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Foreword 

The present volume of the series ‘The Chemistry of Functional Groups’ 
is, like all other volumes of the series, organized according to the general 
plan described in the Preface printed in the following pages. 

This volume differs somewhat from the others previously published in 
the series. The main dissimilarity lies in the fact that the quinonoid corn- 
pounds do not have a functional group in the accepted sense, but rather 
the whole molecule is the carrier of the quinonoid properties and rc?ac!Ions. 
Moreover, the chemistry of quinones is inseparable in practice from the 
chemistry of the corresponding hydroquinones. In addition, some types 
of conipounds belonging to this class are riot quite accurately defined 
(e.g. ‘non-benzenoid’ quinones). 

The original plan also included the following chapters which did not 
matcrialize: ‘ORD and CD of quinones and related compounds’ and 
‘Quinhydrone and semiquinone systems’. 

Jerusalem, July 1973 SAUL PATAI 
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Preface to the series 

The series ‘The Clieniistry of Functional Groups’ is planned to cover 
in each volume all aspects of the chemistry of one of tlie important 
functional groups in organic chemistry. The eniphssis is laid on the 
functional group treated and on the effects whicli it exerts on tlie chemical 
and physical properties, primarily in the immediate vicinity of the group 
in question, and secondarily on thc bcliaviour of the whole molecule. 
For instance, the volume The Clleiiiisfrjl of t i le Efiier Liiiknge deals with 
reactions i n  which tlie C-0-C group is involved, a s  wel! as with tlie 
effects of tlic C-0-C group on tlie reactions of alkyl or aryl groups 
coiiiiected to the ether oxygen. It is tlie purpose of the voluiiie to give a 
complete coverage of al! properties and reactions of etlicrs in  as far as 
these depend on the presence of the ether group, but thc primary subject 
matter is not the whole inolccule, but the C-0-C functional group. 

A furtlicr restriction i n  tlie treatment of tlie various fuiictional groups 
in these volumcs is that material included i n  easily and generally available 
secondary or tertiary sources, such as Chemical Reviews, Quarterly 
Reviews, Organic Reactions, various ‘Advances’ and ‘Progress’ series as 
well as textbooks (i.e. i n  books which are usually found in the chemical 
libraries of universities and research institutes) should not, as a rule, be 
repented in  detail, unless it is necessary for the balaiiccd treatment of the 
subject. Therefore each of the authors is asked izot to give an eiicyclopaedic 
coverage of his subject, but to coiicentrate 011 the most important recent 
developnicnts and mainly on material that has not been adequately 
covercd by reviews or other secondary sources by the time of writing of 
tlic chapter, and to address Iiimself to a reader who is assumed to be at a 
fairly zdvaiiced post-graduate level. 

With these restrictions, it is realized that no plan can be devised for a 
volume that would give a coiuplete coverage of tlic subject \villi 110 overlap 
between chapters, wliile at the same time preserving the readability 
of tlie text. The Editor set himself the goal of attaining rensonnhle coverage 
with iiiodei.ate overlap, with a minimum of cross-references between tlie 
chapters of each volume. I n  this manner, su6cicnt freedom is given to 
each author to produce rcndablc ~ u ~ ~ s i - l l ~ o i l o ~ ~ a p l i i c  chnptcrs. 
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X Preface to the series 

The gerieral plan of each volume includes the following main sections: 

(a) An introductory chapter dealing with the general and theoretical 
aspects of the group. 

(b) One or more chapters dealing with the formation of the functional 
group in question, either from groups present in the molecde, or by 
introducing the new group directly or indirectly. 

(c) Chapters describing the characterization and characteristics of the 
functional groups, i.e. a chapter dealing with qualitative and quantitative 
methods of determination including chemical and physical methods, 
ultraviolet, infrared, nuclezr magnetic resonance, and mass spectra; a 
chapter dealing with activating and directive effects exerted by the group 
and/or a chapter on the basicity, acidity or complex-forming ability of the 
group (if applicable). 

(d) Chapters on the reactions, transformations and rearrangements 
which the functional group can undergo, either alone or i n  coiijunctioii 
with other reagents. 

(e) Special topics which d c  not fit any of the above sections, such as 
photochemistry, radiation clieniis t ry, biochemical format ions and reac- 
tions. Depending on the nature of each functional group treated, these 
special topics may include short monographs on related functional groups 
on which no separate volume is plaiined (e.g a chapter 011 ‘Thioketones’ 
is included in the volume The Ciiemistry of the Curbony1 Grotcp, and a 
chapter on ‘Ketencs’ is included in the volume The Clteri?istry of Alkenes). 
In other cases, certain compounds, though containing only the functional 
group of the title, may have special features so as to be best treated in  a 
separate chapter, as e.g. ‘Polycthers’ in The Cimnistrj1 of the Elher Litiknge, 
or ‘Tetraaminoethyleries’ i n  The CJiet?iistry of the Ariiirio Grozcp. 

This plan entails that the breadth, depth and thought-provoking nature 
of each chapter will differ with the views and iuclinatiorx of the autiior 
and the presentation will necessarily be somewhat uneven. Moreover, 
a serious problem is caused by authors who deliver their manuscript late 
or not at all. In order to overcome this problem at least to some extent, 
it was decided to publish certain volumes in several parts, without giving 
consideration to the originally planned logical order of the chapters. 
If after the appearance of the oriSiiially planned parts of a volume it is 
found that either owing to non-delivery of chapters, or to new develop- 
ments in  the subject, suflicieiit material has accumulated for publication 
of a n  additional part, this will be done as soon as possible. 



Preface to the series xi 

The overall plan of the volumes in the series ‘The Chemistry of 

The Chemistry of Alkenes (published in two volumes) 
The Chemistry of the Carboiijd Group (published in two uolimiess) 
The Chemistry of the Ether Linkage (published) 
The Chemistry of the Amino Gsoup (published) 
The Chenzistry of the Nitro and the Nitroso Group (picblished in two parts) 
Tke C/iernistr.y of Carboxylic Acids and Esters (published) 
The Cheniistry of the Carbon-Nitrogen Double Bond (published) 
The Clienzistry of the Cyan0 Group (published) 
The Chemistry of Ainides (published) 
The Chemistry of the Hydroxyl Group (published in two parts) 
The Chemistry of the Azido Group (published) 
The Chemistry of Acyl Halides (published) 
The Cliemistry of the Carbon-Halogen Bond (publislied iii tirto pnrts) 
The Cheniistry of the Quinonoid Coinpounds (published ill tvfo pnrts) 
The Chmiistry of the Thiol Group (in prepasation) 
The ChenzistrJJ of the Carboii-Carbon Triple Bond 
The Chemistry of Aniidiiies and Iniidales (in preparation) 
The Chemistry of the Hydrazo, Azo mid Azoxy Groups (in preparation) 
T i e  Chemistry of the SO, -SO,, -SO&? and -SO& Groups 
The Cheinistry of the --OCN, --NCO, -SCN mid --NCS Groups 
The Clientistry of the -PO,H, and Related Groups 

Advice or criticism regarding the plan and execution of this series will 
be welcomed by the Editor. 

The publication of this series would never have started, let alone 
continued, without the support of many persons. First and forentost 
among these is Dr. Arnold Weissberger, whose reassurance and trust 
encouraged me to tackle this task, and who continues to help and advise 
me. The efficient and patient cooperation of several staff-members of the 
Publisher also rendered me invaluable aid (but unfortunately their code 
of ethics does not allow me to thank them by nanie). Many of my friends 
and colleagues in Israel and overseas helped me in the solution of various 
major and minor matters, and my  thanks are due to all of them, especially 
to Professor 2. Rappoport. Carrying out such a long-range project would 
be quite impossible without the non-professional but none the less essential 
participation and partnership of my wife. 

Functionai Groups’ includes the titles listed below: 

The Hebrew University, 
.I eru s;i lem . I SILA I:L 
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Fs re WQ vd 

The present volume of the series ‘The Chemistry of Functional Groups’ 
is, like all other volumes of the series, organized according to the general 
plan described in the Preface printed in the following pages. 

This volume differs somewhat from the others previously published in 
the series. The main dissimilarity lies in the fact that the quinonoid com- 
pounds do not have a functional group in the accepted sense, but rather 
the whole niolecule is the carrier of the quinonoid properties and reactions. 
Moreover, the chemistry of quinones is inseparable in practice from the 
chemistry of the corresponding hydroquinones. In addition, some types 
of compounds belonging to this class are not quite accurately defined 
(e.g. ‘non-benzenoid‘ quinones). 

The original plan also included the following chapters which did not 
materialize: ‘ORD and CD of quinones and related compounds’ and 
‘Quinhydrone and semiquinone systems’. 

Jerusalem, July 1973 SAUL PATAI 
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The Chemistry of Functionall Groups 
Preface to the series 

The series ‘The Chemistry of Functional Groups’ is planned to cover 
in  each volume all aspects of the chemistry of one of the important 
functional groups in organic chemistry. The emphasis is laid on the 
functional group treated aiid on the effects which it exerts on the clieniical 
and physical properties, primarily in the immediate vicinity of the group 
in question, and secondarily on the behaviour of the whole molecule. 
For instance, tlie volume The Cf1etnistr.y of the Ether Litiknge deals with 
reactions in which the C-0--C group is involved, as well as with the 
effects of the C-0-C group on the reactions of alkyl or aryl groups 
connected to the ether oxygen. I t  is the purpose of the volume to give a 
complete coverage of all propertics and reactions of etliers in as far as 
these depend on the presence cf the ether group, but the primary subject 
matter is not the whole molecule, but the C-0-C functional group. 

A further restriction in  tlie treutrnent of the various functional groups 
in these volumes is that niaterial included in easily and generally available 
secondary or tertiary sowces, such as Chemical Reviews, Quarterly 
Reviews, Organic Reactions, various ‘Advances’ and ‘Progress’ series as 
well as textbooks (i.e. in books which are usually found in the chemical 
libraries of universitics and research institutes) should not, as a rule, be 
repeated in detail, unless it is neccssary for the balanced treatnieiit of the 
subject. Therefore each of the authors is asked not to give an encyclopaedic 
coverage of his subject, but to  concentrate on thc most important recent 
developments and mainly on material that has not been adequately 
covered by reviews or other sccondary sources by the time of writing of 
the chapter, and to address hiinself to a reader who is assumed to  be at a 
fairly advanced post-graduate level. 

With these restrictions, it is realized that no plan can be devised for a 
volume that would give a complete coverage of the subject with IZO overlap 
between chapters, while at the same time preserving the readability 
of the text. The Editor set himself the goal of attaining recisonable coverage 
with moderate overlap, with a minimum of cross-referenccs between the 
chapters of each volume. In this manner, sufficient freedom is given to 
each author to produce readable quasi-monographic chapters. 

is 



X Preface to the series 

The general plan of each volume includes the following main sections: 

(a) An introductol-y chapter dealing with tlie general and theoretical 
aspects of the group. 

(b) One or more chapters dealing with the formation of the functional 
grou:, in question, either from groups present in the molecule, or by 
introducing the new group directly or indirectly. 

(c) Chapters describing t i e  characterization and cflaracteristics of the 
functional groups, i.e. a chapter dealing with qualitative and quantitative 
methods Gf determination including chemical and physical methods, 
ultraviolet, infrared, nuclear magnetic resonance, and mass spectra; a 
chapter dealing with activating and directive effects exerted by the group 
and/or a chapter on the basicity, acidity or complex-forming ability of the 
group (if applicable). 

(d) Chapters on the reactions, transformations and rearrangements 
which the functional group can undergo, either alone or in conjunction 
with other reagents. 

(e) Special topics which do not fit any of the above sections, such as 
photochemistry, radiation chemistry, biochemical formations and reac- 
tions. Depending on the nature of each functional group trcated, these 
special topics may include short monographs on related functional groups 
on which no separate volume is planned (e.g. a chapter on ‘Thioketones’ 
is included in tlie volume The Cliemistr): of the Cnrbonyl Group, and a 
chapter on ‘Ketenes’ is included in the volume The Chemistrlj of Alkenes). 
Ti1 other cases, certain compounds, though containing only the functional 
group of the title, may have special features so as to be best treated in a 
separate chapter, as e.g. ‘Pol yethers’ in The CIi~inistry of the Ether. Linkage, 
or ‘Tetraarninoethylenes’ in The Clzemisiry of tlte Anzino Group. 

This plan entails that the breadth, depth and thought-provoking nature 
of each chapter will differ with the views and inclinations of the author 
and the presentation will necessarily be somewhat uneven. Moreover, 
a serious problem is caused by authors who deliver their manuscript late 
or not at  all. In order to overcome this problem at least to some extent, 
it was decided to publish certnin volumes in several parts, without giving 
consideration to the originally planned logical order of the chapters. 
If after the appearance of the originally planncd parts of a volume it is 
found that either owing to non-delivery of chapters, or to new develop- 
ments in the subject, suscient material has accumulated for publication 
of an additional part, this will be done as soon as  possible. 



Preface to the series xi 

The overall plan of the volumes in the series 'The Chemistry of 
Functional Groups' includes the titles listed below: 

The Chemistry of Alkenes (published in two columes) 
The Chernistry of the Carboiiyl Grotip (published in two volumes) 
The Chemistry of the Ether Linkage (published) 
The Chemistry of the Amino Group (published) 
Tlte Chemistry of the Nitro und the Nitroso Group (published in two parts) 
The Chemistry of Carboxylic Acids arid Esters ('prblished) 
The Chemistry of the Carbon-Nitrogen Double Bond (published) 
The Chemistry of the Cyano Group (published) 
Tite Chemistry of Amides Cpirblished) 
The Client istry of the Hydroxyl Group (published in two parts) 
The Cheinistry of the Azido Group (published) 
Tite Chemistry of Acyl Halides (published) 
The Chemistry of the Carbon-Halogen Bond (published in two parts) 
The Chemistry of the Quinonoid Compounds (published in two yarfs)  
The Chemistry of the TJiiol Group (in preparation) 
Tlie Chemistry of the Carbon-Carbon Triple Bond 
The Chemistry of Amidines mid Imidntes (in preparation) 
The Chemistry of the Hydrazo, Azo and Azoxy Groups (in preparation) 
The Chemistry of the SO, -SO,, --SO,€€ and -SO,H Groups 
The Chemistry of the -OCN, --NCO, -SCN and -NCS Groups 
The Chemistry of the -PO,€€, aid Related Groups 

Advice or criticism regarding tlie plan and execution of this series will 
be welcomed by the Editor. 

The publication of this series would never have started, let alone 
continued, without the support of many persons. First and foremost 
among these is Dr. Arnold Weissberger, whose reassurance and trust 
encouraged me to tackle this task, and who continues to help and advise 
me. The efficient and patient cooperation of several staff'-members of the 
Publisher also rendered me invaluable aid (but unfortunately their code 
of ethics does not allow me to thank them by name). Many of my friends 
and colleagues in Israel and overseas helped me in the solution of various 
major and minor matters, and my thanks are due to all of them, especially 
to Professor Z. Rappoport. Carrying out such a long-range project would 
be quite impossible without tlie non-professional but none the less essential 
participation and partnership of my wife. 

The Hebrew University, 
Jerusalem. ISRAEL 

SAUL PATAI 
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CHAPTER 1 

Theoretical an 
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1. lNTR0DUCTION 

Molecules possessing the quinonoid structure should, at first inspection, 
present no special problem to a student of structural chemistry. The 
alternating system of single and double bonds, including as it does exo- 
cyclic moieties, could be considered as a simple crossconjugated system. 
This is true both if the exocyclic group is heteroatomic, as in the cases of 
quinones and quinonediirnines 1, or if the molecule is polyolefinic in 
nature such as quinododimethanes 2. 4 

X 
(la) X = 0 
(fb) X = NH 

1 

©



2 Gera!d Jay Gleicher 

Regarding these systems i n  this light would lcad to the expectation 
that little novel chemistry would be found associated with the quinonoid 
function. In particular, the theoretical treatment developed for cross- 
conjugated olefinsl or conjugated ketones2 in  earlier volumes of this 
series should be directly applicable here. There is, however, an  obvious 
relatioiiship between quiiionoid and benzenoid functionalitics. This can 
best be illustrated by the typical resonance description of the type shown 
below3: 

Preceding even this resonance approach was the concept that a n  
equilibrium might exist between quinones and cyclic aromatic peroxide 
s t r ~ i c t u r e s ~ ~ ~ ,  for example: 

0 

0 

While this latter idea has little to reconiineiid itself today, it is illustrative 
of the potential relationship between benzenoid and quinonoid structures 
that was, perhaps, too apparem to earlier workers. The following will, 
therefore, be considered : what is the relationship between quinonoid and 
benzenoid structures? To what degree can the quinonoid coinpounds be 
taken as ‘aroniatic’ ? As these two questions, particularly that concerned 
with the concept of aromaticity, are essentially theoretically derived, 
attention wiIl be initially focused in section 11 on the various quantum 
chemical calculations applied to quinones. Section 111 will treat with the 
slructtiral and spectral properties of quinones. It  has been decided to deal 
initially with the quinones. A short suiiiniary on thc quinododiiiiethanes 
is given in  section IV. 

11. THEORETICAL TREATMENT O F  QLJINONES 

Most early calculations on quinones made use of simple Huckel Molecular 
Orbital calculations of the 7i energiesG. In extending the basic Huckel 
approach from conjugated hydrocarbons to  species, such as quinoncs, 
which contain heteroatoms, it becomes necessary to take into account 
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explicitly those electronic factors associated with tlie lieteroatom. In 
particular these are the heteroatom one-centre coulombic integral and tlie 
two-centre carbon-lieteroatom resonance integral. These expressions are 
usually developed in ternis of the corresponding homoatomic parameters 
by incorporation into the Huckel matrix of the dimensionless terms h 
and k. The details of this type of parameterization and the relationship 
between h or k and experinientally obtained quantities is given in 
Strei twieserG. 

ax = ac+hPcc 

Huckel calculations relying on these expressions have been applied to 
quinones by several groups of workers. In 1946, Coulson investigated 
several simple conjugated carbonyl-containing molecules7. The degree of 
bond fixation (as inferred from the calculated bond order) in 1,4-benzo- 
quinone is much less than that obtained from glyoxal. The implication 
would be, of course, that a possible enhanced delocalization, perhaps 
associated with tlie contribution of relatively stable ionic structures, 
occurs in the quinone. It is of interest, however, that the formal carbon- 
carbon single bonds in 1,4-benzoquinone show a greater degree of fixation 
than the central bond of 173-butadiene. Diphenoquinonc 3 shows tlie 

0-0 

(3) 

expected decrease of fixation relative to 174-benzoquinone; however, the 
degree of conjugation between the two rings is little difierent from 
biphenyl*. Also most interesting is the fact that 1,2-benzoquinone is 
predicted to be electronically equivalent to 2,4-hexadienedial as the bond 
between the carbonyl carbons i n  the quirione shows negligible T character'. 
If these quinones are examined in this light (i.e. relative to butadiene) it 
would appear that little delocalization is present. Other workers, liowever, 
did not reach the same conclusion. Bonino and Rolla, for example, 
determined that the average resonance energy per electron for 1,2- and 
1,4-bcnzoquinone was intermediate in value to those obtained from olefins 
and benzenoid hydrocarbons".10. 

Over the course of several years Kuboyama published a series of papers 
on Huckel calculations of q u i ~ i o n e s ~ ~ - ~ ~ .  These calculations also showed 
pronounced alternation of bond orders for the benzoquinones1**12. This is 
in reasonable agreement with the results of Coulson7. (Variations in these 
results are no doubt due to the slightly different values of h and k employed.) 
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For systems in which aromatic rings are fused to the basic quinone unit, 
bond orders indicate the presence of a benzene ring. Thus, 1,2-naphtho- 
quinone12, 1,4-naphthoquinone", 9,lO-anthraquinone'l and 9,lO-phenan- 
threne quinone12 all show the presence of rings with six nearly equivalent 
bonds. This would again indicate limited delocalization. Kuboyama's 
calculations indicated that the lowest N-T* transitions would be favoured 
by annellation of benzene units1'-12. The corresponding T-T* transitions 
should be similar for most systems1', although diphenoquinone will 
behave in an exceptional mannerI3. A calculated dipole moment of 
8.1 D was found for 1,2-benzo~pinone~~. This value is far too high even if 
certain empirical corrections are allowed. Hiickel calculations often 
overemphasize charge separation (see section I1I.C). 

The most complete treatment of quinones via the Hiickel approach is 
that of Koutechkf, Zahradnik and Arientl*. These workers have calculated 
the energy of 43 symmetrical quinones and related these quantities to 
spectroscopic and electrochemical results. 

Because of the known tendency of simple Hiickel calculations to over- 
emphasize electron delocalization, it would be of value to determine the 
T energies of quinones via more cumplex means. The major failures of 
Hiickel theory being the neglect of interelectronic intera~tionsl~,  these 
terms should be included in any advanced calculation. The modification 
of Roothaan's self-consistent field equations16 as developed by Pople'' 
and Pariser and Parr18*19 has proved to be most effective in this regard. 
Dewar and his associates have carried out a series of studies on the 
ground-state properties of conjugated systems which are based on this 
approach20-25. A major distinction between the calculations of Dewar's 
group and those of other workers is the maxier of empirically evaluating 
the two-centre resonance integrals. Following the suggestion of Dewar 
and Schnieising2Gp 27 these terms are obtained from parameters by means 
of the following thermocycle which treats all bonds as quasi two-centre 
(e.g. ethylene or formaldehyde) groupings. 

r r r" 
c=x > c=x C. Em > c-x C' 

r' 
c-x 

1 T 

In this procedure EE-x and r' refer to the bond energy and equilibrium 
bond length for an sp2-sp2 single bond between carbon and atom X while 
E&s and r" are the corresponding terms for a carbon-atom X dolible 
bond. The quantities c' and C" are compression (elongation) energies 
needed to deform the equilibrium bond lengths to some distance Y which 
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is associated with the bond in question. En,, is the T energy of the two- 
centre 7~ system. From this term the resonance integral, /3, can be obtained. 
The procedures for doing this, however, are more involved when a carbon- 
heteroatom bond is dealt ~ i t h ~ ~ * ~ ~ .  In the case of a carbon-carbon unit, 
the resonance integral can be obtained from a simple algebraic expression. 
The results of Dewar and Gleicher indicated that both 1,2- and 1,4- 
benzoquinone should be regarded as classical structuresz3. The calculated 
resonance energies of these species were zero within the limits of a few 
tenths of a kilocalorie per mole. A direct calculation by Dewar and Morita 
of the heat of atomization for 1,4-benzoquinone yielded a result within 
two-tenths of a per cent of the experimental valuez5. Calculations on the 
bond lengths of the two stable benzoquinones also indicated little 
electronic delo~al izat ion~~.  

Dewar and Gleicher also considered the hypothetical molecule 
1,3-benzoquinonez3. Although no classical structure can be drawn for a 
meta quinone, a molecular orbital treatment can be directly applied. It 
was determined by self-consistent field theory that a singlet ground-state 
structure for this system would be less stable by two electron volts than its 
or-rho or para counterparts. A diradical structure would be more plausible. 

Other workers have also utilized various advanced molecular orbital 
techniques to study quinones. Kuboyama and Wada carried out self- 
consistent field calculations on 1,2-benzoquinone and 9,lO-anthra- 
quinoneg8. 29. The results showed much less separation of charge than had 
been indicated by Hiickel calculations'3. The application of the results for 
9,10-anthraquinone, however, led to poor correlation with the experi- 
mentally obtained electronic spectrumz0. Newton, DeBoer and Lipscomb 
have also utilized self-consistent field theory to study the ben~oquinones~~.  
An ionization potential for 1,4-benzoquinone of 9-96 eV was determined 
by these workers. This is in reasonable agreement with the experimental 
value of 9.68 eV3l. The calculation underestimates the dipole moment for 
1,2-benzoquinone, however, yielding a value of 3.6 D ~ O .  The experimental 
value is 5.1 D ~ ~ .  Ionization potentials have also been determined for certain 
para quinones by Aussens and coworkers33. Calculated values of 9-53 and 
9-10 eV were obtained for 1,4-benzoquinone and 9,10-antliraquinone. 
Thc corresponding experimental values are 9-68 and 9.34 eV 3L- A value 
of 9.21 eV was calculated for 1,4-naphthoquinone in agreement with 
the expectation that increased conjugation should lower the ioniza- 
tion potentiaP3. These workers also calculated the transition energies 
and oscillator strengths for the two lowest singlet-singlet transi- 
tions of 1,4-berizoquinone and obtained values in good agreement with 
e x ~ e r i m e n t ~ ~ .  
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Yonczawa, Yanabe and Kato have used variants of the Hiickel approach 
to determine thc extent of lone-pair electron localization on the oxygen 
a!oms of quinones'is. Localization decreased in  the order lY4-benzo- 
quinone > 1,4-naphthoquinoiie > 9,lO-anthraquinone. This parallels the 
pKs of these compounds". 

Navangul has invcstigated the quinones by use of the electron gas model 
of 1iio1ecuIes~~. His results for charge densities and bond orders greatly 
differ from those obtained from Hiickcl calculations. Navangul has 
utilized his values of charge density to predict the course of electrophilic 
substitution in q~ i inones~~ .  The reactivity of quinones with respect to both 
electrophilic and nucleopliilic substitution has been dctermined via 
Huckel calculation of localization energies by Hopff and Schweize$8. so. 

111. PHYSICAL PROPERTIES OF Q U I N O N E S  

A. Thermochemistry 

The correlation between aromatic character (delocalization) and heats 
of combustion has frequently been invoked to assess the former. The 
deteriiiination of a resonance energy as a difference between experimental 
and calculated heats of combustion, heats of forination or bond energies 
is generally accepted. Criticism has been directed, however, toward the 
manner in which the calculated thermochemical quantities have been 
evaluated. Too often, as has been pointed out, a neglect of hybridization 
factors was general"] 27. 

The problem has been magnified by the uncertainty associated with the 
experimentally obtained thermocliemical data. A heat %',f combustion of 
684 kcal/mole was first obtained for 1,4-benzoquinone i n  188640. Since that 
time, inore than a dozen additional studies have been carried out on these 
systems. Results have varied between 655 and 685 kcal/mole. Most recent 
workers have found values for the heats of cornbustion at the lower end of 
this range. Thus, Parks, Manchester and Vaughan have obtained a value 
of 656.84 kcal/mole for this quantity and a related value of 44.10 kcal/mole 
for the heat of formation". Pilcher and Sutton have found corresponding 
values of 656-29 kcal/mole and 44.65 kcal/niole 

In the following discussion on the degree of delocalizatioii (aromaticity) 
associated with quinones, the experimental thermocliemical data utilized 
by each author will be given. Obviously, conclusions can be modified or 
even conipletely reversed by recourse to alternate results. 

Early considerations of Pauling and S1ierinan3 indicated that appreciable 
resonance energy should be encountered in both para and ortho quinone 
systems. A summation of empirical bond energies led to a predicted value 
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of 1407.0 kcal/mole for the heat of formation of 1,4-benzoquinone from 
gaseous atoms. This was compared with a value of 1393-8 kcal/mole 
obtained from a heat of combustion of 656.4 kcal/mole 43. The difference 
of 13.2 kcal/mole is a substantial resonance energy equivalent to approxi- 
mately one-third that of benzene1. Similar treatment for 9,1 O-phenanthra- 
quinone and 9,l O-antliraquinone provided values for the total resonance 
energy of approximately 110.7 kcal/mole. If the resonance energies 
associated with two benzene rings are subtracted from this value, a 
resonance energy of 32-3 kcal/mole is found for both systems. It would 
seem that the ortho and pma quinone units are comparable in energy. A 
second conclusion would concern the effect of annellation of benzene rings : 
these results support the view that such annellation (apart from the 
resonance associated with benzene) will stabilize the basic quinoncjid 
structure. The zotd resonance energy of these two polycyclic molecules is, 
however, greater than those currently accepted for the corresponding 
arenes them~elves~~" .  Equally high values for the resonance energies in these 
systems have not been reported by later workers. Franklin has, for exaniple, 
published a value of only 7 kcal/mole for the resonance energy of I ,4-benzo- 
q i ~ i n o n e ~ ~ .  Wheland has also made use of the bond increment approaches 
of Franklin and Klages to obtain rcsonnnce energies of 4 and 3 kcal/niole 
for this molecule*4. These results utilized a value of 67 1 *5 kcal/niole for 
tlie heat of combustion in this system4G. 

In view of the wide variance in reported values for the heats of 
combustioii of quinoncs, the work of Magnus is particularly not~wortIiy*~. 
Although, as shall be noted, several of his values appear high, a series of 
related molecules has been studied by a single worker under identical 
conditions. Table 1 contains these experimental values and those calculated 

TABLE 1. Heats of combustion and rcsonance energics for some quinoneP 

Hc (kcd/l1lolc) 

Molcculc exp. calc. El< (kcal/niolc) 

1,4-Ecnzoquinonc 666.5 666.5 0 
1,4-Naphthoquinone 11 18.9 1 155.2 39.3 
9,l O-Anthraquinone 1569.1 1649.9 82.5 
9,l O-Phenanthreiiequinone 1556.6 1649.9 93.3 

1,2,7,S-Dibcnzpyreiic-3,6-q~iinone 2633.8 2845.S 212.1 

5,I 2-Naphtliaccnequinorle 2026.2 2 1 4 1 *G 11 5.4 
6,l j-Pcntacenequinone 2489.2 2633.3 114.1 
1,2-Benz-7,12-anthracenequinonc 1995.7 2141.6 142.9 



8 Gerald Jay Gleicher 

by Magnus by means of a modified Klages approach4G. As can be seen, 
no resonance stabilization is reported for p-benzoquinone. Polycyclic 
systems show resonance energies compatible with those of the aromatic 
portions of the molecules. Table 2 gives the resonance energies for some 

TABLE 2. Comparativc resonance energies in some scenes“' 

En (kcal/mole) 

Molecule Hydrocarbon p-Quinone Dihydroacene 

Naphthalene 67.1 39-3 36.7 
Anthracene 96-7 82.8 76.7 
Naphthacene 129.6 115.4 106.8 
Pentacene - 144.1 - 

acenes, p-quinones derived from these systems and the corresponding 
dihydroacenes. While the resonance energies of the p-quinones are less 
than those of the corresponding acenes, they are greater than those of the 
dihydro compounds. This is in keeping with the presence of some 
delocalization or resonance in the quinone systems. Part of this difference 
relative to the dihydroacenes must, however, be due to hybridization 
effects. Interestingly enough, if the rescnance energies of the acenes and 
corresponding quinones are divided by the number of 'aromatic' double 
bonds, a nearly constant value is obtained (if 6,13-pentacenequinone is 
excepted). Unfortunately, the experimental heat of combustion for 
1,4-benzoquinone obtained in this study is much higher than those heats 
obtained by  other ~ v o r k e r s ~ l - ~ ~ .  The same is true for 9,lO-anthraquinone 
where Beckers has obtained an appreciably lower value4*. Attractive as 
Magnus' conclusions are, therefore, some caution must be observed in 
utilizing them. 

Direct calculations of the heats of atomization of I ,4-benzoquinone have 
been carried out by Dewar and  coworker^^^^^^. The value most recently 
obtained25 corresponds to a heat of combmtion of 667.7 kcal/mole, a 
value in excellent agreement with Magnus' findings. Dewar and Morita 
have also calculated a value of 670.4 kcal/mole for the heat of combustion 
of 1 ,Zben~oqu inone~~ .  

B. Structure 

The possibly high delocalization which may be present in quinonoid 
systems should strongly affect the ground-state structures of these same 
molecules. Molecular orbital calculations indicate, however, that appreci- 
able alternation of bond lengths should bc generally espected. H iickel 
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calculations, although dependent to a large degree upon choice of para- 
meters, indicate that lY4-benzoquinone should show a very distinct non- 
equivalence of carbon-carbon bonds. Coulson determined r-bond orders 
of 0.305 and 0.889 for the 1,2- and 2,3-bonds respectively’. Kuboyama’s 
calculation of the same system yielded corresponding values of 0.345 and 
0.873 ll. The r-bond order in benzene, which is defined by symmetry, has 
a value of 0.667. If anything, the Hiickel approach will tend to under- 
emphasize the extent of bond alternation within the ring by its neglect of 
electronic interactions5. Self-consistent field calculations upon 1,4-benzo- 
quinone based upon methods utilizing two sets of semi-empirically 
obtained parameters led to values for the aforementioned bond orders in 
the ranges less than 0.15 and greater than 0.9823. The bond order of the 
carbon-oxygen bond in this molecule is indicative of appreciable double- 
bond character. The value from Hiickel calculations is 0.795 while those 
from the self-consistent field calculation are greater than 0.85 23. 

While the use of bond orders themselves is informative in a qualitative 
sense, it is the use of bond order-bond length relationships which will 
allow for a direct comparison of theoretic_al,.and experimental results. 
The earliest such relationship was developed by Coulson 

r ’_rJJ  
rAB = r ’ -  

+k[(l-pAB)/PAE!I 

where P,, is the 7-bond order of the A-B bond and I” and Y” refer to 
bond length for pure single and double bonds in the correct hybridization 
and k is some dinlensionless ~aranieter?~. If k is assumed to be equal to 
unity, the expression is simplified to 

rAB = t’ - PAn(r‘ - r”) 

Relationships of this type have been used in conjunction with both 
HiickelS9 and self-consistent field calculations21. The calculated bond 
lengths for lY4-benzoquinone obtained from this equation are presented 
in Table 3. In the case of carbon-carbon bonds, rJ was taken as 1-515 A 
and I”’ as 1.338 A. The corresponding values for the carbon-oxygen bond 
were 1.397 8, and 1.210 A. 

The first structure determination on 1,4-benzoquinone was carried out 
by Robertson using X-ray d i f f r a ~ t i o n ~ ~ .  His findings indicated strong 
alternation in carbon-carbon bond Iength with values of 1.50 A and 
1.32 A while the exocyclic bonds were found to be only 1.14 A. This is 
appreciably shorter than the pure double-bond value of 1.208 A found in 
forma]dehydeSl and is only slightly longer than the bond length of 1-13 A 
found in carbon monoxides2J53. In a later X-ray sfLldy, however, Trotter 
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TABLE 3. Bond lengths in 1,4-benzoquinone (in A) 

A. Tlteoreticrrl results 
Bond 

10 

C,-C2 C,-C, C , - 0  Reference 

1.461 1.358 1.248 7 
11 1.454 1.361 - 

1.490 1.341 1.237 23 
1.499 1-339 1.239 23 

13. Experitnetitd t*esuIts 
Bond 

c,-cc, cz-c3 c,-0 Method Reference 

1.50 1.32 1.14 X-Ray 50 
1 -52 1.31 1.15 Electron diffraction 55 
1 -49 1-42 1-23 Electron diffraction 56 
1.477 1.320 1.222 X-Ray 54 
1.481 1.344 1.225 Electron diKraction 57 

found avalue of 1-222 A for the carbon-oxygen bondx. Electron diffraction 
has also been applied toward an elucidation of the structure of 1,4-benzo- 
quinone. While Kimura and Shibata have obtained values similar to those 
of Robertsons5, Swingle has found bond lengths which are in particularly 
good agreement with those of Trotter",. Most recently this system has been 
re-investigated by Hagen and Hedbe~-g"~. The results of these workers, 
which are in accord with those of Trotter and Swingle, indicate a structure 
with little conjugation and in which the exocyclic carbon-oxygen bond is 
essentially little different from that of 1-23 A found in acetone". All of 
the above results are given in Table 3. 

As can be seen, tlie most recent experimental results are in good agree- 
ment with tlie values calculated by the self-consistent field method. The 
experimental findings all support a planar structure for 1,4-bcnzoq~1inonc. 
Some deviation from the idealized 120" angle associated with an sp? 
hybridized carbon was also noted. Robcrtson and Kimura and Shibata 
reported values for the C,-C,-C, angle which were approximately 
t e t r a l i e d ~ - a l ~ ~ ~ ~ ~ .  Later workers, however, agree in assigning this angle a 
much larger value of about 1 17" 3 1 p j 6 i 5 7 .  

The introduction of substitucnts in I ,4-benzoquinonc has been reported 
to cause variable effects. Chu, Jeffrey and Sakurai have reported an X-ray 
determination of thc structiirc of c l i l o r ~ i ~ ~ i l ~ ~ ~ .  The systcm is fi,und to bc 
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planar and carbon-carbon bond lengths are all within 0.004 8, of those 
found by f%Fn and Hedberg for the parent systeni57. Bond angles are 
also in  excellent agreement. The carbon-oxygen distance in chloranil is 
only 1.195 A, but, while this is somewhat shorter than that in 174-benzo- 
quinone, it is not completely unexpected in view of chlorine's electron- 
withdrawin:: nature. This same borld shortening has been rationalized on 
the basis of spectroscopic studies". 

A series of investigations on dihalogenated 1,4-bcnzoquinones by Rees, 
Haser and Weiss, however, indicate quite different resultsG1. The molecules 
treated werc 2,5-dibromo-l,4-benzoquinone, 2,5-dichloro-l,4-benzo- 
quinone and 2,3-dichloro-l,4-benzoquinone. All these systems werc 
stated to have structures which diffcrcd strongly from the parent molecule. 
The carbon-carbon bonds in the dibrorninated compound have lengths 
between 1.377 A and 1.451 A. This increased equivalence of bond length 
is less observable for the chlorinated compounds. The 2,5-disubstituted 
compounds have carbon-oxygen bonds longer than 1.24 A. The 
2,3-dichloro compound is most likc the parent system; however, this 
conipound, as well as cliloranil, is reported to be non-planar. These 
results must be regarded as exceptional. 

A few structure determinations exist for polycyclic quinones. Recent 
X-ray determinations have been carried out for 9,lC-anthraquinone. 
Murty has shown that the distances in the end rings, while they show 
variation, are distinctly in the range of those found i n  aromatic hydro- 
carbonsG2. The values i n  at  least two instanccs are almost equivalent to the 
corresponding bonds i n  antliraeneG3, but this must be fortuitous. PrakashG4 
has refined Murty's results and reports an average value for bonds i i i  the 
terminal ring of 1.387 2 0.005 A. This could well be expected if the 
terniinal rings are only slightly perturbed ortho dislibstituted benzenc 
units. Prakash's refinement is also in excellent agreement with the results 
independently obtained by Lonsdale and coworkers". Here again the 
bonds i n  the terniinal rings are benzenoid in nature with an average value 
of 1.392 & 0.004 A. The bonds to the carbonyl carbon are again quite long, 
having values of 1.483 A and 1.492 A, respectively, froni Prakash's and 
the tonsdale group's results. While in general agreement, the reported 
lengths of the carbon-oxygen bond differ. (All results are shown in 
Table 4.) The above workers, however, have all COllC~llSiVe~y ShO\VIl  that 
bond alternation does not extend to those portions of a polycyclic qliinone 
for \\.hich benzenoid striictures can be written. An earlicr structure 
determination of 9,IO-anthr~quinone had reported complete bond 
altertlatio!l';". A second early X-ray structural detcrmination by Sen is i n  
gc,oci qtl;ilit;lti\ c agrec111cI1t M ' i t I i  the 111c>l'C wr ren t  W O ~ I , " ' .  Unl'ortunately, 
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nothing is at present known on the effect of substituents on the structure 
of 9,IO-anthraquinone. An attempt by Guilhem to study 1,5-dihydroxy- 
9,lO-anthraquinone was abandoned when the experimental data proved 
too crude for bond-length elucidationG8. 

TABLE 4. Bond lengths (A) for two polycyclic quinones 

A .  9,l O-Antlitwqiiinonc 
LonsdaleG5 

Bond MurtyGz PrakashG4 and coworkers rCalc.l1 rR,l~~lrRCelle 63 

c,-c, 1.366 1.385 1.391 1.399 1.368 
c2- c, 1.410 1.388 1-383 1-398 1.419 
c1- c13 1.391 1.382 1.391 1.403 1.436 
C,--C,, 1.478 1-483 1.492 1.45 1 1.399 

1.372 1 -40 1 1.404 1.413 1 -428 c11--C12 
c g -  0 1 a224 1.213 1 *244 - - 

B. 1,4-Nnphthoqrii~rone 
11 63 Bond ~ e x p "  j*ca1(:. Ynaphtlioleiic 

C1- Cz 1.465 1.453 1.364 
cz- C S  1-310 1.362 1.415 
c1- c9 1.445 1.450 1 a42 1 
cG- c7 1.370 1.397 1-415 
c7- ct3 1.420 1.400 1.364 
ct3- cll 1.375 1.403 1.421 
CI)-Cl0 1.390 1.412 1.418 
c,- 0 1.215 - - 

An X-ray determination of the structure of 1,4-naphthoquinone has 
also been carried outG9 and these results are presented in Table 4 together 
with those for the corresponding 11ydrocarbon~~. The purely quinonoid 
portion of the molecule possesses alternation of bond lengths. The 
results, however, are not completely satisfying. The C,-C, bond is 
obviously too short and the C,-Cc, and C,-C, bonds are shorter than 
expectcd. The bonds in the aromatic portion show little equivalence. 

In Table 4 the calculated bond lengths for 9,lO-anthraquinone and 
1,4-naplithaquinone are also reported. These were determined from the 
relationship previously described and are based on the bond orders 
obtained by Kuboyama in  his Hiickel calculationll. The agreement with 
experiment is reasonable in the case of 9,1O-anthraquinone, particularly if 
the bonds to the carbonyl carbon are exempted from the discussion. This 
last bond is predicted to be far shorter than found. The average deviation 
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of the other calculated carbon-carbon bond lengths from experiment is 
only 0.01 2 A. In the case of 1,4-naphthoquinone the corresponding 
deviation is 0.024 A but this latter agreement cannot be considered 
acceptable. 

C, Dipofe Moments 

would possess a permanent dipole. The simplest such molecule, l72-benzo- 
quinone, is quite polar, having a dipole of 5.1 D in benzene32. The dipole 
moment of an s-trans propenal is 3.1 1 D'O. If l72-benzoquinone is taken as 
a system of two joined s-from propenal units, a value of 5.4 D can be 
predicted for the dipole. Such a result is to be expected if only limited 
delocalization is present. The annellation of benzene rings to the 1,Zbenzo- 
quinone unit causes only moderate changes in the value of the dipole 
moment. Thus, l72-naphthaquinone is reported to have a moment of 
5.67 D~~ and several studies indicate that of 9,IO-phenanthraquinone to be 
in the range 5.34-5-59 D 71-73. Even in acenaphthenequinone, only a dipole 
nionient of 6.0 D is found73. This last system, however, is appreciably 
different from the others in possessing the s-cis rather than the s-trans 
propenal unit and in being a derivative of a non-alternant hydrocarbon. 

In the original study of l72-benzoquinone, Nakagura and Kuboyama 
attempted to correlate their dipole moment with HMO correlations. A 
calculated value of 7-5 D was obtained3z. This should not be considered 
surprising in view of the often exaggerated charge separation found in such 
calculations. Their results, however, could be brought into agieenxnt with 
experiment by subtracting 1.5 D as an empirical correction for adjacent 
carbonyl groups74. More sophisticated calculations by Bdry have yielded a 
value of 4-85 D for Iy2-benzoquinone without recourse to such a 
correction7s- 

Systems containing a para quinone structure will also, frequently, have 
permanent dipoles. As a case i n  point, 1,4-naplitIioquinone shows a 
moment of 1-33 D in benzene solution73 and an earlier report cited a value 
of 1.21 D in the solid phasesG. At least one extended quinone system has 
also had its dipole moment reported: a value of 2-3 D has been reported 
for 5,l 1-naphthaceneq~inone'~. 

Values of 0-60-0.70 D were reported for l74-benzoquinone several 
decades ago7840. Several 2,5-symnietrically substituted 1,4-benzoquinones 
were also shown to  have moments of approximately 0-7 D ~ O .  The early 
structural work of Robertson had, by this time, eliminated the possibility 
of a per1nanc11t dipole in  I ,4-benzoquinone by showing this nmlecule 
to be ccrltro-symmctric"0. coop and Sutton rationalized these findings by 

It  would be expected that any quinone with a syrnnietry less than 
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equating tlie unexpectedly high moment with a n  atom polarization 
associated with a carbonyl-bending modes1 but some criticism of this 
explanation has been advanced. Kofod found ;1 dipole moment of 0.83 D 

for 2,5-di-t-butyl-l 74-bcnzoquinone82. This was considered surprising as it 
had been presumed that a strained system would have a decreased, rather 
than increased, atom polarizationsL. (Possible non-planarity in this system 
was not considered i n  detail.) Meredith, Westland and Wright reported 
that tlie polarization of 174-benzoquinone was dependent upon both 
tem-r>erature and phase7G ; results,which, however, diner from those obtained 
earlieri9. To explain these results, recourse was again made to a permanent 
inonient causcd by non-planarity. This would be particularly associated 
with an 8" out-or-plane deformation of both carbonyl groups78, which 
seems highly unlikely (see section 1I.B). Paolini has equated tlie observed 
dipole in 174-benzoquinone with an induced deformation of the oxygen 
lone-pair electrons in the electric field83". Studies of the Kerr birefringence 
of 1,4-benzoquinone by Charney, however, have shown that there exists 
neither a perimneiit dipole nor an induced electron polarization largc 
enough to cause a dipole moment greater than 0.15 D ~ ~ .  A similar con- 
clusion has been reached by DiCarlo and Sniyth as a result of an 
investigation of microwave absorptiona5. Both studies support the 
original explanation of atom polarization as the source of the expcriinental 

The dipole moment of 0.61 D for chloranili3 can also be treated 
in the same way. Extension to other similarly symmetrical molecules 
should be possiblc. Studies on 9,lO-anthraquinone have, however, 
produced variable results. Values for the dipole nioment of 0-0 D * ~ ,  

0.71 D~~ and 0.27 D~~ have been piiblished. A probable source of :he 
experimental difficulties may reside in the limited solubility of this com- 
pound in most solvents. 

D .  Magnet ic  Susceptibilities 

One of the often utilized criteria of aromatic character has been the 
enhanced niagnctic susceptibility shown by benzoid compounds87. 
Compounds possessing delocalized electrons will exhibit a value for the 
susceptibility in excess of that predicted via a summation of Pascal-type 
constants. The iiiagnetic susceptibility of 1,4-benzoquinonc has been 
determined to be in the range -38.2 to - 4 3 . 2 ~  c.g.s. units per 
moles8-". This general range appears to be independent of experimental 
conditions used and is in very good agreement with the value of 
-40.5 x c.g.s. units per mole obtaincd from Pascal constants". 
At the vcry most, an exaltation of 2.5 x c.g.s. units per molc may be 
round for 1,6benzoquinonc and tlie corresponding value for ben7ene is 
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13-7 x loaG c.g.s. units per moleR7. These results would seem to argue 
against extensive aroiiiatic character i n  1,4-benzoq~iinone. At least one 
set of workers, however, have claimed that canonical str~icturcs of the 
following type make equivalent contributions to the final hybrid". 

A magnetic susceptibility equal to that of 1,4-benzoquinone has also 
been found for 1,2-benzoquinonea9. 

Some reported values of magnetic susceptibility for polycyclic quinones 
are presented in Table 5. There are, in certain cases, large discrepancies 

TABLE 5. Magnetic susceptibilities of some quinones and the corresponding 
hydrocarbons 

Coinpound 
x, x 10" x, x loG 
quinone hydrocarbon Reference 

0 

@-J 

0 

0 

0 

- 39.0 - 54.0 93 
- 42.4 - 58.0 95, 96 

- 106.4 - 123.9 95, 96 

93" 
94 

-114 - 159 
- 147.6 - 182.6 
- 150.3 - 179.1 95,9t; 

-113 - 155 93 
- 134.3 - 165 94,95 
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TABLE 5. (cow.) 

x,, x lo6 X*I x 1 0 6  
Con1 pound quiiione hydrocarbon Refercnce 

- 235 - 285 93 

0 

0 

0 
0 

0 
0 

- 159 - 320 93 

0 

-212 - 276 93 

- 288 - 238 93 

- 335 - 358 93 

a Y. Matsunaga, Brill. Cf1et17. SOC. Japan, 39, 582 ( 1  956). 
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among the results of different workers. If, however, these values arc 
cornpared with those obtained by the same workers for the corresponding 
hydrocarbons certain generalities appear. LeFevre and Murthy have 
pointed out that the magnetic susceptibility of 1,4-benzoquinone is 
75 per cent that of benzenes6 and attribute this to a lessening of ring 
current effects". The data in Table 5 support this conclusion. The studies 
of Akamata and Matsunaga on some polycyclic compounds are of 
particular interests3. In these larger systems the quinone portion of the 
molecule is, of course, a small fraction of the whole and an appreciable 
amount of the magnetic susceptibility, and presumably the electron 
delocalization, of the parent hydrocarbon can be maintained. Certain 
exceptions, however, merit attention. Violanthrone 4 shows 50 per cent 
of the magnetic susceptibility of the corresponding hydrocarbon while 
nieso-naphthdiantlirone 5 shows greater magnetic susceptibility than its 

0 0 

(4) (5) 

corresponding areneg3. The former quinone is, in actuality, two fused 
benzanthrone units. The bonds joining the two units are essentially single 
in character and would, therefore, not contribute to any electron 
delocalizations7. In the parent system electron delocalization through all 
nine rings should occur. The reverse should be observed in nzeso- 
naphthdianthrone. The corresponding hydrocarbon is composed of two 
isoIated anthracene moieties connected by three purely single bonds. 
In the quinone delocalization through the centre of the system is now 
possible. 

E. Reduction Potentials 
The facility with which quinones are reduced to the corresponding 

diphenols is of considerable interest. The biological activity of vitamin K, 
itself a 1,4-naphthoquinone, is, for example, due to its functioning as an 
oxidizing agent. The polarographic reduction of less complex quinones 
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has been the subject of investigation for over 40 years and Table 6 provides 
a suriiniary of reported reduction potentials. Much earlier work was 
carried out by Fiescr and associates”-lo’; howcvcr, several other groups 
of workers have also made substantial contributions to the fieid’05-107. 

TABLE 6. Polarographic reduction potentials of sonie quinones 

System Ei(v0lts) Reference 

1 ,2-Bcnzoquinone 
1,4-Beilzoquinone 
1 ,2-Napht hoquinone 
1.4-Naphthoquinone 
2,6-Naph thoquinone 
Diphenoquinone 
1,2-Anthraquinone 
1,4-Antluaquinone 
9,lO-Anthraquinone 
1,2-Phenanthrc1iequinone 
1,4-Plienan:hrenequinone 
3,4-Phenanthrenequinone 
9,lO-Phenanthrenequinone 

1,6-Pyrenequ inone 
1,8-Pyrenequinone 
4,s-Pyrenequinone 
4,5-Pyrenequinone 

1,2-Benz-5,6-ant hraceiiequinoiie 

1,2-Benz-7,12-anthracenequinonc 
5,6-Chrysencquinone 
6,12-Chrysenequinone 
3,4-Benz-S,6-phenanthrenequinone 
5,6-Picenequinone 

13,14-Picenequinone 
1,2 ;5,6-Dibenz-5,G-anthracenequinoiie 
1,2 ;5,6-Dibenz-4,14-anthracenequinone 
1,2 ;7,8-Dibenz-5,6-anthracenequinone 
1,2 ;7,8-Dibenz-7,14-anthracencquinone 
1,2-Benz-3,8-pyrenequinonc 
1,2-Benz-3,6-pyrenequ inone 
1,2-Benz-4,5-pyrenequinone 
1,2-Benz-6,12-pyrenequinone 

0.783 
0.715 
0.576 
0484 
0.755 
0.954 
0.490 
0.40 1 
0.154 
0.660 
0.523 
0.62 1 
0.458 
0.47 1 
0.460 
0.416 
0.612 
0.514 
0.474 
0.474 
0.424 
0.430 
0.350 
0.228 
0.465 
0.392 
0.492 
0.45 1 
0.474 
0.503 
0.446 
0.292 
0.445 
0.302 
0.438 
0.44 1 
0.442 
0.443 

98 
104 
104 
105 
99 

105, 100 
98 

106 
105 
98 

106 
101 
98 

103 
105 
107 
106 
J 06 
106 
106 
107 
99 

107 
99 
99 
99 

106 
106 
103 
106 
106 
106 
106 
106 
106 
106 
106 
106 
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With few exceptions, the data in  Table 6 support the contention that 
fusion of a benzene ring to soine basic unit tends to lower the reduction 
potential of the system. This would result from an increased ability to 
delocalizt; charge i n  the intermediatc radical anion or dianion. It has been 
pointed out, liowcvcr, that such fusion, particularly close to  a carbonyl 
group, may have a converse efrect for steric reasonszoG, Early work also 
indicated expected inductive effects with electron-donating groups 
lowering and electron-withdrawing groups raising the reduction potentials 
of substituted 1,2- and 1 ,4-naphthoquinoneszo1 and 9,IO-phenanthrene- 
quinones”. With regard to such electronic effects, it is of interest that 
Rieke and coworkers have rcported the operation of a pronounced ring 
strain elTect in the reduction of thc following series of lY4-naphtho- 
quinonesloS. 

The observed ease of reduction was 6 % S < 9 9 7 7 1 0 .  The normal 
electron-donating effect of the alkyl groups can thus be shown to be 
effectively decreased by a corresponding ring strain phenomenon. These 
results can be nicely correlated with Hiickel calculations which include 
Streitwieser’s ‘hybridization effect niodel’lo9 as a means of introducinz 
ring straidas. These experimental findings differ from the earlier results 
of Arnold and Zaugg*lo which were rationalizcd by recourse to the 
Mills-Nixon efl‘ectlll. Substituents may also produce other types of steric 
effects. Newrnan and coworkers, in studying the reduction of substituted 
9,1O-plienanthrenequiiiones, noted that the reduction of 4,5-dimcthyl- 
9,1 O-phenanthrcnequinone was retarded relative to the 2,7-dimethyl 
isomer112. The decreased ease of reduction was equated to a 3.3 kcal/niole 
difference in strain energy between the quinones and corresponding 
hydroquinones due to the necessity of increased pIanarity in the latter 
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systems. The 4,5-di1iietliyl-9,1O-pIienantlireneq~ti1~o1~e must itself be 
appreciably strained relative to the 2,7- isonier as determined from heats 
of combustion of the corresponding hydrocar5ons"'. 

Correlations of reduction potential data with other related experi- 
mentally observable results have been frequent. Examples include 
correlation with the rates of addition of bromine across the 9-10 bond of 
substituted phenant l~renes~~~,  rates of aromatic substitutionl'j, carbonyl- 
stretching frequency116, ease of hydrogenation of the q~inones'~'  and 
ozonolysis of the corresponding hydrocarbons11**119. Correlations have 
also been based upon biological properties. Thiis, I kada has related the 
antibacterial activity of substituted I ,4-naphthoquinones wi th  tlie corre- 
sponding reduction potentialsl'o. An attempt by IbaII, however, to 
correlate potentials with carcinogenic activity was less successfiillZ1. 

