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1 Introduction

EPR spectroscopy gives a direct insight into the electronic
structure of radical ions and can provide evidence for the elec-
tron distribution and, often quantitatively, for the various elec-
tronic effects by which organic chemists interpret structure
and reactivity. The early experiments in this field, almost 50
years ago, provided remarkable confirmation of the predic-
tions of Hückel molecular orbital theory.

As shown in Fig. 1, the electronic configuration of a radical
anion corresponds to that of the LUMO of the substrate S,
whereas the configuration of the radical cation corresponds to
that of the HOMO of S, and is more directly relevant to the
properties of molecules in their ground states, which are
involved in thermal reactions. 

It has also become apparent that radical cations may be
involved in some reactions that were regarded previously as
being purely heterolytic, and that some reactions involving
closed-shell reagents can with advantage be directed through
their radical cations. Much effort has therefore been put into
the methodology of generating radical cations for EPR and
other spectroscopic studies. 

The radical anions of a wide variety of organic compounds
can be prepared in solution by treating the substrates, S, with
an alkali metal (Scheme 1), but there is no equivalent general
method for generating radical cations.

The early studies of radical cations depended on treating the
substrates with concentrated sulfuric acid, or on electrochemi-
cal oxidation,1 but these methods are limited in scope, and it is

only since about 1980 that techniques have been developed that
make it possible to study the less amenable types of compound.
The present situation is that a wide variety of techniques is now
available for preparing radical cations for spectroscopic studies
though all, at least those applying to fluid solutions, have lim-
ited scope. Most of these studies continue to be by EPR as it is
sensitive and can provide so much structural information, but,
increasingly, it is being used in conjunction with UV-VIS or
near-IR spectroscopy, (e.g. ref. 2) and both types of measure-
ment can be carried out simultaneously on the same sample.3

NMR Studies are not common; the paramagnetic shift and
line-broadening of signals of nuclei in the vicinity of the
unpaired electron can yield the sign and magnitude of the EPR
hyperfine coupling constants if they are small (e.g.ref. 4), but
otherwise the NMR spectra provide little further information.

The choice of which technique to use for the one-electron
oxidation of a particular substrate can be guided by consider-
ing ionisation energies or electrode potentials, and Bock has
proposed a correlation between the two scales for reactions
with AlCl3 in CH2Cl2.5 These are of limited value, however,
because ionisation energies ignore the solvent, the electrode
potentials may be solvent dependent, and neither takes
account of the fact that, in practice, the electron transfer is
often photoassisted. The choice of technique is hence usually
based on experience with structurally related substrates, and
this article reviews the variety of techniques which is now
available, and the classes of substrate to which they can be
applied; I hope that this will be useful to other workers in the
field in choosing which method to use for a novel substrate. 

It is only in recent years that the mechanisms of some of
these reactions have become clear; the present situation is
briefly reviewed, and some of the pitfalls that may accompany
interpretation of the EPR spectra are noted.

2 Experimental methods

Table 1 lists the principal methods, numbered sequentially, that
are now available for generating radical cations in liquid or
solid solution. Table 2 gives the principal classes of organic
compounds, together with the serial number of the method,
from Table 1, by which their radical cations have been gener-
ated. The abbreviation TFAH is used for trifluoroacetic acid,
CF3CO2H, and TFA for trifluoroacetate, and an asterisk after
the number of the technique indicates that the reaction is usu-
ally carried out with simultaneous photolysis of the sample. The
references have been chosen to give a guide to the techniques
that have been used most widely for each class of compound. A
listing, which aims to be comprehensive, of the radical cations
that have been prepared and examined by EPR spectroscopy,
with their methods of preparation and their spectroscopic
details, is given in the various series of Landolt-Börnstein
(1965, 1980, 1988, 1990, and due for publication in 2002).1E-mail: a.g.davies@ucl.ac.uk
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Fig. 1 Electronic configuration of radical anion and cation

Scheme 1
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Table 1 Methods of generating radical cations

