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ABSTRACT

The work reported in this thesis started from an 
investigation of the types of reactions occuring during the 

autoxidations of hydroquinones and quinones in alkaline solution»

The free radical intermediates were identified by means of their 
E.S.R.spectra.

In dilute alkali the primary radicals were observed, but 
in stronger alkali the spectra obtained corresponded to hydroxylated 

'secondary radicals' which were characterised by producing identical 
spectra in the alkaline autoxidation of 1,2,4- Triacetoxybenzene 

derivatives. In some cases different isomeric radicals were 

obtained in different solvents.

Added hydrogen peroxide had no apparent effect on the 
course of the reaction and the ease of formation of the secondary 
radicals seemed to depend on the concentration of the alkali and 

the presence of a fairly sterically unhindered site in the 

quinonoid ring. The adduct 1 is suggested as the intermediate

CH-
"7

OH
o-'X



II

in the formation of the secondary radical II, which is shown 
to be capable of reducing excess quinone back to the primary 

radical»

When the quinonoid ring is free of bulky substituents, 

"tertiary radicals' are often observed under certain conditions, 
and these appear to arise from coupling through carbon at some 

stage of the reaction sequence.

The coupling constants of the primary radicals containing 

a wide range of substituents ( X= alkyl, OMe, Cl etc. ) show 
that the semiquinone ring splittings appear to depend on the 
electron-releasing ability of X and on its steric bulk. The 
electron-releasing effect influences the spin densities ortho 

and para to the substituent, while spin densities meta to X 
are affected mainly by the steric interaction between X and 
the adjacent carbonyl group. The splittings in the secondary 
radicals also show these trends.

The study of the hyperfine splittings in a wide range of 
Para-substituted Arylsemiquinones appears to show the effects of 

varying the electron-donating ability of the substituent exclus

ively. The splittings of semiquinone ring protons ortho to the 

substituent are decreased by more electron-releasing groups while 
those para are increased.. The me ta proton splittings Eire fairly 

independent of the para-substituent in the aryl group.

The observation of aryl group splittings in arylsemiquinones 

led on to a general study of the effects of changing the dihedral



Ill

angle between the two rings. The aryl group splittings Eire 

found to vary in different ways for ortho, meta and para protons 

on increasing the dihedral angle by the addition of bulky ortho 

substituents» The variation of the splittings can be rationalised 

by considering the two possible mechanisms by which spin density 

can be transferred from the semiquinone ring to the aryl ring.

The Tc-delocalisation mechanismC important at low values of the 

dihedral angle) and(y-spin delocalisation (important as © 
approaches 90°), treated sep^ately, account quite well for the 
variation of the splittings for protons and other groups (Me, F,) 

at the various positions in the aryl ring»
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PART I

INTRODUCTION

1. HISTORICAL

Early interest in the autoxidation reactions of hydro-
ouinones arose from their use, along with other hydroxy-

1 2benzenes, as photographic developing agents ’ . More 
recently, attention has been drawn to many biologically 
important chemicals belonging to the quinonoid class of 
compounds^, notably the vitamins E and K, and there is 
evidence to suggest that their role in the body arises from 

participation in oxidation processes^.

The hydroquinone-quinone redox system has received a 
great deal of attention^’ , and it has been established
that the autoxidation of hydroquinone in alkaline media

{ 5involves the dianon of hydroquinone I'̂  and produces quinone
III and hydrogen peroxide . The semiquinone intermediate

7radical-ion II was first postulated by Kichaelis and has
q

since been observed by Electron Spin Resonance Spectroscopy.
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It v/as obvious, however, to the early workers, that 
the complete autoxidation process was highly complex, 
involving many secondary reactions, and the kinetics were 
far from simple. The quinone ring v/as shown to be suscep
tible to attack by nucleophiles present in the solution^

? 9and notably, hydroxylation products have been isolated 
It was suggested^ that hydroxyl ion attack on the quinone 
occured producing the semiquinone of trihydroxybenzene IV 

which was then susceptible to further oxidation to the 
hydroxyquinone V.

O' O
O - O -

CdD

0 - O

The autoxidation is further complicated by coupling 
reactions^^, to which phenolic compounds are particularly 

susceptible. Humic acids, polymeric products of general



formula ( C ^ been isolated^^ on prolonged oxid

ation of hydroquinone and a variety of products due to
coupling through oxygen and carbon have been obtained in

12 'small amounts by Musso

Further information on the later stages of hydroquinone 
autoxidation have been afforded by studies on trihydroxy- 
benzenes^^’ Hydroxylation and coupling reactions were 

observed, as well as the formation of cyclopentane deriv

atives by reaction of the hydroxyquinones wdth hydrogen 
peroxide formed in the early stages of the reaction.

The work reported in this thesis stems from an attempt 
to use the technique of electron spin resonance spectroscopy 
to investigate the autoxidations of hydroquinones and 
quinones. Methods which rely on identifying reaction 
products, meet some difficulty due to the very large number 
of species formed and the ’consecutive’ nature, of the 

reactions involved, Kinetic studies are complicated for the 

same reasons. Such difficulties are partially overcome by 

observing free radical intermediates under varying conditions, 

and at various stages of the reaction, where more or less 

pure spectra of these intermediates can often be obtained.

The technique of F.S.R. spectroscopy has been of some 
use in following the course of certain autoxidations of 
this kind, but before these are discussed it was thought 
necessary to give a brief outline of the relevant theory



and background of the technique, especially v/ith regard to 

the aromatic-type radicals involved in this study.

2. GENERAL THFOPY OF E.S.R. SPFCTPOSCOPY

If the electron is considered as a spinning charged 
body it has an associated magnetic moment, and since the 
spin quantum number can take values of - %, the magnetic 
moment may be aligned either parallel or antiparallel to 
an applied field. These two orientations are associated 

with different energies, the energy difference being prop
ortional to the strength of the applied field.

The energy difference E is given by:

E= gBgH
where:

H = magnetic field strength 
Bg= Bohr Magneton
g = gyromagnetic ratio, dependent on the coupling 

between the spin and orbital moments of the 
electron.

In the case of organic radicals 'g’ is close to the 

value for a free electron, i.e. g^ = 2.0023.

The e.g.s. unit of magnetic field (Gauss) is used



throughout this thesis but a much used unit now in the S.I, 

system is the 'tesla' or millitesla, v/here ImT = 10 Gauss.

The frequency of radiation required to induce trans

itions between the two energy levels is given by the quantum 
relation;

hv = gBgR.

The population of the two energy levels is given by 
the Boltzmann distribution i.e.

n^

where n^ and n^ refer to the numbers in the lower and upper 
levels respectively. The probability of an absorption 

increases v/ith the number of electrons in the lower level 
and hence the intensity of absorption is favoured by high 
fields*and frequencies. Practical difficulties of handling 
high frequencies have limited sensitivity and led to the 

general use of fields of about 3000 Gauss and microwave 

radiation of about 3cm wavelength. The resulting absorption 

under these conditions is called Electron Spin Resonance 

(E.S.R.).

Interaction of the electron with nuclei in the radical 

which have non-zero spin leads to-the phenomenon of 'hyper- 
fine structure'. The single absorption line is replaced by 

a number of lines depending on the nuclear spin. In an



applied field the nuclear magnetic moment can be aligned in

a variety of ways, the number being 2n+l, where n is the
nuclear spin. The field experienced by the electron is
therefore modified and the electron energy levels are each
split into 2n+l components. The nuclear spin remains

#
unchanged during emission and absorption with the result 
that the single absorption line is replaced by 2n+l lines. 
For the hydrogen atom a doublet is obtained, the separation 
of the lines being known as the 'hyperfine splitting'. The 
splitting is normally measured in units of magnetic field, 

in Gauss, since the magnetic field is scanned at a fixed 

frequency in most instruments.

Just as the coupling of an odd electron with a proton 
gives rise to two energy levels, one associated with - 
and the other with p  - spin of the proton, so with two 
protons there are four energy levels corresponding to spins 
oCcU, > p ^  > oL p  and . If the protons couple eoually,
then the energy levels for oC ̂  • and j3oC will be degenerate. 
TTnder the conditions of observation oC - and - spins 

have virtually equal probabilities and so the absorption 

pattern is three equally spaced lines of intensities 1:2:1 .
I f and are not degenerate (i.e. unequal coupling

of the two protons) then four lines of equal intensity are 
obtained.

In general coupling with n^ protons of type 1, n^ 
protons of type 2 ...........  gives rise to ( n^+1) ( n^+l)



lines, some of which may overlap.

There are two mechanisms which give rise to hyperfine 

structure in organic radicals, an isotropic and an aniso
tropic mechanism. Isotropic splitting arises when there is 
a finite probability of the electron b’eing found at the nucleus 
in question. This is only true when the orbital occupied by 
the electron has some s-character. The isotropic hyperfine 
interaction is'independent of the orientation of the radical; 
on the other hand the anisotropic coupling is critically 

dependent on the positions of the electron and the nucleus 
relative to the applied field. Anisotropic coupling is 
important when that part of the radical containing the 
magnetic nucleus is fixed in a particular orientation, for 
example in the solid state, but in solution the rapid 
tumbling and rotation of the radicals averages the aniso
tropic part to zero and* the observed splitting is due to the 
isotropic interaction.

Hyperfine coupling occurs not only with nuclei around 
which the electron is delocalised but also v/ith neighbouring 

nuclei. For example aromatic protons in the semiquinone
Q

radical lie in the nodal plane of the IT- orbitals embracing 

the carbon and oxygen atoms in which the odd elctron is 
delocalised.
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Out of plane C-H vibrations are too small to account
p

for the observed splitting of ca. 2.4 Gauss . A solution 
to the problem came from a consideration of ’ configurational 
interaction’ , or a mixing of the TI - and cr" - 
systems.

I I
Considering the example of a ^C-TI fragment of am 

aromatic radical, the spin states I and II normally have 
equal weightings. However if interaction between the TC - 
and (7“ - systems is allowed then I has a slightly greater 
probability than II (a modification of Fund’s rule) and 
there is a net unpaired negative spin density in the s- 

orbital of the proton. The C-H bond is sâ\à to be 'spin 
polarised’. The observed hyperfine splitting is given 

approximately by ^ where ’ ^ ’ is the odd-electron



density on the carbon atom and »Q ’ is a negative constant 

in the region of 20-30 Gauss.

Hyperfine coupling is also observed vd.th nuclei even
further away from the 'site' of the odd electron. In
methylsemiouinone, for example, the observed splitting
from the methyl group is about the same as those of the 

21aromatic protons . This has been attributed to hyper- 
17conjugation , and a valence bond picture of this is given 

below.

O' 0 0
C HCH

o- 0- o-

CH_2 H*.

"Hhe hyperconjugation mechanism has been shown to

account for the large (9 - proton splittings in alkyl 
22 2"5radicals ' The observed splitting is again given by

e 22 n *Q , where P is the odd electron density on the o< - 
carbon, and Q_ is a 'positive' constant in the region of 28 

Gauss, since the spin associated with the protons is the same 

as the total spin of the radical.

The E.S.H. spectra of radicals such as I and II
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imply that hyperconjugation can occur with groups other
26than hydrogen : i.e.

CR. -CR, R- etc.

The effect of coupling with ^  - protons is angular 

dependent and determined to some extent by the conformation 
of the radical^^'25,26^ Further examples of this effect will 

be described and discussed later in this thesis.

Other magnetic nuclei frequently met in organic radicals 
are the halogens and nitrogen. Of the halogens fluorine 
(spin 1/ 2) and chlorine; (spin 3/ 2) are the most common. 
Chlorine splits the electron resonance line into four lines 
of equal intensity and nitrogen three lines. In general, 
for a nucleus of spin I, 21+1 lines are obtained.
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PREVIOUS E.S.P. STUDIES OF SOME AUTOXIDATION REACTIONS

Semiquinones were among the first radicals to be 
studied by E.S.P. spectroscopy because they are easily 
produced and can generally be obtained in relatively high 
concentrations. The observation of hyperfine splitting ■

g
from the four equivalent protons of the semiquinone radical 

led to a great deal of interest in these types of radicals.
A vn.de range of para-semiquinones^^' 24,27-34 ^^ve since 

been studied by E.S.P. spectroscopy, the main attention 
being focussed on the distribution of the odd electron 
around the aromatic ring. Alkylated semiquinones have 
provided data for testing theories of hyperconjugation and 
spin polarisation and molecular orbital calculations have 
been performed, vn.th some success, on the system^^ .

The variation of the splitting constants of aromatic hydro
gens iM.th methyl and chlorine substituents was shown to obey

27a nearly additive relation , but this does not seem to hold 

for all substituents, e.g. tert. butyl.

As well as the para-semiquinones, a host of similar 
radicals have been investigated by E.S.P. The closely 
related ortho-semi quinones j24,28,29,36 the semiquinones 

of 1, 2, A-trihydroxybenzene 11 *̂̂ , and pyrogallol III^^' " ̂  
have been studied in some detail.
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The equilibrium between the semiquinone anion and
%-z,protonated forms has been studied by Carrington et al 

and the effects of solvent^^*^^ and ion-association^^ have 
been investigated for these types of radicals. In anhydrous 
solvents, for example tertiary butanol, the spectra of 
simple semiquinones are very dependent on any cations 
present-'^ . The spectra have been interpreted in terms of 
an equilibrium between the tightly bound ion-pair I and the 
free,.or at most weakly associated, radical anion II. In

+ -

I It
aqueous sovents, the variation of the coupling constants 
with ions present in the solution is small due to the pres
ence of a solvent sheath around the ions.
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Certain radicals related to the semiquinones, aryloxy 
radicals^^ and meta-semiquinones^^, have received less 
attention due to their instability. Flow systems are 
required for their observation and the spectra obtained 
are often very poor, making them less suitable for theor

etical treatments.

The formation of semiquinone radical-ions is, however, 

only the initial step in the autoxidation of dihydric
o

phenols and during the first observation of para-semiquinone 

certain additional lines were observed as well as the 
expected five-line spectrum. This observation could only ' 
be explained by the formation of secondary radicals involved 
in a later stage of the autoxidation process. It was. 
suggested that the secondary radicals may be intermediates 
in the formation of the hydroxyquinones.

"50During a study of halogenated semiquinones , Anderson 
et al obtained many spectra which were clearly not due to 

the primary radicals. They also noticed that these spectra 
were often independent of the nature of the halogen substit

uent. They suggested that loss of halogen from the quinone 
ring must have occured and polymerisation resulted in 
products of the type I, II and III.



u
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II III

This suggestion v/as, however, purely speculative, and 

no attempt- was made to reproduce the spectra they obtained 

by preparing the polymeric products.

It was later shovm^^, in fact, that many of the spectra 
obtai^ned by Anderson v/ere not due to polymeric radicals but 

were formed by attack of alkoxyl ions present in the alcoholic 
solutions they had used. Wertz et al prepared 2,5 dialkoxy - 
quinones IV which on reduction gave the semiquinones V,

O

OR

O
IV

O'

OR OR

OR
O '

P = Me, Et.

V
and the spectra were identical to some of those ascribed to
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the dimers I, II and III. The aromatic proton splittings 

v/ere considerably reduced by the presence of the alkoxyl 

groups in the semiouinone ring ( ca. 0.3G as compared to ca. 

2.40G in unsubstituted semiquinone) and this fact had led 

Anderson to believe the odd electron in the radicals he 
observed must be spread over more than one ring.

A systematic study of ortho-semiquinones has been 
carried out by E.S.P. spectroscopy*^^ and a number of 
secondary radicals have been observed after the disappearance 
of the primary spectrum. Catechol and substituted o.atechols 
v/ere autoxidised in alkaline dimethylformamide and hydroxl- 
ated radicals were observed as well as the primary ortho- 
semiquinones. It v/as suggested that attack by hydroxyl ions 
on the quinone I resulted in either the formation of pyrog
allol semiquinones II (X=CÏÏO, COMe) or semiquinones III of
1,2,4-trihydroxybenzene (X=Alkyl).

O O'

X

O'
0 o-

0-

XX

II III

Their mechanism for the formation of the trihydroxy-
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benzene derivatives was esentd ally similar to that given
oby Eigen and fiatthiesr.

Stone and Waters obtained no hydroxylated radical 
from catechol itself, however, but obtained instead a 
spectrum which they showed to be due to the dimeric radical 

IV.

H
0

0-0
H

IV

The quinone of IV was prepared by an unambiguous 
method and on reduction gave a simple triplet spectrum 

(1:2:1, 0.64G) identical to that observed during the alkaline 
autoxidation of catechol.

More recently, the autoxidation of 2-tert. butylhydro- 

quinone has been investigated in strongly alkaline alcoholic 

solution^^ and the radical V has been observed along with the 
primary radical VI.
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Radical V was presumed to be formed by alkoxyl ion 
attack on the quinone formed in the initial oxidation steps.

A systematic study of the autoxidation reactions of 
hydroquinones has not however, as yet, been undertaken or 

accomplished by means of E.S.R. spectroscopy; although in 
the light of previous work the technique appears highly 
suitable. The work reported in this thesis began as an 
attempt to elucidate the apparent variety of reactions 
occuring in these systems. The investigation led on to a 
more general study of the radicals observed, interesting 
both from the point of view of the mechanism of their 

formation and from the trends in their coupling constatées.
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■Pi.raTre 1 • Primar^f radical from Hydroquinone,

-
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Piyare 2. Primary radical from Methylhydroqr.inone.
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4 . INITIAI. STUDY OF TïïP ATTn^QVTT^A^TON OF qiKPLP
ÏÏYDPOQÏÏINONES.

The first experiments were carried out using hydro- 

quinone and methylhydroquinone under varying conditions of 
autoxidation. It was found that by changing the dlkalinity 

and the nature of the solvent, different radicals could be 
observed corresponding to various stages of the autoxidation.

HYDPOQUII^NE:

When a dilute aqueous solution of hydroquinone (ca. 

O.OIM) was made slightly alkaline by addition of a little l$c 
sodium hydroxide solution a deep yellow colour was obtained, 
and.thé solution gave rise to a strong E.S.R. absorption.

The five line spectrum (fig.l) was that of the unsubstituted 

semiquinone radical-anion and the coupling constant of the 

four equivalent protons, 2.370, is consistent with its
o

previous observation . That it is the primary oxidation 

product was confirmed by its observation in fast flow 

systems, ca.0.01 sec. after mixing solutions of hydroquinone 
and alkali. The best spectra of this primary radical were 

obtained with 50% ethanol as solvent, alcohol stabilising the 
radical, and it can be observed for up to a few hours under 

these conditions in a static system.



F i 1. Secondaî /' radical B 
from Methylhydronrinone,

Fi cm-rn A. Recondar^f radical A from Methylhj'-dronin'.none 
in 50!̂''. an. FtOH.
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In aqueous solutions of hydroquincne containing more 

sodium hydroxide the primary radical was less stable, the 
solutions eventually showing no signs of any definite 
radical species. In solutions containing 10% alkali some 
fairly simple spectra were obtained, but no definite conc

lusions as to their interpretation were possible at this 
stage, except to suggest that they were probably due to 
radicals formed by polymerisation. The formation and nature 

of these radicals is treated in more detail later in this 
thesis.

MFTïïYLïïyDPOQTTINONE

The 28-line spectrum obtained from methylhydroquinone 
in dilute alkaline solution ( ̂ 0% aqueous ethanol) is shov.m in 
fig. 2. It is clearly due to the methylsemiquinone radical 
ion; the coupling constants, 2.61G, 2.41G, 2.12G (Me fj

ouartet) and 1.76G agree closely v/ith those of previous
21 27 "observations ’ , In aqueous solutions of methylhydro

quinone containing up to about 2?o NaOH, the E.S.R. spectrum 
obtained was due solely to the primary radical. Increasing 
the alkalinity even further produced fairly complex spectra 
due to the primary radical and other radical species, and 
these spectra changed fairly rapidly vd_th time. However, 
in ^  NaOH the spectrum obtained (fig. 3) was clearly due to 
a single radical with one less ring proton than the primary 

radical. The coupling constants 4.98G, 1.34G (Me quartet)
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and O.6OG are very different from those in methylsemiquinone,! 
and are consistent v/ith the semiquinone of 6-methyl,
1 ,2,4-trihydroxybenzene.

O'
0-

0 -

In strongly alkaline solutions of methylhydroquinone 
containing 50% ethanol a different secondary radical v/as 
observed (fig.4). The coupling constants, 5-12G (Me quartet), 

0.690 and 0.580 are those of the semiquinone of 5-^ethyl,
1 ,2,4-trihydroxybenzene^previously observed in other 
r eactions^^’ In aqueous dim ethyl form ami de a mixture of 

radicals I and II was observed (fig.5) illustrating the 
influence of the solvent on the formation and stabilities 

of the tv/o secondary radicals.

These preliminary experiments led on to a more general 

study of the radicals obtained in solutions of hydroquinone 

and simply substituted hydroquinones. The first group 

studied contained mainly alkyl substituents and these are 

described in part II of this thesis. Quinones have been 

included in the study since they form a separate starting
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point in the autoxidation process, and in certain cases gave 
spectra which were not obtainable from the corresponding 
hydroquinone.



