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1 Introduction only since about 1980 that techniques have been developed that

EPR spectroscopy gives a direct insight into the electronidN@ke it possible to study the less amenable types of compound.
structure of radical ions and can provide evidence for the elecThe present situation is that a wide variety of techniques is now
tron distribution and, often quantitatively, for the various elec-available for preparing radical cations for spectroscopic studies
tronic effects by which organic chemists interpret structurethough all, at least those applying to fluid solutions, have lim-
and reactivity. The early experiments in this field, almost 50ited scope. Most of these studies continue to be by EPR as it is
years ago, provided remarkable confirmation of the predic-Sensitive and can provide so much structural information, but,
tions of Huickel molecular orbital theory. increasingly, it is being used in conjunction with UV-VIS or
As shown in Fig. 1, the electronic configuration of a radical Near-IR spectroscopye.g ref. 2) and both types of measure-
anion corresponds to that of the LUMO of the substrate Sment can be carried out simultaneously on the same sé@mple.
whereas the configuration of the radical cation corresponds tBIMR Studies are not common; the paramagnetic shift and
that of the HOMO of S, and is more directly relevant to theline-broadening of signals of nuclei in the vicinity of the
properties of molecules in their ground states, which areunpaired electron can yield the sign and magnitude of the EPR
involved in thermal reactions. hyperfine coupling constants if they are smelg(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-
LUMO ing ionisation energies or electrode potentials, and Bock has
proposed a correlation between the two scales for reactions
with AICI; in CH,CI,.5 These are of limited value, however,

1 because ionisation energies ignore the solvent, the electrode
—H ‘ potentials may be solvent dependent, and neither takes
HOMO 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; | 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
It has also become apparent that radical cations may b@ese reactions have become clear: the present situation is

involved in some reactions that were regarded previously 3Briefly reviewed, and some of the pitfalls that may accompany
being purely heterolytic, and that some reactions |nvoIV|ngi terpretation of the EPR spectra are noted
closed-shell reagents can with advantage be directed througn '

their radical cations. Much effort has therefore been put intg ]
the methodology of generating radical cations for EPR and: Experimental methods
other spectroscopic studies. Table 1 lists the principal methods, numbered sequentially, that
The radical anions of a wide variety of organic compoundsare now available for generating radical cations in liquid or
can be prepared in solution by treating the substrates, S, witgolid solution. Table 2 gives the principal classes of organic
an alkali metal (Scheme 1), but there is no equivalent genergiompounds, together with the serial number of the method,
method for generating radical cations. from Table 1, by which their radical cations have been gener-
The early studies of radical cations depended on treating thated. The abbreviation TFAH is used for trifluoroacetic acid,
substrates with concentrated sulfuric acid, or on electrochemi€F;,CO,H, and TFA for trifluoroacetate, and an asterisk after
cal oxidationt but these methods are limited in scope, and it isthe number of the technigue indicates that the reaction is usu-
ally carried out with simultaneous photolysis of the sample. The
S+M — Si+ M references have been chosen to give a guide to the techniques
(M=Na or K) 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-Bérnstein
E-mail: a.g.davies@ucl.ac.uk (1965, 1980, 1988, 1990, and due for publication in 2002).

s; &£ s € g

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 TI(TFA),

3 4-MeCgH,TI(TFA),
4 AgNO4

5 AgTFA

6 AgClO,

7 FeCl;

8 Ce(SO,),

9 Pb(TFA),

10 Pb(OCOCH,),
Lewis acids

11 BF;

12 AlICl,

13 GaCl,

14 SbClg

15 SbF;

Protic acids

16 TFAH

17 H,SO,

18 FSO;H

19 MeSO;H

Stable radicals

20 (4-BrCgH,)sN SbClg
21 (2,4-Br,CgH3)3N SbClg
22 DPPH

23 O, SbFg

24 O, AsFg

Onium salts

25 Et;0+ SbClg

26 NO+ BF,

27 NO+ PFg

28 NO+ SbClg

29 Thianthrenium+ CIO,
Halogens

30 I,

31 Br,, Cl,

32 ICI

33 PhI(TFA),
Quinones

34 DDQ

35 TCNQ

Nitro compounds

36 C(NO,),

37 N-Nitrosuccinimide
Anodic oxidation

38 Electrolysis

Electromagnetic radiation
39 X-Ray
40 Electrons

TFAH CH,CI, TFAH/FSO;H (CF;),CHOH CH,CI,/TFAH MeNO,/CF;SO;H
TFAH CH,CIl, TFAH TFAH/FSO;H (CF;),CHOH/TFAH CI(CH,);CI/CF;CO,H
(CF3),CHOH (CF;),CHOH/TFAH