In liquid solution

Serial number Oxidant Medium

Oxidising metals
1 Hg(TFA)2 TFAH CH2Cl2 TFAH/FSO3H (CF3)2CHOH CH2Cl2/TFAH MeNO2/CF3SO3H
2 Tl(TFA)3 TFAH CH2Cl2 TFAH TFAH/FSO3H (CF3)2CHOH/TFAH Cl(CH2)3Cl/CF3CO2H
3 4-MeC6H4Tl(TFA)2 (CF3)2CHOH (CF3)2CHOH/TFAH 
4 AgNO3 MeCN Me2CO/MeCN
5 AgTFA THF DMF
6 AgClO4 MeCN MeNO2 CH2Cl2
7 FeCl3 CH2Cl2
8 Ce(SO4)2 FSO3H MeCO2H
9 Pb(TFA)4 (CF3)2CHOH CH2Cl2 CH2Cl2/TFAH
10 Pb(OCOCH3)4 CH2Cl2 TFAH Cl2CHCO2H TFAH/CH2Cl2

Lewis acids
11 BF3 MeCN
12 AlCl3 CH2Cl2 CH3CHCl2 Cl(CH2)2Cl Cl(CH2)3Cl SO2 

Cl(CH2)2Cl CHF2Cl MeNO2 ClSO3H CF3CO2H 
13 GaCl3 CH2Cl2
14 SbCl5 CH2Cl2
15 SbF5 CH2Cl2

Protic acids
16 TFAH CH2Cl2 CH2Cl2/TFAH/(CF3CO)2O
17 H2SO4 TFAH SO2 MeNO2
18 FSO3H SO2 SO2ClF MeNO2
19 MeSO3H (CF3)2CHOH

Stable radicals
20 (4-BrC6H4)3N SbCl6 CH2Cl2 CH2Cl2/EtOH TFAH TFAH/CH2Cl2 TFAH/PhMe (CF3)2CHOH 
21 (2,4-Br2C6H3)3N SbCl6 CH2Cl2
22 DPPH MeNO2
23 O2 SbF6 CH2Cl2
24 O2 AsF6 CHClF2

Onium salts
25 Et3O+ SbCl6- CH2Cl2
26 NO+ BF4

- CH2Cl2 TFAH/CH2Cl2
27 NO+ PF6

- MeCN PrCN MeCN/Et2O (CF3)2CHOH
28 NO+ SbCl6- CH2Cl2
29 Thianthrenium+ ClO4

- CH2Cl2

Halogens
30 I2 CH2Cl2
31 Br2, Cl2 CH2Cl2/TFAH, (CF3)2CHOH
32 ICl (CF3)2CHOH
33 PhI(TFA)2 (CF3)2CHOH

Quinones
34 DDQ TFAH TFAH/PhMe TFAH/(CF3CO)2O TFAH/MeSO3H
35 TCNQ CH2Cl2

Nitro compounds
36 C(NO2)4 CH2Cl2/TFAH
37 N-Nitrosuccinimide CH2Cl2/TFAH

Anodic oxidation
38 Electrolysis CH2Cl2

Electromagnetic radiation
39 X-Ray
40 Electrons
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2.1 Hg(OCOCF3)2
One of the most popular methods for generating radical
cations is to treat the substrate with mercury(II) bis(trifluorac-
etate) [Hg(TFA)2] in trifluoroacetic acid (TFAH). Very reac-
tive subtrates may be oxidised in the dark, but usually
photolysis is necessary to produce a satisfactory ESR spec-
trum.44 Classes of compound for which this method has been

used include mono- and poly-cyclic arenes,45 bi-, tri-, and
tetra-phenylenes,46 azulenes,26 furans,31 and pyrroles.31

The mechanism of the reaction involving arenes has been
elucidated by Kochi,47 and presumably similar principles
apply to the oxidation of other substrates (Scheme 2). The
arene (S) and mercury(II) salt first form a charge-transfer
complex,1, and that between hexamethylbenzene and mer-
cury trifluoroacetate has been isolated, and its structure deter-
mined by X-ray diffraction. Photolysis then induces electron
transfer to give the radical ion pair, and back electron transfer
is avoided by loss of the trifluoroacetate ion from the mercury
radical anion (Scheme 2)

When radical anions are generated by reduction with an alkali
metal, the EPR spectrum often shows hyperfine coupling to the
metal countercation. No equivalent hyperfine coupling between
an organic radical cation in fluid solution and its counteranion
has yet been reported, but in the above process, reaction may
occur between the first-formed radical cation and its counter
radical anion, leading to mercurideprotonation. Collapse of the
radical ion pair gives an alternative route to the familiar
Wheland intermediate,2, for aromatic substitution, providing a
novel, homolytic, route for mercuriation (Scheme 3).

