 

is thus becoming an ever more attractive reagent for large- 
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scale reactions. The use of breeder reactors for the in¬ 

dustrial generation of electricity is forseeable in the 

not-too-distant future (.11) , and should further enhance the 

availability and utility of this highly desirable "reagent." 

5. Electrochemical synthesis, by its very nature, 

and by ease of instrumentation, is eminently suitable for 

continuous and automatic operations, another industrially 

attractive feature. 

6. The ease of quantitatively monitoring the course 

of the reactions by coulometry (integral of current with 

time), using electronic or electrochemical coulometers, is 

unsurpassed compared to most other general synthetic tech¬ 

niques. The current itself is the measure of the rate of 

reaction. Just as conveniently, polarography or related 

techniques can generally be employed to follow the dis¬ 

appearance of starting material and, in some cases, the 

appearance of product. Of practical convenience is the 

ease by which the reaction can be instantly stopped--by 

turning off the switch! 

In many cases one is tempted to reflect on some analo¬ 

gies between organic electrochemistry and photochemistry, 

consider the electrode potential and the current in the 

same vein as the wavelength and intensity, respectively. 

The energies involved in electrochemistry are of the order 

of 1 to 3 volts (V) [25 to 75 kcal/mole]; in photochemistry 

energies of the order of 2 to 6 V [50 to 150 kcal/mole] 

are encountered. The primary "reagent" is quantized (elec¬ 

tron vs photon) and neither contributes materially to the 

mass of the product. In both techniques, novel syntheses 

with no conventional counterpart are often uncovered. The 

recently investigated cases of electrochemiluminescence 

(12) where the product of an electrolytic oxidation (E 12 

V) and that of a reduction (E 1-2 V) are allowed to react 

in the bulk of the solution where light is emitted, is a 

rather neat demonstration of the overlap in the energy 

ranges accessible. Of course, the reader will draw the 
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appropriate conclusion when he considers the form of energy 

required to power most light sources. 

A much more intimate connection exists between electro¬ 

chemistry and heterogeneous catalysis. The importance of 

adsorption and orientation of molecules on surfaces is 

obvious in both fields. Heterogeneous catalysis has also 

suffered in the past from the aura of "black magic" sur¬ 

rounding processes that are not well understood. In both 

cases, many mysteries concerning the nature of the adsorbed 

species remain to be solved, and only recently have the 

tools become available to study these difficult problems 

in detail. 

Finally, one should consider the relationship that 

organometallic chemistry has toward electroorganic chemis¬ 

try. In many cases, evidence has been found for the for¬ 

mation of intermediate organometallics in both oxidative 

and reductive electrochemistry. In fact, an impressively 

wide array of organometallics has been synthesized electro- 

lytically, mainly through the efforts of Dessy and co¬ 

workers (1_3) . Since metals are employed almost exclusively 

as electrodes in electrolytic processes, one should always 

consider the possibility of specific organometallic inter¬ 

actions; indeed, such interactions are difficult to disprove. 

1.3. SCOPE OF THE BOOK 

This book is primarily intended to be used by organic 

chemists in academic and industrial environments who wish 

to start a program of laboratory work in the field of 

electroorganic synthesis. Although little or no previous 

knowledge of electrochemistry is required, a general know¬ 

ledge of organic reactions and laboratory procedures is 

assumed. The basic information needed to initiate such a 

study is provided. This book contains the elements of 

electrochemical theory, but is specifically geared to avoid 
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a requirement of advanced mathematics. Extensive use is 

made of analogies between the more familiar concepts in 

chemistry to which the reader has undoubtedly been exposed. 

It contains experimental procedures, including specific 

examples of syntheses, electrode preparation, cell construc¬ 

tion, etc., trying to foster an appreciation of the types 

and varieties of equipment needed, and lists commercial 

sources where such equipment may be purchased if available 

at all. Emphasis is placed on reactions which have the 

possibility of general application, and on the effect of 

variables on the course of reactions. Literature sources 

are provided and references suggested for more complete 

coverage of the subject material. 

The book does not include detailed information on the 

more sophisticated techniques available, but rather, will 

refer the reader to more advanced texts. It is not meant 

to be used as a reference manual, nor is it exhaustive in 

coverage. Although most of the examples presented are taken 

from literature sources, no attempt will be made to review 

critically the literature with respect either to experimental 

procedures or conclusions. On the contrary, a conscious 

effort will be made to exclude highly controversial subjects 

and to include only information which is generally agreed 

upon by leaders in the field of electroorganic chemistry. 

Within this framework, we apologize to those who may 

feel we have underemphasized certain aspects or have pre¬ 

sented analogies which are somewhat naive. To the extent 

that these analogies have been helpful in assisting electro- 

organic chemists understand electrochemical reactions and 

predict their results, they will, in fact, be emphasized. 

Organic electrochemistry has had an unusual past—the 

early workers recognized the promise but were improperly 

equipped to fulfill it. The latter cannot be said today. 

Many unique reactions remain to be discovered; the time is 

ripe--let's use it. 
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12 BASIC PRINCIPLES 

2.1. FARADAY'S LAW AND OHM'S LAW 

2.1.1. FARADAY'S LAW 

Of extreme importance to the early development of 

electrochemical synthesis was the discovery by Michael 

Faraday in 1834 of the relationship between the amount of 

electricity used in an electrolytic reaction and the amount 

of material involved. It is comprised of two parts: 

1. The amount of material transformed is proportional 

to the quantity of electricity passed. 

2. The weights of various materials transformed by a 

given quantity of electricity are proportional to their 

respective equivalent weights. 

These laws, as is obvious today, are the result of the 

fact that charge is quantized such that all charged species 

contain simple multiples of the charge of a single electron. 

Faraday's law formed the basis of the definition of the 

coulomb (C) as the amount of electricity necessary to 

deposit 1.11800 mg of silver, and is also taken as the 

standard definition of current (rate of flow of electri¬ 

city) as one ampere (A) equals one coulomb/second (C/sec). 

The amount of electricity required to transform one mole 

of a substance was found by Faraday to be 96,500 x nC. 

where n is the number of electrons involved in the pro¬ 

cess. Faraday's law may be restated as 

t 

(2.1) 

o 

w = M(Q/96,500n) (2.2) 

where Q is amount of electricity in coulombs; i is current 

in amperes; t is time in seconds; w is weight of material; 

n is number of electrons transferred per molecule; and M 

is molecular weight of material. 
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The number 96,500 is called the faraday(F) and is just 

the amount of charge per mole of a singly charged species. 

Since a mole of substance contains Avogadro's number of 

particles, the charge on a single ion, equal to the charge 

of an electron, is just 96,500/6.02 x 1023 = 1.6 x 10_1^ C, 

a value which is in good agreement with the results obtained 

from other independent methods, e.g., Millikan's oil-drop 

technique, for measuring the charge of the electron. 

As a result of Faraday's laws, the electrical effi¬ 

ciency for formation of a particular reaction product may 

be defined. It is just the ratio between the number of 

equivalents of product actually formed and the total number 

of faradays passed. In terms of the weight of product and 

coulombs of electricity, the electrical efficiency may be 

expressed as 

E.E. 
96500 nw 

MQ 
(2.3) 

where n is number of electrons required/mole product; w is 

weight of product; M is mol wt of product; and Q is total 

number of coulombs passed. 

The chemical efficiency or yield, on the other hand, 

is of course, equal to the number of moles of product formed 

divided by the equivalent number of moles of starting ma¬ 

terial consumed. The electrical efficiency is always less 

than or equal to the chemical efficiency, since there may 

be electrochemical side reactions (e.g., electrolysis of 

solvent) which do not involve the starting material. 

2.1.2. OHM'S LAW 

The relationship between the voltage difference between 

two points in an electronic conductor (i.e., one which con¬ 

ducts by movement of electrons) and the current flowing be¬ 

tween them is embodied in Ohm's law, which states that the 

current is proportional to the voltage applied 
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E = iR (2.4) 

where E is voltage in volts; i is current in amperes; and 

R is resistance in ohms. 

This voltage, which occurs whenever current is flow¬ 

ing within a material, is often simply referred to as the 

iR drop to distinguish it from other types of voltages, 

namely, those occurring at the interface between dissimilar 

materials. It was originally thought that ionic conductors 

did not obey Ohm's law, since a linear relation was not 

found between the current and the voltage applied between 

two electrodes immersed in an ionic solution. In fact, 

ionic conductors do obey Ohm's law when the measurements 

are made in such a way as to eliminate the effect of the 

potentials at the electrode/solution interface. For electro¬ 

lytic solutions it is often more convenient to use the term 

conductivity, which is just the reciprocal of the resistance. 

The unit of resistance is, of course, the ohm; the unit of 

conductivity, strangely enough, is the mho. The term voltage 

should be applied only to measurements made between similar 

phases, and the term potential applied when the measurement 

is between dissimilar phases. 

The iR drop is always associated with the generation 

of thermal energy, which is given at any instant by the 

formula 

P = iV (2.5) 

where P is the thermal power developed in watts (W) [1 W 

= 1 joule/sec]. 

The total thermal energy generated by the iR drop is simply 

t 

o 

(2.6) 

where T.E. is the total thermal energy in joules. 
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Two other elementary laws that will be useful to 

remember is that the current flowing in any part of a 

series circuit is the same and that the current flowing 

into a junction equals the sum of the currents flowing 

out of that junction, both consequences of the law of con¬ 

servation of charge. The corresponding law for voltages 

is that the voltage drop across a circuit is equal to the 

sum of the individual voltage drops in the circuit. 

2.2. UNITS 

It is hoped that the reader is already familiar with 

all of the above basic laws and their usage in simple sys¬ 

tems. The following list of units and conversion factors 

will be of utility in electrolytic work. 

Voltage 

1 volt = 1 joule/coulomb = 23.06 kcal/mole 

= 1 ampere-ohm 

Current 

1 ampere = 1 coulomb/sec = 1.036 x 10 ^ 

faradays/sec 
18 

= 6.237 x 10 electrons/sec 

Charge 

1 coulomb = 1 ampere-sec = 1.036 x 10 faradays 
18 

= 6.237 x 10 electrons 

1 faraday = 96,500 coulombs = 26.806 amp-hours 

Power 

1 watt = 1 joule/sec = 0.8600 kcal/hour = 3.413 

BTU/hr 

1 kilowatt = 1000 watts = .2389 kcal/sec 
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Resistance 

1 ohm = 1 volt/coulomb = 1 mho 

2.3. ELECTRON TRANSFER 

Consider the consequences of having a steady electric 

current flowing between two electrodes immersed in a solu¬ 

tion containing ions, such as sodium chloride dissolved in 

water, or tetraethylammonium bromide dissolved in dimethyl- 

formamide. We know that in electronic conductors such as 

metals, the electric current is carried exclusively by the 

average drifting motion of free electrons in response to 

an electric field. We also know that in the solution the 

current must be the result of the movement of ions. Ions 

cannot traverse the metal, nor can free electrons travel 

through the solution. This is depicted simply in Fig. 2.1. 

Given this situation, assuming that a buildup of charge 

cannot occur indefinitely at the electrode/solution inter¬ 

face,* we can deduce that electron transfers must be occur¬ 

ring, at one electrode (marked - ) electrons from the metal 

are transferred to molecules near the interface to create 

more negatively charged entities, and conversely, molecules 

* Some current does in fact, flow initially without electron 

transfer because of the capacitance associated with the 

electrode/solution interface. That this cannot persist for 

long is best illustrated by the following example. Assume 

a current of 1 A is flowing and that the electrode has a 

capacitance of 100 pF (not unrealistic values). If no 

electrons were transferred, in one second the voltage drop 

across this interface would reach 10,000 V! The authors 

can personally assure the reader that electron transfer 

occurs to relieve the "pressure" long before such potentials 

are reached.' 
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FIG. 2.1. Motion.of charges in electrolysis. 

at the other electrode surface (marked +) release electrons 

to the metal and are thereby transformed into more positively 

charged species. By convention, the sign of the current is 

positive in the direction of travel of positive charge. 

Note that current flows from a region of relative positive 

charge to one of relative negative charge; electrons flow 

in the opposite direction—a negative flow of negative 

charge is equivalent to a positive current. We can now 

define the electrode toward which cations flow as the 

cathode and the electrode toward which anions flow as 

the anode. This is equivalent to the definition based 

on the chemical changes occurring at each electrode, where 

the anode is defined as the electrode at which oxidation, 

or loss of electrons, is occurring, and the cathode as the 

electrode at which reduction, or gain of electrons, is 

occurring. Two electrodes are always involved in electro¬ 

chemical processes; this duality is exactly analogous to 

the situation in a redox reaction, i.e., the reducing agent 

by definition reacts with an oxidizing agent. In electro¬ 

lytic systems, however, the two processes are separated 

spacially, so that a complete cell is comprised of sepa¬ 

rate half-cells. The chemical nature of the reactions 

occurring at one half-cell can, therefore, be completely 

independent of the chemical nature of reactions occurring 

at the other half-cell, except that one process must be an 

oxidation and the other a reduction. 



18 BASIC PRINCIPLES 

The cell, in fact, can be physically separated into 

chambers by use of a cell divider such as a cellophane 

membrane or an unglazed ceramic cup. The cell divider can 

in principle (but not in practice) be a perfect barrier for 

molecules, except that it must allow the passage of at 

least one type of ion. 

The ionic species, taken collectively, are referred to 

as the electrolyte. The electrolyte is required solely to 

insure the continuity of charge conduction across the 

cell—the ions making up the electrolyte are not at all 

necessarily the species undergoing electron transfer. The 

electrolyte behaves toward electrolytic current exactly as 

a resistor behaves toward electronic current, and a voltage 

drop occurs equal to the product of current and resistance, 

i.e., Ohm's law is obeyed. 

2.4. THE ELECTRODE POTENTIAL 

Let us now turn our attention to the various voltage 

differences which occur within an electrolysis cell. First 

of all, there is a distinction between the cell voltage, 

which pertains to the measurable difference in voltage be¬ 

tween the two electrodes, and the electrode potential, 

which is a nearly discontinuous potential difference, not 

directly measurable, between the electrode surface and the 

region in the solution adjacent to the electrode. The 

electrode potential is mainly governed by the nature of the 

molecules involved in electron transfer, as is shown later. 

The difficulty in measuring the absolute difference in po¬ 

tential between two dissimilar phases is exactly analogous 

to the corresponding difficulty in measuring the difference 

in pH between aqueous and nonaqueous solutions. Of course, 

pH measurement is itself based on electrochemistry--think 

about it. In both cases the definition of a suitable 

reference system is required. This matter is discussed in 

greater detail later in this chapter. 
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At this point, let us accept the necessity of measur¬ 

ing electrode potentials by use of a reference electrode 

and consider what relations exist, if any, between the var¬ 

ious potentials occurring within the cell and the current 

flowing between electrodes. Three possible situations are 

shown in Fig. 2.2, where the voltage, measured from the 

left-hand electrode, is plotted as a function of the distance 

from that electrode. In Fig. 2.2(a), typical of electrolysis, 

we see a nearly discontinuous potential change as we cross 

A B 

CHARGING 

1 
OPEN CIRCUIT 

l 
I 
V 

(c) 

ELECTROLYSIS ; BATTERY 
DISCHARGING 

FIG. 2.2. Distribution of voltages in electrolysis cell. 
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the interface at electrode A, followed by a gradual increase 

between electrodes caused by iR drop, and another discon¬ 

tinuous increase at electrode B. Note that current must be 

passing, as evidenced by the iR drop, from right to left 

and, therefore, that electrode A is the cathode and B the 

anode. The total voltage measured between electrode B and 

A is simply 

V 
cell <EB - V + iE 

where and E, are measured with respect to a reference 

electrode placed adjacent to electrode B and A, respectively. 

In Fig. 2.2(b), no current is flowing, as would neces¬ 

sarily be the case when the external circuit is broken, and 

the cell voltage is just the difference in electrode poten¬ 

tials 

Vcell = <Eb - EA> 

This is just the voltage that would be measured between the 

terminals of an open-circuit cell with a voltmeter. 

In Fig. 2.2(c), we have short-circuited the two elec¬ 

trodes, so that 

Vcell * 0 * (EB - ea> 
iR 

and a current is flowing in the opposite direction to that 

which applied to Fig. 2.2(a), therefore the -iR term. In 

this case, electrode A is the anode and B the cathode, just 

the reverse of the situation of Fig. 2.2(a). 

Note that in each case described above the individual 

electrode potentials have been assumed to be independent of 

the direction and magnitude of the current flowing. This 

can be the case only if the electrode reactions occurring 

are reversible and if no concentration gradients exist. 

Electrochemical batteries are specifically designed with 
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highly reversible electrochemical systems; so the descrip¬ 

tion in Fig. 2.2 applies to the situation of battery charg¬ 

ing, open circuit, and short circuit, respectively. Even 

though reversibility of that degree is rarely the case for 

organic systems, the above discussion does illustrate that 

the role of the electrode as anode or cathode is not neces¬ 

sarily determined by electrode potential. In practice, the 

electrode potential for many organic systems during electro¬ 

lysis (current flow) is a strong function of the current 

passing because of the irreversible nature of the electron 

transfer step itself or of subsequent chemical reactions. 

Of course, the region of potentials where electron transfer 

can occur at all is governed primarily by the nature of the 

molecules being reduced or oxidized. The cause of irreversi¬ 

bility in the electron-transfer reaction is exactly analogous 

to the corresponding situation in chemical reactions; namely, 

an activation barrier exists for the reaction. In some 

cases, chemical and electrochemical irreversibility can be 

separated and individual rate constants assigned to each. 

In the following sections, a quantitative treatment 

of electrode potential and its relationship to reversibility 

is developed along lines paralleling the corresponding de¬ 

velopment of chemical equilibria and kinetics. 

2.5. THE NERNST EQUATION 

Consider a general electrochemical reaction, where 

the forward and reverse 

A + ne -(2.7) 
x- 

reactions are so rapid that equilibrium is always maintained. 

For that case we may define an equilibrium constant such that 

<aA> *(ae)n 
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where, in the true thermodynamic sense, activities are re¬ 

quired rather than concentrations, and we must remember that 

the activities refer to those existing at the surface of the 

electrode, which may not be equal to those in the bulk of 

the solution. The significance of a^, the activity of the 

electron, will hopefully become clear below. Note also, 

that Eq. (2.7) is not meant to imply a mechanism for the 

conversion of A to B, just as in conventional thermodynamics 

the manner of achievement of equilibrium is unspecified. 

The free energy change associated with this reaction can be 

written as 

-AF = RT • In K = RT • ln(an/aj - nRT • In (a ) (2.9) 
B A e 

we now wish to change the units of the energy terms from 

thermal units (kcal/mole) to electrical units (joules/coulomb 

or volts), so that we divide both sides of Eq.(2.9) by nF 

(the number of electrons transferred per reaction times F, 

Faraday's constant, the number of coulombs per mole of 

electrons) the resulting equation is 

AF 
nF 

RT 

nF ln(aB/aA} 

RT 
F 

In (a ) (2.10) 
e 

We can now associate the term AF/nF with -E°, the standard 

potential of the half-cell measured with respect to a suit¬ 

able reference electrode. By convention, the reference 

system has been chosen to be the hydrogen electrode, where 

the half-cell reaction is 

H+ + e = 1/2 H_ (2.11) 

and for this system E° = O, so that 

O 
RT 
F 

In 

a 1/2 
2 

aH+ 

RT 
F ln(ae} 

(2.12) 
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Note that this also defines the reference point for electron 

activity, i.e., ag = 1 when aH21//2 = 1 and aH+ = 1. The 

term - RT/F • ln(ag) is simply the electrode potential, E, 

where the negative sign is included since, again by conven¬ 

tion, we choose to measure the electrode potential from a 

reference electrode to the actual electrode. This means 

that as electron activity in the metal increases, the elec¬ 

trode potential becomes more negative. Substituting E for 

the term - RT/F • lnla^) in Eq. (2.10) and rearranging, 

leads to the familiar Nernst equation 

E = E° 
RT 
nF 

In (2.13) 

Several points are worth considering further. The definition 

of the electrode potential as the measure of electron acti¬ 

vity is convenient, since the activity of an entity is meant 

to reflect its "escaping tendency." For example, tempera¬ 

ture measures the escaping tendency of heat, pressure the 

escaping tendency of a gas, and height the escaping tendency 

of mass in a gravitational field. Thus, electrons in a 

state of high activity in the metal (negative electrode po¬ 

tential) try to attain a state of lower activity by trans¬ 

ferring to an electron acceptor (oxidizing agent). Converse¬ 

ly electrons of high activity in a molecule (reducing agent) 

try to transfer into a metal of low electron activity (posi¬ 

tive electrode potential). The activities of A and B are 

normally set equal to their concentrations, so that when the 

concentration of B is greater than A, the equilibrium elec¬ 

trode potential is more negative than E°, and vice versa. 

If, on the other hand, the electrode potential is constrained 

to be at a certain value, then the concentration ratio of A 

and B adjacent to the electrode is fixed, if the system is 

to remain in equilibrium. The ratio of A and B in bulk of 

the solution may not be equal, however, to that required 

by the Nernst equation; in that case, concentration grad¬ 

ients exist, and a current must flow to maintain that 
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gradient. To make the situation clearer, assume that we 

start with a solution where the concentration of A equals 

that of B, so that at equilibrium the elctrode potential E 

equals the standard potential E°, no concentration gradients 

exist, and no net current is flowing. Now consider what 

happens if we make the electrode potential more positive 

than E°. If the system is to remain at equilibrium, the 

ratio A/B at the electrode surface must also increase. This 

requires a net conversion, of B to A (oxidation), electrons 

must be transferred, and current flows out of the electrode. 

It will continue to flow in that direction, since more B 

will diffuse from the bulk to the electrode surface where 

B has been depleted, until the ratio of A to B is increased 

to the value required by the Nernst equation. The reverse 

would occur if the electrode potential were to be constrained 

to be more negative than E°, i.e., A will be reduced to B 

until the required ratio is attained. The difference between 

the actual electrode potential when current is flowing and 

the potential calculated using the bulk concentrations in 

the Nernst equation is referred to as the concentration 

overvoltage for a reversible system. Other types of over¬ 

voltage refer to irreversible reactions at the electrode. 

In practice, no system can be completely at equilibrium if 

a net reaction is occurring or a net current is flowing. 

The degree to which a system can be said to be reversible 

depends on how closely the Nernst equation is obeyed (re¬ 

membering that surface concentrations are required rather 

than bulk concentrations). 

2.6. ELECTRODE KINETICS AND OVERVOLTAGE 

Just as in the case of reversible systems discussed 

above, we would now like to develop the simple theory of 

electrode kinetics in a manner completely analogous to con¬ 

ventional chemical kinetics. Kinetics should be considered 
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whenever a net reaction is occurring, i.e., whenever a net 

current is flowing. Consider the following representation 

of an electron transfer reaction 

A + B (2.14) 

where, as before, the reaction is written as a reduction so 

that represents the forward rate constant and k^ repre¬ 

sents the reverse rate constant (oxidation). Since the re¬ 

actions are occurring at an interface, the k's are expressed 

as the formal heterogeneous rate constants in units of 

cm/sec, and the concentrations refer to the surface concen¬ 

trations. If we assume the electrode process is first-order 

in species A and B, the rate expression can be written as 

follows 

-dN 
_A 
dt 

dNB 

dt 
kf (A) - kb (B) (2.15) 

where N and KL are the number of moles of A and B, respec- A B ’ r 

tively, reacting per unit area per unit time. 

The effect of the electrode potential, or electron 

activity, is included in the rate constants and must be 

considered separately now. To do so requires a considera¬ 

tion of the energetics involved in electrode processes. 

Consider the energy diagram. Fig. 2.3 

Here the energy coordinate is plotted in terms of volts in 

a direction such that as E becomes more negative, the re¬ 

duction is favored, as indicated by Eq. (2.14). The lower 

diagram represents the situation when the electrode potential 

of the system is at the standard value E°. There is also a 

characteristic activation energy and a transition state at 

the maximum. The reaction coordinate here is used in the 

normal, nebulous way, namely, it represents the progressive 

extent of conversion as A is converted to B. Just as in a 

conventional bimolecular reaction it is useful to consider 

this coordinate as the distance between the bond-forming 
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FIG. 2.3. Energy diagram for electron transfer. 

centers, it will be useful, although oversimplified, to con¬ 

sider it in the same way in electrochemistry. Namely, it can 

be taken to represent the distance between the electron and 

molecule A. Now let us increase the potential of the elec¬ 

trode to , or a change of AE; the increase is indicated 

by raising the potential of the left-hand side to E^. If 

we assume that the potential falls linearly with respect to 

the position at B, by using the principle of superposition, 

we arrive at the upper energy diagram. If the transition 

state occurs at a fraction of the distance to B, the start¬ 

ing point has been raised in potential by AE and the transi¬ 

tion state by an amount (l-ot)AE. Therefore, the net change 

in activation energy for the forward reaction is aAE, and 

-(l-a)AE for the reverse reaction. Restated in more direct 

terms, a change in potential AE favors the reduction by 

aAE, and retards the oxidation by (l-a)AE. From these con¬ 

siderations, we can now write the effect of electrode poten¬ 

tial on the rate constants in the following manner: 

(2.16) 
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k 
b 

(l-g)nFAE 
s RT 

(2.17) 

where n is the number of electrons transferred in rate¬ 

determining step, AE = E-E°, and kg is rate constant at 

Note that since the potential enters as AE, the dif¬ 

ference between the electrode potential and the standard 

potential, the results of these derivations are independent 

of the choice of reference electrode. Before going further, 

it will be helpful to reconsider the significance of a, the 

cathodic transfer coefficient, since it has historically 

been a source of confusion. Originally conceived as a phe¬ 

nomenological factor to describe the fact that irreversible 

electron-transfer rates often increased more slowly than 

expected, the transfer coefficient has been interpreted in 

several ways (_1) and has been incorporated into most theo¬ 

retical models. For the purposes of the organic chemist 

involved in electrochemistry, it will be extremely helpful 

to think about the transfer coefficient as exactly analo¬ 

gous to the familiar Bronsted coefficient for acid-base 

catalysis. In general acid catalysis, the rate constant 

does not increase directly as the acidity, Ka, increases, 

but rather increases as the acidity to some fractional ex¬ 

ponent, also referred to coincidently as a, the Bronsted 

coefficient. This coefficient has been interpreted as 

representing the degree of protonation, or the extent to 

which the proton has been transferred in the transition 

state. If we substitute the words "charge transfer" for 

"protonation" and "electron" for "proton" in the former 

statement, the analogy will be seen to be complete. 

It is usual in interpreting how results apply to re¬ 

action mechanism to assume that similar reactions will have 

the same value of a. On the other hand, differences in 

values of a have been taken to imply differences in reaction 

mechanisms. 
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Finally, it should be pointed out that the derivation 

above and continued below is only applicable to the case of a 

single rate-determining electron transfer, with n electrons 

transferred (not necessarily the same as the number of elec¬ 

trons transferred in the over-all reaction). Also remember 

that the concentrations A and B are, as before, those which 

exist at the electrode surface. We are now in a position 

to go further. The net current due to Eq. (2.14) is simply 

the net rate times the electrode area times the amount of 

charge transferred per mole. The equation is 

) tv -anFAE (l-a)nFAE 
1 = nFSks |Ae -^-Be -55— 

where S is surface area. 

This relationship is obtained by combining Eqs. (2.16) and 

(2.17) and can be seen to contain two contributions, a 

cathodic current due to the reduction and an anodic current 

due to the oxidation. This is exactly analogous to the 

situation in conventional kinetics, where one considers both 

the forward and reverse rates, characterized by and k_^. 

At equilibrium 

(2.18) 

where i = nSFk (Ae anFAE/RT) 
c s 

, . (1-a) nFAE/RT. 
and i = -nSFk (Be ) 

A s 

the net current is 0, so that 

Ae 
-ctnF (E -E 

e 
RT 

= Be 
(1-a)nF (E -Ew) 

e 
RT 

where Eg is potential at equilibrium 

or, 

A e (l-a)nF(Ee-E°)/RT 

B -anF(E -E°)/RT 
e e 

(2.21) 

(2.22) 

Simplifying we have. 
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A/B = e 
nF (Ee-E°)/RT 

(2.23) 

Taking logarithms of both sides leaves 

In (A/B) = (Ee - E°) (2.24) 

or 

E = E°-In (B/A) 
e nF 

(2.25) 

Equation (2.25) will be recognized as simply the Nernst 

equation, which is now seen as a special case of the more 

general kinetic Eq. (2.18). Just as in conventional thermo¬ 

dynamics, electrochemical equilibrium is seen to be a dyna¬ 

mic situation, and is characterized by an exchange current 

density, i /S such that at the standard potential (AE = 0, 

and A = B) from Eq. (2.18), 

(2.26) i /S = nFk A 
o s 

These results may perhaps be understood more easily if we 

examine a current-electrode potential curve as predicted 

by Eq. (2.18). To be consistent with the practices of po- 

larography it is usual to plot cathodic current in the +y 

direction, and -E in the +x direction. Figure 2.4 is simply 

a plot of Eq. (2.18) and its component terms, using n = 1, 

S = 1 cm2, a = 0.5, A=B=10 3M, kg = 10 3 cm/sec, and 

T = 298°K. 

In practice, only the net current, i, can be measured 

experimentally and, to obtain the results of Fig. 2.4, the 

experiment must be conducted in such a way that no concen¬ 

tration overvoltage (see Sec. 2.4) occurs and so that the 

composition of the solution does not change during the ex¬ 

periment. This is normally accomplished by using a small 

electrode in contact with a solution containing a large 

excess of material and by stirring vigorously. 
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FIG. 2.4. Current-voltage relationship. 

The difference between the actual electrode potential 

and the equilibrium electrode potential is termed the acti- 

vation overvoltage, n, and is a necessary consequence and 

function of the net current. It will be seen that rj is 

negative for cathodic currents and positive for anodic cur¬ 

rents. It can be shown that when r| exceeds v0.12/n V, the 

effect of the reverse reaction is negligible (<1% of the 

total current) and the system is nearly completely irre¬ 

versible. This condition occurs when, at a given current, 

kg is sufficiently low, or, for a given kg, when the current 

is sufficiently high. Irreversibility is then seen to be 

dependent on experimental conditions and on the nature of 

the reaction. The terms "hydrogen overvoltage" and "oxygen 

overvoltage" appear frequently in the early literature and 

are applied to the electrolysis of water at specific elec¬ 

trodes. The type of overvoltage is often not stated, but 

must be implied. Thus, platinum is said to be a low over¬ 

voltage electrode and mercury a high overvoltage material. 

These, of course, refer to hydrogen overvoltage, and to be 

quantitatively meaningful, the current density at which the 

measurement was made must be reported. In the very early 
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literature there are several papers in which the overvoltage 

was measured at the "first noticeable sign of bubble forma¬ 

tion." This rather qualitative observation, combined with 

the fact that overvoltage is sensitive to surface impurities 

of the metal, contributed to the several discrepancies in 

the literature concerning the "overvoltage" of electrodes. 

In practice, results of experiments designed to give 

information about electrode kinetics are often plotted in 

the form of log i vs h. The form of this equation is ob¬ 

tained from Eqs. (2.19) and (2.20), which result in the 

following equations, for the case where A = B: 

nF 
log ic = log (nFSksA) - 2j303 RT n (2.27) 

log (-ia) = log (nFSksA) + 0 (2.28) 

and since 2.303 RT/F = 0.059 V at 25°c, both of these reduce 

to the following simpler forms: 

log ic = log iQ - n 

log (-ia) = log iQ + ^059n-- n 

(2.29) 

(2.30) 

where i is exchange current. 

Thus, each gives a straight line whose intercept at 

D = o gives the exchange current and whose slopes can give 

a and n. These equations may be placed in the identical 

form to the Tafel equation (2) which states that 

E = a + b log (i) (2.31) 

and which has been used a great deal in the past. 

Figure 2.5 should make the situation clearer. 

The observed current is plotted at the solid lines. 

Extrapolation of the linear portions of the anodic and 
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FIG. 2.5. Tafel plot. 

cathodic branches result in an intersection at n = o or 

E = Ee. The value of the current at this point is just the 

exchange current. The slopes of the linear portions give 

an and (1 - a)n respectively, as may be seen by inspection 

of Egs. (2.29) and (2.30). The significance of this type 

of analysis is that it can be applied to give a value for 

the equilibrium potential of a system which behaves practi¬ 

cally irreversibly at currents too low to be experimentally 

measurable or meaningful. 

In many organic systems, however, the degree of irre¬ 

versibility, for one reason or another, is so high that only 

one branch is observable (either the cathodic or the anodic 

branch). Under these conditions, the value for the equili¬ 

brium potential cannot be assigned experimentally, since the 

slope of the log i or E diagram usually remains linear down 

to immeasurably low currents. The slope of the cathodic or 

anodic branch, as the case may be, may still be used to de¬ 

termine either an or (1 - a)n, respectively, but not both. 

(The reader should note that in this and in subsequent dis¬ 

cussions, the transfer coefficient usually appears multiplied 

by n, so that, unless other evidence exists concerning the 



PHYSICAL CONCEPTS 33 

number of electrons transferred in the rate-determining step 

the value for a will not be determined; the uncertainty 

usually arises if n can be 2.) Unfortunately, moreover, 

the values of k , related to the exchange current, and Ee, 

the equilibrium potential, are both indeterminant, since an 

appropriate value of kg can be chosen for any value of Ee 

(in the region of immeasurably low current) to give the ob¬ 

served results. Typically, reduction and oxidation poten¬ 

tials for highly irreversible systems have, in fact, often 

been compared to give information about the respective re¬ 

action mechanisms, but this is only strictly valid if assump 

tions concerning their equilibrium potentials are valid. 

2.7. PHYSICAL CONCEPTS 

2.7.1. DIFFUSION 

As has been mentioned several times above, the concen¬ 

tration terms in the Nernst equation or in the elctrode ki¬ 

netic equation always refer to the condition existing in a 

region adjacent to the electrode. Thus, the electrode "sees 

only what is next to it. During electrolysis, the surface 

concentrations can change with time, and therefore a con¬ 

centration gradient of the various species must be present, 

as is the case for all heterogeneous reactions. For the 

purposes of synthesis, this gradient is usually something 

to be avoided, since as starting material is consumed, the 

region around the electrode becomes depleted, and the rate 

of the reaction (i.e., the current) can become limited by 

mass transport. Although vigorous stirring can, of course, 

markedly increase the rate of mass transport, there will 

always be a boundary layer, or depletion region, which must 

be crossed by the process of diffusion, so that fresh ma¬ 

terial can come into contact with the electrode. 
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Because of the importance of diffusive mass transport 

in electrolysis and in most electroanalytical techniques, 

further discussion is required concerning the connection 

between the passage of current and the resulting concentra¬ 

tion gradients. First of all, we must understand Fick's 

law of diffusion which states that the "flux" of material 

at a given region in the solution is proportional to the 

concentration gradient at that region. By flux we mean the 

net rate per unit area at which material crosses the region, 
2 

in moles/cm /sec. In mathematical terms, this is just 

qA = °A grad (CA} (2.32) 

where q is flux of material A; C is concentration of 

A; D is diffusion coefficient of A; and grad is gradient. 
A 

This equation is written in terms of generalized coordinates, 

where both q^ and are functions of position and time. 

For our purposes, it will be convenient to simplify the 

situation by assuming that the electrode has a planar sur¬ 

face, and that it is large compared to the diffusion layer. 

Under these conditions of semi-infinite linear diffusion, 

Eq. (2.32) may be rewritten in the following form 

3C (x,t) 

c>A<x't» - da —t;— <2-33) 

The diffusion coefficient, D^, is itself a function of the 

medium in which A is dissolved, and hence a function of the 

concentration of A. However, in many cases the concentra¬ 

tion of electrolyte will be large and will swamp out the 

effect of A on the diffusion coefficient, so that we may 

consider it to to be a constant. The current, i , involved 

in electrolysis of A is simply proportional to the rate of 

consumption of A at the electrode surface, so that, convert¬ 

ing to the appropriate units, we have the following impor¬ 

tant relationship between the current and the concentration 

gradient. 
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9C (o,t) 

VnFS = qA(o't) = °A -§3E- 
(2.34) 

or 

3C (o,t) 

“"“A = nFSDA ~3x- <2*35> 

This states that the current involved in the electrolysis 

of A is proportional to the concentration gradient of A at 

the electrode surface (x = o), the surface area, S, and the 

diffusion coefficient, D„. 
A 

The difficulty in proceeding further with the quanti¬ 

tative treatment of the effect of diffusion lies in the com¬ 

plexity of describing hydrodynamic conditions pertinent to 

stirred solutions. Certain idealized systems, such as ap¬ 

plies to a rotating disk electrode (see Sec. 3.4.3), are, 

in fact, subject to quantitative treatment, but these de¬ 

tails lie beyond the scope of this book, and the reader 

should, if further interested, consult some of the texts 

and references suggested at the end of this chapter. 

We can, however, progress one step further if we re¬ 

strict our consideration to quiet, or unstirred, solutions. 

The time dependence of the concentration of A at a selected 

plane is just the difference between the flux at point x and 

the flux at x + dx. This can be shown to result in the 

following equation 

dCA(x,t) dqA(x,t) d2CA(x,t) 

dt = dx = °A ^2 (2.36) 

Equation (2.36) is known as the linear diffusion equation, 

and is a second-order partial differential equation, re¬ 

quiring the specification of "initial conditions" and 

"boundary conditions." An equation of this type can be 

written for each of the several species involved. If homo¬ 

geneous chemical reactions are also involved, appropriate 

terms are added to the right-hand side of Eq. (2.36). 
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Initial conditions are usually such that the solution 

is homogeneous, where the concentration of each species is 

independent of position. The boundary conditions depend on 

the experimental conditions, e.g., if the electrode potential 

is held constant, then the Nernst equation is used as a 

boundary condition for reversible reactions and the electrode 

kinetic equation, relating the current (hence the flux due 

to various species) to the concentration at the electrode 

surface, is used for irreversible systems. Another usual 

boundary condition is that sum of the fluxes of all mater¬ 

ials is equal to zero at the electrode surface, i.e., that 

no material enters or leaves the electrode. Once specified, 

the initial and boundary conditions define this problem, 

and solution of the equations yields the concentration de¬ 

pendence and in particular the dependence of the current, 

the usual observable, on time. 

Although the detailed solution of particular cases by 

use of the above equations is beyond the scope of this book, 

several cases have been solved either explicitly or through 

the use of computer similation techniques, and the reader 

is invited to proceed as far as his mathematical prowess 

allows, through use of several of the references cited at 

the end of this chapter. 

It is hoped that from these simple considerations the 

reader will begin to gain insight into the interrelationship 

between concentration gradients, diffusion, current, and 

electrode potential, and to appreciate the complexity of 

their quantitative treatment. This particular field of 

interest has attracted the attention of many theorists in 

recent years and considerable progress has been made in 

developing quantitative solutions to many complex electro¬ 

chemical systems involving multistep electron transfers 

with intervening chemical reactions. These studies have 

often resulted in diagnostic criteria for testing possible 

mechanisms by various electrochemical techniques. 
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2.7.2. ADSORPTION 

As in all heterogeneous systems, adsorption may be 

expected to play a crucial role in determining the course 

of an electrochemical reaction. In a typical electrolytic 

solution, either the solvent, ionic species from the elec¬ 

trolyte, or the substrate may be adsorbed to the electrode 

surface. Therefore, it is not always safe to assume that 

conditions at the electrode surface are similar to those 

existing in the bulk. Various electrode materials can ob¬ 

viously behave quite differently from each other, and, if 

specific adsorption of the substrate is involved, these 

can lead to entirely different products. Adsorption can 

also become a rate-limiting process and should be considered 

in developing a mechanistic scheme. A simple case may be 

written as 

A, n -XA J 
bulk x- ads 

A , + ne ->B , 
ads ads 

i n -^ B, nl 
ads x- bulk 

(2.37) 

(2.38) 

(2.39) 

The adsorption isotherm, giving the relationship 

between the concentration of the bulk material and that of 

the adsorbed species at equilibrium, needs to be considered 

if further development of its effect on the kinetics is to 

be made. The isotherm (constant temperature) is usually 

written as a function of surface coverage, the fraction 

of the surface covered by the adsorbed species. The form 

of the adsorption isotherm is usually not known a priori, 

nor can it usually be measured directly. The normal method 

of attack is to assume various functional forms, based on 

model systems, and then to determine whether the experimen¬ 

tal results agree with the predictions of such models. 
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Although it is beyond the scope of this book to de¬ 

velop a quantitative treatment of the effect of adsorption, 

several factors should be noted as to their qualitative 

effects. First, a good general principle to remember is 

that the least soluble material in the medium is the most 

likely to be adsorbed on the electrode. For example, in 

organic media, water would be a key candidate. Since only 

minute quantities of material are required to achieve the 

full effect of adsorption (typically monolayers are in¬ 

volved) , there may be differences in electrolysis using 

"off-the-shelf" solvents and ones which have been scrupu¬ 

lously dried. Adsorption involving ionic or polar species 

is often a function of potential in such a direction that 

cations are more likely to be adsorbed at negative poten¬ 

tials and anions at positive potentials. In electrolysis 

using tetralkylammonium salts as electrolyte, the cathode 

usually has an adsorbed layer of tetralkylammonium cations; 

this situation has been described as the "chicken fat" 

electrode, since it would thereby have a tendency to exclude 

water from, the surface. Finally, one should be aware of the 

possibility that adsorption may exert profound stereochemi¬ 

cal effects, as in catalytic hydrogenation. Specific orien¬ 

tation may be required and, under such conditions, differ¬ 

ences in behavior of isomeric materials can be expected. 

Several diagnostic criteria may be applied to electro¬ 

lysis systems to gauge whether adsorption is important in 

the course of an electrolytic synthesis. First of all, the 

reactions should be carried out, if possible, with different 

electrode materials. If major differences in product dis¬ 

tribution or identity are observed, under otherwise identica 

conditions, then adsorption is undoubtedly a key factor. 

The same is true when the product is affected by a change 

in electrolyte type, e.g., organic vs inorganic salts. 

Small amounts of highly surface active materials have been 

used, particularly in polarography, to swamp out the effect 

of other potentially adsorbable species. All of the above 
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changes in reaction conditions may have an effect on the 

potential at which electrolysis occurs, and the experimen¬ 

ter will always benefit from utilizing one of the electro- 

analytical tools, discussed in Chap. 3, as an adjunct to 

his synthesis studies. These always produce the relation- - 

ship between current and voltage under specific experimental 

conditions, and even if used only qualitatively give the 

experimenter the "eyes" with which he may gain insight into 

the reactions under study. 

Although it is not possible at this time to predict 

in advance the influence of adsorption on the course of the 

reaction, its importance to the synthetic organic electro¬ 

chemist should not be underestimated. Adsorption can make 

the difference between a nonselective and a highly selective 

reaction. It may also be a controlling factor in governing 

the stereochemistry of the products or the nature of inter¬ 

mediates. Be aware of the potential influence and design 

experiments to probe its effects. 

2.7.3. DOUBLE LAYER 

Perhaps no other topic in electrochemistry has caused 

more confusion or been the source of more discouragement to 

the prospective electroorganic chemist than that of the 

electrical double layer. Its full understanding requires 

the knowledge of many branches of science with attendant dif¬ 

ferences in terminology, and rarely is the subject discussed 

in its relationship to electroorganic synthesis. Its im¬ 

portance, however, cannot be denied, since the double layer 

is the region in which all the "action" of electron transfer 

takes place. The following is a qualitative discussion of 

the nature of the double layer and its possible influence 

on the electroactive material. 

To begin with, up to this point we have considered 

the electrode potential to represent a discontinuous change 

in potential in crossing the electrode-solution interface. 
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A closer examination of this region will show that this is 

not the case when molecular dimensions are reached; in fact 

the potential develops continuously over a region of about 

50 to 100 8. Consider an electrode with a surface excess 

of electrons, and hence, negatively charged. A layer of 

cations will be attracted to this by electrostatic forces. 

In this layer will also be specifically adsorbed material, 

which may be charged or neutral species. In both cases, 

the forces involved at this first layer are strong enough 

so that these molecules may be considered to be essentially 

unsolvated, unless, of course, it is the solvent itself 

which is adsorbed. The effect of this layer, in general, 

is to reduce the electric field and to produce, in turn, 

a sufficiently high field to attract a second, negatively 

charged layer. This second layer can be considered to be 

comprised of anions which are solvated. These two layers 

are usually referred to as the inner, or compact double 

layer. These materials are bound so tightly to the sur¬ 

face that they are unaffected by agitation in the bulk of 

the solution. The charged layers, taken together, consti¬ 

tute a capacitance which can, in fact, be measured. The 

manner in which this electrode capacitance changes with 

electrode potential reflects corresponding changes in the 

structure of the double layer. Measurements of this sort 

have been the most widely used for the study of double laye 

phenomena. For example, the presence of adsorbed species 

may be detected by their effect on the capacitance of the 

electrode. It is within the inner double layer that the 

potential determining species resides, and direct electron 

transfer to and from the electrode occurs in this region. 

If the electrode is deficient in electrons (more 

positive electrode potential), a double layer of opposite 

sense will be formed. So it can be seen that, in general, 

there will exist an electrode potential at which there is 

no net charge at the electrode surface. This potential, 

which can be determined by capacitance measurements and is 
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different for different electrodes is called the potential 

of zero charge (pzc) and has been considered for cases 

where specific adsorption is absent, as a physically more 

meaningful reference potential then the ones normally used. 

At potentials more positive than the pzc, anion adsorption 

is possible; the reverse is true for potentials more nega¬ 

tive than the pzc. For mercury, the pzc is +0.48 V measured 

with respect to a saturated calomel reference electrode. 

Since the inner double layer region extends about 5 2 

from the electrode, one can easily calculate that a one- 

volt drop across this region corresponds to an electric 
7 

field of 2 x 10 V/cm, and polarizable molecules within this 

field will have a considerably distorted electronic structure 

compared to their normal field-free structure. Considera¬ 

tions of these effects should be made if the details of 

electroorganic reaction mechanisms are to be elucidated, 

particularly when systems are encountered where radically 

different products are formed under different experimental 

conditions, or where an electrolytic reaction produces a 

product which differs from that expected from a normal re¬ 

dox reaction. 

Beyond the inner double layer, regions of alternating 

charge persist, but these now become so diffuse that no 

clear boundaries can be distinguished. This region extends 

roughly 50-100 .8 into the solution and is referred to as 

the outer, or diffuse, layer. At some point in this region, 

the species comprising it are free to move in response to 

bulk motions of the solution and the potential difference 

between this shear layer and a region considerably further 

out is referred to as the zeta potential, £. This poten¬ 

tial is involved in various electrokinetic phenomena such 

as electrophoresis, electroosmosis, and the stability of 

colloids. Since the zeta potential occurs wholly within the 

same phase, it can be measured directly without the use of 

an arbitrary reference electrode. 

Although the prospective electroorganic chemist nor¬ 

mally need not delve further into these more theoretical 
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aspects in ttie course of his synthesis work, it is hoped 

that the basic principles of electrochemistry are more 

clearly understood, and these discussions will prompt him 

to consider the more fundamental aspects of the reactions 

he will be dealing with. 

2.8. EFFECT OF VARIABLES 

Electrolytic processes characteristically are controlled 

and affected by many variables, some of which are mechanical, 

electrical., and chemical, as well as combinations thereof. 

The effect and relative importance of these depend on the 

particular situation at hand, and it is only by understand¬ 

ing and considering their possible effects that electrolytic 

reactions can be controlled and optimized effectively. Only 

too frequently can we read in the literature examples of 

electrolysis for which the effect of certain critical vari¬ 

ables were unconsidered, and therefore, which may possibly 

be far from optimum with respect to yield and/or selectivity. 

The realization of the promise of electroorganic synthesis 

depends heavily on the proper application and control of 

those variables unique to electrochemistry. 

Let us now consider what these variables are and how 

they might effect the course of an electrolytic reaction. 

2.8.1. CELL DESIGN (ELECTRODE GEOMETRY AND CELL TYPE) 

Just as the proper equipment (usually glassware) in 

conventional organic synthesis is important in bringing 

about a successful synthesis, so too in electrochemistry the 

electrolysis cell is the first element to be considered. 

The electrolytic cell serves not just as the container for 

the reactants, but is also the means whereby the electric 

current is introduced. Since cells suitable for electro- 
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lytic reactions are rarely available from commercial sources, 

the experimenter will probably be directly involved in its 

construction. Details of actual cell designs are given in 

Chap. 3. Therefore, we consider here only those parameters 

which may have an effect on the electrolytic reaction. 

The geometry of the electrode arrangement is important 

in insuring uniform current density over the entire surface 

of the electrode at which the desired reaction is to occur. 

The usual way of effecting this requirement is to use either 

a plane parallel arrangement or to utilize cylindrical sym¬ 

metry. The adverse effects of utilizing nonuniform geometry 

can be best visualized by referring to Fig. 2.6. 

The lines between electrode A and B represent the elec¬ 

tric field between them. Although it is beyond the scope 

of this book to treat quantitatively the form of the elec¬ 

tric field when the electrode geometry is specified, the 

qualitative aspects may be grasped fairly simply. Electric 

field lines enter the surface of a conductor perpendicular 

to its surface and are parallel to the surface of an insula- 

ter. The electric field lines in a homogeneous resistive 

medium, such as an electrolytic solution, will generally be 

concentrated in the region where the electrodes are closest, 

ELECTRODE B 

FIG. 2.6. Electric field for nonsymmetric geometry. 
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and further spread apart between regions where the electrodes 

are distant. The current itself follows the electric field 

lines and, therefore, it can be seen from the qualitative 

picture in Fig. 2.6 that the current density for that arrange¬ 

ment of electrodes will not be uniform across the surface 

of either electrode. The electrode potential will also be 

nonuniform since it depends to a certain extent on the 

current density. If the products of the reaction taking 

place at the electrode are a function of electrode potential, 

then this is an obviously undesirable effect. This cannot 

be eliminated even when the electrolysis is carried out at 

a controlled electrode potential (see Fig. 2.9) since the 

potential being controlled will either be that at a single 

point on-the electrode, or the average over an extended 

area. 

The most common arrangement, as mentioned above, is 

to have two planar electrodes with their faces parallel to 

one another. To avoid possible undesirable effects on the 

somewhat ill-defined (although much lower) current density 

distribution on the back of the electrodes, the backs can 

be insulated. Since usually only one electrode is of inte¬ 

rest (working electrode), both sides can be utilized by 

flanking it with two equidistant planar electrodes (auxiliary 

electrodes) which are electrically in common (see Fig. 2.7). 

POWER 
SOURCE 

POWER POWER 
SOURCE SOURCE 

FIG\ 2.7. Common arrangements for planar electrodes. 
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Another common arrangement which preserves uniform 

current density over the surface of the working electrode 

is one which has cylindrical symmetry (see Fig. 2.8). Since 

the inner surface has less area than the outer, the latter 

will have a lower current density than the former. If the 

reactions occurring at the auxiliary electrode are unimpor¬ 

tant, the auxiliary electrode can be a solid wire. Although 

somewhat more difficult to construct, cylindrical electrodes 

more efficiently utilize the space in a cylindrical container 

such as a beaker. 

In both cases, a more stable situation can be maintained 

by the use of spacing elements made of insulating material 

such as glass, ceramics, and certain plastics. The over¬ 

all time for conducting an electrolysis at a given current 

density is minimized if the surface-to-volume ratio of the 

cell is maximized. Usually, this is accomplished by making 

the distance between electrodes as small as feasible. This 

also minimizes the iR drop, and hence, the amount of power 

dissipated as heat through the electrolyte. Where avail¬ 

able, the use of gauze electrodes are often employed to 

FIG. 2.8. Cells with cylindrical symmetry. 
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increase the available surface areas and permit better cir¬ 

culation, and hence, faster diffusion of material to the 

electrode. 

The above discussion applies to the case of the undi¬ 

vided cell, one in which the electrolyte, solvent, starting 

materials, and products have equal contact with both elec¬ 

trodes. In many cases, this is undesirable, since the 

reactant may undergo reaction to an undesired product at 

the auxiliary electrode, or the products at the auxiliary 

electrode may interact adversely with the products at the 

working electrode. Consider, for example, a case where a 

halide salt, such as tetraethylammonium bromide, is used as 

electrolyte in the reduction of a 1,2-dibromide, such as 

1,2-dibromobutane, in an undivided cell. Reduction at the 

cathode will normally lead to 1-butene (see Sec. 4.3). Free 

bromine will be formed at the anode. Stirring will bring 

the free bromine into contact with the 1-butene and reform 

the starting material, or the bromine will be reduced at 

the cathode to bromide ion. 

at cathode CH_,CH„-CH-CH„ + 2e 
3 2 I | 2 

Br Br 

-> 
ch3ch2ch=ch2 + 2Br (2.40) 

at anode 2 Br" -> Br2 + 2e (2.41) 

in bulk Br2 + ch3ch2ch-ch0 -^CH0CH„CH-CH„ 
3 2 t i 2 (2.42) 

Br Br 

possible at cathode 

Br 2 + 2e->2Br" (2.43) 

Reactions (2.42) and (2.43) constitute invisible re¬ 

actions, or cyclic conversions, which result in a net 

consumption of electricity without forming any new products. 
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Such reactions can be detected by their apparent (but not 

actual) violation of Faraday's law. Even more serious are 

cases where undesired side reactions result from anode and 

cathode reactions. For example, the reduction of nitro¬ 

benzene (see Sec. 4.2) to aniline should be carried out in 

a divided cell, since aniline would oxidize readily at the 

anode. These situations are avoided to a large extent by 

the use of a divided cell, one in which a semipermeable 

barrier is interposed between anode and cathode. The ideal 

divider would be chemically inert and totally impenetrable 

by solvent, reactants, and products, but would allow free 

passage of at least one ionic species. The divider separ¬ 

ates the system into two chambers, one in which the anolyte 

comes into contact only with the anode and the other in which 

the catholyte contacts only the cathode. In practice, 

however, available materials for cell dividers fall far 

short of the ideal. 

Measurable amounts of diffusion of neutral species may 

be expected. The membrane type, made of thin polymeric 

material, offers better selectivity and less diffusion of 

neutral species but is less chemically resistant than the 

ceramic type. Details of available materials and their ad¬ 

vantages and limitations in electrolysis cells are covered 

in Chap. 3. 

In any case, the properties of the divider material 

which must be considered in its use are: 

1. Permeability: a measure of the rate at which 

specified materials can diffuse through it. Usually, lower 

permeability is obtained by lower porosity and greater 

thickness, factors which normally also increase the electri¬ 

cal resistance. 

2. Selectivity: a measure of the ratio of diffusion 

rates of different species. Normally, the type of selec¬ 

tivity of available materials involves discrimination by 

molecular size, i.e., larger molecules are retarded, or 

discrimination by ionic type, e.g., cation exchange mem- 



48 BASIC PRINCIPLES 

branes are available which have high permeability to cations. 

3. Resistivity: measures the resistance of the divi¬ 

der in equilibrium with the electrolyte. The resistance 

increases with divider thickness and with lower porosity. 

At high current densities the divider resistance can give 

rise to sufficient heat to destroy the divider, particularly 

in the case of thin membranes . In ceramic types, exces¬ 

sive heat can cause the solvent within the pores to boil, 

and thus the vapors can further increase the resistance. 

If the divider resistance is large compared to the solu¬ 

tion resistance, it will exert a leveling effect on the 

current distribution, and can allow the auxiliary electrode 

to have a nonsymmetric geometry. 

4. Chemical resistance: usually high for ceramics, 

low for membranes. 

5. Thermal stability: usually high for ceramics, low 

for membranes. 

6. Rigidity: must be self-supporting (or supported) 

and must withstand pressure differences across cell. 

The use of divided cells is almost mandatory when con¬ 

ducting electrolyses for which the products are unknown. 

However, the obvious additional complexity this requirement 

imposes on cell construction and operation makes it worth¬ 

while to consider the alternatives which might permit the 

use of an undivided cell to carry out a known reaction. 

If an undesired product is formed at the auxiliary electrode 

as a result of electrolysis of the electrolyte, perhaps an 

electrolyte can be found which alleviates this problem. 

For example, if halides interfere by oxidation to free 

halogen at the anode, the corresponding acetate might be 

utilized, since the products of oxidation are mainly car¬ 

bon dioxide and ethane, both gaseous and, in many cases, 

chemically inert. Changes in the auxiliary electrode ma¬ 

terial, or addition of innocuous depolarizers, should also 

be considered to defeat undesired reactions and to permit 

the use of undivided cells. 
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2.8.2. ELECTRODES 

The nature of the electrodes used for electrolysis 

should be considered a key variable. To the extent that 

adsorption and double layer effects may play a role in a 

given system, the electrode may exert a profound effect on 

the reaction and could, in fact, change the entire nature 

of the product. Although early workers in electrochemistry 

routinely tried different electrode materials, the more 

recent workers (including the authors) seem to be mesmer¬ 

ized by mercury and platinum. When synthesis is the goal, 

an effort should be made to explore the effect of electrode 

materials. Electron-transfer reactions may be reversible 

on one electrode and highly irreversible on another, al¬ 

though little work on this subject in organic systems has 

been reported. An inorganic example of this is the reduc¬ 

tion of hydronium ion to hydrogen, which proceeds reversibly 

at platinum but highly irreversibly (n 0.8 V) at a mercury 

cathode. For systems run in aqueous media, this hydrogen 

overvoltage has historically been considered to be of cen¬ 

tral importance and can serve to set the cathodic limit of 

the electrode potential. Reactions carried out under con¬ 

ditions where visible hydrogen evolution is taking place 

are, in a sense, being conducted under controlled potential 

conditions. 

Several considerations should be applied to the 

selection and variation of electrode materials for use in 

organic synthesis. In most cases, the effects on a particu¬ 

lar electro-organic synthesis will be difficult to predict 

unless a fair amount of information is at hand concerning 

the reaction, but the following should serve as a guideline 

for experimental studies. 

2.8.2.1. Stability 

Obviously, to be of much general use, the electrode 

ought to be stable in the medium. In aqueous media, sta- 
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bility is usually a simple function of the pH of the medium, 

but be careful to consider the effects of possible complex- 

ing agents in the electrolyte. For example, the presence 

of chloride ion will make both silver and mercury much more 

susceptible to oxidation due to the formation of insoluble 

chlorides. Organic complexing agents will have a similar 

effect. Intermediates formed in the electron-transfer re¬ 

action may react with the electrode, such as free radicals 

with mercury or lead. In some cases (see Sec. 4.6) these 

reactions can be utilized for the efficient synthesis of 

organometallics. 