MeCN Me,CO/MeCN

THF DMF

MeCN MeNO, CH,CI,

CH,Cl,

FSO;H MeCO,H

(CF3),CHOH CH,CI, CH,CI,/TFAH

CH,CI, TFAH CI,CHCO,H TFAH/CH,CI,

MeCN
CH,Cl, CH;CHCI, CI(CH,),CI CI(CH,);CI SO,
CI(CH,),CI CHF,CI MeNO, CISO;H CF;CO,H
CH,CI,
CH,ClI,
CH,ClI,

CH,Cl, CH,CI,/TFAH/(CF,C0),0
TFAH SO, MeNO,

S0, SO,CIF MeNO,
(CF5),CHOH

CH,Cl, CH,CI,/EtOH TFAH TFAH/CH,CI, TFAH/PhMe (CF;),CHOH
CH,CI,
MeNO,
CH,CI,
CHCIF,

CH,CI,

CH,Cl, TFAH/CH,CI,

MeCN PrCN MeCN/Et,0 (CF,),CHOH
CH,Cl,

CH,CI,

CH,Cl,
CH,CI,/TFAH, (CF),CHOH
(CF,),CHOH
(CF4),CHOH

TFAH TFAH/PhMe TFAH/(CF,C0),0 TFAH/MeSO,H
CH,CI,

CH,CI,/TFAH
CH,CI,/TFAH

CH,CI,
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Table 1 Methods of generating radical cations continued
In solid solution
Physical method Medium

41 y-Irradiation CFCl; CF;CCl; CCI,FCCI,F CCI,FCCIF, CCl,
C4F 1o ¢-CsF g CsFyy CoFg C-CeF 45 C-C6F44CF3
CgF14 CgF1g CF,BrCFBrCl CF,BrCF,Br s-BuCl
CH,CI, SiCl, GeCl, SFgNe

42 X-Irradiation CH,CI, CCl, CFCl; C4F,, CgF,5 CF;CCly
¢-CgF4,CF5 CCI,FCCIF, c-C4F4, PrCN squalane

43 Electron irradiation C4oDg or C14D4q in CgH4, CgHq4 c-CgHqg PhMe
MeCH,CHMeCH,Me MeCH,C(Me,)CH,Me
Me;CCMez/MeCHMeCH,CH,Me
MeCH,CHMeCH,CH,Me