Various theoretical models have also been dcveloped to correlate the 
reduction potentials of quinones. An early empirical relationship based 
upon resonance theory was discussed by Branch and Calvin'". Most 
later work in this area has, by contrast, been based upon simple Hiickel 
molecular orbital approaches. Evans has developed a siinplified mctliod i n  
which the effects of the heteroatoms are neglected'": the reduction 
potentials are considered as functions of the differences in resonance 
energy between the quinone and the corresponding dihydroxyaromatic 
compound, while tlie resonance energy of the latter is equivalent to that 
of the parent hydrocarbon. By assuming that the electrons of the carbonyl 
groups are completely localized i n  these bonds, Evans shows that the 
resonance energy includes no coiitribution froni these groups or any 
otherwise isolated double bonds. Thus, for example, the resonance energy 
of 174-benzoquinone is zero, that of I ,2-benzoquinone equals that of 
butadiene, while 1,4- and 1,2-naphthoquinone are equivalent to benzene 
and styrene respectively. In correlating reduction potentiak by this 
approach, Evans obtained separate correlations for ortlzo and para 
compounds123. These results, however, might be somewhat suspect in that 
tlie assumption of complete electron localization in  the carbonyl bonds is 
too severe. Evans and coworkers have themselves re-examined the problem 
by recalculating the resonance energies for quinones in a 'iiorlilal' 
manner'". A double correlation was again obtained. While Gold has 
shown that a judicious adjustment of the Hiickel parameters can lead to a 
single correlation1", Basu, using a model based upon the particle in the 
box, also found separate correlations for the reduction potentials of 
ortlzo and para quinones*26. While these separate correlations may not be 
artifacts of the calculation, it should be mentioned that Huckel and other 
simple niolecular orbital methods frequently yield dual correlations wIiich 
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coalesce into a single relationship when calculations which allow for inter- 
action of electrons are u t i I i ~ e d l ~ ~ - ~ ~ ~ .  Hiickel-type calculations have also 
been used to treat various substituted quinones. Kcmula and Kygowski 
have correlated the reduction potentials of mono- and dichlorinated 
9,lO-anthraquinones with the calculated energy difference between the 
starting material and the radical anion form by the addition of one 
electron*30. A n  attenipt to treat hydroxyquinones in a similar manner, 
however, failed due to the method's inability to allow for hydrogen 
bonding131. 

Although the ease of reduction of quinones should be a function of 
some energy difference between quinonoid and benzenoid structures, 
simplifications can be introduced and some of the extensive calculation 
avoided. Maccoll showed that the ease of reduction of aroniatic hydro- 
carbons could be correlated with the energy of the lowest unoccupied 
molecular orbital132. While this assumption was originally based upon the 
results of Hiickel calculations, it has been shown l o  be equally valid for 
both hydrocarbon oxidation133 and reduction134 potentials using self- 
consistent field theory. Such correlations have been utilized in the corre- 
lation of quinone reduction potentials with reasonable s u c c e s ~ ~ ~ ~  135. 

Flaig and coworkers have also employed a Hammett relationship to 
correlate the reduction of various substituted 1,4-benzoq~inones~~~.  
Somewhat unexpectedly, they found varying effects for different classes of 
substituents. 

F. Infrared Spectroscopy 

Appreciable data on the vibrational spectra of quinones exist in  the 
literature. Complete normal co-ordinate analyses have been carried out for 
1,4-benzoq~inoncl~~ and 1,4-naphthoq~inone'~". Such studies, however, 
must be regarded as exceptional and recourse will be made to less detailed 
investigations. In the early Fifties several groups of workers exainined the 
absorption associated with the stretching vibration of the carbonyl groups 
of unsubstituted q u i n o n e ~ l ~ ~ - ~ ~ ~ .  A few of these, based upon data obtained 
in mulls or as solid samples, are presented in Table 7. 

The introduction of substituents into the quinones has been claimed to 
influence the position of the carbonyl-stretching frequency. Yates, Ardao 
and Fieser in a study of 22 1,4-benzoquinones noted an increase in the 
wavelength of this absorption with electron-donating groupsG0. It  should 
be pointed out,  however, that variations of only 48 cm-l (carbon disulphide 
solution) and 30cm-I (mineral oil mulls) were dealt with. Flaig and 
Salfeld also examined 45 methyl and methoxy 1,4-benzoq~inones~~~.  
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Correlations of the carbonyl-stretching freqrtency were developed although 
a total variation of only 38 cm-1 was found. The variation of carbonyl- 
stretching frequency with substituents in other quinone systems is even 
smaller than the above. A variation of 22cn1-1 was observed for 10 
1 ,2 -ben~oquinones~~~ and only 12 cn-l  for a series of diphenoquinones144. 

TABLE 7. Stretching vibrations of some carbonyl bonds 

Molecule vc=o (clll-') Reference 

1,4-Benzoquinone 
1,2-Benzoquinone 
I ,4-Naphthoquinone 
9,l O-Phenanihrenequinone 
9,l O-Anthraquinone 
5,6-Chrysenequinone 
1,6-Pyrcnequinone 
1,8-Pyrencquinonc 
1,2-Benz-3,8-pyrenequ i no ne 
Diphenoquinone 

1664 
1667 
1664 
1683 
1675 
1658 
1639 
1639 
1645 
1623 

139 
143 
140 
140 
141 
139 
139 
139 
140 
I40 

Certain substituents in particular have apparently little effect on  the 
carbonyl-stretching frequency. Chloranil and various dichlorinated 
1,6benzoquinones show a stretching frequency little different from the 
parent compound14". Various chlorinated 9,1 O-anthraquinones also show 
a consistent value for this frequency'*". The introduction of the most 
subtle substituent, deuterium for hydrogen, causes a moderate effect in 
1,4-be1izoqui1ionc-~~ where a shift of' 8 cni-l has been observed in the 
carbonyl-stretcliiiig frequency1". No corrcsponding change for 9,lO- 
anthraquinone-cl, has been noted, liowever148. In addition to substituents 
affecting the carbonyl-stretching frequency by electronic or steric effects, 
closely neighbouring groups such as hydroxy or amino could become 
involved with the carbonyl oxygen a t o m  via hydrogen bonding11G. It  has 
been shown, however, that for certain orrho-hydroxy quinones there is no 
effect on the intensity of the carbonyl absorption1"9. 

Correlations of the carbonyl-stretching frequency with both theoretical 
calculations and with other experimentally observed data have been 
carried out. As previously mentioned in section 111. D, correlations with 
reduction potentials are known11G. Such empirical correlations are not 
completely inclusive, however, thus substituted 1,4-naphthoquinonesY 
9,10-anthraquinones and 9, I0-phenaiithreneqllinones delined three separ- 
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ate A similar result was obtained in correhting the 
carbonyl-stretching frequency with calculated values of ?!..e free -:a!ence 
index as obtained from the Huckel method11G. (A very good single corre- 
lation betwcen the free valence index and reduction potentials has, however, 
been notedllG.) The carbonyl-stretching frequencies for various niethyl- 
substituted 1,2-benz-9,1 O-anthraquinones hake also been correlated with 
their reduction potentials151. Although a good correlation was claimed, the 
particularly small variation found in  stretching frequencies (3 cm-l) 
does not make this an optimal system. 

Berthier, Pullman and Poiitis have calculated the force constants for 
sevcral carbonyl coinpounds including quinones'"2. The force constants 
were derived from an expression involving both the bond order and the 
bond-bond polarizability of the carbonyl bond as obtained by Huckel 
calculation. General good agreement was obtained between the frequencies 
obtained from the calculaled force constants and thcir experimental 
counterparts with the exception of 7,8-acenaphtheneqiiinone. Later 
investigation has indeed shown, however, that this molecule should not be 
regarded as a true quinone1s53. This approach has also been extended to 
calculate the carbonyl-stretching frequencies of seniiquinones1s4, although 
a more simple relationship which relates the frequency solely to the bond 
order was utilized'". This simplification is justifiable. Deschamps has 
shown that the dependence upon the self-polarizability term should be 
relatively sma1l1"G. 

More advanced calculations have also been utilized to evaluate the 
vibrational spectra of quinones. Bratoz and Besnainou have made use of a 
Pople-Pariser-Parr approach to determine the carbonyl force constants in 
1,2- and 1,4-benzoq~1inone*~". Tlieir calculated force constants were within 
3 per cent of the experimental values. A later calculation, in which the 
approach of Bratoz and Besnainou was appreciably simplified, also 
yielded reasonable results for the same systenis15*. Similar calculations 
have also produced reasonable values for the relative intensities of carbonyl 
absorp t i onsljn. 

Of the carbon-carbon and cxbon-hydrogen vibrations associated with 
the most simple of quinones, very little need be said. Their absorptions, at  
least in  the case of substituted 1,4-benzoquinones, seem generally invariant 
to substituents14*5. It has also been shown that none of these absorptions 
which characterize 1,4-disubstituted benzenes are associated with the 
corresponding 1,4-ben~oquinone~~~". This must be regarded as further 
evidence against aromatic character being associated with quinones. 

Finally, it must be mentioned that frequently the spectra of quinones 
show multiple absorption in the carbonyl region. At one point it was 
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suggested that this might be associated with vibrations of the carbon- 
carbon double bonds'". Various workers, however, have found a more 
plausible explanation by applying the concept of Fernii resonance as 
causing a splitting of the carbonyl absorption1G2*1';3. In the case of I ,4-benzo- 
quinone, extensive studies involving isotopic substitution and solvent 
effects have proved Fermi resonance to be the cause of the lnultiplicity 
in the 1650-1675 cm-l region of the spectrum1GJ. 

G. Ultraviolet Spectroscopy 
Stevenson has studied the electron spectra of several 1,4-benzo- 

quinonesIG5. The parent molecule shows three well-defined absorptions in 
solution. An 1 1 - d  transition occurs at 476 n?p while n - ~ *  transitions are 
encountered at 278 1np and 244 mp. Only the last of these is associated 
with an extinction cocficient of moderately high value. The T-T* transition 
found a t  278 nip is symmetry-forbidden. The spectrum of 1,4-benzo- 
quinone in thin film at 20K has been investigated by SidmanlGG and 
distinct differences exist between the spectra. The n-n* transition in the 
solid phase is split into several b a n d P .  Sidnian feels that this is indicative 
of the non-equivalence of the lone pairs of electrons on the oxygen atom. 
The i r - 4  transition was also observed to take place at lower energy 
in the solid phase. A gas-phase spectrum of 1,4-benzoquinone is also 
avai la ble5. 

Certain similarities are observed among the electronic spectra of 
unsubstituted quinones. A low intensity transition in the 400-500 mp 
range has been shown to be common for several quinoneslG7. This has 
usually been associated with an n-n* transition; however, certain quinones 
of acenes have been reported to show a T-+ singlet-triplet transition in 
the same regionlG*. These singlet-triplet transitions, however, are marked 
by a much more intense extinction coeficient. The previously mentioned 
paper of Hartmann and LorenzIGi is invaluable in providing a compilation 
of spectra for thirteen unsubstituted quinones as well as diquinones and 
derivatives. Some additional spectra of important unsubstituted quinones 
have been reported by other workerslG9--li2. The spectra of 1,4-naphtho- 
quinone and 9,lO-anthraquinone in the solid phase at  4 K have also been 
ob tai r~ed''~. 

The effects of ring substituents on the electronic spectra of quinones are 
complex. Stevenson'", l i l  has noted that substituents in  1,4-benzoquinone 
affect the synimetry-forbidden l B , t l A ,  transition at 278 mp in a manner 
which parallels their behaviour in  benzene1i5. Halogenated 9,10-anthra- 
quinones, however, show spectra which differ only slightly fronl the 
parent i1101ecule1G7* liG. Substituents which can directly interact with the 
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carboiiyl groups by hydrogen bonding inay profoundly affect the U.V. 
spectra of quinones. Thus, while p-amino-9, I O-antliraquinones show 
spectra similar to the unsubstitutcd compound1G7, a-amino-9,lO-anthra- 
quinones yield spectra indicative of severe perturbation of the energy 
levels via hydrogen bonding177. El-Sayed has predicted that the presence of 
heavy atoms in quinones should affect singlet-triplet absorption178". 
Studies on 2,6-dihalo-I ,4-beuzoquinone have shown this prediction to be 
co rrec t178". 

Several workers have carried out theoretical calculations to correlate 
electronic spectra of quinones. Sidman obtained energies using a self- 
consistent field approach for both the n-n* and n-+ transitions in several 
carbonyl compounds179: results were within one electron volt of the 
experimental values. Leibovici and Deschamps, making use of self- 
consistent field calculations including configuration interaction with all 
singly excited states, have calculated the transitions for 1 ,4-ben~oquinone~~~.  
Very good agreement with experiment was obtained for both the 
lBl! , t lAII and lBe t , t1A,  transitions with differences of 0-2 eV and 0.01 eV 
respectively. Similar calculations have been carried out by these workers 
for I ,4-naphtlioquinone, Iy4-anthraquinone and 9,10-anthraquinone181. 
The corresponding singlet-triplet transitions for these latter systems were 
also calculated for some acene quinones182. These agreed with the authors' 
earlier assignment of certain of these absorptions to n-z* transitions rather 
than to the expected iz-n*' transitionlGs. Calculations of transition energies 
for charge-transfer complexes between quinones and N,N,N',N'-tetra- 
niethylphenylenedianiine have also been carried outla3. 

Edwards and GrinteP4 have attempted to calculate the transition 
energies for conjugated carbonyl systems using a molecule in molecules 
approach18s. The Iy2-benzoquinone system was approximated by two 
acrolein units while 1,4-benzoquinone was treated both as two acroleins 
and as two ethylenes and two formaldehydes. In all cases agreement with 
experiment was poor. These authors obtained better results for 1,2-benzo- 
quinone using a standard self-consistent field approach with configuration 
interaction with singly excited states29*186. Their calculations on 1,4-benzo- 
quinone, 1,4-naplitlioquinone and 9,10-antliraquinone yielded values for 
the transitions which were too Similar results had been observed 
by other Edwards and Grinter have suggested that the 
inclusion of doubly excited states into the configuration interaction 
expression night improve the situationlAG. Leibovici and Deschamps, 
however, have noted that the polar nature of the excited state of quinones 
might necessitate a consideration of specific solvation energies, thus 
making direct comparisons between theory and experiment diff i~ul t '~~.  
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H. Nuclear Magnetic Resonance Spectroscopy 

The prior discussion of magnetic susceptibility (section II1.D) attempted 
to  show that little ring current is associated with the quinonoid structure. 
The results of n.ni.r. studics also support this view. The protons of 1,4- 
benzoquinone show a signal a t  6.67 6 (deuterocyclohexane) or 6.83 6 
(deuteroacetone)1s9. Benzene itself shows absorption at 7-03 6 (carbon 
tetrachloride). The inclusion of a quinone m6iety within a larger aromatic 
molecule also produces similar results. The signals i n  I ,4-11aphthoquinone 
occur at 6.87 8, 7-73 S and 8.07 6 (dei~tcrocyclohcxane) and are associated 
with thosc protons at positions 2 and 3, 6 and 7, and 5 and 8, rcspec- 
tively1a9. The Q: and p protons of naphthalene absorb at 7.78 6 and 7.38 6. 
While the aro in at ic absorptions i n  naphthalene and 1,4-n ap h t 11 oq 11 in one 
do not essentially differ, it should be pointed out that a 1,2-diacylated 
benzene will also produce signals in  this region'"0. Similar results have been 
observed for 9, I0-plicna1ithrenequinonc~~~~. A i1.ni.r. spectriini of 5,8- 
dihydroxy-1,4-naphthoquinonc (naphthazarin) showed only a single 
absorption at 7.13 8Ig2. This was taken as showi.ig a rapid equilibrium 
among the following structures. 

OH 0 

I I1 i 
OH 0 

($$ \ 
0 OH 

(J$ 
C HO 

L_j <- (J$ / 

HO 0 

These same workers were also able to develop a means of correlating the 
effects of substitucnts in the 1,4-nr;pIithoqiiinorie 

IV. QUINODODOMETWANES 

Current theory concerning electronic structure in polyolefinic compounds 
tends toward the conclusion that little delocalization is operative. Self- 
consistent field calculations on branched polyolefins indicated that the 
total T energy was a sinipk sum of the contributing While the 
quinododimethanes were not iniplicitly studied at that time, later 
calculations have indicated that such a conclusion had general validitylg3. 
Earlier Huckel calculations had indicated extensive delocalization in 
polyolefinic molecules6. Recently, however, the realization that calculated 
Huckel delocalization energies might require systematic corrections as a 
function of the number and types of bonds present has been proposed'". 
Incorporation of this nrgiiment within the framework of normal Hiickel 
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calculations has yielded results which are frequently equivalent to those of 
more advanced calculations. 

Early calculatioizs on tlie quiiiododimethanes, however, were of the 
most simple type. These calculations, whether involving a molecular 
orbital or valence bond approach, were uniform in their predictions. Thus, 
Namiot, Dyatkina and Syrkin determined appreciable resonance energies 
for I ,2- and 1,4-benzenequinododilnethane by both met1iods1". The 
molecular orbital approach was also applied to the Iiypothetical 
1,3-benzenequinododiinethane. While this is predictcd to possess less 
resonance energy than its two isomers, significant stabilization was 
clainied19.5. Coulson and coworkers obtained results which tended to 
substantiate the above findings1!'(;. In the case of I ,4-benzencquinododi- 
methane a vcry low separation bctween the singlet and triplet structures 
was predicted by moleciilar orbital theory'!'6. Dyatkina and Syrkin also 
calculated similarly low energy barriers for other quin.Jdodimethanes, 
particularly for those system where only a single classical structure can 
be drawn1". 

Experimental findings tend to contradict the prediction of moderate 
stability for simple quinododinicthanes. Thus, for example, 1,Z-benzene- 
quinododimethane should be obtained from the thermal elimination of 
sulphur dioxide from 1,3-dihydroisotIiianaphthene 2,2-dioxide. While the 
quinododimethane has been trapped as a Diels-Alder adduct with 
anthracene, it has resisted isolation198. A similar failure was noted in the 
attempts to prepare 1,4-benzenequinododimetliane via pyrolysis of tlie 
p-mctliylbenzyl radical'". Even those systeiiis in which the quinododi- 
methane moiety should be stabilized by the annellation of benzene rings 
have not been isolated at room temperature. Eliminations from various 
precursors have yielded 9, I O-antliracenequinododirnethane and 9,lO- 
plienanthrenequinododimcthane. Both have been trapped as Diels-Alder 
adductszoo. While still not yet isolated, these latter systems should be 
more stable than the parent benzencquinododimethanes. Cava, Shirley 
and Erickson have shown that naplitlio[o]cyclobutene undergoes ring 
opening in the four-membered ring much more readily than the isomeric 
iiaph t h o [ b]c yclob u ten e2002, a res u 1 t i n coin pl e t e agree men t with the 
expected greater stability of 1,2-naphthalenequinodododinietl~~lne to 
2,3-naph t 11 a1 e ncq LI in od od i met ha ne . 

The relatively high stability accorded to 1,3-benzenequinododimethane 
by early calculationsl~~* has been questioned i n  view of the hypothetical 
nature of t hc niera-q LI i n on o id s t r uc t u re. P u 11 ma 11, Berth ier and Pu 11 lnan 
explicitly showed the nietn-quinododimetli~lne structure to be diradical in 
characterzoi. Such systems can be regarded as Sclilen k 
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Thcir results were incorporated within a generalized treatment of radical 
and biradical 

Because of the low energy barrier between quinododimetlianes and the 
corresponding biradical (which can maintain benzenoid character), much 
of the chemistry of quinododimethanes will be radical in nature. Seel 
calculated that the energy separation between singlet and triplet states for 
system 11 would decrease as IZ increased207. While these molecules them- 

(11) 

selves have not been studied, tlie tetraplienyl-siibstituted derivatives have 
been investigated in some detail. The radicals corresponding to these 
systems will be of a triarylnietliyl type and should show appreciable 
stability2O8. In accord with Seel's prediction, the parent quincjdodimethane 
(11, sz = 2) shows the characteristics of a diamagnetic molecule2o0". 
Chichibabin's hydrocarbon (11, iz = 2)210 has been shown to have about 
2-5% radical cliaracter21**212. This is in  very good agreement with 
the calculated singlet-triplct separation of 2.5 k ~ a l / i i i o l e ' ~ ~ ~ ~ ~ ~ .  The 
higher members of this series exist as paramagnetic solids with up to 15% 
radical character where i z  = 4"". Seel has also suggested that the quinones 
analogous to niolccule 11 SiioLlld also show a similar relationship between 
singlet-triplet separation and the number of intervening six-membered 
rings207. Calculations on 1,4-benzoquinone and the corresponding 
quinodomethane and quinododimethanc predict the ease of the last 
compound to assume a biradical structure as five powers of ten greater 
than that of the first"'". This can be regarded as a consequence of tlie 
electronegativities of the exocyclic groups. 

Advanced iiiolecular orbital calculations on 1,4-benzenequinododi- 
methane have been carried out by Bdry and Bonnet using a Pariser-Parr 
trcatment2IG. A non-cquivalence of charge densities was noted. The bond 
orders obtained would predict extensive alternation of bond lengths 
with a value for the fong bond of 1.464 A. This is but little diffcrent from 
the central bond i n  1 ,3-butadiene2I7. The results of these calculations also 
successfully correlate the electronic spectrum of the compounds21G. 

Although relatively few measurements of the physical properties of 
simple quinododimetlianes have actually been carried out, a coinbination 
of calculations plus experimental data on the more readily available 
tetraphenyl derivatives can provide a very general critique of the degree 
of aromatic character. Evans, deHeer and Gergely have calculated the 
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diamagnetic anisotropy of I ,4-bc1izenequinododimethanc to be only 
0.27 times that of benzene'18. While the authors feel that this small value 
need not indicate essential localization of electron, this is the most obvious 
conclusion. The diamagnetic anisotropies have also been calculated for 
several quinododimethanes by Pullman and coworkers2I9. Experimental 
values for the magnetic anisotropies of certain tetraphenyl quinododi- 
niethanes are available'". The magnetic anisotropy of the tetraphenyl 
I ,4-benzenequinododimethane is only 3-74 times that of benzene in spite 
of the fact that four phenyl groups are present. It must be concluded that 
little electron delocalization is associated with the quinonoid portion of 
the molecule. Similar results are found for the tetraphenyl derivatives 
of I ,4-naphthalenequinododimethane and 9,l O-anthracenequinododi- 
niethane"O. 

The dipole moments for several quinododimethanes have been calculated 
as zero by Pullman's group, using the Hiickel method210. Ir? view of the 
uneven charge distribution predicted by one advanced approach216 the 
experimental expectation is, however, by no means clear. 

The gas-phase electronic spectra of 1,4-benzenequinododiniethane was 
obtained by Tanaka'". A diffuse band in the range 2740-277OA was 
assigned to a singlet-singlet transition between the Al, and BaIL states221. 
SCF calculations by Tanaka led to a value of 6-3 eV for this transition 
which was in poor agreement with the experimental value of 4.3- 
4-4 eV222. The calculated value of 4.5 eV obtained by BCry and Bonnet 
provides a far better correlation216. 

The electronic spectra of 1,4-benzenequinododimethane, 1,4-napthalene- 
quinododiinethane and 9,lO-anthracenequinododimethane have been 
obtained as films at 77 K223. The three compounds show absorption at 
3010 A, 3100 A and 2950 A. This is in fair agreement with calculations 
although an expected hypsochroniic shift is not observed216. Upon 
warming, the appearance of aromatic absorption accompanied by 
polymerization is noted. 1.r. spectra under the same conditiom have been 
obtained showing a vinylidene wag in the region 870-890 cm-1223. The 
n.m.r. spectra for the same three compounds have been obtained at  
- 80°C 224. The ring hydrogens in 1,4-benzenequinododimethane produce 
a signal at 6-49 6. If anything, this would be indicative of less ring current 
than is found in the corresponding quinone*89. The exocyclic protons 
absorb at  5-10 6 and similar results are observed for the othcr quinododi- 
metlianes which also strongly resemble the corresponding quinones. In 
the 1,4-naphthalencquinododimethane and 9,1 O-anthraceneqiiinododi- 
methane the signals of the exocyclic protons are shifted due to the effects 
of ring currents from the aromatic units present. 
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1. INTRODUCTION 

Our aim in this review is twofold: first, we wish to describe the geometric 
featurcs of quinone molecules, information which is thus far available 
almost exclusively from X-ray crystallographic structure analyses. These 
analyses also provide information on the architecturc of the crystal, that is, 
how the crystal latticc is built up in a regular fashion from its constituent 
molecules. This brings us to our second aim-to outline the generalizations 
which can bc made about the arrangcnients of the qiiinone molecules in 
their crystals. These arrangements arc intimately related to intermolecular 
forces, so that an understanding of them provides a bridge between the 
structure and much of the chemistry of the molecules. 

Since we are so dcpendent on the data obtained by X-ray crystal- 
lographers we start with some remarks on the significance of these data. 

A. X-ray Crystallographic Results 

Analysis of the structure of a crystal is carried out in  two stages. The 
first stage is relatively rapidly and easily performed, and tells 11s which 
symmetry elements are present (space group), the dimensions of the unit 
cell and how many molecules there are in  this cell. From these preliminary 
data it is sometimes possible to obtain an approximate picture of the shape 
of the nioleciile, some information on its symmetry and a seiieral 
impression of the way i n  which the moIecules are arranged in the crystal. 
For example, knowing the van der Waals radius of carbon (1.S is.) and 
the fact that many of the quinones have a short crystal axis of t4 A \be 
can conclude that tlicse molecules tend to pack parallel to one another with 
adjacent molcLLi!,cs markedly overlapped-an arrangen~cnt which leads to 
the development of infinite stacks of molecules, i n  a manner siiiii!x to the 
stacking of playing cards i n  a deck. 

In the second stage of the analysis, the actual solution of the structure, 
lies the art of thc crystallographer: here every atom i n  the crystal must be 
assigned approximate co-ordinates which are arrived at by various compu- 
tational procedures, by considerations based on restrictions imposed by 
symmetry and unit-celi dimensions and by deduction hopefully based 011 

chemical knowledge and intuition. These co-ordinates arc then ‘relined’ 
by least-squares techniques to give the best possible structure which is 
determined both by the quality of the X-ray data and by the degree of 
sophistication of the method of refinement. 

There are varioiis ways of indicating the precision of the analysis. For 
our purpose this is best described in terms of the standard deviations of 
the atomic positions. During the years the attainable prccision has 
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improved. Very roughly we can say that twenty years ago the standard 
deviations of atomic positions tendcd to be about 0.05 A in a reasonable 
analysis; today, as a result of improved methods of data collection and the 
incrcasing specd and size of computers, tlie corresponding figure is often 
less than 0.01 A. With this increase in precision additional types of 
information have become available. For instance, the positions of hydrogen 
atoms arc now generally determined experimentally, where forinerly they 
were dcduced on the basis of chemical considerations. I n  addition, a good 
deal of knowledge is being acquired about the thermal motion of atoms 
and niolecules in the solid and some information has in recent years been 
obtained from X-ray studies on the distribution of boiiding-electron 
densities in molecules. 

I I .  MOLECVLAR GEOMETRY O F  Q U I N O N E S  

The majority of available results are for I ,4-benzoquiiiones, 1,4-naphtho- 
quinones and 9,1O-antliraquinoncs. We treat each of tlicse groups 
sepzrately, then turn to other molecules which do not belong to m y  of 
these categories. For comparison purposes we include some molecules 
which are not quinones, in a formal sensc, but are closely related to them. 
The above groups of conipounds may be usefully further subdivided : tlie 
introduction of -OH and -NH, substitucnts into tlie quinone moiety 
can afrect riot only tlie intermolecular interactions but also the molecular 
geometry, with the possibility of tautonierization as a limit. Even more 
drastic changes in  the molecule may be found in the salts of tlie liydroxy- 
and amino-derivati\/es. Our subdivision is thus into two groups: oiie 
consists of Iiydroxy- and ariiino-sribstituted quinones and their salts, the 
second of all the other quinones. Finally we also consider two-component 
complexcs of which one coniponcnt is a quinone molecule. 

I n  the following pages a number of tablcs of bond lengths and angles 
will be given. When ii particular entry is omitted this implies that it is equal 
to a given entry, by symmetry. When the molccule has a centre ofsyinnietry 
this is not statcd specifically; when tlic symmetry is other than  an inversion 
centre it is given. 

A. Benzoquinones 

The nui11bering system of benzoquinone is shown in  1 : 

o4Zi&, - 
3 2  

(4 1 
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1. 1,4-Benzoquinones (not  hydroxy- or amino-substituted) 
J. Bernstein, M. D. Cohcn and L. Leiserowitz 

In Table 1 we list the bond lengths and angles of 1,4-benzoquinones. 

TABLE I 

(a) Bond distances in I ,4-benzoq1~inones (A) 
Compound Cl-Cz C,-C, C,-C, C,-C, C,-C, C,-C, C,-ol C,-Oc Reference 

Unsubstituted 
2.3-Dimethyl 
2,S-Dimethyl". 

2,6-Dimethyl 
2,3,5,6-Tetramethy!". 

2-Chloro 
2,3-Dichloro6~ 
2,5-Dichlorob 
2,6-Dichtorob 
2,3,5,6-Tetrachlorod 

(chloranil) 
2,3,5,6-Tctrachloroa~ 

at l l O K  
2,s-Dibromo 
2-Chloro-5- bromo" 
2-MethyI-5,6- 

dimethoxy 

(duroquinone) 

2-Methyl' 

1.467 
1.47 
1-502 
1.501 
1.484 
1.457 
1.495 
1.505 
1.492 
1 .SO3 
1-485 
1.477 

!.489 

1.431 
1.457 
1.501 

- 

1.467 
1.47 
1.480 
1.483 
1.483 
I .495 
1.493 
I .479 
I .473 
1.470 
1.486 
- 

1.49 1 

1.451 
1.461 
1.478 

1.47 

1.312 
1.33 
1.347 
1.347 
1.336 
1.344 
1.337 
I .346 
1.350 
1.340 
1.327 
1.342 

1.344 

1.377 
1.389 
1.335 

- 

- 
1.30 
- 
- 

1.336 
- 
- 

1.340 
1,335 

1.337 
- 

- 

- 
- 
- 

1.368 

1.47 

1.218 
1-21 
1.224 
1.22 1 
1.224 
1-233 
1.23 I 
1.226 
1.222 
1.222 
1.213 
1.195 

1.21 1 

1.24 1 
1.277' 
1.216 

1.22 

1 
2 
3 
3 
4 
5 
5 
6 
7 
7 
8 
9 

10 

1 1  
1 1  
12 

13 

(b) Bond angles (") 
C, C4 C, C3 

/ \  / \  / \  / \  
Compound c, C ,  c, c5 c, c3 cz c4 

Unsubstituted I 17.7 - 121.0 - 
2,3-Dimethyl 1 19.0 120.0 120.7 118.9 
2,S-Dirnethyl". 118-6 - 123.4 - 

2,3,5,6-Tetrarnethyl (duro- 119.8 - 120.3 - 
quinone)". 1 19-6 - 120.3 - 

2-Chloro 116.6 118.8 121.6 120.4 
2,3-Dichloroa~ 117.1 - 121.0 - 
2,5-Dichorob 117.1 - 121.8 - 
2,G-Dichloroa I 15-4 117.6 122.4 121.3 
2,3,5,6-Tetrachloro (chloranil)" 117.3 - 121.4 - 
2,3,5,G-Tetrachloro at 110 K b , d  1 17-4 - 121.3 121.2 
2,5-Di bromo 120.4 - 122.0 - 
2-Chloro-5-brornoa 119.4 - 1 19.5 - 
2-Methyl-5,6-dimethoxy 119.8 120.6 118-2 122.2 
2-Methyl/ 119 118 I20 121 

1183 - 123.1 - 
2,6-Dimethyl 119-5 117.8 119.0 122.4 

a Two symmetry-independent molecules. 
Results corrected €or libration., 
Molecule on twofold axis which cuts C=C bonds. 
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The unweighted mean values of the room-temperature structures are 
shown in 2 and 3. The average values for the unsubstituted C = C and 

(2) (3) 

C-C bond lengths are 1-322 and 1.471 A, respectively. The ‘scatters’ in 
these lengths 

c, are 0.02 and 0.01 A respectively. For the system C-X , where X=C1 

/J 
the corresponding values (length, scatter) are for C=C 1.338 (0.009) A 
and for C-C 1.487 (0.01) A. For X = Me these values are 1-342 (0.006) 
and 1-489 (0.010) A, respectively. Thus within 0-02 A the benzoquinone 
skeleton has im7iiz symmetry, even when unsymmetrically substituted. 

The average bond lengths of the O=C-C=C of the benzoquinone 
molecule agree to within 0.005 A with the lengths of the corresponding 

TABLE 1 (cont.) 

- - - 121.4 121.3 121.0 

- 122.3 121.3 120.2 
- 122.3 121,4 120.1 

122.5 118.9 
- 119.9 119.8 120.4 
- 120. I 

- 121.8 121.3 121.6 
- 131.0 

- - 121.4 
- - 121.5 i Z I . 1  
- 117.9 120.8 118.4 
- 121.1 120.9 1 19.6 

120.4 121.8 119.3 1 19.8 120.2 

120.4 120.1 120.8 121.4 

120.7 119.7 - 
122.2 121.s 121:6 120.7 120.5 

121.9 121.0 - 
t 23.2 121.9 122.7 121.3 121-1 

- - 
121.0 

- - 

- - 
- 
- - 120.4 

- 

- - - 
120.0 

- - 
- - 

- - 
120.9 119.5 1 19.9 

- 
1 19.3 - - 118.8 120.5 

121 121 - 

Average values of C=C, c -C ,  C=O and angles. 

Not included in averaging. 
‘ CI and Br disordered. 
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bonds of acrolein 414, as determined by electron diffraction. On the basis 
of this favourable match we may reasonably consider the quinone molecule 
to consist of two acrolein units. 

/ 
H 

(4) 

It is of interest that if one of the ring double bonds is saturated the 
dimensions of the remaining O=C-C=C-C=O system are not much 
altered. Pointer and coworkers15 describe the Diels-Alder adducts 
obtained from DDQ and cyclopcntadiene and a cyclohexadiene. These 
adducts contain the system 5, in which the bond lengths are (pentadiene 
adduct first): C,-0,, 1.19, 1.20; C,-0, ,  1.25, 1.22; C,-C,, 1.48, 1-48; 
C,-Cc,, 1.48, 1.43; C2-C3, 1.30, 1-35 (A,. 

(5) 

The ring systems in the unsubstituted quinone and its methyl- 
substituted derivatives are planar within the precision of the analyses. In 
the halo-substituted derivatives R e e P  found that the halogen and oxygen 
atoms are displaced to opposite sides of the carbon ring and carry with 
them the carbon atoms to which they are attached. It is not clear that this 
suggested distortion of the carbon ring is significant; in the highly precise 
analysis of the structure of chloranil at low temperature the displacements 
of the carbon atoms from the mean plane of the ring were found to be less 
than the standard deviations in the atomic positionslO. 

There are, however, effects which are more firmly established and 
deserve comment. First, we note that the average internal bond angle a t  
C, (and at  C,) is smaller than the 120" expected for pure sp2 hybridization; 
in fact, in Table 1 all but three entries for thcsc angles are less than 120". 
This is generally true of the angle 'opposite a double bond'; various 
interpretations have been given, some based on non-bonded interactions 
between the attached atoms (c.g Bartelll') and others on the state of 
hybridization of the central atom. Further, as pointed out by Rabinovich, 



2. The structural chemistry of quinoncs 43 

Schmidt and U bell“, in-pIane distortions, particularly of angles, occur 
more readily than out-of-plane ones : thus, in 

the steric repulsion between R and R’ tends to enlarge the angles 
R-CC,-C, and C2-C3-R’. In the ~~iethyl-dimetlioxy-qui;ione these 
angles are about 123”. 

Hirshfeld and Rabinovicli3 note that when the hydrogen attached to 
C, is replaced by a methyl the two ring bonds to C, are lengthened by 
0.035 A and the angle between them is decreased by 2”. These effects could 
be due, i n  part at least, to a change i n  hybridization at C, which is more 
syrnnietric when attached to three carbons than when attached to two 
carbons and a hydrogen. 

An additional point requires comment: the C=O length is appreciably 
shorter in  the room-temperature structure of chloranil than in the othcr 
structures. However, the bond is of ‘normal’ length at 110 K at which 
temperature the molecular packing is essentially identical to that at room 
temperature; it therefore seems that the significance of the room- 
temperature length is questionable, possibly due to the fact that the bond 
lengths were not corrected for thermal motion. One is led to the same 
conclusion regarding the discrepancy in out-of-plane distortions in the 
structures at  the two temperatures, as discussed above. 

2. Hydroxy- and amino-substituted benzoquinones and their salts 

The bond lengths and angles of these ii1olecules arc given in Table 2. 
These inaterials are discussed separately as the substitiients may introduce 
qualitatively different influences on the molecular geometry. In some 
cases there is the possibility of tautomerimtion; thus, for example, 
2,5-dihydrosy-3,6-dichloro-l,4-benzoqi1inone (6)  could in fact be 4,5- 
dihydroxy-3,6-dichloro-I ,2-benzoquinone (7). The names listed in Table 2 

0 0 0  - H O H U O  

HO CI 

CI OH ct 0 

(6) (7) 

appear best to describe thc materials. The hydrated materials can be 
‘true’ hydrates or hydronium salts. Further, in the salts the question arises 
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as to whether charge delocalization occurs, causing a number of bonds t o  
become equivalent and leading to an  increase in the symmetry of the ion. 

Except for the salts all molecules listed in Table 2 lie on a crystallo- 
graphic inversion centre; in some of these cases chemicaliy equivalent 

TABLE 2 .  Bond distances and angles in hydroxy- and amino-1,4-benzoquinoncs and their 
salts 

(0) Borrcl rlisrntrces (A) 
Compound Ci-C, c3-c4 c,-C5 Ce-c, C2-C3 C,-C, C,-0, C4-0, Refercncc 

1-445 1.346 - 1.222 - 18 2,5-Dihydroxy-3,6- 1.501 - - 

Chloranilic acid 1.512 - - 1.446 1.345 - 1.229 - 19 

Ammon iuni 1.535 - - 1.407 1.401 - 1.243 - 20 

dichloro (chlor- 
anilic acid) (9) 

dihydrate 

chloranilate 
monoliydra te 

2,5-Dihydroxy-3,6- 
dinitro ammonium .55 I - 
salt (ammonium 
nitranilatc) 

- 1.434 1.436 - { t:;::} - 21 

- 1.411 1.427 - { t:;::} - 22 Nitranilic acid 
hexahydrate 

2.3,5,6-Tctralivdroxv 1.476 - - 1.480 1.342 - 1.229 - 23 

1.559 - 

2;51Diamino-3,6- - 1.522 - - 1.409 1.383 - 1.237 - 24 
dichloro (10) 

1.53 - - 1-40 1-38 25 2 ,SDihydroxy 
potassium salt 

2-%Iydroxy-3,5- 1.471 1.474 1.503 1.475 1.340 1.339 1.255 1.214 26 
dimethyl-6-chloro- 
methyl (12) 

(6) B O J ~  an& (") 

Compound 

C, 
/ \  

c3 c, 
c* 

c, c3 
/ \  

c3 

/ \  
c* c4 

~ ~~ 

2,5-Dihydrosy-3,6-dichloro 
(chloranilic acid) (9) 

Chloranilic acid dihydrate 
Ammonium chloranilnte mono- 

2,5-Dihydroxy-3,6-dinitro 
hydrate 

ammonium salt (ammonium 
nitranilate) 

Nitranilic acid hexahydrate 

2,3,5,6-Tetrahvdroxv 

117.9 

115.2 
118-7 

{ f Z }  
{: E} 

119.6 

120.6 

119.8 
118.0 

{ 1 Z }  
{! 398::)  

120.9 
- - 

- 
2,5-Diamino-j,G-dicjiIoro (10) 
2,5-Dihydroxy potassium salt - 

2-Hydroxy-3,5-dimethyl-6- 1 19-5 120.4 122.3 118.0 
chloromethyl (1 2) 
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bonds which are not related by  the centre of symmetry nevertheless have 
nearly the same lengths so that the molecule approximates a higher 
symmetry. 

On the basis of the molecular geometries, the materials do not form a 
honiogeneous group, and separate consideration must be given to the 
salts and non-salts. In this connexion we note that what we have listed as 
nitranilic acid 8 hydrate has dimensions closer to those of the salts and is 
in fact hydronium nitianilate. The non-salts are clearly I ,4-benzoquinones 
(C=C 1.350, C-C 1-488 A) with C-OH about i-32 Aand C-NHabout 
1 a34 A. The tetrahydroxy-p-benzoquinone has bond lengths similar to 
those of the inolecules of Table 1 and does not show any marked effect due 
to the substituents. On the other hand, chloranilic acid, 9, its diliydratc 
and the amino derivative 10 all have comparatively long 0: C-C - OH 
bonds (ca. 1-51 A), wliilst the second C-C:Q is significantly shorter 
(ca. 1.43 A). Kulpes' suggests that the system is analogous to a coupled 
polymethine, 11. 

o z N a H  

HO N 0 2  OH CI N H2 
0 0 0 

(8) (9) (1 0) 

In  the chloromethyl derivative 12 there are signs of steric interference: 
the lnethyl carbon attached to  C, is 0.13 A out of the meal1 plane and 

I 1  
CI 

I 1  

TABLE 2 (cont). 

- - - 121.2 118.2 123.8 

124.2 - 117.6 - - 122.0 
- 123.5 116.1 125.2 

121.1 { f E} 
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0 0 

(11) (1 2) 

deviations of the ring from planarity appcar to be significant. An 
additional nianifestation of this- hindrance is the fact that thc anglcs 
CH,-C,-C, and CICH,-C,-C, are about 124" whereas tlie exocyclic 
angles adjacent to ihern are near 116". 

The quinone frameworks in tlie salts all have syinmctry approximating 
rnmm, with the lengths of adjacent C-0 bonds being almost equal. The 
0 * C-C. 0 bonds are long, approaching the length of a C(qP)-C(qP) 
single bond, while C,-C3 (double bond) is appreciably longer than those 
of materials previously discussed. These observations are also compatible 
with the 'coupled azomethine' picture"* 28. Thc average dimensions of the 
four salts are shown i n  13. 

0 
1.247 1 

115.8 125.0 I 

3. 5enzoquinone molecular complexes 

We shall now consider tlie niolecular dimensions of the I ,4-benzo- 
quinone fragment in  its coinplexed form. The valucs arc given in Table 3. 
For a fullcr treatnicnt of the structures of charge-transfer coniplcxes sec 
the recent review by Herbstein". 

The average dimensions are given in 14 and 25 and match well the 
average values given in 2 and 3. The calculated scatters i n  bond lengths, 

0 
1.236 

1.339 

0 
120.8 

120.8 
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not including the ch lo ra 11 il  complexes with hexnnie t h y lbenzene and 
[8-hydroxyquinolato-Pd(i1)]~, are: C=O, 0.07; C=C, 0-02; C-C, 
0.02A. The high scattcr in  C=O bond length is rediiccd to a more 
reasonable value of 0.01 5 A if  the data from the structures phloroglucinol : 
(benzoquinone), and p-clilorophenol : benzoquinone are also eliminated. 
The average C=O bond length with these four structures excluded is 
1.219 A in close agreement to that found for the uncomplexed benzo- 
quinones. Even under these circumstances, however, the scatter for the 
coniplexcd benzoquinones is higher than for the uncomplexed molecules. 

Sakurai3* has interpreted the difference between the lengths of tlie 
bonds C,-C, (1 -487 A) and C3-C, (1 -447 A) in triclinic quinhydrone as 
due to the effects of hydrogen bonding between benzoquinonc and 
hydroquinone. A similar difference in bond length was also found i n  the 
structure of monoclinic quinhydrone analysed by Matsuda, Osaki and 
M i t t z ~ ~ ~ .  However, a more precise analysis of the monoclinic modification 
by Sakurai30 shows that these bonds are equal in length (1.492, 1.488 A). 
Moreover, i n  the structure of plienoquinone which shows the same 
hydrogen bonding pattern as hydroquinone, Sakurai30 reports C,-C, 
and C,-C, bond lengths of 1.491 (0.011) and 1.478 (0.011) A. The 
difference between these two lengths is equal to one standard deviation. 
Therefore the differences are probably not real i n  triclinic quinhydrone; 
moreover, the hydrogen bonding docs not seein to exert q? observable 
effect on the C-C bond lengths of the benzoquinone fragment. 

On the basis of a series of crystallographic studies of barbiturates 
Craven and Vizzini4‘ have noted that the C=O bond length is increased 
by -0.01 8, if the oxygens participate in hydrogen bonding. I t  would be 
interesting to sce if such an efiect exists also in these coniplcxes, but these 
analyses are not suficiently precise to warrant such comparisons. 

4. ‘Modified’ benzoquinones 

In this section we turn to some quinone derivatives in which the cnrbonyl 
oxygen has been replaced by another function. The data for these coni- 
pounds are listed in Table 4. 

The data for TCNQ agree well with calculations using simple I-Iiickel 
MO functions. The geometric features of the dicyanoethylene group are 
essentially identical to those found i n  tetracyanoetllylenelsi*~lG. The molecule 
has approximately m n m  symmetry. The only outstanding fcature arrived 
at by comparing the bond lengths and angles with those of Table 1 is the 
reh ive  shortness of the C-C bonds of the ring in TCNQ. 

An interesting feature of the quinone oximes is their predilection to 
cliromoisonicrisiii, i.e. they tend to be dimorphic with the diffcrent forms 
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TABLE 3. Molecular dimensions of coniplcred 1,4-benzoquinones 

(a) Bond Ieiigtlis (A) 
Complex C,-C, C,-C, c4-c, c,-c, c,-c, c,-c, c,-o, c,-os Rcfcrcncc 

1,4-Benzoquinone: 1.478 
phenol", (pheno- 
quinonc) 

1,4-Benzoquinonc: 
hydroquinone"? b 

(quinhydrone, 1.487 
triclinic) 
(quin hydrone, 1.492 
monoclinic)". b 

1,4-Bcnzoquinonc: 1.485 
resorcino1"- 

(1,4-Benzo- 1.48 
quinone),: I .43 
phloroglucinol". *, 1.48 

1,4-Bcnzoquinonc: 1.50 
p-c hIorophenolb 

1,4-Bcnzoquinonc: 1.46 
(p-chlorophenol), o *  

1,4-Bcnzoquinonc: 1.453 
thymine 

Fluoranil: pyrcnc 1.496 
Chloranil: hexa- 1.400 

Chloranil: tctra- I .459 
methylbcnzene". 

mcthyl-p-phenylcnc- 
diamine 

methylbcnzidine), 

quinoline), 

quinolato-Pd(ii)], 

ChIoraniI: (tetra- 1.478 

Chloranil : (8-hydroxy- 1.47 

Chloranil: [8-hydroxy- 1.43 

I .49 1 

1.447 

1.488 

1.468 

1.51 
1.46 
1-52 
1.43 

1.51 

1.483 

1-478 
1.435 

1.466 

1.496 

1.51 

1.55 

1.343 

1.335 

1.339 

1.354 

1.38 
1.34 
I .38 
I .34 

1-35 

1.330 

1.322 
I .343 

1.350 

1.331 

1.30 

1.32 

1-235 

1.234 

1.224 

1.233 

-25 
.29 
.26 
. I7 

.22 

,208 

.197 
,327 

,230 

.209 

1.20 

1-22 

(b) Borirl nttgles (") 

Complcxes 

1,4-Benzoquinone: phcnol". 

1,4-Benzoquinone: hydroquinonca- 
(phcnoquinonc) 

(quinhydronc, triclinic) 
(quinhydrone, monoclinic)", 

1,4-Benzoquinonc: rcsorcinol". 
(1,4-Bcnzoquinone),: 

phloroglucinol". * *  

(1,4-Benzoquinone),: p-chlorophcnoI* 
1,4-Benzoquinonc: (p-chlorophcnol), " 9  

1,4-Benzoquinone: thymine 
Fluoranil: pyrene 
Chloranil : hexarncthyl bcnzenc'i.8 
Chloranil: tetramcthyl-p- 

Chloranil: (tctramethylbcnzidine)? 
Chloranil: (8-hydroxyquinoline), 
Chloranil: [8-hydroxyquinolato-Pd(11)]~ 

phcnylenedianiine 

- 30 

- 31 

- 30 

- 32 

- 33 
- 33 
.30 33 
.23 34 

- 35 

- 36 

- 37 
- 38 

- 39 

- 40 

- 41 

- 42 

c3 
/ \  c, c, 

11s.o 

118.9 
1 17.8 
118.8 
123 
121 
120 
118 
118 
116.9 
1 14.0 
120 
114.1 

114.7 
117 
116 

121.8 

119.9 
120.6 
120.6 
118 
118 
123 
118 
I22 
124.8 
122.5 
115 
122-7 

122.3 
125 
124 

120.1 

121.2 
121.5 
1205 
1 I9 
121 
113 
124 
1 I9 
118.2 
123.5 
125 
123.2 

123.5 
1 I8 
120 

a Intermolccular hydrogcn bond to O1. * Intermolecular hydrogcn bond to 0,. 
Asymmetric unit contains two formula units of benzoquinone constituted as follows: two crystal- 
lographically independent half-molcculcs, each lying on a centre of  inversion, and one complete molecule 
a t  a general position. Thus the structural unit is best written as C,H,(OH),: (C,N,O),: C,H4O2. 
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having different colours: a frequent combination is orange versus green. 
The question arises as to whether this colour difference is associated with 
tautomeric differences, since i t  has been shown that these oximes and the 
corresponding nitrosophenols interconvert in  solution4'. In fact, all the 
oximes listed here crystallize with their molecules in the 'quinone-oxime 
form, as can be seen by considering their bond lengths. However, in a 
number of cases it has been shown that the niolecules of the two forms are 
geometric isomers about the C=N bond. Thus in the a-form of the oxinie 
acetate the acetate group is syrt to chlorine, whereas in the @-form it is 
anti. The (cu)-2-chloro-5-methyl-derivative has the oxime group syz with 
respect to chlorine; the (/3) form is probably at7ti". The chloroethoxy- 
quinone has the oxime anti with respect to C=O, whereas in the propoxy 
derivative the relationship is syn. 

I n  the oxinies of 1,4-benzoquinone the scatter in the bond lengths is 
very large and it is probably inappropriate to average them for comparison 
to the previous groups. However, the analyses of the ortho-quinone 
oxinies are more recent and relatively more precise. They give the averages 
shown in 17 and 18. These agree fairly well with the correspondiiig 
dimensions of the 1,4-benzoquinones. We note the small angle 'opposite' 
the C=O bond. 

Some other points deserve comment. The bond lengths of 1,-inethoxy- 
indophenol-N-oxide (16)j6 are in good agreement with those calculated by 
use of Pople's SCF method. The bond orders obtained for the quinone 
ring by Mulder and Lugt5* are (C, attached to 0): C,-0,0.762; C,-Cc,, 

TABLE 3 (cont). 

- 
120 
121 
- 
- 

120.1 
121.5 
1 19.6 
122 
117 
120 
119 
122 
123.0 
122.7 
119 
123.0 

121.0 
120.7 
121.6 
114 
I22 
I19 
123 
119 
120.0 
123.3 
121 
122.9 

122.1 - - - - 122.6 
- - 125 118 
- - 124 I20 

- - 
- - 

' Not included in averaging. 
' Calculated from reported parameters. 
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TABLE 4. Molecular dimensions of some bcnzoquinone derivatives 

(a) Bond Iengrhs (A) 
Compound Cl-C2 C,-C, C,-C:, C,-C, C,-C, C6-C, C,-0, C,-04 Reference 

7,7,8,8-Tetracyano- 
quinodimcthane 
(TCNQ) 

2-Chloro-5-nict hyl- 
1,4-bcnzoquinone- 
4-oximc (a-form) 

3-Methyl-l,4-bcnzo- 
quinone-4-oxime 

2-Chloro-l,4-bcnzo- 
quinone-4-oxime 
acetate (/?-form)= 
(a-form) 

4-Methoxy- 1 ,2-benzo- 
quinone-1-oxime 
(a-form) 

4-mPropoxy-l,2- 
benzoquinone-l- 
ox inc  @form) 

4-(2’-Chlorocthoxy)- 
1,2-benzoquinone- 
1-oxirnc (a-form)‘ 

p-Methoxyindophenol- 
N-oxide (16) 

I .446 

1-48 

1.47 

1.48 
1.47 

1.51 

1.482 

1-502 

1.437 

- 

1.48 

I .46 

1.51 
1.53 

1.32 

1.357 

1.358 

1.454 

(C, =C) 
1.450 1.346 - 1.374 - - 

(C,=N) 
1.48 1.45 1.29 1.33 1.21 1.28 

1.46 1.44 1.33 1-34 1.20 1.25 

1.46 1.54 1.33 1.38 1.21 1.37 
1.48 1.49 1.32 1.35 1.20 1.29 

1.46 1.40 1.46 1.36 1.27 1.23 
(C,=N) (C,=O) 

1.458 1.442 1.410 1.344 1.319 1.270 

1-457 1.435 1.430 1.345 1,306 1.253 

(Ci=N) 
1.456 1.438 1.357 1.357 1.357 1.248 

48 

49 

50 

51 
52 

53 

54 

55 

56 

(b) Bond angles (”) 
CI C, C ,  C, 

/ \  / \  / \  / \  
Compound c, c 2  c, c s  Cl c, c, c, 

2-Chloro-5-methyl-l,4-benzo- 
quinone-4-oximc (a-form) 

3-Methyl-I ,4-bcnzoquinonc-4- 
oxime 

2-Chloro-l,4-benzoquinone-4- 
oximeacetate @-form) 
(a-form) 

4-Methoxy-l,2-bcnzoquinone-l- 
oxime (a-form) 

4-n-Propoxy-l,2-bcnzoquinone-l- 
oxime (/?-form) 

4-(2’-Chloroet hoxy)- I ,2-benzo- 
quinonc- I-oximc (a-forrn)b 

p-Methoxyindophcnol-A’-oxide (16) 

1 18.3 - 

114 114 
113 116 

115 121 
116 117 

120 122 
119.2 122.7 

119.6 127.1 

119.8 117.7 

121.0 

123 
121 

125 
120 

I14 
118.7 

117.0 

120.1 

121 
127 

110 
117 

120 
119.6 

120.5 

121-1 

a Possible error in bond lengths &0.07 A. ’ At - 180°C. 
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OCIi, 

1.345 1.420 

(1 6) R R 
(1 7) (1 8) 

51 

0.425; C,-C,, 0.S49; C3-C4, 0.387; C,-N, 0.593; C4-C,, 0.379; 
C,-C,, 0.853; C,-C,, 0.422. 

In several cases it is found that the two exocyclic angles at the C attached 
to N are not equal. Van Oijen and RomerP interpret this as resulting 
from steric repulsion between H and the oxime-oxygen, as in 19". In the 

* The authors quote F. L. Hirshfeld i n  support of this interpretation. In 
fact the paper cited suggests that the distortion may be due to repulsion 
between C,  and the oxinie oxygen. Dr. I-Iirshfcld (private communication) 
points out that there would be poorcr overlap of u orbitals on N and 0 in 
19 as coniparcd to 20, and this should lead to a more strained bond i n  the 
former; in keeping with this the N-0  bond lengths are 1.365 and 1-353 A, 
respectively. The conforniation in 19 is presumably stabilized by the inter- 
molecular hydrogen bonding. 

