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PREFACE 

This book is concerned with reactions carried out at an elects'ode on a prepara- 
tive scale. The impact of organic electrochemistry on synthetic organic chemistry 
has a long history beginning with the Kolbe reaction, which is still in the repertoire 
in first year teaching. In the early 1900's electrochemical methods for the oxidative 
or reductive transformation of functional groups were actively pursued.. They offer 
the advantage of  having no spent oxidant or reductant for disposal. However elec- 
trochernicat processes fell out of favour in the face of conventional chemical reac- 
tions because the outcome from electrochemistry was often far from predictable. 
Now that tlre mechanisms of these processes are generally well understood, many 
of the former pitfalls can be avoided. 

Electrochemical processes use the electron as a reagent and so avoid a chemical 
oxidant or reductant, "It~e environmental impact of electrochemistry needs to be 
assessed by looking at the global cell reaction. In the electrochemical cell, every 
oxidation step at the anode nmst be accompanied by a reduction at the cathode. 
During an oxidation, whatever is evolved at the cathode is m effect a spent reagent. 
The cathode reaction can be controlled to give a desirable product, even hydrogen 
for use as a fuek During a reduction process this spent reagent is produced at the 
anode. It can be oxygen, which is venmd to the atmosphere. Control of the reaction 
at the counter electrode gives to electrochemical processes the advantage of being 
non-polluting, relative to corresponding steps using a chemical reagent~ 

The discovery of the Baizer hydrodimerization process for preparation of adipo- 
nitrile from acrylonitrile led to a resurgence of interest in organic electrochemistry. 
This process synthesises adiponitrfle at the cathode mid the spent reagent is oxygen 
evolved at the anode. Its mmrense technical success prompted extensive investiga- 
tions into reaction mechanisms in o~ganic electrochemistry with a view to im- 
proving the old fimctio~mI group interchange reactions. At the same time new re- 
actions of  potential use in organic synthesis have been discovered. In parallel with 
these investigations, significant improvements have been made m the design of 
electrochemical cells both for laboratory and for industrial scale use 

Electrons are transferred at an electrode singly, not in pairs, The primary reac- 
five species to be generated is either a delocalised radical-ion or a radical formed 
by cleavage of a <s-bond, together with an ion. The first formed radicals can be 
further converted to ions by electron transfer. Fhus organic electrochemistry in- 
volves a study of the reactions of both radical and ionic intermediates. Electron 
transfer at the electrode is a surfhce reaction while intermediates undergo chemical 
reactions in the bulk solution. An appreciation of the existence of these two types 
of often competing processes is required to understand the outcome of organic 
electrochemical reactions. 
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Recent work has developed reactions for carbon-carbon bond formation or 
cleavage and has introduced new routes for the introduction of functional groups, 
all of  which are attractive to those planning synthesis on both laboratory and in- 
dustrial scales. The mechanisms of these processes are now generally well under- 
stood. 

~ i s  book aims to be more than just an introduction to such current areas of re- 
search, It is intended also to show how the subject of Organic Electrochemistry is 
integrated across the spectrum of  oxidation and reduction by a general set of 
mechanisms. The discussion centres around reactions on a preparative scale and on 
the mechanisms governing the outcome of such processes. The book will be of  
interest to inquisitive final year undergraduates, research students and research 
directors both in academia and in the fine chemicals industry. An understanding of 
general organic c h e ~ s ~ j  is assumed. Physical chemistry has to be int~roduced into 
a discussion on electrode kinetics and this area is kept to a minimum. Discussions 
on the preparation and properties of radical-ions are also necessary since these are 
the first reactive species produced at an electrode, 

The redox properties of an electrode are determined by its potential measured 
relative to some reference electrode. Many different reference electrodes are used 
in the literature. In order to make cross comparisons easily, most of the electrode 
potential quoted for reactions have been converted to the scale based on the satu- 
rated calomel electrode as reference. Electrode materials and electrolyte solutions 
used by the original workers are quoted. In many cases, the electrodes could be 
fabricated from more modem materials without affecting the outcome of  the reac- 
tions. In the not too distant past perchlorate salts were frequently used as electro- 
lytes. This practise must be discouraged for preparative scale reactions because of 
the danger of  an explosion when perchlorates and organic compounds are mixe& 
Alternative electrolytes are now readily available. 

I acknowledge many discussions over the years with research students and with 
the international research community on problems in organic electrochemistry. The 
assistance given to me by Sheila Landy and her staff of the Science Library in 
Queen's University is gratefully acknowledged. Finally, I thav& my wife fbr her 
help and her patience m dealing with all the disruptions to normal life which writ- 
ing this book has caused. 

James Grimshaw, 
Belfast, July 2000 



CHAPTER 1 

ELECTROCHEMICAL OXIDATION AND ~ D U C T I O N  
OF ORGANIC COMPOUNDS 

General Technique 

During an electrochemical reaction, electrons are transferred between a mole- 
cule of the substrate and the electrode. Electrons are always transt?rred singly and 
the substrate first is converted to an intermediate with an unpaired electron. Trans- 
fomnation of this reactive ime~ediate to the final product involves a sequence of 
bond forming or bond cleaving reactions and frequently further single electron 
transfer steps. The complete electrochemical reaction vessel requires both an anode 
and a cathode. Only one of these electrodes, the working electrode, is involved 
with the chemical reaction of interest, oxidation at the anode or reduction at the 
cathode. The second electrode is the counter electrode and usually some simple 
inorganic reaction occurs here, such as hydrogen evolution if this is a cathode or 
oxygen evolution if this is an anode. The space between the anode and cathode is 
filled with an ionised salt solution and charge passes through the solution between 
the electrodes by migration of ions. 

The simplest design of electrochemical cell has two electrodes dipping mm the 
solution containing the substrate and the supporting electrolyte. A cell of this type 
is suitable for the Kolbe oxidation of carboxylate ions (see p. 316) where the anode 
reaction is given by Equation I.I and the cathode reaction is the evolution of hy- 
drogen (Equation 1.2), Both the substrate and the hydrocarbon product are inert 

2 ~ 3 C O  2 - 2 e ; C6HCT C.~H~3 + 2 CO 2 Eq. I. 1 

2H + + 2e -----* H~ F~.I.2 

towards reduction at the cathode. 
For many processes, however, it is necessary to employ a divided cell in which 

the anode and cathode compartments are separated by a barrier, allowing the diffu- 
sion of ions but hindering transfer of reactants and woducts between compart- 
ments. This prevents undesirable side reactions. Good examples of the need for a 
divided cell are seen in the reduction of nitrobenzenes to phenylhyckoxylamines (p. 
379) or to anilines (p. 376), in these cases the reduction products are susceptible to 
oxidation and must be prevented from approaching the anode. The cell compart- 
ments can be divided with a porous separator constructed from sintered glass, po- 
rous porcelain or a sintered inert polymer such as polypropene or polytetra- 
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fluoroethene. Another type of separator uses woven polytetrafluoroethene cloth 
which has been exposed to a soluble silicate and dilute sulphuric acid so that silicic 
acid precipitates into the pores [1]. On a laboratory scale porous porcelain and sin- 
tered glass are the most commonly used materials. 

On an industrial scale, ion-exchange membranes are most frequently used for 
the separator material [2]. Cationic and anionic types are both available and a sup 
phonated polytetrafluoroethene cation exchange resin, which can withstand aggres- 
sive conditions, is frequently used. Arrangements for sealing this type of separator 
into a laboratory scale glass ceil are also available. 

Cob~ter 
e~ectrode 

Porous ~ .  1 
separa~r ~j, [~ 

IIW 
Working 
e~ectrode N 

, , f -  Electrodes "~'~'V 

i l l I t  

_ [ 

(a/ ~l 

Figure 1,t. Ceils used for laboratory scale electrochemical preparations: 
(a) a beaker-type ceil; (b) an lt-type ceil. 

General purpose laboratory scale glass cells are either of the beaker4ype (Figure 
l . la) or the H-type (Figure 1. Ib). The early pioneers of organic electrochemistry 
used beaker-type cells, with cylindrical symmetry, and the separator was either a 
porous porcelain pot or a sintered glass disc [3]. Designs for beaker-type ceils in 
more modem materials have been described [41. ~I]qe H4ype ceil can be designed 
to use either one or two sintered glass separators [511. Oxygen must be excluded 
from the cathode compartment during electrochemical reduction otherwise cun'ent 
is consumed by the reduction of oxygen to water and the highly reactive superox- 
ide anion is generated as an intermediate. A flow of into1 gas is maintained in the 
cathode compartment. It is not essential to exclude oxygen during electrochemical 
oxidation but usually a flow of inert gas is maintained in the anode compartment so 
as to dilute any oxygen, which is evolved. A stirring device is necessary to de- 
crease the thickness of the diffusion layer around the working electrode. 
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The voltage drop across a working electrochemical cell is not unit%rmly distrib~ 
uted, This is shown schematicaIly in Figure 1.2. A large proportion is due to the 
electrical resistance of the electrolyte and the separator, This, of course, can be 
decreased by a suitable celt design. The voltage drop across the working electrode 
solution interface determines the rate constant for the electrochemical reaction. It is 

13- 

Anode 
Separ~or 

-., 

B~k solution 

~ ' \  Ele~rode~ ution interNc~/4 

Cathode 

Figure 1.2 Distribution of potential across a working electrochemical cell The poten- 
tial drop across the working electrode~setution interface drives the celt reaction 

often advantageous to maintain a constant potential drop across this interface to 
control the rate of unwanted side reactions. The working potential is measured 
relative to a ret;crence electrode and probe, placed close to the working electrode 
surface, An aqueous saturated calomel electrode is the most frequently used refer- 
ence. The relative potentials of  other reference halt~cells are given in Table 1.1. 
The reti:rence electrode dips into a salt bridge containing the electrolyte used in the 
main electrochemical cell, The salt bridge can be te~inated either by a thin Lug- 
gin-Harbor capillary [6] placed close to the working electrode or by a plug of po- 
rous Vycor glass [7] or an inert fibre [8], :For non-aqueous electrochemistry 
IUPAC recormnends the fe::ocene-ferricinium couple as an internal rot?fence 
standard of potential [91. It is suitable for use in linear sweep and cyclic voltam- 
metry but not t%r preparative scale experiments, The couple has potentials of  +0.69 
and +0,72 V vs. nhe in acetoni~ile and dimethyltbrmamide respectively [10]. 

There is a potential drop V across the solution between the layer around the 
working electrode and the tip of the reference probe, This is related to the separa- 
tion distance d by Equation 1.3 where i is the cmTent flowing through the cell and 
K is the specific conductivity of the electrolyte~ The reference electrode probe is 
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placed as close as possible to the working electrode in order to minimise this volt- 

V = i d Eq. l .3  
K 

age drop. ~-le voltage drop is termed the JR-drop and in preparative electrochem- 
iswy using currents o f  I0 "~ A, or more, it is not negligible [I 1]. 

T A B L E  1.I 
Potentials o f  some reference electrodes relative to either the standard hydrogen 

electrode or the saturated calomel electrode. Further data in ref. [17], 

Electrochemical cell Potential Ref. 
/ V  

(Pt)/H~, H30 ~ (a = 1) ll KCt (satd.) ! AgCt (satdJ !Ag 0 .199  [12] 

(PO/tlz, H30 ÷ (a = 1)tl KC1 (I 0 M)/Hg~CI~ (satdJ / Itg 0.283 [I 2] 
(Pt)/H2, H30 ~ (a = 1){t KC! (sad.)/l~tg2Cl~ (sad.)/Hg 0.244 [ 12] 
Aqueous see 110A M NaCtO4 in CH~CN It 0.0I M AgNO~ in CH3CN / Ag 0.253 [13] 
Aqt~eous sce II 0ol M Et4NC]O4 H Me~CHO NaCl(sa~d.), CdC[~ (satd)/ Cd, Hg -0.737 [t 4] 
Aqueous sce II 0~1 M Bt~41 in 0~t M Bu4NI in Me~NCHO / Agl (saL) / Ag -0.32 [15] 
Aqueous sce I 0.! M Et~NI in Me~CHO / Agl (satdJ / Ag -0~638 [ 16] 

The overall rate of  an electrochemical reaction is measured by the current flow 
through the cel l  In order to make valid comparisons between different electrode 
systems, this cun'ent is expressed as cunent  density, j ,  the current per unit area of  
elec~ode surface. The current densiW that can be achieved in an electrochemical 
cell is dependent on many [:actors. The rate constant o f  the initial electron transfer 
step depends on the working electrode potential, "Ihe concentration o f  the substrate 
maintained at the electrode surface depends on the diffusion coefficiem, which is 
temperature dependent, and the thickness of  the diffusion layer, which depends on 
the stirring rate. Under experimental conditions, current density is dependent on 
substrate concentration, stirring rate, temperature and electrode potential. 

Conditions o f  constant potential are frequently employed in laboratory scale ex* 
periments. In these experL, nents, the cunent  tkrough the cell falls with time due to 
depletion of  the substrate, Under conditions of  constant diffusion layer thickness, 
the current i~ at time t is given by Equation t.4 [17] where D is the diffusion coeffi- 

i t = i o e x p ( - D A t )  Eq . IA  
V5 

cient of  the active species, A is the elecn-ode area, V is the solution volume and ~5 is 
the diffusion layer thickness, Controlled potential bulk electrolysis resembles a 
first-order reaction in that the current decays exponentially with time, eventually 
reaching a background level. 
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Chemical yields from an electrochemical reaction are expressed in the usual 
way based on the starting material consumed. Current efficiency is determined 
from the ratio of  Coulombs consumed in forming the product to the total nurffber of  
Coulorffbs passed through the cell. Side reactions, particularly oxygen or hydrogen 
evolution, decrease the current efficiency. 

On a large scale, it is more difficult to maintain constant electrode potential and 
conditions of  constant cm-rent are employed. Under these conditions, as the con- 
centration of the substrate falls, the voltage across the cell rises in order to maintain 
the imposed reaction rate at the electrode surface. This causes a drop in current 
efficiency towards the end of the reaction, since as the working electrode potential 
rises, either oxygen or hydrogen evolution becomes significant. 

Electrochemical reactions require a solvent and electrolyte system giving as 
smatl a resistance as possible between the anode and cathode. Protic solvents used 
include alcohol-water and dioxan-water mixtures and the electrolyte may be any 
soluble salt, an acid or a base. During reaction, protons are consumed at the cath- 
ode and generated at the anode so that a buffer will be required to maintain a con- 
stant pH. Aprotic solvents are employed for many reactions [18], the most 
commonly used being acetonitrile for oxidations and dimethylformamide or aceto- 
nitrile tbr reductions, In aprotic solvents, the supporting electrolyte is generally a 
tetra-alkylanmmnium fluoroborate or perchlorate [19]. The use of perchlorate salts 
is discouraged because of the possibility that traces of  perchlorate in the final 
product may cause an explosion. 

The designs of  some early electrochemical cells fbr industrial use were based on 
the beaker-type laboratory cell. One ~provement  to mass transport conditions was 
to rotate the working elec~ode, which decreases the thickness of  the diffusion layer 
[20]. As small a gap as is practical between the working electr'ode and the counter 

I reservoir I 
Cathol~4e out ~ I and pump | ~ Catholyte in 

A L ! t 

J l_____ 
1 

IIIIIIIVIIIIIIII I • ÁÁÁÁÁÁÁÁÁ I]]]]] • ~ 1  

,,, IIIII1[11111 IIII 

i 

[ rese;v°ir I ~ ~nol~te out Anolyte in ~ [ and pump ] 

i Diaphragm 

Figure 1.3. [l~e narrow gap etectmchcmical cell. For large-scale work, several cells are 
connected in parallel from the same reservoirs. 
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electrode is necessary to decrease the voltage drop across the whole cell and reduce 
heating of the electrolyte due to passage of current, Cells with the basic design 
shown schematically in Figure 1.3 are available commercially, Each comparnnent 
contains only a small volume of electrolyte so both the anode and cathode com- 
partments are connected to larger volumes of solutions, which are pumped con- 
tinuously around the cell. Electrolyte flow also decreases the thickness of the 
diffusion layer. Cells can be connected in parallel to give a large overall electrode 
area. Starting from this basic design concept, many cells have been constructed to 
improve current efficiency in a particular reaction and some of these are described 
later. 

Anode and Cathode Materials 

Working electrode materials are selected to provide good electron transfer prop- 
erties towards the substrate while showing high activation energy for electron 
transfer in the principal competing reaction. The most significant competing reac- 
tions in the presence of water are evolution of oxygen at the anode and hydrogen at 
the cathode. Accessible electrode potential ranges fbr some working electrode, 
solvent combinations are given in Table 1.2, The oxygen and hydrogen evolution 
reactions occur in several steps involving both bond cleavage and bond formation 
processes, At many electrode surfaces each reaction requires a potential substan- 
tially removed from the equilibrium reaction potential to drive the process at a sig- 
nificant rate. This difference between a working potential and the equilibrium 
potential is called the overpotential, 

TABLE 1,2 
Useable electrode potential range ibr some electrode- 

solution combinations 

Electrode Solvent Electrolyte Electrolyte 
material LiCl04 E&NCI04 

Cathodic Anodic Cathodic Anodic 
V vs, sce V vs~ see V vs, see V vs, see 

Pt H20 - l . t  +1.8 ~1.1 +1,8 
Pt CH~CN -3.2 +2.7 -3,0 +2.7 
Pt Me~CHO -3.3 + 1,5 -2.7 + 1,8 
Hg H20 -2,3 +0,4 -2.7 +0.4 
Hg CH:,CN - 1.8 +0,8 -2.8 +0.8 
Hg Me2CHO - 1.8 +0.4 -2.8 +0.2 

C H~.O -I.0 +1.0 -2.8 
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Smooth platinum, lead dioxide and graphite are anode materials commonly used 
in electrooxidation processes. All show large overpotentials for oxygen evolution 
in aqueous solution. Platinum coated titanium is available as an alternative to sheet 
platinum metal. Stable surfaces of lead dioxide are prepared by electrolytic oxida- 
tion of sheet lead in dilute sulphuric acid and can be used m the presence of sul- 
phuric acid as electrolyte. Lead dioxide rnay also be electroplated onto titanium 
anodes from tead(II) nitrate solution to form a non-porous layer which can then be 
used in other electrolyte solutions [21 ]. 

Mercury, lead, cadmium and graphite are commonly used cathode materials 
showing large overpotentials tbr hydrogen evolution in aqueous solution. Liquid 
mercury exhibits a clean surface and is very convenient for small-scale laboratory 
use. Sheet lead has to be degreased and the surface can be activated in an electro- 
chemical oxidation, reduction cycle [3, 22]. Cadmium surfaces are conveniently 
prepared by plating from aqueous cadmium(ll) solutions on a steel cathode. 

Synthetic graphite is available in many lbrms for use as electrode material. A 
polycrystalline pyrolytic graphite is prepared by thermal decomposition of hydro- 
carbon vapours on a hot surface. It has the carbon ring planes oriented to a high 
degree parallel with the original surface for deposition. Less well oriented 
graphites with the crystalline phase embedded in a non-porous but amorphous car- 
bon are prepared by the pyrolysis of carbonaceous materials. This type of material 
includes carbon-fibre, which is woven into a carbon t~lt, and a non-porous glassy 
carbon. Glassy carbon can be fabricated into plate fbrm or as a solidified foam, 
termed reticulated carbon, with a large surface area and allowing free flow of elec- 
t~rolyte. Reticulated carbon and carbon felt allow electrochemical transformation at 
low current density to be completed on a shorter time scale because of their large 
surface area. This is important when Parther chemical reactions of the product can 
occur during the electrochemical process [23]. 

Surfaces of synthetic diamond, doped with boron, are elec~icatIy conducting 
and show promise as very inert electrode materials [24]. Boron carbide (B4C) has 
been used as an anode material but this cannot be conveniently prepared with a 
large surface area [25]. 

Platinum and carbon are ti'equently used as counter electrode materials for both 
anode and cathode, Platinum is resistant to corrosion while carbon is cheap and can 
be discarded alter use. Nickel is a suitable counter cathode material in aqueous 
solution because of the low oveq3otential for hydrogen evolution. Titanium coated 
with platinum and then over coated with ruthenium dioxide is a stable counter an~ 
ode material with a low overpotential Por oxygen evolution. 

The separator is often the weakest component in any electrochemical cell. ~I~nere 
are also difficulties in employing ion-exchange diaphragms in aprotic media. Par~ 
ticularly with large industrial cells, it is advantageous to devise reaction conditions 
that allow the use of an tmdivided cell. One solution to these problems for an elec- 
trochemical reduction process employs a sacrificial anode of magnesitma, alumin- 
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ium or zinc in a single compartment cell when the most favoured anode reaction 
becomes oxidation of the metal to an anion [26, 27], Zinc and magnesium ions 
formed in this way are beneficial to cathodic reactions which involve alkyl and aryl 
halides (p. t34) [28, 29], On a laboratory scale, the sacrificial anode is a rod of 
metal concentric with a cylindrical working cathode. Tetraethylamanonium fluoride 
can be added to the electrolyte to precipitate magnesimn ions as the fluoride [30]. 
A V-shaped nan'ow gap cell (Figure 1.4) has been devised for use on an indusNal 
scale using a magnesium sacrificial anode which fits into a stainless steel working 
cathode [31]. The combination of a working magnesium cathode and a sacrificial 
magnesium anode is used for tile reduction of functional groups such as carboxylic 

Anode connection 

Insulation 

Electrolyte outlet Electrolyte outlet 

Magnesium anode 

Stainless steel cathode 

Polyethene net 
as spacer 

Electrolyte inlet 

Figure 1,4. An tmdivided electrochemical o:I] fitted with a sacrificial magnesium anode. 
Diagram adapted fi~om Ref~ [3I]. 
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ester and the benzene ring requiring very negative cathode potentials. This combi- 
nation is used in a single compartment cell with tert.-butanol as solvent [32,33]. 

Anode and cathode materials, including platinum, corrode slowly. One advan- 
tage of this corrosion is that it maintains a fresh active electrode surface. Fouling of 
the electrode surface by polymeric deposits can be a problem because this blocks 
the electron transport process. In the majority of electroorganic reactions~ the 
working electrode is an inert material. Electron transfer generates a radical-ion 
species with sufficient lifetime to migrate away from the electrode surface. Further 
reactions then generate more reactive free radical species and these undergo termi- 
nal reactions before they are able to react with the electrode surface, Reactions of 
(r-type free radicals with metals including mercury and lead are well known [34]. 
In a few electrochemical reactions, the initial electron transfer step does generate a 
~-radical at the electrode surface and organometallic compounds are formed. Ex- 
amples include the reduction of ketones in acid solution at mercury, lead or cad- 
mium (Chapter 8) and the reduction of alkyI halides at mercury (Chapter 4). 

Kinetics of ETectron Transfer 

Electrons are transl~rred singly to any species in solution and not in pairs. Or- 
ganic electrochemical reactions therefore involve radical intermediates. Electron 
transfer between the electrode and a n-system, leads to the formation of a radical- 
ion, Arenes, for example are oxidised to a radical-cation and reduced to a radical- 
anion and in both of these intermediates the free electron is delocalised along the 
n-system, Under some conditions, where the intermediate has sufficient lifetime, 
these electron transfer steps are reversible and a standard electrode potential for the 
process can be measured, The final products from an electrochemical reaction re- 
sult from a cascade of chemical and electron transfer steps. 

Knowledge of the variation of electron transfer rate with electrode potential is 
important for the understanding of electrochemical reactions. The first experiments 
in this area were prompted by the observation that nitrobenzenes and aromatic car- 
bonyl compounds are reduced in acid solution with little competition from the hy- 
drogen evolution process, This is the case even though the electrode potential is 
mote negative than the value calculated tbr the reversible evolution of hydrogen in 
the same solution. The kinetics of hydrogen evolution have been examined in de~ 
tail. 

From experiments on the evolution of hydrogen at various metal cathodes in 
dilute sulphuric acid, Tafel in 1905 observed that an extra driving force was re- 
quired to cause electrolysis to proceed at appreciable rates, expressed by the cur- 
rent density j [35]. The overpotential I] is the difference between the working 
electrode potential and the reversible reaction potential and was related to current 

r I =  a + b l o g ( j )  Eq.l.5 
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density by Equation 1.5 where a and b are constants for a particular metal. The 
value of a varied widely with the metal used and was very small for mercury and 
lead. The value of b is proportional to absolute temperature and was found to be 
approximately 2.3x2RT/F for all the metals studied. Recent determinations of  the 
Tafel constants are listed in Table t.2. Mercury, lead and cadmium are commonly 
used as cathode materials in the electrochemical reduction of organic compounds. 
These metals adsorb hy&ogen atoms very weakly and the rate-controlling step for 
hydrogen evolution is the formation of this adsorbed hydrogen. 

TABLE 1.3 
Constants in the Tafel Equation 1.5 for evolution of hydrogen. 

Units of  current density are A cnf 2. Ref. [36]. 

Cathode material a / V b / V -log(j,jA cm -2) 

Pb 1.52-  1.56 0.11 - 0.I2 12.67-  14.18 
Hg 1.415 0.116 12.20 
Cd 1.40 -- 1.45 0 .12-  0.13 10.77-12.08 
Sn 1.25 0.12 10.77-  12.08 
Zn 1.24 1~12 10.33 
Cu 0 .77-0 .82  0.10 ..... 0.12 6.15 .-- 8.20 
Fe 0.66 0.72 0 . I 2 -  0.13 5 .08-  6.00 
Ni 0.55 0.72 0.10-- 0.14 3~93-..... 7.20 
Pt 0 .25-0 .35  0~10-0.14 1 .79.3 .50 

Butler in 1924 developed the idea that the Nernst equilibrium potential for an 
electrochemical process is the potential at which the forward and back reactions 
proceed at the same rate [37]. Following this~ Bowden and Rideal [38] introduced 
the term jo as the value of the tbrward and back current density at the reversible 
Nernst potential and wrote the Tafei equation in the form of Equation 1.6. 

r I = b ( l o g j  - log jo)  Eq. 1.6 

The charge transfer coefficient, c~, was introduced by Erdey*Gmz and Votmer in 
1930 as being the proportion of the overpotentiat assisting electron transfer in the 

log(j) = loglj~, ) c~nF Eq. 1.7 
RT 

nFk' C oxp(- F) Eq. 1.8 
j = -  , RT ~ 

rate determining stage. They replaced Tafel's constant b by the expression P,T/c~F, 
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Variation of  the forward reaction rate for the reduction of protons then takes the 
form of" Equation 1.7 or Equation 1.8. Here, n is the number of  electrons trans- 
fmTed in the overall reaction, k ° is the rate constant at the equilibrium potential and 
C the reactant concentration. 

For a general electrochemical process: 

kred 
Ox + no ~ Red 

kox 

when tile potential is disturbed from the equilibrium value, the potential-dependent 

{3rlF [ anF-~ 
n_F k ° Cre d e x p ( ~ ) _  - -m; k ° Cox e x p l , - ~ ) _  1~.1 - Eq.l.9 J 

rate-equation takes the form of Equation t .9 where [~ is the charge transfer coeffi~ 
cient for the oxidation step. Equation 1.9 is referred to as the Butler-Volmer equa- 
tion for electrochemical kinetics. Since at the equlibrium potential there is no net 
current flow, it follows that the two transfer coefficients are related by Equation 
t,I0, 

c~ = t ~-~ ~3 Eq. l .10 

Equation 1.7 fiJr the reduction of protons at a mercury surface in dilute sulphuric 
acid is followed with a high degree of accuracy over the range -9 <log I j I< -2 [39]. 
A schematic Tafel plot is shown in Figure 1.5 At large values of the overpotential, 
one reaction dominates and the polarization curve shows linear behaviour. At low 
values of the overpotentiaI, both the forward and back reactions are important in 
determining the overall current density and the polarization curve is no longer lin- 
ear. 

Linear kinetic behaviour according to the Tafel equation indicates a linear free 
energy relationship between activation energy and driving force for the reaction 
and the value of ct is defined by Equation 1.1 I. Methods based on polarography or 
linear sweep voltammetry are available for the determination of cx in the electron 

d(log/.jl) ctF 
- Eq . l , l l  

dE 2.3 RT 

transfer reactions of organic compounds. In many cases, including the reduction of 
nitrocompounds in apmtic media and the reduction of benzaldehyde in aqueous 
alkaline solution, the value of (~ is dependent on potential and Butler-Volmer ki- 
netics are not observed [40]. An understanding of this behaviour and also the ex- 
amples where o. is independent of potential, is achieved in the Marcus theory of 
electron transfer kinetics [41,42]. 
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In polar media, electron transfer is associated with a marked change in the sol- 
vation shell of  the species concerned. This strong solvation interaction between 
ions and solvent dipoles mediates electron transfer between the electrode and an 
electroactive species, and between b~o components of a redox system, Fluctuations 
in the solvent shell change the potential energy of the reactant and the product. 

< 

I3) o 

-1 

~2 

-3 

~4 

-5 

oxCath°dic r ~ c l i o n +  ne ~ Red~ ,,,~ ' /  Ar~dic reac t i °nRed ~ Ox + no 

/ I I ", 

-0,3 43.2 43,1 0 0.1 0,2 0,3 

Overpotential, q / V 

Figurel.5. Tafel diagram for the cathodic and aaodic processes with (z = 0,4 andj~ = 10 .4 A cmZ. 
Oxidised and reduced species are in equat concentrations. 

Marcus theory assumes that these solvent shells vibrate harmonically and with 
identical frequency so that the potential energies of both components in a redox 
couple can be represented by identical but mumatly shifted parabotae, Only elec- 
trons from the Fermi level in the electrode and from the ground state of the redox 
system in solution participate in the redox process. 

The potential energy profile for an electrode reaction is shown in Figure 1,6. 
The reactant curve denotes the initial state of  the system, R e  product curve de,~ 
notes tlhe final state of  the system where the energy minimum is shifted by a value 
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corresponding to the difference AE¢ between the initial and final energies of the 

A E e = Fq Eq.l.12 

electronic system. This dependes on the applied electrode overpotentiat (Equation 
1.12). The reaction coordinate represents solvent fluctuations, The intercept of the 
w'o curves corresponds to the transition-state for electron transfer and the coordi- 
nates of this point can be found by algebraic manipulation of the equations for the 
two curves. Equating the activation free energy, AG ~ with the energy required to 
reach this point leads to Equation 1.13, where E~ is termed the re-organisation en- 
ergy of the system and is not dependent on AEe. 

AG $ = (E~+AE e)2 
4Er Eq.l.13 

At high inert electrolyte concentration, when the effect of the electrical double 
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Figure 1.6, Dependence of the potential energy o~ the reaction coordinate dur ng electron 
transl~r. AE~ is the change in electronic energy from the ground state of the system 

and E, the reorganization energy. 
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layer can be neglected, the rate constant k for a cathodic reaction is given approxi- 
mately by Equation I. 14, where rs is the mean of the radii of the oxidised and re- 

{ AGt~ 
k = rsp~:  e x p k - ~ )  Eq.l,14 

duced forms of the species, p is the number of electronic states per unit area of the 
conductivity band of the electrode, co is the vibrational frequency associated with 
the solvent sheath and K is (he transmission coefficient with a value of unity for an 
adiabatic process, This leads to Equation 1.15 for the variation o f j  with over-po- 
tential for a cathodic reaction and Equation 1.16 expresses the charge transfer coef- 
ficient as defined by Equation i. 11. 

ljl = rsP~K exp[, (E~ + Frl) 2 ] ,  C Eq, l.15 
4 RTE r ox 

1 Fn 
o: = -- + Eq.l.16 

2 2E r 

The Marcus approach predicts a parabolic dependence of log(k) and log Ijl on 
the overpotential together with a linear dependence of the transfer coefficient on 
overpotential, Values of c~ for an electron transfer process can be obtained from 
linear sweep voltannnetry data (p. 17) and lbr a simple, single electron transfer 
process the variation with potential is as predicted by the Marcus approach [40]. 
Even when the overall process is chemically irreversible, the initial electron trans- 
fer step can be reversible and rate controlling, Where values of  a show a linear 
dependence on electrode potential, extrapolation will give the potential at which c~ 

0.5 [43], According to the theory presented above, the overpotential tbr the proc- 
ess at this point is zero so this extrapolated potential is the standard electrode po- 
tential for the electron transfer process, The value of c~ = 0,5, at the standard 
potential, is associated with the assumption of a single harmonic oscillator with the 
same frequency in the initial and final states of the electrode reaction, 

For some important i~eversible electrochemical reactions, electron transfer is 
concerted with a bond cleavage step. This is the case with the hydrogen evolution 
process where electron transfer to the hydroxonium ion is concerted with hydro- 
gen-oxygen bond cleavage, In the reduction of alkyl halides, electron transfer is 
concerted with hydrogen-halogen bond cleavage. These reactions are controlled by 
the bond stremhing process and not by solvent reorganization alone, l~hey show 
Tafel behaviour with a linear dependence of log(k) on overpotential and a transfer 
coefficient independent of potential. 
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Analytical and Spectroscopic Techniques 

Examination of the behaviour of a dilute solution of the substrate at a small 
electrode is a preliminary step towards electrochemical transformation of an or- 
ganic compound. The electrode potential is swept in a linear fashion and the cur- 
rent recorded. This experiment shows the potential range where the substrate is 
electroactive and information about the mechanism of the electrochemical process 
can be deduced from the shape of the voltammetric response curve [44]. Substrate 
concentrations of the order of 10 .3 molar are used with electrodes of area 0.2 cm 2 
or less and a supporting electrolyte concentration around 0.1 molar. As the elec- 
trode potential is swept through the electroactive region, a current response of the 
order of microamperes is seen, The response rises and eventually reaches a maxi- 
mum value. At such low substrate concentration, the rate of the surface electron 
transfer process eventually becomes limited by the rate of diffusion of substrate 
towards the electrode. The counter electrode is placed in the same reaction vessel. 
At these low concentrations, products fbrmed at the counter electrode do not inter- 
fere with the working electrode process. The potential of the working electrode is 
controlled relative to a reference electrode, For most work, even in aprotic sol- 
vents, the reference electrode is the aqueous saturated calomel electrode~ Quoted 
reaction potentials then include the liquid junction potential. A reference electrode, 
which uses the same solvent as the main electrochemical cell, is used when mecha- 
nistic conclusions are to be drawn from the experimental results, 

Two classes of voltammetry experiment are particularly useful fi)r examining 
the electrochemical behaviour of a substrate, In the first, a controlled relative 
movement of the electrode and solution is maintained. Polarography at a dropping 
mercury electrode and voltarnmetry at the rotating disc electrode belong to this 
category, In the second, the electrode and solution are maintained still, The tech- 
nique of cyclic voltammetry belongs to this second category. 

Polarography at a dropping mercury electrode has the longest history of these 
techniques, Heyrovsky developed it around 1922 [4511. The working electrode is a 
mercury drop formed by allowing mercury to flow through a capillary under con° 
stant pressure. In modern equipment the drop is detached mechanically after a 
fixed time interval, The current due to any electrochemical reaction increases with 
the drop area and falls to zero as the drop is detached (Figure 1.7), Older equip- 
ment used a damped galvanometer to measure the current flow and afforded a 
graph of current versus potential with a rhythmic wave pattern due to the periodic 
drop fall. Modern equipment senses the current fi~r a defined short period before 
the drop ~call. A slow potential sweep is applied to the dropping mercury electrode, 
A curve of current versus electrode potential is thus built up from a series of obser~ 
vations, each at a clean mercury surf?ace of always the same area. Reduction proc~ 
esses can be examined but oxidative processes are generally not accessible at the 
mercury surface because the metal itself is oxidises to mercury0). 
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Figure 1.7 Current versus dine profile for an electrochemical reaction under 
po[arographic conditions at a dropping mercury electrode, drop time 3 s. 

Following historic precedence, the polarogram is displayed as in Figure 1.8 with 
more negative potential to the right and higher negative reducing currents upwards. 
The dift;asion limited plateau current ia is proportional to the concentration of the 
electroactive substrate. The half-wave potential E,,,, defined as the potential where 
i = id/2, is characteristic of the electrochemical reaction. Where two oi' more con- 
secutive polarographic steps occur at dift~rent potentials, the cm-rents due to each 
stop are additive. A slow increase in the background current with potential is obo 
served due to charging of the mercury-solution interface, which acts like a con- 
denser, The potential window fbr observations with polarography is limited on the 
anodic side by the oxidation of mercury and on the cathodic side by tile reduction 
of  ions in the supporting electrolyte. Commonly used solvent supporting electro- 
lyte systems are aqueous buffers with added ethanol or an aprotic solvent such as 
dimethylforrnamide or acetonitrile and a tetraalkylammonium salt. 

The current density during polarography is of the order of I0 ~6 A crn" and for 
electrochemical reactions where jQ is large, equlibrium is established between the 
oxidised and reduced forms of the substrate, at the potential of the electrode sur- 
face according to the Nernst equation. 

OX + no " Red 

In these cases the polarographic wave fbllows equation 1. i7 where ~:ox and Kre d are 
the mass transt~r coefficients of the two species. Usually ~%~, and Kre d are approxi- 
mately equal so that fi,~r a reversible polarographic wave, the half-wave potential is 
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equal to the redox potential of  the substrate relative to the reference electrode used. 
The plot of  ln[(id -i)/i] versus E is linear with a slope of  nF/RT. 

RT In( )  q.l. 7 E = E ° + , in + nF 
OX 

In an irreversible reaction, the rate controlling process is usually a single elec- 
tron transfer step with a rate determined by Equation 1.8. The corresponding po- 
larographic wave is then described by Equation 1.18 where k,:onv is the rate constant 
for electron transfer at the potential of  the reference electrode. For an irreversible 

RT RT In Eq~ 1.18 E = E  ° + In + 
o:F ctF t 

OX 

process, the plot of  ln[(id - i)/i] versus E now has a slope of  o~F/RT and the value of  
e~ at a given potential can be determined by constructing tangents to the curve. This 
plot is linear only when o~ is independent of  potential. The mass transfer coefficient 
is dependent on the rate at which the mercury drop expands into the solution so 
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Figure L8, Polarogram from a subs~ate showing two [×~larographic waves, The wave at -1,8 V is 
due to reduction of ions in the supporting electrolyte, 
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that the value of E~s for an irreversible reaction depends on the characteristics of  
the dropping mercury electrode. 

The rotating disc electrode is constructed from a solid material, usually glassy 
carbon, platinum or gold. It is rotated at constant speed m maintain the hydro@- 
namic characteristics of the electrode-solution interface. The counter electrode and 
reference electrode are both stationary, A slow linear potential sweep is applied 
and the current response registered. Both oxidation and reduction processes can be 
examined. The curve of current response versus electrode potential is equivalent to 
a polarographic wave. The plateau current is proportional to substrate concentra- 
tion and also depends on the rotation speed, which governs the substrate mass 
transport coefficient. The cmxent-voltage response lor a reversible process follows 
Equation 1.17. For an irreversible process this follows Equation 1.18 where the 
mass transfer coefficient is proportional to the square root of the disc rotation 
spee& 

Voltammetry experiments in the second class use a stationary electrode-solution 
interface, In the course of  the experiment, a diff~asion layer is allowed to grow 
around the working electrode without disturbance. The working electrode can be a 
hanging mercury drop or a stationary disc of carbon, platinum or gold. There are 
practical advantages in making this disc as small as is possible which have led to 
the development of ultramicro electrodes. "tlae currents passed at an ultramicro 
electrode are so low that a potential drop due to resistance of the solution can be 
neglected, which greatly simplifies control of  electrode potential. 

The technique of cyclic voltammetry is conveniently applied at these stationary 
electrodes [46]. The electrode potential is scanned with time between two limits in 
a triangular fashion depicted in Figure 1.9. The scan rate can be between mV s 4 
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Figure 1.9, Typical po~entialqime sweep applied d,~rmg cyc}ic voRammetry 
This was used to generate ~he data for Figure 1 ,t0, 
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and kV s ~. The voltammetry response is plotted according to rational convention 
with anodic potential to the right and anodic current upwards [47]. This is the op- 
posite of the convention used to plot polarographic curves. For a reversible process 
the cyclic voltammogram has the appearance of Figure l.l 0a, which illustrates 
oxidation of a substrate. As the potential is swept in a positive direction and oxida- 
tion of the substrate commences, the layer around the electrode becomes depleted 
and substrate diffuses from the bulk of the solution. The diffusion layer around the 
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Figure 1.10. Cmrent--potential responses from cyclic voltammetry of an oxidisable substrate: 
(a) reversible oxidation with E ° = 0.62 V vs. sce; (b) irreversible oxidation process. 

electrode eventually becomes so depleted of substrate that the current flow passes 
through a maximum and the falls to a value which can be sustained by diffusion of 
substrate from the bulk of the solution. Within the diffusion layer, the substrate is 
replaced by oxidation product. Upon reversal of the dir~tion of potential sweep, 
this accumulated oxidation product is reduced back to the substrate, A peak in the 
negative reduction current is seen as the concentration of the oxidised substrate 
becomes depleted. A small additional current is observed as a consequence of 
charging the electrode-solution interface like a condenser. The electrochemical 
reactivity of the substrate is characterised by the anodic peak potential Ep~ for an 
oxidation process and the cathodic peak potential E~,: for a reduction process. Dur- 
ing a reversible process, which has a large value for the exchange current density, 
Nernstian equlibrium between the reduced and oxidised fbrms is maintained at the 
potential of the electrode surface. In these cases, the peak potentials are independ- 
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ent of scan rate and the redox potential for the couple, relative to the reference 
electrode used, is the average of Ep, and Epc. The anodic peak current ipa and the 
cathodic peak current i~ are proportional to the concentration of subst-rate and 
ip~@c is approximately one. Currents are proportional to the square root of the scan 
rate. 

~Itae voltammogram for an irreversible oxidation process is shown in Figure 
1.10b. The anodic peak is visible but there is no corresponding cathodic peak and 
now the peak potential depends on scan raw. 

Cyclic voltarranetry is useful in defining the electroactive region of a substrate 
prior to preparative scale reaction. The technique has also been used extensively 
for the elucidation of reaction mechanism in electrochemistry [48, 49]. A simple 
example of this application is in the reduction of aryl halides in aprotic solvents. 
Overall the process is irreversible and results in the replacement of halogen by hy- 
drogen. The first step in the process involves addition of an electron to the sub- 
strate to form a radical-anion (Equation 1.19) and this stage is reversible. The next 
step is cleavage of the cartoon-halogen bond (Equation 1.20) which is an irreversi- 
ble process. Subsequent steps lead to replacement of the halogen substituent by 
hydrogen. At sufficiently fast scan rates only the reversible reaction of Equation 
1.20 can be detected and a cyclic voltammogram with related cathodic and anodic 
peaks is observed. As the scan rate is decreased, the anodic peak height decreases 
because, during the time period of the scan, decomposition of the radical-anion 
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NO2 NO~ 
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according to Equation 1.20 becomes important, Finally at the slowest scan rates, 
reduction of the substrate becomes irreversible and a new reversible process is de- 
tected due to reduction of the nitrobenzene produced. The rate constant for Equa- 
tion 1.20 is deduced fiom the experimental data [50]~ In the general case, the 
sweep rate applied during cyclic voltammetry is adjusted so that the influence of 
the individual reaction steps causes a significant change in the shape of the current- 
time response, A reaction mechanism must then be proposed to account for these 
changes, 
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The validity of a reaction mechanism is tested by digital simulation of the cyclic 
voltammograms [51, 52] obtained under a variety of scan rates and substrate con- 
centrations. Simultaneous partial differential equations are written to describe 
electron transfer between the electrode and the substrate and changes in concentra- 
tion due to chemical reaction of intermediates. Further differential equations ac- 
count for the diffusion of substrate and reaction intermediates under a 
concentration gradient, In order to simulate the reaction steps, the solution is di- 
vided into compartments separated by a distance Ax sufficiently small that Ac/Ax 
can be equated with Oc/Ox where Ac is a concentration difference between two ad- 
jacent compartments. Concenlration changes in compartments are then calculated 
at successive intervals of time At, sufficiently small that Ac/At can be equated with 
Oc/0t. During each time inmrval the electrode potential changes and changes in 
concentration in the first compartment occur due to the passage of electrons. In all 
compartments changes in concentration occur due to chemical reaction and due to 
diffusion of species under concentration gradients, An iterative technique allows 
the voltammogram to be constructed. Changes are made to reaction rate constants 
to achieve the best fit with experimental voltammograms. 

The first intermediate to be generated from a conjugated system by electron 
transfer is the radical-cation by oxidation or the radical-anion by reduction. Spec- 
troscopic techniques have been extensively employed to demonstrate the existance 
of these often short--lived intermediates. The life-times of these intermediates are 
longer in aprotic solvents and in the absence of nucleophiles and electrophiles, 
Electron spin resonance spectroscopy is useful for characterization of the free 
electron distribution in the radical-ion [53]. The electrochemical cell is placed 
within the resonance cavity of an esr spectrometer. This cell must be thin in order 
to decrease the loss of power due to absorption by the solvent and electrolyte. A 
steady state concentration of the radical-ion species is generated by application of a 
suitable working electrode potential so that this unpaired electron species can be 
characterised, The properties of radical-ions derived from different classes of con- 
jugated substrates are discussed in appropriate chapters, 

Reactive intermediates can be characterised through their uv-visible spectra by 
carrying out the electrochemical experiment in an optically transparent thin-layer 
electrode (OTFLE) [54, 55]. In its basic design, this electrochemical cell has tot 
the working volume a narrow gap between quartz plates. This gap contains the 
working electrode, made from either a semi-transparent mini-grid constructed from 
gold wire, or a semi-transparent vapour-deposited layer of doped tin oxide or a 
rneml such as platinum and gold. The cell dips into a larger bulk of solution con- 
taining the counter electrode and the reference electrode. Light shines through the 
arrangement of quartz plates and working electrode and spectra are taken with a 
diode-array spectrometer, The cell design allows complete electrolysis in seconds 
of the working electrolye volume trapped between the quartz plates, Intermediates 
can be detected and in some cases their decay tollowed by spectroscopy. Spectra of 
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radical-cations and radical-anions have been obtained in this way [56, 57] and 
many examples are noted in later chapters. 

Pulse Radiolysis 

Pulse radiolysis using a high energy radiation source offers a way by which the 
first electron transfer step in an eleclrochemicat reaction can be made to proceed in 
homogeneous solution at the diffusion controlled rate limit. Radical-anions as well 
as mdicaI-cations can be generated by the appropriate choice of reaction condi- 
tions, The kinetics of the decay of this reactive species can then be followed in a 
direct manner [58, 59], usually by monitoring changes in the uv-spectmm of the 
solution. The technique complements cyclic vottammetry by allowing faster reac- 
tion rate constants to be determined, including diffusion controlled rate constants. 
R e  most convenient source of high-energy radiation is a mono-energetic pulse 
obtained from either a Van der Graaff generator or a Lineac Ion Accelerator. 

A solution of the substrate is subjected to a microsecond or nanosecond pulse of 
high-energy radiation. Energy is transferred to the solvent molecules causing the 
ejection of electrons of lower energy which rapidly lose their excess energy and 
form solvated electrons. An equal number of positive ions must be formed and 
these decay to give solvated protons. Radicals also fbrm by homolytic bond cleav- 
age processes of the solvent molecules. These species are all formed initially along 
the tracks of  high-energy particles in regions called spurs. Some of the species 
combine with each other within the spurs and the rest diffuse into the bulk of the 
solvent to form a homogeneous solution. 

Many pulse radiolysis experiments have use water as the solvent, Here, the sot- 
vated electron, solvated protons, hydrogen atoms and hydroxyl radicals are gener- 
ated, Isopropanol and tert-butanol can be added to remove selectively hydrogen 
atoms and hydroxyl radicals giving radicals which are inert under the reaction con- 
ditions, The hydrated electron itself is specifically scavenged by nitrous oxide, 
which does not react with hydroxyl radicals and hydrogen atoms. Sodium formate 
scavenges both hydroxyl radicals and hydrogen atoms to ibrm the carbon dioxide 
radical-anion, Using these reagents in combination, it is possible to generate solu~ 
tions containing only the solvated electron, carbon dioxide radical~anion or the 2~ 
hydroxypropan-2-yl radical, all of which are powerful reducing agents operating 
by electron-transfer. 

The most powerful reducing agent is the solvated electron with a reduction po- 
tentiaI of-3.05 V vs sce [60]. The LUMO of ethene is too high in energy to permit 
electron attachment to this molecule but introduction of an electron withdrawing 
substituent such as carbonyl or nitrile lowers the energy of the LUMO sufficiently 
that the rate of electron attachment becomes close to diffusion control [61]. Ben- 
zene reacts with solvated electrons more slowly than the diffusion controlled limit 
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but the rate of reaction of benzene derivatives is raised to near diffusion control by 
the introduction of electron withdrawing substituents [62]. 

Peroxydisulphate ions are reduced by solvated electrons to give the sulphate 
radical-anion which is a powerful oxidising agent, fianctioning by single electron 
transfer to form sulphate dianion~ Thus irradiation of solutions containing peroxy- 
disutphate and an alkyl or alkoxybenzene gives fine substrate radical-cation in a 
diffusion-controlled reaction [63]. 

High-energy irradiation of the lower alcohols gives solvated electrons, solvated 
protons and radicals [64]. Solvated electrons are also obtained by irradiation of the 
aprotic amide solvents [65] frequently used in organic electrochemistry and by fine 
irradiation of hexamethylphosphoric triamide [66]. N-Methylpyrrolidone which 
has properties similar to dimethyltbrmamide, is a useful solvent for the generation 
of solvated electrons because the reaction between electrons and protons is rela- 
tively slower than with dimethyiformamide [67]. 

Pulse radiolysis experiments, which generate the solvated electron, also generate 
an equivalent amount of solvated protons. These two species react at the diffiasion- 
controlled rate to generate hydrogen atoms. Because these two species are present 
in very low" concentration, preferential reaction of the solvated electron occurs with 
an organic substrate in concentrations around 10 °3 molar. Electron attachment to 
the substrate proceeds at ahnost the diffusion controlled rate. Decay of the electron 
attachment product is then followed by uv-spectroscopy. First order rate constants 
tbr the decay of radical-anions can be determined m the range of 10 t to 107 s "t. For 
faster reactions, electron attactm~ent becomes the rate-limRing step. Birnolecular 
reactions of radical-ions are usually examined as pseudo-first order reactions by 
addition of an excess of the second reagent, The maximum lifetime of a species 
f o x e d  on electron attachment to an organic substrate is determined by the rate of 
the second order reaction with solvated protons generated during the radiolysis. 

A laser flash technique can be used to generate radical-cations and follow the 
kinetics of their reaction with nucleophiles [68, 69]. The experimental technique 
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resembles that of pulse-radiolysis. Anthracenes, for example, are photoionized by 
nanosecond laser flash in acetonit~rile (Equation 1.2 I). When the concentration of 
radical-anions is kept very low, the rate of the diffiasion controlled back reduction 
is decreased so that reaction of the radical-anion with an added nucleophile can be 
followed. 
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C H A P T E R  2 

OXIDATION OF ALK~'~ES, HALOALKANES AND ALKENES 

Radical-Cations 

Oxidation of alkanes involves the removal of an electron from either a carbon- 
hydrogen or a carbon-carbon c>bond, These are dissociative processes where the 
radical-cation cannot be detected as an intermediate in either fluorosuLphuric acid 
or acetonitriLe. 

Oxidation of iodoalkanes involves removal of an eLectron from the halogen non- 
bonding orbital. The radical-cations of primary and secondary atkyL iodides can be 
identified in aqueous solution by their absorption spectra and have half-lives of 
microseconds [1], They are f o x e d  during pulse radiolysis of the iodoalkane in 
aqueous solution in the presence of nitrous oxide. This system generates hydroxyl 
radicals, which remove an electron from the iodine atom lone pair. Iodoatkane 
radical-anions complex with the lone-pair on other heteroatoms to {brm a 2(y/l(y* 
three-eLectron bond. In aqueous solution, the radical-cation of iodomethane is in- 
volved in an equLibrium indicated by Equation 2.1, 

"1"+ 1,+ 
C-k'tal .aT OHz + CHal ~-" ....... CHsi .~ I CH3 + HaO Eq, 2.1 

Related three-eLectron bond radical~cations I are ~brrned l}om dialkyL suLphides 
by oxidation with hydroxyl radicals generated using puLse radiolysis [21, An isoe- 
tectronic three-electron bond between two nitrogen atoms in 2 is formed by reduc- 

~+ 
R~S,~SR~ 

(CH2)~ 
/ .  '~-r+ 
k=/ 

(CI~e)a- j 

1 2 

tion of the hydrazine dication with sodium in Liquid ammonia. This species is suffi- 
cientLy stable to be sublimed in vacuum as the tetrafluomborate salt [3], 

ELectrochemical oxidation of aLkenes results in the removal on one electron 
from the aLkene function to give a ~-radical-cation where the electron deficiency is 
delocalised over the conjugated system. The majority of alkene radicaL-cations 
cannot be characterised because they readily tose an aLlylic proton in aprotic sol- 
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vents or react with any nucleophile present in solution. Important exceptions are 
the radical-cations of the rigid adamantane derivatives 3 and 4, which persist in 
aprotic solvents for several hours. In these molecules, the allylic carbon-hydrogen 
bonds lie in the same plane as the alkene bond. This prevents overlap between the 

3 4 

stretching o-bond and the n-system so that no low energy transition state is avail- 
able for bond cleavage. The alkene - radical-cation redox potentials of 3 and 4 in 
acetonitrile are 1.45 and 1.35 V vs. sce respectively [4]. 

Oxidation of AIkanes 

Alkanes are f)nctionalised by anodic oxidation in acetonitrile, methanol, acetic 
acid and more acidic solvents such as trifluoracetic acid and fluomsulphuric acid. 
Reaction requires very positive electrode potentials (see Table 2.1) and platinum 
has generally been used as anode materials in laboratory scale experiments. On a 
larger scale carbon is used as anode material. The first stage in these reactions m- 

TABLE 2.1 
Halt-peak potentials (Ep/2) f'rom cyclic voltam- 

metry of alkanes and alkenes in acetonitrile 

Substrate Ep,'2 Ref. 
V VS, sce  

Hexane 3.10 [5] 
Octane 3.10 [5] 
Methyl hexanoate 3.08 [ 11 ] 
Adamantane 2.70 [8] 
1,1,2-Trimethylcyclopropane 2.30 [ 11 ] 
1,1,2,2-Tetramethylcyctopropane 2.05 [ 11 ] 
2-Methylbut-2~ene 1.96 [I 1] 
2,3-Dimethylbut-2-ene 1.74 [11] 

volves removal of an electron from either a carbon-carbon or a carbon-hydrogen cr- 
bond, with simultaneous bond cleavage. A need to form the most stabilised carbon 



Oxidation of  Alka~ws 29 

radical and carbonium ion determines which of  the bonds in the substrate is prefer- 
entially cleaved. Carbon radicals are then oxidised to the carbonium ion at the po- 
tentials required for the first electron transfer. Products are formed by fur£ner reac- 
tions of  these carbonium ions. 

In acetonitrile, carbonium ions combine with the solvent to form a nitrillium 
ion. The latter reacts with added water to form the N-substituted acetamide, often 
m good yield [5, 6, 7]+ Thus electrochemical oxidation of alkanes in acetonitrile is 
a route for the introduction of an amino-substituent+ Some carbonium ions are inef- 
ficiently quenched by acetonitrile and eliminate a proton to form an alkene. This 
alkene is readily oxidised at the anode potentials used and oxidation products con- 
tribute to electrode fouling. Pulsing of the anode potential to +03 V vs. sce helps to 

CH3(C1%)4CH3 I+ )PtoH3ON,anodeBu4NBF4~ C1%?H(CH~OH+ + CH~OHz~HC1%CH2CH 3 

2) H20 N~OC1% NHCOCH 3 
Ref, [I] 

CH3(~)4CO2Me 
1 ) Pt anode, 

2) H20 NHCOC1% NHCOCH+ 
Ref. [101 

C1% C1% 
I) Pt anode, t | 

(C1%)3CCO~Me ............ i, C1%CONHCC1%CO2Me + ~C1%~O~Me 
CHaCN, LiCl04 / 

5 2) H20 (2t% NHCG,~1% 
Re£ I1 ! l 

prevent this fouling of the anode surface [5, 8]+ In acetic acid and trifluoroacetic 
acid, the carbonium ion is quenched by reaction with the carboxylate anion. Elec+ 
trochemical oxidation in these solvents is a route for the introduction of a hydroxyl 
substituent [5, 9]+ 

Oxidation of atkanes such as n-hexane never gives products from a primary car- 
bonium ion, the sec+-carbonium ion intermediates are always tbrmed in preference 

1) Pt anode 
CF3~2H, CF3CO2Na 

2) Hydrolysis 

+ 

72 % 

+ 

5 %  

17% 

Ref~ [9l 

HO 

5% 
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both in acetonitrile [5] and in trifluoroacetic acid [10]. An electron withdrawing 
alkanoate function directs oxidation towards a remote site, but primary carbonium 
ions are never formed so long as another site exists for oxidation. In the case of 

~~ "~l C anode ,  ( . ~ " ]  
11 

CH3CO2H, CH2CI2 
NaClO4 

-i 
0COCH~ 

Ref. []o1 

methyl pivalate 5, a methyl group is the only site available for attack and products 
obtained are derived from the rearranged carbonium ion [1 I]. Electrochemical oxi- 
dation of steroids in acetic acid - dichIoromethane give high selectivity' for fimc- 
tionalisafion in the 6-position [10]. 

Cleavage of carbon-carbon bonds is illustrated by the electrochemical oxidation 
of some adamantane derivatives. In this series of subsnates 6, there is competition 

R R NHCOCH3 

1 ) Pt anode,~ 

CHsCN, LiCIO4 NHCOCH~ 
2) H20 

R = % yield % ~eid 
Et 0 77 
pri 9 75 
But 62 7 

CO2Me 64 0 

between bridgehead carbon-hydrogen bond cleavage and carbon-carbon bond 
cleavage [8]. The latter process occurs particularly when a tert-butyI carbonium ion 
can be forrned. 

Cyclopropanes are oxidised at less positive potentials than n-alkanes. Carbon- 
carbon bond cleavage occurs. When methanol is the solvent, the ca/bonium ion 
tbrmed by bond cleavage reacts to form a methyl ether. The remaining carbon 

MeOH, p-C7H7SOaH OMe OMe / ",,, 

radical is the oxidised to a carbonium ion which undergoes further reactions [12, 
13], In the case of substrate 7 two sec-carbonium ion centres are formed initially 
and the isolated products arise from a Wagner-Meerwein skeletal rearrangement at 
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one of these carbonium ion centres. Tricyclene 8 is converted into a secondary at- 

.OMe 

d C anode, ~OMe 
MeOH, p-CTHzSO3H 

cohol by anodic oxidation in acetic acid and the related conversions of cyclofench- 
ene and longicyclene occur in 77-85 % yields [14]. The exo-alcohol derived fi'om 

~ 1)Canode, . ~.[~..~. + = ~  
CH3CO2H, Et3N HO 

2) Hydrolyss OH 
8 75% 8% 

rricyclene is a valuable perfumary agent, Its preparation on a semi-pilot plant scale 
in an undivided cell using a carbon anode and a stainless steel cathode has been 
achieved starting with commercial tricyclene containing some camphene, 

Use of the strong acid, fluorosulphuric acid, has been explored as a solvent for 
the elecm)chemical oxidation of alkanes. Carbonium ion intermediates can um 
dergo extensive rearrangement in this medium, Also, fluorosulphate ion is a very 
poor nucleophile. Carbonium ions lose a proton under these conditions to form an 
alkene. When a carboxylic acid is present in the solution, these alkenes are trapped 
in an electrophilic reaction with the acyt carbonium ion generated from the carbox- 
ylic acid by the action of fluorosulphuric acid. Anodic oxidation of cyclohexane m 
fluorosulphuric acid containing acetic acid gives the ketone 9 and isobutane ~d e r -  
goes a related reaction [15], 

FSO3H, KO3SF 

[ ~  + CH~C,O FSO3H /~-t9~, H work up 
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Slow acid catalysed transformation of the initial oxidation products is illustrated 
by the anodic oxidation of alkanoic acids in fluorosulphuric acid [16]. Carbonium 

Pt anode ~ [ ~ O  H+ ~ O  
CAH~(CH2)~CO~H ; 

FSO3H, KO3SF 

CH~\ Pt anode .,..@~O H + -~_1 ~ O CH(CH~)3COzH ; 
CH~// FSO3H, KO3SF Now Ref. [16] 

ions formed by the oxidation of alkanes in aqueous fluorosulphuric acid are effi- 
ciently trapped by carbon monoxide under pressure to form carboxylic acids. Ex- 
tensive skeletal rearrangement of carbonium ion intermediates often occurs during 
this process [ 17]. 

CO~H 
~____._"~ Pt anode [ ~  

iP 

FSOaH, H20, CO 
99 % 

c~.lc~hc~ 
Pt anode .,7"~.~_ 

; CO=H FSO3H, H2 O, CO 
55 % Ref. [17] 

Hydrocarbons undergo related reactions in the super-acid media, such as fluoro- 
sulphuric acid and antimony pentachloride. It has been suggested that the initial 
one-electron processes during the electrochemical oxidation of alkanes in fluoro- 
sulphuric acid involve a protonated carbon-hydrogen bond with formation of a 
carbon radical and release of two protons [I 5] 

Oxidation of Hatoalkanes 

Electrochemical oxidation of alkyl bromides and iodides leads m loss of a non- 
bonding electron t~om the halogen substituent, tbltowed by cleavage of the carbon- 
halogen bond to form a carbonium ion aM a halogen atom, The products isolated 
are formed by further reactions of the carbonium ion while two of the halogen at- 
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oms combine to fOrTh the halogen molecule. Radical-cations from primary alkyl 
iodides are detectable as very short-lived intermediates [I]. Preparative scale elec- 
trochemical oxidation reactions are carried out in acetonitrile where the carbonium 
ion reacts with one molecule of solvent to form a nitrillium ion. The latter is 
quenched by water to give the N-alkylacetamide. 

Molecular iodine is oxidised in acetonitrile at about the same potential as alkyl 
iodides. It forms iodine(I), co-ordinated with one molecule of acetonitrile [18]. 
Iodine0) will oxidise alkyl iodides to form a carbonium ion and molecular iodine. 
Thus the iodine generated during electrochemical oxidation of an alkyl iodide can 
function as an electron transfer agent in the latter stages of reaction [19]. 

Interaction between the radical-cations of primary alkyl halides and acetonitrile 
is on the verge of SN2 versus SN 1 type reactivity. Some product is formed by direct 
substitution, but rearrangement also occurs to give the most stable carbonium ion 
[20, 2I]. Thus 1-bromopentane yields a mixture of three N-pentylacetamides on 

P t  anode 
CH3(CH2),Br CH3Ct',l: Li00"~4 CH3(CH2)E NHCOCH3 + CH3(CH,~CI"ICH3 + CH3CH2CHCH2CH3 

I I 
N~CH~ NHCOCH~ 

30 % 33 % 33 % 

Pt anode 
~, (CH~CHCA4CA~ R~r. [2o1 (CH~)3CCH~Br CH3CN, LiClO4 I 

NHCOCH3 

CH3 

CH3CN: LiaO~ NHCOCH~ 
Rer~ [211 

oxidation in acetonitrile. This reactivity is in contrast with that of carboninm ions 
generated by oxidation of primary alkylcarboxylates (see p. 322), "ITne latter inter- 
mediates show entirely SN1 type reactivity and give rise only to products formed 
from a 1,2-hydride shift step [22]. The anodic oxidation of perfluoroalkyl iodides 
proceeds without a carbonium ion migration step [23]. 

Pt anode 
CF~(CF2)s! ~ CF~(CF~)5OSO~F:, 

CF3SO3H, CF3SO3K 
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In addition to 1,2-hydride shifts, the 1,5-hydride shift is favoured [24] in the de- 
composition of radical-cations of tong chain alkyl halide such as 10. 

Pt anode 
R(CH2)sBr 

H 
H,H z 8r'1"" + p~ I R,. CH2 ~, C / + 
l I CH2. " .CH2 C H % ~ / . ~  

H" ~"H ~CH3C H" " ' H  
10 N, H20 

R. 
C4 Hg'-" CHNHCOCH~ 

+ Br" 

Reaction between acetonitrile and the radical-cations of secondary alkyl halides 
is almost entirely SN 1 in character. Both direct substitution and 1,2-hydride shift 
reactions occur and the products from a chiral alkyl halide such as 2-iodooctane, 
are almost totally racemised [25]. 

CH3 PI anode (-+) ~ CHa(CH~)~CHCJ-I:~ + (±) - CH~(CH=)<CHC,HzCH3 
I / 

CHa(C'H=~,C:,,,I ] CH3CN, LiCJ6: NHCOCH~ NHCOCH, 
H 

53 % 26 % 

Ref [251 

Deuterium labeling experiments show that oxidation of 2-phenylethyl iodide 
proceeds through the bridged carbonium ion I 1 [21]. Both iodocyclobutane and 

Ph-CH2CH4q rw r-~J ,.,, ,av, ~, Pt anode ~ LiC104 C ~ ~  2 .- Ph CH2CHjNHO~'JJ4.~ 

11 

iodoniethylcyclopropane yield the same mixture of N-cyclopropylmethyl- and N- 
cyclobub, l-acetamides after electrochemical oxidation [26]. This reaction proceeds 
through an equlibrium mixture of cyclopropylmethyl arid cyclobutyl carbocations. 

The oxidation potential of /he  carbon-bromine bond is close to that for the 
bridgehead carbon-hy&ogen bond h'a adamantane, Thus, 2-bromoadamantane in 
acetoni~le undergoes mainly oxidation at the bridgehead positions, retaining the 
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bromine atom to afford a mixture of N-(2-bromoadamantyl)acetamides, Only 5 % 

~ >'~NHCOCH3 

10% 
Pt anode Pt anode 

~ I  ........... = + "CH3CN, LifO4 CHsCN, LiCIO4 I 

E~'NHCOCH 3 

90 % Ref. [261 

of N-(2-adamantT1)acetamide is formed in the process. In contrast, 2-iodoadaman- 
tane gives 98 % of N-(2-adamantyl)acetamide along with a negligible amount of 
bridgehead substitution products [27]. 

Oxidation of Alkenes 

Alkenes are electrochemically oxidised in nucleophilic solvents such as alco- 
hols, acetic acid or acetonitrile using an undivided cell and the products isolated 
result from quenching of intermediate cad)onium ions by nucleophiles, Most 
alkene hydrocarbons show a single two-electron wave at a rotating disc electrode 
due to the formation of the radicabcation and its subsequent reactions. The oxida- 
tion potentials of alkenes are made less positive by alkyl substitution. Eaol ethers 
are more easily oxidised than unsubstituted alkenes and conjugation with an aryt 
ring or another alkene bond also makes the oxidation potential less positive. Repre- 
sentative peak potentials found by linear sweep voltametry of dilute solutions of 
alkenes at a glassy carbon electrode are given in Table 2.2. 

"Ene radical-cation reacts with the nucleophile to fbrm a radical intermediate, 
which is then oxidised to the carbonium ion, usually at a potential less positive 
than that required for the first electron translZ, r process, However, enol ethers show 
two one-electron waves on linear sweep voltarmnetry, The first wave is due to the 
formation of the radical-anion and the second wave to oxidation of carbon radical 
intermediates to the carbonium ion. 

Products from the electrochemical oxidation of cyclohexene (Scheme 2,1) illus- 
trate the general course of reaction [28, 29]. The radical-cation either undergoes 
loss of an allylic pmmn or reacts, at the cen~e of highest positive charge density, 
with a nucleophile, Either reaction leads to a carbon radical, which is oxidised to 
tile carbonium ion. A Wagner-Meerwein rearrangement then gives the most stable 
carbonium ion, which subsequently reacts with a nucleophile, 

The relative importance of these two pathways fior radicabcation decomposition 
depends on the nucleophilicity of the solvent and on the sm~cmre of the alkene 
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, e  

© © - e + MeOH 

O 
- I ' ,  + 

"N.~ MeOH 
+ 

CHOMe 

~ OMe -o @ + MeOH 

OMe 

0 
1 2  

1 3  

Scheme 2,1. Steps in the electrochemical oxidation of cyclobexene using methanol as solvent 

substrate. Oxidation of" cyclohexene in methanol containing sodium methoxide 
gives both 12 and 13 in similar amounts while 12 becomes the major product in 
tetrahydrofiaran - 1 M-methanol with sodium perchlorate as supporting electrolyte. 
Analogous cyclohexene-3-yl ethers have been prepared using this strategy [29], 

TABLE 2.2 
Peak potentials from linear sweep voltammetry of alkenes at a glassy 
carbon anode in methanol, sodium perchlorate. Sweep rate 20 mV s ~ 

Substrate E v/V ~.  sce Re£ 

1,3-Butadiene 1.95 [43] 
2-Methylbutadiene 1.85 [43 ] 
1,3-Pentadiene 1 A3 [43] 
2,4-Hexadiene 123 [43] 
2~5-Dimethyl-2,4-hexadiene 1 04 [43] 
1,3-Cyctohexadiene 1.3 t [43] 
Cycloheptatriene a 131, 1.61 [43] 
Styrene 1.63 [38] 
Ethyl vinyl ether 1.67 [38] 
1-Ethoxy-l-hexene ~ 1.23, t.58 [38] 
1-Acetoxyl,3-butadiene 1.39 [43] 

Footnote: (a) Shows two one-electron waves, 
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Electrochemical oxidation of cyclohepta~iene gives products principally by loss 
of a proton from the radical-anion, The reactions afford a route to the preparation 
of tropyllium 14 and tropone 15 [30, 31] 

.-/ t4 
OMe CH(OMe)2 

MeOH, NaOMe, 
Et4hq'os 

71% 15 % 

in MeOH 

/•'•__• Pt anode 
. . . .  # H ÷ MeOH, NaOMe, 

Et4NTos 
OMe 

83 % 15 

Allylic acetoxylation of alkenes is achieved using acetic acid with sodium ace- 
tate as solvent and nucleophite. Cyclohexene gives 1-acetoxycyclohexene as the 

HOAc, NaOAc, ",---../i~OCOCH3 
LiC~O4 

OCOCH3 

16 

principal product [32]. In the case of ~qonone 16 the major product is formed by 
allylic axidation, The minor diot monoacetate results from reaction between the 
radical-anion and acetate ion as nucleophile fbllowed by anchirneric assistance of 
the acetate carbonyl oxygen during oxidation of the carbon radical to the carbon- 
ium ion to give an intermediate ortho-ester [33], 

Electrochemical oxidation in methanol of both c~-pinene 1.7 and [3-pmene 18 
leads m opening of the four mernbered ring by cleavage of one allylic carbon- 
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carbon bond [34]. Some products from f3-pinene have a methoxy-substituent on the 
cyclohexane ring, indicating that carbon-carbon bond fragmentation occurs from 

~ ~~OMe ~~OMe Pt, 1.4 V vs. sce 
MeOH, Et4NTos + 

17 OMe 

6 
18 

CHrOMe 

MeOH, QH2OMe . . ~ ~  

~ M e  MeO 
+ + 

~.MeeOH, 

+ M e O ~  

OMe 
3% 7% 15% 23% 

the radical-anion to give a tert.-carbocation and an allylic radical, Oxidation of the 
radical leads to an atlylic carbocation with two centres tbr nucleophilic attack. The 
equivalent series of reaction steps for chiral ~x-pinene will lead m racemic products, 
but so far the stereochemistry of this process has not been examined, 

~ e  oxidation potential ~br the alkene bond is close to that ~br a carboxylate ion. 
kn the styrene derivative 19, the alkene moiety is preferentially oxidised and in- 
tramolecular capture of a carbocation leads to a lactone product [35], The tetrasub- 

Pt anode P H~Qr~ 
0 PhCH=CHCHzCH~COf MeOH, NaOMe Me 

19 

stimted alkene bond is also oxidised in preference to a carboxy!ic acid group [36]. 
Disubstimted alkenes show a balance of reactivity between the alkene bond and a 
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carboxylic acid fianction. Emto-norbornene-2-carboxylic acid 20 gives lactone 
products by oxidation of the alkene bond and also a Kolbe type product by oxida- 

~;O~H 

Ptanode 
CH3CN, KOH 

+ 

~4HCOCH3 

20 

tion of the carboxylate group [37]. Many alkene caft~oxylic acids show only typical 
Kotbe oxidation of the carboxylate (see p. 316). 

An electron donating substituent such as phenyl and methoxy will polarise elec- 
tron density on the radical-anion of an alkene in favour of more positive charge 
density on the carbon atom bearing this substituent with more free electron density" 
on the other carbon atom. This promotes dimer formation by lie&age tl-aough at- 
oms with free elec~on density. Styrene is oxidised at a graphite anode in methanol 

Canc~._.~ Ph~ t Ph 
PhCH=CH2 M ~ N a C I O 4  PhCH=CH~CH=CHPh + CH-CH2'CH~-CH 

MeO ~ ~OMe 

Rer. i38] 

to dimeric products and the oxidation of styrene in aqueous acetonitrile affords 2,5~ 
diphenyltetrahydrofuran [3811. However indene 21 shows a tendency to form dimer 

MeOH, NaO 0~, + 
12 

2t 30 % 29 % 

in favour of dimethoxylation of the alkene bond [39] Electrochemical oxidation of 
diphenylacetylene gives a mixture of benzil, resulting from dimethoxylation of the 
acetylenic bond, and 1,2,3,4-tetraphenylbut-2-en-l,4-dione, resulting from a radi- 
cal dimerization process [40]. 

Vinyl ethers also form dimeric products in methanol in the presence of a weak 
base such as 2,6-1utidine [41], which accepts protons liberated during the reaction. 
Some dimethoxylation of the alkene bond also occurs under these conditions. In 
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the presence of sodium methoxide as a strong nucleophile, high yields of the di- 
methoxylated product result [42]. Enamines such as 22 also undergo c~- 
methoxylation at a carbon anode in methanol containing sodium methoxide[42]. 

0 c oo e 0 0 
MeOH, t@OMe OMe OMe 

22 

Sodium iodide is proposed as a good supporting electrolyte for the dimerization 
of enol ethers in methanol [41 ]. The electrolyte is readily oxidised to iodine so that 
the first reaction of the vinyl ether will be iodomethoxylation [43]. Since the dec- 
trochemical reaction is carried out in an undivided cell, reduction of the iodo in- 
termediate at the cathode can give the dimeric product (see p. 99). 

Butadienes give a complex mixture of methoxylated woducts by electrochemi- 
cal oxidation in methanol with sodium perchlorate as supporting electrolyte [44]. 
Dimethoxybutenes are formed together with dimers from reaction of methoxybu- 
tenyt radicals. A platinum anode gives the highest yields of monomeric products 
while graphite anodes yield only dimeric products. This is a distinction from the 

OMe 
1 

/ ~ , ~ . ~  Pt anode ~ ~ ( . ~ ' ~  + 
MeOH, NaCIO4 O M e  

OMe 

OMe 

OMe 

...-J and other isomers 

Ref [441 

Kolbe oxidation of carboxylate ions to radicals with toss of carbon dioxide (p. 
312). The latter process gives highest yields of dimeric product at a platinum anode 
and only monomeric products from oxidation of the radical centle at a carbon an- 
ode. Oxidation of butadiene in methanol containing benzoic acid, at a smoofh 
platinum anode, gives 45 % of the but-3-ene-l,4-diol diester [45]. 

Electrochemical oxidation of alkyl substituted butadienes in the presence of di- 
methylurea as a 1,3-bidentate nucleophile, leads m formation of a five merffbered 
ring heterocycle [46], Unsymmetrically substituted butadienes show no regiospeci- 
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ficity in this reaction while butadiene does not react, being less readily oxidised 
than dimethylurea. 

O 
o 

C anode NIJI~N ..Me 
+ MeNHCONHMe ~Ck4, NaCIO4 

Ref. [46] 

Electrochemical oxidation of enol acetates in an undivided cell gives mono- 
meric products in parallel with the reactions of simple alkenes [47, 48]. Thus, in 
the reaction of menthol eno] acetate 23, the ct-acetox~&etone product arises from 
nucleophilic attack of acetate ion on the radical-cation while the enone product 

23 

HOAc, electrolyte 

Et4NTos 0 % 90 % 
KOAC 60 % 25 % 

arises by loss of a proton from the radical-cation. The relative proportion of the 
two products can be change in favour of the c~-acetoxyketone by addition of acetate 
ions to the reaction mixture. In the absence of acetate ions, good yields of the 
enone are obtained. 

lntramolecular Cvclization 

Intermolecular coupling of a vinyl ether with styrene at a carbon anode in 
methanol is successful, giving a mixlure of the cross coupled product and the two 
homocoupled products [49]. Intramolecular coupling between an enol ether and an 
alkene centre, as in 24 and 25, proceeds to give the cyclized product in good yield 
[50]. Five and six membered rings can be constructed m this way. An easily oxi~ 
dised vinyl ether group is necessary to initiate the reaction and the second alkene 

OMe H H 
Pt anode ~. (//......~CH(OMe).2 H + ; . f . ~ v . ,  _ .~ CliO 

LiCIo4Me OH, t etrahyd rofu ran, "\'-"~" ~vl ~ h  l~i "~r e \\ '~ H~iPhe 

24 80 % 

may be either an isolated group or conjugated to a benzene ring. Cyclization occurs 
by reaction of file vinyl ether radical-cation with hhe second alkene function. Reac- 
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tion of 24 is directed towards a five-membered ring because of the phenyl substitu- 

OMe Ptanode MeO. OMe Me( 
/l~.,..,. MeOH, tetra hydrofu ran, v + 
L ~ /" LiClO4, 2,64utidine "~.,...,,,~--,,,,.~" 

25 

ent which stabitise the radical intermediate. Silyl vinyl ethers are also suitable as 
the initiating group for these processes [51 ]. Reaction of the radical-cation from 
one vinyl ether group onto a second vinyl ether is also regioselective. This is again 
because the second alkene is able to stabilise the radical intermediate formed in the 
cyclization step [52]. Cyclization of 26 generates a five-membered ring, which for 

MeO 

MeOH, CH,3CN, 
LiCIO4, 2,64utidine 

26 

( M e O ~ e  

44 % 

steric reasons is cis-Nsed to the existing six-membered ring. Two quaternary car- 
bon centres are also tbrmed in the process. 

Enol acetates such as 27 will also undergo oxidative cyclization onto an alkene 
cenn'e, but hydrolysis of the starting material to the ketone occurs at a comparable 
rate [53]. 

HOAc, Et4NTos 

I . . . . . . . .  J 

27 35 % 

C O C H ~  

25 % 

The electrochemical cyclization of enoI ethers in methanol uses an undivided 
cell and 2,6qutidine is added as a proton scavenger. Acid catalysed hydrolysis of 
the enol function is thus avoided. An advantage is gained by diluting the methanol 
with a non-nucleophilic co-solvent, This lowers the extent of dimethoxylation of 
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the enol ether function, which is a competing reaction [52]. Reticulated vitreous 
ca£bon, followed by platinum is the most satisfactory anode material. 

Trialkylsilyl substituents have proved very useful for directing the course of cy- 
clizations involving vinyl ethers. The trialkylsilyl group stabilises a radical centre 
but destabilises a carbonium ion next to the silicon atom. An example of the di- 

OMe OMe CH(OMe)2 
C anode 

MeOH, 0H20~2, 
LiCtO4, 2,64utidine Me3S, 

28 29 

CH(OMe)2 

Me3Si '~.~ 

CH(OMeh 

Me~SiOMe + " ~  " '1  + , . - . . . j  

f 
Me3S, 

CH(OMe)2 

CH(OMe)~ 

recting effect is provided by a comparison between the reactions of 28 and 29, 
Oxidative cyclization of compound 28 leads to a mixture of five-membered and 
six-membered ring products, whereas 29 yields only six-membered ring products 
[54]. The carbon-carbon bon&fomaing step involves radical addition to the alkene 

BuMe~ 
.SiMe~ 

OMe 

30 

C anode 
MeOH, tetrahydrofuran, 
LiCIO4, 2,6-1utidine 

B u Me~Si Om ;~.....;~L..t-Si Me3 

OMe 

BuMe~i( 

)Me 

OMe 
83 % of tv~ isomers 

+ Me3SiOMe 
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bond and in the case of compound 29 gives the silicon stabilised inten'nediate radi- 
cal. Further oxidation to tile carbonium ion also involves a proton shift and then 
elimination of the trimethylsilyl group. 

Altylsilanes offer a means of directing an elimination from the final carbonium 
ion generated after the cyclization step [55, 56]. The reaction of compound 30 il- 
lustrates this point. In the final stage, rapid elimination of the trimethylsilyl group 
prevents solvolysis of the carbonium ion and directs the forming alkene bond. 
Stereoselectivity in ring closure is also illustrated. This arises through kinetic con- 
trol of  the cyclization step. The favoured transition-state has minimum interaction 
between groups in the forming ring structure [56]. 

Intramolecular cyclization can also be initiated from the radical-cation of  a sty- 
rene residue [57]. Oxidative cyclization of 31, n = 1 and 31, n = 2 give five and 
seven membered ring products respectively but in contrast 32 failed to yield a five 
membered ring product, giving only intractable mixtures. This difference in reac- 
tivities can be explained in terms of Baldwin's rules where the 5-endo-trig cycliza- 
tion of the radical-cation from 32 is disfavoured [58]. 

Ph-'-k/~ ~)--Ph C anode MeO./--~\ OMe ph__~_  ph 
CH=a2, MeOb, Phi. , Ph 

"-(/)2 uc, )2 

31 32 

Vinyl ether radical-cations also react in a radical substitution fashion with an 
adjacent electron rich benzene ring [59]. However the reaction products from sim- 
ple examples such as 33 themselves readily undergo a further anodic oxidation 

Me°' - -O~r~ c anode i, M e O . ~ ~  
Me0H, cH2a2, + 
Lia04, 2,64utidine 

OMe ~(OMe}2 

33 J C anode Moo  
Orl~e~~(OMe)~ 

C anode 

OMe OMe 

S coupled with an elimination step the mechanism of which is shown in ~ cheme 2.2. 
A complex mixture of products results. 
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M e O ' ~ H ( O M ~ M e O ~ ~  + 
+ 

CH(OMe)2 
Me0H "-~--.Sf"~.~ - 

OMe 

Seileme 2.2. Radica)-catioa fragmentation following the cyc|i:zation of substrate 33 

The second competing fragmentation reaction can be avoided by using a vinyl 
sulphide substrate 34. Vinyl sulphides have a lower oxidation potential compared 

[[~SMe 

C anode 
MeOH, CH2C12, 
LiCfO4, 2,64utidine 

MeO 

34 38 % 

to vinyl ethers and so long as umeacted substrate remains in the mixture, over oxi- 
dation of the product is avoided [59] Furan and pyrrole rings also take part in re- 
lated radical substitution processes initiated by the oxidation of a vinyl sulphide, 

C anode ) 
MeOH, CH2CI 2, MeO 
LiCIO4, 2,6.tutidine MeO" "SMe Me 

Me 

54 % 

5 0 ~ 1  S C anode ), MeOH, CH2Ct2, 
LiCIO4 

Me C H ~  SMe 

66 % 
Ref 1591 

Electrochemically Generated Reagents for Alkenes 

Electrochemical generation of chlorine in a reaction mixture affords a simple 
means for controlling the rate of addition of" this reagent. The route has proved use- 
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ful for promoting the ene~chlorination of alkenes in an inert solvent [60]. ]'his pro- 
cess is carried out in a two-phase system of aqueous sodium chloride and a solution 
of the alkene in dichloromethane. An emulsion of the two phases is flowed be- 
tween platinum electrodes, generating chlorine, which diffuses into the organic 
phase. The ene-chlorination step then occurs in the organic phase. In aqueous solu- 

#~V . . , v , J . . v ~ "  Pt anode 

OH CH2Cl 2, H20, 
NaC1 

~ 0 
Pt anode 

01-¢2Cl 2, H20, 
NaCi 

CI 

91% 

Ref, [60] 

75 % 

tion with no organic phase present, electrochemically generated chlorine reacts 
with alkenes to give the chlorohydrin. The preparation of 2,3-dichtoropropanol 
from allyl chloride on a technical scale has been investigated using this route with 
dilute hydrochloric acid as electrolyte [61], 

A process, which uses propene bromohydrin as an intermediate, has been exten- 
sively studied as a route for the conversion of propene to propylene oxide [62, 63]. 
"llae electrolyte is an aqueous solution of sodium bromide saturated with propene 
gas. An undivided flow cell fitted with a graphite anode is used. Overall, propylene 
oxide and hydrogen are generated in the sequence of cell reactions given in 
Scheme 2.3. 