22

PART II

5. RADICALS FORMED IN mpy ATTTOXIDATTQ^j q f  ALKTL- 

SIJPSTITÜTED HYDROQUI^TONPS AND QTIINQNPS.

The second part of this thesis deals mainly v/ith' 
hydroquinones and quinones containing one or more alkyl 
substituents. The initial experiments v/ith hydroquinone 
and methylhydroquinone have been discussed previously in 
Part I, and the technique of observing the free radical 
intermediates formed under varying conditions of autoxidation 
has been applied to further members of the series. Primary, 
secondary and^in some cases, tertiary radicals have been 
identified by E.S.R. Spectroscopy and these intermediates 
appear to correspond to successive stages of the autcridatiai 
nrocess.
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T^rimary radicals

These radicals are the initial oxidation products of 

hydroquinones and are observed in mildly alkaline solutions. 

They may be obtained by flow methods or in a static system, 
the latter generally producing the most well-resolved 

spectra. It was found that the best way of obtaining good 
spectra of the primary radicals was as follows:

To a ca. O.OlM solution of the hydroquinone in 50% 
aqueous ethanol, a few drops of 1% NaOH were added. The 
resulting solution was transferred to an aqueous cell and 
the spectrum recorded immediately.

Hnder these conditions a steady concentration of the 

primary radical was normally maintained for a considerable 
time, ‘often several hours, the solution being stabilised by 

the presence of alcohol.' Primary radicals were also observed
Qin mildly alkaline solutions of the corresponding quinones , 

a rather curious result, since the formation of semiquinones 
in this case involves a reduction of the quinone. The spectra 
were not so stable, however, and the primary radical was 

often contaminated with other radical species; generally 
the method was not satisfactory for obtaining good spectra.
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Secondary radicals

In general secondary radicals were observed during a 
more vigourous oxidation of the hydroquinone or quinone 

than v/as necessary to produce primary radicals. In Part I 
it v/as established that during autoxidation of methylhydro

quinone in strong alkali, radicals were formed which had an 
additional oxygen bonded to the aromatic ring i.e. derived 
from the 1,2,4-trihydroxybenzene system. The term 'secondary 
radical’ is reserved here for these derivatives and generally 
their observation was favoured by high alkalinity of the 
solution.

Characterisation of the secondary radicals

It v/as felt that the E.S.P. spectra alone did not 
enable it to be deduced v/ith certainty the exact nature 
of all the secondary radicals. A definite characterisation 
is only possible by producing the secondary radicals in a 
different, unambiguous way and obtaining identical E.S.R. 

spectra.

The most obvious method was to syntheise the 1,2,4-
trihydroxybenzene derivatives, which on autoxidation give 

•57semiquinones , and these should correspond to the secondary
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radicals obtained from hydroquinones. However, since the

composition of the solvent and the degree of alkalinity
have an effect on the coupling constants of these types of 

51radicals it was important that the conditions used be
similar to those in the particular hydroquinone autoxidation 
This was found to be not always possible since the tri- 
hydroxybenzenes often gave complex mixtures of radicals 
under comparable conditions.

G-ood spectra were obtained, however, from the tri- 
acetoxy derivatives under any degree of alkalinity up to 30% 
NaOH. The triacetoxy compound II was prepared by a Thiele 
acétylation^^ of the corresponding cuinone I. In alkaline

solution the triacetoxy compound is hydrolysed to give the 
anion III which on autoxidation produces the semiquinone IV 
of the trihydroxybenzene derivative. It appears that the 

relatively slow hydrolysis of II inhibits the formation of 
other radicals and only radical IV is observed even in 

strong alkali.
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A limitation of this method is that the Thiele acétyl
ation of mono-substituted alkylquinones leads to only one 
of the possible isomers^^, acétylation occuring para to the 
alkyl group. Where tv/o isomeric secondary radicals were 

obtained in the autoxidation of the hydroquinone, only one 
could be definitely characterised in this v/ay.

A second route to these radicals has already been 
refered to in Part I (see page iS" ), the autoxidation of 
catechols^^. This reaction was carried out for a number 
of substituted catechols to provide further support for the 
characterisation.

OH O-

O H
cone  O H ~

0-

Oii r

0 -

Having firmly established for a number of cases that 
the secondary radicals are the semiquinones of 1,2,4-tri- 
hydroxybenzene derivatives, it seems reasonable to identify 
further members of the series on the basis of their E.S.R. 
spectra alone. For alkyl-substituted semiquinones, the 
splittings are not expected to vary considerably by changing 
the alkyl group, and so it is viable to identify a secondary 

radical by comparison of its E.S.R. spectra with that of a
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similar secondary radical v/hose structure has been estab
lished in some other manner.

The conditions required to obtain good spectra of the 
secondary radicals v/ere found to be very dependent on the 
amount of substitution on the quinone ring and on the size 

of the substituents. In some cases, where structurally 
possible, different isomeric radicals v/ere obtained depend
ing on the solvent employed. Since the observation of each 

secondary radical was favoured by certain conditions depend
ing on the particular hydroquinone or quinone, each member 
of the series has been treated separately here.

Hydroquinone

It proved difficult at first to observe the secondary 

radical II from unsubstituted hydroquinone or quinone. The

0-

0 -

1
0-

II



A A A A

I

il

B

8 B

PiFUTe 6a. Secondary.'- radical 
from Hydroquinone (lines A ),

Pi mire 6~h, "Radical obtained from 
1,2,4-Triace(;oz?Tben%ene jn 5̂ ' HaOH.
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primary radical I (fig l,page 19 ) was observed in alkaline

solutions containing up to ca. 2% NaOH, but disappeared 
fairly rapidly leaving a solution containing no definite 
radical species. On increasing the alkalinity, complex 
mixtures of radicals were generally observed none of which 
corresponded to These tertiary radicals are
discussed in a separate section later in Part II.

The secondary radical was eventually observed (fig 6a), 
along with a tertiary radical, in a solution prepared by 
adding hydroquinone or quinone (ca. O.OIM in water) dropvd.se 
to %  NaOK and recording the spectrum immediately. The 

coupling constants were . 98o, 1.34G and 0.600 (comparé 
4 .8OG, 1.35G and 0.620^*^). Under the cond itions of drop- 
wise addition the tendancy for coupling reactions to occur 
was apparently reduced and a good spectrum of the hydroxyl- 
ated product was obtained.

Fig. 6b shows the E.S.R. spectrum obtained from 1,2,4- 
triacetoxybenzene in 5% NaOH, clearly identical to that of 

fig.6a (lines A).

The same radical has also been observed in a solution 

made by adding catechol (O.OIM in water) dropwise to %  NaOH 

(fig. 6c). Previous work^^ on the autoxidation of catechol 

has shovm that the primary radical I and the dimer II are 
formed. "As with hydroquinone, the dropwise addition employed 

here apparently favours the formation of III by hydroxlation



A A

A A

Q.Ciao^

Fig. 6c.. Spectrum from Catechol in 5/« NaOH,

Lines A: Secondary radical
Lines B* : Tertiary radical
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O'
O — •

0-

II III

rather than the dimer. The four additional lines in fig. 6c, 
appear to be the same as those in fig. 6a,from hydroquinone 
and are probably due to intermediates in coupling reactions.

y ethylhydroquinone

The primary and secondary radicals from methylhydro

quinone (figs. 2-5) have been already discussed on page lA 

There are three possible isomeric secondary radicals from 

such a mono-substituted hydroquinone, A,B and C ; ‘in fact 
only A and B have been observed here. All three isomeric 

radicals have been obtained^' by preparation of the tri-
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O'

0-

O -

O ’

Me

0

O

0-

Me

0 -

B

hydroxybenzenes and subsequent oxidation, but it is clear 

that hydroxylation at the 3-position of the ring is much 

less likely to occur, in the system studied here, for steric 

reasons. Attack at the 3 and 6 positions is clearly free

from steric interaction v.âth the 

methyl group and v/e observe only 

the radicals formed by substitution 

in these positions. No doubt some 

attack does occur at the 3-position, 
but the observation of radical C 

is made impossible by the presence 
of A and B in much larger concen

trations.

Where two isomeric secondary radicals are observed, the 

convention adopted here is that the radicals formed by 

attack at the 5- and 6-positions be called radicals A and B 

respectively.
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Fig. 7a shows the E.S.R. spectrum of the radical 

obtained from 5-methyl, 1,2,i^-triacetoxybenzene in %  sodium 
hydroxide. The coupling constants are very nearly identical 

to those of the secondary radical A from methylhydroquinone 
and clearly the tv/o radicals are the same.

Fig. 7b shov/s the same radical produced by autoxidation 
of 4-methylcatechol in %  NaOH.

Ethylhydroquinone

Ethylhydroquinone behaved in a similar v/ay to the 

methyl compound, a primary and tv/o isomeric secondary 

radicals being observed under varying conditions. The 

E.S.R. spectrum of the primary radical I is shov/n in Fig. 8.

O '  O'  O'

CHyCHj ^

B

The secondary radicals v/ere observed separately in different



_2fr̂3-T0 8, ■^imry radical from Kthylhydrooiiinone.

4- Qauss

Fimire 9. Secondary radical A from Ethylhydronn.inone.

Einj.re 10. Secondary radical "P 
from Ethylhydro qn inone.
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solvents containing 3-10% NaOH, radical A in 50% aqueous 

ethanol (fig. 9) and radical 3 in totally aqueous solution 

(fig. 10). This solvent effect was identical to that 
observed for methylhydroquinone.

As might be expected no great change in the coupling 
constants of the three radicals occurs in going from methyl 
to ethyl and the spectra are similar in appearance except 
for the methyl quartet splitting being replaced by a triplet 
due to coupling v/ith the c<-hydrogens of the ethyl groun.
No splitting was observed for the p -protons, although the 
lines were noticably broader than in the methyl-substituted 
radicals. This was particularly evident in secondary 
radical A where the splittings for the ethyl group are the 
largest.

Experiments were carried out with ethylquinone as well 
as the hydroquinone, the spectra normally showing complex 
mixtures of radicals present. The primary radical could be 

identified in the mixtures especially at low concentrations 

of alkali in ethanolic solution, and at higher concentrat

ions (ca. 5-10% NaOH) the two secondary radicals were 

clearly present. The quinone, however, proved to be a poor 

starting point for obtaining pure spectra.



r T

^Ciau5s

a Sio.usç

y

•pinrire 11. Primary radical from
tert .Putylhydroqiiinone.

P̂ ici.Tre 12?> Mixir-ire of Secondary radicals 
from tert. Butylh^rdroqiiinone.

1
!

•piru-re IPb. Srme srectram as 
fig. 1?a. at higher receiver 
gain showing Secondarr/" A.
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Tert. butylhydroquinone

The primary radical from the tert. butyl compound 

( fig. 11) was obtained in the normal way. No splitting was 

observed from the tert. butyl group, but the 8 lines obtained 

were very broad compared to those in, for example, methyl- 

serniquinone. Tert. butyl splitting has been observed in 

this radical by other workers^^ (ca. 0.06G),in 50% aqueous 

methanol. The primary radical was much more stable than 

the methyl- and ethylsemiquinones and could be observed pure 
even in 5% NaOH.

As the alkalinity was increased, four additional broad 

lines began to appear in the primary spectrum. In 20% NaOH, 

no primary radical could be detected and the spectrum 

corresponded to a mixture of two secondary radicals (fig.

12a) ; ‘one of which clearly had splitting from the tert. 
butyl group. Fig. 12b is the same spectrum at higher 

receiver gain, showing the slight overlap of the spectra of 

the two individual radicals.

The four broad lines are attributed to radical B and 

the remainder to the isomeric radical A. Fig. IJa shows the 

radical obtained from 5-tert. butyl-1,2,4-triacetoxybenzene 

in 20% NaOH, the spectrum being identical to that of second

ary radical A in fig. 12b. The same spectrum was obtained



I Qauss

1^a, Radical obtained from 
5-tert .Biityl-1,2, A-triacetozybenzene 
in 20% NaOH.

Rim.i.re 1%b. Secondary radical from
4-f'ert.Butylcatechol in 20% NaOTT,
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O'

CMe:

O-
0 -

O'
0-

O-

B

from 4-tert.butylcatechol in 20% NaOH (fig. 13b). On 
analysis this spectrum shows:

a doublet splitting : o .860
a doublet splitting : 0.540

a septet splitting : 0.16G

Septet splitting from tert. butyl groups has been 

observed previously^^ in. cases where the group is adjacent 
to an oxygen on an aromatic ring, as in secondary radical

O'

0 -

0-

CMe: . O-

CMe:

II
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SO

Vi.mire 1/ ; Primax^r rp.dioal 
from 2,3-Dimethylhydroo-uinone,

S QcLU^

Pirnire 1R ; Secondary radical 
from 2,3-Dimethylhydrocuinone,
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A(I). Splitting from the expected nine protons was obtained 
in radicals such as II, where the group is flanked by 

two aromatic hydrogens. In radical I the rotation of the 

group about the bond to the aromatic ring is restricted by 

the adjacent oxygen atom, and this may be sufficientto 

force an inequivalence of the three methyl groups, only 

two of them giving rise to a detectable hyperfine splitting.

2 , 3-Dimethylhydroquinone

The spectrum of the primary radical I is shovm in fig.14, 

splitting from the two aromatic protons (2.62G) and from 

the six methyl protons (1.74G).

The secondary radical was observed in solutions of the

O'

MeH

MeH

0 -

O'
H H e

Me
0

0 -

TI



4-0

•30 30

20

16, PriTnaiy radical from
2,5-Dime thylhydrooninone.

I 31 341 mi 3S1 11 I

Fiygre 17, Secondar^r radical from ?,5-l)i^ethyl1'uinone showing 
n-plittiny pattern from 2 methyl fpronps with slightly 
different hyperfine splittings.
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hydroauinone containing ca. 10^ NaOH (fig. 15). The large 

quartet splitting (4.700) is evident from the spectrum, 

with further splittings of 0.600 (Me quartet) and 0.500.

The secondary radical was always accompanied by another 
radical (doublet splitting: 7.250; septet splitting:
0.210). The septet is possibly due to splitting from the 

two methyl groups, but the doublet splitting of 7.250 is 

larger than observed in any radicals of the semiquinone 

type. The identity of this radical has not been established

2,5-Dimethylhydroouinone

Good spectra of the primary radical (fig. 16) were 
obtained from either the hydroquinone or quinone under the 

normal conditions for observing primary radicals. It was 

found ‘impossible to obtain a spectrum of any definite 

secondary radical from the hydroquinone, complex mixtures 

always being obtained in strong alkali.

Starting from the quinone however a good spectrum of 

the secondary radical ( fig. IT) was obtained using 

dimethylformamide as solvent and 5?< NaOH. A doublet split-

O-
r \ e

0-

O -

ting (l|.20G) in the spectrum
shows definitely that the large

splitting observed in all these

secondary radicals is from the
5-position of the 1,2,4-tri-



CO

O'
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hydroxybenzene system. Further splittings from the methyl 
groups (O.98G, 0.88g) were found.

2,6-Dimethylhydroquinone

The 2;6-dimothyl compound was similar in reactivity to 

the 2,5-dimethyl. The primary radical spectrum is shown in
fig. 18.

Again the hydroquinone gave rise to very complex spectra 
in strong alkali and only the quinone was able to give a 

good spectrum of the sècondary radical (fig. 19). The 

conditions were as for the 2,5-dimethyl compound, 556 FaOH 

and 50% aqueous D.M.F. as solvent. The large quartet 

splitting (5.2OG) is assigned to the methyl group para to
the oxygen introduced into the 

aromatic ring (i.e. the 5- 
position), and the remaining 

splittings are 0.9?0 (He cuartet) 
and 0.72G (compare 5.02G (He),

0.95G (Me) and 0.70G) 37

Thymohydroquinone

The 2-methyl,5-isopropyl compound gave a primary



Fi rare 20. PrimaT]/" radical from Thymohydroq.uinone

":̂ irnre *̂ 1. Secondary radical from ^h^mohydronninone
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radical (fig. 20) ia mild alkali and a good secondary 

spectrum (fig. 21) in 1 %  NaOH. The initial spectrum 
showed a mixture of radicals but on exposure to air for 

ca. 30 minutes, a pure spectrum of a secondary radical was 
obtained.

Two possible secondary radicals can be formed here, 

but from steric considerations alone, it is clear that I 

is more likely than II. Attack at the position adjacent to

O'

0 -

0 -

I II
the methyl group is subject to much less steric interference 

than attack at the ring position adjacent to the much 

larger isopropyl group. The secondary radical is there

fore assumed to correspond to structure I.



Fig. 22: Primary radical from

2, S'-Di ter t .butylhydroquinone,
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2, !5-Ditert.butylhydroquinone

The C.S.P. spectrum of the primary radical (fig. 22) 
shows a simple triplet splitting from the two aromatic 

protons of 2.09G. No splitting was observed from the tert. 
butyl groups although the lines were very broad.

Mo secondary spectra could be obtained from the hydro

quinone or quinone, even in hot concentrated alkali. The 

steric bulk of the tert.butyl groups would be expected to 

malce hydroxylation of the ring very difficult and a suff

icient concentration of the secondary radical for observation 

is never obtained. The fact that the primary radical is 

observed in alkaline solutions of the quinone does suggest 

that some hydroxylation occurs, but a discussion of this 

point will be left until later in part II, where the-mech

anism of the reactions involved is considered.

The effect of added hydrogen -peroxide in the reaction 

mixture

During the autoxidation of hydroquinones in alkali, 

hydrogen peroxide is one of the products f^raed^. Pxperi- 

ments were carried out to establish v/hether the hydrogen 
peroxide played any part in the formation of the hydroxylated
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secondary radicals observed. Mo evidence for this was 
found.

Varying amounts of hydrogen peroxide were added to 
solutions of hydroquinones and quinones over a wide range 
of alkalinities. The radicals observed were the same as 
those in identical solutions containing no added peroxide. 
If, indeed, the peroxide was the hydroxylating agent,- we 
would have expected to observe the secondary radicals more 
easily in solutions to which it had,been added. As it was, 
the observation of the secondary radicals appeared to 
depend solely on the alkalinity of the solutions.

The primary and secondary radicals from alkylhydroquinones, 
with their E.S.R. coupling constants, are shown in tables 
I and II. A discussion of the coupling constants is reser
ved until later in part II of this thesis.

f
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Tphi.e r ; Oonplirp Constants of Primp-rv Prdicmlp 
p -rn n  M l c .r l  "Hi r r l-m n i l i n n n ^ r  r n r l  O n in n ^ n p .

Porent hydroqninone
Coupling Constent? (Gp.u s c).

.  :
Hydroquinone f------- 2.37 I

9- I'Tethyl ?.1?(We) 1.76 9.61 2.41

9- Pthjrl 3,02(CH^) 1.74 2.53 2.53 1
1

2-tert.B’ityl -- 1.65 2.19 2.89 1

2,3-Dimethyl 1.74(H'̂ ) 1.74(Me) 2.62
t

2.62 !1
2,3-Dimethyl 2,34(Me) 1.00 2.34(Me) 1.80

2 j 6-Dimethyl 2.09(Me) 1.93 1.93
1

2.09(Me)

9 j 5-Di tert, But̂ 'l -- 2.09 ---- 2.09 1

2-Nethyl,S-iroPr. 2.18(Me) 1.92 1.4&(Pr-) 1.76
!
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'"hi e : Conp3in<-̂  Constants of Secondary Pedicels
from A1 tnrlhydTonii-inonoo end ^uinn-npr.,

Peront hydronuinone ,

Coupling

P'

Constants (Causs)

^6

Hydroouinone 0.60 4.98 1.34

2-Mothyl A 0.30 5.12(Me) 0.69
B 0.53 4.15 0.95(Me)

2-Ethyl A 0.54 4.56(c%g) 0.71
B 0.56 . 4.15 i.oefcRg)

2-tert.Butyl A 0.54 0.l6(Bu"^) 0.86
B 0.66 4.02 —

2,3-Dimethyl 0.50 4.70(Me) 0.60(Me)

2 5 3-Dimethyl 0.98(Me) 4.20 0.88(Me)

2,6-Diïïiothyl 0.97(Me) 5.20(Me) 0.72

2-Methyl,5-ieopropyl 

L>. .1 ■■ ■ — ------------------------

0 .9 2(Me) 4.20 0.75(Dr^)
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Figure 23; Primary radical from 1,4- Naphthohydroquinone.

1

Figure 24: Secondary radical from
1,4- Faphthohydroq-uinone,

Figure 25: Radical obtained
from 1,2,4- Triacetoxy- 
naphthalene in 10̂ 6 NaOH,
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6 . PAD!CALS FOB'FD IN Tïï̂  ATTTOyiPATION. OF HYDRO OU I NO NFS 
CONTAINING OTHPP SIT^STITOEMTS

1,4-Naphthohydroauinone

This compound is expected to behave in a similar way 

to a 2,3“dialkylhydroquinone and this was found to be the 

case. The primary radical was obtained in dilute alkali, 

using 5c?o aqueous D.M.F. as solvent (fig. 23) and a second

ary radical ( fig. 24) was observed in lOM NaOH. The same 
spectrum was obtained (fig. 25) from 1,2,4-triacetoxynaph- 

thalene, showing that the secondary radical was the expected 

hydroxylation product.