TABLE 4 (cont.) 

~~ 

(C=C,-C,) (C=C, - C, )  
- - 120.7 121.0 120.7 - 

(N-C,-C,) (N -C,-C,) 
123 121 122 123 123 123 
122 125 123 123 1 i9 125 

117 123 122 125 116 125 
122 120 127 I23 127 114 

1 IS 170 115 I23 I 2 1  122 
119.9 120.9 124.3 1 16.5 118.8 122.6 

120.4 120.3 114.3 125.9 120.3 122.7 

121.0 120.2 118.4 121.7 121.1 121.2 

(N,--C,--C,) (Ni-Ci-Cc) (o~-c , -c , )  (0,-c,-C,) 

3 
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case of the propoxy compound 2Q j*, unlike that of 19, the oxime group is 
syn to the carbonyl and the pattern of angles about the C=N bond is 
reversed. Tlie oxime-liydroxyl participates in an intramolecular hydrogen 

(1 9) (20) 

bond. Although the molecule apparently may be formally classified as an 
oxime, its absorption spectrum and pleochroisin suggest a nitroso structure. 
If one considers the possibility of internal proton dissociation as in 21 and 
22, then the contribution from 22 can account for the nitr'oso absorption. 

(21 ) (22) 

In fact the final electron density map which indicates that the hydrogen is 
midway between the two oxygcn atoms is i n  accordance with this model. 
The C-0, bond length (1.270 A) is intermediate between that of a normal 
carbonyl [average found for benzoquinones (1-222 A)] and a C (arom)-0 
1-36 A 59, further adding weight to this argument. 

The structures of three compounds close!y related to the 1,2-benzo- 
quinones have been analysed by LuzzatPO. The dimensions of two of these 
molecules are given below (23 and 24); the molecules are planar and are 

(23) (24) 

symmetric about the long molecular axis. Tlie correspoiiding material 
with oxygen replacing suIphur and selenium was also treated; this is not 
described here because of the rather large probable error in atoiiiic 
positions ( 5  0.07 A). 

To complete this section on thc benzoquinoncs we list their crystallo- 
graphic constants in  Table 5. 
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B. Maphthoqoinones 

25 and 26, respectively. 
The numbering systeiiis for I ,4- and 1,2-naphthoquinones are given i n  

1. 1,49\laphthoquinones (not hydroxy- or amino-substituted) 

The ~nolecular dimensions of this class of naphthoquinones are listed in 
Table 6. The mean values of the bond lengths, assuming mirror symmetry 
about the long molecular axis (niid-points of C,-C, and C,-C,), are 
shown in 27. 

Q 
1.223 

1.401 

0 

(27) 

Many of the entries in the table for the 2-bromo-3-methyl compound 
differ rather drastically from average or expected values. The structure 
is disordered at  the methyl and the bromine and the agreement factor 
(R index) is 0.16, which is rather highGa. A set of atomic co-ordinates for 
the 2-chloro-3-methyl derivative has been p~blished’~. On the basis of cell 
constants and space group this structure appears to be isomorphous with 
the 2-bromo-3-methyl compound (see Table 9); however, bond lengths and 
angles calculated from the reported atomic co-ordinates are chemically 
unreasonable. The co-ordinates resemble those given for the bromo- 
inethyl derivative if the following transforniation is made (reported co- 
ordinates first): z-zx; y + ~ ;  1 -x-+z. The latter set of co-ordinates also 
failed to give reasonable molecular dimensions ; consequently the structure 
is omitted from further discussion. 

Comparison of the bond lengths with the average values for the 
1,4-benzoquinones, 2, reveals a number of interesting points. We note, 
first, that the framework O,-C1-C,-C,-C,-O, is essentially identical 
in the two cases ; jhus, geometrically this system is little affected whether 
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fused to a double bond or to an 'aromatic' ring. As to this latter ring 
(C5-C6- ...- Clo) it is seen to be essentially a benzene ring (the best 
available value for the length of the C-C bond in benzene is 1.392 A * 73). 
The C,-Cc,, bond shows no sign of its participation jn a quinonoid ring. 
For further coniparison we give the average values of the molecular 
dimensions of naphthalene, 28 (the molecule sits on a crystallographic 
inversion ~entre) '~.  

* This value was obtained by X-ray diffraction. The neutron-diffraction 
value is 1.398 A. 

TABLE 6. Molecular dimensions 

(0) Bond lengths (A) 
Compound 

Unsubstituted 
2-Bromo- 

2,3-Dimethyl- 
2,3-Dichlor0-~ 

2,3-Dibromo- 
2-Bromo-3-mcthy16* c* n ,  

2-Phenyb" 
2-Methyl-3-N-methyl-anilinoniethyl-f 
2,2'-Di( 1,4-naplith0quinone)~ 

2-10d0- 

1.48 
1.48 
1.476 
1.47 1 
1.50 
1.48 
1.51 
1.562 
1.576 
1.471 
1.462 
1.501 

1.45 
1.51 
1.469 
1.453 
I .48 
1.47 
1.47 
I .445 
1444 
1.4Sl 
1.48 1 
1.483 

1.43 
1.49 
1.483 
I .45C 
1.43 
1.49 
1.46 
1.487 
I .458 
1.491 
1.460 
1.492 

1-46 
1.44 
1.464 
1.494 
1.42 
I .49 
1-51 
1.575 
1.445 
1.439 
1.478 
1.479 

1-31 
1-32 
1.363 
1.343 
1-32 
1.34 
1.34 
1.338 
1.34 1 
1.355 
1.365 
1.340 

(b) Bond angles (") 
Cl C, C? c3 ClO c, C, Cd 
/ \  / \  / \  / \  / \  / \  / \  / \  

Compound co c2 c3 CIO CI c3 c2 G c, c, c1 ClO 0, c, 0, c3 
Unsubstituted 121.5 123 120.5 117.5 117.5 I18 118.5 118 
2-Bromo- 116.5 119 I24 1 I8 121 I19 121.5 115.5 
2-10d0- 118.1 120.4 122.1 119.1 120 119.5 120.6 116.2 

2,3-Dichloro-" 117.5 117.5 122 120.5 122 119.5 125 113.5 
2,3-Dimethyl- 121.5 120.8 119.S 120.7 117.7 119.5 119 120 

2,3-Dibromo- 114 I16 124 122 121 123 123 121 
2-Brom0-3-rnethyl-~ 121.3 108.9 107.8 139.9 1184 123.4 122.4 i26.7 

117.1 121.9 117.4 122.7 118.0 122.8 119.9 116.7 
2-Phenyl- 120.4 120.1 118.1 121.5 120.0 119.8 119.9 117.1 
2-Methvl-3-N-methvl- 120.1 120.4 121.5 119.0 119.0 119.9 120.5 119.9 . . .  

anilinorncthyl- 
2,2'-(1.4-naptho- 117.8 117.9 120.2 123.2 120.0 120.7 120.8 119.3 

quinone) 

a Dimension not given in original paper. 
(I Two independent moleculcs in unit cell. 
c Calculatcd from co-ordinates given i n  origi 

Not included in averaging. 
nal papcr. 
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(28) 

The dimensions of two other niolecules are of interest in this context; 
the molecules are plithalic acid, 29 (point symmetry 2)75 and tetrachloro- 
phthalic anhydride, 30iG. In both cases thc benzenoid diinensions of the 
ring are essentially maintained, while the bonds to the carbonyl carbon 
atoms are significantly longer. 

of I ,4-naphthoquincnes 

~~~ 

1.39 
a 

1-393 
1.405 
1.36 
1.43 
I ,42 
1.3s4 
1.383 
1.362 
1-403 
1.404 

- 
1.37 
1.42 
1.41 1 
1.374 
1.36 
1.40 
1.43 
1.510 
1.352 
1.409 
1.449 
1.385 

1.21 
1.19 
1.22s 
1.243 
1.23 
1.18 
1.17 
l . l X  
1.279 
1.291 
1.223 
1.2’0 

1.22 
I .25 
1.233 
1.238 
1.22 
1.20 
1.19 
1-21s 
1.176 
1.244 
1.219 
I .224 

1.39 
1.40 
1.365 
I .40 1 
1.41 
1.44 
1.41 
1.450 
1.509 
1.332 
1.382 
1-391 

1.36 
1.39 
1-421 
1.390 
1.39 
1 4 3  
1.42 
1.469 
I .377 
1-383 
1.366 
I-39G 

1.36 
1.36 
1.356 
1.390 
1.37 
1.40 
1.37 
1.288 
1.364 
1.365 
1.371 
1-385 

1.41 
1.42 
1-366 
1.396 
1.38 
1-43 
1.37 
1.377 
1.446 
1-399 
1.370 
1-392 

62 
63 
64 
65 
66 
66 
67 
68 
68 
69 
70 
71 

119 
121 
120.5 
119.5 
117.5 
123 
116.2 
123.9 
I 19.6 
1 19-4 

I 1  8.5 
124.5 
123.2 
1 I9 
I283 
I23 
124.1 
121.3 
122.6 
119.7 

a - 
- 

119.2 
n 

0 

n 

- 

- 
- 

123.4 
115.7 
121.8 
1 19-9 

a - 
(1 - 

121.1 
n 
n 

- 
- 
- 

1 12.0 
120.1 
1 18.9 
120.1 

1 I9 
122 
120.4 
1 19.5 
1 I7 
117 
113.2 
121.5 
115.4 
121.0 

1 I9 
117.5 
118.4 
122.2 
I20 
120 
129.4 
121.8 
121.1 
120.9 

121 
178 
1 19.4 
I 17.5 
122.5 
123 
121.7 
109.2 
124.8 
121.5 

121.5 
122 
120.6 
118.2 
121 
121 
112.7 
120.5 
1 19.4 
120.5 

1 I9 
118.5 
121.5 
123.2 
1 I s.5 
1 I 8  
117.9 
128.0 
114.9 
118.4 

118.5 
120 
118.1 
119.6 
120 
1 I9 
124.4 
1 18.8 
121.3 
119.6 

121.3 122.7 119.1 120.4 120.1 119.6 119.6 119.7 120.1 120.8 
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1.37 

OH 
(29) 

CI 

A 1,6naphthoquinone derivative which has recently been analysed is 
31". The molecule has some special features. In the central portion the 

double bonds are slightly longer, single bonds shorter, than in the 
previously discussed quinones. This is interpreted as being due to intra- 
molecular electron transfer from N to 0, with contributions from 
resonarice forms such as 32. All ring atoms i n  the molecule lie in  the same 

4 0- 

plane. However, the nietliyl and adjacent oxygen are overcrowded 
(C.-O, 2.64 A); as a result the methyl lies out of the ring plane and the 
angles between the two srtbstitucnts are opened up from 120". 
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Of the molecules listed in Table 6 all except the 2-phenyl derivative have 
naphthoquinone systems which are essentially planar; in the 2-phenyl- 
quinone a small deviation from planarity is reported. In this substance the 
phenyl ring is rotated 41" out of the best ring plane, probably to minimize 
the intramolecular 0- H (arom) contact. The external bond angles at C ,  
are both about 121", possibly indicating that most of the repulsion has 
been relieved by the rotation of the phenyl ring. 

In the dinaphthoquinone 33 the external angle C,-C,-C;I is 117.7" 
and C,-C,-CB is 122". This suggests a tendency to decrease the distance 

between Cg and 0,, as has been reported for other q ~ i n o n e s ~ . ~ ~ .  Here, too, 
the C(spg)-C(sp2) singlc-bond lengths vary according to the number of 
substituents other than hydrogen3. The 3:ternal angle at C, is about 3" 
larger than at C,; this may also be associated with the degree of 
substitution at  C,. Finally, the C,--Cb bond Iength (1.492 A) is larger than 
usual C(sp2)-C(.~ps) single-bond lengths, suggesting little overlap of the 
n-electrons of the two halves of the molecule. This is consistent with the 
47" twist about this bond between the two ~iaphthoquinone moieties. 

The structure of the anilino-derivative 34 io  shows some interesting 
features. The diinensions of the quinone moiety are quite comparable to 

0 

CH,-N 
I 
CH3 

a H3 

0 

(34) 

those of other quinones and to values calculated by MO methods; however, 
the C,-Cc, bond is longer (1.449 A) than the average value in 27. The 
normals to the anilino and naphthoquinone planes make an angle of 
3-5". Of particular note is the mode of packing. The molecules stack along 
a twofold screw axis (c-asis) in such a way that the axis passes near the 
centre of gravity of  the molecule; tliercforc the anilino part of one molecule 
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ovei-?aps the naphthoquinone part of a ceighbouring molecule in the 
stack, with a mean distance between planes of 3-39 A, a value within the 
range found for many m-molecular c o m p l e x e ~ ~ ~ .  In such complexes 
anilines generally act as donors and naphthoquinones as acceptors; 
hence the packing arrangement suggests that this is a self-complexing 
molecule80. 

Grant and Speakman*l analysed the structure of 2,3-dihydro-2,3- 
methylene-l,4-naphthoquinone (fewer than 200 reflexions were measured 
so that the analysis is only moderately precise). The molecule has a plane 
of symmetry normal to the molecular plane. Some of the dimensions are 
shown in 35. Note that the two carbonyls are not parallel and that the 

0 
11.26 

1.43 

0 
(35) 

C,-C, bond is short (1-43 A) relative to that in the naphthoquinones; 
the latter possibly suggests that more conjugation between the carbonyl 
and the aromatic ring occurs here than in true quinones. 

A second example in which the C,-C, bond is saturated is provided 
by 3682. In this case, too, the benzenoid ring geometry is near normal, 

0 

(36) 

though with the ‘fusing’ bond (C,--C1,,) being rather long (1.423 A). 
One carbonyl oxygen participates in octahedral co-ordination about the 
sodium ion. Both carbonyls are long (1.242, 1.235 A) relative to those of 
quinones. 

The structure of 1 I ,  I I ,  1 2,12-tetracyano-l,4-naphthoquinodinicthane 
(37) has recently been described8,. In the benzenoid ring the bond lengths 
are all closc to that of benzene (1.392 A) except for that of the C,-Clo 
‘fusing’ bond which is 1.424 A (compare naphthalene 1-418 A and 
anthracene 1-428 A). The cxocyclic C=C bonds are 1.384 A and are not 
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parallel, probably as a result of the overcrowding between cyano groups 
and the hydrogens of the benzenoid ring. The latter ring is essentially 
planar (plane I); atoms C,, C,, C,, C,, also lie i n  a plane (IL) which is 
15.3" to I. The quinorioid ring is distorted into boat form. The 
C=C-(CN), groups are near planar, tilted at 16.7 and 21.6" out of II 

and with the CNs all to the same side of the latter plane. The adjacent 
angles C,-C,=C, C,,-C,=C, C,=C-CN and C,=C-CN are 
opened to relieve steric repulsion. 

(37) 

2. 1,2-Naphthoquinones 
The dimensions of the molecules are given i n  Table 7. In all cases, 

except that of the methanol complex, thc benzenoid sections are normal 
benzene rings (although we note the unreasonably short C,-C8 bond of 
the 3-chloro compound). For the first two conipounds in the table the 
C-0 bonds have the length expected for nearly 'pure' double bonds; the 
C,-C,, as well, is sonicwhat short compared to the 'double' bond 
C,-C, of the 1,4-naphtIioquinones. The single bonds C,-C,, C4-C,, 
and C,-C, compare well with the corresponding bonds (C,-C,, C,-C,,, 
C,-C, and C,-Cc,) of the 1,4-naphtlioquinones. However, in some 
respects the 1,2-quinones, particularly those which do not contain an 
amino group, differ substantially from the 1,4-quinones. Particularly 
striking is that the single bond C,-C, is very long, a feature which has 
been noted earlier in other a-dicarbonyl conipounds (see, for example, the 
complex bctween oxalic acid and acetarnide where the length of the 
OC-CO bond is 1.53 A84). This effect probably results from repulsion 
between the bond dipoles of the carbonyl bonds. Interestingly the exo- 
cyclic bond angles at the two carbonyls are such as to bring the two 
oxygens closer together; it may well be that this results from the tendency 
to equalize the '1  ... 3' interactions, e.g. the interactions of C ,  and C ,  
with 0,. 
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Introduction of the 4-amino substituent brings about some changes. 
C,-C, and C,-C3 decrease, while C3-C4 and C,-0, increase in length, 
all appreciably. The internal angle at C, appears to undergo slight 
expansion. These effects can be attributed to electron transfer from N to 
0, or, equivalently, to participation of the iniino-alcohol structure 38. 

@- 
+NH, 

The shortening of C,-C, is thcn associated with the change in the 
hybridization of 0,. The dimensions of the benzene ring appear to be 
unaffected by the introduction of the amino-substitucnt. 

Benzocyclobutene-1 ,2-dione, which can be considered as a vinylog of 
both 1,2- and 1 ,4-naphthoquinones, has recently been studied". The 

TABLE 7. Molecular dimensions 

(a) Bond letigfhs (A) 
Compound c1-c, c,-c,, c,-c, c,-c, c,-0, 

4-Amino-, hemihydrate 1.490 1.476 1.504 1.407 1.207 
3-Chloro- I .479 1.449 1.543 1.326 1.204 
3-Bromo-" 1.476 1.466 1.568 1.326 1.202 
3-Bromo-4-amino-, hydrate 1.478 1.47 1 1.517 I .384 1.21 1 
3-Bromo-4-amino-, methanol complex" 1.475 1.464 I .47 1 1.386 1.253 
3-Methyl-4-amino-, hydrate" 1.487 1.459 1.494 1.398 1.234 

~~ ~ 

(b)  B o d  angles (") 
C!3 
/ \  

Compound c,, c1 

c,, c, c, C, Cl C? C? 
/ \  / \  / \  / \  / \  / \  / \  c, c, c, C? c,, c, c, 0, C? 0 1  c, 0 2  c, o2 

4-Amino-, hemihydrate 119.4 
3-Chloro- 1 115.6 
3-Bromo-" 119.6 
3-Bromo-4-amino-, 1 19.6 

3-Bromo-4-arnino-, 119.2 

3-Methyl-4-aniino-, 117.6 

hydrate" 

methanol complexo 

hydratc" 

118.3 119.2 122.1 120.5 119.5 116.5 124.4 
121.4 118.9 122.2 123.6 I 17.5 121.3 123.5 
121.6 118.0 121.1 125.9 116.2 120.6 124.4 
120.2 119-0 120.4 122.6 118.3 117.6 124.4 

130.0 119.5 118.7 121.4 119.0 117.5 125.0 

120.0 119.3 124.1 119.9 120.8 115.5 123.4 

0 Dimensions calculated from atomic co-ordinalcs givcn i n  original paper,$. 



2 .  The structural chcniistry of quinones 63 

molecular dimensions are shown in 39 and 40. Noteworthy features are 
the constancy of the bond lengths i n  the benzenoid ring, the smallness of 

the internal angles at  C, and C,, which must be associated with the relief 
of the strain in the four-mcmbered ring, the shortness of the carbony1 
bonds and the length of C,-C,. Both rings are planar but slightly bowed 
with respect to one another (1.84"). Most of the strain in the system is 
relieved by deforination of the in-plane bond angles. 

A second, comparable, molecule is acenaphtlienequinone, 41 91. This 
analysis is less precise but again we sce the long C,-C, bond and short 
carbonyls. Bonds C,-C, and C,-Cc, are surprisingly long. 

of 1,2-naphtlioquinones 

c?-o, Cz-C3 c,-Cl, c5-c,, c,-c, c,-c, c,-c, c,-c, Reference 
~ 

1.263 1.380 1.398 1.398 1-388 1.400 1.404 1.384 85 
1.186 1.486 1.406 1.377 1.373 1.410 I .345 1.381 86 
1.219 1.479 1.413 1.388 1.377 1.388 1.403 1.381 86 
1.255 1.406 1.403 1.409 1.392 1.388 1.382 1.382 87 
1.283 1-399 1.417 1446 1.426 I .363 1.3Sl 1.394 88 
1.274 1.400 1.408 1.403 1.363 1.406 1.406 1.410 89 

~~ 

118.2 121.5 119.3 120.4 1 19.4 119.4 120.2 120.0 - - 
115.2 123.2 118.4 120.8 120.1 120.2 120.0 119.9 120.6 119.6 

120.2 119.2 120.8 119.4 115.0 124.2 119.0 119.5 120.9 121.1 
117.4 123.2 117.6 121.4 120.6 117.8 120.3 120.2 119.1 122.1 

117.5 124.5 117.7 121.2 119.3 118.6 122.5 120.6 119.5 122.2 

121.1 117.9 116.5 122.1 122.5 121.3 118.9 118.5 120.2 123.5 
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Angles 0, 

105.7 105.5 

121.6 115.2 120.0 
114.2 122.7 121.6 11 1.2 

125.8 117.4 1174 122.9 
118.0 119.8 

1.45 1.41 1.47 

TABLE 8. Molecular diinensions of hydroxy- 

(a) B o d  Iengrlls (A) 
Compound c,-cL. c,-c, c, - c, C4-C,0 c,-c, 

2-Hydroxy-3-methyl-(phthiocol) 
2-Hydroxy-3-chloro- 
2-Amino- 
2-Amino-3-chloro- 
2-Amino-3-mcthyl-~H20c 

2-Amino-3- bromo- 
2,5,8-Trihydroxy-3-nicthoxy-6-n~etliyl-7- 

acetoxy- (cordeauxia quinone)J 
5,8-Dihydroxy- (naphthazarin)' A 

13 
c I C  

c I 1 C  

Tolypomycinone tri-ni-bromobenzoate', 

1-49 
1.48 
1.487 
1.49 
1.50 
1.52 
1.52 
1.48 

1.441 
1.40 
1.434 
1.438 
1.531 

1.47 
1 -40 
1-448 
I .49 
1.47 
1 4 6  
1.40 
1.45 

1.446 
1.46 
1.440 
1.439 
1.290 

1-46 
1-43 
1.486 
1-46 
1-47 
1 -47 
1-45 
1-43 

1-440 
1.49 
1.427 
1.432 
1.575 

1.50 
1.44 
1.485 
1.46 
1.46 
1.48 
1-50 
1.38 

1.437 
1-47 
1.431 
1-413 
1 a660 

I .33 
1.34 
1-349 
1.35 
1.35 
1.36 
1.34 
1.40 

1.35 1 
1.37 
1.340 
1.356 
1.366 

(b) Bond angles (") CI C4 c* c3 C I O  C ,  CI c4 
/ \  / \  / \  / \  / \  / \  / \  / \  

Compound c, C? c3 C l O  CI c, c2 C d  c, c, c, c,o 0, c, 0, c, 
-~ 

2-Hydroxy-3-methyl- 

2-Hydroxy-3-chloro- 
2-Amino- 
2-Amino-3-chloro- 
2-Amino-3-rncthyl- 

2-Amino-3-bromo- 
2,5,8-Trihydroxy-3- 

(phthiocol) 

1 H D  

mcthoxy-6-methyl- 
7-acctoxy- (cordeau, 
quinone) 

thazarin) C I 

5,R-Dihydroxy- A 
(naph- B 

c 11 

117 

123 
117.5 
118 
119.0 
120.0 
121 
119 
120 

tia 

1 19.0 
123 
118.8 
119.0 

I18 

I20 
118.9 
118 
120.5 
118.5 
118 
120 
121 

119.2 
119 
118.7 
1 19.S 

123 

116 
121 
119 
121.0 
120.0 
116 
117 

121.9 
119 
122.1 
121.1 

120 

124 
121.9 
122 
119.5 
121.3 
125 
121 

120.6 
122 
121.6 
121.0 

1 20 

I19 
119.9 
121 
120.0 
121.5 
119 
122 

120.0 
1 I9 
119.4 
119.7 

1 I9 119 

116 114 
120.7 119.7 
119 118 
119.0 118.0 
1 i8.5 118-5 
1 IS 116 
1 I9 122 

117 

119.5 119.7 
118 119 
119.4 119.0 
119.2 -r 

120 

121 
120.9 
121 
1 19.0 
120-5 
124 
120 
113 

118-5 
122 
119.1 
-r 

Tolypomycinone tri- 120.7 113.5 115.9 130.4 122.5 112.5 118.3 130.8 
ni- bromo benzoa t e 

Compounds arc numbered so that hydrosyl- or amino-groups in the quinonoid ring arc in position 2. 

43. Compound nanic as given above docs not correspond csactly to 33, for rcasons discussed in the text. 

b Dimensions calculated from atomic co-ordinates given in original papcr. 
C Two symmetry-independent molecules in  asymmetric unit .  
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3. Hydi-oxy- and amino-substituted I,.Q-naphthoquinones 

The molecular dimeiisions are given i n  Table 8. In the tolypomycinone 
derivative 42 the possible error in atomic co-ordinates is 0.2 A; because of 
this rather low precision this molecule will not be discussed further. Of 
the remaining materials in the table those containing hydroxy groups in 
the 5- and 8-positions differ from the other substances. Thus, for example, 
the fact that in all three polymoqhs of naphthazarin the molecule lies on 

and amino-substituted 1,4-naphthoquinones" 

1.39 
1,44 
1.385 
1.40 
1.41 
I .39 
1.41 
1.37 

1-422 
1.42 
1.452 
1.443 
1.365 

1.36 1-22 1.22 
1.39 1.26 1.27 
1.387 1.208 1.224 
1-35 1.23 1.24 
1.40 1.23 I .25 
1.40 1.23 1.23 
1.39 1.21 1.22 

1.32 { ::::> { ::s> 
- 1.309 1.296 
- 1.33 1.30 
- 1-304 1.303 
- 1.303 1.313 

1.452 1.178 1.196 

1.38 
1.39 
1.408 
1.41 
1.41 
1.40 
1.40 
1.37 

- 
1-301 

1.38 
1.38 
1.403 
1.39 
1.41 
1.42 
1.38 
1.41 

- 
1-332 

1.38 1.39 
1.44 1.40 
1.373 1.387 
1.42 1.41 
1.4i 1.40 
1.40 1.40 
1.41 1.40 
1.41 1.39 

92 
93 
94 
95 
96 
96 
97 
98 
98 
99 

100 
99 
99 
101 

c1 C, C9 ClO C, CI, C8 G c7 ce 
/ \  / \  / \  / \  / \  / \  / \  / \  / \  / \  
0, c, 0, c,, c1 c, c, c, c, c,, C6 c, c, CB c, c,, c, C8 c, c, 

123 120 -r -I 120 120 118 119 121 120 

I22 118 -r -1 121 117 120 121 120 119 
122.7 120.2 -I -I 118.7 120.3 120.2 ! 20.3 120.2 120.0 
I22 120 -r -f 121 118 120 121 118 119 
1234 120.0 -f -I 122.5 119.5 118.5 118.5 120.5 121.5 
121.5 120.5 -I -f 121.5 119.0 119.0 119.5 120.0 120.5 
122 117 -I -f 118 118 118 121 122 117 
118 119 119 120 121 118 121 119 118 123 
123 127 

This material has  three polymorphic forms A, B, C. In all, the molecules are centrosymmetric. Molecular 
dimensions of A and C are corrected for thermal motion. 

f Results not given in paper. 
0 42. 
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a crystallographic centre of symmetry shows that the two rings are 
equivalent, i.e. that the ‘benzenoid’ a!?d ‘qninonoid’ rings are not 
distinguishable. These cases wi l l  be treated separatcly below. 

oH 0 H 

R ; o > d o  0 where R and  R’ 
together form a 
large ring 

C H 3  (42) 

There remain five substances which are substituted in the 2-position 
by amino or hydroxy groiips and which have no substituent in  the second 
ring. It is conceivable that among these moleculcs some could be conslclered 
as 1,2-naphthoqui1iones or have bond lengths markedly modified by 
resonance interaction between the 2-substituent and the carbonyls. In 
four of the five substances no such effects are observed; the molecular 
dimensions are close to the averagc values for 1,4-napIitlioquinoiies without 
the hydroxy or amino substituents. In these materials, too, the C,--N 
(co,mpare amii10-phenol*02) rind C,-0 lengths are about I *36 A, indicating 
little double-bond character. Further, there is no consistent diffcrence in 
length between C,-0, and C,-0,. On the other hand, i n  these sub- 
stances C,-C, averages 1.503 A which is rather long for a I ,4-naphtho.- 
quinone. The one molecule which consistently deviates froin this 
generalization is the 2-hydroxy-3-chloro-quinone. I n  this compound 
C,-0, ,  C,-O, and C,-C,, are long and C,--C,, and C,-C,  (1-31 A) 
are short. The angle 0,-(2,-C, has the unusually low value of 114” and 
C,-C,-C, is also small. These deviations from mean values suggest 
partial 1,2-quinone properties, although there is no lengthening of the 
C,-C, bond. 

Gaultier and Hauw103 write of ‘bifurcated’ hydrogen bonds in 1,4- 
quinones with hydroxy or amino substituents in the 2-position. By this 
they mean that a hydrogen of the substituent participates both i n  an intra- 
molecular hydrcgen bond to 0, and i n  an intermolecular hydrogen bond. 
Indeed, there are short N - v - 0  and O-.O contact distances; the intra- 
molecular ones are approximately 2.68 and 3-66 A, respectively, and the 
intermolecular contacts fall in the ranges 2.85-3.05 8, and 2-64-2.79 A, 
respectively. These are certainly ranges in  wliich hydrogen-bonding 
interactions are known to occur1o’. In addition Gaultier and H a u w  report 
that the crystalline 2-hydroxy-3-methyl- and 2-hydroxy-3-chloro-com- 
pounds have absorptions in  their infrared spectra at 3335, 3260 and 
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2300 cm-l, ~ ~ h i c h  are attributed to the two types of hydrogen-bonded 
networks. I t  seems, Iiowevcr, that thc first two bands may be attributed to 
either inter- or intramolccularly bonded systems; the assignment of the 
2300 cn- l  to the clielated system is not unequivoca1105. Unfortunately, of 
the six examples which Gaultier and Hauw cite the critical hydrogen atom 
has been located in only one. Nevertheless, the circumstantial evidcnce in 
favour of their argument is strong; there is ccrtainly intermolecular 
hydrogen bonding in all cases. This, together with consideration of the 
fate of tlie second hydrogen in the case of amino substituents, enables one 
to assign a position to the hydrogen with fair certainty. This hydrogen is 
indeed found to be within interacting distance of 0,; the use of 
‘bifurcated’ might, however, be better confined to cases of intermolecular 
bonding only. 

Gaultier and HauwS” find that in  the amino-bromo-quinoIie the Br, 
NH, and 0, are alternately above and below the mean plane of thc carbon 
framework. In the amino-niethyi conipoimP there appears to be a 
significant distortion of this framework from planarity. This distor- 
tion is different i n  the two syn7metry-independent molccules and is 
apparently determined by intermolecular, particularly hydrogen-bonding, 
interactions. 

We return now to the 5,8-diIiydroxy-substit~1ted molecules. For thc 
cordeauxia quinone the dimcnsions suggcst that the molecule is best 
described by structure 43, so that the ring system is close to being centro- 
syin1netric. Cradwick and Hallg9 point out that i n  naphtliazarin the two 
phenolic hydrogens appcar to be non-symmetrically placed with respect 
to thcir neighbouring oxygens. Thus the molccule can be pictured as 
shown for the cordeauxia quinoiie or i n  terms of tlie resonance hybrid 
44. 

(43) (44) 

Unless statcd otherwise all the molecules treated in  this section have a 
carbon-ring skeleton which is planar \\lithi11 the significance of the data. 
To conclude the section of iiaplit!ioquiilones we list the crystallographic 
constants in Table 9. 
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70 

C. Anthraquinones 

J. Bernstein, M. D. Cohen and L. Lcisermvitz 

The numbering systein of the 9,lO-anthraquinones is given in 45. 

1. 9,IO-Anthraquinones (not hydroxy- or amino-substituted) 

are shown below. 
The molecular dimensions are listed in Table 10. Structures 46 to 49 

TABLE 10. Molecular dimensions of 

(a) Bond Icngtlrs (A) c,-c, c3-c., C,--CI, c,--C,, c,-c3 
Compound* c s  - c, c; - cu C,-C,., G-C,, G--c, 

. . - . . . 
9.10-AQ 

I-Chloro-9,lO-AQ 

I-Bromo-9,IO-AQ 

1,5-DiAuoro-9, 10-AQC 

1,5-Dichloro-9,lO-AQ 
I ,S-Dibromo-9,lO-AQ 
1 ,S-Diiodo-9,1O-AQ 
Anthroned 
I 0,lO’- D ianthronyle 

Dianthronylidenc’ 

1 0-Dicyanomcrliylcncant hrone” 

1.390 
1.45 

1.36 
1.43 
I 4 5  
1.376 
1.37 
1.40 
1-36 
1.35 
1.39 

1.3SI 
1.44 
1.43 
1.41 
1.41 
1.41 
1 4 0  
1.35 
1-36 
1-34 
1.360 
I .40 
1.38 
1.46 
1.41 
1.46 

1.383 
1.38 
1.38 
1.36 
1.41 
1.40 
1-42 
1.41 
1.41 
1.36 
1.389 
1.40 
1.40 
1.40 
1.40 
1.41 

1.380 
1.37 
1.39 
1-34 
1.42 
I 4 3  
1.33 
1.39 
1.43 
1.46 
1.412 
1.39 
1.39 
1.39 
1.41 
1.37 

1.388 
1.38 
1.39 
1-37 
1-38 
: -42 
1.41 
1.36 
1-38 
1.40 
1.364 
1.39 
1.38 
1.40 
1.42 
1-45 

(b) Bond angles (”) CL C, C, C,  c,, 
Compound / \  / \  / \  / \  / \  

c1, c, c3 c,, c, c, c: c, c1 c,, 
cs C, C, Ci c, , 
/ \  / \  / \  / \  / \  

CB c 1 4  c, c,, c, c, c, c, C6 c,, 
9,10-AQ 

I-Chloro-9,lO-AQ 

1 -Bromo-9,IO-AQ 

I,S-Difluoro-9,IO-AQ 

1 ,5-Dichloro-9,IO-AQ 
1,5-Dibromo-9,IO-AQ 
1 .5-Diiodo-9, 10-AQ 
Anthrone 
10, IO’-Dianthronyl 

Dianthronylidene 

1 0-Dicyanomethylcncantlirone 

i 20.3 120.0 
124 I22 
121 120 

124 {iii 122 122. 119 

I20 
I22 I19 
123 121 
123 120 
120.8 120. I 
121.0 121-1 
120.9 121.0 
120 11s 
123 117 
121 I20 

120.2 
119 
119 
120 
I19 
118 
I19 
120 
119 
I I7 
119.6 
119.5 
120.0 
1 20 
1.17 
119 

119.8 
117 
119 
116 
119 
120 
119 
121 
121 
123 
121.3 
119.7 
119.6 
119 
123 
! ! S  

118.9 
115 
120 
116 
119 
116 
115 
115 
115 
Its 
1 I9.G 
119.9 
118-3 
120 
117 
121 

a Dimensions related by an assumcd inversion centrc in the anthraquinone sysfeni are given in thc same 

a AQ is anthraquinonc. 
column. Where such an inversion cenlrc in fact cxists only one set of dimensions is given. 

Asymmetric unit composed of two independcnt half-molecules, each on  a centrc of symmetry. 
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9,lO-anthraquinones and related anthrones' 

c11-c,, c*-c,, cv-c,, c9-0, Reference 
C,--c,, c,o-c,, c,o-c,, c,o-o,o 

--- 
1.401 1.472 1.495 1.213 107 
1.43 I .54 1.51 1.21 1081 

1.51 1-54 - 1.38 
1.44 1.52 1.46 1.21 
1-40 1.46 1.52 1.20 
1.41 1.47 I .48 1.24 
1.12 1.49 1.49 1.20 
1.41 I .44 1.46 1.25 1 1 1  
1-46 1.47 1-50 1.23 I12 
1-48 1.50 1.44 1.23 I12 
1.39 1 1.475 1.485 1.109 113 
1.40 1.48 1.45 1.24 114 
1.40 1.51 1.51 - 
1.39 1.51 1.52 1.20 115 
1.42 1.54 1.52 - 
1.43 1.48 1.48 1.24 116 

l o 9 1  110 

~~~ ~ 

- 120.7 118.4 120.7 120.8 120.5 121.0 - 
123 118 I20 120 121 121 125 
120 119 121 122 123 118 119 
120 120 117 122 121 - 127 
118 I19 120 123 124 117 - 
123 119 I20 I20 I22 119 12'4 

121 121 122 121 124 122 118 
122 I18 1 I9 121 122 120 
120 119 119 I22 122 i 19 126 
118 121 115  124 116 I22 127 
118.5 116.6 121.2 133.2 121.4 121.9 1 19.2 119.3 
118.5 118.7 
120.0 115.1 120.3 120.9 
119 116 118 
I20 113 117 119 120 124 
120 119 119 119 122 120.5 120 121 

- ;!I - 
1 - 

- 
- 

120.1 121.6 120.0 121.1 1 19.9 119.8 
- 121.3 119.0 - 

- 120 121 - 120 
- - 

46. Disordered about a crystallographic centre. 
47. Two anthrone units d a t e d  by a t\vofold rotation. ' 48. 
' 49. hlolccule is spmniclric about ;I mirror plane through C., and C , O .  
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H H  

(-l& I 11z4, 

I I  
6 

(48) 

D. Cohen and L. Leiserowirz 

0 

/ 1 0  \ 

/ 
I I  8 \ 0 

0 

(49) 

The averaged dimensions of the first six molecules of the table, based on 
an assumed symmetry r m i r ? ~ ,  are given in 50. The outer rings are seen to 
be normal benzene rings except for slight elongation of the fusing bond 

1.421 1.387 

Cll-C12. The C=O bond length is identical with that in the naphtho- 
quinones (27). The C,-Cll bond is of length approximately as expected 
for C(sp2)-C(sp2) single bonds. On the basis of these geometric features 
we may conclude that the molecule may be roughly considered as two 
benzene rings linked by two carbonyl groups which interact rather weakly 
with the rings. I t  is of interest that Harnik and Schmidt115 described 
dianthronylidene 48 as being constructed of an isolated ethylenic bond 
(1-3 1 A) attached by single bonds (1 -53 A) to normal benzene rings, which 
are in turn linked to crrrbonyl by single bonds (1.52 A). 
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For comparison we give the molecular dimensions of antliracene 51 
(thcse are averages over chemically equivalent bonds and angles117). 

1.431 1,416 

(51 1 
9,lO-Anthraquinone and its difluoro derivative are essentially planar. 

In the cases of the other halogen derivatives the niolecules are over- 
crowded bccause of interference between halogen and carbonyl oxygen. 
Thus, for a planar molecule with 120" bond angles the Br -0  and I - -O  
distances would be 2.5 and 2 4  A, respectively, while the sums of the van 
der Waals radii are 3.3 and 3.5 A. Two types of distortion result: an 
increase in bond angles hal-C,-C,,, C,-C,,-C, and O,-C,-C,, 
from 120" and distortion of the molecule from planarity. Angle 
C,-C,,-C, is 126" in the two bromine-containiiIg rnoiecules and 127" 
i n  the diiodo compound. Anglcs hal-Cl-Cll and 0,-C,-C,, are 
both greater than 120" for the overcrowded molecules; for example, the 
fornier angle is 123" in 1-bromo-anthraquinone and 125" in thc diiodo 
derivative. Chetkina and Gol'der112 find Br and 0 lying out of the mean 
plane of the dibrorno compound by +0.04 and -0.19 A, respectively. 
For the iodo compound the corresponding values are f0.16 A (I) and 
-0.34 A (0). The authors find that the ring carbon atoms are planar to 
within 0.03 A. This is of the same order as the standard deviation of tlie 
carbon positions. We must conclude that the significance of the 
deviations from planarity is established for I and 0, but not for Br or C. 
For the 1,5-dichloroquinone Bailey"' finds a slight buckling of the ccntral 
ring into the chair form, while the two outer rings are planar. 

There is considerable overcrowding i n  dianthronylidene (4s) and i n  
molecules 47 and 49. In dianthronylidcnc the benzene rings are planar and 
bent by 40" to the plane of the ethylenic system. This bending produ- a 
separation of 2.9 A between tlie overcrowded carbons (C,... C,,, C,.,. C4*). 
Harnik and SchmidtTL5 suggest that this twist eIirninates resonance inter- 
action across C,,-C,, (and equivalent bonds) which thus have essentially 
single-bond character. 

I n  10,10'-diantlirony1 (47) the bond lengths are all normal except for 
that of Clo-Cl0., connccting the two anthrone moieties, which is 1.60 A 
(compare the 1.61 A bond in di-I.'-antliracene*lE). The normals to the best 
planes of the two anthrone fragments lie at 143.3" to one another; C,, is 
0.321 A out of the best plane through its half' niclecule, indicating a 
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considerable pull towards the second half. Each anthrone moiety has a 
bend of 10.2" about the C,--C1, axis. 

In  the dicyanometliylene derivative 49 the overcrowding is between the 
carbons of the cyano groups (C,,, Cl,) and H, and H,. The strain is 
relieved by the openinpup of some angles and by out-of-plane distortion : 
angles Cl,-C15-Clo, C15-Clo-C12 and Clo-C,2--C, are 123", 122" 
and 121", respectively. The antlirone skeleton is butterfly shaped: 
Cll-C~2-C13-C14 is planar with thc two benzene rings bent to the same 
side ('up') of this plane, both through angles of 13", while C, and C,, 

TAULE 11. Molecular dimensions of hydroxy- 

(a) Borrd letlgflls (A) 
Compound 

1,2-Dihydrosy- (alizarin)" 

I ,4-Dihydroxy- 

1,SDihydroxy- (anthrarufin) 

1,8-Dihydroxy- 

N,N'-Diphcnyl- 1,5-diamin0-~ 

N,N'-Diphcnyl-l ,S-diamino-". 

1,5-Dihydrosy-4,8-dinitro- 
I ,  1 '-Diamino-4,4'-bianthra- 

quinonef 

1.36 
1.479 
1430 
1.399 
1.398 

1.414 

1.395 
,f 1.378 
( 1.386 

1.41 
1.43 
1.45 I 
I .53 I 
1-365 
I .390 
I .44 
1.41 
1.372 
1.318 
1.40 I 
1.383 
1-31? 
1.361 

1.35 
1.37 
1.576 
1.525 
1.395 
1.399 
1.49 
1.41 
1.415 
1.432 
1.377 
1.385 
1-430 
1.362 

~~ 

1.36 
1.43 
1.443 
1.433 
I .379 
1.387 
1-38 
1.44 
1.382 
1.377 
1.432 
1.363 
1.41 I 
1.417 

~~ 

1.31 
1.28 
1.440 
1.314 
1.397 
1,378 
1.34 
1.34 
1.386 
1.384 
1,384 
1.351 
1.374 
I .420 

Bond a,iglc>s (") 
Compound 

/ \  
c7 CI, 

/ \  
c5 c, 

C3 
/ \  c, c, 

1,2-Dihydrosy- (alizarin) 
1,4-Dihydroxy- 

1,5-Dihydroxy- (anthrarufin) 

I ,S-Dihydroxy- 

N,N'-Diphenyl-l,5-diamino-" 
N,N'-Diphenyl-I ,8-diamin0-~* 

1,5-Dihydroxy-4,8-dinitro- 
I ,  I'-Diamino-4,4'-bianthra- 

quinone' 

I 12.6 
109.5 
119-2 
1 19.4 
116.0 
1 14.8 
119.7 
120.8 
117.6 
120.7 
117.6 
120.9 

Angles not givcn 
119.8 
123.5 
119.7 
120.3 
1 IS.9 
123.4 
121.6 
121.3 
120.6 
120.1 
I 19.5 
121.8 

122.4 
124.5 
121.5 
121.0 
125.4 
122.5 
120.2 
120.6 
121-3 
I 19.3 
123.2 
117.2 

118.0 
118.7 
118.1 
119.2 
122.2 
118.2 
118.4 
118.8 
120.8 
116.9 
118.2 
116.8 

Molecules so named that a hydroxy or amino group is i n  thc I-position. 

53. 
* Average value for thrcc moleculcs. 
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are both bent 'down'. Thus the central ring is in boat form. The carbonyl 
system and the dicyanomethylene group 2re both nearly planar; the 
former plane is bent by about 11" from the central ring plane, while the 
latter is tilted by 36.5" from this plane. The distances C,,-C, and 
C,, - - -  H, are 2-84 and 2.22 A, respectively. 

2. H yd roxy- and a m  i no-su bsti t u ted 9, I 0-an th  raq ui nones 

The molecular dimensions are listed in Table 1 1. In the first two structures 
the probable errors in atomic positions are too high (e.g. ~ ( x )  = 0.06 8, 

and amino-substituted 9,IO-anthraquinones" 

c11--C,2 c,--C,, cQ-c13 c l l - 0 9  Refercncc 
C13-cI8 ClO-Cl4 C1o-C1* c10--010 

1.46 1.48 1.39 1.28 
I .42 1.46 
1-286 1.390 1.623 1.286 
1-332 1.507 1.616 1.293 
1.429 1.469 1.495 1.214. 121 
1-41 1 1.471 1.480 1.228 122 
1-38 1 -49 1-50 1-25 
1.41 1.49 1 *50 I -24 
1.409 1.449 1.510 1.256 124 
1.402 1.467 1.495 1.250 
1.402 1.495 1.467 1.218 
1.418 1.456 1.470 1.219 126 
1.42 1 1.528 I .444 1.234 1 2 7 1  

1.47 1.19 :::] 
IZ3 } 

1.394 1.4SO 1442 1.234 J- 

Anglcs not given 
111.3 
1 14.7) 

130.1 1 15.5 129.4 118.1 128.6 115.7 11 1.2 
128.8 112.5 126.7 116.4 122.1 125.3 1 18.7 
121.3 119.0 121.0 120.0 121.2 1 19-9 120.8 118.7 
120.4 119.0 120.1 120.1 120.3 120.7 120.7 118.7 

117.1 1203 113.0 124.0 121.3 122.1 124-8 113-6 
123.3 117-4 120-7 I23-I 115-5 127-2 120.7 
122.0 120.3 119.2 120-5 121.8 117-9 122-4 117.5 
120.8 122.6 118.7 120.7 1 18.7 1 18.7 122-5 
118.8 118.6 120.7 118.7 120.7 120.7 1183 
120.0 120.0 120.8 1 19.2 119.8 120.2 122.3 120.8 
121.0 119-1 121.8 118.9 123.9 1 17.0 119.9 120.1 
122.7 118.6 124.4 1 16.6 119.5 121.9 118.8 

113.5) 

E} 
120.6) 

54. 
hlolccule sits on twofold crystallographic axis tvhich passes through the 9- and 10-positions. 

J 55. 



76 J. Bernstcin, M. D. Cohen and L. Leiserowitz 

for the first) to enable consideration of the relatively small cffccts of 
substituents on molecular dimensions. In the remaining compounds the 
scatter is moderate and, assuming a skeleton with m i m i  symmetry, 
the averaged dimensions shown in 52 are obtained. Comparing with the 

0 
11.235 

0 

(52) 

averages in  50 we find that introduction of the hydroxy or amino groups 
produces little significant difference except for a lengthening of the 
carbonyl bond. Again the molecules are planar with the outer rings 
possessing the geometric features of normal phenyl rings. 

The C,-0, length in the IY5-dihydroxy derivative is given as 1.343 
and 1-346 A in the two analyses; in the dinitro compound this length is 
1.336 A. In these two compounds the C,-0, length is about 1-22 A. 
These values suggest that there is little, if any, tautomer present in which 
the hydrogen is on 0, or Ole, nor is there substantial contribution froni 
equivalent resonance structures. In the only one of these three structures 
in which the hydroxyl hydrogen was observed experimentally with 
certainty122 there is no evidence for proton-delocalization or disorder, 
although Hall and Nobbsl?l argued for such a n  effcct. The C,-0, and 
C,-0, lengths are consistent with this picture. The O,---O, distance is 
in the range 2.59-2.62 A, suggesting an intramolecular hydrogen bondlo4. 

In the two di(N-phenyl)ariiino derivatives (53, 54) and in the 
bianthraquinone (55) the C,-0, is somewhat elongated (1.23-1.25 A) 
and C,-N, solnewhat shortened (1 -36 A) suggesting some contribution 
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(55) 

from resonance forms with a positive charge on N and a negative charge 
on 0. The effect is most pronounced in the 1,s-diamino derivative 54 
where C,-0, is appreciably longer than Clo-Olo; we note that it is not 
possible to write a reasonable structure with a positive charge on N and a 
negative charge on Ole. In none of the structures has the amino-hydrogen 
been located experimentally, but the geometries are favourable for 
internal hydrogen bonding (except for 0," of 54). 

The lengths of the four C-0 bonds in I ,8-dihydro~yanthraquinone~~~ 
are C,-O,, 1-27 A; C,-0,, 1.35 A; C,-O,, 1.25 A ;  C1o-O1o, 1.24 A. 
These lengths can be rationalized in terms of participation of resonance 
structures in which Cl,-Olo is a carbonyl function, with the second 
carbonyl at the I- ,  8- or 9-position. However, i t  is not warranted to press 
this argument since the analysis is of rather low precision (R = 0.185). 

Of the conipounds listed in Table 1 1  only the bianthraquinonc 55 has 
an anthraquinone framewrork which deviates significantly from planarity. 
Here each individual ring is essentially plamr. The oxygens deviate by 
0.1 13 A from the pianes of the rings to which they are attached. This 
may be due to a hydrogen bond to an amino group which is twisted out 
of plane. Each anthraquinone fragment is butterfly shaped with 6.1" 
between the two wings. 

We conclude this section by listing the crystallographic constants of the 
anthraquinones (Table 12). 

D. Larger Fused-ring Quinone Systems 

By extrapolation of thc conclusions drawn in the previous sections it is 
expected that as these molecules become larger they approach a state 
where the quinone ring is lost in a sea of aromatic rings; the molecular 
dimensions should thus more and more resemble those of the corre- 
sponding hydrocarbons. There seem to be but two systems in  which this 
comparison can be made. One is the benzanthraccne system : the structure 
of' 9,l O-din1ethyl- 1 :2-benzantIirncene (56) h n s  been 
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CH, 
(56) 

Ferrier and Iball have analysed the structures of 5-1nethyl-l:2- 
benzanthraquinone (57)131 and of the 2’-mcthyl analogue 58 The 
bond lengths are shown below: 

1.202 

1.402 1.412 1.408 

(57) (58) 

The lengths of the bonds in the quinone rings of both 57 and 58 are 
clearly distinguishable from those of the bonds of the other rings. In 
particular we note the long bond C,-Cll and its equivalents. The carbonyl 
bond lengths are approximately the same as those of the quinones 
previously discussed. The bond lengths in this ring are approximately 
centrically related. In the hydrocarbon there is considerable variation 
(from 1.485 to 1.341 A) of the lengths of the bonds of the benzenoid 
rings. It appears thxt there is a significant shortening of bonds C1-Cll, 
Cd-C12, Cll-C,, and their equivalents on passing from the hydro- 
carbon to the quinones, but since the differences between the two qninones 
arc appreciable this point is not elaborated further. As compared to the 
hydrocarbon the quinones have the special feature of overcrowding 
involving O2 and the 1-1 attached to Cl,. This brings about considerable 
distortion from planarity which affects thc whole molecule, but 
particularly 02, Cl, and C2,.  The distortion pattern is markedly different 
between the two isomers. 
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A second case in which coniparison with the parent hydrocarbon is 
possible is that of dibenzanthraquinonc. Robertson and V+'hite'33 have 
given the structure of 1 :2,5:6-dibcnzanthracene (59). In  this molecule the 

1.37 

w1.40 1.39 (59) 
!engths o f  the outer bonds scatter somewhat about 1.40 A, while the 
fusing bonds, on the other hand, are about 1-44 A in length. The structure 
of the corresponding quinone 60 has been solved by Entwhistle and 
coworkers1u. Again we note the usual C=O bond lengths and the long 

(60) 

bonds to the carbonyls. The other rings do not differ appreciably from 
those of the hydrccarbon. However, in the three quinones discussed in 
this section the bonds C,-C,,, C,-CC,, and C1-Cll, and their equivalents, 
are somewhat longer than is usual for aromatic systems. This efiect is 
probably not primarily a result of overcrowding, which usually gives rise 
to smaller changes in bond lengths. The dibenzanthraquinone molecule is 
bent by 14.1" about the line connecting the two oxygens. The distances 
O,-.-Cl. and O,-.-Clm arc 2.851 and 2-824 A, respcctively. 

The structures of a number of other large fused-ring quinones have been 
analysed. For reasons of space limitation and since no new principles 
seen1 to be involved in these molecular structures, we merely list them 
without description: a n t h a n t l ~ r o n e ~ ~ ~ ,  f l a ~ a n t l i r o n e ~ ~ ~ ,  p y r a n t h r ~ n e l ~ ~ ,  
(a)indanthrone138, vio1anthrone139, isoviolanthrone'g". We terminate this 
section with the crystallographic constants of these substances (Table 13). 
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2. The structural chcmistry of quinoncs 

111. QUINQNE PACKING MODES 
83 

We have mentioned in the Introduction thc tendcncy of quinone molecules 
to stack in infinite one-dimensional arrays with the molecular planes 
lying nearly perpendicular to the stack axis. The crystal consists of a 
series of such stacks lying side by side with stack axes parallel to one 
another. In this section we treat two aspects of the niolecular packing: the 
arrangement of molecules within the stack and the lateral contacts between 
niolecules of neighbouriiig stacks. 

A. Molecular Stacking 

Planar aromatic molecules tend to arrange themselves in the crystal 
with moIecular planes parallel. Typical interplanar distances are 3-53 i% 
( p ~ r e n e ) ' ~ ~  and 3-40 A ( c ~ r o n e n e ) ~ ~ ~ " .  We thus take the thickness of a 
planar conjugated rr-electron systeni to be about 3.4w. Let us make a 
one-dimensional pile or stack of such molec~iles, lying with planes parallel 
and completely overlappcd. The nortnals to the molecular planes are then 
parallel to the stack axis and the distance betwecn equivalent points on 
adjacent molecules is 3.4 A. If we allow ncighbouring molecules to  slip 
slightly with respect to one another then the normal plane-to-plane 
spacing remains 3.4 i% but the distance between equivalent points increases. 
If the angle between the normals to the n~olecular planes and the stack 
axis varies up  to say 30" (that is, a given molecule is displaced by up to 
2 A with respect to its neighbour) then the repeat distance up to the stack 
varies from 3.4 to about 4 A. Thus a crystallographic axial length of about 
4 A or less is diagnostic of one-dimcnsional stacking with adjacent 
molecules parallel and moderately to strongly overlapped. 

Consideration of the tables of crystallographic constants of the quinones 
(not complexes) shows that of the 110 or so compounds listed, 50 have 
such short axes. Recalling that the remaining compounds include molecules 
which are non-planar aitd salts, which niay be expected to pack differently, 
leads us to conclude that such a one-dimensional close-packing arrange- 
ment is a favourable one in the quinones. 