Anode reaction: 

Cathode reaction: 

in solution: 

2 B r ' - - * B r 2  + 2e 

2H~O + 2 e - - ~ H ~  + 2HO" 

C~CH=CH~ + Br2 + HO'--~ CH3CIHC~Br + Br" 

OH 

CHaCHCH+BF + HO---+ CH#CH--CH~ + Br '+  ~O 
& "*~O ~ 

Overall reaction; CH:~CH=CH~: + H~O ~ CHaCH--C~ + H~ 
- ~ O  ~ 

Seheme 22~. Electrochemical conversion of prepene to propylene oxide in an undivided ceil, 
catalysed by bromide ions, 
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Bromide ions serve as a catalyst, although in practice there is some loss due to 
the formation of  bromate in side reactions. The process has also been mn with a 
feed of oxygen through a porous cathode, which eliminates the liberation of hydro- 
gen and decreases the overall cell voltage. 

Laboratory scale bromination of alkenes in homogeneous solution using an un- 
divided cell is adaptable to the formation of epoxides, bromohydrins or dibromides 
depending on the conditions [64]. Epoxides are generated using an initially neutral 
solution and a low concentration of bromide ions. The reaction sequence is similar 
to that of  Scheme 2.3. Formation of bromohydrins requires dilute hydrobromic 
acid as the supporting electrolyte. Dibromides are obtained using a concentrated 
solution of sodium bromide as electrolyte. 

Electrochemical bmmination of long chain alkenes in a two-phase water-organic 
medium presents a difficulty because the bromine, which is generated, is held in 
the aqueous phase as the tribromide ion. A catalytic amount of the nitroxyl 35 acts 

OCOPh OCOPh 

Br2, Br 
- ~ r 3 

O, O Furaneol 

3 5  36 

T tw~ geps 

Me.. ..Me Pt anode Me.. O ..Me 
CH ~ CH ; CH~CBr~-C ~CH 

A " AcO" "OAc cO "~OAc CH2CI2, H20, NaSr 
35 as catalyst 

37 

to generate a phase transfer agent when it is oxidised by bromine and forms the ion 
pair 36. The system can be used to form atkene dibromides. In another general re- 
action, this system interacts with propargyl acetates to give an ct,c~/-dibromoketone 
and with the example of 37, affords a facile synthesis of the flavouring agent fura- 
neol [65]. Neighbouring group participation by the acetoxy function in the initial 
bromination step is responsible for the introduction of a carbonyl oxygen function. 

Iodine is oxidised to iodine(l) at an anode and use has been made of this reagent 
r%r the conversion of  styrenes to the phenylacetaldehyde dimethyl acetal [66]. Io- 
dine functions as a catalyst in this process. However, a moderate concentration of 
iodine is required to suppress the direct oxidation of the styrene to give 1,2- 
dimethoxylated products. 
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Pt anode 
Ar-C.H=CH2 CH(OMe)3, 12, ~ 

LiC104 

Ar \ ' f "% 
tCH-CH2! -.---.) 

MeO + l' 
A, MeOH 

+ / 

CH-CH~ J' 
/ 

MeO 

MeO Ar , 

--Ck'] 2 
f 

MeO 

Ref.[661 

Azide ions are oxidised at low positive potentials and generate azide radicals. 
Azide radicals will add to an alkene. Thus the anodic oxidation of  enoI ethers in 

OMe MeO _OMe C anode ~ X 
MeOH, Et4NTfos, ~..J"~-Na 
NaN3 

83 % 
Ref. [671 

methanol containing sodium azide gives the c~-azidoacetal [67] ~ e  azide ion is 
more readiIy oxidised than d~e enol ether group. A divided cell is however required 
since azides are reduced at the cathode. 

Electrochemical catalytic cycles allow the efficient use of diphenyl diselenide in 
the oxyselenation of alkenes, In the presence of bromide ions, the electrochemi- 
cally generated bromine fbrms phenylselenium bromide which reacts with the 
alkene regenerating bromide ion [68]. In the absence of bromide ions and at more 

/ ' - ~  OMe .O/~.b .~. . . , , ,~. . .5%O P t anode 

(PhSe)~ SePh 
80 % 

Ref. [68t 

anodic potentials, diphenyt diselenide is oxidised in aqueous acetonitrile to form an 
elechophilic selenium intermediate, which adds to the atkene bond. Further oxida- 
tion of this phenyl alkyl selenium intermediate to the selenoxide occurs at the an~ 
ode potentials used and this step is tMlowed by elimination of PhSeOtt. Overall, 

Pt anode • HO--~.X._._ 
CHaQN, H20, MgSO4 
(PhSe~ catalyst Ref. [69] 
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the alkene is transformed into an allyl alcohol through the reaction cycle in Scheme 
2.3 and only a catalytic amount of diphenyl diselenide is necessary [69]. Magne- 

OAc C3 

Pt anode ~ Q-J/L--.~O 
CH3CJ'4, H20, MgSO4 
(PhSe~ catalyst 

92 % 
O Pt anode ~ [ ~  

CHsCN, H,20, MgSO4 
(PhSe)2 catalyst 

,,CO2H 

38 81% 

Ref. [69] 

sium ions are necessary to promote the reaction. Enol acetates, such as 38 are con- 
verted to conjugated enones by a similar route, 

anod- PhS~ 

HzO 
~( 

i +F 
k 

~0~__.~/\ anode H* 
2 e + 2  

Scheme 2,3. Catalytic cycle fbr the allylic hydroxy[ation of alkenes by anodic oxidation 
in the presence of diphenyl diselenide~ 

Anodic oxidation is used to promote the recycling of paUadium0I) in the 
Wacker process for the conversion terminal alkenes to methyl ketones, Completion 
of the catalytic cycle requires the oxidation of palladium(o) back to the palla- 
dium(l|) state and this step can be achieved using an organic mediator such as tri(4- 
bromophenyl)amine, The mediator is oxidised at the anode to a radical~cation and 



50 OXIDATION OF ALKANES, ttALOALI<~NES AND ALKENES 

this oxidises palladium(o) in homogeneous solution. Reaction is achieved in an 
undivided cell with platinum electrodes [70], Long chain alk-l-enes however un- 
dergo alkene bond migration catalysed by palladium(H), leading to a mixture of 
ketones as the final oxidation product. 

- 

Pt anode 

CH3CN, ½0, Et4N'ros 
PdCI 2 and (4-B~H4)3N 
as catalyst 

 o°Sy- o 

H20 + R ' ~  TM, Pd(H) 

O 
2 H++ _)t ,  

2 (BrC~)~N 7node 

a ~ ÷ 

Pd(o) 2 (BrCa ,}~N 2 e 

Seheme 2,& Double catalytic cycle Dr the elec~mchemicaI conversion ofalk-1 -enos 
to methy~ ketones 

Fission of  carbon-carbon double bonds with the combined use of an osmium 
catalyst and periodate as a comsumable reagent is an alternative to ozonolysis, In 
this process a catalytic amount of osmium is oxidised to osmium(viii) by preiodate 
and convem the alkene to a glycol which is then cleaved by the periodate. In the 
electrochemical modification of this process, which uses a divided cell and aque- 

--/[~"'-~-ocoph 
PbO 2 anode: H C . / . ~ . ~ . . , j , .  " 

CH3CN, H~20, Et4NTos O OCOPh 
K2OsO2(OH~., HIO4 
as cataty~s 72 % 

Ref. [71] 

ous acetonitrile as solvent, periodate is also used in catalytic amounts and is regen- 
erated from the formed iodate by oxidation at a lead dioxide anode [71 ]. Lead di~ 
oxide is known to be a catalytic anode material for oxidation of iodate to periodate 
[72], 

The Sharpless asymmetric dihydroxylation of alkenes usually employs a stoi- 
chiometric amount of iodine or potassmm ferricyanide to re-oxidise the osmium 
centred intermediates in the catalytic cycle [73], Either reagent can also be used in 
catalytic amounts and re-oxidised electrochemically at an anode [74, 75], 
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J oJ.. 
O 

C anode 

CH3CN, H20, uao4 
AgOAc, 2,2'-bipyddine 
ascatNysts 

t oJ.. 
O 

2 e 
CO2~ 2 

~ L C ,  ( L~,g ~ anode 

Scheme 2.5. Catalytic cycle for the electrochemical epoxidation ofatkenes using 
silver(!)bis(2,2'-bipyridine). 

Elec~ochemical  epoxidation of  alkenes can be achieved using a silver(l) bis- 
(2,2'-bipyridine) catalyst which is generated in situ in acetonitrile containing a little 
water by the addition of  silver acetate and 2,2'-bipyridine. The silver is anodically 
oxidised m a silver(Hl)oxo(2,2'-bipyridine) complex which transfers oxygen to the 
alkene bond in a chemical step, Scheme 2.5, Both simple alkenes and conjugated 
alkenes can be epoxidised by this route [7@ 
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CHAPTER 3 

REDUCTION OF A L I N E S  AND CONJUGATED ALF~NES 

Alkenes and Phenylalkenes 

In general the isolated alkene bond is not reducible under electrochemical con- 
ditions. The major exception to this rule is tetrakis(trifluoromethyl)ethene in which 
the substituents are strongly electron withdrawing by the inductive effect, Alkene 
conjugation lowers the energy level of the lowest n*-orbital so that polyenes and 
phenylethenes become reducible in the accessible potential range. Some relevant 
half-wave potentials are collected in Table 3. I. Reaction involves the addition of 
one electron to form the delocalised radical-anion, The radical-anions of conju- 
gated alkenes are stable on the time scale of cyclic voltamnaetry. Addition of a sec- 
ond electron occurs at more negative potentials. Compounds where the alkene 
function is conjugated to an electron withdrawing n-system such as carbonyl or 
nitrile are more easily reduced to the radicabanion and the electrochemical reac- 
tions of these systems will be considered later in this chapter. 

TABLE 3.1 
Alkenes: Influence of conjugation on the polarographic half-wave potential for 

one-electron addition 

Substrate E~j~ / V vs. sce Solvent Ref. 

(CF3)2C=C(CF3)2 ~ 0 A 4 5  Dimethylformamide [I] 
Cycloheptatriene -2,6 Dimethylformamide [2] 
~-Carotene -1.63 Tetrahydrofuran [3] 
PhCH=CH2 -2.58 Dimethyltbrmamide [4] 
Ph2C=CH2 -2.43 Dimethylforrnamide [5] 
trans-PhCH=CHPh -2.17 Dimethyl formamide [5] 
Ph2C=CHPh -2.04 Dimethylfomtamide [5] 
PhCH=CHCH=CHPh - 1.85 Dimethyl formamide [6] 

Radical-anions from cis- and trans-stilbene are distinct species with individual 
uv- and esr-spectra [7]. The cis-form is metastabte and slowly converts to the 
trans-form, The kinetic features of this interconversion have been studied by gen- 
erating the cis-stilbene radical-anion in hexamethylphosphoramide by phomchemi- 
cally assisted electron transfer from a second radicaPanion of less negative 
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reduction potential [8]. Isomerization involves electron uansfer to the stilbene 
radical-anion from another radical-anion as electron donor, to give the stilbene 
dianion. The latter exists in an orthogonal form and collapses with donation of one 
electron to some acceptor molecule, yielding mainly trans-stilbene radical-anion. 

Cycloalkenes of the anti-Hiickel type, where the nun'/her of conjugated ~- 
electrons is 4n (n is an integer), take up a total of two electrons on reduction in 
aprotic solvents. The resulting di-anions have (4n + 2) n-electrons and are rela- 
tively stable in the absence of proton donors. The H~ickel (4n + 2) systems are gen- 
erally planar whereas the anti-HiJckel systems are generally folded. In the case of 
cyclo-octatetraene, the reorganization energy associated with flattening the ring 
system contributes to slow electron-transfer leading to formation of the radical- 
anion [9]. Some 4n type cycloalkenes are more nearly planar and for these, the 
redox potential of the radical-anion is less negative than that of the hydrocarbon. 
Reduction then affords the dianion and no radical-anion intermediate can be de- 
tected [10, 11]. 

TABLE 3.2 
Polarography of anulenes with 4n conjugated re-electrons 

Substrate E;,, V vs. sce Solvent Ref  

1st 2nd 
w a v e  w a v e  

Cyclooctatetraene - 1.65 - 1.95 Dimethylfonnamide [ 12] 
1,3,5,7-tetraphenyl- -t.706" Tetrahydrothran [10] 

cyclooctatetraene 
[ 12]-Annulene 1 - 1.35 b -2,00 b Dimethylfi~rmamide [ 13] 
[I 6]-Andaulene 2 -1. t4 -1.52 Dimetlnylfonnamide [14] 
[24]-Paracyclophane- - 1.69 ~' Dimethylformamide [11] 

tetraene 3 

Footnotes: a: A single two-elects'on wave is found; 
b: Measured vs. mercury pool as reference 

l,m=1 
2, m = 2  3 

Reduction of polyenes in dimethylformamide leads to dihydro compounds as 
the first isolated products by addition of two electrons and two protons [15, 1@ 
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However, too few examples are available to allow a general prediction of the posi- 
tion for hydrogen attachment. Electrochemical reduction of 1,4-diphenylbutadiene 
gives products from both 1,2- and 1,4-attacl~nent of hydrogen [6]. The 1,2- 
addition product predominates in absence of a good proton donor because electro- 
chemically generated base catalyses isomerisation of the 1,4-addition product. Re- 
duction of a steroid diene 4 gives the 1,4-addition product [ t 7]. 

4 

Hg cathode # 
Me2NCHO, Et4NTos 

OH 

Stitbene derivatives are reduced in dimethylformamide to the dihydrocompound 
and in a number of cases [6,18] the mechanism is known to involve accumulation 
of the radical-anion in solution. ~Ilfis disproportionates to the starting material and 
the dianion, which is protonated. 

Alkene Radical-Anions as NucIeophiles 

Radical-anions derived from styrene derivatives are nucleophilic m character. 
Electrochemical reduction of c~-methylstyrene 5 gives the radical-anion intermedi- 
ate, which in the absence of  other electrophiles is sufficiently nucleophilic to attack 
dimethylfomlamide or acetonitrile [19], R e  radical-anion from styrene 6 under- 

Me 

PhCHCH2COC~&o =Pt cathode ph_.~ Me Pt cathode ~, PhCCH~CHO 
CH3CN, LiCIO4 CH 2 Me2NCHO, LiCIO4 ~HO 

5 86% 

PhCH=Ci-,~COCH~ Pt cathode Pt cathode 
PhCH=CH2 p PhCHCH2CHO 

+ CH3CN, LiC~O4 Me2NCHO, LiCtO4 L;'LHo 
Ph(CH2)4Ph 

6 

goes a related reaction with the solvent in competition with fomaation of 1,4- 
diphenylbutane [ 19]. I, 1-Diphenylethene however yields only 1,1-diphenylethane 
and 1,1,4,4-tetraphenylbutane on reduction in dimethylformamide [20]. 
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The formation of butanes by reduction of arylethenes may arise by radical- 
radical coupling of two radical-anions giving a dianion, which is then protonated. 
An alternative route is by nucleophilic addition onto one neutral molecule of the 
radical-anion, followed by further reduction and protonation. In support of this 
alternative, cyclobutanes have been isolated from electrochemical reduction of 
phenylvinylsulphones [21] and vinylpyridines [22]. A mechanism for the latter 
process is illustrated for file case of 2-vinylpyridine 7~ Nucleophilic a~ack of a 
radical-anion on fl~e substrate gives an intermediate and this disproportionates to 
form the cyclobutane and a 1,4-diarylbutane. Cyclobutanes are themselves reduced 
with ring opening to form the 1,4-diarytbutane. 

ArCH2CH:~ 

Hg, -2.0 V vs. sce 

Me2NCHO, Et4NBr 

+ 2 H; / "  

ArCtHzCH2CHzCH,,Ar 

l +e+2H 
Ar ArCH=CH2 ) . ~  

radical-anion 
Ar 

~HCH~CH~CHAr ,~,,~....__j.~~ropo rti onati on 

Hg, -2.5 V vs. see A r , ~  
I [  . . . . . .  

Me2NCHO, Et4NBr Ar o," 

Arylalkenes [23] and atkenes with electron withdrawing substituents [24] can be 
bis-alkylated across the atkene bond by electrochemical reaction with dihaloal- 
kanes giving 3- to 6-membered carbocyclic products in good yields. The best reac- 
tion conditions use an undivided cell with a nickel cathode and a sacrificial 
alurvfinium anode in dimethylfbrmamide or N-methylpyrrolidone containing a 
tetraalkylammonium salt. Anodically generated aluminium ions are essential for 
the reaction. 1,2-Disubstituted alkenes, regardless of their stereochemistry, are 
converted m the trans-substituted cyctoalkane. 

In these reactions (Scheme 3.1), the first electron addition is to the alkene giving 
a radical-anion. This interacts with the alkyl halide to transfer an electron, in a pro- 
cess driven by simultaneous cleavage of the carbon-halogen bond. The alkyl radi- 
cal formed in this m a ~ e r  adds an alkene radical-anion [25]. Aluminium ions 
generated at the anode are essential to the overall process. They coordinate with the 
intermediate carbanion, which then interacts with the second halogen substituent in 
an S-~2 process m form the carbocycle. 
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Reaction with the appropriate c~,o)-dihalide gives rise to 4-, 5- or 6-merffbered 
rings, Three-membered rings are formed by a similar reaction between the alkene 

+ e  ~ " "  PhCH=CHR ~ PhCH=CH 

I -  

PhCH=CHR -] + BrCH2CH2CH~Br , PhCH=CHR + ~CH2CH~r + Br- 

R 

PhCH=CH~ '" + (~HzCH2CH2Br -~ PhB~'B~ 

R R 

÷ B;  

Scheme 3J. Reductive alklyation of phenylatkenes. 

and dichloromethane in an undivided cell [2@ 
The intramolecular reaction of activated alkenes of the type 8 leads to the for- 

mation of 5- or 6-membered rings [26] and has been carried out only at a mercury 
cathode in a divided cell. In these processes, the activated alkene radical-anion is 
formed at a less negative potential than that required for cleavage of the carbon- 
bromine bond. Cyclization then occurs by nucleophilic substitution. 

Cyclo-coupling between ao'talkenes and an aliphatic ester fimction is achieved 
by electrolysis in tetrahydrofuran using cathode and anode both of  magnesium in 
an undivided celt. R e  first eleclaon addition is to the arylalkene~ The bond forming 
steps involves nucleophilic attack by radical-anions or dianions derived from the 
alkene. Magnesium ions generated at the anode are essential to the process. The 

BK~H~C~]hCH~=C(CO2Me ~ Me2NCHo,Hg' -! .85 V Bu4NBrV& sce~, <~(CO2Me )2 

8 
n = 1, yield 65-80% 
n = 2, yietd 60% 
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related cyclo-coupling of  t,3-dienes 9 with esters proceeds in good yield, These 
reactions involve the alkene radical-anion [27]~ Benzoate esters do not take part in 
any of ~ese  processes because they are reduced to the radical-anion in preference 

PhCH=CH2 + RCO2Me 
Mg electrodes 

Tetrahydrofuran, LiCl04 

Ph 

Mg electrodes 
+ R'CO2Me 

Tetrahydrofuran, LiClQ 4 

9 yield 63 - 88% 

Ref. [271 

and at lower potentials than the aryIalkene or the diene. 
The radical-anions from from alkenes with electron withdrawing substituents 

will add to carbon dioxide [28]. This process involves the alkene radical-anion, 
which transfers an electron to carbon dioxide for which E ° = -2.21 V vs. sce [29]. 
Further reaction then occurs by combination of carbon dioxide and alkene radcal- 
anions [30]. The carbanion centre formed in this union may either be protonated or 
react with another molecule of carbon dioxide. If there is a suitable Michael ac- 
ceptor group present, this carbanion undergoes an intramolecular addition reaction 

Activated Alkenes - Introduction 

Conjugation with an electron,~withdrawing group substantially lowers the energy 
of the lowest unoccupied molecular x-orbital, which results in less negative reduc- 
tion potentials for the alkene system, The class of corrvpounds is referred to as acti- 
vated alkenes, Polarographic hal~=wave potentials for some activated aIkenes in 
aprotic solvents are listed in Table 3.3 

Dimerization is the characteristic reaction of radical-anions from activated alke- 
nes, The rate constants for dimerization are high and the conjugate acids from such 
alkene radical-anions in many cases have low pKa values and. The data in Table 
3,4 were obtained by following the changes in uv-absorbance after pule-radiolysis 
of the substrate in an aqueous buffer, Attachment of a solvated electron leads m ~e  
radical-anion. Changes in the initial absorbance wifh pH lead to determination of 
tile pK, value, while the dimerization rate can be determined from changes m ab- 
sorbance over a longer time scale, Radical-anions t?om esters and amides are pro- 



60 REDUCTION OF ALKENES AND CONJUGATED ALKENES 

tonated first on oxygen. Bulky substituents on the alkene bond increase the lifetime 
of the radical-anion in aprotic solvents and the radical-anions derived from I0 and 
11 persist for seconds in aprotic aolvents when tetraalkylammonium counter ions 
are present [31,34]. In the presence of sodium or lithium ions, these radical-anions 
decay rapidly. 

Bu t Ph CN 

But H But~'~,CN 

10 11 

T A B L E  3 . 3  

Polarographic half-wave potentials for activated alkenes in aprodc solvents 

Substrate E~, / V vs.  sce Solvent Ref, 

CH2=CHCN - 1,94 Dimethylformamide [32] 
PhCH=CHCN -1.784 DimethylformarrJde [28] 
CH2=CHCO~Me -2~ 10 Acetonitrile [28] 
PhCH=CHCO2Me - 1 .781  Dimethyl formamide [30] 
E-MeO~CCH=CHCO2Me ,. 1.35 Dimethylformamide [33] 
Z-MeO2CCH=CHCO2Me - I. 53 Acetonitrile [28] 
Bu~CH=CHCOBu ~ -2.224 Dimethylformamide [34] 
PhCH=CHCO B u  ~ - 1 . 7 0 7  Dimethylfomaamide [35 ] 
PhCH=CHCOPh - 1,34 Dimethyltbrmamide [36] 

Development of the industrial process for electrochemical conversion of acrylo- 
nitrile to adiponitrile led to extensive investigation into the mechanism of the di~ 
rnerization process, Reactions of acrytonimle radical-anion are too fast f-or 
investigation but the dimerization step, fbr a number of more amenable substrates, 
has been investigated in aprotie solvents by electrochemical techniques, Pulse- 
radiolysis methods have also been used to study reactions in aqueous media. 
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TABLE 3,4 
Properties of radical-anions determined by pulse radiolysis in buffered aqueous 

solution 

Substrate Bimolecular rate constant pK~ for Ref. 
[S] ( /M "1 s 4) for [HS'] 

decay of [S'-] decay of'i'HS'] 

Z-MeO2CCH=CHCO2Me 2.5 x l0  s a 4.8 [37] 
E-MeO2CCH=CHCO2Me 2.9 x 10 s 7.0 x I0 s 2.8 [37] 
PhCOzMe 5.5 [38] 
CH2=CMeCONH2 1,3 x I06~ 4.0 x 109 8.0 [39] 
PhCOaHz 7.7 [40] 
PhCN 7.2 [41] 

Footnotes: (a): Reaction too fast to measure, 
(b): Ist order decay (/s4). 

Activated Alkenes - Dimerization in Aprotic Media 

Investigations into the mechanism of dimerization in aprotic solvents has been 
restricted to those activated alkenes reacting with bimolecular rate constants up to 
106 M 4 s 4, Protonation of the radicaPanion by residual water is generally not im- 
portant. Traces of water, particularly in the cases of alkenoate esters, do however 
increase the dimerization rate and act by solvating the ionic centre [42, 43], The 
rate constant for a particular reaction also depends on the nature of the counter ion, 
being of the same order of magnitude with various tetraalkylammonium ions but 
much larger wifll lithium or sodium ions [44, 45]. 

The decay of a radical-anion can be fbtlowed directly by generating the inter- 
mediate within the cavity of an esr spectrometer through application of a controlled 
potential pulse to the cathode of a thin electrochemical cell [46]. Loss of the radi- 
cal-anion is then followed by decay of the esr signal. Decay is second order in 
radical-ion concentration fbr dimethyl fumarate (k ::: t60 M 4 s 4) and for cin- 
namonitrile (k = 2.1 x 103 M 4 s ~l) in dimethylformamide with tetrabutylammonium 
counter ion. Similar values for these rate constants have been obtained using purely 
electrochemical techniques [47]. 

EIectrodimerization of activated alkenes in aprotic solvents occurs by radical- 
ion, radical-ion coupling. There is ample evidence for steric inhibition to this proc- 
ess. In contrast to the tow reactivity of 11, 4-rnethylbenzalmalononitrile radical-ion 
dimerises with a rate constant of 5,8 x 10 ~ M °~ g~ in dimethylformamide containing 
tetraalkyla~monium ions [48]. Dimethyt maleate radical-anion dimefises faster 
than dh"nethylfumarate radicaPanion by a factor of 10 ~ in dimethylformamide [49]. 
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In a previous section (p. 57) experimental evidence for the electrodimerization of 
vinylpyridines by a radical-ion, substrate coupling mechanism was presented. A 
diagrammatic representation (Scheme 3.1) of the pathway for this and for the radi- 
cal-anion, radical-anion coupling mechanism illustrates the particular situations 
under which each mechanism operates. When the free energy of formation of the 
radical-anion is large sufficient energy is available to drive the radical-ion, sub- 
strate coupling. Otherwise energy to drive the coupling process can only be ob- 
tained by combining the resources of two lower energy radical-anions. Where there 
is substantial steric hindrance, as with 10 and 11, neither of the dimeric species S- 
S ~ nor S '-S will form because strain energy contributes to raising their free energy 
of formation to a level greater than that available from the combined resources of  
two radical-anions. 

c: 
LU 

O. 

S+S'" 

S+S ! +e 
(a) 

S"+ S "" 

z F o e ~ 

S+S 

S+Si + 
(b) 

Scheme 3,t. Schematic energy level diagram comparing (a) the radicaFaniml substrate and 
(b) the radical-anion radical~anion coupli~g routes lbr the electrodimerization process. 

Wavy Imes indicate an electron ~rans~kr step 

The fragmentation of radical-anions from 1,2-diarylcyclobutanes is also con- 
trolled by the free energy of the arylalkene radical-anion, which can be formed in a 
two carbon-carbon bond cleavage. The radical-anion from 12, generated by pulse- 
radiolysis, fragments to methyl cinnamate and methyl cinnamate radical-anion 
[50]. Here the free energy change is sufficient to allow cleavage of two carbon- 
carbon bonds, In contrast, the radical-anion from 1,2-dipyrido2~ylcyclobutane (see 
p. 57) undergoes cleavage to a 1,4-dipyridylbutane species having separated radical 
and ionic centres [22]. The free energy change here is only able to accommodate 
one carbon-carbon bond cleavage, 
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Ph%~,ICO~Me Ph 
" solvated ,,,~_\ + 

Ph e, C02Me electron C02Me 

12 

C02Me 

Reduction in aprotic solvents may be accompanied by side reactions due to &e 
alkaline conditions developed around the cathode. Preparative work is thus limited 
to substrates undergoing these unwanted side reactions relatively slowly. Reductive 
dimerizations in aprotic solvents show a high degree of stereoselectivity in favour 
of  carbon-carbon bond foimation to yield ftae (+_)-isomer. A ternplating action is 
brought about either by co-ordination to a lithium or sodium ion of two reacting 

But~_~H Hg, -2.1 V vs. ~ But ~,.@CH2COBut 

H COBut Me2NCHO, Pr4NCIO4 Bug,,.H~CH~COBut Ref. [34] 

Ph,,,,. p CO~Et 
Ph H Hg, -2.0 V vs. sce pcT-~, O 

=Et CHaCN, Et4NBr P 
13 

Ref. [53,541 

radical-anions [34, 51], or by association between two radical-anions and a mole- 
cute of  water [43]. Radical-anions are not sufficiently basic to be promnated by 
traces of water in aprotic solvents. The dimerization of cinnamate esters is fol- 
lowed by an intramolecular Diekmann cyclization step to form a cyclopentanone 
13 [52, 53]. The stereochemistry of the product is rigorously established for 13, R 
= H, and a similar result is infierred fbr the other derivatives. In the case of a cyclo- 
hexenecarboxylate 14, stereoelectronic control of radical-anion interaction leads to 
a highly specific axial coupling of the cyctohexane rings [5@ 

The hydrodimerization of cinnamate esters fomled with a chiral alcohol leads to 
asymmetric induction at the carbon-carbon bond formation step. ]qae ester with 
bomeol gives a chiral cyclopentanone with greater than 95% enantiomeric excess 
[55]. A second approach towards achieving a chiral carbon-carbon bond formation 
has been to use the asymmetric oxazolidones 15 as substrates. These are reduced at 
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CO#4e 

~ . _  Pig, -2.4 V v& see 
Bu t CO2Me 

Me2NCHO, Et4NBr 

14 

~But 

~O~Me 

a lead cathode with a platinum anode in an undivided cell. The product can be 
transformed into an enantiomer of methyl 3,4-diphenyladipate [56]. 

The first formed enolate products from hydrodimerization of esters are trapped 
by reaction with added chlorotrimethylsilane. By starting with allyl esters, this hy- 

°•--0 O 
• e ph,× ON? N°OMe'h;  2OO e 

!5  

drodimerization process has been combined with an in situ Claisen rearrangement, 
thus incorporating the allyI group into the dimer carbon chain [57]. 

Me3Si...O f/~"] 
~--',..c~OCH2CH=CI% Hg c~thode, MeCN O..j.~....j~..~yO 

~ S i  Me3 

aef. [s7t 

Activated Atkenes - Dimerization m Protic Media 

The formation of dimers by reduction of c~,~-unsaturated ketones in aqueous 
media is well documented in the early literature of electrochemistry, Reductants 
include sodium or aluminium amalgams [58], dissolving zinc and a lead cathode in 
both acid and alkaline conditions [59,60]. Mixtures of dimers and dihydro deriva- 
tives were isolated. As the concept of the hydrodimerization of activated alkenes 
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developed, work concentrated on ca:Tying out the process in aqueous solution. 
Several industrial groups realised that, if conditions could be found for the conver- 
sion of  acrylonitrile to adiponitrile 16 in good yield, with minimum formation of 
propanonitrile, this would be a key step in a new tow-cost process for the forma- 
tion of  Nylon-66 intermediates, Knunyants and Vyazamkin [61] achieved moderate 

2 CH~CA'-I'CN + 2 H + + 2 e ~' NCC4"4,.~CHzCH,zCH~N 

16 

success using potassium amalgam as the reductant. These workers introduced the 
term hydrodimerization for the class of process to which the reduction of acrytoni- 
trile belongs. 

Baizer, working at the Monsanto Company, showed that good yields of adipo- 
nitrile are obtained from aqueous solutions by reduction at mercuc¢ or lead in the 
presence of a high concentration of quaternary ammonium salt [62]. Tetraethyl- 
anamonium toluene-4-sulphonate was favoured as electrolyte. The first commercial 
plant operating the process was commissioned in 1965. It used a divided celt sys- 
tem with a lead cathode and aqueous tetraethylammonium ethylsulphate as elec- 
trolyte, with the addition of acid to regulate the pH. A lead anode with an anolyte 
of dilute sulphuric acid was employed. 

It is commercially advantageous to operate cells with no diaphragm since the 
cell diapt~agm is the weakest point in the system. Achievement of this aim rests 
upon finding an anode reaction that destroys neither the substrate nor the product. 
Russian workers [63] showed that up to 90 % yields of adiponitrile can be obtained 
at a graphite cathode in an undivided celt with an iron oxide anode, provided that 
phosphate and tetraalkylammonium ions are present. Further research contributions 
from Monsanto, BASF and Japanese companies led to the present system for hy- 
drodimerization of acrylonitrile using an undivided cell [64,65]. 

The most efficient system devised by Monsanto uses electrodes fabricated from 
carbon steel plate, electro-coated on one face with cadmium. These are stacked in 
parallel so that the electrolyte can be pumped tl~-ough the gap between successive 
plates. Overall the system forms a series of electrochemical cells with a cadmmm 
cathode and a carbon steel anode. Each plate of metal Povms the cathode of one cell 
and the anode of  the next in the stack. Electric cun'ent is passed across the stack. 
The electrolyte contains phosphate and borate salts as corrosion inhibitors, EDTA 
to chelate any cadmium and iron ions generated by corrosion together with hex- 
amethylenebis(ethyldibutylammoniurn) phosphate to provide the necessary tetraal- 
kylarnmonium ions. This electrolyte circulates through the cell from a reservoir 
and there is provision tbr the introduction of aclylonitrile and water as feedstock. 
The overall cell reaction is: 

4 CHzr~S;HCN + 2 H20 ~ 2 NCCI-&CH2CH2CH~CN + 02 
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and oxygen is evolved at the anode. Adiponitrile, being relatively insoluble m wa- 
ter, accumulates as an upper layer in the elecn'olyte reservoir from where it is con- 
tinuously bled off. A portion of the electrolyte is also continuously bled off to 
allow removal of any propanonitrite by distillation and the recovery of dissolved 
cadmium and iron. Conducting salt is recovered and returned to the system. It is 
found advantageous to allow slight corrosion of the electrodes because this main- 
tains a clean and active surface. 

Fumaronitrile, which is reduced at less negative potentials than acrylonitrile, has 
been used as a model compound for kinetic investigation into hydrodimerization in 
aqueous solution [66]. In unbuffered lithium chloride solution, fumaronitrile shows 
one two-electron polarographic wave. Progressive addition of  aliquots of a surfac- 
tant cause a gradual decrease in the height of this wave and the simultaneous ap- 
pearance of  a second more negative reduction wave until eventually two one- 
electron waves are observed. The rote of these additives is to displace adsorbed 
water from the electrode surface. Adsorbed water molecules are considerably more 
acidic than bulk water and will protonate the radical-anion intermediate. By anal- 
ogy with benzonitrile radical-anion (Table 3.4), fumaronitrile radical-anion is ex- 
pected to have a pK, value around 7. When no surfactant is present, the radical- 
anion is protonated at the electrode surface. 'II~e radical formed by this process at 
the electrode surface accepts a f;arther electron and a proton to yield succinonitrite. 
When surfactant is present, the radical~anion passes into the bulk of the solution 
where it dimerises to a dianion, which is protonated. Introduction of high concen- 
trations of  phosphate buffer, pit 7, promotes protonation of the radical-anion in the 
bulk solution and suppresses the dimerization step. 

The dichotomy between one-electron and two-electron reactions is also seen in 
the reduction of N-ethylmaleinirnide in 95 % ethanol containing aqueous buffers 
[67]° At pH < 4, one two-electron polarographic wave is observed (Figure 3.1) and 
reduction leads to N-ethylsuccinimide. At pH > 5, two one~electron polarographic 
waves are seen and reduction at the potential of tile first wave leads to a hydrodi- 
mer. In aqueous solution N-methylmaleinimide radical-anion has pKa of  2.85 (Ta- 
ble 3.4) so the change in polarographic behaviour of the N-ethyl compound with 
pH seen in 95 % ethanol at pH 4 is due to acid-base behaviour of the radical-anion. 
In acid solution, the radical-anion is protonated rapidly, the resulting radical being 
further reduced, whereas at the higher pH values, radical-anions survive to dimer- 
ise. 

]'he hydrodimerization reaction at mercury or lead in aqueous dimethyl~ 
formamide containing tetraalkylammoniun salts has been examined for a range of 
c~,~-unsaturated amides, esters and nitriles, see Table 3.5. Reactions are carried out 
at controlled potential at the plateau of the first potarographic wave and the solu- 
tion becomes alkaline due to base generated at the cathode. Protonation of the radi- 
cal-anion is discouraged and dimerization leads to a mixture of m e s o -  and (~)~ 
products by formation of a [3,[3qir~:age. With a large excess of water present, the 
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radical-anions are well solvated and the templating action of a trace of water (see 
p. 63) is swamped. Hydrodimerization of N,N-dimethylcirmamamide is claimed to 
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Figure 3,1, Changes with ptf o f  the lmltZwave potential (E~.) for the polarographic waves 
of N-ethylmaleinimide in alcoholic aqueous buffers. Wave I is due to a two-electron 
N'e,c~s, waves II and Ill are each due to one-electror~ processes. Data from ref. [67]. 

form the cc,c~-linkage, but the structure of the product is not well established. Also, 
reduction of the cinnamamide 15 in tetrahydrofuran with lithium ions present leads 
to a mixture of the meso- and (±)-isomers of 3,4-diphenyladipic acid diarnide [56]. 

Electrochemical reduction of methyl cinnamate in methanol affords a mixture of 
the saturated ester and the meso- and (±)-hydrodimers [68]~ Loss of the initially 
f o x e d  radical-anion follows a first order rate law [69]. The rate-determining step 
becomes protonation of the radical-anion to give an allyl radical 16, which is re- 
duced only at a more negative potential. Dimerization of the allyl radical leads to 
the hydrodinaers. The tautomeric alkyl radical 17 is more easily reduced than the 
starting ester and is converted to the saturated ester. The tautomerism 16 to 17 be- 
comes very fast in acid solution so that methyl dihydrocirmamate becomes the 
major product from reduction of methyl cinnarnate in an aqueous buffer of pH 4 
[70]. Hydrodimerization of dimethyl rnaleatc in methanol, at a pH where the rate of 
enol-keto tautomerization is slowed down, has been developed to a pilot scale pro- 
cess [71 ]. 'lqae ester 18 derived from camphoric aahydride is reduced in acid solu- 
tion to give the dihydrocompound [72]. Reduction of the sterically hindered 
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norbornenedicarboxylate I9 gives only the dihydro derivative in both acid and al- 
kaline solution [73]. 

Ph--~CH--C--OMe-~ "- + MeOH ..... ~ Ph--CH-CH=C~OMe 
I t  

O ~"H 
1:6 

+ MeO- 

16 ......... 

It 
OH 

I 
Ph--CH-CH-'-C~OMe 

I 
Ph~CH-CH=C~OMe 

;H 

Ph--(~H-CHz--C~OMe -~ Ph~CHz--CH2--C~OMe 
II 11 
O O 

17 

o 
II 

Ph--CH-CH~--C~OMe 

I 
Ph~CH-CHe~C~OMe 

I |  
O 

[ ~ O  Pb cathode , r~CQ2H 

EtOH, H2SO 4 L..~C~CH(CO2H)z 
""I"~C..~C(CO~Et } ~ 

1 8  

Electrochemical reduction of conjugated alkenoic acids in alkaline solution gen- 
erally leads to the dihydrocompound and negligible amounts of the hydrodimer are 
fore-Led. Examples include the conversion of maleic or fumaric acid to succmic 

t9 

Hg cathode 

pi l l  -9 

acid [74] and the conversion of cinnamic acid to dihydrocinnamic acid at a mer- 
cury cathode [75], The dihydrocompound is also usually obtained by reduction in 
acid solution, for example with maleic or fumaric acids [76]. The advantage of this 
electrochemical method lies in its selectivity in the presence of non-conjugated 
alkene bonds, for example in the reduction of 20 where one atkene bond is not re- 
duced [77], The reaction will tolerate a halogen substituent in 2-chlorocinnamic 
acid [78] and the cyano substituent in 2-cyanocinnamic acid [79]. No stereoselec- 
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Pb cathode PhCH:CH-C~CO2H PhC~CH-CH~CO2H 
II .... ; I 
CHPh EtOH, HzSO4 CHzPh 

20 

tivity is shown in the reduction of cyclohexen-l,2-dicarboxylic acid to cyclo- 
hexane-l,2-dicarboxylic acid [80]. Tile few examples of hydrodimerization of 
alkenoic acids include reduction of sorbic acid in dioxan, sulphuric acid at a mer- 
cury cathode [81 ] and of cinnamic acid under similar conditions [68]. 

T A B L E  3.5 
Hydrodimers from the con~olled potential reduction of activated aLkenes in 

aqueous dimethylformamide containing tetraethylammonium toluene4- 
sulphonate Ref. [82]. 

Substrate Hydrodimer Product Yield 
/% 

PhCH=CHCN P h CH..C~t;~CN 87 

" C H a  Dihydrocompound formed 
(CH3)2C=C..cN 

CH~=CHCH=CHCN NC(CH=)~CN (after hydrogenation) 50 

PhC~CH=CHCN N~..,C~H~COPh 55 

PhCOCH=CHCO2Et PhCOCH~CHCO2Et 77 

NCCH=CHCO2Et NCCHCH2CO2Et 84 
",--,,)2 

PhCH=CHCONMez PhCH:z~NMe2 82 

a, fi-Unsaturated Aldehydes and Ketones 

Only non-enolizable eneones give satisfactory yields of hydrodimer on reduc- 
tion in aprotic solvents [83]. A suitable aqueous buffer is needed with enolizable 
eneones to control base catalysed side reactions of condensation and oligomerisa- 
tion. The polarographic behaviour of eneones in buft~ers is illustrated using cyclo- 
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hexenone (Figure 3.2) [84, 85]. Mesityl oxide shows similar behaviour [86]. A 
one-electron wave is seen in acid solution and the half-wave potential varies with 
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Figure 3,2. Variation of half-wave potential (Ev,) and diffusion current constant (I) for 
the two polarographic waves of cyclohexenone in aqueous buffers. Data from ref. [84]. 

pH, Early workers considered this behaviour due to equlibrium preprotonafon of 
the eneone followed by one-electron addition, However when electron and proton 
addition occur simultaneously, this is equivalent to the following two equlibria 
being established in the layer close to the electrode: 

C=C-C=O + e .  ..... " C=G.C=O - 1 " "  

C=C-C=O-]'" + H + ~ C.~C=C4DH~" ~ C=Co-C-OH 

Protonation of the radical-anion occurs on oxygen to give an enol-radical. The lat- 
ter species is a resonance hybrid. It takes pan in a fast irreversible radical-radical 
dimerization step and since the species has two potential radical sites, three struc- 
tural isomers of the hydrodimer can be formed. The main product is formed from a 
transition state with minimum steric hin&ence between the radical centres. 

Around pH 6-8, two polarographic waves are seen and the sum of tile two wave 
heights corresponds to a one-electron process. The first wave is due to the two re- 
actions above and decreases in height because protons are in low concentration and 
do not diffuse sufficiently fast to the electrode surface. The second wave is due to 
formation of  the radical-anion followed by proton transfer from a general acid pre- 
sent as a component of the buffer. In alkaline solution, the concentration of acid 
component in the buffer decreases and this wave moves towards more negative 
potentials. Finally, Ea becomes independent of pH in very alkaline solution where 
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pH > pK, for the enol-radicaL From independent work [87], the pK~ of the conju- 
gate acid from the radical-anion of propenat is 9.6. 

This explanation for the two polarographic waves seen in Figure 3,2 suggests 
that the region of  transition between the two waves will be sensitive to buffer con- 
centration and composition. Such effects are seen in the polarography-pH profiles 
of steroid enones, some of which [88] show behaviour like that of cyclohexenone 
while others show only a linear variation of half-wave potential over the whole pH 
range of 2 - 11 [89, 90]. 

The enone 21 shows two waves in acid solution, each due to one-electron addi- 
tion [91]. The first wave is due to the reactions discussed above, The further wave 

PhCH=CHCOCMe3 PhCH=CHCOPh 

21 22 

at more negative potentials is due to reduction of the enoi-radical, followed by 
protonation. Conjugation with the benzene ring lowers the redox potential for this 
process so that it becomes observable within the accessible potential window. The 
half-wave potential for this second electron addition is ahnost independent of pH 
while for the first electron addition the poter, tial becomes more negative with in- 
creasing pH. The two waves eventually coalesce above pH 8 to a single ~,o- 
electron wave. In the case of 1,3-diphenylpropenone 22, two separate one-electron 
waves are found over the entire pH range [92]. 'llae first wave is equivalent to the 
behaviour of cyclohexenone while the wave at more negative potentials is due m 
reduction of the enol-radical. 

Preparative scale reduction of cyclohexanone affords principally the taiI-to-tail 
hydrodimer 23 and some of the head-to-tail isomer 24 [93]. The proportions vary 
with pit, and no head-to-head pinacol has been isolate& Both meso- and (±)~forms 

O O 

aq: buffer 
k H H 
tait 

23 24 

pH 1 74 % 26 % 
pH 13 90 % 10 % 

of the tail-to-tail isomer are found with the rneso-form predominating. Tail-to-tail 
hydrodimers are known fi'om reduction, in buffer mixtures, of other cyclohexe- 
nones including isophorone,which gives mainly the meso-product [94], carvone 
[95, 96] and piperitone [97]. In many cases the stereochemistry of the products 
have been elucidated [98] but data on relative yields are not available. Cyclopente- 
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nones also afibrd the tail-to-tail hydrodimer with the meso-form predominating 
[99]. Reduction of l-acetylcyclohexenone by sodium amalgam also affords the 
tail-to-tail meso-hydrodimer 25 [100] 

COCH,3 
C, OCH3 

Na/Hg H 
ether: A 

E:OCH~ 

25 

Reduction of steroid enones like cholestenone 26, with a rigid rfi'lg conforma- 
tion, leads to head-to-head pinacol dimers because of steric hindrance at the alter- 
native dimerization site, and reaction occurs through the a-face of the radical 
intermediate [101, 102]. The a-face is opposite to the angular methyl substituent 

Me R Me R 

Hg cathode~ M 

EtOH, NaOAc HO ; 

O =)2 
26, R = C~H17 

H 
0~/' "tA+ l-kj cathode 

acetate buffer 

21 

on ring-A. The steroid analogue (±)-27 gives only one pmacol isomer on electro- 
chemical reduction. This is fbrmed by union, through the c~-face, of two radical 
intermediates, each of which is derived from a molecule of enone with the same 
absolute stereochemistry [103]. The product is therefore a single racemate and 
arises through a transition state, which maximises overlap of n-systems and mini- 
raises interactions of the a-skeleton. 

Steric considerations, which influence tile relative proportions of the three hy- 
drodimers, are demonstrated by the reduction of substituted cyclohexenones 28 in 
acetoni~ile (Table 3.6). The ratio of products is influenced by steric hindrance at 
the radical centres and also depends on the concentration of water in the solvent. 

In the non-cyclic alkenone series, regioselectivity in the hydrodimerization step 
is not well controlle& Dissolving metal reducing agents such as sodium amalgam, 
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and zinc or magnesium in acid, have frequently been used. These yield the same 
products as electrochemical reduction and some control in favour of the head-to- 

RI, + e 
p, 

R2' 

28 

o o )2 

29 30 31 

head pinacol hydrodimer can be achieved by reduction with dissolving zinc in ace- 
tic acid [104]. 

TABLE 3,6 
Products from reduction of cyclohexenones 28 at a mercury cathode in 

acetonitrile with tetrabutylammonium fluoroborate as supporting 
electrolyte, from ref, [105]. 

Substrate 28 Water Product yields / 
with / % 29 30 31 

R I = R 2 = R ~ = H 0 97 
5 97 

R~= R2= H, R3=Me 0 52 11 16 
5 28 4 67 

R~= R~= Me, R~ = H 0 10 40 50 

5 10 90 

R ~ =H, R 2 =R "~ = Me 0 10 60 30 

5 45 50 

Mesityl oxide at a mercury cathode in acetate buffer afibrds a mixture of tail-to- 
tail and head-to-tail hydrodimers. The initally formed reduction products undergo 
further reactions so that 32 and 33 are isolated [106, 107, 108], A low yield of the 
head-to-head glycol has been isolated from some reactions [109, 110, 111], The 
st~-actures of these products were confirmed in 1955 [112]. Methyl vinyl ketone 
yields a mixture of tail-to-tail and head-to-head hydrodimers [113], 

Addition of chromium(HI) [I 14] or tin(u) [115] ions to the electrolyte strongly 
favours the formation of head-to-head pinacols from the reduction of enones. It is 
believed that these ions direct the dimerization step by coordination through the 
oxygen centre 
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tail 
\= j'rt H~ cathode 
Me2C== C ~ 

COCH3 aq. buffer 

t 
head l 

0 

0 

,,GH 3 
I ~"'COCH~ 

32 33 

Some control of regioselectivity in favour of the tail-to-tail hydrodimer can be 
acbJeved with a phenyt substiment in the tail position and any group other than 
hydrogen in the head position. Reduction of cinnamaldehyde 34 shows poor regio- 

PhCH=OHCHO Z'n / H÷ \ .  OH ~ r .~T , ,  .cHO ~ y ~ h  _,j, Ph .... ~ PhCH=CH-CH + [_......._J p + 
--,z Ph h 

34 maso- + (~)- cis- + tr~ns- 

and stereo-selectivity, affording all three types of hydrodimer [116]. Here the tail- 
to-tail and head-to-tail hydrodimers undergo fi~rther condensation under the reac- 
tion conditions to yield the isolated products. In contrast, benzalacetone under the 
same reaction conditions as cinnamaldehyde aftbrds 80 % of the tail-to-tail meso- 
hydro-dimer [117], and reduction of 1,3-diphenylpropenone gives a mixture of the 
tail-to-tail meso- and (:t)-hydrodimers [118, 1 t9], 

Intramolecular Cyclization 

Intramolecular carbon-carbon bond formation during reduction of a molecule 
possessing two activated alkene groups offers a synthetic route to cyclic structures. 

H 
I 

/CH=CHCO2Et Hg, -2.0 V vs. soe r / i ~ ' w ' ~ C O ~ E t  

(CH2)n C~3CN, H20, ~ (CH2)n 
\CH=GHCOzEt E t4NTos "~'~Otce~CH~CO2E t 

I 
H 

35 
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Electrochemical reduction of a homologous series of unsaturated esters 35 at a 
mercury cathode in aqueous acetonitrile gives satisfactory yields for four to six 
membered ring structures (Table 3.7) [120]. Cyclization under these conditions is 
not stereoselective. Attempts to prepare rings of larger size lead m mixtures of oli- 
gomers by the intramolecular dimerization process and slow addition of the sub- 
strate to the catholyte does not improve yields of cyclic products. Very high yields 
of the three membered ring compound 36 can be obtained and it has long been 

H 
Et\ /CH=CHCO2Et ~, -2.0 V vs. sce Et~,cL~J~CN~CO2Et 

C 
Et / x'CH=CHCO~Et CHaCN' H20' Et~ ~¢-~'CH~COzEt Et4NTos ! H 

36 

known that dialkyl substitution favours cyclopropane formation; the Thorpe-Ingold 

~CHCO2Et ~ , , Z ~  C 
~ )  Hg, -20 V vs. ~ H~C,O~Et 

I i  

: CH3CN, H20, 
~H=GHCO2Et Et4NTos ~_,H~CO2Et 

37, yield 37 % 

effect [121]. Electrochemical cyclization has been applied to the construction of 
the norbornane skeleton 37 and to the synthesis of heterocyclic compounds using 
appropriate analogues of 35. 

TABLE 3.7 
Intramolecular cyclization of bis(activate alkenes) by reduction at a mercury 
cathode in aqueous acetonitrile containing tetraethyla~onium toluene-4- 

sulphonate. Data from re£ [120]. 

Substrate Ring Yield Substrate Ring Yield 
35, n = Size / % 35, n = Size / % 

2 4 41 5 7 10 
3 5 100 6 8 0 
4 6 90 8 10 0 



76 REDUCTION OF ALKENES AND CONJUGATED ALKENES 

The substrates discussed in the previous paragraph show two overlapping po- 
larographic waves and reduction at the plateau of the more negative wave gives the 

Pt, -2.75 V vs. soe 

CH3CN, Ao20, 
Bu4NBF4 

38, E,/= = -1.67 and -2.76 V vs. sce 

best yields [122] of cyctized product. For compound 38, the enone functions are in 
close proximity and the molecule shows two distinct one-electron polarographic 
waves. Cyclization occurs only during reduction at the potential of the more nega- 
tive wave when the molecule fomas a bis radical-anion [123]. Reduction at the po- 
tential of the less negative wave gives oligomers by intermolecular hydrodi- 
merization. In all of these processes, intramotecular cyclization probably occurs by 
radical-anion, radical-anion reaction followed by a protonation step. 

/••C02Me COzMe 

Hg, -2.3 V vs. sce . . . . . .  ~ ~ ._~ .CH~2Me 

CHaCN, CH2(CO2Et)2, " ~ -CH~CO2Me 
Bu4NBr 

39, trans : cis = 7,5:1 
with Ce(lll), trans : cis = 14.8:1 

Diethyl malonate has been proposed for use as a proton source in these cyctiza- 
tion reactions [124]. It is not a sufficiently strong acid to protonate the radical- 
anion rapidly. However it irreversibly protonates the enol intermediate generated 
after carbon-carbon bond formation, In one case, control of stereochemistry in fa- 
vour of the trans-sunstituted five membered ring 39 was achieved by the addition 
of cerium(ut) ions [124]. 

In the case of the bis-enone 40, the two functions are reduced at almost the same 

[ ~ C  z~],~ ~ Hg, -1.80 V vs. sce 0 
Ib 

H CH3CN, H20, Et4NQ / ~ "  ae 
O H 

40 yield 81% 

potential and the cyctization process occurs in good yield [125]. Abscisic acid 
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methyl ester 41 has two different activated alkene functions and shows two well 
seperated polarographic waves [I26]. The wave at less negative potentials is asso- 

>O2Me 

Hg, -1.3 V vs. Ag/Agl 

CH3C~, Bu4NOAc 

41 
Ev~ = -1.30 and -1,75 V 

vs. Ag/Agl, 0,1 M Bu4NI in CH3CN 
l + e  + H + 

OH 

ciated with the unsaturated ester function. Reduction at this potential causes an 
unusual cyclization where the cJ.-carbon of the unsaturated ester becomes attached 
to the t3-carbon of the enone. Cyctization is due to a Michael addition of the ester 
enol on the enone function. 

'Ii'le low yield of a four-membered ring product from 35, n = 2 (Table 3.7) is re- 
flected in the activity of subs~ate 42, electrochemical reduction of  which leads to 

R R 

Me2NCHO, [-12.O, 
Et4NTos 

R R 

42  
CH~ 

CHaR 

+ ~ ~ l  + 

R C ~ ~  C~R 

R = C.X~Ie 

dimeric structures based on 43 and no four membered ring compound is isolated 
[127], Meso-43 was isolated. The other isolated dimeric products are formed from 
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(±)-43 in an intramolecular Michael addition step which yields new six membered 
rings. 

The radical-anions from enecarboxylates show nucleophilic reactivity on the 
~3-carbon atom. IntTamolecular carbon-carbon bond formation occurs ,,,,'hen a 
suitably placed alkyl bromide, see p. 58 [26], or carbonyl [128] function is avail- 
able. Related reactions are shown by the radical-anions from enenitriles [128]. The 

BrCH:,(CH2)nCH=C(CO2Me)2 
Hg, -1,85 Vv& 

Me2NCHO, Bu4NBr 

/ .CH-CH(CO2Me)2 

(CH~ 1 

~ '~CH a Ref. [26] 

n = 2, yield 65~0 % 
n = 3, yield 60 % 

overall process is one of hydrocyclization and is generally useful only for the con- 

~%.,,OH 

COzM e CH3CN, H20, Et41"ffos 
yield 76 % 

trans:cis = 5,1:1 

Re£ [128l 

smJction of five and six membered rings where there is negligible competition 
from the formation of a hydrodimer by the usual bimolecular process. These reac- 
tions take place in an initially neutral aprotic solvent and the mechanism is differ- 
ent from that of coupling between carbonyl compounds and alkenes in protic 
solvents (p. 80). 

The hydrocyclization procedure has been used to construct a number of carbo- 
cyclic systems such as 44 and 45 a~d in general it shows little stereoselectivity. A 

CN 

CHoCN, H20, Et4Nq'os 

44, yield 73 % 

OH 0 

"~-"--,~/" ~ ~ C O ~ M e  CH3CN, Bu4NBr R 

45 
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trans relationship between the allyl group and the ester function was however 
achieved in the case of 45 because the transition-state for reaction has a chair-like 
structure with a maximum of pseudo-equatorial substituents [129]. 1~,1e stereo- 
chemistry of the forming hydroxyl group is however not controlled. Diethyl malo- 
nate has been found to be a very convenient proton source in these reactions, It 
protonates the alkoxide which is [brrned in the cyclization step but it is unlikely to 
protonate the radical~anion intermediates. 

Anomalous reactions are reported for some butenolides. Thus compound 46 
does not cyclize in the expected manner [ 130]. Fon~nation of the observed products 
can be rationalised on the assumption that electrogeuerated base can interact with 

a d d i c ;  Hg, -2.35 V v& ~ sce 

CH3CN, diethyt ma!onate 
~ " Q " " " / ' ~  CH2B r Et4NBr 

addic"  
46 

the protons labelled as acidic so as to generate an enolate, The exocyclic enolate 
then reacts with the bromine substiment to form a cyclopentane, The latter is either 
reduced to the dihydro compound, or alternatively the alkene bond migrates under 
base catalysis to fbrm the second isolated product. Compound 47 does not cyclize 
during reduction at a potential required to form the cyclobutenolide radical-anion 
but instead is converted to the dihydro derivative [131]. Compound 48 is reduced 
at a less negative potential than ligr the previous example and forms a radical-anion 
on the alkylidene malonate ester function. ~Iqlis does cyclize although in a non- 
stereo-selective manner [ 131 ]. 

W~, -2.3 V vs, 

CH3CN, diethyl malonate 

47 

The mechanism for intramolecutar hydrocyclization of enecafboxylates was 
originally thought m involve nucleophilic addition of the enecarboxylate radical- 
anion onto the ketone function [26]. A more recent suggestion is that a sequence of 
electron, proton, electron additions leads to the [3-carbanion: 

CH=C~Oa, Me + e ~ CH=CHC. ~ ~H_GH2CO2M e e -.~ CH-- CHzCO=Me 
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This intermediate is then involved in the cyclizatioa step [I32]. However, it has 
been shown in another series of experiments that enecarboxylate radical-anions 
dimerize rapidly before protonation when only traces of water are present [43]. On 
the basis of these findings, it seems more likely that, as originally proposed, in- 
tramolecular cyclization occurs at the level of the radical-anion, and that this proc- 
ess is faster than the alternative bimolecular dimerization. 

48 

CO,Me 
MeO~Q CO2Me MeO~C~ .,.CO2Me 

P~g, -2.1 V vs. see + .... 

o d CH3CN, diethy! malonate H H 
Et4NBr 

ratio 1:1, total yield 90 % 

Mixed Hydrocoupling Reactions 

Controlled current reduction of a mixture of two activated atkenes will yield a 
mixture of the two possible hydrodimers together with the hy&-ocoupled product, 
provided that the reduction potentials of the two substrates are not too far apart 
[133]. h i s  can be a usefhl synthetic route to the hydrocoupled product provided 
that the other products are themselves valuable. Thus, reduction of a mixture of 1 
cyanobutadiene with excess acrytonitrile, ~tlowed by catalytic hydrogenation of 
the products, gives a synthesis of 1,6-dicyanohexane with adiponitrile as the side 
product [ t 33]. 

Examples are/calown of hydrocoupling between methyl acrylate and ketones in 
both protic and aprotic solvents. Reaction in acid solution is thought to involve 
reduction of the protonated ketoneto a radical, which adds to acrylate. In aprotic 
solvents, the ketone is more difficult to reduce and electron addition occurs on 
methyl acrylate. Modest yields of coupling product, dimethylbutanolide, are ob- 
tained f~om acetone and methyl acrylate in dimethylfomaamide [134]. Better re- 
sults are obtained by reduction of methyl acrylate and an exces of the carbonyl 
compound in dimethylformamide in the presence of chlorotximethylsilane [135]. 
This process is useful for the synthesis of butenolides and some examples are given 
in Table 3.8. 

Asymmetric Reduction 

Coumarin shows a one-electron wave on polarography in aqueous buffers and 
the half-wave potential is independent of pH [I36]~ Reduction at a mercury cath- 
ode affords the meso- and (±)4somers of the 4-coupled hydrodinaer. Reduction of 
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4-methylcoumarin has been an important test case for diversion of the hydrodi- 
merization step in favour of formation of the dihydrocompound in a reaction hav- 
ing the potential for asymmetiic synthesis. 

TABLE 3.8 
Mixed hydrocoupting reactions in dimethylformamide, containing chlorotri- 

methylsilane, at a lead cathode with tetrathylammonium toluene-4-sulphonate 
electrolyte. The aldehyde or ketone is in five-fold excess. Ref. [135]. 

Ester Aldehyde Butanolide Yield 
or Ketone Product / % 

CH2=CHCO~,,'le CH3(CH2)~CHO CH3(CH2)n-"aC,,~O 73- 77 
, j  

CHz=CHCO~Me CHf~O(CH2),~CH3 76 

CH~C=CHCO2Me CH3(CHz)~CHO 71 

CH~=CMeCO2Me CH3(CH2)~CHO 

CH2=C-CO~Me 
(~H~CO~tvle CH~CO(CH~).~CP~ 

54 

86 

Reduction of coumarin in aqueous methanol, pH 5-6, m the presence of alka- 
loids yields an increased amount of dihydrocoumarin. This is also the case for re- 
duction of 4-methylcoumarin and now the 4omethyldihydrocoumarin isolated is 
optically active [137], The enantiomeric excess and yield of dihydrocompound 
both depend on the alkaloid used (Table 3.9) and Low concentrations of alkaloid 
are effective in achieving asynmaetric induction. Concentrations of codeine above 
4 mM do not t~arther influence either the yield of dihydrocompound or the degree 
of induction. 

Systematic variation of the reaction conditions has increased the enantiomeric 
excess to 47.4 % in the presence of yohimbine [138]. Lowering both the cathode 
working potential and the pH improved the degree of asymmetric induction, and no 
further improvement in induction is achieved by raising the concentration of alka- 
loid above 0.4 mM. Enantioselectivity is due to an adsorbed layer of alkaloid and 
adsorption phenomena at the mercury water interface are dependent on the surface 
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potential. Values for the surface excess of a solute can be obtained from surface 
tension measurements at various potentials. The mercury solution interfacial ten- 
sion is directly related to the natural capillary drop time. Yohimbine is strongly 
adsorbed at mercury in the region o f - l . 5  to-I.7 V vs, sce [139] and is effective in 
the asymmetric reduction of 4-methytcoumarin. Strychnine is not active in the 
same way since this alkaloid is only strongly adsorbed at mercury in the potential 
range --0.5 to -1.2 V and the surface excess falls to zero at -1.5 V vs .  sce [140]. 
When 4-trifluoromethylcoumarin is used as the substrate, reduction proceeds at - 
1.2 V vs, sce and strychnine gives better enantiomeric excess in the dihydrocom- 
pound formed than does yohimbine [138], Similarly for 4~carbethoxycoumarin 
reduced at -1.0 V vs ,  sce, up to 20 % enantiomeric excess for the dilnydrocom- 
pound is obtained for reaction in the presence of stryclmine or brucine while yo- 
himbine yields zero enantiomeric excess [ 141 ]. 

TABLE 3.9 
Formation of the dihydrocoumarin by reduction of 4-methylcoumal~n in 
the presence of alkaloids in aqueous methanol pH 5-6, mercury cathode 

potential -1.8 V vs .  sce. Refi [137]. 

Alkaloid Concentration Dihydrocoumarm Enantiomefic 
/ rr~,l / % Excess / % 

None 3.8 
Sparteine 5 3.5 17 
Narcotine 5 9.6 15 
Emetine I. 5 13,0 12 
Codeine 5 28.0 12 
Brucine 5 31,7 0 
Yohimbine 2 56.6 12 

,CO,Me 

L~H 

Yohimbine cation R = H, St~tchnine cation 
R = OMe, Bmcine cation 

Reduction of 4-methylcoumarin in aqueous buffers employed for the asymmet- 
ric reduction resembles the reactions of methyl cinnamate (p. 67) The process leads 
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to a radical-mnion which is rapidly protonated to form the radical-enol 49. The lat- 
ter species is only reduced at more negative potentials. In absence of the alkaloid it 
dimerises. The alkaloid has two functions. First it catalyses the enol to ketone con- 
version. The radical-carbonyl intermediate 50 is more easily reduced than the ini- 

0 OH + e.  radical + H + ~ ; . [ l j  
" anion '~ - 

49 

0 + O  

+ H + 

50 

tial coumarin and accepts an electron to form the carbanion. Second, the adsorbed 
layer of alkaloid protonates the carbanion formed at the mercury" surface and this 
step leads m the observed asym.metric induction. Thus alkaloids in general do 
catalyse the formation of dihydrocoumarin but a surface excess of alkaloid is re- 
quired to achieve asymmetric induction [ 142]. 

Alkaloids lower the potential for hydrogen evolution at a mercury surface by a 
process in which the first step is reduction of the promnated alkaloid to give the 
nitrogen centred radical [ 143]. Hydrogen and the unprotonated alkaloid are formed 
by the interaction of two nitrogen centred radicals. The original mechanistic sug- 
gestion [137] for asyn~netric induction involved hydrogen atom transfer from this 
nitrogen centered radical to the radical-carbony/intermediate. It is not possible to 
exclude participation of this process within the mercury surface layer. 

Electrocatalytic h),drogenation 

At surfaces of low hydrogen overvoltage in aqueous solution, the mechanism 
for reduction of alkenes changes [144]. The dominant electrochemical reaction 
becomes the generation of adsorbed hydrogen arums and the alkene undergoes an 
electrochemical equivalent of catalytic hydrogenation. ]Nis process has been rec- 
ognised for many years at cathodes of platinum, palladium or nickel black in aque- 
ous acid or alkali. Examples include the hydrogenation of alkene bonds in crotonic 
acid [145] and sorbic acid [146] in dilute sulphuric acid. 

The most effective cathode surface for the electrocatalytic hy&ogenation of 
alkenes is based on Raney nickel [147]. Preparation of the surface involves elec- 
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troplating nickel from a solution in which Raney alloy (Ni 50%, A1 50%) particles 
are suspended so that some of the alloy becomes attached to the surface. Leaching 
out the alumknium with alkali then generates an active surface, Highest current 
efficiency for the hydrogenation reaction is achieved using an emulsion of the 
alkene substrate in water containing some surfactant. The system will allow the 
conversion of unconjugated alkenes, such as limonene, to the alkane [147] mad it 
has been proposed as a route for the hydrogenation of soya bean oil to give a more 
saturated product without causing isomerization of cis-alkenes to the trans-alkene 
[148], 

Enones are selectively hydrogenated electrochemically at the coNugated alkene 
bond. A high degree of selectivity is achieved at an electrodeposited nickel surface 
[149] and complete selectivity is found at electrodes either of compressed fractal 
nickel or compressed nickel boride (Ni2B) [150, 15t]. Excellent selectivity is also 
achieved at a catalytic surface prepared by electroplating palladium into a film of 
poly(pyrrole-viologen) [ 1521. 

The selective hydrogenation of enones is also achieved in a process employing 
an aluminium-nickel system. This process is electrochemical in nature but does not 
use an external election source, Dissolving aluminium is used as the reducing 
agent with a catalytic amount of nickel chloride present in the tetrahydrofiaran sol- 
vent. Finely divided nickel is deposited on the aluminium and this sets up local 
corrosion cells, Aluminium dissolves and the released electrons are transferred to 
nickel where protons are reduced to hydrogen. The hydrogen-nickel system then 
reduces the alkene bond in the enone [153]. 
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Dissociative Electron Transfer 

When a single electron is transferred to a molecule with no n-bonds, it is ac- 
commodated in the lowest energy antibonding a-orbital. Mechanistic studies of  
these reactions have employed substrates where the antibonding orbital is associ- 
ated with a carbon-halogen bond or an oxygen-oxygen bond. The substrates give 
polarographic waves at a mercury or glassy carbon electrode due to the irreversible 
reduction process. Electron addition is associated with an antibonding orbital so the 
a-bond becomes unstable. Electron addition and bond dissociation become syn- 
chronous. The radical-anion is not a transient intermediate during electron addition 
to an alkyl G-bond and notional standard redox potentials for these reactions are 
not directly measurable quantities. 

Attempts to detect the radical-anions from alkyl halides by y-irradiation in a 
low temperature glass, using esr spectroscopy, have generally been unsuccessful. 
Irradiation of the glass generates solvated electrons, which attach to the alkyl hal- 
ide to generate an alkyl radical and halide ion. Jlmre is evidence for a weak inter- 
action, but not bond tbrmation, between alkyl radicals and bromide ion formed in 
acetonitrile at 77 K. In the more solvating methanol there is no interaction between 
radicals and bromide ions [1 ]. Trifluoromethyl halide molecules are the exceptions 
to this other, vise general behaviour. These give radical-anions on irradiation in 
methyltetrahydrofiaran at 77 K with free electron density largely in the carbon- 
halogen a*-orbital [2]. The trifluoromethyl radical is pyramidal so the tendency to 
complete separation from the halide ion is arrested in the glassy matrix. Alkyl radi- 
cals are planar, precluding an 3, strong association with the halide ion. 

Reaction rates for dissociative electron transfer processes are determined by the 
method of  homogeneous electron transfer. The kinetic sequence is illustrated in 
Scheme 4. I. Linear sweep voltarru-netry is used to generate the radicabanion from 

Ar + e ~ Ar ' ' t " "  

Ar-l'" + R-X ~r Ar + Rt + X" 

Scheme 4,t Dissociative electron transfer using an aromatic 
radical-anion as electron relay 

an aromatic compound in the presence of the substrate fbr study, The aromatic 
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compound is chosen to have a redox potential Iess negative than the substrate re- 
duction potential and the aromatic radicabanion is formed at the electrode surface. 
Electron-transfer, in solution, fiom the radical-anion to the substrate causes bond 
dissociation and also regenerates the aromatic compound. Thus there is an aug- 
mentation of the voltanmletric peak due to reduction of the aromatic compound. A 
bimolecular rate constant for electron transf?r from radical-anion to substrate can 
be extracted from the experimental data [3]. 

Rate constants in excess of l0 s M -I s m are detemained by pulse-radiolysis meth- 
ods [4, 5]. High-energy irradiation of a solution containing the substrate and an 
excess of  the aromatic species, generates the aromatic radical-anion, ~Ilm decay of 
this by electron transfer to the substrate is followed using uv-spectroscopy and af- 
fords a rate constant for the secondmrder process. Slow rates of electron transfer 
are determined by adding the substrate to a solution of the aromatic radical-anion 
and following the reaction by conventional me~hods. 

In the ensuing discussion, the following symbols will be used: 
kt~ = bimolecular rate constant for electron transfer between a radical-anion 

and the substrate; 
c{ = transfer coefficient, defined by the expression d ln(ktD/d ED ° = otF/RT 
k~ = unimolecular rate constant for intramolecular electron transfer; 
Ev ° = standard potential of the radical-anion electron donor; 
EA ° = strandard potential of the subslrate, electl"on acceptor, 

A bank of data on dissociative electron transfer has been developed for purposes 
of  investigating the influence of electron donor redox potential on the bond cleav- 
age rate. Theoretical treamaent of this relationship by the methods of molecular 
mechanics has been given [6] and quantum theory has also been applied to the 
problem [7]. The Marcus treatment of electron ~ansfer from the aromatic radical- 
anion under the influence of solvent fluctuation is combined with the Morse treat- 
ment of  C-X bond stretching. A Morse potential energy curve is adopted to de- 
scribe the stretching of the C-X bond while the repulsive component of the Morse 
relationship is used to describe interactions between the two product species R' aM 
X.  In this molecular mechanics approach, the point of intersection of the two 
Morse curves (Figure 4.t) is taken as the transition-state for bond cleavage. With 
these assumptions, an analytical solution is possible for the relationship between 
activation energy and driving force. This predicts a parabolic relationship between 
tog(ktr) and E~ ° for a given substrate undergoing dissociative electron transfer in 
reactions with different radicabanions. Monte-Carlo simulations suggest however 
that this extension of the Marcus equation should be treated with caution [8]. 

Experimental data (Figure 4.2) ~br the dissociative electron transfer between 
radical anions and the carbon-halogen bond in alkyl halides indicates a linear rela- 
tionship between log(k~) and E~ ° over a wide range of reaction rates [5, 9]. Very 
fast reactions become controlled by the raw of diffusion of two species towards 
each other, when every close encounter gives rise to electron transfer. A parabolic 
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e) 

o 
o .  

R + X  

* RoX bond length 

Figure 4.1. Profile of  the flee energy st~rface along the co-ordinate of  the R-X 

bond at zero driving tbrce; initial sta~e R~X + electron donor; final state R~+ X 

relationship (Figure 4,3) is however seen for dissociative electon transfer between 
a radical-anion and the oxygen-oxygen bond of peroxides such as 1 [10]. 

It has been suggested that the reaction of alkyl halides is not purely of the elec- 
U'on transfer type and may include some S~2 component, particularly where the 

+ + Ar 

alkyl halide is less sterically hindered. The influence of this additional component 
of the reaction will be more pronounced tbr slower overall rates and have the effect 
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Figure 4.2, Dissociative electron transfer rates from aromatic anionq~adicals to alkyl halides determined 
by cyclic voltammetry or by pu[se-~adiolysis; (a): iodobutane; (b): l-iodo-l-methylpropane~ 

Solvent N-methylpyrrolidone or dimethylformamide, Data from refs, [3,5], 
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Figure 4,3. Rates of disociative e!ectron transfer from aromatic radical-anions to the peroxide 2 
measured in dirnethytlbrmamide by cyclic voltammetry. Data from ref. [9]. 
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of increasing the observed reaction rate. Thus whereas the underlying electron 
transfer rate profile is parabolic, the overall observed rate profile becomes more 
linear [I I]. Evidence for the existence of some SN2 character in the dissociative 
electron transfer to atkyl halides comes from the reaction of anthracene radical- 
anion with (-)-2-bromooctane. 9-(2-Octyl)-9,10-dihydroanthracene is isolated with 
a low optical rotation, indicating that 8 % of the reaction proceeds with inversion 
of configuration at the 2-octyl centre. In reaction between (+)-2-octyl methanesul- 
phonate and anthracene radical-anion, some 25 % of reaction proceeds via the SN2 
pathway [12]. 

In the case of dissociative electron transfer to aromatic compounds, electron 
transfer is not necessarily concerted with bond dissociation. The substrate 
re-radical-anion may be an intermediate whose existence can be demonstrated by 
fast scan cyclic voltammetry in aprotic solvents. At fast scan rates, reversible elec- 
tron transfer occurs. At slower scan rates, the anodic peak height falls and a second 
reversible electron transfer step appears due to formation of the radical-anion of the 
compound formed by replacement of the substituent by hydrogen. Cleavage of the 

Ar-X + e ~ Ar-X 7 " "  

A,- n ' x ' "  ~" " " - -+  Ar + X 

A r "  + ~1 vent-H -.-* Ar-H + solvent"  

Scheme 4.2. tntermolecular dissociative electron transfer. 

radical-anion leaves an aryl G-radical, which may abstract a hydrogen atom from 
the solvent (Scheme 4.2). Alternatively, this radical may react further by electron 
transtbr, and protonation of the resulting carbanion [I 3]. First order rate constants 
for the intramolecular bond dissociation of radical-anions can be determined up to 
a maximum of about 10 6 S -~ [14]. Values are collected in Table 4.1 for the cleavage 
of aromatic carbon-halogen bonds and in Table 4,2 for the cleavage of aromatic 
carbon-nitrogen bonds in dimethylfbrmamide, tn acetonitrile, cleavage rate con- 
stants are lowered by approximately one order of magnitude [15]. Radical-anion 
lifetimes are prolonged by lowering the temperature [16, 17]. 

Intramolecular dissociative electron transfer in aryl halide radical-anions in- 
volves an interaction between the n-aromatic orbital and the o-type carbon-halogen 
bond. ~ e s e  orbitals are orthogonal, but bending of the carbon-halogen bond al- 
lows the necessary interaction. Qualitatively, the influence of several factors on the 
bond cleavage rate can be discerned [ 18]. 



94 REDUCTIVE BOND CLEAVAGE PROCESSES - I 

(a) For halogeno derivatives with the same aromatic structure, carbon-halogen 
bond cleavage rate increases in the order CI<Br<I with the carbon-fluorine 
bond cleaving much more slowly than the carbon-chlorine bond. Thus the 
larger the carbon-halogen bond strength, the slower the cleavage rate. 

(b) A more negative radical-anion redox potential leads to faster bond cleavage. 
(c) Among structural isomers, faster cleavage rates are found for isomers with the 

halogen attached to a centre of higher free electron density in the radical- 
anions However, a substituent ortho to the halogen group markedly increases 
the rate of bond cleavage over that predicted from the previous generalisation. 

The relationships between rate of cleavage, bond strength and radical-anion re- 
dox potential can be combined in one concept~ In this, cleavage rate is dependent 
on a reaction driving force, defined as the difference between the redox potential of 
the substrate radical-anion and the redox potential of the product anion in equ- 
libfium with the corresponding radical (E ° for bromine ion, bromine radical as an 
example). 

TABLE 4.1 
Unimolecular cleavage of haloaromatic radical-anions 

in dimethylformamide at 25 °C. 

No, Substrate E; / V vs. sce log(kJs -~) ..... Ref. 

1. l-Chloronaphthatene .-2.26 7.2 [19] 
2. 1-Bromonaphthalene -2.19 7.8 [19] 
3. 4-Fluorobenzonitrile ~2.35 1.04 [20] 
4. 4-Chlorobenzonitrile -2.08 8.2 [19] 
5. 4-Chloroacetophenone -1.90 5.5 [19] 
6. 4-Bromoacetophenone -i.84 7.5 [19] 
7. 4-Chlorobenzophenone - 1 ~64 1.6 [21 ] 
8. 4-Bromobe~ophenone -I.63 4.90 [22] 
9. 3-Bromobenzophenone -1.53 2.87 [22] 

10, 4-Bromoninobenzene -0.98 -2.40 [23] 
11, 4-Iodonitrobenzene -I.00 -0,05 [23] 
12. 3-Iodonitrobenzene -0.94 -0.51 [23] 
13. 2-Iodonitrobenzene -0.95 4,90 [23] 
14. 2,6-Dimethyl-4-iodonitrobenzene -1.19 2.40 [23] 
15 3-Nitrobenzyl chloride - 1.04 1.90 [24] 
t 6 4-Nitrobenzyl chloride -1.10 6~60 [24] 

Cleavage of benzyl bonds is faster than cleavage of bonds to the aromatic ring 
because of overlap, in the transition-state, between the ~t-system containing the 
unpaired electron and the stretching o-bond. Compare the reactivity of 4- 
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nitrobe~yl hatides with 4-halonitrober~enes listed in Table 4.1. The benzylic car- 
bon-carbon bond in 1,2-diphenylethanes can also be reductively cleaved. For a 
large number of substituted 1,2 diphenytethanes, a Marcus type parabolic relation- 
ship is fbund between log(k~) and the driving force as defined in the previous para- 
graph [25]. Rate constants for bond cleavage in this series of diphenylethanes 
range in value over 17 powers of ten. 

The effect of ortho-substituents in increasing the bond cleavage rate illustrates 
the importance of bond bending modes in allowing interaction between the 7~*- and 
the c~-g~pe orbitals for development of the transition state for the process. A further 
illustration of the ortho-effect is given by the influence of 2,6-substiments on tile 
rate of nitrogen-carbon bond cleavage (Table 4.2) in the radical-zwitterions derived 
from the I-benzylpyridinium salts 2 [2@ More bulky substituents increase the 
cleavage rate. 

TABLE 4.2 
Effect of 2,6-substituents on the carbon~nitrogen bond cleavage rate in radical- 

zwitterions from 1-benzyl-4-phenylpyridiniums in dimethylformamide at 25 °C. 
Data from ref. [26], 

Compound 2;'R = E ~' / V vs. sce ki)  S 4 • 

Me - 1.27 <0.02 
Et - 1.27 0,48 
Ph -0.99 240 

Ph Ph Ph 

R R R R 
I I 
CHzP h CH~Ph 

Resonance stabilization of the departing radical increases bond cleavage rate. 
This is illustrated by reactions of some thioethers of 4-nitrothiophenol. The radical- 
anion from the diphenylmethyl compound 3 has kl ~ 16.4 s "l at 25 °C [27] com- 
pared to a value ofk~ := 4.1 x 105 s 4 [28 t tbr the triphenylmethyl compound 4. Also 
the 1-alkylpyridinium salt analogues of 2 give stable radical-zwitterions whereas 
the 1 ~allylpyridinium salt analogues show nitrogemcarbon bond cleavage from the 
radical-zwitterion [26]. 



96 ~ D U C T I V E  BOND CLEAVAGE PROCESSES - I 

For some bond cleavage reactions associated with electron transfer to an aro- 
matic n-system, the cleavage rate is so fast that the radical-anion intermediate can- 

P h z C H S ~ ' N O 2  Ph 

3 4 

not be detected by cyclic voltammetry. Here, data for the bimolecular reaction rate 
between a stable radical-anion and the substrate can be obtained by the methods of 
homogeneous electron transfer. The overall reaction is shown in Scheme 4.3. Ex- 
amples include carbon-halogen bond cleavage in chloro and bromo derivatives of 
benzene, naphthalene and pyridine, also a number of benzyl-X bonds. 

Typical experimental results are illustrated in Figure 4.4 for carbon-bromine 
bond cleavage during the homogeneous electron transfer reaction of 2- 
bromopyridine [29]. The graph of log(kt0 vs ,  ED ° shows two linear regions of dif- 
fering slope. This results from the existence of an extremely short-lived substrate 

Ar + e ~ AO ' "  ( I )  

Ar q ' -  + Ar--X ~ Ar + ArT"X (2) 

A~q-'x - *  A¢ + x -  (3) 

Scheme 4,3, lntermolecular elecmm transfer driven by fast bond cleavage, 

radical-anion [30, 31 ] and the potential energy diagram for the overall reaction can 
be illustrated in Figure 4.5(a). The flee energy of activation, AG~ *, for bond cleav- 
age reaction 3 in Scheme 43, is independent of the electron donor, However, the 
free energy of activation, AG.2 ;, for back electron transfer, reverse step of reaction 
2 in Scheme 4,3, does depend on the aromatic acceptor. For less negative values of 
Eo" in Figure 4,4, AG3 ++ > AG.2 * and electron transfer becomes a pre-equilibrium to 
the bond dissociation process. The slope of the graph becomes FLRT. For more 
negative values of ED °, AG.2; > AG3 ++ and electron transfer is coupled to bond disso- 
ciation so that the slope of the graph in Figure 4.4 becomes ~F/RT where the value 
o f ~  is typically 0,5 or less. 

When the molecule has an especially weak bond together with a higher energy 
=*-orbital, the potential energy scheme for bond dissociation can resemble Figure 
4.5(b). The approaching radicabanion electron donor interacts directly with the 
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Figure 4.4. Homogeneous etectrocatatytic reduction of 2-bromopyridine in dimethylformamide. For- 

ward electron transfer rate constant vs, staT~dard potential of the aromatic radical-anion donor. Data from 
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X" 

Figure 4.5, Potential energy diagrams for the homogeneous electron transfer reaction between an 

aromatic radical-anion and a second aromatic with a fi angible R-X bond (a) The situation where 

back electron transfer and bond cleavage have similar l}ee energy, of activation. (b) The situation 

where the RX radical-anion has high energy and the R-X bond has Iow dissociation energy~ 
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dissociating o-bond and the substrate 7r*-orbital is not involved m reaction, "Iqle 
mechanism has become identical to that described in Figure 4.1. 

Homogeneous reductive cleavage of the sulphur-sulphur bond in some diphenyl 
disulphides by electron transfer from added radical-anions in the solution illustrate 
points from the two previous paragraphs [32]. Rate data for two diphenyl disul- 
phides are given in Figure 4.6. The variation in electron transfer rate with electron 
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0 

(b) 

" 5  . . . . . . .  : -" : z : "- _~ z 
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D 

Figure 4.6. Homogeneous dissociative etcc{ron transfer reaction between aromatic 

radical-anions and (a) diX4-cyanophenyl) distdphide (b) diphenyt disulphide in di- 

meihyIlbrmamide, Da'~a from ref, [31 ]~ 

donor redox potential for di-(4-cyanophenyl) disulphide shows two kinetic regions 
as file relative values of &G.z ~ and AQ ~, for reactions in Scheme 4~3, change. The 
corresponding dissociative electron transfer with diphenyl disulphide shows only 
one kinetic regime associated with the potential energy diagram of Figure 4,5(b), 

Reduction of Alkyt and Benzyl Halides 

Reduction of alkyl and bewyl halides proceeds in two one-electron addition 
steps. The first detectable product is the alkyl or benzyl radical and this is reduced 
further to the carbanion, Some alkyl iodides show two polarographic waves corre- 
sponding to the two steps. Alkyt bromides show only one two-electron wave and 
alkyl chlorides are not reducible in the available potential window~ Bei~zyl halides 
also show only one wave and benzyl chlorides are reducible in the available poten- 
tial range. Reduction potentials measured in dimethylfbrmamide are collected in 
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Table 4.3. They vary with the electrode material and with the tetraalkylamanonium 
cation used. Early workers used mercury electrodes but mercury may be involved 
in the overall reaction. Glassy carbon is generally favoured as the electrode mate- 
riaL Reproducibility of data depends critically on methods used for cleaning the 
glassy carbon surface [33]. 