For a given electrode-electrolyte system there will 

be a limited potential region of utility. The cathodic 

limit is usually set by reduction of the solvent or electro¬ 

lyte, since metals themselves are not susceptible to reduc¬ 

tion. Stable electrodes for oxidation are of limited number. 

The oxidation potential of the metal in question (usually 

given for aqueous media) can serve as a guide for its use 

in organic systems. In aqueous media, the oxidation poten¬ 

tials are, to some extent, dependent on the pH of the medium 

and on the presence of complexing agents. The noble metals 

as well as carbon and graphite have been utilized to the 

greatest extent as anodes in organic media because of their 

stability toward oxidation. 

2.8.2.2. Surface 

One should always keep in mind when considering selec¬ 

tion of electrodes that it is the surface of the electrode 

where the electron-transfer reactions are taking place, and 

that the chemical nature of the surface of the electrode 

may be completely different from that of the bulk material. 

For cathodes, the surface can generally be considered to 

be the "clean" metal, except that they are particularly 

susceptible to metal ion impurities in the electrolyte. 

Many metal ions will be easily plated out on the cathode 

at relatively low potentials and, of course, it does not 
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take much to form a monolayer of the impurity metal 10 
2 

moles/in will do it). It will pay to bear this in mind in 

considering the purification of solvent and electrolyte for 

use in reduction. 

For a liquid metal such as mercury these effects may be 

expected to be far less serious, since many metals are 

soluble in mercury, and hence, would be diluted into the 

bulk of the mercury. In any case, stirring of the mercury 

would tend to expose a fresh surface. This lack of suscep¬ 

tibility to impurities contributes to the widespread usage 

of mercury as the cathode material in many organic syntheses. 

The case for anodes is considerably more complex because 

of the tendency of many metals to form oxide coatings. Even 

the noble metals such as platinum are susceptible to the 

formation of oxide monolayers under anodic conditions. These 

are difficult to avoid except under the most stringently con¬ 

trolled conditions, since water (the source of oxygen) is 

usually present in trace amounts in most organic solvents. 

In some cases the oxide film is remarkably inert and elec¬ 

trically insulating, such as applies to aluminum oxide and 

tantalum oxide, materials which form the basis of the elec¬ 

trolytic capacitor. In some cases the oxide is an electronic 

conductor such as lead dioxide, thallic oxide, and silver 

(II) oxide. The conditions under which the oxide film is 

formed can have an effect, e.g., the passivation (formation 

of a compact, inert oxide film) of iron in nitric acid. A 

good source of information on the suitability of anodes and 

the condition for their formation may be obtained in the 

literature of the battery industry, e.g., the use of nickel, 

manganese, and silver as anodes in alkaline media. 

In most cases it will be advisable for electrolysis 

studies to subject solid slectrodes to a suitable pretreat¬ 

ment process (covered in more detail in Chap. 3). This can 

be a simple physical pretreatment such as polishing or 

scouring the electrode to expose a fresh surface, or it 

can be chemical or electrochemical, such as pre-anodization. 
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In most cases pretreatment procedures will generally lead 

to more reproducible results. 

2.8.2.3. Adsorption and Catalysis 

The consideration of adsorptive and catalytic effects 

of electrodes are undoubtedly very important considerations 

but, unfortunately, there do not appear to be very many 

general guidelines for prediction of their effects on or¬ 

ganic electrode reactions. Certainly a great deal of work 

has gone on in the field of adsorption and catalysis of 

organic reactions by metals, but it is beyond the scope of 

this book to offer any but the most rudimentary of considera¬ 

tions. The catalytic and adsorptive effects of the noble 

metals toward hydrogenation are well documented, and one may 

expect to find parallels in cathodic reduction with the ef¬ 

fects found in chemical hydrogenation. Consultation of the 

literature in metal-catalyzed redox reactions may provide 

clues to the better understanding of electron-transfer 

reactions. 

If adsorptive effects are suspected, one might do well 

to examine the reaction using polished vs "black" (very 

finely divided surface) electrodes, such as bright and pla¬ 

tinized platinum electrodes, respectively. If the electron- 

transfer reaction proceeds more rapidly, then adsorption is 

probably the rate-limiting steps; if the nature and distri¬ 

bution of products change, then adsorption and/or catalysis 

is probably the product-determining step. The experimenter 

should also keep in mind the possibility that these effects 

may also be potential dependent. 

2.8.2.4. Physical Form 

A variety of forms of electrode material are possible, 

and although these different types may not generally lead 

to significant differences in the over-all reaction, certain 

forms are more convenient to use under different experimen¬ 

tal conditions or within cells of different design. Metal 
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sheets are generally the most readily available and useful 

since they may be cut and shaped into suitable forms, usually 

planar or cylindrical. Wires or rods of metals (and various 

types of carbon) are available and are useful as central 

elements in cylindrical cells. Their surface areas are 

limited. This is usually undesirable, except when used as 

auxiliary electrodes. Wire mesh or "expanded" electrodes 

can significantly increase surface area and improve the ef¬ 

ficiency of stirring to increase diffusion rates. A limited 

number of porous electrodes are available from the Clevite 

Corp., such as steel and nickel, which are used as fuel cell 

elements. These may be useful in electrolysis of gaseous 

materials, such as low-molecular-weight olefins, where the 

gas may be efficiently brought into contact with the elec¬ 

trode/electrolyte interface by passage through the back of 

a suitably designed cell. The same advantage is applicable 

to cases where a liquid of limited solubility in the medium 

is to be electrolysed. In cases where the particular metal 

of interest is not available in the desired form, the possi¬ 

bility of electroplating it onto a base metal can be consi¬ 

dered. Further information concerning commercial sources 

for electrode materials is found in Sec. 3.1. 

2.8.2.5. Characterization Using Voltammetry 

If possible, the investigation of the effect of various 

electrode materials should be accompanied by the utilization 

of a suitable type of voltammetric measurement (see Sec. 3.4) 

using the same materials as in the electrolysis. It will 

often be possible to obtain valuable information quickly 

concerning electrode potential dependence, side reactions, 

adsorption and/or catalysis, effects of pretreatment, and 

kinetic and/or diffusion parameters as a function of the 

electrode material and medium. The presence and effect of 

oxide films or adsorbed hydrogen can also be ascertained. 

In addition, further insight may be gained into the reaction 

mechanism by qualitative and quantitative inspection of the 

results of voltammetric experiments. 
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2.8.3. REFERENCE ELECTRODES 

If the electrolytic reaction is to be studied as a func¬ 

tion of potential, or if the electrolysis is to be carried 

out at constant electrode potential (strongly advisable), 

then it will be required to measure or monitor the electrode 

potential by use of a reference electrode. The need for 

such a reference has been alluded to previously. It is hoped 

that the following discussion will clarify the situation. 

We wish to measure the potential difference between the 

working electrode and the region adjacent to it in the so¬ 

lution (ideally just outside the double layer). Why not use 

an ordinary voltmeter to do this? In doing so we would at¬ 

tach one probe to the metallic electrode and place the other 

in the solution near the electrode. In general, a voltage 

would register on the meter, but this would be comprised of 

not only the working electrode potential, but also the po¬ 

tential between the solution and the probe itself. Thus, we 

would not know, in general, whether changes in the voltage 

read-out by the meter reflected changes in the working elec¬ 

trode potential or changes at the probe itself. To cure 

this problem we could surround the probe with a solution of 

known and invariant composition which formed a highly rever¬ 

sible electron-transfer couple with the probe metal. In 

this way we would be assured that its potential would remain 

invariant, and we have now satisfied the basic requirement 

for a suitable reference electrode. 

In principle, it would be desirable to use the hydrogen 

electrode (1 N HCl, hydrogen gas at one atmosphere bubbling 

over the surface of a platinized platinum electrode), since 

by convention it has been assigned a potential of zero volts 

at all temperatures. In practice, however, it would be awk¬ 

ward to use. More commonly, the saturated calomel elec¬ 

trode has found the most widespread use; it consists of 

mercury in contact with mercurous chloride (calomel) and 

a saturated aqueous solution of potassium chloride. The 

electron-transfer couple for this electrode is 
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Hg2Cl2 + 2e = 2Hg° + 2C1 (2.44) 

Since the composition of the solution is maintained constant 

by saturation (solid KC1 and Hg2 Cl2 are present), small 

currents in either direction or losses of water by evapora¬ 

tion will not effect the potential of this highly reversible 

reaction. Thus, its utility as a reference electrode is en¬ 

hanced. Another popular reference electrode system is the 

silver-silver chloride couple (details are found in Chap. 3). 

The reference electrode is usually enclosed in a slen¬ 

der glass cylinder whose tip is a fine bore capillary, or 

has an asbestos fiber or fritted glass sealed to it. This 

prevents its electrolyte from leaking out rapidly. In use, 

the reference electrode is placed as close as possible to 

the working electrode to prevent any iR drop between the 

reference and working electrode from influencing the measure¬ 

ment. 

The general considerations concerning the selection 

and limitations of reference electrodes with which the 

reader should be familiar are as follows: 

2.8.3.1. Liquid Junction Potential 

It is not generally possible to have the medium in the 

reference electrode the same as that in the electrolysis 

cell. This creates a liquid-junction potential of usually 

indeterminant magnitude at the tip of the reference electrode. 

Unfortunately, the effect is greatest between aqueous solu¬ 

tions (normally used in commercially available reference 

electrodes) and nonaqueous solutions, and amounts to several 

tens of millivolts. For precision work, it will usually be 

necessary to make up special reference electrodes for or¬ 

ganic media, but it will then be generally invalid to pre¬ 

cisely compare potentials measured in different media. If 

possible, the electrolyte should also be common to both 

reference and electrolysis solutions. 
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2.8.3.2. Internal Resistance 

The internal resistance of most commercially available 

reference electrodes will be from several hundred to several 

thousand ohms, usually caused by the constriction at the tip. 

To prevent this resistance from causing a voltage drop which 

would influence the measurement, a high-impedence voltmeter, 

such as a vacuum-tube voltmeter should always be used in 

measuring electrode potentials. 

2.8.3.3. External Resistance 

When measuring an electrode potential during electroly¬ 

sis, there will generally be an iR drop between the tip of 

the reference electrode and the working electrode. The 

measured potential for cathodes will be more negative, and, 

for anodes, more positive than the actual electrode poten¬ 

tial. This effect is minimized if the conductivity of the 

medium is high and if the tip of the reference electrode is 

close to the working electrode. 

2.8.3.4. Leakage 

Since there must be ionic contact between the electro¬ 

lyte of the reference electrode and the electrolyte of the 

electrolysis medium, there exists the possibility of physi¬ 

cal leakage between them. This should be kept in mind, 

particularly when aqueous reference electrodes are used with 

organic electrolysis media, since water is often an unde¬ 

sirable contaminant. 

2.8.3.5. Temperature Coefficient 

The potential of the reference electrode will be a 

slight function of temperature, but this variation is usually 

negligible for the requirements of electrolytic work at 

moderate temperatures. The temperature dependence of the 

most commonly employed aqueous reference electrodes can be 

found in most chemical handbooks. 
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2.8.3.6. Shielding Effect 

The presence of the reference electrode will affect 

the current flow in its vicinity. The insulating sleeve 

casts a "shadow," so to speak, on the working electrode so 

that the local current density, and hence, electrode poten¬ 

tial, will be reduced. Although the effect is probably 

small (the authors have not seen any reports on the effect 

of this phenomenon in the organic electrochemical literature) 

it will be good practice to use reference electrodes with 

as slender a tip as practical. 

2.8.4. AGITATION 

Because electrolysis is a heterogeneous reaction, mass 

transport of material toward and away from the electrode is 

an important consideration. In most cases it will be de¬ 

sirable to agitate the solution in order to speed up mass 

transport. Although stirring the bulk of the solution is 

the most common and convenient practice, it is not the most 

effective, and a definite stationary boundary layer will 

persist. The problem is further complicated in a well de¬ 

signed cell where the electrodes are close together, since 

not much room will be left for mechanical agitators. An 

alternative method would be to circulate the electrolyte 

past the electrodes by means of an external pump. More 

effective stirring can be obtained by moving the electrode 

itself, such as with rotating or vibrating electrodes. With 

porous electrodes, efficient breakup of the stationary 

boundary layer may be possible by passing the electrolyte 

through it or by pumping an inert gas through. 

In some cases it may be desirable to prevent disruption 

of the depletion region in order to take advantage of the 

high-concentration gradients at the electrode surface. For 

example, if a desired reaction involves a second-order pro¬ 

cess between reactants, the higher concentrations near the 
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electrode may result in better yield of the product. Also, 

in aqueous solution the high pH gradient possible at the 

electrode may be desirable, as in some cases of electro¬ 

deposition, where a soluble species is precipitated by the 

change in pH near the electrode (always basic for cathodes, 

acidic for anodes). 

These effects should be kept in mind in interpreting 

the results of electrolysis, particularly at high current 

densities. The effect of agitation should also be consi¬ 

dered in interpreting the results of voltammetry (usually 

conducted in quiet solutions) in comparison with the re¬ 

sults of electrolysis (usually in stirred solutions). 

2.8.5. ELECTRODE POTENTIAL, CURRENT DENSITY, 
AND CELL VOLTAGE 

Without doubt, the electrode potential is the most im¬ 

portant electrolysis variable, since it essentially controls 

the type of reaction and its rate. In most cases it will 

be desirable prior to electrolysis to ascertain the over¬ 

all voltammetric behavior of the starting material by an 

electroanalytical technique such as those described in Sec. 

3.4. Many compounds display relatively simple behavior 

where only a single electron-transfer reaction is possible, 

so that electrode potential is important only in governing 

the rate of the reaction. In such a system, it may make no 

difference whether the reaction is carried out at controlled 

potential, current density, or cell voltage. However, it 

may still be advantageous to study the reaction at different 

electrode potentials, since factors other than electron 

transfer may be affected, such as adsorption, orientation 

of adsorbed species, or competition between subsequent 

second- and first-order reactions. 

When more than one electron-transfer reaction is pos¬ 

sible, proper control of electrode potential is crucial and 

is the basis for the high selectivity of the electrolysis 
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process. (Controlled potential electrolysis methodology is 

discussed in detail in Sec. 2.9.) At constant electrode 

potential, the current will gradually decrease as the re¬ 

action nears completion, so that calculation of the number 

of coulombs passed is more difficult than in the case when 

constant current operation is used. If a coulometer is un¬ 

available, the number of coulombs should be obtained by 

taking readings of the current at appropriate time inter¬ 

vals and integrating the resulting i-t curve, since the 

total number of coulombs is given by the following equation 

t 

(2.45) 

o 

Proper analysis of the products (100% mass balance) will 

then allow the calculation of the electrical efficiency 

for each product. An appropriate goal for electroorganic 

synthesis is to achieve 100% electrical efficiency for the 

desired product by proper control of the variables. (Note 

that chemical efficiency, i.e., yield, is always greater 

than or equal to electrical efficiency.) 

After the electrolysis has been investigated by con¬ 

trolled potential conditions, it may then be possible to 

conduct further experiments at constant current or constant 

cell voltage, a somehwat more convenient situation. Under 

these conditions it may be necessary to use more than the 

calculated amount of coulombs to afford completion of the 

reaction, since it will not be possible to achieve 100% 

electrical efficiency. As the starting material is consumed, 

the electrode potential will increase until a subsequent 

reaction (hopefully innocuous) occurs and is able to sup¬ 

port the current. At constant cell voltage this effect is 

somewhat alleviated, since the current will drop somewhat 

as the electrode potential increases. 
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Only under continuous conditions is the use of con¬ 

stant current or cell voltage strictly appropriate. Here, 

the composition of the medium remains constant once steady 

state conditions are achieved, so that the electrical opera¬ 

ting conditions (electrode potential, current density, and 

cell voltage) also remain unchanged with time, unless the 

electrode or cell divider deteriorate. Continuous operation 

is recommended when scale-up is being considered, or when 

long-term effects of materials of construction are to be 

investigated. 

2.8.6. SOLVENT AND ELECTROLYTE 

The solvent chosen for the electrolysis medium, in 

addition to the requirement of dissolving the starting 

material (but not necessarily the product), must fulfill 

several other restraints. 

1. It must not only dissolve the electrolyte, but 

must also have a sufficiently high dielectric constant to 

ionize it. Thus, only relatively highly polar liquids 

have found general utility, such as dimethylformamide, 

dimethylsulfoxide, dioxane, ethanol, acetonitrile, and, 

of course, water. 

2. The solvent should itself be relatively stable 

toward oxidation and reduction, at least over the region 

of potential of interest. Another important point to re¬ 

member is that in many cases of organic electrolysis, 

relatively reactive species such as radicals, carbanions, 

and carbonium ions are produced as intermediates. Their 

reactivity toward the solvent should therefore be consi¬ 

dered. 

3. In some cases the solvent may influence the course 

of the reaction, such as the dimerization of radical anions 

vs proton abstraction and subsequent further reduction. 

4. Techniques for removing traces of water from the 

solvent should also be considered, since small amounts of 
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water can serve as a proton donor and as the source of oxy¬ 

gen in the formation of oxide films on the anode. 

The supporting electrolyte is subject to much the same 

considerations with regard to stability toward electrolysis 

and chemical inertness. The prime function of the elctro- 

lyte, of course, is to provide the source of ions to conduct 

current across the cell. In general, electrolytic media of 

high conductivity are desirable since they prevent internal 
2 

heating due to i R power dissipation and permit relatively 

error-free control of electrode potential. High concentra¬ 

tions of salt-like material are not sufficient criteria to 

insure high conductivity, since many electrolytes have a 

tendency to form ion pairs at high concentrations in organic 

media. This is particularly true of alkali metal halides. 

A few simple measurements with a conductivity bridge (see 

Sec. 3.3.3.) should serve to locate the maximum conductivity. 

The ability of certain electrolytes, such as the tetraalkyl- 

ammonium salts, to adsorb on the electrode and to influence 

the double layer structure can play a key role in determining 

the course of the reaction. Techniques for the separation 

of the electrolyte and solvent from the products should, of 

course, always be considered. Extraction and distillation 

have proven to be of great utility in this regard. 

In some cases the electrolyte may be chosen to serve 

as a buffer when acids or bases are formed during electroly¬ 

sis. However, one should always bear in mind in such in¬ 

stances that the pH at the electrode surface may be appre¬ 

ciably different than that in the bulk because of concentra¬ 

tion gradients. The electrolyte may also be chosen to serve 

as a reactant, such as in anodic substitution (see Sec. 

5.2.1), where the anion of the electrolyte reacts with an 

electrolytically generated carbonium ion. The Kolbe 

reaction of carboxylate salts (Sec. 5.1) is an example of 

the dual use of material as electrolyte and starting ma¬ 

terial. 
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2.8.7. ADDITIVES 

The early electrochemical literature is full of exam¬ 

ples where certain additives have been utilized to increase 

yield and efficiency. For the most part, these so-called 

oxygen and hydrogen carriers have been used in aqueous media 

where their role is fairly clear. Their action in these 

cases results from a mechanism which the authors choose to 

refer to as electroregeneration. These materials are actual 

or potential oxidizing or reducing agents, where the follow¬ 

ing mechanism may be applicable: 

0 + S fast^> P + R (2.46) chemical 

electrochemical (2.47) R 

where S and P are starting material and product, respec¬ 

tively, and 0 and R are oxidized and reduced form of the 

additive, respectively. 

(This has been written as an oxidation--an equally likely 

mechanism for reduction in the presence of a suitable addi¬ 

tive is also possible.) This scheme is reminiscent of cata¬ 

lysis, since the rate of product formation may be increased 

without the destruction of the additive. Notable examples 

of this effect are the use of cerium salts in promoting the 

electrochemical oxidation of anthracene to anthraquinone 

and the use of chromium salts in the oxidation of toluene 

to benzoic acid. 

The effects of additives in detail is difficult to 

predict, since very little literature has appeared on this 

subject as it applies to organic electrochemistry. However, 

it may be helpful to bear in mind some further general 

principles concerning their effect. Metal ions may reduce 

to the free metal on the cathode surface and cause it to 

behave accordingly. It may be possible to use surfactants 

to displace other adsorbed materials. The potential of 
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zero charge (Sec. 2.7.3) will determine whether anion or 

cation adsorption will be favored at a particular electrode 

potential. Small amounts of water can be used as a proton 

source for electrolytically generated intermediates, as can 

other weakly acidic materials such as phenol. Larger amounts 

of water can improve conductivity in organic media. In some 

cases the solubility of the substrate in aqueous media may 

be improved by the use of large amounts of an organic elec¬ 

trolyte such as tetraalkylammonium sulfonates. Conventional 

buffers can be used to control pH and suppress pH gradients. 

If reactive intermediates such as radicals, carboniums, and 

carbonium ions are generated by electrolysis, one can con¬ 

ceive the use of trapping agents (and thereby control the 

nature of the product) such as radical chain transfer agents, 

electrophiles, and nucleophiles, respectively, e.g., the use 

of CC>2 to trap carbanions. 

With so many possibilities available, it would normally 

be wise to gain as much experience with a particular electro¬ 

lytic reaction under normal conditions as possible before 

the use of additives is contemplated. With ingenuity, and 

perhaps some luck, the experimenter may very well be able to 

direct the reaction more closely toward the desired end by 

the judicious use of additives. 

2.8.8. OTHER VARIABLES 

2.8.8.1. T emperature 

Normally, temperature should have little effect on the 

electron-transfer part of an electroorganic reaction. Elec¬ 

trode potentials (including the reference electrode potential) 

can shift with temperature, but these are not major effects 

with moderate excursions. More important would be 

consideration of the effect of temperature on the course 

of followup chemical reactions and on the stability of 

intermediates and products. The solubility of the various 

species in the medium will, of course, also be a function 

of temperature. 
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The conductivity of most electrolytes will increase 

with increasing temperature by 1 to 2%/°C. Therefore, the 

amount of power dissipated as heat, and hence wasted, will 

be less at higher temperature. A well designed cell should 

have provision for temperature control and will normally 

have the electrodes close together to minimize power losses 
2 

due to i R heating. In certain cases it may be desirable 

to operate at the reflux temperature of the medium, so that 

a condenser is used to remove excess heat. Under these 

conditions, the use of a divided cell is difficult, since 

boiling is likely to occur within the cell divider and thus 

block the passage of current. 

2.8.8.2. Concentration 

Normally, it is desirable to utilize the highest con¬ 

centrations of starting material and electrolyte within the 

constraint of solubility. Higher currents, and hence greater 

rate of production of product, can usually be attained. 

However, several other factors should also be considered in 

assessing the effect of concentration on a particular reac¬ 

tion. In organic electrochemical reactions, the first step 

is often the formation of a relatively highly reactive, and 

perhaps unstable, intermediate such as a radical or ion. As 

such, this intermediate can decompose, react with solvent, 

or condense with another species. Decomposition or reaction 

with solvent is expected to follow first-order kinetics. 

Condensation, on the other hand, is usually second order, 

and will be relatively more effective at higher concentra¬ 

tions. Thus, the distribution of products from parallel 

reactions of this type may be expected to depend on concen¬ 

tration. In the same sense, the reaction may also be 

sensitive to current density since, at the higher current, 

a greater concentration of the intermediate will exist in 

the vicinity of the electrode. If the following reactions 

are fast enough to occur within the diffusion layer conden¬ 

sation reactions may be favored by high current density. 
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In that case, the rate of stirring may also be important. 

Since the results of voltammetric experiments are 

usually obtained under conditions of relatively low concen- 
-2 -3 

tration (10 to 10 M), one cannot always assume that the 

same effects will pertain to the case of electrolysis at 

much higher concentration. A voltammetric study of the ef¬ 

fect of as wide a variation in concentration as possible is 

thus recommended as a matter of standard practice. 

2.8.8.3. Time 

Once the reaction conditions are set, i.e., amounts of 

materials and current density (or electrode potential), the 

time of electrolysis is not usually independently control¬ 

lable if the reaction is to be carried to completion. 

However, there are several factors to consider such that 

time may be a more desirable variable to control at the 

expense of another parameter. For example, the desired 

product may itself be unstable in the electrolysis medium. 

In that case, the possibility of continuous removal of pro¬ 

duct should also be considered. Another case where time 

may be considered as an important variable is the effect 

of undesirable diffusion of material between compartments 

of a divided cell. Since the composition within the sepa¬ 

rate chambers will change during electrolysis, there will 

be a tendency of the various products to interdiffuse through 

the barrier due to osmotic pressure. Since ideal membranes 

(which would permit passage of only the electrolyte ions) 

have not yet been found, the amount of interdiffusion will 

depend on the diffusion coefficient of the various materials 

within the divider, the concentration gradient, and, of 

course, time. In cases where this effect is critical, a 

three-compartment cell might be used, where the contents 

of the middle chamber are periodically or continuously re¬ 

placed with fresh electrolyte. 

Finally, after giving due consideration to the other 

factors, the experimenter's time may itself be a variable. 
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How often, during the course of a conventional reaction, 

have we wished to terminate quickly in order to attend to 

other matters, but been bound by the nature of the reaction 

to await its completion? Where but in electrochemistry can 

this be done as effectively as by the simple flick of a 

switch? 

2.9. CONTROLLED POTENTIAL ELECTROLYSIS 

Up to this point we have emphasized the importance of 

the electrode potential, but we have not as yet discussed 

how to control it. The simplest, but least convenient, 

method is simply to measure it periodically by use of a 

reference electrode and suitable voltmeter, and adjust 

either cell voltage or current to bring the potential to 

the desired value. In general, increased cell voltage or 

current will make a cathode potential more cathodic (more 

negative), and conversely, an anode potential more anodic 

(more positive). However, since we can measure it and can 

predict the direction of its response, we ought to be able 

to control it automatically. 

That this can be done very simply in principle is best 

understood by referring to Fig. 2.9. 

FIG. 2.9. Controlled potential electrolysis. 
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The differential amplifier A (commonly referred to as 

an operational amplifier has the property of greatly am¬ 

plifying any difference in potential between its input 

terminals (marked + and - on the diagram) without drawing 

appreciable current. High-performance amplifiers having 
5 9 

voltage gains greater than 10 (some as high as 10 ) and 
”6 “12 

input currents less than 10 A (some less than 10 A) 

are readily available. Therefore, even very small potential 

differences, small fractions of a millivolt, will cause its 

output voltage and/or current to be driven to its maximum 

values, positive or negative depending on the sense of the 

input potential imbalance. To establish control, a feedback 

connection from its output to its negative input is required. 

From Fig. 2.9, it can be seen that this is accomplished 

through the electrolysis medium and the reference electrode 

in series with the potential control. 

To clarify the understanding of its operation, let us 

consider a particular example. Suppose it is desired to 

control the working electrode potential at -2 V with respect 

to the reference. In other words, the potential of the 

reference electrode is to be 2 V above the potential of the 

working electrode. If the potential control is set to -2 V 

(the direction opposing the potential of the reference), 

the amplifier output will increase in voltage (and current) 

until the working electrode potential reaches -2 V. If the 

electrode potential changes slightly in the positive direc¬ 

tion, the potential difference created at the input terminal 

will cause the amplifier output to increase until balance is 

restored; the converse is true if the electrode potential 

changes in the negative direction. Thus, the amplifier 

strives to maintain its input terminals in balance, a con¬ 

dition which is maintained only when the electrode potential 

is at its preset value of -2 V. 

Once these principles are clearly understood, many other 

modes of operation using operational amplifiers can be set 

up. These are useful in various electroanalytical techniques 
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to be discussed in Sec. 3.4 (polarography, linear sweep 

voltammetry, chronopotentiometry, etc.). At this point let 

us consider only those factors important in controlled 

potential electrolysis power supplies (called potentiostats). 

First of all, the anticipated current and cell voltage re¬ 

quired by the electrolysis must fall within the range of 

compliance of the amplifier. Also, the frequency response 

of the amplifier should be sufficient to follow transient 

phenomena such as might be created by turbulent stirring in 

the cells. The input current should be a fraction of a 

microamp to avoid loading the reference electrode, and the 

offset voltage between inputs should be (or be adjustable 

to) a fraction of a millivolt. Other points to consider 

are temperature coefficient of offset voltage, overload 

protection, and recovery time. The utility of operational 

amplifier techniques in electrochemistry has been reviewed 

by Schwarz and Shain (3j. 

The actual potential under control is that which exists 

between the tip of the reference electrode and the surface 

of the working electrode. This potential includes both the 

electrode potential and the iR drop between the reference 

and working electrodes. For precise electrolytic work, this 

iR drop should be made as small as possible or compensated 

for. Although electronic compensation (operational ampli¬ 

fier style) is quite feasible, the usual practice is to 

minimize it by experimental design. This can be done by 

minimizing the distance between the tip of the reference 

electrode and the working electrode--the use of a Luggin 

capillary should be considered, which can be simply an ex¬ 

tension of the normal tip of the reference electrode with 

an insulating sleeve, filled with electrolyte, and tapering 

to a fine capillary tip. Of course, the higher the conduc¬ 

tivity of the electrolyte, the less will be the effect of 

uncompensated iR drop. For uncritical cases, the iR drop 

can usually be ignored, since the direction is such that 

it makes cathodic potentials less cathodic and anodic poten- 
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tials less anodic than indicated by the set potential. Thus, 

the actual potential is always "safe," since controlled 

potential electrolyses are normally conducted at the highest 

feasible potential to obtain rapid reaction. 

The potential at which the electrolysis is to be run 

is chosen on the basis of literature values, from experience 

with previous experiments, or from results of voltammetric 

measurements. During electrolysis at controlled potential, 

both the cell voltage and current decrease with time as the 

reaction nears completion. If the reaction is 100% elec¬ 

trically efficient, the current will have decayed to essen¬ 

tially zero at the end of the reaction. For simple systems, 

either diffusion-limited or first-order kinetically, the 

current will follow an exponential decay [see Eq. (2.48)]. 

-kt 
(2.48) l l e 

o 

where i is initial current; t is time; and k is effective 
o 

rate constant. 

For a typical case, k will depend on the diffusion 

coefficient, the degree of agitation, and the kinetics of 

the electrode process, as can be seen from the previous 

discussions on diffusion and electrode kinetics. 

In any case, the total amount of coulombs passed can 

be measured either graphically from an i vs t plot, or by 

use of a coulometer (see Sec. 3.3). The electrical effi¬ 

ciency of the reaction can then be calculated (Sec. 2.1), 

or if the reaction is 100% efficient, the over-all number 

of electrons transferred, n, can be obtained. 

n 
QM 

(2.49) 
96,500 x w 

where Q is total number of coulombs; M is molecular weight 

of starting material; and W is weight in grams of starting 

material. 
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Keep in mind that n here may not necessarily be the 

same as the number of electrons transferred in the primary 

(or rate-determining) electron-transfer step. 

The advantages of controlled potential electrolysis 

are considerable, and numerous examples of its utility will 

be seen in subsequent chapters. Through its proper use, 

undesired side reactions may be eliminated, specific 

functional groups may be electrolyzed in the presence of 

other electro-active groups, or multi-step electrolyses 

may be controlled to produce an intermediate product. In 

all of these cases it may not be possible to obtain com¬ 

parable results by the use of conventional oxidants and 

reductants. Herein lies one of the greatest advantages of 

electrochemistry; controlled potential electrolysis may be 

considered a readily available "store" of a vast number 

of different oxidizing and reducing agents. 

REFERENCES 

1. H. H. Bauer, J. Electroanal. Chem., 16, 419 (1968). 

2. J. Tafel, J. Phys. Chem., 50, 641 (1905). 

3. W. M. Schwarz and I. Shain, Anal. Chem., 12, 1770 (1963). 

ADVANCED TEXTS ON ELECTROCHEMICAL THEORY 

a. J. O'M. Bockris and B. E. Conway, Modern Aspects of 
Electrochemistry, Vols. 1-6, Plenum, New York, 1954 
to present. 

b. P. Delahay and C. Tobias, Advances in Electrochemistry 
and Electrochemical Engineering, Vols. 1-6, Interscience, 
New York, 1961. 

c. J. O'M. Bockris and A. Reddy, Modern Electrochemistry, 
Vols. 1 and 2, Plenum, New York, 1970. 

d. K. J. Vetter, Electrochemical Kinetics, Academic, New 
York, 1967. 

e. H. Eyring, (ed.), Physical Chemistry: An Advanced Treatise, 
Vol. IXA, "Electrochemistry," Academic, New York, 1970. 



REFERENCES 71 

f. A. J. Bard, (ed.), Electroanalytical Chemistry, Vols. 
1-3, Dekker, New York, 1969. 

g. P. Delahay, New Instrumental Methods in Electrochemistry, 
Interscience, New York, 1954. 





3 

APPARATUS AND TECHNIQUES 

3.1. THE ELECTROLYSIS CELL. 74 

3.1.1. Cell Construction.74 

3.1.2. Cell Dividers.  81 

3.1.3. Electrode Materials and Pretreatments. . 85 

3.1.4. Reference Electrodes . 95 

3.2. SOLVENT AND ELECTROLYTES.99 

3.2.1. Solvents . 100 

3.2.2. Electrolytes . Ill 

3.3. MEASUREMENT DEVICES.  113 

3.3.1. Current and Voltage Meters . 114 

3.3.2. Coulometers. . ..117 

3.3.3. Conductivity . . 122 

3.3.4. Recording Devices.  124 

3.3.5. Commercial Sources (Representative). . . 125 

3.4. VOLTAMMETRY.127 

3.4.1. Polarography . 129 

3.4.2. Linear Sweep Voltammetry . 137 

3.4.3. Rotating Disk Voltammetry. ..  143 

3.5. RECOMMENDED EQUIPMENT AND PROCEDURES FOR 

ELECTROORGANIC CHEMISTRY . 147 

3.5.1. Equipment.147 

3.5.2. Generalized Procedures . . . 149 

3.6. SCALE-UP.149 

3.6.1. Special Considerations . 151 

3.6.2. Work-up.  154 

3.6.3. Examples . 155 

3.6.4. Economics.160 

3.6.5. Future Prospects . 162 

REFERENCES.162 

73 



74 APPARATUS AND TECHNIQUES 

3.1. THE ELECTROLYSIS CELL 

3.1.1. CELL CONSTRUCTION 

The design of an electrolysis cell, operating within 

the constraints mentioned earlier, can be extremely simple 

or quite complex, depending on the requirements of the 

actual system under investigation. Although quite a few 

cell designs can be constructed from ordinary glassware, 

the experimenter must use quite a bit of ingenuity, since 

completed cells suitable for organic electrolysis are 

rarely available commercially. 

Perhaps the simplest type is the undivided cell using 

a glass beaker as the main element. With solid electrodes, 

the anode and cathode may be simply draped over opposite 

sides of the beaker as illustrated in Fig. 3.1. Electri¬ 

cal connections can be conveniently made with alligator 

clips, using care not to allow electrolyte to touch them. 

A magnetic stirrer can be used for agitation. 

CATHODE 
+ 

ANODE POWER 
SUPPLY 

STIRRING BAR 

MAGNETIC STIRRER / HOT PLATE 

FIG. 3.1. Beaker cell. 
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Additional improvements could be made by utilizing a 

jacketed beaker for cooling the cell (or a hot plate to 

raise the temperature), a thermometer, and a reference 

electrode. More efficient use of the working electrode 

area could be attained by placing it in a central location, 

flanked by two auxiliary electrodes with common electrical 

connections (see Fig. 3.2). 

WORKING AUXILIARY 

ELECTRODE ELECTRODES 

FIG. 3.2. Beaker cell with central working electrode. 

A somewhat more favorable arrangement would be the use of 

cylindrical electrodes. 

The beaker cell can be utilized as a divided cell by 

surrounding the appropriate electrode with a suitable di¬ 

vider material, such as a porous ceramic cup or a cellophane 

membrane. 

The use of a mercury pool electrode is also convenient 

in a beaker cell. In this case, the magnetic stirrer will 

float on the surface and provides efficient stirring of 

the interface. Electrical connection to the pool may be 

accomplished either by sealing a platinum wire into the 



76 APPARATUS AND TECHNIQUES 

bottom of the beaker, or by inserting an insulated platinum 

wire below the surface of the pool. 

Several other "glassware” electrolysis cells have been 

described by Allen (3J , and of particular interest are the 

resin kettle cell (see Fig. 3.3) and the cell constructed 

of Pyrex process pipe (see Fig. 3.4). These have the ad¬ 

vantage of being constructed from readily available mater¬ 

ials, and have the capacity to handle moderate (100-500 g) 

amounts of materials. They can be disassembled readily for 

cleaning and have sufficient flexibility to be used for 

most organic electrolyses. 

For microscale (<1 g) amounts, the divided polarographic 

H-cell is useful (see Fig. 3.5), and is readily available 

from commercial sources—Sargent, Beckman, etc. It usually 

has provision for a mercury pool electrode (platinum insert) 

and the electrolyte can be conveniently stirred by bubbling 

nitrogen through the side-arm provided for that purpose. 

Condenser 

FIG. 3.3. Resin kettle cell. 
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Reference 

Electrode 

CALOMEL 

FIG. 3.5. H-cell. 

The authors have used larger H-cells, made by a commercial 

glass blower, with stopcocks to provide convenient draining 

of the electrolyte solutions. Where a relatively volatile 

product is formed, it may be easily recovered in a cell of 

this type by providing a stopper with a glass tube leading 

to a condenser and receiver. 
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For specific electrolyses, it may be convenient to 

purchase, or have made, beakers constructed of the electrode 

material. These are available in stainless steel, glassy 

carbon, graphite, and platinum (usually small). 

Although the above cells have the advantage of being 

conveniently constructed of readily available parts, their 

disadvantages are such that they should be used only in 

relatively simple, cases where careful control of variables 

is not essential. Basically, they have low surface-to- 

volume ratios (long electrolysis times result), their elec¬ 

trode geometry is difficult to maintain accurately, and 

their heat transfer is slow—all of which militate against 

their use in critical electrolyses, where potential control 

must be tight, or where relatively unstable materials are 

formed. Also, the design offers little possibility for 

scale-up to, let's say, kilogram amounts of materials. 

A novel cell design which avoids the above disadvant¬ 

ages while retaining most of the conveniences has been used 

FIG. 3.6. Sketch of basic sandwich cell. 
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by the authors in a wide variety of electrolyses. For 

reasons which become apparent below, we choose to call 

this the "sandwich cell" (see Fig. 3.6). 

The basic construction, shown in Fig. 3.6 is comprised 

of back-up plates of steel, precut anode and cathode, and 

insulating cell spacer. The back-up plates have central 

threaded holes to provide a means for electrical connections. 

The entire assembly, with gaskets (not shown) between elec¬ 

trode and spacer, is bolted together with insulating (nylon) 

bolts and nuts. The central cell spacer has ports for elec¬ 

trolyte inlet and outlet, reference electrode, and thermo¬ 

meter or thermocouple well. If the spacer is ^5/8 in. thick, 

standard NPT (national pipe threads) fittings can be used, 

which are available in polypropylene, nylon, and Teflon 

(most labware suppliers). In addition to NPT connector 

fittings, unions, tees, elbows, and step-up or step-down 

adaptors are also available. Glass or hard-walled plastic 

tubing (% in. o.d.) of Teflon or polypropylene should be 

used, although inserts are available to permit the use of 

flexible tubing in the fittings. 

In a particular electrolysis using an aqueous electro¬ 

lyte and where an undivided cell was sufficient, the system 

(see Fig. 3.7) was constructed around the basic sandwich 

cell. 

The elements within the system shown in Fig. 3.7 were: 

(1) Undivided sandwich cell with thermocouple; (2) Reference 

electrode with tip bent to allow positioning at anode or ca¬ 

thode by rotation; (3) Circulation pump, peristaltic type; 

(4) Heat exchanger made of glass condenser; (5) Gas-liquid 

separator with overflow port and gas outlet; (6) Bypass fil¬ 

ter assembly with glass wool filter; and (7) Charge tank, 

feed pump, and flowmeter. 

The critical dimensions were: (1) effective electrode 
2 

area, 25 cm ; (2) effective electrode diameter, 5.7 cm; 

(3) spacer thickness, 1.6 cm; and (4) total hold-up volume 

of entire system, 100 ml. 
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FIG. 3.7. Electrolysis assembly. 

This particular system, with feed pump and overflow, 

was designed to operate continuously at constant current 

and temperature. In the continuous mode, the cell is a 

differential reactor (discussed in more detail in Sec. 3.6 

of this chapter concerning scale-up) where conversion per 

pass is controlled by feed rate and total current. 

The concept of the sandwich cell has been extended by 

the authors to encompass several other operating modes. 

Divided cell operation is conducted by providing two spacers 

between which is inserted an appropriate membrane material 

(gasket may be necessary). The circulation and heat exchang¬ 

ing system must, of course, be duplicated (two chambers). 

For electrolyses involving a gaseous starting material, a 

porous electrode material was used so that the gas could be 

passed from the back through the back-up plate. Internal 

pressures up to a few atmospheres should be attainable with 

reasonable care. 
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Although somewhat more elaborate than would usually be 

required by a casual user of electroorganic reactions, the 

sandwich cell offers the following advantages which are im¬ 

portant to the serious researcher: 

1. High surface-to-volume ratio (improves with 

scale-up). 

2. Well-defined electrode geometry. 

3. Continuous operation is feasible. 

4. Can be scaled-up to much larger dimensions. 

5. Adaptable to either divided or undivided operation. 

6. Can easily operate in inert atmosphere. 

7. Offers provision for efficient heat removal. 

8. Complete flexibility for many different systems. 

9. Elements can be made with standard machine shop 

tools—drill press, lathe, etc. 

10. Fittings are available commercially in variety of 

types. 

It is also conceivable that several elements, defining 

multiple chambers and manifold inlets and outlets, could be 

stacked together in an arrangement which might be termed 

the "club sandwich cell." 

The reader should be aware that cell designs are 

practically as numerous as there are authors in electro- 

organic chemistry, and that consultation with original 

articles in the literature will lead to many practical 

examples. The experimenter is urged to use his own in¬ 

genuity in designing his own cells or in modifying existing 

designs. 

3.1.2. CELL DIVIDERS 

Most electroorganic reactions, for reasons previously 

discussed, require the use of separate chambers for anolyte 

and catholyte. As such, a suitable barrier material, called 
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the cell divider, must be selected according to the follow¬ 

ing requirements: 

1. It must be permeable to ions, preferably impermeable 

to other species. 

2. It must be stable to the electrolytic medium at the 

temperature of the electrolysis. 

3. It must be continuous (i.e., pinhole free) and me¬ 

chanically strong enough to withstand any pressure differ¬ 

ences encountered. 

The most frequently used cell dividers are made of re¬ 

fractory materials, such as unglazed ceramics or fritted glass 

of various porosities. The ceramic type is commercially 

available in the forms of thimbles, to be used mainly with 

cylindrical electrodes. Also available are porous ceramic 

and fritted glass disks and sheets, which can be incorpora¬ 

ted into appropriate cells with planar electrodes. These 

materials are convenient to use because their rigidity per¬ 

mits relatively easy placement within the cell. They are 

exceptionally inert to most electrolytic conditions and may 

be rigorously cleaned with oxidizing acids and by flaming. 

The manufacturers of porous refractory materials for use as 

dividers include Coors Ceramics and Corning Glass Company. 

The ceramic and fritted glass types have excellent 

chemical resistance, but unfortunately they have little if 

any selectivity with respect to diffusion, i.e., solvent, 

starting material, products, and electrolyte can diffuse 

through equally well. Where this is critically to be 

avoided, the use of fine porosities should be considered, 

at the expense of higher iR drop. If the resistance is too 

high, passage of moderate current densities (^2-10 A/dm ) 

can lead to such high local temperatures as to cause the 

solvent to boil within the pores of the divider. Conducting 

the reaction at constant current can then cause a runaway 

condition, and the cell voltage will rise to its maximum 

value. 
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Another peculiarity of operation with ceramic dividers 

is a phenomenon which the authors have observed many times 

but have been unable to find suitable documentation for in 

the literature. This occurs when high current densities 

(greater than v5 A/dm ) are employed. Initially, the levels 

of electrolyte are made equal in the two chambers, but during 

the electrolysis, the level of one compartment rises at the 

expense of the other. A likely explanation is the unequal 

transport of solvent caused by the migration of the solvated 

ions through the cell divider. In general, the degree of 

solvation of anions and cations will not be equal, and the 

mobility of these ions will also be different. The process 

would continue until the hydrostatic pressure causes suffi¬ 

cient back transport of solvent to maintain the system at 

equilibrium. (Another possible explanation, when the catho- 

lyte and anolyte are different, is that the unequal trans¬ 

port is caused by osmotic pressure differences.) The effect 

cannot solely be due to osmotic pressure, since the phenome¬ 

non occurs even when the same concentrations of solvent and 

electrolyte are employed. In any case, one should avoid the 

use of appreciably different solvents in divided cell work, 

particularly if one of them interferes with the main process. 

Another material which is commonly used in cell dividers 

is cellulose acetate or "cellophane." This material has been 

used extensively in dialysis and in osmometry. It has the 

advantages of being readily available and inexpensive enough 

to be discarded after each use. It can be obtained as 

sausage casing material in a wide variety of tubular sizes, 

which can be used as such (one end closed) to surround the 

electrode, or can be cut up to be used in sheet form. In 

the "sandwich-type" cell it should be supported between 

relatively rigid but open screens (of insulating material). 

When completely dry, cellophane is brittle and fragile. As 

supplied, it is plasticized with glycerin, which should be 

removed by soaking in distilled water overnight. For best 

results in organic media, cellophane should be "conditioned" 
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by successively soaking in a series of solvents, beginning 

with water and then with mixed solvents, ending with the 

pure solvent to be employed. Such precautions are unessen¬ 

tial for most work, however, and the authors have success¬ 

fully used cellophane directly, without conditioning, in 

many cases. 

Cellophane membranes offer excellent barrier properties 

toward typical organic depolarizers and little resistance 

to the passage of current. It is excellent for use in 

aqueous media, particularly when neutral or acidic. In 

basic media, and at elevated temperatures, the membrane 

will deteriorate. Its suitability for use in organic media 

should be ascertained experimentally. 

Another type of material which has found utility as 

membranes for use in electrolytic work is the ion-exchange 

type. These have the unique property of allowing passage 

of only one type of ion, either cations or anions, depend¬ 

ing on the type of material. The cation exchange resins 

are commonly sulfonated polystyrenes, such that the anionic 

part (sulfonate anion attached to polystyrene) is immobile 

and therefore only cations can readily exchange and be trans¬ 

ported. The reverse is true for anion exchange materials, 

which are usually made by attaching quaternary ammonium 

groups to the polymer backbone. These materials should 

find extensive use in organic electrolyses, particularly 

when excessive pH gradients between compartments are to be 

avoided. Thus, if acid (hydronium ion) is formed at the 

anode, the use of a cation-exchange membrane will efficiently 

transport the excess to the cathode chamber under the driving 

force of the electric current. The anion-exchange materials 

could be used in the analogous situation where hydroxide ion 

is formed in the cathode chamber. 

The reader should be aware that the "ideal" membrane 

material has not been found as yet, and the choice of a 

suitable one will depend on the particular situation, usually 

involving a compromise between high conductivity and chemical 
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resistance on the one hand, and barrier properties on the 

other. Also, one should consider the possibility of using 

nondivided cells, once the reaction products and their pos¬ 

sible side reactions are considered. 

3.1.3. ELECTRODE MATERIALS AND PRETREATMENTS 

The nature of the electrode used for electrolysis is 

certainly a key variable. To the extent that adsorption 

and double-layer effects may play a role in a given system, 

the electrode may have a profound influence on the system, 

and could, in fact, change the entire nature of the product. 

Choice of a suitable electrode will be restricted by its 

stability under electrolysis conditions. The useful poten¬ 

tial range for a particular electrode depends on the elec¬ 

trode and on the medium. In aqueous media, the reduction 

of water to hydrogen usually sets the cathodic limit. 

However, the kinetics of the reduction of water (more ex¬ 

actly, hydronium ion) are very sensitive to the nature of 

the electrode, and the term "hydrogen overvoltage" is used 

as a measure of the difference between the reversible hydro¬ 

gen potential and the potential at which hydrogen evolution 

proceeds at a given rate. Conversely, the "oxygen overvolt¬ 

age" of a metal refers to its ability to oxidize water to 

oxygen. Table 3.1 gives an indication of the range of this 

effect. 

In aqueous media, the choice of cathodes can be used 

to set the cathodic limit for a reaction. Thus, the use 

of low overvoltage cathodes, such as nickel or platinum, 

for reduction of nitro compounds (see Sec. 4.2) leads to 

intermediate products, whereas high overvoltage metals, 

such as lead or mercury, yield aniline. In nonaqueous media 

the cathodic potential limit may be set by the electrolyte 

or solvent. Although there is no a priori reason to expect 

a correlation between aqueous and nonaqueous media, it would 

be good practice to select both a high and low "hydrogen 
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TABLE 3.1 

Hydrogen and Oxygen Overvoltage for Various Metals3 

H2 overvoltage C>2 overvoltage 

(1 N H?S04) (1 N KOH) 

Palladium 0.00 0.43 

Gold 0.02 0.53 

Iron 0. 08 0.25 

Smooth platinum 0.09 0.45 

Silver 0.15 0.41 

Nickel 0.21 0.06 

Copper 0.23 — 

Cadmium 0.48 0.43 

Tin 0.53 — 

Lead 0.64 0.31 

Zinc 0.70 — 

Mercury 0.78 — 

aAdapted from M. J. Allen, Organic Electrode Processes, 
Rheinhold, New York, 1958. 

overvoltage" metal for use as cathodes in nonaqueous media; 

differences in product identity or distribution are the key 

features to look for. Most metals will be potential candi¬ 

dates for use as cathodes since they have no tendency to be 

reduced themselves. Cathodic limits are usually set by re¬ 

duction of the solvent or supporting electrolyte. 

The same considerations also apply to the selection 

of anode materials, except that the number of choices is 

much more restricted. Most metals themselves are easily 

oxidized, and only the noble metals, such as platinum and 

gold, can be said to be generally useful as anodes. Carbon 

and graphite have also been used extensively as anodes. 

Mercury 

By far the most widely used cathode material has been 

mercury, and for good reasons. The use of a liquid as the 
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electrode has the advantage of uniformity and smoothness 

of the surface. The electrode/solution interface can be 

effectively agitated and many simple cells are suitable for 

use with mercury cathodes. The metal itself has an extremely 

high hydrogen overvoltage, which makes it invaluable for use 

in polarography (see Sec. 3.4). A great deal of voltammetric 

data for reduction of organic compounds is available in the 

polarographic literature. 

If other electrode configurations are desired, mercury 

can be used to wet, or amalgamate, the surface of many metals, 

such as lead, nickel, gold, silver, and platinum. The sur¬ 

face can be easily renewed after each use. In this particu¬ 

lar case, the wetting with mercury may involve the dissolu¬ 

tion of the base metal, so that it may be more appropriate 

to consider it as an alloy electrode. 

Mercury has little use in anodic work since it oxidizes 

readily, particularly in the presence of halide ion or other 

ions which tend to complex with mercury. 

It should be pointed out that mercury is extremely toxic 

and cumulative in the body, so that appropriate precautions 

should be taken to avoid spillage and to clean up completely 

in case spillage does occur. 

Platinum 

Because of its inertness to most chemical environments, 

platinum has been employed extensively as anode material 

for electroorganic reactions. However, it is not as "inert" 

as most might think. At strongly anodic potentials or with 

strong oxidizing agents, there is a tendency to form a 

platinum oxide film, which frequently is observable on 

voltammetric curves. On the other hand, at cathodic po¬ 

tentials or with strong reducing agents, hydrogen will be 

adsorbed on the surface. Many examples of electrolytic 

hydrogenation can be found in the literature, and these 

probably are similar, if not exactly analogous, to cata¬ 

lytic hydrogenation, with hydrogen being generated electro- 
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lytically from water. In neither case do these effects 

prevent the use of platinum for electrolysis except that 

they should be taken into account when considering mecha¬ 

nisms or when examining results of voltammetry. 

The relatively high cost of platinum (^$140/oz) deters 

the use of the bulk metal in large-scale applications, but 

this is often obviated by "platinization" (deposition of 

finely divided platinum) on a base metal. When formed 

properly, the platinized electrode has an extremely high 

surface area and is sufficiently rugged to withstand moderate 

handling. In fact, bright platinum itself is often subjected 

to platinization to increase its surface area and catalytic 

activity. 

Directions for Platinization* 

A platinum electrode is platinized, i.e., covered with 

a thin layer of very finely divided metallic platinum, by 

the following procedure. A platinizing solution is prepared 

by dissolving 1 g of platinum in aqua regia, evaporating to 

near dryness, adding about 25 ml of concentrated hydrochloric 

acid and repeating the evaporation (to remove nitrate), and 

finally diluting to 100 ml with water. A trace (0.1 mg) of 

lead acetate added to the platinizing solution increases the 

rate at which the platinum black will be deposited. The 

thoroughly cleaned electrode to be platinized is now immersed 

in this solution and connected to the negative terminal of 

a 3-V dc power supply; a piece of scrap platinum wire at¬ 

tached to the positive terminal is used as the anode. The 

current is allowed to flow for about 10 sec; then the elec¬ 

trode is removed from the solution and examined. If neces¬ 

sary, the electrolysis is allowed to continue until enough 

platinum has been deposited to produce a dull grayish sur¬ 

face. Too thick a coat is harmful rather than beneficial. 

*From L. Meites and H. C. Thomas, Advanced Analytical 
Chemistry, McGraw-Hill, New York, 1958, p. 76. 
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The platinized electrode should then be used to elec¬ 

trolyze a dilute solution of sulfuric acid, being made 

alternately the cathode and the anode at intervals of 15 

sec or so for several minutes. Again a piece of scrap 

platinum wire is used as the other electrode. This treat¬ 

ment removes traces of chloroplatinate, chlorine, etc., 

which may have been occluded in the platinum black. 

Once platinized an electrode should always be stored 

in distilled water or in dilute sulfuric acid. The cata¬ 

lytic activity of the coating of "platinum black" disappears 

rapidly if the electrode is allowed to dry out. 

Pretreatment 

It is to be understood that there is no "optimum" pre¬ 

treatment procedure for platinum (2J, and that the major 

impetus for applying a pretreatment is that by duplicating 

conditions each time, more reproducible results will be ob¬ 

tained. 

The platinum electrode is stored in 10 M nitric acid. 

Prior to use, it is washed thoroughly with distilled water, 

then short-circuited against a calomel electrode in the 

de-aerated solution for five minutes. 

Carbon and Graphite 

Both carbon and graphite have been used extensively 

as anodes because of their relative resistance to oxidation. 

Both are readily available in a variety of forms. Carbon 

electrodes of high purity are sold in cylindrical shape for 

use as the arc source in spectroscopy. These have found 

utility in electrolysis as well as in voltammetry, where 

the sides are coated with insulating wax (3j. Even pencil 

leads have been used (£) . 

In aqueous media, carbon anodes are slowly oxidized 

to carbon dioxide, and it is to be expected that the elec¬ 

trode surface is itself in an oxidized state, probably com¬ 

prising carbonyl and carboxylic acid groups (5^) . These 
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should be kept in mind when considering the adsorption of 

organics onto the anode surface. A possible example is in 

the Kolbe electrolysis, where different products are ob¬ 

served for carbon vs platinum anodes (see Sec 5.1). 

Both carbon and graphite are porous to some extent, 

which may be an advantage if high surface area is desired, 

but porosity may also cause problems due to clogging with 

insoluble residues. This may be avoided, if desired, by 

impregnation with molten wax while in vacuo (6) followed 

by careful machining or sanding to expose a fresh surface. 

Carbon paste electrodes have been described in detail 

by Adams (7) . Basically, these are made by mixing graphite 

powder and mineral oil in about 2:1 ratio until it has the 

"consistency about like that of peanut butter." The elec¬ 

trode may be used by packing into a shallow insulating cup, 

followed by smoothing the top surface. 

Carbon anodes have long been used in the production of 

chlorine by electrolysis of brine, but these are being sup¬ 

planted by platinized titanium, which has a much longer 

useful lifetime. 

Lead and Lead Dioxide 

Lead is a very convenient metal to be used in electro¬ 

lytic work since it is so easily cut and shaped into the 

desired form. It is available in sheets, bars, and as lead 

shot. It is very useful in cathodic work in aqueous solu¬ 

tion because of its high hydrogen overvoltage. Lead, per 

se, is not particularly suited for anodic oxidation since 

it is itself easily oxidized (E° = -0.126 V vs H2 electrode) 

Lead dioxide, on the other hand, is extremely useful as an 

anode material. It is easily formed as a coating on lead or 

other base metals and is a good electronic conductor, better 

in fact, than lead itself. It is highly stable under anodic 

conditions, and is, in its own right, a powerful oxidant 

(E° = +1.45 V in acid media; +0.247 V in basic media). The 

latter fact makes it difficult to determine its role in 
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electrolytic oxidation, since an alternative explanation to 

electron transfer from the organic molecule is direct chemi¬ 

cal oxidation followed by electrolytic regeneration of lead 

dioxide. 

PbC>2 + organic -> product + Pb11 

pbII electrolytic> 

oxidation ^ 

Whatever mechanism applies, however, does little to detract 

from the utility of PbC>2 in electrolytic oxidation, since 

PbC^ is itself produced electrolytically and is, in fact, 

more active when generated, in situ, on the electrode sur¬ 

face . 

Lead and lead dioxide form the basis of the most uni¬ 

versally used storage battery, as follows: 

■ 9_ 

Pb02 + 2e + 4H + S04 = PbSC>4 + 2H20 E° = +1.4558 V 

Pb + S04“ = PbS04 + 2e E° = -0.3588 V 

The reactions proceed in the direction indicated for dis¬ 

charge and in the reverse direction during charging. Thus, 

initially (fully charged) the electrodes are lead and lead 

dioxide, and finally (fully discharged) both electrodes are 

lead sulfate. A conventional storage battery makes a con¬ 

venient electrolysis cell for moderate scale work, although 

not particularly suited for use as a divided cell. For 

undivided cell usage, the top is cut away and the separators 

(used as a mechanical barrier only to prevent shorting) may 

be removed. A drain at the bottom of each cell will facili¬ 

tate product removal and cleaning. The storage battery con¬ 

sists of several cells in series, so that on filling it is 

necessary to avoid bridging the compartments. When used 

in this way, high current (100 A) operation is possible. 
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Lead is also very easily alloyed with many other metals. 