Further, there are other molecular arrangements, corresponding to 
other crystallographic axial lengths, which are also associated with close- 
packed one-dimensional stacks. T ~ U S  consider that alternate molecules 
are related by a crystallographic inversion centre, by a twofold screw axis 
or  by a glide plane perpendicular or near-perpendicular to the molecular 
plane. The molecules will then be parallel or near-parallel and, if they are 
close packed, then the repeat distance up the stack axis will be about 
twice that found in the previous group, that is between 6.8 and 8 A. 
Finally, if the molecules lie parallel but sharply tilted to the stack axis, 

4 
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the interplanar distance remaining 3.4 A, then the repeat distance will 
fall in the approximate range 4.6-6 A; i n  this case the overlap of adjacent 
molecules may be small. 

Basic to consideration of the stacking type is the question of the overlap 
of neighbouring ~nolecules; the crystal structure is dcterniined by the 
minimization of the total energy of the crystal, which is a sum of inter- 
molecular attractive and repulsive terms. In these terms the interactions 
between nearest neighbour ~nolecules i n  a stack, and hence the inter- 
molecular overlap, play an important role. In order to try to find out what 
forces are characteristic of interacting quinone inolecules let us first 
consider iiiolecules which have no bulky or polar substituents, for example 
the unsubstituted quinones. 

We can consider the latter niolecules as consisting of scparate carbonyl 
groups and n-electron systems bound together-a niodel justified in the 
previous sections. Several types of arrangements in  such systenis have been 
recognized. In one type, exemplified by only a few structures which 
include those of cMoraniP (Figure 1) and of 2,6-dichIoro-l ,4-benzouiiiqo~ie~ 

n 

FIGURE 1. 
Reproduced 

lntermolecular interactions in tctrachloro-l,4-benzoquinone. 
with permission from H. A. Bent, Cliem. lieu., 68, 567 (1968) 

after Chu, JclTrey and S:d<iirai9. 
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(Figure 2), the molecules pack in such a way14o that a C=O group points 
towards the carbon of a C=O of a second molecule, inclined at a large 
angle to the first, and with an 0 - C  separation of about 2-8 A. Such 
structures are not compatible with plane-to-plane close packing. 

FIGURE 2. View of the structure of 2,6-dichIoro-1,4-benzoquinone normal to 
the best plane of the molecule, showing the intermolecular overiap, and 
C--H--O (H-0, 2.46 A) and C=O -C=O (0 -C,  2.84 A) contacts. 

Based on Rees8. 

A second type of packing arrangcment, found for example in violuric 
acid144 and later in t~trahydroxy-?~ and 2,6-dichloro-* 1,4-benzoquinones 
and in benzocyclobutcne- 1 ,2-dione", has the carbonyls of adjacent 
molecules overlapping in an antiparallel ~nanner with a separation of 
about 3-1 A (Figure 2). Here presumably the attractive force is Iargely 
due to dipole-dipole interaction. 

A third and more prevalcnt type of arrangement is discussed by Prout 
and W a l l ~ o r k l ~ ~ .  It  was first recognized for complexes involving quinones 
with aromatic electron donors and is found in  the seven complexes listed 
first in Table 3, in perylene : fluoranil (Figure 3), and in the complex of 
bis-8-hydroxyquinolatopalladiu111(11) with chloranil, and a similar arrange- 
ment is found in pyene : chloranil. In this arrangement the planes of 
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molecules of the two components are close packed and near parallel, but 
the mutual orientation of the niolecules is such that a C=O of the 
quinone lies approxilnately over the centre of the aromatic ring (Figure 3). 
Prout and Waflwork14s and also Gaultier and coworkersl"(j discuss the 
occurrence of this type of packing i n  one-component systems where the 
quinone molecule contains a benzenoid ring (1,4-naphthoquinone~2 
(Figure 4) ; 1,4-an t h raq ui 11 on e107 ; a nd 5,8-d i h yd roxy- 1,4-n ap h t h oq iiin one123 
although this molecule perhaps should not strictly be called a quinone). 

FIGURE 3. Overlap diagram of perylene : fluornnil complex. Reproduced with 
permission from F. l--1. Hcrbstein, after A. W. Hanson"', Perspectiues in 
Strwctiiral Chernisfry, Vol. I V  (Eds. J. D. Dunitz aiid J. A. Ibcrs), Wiley, New 

York,  1971. 

The intermolecular interaction associated with this type of arrangement 
is probably a dipole-induced dipole one. It is of intcrest that seemingly 
analogous structures have been found for molecules containing a polarized 
C=C bond and an aromatic ring"". This is so for h e  complexes between 
tetracyaiioquinodimehne and tetra~iictliylplienylenediamine~~~ and 
between tetracyanoethylene and ~ iaph t l i a l ene~~~ .  

When there is no benzenoid ring in  the molecule the C=C double bond 
of the quinone ring may act as the group which is polarized by the carbonyl 
dipole. In this case the carbonyl would lie over an adjacent quinone ring 
and between the two C=C double bonds (Figure 5), interacting with both. 
Such arrangements are found i n  2,j-dirnethyl- (Figllre 16)? and 2,6- 
dimethyl-149 1,4-benzoquinones, and i n  the complex of 1,4-benzoquinone 
with thy in i ne3&. 
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As always, the structurc of the crystal is determined by compromise 
between various competing interactions. T ~ L I S ,  i n  many of the examples 
cited some intcrmolecular charge-transfer occurs, the spatial requirements 

FIGURE 4. View of the structure of I ,4-naphthoquirione normal to the 
molecular plane, showing intermolecular overlap and C- H 0 contacts. 

Based on Gaultier and HauwG2. 

for which may diffcr from thosc for optimal dipole-induced dipole inter- 
action. Similarly, when bulky substituents arc iiitrodiiced into the molecule 
thcn thc arrangenicnt will tend to be such as to  minimize interference 
between these substituents on adjacent molecules. In the 2,5- and 2,6-di- 
methylbenzoquinones this is achieved while thc C=O to C=C interaction 
is maintained. In the case of 2,3-dimctliyl- I ,4-benzoquinone2 (Figure G), 
however, a coinplctely new nrrangenicnt results : adjacent molecules are 
related by a centre of inversion so that the methyls do not overlap adjacent 
molecules at all. In this structure the carbonyls lie parallel and seemingly 
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within interacting distance, a feature which presumably introduces a 
repulsive dipole-dipole interaction. 2,3-Dimethyl-1,4-naphthoquinone 
packs in an  analogous niannerG5. 

o I 2 a  G b 
u 

FIGURE 5 .  Thymine: 1,4-benzoquinone coinplex. View along the b axis 
showing a sheet of benzoquinone molcculcs (filled circles), and a neighbouring 
sheet of thymine moleculcs (open circles). The figure shows intcrniolecular 

overlap, C-H -0 contacts and N-H-0 hydrogen bonds. 

There is a second structure type in which the carbonyls lie in a similar 
repulsive configuration; in this arrangement the adjacent molecules lie 
parallel and displaced with respect t o  one another in  a direction perpen- 
dicular to  the OC-CO axis. This type is found in 2-ani in0-~~ and 
in 2-amin0-3-chIoro-~~ 1,4-napIithoquinones, in 4-amino-1 ,Znaphtho- 
quinones5 and in 9 , 1 0 - a n t I i r a q ~ i n o n z ~ ~ ~  (Figure 7). 

In tetramethy!benzoquinonej and in the complex between hexaniethyl- 
benzene and chloraniP8 the overlap seems to be determined by the need 
of the bulky substitrierits to avoid one another (Figure 8). 
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FIGURE 6. View of the structure of 2,3-dimethyl-l ,Cbc?zoquinone normal to 
the molecular plane. The figure shows intermolecular overlap and C-H-0 

contacts. Based on Rabinovich2. 

FIGURE 7. View of the structure of 9,lO-antliraquinone normal to the 
molecular plane, showing intcrniolccular overlap. Based on Praka~h’~’. 

We have thus far ignored lateral interactions. I n  the next section we will 
point out the tendency of quinone niolecules to arrange themselves in a 
limited number of ‘in-plane’ geometries determined by lateral contacts. 
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The question then arises as to tlic compatibility of the intrastack overlap 
with the lateral environment. In 1,4-1~apl~thoquino11e overlap of carbollyl 
with the benzenoid ring is con1yatible with thc 'in-plane' arrangement 
(Figure 4); on the other hand, i n  1,4-benzoquinone overlap of C=O with 
two C=C bonds of a neighbouring molecule is not compatible with the 
environment. Instead the sheets of molecules are offset, resulting in the 
interesting situation of practically no plane-to-plane molecular overlap 
(Figure 9). 

c sin P 

0 1 2 a  - 
FIGURE 8. Packing arrangement of 2,3,5,6-tetr~inicthyl-l,4-bcnzoquinone 
seen along [loo]. For clarity, one of the two molecules has been omitted at 
(010) and at (011). Reproduced with permission from D. Rabinovich and 

G. M. J. Schmidt, J .  Cheni. SIC. (B) ,  144 (1967). 

We have seen above that we can classify thc overlap patterns and 
stacking niodes of the smaller quinone molecules into a limited number of 
groups based on the type of carbonyl-rr-electron interaction. As we move 
to the larger fused-ring systems we expect thc packing arrangements to 
become dominated by the aroinatic portions of the molecules. This 
question is referred to by Bolton and S t a d ! ~ r l ~ ~ .  The large molecules 
flavanthrone, pyranthrone, violanthrone and isoviolanthrone all have 
crystallographic short axes of about 3.S A, and stack in plane-to-plane 
close packing with the normals to the niolecular planes at 25-26" to the 
stack axis. This corresponds to an intermolecular overlap, as seen along 
the normals, which closely resembles that of graphite (Figure 10). The 
relationship between the stacks is not the same i n  the four compounds: 
in the first two the axes about which the molcculcs t i l t  (out of the nc plane) 
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are almost parallel for all stacks, with the molecules of alternate stacks 
having clockwise and anticlockwise tilts. In violanthrone and iso- 
violanthronc, howevcr, the tilt axes (for tilt out of the ab plane) are not 
parallel for stacks alternating along a. This results in what Bolton and 
Stadler describe as a ‘stacked ploughshare’ arrangement. 

0 1 2 A  
w 

FIGURE 9. ’iew of thc structure of 1,4-benzoquinone n 
plane. Based on Trotter’. The figurc shows the inter1 

the C- H -0 contacts. 

rnial to the molecular 
.yer relationships and 

B. Lateral Contacts 

The most obvious of these contacts are hydrogen bonds of the type 
N--H...O and O-H-*.O, particularly with the acceptor atom being a 
carbonyl oxygen of the quinonc ring. Such bonds arc numerous in 
hydroxy- and amino-substituted quinones and in  compounds containing 
suitable solvents of crystallization. The types of geometry which result are 
numerous and since, generally, the patterns are not specific to the quinones, 
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, ', 

(b) 
FIGURE 10. (a) The superposition of violanthrone molecules along the plane 
normals which is closely siinilar to (b) thc stacking in graphite. Reproduced 
with permission from W. Bolton and H. P. Stadler, Acta Cryst., 17, 1015 

(1 964). 

we do not consider them here. The question of bifurcated hydrogen bonds 
has been treated previously. Here we concentrate on some weder ,  usually 
less obvious, types of lateral interaction. 

1. C - - H - 8  contacts 

The existence of C-H- 0 interactions has frequently been postulated. 
The status of this postulate has recently been reviewed by Donohue'Ol 
and by Sim150. Before embarking on this subject let us comment briefly 
on some geometrical aspects of conventional hydrogen bonds of the type 
X-H-O=C, where X is 0 or N. Frequently the strength of this bond 
is derived in terms of the shortness of the X - - 0  distance. In  fact, however, 
such a correlation may be misleading and a better indicator of the 
occurrence of hydrogen bonding is the existence of a constant geometric 
arrangement or pattern in a series of related materials. Thus, in 
X-H*-O=C the X-H bond tends to lie in  the plane of the carbonyl 
system and to point towards the lone-pair lobe on the acceptor oxygen 
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(assuming that the latter is sp2 we refer to this geometry 
as 'ideal'. 

C-H -.. O=C interactions have becn suggested in numerous quinones 
and short intermolecular C-.  O=C distances have been found in about 
half of the compounds we have listed. Gaultier and Haul@ refer to a 
number of quillones in this context. 

We point out, first, that in the structure of 2,3-dim~thyl-~ (Figure 6), 
2 ,6 -d ime t I i~ l -~~~  and 2,6-diclilor0-~ (Figure 2) I ,4-benzoquinones, in the 
related 2,6-dimethyl-y-pyrone7"? and in  2-bronio-l,4-naphtlioquinoneG3 
there is a common geometric pattern which can be interpreted i n  terms of 
C-H 0 interactions. In these structures two adjacent molecules 
straddling a centre or psuedo-centre of inversion are coplanar, or nearly 
so, and have C-H bonds pointing towards the lone-pair lobes of the 
carbonyl oxygens. The distance between molecular centres (or pseudo- 
centres) is about 6.7 A, and the CJ-I--O and H - - 0  distances are about 
3-5A and 2.5 A respectively. We refcr to this as type-l packing. Thus, in 
2,3-dimethyl-l,4-bcnzoquinone (Figure 6) the niolecular planes are offset 
by 0.1 A and the distances from 0 to H and C in the type-I ring are 2.57 
and 3.61 A, respectively. In  the 2,6-dimethyl derivative the offset is 0.7 A, 
and the corresponding distances 2.53 and 3.52 A, respectively. ReesG3 
gives 2-46 A for the H - 0  distance in the 2,6-dichloro compound. 

In I ,4-benzoquinone1 (Figure 9) the molecules are arranged very 
near!y in planar sheets (all atoms are within 0.2 A of the best plane). 
Along the 6.7 A b axis neiglibouring translationally equivalent molecules 
are connected by C--H--O= contacts in a type-I pattern. Along this 
axis each molecule is thus connected to its two neighbours, generating an 
infinite planar ribbon. The distance between 0 and C in the type-1 ring is 
3-50A. Adjacent ribbons arc screw-axis related and are also inter- 
connected by C--H-.O= contacts, in a triangular pattern linking each 
molecule of one ribbon to two molecules of tlie adjacent ribbon (type-2); 
the C to 0 distance here is 3-38 A. Thus each molecule acts as a hydrogen 
donor in four and as an acceptor in four C-H-O= contacts. 

A very strong argument for this model conies from consideration of the 
structure of the thymine complex with 1,4-ben~oquinone~~. This is a layer 
structure in which each coinponent is situated in  a different laycr, the two 
types of layer alternating. The structures of the thymine and benzo- 
quinone layers are very similar to those of tlie planar sheets in the crystals 
of the pure componcnts. Comparison of tlie benzoquinone sheet i n  the 
complex with that in the pure quinone (Figures 5 and 9, respectively) 
shows them to be practically indistinguishable, tlie c- and a-axes of the 
forrner corresponding to thc 17- and (c1+2c)-axes of the latter. In the 
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complex the thymine niolecules lie on a mirror plane, SO that all its atoms 
are required by symmetry to lie i n  this plane. Since a sheet of benzo- 
quinone molccules has completely dimerent neighbouring sheets in the 
two materials, the in-sheet geometry must be determined by in-sheet, not 
out-of-sheet, forces. 

Iy4-Benzoquinone could, in  principle, develop an infinite sheet structure 
based on the seemingly geometrically favourable type-] contacts both 
within and between ribbons, as is done for example in its 1 : I complex 
with pal.a-chloroplie~iol, which will be discussed later. That i t  does not do 
so may be due to repiilsion between the lone pairs of oxygens153 centro- 
symmetrically related in this type of contact (O--O distance about 
4 A), a repulsion which does not occur i n  type-2 contacts. 

Trominsdorff and coworkers’3 have proposed a structure for the 2-nietkyl- 
1 .c9‘1-benzoquinone crystal, based on some measured X-ray reflexions and 
on ‘reasonable’ molecular dimensions and intermolecular contacts. This 
structure is very siinilar to that of 1,4-benzoquinoneY with the 6-72 8, 
c-axis of the methyl derivative corresponding to the b-axis of the un- 
substituted quinone. Along this axis neighbouring molecules are connected 
in a type-1 pattern. Adjacent ribbons are screw-axis related; because of the 
methyl substituent there is only one type-2 ring per molecule so that on 
the average each oxygen participates in 1 4  C-H---O contacts. 

In 1 ,4-r1aphtlioquinone~~ (Figure 4) molecules are held in infinite sheets 
by two types of rings involving C-H-. O= contacts. Centrosynimetrically 
related molecules participate in  type- 1 contacts, the hydrogen involved 
being that attached to C,; the carbonyls i n  this ring each make onIy one 
contact with C-H. Screw-axis-related niolcculcs make contacts siniilar to 
type-1, but involving the ‘pcri’-hydrogen of the benzenoid ring; each 
carbonyl participating makes two such contacts. Within the type-1 rings 
the molecules are offset by 0.7 A and the C H - 0  distance is 3.57 A; in  
the second type of contact the C(ar)H.--O is 3-50 A and the 
C(quinone)I-i .-- O is 3-25 A. 

Triclinic quinhydroiie also has a sheet structure (Figure 1 I). Alternating 
hydroquinone and bcnzoquinone molecules form linear cfiains by 
0-13 -O= hydrogen bonds. The bcnzoquinone molecules of adjacent 
chains are held together in  a type-1 pattern parallel to the 6.77 8, c-axis 
(offset by 0.68 A;  CH-O= is 3-55 8, and H--O= is 2.62A). The 
hydroquinone inolcculcs are hcld together i n  a similar pattern but 
involving phenolic instend of carbonyl oxygens as acceptor in the 
C-H...O colltact (CH***O- is 3.46 A and H - s - 0 -  is 2-47 A). In this 
way the sheet is developed, with cadi carbonyl oxygen as acceptor in  one 
contact, and each hydrosyl group acting as a proton donor ill an 
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O-H-O= bond and as proton acceptor i n  a C-H.-0 contact. The 
C-H-0- line points approximately along the bisectrix of the 
C-0-H angle. 

FIGURE 11. Triclinic quinhydrone. View of thc layer structure normal to the 
central benzoquinonc molecule. Based on S a k ~ r a i ~ ~ .  Figure shows 

C-H-O=, C-H -0- and 0-H-O= contacts. 

In the 1 : 1 complex of para-chlorophenol with 1,4-ben~oquiiione~~ 
(Figure 12) molecules of the two components are held together by 
0-H O= hydrogen bonds, the molecules of the pair being almost 
coplanar. Two such pairs are linked to form a tetramer by C--H-O= 
contacts in a type-1 pattern (offset 0.70 A; CH-.O= is 3.64 A) involving 
the carbonyls which do not participate in the 0--M -.. O= hydrogen 
bonds. This thus generates sets of four approxiinately coplanar molecules 
which are held together by further type-1 contacts (offset 0.56 A; 
CH-O= is 3.55 A) along the 6.5 A a-axis, between benzoquinone 
molecules, thus gcnerating wide planar ribbons. The carbonyls in the 
centre of the ribbon participate in two type-1 contacts, while the outer 
carbonyls act as acceptors in one type-1 contact and in one O-H-O= 
hydrogen bond. The paw-chlorophenol molecules of adjacent tetraniers 
are connected by single C-H-0- contacts (CH-0-  is 3.64 A). 
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FIGURE 12. The coinplex p-chlorophenol: 1,4-benzoquinonc (1 : 1). View of the 
layer structure. Based on Shipley and Wallwork”-’. Figure shows C- 1-1 -O=, 

C-H-0- and O-H-O= contacts. 

\ /  

FIGURE 13. The complex p-chlorophenol: 1,4-benzoquinone (2 : 1). Packing 
environment sccn normal to thc plane of the central benzoquinone molecule. 
Based on Shipley and W a l l w ~ r k ~ ~ .  Figure shows C-EI- O= and 0-H- O=; 

contacts. 
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The  environment of benzoquinone in its complexes with para- 
chlorophenol (1 : 2)35 (Figure 13), with phenol (phenoquinone)30 and with 
resorcinoP (Figure i4) are similar; nearly coplanar molecules of the two 
components are held together by 0-H-O= hydrogen bonds in triplets 
in the first two complexes and in chains in the third. Quinone molecules 
related by a c-glide in the resorcinol coniplex form a continuous set of 

0 1 2 H  
U ’  

FIGURE 14. The complex resorcinol: 1,4-benzoquinone (1 : I). Packing 
environment seen normal to the plane of the ccntral benzoquinone molecule. 
Based on Ito, Minobe and Sakurai32. Figure shows C-H-O= and 

0-H -O= contacts. 

single C-H-O= contacts with the CH-O= distance 3.33 A and the 
H .-- O= distance 2-35 A. These molecules are not coplanar, unlike the 
molecules discussed above. Each quinone molecule acts as a hydrogen 
donor  in two such contacts, thus generating a chain in the c-direction. In 
addition, each quinone molecule acts as a hydrogen acceptor in two 
C-H-O= contacts in a second chain, as well as in two O-H-O= 
hydrogen bonds. In the chlorophenol complex the CH*-O= distance is 
3.36 A, while in phenoquinone this distance is 3-32 A with H - 0  being 
2-23 A. In  the three systems under discussion the C-H-O= patterns 
have far from ‘ideal’ geometries based on the spatial orientation of 



98 J. Bernstein, M. D. Cohcn and L. Leiscrowitz 

orbitals containing non-bonded electrons on oxygen. Idowever, there is 
apparently compensation from :he generation of a three-dimensional 
network of contacts. 

FIGURE 15. Monoclinic quinhydrone. Packing environment seen normal to 
the central benzoquinone molecule. Based on Sakurai3". Figure shows 

C--H-O=, C-He-0- and O-H-O= contacts. 

The pattern of contacts in nionoclinic quinhydrone30 (Figure 15) is 
strikingly similar to those of the three complexes just described. In the 
quinhydrone the central benzoquinone molecule has single C-H... 0- 
contacts to two hydroquinone molecules related to it by a pseudo-glide 
along [ 1011 (compare the benzoquinone-benzoquinone contact in the 
c-direction in the resorcinol complcx). The distances between equivalent 
points on the two molecules thus linked to the central benzoquinone are 
the [ lol l  axis of the quinhydrone (1 1.50 A) and the c-axis of the resorcinol 
complex (1 1-53 A). The corresponding axes for the chlorophenol complex 
and for phenoquinone are 11.83 and 11-50 A, respectively. I n  the quin- 
hydrone only two CHs of the benzoquinone are involved i n  C-H--0 
contacts. Each carbonyl acts as a proton acceptor in  onc C-l-I--O= 
constant and in one O-H.-O= hydrogen bond to hydroqiiinone 
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molecules. C(quinone)--H-O- is 3.19 A with H-eO- 2.48 A, and 
C(arom)-H*-- O= is 3.44 A with H 

As a final examplc of this type of contact wc take 2-chloro-I ,4-benzo- 
quinoneG, the structure of which is i n  no way similar to that of the 
corresponding methyl derivative. No short chiorine -.-chlorine or 
chlorine-.oxygen contacts are found, but there are C-H ... O= contacts 
along the twofold screw-axis. Each molecule acts as a proton donor in two 
geometrically satisfactory and one geonictrically poor contact, both with 
H - 0  distance of 2-43 A. Each carbonyl acts as proton acceptor in  one 
satisfactory and one poor contact (Figure 19). 

O= 2-54 A. 

4. . . . . . , 

0 1 2 8  
LU 

FIGURE 16. 2,5-Dimcthyl-I ,4-bcnzcquinone. View of the structure of the 
[ 1011 layer. Based on Rabinovich and Schmidt'"'. Figurc shows inter- 

niolccular overlap and the C-1-i -O= contacts. 

In 2,5-diniethyl-l,4-benzoq~1inone~~'", which is of space group Pi, the 
unit cell contains two crystallographically independent iiiolecules, A and 
B, on centrcs of invcrsion (Figure 16). Rabinovich and noted 
that according to the distribution of intensities in the X-ray photographs 
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the niolecular distribution approximates space group P2,/n. The structure 
is a layer one, thc layers lying parallel to (101) with spacing of about 3.3 A. 
All atoms, except for tlie methyl hydrogens, lic within 0.1 ti of the best 
plane of tlie laycr. Within the layer, molecules are related by pseudo- 
symmetry P~, /H,  and (101) is an approximate mirror plane; i n  the layer 
the angle between the b- and (a--)-axes is 90.01". T n  a given layer A and 
B, related by a pseudo-screw-axis parallel to b, are held together by a 
two-dimensional continuous net of C-H -O= contacts, one to each 
carbonyl (CFI-O= is 3.44 A and H-O= 2.48 A). The geometry of 
these contacts is far from ideal but is apparently prefcrable to that of a 
type-1 contact in which the molecules would be connected into one- 
dimensional ribbons, adjacent ribbons being linked only by methyl- 
methyl contacts. If adjacent layers were offset in direction (a-c) pseudo- 
monoclinic syninietry would result. However, apparently to allow the 
carbonyl to straddle the C=C bonds of a molcc~ile i n  an adjacent sheet, 
the offset has a component along b, thus reducing the symnictry to triclinic. 

When, as in the 1,2-quinones, the angle between tlie two carbonyl 
functions is acute, then other types of ring arrangements based on 
C-H.-O contacts are possible. Such rings are found in  benzocyclo- 
butene-l,2-dione!)O, in acenaphtlienequinone"' and i n  the isJniorphous 
3-chloro- and 3-brOn10-1,2-naphth0quinones~~. In the last-named coni- 
pound (Figure 17) an infinite ribbon is built up by glide-plane-related 
molecules which are connected by contacts between tlie two carbonyls of 
one molecule and two CHs of the benzcnoid ring of the neighbouring 
molecule. Clearly the pattern of contacts will vary with the angle between 
the carbonyls, and therefore with the size of the dione ring. i n  phenyl- 
cyclobutenedione'jj and cyclohexenylcyclobutenedione'jG the same pat- 
terns are found, involving approaches between C=O and C-H of the 
cyclobutenedione fragnients (see also reference 150). 

We conclude this section with two comments. First, the hydrogens on 
the double bonds in  tlie quinone ring are slightly acidic and will thus have 
a higher tendency to participate in a C-H...O 'hydrogen bond' than will 
hydrogens on a non-activated olefinic bond. Second, C-Ii N= 
interactions may be implicated in several systems (for example see 
references 157-1 59). Amongst the aniino-substituted quinones, hetero- 
cyclic quinones and quinone oxinics there are several cases suggestive of 
such interactions. However, in no case has this yet been clearly established, 
the main problem bcing that in  most of the solved structures the doniinant 
interaction is that of t rue hydrogen bonding; the C-1-I -N  patterns may 
then be the result of other packing forces or may be so distorted as not to 
be recognizable. 
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FIGURE 17. 3-Bromo-l,2-naphthoquinone. View normal to the reference 
molecule. Based on Courseille and coworkers8G. Figure shows C-H- O= 

and Br O= C contacts. 

2. Halogen --carbony1 contacts 

The existence of attractive interactions between bonded halogen atoms 
CI, Br or I, and oxygen or carbonyl fimctions, whether in the same or 
different molecules, has clearly been establishedlGO. The interaction 
appears to be of the charge-transfer type with the halogen acting as 
acceptor. Gaultier, Hauw and SchvoererlG' discuss this type of bond and 
its occurrence in a variety of benzoquinones, naphthoquinones and 
anthraquinones. As in hydrogen bonds the ideal arrangement appears to 
be that having the C-X (X = halogen) pointing towards the lone-pair 
electrons on the oxygen (assuming sp2 hybridization). This results in a 
C-X-0 angle of 160-170" (see, for example, Figure 17). The 0 . - X  
distance is consistently less than the sum of the van der Waals radii of 
the halogen and oxygen atoms. The results given by Gaultier and coworkers 
are listed in Table 14. 

On the other hand, the following compounds do not show this arrange- 
ment : 2-chloroJG2, 2 , 6 - d i ~ h l o r o - ~ ~ ~  and te t ra~hloro-~ 1,4-benzoquinone; 
2-arnin0-~3 and 2-hydr0xy-~~ 3-chloro-l,4-naphthoquinone, in both of 
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which the C-CI-.O angle is about 146" and the C - 0  distance about 
3.7 A, and in which the lateral packing is probably dominated by hydrogen 
bonds; 4-amino-3-cliloro- and 4-amino-3-bronio-l,2-naphthoquinone*6, 
2,3-dibromo-l ,4-naplithoquinoneG7 and 1 -broliio-lll, l-chloro-1"9, 1 3 -  
dichIoro-l'l, Iy5-dibronio- and 1,5-dii0do-l'~ 9,10-anthraquinone. This 
last group tends to show short halogen-halogen, rather than 1ialoger.- 
carbonyl, contacts. Gaultier and coworkerslG1 concluded that the naphtlio- 
quinones are most suited to give halogen-carbonyl interactions. 

TABLE 14. Halogen-carbonyl contacts in quinoneslG'. lop 

- 

c-x-.o 0 .-- x 
Compound angle (") (A> Reference 

2,5-Dichloro-l,4-BQ 164 3-10 162 
2,5-Dibromo-l,4-BQ 166 3-16 162 
2-Chloro-S-bromo- 1,4-BQ 157 3.21 162 
2,3-Dichloro-I ,4-BQ 164 3.01 162 
2-Bronio-1,4-NQ 170 3.1 1 63 
2-10d0-1,4-NQ 165 3-21 64 

67 

169 3.28 66 
3iBromo-2-amino-1 , k N Q  167 3.20 97 
3-Bromo-I ,2-NQ 
3-Chloro-l,?-NQ 

162 3.17 86 
160 3.22 86 

U Q  = benzoquinone; NQ = naplithoquinonc 

If wc compare the 0 - X  distances listed with the sum of the van der 
Waals radii (taking O...I3r as 3.35 A and O-..CI as 3.20 A) we find a 
considerable shortening for the bromo derivatives and a lesser shortening 
for the cliloro derivatives. Only two iodo-substituted materials have been 
studied, of which one shows this type of interaction, with considerable 
contraction in the O-.I distance; howcver, there is insufficient information 
on iodo compounds. It does seein clear that bromine intcracts with 
carbonyls more strongly than chlor i~~c does : fluorine is probably not 
effective in  such interaction. 

No significant change in  C=O and C-X lengths as a result of this 
interaction has becn established, although Gaultier and coworkerslG1 
report a measurable shift in the carbonyl-stretching frequency. 
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We add some comments to those of Gaultier and coworkerslG1. 
Carbony-halogen contacts Iiavc not becn observed to give rings across 
centrcs of inveLsion. Rather the contacts ax between molecules related by 
a twofold screw-axis or a glide plane, and generate infinite but not planar 
shcets. 

(b)  
0 1  2 i i  
LU 

FIGURE 18. (a) 2,3-Dichloro-I ,4-benzoquinone. (b) 2,5-Dichloro-l ,Cbenzo- 
quinone. Packing arrangements scen along normals to plancs of central 
niolcculcs. After Recs'"'. Figure shows similarity of C1 -O=C contacts in 

the two structures. 

Strong further argument for this interaction is provided by the near 
identity of pattern in different compounds. This is seen, for example, in 
the structures of 2,3- and 2,5-dichIoro- I ,4-benzoquinonc (Figures 18a, b). 
It is notevmrthy that in  those C ~ S C S  where this type of contact is not 
observed we find other characteristic contacts present. Thus, we have noted 
the halogen-halogen contacts in the anthracene derivatives and the 
C--H 0 contacts in 2-chloro- (Figure 19) and 2,G-dichloro-l,4-benzo- 
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quinone. Of special interest is the similarity of the C1-0=C pattern 
shown in Figure 18 and C-H-O= pattern found in the 2-chloro- 
derivative (Figure 19). 

FIGURE 19. 2-Chloro-l,6benzoquinone. Packing arrangement seen normal 
to plane of central nioleculc. Based on Re&. Figurc shows C-H-O= 

contacts. 

3. Halogen - - -  halogen contacts 

The fact that halogenated materials tcnd to crystallize in structures in 
which there are close approach distances between halogen atoms is well 
established. In crystals of halogen molecules the intermolecular 
halogen-halogen distance tends to be less than the sum of the van der 
Waals radii of the contacting Hillier and RiceIG" and NyburglG5 
have argued for some intermolecular electron delocalization or transfer 
in crystalline chlorine (see also MasonIGG). Sakurai and coworkers1G7 
have summarized the experimental evidence on electron delocalization 
in halogen-containing compounds. They recognized, further, two 
characteristic types of contacts between C-CI bonds. In both, the 
chlorines are in close contact; in one, the bonds are near collinear and 
antiparallel, while in the second, the two bonds are nearly perpendicular 
to one another. 
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Green, Leser and SchmidL'G8 have discussed the utilization of dichloro 
substitution to induce planar molecules t o  adopt face-to-face close 
packing (short crystal axis < 4  A). It would seem then that there is a third 
common type of C-Cl contact in which these bonds are parallel and 
strongly overlapped. Here, however, a glance at the quinones is 
illuminative: of twenty halobenzoquinones and derivatives listed in this 
paper, only seven, all oximes, have short crystal axes of about 4 A or less; 
of fourtcen halo-naphthoquinones eight have such axes; and of twelve 
halo-anthraquinoiies nine have such axes. I t  seems probable that the 
eficiency of C-halogen bond interactions in inducing plane-to-plane 
close packing is dependent largely on the van der Waals interactions 
between the aroinatic systems. 

In addition to those quinones showing halogen .-halogen close 
approach up a stack axis, there are a number of quinones having 
lateral contacts which niay fit the classification of Sakurai and coworkersIG7. 
We list some of these materials: 
2,5-dihalo-l,4-ben~oquinones~~ (C1 --C1, 3.83 A ;  Cl-.. Br, 3-85 A ;  

Br.-Br 3.83 A). 
2,6-dichloro-l ,4-benzoquinone8 (C1 -C1, 3.33 A), chloranilic acid 

(Cl--Cl, 3-34 A), its dihydrate (Cl.-Cl, 3.45 A) and the monohydrate of 
its ammonium salt (Cl... C1, 3.50 A)l*-zO. 

(P)2-chloro- 1,4-benzoquinone-4-0xinie acetates2 (C1-s- CI, 3-33 A). 
(cu)5-(2'-chloroethoxy)- 1,2-benzoquinone-2-0xinie~~~ (CI ..- C1, 3-57 A). 
I - ~ h l o r o - ~ ~ ~  (C1-s- C1, 3.70 A), I-bromo-lo9 (Br-.Br, 3.66 A), 1,5- 

dibronio- (Br--.Br, 3.68 A) and 1,5-diiodo- ( I - - - I ,  3.71 A)11z 9,IO-anthra- 
q i i i  nones. 

In considering the lateral contacts we have come across cases where 
there are close halogen -.. halogen contacts and no close halogen --. carbonyl 
contacts; cases where the reverse is true; and other cases where the two 
types of contact co-exist. Similarly the C-H .-. 0 interactions are some- 
times complementary to, and sometimes competitive with, the other 
lateral interactions. The way in which a given system actually crystallizes 
must depend both on the relative energies associatcd with thc different 
types of intcraction and on the degree to which the various possible 
contacts have compatible spatial requirements. The study of the lateral 
coIltacts is obviously still in its infancy and much further research i n  this 
field remains to be done. 
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1. INTRODUCTlON 

Several chapters in this volume deal inter alia with the synthesis of 
quinones and to avoid excessive overlap this chapter is restricted to 
methods for the preparation of quinones from non-quinonoid precursors 
and to annellation niethods in  which an additional aromatic ring is built 

111 

©
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onto an existing quinone ring. Otherwise transformation reactions 
whereby one quinone is converted into another are not considered. 
Quinones have been derived in numerous ways but the emphasis here is 
on general methods which give yields acceptable for synthetic purposes. 
Certain quinones which are very reactive and dificult to isolate can never- 
theless be generated irz situ and trapped efficiently. These reactions are 
also outside the scope of this chapter but their synthetic value should 
not be overlooked. The have been reviewed undcr the title Syntlzeses with 
Nascent Qrritiotzesl (see also reference 2). 

II. OXIDATIVE METHODS 

The vast majority of quinones have been prepared by oxidation, indeed 
this is the only completely general method. The substrate is usually a 
phenol or phenolic ether, an aniine or a hydrocarbon. Many oxidants 
have been employed but in the discussion which follows only those of 
most practical value are considered. Quinols are the easiest to oxidize, 
and monohydric phenols and monoamines which require the introduction 
of one, and hydrocarbons which require the introduction of two atoms of 
oxygen, are progressively more difficult. However, since the use of Fremys’ 
salt (potassium nitrosodisulphonate) was discovered3, conversion of a 
monohydric phenol into i? quinone has become a very easy process and 
this is frequently the method of choice. Accordingly it is considered first. 

A. Monohydric Phenols 

1. Fremy% salt 

The Teuber reaction (recently reviewed4) for the oxidation of phenols 
has the advantages that it proceeds rapidly and efficiently under very 
mild conditions and side-reactions are rare. The disadvantages are that the 
reagent has to be prepared beforehand, an aqueous medium is necessary, it 
is not convenient for large-scale work, and occasionally it fails. Nevertheless 
for preparations under 10 g the advantages, compared to other methods, 
are overwhelming. The reagent is cheap and easily made, and an excellent 
method of preparation is available5. 

The oxidation is normally carried out in aqueous alcohol, aqueous 
acetone, etc., buffered with phosphate or acetate, at room temperature, 
two equivalents of reagent being required. Usually the purple colour of 
the radical, 1, disappears almost imilicdiatcly and the quinone may 
precipitate in a short time. The nxchanism originally proposed by 
TeuberG is shown in Scheme 1. That the oxygen atom introduced is derived 
from the reagent was later confirmed7 using 18G-labelled Fremy’s salt 
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0 ?H ? 

H 

SCHEME 1 

and it was possible to isolate8 the intermediate dicnones in certain cases. 
Tfins 3a was obtained from 2 and converted into 3b with acid. Scheme 1 
can also be written for o-quinone formation and the large steric require- 
ments of the intermediate dienone (see 323) may account for the occasioiial 
low yield, or failure. However, electronic factors are also important and 
electron-withdrawing substituents can inhibit the reaction completelyc. zrzl .  

(Similar, but inferior, oxidations to p-quinones can be effected in organic 
solvents using organic nitroxides24, chroniyl chloridd3 and perchlory1 
flu o r idea.) 

Normally a phenol with a free para position gives exclusively a p-quinonc 
but if the para position is blocked an o-quinone results. Exceptionally, a 
p-chIoro substituent9 or a t-butyl groupz0 may be eliminated diiring 
quinone formation [e.g. 4+5 (87 z), 6->7 (65 %)I. Certain a-naphthols 
give a mixture of a- and y-quinones (5-hydroxy-I ,2- and I ,4-naphtho- 
quinone from 1,5-dihydro~ynaphthalene)~~ which may be ascribed to 
steric restriction of p-dienone formation by the pri-substituent. 3-Phenyl- 
and 2,3-diphenpl-7-hydroxy-benzofurans, -benzothiophenes and -in doles 
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MeQMe CI M e e M e  t-Eh,@Me OH O f J k  0 

I I  
OH 0 t-Bu f-BU 
(4) (5) (6) (7) 

give mixtures of o- and p-quinones whereas the 2-phcnyl analogues yield 
only p -q~ inones~~ l -?~ .  For 8 gives 9 (31 %) but 10 yields both 
11 (35%) and 12 (41 %). This was attributed to the hindrance offered by 
the 3-phenyl group to the formation of the dienone 13, the alternative 
intermediate 14 being favoured, but in view of the relatively low yield of 
9 the explanation is unconvincing. 7-Hydroxy- l-methyl-2,3-diphenylindole 
forms an o-quinone as sole product21 and, surprisingly, so does 15". 

-4 

0 QrJPh 

0 HO 0 

Teuber oxidized a large nuniber of simple phenols6. and naphthoWO 
to the corresponding o- and p-quinones, usually in > 70 % yield, sometinics 
almost quantitative. Numerous heterocyclic examples (e.g. 16 -+ 17)12 can 

F J M e  HO cJol5l 0 Me 

(1 6) (17) 

be found in recent  review^''>^^. More complex phenols, such as 1815, 
1915 and 2014 can also be selectively oxidized and in general, with the 
exceptions noted, substituents and side-chains are not attacked by Fremy's 
salt under the usaal conditions. This virtue is further exemplified in the 
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48% - 
CHCH,Ph C H CH, Ph 

0 

& 
(1 8) 
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CHCH, CH=CH, 6 O H  CHCH,CH=CH, I 

34%> 

(20) 0 

dehydrogenation of the enedione 21 to the quinone 22; this could onIy be 
effected, with retention of the en01 ether function, using the Teuber 
reagen t16. 

M e 0  0 Me0 0 

Me0 
0 0 

As mentioned previously, the Teuber oxidation is usually effected 
under neutral conditions or in the presence of phosphate or acetate buffer. 
These conditions are prescribed by the limited pH range within which 
solutions of Fremy’s salt are stable and by the instability of many quinones 
in alkaline solution. Also o-quinones tend to be unstable under acid 
conditions and if prepared by Teuber oxidation < pH 7 further reaction 
may ensue. Thus the phenolic indole 23 gives the o-quinone 24 ( 8 5 % )  
under the usual conditions but in acid solution the dimer 25 is slowly 
formed1’. In the quinoline series further reaction of an o-quinone with the 
starting phenol is not unusual. Oxidation of the phenol 26 in  neutral 
solution gave the quinolinoxyquinone 27 (60 %) by nuclcophilic displace- 
ment of chlorine from the q~inoline-5~6-quinone initially formedls; in 
this case the normal product, 28, could only be obtained when the 
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omco' Me 

C0,Et 

Me 
H 

H 
(25) 

oxidation was effected at  pH4.5-4.7. On the other hand, the phenol 29 
forms the dimer 30 (40%) when oxidized under acid conditionsls while 
the isomer 31 results when the oxidation is effected in a neutral mediumlg, 
an interesting example of the behaviour of a phenol as an ambident 
nucleophile. 

2. Other reagents 
The oxidation of phenols is a complex subjectz5, an important factor 

controlling the relative ease of oxidation being the redox potentialg5*'07* 1%. 

Oxidants can be divided into 1-electron and 2-electron types, the former 
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generating aryloxy radicals which couple together (or with the Teuber 
reagent) leading, sonietimes, to quinone formation (see below), while the 
latter produce cations 32 (with the charge localizd predominantly in the 
ring) from which quinones arise by solvolysis and further oxidation 
(Scheme 2). However, 1-electron oxidants can also generate cations, in 
two steps, and both ferric chloride40 and the hexachloroiridate anion4I, 
for example, will oxidize 2,6-dimethylphenol to 2,6-dimetliylquinone, 
although the yields are low. Ionic oxidations are usually effected in acid 
solution or with reagents of high potential but as none of the available 
reagents have the scope of Fremy’s salt they are considered here 
collectively. 

R 6 .  R&R R,+R R&R 

\ 
- - I I -  

/ / 

(32) H +  

SCHEME 2 

Formerly chromic acid was widely used for the oxidation of phenols 
but in the absence of ap-substituent (e.g. Hal, HO, NH,) yields are usually 
poor. In the long list of phenols tabulated in Cason’s reviewZ6 the only 
successful oxidations of this type are those of highly alkylated derivatives 
such as 34 which gave 35 in 50% yield on treatment with dichromate and 
sulphuric acidz7 ; however, under the same conditions, no quinone could 

0 I;&Me ;J?-$Me 0 & 
CI + 

(33) (34) (35) (36) (37) 

be obtained from the isomer 36. 9-Anthrznols (= 9-anthrones) (37) 
might be regarded as highly substituted phenols and thesc can also be 



The presence of halogcn pwu to thc phenolic group is usually an 
advantagc yiclds are impro\eJ. Pi-csumablq thc halogcn atom increases 
the stability of the intermediate cation (see 33), but is itsclf eliminated. 
Thus 41 affords 42 i n  69% yield \\it11 chromium trioxidc i n  acetic acid29 
and the same reagent convertcd 43 into 44 (S2'7330. 

The oxidation of monohydric phenols with nitric acid is of little value 
unless they are highly substituted whcti rcaction proceeds with elimination 
(mainly) of an orflio group. T ~ U S  the useful tetrachloro-o-benzoquinone 
can be prepared from pentacl~lorophet~o1, 45, by trcatmcnt with fiiining 
nitric acid to form a nitro-ketone, 46, which rearrcmges to 47 arid eliminates 
nitrosyl chloride3'. Halogenatcd o-naphthoquinones call be prepared32 
similarly and the labclled quinone 49 was obtained (40%) i n  the same way 
from 4S3". 

Numerous other methods have becn cmployed for the oxidation of 
monohydric phenols to quinoncs but mostly they have beell applied only 
to very simple compounds and their synthetic value is gcncrally low. 
Anodic oxidation may bc an exception. There has becn sporadic interestl35 
in this method for many years but wit11 limitcd SLICCCSS. However, it has 
been reported recently"' that 2,6-dimethylphe1~01 call be converted 
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Y I 
I f 4- 

q uan t i ta t ivcl y i i i  to 2,G-d i met h y lq LI i none by anodic oxidation in N- 
sulphuric acid (PbO, anode) or in  aqueous acctonitrile (Pt anode). The 
reaction is considered to proceed via the aroxyl radical to the cation 
(32; R = Mc) and then solvolysis, and is potentially a useful quinone 
synthesis. The same phcnol was also used as a substrate in a comparative 
studydo of transition metal oxidants but only with titaniuni(1ir) chloridc- 
hydrogen peroxide did the yield of 2,6-dinicthylbenzoq~ii1ione exceed 
50%. A number of polyalkylphcnols have becn oxidizcd to p-quinones 
using peracctic”; or tl-iRuoroperacctic”” acid in fairly good yields. The 
reaction proceeds by electrophilic liydroxylation to form a quinol which 
is furthcr oxidized. Qiiinones niay also arise, along with othcr products, 
when phenols are treated with periodate3’ or lead tetraacctatc3s. A much 
iiiore promising reage 11 t is t h all i n i  ( I I I) t r i flu o roacc t ate”!’ which has been 
used to oxidize a series of 11-halogeno- and p-~-butylplicnols in  high yields. 
p-Quinones are invariably formed, the substituent being eliminated. The 
reaction is illustrated for a p-bromopheiiol (Scheme 3). Extension to a 
wider variety of phenols would be wclcomc. 

3. Formation of extended quinones 

In addition to thc convcntional quinones discusscd above extended 
quinones can also be formcd from phenols by a process involving oxidation, 
coupling and furthcr oxidation. Using I -electron oxidants, the normal 
course of events is shown below (Scheme 4), high yields of 4,4’-diplieno- 
quinones (52)” bcing obtained with ~,6-disubstitutcd phenols. It is 

* A mixture  of geomctrical isoincrs is produced whcn R # R’ IY, 
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Rgl R 

0 
(52) 

R' = H 
__j 

t 

0 

OH 

R*R1 

R 
OH 

0 

t, RoR1 
H 

SCHEME 4 

interesting that a stable tautomer of type 51 (R = t-Bu) could be obtained 
by oxidation of 2,6-di-t-butylphenol with alkaline ferricyanidejO. Numerous 
reagents can effect this oxidation in some degree but in practice the best 
results (usually > 75%) have been obtained with ferric chIorided5, alkaline 
ferricyanide'lG, silver oxided7 and lead dioxide". Stable aroxyl radicals49 
have also been used to good effect, and isopentyl nitritea3, transition metal 
complexes5' and oxygen i n  alknlinc solution'0 are other altcrnatives. Silver 
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carbonate/Celite appears to be an excellent reagent but only three examples 
of its use have been rep~rted'~.  Substituents para to the phenolic group 
may be eliminated in the course of diphenoquinone formation; oxidation 
of 50 (R = R1 = t-Bu, R2 = NOz5', CH053, C0,H53 and 
PhCHOH ") gives high yields of 52 (R = R1 = t-Bu) in all cases. Synthesis 
of diphenoyuinones by this method invariably gives symmetrical com- 
pounds (or geometrical isomers) but if 2,3-dichloro-5,6-dicyanobenzo- 
quinone (DDQ) is used as oxidant the reaction may take the form 
shown55 in Scheme 5. I n  this way the quinone 53, for example, was obtained, 

H O D  + 0 0 - 1 -  - <-+OH c/ 
Me0 Me0 

Me0 Me0 Me 

Me 

0 

Me0 Me Me0 Me 

SCHEME 5 
(53) 

together with the two symmetrical analogues, by oxidizing a mixture of 
2,6-dimethoxy- and 2,6-dimethyIphen01~~. An interesting intramolecular 
oxidation is the conversion of 54 to 55 with ferric chloride but the reaction 
may proceed by way of the o-quinone 565G. 

HO 

HO 
OH 

Ho$ HO 

0 

Ho& 

0 d 0 

(54) (55) (56) 

In principle it should be possible to prepare o-diphenoquinones, 58, 
by ortho coupling of suitable phenols. In fact this has only been achieved 
once5' in the oxidation of 3,4-dimethoxyphenol with alkaline ferricyanide, 
under nitrogen, to give 58 (R  = R1 = OMe; R2 = H) although the 
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quinone 58 (R = t-Bu; R1 = H; R2 = Me) is a transient intermediate 
when the phenol 59 reacts in alkaline solution to form a t r i ~ n e r ~ ~ .  Other- 
wise these reactive blue quinones have only been obtaineds9 by ferri- 
cyanide Oxidation of 2,2'-dihydroxybiphenyls (57) which should be fairly 
heavily substituted (in any  case at  5,5') to ensure adequate stability for 
58. 

On the other hand 2,2'-binaphtho(61)- and 2,2'-bianthra(62)-1,1'- 
quinones zre easily obtained by oxidation of 1-naphthols and 1-anthranols 
provided that position 4 is blocked. Ferric chloride6o or alkaline ferri- 
cyanidefi1 are the usual oxidants but a stable aroxyl radicalG2, autoxidation 
in alkaline solutionG1 and a copper-collidine (or pyridine) complex in the 
presence of oxygenG3 have also been employed. Thus 2-substituted-I- 
naphthols give red to violet quinones (60) while 4-substituted-1-naphthols 
give the blue isomers (61). 4-Methoxy-1-anthranol gives 62 (75%) simply 
by exposure to air in methanolic solutionc'. 

Hindered aroxyl radicals of the type 63, i.e. having a p-a!kyl substituent 
with an a-hydrogen atom, tend to disproportionate into a quinone- 
methide (64) and the original phenol. Dimerization of 64 then leads to the 
formation of a stilbenequinone (65)6G (Scheme 6). The reaction is restricted 
mainly to the formation of symmetrical stilbencquinones from 2,G-dialkyf- 
4-methylphenols (and related naphthols), the usual oxidants being 
alkaline ferricyanideG7, silver oxideG8 or lead dioxide". Freniy's sa1t7O and 
a stable aroxyl radical'l have also been used but even with excess oxidant 
yields seldom exceed 509:',. However, in three cascs silvcr carbonate/Celi te 
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6 0 OH 

CHRR' CHRR' 
(63) 

c H, 

CH2 
2 1  __j 

l a 0 

+ 

~ H R R '  

CH 
I 

JJ 
0 

SCHEME 6 

gave yields of > 90Xi3. Silver oxide oxidation of 2,4-dimethyl-l-naphthol 
affords 66 Gs and by extension to p-liydroxystyrenes the more extended 
quinone 68 has been abtained'? from 67 by treatment with excess alkaline 
ferricyanidc or tri-i-butylphcnoxyl. 

"opcH=cHcN 
(67) 

(66) 0 Me op CH-C=C- 7NiN CH q o  
(68) 

%Me 

B. Catechols 

The oxidation of catechols is a n  excellent method for the synthesis of 
o-quinones"'. However, many o-quinones, especially o-benzoquinones, 
are sensitive to both clectrophilic and niicleophilic attack and for such 
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compounds mild conditions are essential. Reaction mixtures should be 
worked up without delay to avoid dinierization81. (Quinones of many 
types are potentially photolabile and it is good practice to prepare and 
store new quinones in the dark, until their stability has been established.) 
The classical mcthodZG-shaking with freshly prepared silver oxide in 
dry ether or benzene, in the presence of anhydrous sodium sulphate- 
works well, a recent improv~nient'~ being the use of silver carbonate/ 
Celite. The absexe  of water is not essential, as formerly thought, for 
o-benzoquinone has recently been prepared (86% yield)79 by shaking a 
chloroform solution of catechol with ceric sulphate in aqueous sulphuric 
acid. In chloroform solution the quinone is stable at pH 3 or lower, but 
begins to decompose at  pH 4. Another excellent for the synthesis 
of o-quinones employs tetrachloro- or tetrabromo-o-benzoquinone 
(prepared by treatment of the tetrahalogenocatechols with nitric acid) as 
dehydrogenating agents, limited only by the redox potential of the catechol 
which must bc lower than that of oxidant to permit the reaction (below) to 

+&OH+ X OH 

X R X R 

proceed. (An extensive list of redox potentials is a~ailable'~.) o-Quinones 
prepared in this way include 6976, 7077 and 7IT4 but the method failed 

k0,Et 
(69) 84% 

0 

O W  \ / 

0 0  Holyy 
0 

(72) 
(73) 

with alizarin and related compounds. High potential quinones of this 
type (72) are usually made of oxidizing alizarin, etc., with lead tetra- 
~e ta te '~ .  Other reagents used in o-quinone synthesis include DDQ6Z, 
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iodate (e.g 73 from I ,2,7,8-tetrahydroxynaphthaleneao), and periodate 
but the latter is mainly of interest for the oxidation of catechol mono- 
methyl ethers (see section 1I.D). 

c. Quinols 

The oxidation of quinols is the easiest method of all for the preparation 
of p-quinones when the appropriate quinol is available. It requires the 
removal of two electrons and two protons from the quinol and the choice 
of reagent is thcrefore governed by redox potentials. In  practice quinols 
are conimonly oxidized with chromic acid, ferric ion or silver oxide which 
have long been used for this but many other oxidants are 
available120. Thus although the triquinone (74)92 can be obtained from the 
triquinol in high yield using dichromatc and sulphuric acid if the tempera- 
ture is controlled, many qiiinones would not survive these conditions, and 
for very sensitive compounds (e.g. 75; R = OMe, CN, Ac, C0,Et) the 
use of silver oxides”a8G or silver carbon at^'^*^' is the method of choice. 
In many quinone syntheses where oxidation of a quinol is the final step, 
it is convenient to effect this with silver oxide without purification of the 

(74) (75) 0 6 )  

quinol. Quinones theniselvcs can be used as mild oxidants, and in fact 
this occurs spontaneously in many I ,4-addition reactions of the form 

Q+HX ___f HQX ____ QX 

where the substituted quinone (QX) is derived from the intermediate 
quinol (HQX) which is oxidized by the original quinone (Q), redox 
potentials permitting. An interesting example is the formation of 76 in 
quantitative yieldss by oxidation of the biquinol with benzoquinone; there 
is no attack on sulphur. For quinoncs of higher potential, chloranil or 
DDQ are suitable oxidizing agents, or lead tetraacetate. The latter was 
used for the oxidation of 4,4’-diliydroxybiplienyl to d iphenoq~inone~~ 
and in the preparation of 77 from the corresponding qitinizarin92, while 
78 (R = HO) was preparedSo by osidizing 1,2,5,6-tetrahydroxynaphth3Iene 
with tetrachloro-o-benzoquinone. The parent am?~hi-naphthoquinone 
(78; R = H) was obtained by oxidizing 2,6-dihydroxynaphthalene with 
active lead dioside, prepared by treating lead tetraacetate with waterlOO. 
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For more robust quinones mixed nitrogen  oxide^^^^^^ provide a convenient 
reagent and even nitric acid in ether may be used at low tcrnperatures to 
give quinones in  sood yieldRG. 