TABLE 4,3 
Reduction potentials for alkyl and benzyl halides measured by cyclic voltarmnetry 

at 0.1 or 0.2 V s ~ with a glassy carbon electrode in dimethytformamide. 

Substrate Electrolyte Ep / V vs. sce n for first Ref. 
wave 

l-Iododecane a Me4C104 -1.69 -2.22 1.0 [34] 
1-lodopentane Me4NC104 -Z 18 [35] 
1-Iodobutane Bu4NBF4 -2.33 2.3 [3] 
1-Bromopentane MeaNC104 -Z66 [35] 
l-Bromobutane Bu4NC1Q -2.85 2.2 [36] 
2-Iodooctane" Bu4NC104 - 1.96, -2.42 1.0 [37] 
2-1odobutane Bu4NBF4 -2.05, -2.50 1.2 [3] 
2-Bromooctane" Me4NC104 ~224 -2.67 1.2 [37] 
2-Bromobutane Bu4NBF4 -2.63 2.0 [3] 
2 - M e t h y l - 2 ~ i o d o p r o p a n e  B u 4 N B F  4 - 1.9t, -2.62 1.2 [3] 
1-1odonorbornane Bu4NCtO4 -Z22 1.8 [38] 
1-Iodoadamantane Bu4NCIQ -2.09 1.92 [39] 
2-Bromo-2-methylpropane Bu4NBF4 -2.51 1.9 [3] 
1-Bromonorbornane B u 4 N C 1 0 4  -2.79 1.8 [38] 
Benzyl bromide Bu4NBF4 ~1.71 2.0 [24] 
Benzyl chloride Bu4NBF4 -2.21 2.0 [24] 

Footnote: (a) ttalf-wave potential from pulse polarography at a mercury electrode 

The reduction potential for an alkyl or benzyl radical, relative to that of the car- 
bon-halogen bond from which it is derived, is important in determining the isolated 
products. Products are derived either by radical or by cafbm-aion chemistry, q~e 
half-wave potential tbr the second polarographic wave of alkyl halides is con- 
nected with reduction of the radical. Sophisticated methods have been devised for 
deducing radical reduction potentials in cases where this second wave is not seen. 
Values are collected in Table 4.4. 

One approach to this problem [40, 41 ] generates the alkyl radicals by homoge- 
neous electron transf?r to an alky! halide from an aromatic radical anion. "lqaese 
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radicals can either interact with a second radical-anion by carbon-carbon bond 
formation or be reduced by electron transfer, Competition ratios for the two reac- 
tions are derived by careful analysis of reaction products. Results from the reaction 
with a series of radical-anions of increasingly negative redox potential correspond 
to a redox titration of the alkyl radical from which the standard potential for the 
radical carbanion couple can be derive& 

Benzyl radicals are generated, for polarographic investigation, by a photochemi- 
cal route. Oxygen radicals are first generated by photolysis of di-tert-buVyl perox- 
ide and allowed to abstract a hydrogen atom from the appropriate toluene. Sinusoi- 
dal modulation of the light source generates a modulated concentration of radicals, 
Polarography at a gold mini-grid electrode, with phase sensitive amplification, then 
allows detection of the radicals even at very low concentrations. The signal is 
transformed into a conventional polarogram from which half-wave potentials are 
derived [42]. 

TABLE 4.4 
Reduction potentials for aliphatic radicals 

Radical substrate E / V vs, sce Method Ref. 

Methyl ~1.19 (a) [41] 
Primary radicals -1.57 to --1.62 (a) [40] 
Dodec~ 1-yI -2.12 (b) [34 ] 
Secondary radicals -1.68 to -I,72 (a) [40] 
But-2-yt -2.50 (c) [36] 
Tertiary radicaIs - 1.77 (a) [40] 
2~Methylprop-2-yl -2,62 (c) [36] 
l-Adamantyt -t,8t (a) [4 I] 
Benzyl -1.43 (d) [43] 
4-Methylbenzyl ~ 1.62 (d) [43 ] 
4-Chlorobenzyl - 1.40 (d) [43] 
PhaCH -1.47 (d) [44] 
PhC(CH3)2 -2.10 (d) [44] 

Methods used: 
(a) E ° values based on a redox titration with aromatic radical-anions 

in dirnethylformamide, 
(b) E,/, value from pulse polarography at a mercury electrode in di- 

methylformamide~ 
(c) Ep values from voltammetry at a glassy carbon electrode in di- 

methylformarnide, sweep rate 0.1 or 0.2 V s °1 
(d) E~ values from polarography at a gold grid in acetonitrile. 
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Atkyl radicals are planar while carbanions are pyramidal so reduction of radicals 
requires considerable reorganisation energy and the polarographic half-wave po- 
tentials are more negative than the standard redox potential. B e r y l  radicah and 
benzyl carbanions are both planar so reduction of these radicals involves less reor- 
ganisation energy and their polarographic half-wave potentials are believed to be 
close to the standard reduction potential. 

For primary atkyl iodides, the potentials of the two one-electron processes are 
close and under some conditions the two polarographic waves partially merge. 
Preparative scale reduction at a potential close to the foot of the polarographic 
wave yields products derived from the alkyt radical. The radical will attack a mer- 
cury cathode to generate a layer of RHg radicals which disproportionate to give the 
dialkylrnercu~¢. 1-Iododecane gives 100 % yield of didecylmercury at a merc-mry 
cathode. In the presence of N-methylformamide, substantial amounts of N-met, hyl- 
N-decyl-formamide are foiTned in a further radical reaction [45]. At the plateau of 
the polarographic wave, decane and decene are formed due to reduction of the 
radical to the carbanion. Decene is produced from the iodo compound in an elimi- 
nation reaction by attack of the carbanion. Addition of 1,1,1,3,3,3-hexafluoro- 
propan-2-ol or diethyl matonate as a proton source suppresses such elimination 
reactions [46]. Reduction of c~-iodo-0~-hydroxyalkanes leads to coupling of elec- 
trochemically generated primary radicals. The process has been developed as a 
route to et,o~-alkanediols [47]. Reduction of l-bromodecane, at any potential, yields 
decane and some 1-decene. The intermediate alkyl radical is reduced to the car- 
banion at the potential needed for reaction of the carbon-bromine bond [45]. 

For secondary' alkyl iodides, the two one-electron potarographic waves are more 
separated. Reduction of 2-iodooctanc at the potential of the first wave affords the 
dialkylmercury and 7,8-dimethyl~tetradecane by reactions of the sec-octyl radical. 
At the potential of the second wave only octane and octenes are isolated [37]. 2- 
Bromooctane shows only one polarographic wave and yields octane and octene on 
reduction at any potential [37]. Radicals generated by reduction of primary and 
secondaw iodoalkanes will react with other cathode materials including tin, lead 
and thallium to form metal alkyts [48, 49]. 

tert.Butyl bromide and iodide show two one-electron polarographic waves at 
mercury. Reduction at the potential of the first wave yields an equimolar mixture 
of isobutane and isobutylene by disproportionation of the first formed tert-butyl 
radicals. A small amount of 2,2,3,3-tetramethylbutane is also f~'med by radical 
dimerization. Carbanions are not involved in the reaction because addition of water 
as a proton source does not suppress the formation of isobutylene. Reduction at the 
potential of the second wave gives principally isobutane [50]. Reduction of bridge- 
head tert-alkyl hatides such as l-iodonorbomane gives the corresponding cycloal- 
kane and only traces of mercu D, compounds can be detected [38]. The bridgehead 
position is here constrained in a pyramidal shape, which causes the radical reduc- 
tion potential to be close to the potential for carbon-iodine bond cleavage. 
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Radical intermediates are also trapped by intramolecular reaction with an alkene 
or alkyne bond. At a mercury cathode this process competes with formation of the 
dialkylmercury [51]. At a reticulated vitreous carbon cathode, this intramolecular 
cyclization of radicals generated by reduction of iodo compounds is an important 
process~ Reduction of 1-iododec-5-yne 5 at vitreous carbon gives the cyclopentane 

C4HgC~C(CHz),~CH=CH 2 + C4Hd3~C(CH2~CH~ 

t 9 %  11% 

+5  
• C , ~ C ( C H g , "  

glassy C, - 2.1 V vs. m e  

C4HgO-"~C(OH2)4| Me2NCH O ,.,~.. ,,..,~.~,=4NC]t~ 4 C4He~O(OH2); 
/ 

soivent-H 

6, yield 46 % 

product 6 in 46 % yield. At more negative potentials, further reduction of the radi- 
cal is faster than cyclization so that reduction of 1-bromodec-5-yne at -2.6 V v s .  

sce yields only dec-5~yne and dec-1-en~5-yne [46]. 
Primary and secondary chloroalkanes are generally not reducible within the 

available potential window, The exceptions to this rule involve some degree of 
neighbouring group participation, Reduction of 6-chloro-l-phenylhexyne involves 

Ph 

Q Hg,-2 5 V vs. sce 

CHaCHO, BuaNCIO4 

Ref, [52] 

7, yield 8t % 

initial attachment of an electron to the ~*-ofbital of the benzene ring, Intramolecu- 
lar electron transfer with carbon-halogen bond cleavage then occurs and the alkyl 
radical is formed in solution away from the electrode surface where it is unable to 
react with mercury, Intramolecular cyclization leads to fne final product 7 in 81% 
yield [52]. Reduction of the 6-bromo and 6-iodo analogues involves electron addi- 
tion directly to the carbon-halogen bond and the tbrmation of mercury compounds 
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PhC(CH3)~ 94 % 

~r4 Hg, -2A V vs. sce -" + 
PhC~CH2Cl -" CH3 H 

[ Me2NCHO, Bu4NTos CH,,,2"-----~'.H~ PhCH2CH(CH~)~ 6 % 
CH~ 9 

75 % yield hydrocarbons 

as well as the cyclization product [51]. Reduction of the chloro compound 8 must 
also involve the n-orbitals of the adjacent benzene ring. One of the products is the 
rearranged hydrocarbon 9, which points to the involvement of radicals as interme- 
diates [53]. 

Electrochemically generated carbanions are trapped by an adjacent carbonyl 
function in the presence of chtorotrimethylsilane. Subsequent reactions can lead to 
a ring enlargement process, for example the conversion of 10 to 11, which has been 
demonstrated for 5, 6, 7 and 12 membered ring substrates m 62-76 % yields [54]. 

O 
O Me~Si O,,.x,,, q 

KJ~CH2Br  Pb ~thode f -'-L 
. . . . . . . . . .  " I I "CO~Et 

L,,,,~J Me2N~ ,  Et4NTos "~v , /  
~ t  

Me3SiCl 

base 

10 !1 

Reduction of allyI bromides and iodides at vitreous carbon in an aprotic solvent 
generally gives good yields of the dimer. This product arises by rapid substitution 
by the allyl carbanion, formed in an overall two-electron reaction, onto a second 
molecule of allyl halide [55, 56]. 

PhCH=CHCH~r 
C, -1.3 V vs. sce 
.................. ~ PhCH=CA'~H2 

CH3CN, Bu4N~O4 j 

+ P h C H = C ~ r  

PhCH=CHGHz- )2 

Ref,[561 

In the cases of a series of allyl chlorides derived from the antibiotic cephalospo- 
riaa, reduction leads to a delocalised carbanion, which is protonated on the ester 
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carbonyl oxygen, Enol to keto tautomerism then leads to the 3-methylenecepham 

R'CON~H S 
o ~ N ~ . .  Pb cathode 

CH~CI tetrahydrofuran, 
LiClO4, NH4CIO4 co# 

R'CON%.,,.. S 

0 H'/~ N~ : ~ C H 2  
002R 

12 

12 in 87 % yield [57]. 
Benzyl radicals have a reduction potential only slightly more negative than the 

reduction potential of the corresponding benzyl bromide. At a mercury cathode in 

H H 
Hg cathode I ~ 

PhCHBrCH3 ~ PhCH2CH~ + Ph--C--C~Ph 
Me2NCHO' Et4NBF4 1 I 

Me Me 

potentia! -0.9Vvs.~ yield 17,6% 
-1,7Vvs ~ yield 100% 

80 % 
Ref. [591 

acetonitrile, benzyl bromide gives dibenzylmercury at the foot of £he polarographic 
wave and toluene at the plateau of the wave [58]. l-Bromoq-phenylethane shows 
a related variation in reaction products with cathode potential [59]. Similarly, in the 
reaction of benzyl bromide at a mercury cathode using methanol as solvent, the 
radical products, bibenzyl and dibenzylmercury, are favoured at less negative cath- 
ode potentials. Electron withdrawing substituents such as para-nitro favour biben- 
zyl tbrmation [60]. Radical dimerization is the usual reaction pathway for reduc- 
tion ofbenzyl halides at a vitreous carbon cathode [61, 62]. 

CHBrCO2Et 
Et02C, c~ )~ 

C, -l,8 V vs, sce, C ~  

Me2NCHO, Et4NCIO4 

yield 90 %, n~so + (+_) 

Ref. [6t i 

Benzhydryl chloride and bromide are both reduced at a more negative potential 
than that required for reduction of the benzhydryl radical. Reduction in dimethyl- 
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formamide at vitreous carbon gives both diphenylmethane and tetraphenylethane. 
The latter arises from an S:~2 reaction between diphenylmethyl carbanion and the 
substrate. Addition of diethyl matonate as a proton source suppresses the formation 
of tetraphenylethane [63]. 

Benzyl and allyl chlorides undergo reactions characteristic of the carbanion after 
reduction in dimethylformamide in an undivided cell with a consumable magne- 
sium anode. The cathode material is not critical. Glassy carbon, nickel and stain- 
less steel have been used. Reaction with acid anhydrides give a ketone [64] while 
reaction with ketones gives the tertiaE~, alcohol [65]. Magnesium ions generated at 
the anode have a stabitising effect on the carbanion intermediates but a true Grig- 
nard reagent is not formed and electricity is required for the reaction. 

Reduction of chiral alkyl halides leads to hydrocarbons that are largely race- 
mised. Examples are reactions of 6-chtoro~2,6-dimethyloct~ne [66] and 1-deuterio- 
l-bromo-1-phenylethane [59]. Reduction of these halides in both protic and aprotic 
solvents leads to replacement of halogen by hydrogen with a low degree of inver- 
sion of configuration in the presence of terraalkytarmnmnium salts. Reduction of 
the 1-phenylethyl bromide in presence of lithium salts shows a low degree of re- 
tention of configuration. Asymmetry is partly retained by the carbanion intermedi- 
ate, which forms a tight ion pair with the counter cation. The tetraalkylammonium 
ion shields one face of the carbanion and so directs protonation towards inversion 
of configuration. Where lithium ion is also co-ordinated to water as a proton 
source, this gives the hydrocarbon by retention of configuration, 

Cyclopropyl carbanions are capable of maintaining their configuration whereas 
the o-radical has been shown to reach iv, version equlibrium with a rate constant of 
101~ s L. The cyclopropyl bromide 13, and the corresponding iodide, are reduced in 
a single two-electron polarographic wave and the S(+)-isomer yields the R(-)- 
hydrocarbon with 26% enantiomeric excess [67,68]. Such a substantial retention 
of configuration during reduction of the carbon-bromine bond indicates a very fast 
second electron transfer process, Results from reduction of the cyclopropyl bro- 

Ph. ,,CH~ ph.~k__~,CH ~ 

CH3CN, Bu4NBF4 

13 26 % e.e. 

H 

H 

14 15 



106 REDUCTIVE BOND CLEAVAGE PROCESSES - I 

mide 14, however, are less easy to interpret. The degree of retention, or inversion 
depends on the reduction potential and on the cation of the electrolyte. Tetraalkyl- 
ammonium cations always favour inversion of configuration while ammonium 
cations favour retention. Sodium cations give increasing retention at more negative 
reduction potentials [691, 

Reduction of geminaI dibromocyclopropenes of the type 15 gives the endo- 
monobromo compound preferentially. In solvents containing a good proton donor, 
selectivity rises to 100% in favour of the endo-product [70]. The behaviour sug- 
gests that the bromocyclopropyl radical intermediates exist with a preference for- 
exo arrangement of the radical centre, which is then reduced and protonated on the 
exo-side. 

Reactions of the TrichIoromett~vl G~vup 

The trichloromethyl group is strongly electron withdrawing and consequently 
the group is reducible within the accessible potential range. Addition of an electron 
results in carbon-chlorine bond fission and further reduction of the carbon radical 
to the caf•anion. Further reaction takes several courses depending on the experi- 
mental conditions. Mercury is a frequently used cathode material even though it is 
known that mercury compounds can be formed during the reaction, Glassy carbon 
or carbon-felt are more satisfhctoD' cathode materials for these processes. In the 
presence of  an acid, the carbanion is protonated [71, 721, 

/NH2 Fig, -1.35 V vs, sc~ /NH2 
C13CCH~CH ) CI2HCC;'-12CH 

"'COzH 75 % dioxan, Et4NCt \C~2H 

Electrochemical reduction in aqueous acid is useful in the treatment of waste 
liquors obtained from the formation of chloroacetic acid by chlorination of acetic 
acid, The liquors contain further chlorination products, These are reduced in an 
undivided cell at a magnetite cathode and a carbon anode to give excellent conver- 
sion to monochloroacetic acid [73]. 

In aprotic solvents, the carbanions, generated by reduction of carbon tetrachlo- 
ride or ethyl triehloroacetate at mercury, can be trapped by reaction with an added 
carbow1 compound [74 t. This reaction has been developed as a useful step in 
synthesis, Cathodic reduction of a system containing a catalytic amount of carbon 
tetrachloride, excess chloroIbrm and an aldehyde leads to an effective ionic chain 
reaction sustained by trichlom~ethyl carbanions as indicated in Scheme 4.4, A car- 
bon-felt cathode is used with dimethylformamide as solvent [75]. Aldehydes react 
with cmTent efficiency of 700 %, which indicates a short chain reaction. Ketones 
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react only slowly with the carbanion and are not suitable substrates. The related 

C cathode 
CO~ -~ C!3C" + 0- 

Me2NCHO, Et4NTos 

R C ~  + CtaC- -~ RCHCCt3 CHCJ3 
I I ~ RCHCCI~ + c13C" 

t I 
O" OH 

Scheme 4.4. Electrochemically induced ionic chain reaction between aldehydes and chlorofbrm. 

reaction with methyl trichlomacetate and methyl dichloroacetate is also effective 
with aldehyde substrates [76]. In this process, addition to co-branched aldehydes 
always shows excellent stereoselectivity where Cram's rule defines the preferred 
mode of attack of the carbanion. One example is given below. 

Me 

MeN 7. H,,,-.C.I I =C° e 
CHCHO + CIzuCO~Me ' } 

Et/ Et/ ~ "OH 
Ref: [76t 

In the absence of a proton donor, the alkoxide ion generated by carbanion addi- 
tion to the carbonyl function can interact with a carbon-halogen bond in the SN2 
displacement reaction, Reactions of this type have led to some novel carbon chain 
forming processes, Ketones are converted to homologated enones in good yield by 

Hg, -1.5 V vs. ~ MeCOC,%CH3 
PhCCI2 ' PhCCI3 Me2NCHO, LiCIO4 

O O 
ph. ,~ l -~ f  " ~  + p h / U ~  "~'- 

total yield 48 % 

CI O" 
I I 

P h C ~  C~CH2CH~ 

Re£ [77 t 

1 
O 

Ph cI~i~2 Hf;Pb 
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cathodic addition of followed by internal substitution and solvoIysis reactions [77]. 
3,3-Dichlorotetrahydrofiarans are obtained by reductive addition of brornotrichlo- 
roalkanes 16 to carbonyl groups, followed by an internal substitution step [78]. 

R R -% CI3C__. [  Hg, -I .7 V vs. soe (7t2(3 "F :- Br 
Br Me2NCHO, LiCIO4 

R' R' 

16 

l +  C@%CHO 

CI R 

H, C BF 
R' CzH,s / O" R' 

Ref, [781 

yie)d 40 % 

When no electrophile is present, reduction of carbon tetrachloride leads to di- 
chlorocarbene by elimination of chloride ion from the trichloromethyl carbanion 
intemtediate. Dichloromethane is the best solvent for this process [79], The car- 
bene is trapped by reaction with an alkene to form a dichIorocyclopropane (Table 
4.5). Reduction of dibromodifluoromethane in the same solvent is a route to the 
difluorocarbene intermediate [80], 

TABLE 4.5 
Yields of  dichlorocyclopropanes from reaction of alkenes with dichloro- 
carbene generated at a lead cathode in dichloromethane containing te~a- 

butylammonium bromide Ref, [79]. 

Alkene Yield of dichlorocyclo- 
propane / % 

Me2C=CHMe 80 
PhCH=CHz 65 

PhCH2CH=CH2 67 
Me2C=CMe2 82 
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Carbenes are generated during reduction of 1,1-diaryl-l,l-dihaloethenes 17 
the presence of lithium ions and conditions of high current density. Rearrangement 
of  the cafl~ene yields the diarylacetylene [81 ]. When 3 to 5 % water is present in 

Ph CI Hg, -t .95 V vs. sce P h , ~ c ,  CI - CI - Ph  

Me2NCHO, LiBr Ph" ~ Ph" 

1 +H÷ 1 [81] 17 Re£ 

Ph2C._~_.C, H P h ~ C P h  

the electrolyte, protonation of the intermediate carbanion occurs before elimination 
to give the carbene. The only product under the latter conditions is the 1, l-diap¢l-2- 
chloroethene, 

Reduction of  diphenyttrichloroethanes 18 in ethanol and sulphuric acid gives the 
dichloro compound at room temperature by protonation of the dichlorocarbanion 
intermediate. At the boiling point of the solution, an acetylene is formed in good 
yield [82, 83]. In the latter reaction, a chlorocarbene intemaediate dimerises and the 
reductive elimination of the vicinal chlorine atoms forms the alkyne group (see p. 
115), A side product is the stitbene. This arises by solvolysis of the substrate to 
form diphenyldichloroethene and then reduction of this intermediate, as described 
in the previous paragraph, to give diphenylethyne, Under the reaction conditions, 

Pb cathode 
P h i 3  * 

18 EtOH, H2SO4 

+2e 

+ 2e + 2t-t* 
P h ~ C P h  ) 

+ H* 
Ph~C.HCCI~ ~ Ph2CHCHCl2 

- CI'[ Cl 
/ 

Ph~CHO 

Ph,, H 
H,C~-C, ph 

Ph2CH" C[ 

CI CHPh 2 

J + 2e 

Ph2CH~C-CHPh 2 

Ref. is2] 

this ethyne is reduced to stilbene. 
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Electrochemically induced Wittig reactions can be achieved by reduction of tri- 
chloromethylphosphoras compounds in the presence of carbonyl compounds. Car- 
bon-felt or glassy carbon are the best cathode materials to use, although many of 
the early experiments used mercury. Trichloromethylphosphonates give only mod- 
est yields of the alkene from reaction with an aldehyde in the Wittig-Horner proc- 
ess at a mercury cathode [84, 85]. Better yields are obtained in an undivided cell 
with a carbon-felt cathode and a sacrificial aluminium anode [86], The best yields 
are obtained in a Wittig reaction between the phosphonium salt 19 and an aldehyde 
(see Table 4,6), Ketones give negligible yields, The process can be operated in 
acetonitrile in a divided cell with a carbon-felt cathode or in an undivided cell with 
a sacrificial aluminium anode [87]. 

TABLE 4.6 
Yields of alkenes from the electrochemical Wittig reaction 

between phosphonium salt 19 and aldehydes from Ref. [87]. 

Aldehyde Yield of alkene / % 

Benzaldehyde 83 
Pyridine-3-aldehyde 75 
Thiophene~2-atdehyde 73 
Cirmamaldehyde 86 
Hexanal 75 
Phenylethanal 63 
Cyclopropanaldehyde 50 

C, ~1.3 V vs. ~ e  P h ~  
(Me~NhPCCI~ p (Me~NhP=CCI= . . . . . . .  p PhCH=CCI2 

CHaCN, Et4NBr + 

19 (Me~N)~PO 

Reductive Cyclization qf a, (~ Dihaloalkanes 

The formation of cyclopropane by reduction of 1,3-dibromopropane was dis- 
covered in 1887. Dissolving metals, in particular zinc dust in ethanol, were em- 
ployed as an electron source [88]. Electrochemical reduction in dimethyl- 
formamide at a mercury cathode has been tbund to give good yields of 
cyclopropane [89, 90]. 1,3~dibromo, 1,3-diiodo and 1-chloro-3-iodopropane all 
give greater than 90 % yield of cyclopropane, the other product being propene. 
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Since chloroatkanes are not reduced at the cathode potential used, it is concluded 
that these reactions involve generation of a carbanion by dissociative electron 
transfer to the most easily reduced carbon-halogen bond followed by SN2 attack of 
this carbanion on the second carbon-halogen bond [9 I]. 

Cyclopropane ring formation under electron transfer conditions shows no 
stereoselectivity. Reduction in dimethylformamide of pure meso- or (_+)-2,4- 
dibromopentene gives the same mixture of cis- and trans-l,2-dimethylcyclo- 
pentane [92]. Cis- and trans-l,3-dibromocyclohexane are both satisfactory sub~ 
strates for formation of bicyclo[3.1.0]hexane and either isomer of 1,3- 
dibromocyclopentane affords bicyclo[2.1.0]pentane [93]. Endo-2,endo-6- 
dibromobomane 16 gives a mixture of tricyclene and bornane on electrochemical 

Br. 3r cathode 
EtOH, Pr4NCIO4 

16 

reduction m either ethanol or dimethylformamide [94] and endo-2-Bromobornane 
is an intermediate in the formation of bornane. 

Most of the cyclopropane ring forming reactions can be accommodated in the 
mechanism that involves a carbanion in SN2 displacement of the second halogen 
atom. An exception is the reactions of 2,6-dibromobornane, which cannot accom- 
modate the transition state stereochemistry necessary for an intramolecular SN2 
displacement. Also, the original preparation of cyctopropane in good yield by dis- 
solving metals fi~ a protic solvent is unlikely to involve carbanions. When the re- 
acting orbitals are parallel, addition of the second electron and carbon-carbon bond 
fbrmation are likely to be synchronous, tf these orbitals are not aligned, reduction 
leads to a diradical after which the carbomcarbon bond is tbrmed. 

Cyclopropane ring fomlation has been achieved by electrochemical reduction of 
the nucleoside derivative 17 [95]. Very highly strained cyclopropanes 18 [90] and 

0 0 

0 Hg, q,15Vvs, sce 
N 

IC~ b~'~OJ Me2NCHO~I 0~C Et4NT°s Hj,.,~, 

17 
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19 [96] are formed from the appropriate dibromide. [3.1.1]Propellane 19 can be 

Br 

Br 

18 19 

isolated but other propetlanes are formed by the electrochemical process are too 
unstable for isolation. Thus, reduction of the dibromide 20 at a mercury cathode is 

BF 

20 

Br Ci 

Br 

21 

a three-electron proces and di-norbomylmercury is isolated [97]. ttere the propel- 
lane is forrned in a two-electron process but is reduced further in a one-electron 
process to the norbornyl radical, which reacts with mercury. [2.2.2]Propellane 21 
exists in solution at -25 °C but cannot be isolated. It was detected by reaction with 
chlorine to give a dichloro derivative with ring opening [98]. 

Electrochemical reduction of a,cd-dibromoketones affords the unstable cyclo- 
propanone, which is in equlibrium with the dipolar intermediate 22. The cyclopro- 
panone hemiacetal is isolated in yields of 40 - 85 % from reaction in acetonin'ile 
and methanol at -~20 °C [99]. The dipolar fbrm can be trapped in a cycloaddition 
process with furan [100]. Reaction with acetic acid leads to the c~-acetoxy- 
ketone.[101 ]. Unstable three membered heterocyclic rings are intermediate in the 
reduction of  sulphur and phosphorus linked dibromo compounds 23. In these reac- 
tions, the heteroatom is extruded leaving cis- and trans.stitbenes as the isolated 
products [102, 103]. 

The dimethanesutphonates of l~3-diols also give cyctopropanes on reduction at 
a lead cathode in dimethyltbrmamide [ 104]. The reaction involves reduction of one 
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substituent to the carbanion level followed by nucleophilic substitution on the re- 

O 

Br Br 

Re£ [100, 1011 

~ 2 

Hg cathode 

CH3CN, Bu4NBF4 

HO OMe 

////•4eOH 
O 

,, ib 

O 

O -  

OAc 

/ 
22 

~ furan 

r ~r Hg cathode ; 

PhCH-X--CHPh Me2NCHO, Et4NBr 

23 

X = S, SO, SO~ or PO~Me 

Ph,~a.f X ,.~_..Ph 

PhCH=CHPh 

ReE[102. I03] 

+ X  

maining methanesutphonyl group to foma a three-membered ring. 

Pb,-2.5 V vs. see PhCH'~ ...i 1 
l ,  2 % /  

Me2NCHO, Et4NTos PhCH~ --4 

yield 71% 

OSO2Me 

RCHzOSO2Me Pb, -2.5 V v& see [ ~  
; R 

Me2NCHO, Et4NTos 

yield 55 % 

Cyclobutanes and cyclopentanes are tbrmed in low yields by electrochemical 
reduction of the appropriate cx,0)-dibmmoalkane in dimethylfomlamide 1,4- 
Dibromobutane affords 29 % cyclobutane along with butane and butene at a vitre- 
ous carbon cathode. Addition of t,l,l~3,3,3~hexafluoropropan-2-ol as a proton 
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source suppresses the formation of butene and leaves the yield of cyclobutane aI- 
most unchanged [105]. Similarly, reduction of 1,5-dibromopentane affords 28 % 
cyclopentane and the yield is not suppressed on addition of  hexafluoroisopropanol 
as a proton source [106]. 1,6-Dihalohexanes afford less than 5 % of cyclohexane at 
a vitreous carbon cathode [107]. The cyclization step in these reactions is believed 
to be an SN2 displacement of the remaining carbon-bromine bond by a carbanion 
formed in the initial reductive bond cleavage step, Cyclization must be very fast so 
as m avoid protonation of the carbanion intermediate. 

Reduction of a carbon-bromine bond adjacent to a carbonyl or nitrile function 

A 
Br C cathode (" "/ 
t 'W-- 

BrCA't2CH2CH2CH2--? -CN tet~ hydrofu ran CN 
R B u 4 N C [ O 4  R 

R = H or Me Ref. [t08] 

generates the resonance-stabilised carbanion in an overall two-electron process. 
Cyclization of these intermediates by an SN2 reaction on a second carbon bromine 
bond gives small to medium sized ring in good yield (Table 4,7) [108, 109], The 
dug closure process with stereoisomers of the substrates 24 is not stereospecific. 

TABLE 4.7 
Formation of cycloalkane-1,2~dicarboxylate esters by reduction of 

dibromoatkanedicarboxylate esters at a platinum cathode in tetrahy- 
drofuran. Data from ref. [109] 

Substrate 24, Yield of cycloalkane 
n = / %  

3 60 
4 32 
5 52 
6 60 
7 20 

/CHBrCO2Me 

(CH,)n-2 
NNCHBK~O~Me 

24 

Pt cathode 
. . . . .  lk 
tetrahydrofuran 
Et4NClO4 

/CHCO~Me 

(CH2)n.~ 
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Alkenes fi~om 1,2-Dibromides and Related Compounds 

Reductive elimination from 1,2-dibromides generates the alkene in excellent 
yields. Confomaationally rigid, periplanar trans-diaxial, also staggered trans- 
diequatorial, cyclohexane dibromides all afford the alkene at a mercury cathode 
[110]. In the bicyclo[2,2,2]octane series~ the trans-2,3-dibromide forms the alkene 
on dissolving metal reduction I l l  l]. The rigid cis-periplanar 1,2 dforomobicy- 
clo[2,2,1]heptane, at a mercury cathode, also gives the strained alkene which can 
be trapped as a furan adduct [112]. 

TABLE 4.8 
Polarographic half-wave potentials for the reduction of vic-dibromides at mercuus 

in dimethylformamide with a tetraalkylammonium salt electrolyte. 

Substrate E,/~ / V vs. sce Ref, 

1,2-Dibromoethane - 1.67 [ 113 ] 
1,2-Dibromopentane -1.63 [113] 
meso,4,5-Dibromooctane - 157 [ 113] 
(_+)-4,5-Dibromooctane - 1.69 [ 113] 
#~ns- 1,2-Dibromocyctohexane - 1 ~51 [ 113] 
25 -1.30 ~ [114] 
26 -Z l l "  [114] 
27 -1.72 ~ [I 14] 
28 -1,77 a [114] 

Footnote: (a) Correction to sce of ~0,44 
difference in E.;,.; values of 
and [114], 

V was applied, being the average 
substrates common to refs, [113] 

Polarographic half-wave potentials (Table 4.8) for the reduction of 1,2- 
dibrornides are sensitive to the relative stereochemistry of the halide substituents 

But ~../..~.~/.~ Br Br Br 

Br ~r 
25 26 27 28 

[113, 114]. Compounds with a trans-periplanar arrangement, as in 25, are reduced 
at less negative potentials, a cis-periplanar arrangement is reduced at slightly more 
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negative potentials while the staggered arrangement as in compound 26 is reduced 
only at considerably more negative potentials, Evidence indicates that this elimi- 
nation reaction involves a stepwise, non-concerted, cleavage of two carbon- 
bromine bonds. The differences in half-wave potentials are due to an influence of 
bond orientation on the rate of the fu'st one-electron reaction. The carbon radical 
formed at this stage is stabilised when in a sp 2 orbital periplanar with the remaining 
carbon-bromine bond. 

In general, trans-l,2-dibromocyclohexanes show a single irreversible reduction 
wave on cyclic voltammetry at room temperature, due to reaction of the diaxial 
conformer. Equlibration is fast enough to maintain a supply of this conformer at 
the electrode surface. As the temperature is lowered, a second reduction process at 
more negative potentials becomes evident in cyclic voltamxnetry, due to reduction 
of the diequatorial conformer. Equlibration between the two conformers becomes 
slower at lower temperatures and some of the diequatorial conformer survives to be 
reduced at the electrode surface. The cyctohexene is the only product from either 
conformer. At sufficiently low temperatures, around -80 ° C, and high scan rates, 
the relative peak heights no longer change [115]. Under these conditions, the rela- 
tive peak heights in cyclic voltanunetry represent the equl ibr i~  concentrations of 
the two conformers. The differences in peak potential are due to the kinetics of 
bond cleavage. Rate constants for the forward and back contbrmational change can 
be obtained from digital simulation of the cyclic voltamograms. 

Low temperature cyclic voltamme~y is also able to demonstrate reduction of the 
individual mtamers of 2,3-dibromobutane [I 15]. At room temperature when there 
is fast bond rotation, reduction proceeds through the conformation with trans- 
periplanar arrangement of carbon-bromine bonds. At -120 ° C, a second peak at 
more negative potentials appears in the cyclic voltamogram, due to elimination 
from the staggered arrangement of carbon-bromine bonds, 

Reduction of acyclic 1,2-dibromides gives high yields of the alkene but the re- 
action is not always stereospecific [113, 116, 117], When the reaction is carried out 
using an electron transfer agent it becomes still less stereospecific [113], Data from 
reduction of 4,5-dibromooctane are given in Table 4.9. The rotamer with a trans- 
periplanar arrangement of carbon-bromine bonds undergoes a rapid one-electron 
process to generate a carbon radical and bromide ion. After this event a competi- 
tion between addition of tile second electron followed by elimination of a second 
bromide ion versus rotation about the carbon-carbon single bond is seen. Very lhst 
addition of the second electron From the electrode surface results in an overall pro- 
cess, which involves trans-elimination of periplanar bromine substituents. Slower 
addition by homogeneous electron transfer allows time for rotation about the car- 
bon-carbon bond aM toss of stereochemical integrity in the reaction inte~ediate. 

Addition of the second electron is probably concerted with elimination of bro- 
mide ion so that a carbanion intermediate is never formed. Thus, reduction of 1,2- 
dibromocyclohexanes gives a quantitative yield of the cyclohexene in both aprotic 
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solvents and in the presence of methanol [I 10]. Also the elimination of vicinal- 
dft~romides to form alkenes using zinc and acetic acid is well established in the 
early literature [ 118]. 

TABLE 4.9 
Stereochemistry of oct-4-ene tbmaed by reduction of 4,5-dibromooctanes to in 

dimethylformamide containing tetrabut),larrkmonium tetrafluoroborate. 
Data from ref. [t 13]. 

Substrate Electron source Product ratio 
E : Z oct-4-ene 

meso-4,5-Dibromooctane glassy carbon cathode 100 : 0 
mercury cathode 100 : 0 
homogeneous transfer ~ 87 : 13 
mercury cathode 10 : 90 
homogeneous transfer a 38 : 62 

(+)-4,5-Dibromooctane 

Footnote: (a) 1,4-Diacetylbenzene (5~7 mM) used as mediator. E : Z ratio 
depends on mediator concentration. 

Elimination from 1,2-dibromides under reducing conditions is a useful synthetic 
procedure for the generation of atkenes. Bromination and cathodic debromination 
is a means of protecting then dcprotecting alkenes. When the cathode potential is 
controlled near the toot of the polarographic wave, atkene stereochemistry is re- 
tained to a high degree [119], Under these conditions, the trans-periplanar ar- 
rangement of bromine groups is pref~:rentially reduced. 

Strained alkenes, including cyclobutenes 29 [120] and benzcyclobutadiene de- 
rivatives 30 [121], can be prepared by this route. Particularly advantageous is the 
wide range of reduction potentials for 1,2-dibromides, which allows some selective 
reactions. The dibromide 26 can be purified from any of the isomer 25 by reduc- 
tion at -0,86 V vs, sce when the diequatoriaI bromide remains unchanged and the 
diaxial compound is converted to the alkene [110]. Bromination of dialkenes fol- 
lowed by selective debromination to recover one alkene leads to protection of the 
other alkene as the dibromide. Subsequently the second alkene can be recovered by 
reduction at more negative potentials [ 122]. 

Elimination from 1,2~chlorobromo compounds also leads to alkenes. Here, the 
first electron transfer leads to cleavage of the carbon-bromine bond with formation 
of a carbon radical. Addition of the second electron leads to elimination of chloride 
ion with formation of the alkene. 
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Br 
. ~  Hg cathode ~ 

_ Me2NCHO, ~20 ° C 

29 

Ref. [1201 

~ Br Hg, -1.04 V vs. see 

Br CH3CN, Et4ClO4 
Ref. [121) 

30 

A number of cathodic 1,2-elimination reactions involve one halogen atom and 
another substituent leaving group. Reduction of the trichloromethyl group in the 
series of compounds 31 illustrates the range of oxygen based leaving groups. Ei- 

+ 2e PhCH ~CHCI 2 PhCH ~CCI~ ~ PhCH=CC)~ + 
1 I 
X X 

31 

tiler the atkene is formed by elimination or one chlorine atom is replaced by hydro- 
gen [123]. Reaction examples are collected in Table 4.t0. Electron withdrawing 
substituents, X, m 31 thvour less cathodic potentials for addition of the first elec- 
tron aM cleavage to lbrm an alkene during addition of the second electron. 

In agreement with these observations [1241}, trichloromethyl carbinols, for ex~ 
m'nple 32, are reduced m neutral solution to Ne dichloromethyl carbinol but in acid 

C~ 

CHCI2 L ' v  ''j'CCt~ ~ . , .  ~ r - ~  Hg, -1.76 V vs. sce ~ / "~J~ Hg, -1.3 V vs. sce CA 
OH * OH ,, m, 

95 % Me2NCHO, EtOH, 1.5 M HCI 
Et4NBr 

32 

solution elimination of chlorine and the alcohol function occurs m form the alkene. 
Protonation on the oxygen function allows elimination of water, 
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TABLE 4,10 
Polarography and reductive elimination reactions of trichloromethyl 

derivatives in 95 % dimethylfoixnamide, tetraethylammonium bromide. 
Data from ref. [123]. 

Substrate PhCHXCCIa, E>~ / V vs.sce Yield of PhCH=CCt2 
x = / %  

C[ -1.21 100 
CHaSO20 - 1.21 t 00 
p-Me-CeH4SOzO - t .24 100 
C~HsCO~ - 1.31 76 
CHaCO2 - 1.38 70 
MeO - 1.54 0 

H - 1,52 0 

Many examples are available of the elimination of a halogen a t o m  together wi£n 
a hydroxyl-derived function. Electrochemical reduction of tetra-O-acetyl-ct-gluco- 

, CH~OAc , CH.eOAc AcOu , ,~ . . f ~q  AcOu. - O Hg, -2.0 V vs. me 
AcO : CHaCN, Et4NSr 

r + HOAc 

33 

34 

Hg, -t .2 V vs, sce~ (~_.C~cc~2c 0 
45 % EtOH. pH 5 

pyranosyl bromide 33 under acid conditions affords a quantitative yield of tetra-O- 
acetylglycal [125], Compound 34, which is a byproduct of the chlorination of 2- 
methylphenoxyacetic acid, is converted to the phenoxyacetic acid at a mercury 
cathode in acid conditions 112@ Reduction using zinc dust and acid of the trichlo- 
romethyl compound 35 affords a dichloromethylene compound [127], ]'he usefub 
hess of this process is illustrated by the acid catalysed hydrolysis of the dichlo- 
romethylene thnction to carboxylic acid. Electrochemical reduction of side chain 
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MeO 7%add MeO CO# 

t'vle O~T.- . '~  / M eO"--~T.P'-.CH= CCI~ M e O.-"-~.r ...---'-.. C ,zC02 H 
OMe CCI~ OMe OMe 

35 

brominated benzofurans 36 leads to opening of the furan ring followed by an elec- 
trocyclic ring closure process to give the chromene in good yields [128], 

36 

Hg cathode 
II, 

CH3CN, Et4N~r os 

1 

 72- +'+ .... . C;22,   

The dissolving metal reduction of 1,4-di(bmmomethyl)benzene has been known 
for many years to give the insoluble poly(p-xylyene) [129], This process is an 
analogue of the reduction of 1,2-dihalocompounds. Reduction generates the p- 
quinodimethane 37, which rapidly polymerises. The same polymer is obtained 

~ i  r c ~  t l  
Pig, -0.9 V vs. sce .¢~.~ 

V M%NCHO, Et4NBr 

r CH~ 

C~Br / f  37 

/Hg, -0.9 V vs 

÷ 

CHzNEt~ 
38 

from electrochemical reduction of both the dibromide [ 130, 131 ] and the quater- 
nary ammonium salt 38 [t 30], Polarography of the dibromide shows a two-electron 
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wave with E,/~ = -0.80 V vs. sce and a second wave of very low height at-1.72 V 
vs. see which is due to reduction of the intermediate 37 [130]. 1,4-Di(chloro- 
methyl)benzene is reduced at a potential more negative than is compound 37 and 
yields only 1,4-xylene [132]~ Reduction of tile dibromide 39 gives a sterically hin- 
dered quinodimethane, which is relatively stable [129]. Reduction of 1,4- 
di(~chloromethyl)benzene under suitable conditions of solvent and temperature 
yields a crystalline precipitate of the p-quinodimethane 40 which a;aickly polym- 
crises in solution [133]. 

Br Ph..,pPh 

ph~ph Br 

Zn, HOAc 
~ ~ Ph Ph !1~! 

P h CI CI 

39 40 

1,4-Di(dibromomethyl)benzene is reduced at a mercury cathode to yield the 
poly(p-phenylenevinylene) 41. The reaction proceeds through a brominated poly- 

CHBr~ 

~HBr~ " ",'--¢ a,_]o 

7 

41 

(p-xytylene) which loses the t,2 dibromo grouping to introduce a alkene function. 
The resulting polymer can be made conducting by doping with borontrifluoride or 
sulphur trioxide and it forms conducting blends with poly(vinyl alcohol) [ 134]. 

1,2-di(bromomethyl)beJ~ene 42 shows two polarographic waves with half-wave 
potentials --0.61 and -1.58 V vs. sce in dimethyltbm~amide, Reduction at the po- 
tential of the first wave generates the ortho-quinonedimethane which quickly po- 
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lymerises to poly(1,2-xylydene) [ 130]. The intermediate can be trapped in a Diels- 
Alder reactions with a number of dienophiles, including maleic anhydride [135, 
136]. Reduction of 42 in the presence of maleic anhy&ide leads to the Diels-Alder 

O 

[~ CH2Br Hg, -1. t V vs. sce r~""~¢~ 

CHzBr Me2NCHO, Et4NBr, 
maleic anhydride 

42 

product even though maleic anhydride is reduced at a less negative potential than 
the dibromo compound. Electron transfer mediation by the maleic anhydride radi- 
caI-mnion is involved. In general, the highest yields of Diels-Alder adducts are ob- 
tained with those dienophiles which undergo reversible one-electron reduction with 
a standard potential some 0.5 V less negative than the peak potential for reduction 
of 42 in cyclic v o l t a ~ e t r y  [136]. 

Related to these elimination processes is the reduction of 1,4-dihalides of trans- 
but-2-ene in dimethytformamide to yield butadiene [137]. 

Reduction of  Aryl Halides 

Electron addition to aryl halides leads first to the n-delocalised radical-anion~ 
This step is lbtlowed by carbonohalogen bond cleavage to give a localised a- 
radical, which can accept a second electron either from the electrode or by homo- 
geneous electron transiix t?om another n-radical-anion, Promnation of the resulting 
carbanion then leads to overall replacement of the halogen substiment by hydro- 
gen, Reduction of iodobenzenes in acetonitrite containing deuterium oxide, using 
hihium perchlorate as supporting eIectrolyte~ gives excellent incorporation of a 
deuterium atom [138J. When the second electron transfer step is slow, the interme- 
diate ~-radical may also abstract a hydrogen atom from good donor solvents. 

Since the initial step in this process is the addition of an electron to the lowest 
unoccupied molecular orbital of the arene, the observed reduction potential is 
strongly dependent on the energy level of this orbital. In the case of halogen de- 
rivatives of more conjugated arches, bond cleavage occurs at less negative poten- 
tials. Bond cleavage from arenes with relatively anodic redox potentials may be so 
slow (see p. 94) that other reactions intervene. The carbon-chlorine bond is not 
cleaved when attached to an arene with a standard redox potential anodic offal.6 V 
vs. sce. The carbon-bromine bond is not cleaved f?om an axene with a standard 
redox potential more anodic than t . 2  to t.6 V vs. see [139]. Since the rate deter- 
mining step does not involve protons, the polarographic half  wave potentials of 
aryl halides in protic solvents are not dependent on pH [140]. Both polarographic 
half-wave potentials and cyclic voltammetry peak-potentials for these substances 
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do however vary with the electrode material and the supporting electrolyte. Cyclic 
voltamanetry data for the cleavage of carbon-halogen bonds attached to monocyclic 
arenes are collected in Table 4.1 I. The polarographic half-wave potentials of sub- 
sfituted iodobenzenes in aqueous ethanol correlate with the substiment Hammett ~- 
constant [141]. 

TABLE 4.11 
Cyclic voltamxnetry of aryl halides in dimethyl formamide. Cathodic peak po- 
tentials (a) at mercm3,, scan rate 0~33 V s q, ref. [29] and (b) at glassy carbon, 

scan rate 0.t V s -~, ref. [I42]. 

Sffbstrate E v / V vs. sce Substrate Ep / V vs. see 

Chlorobenzene -2.82 ~ 
Bromobenzene -2,68" 
Iodobenzene -1.93 a 
2-Chloropyridine -2.32" 
3-Chloropyridine -2.30 ~ 
2-Bromopyridine -2.26" 

3-Bromopyridine -2.27 a 
2-Chlorothiophene -2.51 b 
3-Chlorothiophene -2.60 b 
2-Bromothiophene -2,33 b 
3-Bromothiophene -2.52 b 
2-Iodothiophene - 1.73 b 

Some aryl iodides are known to generate the diarylmercury at a mercu~ cath- 
ode, In the case of 4-iodoanisole, reduction at more negative potentials in dimeth- 
ylibnnamide leads to the formation of less di(4-methoxyphenyl)mercury. At glassy 
carbon, anisole is the only reduction product. 4.Bromoanisole gives only anisole at 
either mercury or carbon [143]~ Mercury has been used as cathode material for 
many preparative experiments with aryl halides but glassy carbon and also stain- 
less steel are very satisthctory alternatives. 

Diphenyliodonium salts give three polarographic waves at a dropping mercury 
electrode in both water and aprotic solvents [144, 145]. Reduction at the potential 
of the first wave, E~ = -0.5 V vs. see, gives iodobenzene and adsorbed phenylmer- 
cu D, radicals, which rapidly disproportionate to diphenylmercury. At the second 
wave, E,/: = -1.7 V vs. see, the iodobenzene, formed at the first wave, undergoes a 
two-electron reduction m form benzene and iodide ion. The third wave is due to 
one-electron reduction of the adsorbed phenylmercury radical to benzene and me> 
cuD,, At the potential of the first wave, electron transfer and carbon-iodine bond 
cleavage are probably synchronous so that a phenyl radical is generated on the 
electrode surthce and reacts with mercury. During the reduction of iodobe~ene, 
the first formed radical-anion has time to leave the electrode surface before bond 
cleavage. Further reaction is by single electron transfer m give a phenyl carbanion, 
Bis(acyloxy)iodobenzenes are reduced to iodobewene in a single two-electron step 
with E,/~ = -0.24 V vs. sce and acetonitq'ile as solvent [146], 
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The influence of electron density distribution in the radical-anion on the rate of 
carbon-halogen bond cleavage was discussed on page 94, This effect makes possi- 
ble the selective dehalogenation of polyhalogen aromatic compounds, Examples 

OCH~CO2H 

Cl 

OCH~CO2H 
Carbon feR cathode .~/-~. 

) 

CH3CN, Bu4NBr 

C4 

Ref. [147] 

include the selective dechlorination of 2,4-dichlorophenoxyacetic acid [147] and 

43 

the pyrazole compound 43 [148], Bromine has been used as a blocking group to 
direct the fi.trther chlorination of an aromatic ring. Here the carbon-bromine bond is 
later selectively cleaved by electrochemical reduction [149]. Bromine has also 

Cl O 

" ~  "OMe 50 % ethanol, NaOH - T  "OMe 

Cl O Ref, [149j 

o 
Hg, -1,4 V vso sce 

L~.%.~...N...~k.B r Boc Me2NCHO, Bu4NBF4 ~L,~---N.~ Boc 
) 1 
Boc Boc 

44 

Ref. [) 5Ol 

been used in indole chemistry to block the 2-position and direct substitution into 
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the 3-position during the synthesis of 44 [150]. Reduction of bromothiophenes re- 
sults in preferential removal of the c~halogen substituents. The conversion oftetra- 
bromothiophene to 3,4-dibromothiophene and then to 3-bromothiophene is easily 
achieved at a graphite cathode in methanol -.~ dichloromethane, without potential 
control [ 151 ]. 

Reductive removal of halogen substiments has been of value in the synthesis of 
pyrimidines and purines since the time of Fisher (I 899). Natural purines were de- 
oxygenated in a sequence of reactions involving the replacement of hydroxyl by 
chlorine through the reaction with phosphorus pentachloride and the reduction us- 
ing zinc dust and water [I 52]. 2-Chloropurines 45 are not reduced under these con- 
ditions. The 2-iodopurines are however reduced by zinc and water [I 52]. The elec- 

O H CA 

CI / --,= Nf "-- N CA H o 

45 

trochemical dechlorination 2-amino~4-chloropurine was used in the final stage of a 
synthesis of 2-aminopurine [153}. 

Or:O'Or 
+46 

Bf 

Br Br Br Br Br 

t + 2e + 2H + 

+ 2e ~ ) ~ S  ~ B r  + ~ B r  

Br Br Br Br 

46 

47 

Scheme 4,5 Carbanion assisted halogen exchange during the electrochemica reduction of 2,5o 

dibromothiophene, 

Halogen exchange between an aryl carbanion and a haloarene is well established 
and occurs by nucleophilic substitution on the halogen substituent [154]. This pro- 
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cess is obser~,ed during electrochemical reduction of aryl halogen compounds in 
anhydrous aprotic solvents. 2,5-Dibromothiophene 46, for example, yields some 3- 
bromothiophene 47 under these conditions by the sequence of reactions shown in 
Scheme 4.5 [142]. The processes involve transfer of a more acidic hydrogen from 
one molecule to a thiophene carbanion and also transfer of bromine from one bro- 
rnothiophene to a thiophene carbaniom Related processes occur during the reduc- 
tion of  benzenes with several bromo substituents [155]. Addition of water to the 
reaction medium completely suppresses these exchange reactions by rapidly proto- 
nating the carbanion intermediates~ 

Electrochemicah[v Induced :~RNI Reaction 

Generation of aryl radicals by reduction of aryl halides in the presence of some 
nucleophiles, particularly alkyl or aryl sulphide ions and cyanide ions, leads to 
bond formation with the generation of a new radical-anion. Overall, a reaction 
between the initial aryl halide and a nucleophile is triggered at the cathode and is 
an equivalent of the Sgsl process. It proceeds in stages according to Scheme 4.6 
[156] and requires only a catalytic concentration of radical-anion. The reaction can 

Ar-X + e ~ AFX 7 

Ar-X --I ~ Ar" + X -  

Ar' + Y -  ~, AFY -1 

Ar-'~ * Ar-X ~ Ar-Y + Ar-X -q 

Overall; Ar-X + Y " * Ar-Y + X"  

Scheme 4.6 Electrochemically catalysed nucleophitie substitution process. 

be illustrated by reaction of 4-bromobenzophenone with thiophenolate ions. 

. _ x / ~  / . Hg elect rode O ~ / , / , - - -  
PhCO Br + PhS CH3CN, Bu4NB~4 PhC SPh 

Ref. [t561 



Electrochemically Induced St, NI Reaction 127 

When the redox potential of the product is more negative than that of the start- 
ing material the reaction should be self-sustaining, catalysed by the injection of a 
low electron charge. In practice some charge is consumed by competing side reac- 
tions. Dimethylsulphoxide as solvent gives better yields of the SRN1 product than 
acetonitrile since the hydrogen abstraction step is slower [ 157]. Liquid ammonia is 
a very poor hydrogen atom donor and in this solvent tile only reaction to compete 
with substitution is further reduction of the aryl radical to a carbanion [158]. Much 
poorer yields of substitution product are obtained with aryt iodides than with aryl 
bromides because, when using iodo compounds, radicals are generated closer to 
the electrode and so further reduction can compete more successfully with addition 
of the nucleophile. 

O NC 
NO__x/./~/~y__Br [r~NH Pt cathode " ~  Q 

P H 
+ LN"~O CH3SOCH3, Et4NBF4 ~,.....,.L p ~  

_ I~N,AL 0 
H 

48 

5-Aryluracil derivatives 48 have been prepared by this reaction [159]. The SRN1 

o 
E t 0 2 C ~ ~ - ~  F 

-N ~ -v- ~Br 
t 

O 

CH3CN, Bu4NPFe, "N" -"~" -'Se- 

aoenaphthytene / ~ F / f l  C Et 

-N- -,*- 

Et 

49 

reaction is especially useful for the preparation of aryl sulphides, selenides and 
teUurides [I60]. Formation of the diselenide 49 illustrates the method [161]. Reac- 
tions are carried out in an undivided cell with a sacrifical magnesium anode. Mag- 
nesium ions, however, inactivate the diselenium anions because of complex for- 
mation. Addition of tetraethylammonium fluoride to the electrolyte causes 
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precipitation of magnesium fluoride and prevents the inactivation process. Ace- 
naphthylene is used as an electron transfer agent to avoid direct reduction of the 
aryl halide at the electrode surface where the radical intermediate is further reduced 
to the carbanion. Acenaphthylene preferentially forms the radical-anion at the 
cathode and this species transfers an electron to the aryl halide in solution. Aryl 
radicals are formed by carbon-bromine bond fission and these rapidly react with 
the selenium anion. 

The sulphur, selenium and tellurium nucleophiles required for these SRN1 reac- 
tions can be generated in a preliminary step by reduction of a sacrificial cathode of 
graphite mixed with elemental sulphur, selenium or tellurium [ 160, 162]. 

ElectrochemicaI,~v lnduced Radical Cvctization Reactions of Aryl Halides 

The addition of aryl radicals, generated by chemical reduction of aryldiazonium 
salts, onto arenes m the Gomberg-Hey reaction is well established [163]. The addi- 
tion of these radicals to alkenes in the Meerwein reaction is also well known [ 164]. 
Aryl ~-radicals generated by electrochemical reduction of aryl halides take part in 
similar reactions. Good yields of the products are obtained when the intermediate 
phenyl radical can react in an intramotecular manner. ~I~ne addition step is then fast 
and competes successfully with further electron transfer to form the phenyl cars 
banion, followed by protonation, 

Competition between cyclization of the intermediate ~-radical or further reduc- 
tion is illustrated with the benzanilide substrates 50 [165]. In all, four types of 
product are formed. Cyclization of the phenyl radical to a six-ring radical interme- 
diate leads to the cyclization product 51. Cyclization of the phenyt radical to a five- 
ring radical intermediate leads to the diphenyl 52 after a further electron transfer 
step. Reduction of the aryl ~radical before cyclization gives 51, X == H~ Cleavage 
of the carbonyl-nitrogen bond in the radical-anion affords a trace of the aniline 53. 

Product yields fi'om reduction of the benzanilides at a mercury cathode in di- 
mefhytforrnamide are listed in Table 4.12. "l]le progression of product yields along 
a series of related structures where chlorine is replaced by bromine and iodine 
shows the influence of carbon-halogen bond cleavage rate for the radical-anion, 
Bond cleavage rate increases in the sequence CI<Br<I. When the radical-anion has 
a short life-time, fragmentation generates the c~-radical closer to the elecUode and 
increases the probability of further electron addition to give the phenyl carbanion, 
betbre cyclization occurs. Reaction sequences are illus~ated for the reduction of 2- 
chloro-N-methyl benzanilide (Scheme 4.7) [ 165]. 

These substrates show restricted rotation about the amide bond, With no ortho- 
substituem present, the s;vn.tbrm predominates with adjacent phenyl rings. Ortho- 
substitution increases the proportion at equlibrium of the rotamer with anti-phenyl 
rings. Reduction of the anti-rotamer can lead only to replacement of halogen by 
hydrogen. For the chlorobenzanitides, the t\ormation of a product with the chlorine 
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substiment replaced by hydrogen is almost completely due to reduction of the anti- 
rotamer present at equilibrium. 

TABLE 4,12 

Product yields from reduction of substituted 2-halogeno-N-methyl-benzamides 

at a mercury cathode in dimethylfon~amide. Ref. [165]. 

Substrate E~,~ 

50 / V vs, sce 50, X = H 51 

% Yield of  reduction products 

52 53 

X = C1 -2.26 

= B r  -2.16 
= I - 1 6 6  

X = C1 
= B r  

= I  

X = C1 -2.28 
= Br -2.20 
= I - 1.67 

R 1 = R 3= H a n d R  z = Me 

13 38 45 4 

26 33 38 3 
45 26 24 5 

R ~ = R z = H a n d R  3 = Me 

2t  0 76 3 

50 0 49 1 
72 0 23 5 

R t = R ~ = Me a n d R  2 = H 

61 0 39 0 
63 0 34 3 
93 0 7 0 

X O 

R~ 

5 0  ¸ 

+e 50~X=H + 

0 

5 1  

~ C O N H M e  H~N"Me 

R2 R2 

52 53 

e 

R1 

F~ 



130 REDUCTIVE BOND CLEAVAGE PROCESSES - I 

C~ O 

- . ~ N  -Me 

Ph 

-H" 
5 1  q 

+ e  
J, Radical-anion 

0 ~ N 'Me 

/ 
O O 

+ H + 

50, X = H  

Scheme 4.7, Reaction mechanism tbr the e~ectrochemical reduction of 2-halo-N-methyl- 
benzanilides, illustrated for 2-chloro-N-methylbenzanilide, 

Ortho-substimtion in the aniline ring favours the formation of a biphenyl de- 
rivative, Thus, in the electrochemical reduction of the 1-naphthylamide 54 the 1- 

0 O Br 

+ h v  +e  

54 

Me 
t 

CI Me2NC4_IO, Pr4NBF 4 

55 

+ Me 

~GONHMe 

Me 
I 

28 % 

~HMe 

9 %  63% 
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phenyLnaphthalene is the sole product [1661. In contrast, the photochemical cycli- 
zation of  1-(2-brornobenzoyl)-N-methyinaphthylamines leads to the benzophe- 
nanthridone, probably by an electrocyclic intermediate, which loses hydrogen 
bromide. [167]. Electrochemical reduction of the 2-naphthylamine derivative 55 
gives two benzophenanthridones as well as tile 2-phenylnaphfllalene derivative 
[1661. 

Reductive cyclization of the 2-halogenophenyl group onto an adjacent phenyt 
substituent is a useful reaction for the preparation of condensed ring nitrogen het- 
erocycles. Examples of the process include the formation of aromatic and conju- 
gated ~-systerns [168, 169]. It has been applied to the synthesis of an aporphine 

Hg, ~2.1V vs. sce 

Me2C~O, Pr4NBF4 

98 '/o ",'~_..ff 

Ref.[168t 

~"~"~"Ph 

°'O 
H~,-1.4 V vs, soe 

Me2NCHO, Et4NCIO4 

Ph-~%.~_~ O 

Re£ [1681 

derivative 56 [ 170]. Only products fi:om a six-ring delocalised radical intermediate 
were found with no products derived ti~om a five-ring intermediate. The latter 
mode of cyclization appears restricted to the N- methylbenzanilide types. R e  six- 
ring radical intermediate in the reaction of the tetrazole derivative 57 is partly 
trapped by fiarther reduction and a dihydrobenzene can be isolated fi'om the product 
mixture [ 171 ]. 

Hg cathode CH~ .................. .~ 
I ~ ; . .  CH3CN, Et4NBr 

OMe MeO" "~]:" 
OMe OMe 

56 
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Reductive cyclization reaction is carried out very efficiently at a stainless steel 
cathode and a sacrificial magnesium anode in an undivided ceil [172], Under these 
conditions and at cun'ent densities higher than 20 A m "2, the conversion of 57 to 58 
gives close to 100 % yield when a low partial pressure of  oxygen is introduced 
during the reaction. Oxygen generates superoxide radical-anion at the cathode and 
this is an effective dehydrogenating agent for conversion of the dihydrobenzene to 

0 N ~ N  N N 

Hg, -1.9 V vs. see 

CH3CN, Et4NBF4 

F F 

N ~ N  

57 58, 63 % yield 22 % yield 

the be~ene  level. At lower current densities some of the product with chlorine 
replaced by hydrogen begins to appear. 

Phenyl cy-radicals generated by reduction of a~l  halides can also interact with 
an intramolecular alkene bond, The method has been developed for the formation 
of dihydroindoles by reductive cyclization of N~allyl-2-chloroacetanilides. The 
results indicate the importance of  a time interval between electron addition to give 
a radical-anion and the fragmentation of this spemes to give the active c~-radical, 
~Fne time interval allows the radical-anion to diffuse away from the electrode sur- 
face so that when the c~-radical is fi~rmed, it has time to cyctize before it can be 
reduced at the surface. 

I~e  substrate 59 has an electron donating amide fhnction on the benzene ring. 
This increases both the energy of the benzene LUMO and the rate of fragmemation 
of the carbon-chlorine bond relative to the e×amples where an electron withdraw- 
ing heterocyclic ring is present. Carbon-halogen bond cleavage in the radical-anion 
from 59 is so fast that the cy-radicaI is generated close to the electrode surface 
where it is reduced to the carbanion before cyclization occurs. Reduction with no 
added mediator yields N-allylacetanilide as the sole product. Reductive cyclization 
of  59 is effected in the presence of E-stilbene as mediator. Stilbene is preferentially 

# 

CH3CN, Et4NBF4 i 
O~"CH3 E-~lbene mediator COCH3 

59 67 % ~4eld 
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reduced to the radical-anion at the electrode and stilbene radical-anion then trans- 
fers an electron to 59 in solution. Carbon-halogen bond cleavage then occurs and 
the resulting cs-radical cyclizes before it can be reduced further [173]. 

The electrochemical cyclization reaction is less successful with the N-(3- 
phenylallyl)acetanilide 60 which has two potential bond cleavage sites from the 
radical-anion [173]. Cart)on-nitrogen bond cleavage with loss of a 3-phenylallyl 
radical, leaving an amide nitrogen anion, is favoured over carbon-chlorine bond 
cleavage. 

Ph / Hoothodo. 
CH3CN, Et4NBF4 

m E-~I bene mediator t 
COCH~ COCH~ 

,., 4COCH~ 

60 

Alternative chemical reactions are available for the generation of phenyl ~- 
radicals. These include the diazonium salt reactions mentioned earlier and also 
reaction of aryl bromides and iodides with tributyltinhydride or triphenyltinhydride 
in the presence of a radical initiator [174]. Electrogeneration of the tin radical by 
oxidation of triphenyltinhydride at a platinum anode is also used to initiate this 
process [175]. The carbon-halogen bond cleavage step is due to abstraction of a 
halogen atom by the tTialkyl or triapjltin radical. Cyclization is rapid and is fol- 
lowed by transfer of a hydrogen atom from tile tinhydride. The disadvantage of this 
proces is that it generates spent tin reagents, which may be tedious to separate from 
the required product. 

TABLE 4.13 
Yields fi'om addition ofphenyl c~-radicals to styrene. Radicals are generated by 

mediated electrochemical reduction in various solvents. Ref. [ 176]. 

Halogenoarene Styrene Solvent Mediator ArCH2CH2Ph 

excess % yield 

4-Chlorobenzonitrile 5-fold Me2SO 1 -naphthonitrile 50 
4-Chlorobenzonitrile 5~fold Me~CHO l--naphthonitrile 28 
4-Chtorobenzonitrile 5-fold M e C N  1-naphthonitrile 52 
Bromobenzene 20-fold MeCN methyl benzoate 79 
Bromobenzene 9-fold NH~(tiq,) 4,4'-bipyridyl 90 
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Phenyl radicals generated electrochemically in dimethyh%rmamide will also add 
to styrenes in an intermolecular fashion, An electron-transfer mediator is required 
so that the intermediate phenyl cy~radical will be generated away fi-om the electrode 
surface [ 176], The bimolecular addition to styrene is slower than the intramolecular 
cyclization process and is in competition with hydrogen abstraction from the sol- 
vent. Yields for the addition of phenyl radicals to styrene in various solvents are 
given in Table 4.I3. Acetonitrile, amongst the generally used aprodc solvents, 
gives the highest yields of addition product. Liquid a ~ o n i a  is the best solvent for 
these reactions because it is a poor hydrogen atom donor. 

Carbon-Halogen Bond Reactions Catalysed by the Anode Material 

The use of sacrificial anodes in an undivided electrochemical cell (p. 8) was 
originally introduced to dispense with the need for a fragile diaphragm [177]. It 
was discovered later that ions generated from the sacrificial magnesium, zinc or 
aluminium can stabilise carbanion intermediates and render them less liable to 
protonation by traces of water in the aprotic solvent. Proceses involving organic 
halides and carbonyl compounds, strongly resembling Grignard or Reformatsky 
reactions, are promoted in these electrochemical cells. Metal ions generated elec- 
trochemically by dissolution of the anode are more effective in these processes 
than ions added to the cathode compartment of a divided cell. 

Reduction of a range of allyl and benzyl chlorides at a stainless steel cathode in 
dimethylformamide in the presence of carbonyl compounds and using a sacrificial 
anode of aluminium or zinc, leads to a Reformatsky-type reaction in 40-80 % 
yields. Allyl halide give products by reaction at both the cz- and V-positions. Tetra- 
chloromethane and bromotrifluoromethane take part in similar reactions provided a 

CH~CH=CHCH2Ct + MeCOMe 
Fe" AI + 

Me2NCHO, Bu4NBr 

CH3CH=CHCH~"~Me2 

+ OH 30 % 

CH~=CH"CH-CMe2 
I t R~r. 1179; 
CH~ OH 65 % yield 

zinc anode is used [178]. Aluminium and magnesium are unsuitable because the 
electrochemically cleaned metal anode will react with these more active halides. 

Later work demonstrated that electrochemical Reformatsky-type reactions give 
the highest yields when carried out in dimethylformamide containing a catalytic 
anaount of zinc bromide, using a zinc cathode and a zinc anode. Activated halides 
like benzyl bromides [179], allyl bromides [1801 and ot-bromo esters [181] all react 
with carbonyl compounds under these conditions. A layer of highly reactive zinc is 
generated electrochemically on the cathode and this instantly reacts with the 
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organic halide to give an organozinc species. After a Reformatsky reaction in- 
volving the carbonyl compound, zinc ions are recovered and reconverted to active 
zinc metal. Electrons are consumed in the overall process. The SN2 reactions be- 
tween a carbanion, derived from an easily reduced halide such as tetrachlo- 
romethane or trichloromethylbenzene, and a reactive alkyl halide are also pro- 

PhCCla + BrCH2CO~ Me 

V"--I 
Fe" Zn + 

; PhCCI2CHzCOzMe 
tetrahydrofuran, 
tetramethylurea, 70 % yield 
8u4NBF4 

Ref, [182l 

rooted under these conditions. The latter cross coupling reaction occurs in 50-70 % 
yields using a stainless steel cathode and a zinc anode providing zinc ions [182]. 

A highly active zinc powder can be generated in bulk by electrolysis of a 
tetraalkylammonium salt in dimethylformamide between a zinc anode and a plati- 
num cathode [I 831. This reagent has been used in stoichiometric amounts for Re- 
formatsky-bqge reactions where the tribromide 61 is used as a precursor for the 
isoprenyl group [184]. Zinc promoted t,4-elimination of bromine to give the buta- 
diene system is followed by a Reformatsky reaction of the remaining allylic bro- 
mine substituent. 

I I  1.. OH Br,,,] + ]~==O electrolyt ic Zn . . , ~ . . , ~  . . .~ . 

B r ~ B  r . . . . . . . . . . . . . .  

61 

Many of file coupling reactions of benzyl bromides and allyl bromides can also 
be carried out in dimethylformamide using aluminium foil and a catalytic amount 
of lead bromide. The process does not require an external voltage supply since dis- 
solving aluminium serves as the electron source. A finely divided lead is probably 
first formed and this reacts with the organic halide to give an organolead interme- 

k/•/,•== 
AI l PbBr2 C / ~  H 

O + CH~z=CHCN-zBr " Me2NCHO ; 
H~CH=CH2 

Ref [1851 

diate. Further reaction steps then afford the organic product and regenerate lead 
ions, which are recycled. A rapid reaction between aldehydes or ketones and the 
organolead intem~ediate generates the Reformatsky-type addition product [185] In 
the absence of a reactive carbonyI compound, the dimeric benzyt or allyl corn- 
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pound is obtained [186]. X1ae aIlyl coupling process is not regioselective, it leads to 

AI / PbBr 2 H~_~. 2 
PhCH=CHCH2Br Me2NCHO ; PhCH=CHC 

P h t % . - / " ~  -- total yield 90 % 

Ph Ref. [t861 

all possible isomeric products. Finely divided lead has been known for some time 
to convert benzyl chloride to bibenzyl [ 187]. 

Coupling between tetrachloromethane and aldehydes to form a trichtoromethyl 
derivative is also effected with this aluminimn, lead bromide reagent. At elevated 
temperatures, the first formed product is reduced further with the elimination of 
chloride and hydroxyl ions, forming a dichoroalkene [I 88]. 

~ CHO 

C~ / V 4- 
CQ4 

OH 
I 

Me2NCHO, 
25oc "J a / - - v  

Ref. [1881 

OH AI / SnCI 2 
. , . . ~ .  + CH~=CHCH~Ct 

HO CHO MeOH, 1-420, HOAc 

Reformatsky reactions between aIlyl chloride and carbonyl compounds are also 
effected in protic solvents using aluminium and a catalytic amount of tin chloride, 
Finely divided tin is formed and organotin reagents are involved as intermediates. 
These react with the carbonyl compound releasing tin ions, which are recycled by 
the dissolving aluminium [ 189]. 

OH 
HO, 

Ref [1891 
82 % yield 

The dissolving aluminium, lead bromide system has been combined with a 
Lewis acid in tetrahydrofuran to effect the combination of an allyl bromide with an 
acetal or an c~-acetoxyamide, Aluminium chloride is employed as the Lewis acid to 

OMe 
/OMe AI / PbBr2 / AICi3 I 

PhCH + CH2=CHCH='Br lqrahydrofura ~ e  n PhCHCH2CH=~ 
""OMe 92 % yield Re£ [1901 
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actNate the acetyl-type function [ 190], 

~ OAC AI / PbBr 2 / AlCl 3 j IN ~'~-'-<~" 
O~.___ + CI~=CHCH~Br NH tetrahydrofuran H 

O 
52 % yield 

Ref. [! 90l 

A combination of  dissolving aluminium and titanium tetrachloride in tetrahydro- 
furan promotes the allylation of imines. Here titanium is reduced to titanium(0), 

~Me 

At / TiCl4 
3, 

tetrahydrofuran 

, ~  + CH2=CHCt4~Br p h . , " l - ~  Ph H Re£ [19ll 

which activates the atlyI halide, At the same time, aluminium ions act as Lewis 
acid to activate the imine [191]. The allylation of imines derived from L-valine 
occurs with 95 % enantioselectivity and the vatine residue can be cleaved in an 
electrochemical oxidative step (p. xxx) to afford the 4-amino-4-phenylbut-l-ene 
with high optical purity, 

Carbon-Halogen Bond Reactions Catalysed &v Ni, Co and Pd Complexes 

Low oxidation state complexes of nickel, palladium and cobalt undergo oxida- 
tive addition reactions with the carbon-halogen bond in aryl and alkyl halides, 
Some of the resulting a~yl metal species are sufficiently stable for isolation and can 
be prepared electrochemically. Carbon-carbon l%rming reactions are known which 
involve a stoichiometric ratio of the resulting alkyl or aryl metal species with an 
organic halide, In these processes a higher oxidation state of the metal complex is 
liberated, Electrochemistry offers a conversion of these reactions to a catalytic 
system by promoting the recycling the transition metal oxidation states [192], The 
cathode potential required lbr these processes is determined by the redox potential 
for the metal complex system and is less negative than that requked for uncata- 
tysed cleavage of the carbon-halogen bond. 

Nickel ConLplexes 

Early electrochemical experiments with Ni species used square planar com- 
plexes employing a macrocyclic ligand [193]. The use of triphenylphosphine lig- 
ands has also been explored [194] but most of the preparative work with Ni corn- 
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plexes has used 2,2'-bipyridine (bipy) as the ligand. Mechanistic studies in this 
area used t,2-bis(diphenylphosphino)ethane (dppe) as the ligand [I95]. 

Under controlled potential conditions, formation of biphenyl from bromoben- 
zene in the presence of nickel(H) chloride and dppe occurs only at a potential more 

Br" 

are +e 
CI2NiHL2 ~ CINilL2 - ~  Ni°L2 

Br" 

e 

NiIBrL2 

ArNiXL2 

Ar-NimBrL2 

¢ 
Ar-Ar 

ArBr 

Scheme 4.8. Catalytic cycle fbr the formation of bipheeyt fiom brorrg~benzene using 
nickel cornp!e×es where |~ =/,2-bis(diN~enylphosphino)ethane. 

negative than -2,0 V vs .  sce according to Scheme 4.8, The nickel01 ) complex is 
reduced in two successive one-electron stages, at a less negative potential, to the 
nickel(o) level. The resulting complex reacts instantly with bromobenzene to give a 
phenyl nickel(l|) species~ Reduction at -2~0 V causes formation of phenyl nickel(l) 
which uMergoes oxidative-addition with a second molecule of bromobenzene to 
form diphenyl nickel(m), This collapses to diphenyl and nickel(l). The last com- 
plex is reduced to the nickel(o) level, completing the catalytic cycle. 

Preparative scale reduction of aryl halides catalysed by nickel(bipy) compounds 
was originally carried out in N-methylpyrrolidone in the presence of tetrabutylam- 
monium fluoroborate at a gold cathode and a magnesium anode in an undivided 
cell. The complex NiBr2(bipy) was used as the catalyst source with at least one 
equivalent of 2,2'~bipyridyl present in solution. A cathode potential of-1.2  V vs'. 
see causes formation of the catalyst Ni(o)(bipy)2 and promotes the overall reaction. 
Chloro-, bromo- and iodobenzenes having both electron withdrawing and electron 
donating substiments are converted to the biphenyl [19@ Subsequent work. has 
shown a mixture of ethanol and dimethylfbrmamide to be a suitable solvent with 
sodium bromide as supporting electrolyte. Both iron and the atuminium alloy, 
duralumin (A1 94 %; Cu 5 %; Mg 0.5 %; Mn 0.5 %), are suitable as sacrificial an- 
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[ .... 1 

_ _ ~ , ~ . _  Ni" Fe + MeO OMe 
MeO Br MeOH, NaBr, ~ Re£ [t97] 

NiBr2(bipy) 

ode materials [197] and the conversion can be conducted m an undivided cell at 
constant current. Biphenyls are also obtained from halobenzenes using a sacrificial 
stainless steel (Feo4~qi3o) anode in dimethytformamide containing tetrabutylammo- 
nium fluoroborate and 2,2'-bipyridyl. Catalytic nickel species are for,ned m this 
mixture by dissolution of the stainless steel anode [198]. Alternatively, reductive 
coupling of  iodobenzenes with NiC12(bipy) as catalyst can be carried out using a 
stoichiometric amount of aluminium metal as the electron source in the presence of 
Iead(ll) bromide, which generates cathodic sites of Iead on the dissolving alumin- 
ium anode. Reaction occurs in methanol containing potassium iodide [199], 

Reduction of  a mixture of two aryl halides is not generally a good route to the 
mixed biaryl. Either a statistical mixture of the three possible biaryls is formed or, 
if one aryl halide is more reactive, this forms a single biaryl after which, the second 
aryl halide reacts with itself. The principal exception m this generalisation involves 
the reduction of a 1:t mixture of an aryl bromide and t-chloropyridine. Oxidative- 
addition to Ni(o) is faster for the carbon-bromine bond. The second oxidative- 
addition to ArNi0) is faster fin the 2-chloropyridine, possibly due to complexation 
from tile pyridine nitrogen. Overall, the 1 oarylpyridine is formed in 55-80 % yields 
[2001. 

B r  

N ~ Zn  
+ • 

O Me2NCHO, Bu4NBF4, 
i~ Br2(bi py) 

CF, Re~ poo! 
63 % yield 

The cross coupling of two aryl halides is achieved by the use of organozinc in- 
termediates. Reduction of one component is carried out in dimethylfbrmamide us- 
ing a stainless steel cathode and a zinc anode with the nickel catalyst in the pres- 

O ZnCt 

Fe- Zn 4 - MeOC6H4I 

~' Pd(PPh3)3CI~ Me2NCHO ZnC~ 2 

NiCl2(di PY) CF~" ~"~., ./" RoE [201 ] 

83 % yield 
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ence of a stoichiometric amount of zinc(n) ions. This system forms the arylnickel 
species, which then transfers the aryl group to zinc. An arylzinc halide is formed 
and the nickel species re-enters the catalytic cycle. Addition of the second aryl 
halide, together with Pd(PPh3)3C12 as catalyst, affords the mixed diphenyl in good 
yields. [200, 201]. Electrochemistry here offers the advantage of a simplified pro- 
cedure for preparation of the necessary organozinc intermediates. 

Cross coupling between an aryl halide and an activated atkyl halide, catalysed 
by the nickel system, is achieved by controlling the rate of addition of the alkyl 
halide to the reaction mixture. When the aryl halide is present in excess, it reacts 
preferentially with the Ni(o) intermediate whereas the Ni(I) intermediate reacts 
more rapidly with an activated atkyl halide. Thus continuous slow addition of the 
alkyl halide to the electrochemical ceil already charged with the aryl halide ensures 
that the alkyl-aryI coupled compound becomes the major product. Activated alkyl 
halides include benzyt chloride~ ~-chloroketones, c~-chloroesters and amides, cc- 
chloro-nitriles and vinyl chlorides [202, 203, 20@ Asynmaetric induction during 
the coupling step occurs with over 90 % distereomeric excess from reactions with 
amides such as 62, derived from enantiomerically pure (-)-ephedrine, even when 
62 is a mixture of diastereoisomers prepared from a racemic c~-chloroaci& Metha- 
nolysis of the arnide product affords the chiral ester 63 and chiral ephedrine is re- 
covergole [205]. 

o F - q  o o 
CH3,,N/JI~ ..COCHCt NV AI + CH3XN/Jl--,,N,..JI-,~/z~oPh 

Ph i+  !~j=N ~C ~" H3 Me2NCHO~ \- .J  H Me 
Ct~ "Ph NiBr2(bipy) Cl-b~ Ph 

62 J ; e O H  
O 

MeO.)l~ ~ph 
H Me 

63 

Electrodimerization of alkyl haines using the NiBr2(bipy) catalyst is achieved in 
an undivided cell fitted with a sacrificial magnesium or zinc anode. Ions derived 
from dissolution of the anode are important in the reaction and the yield of dialkyl 
&ops drastically if a divided cell is used, Benzyl chloride, l-bromoheptane and c~- 
chloroesters give 50-80 % yields of the dialkyl, contaminated with some product 
from replacement of halogen by hydrogen [206]. 

Electrochemical arylation of activate alkenes can be carried out using a nickel 
catalyst in which the low valency state is stabilised by a pyridine ligand. Under 
these conditions, the alkene is also involved in coordination to nickel. There is no 
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Br 

+ C~=CHCO~Et 
Ni" 

Me2CHO, pyddine, 
NiBr2, 70 °C 

CH.E;H~CO2Et 

Ref. I2071 

50 % yield 

coordination of alkene to a Ni(dipy) complex and no coupling to the alkene is ob- 
served with this catalyst system. In the nickel-pyridine system, an aryl-nickel- 
alkene complex is the reactive intermediate, which collapses to give the arytated 
alkene, regenerating the nickel catalyst. Activated alkenes include cx,13-unsaturated 
esters and nitriles [207]. 

Addition of a vinyl group, derived from a vinyl halide, to an activated alkene is 

i i 0 
O Ni" Fe + .~ CsH......~ ~.V~tJ..." 

C ~ H ~ . ~ [  + ~,/J~... Me2CHO, CH3CN, Ref. [208] 
NiBr 2, 70 °C 81% yield 

catalysed by Ni(o) species with only acetonitrile as the stabilising ligand. This re- 
action proceeds with retention of configuration about the vinyl group and is effi- 
cient for the preparation of  functionalised olefins in one operation [208], 

Steric constraints dictate that reactions of organohalides catalysed by square 
planar nickel complexes cannot involve a cis-dialkyl or diaryl Ni(lll) intermediate. 
The mechanistic aspects of these reactions have been studied using a macrocyclic 
tetraaza-ligand [209] while quantitative studies on primary akkyl halides used 
Ni(lI)(salen) as catalyst source [210], One-electron reduction affords Ni(t)(salen) 
which is involved in the catalytic cycle, Nickel0) interacts with alkyl halides by an 
outer sphere single electron transfer process to give alkyl radicals and Ni(ll). The 
radicals take part in bimolecular reactions of dimerization and disproportionation, 
react with added species or react with Ni(/) to form the alkylnickel(tI)(salen). AI- 
kanes are also fomqed by protolysis of the alkylNi(ll). 

2+ 

1 
64 
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The electrochemical generation of alkyl radicals catalysed by square planar 
nickel complexes has been used to achieve radical-alkene addition reactions. Corn- 
plex 64 was the catalyst of choice. Intramolecular cyctizations to give five mem- 

; ReE [213] k...,.,l ~-----"1 N r 'Br C,-1.4v vs. see ph2PH CH 
CH3CN, Et4NCIO4, 
64 as catalyst J SO2C.J4,Me SO2C6H4Me ~O2Cet4,jVle 

v 

~ C N ,  Et4NCI04, 
H 64 as catalyst H 

Ref. [212] 

bered rings are promoted [211, 212] and in some reactions diphenylphosphine is 
added as a hydrogen atom donor to quench the terminal radical species [213]. A 
cyclopropane ring can be generated by tandem intramolecular trapping as with 
substrate 65 [214]. Intramolecular cyclization of 2-chlorophenyI allyl egher m give 
2-n'lethyt-l,2-dihydrobenzofflran is achieved using a square planar nickel catalyst, 
whereas using a Ni-bipy system results in cleavage of the allyl-oxygen bond, 
probably via an allyFnickel complex, along with carbon-chlorine bond cleavage 
[213,215]. Related intermolecular radical addition reactions also occur [2161. 