Table 1 Methods of generating radical cations continued

In solid solution

Physical method Medium

41 γ-Irradiation CFCl3 CF3CCl3 CCl2FCCl2F CCl2FCClF2 CCl4 
C4F10 c-C5F10 C5F12 C6F6 c-C6F12 c-C6F11CF3 
C6F14 C8F18 CF2BrCFBrCl CF2BrCF2Br s-BuCl 
CH2Cl2 SiCl4 GeCl4 SF6 Ne

42 X-Irradiation CH2Cl2 CCl4 CFCl3 C6F14 C8F18 CF3CCl3
c-C6F11CF3 CCl2FCClF2 c-C6F12 PrCN squalane

43 Electron irradiation C10D8 or C14D10 in C5H12 C6H14 c-C5H10 PhMe 
MeCH2CHMeCH2Me MeCH2C(Me2)CH2Me 
Me3CCMe3/MeCHMeCH2CH2Me 
MeCH2CHMeCH2CH2Me 

44 Zeolites H-ZSM-5 Na-ZSM-5 ZSM-34 MCM-14 NaX 
NaY H-mordenite   sodium labonite   silicalite 
mesoporous silicate   silica gel 

Table 2 Generation of radical cations for various types of
compound

Substrate Method Medium Reference

Alkanes 44 Zeolite 6
43 Alkane 7
40 Freon 8

Alkadienes 12 CH2Cl2 9
41 Freon 10

Alkenes 41 Freon 11
42 Freon 12

Alkyl ethers 41 Freon 13
Alkyl halides 42 Freon 14
Allenes 41 Freon 15
Arenes 1 TFAH 16
Aryl amines 30 CH2Cl2 17

20 CH2Cl2 18
Aryl ethers 2 TFAH 19

18 MeNO2 20
Aryl fluorides 41 Freon 21
Arylmercury compounds 1* TFAH 22
Aryl sulphides 12 CH2Cl2 23
Azo compounds 41 CFCl3 24

21 CH2Cl2 25
Azulenes 1* CH2Cl2 26
Biaryls 2 (CF3)2CHOH 27
Biphenylenes 2 TFAH 28

25 CH2Cl2 2
Cyclophanes 10 TFAH 29
Diazoalkanes 38 CH2Cl2 30
Furanes 16* TFAH 31
Heterocyclic N 41 Freon 32

6 CH2Cl2 33
Heterocyclic N + S 20 CH2Cl2 34

12 SO2 35
Hydrazines 27 MeCN 36

9 CH2Cl2 37
Nitrosoarenes 38 MeCN 38
Organosilanes 41 Freon 39
Phenols 18 MeNO2 20
Pyrroles 1* TFAH 31
Tetrathiofulvalenes 12 CH2Cl2 40

6 CH2Cl2 41
38 CH2Cl2 42

Thiophenes 17* H2SO4 31
2 TFAH 43

Scheme 2

Scheme 3



If the substrate contains a number of equivalent reactive
positions, progressive mercuriation may be observed, and, for
example, biphenylene shows first the EPR spectrum of the
biphenylene radical cation, then, sequentially, that of the
mono-, di-, tri-, and tetra-β-mercuriated compounds;22, 45 at
each step, the multiplet pattern from proton coupling simpli-
fies to that of the next higher line in the Pascal’s triangle, and
the satellites that result from 199Hg coupling become appar-
ent, with the ratio between the hyperfine coupling constants
of the entering mercury and the departing proton,
a199Hg/a1H, equal to ca 20.5. Mercuriation also usually leads
to a decrease in the g value, for example the radical cation of
biphenylene and its mono-, bis-, tris-, and tetrakis-β−trifluo-
roacetoxymercury derivatives show g 2.0025, 2.0014, 2.0007,
ca 2.0003, and ca 2.0003 respectively.45