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

used include mono- and poly-cyclic arefesi-, tri-, and

compound tetra-phenylene® azulenegé furans3! and pyrroles!
Substrate Method Medium Reference The mechanism of the reaction involving arenes has been
Alkanes 4 Zeolite 5 elucidated by Kocf_ﬂ? and presumably similar principles
43 Alkane 7 apply to the oxidation of other substrates (Scheme 2). The
20 Freon 8 arene (S) and mercury(ll) salt first form a charge-transfer
Alkadienes 12 CH,Cl, 9 complex, 1, and that between hexamethylbenzene and mer-
41 Freon 10 cury trifluoroacetate has been isolated, and its structure deter-
Alkenes 41 Freon 11 mined by X-ray diffraction. Photolysis then induces electron
42 Freon 12 transfer to give the radical ion pair, and back electron transfer
Alkyl ethers 41 Freon 13 . - . -
Alkyl halides 42 Freon 14 is avoided by loss of the trifluoroacetate ion from the mercury
Allenes 41 Freon 15 radical anion (Scheme 2)
Arenes 1 TFAH 16
Aryl amines 30 CH,Cl, 17
20 CH,CI 18
Aryl ethers 2 TFAH 19 S + Hg(TFA), —>  [S.Hg(TFA)]
18 MeNO, 20 1
Aryl fluorides 41 Freon 21
Arylmercury compounds 1% TFAH 22 l hv
Aryl sulphides 12 CH,Cl, 23
Azo compounds 41 CFCl, 24 CH A
21 CH,CI 25 H . + -
Azulenes 1* CH;CI; 26 S+ Ho(TFA)  TFA “« S o(TFA)2
Biaryls 2 (CF3),CHOH 27
Biphenylenes 2 TFAH 28 Scheme 2
25 CH,CI, 2 _ _ ) ) _
Cyclophanes 10 TFAH 29 When radical anions are generated by reduction with an alkali
Diazoalkanes 38 CH,CI, 30 metal, the EPR spectrum often shows hyperfine coupling to the
Furanes 16* TFAH 31 metal countercation. No equivalent hyperfine coupling between
Heterocyclic N 31 (F:rl_‘:%”l gg an organic radical cation in fluid solution and its counteranion
Heterocyclic N + S 20 CH§C|§ 31 has yet been reported, but in the above process, reaction may
12 SO, 35 occur between the first-formed radical cation and its counter
Hydrazines 27 MeCN 36 radical anion, leading to mercurideprotonation. Collapse of the
] 9 CH,Cl, 37 radical ion pair gives an alternative route to the familiar
g'rtégﬁgzirg’r‘iss i? mggr’:‘ gg Wheland intermediat&, for aromatic substitution, providing a
Phenols 18 MeNO, 20 novel, homolytic, route for mercuriation (Scheme 3).
Pyrroles 1* TFAH 31
Tetrathiofulvalenes 12 CH,CI 40 r
6 CH.Cl, 41 i g(TFA)2
38 CH,CI 42 .
Thiophenes 17* HZSZO42 31 @ * Hg(TFA)2_ -
2 TFAH 43
2
2.1 Hg(OCOCF,), | TFAH
One of the most popular methods for generating radica Hg(TFA) Hg(TFA)
cations is to treat the substrate with mercury(ll) bis(trifluorac- .
etate) [Hg(TFA)] in trifluoroacetic acid (TFAH). Very reac- + -—
tive subtrates may be oxidised in the dark, but usually
photolysis is necessary to produce a satisfactory ESR spe
trum44 Classes of compound for which this method has beer Scheme 3
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If the substrate contains a number of equivalent reactive

t — t+ + SH*
positions, progressive mercuriation may be observed, and, fo S + SH St

example, biphenylene shows first the EPR spectrum of th¢ 28H — S + SH,
biphenylene radical cation, then, sequentially, that of the

mono-, di-, tri-, and tetr@-mercuriated compounds; 45 at or

each step, the multiplet pattern from proton coupling simpli- SH + H* — SHai

fies to that of the next higher line in the Pascal’s triangle, anc

the satellites that result frod8%Hg coupling become appar- SH,t + § — SH, + S

ent, with the ratio between the hyperfine coupling constant:s
of the entering mercury and the departing proton,
al%Hg/alH, equal toca 20.5. Mercuriation also usually leads
to a decrease in theevalue, for example the radical cation of
biphenylene and its mono-, bis-, tris-, and tetrgsrifluo-
roacetoxymercury derivatives sh@2.0025, 2.0014, 2.0007,
ca2.0003, ancta 2.0003 respectivelip

Scheme 5

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 aboutggyical
substrates are hydrocarbon areriearenes with substituents

2.2 TI(OCOCF;); and 4-MeGH,TI(OCOCF ),
Thallium trifluoroacetate is a rather more powerful oxidising
agent than mercury trifluoroacetdaVith a reactive substrate

such as durene, the oxidation may occur without photolysis . .
. . o 9 9
and the mechanism of the reaction may well be similar to tha?onded through nitrogen, suffiror oxyger® thiophenes;

of mercury bis(trifluoroacetate) (Scheme 4). Thallidepro- Urans tetrathiofulvalenes; and alkynes (which give radical
tonation of the substrate, the analogue of the above mercurid&@tions of cyclobutadienés azulenes? thiophene®' or dithi-
protonation, may occur, but no ESR spectrum of the resultingtes?® depending on the components of the system).