A 

COCHa C, -1,4 V vs. me CHaCOCH2_ / / \ ' - ,  

I ~ CH3CN, Et4NCI O4, -L7 64 as catalyst 

6 6  

Ref. [2141 

~ 0  C, -1,4 V vs ~ .CsH~ 
+ But '~' Q~"- 'O" -'O CHaCN, Et4NCtO4, 

64 as c~taly~ 

Ref. [216] 

The dissolving aluminium - tead  bromide system, introduced on p. 135, has 
been utilised as an electron source for several of the reactions catatysed by 
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NiBr2(dipy) [217, 218]. These experimental conditions can probably be applied to 
many other nickel catalysed reactions 

AI / PbBr2 / NiCI2(bipy) ~- -x  / " x  ~ Ar  
. . . . . . . . . . . . . . . . .  .~ A t -  - . . v  -_ .v  Ar  + 

MeOH,  KI A r  

9 7 %  3 % 
Re£ [2t 71 

Cobalt Complexes 

Cobalt complexes with square planar tetradentate ligands, including salen, cor- 
tin, and porphyrin types, all catalyse the reduction of alkyl bromides and iodides. 
Most preparative and mechanistic work with fllese reactions has used cobalamines, 
including vitamin-Bn. A generatised catalytic cycle is depicted in Scheme 4.10 
[219]. At potentials around -09 V ~s'. sce, the parent ligated Co(hi) compound un- 

C o  | n  ~ C o  | |  

c o b a l a m i n  

~ r  ~ 

RBr ~ / ~ !  °u! N 

Co L + e 

+ e  

hv 

/ -'1~ R" 

Co" 

Scheme 4,10. Catalytic cycle tbr the reduction of alkyl halides by c0balamins. The outer circle 
represents the combined photo and electmchemica! process. The inner shunt is the wholly elec- 

trochemical process at more negative potentials. Ligands are omitted for clarity. 

dergoes two successive reversible one-electron reduction steps m the Co(t) species 
which quickly reacts with alkyt halides to yield an alkylCo(ll0 compound [220, 
221]. Reaction with the Co(I) complex can be either an SN2 displacement process 
or be induced by single electron transfi.~r. The alkyl radical intermediate formed in 
a single electron transfer process is detected through competitive reaction with 
added acwlonitrile betbre it combines with Co01) formed in the electron tTansf?r 
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step [222]. Primary alkyl cobalamins are thermally stable but secondary alkyl de- 
rivatives are unstable and can smxe as sources of alkyl radicals without photo- 
chemical assistance. Alkyl cobalamines absorb light in the visible region and the 
excited state relaxes by homolysis of the carbon-cobalt bond. Alkyl radicals and 
cobalt(II) species are detected in a glassy matrix [223]. In solution, an added radi- 
cal scavenger will trap the alkyl radical. At significantly more negative potentials 
( c a .  -1.5 V vs .  sce), alkylcobalamins are reduced in a one-electron step to produce 
alkyl radicals and ligated Co(!). 

Cobalamm catalysed reduction of alkyt halides has found use in organic synthe- 
sis because, like square planar Ni(o), it allows formation of alkyl radicals in the 
bulk of the solution away from the electrode surface. Alkyl radical addition to acti- 
vated alkenes is achieved in high yields. In the cases of prh-nary alkyl halides, 

O @ (CH~)4Br Hg, -t ,6 V vs, see 

MeOH, NH4Ci, LiOi04 
Vit. B12 catalyst 

64 

O 

photo-assisted electrochemical catalysis allows the fbnnation of the primary radi- 
cal, which undergoes an intramolecular addition step with substrates such as 64 
and 65 to form 5- or 6~membered rings [224]. 

o o O _  Hg, -i.6 V vs, see 

MeOH, NH4Q, LiCtO4 
(CH2hBr ViL B~2 catalyst 

65 

Reductive cyclization onto an unactivated alkene or alkyne is also catalysed by 
chloro(pyridine)cobaloxine(|II). These reactions have been carried out in a divided 

Zn ° .- ~ ~'e'CsHI~ 

MeOH, Et4NTo& 
cobal oxi ne Ref. [226] 

cell at a platinum cathode [2251 and also in an undivided cell with a zinc cathode 
and a sacrificial zinc anode [226]. 
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Intermolecular addition of radicals, generated by photo-electrochemical cataly- 
sis, to activated atkenes can also be brought about. The reaction of 66 is used as a 
key step in one synthesis of the insect pheromone, brevicomin [219]. The reaction 
of a secondary radical from 67 occurs at low cathode potentials and without photo- 
chemical assistance [219]. This illustrates the equlibrium between a secondary al- 
kylcobalt(Ilt) species and the radical -- cobalt(H) pair. The carbon radical is eventu- 
ally captured by reaction with the alkene Further steps in the synthesis lead to four 
isomers of the pheromone, multistriatin, each of which is a pure enantiomer since 

Et Et 
H ~ O ~  + ~  Cfelt"1"lVvs~sce H ~ O  

O Me2NCHO, LiCtO4, O~>~ 
cobalamin, hv 

CP~! (CH~)3COCH~ 

66 
enclo-brevi comi n 

Me c,e,t,. lvv.o. 
+ Me2NCHO, LiC~O4, 

H O cobalamin 

67 
H 

Me 

O 
c~, [L ",', ~- mullistnatins 

(" ye 
O CH 

one asymmetric centre in the substrate has been retained in the products. 
Tandem intTa-imermolecular condensation to give 69 has also been reported. 

Steric effects direct this process to give predominately one stereochemical relation- 
ship for the bonds attached to the five-carbon ring [227], 

Cobalamin catatysed electrochemical reduction of Ne 2-chloroethanol ester 68 
at negative potentials, without photochemical assistance, leads to a 1,2-elimination 
process (see p. 115) [228]. This contrasts with the lack of 1,2-elimination during 
reaction of 66 and 67. Thus in the purely electrochemical carbon-cobalt bond 

C fett, ~1.7 V v s . ~  
RCO2CH2CHT:C 1 + RCO~H + CH;,=Ck'b + CI 

Me2NCHO, LiGO4, NH4Ct, 
cobalamin 

68 

cleavage process, the carbon radical is formed at the electrode surface where it is 
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further reduced to the carbanion and undergoes the 1,2~ elimination step. The pho- 
tochemical or thermal cleavage of carbon-cobalt bonds generates this radical in the 
bulk of the solution where it is captured by an alkene, 

OEt 

'~CHzB r _ _ C N  C felt,-11 V vs, sce _---< I, 

+ OAc Me2NCHO, LiCIO4, 
cobalamin, h v  

OEt 

CN 

OAc 

oEt 
69 

"',~v~COzH 

One function of vitamin-B~2 in nature is to catatyse skeletal rearrangements by 
involving alkylcobatt intermediates. Skeletal rearrangement in vitro starting from a 
13-bromoketone is able to achieve ring expansion of cyctoalkanones [229]. The 
reaction is illustrated by cobalamin catatysed, photo-assisted reduction of 70, Steps 
in ft~e radical rearrangement lead from a primary to a tertiary radical and m the 
final stage of reaction, a cobalt hydride is eliminated, The reaction mixture has to 
be maintained alkaline to avoid protolysis of the carbon-cobalt bond. 

0 0 0 0 CH~ 

O. O.c:  * + C4H~ 
I I "C4H~ UeOH, Et4aTos, KOH, 

cobalamin C4H~ 

70 70 % yield 

0 • CO H , 0 

via; R ~ Co" ~" 

0 

+ Coil 

Palladium Cbmplexes 

Palladium(o) triphenylphosphine complexes catalyse the reduction of aryl bro- 
mides and iodides in a divided cell to give the diaryl [230], 'Fne catalytic species 
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can be derived from either Pd(II)CI_,(PPh3)~ by reduction or from Pd(o)(PPh3)4 by 
loss of two triphenylphosphine ligands and it takes part in a cycle s u ~ a r i s e d  in 
Scheme 4.11. This cycle differs from the one using nickel(o) complexes because 
reduction of Pd(tl) species involves a two-electron step. The Pd(t) complex cannot 
be detected as an intermediate and must be readily reduced to Pd(o) [231 ]. Forma- 
tion of the biaryt results from colapse of the diarylpaltadium(II) intermediate with 
liberation of a Pd(o) complex which re-enters the catalytic cycle. 

+ 2e  

ArPd  ~1 

X" 

Cl2PdHL2 + 2e = pdoL2 
- 2C1" 

Ar~ 

ArX 
ZnX~ 

[Ar2PdULzl- wP. 

Scheme 4.11, Catalytic cycle ~ r  the teduc~ion of aryl ha!ides by palladium complexes, Outer 
circle represents the electrochemical process, l, = Ph:d ~ and some anionic ligands are omitted 

tk)r dari~y, Fhe inner shtmt is the non-4ztectrochemical reaction with aE¢fzinc halides, 

Electrochemical reduction of a mixture of aryl halides using this catalyst leads 
to a statistical distribution of all three possible biaryls. The efficient generation of a 
mixed biaryl requires the preliminary electrochemical formation of an arylzinc 
halide, followed by the Pd(o) catalysed reaction between the aD, lzinc and the sec- 
ond aryl halide. The second stage does not require electrons and the mechanism 
follows the shunt in Scheme 4.11. Catalysis by nickel(o) species has been used m 
generate the arytzinc from an aryl halide and zinc(n) ions (see p. 139). In an alter- 
native procedure, reactive aryt hatides rapidly give the arylzinc using electrolyti- 
cally generated, finely divided zinc. Cross coupling with a second awl halide, by 
addition of PdC12[(o-McC~tt4)3]~ as catalyst, fnen affords the biaryl in a one-pot 
method using a platinum cathode and a zinc anode [232]. 

Reactions with C~rbon Dioxide 

The addition of carbanions, generated electrochemically by reduction of the ca> 
bon-halogen bond, to carbon dioxide has been examined under a variety of ex- 
perimental conditions. Direct elcctrosynthesis of' carboxylic acids in a divided cell 
using an aprotic solvent and a tetraalkylammonium salt as electrolyte is most suc- 
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cessful with benzyt chloride [233]. Reduction of 4-iodoanisole under these condi- 
tions gives at best a 1:1 ratio of anisole and p-anisic acid [234]. While the addition 
of carbanions to carbon dioxide is fast, in these reactions it does not compete suc- 
cessfi, flly with protonation of the carbanion. Electrochemically generated enolate 
anions are however successfully carboxylated in acetonitrile, Protonation of these 
anions is slower than for alkyl carbanions and a rate constant of 108 M "~ s 4 is 
estimated for the carboxytation reaction [235]. 

0 Hg, -1,1 V vs. sce \ \ ~ / 0 "  1) C02 MeO~C 0 

> r -  ' 7 ,  ' NHR CH~CN, Bu4NCI04 NHR 2) Mel HR 

Br 70 % yield Ref. [2351 

Yields of the carboxylic acid are greatly improved by working in an undivided 
cell with a stainless steel cathode and a sacrificial magnesium anode. Electro- 
chemically generated magnesium ions favour the process but spontaneous forma- 
tion of the Grignard reagent does not occur [236, 237]. Equally good results are 
obtained [238] using a sacrificial aluminium anode (Table 4. I4), B e r y l  chloride, 
vinyl bromides and aryl halides have been used as substrates, Processes using a 
consumable magnesium anode have been scaled up to pilot plant scale using the 
electrochemical cell shown in Figure 1.4 [239]. This route has been used far prepa- 
ration of the anti-inflarmnatory compounds, fenoprofen and ibuprofen. 

The catalytic cycles for reduction of alkyl and aryI halides using Ni(o), CoO) or 
Pd(o) species are interrupted by added carbon dioxide and reaction be~,een the 
first formed carbon~metal bond and carbon dioxide yields an alkyl or aryl car- 
boxylate. These catalyses reactions have the advantage of occuring at lower cath- 
ode potentials than the direct processes summarised in Table 4.14, Mechanisms tbr 
the Ni(o) [240] and Pd(o) [241] catalysed processes have been established. Carbon 
dioxide inserts into the carbon-metal bond in an intermediate. Once the carboxy- 
late-metal species is formed, a further elecu'on transfer step liberates the carboxy- 
late ion reforming the metallic complex catalyst. 

Reaction of alkyI and aryl halides, using NiCI~(PPh3)2 or NiC12(bppp) as catalyst 
source, in a rmxture of tetrahydrothran and hexmmethylphosphoric triamide, under 
carbon dioxide at atmospheric pressure, achieves 40-87 % yields of carboxylic acid 
using a divided cell with a mercury or carbon cathode [242, 243], Further refine- 
ments of the method use an undivided cell with a carbon cathode and a sacrificial 
anode of aluminium, copper or zinc [244, 245]. In these reactions, the nickel com- 
plex is reduced at less negative potentials than the carbon-halogen bond in the sub- 
strate. Thus the process is catalysed by nickel species and reaction yields are not 
influenced by ions t?om the dissolving anode, 
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Cobalt(nI)(salen) catalyses the carboxylation of benzyl chlorides and allyl chlo- 
rides but not of halobenzenes [246]. PdCI2(PPh3)2 catalyses the carboxylation of 
aryl halides, [3-bromostyrene and altyl acetates [247]. 

TABLE 4.14 
Formation of carboxylic acids by reduction in dimethylformamide of the carbon- 

halogen bond in the presence of carbon dioxide and using sacrificial anodes. 

Substrate Anode Product Yield Re£ 
/% 

Benzyl chloride Mg Phenylacetic acid 90 [236] 
Benzyl chloride At Phenylacetic acid 83 [238] 
Chlorobenzene Mg Benzoic acid 85 [237] 
1,3-Dichlorobenzene A1 3-Chlorobenzoie acid 70 [238] 
4-Chlorofluorffbenzene Mg 4-Fluorobenzoic acid 80 [237] 
4-Chloroacetophenone Mg 4-Acetyrbenzoic acid 50 [237] 
1-Chloro-2-trifluoromethyl Mg 2-Trifluoromethylben- 80 [237] 
benzene zoic acid 

3-Bmmofuran Mg 3-Furoic acid 80 [236] 
2-Chlorothiophene Mg Thiophene-2- 80 [237] 

carboxylic acid 
1-Chloro- 1-(4-chloro- A1 2-(4-chlorophenyl)- 83 [238] 
phenyl)ethane propanoic acid 

13-Brom~~~g.ne Mg Mg Cinnm~~iflI 93 80 [248] [236] 

Preformed metal complexes are not always essential as catalysts in carboxyla- 
tion reactions. Reductive carboxylation of the allyl bromide 71 has been demon- 

Br. Br ; . ~ j  P( Ni + 
Br Me2N~O, Bu4NI, 

CO2 
71 

CO~ 

57 % yield 

strated in an undivided cell with a platinum cathode and a nickel or a manganin 
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anode m dimethylformarnide. Here nickel ions derived from the anode are involved 
m a catalytic process [249]. The tribromide substrate is useful as a stable precursor 
for 2-(bromomethyl)butadiene. 
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C H A P T E R  5 

~ D U C T I V E  BOND C L E A V A G E  P R O C E S S E S  - II 

Introduction 

The carbon-heteroatom bonds in saturated alkyl alcohols, ethers, sulphides and 
amines cannot be cleaved by electrochemical reduction. This situation is modified 
substantially by the presence of an adjacent unsaturated group. Reaction can be 
initiated by addition of an electron to the n-antibonding orbital leading to an over- 
all two-electron cleavage of the carbon-heteroatom bond. In the previous chapter 
(p. 95) rate constant data for the cleavage of benzyl sulphides and benzylpyridin- 
ium salts were used to illustrate the influence of both z~-system reduction potential 
and nature of the leaving group on the cleavage of carbon-heteroatom bonds. 

T A B L E  5,1 
Potentials for the reduction of benzyl~heteroatom bonds in dimethylformamide. 

Cyclic voltam~metry at a gold electrode. 

Polarography, re£ [1] Cyclic voltarrkmetry, ref. [2] 

Substrate Ev, Substrate Ep 
/ V vs sce / V vs. sce 

PhCH2OH (a) PhCH~CI -2.37 
PhaCOH ~2.81 PhCH~OCOCH3 -2.65 
PhCH:CHCHzOH -o2.57 PhCH~OCOPh -2. I0 

C ~  H PhCH2OPh -2.87 
-2.45 PhCH2SPh ~2,68 

PhCH2SO~CH2Ph -2.51 

-2,05 [PhCH2PPh~t" - 1,78 

Footnote: (a) No reduction wave seen. 

Further data t?om the polamgraphy and cyclic voltammewy in dimethyI- 
lbmaamide are given in Table 5.1 for a series of overall two-electron processes 
leading to cleavage of a benzyl-heteroatom boM. The fkst electron transfer step is 
of the dissociative electron transfer type leading to a benzyl radical. This radical is 
reduced further, at the working potential, to the benzyI caf~anion. The carbanion 
from be~yI  chlorides, esters, ethers, sulphides, sulphones and quaternary ammo- 
nmm salts can be trapped by carbon dioxide to form phenylacetic acid [2]. Reac- 
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tion affords good yields in an undivided cell with a sacrificial magnesium anode 
and complements the carboxylation of benzyt bromides (p, 148). The intermediate 
benzyl carbanion can also be yapped with acetic anhydride to form a benzyl 

CH3CO.O " ~ > O c O c H ~  
Ni, -2.63 V vs, ~ . . , e  /W~"-~,,.CO2H 

Me2CHO, Bu4NBr, CO2 L '~  ~ . . J  
CH~CO.O 

94 % Ref. [2] 

methyl ketone [3]. 

TABLE 5.2 
Polarographic half-wave potentials for onium salts in aqueous solution 

Substrate E~,, Cn'oup Re£ 
/ V vs. sce cleaved 

+ 

PhNMe~ (a) [4] 
+ 

PhCH2NMe2 - 1.51 PhCH2 [4] 

Met~Ph3 ~ 1.91 Ph, Me (trace) [5] 
+ 

PhCH2PPh~ - t .60 PhCHz [5] 

CHz=CHCHzPP% .- 1.67 CH2=CHCH2 [5] 
+ 

MeAsPh~ ol,54 Ph [5] 
+ 

PhCHzCsPh:, - 1.26 PhCH2 [5] 
+ 

CH2=CHCH,,AsPh ~ - 1.20 CH:~=CHCH~ [6] 

Footnote: (a) Wave merged with background, 

Tetrasubstituted onium salts are cleaved by reduction and lose the subsfituent 
which gives the most stable radical, Polarographic half-wave potentials for some of  

* PPh~ 
+ PPh3 ph. ,,Ph 

, PP.3 Ph3   P,3 ph' 'Ph 
-1o212 V vs. sce ~0.994 V vs. sce -&000 V vs. sce 

Scheme 5,1, lialtCwave potentials for some phosphonium salts forming 
charaeterised radical-ions after one-electron addition. 
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these salts are given in Table 5~2 Some phosphonium salts add one electron to 
form a stable radical-ion (Scheme 5.1). Esr-spectroscopy indicates that the un- 
paired electron in these radicalqons is delocalised due to d~-p~ conjugative rater- 
action between the phosphorus atom and the centre of unsamration [7]. The term 
ylid-radical has been used to describe these species [8]~ 

67arbon-Oxygen Bond Cleavage 

Aliphatic alcohols are not reducible under electrochemical conditions. Conver- 
sion to a suitable anionic leaving group however does allow carbon-oxygen bond 
cleavage. Thus, methanesulphonates are reduced at a lead electrode under constant 
current conditions and this affords an overall two step process for the conversion of 
alcohols to alkanes [9].Deoxygenation of alcohols by this route has been applied 
successfully in the presence of other functional groups which are difficult to reduce 
such as atkene, epoxide, ester and nitrile. Cyclopropanes are formed in 50-97 % 

~i i~ L Pb cathode ~ ~  
Me2NCHO, Et4NTos 

OSO~Me 
+ MeSO2" 

Refi [9l 

81% yield 

yields by reduction of the methane sulphonates of 1,3-diols [10] (see p. 113). Tolu- 
ene-4-sulphonates react in a different maturer on elecn'ochemical reduction, leading 
to cleavage of the sulphur-oxygen bond with formation of the original alcohol and 
toluene-4-sulphinic acid [ 11 ]. 

Deoxygenation of cc-hydroxy esters is achieved under milder conditions by re- 
action of the methanesulphonate with electrochemically generated phenylselenium 

H H 

Me2NCHO, NaCIO4 ,- 0 f 
" O t  (PhSe~catalyst 82%yield 

CH2(CO2Me),2 proton source 
PhSe"\. SeP h / H  + 

t PhSe" R(}HCO=Me + (PhSe)2 RCHCO~Me .... i, 
Ref, [121 

catalyst. The catalyst is recycled in an electrochemical step but the deoxygenation 
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process proceeds through a series of nucleophilic displacement reactions [I2]. The 
same recyclable catalyst can effect the ring opening of aJ3-epoxycarbonyl com- 
pounds [ 13]. Direct reduction of these substrates also leads to fission of the caf0on- 
oxygen bond adjacent to the carbonyl function but the desired product then under- 
goes further reduction of the carbonyt group to alcohol [14]. 

O 
C cathode 

Me2NCHO, aacto 4 
(PhSe)2 catalyst 
CH2(CO2Me)2 proton source 79 % yield 

Ref [13] 

A farther route for the deoxygenation of alcohols is based on the reduction of 
oxalate esters. Diethyl oxalate undergoes a reversible one-electron addition to give 
the radical-anion detectable by esr-spectroscopy. This and related radical-anions 
decompose rapidly by cleavage of the oxygen-alkyl bond to form the alkyl radical 
and oxalate half ester [15]. Further reduction of the radical at the working poten- 
tial, followed by protonation, then yields the alkane. The direct reduction of ox- 
alate esters fails on a preparative scale because the esters are easily hydrolysed by 
bases generated at the cathode, but t?ne process has been adapted for deoxygenation 
of  benzyl alcohols [16]. Benzyl alcohols undergo rapid transesterification with 
ethyl oxalate in dimethyllbrmamide or acetonitrile in the presence of electrogener- 

Pb, 4.8 V vs. sce _ _ ~ /  
Ph C't4,~ 

MeCN, Bu4NBr 
(CO2Et)2 excess 

6! % yield Ref. [161 

ated base. The benzyl oxalate, which is tbrmed, undergoes reductive carbon- 
oxygen bond fission to yield the corresponding toluene in 30-70 % yields. Allyl 
alcohols are deoxygenated in a corresponding reaction. 

Carbon-oxygen bonds adjacent to an aromatic ring or an alkene function can be 
cleaved by reduction at very negative potentials [I]. "llae process is often followed 
by reduction of the activating group as in 1. In these processes, the reduction po- 
tential of  the activating group controls the electrode potential required. Thus an 

Ph Hg, ~2.88 V vs. sce Ph 
C--C~CH ; C-CH~CH3 

CH~ OH Me2NCHO, Bu4Nt CH~ "H 

1 90 % yield 
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electron withdrawing group on the benzene ring, as in 2, leads to a tess negative 

+ MeO2C CH~ MeO2C CHrOMe MeCN, BuaNBr 

(CO2Et}2 excess 
2 61% yield 

__~fi~/)._. Hg cath ode ._~O)_.."  
MeO CHCN ~ MeO CHaCN 

~ "  OCOPh Dioxan, Bu4NI 

3 
reduction potential for the benzyl-oxygen bond cleavage step [17]. Benzaldehyde 
cyanlnydrin benzoates 3 are also readily deoxygenated at a lead cathode [18]. 1- 
Pyridinyl ethanols can be deoxygenated at more accessible potentials because the 
protonated pyridine ring is a good electron accepmr. Controlled potential reduction 
of  2- and 4-substituted pyridines such as 4 gives the alkyl pyridine [19], Related 
quaternary pyridinium salts are reduced to alkylpiperidines [20]. Ene and polyene 

©_:: (,>:: C dit. H2SO4 C 
P~" ' H" ' 

?"" 'CMe2 
t,~,l e (~H 

Pb @rhode 
diI. ~zSO4 

Ref [201 

OH 

PIg cathode 
MeaNCHO, Et4NI 

OH 

Ref, [121] 

functions can also function as activating groups [2t, 22], 
"I]ae deoxygenation of phenyl esters and ethers can be achieved by electTo- 

chemical reduction provided the function is converted into a good leaving group. 
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Some success has been achieved with phosphate ester and with tetrazolium ether 
leaving groups. 

Hg, -0~82 V vs.~#e 

CH3CN, Bu4NOAc, 
HOAc 71% yield 

Rcf. [221 

In the electrochemical reduction of aryl diethyl phosphates, the initial one- 
electron addition is to the aryl ring and this is concerted with expulsion of the di- 
ethyl phosphate anion leaving an aryl radical. Further electron addition and proto- 
nation leads to the reaction product in 43-73 % yields. Examples of this electro- 

MeO, 

O II 
OP(OEt)~ MeO.~IT. .OMe M e O ~ O M e  

, 

Ae2NCHO, Et4NTos ~ ~ "~L.,,~/-'U" 

chemical reaction all use a phenol with at least one ortho-substituent [23], An 
important function of the ortho~substituent in these and related reactions of halo- 
benzenes is to increase the rate of bond cleavage in the radicabanion intermediate. 
In the case of substrate 5, the vigorous reaction conditions result in migration of 
the alkene bond into conjugation with the benzene ring when it is reduced the the 

R R 

R 
O ,~_~ Me2NCHO, Et4NBr 

Ph" H 

6 R = Me 30 % 30 % 
R = CN 53 % nit 

dihydro stage. Phenyt diethyl phosphate is reduced by potassium in liquid armmo- 
nia releasing a phenyl radical which has been trapped by reaction with acetone enol 
in the same solvent [24], 
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Deoxygenation of a phenol by reduction of the aryl tetrazolyl ether 6 is only 
successful when the aryI ring has an electron withdrawing substituent. One- 
electron addition then occurs on that ring and is followed by the required carbon- 
oxygen bond cleavage [25], When the aryl ring has an electron donating substitu- 
ent, electron addition occurs on the tetrazole ring to be followed by bond cIeavage 
with regeneration of the phenol. 

Simple diphenyl ethers require too negative an electrode potential for cleavage 
of the carbon-oxygen bond by electrochemical reduction in dimethylformamide or 
acetonitrile. Bond cleavage can be achieved under more drastic conditions by re- 
duction with sodium in liquid ammonia in a process initiated by addition of a sol- 
vated electron to the benzene ~* ~orbital [26, 27, 28]. Where there is a large differ- 
ence in electron affinity between the two benzene rings, a preference is shown for 
cleavage of the carbon-oxygen bond to the ring with the less negative reduction 
potential. There is also preferential cleavage of the bond with an adjacent ortho- 
substituent. In other circumstances, cleavage of diphenyl ethers by this method 
gives a mixture of the two possible products. 

TABLE 5,3 
. Cleavage of substituted diphenyt ethers with sodium in liquid ammonia. 

Ref. [26]. 

Substrate R-O-R" Phenolic cleavage products 
/ mole % 

R R' ROH R'OH 

Phenyl 2-Methylphenyl Phenol 2-Cresol 
46 % 54 % 

Phenyl 4-Methylphenyl Phenol 4-Cresol 
39 % 61% 

Phenyl 4-Methoxyphenyl Phenol 4-Methoxyphenol 
19% 81% 

2-Methoxyphenyl 4-Methoxyphenyl Guaiacol 4-Methoxyphenol 
1% 99% 

Phenyl 4-Aminophenyl none 4-Aminophenol 
100 % 

Phenyl 4-Carboxyphenyl Phenol none 
100 % 

Quaternaty Ammonium Salts" 

Tetraalkylarmmonium salts are frequently used as the inert electrolyte in electro- 
chemical reactions. These salts are however reductively decomposed in dimetlhyl- 
formamide at potentials around -2.96 V "vs. sce. At a glassy carbon caflaode, tetra- 
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ethylan~monium ions fbrm triethylamine and the ethyl radical. At the working po- 
tential, the radical is fiarther reduced to the carbanion. Protonation by extraneous 
water then affords ethane and hydroxide ion, The base formed in this way pro- 
motes Hofmann elimination to fm~n ethene [29], 

At very negative potentials, using a mercury cathode, tetraalkylammonium ions 
are deposited as a crystalline tetraalkylamanonium amalgam. Tetramethylarmmo- 
nium amalgam slowly decomposes at 0 °C to give trimethylamine and a methyl 
radical [30, 31]. The amalgam formed by reduction of dimethylpyrrolidinium ca- 
tion 7 is more stable and characterisation of this class of materials has centred on 

Me"" ~ "Me 

the pyrrolidinium species [32]. Amalgam formation occurs around -2.6 V vs. see 
from dimethylformamide and the quaternary ion reLorms at potentials less negative 
than -2.6 V vs. see. Electrolysis leads to a solid film on the surface of the electrode 
with a stoichiometry R4N(Hg)s and having a half-life of 63 h at 5 °C [33]~ Related 
solid films are also formed at cathodes of lead, bismuth and tin [34], Crystalline 
graphite forms tetraalkylammoniurn-graphite lamellar compounds [35]. 

Quaternary ammonium salts with bulky substituents are less prone to tbrm 
amalgams and a carbon-nitrogen bond can be cleaved by electrochemical reduction 
in aqueous solution using a divided cell and a cathode of mercury [36] aluminium 
[37], or lead [36, 38]. A one-electron transfer process results in the formation of a 
tertiary amine and the most stable radical. Allyl and benzyl groups, ibr example, 
are readily cleaved. ~ e  pheny! group can also be cleaved from the phenyltrimeth- 
ylammonium ion to give benzene and trimethylamine [36]. Enamine quaternary 
salts 8 are cleaved to give an enamine and carbon radical stabilised by the adjacent 
nitrile group. Further reduction at the working potential leads to saturation of the 

Me" 'Me CN I%O, KOAc, HO*Ac Ni'v'le2 1"~-"'~O 

8 60 % 14 % 

enamine function giving a mixture of cis and trans isomers of the aminonitrile~ 
Some enamine is hydrolysed before it can be reduced [39]. 

A pulse radiolysis study of the reaction between aqueous solvated electrons and 
benzyltrimeflaylammonium ions shows that dissociative electron transfer occurs to 
generate the benzyl radical, identified by uv-spectroscopy. No detectable interme- 
diate is formed [40]. 
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Preparative scale reduction of benzyltrimethylammonium salts in water at alu- 
minium affords trirnethylamine, bibenzyl and toluene, although the polarographic 
wave in water merges with the background current. Bibenzyl is formed by dirneri- 
zation of the benzyl radical while a fu~her one-electron reduction of the radical 
leads to toluene [41 ]. Similarly, allyltriethylammonium salts give biallyl and pro- 
pene toge~er with triethytamine [42]. The dimeric products, meso and (+_)-2,3~ 
diphenylbutane, obtained by reduction of (-)-l-phenylethyltrimethylarrLmonium 
salts are completely racemised as expected when the 1-phenytethyl radical is a re- 
action intermediate [43]. 

Sodium amalgam [44] and lea&sodium alloy [45] have both been used for the 
reductive cleavage of quaternary ammonium salts in aqueous solution, Such reac- 
tions are electron ~ansfer in nature and the ease of cleavage of groups follows the 
rules previously discussed, Cinnamanyltrimethylammonium ion affords 1- 
phenylpropene while berLzyltrimethylarrmaonium ion yields toluene on reaction 
with sodium amalgam [46]. Both of these reducing agents also react with water to 
form hydroxide ions and hydrogen so that the Hofmann elimination from the qua- 
ternary amanonium salt may be an important side reaction. 

Quaternary Phosphonium and Arsonium Salts 

TABLE 5.4 
Polarographic half-wave potentials for tetraphenyl and triphenyl 

onium salts in water. Ref.[47]~ 

Substrate E,,~ Substrate E,J, 
V vs. s c e  V vs~ s e e  

Ph,P + -1.79" PhaS* -1.15 b 

Ph4As* -1.42 " Ph3Se* -0.98 b 

Ph~Sb + -0.74 u Ph~Te + -0.77 u 

Footnotes: (a)Two-electron wave 
(b) One-electron wave, with a second one-electron 

wave at more negative potentials. 

Phosphonmm and arsonium salts with at least one phenyl substituent undergo 
reductive cleavage of one carbon-heteroatom bond to give a carbon radical and 
leaving the trisubstimted heteroatom [6]. Some half-wave potentials are given in 
Table 5.2, B e r y l  and atlyl substituents are cleaved in preference. Alkyltriphenyl 
onium salts show competition in the cleavage reaction to give both phenyl and al- 
kyl radicals, The proportion of alkyl cleavage is small for methyl and increases for 
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ethyl isopropyl and tert.-butyt substiments, Alkyl radicals generated in this way 
will add to the alkene bond in styrene [48]. 

Cleavage reactions are best carried out in aqueous solution. In aprotic solvents, 
electrogenerated bases lead to the conversion of oniurn salts to the ylids which are 
not reducible [49], The sequence of reactions shown in Scheme 5.2 shows that the 
bond cleavage process for phosphonium salts proceeds with retention of configu- 
ration around the phosphorus atom [50]. Retention of configuration at arsenic is 
also observed [51 ]. This electrochemical process is a route to asymmetric trisub- 
stituted phosphorus and arsenic centres. 

Ph 
I÷ 

CH..~--P:""CH2Ph 
"~CH-zCH=CH2 

Me +15° 

~ H2/Pt 

Ph 

~..-P.' ',CH~Ph 
CH~ '~C~H~ 

Ph Ph Hg cathode I + [ 
p..,,,~ ; .....-P-,,!CH2Ph 

CH# " t  "~CH2CH=CH 2 ~ "N I 

80 % 20 % 

~ C3HTBr 

Ph 

..IP.,,,~C~Hr 
CH~ ~ C~C.H=CH2 

[a]o +37° I Hg cathode 

C~HTBr 

Ph Ph Ph 
..~ / +mC3H ' 1  ~ PhCH2Br i . , ,~IQ~ r,H.1~PL'mCH2Phl + 

c., " - -  " 3 ~C~H7 

[aid -260 [alO +35" 

Scheme 5,2. Demonsn'ation of retention of configuration during electrochemical cleavage of the 
carbon-phospboras bond, Ref, [49], 

Polarograprdc half-wave potentials for tetraphenyl onium salts become progres- 
sively less negative on moving down the periodic table (Table 5.4) due to the de- 
creasing strength of the carbon-heteroatom bond. Phosphorus and arsenic com- 
pounds show one two-electron wave due to cleavage of one phenyl group followed 
at this potential by one-electron reduction of the phenyl radical. The stibonium 
compound shows two one-electron waves. "l]le first wave is due to cleavage of the 
phenyl-antimony bond to give triphenytstibine and a phenyl radical, which is ad- 
sorbed onto the mercury surfi~ce as PhHg radical and yields diphenylmercury. The 
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second wave at-..,1.3 to ~-t .4 V vs. sce is due to reduction of this phenyl radical to 
form benzene [52]. 

Carbon-Sulphur and related Bond Cleavage 

Sulphides, Sutphonium salts and related Compounds 

Triphenyl sulphur, selenium and telurium cations are reductively cleaved at less 
negative potentials, moving dox~a] the periodic table (Table 5.4). At the first po- 
larographic wave, a one-electron process results in the formation of phenyl radi- 
cals, probably adsorbed on the mercury surface. Only the reaction of triphenylsul- 
phonium ions has been studied in detail and the products are diphenylsulphide and 
diphenylmercury. A second potarographic wave has E~ = -1.33 to -1,39 V vs. sce 
over the range of pH 5 to t2 and reduction at the plateau of this wave gives di- 
phenylsulphide and bel~zene [53]~ 

TABLE 5.5 
Reduction of sulphonium salts: polarographic half-wave potentials, E,:~ re£ [54], 

in water; cyclic vottammetry peak potentials, Ep re£ [55], m acetonitrile at 
glassy carbon, scan rate 50 mV s 4, 

Substrate E::, Substrate Ep 
V v~'. sce V v& sce 

EtaS (a) PhS..M e - 1,73 

~M + M e  CH~=CHCH.~S e2 -1.46 PhS,. -1.63 
CHMez 

P , + M e  hCH~Me= -1,30 -1.31 PhS\cHph 

Footnote: (a) Wave merges with background. 

One-electron cleavage of the carbon-sulphur bond has provided examples of 
both dissociative electron transf?r and electron addition followed by fast bond 
cleavage ah'eady discussed on p. 95, Phenyldialkylsulphonium ions are cleaved in 
a one-electron process at a glassy carbon etectmde and release the most stable al- 
kyl radical [55]. Polarographic data is given in Table 5,5. Results from the cyclic 
voltamJnetry of these ions, substituted on the phenyl ring by an electron with- 
drawing group, have provided further demonstrations of the change from dissocia- 
tive electron transfer to electron addition followed by fast bond cleavage [56]. The 
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choice between these two reaction pathways depends on the energy of the LUMO, 
which accepts an electron, and the strength of the bond to be cleaved. The dichot- 
omy in reaction pathways has also been demonstrated using diarylalkylsulphonium 
salts as substrates [57]. 

The reductive cleavage of sulphonium salts in aprotic solvents leads to the gen- 
eration of radical and then carbanions in a fimher electron transfer step. Protona- 
tion of the carbanion by extraneous water leaves a hydroxide ion. Basic species 
formed in this way can abstract a proton from sulphonium ion to give the ylid, 
which is not reducible. A good example is the reduction of 9 in dimethylsulphox- 
ide, which consumes only one Faraday and follows the course shown [58]. 

+ 

M%SCH~zCN + e : ~# MezS + ~-~H2CN 
9 

~ C N  + e ~ CH2CN 

Me~CH2CN + ( ~ C N  ' Me~SCHCN + CH3CN 

In a second type of side reaction, the carbanion t~rmed can be alkylated by re- 
action with the sulphonium ion to yield unexpected products [59]. This reaction 
sequence is followed for the reduction of ethoxysulphonium salts 10. Cleavage of 
the sulphur-oxygen bond, which is the weakest bond in the species, leads to an 
alkoxyl radical. This is reduced further to the alkoxide, which attacks an ethoxy- 
sulphonium ion to forn:l diethyl ether [60]. 

(PhCH2)~S--OEt + e ; (PhCHz)zS + OEt 

10 

C)Et + e ~ OEt 

4 

(PhCH2}zS--OEt + (~Et .......... ~ (PhCH2}zSO + Et~43 

Generation of carbanions by the reductive cleavage of the carbon-sulphur bond 
has been utilised in the synthesis of cyclopropanes from ~,[3-unsaearated carbonyl 
compounds. The starting material is first transformed into the phenyl alkyl sulphide 
such as 1 I. Reductive cleavage of the sulphide group aflbrds the alkyl carbanion, 
which then displaces the methanesulphonate function to form a cyclopropane [61 ], 
Reaction is performed in dry dimethyltbrmamide to minimise interference by pro- 
tonation of the carbanion, with subsequent reductive cleavage of the carbon- 
oxygen bond in the methanesulphonate group. Cyclopropane formation is always 
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Pb, -I .8 V vs. sce 

-~L "-OSO2Me MezNCHO, Et4NTos + 

11 69 % 12 % 

accompanied by a low yield of the open chain hydrocarbon, generated by this al- 
ternative reaction, 

R ~ R ~ 
~C~ C, -2.71 V vs. sce I 

R ~  SPh ~ R ~ C ~ S P h  
I CH3CN' Bu4NHSO4 [ 
SPh H 

+ PhSH 

76- 91% Re£ [62] 

One carbon-sulphur bond in dithioacetals can be preferentially cleaved because 
of  stabilization of  the intermediate carbon radical by an adjacent sulphur substitu- 
ent [62]. 

Sulphoxides 

Since their discovery in 1866, it has been known that sulphoxides are reducible 
by zinc and acid to the corresponding sulphide [63]. The equivalent elec~ochemi- 
cal process cannot be characterised because sulphoxides also decrease the hydro- 
gen overpotential [64]. Dialkyl sulphoxides are not reduced in absence of protons 
and dimethyl sulphoxide is used as a solvent lbr electrochemical reduction, Phenyl 
methyl sulphoxide gives a single two-electron wave on polarography in both etha- 
nol (E~/, = -2,17 V vs. sce) and dimethylfomlamide (Er~ ...... 2.32 V vs. see), forming 
phenyl methyl sulphide [65]~ 

Sulphones 

Dialkyl sulphones are not reducible at a mercury cathode. Aryl alkyl and diaryl 
sulphones are however reduced with cleavage of a carbon-sulphur bond. Polaro- 
graphic haft-wave potentials for this process are given in Table 5,6. One-elec~on 
addition in aprotic media to phenyl methyl sutphone [66] and to diphenyl sulphone 
[67] leads in both cases to a delocalised radical-anion in which the sulphone group 
can be described as contributing a vacant symmetrical dTT-ofbital to the conjugated 
system, PhenyI methyl sulphone radical-anion is prepared and characterised in liq- 
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uid am~nonia, Diphenyl sulphone radical-anion is stable at -70 °C but decomposes 
rapidly at room temperature. 

Electrochemical rednction of ag¢l sulphones in methanol leads to cleavage of 
one carbon-sulphur bond in a two-electron process. Alkyl aryl sulphones with an 
electron donating substiment in the aryl ring give the arenesulphinic acid and an 
alkane [68, 69]. Methyl phenyl sulphone and alkyI aryl sulphones with an electron 
withdrawing snbstituent in the aryl ring are cleaved to the substituted arene and the 
alkylsulphfiuic acid [70], see Scheme 5.2, In addition, a bulky ortho-substituent 
such as tert.-butyl favours cleavage to the arene and alkanesulphinic acid [71 ]. 

TABLE 5.6 
Polarographic half-wave potentials (Ev. / V vs~ sce) and number of electrons 
involved (n) for reduction of one molecule of sulphoxides in mefnanol and 

in dimethylfon-namide. 

Solvent 

Substrate Methanol Dimethylformamide 
E,/, n Refi E~ n Ref, 

PhSO2Me -2.17 2 [72] -2.05 2 [73] 

PhSO~CA.a2ph ~2.07 2 [72] - 

P h S O ~ = C H P h  - -1.47 1 [74]  

PhSO2Ph -2.06 2 [72] -2.05 1 [75]  

PhSOz.-~r-~CN 1.59 2 [72] -1.63 1 [76] 

~4~a phthyl-SO2Me - - 1.89 1 [77]  

Cleavage of methyl phenyl sulphone yields trace of ethane along with methane 
while ethyl phenyl sulphone affords traces of ethene along with ethane. It is prob~ 
able therefore that bond cleavage occurs at the radical-anion stage to give alkyl 
radicals which are either reduced further and protonated to the alkane or undergo 
dimerization and disproportionation [68]. Electron withdrawing groups on the 
phenyl ring polarise charge density distribution in the radical-anion so that prom- 
nation occurs on the carbon bearing the sulphonyl group. Further reduction of the 
radical is followed by elimination of alkanesulphinate ion [70, 78]. 

Alkyl naphthyl sulphones are reduced at lower potentials than their phenyl ana- 
logues and give two one-electron waves on cyclic voltammetry in dimethyl- 
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formamide. The first wave for methyl naphthyl sulphone is reversible at fast sweep 
rates. Reduction at this potential leads to naphthalene and methanesulphinic acid. 
Benzyl naphthyI sulphones also show two one-electron waves on cyclic voltam- 
metry in dimethylformamide. The first wave is now no longer reversible at the 
sweep rates used. Carbon-sulphur bond cleavage is rapid giving the stabitised ben- 
zyl radical and naphthalenesulphinic acid [77]. 

+e +H + 
PhSO.~ + Ph" "- C~H,8 

fast at -2.07 V 

+ O  _ + e  "I 2 "  
2' Phz~SOz -" Ph~SO~" Ph2SO 

-2.07 V -2.47 V 

l+ ff i + ff 
PhSO~.,.,.~H + PhSO2.,..,.H Ph S(~2 

© fast at -2,07 V ~,~,~ C~P~ 

Scheme 5.2. Pathways proposed fiJr the reductkm of diphenyl sulphone in dimethylsulphoxide 
containing variabte amounls of water~ Potemials measured vs. sce, 

Diphenyl sulphone gives two one-electron waves in dimethylformamide and the 
addition of up to 3 % water causes the first wave height to increase and the second 
wave to diminish to zero. Total wave height remains the same. The first wave is 
due to fo~a t ion  of the radical-anion and is reversible at medium sweep rates, 
Cleavage of the carbon-sulphur bond in the presence of water occurs through pro- 
tonation of the radical-anion followed by fhst one-elec~on addition, and in aprotic 
solvents from the dianion level [75], as indicated in Scheme 5.2. In the cases of 
unsymmetrically substituted diphenyl sulphones, carbon-sulphur bond cleavage 
occurs preferentially at the aryl ring with either none or electron withdrawing sub- 
stituents because of preferential addition of the elec~on to this ring, Additionally, 
and i~xespective of  type, an ortho-substiment favours cleavage of the adjacent car- 
bon-sulphur bond [72, 7@ 

Cleavage of the radical-anion to give a phenyl o-radical also occurs in aprotic 
solvents and can be demonstrated using substrates where the phenyI radical is 
trapped in an intramolecular addition process, Substrate 12 gives products analogus 
to those from reduction of the 2-halogeno-N-methytbenzanilides (p  129) at a mer- 
cu~  cathode in aprotic solvents [79], Similarly I3 undergoes a related cyclization 
of  the c~-radical intermediate [80]. 
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Reaction of both metliyl phenyt sulphone and diphenyl sulphone with potasium 
m liquid arnmonia [24] leads to the formation of a dianion, which cleaves to give 
C6H5-, isolated as benzene. The initial electron transfer cannot be dissociative, as 
was the case for diethyl phenyl phosphate (p. 163), since the phenyl e~-radical is 
not detected. The radical-anions from these sulphones have sufficiently long life- 
time in liquid ammonia to allow reaction with a further electron. 

OMe 

[ 

Hg, -2,0 V v& soe 
D 

Me2NCHO, Pr4NC~O4 
NMe 

+ 

O 

28 % 

Me'-NCOP h 

¢ 
OMe 

50 % 

OMe 

12 22 % 

Me Me 

SO~Ph Hg cathode 

~-~-.~,,. Me SO2P h Me2SO, Bu4NSF4 Me Me trace 

Oe 
+ 

13 SO2Ph 

Me 

Reduction of phenyl vinyl sutphones in dimethylformamide containing phenol 
as proton donor causes loss of phenytsutphinate ion. The reaction probably in- 
volves a series of electron and proton addition steps [74]. In absence of a proton 
source, phenyl vinyl sulphone radical-anion undergoes a dimerization reaction dis- 
cussed on p. 57. Reactions of alkyl substituted vinyl sulphones are complicated by 
alkene migration in the presence of electrogenerated bases. Dimers are formed and 
further reduction leads to loss of phenylsulphinate ion [81] (Scheme 5.3). 
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(a) PhSO2(~=CHPh 
Ph 

+e hSO2?=CHPh cleavage PhSO~" + 
Ph +e+H+ 

~ / 4 e  + H + 

PhCH=CHPh 

PhSO:~C-CH2Ph- ~ PhSO2CH2CH~Ph ............ -" CH,3(~h + PhSO~" 
Ph 

(b) base PhSO2CH=CHC~H5 ....... -- Ph SO2CH2C.H=CHCH3 

I 1 

~ .so~c~q .~  + e + H ~ 
PhSO2CHCH=CHCH3 in stages 

CH3~HC~Hs 

CH2CH=CHCH3 

Scheme 5.3. Reduction of pyenyl vinyl sulphones: (a) in dimethylfbwnamide containing phenol 
as a proton donor; (b) in absence of a proton donor, 

Arenesulphonic Aci& 

Benzene mono- di- and tri-sulphonic acids are stable towards electrochemical 
reduction, More highly sulphonated compounds undergo a two-electron cleavage 
of  a carbon-sulphur bond with elimination of sulphurous acid [82]. Thus benzene- 
hexa-sulphonic acid I4, in aqueous solution at pit 8, shows three two-electron po- 
larographic waves with hall-wave potentials-,.-1,00, -1.45 and 1,65 V vs. sce, due m 
the sequential loss of substituents. The haLf-wave potentials are independent of pH. 

SO~H SO~H SO3H  o s so Ho 
.o,s" "y  "so,H Ho,s" "T"-so~. Ho,s" - y  

SO3H SO~H SQH 

SO3H 

~~.O~'~H SO~H 

14 

Some benzenesulphonic acids with an electron withdrawing carboxyl group in the 
ring will also undergo carbon-sulphur bond cleavage [83]. 

Reductive desulphonation of naphthalenesulphonic acids is also observed [84]. 
Tile 1-sulphonic acid substituent in a wide range of sulphonated naphthytamines is 
removed by reduction at mercury in aqueous sodium hydroxide [85]. Reductive 
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desulphonation of 5-chloroanthraquinone- 1-sulphonic acid is another related proc- 
ess [86], The advantage of electrochemical desulphonation is that in many cases 
the process yields a different product to the desulphonation process using aqueous 
acid at elevated temperatures. 

CO2H CO2H 

,,/NH2 Hg cathode ~ - F  ~NH2 

aqueous NaOH 

SO3H 

Ref. [831 

N~ 

H O ~ ~ S O 3 H  

SO3H 

NH, 

Hgcathode Re£[851 
aqueousNaOH 

dC½H 

Cleavage Assisted ~v an adjacent CarboJTvl ,~}¢nction 

Carbon-heteroatom bonds of ~x-substituents to a carbonyl hmction are cleaved at 
less cathodic potentials than those required in the absence of the carbonyl group, 
The polamgraphic reduction of these systems has been extensively studies in aque- 
ous media. The half-wave potentials are also less negative than those of the non- 
substituted carbonyl compounds, Electron addition involves an interaction between 
the Tt*-orbital of the carbonyl group and the a-orbital of the departing group. 

PhCOCH~X + e + 
OH OH 

H Fate .~ PhC_C142_X Ph~CH2 + X" 
determi ni ng 

Scheme 5.4 Proton assisted cleavage of bonds adjacent to a carbonyt function 

In acid solution the hail%rave potentials for these processes are pH dependent. 
The overall reaction involves two electrons and is iITeversible, Bond cleavage is 
believed to lead to the enot as shown in Scheme 5.4. Where, as with acetophenone, 
the ketone product is electroactive at more negative potentials, the wave height for 
ketone reduction is less than expected and is limited by the rate of enol to ketone 
tautomerism. This is because the enol is not electroactive, 

For most substiments, in the region of neutrality and at higher pH values, the 
half-wave powntial becomes independent of pH. In this region, electron transfer is 
synchronous with bond cleavage and loss of the leaving group creates a carbon 
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radical as in Scheme 5.5. Fast follow-up reduction of this radical leads to the ke- 
tone. Some half-wave potential values in this pH independent region are give in 
Table 5.7 and illustrate the combined influence of carbonyl group and leaving 
group on the ~'ate of this electron transfer process. Figure 5.1 illustrates typical 
half-wave potential - pH profiles. 

rate PhCOCH~ + e P 
determining 

O • 

PhC=CH 2 + X 

I 
O • + e  

PhC:"GH 2 + ' ~ *  

OH O 
I I I  

PhC=CH2 ~' PhC-C;% 

Scheme 5,5. Cleavage of  bonds adjacent to a carbonyl function at high pH, protons are no longer 

mvotved in the rate determining step. 

TABLE 5.7 
Polarographic half-wave potentials (E~0, in the pit independent region, for 
the cleavage of bonds adjacent to a carbonyl function; pH values at the on- 

set of ytid formation. 

Substrate E,4 pK~ Re£ 
/V vs. sce ytid 

PhCOCk'lzF - 1.05 [87] 

PhCOC~Q -0.55 [88] 

PhGOCH2Br -0.24 [881 

PhCQCH:/3Ac - 1,32 [89] 

PhCOCP~ft4Ra -0.98 [90] 

PhCOCP@IR~Ph -0.67 12.5 [91 ] 

PhC~@Et2 ~0.61 7.0 [91] 

PhCOCH2gMePh -0,40 6.5 [91 ] 

+R CH~COCH~N 3 - 1,28 [90] 

*p CHsCOCH~P h~ ~1.33 7.0 [92] 

Substrates with protons that are ionisable in alkaline solution have a second pH 
dependent region of the hail;wave potential, Included here are amine substituents, 
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protonated m acid but losing the proton in alkali, and onium salts forming the ylid 
at high pH. In acid solution these substrates and ylids are protonated the behaviour 
follows Scheme 5.5 or 5.6. In the pH range where the substrate loses this proton, 
half-wave potential becomes pH dependent because kinetic protonation on the car- 
bon centre is required to assist bond cleavage. 

1,4 

1 . 2  

8 

> 1.0 > 

J 

8 
60  

> 

i, 

0 . 8  

0.4- ~ 
0 2 4 

0 . 6  - -' ....... - '  : '-- -' . . . .  
0 4 8 12 6 

p H  p H  

/ 
8 10 

Figure 5.l.Variation of half-wave potential (E~/,) with pH tbr a-substituted ketones: (a) N- 

methyI-N-phenacylpipe~idinium cation, (b) N-methyl~N-(2-oxopropyt)piperidinium cation, 
(c) diethyl-(pheNacyl)-sutphonium cation Data fi'om ret~, [90] and [9!1. 

In strongly alkaline solutions, the carbonyl group in some substrates forms a 
tree enolate ion. Enotate ions undergo protonation on oxygen under kinetic control 
and are not reducible. Consequently the polarographic wave due to reductive 
cleavage and involving participation of the carbonyl thnction, falls to zero height. 
~ i s  phenomenon is observed in alkaline solution for carbon-sulphur bond cleav- 

O O 
II II 

Me SC~CCO2H N C ~  CH~CPh 

15 16 

age in 15 [93] and carbon-nitrile bond cleavage in :16 [89], 
Reduction of e)-bromoacetophenone in aprotic solvents leads to acetophenone 

enolate~ This is trapped by reaction with a second molecule of substrate to yield 
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2,4-diphenylfuran 17 in good yield [94, 95]. c~-Bromoacetophenone semicarba- 

Ph 

PhC, OCH~Br Hg''l"Ovvs'sc~# PhCO~ + PhCOCH~r~ P h @  I' ph~o/~ 
Me2NCHO, LiCIO4 CHeCOPh 

17 

zones are reduced in aprotic solvents to the carbon radical with cleavage of the 
carbon-bromine bond. Radical dimerization gives a quantitative yield of 1,2- 
dibenzoylethane semicarbazone [96]. 

COCH~ 

HO" v 

H~, -2.6 V vs. sc~ 
EtOH, Bu4NC4 

CHOHCH~ 

18 

Use has been made of the bond cleavage processes initiated by an adjacent car- 
bonyl function for the modification of steroidial ketols such as 18 [97]~ Reduction 
in ethanol eliminates the hydroxyl function and in the same reaction, the carbonyl 
function is reduced to a secondary alcohol. In compound 19 where there are several 
groups to act as electrophores, carbon-oxygen bond cleavage is initiated from the 
most easily reduced dienone function [98]. Cleavage of the carbon-oxygen bond in 
an ~x-acetoxycarbonyl thnction is achievable in good yields from rnultifunctional 
compounds such as the sesquiterpene taxol [99], 

COCH2OAc 

O ' ' ~ O  H~j,-2~__ V vs, 
EtOH, Bu4NBr 

COCH2OAc 

19 36 % yield 

Cleavage of a-aminoketones and their quaternary ammonium salts by sodium 
amalgam or zinc dust and acid has been used in synthetic procedures, This process 
was a key step in determining the stereochemistry of the Stevens rearrangement tbr 
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compound 20 [100]. An early attempt to apply the sodium amalgam reduction to 
dialkyl bev.zyl phenacyl ammonium salts led to the original discovery of the Stev- 
ens rearrangement [ 101 ]. Reduction of a-aminoketone ammonium salts in aprotic 

NMe2 Me 1 ~ C O P h  
PhCOCH~--N-Me. NaOH PhCO--C,vH= Zn / HOAc ~ H,,.~:4p h 

H ' ~ " P h  Stevens ~ H,,-C-..Ph reduction ~;H~ 
~ 3  Rearrangement ~H~ 

20 

solvents leads to some carbon-nitrogen bond cleavage but electrogenerated base 
also causes the Stevens rearrangement of some of the substrate [ 102]. 

One synthetic route to methyl kemnes involves tile cleavage of carbon-sulphur 
boMs in either sulphoxides or sulphones using aluminium amalgam as the electron 

RCO2Et + MeCO(~H2 .... ; 
AI / Hg 

RCOCHrSOMe ...... ; RCOCH~ 

RCOCH~SO~Me # l ( ~  RCOC'-I~ Ref. [I031 

source [103]. The reduction step in this sequence may also be carried out in an 
electrochemical cell, Thus, [3-ketosulphoxides are cleaved in aqueous dimethy- 
formamide at a mercury cathode in a divided cell. Overall four Faradays are re- 
quired as the first formed RSO ion is tiirther reduced to the mercaptan [104]. 
However the pH of the solution must be kept below 12.5 to avoid side reactions 
catalysed by eleclrogenerated base [105]. Electrochemical reduction of ~ 

RCOC~I~ 

I + o + H  

RCOCH2SO~Me ~ RO9(~}-I 2 + MeSOn" 

RCOC~CH~COR 

22 

ketosulphones does not always ~bllow a single reaction pathway, The methyl sul- 
phones 21 where R is an alkyl group undergo a two-electron cleavage reaction to 
yield a ketone and methytsulphinic acid. The optimum pH for this process is 7.8. 
Acid solution favours the further reduction of the ketone product while basic solu- 
tion causes condensation reactions to occur [t06]. However, when R is an aryl 
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group substantial yields of the diketone 22, which is a one-electron product, are 
generated [107, 108]. Reduction of the related phenyl sulphones always gives the 
ketone and benzenesulphinic acid [106] 

The sulphonyl chloride 23 is proposed as a protecting group for the Gabriel 
synthesis of  secondary amines from primary amines. At the deprotecting stage, 
carbon-sulphur bond cleavage is achieved using zinc and acid as the electron 
source [109]. 

1 ) RNH2 ,,R' Zn, R' 
' phCOC"SO  'R ; " " R  PhCOCH~O2CI 2) R'X, K2CO3 add 

R' 23 

+ SO~ + PhCOCH~R' 

Carbon-Carbon Bond Cleavage 

Cyclopropane rings adjacent to an electrochemically-generated radical-anion 
undergo carbon-carbon bond cleavage with ring opening. Several such reactions 
have been demonstrated by esr spectroscopic detection of the radicaI~anion prod- 
uct, The radical-anion of 24 is unstable even at low temperatures and only the ring 

Na-K alloy 
I ,  

Me-tetrahyd~furan, 
-110 °C 

24 

opened product can be detected [110]. 
Ring opening is observed during the preparative scale reduction of 1-cyclo- 

propylethyidenemalononitriles where the carbon-carbon bond cleavage occurs with 
preferential forrnation of the most substituted carbon radical intermediate [1 t 1]. 
Cleavage of the carbon-carbon bond is also activated by four cafbomethoxy sub- 

~C(CN),z CH3CN: Et4N81 ~, T ..t TN + 2H+ + 2e+ 2H + 
Ref, [l 1 ! ] 
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stiments. Ethane-tetracarboxylate esters undergo bond cleavage by reduction in 
dimethylformamide at a mercury cathode, best at 60 °C [ 112]. Pinacols with elec- 
tron accepting hydrocarbon substiments undergo carbon-carbon bond cleavage in 
dimethylformamide around the potentials necessary for the hydrocarbon to form 

1• Hg, -2.64 V v& ~ % /C02Me 

z i .-- 2 C \CO.4de (MeO2C ~ C(CO~v~e~ Me2NCHO, Et4NCI04 H / 

the radical-anion 
cleavage. 

89 % yield 
Ref. [1121 

[113]. These compounds also undergo carbon-oxygen bond 

4- 

Me2NCHO, Bu4N! 

Ref. [1131 

q'ne carbon-nitrile bond in cyanoalkanes is cleaved by reduction at very negative 
potentials, q~is is the route for decomposition of acetonitrile at the limit for its use 
as an aprotic solvent in elect~rochemistry [114, 115]. Preparative scale reduction of  
cyanoalkanes is best carried out in anhydrous ethylamine containing lithium chlo- 
ride as supporting electrolyte and gives 60-80 % yields of the alkane plus cyanide 
ion. 

1,2- and 1,4-Benzonitriles show two one-electron waves in polarography. The 
first wave is reversible and results in the tbmlation of a stable radical-anion. The 
second wave is irreversible and leads to the fbmaation of benzonitrile and cyanide 
ion [I 16]. 

The Abnormal Clemmensen Reaction 

Cleavage of  carbon-nitTogen bonds adjacent to the carbonyl function can occur 
during the Clemmensen reaction. In most cases these reactions passed unnoticed 
until the products were re-examined by N. J. Leonard [1 t7]. The processes were 
termed abnormal Clemmensen reactions. Prior to this work, the only unusual 
Clemmensen reduction processes noted were of co-butoxy-2,4-dihydroxy- 
acetophenone which gives 1-ethyl-2,4-dihydroxybenzene [118] and of ~0- 
dimethylaminoacetophenone which gives ethylbenzene and dimethylamme [119]. 
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Clemmensen reduction can be effected either using amalgamated zinc or cad- 
rniun-i and hydrochloric acid, or in the equivalent electrochemical reaction at cath- 
odes of cadmium or lead in 30 % sulphuric acid (see p. 344), Where the amino 
function is associated with a ring system, Clemmensen reduction of c~- 
aminoketones gives rise to three types of product: 
(a) The normal Clemmensen product is found for only a very few examples where 

the carbon-nitrogen bond is held rigidly in the plane of the carbonyl function. 

~ / / N  Zn/Hg 
HCI ~ / / N  

25 

Thus 2-ketoquinuclidine 25 gives quinuclidme in good yields [120]. There is 
no overlap between the o-bond and the carbonyt n*-orbital to assist simulta- 
neous electron transfer and bond cleavage. 

(b) For most substrates there is sufficient overlap for carbon-nitrogen bond cleav- 
age to be the first stage of reaction. Tile amine group may then interact with 
the caFbonyl group to give an imine, which reduces to the dihydro compound. 

(c) Where imine formation does not occur, the carbonyI group is reduced either m 
methylene or to the secondary alcohol [I 21]. 

The relative importance of pathways (b) and (c) depends on temperature and the 
cathode material, 

c/ Et 
1 
Me 

~ OH 

Cd catho~dy ~N/L''Pr + E t 
/ 3 0  % so4 

60 °{: 41% 10 % 

G~H~s 
: ~ - ~ ' ~  ~ p r  + "'NH 30 % H2SO4 ~ Me/" 
60 °C Me R.ef. [t261 

Electrochemical reduction of bicyclic~c~-aminoketones 25 is a route to medium 

OH 
O Pb cathode 

H;~ )n 30 % H2SO4, 60 °C L..,/..N~ ~((~-Hz )n 
H 

25, n=l to4 
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ring azacycloalkanols [1221. Pathway (b) is not important during the reactions of  
these substrates. 

A related abnomaaI Clemmensen reduction is found with ketone ct-thioethers, as 

O 

26 

Zn / Hg --[.,~-T ,'COCH3 Zn 1 Hg 
" L"" 1"~" H H2SO4 H2SO4 V "CHzS 

Me 

for compound 26. Reaction leads to cleavage of  the carbon-sulphur bond and sub- 
sequent formation of  a thioketal, which is reduced to the dialkyl sulphide [t 19]. 
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CHAPTER 6 

OXIDATION OF AROMATIC PINGS 

RadicaLCations 

Aromatic hydrocarbons are oxidised through loss of an electron from the highest 
occupied n-molecular orbital. This process generates a ~-delocalised radical- 
cation. The electron transfer process is generally irreversible in acetonitrile under 
normal conditions because the radical-anion reacts rapidly with extraneous nucleo- 
philes, including residual water. A second i~eversible oxidation wave is seen at 
more positive potentials due to the formation of a transitory dication. Solutions of 
9,10-diphenylanthracene radical-cation however can be prepared in acetonitrile 
using an electrochemical flow celt system and the reaction with water followed by 
uwspectroscopy [I]. For some substrates, in carefully purified acetonitrile con- 
taining suspended aluminium oxide to absorb residual water, both electron transfer 
process becomes reversible on the time scale of cyclic voltarrkmetry [2]. Dichlo- 
romethane [31, and mixtures of dichloromethane with fluorosulphonic acid [4] or 
trifluoroacetic acid [5, 6] are better solvents in which to demostrate the reversible 
one-electron oxidation of aromatic species. The anions prescnt, as well as the sol- 
veins themselves, are poor nucleophiles while any water is protonated by the acid 
and not available for nucleophilic attack. 

Table 6.1. Half-wave potentials [br the oxidation of aromatic substrates 
in acetonitrile at a platinum rotating disc electrode. 

Su'bstrate E,/~ Ref. 
/ V vs. sce 

1,3-Dimethylbenzene 2.15 [7] 
1,3,5-Trimethylbenzene 2.18 [7] 
1,2,4,5-TetramethyPoenzene 1.71 [7] 
Hexamethylbel~ene 1.66 [7] 
Naphthalene 1.76 [8] 
1-Methoxynaphthalene 1 ~38 [9] 
1,4-Dimethoxynaphthalene 1.10 [9] 
Anthracene 1.35 [8] 
9,10-Diphenylanthracene 1.18 [ 1 ] 
9,10-Di(4-methoxyphenyl)anthracene t. 12 [2] 
4,4'-Dimethoxybiphenyt t .25 [2] 
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Radical-cations were first prepared in solution and characterised by esr spec- 
troscopy using chemical methods for the oxidation of aromatic hydrocarbons. Con- 
centrated sulphuric acid [10] or antimony pentachloride in dichloromethane [11, 
12] have been used as solvents. Oxidation using lead dioxide in fluorosulphonic 
acid at -75 °C proves to be a satisfactory chemical route for substrates having an 
electron withdrawing substituent [13]. Characterization by esr spectroscopy of 
electrochemicaUy generated radical-cations can be frustrated by the high reactivity 
of these species in the solvents used. Thus hexaethylbenzene shows a reversible 
one-electron wave with E ° = 1 ~72 V vs. sce in trifluoroacetic acid and the radical- 
cation can be characterised by esr spectroscopy but hexamethylbenzene radical- 
cation is too reactive for detection [14]. Electrochemically generated 9,10- 
diphenylanthracene radical-cation has been characterised in acetonitrile [ 1]. 

Radical-cations from unsubstituted aromatic hydrocarbons show a strong ten- 
dency to form a sandwich n-complex with a molecule of the neutral compound. 
Dimeric species are detectable from esr measurements in solution. The crystalline 
naphthalene complex (CmHs)2PF6 can be prepared electrochemically and X-ray 
diffraction data indicates a sandwich arrangement of the two naphthalene rings 
with their symmetry axes ort.hogonal [15]. Dimeric species have also been prepared 
from both pyrene [16] and perylene [17]. Anthracene radical-cation dimer is char- 
acterised in solution [2, 3], Dark green coloured, solid dimeric cations were pre- 
pared in 1931 by the action of antimony pentachIoride on hydrocarbons in chloro- 
form solution but their structure was unrecognised [18, 19]. Radical-cations with 
bulky substituents however do not in general form a complex with the substrate. 
Thus 2,3,6,7-Tetra-methoxybiphenylene radical-cation is obtained as the non- 
associated crystalline perchlorate from acetonitrile [20]. 

This tendency for association is demonstrated during the formation of radical- 
cations by ),-irradiation of the hydrocarbon in a soft glass from chlorobutane- 
isopentane mixtures [21]. Radiolysis produces oxidising species, which generate 
the radical-cation, and also solvated electrons. The latter are scavenged by the 
chlorobutane to generate butyl radicals and chloride ions. In a glass of suitable vis- 
cosity, benzene gives the monomer radical-cation which slowly transforms to the 
dimer (C6H6)[ and naphthalene shows similar behaviour. ~ll~ese processes are fol- 
lowed by uv spectroscopy. In this glass, benzene and naphthalene monomer have 
)~,m 556 nm and 709 nm respectively while the corresponding dimers have ?~m,x 
926 ran and 1030 nm [2t]~ 

Aromatic radical-cations are generated by pulse-radiolysis of bel~.ene deriva- 
fives in aqueous solution. Radiolysis generates solvated electrons, protons and hy- 
droxyl radicals. The electrons are converted by reaction with peroxydisulphate ion 
to form sulphate radical-anion, which is an oxidising species, and sulphate. In an- 
other proceedure, electrons and protons react with dissolved nitrous oxide to form 
hydroxyl radicals and water, Hydroxyl radicals are then made to react with either 
thallium(l) or silver0) to generate thallium(ll) or silver(II) which are powerfully 
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oxidising species. Reaction of the aromatic substrate with one of these oxidising 
agents generates the radical-cation, the whole process occurring within microsec- 
onds from the initiating pulse of radiation. 

P, adical-cations generated in this way are characterised by their uv spectra (Ta- 
ble 6.2) and their esr spectra. The oxygen lone-pairs in methoxyhenzene radical- 
cations participate in delocalization of the positive charge so that, on the esr time- 
scale, phenomena due to hindered rotation about the benzene-oxygen bond appear. 
The two ortho-hydrogens in anisole radical-cation have different esr coupling con- 
stants. 1,4-Dimethoxybenzene radical-cation is found as a mixture of cis- and 
trans-isomers due to this hindered rotation [22]. 

Table 6,2. Long wavelength uv absorption bands of benzene radical- 
cations in water, determined by pulse-radiotysis techniques. 

Substrate km~× /nm a / M "~ cm; ~ Ref. 

Toluene 430 [23] 
1,4-Dimethylbe~ene 435 2050 [23] 
Mesitylene 475 2250 [23] 
Anisole 430 3800 [22] 
1,4-Dimethoxybenzene 460 9540 [22] 
1,2,3~h'nethoxybenzene 420 2800 [22] 

Pulse-radiolysis experiments allow an examination of the first steps in the decay 
of radical-cations. Solutions of the radical..cation in the region of 10 -5 M are gener- 
ated. Bimolecular reactions between species at this level of concentration proceed 
relatively slowly and this simplifies interpretation of the expelimental data. Par- 
ticularly, electron transfer between radical-cations and radical species derived from 
them is not observed during the experiment. 

Methylbenzenes lose a proton from a methyl group to fbrm a benzyl radical. In 
aqueous M-perchloric acid this reaction is fast with a rate constant in the range 104 
v_ 107 s ~ and the process is not reversible [24]. The process becomes slower as the 
number of methyl substituents increases. HexaethylbeiLzene radical cation is rela- 
tively stable. When the benzyl radical is formed, fm~ther reactions lead to the de- 
velopment of a complex esr spectrum. Anodic oxidation of hexamethylbenzcnae in 
trifluoroacetic acid at concentrations greater than 10 -4 M yields the radical-cation 1 
by the process shown in Scheme 6.1 [14]. Preparative scale, anodic oxidation of 
methylbenzenes leads to the henzyl carbonium ion by oxidation of the benzyl radi- 
cals formed from the substrate radicaI-cation, Products isolated result from further 
reactions of this carbonium ion. 

The second important reaction of" radical-cations is a~aclmlent of a nucleophile 
to one of the ring carbon atoms. In solutions at pH > 4 radical-cations generated by 
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pulse-radiolysis react principally with water as a nucleophile. This process is re- 
versible [22, 23]. The radical species in this equilibrium can be prepared independ- 
ently by the addition of hydroxyl radicals to the benzene precursor. In acid solution 
it is converted to the radical cation with loss of water in a bimolecular process with 
rate constant in the region of 109 M "l s "i, 

H* -e 
-O 

CH2 ~_ / 

H 

Seheroe 6,1 Methyl group transfi~r during the anodie oxidation of hexamethylbenzene 
in trifluoroacetic acid. 

Electrochemically generated solutions of  radical-cations will react with nucleo- 
philes in an ineIx solvent to generate a radical intermediate. Under these conditions 
the intermediate is oxidised to the carbonium ion by a further radical-cation. Gen- 
erally, an aromatic system is then reformed by loss of  a proton. Reactions of 9,10- 
diphenylanthracene radical-cation nucleophiles in acetonitrile are conveniently 
fbllowed either by stop flow techniques or by spectroelectrochemistry. Reaction 
with chloride ion follows the course shown in Scheme 6.2, where the te~inat ion 

Ph 

Ph 

+ Cl- ~ ~ f ~ , J  2 + 3 

Ph 

Ph 

+ anthmoene 

Scheme 6.2 Reaction of9,10=diphenylamhracene radical~cation with chloride iota 
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stage is now addition of chloride ion to the carbonium ion. The process involves a 
pre-equlibrium between the radical-cation and the nucleophile followed by a rate- 
determining electron transfer step [25]. Equation 6. t is the overall rate-equation, In 

• + 2 Rate = kavp[DPA ] [el  ] Eq.6,1 

contrast, reactions of the radical-cation with water [I, 26] and with pyridine [25] 
are first order in both radical-cation and nucteophile concentrations. Here the first 
addition of the nucleophile to the radical~anion is rate detem~ining. 

A third important reaction of aromatic radical~cations is carbon-carbon bond 
formation with a further aromatic substrate. This reaction is limited to the oxida- 
tion in acetonitrile of substrates with electrondonating substituents. Radical-cations 
from benzene, naphthalene and anthracene form n-complexes but do not form a o- 
bonded reaction intermediate. The dimerization reaction has been investigated both 
by pulse-radiolysis [22] in water and by electrochemical methods [27] in acetoni- 

OMe 

4 

OMe OMe 

* C ;  (a) + 4 H + H ÷ ~ + 
+ " ' -  + (b) 

OMe OMe 

Scheme 6,3. Dehydrodimerization reac{ion fi~r anisole, (a) Rate-determining step at 
low concentratioas of anisole, (b) Rate-determining at high concentrations of anisole. 

trile, It follows the course shown in Scheme 6.3 illustrate by the reaction of an- 
isole. Overall the reaction is a dehydrodimerization. The radical-cation and a mole- 
cule of  subst-rate tbrm a c~-bonded complex in a reversible pre-equlibrium. This 
complex is oxidised meversibly by a second radical-cation. At low substrate con- 
centrations, the rate-dete~Tnining stage is f?,~rmation of the a-complex and the over- 
all reaction is first order in both radical-cation and substrate, At substrate concen- 
trations around 15 nff~l, fbrmation of the c~-comptex becomes a pre-equlibrium, 
which is rapidly established and the rate-determining stage is further oxidation of 
this comlex by the radical~cation. The overall rate is then second order in radical- 
cation concentration. Under pulse*radiolysis conditions where the radical-cation 
concentration is very low, reaction is first order and the c~-complex can be charac- 
terised by its uv-spectrum, 
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The dehydrodimerization reaction involving aromatic radical-cations is fast only 
when electron donating substituents are present in the benzene ring, These sub- 
stituents stabilise the ~-intermediate. Benzene, naphthalene and anthracene radical- 
cations form a re-sandwich complex with the substrate but lack the ability to stabi- 
lise the (>intermediate so that radical-cation substrate reactions are not observed. 
The energy level diagram of Scheme 6.4 illustrates the influence of electron do- 
nating substituents in stabilising the Wheland type c>intermediate. 

c 
U.I 
"~ + 

S+S" 

el. .... "-A i f - - S  + 
- e  . . . .  

l S+Sa; 

S+ S + g- ; s  :+  ~o~ . 
"~ or negligible rate 

-e |  .... S ' -  s+ 

} s + s  "+ 
S'=  ÷ 

- e  

S+S 

(a) (b) 

Seheme 6 ,4  Er~ergy lever diagrams ~br reactions of aromatic radical-cations with their 

substrate S: (a) Substrates having electron donath~g methoxy substituents, (b) No electron 

donating substituems present. The wavy tines indicate a single electron transfer process. 

Cross coupling reactions, for example between 9-phenylanthracene radical- 
cation and anisole or toluene are known. 9-Phenylanthracene is more easily oxi- 
dised than anisole or toluene and carbon-carbon bond formation takes place by 
reaction between 9-phenylanthracene radical-cation and the substituted benzene. 
These reactions follow a kinetic scheme related to that of Scheme 6.3(b) in which a 
second electron transfer step is rate detemmfing, although an reverse dependence 
of  the rate on the concentration of 9-phenylanthracene can be detected [28], 

Oxidative Substitution Reactions 

Anodic substitution reactions of aromatic hydrocarbons have been known since 
around 1900 [29, 301, The course of these processes was established primarily by a 
study of the reaction between naphthalene and acetate ions. Oxidation of naphtha- 
lene in the presence of acetate gives l-acetoxynaphthalene and this was at first 
taken to indicate trapping of the ace@ radical formed dnring Kolbe electrolysis of 
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acetate ion [31]. Later workers showed that acetoxytation reactions of other aro- 
rnatic hydrocarbons take place at anode potentials characteristic of the hydrocarbon 
and not at the one potential to be expected if the initial step is oxidation of acetate. 
In general these reactions take place at potentials much less anodic than those re- 
quired for the Kolbe reaction. Reaction of naphthalene under vigorous conditions 
at high anode potentials gives 1-methylnaphthalene as a side product, the yield of  
which falls substantially at lower anode potentials [32]. This and all subsequent 
work confnms that the aromatic radical-cation is the reaction intermediate in ano- 
dic substitution process. Nucteophiles mostly react to form a or-bond but for some 
examples, such as halide ions, [33] the nucleophile is oxidised by electron transfer 
and bond formation does not take ptace. Methylnaphthalene arises from reaction of 
methyl radicals generated when the anodic potential is sufficient to initiate the 
Kolbe process. Pyridine oxidises at more anodic potentials than either benzene or 
naphthalene. Electrolysis of sodium acetate in pyridine leads to 2- and 4- 
methylpyridines [34] since acetate is now preferentially oxidised at the anode, gen- 
erating methyl radicals, which react with pyridine. Anodic substitution reactions 
involving methoxide ions [35] or cyanide ions [36] were first assumed to involve 
methoxy radicals and cyanide radicals respectively. The reactive species is now 
recognised to be the aromatic radical-cation, which couples with the nucleophilic 
anion, 

Aromatic compounds undergo acetoxylation during electrochemical oxidation in 
acetic acid containing sodium acetate [37]. The radical-cation is first formed and 
reacts with acetate ion in an equlibrium step which is driven forward by further 
oxidation of the radical product. Alkyl substituted benzene radical-cations may 
also lose a proton from the benzytic position in an irreversible step after which 
farther reaction leads to side chain acetoxytation. Scheme 6.5 illustrates these pro- 
cesses with toluene as substrate, Loss of the benzylic proton is energetically fa- 
voured due to overlap between the aromatic ring and the forming benzylic radical 
accommodated in a p-orbital, In triptycene, which shows only nuclear acetoxyla- 
tion and no ec-acetoxylation [38], the equivalent benzyI orbital is sp :~ hybridised 
and held orthogonat to the bewene rings, In the general case, benzylic and nuclear 

+ d oAc 
CA30,I~ 

Scheme 6.5. Steps in the anodic oxidation of toluene in acetic acid, s~xlium acetate. 
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substitution processes compete, Benzene derivatives with fbur or more methyl sub~ 
stituents give mostly benzyt acetates. 

Nuclear substitution will occur at the point of highest positive charge density in 
the radical-cation. Further oxidation gives the delocalised carbonium ion and at this 
stage file acetyl group can migrate by a 1,2-bridging process. The isomeric ratio for 
nuclear substitution is therefore controlled by the relative energy of the isomeric 
carbonium ion intermediates and not by the direction of the initial substitution step. 
Table 6.3 gives the observed product ratios at a platinum anode. 

Table 6,3. Isomer distTibution from acetoxylation of aromatic compounds at a 
platinum anode in acetic acid, sodium acetate. Ref. [37] 

Substrate Acetoxylation Products 

Side Nuclear isomer distribution 
chain 

ortho / % rneta / % para / % / %  

Toluene 28.6 43 11 46 
Ethylbenzene 50.5 44 10 46 
Isopropylbenzene 46.7 44 16 40 
tert.Butylbenzene 35 22 43 
Fluorobenzene 34 8 58 
Chlorobenzene 37 5 58 
Anisole 67 4 29 
Biphenyl 31 t 68 
Naphthalene 96 a 4 b 

Foomotes: (a) l~acetoxynaphthatene; (b) 2-acemxynaphthalene, 

The isomer distribution obtained from the oxidation of mesitylene in acetic acid, 
sodium acetate depends on the anode material. Graphite strongly favours nuclear 
substitution to side chain substitution in the ratio 23: t while at platinum this ratio is 
4: I. Oxidation of methyl benzenes in acetic acid containing tetrabutylammonium 
fluoroborate and no acetate ion gives benzy! acetate as the major product since loss 
of a proton from the radical-cation is now faster than nuclear substitution by acetic 
acid as the only nucleophile present [39]. 

lpso-substitution is rarely obse~ed during anodic acetoxylation reactions. How- 
ever, 1,4-difluorobenzene 5 in ~ifluoroacetic acid gives both the normal product 
and the product of replacement of fluorine by trifluoroacetoxy [40]. Oxidation of 
2- and 4-fluoroanisoles in acetic acid leads to replacement of the fluorine by ace- 
toxy [41 ], while reaction of hexafluorobenzene leads to tetrafluoro-1,4-benzoquin- 
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one [42]. These reactions probably proceed as indicated for compound 5. Meth- 
oxylation and cyanation reactions of methoxybenzenes afford many examples of  
ipso-substitntions, which are introduced on p. 199. In the hydrocarbon series, ano- 
dic oxidation ofpara-xylene in methanol containing sodium methoxide gives a low 
yield of  the two isomeric 1,4-dimethoxy- 1,4-dimethylcyclohexa-2,5-dienes [43]. 

F 

F 

OCOOA:~ OCOCFs 

-F +5 

F F F , 7  
Pt anode / g 37 % 

CFaCO2H, CH2 1 ~  H - e OCOCF3 
Et3N OCOCF~ - H; 

F 
F 

t0% 

In the absence of strongly nucleophilic anions, naphthalene radical-cation will 
react with nucleophilic aromatic hydrocarbons. Oxidatinn of naphthalene in dichlo- 
romethane or acetoni~ile with Bu4NBF4 as electrolyte gives 1, l~binaphthyl in the 
first stage of reaction and a polymer after prolonged reaction [44]. Naphthalene is 
more readily oxidised than methylbenzenes and oxidation of  a mixture with naph- 
thalene gives rise to coupling products from mesiD, lene [44], isodurene and pen- 
tamethylber~zene [45]. Oxidation of methylbenzenes alone m dichloromethane 

. ~ [ j ~  Pt, 1.4 v vs. s ~  

+ CH3CN, CH3CO2H, 
Bu4NBF4 

Ret: [441 

gives rise to two types of product, one by electrophilic attack of the mdical-cation 
on the substrate, the other by electrophilic attack of a benzyl carbonium ion on the 
substrate [46, 47]. Reaction between radical-cations or bev~yl carbonitma ions and 
acetoninile as the nucleophile has been observed in some cases and this leads to an 
acetamide after addition of water [48, 49]. 

Electrochemical oxidation affords a simple route for the conversion of benzene 
derivatives to the corresponding phenol via the phenyl acetate. In practice however 
high yields are difficult to achieve because the product readily' undergoes further 
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oxidation. Reaction has to be carried out m low conversion after which the product 

CH2C12, Bu4NBF4 

.•... Pt, 1.8 V vs. see 
CH2Ct 2, Bu4NBF4 

Ref. [441 

'CHaCN, NaCIO4 
2) add water Ref. [49] 

is isolated and the reactant rech'culated. Techniques have been developed for reac- 
tion m an emulsion of dichloromethane and aqueous acetate, which allow relatively 
easy product isolation from the dichloromethane layer [50]. A further refinement 
employs trifluoroacetic acid in place of acetic acid when trifluoroacetates are 
formed, These are less easily oxidised because of the electron withdrawing effect 
of the trifluoroacetate group so the reaction can be carried out to higher conversion 
with less risk of further oxidation [40]. 

The c~-substitution product from oxidation of methylbenzenes in acetic acid can 
be eliminated by electrochemical hydrogenotysis at the cathode. An undivided cell 
is used and a palladium on carbon catalyst is suspended in the medium. The neces- 
sary hydrogen is generated by reduction of protons at the cathode. In this way, the 

~ . ~ , ,  Pt anode , , , j L ~  OAc 
HOAc, KOA  
5 % Pd/C 

gel. 1511 

79 % 

a-substitution product is both eliminated and the recovered substrate is re-circu- 
lated. The major isolated products result from nuclear substitution [51 ], 

Benzene, naphthalene and anthracene afibrd quinones by oxidation in aqueous 
based media and these processes are technically important. ElecVochemical oxida- 
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don of benzene emulsified with dilute sulpbmric acid has been known since 1880 to 
yield quinone [52]. Yields of quinone up to 8 1 %  of the benzene consumed were 
achieved [53]. Later (1923) anodic formation of quinone in a divided cell was 
combined with circulation of the reaction mixture through the cathode chamber to 
yield hydroquinone by reduction of any quinone present [54]. This process forms 
the basis of  hydroquinone manufacture to the present day. ~ e  electrolyte is an 
emulsion of  benzene in dilute sulphuric acid and reaction is conducted at 70 °C. 
Hydroquinone passes into the aqueous layer, which is separated and cooled when 
the product crystallises. Benzene and sulphuric acid are re-circulated [55]. 