D. Catechol and Quinol Ethers 

Although 0- and p-quinones are often prepared by oxidation of catechols 
and quinols which have been obtained by demethylation of their ethers, 
this is not always nccessary and quinoncs can often be obtained by direct 
oxidation of thc cthers Ihcmsclves. These reactions, in which demethylation 
may be acconipanicd by thc introduction of oxygen, apply chiefly to 
quinol ethers, but there is a usefid nictliod for converting catechol mono- 
ethers into o-quinones which utilizes sodiiim period at^?^ in  water or 
aqueous acetic acid. The reaction is regarded as a nucleophilic attack by 
water on a periodate ester (Scheme 7) to give a henii-kctal, and thus a 

HO 

0 - 10,- OH Lc OH 

J 

SCI1EhlE 7 

quinone. When guaiacol was oxidized in H2l80 the quinonc was labelled 
but not the metl~anol". When catechol was oxidized in the same way, 
however, the quinone \\'as not labelled as the water removes the phenolic 
proton from the intermediate ester icstead of attacking 011 carbon. 
Quinol and its ntono-ethers bchave in the same fashion but the reaction 
is mainly of interest for a-quinone synthcsis. However, dimcric products 
nlay also arises1"-". Nitrous acid will also convert giiaiacols into o-quinones 
if the positions o//? to the h ~ ~ d r o s ) ~ l  carry bulky substitucnts, and pquinones 
can be obtained similarly from 2.6-di-~-b~itylqui1~ol mono-cthers'0j. 
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Oxidative demetliylation of quinol dimethyl ethers can be effected in 
high yield using argentic oxide i n  cold aqueous dioxaii acidified with 
nitric acid1”. Olefinic and aldehyde side-chains survive intact allowing the 
preparation of quinones such as 79. o-Quinones can be obtained i n  
inoderate yield from catechol dimethyl (or inethylene) ethers, provided 
there are substituents at positions 4 and 5. Studies in 180-enriched water 
established that the oxidation involves aryl-oxygen bond cleavage; a 
possibie mechanism is shown in Scheme 8. Formerly oxidative demethyl- 
ation of quinol dimethyl cthers was usually effecteb with nitric acid 
< 30°, or occasionally with chromic acid (other reagents are listed in 

OMe HO OMe HO OMe 

0 Me0 OH 
A$+ 

SCHEME 8 

reference 95). The method is most succcssful with highly substituted ethers 
and high yields can be obtained. For example gogi was prepared in 
ca. 90% yield from the corresponding quinoi dimethyl ether by treatment 
with nitric acid, and 81 was formed in 96% yieldbby oxidation of hexa- 
methoxybiphenylene”. 

Me0 Me0  

M e 0  

(81 1 

Quinol dimethyl ethers of type 52 (R = Hal, Me, Ph, OMe, AcNH, 
etc.) can be oxidized to diineric compounds 84 or 85 using chromic acid’”’ 
or cerium(1v) ~ u l p h a t e ~ ~ ~  in sulphuric acid, sometimes in good yield. The 
reactions presumably proceed by initial oxidatilre demcthylation to give 
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83, followed by acid-catalysed arylatioii and oxidation to form 84, 
further ox id at i vc de me t h y I a t i on leadi iig to the bi q LI i 11 one 85. A 1 tern at i vel y 
85 may arise by acid-catalyseci dimerization of 83. 

OMe OMe 

RQ OMe 0 -R% OMe I I  R 
(82) (83) 0 

Polymethoxybenzenes undergo oxidative coupling reactions fairly 
easilyg5 and the products may undergo further oxidative dcmethylation. 
A good example is the formation of 86 in 76% yield by oxidizing 3,3‘,4,4’- 
tetramethoxybiphenyl with chloranil in aqueous sulphuric acidIo4. 

Me0 
(86) 

Photochemical oxidation of quinol dimethyl ethers is another way of 
obtaining quinones of the naphthalene and higher series, as the following 
example illustrates”o. 

Ph OMe Ph OMe Ph 0 

QQ 23 @) @ 
Ph Ohne Ph OMe Ph 0 
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Phenol ethers can also be oxidized to quiiiones, with or without 
demethylation, one or both quinone oxygen atoms being introduced by 
the reagent9*:. While such oxidations can be useful for structure deter- 
minations they are not usually of much synthetic value, with certain 
exceptions, notably the formation of 2,6-dialkoxybenzoquinones by 
oxidation of pyrogallol ethers with nitric acid. 2,6-Dimethoxybenzoquinone 
can be obtained in yields up to 80% by treating 1,2,3-trimethoxybenzene 
in ethanol with nitric acidlO1. Another favourable case is the conversion 
of 87 into 88, in 90:( yield, with fuming nitric acid in sulphuric acid; 
isomeric 6-methoxyphenanthrolines can be oxidized in the same wayio6. 

OMe 0 

E. Aromatic Amines and Aminophenols 

In general, simple amines are not oxidized to quinones as efficiently as 
phenols and until the advent of the Teuber reagent the yields obtained 
from aniines lacking a p-substituent were usually poor. Nevertheless a 
commercial process for the manufacture of benzoquinone is based on the 
oxidation of aniline with manganese dioxide in sulphuric acidlo*. Very 
little is known about the mechanism of this process. Studies with other 
syster,is (anodic oxidation1”, hydrogen peroxide/peroxidase*?2) suggest 
initial oxidation to a radical-cation which dinierizes. Repetition of this 
process gives a polymer which at the quinone-imine oxidation level would 
undergo acid-catalysed hydrolysis to benzoquinone and p-phenylene- 
diamine, and the latter would in turn be converted into quinone by further 
oxidation and hydrolysis (Scheme 9). Variations of this scheme have been 
suggested but the relevance of these ideas to the oxidation of aniline with 
manganese dioxide or dichromate in sulphuric acid is unknown. It is not 
difficult to write alternative mechanisms involving 2-electron oxidations 
but experimental data are lacking. 

Aniiines react with two equivalents of Fremy’s salt (presumably as in 
Scheme 10) to give p-benzoquinones109 although the reaction is not so 
generally useful as the corresponding oxidation of phenols. Yields are 
frequently excellent but other reactions may occur and the substituents 
present have an important influence. Significantly, oxidation of 5-amino-l- 
naphthol gives a high yield of 5-amino-l,4-naphthoqui1ione~~~. Surprisingly, 
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-I-. 

H 

3,5-disubstituted anilines give virtually no quiiione at all. This may bc 
attributable, in part, to steric resistance to the for niation of the inter- 
mediate 89 and to side-reactions occurring ortlio to the amino group. 
Oxidation of the amino to a nitroso group has also been obscrved'09*110. 
A quinone-irnine (the 2,6-dimethyl homologue of 90) was obtained"O 
along with the quinone in the oxidation of 2,6-3iiiietliylani1iney but 
o-quinones are not formed. Instead, where there is a blocking group in the 
p-position, the intermediate o-quinone-imine may undergo 1,4-addition 
with the original amine and the product, after oxidation, is a quinone- 
aniPO9-ll1. Thus p-toluidiiiz 91 gives the anil 92 i n  950/, yieldllO. Very 
simple amines with a j k  puru position may behave in the sanie wayllO. 



3. Syntliesis 

Me aNH2 Me bH 
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0 0""' 
Me N G M e  

(92) 

Using the older reagents2G, dichromate and sulphuric acid, or manganese 
dioxide, the oxidation proceeds more easily with p-substituted amines, the 
substituent (OMe, Hal, SO,H, NO, and even Me) being eliminated. 
y-Diarnines119 and [I-aminophenols are best, the intermediate mono- and 
di-imines being rapidly hydrolysed to quinones under aqueous acid 
conditions. The usual oxidants are chromic acid or ferric chloride. 
Occasionally the latter results in chlorination of the quinone-112 but this 
can be avoided by using fcrric sulphate. For large-scale quinone prepara- 
tions the best general procedure is to convert a phenol into its 0- or 
p-amino derivative, most conveniently by  coupling with diazotized 
sulphanilic acid and rcduction of the azophenol with dithionite, followed 
by oxidation with chromic acid or ferric salts. Excellent procedures for 
both 0- and y-quinones are a~ailable"~".  This is also the method of 
second choice on occasions when the Teuber oxidation fails. For example, 
the 2,2-cyclophanequinone (94) could not be obtained from the phenol 
(93; R = H) using Freniy's salt (attributed to steric strain) but it was 
prepared without difficulty from the aminophenol (93; R = NH,)114. 
p-Aminophenols can obviously be made in other ways and two which 

+++OH +:+ &OR NHAc 

(93) (94) (95) 

* o-A1ninophcnols, as distinct from o-aminonaphthols, may give phenoxa- 
zones on oxidation. 
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have been used involve nitrosation of a phenol2G and electrolytic reduction 
of a nitro compound to a hydroxylarnine followed by rearrangement"". 
Since n i t ros op h en ol s are t a ii t ome ri c with q 11 i n one oxi nies the i r h y d I- 01 y s i s 
constitutes another, albeit unimportant, method of quinone synthesiszG? l l 7 .  

Nitric acid is not often used to oxidize aminophenols but gives excellent 
results with N-acetyl derivatives; thus bGth 95 (R = Me and Ph) give the 
corresponding acyl-l,4-quinones in ca. 90x 

F. Aromatic Hydrocarbons 

Hydrocarbons provide a relatively unfavourable substrate for oxidation 
up to the quinone level and the method is limited in practice to a relatively 
few hydrocarbons which are readily available and form stable quinones. 
Generally yiclds are not high. Both chemical and electrochemical methods 
can be used and since the first step is thc formation of a cation or radical- 
cation, the oxidation proceeds most casily in condensed polycyclic 
systenis which pcrmit extcnsive delocalization. The oxidation of anthracene 
to 9,IO-anthraquinone is the most important example; manufacturing 
processes use nitric or chronic acids, a good laboratory process employs 
sodium chloratelzO and many othcr oxidants have been utilized, besidcs 
anodic oxidatioii13-5. Alkyl derivatives can be oxidized siniilarly and 
likewise plienanthrene12.5 and higher polycyclics. Periodic acid1zG in  DM F 
has been used successfully to osidize naphthacene, pentacene and 
benz[a]anthracene to the expected quinoncs in - 80% yield but there was 
little or no reaction with perylene and chrysene, and p y r e n ~ l ~ ~  gave 
1,l'-bipyrenyl in > 70% yield. Thc same reagent1zG converts naphthalene 
into 1,4-naphthaquinone in 70-760/, wlicreas the conventional reagent, 
chromium trioxide in acetic acid, gives only a 32-35"/, yield1". Nevertheless 
the older process is a convenient way of making alkylatcd 1,4-naplitlio- 
quinones and yields can be iniprovcd by using a two-phase system of 
carbon tetrachloride and aqiieous sodium diclironiate/suIpliuric acid129. 
l4 C-la be1 led 2- niethyl- I ,4-n a ph t 11 oq u i none was o b t ai ned i n this way from 
the hydrocarbon in 50% yield'30. Thcrc is no really useful laboratory 
process for converting benzene into benzoquinone; anodic ~xidation'~' 
has been used, and with argcntic oside!'G in 6h1 perchloric acid the yield 
is 34%. Other simple benzenoid compounds have also bceri oxidized to 
quinoncs elcctrolyticnlly but in low It is now well established'"" 
that electrolytic oxidation of aromatic hydrocarbons proceeds by a series 
of l-electron transfer processes with intermediate solvolyscs (see Scheme 
11) but there are no comparable data on chemical oxidations with nitric 
and chromic acids. Indeed it is not known whether the oxygen introduced 
derives from water, froin tlic reagent, or from both. Scheme 12 is 
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speculative*33. On the other hand, peracid oxidations, e.g. conversion of 
durene into duroquinone using peracetic acid*3d, presumably proceed by 
two electrophilic hydroxylations and final oxidation of the quinol. 
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cycles as in the following cxample1". 
Analogous oxidations can also be effected with appropriate hetero- 

H cQoo 0 

G. Miscellaneous Oxidations 

Quinones can be prepared by other oxidative methods which may be 
useful in special cases. 

1. Naphthazarin (5,8-dihydroxy-I ,4-naphthoquino1~e) derivatives (98) 
can be obtained136 in good yields froin Diels-Alder adducts (96) by 
aromatization with acetic anhydride to 97, followed by oxidation with 
chromium trioxidc in acetic acid at 0". However, on scaling up, by- 
products were obtained and the yield of naphthazarin was poor1". 

2. Both a- and P-tetralones can be converted rapidly into 2-hydroxy- 
1,4-naphtlioq~iino1~es by autoxidation in t-butanol i n  
potassium t -bu t~x ide~~ '  and 99 can be converted into 

the presence of 
100 in the same 

way211. Two moles of oxygen are absorbed. The reaction proceeds by way 
of the a - d i k e t ~ n e ' ~ ~  which enolizes, and the dianion is then oxidized to the 
seniiquinone which captures a inolecule of oxygen to forin a hydro- 
peroxide, and hence the hydroxyquinone anion (Scheme 13). 1,2- and 
1,3-Diliydroxynaplithalencs also autoxidize to 2-hydrosy-174-naphtho- 
quinones under the same conditions. Yields (from tetralones) are moderate 
but usually better than those ok:tained by the older in which 
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an a-tetralone is condensed with p-nitrosodimethylaniline to  give a 
dianil which is liydrolyscd with acid, as shown below. 

3-Methyltetralone-1 has been oxidized to 3-niethyl-172-naphthoquinone 
and 2- h y d roxy-3-methyl- 1,4-n ap h t hoq LI i none w i t h selen i ti ni d i oxi de1'lo. 
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111. CYCLIZATION METHODS 

A. o-Benzoylbenzoic Acids 

This is a general procedure of technical importance for the manufacture 
of anthraquinones and is a widely used laboratory method for the 
preparation of these and higher polycyclic quinones'". The starting 
acids 101 are easily prepared from phthalic anhydrides by Friedel-Crafts 
condensations and the subsequent cyclization to 102, an intramolecular 

R R 

Friedel-Crafts reaction1"', is normally carried out by heating in sulphuric 
acid or, occasionally, polyphosphoric acid'"'. Cyclization of the acid 
chloride is also possible but seldom used. The cyclization ortho to a 
carbonyl group often proceeds with surprising e f i c i en~y '~~ .  Obviously the 
substitution pattern has an  important influence and whereas in certain 
favourable cases isolation of the benzoylbenzoic acid niay not be necessary, 
other cyclizations fail completely. Additional deactivating groups inhibit 
the reaction and to convert 103 into 104 the di-acid was heated with 

sulphuric acid in boiling benzoyl ch1oridcF. Cyclization is also difficult 
or impossible when two o/p-directing groups are located mefa to the site 
of cyclization, especially if a phenolic group is present, when sulphonation 
niay become the main reaction. Thus cyclization of 105 (R = H) gave 
very poor yields of quinone but the dificulty was surmounted by intro- 
ducing bromine (subsequently removed by reduction with hydriodic acid), 
followed by cyclization of 105 (R = Br) in oleum containing boric acid143 
to give 106. A better solution to this problem is to reduce the benzoyl- 
benzoic acid to a benzylbenzoic acid (108) followed by easy cyclization to 
an anthrone (109) and easy oxidation to the quinone. The reduction can 
be carried out under either or alkaline98 conditions. An 
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alternative is to start with an arylphthalide (107)*4G; these can be prepared 
by condensing o-phthalaldehydic acids with appropriate benzenoid 
compounds but this approach is restricted by the difficulty in preparing 
these acids. 

R R 

R 

WR1 0 

(109) 

Unsynimctrical o-benzoylbcnzoic acids may undergo Hayashi rearrange- 
ments1''8. This involves the reversible conversion of, for example, a 
3-substituted-2-aroylberlzoic acid into a 6-substituted isomer, and thc 
consequent formation of an anthraquinone which is an isomer of the 
normal product. The formation of a mixture of 1,5- and 1,8-dimethyl- 
antliraquinones from 110 is shown in Schenic l4l'l9. Thc key intermediate 
is the spiro-cation 112 which can ring-open i n  two ways. In general the 
ratio of the final products depends upon the relative stabilities of cations 
such as 111 and 113. the steric effects of o-substituents being important. 
The Hayashi rearrangement does not occur frcqLieritly but should be kept 
i n mind when planning an thraq uinone syntheses. 

The benzoylbenzoic acid method is not confined to the preparation of 
simple anthraquinones as the following shows. In principle it 
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should be possible to apply this procedure to the synthesis of extended 
quinones, but practice has not proceeded far. The only example appears 
to be the preparation of 3,4-benzopyrene-l,5-quinone (115) by condensing 
the lactonic acid 114 with naphthalene i n  anhydrous hydrofluoric acid'", 
this is a multiple Friedel-Crafts reaction in which tliree new carbon- 
carbon bonds are formed in one operation. The same quinone was also 
obtained by a more conventional process*55 i n  which the keto-ester 116 
was converted into the di-acid 117 by a Stobbe condensation with r-butyl 
acetate ilnd then cyclized. 
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The o-benzoylbenzoic acid method for the synthesis of anthraquinones 
requires strong acid conditions and has other drawbacks already 
mentioned. An alternative procedure1s6 allows cyclization to  form an 
anthranol to be carried out under basic conditions, the synthesis being 
completed by oxidation. The required intermediate is an o-benzoyl- 
phenylacetonitrile carrying a methoxy group adjacent to the carbonyl 
function 118 (presumably other leaving groups could serve). Thus treat- 
ment of 118 in hot dimethyl sulphoxide with sodium methoxide under 
nitrogen gave the anthranol 119 in 95% yield, and this was quantitatively 
oxidized to the quinone 120 with alkaline hydrogen peroxide (Scheme 15). 
This new method has not been used extensively, as yet, but excellent 
yields have been obtained in all and it need not be limited to 
the synthesis of anthraquinones. If suitably substituted, starting materials 
can be obtained easily by condensing an o-methoxybenzoic acid with a 
phenylacetonitrile in the presence of trifluoroacetic anhydride, e.g. 123 
from I21 and l X P .  

CN 
M e O q C H 2 C N  MeOQ M e o m  I OMe 

OMe OMe Me0 0 OMe 
H02C 

C. Scholl Reactions 

These reactions, which have been reviewed"* l i8, are mainly of use for 
the synthesis of higher polycyclic quinones, including vat dyes"'. A simple 

is the formation of phenanthrene-9,l O-quinone (25%) from 
benzil by heating with aluniiniuni chloride, the yield improving if suitably 
located methoxyl groups are introduced (124 --> 125, 8673179. The reaction 
is usually regarded as a n  electrophilic substitution followed by oxidation*. 

* There is evidencel76 that radical-cations are present in Scholl reactions 
and they mny procecd, i n  part, by radical coupling or by radical substitution. 
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In the above case, ring A of 124 reacts, after protonation, with ring B to 
give 126 (the presence of hydrogen chloride or other protic acid is 

necessary), hydride ion being subsequently removed by any  available 
hydrogen acceptor. In this connexion hot nitrobenzene is a convenient 
solvent, although reactions can be carried out simply by baking with 
anhydrous aluminium chloride or heating in an aluminium chloride- 
sodium chloride melt. Other Friedel-Crafts catalysts are seldom used. 
Oxygenation is an advantage; in  the conversion of the diketone 127 into 
pyranthrone 128 by heating in aluminium chloride-sodium chloride, the 

yield i b  increased from 25 to 80% by passing in oxygen*7G* lSo, and whereas 
1,5-dibenzoyInaphthalene (129) does not cyclize under normal conditions181 
(i.e. p -  to a carbonyl group) the quinone 130 is successfully formed if the 
mixtiire is oxygenated177. Manganese dioxide and other oxidants are 
occasionally added to the melt. 

Large polycyclic qiiinones can also be prepared froni diketones under 
basic conditiolls; both inter- and intramolecular C -C bond formation 
is possible, prodiicts being similar to those obtained froill Scholl 
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reactions177. Most examples involve benzanthrone derivatives, some of 
which are important comniercial dyes. Thus fusion of ~nesobcnzanthrone 
131 with potassium hydroxide and sodium acetate affords violanthrone 
132 which can be derived also from both 133 and 134 by alkali fusion. 
I t  is suggested that a carbanion (e.g. 135a)162cz or a carbene anion (135b)162b 

(135a) (135b) 

is formed by removal of a proton from a carbon atom o- or p -  (or 
equivalent) to a carbonyl group which then forms a ncw carbon-carbon 
bond by Michael addition, the reaction being completed by aerial oxidation. 
Obviously other reactions are possible and in the alkaline fusion of the 
benzoylbcnzanthrone 136, benzanthrone, 4-hydroxybenzanthrone, viol- 
anthrone and bcnzoic acid are formed, in addition to the qiiinonc 137, i n  
low yield163. 
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IV. CONDENSATION METHODS 

A. Quinols 

under this heading is the condensation of 
quinols with cyclic anhydrides to give naphthazarins, quinizarins and 
related higher polycyclic quinones. In the simplest case naphthazarin 
itself (140; R = H) is obtained by condensing quinol with maleic anhydride, 
the reaction being an extension of the benzoylbenzoic acid synthesis in 
which formation of the keto-acid is immediately followed by cyclization 
under vigorous conditions. As naphthazarins are tautomeric there is a 
choice of starting materials, and 140 (R = Me), for example, can be 
derived either from toluquinol(135; R = Me) and maleic anhydride or by  
condensing methylmaleic anhydride (141; R = Me) with quinoll”. If 
both 138 and 141 are unsymmetrical, mixtures result. By extension 
quinizarin 142 can be obtained from maleic anhydride and 1,4-naphtho- 
quinol and the naphthacenequinone (143) from phthalic anhydride and the 
diketone 144lGo. The latter can be prepared by condensing quinol with 

The principal 
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:pR 0 

(141) 
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succinic anhydride in the same way1G9. Alternatively 143 could be derived 
from naphthoquinol and 3,6-dihydroxyplithalic anhydride, or from 
leucoquiiiizar in  145 and rnaleic anhydride. Quinol ethers and esters may 
a.lso be used. 

The reaction is usually carried out i n  a melt of anhydrous aluminium 
chloride-sodium chloridelG0 and can be done rapidly on a small scalelG2. 
Yields seldom exceed 50% and may be very low. Alternatively the reaction 
has been done in hot tetrachloroethaiie194 and in aluminium chloride- 
f~rn iarn ide l~~,  and the addition of boric acid has been found advan- 
tageouslG3. When diketones such as 144 and 145 are used, air should be 
excluded as they tautoinerize to tetrahydroxy compounds which oxidize 
rapidly. 

I t  is possible to condense p-chlorophenols in the same way1M; 146a 
was obtainedlG5 in modest yield from maleic anhydride and 2-chloro-5- 
hydroxytoluene and 146b is the condensation product from maleic 

(146a) (146b) 

anhydride and 4-chloro-l-naphtho1'"", but this variation has not been 
extended. However, it is worth noting that quinizarin can be synthesized"j6 
by heating phthalic anhydride with p-chlorophenol in sulphuric acid-boric 
acid, and presumably cyclization to a chloroanthraquinone occurs before 
the chlorine is displaced. Curiously, when 1,2-dihydroxy-3,4-diniethoxy- 
benzene was condensed with chloroinaleic anhydride in aluniiniuin 
chloride-sodium chloride the productlG7 (after methylation with diazo- 
methane) was a mixture of the expected chlorodimethoxynaphthazarin 
147 with 148 and 149. 

M e o m  I M e O m  MeO&,: 
Me0 

HO 0 HO 0 HO 0 
Me0 

I I  
M e 0  

I I  

(1 47) (1 48) (149) 

Phenols lacking a p-substituent fail to undergo this condensation but 
1,s-dihydroxynaphthalene gave a small yield of the expected pentacene- 
diquinone with phthalic anhydride1"'% lo5. 
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A related reaction, of !imited value, is the condensation of 1,4-dikctones 
with 1,4-naphthoquinol in acetic acid-hydrochloric acid to form anthra- 
quinones*G8. An example is shown below. 

0 Me d.3- 0 Me 

OH Me 

B. Dialdehydes 

Another lY4-diketone condensation utilizes cyclohexane-1 ,Qdione as 
precursor to a quinone ring. Thus by reaction with two moles of 
phthalaldehyde in the presence of a base the pentacenequinone 150 is 
formed in good yield169. The reaction is probably general for aryl-o- 
dialdehydesliO. Condensation on a 1 : 1 basis does not seem to have been e w  \ / \ / \ \  / 

0 0 
(150) (151) 

explored although it might be an easy route to quinones like 151 (cyclo- 
hexanedione and napthalene-2,3-dialdehyde) by condensation and 
oxidation. However, leucoquinizarin 145 has been condensed with 
naphthalene-2,3-dialdehpde to give 5,16-dihydroxyhexacene-6,15-quinone 
in high yield'". 

A seldom-used reaction for the preparation of certain o-quinones 
utilizes an intramolecular benzoin condensation. Originally*i1 9,lO- 
phenanthrenequinone (154) was derived from biphenyL2,2'-diaIdehyde 
(152) under the usual conditions, warming in aqueous ethanol in the 
presence of cyanide ion, the initial benzoin 153 being oxidized by air to 
the final product. More recently, the reaction has been used to make the 
thiophene analogues 155 and 156, from the appropriate dialdehydes in 
50% and 72% yield, respectivelyli2. 

Another benzoin condensation, useful for its special purpose, is an 
unusual double reaction leading to the formation of 2,3-dihydroxy-l,4- 
quinones. For exampleli3, isonaphthazarin, 157, is obtained (60%) from 
phthalaldehyde and glyoxal. The reaction has been used for naphtho- 
quinonesli3, anthraquinonesli4, iiidazolequinoneslij and benztriazole- 
quinonesli5; yields are variable and seldom high. 
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V. MISCELLANEOUS METHODS 

Quinones have been obtained in numerous ways, many of which are of 
very limited preparative value and are not of general application. The 
few cxamples which follow were chosen because they illustrate diflerent 
approaches to the synthesis of quinones, albeit somewhat specialized. 

A. o-Bis-arylacetylenic Ketones222 

Anthraquinones and naphthacenequinones can be prepared from 
rhodium complexes of o-bis-arylacetylenic ketones (158). The diketones 
(158; R = Ph, p-Tol, Me) (easily prepared from the corresponding 
dioll*" by oxidation with manganese dioxide*s5) on shaking with 
tris(triphenylp1iosphine) rhodium(1) chloride in benzene at  room 
temperature form complexes 159 which, on heating with an acetylene, 
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yield anthraquinones 160 135,18R. The mechanism of the reaction is not yet 
clarified but yields are in  the range 30-90%. Similarly, naphthalenic 
analogues, 161, provide naphthacenequinones, 162, but heating is neccssary 
to form the rhodium complexes18G~1sS. 

C O C r C R  

RhCPh,PI,CI a COCGCR 

u 58) 

COCsCR 

COCGCR O R  

(1 62) 

On heating 159 (R = Ph) at  280-290" i n  molten tram-stilbene the - 
reaction takes a different course and the product is the tetracenequinone 
163 (3O%)ls7. The analogous pentacenequinone can be prepared, likewise, 
from 161 (R = Ph)lS7. 

5. Triketo-indanes 

This reaction makes use of a well-known method for the ring expansion 
of cyclic ketones to synthesize hydroxynaphthoquinGnes (Scheme 16). 
Treatment of triketo-indane 164 with diazo-alkanes, in ether, in the 
usual way, gives the alkoxyquinones 166 in good yield (except with 
phenyldiazomethane) which can be hydrolysed to the hydroxyquinones 
165 with cold alkali1". 
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C. Ketones and Keto-esters 

The preparation of benzoquinones from aliphatic precursors is of long 
standing. a-Diketones or or-keto-esters undergo aldol condensations in 
the presence of base, leading to quinones on dehydration, e.g. duro- 
quinone 167 from 2,3-diketopentane and 2,5-dimethylbenzoquinone from 

(1 67) 

biacetyl’”. Yields are usually poor but could probably be improved by 
careful control of conditions. Benzoquinone itself has been obtained from 
pyruvaldehydel”. 

By another old procedure193 the quinol 3168 was prepared from diethyl 
acetonedicarboxylate by conversion to its disodio derivative and reaction 
with iodine, again in poor yield. The corresponding quinone does not 
appear to have been made but the dianhydride 169 (C,,Od is known*Q4 
as a benzene complex. 

EtO2CCH2 /CQ CH2CO2Et v Et02C@02Et oso 
Et 0 2  C Cq2 ,C H2 C02 Et Et02C C0,Et 

co OH 0 0 0  
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A inore unusual synthesis eniploys a cyclobutenedione to provide half 
the carbon atoms of a benzoquinone ring (Sclicme 17)l”. Addition of 
the dione 170 to a methanolic solution of dibenzyl ketone, containing 
excess sodium methoxide, initiates an exothermic reaction, the resulting 
highly substituted quinol being oxidized by air to the quinone 171 
(50-60%). 

PhCH,COCH,Ph + Ph 9 0  

0 
(1 70) 

‘ “ d o  _j Ph$&fh -phc:aph 
O- Ph 0 0 

To 

VI. ANNELLATION METHODS 

A. Diels-Alder Reactions 

This well-known cyclo-addition reaction has been extensively reviewed*98 
and attention will be confined to synthetic aspects‘”. There are three steps 
in quiiione synthesis, addition of a conjugated dime to the starting 
quinone, aromatization of the adduct and oxidation of the resulting 
quinol, e.g. 172+ 173-t 174200. It is a most useful method for fusing a 
benzene ring oiito an existing quinone ring which has two adjacent 
positions unsubstituted, although addition may still take place even if 
substituents are present. Yields are usually good19g. The addition shown 
above was effected in boiling ethanol but some reactions can take place at 
or below room temperature, and excess diene can serve as solvent. For 
large-scale reactions addition of a polymerization inhibitor”-2 may be an 
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advantage, and sensitive o-quinoncs can be generated in sifii by adding an 
oxidizing agent to a mixture of a diene and a cateclio12n3. The Diels-Alder 
adduct need not be isolated. Aronialization and oxidation can be achieved 
in various ways. For anthraquinones this is iisually effected by aeration 
in alkaline solution200, while i n  naphthoquinone synthesis aroniatizatioii 
occurs rapidly on warming wit11 hydrochloric acid (containing stannous 
chloride) and the quincl 175 is then oxidized to the naphthoquinone with 
acid dichroniate. Alternatively, oxidation to the half-way stage 176 can 

b H  6 
(175) (1 76) 

be effected with nitrous acid, followed by final dehydrogenation with 
chromic acid201. Aroniatization can also be induced by chromatography on 
alkaline aluminago9 or simply on heating in a solvent2O0' and if hot nitro- 
bcnzene is used as solvent for the Diels-Alder addition the complete 
reaction sequence (Scheme 18) can be complctcd in one step. The adducts 
formed from halogenated quinones readily aromatize by loss of hydrogen 
halide. The adduct 177, from 3-chloro-l,~-naplitlioquinone and 2,3- 
dimethylbutadicne, is converted into I78 go3 by warming with ethanolic 
sodium acetate, while the quinonc 179 is formed from 10-methylene- 
anthrone and chloranil in  boiling xylene20G. Angular mcthoxy groups are 
usually eliminated spontaneously so that reaction of 2,3-dinictliylbutadie1ie , 
with 2,5-dimethoxybenzoqt1inone at  180" gives the anthraquinone 180 
(together with 2,5-dimetIioxyqui1iol), and so does 181, the acetyl group 
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% Me 
rh e 

q 
' Me 

(1 80) (3 81 1 (1 82) 

being also 1ost2O9. An important factor controlling Diels-Alder additions 
to p-benzoquinones is the more electronic nature of the substituents, 
reaction taking place preferably a t  the electron-deficient double bond. 
The following order of activation has been presented"0": CN > COMe > 
C0,Me > CF, > H > F ? > C1> Me, OAc > NMePh, MeO, MeS. Thus 
addition of 2,3-diniethylbutadicne to nietlioxybenzoquinone affords 182 
while cyanobenzoquinone gives 183. Morc striking is the forination of 
185 as well as 186 from 184210 and batadienc. However, steric factors are 
also iniportant, arising from thc number and size of potential angular 

M e a  1 1  @ I l l  @ I 1  a I 

Me 
0 0 0  0 0  0 OH 

(483) (1 84) (185) (186)- 

substituents, and from the 2,3-substitueiits, if any, 011 the dieiic which 
lead to non-bonded interactions in tlic elide-transition state and favour 
the forination of adducts with angular siibstituents200". Addition of 
biitadiene to 2,3-diniethoxycarbonylbenzoqiiinone gives exclusively the 
adduct without angular substituents whereas substituted dienes give 
iiiixtures of adducts by addition to each side of thc quinone ring. 

o-Ecnzoquinoncs can behave both as dienophiles and as dienes, and 
this can be utilized i n  ;I novel synt!icsis of e-naplitlioquino~ics. 3-Mcthoxy- 
1,2-benzoquinone forms the adduct 187 in varioiis solvents and on 
oxidation with periodate it givcs the quinonc 188 in high 
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M e 0  

(1 87) (1 88) 

Less obvious components for Diels-Alder syntheses are a-pyrones and 
o-quinodiinethanes. Addition of the pyrone 189 to benzoquinone takes 
place on heating in benzene in  a sealed tube to give the lactone adduct 
190 which can be converted to the quinone 191 on heating with activated 

0 0 

Me0 Me0 0 Me 
(1 89) (1 90) (191) 

manganese dioxide in ethyl acetatezo7, An interesting synthesis of 1,4- 
anthraquinone starts from the tetrabromide 192. By reaction with sodium 
iodide in  dimethylforniamidc the tetra-ene 193 is formed which adds to 

1 - 3  
Br -%a CHBr --• C,H,O, & &I: CHBr \ / 

-2HBr 

0 (1 93) 
I 

(192) 

CB' 

benzoquinone and spontaneously eliminates hydrogen Finally 
the 1,2-dithietene (194) possesses a wcak disulphide bond which readily 
breaks, the conipound then behaving like a coiijugated diene (cf. refcrence 
212). On treating 1,2-dicyanocthylcne-I ,Zdithiol with cxcess 1,4-naphtho- 
quinone it is oxidized to 194 when then adds to a sccond molecule of 
naphthoquinone to give the quinol 195 in high yield, and finally the 
dithia-anthraquinone 196 on oxidation with ferric chloride213. 

6. I ,3-Wipo/ar Cyclo-addition Reactions 

The choice of starting niatcrials for this type of reaction is very wide 
(for reviews, see reference 214) but quinones have not been extensively 
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0 

CN 
0 (1 94) 

(1 95) 

0 

(1 96) 

used as dipolarophiles. Diazoalkanes (RCHN,) add rapidly to 1,6naphtho- 
quinone in ether to give the somewhat unstable adducts 197; on attempted 
crystallization they isomerize and are oxidized by air to the indazole- 
quinones 198 215. The reaction is applicable to p-quinones having adjacent 

(1 97) (1 98) 

unsubstituted ring positions but unsymmetrical compounds give 
mixtures216. Azides behave 217, the reaction of methyl azide 
with 1,Qnaphthoquinone in a sealed tube giving the triazole 200, the 

\ 

(200) 

initial adduct 199 being oxidized by the starting q~iinone"~. o-Quinones 
react on oxygen with diazoalkanes to give the corresponding catechol 
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niethylene ethers and their reaction with azides is ill-defined217. Pyrolysis 
of 2.5-dipher~yltetrazole at 160-170" generates diphenylnitrilin~ine 201 
which can be trapped by 1,4-naphtl~oquinone to give thc naplitho- 
pyrazolequinone 202 in high yield, aromatization and oxidation occurring 

P h -C=N-i-P + (201) h a T p h  
P h  

(202) 

spontaneously21R. Oxazole rings can also be fused onto qiiinone systenis 
by lY3-dipolar addition of nitrile oxides"l". With bcnzoquinone in ether, 
benzonitrile oxide not only adds to both sides to give, after oxidation, the 
quinone 203 but some of the spiro-dioxazole 204 is also formed by 

addition to a carbonpl group. Similar products were obtained from 
o-benzoquinone and from naphthoquinones. 

The synthesis of heterocyclic quinones by I ,3-dipoIar cyclo-addition 
is obviously capable of extension. 
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1. INTRODUCTION 

As in other fields of chemistry, physical methods are preferentially used 
for the identification of quinones and therefore the main subject of this 
survey is the spectroscopy of quinones. Solutions to special problcnis in 
quinone chemistry, c.g. the distinction between the p -  and o-structures, are 
indicated whenever possible and summarized in section VIII. Physical 
methods are also the most suitable for the quantitative determination of 
quinones, though chemical procedures will also be briefly discussed. 



4. Idcntification and determination of quinones 

II. N.m.r. SPECTRA O F  QUIMONES 
165 

A. Proton Magnetic Resonance 

1. 1,4-Benzoquinones 
a. Chemical skffs .  The cheinical shifts of the quinonoid protons of 

p-benzoquinones (Table 1) as a rule are located between 6.3 and 

No. Chemical shift (p.p.m.) Coupling constants Solvent Referencc 
(Hz) Ra a R= R3 R? (I 

l-1 
6.72 s 

H 

tI 
6-72 s 

H 
6.70 nm 
H 
6.68 s 

H 
6.53 q 
CH, 

I-I 
6-95 s 
C‘H, 
7-41 m 
Cr,116 
7.20 111 

6-70 nm 
H 
6.68 s 

CH3 
2.03 d 
H 
6.50 m 

2.00 s 
I4 
6.40 s 

CH, 

(C14 ,),CN 
3-00 sp 
1.15 d 
I-1 
6.55 m 
C(CHA 
1.27 s 
I f  
6.49 s 
CH3 
1.98 d 
H 
6-54 d 
14 
6.75 ni 
CCHS 
7-32 m 
H 
6.81 s 
C,If, 
7.20 m 

11 
6-72 s 

H 
6.58 ni 
CH3 
3.02 s 

H 
6.53 4 
H 
6.50 m 
CH, 
2.00 s 
I4 
640  s 

1-1 
6.55 q 

H 
6.58 m 
14 
6.47 s 
Ii 
6.49 s 
H 
6.48 S 
H 
5-58 d 
H 
6.75 m 
13 
6.95 s 
14 
6.51 s 
C,;l I ,  
7.20 m 

JLo = 1.6 

J3s = 2.4 

CCI, 2, 3 

CCI, 

CCI, 

CCl, 

CCll 

CCl., 

CCI, 

CCI, 

CCI, 

CDCI, 

cc14 

CCI, 

CDCI, 

CCll 

CDCI, 

CCl, 

CDCI, 

2, 3a 

2 

2 

2, 4 

2 

4 

2 
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TABLE 1 (cont.) 

NO. CIiemical shift (p.p.m.) Coupling constants Solvcnt Reference 
(Hz) l i b  " RG " R3" w- a 

H 
6.87 rn 

CI 

H 
7.00 s 
H 
6.62 d 
H 
6.92 d 
c1 

H 
6.80 

Br 

1-1 
7.20 d 
Br 

H 
6.92 nrn 

2.06 d 

- 

- 

- 

- 

ci-r, 

(cH,)2c13 

(CH 3)zCI-I 

H 
5-86 
CH, 
1.98 d 
CH3 
1.95 d 
H 
5.70 d 
NH, 
7.25-7.4 
(C 1-1 3),N 
3.19 s 

C 

c 

- N 3  
2.20 s 

14 

5.95 s 

H c1 
7.05 rn - 

H CI 
7.17 s - 
H CI 
7.00 s - 
H c1 
6 9 2  d - 
H CH, 
6.58 rn 2.13"d 
c1 CHx 
- 2.2 i 

H Br 
7.28 - 
H CH3 
6.73 q 2.07 d 
H CH, 
6.62 d/q 2.I2d 
CH, CH, 
2.08111 2.08rn 
H CF, 
7.13 rn - 
OH CH3 
- 1.93 s 

OH CH, 
C 1.88 s 
I-I CH, 
6.38 q 2.03 d 
H CH,O 
5-86 3.54 
H CH,O 
5.74 s 3.74 
CH,O CH,O 
-3.SSl3.90- 
1-1 CH, 
6.39 ni 2.00 d 

5.91 s 2.20 s 

H - N 3  
5.95 s 2.16s 

Jsa = 9.29 
J , ,  = 2.3 
J 3 ,  = - 0.9 
- 

- 

Ja6 = 2.4 

J?, = 1.6 
J35 = 2.5 
- 

JS8 = 10.5 
J , ,  = 2.6 
J3t = -0.6 
J,, = 1.7 

J,, = 1.7 
J Z 5  = 2-5 
J , ,  = 1.3 

- 

Jb5 = 1.7 

- 

J,, = 1.7 

- 

J,, = 1.5 

J,, = 1.5 

J , :  = 2.5 
J , ,  = 1.5 
- 

- 

- 

- 

CCI, 

CDCI, 

CCI, 

CDCI, 

CCI, 

CCll 

CCI, 

CCI ' 
CCI, 

CClJ 

CCI, 

CCII 

CCI, 

CCI, 

CH CI, 

CCI, 

CCI, 

CCI , 
DMSO 

CDCI, 

CDCI, 

CDCI, 

3a 

6 

3a 

5 

2 

4 

2 

2 

2 

2 

7 - 
7 

7 

7 

8 

9 

9 

9 

10 

10 

10 

6 

s = Singlet, d = doublet, q = quarlct, sp = scplct, m = mulliplct, nm = narrow niultiplet. 

Not given in raference 7. 
' 4 J i ~ ~ , ~  = -0-20; 3J1~c,rf =z 5.37. 



4. Identification and determinatioil of quinones 1 67 

7-3 p.p.m., this being the typical region for a$-unsaturated carbonyl 
compounds’. As a consequence of the relatively high symrnetcy of simple 
quinones their n.m.r. spectra are oftcn of the first-order type. The chemical 
shifts of the usual substituents are separated from those of the quinonoid 
protons by several p.p.in. Long-range coupling with the protons of the 
substituents is very small and sometimes not even resolvable (see below). 
Thus, 2,6- or 2,5-substituted quinones with identical substituents form 
only one signal in  the olefinic region. However, 2,6-substituted quinones 
with diffcrent substituents show a n  AB system, whereas monosubstituted 
quinones show only a narrow ABC pattern, whose coniponents can be 
assigned by means of iterative computer calculations. 
Qtriiioiies with alkyl and aryl subsiitueiifs. Compared with the unsubstituted 
1,4-benzoquinone 1 the quinonoid protons of all alkyl-substituted benzo- 
quinones absorb a t  a higher field. This effect is small, but significant: 
proton 3 in toluquinone 2 absorbs at  ca. 0.14 p.p.m. upfield compared to 
the protons of benzoquinone. Other methyl-substituted compounds show 
a similar behaviour, while their methyl groups have the typical chemical 
shift of olefinic methyl protons ( 6  - 2 p.p.m.). The highest upfield shift 
for quinonoid ring protons (0.32 p.p.m.) was found in 2,6-di- 
isopropylquinone (7), whereas 2,6-di-r-butylquinone (11) absorbs by 
0.09 p.p.m. at  a lowcr field as compared to 7. The phenyl groups of 
phenylbenzoquiiione 14 and the diphenylquinones 15 and 16 shift the 
signals of the quinonoid protons downfield, and the greatest downfield 
shift (0.23 p.p.m.) was found for 2,5-diphenylbenzoquinone.This behaviour 
corresponds to the small positive Hammett up constant of the phenyl ring 
(see below). 
Quirtortes ivirli halogen substitueirts. The quinonoid protons in the chloro- 
quinones 18-20 are shifted to a lower field by about 0.3 p.p.m. Further 
substitution by alkyl groups (21-22), on the other hand, causes upfield 
sliifts for the protons in the ncighbourhood of tlic alkyl groups, whereas 
the other protons remain at  their downfield position. The downfield shift 
in  the bromoquinone 24 amounts to 0.56 p.p.m., while substitution by 
methyl groups (23-27) reveals the same pattern as for methyl substituted 
chloroquinones. 
Q~tinories ~ f i i l 1  inethoxy aird amino sirhstituerits. Introduction of a methoxy 
group (32-35) causes a large upfield shift of about 1 p.p.m. for the 
adjacent proton. This effect might be due to resonance participation by 
this substitllent. As with chloroquinones the methoxy group influences 
only the neighbouring proton. Further substitution by methyl groups 
(33-35) shows that the proton next to the inethyl group absorbs close to 
the nornial position for mcthylquinones. The largest upfield shift has been 
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found in the aniinoquinones 36 and 37. The authors10 explain this 
behaviour by assuming a quadrupolar merocyanine structure for such 
quinones : 

I01 

b. Correlatioti of the chciiiical shifis with sirbstitiretit constants. Mono- 
and 2,G-di-substituted benzoquinones are good examples for a correlation 
between Hammett u valuesll and chemical shifts. One finds a good 
correlation of u,) not only with the chemical shifts of para protons in 
substituted arenes, but also with the shifts of protons in the ortho position12. 
This reflects the resonance effect in up,, which should be nearly the same 
for the ortho as for the para position. Therefore, we tried to correlate the 
p.p.m. values of H, of the quinones 1, 2 ,7 ,  9, 14, 18, 24,28, 32, 36 and 37 
with the corresponding Hammett constants5. Figure 1 shows the result. 
A linear dependence between up and the chemical shift of the protons 
H, exists for these quinones. The correlation factor is rather good (0.947 
for 11 values). From this result we can conclude that the cheniical shift 
of the ring protons in quinones is caused mainly by the resonance effects 
of the substituents. 

However, a more accurate inspection of Figure I shows that the 
quinones 2, 9, 24 and 28 clearly deviate from the regression line. u,)-Values 
for the methyl, r-butyl, Br and CF, groups seem to be inadequate for a 
correlation with cheinical shifts of the ortho position. Some years ago, 
Schaefer and  coworker^'^ defined the value Q = Pj1r3 where P is the 
polarizability of a C-X bond, I the first ionization potential of X and I *  

the distance between C and X. The authors showed that Q correlates very 
well with the chemical shifts of ortho protons i n  arenes. Unfortunately Q 
can be calculated exactly only for H, F, CI, Br and I. 

Therefore, Smith and coworkers14 extended the concept of Schaefer 
and determined experimental Q values for other substituents. They 
showed that Q gives an excellent correlation with the chemical shifts of 
protons ortho to a substituent in a wide range of aromatic compounds. 

Figure 2 represents an attempted corielation between Q values and 
the chemical shifts of the protons H, in the quinoncs 1, 2, 9, 14, 18, 24, 
28, 32 and 36 and demonstrates that Q is indeed a good ( r  = 0.975) 
quantity to calculate the shifts of the olefinic protons in the quinone series5. 
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Unfortunately, the theory and physical significance of Q are treated only 
very shortly by Schaefer and Smith. Therefore, no further conclusions 
should be drawn regarding the oufho-effect*5 from Figure 2 at  this time. 
To summarize, the chemical shifts of p-benzoquinones follow the pattern 
of the usual substitilent effects. No deviations could be detected and, 
accordingly, the double bonds in quinones seem to be fixed from the 
n.m.r. point of viewz. 

28 
X 

+ 0 3 .  

- 0 . 2  - 

6.0 7.0 

8 p.p.rn 

FIGURE I .  Haniniett o-valucs versus 6H, of 2-substituted p-benzoquinones. 

c. @oriplii?g coi~sfai~t.s. 1,4-Benzoquinones having diflerent substituents 
in  the 2- and 6-positions reveal an  AB quartet of the ring protons. In all 
compounds investigated so far the coupling constant (see 13, 22, 26 and 
35, Table 1) is 2.5 Hz. This is a typical value for coupling constants in the 
cyclohexadienone series*. Benzoquinones with different substitucnts in 
the 2- and 5-positionsY on the other hand, show no significant coupling 
between the protons in the 3- and 6-positions (8,12 and 25). Their coupling 
constants, therefore, have to be smaller than 0.3 H 9 .  

Mono-substitution in benzoquinones (2, 9, 14, 18, 24, 28) gives rise to 
an ABC system. Whereas the bromoquinone 24 and the chloroquinone 
18, for cxample, show the normal complex pattern of an ABC system, 
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other quinones, e.g. toluquinone 2, reveal very siniple spectrz?". In the 
latter compound the signals of the protons in positions 5 and 6 are only 
slightly separated, so that they appear as one broad unresolved line. 
From the analysis of the ABC spectra of the monosubstituted quinones 
the following coupling constants were determined : 

J35 = 2.2-2.5 Hz, JsG = 10 HZ 

It is of interest that the small coupling constants 53G were found to be 
negative in the order of about -0.6 Hz. 

8 p.p.m 

FIGURE 2. Q-values versus 6H, of 2-substituted p-benzoquinoncs. 

The values for the long-range coupling between methyl groups and the 
quinonoid protons are between 1.6 and 1.7 Hz. Apparently such methyl 
groups are coupled significantly only with the adjacent proton. Homo- 
allylic coupling was observed in 2,3-dimethyl-benzoquinone (523 = 1.3 Hz)~.  

d. Application. In p-benzoquinone chemistry lH-n.m.r. spectroscopy 
was mainly applied to identify naturally occurring quinones and to 
distinguish between isomeric structures. Only a few examples may be 
quoted8. Wagner and coworkers' revised the structure of perezone, 
mainly on the basis of n.m.r. spectroscopy. The aromatic solvent-induced 
shifts (a.s.i.s.) in benzene and pyridine solutions relative to carbon 
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tetrachloride were used by Wilczynski and coworkers9 to distinguish 
between the different forms of rhodoquinones : 

'9' 

R 

Careful integration has been used by Kofler and coworkers*G to determine 
the length of the side-chain in compounds related to ubiquinone: 

101 

2. 1,2-Benzoquinones 

Little work has been done in n.1n.r. spectroscopy of o-benzoquinones 
(see Table 2). Not even the n.m.r. spectrum of the unsubstituted o-quinone 
is published so far. According to our own measurements5 the A,B, 
system of this compound centres around 6.7 1 p.p.m., the resonance 
position of p-benzoquinone protons. The main lines form two quartet 

0 

(40) 

signals (protons H3,G and which are centred at 7.09 and 6-34 p.p.m. 
The line separation in  these quartcts amounts to 4 I-iz. On the basis of the 
investigation of the substituted o-quinones 41-48 it follows that the 
quartet at Iiig/?er. field belongs to the protons 3 and 6. This is in agreement 
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0 

TABLE 2. ‘H-n.ti1.r. spectra of o-benzoquinones 

No. Chemical shift (p.p.m.) Coupling Solvent Reference 
constants 

R3 * (Hz) Re a R5cl ROO 

1-1 
6.34 nib 
H 

H 
7.09 m 
CH, 
2.19 d 
H 
6.63 ni 
FI 
7.24 d 
H 
6.99 d 
I-I 
7.20 s 
H 
7.20 s 
H 
7.20 s 
1-1 
7.07 s 

I3 
6.34 m 
H 
6.25 q 
H 
6.18 m 
H 
6.54 d 
H 
6.23 d 
GH5 
74-7.45 m 
CI 

Br 
- 

- 

J, ,  = 1.1 

J,,  = 2.1 
J>re-= = 1.4 

J,, = 2.3 

JJS  = 2.4 

Et,O 

CDCI, 

CDCI, 

CDCI, 

CDCI, 

CDC13 

CDCI, 

CDCI, 

CDCI, 

s = Singlet, d = doublet, q =quadruplet, rn = multiplet. 
a Centre of the A,B2 system at 6.71 p.p.m. 

with the direction of the anisotropy of the carbonyl group, postulated by 
Karabatsos and coworkersli“. The influence of substituents in o-benzo- 
quinones follows the rules found in the p-quinone series: alkyl 
substituents (41, 42 and 44) shift the signals of the remaining protons to 
higher field, whereas the phenyl ring and the halogens (43, 45, 46 and 47) 
cause down field shifts, The coupling constants in the asymmetrically 
substituted o-quinones (42, 43 and 44) vary from 2.1 to 2.4 Hz, and the 
long-range coupling is again near 1.1 Hz. Meantime, the spectra of some 
simple o-benzoquinones (e.3. 40) have been reported17”. 

3. 1,4-Naphthoquinones 
a. Cliemical shifts. The quinonoid protons of 1,4-naphthoquinone 49 

(see Table 3) resonate at  lower field (0.23 p.p.m.) than the protons in 
1,4-benzoqiiinone. Whether this depends on ‘ring current’ efTects or on the 
substituent effect of the benzene ring (cf. the spectra of the phcnylquinones 
14, 15 and 16) is doubtful’s (cf. the general criticism of the ring current 
model by M~ishcr‘~)). The chcmicnl shifts (Table 3) of the quinonoid 
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protons in 2-substituted naphthoquinones (49-56) obey the usual sub- 
stituent rules. Some correlations, for instance, were found with ul, 20, 

ortho-substituen t effectsz0 and redox potentials". Substituents in the 
C c x d ~ s e d  benzene ring (60, 61 and 62) exert oiily small effects on the 
resonance position of the quinonoid protons. 

Since the benzenoid protons of naphthoquinones form complex 
Patterns and ABCD spectra, see below) their exact resonance 
position is available only by coniputer analysis. The centres of these 
signals are found about 0.5 p.p.m. downfield relative to benzene. The 
signals of the benzenoid protons in naphthoquinones, therefore, are well 
separated from the quinonoid resonance position. .Due to the electric- 
field effect and the magnetic anisotropy of the carbonyl group the signals 
of H5 and H, in 174-napl~thoquinones are shifted by ca. 0.3 p.p.m. to the 
lower field as compared to H, and H,. It was found that in 2-substituted 
naphthoquinones the chemical shift of H, correlates with ul, and somewhat 
better with the redox potential, whereas the signal position of H, is 
practically not altered. It seems that there could be a correlation between 
HS and uIIL. The phenomenon of a positive correlation between the 
chemical shift of H, and up is expiained20 by an assumed interaction of 
56 and its resonance contributors: 

H T y y J / E H *  +-----+ a Hz <- Q!H2 

\ \ / \ 

0 101 - 101 - 
(56) 

In the case of 2,3-substituted naphthoquinones (57, 58 and 59) additivity 
of the substituent effects is observed. 

b. Coupling constants. The vinylic proton-proton coupling constant 
Jz3 in 1,4-naphthoquinones amounts to 10 Hz. Whereas this coupling in 
the parent naphthoquinone is obtained from the 13C- H satellite spectrum2, 
it can be determined directly in asymmetric naphthoquinones as 6-acetyl- 
5,8-dihydroxy- 1,4-naphthoqiiinone (65)", for instance. The bond con- 
necting C-2 and C-3 in 1,4-naphthoqui11one seems to have sonlewhat less 
double-bond character than the double bond in ethylene (J  = 11.7 Hz)". 
Coupling constants of the quinonoid ring protons with alkyl groups 
(50, 60 and 64) are in the same order as in alkyl-substituted benzo- 
quinones (1-5-1.7 Hz). Long-ranse coupling was found to be 1.25 Hz in 
2,3-dimethyl-l,4-naphthoquinone (57)?. In the case Of symlnctric naPhth0- 
quinones (49, 57 and 58) the benzenoid protons form an A2E, pattern. 
The coupling constants are nearly the sameeo as those in benzene itself- 
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Therefore, on the basis of n.m.r. spectroscopy 1,4-naphthoquinones 
resemble ortho-disubstituted benzenes. No bond fixation in the benzenoid 
ring and no interaction between the two rings can be determined. Naphtho- 
quinones, substituted in position 2 or by different groups in positions 2 
and 3 (59), reveal ABCD spectra. Again the coupling constants are in the 
normal order of magnitude of disubstituted benzenes with only little 
dependence on the substituent20. 

c. Application. One of the most striking examples of application of 
n.m.r. spectroscopy in the naphthoquinone series is the naphthazarin 
system. In their extensive work Moore and Scheuer21 investigated several 
mono-, di-, tri- and tetra-substituted naphthazarins and determined their 
tautomeric equilibria. Whereas naphthazarin 63 itself shows only one 
signal for quinonoid and benzenoid protons at  7.13 p.p.m., it follows 
clearly from the n.m.r. 4ata that in the ethyl naphthazarin 64 the principal 
tautomer is B (in CDCI, solution). An acetyl group, on the other hand, 
causes C to be the predominant tautotneric form (65). 