The coupling constants of the primary radical have 
been'previously assigned^^ in the light of M.O. calculations 
and this assignment is adopted here. The assignments for 
the secondary radical are rather tentative.

to-osc.) ''' 
H  H

H  H  

0-

10-18%

H  (0-ase,')



?iriiT?e : PriTnaiy radical from 2-Methylnaphthoh\rdroqninone,

fimTre 97 ; Socordar^r radical from S-Methylraphthoh^rdronnironc,



45

2-Methylnaphthohydroquinone

The primary radical from the quinol of vitamin is 

shown in fig. ?6. The coupling constants given below are in 
line with previous assignments^^.

The secondary radical (fig. 27) was more difficult to 
obtain than that from the unsubstituted compound due to the 

steric bulk of the methyl group. It was observed however in 

a solution of the hydroquinone containing ^Q% NaOH. The 

spectrum is almost identical to that previously obtained
from a sample of 2-hydroxy,3-methyl,1,4-naphthoquinone45

Co'bae,)H (a-osQ) 
M e  H(?-O0€l)
(A-ise,)
H H 

(.O-BC,)

0-

Me (o-%4

Primarv radical Secondary radical

nhlorohydroquinone

The primary radical spectrum is shown in fig. 28. The 

coupling constants of the aromatic protons are consistent 
with previous observations^*^ and no chlorine splitting was



 ̂'I e,0Lu%e) ^

Figure 28; Primary radical from Chiorohydroquinone.
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0 bserved, although the lines were cuite broad.

0*

H

H

O -

ce

H

: a-l6Gr 2.21G

: JZ'44% compare 2.45G 

: ̂ '144 2.21G

27

In stronger alkali, no definite secondary radicals 
were observed, a single broad line always being obtained,

5-Methyl,2-Chlorohydroouinone

The E.S.R. spectrum of the primary radical is shovm 

in fig. 29. Again no chlorine splitting was observed. The 

assignment given here for the aromatic protons

O'

Me
0-

ce

H

2.26G
2.24G (Me quartet) 

1.54G

allots the smaller coupling constant to the proton adjacent to 

the methyl group. This is justified later in part II where 

the coupling constants of the radicals are discussed.



P i 9 A ,  Primary radical from 5-î’'îethyl,2-Chlorohydroq.iiinone*

I'H ^0, Secondary radical from ^-Methyl,2-OhloroPydrorninone.
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Tn aqueous solutions of the hydroquinone to which 

strong alkali was added, complex mixtures of radicals were 

observed and any identification was not possible. However, 

when 3V)% ethanol was used as the solvent, a single secondary 

radical (fig. was observed in solutions containing ca.

J'/o NaOH. The spectrum is identical to that obtained from

5-methyl,1,2,4-triacetoxybenzene (fig, 7a) and corresponds 

to a radical formed by replacement of the halogen by an 
oxygen atom. The replacement of halogen by hydroxyl ions 

is to be expected in solutions of such high alkalinity and 

no secondary radical in which the chlorine is retained has 
been observed here.

Methoxyhydroquinone

The methoxy group might be expected to be fairly 

labile in strongly alkaline solutions of methoxyhydroquinone 

and experiments were carried out.to see whether the group 

was replaced instead of hydrogen.

The primary radical I was obtained in dilute alkali 

(fig. 31) and a splitting from the methoxy group of 0.81^ 

was found.

In stronger alkali secondary radical B, iu which 

replacement of a ring hydrogen had occured, was observed



m

a,

Fir̂ i-re ?1 . Primary radical from Methoxyhydroquinone,

4- QOLü%

P^ojre ^9. Seconda,ry spectrum from Me thoxyhydro ojiinone 
in 59̂  NaOH.
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Pierre SS, Radical obtained from
6-Nethoxy, 1,2,4-Triacetoxybenzene 
in 5̂ 0 NaOR. (Secondary B).

PiauTA 3A. Radical obtained from 
5-Methoxy, 1,2,l-Triaoetoxybenzene 
in 5% PaOH, (Secondary A) .



46

among a mixture of radicals. The spectrum (fig.32) clearly 

shows a large doublet splitting of 2.36G aad a quartet 
splitting of 0.66g, s o  the methoxy group appears to have 

been retained. No evidence for the formation of secondary 
radical A was found under any conditions.

(P '% ') (O '6%)
one H

(p'Sig

(llCCt)
O M k  0-

(p-nQ 
H  H

OMe

B

However, acétylation of methoxyquinone in the usual 
way produced a mixture of two triacetoxy compounds - which 

were «successfully separated by crystallization. The spectra 

obtained are shovm in figs. 33 and 34. Fig. 33 is clearly due 

to radical B of fig. 32, while fig. 34 must be due to the 

isomeric radical A in which the methoxy group is para to 

the additional oxygen, and has a larger splitting than in 

the primary radical I.

It appears, then, that replacement of hydrogen is more 

favourable than replacement of methoxy from this compound. 

Attack of hydroxyl at the carbon bearing the methoxy group 
will be less likely for steric reasons and possibl\^ the non-
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lability of the methoxy group is due mainly to this

7. MECHANISM OF FORMATION OF SECONDARY PADICALS

Several observations form a useful starting point for 

a proper understanding of the mechanism of thea^utoxidation 
of hydroquinones and quinones.

1. Primary radicals are observed from hydro

quinones in dilute alkaline solution, and in more 

concentrated alkali secondary radicals having an 

extra oxygen on the aromatic ring are seen to be 

formed,

2. Para-quinones containing at least one hydrogen
atom in the quinonoid ring (Group 1 quinones) are

1 2susceptible to attack by nucleophiles ’ , partic

ularly hydroxyl ions^’^, in which case the hydroxy- 

quinones are formed.

3. Para-quinones having a fully alkylated ring 

(Group 2 quinones) do not form hydroxyquinones in 

alkaline solution^^.
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4. Para-quinones of group 1 are capable of being 

reduced to their corresponding serniquinones in 
alkaline solution without the presence of an 

added reducing agent^, whereas those of group 2 
are not^'.

5. The presence of hydrogen peroxide in the 

solution has apparently no effect on the course 
of the reaction.

The initial steps in the autoxidation of hydropuinone 
I are well known, and lead to the quinone III via the 

intermediate primary radical II.

O H  *

OH

(JL\r

O H

O

CH'

0

II III

The next steps introduce an additional oxygen into 

the aromatic ring if a free quinonoid position is available, 

and the result is the formation of the hydroxyquinone.

The secondary radicals observed here appear to be the
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intermediates in this process and are obtained from both the 

hydropuinone or the quinone. Since the observation of the 
secondary radicals is favoured by high alkalinity of the 

solutions it seems reasonable to suggest that their formation 

arises from hydroxyl ion attack on the quinone III. The 

adduct IV, is then able to lose the aromatic proton in the 

alkaline medium to give the anion of trihydroxybenzene V.

0

O

0-

O H—  OHOH"

0-0-

III IV V

Oxidation of V by dissolved oxygen in the solution 

gives the observed secondary radical VI, which may then 

undergo further oxidation'to the hydroxyquinone VII.
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Tn mildly alkaline solutions of hydroquinones the 

initial step leading to the primary radical is the one 

observed by F.S.R., but as the alkalinity is increased the 

hydroxylation process becomes more important and the second

ary. radical is observed. At intermediate degrees of 

alkalinity a mixture of primary and secondary radicals is 
often observed.

V!e can now rationalise the reduction of group 1 quin

ones to the corresponding serniquinones immediately on 

being dissolved in alkali. It appears that the reducing 

species are the secondary radicals.

0

+
0

This possibility is strengthened by the observation 

that when the quinone is present in high concentrations 

the primary radical is observed, whereas at lower concent

rations of ouinone the secondary radical is normally observed,

This mechanism also explains why group 2 quinones 

(fully alkylated) do not undergo hydroxylation or reduction 

to the serniquinones in alkaline solution.
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Secondary radicals cannot be formed from these quinones as 
there is no replaceable hydrogen in the quinonoid ring. The 
adduct VIII, formed by hydroxyl ion attack, is unable to 
regain the aromatic-type structure, since this would involve 
loss of an alkyl group, and so no hydroxylation occurs.
Tetramethylquinone and anthraquinone are among ouinones of

O 0
R

R

O

OH

O -

VIII

this type^^. No secondary radicals are formed and so no 
reduction of the quinone to semiquinone occurs.

No secondary radical was observed here for 2,5-ditert. 
butylhydroouinone (see page ), but the fact that the
primary semiouinone was observed in alkaline solutions of 
the quinone suggests that some secondary radical must have 
been formed. V/e would expect this since there are two free 
quinonoid positions, but presumably hydroxylation is slow 
due to the steric effect of the large tert.butyl groups, 
and the concentration of secondary radical is never suffic

ient for observation.
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The complete mechanistic scheme for hydroauinones 
having a free quinonoid position is given below.

O -

0 -

0

Co}

0 -

o

0
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O H
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Presumably further hydroxylation of the hydroxyquinone 
formed can occur, but no radicals corresponding to this 
process have been observed here. Also no account has been 
talc en, in the scheme shovm above, of possible coupling 
reactions or dimérisation of the radicals. There is evidence 
for reactions of this sort in some of the spectra and these 
tertiary radicals are discussed a little later.
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The observation o1 different isomeric secondary radicals 

in different solvents (methyl- and ethylhydroauinones) is. m  

odd effect, and no explanation has yet been found. Of the 

two secondary radicals observed, B v/ould be expected to be 

more susceptible to further attack because the ring position

0 O'

O-
0 -

H

O-

0-

R

H

of highest spin density (the ^-position) bears a replaceable 

hydrogen. However, it was generally easier to obtain radical 

B than radical A and the spectra were normally more stable.

For the methoxy compound the formation of secondary 

radicals presumably occurs by the same mechanism as for the 

alkyl-substituted hydroquinones, replacement of a quinonoid 

hydrogen being the process observed by F.S.R. The fact that 

only secondary radical 6 is observed in strong alkali was 

rather unexpected since the reaction of p-benzoouinone with 

alkoxyl ions (OMe~, OEt”) has been shov/n^ to give the

2,5-dialkoxylquinone I.
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However, the fact that a particular intermediate is 

not observed in a reaction is no indication that it is not 

being formed. Radical A may be formed just as readily as 

B, but its relative instability may preclude observation. 

The possibility exists that radical A is much more readily 

oxidised to the quinone, than is radical B, and so is never 

present in comparable concentrations.

The chlorinated hydroquinone II (see page 4-4- ) was 

shown to favour loss of 'halogen in strongly alkaline 

solutions.
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The formation of radical III probably involves a 

simple nucleophilic displacement of halogen by hydroxyl 

ions, either prior to any oxidation of the hydroquinone or 

after the formation of the halogenated quinone in the 

initial oxidation step.

The possibility of hydrogen peroxide being the hydrox-
“ 1 2  ylating agent in the form of O^H” , as suggested by James ’ ,

appears unliliely in the light of this v/ork. Not only does

added perozcide appear to have no effect on the reactions

producing the secondary radicals, but hydroxylation is

observed starting from the quinone in which case no hydrogen

peroxide is produced in the reaction. Hydrogen peroxide is

only formed in the initial steps of the reaction, i.e. the

oxidation of hydroquinone to quinone.

sâ
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In a recent paper by Pederson^^, it is suggested that 

the mechanism of formation of secondary radicals from the 

hydro quinone involves attack, by oxygen on the dianion of 

the hydroquinone I to give the adduct II, which is then 

further oxidised to radical III. How the observed secondary

O-

0-

o

II

radical is formed from III was not specified in his paper.

?he existance of III is claimed because of the observ

ation in small concentrations, of another radical (doublet 

splittings 2.85G, 2.08G and 1.66G) in the primary spectrum 

of hydroquinone. The three doublet splittings were attrib

uted to the aromatic protons of III, v.âth no methylene ; 

proton splitting.

Radical III has the cyclohexadienyl structure, very 

different to that of semiquinone, and it was not made clear 

why the aromatic proton splittings should be similar to 

those of a semiquinone radical. Also the absence of
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methylene proton splitting is in contrast to the observation o 
1 arge coupling constants from such protons in hydroxycyclo— 
hexadienyl radicals^^’

The coupling constants are very similar, however, to 

those of the quinonoid ring protons in arylsemiquinones 
discussed in part III of this thesis, and it appears likely 

that the radical observed by Pederson is in fact a polymeric 
product of hydroquinone, for example, radical IV. The

O

O -

0-

0

IV V

closely related radical V has semiquinone ring splittings 

of 2.65G, 2.280 and 1.820, of the same order as those in the 

radical obtained by Pederson.

The suggestion that oxygen is the hydroxylating agent 

for hydroquinones^^ is based solely on the assumption uhat 

the E.S.R. spectrum obtained corresponds to the peroxy-
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adduct III. Since this is unlikely, for the reasons just 
given, it follows that the evidence for attack by oxygen 

is at present very scant, and it seems more likely that the 

mechanism of formation of secondary radicals involves the 
quinone only and hydroxyl ions.

^  PISCTbSSION OF THE COUPLING CONSTANTS OF PPIKAPY AND 

SPCONPARY RADICALS.

From an examination of tables I and II (pages 4_o and 
4-1 ) it is clear that alkyl substituents have a fairly 

marked effect on the distribution of the odd electron 
around the aromatic rings of the primary and secondary 

radicals.

‘The effect of halogen atoms appears to be less marked, 

but the methoxy group clearly influences the spin-density 

distribution much more than do alkyl groups.

The assignments of coupling constants given in tables 

I and II are based on previous data for serniquinones, and 

on certain rules adopted here with the aid of primary and 
secondary radicals having unambiguous splitting constants.
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Primary Radicals

In the radicals I and II, it is clear that the aromatic 
proton splittings are highly dependent on their position 

on the ring relative to the methyl groups. In radical I

H

H

O'

0-

0-14-60
C H j

CH;
0-14-6)

H
'̂'■'3 0-8OC,)

(a-34-6) 0-

II

each ring proton is meta to one methyl group and para to 
the other; whereas in II they are meta and ortho to the 

methyi groups. It appears then, that spin densities are 
increased relative to the unsubstituted case (2.3?G) by a 

para methyl group, but are decreased by an ortho methyl 

group.

Applying this to radical III, the aromatic proton 

splittings are lower (1.93G) than in the unsubstituted semi

quinone (2.370); since they are both ortho and para to 

methyl groups, it appears that the ortho effect is the 
larger. The methyl proton splittings in II (2.090) are vei;̂ ' 

close to those in the* mono-methyl radical IV (2.120) and it
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follows that spin density on the position meta to a methyl 
group is little changed by the substitution.

On the basis of these observations the three doublet 
splittings in IV can be assigned as shovm.

It is also apparent from radicals I-IV that aromatic 

proton splittings are generally slightly greater than the 
corresponding methyl splittings.

V/e can summarise the rules relating to the splittings 

in methyl-substituted serniquinones thus:
1. Spin densities on ring positions para to a methyl 

group are increased by the substitution, while 

those ortho to a methyl group are decreased, the 

effect at the ortho position being the larger.

2. Spin densities on ring positions meta to a methyl 

group are little changed.
3. Aromatic proton splittings are generally slightly
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greater than corresponding methyl proton splittings.

Molecular orbital calculations for the methyl-substit- 
35 51uted serniquinones^'^’^ have been only moderately successful, 

but the additivity rules of Venkataraman^"^ have been shown 

to account for the observed splittings for the whole range 
of methyl-substitution and also for the chlorinated semi- 

quinones.

27The parameters ’ortho’, ’ meta’ and ’ para’ were used 
to represent the changes in spin density at the ring positions 
relative to the methyl or chlorine substituent. In the poly
substituted serniquinones, the effects produced by each 

substituent were shovm to be very nearly additive.

Previous assignments of the splittings in tert.butyl- 

semiquinone have put the largest splitting to the

O'
H

H

0-

CMe:

H

1.65G
2.89G compare 

2.12G

a^:

a^:
ax:

1.55G
2.82G
2.07G

24

I

proton on the ÿ-position (para to the tert.butÿl group), 
and it has been stated^'^’^’- that the ditert.butylseirdquinones
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do not fall in line v/ith the additivity rules of Venkat- 
aranian.

However, there appears to be a good case for reversing 
the splittings previously assigned to a^ and a^ and the 
assignment adopted here is shown below. Firstly the obser

ved splitting of 2.09G for 
the ring protons of 2,5- 
ditert.butylsemiquinone 
can now be rationalised by- 
considering each tert. 
butyl group as producing 
the same effect as observed 
in the mono-substituted 
radical I. The small 

aromatic proton splitting of 1.17G^^ in 2,6-ditert.butyl 
semiquinone can also be explained in this way by assuming 
that ^pin densities are decreased on the ring position para 
to the tert. butyl group introduced.

(a-lift) H H  (i-fcsei)

Secondly, the assignment of a^ and a^ is in line with 
the trend observed on increasing the size of the alkyl 
substituent. No data is available for isopropylsemiquinone 
but from the 2-methyl,5-isopropyl radical we can obtain an 
estimate of the expected aromatic proton splitting from 
the position para to the isopropyl group. The methyl proton 
splitting (2.18c) is slightly higher than that in methyl- 
somiquinone, so it appears that the isopropyl group is
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O -

increasing the spin density in 
the para position but only by 
a small fraction • This
gives an estimated aromatic 
proton splitting of 2.45G 
v;hen para to an isopropyl 
group.

Table III shows the trends observed in the splittings 
of aromatic protons ortho, meta and para to alkyl groups of 
increasing size, and it is clear that the new assignment for 
tert.butylsemiquinone fits into the series.

Table III: Aromatic Proton Splittings in Alkvlsemi
q uinones.

Aromatic Proton Splittings (Gauss)
Alkyl Group Ortho Meta ' Para

Methyl 1.76 2.41 2.61
Rthyl 1.74 2.53 2.53
Isopropyl 1.73 J,S1 2.45

Tert.butyl 1.65 2.89 2.12

The effect on the spin density distribution by the



64

introduction of an alkyl group into the semiquinozre ling is 
probably the result of several separate perturbations of 
the system. The inductive effect of the group appears to 
be a major factor^^, and the steric effect of the group 
seems to become important in the case of tert,butyl.

The substitution of chlorine has little effect on the 
semiquinone ring splittings, whereas the much more electron- 
releasing methoxy group has a large effect, much greater 
than for alkyl groups.

O

0-

c€

H  (2-16̂ )

0 -

Considering the position ortho to the group introduced, 
the aromatic proton splitting is always decreased by the 
substitution and the influence of the group X decreases 

along the series:-

0

0 -

X

H

X=OMe ̂  t. butyl > Ft ̂  M e ^  Cl > h
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At the meta position the ability of the group X to 
increase the splitting decreases along the series:-

X= t.butyl^ Ft > M e >  R >  Cl )> OMe

For the proton at the para position the ability of X 
to increase the splitting decreases along the series: -

X= O M e ^  Me)> E t )  C l )  H )  t.butyl

The inductive effect of the substituent might be 
expected to have the greatest influence at the ortho position 

and from the series the order approximates that of the 

electron-releasing ability of X. The same applies for the 

para position, the highly electron-donating methoxy group 
having the largest effect.

rhe spin density at the meta position, hov/ever, appears 

to be much more dependent on the size of the substituent.

It might be expected that any steric interaction with the 
adjacent carbonyl group v/ould effect spin density at the 
meta position more than any other and it appears that this 
interaction is responsible for the large splitting observed 

in tert.butylsemiquinone.

This steric interaction between the tert.butyl group 

and the adjacent oxygen is apparent from the observation 

of a septet splitting from the tert.butyl group. This seems



66

to indicate that the group is not freely-rotating, tv/o 

methyl groups apparently being in a different environment 
from the third.

Secondary radioals

From the observed snlittings in I, the only possible 

secondary radical from 2,5-dimethylhydroquinone, the presence

ÇH3

0 - 0-o-
0 -0- o-

II III

of a large doublet (if.POO) suggests that the largest split

ting in all the observed secondary radicals (generally 4-5G) 
arises from coupling with protons on the 5-position, para 

to the introduced oxygen atom. The splittings of 4.20G 

and if.l5G in radicals I and II are considerably lower than 
in III, the unsubstituted compound (4.98G) and it appears 

that the methyl group is having the same effect as that 

observed in the primary radicals, i.e. decreasing spin
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density on the adjacent carbon atom.

The whole range of methyl-substituted serniquinones of 
1,2,4-trihydroxybenzene-^^ have peviously been studied by 
E.S.P., and these studies led to the assignment of the 
three doublet splittings for the unsubstituted radicals as 
shown below, together va.th the splittings observed in this 
work.