Benzene radical-cation is formed at the anode and reacts with water as a nucteo- 
phile to form phenol as an intermediate. Phenol is more readily oxidised than ben- 
zene and is converted to 1,4-dihydroxybenzene. Further oxidation of this in the 
anode chamber leads to quinone 

Naphthalene and anttu'acene are oxidised as a suspension in aqueous acid with a 
transition metal ion as electron carrier. The transition metal ion is converted to a 
high valency state at the anode and then reacts with the aromatic hydrocarbon. This 
indirect oxidation process gives higher yields than direct oxidation of naphthalene 
or anthracene [56]. Manganese(IH), cerium(Iv) and chromium(vl) have all been 
used as electron carriers. Cerium(tv) methanesulphonate in methanesulphonic acid 
is generally favoured, It is used either in catalytic arpm~ounts together with the hy- 
drocarbon in the electrochemical ceil [57] or is generated in stoichiometric 
amounts in the cell and then reacted with hydrocarbon outside the cell [58]. "Vlae 
transition metal solution is re-circulated under controlled conditions so as to di- 
minish the problems of electrode tbuling and deactivation [59]. 

Side chain oxidation of rnethylbenzenes has been developed into a route for the 

O M e  O M e  O M e  MeO O M e  + - e M e O -  - e 

" ........... MeOH 
M Me (path A) M Me 

Me Me 
6 

| 

(path B) t "  H+ 

OMe OMe OMe 

MeOH MeOH 

"CHz Me Me)z 

Scheme 6,6~ Oxidation of 4-methyianisole in methanol, sodium methoxide, 
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preparation of some benzaldehydes on a technical scale. Reactions are carried out 
in either methanol and sodium metboxide or in methanol and acid and lead to iso- 
lation of  the aldehyde dimethylacetal. The conversion of toluene to benzaldehyde 
and 4-tert.butyltoluene to 4-tert,buvylbenzaldehyde is carried out in methanol, sul- 
phuric acid at a graphite anode [60, 61]. The same conversions are effected using 
cerium(Iv) methanesulphonate in methane sulphonic acid [62] or ceric ammonium 
nitrate in methanol [63], coupled with re-oxidation of cerium at the anode. 

A general reaction scheme is illustrated in Scheme 66 tbr the oxidation of 4- 
methylanisole in alkaline solution. Ipso-substimtion is characteristic for reaction of 
methoxybenzene radicaPcations with many nucteophiles including methoxide and 
cyanide ions. At a platinum anode some (pso-substimtion occurs and compound 6 
can be isolated along with the benzaldehyde acetal 7. lpso-substitution involves 
reaction of the nucleophiIe at a point on the radicaPcation of high positive charge 
density. The rnethoxy group is not able to bridge adjacent carbon atoms of the ring, 
as is acetoxy, and so does not migrate, However the nucteophilic addition step is in 
general reversible. Rapid oxidation of the radical intermediate leads to irreversible 
q)so-substitution by path A. At a carbon anode this second electron transfer step is 
relatively slow. Because the nucleophilic addition is reversible in acid solution, the 
radical-cation now becomes available fbr rapid irreversible loss of a proton to give 
the b e r y l  radical by path B. 'I~is reaction is known to be fast even in acid solution 
[24]. Subsequent steps now involve tbrmation of the benzyl carbonium ion, reac~ 
fion with methanol to form the benzyl methyl ether and fgrther anodic oxidation to 
the acetal [64]. Oxidation of methylbenzenes in methanol containing sulphuric acid 
leads to the dimethyI acetal in good yield with negligible nuctear substitution. 

Indirect electrochemical oxidation of substituted toluenes in methanol affords 
good yields of side chain substitution products. Tris(2,4-dibromophenyl)amine is 

- " X ~ > - -  C anode 

R CH3 MeOH, 

(C~H3Br2hN catalyst 

Yield 

R = Bu~ 71% 
Me 76 % 
Br 72 % 
Cl 83 % 
H 95 % 

Rer. [651 

used as electron transfer agent. The amine is oxidised at the anode to a radical- 
cation and this transfers an electron from the aromatic hydrocarbon in solution. 
Further oxidation requires a second electron acceptor and before this encounter is 
achieved, tile hydrocarbon radical-cation loses a proton. Further reaction fi)llows 
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path B in Scheme 6,6 and side chain oxidation steps continue so that the final 
product is a benzoic acid ortho-ester [65]. 

Conversion of toluenes to the benzoic acid is also accomplished by anodic oxi- 
dation in acetic acid containing some nitric acid. It is not clear if this reaction in- 
volves the aromatic radical-cation or if the oxidising agents are nitrogen oxide 
radicals generated by electron transfer from nitrate ions [66, 67], Oxidation of 4- 
fluorotoluene at a lead dioxide anode in dilute sulphuric acid gives 4-fluorobenloic 
acid in a reaction which involves toss of a proton from the aromatic radical-cation 
and them in further oxidation of the benzyl radical formed [68], 

Anodic nuclear substitution by methoxide or cyanide ions gives acceptable 
yields only for methoxybenzenes and methoxynaphthalenes. The nucleophile is 
attached to the point of highest positive charge density in the radical-cation and for 
many examples this leads to ipso-substitution. Oxidation of 1,4-dimethoxybenzene 
in methanol containing potassium hydroxide leads to the quinone diketal 8 [69]. 
The reaction is a general one for 1,4~dimethoxybenzenes [70, 7I] and 1,4- 

OMe OMe 
~Me ~ Mei~O [ ~ . M e  . MeO_ O~.Me Pt anode Pt anode 

'MeOH K0H MeOH, KOH ONe 
MeO OMe OMe MeO OMe 

8 9 

dimethoxy-naphthalenes [72, 73]. Further nuclear methoxylation is obse~ed with 
some substrates such as in the fbrmation of 9 [169] Quinone ketals cannot easily be 
prepared by any other route. They effectively protect the quinone fimction during 
further operations and can easily be hydrolysed under acid conditions The anodic 

OMe MeO OMe OMe 

. . . . .  b MeOH, KOH heat 
Me 

10 85 % 

oxidation of benzene or chlorobenzene in methanol containing tetramethylphos- 
phonium fluoride as supporting electrolyte also gives quinone diketals [74]. Me~- 
oxylation of t,5-dimethoxy-naphthalene 10 gives the ipso-substitution product, 
which can easily be transfornled to 1,4,5otrimethoxynaphthalene [75]. 
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Reactions be~,een aromatic hydrocarbon radical-cations and cyanide ions, with 
few exceptions, give low yields of nuclear substitution products [7@ In some 
cases, better results have been obtained by anodic oxidation of the aromatic com- 
pound in an emulsion of aqueous sodium cyanide and dichtoromet~hane with tetra- 
butylarrLmonium hydrogen sulphate as a phase transfer agent [77, 78]. Methoxy- 
benzenes give exceptionally good yields from reactions m acetonitrile containing 
tetraethylaroanonium cyanide, sometimes with displacement of methoxide [79, 80] 

Table 6.4. Products from reactions between aromatic radical-cations and 
cyanide ions 

Substrate Route Product Yield Ref. 
/%  

Naphtha|erie b 
Anisole b 
1,2-Dimethoxybenzene a 
1,3-Dimethoxybenzene b 
1,3-Dimethoxybenzene a 
1,4-Dimethoxybenzene a 
1,2,3-Trimethoxybenzene a 
1,2,4-Trimethoxybenzene b 
1,3,5-Trimethoxybenzene b 
4,4'-Dimethoxybiphenyl b 

I -Cyanonaphthalene 69 [77] 
4-methyoxbenzonitriIe 57 [77] 
2-MethoxybenzonitriIe 94 [79, 80] 
2,4~DimethoxybenzonitrUe 58 [80] 
2,4- Dimethoxybenzonitrile 12 [79] 
4-Methoxybenzonitrile 95 [79] 
2,6.Diemthoxybenzonitri!e 86 [79, 80] 
2,4-Dimethoxybenzonitrile 38 [80] 
2,4,GTrimethoxybenzonitrite 56 [80] 
4-Cyano~4'-methoxybiphenyt 78 [781 

Footnotes: Route a, acetonitrile and tetraethylammoniun cyanide; 
Route b, aqueous sodium cyanide and dichloromethane emulsion. 

The mechanism for replacement of a methoxyl group by cyanide in these reac- 
tions follows Scheme 6.7. The radical-cation reacts with cyanide ion at the point of 
highest positive charge density. Oxidation of the radical so formed m the carbon- 
ium ion is followed by elimination of proton and formaldehyde [79]. The elimina- 
tion step is analogous to the conversion of cyanhy&ins to the carbonyl compound 
aM cyanide ion in basic solution. 

H Bas~ 
, / !  CN 

OMe Me 

--I@MQ e * CN - e p. + CH20 ................. # 

MeO GN 
OMe 

Scheme 6.7. Oxidation of 1,4-dimethoxybenzene in the presence of cyanide ions. 
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Anodic oxidation of methoxybettzenes in aqueous sulphuric acid also leads to 
loss of the methoxy substituent, this time through (pso-substitution on the radical- 
cation by water. Anisole and 4-methoxyphenol are both converted to quinone [81 ]. 
The elimination of  methanol is catalysed by protons by the mechanism illustrated 
in Scheme 6.8. Diphenyl derivatives have also been isolated from oxidation of 
some methoxybe~enes. They arise thl"ough the competitive reaction involving a 

OMe OMe OH O 

- e H~O 

yield 72 % 

Scheme &8, Oxidation of aniso!e to quinone at a lead dioxide anode in dilute sulphuric acid, 

radical-cation and a molecule of the substTate. This reaction can be observed under 
pulse-radiolysis conditions with very dilute solutions of the radical-cation (p. 191). 
Because m the low concentrations used there, thrther oxidation steps are negligibly 
slow. 

Anodic oxidation of 1,2,3-trimethoxybet~ene in acetone containing dilute sul- 
phuric acid gives 2,6-dimethoxybenzoquinone but in contrast 1,2,4-trimetihoxy- 
benzene affords the dehydrodimer 11 in good yield [82]. Dehydrodimer~ation 
becomes an important process in the oxidation of methoxybenzenes in dichlo- 

OMe 

MeO CHaCOCH3 ' 

MeO d[I. H2SO 4 

OMe 

[~ OMe Pt anode 

CFaCO2H, Bu4NBF4 

OMe OMe 

MoO OMe 

MoO MeO Ref. [82] 

11 Yietd 85 % 

OMe MeO. ; 

M e O ~  ~ "  
)Me 

1 2  

Re£ [83I 
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romethane - trifluoroacetic acid. Preparation of the dimer can be achieved pro- 
vided the reaction is can'ied to low conversion so as to avoid over oxidation of the 
product [83]. 1,2-Dimethoxybenzene gives a good yield of the triphenylene 12 
from anodic oxidation in trifluoroacetic acid [8@ 

Cleavage of a benzylic carbon-carbon bond is observed from aromatic radical- 
cations in cases where the resulting fragments are stabilised by substituents. Bond 
cleavage occurs, for example, with dialkylphenylcarbinoIs involving loss of the 
more stable alkyl radical and leaving a phenyl alkyl ketone [85, 86]. 

The oxidative cleavage of narcotine to cotarine and opianic acid is an example 
of this reactivity. This reaction has been known since 1844, using manganese di- 

Me Pt anode 4, MeO OH 
M eO 4 2 . . ~  dH. H2SO4, Na2SO4 + / ' [ ~ O  

Cotarine O 
Of/- ~ "OMe MeO 

OMe 
Re£ [881 OMe 

Narcotine Opianic add 

oxide and sulplmric acid as the oxidising agent [87]. It can also be carried out 
electrochemically [881. A related oxidative carbon-carbon bond cleavage process is 
used to generate from cantharanthme an intermediate cation which when con- 

Pt, 0.6 V vs. sce 

CH3CN, EL, NBF4 
2,6-tutidine 

Cantharanthine A Vit~¢2 BH~4i ne 

Me CO,de 

Ref. [89 t 

Anhydrovi rib! asti ne 
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densed with vindoline leads to a synthesis of the important alkaloid anhydrovin- 
blastine [89]. This bond cleavage process can be looked upon as initiated by a radi- 
cal-cation generated either fi'om the indole residue, or generated from oxidation of 
file tertiaw amine lone pair. 

Cleavage of the carbon-oxygen bond in benzyl ethers occurs on oxidation in 
aqueous acetonitrile. Loss of  a benzylic proton from the radical-cation, formation 
of a hemiacetal and then hydrolysis, initiate the process [90]. Cleavage of the car- 
bon-oxygen bond is not a direct electrochemical step. The 4-meflmxybenzyl ether 
is recommended as a protecting group for alcohols. It can be removed by anodic 
oxidation to reform the alcohol together with anisaldehyde. Removal of the alde- 
hyde as its bisulphite complex leaves the alcohol in 69-88 % yields [91]. 4- 
Methoxybenzylcarbonyl chloride is used as an amine-protecting group in peptide 
synthesis. The group can be removed by anodic oxidation [92] 

Oxidation of  Phenols 

Phenols show a two-electron oxidation wave on cyclic voltan~,netry in acetoni- 
trile at a less positive potential than for the con'esponding methyl ether (Table 6.5) 
or a related hy&ocafbon. Phenol radical-cation is a strong acid with pK, ca. -5  in 
water [93], so the two~electron oxidation wav'e for phenols is due to formation of a 
phenoxonium ion such as 13, where the complete oxidation process is illustrated 
for 2,4,6.tri.tert-butylphenoI. Phenoxide ions are oxidised at considerably less 
positive potentials than the conesponding phenol. They give rise to a one-electron 
wave on cyclic voltammetry in aqueous acetonitrile or in aqueous ethanol con- 
taining potassium hydroxide, 2,4,6-Tri-tert-buWlphenoxide ion is reversibly oxi- 
dised to ~ e  radical in a one-electron process with E ° = -0~09 V vs. sce. The radical 
undergoes a further irreversible one.electron oxidation with Ep .... 1.05 V vs, sce on 
cyclic voltarmmetry forming the phenoxoninm ion which reacts with water [94]. 

Table 6.5, Halt-peak potentials from cyclic voltammetry of  phenols and 
methoxybenzencs in acetonitrile, LiCIO4, scan rate 100 mV s 4. Ref. [95] 

Substrate Ep~ / Substrate Ep,/~ / 
V vs. see V vs, sce 

OMe 

OMe 
OMe OMe 

Me"~'(~k~/ 1,54 Me ~--~//~-,OMe 
OMe 

0.85 

1,11 
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OH OH 
t B u ~ t B u  - e  tB u " -T~ I ' ~  tBu 

t pKa ~ -5 in water 
pH > 12 ~- H* 

O" 0 0 0 
tBu.,T~/..U., tBu tB u V ~ - ~ . .  tBu tBu ,.,..~_....t tBu tBu_ 1 . t ~ j  tBu 

Lb_JJ - e  "U..dl JJ 
Eo =-o.o9 v = v - - y  tBoXo. 

tBu tBu tBu 

13 

In general, the oxidation of a phenol in a solution at high pH will generate the 
phenoxy radical in a reversible process. The anode potential for this process be- 
comes more positive as the pH falls due to the equlibrium between phenol and 
phenoxide. Oxidation of this phenoxy radical occurs at more positive potentials 
and eventually these two processes will merge to a single two-electron wave. "I:he 
rate of  these processes is limited by the rate of ionisation of the phenol. Finally at 
low pH values the direct oxidation of tile phenol, initially forming the radical- 
cation, will become the dominant process [96]. The conditions for electrochemical 
oxidation of phenols can be adjusted to generate either the phenoxy radical or the 
phenoxonium ion intermediate. Oxidation of phenols is also carried out using a 
chemical oxidant, an iron(m) ~ iron0I) couple being fi'equently used. The iron sys- 
tem has E ° ~ 0.5 V vs. sce in dilute hydrochloric acid while ferricyanide - f?rro- 
cyanide has E ° ~ 0.2 V vs .  sce in water, so these oxidising agents will generate the 
phenoxy radical. 

Isolable products related to the radical or the phenoxonium ion are obtained by 
oxidation of phenols heavily substituted by electron donating substivaents. 2,4,6- 
'Ih'iphenylphenol is taken as an example. In acetonitrile containing tetramethylam- 
monium hydroxide, oxidation of the phenolate ion at a rotating graphite electrode 
shows a reversible one-electTon process with E~,, = 0.166 V vs. sce. The radical is 
formed and undergoes rapid and reversible dimerization. In acetic acid containing 
sodium acetate, the phenol shows a reversible two-electron process with Ev~ = 
0.741 V vs. sce in which the phenoxonium ion is generated. The cation rapidly and 
reversibly reacts with acetate ion to form a covalent ester [97]. The phenoxonium 
hexachloroantimonate is generated as a crystalline solid from reaction bem'een this 
ester and antimony pentachloride [98]. 
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Reactions of the phenoxonium ion with nucleopiles are illustrated by the oxida- 
tion of 2,6-di-tert-butyl-4-rnethytphenol [99, 100], At high water concentrations in 

tBu, 
OH 

Pt anode 
C½Ca, ½o 

CH~ Li CIO4 

O O tBu ~.+~. tBu ~ t B u . . ~ y  tBu 

CH3[. H + C~ "OH14 

O 
t a u . ? t S u  

CH2 

½0 

OH 

CH~OH 
15 

acetonitrile, the dienone 14 is the major product whereas at low water concentra- 
tions more of the benzyl alcohol 15 is fomaed. Hydroxylation always occurs para 
to the original phenolic substiment. The dimer 16 is obtained on oxidation of the 
phenoxide in acemnitrile [101]. Under these conditions, the phenoxy radical is 
formed and abstracts a be~ylic hydrogen atom from another molecule of phenol. 
Dirnerization of the resulting be~lyl radicals generates i6, 

/Bu lBu tBu 

; HO CHH OH 
CH:~, Et4NCIO4 
NaOMe (1 eq.) 

16 

Reactions of phenols are frequently camed out at a lead dioxide anode in dilute 
aqueous sulphuric acid, A phenoxonium ion is the reactive intermediate, In dilute 
solution, the major reaction is para-hydroxylation of the phenol [I00]. Phenols 

OH O OH OH 

~~ ~-YooHVle Me'~ "Me Me PbO2 anode + 
dil, ½SO4 

Me Me Me ReE [100] 

with only hydrogen in the 4-position are converted to the 1,4-quinone. The reaction 
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is used for the manufacture of some quinones and hydroquinones [102], A com- 
peting reaction in a concentrated solution of the phenol is attack of the phenoxo- 
nium ion on a molecule of the phenol, leading to the phenol dehych-odimer or to a 
diphenoquinone where the starting phenol has no para-substiment [100, 103]. Di- 
phenoquinones are the usual products in a less nucteophilic solvent mixture [104], 

OH O Me Me 
Me....~Me PbO2d,l. H2SO 4an°de , Me-.~11 ~t''/le + : 

O 
OH OMe 

0 ~ .  Pb02 anode 
o o dit, 

OMe MeO 
Ref. {]031 

The phenoxonium ion derived from 17 is substituted m both ortho, and par(l- 
positions by electron rich alkenes [105] and also by thran 

OMe 

Me/ -~H 

17 

MeO_ OMe OMe 
C, 0 . 2 ~  r @ O M e  -1~ Otvle 

Bu4NBF4 /.,~/,,,~ + ..,jl~r~70Me 

OMe 0 

Oxidation of 4-methoxyphenols in methanol is a route to 4,4-dimethoxycyclo- 
hexa-2,5-dienones [106}. An example of this process is given for a naphthalene 
derivative [107], A similar reaction of 2-methoxyphenols in mettmnol gives the 

OR OR 

~e RO'&yO OM~09 RO~' Pt anode Me 
MeOH Uao# 

O OH 
Ref. []07] 

R = MeOCH~ 
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2,2-dimethoxycyclohexa-3,5-dienone. These dienes readily undergo the Diels- 
Alder reaction with a second molecule as illustrated by the oxidation of 18 [108]. 

Mel 

OH 
18 

Die!s-Aider MeO OMe/,~ C, 0.9 V vs. ~ ~ reaction O...~-..../1""\.. z OMe 

MeO 6 J - ~O 

Electrochemical oxidation of 2,6-dimethoxy-4-altylphenol in aqueous methanol 
buffered with sodium hydrogen carbonate gives similar amounts of 2- and 4- 
methoxy substitution products. The 2-methoxylated product readily undergoes a 
Diels-Alder reaction with itself. The dimer 19, the natural product asatone, is found 
in some t % yield and most of tile 2-methoxylated product is lost by addition of the 
allyt alkene bond across the diene system of a second molecule [109]. 

OH O ~ I M ~ M  

MeOH, H20 
Na HCO3 MeO" "7 

MeO OMe/~' '~" 

MeO" v k.~l "O 
ut 

19 

/ ~ e ~ e  S'AIder reaction 

+ a second dimer 

Ref: [t091 

The anodic oxidation of 4-methoxyphenols in acetic acid effectively stabilises 
the phenoxonmm ion, in an equlibrium with the acetoxylation product. This allows 
an intermolecular [5 i 2] 6n~cycloaddition processes with some alkenes [110]. The 
cycloaddition process has been used very successfully in the synthesis of a number 
of natural products [11 l]. The rate of cycloaddition is sensitive to substituents on 
the alkene bond and in unfiavourable cases other reactions of the phenoxonium ion 
predominate. 
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OMe 
OMe 

Re£ [l 101 

C anode 
D 

MeOH, AcOH, 
LiCl04 

OMe 

(E A.:.=c4c.3 
o 

t-3 

Ar = 3,44nethylenedioxyphenyi 81% 

Oxidation of 2,6-di4ert-butyl-4-phenylphenol 20 in the presence of  an amino 
acid ester as the nucleophile leads to the formation of amine protected amino acid 
derivatives. The protecting group is stable towards bases and can be removed ei- 

OH 0 
tBu _ 1 ~ . ~ ,  ' tBu 

tBu tBu RCHCO2Me C anode 
+ t -" 

NH2 0H2012' Et4NBF4 Ph NH--CH--CO2Me 
t Ph R 

20 

ther by acid catalysis or hydrogenolysis [112]. Racemization of the amino acid is 
not encountered during the overall process. In the absence of any other nucleophile 
the phenoxonium ion will react with acetonitrile solvent, Addition of the nucleo- 
phile is reversible and most likely occurs at both 2- and 4-positions. These reac- 
tions with acetonitHle lead finally to the irreversible expulsion or rearrangement of  
one ortho-alkyl group [113]. 

Me 
t M e  

OH tBu anode ^ i11 0 o 1 ~  1 1 ~  u N + tBu tBu t B u . . ~  tBu 
C ~ ; + (CH~]3(~ 

CH3CN, LiC~O4 

R R R 

OH 
t B u . . . q M e  

R 

Me 

tBu C anode H ~ 
CH3CN, Lie!04 --'¥" "Me 

Ref~[ll31 
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The intermolecular coupling of phenols is used extensively in what are believed 
to be biomimetic alkaloid syntheses. Aqueous solutions of iron(l|l) salts are most 
frequently used as the oxidising agent and the dimerization process must involve 
phenoxy radicals. Examples are the dimerization of orcmol 21 [114] and the for- 
mation of bis-benzyttetrahydroisoquinolines 22 [ 115]. 

Me Me 

. ~  [Fe(ON)6la+ ~ / ~ O H  
dit. NaOH Re£ [114] 

HO OH HO 
21 ̧ 

_..t--..../%-..... jOMe 

M e - - ~ ~ A ' . .  O It... L &-Me 
Me--N_ ~ ..z'_ .,..~_ F 3+ I v --4/ "OH [ e(CNM Me '~_.~ ~ L.._ .,4... v " " ~ T t l  I 

22 OH 

"l~ne electrochemical route also achieves intermolecular coupling of phenolic tet- 
rahydroquinolines. For the relatively unhindered subsu-ate 23, coupling occurs by 

MeO  Pt' 0.3 v 
NO.,..'k~..,....;Z..,,,/N-.Me H20, Na28407 

23 

M e O ~ ~  

H O " ~ ' ~  N'~Me 

)2 55 % 

+ 3 ~ 5 % of the 
~rbomoxygen dimer 

MeO-.r . I P,, o.a v v :y 
H O " k ~ T / N " M e  NaHcoaEtOH' H20, 

Me 

24 

 o°-ff-Uh 
O Me 

MeO~.~ I 

carbon-carbon bond formation, but even moderate steric hindrance as in 24 leads to 
carbon-oxygen bond tbnnation [i 16, 117]. These processes involve phenoxy radi- 
cal intermediates, Electrochemical oxidation of 24 in strongly alkaline solution, 
using methanolic sodium methoxide, gives only the cafbomcarbon dimer [118]. 
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Parallel oxidations either electrochemically [117] or with iron(Ill) salts [119] in 
water have also been made using 1-alkyl~7-hydroxy-6~methoxytet~rahydroisoquino~ 
line salts as substrates. 4-Methylphenol is oxidised at a carbon anode in alkaline 
solution to give Pummerer's ketone 25 by the ortho-pa~v coupling of two phenoxy 
radicals [120]. 

OH 
( ~  C anode O . . .  [ / ~ _ _ ~  D 

~CN, Et4NBF4 Me Me 
Me 

25~ 37 % 

1,2-Benzoquinones are conveniently prepared in solution by the anodic oxida- 
tion of catechols. 1,2~Quinones are unstable in solution but they have a sufficient 
lifetime for the redox process to be reversible at a rotating disc electrode. Reaction 
involves two electrons and two protons and the half-wave potential varies with pH 
at 25 °C according to Equation 6.1. Some redox potentials for catechols and hy- 
droquinones are given in Table 6.6. 

E,~ E ° - 0~059pH Eq 6,1 

Table 6,6~ Reversible potentials tbr hydroquinone quinone systems in 
aqueous solution 

Subsn'ate E,/= / V vs. sce Re£ 
pH 6~27 pit 0 

Catechot 0.167 0.551 [121] 
4-Methylcatechol 0.135 0.509 [121] 
3-Methylcatechol 0.120 0.504 [ 121 ] 
3,4-Dihydroxy benzoic acid 0.205 0.589 [121] 
Hydroquinone 0.078 0.474 [122] 
Methylhydroquinone 0,022 0A 18 [ 122] 
2,5~Dimethylhydroquinone -0.068 0.365 [122] 
2,6-Dimethylhydroquinone -0~064 0,361 [122] 

Anodic oxidation of catechols enables the unstable quinones to be prepared and 
reacted in situ. Reaction of the 1,2-quinone with a t,3-dicarbonyl compound gives 
a high yield of a benzofuran [123, 124]. Both 1,2- and 1A-quinones, prepared 
electrochemically in nitromethane, are efficiently trapped in Diels-Alder reactions 
with butadienes [125], 
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[~ OH r-~ "x/~"-(.- O Pt, 1,1 V vs. see 

+ L-~ ~q. N~0A~' 
OH 

OH 

OH 

4- , ,  ) 

CH3NO2, LiGO4 
CO2Et 0.5 % HOAc 

95 % 

OH 

92 % 

OH 

Re£ [1231 

Re£ [125] 

ortho-Quinone methides are fomaed by the anodic oxidation of 2- 
hydroxybenzylsulphides. These unstable intermediates can be trapped by cycload- 
dition to an alkene [126]. The methide arises by loss of both a proton and a sul- 
phide radical from the substrate radical-cation as indicated for compound 26. 

OH SCeH7 | ~ 1 ~ ~ ~ ?  H O O 
' - i (  -~ ~ c, o.8 v E~ #-..~CH~ 

..L-,. # C H ~ i _ ] a b ,  )f _1 + / J - ~ /  
"i" Meo 
OMe (Dr..4 e OMe 

26 

Intramolecular Cyclization Processes 

Intramolecular oxidative coupling between two aromatic rings bearing electron- 
donating substituents is an important ring closure process, The intermolecular ver- 
sion, in which the carbon-caFbon bond-fbrrning step involves a radical-cation and 
an arene, has already been discussed (p, t91), When the two arene rings are 
equivalent as in 27, the mechanism of the coupling step is not so clear because first 
one and then the second arene ring can be converted to the radical-cation at nearly 
the same electrode potential. Coupling can be of either the radical-cation substrate 
or the radical-cation radical-cation type depending on factors, which alter the rates 
of already fast reactions [127]. For simplicity, most of the intramolecular reactions 
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are treated here as involving a radical-cation, arene carbon-carbon bond-forming 
step. 

The existence of two competing bond-fom:ing processes is however well illus- 
trated by the reactions of 26. This substrate undergoes two consecutive one- 
electron oxidation steps at t.21 and 1.62 V vs. sce, because of the differing substi- 

OMe r,,~,~n OMe 

26 Pt anode -"~-...~. 
0H2012, CF3OO2H, "j  
Bu4NBF4 

M e OIJ~.~, ,~.~.~]  l~Vvs, see 

-<" "OMe OMe 

r~tion patterns in the two benzene rings. Oxidation at the potential o f  the first step 
gives mainly the dehydrodimer while production of the cyclization product is fa- 
voured by more positive oxidation potentials. An intem:olecular radicabcation 
arene process is preferred whereas at potentials giving a radical-cation fiom both 
aromatic rings, cyclization by a radical-cation radicabcation reaction occurs [ 128]. 
The dihydrophenanthrene is itself dehydrogenated at 1.21 V v s .  sce to form the 
trimethoxyphenanthxene. 

Oxidation of the series o:f o,o~-diarylalkanes 27 gives both the cyclised product 
28 and a dehydrodimer type product 29 depending on the length of the alkane 

OMe 

OMe MeO 

Pt anode 
~L~)n -'- (CH2)n 

CH2CI 2, CF3CO2H / t  ~,.,/" 
Bu4NBF4 1 

MeO,,,",~ 
MeO OMe 
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MeOw. 
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MeO/[~ 

OMe 

v4e  

)Me 
. , . O M e  

~OM e 
~Me 

27 28 29 

chain [128, 129]. Good yields of cyclized product are obtained for n = 1 to 4. 
Where n = 2, the initially fom:ed product is further oxidised to the phenanthrene 
level. These, and other results, indicate that initial cyclization to a 5- or 6-member- 
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ed intermediate is most favoured and so the conversion of 27, n = 5 to 30 probably 
proceeds through a spiro 6~ring intermediate, followed by rearrangement. Corn- 

27, n=5 
I 

MeO" 
OMe 

Me.O 

MeO OMe /+ 

MeO'~l S 30 
OMe 

OMe 

pound 31 shows reaction through a 5-membered carbocyclic intermediate. ~ le  
ritual product is obtained by oxidation of the intermediate to a delocalised carbon- 
ium ion, followed by a skeletal rearrangement [130]. 

Me..E./-~OEt M/~~OEt Me 

MeO - e  
Pt, 1.2 V vs. soe 

MeO CH3CN, kiCl04 -T- "OMe 
OMe 

31 

Oxidative cyclization has been applied very successfully to the bemzyltetxahy- 
droisoquinoline group of alkaloids. Laudanosine 32 affords O-methylflavinantine 
on anodic oxidation by carbon-carbon bond formation at the radical-cation level as 
indicated on the laudanosine structure [13 I, 132]. Reaction under acid conditions 
give the best yields because the amine function is protonated and so protected from 
oxidation [132, t33]. In many cases the nitrogen is protonated at the pH of a so- 
dium hydrogen carbonate buffer used as electrolyte [t 20], Further oxidation of O- 
methyl~flavinantine leads to hydroxylation at tile be~ylic position [133]. Non- 
protonated laudanosine is oxidised at lower potentials with loss of one electron 
from the nitrogen lone-pair. In concentrated solutions the amine radical-cation ac- 
cepts an electron from the aromatic ring of a second laudanosine molecule and the 
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overall product is again O-methylflavinanthine. In dilute solutions, the amine radi- 
cal-cation fragments a carbon-carbon bond (see p. 202) to give the dimethoxyben- 
zyl radical and a 3,4-dihydroisoquinolinium ion [t 3@ 

OMe 
MeO 

kMe 

MeO MeO" -"~ 
OMe 

32 MeO.~.. 

MeO j [  

OMe 

Pt, 1,4 V vs, 

CH3CN, HBF 

0 OMe 
O-Methylflaviantine 

~N.Me 

A number of alkaloids with the morphinadienone skeleton have been synthe- 
sised by this route starting with the appropriately substituted benzyltetrahydroiso- 
quinoline [135]. The substitution pattern in morphine however precludes a synthe- 
sis by this route. A close approach to the morphine skeleton begins with substrate 
33 [136]. 

M e O , , ~ ~  

MeO-,'~-~Y~,,~N--Me 
Pt anode 

CH3CN, MeOH, 
HBF4 

OC~H7 
OH 

_ _  

33 67 % 

The use of N-trifluoroacetyl in place of the protonated N-methyl function m 
these oxidative cyclization reactions has been explored. Generally these subs~ates 
lead to products of the O-methylflavmanthine type. In one instance, the delocalised 
carbonium ion intermediate 34 was found to undergo a competitive rearrangement 
when lack of a nucleophite in solution led to a slow demethylation step [137]. 
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COCF~ C~F~ 
N N 

MeO" - -~  "][]N'COC~+ .e._2~ * Me e Me 0 

yc~Hi °Me 34 \N~ COCF~ 

Me OMe 

Oxidative carbon-carbon bond formation from taudanosine derivatives generally 
favours a 6-membered ring. Severe steric constraints result in exceptions to this 
rule+ Oxidation of the bridged ether derivative 34 results in carbon-carbon bond 
formation to fbrm a 5-membered ring product and this process has been used for 
one stage in the synthesis of erythrina alkaloids [138]. Some of the morphinadie- 
none system is also formed, in spite of the steric constraint imposed by the ether- 
bridge, 

)(CH~)6OH 

/ f ~ O / L ~ . I / N . M  e ~k-~ ~ .N. " ~  f+o" +"7 Y Me I 

..... ..... / . .  +9 
35 pro-erythdnadienone pro-rnorpNnadienone 

A new 5-membered ring product 37 is formed by anodic oxidation of 36 to- 
gether with the 6+ring con+lpound 38, It is likely that 38 is fbrmed by rearrangement 
of a 5-ring intermediate, in competition with loss of the mefnyl group to give 37. A 
related rearrangement of 37 to a demethytated 38 occurs by tile action of protons 
[139]. 

OMe OMe ~Me 

36 37 38 
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Cyclization to a 5-membered ring is observed during the oxidation of  4- 
methoxyanitides in methanol. In these cases the gem-dimethoxy compounds are 
intermediates [140]. Anodic oxidation of the more flexible structure 39 leads to a 
7-membered ring structure and further steps afford (_+)-oxocrinine [141]. Further 
examples of this 7-membered ring generation use tetramethoxy analogues of 39 
[142]. R R 

I I 
o~C-.~.~ Me o~.C..N..Me N ,-Me 

[ ~  Pt, 1.3 V vs.sce O ~  O ; - . .~ /~  
MeoH: ~c~& 

Me Me OMe OMe Ref, [I40] 

OMe 

Pt, I~ 1 V vs. see 0 

CH:~CN, HBF~ ~ 0 

COCF~ Refi [141 ] 
39 (±}.oxocr~nh~e 

Oxidative ring closure of other heterocyclic analogues of  laudanosine generally 
favours 6-membered ring tbmlation [143, t44]. Rearrangement of carbonium ion 
intermediates to a structure with less steric strain, as in the reaction of 40, is some- 
times observed. Formation of a conjugated system as in the reaction of 41 is also a 
driving force for rearrangement [145]. 

M ~  OMe 

Pt, 1.1 V vs, ~ 

CH~CN, Na CtO,~ 
EtO" v --.~ 

10 

OMe OMe 
t MeO~ ~ 

,1_ ",-~-,., ~eanangement T" "1 
Moo.. A a,o ° 
E,o L,.J~:~v ~ o~o  

Ref. [1431 

OMe 

H 
4 !  

OH 0 

~Me 
Ref [I45] 
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The delocalised carboniurn ion formed by the anodic oxidation of 3,4-dh-neth- 
oxyphenol will take part in intramolecular [5 + 2] cycloaddition with an a~ched 
alkene [ 146, 147]. This step has been used in the synthesis of a number of complex 
diterpenes. Acetic anhydride, containing acetic acid, is the best solvent for these 

OMe 
MeO ~ C, I ,OVvs,~  

41 

OMe '~/~"'~\t 
MeO. J. [5 + 21 addition ,~.;J . )  

MeO~O ~ 

Ref'. [|48] 

processes. The phenyl acetate is the species undergoing oxidation arid an acylo- 
nium ion is lost from the initially formed radical-cation, leaving a delocalised radi- 
cal which is fiarther oxidised to the carbonium ion. The cycloaddition step is fa- 
voured by the presence of electron donating substituents on the alkene 41. Electron 
donation substituents as in 42 can however also promote electrophilic addition of 

OMe m- 
I 

MeO,.%~.,,,..,, C, 1.0 V v& ~ / _ ~ U ~  
t II 

42  [5 + 2t addition 

Ill~, 

O-.-..,.,,.¢f..,.O/i: - 

eleclrophilic addition 

Ref, [1481 

the carbonium ion onto the alkene group and where the alkene is an enol ether 
function, etectrophilic addition becomes the major reaction [146, 148]. Electron 
wit_hdrawing substiments as in 43 strongly disfavour these addition processes and 
oxidation of this substrate yields the corresponding 1,4-qumone [ 149]. 

OMe 
M e O ' p ~ l  

L_~K.P~.T......~ ~A... l CO,Me 
& I 

43  

C 1.o 
Ac~O, Bu4NBF4 

O 
Me° i -l- I 

Electrophilic addition to the alkene with the formation of a 5-membered ring 
occurs on anodic oxidation of 44 [150]. Reaction of the intermediate delocalised 
carbonium ion with the adjacent hydroxyl function in 45 also results in the forma- 
tion of a 5-men¢oered ring [ 15 t ]. 
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HO 

44 

Pt anode 

CH3CN, MeOH, HQAc 
Bu4NBF4 

94 % 

C02Me 
I 

OH 

45 

C, 1.3 V vs. 

Me6H, uao  

N___.fICO~ Me 

Br Br 

IO0 % 

Oxidation Qf Anilines 

One-electron oxidation of aniline derivatives gives a radical-cation in which the 
unpaired electron is disn-ibutcd over both the nitrogen atom and the aromatic sys- 
tem. q~lae further reactions of these intermediates more resemble those of aromatic 
compounds than of aliphatic amines. Some of the radical-cations are very stable in 
solution: Wurster's blue, prepared by oxidation of tetramethyl-t,4-phenylene- 
diamine [ 152], and Wurster's red fi:om N,N-dm~ethyl- 1,4-phenylenediamine [ 153] 
have been known since 1879. They were recognised as radical-cations by Mi- 
chaelis [154]. 

1 ph 

N 

Br 
46 47 48 

Anodic oxidation of triphenylamine gives the radical-cation which is rapidly 
converted to the dehydrodimer, tetraphenylbenzidine. A para-substituent prevents 
this dimerization and gives radical-cations very stable in acetonitTite solution 
against nucleophiles [i55]. This class of compound was first prepared as the per- 
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chlorate. Usually now, the hexachloroantimonate salts are prepared by the action of 
antimony pentachloride [156, 157]. Oxidation potentials for some triphenylamines 
and related compounds are given in Table 6.7. 

Table 6.7. Reversible potentials for amine radical-cation systems in 
acetonitrile 

Substrate E ° / V Ref. 
VS. s e e  

46, R = OMe, R' = H 0.52 [157] 
46, R = Br, R' = H 1.06 [157] 
46, R = R' = Br 1.50 [157] 
47 1.48 [157] 
48 -0.11 [I58] 

Triar71arnines are used as electron transfer agents in mediated oxidation proc- 
esses. They promote oxidations at a lower anode potential and prevent fouling of 
the electrode surface, which can occur when the substrate is oxidised directly. Re- 
moval of the dithioacetal protecting group is achieved using tris(4- 
bromophenyl)amme as electron transt?~r agent in acetonitrile. Application to the 
deprotection of 49 illustrates how the reaction can tolerate a number of other func- 
tional groups [159]. Mediated oxidation of methylbenzenes in methanol causes 

Me\ , , o ~ f / " * y ~  e 

l q l ~ o ~ t J  'OoA c H 

49 

0 
C, 1,1 V v& ~ Me O~J~'~f~t-'-Me 
CH3CN, LiCIO4 M X ~ ~"OH 
46, R = Br, R '  = H e O " " , ~  
as mediator OAc Ref. [159] 

90 % 

side chain methoxylation and the process yields the benzoic acid ortho-ester [651. 
Ring opening of  the cyclobutane ring in 50 occurs by electron transfer to tris(4- 
bromophenyI)amine radical-cation [ 160]. 

R,, 
C H ~ 4-Br(C~H4)NSbCl6 RCHCH~CI.,.H2CHR . - - . ~  ............. ~ , - , 

MeOH OMe OMe CH~CH z 
RK 

50 

R = 



220 OXIDATION OF AROMATIC RINGS 

Anodic oxidation of phenylamines is irreversible and involves the loss of two 
electrons and a proton to give a delocalised carbonium ion, which reacts further, 
Oxidation of 2,4-dimethyl-aniline to give 51 illustrates the process [161]. Interac- 

NH2 NH NH 

dil. H2SO 4 
HO Me 

Me Me 
51 

tion beweeen the carbonium ion and pyridine is illustrated by the reaction of 2,4,6- 
tri(tert-buvyl)aniline The intermediate is trapped and subsequent loss of a tert-butyI 
carbonium ion tbllowed by cyclization leads to 52 [162]. Excess of the aniline can 

B o, \ - J "  oo, But But Pt, 0,56 V v& ~ But 
CHaCN. LiQO4. + 
pyddine But T + C4H~ But But 

52 

also react with the carbonium ion, so oxidation of benzenesulphonanilides is likely 
to give a cleaner reaction between the delocalised carbonium ion and an added 
nucleophile. This process is illustrated by the pyridblation of 53 [163], 

__~Or,._ CH3cN,C anode MeO NHSO2Ph LiCISa, 
pyddine 

53 

M e O - ~ N H S O 2 P h  

In the presence of water, oxidation of 4-methoxyanitine gives the qumone 
imine, The example 54 is converted by oxidation and ring closure to the tetrahy- 
drocarbazole [ 164], 

Aniline itself undergoes intramolecular coupling and further oxidation to give 
aniline black. Poly(aniline) can be deposited as a thin coherent film on the anode 
by continuously cycling the potential between -0.2 and 0.8 V vs, sce [165]. Oxida- 
tion of aniline using manganese(ll) - manganese(IlI) as mediator in dilute sulphuric 
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acid is an old process for the formation of 1,4-benzoquinone [166]. Here the 1,4- 
1inked polymer is oxidised to a poty(imine) and then hydrolysed to the quinone. 

O O 
MeO.~A~ " ~ ' ~ A  J t  C anode ~ OQ~__~ ~ +  

CH3CN, H20, 
MeO 8u4NBF4 Me N 

54 
O ~FCF~CO2H 

Derivatives of N,N-dimethyl4-methylanitine afford tile iminomethine on ano- 
dic oxidation. This reaction allows the conversion of leucocompounds to the tri- 
phenylmethane dye, such as Malachite Green 55 [I 67]. 

M e ~ ,F-~ , /~ -  C H ~ - -  NM e~ 
" ~-'I ~h ~I 

+ / - = , ,  Ph 

Nt anode Me2N:=~ /Y==~\ t=-., 
dill  so, i 85 :c 
(UOz)SO4 mediator NMe~ 

55 

Anodic oxidation of benzenesulphenanilides 56 leads to cleavage of the nitro- 
gen~sulphur bond in the radical-cation with the formation of a nitrenium ion, which 
deprotonates to the nitrene. The intermediate dimerises to a phenazine [168], 

+ NHSPh NH 

CNCN, UCIO4 

+ phs 
R R 

56 
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Oxidation of Aromatic Heterocycles 

Five-Membered Rings 

Table 6,8. Half-wave potentials for the oxidation of 5-membered hetero- 
cyclic rings at a rotating platinum anode in acetic acid, sodium acetate 

SubstTate Ev~ / V Ref. 
VS. s c e  

Thiophene 1.91 [32] 
Furan 1.70 [32] 
2,5-Dimethylfuran 1.20 [32] 
Pyrrole 1.2 a [ 169] 

Footnote: (a) Ep~ on cyclic voltamanetrf in acetonitrile containing tetra- 
ethytammonium fluoroborate. 

The electrochemical oxidation of furans has been exploited since 1952 [170]. 
The usual electrolyte is ammonium bromide in methanol, at - 5 °C, using an undi- 
vided cell with either platinum or graphite as anode and a nickel or stainless steel 
cathode, Reaction involves the anodic generation of bromine, which oxidises the 
fhran m a carbonium ion intermediate that is quenched with methanol. The final 
reaction product is a 2,5-dihydro-2,5-dimethoxyfuran, found as a t:1 mixture of 
stereoisomers. This electrochemical method gives as good or better yields than the 
direct oxidation of furan by bromine in methanol. It has been applied to a wide 
range of 2-substituted #arans 57 [170, 171, 172]. The process is carried out on a 

~-~_.., Pt or C anode M e O ~ o  ~ 
R MeOH, NH4Br e 

57 R = H, CH~, CH-~OH, CliO, or CO~ Me 

teclmical scale with furan using a graphite anode in a flow-through cell [173]. The 
laboratory scale flow-through ceil described on p. 284 has also been used for this 
oxidation. A platinum anode encased in an ion-exchange membrane containing the 
electrolyte ions can be used fbr the oxidationof l~aran in methanol with no added 
electrolyte [174]. Methoxylation of furans in methanol containing sodium 
methoxide also occurs but generally lower yields are obtained under these condi- 

tions [175]. 
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Furans with bulky c~-substituents such as 24ert-butylfhran [176] and 2-acetoxy- 
furan dimethyl acetal [ 177] show no effect of steric hindrance and are readily con- 
verted to the dihydro-dimethoxy product. 3,4-Substituted thrans are also converted 
to dihydrodimethoxy derivatives [ t 78, 179], 

Oxidation of N-acyl-2-aminomethylfiJrans leads to an intermediate that can be 
converted by treatment with acid to a 3-hy~oxyp/¢ridine [180, 181]. Such a trans- 
formation is used as one stage in a synthesis of pyridoxine [ 181, 182]. 

Pt or C anode 
MeOH, NH4B~ 

CH-zNHCO2Me 
,,#•L•--•OMe a dd ~, 

MeO v CH~NHCO2Me 

OH 

Ref. [~ 801 

CH~OH 
 oc, 

orCaood! OMe .rid 
MeQH, NH4Br M e O ~ . ~ O f y  

NHCO2Me NHCO2M e 
pyddoxJne 

Ref. [1821 

Some furans with conjugating 2- or 3-substituents show abnormal behaviour 
during oxidation in n-iethanoL Only one methoxy group is introduced after which 
loss of a proton restores the furan to substiment conjugation. "[~nis behaviour is 
shown by 2- and 3-phenylfurans and by 2-(then-2-yl)furan. 2-Methyb4-phenyl- 

O•.,.._... 
Pt anode ~ 

Ph MeOH, NH4Br MeO Ph MeO Ph 
H 

Re£ [176] 

Ph Ph Ph 

Me MeOH, NH4Br H OMe 
Me 

Ref. [1831 

furan shows normal behaviour however because proton loss from the intermediate 
carbonium ion is now blocked [ 176, t 83], 

2,5-Dimethylfuran is also oxidised in methanol containing sodium cyanide to a 
mixture of the stereoisomers of 2-cyano-2,5-dihydro-5-methoxy-2,5-dime~ylfuran 
in low overall yields [I 84]. 
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Anodic oxidation of furans in acetic acid leads to the 2,5odiacetoxy-2,5-dihydro- 
furan 58 [185, 186]which is readily converted to 2-acetoxyf~aran. ~ i s  has proved a 
valuable intermediate for the synthesis of butenolides [187], Reactions in moist 
acetonitrile yield the 2,5-dihydro-2,5-dihydroxyfurans which can be oxidised to the 
maleic anhydride 59 [188]. Oxidation of furan-2-carboxylic acid in methanol and 
sulphuric acid is a route to the ester of c~-kemglutaric acid [189], 

Pt anode ; . .~ - " ]£  heat .~ O~,,.._." 

HOAc, CHaCN, AcO'r~ ~'O" "-OAc OAc 
NaOAc 

58 ~HTC, F.IO 
+ TiC~ 4 

Et. Et 
Et Et Pt anode Et. Et Jones O-,,i--..~ 0 

" ~  " ~ oxidation CH3CN, NaHCO3, HO OH 
LiBF4 

59 

Bel~ofurans are oxidised at a carbon anode in methanol at ~,,, 10 °C to the 2,3,~ 
dihydro-2,3-dimethoxybenzofhran [190]. 

OMe 

 .oo c  oOe ; .O.o ,o,o 
MeOH, I~S04 Me 

Ref. [I90] 

TechnicaUy important electrochemical reactions of pyrrole and thiophene in- 
volve oxidation in non-nucleophilic solvents when the radical-cation intermediates 
react with the neutral molecule causing polymer growth [169, 191]. Under con- 
trolled conditions polymer films can be grown on the anode surface from acetoni- 
trile. These films exhibit redox properties and in the oxidised, or cation doped 
state, are electrically conducting. They can form the positive pole of a rechargeabte 
battery system. Pyrroles with N-substiments are also polymerizable to f6m~ coher- 
ent films [192]. Films have been constructed to support electroacfive transition 
metal centres adjacent to the electrode surface tbmaing a modified electrode, 

Pentaphenyl- and 2,3,4,5-tetraphenyl-pyrrole show reversible one-electron oxi- 
dation to the radicaPcation in acetonitrile with E ° = 0.86 and 1,008 V vs, sce re- 
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spectively. The radical-ion species have been characterised by uv- and esr-spectro- 
scopy [193, 194]. 

In methanol, the radical-cation intermediates from oxidation of thiophenes and 
N-methylp?m'oles can be trapped to give low molecular weight products. Reactiv- 
ity resembles that of  furan but with additional consequences because of the proper- 
ties of thioethers and amines. 

Thiophenes are oxidised in methanol containing sulphuric acid, using an undi- 
vided cell, to give acetals with loss of the sulphur as sulphur dioxide. Thiophene 
itself affords the diacetal 60 [195] and related reactions are found for 2-, 3- and 
2,5-substituted thiophenes [196, 197]. Reaction of 2-hydroxymethylthiophene does 

C a n o d e  (MeO)~CHCH=CHCH(OMe)~ 
MeOH, H2SO4 60 

C anode G .  ~ G- CH20 H MeOH, H2SO4 CH(OMe)2 

not follow this rule. Here, reaction involves loss of a proton from the radical-cation 
to give the benzylic-type radical, which is further converted to 2-thiophene- 
aldehyde dimethyt acetal [ 198). 

Be~othiophenes retain the sulphur atom during anodic oxidation and give 2,3- 
dihydro-2,3-dimethoxy products [ 199] analogous to the oxidation of benzofuran. 

Formation of low molecular weight products from oxidation of N-methylKyTrole 
is most successfully achieved with methanol and sodium cyanide as electrolyte, 
The radical-cation is captured by cyanide ion and 2-cyanopyrroles are formed m 
good yields when a 2-position in the substrate is vacant, In this reaction, a carbon- 
carbon bond is formed at the site of highest charge densir¢. When both 2- and 5- 
positions are blocked by a methyl group, the intermediate radicaI-cation loses a 
proton to give the benzylic-type radical, Fuffher reaction leads to cyanation on the 
2-methyl group as in 61 [200]. 

Me MeOH, NaCN Me C1'-t 
1 I 

Me Me 
60 % 

Me. Me Me. Me 
Pt, 0.25 V vs. ~ce 

Me Me MeOH, NaCN Me CH~CN 
I i 

Me Me 

61 6 0  % 
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Cyclizafion of the tetrapyrrole 62 to a porphyrin, with expulsion of one methyl 
group, is achieved in moderate yields by electrochemical oxidation in a divided 
ceil [201]. 

ilo.svv..  ° 

3NCHO Et4NTos 

MeO2CCH2CH2 CH~CH~,O2Me MeO2CCH:~Hz CH2CH2CO2 Me 

62 40 % 

Electrochemical oxidation of indole [202] and N-met~hylindole [203] in acetoni- 
trile gives rise to dimers and trimers. These are oxidised further to polymers. Oxi- 
dation of N-aceb'lindoles in acetic acid results in acetoxylation of the heterocyclic 
ring. Indole yields 63 as a mixture of stereoisomers. Pyrolysis aftbrds the 1,3- 
diacetylindole from which indigo can be obtained by the action of alkali and air 
[204]. 

ACOH, Et3N- " ; "  "N" "Oac 

~0C~% ~ COCH3 C<)OH~ 
63, 76-82 % 

2Winylindole radical-cations, for example that derived from 64, take part in a 
Diels-Alder reaction with alkenes. Subsequent oxidation of the initial product with 
loss of two protons and dimethylamine gives the pyrido[1,2a]indole. Reaction is 
achieved either by direct electrochemical oxidation or by photochemical electron 

[ ~ ~ , , , C H 3  . x-. .CaO2Me 
Me:¢.4" ,..e...,/ 
+ C anode 

CH~ CH3CN, CH2Cl2, 
CN Li C104 

64 

~ ~ ,  cH~ 

transt'er to 2,4,6-triphenytpyrillium [205]. A 3~substituted indole is required to 
block the oligomerization of the indote cation-radicaL The photochemical radical- 
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cation Diels-Alder reaction has also been applied to a reaction between indoles and 
[206] dienes and to the self-condensation of electron rich cyclohexadienes [207]. 

Six-Membered Rings 

Pyridine, quinoline and acridine show more positive oxidation potentials than 
the corresponding aromatic hydrocarbons. The oxidation potentials in Table 6.9 
should be compared with data in Table 6.1. 

Table 6.9. Half-wave potentials for the oxidation of aromatic 6-membered 
nitrogen heterocycles at a rotating platinum anode acetonitrile, tetraethyl- 

ammonium perchlorate [208]. 

Sfft~strate Ev~ / V 
vs. sce 

Pyridine a 
Quinoline 1.97 
Isoquinoline t,84 
Acridine 1,58 
Phenazine 1.91 

Foomote: (a) No wave obse~wable 

Radical-cations can be generated from these nitrogen heterocycles by y- 
irradiation in a glass composed of CCI3F + CFzBrCFzBr. Irradiation generates 
electrons, which are immobilised by dissociative attachment to the solvent, and 
positive charges which migrate through the glass and are captured by the solute. 
Tv¢o types ofradicaPcation are formed: 

(a) A ~-type formed by loss of one electron f?om the nitrogen lone pair and where 
the unpaired electron is located on the nitrogen atom. h i s  type is f i ~ e d  by 
the nitrogen analogues of be~ene, pyridine [209], pyridazine, pyrimidine and 
pyrazine [210]. 

(b) A n-type where the unpaired electron is delocalised over the aromatic n- 
system. ~fhis type is easily distinguished because their uv-spectra resemble 
those of the corresponding aromatic hydrocarbon. Quinoline, isoquinoline, ac- 
ridine and phenazine fi~rrn this type of radical<ation [210]. 

Oxidation of acridine in anhydrous acetonitrile leads to a dimer 65 formed by 
reaction of the nitrogen in one molecule of the substrate with the point of highest 
positive charge density in a radical-cation [208]~ Anodic oxidation of neat pyridine 
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gives 2-pyridylpyridiniurn by radical substitution of fihe N-pyridyl radical onto the 

Pt, 1,8 V vs, 
I i  

CH3CN, EhNCIO4 

65 

2-position of pyridine, and then further oxidation steps [211]. The N-pyridyl radi- 
cal is also formed from oxidation of pyridine with persulphate ion [212]. 

Oxidation of met,hylpyridines in 60-80 % sulphuric acid at a lead dioxide anode 
leads to the pyridinecarboxytic acid [213]. The sulphufic acid concentration is 
critical and little of the product is formed in dilute sulphuric acid [214]. In these 
reactions, electron loss from the n-system is driven by concerted cleavage of a car- 
bon-hydrogen bond in the methyl substituent. This leaves a pyridylmethyl radical, 
which is then further oxidised to the acid, ~Ene procedure is nm on a technical scale 
in a divided cell to give the pyridinecarboxylic acid in 80 % yields [215]. Oxida- 
tionof quinoline under the same conditions leads to p~'idine-2,3-dicarboxylic acid 
[214, 216]. 3-Haloquinolines afford the 5.halopyridine-2,3-dicarboxylic acid [217]. 
Quinoxaline is converted to pyrazine-2,3*dicarboxylic acid by oxidation at a cop- 
per anode in aqueous sodium hydroxide containing potassium permanganate [218]. 

The electrochemical reduction of oxygen in dimethylformamide generates oxy- 
gen radical-anion. This will abstract a hydrogen atom from the methyl group in a 
methytpyridine, the process finally leading to the pyridinecarboxylic acid [219]. 

N-Methylpyrid/nium and N-methylquinolinium ions are oxidised in water to the 
pyridone and quinolone respectively, A two-compartment cell with an iron anode 
is used with a catalytic amount of ferricyanide present. The electrolyte is main- 

- )  Fe anode ~?.,,.~. 
1, 

H20, NaOH, O 
l K3Fe(CN)6 ~talys[ | 

Me Me 

95 % 

Ref. [2201 

tamed alkaline by the addition of sodium hydroxide solution [220, 221]. Femcya- 
hide is probably the active oxidising agent in homogeneous solution and it is re- 
generated electrochemically. 

The system dihydrophenazine-phenazme shows a combination of redox and 
proton dissociation equlibria in aqueous solution sum_marised in Scheme 6,8, Phe- 
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nazine is the stable form under ambient conditions and in aprotic solvents shows 
two one-electron reduction waves with E,/~ = -1.17 and -1.84 vs. sce [222]. The 
phenazyl radical 66 is extensively delocalised over the whole molecule and is best 
represented as phenazine with the odd electron accom,'nodated in the lowest unoc- 

H 

H 

(a)l[E° = 4?,21 V vs. sce 

H 
1" - pKa5.6 

(b) 

H 
6 6  

" "  pKa 9.2 
T 

(b) 

(C)I[ E° = -1,17 V vs. see 

Scheme 6.8. Redox and acid dissociation properties of dihydrophenazine, solvents: 
(a) 30 % percMofic acid ; (b) aqueous buffers; (c) dimethylformamide. 

cupied molecular orbital [223]. The two values tbr pKa are determined by changes 
in the uv-spectrum with pit alter phenazine is reacted with solvated electrons, gen- 
orated by putse~radiolysis, in buffered solution [224], The fully protonated form is 
obtained by two-electron reduction of phenazine in aqueous perchloric acid [222]. 

For the related compounds, phenothiazine and phenoxazine, the reduced form is 
stable under ambient conditions and oxidation occurs in two one-electron steps. A 
comparison between the redox behaviour of the two compounds is best made in an 
antimony trichloride medium where both the radical-cation and the dication levels 
are stable (Scheme 6.9) [225]. In perchloric acid, phenothiazine shows reversible 

H 

4~ . . . . . . . . .  

E o 

X = S phenothiazine 0.122 
X = O phenoxazine 0.155 

H H 

X 
E ° / V vs. Sb/SbCI 3 
0.196 
1.t2 

2* 

Scheme 6.9. Redox behaviour of phe~othiazine and phcnoxazine in antimony 
tfichloride containing butylpyridinium tetrachloroalmninate. 

oxidation to the radical-cation with E;~ = 0,52 and is further oxidised with E~ = 
1.00 V vs, sce to phenazothionium with loss of a proton [226]. The radical-cation 
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has pKa 4-5 in water [227]. Salts of  phenothiazine radical-cation are described in 
the early literature but they were not recognised as unpaired electron species [228], 
From crystal structure data [229], phenothiazine radical-cation has a shortened 
carbon-sulphur bond due to partial double bond character and has the two benzene 
rings each planar but inclined with a dihedral angle of I72 °. Phenoxazine radical- 
cation is planar. 

Pt anode 
) 

CH~CN, H20, LiCI04 

67 

Preparative scale electrochemical oxidation of  phenothiazine in aqueous aceto- 
nitrile, with no added acid, leads to tt~e radical formed by proton loss from the 
radical-cation. The radical dimerizes and further oxidation leads to the green qui- 
nonoid cation 67 [230~, 

68 

Table 6.10. Half-wave potentials for the oxidation ofheterocycles 68 at a 
rotating platinum anode in acetonitrile, lithium perchlorate [231 ].] 

X Y E ~ / V ~ , s c e  X Y E ~ / V  vs, sce 

O O 0,991 O Te 0.366 
O S 0,825 1,32 S S 0,865 1.19 
O Se 0,751 1,31 Se Se 0.832 

The heterocycles 68 can all be oxidised in acetonitrile to radical-cations at the 
potentials indicated in Table 6.10. A number also undergo a second one-electron 
oxidation to the dication. 

Thianthrene, 68 X = Y = S, radicaPcation is obtained by oxidation in trifluoro- 
acetic acid containing perchloric acid and the evaporation of  the solvent [232]. It 
shows electrophilic behaviour on the sulphur atom, When (he electrochemical oxi- 
dation of thianthrene is carried out in aqueous acetic acid, the monoxide is obtained 
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in quantitative yield [233]. Electron transfer to fmTn t_he sutphoxide follows the 
reaction between the radical-cation and water to give a radical intermediate. Re- 
lated reactions occur between the radical-cation and anisole to give 69 [234], 
methyl ketones to give 70 [235] and primal'  amines to give the sulphimine deriva- 
tive 71 [23@ 

t•/• 
I II 
CI~COR N.. R 

OMe 

6 9  7 0  71 

Phenoxanthin, 68 X = S Y = O, is prepared by the electrochemical oxidation of 
diphenyl ether in dichloromethane and trichtoroacetic acid containing tetraethyl- 
ammonium perchlorate at a composite anode of carbon and sulphur. "l~he anode 
generates sulphur cations~ which carry out electrophilic substitution on the benzene 
ring [237]. Phenoxathiin radical-cation, formed at the potential of the first oxida- 
tion wave, has been characertised by esr spectroscopy [238]. 

Me" "H" "Me 

C, 085  V v& sce 
I "  

acetone, NaCt04 

65 % Ret: [239] 

Ph 
I 

Ph 

Ph 
t 

Pt, 43.12 V vs. see N",,~-~-F"~'~'-~j Pt, &52 V vs. sce 

CH3CN. LiCO4, CHeCN, LiCO4, 
Na2CO3 Na2CO3 

Ph 

Ph 
I 

Ph 

Ref, [2411 

1,4-Dihydropyridmes are oxidised to the pyridine at a graphite anode [239, 
240]. Similarly, 1,2,3,4-tetrahydrocinnolines can be oxidised at the potential of the 
first wave to give the 1,4-dihydrocinnoline and at the potential of the second wave 
to give the cinnoline [2411. 
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CHAPTER 7 

REDUCTION OF AROMATIC RINGS 

A l v m a t i c  C o m p o u n d s  - Rad ica l -An ions  

With stringent precautions to avoid the presence of water, polycyclic aromatic 
hydrocarbons show t w o  one-electron reversible waves on cyclic volt, ammetry in 
dimethylformamide (Table 7, t). These are due to sequential one-electron additions 
to the lowest unoccupied molecular n-orbital [1]. Hydrocarbons with a single ben- 
zene ring are reduced at very negative potentials outside the accessible range in 
this solvent. Radical-anions of polycyclic aromatic hydrocarbons [2] and also alkyl 
benzenes [3] were first obtained by the action of alkali metals on a solution of the 
hydrocarbon in tetrahydrofuran. They have been well characterised by esr spec- 
troscopy. The radical-anions form coloured solutions with absorption bands at 
longer wavelength than the parem hydrocarbon [4,5]. 

TABLE 7.i 
Reduction potentials for polycyclic aromatic hydrocarbons hi rigorously dried 
dimethyIformamide, tetrabutylarranonium bromide, determined by cyclic volt- 

am~metry. Ref. [I]. 

Substrate First electron Second electron 
addition addition 

E ° / V vs. sce E ° / V vs. sce 

Anthracene o 1.915 -2.655 
9,10-Diphenylantl'u'acene - 1.830 -2.505 
Chrysene -2.225 -2,730 
Coronene -2.030 -2,255 
Perylene ~1.640 -2.255 

Protonation by residual water in the solvent is the rate-dete~ining step in the 
decay of most aromatic anion-radicals, Hydrogen ions and also general acids are 
effective protonafing agents. In only a very few cases has dimerization of the radi- 
cal-anion been found to be faster than protonation. The dimerizafion step has been 
followed by electrochemical techniques t~r t,3-dicyanobenzene radical-anion 
where the rate constant is 2,4 x 105 M ~1 s 1 [6]. Methyl anthracene-9-carboxylate 
radical-anion reversibly dimerises through the 10-position [7]. Preparative scale 
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reduction of naphthalenes, discussed later, affords some minor products resulting 
from hydrodimerization. 

Rate constants for the promnation of radical-anions in dimethylformamide by 
added phenol can be determined by electrochemical techniques [8]. Pulse radioly- 
sis methods have been used to measure the rate constants in an alcohol solvent. 
This technique generates the radical-anion on a ve~" short time scale and uv- 
spectroscopy is then be used to follow the protonation of this species to give the 
neutral radical with different uv-absorption characteristics [9]. In the case of an- 
thracene, the protonation rate is 5 x 103 M ~ s ~ with phenol in dimethylformamide 
and 5 x 104 s ~ in neat isopropanol. Protonation by hydrogen ions approaches the 
diffusion-controlled limit with a rate constant of 10 ~° M -~ s 4 in ethanol [9]. 

The delocalised radical fox,ned by protonation of the radical-anion is more eas- 
ily reduced than the starting arene. For some polycyclic aromatic hydrocarbons, the 
redox potential for this radical species can be determined using a cyclic voltanmae- 
try technique [10]. Reduction in dimethylformamide is carried out to the potential 
for formation of the dianion. The dianion undergoes rapid monoprotonation and on 
the reverse sweep at a fast scan rate, oxidation of the monoanion m the radical can 
be observed. The radical intermediate from pyrene has E ° = -I. 15 V vs. sce in di- 
methylformamide compared to E . . . .  2.13 V vs. sce for pyrene, 

TABLE 7.2 
Polarography of nitrogen containing aromatic compounds, values of the half- 
wave potential for the first reduction wave in dimethylformamide, te~aet_hyl- 

amanonium iodide. 

Substrate E~ / V vs, Ref. Subs~ate E~ / V vs. Rel2 
s c e  s c e  

Pyridine -2.68" [ 11 ] 
Pyrimidine -2.3I ~ [11] 
Pyridazine -2. I4 ~ [ l 1 ] 
Pyrazine - t.57" [ 1 t ] 
1,3 ,5-Tr iaz ine  -2.00 a [11] 
t,2,4,5-Tetrazine -0.82 ~ [t 1] 

Naphthalene -2.51 a [11] 
Quinoline -2.12 [ 12] 
Isoquinoline -2. t 5 a [ 11 ] 
Quinoxaline -1.62 [12] 
Quinoxaline-2H + -0.06 b [ 12] 
Phenazine - 1.17 [ 12] 
Phenazine-2H ~ +0.15 b [ 12] 

Footnotes: (a): Data scaled taking E,/~ for quinoline as -2.12 V vs~ sce. 
(b): Solvent was 30 % perchloric acid. 

Decay of arene hydrocarbon radical-anions tbrmed during preparative scale 
electrochemical reduction in the presence of general acids involves protonation as 
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the rate-determining step, then reduction of the so formed radical by an unproto- 
ruated radical-anion, and finally protonation of the carbanion to give a dihydro de- 
rivative of the original arene. When protonation of the radical-anion approaches the 
diffiasion-controlled limit, the radical is generated at the electrode surface and di- 
rect electron transfer occurs to give the carbanion. 

Nitrogen containing aromatic ring systems are reduced at tess negative poten- 
tials than the corresponding aromatic hydrocarbon and show a polarographic wave 
in aprotic solvents. Half-wave potentials for fI~e first one-electron addition step are 
given in Table 7.2. Excellent correlation is found between these potentials and the 
energy level of the lowest unoccupied molecular orbital. Pyridme and pyridazine 
radical-anions have been generated electrochemically in liquid ammonia at -70 ° C 
using tetramethylammonium iodide as supporting electrolyte, and characterised by 
esr spectroscopy [13]. The radical-anions from nitrogen arenes generally have 
shorter lifetimes compared to those of the corresponding hydrocarbon, and their 
decomposition rate is dependent on both the soIvent and the counter-ion. In aque- 
ous solution under any conditions, protonation of pyridine radical-anion is so fast 
that only the protonated form can be detected in pulse radiolysis, and for this spe- 
cies pKa is greater than 13 [14]. The protonated species decomposes by a second 
order process, 

The equilibrium between radical-anion and dimer for pyridine and quinoline has 
been examined m a number of aprotic solvents. Radical-anions of pyridine dimer- 
ise rapidly in liquid ammonia in the presence of alkali metal ions [15] In hex- 
amethylphosphoramide with alkali metal counter ions, the monomer is detectable 
in an equlibrium concentration [t6], The monomeric species can be stabilised by 
substituents and 2- or 4-cyanopyridines give radical-anions which persist in liquid 
ammonia while 3-cyanopyridine radical-anion dimerises with a rate constant of  2 x 
10 6 [17]. Quinoline radical-anion is stable in hexamethylphosphoramide [16] but in 
liquid ammonia it dimerises fiTeversibly [! 8]. 

Protonation of aromatic hydrocarbon radical-ainons requires a change of carbon 
atom hybridization from the ~ to the sp 3 state. This is found to be an fi"reversibIe 
process, which proceeds at a thst but measurable rate. Protonation of the radical- 
anion from nitrogen ring systems, however, involves the nitrogen lone pair and 
does not require a change in hybridization. The nitrogen centre in the parent com- 
pound is also hydrogen bonded to any proton donors in solution. As a conse- 
quence, protonation of nitrogen ring radical-anions by available donors is often 
synchronous with electron transfer to the parent molecule. 

Electrochemical reduction of 1-alkylpyridinium salts I leads to the addition of 
one electron with the formation of a n-delocalised radical-zwitterion, This is a for- 
mally neutral species~ Both this species and the N-protonated pyridine radical- 
anion are essentially n-delocalised radicals, The radical-zwitterion from 1- 
methylp)q'idinium shows a long wavelength absorption band in water with ~,,a~ 750 
nm [t9]. The nitrogen ring radical-zwitterions take up fu~-ther electrons at more 
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negative potentials (Table 7.3). Whereas the first polarographic wave for 1- 
alkylpyridinium salts in aqueous solution is a one-electron, pH independent proc- 
ess, the waves at more negative potentials involve more than one electron and may 
be pH dependent. Radical-zwitterions decay by a rapid dimerization process m 
both water and aprotic solvents [20]. Dimerization of the radical-zwitterion from 1- 
methylpyridinium proceeds with a rate constant greater than 107 M -~ s -* and in- 
volves reaction at the 4-position of the pyridine ring [2 t ]. 

TABLE 7.3 
Polarography of 1-methylpyridinium derivatives in aqueous buffers. 

Pyridine substrate E,j~ / V vs ,  sce Ref. 

1st wave 2nd wave 
1-Methylpyridinium 1 -1.32 [21] 
2-Cyano-l-methyl -0.77, b - 1.21 at pH 5.0 [22] 
3-Cyano-l-methyl -0.87 -t.60 at pH 11.5 [23] 
4-Cyano- 1 ~methyl a, b [24] 
3-Carboxamide-t-methyl -0.79 -1.72, pH independent [25] 

Footnotes: (a): Reaction is complicated by the loss of cyanide ion. 
(b): Below pH 5 the nitrile is protonated and reduced to CH2NH2 

Delocalised radical-zwitterions are formed also from other aromatic n-systems 
bearing a positive charge, Tropylium salts 2 show a one-electron reduction wave 
on polarography in acetonitrile with E~,, = -0. I7 V vs .  sce [26]. ]'he zwitterion is 
more stable in 6 M suIphuric acid where a second one-electron wave is seen at 

© © © 
1 2 3 

more negative potentials [27]. The zwitterion from heptaphenyltropylium is stable 
on a time-scale of seconds in acetonitrile [28]. Py~'lium salts 3 also show a one- 
electron reduction wave on polarography in acetonitrile and the radical-zwitterion 
t?om 2,4,6-triphenylpyrylium is stable in acetonitrile [29]. 

Aromatic n-systems bearing two positive charges can accept one electron to 
form a delocalised radical-cation, which is isoelectronic with fine radical-anion 
fi:om the corresponding aromatic hydrocarbon. The phenanthrene analogue 4 is one 
such example [30]. Pyrazine is bis-protonated and reduced in acid solution to the 
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deep violet radical-anion [31 ]. Bipyridinium salts 5, X = NMe also belong to this 
class. They are reduced in a reversible step to the violet coloured and relatively 
stable radical-ion [32,33]. The N,N-dimethyl derivative of 4,4'-bipyridyl finds ex- 

Ph Ph 

Me Me Ph Ph 

4 5 

tensive use as a herbicide. It interferes with the electron transport mechanism i n  

living cells, Pyrilium salts 5, X = 0 and tlhiapyrilium analogues 5, X = S also un- 
dergo a one-electron reduction step to the coloured radical-ion. 

Aromatic Hydrocarbons 

Reduction of  ben~enoid hydrocarbons with solvated electrons generated by the 
solution of  an alkali metal ha liquid ammonia, the Birch reaction [34], involves 
homogeneous electron addition to the lowest unoccupied n-molecular orbital, Pro- 
tonation of the radical-anion leads to a radical intermediate, which accepts a fiarther 
electron. Protonation of the delocalised carbanion then occurs at the point of  high- 
est charge density and a non-conjugated cyclohexadiene 6 is formed by reduction 
of the benzene ring. An alcohol is usually added to the reaction mJxture and acts as 
a proton source. The non-conjugated cyclohexadiene is stable in the presence of 

H H 

+ H + + H + + 2H + 

6 7 8 

alkoxide ions. When no alcohol is present, ammonia acts as a proton source and the 
reaction generates amide ions. ~Iqais base is able to catalyse the conversion of  the 
non-conjugated diene to fne more thermodynamically favoured conjugated cyclo- 
hexadiene 7. Solvated electrons are able to reduce conjugated dienes to give the 
cyclohexene 8, Choice of the appropriate reaction conditions leads to one com- 
pound from 6, 7 and 8 as the product from the Birch reduction of benzene. Sol- 
vated electrons, m the presence of alcohol as a proton source, reduce naphthalene 
to 1,4-dihydro-naphthalene. 
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Benzene is reduced at such negative potentials that the radical-anion camnot be 
identified in the usual electrochemical solvents. However benzene derivatives can 
undergo an electrochemical equivalent of the Birch reaction when protons are pre- 
sent to trap the tow concentration of radical-anion formed at very negative poten- 
tials. Electrochemical reductions have been achieved in liquid anarnonim Benzene 
itself is converted in this solvent to cyclohexa-t,4-diene at an alumininm cathode 
in an undivided celt with sodium chloride as electrolyte and methanol as proton 
source [35]. The reaction has been applied to reduction of estrone methyl ether 9 
where both the benzene ring and the carbonyl group react [36]. The naphthalene 
ring system in equilenin methyl ether 10 is also reduced to the dihydro stage [37]. 
Electron donating properties of methoxy and alkyl ring substituents govern the po- 
sition of protonation tbr ionic intermediates in these reductions. Positions of high- 
est charge density in the corresponding radical-anions are now found on atoms 
without electron donating substituents and protonation at these positions leads to 
the cyclohexadienes shown. 

o oH 

~/ ~'l ~'~l'Y = liq, NH3, tetrahydr0- I l l  " I  = 
MeO~v., / ' - .v.  / furan, LiC04 MeO " ~ - - ' j  

OH OH 

A =.=oe 
A . "" " F~ =°jLpr.  = 

10 

Most effort over the electrochemical reduction of benzene hydrocarbons has 
centred on finding a reaction medium, which is also a better solvent [br the sffb- 
strate than liquid armnonia. Aliphatic amines have proved useful solvents and they 
may be used in an undivided electrochemical ceil, Base is generated at the cathode 
while an equivalent of acid is generated in the anode reaction so that mixing of the 
cell contents maintains a neutral solution, An alcohol is usually added as a proton 
donor to prevent the build-up of a localised highly basic environment. The simul- 
taneous anode reaction is oxidation of the amine. Electrodes of platinum, alumin- 
irma or graphite have been used. Under these conditions, benzene [38] is converted 
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to cyclohexa-l,4-diene in methytamme containing lithium chloride as electrolyte, 
Estrone methyl ether 9, with the carbonyi function protected as the ketal, is con- 
verted to the 1,4-dihydroderivative in ethylenediamine containing lithium chloride 
[39]. Naphthalene is reduced in both six membered rings to give the tetr£hydro 
derivative 11 [40]. Selective reduction of the benzene ring to the dihydro level can 

OO c o.o0e. Q . - / )  
(CI-12NH2~, MeOH, LiCl 

11 

be achieved in the presence ofa nonconjugated akkene group [41] 
Hexamethylphosphoramide, which is a liquid under ambient conditions, is able 

to solvate electrons. Mixtures of this solvent witJn up to 21% ethanol are effective 
for the electrochemical Birch type reactions. The strong hydrogen bonding be- 
tween the two solvents suppresses hydrogen evolution at the cathode [42]. Benzene 
is reduced at constant current in this solvent to a mixture of hydrocarbons, cyclo- 
hexane being formed early in the process [43, 44]. 

Aprofic solvents can be used for the reduction of aromatic hydrocarbons, par- 
ticularly the condensed ring systems. Solvents used for the conversion of benzene 
to cyclohexa-1,4-diene at a mercury cathode under constant current conditions in- 
clude dimethoxyethane [45] and N-methylpyrrolidone [46]. Each solvent contained 
water as a proton source and tetraethylammonium bromide as supporting electro- 

Me2NCHO, H20, 
Bu4NI 

12 Yield: 29 % 57 % 7 % 

lyte. The more easily reducible naphthalene is converted to 1,4-dihydmnaphthalene 
at a mercury cathode, potential -2.4 V vs'. sce, in acetonitrile containing water with 
tetraethylawanonmm 4-toluenesulphonate as electrolyte [47]. Pyrene !2 is reduci- 
ble a t -1 ,75 V vs. sce in dimefhylformamide~ Initially, 4,5- and 1,12-dihydro- 
pyrenes are fiorme& The latter undergoes isomerisation and fi~rther reduction to 
give two hexahydropyrenes [48]. 
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Be~ene and naphthalene rings having an electron withdrawing carboxylic acid 
or ester substituent are more easily reduced by an electron transfer process than the 
parent hydrocarbons themselves. Phthalic acid 13 and terephthalic acid 14 are con- 
vetted to the dihydro derivatives at a lead cathode in sulphuric acid [49, 50]. These 

[ ~ C O ~  Pb cathode ~ k-~"-.j~ C02H 

CO EtOH, H20, H2SO4 ""~'/'""CO~H 

13 

C02H CQH 
Pb cathode 

EtOH, H20 , H2SO 4 

C02H #-.Oj-I 

14 

reactions have been developed to pilot scale production [511 . The aromatic ring in 
bei~zoic acid is not reducible electrochemically in acid solution. Instead, the car- 
boxylic acid function is reduced to the primary alcohol (p. 353). 

Reduction of the aromatic rings in phthalic acid [52] and in terephthalic acid 
[53] using sodium and alcohol was first noted by Beyer in 1888, The detocalised 
anionic reaction intermediates have the highest charge density on the carbonyl 
oxygen atom. Protonation occurs on oxygen to give an enol and this isomerises to 
the thermodynamically stable carbonyl fon~a, thus placing hydrogens on the ring 
atoms bearing the carboxyl groups. During reduction of" phthalic acid in alkaline 
solution, the initial product isomerises to the conjugated enecarboxylate which is 
then further reduced to cyclohexen-2,3-dicarboxylic acid [154], 

Naphthalene monocarboxylic acids are reducible at a mercury cathode in aque- 
ous alkaline solution. Naphthalene-l-carboxylic acid gives the 1,4-dihydro corn- 

CO#v4e COzMe 
Hg cathode.,. ~ / ~  
MeOH, H20, 
H3BO3, Na2CO3 

CO,Me 

15 Yield: 42 % 20 % 
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pound and naphthalene-2-carboxylic acid gives the 1,2-dihydro compound in good 
yields [55]. Reduction of methyl naphthalene-l-carboxylate 15 also affords some 
hydrodimer, probably by a radical-anion, radical-anion coupling process [56]. For 
some methyl naphthalene-2-carboxylates, such as 16, reduction of the ester func- 
tion is also seen [57]. 

I, OMe + 

MeOH, H20, -"~' "--'" "CO2Me 
e H3BO3, Na2CO3 

16 Yietd: 20 % 20 % 

Reduction at a mercury cathode of ber~ene rings having an electron donating 
substituent can be achieved in aqueous solution when a tetraalkylawanonium hy- 
droxide is used as electrolyte. A reaction temperature of 60 - 80 ° C is necessary 
[58]. Tetraalkylarranonium salts are known to displace the layer of adsorbed water 
molecules at the mercury interface, which allows more negative potentials to be 
reached betbre the onset of hydrogen evolution. A tetraalkylarrunonium amalgam 
is thought to be formed at the mercury surface at negative potentials and this trans- 
fers an electron to the substrate [59]. Reduction is more current efficient with tetra- 
hydrofuran as co-solvent, Under these conditions, methoxybenzene, m which the 
methoxy group is electron donating, is converted to 1-methoxycyclohexa-1,4-diene 
in 70 % yield and estrone methyl ether 9 affbrds 92 % yield of the reduction prod- 
uct [60]. 

Thiophene. Pyrrole and lndole Derivatives 

Pyrrole polymerises under reducing conditions. Thiophene-2-carboxylic acid is 
reduced in alkaline solution at 2 . 3  V vs. see, on a mercury cathode, to the 2,5- 
dihydm compound [61]. Under these same conditions, furan-2-carboxylic acid is 
also reduced to the 2,5-dihydro compound [62]. 

N-, 2- and 2,3- alkytsubstituted indoles are reduced in acid solution to give good 
yields of the dihydroindole [63]. Indole itself is polymerised under the acid condi- 
tions Reaction was originally carried out in a medium of 60 % sulphuric acid at a 
lead cathode with no attempt made to find the optimum acid concentration. More 
recently, 20 % sulphuric acid has been proposed as the solvent in these reactions 
[64]. Reduction of tetrahydrocafoazole 17 gives predominately cis-hexahydro~ 
carbazole, the thermodynamically favoured isomer, along with l -2 % of the trans- 
isomer [65]. 2,3~Dimethybindole yields a mixture of the cis. and trans-dihydro- 
indole isomers [63,66]. 
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H 

60 % H2SO 4 

17 

.Pvridine, Quinoline and [soquinoline Derivatives' 

Electron transfer reduction of the pyridine ring was achieved by Ladenberg 
during his classical synthesis of the piperidine alkaloid, conime [67]. Sodium in 
refluxing alcohol, under vigorous conditions, was the reagent used. Electrochemi- 
cal reduction of atkyl pyridines to the con-esponding piperidine is achieved at a 
lead cathode in 10 % sulphuric acid. Reduction under both acid and alkaline con- 
ditions yields mixtures of the piperidine with up to 20 % of the 1,2,3,5,6- 
tetrahydropyridine [68], the presence of which was not recognised by the early 
workers. The conversion of 2opmpylpyridine to (±)-coniine is now carried out by 
catalytic hydrogenation over Adams's catalyst [69] 

Electron transfer reduction of pyridines in both acid and alkaline solution gener~ 
ares the protonated radical-anion. This rapidly accepts a t'hrther electron and a 
proton to give a mixture of dihydropyridines. Enamine structures in these dihydro- 
pyridines can tantomerise to the imine, which is more readily reduced than the 
original pyridine molecule. Further reaction of the 1,4-dihydropyridine leads to 
piperidine while reduction of the 1,2-dihydropyridine leads to a tetrahydropyridme 
in which the alkene group cannot tautomerisc to the imine and which is not there- 
fore reduced to the piperidine stage. The reaction sequence is illustrated for 2,6- 
dimethyl-pyridine 18 which yields the thermodynamically favoured cis-2,6- 
dimethylpiperidine in which the two alkyl substituents occupy equatorial confor- 
mations. 

.,,,.L•7,•h•]. +2e 
Me Me + 2 H + 

18 

+4e ~, 
Me.,,~r~N)~Lqk4 e ~4 W M e ~ , ~ M e  

H H 

H H 
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Dimerization of the radical-zwitterion intermediate in the electrochemical re- 
duction of  pyridines in acid solution occurs to only a minor extent. Some 2 - 3 % 
of a mixture of reduced 4,4'- and 2,2'-dipyridyls has been found among the reduc- 
tion products from pyridine [70]. Higher yields of reduced dipyridyls are formed in 
aqueous alkali at a cadmium cathode [71]. Pentafluoropyridine is reducible in 
aprotic solvents at -1.8 V vs. sce yielding octafbaoro-4,4'-dipyridyl fhrough di- 
merization of the radical-anion and then loss of fluoride ion [72]. Reduction of 
pyridine by sodium in liquid ammaonia in absence of any other proton source leads 
to products formed by dimerization of the radical-anion [73]. Reduction with one 
equivalent of sodium and alcohol [74] under less vigorous conditions than origi- 
nally used by Ladenberg, or in liquid am~monia as co-solvent [75], leads to a mix- 
ture of dihydropyridines from which derivatives of the 1,4-dihydropyridine can be 

Eto. I("L"., 
" add NOH NOH 

H 
Ref. [741 

O 
O ..,0. + ..... 