B ~R c 

0 OH 

D 
4. I ,2- Naphthoquinones 

The centre of the AB system of H, and H, in the n.m.r. spectrum of 
1,2-naphthoquinone (66) is situated at  the resonance position of the 
quinonoid protons of 1,4-naphthoquino1ie as observed also with 1,4- and 
I ,2-benzoquinone. The investigation of 3- and 4-substituted 1,Lnaphtho- 
quinones (67, 68 and 69, Table 4) reveals that H, resonates at higher field 
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than H4, which is consistent with the results obtained for 1,Zbenzo- 
quinones. The coupling constant J31 in 1,2-naphthoquinoncs is 10 Hz and 
is independent of the nature of the substituents (66, 70, 71 and 72). 

The aromatic protons of 1,2-naphthoquinones form ABCD systems 
(or ABC systems, if the aromatic ring is substituted). As one niay conclude 
from the spcctrum of 1 ,4-naphthoquinoneY there is no observable coupling 
between the quinonoid and the aromatic protons. 

5. 9, I 0-An th raqui nones 

I t  is not intended to discuss the n.m.r. spectra of 9,IO-anthraquinones 
in detail, since these compounds possess no quinonoid protons. Anthra- 
quinone (73) itself shows the typical A,B, pattern of an ortho-disubstituted 
aromatic compound. Interestingly, the centre of this A,B, system is 
shifted to lower field (0.1s p.p.m.) relative to the A,B, system of 1,4- 
naphth~quinone~. This result may be due to the second aromatic ring. 
The difference between the chemical shifts of H, and H, (0.5 p.p.m.) in 
anthraquinone is nearly twice as big as in the corresponding 1,4-naplitho- 
quinone. The n.m.r. spectra of substituted anthraquinones can be calculated 
from the usual substi tuent parameters of aromatic The 
solvent shift AEYF: was used to determine the positions of methyl groups 
in the anthraquinone series2’. Thus, it was shown that in 2,3-dimethyl- 
9,10-anthraquinone the AErZ value for the I-methyl group is 0.17 p.p.m. 
and 0-6 p.p.m. for the 2-methyl group. 

Steglich and LoseI2* found another application of n.m.r. spectroscopy 
to polyhydroxy anthraquinones. The authors compared [lie n.m.r. 
spectra of the pcr(trimethylsily1) ethers and the peracetates of these 
compounds : they could determine the position of 0-substituents from the 
‘acylation shift’. 

6. Phenanthraquinones 
Since 9,IO-plienanthraquinones have no quinonoid protons, their 

n.m.r. spectra reflect the normal aromatic n.ni.r. pattern, depending on 
their specific substitution. The spectruni of the parent 9,lO-phenanthra- 
quinone (77) is of the ABCD type, whereas 2,7-diniethyl-9,10-phenanthra- 
quinone shows an ABC spcctruin (Table 6). Comparison of these two 
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4. Identification and determination of quinones is1 

spectra3" permits a determination of the relative resonance position of 
protons: H, resonates at the lowest field, followed by H,, whereas H, 
absorbs at  the highest ficld. The coupling values of phenanthraquinones 
are in the order typical for ortho-substituted arenes. 

(77) 

B. 13C Magnetic Resonance (C.m.r.) 

1. I ,rl-Benzoquinones 

In the first systematic c.m.r. study of p-benzoquinones6 the chemical 
shifts of 17 derivatives have been assigned. The chemical shifts of the 
olefinic carbon atoms of these quinones cover the region from 110 to 
160 p.p.m. (TMS scale; see Figure 3). A typical effect is the branching out 
of the chemical shifts of adjacent carbon a t o m  if onc of these is substituted. 
The carbonyl resonances of 1,4-benzoquinones are found near 186 p.p.m., 
but may be shifted upfield in the case of chloro-substitution (18, 19, 23 
and 79). A linear correlation holds for the chemical shift of the C=O 
group and polarographic half-wave potentials. The slope of the multiple 
regression line indicates that the oxygen atom is the reaction centre in the 
polarography of quinones. The I3C chemical shift of C,  and the proton 
chemical shift of H3 again fit a linear correlation, indicating that the 
resonance position of both carbon and hydrogen atoms in quinones is 
caused mainly by the same effects. 

Nathan and coworkers31 applied c.m.r. spectroscopy to the problem 
of perezone structure (see section 1I.A.l.d). These authors assigned the 
resonance lines of perezone and of four derivatives as well. C.m.r. 
indicates that in 2,5-diliydroxy-quinones a rapid tautomerism occurs. 

2. S,2-&enroquincnes 
In the olefinic region of the c.m.r. spectrum of o-benzoquinone6 (40) 

two lines appear, the centre of which corresponds to the resonance 
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0 
1 I 1 1 I 

I90 I70 150 I30 110 8 p . p . m .  
co 

FIGURE 3. 13C-chemical shifts of p-benzoquinones. 

position of the para isomer. This agrees well with the results obtained by 
p.m.r. of these compounds (cf. section II.A.2). The assignmentG (Figure 4) 
in o-benzoquinone c.m.r. is somewhat more difficult and, concerning C, 
and C,, not unambiguous17b. Remarkable is the observed upfield shift of 
the carbonyl resonances with respect to 1,4-benzoquinones, 
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I I I I I 
190 170 150 130 110 

CO 6 p.2.m 
FIGURE 4. 13C-chemical shifts of o-benzoquinones. 

3. Condensed quinsnes 

The complete c.m.r. spectra of naphtho-, anthra- and phenanthra- 
quinones have not been published to date, although Lippmaa and 
coworkers32 have reported on the carbonyl shifts of these quinones. In 
order to complete this survey we recently investigated the parent com- 
pounds by pulse Fourier transform spectroscopy5. The assignment of 
lines (Table 7), however, is rather difficult and in the case of 1,2-naphtho- 
quinone and phenanthraquinone should be regarded only as tentative. 
In the case of 174-naphthoquinone (49) the quinonoid atom C, (and C,) 
can be distinguished from the aromatic carbon atoms by the fact that only 
its signal shows no long-range proton coupling, if the spectrum is taken 
without a proton decoupling frequency. Carbon atom 9 (10) can be 
assigned by means of the off-resonance spectrum. Starting with the c.m.r. 
spectrum of n a ~ h t h a l e n e ~ ~  (cf. Figure 5 )  we find that C5 (C,) is deshielded, 
whereas the other carbon atoms remain nearly at  their positions. By the 
off-resonance spectrum and by comparison with 1,4-naphthoquinone the 
signals in the spectrum of 9,lO-anthraquinone (73) are then readily 
assigned. Based on the line assignment in phenanthreneg3 we might 
ascribe the 13C signals of plienanthraquinone 77 using the same order of 
sequence, with the sole exception that C ,  (C,) is again deshieldcd by about 
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0 

186 

(66 1 

(77.) 

(73) 

(49) 

FIGURE 5. 13C 

Is 
I- 

I 
\ 

61 
I 

140 130 120 
5 4 '  

6 p.p.rn. 

ne and 

6 p.p.ni. (cf. naphtha!ece and I ;4-naphthoauinone). Considering 1,2- 
naphthoquinone as a phenanthraquinone structure without one annelated 
ring, we might assign the I3C signals of 1,2-naphthoquinone (66) in 
analogy to phenanthraquinone. The chemical shifts of the carbonyl 
carbon atoms of 49,66,73 and 77 are located between I79 and 184 p.p.m., 
the typical quinonoid regionG. In  summary, one important conclusion can 
be drawn from the c.ni.r. spectra of these compounds: the aromatic 
carbon atonis approximately hold their resonance position relative to the 
unsubstituted hydrocarbons. On the basis of c.m.r. spectroscopy, there- 
fore, the ring carbons reveal no typical quinonoid character. 

111. 1.r. SPECTRA O F  Q U I N Q N E S  

A. General Remarks 

Useful coinpilatiom of i.r. data are available for benzoquinones4* 8, 54-3G, 

naphthoquin~nes~s 37 aild a n t l i r a q u i n o ~ i e s ~ ~ ~ ~ ~  39. The following discussion 
will be restricted to the position of the double-bond vibrations near 6 p, 
which should depend on the p -  or o-structure. If the expected differences 
are modified only slightly by the substituents present, then characteristic 
areas for the absorptions of the o- and p-compounds will exist. Assign- 
ments may be rendered difficult by the oppearuricc~ of riiure than one 
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absorptioiz due to Fermi resonance, to the asymmetry of the molecule 
or to vibration c ~ u p l i n $ ~ ~ ~ .  

0 0 

It should also be pointed out that differences in line numbers and 
positions may arise from using different experimental techniques (solution, 
film or KBr disc)4. The absorptions found for quinones in solutions are of 
somewhat higher frequencies than those measured in KBr. With few 
exceptions, the data included in the following tables are only those which 
have been obtained from compounds measured in solution. It is difficult 
to find a coherent series of solution spectra in the literature; a compre- 
hensive systematic study of the i.r. spectra of quinones under standardized 
conditions would be highly desirable. 

6. Benzoquinones 

1. 1,rl-Benzoquinones 

a. Appearance of the spectra. For p-benzoquinones the frequencies of 
the C=O valence vibrations are generally located in the region of 1630 
to 1700 cm-l (Table S), whereas the C=C valence vibrations give rise 
to absorptions near 1600 ~rn-'"*"~. A comprehensive analysis of the 
molecular vibrations of the parent benzoquinone 1 and its deuterated and 
180-1abelled derivatives and a coniplete assignment of the vibrational 
fundamentals has been carried out42344, 45. In solution the carbonyl 
absorption of p-benzoquinone falls at 1668-1 67 I cm-', which corresponds 
to an ~,P;cY.',B'-di-unsaturated ketone*; there is another absorption of 
lower intensity at  1656-1657 cm-I (Fermi r e s ~ n a n c e ~ ~ . ~ ~ ) .  Many other 
p-benzoquinones also show two absorptions in the carbonyl region (see 
Figure 6). Often the absorption at highest frequency displays thc highest 
intensity. Furthermore, pronounced shoulders on the lower frequency 
side of the main band (ca. 1640-1650cm-') are sometimes observed 
(Figure 6). 

b. Influeme of the ij"pe of substituents. The influence of substituents on 
the C=O vibration frequency is determined not only by inductive and 
resonance effects, but also (by nieans of vibration coupling) by their mass 
(cf. the theoretical calculations of Brato? and Mirone"'). This is denion- 
strated by a conlparison of p-benzoquinone 1 and the deuterated 
compounds $3-87. In  the case of per-deutero-benzoquinone (87) there 
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3 0 0  1700 1600/crn 

c + 

6 

(4 

t 
800 1700 1600/crr 

FIGURE 6. 1.r.-spectra of 11 and 44 in thc carbonyl region (CCl,, grating 
monochromator; lines 1, 2,  4 and 5: Pc-0; lines 3 and 6: +=c). 

are actually three absorptions (1 690, 1663 and 1648 cm-I) of comparable 
intensity. However, if the arithmetical average of the carbonyl absorptions 

weighted by their relative intensities is considered, all five quinones 
(1 ,  83-85 and 87) show ncarly thc samc value (ca. 1663 cni-l), as would 
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be expected if Fernii resonance plays a role. For the other quinones in 
Table 8 the ;c=o values are also given, although the intensities could not 
be taken into account. 

In spite of the complexity of the substituent effects on the carbonyl 
vibration frequency some regularities exist. Generally, the carbonyl 
frequency is lowered with respect to  the. unsubstituted quinone 1 by 
electron-donating groups (alkyl, aryl, amino) and is raised by electron- 
withdrawing groups (halogen, CN, NO,) (Table 8). However, the two 
main absorptions are not shifted by the same amount, so that sometimes 
they may coalesce into one absorption, or their intensities may become 
reversed. Therefore, the Fcz0 values may have some advantage when 
comparing i.r. spectra of quinones. 

The effect of the methoxy group is not straightforward: 2-methoxy- 
benzoquinone (92) absorbs in solution at higher wave numbers than 
benzoquinone 1 itself, considering the highest absorption bands or the 
;c=o values in both cases. The same is true for 2,6-dimethoxybenzoquinone 
(32), and for 2-methyl-6-methoxybenzoquinone (35). Only in the cases of 
multiple substitution (e.g. 94) a weak shift of Fc=o towards lower fre- 
quencies might be postulated from the observed values. However, these 
compounds have not been nieasured in  solution. For hydroxybenzo- 
quinones one might expect hydrogen bonding between the hydroxy and 
carbonyl groups : 

0 

This assumption is supported by the shift of the OH-stretching vibration 
to lower wave numbers. In the region of the carbonyl absorption no 
change is observed for monohydroxybenzoquinone 91 as compared to 
the parent benzoquinone 1. However, there is a small shift in the pairs 
2/99 and 21100. Larger shifts are found in polyhydroxyquinones and 
annelated quinones, especially of natural origins. Moreover, in order to 
prove hydrogen bonding, one should compare the hydroxyquinone with 
the corresponding methoxyquinone. Then the shift towards lower 
wave numbers for the absorption at highest frequency is approximately 
8 cm-l per OH group (pairs 91/92, 96/13, 98/101, 99/33, 100135) with 
large deviations originating in the different types of substitution (see 
section 1II.B. I .c). 
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From their experimental data Kikot’ and coworkers4G calculated the 
average shifts (ACcc0) caused by various substituents in thc carbonyl- 
stretch band of p-quinones relative to the parent compound 1 (Table 9). 

TABLE 9. Average shifts (4tCSO) of p-benzoquinones“ caused by various 
substituents X 

X F c1 Br OC6H5 H OC2H5 CH3 N I  

a V”C=O of 1 is taken as 1671 cm-’. The increments refer to measurements in 
solution. 

The influence of the substituents seems to be additive so that highly 
substituted quinones may undergo considerable lowering of their carbonyl 
frequency (e.g. duroquinone 6: CcE0 (calculated) = 1643 cni-l, Scz0 
(found) = 1646 cm-I). The values of Table 9 should be regarded only as 
approximative: there may be deviations (e.g. 23), especially for 2,6-isoniers 
(e.g. 39). 

have found that Cc=o of quinones is related 
linearly to the oxidation-reduction potentials of these compounds. The 
wave numbers versus potential diagrams show posititie slopes. As in the 
case of the correlation of 6,,,=, (n.1n.r.) to  polarographic half-wave 
potentialsG (see section 1I.B. I ) ,  this dependence may be attributed mainly 
to the inductive effect of the substituents, whicli decreases the ionic 
character (B) of the C=O bond (A) for electronegative groups (NO,, CN, 
halogen) and increases it in the case of electropositive groups (alkyl, 
NR& 

Josien and o t h e r ~ ~ ~ ~  

The less ionic the character of the C=O bond, the higher the stretching 
frequency and the redox p ~ t e n t i a l ~ . ~ ~ .  In the casc of alkoxy, aryloxy and 
phenyl substituents resonance seems to cancel the inductive effect. 

c. Iiijluence of ihe position of substitueirts. An important problem in 
p-benzoquinone chemistry, which cannot be resolved by n.m.r. spectro- 
scopy, is the distinction between the 2,5- and 2,G-isomers for a given pair 
of substituents. In the i.r. spectra both of s o l u t i o ~ i s ~ ~  and of the solids43.~ 
the carbonyl-stretch frequencies of the isomers of disubstitution normally 
show tile following order: i& > > (e.g. 5 > 4 > 3; 11 > 10; 16 > 15; 
3 2 ~ 9 3 ;  96>97; 35>33>101). 
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Furthermore, the 2,6- and 2,3-isomers usually show two (or three) 
bands, cspecially in KBr, whereas in the spectra of the 2,5-isoniers oiily 
one symmetrical absorption is found3G. However, exceptions are also 
known (two bands in 4, 15, 33; one band in 5, 7, 100). 

2. 1,2-Benzoquinones 

In the case of I,2-benzoquinones (Figure 6 and Table 10) the absorption 
band of highest intensity (presumably the C=O stretching band) generally 
falls between 1645 and 1680 cm-l. A weak absorption, which might 
correspond to the 5c=c of p-benzoquinones, appears between 1620 and 
1650 cm-'. There is another weak band of unknown origin below 
1600 cni-l. The spectra of all o-benzoquinones investigated so far show an 

TABLE 10. Carbonyl absorption of 1,2-bcnzoquinones 

R 4  

No. RC R5 R* R3 

I-r H 
CH, CH, 
c-C,H,, H 
CH, H 

Solvent Reference 

1680, 1658 
1675, 1646 
1690, 1667 
1695, 1673 
1690, 1665 
1695, 1670 
1683, I G G I  
1695, l6SO 
1694, 1678 
1700, 1682 

1669 
1660 
1678 
I684 
I677 
1682 
1672 
1687 
I686 
1691 

Nujol 
Nujol 
CCI," 
CCI,' 
CCI," 
CCI t" 

cl-lcl; 
CCI," 
CtlCl," 
CCI," 

8 
8 
4 
4 
4 
4 

47 
47 
47 
4 

(I The values printed in italics are those of the higher intensities, if indicated by the authors. 
a The arithmetical average of  the two values rc-0 given. 

Grating monochromator. 

absorption of medium intensity between 1675 and 1700 cm-l, which is 
well separated from the main band (Figure 6, band 5)',". The influence of 
substituents seems to follow the same rules as in thep-series. Unfortunately, 
the i.r. data of only a few o-benzoquinones are known so far. 

3. Distinction between a- and p-benzoquinones 

Comparison of Tables 8 and 10 shows that the ;-values for p-quinones 
are located between 1640 and 1700 cm-', and those for o-quinones 
between 1660 and 1690 cni-I. Though the o-quinones generally absorb 
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at higher wave numbers than the corresponding y-quinones, if the 
substituents are the same, there is no clear-cut range of i;c=o or  5,,, for 
each group of compounds. However, o-bcnzoquinones may be recognized 
by the well-separated band at the highest wave number4*”. Moreover, 
there are differences between both series of quinones in the weak absorption 
close to 1600 cm-l (Figure 6). 

C. Condensed Quinones 

The carbonyl frequencies of the o-series tend to be slightly higher than 
those of thep-series (Table 1 I), as was found for benzoquinones. However, 

TABLE 11. Carbonyl absorption of some condensed quinones 

No. Compound PC=O Solvent Reference 
(crn-’) 

(73) 

! ,Lt-Naphthoquinone 1675 
1,2-Naphthoquinone 1678, 1661 

1678 
9,lO-Anthraquinone 1675 

1678 
9,lO-Phenanthraquinone 1684 
1 ,2-Phcnanthraquinone 1677 
3,4-Phenanthraquinone I668 
5,12-Naphthacenequinone 1682 
6,13-Pentacenequinone 1680 
1,2-Benzanthra-9,10-quinone 1670 
1,2,5,6-Dibenzanthra-9,lO-quinone 1660 

CCI.1 
KBr 
CCI, 
Nujol 
CCl., 
CClp 
CCll 
CCI, 
CCld 
CCIJ 
CCll 
CCIJ 

37 
8 

37 
8 

37 
37 
37 
37 
37 
37 
37 
37 

in both series of condensed quinones the frequency varies with the number 
and position of fused rings3’. The carbonyl frequency is raised by the 
increase of fused rings in a quinonoid compound, as long as they are 
connected linearly (cf. 1 -+ 49 -+ 73 -+ 110/111; 40 -+ 66 + 77). The addition 
of fused benzene rings in an ‘angular’ way relative to one of the carbonyl 
groups decreases Pc=o (cf. 73+ 112+ 113; 66-t 109). Quinones in which 
the C=O groups belong to different ring systems (extended quinones) 
have low C=O frequencies, e.g. 3,8-pyrenequinone (1640 cni-l)a. 

0 
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The effect of substituents on i jcz0 of condensed quinones follows the 
same rules as in the case of b e n ~ o q u i n o n e s ~ ~ - ~ ~ .  In some of the hydroxy 
compounds, especially in 1 -1iydroxy-9, I O-phenanthraquinones and naph- 
thazarin (63) considerable lowering of 6c=o is observed (1639 and 

1623 cm-l, respectively). According to  Josien and coworkers37 this effect 
is due mainly to resonance between two hybrid forms and not to normal 
hydrogen bonding (see also references 38 and 39): 

For a compilation and discussion of i.r. data of naturally occurring fused 
quinones the reader is referred to the standard book of Thornson*. 

IV. U.V. SPECTRA O F  Q U I N O N E S  

A. General Remarks 

may be considered as linear conjugated: 
p-Quinones contain a cross-conjugated r-system, whereas o-quinones 

Therefore, considerable differences in the electron spectra of the two 
series are to be expected, and indeed can be detected even with the naked 
eye: o-quinones generally are dark red in colour while p-quinones tend to 
be yellow (see also Figure 7). 

The charge-transfer absorption maxima of the molecular complexes of 
quinones with donor molecules offer additional possibilities of character- 
ization in some caseP. Most u.v. spectra have been obtained in methanol, 
ethanol, hexane, cyclohexane, chloroform, CCI, or CH,CN as solvents. 
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t 

20,000 

FIGURE 7. U.v.-spectra of 11 and 44 in cyclohexane. 

Non-polar solvents are preferred for hydroxy-substi tuted quinones which 
otherwise would be ionized by the basic impurities nearly always present. 
The resulting ‘alkali red-shifts’ may lead to misinterpretation of the 
spectra, but, under controlled conditions in ethanol, can also be of 
diagnostic value (see section VI). For comparison of spectra obtained in 
different media the soIvent shifts recorded by FIaig and coworkersic 
may be helpful. 

6. Benzoqoinones 

1. I,.l-Benzoquinones 
p-Benzoquinones generally cause three absorptions (Table 12) : a band 

of strongest intensity (A,, ,  = 240-300 nm, log e = 3.9-4-5), a medium 
band (285-440 nm, loge = 2.4-3.2) and a weaker absorption in the 
visible region, A,,,,, = 420-460 nm (log E = 1.2-2.1). These absorptions 
are attributed to singlet-singlet ‘TT+ T*, 7~ -> T* 57* 53, and i z  + r* transi- 
t i o n ~ ~ ’ ~  j8, espcctively. The very weak absorption of p-benzoquinone 
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1 at 535-540 nn1 is assumed to arise from n+n* singlet-triplet transi- 
tio~is"g.'~. The solvent shifts upon changing from non-polar to polar 
solvents are bathochromic for the T+T* bands and hypsochromic for 
the n + r* band577"l 11. 

Only selected examples of substituted p-benzoquinones are collected 
in Table 12. For useful compilations of data and discussion of the corre- 
sponding spectra see FlaigSG, Thoinsons, Morton58, Walleilfels"G and 
others". 

Motto-substitution of p-benzoquinone does not affect the first band and 
the visible band to any sigtrificanf extents7. The second band, however, 
undergoes a more noticeable red-shift (A nin for Me: +27; Br: +50; 
MeO: +69; OH: +81 nm). Unfortunately, the spectra of only a few 
benzoquinones with electron-withdrawing substituents have been reported. 
Comparison of 11 and 118 reveals that the nitro group exerts no pronounced 
effect on the U.V. spectrum of p-benzoquinones (see section IV.B.2). The 
red-shift of the second band is less for the second substituent and then is 
greatest for 2,3-disubstituted derivatives. Poly-substitution results in 
further bathochromic displacement which in general cannot be reasonably 
calculated by additivity rules. Trommsdorff 57h, however, has found that 
the displacement of both T+T* transitions for chlorine substitution is 
roughly proportional to  the number of replaced hydrogen atoms. 
A quantitative treatment of the eKect of substitution on frequencies and 
intensities of the absorption maxima has been given by Stevenson57i for 
the two ~->n*  transitions. Since the n+z* band is blue-shifted by 
substituents (see Table 12, compounds 2,3, 5 and 18) this absorption may 
be obscured by the red-shift of the second band. 

2. 1,2-#3enzoquinones 
1 ,2-Benzoquinones also show three absorption bands (Table 1 3)61-67: 

a band of A,,,, = 250-290 nm (log E 2-641) ,  a second band of somewhat 
lower intensity, A,,, = 370-470 nm (log& 2.8-3.5) and a weak band in 
the visible region, A,,,,, = 500-580 nni (log E 1.4-1-8). The absorptions 
probably can be attributed to T+T*, n+n* and I Z + T * ' ~  transitions, 
respectively. As in p-benzoquinones, substitution causes red-shifts; the 
effect Seeins to be stronger for 3- than for 4-substitutionY but the available 
data do not allow quantitative conclusions. 

C. Condensed Quinones 

1. General remarks 
The spectra of condensed quinones naturally are more complex than 

those of benzoquinone itself, since both quinorroid and benzetioid 
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absorptions could be present according to n.m.r. data (see sections 
I1 A.3-6; JJ.B.3). h4ost naturally occurring and synthetic quinones (dyes) 
belong to this class of ccimpounds. Only the spectra of the parent com- 
pounds (Tables 14 and 15) as well as general substituent effects will be 
discussed here. For further information several excellent reviews8* wi4 
should be consulted. 

2. Compounds with p-quinonoid structures 
In the spectrum of 1,4-?ia~hflroquinot?e (49, Table 14) the bands at  

245/251 and 335 nm are assigned to benzenoid z+n* transitions71pi2. 
These absorptions are shifted slightly by substituents (alkyl, OM, OMe, 
OAc, C1) in the qzrinonoid ring (244-262; 333-341 1-11n)~~. One of the 
qiriiioiioidn+n* transitions in 49 is found at  257 nm (shoulder, log E 4.12) 
and is quite sensitive to substitution in the quinone ring (252-28s nni). 
A second quinonoid n+--f* transition in the 330-450nm region is only 
of low intensity and, in the case of 49 and its 2-substituted derivatives, is 
not separated from the benzenoid band at  340 nm. Hydroxy-substitution 
shifts this quinonoid absorption bathochromically, so that it appears 
as an inflexion at  380 nni (log& 2-87). In derivatives bearing niethoxy 
and/or hydroxy groups in both positions 2 and 3 the red-shift of the 
quinonoid band is sufficient for complete separation from the benzenoid 
band (418-439 nm; loge 3-12-3017)~~. The iz--tx" absorption of the 
carbonyl groups in 49 is found at  about 425 nm (log& 1.51), but only in 
isooctane s o l i ~ t i o n ~ ~ .  1,4-Naphthoquinones substituted i n  the bei~iei~e 
ring frequently show coalescence of the benzenoid and quinonoid 7i+ x* 
transitions in the region of 240-290 nm and a red-shift of the characteristic 
benzenoid absorption close to 340 nm. Concerning the influence of the 
peri-hydroxy group and the alkali shift see references S and 72. 

Although the 9,1O-anf/zraquii1ones are important pigments, whose LLV. 

spectra are we!l investigated, the discussion will be restricted to some 
general features, since several surveys have been p u b l i ~ h e d ~ ~ ~ * ~ ~ ~ ~  i5-sn. 

Anthraquinone 73 itself (in ethanol) shows benzenoid v+- n* absorptions 
at 240-250 nm (log E 4-5-4.7) and 332 nm (log E 3*75), quinonoid r--t x* 
absorptiorl at 260-270 nm (log E 4-3)8 and a long wavelength absorption 
near 405 nm (log E 1-95), which might be assigned to a 11 + n* transition?'. 

Since in anthraquinone substituents can be introduced only in benzenoid 
rings an inflL1ence 011 the benzenoid 7i -+ n* transitions wodd be expected. 
Indeed, electron-donating substituents i n  the I-position (OH, OCH,) 
cause a considerable rcd-shift in the visible 77. Surprisingly, 
liowever, Some authorss assume that this red-shift does not involve the 
/~eiIzenoid absorptions at  320-330 nni but rather the anthraquinone 
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absorption at  400 nm. Some observations are not in agreement with this 
explanation and also a red-shift is not compatible with the n->.rr* nature 
of the 400 nm transition. A preferred explanation similar to that first 
used by M 0 1 - m ~ ~  (see also reference 71) is that OH, NH2'*, OCH, and 
N(CH,), shift the benzenoid band from 330 nm into or even beyond the 
region of the tt-->+ transition (405 nm). At the same time one of the 
~T->T* absorptions of shorter wavelength migrates to the 330 nni area or, 
alternatively, a quinonoid T+ n-* transition, originally masked in 9,lO- 
anthraquinone (73) or its alkyl derivatives by the benzenoid 330 nm band, 
now becomes evident. For calculations of anthraquinone spectra using 
additivity rules see Scottso and other authors70a. 

3. Compounds with o-quinonoid structures 

In 1,2-iiaphthoguittotie 66 the benzenoid absorption at 250 nm is 
unchanged with respect to 1,4-naphthoquinone 49. However, there are 
bands of medium intensity at  340 and 400 nm (benzenoid and quinonoid 
n-+ n-* transitions?) which are red-shifted with respect to 1,4-naphtho- 
quinone. In non-polar solvents a weak absorption appears in the visible 
region > 500 nmsl (n--zn* t ran~i t ion?)~~.  

If one adopts the assignment of the absorptions of 9,lO-phenatztlzra- 
quinoize 77 shown in Table 15, then there is good agreement with 1,2- 
naphthoquinone 6667. 

V. IDENTIFICATION O F  Q U I N Q N E S  BY PQLAWOGRAPWY 
A N D  E.s.r. SPECTROSCOPY 

A. Introduction 
Contrary to the spectroscopic methods described so far, in polarography 

and e.s.r. spectroscopy the quinones are reduced to semiquinones, either 
during (polarography) or before (e.s.r. spectroscopy) the measurement. 
By this, the sample is destroyed; however, the requirement on material is 
very low. 

B. Pofarography of Quinones 
to introduce electrochemical 

methods into organic chemistry, measuring the standard redox potentials 
of quinones by potential controlled titration. Now it is usual to deter- 
mine the standard redox potentials via the pE-dependence of the 
polarographic half-wave potentials of quinoness2c. Since there is a 
parallelism between the first half-wave potential and the standard redox 
potential in most cases83~s4~, we will not separately discuss the structural 
influences on these two quantities. 

I t  was the merit of Conant and Fiesersna, 
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Although numerous workers have reported on the polarography of 
quinones, it is still dificult to collate a table of comparable data. Various 
authors use different solvents, concentrations, electrolytes, cell arrange- 
ments and reference electrodes. Therefore, we selected the data in Table 16 
from the work of Peovera3 and supplemented them by our own measure- 
ment@ which were run under comparable conditions. 

TABLE 16. Half-wave potentials of quinones in acetonitrile at 25" (I 

Quinone No. El E2 Reference 

p- Benzoqitiiiones 
Unsubstituted 
Methyl 
2,5-Dimethyl 
2,6-Dimethyl 
Trirnethyl 
Tetramethyl 
2,6-Diisopropyl 
2,5-Di-t-butyl 
2,QDi-r-brr tyl 
2,QDiaziridino 
Phenyl 
2,5-Dip henyl 
Tetraphenyl 
2-Chloro 
2,5-Dichloro 
2,6-Dichloro 
Tetrachloro 
Tetrafluoro 
Tetrabronio 
2,3-Dichloro-5,6-dicyano 

o-Benroquiiiones 
Unsubstitutcd 
4,6-Di-r-butyl 
4,6-Di-r-butyl-3-phenyI 
4,6-Di-t-butyl-3-chloro 
4,6-Di-t-butyl-3-bronio 
4,6-Di-r-butyl-3:nitro 

Condensed qrrinones 
1,4-Naphthoquinone 
1 ,ZNaphthoquinone 
9,lO-Anthraquinone 
9,lO-Phenanthraquinone 

- 0.51 
- 0.58 
- 0.67 
- 0.66 
- 0.75 
- 0.84 
- 0.70 
- 0.73 
- 0-74 
- 0.73 
- 0.50 
- 0.49 
- 0.57 
- 0.34 
-0.18 
-0.18 
+0.01 
- 0.04 

0.00 
+0*51 

- 0.3 1 
- 0.58 
- 0.5 1 
- 0.33 
- 0.37 
- 0.21 

- 0.71 
- 0.56 
- 0.94 
- 0.66 

- 1.14 83 
- 1.10 83 
- 1.27 83 
- 1.14 6 
- 1.35 83 
- 1.45 83 
- 1.26 6 
- 1.24 83 
- 1 *35 6 
- 1.23 6 
- 1.03 83 
- 1.05 6 
- 1.25 6 
- 0.92 83 
- 0.81 83 
- 0.81 83 
-0.71 83 
- 0.82 83 
-0.52 83 
- 0.30 83 

- 0.90 83 
- 0.83 6 
- 0.77 6 
- 0.62 6 
- 0.86 6 
- 0.48 G 

- 1-25 83 
- 1.02 83 
- 1.45 83 
- 1.22 83 

a Values in  volts vcrsus SCE, supporting electrolyte 0 . 1 ~  NEt,CIO,. . 
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We wish to make only a few comments on the results of polarography 
in quinone chemistry. An examination of Table 16 shows that electron- 
releasing substituents (alkyl and amino groups) lower the first half-wave 
potential with respect to the unsubstituted p-benzoquinone 1 whereas 
electron-withdrawing substituents (halogen and cyano groups) increase 
it. The same observation holds for condensed quinones. Phenyl groups 
seem to have no great disturbing effect on the half-wave potential"". I t  is 
remarkable that o-benzoquinones have higher (less negative) half-wave 
potentials than their p-isomers. This is also true for the pairs 1,4-/1,2- 
naphthoquinone and anthraquinone/phenanthraquinone. 

Several attempts have been made to quantify the influence of 
substituents towards half-wave or redox potentialsszc* 85. Zumang5 showed 
that a linear correlation exists for polarographic half-wave potentials and 
substituent constants taken from a modified Hammett equation. This 
correlation fits well in the case of monosubstituted benzo- and naphtho- 
quinones. However, the half-wave potentials of polysubstituted quinones 
are lower than the values predicted by simple additivity of the substituent 
constants. Steric effects seem to be responsible for the  deviation^^^^^^. For 
seven 3-substituted phenantliraquinones the substituent effects on E?. 

2 R = H, CH,, C,H,, CH(CH,),, C(CH,),, CN, COCH,, Br 

R 

could be correlated with the Hammett a constants with a correlation 
coefficient of more than 0.995s7. On the basis of a similar correlation of 
U-values with redox potentials, Flaig and coworkersszC suggest that in  
some quinones the carbon atoms might be the reaction centres during 
polarography. The slope of the linear regression line obtained by plotting 
13C chemical shifts of the carbonyl groups versus polarographic values6, 
however, shows that Flaig's assumption is not stringent. 

Linear correlations also exist for i.r. absorption frequencies of the 
carbonyl groups of quinones and their polarographic values82c. However, 
the correlations are only good, if quinones with similar substituents are 
assorted. 

Since in the polarographic reduction of a quinone one electron occupies 
the lowest empty orbital, a relation between polarography and U.V. 

spectroscopy of quinones is also expected. This prediction is correct and 
has been shown by several authors for the U.V. absorption of quinoness2" 
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and for their charge-transfer complexes with electron-donor compounds88 
as well. Finally, several attempts are known to correlate polarographic 
half-wave potentials with the calculated energy of the lowest unoccupied 
orbital of quinonesR3 and with the resonance energy obtained from MO 
t heo ry89-91. 

In summary, polarography of quinones may be used as a powerful tool 
to determine quantitative relationships between their oxidative behaviour 
and several molecular properties. 

C. E.s.r. Spectra of Semiquinones 

1. General remarks 

p -  and o-Semiquinones are relatively stable free-radical intermediates 
in the reduction of p -  and o-quinones and in the oxidation of dihydroxy- 
benzenes. Thus, their e.s.r. spectra may be used to identify and characterize 
the corresponding quinones. However, to obtain a well-resolved hyperfine 
structure, special experimental techniques are necessary". 

R 4  

p-Serniquinone o-Semiquinone 

Ascorbic acid, zinc dust or sodium dithionite (in polar acidic 
solvents)93, glucose or sodium dithioniteg4 (in basic solvents) and alkali 
metals or amalgams (in ethereal are used as reducing agents. 
The most universal method is the electrolytic reduction of the corre- 
sponding quinones. According to our own experience, mixing stoicheio- 
metric amounts of the quinone and alkali metal salt of the corresponding 
dihydroxybenzene is a valuable method, especially for the isolation of 
stable o-semiquinonesg5. Reduction of quinones may be carried out in a 
flow system which is superior to the normal procedure if the semiquinones 
are unstable. It should be pointed out that even 'stable' semiquinones 
decompose readily, so that under stationary conditions the e.s.r. spectra 
of secondary products are frequently observed". Under controlled 
conditions, these products may be of the hydroxy-semiquinone 
tYPe96"' b, d. They are formed in oxidizing medium by coupled redox 
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processes, starting with either dihydroxybenzelie or quinone. In the case 
of p-semiquinones the reaction proceeds in the following n7aniiergGFb : 

1914 

Addition of OH- to the quinone 1 (A) leads to the trihydroxybenzene 
anion (B) which, on oxidation by air, produces the anion of the hydroxy- 
semiquinone 91a. Depending on the concentration of 1 and of the alkali 
used, a n  electron transfer from 91a to 1 may occur with the formatioii of 
equilibrium amounts of semiquinone l a  and the anion (C) of hydro>;y- 
quinone 91 9Gb. Since hydroxy-semiquinones show characteristic e.s.r. 
spectra (see Table 17), the reactions with alkali may be of diagnostic value 
for the parent quinones. 

A serious problem is presented by the dependence of the coupling 
constants a on the polarity of the solventg7 (Table 17). The changes in a 
may be in the order of several hundred mG for the protons and amount 
to several G in the case of other nuclei (e.g. 1a)g4*97-100. These effects are 
caused by a change in the electronegative behaviour of the oxygen atoms 
and hence in the spin-density distribution of the odd electron within the 
molecule. The attraction between the protons of the solvent and the semi- 
quinone molecule may attain the strength of a stable complex by which 
the hyperfine structure is altered considerably”. Neutral seniiquinones114- 115 

and (in acidic medium) even semiquinone cations93> llG iiiay be formed. 
Due to restricted rotation of the hydroxy group, the e.s.r. spectra are 
frequently temperature-dependent115p l17. 

In basic medium ion-pair or even triple-ion formation betwcen the 
semiquinone anion and the metal cation is observcd1l8. This effect may 
complicate the spectrum b y  metal hyperfine splitting, in particular, if 
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R5 R6*Rz R3 

TABLE 17. E.s.r. spectra of p-seniibenzoquinones 

No." RO RG R3 R= g-Value Solvent Reference 
and notes 

a (Gauss) 

H 
2.42 
2.37 
2.32 
H 
2.44 
2.56 
H 
2.59 
H 
1.84 
2.00 
CH, 
2.13 
H 
1.97 
CH3 
1.40 
H 
2.07 
2.32 
H 
2.2 1 
H 
2.03 
c1 

F 
4.14 
3.95 

H 
0.30 
OCH, 
0.77 
H 
0.9 1 
H 
1.70 
H 
1.34 

- 

H 
2.42 
2.37 
2.32 
H 
2.70 
2.72 
H 
2.59 
CH3 
2.25 
2.24 
H 
1.89 
CH:, 
2.24 
CH3 
1.90 
C(CHJ3 
0.06 

H 
2.45 
c1 

H 
2.32 
F 
4.14 
3.95 

OCH, 
1.05 
H 
1.50 
CSHSCHZS 
0.79 
H 
1.55 
H 
4.98 

- 

- 

H 
2.42 
2.37 
2-32 
H 
1.95 
1.98 
CH3 
1-71 
H 
1.84 
2.00 
H 
1-89 
CH, 
1-77 
CH3 
1.90 
H 
2.07 
2.32 
H 
2.21 
H 
2.03 
1-1 
2.32 
F 
4.14 
3.95 

H 
0.30 
H 
1 .so 
H 
0.9 1 
H 
5.80 
H 
0.60 

H 
2.42'. 
2.37' 
2.32 
CI-I, 
1.83 
1.90 
CH, 
1.71 
CH3 
2.25 
2.24 
CH, 
2.13 
CH3 
1.88 
CH3 
1.90 
C(CHJ3 
0.06 

Cl 

C1 

Cl 

F 
4.14 
3.95 

OCH, 
1 -05 
OCH, 
0.77 
CeHSCHZS 
0.79 
P+(GHJs 
4.70 
OH' 

- 

- 
- 

- 

- 

94, 97, 98 
94, 101-104 
84 

97 
84, 105 

106 

106 
84 

106 

106 

106 

107 
84 

106 

106 

106 

108 
109a 

96c, 110 

111 

112 

113 

96b 

O Number of the parent quinone plus index a 

a UIYO =9.46 G, reference 98". 
~1ac.l=2.13; atrc-s < 0.65 G. 
Prepared by reduction of the quinone. 
' UIICI =0.40; U I ~ C - ~  =0.59 G. 

Prepared by oxidation of the Corresponding 

Alkaline alcohol. 

Alkaline methanol or ethanol/water 50 : 50. 

50% 1-Butyl alcohol in water/O.lM NaOH. 
Dissociatcd in alkaline solution. 
Aqueous alkali; see text. 

refers to the corresponding semiquinone. CH,CN/(C41-IO)4NC10a. 

j Pyridine/Z~ KOH 50 : 50. 

dihydroxybenzene. 



210 St. Berger and A. Rieker 

equilibria between pairs ofdifferent solvation exist. In addition, considerable 
solvent and temperature dependence of the e.s.r. spectra may resultllsb* l l O .  

i 61 
+H' 

- H +  Q 0, H 

+H+ 

2. Hyperfine structure constants 

a. p-Semibenzoquinones. The e.s.r. spectrum of the unsubstituted 
p-semibenzoquinone l a  consists of five lines with the relative intensities 
1 : 4 : 6 : 4 : 1. This pattern is caused by the coupling of the free electron 
to four equivalent protons, as expected on the basis of symmetry, if the 
odd electron is delocalized all over the ring. Moreover, using the 13C- and 
lH-couplings, the complete spin-density distribution for la  (1,2-di- 
methoxyethane solution) could be satisfactorily computedg4 in accordance 
with MO c a l c u l a t i ~ n s ~ ~ ~ ~ ~ .  

PO = 17.21%, PC,., = 14*87%, PC,,,,,~ = 8.96% 
The value for p o  is in good agreement with the observed 170-couplingg8. 
Substitution of alkyl groups or halogen atoms for one or more hydrogen 
atoms in l a  does not basically alter the coupling constants of the ring 
protons, although the spectra are more complex because of a slight non- 
equivalence of the remaining protons. In addition, the substituents them- 
selves may cause further splitting (e.g. fl-protons of alkyl groups). In the 
case of alkyl groups small coupling with y-protons (e.g. 10a) may be 
observed under good resolution107. In bicyclic semiquinones, y-proton 
couplings occasionally exceed the va!ues found for t-butyl groups, whereas 
the bridge-head protons H, do not show any splitting120n121. Here e.s.r. 
may be a valuable tool for the assignment of the syn or anti structure of a 
proton (H, or Ha). 

lor H, 

2.36G HW 0.406 H,: Ha: 0.806 0.406 

H / H 
141 - HB 

The coupling constants of fluorine in semiquinones are nearly twice 
the value obtained for protons108~10g. The values of a,,, (enrichment) and 
of alac (natural abundance) in several fluorinated semiquinones were 
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found to be similar to those reported for unsiibstituted semiquinoneslOgi'. 
However, the proton coupling constants observed in partially fluorinated 
semiquinones indicate that changes of up to 40% in spin density occur in 
the ring upon introduction of fluorine. 

Semibenzoquinones with alkoxy or mercapto groups (Table 17) show 
stronger deviations of the a-values (spin-density distribution) as compared 
with the unsubstituted la. The same holds for the phosphorus-containing 
compound 127a which may be regarded as a zwitterion and not as a true 
semiquinone. There is also coupling of the free electron either with the 
heteroatom (e.g. phosphorus) or with the hydrogen atoms of alkyl groups 
connected to heteroatoms (e.g. oxygen and sulphur), giving insight into 
the mechanisms of the transfer of free-spin density to substituent 
atomsgGc* 113* 122-124. Contrary to the results based on chemical reactivity, 
it was concluded112 that the S atom is essentially electron-releasing in its 
behaviour towards the aromatic ring. Therefore, it is not necessary to 
invoke the use of acceptor 3d oribtals by the S atom. 

b. o-Seniibeiizoquiiioiies. The e.s.r. spectrum of the o-scmibenzoquinone 
40a shows a triplet of triplets with the relative intensity 1 : 2 :  1 
(aI? 3.6 G; all% 1.0 G). It  must be concluded that two pairs of equivalent 
protons are present; from reasons of symmetry these are protons 3/6 
and 4/5. On the basis of spin-density calculations12j and by comparison 
of 40a with specifically alkylated compounds (41a, 42a, 44a, 128a-130a) 
it is seen that the higher value czI belongs to the pair of hydrogen atoms 
4/5. The relative amount of aI/aII is not altered considerably by the 
introduction of substituents, although the absolute values of the coupling 
ccnstants within the pairs of protons H, and H, or H, and H5, respectively, 
may change noticeably. 

c. Condensed senziqitinones. The spectra of condensed semiquinones 
are complex and have not been assigned unanibiguously in all 
casesQ3. 94* 079 lo2* 126-132. The coupling constants (in G) of the semiquinones 
of lY4-naphthoquinone, 9,lO-anthraquinone and 9,lO-phenanthraquinone 
are given below : 

(49a) ( 7 3 4  ( 7 7 4  
DMSO, electrochemical 

red u c t io n9'- '32 
D M S 0, elect ro c h e in i cat 

red uc t io  n9' 
DMF, electrochemical 

reduction'z6 

8 
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TABLE 18. E.s.r. spectra of o-semibenzoquinones 

No.' RE R6 R' R9 g-Value Solvent Reference 
and notes 

a (Gauss) 

(40a) H H H  H 
0.95 3.65 3.65 0.95 2.00441 '* 101, 102,125 
1.16 3.55 3.55 1.16 - DMF* 106b 

1.50 3.30 3.30 1 .so - J ,  e 84b 

1 *4 3.7 4 4  0.7 - D MF/H 20b 96a 

0.5 4.2 4,2 0.5 - DMFd 95 

1.02 3.58 3.58 1.02 - D M F ~  95 

(1190) H H CH, H 

(41a) H CH, CH, H 

(128a) n-Propyl H- H -  n-Propyl 
1 3.26 3.26 * - DMFd 95 

- 6, a 107 1.17 3.80 0.32 0.3 
1.40 3.90 0.30 1.16 - J ,  8 84 

< 0.03 2.50 5.35 0.35 - b,  0 107 

< 0.03 2.67 0.31 0.3 - b. a 107 

(129a) H H C(CH33 H 

(42a) C(CH,), H CH, H 

(444 C(CHA H C(CH.4, H 

- 3.20 0.32 0.6 - d ,  0 84a 

- b,  a 107 
(130a) CH, H C(CHJD H 

0.3 3.07 0.29 0.3 
(131a) H H COOH H 

1.4 3.3 - 0.9 - D MF/H zOD 96a 

Number of the parent o-quinone plus index a refers to the Corresponding semiquinone. 
Prepared by oxidation of the dihydroxybenzene. 
Alkaline alcohol. 
Prepared by reduction of the quinone. 
CH,CN/(C,Hg),NCIO,. ' Additional unresolved hyperfine splitting. 

0 Alkaline methanol/water 50 : 50. 

Comparison of the spin-density distribution in 73a and 77a to that of the 
unsubstituted semiquinones is impossible, since the quinone ring carbon 
atoms are 'blind', i.e. they bear no hydrogen atoms. However, in 
1,Cnaphthoquinone 49a, the coupling constant for proton 2, and hence 
the spin density at carbon atom 2, is considerably higher than in the case 
of p-benzosemiquinone la .  

A series of hydroxy-substituted condensed semiquinones showing 
intramolecular hydrogen-bonding was investigated b!:' Fraenkel and 
c ~ w o r k e r s l ~ ~ ~ ~ ~ ~ .  In  the case of the semiquinone of naphthazarin 63 one 
single coupling constant for the ring protons (2.41 G, electrochemical 
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(634 

reduction) and for the OH-protons (0.52 G) was observed as one would 
expect for a completely symmetric molecule (with respect to the e.s.r. 
time scale). Hyperfine splitting of the ring protons and spin-density 
distribution are altered by deuteration of the OH-grcups133. 

The e.s.r. spectra of annulene-semiquinones have attracted considerable 
interest. Thus, it was derived from the a-values and MO calculations that 
the semiquinone radical anion of dibenzo[c.d, g.h]pentaleno-4,8- 
quinone (A) should be described as a perturbed planar antiaromatic 
[12]annulene system, rather than as a [14]annulene, which could have 
been expected according to the formula (B)134. Concerning semi- 
quinones derived from 1,6-bridged [ 1 O]annulenes see reference 135. 

3. g-Values 
The g-values of semiquinones are more dependent on substituents than 

on the 0- or p-structure. However, too few data are available to derive 
rules for the characterization of seniiquinones. Moreover, the g-values 
depend on the solvent136. This phenomenon is interpreted qualitatively 
by assuming different solvations of the carbonyl oxygen atom of semi- 
quinones by different solvents. 

4. Characterization of quinones 
According to the previous paragraphs characteristic sets of splitting 

parameters exist for protons in p- and o-sernibenzoquinones. Therefore, 
characterization of a quinone or distinction between the p- and o-series, 
in principle, should be possible from the c.s.r. spectra, produced by 
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reduction of the quinone in question. This holds especially for the 
o-semiquinone system, showing a typical ratio of the hyperfine splitting 
parameters: F14,5 : H3,,=3 : 1 (UP to 10 : 1). I n  the p-semiquinone series 
the a,-values are not changed significantly by alkyl or halogen substitution. 
However, in the case of other substituents one should anticipate consider- 
able deviations. In the p-series the strong solvent effects on the a-values 
must also be taken into account. 

For hydroxy-semiquinones in alkaline medium a spin-density distri- 
bution somewhere betlveen that found for p -  and o-semibenzoquinones is 
expected, according to the following niesomerism : 

- - - - Q3- 101 QSw- 161 161 >$a 101 

f-----j 

- 101 - ? I  101 - tor 
p - S  ern iq ui n o n e o-Semiqu inone  

However, the investigation of several hydroxy-semiquinones (e.g. 91a, 
Table 17) shows96b that the spin-density distribution corresponds more to 
that in o-semibenzoquinones. 

VI. CHEMICAL METHODS 

A. General Remarks 

The structure of quinones may be investigated by chemical degradation 
and derivatization processes8. Since these methods are often not selective 
and need large amounts of material which cannot be recovered, they are 
inferior to the physical methods discussed above. However, colour 
reactions are still valuable in controlling the purification of natural 
materials. Colours are formed or changed in reduction and addition 
reactions of quinones and in the formation of hydroxyquinone anions. 
These reactions are quickly performed in small samples and, moreover, 
can be combined with modern spectroscopic methods and separation 
techniquesI3’. 

0. Colour Tests for Quinones 

1. Anion formation from hydroxyquinoaes 

Hydroxyquinones produce deep red to violet colours in alkaline 
solution8 (Table 19; see also section 1V under ‘alkali shift’), or on treat- 
ment with methanolic magnesium acetate138. 
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Quinone No. Colour )(Et&HIOR- 

(nm) 

I ,4-Benzoqiii1rones 
2,s-Dihydroxy (1 14) Bluish-red 505 

2-Hydroxy-3,5-di-t-butyl (132) Violet-red 528" 
2-Hydroxy-3,5,6-tri-chloro (133) Violet 542" 

2-H ydroxy-S-methyl (99) Red 493 

1,4-Naplithoquino 
2-Hydroxy 

6-H ydroxy 
2,3-Dihydroxy 
2,s-Dihydroxy 
3,S-Di hydroxy 
5,6-Di hydroxy 
5,7-Dihydroxy 
5,8-Dihydroxy 

5-Hyd.t-o~~ 
Orange 
Violet 
Violet-red 
Blue 
Vi olet-red 
Red 
Blue 
Violet 
Blue 

459 
538 
520 
650 
490 
435 
57 1 
542 
655 

9,1 O-Antliraquinones 
1 -Hydroxy (140) Red 500 
2-Hydroxy (141) Orange-red 478 
1,2-Dihydroxy (74) Violet-blue 576 
1,3-Dihydroxy (142) Red 485 
1,4-Dihydroxy (143) Violet 560 
1,8-Dihydroxy (144) Red 513 
1,4,5,8-Tetrahydroxy (145) Blue 630 

a Reference 59, all other values reference 8. 

Intense colours also appear on contact of hydroxyquinone spots on 
paper and thin-layer chromatogranis with amn~onia'~'. The hydroxy- 
quinone anions responsible for these colours are sometimes formed as 
secondary products during the reaction of substituted quinones with 
alkali (e.g. 2,3-diallylnaphthoq~inone*~~, chloranil 79'"). 

2. Reduction and re-oxidation processes 
Quinones are easily reduced to colourless or faintly coloured 'leuco' 

compounds by neutral or alkaline sodium dithionite, alkali borohydride, 
catalytic hydrogen, zinc and other reducing agents. Three tests are founded 
on the reduction reaction: 

(i) The quinone is reduced, and the leuco compound is directly detected 
by its deep colour iii alkaline inediun? (polycyclic quinones, but not 
naphtho- and benzoqui~iones)~~~.  
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(ii) Reoxidation of the leuco compound by shaking with air restores the 
original c ~ ! o u r ' ~ ~  (non-hydroxylated benzoquinones and naphthoquinones 
react slowly). 

(iii) Reduction is accomplished by a second leuco compound, which 
in turn is oxidized to form a highly coloured oxidation product (leuco 
niethylene blue spray for the detection of benzoquinones and naphtho- 
quinones on paper and thin-layer ~hromatograms) '~~. 