arylthallium compound has been observed, perhaps because'ne mechanism by which the reaction, and that of other
the arylthallium compound has a higher ionisation energy thah-€Wis acids such as Bler SbC}, takes place is by no means
that of the arene. Trifluoroacetoxylation of the substrate occaclear, and it seems likely that more than one mechanism can
sionally is observed, for example the reaction with anthracen@perate. It has been suggested that, when dichloromethane is
shows the spectrum of the radical cation of the 9,10-bis(trifluthe solvent, electron transfer may take place from the substrate
oroacetate), and it is possible that this is formed through a0 the dichloromethyl cation (Scheme 6), and indeed the reac-

intermediate arylthallium bis(trifluoroacetaté). tion of a diazasilacyclopentene with aluminium chloride gives
THTFA —_ S .TTFA the corresponding radical cation and 1,1,2,2-tetra-
S + T(TFA) [ (TFAY chloroethane, which would result from the decay of the
l h dichloromethyl radical (Scheme ).
\Y

. S. TI(_I_FA) . A|C|3 + CH20|2 -— A|C|4. + CHC|2+
S+ TI(TFA TFA™ < + 3~
(TFAJ2 S + CHOl# —= Si+ CHCYy

2CHCly; — CloCHCHCI,

Scheme 4
M .
Tolylthallium(lll) bis(trif ), TOITI(TFA), will N e e&/ T AC, oLoHoHo
p-Tolylthallium is(trifluoroacetate), To wi AR & ip \ + »
oxidise arenes withee (ArH**/ArH) up to 1.6-1.7V (NHIE IF""’S’\)\C'\ﬂea ’ r"’S'\)\CMeS

and in TFAH, gives radical cations that are longer lived than
those generated from TI(TFA3° Scheme 6
Hexafluoroisopropyl alcohol, (GFCHOH (HFPA), has a

low nucleophilicity towards radical cations, and is a particu- However, radical cations can also be generated with;AICI

larly good solvent for generating radical cations with strong,in nitromethane, sulfur dioxide, or TFAH where such a mech-

persistent, EPR spectra, with Hg(TBA) TI(TFA),, anism seems to be less likely. Under some conditions, adven-

TolTI(TFA),, halogens, or PhI(TFA)s oxidising agen: 52 titious hydrolysis may give HCI which could oxidise the
substrate by the protic acid mechanism described above, or a

2.3 Protic acids direct reaction between the AlChnd the substrate could
Solutions of many arenes, aryl eth&guinols20 cyclopenta-  occur. This latter mechanism seems possible in the generation
dienesx* furans$! or thiophene¥ in strong acids (560, of tetra-alkylcyclobutadiene radical cations from dialkynes

FSOH, , CRSG;H, TFAH, CCLCOH etc.) show the EPR  and AICk. A cyclobutadiene-AlGlcomplex, which can some-
spectra of the corresponding radical cations, and the intensitimes be isolated, is first formédthen photolysis generates

of the spectra are enhanced by photolysis. the radical cation (Scheme ¢2) 67
The mechanism of the oxidation involves electron transfer

from the substrate (S) to the protonated substrate (SH) to gel

erate 8" and SH (Scheme 5%4-56The neutral radical goes on R
to form the dihydride SH either by disproportionation or by ,o~ ~o AlCls hv -
further protonation and electron transfer, and Kochi has showi CH,Clp - +
that 2,2-biadamantane can be isolated from the oxidation of R R

adamantylideneadamantane in trifluoromethanesulfonic
acids6 Scheme 7



J. CHEM. RESEARCH (S), 2001 257

2.5 Tetranitromethane andN-nitrosuccinimide The method has been applied to compounds of a wide range

Tetranitromethane has not yet been widely used for generatingf structures, including aromatic amiriéghosphines? dia-

radical cations, but the reaction mechanism seems to be wetlbalkane$? nitrosoarened? carotinoids8® azoalkane$!

established. In HFPA as solvent, a charge-transfer complex is firstycloalkene$2 pagodane8 and tetrathiofulvalenes.