Me liq. NH3 Me Me Rer. [751 

readily isolated, Hydrolysis of this intermediate leads to a 1,5-dicarbonyl com- 
pound, either isolated as tile oxime, or converted by acid treatment into a cyclo- 
hexenone. 

N-Alkylpyridinium salts give mainly N,NLdialkyltetrahydro-4,4'-dipyridyl de- 
rivatives on reduction in nemral and slightly alkaline aqueous solution [76]. These 
products can be oxidised to the N,N'-dialkyl-4,4'-dipyridyl. R e  radical-zwitterion 
derived t?om 4<yano-1-methylpyridine couples and then loses cyanide ion m form 
N,N'-dimethyl-4,4'-dipyridyl in 39 % yield [77]. 

The pyridinium salt NAD !9a and its reduced fornl NADH 20a are important 
co-fiactors for many enzymes. The reduced fore1 is involved in enzyme mediated 
reductions where it is convex-ted to NAD. In namraI systems, NAD is converted 
back to NADH by another enzyme-controlled process. Attempts to effect the direct 
electrochemical conversion of NAD to NADH are not very successful. Reduction 
on a mercury cathode at .1,1 V vs sce on the first one-electron reduction wave 
leads to the radical-zwitterion, which reacts further to give d-liners. Three stereo- 
isomers of  the 4,4'-dimer account for 90 % of the mixture and three 4,6'-dimers 
florin the remainder [78]. Reduction at -1.8 V on the second reduction wave pro- 
duces only 50 % of enzymatically active 1,4-NADH. The NAD analogue 19b 
shows related behaviour and one-electron reduction affords two diastereoisomers 
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of the 4,4'-dimer [79]. A change in the cathode material from mercury to platinum 
alters the profile of products from the reduction of NAD analogues. Thus, reduc- 
tion of 1-benzyt-3,5-di(carbamoyl)pyridinium at - t .  1 V v s .  sce in aqueous medium 
at pH 7 yields dimers at mercury but the NADH type product is obtained in 100 % 
yield at a platinum cathode [801. The change in mechanism at platinum is due to 

~ C O N H ~  ~%~N I~CONH 2 

I f R R 

19 

a, R = 

20 NH2 
_ 1  

H ~, H i01 i01 ~ t ~ J ~  I 
.... • ~vt"'.~,"CH20-P-O-P-OqH20 / ~ r  

.o o. 
HO OH 

b, R = CH2Ph 

interaction between the radical-zwitterion and chemisorbed hydrogen atoms. 
Conversion of NAD to NADH can be achieved in high yield by reduction with a 

Pdn(I)bipyridyl complex bound to polyethyleneglycoI [81] and used in a flow 
through membrane reactor. The auxiliary reagent is converted to the R2h(lll) con l -  
plex which can be cycled to the Rh(t) state either at a carbon cathode or by the ac- 
tion of tbrmate. The membrane discriminates against high molecular weight 
compounds and retains the rhodium potyethyleneglycol complex within the elec- 
trochemical cell whilst allowing NADIt to pass into a second reactor. 

Reduction of quinolines in acid solution at a lead cathode or by dissolving zinc 
leads to attack on the heterocyclic ring with the tbrmation of 4,4~coupted products, 
together with the tetrahydroquinoline [82,83]. In the case of 2~ and 4~methyl sub- 
stituted quinolines, dimeric products are obtained in t 0 - 90 % yields. In these pro- 
cesses, dimerization of the one-electron addition product is in competition with 
further reduction to give the t,4-dihydroquinoline. The latter is an enamine and it 

H H H )2 

Me n÷ Me Me 
H H 

21 
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isomerises in acid solution to the imine, which is then reduced to the tetrahydro- 
quinoline. 4,4'-Hydrodimers of quinoline have two enamine functions and these 
are isomerised to the imine. One-electron reduction of each imine now results in 
intramolecular carbon-carbon bond formation because of fine close proximity of the 
two groups. By this mechanism, reduction of 2-me~ylquinoline 21 in acid solution 
leads to a dimer of structure 22 [84] arising from the further reactions of a meso- 
4,4-hydrodimer. Related compounds are obtained from other methyl and dimeth- 

Me 

22 23 

ylquinolines. Some (+_)-4,4'-hydrodimer is probably also formed but steric consid- 
erations do not allow this to be reduced further with intramolecular carbon-carbon 
bond formation. Polymeric reduction products are also reported in these reduction 
processes, formed by the inten~nolecular coupling during reduction of imine func- 
tions. 

Quinolines are reduced in alkaline solution at a lead cathode or by sodium and 
alcohol to another class of dimeric product [85,86], The meso-4,4'-hydrodimer is 
again an intermediate in the process, it undergoes slower conversion to the imine 
tautomer under alkaline conditions and the intramolecular aldol condensation be- 
tween one imine traction and the remaining enamine function leads to the product 
23 [86]. 

1,4-Dihydro- t ~methytquinoline can be prepared by brief treatment of 1-methyl- 
quinolinium salts with sodium amalgam in water under alkaline conditions [87], 
Reduction of quinolinium salts in acid soIution gives dimeric compounds with 
structures analogous to 22, but with N-alkyt substiments [83]~ 

Reduction of isoquinolines in acid solution leads m saturation of the heterocy- 

h M°O'w  Pb cathode 
Me O'~'~-~'~TN dik H2SO4" Me O/~'x~'"fx~( NH 

--~-~ "OMe 
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ctic ring and, before the advent of catalytic hydrogenation, this was an important 
reaction in the isoquinoline alkaloid field. Berbefine [88] and papaverine 24 [89] 
are both converted to the tetrahydro derivative at a lead cathode in dilute sulphuric 

C H 2 ~ O M e  

~ " ~ ' O M e  

add 

25 

acid. The 1,2-dihydro compound must be an intermediate in the latter process be- 
cause, under appropriate conditions, it is partly trapped in an intramolecular acid 
catalysed reaction to form pavine 25 [90,91]. Reduction of isoquinoline with zinc 
in acetic anhydride affords a 1, I-hydrodimer as the N,N-diacetyl derivative [92]. 

Other Nitrogen [Ietero~vcles 

A number of nitrogen heterocyctic, aromatic compounds, riboflavin 26, folic 
acid 17a and biopterin 27b, isolated from natural sources, are related in structure to 
natural redox enzyme cofactors. The electrochemistry of these and related com- 
pounds has been studied extensively. 

O OH 
HN/[L h, . ,~N.~Me N.~,,..N 4 .R 

I 
CH=(CHOH)~CHzOH 

26 27 

/ = N  
a: R = CH#NH-~CONHQHCOzH 

~H~C~CO~H 

b: R = C,HOHCHOHCH~ 

Riboflavin undergoes a reversible and overall two-electron reduction process, in 
two overlapping one-electron steps. Both the final product and the one-electron 
reduction intermediate show acid base equlibria in the pH range 6-7. Thus a num- 
ber of species take part in the redox process. Experimental investigation aimed at 
deriving the related equlibrium constants involves generation of the dkhydro- 
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derivative in a buffer solution and subjecting this to redox titration with ferricya- 
hide solution [93]. A graph of potential ve~=sus electrons transferred is obtained. At 
pH 6.9, the redox reaction occurs in two one-electron steps separated by 55.1 mV 
and the semiquinone formation constant is 0.117. In the natural enzymes, this 
prosthetic group is surrounded by protein and semiquinone formation can be more 
favoured. Polarography of riboflavin in aqueous buffers indicates two overlapping 
one-electron reduction waves with a middle potential of-0.460 V vs. see at pH 
7,38 [94]. 

Riboflavin is the redox component of flavin adenine dinucleotide FAD. It is de- 
rived from FAD by hydrolysis of a phosphate ester link. The fully oxidised form of 
FAD is involved in many dehydrogenaze reactions during which it is converted to 
the fully reduced form. The fully oxidised state is restored either by another redox 
enzyme or by interaction with oxygen and hydrogen peroxide is liberated. The one- 
electron reduced, semiquinone form of FAD, is involved in some electron transfer 
steps. 

The biologically active relatives of folic acid and biopterin are the tetrahydro 
compounds with a reduced pyrazine ring. Reduction to this level occurs rapidly in 

vivo. The corresponding elec~ochemical process is well illustrated by reduction of 
the N-methylated analogue 28 [95]. Reduction to the 5,8-dihydro stage is a reversi- 
ble two-electron and two-proton process. The product rapidly tautomerises to the 

O 
Me N " ~ ,  N~y Me 

tvle~N-~ NA-N~-~Me 

28 

Q H 
Me N j'[ N Me 

MezN" -'N' "N Me 
H 

O. H 
Me N"JJ~'~ -~N" Me 

. . . . .  , 

Me2N" -'hi ~ "N Me 
H 

1 
O 

2 e, 2 H* Me N " ~ ,  N~--'T ~Me 

Me ~'N I'~'N ' '~" H 

29 

imine form 29, which is reduced in a second two-electron step at more negative 
potentials, Pyrazine itself [96] as well as thsed ring heterocycles with one pyrazine 
moiety [97] show related redox steps. 

Electrochemical reduction of fblic acid is a convenient route to tetrahydrofolic 
acid. Reaction is perfbrmed in an aqueous buffer of triethylamine bicarbonate [98]. 
Water and buffer salts can then be removed by freeze-drying, The process gener- 
ates a new asymanetric centre on the tetrahydropyridazine ring and only one of the 



254 PJ~DUCTION OF AROMATIC RINGS 

diasteriomers is biologically active° An excess of the required isomer is generated 
by reduction in the presence of a catalytic armnount of stpyct-mine [99] according to 
the process described on p. 80. The coenzyme derived from folic acid is revolved 
in the synthesis ofpurines during which process it interacts with forrnate to provide 
a one-carbon source. 

Tetrahydrobiopterin is involved in the enzymic reaction between phenylalanine 
and oxygen to give tyrosine and water. Investigation of the process in vitro has 

O 0 ..¢%. . A,2.iT . . . . . . . .  

H H 

30 

used a synthetic analogue of biopterin, 27 with R = Me [I00]. During the reaction, 
the tetrahy&o compound is converted to the oxidised form 30, and this is reduced 
enzyrnatically back to the tetrahydro stage. ~[lae dihydro fore1 30 is unstable and 
rapidly isomerises to the 7,8-dihydropteridine, analogue of 29 [101]. The latter can 
also be reduced enzymaticatly to the tetrahydro stage. 

Nitrogen-Nitrogen Bond Cleavage 

A characteristic reaction of 1,2,3-triazoles is cleavage of one nitrogen-nitrogen 

H 

. cfil. HCl, 0 °C NH, NI/L'R L"~I/L'N~)'R 
H 

31 

bond during electrochemical reduction, qlfis gives a convenient preparation of 2- 
aminophenythydrazine 31 from bel~otriazole [102]. The process strongly resem- 
bles the nitrogen~nitrogen bond cleavage reaction of phenylhydrazones (p. 363). 
Condensation of the aminohydrazine with an ortho-ester gives the dihydrobenzo- 
triazine which can be oxidised to the benzotriazine either electrochemically or us- 
ing ferricyanide. 



At~lation and Carboxyfation Reactions 255 

Reductive Al~dation and Carboxylation 

Aromatic radical-anions react as nucleophiles towards alkyl halides and carbon 
dioxide. With alkyl halides, the rate-determining step is an outer sphere one- 
electron transfer to generate the alkyl radical and halide ion. The radical then adds 

OS.S) + e ~, Anthracene radical-anion 

Radical-anion + Mel 

G % 0  + Me" 

Anthraoene + Me" + I -  

l l  

Scheme 7,1. Reductive alkylafion of anlhracene by iodomethane 

to the aromatic species in a reaction cage process to generate a delocalised radical. 
~i"ne later is relatively easily reduced to the carbanion which protonates. Reaction 
between anthracene and methyl chloride (Scheme 7.1) gives the %alkylated de- 
rivative while reaction with tert-butyl chloride gives a mixture of  1- and 2- 
alkylation products [103]. Compared with the FriedebCratts reaction, these proc- 
esses generate a different spectrum of alkylation products. For many examples, 
complex mixtures of products result, Reaction between pyrene and tert-buVyl chlo- 
ride however gives the otherwise difficulty accessible 1-tert-butylpyrene in 50 % 

-.00 
Quinoi ine 

t 
Isoquinoline 

Scheme 7,2. Centres of attack during reductive alkylation of quinoline and isoquinoline 
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yield [104]. Reaction between quinoline or isoquinoline and rert-butyl chloride 
[105] or I-bromoadamantane [106] occurs at a number of sites as indicated in 
Scheme 7.2. In contrast, the radical-anion from phenazine 32 has charge density 
concentrated on nitrogen and behaves towards alkyl halides as an inner sphere nu- 
cleophite. It is alkylated on nitrogen [107]. 

Aromatic radical-anions will react with carbon dioxide. The redox process for 
carbon dioxide has E ° = -2.2 V vs. sce [108], so the high yield reactions with the 

Me 
I 

CH3CN, Et4NCIO4 
Me2SO4 ! Me 

32 

more easily reduced pyrazine [ 109] and quinoxaline 33 [ 110] involve nucleophilic 
addition by the negatively charged nitrogen atoms and not single electron transfer 

CO#e 
I N 

N 002' Me2NCHO' Bu4N1 N 

2) MeI ~2Me 
33 

to carbon dioxide. Naphthalene, which is reduced at a more negative potential than 
carbon dioxide, affords 1,4-dihydronaphthalene-I,4-dicarboxylic acid in 43 % 
yield [111]. In this case, reaction is likely to be initiated by single electron transfer 
from the naphthalene radical-anion to carbon dioxide, followed by radical attack on 
• e naphthalene ring. 

Electrocatalytic Hydrogenation 

Cathodes of finely divided ptatinium metals [112], nickel and nickel boride 
(NizB) [t t3] generate a surface layer of adsorbed hydrogen atoms from aqueous 
solutions, The systems have potential for catalytic hydrogenation of aromatic com- 
pounds where the required hydrogen is obtained by the cathodic discharge of pro- 
tons, "llae only metals effective for electrocatalytic hydrogenation, are those which 
operate in ordinary catalytic hydrogenation. Reduction of hydrocarbons on nickel 
surthces achieves cm'rent efficiencies of up to 47 %. The remaining current is ac- 
counted for by the evolution of hydrogen gas. Higher current efficiencies can be 
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obtained by the periodic application of potential with short rest periods during 
which the surface layer of  hydrogen atoms can react with the substrate [114]. 
%~e best conditions for hydrogenation of  hydrocarbons employ ethylene glycol as 
solvent because this is less easily adsorbed on nickel, with reaction temperatures 
around 80 °C [115]. Evolution of  oxygen at the anode generates protons to replace 
those discharged at the cathode. Naphthalene dissolved m ethylene glycol gives 
tetrahydronaphthalene with 42 % current efficiency at nickel boride, while phe- 
nanthrene and anthracene yield mixtures of  hydrogenation products [115]. Pal%o- 
dium black plated onto carbon is effective for the reduction o f  phenols to 
cyclohexanots in dilute sutphuric acid [I 12], 
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CHAPTER 8 

OXIDATION OF ALCOHOLS, AMINES AJ',ID AMIDES 

Nitroxyl Radicals 

Oxidation of dialkylhydroxylamines with no a-hydrogen substituents proceeds 
in two reversible one-electron steps. The intermediate nitroxyl radical 2 is the sta- 
ble species under ambient conditions. The more highly oxidised form 1 finds use as 

o. 

1 2 

a reagent for the oxidation of alkanols to the carbonyl compound. Standard reduc- 
tion potentials for these species are give in Table 8.1. 

Oxidation csf AlcohoIs 

Early electrochemical processes for lhe oxidation of alcohols to ketones or car- 
boxylic acids used platinum or lead dioxide anodes, usually with dilute sulphuric 
acid as electrolyte. A divided cell is only necessary in the oxidation of primary 
alcohols to carboxylic acids if the substrate possesses an unsaturated function, 
which could be reduced at tihe cathode [1, 2]. Lead dioxide is the better anode ma- 
terial and satisfactory yields of the carboxylic acid have been obtained from oxida- 
tion of primm:y alcohols up to hexanol [3], Aldehydes are intermediates in these 
reactions. Volatile aldehydes can be removed from the electrochemical cell in a 

~CCHzQH 
PbOz anode 

* HC~CCO~ 
dU. ~2so4 

76 % 

Pb02 anode 
HC~C--CHC~%~ .... .~ H~CCOCH~ 

50 % 

Rer. [41 

stream of  air, and then condensed, In general though, this is not a satisfactory' route 
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to aldehydes since they are easily oxidised to the carboxylic acid at the anode po- 
tentials used. 

The oxidation of propargyl alcohol to the acid and of but-2-yne-l,4-diol to 
acetylene dicarboxylic acid is carried out on a technical scale at a lead dioxide an- 
ode m sulphuric acid [4, 5]. Electrochemical oxidation of acetylenic secondary 
alcohols to the ketone at lead dioxide in aqueous sulphuric acid [4], gives better 
results than the chromic acid based process of Jones [6]. Oxidation of aminoalkan- 
1-ols to the amino acid at a lead dioxide anode in sulphuric acid is achieved in 31 - 
73 % yields [7]. This route is applied to the technical scale production of j3-alanine 
from 3-aminopropanol in an undivided cell [8]. 

TABLE 8.1 
Redox behaviour of nitroxyl radicals in acetonitrile with tetraethylmmonium 

perchlorate as electrolyte. 

Substrate Reduction process Oxidation process 
E~ / V vs. sce E ° / V vs. sce 

"-~N-O" - +0.544 b 
-/,, 

MeO--~N-O" -1.04 " +0.49 a 

~ O "  -1.49 +0.608 a b 

t 

H O - - ~ O "  - +0.668 b 

o4/-~,_., . - ~O.781 b 

Footnotes: (a) Data from [9], adjusted to sce using data for oxidation of 
2,2,6,6-tetramethylpiperidinyl- 1-oxyl. 

(b) Data fl:om [10], adjusted to sce using data from [11]. 

Alcohol oxidation is inhibited at platinum surfaces with high surface step densi- 
ties due to the formation of an organic film [12]. More recent attempts to improve 
the direct electrochemical oxidation of alcohols involve the use of a platinum 
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catalyst supported on graphite particles in a packed bed reactor, combined with 
oxygen diffusion electrode as cathode. The overall cell reaction is given in Equa- 
tion 8.1. Preparation of the catalyst requires careful control to achieve best results 
in the oxidation process [ 13]. 

R--CH2OH + O~ -~ R--CO~H + H20 Eq. 8.1 

The direct electrochemical oxidation of alcohols involves removal of one elec- 
tron from a non-bonding pair on oxygen. Relatively anodic potentials are required 
and ~e  use of reagents, which can provide another mechanism for the oxidation 
step, has been extensively explored. Electrochemistry is then involved in the re- 
oxidation of spent reagent and often the system can be adapted so as to require 
only a catalytic amount of reagent. 

Aqueous chromic acid acting on a solution of the alcohol in an inert water in- 
soluble solvent [14] is a well known oxidation procedure giving the carbonyl com- 
pound. A stoichiometric amount of reagent is required. The aqueous solution of 
chromium(Ill) residues can be electrochemically oxidised to the chromium(vI) state 
[15], however few studies have been made on coupling this process with the ex- 
cell the oxidation of alcohols. 

Nitrogen oxide radicals, derived from the anodic oxidation of nitrate ions in 
methanol, will oxidise primary alcohols. In the first stage of reaction, an c~- 

OMe 
RCH~OH Pt anode t RCH + RCO~Me 

MeOH, LiNO3, ~OMe 
H2SO4 

62 - 73 % trace 
Ref. [161 

hydrogen atom is removed and subsequent steps lead to the aldehyde dimethyl 
acetal [16]. The reaction will not tolerate other functional groups that are attacked 
by the reagent. The process resembles the oxidation of primary alcohols groups in 
carbohydrates using nitric acid [17]. Anodic oxidation of secondary alcohols pro- 
ceeds in low current yields using lithium nitrate in acetonitrile [18]. 

Anodic oxidation of iodide ions at a graphite electrode in aqueous tert-butanol 
generates a reagent which will oxidise secondary alcohols to ketones and primary 
alcohols to the ester fomled between the related carboxylic acid and the original 
alcohol [19]. Iodine is first formed and then either further oxidised to iodine(1) or 
converted to hypoiodite~ One of these reagents is the active oxidising agent. Oxi- 
dation of iodide ion or iodhae in water at sufficiently anodic potentials generates 
hypoiodite [20]. Related oxidations of alcohols can be achieved using brornide ions 
at a graphite electrode. "llle reactions and global electrochemical steps in~,'olved 
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may be written as in Scheme 8.1. The process is catalytic and when an undivided 
cell is used, proceeds in the presence of base generated in the first stage. The io- 
dine reagent is regioselective for the oxidation of a 3-hydroxyl function in polyhy- 
droxylated triterpenes with a trans~A/B-ring junction [21]. Oxidation of the re- 

,mOH ,,,~OH 

C anode 

t.-BuOH, H£O, Kl 

~' CH~OH f' CH2OH 

Soyasapogenot 
Ref. [211 

maining hydroxyl functions in pa~ly protected sugars is also accomplished using 
calcium iodide as electrolyte [22, 23]. 

Generation of the halogen 2X"  + HzO ; X2 + H= + 2 HO" 

Oxidation of the alcohol .~HOH + Xz ..... i, ) C =  O + 2 HX 

Regeneration of the halogen 2 HX ~ H~ + X2 

Scheme 8,1. Global reaction,s during the electrochemical oxidation of alcohols catalysed 
by halide ions in an undivided cell. 

Electrochemical oxidation of carbohydrates is catalysed by the bromide i o n -  
bromine system, which rapidly converts any potential aldehyde function to the car- 
boxylic acid, Gluconic acid is manufactured from glucose in this way using a cell 
consisting of a stack of parallel graphite plates, separated fl'om each other by nar- 
row gaps ttuough which the reaction solution is pumped, A potential is placed 
across this pile of electrodes. One side of each electrode functions as anode to a 
solution stream and as cathode to the stream of solution on the opposite side [24]. 
Isolated aliphatic secondary alcohols are oxidised very slowly in this system so that 
current efficiency for ketone fomaation m an undivided cell is low due to reduction 
of some bromine at the cathode. The bromide ion -,~ bromine system is satisfactory 
for the oxidation of benzyl alcohols [25] and c~-hydroxyphenylacetate esters [26], 
although in some cases bromination of the aliphatic system has been observed, 
Cross-linked poly(4-vinylpyridine) hydrobromide can be electrochemically oxi~ 
dised so that the protonated pyridine traps the tribromide ion to form a reagent that 
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will slowly oxidise secondary alcohols in acetonitrile. The exhausted reagent is 
then re-activated electrochemically [27]. 

RSMe 0 

3r RSMe 

2 B r +  2 e  - 
KSMe 

RSCH2 

C=O 
/ 

Scheme 8.2. Anodic oxidation of a!kanols catalysed by bromide ion and methyl octyl 
sulphide. 

A combination of bromide ions and methyl octyl sulphide is able to oxidise sec- 
ondary alcohols at the potential necessary to form bromine. Conversion of the al- 
cohol to the ketone follows the Scheme 82 and uses an undivided cell with ber~o- 
nitrile as the solvent containing 2,6-1utidine as base and tetraethylamxnoninm 
bromide. The reaction occurs using a platinum anode at 1.1 V vs. see [28]. Thio- 
anisole alone, in absence of bromide, will function as a catalyst tbr the oxidation of 
secondary alcohols but in these cases a more positive anode potential of t.5 V vs. 
sce is needed to oxidise the thioether [29]. 

The ruthenium telroxide -- dioxide catalytic system is effective for the oxidation 
of  alkanols, although it will also react with any alkene groups or amine substituents 
that are present. The catalyst can be used in aqueous acemnitrile containing tetra- 
butylamrnonium hydroxide with platinum electrodes in an undivided cell Primary 
alcohols are oxidised to the aldehyde and secondary alcohols to the ketone [30]. 
Amodic oxidation of ruthenium dioxide generates the tetroxide, which is the effec- 
tive oxidising agent. 
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In another procedure, oxidation is can'ied out in the presence of chloride ions 
and ruthenium dioxide [31]. Chlorine is generated at the anode and this oxidises 
ruthenium to the tetroxide level. The reaction medium is aqueous sodium chloride 
with an inert solvent for the alkanol. Ruthenium tetroxide dissolves in the organic 
layer and effects oxidation of the alkanol. An undivided cell is used so that the 
chlorine generated at the anode reacts with hydroxide generated at the cathode to 
form hypochlorite, Thus this electrochemical process is equivalent to the oxidation 
of alkanols by ruthenium dioxide and a stoichiometric amount of sodium hypo- 
chlorite. Secondary alcohols are oxidised to ketones in excellent yields. 1,4- and 
1,5-Diols with at least one primary alcohol t~anction, are oxidised to lactones while 

 ,.ooOe  oO]o_ ° 

Roo2.2 o o" 

Ref. [321 82 % 1% 

isolated primary alcohols are oxidised to the carboxytic acid. Examples in opti- 
mising the use of ruthenium dioxide catalyst include the oxidation of protected 
carbohydrates [32] and a proposed technical scale production of 1,3- 
dichloroacetone [33]~ The rate of oxidation of the atkanol is considerable increased 

Pt anode 
ClGH~CHOHCH~Cl -~ Cl CH2COCA~Cl 

Et OAc, H20, sat, NaCA, 
pH 2, RuO2,2HzO catalyd~ 

Ref [33] 

at high concentrations of sodium chloride [34]. 
The ruthenium(w) complex 3 is a powerful oxidising agent. It can be used in 

catalytic amounts, the residual rutheniurn(ll) complex being re-oxidised directly at 

2+ 2+ 
[Rur'/(trpy)(bipy)O] + 2 e + 2 H + ~ -  "' [R~H(trPyXbipy)H~ O] N .  8.2 

3 

the anode according to the redox process in Equation 8.2. This system oxidises 
secondary alcohoIs to ketones and primary alcohols to the carboxylic acid in a di- 
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methyl sulphoxide - water solvent mixture [351. The reagent is also sufficiently 
powerful to oxidise any benzylic positions in arene derivatives. 

An established non-electrochemical system for the catalytic oxidation of alco- 
hols is based on stable nitroxyl radicals such as 2 as catalyst and which are con- 
verted to the oxopiperidinium 1 as the effective reagent. Regeneration of the rea- 
gent using a stoichiometric amount of an inorganic oxidising agent, such as 
hypochlorite or periodate, is a common procedure by which alkanols are oxidised 
to the aldehyde or ketone. Regeneration of the reagent is also eft%cted electro- 
chemically in an anodic process. The mechanism for this oxidation of alkanots is 
shown in Scheme 8.3 [36]. In basic solution, sterically hindered secondary alkanols 
are oxidised more slowly than primary alkanols. In acidic solution, primary" and 
secondary alkanols are oxidised at comparable rates. 

|1 
0 

in basic 
+ RCH20H 

solution 

in add 

~ so ution 

OH2 

L,, H I "R 

I 

+ H + 

& 

Scheme 8,3. Pathways for the oxidation of alkanols by 2,2,6,6-tcttamethyI.*l -oxopiperidinium 

Spent 2,2,6,6-tetramethyl-l-oxopiperidinium can be regenerated directly at a 
platinum anode in aqueous acetonitrile and aldehyde products do not undergo fur- 
ther oxidation to the carboxylic acid [37]. Either of the two racemic quinolyt-1- 
oxyls 4 functions better as catalyst for the oxidation of primao' and secondau¢ al- 
kanols, but the chiral fbrms do not achieve selective oxidation of one enantiomer of 

" ~ ' ~ "  O H P tanode " ~ - - , ~ ~ " ~ 0  

CH3C-~4, LiClO4 
O 

~I/~N2s catalyst 59 % 

& ReC [37] 
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a chiral alkanol [38, 39]. 
The use of nitroxyts that are amenable to immobilisation in a polymer layer 

around the anode would be an ideal way of constraining the catalyst where it can 
be regenerated electrochemically. Attempts to utilise a poly(pyrrole) film formed 
by anodic oxidation of the monomer 5 led to a system that will oxidise alkanols but 
which is unstable in continuous use [40], A more satisfactory polymer layer is 

M%. 
6 

based on poly(acrylic acid). This electrode is prepared from graphite felt coated 
with poly(acD'lic acid) and then lightly cross-linked by arnide bond formation us- 
ing hexamethy/enediamine and dicyclohexylcarbodiirnide. At this point, the anai- 
nonitroxyl 6 is attached to some of the remaining carboxyl groups by amide for- 
mation. Finally the remaining carboxyl groups are esterified with dibutyl sulphate 
[41]. qlm resulting layer catalyses the oxidation of alcohols in acetonitrile con- 
taining lithium perchlorate and a tertiary amine, which tunctions as a base, This 
system obeys the general rule that under basic conditions the least hindered alkanol 

,H % ~*X,0rljcH20/~-- Prepared C felt 
H ~" 

HOCH2 v CHaCN, LiCIO4 O 
2,64utidine 

7 96 % e.e, 

OH Prepared C felt ,~ / r~ . .~  

) - " - -~/~"  CH~O H CH3CN, LiCIO4 O r f  (,) 

(~)~marteine 

Ref. [4tl 

8 48 % yield, 99% e,e, 

is preferentially oxidised, Oxidation of the diol 7 is regioselective [41]. When a 
chiral amine, particularly (-)-sparteine is the base, then one enantiomer of a chiral 
alkanol is oxidised preferentially. The residual alkanol is enriched in the oflaer 
enantiomer. Selectivity is very high as indicated in Table 8,3 [42]. Oxidation of the 
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diol 8 is both regiosetective and enantioselective and gives one lactone product in 
high enantiotopic purity [41 ]. 

TABLE 8.2 
Enantioselective oxidation of (±)-alcohols using nitroxyl loaded carbon felt 

in acetonitrile with (-)-sparteine present, ref, [42]. 

Racemic alcohol Ketone product Main remaining Selectivity" 
enantiomer / % 

PhCHOHMe PhCOMe 92.4 

C6H~CHOHMe 93 

OH 

C~H~COMe 

O 

HOt~ H 
ph,~--~Me 

HO~%./H 
~H~ "Me 

96.4 

Electrochemical regeneration of the 1-oxopiperidinium in bulk solution is fa- 
cilitated by the use of sodium bromide as both electrolyte and mediator. The tri- 
bromide is generated at the anode and re-oxidises the 1-hydroxypiperidme residues 
[43], This in-cell regeneration step parallels the use of stoichiornetric amounts of 
sodium hypochlorite as regenerating agent [44]. "Vhe electrochemical process is 
operated in a two-phase system of aqueous sodium bromide and dichlorometlnane, 
with vigorous stin'ing, and with carbon electrodes. It is amenable to the oxidation 
of water insoluble alcohols. Alkenes and some reactive benzene rings undergo 
bromination as well as oxidation of the hy&oxyl fimction. These side reactions 
have been avoided by generating a stoichiometric amount of tetrabutylanmlonium 
tribromide in a separate electrochemical step and then adding this to a solution of 
the alcohol and nitroxyl catalyst in an organic solvent [45]. 

Nickel(Ill) oxide, prepared from a nickel01) salt and sodium hypochlorite, is 
used for the oxidation of alkanols in aqueous alkali [46]. Residual nickel0I)oxide 
can be re-activated by reaction with sodium hypochlorite. Nickel oxides have also 
long been used in the manulhcture of the positive pole in the Edison nickel-iron 
recl'~trgeable battery, now largely superseded by the lead-acid accumulator, and in 
the Jungner nickel-cadmium batteries used as button cells for calculators [47]. 
Here, prepared nickel oxide is pressed into a holding plate of perforated nickel, 
Such prepared plates of nickel(Ill) oxide have been proposed as reagent for the oxi- 
dation, in alkaline solution, of secondary alcohols to ketones and primary alcohols 
to carboxylic acids [48]. Used plates can be regenerated by anodic oxidation. 
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Electrochemically generated nickel(HI) oxide, deposited onto a nickel plate, is 
generally useful for the oxidation of alcohols in aqueous alkali [49], The immer- 
sion of  nickel in aqueous alkali results in the formation of a surface layer of  
nickel(n) oxide which undergoes reversible electrochemical oxidation to form 
nickel(m) oxide with a current maximum in cyclic voltareanetry at 1.13 V vs. sce, 
observed before the evolution of oxygen occurs [50]. This electrochemical step is 
fast and oxidation at a prepared oxide film, of an alcohol in solution, is governed 
by the rate of  the chemical reaction between nickel oxide and the substrate [51]. 
When the film thickness is increased to about 0,1 gm, the oxidation rate of organic 
species increases to a rate that is fairly indifferent to thrther increases in the film 
thickness. This is probably due to an initial increase in the surface area of the elec- 
trode [52]. In laboratory scale experiments, the nickel oxide electrode layer is pre- 
pared by prior electrolysis of nickel sulphate at a nickel anode [53t. It is used in an 
undivided celi with a stainless steel cathode and an alkaline electrolyte. 

Electrochemically generated nickel(!!!) oxide is approximated as NiO(OH). 
Analytical figures obtained for the chemically prepared oxide approximate to 
NiO(OH).H20. The material behaves as a radical source and the initial step in the 
oxidation of alkanols is radical attack with removal of the c~-hydrogen atom, ~ i s  
is followed by an electron transfer from the carbon radical so generated, see 
Scheme 8.4 [5@ The same process also attacks aldehydes in the gem.diol form. 
The nickel oxide electrode also attacks nitrogen-containing compounds (p. 281). 

-H" -e 
R-CH~OH ~, R (~HOH 7 RCHO ~' F~CO2H 

- H' @OH - e Rg.OHOH ~' ~ R2CO 
.H + 

Scheme 8,4. Steps in the oxidation of alkanots at a nickel oxide anode, 

This nickel oxide coated nickel anode was developed on a tecbalical scale for 
oxidation of the protected D-glucose derivative 9 to the carboxylic acid, as one step 
in the production of L-ascorbic acid [55, 56]. The electrochemical reaction is con- 
ducted at a low current density so that a large anode surface area anode is required 

CH2 I CHzOH dil. NaOH O H 2 !  CO2H o.f.,o 
9 93 % 

Re~: [651 
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for rapid throughput. An undivided cell with a stainless steel cathode is used. Cne 
electrodes consist of large thin sheets of the metals separated by a polypropytene 
net insulator, then rolled around a nickel rod, which functions as anode comaector, 
and pushed into a steel cylinder, which functions as the cathode connector. Elec- 
trolyte is pumped through this rolled-up electrode system. Anode deactivation is 
found over a tong period of time and this can be retarded by the addition of small 
amounts of nickel(n) salt to the electrolyte. Several other methods are suggested 
for improving anode performance [57, 58]. 

TABLE 8.3 
Conversion of primary alcohols, as an emulsion in aqueous sodium hydroxide, 

to the carboxylic acid at a pre-fomwd nickel oxide electrode, ref. [59]. 

Substrate % Yield of Reaction 
............................................................................ carboxylic acid temperature 

C8H17 CHaOH 89 70 °C 
PhCH2OH 86 25 °C 

N-,/ '~-.../"~V CH2OH 82 25 °C 

HC~GGH2OH 51 a 5 °C 
HOGH2(CH2)~CHaOH 85 80 °C 

H O C"~,~ "/'----"~/-" CH~ OH 80 80 °C 

t"g3CH:~C~CCH2OH 55 a 20 °C 

HOH~C ~-~--__5>-CH~O H 99 b 

Footnotes: (a) A divided cell is necessary to prevent electrocata!ytic 
reduction of the alkyne bond. 

(b) Re£ [60]. 

The nickel oxide electrode is generally useful fbr the oxidation of alkanols in a 
basic electrolyte (Tables 8.3 and 8.4). Reactions are generally carrried out in an 
undivided celt at constant current and with a stainless steel cathode. Water-soluble 
primary alcohols give the carboxylic acid in good yields. Water insoluble alcohols 
are oxidised to the carboxylic acid as an emulsion, Short chain primary alcohols 
are effectively oxidised at room temperature whereas around 70 °C is required tbr 
the oxidation of long chain or branched chain primary alcohols. The oxidation of  
secoMary alcohols to kemnes is carried out in 50 % tert-butanol as soh, ent [59]. y- 
Lactones, such as I0, can be oxidised to the ketoacid in aqueous sodium hydroxide 
[591. 
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.•• Ni oxide anode 

0,! M KOH 

t0 97 % 

TABLE 8.4 
Conversion of secondary alcohols to ketones at a pre-fomled nickel oxide 

electrode in 50 % tert-butanol, 0,1 M KOH at 25 °C, ref. [59]. 

Substrate Product % Yield 

OH 0 
~ .  ...--v~v,,,., 70 

+ .~oH ~ 7  ° 75 

OH 0 

OH OH 

n A 

38 

HO p' 
N H 

Primary alcohol groups in protected monosaccharides are efficiently oxidised to 
carboxylic acid at the nickel oxide anode. Secondary alcohol groups however react 
very slowly, probably due to steric hindrance from the adjacent protecting group. 
This allows selective oxidation of polyots such as 12 and 13 [61], 

. ° x , ° °  H 

12 53 % 13 
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Anodic oxidation of dialkyl ethers in methanol results in the formation of ace- 
tals [62]. Reaction is best carried out at a platinum, rather than carbon, anode in 
methanol containing 10 % acetic acid with tetTaethylammonium fluoroborate as 

Pt anode 
MeOH, HOAc (10:1) 
Bu4NBF4 

40 % 40 % Ref. [631 

electrolyte, in an undivided ceil [63]. "Fhe most satisfactory yields are obtained 
from 5- and 6-ring cyclic ethers and oxidation of unsymmetrical ethers shows no 
regioselectivity. For these ether substrates, the oxidation can be terminated at the 

;Oq Pt anode y i ~  
C~HTCH ~ qH~ 

O_~ MeOH, NaOMe 
MeO 

72 % 
Ref~ [641 

acetal stage. However, chemically prepared 2-substituted 1,3-dioxolanes are read- 
ily oxidised to an ortho ester at a platinum anode in methanolic potassium hydrox- 
ide [64]. 

Levoglucosan 14, which is derived from D-glucose, has a strained ether ring 
system. Oxidation in mefilanol cwases carbon-carbon bond cleavage to yield D- 
arabinose. High yields are obtained in mefl~anot with addition of sodium methoxide 

C anode 
I ,  

OH OH OH 

14 

MeOH, pH 7 E :'OH 

to maintain pH 7 [65]. This process is superior to tile usual chemical routes for the 
conversion of glucose m arabinose. In the electrochemical process, probably a 
radical-cation is generated on the hydroxyl group at position 2, followed by bond 
cleavage between C~ and C2. Further oxidation steps lead to arabinose, 

Electrochemical oxidation of tetrahydrofuran containing piperidine leads to effi- 
cient tbrmation of the 2-piperidinotetrahydrofiaran. However~ this process is not 
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generally useful and open chain dialkylamines give poor yields of the 2-amino- 
tetrahydrofuran, In these reactions, oxidation of the amine is thought to occur in 
preference to oxidation of the ether (Scheme 8.5). Tetrahydrofuran is involved in a 
hydrogen atom transfer to the imine radical, after which further reactions lead to 
the product [66]. 

Bu4NBF4 

81% 

cp 
R2NH , H+ .~ R~ ~ • + R2NH 

Scheme 8.5. Mcchm3ism for the oxidation of amines in tetrahydrofilran, ref. [661 

1,2-Glycols are cleaved by electrochemical oxidation at a carbon elec~ode using 
potentials around +2.2 V vs. sce, Reaction is carried out in methanol in an tmdi- 
vided cell. Secondary alcohol centres lead to the aldehyde dimethyl acetal while 

~,: OH C anode ('~CH(OMe)-z [ ' "~CH(OM e )~ 

o .  Moo.:Et mL + L-vC.IOMe  

14 % 51% 

OH 
M 0., Et4mos o + 

35 % 35 % 

ReE [67} 

tertiary alcohol centres lead to a ketone product. Both cis- and trans-1,2-glycols are 
cleaved. 1,2-Dimethoxy and l~hydroxy~2-methoxy are also oxidisable [67]. Car- 
bon-carbon bond cleavage also results from the anodic oxidation of 2-amino- 
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alcohols and 1,2-diamines [68]. These anodic cleavage reactions are incorporated 
into a novel route for the preparation of symmetrical and unsymmetrical dia!kyl 
ketones illustrated in Scheme 8.6 [69]. 

R 
I Anodic. R2C=O 

MeOCH2CO=Me RMgBr MeOCH~-OH oxidatio~q 

NEt= OH NEt2 
I RMgBr 4, 1 I Anodic R~CH2? =O R1CI~COCHR 1 R CH2C-- & R  ~ * 

a oxidation 
R R 

Seheme 8,6. Routes for the preparation of diatkyl ketones, tel. [69l, 

Aqueous periodic acid can be used to achieve glycol cleavage, combined with 
anodic oxidation of the iodate, which is formed, back to periodate [70]. Oxidation 
of iodate is catalysed at a lead dioxide anode [71 ] but at the potentials required, 
aldehydes are oxidised to the corresponding acids. Due to this further reaction, the 
redox-mediated cleavage of diols to form an aldehyde may be difficult to achieve 
with a catalytic amount of periodic acid. Cleavage using a stoichiometfic amount 
of periodic acid, followed by recovery of the iodic acid and then its electochemical 
oxidation, has been achieved [72]. 

Electrochemical oxidation of epoxides in absence of nucleophiles, catalyses a 
rearrangement to the carbonyl compound. The electrolyte for this process is dichlo- 
romethane with tetrabutylammoniurn perchlorate. Reaction, illustrated in Scheme 
8.7, involves the initial fomlation of a radical-cation, then rearrangement to the 
ketone radicaI-cafion, which oxidises a molecule of the substrate epoxide. The pro- 
cess is catalytic and requires only a small charge of electricity [73]. 

I 1 

O 

- e 
l l I . , /  .,.c,~-)c,..o --c-c°'l 

Scheme 8.7, Mechanism of lhe electrochemically catalysed rearrangement of epoxides to ketones. 
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Oxidation o f  Amines and Sutphonamides 

The majority of amines show an irreversible oxidation wave on cyclic voltam- 
metry in acetonitrite at a platinum electrode [74]. Some peak potenial values are 
given in Table 8,5, An electron is lost from the nitrogen lone pair and the resulting 
radical-cation loses a proton from the c~*position, Further oxidation of the remain- 
ing carbon radical then follows. Proton loss is assisted by overlap in the transition- 
state between the p-orbital containing an unpaired electron on nitrogen and the 
stretching (x-orbital of the carbon-hydrogen bond. Where these two ofbitals are 
orthogonal as in 15, the amine radical-cation becomes stable on a short time scale 
so that a value for E ° = 0.74 V vs. sce can be obtained from cyclic voltamrnetry 
and the esr spectrum can be recorded [75]. 

TABLE 8.5 
Anodic peak potentials for cyclic voltammetry of amines in acetonitrile, 

NaC104, scan rate 6 V s ~1. Ref. [74]. 

Substrate Ep 
/ V vs. sce 

Propylamine 1.38 
Dipropylamine 0.95 
Tripropylamine 0.88 

H N CMe3 :,-: , ~ '~  

. N ~ N *  

t5 16 

Diamines with a cage-like structure in which the nitrogen atoms are separated 
by a three carbon chain, f o ~  radical-cations where the non-bonding orbital from 
one nitrogen atom interacts with the radicaFcation on the other nitrogen atom to 
form a three-electron bond [76]. Cyclic voltarm-netry of 16 in acetonitrile shows 
two reversible waves with E ° = 0A 1 and 0.72 V vs. sce. "Ihe second wave is due to 
the formation ofa  dication with a two-electron bond between the nitrogen atoms. 

The a-ammoatkyl radical intermediates t~om electrochemical oxidation of  
amines show a strong tendency to lose a further electron and form an irmnonium 
ion. This process shows an anodic polarographic wave at negative electrode poten- 
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tials vs. sce (Table 8,6) [77]. Measurement of half-wave potentials is achieved by 
first generating the radical in a photochemical process involving di-tert-butyl per- 
oxide, illustrated in Scheme 8.8. In the experiments, tert-butoxy radicals are gener- 
ated using a modulated light beam. These react with the amine to generate a 
modulated concentration of c~-aminoalkyl radicals. Oxidation of the alkyl radicals 
at an electrode surface gives rise to a modulated electron flow, which is easily am- 
plified. A polarogram is then built up by chin-aging the electrode potential and re- 
cording the amplified current flow [78]. The corresponding reduction process for 
immonium salts, generating the c~-amino-akkyt radical, is discussed on p. 359. 

TABLE 8.6 
Polarographic half-wave potentials for ot-aminoalkyI radical oxidation. 

Substrate E,4 Ref. 
/V  vs. see 

Me~NCH2 - 1.03 [78] 

(Ph CH2)zN(~-HPh -0.92 [78] 

Me2~Ph2  - I. 17 [79] 

tBuO.OBu t h v ) 2 tBu(~ 

tBu O' + (RCH~).zNCH2R .~ (RCH2)NC;HR + tBuOH 

+ 

( R C H ~ R  e ...... ) (RC.,%)~4= CHR 

Scheme 8.8. Reaction sequence tbr the photochemical generation of c~arninoalkyl 

radicals and detemaination of oxidation potential, ref. [78], 

For amines having an c~-hydrogen atom, electrochemical oxidation leads to the 
imine as the first detectable intermediate. In the absence of another nucleophile, 
this is not usually a usefill reaction since the imme is hydrolysed by water present 
in the solvent leading to a mixture of products [80, 81]. Oxidation of tert- 
butylamine, which has no a-hydrogen atom, leads to loss of a proton from the ni- 
trogen atom and the dimerization of nin'ogen centred radicals. The product isolated 
in moderate yields is azo-tert-butane 17 [82]. The reaction can be carried out in an 

tBuNH 2 C anode ~ tBuN=NBut 

asso)vent NaCIO4 
17 

undivided cell where the electrolyte is pumped through a stack of carbon anodes 
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and stainless steel cathodes. Azoalkanes are obtained from primary and secondary 
amines by anodic oxidation of the N,N'-diatkylsulphamide in alkaline solution 
[83]. The same reaction is also eft~cted using sodium hypochlorite as oxidant [84]~ 

O 
I Pt anode 

CeH"NHINHC~H~ MeOH, kiOH ~ 
O 

C~H.N=NC~H~ + SO:~ 
Refi [831 

For some heterocycles, the imine stage in the oxidation of a secondary or terti- 
am/amine is stable to hydrolysis. Thus oxidation of 1.2-dihydroquinolines gives 

OH 
~ .~C02Me  

f,-" y _ C a o o d e  , Lx-A,J .CO=M. 
L.'~.v/L..N.-J AcOH- tBuOH (7:1) 

t l Et4NrTos 
R R 

18 

the quinoline in high yield. This reaction can be carried out in an undivided cell 
and allows a convenient synthesis of 1,4-dihych°o-4-oxoquinotines 18 [85]. A re- 
lated process is the oxidation of trimeric aldehyde-amrnonia condensation products 
to give the 1,3,5-triazine [86]. 

C anode 
RCHO + NH, MeoPI, LiC4' 

R~fNyR 
N.yN 
R Ref, [86] 

R = Me 20 % 
R = Me~CH 30 % yield 

Irnine intermediates can be trapped by an added nucleophile. However the only 
reactions of general preparative value are those in which a carbon-carbon bond is 
formed. In most other cases the product is unstable under the reaction conditions, 
reverting to the imine which reacts fiarther. Reactions are best carried ont in the 
flow through cell devised by Moinet and Raoult, illustrated in Figure 8.1 [87]. ~ i s  
ceil permits total oxidation of the substrate in one pass through the porous anode, 
fires exposing the product m further oxidation for only a short time. c~- 
aminonitriles are obtained when cyanide ion is added to the electrolyte [88, 89]. In 
the case of piperidme ring oxidation, addition to the imine is from the less hindered 
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axial direction onto the more stable conformer, which can lead in some cases to a 
high degree of stereoselectivity for product formation, 

Me M e  

MeOH, LIOAc Ph - v  NC 
t I Ph NaCN Ph 

Ref. [891 

0 ! (~) 
nter coun 

electrode elect[ode 

separator 

e!ectro ie  f i g  

N 
porous I 
anode 

separator 

Figure 8.1. Flow cell fitted with a porous carbon felt working electrode 
fitted between two counter electrodes, see ref. [87]. 

Electrochemical oxidation of aliphatic tertiapj amines in acetonitrile together 
with compounds having weakly acidic hydrogens, such as dimethyI malonate, 
leads to addition of the malonate anion to the immonium cation intermediate. 
2,4,6-Collidine is added to combine with protons, which are released during reac- 
tion [90]. 

/CO3 v~e Pt anode /COzMe 
CHz + Me3N .... -~ Me2NC~HzCH 

CH3CN, Bu4NOO4 ""CO,vie 
":CO2Me 2,4,6--collidine 

Ref, [90] 

~ e  immonium ion derived from oxidation of N,N-dmlethylaniline can be 
trapped by reaction with methanol to give the relatively stable c~-methoxymethyl 
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compound [91]. Reaction of this with electron rich alkenes, catalysed by Lewis 
acids, is used to form the tetrahydroquinoline ring [92]. 

( ~  Me TiCI 4 
( ~ / ~ _ _  ,Me Ptanode N:CH2OMe PhCH=CH2 ~__z/ N~le MeOH, KOH; 

Ph 

~e 
Ref [92] 

Indirect electro-oxidation of primaPy amines to nitriles is achieved using halo- 
gen ion as mediator [93]. The reaction is typically carried out in an undivided cell 

At anode 2 B r - B r 2  + 2 e 
At cathode 2MeOH + 2 e .~ 2MeO'+ H~ 

In solution RCH~NH~ + Br~ +MeO--- -*  RCH@IHBr + MeOH + Br- 
RCH2NHBr +MeO ' .  ~ RCH=NH + MeOH + Br" 

Further~eaction RCH=NH + Br~ + 2MeO' - -~  RCN + 2MeOH + 2Br" 

Scheme 8.9, Reacdon sequence in the indirect electrochemical oxidation of primary amines to 
mtriles using bromide ion as mediator~ 

with closely placed platinum anode and cathode. Electrolysis of the amine in 
methanol containing sodium bromide generates bromine and methoxide ion and 
these cause dehydrogenation of the amine according to Scheme 8.9. Imines derived 
from primm 7 amines cannot normally be isolated because they react rapidly m give 
the nitrile, In the case of proline methyl ester, the relatively stable imine 19 is ob- 
tained in 80 % yields. 

t~'~.. .  Pt anode ~N . /~  
CO,Me MeOlq, NaBr' CO~le 

19 

Oxidation of sutphonamides m the presence of bromide or iodide ions and so- 
dium methoxide in methanol also leads to formation of the N-halogeno intermedi- 
ate, The nitrogen-halogen bond in these intermediates is weak and will undergo 
thermolysis. A t - 1 0  °C, reaction proceeds by base catalysed elimination of hydro- 
gen halide and fiulher steps lead to an (z-amino acetal 20. The reaction is carded 
out in an undivided cell and renders a-aminoacetals readily available for fine iso~ 
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quinoline ring synthesis [941, At room temperature, hemolytic cleavage of the ni- 
trogen-halogen bond occurs. When the alkyl chain is long, this step is followed by 
an intramolecular &hydrogen abstraction process and ultimately to the formation 
o fa  pyrrolidme ring 21 as indicated in Scheme 8.10 [94, 95]. 

H 
baTs 

H R ' ~  OMe . R~.V. ~NTs 
R..~..-.....Nq's 

OMe OMe 

Pt anode 20 l 
MeOH, KX, 
NaOMe 

X 

- R. . .p .r  X MeO" ~ R ~ N T s  R ' ' ' / ~ N T s  .......... .~ R . . ~ N T s  MeO- MeOH" X~ ~ ~'lTs 
-10 °C OMe 

~ 25 °C 

X." X. Ts 

Scheme 8.1 & Electrochcmical conversion of toluene-4-~sulphonamides to 
ct~aminoacetals, catalysed by bromide ion, Ref, [95] 

21 

NHSO~CTH~ PhCH2~ CTH~S O2l'~CH2Ph H2SO4 
I ba.m. 

~?,H ~ CH{OMe )a CaqaCH ~ CH(OMe)a 

Ref~ [941 

Oxidation of primary amines at a nickel oxide results in the formation of a ni- 
trile. Formation of the nickel oxide electrode was discussed on p, 270. The rate 
determining stage is the reaction between electrochemically formed nickel(Ill) ox- 

Ni oxide anode 
RCH2NHa - -  ; RCN 

H20, KOH 
70-90 % yield Ref, [96] 

ide and the amine. Overall the reaction is carried out at a pre-oxidised nickel plate 
anode at low current density and at 50-90 °C [96]. 



282 OXIDATION OF ALCOHOLS, AMINES AND AMIDES 

Silver(H) oxide, present on a silver anode in aqueous alkali, will also carry out 
the oxidation of primary amines to nitriIes. Oxidation of the intermediate imine at 
the silver anode is however relatively slow so that hydrolysis to the aldehyde be- 
comes an important side reaction [97]. c~.-Amino acids give nitriles in good yields 
at the silver(It) oxide electrode, 

NH2 Ag, +0~51 V vs. see 
I -~ RCN 

R--  CH --CO~H H~O, NaOH Ref. [971 
95~98 % yield 

Nitroxyl mediated electro-oxidation of primary amines also leads to formation 
of the imine and the fiJrther oxidation to the nitrile, In anhydrous acetoniNle con- 
taining 2,6-1utidine as a base, the nitrile is formed. In aqueous acetonitrite, hy- 
drolysis of the imine intermediate is fast and good yields of the aldehyde result 

RCH2NH~ 
Pt anode H2Oi, 

4~ RCH=NH . RQ40 + NH3 
CH3CN, H20, LiCIO4 
2 ascata!y~, 2,6-1utidine Ref [98] 

since the amine is oxidised in preference to the product [98]. Continued reaction 
will convert the aldehyde to the carboxylic acid. The active oxidising agent is the 
1-oxopiperidinium and reaction follows a pathway similar to that for the oxidation 
of alcohols in Scheme 8.3. Electrochemical recycling of the nitroxyl is cost effec- 
tive relative to the use of a stoichiometric amount of the unstable t-oxopiperid~ 
inium. 

Oxidation car Amides and Urethanes 

Amines are stable to electrochemical oxidation in acid solution because the ni- 
trogen lone pair is protonated and inaccessible for reaction. This is not the case for 
N-acetylamines, which are oxidisable at a lead dioxide anode in aqueous sulphuric 
acid [99]. The primary electron n'ansfer step involves the amide function and leads 
to a radica!-cadon, which loses a proton fiom the carbon atom adjacent to nitrogen. 
Subseo2aent steps lead to an acylimmonium ion, which is tTapped by water, N- 
acetylated prima17 amines are converted to the corresponding carboxylic acid. 

H2N(CH2)nCH~NHCOCH~ P bO~anode H2N(CH2)nCONHCOCH~ H20 HzN(CH2)nCO2 H 
dit. H2SO 4 
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N,N-Dialkytamides undergo a related series of reaction steps on anodic oxida- 
tion. The immonium ion fi'om dimethylformamide can be generated in solution by 
oxidation m acetonitrile with no added nucleophile [100]. Solutions of the ion are 
used in further reactions such as with 1,1-diphenylethene forming 22. When acetic 

~H~ CHa 
Pt, -2.2 V vs. ~ Ph2C~CH2 "<N +'~"'l 

N-ClIO ~ .  LO.~ ~ Me2NCHO CH3CN, LiCIO4 / Ph 
CH3 Ph 

22 

acid and sodium acetate are used as solvent and electrolyte, N,N-dimethylamides 
yield the acetoxymethyl methylamide where the immonium ion has been trapped 
by acetate [101]. Oxidation in methanol containing ammonium nitrate gives the 
met_hoxymethyl methylamide [ 102]. 

TABLE 8.7 
Oxidation of amides at a rotating platinum electrode in acetonitrile with 

tetraethylammonium 4-mluenesulphonate as electrolyte. 

Subsn-ate E~ / V vs, sce Ref. 

C~t%NHCOCH~ ca. 2.2 [108] 

(C4Hg~COCH3 1.86 [ 108] 

N--COCH~ 1.88 [ 108] 

CN~CO2CH~ 1.96 [ 103] 

~N--CO2C.H3 1.73 [103] 

Electrochemical oxidation of amides and urethanes in methanol containing an 
inert electrolyte has been developed into a useful procedure for the generation of 
c~-methoxy derivatives. Oxidation potentials of some amides and urethanes are 
given in Table 8.7. The derivatives are easily isolated and have been employed 
extensively as reaction intermediates. A summary of processes which in--,olve the 
use of electrochemically generated c~-methoxy amides is given in Scheme 8.11. On 
a small scale, the oxidation has been camed out at platinum electrodes in an undi- 
vided cell [104]~ Graphite is generally also a serviceable electrode material. Mod- 
erate scale laboratory preparations are best carried out in a capillary gap flow 
through cell with no diaptuagm [105]. One design of cell uses a graphite rod as 
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anode, surrounded by a stainless steel cylinder, which functions as both cathode 
and outer casing [106]. Large-scale industrial preparations are carried out in a bi- 
polar cell similar to that described on p. 65 but with the electrodes tbrmed from 
graphite plates [107]. Methyl urethanes, rather than acetamides, are generally pre- 
f.erred as substrates because the products are more stable towards isolation [108, 
109]. These reactions are carried out at constant current to the consumption of 2 F. 
Exhaustive oxidation using 10 F affords the cqcd-dinaethoxy product [104, 110, 
111]. Urethanes derived from primary amines can also be transformed to c~- 
methoxy products, although a more anodic oxidation potential is required. Methyl 
urethanes are conveniently synthesised in an electrochemical step from the corre- 
sponding fo~amide  (see p. xxx) in a route that does not require the use of methyl 
chloroformate. 

[al 

~ P O ( O M e ) 2  
CO,Me 

[ e ] ~ c  N 
i 

"-C oMo 

-A.'R 
,I %A'Me O I 

GO,Me 

p h N C J  "/ Ti~>/ 

~ o ~ g  [b] H 

R 
I CO=Me 

CO2Me ~:)2Me 

l .,x[/C~Ct% [cl 

MeO~C COCH~ 
[c] 

S c h e m e  8,11,  Reactions of electrochemically prepared ~.,metho×y- amides and urethanes, 
References: a, [1121; b, [1131; c, [ 109], d, ~I4l; e, I115]; f, [116]. 
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The formation of an in~monium ion from amides and urethanes is under kinetic 
control at the stage where a proton is lost from the radical-cation initially formed, 
In the cases of derivatives of unsymmetrical secondary amines, this leads to prefer- 
ential reaction at an N-CHzR group rather than at N-CHRz and the kinetieally 

R-cH'COzMe R.cH.CO2Me FLcH.C.O~4M 
I C anode MeOH ipr...t.r,.CH= ~ t 

~OC1% MeOH, Et4NClO4 ipr'-.N-'CH 4-CzHzSO3H ~H OMe MeO" "OMe 
COC~,~ 

23 Ref. U!7] 

~ C O z M e  
C anode 

MeOH, E~NC~O4 
I COCH3 

Ref. [118] 

formed immonium ion is inmaediately trapped by reaction with methanol. A strat- 
egy for the preparation of dimethyl acetals of ~-fbrmyl esters uses the substrates 23 
to direct oxidation towards the required cm'bon centre [117]. A further example of 
regiosetective anodic methoxylation is shown by reaction of N-acetytproline 
methyl ester [I I8]~ Aldehyde dimethyI acetals can be prepared by oxidation of the 
primary amine urethanes [t 19]. 

OMe C anode i MeOH t °Me 
P RCHNH -CO2Me ; RCH RCH2NH-CO2Me MeOH, Et4NTos H~SO4 "OMe 

Ref. [! ] 91 

Oxidative transformation of the amide function fails where a more easily oxidis- 
able group is present. Comparison of the oxidation potentials for amides (Table 
8.11) with those for aromatic rings (Tables 6.1 and 6.5) and for alkene bonds (Ta- 
ble 2.2) allows the reactivib, of a multifunctional compound to be predicted. 
"Whereas phenacylamides are oxidised with no interference from the aromatic ring, 

O C anode C L  " ~CA2 i, 
MeOH, Bu4NBF4 OMe AIO3 

! 
| ,..Ph <.,C.. tPh 

o "~c" CH~ O CH~ 

24 Re£ U051 



286 OXIDATION OF ALCOHOLS, AMINES AND AMIDES 

as in the example 24, more electron rich aromatic rings such as 4-methoxyphenyl 
are oxidised in preference to give products in which the amide group remains un- 
changed [ 120]. An example of the relative reactivity of an alkene group is provided 
by the dialkyl-substituted ethene 25, which is oxidised at the amide function, The 

O OMe ,~ 

Pt anode 
H CJ43CN, MeOH, 

Et4NTos 

25 

TiCI4 ; 
O 

related compound with a trialkyl substituted alkene Nnction in the side chain is 
oxidised at the alkene group [t2 t]. 

Substrates such as 26 that possess a suitably placed carboxyl group are con- 
verted to the lactone during electrochemical oxidation [ 122]. 

CH,2COzH Pt anode 
CH3CN, Et4NBF4 O 

t ~:)2Me CO2Me 

26 

Chiral synthesis during the coupling reaction between an a-methoxy amide and 
a nucleophile can be achieved. One approach to this problem uses a nucleophile 
derived from a 2-methyloxazoline possessing a chiral centre, fbr example in the 
formation of the chiral amine 27 [123]. A second approach uses esters of pyroglu- 

-'~...,t OSi  Me2But 

NHCOzCH~Ph 

Pt anode 

MeOH, Et4Nrros 

z /  "-N 

MeO...r.~.~/osi MezBut 

I~lHCO~CHph 

NHCOzCH2Ph 

NH2 

HCi 
80 % e.e,  

27 
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tamide with a chiral alcohol to control the carbon-carbon bond-forming step in the 
synthesis of 28 [124]. Other work (p. 285) has shown that anodic oxidation at a 
carbon centre is i~&ibited by the carbomethoxy substituent and in line with this 

C02Menthy!(+) 
i~"m Pt anode 

HN? MeOH, Bu4NP o 

C02Menthyl(+) 
MeO+~_.~ //~--vSi Me3 

H N'~h,.~] TIC]4 
0 

~__#~.Menthyt (+) 

28 

observation, the oxidation of pyroglutamide esters requires a high currem density 
for success. 

Early workers noted that electrochemical oxidation of N,N-dkrnethyl-amides in 
acetic acid gives the ct-acetoxy compound [101]. Oxidation in acetic acid of am- 
ides derived from piperidine and pyrrolidine proceeds differently to yield a mixture 
of stereoisomers of the o:,~-diacetoxy and [3-acetoxy-c~-hydroxy compounds [I 25]. 

OAc 

L© t/)-° Pt anode 4, 
P~OAc, KOAc OAc 

I 
I CO,Me ~O~ae cO2ae ~ . 

OAc 

" 2) hydroly~s 

29 

R~f. [1261 

These reactions proceed via the c~-acetoxy derivative, which then forms the en- 
amide. Further oxidation of the enamide gives the isolated products. A synthesis of 
cis-pseudocomhydrine 29 t~rom 2-propylpiperidine illustrates both this process and 
also the regioselectiviry in oxidation of amides, which favours attack on a methyl- 
ene rather than a methine carbon atom [126]. 

{~.-Methoxyamides are converted to enamides in the presence of a weak acid 
catalyst [127, 128]. Enamides prepared in this way are oxidised to ot,[~-diacetoxy 
compound in acetic acid. Preparation of the (q[3-diacetoxy compound from open 
chain N,N-dialkylamides usually requires the prior formation of an enamide fol- 
lowed by electrochemical oxidation [125]. Further reactions of enamides prepared 
by this electrochemical route are summarised in Scheme 8.12. Asywametric hy- 
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droxylation of the enamide is achieved using (+)-pineneborane followed by oxida- 
tion with hydrogen peroxide [ 1291. 

Pt anode 

MeOH, Et4NTos RCH2CH2NHCO~e RCH2CHNHCO~I e NH4CI ~ RCH=CHNH~2Me 

OH ~ 1 ) ~  '''tall'2 
2) H202 /L _NHCO2Me 

Ref. [t291 

[el 

[a] 

~j"r fcOR 

! CO2Me 

LA2 ]:;,? 
"N" "OAc _ 

CO,Me 

NaOAc 

Br 

~ O M e  
[c, d] CO,tie' ~au"~-'-. 

© 
! 
CO2Me 

21 u#~ 

•L- OM e 
(~O2Me 

[c d] 

!CHO 

t)/~Me~CHO ~)2Ue 
POCI~ 

2) NaOAc 

[a] 

~ O H  [a, b] 

~O=Me 

Scheme 8.12, Reactions of electrochemically prepared enamine urethanes, 
References: a, [I271; b, [130]; c, [!3II; d~ [1321; e, [125/. 



Oxidation of Amides and Urethames 289 

et,~'-Dirnethoxyamides, prepared by exhaustive electrochemical oxidation in 
methanol, also undergo the acid catalysed elimination to form a bis-enamide. This 

Canode, 10F. ~ ]  NH4Ci , ~ ' ~  

MeOH Et4Tos MeO OMe 
~)2Me , I CO=Me CO~Vle 

Ref. [125] 

process provides a route for the conversion of pyrrolidines to the corresponding 
pyrrole [125]. Further reactions of the bis-enamides with allyltrimethylsilane also 
provide a route to the piperidine ring, illustrated by a synthesis of conime 30 [133]. 

O M e  O M e  
-...NA...j~_.." C anode, 10 F L N , ~  ......~. 

~2Me MeOH, Et4Tos ~O=ae 

CA 

H (~:O~Me 

30 

iC~4 

~ " ~  C ancde, 10 F ..~...A...] .~--,,./Sye3 
MeOH, Et4To; MeO~"N f ~'OMe TiCI4 " " N "  i 

(~OzMe CQMe 

Q 

Ref.[133] 

Direct electrochemical oxidation of protected c~-arnino acids is generally inef- 
fective, An exception is provided by proline derivatives, which are metihoxylated 
on carbon-5 of the py~otidine ring. Open chain protected c~-amino acids undergo 

OMe 
RCHCO~vle C anode RCHCO2Me - HCl ~ 

I P 1 . . . . . . . . . .  ~ R ~ O 2 M e  
N~zlVI e MeOH, LiCIO4, cI/NCO2M e + MeOH J 

I~Q NHCO~te 

Ref. [1351 

c~-methoxylation catalysed by chloride ions at a graphite electrode ha an undivided 
cell [134, 135]~ The reaction mechanism is different from the direct oxidation pro- 
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cess so far discussed. The oxidising agent is electrochemically generated hypo- 
chlorite and the initially formed intermediate is the N-chloroamide, which loses 
hydrogen chloride to form an imine. Addition of methanol then gives the isolated 
product. 

Oxidation qF Hydrazine Derivatives 

Hydrazine derivatives are more easily oxidised than the corresponding amines 
Tetraalkylhydrazines afford the short-lived radical-cation and these redox couples 
have standard redox potentials in the range 0.0 to +0.1 V vs. sce [I36]. In the oxi- 
dised form, the two nitrogen lone pair p-orbitals interact to cause delocalization of 
the radical-cation centre. Substrates such as 31 where the a-carbon-hydrogen 

3! 

bonds are orthogonal to the nitrogen lone pair afford radical-cations with lifetimes 
in the range of seconds. For the redox couple derived from 31, E ° = -0.01 V vs. sce. 
A second oxidation step occurs at E ° ..... + I. 18 V vs. sce and both reactions are re- 
versible in acetonitTile [137]. Ten~aphenylhydrazine also gives a stable radical- 
cation with E ° ~,~ ~0.74 V vs. sce [/38]. 

TABLE 8.8 
Oxidation of substituted hydrazines at a rotating platmum electrode in 

acetonitrile. 

Subsnate E./~ / V vs. sce Re£ 

Acid medium Basic medium 

•; 1.12 0.23 0.53 [t39] 

P~-~-N~ 0,19 0.38 0.75 [138] 
Me 

Ph~N-NH~ 0.25 0.25 0.61 [I38] 
Ph~-N~h 0.33 [138] 

Hydrazines with at least one hydrogen substimem on nitrogen are oxidised in 
aqueous solution to the substituted diazene. Oxidation takes place m both acid and 
basic solution. Phenylhy&azine is oxidised by inorganic reagents such as iodine 
buffered by sodium hydrogen carbonate to form benzenediazonium ion. The latter 
combines with the substrate to tbrm the isolated product [t40]. l,l-Disubstituted 
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hydrazines afford the diazenium cation in acid solution and this is deprotonated at 
higher pH to give the neutral diazene [141 ]. Oxidation can be carried out with so- 
dium bromate in hydrochloric acid or electrochemically [142, 143] m acetonitrile 
buffered with either perchloric acid or 2,6-dimethylpyridine (Table 8.8). Di- 
azenium cations are stable at low pH. The species derived from 1,1-diphenyl- 
hydrazine will add to the alkene bond in styrenes to generate the cinnoline ring 
system. 

Ph 
I 

,F- J' /N=N ; NH2 CH3CN~ HCIO4 &4..) Ph Ph H 
Ref. [142] 

In the medium pH range where both the diazenium cation and the diazene exist 
in solution, these two species react rapidly to afford a substituted tetrazene [141]. 
The second oxidation wave, observed for disubstituted hydrazenes m acetonitrile 
with a pyridine base present, is due to the further oxidation of the tetrazene to a 
dicationic species. 

Ph Ph 
N t'. ~'N=N + H* 

Ph "H Ph' 

Ph _ ~ ..... % Ph 
N=N N=N'+ 

Ph" H" ''~ "Ph 

Ph 
Ph"It4=N Ph N'-N Ph 

H' ~Ph 'ph 

Ph, Ph,, + 
N--N Ph . ~ N=N Ph 

Ph' Ph' 'N=." 
bh *bh 

+ 2 e  

Dialkyldiazenes are unstable and lose nitrogen with the formation of two alkyl 
radicals. This is the only process observed when the 1,1-dialkylhydrazine is oxi- 
dised in alkaline solution where none of the diazenium ion sur¢ives [144]. Electro- 
chemical oxidation of the cyclic dialkylhydrazine 32 in an unbuffered solution 

~ Pt, 0.4 V vs. ~ e  

32 Re£ [146] 
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gives an 8-membered carbocyclic ring product, among other compounds [145], 
1,1-Dialkyl-2-arylhydrazines are oxidised in acetonitrile to a stable diazenium 

ion. Added base will remove an cz-proton from one of the alkyl groups to form a 
1,3-dipolar species. The latter undergoes a concerted Huisgen-type addition reac- 
tion with alkenes [146]. 

/ 
CHa, H Pt, 1.5 V vs. ~ CHa. + [ ~ I ~ N O 2  

N--N" N=N Ar = , y  Gila / 'At CHaCN, LiCIO 4 CHa/ "Ar 

NO2 

EtaJ'~ 
" C~ CH3 

CH~, - CH~, + - / ~ \  

1~/N-N'Ar " ~ CwN--N'Ar ~ " ' + '  q"N"Nt "At 
C~ 

Ref. [146] 

Aroylhydrazines are readily oxidised in protic solvents. Benzoylhydrazine and 
2-benzoylphenylhydrazine show anodic waves in an acetate buffer at +0.08 and 
+0.02 V vs .  sce respectively [147]. ~[he most studied member of  this group, be- 
cause of  its importance as the photographic developer phenidone, is 1-phenyl- 
pyrazolin-3-one 33. Phenidone shows a one-electron oxidation wave at a rotating 

8 
e} 

> 

J 

0.4 

0.2 

43,2 
0 4 8 t2 

pH 

Figure 8.1. Variation of haLrwave potential with pH for the first oxidation wave 
of phenidone 33 in aqueous buffers. Data from ref. [147] 
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disc electrode and the half-wave potential depends on pH as shown m Figure 8.1. 
During the oxidation process, the redox and proton transfer processes are in equ- 
librium at the electrode surface. ~I~e radical intermediate 34 can be detected by esr 
spectroscopy and the unpaired electron is distributed over the hy&-azine system. 
Discontinuities in the graph of half-wave potential versus pH occur due to the acid 
dissociation of  the radical-cation with pK. = 0.48 and the acid dissociation of 

0 Ph Ph 

33 N~N m l 34 
bh ..~.~ N~.NG ~ ~ oT'- 

f~h ~h 

phenidone with pK~ = 9.37 [148]. The radical undergoes dismutation in a second 
order reaction with rate constant 3~2 x 10 ~ M "~ s °1 as it diffuses away from the elec- 
trode. The cationic product fi-om dismutation then loses a proton and forms 1- 

o 0 .OH 

#h bh bh bh #,h 

phenyl~3-hydroxypyrazole in two consecutive and slower reactions [149, 150]. A 
second wave for phenidone appears at more positive potentials due to further oxi- 
dation of  the radical 34. 

Where there is at least one hydrogen atom on the second nitrogen, electrochemi- 
cal oxidation of aroylhydrazines leads to the corresponding di-imide [147, 151]. 
Di-imides undergo rapid addition of a nucleophile onto the carbonyl group, cat,a- 

H2Ofn PhCO2H 
-20 

PhCONHNH2 ~' PhCON=NH 

2 H + PhCONH " "~'~-'~r~r12 
PhCONHNHCOPh 

lysed by protons, fbllowed by elimination of the imine [152]. l-Benzoyl-2- 
phenyldiimide is sufficiently stable for isolation from rapid chemical oxidation of 
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the hydrazine [t53]. When formed by electrochemical oxidation it can be trapped 
by addition of toluenesulphinic acid, otherwise it reacts with the solvent [ 1471. 

PhCONHNHPh 
-2e 

1,  

_2H + 

MeO/~ PhCOzMe 

PhCON=NPh 

CTHTSO2H~\ ,.Ph PhCONHN ,, ,"~ 

1,2,4-Triazoline-3,5-diones 35, which are very efficient dienophiles in the Diels- 
Alder reaction, are easily prepared by anodic oxidation of the hydrazine in metha- 
nol. Reaction with a diene is so fast that the Diels-Alder product is obtained by 

~q~.~ CC~ Pt anode ~ICO\ 
i N - - R  -~ ml N - - R  
t'~:t C~,' MeOH, H2SO4 I~CO/ 

35,  R = H, Me  or Ph 

oxidation of a mixture of the hydrazine and the diene in an undivided cell with no 
interference from reduction of the di-imide at the cathode [t 54]. 

Electrochemical oxidation of N-aminophthatimide 36 gives an inte~ediate, 

O O 

- 2 H E 
N--N: 

O 
36 

+ 36  
,, Ib  -NHNH--I 

which shows the properties of a nitrene [155], It will form a dimeric species by 
insertion into the nitrogen-hydrogen bond of a second molecule of N-aminophthab 
imide, 
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CHAPTER 9 

OXIDATION OF NAETONES, ALDEHYDES, 
AND CAI~OXYLIC ACIDS 

Oxidation o f  Ketones 

Aliphatic ketones are oxidised in both acetonitrile [1, 2] and trifluoracetic acid 
[3] at potentials less positive than required for the analogous hydroca£oons. The 
oxidation process is irreversible in both solvents and cyclic v o l t a ~ e t r y  peak po- 
tentials are around 2.7 V vs. sce. Loss of an electron from the carbonyl oxygen lone 
pair is considered to be the first stage in the reaction. In acetonitrile, two competing 
processes then ensue, Short chain, c~branched ketones cleave the carbon-carbonyl 
bond to give the more stable carbocation, which is then quenched by reaction with 

CH~, O Pt, 23 V vs.sce CH~,, + CH3C N CH~, 
~ CHACO + CH ~ CHr-NHCOCH a 

CHJ CHa CH3CN, LiClO4 CH/ 1420 CH~/ 

acetonitrile and wamr, The fate of the carbonyl residue has not been clarified, 
Longer chain ketones show a competition between this carbomcarbonyl bond 
cleavage and y-hydrogen transfer due to attack of the carbonyl oxygen function, 
Further oxidation of the resulting carbon radical leads to the carbocation, which 
may rearrange before being quenched by acemnitrile, Rearrangement is illustrated 

CH~C,O(CH~)~CH~ 
b' H 

Pt, 2.7 V vss[~, CH~---~ t CH-C~H7 
CH3CN. LiCIO4 ~242_CH2 

NHCOCHa 
O ~ H CHa-'~ CH-Cm ~ ~N 
CH~-CH~ 

CH~-'-~ ,CH-C~H, 
CH2-CH2 

O + H 

CH2-CH2 

by the oxidation of 1 leading to both methyl and deuterium migration steps [2]. 

NHOOCH3 
CHa Pt, 2.7 V v s , s ~  CH~COCH2C-CH~O I ; + CH~ZX~-CH~CH3 

CH3COCHaC-CHa CH3CN, LiC~O4 
D NHCOCH~ D 
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Oxidation of aliphatic ketones in trifluoroacetic acid leads to hydrogen abstrac- 
tion by the carbonyl oxygen radical+cation forming a carbon radical, then further 
oxidation of the radical to the carbocation and migration of this centre along the 
carbon chain by a series of hydride transfer steps. Long chain ketones yield a mix- 
ture of alcohol trifluoroacetates by reaction of the carbocation centres with the sol- 
vent [3]+ 

0 Pt, 2,9 V vs, see 0 

CF3CO2H,  B u 4 N B F 4  

0 Pt, 2~9 V v& sce 0 OCOCF3 
..JL..-v---J-. 

+ 4 other isomers 

Oxidative ring cleavage of cyctohexanones is achieved m ethanol at a platinum 
anode, Cleavage of the carbon-carbonyl bond occurs and the carbonyl centre is 
trapped as the carboxylic acid. T~he radical centre fbrmed after bond cleavage is 
oxidised to the carbocation. This rearranges to the most stable centre and is then 
trapped by the carboxyl group to t%rm a lactone [4, 5]. An identical process is 

O 
Pt a n o d e  

+ I I ';, + 
E t O H ,  N a 2 C O  3 

30 % 18% 

0 0 
~ .  Pt anode ~ ' ~ _  - ......... ~- + 

EtOH, Na2C~a 

14 % 47 % 

achieved during oxidation of cyclopentanone and cyclohexanones in trifluoroacetic 
acid when five and six membered ring lactones are formed [6]. 

Ketones react with electrochemically generated halogens to form the ct-halo- 
genocompound. In the presence of potassium hydroxide and potassium iodide, the 
more stable enolate is fozTned from the ketone and this reacts with electrochemi- 
cally generated iodine. The outcome fiom reactions in methanol is governed by 
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competition between either replacement of halogen by methoxide, or the Favorskii 
rearrangement. Cyclopentanones undergo the simple displacement reactions to 
give the 2,2'-dimethoxy compound [7], Open chain aldehydes and ketones, also 

~ ]  C anode [ ~ n  
MeOH, Nal OMe 

O O OMe 
Ref. [71 

cyclohexanones, react via an intermediate epoxide to give the c~-hydroxy dimetlnyl 
acetal [8]. 7-Membered or higher ring ketones prefer to undergo the Favorskii rear- 

O OH O n ~ Pt anode t~ 
4, RCH-CCH~ RCHzCCH 3 . RCH=CCH~ MeOH, KI, KOH I 

i 

Meo- /o. ?Me 
I, R-CH-C-CH~ ~ R-CH-C-CH~ ....... -~ R-CH-C-CH~ 

l OMe OMe (})H ~Me 

O MeO OMe MeO OMe 

MeOH, KI, KOH 

63% 14 % 

71% 

Ref. [81 

rangement [7]. Some methyl ketones undergo the bromoform degradation to a car- 

Q Canode Q ~  ~ ~ .  + 
MeOH, Nal 

CO2Me e 

14 % 71% 
Rcf. [71 

boxylic acid during anodic reaction with methanol and sodium bromide [9]. 

Pt anode 
RCOCH3 ~ RCO~Me + CHBB 

MeOH, NaBr Ref. [91 
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Oxidation of A ldehydes 

Electrochemical oxidation of aldehydes to the carboxylic acid, catalysed by 
b ro~de  or iodide ions, is an extensively exploited process. It is the preferred route 
for Che oxidation of reducing sugars to the aldonic acid and replaces the older tech- 
nique where bromine in stoichiometric amount was used as oxidising agent [10]. 
Reaction is carried out in aqueous solution in an undivided cell at a graphite anode 
using an electrolyte of sodium bromide containing suspended calcium carbonate. 
The calcium salt of the oxidation product separates. Monosaccharides [11, 12, 13], 
their methylated derivatives [14] and reducing disaccharides [I t] have been con- 
verted to the carboxylic acid. Conversion of glucose to gluconic acid is carried out 
on a technical scale, 

Oxidation of aliphatic aldehydes in methanol with potassium iodide as mediator 
follows a reaction path like that of the saccharides. The corresponding carboxylic 
acid methyl ester is lbrmed [15]. With excess potassium hydroxide present, the 
reaction follows a different pathway. The aldehyde enol is iodinated and subse- 

+O Pt anode ,,OMe 
RCH=C * RCH -CH 

"H MeOH, K!, KOH I OH "OMe 
Ref, [81 

quent steps, like the related oxidation of ketones, lead to the c~-hydroxyaldehyde 
dimethyl acetal [8]. 

In nature, an enzyme requiring two co-factors, thiamine diphosphate 2 and fla- 
vin adenine dinucleotide, accomplishes the oxidation of pyruvate to acetyl phos~ 
phate. The thiazole ring in thiamine condenses at the 2-position with ps~avat 
eliminating carbon dioxide m give an activated species that is oxidised by the fla- 
vin. An enzymatic oxidation process then reactivates the reduced flavin. The redox 

CH~,~ N NH~, H~ 3- 

behaviour of flavin adenine dinucleotide is discussed on p. 253. Acetaldehyde re- 
acts with the thiamine ring m give tile same activated species with elimination of a 
proton. An electrocatalytic system where the reduced flavin is oxidised at the an.- 
ode has been applied on a millimolar scale for the oxidation of aldehydes to the 
carboxylic acid methyl ester, using methanol as solvent [16]. 
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The most catalytically active system uses the thiazolium unit 3 and the flavin 
unit 4 both covalently attached to a macrocycle in 5, A binding site shielded within 

R I = 

O 
-CIH~ Me . . _ ~  N:.y,,J~ N,,,, C,t% 

/~+S~ R 2= [<.~ N/I~ NI~-L~ O 

3 4 

W 

"~4" Y 1 2~. 1", 

-~-/ "O(CH2)40" "~"J 

the macrocyclic ring is thus created fbr attachment of the aldehyde, Oxidation of an 
aldehyde then takes place by the catalytic cycle in Scheme 9,1, mimicking the en- 
zymic process. 

H ÷ 
~H~ Me o 

C,H~ 2 e 
-~H2 Me 

H O anode 
N N.,.C,t% 

Ar 
~' MeOH 

ArCO2Me 

Overall reaction: ArCHO + MeOH ............ ~ ArCQMe + 2H* + 2e 

Scheme 9.1. Oxidation of aldehydes at a platinum anode catalysed by macrocycle 5 in methanol 



Oxidation qfi A Mehydes 305 

Oxidation of Enolate Ions 

Anodic oxidation of matonate esters in alkaline solution gives the dehydrodi- 
merization product by carbon-carbon coupling. "I~e reaction mechanism has been 

/CO,Et Pt anode EtO2C-., , ,CO2Et 
"CH ~ CH- CH 

"-CO2E t EtOH, NaOEt EtO2 c /  "COaEt Re£ [19] 

demonstrated using 5-substituted barbituric acids 6 as substrates [17]. Cyclic volt- 
ammetry at sweep rates up to 20 V s 4 shows no evidence of reversibility. At slow 
sweep rates a single one-electron oxidation wave is observed at platinum and the 
peak potential varies with pH as indicated in Figure 9.1. The point of  inflection on 
this graph corresponds to the pKa of the barbimric acid. For 1,3-dimethylbarbimric 
acid, pKa = &68 [18]. At low pH values, the electrochemical step involves loss of  a 
proton and an electron. Above pH 4, the process is loss of  an electron from the 
enolate ion. A carbon-centered radical is formed and this dimerises at the diffu- 
sion-controlled rate. Preparative scale oxidation of 5-substituted barbituric acids at 
pH 1.0 gives the dehydrodimer. 