For this purpose, the authors have found it convenient simply 

to melt together the appropriate elements in a glass crys¬ 

tallizing dish. On cooling, the glass is broken off and a 

neat circular electrode is obtained. A small amount (3-6%) 

of antimony alloyed with lead makes it much stronger. Mer¬ 

cury amalgamates readily with lead, and in this form takes 

on some of the characteristics of mercury but has the con¬ 

venience of a solid. For use in anodic systems, a small 

amount of silver (^1-2%) has a dramatic effect in improving 

the stability of the surface PbC^ toward flaking away. 

Alloys, in general, should not be used indiscriminately 

since they can, of course, alter the electrochemical reac¬ 

tions . 

Formation of PbC^ on Lead 

The lead is first scoured to expose fresh metal; it 

is then made the anode in a cell whose electrolyte is 30% 

aqueous sulfuric acid. Any convenient cathode may be used. 
2 

A current density of about 1 A/dm is passed until oxygen 

evolution is plainly visible and the lead has acquired the 

characteristic black deposit of PbC>2. Greater surface area 

can be obtained by periodic cathodization and reanodization 

The electrode should be removed while current is still flow¬ 

ing to avoid loss by reductive processes. The electrode is 

washed with distilled water and used as soon as possible. 

It is preferable and convenient to rescour and reanodize 

the lead electrode prior to each use. 

Formation of PbC^ on Base Metals 

PbC^ can be conveniently deposited onto nickel, 

tantalum, platinum, carbon, or graphite (8Q. Most other 

metals are unsuitable because of their inherently easy 

oxidation. The plating solution contains 300 g/liter lead 

nitrate, 3 g/liter copper nitrate, and 1 g/liter of a non- 
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ionic surfactant. The copper nitrate suppresses lead depo¬ 

sition on the cathode, which may be any convenient metal. 

The surfactant ensures the formation of a smooth, hard de¬ 

posit. The base metal is cleaned, before deposition, by 

scouring with sandpaper and washing with distilled water. 

A current density of 3 A/din and a temperature of 7 0°C are 

used. The amount deposited can be calculated, assuming 

about 85% electrical efficiency. 

The PbC^ formed in the above two examples is presum¬ 

ably in the 8-form. Another type, a-PbC^, is formed in 

alkaline media. A suitable deposit of this form may be ob¬ 

tained by anodizing with a solution of 1.5 M NH.OH, 6.5 M 
4 — 2 

ammonium oxalate, and saturated lead oxalate, at 0.3 A/dm 

for 60 min (9.) . 

It should be pointed out that lead is highly toxic to 

the human body, and suitable care should be taken in its 

use and disposal. 

Nickel 

Nickel is a useful cathode material, being relatively 

inert in acidic media and having a moderately high hydrogen 

overvoltage. It may be bright plated onto most metal sub¬ 

strates, and is hard and abrasion resistant. It may be use¬ 

ful as an anode material only in alkaline media (formation 

of NiC^). It is available in sheets, rods, and powder, in 

addition to a porous form (used in fuel cells), obtainable 

from the Clevite Corporation. 

Nickel Plating (10) 

The plating bath consists of 400 g/liter nickel sulfate, 

50 g/liter nickel chloride, 35 g/liter boric acid, and 0.5 

g/liter wetting agent, such as sodium lauryl sulfate. The 

plating is conducted at the cathode of an electrolytic cell 

operating at 7 A/dm^ and 50°C. As before, the base substrate 

(any convenient metal) is thoroughly cleaned (and polished, 

if a mirrorlike finish is desired) and washed prior to use. 
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Other Materials 

In principle, the number of possible materials suitable 

for use in electrolysis is enormous when alloys are also 

included. The choice is dictated and restricted by the 

nature of the medium and the accessible potential range, 

as mentioned above. Potential cathodes are, of course, 

much more numerous than anodes. Pretreatments, at least by 

mechanical cleaning, are highly desirable to ensure repro¬ 

ducibility. The following representative list of materials 

have been useful in electrolytic work, in addition to the 

ones described above. 

Cathodes 

Aluminum 

Monel metal 

Copper 

Zinc 

Steel 

Silver 

Chromium 

Anodes 

Manganese (Mn02 in alkaline solution) 

Silver (AgO in alkaline solution) 

Iron (in alkaline solution) 

Boron carbide 

Gold 

Tungsten hemipentoxide 

It is hoped that the potential investigator in organic 

electrolysis will keep in mind the importance of considering 

the electrode material as a key variable. Although the 

effect is difficult to predict, the nature of the electrode 

can lead to unique results in product or yield. The 

tendency in recent years to utilize only mercury or plati¬ 

num as electrode materials should be avoided if novel and 

useful electrode reactions are to be discovered. 
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3.1.4. REFERENCE ELECTRODES 

Since we have emphasized the importance of measuring 

and controlling the electrode potential as a key variable 

in electrolytic systems, we will now turn our attention to 

an essential element in accomplishing that task, namely the 

reference electrode. The need for a suitable reference 

electrode was discussed previously (Sec. 2.8.3). To be 

suitable, a reference electrode should satisfy all of the 

following requirements: 

1. Its potential should remain constant with time. 

2. Small currents passed through it should have 

little effect on its potential, and the potential should 

return to its initial value on removal of polarization. 

3. It should obey the Nernst equation with respect 

to the appropriate species. 

The universally accepted standard for electrolytic 

potential measurement is the normal hydrogen electrode 

(NHE), which consists of a platinized platinum electrode 

in contact with an electrolyte of hydrogen ions (at unit 

activity) and in equilibrium with hydrogen gas at one at¬ 

mosphere. A potential of zero volts at all temperatures 

has been assigned to this electrode. However, its physical 

form and general commercial unavailability have made it 

necessary for most electrolytic workers to adopt several 

secondary standards for use in aqueous and nonaqueous media. 

3.1.4.1. Calomel Electrode 

The most popular reference electrode for general aqueous 

work has been the saturated calomel electrode (SCE). The 

primary cell reaction may be written as follows: 

Hg2 C12(S) + 2e = 2H<? + 2C1_ (3.1) 

Thus, a mercury electrode in contact with solid Hg2Cl2 

(calomel) is used, the solution being kept saturated with 
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excess KCl. The excess KC1 maintains saturation even if a 

small amount of evaporation occurs, or if the temperature 

changes slightly. Thus, the composition is very well de¬ 

fined at all times. At 25°, the SCE has a potential of 

+0.2412 V with respect to NHE. Its temperature coefficient 

is approximately -0.75 millivolts/degree. 

In organic media, the use of the aqueous calomel elec¬ 

trode, as well as most others, creates two problems of which 

the reader ought to be aware. Both are related to the 

creation of an ill-defined liquid junction between the or¬ 

ganic medium of the electrolysis cell and the aqueous medium 

of the reference electrode. A liquid junction potential 

thereby arises, as between any two dissimilar conducting 

phases, whose magnitude depends on the two phases involved, 

and to some extent, the manner in which the junction is 

formed. However, for most purposes, the effect of the li¬ 

quid junction potential, as long as it can be held constant, 

is simply to shift the potential scale by a small (but un¬ 

known) amount. Attempts to ascertain the magnitude of this 

effect, both experimentally and theoretically, have led to 

the conclusion (though not without controversy) that a shift 

of 30-40 mV is likely (]UL) . A shift of this magnitude is 

consistent with the fact that reproducible measurements 

within a few millivolts are readily attainable with this 

type of reference. In any case, as long as measurements 

are made within the same media, it is perfectly justifiable 

to compare results and make conclusions based on differences 

in potential for various species. 

The second, and potentially more troublesome, effect 

can arise due to leakage of some of the aqueous solution of 

the reference electrode into the electrolysis compartment. 

Possibly undesired water and electrolyte are thereby 

introduced. By judicious arrangement of apparatus, a system 

can be constructed which insures flow in the other direction 

(12). In this case, however, a plug of solid KCl usually 
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forms within the tip of the reference and can significantly 

increase its effective resistance. 

A less troublesome but somewhat less convenient solu¬ 

tion to these problems is the utilization of a nonaqueous 

reference electrode, in which the solvent, and hopefully 

the electrolyte, is common to both the reference and the 

electrolysis cell. Since organic reference electrodes are 

not available commercially, they must either be made sepa¬ 

rately or, more conveniently, by replacing the aqueous 

medium. The effects of this procedure has been reported 

for calomel in DMF (13^) , calomel in methanol (14) , and for 

the case where KC1 is replaced by tetraethylammonium chlo¬ 

ride (15^) . The latter has been used extensively and is 

recommended by the authors. 

3.1.4.2. Silver-Silver Chloride 

Another reference electrode system which has found 

considerable use is the silver-silver chloride couple: 

AgCl + e = Ag + Cl” (3.2) 

In aqueous solution, saturated with respect to KC1, the po¬ 

tential of this electrode is +0.197 V vs NHE. The silver- 

silver chloride reference electrode is available commercially 

in a variety of sizes (Beckman, Leeds and Northrup, etc.) 

Although the reversibility of the Ag/Ag+ couple is 

quite high in non-aqueous solution, the silver-silver chlo¬ 

ride reference is not recommended in general because of the 

formation of soluble silver halide complexes, i.e., 

AgCl + Cl” = AgCl” (3.3) 

The equilibrium constants for the above reaction in many 

different organic media have been reported by Alexander et 

al. (16). 
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For further examples of the use and limitation of 

reference electrodes in nonaqueous media, the reader is 

referred to the excellent review article by Butler (17). 

3.1.4.3. Experimental Technique 

In use, the reference electrode, or more properly, its 

tip, is placed as close as possible to the electrode whose 

potential is to be measured. Under conditions where large 

currents flow between the electrodes of the electrolysis 

cell or where the conductivity of the electrolyte is low, 

the iR drop between the tip of the reference and the work¬ 

ing electrode may be considerable. In controlled potential 

electrolysis, this is often of little significance, since, 

for preparative purposes, it is usually sufficient to en¬ 

sure that the potential not exceed a certain value. The 

iR drop error in the measured potential is always in the 

direction such that the actual potential is lower (less 

cathodic for reductions, less anodic for oxidations). 

The measurement itself, as noted earlier, should be 

made under conditions where little or no current flows 

within the reference electrode. Not only could this cause 

an additional iR drop error, but it could also polarize the 

reference electrode so that its potential would not be the 

reversible one. In practice, this effect is easily avoided 

by use of a potentiometric measuring device or by use of a 

high-impedance (>10^5^) voltmeter, such as a vacuum-tube 

voltmeter or most digital voltmeters (more details on measur¬ 

ing devices are found in Sec. 3.3.1). 

If it is desirable that the measured potential agree 

in sign with the European convention, the common (or nega¬ 

tive) lead of the measuring device is attached to the 

reference electrode and the other lead to the working elec¬ 

trode. In this way, more cathodic potentials will measure 

in the negative direction and more anodic potentials in the 

positive direction. This, however, can only be done with 

impunity if the measuring device has a "floating" input, 
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i.e., neither lead common to the working electrode. In 

cases where the measuring device is "grounded" to the work¬ 

ing electrode, the measurement is made by attaching the 

"hot" lead to the reference electrode; the sign of the 

measured potential must then be reversed. 

In critical cases, where it is necessary to measure 

the electrode potential accurately or where tight control 

is required in controlled potential work, the tip of most 

commercially available reference electrodes cannot be posi¬ 

tioned close enough to the working electrode to ensure 

negligible iR drop. For example, in an electrolysis where 

10 V iR drop occurs between working and auxiliary electrode 

spaced 10 cm apart with the tip of the reference just 1 mm 

from the surface of the working electrode, the measured 

potential will be 100 mV in error. The situation may be 

considerably improved by use of a Luggin capillary, which 

is simply a glass tube, drawn to a slender and fine tip, 

filled with electrolyte, and attached with an insulating 

sleeve to the tip of the reference electrode. 

The reference electrode can also be used to measure 

iR drops within the cell. For example, the total iR drop 

across the cell is easily measured by measuring the working 

electrode potential in the normal way, and then measuring 

the potential when the reference electrode is positioned 

close to the auxiliary electrode (without changing leads). 

The magnitude of the difference between these readings is 

the iR drop across the cell. In a similar fashion, the 

iR drop across the cell divider can also be measured—a 

sure way of spotting a clogged divider (high voltage drop) 

or a broken divider (low iR drop). 

3.2. SOLVENT AND ELECTROLYTE 

The solvent and electrolyte perform important functions 

in electrolytic work, and should be selected only after con¬ 

sidering several factors. The general considerations to be 



100 APPARATUS AND TECHNIQUES 

applied to the selection of solvent and electrolyte may be 

summarized as follows: 

1. Stability toward electrolysis conditions (range 

of accessible potentials). 

2. Solubility of starting material. 

3. Conductivity. 

4. Reactivity toward products or intermediates. 

5. Ease of purification and separation. 

6. Adsorption. 

7. Toxicity and ease of handling. 

In some cases the solvent or electrolyte itself can 

be chosen purposely to participate in the reaction, for 

example, in the case of anodic substitution (Sec. 5.2) and 

in the dimerization of acrylonitrile (Sec 4.4). Proton 

availability can also be an important factor, particularly 

when carbanions (Sec 4.3) or radical anions (Sec 4.4) are 

involved. In aqueous or partially aqueous media, the elec¬ 

trolyte can also serve as a buffer. 

The use of nonaqueous solvents in electrochemistry has 

increased dramatically over the past ten years as interest 

in organic systems has grown. This subject has been re¬ 

viewed admirably in a chapter by Mann (1_8) in the Electro- 

analytical Chemistry series. 

The following summarizes the use of nonaqueous media 

for the most widely used solvents and, together with some 

additional facts, should prove to be useful to the poten¬ 

tial electrochemist. 

3.2.1. SOLVENTS 

3. 2. 1 . 1 . Acetonitrile (CH-^CN) 

Acetonitrile has had considerable use in organic elec¬ 

trochemistry due to its excellent solvent properties, good 

conductivity with suitable electrolytes, ease of purifica¬ 

tion, and stability toward oxidation and reduction. It is 

miscible with water. 
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Dielectric Constant. 37.45. 

Liquid Range. -45 to 82°C. 

Electrolytes. Tetraalkylammonium halides, perchlorates, 

and tetrafluroborates; sodium perchlorate; lithium halides. 

Reference Electrode. Aqueous SCE (with salt bridge, 

required for aqueous reference electrodes in organic media); 

aqueous Ag/AgCl (neither suitable for use directly in aceto¬ 

nitrile) ; Ag/0.1 M Ag+. 

Potential Range. +2.4 V (Pt/LiC10^) to -3.5 V 

(LiC104) (vs SCE). 

It has been reputed (19/ to be stable to +4 V anodic 

with Pt/NaBF4. 

Toxicity. Recommended max cone 20 ppm (21)) . Lethal 

dose 3.8 g/kg (21). 

Purification. Potential impurities include water, 

unsaturated nitriles, acetamide, ammonium acetate, acetic 

acid, aldehydes, amines, and ammonia. The recommended 

purification (22) procedure involves contacting, with stir¬ 

ring for two days over calcium hydride (10 g/liter), fol¬ 

lowed by decantation and fractional distillation over 

phosphorous pentoxide (5 g/liter). Further purification 

by refluxing for several hours over calcium hydride and 

very slow fractional distillation, produces polarographic 

grade material. 

Distillation over potassium permanganate followed by 

reaction with a small amount of sulfuric acid [ precipitates 

NH^ as (NH^^SO^l then slow fractional distillation, pro¬ 

duces material free of aromatic hydrocarbons, and is thus 

suitable for spectroscopy (2_3) . 

Drying with molecular sieves (Linde type 3A) and by 

azeotroping with methylene chloride have also been described 

(18) . 

Reactivity. Stable to sodium amalgam and lithium. 

Reacts with sodium to form sodium cyanide, hydrogen, and 
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methane (2_4) . Reacts with perchlorate radical to form 

succinonitrile and perchloric acid {25) , as well as aceta¬ 

mide (_19) . Carbanions can abstract a proton (26) . Can 

react in anodic substitutions to give acetamides (Sec 5.2). 

Other Nitriles. The use and properties of propioni- 

trile, phenylacetonitrile, isobutyronitrile, benzonitride, 

and acrylonitrile have also been described {18) . 

3.2.1.2. Pi me thy 1formamide [DMF, HCON(CH^)^! 

Dimenthylformamide (DMF) has been used extensively in 

electroorganic systems, and its purification and properties 

have recently been discussed by Visco (27_) . It has a moder¬ 

ately high dielectric constant, is a good solvent for most 

organics, dissolves several alkali metal salts to give 

moderately conductive solutions, and is stable toward re¬ 

duction. DMF is miscible with water, but not with pentane. 

Dielectric Constant. 36.7. 

Liquid Range. -61 to 153°C. 

Electrolytes. Tetraalkylammonium halides, perchlorates 

and fluoroborates; sodium perchlorate; lithium chloride. 

Reference Electrodes. Aqueous SCE; sodium amalgam/ 

sodium perchlorate; cadmium amalgam/cadmium chloride. 

Potential Range. From +1.6 V anodic with Pt to -3.0 V 

cathodic with tetraalkylammonium perchlorate. 

Toxicity. Liver damage caused in animals on inhalation 

of 100 ppm vapor; highly irritating to skin, eyes, and mucous 

membranes. 

Purification. DMF is unstable at its atmospheric boil¬ 

ing point, giving dimethyl amine and carbon monoxide. This 

decomposition is catalyzed by acids and bases. Commercially 

available DMF contains water and dimethylamine, but is still 

useful as is. A recommended purification involves distilla¬ 

tion in vacuo (2 mm Hg) over anhydrous CuSO^ [removes water 

and amines {21)]. Use of CaU^, KOH, and NaOH cause forma¬ 

tion of dimethylamine. Drying has been accomplished by 
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the use of BaO, Al2C>3 (2_8) , and type 4A molecular sieves 

(29) . 

Reactivity. DMF is quite stable toward reduction, 

more so than acetonitrile. The authors have seen no con¬ 

clusive reports that show proton abstraction or condensa¬ 

tion reactions with carbanions. It also has a low chain 

transfer coefficient (ability to donate a hydrogen atom 

to a carbon radical). DMF has been reported to be less 

stable than acetonitrile toward oxidation (30). 

Other Amides. The use and properties of dimethyl- 

acetamide, N-methylformamide (dielectric constant 182.4), 

N-methylacetamide (dielectric constant 165), and formamide 

(dielectric constant 110), have been summarized by Mann 

(18) • 

3.2.1.3. Ammonia (NH,,) 

The use of anhydrous ammonia has become more prevalent 

in recent years, mainly due to the interest in its known 

property of forming relatively stable solvated electrons, 

which can be produced electrochemically, as for example in 

the electrolytic Birch reaction (Sec 4.4). Although its low 

boiling point requires special handling techniques, its 

special properties often obviate the inconvenience. Ammonia 

is relatively stable toward reduction, but not oxidation, 

giving nitrogen and protons (31) . 

Dielectric Constant. 23.7. 

Liquid Range. -77 to -33.4°C. 

Electrolytes. Alkali iodides, nitrates, and perchlo¬ 

rates; ammonium nitrate; tetraalkylammonium salts are 

slightly soluble. 
+ 2 . 

Reference Electrodes. Pb/Pb (22) in ammonia; zinc 

amalgam/zinc chloride in ammonia (3_3) . 

2+ 
Potential Range (vs Pb/Pb ). In the absence of re¬ 

ducible ions, the cathodic region is limited by the disso- 



104 APPARATUS AND TECHNIQUES 

lution of electrons at -2.0 V. With platinum, the anodic 

region is limited by oxidation of ammonia to nitrogen (Jl). 

Toxicity. Maximum tolerable vapor concentration, 100 

ppm; limit of human perception 53 ppm. 

Purification. Distillation into receiver containing 

sodium metal, followed by redistillation, has been used to 

remove water, reducible impurities, and nonvolatile compo¬ 

nents . 

3.2. 1.4. Hexamethy 1 phos phorami d e : HMPA, [(CH^,)qN]tP0 

HMPA is a solvent which should see much greater use in 

the future because of its very low proton availability and 

highly polar character. It forms stable solutions of elec¬ 

trons (3_4) and has been used in mixtures with ethanol (35) . 

Electrolytes. Lithium chloride and perchlorate; sodium 

perchlorate; tetraethyl and tetrabutylammonium perchlorate 

(18) • 

Reference Electrodes. Aqueous SCE and Ag/AgCl; Ag/Ag+; 

Ag/AgCl not suitable in HMPA because of complex formation 

(18) • 

Potential Range. The anodic limit was found to be 

0.75 V vs Ag/Ag+ (36), presumably due to oxidation of HMPA. 

The cathodic limit usually depends on the cation and water 

concentration. 

Purification. Distillation in vacuo (bp 97-102 at 

6 mm Hg), followed by treatment with molecular sieves has 

been used. The purified solvent retained the characteristic 

blue color for at least 12 hr with a small amount of sodium 

metal (_18) . 

3. 2. 1.5. Pyridine (C^-H^N) 

Pyridine is a useful organic solvent when a basic 

medium is desired. Although it has a low dielectric con¬ 

stant, it dissolves many salts to give solutions of good 

conductivity. It is miscible with water. 
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Dielectric Constant. 13.2 

Liquid Range. -42 to 115°C 

Electrolytes. Lithium salts; tetraalkylammonium salts; 

potassium thiocyanate, sodium iodide and tetraphenylborate. 

Reference Electrodes. Cathodic to -2.3 V vs Ag/Ag+ 

(31) ; anodic to +1.4 with graphite/perchlorate electrolytes 

(38). In the presence of acid, pyridine (as the pyridinium 

salt) can be reduced to a radical which, in turn, dimerizes. 

Oxidation can lead to N-pyridyl pyridinium salts. 

Toxicity. Eye, skin, and respiratory irritant; large 

doses may produce liver and kidney damage; lethal cone.for 

rats 4000 ppm in air (39_) . 

Purification. Type 4A molecular sieves to remove 

water; reagent grade material is satisfactory for most 

electrochemical usage. 

Other Amines. The use of ethylene diamine and morpho¬ 

line are discussed by Mann (_18) . 

3.2.1.6. Tetrahydrofuran (THF, C^HpO) 

THF has been used in electrolytic work because of its 

excellent solvent ability for most organic compounds and 

its ease of removal by evaporation. Its low dielectric 

constant, however, causes high resistance. THF is very 

soluble in water and forms an azeotrope (bp 60°;6%H2O). 

Dielectric Constant. 7.4. 

Liquid Range. -108 to +65°C. 

Electrolytes. Lithium and sodium perchlorate; tetra- 

butylammonium iodide. 

Reference Electrodes. Aqueous SCE; Ag/Ag+ 

Potential Range. The cathodic limit is normally re¬ 

duction of the cation of the electrolyte. THF has been re¬ 

ported (40^) to have a potential range of +1.5 to -4 V vs 

Ag/Ag+. 
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Toxicity. May cause liver damage at >20 ppm. 

Purification. THF is susceptible to air oxidation to 

form peroxides, like many ethers, and should therefore never 

be allowed to evaporate to dryness. Purification may be 

effected by distillation over sodium wire or lithium aluminum 

hydride with an inert atmosphere of nitrogen or argon. The 

distillate may contain traces of other low boiling ethers. 

Reactivity. THF is inert to most reducing agents and 

may be used with organometallics. It will be cleaved by 

hot concentrated HI. 

3.2. 1.7. 1,4-Dioxane (C^H^O^) 

In the past dioxane has been used extensively, parti¬ 

cularly in partially aqueous mixtures. Its very low di¬ 

electric constant makes it generally unsatisfactory for 

use as the neat liquid. 

Dielectric Constant. 2.2. 

Liquid Range. 11.8 to 101.3°C. 

Electrolytes. Aqueous HC1; tetrabutylammonium iodide. 

Reference Electrodes. Aqueous SCE; no satisfactory 

nonaqueous reference. 

Potential Range. 96% dioxane/water useful to -2.3 V 

vs SCE; oxidation not reported. 

Toxicity. Lethal dose (21) 6.0 g/kg. 

Purification. Same precautions as for THF; purifica¬ 

tion by distillation over sodium. 

Other Ethers. The properties and electrolytic usage 

of 1,2-dimethoxyethane, diethyl ether, and 1,2-epoxybutane 

have been reported (1_8) . 

3.2.1.8. Acetic Acid (CH3C00H) 

Acetic acid is a readily available and useful electro¬ 

lytic solvent when an acidic nonaqueous medium is desired. 

It has been used with acetate ion electrolytes for anodic 

acetoxylations (Sec 5.2). Acetic acid forms a dimeric 
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hydrogen-bonded complex and has a low dielectric constant, 

which makes even concentrated salt solutions fairly highly 

resistive. It is miscible with water. 

Dielectric Constant. 6.2. 

Liquid Range. 16.6 to 118°C. 

Electrolytes. Sodium and ammonium acetates; hydrochlo¬ 

ric and sulfuric acids; alkali halides and perchlorates. 

Reference Electrodes. Hg/KR^C^ in acetic acid; chlo- 

ranil/Pt; aqueous SCE. 

Potential Range. Cathodic to -1.7 V vs SCE due to 

hydrogen discharge; anodic to +2.0 V vs SCE at a platinum 

anode/0.5 M NaOAc. 

Toxicity. Causes irritation to eyes and nose; lethal 

dose, 5 g/kg. 

Purification. Useful, as is, in the normal reagent 

grade; may be purified by distillation over chromium tri¬ 

oxide, refluxing with triacetylborate, followed by redis¬ 

tillation. The purified product contains 'vlO mM water (j£l) . 

Other Acids. Acetic anhydride, formic acid, and 

methane sulfonic acids have been discussed by Mann (18/. 

3.2. 1.9. Methanol (CH^H) 

Methanol has been used widely because of its ready 

availability, high dielectric constant, and good stability. 

Aqueous mixtures have been used extensively, as well as when 

a highly alkaline medium is desired, because of the high 

solubility of alkali hydroxides and alkoxides. Methanol 

is miscible with water in all proportions. 

Dielectric Constant. 32.6. 

Liquid Range. -97.5 to 64.5°C. 

Electrolytes. Sodium, lithium, and potassium hydrox¬ 

ides, methoxides, iodides, perchlorates; tetraalkylammonium 

salts, ammonium salts. 

Reference Electrods. Aqueous SCE, Ag/Ag+. 
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Potential Range. No general results reported for 

cathodic limitation, but presumably hydrogen discharge can 

occur at about -2.2 V vs SCE. Methanol has been found to 

display large background currents under anodic conditions, 

even at 0 V vs Ag/Aq+(42). 

Toxicity. Can cause blindness if taken internally. 

Purification. Possible impurities include acetone, 

methylal(dimethoxymethane) methyl acetate; formaldehyde, 

ethanol, acetaldehyde, ether, and water. Drying may be 

accomplished by distilling, after refluxing over magnesium 

with a small amount of iodine added (20). Commercial re¬ 

agent grade methanol is of satisfactory purity to be used 

directly in most cases. 

Reactivity. Methanol is a good nucleophile, and can 

react with strong electrophiles, as is the case in anodic 

methoxylation (Sec 5.2). Methanol is a protic solvent, and 

cognizance should be taken of this fact when strong bases 

are present. Methanol reacts with strong reducing agents, 

such as the alkali metals, to evolve hydrogen. Strong 

oxidants can react to yield formaldehyde, formic acid and 

carbon dioxide. 

3.2.1.10. Ethanol 

Ethanol has much the same behavior as methanol, and 

has been used extensively, particularly in aqueous solu¬ 

tions . 

Dielectric Constant. 24.3. 

Liquid Range. -114.5 to 78.3°C. 

Electrolytes. Same as methanol. 

Reference Electrodes. Same as methanol 

Potential Range. No specific data, but in general, 

should behave similarly to methanol. 

Toxicity. Ethanol has been known to cause strange 

effects in humans when large quantities are ingested orally! 

Caution—most commercial ethanol is denatured, i.e.. contains 
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methanol and benzene, which can cause blindness if taken 

internally. 

Purification. Same procedure as with methanol. 

Reactivity. Similar to that of methanol. 

Other Alcohols. Glycerol, ethylene glycol, 1- and 2- 

propanol, and cellosolve have also been used. 

3.2.1.11. Dimethy1su1foxid e [DMSO, (CH^)^SO] 

In recent years, DMSO has gained high utility as a 

medium for electrolytic work. It is quite a versatile sol¬ 

vent and has a sufficiently high dielectric constant to form 

highly conducting electrolytic solutions. DMSO is miscible 

with water. 

Dielectric Constant. 46.7- 

Liquid Range. 18.6 to 189°C. 

Electrolytes. Most lithium and sodium salts; potassium 

perchlorates; tetraalkylammonium salts; fluorides, sulfates, 

and carbonates are insoluble. 

Reference Electrodes. Aqueous SCE with salt bridge; 

Ag/AgCl and Hg/Hg2Cl2 are not suitable due to solubility of 

halide complexes; thallium amalgam/thallous chloride; lithium 

amalgam/lithium chloride. 

Potential Range. Cathodic to -3.0 V vs SCE with tetra- 

butylammonium perchlorate (4_3) ; tetraalkylammonium salts; 

anodic to +0.7 V vs SCE with Pt/perchlorate electrolytes 

(44) • 

Toxicity. DMSO is in itself not toxic, however, as it 

absorbs through the skin very readily, it could carry with 

it substances which would ordinarily not penetrate. 

Purification. Major impurities are water and dimethyl- 

sulfide. Recommended purification includes shaking overnight 

with heated alumina (4_4) , and partial freezing, decantation 

of the liquid, and azeotroping out water with 50 ml benzene 

per liter. 
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Reactivity. DMSO reacts slowly with lithium and rapidly 

with sodium and potassium to evolve hydrogen. DMSO is poten¬ 

tially oxidizable to dimethylsulfone. 

Other Sulfur Compounds. The use of sulfolane, dimethyl¬ 

sulfone., and sulfur dioxide has been described (1J3) . 

3.2.1.12. Methylene Chloride (CH^Clo) 

Methylene chloride has been used to some extent in 

electrolytic systems because of resistance to oxidation, 

and ease of removal. It has been recommended as the solvent 

of choice for oxidation of aromatic hydrocarbons (45Q. 

Dielectric Constant. 8.9. 

Liquid Range. -96.7 to 40°C. 

Electrolytes. Tetrabutylammonium perchlorate, chloride, 

and iodide. 

Reference Electrodes. Aqueous SCE with salt bridge; 

Ag/Ag+ not suitable because of low solubility. 

Potential Range. Reported anodic to +1.8 V vs SCE 

with Pt/tetrabutylammonium perchlorate. Cathodic to -1.9 

V vs SCE with tetraalkylammonium salts, due to reduction 

of the carbon-chlorine bond. 

Purification. Commercial reagent grade is satisfactory 

for most electrolytic work. 

Reactivity. Reducing agents will reduce methylene 

chloride with displacement of chloride. Oxidation probably 

leads to chlorine. Strong bases may lead to the formation 

of chlorocarbons (4_5) (probably via chlorocarbene) . 

3.2.1.13. Mi seellaneous 

Propylene carbonate (4-methyldioxolone-2, C.H,0_.) has 
4 b o 

been used because of its high dielectric constant (69) and 

stability toward oxidation. A review of its use in electro¬ 

chemistry has been done by Nelson and Adams (4j>Q . 

Tetrahexylammonium benzoate is an interesting case be¬ 

cause it is a liquid salt and hence serves as its own electro- 



SOLVENT AND ELECTROLYTE m 

lyte. It is a fairly viscous material, similar to that of 

glycerol. It has been used for some reductions (4_7) . 

Liquid carbon dioxide has not been reported for use in 

an electrolytic system, presumably because of the difficulty 

of working with it (critical pressure, 73 atm). It should, 

however, be useful where carbonation of anions is desired. 

Liquid SC>2 is another possibility. 

3.2.2. ELECTROLYTES 

No specific description will be given for particular 

salts. The enormous number of possibilities preclude this. 

Some general recommendations, are, however, in order. The 

criteria for selection of a suitable electrolyte are as 

follows: 

1. Must dissolve and ionize in solvent. 

2. Must be inert to starting materials, intermediates, 

and products (unless, of course, such reactivity is desired 

to form specific products). 

3. Must be inert over the potential range of interest. 

4. Should be easily removed on product work-up. 

3 . 2. 2. 1 . Cations 

a. Tetraalkylammonium. In general, these have been 

used to the greatest extent in organic electrochemistry be¬ 

cause of their good solubility and conductivity; they are 

also among the most difficultly reduced cations known (most 

are stable to at least -2.7 V vs SCE). The tetramethyl, 

ethyl, and n-butyl salts have been the most widely used as 

halides, perchlorates, and acetates. They are somewhat re¬ 

active toward strong bases, such as carbanions—tetramethyl 

probably reacts to give the ylide; the others undergo £>- 

elimination (Hoffmann elimination) to give the a-olefin and 

the tertiary amine. 
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b. Alkali Metal Cations. Of these, lithium salts have 

been used most extensively because of their higher solubility 

in organic media than the corresponding sodium or potassium 

salts. In general, they reduce to the free metals (or amal¬ 

gams) at around -2.2 V vs SCE. Lithium deposition has been 

used to generate solvated electrons, in analogy with the 

Birch reduction (see Sec 4.4). 

c. Ammonium Salts. These are fairly soluble in or¬ 

ganic systems and reduce with difficulty to nitrogen and 

hydrogen. The proton availability is sufficiently high to 

warrant its use for that purpose. 

3.2.2.2. Anions 

a. Perchlorates. These have been used quite exten¬ 

sively in anodic systems because of the inertness of per¬ 

chlorates to oxidation and their almost complete lack of 

complex formation. Perchlorate anion is one of the least 

nucleophilic species known. At strongly anodic potentials, 

at a platinum anode, perchlorate probably oxidizes to the 

perchlorate radical, which in turn either reacts with solvent 

or other organic material, eventually to yield chlorine ox¬ 

ides. The alkali metal perchlorates (but not transition 

metal perchlorates) are not particularly unstable to shock 

and decompose violently only when strongly heated. They 

are, of course, potentially dangerous oxidants when concen¬ 

trated, or in the presence of acid or in contact with easily 

oxidizable organic material, and therefore, should be dis¬ 

solved in the solvent before the starting material is added. 

b. Halides. The halides of the alkali metals and the 

tetraalkylammonium salts have been used extensively because 

of their ready availability and solubility. The order of 

solubility is usually iodide > bromide > chloride > fluoride. 

They are all readily oxidized to their respective free halo¬ 

gens, the order of ease of oxidation being I > Br > Cl > F. 

This factor has been used specifically in anodic halogena- 

tion, particularly in fluorination (Sec 5.3). Halides are 

also potential nucleophiles themselves. 
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3.2.2.3. Tetraphenylboride Tetraphenylboride has been 

used frequently of late because of its availability (as 

sodium salt), its stability toward oxidation, and good 

solubility in organic media. 

a. Acetates. These display good solubility in organic 

media, but are not in general recommended for oxidation be¬ 

cause of the possibility of Kolbe oxidation. However, since 

its oxidation products are usually carbon dioxide and ethane 

or methane, acetate might be a convenient anodic depolarizer 

to carry out reductions in a nondivided cell, where otherwise 

the anode might adversely affect the reaction products. 

Acetates are used in anodic acetoxylation (Sec. 5.2). 

b. Sulfonates. These are quite soluble in organic 

solvents, particularly organic sulfonates such as p-toluene- 

sulfonate. They are fairly inert to oxidation and display 

little reactivity as nucleophiles. High concentrations of 

sulfonates have been used to "salt in" organic compounds 

which would otherwise be insoluble in water (see p. 158). 

3.2.2.4. Purification 

Most inorganic salts are sufficiently pure, as the 

commercial reagent grade, to be used directly. The tetra- 

alkylammonium salts are usually purified by recrystallization 

followed by drying in vacuo. Some, such as tetramethylammo- 

nium chloride and tetrabutylammonium chloride, are very hy¬ 

groscopic. Direction for the purification of specific tetra- 

alkylammonium salts may be found in the review article by 

Mann (]J3) . 

3.3. MEASUREMENT DEVICES 

One of the inherent advantages of electrochemical opera¬ 

tion is the ease with which the key electrical variables can 

be measured and controlled with speed and accuracy. The tech¬ 

niques and apparatus for measuring the most commonly encoun¬ 

tered ones are discussed in this section. 
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3.3.1. CURRENT AND VOLTAGE METERS 

The current passing through an electrolysis cell is the 

measure of the rate of the electrolytic reactions occurring 

at the electrodes. Conventional ammeters cover a wide range 

of currents, from about 10 yA (microamperes) to several hun¬ 

dred amperes, and are usually sufficient for most electroly¬ 

tic work. In practice, the ammeter is inserted in series 

with either side of the power supply, being careful to ob¬ 

serve polarity (see Fig.3.8). 

FIG. 3.8. Arrangement of ammeter in electrolysis. 

The conventional pointer-type ammeters have a low re¬ 

sistance shunt across their terminals, in most cases of such 

a value to cause a 10 mV iR drop when the full-scale current 

is being passed. A voltage drop of this low magnitude is 

usually insignificant compared to the cell voltage. Accuracy 

of the order of 0.5% can be obtained. 

When smaller currents are to be measured, or when the 

use of a shunt-type ammeter is undesirable, for example, 

when the current is to be displayed on an oscilloscope, al¬ 

ternative methods are available. One easily implemented 

technique is the use of an operational amplifier (4_8) in a 

current-to-voltage mode (see Fig. 3.9). In this case, the 

output voltage, E out, is equal to -iR. The accuracy is 
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usually determined by the accuracy of the resistor. As 

shown, the working electrode is at virtual ground potential 

(negative terminal of power supply). The same configuration 

can be used for both anodic and cathodic currents. 

FIG. 3.9. Use of operational amplifier to measure 
current. 

Voltage measurement is also required for electrolytic 

work. Basically, we are concerned with the voltage across 

the cell and with the electrode potential, which requires 

somewhat more care in measuring. The cell voltage, which 

may range from a few volts to 100 volts, may be measured 

with most moving-pointer meters. The voltmeter itself may 

draw about 50 yA for full-scale deflection, but this is 

usually insignificant compared to the cell current in most 

electrolytic work. The voltmeter is connected in parallel 

with the cell (observing polarity) as shown in Fig. 3.10. 

When high currents are being employed, it is good practice 

to connect the voltmeter, as shown in Fig. 3.10, directly 

to the electrodes, rather than to the power supply terminals, 

since this avoids the inclusion of the iR drop in the power 

leads. 

FIG. 3.10. Arrangement of voltmeter in electrolysis. 
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Electrode potential measurements, and voltage measure¬ 

ments across circuits in which small currents (milliampere 

or less) are flowing, require the use of a voltmeter which 

draws essentially zero current. The minimum requirement is 

usually met by the VTVM (vacuum tube voltmeter) type of in¬ 

strument. As commonly available, they have an internal im¬ 

pedance of 11 Mft. Since electrode potentials will rarely 

fall outside the range +5 to -5 V, this instrument will draw 

submicroampere currents. This is usually small enough to 

ensure that no interaction will occur between the electrode 

potential and the measuring device. Recently, the VTVM has 

been challenged by an all solid-state instrument, the FET 

(field effect transistor) voltmeter, which has the advantage 

of battery operation for portability and greater reliability. 

Both types are available from meter manufacturers. The 

measurement is made according to Fig. 3.11. 

FIG. 3.11. Arrangment for measuring electrode potential. 

If the common lead of the voltmeter is connected to the ref¬ 

erence electrode, the sign of the measured voltage will be 

correct. If the leads must be interchanged, as for example 

if the voltmeter does not have a polarity switch, the sign 

of the measured voltage must be changed. 

The accuracy of both voltmeters mentioned above is at 

best 0.5%, typical of moving pointer-type meters. If better 

accuracy is desired, there are available (at significantly 

higher costs) digital voltmeters, from which the voltage is 

read directly as a 3-, 4-, 5-, or 6-digit numbers (the cost 
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goes up rapidly with the number of digits), whose accuracy 

is usually specified as + one count. Digital voltmeters 

are also available with auto-polarity and auto-ranging 

features. 

All the meters mentioned above are available as multi- 

ranged instruments, capable of measuring voltage, resistance, 

and current over wide ranges with selector switches. At 

least one such instrument should be obtained as part of 

the standard equipment in electrolytic work. 

Often, one is required not simply to measure the elec¬ 

trode potential, but also to use it for control purposes, 

such as in controlled potential electrolysis. For this 

purpose, the operational amplifier circuit shown in Fig. 

3.12 is often employed. In this configuration, the opera¬ 

tional amplifier is used as a voltage follower, i.e., where 

FIG. 3.12. Use of operational amplifier to monitor 
electrode potential. 

Eout = electrode potential. The advantage is that very 

little current is drawn at the input, typically less than 

0.1 yA, whereas appreciable current, of the order of milli- 

amperes, may be drawn at the output to be used for control 

and monitoring purposes. 

3.3.2. C0UL0METERS 

The number of coulombs passed is central to the con¬ 

cept of electroorganic synthesis, since it is a measure of 
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the total amount of electricity consumed in an electrolytic 

reaction. For a reaction which is 100% electrically effi¬ 

cient, and where n electrons are required per mole, the num¬ 

ber of coulombs needed for 100% conversion is 

Qtheo = (nF)‘m (3'4) 

where m is the number of moles of starting material and F 

is Faraday's constant (96,500 coulombs). 

Conversely, the electrical efficiency, E.E., can be 

calculated for reactions which are not 100% efficient, 

since 

E. E. 
^theo^actual 

(3.5) 

Just as there exists a need for ascertaining the identity 

of side products for reactions which do not proceed with 

100% chemical yield, so also there exists the similar need 

for identifying electrolytic side reactions for systems 

which do not give 100% electrical efficiency. An electrical 

balance is as important as a mass balance. 

The number of coulombs passed during an electrolytic 

reaction run at constant current is simple to calculate, 

being just 

Q = it (3.6) 

where i is the current in amperes and t is the time in 

seconds, so that all that is required is an ammeter and a 

timer. 

For reactions run at constant electrode potential, the 

situation is somewhat more complex, since the current will, 

in general, be time dependent. Equation (3.6) must be re¬ 

placed by Eq. (3.7): 

t 

Q idt (3.7) 
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One possible way of handling this situation would be to 

record the current-time response on a chart recorder, and 

then obtain the area under the curve by conventional graphi¬ 

cal means. A recorder equipped with a ball-and-disk inte¬ 

grator would be more convenient. 

A conventional, and extremely accurate, way of 

measuring coulombs is by use of a chemical coulometer, in 

which an electrochemical cell with specific components is 

placed in series with the electrolysis cell. Coulometers 

of this type have been used for the determination of the 

value of the Faraday. They usually involve evolution of 

a gas, such as hydrogen and oxygen, or deposition of a 

metal, such as silver or copper. 

The amount of material deposited or gas evolved is, 

of course, proportional to the number of coulombs passed. 

For deposition the number of coulombs is calculated from: 

Q = (-M7W—) (n) (96,520) (3.8) 

where w is the weight of the deposit in grams; M.W. is the 

molecular weight of deposited material; and n is the num¬ 

ber of electrons per mole. 

For gases, the following equation is used: 

Q = ( 22^400} (n) (96'520) (3.9) 

where V is the volume of gas evolved reduced to STP. 

Although chemical coulometers can be highly accurate and 

precise, they have two disadvantages which prevent their 

general use in electrolysis. 

First,they cannot easily be used with large currents, 

and second, they require a relatively large voltage drop. 

A somewhat more convenient and useful type of coulo¬ 

meter involves the use of a precision dc motor. In this 

case, the voltage developed across a shunt resistor is used 
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to drive a motor, which in turn drives a mechanical counter, 

as illustrated in Fig. 3.13. 

FIG. 3.13. Electromechanical coulometer. 

The system is calibrated by impressing a known voltage 

across the motor terminals and measuring the response in 

counts/sec/V. The total number of coulombs passed in the 

experiment in Fig. 3.13 is just 

Q = counts/RsK (3.10) 

where R is the shunt resistance in ohms and K is the cali- 
s 

bration factor in counts/sec/V. 

The electromechanical coulometer is subject to the limi 

tations of the motor. The linearity of speed with applied 

voltage is valid only over a certain dynamic range; preci¬ 

sion dc motors designed for this application use precision 

bearings, a very light-weight armature, and fine gold wires 

for brushes. A typical unit operates effectively over an 

applied voltage range of 50 mV to 12 V, while drawing only 

a few milliamperes. Sudden changes of current should be 

avoided, since this can cause such high accelerations to 

rupture the armature. The shunt resistor should be chosen 

to develop voltages within the range of the coulometer, 

preferably in the low range, and to be able to dissipate the 
. 2 
l R heat. As such, this type of coulometer is useful mainly 

for electrolyses in which large currents are passed and wher 

the current does not change rapidly. 
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It is also possible to have electronic coulometers which 

can cover much wider dynamic ranges and which are useful for 

situations where rapidly changing conditions exist. An 

FIG. 3.14. Use of operational amplifier as coulometer. 

operational amplifier type is shown in Fig. 3.14. The 

configuration shown is simply a voltage integrator, where 

Switch is used to short out the feedback capacitor, i.e., 

to reset the coulometer. Offset currents are trimmed out 

with the adjustable resistor shown. The number of coulombs 

is given by the following equation: 

(RjCf) 
Q ='-Vout -- (3.11) 

Ks 

Because of drift in the offset current, this type of 

coulometer is not useful over long periods of time; several 

hours would be a practical limit. Also, the capacitor used 

should have extremely low leakage. This coulometer is at 

its best when small currents are involved and where rapidly 

changing, or transient, conditions exist. 

Another type of electronic coulometer inolves the use 

of digital circuitry, and is illustrated in Fig. 3.15. 
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AUXILIARY 

In this case, the voltage developed across the shunt 

Rg is converted to a linearly related frequency (V to F); 

the resulting frequency is counted and the total displayed 

via digital readouts. This type of coulometer is usable 

over long periods of time, can be extremely precise, and, 

unfortunately, is also expensive. 

The authors would recommend, for most electrolyses, 

the use of a simple ammeter and timer, recording the current 

vs time response and manually integrating the resulting 

graph. For special cases, i.e., where automatic recording 

is essential, or where transients are involved, the other, 

more elegant types of coulometer should be used. 

3.3.3. CONDUCTIVITY 

Conductivity is, in a practical sense, an important 

variable in electrolyses. In general, it will always be 

desirable to operate with the highest conductivity medium, 

consistent with the other constraints of electrolysis. Low 

conductivity media cause high operating voltages to be re¬ 

quired, thus dissipating excessive heat in the system. Low 

conductivity also makes the measurement of meaningful elec¬ 

trode potential difficult. 

The measurement of conductivity is usually carried out 

in a cell specially designed for that purpose. It consists 

of two plane and parallel platinized platinum electrodes, 

with fixed distance between, in a glass cell, or, more con- 



MEASUREMENT DEVICES 123 

veniently, in a glass cylinder which can be immersed in an 

electrolyte solution. The electrode size and spacing deter¬ 

mine the cell constant, k, which is determined by measuring 

the conductivity of a known solution, usually aqueous potas¬ 

sium chloride. The conductivity, in mhos, is converted to 

the specific conductivity in mhos/cm by multiplying by the 

cell constant, i.e., 

X = kC (3.12) 

where X is the specific conductivity in mhos/cm; k is the 

cell constant in cm ^; and C is the conductivity in mhos. 

The actual measurement is carried out using a conduc¬ 

tivity bridge, or an impedance meter, which usually uti¬ 

lizes an ac Wheatstone bridge circuit (see Fig. 3.16). 

FIG. 3.16. Circuit for measuring conductivity. 

Alternating current is used to avoid polarization at 

the cell electrodes, and is usually of a frequency of 1000 

Hz or 60 Hz. In general, the 1000 Hz generator will give 

results less subject to polarization effects. The condi¬ 

tion of bridge null is achieved when the variable resistor 

R-^ is equal to the electrolyte resistance, and the capacitor 

is equal to the cell capacitance. An exact null cannot 

be achieved without this compensating capacitor, although 
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an unsharp minimum of the bridge signal can be obtained 

without it. At balance, the conductivity of the electro¬ 

lyte is equal to the reciprocal of the variable resistance 

arm, the value of which is usually read out directly in 

mhos on a calibrated scale. Null detectors commonly used 

are the "magic eye" tube (null corresponds to maximum open¬ 

ing of "eye"), a pointer-type meter, or, in the earliest 

types, a pair of headphones. Cells of various electrode 

configurations are available for measuring conductivity 

over a wide range. 

3.3.4. RECORDING DEVICES 

One of the most useful and versatile recording devices 

is the strip-chart recorder. With it, signals of various 

sorts can be monitored with time, for example, current, 

voltage, or electrode potential during an electrolysis as 

a function of time. Chart recorders are also used exten¬ 

sively for many electroanalytical techniques. Many instru¬ 

ments are available commercially, having wide ranges of 

sensitivity and chart speeds. The most generally useful 

is the potentiometric (i.e., input potential is balanced) 

type with "floating" inputs. A ball-and-disk integrator is 

a useful accessory, and most general purpose chart recorders 

can be equipped with them. Pen response time should also be 

considered--most general purpose recorders require v—i— sec 

for the pen to deflect full scale. Special purpose recor¬ 

ders can be obtained when writing speeds up to 100 in./sec 

are required. 

For certain applications, such as cyclic voltammetry, 

X-Y recorders are desirable. In this case, both axes are 

driven by input, so that true parametric plot can be obtained, 

e.g., current vs voltage. 

Recorders are often an integrated part of a specialized 

instrument, such as a polarograph. Their utility is in¬ 

creased if the recorder can also be used as an independent 

unit. 
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For experiments where the time scale is too short for 

chart recorders, an oscilloscope can be employed. Most 

useful will be the triggered oscilloscope, in which a 

single sweep can be initiated at the start of the experi¬ 

ment. Scopes of this type usually have as an accessory a 

Polaroid camera attachment, where the single trace can be 

recorded permanently. Also available are storage oscillo¬ 

scopes, in which the single traces are temporarily stored 

by electronic means to retain the image of the trace, where 

it can be examined and measured at leisure. 

Increasing use is being made of digital recording and 

processing equipment to monitor many variables during an 

experiment. This can vary in sophistication from relatively 

simple data logging and transcription, to computer-compatible 

form, such as punched tape, to complete computer control of 

the experiment. This type of equipment should prove to be 

important in monitoring and controlling continuous electro¬ 

lyses, where several variables need to be controlled and 

long-term effects are being sought. Needless to say, this 

type of system and data would be valuable in the process of 

scale-up to industrial levels of production. 

3.3.5. COMMERCIAL SOURCES (REPRESENTATIVE) 

Current and Voltage Meters (most electrical 
supply houses) 

Simpson Electric Company 
5218 W. Kinzie Street 
Chicago, Illinois 60644 

Triplett Electrical Instr. Co. 
286 Harmon Rd. 
Bluffton, Ohio 48517 

Radio Corporation of America 
Electronic Products Division 
Camden, New Jersey 08102 

Hewlett-Packard Corp. 
1501 Page Mill Road 
Palo Alto, Calif. 94304 

Fairchild Instrumentation 
974 E. Argues 
Sunnyvale, Calif. 94086 

Keithley Instruments, Inc. 
28775 Aurora Road 
Cleveland, Ohio 44139 
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Coulometers (most chart recorder manufactures; ball 
and disk integrator) 

Acromag, Inc. 
(electromechanical integrator) 

30765 Wixom Road 
Wixom, Michigan 

Infotronics Corp. 
(digital integrator) 

7800 Westglen Drive 
Houston, Texas 77042 

Conductivity (most chemical supply houses) 

Keithley Instruments Inc. 
28775 Aurora Road 
Cleveland, Ohio 44139 

General Radio Co. 
300 Baker Avenue 
West Concord, Mass. 01781 

Wayne Kerr Co. 
21250 10 1/2 Mile Road 
Southfield, Michigan 48075 

Chart Recorders (most chemical supply houses) 

Beckman Instruments 
2500 Harbor Blvd. 
Fullerton, Calif. 92634 

Leeds and Northrup Co. 
Sunneytown Pike 
North Wales, Pa. 19454 

Hewlett-Packard Corp. 
1501 Page Mill Road 
Palo Alto, Calif. 94304 

Heath Co. 
Dept. 520-32 
Benton Harbor, Mich. 49022 

Clevite Corp. 
Brush Instruments Div. 
37th and Perkins 
Cleveland, Ohio 44114 

Oscilloscopes 

Tektronix Inc. 
Box 500 
Beaverton, Oregon 97005 

Heath Co. 
Dept. 520-32 
Benton Harbor, Mich. 49022 

Fairchild Instrumentation 
974 E. Aques 

Sunnyvale, Calif. 90086 

Hewlett-Packard Corp. 
1501 Page Mill Road 
Palo Alto, Calif. 94304 

Dumont Oscilloscope Labs. Inc. 
40 Fairfield Place 
West Caldwell, New Jersey 07006 

Digital Equipment 

Princeton Applied Research Corp. 
(digital modules) 

Box 565 
Princeton, New Jersey 08540 

Digital-Equipment Corp. 
(computer interface 

146 Main Street 
Maynard, Mass. 01754 
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Digital Equipment (continued) 

Infotronics Corp. 
(analog/digital converters) 

7800 Westglen Drive 
Houston, Texas 77042 

Operational Amplifiers 

Philbrick/Nexus Research 
(a Teledyne Co.) 

Allied Drive at Rt. 128 

Dedham, Mass. 02026 

Burr-Brown Research Corp. 
Int'l Airport Industrial Park 
Tucson, Arizona 85706 

Analog Devices, Inc. 
221 Fifth Street 
Cambridge, Mass. 02142 

Fairchild Instrumentation 
974 E. Argue 
Sunnyvale, Calif. 94086 

Zeltex, Inc. 

1000 Chalomer Rd. 
Concord, Calif. 94520 

3.4. VOLTAMMETRY 

The researcher in electroorganic synthesis should be 

continually aware of the nature of the reactions he is 

conducting in terms of both the chemical and electrochemi¬ 

cal pathways which may be possible for a given system. 

Much can be done in the way of understanding these mechan¬ 

isms and directing the reaction to the desired result by 

careful analysis of the identity and quantity of the pro¬ 

ducts formed. It would be difficult to underestimate the 

importance of proper product identification. The potential 

researcher in this field had best master the organic chemi¬ 

stry before he can hope to be successful in electroorganic 

synthesis. The powerful analytical tools available today, 

such as chromatrography, optical spectroscopy, NMR, mass 

spectroscopy, etc., make it possible to unravel even com¬ 

plex mixtures of products. 

However far toward understanding the course of reac¬ 

tions the above approach can lead, the picture cannot be 

complete unless the experimenter also has at his disposal 

techniques with which he can "see" the electrochemical 
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reactions as well. Many aspects of electroorganic reactions 

cannot be inferred directly from product analysis. Phenomena 

such as the formation of unstable intermediates, multistep 

electron transfers, potential-dependent adsorption, compet¬ 

ing electrolytic reactions, and so forth, can only be made 

"visible" by the proper application of suitable voltammetric 

experiments. In recent years, a number of powerful electro- 

analytic techniques have come forward, and it is the purpose 

of this section to briefly discuss some of these. The more 

complete details of operating procedures and theory are best 

obtained through consultation of the leading references. 

Before commencing, the authors would like to make some 

general comments concerning the applicability of these tech¬ 

niques to problems encountered in electroorganic synthesis. 

1. Although the techniques are quite powerful in giv¬ 

ing information concerning the electrochemical mechanisms 

involved, their analytical value should also be put to use. 

The ability to follow quantitatively the disappearance of 

starting material or appearance of product should not be 

underestimated. 

2. Most of the techniques have been developed using 

low concentration of electroactive material (in the milli- 

molar range). In synthetic work it is usually desirable to 

operate at the highest feasible concentration of starting 

material. The researcher should, therefore, attempt to 

conduct voltammetric experiments at or near the concentra¬ 

tion levels of the synthesis work. It would be dangerous 

to infer that the same mechanisms are operative at widely 

differing concentrations, particularly when bimolecular re¬ 

actions are involved. 

3. The nature of the electrode material, including 

surface condition and pretreatment, should be the same for 

both the synthetic and voltammetric experiments. Also, the 

implications of stirring should be considered—many electro- 

analytical techniques are carried out in quiet solutions. 
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4. The time scale of the two experiments should be 

considered, as well as the current densities involved. 

3.4.1. POLAROGRAPHY 

Historically, polarography was invented by Heyrovsky 

in 1920 (4_9) , and since then it has been one of the most 

important electroanalytical tools. In practice, it is a 

relatively simple technique for which many commercial instru¬ 

ments are available (Sargent, Beckmann, Leeds and Northrup, 

Radiometer, Chemtrix, etc.). The technique is capable of 

high reproducibility and accuracy, and although the detailed 

theory is quite complex, the results can be expressed in 

relatively simple form. Although its use is restricted to 

systems which use mercury as the working electrode, a polaro- 

graphic apparatus should probably be acquired as one of the 

first electroanalytical instruments in the electroorganic 

chemistry laboratory. The widespread use of mercury as 

electrode material is sufficient justification for this 

recommendation, but also learning the theory and practice of 

polarography will be a starting point toward the use of 

several other more sophisticated techniques. The instrumen¬ 

tation involved in polarography will also be useful for other 

techniques. For these reasons, the subject of polarography 

is discussed in somewhat more detail than the other tech¬ 

niques . 

3.4.1.1. General Principles. 

In polarography, the working electrode is a small mer¬ 

cury droplet emerging from the tip of a fine-bore capillary 

tube. After the drop grows to a certain critical size, 

governed primarily by the diameter of the capillary and the 

interfacial tension between the surface of the drop and the 

solution, it falls and a new drop starts growing. It is 

this periodic, very regular, growth and fall of the mercury 

drop that is the essence of polarography. The expansion and 
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renewal of the electrode surface makes polarography indepen¬ 

dent of the history of the previous droplet. 

The basic features of the polarographic cell are shown 

in Fig. 3.17. The dropping mercury electrode (DME) is im¬ 

mersed in the electrolyte solution, and is connected through 

tubing to a mercury reservoir positioned high enough- to 

provide sufficient pressure to form the drops at convenient 

intervals (2-10 sec/drop). 