0-

0-

0 -

0.60G
4.98G compare 
1.34G

0.62G

4.8OG
1.33G
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Molecular orbital calculations have been performed on 
the system^^, v/ith the conclusion that the small spin 
density at the 3-position is negative.

The assignments given in table II (page 41 ) for. the 

secondary radicals obtained here agree v.âth the previous 

data, and the splittings can be fairly well accounted for 
on the basis of various trends in the spin density distrib

ution vâth substitution.

Table IV shows the effects of the group X on the hyper-
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fine splittings of the aromatic protons on the position 
ortho with, respect to X in the secondary radicals A and P.

O'

O -
0 -

O ’

H

0 “

o-

X

H

B

Table TV: Splittings of nrotons ortho to the substit
uent X in secondary radicals A and B.

Substituent X Coupling Constants (Gauss)

A B

H 1.34 4.98

Me 0.69 4.13
Et 0.71 4.14
t.Putyl 0.34 4.02

OMe 0.29 2.36

Clearly the ability of the group X to decrease spin 
density at the ortho position follows the same order as that 

observed for primary radicals:

O H e ^  t.butyl >  E t ^  H
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The trends in the hyperfine splittings for protons meta 
and para to the substituent X are small and indefinite, but 
the effect of the methoxy group is worth consideration.

The splittings for the radicals I and II at first

0

0-

0 -

0-

0-

II

appear to indicate that the effect of the methoxy group is 

as great at the ortho position as that of -c", whereas the 

effects at the para and meta positions are considerably less

However, if the spin density at the 5-position is
■znnegative in I, as suggested-^ , but positive in II, then the 

methoxy group is clearly less effective in decreasing the 
spin density at this position. There is some evidence for 

this possibility in the secondary radical B from methoxy- 

hydroQUinone IV,
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O -

III IV

The methoxy group apparently decreases the spin (fensity 

in the po-sition para to itself in radical IV, whereas in 

the primary radical the group increases the spin density in 

this position considerably. However, if the methoxy group 

is in fact enhancing ’positive* spin density, then the 

effect would be to lower the coupling constant at the 3- 

position (since this position appears to have ’negati'.^e’ 

spin density). This may explain the unexpectedly small 

hyperfine splitting of 0.'1?G.

The secondary radical III can, in fact, be envisaged 

as a primary radical containing the substituent - 0 , and 
clearly this substituent has the largest effect on the spin 
density distribution of all the substituents so far-consid

ered. The effect of the oxygen is similar to that of methoxy, 

but much stronger, and since the sizes of the two gr?ups are 
comparable, the electron-donating ability of - 0 must be 
the main factor in producing the large changes in hyperfine
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splittings relative to the unsubstituted serniquinone.

The splittings from alkyl groups in the primary and

secondary radicals can be explained by the hyperconjugation 
17mechanism , and in the tert.butyl-substituted radicals 

splitting from |3 -protons might be expected.

In fact (S -proton splittings have been observed only 
in secondary radical A from tert,butylhydroauinone (0.16C)^

O'

0-

0-

and it is clear that even if 
alkyl— hyperconjugation was as 
effective as that for hydrogen 
the resultant splitting is 

exnected to be small.

H
\

H

>C— C— H /G— C H-
H

I

\
Me Me

/ C — Ç— Me 0 ) 0 =  C Me 
M e  M e

K
If structures I and II are equally effective in trans

ferring spin density, then:
ratio of splittings in I and II ratio of splittings

50 6in hydrogen atom and methyl radical =
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The observed splitting in secondary radical A from 

methylhydroQUinone is 5.12G, so we expect a splitting from 
the tert.butyl group in the corresponding radical of : -

butyl ^  5.12t? X ^  0.23G

This value is fairly close to the hyperfine splitting
observed (0.16G), but clearly no account has been taken

of the conformation of the radical, which has been shown

to determine the hyperconjugative coupling with [3 -protons 
26to some extent

9 . THE FORMATION CHAPACTFFISATTOM OF TFPTIA^'IPADICALS

A number of spectra have been obtained which clearly 
do no*t correspond to primary or secondary radicals. The 

observation of these ’tertiary radicals’ was generally 

favoured by certain conditions:-
1. High alkalinity of the solution
2. High concentrations of the hydroquinone or quinone

3 . A relatively unsubstituted quinonoid ring.

In most cases the spectra were very poor, and often 
highly complex, but some were well-defined and appeared to 

be due to coupled products of the reaction.
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Fig-ure 35: Mixture of secondary and
tertiary radicals from Hydroquinone,

Lines A: Secondary radical
Lines B; Tertiary radical
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Hydroquinone

The unsubstituted compound gave rise to a variety of 

tertiary radicals, the spectra normally being very simple 
with coupling from tv/o or three protons.

The four lines appearing in the secondary spectrum 
of hydroquinone (fig. 6a) were clearly due to coupling v/ilh 

two equivalent protons (0.90G, 0.45G). The spectrum is 

included again here as fig. 35» The four-line spectrum 

(lines B) appears to arise from radical I in which there is 
no observed coupling \?ith the second ring. The coupling

O

0 -

II III

constants are similar to those observed by Tîcits et al from 

the reduction of quinone II by glucose in 10/6 KaOH. Their
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splittings were 0.92G, 0.45G and they apparently saw a 
further splitting of O.IOC.

It is unlikely that these splittings are due to radical 
III, as they suggested, for two reasons. Firstly, it is 
unlikely that a primary product would he obtained in 10% 

NaOH, and secondly the splittings observed are not those 

expected for radical III. If there is no delocalisation 
of the odd electron around the second ring then we would 

expect the serniquinone ring splittings to be close to those 
normally observed for primary radicals. In phenylsemi- 

quinone, for example, these splittings are 1.996, 2.126 and
2.56g .

The coupling constants do, however, agree well v.dth 

those expected for radical I. In part III of this thesis 

radicals from aryl semiquinones are discussed, but it is 
useful here to give the splittings for radical IV, the 
secondary radical A from'ortho-hydroxyphenylhydroquinone.

The semiquinone ring 
splittings of 0.826 and 

0.496 are of the same 
order as those of the 
tertiary radical I (0.906, 

0.456).H
(û-saG,)

I?
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Radical I is possibly formed by coupling of the second

ary radical v/ith a molecule of quinone, attack occuring at 
the position of highest spin density in the secondary 
radical (the 5-position).

O'

0-

0-

o

4 -

o

o

o-
0-

•I

Another possibility is that coupling occurs prior to 

any hydroxylation of the quinone ring, by dimérisation of 

the primary radicals, for example. If this v;as the case, 
then hydroxylation of the dimer V could lead to two possible

0

O

OH

OH
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Figure $6: Ilixture of tertiary radicals from p-benzoquinone
in 5O/0 D.K.F.

(a) Ilixture of radicals.
(b) Lines B only , on expanded scale, showing

doublet of triplets.



76

tertiary products, VI, just discussed, and radical VII, 

which is expected to have a large doublet splitting and a 

small doublet splitting, A spectrum corresponding to radical 
VII has been observed in strongly alkaline solutions of 

benzOQUinone in 50$̂  aqueous D.M.F. (fig. 36 lines A). The 

observed splittings (4.52G, 0.70G) are consistent v/ith the 
expected values for radical VII.

The other radical observed in fig. 36 (lines B) has a 
doublet splitting (0.700) and a small triplet splitting 

(0.20G). It is observed in solutions of benzoauinone in a 
variety of solvents in the presence of strong alkali, but 
its identity has not been established.

Catechol

In the secondary spectrum from catechol (fig. 37) as 

well as the hydroxylated radical (lines A), four additional 
lines were obtained (lines É), v.ath splittings the same as 
those of the tertiary radical from hydroouinone (fig. 35). 
The radical can clearly not be the same as that from hydro
quinone, identified as I, but the radical II, formed Tby 

hydroxylation and dimérisation of the ortho-quinonoid 

nucleus would be expected to have very similar splittings, 
since apparantly little delocalisation of the odd electron
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Fig. 37: Secondary spectrum 
from Catechol.

Lines A. Secondary radical. 
Lines B. Tertiary radical.
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Figure $8: Spectrum showing tertiary radical from
2,3-Limethylhydroquinone( lines A), with expanded septet.
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occurs into the secondary ring. The four lines of fig. 57 
are thus ascribed to the tertiary radical II.

2;5-Dimethylhydroquinone

This v/as the only other hydroquinone which gave a well- 

defined tertiary radical, shovm previously in fig. 15 and 

reproduced here as fig. 58. The splittings are a doublet, 

7.25G and a septet of 0.21H. The large doublet splitting 
is much larger than any encountered in radicals of the 

semiouinone-type and the identity of this radical has not 

been established.
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As expected, substitution on the quinone ring appears 
to inhibit the observation of tertiary radicals, the coup
ling reactions being very much reduced by the steric bulk 

of the substituents. No tertiary radicals were observed 
in the autoxidation of the 2,5- and 2,6- dimethylhydro- 
quinoneS; for example.



79

PART III

10. PRIMARY AND SPCQT-!D/\PY PftBTCAT.S FOPNBT) IN THE 

ATITOXTDATJON OF META- AND PARA- STTBSTITTTTPD 
AT^YLHYDPOQUINONPS.

In part II of this thesis radicals formed during the 
autoxidation of hydroquinones containing alkyl and other 
simple substituents were discussed. In addition to i>he 

primary semiquinones, secondary radicals derived from 
1 ;2,4-trihydroxybenzenes were observed by E.S.R. spectro

scopy.

A parallel series of radicals were formed during the 

autoxidation of arylhydroquinones and these radicals have 

proved interesting from the point of view of the délocal
isation of the odd electron around the serniquinone and the 

aryl rings.

In order that the electronic effects of substituents 
on the aryl ring could be studied, substitution was confined 

to the meta and para positions. Ortho substitution would 
be expected to considerably affect the conformation a. the
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radicals v/ith respect to tv.dsting of the two rings of the 

biphenyl-type system. The steric effects in ortho substit

uted arylsemiouinones are discussed separately in part IV.

Preparation of the Arylhydroquinones

The arylquinones were prepared by direct arylation 
52of p-benzoquinone via the diazonium salts (see experimen

tal section) , and reduction of the quinones with zinc and 
25^ hydrochloric acid yielded the corresponding hydicquinone,

Formation of Primary and Secondary Radicals

fhe primary radicals were generated in the normal 
way in mildly alkaline solutions of the arylhydroquinone 

(ca. O.OIM) in 50^ aqueous ethanol. The spectra were stable 
under those conditions, often remaining unchanged for 

several hours.

Secondary radicals were observed in more concentrated 

alkali in aqueous solutions, the normal procedure being to 

add a solution of the hydroquinone (ca. O.OIM) to an eoual 
volume of \ %  NaOH. The secondary radicals were always 
obtained initially as a mixture of the tv/o isomeric mdicals
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A and B. This contrasts with the behaviour of alkylhydro- 
quinones which could be made to yield one.or other isomer 
depending on the conditions. When the solutions Y/ere left, 
hov/ever, radical B decayed, often leaving a pure spectrum 
of radical A. Improved spectra of the secondary radicals 
could ‘often be obtained by acétylation of the arylquinones 
followed by alkaline hydrolysis, again a mixture of the two 
isomeric radicals being obtained.

43

Ar OAc rixture of 
^ secondary 

radicals.
OAc

The :E.'S.P. spectra were generally well-resolved and



Fi.rTure 39; Primary radical from 
?henylhydroq.uinone •

(a) Complete spectrum,
(b) Wings of spectrum.

(b)

X
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10.̂

Fi,r;ure 40: Secondary radicals from Phenylhydroquinone,
(a) riixture of A and B.
(b) Wings of spectrum.
(c) Secondary radical A (after 50 minutes).
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yi.Tcire 41: Primary radical f r o m  m - C h l o r o p h e n y l h y d r o q u i n o n e .

figure 42(a) : Mixture of
secondary radicals from 
m-Ghlorophenylhydroquinone•

i-

Fifcure 42(b) : Secondary radical A
alone, after solution was left for 
ca. 10 minutes.
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although mixtures of secondary radicals were obtained, both 

spectra could be analysed because the overlap between them 
was minimal.

The F .S .R. spectra of the primary and secondary radic
als from phenylhydroquinone are shown in figs. 39 and 40.
The primary radical clearly shows an approximate quartet

splitting (1:3:3:!) of ca. 2 Gauss, ascribed to the tiree 
serniquinone ring protons.

Analysis of each side-group of lines (fig. 39b) reveals 
the following hyperfine splittings:

quartet splitting : 0.27G (1:3:3:1)

triplet splitting : 0.16G (1:2:1)
These splittings are apparently due to coupling v/ith the 
aromatic protons in the phenyl group and show .that the odd 
electron is delocalised onto the second ring to some extent.

Figures 41 and 42 show the E.S.R. spectra of the 
primary and secondary radicals from the meta-chloro comp

ound. The aryl group coupling constants in the primary 

radical.
Quartet : 0.27G 

Doublet : 0.13G 
show that the smaller splitting is due to coupling with 

protons at the meta position, and that the larger ortho 

and para splittings are equal.
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The primary and secondary radicals from the para- 
chloro compound are shown in figs. 43 and 44. The absence 
of one of the larger splittings from the aryl group is 
observed, as expected. In the primary radical the aryl 
group shows:

triplet splitting : 0.28g 
triplet splitting : 0.16G

Difficulties arose in the interpretation of several 
of the spectra because the smallest splittings were occas
ionally of the same order as the line widths, and since we 
observe the first derivative of the absorption spectrum, 
overlapping of adjacent maxima and minima can lead to 
reductions of apparent intensity or even total annihilation 
of some lines. This leads in certain cases to some uncert
ainty in the smaller coupling constants.

Tig. 43, for example, shows the E.S.R. spectrum of the 
primary radical from para-nitrophenylhydroquinone. The 
three doublet splittings from the serniquinone ring protons 
are easily obtained from the spectrum, but the coupling 
with the four aryl ring ;hydrogens and the nitrogen gave a 
splitting pattern consisting of eight equally spaced lines, 
the separation of the lines being 0.15G (fig. 45b).

Some indication of the splittings in the primary 

radical can be gained from the corresponding secondary 

radical A (fig. 46), in which the coupling with the aryl



Fignire 45: Primary radical from the Para-nitro compound,
(a) Complete spectrum .
(b) Wings, showing splitting from aryl group.

1.

Fi,gure 46: Secondary radical A from
p-lTitrophenylhydroq,uinone.
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group is generally about tv/lce as large. In secondary 
radical A:

^ortho(H) • 0.60G (1:2:1)

m̂etaf H) 0.30G (1:2:1)
0.15G (1:1:1)

In fact the 8-line pattern in the E.S.R. spectrum of 
the primary radical from the para-nitro compound can be 
rationalised using the coupling constants:

%rtho(H) ' 0 .30G (1:2:1)
^meta(H) • 0.15G (1:2:1)

0.075G (1:1:1)

This gives a splitting pattern of 3d:3:2:3:3:7:4:7:3 5:2: 
3:1:1, but if alternate lines are missing due to overlapping 

of adjacent maxima and minima, then this reduces to an 

8-line spectrum ( 1: 3: 5:7:7: 5: 3:1) , consistent v/ith that of 
fig. 45b.

11. DISCUSSION OF THE COURT,ING CONSTANTS OF RADICALS 

DERIVED FROM ARYLHYDROQUINONES

The primary and secondary radicals from meta- and 

para- substituted arylhydroquinones, vdth their E.S.R. 

coupling constants are given in tables V, VI and VII.
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T'pbl.e V : r.on-nl T•n.rr Const,p.ntn nf T-rjRarlioplF^
from Mot,a— pnd Pp.TA —8iibstiinited *Nr»vl)ivd'room* noues,

Coupling Constants (Canss)
Aryl Grorn

"3 "5 '̂6
kr̂ jl Croup Splittings

%(P) %fp) Substituent
T̂ h 1.99 2.12 2.56 0.27 0.16 0.27
P?ra-E 2.01 2.12 2.54 0.28 0.15 0.57 .

Para-Cl 2.10 2.10 2.54 0.28 0.16
Neta-Cl 2.00 2.13 2.52 0.27 O..15 0.27
Para-Pr 2.0 A 2.04 2.48 0.28 0.16
Ppra-Me 1.88 2.13 2.55 0.28 0.16
Para—OMe 1.85 2.16 2.56 0.30 0.15
Meta—ONe 2.02 2.05 2.54 0.26 0.15 0.26
Para-OH 1.38 2.33 2.53 0.32 0.14
Heta—OP 1.81 2.17 2.57 0.26 0.15 0.26
Pnra-NOg 2.38 1.92 2.50 0.30 0.15
Heta-NOp 2.26 1.94 2.44 0.27 0.17 0.27
Para-COpP 2.10 2.10 2.56 0.27 0.17
Parn-COpHe 2.26 1.95 2.56 0.29 0.18

Para-Ph 1.98 2.10 2.58 0.28 0.20

*; Unresolved splitting, estimated from observed splitting 
in Secondary Radical A,
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Table VI : Counling Constants of SeoondpTrr i?adicals k
from Meta— and ~̂ n.rp—Subntitutod ^̂ (iTnr'iii'nn'nes

Avirl Group
Coupling Constants (jrauss)

"5

Aiprl

%(H)

Group

%(F)

Sulittings

"u(P) ^'substituent
Ph 0.50 1.08 0.54 0.31 0.54
Para-P 0.51 1.09 0.58 0.30 —

Para-01 0.48 1.16 0.59 0.31 —

Meta-01 0.52 1.19 0.54 0.29 0.54
Para-Pr 0.49 1.13 0.59 0.31 —

Para-Me 0.50 0.90 0.58 0.31 — ®>'ie " °.58
Para.-OMe 0.53 0.90 0.59 0.29 —

Meta—GMe 0.54 1.08 0.54 0.29 0.54
Para-OH 0.53 0.53 0.65 0.27 —

Meta-OH 0.51 0.96 0.51 0.27 0.51

Para-NOp 0.45 1.48 0.60 0.30 —

Meta-NOp 0.43 1.42 0.60 0.30 0.60 â j = 0,09
Para-COpH 0.48 1.17 0.58 0.32 —

Para-Ph 0.50 1.12 0.58 0.33 —
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VII; Oou-olinv Constants of Secondary ~̂ adioa.ln P 
from Mp>tr>-~ p.rid. Pans—Substi tnted A.-nrlbvdronun -nones

Counling Constants (Gauss )
Aipd. Group

"3 ""'5

Aryl Group Splittings 

% ( h ) m̂(fT) % ( h ) Substituent

Ph 0.67 4.52 0.12 0.12 0.12

PaJ’a-P 0.66 4.48 0.12 0.12 — â , — 0.24
Parn.-Cl 0.68 4.58 0.12 0.12 —

Meta-Cl 0.67 4.62 0.12 0.12 0.12

Para-Pr 0.67 4.36 0.12 0.12 —

Para-Me 0.67 4.42 0.13 0.13 — % e  = °*''5
Para-OI'Te 0.65 4.40 0.12 0.12 —

Meta-OMe 0.68 4.36 0.12 0.12 0.12

Para-OH 0.63 4.00 0.14 0.10 —

Meta—OH 0.66 4.36 0.12 0.12 0.12

Para-'JOp 0.70 4.86 0.12 0.12 —

Meta-NOp *

Para-COpH 0.67 4.66 0.12 0.12 —

Para-Ph 0,66 4.32 0.12 0.12

* : Snectrujn not obtained.
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The assignments of aryl group splittings were made 
with reference to unambiguous cases ( e.g. metarchloro- 

phenyl) , and it was found that the couplings with ortho and 

para protons were equal, and of the order of twice those 
for meta protons.

The serniquinone ring splittings were more difficult 
to assign, but the trends observed on changing the aryl 

group were consistent v/ith the rules applied to alkyl semi
quinones in part II, The assignments given in tables V-VII 
are based on these rules, which are shov/n to consistently 
account for the observed splittings in the primary and 
secondary radicals.

Aryl group splittings

The splittings from aryl protons were found to be 

fairly independent of the nature of the substituent on the 

aryl ring, and the total splitting from ortho and meta 
protons in the case of a para substituent X was found to 

be reasonably constant (see table VIII).
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Table VTII, Counling constants of ortho and rneta protons 
of the aryl groun v.âth a nara-substitudnt X.

Substituent X Coupling constants (Gauss)
Primary Secondary A

^ortho ^meta total %rtho ^meta total
1

H 0.27 0.16 0.86 0.34 0.31 1.70
F 0.28 0.13 0.86 0.38 0.30 1.76
Cl 0.28 0.16 0.88 0.39 0,31 1,80
Me 0.28 0.16 0.88 . 0.38 0,31 1.78
OMe 0.30 0.13 0.90 0.39 0.29 1,76
OH 0.32 0.14 0.92 0.63 0.27 1.84
NO 2 0.30 0.13 0.90 o.6n 0.30 l.oO
Ph 0.28 0.20 0.96 0.38 0.33 1.82

From table VIII it appears that any substituent on 

the aryl ring is capable" of increasing the total spin 
density on ring protons,i but the effect is small. The 
largest increase occurs v/ith OH as substituent, the ortho 

splitting being increased by ca. 20% relative to the unsub

stituted phenyl group.