8 u) 

> 

1.0 III . . . . . .  

0.8 ii'°XXk~\;X, lt\tl 
" I I  

0.6 
l i  

0.4 

0.2 

A ~ I b  ~ A 

0 2 4 6 8 10 12 14 

pH 

Figure 9.1. Variation &peak potential with pH tot the oxidation of 1,3-dimethyl-5- 
ethylbarbituric acid 2 at a platinum electrode in aqueous solution, sweep rate 5 mV s 4, 

Data from tel [171. 
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O O- O O 
CHa\ N 

C H .  ~[,L Et .H ÷ OH3- N Et e ~, O ~ . . . N ~ O  )2 

" o Z . 2 o  " o Z . . . - o  ' o I .L.  
[ C~ CH3 t..,;t~ CH3 

6 

Early workers employed ethanol as solvent for these oxidations in an undivided 
cell with electrodes of either platinmn or carbon, Good yields are obtained from 
oxidation of the sodium enolate of diethyl malonate and of ace~jlaeetone [19]. 
Ethyl acetoacetate however gives poor yields of the coupled product [19, 20]. The 
dehydrodimerization of malonate esters is best carried out in acetonitrile in the 
presence of suspended sodium methoxide using carbon electrodes [21]. Most al- 
kyhnalonates show this reaction but the presence of a large tert.-butyl group pre- 
vents the dehydrodimerization process. Ethyl acetoacetate gives poor yields but the 
relatively acidic acylmalonate esters 7 readily form the dehydrodimerization prod- 
uct. Nitroalkane anions undergo the related oxidative coupling reaction in meLha- 

..COzMe Pt anode MeO~C CO.zM e 
RCOCH *' R C O ~ C O R  

"CO2Me CH3CN, Et3N MeO2C CO2Me 

7 Ref. [2t] 

nol containing benzyltrimethylammonium hydroxide [22]. 
The chemical dehydrodimerization of matonate esters can be carried out by the 

action of iodine on the sodium enolate [23]~ This route is adapted as an electro- 
chemical process using alcoholic sodium iodide as electrolyte in an undivided cell 
with carbon electrodes [24, 25], Base generated at the cathode and iodine generated 
at the anode serve in a catalytic cycle. 

Manganese010 acetate is known to oxidise enolate ion to the radical and a large 
body of literature is concerned with the generation and further reactions of these 
carbon radicals, using a stoichiometric amount of the reagent [2@ Diethyl maIo- 
hate, ethyl cyanoacetate, ethyl acetoacetate and ace@acetone all function as sub- 
strates as does acetic anhydride. Recycling of the spent manganese(II) acetate has 
been proposed by electrolysis at 80 °C using a graphite anode in acetic acid con- 
taining lithium tetrafiuoroborate as electrolyte, 

Some reactions can be carried out using a catalytic amount of manganese(t0 
acetate in acetic acid or acetic acid, acetic anhydride using a graphite anode to 
convert the reagent to the manganese(m) state. A complex is formed between man- 
ganese(Ill) and the enotizable subsn'ate after which a carbon radical is generated by 
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intramolecular electron transfer from the enol to manganese. The overall rate for 
generation of the carbon radical is generally slow and reactions are carried out at 
60-90 °C, Once formed, the radical will add to an alkene. Carbon radicals are so 
slowly oxidised by manganese0H) that reaction is terminated by abstraction of a 
hydrogen atom from either the solvent or the enolate complex, A change in product 
sw~cture is found when the coupling between an enolate and an alkene is catalysed 
by a mixture of manganese0l) acetate and copper(II) acetate, Copper(ll) is very 
effective for the oxidation of carbon radicals to the carbonium ion which leads to 
another series of  products, Scheme 92  illustrates the two possible catalytic reac- 
tions for addition of ethyl cyanoacetate to hept-l-ene [27, 28]. 

CN C anode C~ 
C ~ H ~  + £H2 HOAc, KOAc, 60 °C 

CO2Et Mn(OAc)2 catalyst 

Cu(OAc)2 c a t a l ~  
present ~ , ~  

,-"' A.y°N 
CO2Et C ~ z E t  

H atom 
~, abstract on 

yCN 
CO~Et 

Scheme 9.2, Coupling of acdve methylene compounds with alkenes catalysed 
by manganese and copper ions. 

Application of the manganese and copper catalysed electrochemical reaction 
between acetic a~flaydride and styrenes is as efficient as the process using stoichi- 
ometric amounts of reagent [27], The reaction between acetic anhydride and buta- 

C anode .~ 

Ph-- CH=CH~ AcOH, Ac~O, NaOAc, 95 oC Ph~ "O ~-O 
Mn(OAc}z, Cu(OAch catalysis Ref. [271 

diene has been developed as one stage in the technical scale production of sorbic 
acid [29]. 

C anode 
. . . . . . . . .  IP 

AcOH, Ac20, NaOAc, 95 °C 
Mn(OAc)2, Cu(OAc)2 catalysts 

OAc 
+ Rcf. [29] 

AcO-...-~-~--.v~CO2H 
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Generation of the carbon based radical in these processes involves the prior 
formation of a complex between manganese(m) and the enol of the carbonyl reac- 
tant. Intramolecular electron transfer occurs within this complex. Addition to the 
olefin then takes place within the co-ordination sphere of manganese. When man- 
ganese is present in catalytic amount, the relative values of the equlibrium con- 
stants between manganese and both the carbonyl compound and the alkene are 
important. If  the olefin is more strongly complexed then no radical can form and 
reaction ceases. Reactions are usually carried out at constant current and the cur- 
rent used must correspond to less than the maximum possible rate for the overall 
chemical steps involved. Excess current caused the anode potential to rise into a 
region where Kolbe reaction of acetate can occur and this leads to side reactions 
[281. 

The addition to alkenes of radicals derived from an a-nitroketone is also cata- 
lysed by manganese(III) [30]. During the reaction between ct-nitroacetophenone 8 
and cis-but-2-ene, the stereochemical relationship between the methyl substituents 
is not preserved. The process terminates with the formation of a nitrone. A related 
process will generate nitromethyl radicals from nitromethane and these add to ben- 
zene to give phenylnitromethane [31 ], 

O 
H O ~ 

PhC.. .~NO2 
O Me Me C anode Ph. 

CH - e  

PhC-~NO.,~ + X_.~J A~H, Bu4NBF4, 60 ~C ~. .... ~ H + 

8 Mn(OAc)2 catalyst Me" -"] • Me" "] 
Me Me 

Anodic oxidation of the alkali metal salts of cc-oximinoesters results in dehydro- 
dimerization [32]. 

Pt anode • ON_C_CO2E t 
HO" '~ \  2CzH~ t H20, KOH I 

ON-C-CO~Et 
I 

qH~ Ref. [321 

Oxidation of Hydrazones and Oximes 

Oxidation of ketone phenylhydrazones generates a radical-cation centre on the 
nitrogen atom adjacent to the be~ene  ring. The radical-cation is delocalised by 
both the hydrazone group and the phenyl ring. Reactions of 1,3,5-triphenyl-AC 
pyazolines illustrate the properties of these radical-cations, Two one-electron 
waves are seen at a rotating disc electrode in acetonitrile and for 1,3,5-triphenyl- 
pyrazoline, E,/~ = 0.82 and 1.68 V vs. sce [33], Ene delocalised radical-cation is 
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formed at the potential of the first wave by loss of  an electron from the 1-nitrogen 
atom lone-pair. The second oxidation wave is due to further oxidation of this radi- 
cal-cation. 

The radical-cation is relatively stable when the l-aryl group has a para- 
sffbstituent and can be characterised by uv-spectroscopy [34]. When this para- 
substituent is not present, two radical-cations dimerise by carbon-carbon bond 
formation at this position, followed by loss of two protons. The rate constant for 
this dimerization step can be deduced from the variation of the rotating disc elec- 

.•Ar Pt, 1 .! V vs, ~ ,,,..t~.F~N Ar 
Ph CH3CN, Et4NCIO4 Ph 

I i Ph Ph 

Ar = p-nitrophenyl 

. H + ph,J'~Nr~ NAt 

, I~ ~~)~2~ 

Ar 

Ph 

Ar Ar 

N 
+ 20 

Ph Ph 

trode response with rotation speed and st.,bstrate concentration. It has a value of  5.5 
x 104 M "I s 4 for 1,3,5-triphenyl-A2-pyrazoline [35]. The resulting dimer undergoes 
an oxidation to the dication 9 in two one-electron steps at less positive potentials 
than that required for oxidation of the original pyrazoline [33]. The oxidised de- 
rivative 9 is responsible for the fushin colour developed in the Knorr test for pyra- 
zolines where the compound under examination is exposed to sodium bichromate 
and sulphuric acid [36, 34]. 

When the dimerization step is blocked, oxidation yields the pyrazole [33] and 

ph.~N~N ph 

NO~ 

Pt, 1 , 7 5  V vs. see 

CHaC, N, Et4NC~O 4 

phAetON Ph 

NO2 

many chemical oxidising agents will effect the dehydrogenation of pyrazolmes to 
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the pyrazole. When no 3-substituent is present, dimerization of the one-electron 
oxidation product occurs through the 3-position [37]. Two t~arther one-electron 

I 
Ph 

Pt, l.0Vvs.sce " dimed~ N ~ N  )2~2e , F ' ~  )2 
; ++~N .H +" , " k.. ~I~N CH3CN, Et4NCIO4 + 2e 

Ph Ph Ph 
~0 

oxidation steps then lead to the dication 10. 
Open chain ketone phenylhydrazones take part in a number of cyclization reac- 

tions to form heterocyclic rings. Many of the electrochemical reactions describe 
can also be achieved using chemical oxidising agents. In general, electrochemical 
oxidation proceeds to the two-electron level to generate an electrophilic species 

Ph 
Ph Ph pyddine z Pt, 1.3 V v& see t 

ArN=NC + - H*" ~1 A~rNHN=C CH3CN, Et4NCI04, - 2 e 
pyndine Ar 

Ar = 4-nRrophenyl 11, 30 % 

that will react with a nucleophilic nitrogen centre. The inm~molecular reaction with 
pyridme, quinoline or isoquinoline leads to the formation of s-triazolo[4,3 --a]pyri- 
dinium salts 11 [38]. Related intem~olecular cyctization reactions are found with 2- 
substituted pyridine hydrazones [39, 40], with aldehyde semicarbazones [41] and 

NHN=C14Ph C, 1.6 V vs, see ~ N  

CH3CN, LiCIO4, 
L'~v"N HCAO4 Ph 

Ref. [39] 

~ N ~  Pt anode ~ 4 ~  # 

C,,- C'% CH3CN, Et4NaO4 

N"NHPh Ph' Ref [40j 

ArCH Pt anode N - - N  
' / [ L  

It MeOH, Et4NQ O4 Ar O 9"~ N.NHCONH ~ NH2 
Ref0 [41] 
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also are involved during the oxidation of fomlazans 12 [42]. 
Oxidation of chalcone phenylhydrazone I3 leads to a pyrazole and the expelled 

proton catalyses formation of a pyrazoline t?om the chalcone phenyl-hydrazone 
[43]. Tile latter undergoes further anodic oxidation (p. 308). In the presence of 
pyridine as a proton acceptor, the pyrazole becomes the major product. A further 
example of oxidative cyclization is the conversion of ct-oximino phenylhydrazones 
to 1,2,3-triazote-l-oxides 14 [44]. 

Ph Ph 
N=N" Pt, 2.0 V vs. w.e N--N" 

PhCO--~ CH3CN, Et4NBF4 PhCO" "hi> Ph 
N--NHPh 

12 

Ph H Pt, 1,0 V vs, m e  --m.--ff "ph 
NHPh ÷ /%-=-N' CH3CN, LiCIO4, 

pyridine Ph I 
Ph Ph 

13 

R R 
R2~[ ,  ~ Pt anode \~-~/ 

HO NHPh CH3CN, Et4NCI~)4 O-A'4..N ~-N 
& 

14 

Schiff bases derived from o-phenytenediamine and from 2-hydroxyaniline show 
a two-electron wave on cyclic voltammetry in acetomtrile and fijrther waves at 
more positive potentials due to oxidation of the product from the first wave, Prepa- 
rative scale reaction at the potential of the first wave leads to tbrmation of a het- 
erocyclic ring product [45]. 

~.N 
Z:Z~H Pt, o.g V vs. sc~ N Ar 

CHaCN, Et4NCtO4 
H2 H 

Ar = 4-methoxyphenyl 

Ref. [451 
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Oxidation of  Carboxylates -- Introduction and Mechanism 

The oxidation of alkylcarboxylates is one of the first organic electrochemical re- 
actions to be investigated. Faraday (I 834) noted that during the electrolysis of po- 
tassium acetate, hydrogen is evolved at the cathode and a mixture of carbon diox- 
ide and hydrocarbons is evolved at the anode [46]. Later, Kolbe (1849) calxied out 
an extensive examination of the organic products from electrolysis of acetate and 
valerate (2-methylbutanoate) [47]. Analytical data and vapour density measure- 
ments on the hydrocarbou products are in agreement with the formation of C2H6 
and C8H~8 respectively but, because of' a poor understanding of the relationship 
between vapour density and relative molecular mass, the hydrocarbons were as- 
sumed to be the methyl and valyl radicals. Wurtz (I 855) demonstrated that elec- 
trolysis of a mixVare of vaterate and oenanthylate (heptanoate) gives the product 
C~0I't22 from cross combination of the two radicals formed [48]. This observation 
was of fundamental importance to chemical theory since it defined the value of the 
proportionality constant between vapour density and relative molecular mass, Val- 
ues for relative molecular mass deduced by Kolbe had to be multiplied by two. 
Thus electrolysis of acetate gives ethane. Correct molecular formulae were written 
fbr the hydrocarbon products when, a few years later, the relative atomic mass of 
carbon was established as 12 and not 6 as assumed by Kolbe and W u ~ .  

Today the coupled product is described as being lbrmed by union of W¢o alkyl 
radicals fbnned by loss of one electron and carbon dioxide from the carboxylate 
ion. Extensive early use of the Kolbe reaction was made for the synthesis of long 
chain cx,0~-dicarboxylate esters starting from the half esters of sho~er chain c~.,co- 
diacids [49]. 

Kolbe noted also the formation of traces of methyl acetate and butyl valerate 
from electrolysis of acetate and valerate respectiveIy. Careful analysis of reaction 
products by Petersen (1900) identified compounds which are today tbrmulated as 
being derived from carbocations formed by loss of one electron from the alkyl 
radical [50]. Propanoic acid gives mostly ethene while butanoic acid and 2-methyl- 
propanoic acid give mostly propene~ Acetate and long chain alkylcarboxylates give 
mostly the Kolbe type dimer hydrocarbon on electrolysis of their potassium salts in 
concentrated solution at a platinum electrode, using high current density and low 
temperatures [51]. 

The second Kolbe reaction, proceeding via a caft~ocation, was found by Hofer 
and Moest (1902) to be promoted by the addition of an indifferent electrolyte [52]. 
Using a 1 ..... 2 molar solution of the carboxylate, addition of potassium hydrogen 
carbonate at a level of 0.2 molar was sufficient to give a good yield of methanol 
from acetate and similar products from longer chain carboxylates. Sodium perchlo- 
rate and sodium sulphate at the molar concentration level also promoted alcohol 
fomlation. "Ibis second Kolbe reaction involving carbocationic intermediates is 
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frequently termed the Hofer-Moest reaction. Modem literature refers to it as the 
non-Kolbe reaction. 

Oxygen evolution competes with the Kolbe reaction at any anode material. 
Smooth platinum is the usual anode material and at low temperatures and high cur- 
rent densities, oxygen evolution is suppressed in favour of the desired Kolbe proc- 
ess [511. Other suitable anode materials are iridium and rhodium [53, 5@ Soft 
graphite gives negligible amounts of the Kolbe product but some hard vitreous 
carbons are as effective anode materials as platinum (Table 9.1). The most effec- 
tive glasslike hard-carbons are those with a very low apparent porosity [55]. The 
list of failed anode materials includes platinised platinum, gold, titanium, MnO2, 
PbO2 and F%O4 where oxygen evolution is the preferred process [56, 53]. 

Table 9.1. Chemical yields (%) of dodecane from electrolysis of 
heptanoic acid. Data from ref. [57]° 

Solvent Pt Vitreous Baked Graphite a 
carbon carbon 

MeOH 52 24-33 30 1 
EtOH 62 45-53 39 5-9 
H.~O 45 45-50 2 

Footnote: (a) Major products are esters C6H~3CO2R where R = hex-l-yl, 
hex-2-yl, and hex3-yl. 

Physico-chemical studies on the Kolbe reaction are largely restricted to the be- 
haviour of acetate in aqueous so]ution at a smooth platinum anode, ~ e  polariza- 
tion curve (Figure 9.t) exhibits two linear Tafel regions, At low current densities, 
the principal reaction is evolution of oxygen. Evolution of ethane and carbon di- 
oxide takes over completely when the anode potential exceed 2.0 V vs. see and the 
Tafel line above this potential is due to the Kolbe reaction, Iridium anodes show a 
similar behaviour in that the Kolbe reaction is only found when the anode potential 
exceeds 1.85 V vs, see. At a gold anode there is only one Tafel region correspond- 
ing to the evolution of oxygen [58], Similar results have been found during elec- 
trolysis of potassium ethyl succinate at bright platinum. Synthesis of diethyl succi- 
nate begins at anode potemials greater than 2,3 V vs, sce when practically no 
oxygen is evolved [56]. 

Transition into the Kolbe region at platinum is associated with the formation of 
an oxide layer~ Acetate ions are believed to be more strongly adsorbed on this layer 
than is water, Conversion of water to oxygen is then suppressed in favour of the 
oxidation of acetate ions [59, 6011. Electron transfer from acetate is synchronous 
with cleavage of the alkyl-carboxylate bond leaving adsorbed carbon dioxide and 



314 OXIDATION OF CARBONYL COMPOUNDS 

alkyl radicals. Alkyl radicals now undergo two principal competing reactions, di- 
merization at a diffusion controlled rate or further electron transfer from the elec- 
trode. Since there is almost complete surface coverage by acetate, the alkyl radicals 
are in high local concentration and dimerisation is the preferred process. 
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Figure 9.1. Anode potential versus current density f~)r a solution of I M sodium acetate and 

I M acetic acid in water; (a) Pt anode, (b) I1 anode, (c) Au anode Data t~on ref. [58]. 

Under the classical Hofer-Moest reaction conditions, a second ion from hydro- 
gen carbonate, sulphate or perchlorate is present in the solution and this competes 
with acetate for adsorption sites. Methyl radicals are then generated in a diluted 
local concentration so that further oxidation to give methanol becomes the domi- 
nant reaction. The Kolbe reaction of phenytacetic acid to give bibenzyl in methanol 
is also diverted by addition of sodmm perchlorate so that beva, yl methyl ether be- 
comes the main product [61 ]. Reactions, which in the modern literature are defined 
as non-Kolbe processes, are generally canied out using the usual experimental 
conditions for the true Kotbe reaction, They are associated with carboxylic acids 
bearing an electron donating c¢-substituent such as hydroxyl or alkoxy. In contrast, 
when an electron withdrawing c~-substituent such as nitrile or ethoxycarbonyl is 
present the normal Kolbe reaction is observed. 1his chemistry illustrates the com- 
petition between dimerization and further oxidation of the radical intermediates. 
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Electron donating substituents favour further oxidation to the carbonium ion and 
thus suppress the Kolbe dimerization process [62]. 

The non-Kolbe reaction of trichloroacetic acid at platinum shows competition 
with oxygen evolution. The formation of trichloromethyI trichloroacetate only be- 
gins when the anode potential exceeds Z35 V vs, sce [63]. At lower anode poten- 
tials oxygen only is evolved. 

In many cases both Kolbe and non-Kolbe products are isolated from a reaction. 
Carboxylic acids with an c~-alkyl substituent show a pronounced dual behaviour. In 
these cases, an increase in the acid concentration improves the yield of the Kolbe 
product. An example of the effect of increased substrate concentration is given in 
Kolbe's classical paper [47] where 2-methylbutyric acid in high concentration af- 
fords mostly a dimethylhexane whereas more recent workers [64], using more di- 
lute solutions, obtained both this hydrocarbon and butan-2-ol. Some quantitative 
data is available (Table 9.2) for the prodncts from oxidation of cyclohexanecar- 
boxylic acids to show the extent of KoIbe versus non-Kolbe reactions. The range of 
products is here increased flnough hydrogen atom abstraction by radical intermedi- 
ates in the Kolbe reaction, which leads to some of the monomer hydrocarbon 

Table 9,2, Products from Kolbe electrolysis at a platinum anode in methanol 
containing sodium methoxide. Data ~?om ref. [65], 

Substrate Conch. 

/M Cyclohexane 

Product distribution / % 

Carbocation Bicyclo- 
derived hexanes 

@ , , , ~o ,H  0.33 10.7 71.1 19.2 

8,~-~-'},,,~x~ 0~33 19.3 55.4 25.1 

~ , , , , z o ~  0.33 19.4 68.4 12.3 

0,~ .~ 6,3 92,6 ..... 
co, H 1.63 11.2 81.6 7.2 

The Kolbe reaction is carried out in an undivided cell with closely spaced plati- 
num electrodes. Early examples used a concentrated, up to 50 %, aqueous solution 
of an alkali metal salt of the carboxylic acid and the solution became strongly al- 
kaline due to hydrogen evolution at the cathode. Ingenious cells were devised wi~ 
a renewing mercury cathode, which allowed removal of alkali metal amalgam. 
These experimental conditions have been replaced by the use of a solution of the 
carboxylic acid in methanol partially neutralised by sodium methoxide or trieth- 
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ylamine. A methanol pyridine solvent mixture is used for the more insoluble acid 
substrates. Under these conditions the solution becomes alkaline only at the end of 
the reaction. A solvent mixture of 2~methoxyethanol and water has also been rec- 
on,mended [6@ Use of dimethyl~%rmamide or acetonitrile favours the Kolbe reac- 
tion but these solvents are rarely used in practice since radicals react with these 
solvents to give a range of unwanted by-products [65]. 

Experimental evidence indicates that the alkyl radical intermediates from the 
anodic oxidation of carboxylates are generated m free solution and have no mem- 
ory of the configuration of the carboxyl group that was eliminated, Where the car- 
boxylic acid function is attached to an asyroanetric carbon atom as in 15, the Korbe 
coupling reaction leads to complete racemization [671. Anodic oxidation of (+)-2- 

H H 
(+)- ~(CH2h~ COzH + HQCCH~;O2Me Pt anode. (±) - CH~(CH~ H2CO2Me 

CHa MeOH, NaOMe 

15 

methylbutanoic acid affords racemised Kolbe [68] and non-Kolbe products [64]. 
More remote asymmetric centres are unaffected in the reaction. 

4-wrt-Butylcyclohexanecarboxylic acid yields a statistical distribution of the 
three isomeric bicyclohexyls with no evidence for adsorption at the electrode sur- 
thce, which would distort the dis~ibution of products, In this case the radical in- 
termediates has negligible activation energy for combination so that statistically 
weighted coupling in the ratio 1:2: t for a-a, a-e and e,e carbon-carbon bond for- 
mation ensues [65]. 2- Phenylcyclohexanecarboxylic acid gives mostly non-Kolbe 
products. R e  tow yield of dimeric Kolbe product shows a preference for e-e bond 
formation [65]. This evidence can be explained by assuming a larger, but still 
small, energy of activation for radical coupling in this case, which allows further 
oxidation to the carbonium ion to compete more successfully and which directs 
product formation along the least hindered route. 

The Kotbe Reaction 

~ e  Kolbe reaction is an important cafi~on-carbon bond forming reaction Exam- 
ples of its use as given in Tables 9.3 and 9.4 where either one or two acid compo- 
nents are employed. ~ e  range of tolerance of other functional groups is illustrated. 
Among the halogen substituents, the iodine group is oxidised in preference to car- 
boxylate ion [69]. Most of the examples chosen use methanol as the solvent with 
about I0 % of the acid neutralised by sodium methoxide or potassium hy~oxide. 
The earlier practice of using a concentrated aqueous solution of a carboxylate salt 
is considered to give inferior yields. Electron donating ot-substituents favour the 
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formation of  a carbonium ion. Electron withdrawing (z-substituents favour the 
radical dimerization. Sterically hindered tetraalkylsuccinic acids can be prepared 
from the half esters of dialkytmalonic acids, in spite of the electron donating alkyl 
groups attached to the reaction site [70], 

Table 9.3. Kolbe reactions with a single component acid, usually partially 
neutralised with sodium methoxide, 

Substrate Product Solvent Ref. 
yield / % 

CH2=CH(CH2)sCO=H 43 MeOH [71 ] 
F(CH2)6CO2H 5 8 MeOH [69] 
CI(CH2)~CO2H 54 MeOH [69] 
HO(CH2)~CO2H 28 MeOH [72] 
CH3CONH(CH2)sCO2H MeOH [73] 
PhCH2CH2CH2CO2H 37 MeOH / C~HsN [74] 
(+)-MeO2CCH2CHMeCH2CO2H 80 MeOH / H20 [75] 
MeO2CCRR'CO2H, R R' = H or Alkyl 20-30 MeOH [70] 
H~NCOCH2CO2H 56 MeOH [76] 
EtO2CCH2COCH2CO~H low H20, KOH [77] 

/ ~  37 UeOH [78] 
CO~e 

Anodic oxidation of c~-cyanocarboxylates generates a delocalised radical. Di- 
merization occurs by both carbon-carbon and carbon-nitrogen coupling [79]. Oxi- 
dation of [~-ketocarboxylates using a platinum anode and a mercury pool cathode, 
to prevent the solution becoming alkaline, causes the dimerization process. The 
alternative non-Kotbe process, giving an c~,[}-unsaturated ketone, is followed when 
the solution is strongly alkaline [801, 

CO2H 
g 

RCH 
\ 
GN 

R Pt anode ' \  

MeOH, NaOMe H z H 

. /  
RCH-CHR RCH-NHC43CHR 

[ I I 
CN CN CN 

Re£ [79] 

A~-Enecarboxyhc acids do not undergo the Kolbe coupling reaction, A3-Ene- 
carboxylic acids give poor yields in the Kolbe reaction and a mixture of  products 



318 OXIDATION OF CARBONYL COMPOUNDS 

results from coupling between the two canonical forms of the allyl radical imerme- 
diate [81, 82]. The radical is more efficiently trapped by cross coupling with the 
radical from a second acid and a synthesis of brevicomin has been achieved in this 
way [83]. 

~ H5 
~ _  CH~CO(CH2)3? -CH=CH2 

CO2H H 12 % 
Pt anode 

+ ~" + 

MeOH, NaOMe H k / C2H5 
CH3CO(CH2}zCO2H C=C 

CHaCO(CH~} / \ H 
33 % 

O 

Brevioomin 

Rer, [83] 

Table 9,4. Mixed Kolbe reactions in methanol, Yields for the mixed product 
are based on component 1, which is in deficiency. Acids are partially 

neutralised with sodium methoxide. 

Components 1 and 2 Ratio Yield Re£ 
1 : 2  / %  

t) MeOzC(CHz)4CO=H 1 : 2 38 [84] 
2) CH3(CHz)~CO2H 

1) Steadc acid t : 4 28 [85] 
2) PhCH~O2C(CH2)~CO~H 

1) (+)-MeO2CCHzCHMeCHzCO2H 1 : 2 48 [86] 
2) Octanotc acid 

1) Oleic acid 1 : 3 34 [87] 
2) MeO2C(CH2)4CO~H 

1) CH~(CH~)TCC(CH2)TCO~,H 1 : 4 28 [88] 
2) MeO2C(CHz)4CO~H 

I) 9,10-Dihydroxystearic acid t : 4 30 [89] 
2) MeO2C(CHz)4CO2H 

1) Chotic acid 1 " 13 20 [90] 
2) MeO2CCHzCH~CO2H 

1) F(CH2)gCO2H 1 : 2 24 [69] 
2) CI(CH~)4CO~H 

1) MeO2C(CH2)4CO2H t : 4 32 [91] 
2) CHsCOCH2CH2CO2H 
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Z/E isomerization of the alkene bond in A4-enecarboxylic acids occurs during 
Kolbe electrolysis because the intermediate radical reacts reversibly with this 
function to form a cyclopropane [92]. This process leads to a partial loss of stereo- 
chemistry in the synthesis of long chain alkenes [93]. However, it does not present 
stereochemical problems during the synthesis of cycloalkenes such as chaul- 
moogric acid [94]. 

R 
° '  - " / ' - - v  " - - - - "  

a " 

c' x= x 
C41%/'-~-'kCHz CHzCO2H Pt anode. C 4 H ~ '  (CH~CQR + (CH2)sCO~R 

+ MeOH, Na O~.M e 
RO~C(CH~)aCO~H Ref: [93] 

~/~C~t Pt anode ~ H  H + MeO~C(CH~)I~CO~ . . . . .  MeOH, NaOMe (CAH2)I~=Me 2CO~H 
Methyl (+)-chaulmoograte 

Ref. [94] 

Some A6-enecarboxylic acids undergo a rapid intvamolecular cyclization reac- 
tion of  the 5-exo-trig type prior to the radical coupling step. Substituted tetrahydro- 
t~arans [95] and pyn'olidines [96] can be prepared by this Kolbe route. It is prefer- 
able to protect the amine function in the pyrrolidine synthesis by N-formylation in 

~-'L r ''cO~ Pt anode 2 " ~ ' ~  + R , pR '~ - -N~  
N/I + RCQH MeOH, NaOMe 

' &o &o CliO 
Ref. [96] 46 - 58 % 

order m suppress c~-methoxylation of the anaide. However, under vigorous condi- 
tions, the N-fomayl group can be converted to a urethane (p. xxx). One of the ad- 
vanced prostaglaMin-synthesis precursors 16 has been prepared using this in- 
tramolecular cyclization as one step in the reaction sequence [97]. The ring 
junction formed in this process is cis-fused due to energy considerations and the 
incoming radical is attached from the least hindered direction. Two carbon-carbon 
bonds are introduced with the required stereochemical relationship, Such behaviour 
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can be contrasted to the reaction of substrate 17 where now the intramolecular cy- 
clization process is hindered because it would lead to a strained t rans-  junction 
between two five membered rings [981. Substrate 18 undergoes two successive 5- 
exo-tr~ cyclizations before the radical intermediate is captured by methyl [99]. 

, CO~H 

AcO' '~'"O"~'r/~OEt 

+ 

CH~CH2~CO:zH 

Pt anode 
MeOH, NaOMe 

CHa(CH2)~%_.__,.,,, k 

AcOO.'.L.O..J,,,,O/~OEt 

16, major product 
+ 

CHa(CH2)Th . . . . .  'k•OE t 

AcO/[~or~',,iO 

mi nor product 

Ref. [971 

O ' ~ L  ' ' ~ ' ~ - ~  Pt: anode 
CHvCO2H + EtOaCXC~)4CO2H MeOH, NaOMe 

17 
Re£ [981 

O 

+ CHaCOaH 
H 

Pt anode 
# 

MeOH. KOH 

18 Ree. I~] 

Alkene bonds more remote from the carboxyl function do not interfere with the 
normal Kotbe coupling reaction. An example of this point during a polyene synthe- 
sis is given by the formation of the insect pheromone 19 [100]. 

(CH2~O2H + C3Hp.,O~ 

1 part 5 parts 

Pt anode 
MeOH, KOH 

~ ' - . ' / - ~ - - " . " " = ~  (G%)£H~ 

19, 4 3 %  
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Electron donating c~-substiments favour the non-Kolbe reaction but the radical 
intermediates in these anodic processes can be trapped during co-electrolysis with 
an alkanoic acid, Anodic decarboxylation of sugar uronic acids leads to formation 
of the radical which is very rapidly oxidised to a carbonium ion, stabilised by the 
adjacent ether group, However, in the presence of a tenfold excess of  an alkanoic 
acid, the radical intermediate is trapped as the unsymmetrical coupling product 
[101]. Highly functionalised nucleotide derivatives such as 20 will couple success- 
fully in the mixed Kolbe reaction [102]. Other examples include the co-electrolysis 
of 3-oxa-alkanoic acids with an alkanoic acid [103] and the formation of 3- 
atkylindoles from indole-3-propanoic acid [104], Anodic oxidation of indole-3- 
propanoic acid alone gives no Kotbe dimer [105]. 

O O 

MeO2CCH~CHzCO~ ,r?"u'~'N H 
P, aoode o 'N O + HOzCyo~ ;N''~LO MeO:~C--OH2 ~ "  INN 

MeOH, Na'o~vle ~_~'~ 
J Ho ~H HO- -OH 

20 Ref. [1021 

CO~H 
! 
CH~ ~C~H13 

A O ~ O  Pt anode A c O ~  
Ac + C~H,CO~H ......... ) -~OAc 

--~OAc UeOH, NaOae ____..t -'OAc 
CHzOAc (~H2OA e 
1 part 10 parts 69 % 

Ref, [I061 

Protected sugar derived acids, having no (z-hydroxy substituem, have also been 
used in the mixed Kolbe reaction [106]. The Kolbe reaction is used to graft short 
functionatised alkyl chains onto poly(aclTIic acid) [107]. 

The enone function undergoes very fhst intemmlecular radical addition reactions 
and will trap the intermediate from oxidation of the carboxylate group. This step 
leads to a radical centre adjacent to the electron withdrawing carbonyl function of 
the original enone and this centre is not readily oxidised to the carbonium ion. Di- 
merization m a dikemne is thus the final stage in the reaction [108]. 



322 OXIDATION OF CARBONYL COMPOUNDS 

RCO2H + CH2=CHCOCH~ Pt anode ~ RCt~C, HCOC.H3 

RCH~HCOCH~ 
RCH~CHCOCH~ 

Re£ [1081 

Oxidation of carboxylate ions in homogeneous solution using some one-electron 
transfer agents gives in varying proportions the Kolbe dimer and the product from 
hydrogen atom abstraction from the solvent by the intermediate alkyl radical. Per- 
sulphate ion [109], hexachloco-osmate(v) [110] and the radical-cation from tris(4- 
bromophenyl)amine [111] all have been used to promote this reaction. 

The blon-Kolbe Reaction 

Substiments stabilising a carbonium ion influence the course of the anodic oxi- 
dation of carboxylic acids by promoting fast oxidation of the radical intermediate 
to the carboninm ion, Subseqnent chemical steps are those expected of this ionic 
intermediate and the overall process is termed the non-Kotbe reaction, Reaction at 
a graphite anode strongly favours the non-Kolbe carbonium ion process, although 
frequently the platinum anode has been used. For many carboxylic acids with ct- 
or p-alkyl substitution, products at a platinum anode are formed by further chemi- 
cal reaction of both the radical and the carboniun-i ion intemaediate, The non-Kotbe 
reaction of 2I was used in an early synthesis of muscone where workers tolerated 

o 
O C .CH2 Pt anode "CI CH~j "1 M OH, N &e (CH~)~r--CHCH2CO2H (CHzhr-C.:-CH 2 

21 ,'.- ~/ . .  }/~% p 
O b .... CH z t 

I I (CHz)~-CH 
~ H ~  Muscone 

O 

(C-H~)ff-'CPK~H£-')2 

the normal Kolbe by-product [112]. Here, carbonium ion formation is probably 
concerted with proton loss to form the alkene, This is a commonly observed path- 
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way. It has been exploited for the formation of butenolides [113] and for the con- 
version of c~-ketocafboxylates to enones [80]. 

HO~C 

Et3N 
Re£ [1 | 3] 

O CH~ Pt anode M <'CH2 1 _ ; eCOC 
Me~C-CO~ H20, KOH "CH3 

1 CH3 Ref. [801 

Non-Kolbe reactions are often favoured by skeletal reaiTangements which gen- 
erate a more stable carbonium ion. Reaction of the cyclic ketal 22 is driven by for- 
mation of  a carbonium ion stabilised by the oxygen substituent [ 114], Reactions of 
nor-bomanecarboxylic acids are driven by the norbornane carbonium ion rear- 
rangement [115, 116]. Oxidation of adamant-l-ylacetic acid in methanol affords 1- 
methoxyhomoadamantane via a skeletal rearrangement [I 17], 

MexC  OS  MeO  , e ,.. 
Pt anode 

0 0 . . . . . . . .  • 0 0 
I I MeOH, NaOMe \,_.__/ 

22 Ref, [t 141 

, ~ z  O Pt anode r//~.~ CO2Me 
AcOH, ButOH, AcO,,,,.Z-,--L~_j" 

~=H Et3N 
gel. [~ lsl 

o Moo  
~----~'~-~Me Pt anode 

MeOH, NaOMe 
CO2Me CO~H 

Rcf I! [61 

A carbonium ion rcarrangement, triggered by anodic oxidation of a carboxylic 
acid, has been used as one stage in another synthesis of muscone [ I 18]. 
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CH2CO2H CH C~3 
H ~  3 C anode O ~  

l, . . . .  # 
CH3CN, Et3N H2, Pt 

o c ~  

Musoone 
Ref. [1181 

The combined effects of  an electron donating alkyl substituent and the adjacent 
alkene bond in 23 leads to reaction solely by the cafbonium ion intermediate and in 
acetic acid the more stable allyl acetate is tbrmed [119], 

~ j . R  P t anod e A cO..,~yR 
CO2H HOAc, EtO#,c, 

tBuOH, Et3N 
23 

The anodic oxidation of N-acyl a-amino acids in an alcohol solvent leads to the 
formation of N-acyl o.-alkoxyamines. This route is an alternative to the direct oxi- 

O O 

HN C anode • H N'a 'O 

HO2C~,J----J,,tCH~ CH~OH, NaOMe MeO~--J',!CH3 
Ref, [1211 

dation of  amides to the c~-methoxy derivative (p, 284). Stereochemistry at the or- 
position is lost during the process [ 120, 12 t ]. Reaction in acetic acid with sodium 
acetate as the electrolyte leads to the r~-acetoxyamide [t22], 

The reaction is applicable to carboxylic acid derivatives of secondary amines 
such as 24 when only the acid function is oxidised. Starting materials of this type 

H•.•H Pt anode ~ % ~ ,  
H20, C1"~CI2, 

Ph KOH Ph - 
+ (CH3)~CHO 

24 

are prepared in two chemical steps from valine methyl ester, The chiral centre in 
valine directs introduction of the second chiral centre. Overall the reaction se- 
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quence causes transfer of chiratity between valine and the allylamine product and 
the non-Kotbe reaction is used to remove the chiral auxiliary [123]. Anodic oxida- 
tion of quinuclidine-2-carboxylic acid leads to 2-methoxyquinuclidine [I 24]. 

Anodic oxidation of 1,2-dicarboxylic acids as their alkali metal salts in concen- 
trated aqueous solution gives the alkene with the toss of two molecules of carbon 
dioxide [125]. Succinic acid affords ethene and methylsuccinic acid propene [50]. 
Allene is obtained from itaconic acid and the isomeric methylmaleic and methyl- 
fiamaric acids give propyne 

Table 9.5. Anodic decarboxylation of vic-diacids to form alkenes in pyridine, 
water containing triethylamine. 

Substrate Product Yield Ref. 
/% 

~ c o ~ H  ~ 35 [126] 
c o n  

co~ 24 [126] 

h ~co~ H 

~l~...~m~H [ 127] 
MeO~ ~'~'GO~H MeO~ 

M~o~c.~,,1 M~O~C.Nj 
/ A ~  ",-'c°~ d.t_.) 17 [ 128] 

O 

Reaction of 1,2 -dicarboxylic acids has been used for the formation of a number 
of strained alkenes and also applied to the Diels-Alder addition products from 
maleic amhydride (Table 9,5). Both cis- and trans-diacids take part in the process, 
Aqueous pyridine containing, triethylamine as a strong base, is considered the best 
solvent and higher yields are obtained at temperatures of around 80 °C [130], Use 
of a divided cell avoids a possibility of electrocatalytic hydrogenation of the prod- 
uct at the catlnode. The addition of tert-butylhydroquinone as a radical scavenger 
prevents polymerization of the product [t27]. An alternative chemical decarboxy- 
lation process is available which uses lead telTaacetate [ 131] but problems can arise 
because of reaction between {he alkene and lead tctraacctate. 

1,3-Dicarboxylic acids give vel 7 poor yields of the cyclopropane under Kolbe 
reaction conditions. The cyclobutanedicarboxylic acid 25 affords a bicyclobutane 
[132]. 2,2-Dimethylglutaric acid gives low yields of a hydrocarbon, which is not 
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completely identified and could be either 1, l~dimethylcyclopropane or 2-methyl- 
but- l -ene [133]~ Other cx,o:~-dicarboxylic acids afford no cycloalkane on anodic 

CO~H 
i~--N~ Pt anode; 

MeOH, NaOMe 
Me02C I CO~,,'le 

25 

MeO2C 
yield 10 % 

Re£ [1321 

oxidation. Pimelic acid gives carbon dioxide and equal amounts of  ethene and pro- 
pene by fragmentation of  the carbon chain [134]. 
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CHAPTER 10 

~ D U C T I O N  OF CARBONYL COMPOUNDS, CARBOXYLIC ACIDS 
AND THEIR DERIVATIVES 

CarbonyI Compounds Radical-Anions 

The first step in the reduction of cafbonyt compounds is addition of an electron 
to the LUMO of  the carbonyt group to form a radical-anion in which the unpaired 
electron is delocalised over the n-system. For unconjugated aliphatic aldehydes 
and ketones, the LUMO has a high energy level and electron addition only takes 
place at very negative potentials. An irreversible polarographic wave at mercury 
with E~ = -2.45 V vs. sce is seen for aliphatic ketones in some solvents although 
under most protic or aprotic conditions no clear reduction wave can be seen. Con- 
jugated aliphatic enones, aromatic aldehydes and aromatic ketones show reversible 
polarographic waves at more accessible potentials in aprotic solvents (Table 10.1) 
due to one-electron addition with formation of the radical-anion. 

TABLE 10.1 
Reduction potcntiats |br carbonyl compound - radical-anion systems in dimethyl- 

fo~amide  

Substrate E~ / V vso sce Ref. 

1 st 2nd 
Wave b Wave 

2,2,6,6-Tetramethylhept-3~en- -2,22 [1] 
2-one 
Benzaldehyde a - 1.81 -2,37 [2] 
Acetophenone" - 1.98 ~2A0 [2] 
Benzophenone ~ ~ 1.73 -1.98 [2] 

Footnotes: a: Data scaled using E ° for the tst wave ofacetophenone 
from refl [3]. 

b: Reversible process for which E,/~ = E °. 

Radical-anions can be characterised by esr-spectroscopy. Those derived from 
simple carbonyl compounds such as acetone or 3-methylbutan-2-one are highly 
reactive and can only be detected in a glassy matrix prepared by the alternate depo- 
sition of layers of sodium and the ketone at 77 K [41, The radical-anion from file 
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sterically hindered ketone, 2,2,4,4-tetramethylpentan-2-one, is sufficiently stable to 
be detected in ten'ahydro~ran at room temperature using a potassium mirror as 
reductant [5]~ Aromatic carbonyl compounds including benzaldehyde, acetophe- 
none and benzophenone all form radical-anions detectable by electrochemical 
reduction in dimethylformamide within the cavity of the esr spectrometer [6]. The 
radical-anions from conjugated aromatic carbonyI compounds have a planar ar- 
rangement of atoms bearing the p-orbitals. When the earbonyl group is adjacent to 
an aromatic ring that is not symmetrically substituted about the point of attachment 
two rotational isomers of the radical-anion exist, Interconvertion between these 
two rotamers is stow on the time scale of esr spectrometry resulting in either a 
poorly resolved esr specm~m [7] or a supe~ositionmg of two individual spectra. 
Thus thiophene-2-aldehyde radical-anion exists as two stereoisomers because the 
c~bonyl oxygen can be either cis or trans to the ring sulphur atom [8]. The highly 
sterically hindered di-tert-butylketone radical-anion has a non-planar arrangement 
ofboMs about the caft~onyl carbon atom [9]. 

TABLE 10.2 
Uv-absorption of carbonyl compound radical-anions and values ofpKa for 

their conjugate acids 

Radical-anion X,~,~,:~ Conjugate acid Ref. 
from / nm pK, 

Ethanal 
Acetone 
Propenal 
Benzaldehyde 445 

Acetophenone 445 
450 

Benzophenone 615 
630 

11.5 [lo] 
12.1 [11] 
9.6 [12] 

i0.5 [131 
8.t [14] 
9.9 [15] 

10.9 [131 
9.3 [15] 
9.2 [13] 

Radical-anions of carbonyl compounds are basic and undergo protonafion at the 
oxygen centre generating highly reactive radical species, 

P~CO + e - ~  R~COq'" 

i~CO + H* ~ ~ d - O H  
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The pKa values for some of these conjugate acid species have been determined by 
the methods of fast reaction kinetics. In one approach, solvated electrons are gen- 
erated by a short pulse of high-energy radiation and allowed to react with the 
carbonyl compound in an aqueous buffer~ Electrons are scavenged quantitatively in 
a diffusion-controlled reaction and subsequently the proton equlibrium is very 
rapidly established, In another experimental approach, the same proton equlibrium 
can be established from radicals generated by flash photo-reaction of the carbonyl 
compounds in buffered aqueous isopropanol. Experiments using one of these two 
techniques are performed in solutions of different pH and a uv-spectrum is re- 
corded before the radicals have time to dimerise, ~lqae variations in absorbance 
constitute a titration curve from which the pK a value can be determined. Some val- 
ues are given in Table 10,Z Conjugated ketone radical-anions form coIoured 
solutions and the long wavelength absorption maxima can be obtained from these 
experiments, 

An estimate of the pK, value for benzaldehyde radical-anion has also been ob- 
tained from fast cyclic voltammetry experimems over a range of pH values [14], 
Interpretation the results obtained in this case requires first deduction of an overall 
reaction scheme followed by numerical solution of the corresponding set of differ- 
ential equations allowing simulation of the cyclic w~ltammogram, Reaction 
constants are then adjusted to give good simulations over a range of experimental 
conditions, "I]ae pK~ can then be extracted from these reaction constants. 

Values of 1554 cm ~ for the carbonyl stretching frequency in the radical-anion of 
benzophenone [16] and of t558 cm ~ for the radical-anion of di-tert,-butyI ketone 
[17] suggest that in general vco will be [bund at lower frequencies for the radical- 
anion than tbr the parent ca14eonyl compound, 

Aromatic Carbolgvl Compounds - Mechanistic Studies 

Stages in the reduction of the carbonyl group conjugated to an aromatic ring 
have been elucidated from studies of the polarographic behaviour for a range of 
compounds in aqueous alcohol buffers [18,19]. Ill general, heterocyclic analogues 
show similar behaviour to that of their benzene counterparts, benzaldehyde, aceto- 
phenone and benzophenone in the pit range 2-12. Both benzaldehyde and 
benlophenone show two separated one-electron polarographic waves in the acidic 
region. For the first wave, E~6 varies with pit and for the second wave, E,/, is almost 
independent of pH. As the pH of the solution increases, the two waves approach 
and finally coalesce around pH 7 into one two-electron wave for which E~ varies 
with pH, Data from the polarography of filran-2-carboxaldehyde [20] given in Fig. 
10. I illustrates behaviour analogous to that of benzaldehyde. Acetophenone shows 
a single one-elec~on wave in the acidic region The expected second wave probably 
occurs at potentials more negative than thc accessible potential window. Around 
pH 7-8 the observed response becomes a two-electron wave. Coulometry for the 
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reduction of acetophenone and propiophenone carried out on small scale prepara- 
tive experiments demonstrate a bell shaped behaviour for electron demand in the 

1.4 

8 

J 1.2 

1.0 

lI 

,/'z~ / (a) 

< 

2.0 

1.0 

! 

i 

(b) 

! ~ ! t I ! ! ! ~ f ! 0 ! ! ! !  ! ! l ! ! !  J 

2 6 10 14 2 6 10 14 
pH pH 

Figure I0,I. Changes with pll of' the haltZwave potential (Ev,) at~d dift)sion plateau height (ia) 
tbr the polarograpMc waves of furan-2~carboxaldehyde, Waves 1 and 11 have the same height 

and id lbr wave I only is ilh~strated Data fi'om ref [20]. 

pH range 3 to 12.5 showing a 1F process in acidic or basic solution and 
approaching a 2F process around pH 105, For all aromatic carbonyl compounds, 
the height of the two-electron wave falls with increase in pH until it reaches the 
value for a one-electron process around pH 11. Studies on ber~aldehyde and ace- 
tophenone have been extended [14, 21] into tile strongly alkaline region using 
buffers in ethanol with estimated pH values up to 18.9. At pH > 13.6 for bewalde- 
hyde and at pH 18,9 for acetophenone, a second one-electron wave is found at 
more negative potentials. For tlae two waves in alkaline solution, Ev, is independent 
of pH. Benzophenone behaves differently in that it shows only one two-electron 
wave in alkaline regions [21 ]. 

The experimental data is interpreted in the following mechanistic scheme. In 
acidic solution, the first one-electron wave is due to the following reactions: 

ArCOR + e ~ ArCOR q ' "  

ArCOR']'-+ H* ~ A~--  OH 
1 
R 

ARC-- OH ~ products 
I 
R 
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]'he shape of this wave and the variation with pH are both consistent with fast equ- 
librium reactions In the pH region lower than the value of pK, for the hydroxyl 
radical, the reactions of this hydroxyl radical dominate the electrochemical process. 
Controlled potential reduction at the potential of this first wave indicates a 1F pro- 
cess and the principal products are dimers of the hydroxyl radical. The second 
wave in this acidic region is due to addition of an electron and a proton to the neu- 
tral radical. This process competes with dimerization in the mid-pH range where 
the two polarographic waves merge. Over the pH range 7-9, monohydric alcohol is 
the principal product. At pH <3 or >t 2, pinacols are the main products. Unsyrmnet- 
rical carbonyl compounds afford mixtures of  (_+)- and meso-pinacols. Data (Table 
10.3) for the (_+) / meso isomer ratio for pinacols from acetophenone and propio- 
phenone indicate different dimerization mechanisms in acid and in alkaline 
solutions, 

TABLE 10.3. 
Isomer ratio for pinacols formed by controlled potential reduction 

in aqueous alcohol medium. 

Substrate Conditions Pinacols ReE 
(±) / meso ratio 

PhCHO acidic I~ 12 (n :--~ 1 ) [22] 

basic 1.19 ± 0.06 (n ':- 5) [22] 
p-tlOCdt4CHO acidic 0,93 (n -~= 1) [23] 

basic 0.51 ± 0.05 (n =4)  [23] 
PhCOCH~ acidic 1.12 ± 0.20 (n = 5) [24] 

basic 2.88 ± 0.22 (n = 15) [24] 
p-MeOC6H4COCH3 acidic 1.24 (n = 1) [25] 

basic 3.03 (n = 1) [25] 
PhCOCHaCHa acidic 1.40 ± 0.01 (n = 2) [23] 

basic 2.86 +_ 0.22 (n = 6) [22] 

At low pH values, dimerization must involve the combination of  two neutral 
carbon radicals since tile same (±) / meso ratio is obtained as from the photochemi- 
cal reaction of the carbonyl compound in methanol [26], a process which also 
involves neutral radicals. The switch in isomer ratio to that characteristic of alka- 
line media occurs in the region of pH close to the value of pK, for the neutral 
radical. Dimerization then occurs m a fast reaction between the radical-anion and 
the neutral radical. In strongly alkaline solutions where the pH >> pK~ the major 
reactive species formed at the potential of the first reduction wave is the radical- 
anion. Reaction between two radical-anions is relatively slow due to coulombic 
repulsion so that dimerization in snongly alkaline solution still occurs by reaction 
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between the radical-anions 
concentration [14]. 

ArcOR- 1 "- + 

and neutral radicals present in a low equlibrium 

OH OH 
ArC--OH + H+ I I --4' ArC-  CAr 

l I I 
R R R 

The radical-anion has a significant negative charge density on the oxygen atom 
and hydrogen bonding between (his centre and the hydroxyl group of the ap- 
proaching neutral radical becomes important leading to a preference in favour of 
the (+_)-pinacol for the dimerization process in alkaline solution. In the case ofben- 
zaldehyde, the (_+) / meso ratio for pinacol formation does not change significantly 
over the pH range spanning the pK~ value for the hydoxybenzyl radical, an unex- 
pected result in view of the argument proposed for the pinacolisation of 
acetophenone and propiophenone, ttowever, the hydroxyberLTyi radical is less 
sterically hindered than the corresponding neutral radical from phenyl alkyl ke- 
tones. This results in a lower activation energy for the dimerization step so that 

HO-.dICH 3 HO.,c,.CA-t ~ 

Hg cathode 

EtOH, 2 M KOH 

COCH~ 
Pig cathode 

DMF, Bu4BF4 
PJna~l + 

no additive 948 
with ~z-cydodextdn 40.0 

COCH 3 

1 CH~ 

Ph Ph 
HO-- C--CH3 HO-- C--CH 3 

0 
COCH~ COCH~ 

2 3 

0# 4,5 % 
49 55.4 % 

reaction can occur on collision and before hydrogen bonding forces are able to 
orientate the two species within the encounter complex. Enhanced steric repulsion 
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is also responsible for decreased total yield of pinacols from reduction of phenyl 
alkyt ketones as the alkyl group R increases in size [27]. 

In dry aprotic solvents such as acetonitrile [28] with tetraethylammonium bro- 
mide as supporting electrolyte or dimethylformamide [29] with sodium perchlorate 
as supporting electrolyte, the (±) / meso ratio for pinacols rises substantially in fa- 
vour of the (±)-form. Reduction of acetophenone in dimethylformamide in the 
presence of europium0H) chloride leads to the (±)-pinacol only. Under these reac- 
tion conditions, europium(H) is formed and dimerization occurs with the 
involvement of this ion and the ketone in a complex [30] 

The radical site of the intermediates in the dimerizafion reaction is stabilised by 
resonance and examples have been noted where dimerization occurs by substitu- 
tion onto the aromatic ring. This is the major reaction course for the reduction of 1- 
acetylnaphthalene [31] which yields ! in alkaline solution by a radical-ion radical 
coupling. In the reduction of acetophenone, small amounts of related reaction 
products, 2 and two diastereomers of 3, can be detected. The yields of these com- 
pounds are increased by the reduction of acetophenone encapsulated in a 
cyclodextrin [32]. 

Aromatic Carbonyl Compounds .-~ Enantiomeric Reduction 

Some compounds form a surface excess concentration at the mercury - water 
interlace and optically active compounds in this class can generate a chiraI surface 
layer. Asymmetric induction during the protonation of carbanions is to be expected 
when these ions are generated electrochemically within this chiral surface layer. 
Efforts have been made to achieve significant induction during the protonation of 
carbanions generated by the two-electron reduction of phenyl alkyt ketones. Chiral 
conducting salts 4 and S foml a surface excess at the mercury interface. Reduction 
of acetophenone in aqueous alcohol in the presence of these salts has been shown 
by Homer [33, 34, 35] to give 1 -phenylethanol with a low optical induction, Pinacol 
is also formed and the (±)-pinacol showed no asymmetric induction. Experiments 
with ephedrine 4a in buffered aqueous alcohol show that the protonated form of 
this alkaloid is responsible for generation of an enantiomeric excess of (R)-I- 
phenylethanol. In strongly alkaline solution where the fi'ee base is present, an ex- 
cess of (SFl~phenylethanol results [36]. Some values [br the enantiomeric excess 
from reduction of acetophenone and reIated compounds are collected in "Fable 
10.4. The highest enantiomeric excess of 18% for 1-phenylethanol has been ob- 
tained from quaternary ammonium salts containing the nitrile function [35, 37]. 

Reduction of acetophenone in acetonin'ile containing (S)-trimethyl-l-phenyl~ 
ethylammonium salts shows no optical induction in the t~phenylethanol formed 
but the (±-)-pmacol is obtained with up to 26% excess of one enantiomer [38]. This 
result further confirms the importance of some counter ions in orientating radical- 
anion and radical species during the dimerization step to form the (±)-pinacot. 
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TABLE 10.4 
Chiral alcohols isolated from reduction ofketones at a mercury cathode in aqueous 

methanol containing an asymmetric electrolyte. Data from refs. [34] and [35]. 

Substrate Asymmetric electrolyte anion 
RCOPh 4a 4b 5 4e 

R =  e . e / %  of e . e / % o f  e . e / % o f  e . e / % o f  
isomer isomer isomer isomer 

Ctt3 4,2 R 8.4 S 2.0 S 18 S 
CH2CH3 1.8 R 7.2 S 2.3 S 
CH(CH3)2 2.7 S 5.8 S 1.9 S 

CH3"-c.aH CHa'-C~H+, 
~NMeRR' I NMe~ 

I,~H (~,tH 
Ph'C"~'OH Phi" "H 

4a: R= R'= H; 4b: R = R'= Me 5 
4c: R = Me, R' = (CH2~CN 

Certain alkaloids are able to effect asymmetric induction during a reduction pro- 
cess at a mercury cathode even when present in low concentration in an aqueous 
alcohol acetate buffer. Asymmetric induction under these conditions was first ob* 
served [39] during the conversion of 4-methylcoumarin to 4-methyl-3,4-dihydro- 
coumarin (see page 60). Induction results because a layer of alkaloid is strongly 
adsorbed on the electrode surface thus permitting transfer of a proton to a carban- 
ion intermediate in an asyn~metric environment. Up to 16% asymmetric induction 
has been achieved in 1-phenytethanol recovered from reduction of acetophenone in 
a buffer ofpH 4.8 containing a tow concentration of quinidine. ~l!ae pinacol formed 
simultaneously shows no optical activity. However quinidine is itself reduced at 
the potential employed so that the actual catalyst Ibr the asymmetric process is not 
defined [34,401]. 

A range of chiral alkaloids have been screened lbr the asymmetric reduction of 
2- and 4-acetyl pyridme [41] and results are given in Table 10.5. Bmcine and 
strychnine give the highest enantiomeric excess in the pyridinylethanols produced. 
Reduction of 3-acetylpyridine however affords no optically active alcohol under all 
conditions employed. A further effect of the added alkaloid is to raise the yield of 
secondary alcohol at the expense of the pinacols relative to reactions where no al- 
kaloid is present. ]he  high enantiomeric excess tbund during reduction of 4- 
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acetylpyridine is thought to be due to formation first of the enol 6, which later tau- 
tomerises in presence of the chiral alkaloid. Reduction of 2-acetylpyridine can give 
an equivalent enol but this route is not open to 3-acetylpyridine. 

TABLE 10.5 
Enantiomeric excess in pyridinylethanols from reduction of 2- and 4-acetyl- 

pyridine at mercury. The electrolyte contains an alkaloid (5 x 10 "4 M) in aqueous 
acetate buffer (pH 4.5) - ethanol (t:1) at 0 ° C. Data from ref. [41]. 

Alkaloid Enantiomeric excess of pyridinylethanol 
from 

2-Acetylpyridine 4-Acetylpyridine 

S~chnine 47.5% of (R)-(+) 40% of (R)-(+) 
Brucine 27% of(R)-(+) 18% of(R)-(+) 
Quinine (±)-form only (±)- fo~ only 
Yohimbine 5% of(R)-(+) 4% of(R)-(+) 
Sparteine 2% of' R-(+) (±)~form only 
Ephedrine 4a (±)~tbrm only (±)-form only 

CH .c..O C- .pOH 

+ H + + H + 

H 
6 

Mandelic acid with a 13 - 20 % enantiomeric excess of the (R)-isomer has been 
obtained from reduction of phenylglycolic acid in aqueous alcohol buffers con- 
taining strychnine in low concentration. The optical yield depends upon pH and is 
highest (20 - 24 %) at pit 0 or 9.2 and at low current density. In the pH range 2-4, 
the optical yield drops to 2~8% [42]. The higher result compares well with the 
maximum value of 20% excess R-isomer found from reduction of (-)-menthyl 
phenylglycolate in aqueous buffers where the (-)-menthyl ester is the only chiral 
reagent present [43]. 

Attempts to achieve optical induction during the reduction of aromatic ketones 
to the secondary alcohol by immobilising a single layer of chiral catalyst on a solid 
electrode surfhce have been nmch less successful The preparation of such coatings 



Aromatic Carbonyl Compoumts 339 

on a graphite electrode first involves baking to introduce acidic groups through air 
oxidation. Treatment with thionyl chloride forms surface carbonyl chloride groups 
and these are reacted with a chiral amine such as (S)-phenylalanine methyl ester to 
generate a surface layer of asymmetric centres. Modification of graphite crystal- 
lites by this route occurs on the edge and not the basal face [44]. Reduction of 4- 
ace~lpyridine at this prepared surface in aqueous ethanol acetate buffer afforded 
an excess of the (S)-(-)-2-(pyridin-4-yl)ethanol. In other experiments, ethyl gly- 
oxylate afforded (-)-ethyl mandelate with 9.7% enantiomeric excess [45] Asym- 
metric induction using this fore1 of surface modification has however proved 
highly irreproducible [46]. 

Aromatic Carbonyl Compounds - Carboxylation Reaction 

Wawzonek [47] first noted that the radical-anion from benzophenone can be 
trapped by carbon dioxide in dimethytformamide to yield benzilic acid. The radi- 
cal-amon of carbon dioxide has E ° = * 2.2 V vs. see [48] and will not be formed in 
preference to the ketone radical-anion, The reaction has been developed into a 
convenient synthesis of aryllactic acids from aryl alkyl ketones, Modem technol- 
ogy has applied constant current conditions to this process. A divided cell with a 
mercury cathode has been used to obtain benzilic acids from benzophenones and 
carbon dioxide in 70~90% yields [49]. 4-Isopropytacetophenone affords the corre- 

GOsH C02H 
O<'c"CH' HO-~--CH, Om'c"CH' HO--~-'JCH, 

+ e, CO 2 i @  + e, 

MeO 

7 

sponding lactic acid 7 in 85% yield [50]. A minor byproduct from these 
carboxylation processes is the pinacol derived from the aryl alkyl ketone substrate 
and the yield of this byproduct increases in the presence of proton donors, On a 
technical scale, carboxylation reactions are best carried out m an undivided cell 
fitted with a lead cathode and a sacrificial aluminium anode using dirnefnyl- 
formamide as solvent and employing a moderate pressure of carbon dioxide [51]. 
The product is protected as the aluminium(lu) chelate t~om further reaction. Acidi- 
fication of the reaction mixture affbrds the apyltactic acid. With this technique, 
benzaldehyde can be converted to mandetic acid in around 40% yields [52] and 
optimum conditions for the production of 7 and 8 have been investigated [53]. 
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Aliphatic Carbonvl Cbmpounds 

Reduction of unconjugated aldehydes and ketones in buffers over the pH range 
1-14 aflbrds the corresponding alcohol as the principal product. Examples from the 
early literature include the formation of bomeol from camphor in 45 % yield [54] 
and the formation of menthol from menthone in 82 % yield [55], both by reduction 
at lead or mercury in aqueous sulphuric acid alcohol mixture. The polarographic 
waves for these compounds occur at negative potentials and are not well defined 
Reduction is assumed to pass through the same type of intermediates as for aro- 
matic carbonyl compounds. Satisfactory yields of pinacol can be obtained only 
from aldehydes and from acetone by reduction in acid solution. In general, the 
yield of pinacol from aliphatic aldehydes improves with increasing length of the 
attached hydrocarbon chain. An electrolyte of pH 2 - 5 and a tin cathode give best 
results for pinacol formation [56]. The pilot plant scale production of acetone pina- 
col has been achieved [57] in 52% yield with propan-2-ol as the main byproduct 
and a route for obtaining glycol from formaldehyde [58] has been pioneered. 

'Fable 10,6 
Stereochemistry of alcohols from reduction of cyclohexanones 

Substrate Conditions Yield Trans ~ Ref. 
Solvent-electrolyte- / % / % / % 

cathode 

3-Methylcyclo- 
hexanone 

4-Methylcyclo- 
hexanone 

4-t.-Butylcycto- 
hexanone 

Camphor 

Androstan- 17 [3ol-3-one 

Pregnan-3c~,20[3*diol- 
12-one 

PrOH-Et4NTs-C 58 22 78 [59] 

MeOH-dil. H2SO4-C 48 52 48 [59] 
PrOH-Et4NTs-C 60 78 22 [59] 

MeOH.,dil. H2SO4-C 45 38 62 [59] 
PrOFI-Et4NTs-C 56 85 15 [59] 

MeOH-dik H2804-C 55 48 52 [59] 
endo exo 
/% /% 

PrOH-EhNTs-C 55 76 24 [59] 
Product 

EtOtt-Bu4CI-Bu4OH- 313,1713-diol [61 ] 
Hg 
EtOH-Bu4C1-Bu4Ott- 3ct, 1213,20~- [61] 
ttg triol 9 
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The axial : equatorial isomer ratio for cyclohexanols obtained by reduction of 
cyclohexanones depends upon the solution pH (see Table 10.6). In alkaline or ini- 
tially neutral but unbuffered solutions [59, 60], this ratio approaches the value at 
thermodynamic equilibrium The equatorial-alcohol, for example 9, is generated 
[61] from reduction of steroid ketones. In acid buffers, the thermodynamically less 

~ CHOHCH 3 

~@ cathod e, 
H EtOH, Bu4NOH 

HO 

stable isomer is generally preferred. Originally these results were rationalised in 
terms of steric effects at the electrode surface but a much simpler explanation can 
be found from the effect of the pH gradient developing close to the cathode sur- 
face. This pH gradient arises because transfer of electrons from the cathode to the 
substrate and generates basic conditions around the electrode surface. Solutions, 
which in the bulk are neutral or weakly alkaline, develop a strongly alkaline region 
close to the cathode and this catalyses the equlibration of epimefic alcohols 
through interaction with unreacted ketone in a type of Meerwein - Ponndoff reac- 
tion. Acidic buffers do not develop this surface alkaline region and equlibration of 
epimers is not achieved. Results from reduction in acid solution indicate that lhe 
carbanion intermediate is usually protonated with almost equal probability on ei- 
ther face. 

The addition of zinc or magnesium ions to the electrolyte promotes protonafion 
from the least sterically hindered face and results in a dramatic change in the iso- 
mer ratio for the alcohol mixture formed. The more hindered alcohol is now 
strongly favoured. It was originally proposed that these ions interact to stabilise the 
carbanion centre [62] in the least hindered position. A more likely explanation is 
that in these solutions, protonafion occurs by interaction with the aquated metal ion 
and the size of this species favours attack from the least hindered side of the cyclo- 
hexane ring. 

Both 2-cyanocyclohexanone and 2-cyanocyclopentanone give good yields of the 
cis-alcohol by reduction at a mercury cathode in aqueous alcohol at pH 8 [63]. Re- 
duction of 2-carbethoxy substituted cyclopentanone and cyclohexanone under the 
same conditions favours the c/s-alcohol at -6 ° C but the thermodynamically pre- 
ferred trans-isomer at 80 ° C [641, 

Relatively few studies have been made of the isomer ratio obtained by reduction 
of open chain ketones possessing a prochiral centre adjacent to the carbonyl func- 
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tion. Reduction of 10 in aqueous alcohol at pI-t 14 favours [65, 66] the erythro- 
alcohol with an erythro : threo ratio of 80:20, which is different to the equlibrium 

0 o 0 
II tl II 

PhC-- ?HPh MeC-- CHPh Meg-- CH--C~H~ 
CH~ &3 ~H3 

t0 11 12 

ratio of 64:36. Ketone 11 gave an erythro : threo ration of 45:55 for the isolated 
alcohol mixture while compound 12 gave a ratio of 65:35 [66], 

Sugars having a potential aldehyde function can be reduced electrochemically in 
alkaline solution at a mercu~ or amalgamated lead cathode, Because the aldehyde 
function is masked as the cyclic acetal, the rate of electrochemical reduction is 

C~O CH2OH CH~OH .+o. H ~ O H  H 

OH aq, buffer H--t--OH OH 
OH H--I--OH .--p-OH 

CHzOH CHzOH (~H2OH 
13 14 

CHO CH2OH 
H + Q H  +e O[[~ H 
HHO[[I[]H .... ; H H 

OH aq. buffer H--~OH 
C~OH C~OH 

15 

controlled by the rate for conversion of acetal to aldehyde. A c o ~ e r c i a t  process 
developed for the conversion of glucose to either sorbitol or mannitol [67] has been 
largely ousted by the high-pressure hydrogenation route. The major product from 
electroreduction depends on the pH of the electrolyte. Glucose is converted to sor- 
bitol 13 without a change in stereochemistry at low pH. Strongly alkaline solutions 
catalyse the equlibration between glucose fructose and mamnose after which reduc- 
tion affords some marmitol 14 aIong with sorbitol. A byproduct of this reduction is 
the pinacol-type dimer from the glucose aldehyde function [68]. The reduction of 
ribose or xylose to the pentitol can also be achieved [69]~ A byproduct isolated in 
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low yield f rom these reactions is the 2-deoxypolyot framed by reductive elimina- 
tion of the hydroxyl function next to the carbonyl group. Deoxygenation becomes 
an important process in the reduction of D-xylose in a solution of pH 9 at amalga- 
mated lead, leading to 2- deoxy-D-xylitol 15 in 62 % yield [70]. 

Several attempts have been made to revive the electrochemical production of 
sorbitol. It has been shown [71 ] that the reaction can be carried out in an undivided 
cell with a lead cathode and a porous hydrogen diffusion anode. Overall, protons 
consumed at the cathode are regenerated at the anode by oxidation of  hydrogen. 
Other approaches have used etectxocatalytic hydrogenation at a Raney-nickel cath- 
ode [72] which has been combined with the oxidation of glucose to gluconic acid 
(see page 264) using bromine generated from calcium bromide electrolyte at a 
graphite anode [73]. A simple flow-through cell illustrated in Fig. 10.2 has been 

Electrolyte in 

Fritted separator 

Packing 

laney nickel 
~owder cathode 

Graphite chip 
anode 

Electrolyte out 

Figure 10.2. Flow ~hrough celi for the simultaneous reduction of glucose Io sorbiml and 
oxidation to gtucumnic acid. Ref. [73}. 

devised for achieving the tandem combination of reactions. 
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The Electrochemical Clemmensen Reaction 

The intermediates from reduction of aldehydes and ketones can attack the cath- 
ode material particularly in the presence of  a high concentration of sulphuric acid. 
Aliphatic ketones show an anomalous polarographic wave in acid solution with a 
humped maximum just prior to the negatively displaced hydrogen discharge. This 
wave is thought to be due to the formation of an insoluble film of mercury com- 
pounds on the electrode surface [74 I, The {brmation of organolead compounds has 
been observed in tile reduction of acetone [75] and of  bev~atdehyde [76] at lead 
electrodes and organomercury compounds are formed from acetone [77] and 1- 
acetylnaphthalene [31 ] at a mercury cathode under strongly acid conditions. 

The overall reaction a strongly acid medium is usually reduction of  the carbonyl 
function to methylene in a process involving acid hydrolysis of organometallic 
intermediates. Tafet [78] in 19t t observed the reduction of 4-ketopentanoic acid at 
a lead cathode in aqueous alcoholic sulphuric acid to give pentanoic acid in 80% 
yield whereas 4-hydroxypentanoic acid resulted from reaction in aqueous sodium 
hydroxide. A series of ketoacids have been converted to the alkanoic acid by re- 
duction at a mercury cathode in sulphuric acid medium [79 t, In general, cadmium 
[80] or amalgamated zinc [8t ] are the most effective cathode materials for the con- 
version of a carbonyt function to methylene [82]. The electrochemical process at 
zinc strongly resembles the Clemmensen reaction where a zinc stabilised carbene 
is thought to be the important reactive intermediate [83] and reaction at other cath- 
ode materials probably follows a similar route. 

Cyclohexanones are readily reduced to the hydrocarbon in a sulphuric acid 
electrolyte, Reduction of ketosteroids in dioxan - aqueous sulphuric acid at a lead 
cathode in a divided celt is a convenient process for converting the carbonyl group 
to methylene [84,85] and affbrds as good yields as the alternative non- 
electrochemical processes. Menthone is reduced to the hydrocarbon under mild 
conditions at a mercury cathode when the electrolyte is either magnesium chloride 
or zinc perchlorate in ethanol [86]. 

Coupling with Unsaturated t'kmctions 

Radical additions to alkenes and aromatic systems are well known reactions, 
'Fne trapping in this manner of radicals obtained by reduction of  the aliphatic car- 
bow1 function has proved to be a versatile electrochemical route for the formation 
of  carbon-carbon bonds. Such reactions are most frequently carried out in protic 
solvents so that the reactive species is a c~-radical fomled by protonation of  the 
carbonyl radical-anion. The cyclization step must be fast in order to compete with 
further reduction of the radical to a carbanion at the electrode surface followed by 
protonation. CycIization can be favoured and further redtiction disfavoured by a 
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suitable choice of  the cathode material because the rate of electron transfer to the 
inter-mediate (y-radical is dependent on the characteristics of this surface, 

Cross coupling reactions between acetone and an alkene have been achieved in 
tow yields at a mercury cathode potential o f -  1.4 V vs, see with acetone as the sol- 
vent and either sulphuric acid or p-toluenesulphonic acid as electrolyte [87, 88]~ 
Acetone is known to be reducible at around this potential in aqueous sulphuric acid 
[89], Intramolecular radical cyclization is faster than intermolecular coupling and 
Shono (1971) first demonstrated a ring closure reaction by reduction of nonconju- 
gated eneones 16 and 17 where R = alkyl [90, 91]. The process is best effected in a 
mixed solvent of me~qanol - dioxan with carbon electrodes in an undivided cell. 
Cyclization f o ~ s  a 5- or a 6-membered ring with reaction occuring on the more 
substituted alkene carbon atom to give exclusively a eis-arrangement of  alkyl 
groups on the resulting ring. This stereoselectivity can be explained on the hy- 
pothesis that the transition structure resembles the chair form of cyclohexane [92] 
and that the most favourable conformation will have bulky substituents in pseudo- 

o R,,ocj 
..~.,.. / ~ , , ~ _  ~, R + e ~, Me 

R + H + + H + 
16 

R + e (.,,,~--,.~ M e 

t . . .j  O + H+ 
17 

equatorial positions. No ketones of the type 16 or 17 with R = aryl have been re- 
ported to undergo this cyclization reaction, From kalown bond dissociation energies 
[93], the enthalpy of  addition of the hydroxybenzyl radical to an alkene can be es- 
timated to be 67 kJ tool "~ tess favourable than the addition of  the hydroxyalkyl 
radical so that the driving f:orce ~br cyclization is diminished. 

The eyclization process can be promoted by using a single electron transfer me- 
diator. Electron transfer from the mediator generates the carbonyl radical-ion away 
from the electrode sur~hce so that cyclization can occur before there is opportunity 
for a second electron transfer, Thus reduction of 16, R = Me, in dimethyl- 
fbrmamide at mercury in the presence of tetraethylammonium fluoroborate leads 
only to conversion of the ketone function tc~ the secondary alcohol. However addi- 
tion of a low concentration of N,N-dimethyl pyrrolidinium fluoroborate alters the 
course of  reaction and the cyctized tertiary alcohol is now formed. This py~oli- 
dinium salt is reduced at -2.7 V vs, sce at merculy to yield a complex DMP(Hgs) 
which is thought to act as a single electron transfer mediator [94], Cyclization can 
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also be effected at a mercury cathode in dimethylformamide using a homogeneous 
redox catalyst such as phenanthrene or 2-methoxybiphenyl, with redox potential in 
the range -2.4 to -2.7 V vs. sce [95]. The catalyst is reduced at the electrode surface 
to the radical-anion and this delivers an electron to the substrate in homogeneous 
solution. Cyclization can then occur before a second electron donor is encotmtered. 

Radical species derived from reduction of ketones are also trapped by alkenes in 
an intermolecular reaction~ Reaction only occurs with terminal alkenes of the type 

O 

W#'~R2 

y R ~ R 4 y 

L !  +° J 1 I 
+ R 3 R -~ ~ R 2 - - C - - C H - -  C H - - C H  

R 4 OH 

18 

0 

+ + H + 

19 

18 (R 3 = R 4 = Y = It) and dimethyllbrmamide is the best solvent with carbonised 
polyacrylonitrile fibre as cathode material in a divided cell under constant current 
current conditions [96]. The process has been used as one stage m the s~thesis  of  

R~ R4 RL /F~ 
O P? + e I i BF3 

+ • .'- C H - -  CH=C,.., H 
--A-s, Me +" + 

OH SiMe 3 
20 

the bisabolol skeleton 19 [96]. Substitution on the alkene fianction, for example in 
18 (R 3 = Y = H, R 4 = Alky!), substantially decreases the yield of  coupled product 
and non4ermmal alkenes 18 (R 3 = Alkyl) do ~mt react at all. Better and more con- 
sistent yields are obtained from related coupling reactions using trimethylsilyl 
substituted alkenes 20 as substrates. The silicon substituent promotes the desired 
reaction by stabilising both radical and carbanion centres formed by reaction on the 
alkene bond [97], This process provides an alternative to the purely chemical route 
where a 2-(trimethylsilyl)ethyl Grignard reagent is reacted with the ketone. The 
tert-alcohol products are converted to alkenes with loss of  the hydroxyl and tri- 
methylsityl groups by the action of borontrifluoride m acetic acid [98]. 
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Allylic alcohols 18 (Y = OH) are uniquely active in this coupling process [99]. 
Even non-terminal alkenes such as 21 are activated towards coupling by the adja- 
cent hydroxyl function, The allyl alcohol centre also plays an important role in 

Me + e M{ 

e/k~==O + ~ R  ., + H + Me 
M OH Me OH 

trans-(R)-21 Yield 60 %, > 85 % d.e. 

Me 

[ ~ O H  R + e + 
+ H + 

cis-(R)r21 

Me OH 

Yield 70 %, > 85 % d:e. 

promoting coupling with a high degree of diastereoselectivity. The transition-state 
for these reactions is stabilised by hydrogen bonding between the ketone radical 
anion and the allyl hydroxyl group. Stereoselectivity in the product arises from 
minimising interactions between substiments in the transition-state. 

Cathodic coupling of ketones to tHmethylsily[ substituted allyl alcohols such as 

p O + - .- 
Me OH + H+ 

22 95 % 

c~c~o. 

P l  

Ref, [|Oil 

22 is very effective and gives up to 95 % of diol product [100]. Even more effective 
is the coupling between ketones and alkenes bearing a ethoxydime~ylsilyl sub- 
stituent [101]. The primary products formed in this reaction can be chemically 
oxidised to the corresponding 1,3-diols in good yields. 

Be~ene hydrocarbons are known to undergo radical coupling reactions and the 
intramolecular reductive coupling of carbonyl compounds with a benzene ring has 
been achieved. Best conditions for this process are at a tin cathode with isopropa- 
nol solvent and tetaethylammonium tosylate as supporting electrolyte [!02, 103], 
The reaction is performed at constant current in a divided cell. A single stereoiso- 
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mer of Ehe cyclized product is obtained. Deuterium labeling expermnents show that 
the radical formed after cyclization onto the benzene ring abstracts a hydrogen 
atom from the solvent and does not undergo further reduction and protonation. 

O Me 

Sn cathode , ~ . , , ~ ? H . ~  
p 

iPrOH 

70 % 

Sn~cathode 

iproH 

45 % 

7% 

V OH 

Ref, [1031 
37 % 

Intramolecutar coupling between the carbonyt group and a nitrile function can 
be accomplished by reduction at a tin cathode in isopropanol. The use of cadmium 
lead or zinc as cathode materials and of dimethylformamide as alternative solvent 

~ I , ,  + 

i P~H 
H 

Yield: 76% 

0 

2% 

Ref. [|04] 

resulted in decreased yields of coupled product. ]his reaction allows the formation 
only of 5- or 6-membered rings in good yields [104]. The isolated products are c~- 
hydroxyketones together with anarnonia and further reduction causes cleavage of 
the hydroxyl group (see p. 175). Intramolecular coupling of cyclohexanone and 
acetonitrile occurs in tow yield by reduction at a tin cathode in a mixture of aceto- 
nitrile and isopropanol as solvent. In the absence of isopropanol as a proton source, 
reduction of ketones in acetonitrile generates a strong base which catalyses the 
nucleophilic addition of acetonitrile anion to the carbonyl group. 

intermolecular coupling between ketones and O-methyl oximes, hydrazones and 
nitrones is achieved on reduction at a tin cathode in isopropanol [105]. It is not 
clear which of the reacting species accepts the initial electron in these processes. 
The reaction with O-methyloximes, followed by catalytic reduction of the first 
formed O-methylhydroxylamine, is a convenient synthetic route to 2-amino- 
alcohols. 
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",o" + Y  s°°'=s=e A'-- -P ~'"'=°4 J,,ll, 
N.OM e i -PrOH OH N.. v,, N% 

H OMe 

Sn cathode l 
" " (  + RCH=NNM% ~ I H 

iproH 
OH H N,.NHNMe2 

R . ,o s= ~tho2~ I ~ . 
y + 2=%, 

Ref. [Io51 

Radical addition to the pyridine ring is another known facile process and cou- 
pling of radical inte~ediates from the reduction of ketones to pyridines in 

Me Hg, -1.3 V vs. sce F - t i M  F "fl lv 
e / ~ O  . . . .  ~ e + Me 

M dil, H2SO 4 "~N'"~F~ Md / "OH "~'~ M'~e//~'OH 

Rer. ~1o6] 

0 © . . . . . .  -~ OH + + ,~~..;,.,.,~=o, .L.j.,,=,, LA.,=°, <. 
Yield: 581 

gef, p071 

sulphuric acid solution has been achieved in both intermolecular [106] and in- 
tramolecular reactions [107]. The dihydropyridines initially formed are reduced 
fhrther under the reaction conditions to the tetrahydropyridine level. The ketone 
must be present in considerable excess during the intermolecular reactions with 
pyridine derivatives. An extension of this intemrolecular reaction to isoquinoline 
affords the 1-substituted tetrahydroisoquinoline in 78 % yields [108]. In acid solu- 
tion, the carbonyl function is the site for initial electron transfer followed by proto~ 
nation to give a carbon radical which attacks the pyridine ring. 



350 REDUCTION OF CARBONYL COMPO~,IDS 

Reduction of Dicarbonyl Compoumts 

Reduction of dicarbonyl compounds can be expected to lead to a cyclic 1,2- 
glycol formed by the intramolecular coupling of radical intermediates, 

The initial product from reduction of aliphatic 1,3-dicarbonyl compounds is ei- 
ther a cyclopropane derivative formed by intramolecular condensation or a glycol 

_•Q• Hg cathode 

tetrahydrofuran, 
BusEtNBF4, Ac20 

23 

formed by intermolecuIar condensation. Gem.-dialkyl substitution, the Thorpe- 
Ingold effect [109], has long been known to favour rmg-lqorming reactions. The 
non-enolizable diketones such as 23 afford cyclopropanes [110] whereas the eno- 
lizable diketones like 24 undergo intermolecular reactions [tll  ]. Electrogenerated 

Hg cathode 

Me2NCHO, Et4NOTs 

24 

H O ~  H + 0 

base will accumulate around the cathode so the species reduced in the latter reac- 
tions is the enolate ion. Acetylacetone is reduced [1 t2] in aqueous hydrochloric 
acid to the intramolecular glycol which undergoes ring opening catalysed by pro- 
tons to tbrm the skeletal rearrange product 25. Mechanistic studies of these 

OH 

F ,,° CH3COCH2COCH3 Hg cathode Me Me ..... .~ Me- -  C~M e 
dil~ HCi 

OH OH Me 
25 

reactions are limited to the cyclization of t,3-dibenzoylpropane in acetonitrile and 
suggest that the rate determining step is addition of the radical-anion from one ke- 
tone function onto tile second caibonyl group, fbllowed by further one-electron 
addition and protonation [ 113], 
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Attempts to prepare a bicyclobutane by reductive cyclization of cyclobutane- 
1,3-diones have been unsuccessful [114]. c~,0~-Dibenzoylalkanes are reduced at a 
mercury cathode to cycloalkanediols only when a ring size of 5 or 6 results. These 
reactions have been achieved using either aqueous ethanolic sodium hydroxide 
[115] or acetonitrile containing tetramethylarmnaonium tetrafluoroborate [113] as 
electrolyte. Attempts to extend the process to formation of 7-membered rings lead 
only to oligomeric materials. 

1,8-Dibenzoytnaphthalene gives mainly the cis-acenaphthenediol by reduction 
in acid solution, together with some ketone formed by the pinacol rearrangement of 
the initial product. In alkaline solution this diketone gives mainly trans- 
acenaphthenediol together with a bis-secondary alcohol [115, I16]. 

Reduction qf  fl-Ketoesters - The )~('el Rearrangement 

Reduction of [3-ketoesters in aqueous ethanotic sulphuric acid leads to removal 
of both functional groups and the formation of a hydrocarbon. This reaction which 
was discovered in 1907 [l 17] and recognised in 1912 [118] as involving a skeletal 
rearrangement is now termed the TafeI rearrangement. Conversions of the type 26 
into 27 occur in 30 - 60 % yields [118, I19] and the hydrocarbon is easily separated 

i l Pb cathode /R1 

CH3CO~ ~ CA)2Et b CHaCH2CH2CI-I 
t H2SO4, aq. EtOH &'Rz 
R2 

26 27 

R~ = aikyl or benzy{, R 2 = H or a~kyt Yie!ds 30 - 60% 

from the other reaction products, Lead and mercury have been used as cathode 
materials but the best cathode is from cadmium [118]. Confi~atory evidence for 
the stluctures of a nun~ber of rea~angement products has been given [! 20, 121] and 
the reaction mechanism was established in 1976 by Wawzonek and Durham [122], 
Ethyl acetoacetate gives butane by reduction under acid conditions [119], probably 
by the Tafel rearrangement mechanism. 