2.2 Tl(OCOCF3)3 and 4-MeC6H4Tl(OCOCF3)2
Thallium trifluoroacetate is a rather more powerful oxidising
agent than mercury trifluoroacetate.48 With a reactive substrate
such as durene, the oxidation may occur without photolysis,
and the mechanism of the reaction may well be similar to that
of mercury bis(trifluoroacetate) (Scheme 4). Thallidepro-
tonation of the substrate, the analogue of the above mercuride-
protonation, may occur, but no ESR spectrum of the resulting
arylthallium compound has been observed, perhaps because
the arylthallium compound has a higher ionisation energy than
that of the arene. Trifluoroacetoxylation of the substrate occa-
sionally is observed, for example the reaction with anthracene
shows the spectrum of the radical cation of the 9,10-bis(triflu-
oroacetate), and it is possible that this is formed through an
intermediate arylthallium bis(trifluoroacetate).49

p-Tolylthallium(III) bis(trifluoroacetate), TolTl(TFA)2, will
oxidise arenes with Eo (ArH•+/ArH) up to 1.6–1.7V (NHE),
and in TFAH, gives radical cations that are longer lived than
those generated from Tl(TFA)3.50

Hexafluoroisopropyl alcohol, (CF3)2CHOH (HFPA), has a
low nucleophilicity towards radical cations, and is a particu-
larly good solvent for generating radical cations with strong,
persistent, EPR spectra, with Hg(TFA)2, Tl(TFA)3,
TolTl(TFA)2, halogens, or PhI(TFA)2 as oxidising agents.51, 52

2.3 Protic acids
Solutions of many arenes, aryl ethers,53 quinols,20 cyclopenta-
dienes,54 furans,31 or thiophenes31 in strong acids (H2SO4,
FSO3H, , CF3SO3H, TFAH, CCl3CO2H etc.) show the EPR
spectra of the corresponding radical cations, and the intensity
of the spectra are enhanced by photolysis. 

The mechanism of the oxidation involves electron transfer
from the substrate (S) to the protonated substrate (SH) to gen-
erate S•+ and SH• (Scheme 5).54–56The neutral radical goes on
to form the dihydride SH2, either by disproportionation or by
further protonation and electron transfer, and Kochi has shown
that 2,2’-biadamantane can be isolated from the oxidation of
adamantylideneadamantane in trifluoromethanesulfonic
acid.56

2.4 Lewis acids
One of the most common methods of generating radical cations
is that of treating the substrate with aluminium chloride, usually
in dichloromethane or another alkyl chloride, sometimes with
photolysis. Without photolysis, radical cations are generated from
substrates with ionisiation energies less that about 8 eV.5 Typical
substrates are hydrocarbon arenes,57 arenes with substituents
bonded through nitrogen, sulfur58 or oxygen19 thiophenes,59

furans,60 tetrathiofulvalenes,61 and alkynes (which give radical
cations of cyclobutadienes,62 azulenes,63 thiophenes64 or dithi-
etes,65 depending on the components of the system). 

The mechanism by which the reaction, and that of other
Lewis acids such as BF3 or SbCl3, takes place is by no means
clear, and it seems likely that more than one mechanism can
operate. It has been suggested that, when dichloromethane is
the solvent, electron transfer may take place from the substrate
to the dichloromethyl cation (Scheme 6), and indeed the reac-
tion of a diazasilacyclopentene with aluminium chloride gives
the corresponding radical cation and 1,1,2,2-tetra-
chloroethane, which would result from the decay of the
dichloromethyl radical (Scheme 6).66