The effect on arylproton splittings of a meta
substituent is even smaller than that for a para-subsuivuent, 

as might be expected, and shows no definite trend.
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Fifpire 47: Primary radical from p- Pluorophenylhydroquinone,

Pirrure48: (a) Mixtirre of secondary radicals from p-flnoro compound,

(b) Secondary radical A alone.
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V/hen the overall spin density in the aryl ring is 

large, as in secondary radical A, the ortho and para proton 
coupling constants are of the order of tv/ice those of the 

meta protons, but as the overall coupling decreases the 
splittings become more equal (table IX).

Table IX. Snlittings from ortho and metg protons in the 

nrimary and secondary radicals with a nara- 
substituent X.

Substituent X
Coupling Cons tants (Gauss)

A Primary B

^ortho ^meta ^ortho ^meta ^ortho ^meta
H 0.54 0.31 0.27 0.16 0.12 0.12

Cl 0.59 0.31 0.28 0.16 0.12 0.12

OH 0.65 0.27 0.32 0.14 0.14 0.10

NOg 0.60 0.30 0.30 0.15 0.12 0.12

As well as coupling vn.th the aromatic protons of the 
aryl group, splitting from the substituent X was observed 

in certain cases:
1. In the three radicals from para- . 

fluarophenylhydroquinone, ( f i g u r e s 4-%) ; fluorine split
tings were observed which were about twice as large as 

those for aromatic protors in the same position.



I----  ^

Figiire49 : Primary radical from p- Methylphenylhydroqainone*
(a) Complete spectrum.
(b) Wings, showing aryl group splittings.
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Primary Secondary A Secondary B
Ortho (H) 0. 28g 0.58G 0.12G
Para ( F) 0.37G 1.09G 0.24G

Previous observations of aromatic fluorine splittings 

in aryloxy radicals^^ and semiquinones^ also show a ratio 
of Op : of approximately 2:1.

2. Methyl proton splittings in the 

para-methyl radicals are the same as expected for an aromatic 

proton in the para position. In the primary radical from 

the para-methylphenyl compound, for example ( fig. 4-4 ) a 

sextet splitting of 0 .28g was observed, due to equal coup

ling v/ith the two ortho protons and the para methyl group.

Methyl proton splittings in aryloxy radicals'^^ and in 
27methylseraiquinones are generally of the same order as the 

corresponding aromatic proton splittings, although the
17spin densities are of the opposite sign in the two cases

3. Splitting from nitrogen in the 

meta and para-nitro substituted radicals is apparent, but 

is only large enough to be measured in the secondary radicals 

A, where the aryl group coupling is increased by the add

itional oxygen on the semiquinone ring. The para-nrtro 

radical (fig. 46), has a nitrogen splitting of 0.15G compared 

to that of the ortho protons splitting of 0.60G. This 

ratio of 1:4 is similar to that observed in the para-nitro-
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NO

0

0-

phenoxy radical 39

The fact that splittings from flourine, nitrogen and 

methyl in the para position are of the order expected from 

the values obtained in phenoxy radicals, implies the mech

anism for the transfer of spin density is similar in both 

cases (for para substituents), i.e. through TT -type 

interactions.

.<emi<̂ uinone ring splittin.^s,

The assignments for the semiiquinone ring coupling
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Fig. 30: Primary Radical from Para-Bromophenylhydroquinone,

Fig. 51; Secondary Spectra from p-Bromo Compound,
(a) : Mixture of Secondary Radicals.
(b) : Secondary Radical A only.
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constants given in tables V-VII are based on obvious trends 

in the splittings with the change of substituent in the 

aryl group. The rules adopted in part II to account for 

the splittings in alkylsemiquinones are found to apply 

equally well to arylsemiquinones.

Protons ortho to the aryl group

In the secondary radicals B, the two semiquinone ring, 

splittings, a^ and a^, are totally unambiguous, a^ being

0-

0-

X

much the larger of the 

two due to the additi

onal oxygen atom para 

with respect to position' 

5. In these radicals 

we can follow the 

effects of groups X on 

the two semiquinone ring 

splittings.

Table X shows the trend observed for the large split

ting a^ in secondary radicals B on changing the substituent 

X. The effect is seen to be quite large, a change in the 

magnitude of the splitting of almost 1 Gauss on going from 

OH to NO^ as the para substituent X in the aryl group.



Fig. 52 : Primary Radical from Para- Methoxy Compound,

O-Gauss

(a)
(b)

Secondary Spectra from Para-- Methoxy Compound.
(a) Mixture of Secondary Radicals.
(b) Secondary Radical A alone.
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Table! X

[ Substituent X1
Coupling Constant

!

( Gauss)
OK

4.00
OMe

4.̂ :0
Me K Cl COgH 

4.42 4.52 4.58 4.66
NO

It is clear that electron-donating substituants in the 

aryl group decrease spin density^ at the 5-position, ortho 

to the aryl group, the order of the splittings directly 

follovring the expected order of electron-releasing ability 

of the group X. The fact that the hydroxyl group has a 
much greater effect than methoxy seems to imply that the 

hydroxyl proton has been lost to the alkaline medium, and 

the group producing the effect is, in fact, -0

The assignments of the splittings for this position 

in the primary radicals and secondary radicals A are based 

on the observations of similar trends in one of the split

tings in these radicals. It v;as shown in part II that the 

effect at the ortho position was similar in all the three 

types of radicals from alkylhydroquinones.

Table XI shows the splittings assigned to protons 

ortho to the aryl group in the primary radicals and second

ary radicals A. The largest changes are again recorded for
I

the hydroxyl and the nitro groups, as might be expected 

since they are by far the strongest groups electronically.
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Primary Radical from Keta-Methoxy Compound.

= 0^ 
“

m

1 € j 0 . 0 5 S

Fig. ^3: Secondary Radicals from Meta-Kethoxy Compound.
(a) Mixture of secondary radicals.
(b) Secondary radical A. i
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Table XI

I*:

Substituent X Oil OHe Me H Cl COgH NO 2
Primary 1.58 1.85 1.88 1.99 2.10 2.10 2.38
Secondary A 0.53 0.90 0.90 1.08 1.16 1.17 1.48

It is significant that the changes in the coupling 
constants of the protons ortho to the aryl group areconp- 
arable in the three types of radicals. On going from OH 

to NO^, for example, the splittings increase by ca. 1 Gauss, 

and this shows that the effect is fairly independent cf the 

actual spin density at the carbon bearing the substituent.

Protons meta and para to the aryl group.

In. the secondary radicals only two semiquinone ring 

splittings are present and since one has been’assigned to

O'

A

O-

0 -

R r

H



Fig. 56; Primary Radical from Para-Hydroxyphenylhydroquinone.

A_ P ,C \

m

I biguss

Fig. 57* Socondnry Spectra from Para-Hydroxy Compound

(a) Mixture of secondary radicals.
(b) Secondary radical A.
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the position ortho to the aryl group, the other is determ
ined as that due to coupling v/ith the proton at the >  

posirion, flanked hy tv/o oxygens on the semiquinone ring.

By folioving changes in in the tv/o secondary radicals, 
the effect of the aryl group at the meta position (secondary 

A) and the para position (secondary B) can be investigated.

In part II it v/as shov/n that 

the effects of a group Y in the 
primary radicals (Y= Alkyl, OKe) 
0 n the splittings a^ and a^ v/ere 

reversed in the secondary 
radicals,A and E where those 
positions were flanked by tv/o 
oxygens. It was suggested that 

this was due to the primary radicals having a positive spin 

density on the ring carbons, while carbon-5 in the second

ary radicals had a negative spin density. Molecular orbital 

calculations on the system have implied that this is in 

fact the case'^"

On this basis we would expect the splittings a^ in the 

secondary radicals from arylhydroquinones to show the 

opposite trends to the splittings a^ and a^ in the primary 

radicals. Table XII shows the effects of substitution in 

the para position of the aryl ring on the spliutings a^ in 

the secondary radicals A and B.
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Substituent in j! Coupling Constants (Gauss)

aryl ring Secondary A Secondary B

OH 0.53 0. 63
OHe 0.53 0.65 '
H e 0.50 0.67
H 0.50 0.67
ri 0.48 0.68

0.48 0.67

NO^ 0.45 0.70

i
0- O'

0 - Ar

0 -

0- 0 -

A B

É--,

The follov/ing rules seeia to apply for the splitting 
in the secondary radicals A and B froK arylhydroquinones

y
1. The splitting is greater wher para to the

aryl groun than v/hen meta to the aryl group,
2, The effect of electron-releasing substit- 

uents in the aryl ring is to increase a_ when.



a
r  V!

Fig.58: Primary Radical from Meta-Hydroxy Compound,

Ï ( a)'

Fig.59: Secondary Radicals from Meta-Hydroxy Compound.

(a) Mixture of secondary radicals,

(b) Secondary radical A.
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meta to the aryl group and decrease When para
Ito the aryl group.

In the primary radicals the splittings from a^ and a.V O
show that one is increased by electron-donating substit
uents, while the other remains fairly constant and is 

always the larger of the two. The former smaller splitting 
has therefore been assigned to the position para to tie aryl 

group (a^) since the trend at that position in the primary 

radical is then opposite to that in secondary radical B, as 

is observed for alliylsemiouinones. The larger, and fairly 

constant splitting has been assigned to the position meta 
to the aryl group (a^).

With this assignment of a^ and a^, the trends in the 
coupling constants are directly in line with those observed 

for the semiquinones discussed in part II containing alkyl 
and other substituents (0**, OHe, Cl). The splitting a^, 

meta to the substituent, was shovm to be fairly independent 

of the electron-donating ability of the group, but more 

dependent on the size. For arylsemiquinones containing only 

meta and para-substituents, the steric interaction between 

the aryl ring and the adjacent o:^ygen is e^ipected to be 

reasonably unchanged throughout the series, and in fact the 

splittings assigned to this position are found to be fairly 

constant.
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The coupling constants assigned to in the primary
! ' 

radicals follow the usual'trend of being increased by

electron-donating substituents, the effect being smaller

than the accompanying decrease at the ortho position.

A set of rules can now be drawn up to cover the •comp
lete range of primary and secondary radicals discussed in 

this thesis. These rules consistently account for the 

observed hyperfine splittings in almost all cases.

Rules governing hyperfine s-plittings in primary 
and secondary radicals.

1. In the primary and secondary radicals the 

semiquinone ring carbons carry a positive spin density with 

the exception of carbon-5 in the secondary radicals, which 
is flanked by two oxygens, and carries a negative spin 

density.
2. Spin densities on ring positions ortho to

a substituent Y become less positive as the electron-donat

ing ability of the group increases. The following order

h" of influence of Y is observed.
Ur >Vr
p', Y=0“»  O M e ^  p-OH(J >  t.butyl > )> v-0?-'e(P^ p-!'e(j)y

ijl > C l >
5. Spin densities on ring positions meta to a
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i,:- r.' ■

substituent become less positive v/ith the electron-donating 
ability of y, but the effect i-s much smaller than that at 
the ortho position. Spin densities become more positive 
ac the storic bulk of tho group incroaoos. •

,

4. Spin densities on ring positions para to a 
substituent become more positive v/ith the electron-donating 
ability of the group Y. The order of influence of Y is the 
same as that at the ortho position. The spin densities 
appear to become less positive as the steric bulk of the 
substituent is increased.

These rules consistentl;/ account for the observed 
trends in the splittings in all three types of radicals 

> studies. In alkylsemiquinones the steric and electronic
effects are unable to be considered separately, but it

X,.■ p; appears that in the arylsemiquinones discussed here the
steric influence of the group can be considered constant 
throughout the series, and only the electronic effects of 
the substituent are involved.

The effects produced by substituents in the meta1
position of the aryl group are, as expected, less than 
v/hen that substituent is in the para position. This can 
be rationalised in terms of a valence-bond approach 1o these 
radicals in which the odd electron is largely associated
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v/ith the oxygens. The only canonical shvictures v/hich have 
reasonably low energies and can lead to délocalisation 
of the odd elctron are those having a double bond' to, or 
a negative charge on, the oxygen. The délocalisation of 
the odd electron onto the aryl group must occur largely 
through structures of the type I-III and explains why the

o-

0-0- 0 -

X

II III

ortho and para positions have greater spin density than 
the meta positions. A substituent in the meta position 
will clearly have less effect than a para substituent on 
the spin density distribution since it cannot be involved 
in structures of the type I.

Electron releasing substituents decrease the total 
spin density on proton-bearing carbons in the three t ypes 
of; radical. The aryl group, then, attracts spin density
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more v/hen the substituent X releases electrons easily. 
Structures of type I suggest an explanation for this observ

ation, and for o” as
0

o-

substituent, the struct
ure IV is likely to be 
of some importance in 
reducing the total spin 
density associated v/ith 

the semiquinone ring.

i
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PART IV

IP. STERIC EFFECTS IN THE E.S.R. SPECTRA OF ORTHO- 
SUBSTITUTED ARYLSEMTOUIVONFS

In part III the V.S.S. spectra of radicals derived 

from r.rylhydroouinones containing meta- and par a-substit

uents in the aryl group were discussed. The electronic 

effects of these substituents on the hyperfine splittings 
of protons attached to the.semiquinone ring and the aryl 

fragment were examined, '̂ he results indicated that the 

distribution of spin density within the semiouinone ring 

v/as highly’ dependent on the electron-releasing ability of 

the substituent, and aided in the isolation of the various 

factors which determine the hyperfine splittings of œmi- 

quinones in general.

V/hen ortho-substituents are introduced into the aryl 

ring, it would be exrected that the conformations of tieI
radicals, v/i th respect to the dihedral angle between the 

two rings, would be highly dependent on the amount of 

ortho substitution and on the sizes of the substituents.
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«To investigate.the steric effects in this system a
v/ide range of ary Ihy d ro quin on e s have been prepared contain- 

ing one or two ortho substituents in the aryl ring and the

E.S.R. spectra of the primary and secondary radicals obtain
ed.

Production of the -orirnary and secondary radicals.

'^he arylquinones were prepared by the same method as

that described for the meta- and para-substituted compounds,

by direct arylation of p-bonzoquinone via the diazonium 
52salts '. The extra steric strain in the ortho-substituted 

compounds was evident from the fact that thê /- v/ere initially- 

obtained as oils. They were, however, eventually obtained 

in pure crystalline state (see experimental section). 
Reduction of the arylquinones with zinc and R^lhydrcchloric 

acid yielded the corresponding hydroquinone.

Trimary radicals were generated in the usual way from 

the corresponding hydroouinonss in mildly alkaline solutions 

v/ith 30% aqueous ethanol as solvent.

Secondary radicals were obtained from the hydrocuinones 

in KaOH solution. As for the meta- and para-substituted

compounds, a mixture of the two isomeric secondary radicals 

was initially obtained, but secondary radical B decayed more



Fig, 60: Priciary radical from Ortho- Methyl Compound,

Fig, 6l :: Secondary radical A from Ortho-Methyl Compound,
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cuickly v.-ncn uhe cointzons v/ere left and a pure spectrum 

of A could be .recorded. The overlap between the spectra o 

A and B v/as at the most very small, and both spectra could 
be analysed.

niscus.tion of the F.S.P. Cnectra of Ortho-substituted 
Arylsomicuinnnes.

'̂ he radicals obtained from ortho-substituted aryl- 

hydroauinones and their F.S.P. coupling constants are given 

in tables XIII - XV. The corresponding meta- and para- 

substituted radicals have been included in these tables for 

easy comparison of the effects of substitution at the 

different aryl ring positions.

A number of the H.S.R'. spectra obtained are reproduced 

along v/ith the discussion of the hyperfine splittings.

Semiouinone ring srlittings

The effects produced by ortho substituents on the 

semiquinone ring splittings are much smaller than v/hen 

those substituents are in the para position, end c/re comp

arable to those in the corresponding meta derivatives.
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F' b lo X m *  i rrr n rn rt^ n .tn  n f  T:riTnp-ry ~Pp.d.TC?Jp

> -nro-SuhF!i-.i tn f.p rl '"ry l W r l-rn n n n n n e r ..

VI-,

Ar-'T. O-T'OTiTi
O o iT o lin r . ' O o?ist?.-ntR  (Crr̂ xic,r)

f 'T y l  Gron.p S r> littir i" r:

‘"o (f ) '̂'ïïi(F) %(i?) " substituent

■Ph 1.99 2.12 2.56 0.27
Ortho-? 2.07 2.21 2.52 0.16
iJmte-'P' 2.02 2.15 2.56 0.28
Para-? 2.01 2.12 2.5/ 0.28
Or tho-01. 2.10 2.22 2 .5^ 0
"î'-'ets—01 o.on 2.15 2.52 0.27

01 2.10 2.10 2.54. 0.28
Ortho—Fr 2.10 2.20 2.50 0.10
Fara-^r 2.04 2.0/. 2./8 0.28
Ortho—■ "e 2.0.9 2.20 2.51 0.15

• :ota-''e 1.96 2.14 2.58 0.27
'Vrs-i-’ie 1.88 2.15 2.55 0,28
Or tho-O'Te 2.05 2.17 2.65 0.15
T‘Teta-0?e 2.02 2,05 2.54 0.26
Fara-Ome 1.85 2.16 2.56 0,50
Ortho-OF 1.82 2.28 2.65 0.14
T-!eta.-OF 1.81 2.17 2.57 0.26
?ara-OF 1.58 2.55 2.55 0.52
Ortho-FOg 2.10 2.10 2.56 0,16
%eta-FO^ 2.26 1.94 2.4/ 0.27
Fara-TTO^ 2.56 1.92 2.50 0.50
Ortho-Fh 2.06 2.06' 2.60 ©
Para-Fh 1.98 2.10 2.58 0.28

0 .16 0.27
0 .16 0.16

"■p
0.15
0.15

0 .28
■

0.15
0.16
0 .10

0.16

0.13
0.18
0.16

0 .1 5

0 .15

0 .15

0 ,1 4

0 .15

0 ,1 4

0.16

0.17
0 .15

0.07

0.10

0 .1 5

0 .2 7

0 .15

0.26

0 .1 4

0.26

0.16
0.27

=  0.86

= 0.57

a__ q:=>0.05'Fie
a_. =0.09me

=0 .28

s 0 .0 7 *
-

$  :
Fnreeolved snlitting, estimated from Secondary A. 
Aryl jgroun splittings not resolved.
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Tfi.'hleXty : Oour>ling’ Constants of Secondary "Radicals A
from T'Tono‘-Snl')r>t'i tntprl Aryl.hvdromiinoneR,

!
.! Oonr)*) ina* Constanta (Gp u s si

f

Aryl frroup
"7 3-6

Aryl Group Splittinys 
% ( h ) ^ p (p ) Substituent

Ph 0.50 1.08 0.54 0.31 0.54
Ortho-?
Meta-? 0.53 1.15 0.53 0.28 0.53 a^ = 0.08
Para—TÏ' 0.51 1.09 0.58 0.50 — s-p = 1.09
Hrtho-Ol 0.50 1.27 I1 0.25 0.25 0.20

Mota-01 0.52 1.19 0,54 0.29 0.54

Para-0] o./m 1.16 0.59 0.31 —
Ortho-Pr 0.48 1.25 0.24 0.24 0.17

P'̂ ra-Pr 0.49 1.15 0.59 0.31

Ortho-Me 0.51 0.96 0.28 0.28 0.28 =  0-11
Keta.-Me 0.52 1.06 0,52 0.32 0.52 ^Me = 0-16
P?ra-Me 0.50 0.90 0.58 0.31 — «ÎTe = 0-5S
Ortho-Oî-îe 0.52 1.12 0.26 0.26 0.26

Meta-OMe 0.54 1.08 0.54 0.29 0.54
Para-OMe 0.53 0.90 0.59 0.29 —

Ortho-OH 0.49 0.82 0.24 0.24 0.30

iieta-OH 0.51 0.96 0.51 0.27 0.51

Para.-OH 0.53 0.53 0.65 0.27 —

Ortho-POp * =  0.15

T4eta.-?lOp
0.43 1.42 .. 0.60 0,30 0.60 =  0.09

Para-NOp 0.45 1.48 0.60 0.30 — ^  =  0-15

Ortho-Ph 0.48 1.04 0.30 0.30 0.20 0 ,10(2 protons)
Para— 0.50 1.12 0.58 0.33 —

* : Spectra.not analysed.

. _"-V i
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8e

TableXV ; Conn].inm Constants of Saoondarnr Padio^ls P 
f-̂ -om Mono-Substituted Ar̂ /-].hvdronn.jnones.

'T
Oounlihn: Constants (Gauss)

Aryl Group \ Ar/-1 Group Splitt:_nps
%(H) ^h(H) =p(R) ^substituent

Ph 0.6? 4,52 0.12 0.12 0.12
Ortho-? 0.68 4,72 @ R-g, = 0.40
Keta-T
Para-?