The counter-electrode can be formed by a mercury pool 

at the bottom of the cell.. A reference electrode and pro¬ 

vision for purging the cell with nitrogen (to remove dis¬ 

solved oxygen) completes the assembly. Variations include 

the use of a divided cell, provision for blanketing the top 

space with nitrogen, devices which tap the capillary at 

regular intervals to dislodge the drop, and the use of a 

Luggin capillary at the reference electrode tip. Various 

cells are available commercially. Note that as described, 

this is a three-electrode system, the only type which should 

be considered for use in organic media. 

In practice, the cell is connected to a potentiostatic 

instrument, and the DME potential is made to vary (between 

WORKING 

FIG. 3.17. Polarographic cell. 
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predetermined limits) linearly with time, over a total period 

of time (5-15 min) very large compared to the drop time. The 

resulting current is displayed on a strip-chart recorder. 

In most commercial instruments initial potential, total scan 

range, scanning speed, and recorder range are adjustable by 

front-panel controls. A typical instrument set-up is shown 

in Fig. 3.18 

In the presence of an electroactive material, the 

output of the polarograph is a "wave," shown in Fig. 3.19, 

the position of which is characteristic of the material, and 

the height of which is proportional to its concentration. 

The oscillations of current, caused by the periodic growth 

and fall of the mercury drops, are quite visible and can be 

"damped out" so that only the average current is displayed. 

3.4.1.2. Theory 

a. The Diffusion Current. The theoretical descrip¬ 

tion of the electrochemical currents flowing during the 

life of an individual drop is quite complex, and resulting 

equations were solved only approximately by Ilkovic in 

1934 (5_0) . He was able to derive an equation (3.13) now 

bearing his name, which showed how the diffusion-limiting 

current, i^, depends on the other variables. 

FIG. 3.18. Typical instrumental set-up for polarography. 
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FIG. 3.19. Typical polarogram. 

iD = 607 nD1/2 Cm2^3 t1//6 (3.13) 

where n is the total number of electrons transferred; D is 
2 

the diffusion coefficient (cm /sec); C is the concentration 

(millimoles/liter); m is the rate of mercury flow (mg/sec); 

and t is the drop time (sec). 

By inspection of Eq. (3.13), it can be seen that if 
2/3 1/6 

the diffusion current, ip, is divided by the Cm ' t , 

there results a parameter which is a characteristic of the 

particular substance involved, and is independent of the 

capillary characteristics and the concentration of the elec- 

troactive material, thus 

ID = iD/Cm2/3t1/6 (3.14) 

ID is called the diffusion current constant and its value 

can be compared directly with values obtained by other 

workers. The Ilkovic equation (3.13) can also be used for 

the determination of diffusion constants when the other 

parameters are known. 
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Another important feature shown by the Ilkovic equation 

is the fact that the diffusion-limited current is propor¬ 

tional to n, the total number of electrons transferred in 

the over-all process. By comparing the diffusion-limited 

current of a model compound where n is known, and whose 

size is similar (and hence diffusion constants are similar) 

to a compound of unknown electron-transfer mechanism, the 

unknown value of n can be determined. 

Subsequent work has refined the original Ilkovic treat¬ 

ment and has included the effect of electrode curvature, the 

downward motion of the drop, and the shielding effect of the 

capillary tip. The original equation (3.13) is still accu¬ 

rate enough (^5%) for most work. 

Aside from the purely analytical applications of polaro- 

graphy (due to the fact that i is proportional to concentra¬ 

tion) , the variation of the limiting current with the effec¬ 

tive mercury pressure, i.e., height of the mercury column, 

can serve as a diagnostic criterion for several types of 

systems. A limiting current solely due to diffusion will 

vary as the square root of the height of the mercury column. 

If the current is limited because of a slow adsorption step, 

the limiting current will be directly proportional to the 

height of mercury. For kinetic limiting currents, i.e., 

where the electroactive material is produced by a slow re¬ 

action in solution, the limiting current will be essentially 

independent of mercury height. 

b. Reversible and Irreversible Waves. Perhaps the 

most important aspect of polarographic waves which gives 

information concerning the nature of the electron-transfer 

process involved is the shape and position of the wave 

itself. For a reversible* electron transfer, the so-called 

"half-wave potential," i.e., the potential at which the cur¬ 

rent is one-half the limiting current, can be shown to be 

*Reversibility, in polarography, means that the various 

species involved come to equilibrium within the life of a 

mercury drop. 
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virtually equal** to the standard potential, EJ, of the 

coyple. The current-voltage curve for this case is given 

by 

E = E , - RT/nF In ) (3.15) 
1D 1 

(The current is the envelope of the polarographic wave 

measured at the maximum drop size, i.e., across the top; 

the same results are obtained if the average currents are 

used, as in the case when damping is employed.) A plot of 

E vs log (i/iD - i) should therefore yield a straight line, 

whose slope is - 2.303 RT/nF (= ^‘at T = 25°C). For a 

reversible system, the value of n, the number of electrons 

involved in the over-all process, can be determined by this 

means. N, of course, should come out to be a small (usually 

1 or 2) integer. 

For a totally irreversible electron transfer, similar 

analysis reveals that a plot of E vs log (i/iD ~ i) should 

also yield a straight line, but whose slope now is (0.059/ 

an ), where a is the transfer coefficient and n is the num- 
a a 

ber of electrons transferred in the potential-determining 

step. Thus, neither a nor n^ is determined with certainty 

by this technique, only the product an . Usually, this 
9. 

ambiguity arises when n^ can be 1 or 2. 

It should be noted that the above analysis cannot dis¬ 

tinguish, for example, between a totally irreversible reac¬ 

tion where an =1 and a reversible one where n = 1. The 
a 

only necessary and sufficient proof for reversibility is 

the appearance of a composite wave, with diffusion-limited 

currents on both the cathodic and anodic sides, when both 

members of the couple are present in solution. There will 

be no "kinks" as the current crosses zero, and the half-wave 

**Exactly equal when the diffusion coefficients of the 

oxidized and reduced forms are equal. In general, ^-^/2 

differs from E° by (0.03 log Dq/Dr) . 
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potential will be independent of the ratio of the concentra¬ 

tions of the two species. 

The significance of the half-wave potential for totally 

irreversible reactions is difficult to assess, a priori, 

since its value depends on both the thermodynamics (i.e., 

E°) and the kinetics (i.e., a and kg) of the reaction. 

Nevertheless, a common assumption made in the literature is 

that, for a homologous series of compounds, the s reflect 

changes in the kinetics and therefore in the respective acti¬ 

vation energies involved. Thus, the compound which reduces 

at the more negative potential has been considered to have 

a higher energy transition-state. The authors can only sug¬ 

gest that this line of argument be used cautiously and only 

when other evidence is available to confirm the conclusions. 

Another commonly used assumption concerning irreversi¬ 

ble waves is that reactions which give rise to drastically 

different values of a proceed via different mechanism. Con¬ 

versely, reactions which have similar a's may be proceeding 

via a similar transition state. Again the authors will 

caution the reader that the simplistic concept of a (as re¬ 

flecting the position of the transition state along the 

reaction coordinate) is not subject to rigorous proof in 

theory, and, in fact, much controversy still reigns concern¬ 

ing the significance of the transfer coefficient. For a 

detailed discussion of the various interpretations of the 

significance of a, the article by Bauer (_51) is highly 

recommended. 

c. Multiple Waves. One of the most revealing occur¬ 

rences in the polarographic behavior of certain compounds 

is the appearance of more than one wave. This indicates 

that the electron-transfer reaction is comprised of separate 

steps, and opens the door for controlled potential electro¬ 

lysis. In general, whenever the two steps are distinguish¬ 

able polarographically, they also ought to be separable by 

controlled potential electrolysis. The electrolyses are 

usually carried out at the potential between the two waves 
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(or, when the two waves are close together at the foot of 

the first wave) and the plateau region of the second wave. 

Wave-shape analysis can be conducted on both waves separate¬ 

ly, and combinations of reversible and irreversible behavior 

are possible. The polarographic behavior of the system 

during the electrolysis should also be investigated, since 

this too can give important information. With electrolysis 

carried out at the potential between the two waves, two 

distinct cases are possible. (1) The first wave diminishes 

and the second wave remains the same. This usually means 

the intermediate is stable. (2) Both waves diminish. This 

indicates that the intermediate product is unstable. 

d. Other Effects. If protons are involved in the 

potential-determining step, then the resulting polarographic 

wave will shift in position with pH. In general, the half¬ 

wave potential shifts 0.059/n V/pH, where n is the number 

of hydrogen ions involved per electron transferred. In such 

cases, the pH of the medium ought to be well poised (either 

well buffered or with high concentrations of acid or base) 

in order to prevent local changes in hydrogen ion concentra¬ 

tion at the mercury drop from distorting the polarographic 

wave. 

In some cases, the electrochemical reaction may pro¬ 

ceed via several steps where the potential or the succeed¬ 

ing steps are not sufficiently different from that of the 

first step to produce distinct waves. This may cause the 

plot of E vs log (i/i^ “ i) to display curvature or to appear 

to be composed of separate slopes. Irregularities in this 

type of plot should be viewed cautiously, however, and 

conclusions based on this observation should be supported 

by other evidence. 

Other irregularities in polarographic behavior, such 

as prewaves, maxima, changes in limiting current, nonlinear 

behavior with concentration of depolarizer, etc., have been 

observed and the reader should consult more advanced texts 

in polarography to assess their significance. 
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3.4.2. LINEAR SWEEP VOLTAMMETRY 

Linear sweep voltammetry differs from polarography in 

two important aspects: (1) The electrode is stationary; 

and (2) sweep rates are much faster. 

The first difference permits one to use electrode mater¬ 

ials other than mercury, and hence, for this reason alone, 

linear sweep voltammetry (LSV) is a much more generally 

applicable tool, although somewhat more complex to analyze 

quantitatively, than polarography. The instrumentation re¬ 

quired is, in principle, the same as for polarography. In 

practice, however, since the sweep rates are generally much 

faster, special instruments for generating the sweep and 

displaying the results are usually used. A commercial 

instrument which includes all the necessary electronics, 

including oscilloscopic display, is available from Chemtrix, 

Inc. 

The cell employed in LSV is much the same as for polaro¬ 

graphy, requiring provision for reference electrode, auxil¬ 

iary electrode, working electrode, and inert gas purge. In 
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fact, an ordinary dropping mercury assembly can be used if 

the sweep rates are much faster than the drop rate; in this 

case, the sweep is initiated after a specified time has 

elapsed from the start of the formation of the drop. In 

general, however, solid electrodes, usually planar in shape, 

are used, and in such cases, all the precautions necessary 

for working with solid electrodes must be employed. 

In practice, a linear potential sweep is applied to 

the working electrode, and the current vs time is displayed 

on an appropriate device. In the presence of an electro¬ 

active material which undergoes reversible electron transfer 

in a single step, there results a peak-shaped voltammogram 

as shown in Fig. 3.20. 

This characteristic shape may be qualitatively under¬ 

stood as follows: initially, the electrode potential is 
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such that no current flows. As the potential becomes more 

negative, the current rises exponentially. However, as 

current flows, there results a progressive depletion of 

material near the electrode, so that even as the potential 

becomes more negative, the flux of material to the electrode 

cannot increase indefinitely. When the peak current is 

reached, the concentration of the reactant is essentially 

zero at the electrode surface. As the depletion layer con¬ 

tinues to expand, the current must decrease. It would con¬ 

tinue to decrease to zero eventually, but the electrode 

potential soon reaches a value where the supporting 

electrolyte or solvent reduces. 

The differential equations describing this system are 

particularly simple to write down, involving just diffusion 

and having a relatively simple boundary condition. Unfor¬ 

tunately, the results cannot be expressed analytically. 

The simple system, a reversible electron transfer at a 

planar electrode, was solved independently by Randles (52) 

and Sevcik (^3), using different approaches. Although the 

current function can only be expressed in tabular form, the 

peak current at 25°C could be shown to be equal to 

i 
P 

272 n3/2 AD1/2 C° v1/2 (3.16) 

where i is the peak current in mA; n is the number of elec- 
P 2 

trons; A is the area of electrode in cm ; D is the diffu¬ 

sion coefficient in cm2/sec; C° is the concentration in 

millimoles/liter; and v is the sweep rate in V/sec. 

Proportionality to concentration opens up analytical 

utility, while proportionality to square root of sweep rate 

proves to be a diagnostic test for the simple electron- 

transfer case. 

The peak potential was shown to occur 28/n mV more 

negative than the E° of the reaction, and is independent 

of concentration and sweep rate. 
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The corresponding case of a single irreversible elec¬ 

tron transfer was solved by Delahay (5_4) . The equation for 

peak current is Eq. (3.17). 

, ,l/21/2n 1/2 
= 301 n (an) AD Cv 

a 
(3.17) 

where the symbols and units are the same as in Eq. (3.16), 

except that n^ is the number of electrons transferred in the 

potential determining step, and a is the transfer coeffi¬ 

cient. Qualitatively, the major effect of irreversibility 

is to spread out the peak-shaped profile as an^ decreases, 

and to lower the height, i.e., smaller values of i . The 
P 

peak potential also shifts to more cathodic potentials (for 

reductions) as an decreases and as the sweep rate increases 
3. 

When the electrochemical reaction occurs in discrete 

steps, or when two electroactive materials are present, 

multiple peaks are observed, as shown in Fig. 3.21. In 

this case, i 0 is measured from the extension of the descend 
p2 

ing branch of the first peak, and not from the valley point, 

A. This extension can be gotten experimentally by first 

recording the LSV curve for the first peak, but stopping the 

potential sweep just to the right of the first peak, while 

continuing to record the current vs time. A second LSV 

curve is generated using the full voltage span. The two 

should superimpose to give a picture as in Fig. 3.21. For 

the case of two independent electron-transfer reactions, 

i i and i 2 will be separately proportional to the concen- 
P P 

tration of the respective materials. For the case of a 

consecutive electron transfer, i.e., A + ne -> B, B + 

me -^ C, the situation is more complex, since the 

current under the second peak has contributions from the 

diffusion of A to the electrode and from the back diffusion 

of B. 

Up to this point in the discussion we can see that, at 

least qualitatively, LSV gives much the same information 

about electron-transfer reactions as does polarography, ex- 
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cept of course that LSV can be performed on solid electrodes 

There is, however, one further aspect of LSV which can make 

it a much more informative tool. 

If, after the normal linear scan has been completed, 

the scan direction is reversed, products which have been 

formed during the first sweep and are still in the vicinity 

of the electrode may themselves undergo electron transfer. 

For example, in a reversible situation the product would be 

reoxidized to the starting material, resulting in a voltammo 

gram as shown in Fig. 3.22. 

In this case, the peak potential of the reverse sweep 

is displaced about 57/n mV anodic of the forward peak poten¬ 

tial (5_5) • The reverse peak current is equal to that of 

the forward, when measured from the extension of the forward 

curve. 
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FIG. 3.22. Triangular wave voltammogram, reversible 
electron transfer. 

In many organic systems, the course of the reaction can 

be quite complex, with various intermediates and electron- 

transfer steps possible. Many of these details may be seen 

via LSV, particularly with the triangular wave technique. 

Many such systems were analyzed by Nicholson, Shain, and. 

Polcyn (55-60), including multistep electron transfers, both 

reversible and irreversible, cases where intervening chemical 

reactions are occurring, and combinations thereof. The fea¬ 

tures characteristic of each can in most cases be determined 

by the way the peak currents and potentials vary with sweep 

rate. 

For cases which have not been analyzed in the literature, 

or which may be too complex to handle by the technique used 

in the above papers, the authors can recommend the digital 

simulation techniques which have been documented by Covitz 
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(61) and Feldberg (62). In these techniques, once the 

generalized computer program has been written, it is only 

necessary to write down the original differential equations 

and the boundary conditions; the computer then calculates 

the i-V curve by numerical techniques. 

In summary, the LSV technique has the following advan¬ 

tages : 

1. Unlimited choice of electrode materials. 

2. Wide range of time scale. 

3. Ability to respond to intermediate products. 

4. Model systems can be described analytically. 

Although LSV requires somewhat more sophisticated instru¬ 

mentation and more careful experimental techniques than 

polarography, it is a technique which can reveal much more 

about the course of reactions. It is recommended as a 

technique to be adopted by the serious researcher in electro- 

organic synthesis. 

3.4.3. ROTATING DISK VOLTAMMETRY 

Up to this point, the voltammetric techniques we have 

discussed were performed in "quiet," i.e., unstirred, solu¬ 

tions. This, of course, simplifies the mathematical formu¬ 

lation of the situation. In recent years, however, there 

has come to the fore a technique, using stirring, which can 

be handled quantitatively—namely, the technique of rotating 

disk voltammetry, and the allied technique of ring-disk 

voltammetry. In this technique, the electrode is a circular 

disk, pressed into the end of a rod of inert material and 

rotated about the axis of the rod. The hydrodynamics of 

this system were first solved by Levich (63) and applied 

to electrochemistry by Riddiford (6_4) . Although the detailed 

theory is far too complex to be developed here, the quantita¬ 

tive and qualitative results of this treatment and the appli¬ 

cability of this technique are discussed. 
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As the electrode is rotated, solution is brought up to 

the electrode surface and then spins out radially along the 

disk as shown in Fig. 3.23(a). If a current is applied to 

this electrode, the boundary concentration of electroactive 

material quickly reaches a steady state, since fresh mater- 

ROTATING DISK ELECTRODE 

FIG. 3.23. Rotating disk voltammetry. 
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ial is constantly being swept across the electrode surface. 

Just as in polarography, when a slow linear potential sweep 

is applied, there results a characteristic s-shaped wave, 

as shown in Fig. 3.23(b). The diffusion-limiting current 

was shown to be proportional to the square root of the ro¬ 

tation rate (somewhat analogous to the height of the mercury 

column in polarography), and proportional to the two-thirds 

power of the diffusion coefficient, to the bulk concentration 

of electroactive material,to the number of electrons involved 

over-all, and to the area of the electrode. Since the rota¬ 

tion rate can be varied over a wide range (say 10-10,000 

rpm), this technique offers a stringent test for diffusion- 

controlled processes, and departures from square-root depen¬ 

dence on rotation rate are significant in showing when other 

phenomena become rate controlling. 

The results of rotating disk voltammetry are quite 

analogous to what can be seen by polarography, except, of 

course, that one is not restricted to the use of mercury as 

electrode material. Moreover, mercury itself can be used 

in rotating disk voltammetry by wetting the surface of a 

nickel disk with mercury (nickel does not amalgamate). Also, 

some of the limitations of polarography, e.g., distortion of 

waveforms at high concentrations, maxima, variations of drop 

time with potential, etc., may not be present. 

A recent powerful extension of this basic technique 

promises to put rotating disk voltammetry on a par with 

techniques such as linear sweep voltammetry in the ability 

to gain insight about the intermediate products of electron- 

transfer. This involves the use of a ring-shaped electrode 

concentric with and in the same plane as the disk, as shown 

in Fig. 3.24(a). The ring is electrically insulated from 

the disk. Intermediates, or products formed at the disk 

electrode, are swept past the ring electrode, where they 

may be detected if they are themselves electroactive. For 

unstable intermediates, the results are highly dependent on 

the rotation rate. 
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RING-DISK ELECTRODE 

o 

FIG. 3.24. Ring-disk electrode. 

For example, consider the case of a two-step electron 

transfer with an intervening chemical reaction, as illus¬ 

trated in Fig. 3.24(b). The diffusion-limiting current 

for the oxidation of B at the ring depends on the kinetics 

of the intervening reaction, i.e., whether it survives the 

transit time from disk to ring, and on the rotation rate, 

i.e., the faster the rotation rate, the more of B will sur¬ 

vive to reach the ring. Since the transit time to the ring 
- 3 

can be of the order of 10 sec, this technique is capable 

of detecting quite unstable intermediates. In the above 

case, the ring diffusion current should increase with rota¬ 

tion rate. 

The rotating disk and ring-disk techniques are not to 

be recommended for novices in the area of electroanalytical 
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techniques, since the apparatus and electrodes must be quite 

carefully constructed before giving reproducible results. 

There is no doubt, however, that this technique will con¬ 

tinue to be developed, and may, in time, replace polarography 

as the single most useful electroanalytical technique for 

organic electrochemistry. 

3.5. RECOMMENDED EQUIPMENT AND PROCEDURE 
FOR ELECTROORGANIC CHEMISTRY 

As in entering any new area of endeavor, the potential 

practitioner needs to start somewhere. No amount of reading 

in a subject can replace the experience gained from conduct¬ 

ing even the simplest experiment. This section suggests the 

kind of equipment required in electroorganic chemistry, from 

simple to more complex, and attempts to outline a general 

procedure for deciding what route to follow. 

3.5.1. EQUIPMENT 

For carrying out electrolyses on an elementary level, 

the experimenter need acquire only simple apparatus. The 

standard sizes of glass beakers will serve for electrolysis 

cells. Various types of sheet metal electrodes such as 

lead, steel, copper, aluminum, and if possible platinum, 

should be acquired. Mercury and graphite are also desirable. 

Alligator clips and lengths of insulated wire are also re¬ 

quired. A magnetic stirring hot plate will be a useful 

accessory. As a start, various sizes of cellophane dialysis 

membranes or ceramic (porous) cups will serve as cell di¬ 

viders. Typical solvents such as DMF, acetonitrile, and 

ethanol; as well as electrolytes such as lithium bromide, 

tetrabutylammonium chloride, and various mineral acids 

should be on hand. The power supply should be as simple as 

possible, such as a Variac controlled constant voltage type, 
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0-50 V, and capable of delivering about 5 A. If necessary, 

this can be home-built and need only have a Variac, full- 

wave rectifier and filter capacitor (^2000 mfd). The opera¬ 

tor should always take appropriate care in insulating and 

fusing the "hot" leads. For work in highly conductive media, 

an automobile storage battery (12 V) and rheostat (0-2511, 

100 W) can be used. A standard volt-ohm-ammeter will be in¬ 

dispensable. The cell voltage and current should be moni¬ 

tored during the run, and the approximate number of cou¬ 

lombs passed should be recorded. As a start, about 10% 

more than the theoretical amount of coulombs should be 

passed. Generalized work-up apparatus for distillation 

and liquid-liquid extraction will be found useful. 

A more advanced electrolysis laboratory will also have 

available various reference electrodes (calomel and Ag/AgCl) 

(Sec. 3.1.4) and a suitable voltmeter for measuring electrode 

potentials (see Sec. 3.3.1). A coulometer (Sec. 3.3.2) will 

also be useful. Cell designs such as are discussed in Sec. 

3.1.1 will permit more flexibility and control than the beaker 

cells mentioned above. For the serious experimenter, a 

polarograph (Sec. 3.4.1) will be an indispensable starting 

point for understanding reactions of a novel type. The 

various analytical tools such as gas chromatography, NMR, 

and mass spectroscopy will be needed to determine the nature 

of all the products formed, and their relative yields. A 

complete mass balance will be required to permit the calcu¬ 

lation of the electrical and chemical efficiencies. A 

power supply capable of automatically maintaining constant 

electrode potential, such as supplied by Anatrol, Hewlett- 

Packard, or Tacussel, will be a useful, although not essen¬ 

tial accessory. 

For the sophisticated and advanced worker in electro¬ 

chemistry, cell designs of his own creation will undoubtedly 

be used. The "sandwich" cell construction (Sec. 3.1.1) re¬ 

quiring machine shop facilities, pumps, flowmeters, etc., 

may provide a suitable starting point for a more advanced 
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design. Electroanalytical instrumentation required to per¬ 

form linear sweep voltammetry on solid electrodes should 

also be acquired in addition to a polarograph. Fast sweep 

instruments, such as supplied by Chemtrix, requiring oscil- 

loscopic recording will be required to study the formation 

of transient intermediates. Computer facilities should be 

available to permit quantitative interpretation of the re¬ 

sults of cyclic voltammetry and other more sophisticated 

electroanalytical techniques. Complete identification of 

all products and their yields will be essential if full 

understanding and optimization of the reaction are to be 

accomplished. 

3.5.2. GENERALIZED PROCEDURES 

Specific procedures obviously depend on the particular 

reaction in question. However, the many common operations 

and considerations found in electrochemical procedures per¬ 

mit one to sketch out a generalized plan of operation. For 

convenience, such an outline is presented in Fig. 3.25. 

3.6. SCALE-UP 

Perhaps the greatest potential reward of work in or¬ 

ganic electrochemistry would be its widespread use in large- 

scale industrial synthesis. Realization of this goal would 

undoubtedly spur on the level of research activity in this 

field. 

Let's begin by making it clear what we mean by scale-up 

in the context of this section. For industrial purposes, 

productivities in the multimillion-pound-per-year bracket 

must be achieved. Because of the special nature of electro¬ 

chemical operations, this almost certainly rules out any 

thoughts of batch processing. Besides, as we shall soon 

see, these same special features of electrochemistry are 
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FIG. 3.25 
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open invitations to those with imagination and creativity 

to think in turns of the inherently more favorable continu¬ 

ous process. One might as well completely forget about the 

commonly used cell designs for laboratory batch operations. 

The standard one-liter, three-necked flask of conventional 

organic chemistry scales up with almost one-to-one corres¬ 

pondence to a 10,000-gal monster still; the industrial 

electrolysis cell will be a completely different species 

than a laboratory cell. 

3.6.1 SPECIAL CONSIDERATIONS 

In electrochemistry, one of the most easily controlled 

variable is the current passing through the cell. This 

is especially convenient for a continuous process, since 

current (i.e., C/sec) is itself a rate of addition of a raw 

material (electrons). Also, as shown in previous chapters, 

and as further discussed in subsequent chapters, proper 

control of electrode potential may be essential for optimal 

results. Since a continuous process runs at steady-state 

conditions, controlled potential operation is simply achieved 

by the use of a constant current through the cells. For 

noncritical cases, the production rate may be conveniently 

varied over a wide range by altering the current. 

1. By and large, it will probably be uneconomic and 

inconvenient to operate a single continuous electrolyte cell 

at near 100% conversion per pass, since efficiencies near 

the end of reaction are usually low compared to what would 

be obtained at the start. Since large-scale operations will 

require multiple cells (can you imagine a single one-acre 

electrolysis cell?), a series, or cascade, arrangement of 

cells is possible. In this way, each cell operates as a 

differential converter within the cell bank. Appropriate 

data for such an operation can be obtained by studying the 

chemical and electrical differential efficiencies as func¬ 

tions of conversion and current density. The approach to 
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steady-state conditions within the cell is exponential; at 

a rate depending on the total hold-up volume and the input 

flow rate--analogous to a continuous stirred tank reactor. 

2. With cells operating in chemical cascade (in series) 

it is also convenient to operate with the electric current 

in series. In this way, the total voltage across a cell 

bank of n cells will be nV, where V is the individual cell 

voltage. The economics of voltage transformation are such 

that high-voltage operation, say 100 V, is desirable. Com¬ 

binations of series and parallel connections are also pos¬ 

sible. 

3. Special attention, of course, must be paid to cell 

design. In particular, the surface-to-volume ratio must be 

as large as possible, and the interelectrode spacing must 

be minimized. For organic media, the latter is particularly 

important due to the inherently higher resistance of organic 

electrolytes. High individual cell voltage is not only costly, 

but may also cause excessive heat within the cell. For 

cells of the filter press design (multiple plane parallel 

electrodes sandwiched between nonconducting spacers), inter¬ 

electrode spacing of in. should be achievable for undi¬ 

vided cells. In any case, the cell should be designed such 

that the iR voltage drop is less than the combined electrode 

potentials. A possible method for increasing the active 

area of the electrode without increasing the geometric area 

involved roughening the electrode surface such that the sur¬ 

face irregularities are about 1/10 the interelectrode spac¬ 

ing. A factor of 2-3 in effective area should be achievable. 

4. With such close spacing between electrodes, addi¬ 

tional problems arise, such as suitable sized inlet and out¬ 

let ports, agitation within the cells, and possibly gas/ 

liquid separation (i.e., foaming, if gases are produced). 

Entrance and exit externally through the spacing elements 

(—in.) would result in a "plumber's nightmare" manifold. 

It may be possible, with suitable cutouts within the elec¬ 

trodes and spacers themselves, to arrange for serial or 
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parallel pumping of solution without external plumbing. 

Also, since the- throughput rate will probably be insuffi¬ 

cient to guarantee good agitation within the cell, other 

means, perhaps via a rapid recirculation loop, need to be 

found. Techniques involving rotating or vibrating electrodes 

are probably impractical on a large scale. In any case, the 

agitation should be turbulent to avoid excessive concentra¬ 

tion polarization within the cell. 

5. Consideration should also be given to the flow pat¬ 

tern within the cell. Dead zones (for example, corners) 

should be avoided, since they provide ideal locations for 

the accumulation of particulate matter which may very likely 

be present over the long term. 

6. Divided cells, of course, present a much more com¬ 

plex design problem, are more costly, and may present addi¬ 

tional maintenance problems. Every attempt should be made 

to "trick" a reaction which apparently requires a divided 

cell into a system which will be happy in a nondivided 

environment. Changing the counter-electrode material, 

addition of depolarizers which form easily removable pro¬ 

ducts, or changing the solvent or electrolyte are worth 

investigating. The nature of the counter-electrode process 

must of course be thoroughly understood. If such a system 

is unachievable, the potential industrial electrochemical 

entrepreneur should take heart in the fact that today's 

largest-scale organic electrolysis plant (the Monsanto 

adiponitrile process (6_5)) utilizes divided cells. The pro¬ 

blem of finding a suitable separator material (stable and 

sufficiently conductive in the electrolyte) and supporting 

it between electrodes is admittedly difficult, but not im¬ 

possible. 

7. Choice of the materials of construction requires 

careful consideration. The working electrode is usually 

dictated by the constraints of the optimized electrosynthe¬ 

sis as well as its freedom from corrosion under the long 

term electrolysis conditions. Alloys may be of considerable 



154 APPARATUS AND TECHNIQUES 

importance in attaining efficient, long-lasting, and struc¬ 

turally sound electrodes. If this turns out to be a struc¬ 

turally unsound material or is prohibitively expensive in 

bulk, one should consider the possibility of cladding or 

plating it onto a structural (and less costly) metal. If 

possible, the counter-electrode should be of the same mater¬ 

ial as the working electrode, since this permits the conven¬ 

ient use of series electrical arrangement within the cell 

bank and avoids separate electrical connections to each cell. 

Flow of electrolyte between compartments of this type should 

naturally be in nonconducting pipes (e.g., polyethylene, 

polypropylene, Teflon, polyvinylchloride) and the electrical 

path must be long enough to avoid appreciable bypass currents. 

Plumbing and equipment downstream of the electrolysis cell 

should also be selected with care and with an eye toward 

the effect of small electrical leakage currents on corro¬ 

sion. 

3.6.2. WORK-UP 

A continuous electrolytic system requires a continuous 

product recovery and solvent/electrolyte recycling system-- 

the two, when "plugged" into each other, comprise the entire 

plant. Most conventional recovery operations (e.g., crystal¬ 

lization, distillation, extraction) may "easily" be adapted 

for continuous operation. The author's use of the word 

"easily" in this context may be misleading; continuous re¬ 

covery/recycle systems are "easy" in the sense that their 

practice is widespread within the organic chemical industry; 

handbooks exist for their design, equipment is commercially 

available, and chemical engineers are not horrified at their 

proposed use. 

That the latter attitude is, in reality, strictly a 

point of view is best illustrated by the following (true) 

story. One of the authors (Covitz), in the not-too-distant 
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past, had occasion to consult with a group of professional 

electrochemists (the inorganic variety) concerning a pro¬ 

posed continuous electrolytic synthesis. Being an organic 

chemist by training, the author felt that professional 

electrochemical advice would be helpful in properly ascer¬ 

taining the feasibility of scaling up this system to indus¬ 

trial-level production. The author discussed, in all its 

gory detail, all of the electrolytic aspects, including the 

interrelated effects of current density, chemical and elec¬ 

trical efficiencies, concentration of starting material and 

electrolyte, temperature, conversion, long-term effects, and 

economics. The proposed recovery/recycle system was mentioned 

briefly, being dispatched with one drawing of the process, 

which was comprised of two extractions and one distillation. 

Within minutes of the end of the talk, the audience achieved 

unaminous agreement that no particular difficulties were en¬ 

visioned in the continuous electrolysis system, but that the 

recovery/recycle system would probably create insurmountable 

problems in its continuous operation. The remaining hours 

of discussion were spent in ironing out the details of the 

recovery system; this in turn led to a much more thorough 

laboratory effort to prove its feasibility. An alternative 

recovery system was the final result! 

Since continuous recovery/recycle systems are usually 

specific to the product being produced, the reader may get 

a better feel for what is involved by considering the follow¬ 

ing examples of specific electroorganic electrolysis which 

either are used, or are feasible for use in, industrial-scale 

processes. 

3.6.3. EXAMPLES 

The following are representative examples of potential 

or actual commercial electroorganic syntheses. Many other 

cases may be found by consulting Swann's extensive biblio¬ 

graphy of electroorganic patents (66). 
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1. Propylene oxide: A patent issued to the M. W. 

Kellog Company discloses the production of propylene oxide 

from propylene by electrolysis (6J7) . The process involves 

the electrolysis of sodium chloride for example, at the 

anode of a divided cell to produce hypochlorous acid, which 

reacts with propylene to produce ethylene chlorohydrin. The 

anolyte is circulated into the cathode chamber where the 

alkaline medium (from reduction of water) converts the chloro¬ 

hydrin to propylene oxide, regenerating chloride ion. The 

propylene oxide- is isolated by distillation, the aqueous 

electrolyte being returned to the cells. The reactions tak¬ 

ing place are: 

at anode 

Cl" + H20 -^ H0C1 + H+ + 2e (3.18) 

in anode chamber 

CH_,CH=CH_ + H0C1 -> CH0CH-CH_C1 (3.19) 
■i 2. 3 | 2 

OH 

H+ + OH" -> H20 

in cathode chamber 

0 

CH0CH-CH„C1 + OH" -> H„0 + Cl" + CH„CH—-CH- (3.20) o | z z _ z z 
OH 2H20 + 2e -> H2 + 20H 

The net reaction is therefore, 

0 

CH3CH=CH2 + H20 -> CH3CH-CH2 + H2 (3.21) 

and requires a net expenditure of electrical energy. Closer 

inspection reveals that this is really an example of electro¬ 

regeneration of the oxidant, hypochlorous acid. The organic 

chemistry, i.e., halohydrin formation and base-catalyzed 

epoxide formation, is well known, and in fact, forms the 
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basis of the conventional large-scale production of propy¬ 

lene oxide. In the latter, both chlorine and excess caustic 

are consumed as raw materials (plus acid to neutralize the 

caustic) and stoichiometric amounts of halide salts are 

formed as by-products, creating pollution problems in their 

disposal. Note how neatly the electrochemical route both 

avoids the use of two raw materials and also solves the pol¬ 

lution problems. 

2. Hydroquinone: The production of hydroquinone by 

electrolytic oxidation of aqueous phenol solution is dis¬ 

closed in a patent awarded to the Union Carbide Corporation 

(68) • 

The process involves oxidation of phenol to benzoqui- 

none at a lead dioxide electrode in the presence of dilute 

aqueous sulfuric acid. The benzoquinone, in turn, is re¬ 

duced at the cathode of the undivided cell. Competitive 

adsorption of phenol and benzoquinone at the anode prevents 

reoxidation of the hydroquinone. The work-up is comprised 

of distillation (of water and phenol) and crystallization of 

the hydroquinone in the bottoms. The (simplified) reaction 

scheme is as follows: 

at anode 
+ 4H + 4e 

at cathode 

The net reaction is therefore 

OH OH 

OH 

(3.22) 

(3.23) 

(3.24) 
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and requires the expenditure of electrical energy. The 

conventional process for production of hydroquinone involves 

oxidation of aniline with manganese dioxide and sulfuric 

acid to produce benzoquinone. Reduction of the benzoquinone 

with iron to hydroquinone completes the process. Large quan 

tities of manganese and calcium (lime is used to neutralize 

the excess acid) salts are also produced as by-products. 

The electrolytic route utilizes a less expensive raw mater¬ 

ial and creates no major by-products other than hydrogen. 

It may be of interest to compare the similarities of 

examples 1 and 2 from a general viewpoint. Both utilize 

water to introduce an oxygen atom into the starting material 

and both result in the desired product plus hydrogen gas, 

with no by-product salts being formed. It is conceivable, 

furthermore, that the hydrogen gas itself could be a useful 

product, or that it could be "burned" chemically or electro- 

chemically to regain some of the energy consumed in the basi 

process. 

3. Adiponitrile; The conversion of acrylonitrile to 

adiponitrile, a key intermediate for the production of 6,6- 

Nylon, has been accomplished by the Monsanto Company (65) 

and is currently being carried out in large scale (in excess 

of 40 MM lb/yr). The process involves reductive hydrodimeri 

zation of a partially aqueous solution of acrylonitrile with 

large amounts of tetraethylammonium p-toluenesulfonate. The 

quaternary ammonium salt assists in the solubilization of 

the acrylonitrile and makes the medium highly conductive. 

The electrolysis cells (about one square meter in cross sec- 
2 

tion area) are operated at about 30 A/dm and 10 V. An ion- 

exchange membrane is used as the cell divider. The adiponi¬ 

trile product is extracted into excess acrylonitrile and 

recovered by distillation of the acrylonitrile. A second 

extraction with water removes remaining acrylonitrile and 

leaves crude adiponitrile. The electrolyte salt is purified 

by crystallization before being recycled to the cells. 

The reactions occurring are: 
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at cathode 

2CH2=CH-CN + 2H+ + 2e ■> nc(ch2)4cn (3.25) 

through membrane 

2H+(anolyte) ———^ 2H+(catholyte) (3.26) 

at anode 

-> 1/2 02 + 2H+ + 2e (3.27) 

so that the net reaction is 

electrical 

2CH2=CHCN + H20 g-n---?y- -> NC(CH2)4CN + 1/2 02 (3.28) 

A discussion of how the electrolytic hydrodimerization 

process compares with conventional commercial processes may 

be found in a review article by Beck (69). 

4. Tetraethyl Lead: The commercial production of 

tetraethyl lead (36 MM Ib/yr) has been accomplished by the 

Nalco Chemical Company (70_) . The process involves electro¬ 

lysis of ethylmagnesium chloride in ether solution at a lead 

anode to form tetraethyl lead and magnesium chloride. The 

magnesium is recovered at the cathode and presumably reused 

to form the starting Grignard reagent from ethyl chloride. 

A two-stage distillation serves to isolate the tetraalkyl 

lead and recycle solvent. The process is unusual in that 

the lead anode (in the form of pellets) is consumed, and 

in that the starting material (RMgCl) serves as its own 

electrolyte. The reactions occurring are: 

external to cell 

4RC1 + 4Mg -> 4RMgCl (3.29) 

at anode 
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4RMgCl + Pb -4MgCl+ + 4e + PbR4 (3.30) 

at cathode 

4MgCl+ + 4e -> 2Mg + 2MgCl2 (3.31) 

The over-all reaction is therefore 

4RC1 + Pb + 2Mg  > PbR4 + 2MgCl2 (3.32) 

It is interesting to speculate whether the system could 

be operated with full recovery of the magnesium. This, of 

course, could only be done at the expense of decreased anode 

efficiency, and some other oxidation would have to occur. 

If chlorine were evolved, the net reaction would be 

4RC1 + Pb -> PbR4 + 2C12 (3.33) 

3.6.4. ECONOMICS 

Although detailed economics will depend heavily on the 

particular process under consideration, several general 

principles are possible to estimate the electrical costs. 

To do this, let us take a particular example: assume we have 

a system which yields a product of mol wt 100, at 90% elec¬ 

trical efficiency, 100% chemical efficiency, requiring 2 

electrons per mole, and operating at 8 V cell(s) voltage. 

The electrical power to produce 1 lb of product is : 

454 q mole 2x10^ C 1 A-sec 1 hr n „ 
lb 100 g 0.9 mole 1 C 3600 sec 

v 2220 V-A-hr/lb or 2.2 kWh/lb (3.34) 

If we assume, conservatively, a power cost of $0.01/kwh for 

industrial use, the cost for electricity, considered as a 

raw material, is $0,022 for 1 lb of product. The electrical 
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cost is significant, but normally low compared to the cost of 

other raw materials. The above estimate is, moreover, con¬ 

servative, since the cost of electricity can be appreciably 

lower at favorable locations. 

It might also be constructive to consider what size 

power equipment would be required for the above example for, 

let's say, a 10 MM lb/yr plant (Eq. 3.35) 

kWh 10^ lb 1 yr 1 day _ 
lb X yr X 365 days X 24 hr 

2,500 kW (3.35) 

Large-scale power equipment (including rectification and 

filtration) operating at reasonably high voltages (>100 V) 

costs in the vicinity of $2 0/kW (7_1) , so that the above 

would cost in the vicinity of $50,000—a minor investment 

when compared to what the cell banks and recovery equipment 

would probably cost. 

The recovery equipment will probably be of straight¬ 

forward design and can be costed accordingly. The cost of 

the cells depends, of course, on their design, and the 
2 

authors have received estimates varying from $50/m to 
2 

$500/m . If the latter figure is the more appropriate, then 

it would certainly pay to operate at the highest feasible 

current density, even at the expense of somewhat lower 
2 

current efficiency and higher cell voltage. At 1000 A/m 
2 

(10 A/dm ), the cells for our example would cost approximate¬ 

ly $150,000 (at $500/m2). 

The plant, assuming full automation, including current 

regulation, feedback control, fail-safe shutdown, and cell 

bypassing for scheduled maintenance, would probably require 

no more than twp operators. Presumably, one would be re¬ 

sponsible for the cell room and the other for the recovery 

operation. 

Although electrochemical production of organics in the 

billion-pound/year range are probably not feasible because 

of the way the scale-up factors affect the cell sizes needed 
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(increases with cell area rather than by volume, as with 

conventional processes), all estimates so far point to favor¬ 

able economics for the multimillion-pound/year plant. 

3.6.5. FUTURE PROSPECTS 

The long-term outlook for industrial electroorganic 

processes is extraordinarily favorable when viewed with an 

unbiased eye. The trend in power costs, by all estimates, 

is bound to decrease further with the advent of widespread 

nuclear power generators. This is particularly so when one 

considers the promise of the ultra-efficient breeder reactors, 

or even thermonuclear power plants {12). With the increasing 

concern about environmental pollution, the organic chemical 

industry will be put under increasing pressure to adopt pro¬ 

cesses which do not involve large quantities of chemical 

pollutants. Organic electrochemical techniques, in many 

cases, offer promising solutions to many of these problems. 

One can only hope that high-level management of our huge 

chemical corporations will recognize these significant fac¬ 

tors . 

At the present time, however, considerable difficulties 

and obstacles await the organic electrochemist who attempts 

to invade the realm of industrial-scale operation. There 

exist no engineering manuals for cell design, nor are any 

commercial cells for inorganic operations likely to be satis¬ 

factory. Pilot plant facilities generally are nonexistent, 

so it will be up to laboratory data to prove feasibility of 

many aspects which are usually ignored in laboratory batch 

operation. 

The authors highly recommend hard work, perseverance, 

ingenuity, and healthy optimism (plus electricity!) as 

techniques to overcome some of these problems. AMEN. 
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4.1. CARBONYL COMPOUNDS 

4.1.1. GENERAL CONSIDERATIONS 

The electrochemical reduction of carbonyl groups is 

somewhat difficult to affect. In most aqueous systems a 

cathode of high hydrogen overvoltage (mercury, lead, 

etc.) is used in the reduction. In general, aldehydes are 

easier to reduce than ketones which are, in turn, easier 

to reduce than acids, esters, and amides. The products from 

the reduction of carbonyl groups vary with reaction condi¬ 

tions (discussed in some detail below), i.e., nature of 

cathode, pH of solution. Thus, an aldehyde or ketone can 

be reduced to the alcohol, pinacol, or hydrocarbon. Since 



CARBONYL COMPOUNDS 169 

comprehensive discussion of the reduction of all carbonyl 

groups could easily be the topic of a separate book, only 

the reduction of aldehydes and ketones are discussed here. 

For the reduction of other carbonyl groups, the reader 

should consult Ref. 1-4....9-16. 

4.1.2. EFFECT OF REACTION CONDITIONS ON COURSE OF 

REDUCTION 

Nature of Electrodes. The nature of the electrode 

has a pronounced effect on the product obtained from the 

reduction of carbonyl compounds. For example, acetone [1] 

with a lead cathode under acid conditions affords isopro¬ 

panol [2] and pinacol [3]: 

0 
II 

CH3-C-CH3 

fl] 

+ 2e__ 
~Pb * 

OH OH OH 
I I I 

CH3-CH-CH3 + CH3-C - c - ch3 

[2] 
CH3CH3 

[3] 

(4.1) 

while in a reduction on a mercury cathode the main product 

is the alcohol with some propane (5j . Leonard (26j reported 

that the reduction of p-aminoacetophenone in aqueous acid on 

a mercury cathode afforded the corresponding alcohol while 

reduction on a tin cathode gave the pinacol as the major 

product. Escherich and Moest (4_7) found that the reduction 

of Michler ketone yields the pinacol with a copper cathode, 

while both the alcohol and the pinacol were formed in equal 

amounts when nickel was used as the cathode. The reduction 

of 2-methylcyclohexanone [4] is another example (6_) , Eqs. 

(4.2), (4.3): 

0 OH 
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In some cases, the potential of the electrode as well as 

its current density may have an effect on the product of 

the reduction (1_, 8^ 21) . For example, Allen [21] reported 

that an increase in potential in the reduction of p-amino- 

acetophenone increased the yield of the pinacol over the 

corresponding alcohol. 

pH of Medium. Reduction of aldehydes and ketones under 

acidic conditions favor the formation of pinacols (1_7, 18) 

while, under basic conditions, the corresponding alcohols 

are the main products (19, 20): 

R 

\ 
C 
/ 

R(H) 

[7] 

0 + 2e 

OH OH 

(h)R-C—C-R (H) 

R 

[8] 

OH 

+ 2e ■ Basej> R-d;H-R(H) 

[9] 

(4.4) 

(4.5) 

There are several exceptions, however, to the above state¬ 

ment, which should not be considered as a rule of thumb (21- 

23), Eq. (4.6): 

OH OH 

Hg H-C-C-H (4.6) 

AqB0S' 

[11] 
d_l and meso-isomers 

The pH of the medium may have an effect on the starting 

material or its electrochemical product. For example, 

under basic conditions, aliphatic aldehydes and ketones 

may undergo self-condensation. Aromatic aldehydes may 

also form benzoins {29). On the other hand, reduction 

under acidic media should be carried out at low tempera- 



CARBONYL COMPOUNDS 171 

tures (^40°) otherwise the pinacol product may be prone 

to rearrange to the corresponding pinacolone (30). 

Other rearrangement of electrochemical reduction products 

under acidic conditions have been reported (31, 32). 

4.1.3. THE FORMATION OF HYDROCARBONS 

Aside from pinacol and alcohols, the reductions of 

aldehydes and ketones can afford the corresponding hydro¬ 

carbons (24) Eq. (4.8): 

CHO 

,C& 
H 

[IS] 

CH-a 

Pb, Hg 

thf,h2so4 
C& (4.8) 

I 
i 

H 

[16] 

In some cases, a so-called "catalytic cathode" such as 

cadmium has been used. Under such conditions, acetaldehyde 

was reduced to ethane (2_5) . 

The formation of hydrocarbon products in appropriate 

solvents allows the incorporation of deuterium in molecules 

(28). This can be of great value in studying reaction 

mechanisms. 

4.1.4. MECHANISM OF REDUCTION 

Nonaqueous Medium. The reduction of aldehydes and 
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ketones in aprotic solvents, e.g., DMF, exhibit two one- 

electron polarographic waves (33), Eg. (4.9) and (4.10): 

R R 

= 0 + le 
First . 

N> °e 
Wave ' ©1 

rIh) R (H) 

[17] [18] 

(4.9) 

R 

©l 
- 0 + le 

Second 
Wave 

R(H) 

[19] 

R 
9 ^C-0 

'I 
R(H) 

[20] 

(4.10) 

The appearance of a second wave, Eq. (4.10), at a 

more negative potential is due to the addition of a second 

electron to the negatively charged species, the ketyl radi¬ 

cal anion. Thus the separation of the two waves will de¬ 

pend, to a large extent, on the stability of the ketyl radi 

cal and the availability of protons in the medium. For ali 

phatic aldehydes and ketones, the radical anion has little 

stability and hence, undergoes protonation and further re¬ 

duction to afford alcohol-type products. On the other hand 

aromatic ketyl radicals have sufficient stability to be de¬ 

tected by ESR spectroscopy (.34) . These can diffuse away 

from the electrode and dimerize to afford pinacol-type pro¬ 

ducts. For further discussion on the mechanism of the 

electrochemical reduction of aldehydes and ketones the 

reader should consult Refs. 35-41. 

Aqueous Medium. The mechanism of the reduction of 

aldehydes and ketones in aqueous media has been exten¬ 

sively discussed (42-4 4) . Under acidic conditions (4_3) , 

two one-electron polarographic waves are observed, Eqs. 

(4.11) and (4.12): 

Rv © 
c = ° „ , . First. 

H + le Wave"* 
R\ 
X 

R 

E1 
R 

[21] [22] 
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R 
V 

C — OH 

R^ 

[23] 

+ le + 1H9 

OH OH 

-> h R-C-—C-R 
l l 

R R 

[24] 

R 

Second^ H_>C_0H 

(4.12) 

Wave 
r/ 

[25] 

(4.13) 

The dimerization or further reduction of the ketyl 

radical, Eq. (4.12), depends on the applied potential. 

Thus, under macroscale conditions, with reduction at the 

plateau of the first polarographic wave, the main product 

is the pinacol, while reduction at the plateau of the 

second wave affords the corresponding alcohol (45). 

As the pH of the medium increases, the two polaro¬ 

graphic waves, Eqs. (4.11) and (4.13), merge and at a more 

negative potential a third wave appears, Eq. (4.15): 

R 

R 

[26] 

> 0 + 

R 
E.O E 

16 -> 9 
R' 

r ' "2 \ e 
c-o 

[27] 

(4.14) 

\ e 
©c— o + 
/ 

R 

[28] 

le 
Third 

Wave ' 

E 
3 

R 

[29] 

\ 

r 
-OH. 

R 

[30 

(4. IS) 

Under these conditions, a high-energy species [29] is being 

produced. Consequently, it is not surprising that the po¬ 

larographic waves observed under basic conditions appear at 

a more negative potential than the first wave observed 

under acidic conditions. 
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4.1.5. ROLE IN ORGANIC SYNTHESIS 

The electrochemical reduction of aldehydes and ketones 

can be controlled to give alcohols, pinacols, or hydrocar¬ 

bons. In certain cases, electrochemical reduction affords 

different products than are obtained by using conventional 

reducing agents. For example, the electrochemical reduction 

of a-methyldesoxybenzoin [31] affords the erythro-1,2- 

diphenylpropanol-1 [32], while reduction with sodium in al¬ 

cohol yields a mixture of erythro- and threo- alcohols (48). 

ch3 0 
I II 

C6H5 - CH - C - C6H5 

[31] 

In other cases, the formation of either or both of the 

erythro- and threo-isomer has been reported for electro¬ 

chemical reductions. The stereochemistry of this process 

has been reviewed in Refs. 17, 56, and 57. 

The electrochemical reduction of aldehydes and ketones 

has not been restricted to simple molecules and the yield 

of the product(s) is often above 50% (^1), as shown in Eqs. 

(4.17) and 4.18): 

CH3 

CeH5 

(4.16) 

[32] 

CHO 
+ 2e Hg 

Aq. NoOH (H3C), nC/h 
OH OH 

CH-CH-^J^-N(CH;Q 3»2 

N(CH3), 

[34] 

97% (21) 
(4.17) 

[33] 
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+ 2e Hq 

Aq.Dioxone 
nBu4NCI 

OH 

<^>ch^h-ch2^) 

100 % (4.18) 

[36] 

An important application of electrochemical reduction 

lies in its use for the preparation of reactive compounds 

such as the cyclopropanediol [38] (50): 

(4.19) 

The marked reactivity of cyclopropanols toward acids and 

bases may place some stringent limitations on the use of 

conventional reducing agents. The diols may be transformed 

to other groups in situ if one places the right ingredients 

into the electrolysis solution. Thus, the presence of acetic 

anhydride during the electrolysis of [39] allowed the forma¬ 

tion of the diacetate [40] (50). 

OAc 

This same technique is being applied for a similar diol, 

e.g., compound [42], by one of the authors (51). 
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0 0 + 2e 
AC20 

AcO 

H3C ch3 

[42] 

OAc (4.21) 

H3C ch3 

[41] 

4.1.6. GENERAL EXPERIMENTAL PROCEDURE 

For ketones, an undivided cell may be used if the 

product is known to be stable toward oxidation. The re¬ 

duction of aldehydes requires the use of divided cells 

(Sec. 3.1) since these compounds are themselves susceptible 

to oxidation. Since carboxyl reduction in general requires 

a proton source, aqueous or partially aqueous media are 

usually required. Suitable organic solvents, when required 

for solubility, include methanol, DMF, acetonitrile, and 

DMSO (Sec. 3.2). Alkali halides or tetraalkylammonium 

salts are used as electrolytes. 

Reduction to Alcohols 

R-C-R’(H) + 2e + 2 H20 R CH R' (H) + 20H 

Reductions of aldehydes and ketones to the correspond¬ 

ing alcohols are favored by: (a) low concentration of 

starting material; (b) alkaline media (KOH, Bu^N+OH , 

etc.); and (c) high over-voltage cathodes such as Hg (Sec. 

3.1.3). 

Reduction to Pinacols 

+ 
OH 

2RC-R1 (H) + 2e + 2H RC C - R 

R' (H) R' (H) 

Pinacol formation is promoted by: (a) high concentra¬ 

tion of starting material; (b) acidic media; (c) high cur- 
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rent density; and (d) the use of cathodes such as tin and 

copper. 

To obtain the pinacol, the procedure described above 

for the preparation of alcohols is followed, except that 

the catholyte is an acidic buffer solution (pH about 4), 

the concentration of the ketone is at least doubled, and 

the electrolysis is run at -1.15 V (s.c.e.). 

Reduction to Hydrocarbons 

2H® 
R-C-R' (H) + 4e ■ > R-CH^R'fCH) 

Hydrocarbon formation from ketones and aldehydes is 

enhanced by the use of strongly acidic media and low hydro¬ 

gen over-voltage cathodes such as cadmium or platinized 

platinum (Sec. 3.1.3). 

4.1.7. REDUCTION OF 1 , 3-DIPHENYL-1,3- 

PROPANEDIONE [43] (52) 

[47] 
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The electrolysis cell used in this experiment was a 

500 ml reaction kettle (Kimax, No. 33700, Owens-Illinois, 

Toledo, Ohio); a mercury pool was used as the cathode. 

The anode solution* consisted of 0.5 M KNO^ in 50% ethanol/ 

water. The reference electrode (saturated calomel) was 

placed into a bridge tube which was immersed into the 

cathode solution. All electrode compartments and gas inlets 

were inserted through standard taper joints in the top of 

the reaction kettle. A magnetic stirrer was used for stir¬ 

ring. This over-all setup is similar to one shown by 

Lingane (5_3) for chronopotentiometric measurements. 

4.1.7.1. Reduction in Acid at -1,15 V 

The anode compartment was charged with 500 ml of the 

anolyte of pH = 4.2. The cathode compartment was charged 

with a solution made up of 350 mg (0.0015 mole) of the 

diketone [43] (Eastman Kodak) in 10 ml of 95% ethanol. 

Electrolysis was carried out at -1.15 V (s.c.e., aqueous). 

The initial current was 70 mA and fell to 8 after 2 hr, at 

which time another 350 mg of the diketone [43] was added 

and electrolysis continued. This procedure was repeated 

until 2.1 g (0.0093 mole) was added. After 18 hr (total 

electrolysis time), the current dropped to 1 mA. At this 

time the catholyte and suspended product were separated from 

the mercury pool and allowed to stand for 24 hr. The pro¬ 

duct was then filtered off, washed, and vacuum dried, giving 

2.01 g of crude product which was identified by conventional 

means as compound [44]. 

4.1.7.2. Reduction in Base at -2.0 V 

The procedure was identical to the reduction in acid 

with one exception. Tetramethylammonium hydroxide (50% 

ethanol, Matheson, Coleman and Bell) 0.1 M was used as the 

supporting electrolyte in the catholyte solution. The po¬ 

tential of the cathode was set at -2.0 V (s.c.e., aqueous). 

*Placed in a suspended medium-porosity sealing tube. 
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Electrolysis of 2.07 g (0.009 mole) of the diketone 

[43] was completed in 20 hr. The catholyte was separated 

from the mercury pool, neutralized with hydrochloric acid 

and evaporated to half its original volume. Cooling allowed 

the separation of white crystalline material from the yellow 

oil. The oil was physically separated from the crystalline 

material which was then recrystallized from benzene- 

Skellysolve B. This afforded 0.4 g of the racemic alcohol 

[47] mp 129-130°. 

The filtrate from the catholyte solution was extracted 

three times with ether. The extracts were combined, dried, 

and evaporated to leave an oil which was recrystallized to 

give 0.7 g of solid mp 85-90°. Recrystallization from ben- 

zene-Skellysolve B yielded a 0.46 g material mp 105-107°. 

This product was fractionally crystallized to constant melt¬ 

ing point to give a fraction mp 108-110° which was identified 

as the meso-form of the diol [47]. 

4.1.7.3. Reduction of 1-Menthone [481 (54) 

A beaker can be used for this reduction with a porous 

cup suspended into it and which serves as the anode chamber. 
2 

A cadmium sheet of 120 cm area was used as the cathode 

while lead, placed in the porous cup, was used as the anode. 