However, radical cations can also be generated with AlCl3
in nitromethane, sulfur dioxide, or TFAH where such a mech-
anism seems to be less likely. Under some conditions, adven-
titious hydrolysis may give HCl which could oxidise the
substrate by the protic acid mechanism described above, or a
direct reaction between the AlCl3 and the substrate could
occur. This latter mechanism seems possible in the generation
of tetra-alkylcyclobutadiene radical cations from dialkynes
and AlCl3. A cyclobutadiene-AlCl3 complex, which can some-
times be isolated, is first formed,67 then photolysis generates
the radical cation (Scheme 7).62, 67
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2.5 Tetranitromethane and N-nitrosuccinimide
Tetranitromethane has not yet been widely used for generating
radical cations, but the reaction mechanism seems to be well
established. In HFPA as solvent, a charge-transfer complex is first
formed between the substrate and C(NO2)4, then irradiation into
its absorption band gives the substrate radical cation, the trini-
tromethyl anion, and nitrogen dioxide (Scheme 8).68. Presumably
N-nitrosuccinimide operates in an analogous manner.69

2.6 Halogens
The halogens and positive halogen compounds have not been
widely used because they often lead to halogenation of the
substrate, but with hexafluoroisopropyl alcohol as the solvent,
the rate of the reaction between the radical cation and nucle-
ophilic halide ion is drastically reduced, and the EPR spec-
trum of the radical cation can be observed (Scheme 9). Under
these conditions, ICl, I2, Cl2, Br2, and N-bromo- and N-chloro-
succinimide will oxidise arenes, aromatic ethers, and amines
with E° (ArH•+/ArH) ≤1.6, 1.5, 1.3, 1.1, 1.5, and 1.2 V (vs
Ag/AgCl) respectively.70

Phenyliodine(III) bis(trifluoroacetate), PhI(TFA)2, is a
stronger oxidant with an oxidizing power similar to that of
Tl(TFA)3, and in HFPA will generate the radical cations from
arenes with Eo (ArH•+/ArH) ≤2.1 V (vsAg/AgCl) .71, 72

2.7 Ar3N•+ radical cations
The triarylaminium radical cations (4-BrC6H4)3N•+ (“magic
blue”, which is commercially available) and (2,4-
Br2C6H3)3N•+ (“magic green”) form stable crystalline hexa-
chloroantimonate salts with Eo (Ar3N•+/Ar3N) 1.30 and
1.74 V (S.H.E) respectively, in MeCN.73 In solution, they
undergo single electron transfer from substrates with a lower
electrode potential (Scheme 10), and they have been used,
though not very widely, in EPR studies of long-lived radical
cations such as those of arenes,74 azulenes,63 aryl amines,18

ethers,75 azo compounds25 and diazoalkanes.76

2.8 Anodic oxidation
EPR studies of radical cations generated by anodic oxidation
(Scheme 11) are usually carried out in association with elec-
trochemical studies. The design of a suitable EPR cell has been
desribed by Ohya-Nishiguchi,77 and one for simultaneous elec-
trochemical and electron spin resonance (SEESR) studies by
Bond.78 Typically, the solvent is dichloromethane and the elec-
trolyte is tetrabutylammonium tetrafluoroborate, and measure-
ments are carried out between 130 K and room temperature. 

The method has been applied to compounds of a wide range
of structures, including aromatic amines,18 phosphines,79 dia-
zoalkanes,30 nitrosoarenes,38 carotinoids,80 azoalkanes,81

cycloalkenes,82 pagodanes,83 and tetrathiofulvalenes.42

2.9 γ-Irradiation in freons
The techniques that are described above are ineffective for
generating radical cations when the substrates, for example
simple alkyl compounds, have high ionisation energies, or
when the radical cations are short-lived in fluid solution. The
solution to this problem came in the early 1980s in matrix iso-
lation in frozen Freons (fluorohalogenocarbons).84, 85A solu-
tion of the substrate, typically 10–3 M, in the Freon (e.g.CFCl3
or CFCl2CF2Cl) at 77K is irradiated with γ-rays from a 60Co
source. The spectra can be studied up to the softening point of
the matrix which is about 120–160 K. The hydrogen
anisotropy is neither averaged out as it is in fluid solution, nor
resolved as it is in a crystal, and the lines are typically
0.2–0.5 mT broad. 