0.66
0.66

4,64
4.48

0.12
0.12

0.12
0.12

0.12 a^^^&O.OO
— 0.24

Ortho-Cl . 0.65 4.72 m
Peto-Cl 0.67 4,62 0.12 0.12 0.12
Para-01 0,68 /.58 0;12 0.12 —

Ortlic-Br 0.6/ 4.74 e
Para-Pr 0.67 4,66 0,12 0.12 —

Ortho-Tie 0.6/ 4.=6 e
T'eta-Tie 0.65 4,45 0.T2 0.12 0,12
■̂ o.r̂ —Tie 
Ortho-OMe

0.67
0.67

/.42
4.65

0.13 0.13 — -He -°-15

Tie ta-Oi'6 0.68 4.56 0.12 0.12 0.12
"Para-OMe 0.65 4.40 0.12 0.12 —
Ortho-OH 0.64 4.16 e
TiQta-OH 0.66 4,36 0.12 0.12 0.12
Para-OH 0.63 A.00 0.14 0.10 —

Ortho-PO^
TTrnta-m^
■Para-HO^

t
t
0.70 4.86 0.12 0.12

Ortho-Ph 0.64 4,44 ©
Para—Ph 0,66 4.52 0.12 0,12 —

0  : Aryl aroun snlittinys not resolved.
: Spectra not obtained. I®
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g

Fig.62: Primary radical from Ortho-Methoxy Compound.

2.

(b)

Fig,'. 63:
Secondary Spectra from Meta-Methoxy' Compound.

(a) Mixture of Secondary radicals.
(b) Secondary radical A.

A

1
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"^acle X\)I shows tnc primary radical semiouinone ringspliLb'myS, 

hydroxyl and nitro as substituent in the ortho, meta and 
para positions of the aryl ring.

'able XVI

Substituent Semiqulnone rinô .splittings (Gauss)

H 1.99
^5
2.12

•̂6
2.56

ortho-OH 1.82 2.28 2.65
meta-OH 1.81 2.17 2.57
para-OTT 1.38 2.33 2.55 '
ortho-’'"0 2 2.10 2.10 2.56

meta-XO^ 2.26 1.94 2.44

para-HO2 2.38 1.92 2.50

The results in table XVI indicate that it is the IT -

system which is mainly responsible for the transmission of

the electronic effects of substituents in The aryl ring.

Firstly, meta-substituents have a much smaller effect than

para-substituents where the dihedral angle between the two

rings should be about the same. Secondly, it.would be
'

expected that the effects of ortho and para substituents 

would be comparable if the dihedral angle was the same. 

Clearly, the dihedral angle is increased substantially by 

the introduction of an ortho nitro group, for example, and 

the conjugation between the iT-systems of the two rings is



Figo 64: Primary radical from Ortho-Hydroxy Compound».

(a)

Figo 6$: Secondary spectra from Ortho-Hydroxy Compound
(a) Mixture of secondary radicals»
(b) Secondary radical A»
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reduced.

The trends in the semiquinone ring coupling constants 

•’•ith changes of the ortho-suhetituont are less definite .than 
those for a meta- or para-substituent. This might be 

expected since the electronic effect of the ortho-substituent 

A, transmitted through the TT-system, is presumably accomp

anied by some steric interaction between X and. the adjacent 
carbonyl oxygen, and also the adjacent semiquinone ring 
proton.

This interaction will depend not only on the size of 

the group X but also on its electronic nature"^. The 

hydroxyl substituent for example, in the form of -O", would 

be expected to repel the adjacent carbonyl oxygen more 

strongly than the methyl group, even if. the sizes of the 

two are comparable.

'^he assignments given in tables XIII - XV for the 

ortho-substituted radicals generally follow the rules 

adopted and developed in parts II and III of this thesis, 

but clearly additional factors are involved in determining 

the semiouinone ring splittings by the introduction of 

la,. grouns into the ortho position of the aryl ring.
t  * ' ,

is



(a)
(b)

Fie.66: Spectra from *■ 0-.Bromophenylhydroquinone.
(a) Primary radical.
(b) Secondary radical A.

2

(a)
(b)

Fig.. 6?: Spectra from
oc^Naphthylhydroquinone.
(a) Primary radical.
(b) V/ings of (a) showing splitting 

from a-naphthyl group..
(c) Secondary radical A.
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*râb?.G:XVIIt Oonpling Conntant,?. of PriTnp,ry ~Radioâls 
from Pnlysn.nstitutnd /'.T̂rl hydrconinonen.

noupling Constants (Gauss)
Aryl Group

"5
Aryl Group Splittings 

% ( h ) '̂m(H) '̂p (h ) Substituent

o(-naphthyl 2.16 2.16 2.52 0,10 (? protons) 
0.16 (l proton )

?,Me,3-Cl 2.20 2.20 2.52 ©

2,3-MMe 2.05 2.18 2.52 0.12 0.12 0.12

2,4-^iNe 2.05 2.18 2.55 0.15 0.15 —

2,5-MMe 2.05 2.17 2.55 0,12 0.12 0.12

2,6-UiJie 2.10 2.26 2.50 —  0.15 ——

p-Me,6-Cl 2.14 2.18 2.50 0.15 —

2,6-UiCl 2.10 2.42 2.50 --- 0.10 —

2,6-Uil4e,4-Cl 2.20 2.20 2.48 _ —  0.15 — ®î'Ie(o)=0,05*

2,6-T)iJ'îe,4-Br 2.20 2.20 2.49 —  0.14 — ®He(o)=0,05*
2,4,é~TriHe 2.11 2.26 2.54 —  0.16 .— ®Me(o)=Q.04*

^•le(p)=0,00
2,4j6-Trü'ïe,

5-3r 2.16 2.16 2.50 —  0.11 —

Aryl group splittings not resolved.
Unresolved splitting, estimated from splitting in 

Secondary A*
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A X V III : C ourlinv Constants n f SeconrlpT^r Parlioals^'A 

from "Pnlysubptitr.ted Arvlbvdronninones. ■

Coupling Constants (Canno)
Ar̂.'-l Group

'’3 "6 Arrl Group Spli 
%(R) %(E) %(R) ^

ttlngs 1 
substitu.ent |

cC -naphthyl 0.55 1,16 0.25(2 protons) 
0.54(1 proton )

?r̂ 'Te 5 5-01 j #

2,5-T)iJie ■ 0.4B 1.10 0.24 0.24 0.24

2 , A - W e it

255-DiJ'îe #

2,6-T)iI1e 0.51 1.08 —  0.51 — ^>te(o)=°'°9

2—He 5 6—Cl 0.54 1.18 —  0.50 —

2,6-1)101 0.54 1.58 —  0.27 —

2,6-DlMe,/1-0I 0.51 1.08 —  0.50 —

2,6-DiMe,/-Br 0.50 1.09 ' —  0.50 —

2j45 6-TriHe 0.49 1.00 —  0.52 —

5-Br *

V ;• Spectra not resolved or fully analysed,
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XIX : Con •ni T-n̂  Oo-nntonts of Ceconfln-rnr Padl.opJ.s B
from UQiornubntitnted Ar-̂ lhyclronninories,

Con'oling Constants fConss')
Ar'/’l G-^oup

"5 Aryl Group SpD.ittings j
c<-np,phth:'‘l n.44 4.60 11

1 2-He,3-Cl 0,6 a A.64 ■jf

2,3-BiNe 0,6a /.48

2,/1-DiHe 0.64 A.52 -X-

2,5-T)iMe 0,64 4.52 •K-

2 5 6—T)iHe 0.6? 4.52 '̂inota(H) =
2-He,6-Cl 0.56 5.86 •x-

2,6-BiCl 1.20 5.16 ir

2,6.-115140 5 4-01 0.65 4.62 -X-

2,6-.T)iHe,4-Br 0.64 4.62 •X*

2,4)6-TriJ4@ 0.65 4.52

2,4,6-BriI4e
3-3r 0.64 4.60 -X-

: hjryl Group Splittings not resolved,
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Aryl group solittinms.

From tables XIII - XV it is cla- - that the aryl ring 

proton splittings ai-e about twice as large when the substit

uent occupies the meta or para positions, than v/hon it is 

ortho with respect to the bond joining the two rings.

Tables XVII - XIX give the primary and secondary 

radicals from polysubstituted arylhydroquinones with their

F.S.F. coupling constants, many containing two ortho subs

tituents. Fxamination of the hyperfine splittings for all 

arylsemiquinone radicals reveal the following main points:-

1. V/hereas the meta proton coupling constants seem to 

■ remain reasonably, constant with increasing ortho

substitution on the aryl group, the ortho and para 

splittings decrease sharply. Vo splitting is obser

ved for para protons in the radicals containing two 

ortho-substituents in the aryl ring.

?.. For methyl substituents on the aryl group:-

(a) Para methyl proton splittings are about the same 

as those of para hydrogens.

(b) Ortho methyl proton splittings are less than
I

those of ortho hydrogens.

(c) Meta methyl proton splittings are about half 

those of meta hydrogens.



Fie. 68: Primary radical from 2,4-dimethyIphenyl compound.

I CiCÂ-css

s

3P V

Fig. 69: Secondary radical A from 2,4-dimethylphenyl compound

Ly

-L '-'*4
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^ t h e  aryl group has two ortho methyl groups, a

para-chloro or a para-methyl group docs not affect

the resolution of the .S .p. spectra. On the other

hand in the ortho-chlorophenylsemiquinone, the aryl
proton splittings are not resolved (due rrohahly to

broadening of the lines by hyperfine coupling with
^^Cl and -̂ *̂ 01 nuclei).

1 9
k* For F as a substituent on the aryl ring:-

(a) The ortho fluorine splitting is.about 4 times as 

large as that of the ortho hydrogen in the same 

radical.

(b) The meta fluorine splitting is much less than 

that of the meta hydrogen.

( c) The para fluorine splitting is twice that of a 

hydrogen in the same position.

/
Those, and other points, can be explained in terms of

■ r

the increase in the dihedral angle between the serniouinone 

and the aryl rings when the ortho hydrogens are replaced by 

larger groups.

Theoretical model of the system.

A theoretical model to explain the observed aryl group 

splittings in a simple but satisfactory way is not difficult 

to develop, firstly the aryl group splittings in the three
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types of radicals appear to bear a definite relationship 

to each other,- i.e. the coupling constants of methyl or 

aryl protons in the ring vary in the same way for all three 

types of radical. These splittings in secondary radicals B 

are about half those in the corresponding primary radicals, 

which in turn are about half those in secondary radicals A.

:
t

Ï

This suggests firstly that the dihedral angle is 

probably-the same in all three types of radical and secondly, 

that the splittings in the aryl group are proportional to the 

spin density on the carbon atom to which it is attached. 

Support for this second possibility comes from the coupling 

constants in semiquinone itself and the radical from tri

hydro xy benzene .

0-

0 -

O-
0-

O-

expected ratio of aryl proton splittings is:-

Secondary B : Primary 

1.34 : 2.37
i.e. approximately 1:2

Secondary A

4.98
4, as observed.

r-

Molecular orbital model: The délocalisation of the odd

electron onto the aryl ring can be considered as being
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sirilar to that in the benzyl radical; the aryl fragment 

and the carbon atom on the semiquinone ring to which it is 
attached are involved.

This problem, together with the variation of spin 

densities with the angle of twist about the carbon-aryl 

bond has been discussed at various levels of sophistication 

for benzyl radicals^^»^^ and aromatic nitroyide radicals^^.

Some understanding can be gained,however, using simple 

molecular orbital theory. If the dihedral angle between the 

two rings is 0 (see fig. 10.a) , then the 2prr orbital of 

the adjacent carbon atom in the semiquinone ring can be 

resolved into two parts, one, cos 6 , which has the

plane of Sem'iĉ uinone nn^

6
F ig .  7 0 (b )
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same symmetry an the TT-orbitals of the aryl substituent, 

and the other, sin G , which has interactions only with
the a--orbitals of the aryl group ( see firs. 10 b and 10 c). 
3pin density"! f; therefore transmitted effectively via two 
distinct routes, and the hyperfine splittings can be written 
as a simple sun of two terns:- 

a C B )  = a ^ ( G )  + ( G )
a-ĵ (O°)cos^e + a^(90°) sin"̂ 0

The values of a^(0°) and a^- (90°) can be estimated 

empirically or theore tically.

11 -part.

The coupling constants in the benzyl radical ha/e 
been used here to estimate the TT-contribution. If the 
benzyl radical is considered as planar, then the splittings 
for the ortho, meta and para protons should give a measure 
of the effective delocalisation,through the TT-system^of the 
odd electron. The splittings observed for the benzyl 

radical are.

^0 = 5.1C-

= 1.7G

= 6. IG
where the spin density on the extranucloar carbon bas been 
calculated as This leads to the following
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expressions for the splittings (due to the TT-part) at th,
ring positions in arylserniouinones:-

ÿ'-

m eta 

psra

ayn)

all-:)
a y n )

= -5.1 .O.cos 6 - a^CCKj)
C.57
+1.7
0.57

- 6.1
0.57"

V-
FTL' which
[n:

li'
(H)

ag C H )

p. cos 0

0. cos

= -8.7 p cos'̂ ’0

= +2.6 P COs^ ©

= -10.5 p cos'“0

■ay(CE3) 

■ay(CR )

cr -part.

r'
For the cr-part it is again TT -interactions which are 

responsible for the spin delocalisation, but in this case it 

is IT -type interactions involving the carbon hybrid orbit

als of the aryl ring, each of which has 2/3 p  character, 

^hese orbitals can be resolved into part along the adjacent 

c-c bond and part perpendicular to it. The TT -interactions
pbetween carbon sp*" hybrid orbitals in ethylene are half the 

magnitude of the resonance integral assigned to the TT -bond 

so they are by no means negligable.
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cc-

The parameters shov/n in fig, 71 have been shown to

account for a variety of coupling constants in N.M.E.

spectra and for certain effects in elimination reactions-^^ * 
It has been found that

1/4 , 1 / 4 ^

roughly reproduce the coupling constants in the vinyl 

radical^^, and the formula for the splitting,

ŝ Ccr) = 508 p i
where p ̂  = spin density in the" hydrogen IS orbital

has been used. This corresponds to an effective atomic
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number of hydroren of unity.

For the cr-contzibution, the spin density at the 

protons themselves are calculated and the following express

ions are obtained for the splittings at the various aryl 
ring positions:-

a - ( H )

ap--(H)

= +0.95 p sin^G 

= +2.54 p sin^ 6
(CH-)

zero (CF_) a:" (CF^)

For the three types of radicals observed, only the 

value of p , the spin density on the extranucloar carbon, 

is different. To estimate p the splittings in 'the radicals 

obtained from methylhydrocuinone can be used, with the 

assumption that the spin density at the semiquinone ring 

is the same whether it holds a methyl or an aryl substituent.

For secondary radicals A, where the splittings from the 

aryl group are largest,

i

'CH. 5.12G
'5

using 0 ^

pSccA



î'ip'o- 72; Primary radical from 2 ,6 -D im e thylphenylhydroquinone*

Fig. 73: Mixture of secondary radicals from
2,6-Dimethylphenylhydroquinonea
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Table xx : Comparison of Calculated Coupling Constants of
Aryl Group Protons v/ith some of those observed in 
Secondary Radicals T.vDe A.

9 = 45°

' Type of Proton !

,  !aoCH) 1

!
1 " f )
I V C S ) )

a^(H)
a^CCHj)

i

1i!
Calculated j

i

(-) 0 .6 2 j 
(+) 0.78 i 
(+) 0.43 1
(-) 0 .22 i
(-) 0.87 
(+) 0.87

i
Observed \ 

Ar= p-MeC^H^ Ar= m-MeC^H^
i

0 .5 8 0 .5 2

0.51 0 .5 2 } 
0.16 1 
0 .5 2 1

0.58
i1

Ô = 60^
j 1

Type of Proton
i

Calculated Observed j
Ar = o-MeC^H^ j

ajH) (-) 0.23 0.28 1
a„(CH ) (+) 0.47 0.11 1

V H ) (+) 0.42 0.28 1

■ (—) 0.11 ------

a^(H) (-) 0.45 0.28
ap(CH.) (+) 0.45

. ... . 1
0e = 90

Type of Proton Calculated Observed
- Ar=2,6-DiMeC^E^ Ar=2,4 ,6-TriIvîeĈ ÏÏ̂

%(3) (+) 0.16
1

aJCHj) (+) 0 .16 0.09 0.08
(+) 0.42 0.51 0 .5 2

amfGBg) zero ------  -------

a^(H) zero zero :—
a/Clij) zero -- zero

..........  ........... ...............
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te

'̂ â'ble XX compare G the calculated and observed aryl 

group splittings for methyl-sucstituted arylserniouinones 

^secondary radicals A) with varying amounts of substitution ' 

in the ortho position. The theory is shov/n to account cuite 

v;ell for the variation of the coupling' constants, the 

greatest deviation from the predicted values being for 

ortho-methyl group splittings. This might be expected since 

distortion is most likely to occur at the ortho position^^; 

by bending of the C-CH^ bond the methyl group is forced out 

of the plane of the ring v.âth a resulting decrease in the 

hyperfine coupling.

From the theoretical point of view this simple approach 

gives much the same variations with dihedral angle as do 

the more sophisticated theories"^  ̂ . The effect of CT-spin 

delocalisation , responsible for aryl group coupling when 

the angle 0  approaches 9C°, arises mainly from TT -type 

interactions involving the carbon hybrid orbitals, each of 

which has 2/5 p character.

Meta proton splittings.

Out of the theory, and also from the experimental 

results comes the fact that the meta proton splittings are 

remarkably constant throughout the series of aryl substit

uents studied. This shows that the coupling constant has



Figo 74: Primary radical from
2,6-Dimethyl,4-Br phenyl compound-

Figo 75: Secondary radical from the 2,6-DiKe, 4-Br phenyl compound,



Aryl Group splitting.S from p-Ke compound.

- _ Aryl Group splittings from m-Me compound,
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the same si'̂ n at all dihedral angles, "ince in the near 

perpendicular conformations (2 ortho substituents) these 

splittings arise effectively from hyperconjugation i.e. 

direct transmission of spin density, the sign should be •; ' ■ 
POSITIVE. This means that if the spin-polarisation. mech

anism in TF-type radicals is accepted, the spin density in 

in the meta-carbon 2piT orbital must be NEGATIVE.

Dihedral angles

'’’he absence of hynorfine splitting from the para '

protons in the di-ortho substituted radicals, confirms that 

the dihedral angle in these cases is close to 90^. Similarly 

v;hen there is no ortho substituent, the angle, by comparison 

with theory, is apparently of the order of 45°. V/ith a 

single ortho substituent the situation is intermediate 

between the two ( ̂  60°).

Kethyl group splittings

^he theory is seen to account quite well for the 

splittings from methyl group protons in the meta and para 
positions of the aryl group, ""he ortho methyl splittings 

are much lower than the predicted values and this may be



(a) Qritho-Fluorophenyl.

 ̂ I Ciaüiÿ, ^

 -J

(b) Para-Fluarophenyl, (c) Me ta-Fluorophenyl.

Fig a 73: Aryl Group splitting patterns for Primary radicals
from Fluorophenylhydroquinones.

(a) Ortho-F* a'̂ = 4a^G O
(b) Para-Fo a^ = 2a^P PF '(c) Meta-F. a : Too small to be resolved.m
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duc to bonding of the C-CH- bond out of the plane of the 

aryl ring due.to steric interaction v/ith the ssrciouinone 

ring. This bond-bending- would be accompanied by a decrease 

in the. liyperfine coupling with the methyl group.

19F Splittings

From table XXI , it is clear that the ortho-fluorine

splitting is unexpectedly large compared to the ortho-
]_oproton splitting, whereas the ''F splitting at the meta 

position is unexpectedly small. -

"able XXI 19? splittings in primary radicals from 

f 1 u 0 r o n h o n y 1 h y d r o 0 u i n 0 n 0 s ,

Aryl group Coupling constants (Gauss)

o-FIuoro

m-Fluoro
1
1 p-?luoro

0.16(d) C.56 

0.15(m) ■ 0.04 

0 .28(p)* 0.5? j
*: Estimated proton splitting for that

position,
1

In rr-type radicals fluorine splittings are of the
30order of twice the corresponding proton splittings

and this is seen to be the case for the para-position. The
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o rtViO ond r.otn splittings can be explained by t.hc factI
that when fluorine is attached to a IT-system, tie 

coupling constants are thought to be of opposite sign to 

corresponding proton splittings because spin density can 

get directly onto the fluorine atom via the F(2pTT) orbital. 

Similarly, in the case of - fluorine coupling constants, 

spin density is transmitted onto a F(2pcr) orbital, presum-- 

ably also giving rise to a positive contribution to the 
hyperfine splitting.