formed between the substrate and C{)Q@hen irradiation into

its absorption band gives the substrate radical cation, the trin.9 y-Irradiation in freons

tromethyl anion, and nitrogen dioxide (Schemégpresumably ~ The techniques that are described above are ineffective for

N-nitrosuccinimide operates in an analogous mafiner. 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 (fluorohalogenocarbdts¥>A solu-

tion of the substrate, typically 3¥M, in the Freon€.9.CFCL

or CFCLCF,CI) at 77K is irradiated witly-rays from &9Co

2.6 Halogens source. The spectra can be studied up to the softening point of

The halogens and positive halogen compounds have not begRe matrix which is about 120-160 K. The hydrogen

widely used because they often lead to halogenation of th@nisotropy is neither averaged out as it is in fluid solution, nor

substrate, but with hexafluoroisopropyl alcohol as the solventresplved as it is in a crystal, and the lines are typically

the rate of the reaction between the radical cation and nucley, 2—0.5 mT broad.

ophilic halide ion is drastically reduced, and the EPR spec- The technique can be applied to essentially any substrate

trum of the radical cation can be observed (Scheme 9). Undgith an ionisation energy below that of the Freon, which is ca.

these conditions, ICl,|Cl,, Br,, andN-bromo- andN-chloro- 11 eV, and it has been applied extensively to alkénes,

succinimide will oxidise arenes, aromatic ethers, and aminegycloalkane$s 87alkenes8 etherst3 alkyl halidest4 carbonyl

with E° (ArH'+/ArH) 31.6, 15, 13, 11, 15, and 1.2 VS( Compound§,9 nitroso Compound%ﬁ azo Compoundgq

Ag/AgCI) respectivly.70 imines?9! arene$? heteroaromatic® organometallic§4 and
compounds of P2 S9 and Te?”

S + C(NO2s —= [S.CINOJ - S3 .NO, ‘C(NO)s

Scheme 8

S + X2 I S‘;- X X y
S_;_ + X = SX CFC|3 -_— CFC|3-;' + €
CFCl;+ + § — CFClz + S+

Scheme 9
- - _ e FCl; — CFCly — CFClz + F
Phenyliodine(lll) bis(trifluoroacetate), Phl(TF4A)is a + CFCls 8 2
stronger oxidant with an oxidizing power similar to that of
TI(TFA),, and in HFPA will generate the radical cations from Scheme 12

arenes with E(ArH"*/ArH) <2.1V (ysAg/AgCl) .71 72 The gamma ray interacts with the Freon give the Freon rad-
. . ical cation with the ejection of an electron. The substrate S
2.7 ArgN™ radical cations . o transfers an electron to the Freon radical cation to give S
The ”trlaryla_lmlnu_Jm radical cations (4-Bgi,)N™* (‘magic which is observed, and the electron is captured by the matrix
blue”, -which “is commercially available) and (2,4~ yhich then loses a halide ion to leave a neutral matrix-derived
Br,CsHaz)N™* (‘magic green”) form stable crystalline hexa- a4ical in which thésF anisotropy is large enough to broaden
chloroantimonate salts with °E(ArsN™/ArgN) 1.30 and 6 gpectrum beyond detection (Scheme 12). The problem of

1.74V (S.H.E) respectively, in MeCN.In solution, they  ihe |arge EPR line width can be overcome by the use of
undergo single electron transfer from substrates with a IowegNDOR spectroscopff

electrode potential (Scheme 10), and they have been use
though not very widely, in EPR studies of long-lived radical 2 10 Zeolites

cations such as those of areffeazulene$? aryl amines®  The intrinsic acidity of some zeolites such as HZSM-5 or H-

ethers’s azo compound8 and diazoalkane¥. mordenite is sufficient to oxidise a suitable adsorbate into its
radical cation; otherwise the radical cations can be generated in
Ar3N-'+ + S — AN + Si the zeolite by radiolysi® 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
2.8 Anodic oxidation . . bimolecular reactions can be excluded, or can be studied.