The technique can be applied to essentially any substrate
with an ionisation energy below that of the Freon, which is ca.
11 eV, and it has been applied extensively to alkanes,8

cycloalkanes,86, 87alkenes,88 ethers,13 alkyl halides,14 carbonyl
compounds,89 nitroso compounds,38 azo compounds,90

imines,91 arenes,92 heteroaromatics,93 organometallics,94 and
compounds of P,95 S,96 and Te.97

The gamma ray interacts with the Freon give the Freon rad-
ical cation with the ejection of an electron. The substrate S
transfers an electron to the Freon radical cation to give S•+,
which is observed, and the electron is captured by the matrix
which then loses a halide ion to leave a neutral matrix-derived
radical in which the 19F anisotropy is large enough to broaden
the spectrum beyond detection (Scheme 12). The problem of
the large EPR line width can be overcome by the use of
ENDOR spectroscopy.98

2.10 Zeolites
The intrinsic acidity of some zeolites such as HZSM-5 or H-
mordenite is sufficient to oxidise a suitable adsorbate into its
radical cation; otherwise the radical cations can be generated in
the zeolite by radiolysis.99 The zeolites provide microreactors
which retain their rigidity and dimensions, and permit EPR
measurements to be made at temperatures much higher tem-
perature than those at which Freons soften and melt. The size
of the cavities, and the substrate loading can be chosen so that
bimolecular reactions can be excluded, or can be studied. 

The acidity of the zeolite can be varied by controlling the
SiO2/Al2O3 ratio, and Roduner has given evidence that the
active sites in dealuminated mordenite are the Lewis acid sites
associated with extra-framework alumina.100 Silica gels have
also been used as the medium, but then radiolysis is need to
effect the electron transfer.

3 Some complicating factors

EPR Spectra can usually be assigned unambiguously to a par-
ticular radical, but the literature contains many examples of
incorrect interpretations. 
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Theoretical calculations provide the first check for identify-
ing a radical. For simple π-conjugated systems, Hückel-
McLachlan calculations are usually sufficient;101 for more
complex systems, density functional theory (DFT) usually
gives good agreement between calculated and experimental
hyperfine coupling constants, and is economical in CPU
time.102

The principal causes of complications are as follows.

3.1 Impurities
In a mixture of compounds, electron loss occurs from the sub-
strate with the lowest ionisation energy, and the presence of a
trace of an easily ionisable impurity can give a misleading
result. For example, a trace of anthracene in phenanthrene was
apparently responsible for the incorrect identification of the
phenanthrene radical cation.27

3.2 Reaction with the medium
The reaction between the substrate and the medium may not
be limited to simple electron transfer. The use as oxidant of
aluminium chloride in a chlorocarbon solvent may introduce
Freidel–Crafts complications,e.g., Scheme 13.57

The mercuriation of arenes that can occur with mercury(II)
trifluoracetate in trifluoroacetic acid is referred to above. It is
unlikely to cause any wrong assignments if its possibility is
recognised, and it usually occurs with compounds for which
it is easy to generate radical cations by an alternative method
to check the assignment. There are not many examples of the
trifluoroacetoxylation of arenes, but confusion can result
from the fact they often show hyperfine coupling to 19F,
which may be mistaken for proton coupling. For example,
anthracene in Tl(OCOCF3)3/CF3CO3H gives the 9-trifluor-
oacetate with a(3F) 0.026 mT, and the 9,10-bis(trifluoroac-
etate) with a(6F) 0.0262 mT. 

When radical cations are generated in a Freon matrix, a
weak interaction may occur between the radical cation and the
fluorine or chlorine of the matrix molecule, leading to further
hyperfine lines in the EPR spectrum that may be confused
with proton coupling. Some examples are shown in Scheme
14.103-108This can be usually be clarified by using a different
matrix, or by the appropriate deuteriation of the substrate. 