The result of these two effects is that a-fp(^^F) and 
19a<7-( F) have the same sign for ortho-fluorine, but have 

opposite signs for meta-fluorine nuclei, because the TT-part 

is derived from negative spin density on the meta carbon 

2p-jx orbital. From the calculations a ^  and a ^  are approx

imately equal for hydrogen nuclei with a dihedral angle of 

45^. For a fluorine nucleus in the meta position these two 

contributions would also be expected to have almost the same 

magnitude, but of opposite sign, so they appear to very 

nearly cancel to give a small resultant splitting.

For the ortho-fluorine,, the two contributions are of 

the same sign and a comparatively large splitting is observed.
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Ar.toyjdation exnerirr.ents and E.S.^h snectra

All the E.S.R. spectra were recorded using a Varian 

E-4 instrument employing iCOKHz. modulation. For the flow 

experiments a Varian mixing-cell was used, the observation of 

the radicals occuring ca. 0.1 sec after mixing of the two 

solutions, ^he experiments in a static system were carried 

out using a Varian acueous-cell.

In the flow experiments a solution of the hydroouinone 

or quinone  ̂ca. O.OOltl in the chosen solvent) was flowed 

against acùeous sodium hydroxide so‘'ut-'on, the radicals 

being observed ca. 0.1 sec. after mixing. It was found 

difficult to flow solutions of alkali greater than ca. 5%, 

due to the viscosity of the ■ solution, and the primary spectrum 

was invariably observed by this method.

The most useful experiments were performed in a st-tic 

system and in this case a solution of the hydrocuione or 

nuinone was made alkaline by the addition of sodium hydrox- 

ido solution, shaken in air, emd the F.3.3. spectrum recorded
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at regular intervals, "̂ he spectra were analysed for definite 
radical species.

'■’ho concentrations of liydronuinonc or ouinonc and of

the alkali were varied, and the effects of changing the

solvent were studied, •"’̂he amount of oxygen present in the 

solutions could be increased by shaking vigorously in air.

The particular conditions required to observe definite 

radicals varied considerably with the hydroouinone or 

quinone, and for this reason the experimental conditions in 
each case have been described earlier along with the disc

ussion of the spectra. V/ell-resolved spectra of the primary 

and secondary radicals could, however, normally be obtained 

by the general methods described below.

^ rim cry radicals ,̂

To a solution of the hydroouinone (ca. O.OIM) in pOf

arueous ethanol, a fey; drops of 1% >!aOH were added. ™hc 

resulting so"’ ut ' on was transferred to an aoueous-cell in 

the cavity of the ^.S.Tc. spectrometer and the spectrum 

recorded immediately. - , •
V-i

■Secondary radicals . .
1

aood spectra of the secondary radicals were normally 

obtained by making a solution of the hydroouinone or 

nuinone (ca. 0.01 V) strongly nlkaMne and shaking the
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resultant solution in air. A ’pure’ spectrum v/as often 

obtained immediately, but occasionally only developed after 
a period of time.

The strength of the alkali required depended to a great 

extent on the particular hydroouinone or quinone, and the 

conditions in each case have been described along with the 

discussion of the spectra. The effects of varying the 

solvent have also been described for the individual hydro- 

quinones earlier in this thesis.

Prenaration of -ydrocuinones and Quinones 

Alkvlouinones

Then neither the quinone nor the hydroouinone was 

commercially available, the alkylouinone was prepared by 

oxidation of the corresponding phenol vm.th Fremy’s salt 

according to the method of Teuber and Pau°'%

The phenol (1 Mole),'in a suitable solvent (methanol,

acetone), was reacted at room temperature with a solution of

2 Moles of Fremy’s salt (Potassium nitrocodisulphonate) in

water. The quinone formed was extracted with ether after1
ca. 1 hour and the solid obtained recrystallized from a 

suitable solvent. The yields obtained were generally of the 

order of
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S.Q.
OH 0

R R

0

R

chlorinated compo’iJinds were prepared in good yield 

by passing dry hydrogen chloride into a solution of the 

corresponding ouinone in chloroform^^. The chlorinated 

hydroouinone was deposited and recrystallized from chloro
form.

0 OH

CE
0 O U

"^he hydroouinones and ouinones described in part II, 

containing mainly alkyl substituents, are set out in table 

xxn > with their melting points and recrystallizing 

solvents.

The hydroouinones in tableXXll were converted to the 

corresponding quinones, v'here required, by oridation wi'ch
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Tablexxti: H;ydroQuinones and Quinones Containing Alley 1
and Other Simple Substituents with their Meltin/r Points 
and Recr.vstallir.R: Solvents.

Compound Melting Point ! Recry stalling Solvent
Hydroquinone 170-2° Benzene
P-Benzoquinone 115-0° Pet, Ether(60-80°)
2-Me,p-quinone | 124-5° Benzene
2-Et,p-quinone 112-3° Pet. Ether(60-80°)
2-t.Butylhydroquinone 127-9° Benzene
2,3-BiI'.Ie, p-quinone 54-5° Pet. Ether(60-80°)
2,5-DiMe, p-quinone 125-6° > 9

2,6-Bi];!e, p-quinone 72-3° s »
2,5-Bit.Butylhydroquinone 217-8° Benzene
Thymoquinone 106—7 Pet.Ether(60-80°)
1,4-Kaphthoquinone 124-5° » 9

2-Me, 1,4-Baphthoquinone 104-5° 9 9

2-Chlorohydroquinone 106-7° Chloroform
5-Me,2-Cljhydroquinone 172-3° I Chloroform

1
2-Methoxy, p-quinone 139-40° I Pet. Ether(60-80°)
Cathecol 105-6° i Benzene
4-Me, o-quinone 66-68° ! Pet, Ether(60-80°)
4-t.Butyl, o-quinone 66-7° 9 9
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chromic anhydride at 0 C in aqueous acetic acid solution 04

"̂ he quinones given in the table were reduced to the 

corresponding h^/drocuinones with zinc dust and 2 %  hydro

chloric acid. Extraction with ether and■recrystallization 

of the product yielded the pure hydroouinone; this method 

was very convenient for small amounts of compound.

triacctoxy compounds were prepared by the Thiele 
L'acétylation reaction'-^, previously mentioned in part II.

A mixture of the quinone (1 Kole), acetic anhydride 

(5 Moles) and a few drops of cone. H^SO^ were heated to 

about 80°C until reaction pccured. After ca. hr. the 

mixture was poured into a large volume of cold water and the 

triacetoxy compound recrystallized from ethanol.

Arylquinones

•^he aryl quinones were prepared by direct arylation

of p-benzoquinone via the diazonium salts, according to the
52method of Prassard and L ’Ecuyer

'"o a suspension of p-benzocuinone, (0.1 mole) in 750 ml. 

of water at 15°C was added 0.1 Mole of the diazonium salt 

prepared in the usual manner. The of the solution was 

kept at ca. 3 by the addition of solid sodium acetate.

After ca. 1 hr. at lp°C the solid was filtered off and
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WCL5 rec'-ystallizod from a svi.itable solvent, normally 

petroleum ether ( .

In the case of ortho substituents in the aryl group, 

the arylquinones rere obtained initially as black oils. 

Repeated crystallization from petro?_eum ether ( 60^-So^‘) at 

ca. eventually yielded the pure product.

The arylquinones and their melting points are given 

in tables xxIEI andxxLV , The corresponding hydroouinones 

were obtained by reduction with zinc and 2 % F C 1  as previously 

described for arylquinones.

The direct arylation method did not succeed for the 

ortho-hydronyphenyl compound and this quinone was prepared
62by oxidation of 2,2* -dihydroxybiphenyl with Fremy's salt '.

OH

OHOH

0

The arylation was successf' l in all other cares attempted.
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Tablexxm  Mono-Substituted Arylquinones with their 
Melting Ihints and Recr.vstallin^ Solvents.

Aryl Group : Melting Point j Recr^'stalling Solvent
1

Ph 112-3'' 1 Pet. Ether (6O- 80°)
Para-P 116-7°
i'̂ eta-P 88-9° > »
Ortho-P 69-70°
Para-Cl 129-30° > »
Meta-Cl 142-3° » »
prtho-Cl 83-4° Î »
Para-Br 143-4° 9 9

Ortho-Br 98-100° 9 9

Para-Me • 126-7° 9 9

Meta-Me 86-7° 9 9

Ortho-lie 58-60° 9 9

Para-OMe 118-20° 9 9

Meta-OMe 104-5° 9 9

Ortho-OMe 58-9° 9 9

Para-OH 176-8° Aq. Ethanol
Meta-OH 152-5° Aq. Ethanol
Ortho-OH 193-5° Benzene
Para-NOg 136-7° Pet.Ether(60-80^
Meta-NOg 126-8° Pet.Ether(60°“80°)
Ortho-NOg 99-100° > f

Para-Ph 199-200° y 9

Ortho-Ph 168-70° 9 9

Para-COgH Decomp.x^OOO® Bil. Acetic Acid
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Tablexxiv:__Poly-Substituted Arylquinones with their
, Melting Points and Re crystalline-: Solvents.

f------------------
Aryl Group Melting Point Recrystalling Solvent
cX-naphthyl 76-8° Pet, Ether (60-80°)
2-Me, 3-Cl 81-2° > » 1

2,3- DiMe 66-8° > »

2,4- DLMe 73-4° 9 9

2,5- DiMe 70-1° 9 9

2,6- DiMe 63-4° : 9 9

2-Me,6-Cl 81-3° ' 9 9

2,6-DiCl 104-5° 9 9

2,6-311.16,4-01 76-7° 9 9

2,6-LiiMe,4-3r 82-83° 9 9

1
2,4,6-TriMe 91-2°
2,4,6-TriMe, 101-3°

3-Br
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Secondary Radicals in the Autoxidation of Hydroquinones
B y  P. A sh w o r th  a n d  W .  T. D ix o n *

{Bedford College, Regents Park, London N . W . l )

Summary Strongly alkaline solutions of hydroquinones, of ̂ -semiquinone radicals,^ w h i c h  are short-lived in a q u e o u s
sh aken in air, m a y  give e.s.r. spectra corresponding to solution, but can be kept for m ü c h  longer periods in strongly
radicals other than the expected semiquinones ; secondary alcoholic media. T h e  relative stability of these 'primary'
or even tertiary stages of the autoxidation m a y  thus b e  radicals in alcoholic solution^ has, to a  certain extent,
observed. precluded further investigation of w h a t  appears to be a

---------------------------------- c o m p l e x  autoxidation process.
T h e  autoxidation of hydroquinones in alkaline solution is The autoxidation of 4-methylcatechol in aqueous alkali 
well known to be a radical process involving in itia l formation has been found to give a secondary radical, in which an
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additional o x y g e n  is b o n d e d  to the aromatic ring.= .This 
extends our k n owledge of the autoxidation process in that 
particular case, a n d  now, using e.s.r. spectroscopy, w e  have 
found rather similar results for s o m e  substituted h y d r o 
quinones a n d  ̂ -quinones.

In contrast to the situation in ethanolic solutions, m o r e  
than one type of radical m a y  be observed in largely aqueous 
solutions of certain hydroquinones or ÿ-quinones, depending 
o n  the conditions. F o r  example, in 1 %  s o d i u m  hydroxide 
solution, simple ̂ -semiquinone radicals are usually observed, 
but after a relatively short time, their e.s.r. spectra disappear. 
In m o r e  concentrated alkali (5— 2 0 %  N a O H ) ,  totally 
different e.s.r. spectra are obtained (apart f rom cases w h e r e  
w e  m i g h t  expect strong steric hindrance), corresponding to 
‘secondary’ radicals. These arise f r o m  substitution of a n  
aromatic hydrogen, probably b y  hydroxyl, to give radicals 
derived fr o m  the 1,2,4-trihydroxy benzene system.

F igure. E.s.r. spectrum of secondary radical from methylhydro- 
quinone.

Coupling constants in the e.s.r. spectra of the observed radicals

Coupling Constants (Gauss)

Hydroquinone or ̂ -quinone 

Unsubstituted

2-Methyl-

2.5-Dimethyl-

2.6-Dimethyl-

2,5-Di-t-butyl

Proton
2
3
5
6
2
3
5
6 
2 
3
5
6 
2 
3
5
6 
2 
3
5
6

Primary 
(weak alkali)

2 38 »
2 38 
2 38 
2 38

2 12 b 
1-75 
2 54 
2 46 
2 32 e
1-84 
2 3 2  
1 842-15C 
1 98
1 98
2 15

b
2 0 9

2 0 9

Secondary (strong alkali)

0 55 (H) 0 95 (Me)
4 15 (H)

0 95 (Me) ^ 0 55 (H)

0 98 (Me) 0 88 (Me)
4 31 (H)

0 88 (Me) 0 98 (Me)

0 97 (Me)
5 20 (Me)
0 72 (H)

0 56 (H> 0 66 (H)
5 18 (Me)

0 66 (H) 0 56 (H)

» Aqueous solution, b i . i H , 0 - E t 0 H .  « 1:1 H , 0 - D M F .  3:1 H , 0 - D M F .

O n e  characteristic of the ensuing radical is that the 
coupling constants of m e thyl or aromatic protons para to a n  
o x y g e n  a t o m  [i.e. o n  C-5), are m u c h  larger than in the 
original />-semiquinone radical (Table).

( 5)HMe Me (3) H Me

|3)H 6I HH (5 H(6)0'

A B O

It is clear that competing reactions in these solutions are 
finely balanced, for changes of solvent h a v e  a m a r k e d  effect 
o n  the ease of formation a n d  lifetimes of the observed 
radicals a n d  also, in one case, that of methylhydrpquinone, 
at least t w o  secondary radicals can be observed depending o n  
the conditions (A— C).

(a) In cold s o d i u m  hydroxide (6-^20%) radical A  (or 
radical B, w h i c h  w o u l d  be expected to h a v e  similar coupling

Me
Me

D

Me

Me

E

constants) w a s  observed (Figure) ; (&) in hot, strong alkali 
radical C, the s a m e  as that observed b y  Stone a n d  W a t e r s  
f r o m  4-methylcatechol, w a s  obtained ; a n d  (c) in mildly



1162 Chemical Communications, 1971

alkaline aqueous DMF a spectrum corresponded to  a ipix- 
ture of both radicals was obtained.

In  the case of methylhydroquinone a  ‘tertiary’ radical was 
obtained in very strong, cold alkali (30% NaOH). The 
resulting spectrum appears to correspond to  a hiphenyl 
derivative, D or E, where there is conjugation between the 
two rings, the coupling constants being approximately .half 
those in the secondary radical (A or B) from which it  would 
be formed.

» G. K. Fraenkel and B. Venkataraman, J . Amer. Chem. Soc., 1966, 77, 2707.
• G. K. Fraenkel and B. Venkataraman, J . Chem. Phys., 1969, 30, 1006.
• T. J. Stone and W. A. Waters, J . Chem. Soc., 1966, 1488.

The formation of this dimer is apparently favoured by the 
high spin-density on the position pa ra  to an oxygen {i.e. on 
C-6), and the presence of a  replaceable hydrogen a t th a t 
position.

P. A. thanks the S.R.C. for a research grant.

{Received, J u ly  20th, 1971; Com. 1268 )
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Electron Spin Resonance Spectra of Radicals derived from Aryl hydro
quinones
By P. Ashw orth and W . T, Dixon,* Bedford College, Regents Park, London N.W.l

The e.s.r. spectra of radicals formed in the autoxidation of arylhydroquinones show hyperfine splitting from protons 
attached to the aryl group, showing that the odd electron is delocalised over both rings. Substituents on the 
phenyl group Influence the various proton coupling constants in a way which is related to their electron-donating 
or electron-withdrawing properties.

W e have reported how several different types of radical 
intermediate can be observed during the autoxidation of 
alkylhydroquinones and quinones.̂ » ̂ In addition to 
semiquinones, radicals derived from 1,2,4-trihydroxy- 
benzenes can be seen by means of e.s.r. spectroscopy. 
A  parallel series of radicals are formed during the autoxi
dation of arylhydroquinones, showing that the aryl 
groups have little effect on the reactivity of the quinone 
nucleus, although the hyperfine splittings of aryl protons 
indicate that the odd electron is delocalised on to the 
second ring to some extent. Substituents on the aryl 
group have only a small effect on the coupling constants 
although the trends are reasonably definite.
The parent quinones were made by direct arylation of 

^-benzoquinone via the diazonium salts,® and the ease 
with which this reaction could be made to yield the aryl- 
quinone varied somewhat from one case to another. The 
primary radicals were generated easily in dilute alkaline 
solutions and the secondary radicals from more concen
trated alkali. The latter were always obtained initially 
as a mixture of two isomeric radicals, (A) and (B). This 
contrasts with the behaviour of alkylhydroquinones 
which could be made to yield one or other isomer depend
ing on the conditions. However, when the solutions were 
left the (B)-type radical decayed, often leaving a pure

 ̂ P. Ashworth and W .  T. Dixon, Chem. Comm., 1971, 1150.
2 P. Ashworth and W .  T. Dixon, J.C.S. Perkin II, 1972, 1130.

spectrum from type (A). Improved spectra of the 
secondary radicals could be obtained by acetylating the

Primary radical
O' (A) O' (B)
Secondary radicals

arylquinones followed by alkaline hydrolysis (Scheme 1). 
The e.s.r. spectra were in general well resolved and

OAc

Ac.°_ Mixture Of
AcO

OAc

Scheme 1

V. 2 secondary 
radicals

although there was a mixture of secondary radicals both 
spectra could be analysed because the overlap between 
them was minimal (see Figure 1). Difficulties arise in a 
few cases because the smaller splittings are of the same

3 P. Brassard and P. L. Écuyer, Canad. J. Chem., 1958, 36, 
700.
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order as the line-widths, and since we observe the first 
derivative of the absorption spectrum, overlapping of 
maxima and minima can lead to reductions of apparent

B 8

K
F igure 1 E.s.r. spectra of radicals from w-chlorophenylhydro- 

quinone, (a) primary radical (in 6 0 %  aqueous ethanol, 0 6 %  
sodium hydroxide; ' (b) secondary radicals (in 7-6% sodium 
hydroxide)

intensity or even total annihilation of some lines. This 
leads, in the case of ̂ -nitrophenylsemiquinone to some 
uncertainty in the smaller coupling constants (see Figure 
2).

1 G

F igure 2 O n e  of the side bands of the e.s.r. spectrum of 
^-nitrophenylsemiquinone, with the reconstructed ‘ stick ’ 
spectrum (alternate lines are ‘ missing ')

The assignments given in Tables 1 and 2 are based on 
the rules adopted in our previous paper ̂ on alkyl semi
quinones and which are in agreement with the results of

* B. Venkataraman, B. G. Segal, and G. K. Fraenkel, J. Chem. 
Phys., 1959, 30, 1006.

previous workers.^"® These rules m a y  be summarised 
thus : (1) coupling constants of protons para to a sub
stituent on the semiquinone nucleus are large ; (2) coupl
ing constants of protons ortho to an electron-donating

T a b l e  1

Coupling constants of p r i m a r y  radicals 
Coupling constants/G

Aryl group Oortho p̂ara m̂ela 03 «5 «6
P h 0-27 0 16 1-99 2-66 2 12
p-OK 0 32 0 14 1-38 2-53 2-33
p-OMe 0 30 0 1 6 1-86 2-66 2-16
p-Me 0 28 0 1 6 1-88 2 66 2-13
^-Ph 0-28 0 20 1-98 2-68 2-10
m-Cl 0 27 0 1 6 2-00 2-62 2-13
p-Cl 0 28 0 1 6 2-10 2-54 2-10
p - C O j H 0-27 0-17 2-10 2-66 2-10
yj-COjMe 0 29 0-18 2-26 2-66 1-96
^ - N O , 0-30 0-16 2-38 2-50 1-92

«N =  0 76
2,6-Diphenyl 0-26 0-14 2-20 2-20
2,6-Di-^-Cl 0-31 0-16 1-78 1-78

T a b le  2

Coupling constants/G of secondary radicals
Secondary radical (A) Secondary radical (B)

Aryl ôrtho Oortho
group «3 Opara Ometa «6 «3 «5 Opara Ometa
P h 0-60 0-54 0 31 1-08 0-67 4-62 0-12 0 1 2
p-OH 0 63 0-66 0-27 0-63 0-63 4-00 0-14 0-10
p-OMe 0 63 0-69 0-29 0 90 0-66 4-40 0-12 0 1 2
p-Me 0-60 0-58 0-31 0-90 0-67 4-42 0 1 3 0-13
p-Ph 0-50 0-68 0 33 1-12 0-66 4 62 0-12 0-12
m-Cl 0-62 0-64 0-29 1-19 0-67 4-62 0-12 0 12
p-c\ 0-48 0-59 0 31 1-16 0-68 4-58 0-12 0-12
p-CÔ H 0-48 0-68 0-32 1-17 0 67 4-66 0-12 0-12
ÿ - NO, 0-46 Oortho 0-30 1-48 0-70 4-86 0-12 0-12

=  0 60 
Opara «N 
=  0 16

substituent are small. As an example, consider structure 
(I). Position 5 is para to X  ; positions 5 and 6 are ortho 
to 0 “ ; position 3 is ortho to O" and to X, Hence a^ <  
(Zg <  gg: (3) the influence of the group X  decreases along 
the series 0" ̂  Bu* >  Me  >  Ph >  Cl >  H.