The anolyte consisted of dilute sulfuric acid and was kept 

cold with a cooling coil. The catholyte consisted of a 

mixture of 20 g (0.14 mole) 1-menthone [48] (or dl-isomen- 

thone), 300 ml of ethanol, 70 ml water, and 15 ml sulfuric 

acid. This solution was stirred mechanically and was cooled 
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with an ice bath. An initial current of 3-3.3 A was passed 

through the cell for 8 hr. After 2 hr from the start 10 g 

menthone were gradually added to the catholyte. The tempera¬ 

ture of the reaction remained between 10° and 15°. At the 

end of the experiment (8 hr) the liquid had separated into 

two layers. The isolation of the product [49] (20 g) has 

been described (55) and need not be repeated in this sec¬ 

tion. 
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4.2. NITR0 GROUPS 

4.2.1. GENERAL CONSIDERATION 

The electrochemical reduction of nitrobenzene is per¬ 

haps the most studied reaction in electroorganic chemistry. 
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The reason for this is perhaps two-fold; (a) because of the 

complexity of the reduction, and (b) because of its impor¬ 

tance in organic synthesis. For example, the following com¬ 

pounds have been obtained from the reduction of nitrobenzene: 

Aniline, p-aminophenol, p-chlorophenol, hydroxylamine, azoxy- 

benzene, azobenzene, and hydrazobenzene. On the other hand, 

aliphatic nitro compounds have not been studied as extensive¬ 

ly, mainly because of the instability of their reduction 

intermediates and limited use of their products in organic 

synthesis. The reduction of gem-dinitro aliphatic compounds 

was studied by Masui and co-workers (27). The reduction of 

nitro groups is extremely sensitive to a number of variables, 

some of which are discussed below. 

4.2.2. EFFECT OF REACTION CONDITIONS ON COURSE OF 

REDUCTION 

Nature of Electrode. In general, cathodes of high 

hydrogen overvoltage (in basic media) favor the formation 

of bimolecular products (1, 2) : 

N02 

>90% 

Aliphatic nitro groups afford the corresponding amines under 

acidic conditions and using a higher hydrogen overvoltage 

electrode (3^) . Under basic conditions aliphatic nitro groups 

afford the aci-anion, which is not susceptible to further 

reduction (j4) . The use of a low hydrogen overvoltage 

cathode (e.g., Pt) affords hydroxylamine, which rearranges 

to p-aminophenol (_3, _5) , Eg. (4.22) : 

OH 
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The use of a high hydrogen overvoltage cathode does not 

allow the rearrangement of hydroxylamine but reduces it 

further to aniline. 

Effect of Electrode Potentials. The potential of the 

electrode may play an important part in determining the 

nature of the product. Table 4.1 summarizes the variation 

of the half-wave potential of nitrobenzene with pH of the 

medium (1). 

TABLE 4.1 

Variation of E^ of Nitrobenzene with pH of Reaction Medium 

-E, (s . c. e.) pH 

0.55 V 4.5 

0.65 6.5 

0.75, 1.05 9.1 

0.85, 0.95 14.0 

It can be seen that at a pH of 9.1 two polarographic waves 

are observed. At a potential of -0.7 V azobenzene is ob¬ 

tained, while at -1.05 V azobenzene is further reduced to 

hydrazobenzene. 

Effect of pH of Medium. The pH of the electrolysis 

solution plays a very important role in determining the na¬ 

ture of the reduction product of nitro groups. Under acidic 

conditions the products are generally the hydroxylamine, 

amines, and products derived from their rearrangements (e.g., 

p-aminophenol from hydroxylamine (j5, 1) . Under basic or 

neutral condition (using high overvoltage cathode) the pro¬ 

ducts are generally arrived at from bimolecular reaction of 

reduction intermediates (8, 9), Eg. (4.25): 
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(4.23) 

NHOH 

(4.24) 

(4.25) 

Aliphatic nitro groups are transformed to the aci-anion 

under basic conditions and do not undergo electrochemical 

reduction (4J , Eq. (4.26): 

RCH2N02 < > RCH=N02 (4.26) 

Nature of Medium. The nature of the reaction medium 

can also be of importance in determining the product formed. 

Rar example, reduction in hydrochloric acid can afford the 

o- and p-chloroanilines [53] (]5) . When ethanol is used under 

acidic conditions (f^SO^) the p-aminophenol is esterified to 

afford p-phenetidine (_19y 20) [54]. If the reaction is 

carried out in fuming 

N02 

oc2h5 

[54] 
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sulfuric acid, the p-aminophenol can be sulfonated to give 

2-hydroxy-5-aminobenzenesulfonic acid [55] (15): 

Fuming 
Hg SO4 [4.29) 

4.2.3. MECHANISM OF REDUCTION 

Aliphatic. Nitroalkanes undergo a 4-electron reduction 

in acid to form alkylhydroxylamine, Eq. (4.30): 

H ®o 
n3 u (4 30) 

r-ch2-no2 + 4e —--> r-ch2nhoh v 

[56] [57] 

The reduction is pH dependent and irreversible (1_0, 1_1) . 

Thus,nitromethane can be reduced to N-methylhydroxylamine 

in about 41% yield (_3) . The aliphatic hydroxylamine is 

not normally reduced (as is the aromatic analogue) to the 

corresponding amine. There are, however, some exceptions 

(12-14), Eq. (4.31): 

N°2 (j)H NH2 oh 

C2H5-CH - CH-C3H7 C2H5-CH - CH-CjH, ,4.3!) 

[58] [59] 

75% 

Under anhydrous conditions, aliphatic nitro groups 

reduce to the unstable anion radical which undergoes cleav¬ 

age to a nitrite ion and the corresponding free radical (15, 

27) . 

© 

-> R-N / 
\ 

0 

R-N02 + le •> R® + NO 2 (4.32) 
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2R* -> R-R (4.33) 

Aromatic. A comprehensive discussion of the mechanism 

of the electrochemical reduction of aromatic nitro groups is 

beyond the scope of this book. For such a discussion the 

reader should consult the following excellent references, 

6-8, 15-18, and 26. 

Under acidic conditions nitrobenzene is reduced in a 

4-electron process to hydroxylamine. Nitrosobenzene is pre¬ 

sumably an intermediate in this reduction, but it cannot be 

isolated, since it reduces at a more positive potential than 

nitrobenzene. 

+ 2 e 
+ 2H 

(4.34) 

(4.35) 

Phenylhydroxylamine may rearrange to p-aminophenol, or 

undergo further reduction, under a more negative potential, 

to aniline. Under basic or neutral conditions phenylhydroxyl¬ 

amine reacts with nitrosobenzene to form azoxybenzene, 

Eq. (4.36): 

which can undergo further reduction to azo- and hydrazo- 

benzene, Eqs. (4.37) and (4.38): 

-t- 2e + Hg 0 N=N-<^~^ +20H 
(4.37) 
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(4.38) 

4.2.4. ROLE IN ORGANIC SYNTHESIS 

Nitrobenzene is an inexpensive compound (<10<Vlb) , yet 

its reduction can lead to a variety of products. For exam¬ 

ple, p-aminophenol is used, as a monomer, in a number of 

polymerization reactions. Furthermore, by adjusting the 

nature of the medium, see Eq. (4.32), substituted anilines, 

e.g., p-chloro and p-alkoxyanilines, can be obtained. 

These products are generally difficult to obtain by con¬ 

ventional synthetic methods. 

The ease of reduction of nitrobenzene to hydrazobenzene 

(_1) allows the preparation of benzidine, an important chemi¬ 

cal in the dye industry, in two simple steps, Eq. (4.39): 

Monel t 
NaOAc 

H,0 
H2N^3—f>NH2 

>90% 

(4.39) 

In summary, the reduction of nitrobenzene may be de¬ 

picted as shown at the top of page 189. 

4.2.5. EXPERIMENTAL PROCEDURE 

The reduction of nitro compounds in general must be 

carried out in divided cells (Sec. 3.1) since most of the 

possible products are sensitive to oxidation. Also protic 

media are usually required. Partially aqueous solvents 

such as water-methanol, -ethanol, -DMF, and the like, have 
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been used. Controlled potential electrolysis (Sec. 2.9) 

may be required to optimize yields. Electrolyte restric¬ 

tions are minimal, thus most alkali metal and ammonium 

salts have been used. 

In view of the many possible products that can be ob¬ 

tained from the reduction of nitrobenzene, the reader should 

refer to Table 4.2, which may serve as a guideline for ob¬ 

taining the desired product from a specific reaction. 

A 1500-ml beaker was used as the electrolysis cell. 

A porous cup was suspended in the beaker and was used as 

the anode compartment. A lead sheet was placed in the 
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Reduction 

TABLE 4.2 

of Nitrobenzene Under Different Reaction 

Conditions 

Electron per 
mole of Reaction 

Nitrobenzene medium Cathode Product Yield Reference 

6 10% Hcl Pt 91 19 

4 Aq. acid 
Zn <0-NHOH 21 

4 Aq. acid Monel H0^>NH2 72 2_2 

3 Aq. ethanol 0 

NaOAc, reflux 
Ni Q*-»Q 95 

2_3 

4 Sat. Na-salts Phosphor 

of org. acids Bronze 95 24 

5 Basic, EtOH Zn, Sn 

Monel ^mh-MH-090 25 

Reduction of 3-Nitro-4-Heptanol [60] (12)* 

NO_ OH NH_ OH 
I ^ | pb. I ^ I 

C2H—CH CH-C3H7 -> C2H5~CH -CH-C3H? 

[60] [61] 

porous cup. The cathode, a sheet of 15 x 14 cm lead, was 

coated with spongy lead by placing it in a hot acidified 

suspension of lead chloride with a lead anode and passing 

a current until the cathode was covered with a gray coat 

of the spongy lead. The catholyte and anolyte consisted 

*It may be of interest to the reader to compare the 

reduction of this compound by electrolysis and hydrogena¬ 

tion which is described in Ref. 12. 
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of 10% sulfuric acid. About 1000 ml of this solution was 

placed in the cathode chamber together with 71 g (0.44 mole) 

of 3-nitro-4-heptanol. This formed a suspension which was 

stirred and electrolyzed at 8 V (over-all) and 15-17 A. 

The cell was cooled by means of a water bath to maintain 

the temperature of the catholyte at ^35°. During electro¬ 

lysis the nitroalcohol went into solution. After several 

hours, 47 g (0.291 mole) more nitroalcohol was added. At 

the end of the reaction* only a small amount of oily mater¬ 

ial was left. The catholyte solution was filtered and ex¬ 

tracted with toluene. It was then made strongly alkaline 

with solid NaOH. This caused the separation of an oil, 

which was collected. The aqueous basic solution was ex¬ 

tracted with ether and the ether extracts were combined 

with the oil. Distillation of the combined materials af¬ 

forded the aminoalcohol [61] as a colorless liquid in about 

75% yield. 

Reduction of Nitrobenzene to Hydrazobenzene (X) 

The apparatus used for this reduction is shown in Fig. 

4.1. 

A solution of 50 g (0.48 mole) nitrobenzene in 1300 ml of 

50:50 ethanol water and 10% sodium acetate was introduced 

into the cathode chamber. A lead cathode, which surrounded 

the inner portion of the cell, was used. The anode compart¬ 

ment was a porous porcelain thimble which was suspended into 

the beaker and which contained a platinum anode and a 

solution of aqueous sodium acetate. The level of the ano- 

lyte solution was equal to that in the catholyte solution. 

*The time of the reaction is not given in this reference 

however, an amount of electricity which is slightly above 

(5-10%) the stoichiometric amount is added. 
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The cathode solution was stirred by means of a magnetic bar. 

Electrolysis was carried out at 22 V (over-all) and 20 A. 

Circulating water should be used to prevent overheating the 

solution in the cell 50-60°. The current density was 10 
2 

A/dm . After 4 hr, the reaction was terminated. At this 

time, white crystalline material was formed in the cathode 

chamber. These were filtered, dried, and compared with an 

authentic sample of hydrazobenzene. The yield from repeti¬ 

tive runs averaged about 90%. The electrical efficiency 

was 70-75%. 

Reduction of Q-Chloronitrobenzene (28) [3] to the Correspond- 

ding ^-Aminophenol [65]. 

no2 nhoh 

OH 

[65] 
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This reaction is described in detail in Organic 

Synthesis (28). 
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4.3. CARBON-HALOGEN BONDS 

4.3.1. GENERAL CONSIDERATIONS 

The electrochemical reduction of carbon-halogen bonds 

has been discussed in several review articles (1-^3) • Unfor¬ 

tunately however, the potential of this reaction in organic 

synthesis has been, until recently, neglected. As in the 

case of the reduction of nitrobenzene, cleavage of carbon- 

halogen bonds can, under the appropriate reaction conditions 

lead to a variety of products, including some very reactive 

intermediates such as carbenes, benzynes (£, 5), and poly¬ 

meric products (1_, 8j . As can be seen from the discussion 

below, it is the cleavage of carbon]-halogen bonds in aprotic 

solutions that has great potential in organic synthesis. 

The cleavage of such bonds under protic conditions often 

leads to the replacement of the halogen with a hydrogen atom 

There are, however, some exceptions (6). Another great 

utility in organic synthesis is the reduction of polyhalides 

under controlled potential electrolysis. This technique 

(see discussion below) appears to have an advantage over re¬ 

duction with conventional reducing agents such as zinc, 

sodium, and potassium. 
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In general, the electrochemical reduction of organic 

halides is independent of the nature of the cathode. Furthe 

more, this reduction is not affected by the pH of the medium 

although some isolated examples have been mentioned (9_, ICO • 

The products derived from the electrochemical reduction 

of organic halides depend on the nature of the molecule in 

question, i.e., whether it is a monohalide, polyhalide, 

etc. Consequently, each type of halide will be discussed 

separately. 

4.3.2. MONOHALIDES 

Aliphatics. The reduction of aliphatic halides in 

protic and aprotic solvents generally leads to the formation 

of the corresponding hydrocarbons. However, there are some 

exceptions (11-13) , Eqs. (4.40) — (4.42) : 

02N ch2ci Hg 
MeOH 

(4.40) 

ch2 

/ \ . 
Br- CH2 CH2-N(CH2CH3)3 

e 
Br Hg 

DMF 
+ (CH3CH2)3N 

(4.41) 

I-CH2-CH2CN Hg_^ (NC-CH2CH2)2 Hg 

(4.42) 

In the presence of carbon dioxide, the cleavage of carbon- 

halogen bond gives the corresponding carboxylic acid (1_4) . 

ch2-co2h + ch3 ^~^-CH2Br + 2e C02 (4.43) 



196 REDUCTION OF FUNCTIONAL GROUPS 

Mechanism of Reduction. The reduction of organic ha¬ 

lides is irreversible, follows the Ilkovic equation (polaro- 

graphy), and is independent of the pH of the medium. The 

ease of reduction follows the order: RI > RBr > RC1 > RF. 

The reduction of these bonds has been compared (ljj) with 

[or SN-^ depending on steric effects (.16)] displacement, 

where electrons may act as the nucleophile. Other investi¬ 

gators (1/7) have argued against such an analogy and claimed 

that the reduction of the bicyclic bromides [66] and [67] 

from the back side of the carbon would be quite difficult. 

Br 
£66] 

E1/2 (Ag/Ag+) - 2.17V 

Br 

[67] 

- 1.79 V 

The addition of electrons, whether to the halide or to 

the back side of the carbon, may lead to the formation of 

radical [68] or anionic [69] intermediates (18): 

R-X + e Slow > 
60 6e 

R ■ • • • X (4.44) 

Transition State 

Q 9 
, R + X 

[68] 
(4.45) 

0 
© R . 

R -> 

±le^ 

R-R 

9 
R 

(4.46) 
R-H 

(4.47) 
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To argue for or against any of these intermediates would re¬ 

quire a discussion of a considerable amount of data. Such 

a discussion is beyond the scope of this chapter. For the 

interested at heart, the following key references are offered 

(11, 19-23). It would suffice to say that based on polaro- 

graphic as well as product analysis, there is no compelling 

evidence for the intervention of radicals as detectible 

intermediates. The observed coupling products may be formed 

from the attack of anionic intermediates on the alkyl halide. 

Thus, the reduction of alkyl halides may be described as 

follows [Eqs. (4.48)-(4.50) 

R_x + ie -H2S4 R^....X6e -> R® + X9 (4.48) 

R© + le very fast^ R0 _^ products 
(4.49) 

„ „ , ~ slow, 
or R-X + 2e -—---> r?!....x50 Re + Xe (4.50) 

Role in Organic Synthesis. The electrochemical reduc¬ 

tion of alkyl monohalides may be compared to the well-known 

Grignard reaction. Its advantages, however, have not been 

fully explored. For example, it was recently discovered 

(24) that tetraethyl lead [70] can be formed quantitatively 

from the reduction of ethylbromide on a lead electrode: 

Pb 
4CH3-CH2-Br ) (CH3CH2)4Pb 

[70] 

100% 

4.3.2.1. Vinyl and Aromatic Halides 

The reduction of vinyl and aromatic halides is similar 

to that of aliphatic halides in that similar products are 
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obtained. In certain cases where the double bond is conju¬ 

gated with the it system of phenyl groups its reduction may 

take place (25), Eq. (4.51): 

P^Cg CgHg 
\ / 

C = C 

/ \ 
h5c6 Br 

+ 2 e 
Hg 

DMF ( H5C6)p ~ CH — CH2C6H5 

(4.51) 

In the reduction of vinyl halides, stereochemical 

changes, i.e., cis-trans isomerization may take place (28, 

29) . 

HrC 5^2 I h5c2 H 
\ / \ / 
/ C = C +2e PMF . C = C 

H C2H5 H 

h5c2 
/ 

CoH 2n5 

[71] [72] 

X C \ 
0^5 H H 

[73] 

H Br HeCp H H H 
\ / ^ / \ / 

,C=C + 2e Hg _ C = C + C=C. 
/ \ CpHcOH *■ / \ / \ 

HgC2 C02H 25 H C2H5 C2H5 C2H5 

[74] 

[75] 

70 

[76] 

30 

H Br H H H02C H 
\ / \ / \ / 

,C=C +2e Hg ( C=C + ,C=C + 
\ CoHcOH ^ \ ^ \ 

co2h co2h 2 5 co2h co2h h co2h 

[77] [78] 

ho2c 
/ 

[79] 

co2h 

^CH— CH 
/ \ 

ho2c-ch2 ch2co2h 
[80] 

The formation of the dimeric product [80], as well as 

the stereochemical changes, are of interest and are dis¬ 

cussed under the section on reaction mechanism below. 
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The reduction of aromatic halides generally leads to 

benzene. Thus, bromobenzene affords benzene in a quanti¬ 

tative yield (2_6) . However, in the presence of carbon 

dioxide, benzoic acid has been isolated together with ben¬ 

zene (2J7) • 

Mechanism of Reduction. Vinyl and aromatic halides 

reduce at a more negative potential than their simple ali¬ 

phatic analogs (see Table 4.3). Furthermore, because of 

the presence of unsaturation in the molecule, the mechanism 

of their reduction may differ from that of simple alkyl 

halides. Thus, it was suggested by Miller and co-workers 

(25) that, in the reduction of vinyl halides, an electron 

is added to the lowest unoccupied it molecular orbital to 

give the radical anion, which undergoes elimination of ha¬ 

lide anion to form the vinyl radical. This in turn accepts 

another electron to give the anion which undergoes proto¬ 

nation, Eq. (4.52). 

\ / 
C = C + 2e 

/ 'x 
[81] 

\ /e 
c = c 

/ 
+ le, 

\ /e 
c = c 
/ 

[83] [84] 

(4.52) 

It should be noted, however, that prior to the elimination 

of halide anion, rotation of the C-C single bond in compound 

[82] is possible, and this will allow the formation of the 

thermodynamically stable product. Alternatively, the vinyl 

anion [84] (or the radical [83], if it has enough stability) 

may equilibrate to yield the most stable olefin. Unfortu¬ 

nately, the question of equilibration of vinyl radicals and 

anions has not been settled (30-32). 

The formation of dimeric products [80] from the reduc¬ 

tion of monobromomaleic acid was taken as evidence for the 

formation of a vinyl radical intermediate (29^) . It should 

be noted, however, that the product may easily be explained 
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Half-Wave 

TABLE 4.3 

Potential of Organic Halides 
a 

Organic halide Solution -Eb Reference 

CH--C1 75% Dioxane 2.23 40 
3 

CH.-Br 75% Dioxane 2.01 40 
3 

CH..-I 75% Dioxane 1.63 40 
3 

CH3-CH2-Br DMF 2.13 15 

CH- 
I 3 

CH -C- CH.Br 
3 | 2 

DMF 2.37 15 

DMF 2.36 15 

DMF 2.36 15 

DMF 2.19 15 

DMF 1.22 36 

© 

Br-CH2~CH2-CH2N-Et3 1.34 6 DMF 
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Table 4.3 (continued) 

DMF 2.17 (Ag/Ag®) 17 

DMF 1.7 9 (Ag/Ag®) 17 

CH2=CH-Br 

CH2=CH-CI 

Br 

CH2=CH-CH2Br 

DMF 2.05 

75% Dioxane 2.47 

75% Dioxane No wave 

DMF 2.32 

DMF 2.54 

38 

4_0 

4_0 

36 

36 



202 REDUCTION OF FUNCTIONAL GROUPS 

Table 4.3 (continued) 

CH2=CH-CH2Br DMF 1.29 

ch2=ch2-ch2ci DMF 1.91 

ch2=ch2-ch2i DMF 1.16 

Br-CH2~CH2Br 95% DMF 1.23 

rr:Br 
95% DMF 1.53 
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Table 4.3 (continued) 

Br Br 

DMF 

Br-CH2-CH2-CH2C1 DMF 

Br-CH2-CH2-CH2Br DMF 

Br-CH -{CH^ CH2Br DMF 

Br-CH^CH^CH Br DMF 

Br-CH2-(CH2l4-CH2Br DMF 

H,C CH, 

KX 
Br Br 

(cis-trons isomers) 

DMF 

DMF 

1.12 

2.04 

1.91 

1.99, 1.95° 

2.14, 2.2° 

2.13 

2.02 

1.97 

2.2 

47 

iZ 

6 

6 

6 

6 

6 

47 

47 
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Table 4.3 (continued) 

DMF 1.99 47 

DMF 2.28 47 

CH2C1 

CH2Br 

CHBr 3 

CHC13 

CBr4 

cci4 

2 

2 

75% Dioxane 2.23 £0 

75% Dioxane 1.48 4_0 

75% Dioxane 0.49, 1.09, 1.5 4_0 

75% Dioxane 1.67 £0 

75% Dioxane 0.3, 0.75, 1.49 £0 

75% Dioxane 0.78, 1.71 40 

aUnless otherwise specified, mercury was used as the 

cathode and calomel electrode was used as the reference. 

The reader should use the with caution when compar¬ 

ing values reported by different authors. 
Q 
Ascending part of wave is deformed by a sharp maximum. 
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by invoking the corresponding anionic intermediate [85]: 

ho2c 

ho2c co2h 

/c=c\ 
H Br 

+ 2e 

<8 
C-OH 

n H02C ^p02H 

c — c co2h c-oh 
/ \i w 

H C —C 

n \ 
Br T H 

C02H 

HOpC COoH 
\ / 2 

C=C , 
' / \ / 

H C=C « A / \ +4H® 

ho2c h 

+ 4e 
•product 

Similar anionic attacks on activated olefins have been re¬ 

ported, even in aqueous solutions (3_3) . 

Role in Organic Synthesis. The reduction of vinyl and 

aromatic halides has found limited use in organic synthesis. 

Most of the published work on this subject has dealt with 

the mechanism of the reduction rather than its synthetic 

utility. 

4.3.3. POLYHALIDES 

4.3.3.1. Gem Halides 

The reduction of gem halides generally yields the 

corresponding hydrocarbons (34). However, this reduction 

has been used for the synthesis of polymers (8), as well 

as that of reactive intermediates (5j , Eqs. (4.53)- (4.55) : 

0 
II 

F3C-C 

CI3C CCI3 + 2e -10° 

(4.53) 

Q = CC,2 + Cl 

T.H.F. 

CI2C = 
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(4.54) 

\ / 
CCI4 + 2e :CCI? ,C=C 

*• ~r \-- r -C / \ 

The reduction of gem halides can be allowed to proceed in 

a stepwise manner by using controlled potential electroly¬ 

sis, see Sec. 2.9 (35). 

? NH Cl j? 
Cl3C-C-OH + 2e ---> Cl2-CH-C-OH 

100% 

Mechanism of Reduction. Based on product analysis, 

the reduction of gem halides can best be explained by in¬ 

voking anionic intermediates. Thus, it appears that this 

reduction proceeds in a similar manner described for mono¬ 

halides . 

Role in Organic Synthesis. The selective reduction of 

one of two gem halides, by using controlled potential elec¬ 

trolysis, can be a powerful tool in organic synthesis. Con 

sider, for example, the reduction of 1,1,3,3-tetrachloro-2, 

2,4,4-tetramethylocyclobutane [86] to prepare the correspon 

ding bicyclobutane compound [87] (12). 

h3c ch3 

Xylene + Nq 

25°C 
No Reaction 
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+ K _" No Reoction 

+ No-K-alloy r No Reaction 

No - K-alloy 150° Decomposition 

Compound [86] exhibited two 2-electron polarographic waves 

at -2.0 and -2.4V (s.c.e.). Its macroscale electrolysis at 

the plateau of the first wave allowed the production of 

the desired bicyclic product (12, 36). 

The preparation of carbenes from gem halides was men¬ 

tioned above. 

4.3.3.2. Vicinal Halides 

The electrochemical reduction of vicinal dihalides 

resembles the reduction of the same dihalida with zinc or 

sodium in that the product is, in general, the correspond¬ 

ing olefin. In some cases, however, reduction by electro¬ 

lysis might be advantageous. This is mainly because the 

controlled potential of the cathode can allow a discrimina¬ 

tion in the reduction of one halide over another. For ex¬ 

ample, it is known that trans-dihalides, e.g., [88], reduce 

at a more positive potential than their cis-isomers, e.g., 

[89] (9J . Similarly, axial dihalides reduce at a more 

positive potential than their equatorial analogs (3j^) . Un¬ 

fortunately, there have been no macroscale reduction 
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Br 

studies on the above dihalides by electrolysis or by conven¬ 

tional reducing agents. 

The stereochemistry of activated dihalides, i.e., 

halides on carbon atoms having electron-withdrawing groups, 

does not appear to be important since, in general, the ole¬ 

fin with the most thermodynamic stability is formed (39). 

Thus, both the me so- and racemic-esters of a, ot-dibromo- 

succinic acids [90] afford fumaric acid [91] upon reduction. 

Br ^ _C02R 

Br^^C02R 

[90] 

+ 2e 

© ^co2r 

o 

co2r 

Br -^^COcR 

R02(T 

2 [91] 

Rotation of bond or equilibration of anion 

The reduction of aromatic vicinal dihalides affords 

benzene; however, a benzyne intermediate has been trapped 

in small yield (4). 

Mechanism of Reduction. In principle, the mechanism 

of reduction of vicinal dihalides resembles that of the 

monohalide. However, the presence of a second halogen im¬ 

poses a new direction on this reduction, which may be uti¬ 

lized in organic synthesis. For example, the great diffe¬ 

rence in E, (0.87 V ^20 kcal/mole) in the axial and equa- 

torial cyclohexane dibromides [88], [89] cannot be accounted 
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for by simple inductive effects. The fact that 1,2-dibromo- 

ethane can be reduced in 75% aqueous dioxane to give ethylene 

as the major product (4_0) cannot be explained by invoking 

anionic intermediates. Consequently, a concerted mechanism 

in which the transition state [Eq. (4.66)] bears great re¬ 

semblance to product (olefin) must be operative: 

£9 

transition state 

Such a transition state includes the partial formation of 

a bond. This bond would lower the activation energy of the 

reaction. How well developed this bond is will determine 

the E, (and hence the activation energy) of the reduction 

of dihalides. 

Role in Organic Synthesis. The reduction of vicinal 

dihalides by electrolysis or by conventional reducing agents 

will afford the corresponding olefin and/or saturated hydro¬ 

carbon. The advantage of electrolysis lies in the ability 

of the controlled potential of the cathode to discriminate 

between the reduction of different isomers (cis-trans, axial- 

equatorial) of dihalides. While the utility of such a dis¬ 

crimination has not been fully explored, it is worthwhile 

for the organic chemist to keep in mind. 

4.3.4. a, to-DI HALIDES 

The electrochemical reduction of a ,(o-dihalides is quite 

analgous to that of monohalides. A variety of products, 

however, can be obtained from such reductions (6, 12): 
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A DMF 
Br-CH2 CH2-Br +2e -- A 

^^ + 2Br (4.57) 

Cl< >Br +2e (4.58) 

H3C Br 

XX 
Br CH'i 

+ 2e H-iC- CH, 
(4.59) 

BrtH2C ^CH2Br 

C 
A \ 

BrH2C CH2Br 

+ 4e M (4.60) 

BrCH2-CH2-CH2-CH2Br + 2e + n-Butane (4.61) 

Br-CH2X^>Br + 2e 
HMPA 

<$> ♦ 
(4.62) 

The preparation of polymeric products has also been 

reported (8, 41). 

Br CH2Br + 2e 
Aq. Acid CH2}„ (4.63) 

+ 2e 
DMF 

~^H2C~^3~ CH2j’ (4.64) 
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It has been found (6) that in certain cases different 

solvents in the reduction of a, co-dihalides allow the forma¬ 

tion of different products, Eqs. (4.65) and (4.66): 

(4.65) 
(unknown stereochemistry) 

(4.66) 

The explanation for this behavior is that the anionic 

intermediate from the cleavage of the first carbon-bromine 

bond abstracts a proton from DMF, but does not from hexa- 

methylphosphoramide. Hence, the latter solvent is recom¬ 

mended for reactions involving anions whose protonation is 

not desired. 

The reduction of aromatic a, oj-dihalides (i.e., o- , m- 

and p-) was studied by Wawzonek and co-workers (£) . The 

m-, and p-dihalides afforded benzene, while the o-compounds 

afforded a small amount of benzyne, which was trapped with 

furan to afford a-naphthol. 

Mechanism of Reduction. The reduction of a,co-dihalides 

in general proceeds in a stepwise manner through anionic 

intermediates to afford the observed products. There are, 

however, some exceptions. 1,3-Dibromopropane forms cyclo¬ 

propane upon electrochemical reduction in over 80% yield, 

even in the presence of excess water {6_) , Eq. (4.57). The 

product in Eq. (4.59), is decreased in the presence of 

water. The reduction of a ,a'-dibromo-p- xylene (8_, 4_1) af¬ 

fords polymeric product, even in an acidic medium Eq. 

(4.63). While all these observations may be explained by 

anionic intermediates, which undergo cyclization faster 

than protonation, it is more likely that these reactions 

proceed in a concerted manner, with the following transi¬ 

tion state: 
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The above transition state was also proposed for the reduc¬ 

tion of vicinal dihalides, and can be extended to the reduc¬ 

tion of a , a)-dihalides . In reactions where the transition 

state greatly resembles the product, the central bond is 

well formed and the reduction may be considered to proceed 

in a "concerted" manner. Consequently, one observes a trend 

in the E, of a,cj-dihalides (see Table 4.3), which get more 
.2 

negative as the two halides are further separated. This 

may be an indication that the central bond gets weaker and 

then disappears as the distance between the two halides in¬ 

creases . 

It must be kept in mind that the formation of the above 

transition state depends, to a great extent on the geometry 

of the starting material. (Thus, the authors found that com¬ 

pound [92] is easier to reduce than compound [94] by >7 kcal/ 

mole,* which is difficult to explain on the basis of induc¬ 

tive effects.) The following interesting reduction was re¬ 

ported by Cristol and co-workers (37). 

*This is about 0.3 V. 
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Role in Organic Synthesis. Earlier it was mentioned 

that the electrochemical reduction of a,w-dihalides affords 

a variety of products. This type of reduction has a clear 

advantage over conventional reducing agents. For example, 

the formation dichlorobicyclobutane [87] was discussed 

under gem halides. 

CI 2 

[86] 

Cl Cl 

[87] 

For reasons which are difficult to explain, the tetrachloride 

[86] did not react with sodium and potassium at room tempera¬ 

ture. The reduction of 1,3-dibromo-2,2-bis(bromomethyl)- 

propane is of interest. Reduction of this compound with 

conventional reducing agents yields a variety of products 

which include the following (42-44): 

BrHoC CHoBr 

X 
BrH2C CH2Br 

' [96] 

// 
CH2 

+ Zn IXI + □ 
[97] 

+ CH3-CH2-C — CHg 

[96] 
ch3 

(4.69) 

The electrochemical reduction of the tetrabromide [96] under 

uncontrolled potential gives spiropentane [97] in high yield 

(12). In both cases the reaction presumably proceeds in a 

stepwise manner through the following intermediates [98]: 

BrH?C CHj,Br 

X 
BrH2C CH2Br 

[96] 

+ 2e 
CH9Br 

+ 2e 
CH2Br 

[98] 

XI + other 
products 

It was the polarographic behavior of the tetrabromide [96] 

that led to the conclusion that the isolation of the inter¬ 

mediate [98] was possible. Compound [96] exhibits two 2- 

electron waves (DMF/nBu^NClO^) at -1.8 and -2.3 V (s.c.e.). 

Thus it was anticipated that its electrolysis at a controlled 
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potential <-1.8 V (s.c.e.) should lead to the formation of 

the dibromide [98]. This was indeed realized (£_5) . Further¬ 

more, the reduction of the dibromide 1,1-bis(bromomethyl)- 

cyclopropane at -2.3 V (s.c.e.) afforded spiropentane [97] 

in good yield. 

Controlled potential electrolysis can also be useful 

in organic synthesis where the reduction of one of two ha¬ 

lides in a molecule is desired (4_6) , Eqs. (4.70) and (4.71): 

96% 

4.3.5. EXPERIMENTAL PROCEDURE 

4.3.5.1. Reduction to Hydrocarbons 

0 

RX + 2e —-> RH+ X9 

The experimental procedure for the reduction of organic 

halides depends on the nature of the desired product. For 

reductions where R-X is transformed to R-H, reactions may 

be carried out in a beaker in which a porcelain thimble is 

suspended and which serves as the anode compartment (Fig. 

4.2) . 

The solvent used for these reactions is generally aqueous 

ethanol. Enough ethanol is normally used to dissolve the 

organic halide. The supporting electrolyte may be an 

inorganic acid or a tetraalkylammonium salt. 
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FIG. 4.2. Electrolysis cell for the reduction of 

organic halides. 

4.3.5.2. Reduction to Olefins and C.ycl opropanes 

The above apparatus may also be used for the reduction 

of halides of the type: 

X-C-C-X + 2e 

I I 
I I l 

X-C-C-C-X + 2e 

->)c=c^ + 2xe 

/\ + 2X9 

These reactions are generally not affected by protic sol¬ 

vents. If it is feared that these reactions may be sensi¬ 

tive to aqueous solutions, then an aprotic solvent such as 

acetonitrile, DMF, hexamethylphosphoramide may be used. 

For such reactions, inorganic (alkali halides) as well as 

organic salts (tetraalkylammonium halides) may be used as 

supporting electrolytes. 



216 REDUCTION OF FUNCTIONAL GROUPS 

The reduction of dihalides to yield cyclic products 

may also be carried out in a beaker, provided the cyclic 

product is not volatile. For reactions which yield volatile 

products, the reader should consult Sec. 3.1. 

Preparation 1,3-Dimethylbicyclobutane [1001 (12) 

Br CH3 

+ 2e 

Br [100] 
[99] 

An H-type cell was used for this reaction and is de¬ 

scribed in Ref. 1_2. A solution of 50 g (0.2 mole) of 1,3- 

dibromo-1,3-dimethylcyclobutane in 230 ml of 0.1 M LiBr/DMF 

was introduced into the cathode chamber. This chamber was 

connected to a dry ice-acetone trap in order to collect the 

volatile products. A mercury pool was used as the cathode. 

The anode chamber was charged with 150 ml of 0.1 M LiBr/DMF. 

A platinum wire 6 in. long was used as the anode. A current 

of 0.5 A was allowed to pass through the cell. The over¬ 

all voltage was 40 V. Electrolysis was allowed to proceed 

for 16 hr after which a colorless liquid was collected in 

the trap. Distillation from repetitive runs at atmospheric 

pressure afforded 9 to 15 g (55-94%) of 1,3-dimethylbicyclo- 

butane. 

Controlled Potential Electrolysis, Preparation of 1,1-bis 

(bromomethyl)cyclopropane 1981 (45) 

BrH2C 

BrH2C 

DMF 

[96] 
[98] 

The apparatus used for this reaction is shown in Fig. 

4.2. Twenty-five grams (0.06 mole) of 1,3-dibromo-2,2-bis 
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(bromomethyl)propane* was dissolved in 250 ml of 0.05 M 

Et^NBr/DMF and placed in the cathode compartment. The anode 

compartment was charged with 0.05 M Et^NBr/DMF so that the 

liquid levels in the two compartments were equal. A calomel 

reference electrode was suspended in the solution so that 

it was approximately 6-7 mm above the surface of the mer¬ 

cury.** The potential of the mercury pool was registered 

on an RCA vacuum tube voltmeter. A graphite cylinder 3 in. 

long and % in. outer, diameter was used as the anode. The 

over-all potential of the cell, 12 V, was adjusted so that the 

potential of the cathode was -1.4 V (s.c.e.). This allowed 

the passage of 0.3 A through the cell. During the course 

of the reaction, samples from the cathode compartment (3 

drops diluted to 20 ml with 0.05 M DMF/Et4NBr) were withdrawn 

and their polarograms recorded. When the first wave had 

almost disappeared (13 hr) the reaction was terminated. At 

this time the cathode solution was hydrolyzed with 250 ml 

water and extracted into 500 ml pentane. Distillation of 

the pentane at atmospheric pressure left a slightly yellowish 

liquid 7.9 g (54% yield), which was distilled through a 1-ft 

spinning band column, bp 63°/7 mm, to give 7.1 g of the 

desired product (4_8) . 
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4.4. UNSATURATED COMPOUNDS 

4.4.1. GENERAL CONSIDERATIONS 

In many respects, the electrochemical reduction of 

unsaturated compounds, such as olefins and benzene deriva¬ 

tives, resembles the reductions of these compounds with con¬ 

ventional reducing agents. However, it is the ability to 

control the potential of the electrode as well as the choice 

of the reaction conditions that make reduction by electroly¬ 

sis a versatile tool in organic synthesis. The work of 

Baizer (1) on the dimerization of activated olefins has 

opened up the door for the synthesis of a variety of cyclic 

compounds from simple molecules: 

CH2=CHX + 2e -► X-CH2-CH2-CH2-CH2X 

CH=CH-X 

CH=CH-Y 

+ 2e 

CH-CH2X 

ch-ch2y 

(X and Y are electron-withdrawing nonelectroactive groups). 

The dimerization of acrylonitrile, which is now carried out 

on a commercial basis,* is one of the best demonstrations 

that electrolysis has a significant role in organic synthe¬ 

sis . 

The work of Bankeser (2, 3) which describes the 

"electrochemical Birch reduction," teaches how a simple 

change in the design of the electrolysis cell can lead to 

formation of a variety of products, Eq. (4.72): 

LiCI / CH3NH2 

Undivided Cell 

LiCI /CH3NH2 

Divided Cell 
(4.72) 

‘Monsanto Co., Chem. Eng., Nov. 8, 1965, p. 238. 
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In this reaction, the reducing agent is lithium metal, 

which is generated electrochemically from the supporting 

electrolyte. Even in polymerization reactions, electroly¬ 

ses may yet reveal distinct advantages in the polymeriza¬ 

tion of olefins over conventional initiating reagents. 

(This topic is dealt with in a separate chapter of this 

book.) 

4.4.2. EFFECT OF REACTION CONDITIONS 

The Solvated Electron. Reaction conditions, i.e., 

nature of electrode, pH of medium, etc., do not play a major 

role in determining the course of reduction of unsaturated 

compounds. There are indications, however, that certain 

solvents, e.g., hexamethylphosphoramide in ethanol, have 

some influence on the mode of reduction. In such a medium 

it has been postulated (£, 5^) that electrons from the cathode 

migrate to the bulk of the solution and are solvated (sol¬ 

vated electrons). 

e cathode + S --» e„ (where s is the solvent). 
\ s 

Reduction of the substrate can then take place away from the 

cathode. Thus, benzene was reduced to cyclohexane, cyclo- 

hexadiene, and cyclohexene. On the other hand, electrolysis 

of benzene in ethylenediamine (6) gave cyclohexene with a 

trace of cyclohexadiene and no detectable amount of cyclo¬ 

hexane. These results were explained as due to the faster 

rate of reduction of cyclohexene to cyclohexane (6). In 

ethanol/hexamethylphosphoramide, the relative amounts of 

cyclohexadiene, cyclohexene, and cyclohexane were found to 

depend on the concentration of ethanol, current density, 

and the temperature of the reaction (7), Furthermore, the 

absence of hexamethylphosphoramide in this reduction reduced 

the current efficiency from 95 to less than 1%. 

The nature of the supporting electrolyte and cathodes 

may also play a role in determining the course of the re- 
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action. For example, the reduction of benzene to unconju¬ 

gated dienes, which do not undergo further reduction, was 

attributed to the use of tetrabutylammonium cation as the 

supporting electrolyte and mercury as the cathode (9j. 

Tetramethyl and tetraethylammonium cations were found to 

be unsuitable for such reductions. 

Electrochemical reduction via the "solvated electron" 

is obviously similar to the very well-known Birch reduction, 

which is carried out with alkali metals in liquid ammonia 

and other amine solvents (8). However, it can be seen from 

the above discussion that the electrochemical method appears 

to be more sensitive to reaction conditions. This charac¬ 

teristic may be an asset in the area of organic synthesis 

and is discussed below. 

4.4.3. REDUCTION OF AROMATIC COMPOUNDS 

Reduction Products. Reduction of aromatic compounds 

generally affords the dihydro derivative which may be re¬ 

duced further at a more negative potential. Benzene, which 

does not exhibit a polarographic wave, can be reduced to a 

variety of products depending on the reaction conditions, 

Eqs. (4.73)-(4.76) : 

3N HCI04 (4.73) 

Ref. 10_ 

Hq 

Aq. Diglime 

Ref. 9_ 

LiCl /CH3NH0 * + (j^j) + (4-75) 
Undivided Cell 

Ref. 2 

0 (4.74) 
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Pt, LiCI, CH3NH2 

Divided Cell 
Ref. 2_ 

The reduction of aromatic compounds under the appropriate 

reaction conditions can lead to their functionalization 

(11-13), Eqs. (4.77) and (4.78): 

(4.77) 

Pt 

H^SO^ 

0 

ch3 

(4.79) 

Some aromatic hydrocarbons give dimeric products upon re¬ 

duction as in the case of phenanthrene (1JJ . 
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Mechanism of Reduction. The mechanism of the electro¬ 

chemical reduction of aromatic compounds has been recently 

discussed (14j. Consequently, only a brief discussion of 

it is presented in this section. 

In either protic or aprotic media, aromatic hydrocar¬ 

bons are first reduced to the radical anion [101]. The po¬ 

tential of reduction depends on the stability of this radi¬ 

cal anion. Thus, it is not surprising that benzene reduces 

at a higher potential than anthracene. 

0 © 

R R R 
[101] 

The radical anion abstracts a proton from the solvent 

to give the radical, which may dimerize or undergo further 

reduction and protonation to the dihydro product. 

The mechanism for the electrochemical Birch-type re¬ 

duction is of interest (2, 3): 

0|| ^LiCI, CH3NH2 

' Undivided Cell 

LiCICH3IMH2 

Divided Cell 

When the reaction is carried out in a divided cell, the 

radical anion formed [101] abstracts a proton from the 

amine to give the amide ion and the diene radical [102]. 

The diene radical [102] undergoes further reduction and 

protonation to afford the nonconjugated diene [103]. However, 

this diene is isomerized by the amide anion to the conjugated 

species [104], which undergoes further reduction to cyclo¬ 

hexene. Thus, the over-all reaction may be described as 

follows: 

# 0 
Li + le _Li 
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ch3nh2 + CH3NH6 Li® 

+ Li 
CH3NH2 9 .• 

+ CH3NH Li 

0 H H H 

[103] 

H H 

H H 

6 « 
+ CH3NH Li 

[104] 

+ 2 Li + 2CH3NH2 (^j) +2CH3NH® Li® 

When the reaction is carried out in an undivided cell, 

species formed at the anode may interact with those at the 

cathode. Thus, methylamine is oxidized (at the anode) to 

form methylamine hydrochloride. This species neutralizes 

the methylamide formed as shown above, and prevents the 

isomerization of the unconjugated diene, which resists 

further reduction and is isolated as the final product. 

4.4.4. REDUCTION OF OLEFINS 

The electrochemical reduction of olefins is one of the 

few areas where electrolysis has begun to show its place in 

organic synthesis. Thus, the electrochemical reduction of 
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acrylonitrile is already being carried out on an industrial 

scale (1) and it is anticipated that, in time, the polymeri¬ 

zation of olefinic compounds by electrolysis may play an 

important role in the production of plastics and other pro¬ 

ducts. (For further details on polymerization reactions 

see Chap. 6.) 

Reduction Products. The reduction of olefins in protic 

media generally leads to the formation of the corresponding 

hydrocarbons (probably through the generation of hydrogen). 

Thus, propene is reduced to propane in about 90% yield on a 

platinum electrode in phosphoric acid solution (1J5) . Acti¬ 

vated olefins can also undergo dimerization reactions (16-18), 

Eqs. (4.80) and (4.81) : 

ch2=ch-cn 
Hg 

R.N X 
4 

0 Q> nc-ch2(ch2)2-ch2ch 

Aq. solution 

(4.80) 

CH=CH-CN■ (4.81) 

An interesting reaction developed by Baizer and co¬ 

workers (_1) involves an intradimerization of activated 

dienes [105] to give cyclic products [106]: 

CH=CH-X 

CH=CH-Y 

+ 2e—> 

ch-ch2x 

ch-ch2y 

[105] [106] 
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where X and Y are nonelectroactive electron-withdrawing 

groups. For n = 1-4 the yields of the cyclic product were 

fairly high; for n = 5, the yield was quite low, Eqs. 

(4.82)- (4.85) : 

^^ch=ch-co2c2h5 

CH2 + 2e 

^^CH'CH-COgCgHg 

-> CH; 

ch-ch2-co2c2h5 

'CH-CH2C02C2H5 

98% 

(4.82) 

(CH2 )2 

ch=ch-co2c2h5 

+ 2e 

ch=ch-co2c2h5 

■> 

ch2co2c2h5 

ch2co2c2h5 

(4.83) 

41% 

■CH=CH-C02C2H5 

(ch2)3 + 2 e 

•ch=ch-co2c2h5 

ch2-co2c2h5 

CH2-C02C2H5 

100% 

(4.84) 

^^^ch=chco2c2h5 

(CH2)4 +2e 

ch=ch-co2c2h5 
a ch2-co2c2h5 

(4.85) 

CH2-C02C2H5 

81 % 

In aprotic solvents, activated olefins undergo poly¬ 

merization reactions (19-22): 

CH=CH2 DMF ^ (-CH-CH2-)n 
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ch2=ch-cn 
DMF 

> (-CH2-CH-)n 

CN 

This topic is dealt with in some detail in the chapter on 

electroinitiated polymerization. 

Mechanism of Reduction. The mechanism of the electro¬ 

chemical reduction of olefins resembled that of aromatic 

hydrocarbons. The addition of one electron affords the 

radical anion [107], which may give the observed products 

as follows: 

© © © © 

RCH=CHR1 + le -> RCH-CH-R1 <-> RCH-CHR1 

[107] 

© 

-> RCH-CH2R' 

-> RCH-CH2R' 

RCH-CH2R' 

RCH-CH2R' -> RCH2-CH2R 

2RCH-CHR' -> R-CH-CH-R' RCH=CHR' > Polymer 

r-ch-ch9r' 

RCH-CHR' + H® 

© 

2RCH-CH2R' - 

Polymerization reactions may occur via a radical or anionic 

mechanism, although indications are that the radical anion 

dimerizes to give the dianion, which attacks the starting 

material to afford polymers. 

The internal dimerization of dienes to give cyclic pro¬ 

ducts was postulated to proceed via a concerted mechanism 

as follows (1.) , Eqs. (4.86) and (4.87): 
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(-). 

c 

CATHODE 

X 
I 
CH 
II 
CH 

(ch2)„ 

CH 

CH^ 

e 

(CH2)n 

/ \ 
X-CH-CH- CH-CfP-Y (4.86) 

(CH2)n (CH2)n 

o / \ ® +| / \ 
X-CH-CH-CH-CH-Y > X-CH2CH-CH-CH2Y (4.87) 

This mechanism was based, among other observations, on the 

fact that dienes which afforded cyclic products exhibited 

polarographic waves at a more positive half-wave potential 

than those which gave alycyclic products. 

4.4.5. ROLE IN ORGANIC SYNTHESIS 

The electrochemical reduction of unsaturated compounds 

has an important role in organic synthesis, since it allows 

the investigator in this field some control over the nature 

of the isolated products. For example, it was mentioned 

that in the reduction of benzene a simple change in the de¬ 

sign of the electrolysis cell (i.e., divided vs undivided) 

can afford cyclohexane or cyclohexadiene (2). The formation 

of the "solvated electron" under different reaction condi¬ 

tions appears to favor the formation of certain products 

to others (9). When applied to the reduction of olefins, 

solvated electrons, generated electrochemically, behave in 

a different manner than those generated from alkali metals. 

For example, 2,3-dimethyl-2-butene and cyclohexene are both 

reduced electrochemically in the same reaction in ethanol/ 

hexamethylphosphoramide (6J. However, reaction of these 

compounds with lithium in ethylamine did not allow the re¬ 

duction of the sterically hindered butene (2_3) . It would 

be of interest to compare the same reduction with lithium 

in ethanol/hexamethylphosphoramide. 
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The importance of electrolysis in organic synthesis is 

also shown in the selective reduction of aromatic nucleic 

[108] in the presence of isolated double bonds (26): 

ch2-ch=ch2 

[108] 

Pt 
EtOH 

ch2ch2-ch=ch 2 
EtOH > 

^xJCH2CH=CH2 

46% 

£^JCH2-CH2-CH=CH2 

52% 

By catalytic methods (e.g., Raney nickel and hydrogen), the 

reverse would be true, since the double bond would reduce 

preferentially. 

One of the potential advantages of the electrochemical 

reduction of unsaturated compounds lies in the formation of 

polymers. Thus, it has been possible to control the molecu¬ 

lar weight (and perhaps the molecular weight distribution) 

of the polymeric chain by monitoring the impressed current 

into the reaction solution (21). 

4.4.6. ACETYLENES 

Compared to olefins, the reduction of acetylenes is 

more difficult to accomplish. Consider the following polaro- 

graphic observations (21): 

€>cs°-<5> + 2e 

E,/2=-2.2v 

CH=CH 

+2e 

Ei/2=-2.I4v 

<^ch2-ch2^> 

It was observed that the height of the wave for diphenyl- 

acetylene is twice that for stilbene. This would indicate 

that, in general, the reduction of acetylenes will lead to 

the formation of the corresponding saturated product. 
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4.4.7. EXPERIMENTAL PROCEDURE 

4.4.7.1. Reduction of Olefins 

\ = (/ + 2e 
/ \ 

2H 
.+ 

2 C = C + 2e 
/ \ 

X 

2 H2° •> XCH - C - C - CHX 

+ 20H 

where X is an electron-withdrawing group, e.g., CN. 

Reduction of simple aliphatic olefins is carried out 

in a straightforward manner. A divided cell is recommended, 

but with suitable precautions (absence of halides, inertness 

of olefin toward oxidation) a nondivided cell may be satis¬ 

factory. Electrode materials are not critical, although low 

overvoltage metals may be desirable because of the resemb¬ 

lance of this reaction to catalytic hydrogenation. Tetra- 

alkylammonium salts are recommended for use as supporting 

electrolytes. The solvent should contain a proton donor 

such as water or alcohol. 

With activated olefins, reductive coupling product may 

be favored under the following conditions: 

1. High concentration of starting material. 

2. Neutral solution or low proton availability. 

3. High overvoltage cathode (Sec. 3.1.3). 

4.4.7.2. Reduction of Aromatic Compounds 

The course of reduction of this class of compounds is 

highly dependent on the reaction conditions 

where E is an electrophile, e.g., CC^. 

6e 
6H® 

(1) 
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EH 

Reaction (1) is favored by the use of a low hydrogen 

overvoltage cathode (e.g., Pt) in an aqueous acidic medium. 

Reaction (2) is normally carried out in a divided cell using 

ammonia or amines as solvents and lithium salts as the sup¬ 

porting electrolyte. On the other hand, reaction (3) is 

favored by using the same solvent and supporting electrolyte 

as (2) in an undivided cell. Platinum is the recommended 

cathode for reactions (2) and (3). Reaction (4) is in es¬ 

sence a reductive substitution which is normally carried 

out under similar conditions to reaction (3) in the presence 

of an electrophile. 

4.4.7.3. Reduction of Acetylenes 

-C 
N 

C- + 2e + 2H -> C 

The design of the cell is not critical for this type 

of reaction. Thus, a divided or undivided cell may be used. 

The solvent and supporting electrolyte are essentially the 

same as those described for reactions (2) and (3) under 

aromatic compounds. 

4.4.7.4. Reduction of Cinnamic Acid (24) 

0 
II 
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The electrolysis cell may be a beaker into which a 

porous cup is suspended. The cup serves as the anode cham¬ 

ber. External cooling can be provided by immersing the 

beaker into a water or ice-water container. For the above 

reaction mercury was used as the cathode and was placed at 

the bottom of the beaker. Connection of cathode to power 

source was made by means of an insulated copper wire, except 

at one end, which was immersed in the mercury. The anode, 

a heavy sheet of lead, was placed in the porous cup (which 

should be located close to the mercury surface). A magnetic 

bar may be placed on the surface of the mercury to provide 

agitation. 

Into the cathode compartment, 2 liters of 7-8% Na2S0^ 

(concentration not critical) were introduced. The porous 

cup was also filled with this solution so that the levels 

of the liquids in both compartments were equal. During 

electrolysis the anode solution is kept alkaline by adding 

aqueous sodium hydroxide (^2.7 moles NaOH). To the cathode 

solution, 200 g (1.35 moles) of cinnamic acid is added, fol¬ 

lowed by a solution of 35 g (0.88 mole) of sodium hydroxide 

in 150 ml water. The latter solution is added slowly to 

avoid the formation of lumps. Electrolysis is conducted 

at 5-10 A. During electrolysis some of the product adheres 

to the wall of the beaker and is washed down with water 

using a wash bottle. At the conclusion of the reaction 

(76-80 A hr) the cathode solution is decanted and acidified 

with excess sulfuric acid. The hydrocinnamic acid separates 

as an oil and solidifies upon cooling. The yield of the 

acidic product is 180-200 g. The product, boiling point 

194-197°/75 mm, is colorless and melts at 47.5-48. The yield 

(distilled) is 160-180 g, 80-90%, depending on the quality 

of cinnamic acid used. 

4.4.7.5. Reduction of Acrylonitrile 

The reduction of acrylonitrile is described in detail, 

including a diagram for continuous electrolysis, by Baizer.* 

*M. Baizer, J. Electrochem. Soc., 111, 215 (1964). 
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4.4.7.6. The Reduction of Acetylenes (25) 

A simple, home-made cell for the reduction of acetylene 

was described by Benkeser (2, 3). This includes two cham¬ 

bers divided by a sheet of asbestos and each fitted with a 

condenser and an electrode. The electrodes were connected 

by means of a wire which was sealed through the glass. 

While this cell is simple, any H-type cell (described 

previously) or divided cell is sufficient, and the reader 

may design the one which is most applicable for his system. 

It should be noted that the reduction of a number of acety¬ 

lenes may be carried out in an undivided cell. Thus, for 

these reductions, a 3-neck flask may be used. Two of the 

necks are used to suspend the electrodes and the third is 

equipped with a condenser. A magnetic bar may be used for 

stirring. 

General procedure. The desired electrolysis cell is 

charged with 34 g (0.8 mole) lithium chloride, 900 ml of 

anhydrous methylamine, and 0.1 mole of the acetylene to 

be reduced. Both electrodes were made out of platinum. 

In case a divided cell is used the same ingredient without 

the acetylene in the anode compartment may be used. Electro 

lysis is carried out at a current of 2 A for 2 hr and 40 

min (19,300 C). The solvent was evaporated (or distilled) 

and the residue hydrolyzed with 300 ml water and extracted 

into ether. The ether was dried (CaSO^) and evaporated. 

The residue may be distilled or analyzed by vapor phase 

chromatography. 

Using an undivided cell, 3-octyne was reduced as de¬ 

scribed above to give 3-octene (58%), which was 98% in the 

trans form.* 

*The reader should compare these results with the re¬ 

duction of 4-octyne reported by Lampbell and co-workers, 

J. Am. Chem. Soc., 65, 965 (1943). 
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4.5. CARBON-NITROGEN GROUPS 

4.5.1. NITRILES 

General Considerations. The transfer of electrons to 

unsubstituted alkylnitriles occurs at a high negative poten¬ 

tial. This is why acetonitrile is commonly used as solvent 

in polarographic as well as macroscale electrolytic studies. 

On the other hand, aromatic nitriles are reduced reversibly 

to give the radical anion whose ESR spectrum has been ob¬ 

served (1). Some of the substituted radical anions have a 

considerably long half-life. This stability may be utilized 

for the synthesis of interesting compounds, as is discussed 

below. 

Effect of Reaction Conditions on Course of Reaction. 

While a direct transfer of electrons to aliphatic nitriles 

is difficult to accomplish, their reduction can be achieved 

under the appropriate reaction conditions. For example, the 

use of a low hydrogen over-voltage cathode (e.g., Pt) in 

aqueous acid solution affects the quantitative transforma¬ 

tion of acetonitrile to the corresponding amine (2), probably 

via hydrogenation reaction, Eq. (4.88): 

CH3CN Aq. HC1 > C»3-CH2NH2 (4'88) 

(100%) 
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On the other hand, the use of a mercury cathode in an apro- 

tic medium produces low molecular weight polymer from the 

reduction of acetonitrile (_3) Eq. (4.89): 

Hq 

CVCEN (Neat) > (4'89> 

R4NX CH3 

The use of appropriate solvents may determine the nature of 

products formed from the reduction of nitriles. Thus, while 

in aqueous media, aromatic nitriles are transformed to the 

corresponding amines (£), their reduction in DMF affords 

dimeric products (.1) Eqs. (4.90) and (4.91): 

Ni 

Aq. HCI > 
CH2NH2 

(98%) 
(4.90) 

© e 
+ 2NH2 (4.91) 

Mechanism of Reduction. The mechanism of the reduction 

of nitriles depends on the reaction conditions. Thus, with 

a low hydrogen voltage electrode (e.g., Pt) in aqueous solu¬ 

tions, the electrochemical reduction involves the generation 

of hydrogen, which is responsible for the conversion of ni¬ 

triles to amines. In nonaqueous media, direct transfer of 

electrons to the carbon-nitrogen tt bonds may take place to 

afford the radical anion (1, 5) [109]: 

In DMF, benzonitrile exhibits one one-electron polaro- 

graphic wave (1) and its reduction in this medium affords 
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a red-orange product with a well-resolved ESR spectrum. 