EPR studies of radical cations generated by anodic oxidation 1 acidity of the zeolite can be varied by controlling the
(Scheme 11) are usually carried out in association with eIGCSiOZIAIZOS ratio, and Roduner has given evidence that the
trochemical studies. The design of a suitable EPR cell has beefyiye sites in dealuminated mordenite are the Lewis acid sites
desribed by Ohya-Nishiguchiand one for simultaneous elec- sgqciated with extra-framework alumi@Silica gels have

trochemical and electron spin resonance (SEESR) studies Byisq peen used as the medium, but then radiolysis is need to
Bond/8 Typically, the solvent is dichloromethane and the elec-g4¢act the electron transfer.

trolyte is tetrabutylammonium tetrafluoroborate, and measure-
ments are carried out between 130 K and room temperature.

Scheme 10

3 Some complicating factors

S anode Ss EPR Spectra can usuall_y be assigned _unambiguously to a par-
- O+ ticular radical, but the literature contains many examples of
incorrect interpretations.

Scheme 11
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Theoretical calculations provide the first check for identify-
ing a radical. For simplatconjugated systems, Huckel-
McLachlan calculations are usually sufficiéft;for more
complex systems, density functional theory (DFT) usually
gives good agreement between calculated and experiment
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
trace of an easily ionisable impurity can give a misleading
result. For example, a trace of anthracene in phenanthrene w
apparently responsible for the incorrect identification of the
phenanthrene radical catigh.

3.2 Reaction with the medium

The reaction between the substrate and the medium may n
be limited to simple electron transfer. The use as oxidant o
aluminium chloride in a chlorocarbon solvent may introduce
Freidel-Crafts complications,g, Scheme 137

CHg CHs D CHg+
AlCl3
e D
Ha HyD CHs
Scheme 13

The mercuriation of arenes that can occur with mercury(ll)
trifluoracetate in trifluoroacetic acid is referred to above. It is
unlikely to cause any wrong assignments if its possibility is

(CeDs)2Hgi---CICFCly

a(35c) 1.86 miT

(PhCHg)oHgs--FCCl,
a(19F) 4.97 mT

D,C-CP2

-FCCl
Dz¢~c D;Oi 3

a(19F) 0.9-1.2mT

{MeQ)3P=04-CICFCl,
a(35¢) 8.4 mT

H.CgH
CHgCHoBr} --CICFCl, thC:I\(g Cehs
a(35¢l) 2.97 mT FCClg
a(1%rm o.omT
Scheme 14
Me,S —= MeS; —— MesS..SMeot

a(6H) 2.04 mT a(12H) 0.65 mT

MesP
MegP; ——

MeP — MesP...PMest
a(9H) 1.15mT a(18H) 0.33 mT
a(1P) 38.5 mT a(2P) 50.3 mT

Scheme 15

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 CFC} at 100 K (e irradiation) it showsa(6H) 0.43
mT.13At higher concentrationg-{rradiation) it shows(12H)
0.215 mT for the dime8,114 and in fluid trifluoroacetic acid
(mercury trifluoroacetate) at 273 K, dihydrodimerisation
occurs to give the biphenyl radical catibiScheme 1615

2-Alkylthiophenes form 5/5dehydrodimers, and

recognised, and it usually occurs with compounds for which, 5-dimethylthiophene gives the 3@ehydrodimefi6

itis easy to generate radical cations by an alternative methogl jkylthiophene radical cations similarly form dimers with
to check the assignment. There are not many examples of thReir parents, but these avoid dehydrogenation and aromatisa-

trifluoroacetoxylation of arenes, but confusion can result
from the fact they often show hyperfine coupling £,
which may be mistaken for proton coupling. For example,
anthracene in TI(OCOGR/CFCO;H gives the 9-trifluor-
oacetate witha(3F) 0.026 mT, and the 9,10-bis(trifluoroac-
etate) witha(6F) 0.0262 mT.