The Tat?l rearrangement only occurs in acid medium. Simultaneous reduction 
of both. carbonyl groups leads to interaction and formation of a cyclopropane. Acid 
catalysed cyclopropane ring opening follows to yield an ot-diketone 28 which un- 
dergoes the electrochemical Clemmensen reduction step to the hydrocarbon, Side 
products include the two monoketones derived by partial deoxygenation of the c~.- 
diketone and the secondary alcohols from reduction of these monoketones. Sepa- 
rate experiments show that the a-diketone 28 can be reduced to the hydrocarbon. 
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By contrast, reduction in aqueous acetonitrile leads to the generation of  basic 

OH OH CH3C O_ CHCO2E t + 2 e 
I ~ Cl-l~ ~ / ' "  OEt 
R +2 H* 

~ I ,14  

R 

H +K 

, l b  

O O +4e CH~CHf,M 

1 +4  n + ~ R  
CH2R 

28 

conditions as a consequence of tile hydrogen evolution process and base attacks the 
[~-ketoester to give products of hydrolysis. 

A condition for rearrangement is that both carbonyl functions must have similar 
reduction potentials, otherwise the cyclopropane intemaediate cannot be formed. In 
compound 29 and in ethyl benzoylacetate where the ketone function has a much 
less negative reduction potential due to conjugation with a benzene ring, only 
products from reduction of the ketone group are found [123, 124]. Reduction of 
ethyl benzoylacetate in dimethytf0rmamide gives a dimeric pinacol and subse- 
quently this undergoes the Diekmann cyclization reaction due to the presence of  
electrogenerated base [I25]. Reduction of [3-ketoesters such as ethyl l-methyl- 
cyclohexan-2-onecafboxylate derived from alicyctic ketones gives negligible 

?H~ Pb cathode ?H i~ 
PhCOCCO2Et ~ PhCH ~ ~CO~Et 

H2SO 4, aq. EtOH ~H:. CH3 
29 

yields of the hydrocarbon expected from a skeletal rearrangement [t 22, t26]. 

Carboxylic Acid Reduction 

Carboxylic acid groups attached to an aromatic ring are reducible at cathodes of 
lead or mercury in sulphudc acid [127]. Oxalic acid is also reduced but in general, 
where the carboxyl group is attached to an aliphatic carbon as in phenylacetic acid 
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or cyclohexanecarboxytic acid, it remains unchanged in this reaction. Conjugated 
alkenecarboxylic acids undergo reduction at the alkene site (see chapter 3), the 
carboxyl fiJnction remaining unchanged. 

Oxalic acid is reduced at lead or mercury cathodes in 10% sulphuric acid solu- 
tion to give gtyoxylic acid [I28] in 87% yield. The aldehyde t~anction in glyoxylic 
acid is protected from further reduction because it exists in solution in the dihy- 
droxy form. Preparation of glyoxylic acid by this route has been developed to a 
pilot plant scale using a flow through divided cell with a lead cathode and a lead 
dioxide on titanium anode [129, 130]. The catholyte is a concentrated aqueous solu- 
tion of  oxalic acid, which is separated by a cationic ion-exchange membrane from 
the anolyte of sulphuric acid Very high chemical yields of glyoxylic acid are ob- 
tained and a tedious process for removal of sulphuric acid is avoided. 

Benzoic acid gives a polarographic wave in dilute hydrochloric acid at lead or 
mercury with E~ = -1.5 V vs. sce [131]. Preparative scale reduction proceeds best at 
either lead or cadmium cathodes to give benzyt alcohol [132, 133] and an electro- 
lyte of  20-30% sulphuric acid in aqueous ethanol is usually employed. Before the 
advent of lithium aluminium hydride, this was a convenient synthetic route to ben- 
zyl alcohols [132, t34, t35, I36]. It remains a useful procedure because it tolerates a 
wide variety of substiments including hydroxyl and amino which react with hy- 
dride reagents. Chloro- and bromo-substituents survive the reaction but 
iodobenzoic acid gives only benzyl alcohol with loss of  the iodo-substituent. 
2,3,4,5,6~Pemafluoro-benzoic acid is reduced in 20% sutphuric acid to mixtures of 
the pentafluorobenzyl alcohol and 2,3,5,6-tetrafluorobenzyl alcohol. At a lead 
cathode in 5% sulphuric acid containing tetraethylanmmnium tosylate the tetra- 
fluorobenzyl alcohol is formed in 93% yield [! 371, Phthatic acid and terephthalic 
acid are reduced in 20% sulphuric acid to dihydrobenzenedicarboxylic acids in 
contrast to benzene-l,3-dicarboxylic acid which aftbrds the bisbenzyl alcohol, 
However, terephthalic acid in aqueous ammonia at a lead cathode affords 4-hydr- 
oxymethylbenzoic acid in 91% yields [ 138]. Naphthatene-2-carboxylic acid in 20% 
sulphuric acid affords the corresponding primary alcohol. Reduction of naphtha- 
lene-l-carboxylic acid however yields a hydrocarbon, probably 1-methylnaph- 
thatene [134], 

Reduction of the carboxylic acid group passes through the intermediate alde- 
hyde° For a number of  examples in the heterocyclic series, the aldehyde becomes a 
major product because it is trapped as the hydrawd vic.-diol form. Examples in- 
clude imidazole-2-carboxylic acid [139], thiazole-2-carboxylic acid [140] and 
pyridme-4-carboxylic acid [14I] reduced in dilute aqueous acid solution. Reduction 
of imidazole-4-carboxylic acid proceeds to the primary alcohol stage, the aldehyde 
intermediate is not isolated. Addition of boric acid and sodium sulphite to the elec- 
trolyte may allow the aldehyde intemtediate to be trapped as a non-reducible 
complex. SalicylaldCnyde had been Obtained on a pilot plant scale in this way by 
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reduction of salicylic acid at a rotating amalgamated copper cathode [142]. 4-Hyd- 
roxybenzoic acid is also reduced to the aldehyde under the same conditions [143]. 

Esters and Laetones 

Esters of aromatic acids in aprotic solvents form radical-anions detected by cy- 
clic voltammetry on a short time scale [144]. Ethyl be~oate has E ° = -2.19 V vs. 
sce [145]. Follow-up reactions of radical-anions from methyl and ethyl benzoate 
result from protonation by extraneous water, tert-Butyl benzoate radical-anion un- 
dergoes very rapid cleavage of the alkyl-oxygen bond to give be~oate ion and 
tert-but)d radical. 

Reduction of atiphatic esters with sodium in ethanol results in the primary alco- 
hol corresponding to the original carboxylic acid moiety [146]. This was an 
important step in organic synthesis (the Bouvault-Blanc reaction) before the advent 
of hydride reagents. Under Bouvault-Blanc conditions, aromatic esters ux~dergo 
reduction on the benzene ring but ethyl benzoate can be reduced electrochemically 
in ethanol - 30% sulphuric acid to a mixture of benzyl alcohol and benzyt ethyl 
ether [147]. Electrochemical reduction of benzoate esters is best effected at a mer- 
cury cathode in ethanol containing acetic acid with tetramethylammonium chloride 
as ~apporting electrolyte, Benzyl alcohol together with 1,2~diphenylethan-1,2-diol 
are formed~ In absence of acetic acid, base is generated electrochemically as the 
reaction proceeds and ethyl benzote then affords a mixture of benzyl alcohol and 
ring hydrogenation products. Phenyl benzoate in acid solution is reduced quantita- 
tively to benzyt alcohol at mercury, cadmium or lead. A series of benzoate phenyl 
ester have been converted in this way to the benzyl alcohol [148]. 

The aldehyde has been shown to be an intermediate in reduction of aromatic 
esters in both acid [149] and alkalme solutions [148]. It can be trapped in good 
yield in the form of an acetat by reduction of benzoate esters in acetonitrile in the 
presence of chlorotrimethylsilane [150]. Intermediates in the reduction of diphenyl- 
2,2'-dicarboxylate esters undergo a cyclizafion reaction to form 5,6-dihydroxy~h- 
enanthrene [ 148]. 

Alkyl atkanoates are reduced only at very negative potentials so that preparative 
scale experiments at mercury or lead cathodes are not successN1, Phenyl alka- 
noates afford 30-36% yields of the alkan-l-ol under acid conditions [148]. 
Preparative scale reduction of methyl alkanoaws is best achieved at a magnesium 
cathode in tetrahydrotaaran containing tert-butanol as proton donor. The reaction is 
carried out in an undivided cell with a sacrificial magnesium anode and affords the 
alkan-l-ol in good yields [151]. In uhe absence of a proton donor and in the pres- 
ence of chlorotrimethylsilane, acyloin derivatives 30 are formed in a process 
related to the acyloin condensation of esters using sodium in xylene [152], Radical- 
anmns formed initially can be trapped by intramolecular addition to an alkene 
function in substrates such as 31 to give aticyclic products [151]. 
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RCH20H 
Mg cathode Mg cathode p /OSiMes 
; RCO2Me J' '" ~-\ 

R THF, LiClO4 THF, LiCtO4 J 
t,-BuOH Me3SiC~ Me~SiO 

30 

Ref. [152] 

0 0 OH 
MeO.. Ij Mg cathode MeO,. t , ~ . , ~  ~ ] ? ~  ; .-.-.~,] = Me 

THF, LiCI04 
t.-BuOH 

31 

Ref, [15I] 

Acid A mides 

Reduction of acid amides leads to a series of reactions in which the aldimJne is a 
key intermediate. Aldimines are reduced at much less negative potentials than am- 
ides. The relative amounts of amine 32 and aldehyde 33 products formed depend 

-~O +2e NRz O~ NR2 . _ ~  +2e R' - - - - *  R' H • R' -~ R'-CH2NP" 2 
+ 2H* ~R, + H ÷ +-- 

32 

H20 [ 
H 

R'--k~ O + RzNH ~ 

33 

on factors controlling the rate of hydrolysis of the imine, The electron withdrawing 
properties of substituents, as well as acidity of the electrolyte, play a role in deter- 
waning the product ratio. Early workers [153, 154] used 50-90% sulphuric acid as 
solvent and electrolyte to obtain amines by reduction aromatic amides at a lead 
cathode in a divided cell. Later, ethanol containing hydrochloric acid was used as 
solvent. Be~amide yields a mixture of benzyl amine and ber~zaldehyde under 
these conditions. N-alkyl substituents improve the yield of  amine and reduction of  
thioamides gives still better yields of the amine [155, 156]. Sensitivity of file prod- 
uct ratio to the reaction conditions is illustrated by tile reduction of phthalimides to 
give either the masked aldehyde or the phthalimidine [157, t 58, 159]. 

The c~-hydroxyamino intermediates from reduction of aromatic amides in ace- 
tonitrile can be trapped in the presence of chtoro~methylsilane and subsequent 
work-up yields the aromatic aldehyde in good yields. This reaction has been car- 
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fled out in a divided cell [! 60] and also in an undivided cell with magnesium cath- 
ode and anode [t61]. Aliphatic amides behave differently in the undivided cell 
reaction. In the absence of protons, magnesium ions from the sacrificial anode 
promote the dimerization of radical-anion intermediates and a-aminoketones are 
obtained in good yields after acid work-up [161]. 

NMez 
O Mg cathode and anode . . ~ R  ..-J. dil~ HCl 

R"J[" N%4 ez Tetrahydrofuran, LiClO4, 
3 Me3SiCI 

,NMez 

R 
Ref. [1611 

A number of heterocyclic acid amides in dilute hydrochloric acid are reduced to 
the aldehyde level where this is protected from further reaction as the dihydroxy 

~.. l~_ Hg cathode VI~ 
X" "C~NH 2 0,5 - 0~8 M HCl CliO 

Ref. [t62] 

X = S, NH or NCH2Ph 

compound [I 62, 163]. 
The electrochemical reduction of aliphatic amides in dilute hydrochloric acid 

will tolerate other functional groups active towards the alternative hydride reducing 
agents. With aliphatic amides the electrochemical step generally leads to the alde- 
hyde because the intern-lediate irnine is rapidly hydrotysed under the conditions 

" Hg, - 1,95 V vs, sce 

O CH~CN, HzO pH 2.15 

CONH 2 

34 

employed. This reaction has been used to generate the aldehyde function of the 
antitumor agent echinosporine 34 [164] and for the conversion of L-asparagine to 
L-homoserine [165] where the aldehyde intermediate is further reduced to the pri- 
mary alcohol. Dialkylamides of alkanoic acids are converted to aldehydes in good 
yield in an undivided cell with magnesium anode and cathode using tetrahydrofu- 
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ran and lithmm perchlorate as solvem and electrolyte and tert-butanol as proton 
donor [151]. Cyclic amides 35 have been converted to the azacycloalkane by re- 
duction of the O-methyl ether [166]. 

MeSO4" 

Me2SO4 Hg cathode 

CH3CN i, 

35 

Xanthine, caffeine 36 and other N-methylxanthines are selectively reduced in 
75% sulphuric acid at a lead cathode to the 4-desoxy compounds in good yields 
[153,167,t68]. 

O Me Me 
M~,~LN~- , ,  ~ - -1 '~1  Pbcathode Me...NI",,. ~i'~t 

I t 
Me Me 

36 70% yield 

Acid Chlorides' 

Linear sweep voltammetry of benzoyl chloride in acetonitrile containing tetra- 
ethylammonmm fluoroborate shows Ep ~= -1,4 V vs. sce and for heptanoyl chloride 
Ep = -2,2 V vs, sce [169] "Vne one-elecn'on reduction of acid chlorides at these po- 
tentials is a source of carbonyl radicals. Reduction of benzoyl chloride at the peak 

CH3GN, Et4BF 4 
PhCOCI ' ~ (24- + 

Pig, -1.4 V vs, $ce 

PhCO0 Ph 

Ph 

PhCO ~ PhCOCOPh 

+ PhCOCl 

OCOPh 

37 

potential gives the stilbene derivative 37, In this reaction, benzil is generated by the 
union of two be~oyl radicals, then further reduction followed by reaction with 
benzoyl chloride yields the final product [169]. A number of aroyl chlorides have 
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been shown to undergo this reaction in good yields at a mercury cathode in acetone 
containing lithium perchlorate [170]. The standard reduction potentials of carbonyl 
radicals are in the region -1.68 to -1,75 V vs ,  sce [171] so that carbonyl radicals 
generated from heptanoyl chloride and other acyl chlorides are immediately re- 
duced further to the carbanion and pmtonation affords t?ne aldehyde. Overall 
RCOCI is converted to RCHO [169, I72]. In competing processes, carbonyl radi- 
cals lose carbon monoxide to form the alkyI or aryl radical which yield the alkane 
or arene after further reduction and protonation [ t 69], 

The reduction of aroyI chlorides take a different course in the presence of Ni(II) 
salts. Reaction is best effected in an undivided cell with a nickel anode and a nickel 
foam cathode with acetonitrile containing tetrabutylaramonium fluoroborate as 
electrolyte. Symmetrical ketones are formed [173]. Substituted benzoyl chlorides 
yield the benzophenone in 4%72% yields. Phenacetylchloride also gives the ketone 
in good yield but in general, alkanoyl chlorides do not react, 

Both phthaloyl chloride and the unsymmetrical isomer 38 give an almost quan- 
titative yield of the two isomers 39 and 40 oi1 reduction [174, 175]. Each of these 

O 

0 HCONMe2, NaQO 4 

38 39 

O 

40 

can be transtbrmed to the other under appropriate conditions [176, 177] so that the 
electrochemical process is a viable route to either compound. The radical from 

PhCH=CHCOCt 
-1.3 V v& see 

• PhCH=CH~.=O ~ PhCH~CH=~O 
(CP~}2CO, L{CIO 4 

PhCH2~C=O ~, Ph CH~ ~ , , . , , ,  r - ,  

//--~.,. 
41 O CE~h 

reduction of cinnamonyl chloride reacts as the ketene tautomer and abstracts a hy- 
drogen atom from a solvent molecule to give the ketene 41 which dimerizes in a 
subsequent chemical reaction to yield a cyclobutan-1,3-dione [178], 
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Imines, Oximes and Hya'razones 

The carbon-nitrogen double bond in imines is reduced at less negative potemials 
than the corresponding carbonyl function. Also imine radical-anions are more basic 
than carbonyl radical-anions, imines with at least one phenyl substituent on the 
carbon-nitrogen double bond are sufficiently stable for examination in aprotic sol- 
vents and reversible one-electron reduction of bev.zaldehyde anil [179] or 
benzophenone anil [180] can be demonstrated with rigorous exclusion of moisture. 

Me / - - I  
Me N ~  Me--C-- N'k---J '\ + Hg cathode P h ) ~ / l ~ i e "  /C== ................... .~ ~ N _ . [  

\ Md CHaCN, Et4NQO4 C-Me 
Ph Me '--- ' t'~le 

42 43 

Under ordinary conditions, reduction of these imines in dimethylformamide is a 
two-electron process involving saturation of the carbon-nitrogen double bond [181 ] 
because the radical from protonation of tire radical-anion is more easily reduced 
than the starting imine. Immonium salts with two or more phenyl substituents are 
reduced reversibly in acetonitrile to the radical-zwitterion such as 42. Other immo- 
nium salts, e.g. 43, are reduced irreversibly to the dimer [| 82]. Radical-zwitterion 
intermediates generated from immonium salts exhibit nucleophilic character on 
carbon. Intramolecular interaction between the reduced immonium function and a 

MeO-~ ,"'Y'A"h + Pt2 -1,8 V ~  sce 

Meo~L~L,~/~-I~ h Me2NCHO 

/CH~Br 
MeO" ~"%'" - ~ 1 3  Ref, [t83] 

bep~yl bromide is a route for the formation of hetemcyclic ring systems [183]. 
Benzophenone anit [I84] and benzaldehyde anil [185] are both sufficiently stable 

in aqueous solution above pH 5 for polarographic examination. Both compounds 
show two one-electron waves in the tess alkaline region, as illustrated for benzo- 
phenone anil in Figure 10.3. For the more anodic wave, Ev, varies with pH due to 
the rapid establisl'anent near the electrode surface of the equlibria: 

Ph2C=NPh + e ~,--'~ Phz~NPh q "" 

Ph2C=NP + H + ---,, • Ph2C-NHPh 
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The more cathodic wave is due to fiarther reduction o f  the radical intermediate 
formed at the potential o f  the first wave. 

Ph2C,,,NHPh + e + H + • Ph2CH-NHPh 

At higher pH values the two waves merge to a single two-electron wave which 
divides into separate single-electron waves at pH 13. The first wave of  these waves 

16 e 

8 1.3 

ej t 
> 
"" III 

II 

' 1 . 0  ,~i.~../.. .~/" 

0.7 _ _ l  . . . .  ! J -  4 .  4 -  ! I -  ! ........ . 

8 11 14 
pH 

Figure 10.3. Changes with ptl of the half-wave potential (E~.~) for the polarographic waves of ben- 
zophenone anti. Waves I and 1I have the same height while wave Iti has double their height. Each of 

the two waves see~ at plt 13 has the: sa~r~z height as wave I~ Data from ref. [ 184 t. 

is due to tbrmation o f  the radical-anion whiIe the more cathodic wave is due to 
fiarther reduction o f  the radical-anion. Reduction of  benzophenone anil in an etha- 
nol methyl acetate water mixture yields N-phenylbenzylamine together with the 
dimers from union of  two radical intermediates [186]. 

Reduction o f  aryl substituted bis-azines in an aprotic solvent allows Uapping of  
intermediates through intramolecular carbon-carbon bond formation as with 44 
[187]. Cyclization is achieved in an aprotic solvent and the process is adaptable to 

Me 
1 

Hg cathode, Bu4NC~O4 ( i ~ . , , ~  h 
Ph.. .~N.. CH2 CH 

CH >" CH~" "N 4 " P h  MeOCH~CH2OMe h 
| 

44 Me 
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t~rmation of 1,4-diazacrown ethers 45 having 9 - 21 atoms in the ring [t88], Other 
examples of this cyctization process, which give rise to substituted piperazines 46, 

Ph CH=NCH~'(OC~CH2)n'CHzCH2N= CHPh 
Pb cathode 

Me2NCJ40, Et4NTos ~ j  

45,  n = 0 - 4 50 -70 % 

are carried out in dimethylformamide containing a strong protic acid such as 
methanesulphonic acid. In these cases the radical-anion intermediate is protoruated 
and the cyclization step involves union of two radical centres. The transition state 
for piperazine ring formation adopts a pseudo-chair conformation 47 with the 

H,,Tt.-Ar 
[ , , , ~ .  0 1 N  Pb cathode 

NH2 ArCHO Me2NCHO, Me$~H 
"~'~'-"""~NH 2 N 

Ar 

H 
,N 

~Ar 
H 

46 

47 

maximum number of equatorial-like substituents, and this decides the stereochem- 
istry of the major product [!89], Chiral substituted piperazines are synthesised 
effectively from chiral 1,2-diarnines. 

The radical-anion intermediates derived from aromatic imines behave as nu- 
cleophiles towards carbon dioxide, as with 48 [190, 191]. This nucleophic character 
is enhanced by reduction in the presence of chlorotrimethylsilane. A cafbanion 

1 ) H@ cathode, MezNCHO, 
CO2, Bu4Nt CO2Et 

PhCH2CH~ N=CHPh .~ PhCH2CH2NH--CI~ 
2) EtC1 Ph 

48  

centre is generated which will add to the carbonyl bond [192]. Coupling is carried 
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out at a lead cathode in dimethylformarnide with tetraethylammonium tosylate as 
electrolyte in the presence of excess chtorotrimethylsilane and triethylamine, 

Ph'c"H + 2e Ph"c'H 
If ~ t 
N~R ~ Me3SiCl MezSi...N..R ~ 

O Ph R 2 ~ - - R '  H20,  Ph " JR~3 

Me,S,--N O Si Me, H N'~--~OH 

Ref. [192] 

In the presence of excess monoalkylamine, carbonyl compounds in aqueous so- 
lution are in equilibrium with the corresponding imine~ In most cases these imines 
cannot be isolated but they are reduced at a less negative potential than the car- 
bonyl compound. Selective reduction of such equilibrium mixtures is a useful route 
to alkylamines from ketones in yields of 70-90%, The process fails with hindered 
ketones such as camphor and with bulky amines such as tert.-butyl amine. Overall 
the reaction has advantages of lower costs and simpler work-up compared to the 
use of cyanoborohydride reducing agents. In the electrochemical reaction, proto- 
nation of carbanion intemlediates occurs fi'om the more hindered side and where 
two isomeric products are tbmaed, the least hindered amine predominates [193], 

TABLE 10,7 
Polarography of oximes and phenylhydrazones in aqueous buffers at 

pH 1.0. All give four-electron waves with hair'wave potential de- 
pendent on pH. 

Substrate -E,/~ / V vs, sce Ref, 

2-Methylpmpanal oxime 1.08 [ 184] 
Mesityloxide oxime 1.01 [ 184] 
Acemphenone oxime 0.78 [1941 
Benzatdehyde phenylhydrazone 0.75 [I 841 

Reduction of aliphatic oximes is specifically catalysed by protons, The process 
exhibits a single four-e/ectTon wave on polarography and E,,,, is dependent on pit, 
Some half-wave potentials are given in Table 10,7, ArouM pH 6-8 this ,.,<ave de- 
creases in height and finally disappears because protons can no longer be supplied 

+ O  

e + R2C=NN//""~H+ ) R2C=N' + H+ R2C=N\H 
OH 

R2C=NH + 2e + 2H + ----'1' R2CFrNH£ 
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to the electrode surface at a rate sufficient to maintain the electron transfer process 
[t84]. ~ e  rate-determining step for reduction of oximes must involve electron and 
proton addition with elimination of water In strongly acid solution, enone oximes 
show two pwo-electron waves and redtlction of testosterone oxime at the potential 
of  the first of these waves leads to testosterone as the sole product [18@ Here the 
reduction process is halted at the imine stage and the imine is hydrolysed to the 
ketone and arranonia. Half-wave potentials for the more cathodic waves displayed 
in acidic media correspond to (nose found for the irnines. In the reaction of non- 
conjugated oximes, this imine is immediately reduced at the potential used. 

Preparative scale reduction of oximes at a mercury or lead cathode in acid solu- 
tion has been used in the conversion of the carbonyl function to amine. Originally, 
30-50% sulphuric acid was used as solvent [t95] but ethanol with dilute hydrochlo- 
ric acid is usually satisfactory. Aliphatic and aromatic oximes give amines in 64- 
86% yields [196]. Aromatic ketoximes are also reducible in alkaline solution and 
acetophenone oxime has been converted to 1-phenylethylamine in a tri-potassium 
orthophosphate solution [197]. The reduction of oximes in acid solution is tolerant 
of many other substituents as indicated by a number of examples [198, I99, 200]. 
Phenylglyoxal monoxime in acid solution is however reduced at both the carbonyl 
and tile oxime centres by sodium amalgam to yield 2-ammo-l-phenylethanol [20l] 

~.O ~H2OH NH2 Pb cathode 
HO,.... ~C,. .  / .C 

t'4" CO=Me dil. HO H;N "~HcozH 
Ref.[t98} 

~ 2 Me 90~ H 
H CHOH 

Hg cathode +t42 
. . . . .  ~ CHNH 2 p ~ H  dil. HCt 

9H~ +H~ 
CH2 

~Me  ~0~H 

Re£ [1991 

CN CN 
1 Pb cathode t 

o  fC -co M  
Re( [2001 

Large-scale reduction of phenylhydrazones at mercury or lead in ethanolic hy- 
drochloric acid or 30-50% sulphuric acid results in cleavage of the nitrogen- 
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nitrogen bond to yield aniline and the amine corresponding to the original carbonyl 
compound [ 184,195]. Cleavage of fne nitrogen-nitrogen bond in phenylhydrazones 
requires specific acid catalysis. The polarography of this group resembles the pola- 
rography of oximes. Benzaldehyde phenylhydrazone gives one four-electron wave, 
the half-wave potential of which varies with pH (Table 10.7). The wave height 
falls to zero around pH 6-8 because protons can no longer be supplied to the elec- 
trode surface at sufficient rate for the reaction to proceed [184]. In contrast to the 
reaction in acid, reduction of phenylhydrazones using sodium amalgam under al- 
kaline conditions saturates the carbon-nitrogen double bond to give the N-alkyl-N'- 
phenyl-hydrazine [202]. 

Electrocatalytic Hydrogenation 

Cathodic surfaces of finely divided platinum, palladium and nickel have a low 
hydrogen overvoltage and the dominant electrochemical reaction is the generation 
of a layer of hydrogen atoms. The electrocatalytic hydrogenation of aldehydes and 
ketones can be achieved at these surfaces. Cathodes of platinum or palladium black 
operate in both acid solution [203] and in methanol containing sodium methoxide 
[204]. The carbonyl compound is converted to the alcohol. Reduction of 4-tert. 
butylcyclohexanone is not stereoselective, however, 1,2-diphenylpropan-l~one is 
converted to the threo-alcohol. 

A Raney nickel surface is also suitable for etectrocatalytic hydrogenation [205]. 
This surface is prepared by electrodepositing nickel from a solution containing 
suspended Raney nickel alloy (Ni 50%; A1 50%). Some alloy particles stick to the 
surface, which is then activated by leaching the aluminiurn using hot aqueous so- 
dium hydroxide. Cyclohexanone, acetophenone and benzil have been converted to 
the corresponding alcohol and there is no stereoselectivit3, for the formation of hy- 
drobenzoin from be~il. 

Electrocatalytic hydrogenation is also achieved by reaction of cafbonyl com- 
pounds with aluminium and nickel(ll) chloride in tetrahydrofuran. Nickel(H) is 
reduced to finely divided nickel(o) which is deposited on the aluminium.This se~ 
tsup corrosion cells where aluminium dissolves, liberating electrons which are 
transferred to the nickel. Protons are then reduced to hydrogen at the nickel sur- 
face. Hydrogenation of be~aldehydes to tile alcohol has been effected under these 
conditions [206], 
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CHAPTER 11 

REDUCTION OF NITRO, NITROSO, AZO AND AZOXY GROUPS 

Nitro- and Nitroso-compounds Radical-Anions 

Reduction of nitrocompounds involves a series of one-electron additions and 
chemical steps and an important reaction intermediate is the nitrosocompound. The 
redox properties of nitro- and nitroso-compounds will be discussed first. Some val- 
ues of reduction potentials for nitrocompounds are collected in Table 11.1. 

TABLE 11,1 
Polarographic half-wave potentials for nitrocompounds in aqueous 

ethanol, pH 13. The radical-anion is formed reversibly so that E~ = E ° 

Substrate E:~ / V vs. Ref. 
s c e  

2-Methyl-2- - 1,09 [ 1 ] 
nitropropane 
Nitrobenzene -0.70 [2] 
0~-Nitrostyrene -0.40 [3] 

The radical-anions of aliphatic nitrocompounds are detectable in aqueous solu- 
tion as transient intermediates formed during continuous electrolysis in the cavity 
of  the esr spectrometer [4]. Decay of the species occurs by protonation and then 
f u ~ e r  reactions. 2-Methyl-2-nitropropane has no acidic hydrogens so that it can 
be examined in aqueous alkaline solution where the radical-anion is not protonated. 
Over the pH range 9-1 t, this radical-anion decays by a first order process with k 
0.8 ± 0.1 s "~ at 26 ° C. Decay results from cleavage of the carbon-nitrogen bond to 
give a carbon centred radical and nitrite ion. Ultimately, the di-(tert,.butyl)nitrone 
radical is formed in follow-up reactions [51 , 

Nitrobenzene radical-anion is more stable in aprotic solvents than its aliphatic 
countel~parts. Nitrobenzene shows two one-electron polarographic waves in aceto- 
nitrile wit.h E~ -1.15 and -1.93 V vs. sce, The first wave is due to the formation of 
the radical-anion and this species has been characterised by esr spectroscopy [6]. 
Nitrobenzene radicaSanion can also be generated in steady-state concentration "by 
electrochemical reduction in aqueous solutions at pH 13 [7] and in dimethyl- 
formamide [8]. It is yellow-brown in solution with ~m~x 435 nm. Pmtonation initi- 
ates a series of reactions in which nitrosobenzene is fbrmed as an intermediate and 
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leadLrig to phenylhydrazine as the first isolatable product. Rate constants for the 
steps in the conversion of nitrobe~ene radical-anion to phenylhydroxytamine have 
been determined in aqueous solution by fast reaction techniques. When the radical- 
anion is formed by pulse-radiolysis in aqueous buffer, the absorption specmam de- 
pends upon pH due to the equlibrium (Equation 1 t. i) for which pKa -- 3.2 [9]. In 
acidic solutions with pH<2, all the nitrobenzene radical-anion is protonated and 
further reaction is by disproportionation (Equation i t.2) and then formation of hi- 

PhNO2 "]'*+ H + ~ PhNO2H 

2 PhNO2H - " *  PhNO2 + PhN(OH)2 

PhNO2 -']''+ PhNO2H-- ' *  PhNO2 + PhNC)(OH) 

PhNO(OH) + H + - ' *  PhN(OH)2 

PhN(OH)2 - - *  PhNO + H20 

pKa = 3.2 Eq. I1.1 

2k = 6 x 108 M "~ St1 Eq. 11.2 

k= 1.7x 108M4s 4 F_.,q. 11.3 

trosobenzene. In the pH range 4 to 11, rapid protonation of the radical-anion is 
followed by reaction between a radical and a radical-anion (Equation 11.3) fol- 
lowed by the formation of nitrosobenzene [7]. At pH>l 1.5, disproportionation of 
nitrobenzene radical-anion with 2k = 1 M 4 s ") is the predominate reaction leading 
to nitrosobenzene. 

Redox equlibrium (Equation 11.4) between nitrosobenzene and phenylhydroxyl- 
amine is fially reversible on the time scales of polarography and preparative elec- 

PhNO + 2 e + 2 H ~ ~ PhNHOH [~ .  11.4 

trolysis over the whole pH range. The electrode potential for this process varies 
with pH, being more anodic in acidic solutions, At pH 4.0, E ° = +0.075 V vs, see 
[201. 

Nitrosobenzene radical-anion is detected in steady.state concentration during 
electrolysis of a solution of the nitrosobenzene in acetonitrile within the cavity of  
the esr spectrometer [l t ]. Both the radical-anion and the protonated radical are pre- 
sent and promnation occurs at ni~ogen, not oxygen, generating a nitroxide, Imme- 
diately following generation by pulse-radiolysis, nitrosobenzene radical-anion is 
detected by absorption spectroscopy with Z.,,,,~ 450 nm. A few milliseconds after 
generation, the acid-base equlibrmm (Equation 11.5) is established. A value ofpK~ 
= 11.7 has been obtained from the changes in this absorption spectrum over a pH 
range [12]. In solution, nitrobenzene radical-anion wilt transfer an electron to the 
nitroxide species, (Equation 11.6) with a rate constant of 2.1 x 10 ~ M 4 s "l, and 
protonation of the resulting ion yields phenylhydroxyl-amme [l 2]. 
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PhNOT'+ H + 

, + / H  

PhNO2"'+ PhN \ O "  - -~  

PhNHO" + H* 

, + / H  
PhN 

"O"  
pKa= 11.7 ]:~, 11,5 

PhNHO k = 2,t x 108 M4 S't F_x], 11.6 

PhNHOH 

Aliphatic Nitrocompounds 

The reduction of aliphatic nitrocompounds in acid solution proceeds in two 
steps, First the nitrosocompound is formed. A low steady state concentration of 2- 
methyl-2-nitrosopropane has been detected during the reduction of 2-methyl-2- 
nitropropane [13]. At the cathode potential necessary to attach the first electron to a 
nitro group, the nitroso intermediate undergoes further reduction to the hydroxyla- 
mine. When the nitrocompound has one (x-hydrogen substituent, tautomerism of 
fine nitroso intermediate to an oxime is in competition with further reduction. Both 
temperature and proton availability affect the rate of this isomerisation. Reduction 
of aliphatic nitrocompounds to the hydroxytamine is usually canied out in acid 
solution at 0-5 ° C to mininlise oxime tbmlation [14, I5], The hydroxylamine is sta- 
ble towards further reduction in acid solution. Oximes m acid solution are reduced 

R~ R~ 

NO~ . . . . . .  ~ NO 

H +2 H* H 

+ 2 e  

+2 H + 

R ~ N H O H  

H 

R I 

+ 4 e  

+4 H* 

at a more negative potential, relative to the nitrocompound, and the final product is 
the amine. Oximes are also hydrolysed under reaction conditions so that side prod- 
ucts form tile conversion of nitrocompounds to hydroxylammes include the oxime 
and the coGesponding carbonyl compound together with some amine [t6]. Forma- 
tion of these side products can be avoided by reduction of nitrocompounds in ace- 
tonitrile containing acetic anhydride when the hydroxylamine is isolated as its 
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N,O-diacetyl derivative [17]. Reduction of most aliphatic nitrocompounds at 50- 
70 ° C in acid solution gives good yields of the amine, the nitrosocompound and the 
oxime being intermediates [18] 

In the cases of phenyknitromethane and 1-phenylnitroethane the intermediate 
nitrosocompounds isomerise very rapidly because of the driving force to introduce 
a double bond in conjugation with the a~'l ring. Even at -5 ° C, an oxime is the 
main reduction product together with some hydroxylamine. A flow through cell 
using a porous carbon cathode has been devised for the rapid conversion of these 
nitrocompounds to a mixture of oxime and alkylhydroxylamine. Addition of a so- 
lution of iodine to the mixture oxidises any hydroxylamine to the oxime. This 
overall process converts phenylnitromethane to benzaldehyde oxime in excellent 
yields [ 19]. 

Hydroxylamines t¥om reduction of nitrocompounds are trapped by reaction with 
any adjacent carbonyl fimction under slightly basic conditions. ]'his reaction forms 
a nitrone, e,g. 1, which can be reduced in acid solution to a pyrrolidine [20]. 

NO 2 Ph 
...~h~...~ Ph C, -1.15 V v s. soe Ph")-----i-0.95Vvs. sce ,ie~.~ 

NH3 buffer MMT~. . , "~ph dd-~, H2S---O7 Me Ph 

O- 
1 

The ef't~ct of temperature on the reduction of nitro~alkanes has been extensively 
exploited in the synthesis of q~-ephedrine analogues [I5, 21,22] starting from 1-a~A- 
2-nitropropenes which are easily converted to the substrates 1. Reduction of these 
nitrocompounds below 20 ° C affords the hydroxylamine. The amine is formed 
above 55 ° C. Neutralisation of either reaction mixture causes rapid intramolecular 
migration of the aceb,1 group from oxygen to nitrogen, a reaction which implies a 

Ar Ar 

55-60o C ~ ~ base H ~  NN 
H ~ C ~  NH3 ....... -'~ 

OAc ~32 I [ " 'At  
Ar~ C~ CH3 ! 

-,below Ar 
2 \-\200 C Ar 

Hg or Pb cathode AcO--~C - H ......... base , PIO--~--! H 
EtOH, HOAc, H2SO4 H--C~ NH2OH H ~ C ~  NOH 

I I \Ac 
CH3 CH~ 

~-norephedrine stereochemistry for the reduction products [23]. Reduction of the 
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oxime intermediate to a q)-norephedrine product implies a highly stereoselective 
reaction. ]'his assumption should however be treated with caution since the isomer 
with norephedrine type stereochemistry may not have been isolated from the reac- 
tion mixture. It is known that the reduction of the nitroaIcohol related to 2 by tin 
and hydrochloric acid at 45 ° C gives a mixture of the diastereomeric amines [24]. 

Good yields of the hydroxylamine are obtained from nitroalkanes with no cz- 
hydrogen substiment by reduction in acid solution [25, 2@ h i s  step has been used 
to modify the antibiotic everninomicin, a naturally occuring aliphatic nitrocom- 
pound, where the hydroxylamine was obtained by reduction at pH 8 in the presence 
of other functional groups [27]. Above pH 8 the radical-anion from this class ofni- 
tro-alkane is not fully protonated in solution and has a sufficiently long lifetime to 
undergo carbon-nitrogen bond cleavage giving an alkyl radical, Reaction products 
are then formed by addition of the radical onto any of the nitroso intermediate 
which is present [26]. 

Reduction of 1-nitroalkenes in acid solution gives initially the enehydr- 

/NO 2 C, -0.3 V vs. sce ,NOH 
, PhCH2-C,R .~ PhCHr2C/H NH2 

PhCH=~\R iPrOH, dil. H2SO4 -t.t V vs ~ "" R 

R = H or Me ~ CH20 

PhCH2COR 

NO 2 NOH 

iPrOH, dil. H2SO4 -0.55 V vs. ~e  

N~ 

Ref [301 

oxylamine. Cathodes of platinum [28], lead [29] and carbon [30] have been used for 
this reaction. "Vhese intem-~ediates are unstable under the reaction conditions and 
isomerise to an oxime, The isolated product can be either the oxime or an anaine 

NO~ ,NH2 

CH=C~'co Et ~ cathode 
# 

dioxan, dil. H2SO 4 
H H 

3, 59% y~eld 

generated by further reduction. Tryptophan 3 [31] and phenylatanine [32] have 
been prepared by this electrochemical route. When the oxime is a major product, 
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work-up by addition of fbrmaldehyde leads to conversion of the oxime to the cor- 
responding carbonyl compound. Where the reduction step generates an aldoxime, 
reaction in the presence of a Lewis acid such as titanium(Iv) chloride promotes de- 
hydration of this intermediate to a ninile. Phenylacetonitrite is isolated from re- 

C cathode 
AFCH=CH - -  NO2 .............. ; ArCH2CN 

Me2NCHO, Et4Nqos Re£ [33] 

TiC~4 65~90% yield 

duction of 0)-nitrostyrene in the presence of titanium(Iv) chloride [33]. 

Formation of A~Iamines 

Reduction of aromatic nitrocompounds takes place in three overall stages. The 
first two steps proceed in sequence because nitrosocompounds produced in the first 
step have a much less negative reduction potential than nitrocompoun6s, Arylhy- 

ArNO2 * 2e + 2H ÷ ,~ ArNO + 1420 

ArNO + 2 e  + 2H*  ~ A~4HOH 

ArlNHOH + 2 e  + 2 H  * ArNH2 + H20 

droxylamine is the first product to be isolated. The polarogram of nitrobenzene 
shows a pH dependent step due to this four-electron process [34]. The relationship 
between half-wave potential and pH Ibr aromatic nitrocompounds (Fig. 11.1) 
shows a discontinuity around ptf 4 which is more marked with some substituted 
nitrobenzenes, Discontinuity occurs close to the pK, of the protonated nitvobenzene 
radical-anion. The polarogram show a ftmher two-electron wave at more negative 
potentials due to reduction of phenylhydroxylamme to aniline, This latter process 
is specifically catalysed by protons [35] and the related polarographic wave disap- 
pears at high pH values because protons cannot diffuse sufficiently rapidly rewards 
the electrode surface for the reaction to proceed [34]. To obtain high yields of 
amine requires careful selection of acid concentration, cathode material reduction 
potential and stining conditions, The objective is to decrease the residence time for 
arylhydroxylamine in the medium because this intermediate can undergo reactions 
to form a number of side products [36, 37, 38]. Transition metal ions can be added 
to the electrolyte m order to catalyse the reduction of arylhydroxylamine interme- 
diates, The successfial industrial processes for the conversion of nitrocompounds to 
amines uses iron powder and acid and can achieve yields greater than 99%. Good 
yields of amine can be obtained from the uncatalysed electrochemical 
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reduction of di-ortho substituted nitrocompounds [39] and from nitrophenols and 
nitroamines as discussed later, 

8 
d) 
~d 

> 

0.6 

0.3 

0.0 

- /  
! . . . . .  I . . . . . .  l., I ~ ! i ! ! 

0 3 6 9 
pH 

Figure 11 A. Changes with pH of the ha!f wave polential (E,~) fbr the first poIm'ographic wave 
of n/tmbenzene. Data fi'om ~vE [341, 

The most generally useful conditions for electrochemical conversion of aryl ni- 
trocompounds to the amine involve an electrolyte of 10-25% sulphuric acid con- 
raining titanium(Iv) sulphate, working with an emulsion of electrolyte and 
nitrocompound and using a copper cathode. Titanium(tfl) ions are tbrmed and act 
as homogeneous reducing agent, increasing the yield of aniline [40]. Titanium ions 
also function as a Lewis acid, assisting cleavage of the nitrogen-oxygen bond in the 

Cu cathode, 70 ° C 

20% H2SO4, Ti (SO4)2 

(3 (3 

HSO4" 
Ref. [421 

intermediate hydroxylamine. The industrial application of this process has been 
pioneered by Udupa tbr a number of substituted nitrobenzenes [4t, 42]. Isolation of 
the product is simple in many cases because the amine sulphate precipitates from 
the reaction mixture and the electrolyte can be recycled. 

A further adaptation of the titanmm(m) reduction uses di(cyclopentadienyl)- 
titanium ions as mediator, l~he mediator is generated in aqueous acid and reacted 
outside the electrochemical celt with a solution of the nitrobenzene in toluene. The 



378 NITROCOMPOU~DS AND THEIR DERIVATIVES 

aniline is formed and oxidised titanium complex is reduced at a graphite felt cath- 
ode by continuously recycling the aqueous solution [43]. 

Electrolytic reduction of an emulsion of the nitro compound in 1 M zinc chlo- 
ride solution at high current density is another proposed method for conversion to 
the amine. Finely divided zinc is produced and this reduces the nitrocompound. 
Zinc ions also function as Lewis acid in the reduction of arylhydroxylamines [44]. 

Reduction of substituted nitrobenzenes under alkaline conditions, usually with 
aqueous sodium acetate as electrolyte and a nickel cathode, is the classical method 
due to Elbs [45] for the formation of azo- and azoxy-compounds. Protons are used 
in the electrochemical reaction so that the catholyte becomes alkaline and under 
these conditions, phenylhydroxylamine reacts rapidly with nitrosobenzene to form 
azoxybenzene. Finely divided copper has long been known to catalyse the reduc- 
tion of nitrobenzene to aniline in alkaline solution at the expense of azoxybenzene 
production [46], Modern work confimls that whereas reduction of nitrobev~zene at 
polycrystalline copper in alkaline solution gives mainly azoxybenzene, if the elec- 
node is pre-oxidised in alkaline solution and then reduced just prior to the addition 
of nitrobenzene, high yields of aniline are obtained with good current efficiency 
[47]. Pre-treatment of the cathode produces a finely divided copper surface and this 
catalyses the hydrogenolysis of phenyIhydroxytamine to aniline which becomes 
the principal reaction product. The reaction probably involves promotion of nitro- 
gen-oxygen bond cleavage in the chemisorbed phenylhydroxylamine intermediate. 

Surfaces of finely divided nickel also promote the formation of aniline, A prac- 
tical route to tl~e preparation of electrodes coated with a Plnety divided metal in- 
volves electropIating nickel onto a cathode from a solution containing a suspension 
of finely divided Raney nickel (Ni 50%; Al 50%) or Devarda copper alloy (Cu 
50%; At 45%; Zn 5%)~ Some alloy particles stick to the cathode surface which is 
then activated by leaching out the aluminmm using hot aqueous sodmm hydroxide 
[48], Both the copper and nickel surfaces are efficient for the electrochemical re- 
duction of nitrobervzene to aniline, With tinge however, the properties of this sur- 
face are transformed to those of the potycrystalline metal and azoxybenzene 
becomes as major reduction product [49], 

Nitrobenzenes with an ortho or a parr hydroxyl or amino function form an ex- 
ceptional group of compounds in which the nitro |hnction can readily be reduced to 
amino in alkaline solution. Heterotytic cleavage of the nitrogen-oxygen bond in the 
phenylhydroxylamine inte~ediate is promoted by any 2- or 4-substituent which 
can donate a lone pair of electrons, Further reduction steps then lead to the overall 

Ni cathode + 2 e 

aq. Na2CO3 + 2 H + 

OH OH ~- 'N b H  
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conversion of nitro to amino~ Early workers demonstrated the reaction with 2- and 
4-nitrophenols [50, 5 l] and indicated that this process gives better yields than the 
chemical route using tin and hydrochloric acid for the reduction of 2-nitro-4- 
methylphenol [52]. The conversion of 3-nitm-4-hydroxybenzoic acid to 3-amino-4- 
hy&roxyben~zoic acid has been carried out on a pilot plant scale by reduction at a 
copper cathode in basic medium [53]. 

2- and 4-Nitroanilines give the phenylenediamine in excellent yields by reduc- 
tion from alkaline solution [54]. However, because of improved solubility', the best 
process for conversion of 4-nitroaniline to 1,4-phenylenediamine uses dilute hy- 
drochloric acid and a copper cathode [55] and gives 93% yield of the product hy- 
drochloride. N,N-dimethyl-4-nitroaniline 4 undergoes reduction to the diamine 

NQ, NHOH NH NIL 

+4e ~-L1 ~ ~ +20 
+4H + +2H + 

Me"N"Me MeIN"Me Me" * Me Me"'N"Me 

4 I hot 

NH NH,. 
~...~ +2e 

+2 H + 
0 

alkaline solution at tow temperatures but in hot solution the intermediate immo- 
nium ion is hydrolysed and the isolated product is 4-aminophenol [56]. 

Formation gf Nitrosoarenes and Atylltva\~xvtamines 

Conversion of substituted nitrobenzenes to the arythydmxylamine is easily 
achieved by reduction in neutral or slightly acid solution. In the first cl~sical ex- 
periments, Haber [35] used a platinum cathode and ammonia ammonium chloride 
buffer and the process was improved by Brand [57] using either a nickel or silvered 
copper cathode m an acetate buff'er. The hydmxylamine can also be obtained from 
reduction in dilute sulphuric acid provided the temperature is kept below 15 ° C to 
suppress further reduction [58]. This electrochemical route to arylhydmxylamines 
due to Brand is superior to the chemical reduction using zinc dust and ammonium 
chloride solution. The latter process is known to give variable yields depending on 
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the quality of the zinc dust [59]. Many examples have been given of the reaction 
carried out in a beaker-type ceil fitted with a nickel cathode [60, 61 ]. 

Phenylhydroxylamines are unstable in air so that more consistent yields are ob- 
tained using rapid conversion in a flow-through celt, followed by rapid isolation of 
the product with minimum exposure to oxidising conditions. A flow-through po- 
rous carbon cathode was developed tbr industrial use in 1898 [62] and this ap- 
proach has been perfected more recently for the pilot scale production of either 
phenylhydroxylamines or nitrosobenzenes, Conversion to the phenylhydroxyla- 
mine is effected in a simple flow through cell with a carbon cathode. This step can 
be coupled with the back oxidation of the phenylhydroxylamine to the nitrosoben- 
zene [63] in a serial flow-through double cell of the type sketched in Fig, 11.2. The 
first working electrode operates at a potential tbr reduction of the nitrobenzene 
while the second working electrode operates from an independent supply unit at a 
potential for oxidation of phenylhydroxylamine to nitrosobenzene, Solutions of ni- 
troso compounds can be used without purification in further reaction steps [64, 65], 

Conversion of nitrobenzenes to the phenylhydroxylamine and then the nitroso- 

otyte flow 

! 

separator 

Figure i 1.2. Flow cell for conversion of ni~mbenzenes to the nitrosobenzene. Both of  the porous 
electrodes are constructed Erom carbon fibre, They arc fed with constant current as indicated with 
i~ = 2 i~.. The feedstock contairfing nitrobenzene is introdt~ccd at a rate corresponding to the cur- 
rent ib for reduction to phenylhydroxylamine, f~he outflow contains nitmsobenzene, see ref. [62I. 

benzene is also achievable in a one-pot process using a conventional beaker-cell 
provided that tile electrolyte pH is maintained in the range 5-8 where the conden- 
sation between phenylhydroxylamine and nitrosobenzene is slow. Yields up to 
98% of nitrosobel~ene are obtained when electron-donating substiments are pres- 
ent in the aromatic ring [66]. Nitrobenzenes possessing an electron-withdrawhlg 
substituent give more satisthctory yields using the flow through cell, The 
conversion of nitrobenzene to nitrosobenzene can also be carried out with 90% 



isolated yield by first reducing to pheny Xhydroxy lamine in teh.ahydrofwan con- 
taining benzoic acid as a proton source, then oxidtsing the same solution at -30' C 
rs71. 

Phenylhy&axylamine rearranges rapidly in sulphuric acid at medium tempera- 
ures to give 4-aminophenol 5. Formation and reanangernent of the phenylhy- 

NM 

add + 

W 
5 

droxylarnine during a one-pot reduction af nib-obenzenes in sulphuric acid i s  a 
convenient synthetic route. It usually affords the crystalline sutphate of the 4- 
aminophenol, 'The reaction was first achieved in 1893 by GaRe 
cathode in concentrated sufphuric acid [68] and has been the subject of marry patent 
applications. Same 4-arninophenots are sufphanated under the reaction conditions, 
particularly when the elec~olyte used ts concentrated sutphuric acid air 80-90" C 
f69j. The best yields of 4-aminophenol are achieved by reduction of a suspension 
of niwobenzene in 56% sulphuric acid at a nickel cathode in the tempemre  mnge 
25-60" G when the product precipitates as the hydrogen sulphate in 65% yield [7Qj, 
A more recent approach to the technical scale production uses a packed bed reactor 
where the cathode consists of coarse parttcfes of polycrystalliae capper [?I]. A 

Ref, 1721 

large range of substituted ni.trobenzenes have been converted to Ihe 4-aminophmol 
[cis, 72, 74 and the method is applicable also to heteracyclic nitroeompounds [73, 
74, 751, The aikoxyamina compound is obtained from reactions canied out in 
methanol or ethanol containing sulpburic acid. 4-Ethoxyaniline has been obtained 
in 42% yield from the reduction of tzit-robenzene at a Moncl metal (T\li 60%; Cu 
33%; Fe 7%) cathode in ethanol and s~tlphuric acid [76]. 
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A variety of alternative reactions occur when there is a substituent para to the 
nitro-group. Halogen [77] and carboxyl groups [78] are eliminated while the methyl 

NHOH NH NH 

+4e 0 , H20" C l i o  t°ss°f 0 + 4 H + HCI 
CI H O 

NO~ 

NO. 

H 

p H + H + 

+4 H + 
H 

CC),H H 
. I I  

O 

l 
+2e 

+2 H + 

NH~ 

group undergoes a 1,2-migration [58]. 

I~OH NH , NH 2 N~ 

° ° . 0  .... 0H?<:o. 0.You . 

NH 2 
lossof [ ~  
H* 

OH 

A benzyl carbocation is generated where the substrate has additional substitu- 
tion stabilising the cationic centre. Thus 4-nitro-isopropylbenzene 6 affords both 4- 

l'#D. NHOH NH NH 2 NH~ 
+ 4 e tOsSof 
, ~ ~ ~ H + - ; d i m e r  

+4 H + 

arnmo-isopmpylbenzene and 4-amino<x-methyl-styrene on reduction in acid solu- 
tion. Under acid conditions, the c~-methylstyrene is isolated as a dimer [79]. In a 
related reaction, 4-nitrophenyl-diphenylmethanes are reduced to the phenylhy- 
droxylamine and then converted to the cationic triphenylmethane dyestuff 7 [80], 
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M e 2 N " ~ [ ~ ~ / / J  ~''NMe2 

NO 2 

M8 

Pbcathode 

50% HOAc 

NH 2 

.NMe= 

Formation of Heterocyclic Rings" 

The nitrosogroup reacts with nucleophiles while the hydroxylamino function re- 
acts with electrophiles. After formation in art electrochemical step, these functions 
will react with suitable ortho-substituents to generate 5- or 6-membered rings. 

Reaction between the nitroso group and the anion of a ~-diketone is often suffi- 
ciently rapid m compete win  further reduction of the nitroso compound to the hy- 
droxylamine. This process is illustrated by reduction of 8. The initial ring closure 
product undergoes further reduction at the cathode and 9 is isolated in good yield 

/C~O~Me 

C v  ~ O 3 C H  Hg,-1,1 V vs, sce " -"CO~ J, 
NO z NH3 buffer, pH 7 

. ~ O H  + 2 e 

CO,Me + 2 H* 
H 

/CO=Me 

NO COCH~ 

I 
CO,Me 

[81]. Not all capture processes are so rapid and for these examples like 10~ a second 

~.~COCH(COCH3) ~ Hg,-0.8 V vs. see ~ O  + 

v "NO~ NH 3 buffer, pH 7 COCH 3 

10 
Yield: 20% 

OH 

11 ,.a 

8O% 
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product is the quinotine derivative 11 formed by further reduction to the hydrox~ 
ylamine which condenses with an adjacent carbonyl function [82]. 

Most reactions of nitroso intermediates are however too slow to compete with 
further reduction. In these cases it is necessary to carry out the tandem reduction to 
the hydroxylamine stage and then oxidation back to the nitroso compounds using 
the type of double-cell sketched in Fig° 11.2. The intermediate is then allowed to 

O 
O ~  cO2H Redn" then °xidn , [~'~CO2H 1) RSO2Na ~ ' ~ N O  

NO~ phosphate buffer ">--~..""NO 2) HCl 
! 
so~R 

12 

react to give the heterocyclic product. Sulphinate ion is used as an external nucleo- 
phile for the formation of 12 [83]. An amino group can function as intramolecular 
nucleophile in the formation of 5-ring [84, 85] and 6-ring [86] heterocycles. 

~..~CH~NHR Redn. then oxid. .r~"~CH5 NHR ..... .~ ~ - ~  
NO~ ac~iate buffer ~' L-~./J"L N O NR 

Ref. [841 

NO 2 NH 3 buffer, pH 7 oompd, Ref. [851 

2-(Dialkylarnino)phenylhydroxylamines undergo a ring closure reaction on 
standing in acid solution 1871 , This process is involved in the conversion of 13 to 
14. The mechanism is thought to involve dismutation of the hydroxylamine into 
nitroso compound and amine, The nitroso compound is believed to uMergo the 
ring closure and the amine can be isolated as a side product. The nitroso group will 

R' R' R' 
I I I 

~.N. .cH2 R Hg-0.1Vvs. s c e d i E  H2SO4 ÷ ~_.~"~N IN~R + ~ N~CH2R 
--r~ "NO~ " ~  "NH 2 

13 14 

also react with an adjacent alkene bond to give an N~hydroxyindole 15 which can 
be reduced further m the indole [88]. 
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~.~ CH=CHR 

NO 2 

Redn. then oxidn. 
Ip 

NH3 buffer, pH 7 O :,o ; & 

- ~ . ~ N ' h ~  Hg, 43,9 V vs, S°~ 

R EtOH, dil. H2SO 4 
I 

OH 
15 

Reduction of  2mitroazobenzenes in alkaline solution leads to the triazole-N- 
oxide 16 in excellent yields and this can be reduced further at -1.4 V vs. sce to the 
corresponding triazole [89, 90, 91]. Cyclization is due to reaction between a nitroso 
group and the azo function. For the reactive groups involved, the order of  increas- 

OH OH 

CH~ GH:~ 
t6 

Ref. [9Ol 

ingly negative reduction potential is nitroso, azo then nitro. The first electrochemi- 
cal step in this process is formation of the 2-nitrohydrazobenzene, This undergoes 
a rapid intramolecular redox process to yield the 2-nitrosoazobenzene, formed 
close to the electrode and then reduced to the relatively stable 2- 
hydroxylaminoazobenzene. The latter drifts into the bulk of the solution where it 
undergoes an intemaolecular redox reaction with the nilroazobenzene to generate 
the nitrosoazobenzene. In the bulk of the solution, the nitroso compound has a high 

O NH 3 buffer, pH 7 R 
I 

OH OH 
t7 

probability for cyclization before it drifts back towards the electrode and is reduced 
again to the hydroxylamino level. 

The hydroxylamino group will react with an adjacent side chain carbonyl func- 
tion. ~ u s ,  2-nitrobe~yl ketones 17 are reduced to the N-hydroxyindole [92]. Side 
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chains of a suitable length lead to fomaation of a 6-membered ring N-oxide. Exam- 
ples include cyclization of biphenyl derivatives 18 [93], the formation of quinoline- 
N-oxides [94, 95] and the preparation of sulphur-nitrogen heterocycles 19 [96]. 

% Hg, -0.75 V vs. sce 
2- 

buffer, pH 5.3 

18 

O 
t 

~CH=C(COCHs) 2 

-'-NO 2 

Hg, -O.6 V vs, sce 

EtOH, acetate buffer 

O 

Rel: [93] 

•L•J• 
~'SO2cH~cOR O, 

6H 
19 

Reduction of 2-nitrobenzoic acid or the ester to the hydroxylamine stage in acid 
solution is accompanied by ring closure to form benzisooxazolone 20 [97]. When 

O 
~ C O 2 R  Hg, -0.4 V vs. ~ ~ l  ~,O 

[ ~ N O  2 EtOH, dil H2SO4, 60°c 

20 

( ~  CH2CO~H Hg' ~0"4 V vs' sce ~ ~ ' ~ N  
NO~ EtOH, dil H2SO4 I O 

OH 
Ref. [971 

fine carboxylic acid function is separated fi'om the nitroaromatic ring by one or two 
atoms, the hydroxylamine undergoes ring closure to form a 5-membered [98] or 6- 
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membered ring [98, 99] hy&oxamic acid, The hydroxamic acids undergo the Bam- 
berger rearrangement, illustrated for 21, on warming with hydrochloric acid [99], 

Hg cathode ~ [ ~ S ~  HCI 

EtOH, dil. HCI N O 
I 
OH 

21 

Hydroxylamine intermediates will react with an adjacent nitrile function [100, 
101]. Interaction with the isothiocyanate group can be achieved in acid solution 

NO2 H~, -0.9V v& sce N 
C ~  ~ N NH 2 N CN acetate buffer 

Me.,iz N~. Me 11 1.[ Me" " N "  "Me 
Me Me 

Ref. [loo] 

[94, 102]. In neutral or alkaline solution the isothiocyanate group is also reduced. 

H 
~...~N~?.S Hg,-O,6Vvs, sce ~v~l~_" 

, S H  
EtOH, dit, HCI 

NO~ ~, 
0 

Ref. [93] 

c~ SCN Hg, -0.6 V vs. see ~ ~ _ .  

"~-'....t~NO~ EtOH, dil. HCI ~ NH2 

O 

Ref. [941 

The hydroxylamine from reduction of 2-nitrophenylthiocyanate also undergoes a 
ring closure reaction [94]. 

Azoxybenzenes, Azobenzenes and Hydrazobenzenes 

Nitxosobev~ene and phenylhydroxylamine condense rapidly in alkaline solution 
to give azoxybenzene~ During the reduction of nitrobenzenes at high pH, the phen- 
yhhydroxylamine scavenges nitroso compound so that the azoxybenzene becomes 
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the isolated product. Experimental conditions are either a copper cathode in re- 
fluxing ethanolic sodium acetate [ ~03] or a nickel cathode in a suspension of the 
nitrocompound in aqueous sodium hydroxide [| 04]. Reactions are carried out under 
conditions of constant current, controlling the total charge passed to 3F according 
to the overall reaction: 

2 ArNO2 + 6 e + 6 H* ~ A~=NAr + 3 1"420 

o 

A wide range of m- and p-substituted nitrobenzenes give the azoxycompound in 
80% yields or higher. Yields of c a .  45% are found for o-substituted starting mate- 
rials, 

Azoxybenzene is reducible under polarographic conditions. The final product is 
hydrazobenzene formed in an irreversible process for which the half-wave poten- 
tial [105] varies with pH as illustrated in Fig. I 1.3. The half-wave potential is close 
to that of the nitrobenzene, Azobenzene, which is an intermediate in the process, is 

0.6 

8 

> 

~ o,3 i 

0,0 

/ /  / ~ /  / '  

(b) 

I I | ! I I I ~ I 

S 6 9 

pH 

Figure 11,3, Variation of half-wave potentiaJ with pit for the polarography of(a) azoxyben- 
zene, a 4,oelectron wave and (b) azobenze~e, a 2-electron wave~ Data from refs, [104,105], 

reduced at less negative potentials than azoxybenzene itself. "Ilae redox system 
azobenzene - hydrazobenzene is reversible in aqueous solution and shows a po- 
larographic half-wave potential (Fig. t 1.3), which varies linearly with pH [106], 

On a preparative scale, the product formed during electrochemical reduction of 
nitrobenzenes in alkaline solution can be readily controlled by adjusting the total 
numer of Faraday passed under constant current conditions. The formation of az- 
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oxybenzenes has already been discussed. Azobenzenes are obtained in a 4F process 
according to the overall reaction: 

2ArNO2 + 8e  + 8H + ,,,, * ArN=NAr + 4H20 

They can be isolated in good yields by reduction of the nitrobenzene in aqueous 
ethanolic sodium acetate under reflux, passing around 10% excess electric charge 
[103]. Any hydrazobenzene formed is rapidly oxidised back to the azobenzene by 
air during work-up. Azoxybenzene is formed first and then reduced to azobenzene 
and finally hydrazobe~ene at the cathode. A solution electron transfer reaction 
between azoxybenzene and the hydrazobe~ene refomls azobertzene. 

Reduction of azober~enes in an aprotic solvent generates nncleophilic nitrogen 
species, which can react with an added aIkyl halide. In this way, cyclic hydrazo 
compounds can be generated from (z,m-dibromoalkanes [ 107]. 

Hg, -1.3 V vs. sce Ph Ph 
PhN=NPh + Br(CH~)nBr ~ "N-- f'~ 

OP(NMe2~, LiCI ~ ] 
(C,H~)~ 

Complete reduction of nitTobenzenes to the hydrazobenzene is achieved in alka- 
line solution at a copper cathode by passage of 5F according to the ovel"all reaction: 

2 A~O2 + 10 e + 10 H + 1, ArNHNHAr + 4 P~O 

Addition of the crude reduction mixture to excess sulphuric acid causes rearrange- 
rnent of the hydrazobenzene to a benzidine 22 [108, 109]. The nitrogen~nitTogen 

Cu catho~.e -'~-'/ "NH ....... * CA 

emulsion, I'.N OH "]< ' /  "i1 

22 

bond in hydrazobenzene is not cleaved by direct electrochemical reduction. This 
bond cleavage can be achieved by reduction with tin(II) or titanium(Ill) [110] fol- 
lowed by electrochemical regeneration of tile reducing agent. Reaction must in- 
voh'e formation of a complex between hydrazobenzene and the metal ion followed 
by an inner-sphere electron-transfer process. 

2,2'-Dinitrobiphenyl 23 can be reduced in thintly acid solution to file bis- 
hydroxylamine. In alkaline solution £nis product undergoes oxidation by air to the 
mononitroso level. "G~e resuttmg nitroso-hydroxylamine then undergoes rapid cy- 
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clization to form a cyclic azoxy compound [111, t12]. 1,8-Dinitronaphthalene un- 

EtOH, acetate buffer alkali 
NHOH~..J 

O 

23 

dergoes a similar reaction to form a 5-membered cyclic azoxy compound [! 13]. 

Nitramines and Nitrosamines 

Secondary nitramines and nitrosamines both show a two-electron wave on pola- 
rography in aprotic solvents. Addition of the first electron is synchronous with 
cleavage of the nitrogen-nitrogen bond in both classes of compounds. Nitramines 
[114] afford nitrite ion and a nitrogen radical which accepts the second electron: 

+ e \ N "  + e \ N  \N--NO 2 ..... ~ NO~" + / ,,, I~, 
/ / 

Nitrosamines [1t5] probably afford the arnide ion and nitrogen oxide. The latter 
accepts the second electron and is converted to hyponilrite ion: 

+e  \ +e  
NO ~ N"  + NO . . . .  ~' '/~ "O--N=N-O- 

/ / 

In the presence of acetic acid, the radical-anion of a nitrosamme is protonated be- 
fore bond cleavage can occur and further reactions give the dialkylhydrazine: 

\ \ 
N-NO + 4 e  + 4H  + .... ~ N-NH~ + PL20 

/ / 

In ac id ic  aqueous buffers,  secondary n i t ramines [t  16] show a s ix -e lec t ron po-  

larographic wave which is converted into two two-electron waves above pH 5 (Fig. 
11A). Nitrosamines [117, 118 1 show a four-electron wave in acid solution and this 
becomes a stogie two-electron wave ,above pH 5 (Fig. 11.5). Above pH 5 the half- 
wave potentials are independent of pH. Primary nitramines are relatively acidic. 
They show a six-electron wave in acidic aqueous buffers, the height of which falls 
to zero around the pK~ value for the nitramine because the anion is not reducible 
[llg]. 

These patterns of polarographic waves arise because nitramines are reduced to 
the nitrosamine at all pH values m a two-electron process, Below pH 5, the 



Nilramines and Nitrosamines 391 

nitrosamine is reduced in a four-electron process to the dialkythydrazine, Primary 
nitramines give the monoalkylhydrazine in a process involving an intermediate 

1.4 , .. 30 e . . . . . . .  

• ,r,, ,7, O 1  
l it 

m 

8 2o 
03 

• < 

> 1.0 _ • - / - -  [ m II \ 
10 

II 
(a) (b) 
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Figure ! 1,4, Changes with pH of(a) the half'wave potcntial (E,d and (b) diffusion plateau 
Beight (i~) for the polarographic waves of Nmitropiperidine. Data from ref. [1 I5]. 
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Figure 11.& Changes with pit of (a) the half-wave potential (G3 and (b) diffusion plateau 
height (ia) tbr the polarographic waves of N-nltmsopiperidme. Data from ref.[115], 

pr imary nitrosamine, Such intemaediates must be reduced very rapidly because 
they are unstable due to tautomerism to the diazonium hydroxide followed by loss 
of  dinitrogen. Above pi t  5, addition of  the first electron to the nitrosamine is ac- 
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companied by nitrogen-nitrogen bond cleavage to give the secondary amine and 
nitric oxide. Nitric oxide is then reduced to hyponitrite ion, which decomposes to 
nitrous oxide. 

HO--N=N-O"  + H + ~ NzO + H f )  

The secondary amine and nitrous oxide are the only isolated products from reduc- 
tion of  nitrosamines in alkaline solution [ 117]. 

Preparative scale reduction of nitramines and nitrosamines in acid solution is a 
convenient route to substituted hydrazines. Early workers used a cathode of tinmed 
copper [12@ More recently mercury, has been en-@oyed as cathode material, al- 
though tin would probably be equally suitable. Nitrosamines are conveniently re- 
duced in dilute hydrochloric acid and evaporation of the electrolyte at the end of 
the reaction affords the hydrazine hydrochloride [121]. Some nitroso compounds 
are unstable to these acidic conditions. In the case of N-nitrosoindoles, this prob- 
lem has been overcome in an ingenious manner [122]. The nitroso compound and 
aqueous sulphuric acid are mixed just prior to reaction and then forced through a 
porous cathode of bronze coated with mercury at such a rate that the reduction is 
completed in one pass through the cathode. Other workers have overcome the in- 
stability of N-benzyl-N-nitrosoanthranilic acid towards acid by working in an ace- 
tate buffer at below room temperature [I 23]. 

Nitroguanidine is reduced to aminoguanidine 24 in good yields using aqueous 
sulphuric acid as electrolyte when the product precipitates as the hy&ogen sulphate 
[124, 125]. Nitrourea affords semicarbazide on reduction in acid solution [126] 

Benzenediazonium Salts 

Benzenediazonium salts show a single one-electron polarographic wave in 
aprotic solvents [t 27]. Benzenediazonium fluoroborate in sulpholane shows a half- 
wave potential of +0,295 V ~:~. see. In aqueous acid solution these compounds 
show two polarographic waves° A one--electron wave is found around 0 V vs. sce 
and this is complicated by reduction of prc~adsorbed material at the mercury sur- 
face. A second reduction process is fbund around ~0.9 V vs. sce and consisting of 
two overlapping waves which together are due to a three-electron process [128, 
129]. Reduction of diazonium salts at the potential of the first polarographic wave 
in either aqueous or aprotic solvents yields phenyl radicals. These are trapped by 
the mercury electrode during small scale reduction in aqueous solution to yield 
phenylmercuric chloride. Phenylhydrazine is formed at the plateau of the second 
wave in aqueous solution [130]. Phenyl radicals formed by reduction of benzenedi- 
azonium salts in aprotic solvents have been trapped by benzal-terfbutylnitrone to 
give the stable nitroxide radical, which is detected by esr spectroscopy [131]. 
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Reduction of phenyldiazonium chloride in acetonitrile containing a high con- 
centration of an aromatic substrate, which can act as a fi'ee-radical trap, leads to 
phenylation of  the substrate in 14 - 33% yields together with 5 0 -  50% of benzene 
formed by phenyl radical attack on the acetonitrile [I 32]. Intramolecular capture of  
the phenyl radicak in an electrochemical equivalent of the Pschorr reaction, is 
much more successful and phenanthrene derivatives can be prepared in 90 - 96% 
yield [133]. 

CO~H 
Hg, 0 V vs. sce ~c,'~L,,,~_.,.~.._.,~/.~2 H 

tb 

CH3CN, Bu4NCIO4 

95% yieid 

Ref. [1321 

Reduction of diazonium salts in aqueous solution under constant current condi- 
tions can give up to 30% yield of the phenylhydrazine [134] by interception of the 
phenyldiazo radical before this loses nitrogen, Reduction of alkali metal diazotates 
and isodiazotates gives the phenylhydrazine in up to 80 .-O0% yields [I35]. How- 
ever the starting materials are not very accessible so this method is of little value. 
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Acid chlorides, 357 
--, reduction to aldehyde 358 
Acridine, oxidation 228 
Activated alkenes, 61 
--, asymmetric reduction, 80 
- ,  hydrodimerization, 59 
- ,  mixed coupling, 80, 
Acyloin reaction 354 
Adiponitrile formation, 65 
Alcohols, from ketones, 340 
=, oxidation at lead dioxide, 261 
- ,  -- at nickel oxide anode, 

, catalysed by Cr(II0, 263 
, , by bromide, 264 
, , by iodide, 263 

~, , ~ by nitroxyl radicals, 267 
.... , , - , b y  ruthenium dioxide, 265 
...... , --, ..... by sulphides, 265 

, ....... enantioselective, 268 
Alkanes, 27 
--, conversion to acetamides 29 
- ,  ..... to alcohols 29 
Alkanones, radical~anions, 331 
- ,  oxidation, 300 
-~ reaction with alkenes, 345, 347 
..... , ..... with arenes, 348 
--, - with pyridines, 349 
- ,  reduction to alkanols, 340 
- ,  -- to methylene, 344 
Alkenes, 35, 54 

, ene-chlorination, 46 
..... , from 1,2-dibromides, 115 

- ,  oxidative cyclization 4I 
- , - - ,  dimerization, 39 
Alkyl azides, fomaation, 48 
Alkyl dibromides, formation, 47 
Alkyl halides, oxidation, 32 
-'-, radical-anions, 89 
..... , reduction, 98 

Alkyl radicals, reduction potentials, 
100 

Alkylamides, methoxylation, 283 
- oxidation, 282, 
Alkytamines,chiral synthesis, 286 
- ,  oxidation, 276 

, , at a nickel oxide anode, 281 
, , at a silver anode, 282 

..... , - ,  catalysed by bromide, 280 
, , , by nitroxyl, 282 

- ,  radical-cations 276 
Alkylsulphonamides, oxidation 276 
Allyl halides, reduction 103, 105, 
Reformatsky-type reactions 134 
Allytic hydroxylation 49 
Aluminium, lead(ll) "bromide, 135 
- ,  tin(H) chloride, 136 

titanium(w) chloride, 137 
Amides, reduction, 356 
Aminoalcohols, synthesis, 349, 362 
Ammonium amalgams, 345 
Anilines, oxidation, 218 
-,~, N,N-dimethyl, oxidation, 280 
- ,  preparation 378 
Annulenes, polarography, 55 
Anode materials 7 
Ant~hroquinone, synthesis 197 
Arene sulphonic acids, reduction I74 
Arenes, oxidation, 187 
, acetoxylation, 193 

cyanation,200 
, methoxylation, 199 
, polarography, 239 
,~, radical-anions, 239 
- ,  radical-cations, 187 
- ,  reduction, 239, 243 
-~-, trifluoroacetoxylation, 196 
Arsonium salts, reductive cleavage, 

159, t66 
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AryI halide, reduction, 122 
Azobenzenes, formation, 389 
Azoxybenzenes, formation, 388 
Benzene ring, oxidation potential, 

187 
Benzenediazonium salt, reduction, 

392 
Benzimidazole, formation, 311 
Benzo-l,2-quinone, formation, 210, 
- ,  Diels-Alder reaction, 207 
Benzo- 1,4-quinone, fo~ation,  197, 

201,206, 217, 221, 
- ,  ketal formation, 199 
Benzoate ester, reduction, 354 
Benzofurans, oxidation, 224 
Benzophenone anil, 360 
Benzyl halides, reduction, 98, 104, 

105 
- ,  Reformatskydype reactions 134 
Benzyltetrahydroisoquinotine alka 

loids, oxidation 213 
Biopterin 252 
Bond cleavage, 89, 158 

adjacent to carbonyl group 175 
- ,  carbon-arsenic, 159 
- ,  carbon-carbon t t2, 180, 273,274, 

301 
...... , carbon-halogen, 90, 94 
--, carbon-nitrogen, 95 159, 164, 372 
-,, carbon-oxygen, 160, 342, 354 
- - , - ,  catalysed by diphenyI diselen- 

ide, 160 
- ,  carbon-phosphorus, 159 
- ,  carbon~sulphur, 95, 158 168 
- ,  nitrogenmitrogen 254, 364, 390 
• -~, nitrogen-oxygen~ 378 

, oxygen-oxygen, 91 
Bromoform reaction, 302 
Brornohydrins, tormation, 47 
Butenolide synthesis, 224 
Butler-Volmer equation~ 11 
Carbenes, t08 

Carboxylic acids, formation, 147, 
159, 339 

- ,  oxidation, Kolbe reaction, 312 
---, nomKolbe reaction, 322 
--~, reduction 353 
Cathode materials, 7 
Cell design, 2, 5, 8, 278, 343, 380 
Clemanensen reaction, abnormal, 

181 
Cobalt(l) catalysis, 143 
Coniine synthesis, 289 
Constant current reactions, 4 
Constant potential reactions, 5 
Cyclic voltammetry, 18 
Cyclization reactions, 58, 74 
.... , of alkanones, 345,348, 359 
- ,  of alkyl halides, 59, 359 

, of aryl halides, 128 
........ ~ of dihalides, I I0 
...... , of esters, 355 

, of imines, 359, 361 
..... , of phenylhydrazones, 3 I0 

, of semicarbazones, 310 
• , v i a  Kolbe reactions, 319 
Cycloalkane~ 1,2-dicarboxylates, 

formation, 114 
~----., oxidation~ 211 
Cyctobutane ring cleavage, 62 
Cyclobuwne formation, 118 
Cyclopropane ring, fomuation, 110, 

113 
- ,  reductive opening, 180 
Cyclopropyl halide reduction, 105 
Diazacrown ether formation, 361 
Dibromide reduction, 115, 117 
Dicarbonyl compounds, 350 
DicarboxyIic acids, oxidation to 

alkenes,325 
Dichloroacetate reduction, 107 
Digital simulation, 21 
Dihydrocfimoline formation, 384 
Dihydroindole formation, 132 
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Dihydrophenazine oxidation, 229 
Dimethylt%rmamide oxidation, 283 
Diphenoquinone formation, 206 
Diphenyl ether, formation, 209 
--, reductive cleavage, 164 
Dissociative electron transfer 

reactions, 89 
Dropping mercury electrode, 15 
Electrocatalytic hydrogenation, 

of arenes, 256 
--, of  carbonyt compounds, 364 
Electrode materials, 6 
Electrolytes, 5 
Electron transfer kinetics, 9 
Enantioselective reactions, oxidation 

of alcohols, 268 
.,,~, reduction processes, 80 
Enecarboxylates hydrodimerization, 

67 
Enol acetates oxidation, 42 
Enones hydrodimerization, 69 
Epoxide formation, 47, 51 
Flavins, 252, 303 
Folic acid, 252 
Furan oxidation, 222 
Glycol cleavage, 274 
Haloalkanes, oxidation, 32 
.,--, polarography~ 99 

, reduction, 98 
Hofer-Moest reaction, 313~ 322 
Hydrazines, oxidation, 290 
- ,  radical-cations 290 
Hydrazobenzenes, formation, 389 
........ , rearrangement 389 
Hydrodimerization, of activated 

alkenes, 59 
, , template ef~i~cts im 63 
, , role of additives in, 66 

- ,  ofapylethenes, 57 
, ,  of  enecarboxylates, 67 
tlydrogenation, electrocatalytic, 256 

364 

Imidazole formation, 384 
hnines, reduction, 359 
-, reductive cyclization 359 

Indazole formation, 384 
Indoles, fon'nation, 383,385 
-,, oxidation 226 

, reduction 247 
Iodonium salt reduction, 123 
Isoquinotine reduction, 251 
Ketene formation, 358 
Ketones, aliphatic, reduction, 340 
-.-., - ,  Clemmensen reaction, 344 
.... , % oxidation, 30l 
- ;  aromatic, conversion to pinacols, 

332 
° ,  to secondary alcohols, 332 

.... , - ,  polarography, 331 
, - ~ asymmen'ic reduction, 337 

Ketone homologation, 107 
Kolbe reaction, 3 I2 
Laudanosine cyclization, 213 
Malonate esters, oxidation, 305 
-, -, catatysed by Mn(IIl) 307 
Marcus equation, 12 
Methylbenzenes, side-chain 

oxidation, 194 
Methylpyridines, oxidation, 228 
Monochloroacetic acid formation, 

106 
NAD reduction, 250 
Naphthalene reduction, 246 
Naphtho~ 1,4~quinone formation, 197 
Nickel(o) catalysis, 138 
Nitramine reduction, 390 
Nitrene formation, 221 
Nitroalkane oxidation, 308 
Nitrocompounds, aliphatic, 373 
..... , aromatic~ 376 
-, conversion to amines, 376 
, to azoxybm~zenes, 388 
, , to azobe~enes, 389 
.... , --, --, to hydrazobenzenes, 389 
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-----, --~, - ,  to hydroxylamines, 397 
....... , -., --.-, to nitroso compounds, 397 
........ , . ,  polarography, 376, 
- ,  - ,  radical-anions, 371 
Nitrosamine reduction, 390 
Nitroso compounds, 371 
--, aliphatic, formation, 373 
...... , - ,  conversion to oximes, 373 

..., .., to amines, 374 
- ,  aromatic, radical-anions, 372 

, , conversion to hydroxylamines, 
379 

- ,  - ,  cyclization reactions, 383 
, ,preparation, 380 

Nitroxyl radicals, 261 
Organozinc reagent fmTnation, 139 
Oxalate ester reductiom 162 
Oxime reduction, 363 
Oxyselenation process, 48 
Palladium(o) catalysis, 146 
Peroxide reduction, 9 t 
Phelnols, oxidation, 203 
Phenothiazine oxidation, 229 
Phenoxathiin radicabcation. 231 
Phenoxazine oxidation, 229 
Phenoxonium ion, 204 
- ,  [5 + 21] addition process, 207, 217 
--~, electrophilic additions, 217 
----, substit~.ltion reactions, 206 
Phenylhydroxylamines, preparation, 

379 
....... , oxidation, 380 
- ,  rearrangement, 381 
Phosphonium salts, reductive cleaw 
age, 159, t66 
Polarography, 15 
Poly(p-phenylenevinylene) 

formation, 121 
Poly~-xylylene)  fsmnation, 120 
Porphyrin synthesis, 226 
Propellanes, fbrrnation, 112 
Propytene oxide synthesis, 46 

Protecting group, for alcohols, 203 
, for amines, 208 

Pulse radiolysis, 22 
Pummerer 's  ketone, formation, 2 t0  
Pyrazolme oxidation, 308 
Pyridine 
Pyridine, radical-cation, 227 
-~ reduction, 248 

side chain oxidation 228 
Pyridinium salts, polarography, 242 
- ,  reduction 249 
Pyridone formation, 228 
Pyridoxine synthesis, 223 
Pyrroles, cyanation of  N-methyl, 225 
-,  oxidanon, 224 
- ,  reduction, 247 
........ ~ synthesis 289 
Quaternary ammonium salts, 

reductive cleavage, 164 
QuinoIme-N-oxides, formation, 386 
Qumolines, reduction, 250 
Qumotones formation, 228 
Quinone methides, 211 
Quinodimethane formation, 120 
Radical-anions, 371 

, nucleophilic behaviour, 56 
..... , pulse-radiolytic generation, 
Radical-cations 23, 27, 54 
, esr spectroscopy, 21 
.... , generation from arenes, 187 
..... ~ uv spectroscopy, 21 
-, photochemical generation 54 
, pulse-radiolytic generation, 188 

Radical-cations from arenes, 187 
aIkylation, 255 

. carboxytation, 256 
ipso~substimtion, 194 
.... , reactions with nucteophites, 190, 

193 
Radical-ions, 9 
Reaction, at constant potential, 4 
. , at constant current 5. 
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Reference electrodes, 4 
Riboflavin, 252 
Ring enlargement, 103 
Rotating disc electrode, 18 
Saccharides, oxidation, 303 

, at nickel oxide, 270, 272, 
--, reduction 342 
Sacrificial anodes, 8 
Sharpless dihydroxylation, 50 
Solvents, 5 
SRN1 reaction, electrochemical, t 26 
Stitbene radical-anion, 54 
Sulphone reduction, 170 
Sulphoxides, reduction, I70 
Tafel equation, 9, 12 
Tafel rearrangemem, 351 
Tetraalkylammonium salts, amalgam 

fomaation, 164 
-~, as electrolytes, 5 
- ,  reductive cleavage, 166 
Tetrachloromethane :eduction, 106 
Tetrahydrocinnoline synthesis. 29: 
Tetrahydropyrazole synthesis. 292 

Tetraphenylonium salt reduction, 
167 

Thianthrenes, oxidation, 230 
- ,  radical-cations, 230 
Thiophenes, oxidation, 225 
-, reduction 247 
Triaikylamines, radical-cations, 218 
Trialkylsilyl group directing effect 

43 
Trialkylsulphonium salts, 169 
Trichloroacetate reduction 106 
Trichloromethyl group reduction 106 
7riphenytmethane dyes formation 

383 
Vinyl ether oxidation 41 
Vinyl sulphide oxidation 45 
Vinylindoles, radical-cations, 226 
-, , Diels-Alder reactions 226 
Wacker process, 49 
Wittig reactions, electrochemical, 

110 
Zinc. active powder, 135 
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