The radical anion [110] can lead to dimeric (1) or polymer 

products (3), [111, 112]: 

[111] 

[112] 

The formation of low molecular weight polymer from aceto¬ 

nitrile may be explained by Eqs. (4.92)-(4.95) : 

Initiation 

© 

CH3-C 

© 

2CH3C 

N + le 

N 

-> CH3-C = N 

-> 9N=C-C-N9 
I I 
ch3 ch3 

9 
(4.92) 

(4.93) 

Propagation 

N=C-CH 

Polymer <- 

Termination 

3 _ 9 CH -C=N 

— N=C-C=N ---> Polymer 

CH3 CH3 
(4.94) 

(-C = N)—C = N 
1 n 1 

CH. CH. 

ch3cn 

---> (-C = N—)—C=NH + CH„-CN 
X I n! 9 

CH. CH. 

2 

(4.95) 
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The above mechanism is quite analogous to electrochemical 

polymerization of styrene (6). In order to determine whether 

the above termination reaction, Eq. (4.95), is responsible 

for the production of low molecular weight polymer, benzo- 

nitrile was reduced under the same conditions. This afforded 

a product with a high degree of polymerization and whose 

structure [112] was identified from the spectral properties 

of the product (3j : 

[112] 

Role in Organic Synthesis. In general, the reduction 

of nitriles by electrochemical or conventional methods gives 

the corresponding amine. Consequently, electrochemical re¬ 

duction (aside from its possible ease of handling) has not 

yet offered an advantage over the use of conventional re¬ 

ducing agents (7_) . 

4.5.2. IMINES AND OXIMES 

General Considerations. The electrochemical reduction 

of carbon-nitrogen double bonds was recently reviewed by 

Lund (£). Consequently, only a brief discussion of this 

subject, with emphasis on imines and oximes, is described 

here. 

Interest in the electrochemical reductions of imines 

began with the study of the polarographic behavior of some 

ketones which reduced at a high negative potential. Such 

ketones [113] could be easily transformed to the correspond¬ 

ing imines [114], whose reduction occurred at a moderately 

negative potential (9^, lOj . 

0 0 

0 NH2CH3CI 
II 

0 
[114] 
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Thus, in many respects, the mechanism of reduction of imines, 

which affords the corresponding amines, resembles that of 

carbonyl compounds. Since imines are intermediates in the 

reduction of oximes (see mechanism below), the reduction 

of the latter also resembles the reduction of carbonyl com¬ 

pounds . 

4.5.3. EFFECT OF REACTION CONDITIONS 

ON COURSE OF REDUCTION 

The ease of the electrochemical reduction of imines 

and oximes leaves little room for the variation of reaction 

conditions in order to control the course of the reaction. 

In general, reduction under acidic conditions is easier, 

indicating that the reduced species is the protonated start¬ 

ing material (ljL, .L2) . 

Mechanism of Reduction. Under acidic conditions, imines 

exhibit two one-electron waves which merge at higher pH 

values (9^) . The half-wave potential of the first wave is 

pH dependent, while that of the second wave is not. In 

aprotic media, imines exhibit a well-developed, diffusion 

controlled, polarographic wave. Thus, the over-all mechanism 

may be described by Eqs. (4.96)-(4.99): 

Low pH: 

(4.96) 

(4.97) 

(4.98) 

High pH: 

© 0 .© ® 

(4.98a) 

(4.99) 
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The reduction of oximes consumes four electrons to 

afford the corresponding amines. Their reduction occurs at 

more positive potentials with a decrease in the pH values 

of the medium, indicating that the reduced species is the 

protonated oxime, Eq. (4.100), (11). In 5-20% sulfuric 

acid, oximes are converted to their conjugate acids and 

their reduction becomes pH independent (lj2) . Under acidic 

conditions imines, and not hydroxylamines, are believed to 

be the intermediates in the reduction of oximes, since the 

reduction of hydroxylamine would occur at a more negative 

potential. At pH values above 8, a second polarographic 

wave appears whose height develops at the expense of the 

first wave. Thus, the over-all reduction may be described 

by Eqs. (4.100)-(4.104) : 

Low pH: 

(4.100) 

+ H20 (4.101) 

CH-NH2 (4.102) 

High pH: 

V=NOH > ^0=NO9 + H® (4.103) 

(difficult to reduce) 

NOH + H 

\ ® G 
C=NOH + 2e + H 
/ *• 

> ^=N- 

-> >= 

C=NH + H® — 
/ <e- 

-> C=NH_ 
— / 2 

2 

NH 

+ 2e 

+H 

\ 
= NH 

+ 2e 

+2H 
* 

\ 
^3H-NH2 (4.104) 

The intervention of imines in the reduction of oximes 

is consistent with the observation described for the reduc¬ 

tion of benzaldehyde oxime (9_) . In a buffer solution using 

a mercury cathode, benzyl amine was obtained. Under similar 
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conditions the reduction of benzylhydroxylamine was not 

possible. 

Role in Organic Synthesis. The reduction of imines 

and oximes may be accomplished electrochemically or with 

conventional reducing agents such as sodium metal or hydro¬ 

gen on platinum. However, in some cases, reduction by the 

two methods affords different products (1^3) Eqs. (4.105) and 

(4.106): 

Thus, the electrochemical reduction of imines (and perhaps 

oximes) may play an important role in organic synthesis 

when a product with a certain stereochemistry is desired. 

Under the appropriate reaction conditions, the syn- 

and anti- forms of oximes exhibit different reduction be¬ 

havior (j?) • Thus, under basic conditions, only the syn- 

isomer exhibits a polarographic wave. Therefore, it may 

be possible to separate the syn- and anti-isomers by electro¬ 

chemical reduction. 

4.5.4. EXPERIMENTAL PROCEDURES 

Reduction of Nitriles (2). The electrolysis cell used 

for the reduction of nitriles is described in Fig. 4.3. 
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Platinum 
Gauze (Cathode) 

-Porous Cup 
' (Anode Comportment) 

Pt Wire (Anode) 

200 ml Beaker 

Magnetic Bor 
(Optional) 

ELECTROLYSIS CELL 

FIG. 4.3. 

4.5.4.1. General Procedure 

Preparation of Cathode. A mixture of 50 ml water, 10 

ml of concentrated hydrochloric acid, and a solution of 

0.5-1.0 g palladium chloride in a small amount of hydro¬ 

chloric acid was used as the catholyte. The anolyte was 

dilute hydrochloric acid. Electrolysis was carried out at 
2 

room temperature at a current density of 0.02 A/cm . When 

the color of palladium chloride had disappeared (indicating 

the deposition of palladium metal on the platinum cathode) 

the catholyte was removed and replaced with dilute hydro¬ 

chloric acid. 

Electrolytic Reaction. In cases where the nitrile was 

sparingly soluble in aqueous hydrochloric acid, a small 

amount of glacial acetic acid was added. An ice bath was 

used to cool the reaction solution. The addition of small 

amounts of palladium chloride was found to be helpful in 

the reduction. At the end of the electrolysis, the catholyte 
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was evaporated to dryness under vacuum and the residual 

amine hydrochloride identified as such or as a suitable 

derivative. 

Examples: 

+ 4e 

AqHOAc 

The catholyte consisted of 1 g (0.008 mole) of benzyl- 

nitrile in 30 ml glacial acetic acid, 10 ml of water, and 

10 ml of concentrated hydrochloric acid. The anolyte was 

10% aqueous hydrochloric acid. (The amount of anolyte should 

be such that its level is about equal to that of the catho¬ 

lyte.) Electrolysis was carried out at a current density 

of 2 A/dm^. The temperature of the medium was about 10°. 

At the end of 2 hr the current was turned off and the catho¬ 

lyte was evaporated to dryness under vacuum. This afforded 

1 g, 75% of phenylethylamine hydrochloride. 

Other nitriles reduced according to the above procedure 

are shown in Table 4.4. 

TABLE 4.4 

Reduction of Nitriles (2) 

Nitrile Product Yield (%) 

ch3cn ch3ch2nh2 

h2n-ch2-(ch2)2-ch2nh2 

H2N-(CH2)6-NH2 

H2NCH2CH2C02H 

100 

NC-CH2-CH2CN 70 

NC-(CH2)4CN 40 

NC-CH2-C02H 40 
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Reduction of Imines and Oximes to Amines 

R R 

NH + 2H+ + 2e 
\ 

CH - NH 
/ 2 

R 

R 
\ 

I 

R 

C= NOH + 4H+ + 4e 
\ 

,CH-NH2 + H20 

R' R / 
The electrolysis cell for these reductions should be 

divided, since the starting materials and products are sus¬ 

ceptible to oxidation. Aqueous acid is the ideal solvent/ 

electrolyte for this type of reduction, but mixed solvents 

may be employed when required for solubility. Although 

platinized platinum has generally been used as the cathode 

material, other metals will probably work as well. 

Reduction of Cyclohexanone Imines 

The reduction of these compounds may be carried out in 

the apparatus shown in Fig. 4.3 for the reduction of ni¬ 

triles* . 

0 

The catholyte consisted of a solution of 1 ml of 

freshly distilled cyclohexanone in 40 ml of 33% aqueous 

methylamine, 50 ml of 4 N hydrochloric acid, and 100 ml of 

water. The anolyte** was 10% aqueous hydrochloric acid. 

Reduction was carried out at a controlled potential of -1.65 

V (s.c.e.). After 2 hr of electrolysis, which allowed the 

passage of 2 electrons per mole cyclohexanone, the reaction 

mixture was extracted 3 times into ether, which was washed 

*Although a slightly different apparatus is described 

by Lund, Acta Chem. Scand., 11, 283 (1957). 

**The nature of the anolyte was not mentioned in Ref. 

9^, consequently the above composition is recommended. 
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3 times with dilute sodium hydroxide. After drying, the 

ether was evaporated, together with traces of methylamine. 

This gave a residue which was redissolved in ether. Dry 

hydrogen chloride was bubbled into the ether, thus causing 

the precipitation of 925 mg of N-methylcyclohexalamine 

hydrochloride. 

Reduction of Oximes: 

The anti-isomer of benzaldoxime was dissolved in a 

solution of 30% peroxide-free tetrahydrofuran and 70% aque¬ 

ous buffer (sodium borate). The anolyte was the same as 

that described in the first example above. Reduction was 

carried out at a potential of -1.7 V (s.c.e.). After the 

addition of 4 electrons per molecule, the catholyte was ex¬ 

tracted 3 times into ether and the extracts combined and 

dried. Addition of dry hydrogen chloride to the ether ex¬ 

tracts caused the precipitation of 700 mg solid, which was 

identified as benzylamine hydrochloride. 
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4.6. MISCELLANEOUS REDUCTIONS 

So far, we have discussed the reduction of organic 

compounds that have been studied in some detail. Other 

classes of compounds that have not received as much atten¬ 

tion are briefly discussed in this section. 

4.6.1. ORGANOSULFUR COMPOUNDS 

The electrochemical reduction of organosulfur compounds 

has not been used to a great extent in organic synthesis. 

In general, the reduction of sulfur-oxygen double bond is 

easier than the reduction of the carbon-oxygen analog. 

Thus, sulfoxides are easily reduced to the corresponding 

mercaptans (^L-^) . 

? 2H® 
R-S-R + 2e - ■ -> R-S-R + H20 

This reaction is of interest in that it is polarographically 

irreversible, yet the oxidation of the mercaptan gives the 

corresponding sulfoxide. Carbon-sulfur double bonds are 

also easier to reduce than the corresponding carbon-oxygen 

analog (]_, 8^) . 

100% 
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The reduction of sulfur-sulfur single bonds is simple and 

gives the corresponding mercaptans (_4, 5_) . On the other 

hand, the reduction 

Ou® 

R-S-S-R +2e - - —^ 2RSH 

of carbon-sulfur single bond is difficult, except in some 

aromatic thiocyanates (6) . 

The mechanism of the electrochemical reduction of or- 

ganosulfur compounds has been studied in some detail (1, 

10-12). For those who are interested in this topic, the 

suggested references at the end of this section should be 

consulted. Unfortunately, the facile reaction of organo- 

sulfur compounds with mercury has complicated the study of 

their polarographic behavior (1_3^) . 

4.6.2. ORGANOMETALLIC COMPOUNDS 

The polarographic behavior of organometallic compounds 

has been studied in detail (9, 14-19). Although such behavior 

has not been fully utilized in organic synthesis, the impli¬ 

cation is that one could do so. Consider, for example, the 

formation of metal-metal bonds (16^, 2_0, 2j4), Egs. (4.107- 

4.109): 

2R3SnCl + 2e -> R3Sn-SnR3 + 2C19 (4.107) 

2(H5C2)2TlBr + 2e -* (H^) 2T1-T1 (C^) 2 + 2 Br® 

(4.108) 

2(H5C2)3 PbCl + 2e -> (H C2) 3Pb-Pb (C2H) (4.109) 

The preparation of a number of organic compounds, which 

include transition metals with a certain oxidation state, 

should be feasible by means of electrolysis. Furthermore, 

the determination of the oxidation state of these metals 
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in organic reactions could be easily done by means of po- 
-4 

larography, which can detect concentration m about 10 M. 

Wilkinson (21-23) reported the polarographic behavior of 

ferrocene, bis-cyclopentadienyl compounds of rhodium, cobalt, 

titanium, zirconium, and other metals. From such studies, 

it was found that the ferrocene-ferrocinium ion couple is 

thermodynamically reversible with an Eq = -0.56 V relative 

to the normal hydrogen electrode. 

4.6.3. PEROXIDES 

The reduction of peroxides is irreversible and pro¬ 

ceeds in a two-electron transfer to afford the correspond¬ 

ing alcohols (2_5) . 

2H® 
R-O-O-R + 2e > 2 ROH 

The ease of reduction of peroxides is in the following 

order (2j5, 27): RCC>3H = (RCC>2)2 > R02H > RCC>3-t-Bu > t- 

Bu02H > R02R > (t-BuO)2. A comprehensive list of E^ of 

peroxides was reported by Martin (2_5) . 

The electrochemical reduction of peroxides is not of 

synthetic utility, however, the reduction of molecular oxy¬ 

gen to form superoxide ion has recently received a consider¬ 

able amount of attention (2_8, 29) . In aprotic solvents 

containing quaternary ammonium salts as supporting electro¬ 

lytes, the reduction of oxygen gives (C>2) , which is somewhat 

stable at room temperature but eventually decays in the fol¬ 

lowing manner, Eqs. (4.110 and 4.111): 

20® + Et4N® 

2HO® -> 

-> HO® + 02 

9 
02 + 2OH 

H H 
\ / 

+ Et,N + C=C 
3 / \ 

H H 

(4.110) 

(4.111) 

The superoxide 02 is obviously a powerful oxidizing 

agent. Thus, when fluorene is oxidized in the presence of 
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oxygen it gives fluorenone readily (2_9) , while in the ab¬ 

sence of oxygen no oxidation took place (29_) . The super¬ 

oxide is also a nucleophile and, as such, may be of use in 

organic synthesis (29, 30), Eqs. (4.112)- (4.114) : 

0® + RX - > RO^ + x® (4.112) 

0® + R0° RO® + 02 
(4.113) 

RO® + RX - -> R202 + X® (4.114 

It can be seen from the above equations that peroxides may 

be conveniently prepared from alkyl halides and oxygen. 

4.6.4. REDUCTION OF SOME SINGLE (a) BONDS 

Carbon-Oxygen Bond. This reduction is similar to that 

of carbon-halogen bonds, however, what makes the reduction 

of the latter much easier lies in the leaving ability of 

the halide anions (3d., 3^) . The ease of reduction depends 

greatly on the nature of the substituent, i.e., R=CH^ < 

C2H,- < Ph and brings about the replacement of the oxygen 

with a hydrogen: 

r3-c-o-r + 2e 
solvent 

> R3CH + R"0 

Since there are two available positions for carbon oxygen 

bond cleavage, the group which can best accommodate a car¬ 

bon anion (or a radical) will undergo cleavage. 

Carbon-Nitrogen Bonds. This reduction can only occur 

in certain molecular structures such as a-activating groups 

[115] (34). 

OH 

+ 2e H 

[115] 
[116] 
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Quaternary ammonium salts [117] can be reduced to the 

corresponding amines (35-38). 

0 

R4N®x“ + 2e —-> R3N + RH 

[117] 

The mechanism of this reduction is reported to proceed via 

radical intermediates (3_6) , thus, the group which can best 

support such an intermediate would undergo reduction. 

4.6.5. OTHER REDUCTIONS 

Scattered reports have appeared in the literature de¬ 

scribing the electrochemical reduction of a variety of or¬ 

ganic compounds which are of insufficient general utility 

to be discussed in this book. For interested readers the 

following references are suggested: 

For information on carbon-sulfur single bonds see Refs. 

33, 39-4 2; carbon-carbon single bonds see Refs. 4_3, 4j4; for 

carbonium ions see Refs. 45-47; and for phosphonium and 

arsonium salts see Ref. 48. 
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5.1. THE KOLBE REACTION 

5.1.1. GENERAL CONSIDERATIONS 

The Kolbe electrolysis is probably one of the earliest 

reactions applied in organic synthesis, namely in the for¬ 

mation of dimeric products from the oxidation of carboxylic 

acid salts: 

-COp 

RCO^ -le -> RCO;; -=-> R* + CC>2 

2R* -R-R 

Since its early conception, its application in organic 

chemistry has been described in several papers (^-90 , and 

the whole topic has been discussed in review articles (10- 

13) . 

The early work of this reaction centered on the prepa¬ 

ration of dimeric products from the radical intermediates 

obtained from the oxidation of carboxylic acid salts. 

However, it later became apparent that other intermediates, 

e.g., carbonium ions, can also be formed. This expanded 

the utility of the Kolbe reaction in organic synthesis and 

confronted researchers with a challenge to control this 

oxidation reaction in order to obtain the desired inter¬ 

mediate. It is with this point in mind that we wish to 

describe the Kolbe reaction. 

5.1.2. EFFECT OF REACTION CONDITIONS ON 

COURSE OF REACTION 

Nature of Electrode. In general, the reason why dif¬ 

ferent electrodes have different effects on the course of 

reactions is not always clear. Several explanations, which 

are mostly related to the surface of the electrodes (which 

may offer specific adsorption, catalysis, field effect, etc.) 
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have been advanced. In the oxidation of sodium acetate in 

the presence of aromatic compounds, the use of a graphite 

anode produced mainly methylated products with some acetoxy- 

lation, while the use of a platinum anode afforded the acetoxy- 

lated products exclusively (9) . Koehl (14) has shown that 

the use of graphite as anodes in the oxidation of simple 

aliphatic acids failed to produce dimeric products. This 

is due, presumably, to the formation of reactive carbonium 

ions, which react immediately to form olefins or undergo 

chemical rearrangement. Thus, while there is no rule of 

thumb as to which anode will give a specific intermediate, 

the use of carbon generally affords carbonium ions, while 

the use of platinum gives the radical intermediate. 

Nature of Solvent. Depending on the intermediate 

formed in the Kolbe reaction, the solvent plays an important 

role in determining the nature of the products obtained. 

For example, the oxidation of 3-phenylpropionic acid on a 

platinum anode in glacial acetic acid affords n-propyl ben¬ 

zene and 2-phenylethylacetate (1_5) . On the other hand, the 

oxidation of phenylacetic acid on a platinum anode in DMF 

affords 1,2-diphenylethane in 88% yield (1_6) . When carbo¬ 

nium ions are intermediates in the Kolbe reactions, the use 

of water vs alcohols as solvents will obviously produce 

different products. 

Structure of Acid. It was shown by Fichter and co¬ 

workers (1/7) that the Kolbe synthesis does not take place 

in aqueous solution when a double bond is too close to the 

carbonyl group. In fact, appreciable coupling was not found 

until the double bond was in the y-position or further. 

Similarly, no coupling product was observed from benzoic 

and phenylacetic acid. However, the oxidation of phenyl¬ 

acetic acid in DMF was shown to afford 1,2-diphenylethane 

in 88% yield (_16) . 

The presence of substituents a- to the carboxyl group 

has a large influence in suppressing the formation of coup¬ 

ling products. Thus, little or no such products were ob- 
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served for most a-alkylmethoxy-, hydroxy-, halogen, keto-, 

cyano-, and amino- groups. 

5.1.3. MECHANISM OF REACTION 

In the early work on the Kolbe reaction, a dimeric 

product would easily be explained as arising from radical 

intermediates. However, based on the early data, the nature 

of the intermediates was unknown. Below is a brief descrip¬ 

tion of the evolution of the mechanism of the Kolbe electro¬ 

lysis. 

Formation of Acyl Peroxides. The oxidation of acids 

was originally thought to proceed through acyl peroxides 

(18) : 

2C02 + R-R <1 

This suggests that under special conditions (e.g., low tem¬ 

peratures) the isolation of the peroxide might be possible. 

The failure to detect any appreciable amounts of such per¬ 

oxides has shed some doubt on the validity of this theory. 

Formation of Hydrogen Peroxide. Glasstone and co¬ 

workers (_19, 20_) advanced another mechanism for the Kolbe 

reaction which involves the formation of hydrogen peroxide 

in aqueous solutions. 

© © 

OH —OH 

0 
© 

2CH3C-0 C-H,+2C0o 
Zb z 
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The following observations, however, make it doubtful 

whether this mechanism is operative to a great extent: 

1. Attempts to detect any amounts of hydrogen peroxide 

during the reaction were not successful (_10) . 

2. The addition of hydrogen peroxide to acetate solu¬ 

tions produces only trace amounts of hydrocarbons (19_) . 

3. The Kolbe synthesis is quite efficient in nonaque- 

ous media, such as DMF (16^, 21) . 

Formation of Radicals. The formation of radical inter¬ 

mediates in the Kolbe reaction was first advanced by Crum, 

Brown and Walker and was later developed by Walker and co¬ 

workers (22 , 2 3). 

R-C-0 - le -> R-C-0 

ft © ® 

R-C-0 -> R + C°2 

© 
2R R-R 

While evidence for the formation of radical inter¬ 

mediates in the Kolbe reaction has been advanced (24_, 25^) , 

very little is known about the nature of these radicals. 

For example, there is no ESR evidence to support their exis¬ 

tence. This, however, need not be regarded as evidence for 

their absence, since it is possible that these radicals are 

adsorbed on the surface of the electrode. For further dis¬ 

cussion on radical intermediates see Ref. 26. 

Formation of Carbonium Ions. While the use of graphite 

anodes is reported to afford products that can best be ex¬ 

plained by carbonium ion intermediates, Corey and co-workers 

(1, 2) have shown that extensive oxidation at platinum elec¬ 

trodes also favors the formation of these ions, Eqs. (5.1) 

and (5.2) : 
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co2h 

H 

- 2e 
CH3OH 

Active Rocemic 

Corey has also shown that the formation of carbonium ions 

can be a useful tool in organic synthesis : 

O0H 0 

CH -COH Pb 
CH3OH 

(5.2) 

The formation of carbonium ions can take place accord¬ 

ing to one (or more) of the following routes: 

R 

O 
-e 

® -CO, © 

-> R-C-0 ^ R 
-e 

■> R 

0 
II 

R-C-0 
© 

-le H 3 
■> R-C-0 

-CO, 

=> R 

From an investigation of the electrolysis of cyclopropane 

carboxylic acids, Shono and co-workers {21) favored the for 

mation of the acylonium ion from the oxidation of the acyl 

radical. The electrolysis of cyclopropanol carboxylic acid 

in the presence of water afforded allyl alcohol, presumably 

through cyclopropanol (3_8) . Similarly, cyclohexane carboxy 

lie acid was converted to cyclohexanol (3_9) . 

For a discussion of reaction conditions favoring the 

formation of radicals and carbonium ions, see experimental 

procedures (Sec. 5.1.5). 

5.1.4. ROLE IN ORGANIC SYNTHESIS 

The versatility, as well as the simplicity, of the 

Kolbe reaction are two of the important factors that have 
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led to its popularity. Table 5.1 illustrates some of the 

types of products that can be prepared by this reaction. 

TABLE 5.1 

Types of Compounds Prepared Via the Kolbe Electrolysis 

Starting Material Reaction Conditions Reference 

Anode_Solution Product (s) 

Pt ch3oh 2 

OH 
j 

Ch-co2h Pt CH3OH 2 

co2h 

Pt CH3OH 

H3C'V CH3 

cb 
och3 

2 

r C02H 

Pt 10% Aq. Py. 28 

co2h 
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The preparation of the compounds in Table 5.1 by con¬ 

ventional chemical methods may not always be possible. For 

example, the chemical synthesis of bicyclo[2.2.2]octadiene 

could not be prepared from the appropriate bicyclo[2.2.2]- 

octene (310• Only multistep chemical processes afforded 

practical yields {6). 

The facile decarboxylation of norbornyl-type carboxylic 

acids allows the formation of nonclassical carbonium ions. 

Corey (2) studied the anodic decarboxylation of several nor- 

bornyl carboxylic acids and reported the following reactions, 

Eqs. (5.3)—(5.5): 

co2h 

Active Racemic 

(5.3) 

(5.4) 

och3 

(5.5) 
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The products obtained in those reactions are quite analogous 

to those obtained via the bridged ions [118] shown below, in 

solvolytic reactions (32_r ^3) . 

[118] 

Gassman and co-workers (3_4) performed the anodic oxi¬ 

dation on the epimeric isomers of bicyclo[3.1.0]hexane-3- 

carboxylic acids [119] in pyridine-water solution. The 

cis-isomer gave the following products: 

[119] 

OH H 

<$" * <d°" * <5° 
r-*-> 

major products 

These reactions were compared with the acetolysis of 

the bicyclo [ 3.1.0 ] hexyl-3-tosylates (3_5) and with the de¬ 

amination of bicyclo[3.1.0]-hexyl-3-amines (36). The cis- 

and trans-tosylates afforded the 3-acetates upon solvolysis 

with the cis-isomer as the predominant product. On the 

other hand, deaminations, such as in anodic decarboxylation, 

produced a variety of products. 

5.1.5. EXPERIMENTAL PROCEDURES 

5.1.5.1. Products Derived from Radical Intermediates 

r\ — 2 0 

2 RC02 _ -—> R - R + 2C02 

COO- C00- 
I i 

- C - C- 
i I 

2e s, / 
—> C = C + 2C0 

/ ' 
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Coupling products resulting from dimerization of radi¬ 

cal intermediates are favored by the use of a platinum anode. 

A nondivided cell may be utilized in general since neither 

the starting material nor the product is sensitive to reduc¬ 

tion. The use of aqueous or partially aqueous media is 

recommended but not essential. Organic solvents which are 

stable toward carbon radicals can also be used, such as DMF 

or acetonitrile. The carboxylate salt can serve as its 

own electrolyte, although perchlorate or fluoroborate salts 

can be used to achieve higher conductivity. Since the re¬ 

action involves coupling of a radical intermediate, higher 

yields may be obtained by using as high a concentration of 

carboxylate as possible and by conducting the electrolysis 

at high current densities. 

5.1.5.2. Products Derived from Carbonium Ion Intermediates 

RCO® + SH - 2e -> R - S + H® + CC>2 

RCO® + S_ - 2e -> R - S + CO2 

where SH or S are nucleophiles, e.g., alcohols, acetates, 

or water. 

In general, a graphite anode should be used, since it 

favors the formation of carbonium ions. However, if the 

resulting carbonium ion is sufficiently stabilized, it will 

also form on platinum anodes. Undivided cells can generally 

be utilized unless the nucleophile is sensitive to reduction. 

If possible, the desired nucleophile should be used as the 

solvent; for example, in the formation of ethers, the cor¬ 

responding alcohol could be used. When alcohols are de¬ 

sired, water should be used as solvent, possibly together 

with a nonnucleophilic solvent such as DMF. As before, the 

carboxylate salt, or the nucleophile salt (e.g., acetate or 

alkoxide), can function as electrolyte, and should be uti¬ 

lized if possible. To discourage self-condensation to esters, 
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high concentrations of carboxylate and high current den¬ 

sities should be avoided. 

Dimerization Reaction (37) 

0 0 0 0 
II li £ II ll 

ROC-(CH ) -C-0 -> R-O-C-(CH„). -C-OR 
Z o Z ±b 

[120] [121] 

The electrolysis cell is a tall beaker (see Fig. 5.1) 

which is fitted with a rubber stopper to accommodate a con¬ 

denser and three copper wires connected to the electrodes. 

The reaction solution is stirred by means of a magnetic 

stirring bar. Three electrodes, made out of platinum wire, 

were used and were spaced equidistantly from each other. 
2 2 

The anode was 12 cm in area while the cathodes were 5 cm 

in area. 

The beaker was charged with 500 ml absolute methanol 

and 1.1 g (0.05 g atom) sodium. When the sodium had dis- 

FIG. 5.1. 

electrolysis. 

Electrolysis cell for a Kolbe-type 
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solved, 216 g (1.0 mole) of methyl hydrogen sebacate was 

added and allowed to dissolve in the sodium methide solu¬ 

tion. An over-all potential of 50 V was applied across the 

cell and allowed the passage of 1-2 A. This caused a mild 

reflux, which could be regulated by varying the applied 

voltage. (Towards the end of the reaction the voltage was 

about 120 V.) The reaction is completed within 30-40 hr 

(longer reaction time may cause the formation of polymeric 

materials) as indicated when a few drops of the solution 

show an alkaline reaction to phenolphthalein. Upon comple¬ 

tion of the reaction, the electrodes are promptly removed 

from the solution, which solidifies after cooling. The 

product is acidified with acetic acid and the solvent re¬ 

moved under reduced pressure. The product [121] is isola¬ 

ted and identified by conventional methods. The yield 

varied between 67 and 74%. 

Formation of Olefins (1) 

[122] [123] 

meso-or dl- isomer trans-isomer 

A similar apparatus to that described above, Fig. 5.1, 

may be used. A solution of 540.6 mg (2.0 mmoles) of meso-2. 

3-diphenylsuccinic acid and 1.12 ml (8.0 mmoles) of tri- 

ethylamine in 10 ml of 90% pyridine-water was maintained 

at reflux (external heating) under nitrogen. The cathode 

and anode were made from smooth platinum and the solution 

was stirred by means of a magnetic stirrer. Electrolysis 

was performed at 134 V for 550 min during which time the 

current fell from 0.14 A to 0.10 A. The dark reaction mix¬ 

ture was evaporated on a steam bath under 10 mm vacuum, 

treated with 50 ml ether and extracted with 2 x 20 ml of 

N-hydrochloric acid. This was followed with extraction 



THE KOLBE REACTION 267 

with 2 x 20 ml of N-sodium hydroxide and 1 x 10 ml of satu¬ 

rated salt. The pale yellow ether solution was dried (MgSO^) 

and evaporated, leaving an amber-colored oily, crystalline 

solid (810 mg) after drying under high vacuum. This material 

was identified as compound [123]. The yield was 68%. 

Note: The meso- and dl-isomers of the above acid can 

also be oxidized with lead tetraacetate to afford trans- 

stilbene. This is really not surprising, since it appears 

that both oxidation reactions (electrochemical and with lead 

tetraacetate) afford the same stable carbonium ion, which 

gives the thermodynamically favored product. Furthermore, 

the authors feel that more electrochemical work needs to be 

done in order to determine the most favorable conditions for 

the generation of carbonium or radical intermediates. 
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5.2. OXIDATION OF UNSATURATED COMPOUNDS 

5.2.1. ANODIC SUBSTITUTION 

5. 2. 1 . 1 . General Considerations 

The electrochemical oxidation of aromatic compounds 

represents one of the most useful electrochemical reactions 

in the area of organic synthesis. Thus, a simple change in 

solvent and/or supporting electrolyte allows the preparation 

of a variety of compounds. Consider, for example, the reac¬ 

tions in Table 5.2. 

The reactions in Table 5.2 may be compared to the well- 

documented Friedel-Crafts electrophilic substitution reactions. 

While anodic substitution can be of great utility in organic 

synthesis, in practice, experimental procedures have been 

somewhat limited because of the few anodes, such as platinum 

carbon and certain oxides of lead, that can be employed. 

Nevertheless, it has been the continued persistence of a 

number of researchers that has aroused the interest of the 

organic, as well as the physical organic, chemists in this 

field. 

A detailed discussion of anodic substitution would in¬ 

volve a discussion of a tremendous amount of data which 

would make this chapter (and the whole book) longer than 

originally intended. Consequently, this topic is dealt 

with in general terms. However, for those who wish to dwell 

on the subject in some detail, the following recent key works 

are recommended: Refs. 7-10. 

There has been some controversy concerning the mecha¬ 

nism of anodic substitution on the aromatic nucleus. Thus, 
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TABLE 5.2 

Oxidation of Aromatic Compounds 

Aromatic 
Compound Reaction Conditions Products Ref. 

Electrode Solution 

Pb02 Aq. H2S04 

OH 

1 

0 

Pt I2,LiC10^,CH3CN 2 

Pt KOAC, HOAC 

Graphite Aq. NaNO^ 

ch3cn 

ch3 ch3 

Pt HCN, NaCN, CH3OH 6 
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while some prefer a direct electron transfer from the aroma¬ 

tic species to the anode to form the radical cation (7_) , 

other investigators prefer an attack of an anodically gene¬ 

rated substrate, e.g., methoxy radical, bromine, etc., on 

Ar - le -> Ar® 

the hydrocarbon (11, 12_) . A third group has presented some 

rather convincing data, pointing to the involvement of the 

anode surface, in the form of oxides, in the oxidation re¬ 

actions (13, 14). The mechanism of the oxidation of substi¬ 

tuted aromatic compounds has also been the subject of some 

controversy. Eberson advocates the oxidation of the side 

chain (.15) , while Parker and co-workers invoke the oxidation 

of the solvent and/or supporting electrolyte, which then 

abstract a hydrogen from the side chain of the aromatic com¬ 

pound (16^) . Whatever the mechanism of anodic substitution 

may be, it is hoped that the discussion below will guide 

the reader in choosing the appropriate reaction conditions 

in order to obtain the desired products. 

5.2.1.2. Anodic Alkoxylation 

A significant amount of this work has centered on the 

alkoxylation of furans. Thus, furan was oxidized on a pla¬ 

tinum electrode in methanolic solution containing ammonium 

bromide and gave the dimethoxy product [124], Ref. 17. 

e Pt_„ H3CO—1 J-OCH3 
NH4Br 
CH3OH [124] 

In this reaction, it was believed that bromine is formed 

at the anode while hydrogen and ammonia are formed at the 

cathode. Bromine reacts with furan in methanol to afford 

2,5-dibromodihydrofuran, which then undergoes nucleophilic 

substitution by methanol to give the observed 2,5-dimethoxy- 

dihydrofuran and hydrogen bromide. The latter reacts with 
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ammonia to regenerate ammonium bromide. Thus, the only in¬ 

gredients that are consumed are electricity and methanol. 

The in situ generation of bromine in the electrochemical 

method obviates its potentially hazardous handling, which 

is needed in the analagous conventional method for the pre¬ 

paration of the dimethoxydihydrofuran (1_8) . More recently, 

the methoxylation of furans was carried out by using other 

supporting electrolytes, such as NaOCH^, and (19) . 

That bromine is involved in the methoxylation of furans was 

shown by Ross and co-workers (_20) , who obtained the same 

isomer ratio, 50:50 cisttrans, from the electrochemical metho¬ 

xylation of 2,5-dimethylfuran as well as methoxylation with 

Br2/CH3OH. 

The electrochemical methoxylation of benzene has not 

yet been accomplished. In contrast, however, substituted 

benzenes [125] can be methoxylated under the appropriate 

conditions {21). This type of reaction is difficult to ac¬ 

complish by conventional chemical methods. 

-e 

[125] 

The alkoxylation of aromatic side chains has also been 

reported (2_2) . The mechanism for this reaction probably in¬ 

volves the abstraction of hydrogen atom from the side chain 

by a radical, e.g., alkoxy radical, which is generated at 

the anode. 

5.2.1.3. Anodic Acetoxylation 

Acetoxylation reactions in homogeneous solutions have 

not yet been reported. This may be attributed to the facile 
9 

decarboxylation of acetoxy radicals (rate constant 'vlO 

sec ■*") within the solvent cage, thus preventing any contact 

with the surrounding substrates (23). For example, the ther- 
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mal decomposition of diacetyl peroxides in the presence of 

aromatic compounds does not result in acetoxylation of the 

aromatic species (2_4) . In anodic acetoxylation, i.e., oxi¬ 

dation of acetate ions (as opposed to acetic acid) in the 

presence of aromatic hydrocarbons, acetoxy radicals may be 

formed at the surface of the electrode (as was pointed out 

in the discussion of the Kolbe reaction) in the presence of 

aromatic hydrocarbons, and thus affect their acetoxylation. 

This explains the formation of methylated products in the 

acetoxylation of naphthalene and biphenyls (27_) : CH^CC^ 

-> CH^+C02)- However, since aromatic hydrocarbons oxy- 

dize at a lower potential than acetate anions, the interven¬ 

tion of acetoxy radicals in such reactions was deemed un¬ 

likely (2_5) . In fact, negatively substituted aromatics, whose 

oxidation potential is more positive than that of acetate 

anions, did not undergo acetoxylation. Eberson has found 

that the distribution of o-, m-, and p-isomers in anodic 

acetoxylation is similar to that found in electrophilic 

aromatic substitution reactions (2_6) . Table 5.3 shows some 

examples of this. 

The potential of the anode may play an important role 

in the acetoxylation of aromatic compounds. Thus, it was 

found (2_7) that the yield of acetoxyanisoles from anisole 

can be increased from 27 to 40% by carrying the electroly¬ 

sis at a controlled potential of 1.50 V (s.c.e.) and by 

passing 50% of the theoretical amount of electricity through 

the solution. The presence of acetate ion is also of impor¬ 

tance in determining the course of anodic acetoxylation. 

Thus, nuclear acetoxylation of anisole occurs only in the 

presence of acetate ion. No reaction occurred when tosylate 

or perchlorate were used in acetic acid.* The role of ace¬ 

tate ion was also studied in the acetoxylation of amides 

(28, 29). Thus, with nitrate, rather than with acetate, 

*This observation was explained as due to a two-electron 

oxidation of the substrate followed by a concerted attack by 

acetate ion (26). 
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TABLE 5.3 

Oxidation of Aromatic Compounds 

on a Platinum Anode. 

in HOAC/NaOAC 

Aromatic Compound Acetate- Isomers (%) 

0- m- p- a-side chain 

OCH, 

0 67.4 3.5 29.1 — 

OAc 

0 40.1 5.0 54.9 — 

ch3 

6 43.2 11.1 45.7 28.6 

ch2ch3 

6 43.8 10.2 46.0 50.5 

ksJJ 
30.7 0.9 68.4 — 

A 
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as the supporting electrolyte, an increase in N-alkyl ace- 

toxylation was observed. The oxidation of mesitylene was 

also sensitive to the supporting electrolyte (3C0 . Thus, 

with NH^NO^/HOAC, only side chain acetoxylation occurred. 

However, with KOAC, a considerable amount of nuclear ace¬ 

toxylation occurred. 

5.2.1.4. Anodic C.yanation 

The mechanism of aromatic cyanation is quite similar 

to that of anodic acetoxylation. Thus, the aromatic sub¬ 

strate is oxidized in the presence of cyanide ion** and 

leads to the formation of the observed product. 

ArH 
-le 

* ArH 
® -le •V vI7 VI 

Ar + H 

Ar® + CN® -^ ArCN 

Table 5.4 describes the o-, m-, and p-isomer distributions 

of cyanation and acetoxylation reactions (2_6, 3_3) . Unlike 

acetoxylation reactions, cyanation occurs almost exclusively 

at the aromatic nucleus. 

Anodic cyanation was studied by Andreades and co-workers 

(35), who developed a procedure which affords high yield of 

products. These investigators proposed the following 

**In spite of the fact that the oxidation potential of 

cyanide anion occurs at a less positive potential than aro¬ 

matic compounds, no cyanation reaction takes place until 

the aromatic compound is oxidized (^) . 
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TABLE 5.4 

Comparison of o-, m-, and p -, Isomer Distribution 

in Anodic Acetoxylation and Cyanation (2jj, 33) 

Acetoxylation (%) Cyanation (%) 

Organic Compound o-m_p^o- m-p- 

43.2 11.1 45.7 40 8 52 

67.4 3.5 29 53 <0.1 47 

36.8 5.5 57.7 50 <0.5 50 

90 10 

mechanism for the above reaction, Eqs. (5.6) and (5.7). 

och3 och3 och3 
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The site of substitution by cyanide ion occurred at the 

carbon with the highest spin-density which could be predic¬ 

ted from ESR studies. 

5.2.1.5. Anodic Acetamidation 

Anodic acetamidation is quite similar to the well- 

known Ritter reaction, which involves the reaction of a 

carbonium ion with acetonitrile. 

ArH -le -> ARH+ ■ ~le-> Ar® + H® 

Ar® + CH -CEN -> Ar-N=C®-CH3 

© ? 
Ar-N=C -CH3 + H20 -> Ar-NH-C-CH3 

The above reaction applies to aromatic as well as aliphatic 

compounds, In the aliphatic series, the carbonium ion may 

be formed from a Kolbe-type reaction (3JL, 36), Eq. (5.8): 

I J 9 -2e ' J 

H3CTC02 CH,CN> Vf ~ N-C'CH3 

ch3 ch3 

The oxidation of toluene in acetonitrile [Eq. (5.9)] is of 

interest. If the amount of water in reaction medium is 

less than O.lmM, acetamidation occurs to give [126] in al¬ 

most quantitative yield. 

CH3 

- 2e CH3CN 

< 0.lmM H20 

0 
II 

ch2-nh-c-ch3 

[126] 

~99% 
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However, when the oxidation was carried out in wet aceto¬ 

nitrile >.lmM water, benzyl alcohol, benzaldehyde, benzoic 

acid, and bibenzyl were isolated together with benzylacet- 

amide. There has been some controversy concerning the 

mechanism of acetamidation of toluene in wet and dry aceto¬ 

nitrile. For a discussion on this subject and the role of 

water in this reaction, Refs. 6_, 3_1, 3_6 are recommended. 

5.2.2. OXIDATION OF AROMATIC ALCOHOLS AND AMINES 

Oxidation of Phenols. Fichter was among the early in¬ 

vestigators to study the electrochemical oxidation of phenol 

(37) and reported the following products upon oxidation under 

acidic solutions: 

A detailed study of this reaction in the author's labora¬ 

tories (_38) showed that this reaction can be controlled to 

afford hydroquinone in over 90% yield. The mechanism of the 

oxidation is proposed by Eqs. (5.10)- (5.12) : 

OH OH 

Solution Adsorbed 

C 

Adsorbed Adsorbed 
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+ H20 

- H® 

OH OH 0 

OH OH H OH 

Solution Adsorbed Adsorbed 

An interesting speculation concerning the high yield of p- 

hydroquinone is that it is due to the field effect of the 

anode, which keeps the positive charges far apart due to 

coulombic repulsion, Eq. (5.13): 

At 107 V/cm the energy difference is ^2.5 kcal/mole. 

The above cation [127] has been trapped in other re¬ 

actions, Ref. 39, Eq. (5.14): 

OH 

CH2 o 
I « 
ch2-c-oh 

0 0 

ch2 0 
I I 
ch2 — c=o 

The oxidation of phenol has been used in the area of 

electrocoating, since polymeric material can be deposited 

on several anodic substrates (4_0, 4_1) . This reaction is 

discussed in more detail in Chap. 6. The dimerization of 

phenols and its derivatives may be of utility in organic 

synthesis. Thus, 2,6-di-t-butylphenol [129] afforded the 

corresponding biphenol [130] in good yield (42). 



280 OXIDATION OF FUNCTIONAL GROUPS 

Under similar conditions, no 4,4'-dihydroxydiphenyl could 

be obtained from the oxidation of phenol. The product(s) 

was mainly polymeric in nature. For further discussion on 

the oxidation of phenols Refs. 43-48 are recommended. 

Oxidation of Anilines. The electrochemical oxidation 

of anilines is perhaps of more synthetic utility than the 

oxidation of phenols, since a variety of products may be 

obtained from this reaction, Eqs. (5.15)-(5.17): 

NH2 

Cl 

PI 

CH3CN 

NaCI04 

(5.15) 

R 
I 

n-ch2cn 

50 

(5.16) 

C_ 

Aq.C2H5OH 

HCI, NH4SCN 

C2h5 

NH 

Ref, 51 

SCN 

(5.17) 

Some of the oxidation products of aniline may also be trans¬ 

formed into useful organic intermediates. For example, it 

was mentioned in the previous section that the oxidation of 

phenol under a variety of conditions failed to give the de- 
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sired 4,4'-dihydroxydiphenyl (42). However, this compound 

was finally obtained from the oxidation of benzidine, Ref. 

52, Eqs. (5.18) and (5.19) . 

A 

+ 4e 

+ 4H + 

(5.19) 

4,4'-Dihydroxydiphenyl is useful in several polymerization 

reactions. 

The mechanism of the electrochemical oxidation of ani¬ 

lines was studied by Adams and co-workers (53-55), who postu¬ 

lated the following primary step: 

[131] 

The cation-radical intermediate [131], which has been de¬ 

tected by ESR spectra, may be the common intermediate for 

the observed products from the oxidation of anilines, Eqs. 

(5.20) and (5.21): 

(5.20) 
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R R R R 
I III 
n@ch3 ®n-ch3 ®n-ch3 n-ch3 

(5.21) 

For further information on the oxidation of aromatic amines 

Refs. 56-62 are recommended. 

5.2.3. OXIDATION OF OLEFINS 

The electrochemical oxidation of olefins is of great 

synthetic utility since a slight variation in reaction con¬ 

ditions can lead to a variety of products. Table 5.5 de¬ 

scribes some examples. These examples clearly demonstrate 

the versatility of this reaction and its sensitivity to re¬ 

action conditions. Furthermore, the feasibility of some of 

the reactions listed in Table 5.5 has been demonstrated on 

a large scale. Consider, for example, the synthesis of 

propylene oxide. This monomer, whose industrial consumption 

is well over 150 million pounds per year, is polymerized 

by conventional methods to afford polyols of different mole¬ 

cular weights, which find a large application in the ure¬ 

thanes as well as in the coating areas. Up to date, propy¬ 

lene oxide has been, for the most part, prepared convention¬ 

ally via the halohydrin process, which involves the follow¬ 

ing reactions, Eqs. (5.22)-(5.24) : 

2C12 + Ca(OH)2 -> 2HOC1 + CaCl2 (5.22) 

Cl <j)H 

CH2=CH-CH3 + HOC1 -> CH2-CH-CH3 (5.23) 

f ?H 
2CH2-CH-CH3 + Ca (OH) > 

/\ 
2CH2-CH-CH3 

+ CaCl2 t 2H20 (5.24) 
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TABLE 5.5 

Electrochemical Oxidation of Olefins 

Olefin 

CH2=CH2 

Reaction 

Conditions Products 

Pt, Aq. 

H2S°4 

OH (j)H 

CH2-ch2 

Pt, Aq. 

H SO 

ho2so4 

Pd Aq. 

H2SO^, 80° cis-butene-2 

trans-butene-2 

References 

63, 64 

65 

65 

C, LiOAc/ 

HOAc Pd CH2=CH-OCH3 68 

CH 2=chc=ch2 

AgO, Zn, 

Sodium ben¬ 

zoate, H20 Ethylene/Oxide 

Pt, NaSCN/ SCN CfH3 

Aq. C_HcOH 
2. o 

CH2-CH=C-CH2-SCN 

c, ch3oh, 

nh4no3 

Pt, ch3cn 

66 

70 

67 

71 

Pt, ch3cn, 

I2, LiC104 
NHCOCH3 

69 
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CH=CH2 Pt, CH^ONa/ Styrene glycoldimethyl 

CH3OH ether 

a-Methoxyethylbenzene 

H^CO-CKt -ru — -CH2-OCH3 

67 

This process allows the formation of large amounts of 

CaC^ which has to be disposed of. The Kellog Company (72) 

has developed an electrochemical route for the synthesis of 

propylene oxide which does not form any salt by-product. A 

divided electrolysis cell is used and is charged, as is showm 

in Fig. 5.2. 

The over-all reaction may be described by Eqs. (5.25)—(5.30): 

Cathode 

© 

2H20 + 2e -> 20H + H2 (5.25) 

Anode 

2C1 
e 

2e -> 2C1 
® 

(5.26) 

C12 + H2° 
^ HOC1 + H® + Cl® (5.27) 

3 
(5.28) 

Cl OH 

NaOH + NaCl + H-0 
2 
(5.29) 

CH2=CH-CH3 + H20 (5.30) 
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FIG. 5.2. Electrolysis cell for the preparation of 

propylene oxide. [This picture of the cell is used strictly 

for illustration and is not intended to represent the cell 

used in Ref. 72^. ] 

Thus, the over-all reaction [Eq. (5.30)] in the electrochemi¬ 

cal preparation of propylene oxide involves the consumption 

of propylene, water, and electricity. The preparation of 

propylene oxide by the above route would be another step 

forward in introducing electrolysis as a tool for the indus¬ 

trial preparation of organic molecules. (The first major 

step was the announcement by the Monsanto Co. to prepare 

adiponitrile from the electrochemical dimerization of acrylo¬ 

nitrile on a large scale.) 

Mechanism of Reaction. Simple olefins, such as ethylene 

and propylene, are difficult to oxidize on anodes such as 

platinum and carbon. However, with an anode such as palla¬ 

dium, which may form a complex with the olefin, direct oxi¬ 

dation of the double bond is made easier. In general, the 

products observed from the oxidation of olefins may be ex¬ 

plained as follows: 

[132] 
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The radical cation [132] may dimerize and/or react with a 

variety of reagents to give the observed products listed 

in Table 5.5. 

2. Abstraction of hydrogen from an allylic position 

by a radical generated electrochemically from solvent or 

supporting electrolyte. 

3. Chemical reaction between the olefin and a reagent 

generated electrochemically (see preparation of propylene 

oxide above). 

For further discussion on the anodic oxidation of olefins, 

Refs. 73-77 may be consulted. 

5.2.4. EXPERIMENTAL PROCEDURES 

5.2.4.1. Anodic Substitution 

Ar-H + S"- 2e -> ArS + H® 

Ar-H + SH - 2e ArS + 2H® 

where S or SH are nucleophiles such as acetates, cyanides, 

etc. 

The electrolysis cell for anodic substitution reactions 

is quite simple, and for most purposes, is a jacketed beaker 

with the appropriate attachments, e.g., thermometer, stirrer, 

condenser, etc. A diagram of a general-purpose cell is shown 

in Fig. 5.3. 

It should be noted that the cell in Fig. 5.3 does not 

include a divider. This, of course, is possible where the 

product is not reduced at the cathode. The reader should 

exercise his judgment for the use of a cell divider when 

necessary. 

The anode is usually made from platinum and can be in 

the form of wires, gauze, or sheets. 

The solvent and electrolyte will vary according to the 

nature of the reaction in question. Thus, for hydroxylation, 

aqueous solutions are used, for acetoxylation, sodium ace- 
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FIG. 5.3. General purpose electrolysis cell for 

anodic substitution. 

tate in glacial acetic acid, and for methyoxylation, sodium 

methoxide in methanol. 

At the conclusion of the electrolysis reaction, the 

solvent is distilled under vacuum to prevent any decomposi¬ 

tion of products, and the residue is extracted into ether 

or other suitable solvent. The ether is concentrated and 

the product identified by conventional techniques. 

5.2.4.2. Alkox.ylation Reaction ( 20) 

H3C ch3 Pt 

CHjONa/CHjOH 
H3CO och3 

(cis-trans- isomers) 

A jacketed beaker is used as the electrolysis cell. 

The beaker is equipped with a magnetic bar for stirring, 



288 OXIDATION OF FUNCTIONAL GROUPS 

a thermometer, and a Teflon cover, which also serves as an 

attachment for two platinum electrodes. 

The beaker was charged with 125 ml methanol and sodium 

metal, 23 g (1 g atom). To this solution there was added 

22.2 g (2.31 mole) of 2,5-dimethylfuran. Electrolysis 

proceeded at 2 A until a total of 43,200 C was passed 

through the solution. At this time, the solution was made 

strongly basic by adding a solution of sodium methoxide in 

methanol. The methanol was then distilled under vacuum and 

the residue extracted into 500 ml ether. The ether solution 

was dried over magnesium sulfate and concentrated to 100 ml. 

Analysis by vpc on a Golay column showed that the product 

was a mixture of 20.5% cis- and 20.3% trans-isomers of 2,5- 

dimethyl-2,5-dimethoxydihydrofuran [124 ] . 

5.2.4.3. Acetoxylation Reaction (27) 

A jacketed beaker was used as the electrolysis cell 

and was charged with a solution of 2.7 g (0.025 mole) ani- 

sole, 4.1 g (0.05 mole) anhydrous sodium acetate, and 150 

ml glacial acetic acid. Platinum wire was used as the anode 
2 

(2 cm surface area) and a platinum foil as the cathode. 

A calomel electrode was used as the reference. The solution 

was stirred by means of a magnetic bar. 

Electrolysis proceeded at an anode potential of 1.5 V 

(s.c.e.) and 0.05-0.1 A at room temperature until 50% of 

the theoretical amount of coulombs was passed through the 

solution. At this time, the acetic acid was removed by 

means of a rotating evaporator at 40°. The residue was 

treated with water and the organic material extracted into 
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ether, which was then washed thoroughly with sodium bicarbo¬ 

nate and dried over magnesium sulfate. The ether was evapo¬ 

rated and the product distilled. The fraction bp 70° (0.5 

mm) was collected. Analysis by conventional methods showed 

that the product (40% yield) consisted of compounds [134] 

and [135] in a 6:1 ratio. 

5.2.4.4. Cyanation Reactions ( 35) 

Andreades and Zahnow (35) have described in detail the 

construction of an electrolysis cell for cyanation reactions. 

This cell is basically the same as the one described at the 

beginning of this section, but has some good modifications. 

The reader may well want to consider such a design. 

Pt 

Et4NCN 
CH3CN 

[136] 

CN 

A solution of 0.5 g (3 mmole) anthrathene [136] and 

6.0 g (35.5 mmole) of tetraethylammonium cyanide (see Ref. 

35 for preparation] in 300 ml acetonitrile and 100 ml ether 

was introduced into the cell. The anode and cathode were 

made of platinum. A calomel electrode was used as the refe¬ 

rence. 

Electrolysis proceeded at an anode potential of 2.0 V 

(s.c.e.) for 36 min. This allowed the passage of 0.027 

Faraday. At this time, the reaction product was concentra¬ 

ted by evaporating the ether and half the amount of aceto¬ 

nitrile. The mixture was diluted with water and filtered 

to give 0.37 g of crude 9,10-dicyanoanthracene [137], which 

can be purified by conventional techniques. 
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5.2.4.5. Anodic Acetamidation (32) 

The electrolysis cell used for this reaction is similar 

to those described for the anodic substitutions reactions 

above. Platinum was used for both electrodes. 

The anode compartment was charged with 150 ml aceto¬ 

nitrile, 7.1 g (0.05 mole) anhydrous sodium perchlorate, 

and 3.35 g (0.025 mole) 1,2,4,5-tetramethylbenzene. The 

cathode compartment was charged with the same solution, 

but without the tetramethylbenzene. Electrolysis was car¬ 

ried at an anode potential of 1 V (s.c.e.), which allowed 

the passage of 0.5 A through the solution. After 9 hr the 

acetonitrile was removed under vacuum and the residue was 

washed with water and extracted into ether. The ether was 

dried over magnesium sulfate and evaporated. Elution with 

a mixture of chloroform and ether gave 2.1 g solid mp 

141.5-142.5° which was identified as 2,4,5-trimethylbenzyl- 

acetamide [139]. 

5.2.4.6. Oxidation of Aromatic Alcohols and Amines 

2 NH2+4H + (c) 
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In general, the same procedures and considerations can 

be used for anodic substitution reactions, except for the 

following: 

1. In reaction (a), to generate the quinone of the 

phenol, low concentrations of starting material and high 

concentration of water are desirable, to minimize coupling 

products. Also the use of PbC>2 anodes (in the presence of 

sulfuric acid) is recommended. 

2. For reactions (b) and (c), high concentrations of 

starting material in acidic media are recommended. Also, 

note that in general the quinones and quinone imines are 

relatively unstable and should be handled with appropriate 

care. 

3. The quinone-like products in all cases above are 

very susceptible to reduction to the corresponding alcohols 

or amines. These products can be expected to form in an 

undivided cell. 

5.2.4.7. Oxidation of Phenol (38) 

The electrolysis cell may be simply a beaker using lead 

electrodes (nondivided). An aqueous solution containing 3% 

sulfuric acid and 3% phenol is used. During electrolysis 

PbO^ is formed on the anode. (More reproducible results 

will be obtained if the anode is preanodized in dilute sul- 
2 

furic acid.) The electrolysis is conducted at 20 A/dm 

until 4 Faradays/mole phenol have been consumed. This re¬ 

sults in about 50% conversion to hydroquinone. The reaction 

temperature is kept between 40 and 60° to prevent precipita¬ 

tion of quinhydrone complexes and to avoid side reactions, 

respectively. At the end of the electrolysis, sufficient 

sodium sulfite is added to reduce residual benzoquinone. 

A convenient work-up in the laboratory involves extrac¬ 

tion with ether for ^3 hr to remove the organics; the ether 

is evaporated to near dryness, and cold carbon tetrachloride 

is added. The hydroquinone precipitates as a tan, amorphous 

solid; yield, after drying, is ^90% based on reacted phenol. 
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The hydroquinone is further purified by recrystalization 

from water. 

5.2.4.8. Oxidation of Aromatic Amines (57) 

The product(s) from the oxidation of aromatic amines 

may be susceptible to cathodic reduction. Consequently, it 

is recommended that a divided cell be used for the oxidation 

of these compounds. For most reactions, an H-type cell with 

a sintered glass disk as the divider, or a beaker into which 

a Coors porous cup is suspended (cathode compartment), can 

be used. 