When radical cations are generated in a Freon matrix, i
weak interaction may occur between the radical cation and th
fluorine or chlorine of the matrix molecule, leading to further
hyperfine lines in the EPR spectrum that may be confuses
with proton coupling. Some examples are shown in Schem
14103-108Thijs can be usually be clarified by using a different
matrix, or by the appropriate deuteriation of the substrate.

tion by undergoing prototropic shifts to giwés and trans
forms of the dimer§ (Scheme 17); these had previously been
assigned the structures of the dehydrodirfeis

O —-O—Q—- 00

2

3 4
a(6H) 0.43 a(12H) 0.215 a(4Hg) 0.315 mT
a(4Hyp) 0.051
a(2Hp) 0.630
Scheme 16

In the arene dimers,S3, the unpaired electron is evenly dis-

3.3 Dimerisation and dehydrodimerisation . . ; :
Radical cations ‘S sometimes form complexes,”S with their tributed over the two unitsand the hyperfine coupling con-
=2 tants are approximately half those in the monomerTe

progenitors S; the equivalent behaviour is not known for radica; endency to form dimers, and the structures of those dimers,

anions. Sulfides and phosphines associate through a three-elege affected by steric factors. For example, whereas the
tron bond between the heteroatoms, and examples are shownrifonomeric naphthalene radical cation is unknown in fluid

Scheme 1399-111This should cause little confusion with com- solution, only the monomer and not the dimer is known for
pounds of simple structure if the possibility is recognized and th@ctamethylnaphthalerfe.

spectra are strong, but it can cause difficulties with more com- The ESR spectrum of dimethylacetylene has been observed
plex compounds such as those containing two phosphorus celfl @ Freon matrix when the spin orbit coupling is broken by
ters, when the association may be intra- or inter-moletilar, ~ association with the matrb&/ but at higher temperatures,
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which the unpaired electron and the positive charge are sepa-

6 rated (Scheme 2131
Scheme 17 . Me
+
AlCl OQ e
when the matrix softens, irreversible cycloadditive dimerisa- 2@‘%'\49 m’
tion occurs to give the tetramethylcyclobutadiene radical
cation}18 (Scheme 18) and tetra-alkylcyclobutadiene radical 7 O

cations in general can be prepared when a fluid solution of a

dialkylalkyne and aluminium chloride in dichloromethane is " .
photolysed (Scheme ) Arylalkynes undergo a more com- CHzCH=0 RO CHsCH=0; — -CH,CH=0OH
plicated dimerisation and rearrangement (see below).

Scheme 21
Y C=CCH.:
CHyC=CCH;  cracr,a CHzG=CCHs Strong acids can induce the migration of alkyl groups in an
77K a(6H) 2.16 mT 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-

CHeC=CCH, l 105K matics. Thus the radical cation of octamethylanthracgns,
formed when a variety of polymethylated aromatic com-
CHs 3 CHs pounds such as (M&),CH,,7% 122 (Me.Cq),SM, or (2,4,6-
Me;CgH,)Ge,,123are treated with CJEO,H, and the spectrum
CH CHg of 9* has been erroneously ascribed to both to the diaryl-
methanelO+ and to the triené1°+.
a(12H) 0.870 mT

Me Me Me Me

Scheme 18 Me
>>_—<_§ TFAH
M e — >
3.4 Rearrangements Me
Most of the wrong assignments of the EPR spectra of radical M e M e

cations have been the result of rearrangement reactions. Some
of the rearrangements are obvious from the spectral pattern,

though not always expecteglg. Scheme 19. Me Me Me Me’L M + o
M e
A, Me Me + M . M . Mme
Me3CC=CCMe; Gray” M\ Me 10 1
M e

a(6H) 1.055 mT Scheme 22

a(6H) 1.07 mT
a(6H) 0.42 mT

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

Electrocyclic ring opening reactions are common, and somé&nergies of most p-electron substrates are low enough to permit
ring closing reactions are knowe.§ Scheme 20y, 120 the radical cations to be generated in qu_|d solution by one or

Some reactions involve a change in ring size, for examplénore of the many methods that are outlined above. For com-
methylphenylacetylene reacts with aluminium chloride by Pounds with higher ionisation energies, the techniqyeafX-
dimerisation to give the dimethylphenylazulenein which radiolysis in a frozen Freon or in a zeolite cavity, is available, and
the benzene ring has expanded into a 7-membered rinthese compounds can also be studied in fluid solution by the spe-
(Scheme 2193 Carbonyl compounds may indergo intramole- cialised technique of pulse radiolysis or laser flash photolysis
cular hydrogen transfer to give a distonic radical cation incoupled with optical detection of the magnetic resonance.

Scheme 19
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