3. Reactions with amines 

condensation reaction to form quinone imines: 

< 

Quinones would be expected to react with amities by a normai 

+ H 2 N - R  __3 :QNAR 

However, there are limitations for such a reaction with respect to the 
structure of the quinone and of the aniine. p-Quinones with one hindered 
carbonyl group and aromatic anilines combine to highly coloured quinone- 
monoanils (R = aromatic group), which may be used for the identification 
of the quinone and of the amine as well. Mixtures are easily detected by 
thin-layer chrorna t~grapl iy~~~,  however, in most cases long reaction times 
are necessary. For analytical use the reaction of quinones with aryl- 
hydrazines to form arylhydrazones (R = NH- Ar) 144 is recommended. 

1-H+ 

The hydrazones tautomerize into the corresponding hydroxyazoarenes ; 
the equilibrium finally attained depends on the substituents in both 
rings and on the polarity of the solvent145, I n  alkaline solution only 
the mesomeric anion exists, and this is responsible for the deep colour 
~ b s e r v e d l ~ ~ * ~ " .  o-Quinones are often characterized by preparing the 
quin~xal ines '~~,  but the reaction with guanidine carbonate may be useful 
with micro-gram amounts*47. I n  this reaction a colourless diguanylquinone 
(A) is primarily formed, which on heating produces a coloured conden- 
sation product147. Deep colours are also formed by the reaction of 
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f?“ 
II 

N-C-NH, 

N-C-NH, 

”H, 

NH, 
a I + 2 H N = C ,  -+a + H,O 

R’ R’ I I  
NH 

(A) 

quinones with other amines, as with ethylenediamir~e~~~ in neutral or 
alkaline solutions, and with i n d ~ l e l ~ ~ ,  N,N’-diphenylben~idine~~~ or 
3,4-dirnetho~yaniline~~~ in acidic solutions. It seems that only in the 
case of the indole reagent, leading to indolyl-quinones, is the chemistry 
of the reaction well e~tablished’~~. Formation of colour with ethylene- 
diamine is specific for quinones and quinone-forming materials, except 
for anthraquinones and amino-substituted quinones. Compounds reacting 
with It‘,“-diphenylbenzidine are 1,2-quinones, 1 ,4-benzoquinone, but 
also nitroso derivatives, chloramines, chlorimines and ether peroxides. 
The 3,4-dimethoxyaniline reagent is recommended by the authors150 to 
be specific for inner-ring o-quinones (e.g. 9,lO-phenanthraquinone (77), 
9,10-re:ene-quinone, 5,6-chrysene-quinone). 

Halogenoquinones react with primary and secondary amines as 
fOliOWS36~ : 

“$I f 2 HM’ R’ I_f 2 HCI +‘‘a 
R’/N 

‘R2 CI CI 
0 R2 

ac: + HNCR2 R’ + HCi + a:.’ 
N‘R* 

0 0 

The resulting aminoquinones are well crystallized, showing sharp melting 
points and colours ranging from orange to violet and may be used for 
the characterization of halogenoquinones, as well as of primary and 
secondary amines. 

4. Reactions with C-H acids 

Non-hydroxylated quinones haoing a free quitronoid position can be 
detected by their reaction with active methylene compounds153 (e.g. 
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acetoacetic ester, maiononitrile, n i t ron~c thane~~~ ,  etc.) and ammonia in 
alcoholic solutions. This test was originally discovered and developed by 
K e ~ t i n g ’ ~ ~ .  Later it was also reported by Craven155, without reference to 
the work of Kesting, and by Je f f r ey~ l~~ ,  who cited neither Kesting’s nor 
Craven’s publications. Jeffreys showed that the anion of the reactive 
methylene group undergoes Michael addition (A). Subsequent oxidation 
produces a new quinone (B): 

0 
II  

,C-O-R 

C-0 -R  
> 

@?JH 0 H + -IF 0 II 

(49) 

- - 
101 0 

0 
0 

The blue-grecn or violet-blue colour which appears (Kesting test) is 
produced by the resonance stabilized anion (C) of this quinone (B). The 
test is also useful for spraying spots of qiiinones on thin-layer plates137. 
On treatment with acid, the primary adducts readily undergo ring- 
closure to benzofurans. The mechanism just outlined has been supported, 
in principle, by King and N ~ w a l l l ~ ~  (see also Junek and  coworker^'^^). 
In the presence of a hydroxy group the Kesting test may fail. On the other 
hand, an actual p e e  qiriitonoicl position is not essential, since alkoxy and 
halogen groups can be displaced by the reagent'"'. It should be pointed 
out, however, that phenanthraquinones or sterically hindered p-benzo- 
quinoncs (e.g 2,6-dialkyl-1,-bcnzoq~~i~~~nes) also undergo condensation 
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a t  one of the carbonyl groups, at  least when malononitrile is used as 
CH-active compound160~1G1. In this case dicyanoquinonemethides (A) are 
formed, which, in the presence of an excess of malononitrile (and 
piperidine as catalyst), give tetracyanovinylphenols (B) 161, whose anions 
(C)  are highly coloured. For this reason, the reaction may be useful for 
the detection of 2,6-di-substituted p-benzoquinones. 

_ -  
OH 

-HCN ' 

/ \  
NC CN 

(A) CN CN 
R' = Me, i -Pr,  t-BE, t-Bu, C,H, 
R2 = Me, i -Pr ,  t-Bu, CI, C,H, 

NC C-CN NC C--CN 
I I 

(B) (C) 

The mesonieric anion of the Kesting test is similar to the anion produced 
by allyl-quinones in the Dam-Karrer testIG2. This latter anion is supposed 

to be responsible for a transient blue-violet colour obtained when allyl- 
quinones are treated with alcoholic alkali139. The most widely used colour 
tests discussed in this section are summarized in Takk 20. 

I .  

Vll. QUANTITATIVE DETERMINATION OF QUINONES 

A. Physical Methods 

In  principle, all physical methods discussed in this review, as well as 
mass spectroscopy, are suitable for the quantitative determination of 
quinones. In practice, however, only n.m.r. spectroscopy, U.V. spectro- 
scopy and polarography play a role since in these cases the measurements 
are rapid and easy and the evaluation is straightforward. 

In  proton-n.m.r. spectroscopy the peak areas of the quinone signals 
are determined quantitatively relative to a standard of known con- 
centration, generally using an electronic integrator1". In 13C-n.ni.r., 
however, this procedure may be hampered by the extremely different 
relaxation times of individual carbon atoms and by the Overhauser 
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effect, if  proton decoupling is used161. In U.V. spectroscopy the Lambert- 
Beer law is used for the determination of the concentration of a quinone, 
if the molar extinction coefficient E is known165. 

The importance of the visible region of the electron absorption spectrum 
for the determination of quinones is obvious (see sections I V  and V1.B). 
In polarography the height of the plateau (diffusion current) of the first 
wave in the reduction of a quinone is proportional to the concentration 
of the quinone16G. 

B. Chemical Methods 

1. General remarks 
Most of the reactions discussed in section V1 may be used for the 

quantitative determination of quinones, by measuring either the oxidation 
equivalent or the intensity of a specific colour. Some examples may further 
illustrate these procedures. 

2. Volumetric determinations 

The easiest way of determination of a quinone seems to be the 
titration of the iodine liberated in acetic acid/NaJ with Na,S,O,. 
According to our own experience, this procedure works well only in  
special cases (e.g. 1 and 79) under carefully controlled conditions. Catalytic 
hydrogenation may be used instead. 

Reduction of a quinone can also be effected by excess NaBH, in 
ethanol/NaOH in the presence of H3BO3, the excess of NaBH, being 
decomposed with 2 N  H,SO, and the liberated H, measured167; Ti(II1) is 
recommended by some authors168. In this case, the excess of reducing 
agent is detected either by polarography or visually by titration with 
NH,Fe(SO,,), and NH,SCN in H,S04 or HCI. Quinones can be detected 
volumetrically by reduction with hydrazine sulphate in NaHCO, or with 
hydroxylaniine hydrochloride in Na,HPO, to evolve N, Ifi9. 

3. Colorimetric determinations 

Coenzyme Qlo was analysed by comparing the change in absorption at  
AT::& of a Qlo preparation upon reduction with NaBH, (formation of 
the hydroquinone)'". Quantitative colorimetric determinations were 
also carried out with the following tests already described in section 
V1.B: 3,4-dirnetho~yaniline~~~; 2,4-dinitrophenylhydra~ine~~~ (determina- 
tion of 2-methyl-l,4-naphthoquinone 50 in urine). Finally, the Kesting 
reaction was employed to determine the quinone contents of drugs"O. 
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VIII. DISTINCTION B E T W E E N  p -  AND 0-QUINOMES 

According to the discussions in sections 11-V i t  seems possible to 
distinguish between the ortho- and para-quinonoid structures by using a 
combination of physical methods, especially if the data of both species 
are available for a given substitution type. 

The first indication for the structure may be taken from colour tests 
and from the U.V. spectrum since o-quinones absorb a t  higher wave- 
lengths and with lower overall extinctions than the corresponding 
p-quinones. This statement holds even for the annelated quinones of 
Tables 14 and 15 as far as the quinonoid T+ T* and N + T* transitions are 
considered. For benzoquinones the second and especially the third band 
(section IV) may be used for the assignment of a compound to the ortho 
or para series. The unequivocal assignment, however, is possible only if 
substituents which absorb in the characteristic area are absent. This is 
also true for i.r. investigations. In this case position and intensity of the 
absorptions near 6 p, recorded under good resolution, should be used as 
a criterion. o-Benzoquinones may be recognized by the well-separated 
carbonyl band at 1680-1700 cni-l. However, it is advisable to assign the 
structure on the basis of the spectra of several similar compounds. 

In  favourable cases the IH-n.m.r. spectrum niay be used in addition, 
especially in cases of a distinct regularity of substitution. Thus, un- 
symmetrical o-quinones are easily distinguished from symmetrical o- and 
p-quinones. The distinction between the latter, however, is dificult. 
l3C.m.r. provides a convenient tool for the recognition of o-quinones. 
The usual range for the signals of the carbonyl carbon atoms of p-quinones 
is 180-1 90 p.p.m., whereas the carbonyl groups of orlho quinones show u p  
at  fields higher than 180 p.p.m. (TMS). 

Since o-quinones normally give distinctly higher redox- or half-wzve 
potentials and reveal pronounced tendency towards formation of a 
[M +2 ] -  peak when compared with p-quinones, polarography and mass 
spectrometry (Chapter 5) are also useful tools to elucidate structural 
problems in quinone chemistry. In the case of low-substituted benzo- 
quinones e.s.r. spectra of the corresponding scmiquinones (section 
V.C.4) may be helpful, but care has to be taken, because of the solvent 
and temperature dependence of thc spectra and the high possibility of 
measuring secondary and tertiary radicals. 

As an example for the combined use of spectroscopic methods, the 
elucidation of the constitution of quinones of the vitamin K type and 
ubiquinone is illustrative1G*171. 'H-n.ni.r. permitted the detection of the 
nature of the substituents whereas U.V. and i.r. spectra distinguished 

+ 
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between the positions on the quinone ring; the K, hoinologues were 
identified by X-ray diffraction. 

Finally, it should be noted that chemical derivatization and degradation 
may also be erroneous. Quinoxaline formation, as an example, occurs 
not only with o-quinones, but also with some p-quinones146. I n  most 
cases, however, clear-cut results are obtained by a synoptic evaluation 
of all available spectroscopic data. 
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1. INTRODUCTION 

The mass spectra of 1,4-l and I ,2-ben~oquinone~ reproduced in Figures 
1 and 2, respectively, show two characteristic features of this class of 
compounds, namely (i) the stepwise loss of two molecules of carbon 
monoxide, which is a general observation in all the quinones, and (ii) 
the formation of peaks with two mass units higher than the molecular 
weight in the case of ortho-quinones and also in para-quinones having 
high redox potential. 

The structure of the [M - CO]+' and [M - 2 Colt'  ions* will be dealt 
with before going into the appearance of the analytically important 
[M+2] peaks. This will be followed by a description of the mass spectra 
of benzo-, naphtho- and anthraquinones with special reference to the 
influence of substituents on the electron-impact-induced fragmentation. 

Mass spectral studies of quinones are widely done in the field of natural 
products3, because of the advantage that minute amounts of substance 
are sufficient for identification and structure elucidation. 

* The symbols and abbreviations used in this article are those recommended 
i n  the journal Organic Mass Specfrometry, 2, 249 (1969). 
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FIGURE 1 .  Mass spectrum of 1 ,Cbenzoquinone. 
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FIGURE 2. Mass spectrum of 1,2-benzoquinone. 
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11. T H E  STRUCTURE O F  [M-~B]+*  AND [ ~ - 2 ~ 0 1 + *  IONS 

The structure of [M-COl+' and [M-2 CO]+' ions of qliinoncs was 
first studied by Beynon and coworkers4 with anthraquinone 1 (Figure 9) 
as an example. The authors described the [M-CO]+' ion and the 
[M-2 COIf' ion as fluorenone radical cation 2 and biphenylene radical 
cation 3, respectively. a -&P qp -&[@Q]" 

(3) O+ Oi- 

(5 1 (2) 

This interpretation would mean that every CO ejection should bc 
acconipanied by the formation of a new bond; however, successive 
elimination of two CO molecules may only prove the formation of one 
new bond, since the [M-2 CO]+' ion can also be represented with 
structure 3a 

( 3 4  

In the unsubstituted para-benzoquinonel the product of this decarbonyl- 
ation process, C,lN~' (m/e 52), is usually represented as ionized cyclo- 
butadiene (a)s. 

f-3 111 <+ --) 

- t  

(4 

The other alternative structures for C,H,f' are the open species (b), 
the ionized tetrahedran (c) and the vinylacetylene ion radical (d) which 
can arise through a hydrogen shift". 

* For the formation of vinylacetylene in the thermolysis of benzoquinolle 
see reference 6. 
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The structures of [M - CO]+' and [M - 2 CO]+' ions were investigated 
in an elegant study by Elwood and Bursey', using p-fluoro-substituted 
tetraphenylbenzoquinones 4 and 5. 

The successive loss of two CO molecules from 4 results in a [M - 2 CO]+' 
ion which decomposes further into unfluorinated, nionofluorinated and 
difluorinated diphenylacetylene. The intensities of the corresponding 
metastable transitions lie in the ratio of 1 : 3.1 : 0.87. An almost similar 
ratio for the metastable peaks was observed in the decay of the [M - CO]+' 
ion of the isomeric tetracyclones 6 and 7*. This tends to show that 4, 
after splitting off the first CO molecule, forms 6 and 7 which produce the 
same common [C,Ar,]+' ion. From what is described so far, it is to be 
concluded that the C,Ar, fragment must have a closed structure, since no 
two identical open structures [C,Ar,]+' may be produced from both 6 
and 7. Tnis closed structure must be either a cyclobutadiene or a tetra- 
hedran. 

O+ 

The quinone 5 after the expulsion of two CO molecules gives a C,Ar, 
fragment which likewise decomposes further into diphenylacetylene as 
well as nionofluoro- and difluorodiphenylacetylene. The intensities of the 
accompanying metastable peaks are, however, in the ratio I : 4-8 : 0-84. 
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A similar ratio of metastable peaks is found in the decomposition of the 
[M-CO]+' ion obtained from 8. 

(8) 

Should the [M-2  CO]+' ion from benzoquinones or the [M-CO]+' 
ion of cyclopentadienones possess a cyclobutadiene structure, then from 
the [C4Ar4]+* ion of 5 and 8 only a single acetylene, namely monofluoro- 
diphenylacetylene (m/e  196), should result. 

On the other hand, a tetrahedran structure permits the formation of 
all three diphenylacetylenes mentioned above. This model demands an 

1 
C*,H,o+ 

other I""" routes 

C,4H,F+' 

intensity ratio of 1 : 4 : 1, and the slight divergence between the experi- 
mental and the theoretically predicted results indicates either a distorted 
tetrahedran structure or some admixture of other structures. The last 
possibility is improbable because of the independence of the experi- 
mentally found ratio on temperature and electron energy. The discrepancy 
can be explained on the basis of a tetrahedran with unequal bond lengths 
as suggested by Bursey and Elwood'. 
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(6) --co > 

excessive formation of 
Cl,H,Fz+' and C1,Hl,+' 

7 (7) -=% 

excessive formation of 
C,,H,Fz+' and C14Hlo** 

-co 

7 (8) - > : +.: __f 

* *  

excessive formation of 
C,,H,F+' 

The experimental results so far discussed are in conformity with a 
cyclopentadienone structure for the [M - CO]f' ion and a distorted 
tetrahedran structure* for the [M - 2 CO]+' ion derived from tetra- 
phenylbenzoquinone. These results can without doubt be extended to 
other arylated quinones. It should, however, be considered, that the 
introduction of other substituents might consequently lead to the 
formation of different structures. 

111. THE [M+2] PEAK 

Quinones with high redox potential are reduced partially by the residual 
moisture present in the inlet system and ionization chamberl0-l4. When 
water is additionally introduced, it causes an increase in the intensity of 
the [M + 21 peak14. Replacement of water adsorbed in the inlet system and 
ion source with D,O leads to the appearance of [M+3] and [ M + 4 ]  
peaksl0-l4. An increase in the partial pressure of quinone diminishes the 
intensity of the [M+2] peak14. The maximum intensity of the [M+2]+' 

* A further study on the structure of [C,Ar,]+' ions which supports these 
findings can be found in reference 9. 
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ion peak is often attained only after a long stayll in the inlet syslem (up to 
60 min). 

Table I shows that the formation of [M +2]+' ions is more pronounced 
in ortho-quinones, which possess a considerably higher redox potential 
than the para-isomers. However, no simple relationship exists between 
the redox potential and the intensity of the [M+2]+' ion peaks13*14. The 
mass spectra of more than thirty 1,2-naphthoq~inones~~*~~ known so far 
contain [M+2] peaks with similar intensities to those of the molecular 
ion peaks. The appearance of [M+2] peaks has been suggested13 to 
differentiate 1 ,2-naphthoquinones from their 1,4-isomers. The presence 
of intense [M + 21 peaks has also been noted in 2,6-naphthoquinone15, 
dirneric 1 ,4-naphthoquinoneslG, phenanthraq~inone'~, diphenoq~inonesl~ 
and stilbene q~ i inones~~ .  

IV. B E N Z O Q U I N O N E S  

Thc para-benzoquinones generally give an intense molecular ion. Besides 
the expulsion of two CO molecules the elimination of alkynes and fission 
into two halves determines the fragmentation pattern1'. The figure below 
shows the above behaviour for the parent compound 9. 

0 

With the unsymmetrically substituted quinones fragmentation by path 
A leads exclusively to the elimination of alkynes with higher molecular 
weig1itl7. For example, 2,3-diniethyl-I ,4-benzoquinone gives an intensive 
peak a t  ni/c 82 (M+'-CH,C=CCH,) and 2,3,5-trimethyl-l,4-benzo- 
quinone a t  n7/e 96 (M+'-CH,C=CCH,). The less-substituted alkyne 
(acetylene or propyne) is not eliminated in these cases. For the fragmen- 
tation pattern B, again the ejection of the more highly substituted neutral 
part is favoured. The corresponding metastable transitions show that in 
most cases this process comprises two steps, the elimination of an alkyne 
followed by CO. 

The [M-CO]-l" ion of para-benzoquinones carrying two or more 
inethyl substituents is stabilized through the loss of a radical leading to 
an ion with an even number of electrons. In the case of dimethyl 
derivatives the elimination of a hydrogen atom dominates. The ion so 
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formed is formulated as hydroxytropylium (e). This is supported by the 
subsequent decomposition of e which is exactly analogous to the frag- 
mentation of the hydroxytropylium ion in the spectrum of benzyl alcohol1*. 

* * 
-: 

-CH, -CO 

I l ! I l  

OH 

I t  I 

n 
H H  

The [M - CO]+' ion of tetramethyl-l,4-benzoquinone (25)17 (Figure 3) 
loses preferentially a methyl radical whereby the base peak appears at  
m/e 121. This fragment is similarly interpreted as a methyl-hydroxy- 
tropylium-ion (f) which disintegrates further into a stable C,HT ion. 

100 

c 
c 

W > 

._ 

.- 
c 

2 40 h 

20 

-4 

I54 93 

-co 

0 

H3c@cH3 H3C C H 3  

121 

P 
___( 

136 

m/e 

FIGURE 3. Mass spectrum of tetramethyl-l,4-benzoquinone. 
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The same ion at m/e 121 is formed from trimethylbromo-l,4-benzoquinone 
(26)" through the elimination of CO and bromine. 

mle 136 
0; 

(25) m/e 164 

(f), mle 121 
mle 93 

(1) -co 
(2) -6r T 
0 

(26) 

The fragmentation of 2,6-di-t-butyl-l,6benzoquinone (15)14 is domi- 
nated by the breakdown of the t-butyl group, whereby paths A and B 
(formula 9) are suppressed to  a large extent. Studies with the **O-labelled 
compound 15aI4 show that the unhindered CO group is eliminated first. 

mle 194 

(15a), mle 222 

Mass spectrometry was found to be a powerful tool in the structure 
elucidation of plastoquinones, 271°, which play an important role in 
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electron-transfer in chloroplasts. A series of plastoquinones investigated 
gave in each case a base peak a t  m/e 189 (C12H,,02) lo, lo. 20. 

The appearance of the same base peak in all cases shows that the 
2,3-dimethyl-l,4-benzoquinone nucleus is always present and the 
differences are due only to the structure and length of the isoprenoid side- 
chain R. Through the breaking of R a stable pyrylium ion is formed 
(g and/or h). The behaviour of ubiquinonesZ1 (28) is reported to be 
similar. 

0 

-R w or 

mle 189 

c H,(CH, -CH =c- CH, i 2  H 

(28) 

In the cases of hydro~y-1,4-benzoquinones~~ the breaking of the 1,2- 
and 4,5-bonds (or of the 3,4- and 1,6-bondsY respectively) is accompanied 
by a hydrogen shift. Deuterium-labelled experiments established that the 
OH group is the main source of the migrating hydrogen, as illustrated 
below in the example of 2-hydroxy-5-methyl-] ,4-benzoquinone (29). 

The ion i a t  m/e 70 results from the shift of two hydrogen atoms 
(Figure 4). 

The behaviour of the hydroxyquinones 30 and 31 is analogous to that 
of 29. 

The spectra of methoxy-l,4-benzoquinones (32) present a more 
complicated picture17. The formation of ion j is typical for this class of 
compounds. Besides this, the formal elimination of two CO molecules 
and a methyl group, followed by a further loss of COY can be generalized. 
Some natural quinone pigments contain dimethylallyl substituents2z*23. 
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-e, -CO’ CH3 fiH ___f CH3 .I-?+ H CH3 jiyH 
l-. \ 

mle 110 m/e 69, C,H,O 0 
(291, mle 138 

+ O=C-CH=C=O 
mle 69, C,HO, 

(i), mle 70 

rn/e 

FIGURE 4, Mass spectrum of 2-hydroxy-5-methyl-l,4-benzoquinone. 
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0 

343 

6 [M-71] 

A representative example is y,y-diniethylallylquinone (33), whose 
electron-impact induced fragmentation is shown below. 

ni/e 94 m[e 161 

CH,-CH=C, 
CH, 

m/e 184 
(33) 

The unsubstituted orrho-quinone (16)? (Figure 2) is distinguishable 
from its para-isomer in the appearance of a strong [M+2] peak and a 
more pronounced CO elimination. The ejection of acetylene is nearly 
suppressed (Figure 2). The peaks at rn/e 92, 64 arid 63 are derived from 
the [M+2]-" ion, since they are also formed from the molecular ion of 
1 ,2-dihyd roxy beiiz~ne?~. 

V. NAPHTHOQUINONES 

Exactly in the same way as ortho- and para-benzoquinone, the 1,2-13 and 
I,4-naphthoquinone1 (Figures 5, 6) as well as 2,6-naphthoquinone1" 
(Figure 7) show a stepwise loss of two CO molecules. In the recent past a 
large number of substituted 1,4-naplithoquinones have been exaniined24-2G, 
mainly to obtain basic concepts in structure-determination of naturally 
occurring naphthoquinones (pigments, vitamin Kl,20, ctc.). 

The appearance of peaks at  nzle 104, 76 and 50 is characteristic25 for 
naphthoquinones carrying only alkyl substituents in the quinonoid ring. 

9 
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FIGURE 5.  Mass spectrum of 1,4-naphthoquinone. 
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- co 
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m/e 

158 M" 
[M + 23'' 

. I 
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3 150 170 

FIGURE 6 .  Mass spectrum of 1,2-naphthoquinone. 
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0 

245 

2]+* 

m/e 
FIGURE 7. Mass spectrum of 2,6-naphthoquinonee 

The [M - 2 CO]'' ion of 2-methyl-I ,Qnaphthoquinone (35) loses a 
hydrogen and undergoes ring expansion giving another ion with an even 
number of electrons, for which a benzocyclopentadienyl structure (1) 
was suggestedz5. 

0 
(34) 

In a similar fashion the ion (m) at ?n/e 129 is obtained in the spectrum 
of 2,3-dimethyl-l,4-naphthoquinone (36). Interestingly enough this ion 
eliminates a further hydrogen atom giving a species with an  odd number 
of electrons. A plausible explanation for this is the ring expansion to the 
stable naphthalene ion radical. 

In naphthoquinones hydroxylated a t  position 2 or 3 the formation of a 
benzoyl cation is the dominating process25, although examples2' are known 
where this rearrangement is suppressed in the electron-impact-induced 
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: 0  I .  

W H 3  or structures equivalent 

\ 
I I  

O'+ 

mle 116 

I -ti 
Y I 

(I), m/e 115 

m, rn/e129 mfe 130 
/ 

7 - H  

m,!e 128 

fragmentation. It has been proposed?j that 37 (lawsone) first loses C-4 
as carbon monoxide to form an ion which subsequently transfers its 
hydroxyl proton to the aromatic ring and decomposes to the benzoyl ion. 

\ .*& H'O o c = O 4 .  

0 ni 'e 105 

(37) 

A re-examination3* of the mass spectrum of 37 by 13C-labelling in position 
1 (37a) and 4 (37b) leads to the conclusion that most of the carbon 
monoxide (91%) expelled from the molecular ion of 37 involves C-2 with 
the enolic hydroxyl function. This clearly indicates that the above scheme, 
if operative a t  all, is not a major fragmentation process. 



5. Mass spectra of quinones 247 

The 3-hydroxyindenone structure for the [M-CO]+' ion is able to 
explain the data obtained from the labelled compounds 37a and 3%. 

(374 il 

If the benzenoid ring also contains hydroxyl groups, then the elimination 
of CO+H from the [M-2 CO]+' ion as well as from other fragments is 
0bse rved~~1~~ .  This behaviour is to be expected because of the phenolic 
functional group28. 

A detailed study has been made with a~etyl-1,4-naphthoquinones~~, 
which occur widely in the echinoderni pigments. The following rules for 
fragmentation apply for structural analysis2' : 

1. 2-Acetylnaphthoq~iitiones with n o  substituents in position 3 can lose 
either the methyl grosp, followed by expulsion of CO (to give M+'-43), 
or ketene (to give M-+'-42) from the molecular ion. Subsequent 
eliminations of carbon monoxide and acetylene from these initial 
M+'-42 and Mi-'- 43 fragments lead to a characteristic 'doublet' 
pattern of abundant peaks (exemplified in Figure 8 for 2-acetylnaphtho- 
quinone). 

2. In 3-acetyl-2-hydroxynaphthoquinones the hydrogen-bonding be- 
tween the hydroxy and the acetyl function favours the elimination of CO 
as the first fragmentation step, followed by loss of a methyl radical to 
give an abundant [M -43]+' species. In addition, water and/or ketene 
can be lost from the [M - CO]+' ion. 

3. If the acetyl function is located in the benzenoid moiety of the 
molecule, a methyl group is lost first, followed by expulsion of carbon 
monoxide. Loss of ketene can be noted but is less pronounced than in 
the 3-unsubstituted 2-acctylnaphthoquinones. 
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4. Acetyl(methoxy)naphthoquinones exhibit in general the pattern 
expected for the unmethylated acetylnaphthoquinone derivative if the 
methoxyl and acetyl functions are attached to different rings. If both 
substituents are located in the quinonoid moiety, the vicinity of the two 
groups determines the breakdown of the molecule under electron impact. 

100, 
I 
I ‘  
I 

L 

4 
rn / e  

FIGURE 8. Mass spectrum of 2-acetyl-l,4-naphthoquinone 

The 2-niethyl-3-phythyl-1,4-naphthoquinone (38) (vitamin K1,,,,)26 
gives upon electron impact an intensive ion peak at nz/e 435 (M+’-CH,) 
and the base peak at m/e 228. Through deuterium marking of the methyl 
group attached to the nucleus it is established that the expulsion ofmethyl 
occurs from the phythyl rest. Both ions mentioned above can at  best be 
interpreted on the basis of cyclic oxonium structures (n  and 0 ;  compare 
with g derived from structure 27 above). 

1 ,2-Naphthoquinone and its  derivative^*^* 99 give considerably less 
intense molecular peaks compared to the 1,4-isomers. Besides this, they 
give [M+2] peaks of the same order or inore intense than the molecular 
peak. They are further distinguishable by the absence of the ion k (or its 
substituted analogues). 

2,6-(or amphi-)Naphthoquinone (39) possesses a higher oxidation 
powef1° than the isomeric 1,2- and lY4-naphthoquinones. A considerable 
amount of amphi-naphthoquinone is therefore reduced in the inlet system 
of the mass spectrometerf5 yielding an [M +2] peak of 100% relative 
intensity (Figure 7). Some of the peaks present in the mass spectrum of 
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0 0 

249 

C16H33 CH, 
(n) ,  m j e  435 (o), n?/e 225 

R* (k), mje 104 

39 are also seen in that of 2,6-dihydroxy1~aphthalene~~ (e.g. in/e 131) and 
correspond therefore to the [M +2]+' ion. 

The second decarbonylation step in the electron-inipact-induced 
fragmentation of 39 is more pronounced than found in the 1,2- and 
174-isomers. This indicates a relatively high stability of the resulting 
[M - 2 CO]+' ion, which can be rationalized as ionized pentalene (p). 
Besides the expulsion of acetylene, p loses an electron, thus forming a 
doubIe-ionized species at  m/e 51. m0-'*2L - 2  co - (-J-J 

(p), m / e  102 
0 "  

(39) 

C,H," 
rnle 76 a 

m,'e 51 
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VI. ANVHRAQUI NONES 

The successive elimination of two CO molecules from the ionized 9,lO- 
anthraquinone (Figure 9), first reported by Beynon and coworkers1s4 is a 
characteristic feature of the whole class of 9,lO-anthraquinones. 

0' 

I JL 

I 

100 150 2 0 0  

rn / e  

FIGURE 9. Mass spectrum of 9,lO-aiithraquinone. 

The alkyl-substituted 9, I O-anthraqui~iones~~ show in addition interesting 
hydrocarbon fragments. Thus for example 40 and 41 give C,,H: and 
C,,Ht ions (Table 2), which is interpreted by intermediate formation of 
q through ring expansion of the [M-2 CO]+' ion and subsequent 
rearrangement to r. 

TABLE 2. Relative intensities of soiiie charactcristic hydrocnrbon fragments 
in the mass spectra of 40, 41, 42 and 43 

Compound I)i[e 
-._-___ 

166 165 164 163 139 69.5 
- .- - - __ 

(40) 1-Methyl-9,lO-anthraquinone 26 100 17 21 32 3 
(41) 2-Methyl-9,lO-anthraquinone 31 100 14 19 25 3 
(42) 1 ,2-Diniethyl-9,1O-anthraquinon.z 100 10 16 24 3 
(43) 1 -Ethyl-9,10-anthraquinone 75 S 21 19 3 
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fT)-$ \:>’ 
H H  

25 1 

t. 

-ti- t 

!. . 

re-arrangcnicnl 

mle 166 

_1 
(I), ni/e 166 

C,,H,, m/e 165 

The EM - 2 CO]+-’ ions of 1,2-dimethyl-9,lO-anthraquinone (42) and 
1-ethyl-9,lO-anthraquinone (43) also form C,,H: and C,,H; ions. Here, 
instead of a hydrogen, a methyl group is expelled from the corresponding 
homologue of r. The expulsioii of acetylene from C,,H; leads to a 
Cl1H; ion (m/e 139) of extraordinary stability. This loses an electron 
with the appearance of a peak at m/e 69.5 but shows no fragmentation. 
Structures s 4  and t3? are proposed for the C,,H; ion, which is also 
often observed in the spectra of aromatic compounds. 

t 
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A similar sequence of ring expansion and rearrangement of [M - 2 CO]+' 
ion in the electron-impact-induced fragmentation of 42 and 43 leads to 
G4H&', formulated as anthracene (Table 3). 

O'* CH, 

-2 co, 
H3 - 

0 
(42) 

rnle 180 

mle 178 m/e 178 

TABLE 3. Relative intensities of soiiie characteristic ions in anthracene, 42 
and 43 

Compound r?l/e 

180 178 152 89 
~~ ~ ~~~~~ ~~~~ 

Anihracene 100 10 3 

(43) 1 -Ethyl-9,1O-anthraquinonc 10 20 24 1 
(42) 1,2-Dimethyl-9,lO-anthraquinone 10 48 35 2.5 

I-Aryl-substituted anthraqiiinones of type 44 show an intense [M - R]+ 
peaks3, the driving force being the formation of a stable oxonium ion (u). 

In the same manner the recently synthesized heteroanthraquinone 
derivates 4534 give rise to pronounced EM- 1]+ peaks. 

In the spectra of 1 -hydroxy- and 2-hydroxyanthraquinone (46, 47)l 
besides the [M-CO]-+' and [M-2 CO]+' peaks, there appears also a 
[M - 3 CO]+' peak through the iisual breakdown of the phenolic hydroxyl 
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0 0 6 
(a), R = H, CH,, UCH,, NO, (u), mle 283 

X = 0,  S, Se 

group. The subsequent expulsion of a hydrogen atom leads again to the 
C,,Hf ion (structure s or t, see above). Probably as a result of chelating 
effects compound 46 eliininates considerably less CO and OH than its 
isomer 47. This finding can be applied also to polyhydroxyanthraquinones. 

Characteristic differences are also to be found between 1-methoxy- and 
2-methoxyanthraquinone (48, 49). Only the spectrum of the former 
shows [M - OH]" and [M -H,O]+' ions'. Although no 180-labelled 
studies are available, i t  is probable that the hydrcgen atonis of the 
1 -methoxy group and the oxygen of the carbonyl function participate in 
these processes. In a similar way the [M-H,O]+' ion is obtained from 
5-me thoxynaph thoq~iinone3~. 

Proximity cffects are also observed in the spectra of other alkoxy- 
an thraquinone~~~.  For example the spectrum of I-ethoxyanthraquinone 
(50) contains a strong [M-CH,]+ peak, which is absent i n  the case of 
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the 2-isomer 51, where ethylene is eliminated instead. On the basis of 
deuterium-labelled experiments, the following mechanism has been 
proposed : 

The dimethylally1 ether 5222 is converted during the mass spectral 
decomposition, through a six-membered transition state into the molecular 
ion of emodin (1,3,8-trihydroxy-6-rnethylanthraquinone, 53), which is 
recognizable from the fragmentation pattern below m/e 270. 

+- 

-C.H. 
> 

0 

(53), m / e  270 

The complex inass speclral fragmentation pattern of some other 
natural anthraquinones (e.g. rhodnmycocinone, pyrrotnycinone) has 
been reviewed3’. 

Finally the mass spectrum of 9,10-phenanthraquinone (54) (Figure 
10)l*l6, an isomer of 9,10-antliraquinone, is treated briefly. Being an 
orriio-quinone, 54 gives an intense {M-kZ] peak and shows a more 
pronounced electron-impact-induced decarbonylation. 
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FIGURE 10. Mass spectrum of 9,lO-phenanthraquinone. 
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1. I N T R O D U C T I O N  

The term ‘complex’ continues to have different connotations in chemistry. 
I t  has been taken to mean: experimentally, a substance formed by the 
interaction of two or more component niolecules or ions which may have 
an independent crystal structure and which will reversibly dissociate into 
its components, at  least partially, in the vapour phase and in  solution1. 
,This definition suggests that there is little or no contribution from covalent 
binding in the ground state. However, it must be recognized that there is 
a gradation from these weaker interactions to classical bonding. Moreover, 
in this present review we shall include a discussion of certain systems 
involving the interaction of quinoncs with metals in which dissociation is 
negligible. 

An attempt has been made to dividz complexes into organic and 
organometallic, and into electron donor-acceptqr and hydrogen-bonded 
types. Inevitably there has been some overlap : thus quiiihydrone-type 
coniplexes fall into both the latter two categories. 

We have included under the heading ‘quinone7 certain quinonoid types 
exemplified by 7,7,8,8-tetracyanoquinodimcthane (TCNQ). 

IS. E L E C T R O N  D O N O R - A C C E P T O R  C O M P L E X E S  

A. General 

The formation of complexes both i n  the solid and in solution from 
components which may reasonably be classified as electron donors and 
electron acceptors has long been recognized. Very many organic acceptors 
are quinones; Pfeiffer’ listed a large number in  his monograph Orgntrische 
Molelcult.el-biri~iiii~eti which was published in 1927. More recently, 
similar complexes i n  the vapour phase have been described. 

Various theories were developed at an early stage in cndeavours to 
account for the forniation of such complexes. Their presence was often 
recognized by their colours, and many theories concerning the forces 
stabilizing the ground state of the complex were confounded by 
explanations as to the nature of the transition which gives rise to the colour 
(see reference 1). A major step forward was made by Mulliken, and is 
described in a series of papers3 in the early 1950s. In terms of the valence- 
bond theory he proposed that the components of a complex are held 
together in the ground state by dispersion, dipolar, quadrupolar and such- 
like van der Waals forces (termed the ‘no-bond’ structure and written as 
$(A, D)) together with a structure in which one electron has been trans- 
ferred from the donor to the acceptor component (termed the ‘dative’ 
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structure and writtell as #(A-- D")). If the wave function for the ground 
state is written as 4/lS then: 

#N = a#@, D) + b#(A- - Df) (1) 
Evidence has accumulated which suggests that the contrjbution of the 
dative structure (charge-transfer forces) to the ground state is usually 
small, i-e- a% b in  equation (1). indeed, recent work has strengthened the 
view that the minor role of the dative structure in the ground state is more 
extreme than had been thought4-'. By contrast, in the simple case, there 
is a n  excited state which is essentially the dative structure with some 
destabilization through a resonance contribution from the no-bond 
structure, thus 

$E = a*$(A--D+)-b'$(A,D) (2) 
where a i z a  and b+%b in equation (1). The transition # N - + # ~  is 
essentially an intermolecular charge-transfer transition and is the origin 
of the elcctroi?ic absorption and the consequent colour which generally 
characterizes these complexes*. 

For most so-called weak complexes between neutral molecular donors 
and acceptors, the energy of interaction in the ground state is small, 
generally not more than a few kcaI/mole. The weakness of the interaction 
is also reflected in the intermolecular separation which is often only a little 
less than the van der Wads separation. I n  the excited state, however, the 
couIornbic attraction provides a stronger binding and a shortening of the 
intcrniolecular distance. A hypothetical pair of energy curves for such a 
relatively weakly interacting systeni is shown in Figure 1 .  

These complexes are not infrequently described as 'charge-transfer 
comp!cxes. However, in the present chapter we shall restrict ourselves t o  
the terniinology 'electron donor-acceptor' or 'EDA' complexes. 

Several books on, or containing large sections devoted to, EDA com- 
plexes have been published1>8-*2, as well as many reviews. A list of 
references to reviews up to ca. 1968 is given i n  a recent monograph*. 

B.  Properties of Electron Donor-acceptor Complexes in lnert Solvents 

There is now an extremely large amount of experimental data which 
substantiates the suggestion niade several decades ago that these complexes 
are partly dissociated into the component species when dissolved i n  a 

* In some coinplcses it  appears that more than one electronic transition 
can occur, froill different filled levels in the donor and/or to different vacant 
levels in the acceptor, see section 11.33.1. 

and in the Vapour Phase 
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I 
Intermolecular distance 

FIGURE 1. Hypothetical energy-intermolecular distance curves for a weak 
EDA complex; a, ground state; 6, excited state, 

third 'inert' medium". The assumption has generally been made that a 
complex with 1 : 1 stoicheiometry is formed from the electron acceptor 
(A), i.e. the quinone, and the electron donor (D): 

A + D  q=1=2 AD 

However, there is growing evidence that in many cases this is an over- 
simplification which can lead to incorrect evaluations of the position of 
equilibrium and consequently of those parameters such as the molar 
absorption coefficient (molar extinction coefficient, E )  and oscillator 
strength ( f )  which are dependent on the prior evaluation of the position 
of equilibrium (see section II.B.2). In general, the experimental deter- 
mination of the energy (hvcT) of the intermolecular charge-transfer 
transition is, at most, only slightly affected by such problems (e.g. in the 
case of transitions corresponding to complexes of different stoicheiometry) 
and will be considered first. 

* In some solvents ionization by complete electron-transfer occurs. The 
driving force for such processes is primarily the solvation of the ions so 
formed. Such reactions are discussed in section ll .F of this chapter. 
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1. Energy of the charge-transfer transition 

There is general agrecmeiit that the transition t&-+t,hE is essentially a 
charge-transfer transition. Simple valence-bond treatment yields13* l4 for 
the energy of this transition 

hvc;T = lD-EE“-G,+Go+ Pt  + Pf 
I -(E*+G1-Go) (3) 

where ID is the ionization potential of the donor, EA is the electron 
affinity of the acceptor, Go is the energy of the no-bond function, G, is 
the coulombic attractive term of the dative state, Po and P1 are the matrix 
elements for (Hal - Sol Wo) and (Hol - Sol W,) respectively, where 
Wo = J$o H& d7, Wl = Sdl dT, Hol = j$o H$, d7 and So, is the 
corresponding overlap integral J$o +,dT. 

For a series of complexes of a given acceptor with a range of donors, 
the practical limitation of the range of values of I D  is such that equation 
(3), which is a parabolic function of hvCT and ID of the form 

in fact usually approximates to a linear function. This is sometimes 
written’” 

where Cis  essentially the coulombic term. Others have used the exprcssioii 

kVCT = ID - E” + c (5) 

hvcT = ID-E”+C-P (6) 

which includes a polarization term ( P )  for the ground state. Many16-19 
have preferred just to write the parameters e and f for the experimentally 
observed linear correlation 

Mulliken arid Personz0 in particular have emphasized that there is no 
theoretical justification for this apparent linearity. I t  only arises because 
of the relative magnitudes of the various terms in equation (3). Comparison 
of equation (3) with equation (7) shows that the parameter e has no direct 
physical significance. However, for many structurally rclated acceptors in 
complcxes with a common group of donors, e z unity and f is effectively 
the sum of E” and the coulornbic term in the simple valence-bond 
description (see section 1I.c). 

Plots of /wCT against 1” have been used to provide estimates of 
ionization potential of other donors of unknown ionization potential. 
These estimates are obviously subject to the limitations indicated above 

/wCT = elD + f (7) 
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and are best restricted to comparisons within structurally related groups 
of donors. Estimates of I D  using data from more than one acceptor are 
advisable. In principle, some comparisoii of electron affinities of acceptors 
(Ed) can be made from hCT data if the empirical linear relationships of 
the form of equation (73 are assumed to reflect differences in electron 
affinity in the ternif(w1iich will vary from acceptor to acceptor). The fact 
that this term involves coulombic and resonance interaction energies 
means that any argument which suggests that the term f is a measure of 
E A  is even more tenuous than those used to provide a measure of 1”. The 
problem is further aggravated by the fact that very few molecules used as 
organic electron acceptors have well-established values of electron 
affinity (see section 1I.C). 

The general behaviour of the electron-accepting ability of quinones as 
reflected in the energies of the charge-transfer bands (hvCT) follows a 
reasonably expected pattern (Table 1) (see also section I1.C). An increase 
in the efficacy and number of electron-withdrawing groups of atoms in 
p-benzoquinone causes a decrease in h C T .  Thus for hexamethylbenzene 
complexes hCT is in the order : p-duroquinone >p-toluquinone >y-benzo- 
quinone > chloro-p-benzoquinone > 2,3-dichloro-p-benzoquinone > 

TABLE 1. SeIected values of the lowest-energy interniolecular charge-transfer 

Acceptor 

Donor 

p-Scnzoquinonc Chloranil 

h v c y  SOlV. Ref. ~ V C T  Sol\,. Ref. 

Benzene 32.8 /I-hcl>t 21 28.8 CCI, 44 
Toluene 31.7 tl-hcpt 21 27.0 CCI, 23 
p-Xylene 31-2 n-hept 21 23.4 CCI, 23 
Mesitylene 23.3 CH2CI, 22 
Durene 20.9 CCI, 23 
Pentamethyl benzene 20.2 CH,CI, 23 
Hcxamirhylbenzene 24.0 CCI, 105 19.4 CCI, 23 
Naphthalene 26.8 CCI, 21 209 CC), 44 
Anthracene 22.2 CCI, 21 16.0 CCI, 44 
Phenanthrcne 26.3 CCI, 21 21.6 CCI, 44 
Perylenc 19.0 CHCI, 36 13.9 CC1, 44 
Pyrenc 22.2 CCI, 26 16.6 CCI, 44 
Triphenylenc 26.7 CCI, 105 20.7 CCI, 44 
Fluorcnc 20.0 CCl, 44 
Benz[a]anthraccne 16.9 CCI, 44 
rrans-Stil bcne 25.8 CHCI, 27 19.4 CCI, 44 
Benz-3,4-pyrene 20.0 CHCI3 27 144 CI.I,,CN 28 
Benz-l,2-pyrene 17.6 CH,CN 28 
Aniline 23.0 CCI, 29 18.9 CCI, 30 
N,hr,hr’,N‘-Tctramethyl-~-phenylcnedi3mi~~e 11.5 C8H12 31 

a DCNQ 3 2,3-dicyano-p-benzoquinon~. 
DDQ ~2,3-dichloro-5,6-dicyano-p-benzoquinone. 
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chloranil" > 2,3-dicyano-p-benzoquinone > 2,3-dichloro-5,6-dicyano- 
p-benz~quinone~~,  although the order: fluoranil > chloranil > bromanil > 
iodanil is unexpected. Other comparisons of interest are chloranil > 
o-chloranil > a-bromaniP1. o-Fluoranil is too reactive to enable measure- 
ments to be made32. 

The general pattern shown by p-benzoquinones is reflected in the 
I ,4-naphthoquinones and substituted naphthoquinone~~~. the hexa- 
methylbenzene complexes of which absorb at  higher energies than those 
of the corresponding p-benzoquinones. Similarly 1 1,1 1,12, 12-tetracyano- 
1,4-naphthoquinodimethane complexes3j absorb a t  higher energies than 
those of 7,7,8,8-tetracyanoquinodin1ethane (TCNQ)36* 37. Although TCNQ 
is often thought to be the strongest of the neutral organic electron 
acceptors, it is in fact weaker than 2,3-dichloro-5,6-dicyano-p-benzo- 
quinone (DDQ) on the IwCT criterion. 2,3-Dicyano-5,6-dichloro-7-nitro- 
1,6naphthoquinone is also weaker than DDQ despite its galaxy of 

* chloranik tetrachloro-p-benzoquinone, likewise for fluoranil, bromanil 
and iodanil. Tetrachioro-o-benzoquinone will always be written as o-chloranil, 
likewise for the fluoro- and bromo-compounds. 

transitions ( I z v c ~ / l O ~  x cm-I) for various EDA complexes in solution 

DCNQ" DDQ* DCNNQe TCNQd 

I'VCT so;\.. Ref. ~ V C T  SOIV.  Kcf. IWCT S O ~ V .  Ref. /WCT S O ~ V .  Ref. 

25.7 CH,CI, 22 24.6 CH,CI, 22 
23.8 CH,CI, 22 22.7 CH,C12 27. 
20.7 CH,CI, 22 19.6 Cl-I,CI, 22 

18.5 CH,CI, 22 15.2 CH,Cl, 22 19.4 CHCI, 34 
21.0 CH,C12 22 19.6 CH,Cl, 22 21-7 CI-lC\, 34 

18.2 CH,CI, 22 16.8 CI-l2CIz 22 19.4 CH,C12 33 
17.4 CH,CI, 22 16.0 CH,CI, 22 18.4 CHzCI, 33 
17.9 CH,CICH,CI 37 15.9 CH,CICH,CI 37 19.0 CH,CI, 33 17.9 CHCI, 36 
14.1 CH,CI, 24 12.1 CH,CICH,CI 25 14.0 CI-I,CI? 33 12.3 CHCI, 36 
19.0 CH,CICH,CI 37 17.1 CH2CI, 25 18.9 CH,CI, 33 18.7 CHCI, 36 
11.9 CH,CI, 24 9.9 CH,CI, 45 12.4 CH2CI, 33 10.5 CHCI, 36 
13.7 CH,CICH,CI 37 11.8 CH2CICI-I,CI 37 13.4 CFI,CI? 33 13.1 CHCI, 36 

16.1 CH,Cl, 25 14.7 CH,CI, 33 17.4 CHCI, 36 
16.0 CH,CI, 25 18.0 CI-ICI, 33 
12.1 CH,CI, 45 15.0 CHCI, 33 
14.6 CMSCICH2CI 25 15.8 CHCI, 36 

13.6 CH,CI, 33 11.6 CI-lCI, 36 
12.8 CH,Cl, 45 15.4 CH,CI, ' 33 

17.2 CH,CI, 22 16.0 CI-I,CIz 22 16.8 CHCI, 34 15.8 CHCI, 36 
12.0 CH,CI, 29 12.7 CHCI, 36 

DCNNQ =_ 2,3-dicyano-l,4-naphthoquinonc. 
TCNQ = 7,7,8,8-tetracyanoqt1inodimct~~ane. 
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electron-withdrawing Tetracyano-p-benzoquinone gives the 
lowest reported energy for an EDA complex with a given donoPi39. Its 
pyrene complex in dichloromethane absorbs at 8860 cm-l, compared with 
ca. 11,800 cm-l for the corresponding complex of DDQ. 

Menadione (2-methyl- 1,4-naphthoquinone) (1) has been widely 
studied4043 as a complexing agent because of its biological interest, as 
vitamin K,, and in its relation to vitamins K, (2) and K, (3), the ubiquinoues 
(4) and a-tocophenylquinone (5). In  fact it is a rather poor electron 
acceptor measured in terms of both the position of the charge-transfer 
bands of its complexes and the stability of the complexes in solution. 

In Table 2 several examples of multiple intermolecular charge-transfer 
transitions are given. It is generally considered that these arise either from 
excitation of electrons in more than one level in the donor, e.g. from the 
highest and penultimate filled levels, or from transitions to more than one 
vacant level in the acceptor (or both). Thus the energy differences in 
transitions from the donor pyrene to  the acceptors chloraniP, DDQQ5 
and 2,3-di~yano-p-benzoquinone~~ ( - 6600 cm-l) are effectively indepen- 
dent of the acceptor (Table 2) which suggests that this is a measure of 
separation of the energies of the two highest filled levels i n  pyrene. With 
several complexes of TCNQ, two bands separated by 9300cm-l are 
observed4G which suggests that in these cases the difference arises from 
transitions to the two lowest vacant orbitals in TCNQ. This is in reason- 
a& agreement with the calcu!atcd energy separation of these two levels"'. 

TABLE 2. Energies and energy differences (in cm-I x 10-9 of EDA 

Donor  Chloranil DDQ a 

1 3  AV Sol\'. Ref. Y AV Sol\,. Ref. 
----- 
Biphenyl 4.8 CH,CI, 45 

28.7 

26.0 Naphthalene 4.3 CH,CI, 45 

5.2 CH,CIZ 46 

6.6 CH?CI, 37 

Chryscnc 

Pyrene 

Benz[n]anthraccne 4.7 CH,CI, 45 

N,N,N; "-Tetramethyl- 6.4 CHCI, 46 benzidine 17.8 

a DDQ = 2,3-dichloro-5,6-dicyano-p-benzoquinonc 
TCKQ = 7,7,8.8-tctracyanoquinodimethanc. 



6. Quinone complexes 265 

Me WMe \ 
&Me CH,CH=CCH,- Me I [Cl .'CH,CH I CH, 13- H 

0 0 

Me 
I 

[CH,CH=CCHZ ],,--H 

aMe Me I 

[CHzCH=CCH216 -H M e 0  
0 

(3) 
0 

(4) 

Me Me 
I I 

Me CH2CHzC- [CH,CH,CH,CHI,Me 
I 
OH 

(5) 

0 
Me&Me 

For the TCNQ-N,N,N',N'-tetramethylbenzidine complex, three charge- 
transfer bands are observed", at  7700, 14,800 and 17,200 cm-l in chloro- 
form and may be assigned to the transitions indicated in Figure 2. It 

complexes showing multiple charge-transfer transitions in solution 

TCNQ 2.3-DCNQ" 2.3-DCNNQd 

v Av Solv. Rcf. 1, AV Soh. Ref. v Av Solv. Ref. 

22.8 17"} 4.9 CH,CI, 37 

:::76) 6.9 CH3Cl2 37 

14.8) 7.7 7'1}CHC13 46 

17.2 6 4  

6.5 CHCI, 37 

2,3-DCNQ = 2,3-dicyano-p-bcnzoqu~none. 
2,3-DCNNQ = 2,3-dicyano-1,4-naphthoquinone. 
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/' 
/ 

Acceptor 

Donor 
FIGURE 2. Proposed intermolecular transitions in the TCNQ-X,N,N',N'- 

tetramethylbenzidine complex. 

should be noted, however, that complexing may affect the molecular 
levels in the component molecules of the complex. This will usually be 
expected more in the stronger interactions and may be significant, for 
example, in TCNQ complexes". For this reason care should be exercised 
in utilizing such charge-transfer measurements i n  estimating the separation 
of energy levels in the zriicomplexed niolecules. Observations of fine 
structure within the charge-transfer band for several quinone-donor 
complexes in solution have been r e p ~ r t e d ~ ~ - ~ ~ .  The earliest of 
based on measurements using a conventional lion-recording spectro- 
photometer, could not be reproduced in latcr experiments using a higher 
resolution recording spec t r~photometer~~.  More recently, structure 
within the charge-transfer band has again been reported, f r c n  observations 
using a photographic Independent attempts, using an  
Ebert 20 ft  spectrograph with a resolution of - 3 A for solutions, have 
shown no s t r i ~ c t u r e ~ ~  *. 

The energy of the intermolecular charge-transfer transition (IivCT) in 
weak EDA complexes between neutral species is relatively insensitive t o  
solvent polarity55* 5G. Complexes of quinones are no exception (Table 3). 

* A slight shoulder on a charge-transfer band of an EDA complex has 
recently been attributed to a vibrational component5.*. However, this coniplcx 
does not involve a quinone. 
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Small differences in kvCT in various inert solvents have been generally 
accounted for in terms of McRae's theoryG0. It has been argued that the 
transition time is too short for there to be a significant reorientation of 
the solvent to stabilizc the enhanced intermolecular dipole characteristic 
of the excited state, though the dipole in the ground state, which is 
enhanced over the normal charge-transfer contribution by polarization 
(see above), will be stabilized by solvation. However, ihe effect is not 
large. 