NH2 

no2 

Pt 

ch3cn 

NaCI04 

An H-cell with a sintered glass divider was equipped 

with a rotating cylindrical platinum gauze anode and a mer¬ 

cury pool cathode. A solution of 1 g (7 mmole) of p-nitro- 

aniline in 90 ml acetonitrile (0.5 M pyridine, 0.5 M sodium 

perchlorate) was added to the anode compartment. The 

cathode compartment was charged with the same solution but 

without the aniline. [The nature of the cathode solution was 

not mentioned in Ref. 5_7; however, the recommended solution 

should be suitable.] 

The anode solution was degassed prior to and during 

electrolysis, which proceeded at 10 V and 0.3 A (decreased 

to 0.05 A) for 4 hr. The anolyte was concentrated to 20 ml 

and was hydrolyzed with 30 ml water. The precipitated pro¬ 

duct was collected and extracted into 100 ml acetone. Eva¬ 

poration of the acetone gave a residue which was chromato¬ 

graphed on alumina using benzene as the solvent. The first 

fraction gave reddish crystals (0.26 g, 39.2%) mp 220-222°. 

The infrared spectrum of this compound was identical to that 

of an authentic sample of 4,4'-dinitroazobenzene. 
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5.2.4.9. Oxidation of Olefins 

The general procedure for the oxidation of olefins is 

similar to that described for aromatic hydrocarbons. Ole¬ 

fins that boil below room temperature may need special hand¬ 

ling. The reader may consult Refs. 6_3, 6_6, and 6_8 on the 

oxidation of ethylene. 
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5.3. ANODIC HAL0GENATION 

5.3.1. GENERAL CONSIDERATIONS 

When a solution containing a halide salt, an organic 

compound, and a solvent is oxidized at the appropriate 

anode, the organic substrate may be halogenated. This re¬ 

action, known as anodic halogenation, is, in general, simi¬ 

lar to chemical halogenation reactions which involve the 

addition of X^ (C^, Br2' 12' F2^ to ori?an;’-c substrates 

under the appropriate conditions, i.e., at elevated tempera¬ 

tures or under the influence of light. Thus, anodic halo¬ 

genation could, in principle, be simpler, easier, and perhaps 

more economical to use than chemical halogenation reactions 

which require the handling of dangerous chemicals (C^ vs 

NaCl). Anodic fluorination, on the other hand, is run in 

liquid hydrogen fluoride (HF), which cannot be handled in 

simple glass laboratory equipment. It can, however, be 

used in plastic containers such as polyethylene, teflon 

polypropylene, Kel-F, etc. For a review of handling HF, 
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the reader should consult Refs. 1., 46_. Hydrogen fluoride is 

an excellent solvent for electrolysis. It has a high di¬ 

electric constant, bp v20°C, and dissolves a good many 

organic compounds. However, its special handling has 

limited its use as a solvent in electroorganic synthesis. 

5.3.2. EFFECT OF REACTION CONDITIONS ON 

COURSE OF REACTION 

Nature of Anode. The choice of anode materials may 

be quite critical in anodic halogenation, since elemental 

halogens, e.g., bromine, react with such materials as plati¬ 

num. Thus, while the most inert anode is carbon, platinum 

containing traces of irridium or rhodium can be used. In 

fluorination reactions the common anode used is nickel. 

Platinum has been used; however, carbon anodes are not 

suitable in molten inorganic fluoride, since they react 

to form fluorinated products. 

The anodic oxidation of toluene in a hydrochloric acid 

suspension on a platinum anode at room temperature yields a 

mixture of 70% o-chlorotoluene and 30% p-chlorotoluene (9). 

However, when the reaction is carried out at reflux tempera¬ 

ture using a carbon anode, the major product is the p-isomer. 

The reader is well aware that the chemical chlorination of 

toluene leads to benzylchloride. 

Effect of Solvents. As mentioned above, hydrogen 

fluoride is an excellent solvent in electrolysis; however, 

extreme care should be exercised in its handling (3_7) . 

Other solvents, such as acetonitrile, can be used. Miller 

(2) has described the use of this solvent and reported that 

in iodination reaction it participates in the reaction to 
© 

form CH^-C=NI, which serves as an iodination reagent for 

aromatic compounds. 

pH of Medium. A control of the pH of the medium is 

quite important in anodic halogenation. Thus, in basic 
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solutions, halogen molecules react with the hydroxyl anions 

to form hypohalogen acid: 

X2 + 90H -> HOX + X9 

The consequence of this reaction was observed in the 

chlorination of acetone. In dilute hydrochloric acid medium 

monochloroacetone is formed, while under basic conditions 

the "haloform" reaction takes place to give chloroform and 

an acetate ion: 

? 
CH3-C-CH3 + 3NaOCl -> CHC13 + CH3C02Na 

Temperatures. In certain cases elevated temperatures 

assist the halogenation of compounds that do not undergo 

such a reaction at room temperature. For a discussion on 

the effect of temperature on anodic substitution, the reader 

may want to see Ref. 3.. 

5.3.3. MECHANISM OF ANODIC HALOGENATION 

The mechanism of anodic halogenation may involve one 

or more reaction paths. Consider, for example, the haloge¬ 

nation of substrate A in a solvent S and a sodium halide as 

the supporting electrolyte, Eqs. (5.31)-(5.35) : 

A -le — -> A® (5.31) 

(ft o 
A + X -» A-X (5.32) 

X9 -le -> X® (5.33) 

X® + A -> AX (5.34) 

2X® - X2 -AX + HX (5.35) 
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Since the oxidation potentials of organic compounds are, in 

general, higher than the potential necessary to convert 

X9 -y X" -^ h Y>2' Ec3*' (5.31) appears to be unlikely. 

However, Millington has recently found (£) that in the ano¬ 

dic bromination of anthracene in acetonitrile, the reaction 

was very slow when carried out at the oxidation potential 

of the bromide anion, but was substantially increased when 

carried out at a potential more anodic than the oxidation 

potential of anthracene. 

5.3.4. ANODIC CHLORINATION 

This reaction involves, in essence, the reaction of a 

chlorine molecule, or the product from a chlorine molecule 

and solvent, with an organic compound. Consider, for 

example, the preparation of chloroform from the oxidation 

of ethanol, Eq. (5.39), or acetone, Eq. (5.40), in an aque¬ 

ous solution of chloride salt (5J and the preparation of 

Cl0 -le -> Cl’ (5.36) 

2C1 ’ -> 
C12 

(5.37) 

C12 + h2o -> HOC1 + HC1 (5.38 

CH3CH2OH + 5HOC1 -> CHC13 + 4H20 

+ C02 + 2HC1 (5.39) 

ch3 coch3 + 3 HOC1 -> CHC13 

+ CH3C02H + 
2H2° 

(5.40) 

chlorohydrin compound from the oxidation of a solution con¬ 

taining aqueous chloride salt and an olefin. Ref. 6_, Eq. 

(5.41) : 
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H0C1 + (5.41) 

The oxidation of benzene as a suspension in aqueous 

hydrochloric acid afforded chlorobenzene in 75% current 

efficiency (7_) . The efficiency was later improved (89%) by 

modifying the reaction conditions, such as the use of porous 

carbon anode and a medium consisting of benzene in hydro¬ 

chloric acid-monochloroacetic acid solution, or using a tem¬ 

perature of 38°C, and a current density of 4.3 A/dm^ (8^. 

For further information on the chlorination of aromatic 

compounds the reader should consult Refs. 10-12. 

The anodic chlorination of ketones was studied by 

Szper (13_) , who reported the following reactions: 

0 Cxa (5.42) 

\_/ ° ° 3 Aq. HCI, HOAC 
(5.43) 

Methylamine can be converted to N-chloroamine in about 

61% from the anodic oxidation of an aqueous potassium chlo¬ 

ride (ljl) . Aniline, on the other hand, can give a variety 

of products when oxidized in aqueous acid. Ref. 15, Eqs. 

(5.44)- (5.46) : 

NH2 

10% Aq. HCI 
0.1 amp./cm. 

20% Aq. HCI 
0.1 amp./cm? 

(5.44) 

(5.45) 

0 
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_C_. 
Cone. HCI 

5.3.5. ANODIC B ROMINAT ION 

Like anodic chlorination, anodic bromination was studied 

with aromatic as well as aliphatic compounds. However, be¬ 

cause of the ease of oxidation of bromide ion to bromine, 

the bromination of some aliphatic and aromatic compounds 

was not possible. Thus, while chloroform can be prepared 

from the oxidation of aqueous chloride salt in ethanol, it 

was not possible to prepare bromoform in a similar reaction 

(16). On the other hand, when a solution of acetone, po¬ 

tassium bromide, and water is oxidized on a platinum anode, a 

quantitative yield of bromoform was obtained (1/7) . 

In the anodic bromination reaction of aromatic mole¬ 

cules, it is questionable whether the bromination part is 

really electrochemical or chemical in nature. Thus, when 

toluene is electrolyzed in a hydrobromic acid medium on 

platinum or graphite, bromotoluene is obtained, but only 

if the reaction is carried out in the dark. If the reaction 

is exposed to light, the final product is benzyl bromide 

(18). For further discussion on the anodic bromination of 

aromatic compounds, e.g., benzene, phenols,and anilines, 

the reader should consult Refs. 19-26. 

5.3.6. ANODIC I0DINATI0N 

The electrochemical preparation of iodoform is an ex¬ 

cellent example which illustrates the advantage of this pro¬ 

cess over the chemical methods. Consider, for example, the 

preparation of iodoform from the reaction of iodine with 

ethanol, Eq. (5.47): 
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CH3CH2OH + 512 + H20 -> CHI3 + 7HI + C02 (5-47) 

It can be seen that a considerable amount of iodine 

(in the iodide form) is not consumed and would have to be 

reoxidized to be used in the above chemical reaction. 

Electrochemically, the regeneration of iodine is done in 

situ at the anode, and the over-all reaction, which involves 

the electrolysis of ethanol in aqueous potassium iodide, 

may be described as follows, Ref. 2_6, Eq. (5.48): 

ch3ch2oh + 101" + h2o -> chi3 + 7HI 

+ C02 + lOe (5.48) 

In Eq. (5.48). the iodide ion is converted to iodine, which 

reacts with the alcohol to afford iodoform, Eq. (5.49) : 

CH3CH2OH + 512 + H20 -> CHI3 + CC>2 + 7HI (5.49) 

The hydrogen iodide from the chemical reaction reacts with 

potassium hydroxide (formed at the cathode) to give potas¬ 

sium iodide. The iodide is reoxidized at the anode to give 

free iodine, which reacts with more alcohol to afford iodo¬ 

form, thus making the reaction somewhat continuous until 

all the iodide is consumed. 

The anodic iodination of aromatic compounds in aceto¬ 

nitrile solutions has been recently studied by Miller (2). 

Thus, ring substitution occurred with benzene, toluene, ani- 

sole, and triphenylmethane. No iodination, however, was 

obtained with nitrobenzene or anthracene. The lack of iodi¬ 

nation of the latter compound was explained as due to its 

lower oxidation potential than that of iodine. (This seems 

a bit surprising.) The mechanism for the iodination of aro¬ 

matic compounds was explained by Eqs. (5.50) and (5.51): 

12 -2e 
(5.50) 
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5.3.7. ANODIC FLUORINATION 

The simplicity, as well as the diversity, of this 

reaction have made it one of the most widely studied and 

applied in organic, as well as inorganic, electrochemistry. 

For example, anodic fluorination is probably one of the 

mildest methods for the introduction of fluorine atoms 

into organic compounds. Chemical fluorination with F^, on 

the other hand, can be quite hazardous, since it is suscep¬ 

tible to explosions, unless the reaction is diluted with 

appropriate solvents. The suitable use of liquid hydrogen 

fluoride as a solvent has greatly simplified anodic fluori¬ 

nation reactions. In practice, the electrochemical process 

consists of passing an electric current through a one- 

compartment cell containing liquid hydrogen fluoride toge¬ 

ther with the substrate to be fluorinated. Since HF attacks 

glass, the cell is usually constructed from iron or copper, 

which are inert to this solvent. The over-all voltage ap¬ 

plied to the cell is generally in the order of 5-6 V and 
2 

the current density about 2 A/dm . [While this process may 

sound too simple, the experimentalist at heart should be 

well acquainted with the hazardous properties of hydrogen 

fluoride (37).] Common anode materials used are nickel or 

some alloy forms of nickel such as Monel (33-35). Table 5.6 

describes several types of anodic fluorination reactions. 

The mechanism of anodic fluorination has been the 

subject of much controversy. The main reason for this con¬ 

troversy may be attributed to the lack of experiments car¬ 

ried out under controlled potential, as well as the lack 

of kinetic data on the reaction. For a comprehensive study 

of the mechanism of anodic fluorination the reader should 

consult Refs. 38, 45, and 46. 
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TABLE 5.6 

Examples of Anodic Fluorination 

Reaction Yield 

Substrate Conditions Products % References 

ch4 Ni, HF, NaF CF 
4 

7.6 

cf3h 3.5 

CF2H2 
18.4 

ch3-ch3 Ni, HF, NaF f3c-cf3 28.6 

F3C-CHF2 7.0 

F C-CH F 6.6 

p3c-ch3 2.2 

F2CH-CHF2 9.7 

ch2=CH2 Ni, HF, NaF f3c-cf3 36.0 

F3-C-CHF2 13.3 

F3C-CH2F 17.3 

F3C-CH3 4.8 

F2CH-CHF2 11.2 

Cyclo- Ni HF, KF 

propane 

1,2,3-Trifluoro- 

propane 

1.2- Difluorocyclo- 

propane 

1.3- Difluoropropane 

Monof luorocyclof- 

propane 

38 

Pt, AgF, 

ch3cn 38 

Ni Aq. HF Polymer 39 
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CH3OH Ni HF 
CF4 

cf3h 

9.6 

6.4 

o OH Ni HF 
C5F12' C6F12 

R-S-H Ni HF RF 

H3C-0-CH3 Ni HF 
F3C-0-CF3 

& Ni 

2_ .'2 

o^O-^CFR 

R3N Ni HF (FR)3N 

R-CR' Ni HF 
F3C-C°2 

R-COH(Cl) Ni HF f3c-co2 , f3c-cf, cf4 

r-HLor' f3c-C0^ 

1 
R-C-N(CH3)2 Ni HF 

8 
F-C-CF. 

42 

42, 43 

42 

40 

41 

4_2 

43 

42 

34 

44 
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5.3.8. EXPERIMENTAL PROCEDURES 

5.3.8.I. Anodic Haloqenation 

2X~ - 2e~ -> X2 

X2 + substrate -> halogenated product 

In these reactions, the electrochemical aspects deal 

almost exclusively with the generation of the free halogen. 

Consequently, the apparatus and techniques should be de¬ 

signed accordingly. For example, chlorine and bromine are 

quite corrosive and easily reduced. Divided cells must be 

utilized. The most preferred anode materials are carbon 

or graphite; in general, platinum is not recommended, since 

it may itself be attacked by the free halogen. Alkali ha¬ 

lides or other highly soluble halide salts are used both 

as the supporting electrolytes and the source of halogen. 

Special considerations are required for anodic fluori- 

nations. Glass apparatus cannot be used, and the vessel 

itself is preferably made of nickel or nickel alloys. In 

that case, the vessel serves as the anode. In no case 

should the experimenter work at high concentrations of free 

fluorine, since this may result in explosive reaction. 

Liquid HF is normally used as both solvent and source of 

fluorine. Sodium or potassium fluoride are generally em¬ 

ployed as electrolytes. 

5. 3.8.2. Anodic Bromi nation (4_) 

The electrolysis cell may be an H-type cell with the 

two compartments separated by means of a fritted disk. The 
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electrodes are usually made from platinum and can be in the 

form of wire or foil. Ag/AgClO^ is used as the reference 

electrode. 

The anode compartment is charged with 1 g (0.0078 mole) 

naphthalene in about 50 ml dry acetonitrile, which is 0.5 M 

in tetraethylammonium bromide. [In order to dry the aceto¬ 

nitrile, the reader should consult Ref. 4_7. ] The cathode 

compartment was charged with the same solution, but without 

naphthalene. Electrolysis was conducted at an anode poten¬ 

tial of +1.35 V (Ag/AgC10^) and was allowed to run until 

54.5% of the theoretical amount of coulombs was passed 

through the cell. At this time, the anode solution was 

poured onto a large volume of water and extracted exhaus¬ 

tively with benzene. The combined benzene extracts were 

washed successively with dilute sodium thiosulfate (in or¬ 

der to remove bromine) and dilute sodium hydrogen carbonate 

(to remove acid). The final solution was then dried over 

sodium sulfate, and benzene was evaporated under vacuum at 

room temperature. The residue was identified by mass spec¬ 

tral analysis and vpc (silicone gum rubber 1.5% on Chromo- 

sorb W j ) 

With the above procedure 1-bromonaphthalene was formed 

in 38% yield. 

Experimental procedures for anodic chlorination and 

iodination are quite analogous to those mentioned in the 

above example. For specific reaction conditions the reader 

can refer to the appropriate references cited in this sec¬ 

tion. 
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5.4. MISCELLANEOUS OXIDATION 

In order to acquaint the chemist (the organic chemist) 

with anodic oxidation, and at the same time limit the length 

of this book, several types of oxidation reactions are sum¬ 

marized in Table 5.7. 
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For a detailed discussion of each topic, the reader 

should consult the suggested references (at the end of this 

chapter.) 
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6.1. GENERAL CONSIDERATIONS 

The term "electroinitiated polymerization" simply means 

the use of an electric current to "trigger" the polymeriza¬ 

tion of a monomer. The "triggering" of the reaction may be 

317 
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done by the direct activation of the molecule, i.e., reduc¬ 

tion or oxidation, or by generating an active species from 

the medium, which then starts the polymerization reaction. 

In such reactions, the activation energy is paid for by the 

potential of the operative electrode. Thus, compared to 

similar reactions which are triggered by light or heat, 

most electroinitiated polymerization reactions are carried 

out under mild conditions. Such conditions are of great 

importance in polymerization reactions where the preparation 

of initiator requires heat which could lead to branching, 

crosslinking, etc. 

The polymerization of organic molecules by means of 

an electric current was recognized more than two decades 

ago (1). Since then, scattered papers and review articles 

have appeared which have described and surveyed the subject 

(2-6). However, these articles have, for the most part, 

dealt with the cathodic and anodic (via a Kolbe-type reac¬ 

tion) polymerization of activated olefins, with little em¬ 

phasis on the utility of this technique in organic synthe¬ 

sis. Work in our laboratories has shown that a number of 

molecules such as cyclic-ethers (THF) esters, amines, and 

thietanes can be polymerized at the anode (10^). Consequently, 

our discussion of electroinitiated polymerization will focus 

on what can be done with this technique, how to do it, and 

what advantages can be obtained from such work. 

In order to be applicable on a large scale, electro¬ 

initiated reactions should be limited to the preparation 

of the active ingredient which triggers the polymerization 

reaction. This will obviate the necessity of carrying out 

bulk polymerization reactions on a multimillion-pound scale 

in electrolysis cells. This point must be considered and 

implemented if electroinitiated polymerization is going to 

penetrate the industrial world and encourage further re¬ 

search work in this area. However, this should not dis¬ 

courage any small-scale work in academic institutions or 

biochemical industries interested in small-scale reactions. 
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6.2. ADVANTAGES OF METHOD 

One can visualize several advantages to electro- 

initiated polymerization. 

1. Diversity of Reaction. If one oxidizes a monomer 

to its corresponding cation, cationic polymerization may 

take place. Conversely, if the monomer is reduced to its 

anion or anion radical, then polymerization may occur via 

anionic or radical mechanisms. Furthermore, electroinitia- 

ted polymerization is easily adapted for grafting (1_4, 15_) , 

crosslinking (16^, 17) , and coating (discussed in detail in 

a separate section). 

2. Product Free from Catalyst. Certain catalysts 

have to be removed at the conclusion of the polymerization 

reaction for the product to be useful in certain applica¬ 

tion areas. For example, BF^ must be removed from polyols 

prior to their transformation to urethane, otherwise the 

BF^ will attack the isocyanate. The removal of such cata¬ 

lysts is costly and time consuming. We show later how 

polyols can be easily prepared by electroinitiated polymeri¬ 

zation and then transformed into urethanes without any puri¬ 

fication. It should be emphasized that the removal of the 

catalyst eventually may result in a pollution problem, since 

these catalysts, in general, cannot be reused. It has been 

the experience of the authors that the supporting electro¬ 

lyte, which is a salt, does not interfere with the polymeri¬ 

zation reaction; however, this should be ascertained by the 

researcher in the particular reaction in question. 

3. Control of Molecular Weight and Molecular Weight 

Distribution of Product. In principle, it should be possible 

to control the molecular weight and molecular weight distri¬ 

bution of the polymer (formed via ionic initiators) by simply 

controlling the amount of coulombs passed through the reac¬ 

tion. This was indeed realized by Funt and co-workers (]_- 

9) in the anionic polymerization of styrene and in the 

authors' work on the cationic polymerization of tetrahydro- 

furan and other cyclic compounds (1_0) . 
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4. No Handling of Hazardous Catalysts. A number of 

conventional polymerization catalysts, e.g., BF^, R^Al, 

alkali metals, etc., require extreme caution in handling. 

Electroinitiated polymerization eliminates such hazards. 

5. Polymerization on Surface of Electrode. The role 

of the electrode in electroinitiated polymerization and its 

influence on the stereochemistry of the product has not been 

investigated. Such a study may uncover important data per¬ 

taining to the formation of stereoregular polymers on the 

surface of the electrode. A divided cell can be used to 

carry out two types of polymerization reactions, i.e., anio¬ 

nic (cathode) and cationic (anode); see section on experi¬ 

mental procedure. 

6. Ease of Formation of Block Copolymers. The forma¬ 

tion of block copolymers from proper active homopolymers of 

opposite charges (i.e., polymerization via living ions) has 

rarely been used. This process should be particularly fea¬ 

sible in electroinitiated polymerization, where the positive¬ 

ly charged homopolymer is produced at the anode and the 

negatively charged homopolymer at the cathode. Thus, it 

was shown in the authors' laboratories (10^) that when sty¬ 

rene and tetrahydrofuran are homopolymerized in a divided 

cell at the cathode and anode, respectively, and the two 

homopolymers allowed to react, an A-B-A-type block copolymer 

was formed, where A was tetrahydrofuran and B was styrene: 

9 

- le 
O-lCHg-CHg-CH^CH^-O-)^ 
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ANODE PRODUCT AND CATHODE PRODUCT 

H(-0-CH2-CH2-CH2), -n-u-r.H- (CH2-CH2-CH2-CH2-0)mH 

In principle, this type of product may be formed by using 

conventional techniques. Electrochemically, however, the 

operation is much simpler and would be quite economical. 

6.3. DISADVANTAGES OF METHOD 

Before the reader places his order to purchase equipment 

to carry out electroinitiated reactions and profit from all 

its advantages, he should be made aware that this method has 

some inherent problems: 

1. Reactions are Limited to Polar Media. In order to 

allow the passage of current through a solution, this solu¬ 

tion must have a minimum conductivity. This may rule out 

the polymerization of a number of monomers. Furthermore, 

the use of polar solvents may be detrimental to the poly¬ 

merization reaction, since the propagating species may at¬ 

tack the solvent. 

2. Preparation of Active Ingredient is Slow. This 

phenomenon is inherent in electrolysis in general, since the 

design of the electrolysis cell determines how fast an elec¬ 

tric current, i.e., the number of coulombs, can be passed 

through a particular solution. Good agitation and an in¬ 

crease of the conductivity of the solution will help. 

6.4. EFFECTS OF REACTION PARAMETERS ON 

COURSE OF REACTION 

It was mentioned earlier that polymerization by electro¬ 

lysis may proceeed via radical or cationic mechanisms. Con- 
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sequently, the researcher must take sufficient precautions 

in order to favor one mechanism over another. The choice 

of cationic vs anionic mechanism may be resolved by simply 

allowing the reaction to occur at the anode or cathode. 

However, anionic vs radical mechanisms may not be easily 

distinguished. This point is discussed further under re¬ 

action mechanism. 

Cell Dividers. The presence or absence of a cell di¬ 

vider plays an important role in the course of polymeriza¬ 

tion reactions, for example, work in the authors' labora¬ 

tories (100 showed that styrene could not be polymerized 

(to any extent) in a nondivided cell using mercury as the 

cathode and platinum as the anode. However, polymerization 

was quite feasible in a divided cell. On the other hand, 

high molecular weight (in over 95% yield) was obtained from 

the reduction a, a' -dihaloxylenes (2J_, 12_) in an undivided 

cell. 

Choice of Solvent. One of the most important require¬ 

ments that a solvent should have is that it be inert towards 

the propagating species. For anionic and radical reactions, 

the reader should consult the chapter on solvents in this 

book. 

It has been found in the authors' laboratories (10) 

that, in many cases, e.g., polymerization of caprolactone, 

THF, etc., the use of a solvent is not necessary, since 

the monomer can act as the solvent. The product can be 

easily separated from the monomer by the addition of the 

appropriate nonsolvent for the polymer. 

Supporting Electrolytes. In any ionic electroinitiated 

polymerization, the supporting electrolyte acts as the 

counter ion. Thus, it is the species that follows the pro¬ 

pagating chain and, as such, may have a great influence on 

its reactivity, such as branching and termination. Conse¬ 

quently, electroinitiated polymerization using different 

supporting electrolytes should be considered (27). 
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6.5. MECHANISM OF ELECTROINITI ATED 

POLYMERIZATION REACTION 

The elucidation of reaction mechanisms in electroini- 

tiated polymerization is complicated by many factors: (1) 

The nature of the electrode for the supporting electrolyte 

may be such that it forms a complex with the monomer; (2) 

In ionic reactions, the counter ion (supporting electrolyte) 

may have an influence on the propagating species; and (3) 

The use of chemical agents as inhibitors is complicated by 

the fact that these inhibitors (e.g., quinones) are electro- 

chemically active. Yet, in spite of these complications, 

enough data has been accumulated to allow us to appreciate 

how electroinitiated polymerization takes place. This is 

discussed under cathodic and anodic polymerization separate¬ 

ly. 

6.6. CATHODIC POLYMERIZATION 

Polymerization at the cathode may proceed via anionic 

or radical mechanisms. The use of the latter has not been 

investigated in detail but is commonly used in aqueous media, 

where hydrogen radicals are generated and initiate the poly¬ 

merization reaction (22) . The current efficiency in these 

reactions is generally low. This is due to the lifetime of 

the hydrogen radical at the surface of the cathode. High 

efficiencies, however, have been reported (18-20). 

6.6.1. POLYMERIZATION OF ACTIVATED OLEFINS 

Electroinitiated polymerization of activated olefins 

at the cathode may occur via one (or more) of the follow¬ 

ing mechanisms: 

1. Direct Transfer of Electron from Cathode to Olefin. 

The half-wave potential of some activated olefins is listed 
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in Table 6.1 (ICO. It can be seen from the data in Table 

6.1 that the polymerization of activated olefins using 

tetraalkylammonium salts would be likely to proceed via a 

transfer of electrons from the cathode to the olefins. 

Thus, in nonaqueous solutions, the probable mechanism is 

as follows: 

)>c-x tie 

9 0 

)>c-x 
g e 
p-c-: 

X = phenyl 

-CN 

-C°2R 

polymer ^ 

dimerization 

polymer 

When the polymerization reaction is carried out in nonaque¬ 

ous solutions, but in the presence of a proton source (metha¬ 

nol) , polymerization is severely suppressed (1(0, 2_5, 28) . 

In 1960, the cathodic polymerization of acrylonitrile, 

using tetraethylammonium perchlorate under anhydrous condi¬ 

tions, was reported to proceed via an ethyl radical from 

the supporting electrolyte (2_3) . However, in the same year, 

TABLE 6.1 

Half-Wave Potentials of Some Activated 

Olefins (DMF/nBu^NClO^) 

Olefin -E^ V (s.c.e.) 

Styrene 2.20 

Acrylonitrile 1.74 

Ethyl acrylate 1.80 

Methyl methacrylate 1.91 

DMF/nBu4NC104 2.75 
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the same authors disproved this hypothesis (_24) and proposed 

an anionic mechanism (2_5) . Similarly, Yamazaki (26J poly¬ 

merized acrylonitrile in DMF j Bu^NClO ^ and proposed a direct 

electron transfer from the cathode to the monomer. 

2. Transfer of Electrons to the Supporting Electro¬ 

lyte . This reaction is quite common when sodium salts are 

employed, since sodium ions reduce at a more positive poten¬ 

tial than most olefins. Thus, the polymerization of acrylo¬ 

nitrile, using sodium nitrate as the supporting electro¬ 

lyte, was postulated to proceed via a radical mechanism 

(29). Similarly, styrene was polymerized using potassium 

laurate as the supporting electrolyte (30) . For other work 

under similar conditions the reader may consult Refs. 20_ 

and 31. 

3. Transfer of Electrons to Solvent. The polymeriza¬ 

tion of methyl-methacrylate by hydrogen radicals generated 

at the cathode from the reduction of water was among the 

first electroinitiated reactions studied (3_2) . Palit (33) 

also described the polymerization of the same molecule in 

aqueous sulfuric acid. For the polymerization of activated 

olefins via hydrogen radical-in aqueous solutions, the 

reader may consult Refs. 2_2 and 35. 

6.6.2. FORMATION OF LIVING ANIONS 

In anionic polymerization, there are cases where the 

propagating species has no termination step. Thus, the 

propagating species possesses what is called a "living ion." 

This phenomenon was first reported by Szwarc (36_) and later 

by Yamazaki (3_7) and Funt (7) in the polymerization of sty¬ 

rene. Funt and co-workers were able to control the molecular 

weight distribution by controlling the concentration of the 

living ion, which is directly proportional to the amount of 

coulombs passed through the reaction medium (9^) . In our 

laboratories, the use of the living anions (and cations 

described later) was utilized (38) for the polymerization 
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of large quantities of monomers in conventional polymeriza¬ 

tion equipment by preparing the initiator (living ion) in a 

small electrolysis cell. The apparatus used is described in 

Fig. 6.1. 

In Fig. 6.1, styrene was charged into the cathode com¬ 

partment together with a tetraalkylammonium salt as the 

supporting electrolyte. A lead sheet was used as the cathode. 

The anode compartment was charged with acetonitrile and sup¬ 

porting electrolyte. Platinum gauze was used as the elec¬ 

trode. The three-necked flask contained only styrene, and 

the temperature of the reaction could be controlled with 

FIG. 6.1. Electroinitiated polymerization via the 

living anions. 
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external cooling. The amount of styrene in the electrolysis 

cell was about 1% or less of the total styrene used in the 

reaction. 

While only limited success was achieved with the above 

setup, this technique opened the door to the investigation 

of other systems which were considerably more successful 

(e.g., living cations discussed later) and demonstrated 

that electroinitiated polymerization can be adapted to 

large-scale operations where only small electrolysis cells 

are used for the preparation of the initiator. 

The cathodic formation of other "living" ionic species 

has been reported (41-43). 

6.6.3. MISCELLANEOUS CATHODIC POLYMERIZATION 

In order to limit the length of this chapter, the 

electroinitiated polymerization of molecules that have not 

been studied in as much detail as activated olefins is 

listed in Table 6.2 with ample references. 

TABLE 6.2 

Miscellaneous Cathodic Polymerization 

Monomer Reaction Conditions References 

Acrylic acid Hg, Aq. H2S04 32 

Acrylamide Pt, Aq. Sol. ZnCl2 £9 

Ethylene C, Aq. Benzene, P^TiF^ £0 

Dioxane, R^NCIO^ £9 

Vinyl ethers Nitrobenzene 25 

Dienes (isoprene) Pt, T.H.F., NaB(C,PP_). 
6 5 4 

£0, 2_6, £4 

Caprolactam K® £7 

Isocyanates DMF, R.N® 52-54 
4 
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6.7. ANODIC POLYMERIZATION 

6.7.1. SCOPE OF TECHNIQUE 

Compared to cathodic polymerization reactions, poly¬ 

merization at the anode has received little attention. In 

fact, most polymerization reactions at the anode have cen¬ 

tered on the generation of radical species from acetate¬ 

supporting electrolytes via the Kolbe reaction, which in 

turn initiated the polymerization of activated olefins (21, 

25, 56-59). Non-Kolbe-type anodic polymerization reactions 

included the polymerization of tetrahydrofuran (55) , vinyl 

carbazol, and vinylethers (25). For the past four years, 

Rifi has polymerized a number of different functional groups 

at the anode, and has indications that the reaction mecha¬ 

nism involves a direct transfer of electrons from the mono¬ 

mer to the anode (10Q . Table 6.3 summarizes this work. 

It can be seen from Table 6.3 that anodic polymeriza¬ 

tion is rather simple, since in most cases it requires no 

solvent and affords products with good yields (50-95%). 

Furthermore, in almost all cases reported in Table 6.3 

Rifi found that polymerization proceeds via the living 

cation. For example, in the polymerization of THF, a cer¬ 

tain amount of electricity was passed through the cell and 

then, with no current passing through, the change of mole¬ 

cular weight of the product with time was followed. The 

results are shown in Fig. 6.2. 

Further indication that the polymerization of THF (and 

other monomers in Table 6.3) occurs via the living cation 

was demonstrated as follows: A small amount of THF was 

electrolyzed in a small cell, as shown in Fig. 6.1. The 

solution from the anode compartment was then added to the 

three-necked flask (see Fig. 6.1), which contained pure THF. 

Stirring at room temperature caused the polymerization of 

THF in the flask. 
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Anodic 

Monomer 

V 

0 0 
I I 

ch3-ch —ch2 

ch2 

TABLE 6.3 

Polymerization of Various Monomers 

Solvent Temperature 
F/mole 

% 
Yield 

% 
Reduced 
vise 

None 25° 0.23 75 1.6 

None 2 5° 0.46 75 0.79 

None -20° 1.7 30 — 

ch2ci2 2 5° 0.3 <10 0.32 

None 25° 1.7 50 0.32 

None 25° 1.5 55 — 

None 150° 0.2 >95 0.32 

None 2 5° 0.3 0 — 

None 25° 0.64 37 0.094 
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FIG. 6.2. Effect of time on molecular weight of 

poly-THF. 

6.7.2. EFFECT OF REACTION PARAMETERS ON COURSE OF REACTION 

The choice of reaction parameters for anodic polymeri¬ 

zation are essentially the same as those described for ca¬ 

thodic polymerization. One parameter that was found to be 

important in anodic polymerization [this was also observed 

by others for cathodic polymerization (9) ] is the amount 

of coulombs passed through the solution, which was inversely 

proportional to the molecular weight of the polymer. Fig. 

6.3 illustrates this point in the polymerization of THF 

(10) . 

In the absence of a termination reaction, the number 

average molecular weight may be calculated from the follow¬ 

ing relationship: mol. wt = Weight of monomers/n(number 

of Faradays) where n is the number of electrons involved in 

the initiation step. 

6.7.3. MECHANISM OF REACTION 

A detailed investigation of the kinetics of cationic 

polymerization was recently advanced by Schulz and Strobel 

(61). Consequently, this topic is not discussed here. 
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FIG. 6.3. Effect of coulombs on molecular weight of 

poly-THF at a fixed time. 

6.8. EXPERIMENTAL PROCEDURE 

6.8.1. GENERAL CONSIDERATIONS 

Polymerization reactions, whether initiated electro- 

chemically or by conventional initiators, are very suscepti¬ 

ble to traces of impurities. Consequently, monomers, sol¬ 

vents, and supporting electrolytes must be quite pure and 

should be used shortly after purification. In most non- 

aqueous polymerization reactions, oxygen is excluded from 

the setup. It is sometimes helpful to pre-electrolyze the 

system, without the monomer, in order to destroy certain 

electroactive impurities. 

The electrolysis cell used for electroinitiated poly¬ 

merization is, in general, similar to those used for oxida¬ 

tion and reduction reactions. Polymerization reactions 

carried out in the authors' laboratories are described in 

Fig. 6.1. Other authors have included some excellent dia¬ 

grams of the electrolysis cells used in their investigations, 

together with apparatus used for the purification of sol¬ 

vents and monomers (13, 25, 42, 60). 
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A simple laboratory apparatus for the polymerization 

of activated olefins is described in Fig. 6.4. 

Purification of Reagents. For the purification of 

solvents and supporting electrolytes see Sec. 3.2. 

Styrene. When obtained from commercial sources, this 

monomer should be first fractionally distilled under re¬ 

duced pressure in an atmosphere of nitrogen. It is then 

stirred over calcium hydride (sodium metal will initiate 

polymerization) for 24 hr at room temperature under nitro¬ 

gen. Finally, styrene is distilled under vacuum and nitro¬ 

gen and is used shortly thereafter. 

6.8.2. PROCEDURE 

Anodic and Cathodic Polymerization of Styrene (10). 

The apparatus in Fig. 6.4, a 250 ml resin kettle, was used 

as the cell. It was flamed and cooled under nitrogen before 

use. Platinum gauze was used for both electrodes. The 

THERMOMETER 

COOR'S CUP 

MAGNETIC 

STIRRING BAR 

FIG. 6.4. Resin kettle for electroinitiated 

polymerization. 
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anode compartment was charged with 50 ml of pure styrene, 

which was made 0.1 M with Bu^NClO^ (polarographic grade, 

Matheson, Coleman, and Bell). The cathode compartment was 

filled with 100 ml of the same solution. The cell was cooled 

externally with an ice bath. Electrolysis proceeded for 6 

hr at 100 V and 5-10 mA. The solution, bluish in the ca¬ 

thode and brownish in the anode, were left standing under 

nitrogen for two days. At this time, the individual pro¬ 

ducts (anode and cathode compartments) were purified sepa¬ 

rately by dissolving in benzene and precipitating from 

methanol. This procedure was repeated once more. The pre¬ 

cipitates were then dried in a vacuum oven (30 mm) at 65°C 

overnight. Based on several runs, the average yield of 

polystyrene at the anode was 37%, with a reduced viscosity 

(benzene 25°) of 0.1. Polymers obtained at the cathode 

varied in yields from 30-55% with reduced viscosities of 

0.2 to 0.5 (benzene 25%). 

1. 
2. 

3. 

4. 

5. 

6. 
7. 

8. 
9. 

10. 
11. 
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7.1. GENERAL CONSIDERATIONS AND BACKGROUND 

In discussing the reduction and oxidation of organic 

compounds, the'authors have attempted to include the impor¬ 

tance of such electrochemical reactions in organic synthe¬ 

sis. Yet one of the most important electrochemical reac¬ 

tions that has received so much attention in the past ten 

years is that of water. For electrocoating, or electrode¬ 

position (in its commercial application), is simply the de¬ 

position of an organic substrate (a polymer) from a water 

solution through the oxidation or reduction of water. Speci¬ 

fically speaking, a polymer with charged groups is dissolved 

337 
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(or dispersed) in water and is deposited at the anode or 

cathode as explained below. 

7.1.1. ANODIC DEPOSITION 

Consider an aqueous solution of a polymeric chain 

which contains pendent carboxylic acid salts. This chain 

will remain soluble in water as long as it contains the 

pendent salt groups (see Fig. 7.1). 

Suppose, now, that an electric current is impressed on the 

solution. The anode is immediately coated because of the 

following simple reactions, Eqs. (7.1) and (7.2): 

H20- 2e _„ 1/2 02 + 2H® (7.1) 

C02-H (7.2) 

soluble" " insoluble" 

H + 

CO20 M® 

7.1.2. CATHODIC DEPOSITION 

Cathodic deposition, which is not yet as widespread 

as its sister counterpart, involves the deposition of a 

polymeric chain as follows, Eqs. (7.3) and (7.4): 

Cathodic reaction: 

e 
2H20 + 2e _„ 20H f 2H2 (7.3) 

9 
+ OH_^ 

NR2 (7.4) 

" insoluble" soluble 
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FIG. 7.1. Aqueous solution of polymeric chains with 

pendent carboxylic acid groups (AAA represents the backbone 

of the polymer). 

This type of deposition offers an advantage to anodic 

deposition in that the cathode (which is the object being 

coated) does not undergo any electrochemical reaction which 

might influence the coating. This may be illustrated with 

reactions (7.5) and (7.6): 

Anodic reaction: 

Fe - 3e -> Fe+3 (7.5) 

Fe+3 + H20 -> Fe (OH) 3 (7.6) 

Yellow rust 

Thus, when a steel object is being coated anodically, a 

yellow color may appear in the paint. This cannot be tole- 
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rated, particularly if the object is being coated with a 

white paint. If, on the other hand, the steel object is 

being coated cathodically, the final paint is not contami¬ 

nated by any side reaction product from the cathode. 

7.1.3. PROGRESS OF TECHNIQUE 

What has made the utility of this simple electrochemi¬ 

cal oxidation and reduction of water in the paint industry 

so popular (see Pig. 7.2.) is its simplicity, as well as 

its efficiency. What is surprising, however, is that this 

utility did not become so popular until recently. This is 

in spite of the fact that this technique was realized as 

FIG. 7.2. Number of electrocoat installations in 

U. S. (total number in Europe is about 250). 
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early as 1927 by Sheppard (]L) . Yet it was not until the 

middle of 1960 that an upsurge in this activity was observed 

with most of the work carried out in industrial institutions 

A detailed discussion of electrocoating and its 

application are beyond the scope of this book. Fortunately, 

an excellent book on this subject has been written by Yeates 

(2) . Another good reference of interest to the reader is a 

series of booklets entitled Electrophoretic Painting, which 

appears periodically and is published by R. H. Chandler, 

Ltd. Considering these available references, only a brief 

description of electrocoating is presented in this section, 

with some emphasis on laboratory experiments pertaining to 

this subject. Thus, the following topics are discussed. 

1. Formulation of electrocoating solution; 

2. Deposition of paint on substrate; 

3. Evaluation of coating on the substrate. 

7.2. FORMULATION OF AN ELECTROCOATING 

SOLUTION OR DISPERSION 

There are many available polymers that are suitable 

for electrodeposition. When the choice of polymer has been 

made, it is made water soluble by mixing with aqueous acid 

or base* depending on the nature of deposition in question. 

Prior to this step, it may be desired to pigment the polymer 

with the desired color. This may be done by mixing the two 

ingredients with the aid of a high-speed stirrer such as a 

Cowles dissolver. Once the polymer is pigmented and neutra¬ 

lized, it is diluted with water to the appropriate concen¬ 

tration (usually 10%) and is now ready for deposition. 

Because of the great insolubility of polymers in water, it 

is often necessary to add a cosolvent such as cellosolves 

*The amount, in moles, of acid or base in water is 

about 80% of the number of moles of acid, or base, in the 

polymer. 
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or alcohols. The amount of the cosolvent depends on the 

nature of the polymer. In general, however, the amount is 

less than 20% by weight of volatile portion of paint. 

Examples of resins that can be used in electrodeposition 

are as follows: 

1. Ethylene-Acrylic Acid Copolymer 

0 

CH_=CH_ + CH =CH-COH . Catalyst (_CH -CH-) -(CH--CH-) 
2 2 2 2 n 2 | n 

C02H 

The random copolymer is totally miscible in water-amine 

solution and can be deposited at the anode in the clear or 

pigmented form. 

2. Maleinized Oils 

An oil may be defined as the ester resulting from the 

reaction of a fatty acid with an alcohol. A naturally occur¬ 

ring oil, such as linseed oil, is the triester of linseed 

acid* of glycerol. When the oil is treated with maleic an¬ 

hydride, it becomes "maleinized:" 

ch3- (ch2)4-ch=ch-ch2ch=ch-(CH )7 

ch3(ch2)4-ch=ch-ch2-ch=ch-(ch2)? 

CH3 (CH2)4-CH=CH-CH2~CH=CH-(CH2)7 

-0-CH, 

-C-O-CH 

-O-CH. 

*Linseed acid is a mixture of 50.8% linolenic acid, 

19.5% linoleic acid, 20% oleic acid, and a 6% saturated 

C18-acid. 
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ch3-(ch2)4-ch=ch-ch2-ch=ch-(CH )?-c-och2 

CH3(CH2)4-C„™2-C„=CH-(CH2)7-L-C„ 

? i 
CH3(CH2)4-CH=CH-CH-CH=CH-(CH )4-C-0-CH2 

Maleinized Oil 

Hydrolysis of the maleinized oil gives a linseed oil 

with pendent carboxylic groups for water solubilization. 

Because of the availability and the low cost (8-10^/lb.) of 

linseed oil, its use in electrocoating is quite popular. 

7.3. DEPOSITION OF POLYMER 

According to Faraday's law, the amount of polymer that 

is deposited is directly proportional to the amount of elec¬ 

tricity passed through the system. However, some of the 

electricity passed through the system is used up in some 

side reactions. For example, in anodic deposition the Kolbe 

reaction may take place, Eq. (7.7): 

0 ® 0 
R-C02 NR3H -> R + C02 (7.7) 

Another side reaction is the oxidation of the anode. It 

should be noted, however, that both of the above reactions 

consume less than 10% of the electricity used for electro¬ 

coating . 

In a typical electrocoating operation, the aqueous 

paint is placed in a metallic container, which normally 
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functions as the auxilliary electrode (Sec. 3.1.1). The 

object to be coated is used as the working electrode. When 

the voltage and time of deposition are chosen, the coating 

operation may be done in one of two ways: (1) the working 

electrode is placed in the solution at V = 0 (Dead Entry 

of working electrode), and then the voltage is slowly raised 

to the desired value and held for the rest of the deposition. 

(2) Alternatively, prior to deposition, the desired voltage 

is set and the working electrode is allowed to slowly enter 

the solution (Live Entry of working electrode), and deposi¬ 

tion continued for the desired time. In general, live en¬ 

tries are practiced in commercial applications; however, it 

may be more convenient for laboratory work to use the dead 

entry method. In most electrodepositions no cell divider 

is used. 

During electrodeposition, the following observations 

are made: when the power is on, there is a rapid upsurge 

of current, indicating rapid deposition on the working 

electrode. This deposition is, in general, essentially 

complete after 10-15 sec. At this time, current gradually 

drops (it should be kept in mind that the over-all voltage 

during this operation remains constant). This is illus¬ 

trated in Fig. 7.3. At the conclusion of deposition, the 

FIG. 7.3. Variation of current with time during 

electrodeposition. 
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power is turned off, the coated object is rinsed with water 

and is evaluated. 

7.3.1. FACTORS AFFECTING DEPOSITION 

1. Effect of pH of Medium: For anodic deposition, 

the pH is normally about 8.5. For cathodic deposition it 

can vary from 4.5 to 6.5. In either type of deposition 

(Secs. 7.1.1 and 7.1.2) H+ and an OH are generated at the 

surfaces of the electrodes. Since one of them is used for 

deposition, the other will remain in solution and changes 

its pH. An increase in pH value during anodic deposition 

will decrease the coulombic efficiency of deposition and 

may affect the chemical structure (hydrolysis of ester 

groups etc.) of the resin in solution. 

The control of pH in electrodeposition may be accom¬ 

plished in one of two ways: (a) use of a cell divider; or 

(b) replenishment of the electrodeposition tank with a base 

deficient resin. The latter method is more common in the 

U. S., while the first is widely used in Europe. 

2. Conductivity of Medium: The conductivity of solu¬ 

tions used in electrodeposition vary between 500-3000 ymhos 

(Sec. 3.3.3). These values depend to a large extent on the 

degree of neutralization of the resin. Dispersions of low 

conductivities tend to give rough coatings, and lowering of 

the operating voltage and throwing power (see definition 

below). High conductivity value will decrease the coulombi 

efficiency and raise the operating voltage beyond a practi¬ 

cal range. 

3. Type of Metal Being Coated: In practice, most 

metals used in electrodeposition are pretreated (for better 

corrosion resistance) prior to coating.* This pretreatment 

*A good reference to consult on pretreatment of metals 

is: J. A. Murphy, Surface Preparation and Finishes for 

Metals, McGraw-Hill, New York, 1971. 
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(mostly zinc phosphate) may include ingredients which may, 

during deposition, interfere with the paint (see Sec. 7.1.2). 

Consequently, the operator should familiarize himself with 

the history of the electrode being coated. 

4. Current Density: In general, there is a minimum 

current density that has to be reached in order to coat a 

metallic object. Thus, in practice, a high current density 

is used. Low current densities tend to give soft (because 

of the presence of water), and hence unsatisfactory, coat¬ 

ings. It should be remembered, however, that if the current 

density is too high, excessive heat and gassing will occur, 

which will result in film rupture. 

5. Temperature: Most electrodepositions are performed 

at ambient (or slightly below) temperatures. However, dur¬ 

ing deposition, heat is generated and should be controlled. 

This is particularly true in a continuous operation. In 

practice, cooling units are included in the electrodeposi¬ 

tion tank. The effect of temperature on electrochemical 

reactions is discussed in Sec. 2.8.8. 

6. Agitation: Most electrodeposition systems are 

made up of pigmented resins dispersed in water. To prevent 

this dispersion from settling, it is continuously agitated. 

The rate of agitation should be controlled, however, since 

it could affect the rate of deposition of paint. Thus, 

excessive agitation will (perhaps by sweeping the resin 

away from the surface of the electrode) decrease the rate 

of deposition. For the effect of agitation on electrochemi¬ 

cal reactions, see Sec. 2.8.4. 

In the electrodeposition of paint on a metal substrate, 

certain parameters have to be determined. A brief discus¬ 

sion of these parameters follows: 

Operating Voltage: This is the voltage that is re¬ 

quired to deposit a certain film thickness (usually 0.75 

mil) in a certain time (usually 1 or 2 min). The thickness 

of the film is measured after the coated substrate is baked 

(see Sec. 7.4 on evaluation). Typical operating voltages 
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are 50-300 V. The factors that affect operating voltages 

include: (a) number of pendent functional groups in the 

backbone of the resin, e.g., carboxylic acid and their de¬ 

gree of neutralization [the higher the functionality, the 

higher is the operating voltage]; (b) conductivity of me¬ 

dium [this in essence depends on point (a), the operating 

voltage increases with an increase in conductivity of me¬ 

dium] ; and (c) molecular weight, the higher the molecular 

weight, the higher the operating voltage. 

Breakdown Voltage: If a thick film is desired to be 

deposited on a substrate, this can be achieved by increas¬ 

ing the voltage of the cell. However, a voltage is even¬ 

tually reached where the film ruptures during deposition. 

This voltage is called the breakdown voltage. Typical 

breakdown voltages are 200-400 V. Voltage rupture is at¬ 

tributed to the rapid evolution of gas (02 at anode, H^ 

at cathode) which penetrates the deposited film. Conse¬ 

quently, the physical properties of the film will affect 

the breakdown voltage. In general, the factors that influ¬ 

ence breakdown voltage are: (a) molecular weight of resin 

and its chemical nature; and (b) the cosolvent used in the 

solution. Thus, if the cosolvent is in fact a good solvent 

for the deposited film, this cosolvent will soften the film 

and prevent its rupture by the evolved gas. Experimentally, 

one knows that a rupture of the deposited film is taking 

place from the following observation: A voltage is chosen 

for deposition and the power is turned on. Immediately 

(1 sec) there is a surge in current. This current, however, 

drops down within the next 10-15 sec. This is due in the 

high resistance developed at the working electrode, because 

of film deposition. When this film ruptures, it exposes 

part of the electrode. This causes an upward surge of cur¬ 

rent which can be observed on the ammeter (see Fig. 7.4). 

Throwing Power: This is perhaps the most important 

phenomenon in electrocoating and is defined as the ability 

of the paint (under the influence of an electric field) to 
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TIME 

FIG. 7.4. Variation of current with time during 

deposition. (Observation for breakdown voltage.) 

coat hidden areas. There are several methods that can be 

used to measure this phenomenon. These are described in 

Ref. 2_. In the laboratory, it can be measured as follows 

(see Fig. 7.5). 

METAL STRIP ( 3/4" x 12" ) 

INSIDE METAL PIPE 

METAL PIPE ( 7/8 " I.D. x 12 " ) 

CATHODE 

MAGNETIC BAR 

Fig. 7.5. Ford-Pipe Test for measuring throwing power. 
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In Fig. 7.5 two cathodes are used. A metal pipe is used 

as the anode. A voltage and time of deposition are selec¬ 

ted. For best results the voltage chosen should be close 

to the operating voltage or slightly higher. Time of depo¬ 

sition is normally 1 or 2 minutes. Under these conditions, 

the height of deposition inside the metal pipe is measured 

in inches and recorded as the throwing power. To accurately 

measure this height, the pipe has to be cut in half. This 

means that the tube cannot be used again. To avoid cutting 

the tube, a strip of metal which barely fits inside the 

tube is used, as shown in Fig. 7.5. Since the strip of 

metal is in contact with metal pipe, it will get coated. 

The height of the coating on the metal strip is a measure 

of the throwing power of the solution. Values of throwing 

power will vary between 4 and 10 in; of course, the higher 

the number the better. Some of the factors that affect 

throwing power are: (a) concentration of resin (and pig¬ 

ment) in solution; (b) conductivity of solution; and (c) 

molecular weight and type of resin. How good an insulator 

a resin is will be reflected in its throwing power. 

7.4. EVALUATION OF THE COATING 

Once a polymer is deposited on a substrate, the sub¬ 

strate is rinsed with water and baked at a certain tempera¬ 

ture for a length of time. At this time, the coating is 

ready for evaluation, and since different substrates are 

used in different application areas, the requirements of 

the coating will vary over a wide range. Nevertheless, as 

a standard, the following properties are determined: 

Impact: This test may be carried out in a number of 

ways. In the laboratory it is generally done by allowing 

a steel ball of a certain weight to drop on the coated ob¬ 

ject from a certain height. The maximum height from which 

the impact of the ball does not chip the coating is recorded. 
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Both faces of the substrate are examined and the forward 

(front) and reverse (back) impacts are recorded in inch- 

pounds . 

Salt Spray: This test relates to the resistance of 

the coating to corrosion. Thus, a metallic panel is coated 

and placed in an environment of 5% sodium chloride for 

several time intervals and the condition of the paint ex¬ 

amined . 

Chemical Resistance; There is no standard chemical 

resistance test for substrates which are coated electro- 

chemically, since these differ for different applications. 

In general, however, it is desirable to know the resistance 

of the coating to a certain caustic concentration for a 

period of time. Other tests, e.g., resistance to acid and 

certain chemical solvents, may be considered for certain 

applications. 

7.5. ADVANTAGES AND DISADVANTAGES 

OF ELECTROCOATING 

It was mentioned earlier that the application of elec¬ 

trocoating has become quite popular in recent years, parti¬ 

cularly in the automotive industry. Below are some of the 

points which have contributed to this popularity. 

7.5.1. ADVANTAGES 

1. Coating is performed from aqueous solutions. This 

eliminates pollution problems. 

2. The coating formed by this process is pinhole free, 

i.e., it coats hidden areas and is quite uniform. 

3. The process is very efficient in utilizing the 

paint in solution with minimum loss. 

4. The process is easily automated. 
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In spite of its advantages, electrodeposition has some 

disadvantages. These, however, have been simplified and 

some will hopefully be eliminated in the future. 

7.5.2. DISADVANTAGES 

1. To perform electrocoating in the laboratory, one 

needs a dc power supply, an oven, and some other basic 

equipment. On a large-scale operation, however, the ini¬ 

tial cost for purchasing electrical equipment is still high. 

2. The process involved in the preparation of the 

electrocoating solution is often long and somewhat compli¬ 

cated . 

3. For a resin to be suitable for electrocoating, it 

must have certain groups in its backbone. This point is 

not too serious, since most polymers can be made to react 

with other compounds which have such necessary groups. 

7.6. CURRENT APPLICATIONS 

Electrocoating is widely used in the automotive indus¬ 

try for the application of primers. Recently, its use in 

the appliance area (air conditioners, washing machines, etc.) 

have become quite popular. Other areas include general 

metal finishes such as metal toys, coat hangers, etc. 
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APPENDIX A 

QUESTIONS AND ANSWERS 

QUESTIONS (CHAPTER 2) 

2.1 and 2.2. FARADAY'S AND OHM'S LAWS, UNITS 

1. Define the following: 

a. A faraday 

b. A coulomb 

c. A mho 

2. How many coulombs would be consumed in the reduc¬ 

tion of 100 g of 1,3-dibromopropane to produce cyclopropane? 

6 
+ 2Br 

3. How long would it theoretically take to complete 

the reaction in question 2, if the electrolysis is carried 

out at 5 A? 

4. Assuming that the completion of the reaction in 

question 2 actually required 7 hr, calculate the electrical 

efficiency of the reaction. 

5. If the iR drop of the medium in question 4 was 

found to be 50 V, calculate the amount of energy in kilo¬ 

watt-hours dissipated in the solution. 

6. How many electrons are there in 1 coulomb? 

2.3-2.6. ELECTRON TRANSFER 

1. Explain the difference between electrode potential 

and cell voltage. 

353 
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2. a. What is the cell voltage of a system which 

has an iR drop of 10 V, and a cathode and anode potential 

of -2 V and + 1.5 V respectively, versus s.c.e. 

b. What would the cell voltage of the above sys¬ 

tem be if the reference electrode is Ag/AgCl? 

3. What is the effect of current density on the anode 

and cathode potentials? 

4. Using the Nernst equation, explain how a glass 

electrode, quinhydrone, etc., electrodes can be used as pH 

electrodes and all give the same response, i.e., 0.059 V/pH 

unit. 

5. How does the electrochemical transfer coefficient 

a resemble the Bronsted coefficient in acid-base catalysis? 

6. Define overvoltage. 

7. For an irreversible one-electron reduction reaction 

how does a change of -1 V in the electrode potential affect 

the activation energy of the reaction? Assume the transfer 

coefficient equals 0.5. 

8. Define the term "potential of zero charge" (p.z.c.) 

2.7-2.9. PHYSICAL CONCEPTS AND CONTROLLED POTENTIAL 

ELECTROLYSIS 

1. What is the role of diffusion in an electrochemical 

cell? 

2. The oxidation of hydroquinone occurs at a less 

positive potential than that for phenol; however, little 

if any oxidation of hydroquinone occurs in the presence of 

excess phenol; explain. 

3. a. Assuming that the double layer extends about 

7A into the bulk of the solution, what would the electric 

field (V/cm) be if a 2 V drop occurred in that region? 

b. How might this field affect electrochemical 

reactions? 
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4. List the important variables that should be con¬ 

sidered in carrying out an electrochemical reaction. 

5. Distinguish the following electrodes: (a) working; 

(b) reference; and (c) auxiliary. 

6. List some of the important properties of a cell 

divider which make it suitable for use in electrochemical 

reactions. 

7. Why is a calomel electrode used as a reference 

electrode? 