In the case of primary radicals we expect substitution 
into the phenyl ring to affect H-3 more than H-5, and we

® A. Fairbourn and E. A. A. Lucken, J. Chem. Soc., 1963, 268. 
® K. A. K. Lott, E. L. Short, and D. N. Waters, J. Chem. 

Soc. (B), 1969, 1232.
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assign the larger splitting to H-3 in two cases; (a) 
Y  =  N O 2 and (b) Y  =  COgMe (see Table 1).
The coupling constants of protons on the phenyl ring 

were assigned by reference to unambiguous cases [e.g., 
w-chlorophenyl) and in the primary radicals and the 
secondary radicals of type (A) the ortho- and ̂ ara-proton 
splittings were of the order of twice the wefa-proton 
coupling constants.

Trends in  the Coupling Constants.— There seems to be 
a small but definite relationship between the electron- 
donating power of the substituent on the phenyl ring and 
the coupling constants of the various protons. For 
example, the rules applying to the protons attached to 
the original quinone nucleus are as follows. For protons 
ortho to the aryl group, the coupling constants decrease 
with increasing electron-donating power of Y, as shown 
in Table 3. Protons meta to the aryl group have coupling

Y
ôrtho

Primary 
Secondary (A) 
Secondary (B)

constants which increase with increasing electron-donat
ing power of Y, as shown in Table 4. Protons para to the

T a b le  3
0 - O M e  M e H Cl C O j M e N O ,

1 38 1 85 1 88 1-99 2 10 2 26 2 38
0 63 0 90 0 90 1 08 1 16 1 48
4 0 0 4 40 4 42 4 52 4 5 8 4 86

T a b le  4
Y 0 - O M e  M e  H Cl C O j M e N O ,

Ometa
Primary 2 33 2 16 2 13 2 12 2 10 1 95 1 92
Secondary (A) 0 53 0 53 0 50 0 50 0 4 8 0 45

aryl group are little affected by the substituent Y, if 
anything the trend is similar to that for or//w-substituents, 
as shown in Table 5. W hen the overall spin density in

Y
p̂ara

Primary

0 - O M e
T a b l e

M e
5
H Cl C O g M e N O ,

2 53 2 56 2 55 2 56 2 54 2 56 2 50
0 63 0 65 0 67 0 67 0 68 0 70

the aryl ring is large the ortho- and ̂ ara-proton coupling 
constants are of the order of twice those of the meta- 
protons, but as this overall coupling decreases the 
splittings become more equal. The difference between 
the coupling constants of the ortho- and meta-protons is

ôrtho
m̂ela

Primary 
O -  Cl
0-32 0 28
0 14 0 1 6

T a ble  6 

(A)
O -  Cl
0-65 0 59
0 2 7  0 3 1

(B)
O -  Cl
0 1 4  0 1 2
0 1 0 012

apparently increased somewhat by electron-donating 
substituents in the ̂ am-position, as shown in Table 6. 
Addition of the proton coupling constants gives us a

J.C.S. Perkin II
measure of the amount of spin associated with carbon 
atoms attached to hydrogen, provided that the splittings 
all have the same sign. If this is the case, then it 
appears that electron-donating substituents on the phenyl 
ring tend to decrease the probability of the odd electron 
being on carbon atoms attached to hydrogen. It, there
fore, appears to be probable that the ̂ - Y  group tends 
to ‘ attract ’ spin density more when Y  releases electrons 
more easily. W e  can rationalise this in terms of valence- 
bond approach to radicals In which the odd electron is 
largely associated with oxygen. The only canonical 
structures which have reasonably low energies and can 
lead to delocalisation of the odd electron are those having 
a double bond to, or a negative change on, the oxygen, 
i.e., for phenoxyl or semiquinone radicals the main 
canonical structures are of types (i), (ii), and (iii). The

0 0* 0"A fAi [A
(i) (ii)

A
(iii)

odd electron density will be greater on positions which 
yield electrons more easily, for the canonical structures in 
which the odd electron is associated with these positions 
will have higher probabilities owing to contributions of 
canonical structures of type (II). The délocalisation of 
the odd electron to the phenyl group must occur largely 
through structures such as (II)— (IV) and that explains

(H) 0- (in)0.

why the spin density on the ortho- and j^ara-positions is 
generally greater than that on the meia-positions.

Similarly on the hydroquinone nucleus, the trends of 
the coupling constants of protons meta to phenyl sub
stituents probably arises from the lack of conjugation 
between the two positions and also, perhaps, from the 
influence of the phenyl group on the adjacent oxygen 
atom.

By difference, these trends are opposite to those at the 
ortho- and para-positions, which, from the usual valence- 
bond viewpoint, are more directly affected by the sub
stituents, although the observed changes at the para- 
position are very small.

Finally the extra stability of the radicals of type (A) 
compared with corresponding radicals (B) is probably due 
not so much to the fact that there is greater delocalisation 
of the odd electron in type (A), but more to the availability 
of a position of high spin density for further attack in the 
type (B) radicals.
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EXPERIMENTAL

E.s.r. spectra w e r e  recorded o n  a  Varian E 4  instrument. 
T o  obtain the p r i m a r y  radicals a  solution of the arylhydro- 
quinone (0-0 1m ) in ethanol w a s  m i x e d  with a n  equal v o l u m e  
of 1 %  s o d i u m  hydroxide solution, b o t h  flow a n d  static 
m e t h o d s  being used. T h e  secondary radicals w e r e  obtained 
b y  adding a n  a queous solution of the hydro q u i n o n e  (0-05m ) 
to an  equal v o l u m e  of 1 5 %  s o d i u m  hydroxide solution.
Materials.— T h e  arylquinones w e r e  obtained b y  direct 

arylation of ̂ -benzoquinone via the d i azonium salts accord
ing to the m e t h o d  of Brassard a n d  L ’Écuyer.^ In certain

cases, w h e r e  appreciable a m o u n t s  of the diarylquinone 
tended to be formed, it w a s  convenient to use a large excess 
of the ̂ -benzoquinone. T h e  arylquinone w a s  m u c h  easier 
to separate f r o m  the excess of starting material t han f r o m  
the diaryl c o m p o u n d .  Reaction of the arylquinone in 
a queous acetone with further diazonium salt pr o d u c e d  the 
2,5-diaryl c o m p o u n d  in m o d e r a t e  yield.®

T h e  triacetoxy-derivatives w ere prepared b y  heating the 
quinone with acetic anhydride a n d  a little concentrated 
sulphuric acid at 80 °C.

[2/1216 Received, Slst May, 1972]
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Secondary Radicals in the Autoxidation of Hydroquinones and Quinones
By P. Ashw orth and W . T. D ixon ,' Bedford College, Regents Park, London N.W.1

The autoxidation of hydroquinones and quinones in strongly alkaline solution gives rise to radical intermediates 
other than the expected semiquinones. These ' secondary ' radicals, which are derived from 1,2,4-trihydroxy- 
benzene, can be characterised by means of e.s.r. spectroscopy. Different isomeric radicals may be formed, depend
ing on the solvent, and apparently these may reduce any excess of quinone present to the corresponding semi- 
quinone.

S e m i q u i n o n e s  were among the first radicals to be in
vestigated by means of e.s.r. spectroscopy because they 
are easily produced and can generally be obtained in 
relatively high concentrations. A  wide range of ortho-, 
meta-, and ^am-semiquinones have been studied. 
However, the formation of semiquinones is only the 
first stage in the autoxidation of dihydric phenols in 
alkaline solution. Further stages can profitably be 
followed by changes in the e.s.r. spectra of the solutions. 
For example, Stone and Waters ̂ have observed semi
quinones of trihydroxybenzenes in the autoxidation of 
some substituted catechols. It is surprising that this

 ̂ G. K. Fraenkel and B. Venkataraman, J. Amer. Chem. Soc., 
1955, 77. 2707.

2 R. Hoskins, J. Chem. Phys., 1955, 23, 1975.

has not been reported before, in any detail, in relation 
to the autoxidation of hydroquinones, since slight 
variations in alkalinity, concentration, and in the 
composition of the solvent lead to radicals derived from 
1,2,4-trihydroxybenzenes rather than the expected p~ 
semiquinones.^ These ' secondary ' radicals can be 
characterised from their e.s.r. spectra which are fre
quently well defined and easily resolved.

High concentrations of semiquinones can be obtained 
just as easily from quinones as from the corresponding 
liydroquinones,®'® in spite of the fact that in the latter

« T. J. Stone and W .  A. Waters, J. Chem. Soc., 1964, 4302.
 ̂ T. J. Stone and W .  Waters. J. Chem. Soc., 1965, 1488.
& P. ,\shworth and W .  T. Dixon, Chem. Comm., 1971, 1150.
® D. C. Reitz, J. R. Hollahan, F. Dravnieks, and J. E. Wertz, 

J. Chem. Phys., 1961, 34. 1457.
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case there is aerial oxidation, and in the former an overall 
reduction. This apparent paradox can be resolved by 
postulating intermediates capable of reducing quinones 
and it seems that these m ay well be the secondary 
radicals which we have been investigating. Under 
certain conditions we observed spectra which appear to 
arise from products of coupling reactions and we will 
refer to these as ‘ tertiary ’ radicals.

The radicals we obtained and their e.s.r. coupling 
constants are shown in the Table. In practice the

stituted and the 2,3-dimethylhydroquinones. {b) The 
hydroquinone or quinone {ca. 0-005m) was left in 1 %  
sodium hydroxide solution for ca. I h and then an equal 
volume of 10% sodium hydroxide was added. This was 
effective for the disubstituted compounds where method 
[a) gave only primary radicals, (c) A  solution of the 
quinone [ca. O-OIm) was added dropwise to an excess of 
alkali (5% NaOH).

The solutions were immediately transferred to an 
aqueous cell in the cavity of an e.s.r. spectrometer. The

Parent hydroquinone:
Hydroquinone
.Methyl

Ethyl

t-Butyl

2,3-Dimethyl

2,G-Diinethyl

2,5-Dimethyl

5-Isopropyl-2-methyl

Coupling constants of primary (as I) a n d  secondary (as II) radicals

Coupling constants/G
Primary radical 

(in 50*^ aq. E t O H ) Secondary radical

«2 «3 *3 «6 « 3 « 5 «6 Solvent
0.07 0 60 

0-58
4 98 
5-12

1 34 
0 69

Water
50'.',, aq. E t O H212 17 6  2 61 2 41 A

(Me) (Me)
(quartet)

B 0 55 4 15 (>•95
(Me)

Water

2 02 17 4  2 53 2 53 A 0 54 4 56 0-71 500,, jiq ictOH
(Et) (]-:t)

(triplet)
B 0 56 4 14 108

(El)
W a ter

105 2 89 2 12 A

B

0 52 

0 66

(>•16 *
(Buq 
(septet) 

• 4 0 2

(>•84 Water

Water
1 74 1 74 2 62 2 62 0 55 4 7 0 0 5 5 Water
(Me) (Me) (Me) (Me)
2 (19 1 9 3  1 93 2 09 0 97 5-20 0-72 50"o acj. D M F  f
(Me) (Me) (%hd (Me)
2 34 I S O  2 34 1 80 0 88 42(1 0 9 8 5(>o„ aq. D M F  t
(-Me) (Me) (Me) (Me)
2 1 8 1 70 1-92 1-46 0 92 4 20 (>•75 W a ter
(Me) (IV)

(doublet)
(Me) (IV)

(doublet)
* Splitting from (> c(|uivalent protons showing that the t-hutyl group is 

cometti, J. Atucy. Chem. Soc., 19()8, 90, 1394). - Dimcthylformamide.
not freely-rotatmg (C. Trapp, C. .-\. Tyson, and G. Gia-

observation of each secondary radical was favoured by 
certain conditions. working guide for producing the 
radicals is as follows.

Prim ary Radicals.— These are produced in even 
faintly alkaline solutions of hydroquinones and quinones 
and are more stable in alcoholic media. Tiie spectra are 
best observed by use of a flow system and in this case a 
solution of the hydroquinone (0-005m) in ethanol was 
allowed to flow against 1 %  sodium hydroxide solution.

Secondary Radicals.— .'\lthough these are formed in 
dilute alkali, more concentrated alkali is usually required 
to obtain good e.s.r. spectra. Different isomeric radicals 
may be obtained depending on the solvent (see Table) 
and sometimes mixtures of these radicals are observed. 
The techniques used for obtaining e.s.r. spectra of the 
secondary radicals were as follows, {a) A  solution of 
the hydroquinone {ca. O-OLm) in the appropriate solvent 
was added to 10% sodium hydroxide solution. This 
technique was particularly effective for the monosub- 

R  R

spectra observed were then normally uncontaminated 
by the presence of other radicals and subsequent inter
pretation was made easier. The exact values of the 
coupling constants of the secondary radicals were found 
to depend on the nature of the solvent, as observed for 
primary radicals."

Characterisation of the Radicals.— W e  felt that the 
e.s.r. spectra alone did not enable us to deduce with 
certainty the nature of the secondary radicals, so we 
tried to gather supporting evidence. The most obvious 
method was to synthesise the 1,2,4-trihydroxybenzone 
derivatives which on autoxidation sh.)uld give semi
quinones which correspond to the secondary radicals. 
W e  did this for three hydroquinones by means of the 
sequence® (1). When R  =  H  we observed the same 
eight-line spectrum (from three doublet splittings) as 
that ascribed to the secondary radical of hydroquinone

’ E. W .  stone and A. H. .Maki, J. Chem. Phv.s., 1902 
® E. B. Vliet, Org. Synth., Coll. Vol. 1, 31 T.

. 36. 1944.
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(see ligure 2). When R  =  Me we observed the same 
spectrum as that of radical A  from 2,5-dihydroxytoluene. 
W'hen R  =  Bu‘ we observed the same spectrum as that

(a)

F i g u r e  1 The e.s.r. spectra obtained from alkaline solutions of 
ethylhydroquinonc: (a) primary radical in SO*;,, ethanol, I”,, 
N a O H ;  (b) secondary radical A  in 50°,', ethanol, 10°o N a O H ;  
(c) secondary radical B  in 10°,', N a O H

(b)
FIGURE 2 (a) Spectrum from hydroquinone (OOOIm ) in 5°„

Na()H; lines .\ due to secondary radical; lines B  due to 
tertiary radical, (b) spectrum from 1,2,4-tnacetoxybenzene 
in 5°„ N a O H

of radical A  from l,4-dihvdroxy-2-t-butylbenzene. The 
three radicals just discussed were also reproduced by

R ACjO
"2SO4 oAè

0-

OH'

0.
(1)

0-

adding solutions of catechol and the 4-substituted 
catechols (0-01.m ) dropwise to 5 %  sodium hydroxide. 
If 5 %  alkali is added to a more concentrated solution of
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catechol (0-05m) a different type of radical is observed 
along with the o-semiquinone, i.e., the dimer observed 
by Stone and Ŵ 'aters.®

Having thus proved the identity of these three radicals 
we reasonably infer the structure of other secondary 
radicals on the basis of their e.s.r. spectra and a know
ledge of the starting material. The following rules seem 
to apply: (i) Spin densities para with respect to oxygen 
atoms are high (proton coupling constants ca. 4— 5 G);
(ii) methyl proton coupling constants tend to be slightly 
higher than corresponding aromatic proton splittings;
(iii) spin densities on ring carbon atoms between those 
attached to two oxygen atoms are apparently lower than 
those on carbon atoms adjacent to only one carbon- 
oxygen linkage.
On the basis of these empirical rules we could con

sistently account for the observed hyperfine splittings. 
Our assignments imply that hydroxyl is introduced into 
the ring at the least hindered position, as expected.

DISCUSSION

Since our secondary radicals are derived from 1,2,4-tri- 
hydroxybenzenes, we now ask how they arise. It is 
of interest that both hydroquinones and quinones can 
be used as starting materials.

It is not difficult to arrive at a feasible reaction scheme. 
The first steps (2) in the autoxidation of hydroquinone 
lead to benzoquinone. W e  are not concerned here with 
coupling products so the next stage is the introduction 
of a further oxygen atom into the ring. Here we are

O'
[0] [0] (2)

0- _ (I)

0-

OH" OH (3)
0-

0"

OH [0] (4)
0- g: (n)

helped by two well established reactions in which no 
overall oxidation of the quinone takes place. First, 
there is addition of HCl to give chloroquinol,^® and 
secondly there is the Thiele acétylation discussed 
above. W e  might, therefore, expect a base-catalysed 
addition (3) of the elements of water. If this is so there

9 T. J. Stone and \V. .\. Waters, J. Chem. .Soc., 1964. 408.
J. B. Conant and L. 1'. i'icscr, J. .Amer. Chem. Soc.. 192:1, 

45, 2194.
“  J. 'I'hiele and F. Winter. .Anitalen, 1900, 311. :141.
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must then be further attack by oxygen (4) to give the 
semiquinone of trihydroxybenzene.

W e  can now rationalise the observed reduction of 
quinones when their alkaline solutions are shaken in air. 
It appears that they are reduced by the corresponding 
secondary radicals. This possibility is strengthened by 
our experiments on quinones. W hen the quinone is 
always present in high concentration [e.g., 0-01m ), the 
primary radical is observed in alkaline solution, whereas 
if the concentration of the quinone is kept low [i.e., by 
adding a 0-01 m solution dropwise to alkali) a secondary 
radical is observed.

Similarly when an alkaline solution of benzoquinone 
[ca. 0-01 m) is left, the signal due to the semiquinone 
decays. After ca. 1 h, addition of fresh alkali leads to 
the secondary radical, showing that the trihydroxy- 
benzene derivative must have replaced the quinone.

Therefore, we suggest the Scheme for the cycle of 
reactions leading to the formation of primary and second-

0-

0-

,0H

(I) 0-,

0 0
,0H[0]

(C) 0- 0-

SCHEME

ary radicals.Both primary and secondary radicals 
may be destroyed by further oxidation, by dimérisation, 
or by coupling with, for example, benzoquinone. The 
further oxidation stage was demonstrated by an experi
ment in which a solution of t-butylhydroquinone in 5°o 
sodium hydroxide was left open to the air for a day. 
W hen the mixture was allowed to flow against dithionite 
the spectrum of a mixture of both secondary radicals 
(see Table) was observed showing that the hydroxy- 
quinone derivatives must have been formed. There was 
no trace of the spectrum of t-butylsemiquinone.

W e  have obtained a number of well defined spectra 
which are probably due to coupled products of the re
action. For example the quartet which appears in the 
secondary spectrum from hydroquinone or benzoquinone 
(Figure 2) appears to arise from radical (Ilia) in which 
there is no delocalisation around the second ring. The

coupling constants, 0 90 and 0*45 G, are similar to those 
obtained by Reitz et al.^ starting from the quinol (I\’) 
but they apparently saw a further splitting of OT G. 
W e  did not observe this small splitting but we feel 
justified in our assignment because, first, the magnitudes 
of the coupling constants are just those expected for a 
trihydroxy-compound and not for a substituted semi
quinone [of. radical A  from t-butylhydroquinone in the 
Table). Secondly, under the conditions of their experi
ment (10% NaOH), we would expec t a secondary-type 
radical.

0- 0- OH

OH0- 0-

If we add 10% sodium hydroxide to a solution of 
benzoquinone in 5 0 %  dimethylforrnamide we observe a 
different quartet (splittings 4 52 G, 0-70 G) which we 
ascribe to the isomeric radical (111b). However, the 
situation with regard to these tertiary radicals is still 
not clear and furtlier study is required.

EXPERI.MEXTAL

E.s.r. spectra were obtained with a \'arian E - 4  instru
m e n t  b y  use of both flow a n d  static methods.

Q uinones could be obtained b y  oxidation of the corre
sponding hydroquinones with chromic anhydride in 00»^ 
acetic acid. T h e  reverse process w a s  eftcctcd b y  reducing 
the quinone with zinc a n d  25"^ hydrochloric acid.

W h e n  neither the quinone nor the h y d r o quinone were 
available the corresponding phenol w a s  oxidised to the 
quinone b y  use of F r é m y ’s salt, according to the m e t h o d  of 
'I'auber a n d  Rau.^^ 4-Substituted catechols were pre
pared analogously,^'* the o-quinones so produced being 
reduced b y  zinc a n d  hydrochloric acid.

Triacetoxybenzenc derivatives were prepared b y  the 
Thiele acétylation ® a n d  were used directly since the acetyl 
groups were hydrolysed off b y  the alkaline m e d i u m .

W e  t h a n k  the S.R.C. for a grant (to f̂ . A.) a n d  Miss J. E. 
Finch for assistance in preparing the typescript.

[2/JlG Received, !()//« January. i!)72,

*2 :\I, Eigen and P. Matthics, Chem. Her.. HHil, 94, iktnp.
H .-J . Teuber and W . Han, Chem. Ber., lî)5.‘î, 86, Hi.'hi.

** H .-J . Teuber and G. Staiger, Chem. Ber., 1955, 88. 802.