3.3 Dimerisation and dehydrodimerisation
Radical cations S•+ sometimes form complexes, S2

•+, with their
progenitors S; the equivalent behaviour is not known for radical
anions. Sulfides and phosphines associate through a three-elec-
tron bond between the heteroatoms, and examples are shown in
Scheme 15.109–111This should cause little confusion with com-
pounds of simple structure if the possibility is recognized and the
spectra are strong, but it can cause difficulties with more com-
plex compounds such as those containing two phosphorus cen-
ters, when the association may be intra- or inter-molecular.112

Arene radical cations may form dimer (and sometimes
higher order) complexes with their parents, and these may go
on to give dehydrodimers. For example, the EPR spectrum of
monomeric benzene has not been observed in fluid solution,
but in CFCl3 at 100 K (e- irradiation) it shows a(6H) 0.43
mT.113At higher concentrations (γ-irradiation) it shows a(12H)
0.215 mT for the dimer 3,114 and in fluid trifluoroacetic acid
(mercury trifluoroacetate) at 273 K, dihydrodimerisation
occurs to give the biphenyl radical cation 4 (Scheme 16.)115

2-Alkylthiophenes form 5,5’-dehydrodimers, and 
2,5-dimethylthiophene gives the 3,3’-dehydrodimer.116

3-Alkylthiophene radical cations similarly form dimers with
their parents, but these avoid dehydrogenation and aromatisa-
tion by undergoing prototropic shifts to give cis and trans
forms of the dimers 5 (Scheme 17); these had previously been
assigned the structures of the dehydrodimers 6.116

In the arene dimers S2
•+, the unpaired electron is evenly dis-

tributed over the two units,2 and the hyperfine coupling con-
stants are approximately half those in the monomer S•+. The
tendency to form dimers, and the structures of those dimers,
are affected by steric factors. For example, whereas the
monomeric naphthalene radical cation is unknown in fluid
solution, only the monomer and not the dimer is known for
octamethylnaphthalene.2

The ESR spectrum of dimethylacetylene has been observed
in a Freon matrix when the spin orbit coupling is broken by
association with the matrix,117 but at higher temperatures,
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when the matrix softens, irreversible cycloadditive dimerisa-
tion occurs to give the tetramethylcyclobutadiene radical
cation,118 (Scheme 18) and tetra-alkylcyclobutadiene radical
cations in general can be prepared when a fluid solution of a
dialkylalkyne and aluminium chloride in dichloromethane is
photolysed (Scheme 7)62. Arylalkynes undergo a more com-
plicated dimerisation and rearrangement (see below).

3.4 Rearrangements 
Most of the wrong assignments of the EPR spectra of radical
cations have been the result of rearrangement reactions. Some
of the rearrangements are obvious from the spectral pattern,
though not always expected,e.g.Scheme 19.9

Electrocyclic ring opening reactions are common, and some
ring closing reactions are known (e.g. Scheme 20).119, 120

Some reactions involve a change in ring size, for example
methylphenylacetylene reacts with aluminium chloride by
dimerisation to give the dimethylphenylazulene 7, in which
the benzene ring has expanded into a 7-membered ring
(Scheme 21).63 Carbonyl compounds may indergo intramole-
cular hydrogen transfer to give a distonic radical cation in

which the unpaired electron and the positive charge are sepa-
rated (Scheme 21).121

Strong acids can induce the migration of alkyl groups in an
aromatic ring by reversible protiodealkylation, and this, cou-
pled with the dehydrodimerisation of aromatic rings can lead
to the formation of highly alkylated condensed polycyclic aro-
matics. Thus the radical cation of octamethylanthracene,9, is
formed when a variety of polymethylated aromatic com-
pounds such as (Me5C6)2CH2,70, 122 (Me5C6)2Sn2, or (2,4,6-
Me3C6H2)Ge2,123are treated with CF3CO2H, and the spectrum
of 9•+ has been erroneously ascribed to both to the diaryl-
methane 10•+ and to the triene 11•+.

4 Conclusion

We have reached the situation now where there is a method
available for the generation in the condensed phase of radical
cations of compounds of essentially any structure. The ionisation
energies of most p-electron substrates are low enough to permit
the radical cations to be generated in fluid solution by one or
more of the many methods that are outlined above. For com-
pounds with higher ionisation energies, the technique of γ- or X-
radiolysis in a frozen Freon or in a zeolite cavity, is available, and
these compounds can also be studied in fluid solution by the spe-
cialised technique of pulse radiolysis or laser flash photolysis
coupled with optical detection of the magnetic resonance.
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