8. Draw a simple sketch illustrating the relationship 

between the current passing through the cell, as a function 

of time: (a) at constant cell voltage; and (b) at constant 

electrode potential. 

9. What is the primary function of a supporting 

electrolyte? What other functions might it have? 

10. Under what circumstance is the use of controlled 

potential electrolysis of value in organic synthesis? 

ANSWERS (CHAPTER 2) 

2.1. FARADAY'S AND OHM'S LAWS, AND 2.2. UNITS 

1. a. A Faraday is the amount of electricity in 

coulombs required to oxidize or reduce one electron- 

equivalent of a substance. 

b. A coulomb is the amount of electricity passed 

when 1 A flows for 1 sec. 

c. The mho is the unit of conductivity and equals 

the reciprocal of the resistance. 

2. 95,500 C. 

3. 19,100 sec or 318 min or 5.3 hr. 

4. 75.6%. 

5. 1.25 kwh. 
1 R 

6. 6.237 x 10 . 
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2.3-2.6. ELECTRON TRANSFER 

1. The electrode potential is the voltage difference 

across an electrode/solution interface, measured with re¬ 

spect to a reference electrode. Cell voltage is simply the 

difference in voltage between anode and cathode. 

2. a. 13.5 V = ([1.5-(-2.0)]+ 10). 

b. 13.5 V since (E , - E .. . ) is indepen- 
anode cathode 

dent of the reference electrode, providing the same refer¬ 

ence electrode is used to measure both potentials. 

3. Increasing the current density will always make 

the cathode potential more negative and the anode potential 

more positive. 

4. Most reversible electron transfer reactions 

involving protons can be expressed in the following form: 

A+B+ne + nH = C+D 

The Nernst equation predicts the following: 

(E-Eo) -0.059/n log 
(C) (D) 

(A)(B)(H+)n 

= 0.059(pH) + const. 

Therefore, the measured potential is always a linear func¬ 

tion of pH, and the slope (response) is always 0.059 V per 

pH unit. 

5. For general acid catalysis, a proton is involved 

in the transition state. A common interpretation of the 

Bronsted coefficient a is that it represents the relative 

position of the proton, between reaction centers, in the 

transition state. For example, a value a = h would imply 

that the proton lies midway between reaction centers, and 
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that for acids with ionization constant differing by a 

factor of ten, the rate constant would differ by a factor 
j, 

of 101 2 3, or 3.16. The electrochemical transfer coefficient 

a has been interpreted in an exactly analogous manner, 

i.e., that it represents the position of the electron in 

the transition state. 

6. Overvoltage is the difference in potential between 

the measured electrode potential and the theoretical value 

at equilibrium (no current flow and no concentration grad¬ 

ients) . 

7. The activation energy barrier would be lowered by 

11.5 kcal/mole (0.5 V). 

8. The potential of zero charge is the measured 

electrode potential at which there is no net charge at the 

electrode surface. At potentials more positive than the 

p.z.c., the double layer will consist of anions first, then 

cations. Conversely, at potentials more negative than the 

p.z.c., a cationic layer is formed as the first layer. 

2.7-2.9. PHYSICAL CONCEPTS AND CONTROLLED POTENTIAL 

ELECTROLYSIS 

1. When current flows, a concentration gradient forms 

at the electrode/solution interface. Material will diffuse 

(either toward or away from the electrode) in the direction 

of the concentration gradient. 

2. Phenol is much more strongly adsorbed than hydro- 

quinone, and therefore prevents oxidation of hydroquinone. 

This is presumably due to the fact that hydroquinone is 

more compatible than phenol toward water. 

3. a. 2 V/7 x 10 ^ cm = 2.86 x 10^ V/cm. 

b. In the presence of an electric field of that 

magnitude, polarizable molecules, or molecules which have 

a dipole moment, can be significantly distorted or oriented, 

and hence, the field can have an effect on the nature of 

the reaction product. 
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4. Cell design, electrode materials, agitation, elec¬ 

trode potential, current density, cell voltage, solvent, 

electrolyte, temperature. 

5. The working electrode is the one at which the re¬ 

action of interest is occurring; the auxiliary is the other 

electrode which completes the cell. The reference electrode 

is only used to measure electrode potential. 

6. (1) Permeability of materials through it. 

(2) Selectivity in discriminating in favor of 

or against certain materials. 

(3) Resistivity toward passage of ionic current. 

(4) Chemical resistance toward medium. 

(5) Thermal stability. 

(6) Rigidity. 

7. The half-cell reaction in question is : 

Hg2Cl2 + 2e = 2Hg° + 2C1 

a. The half-cell reaction is highly reversible. 

b. The activity of Hg2Cl2 and Hg°, both being 

insoluble, are constant. 

c. The Cl concentration is maintained constant 

by the use of saturated KCl solution. 

8. 

Does not, in general, 

decay to zero current; 
100% electrical effi¬ 
ciency impossible. 

Decays to zero current; 
100% electrical effi¬ 
ciency is possible. 
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9. The primary function of the electrolyte is to 

provide a source of ions to conduct current across the cell. 

It may also take part in the electrochemical/chemical re¬ 

actions; it may also preferentially adsorb on the electrode 

surface. 

10. a. When the molecule contains more than one dis¬ 

tinguishable electroactive site. 

b. When the product formed during electrolysis 

is itself susceptible to further electrolysis. 

c. When the electrolysis of solvent and/or elec¬ 

trolyte can interfere with the desired reactions. 

QUESTIONS (CHAPTER 3) 

1. a. List the general elements of an electrolysis 

cell. 

b. List the requirement of a cell divider. 

2. Arrange the following metals in order of increas¬ 

ing hydrogen overvoltage: 

a. lead d. iron 

b. mercury e. platinum 

c. nickel 

3. What are the general requirements of solvents and 

supporting electrolytes used in electrochemical reactions? 

4. An organic compound is being electrolyzed under 

the following conditions: dimethylformamide as the solvent, 

tetraethylammonium bromide as the supporting electrolyte, 
2 

platinum electrodes 10 cm each placed 10 cm apart. The 

conductivity of the system, as measured by means of a con¬ 

ductivity cell (cell constant = 0.1 cm was 0.2 mhos. 

At what voltage would the electrolysis be carried out in 
2 

order to obtain a current density of 10 A/dm ? 

5. An electromechanical coulometer (precision dc motor 

type) was designed to have a response of 0.2 count/sec when 

4 V are applied to its terminals. What shunt resistance 
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should be used across the motor terminals in order that the 

meter read out directly in coulombs? 

6. What are the benefits of utilizing voltammetry in 

electroorganic synthesis? 

7. What are the advantages and disadvantages of the 

use of mercury as dropping electrode in polarography? 

8. What special considerations should the organic 

chemist be aware of in graduating from a laboratory-scale 

to a large-scale (industrial) electrochemical operation? 

ANSWERS (CHAPTER 3) 

la. (1) A container, inert and nonconductive (unless 

it is to be used as one of the electrodes). 

(2) Provision for inclusion of cell divider. 

(3) Provision for electrode placement (preferably 

symmetrical). 

(4) Suitable agitation. 

(5) Reference electrode. 

b. (1) Permeability to ions (preferably impermeable 

to other species). 

(2) Stability toward electrolytic medium at the 

electrolysis temperature. 

(3) Mechanical strength and integrity (pinhole- 

free) toward any pressure difference between compartments. 

2. Pt, Fe, Ni, Pb, Hg. 

3. (1) Stability toward electrolysis conditions 

(range of accessible potentials). 

(2) Solubility of starting material. 

(3) Conductivity. 

(4) Reactivity toward products of intermediates 

(either nonreactive or reacts to give desired product). 

(5) Ease of purification and separation. 

(6) Degree of adsorption on electrodes. 

(7) Toxicity and ease of handling. 

4. Specific cond. = 0.1 x 0.2 = 0.02 mho/cm 
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conductance of electrolysis cell 

= 0.02 mho 

[10 cm/10 cm $ 
current = (10 A/dm^) x (0.1 dm^) 1 A 

V = current/conductance = 1/0.02 = 50 V 

5. R = (_£2Hnts 
s coulomb 

K = 0.2/5 = 0.05 counts/sec/V 

.'.R = 1/0.05 = 20 ohms 
s 

6. (1) Determines whether compound is itself 

electroactive. 

(2) Gives information concerning range of 

electrode potentials to be used. 

(3) Provides data concerning the number of 

distinct electrochemical steps; therefore provides the 

basis for controlled electrolysis. 

(4) Useful in elucidating reaction mechanism. 

(5) Allows quantitative measure of disappearance 

of starting material and/or appearance of product during 

electrolysis. 

7. Advantages: 

(1) Since a fresh surface is constantly being 

formed, no surface contamination of the electrode occurs. 

(2) Since mercury is readily available in very 

pure form, and since no pretreatments are required, it is 

an extremely convenient material for use in voltammetry. 

(3) Its high hydrogen overvoltage allows it to 

be used at highly cathodic potentials in the presence of 

water or hydronium ions. 

Disadvantages: 

(1) Because of its ease of oxidation, mercury 

has a limited range of accessible anodic potentials. 

(2) Has the possibility of forming organomercury 

compounds (e.g., with sulfur-containing compounds). 
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(3). Mercury is hazardous because of the combina¬ 

tion of high toxicity and high vapor pressure. 

8. (1) Must convert to continuous operation, which 

implies complete rethinking about the chemistry involved, 

and about the cell design. 

(2) Minimum electrode spacing to maximize power 

efficiency may cause mass transfer problems; can be cured 

by fast recirculating loop; flow pattern within cell. 

(3) High current density operation and its ef¬ 

fect on chemical and electrical efficiency. 

(4) Cell divider and support. 

(5) Material of construction (plumbing, etc.). 

(6) Electrode materials—cost, fabrication, 

long-term effects. 

(7) Continuous recovery system, integrated within 

framework of continuous electrolysis. 

(8) Possible need for computer control of entire 

plant. 

(9) Maintenance, number of operators required, 

availability of power, cost of power. 

QUESTIONS AND ANSWERS (CHAPTER 4) 

4.1. REDUCTION OF CARBONYL COMPOUNDS 

QUESTIONS 

1. In the reduction of ketones, what conditions tend 

to favor the formation of pinacols over alcohols? 

2. What product is formed from the following reduc¬ 

tion? 

a. 

b. 

Br 

0 
II 
C-CH2CH2CH2CI 

0 
II 

CH=CH-C-CH3 

+ 2e 

2e r ( 2 products ) 
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3. List in order of ease of reduction: 

<jj 
a. CH^C-OEt 

b. ? 
CH-C-CH3 

c. ©TCH’ 
0 

d. CH^CHO 

Q 

e. H-C-N(CH3) , 

4. Explain the following observations: 

a. Reduction of 1,4-diacetylbenzene is much 

easier than acetophenone. 

b. The half-reduced (keto-alcohol) product can 

be formed exclusively even though a,w-diketones normally 

reduce to glycols. 

5. Reconcile the following apparently contradictory 

observations concerning the reduction of p-aminoacetophe- 

none: 

a. The use of Hg (high hydrogen overvoltage) as 

the cathode favors alcohol formation, while the use of tin 

(lower hydrogen overvoltage) favors the pinacol. 

b. At a given electrode, increasing electrode 

potentials favor pinacol formation. 

ANSWERS 

1. a. pH, under acidic conditions the formation of 

pinacols is favored. 

b. High concentration of the ketone favors the 

formation of pinacol. 

c. Operation at a low hydrogen overvoltage cathode 

favors the formation of pinacol. 
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2. a. 
O' 

o 

0 
II 
C-CH2-CH2-CH2-CI (96%) 

0 
II 

CH2-CH2-C-CH3 (-35%) • O 

o 

ch-ch2-c-ch3 

0 
1 II 
ch-ch2-c-ch3 

3. (e), (a), (b), (d), (c). 

4. ch3-!0!- 

o e0 oe 
\/=\ / 

CH3 +2e ^ — 

ch3 \:h3 

H^p 

cr 

(More slable than CQ- CH3) 

OH OH 

\ /=\ / 
/V' 

H3c 
\ 
ch3 

OH 

C-CH3 (con be isolated). 

CH3 

5. Since Hg has a high hydrogen overvoltage, a high 

negative potential can be achieved to afford the dianion 

O9 

r-(!:-r 
e 

which does not dimerize, but affords the corresponding 

alcohol, whereas the use of tin allows the formation of 

the radical anion only, which can dimerize to the pinacol. 

The use of a higher electrode potential increases the cur¬ 

rent density, which in turn forms the radical anion in high 

concentrations, thus favoring dimerization. 
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4.2. NITRO GROUPS 

QUESTIONS 

1. What role does the pH of the medium play in deter 

mining the nature of the product(s) obtained from the elec 

trochemical reduction of nitrobenzene? 

2. Under what reaction conditions could you prepare 

the following compounds from the reduction of nitrobenzene 

a. p-Aminophenol c. Hydrazobenzene 

b. Azobenzene d. Aniline 

3. Propose a procedure for the preparation of 4,4'- 

dihydroxydiphenyl (diphenol) from the electrochemical re¬ 

duction of nitrobenzene. 

4. How can p-ethoxyaniline be prepared from the re¬ 

duction of nitrobenzene? 

ANSWERS 

1. Reaction conditions with pH values under 7 favor 

the formation of anilin or p-aminophenol. Reactions with 

pH values above 7 favor the formation of coupling products 

e.g., azobenzene, etc. 

2. a. 

OH 

b. N02 Phosphor-Bronze 

Sodium Acetate 

c. 

d. 
Aq. HCI 
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3. 

+ 6e Monel 

NH40Ac/Et0H 

Aq.HCI , HPC|6 

CI9H3Ne-^r~y-^~^-NH3C|9 HNQ2 . Cl9 N* Cl 

Ci^-fyf^,6 H20 ^ HO-^~^—^~^-OH 

An alternate procedure which does not involve the prepara¬ 

tion of diazonium salts (hazardous) was used by the authors 

ci9h3n' NH3CI -2e 

H3®0(~I00°C ) 

4.3. CARBON-HALOGEN BONDS 

QUESTIONS 

1. List the following organic halides in order of 

ease of electrochemical reduction: 
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(a) CH3Br, (b) 

(d) CH2Br2 (e) 

(g) CH2=CH-Br 

(f) CH2=CH-CH2I 

2. Propose a mechanism for the preparation of a- 

naphthol from 1,2-dibromobenzene and furan. 

3. Complete the following reactions: 

a. ^"^-Br + . DMF 
2e ~coi-* 

DMF 
CH2Br2 + 2e —r-7-► 

> = CN 

c. 

BrCHc CH2Br 

\ 
2e 

- 1.8 v ( s. c.e.) 

BrCH2 CH2Br 

4. Which of the following compounds reduces easier? 

Br 

5. What would be the most likely product of the 

following reaction? 

0 
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ANSWERS 

b • CHgBfg + 2© 
>< sA, 

/-Cs 

+ 2e 

CH2Br 

CH2 Br 

further reduction at a more negative potential leads to 

spiropentane. 

easier than the cis-form 

H3C COpEt 

this reaction is similar to 

the Favorski rearrangement. 
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4.4. REDUCTION OF UNSATURATED COMPOUNDS 

QUESTIONS 

1. a. What is the significance of adiponitrile in 

Nylon 6,6 production? 

b. What are some possible advantages of producing 

adiponitrile electrochemically? 

2. Compare the electrochemical reduction of benzene 

with the Birch reduction of benzene. 

3. Propose a mechanism which explains the different 

products obtained from electrochemical reduction of benzene 

in divided vs undivided cells. 

4. In principle, four separate coupling products could 

be formed from electrolytic reduction of R-CH=CH-R'. What 

types of substituents would you expect to favor? 

a. Predominant formation of a single product. 

b. Formation of the several possible products. 

5. a. Discuss, in terms of molecular orbital theory, 

the ease of reduction of aromatic compounds. 

b. Arrange in order of ease of reduction: 

(1) anthracene, (2) napthalene, (3) tropenium 

fluoroborate, (4) benzene. 

ANSWERS 

1. a. Adiponitrile is an intermediate to both adipic 

acid and hexamethylene diamine, which are the comonomers 

used to prepare Nylon 6,6. 

b. The conventional preparation of adiponitrile 

from adipic acid (as compared to its preparation from the 

electrochemical dimerization acrylonitrile) has two short¬ 

comings: (1) Adipic acid is almost twice as expensive as 

acrylonitrile; and (2) On a weight basis, more adipic acid 

needs to be used than acrylonitrile to prepare the same 

amount of adiponitrile. 
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2. Electrochemical: 

CH3NH2 Divided 

Cell 
■> 

II Undivided ^ 

Cell 

Chemical: 

3. Divided Cell 

(a) Li® + le _^ Li° 

He Li ® 
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(f) + 2Li° + 2CH3NH2-> (^jj +2CH3NH0Li® 

Undivided Cell: 

Under these conditions methylamine is oxidized to 

methylamine hydrochloride, which neutralizes the methylamide 

anion, thus stopping the reaction from proceeding beyond 

3d above. 

4. a. For compounds where R and R' differ greatly 

in their ability to stabilize anions, e.g., acrylonitrile, 

one product (adiponitrile) will predominate. 

b. For compounds where R and R' have comparable 

abilities to stabilize anions, a mixture of products is 

observed. 

5. a. In the reduction of aromatic compounds, an 

electron is added to the lowest unoccupied molecular orbital. 

Thus it follows that the closer this orbital is to the zero 

energy level, the easier it is to reduce the aromatic com¬ 

pound . 

b. (1) Tropenium fluoroborate; (2) anthracene; 

(3) naphthalene; (4) benzene. 

4.5. REDUCTION OF CARBON-NITROGEN GROUPS 

QUESTIONS 

1. Complete the following reactions: 

ch3 n-c6h5 
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2. How could one easily distinguish between the syn- 

and anti- forms of oximes? 

3. Explain the following observations: 

Pt -> CH -CH--NH, a. CH0-CN 
Aq.HCl' ‘3 2 2 

100% 

b. ch3~cn ) (-C=N-) 
R4N X 

n 
CH. 

4. Explain how the pH of a reaction medium affects 

the mechanism of reduction of oximes. 

ANSWERS 

+ 2e _H 

(b) H2/P1 

h3c ch3 

NHCeHs 

2. By polarography; under basic conditions, only the 

syn-isomer exhibits a polarographic wave. 

3. a. This reaction may involve the formation of 

hydrogen molecules which affect the reduction of nitriles 

to amines. 

b. The reduction involves the formation of 
0 

anionic intermediate CH3~C=N which in the absence of a 

proton source induces the polymerization of acetonitrile: 

© „ © 

CH3~C=N 
e 

-> C=N 

CH CN 

-> CH -C=N-C = N ---> etc. 

Under acidic conditions the oximes are first pro- 
© 

tonated to afford C-N-OH2, which makes the reduction much 

easier than the reduction under basic conditions, 
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C = NOH + H3 0 ^ 
\ ® ± J3=N- OH, 

H_0 H-0 
):=NOH2 +2e  —> ^P=NH +2e   -> ^CH-NH, 

^2=NOH ^ Basic^ ^c=NO® (difficult to reduce) 

4.6. MISCELLANEOUS REDUCTIONS 

QUESTIONS 

1. Complete the following electrochemical reduction 

reactions: 

fl H 
a. R-S-R +2e -> 

b /7~\ n /CH3 
■ (/ >C-N + 2e 

\=/ 'ch3 

c. R-S-S-R +2e 

d. R3SnCl +2e - 

H 
■> 

e. R-O-O-R + 2e 

f. R4N®C19 +2e —-> 

+ 2e H 

ANSWERS 

a. R-S-R +2e 
H 

R-S-R + H20 

b. 
o ^CHa 

+ 2e 

ch3 
\=/CH2-\ 

ch3 

ch3 

1. 
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c. R-S-S-R +2e - H > 2RSH 

d. R^SnCl tie — -> J5R3Sn-SnR3 + Cl9 

e. R-O-O-R +2e - 
?H® 

> 2R0H 

© 

f. R N®C19 + 2e 
4 

-2—> R3N + RH 

0 OH 

g- rVS +2e-^-* 

N 

QUESTIONS AND ANSWERS (CHAPTER 5) 

5.1. THE KOLBE REACTION 

QUESTIONS 

1. The electrochemical oxidation of carboxylic acids 

is affected by the nature of anode used. What is the pre¬ 

dominant intermediate generated when carbon is used versus 

platinum? 

2. Why is the choice of solvent very critical in the 

Kolbe reaction? 

3. Propose a mechanism for the following reaction: 

OH Q 

^ y~ ch2- c-oh 

4. Complete the following reactions: 
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C02H 

c. [> 
OH 

ch2-co2h -e 
Pt 

CH3OH 

5. In the Kolbe reaction, how does the structure of 

a carboxylic acid affect the formation of coupling products 

ANSWERS 

1. The use of carbon anodes favor the formation of 

carbonium ions, while the use of platinum favors the forma¬ 

tion of radical intermediates. 

2. Since carbonium ions can be formed in the Kolbe 

reaction, solvents such as methanol, ethanol, water, etc., 

can react with this intermediate to give a variety of 

products. In general, when radical intermediates are in¬ 

volved in the reaction, the choice of the solvent does not 

become critical. 

OH 0 

Qch2- c-oh -1^- 

OH 0 

— Qfo^ 
OH 0 OH 

_^CH^ CO* _C°2 _/CH, +C02 

OH OH 

yCH, - le -* 

-H 0 
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5. The oxidation of a carboxylic acid proceeds via 

radical or carbonium intermediates, thus, substituents which 

destabilize these intermediates will impede the oxidation 

of the acid. Thus, a, 3-unsaturated acids are very diffi¬ 

cult to oxidize. Furthermore, no coupling products are 

formed from acids with the following a-substituents: cyano, 

methoxy, and amino. 

5.2. OXIDATION OF UNSATURATED COMPOUNDS 

QUESTIONS 

1. Propose a mechanism for the following oxidation: 

2. Predict the product of the following reactions: 

a. -2e 
CH3OH 
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d. CH2=CH-CH3 
1) - 2e, NoCI 

2) NaOH 

Et4N*Cf^ -4e 

CH3CN 

3. List in order of ease of oxidation: 

nh2 oh 

*6 ‘ 6 
4. Propose a reasonable electrochemical reaction se¬ 

quence to prepare diphenol from dimethyl aniline. 

5. What is the evidence that anodic cyanation does 

not proceed via the cyano radical? 

ANSWERS 

OH 0 0 

c. d. CH2=CH2 

CH2CH2- C-OH 
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3. d, b, c, a. 

4. 

h^c-n-ch3 

6 - le 
UCI04 

5. In spite of the fact that cyanide anions oxidize 

at a less positive potential than aromatic compounds, no 

cyanation occurs until the aromatic compounds are 

oxidized. 

5.3. ANODIC HALOGENATION 

QUESTIONS 

1. How does anodic halogenation compare with conven¬ 

tional chemical halogenation? 

2. Outline the importance of the pH of the medium in 

anodic halogenation. 

3. In anodic halogenation, the substrate being halo- 

genated may itself undergo oxidation. Predict the product 

of the following oxidation: 
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_C_ 
10% Aq. 
HCI 

4. Several metals are not stable in the presence of 

molecular halogen. Name some metals that have been used 

in anodic halogenation. 

5. Outline the important precautions and choice of 

apparatus for anodic fluorination. 

ANSWERS 

1. Chemically speaking, the two reactions (i.e., 

addition of halogen to substrate) are essentially the same. 

However, anodic halogenation has the following advantages: 

a. It allows the in situ preparation of halo¬ 

gens from salts such as sodium halides. This is quite im¬ 

portant in anodic fluorination reactions where the handling 

of fluorine is quite difficult. 

b. When a halide anion is a by-product from 

anodic halogenation, it can be electrochemically trans¬ 

formed to molecular halogen and reused. 

2. Under acidic conditions anodic halogenation pro¬ 

ceeds normally. However, under basic conditions, halogen 

molecules react with hydroxyl ions to form hypohalogen 

acid. 

0 

4. Carbon, nickel, platinum, monel. 

5. In anodic fluorination the most important thing 

to remember is: (a) what material should be used to con¬ 

struct the electrolysis cell. For most purposes monel is 
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quite sufficient. The next thing to consider is (b) the 

kind of metal to be used as electrodes. Nickel has been 

the metal of choice. Next comes the (c) reference electrode, 

and one that has been used successfully is the 119/119^2 

electrode [see G. G. Koerber and T. DeVries, J. Am. Chem. 

Soc.., 7 4, 5008 (1952)]. In most electrochemical fluorina- 

tion, a cell divider is not necessary. 

The setup of the above apparatus will, naturally, de¬ 

pend on the type of reaction in question. However, if hydro¬ 

gen fluoride is used as the solvent, the researcher should 

keep the following precautions in mind: (1) The hazardous 

nature of HF; and (2) because of its low boiling point, a 

cooling device must be included in the apparatus. Some ex¬ 

cellent references on experimental electrochemical fluori- 

nation are: S. Nagase and R. Kojima, Bull. Chem. Soc. Japan, 

34, 1468 (1961); and S. Nagase, K. Tanaka, and H. Baba, Bull. 

Chem. Soc. Japan, 38, 834 (1965). 

5.4. MISCELLANEOUS OXIDATION 

QUESTIONS 

1. Complete the following electrochemical oxidation 

reactions: 

a. a. MgBr Hg 

Ether Ether 

b. Tetraethylborate Pb 
H20 

c. Phenyl sulfide Pt 

Aq. HOAc 

d. 
I 

H2S04 

Pt 

0 
II ✓CH3 

e. H-C-N 
\ 
ch3 

Pb 

CH3OH/NH4NO3 
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ANSWERS 

Ethylene 

b. Tetraethylborate Pb Tetraethyl lead 
H20 

c. Phenylsulfide Pt Phenyl sulfone 
Aq. HOAc 

d. o^-lodotoluene Pt 
H2SO4 

lodosobenzoic acid 

CH3OH/NH4NO3 

Pb 
H-C-N 

0 
II ^0CH3 

ch3 

QUESTIONS (CHAPTER 6) 

ELECTRO INITIATED POLYMERIZATION 

1. List some of the advantages of electroinitiated 

polymerization as compared to conventional polymerization 

techniques. 

2. List the disadvantages of electroinitiated poly¬ 

merization. What are some of the aspects of this technique 

that require further investigation? 

3. How does cathodic polymerization differ from anodic 

polymerization? Is there an advantage in using one over 

the other? 

4. How may both cathodic, as well as anodic, 

polymerization be effectively used at the same time to 

prepare specific types of polymers? 

5. For a one-electron polymerization reaction which 

does not include a termination step, what would the molecu¬ 

lar weight of a one-pound polymer be if the reaction con¬ 

sumes 0.05 Faraday? 
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ANSWERS (CHAPTER 6) 

1. a. Diversity of reaction. Polymerization may 

proceed via cationic (anodic), as well as anionic (cathodic) 

intermediates. 

b. Product free from catalyst. (It should be 

noted, however, that in electroinitiated polymerization, a 

small amount of a supporting electrolyte is present in the 

system.) 

c. Ease of control of molecular weight of polymer. 

d. No handling of potentially hazardous materials. 

e. Ease of formation of block copolymers. 

f. Possible polymerization on the surface of the 

electrode. 

2. a. Reaction is limited to polar media. 

b. Preparation of active ingredient is slow. 

c. Certain polymers may adhere on the electrode 

and hinder further electrolysis. 

3. Cathodic polymerization proceeds via the generated 

anion (or perhaps the radical) while anodic polymerization 

proceeds via cations. 

The advantage of one process over the other will 

depend, to a large extent, on the nature of the monomer, and 

thus, the researcher should consider both processes. It has 

been the experience of the author that styrene, for example, 

will afford a higher molecular weight polymer under cathodic 

electrolysis. 

4. Let us assume that it is desired to prepare a 

block copolymer from monomers A and B. Monomer A is placed 

in the cathode compartment of a divided cell, while monomer 

B is placed in the anode compartment. Each monomer will 

undergo a polymerization reaction but via different mechan¬ 

isms, i.e., anionic and cationic: 

B 
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At the end of the reaction the two polymers are allowed to 

mix with each other, thus producing an A-B-type block co¬ 

polymer (see the example of styrene and tetrahydrofuran 

in Chap. 6). 

5. Molecular weight = 
weight of monomer 

n(# Faradays) 

Molecular weight = ■ — = 9000 

QUESTIONS (CHAPTER 7) 

1. What are the advantages of electrocoating over 

conventional coating techniques? What are the disadvant¬ 

ages? 

2. List the electrochemical (and chemical, if any) 

reactions that take place during anodic and cathodic electro¬ 

coating . 

3. Define the following electrocoating parameters: 

a. Operating voltage 

b. Breakdown voltage 

c. Throwing power 

4. Which of these polymeric products would require 

the least amount of electricity to be deposited (i.e., de¬ 

posit one mole polymer)? Explain. 

a. A polymer with molecular weight of 1000 and 

containing ten carboxylate salts per mole. 

b. The same polymer with five carboxylate salts 

per mole. 

ANSWERS (CHAPTER 7) 

1. Advantages: 

a. Pinhole-free uniform coatings are obtained. 

b. Coating is performed from an aqueous solution. 

This eliminates pollution problems. 

c. This process allows the utilization of the 

paint with minimum loss. 
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d. The process is easily automated. 

Disadvantages : 

a. The preparation of resins suitable for electro 

coating is time consuming. 

b. On a large-scale operation, initial investment 

for equipment is high. 

c. For a resin to be suitable for electrocoating, 

certain functionality must be present in its backbone. This 

limits the type of resins that can be used in electrocoating 

2. Anodic: 

a. H20 -2e -? hC>2 + 2H® 

b. + H 

"Soluble resin" "Insoluble resin" 

-CO, 
•le 

"Kolbe reaction 'v'/ 

d. Fe -3e 

(anode) 
Fe 

+ 3 3H2° 
> Fe(OH)3 

Reactions a and b are the most important in anodic electro¬ 

coating . 

Cathodic: 

a. H20 + e -> JjH + 0OH 

b. + ©0H -> + H 0 

R2N-HXe i!r2 

"Soluble resin" "Insoluble resin" 

3. a. Operating Voltage: It is the voltage that 

will allow the deposition of a certain paint thickness in 

a certain time. For the automotive industry, the thickness 

is 0.75 mil in 1 or 2 minutes. 
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b. Breakdown Voltage: This is the minimum volt¬ 

age at which the paint coating begins to rupture. 

c. Throwing Power: The ability of the paint to 

coat hidden areas. 

4. As the operating voltage is, in general, propor¬ 

tional to the number of carboxylate groups in the backbone 

of the polymer, polymer b will require the least amount of 

electricity to be deposited. Although this amount would 

neutralize the same number of carboxylate groups in polymer 

a this polymer may still have enough carboxylate groups to 

render it partially soluble. 
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GLOSSARY OF TERMS COMMONLY USED 

IN ELECTROCHEMISTRY 

Adsorption: The process whereby molecules in a fluid phase 

are collected onto the surface of a solid. 

Adsorption isotherm: The relationship between the concen¬ 

tration of the material in the fluid phase and 

that at the solid surface (at a given temperature) 

Ampere: The unit of current (rate of flow of electricity) 

defined as one coulomb of electricity per second. 

Anode: The electrode at which oxidation takes place. 

Anolyte: That part of the electrolyte surrounding the anode 

Auxiliary electrode: The electrode not directly involved in 

the reaction of interest. Also commonly referred 

to as the counter electrode. 

Capacitance: The property of a system which is a measure 

of its ability to allow charge separation. 

Cathode: The electrode at which reduction takes place. 

Catholyte: That part of the electrolyte surrounding the 

cathode. 

Cell divider: A permeable barrier that separates the 

catholyte from the anolyte. 

Cascade cells: Electrolysis cells connected in series. 

Cell voltage: Total voltage difference between the cathode 

and anode. 

Concentration gradient: The difference in concentration 

of a substance between different regions in the 

solution. 

Concentration polarization: The difference between the 

measured electrode potential and that calculated 

using bulk concentration (caused by a concentra¬ 

tion gradient at the electrode surface). 

387 
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Conductivity: The ability of a substance to conduct an 

electric current; measured in units of mhos. 

Controlled electrode potential: The externally controlled 

working electrode potential. 

Coulomb: Amount of electricity equal to one ampere flowing 
18 

for one second (6.24 x 10 electrons). 

Counter-electrode: Same as auxiliary electrode. 

Current density: Current per unit electrode area (commonly 

expressed in amps per square decimeter). 

Cyclic conversion: The consumption of electricity by al¬ 

ternate oxidation and reduction of substrates with 

no net chemical change (most likely to occur in 

undivided electrolysis cells). 

Cyclic voltammetry: A current-voltage relationship obtained 

by sweeping the working electrode potential first 

in one direction, then in the opposite direction. 

Depolarizer: Any substance that tends to lower the elec¬ 

trode potential. 

Diffusion coefficient: A characteristic of a molecule 

which depends on its size as well as the nature 

and temperature of the surrounding medium. It 

normally is defined as the proportionality between 

the flux of the substance and its concentration 

gradient (Fick's law). 

Diffusion-limiting current: That current which depends only 

on the rate of diffusion of molecules towards and 

away from the electrode. 

Diffusion layer: The region near the electrode over which 

a substantial concentration gradient occurs. 

Double layer: The region adjacent to the electrode, con¬ 

sisting of oppositely charged ionic layers. 

Electric field: Force vectors felt by a unit charge lo¬ 

cated at given points within a region of space. 

Electric efficiency: The ratio between the calculated and 

actual amount of electricity used to form a pro¬ 

duct. 
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Electrocoating: The deposition of a coating onto an elec¬ 

trode in an electrolytic process. 

Electrode potential: The measured potential difference be¬ 

tween a working electrode and a suitable reference 

electrode. 

Electroinitiated polymerization: The initiation of a poly¬ 

merization reaction by an electrolytic process. 

Electrolysis: The chemical alteration of molecules by the 

action of electron transfer at an electrode. 

Electrolyte: The medium in which an electrolysis takes place. 

Faraday: One equivalent of charge; 95,600 coulombs. 

Faraday's law: One equivalent of electricity is required 

to affect the transformation of one equivalent 

of material. 

Fick's law: The flux of a material is proportional to the 

concentration gradient of that substance. 

Flux: The amount of material crossing a unit area per unit 

time. 

Half-cell: That section of an electrolysis cell encompas¬ 

sing one of the two electrodes. 

Half-wave potential: The potential (characteristic of the 

particular compound) on a polarographic curve 

where the current is equal to one-half the limit¬ 

ing current. 

Hydrogen overvoltage: The difference between the measured 

electrode potential and that calculated from the 

Nernst equation, at a given current density, for 

the reaction: H+ + e = h 

Ilkovic equation: In polarography, the relationship between 

the diffusion-limiting current and the number of 

electrons involved in a reaction, concentration, 

and diffusion coefficient of substrate and the 

characteristics of the capillary tube. 

Joule: The basic unit of energy in the metric system. 
7 

1 J = 10 ergs - 0.239 cal = 1 W-sec. 
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Kolbe reaction: An electrolytic oxidation of an organic 

carboxylate salt normally leading to dimers, and 

first studied extensively by Kolbe. Normally: 

2RC02 -> R-R+2C02+2e 

Linear sweep voltammetry: A type of voltammetry in which 

the electrode potential is constrained to vary 

linearly with time. 

Liquid junction potential: A difference in electric poten¬ 

tial which occurs across the junction between two 

dissimilar liquid electrolytes. 

Luggin capillary: A slender electrolyte-filled capillary 

normally used as a salt bridge to minimize the 

effect of a large reference electrode on the 

measurement of electrode potential. 

Mho: The unit of electric conductivity. 1 mho = 1 A/V = 

Nernst equation: The fundamental relationship, derived by 

Nernst, between the electrode potential and activi¬ 

ties of the various species involved in a reversible 

electron transfer. 

E - 
o 

RT 

nF 
In Q 

where Eq is the standard potential of the system 

and Q is the equilibrium expression for the 

system. 

Normal hydrogen electrode (n.h.e.): The universally ac¬ 

cepted reference electrode consisting of a plati¬ 

num electrode in contact with hydrogen gas at one 

atmosphere, and hydronium ion at unit activity. 

The n.h.e. is assigned a potential of zero volts 

at all temperatures. 

Ohm: The unit of electric resistance. 10=1 V/A. 

Ohm's law: The linear relationship, discovered by Ohm, 

between current and voltage in an electric con¬ 

ductor (both electronic and ionic): V = iR, 

where R is the resistance in ohms. 
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Operational amplifier: A type of dc amplifier, character¬ 

ized by a very high negative voltage gain, and 

having great general utility in measuring and 

transforming electric signals. It is usually 

symbolized by 

where E . is -A (E.-E_) and A is usually >10 . 
out 12 1 

Overvoltage: The difference between the actual measured 

electrode potential at specified electrolysis 

conditions and the electrode potential which 

would apply if the system were at equilibrium. 

Oxygen overvoltage: The overvoltage at specified conditions 

of a given electrode for the reaction 

2H20 -> 4H+ + 02 + 4e 

Passivation: Normally, the process of forming a thin, 

inert oxide layer on a: metal surface by oxidation. 

Passivation has a large effect on the normal vol- 

tammetric behavior of the metal. 

Platinization: The process of depositing a finely divided 

coating of platinum on the surface of an electrode. 

Usually effected by reduction of chloroplatinic 

acid onto the base electrode. 

Polarography: The type of voltammetry restricted to the 

case where the working electrode is a dropping 

mercury capillary. 

Potential of zero charge (p.z.c.): The electrode potential 

where no net charge exists at the surface of a 
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specific electrode. At the p.z.c., the capaci¬ 

tance at the electrode/solution interface is nor¬ 

mally at its minimum value. For the special case 

where the electrode is mercury, the p.z.c. can be 

measured at the point where the interfacial ten¬ 

sion is at a maximum. 

Reference electrode: A stable, reversible half-cell which 

is convenient to use as a reference system for 

the measurement of electrode potentials. 

Resistance: The property of a substance to resist the pas¬ 

sage of electric current. Resistance is measured 

in ohms. 

Rotating disk voltammetry: A type of voltammetry where the 

working electrode is a planar disk rotating uni¬ 

formly about an axis perpendicular to, and passing 

through, its center. 

Saturated calomel electrode (s.c.e.): A commonly used 

reference electrode, where the half-cell comprises 

mercury in contact with an aqueous solution satu¬ 

rated with respect to mercurous chloride (calomel) 

and potassium chloride. 

Shunt: A resistance placed in parallel with a two-terminal 

device; usually used to change the range, or cali¬ 

brate in convenient units, an electric measuring 

device. 

Standard potential: The potential at which the species 

involved are at unit chemical activity and are 

at chemical and electrical equilibrium. 

Surface coverage: The fraction of a given surface covered 

by an adsorbed species. 

Tafel plot: A graph of the logarithm of the current density 

vs electrode potential. Usually useful only when 

mass transfer is not rate limiting. 

Transfer coefficient (a): That fraction of the change in 

applied electrode potential which affects the 

forward reaction. 
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Triangular wave voltammetry: A type of voltammetry where the 

working electrode potential is constrained to vary 

linearly, first in one direction, and then in the 

opposite direction. Usually interchangeable with 

the term "cyclic voltammetry." 

Volt: The unit of electron "pressure" or activity. 1 V = 

1 J/C. In electrolytic work, one volt in electrode 

potential is equivalent to 22.9 kcal/mole. 

Vacuum tube voltmeter (VTVM): Characterized by a high 

(usually 10 Mfi) input impedance. 

Voltammetry: Any technique which involves the simultaneous 

measurement of both electrode potential and cur¬ 

rent . 

Working electrode: The electrode at which the electrode 

reaction of interest is occurring. 

Zeta potential: The measurable potential difference between 

the bulk of an electrolyte and the region near the 

electrode where bulk motion is possible (usually 

just outside the compact or inner double layer). 
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A 

Acetates, 113 

Acetic acid, 106 

Acetone, reduction, 169 

Acetonitrile, 6, 60, 100-102 

reduction, 237 

Acetylenes, reduction, 230 

Acrylonitrile, 158-159, 226, 228 
Activation barrier, 21, 25 

Activity of electron, 22, 23, 25 

2-Adamantyl bromide, 201 

Adiponitrile, 158-159 

Adsorption, 3, 5, 52 

detection by polography, 133 

detection by votammetry, 53 

in hydroquinone process, 157 

of ions, 141 
of organic materials on 

carbon, 90 

orientation of molecules, 58 

Adsorption isotherm, 37 

Alcohols, oxidation, 312 

Aldehydes, reduction, 170 

Alloys, 153; see also individual 
metals and electrodes 

Allyl bromide, 202 

Allyl chloride, 202 

Allyl iodide, 202 

Aluminum oxide, 51 

Amalgams, see Mercury, 

Amalgams of 

Amides, oxidation, 314 

p-Aminoacetophenone, reduction, 

169, 170 

p^Aminophenol, 183, 190 
Ammonia, 103-104 

Ammonium salts, 112 

Aniline, 47, 85, 190 

Anode, definition, 17 
Anodic acetamidation, 277, 290 

Anodic acetoxylation, 272, 288 

Anodic alkoxylation, 271 

Anodic cyanation, 275, 289 

Anodic halogenation, 296 

bromination, 301, 306 

chlorination, 299 
fluorination, 303 

iodination, 301 

Anodic substitution, 269 

use of electrolyte in, 61 
Anolyte, definition, 47 

Anthracene, 223 
electrochemical oxidation of, 

62 

Anthrathene, 9-10-disulfonic 
acid, 223 

Anthraquinone 

from anthracene oxidation, 62 
in dye industry, 1 

Antimony, 92 

Aromatic compounds (oxidation) 

aniline, 280 

anisole, 274 

anthracene, 276 

benzene, 270 
biphenyl, 274 

phenanthrene, 289 
phenol, 278 

toluene, 270, 274, 276 
Aromatic compounds (reduction), 

222 

Aromatic halides, 197 

Auxiliary electrode 

effect on products, 48 

form of, 45 

Azobenzene, 190 

Azoxybenzene, 185, 190 

B 

Batteries, 4, 20 
lead storage, 91 
use in electrolysis, 148 

Benzaldehyde, reduction, 170 

Benzaldoxime, 246 

411 
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Benzidine, 188 

Benzidine, in dye industry, 1 
Benzoic acid, 199 

from toluene, 62 

Benzonitrile, reduction, 237, 

238, 239 

Benzophenone, reduction, 171 

Benzoquinone, 157 
Benzyl bromide, 195, 200 

Benzylcyanide, 244 

Benzyne, 208 
Bicyclopentane, 210, 211 
Boundary layer 

diffuse, 41 

effect of agitation on, 57 

effect of concentration on, 64 
outer, 41 

shear, 41 

Bromine, as product of elec¬ 

trolysis, 46 

Bromobenzene, 199 

l-Bromo-2,2,1-bicycloheptane, 

196, 201 
l-Bromo-2,2,2-bicyclooctane, 

196, 201 

8-Bromo-2,3,1-bicyclooctane, 201 
l-Bromo-3-bromomethylcyclo- 

butane, 210, 211 
Bromoform, 204 

1,1-bis-Bromomethylcyclopropane, 
213, 216 

bis-2-Bromomethyl-l,3-dibromo- 
propane, 210, 213, 216 

a-Bromo-l-pentenoic acid, 198 

Bromo-triphenyl ethylene, 198 

Brohsted coefficient, 27 

1-Butene, 46 

C 

Calomel electrode, see saturated 

calomel electrode 

Capacitance, 16 

of electrode, 40 

Carbon, 6, 50, 78, 89-90 
Carbon dioxide. 111 

Carbon-nitrogen groups 

reduction, 236 

Carbon tetrabromide, 204 

Carbon tetrachloride, 204 
Carbonyl compound (reduction), 

167 

Cascaded cells, 151 

Catalysis, 52 

heterogeneous, 8 

Cathode, definition, 17 

Catholyte, definition, 47 

Cell bank, 151 
Cell constant, 123 

Cell divider, see Divided cell 

Cellulose acetate 
as divided cell membrane, 83 

Cerium salts 

as "oxygen carrier," 62 

Chain transfer agents, use of, 

63 

Chicken fat electrode, 38 

m-Chloro-p-aminophenol, 192 

£-Chloroaniline, 185 

1- Chloro-3-bromocyclobutane, 210 

3-Chloropropyl bromide, 203 

Chloroform, 204 

<D-Chloronitrobenzene, 192 

o-Chlorophenylhydroxylamine, 192 
Chromium salts, as "oxygen 

carriers," 62 
Concentration 

effect on electrolytic 

reactions, 64, 65 

Concentration gradient, 23, 24, 

33, 61, 65 
effect of current on, 34, 36 
effect of high, 57 

Conductivity, 14 
definition, 14, 123 

effect of temperature on, 64 

effect of water on, 63 

specific, 123 

Conductivity bridge, 61, 123 

Continuous processes, 60, 151, 

154 

Controlled electrode potential, 

117 
effect of nonuniform geometry 

on, 44 

equipment for, 148 
Coulometry, 6 

p-Cresol, 223 

Current-voltage curve, 29 

Cyanoacetic acid, 244 

2- Cyanoethyl iodide, 195 
bis-(Cyanoethyl) mercury, 195 

Cyclic conversion, 46 

Cyclobutyl bromide, 200 
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1,4-Cyclohexadiene, 220 

Cyclohexanone, 239 

Cyclohexene, 220 

Cyclopentyl bromide, 200 

Cyclopropane, 195 

Cyclopropanediol, 175 

Cyclopropyl bromide, 200 

D 

Depolarizers, 148 

1.3- Dibromoadamantane, 203 

o-Dibromobenzene, 208 

cis-2,3-Dibromo-2,2,1-bicyclo- 

heptane, 202 

trans-2,3-Dibromo-2,2,1-bicyclo- 

heptane, 202 

1.4- Dibromo-2,2,2-bicyclooctane, 

203 

1.4- Dibromo-2,3,1-bicyclooctane, 
204 

1.2- Dibromobutane, 46 

1.4- Dibromobutane, 203 

cis-1,2-Dibromo-5-t-butyl- 

cyclohexane, 200, 208 

trans-1,2-Dibromo-5-t-butyl- 

cyclohexane, 200, 208 

1.3- Dibromo-l,3-dimethylcyclo- 

butane, 203, 216 

1.2- Dibromoethane, 202 

1.5- Dibromopentane, 203 

1.3- Dibromopropane, 210, 212 

1.3- Dibromo-propane, 203 

1.6- Dibromohexane, 2 03 

a,a 1-Dibromo-p-xylene, 210 
2.3- Dicarboxy-l,4-butane-di- 

carboxylic acid, 198 

Dichloroacetic acid, 206 

1.4- Dicyanobutane, 244 

1,2-Dicyanoethane, 244 
N-N-Diethyl-3-bromopropyl- 

ammonium, bromide, 195, 

200 
Differential reactor, 80, 151 

Diffusion, 33, 36, 65 

effect of agitation on, 46 
in linear-sweep voltammetry, 

139 

linear, 34, 35 
of neutral species, 47 
through cell divider, 82 

Diffusion coefficient 

definition, 34, 35 

effect on reaction rate, 69 

in polarography, 132 

Diffusion current constant, 132 
Diffusion layer, 34 

Diffusion limited current, 69 

in polarography, 131 

in rotating disk voltammetry, 

145 

Digital simulation, 142 

Ol-to-Dihalides, 209 

1,4-Dihydro-l,4-naphthalene- 
dicarboxylic acid, 223 

p-N,N-Dimethyaminobenzaldehyde, 
174 

1.3- Dimethylbicyclobutane, 216 

Dimethylformamide (DMF), 6, 60, 
102-103 

Dimethylsulfoxide, 60, 109-110 

N,N-Dimethylthiobenzamide, 247 

1.4- Dioxane, 6, 60, 106 

a,a 1-Diphenylacetone, 175 

Diphenylacetylene, 230 

cis-Diphenylethane, 198 
trans-Diphenylethane, 198 

Diphenylethylene, 230 

1,3-Diphenyl-l,3-propanedione, 

177 

Divided cell, 5, 46-49, 75, 81- 

85 
deterioration of divider in, 

60 
membranes for, 18, 47, 83 

need for, 47 

requirements for, 82 

use in large scale electrol¬ 

ysis, 153 

use in polography, 130 

use of ceramics, 18, 47, 82 

use of storage battery as, 91 

Double layer 

definition, 39 
inner or compact, 40 

Dropping Mercury Electrode 

(D.M.E.), see Mercury, 
Dropping Mercury Elec¬ 

trode 

Electric field 

E 



414 SUBJECT INDEX 

effect of, 41 

geometry of, 43 

Electrical efficiency, 13, 59, 

69, 118 
Electrocoating 

anodic deposition, 338 

cathodic deposition, 338 
maleinized oils, 342 

experimental, 345 

Electrode potential, 18, 23 
Electrode pretreatment, 51, 

of platinum, 89 

Electrodeposition 

effect of pH gradient on, 58 
of lead dioxide, 92 

Electrodes 
"black," 52 

carbon paste, 90 
"expanded," 52 

formation of organometallics 

on, 50 

gauze, 45 

materials, 94 
physical form, 52 

porous, 52, 57 
rotating, 57 

stability, 49-50 

surface effects, 50-52 
symmetry, 75 

vibrating, 57 

Electroinitiated polymerization 

acrylics, 324 
anodic, 328 

carbonates, 329 

cathodic, 323 

esters, 329 

ethers, 329 

living anions, 325 
olefins, 323, 329 
miscellaneous, 327 

thietanes, 329 
Electrokinetic phenomena, 41 

Electrolyte, definition, 18 
Electrolytic capacitor, 51 

Electroosmosis, 41 

Electrophoresis, 41 
Electroplating, 52 

of nickel, 93 

Electroregeneration, 62, 91, 156 
Erythro-1,2-Diphenylpropanol, 174 

Ethanol, 6, 60, 108-109 

Ethers, oxidation, 313 

Ethyl bromide, 197, 200 

Ethylenediamine, 221 

Exchange current density, 29 

F 

Faraday 1s law 

apparent violation of, 47 

Fick's law, 34 
Flux 

at electrode surface, 36 

definition, 34, 35 
in linear sweep voltammetry, 

139 

Fuel cells, 4 
Fumaric acid, 198 

G 

Gem-halides, 205 
Gold, 6 

Graphite, 6, 50, 78, 89, 90 

H 

Half-cell 

definition, 17 
standard potential of, 22 

Halides, 112 

H-cell, 76 

a,a,a-a' ,a' ,a' -Hexachloro-p_- 

xylene, 205 
Hexamethylphosphoramide (HMPA), 

104, 221 

Hydrazobenzene, 183, 190, 191 

Hydrodimerization, 158 
Hydrogen 

adsorption on platinum, 87 

from water electrolysis, 2 

Hydrogen carrier, 3, 62 

Hydrogen electrode, 22, 54, 95 

Hydrogen overvoltage, 30, 85 
in aqueous media, 49 

Hydroquinone, 157-158 

I 

Impurities 

effect on electrodes, 50, 51, 

62 
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trans-Iodo-diphenylethylene, 198 
Ion exchange membranes, 84 

IR drop, 14, 20, 152 

across cell divider, 82, 99 

across meters, 114 

definition, 14 

effect on electrode potential, 

55, 56, 68, 99 

in power leads, 115 

need for minimizing, 45 

within reference electrode, 98 

Irreversibility, 2, 3, 21, 24 

conditions for, 30 
in linear sweep voltammetry, 

140 
in organic systems, 32 

in polarography, 134 

K 

Ketones, reduction, 170 

Ketyl radical anion, 172 

Kolbe reaction, 3, 61, 90, 256 

experimental procedure, 263 

mechanism, 256 

reaction conditions, 256 

role in organic synthesis, 260 

L 

Lactams, oxidation, 314 

Lactones, oxidation, 314 

Large scale reactions, 6 

importance of agitation in, 153 

Lead, 85, 90-92 

Lead dioxide, 6, 51, 90-92 

Liquid ammonia, 222 
Liquid junction potential, 55, 96 

Luggin capillary, 68, 99, 130 

M 

Maleic acid, 198 

Manganese, 51 

Mass transfer 

diffusive, 34 
effect of agitation on, 33 

Membranes, see Divided cell 

1-Menthone, 179 

Mercury, 30, 49, 85, 86, 87 

advantages as cathode, 50 

amalgams of, 87, 92 

dropping electrode, 4, 130 

effect of halides on, 50 
toxicity, 87 

use as pool electrode, 75 

use in rotating disk volt 

ammetry, 145 

Methanol, 107, 108, 176 

Methyl bromide, 200 

Methyl chloride, 200 

Methylene bromide, 204 

Methylene chloride, 110, 204 
a-Methyldesoxybenzoin, 174 

Methyl iodide, 200 
Michler ketone, reduction, 169 

Multi-step electron transfer 

in linear sweep voltammetry, 

140 
in polarography, 135 

N 

Naphthalene, reduction, 223 

a-Naphthol, 208 
Neopentyl bromide, 200 

Nickel, 51, 85, 93 

plating, 93 
use in rotating disk volt 

ammetry, 145 

Nitriles, reduction, 236 

Nitrobenzene, 47, 183 

p-Nitrobenzylchloride, 195 
3-Nitro-4-heptanol, 190 

Normal Hydrogen Electrode 
(N.H.E.), see Hydrogen 

electrode 

O 

Olefins, oxidation 

cyclohexene, 283 

ethylene, 283 

propylene, 284 

styrene, 284 
tetrahydrofuran, 271 

Olefins, reduction, 225 
Operational amplifiers, 114, 117 

as coulometers, 121 
use in controlled potential 

electrolysis, 67 

Organic halides, oxidation, 311 
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Organolead-halides, 

reduction, 248 

Organometallics, 8 

formation from electrodes, 50 
oxidation, 310 

Organosulfur compounds, 

oxidation, 311 

Organothallium halides, 

reduction, 248 

Organotin halides, 

reduction, 248 
Osmotic pressure, 65, 83 

Overvoltage, 2 
activation, 30 

concentration, 24, 29 
hydrogen, 30 

oxygen, 30 

Oxide films, 51 

detection by voltammetry, 53 
Oxygen 

from water electrolysis, 2 
Oxygen carrier, 3, 62 

Oxygen overvoltage, 30, 85 

P 

Passivation, 51 

Peak current, 139 

Perchlorates, 112 

Peroxides, reduction, 249 

p-Phenetidine, 185 
Phenol, 157 

as proton source, 63 
Phenylacetic acid, 195 

3- Phenylacrylonitrile, 226 

Phenylhydroxylamine, 183 
4- Phenylbutylene, 230 

2- Phenylethylamine, 244 

3- Phenylpropy1ene, 23 0 
pH gradients, 58, 84 

suppression of, 63 
Platinized titanium, 90 

Platinum, 6, 30, 49, 78, 85, 
87-89 

hydrogen adsorption on, 87 

oxide layers on, 50, 87 
platinized electrode, 52, 54, 

88 

Polarizability 

effect of electric field on. 
Polarization, 2 

effect on conductivity 

measurement, 123 

Polyacrylonitrile, 228 
Polyhalides, 205 

Potential determining species, 

40 
Potential of Zero Charge (PZC) 

definition, 41 

ion adsorption, 63 
Potentiostat, 68 

Power requirements of 

electrolysis, 160 

Pretreatment, electrode, see 

Electrode pretreatment 

Propylene carbonate, 110 

Propylene oxide, 156, 157 
Purification, 113; see also 

individual solvents and 

electrolytes 

Pyridine, 6, 104 

PZC, see Potential of Zero 

Charge 

R 

Radical ions 

formation of, 60 

Reference electrode, 23, 27 

effect of leakage, 56 

internal resistance of, 56 

shielding effect, 57 

temperature coefficient, 56 

Reversible electron transfer, 2, 
21 

in polarography, 133, 134 

Ring-Disk Voltammetry, see Volt¬ 

ammetry, Ring-Disk 

Rotating disk electrode, 35, 

Sec. 3.4.3 

S 

Sandwich cell, 79-81, 148 

Saturated Caldmel Electrode 

(S.C.E.), 41, 54, 95-97 

Silver, 51 

effect of halides on, 50 

Silver oxide, 51 
Silver-silver chloride 

electrode, 55, 97 
Solvated electron, 221 

41 
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Specific conductivity, see 

Conductivity, Specific 

Spiropentane, 210, 213 
Steady-state electrolysis, 152 
Stereochemical effects, 38 

Sulfonates, 113 

Sulfur dioxide. 111 

Surface concentration, 24, 25, 

28, 36 

Surface coverage, 37 

Surface-to-volume ratio, 5, 45, 

78, 81, 152 

Surfactants, effect of, 38, 62 

T 

Tafel equation, 31 

Tantalum oxide, 51 
Tetraalkylammonium halides, 215 

Tetraalkylammonium salts, 6, 46, 

61, 111 

adsorption of, 38 

use in reference electrodes, 97 

Tetraalkylammonium sulfonates 

use as electrolytes, 63 

1.1.3.3- Tetrachloro-2,2,4,4- 

tetramethylcyclobutane, 206 

Tetraethylammonium £-toluene- 

sulfonate, 158 

Tetraethyl lead, 159-160, 197 
Tetrahexylammonium benzoate, 110 

Tetrahydrofuran (THF), 105-106 

2.2.4.4- Tetramethylcyclobutane- 

dione, 176 

2.2.4.4- Tetramethyl-l,3-di- 

chlorobicyclobutane, 207 

Tetraphenylborides, 113 

Thallic oxide, 51 
Thermal effects 

energy, 14 

I2R heating, 64 

power, 14, 15, 64 

power dissipation, 61 

Toluene 
electrochemical oxidation of, 

62 
Transfer coefficient, 32 

definition, 27 

determination of by 

polarography, 134 
interpretation of, 135 

Transition state, 26 
Triangular wave voltammetry, see 

Voltammetry, triangular 

wave 
Trichloroacetic acid, 206 

Trifluoroacetophenone, 205 

Triphenylethane, 198 

U 

Undivided cell, 46, 74 

V 

Vacuum tube voltmeter, 116 

Vicinal halides, 207 

Vinyl halides, 197 
Voltammetry 

characterization via, 53 

effect of agitation on, 58 

effect of concentration on, 65 

Ring-Disk, 143, 146-147 

solid electrode, 4 

triangular wave, 142 

Voltmeter, use of, 20 
VTVM, see Vacuum tube voltmeter 

W 

Water 

as impurity in solvents, 51, 

60 
as proton source, 63 

Working electrode 
potential of, 54 

X 

p-Xylylene, 205 

Z 

Zeta potential, 41 
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