TABLE 3. Dependence of charge-transfer band maximum ( U C T )  of substituted 
p-benzoquinone-hexamethyl benzene complexes on solvent 

p-Benzo- 
quinone 

derivative 

~- 

vCT/cm-l x lo3 

Ref. CCI4 Ref. CH,CN Ref. EtOH Ref. 

H 
Chloro 
2,s-Dichloro 
Trichloro 
Tetrachloro 
Tetrafluoro 
2,3-Dichloro- 

5,6-dicyano 

24.4 
22.7 
21.5 
19.8 
19.6 
21.1 
16.1 

150 24.0 
150 22.6 
150 21.8 
150 19.5 
150 19.4 
58 20.6 

150 16.3 

105 25.3 57 24.5 57 
59 23-2 57 23.2 57 
58 21-9 57 21.8 57 
58 20.9 57 20.9 57 
59 20.0 57 20.3 57 
58 21.1 57 21-7 57 
58 16.9 57 17.1 57 

Little work has been reported on the absorption of quinone complexes 
in  the vapour phase. This is because of the practical difficulties resulting 
from the low vapour pressure of quinones. Recently, however, the vapour- 
phase absorption spectra of anthracene-chloranil has been measured by 
Inokuclli and coworkersG1. The optical cell was heated to 250" to obtain a 
sufficiently high vapour pressure. The maximum of the charge-transfer 
absorption was observed a t  17,500 cm-' compared with 16,400 cm-l for 
the system in rt-heptane solution. N o  estimates of the degree of association 
were made, hence no comparison of the intensity of absorption in the two 
phases could be made. In  terms of equation (6), the coulombic energy was 
estimated to be 3.03 eV and the polarization energy (the term P in equation 
6) to be 0.17 eV in n-heptane. This was based on an electron affinity value 
of 2-45 eV for chloranilG2. 

There has been only one systematic study of the effect of pressure on 
hvCT for quinone complexes in liquid solution. This was by EwaldG3 who 
studied the spectroscopic behaviour of the system chloranil-hexamethyl- 
benzene in methylcyclohexane, chloranil-naphthalene in dichloromethane 
and chloranil-pyrene in dichloromethane LIP .to pressures of 6000 atm. 
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For  a given solution there is a shift in  the charge-transfer transitions to 
lower energy with increasing pressure. This is accounted for by a 
shortening of the interniolecular distance as the pressure is increased, so 
that because of the shapes and relative positions of the energy curves for 
the ground and excited states of this type of complex (Figure I), the 
transition corresponding to a shorter intermolecular distance will be less. 

Nothing so far has been said about the intensities of the charge-transfer 
spectra. Simple valence-bond theory predicts that for a given acceptor the 
intensity of the absorption should increase with increasing interaction. 
However, a direct determination of the intensity of absorption cannot be 
made without assumptions being made concerning the stoicheiometry and 
method of evaluating the degree of association of the componcnts in the 
equilibrium mixture. This is the subject of the next subsection. As wil l  be 
seen, there now appears to be some doubt concerning the published 
values of molar absorption coefficients (extinction coeficient, E )  for this 
type of system. 

Fluorescence emission corresponding to the characteristic intermolecular 
charge-transfer absorption has been observed. This is the transition 
z,hE->$N (cf. equations 1 and 2). Most of the measurements have been 
made on complexes held in a solid glass a t  low t e n i p e r a t ~ r e s ~ ~ ~ ~ ~ .  Such 
systems are strictly solid solutions in which presumably separated 
complexes are held in a random fashion in the solid matrix. The spectra 
reflect the absorption spectra of the first charge-transfer transition. In 
measurements of p-benzoquinone-aromatic hydrocarbon systems in 
solid matrices at - 1 80°, Briegleb and coworkers6.* have observed the 
fluorescence emission of the complexes together with the phosphorescencc 
of the p-benzoquinone. 

Fluorescence-quenching of donors i n  systems with added quinones has 
been attributed in  many cases to clectron donor-acceptor complex 
formation6G-i2. 

2. Equil i bri u rn  constant^'^ 

The equilibrium quotient, K,  expressed in terms of molar concentrations 
( K J ,  inole fractions ( K J ,  molal concentration ( K d ,  or in inoles/kg of 
solution (Kr), has been used as a measure of the position of the equilibrium 
between the components and the complex in solution. Apart from a few 
exceptional cases the activity coefficient ratio (ynu/ynyD) in the case of 
the formation of a complex of 1 : 1 stoicheiometry has been assumed to 
be unity. 

In practice. for the relatively dilute solutions normally used. the error 
introduced by this assumption will probably be small. 
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The basic assunlption usually made, that the complexes formed have a 
1 : 1 stoicheiometry only, is far more disconcerting. Although one or two 
workers suggested at  an early stage in the development of this field that 
there may be significant contributions from complexes with stoicheio- 
inetries other than 1 : 1 ,  it is only relatively recently that the effect of such 
complexes, albeit usually in relatively low concentrations, has been f i~ l ly  
appreciated. In this respect the paper by Deranlea~ '~  is important. In 
solutions where [D]$ [A], which is usually the case for experimental 
reasons, there can be a significant contribution from a species AD,, 
particularly if both A and D interact via n-orbital~'~. Consequently, the 
large volume of published values relating to the position of equilibriunl of 
the 1 : 1 complex (e.g. K, AHo,  AS*) must be treated with circumspection. 
For the same reason derived functions such as the molar absorption 
coefficient ( E )  in the case of optical measurements, and relative chemical 
shift (A,) in the case of n.m.r. measurements, may be seriously in error. 
As a n  example, Table 4 details the values of the equilibrium quotient 
( K )  on the assuniption of a 1 : 1 complex formation from measurements 
over the concentration range commonly used for optical measurements 
([Dl0 ~0*03-0*88~) ,  and for evaluations based on n.1n.r. shift ineasure- 
rnents ([D], %0.5-0.7~) *, for the system hexamethylbenzene-fluoranil in 
carbon tetrachlorideiG. Analyses of measurements made over a con- 
siderably wider range of concentrations, and based on the assumption 
that when [D],+[A], there niay be measurable quantities of the 
termolecular complex AD,, indicate values for the 1 : 1 association (K l )  
which are considerably different frcjm those above. 

Consequently, there are large differences in  the secondary quantities of 
molar absorption coefficient ( E )  and relative chemical shift (Ao) (Table 4). 
The profiles of the intermolecular charge-transfer bands for these 1 : 1 
and 2 : 1 complexes of hexamethylbenzene-fluoranil based on this analysis 
are shown in Figure 3. It  is seen that, whereas there is a large difference in 
E ,  the energies of the charge-transfer transitions as reflected in the wave- 
lengths of the band maxima are little different for the two complexes. 

Although such an analysis has been carried out for relatively few 
systems, there is good reason to suppose that existence of complexes 
between n-donors and r-acceptors with stoicheiometries other than 1 : 1 
is not exceptional. However, there is some evidence that, for closely 
related complexes of a common acceptor, the earlier determined values of 

* The subscript 'zero' following the square COilCentratiOn brackets denotes 
the 'weighed-out' concentration of the species. 1.e. free and complexed. In 
tile case of these particular measurements where S [A],. the value of 
[D],, closely approximates to the equilibrium concentration of D. 
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FIGURE 3. Fluoranil-hexamethylbenzene in carbon tetrachloride at 33.5"; 
absorption spectra of the AD and AD, complexes. [A,,,,, = 485 nm ( E  = 2700) 
and A,,, = 475 nin ( E  = 4600) respectively.] Reproduced with permission 
from B. Dodson, R. Foster, A. A. S .  Bright, M. 1. Foreman and J. Gorton, 

J .  Chem. SOC. ( U ) ,  1283 (1971). 

these parameters may a t  least be proportional to their correct values. 
Thus, for systems in which [D]" = [A],, the total concentration of species 
AD, and A,D is minimized and for some systems under certain conditions 
can be demonstrated to  be sufficiently small to be ignored. In such cases 
conventional determinations of equilibrium quotient will effectively 
measure K,, the quotient for the 1 : 1 complex, only76. If these values are 
compared with K obtained under the usual condition namely [D],a [A],, 
a direct proportionality is observed (Figure 4). 

For the weaker interactions, where K, is less than ca. 1 l/mole, there can 
be other serious complications to the evaluation of this and related 
parameters. If  collisions between components are so orientated that an  
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0 10 20 30 

K/Kg mol- '  ([D],= 

FIGURE 4. Plot of K for fluoranil-methylbenzene complexes in carbon tetra- 
chloride, 33.5", under the condition [D], % [A], against K for the same system 

under the condition [DI, = [A],. 

intermolecular charge-transfer transition can occur (contact charge- 4 

transfer) then its contribution to the optical absorption will be wrongly 
attributed to a complexi7. In the cases where complex formation is in fact 
small, the fractional contribution of this error can be large. Problems 
arise in any case in an analysis of the effect of random col l i~ ions~~-8~,  and 
on the concentration scale chosens1. **, Murrell and coworkers83 have 
suggested that the equilibria in solution should be thought of in terms of 
solvated species in which one or more solvent molecules are extruded i n  
the process of complex formation. These complications will give rise to 
differences between the experimental and the correct values of the 
equilibrium constant, and the discrepancy will increase as the degree of 
complexing diminishes. A list of recent publications concerned with 
equilibriuni parameters for EDA complexes in solution is given in Table 5. 
These are additional to those references given in Appendix 2 of refercnce I .  

C. Electron Amnities of Qoinones 

The involvement of qiiinones in EDA complex formation is a conse- 
quence of the fact that such molecules possess low-lying unoccupied 
electronic energy levels and are therefore ready acceptors of electrons. 
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TABLE 5.  Recent determinations of association paranieters for EDA complexes 

in solution 

Acceptor Donor Solvent Parameters Reference 

p-Benzoquinone 
p-Benzoquinone 

p-Benzoquinone, 
ubiquinone 

p-Benzoquinones 
Chloranil 
Chloranil 

Chloranil 
Chloranil 

Chloranil 

Chloranil 

Chloranil 

Chlorani I 
Chloranil 
Chloranil 

Fluoranil 

Fluoranil 

Fluoranil 

Fluoranil 

Fluoranil 

Fluoranil 

2,3-Dichloro-5,6- 
dicyano-p- 
benzoquinone 

1,4-Naphtho- 
quinones 

Benzene CCI, K 
Caffeine, K 

Triethyl CCI., K 

Various CHCI, K 
Aromatic CHCI, k' 

Polar solvents CCla K A H e  
Aromatic CoHllMe, K 

2,2-Bis(p- Acetone, K A H e  A S e  

theophyl line 

phosphate 
Pyrazolones Various K A H O  

amines 

hydro- CH,CI, 
carbons 

hydroxy- dioxan 
pheny1)- 
propane 

heterocyclics 

benzenes 

Benzene, CCI* K 

Methyl - CCI.1 K 

Anthracene CHCI, K 
p-Xylene rz-Heptane K 

Aniline Ether1 K h H o  ASe 

Benzene, Various K A H e  AS0 
iso-pr-alcohol 

alkyl- 
benzenes 

benzene 

hexamethyl- 
benzene 

benzenes 

benzene 

benzenes 

hydro- 
carbons 

Hexamethyl- CH,CICH,CI K AH" AS" 

Benzene, CFCI,, CCI, K 

Alkyl- CCI.1 K 

Hexamethyl- CCll K 

Alkyl- CCI, K A H "  

Aromatic K 

Aromatic CH,CI, K A H e  ASe 
hydro- 
carbons 

84 
85 

86 

87 
88 

30. 89 

90 
63 

91 

92 

93 

94 
95 

21 8 

96 

97 

98 

76 

99, 75 

100 

101 

33 
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The electron affinity ( E d )  of a given molecule provides a quantitative 
estimate of this tendency, and as a consequence considerable efTort has 
been expended in attempts to determine values of the e!ectron afinities of 
quinones. Unfortunately, direct estimates of these quantities are 
notoriously difficult to obtain. However, indirect estimates of the relative: 
magnitudes of the electron affinities of series of related quinones can easily 
be estimated. As indicated above, one such method involves a study of the 
charge-transfer energy of the quinone-donor system, using the relation- 
ship13*14 described by equation (4) : 

h V C T  = ZD - c, + C,/(P - C,) (4) 

For a series of complexes of the same type, C, is nearly constant, and C, 
may be approximated by the expression 

(8) 

By plotting values of charge-transfer energy against P for a single 
acceptor with a series of donors, C, and thereby E A  may be determined. 
A value for the electron affinity of chloranil of 1.35 eV has been reported 
by this methodlo2. 

C, = Ell + 4.3 (eV) 

A second approach uses the approximation 

/lvCT = r D  - E 9 c c (5)  

where C is a constant. This expression holds approximately for weak 
EDA interactions and implies that the changes in band positions of a given 
donor with a series of acceptors is a linear function of the electron affinity 
of the acceptor. In a simple application, for two acceptors, i a n d j :  

(9) 

and it therefore becomes possible to obtain values of electron affinities 
relative to some arbitrary reference acceptor. Based on a value of 1.8 eV 
for the electron affinity of iodinelo3, an E” of 2-6 eV for chloranil has been 
reportedlo4. Essentially the same method has been used by Davis, Hanimond 
and Peoverlo5. Here, however, p-benzoquinone was used as the reference 
acceptor for which a direct magnetron determination of the electron 
affinity was available@2, giving a value of 1.40 eV. Values of the electron 
affinities for various niono-substituted quinones determined in this way 
are given in Table 6. Farragher and Page62 have attempted to make direct 
determinations of the electron affinities of a number of quinones by the 
magnetron technique. Direct electron capture was, however, only 
observed for p-benzoquinone (E” = A.37 _+ 0.08 eV), chloranil 
(E“ = 2.45 & 0.26 eV) and possibly monofluoro-p-benzoquinone. 

h v .  3 - h v i  = Ei‘ - EP 3 
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TABLE 6. Electron afinities of monosubstituted p-benzo- 
quinones (E") based on electron affinity of 1.40eV for 

p -  benzoquinonc" 

Substitueiit En/eV Substituent EhleV 

-NO2 2.06 -Br 1-59 
-CN 1 -83 -1 1.56 
- CF, 1.67 - Ph 1.48 
-CCH,CO 1.65 -H 1.40 
-COOCH, 1.60 - CH, 1-36 
-F 1 -52 -OCH, 1.26 
- c1 1.58 --N(CJ33)2 1.03 
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a Reproduced with perinission from K.  M. C. Davis, P. R. Hammond and M .  E 
Peover, Truris. Frrrnduy SOC., 61, 1516 (1965). 

Electron affinities for some substituted naphth~quinones~ '  obtained by 
the comparison technique, using chloranil (E- l  = 2.46 eV) as the reference 
acceptor", are listed in Table 7. Tetracyanoquinodimethane (TCNQ) has 
also been used as a rcference acceptor, with an electron affinity of 
1-7 eV lo2, to obtain values of 1.75 k 0.05 and 1.99 & 0.05 eV for 2,3-dicyano- 
p-benzoquinone and 2,3-dicyano-5,6-dicliloro-p-benzoq~1inone (DDQ) 
respectivelyJ7. 

TABLE 7. Electron affinities (E") 
of substituted 1,4-naphtho- 
quinoncsn (based on an E A  for 

chloranil of 2.46 eV) 

I ,4-Naphthoquinone E"eV 

2,3-Dichloro 2.05 
2,3-Dichloro-5-nitro 2.24 
2,3-Dicyano 2-74 
2,3-Dicyano-5-ni tro 2.78 

a From reference 34. 

A second approach, which also yields relative orders of magnitude for 
electron affinities, is based 011 a molecular orbital treatment of EDA 
comp1exationlo6-lo9. Essentially, in this method, the energy of the charge- 
transfer transition of a given coiiiplex is equated to the difference between 
the energy of the lowest-unoccupied orbital of the acceptor (6'" = - E A )  

10 
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and the highest-occupied orbital of the donor (RD). The charge-transfer 
energy may then be expressed as 

h V C T  = 8 - 4  - ci - xp (10) 

where 01 is the coulomb integral and x is a function of 8’’. When IwCT = 0 
therefore 

&A = -E” = 01+xP (1 1) 

By plotting calculated values of x against hvCT for a series of donors with 
a given acceptor, a straight-line graph is obtained having gradient - 1/p 
and intercept for hvCT = 0 of (8a- .I)/P. In this way a value can be 
obtained for p in the expression 

-&yA = a+XB (12) 

which allows an estimate to be made of the relative order of magnitude of 
the electron affinities for a series of acceptors. The method assumes that 
01 is constant throughout such a series, and suffers from the inaccuracies 
inherent in any extrapolative method. BergerllO has, however, applied this 
method to  some quinone complexes, obtaining the results shown in Table 8. 

TABLE 8. Estimated energies of the lowest unoccupied molecular 
orbital of some electron acceptorsa 

Acceptor Energy of lowest unoccupied 
molecular orbitalb 

Tetracyanoquinodimethane cr-tO.133f0.08 
Bromani 1 01 + 0.287 f 0.20 
Chloranil a+0~430f0*10 
Iodanil a -t 0.468 f 0.1 5 

a From reference 110. 
cx = coulomb integral 

The hvCT values for the complexes with two common donor species are 
given in Table 9. Disagreements between the valence-bond and niolecular- 
orbital approach have also been noted for polynitrophenanthrcnequinone 
acceptorslll. 

A study of the luminescence spectra of quinone EDA complexes with 
methylbenzene donors112 suggests the following relative order of electron 
affinities; fiuoranil > hexafluoro-l,4-naphthoquinone > octafluoro-9,10- 
anthraquinone. 
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6. Quiiioiie complexes 
TABLE 9. Energies of the charge-transfer band ( I Z V C T )  

for some naphthalene and pyrene EDA complexesn 

Acceptor fivcT/eV 
- 

Naphthalene Pyrene 

277 

Tetracyanoquinodimethane 2.22 1 *62 
Bromanil 2-59 2.01 
Chloranil 2.64 2.03 
Iodanil 2.70 2.05 

From reference 110. 

In the absence of more direct methods, possibly the most reliable 
estimates of acceptor electron affinities are to be obtained from polaro- 
graphic studies. Under conditions where reversible, one-electron additiou 
to  an acceptor A is observed, the process 

yields an observable half-wave reduction potential (E,) which, to a good 
approximation, is equal to the standard one-electron reduction potential 
(El). For aromatic hydrocarbons there js a linear relationship between 
El and the electron affinity of the molecule113. This relationship has been 
discussed by other 115, and extended by Peover116s117 to the 
quinone series in particular. Using calculated estimates of the energy of 
the lowest-unoccupied quinone molecular orbitals11s a linear correlation 
was shown to hold between these values and the measured E6 in aprotic 
solvents11g. It was also evident from similar correlations for the second 
half-wave reduction potential corresponding to the process 

A-+e- A2- 

that the second electron is placed in the same molecular orbital as the 
first. The relation 

where C is a constant and Irv is the energy of a given electronic absorption 
has been shown120 to hold for aromatic hydrocarbons, and for the 
quinones i t  has been demonstrated"l that the measured E,  is a linear 
function of the ti-+ si:: excitation energy. It therefore seems reasonable to 
base a second method for the comparison of electron affinities, again 
relative to that for some arbitrary reference compound, on the relation 

h v  = 2E++ C (13) 

Ef - E$.f = Eii - E+,et (14) 
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Peover1li,1?2 has  argued that the relation 

should hold to a good approximation for  EDA complexes, where AE,,, 
is the solvation energy for the process 

#Hg is the work function of mercury, and E&Igz8 is the absolute value 
of the saturated calomel electrode. A linear relation between estimates of 
El and the charge-transfer absorption band was demonstrated for a series 
of quinones, and  by estimating the likely contribution to hvCT from 
AE(sol) for complexes with pyrene a n d  N,N,N',N'-tetramethyl-p- 
phenylenedianiine, probable upper and lower limits for the electron 
affinities of a number of  quinones were obtained122 (Table lo). 

R. Foster and M. I. Foreman 

hvCT = I n  - El + (AEso, - 4ns- E g g : H g z +  - C> 

AGa.8) + A ( S O I )  - 4 g a s )  +AGOl, 

(1 5 )  

TABLE 10. Probable limits for the electron affinities (E") of quinone acceptors 
from charge-transfer absorption energies ( ~ V C T )  and measured half-wave 

reduction potentials (Et)" 

Quinone EIIV * hvcT/eV 
(in dichloromethane) EA/eV 

Pyrene TMPD Upper Lower 
limits limits 

9,lO-Anthraquinone 
1 -Hydroxy- 
1,s-Dihydroxy- 

1,4-Naphthoquinone 
2-H ydroxy- 
5-Hydroxy- 

9,l O-Phenanthra- 
quinone 

1 ,2-Naphthoquinone 
1,4-Benzoquinone 

Methyl- 
2,SDimethyl- 
Chloro- 
2,6-Dichloro- 
2,5-Dichloro- 
Trichloro- 
Tetrachloro- 
Tetrabromo- 

DDQ 

- 0.94 
- 0.77 
- 0.64 
-0.71 
- 0.64 
- 0.52 
- 0.66 

2.85 
__ 
... 

2.29 1.03 
2-12 1.20 
1-87 1.33 
2.10 1 *26 

1.33 
1.89 1 a45 
2.08 1.31 

- 

0.33 
0.50 
0.63 
0.56 
0.63 
0.75 
0.61 

- 0.56 
- 0.5 1 
- 0 5 8  
- 0.67 
- 0.34 
- 0.1 8 
-0.18 
- 0.08 

0.01 
0.00 
0.5 1 

2.8 1 
2.74 
2.84 
2.93 
2 3  1 
2.32 
2.32 
2.15 
2-03 
2.03 
1.51 

1.41 
I .89 1 -46 

1-39 
2.10, 1.94 1 -30 

1 -67 1-53 
1 -52 1 *79 

1 a79 
1.48 1.89 

1.98 
i.97 
2.48 

_. 

__ 

-- 

-. 

. .. 

.- . 

0.7 1 
0-76 
0.69 
0.60 
0.83 
1 *09 
1-09 
1.19 
1.28 
1 a27 
1-78 

a P.eproduced with permission from M .  E. Pcovcr, Tvnns. Faradny SOC., 58, 1656 
(1962). 

Measured against saturated calomel elec!rode, from reference I 16. 
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Care, however, has to be exercised in cases where hydrogen bonding 
may occur: hydroxy-naphthoquinones and hydroxy-anthraquinones 
exhibit anomalous E ,  values, due probably to intramolecular hydrogen 
bonding in aprotic solvents. In protic solvents the E4 values for quinones 
generally are markedly affected by hydrogen bonding to the solventllG. 
The polarographic method has also been used to estimate affinities of 
polynitrophenanthrenequinoneslll (Table 1 1). Values based on the use of 

TABLE 11. Half-wavc rcduction potentials and electron-affinities of poly- 
nitrophenant hrenequinones" 

Accept or &(V S.C.E.) 

___ 

Phenant hrenequiiione - 0-660 
2,4,7-Trinitro- - 0.098 
3,6-Dini tro- -0.150 
2,7-Dinitro- - 0.195 
2,5-Dini tro- - 0.265 

EAIeV E"/eV 
(Polarography) (From CT band) 

0.69 
1 *29 
1.23 
1-19 
1.1 1 

0.70 
1 -26 
1-12 
1 -04 
0.98 

a From reference 1 1  1. 
* N-t-butyl perchlorate iiscd as supporting electrolyte. 

the equation 
I z u ~ T =  ID-E"+C 

and using 2,4,7-trinitrofluorenonc as the reference acceptor, taking a n  
E A  for this compound of 0.94 eV from a polarographic determinationlll 
are also quoted. 

A technique which has been applied relatively recently to this problem 
involves a study of electron transfer between radicals in solution. The 
equilibrium constant for the reaction 

N C >  
N 
\T 0 

N a'- ) -1- :<IcN CN 6 -t Na' rficN) X \ 'CN 

may be expressed by the relation1zg: 

- RTln K = E*(TCNQ) - E*(quinone) + AAGg,,(TCNQ, TCNQ') 

= AAGg,,(quinone, quinone') (16) 
in which AAGZ,, is the difference in free energy of solvation between the 
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appropriate acceptor and its anion radical. If the two last terms are 
considered to be equal, then 

- RTln K = E*(TCNQ) - EA(quinone) (17) 

For 2,3-dicyano-p-benzoquinone (X = H) and 2,3-dicyano-5,6-dichloro-p- 
benzoquinone (X = Cl) values of K were determined spectrophoto- 
metrically in acetonitrile a t  20 5 1" of 30 and -2000 respectively, yielding 
the relationships 

EA(TCNQ) - E~i(2,3-d.icyano-p-benzoqi~inone) = - 0.09 e V  
(1  8) 

and 

E"(TCNQ) - EA(2,3-dicyano-5,6-dichloro-p-benzoquinone) = - 0.19 eV 
(19) 

These types of study have led to a number o f  qualitative observations 
regarding the effect of substituent groups on the EDA coniplexing ability 
of an acceptor, and hence by inference on the electron affinity of the 
acceptor. Ha1iiinond12a has reported a detailed study of monosubstituted 
quinones from which it is apparent that the electron affinity varies in 
relation to the Harnmett up values. Lepley and ThelmanlZ5 have also 
discussed the effect of substituent groups in this context. It was generally 
concluded that the electron affinity of conjugated organic acceptor 
species will increase: (i) with the electron-withdrawing ability o f  the 
substituent; (ii) with the number of substituents present, depending on 
their respective positions in the molecule ; (iii) the extent of conjugation 
in the molecule, ethylenic compounds being, for example, better acceptors 
than aromatic compounds. With particular reference to the quinone series, 
these observations require slight modification, in that the more powerful 
a quinone acceptor, the less pronounced is the effect of a n  extra substituent. 
This has been demonstrated for the naphthoquinone and benzoquinone 
series, the effect being inore apparent for the latter compounds3J. 

I t  will be clear from the foregoing pages that current knowledge of 
electron afinities of these organic species is not substantial. Relative 
orders of magnitude for acceptors of a given series, such as the quinones, 
are probably known with reasonable accuracy, particularly if estimated by 
the polarographic method. When measurements of absolute values are 
attempted however, large errors are likely to be encountered, since all such 
determinations depend on the accuracy to which the electron affinity of 
the reference compound is known. For this reason, therefore, such values 
quoted throughout this chapter have not been collected together in a singic 
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table. Of all the determinations available, those of Farragher and Page62 
for p-benzoquinone and chloranil by the magnetron method are probably 
the best to date. 

0. Solid EIectron Donor-Acceptor Complex= 

Solid complexes may generally be prepared by mixing solutions of the 
quinone and electron donor. Judicious choice of solvent will often lead to 
the direct precipitation of the complex. Purification may be achieved by 
recrystallization from hot solvent although in many cases where quinones 
of high electron affinity are mixed with donors of low ionization potential 
i t  is often preferable to avoid elevated temperatures. Slow evaporation of 
solvent will often provide good crystals. There is no obvious correlation 
between the ease of isolating a solid complex and the stability of the 
complex in solution. 

I. Crystal structwres 

The crystal structures of a number of solid complexes of quinones with 
n-donors have been determined by X-ray diffraction (Table 12). In many 
systems where there is no hydrogen-bonding the complexes have a D : A 
stoicheiometry of 1 : 1 .  These are arranged in stacks of alternate D and A 
molecules, the molecules i n  a stack being parallel or near parallel (i.e. a 
zero or small intermolecular dihedral angle), with an average perpendicular 
intermolecular distance which is somewhat less than the van der Waals 
separation. In cases where the stoicheiometry is AD,, the stacks usually 
contain, the sequence -A-D-D-A-D-D-A-. In such arrangements the 
stacks are usually discontinuous in the sense that the molecules are 
grouped in D-A-D triads as might be expected. Examples of this are the 
1 : 2 complexes of p-benzoquinone with phenol135, with p-ch l~rophenol '~~  
and with p-br~mophenol '~~ .  Within the stack the quinone molecule is by 
no means always centrally above the donor molecule (see also section 111). 
For maximum charge-transfer interaction between p-benzoquinones and 
benzene donors a stacking angle of zero would be expected i n  which the 
donor and acceptor eclipse one another. 

There appear to be two general arrangements of the molecules in one 
stack relative to those in adjaccnt stacks. Either the molecules in all 
stacks are coplanar (or near coplanar) or else the molecules in one stack 
are set at an angle to those in the adjacent stack (hcrring bone). The latter 
pattern appears in many systems in which there is hydrogen bonding 
(see section 111). However, in  these and other complexes the effects of 
other localized interactions may be observed. For example, for crystals of 
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p-benzoquinone-thymine which show the essential quinhydrone-like 
structure13', the shortest interlayer intermolecular atomic distance is 
3-1 9 A between a n  oxygen atom in thymine and a carbonyl carbon atom in 
the quinone. A similar observation has been made in the p-benzoquinone- 
resorcinol complex138. This may represent a localized interaction and may 
account for the relatively large intermolectilar dihcdral angle in these 
complexes. 

The structure of the 1 : 2 complex of chloranil with N,N,N',N'-tetra- 
niethylbenzidine139 comprises distinct groups in which one chloranil 
molecule is sandwiched between two benzenc rings from two molecules of 
the donor. The sccond ring of each donor molecule is twisted 30.8" out of 
planarity relative to the other ring of the molecule. The structure of the 
corresponding I : 1 complex is at present being determined by Kuroda 
and coworkers. 

Recently Prout and Castellano140 have determined the structure of thc 
self-complex of 2-methyl-3-N-methylanilinomethyl- 1,4-naphthoqiiinone 
(6a), synthesized by Lcdwith and coworkers*41. This molecule contains a 

0 R X  

donor and an acceptor moiety separated by an 'insulating' niethylene group. 
in  the crystal lattice the molecules are placed to form stacks of alternate 
donor and acceptor groups in thc manner of complexes formed from 
donors and acceptors in separate iiiolecular species. The arrangement of 
molecules as seen projected down the c-axis is shown in Figure 5 (see also 
section 1I.E). 

Certain neutral molecular species of donor and acceptor interact with 
complete electron-transfer to form lattices of ions. Some examplcs are 
listed in Table 12. Whereas the complexcs of chloranil and bromanil with 
N,N,N',N'-tetramethyI-p-plienyle~iediaiiiine*~~~ 143, though essentially ionic 
in character (see section II.D.4), follow the norinal pattern of stacks of 
alternate components, other complcxcs, such as that formed from TCNQ 
and IV,~~yN',N'-tetramethyl-p-phc~iylenediaminelg' (Figure 6) Oi di toluene- 

References to other structures involving hydrogen-bcnding and metal- 
containing donors are made in sections 111 and I V  respectively. For more 

consist of alternate stacks of the two ionic species. 
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U 

. .  J 

FIGURE 5. The crystal structure of 2-methyl-3-methylaniIinomethyl-1,4- 
naphthoquinone projected down c. For clarity only the four molecules 
forming one unit-cell are shown. Reproduccd with pel-mission from C .  K. 

Prout and E. Castellano, J .  CIiem. Suc. ( A ) ,  2775, Figure 1 (1970). 

detailed descriptions of these and other systems and their relation to the 
structures of other EDA complexes, various reviews should be 
c ~ n s u l t e d ~ ~ ~ - ~ ~ ~ " .  

2. Electronic absorption spectra 

The electronic absorptions of solid complexes are often very similar to 
the corresponding absorptions in solution in an aprotic solvent as far as 
the lowest energy intermolecular charge-transfer transitions are con- 
~ e r n e d ~ ~ *  150. On the other hand, with some quinone-donor interactions, 
there is no resemblance between the spectra in  the two phases4G. 150-ls2. 
In such cases the difference is generally attributed to complete electron- 
transfer in the solid phase, whereas in aprotic solvents a non-ionic 
molecular complex may persist. Evidence for such ionic solids includes 
their infrared absorption and their electrical and magnetic properties 
(see sections II.D.3 and II.D.4). 
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o carbon 6) nitrogen 

FIGURE 6. The crystal structure of the 7,7,S,S-tetracyanoqui1lodimethane- 
N,N,N',N'-tetramethyl-p-phenylenediaminc complex: (a) viewed along b, 
the heavily outlined niolecules lie at y = .& and the rest at y = 0, the dotted 
lines define a sheet of niolecules; (6)  a sheet of molccules in plan; (c) over- 
lapping molecules, viewed normal to their plane. Reproduced with permission 

from A. W. Hanson, Acfa Crysf., 19, 610, Figure 3 (1965). 



6. Quinone complexes 287 

Single crystals of solid quinone complexes had been shown in 1952 by 
N a k ~ m o t o ' ~ ~  to have a stronger absorption corresponding to the lowest- 
energy charge-transfer transition when polarized light with the electric 
vector perpendicular to the plane of the component molecules was used, 
compared with light polarized parallel to the molecular planes. It has since 
been shown that for benzoquinone and benzenoid components, the 
direction of maximum effect is the line joining the centres of the donor 
and acceptor i n  the complex, rather than the perpendicular to the 
molecular planes154. The polarization of this absorption has provided a 
strong argument for the intermolecular charge-transfer nature of the 
a b s o r p t i o ~ i ~ ~ ~ . ~ " ~ - ~ ~ ~ .  This observation usually holds true for the lowest 
energy charge-transfer transition in solid quinone c ~ n i p l e x e s ~ ~ ~ ~  15?. Higher 
energy transitions, though in many cases intermolecular charge-transfcr in 
nature, appear to involve mixing with local excitation in one or other 
component. This often leads to a diminished polarization. Thus in the 
fluoranil-perylene complex155, the 14,200 cm-I band has a polarization 
ratio in the sense indicated above for a first chargc-transfer transition of 
> 50, whereas the band at 28,700 cni-l has a polarization ratio of - 2. 
In this case the higher energy band has been assigned as an intermolecular 
charge-transfer band with mixing of a T-->T* transition in perylene. In 
carbon tetrachloride solution the fluoranil-perylene complex shows only 
one charge-transfer band (at 14.400 cm-I). By contrast, the fluoranil- 
pyrene complex shows two absorption bands in carbon tetrachloride 
solution (at 17,000 and 23,000 cm-l) but only one band in the solid 
(16,800 cni-I). It is suggested that the second transition is symmetry 
forbidden in the solid'". 

In solid chloranil- 1,6-diarninopyrene, the lowest energy bands are 
observed at 18,500 and 24,500 cm-1 with opposing In 
solution in chloroform the same complex has absorption maxima at  
9900 and 19,000 cm-I. It appears that the lowest charge-transfer band is 
absent in the solid. By comparison, the two lowest bands of the corre- 
sponding bromanil complex in the solid (- 7000 and N 20,000 cm-l) 
agree well with those in chloroform solution (9260 and - 19,000 crn-l) 
and likewise for the iodanil complex. I t  has b-en sugzgested158 that the 
arrangement of donor and acceptor molecules in the chloroanil complex 
may be as in model a (Figure 7) for which calculations indicate that there 
is favourable overlap for charge-transfer from the CI,, orbital of the donor 
but not that from the highest filled orbitals which are of b, symmetry. 
Model b (Figure 7), where the opposite situation is favoured, could then 
represent the situation of the bromanil and iodanil complexes. The actual 
structure of these complexes has yet to be determined. The spectra of the 
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crystalline complexes of chloranil and TCNQ with benzidine and 
N,N,N',N'-tetraniethylbcnzidinelj6 each show two bands, both of which 
have been assigned to intermolecular charge-transfer transitions. The 
polarization of the second band is reversed by comparison with the lower 
energy transition. It has been suggested that the first band arises from a 

Model a Model b 

FIGURE 7. Models for the stacking of molecules of quinone-1.6-diaminopyrene 
complex. After reference 158. 

transition from the highest filled level in the donor to the nearest acceptor 
molecule in the crystal lattice, whilst the second transition corresponds to 
a transition from the second highest filled levcl i n  the donor to the next 
nearest acceptor molecule. The crystal structure of the TCNQ-benzidine 
complex is at present being determined. This particular donor-acceptor 
pair is capable of forming inclusion compounds with certain molecules 
such as dichloromethane, dibromomethane and acetonelG1. 

Fluorescence spectra of the solid crystalline complexes of chloranil and 
of 2,5-dichloro-p-benzoquinorie with durene have been measurcd1G2. The 
maxima correspond closely to the same systems measured in an n-propyl 
ether-isopentane glass at  - 190" G4 and show the same mirror syninietry 
with the first absorption band. 

3. Infrared spectra 

In cases where only weak EDA complexes are formed, the infrared 
spectrum of the complex is essentially the sum of the spcctra of the 
component molecules although some differences are to be expected and 
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are observed1G3-1G8. The most important of these is the red-shift of the 
carbonyl band of the quinone1GG-1G8. A red-shift of the -C=C- 
stretching frequency has also been observed. This has been taken as 
evidence of a degree of charge-transfer in the ground state (see section 
II.D.4). The spectrum of the chloranil-hexamethylbenzene complex is 

cm-: 

FIGURE 8. Infrared absorption spectra of powders in KBr disks: (A) chloranil- 
hexamethylbenzene complex ; (B) hexamethylbenzene; (C) chloranil. Repro- 
duced with permission from H. Yamada and M. Kawamori, Spectrochim. 

Acrn, 27A, 2425, Figure 1 (1971). 

compared in  Figure S with the absorption of the components1". The 
various absorptions corresponding to Figure 8 together with their assign- 
ments are listed in  Table 13. Larger shifts are observed in quinones with 
phenols and hydroquinones. In these complexes hydrogen bonding as 
well as EDA coniplexing occurs. 

Polarized infrared absorption spectra of singIe crystals of chloranil- 
hexamethylbenzene have been obtained (Figure 9). The 
two components are stacked in columns almost perpendicular to the a-axis. 
Each component has a site symmetry Ci and consequently the g-vibrations 
should be, and in fact are, inactive in the complex. The details of the 
polarized spectra are summarized in Table 14. It is seen that many of the 
'in-plane' absorption bands increase in intensity on complex formation in 
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the 'out-of-plane' direction (i.e. parallel to the a-axis). I t  is suggested that 
this enhancement is the result of delocalization moments due to electronic 
rearrangement during vibration of the complex-an idea previously con- 
sidered in the case of halogen-aromatic hydrocarbon c o m p l e x e ~ ~ ~ ~ ~  170. 

4000 2000 1500 1000 500 

cm-' 

FIGURE 9.  Polarized absorption spectra of a single crystal of the chloranil- 
hexamethylbenzene complex; (A), Ila, light polarized along a-axis (stacking 
axis); (B) l a  light polarized perpendicular to n-axis. Reproduced with per- 
mission from H. Yamada and M. Kawamori, Spectrochirn. A d a ,  27A, 2425, 

Figure 2 (1 971). 

In contrast, those adducts which are formed by complete elcctron- 
transfer from the donor to the acceptor closely resemble the sum of the 
absorptions of the corresponding cation (D+) and anion (A-). This radical 
difference in the infrared spectra of the non-ionic and ionic complexes has 
been used frequently to determine the type of c o r n p l e ~ * ~ ~ - ~ ~ ~ .  Some 
examples of these two types are given in Table 15. 

4. Electrical properties 

Quinones, and more particularly their EDA complexes, form part of 
the class of organic semiconductors. Although detailed accounts of the 
theory of semiconductors can be found el~ewherel'~, a brief introduction 
is given here. In experimental terms, the resistivity (p) of a semiconductor 
is observed to vary with temperature, according to the expression 

f T  = PO exp (Ea/kT)  (20) 

where E, is the 'activation energy' for conduction and T is the absolute 
temperature. Semiconductors act as insulators at low temperatures, but 
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become increasingly conducting as the temperature is raised. In simple 
terms, in a metallic conductor the outer or valence electrons are readily 
separated from the parent metal atom and are able to  move freely 
throughout the crystal, thereby carrying electrical current. In an insulator, 

TABLE 14. Polarized infrared spectra of single crystal of chloranil-hexamethyl- 
benzene complex (cm-1)O 

(1 a-Axis 1 a-Axis Assignment 

3318 w Inb CC Combination 
2995 s In H C-H Stretch 

2947 vs 2923 s In + out  H C-H Stretch 
2872 m In H C-H Stretch 

1680 w 1679 s In c C=O Stretch 
1635 w In C 

1555 s 1554 vs In C C=C Stretch 
1460 (sh) 1457 s In H CH, Deform. 
1440 s o u t  H CH, Deform. 
1390 w 1382 s In H Co Skeleton 
1298 w 1305 m c, €4 
1246 s 1245 s In C C-C Stretch 
1223 m 1222 s In C C-C Stretch 
1202 w 1201 I l l  In C 
1113 w 1109 s In C C-Cl Stretch 
1059 w 1059 ni In 13 CH3 Deform. 
992 m 990 vw o u t  H 
899 m 900 m In C 
799 vw 799 w In + out H 
740 s 737 vs In C C-CCI Stretch 
709 s 711 m o u t  C 
701 (sh) 697 w C 

From reference 166. 
In: in-plane vibration; out: out-of-plane vibration. 
C :  Chloranil vibration; H:  HMB vibration. 

on the other hand, the electrons are all tightly held by the atoms in the 
crystal matrix and conduction in this manner is not possible. The situation 
with regard to a semiconductor is in some ways intermediate between these 
two extreme cases. At  low temperatures all the electrons are tightly bound 
to the atoms. As the temperature increases, however, some electrons are 
thermally excited to an  energy state in which it is possible for the electron 
to  move through the crystal. The process in some ways therefore is akin 
to ionization, although crystal forces render the energy requirements 
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TABLE 15. Infrared spectra of some p-benzoquinone complexesu 

~ ~~ 

p-Benzoquinone Donor (A : D) Infraredb 
____ 

2,3-Dichloro-5,6-dicyano- 
2,3-Dichloro-5,6-dicyano- 
2,3-Di bromo-5,6-dicyano- 
Tetrachloro- 
Tetrabromo- 
2,3-Dichloro-5,6-dicyano- 
2,3-Dichloro-5,6-dicyano- 
2,3-DicliIoro-5,6-dicyano- 
Tetrachloro- 
Tetrachloro- 
Tetra bromo- 
2,3-Dichloro-5,6-dicyano- 
2,3-Dichloro-5,6-dicyano- 
2,3-Di bromo-5,6-dicyano- 
2,3-Di bromo-5,6-dicyano- 
2,3-Di brorno-5,6-dicyano- 
Tetrabromo- 
2,3-Dichloro-5,6-dicyano- 
2,3-Di bromo-5,6-dicyano- 
2,3-Di bronio-5,6-dicyano- 
Tetrachloro- 
2,3-Dichloro-5,6-dicyano- 
2,3-Dichloro-5,6-dicyano- 
Tetraciiloro- 
Tctrachloro- 
Tetrachloro- 
Tetrabromo- 
2,3-Di bromo-5,6-dicyano- 
2,3-Dibromo-5,6-dicyano- 
Tctrabronio- 
Tctrachloro- 
Tetra br omo- 
2,3-Dichloro-5,6-dicyano- 
Tetrachloro- 
Tetrachloro- 
Tetrachloro- 
Tetrachloro- 
Tctrachloro- 
Tetrabromo- 
2J-Di brorno-5,6-dicyano- 

Dibenzo[c,d]phenothiazine (1  : 2 )  
1,6-Dianiinopyrene 
Dibenzo[c,d]plienothiazine (2 : 3) 
1,6-Diaminopyrene 
I ,6-Dianiinopyrene 
Benzo [clphenothiazine 
Di beilzo[c,d]phenothiazine 
Di bcnzo[c,d]phenoselenazine 
Tetramet hyl-p-phcnylenedianiine 
Durenedianiine 
Durenediaminc 
Pheno thiazi ne 
Phenoselenazine 
Phcnot hiazine 
Benzo [c]phenothiazine 
Di benzo[c,rl]phenoselenazine 
Tetramethyl-p-phcnylenedianiirte 
N- Mct hylp hcno thiazine 
N-Methylphcnothiazine 
Phenoselenazine 
p-Phcnylenediamine 
p -  Phenylencdiamine 
Perylene 
Tetraniethylbenzidi ne 
Dimethylaniline 
Per y I ene 
Tetramcthylbcnzidine 
Per ylene 
Di benzo[c,tl]phenothiazine 
Diniethylaiiilinc 
1,5-Diaininonaphthalene 
p-Phcnylencdiaminc 
Pyrene 
Pyrene 
H examethyl benzene 
1,8-Dianiinonaphthalene 
p-Anisidine 
Diethoxydinaphthostilbene (1 : 2) 
Perylene 
Pyrcne 

Ionic 
Tonic 
Ionic 
Mol. 
Mol. 
Ionic 
Ionic 
Tonic 
Ionic 
Ionic 
Ionic 
Ionic 
Ionic 
Ionic 
Ionic 
Ionic 
Ionic 
Ionic 
Tonic 
Ionic 
Ionic 
Ionic ? 
Mol. 
Mol. 
Mol. 
Mol. 
Mol. 
Mol. 
Ionic 
Mol. 
Mol. 
Ionic 
Mol. 
Mol. 
MoI. 
Mol. 
Mol. 
Mol. 
Mol. 
Mol. 

a From rcfcrence 173. 
b Mol. = niolecular-type striictiirc as opposed lo an  ionic structure. 
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sLIbsta11tiallY less than Lvould be the case for the free atom. Prol11otion of 
a11 electron i l l  this man1lCr necessarily leaves behind a site of positive 
charge, Or 'hole'. It is essential to the theoretical treatmerit of semi- 
co1ductor n1aterials that the hole is also regarded as being mobile and is 
therefore a CmTier Of positive electrical charge. This behaviour is perhaps 
best thousht of as being a consequence of the I-Ieiscnberg Uncertainty 
Principle, which does not allow of the localization of a charged 'particle' 
sharing random thermal motion with its environment on a particular site 
in the crystal. In  the general case of a semiconductor crystal, elcctrical 
conduction is a consequence of hole and electron conduction, although 
there are cases where either holes or elcctrons separately carry the major 
part of the current. Where holes are the major carriers the crystal is 
described as a '0-type' semiconductor. I n  an 'rz-type' semiconductor 
electrons serve as the current carriers. 

Promotion of a bound electron to form a 'hole-electron pair' may be 
achieved by illumination of the material with light of a suitable wave- 
length. This is termed 'photoconduction'. Photoconduction has been 
demonstrated for a number of q ~ i n o n e s ' ~ ~ ~ ~ ~ ~ ,  including 7,7,8,8-tetracyano- 
quinodimethaneli9; although anthraquinonelso, fluoranil and p-benzo- 
quinone"' are not affected by light irradiation i n  this way. 

The resistivities of many quinones have also been shown to be reduced 
markedly by 'doping' the sample in some manner with a species which 
acts as an electron donor. The resistivity of chloranil decreases on 
exposure to amine vapourslB1, for example, and the photoconduction has 
also been shown to vary in the presence of donor materials*s2. Conversely, 
exposure of donor materials to the vapour of p-bcnzoquinone or anthra- 
quinone can affect the conductivity of the donor*83. In this example it was 
shown by electron paramagnetic resonance and optical reflexion studies 
that negative ions and ion-radicals had been formed at  the semiconductor 
surface. Similar behaviour was observed for quinones adsorbed on to 
TI1 or  CdS 111 some cases exposure to quinone can 
change not only the conductivity but also the nature of the host semi- 
conductor. Tetrathiotetracene, for example is a p-type semiconductor 
which becomes n-type on exposure to o-chIoraniP;. 

The behaviour described above is almost certainly a consequence of 
the formation of small amounts of an EDA complex at the semiconductor 
surface. However, the obscned behaviour cannot be related in any 
simple fashion to the propcrties of the supposed EDA complex. The 
photoresponse of chloranil on exposure to aliphatic amines is not lllarkedly 
enhallced by irradiation with light of a frequency' which corresponds to 
the charge-transfer absorption band of the amine-chloranil complex'". 
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it has also been reported that the major photocurrent response of pyrene- 
quinone systems is only initiated by light of frequency higher than that of 
the first charge-transfer transitionla7. This type of behaviour seems to be 
fairly general for EDA complexes, and is dealt with in more detail below. 

The electrical behaviour of pure EDA complexes, as opposed to crystals 
‘doped‘ with small amounts of such complexes, has caused even greater 
interest, doubtless because of the potential commercial value of these 
materials. Complexes of TCNQ*88, ~h lo ran i l ’~~ ,  o-chloranil, o-bronianil, 
o-iodaniP0 and DDQlgl have been recognized as organic semiconductors 
for some time. The last mentioned quinone is of particular interest. With 
p-phenylenediamine the complex exhibits principally hole conduction and 
is paramagnetic, having an intense e.s.r. signal. With perylene and pyrene, 
on the other hand, diamagnetic complexes are formed in which conduction 
appears to be via electron carriers. For DDQ itself the resistivity depends 
on the mode of ~rys ta l l iza t ion~~~.  Crystals from benzene have lower 
resistivities than those obtained from dichloromethane, although studies 
a t  various temperatures suggest that the activation energy for conduction 
(Ea = 0.6 eV) is not affected in this way. Numerous other accounts have 
appeared which report the semiconductor behaviour of specific quinone 
EDA complexes19z2-1g*5. 

Most of the interest in quinone EDA semiconductors has been directed 
towards complexes of TCNQ. This compound forms three distinct 
types of EDA complex. The first type consists of weak EDA complexes 
in which the ground state is principally ‘non-bonded’, and the dative 
D + - A -  state contributes little. In the second series the dative state is 
the principal contributor, and the complex may be regarded as a nornial 

salt involving the anion-radical ( T C N Q ~ .  In these two respects TCNQ 
behaves much like other quinones. Classification of a given TCNQ complex 
as one or other of the above types can often be made from a study of the 
infrared spectrum (see section 11. D.3). Matsunaga152 has remarked that 
weak EDA complexes exhibit higher resistivities than those which have a 
dative ground state. Subsequent work suggests this statement is generally 
true18*19G, but that dative bonding is strictly speaking neither a necessary 
nor a sufficient condition for low re~istivity~’~. The third type of complex 

which TCNQ can form may be formulated as D+(TCNQF(TCNQ)O. 
These ‘complex salts’ which include neutral TCNQ molecules in the 
crystal lattice exhibit resistivities which are several orders of magnitude 
lower than the corresponding ‘normal’ salts which have values of 
104-1013 ohm cni lg7. In addition, the resistivity of the complex salts 
varies with the direction of the current flow relative to the crystal axeP9. 
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In crystals of [NHEtJ+(TCNQ)’(TCNQ)O, for example, conductivities of 
4.0, 0.05 and 0.001 ohm-lcrn-l have been reported for directions normal 
to the planes of TCh’Q molecules, in the plane of TCNQ molecules, and 
normal to alternate layers of TCNQ and NHEt: molecules respectivelylgD 
(Figure 10). Melby and coworkers18* have given a very comprehensive 

4.0 ohm-’ cm-’ 

0.001 ohm-’ crn”’ 

FIGURE 10. Crystal structure of (NHEt;)(TCNQ)’(TCNQ>O complex. 
Molecules of TCNQ are arranged in slightly offset stacks with NHEti 
cations blanketing the ends of each pair. Conductivities appropriate to the 

crystal axes are marked. After reference 199. 

account of the physical behaviour of the three types of TCNQ complexes, 
including details of their preparation. For the simple TCNQ salts the 
resistivities are isotropic and generally in the range quoted above, although 
exceptions are noted: the complex 7 has a resistivity of only 15 ohm cm. 

OH 

(7) 

By contrast, the complex salts show consistently low resistivities with a 
pronounced crystal anisotropy, although the activation energy for 
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conduction does not appear to be anisotropiczo0. The same type of 
behaviour has been subsequently noted to be fairly general, for example 
in TCNQ complex salts with nitrogen baseszo1. 

Quinone complexes, in some ways analogous to the complex salts of 
TCNQ, have been studied by MatsunagaZo2. 2,3-Dihalogeno-5,6-dicyano- 
p-benzoquinones complex with dibenzophenothiazine (S) to form dative 

H 
I 

I : 1 salts and a series of 2 :  1 (D2)+-A- complexes similar to the TCNQ 
coniplex salts but with the donor-acceptor ratio reversed. Complexes 
having a 3 : 2 stoicheiometry (DJ2++(A2J2- are also formed and the latter 
types have been shown to exhibit considerably lower resistivities than the 
1 : 1 complexes in much the same way as has been observed for the TCNQ 
salts. 

The large reduction in resistivity which arises from the inclusion of 
neutral TCNQ molecules into the crystal structure of TCNQ normal salts 
has led to  attempts to enhance the conductivity of polymeric TCNQ 
complexes by similar methods. Poly(epich1orhydrin) coinplexes of the 
type 9 are semiconductors. Both the resistivity and activation energy of 

I 
CH, 
I 

-f- 0 C H, C H --I - 

(9) 

conduction of these Complexes may be reduced by increasing the pro- 
portion of neutral TCNQ inc1uded2O3. The properties of copoly(styrene)- 

l-butyl-2-vinylpyridini~m(TCMQ)~(TCNQ)~ have been describedzoJ, 
and the expected enhancement of conductivity for TCNQ salts derived 
from 10 and 11 and related polymeric donors on addition of neutral 
TCNQO has been observed200j. 

A number of attempts have been made to generalize the conductivity 
behaviour of EDA complexes and related salts. In addition to the 
qualitative observations described above for normal a n d  coinplex salts, 
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JkBlanc206 has noted that the resistivity of normal TCNQ salts is related 
to the polarizability of the cationic species: the more polarizable the 
cation the hizher the conductivity. This view is supported by studies on 
TCNQ salts involving cyanin dyes as cations, although it has been pointed 
out that the crystal structure, also a function of the cation polarizability, 
is likely to affect the conductivity of the material207. 

F ~ G U R E  11. (A) Photocurrcnt and (B) absorption spectrum for the bromanil- 
pyrene complex. After reference 187. 

I t  was mentioned earlier, albeit somewhat briefly, that the photo- 
resporise of EDA complexes generally reaches a maximum for irradiation 
with light of higher energy than that corresponding to the first charge- 
transfer absorption band of the complex. This type of behaviour has been 
observed for a number of quinone EDA complexes with pyrenel”. There 
appears (Figure 1 I )  to be a sinall photocurrent produced by irradiation of 
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frequencies lower in energy than the charge-transfer absorption, the 
‘secondary’ photocurrent, followed by the major photo-response, or 
‘primary’ photocurrent, which occurs at energies higher than the charge- 
transfer transition band. It is argued that irradiation with frequencies 
corresponding to the charge-transfer band generates D+A- ion pairs in  
the crystal. The charges on the ions cannot move independently through 
the crystal in this state and are not, therefore, able to contribute to 
conduction. They may, however, be regarded as ‘excitons’, i n  the sense 
that, if sufficient additional energy is available to overcome the couloinbic 
attraction of the charges, the electron present on the acceptor may be 
transferred to a ‘distant’ acceptor molecule, thereby generating a hole- 
electron pair, and electrical conduction becomes possible. This sort of 
approach has been applied by LcBlanc2OG to normal and complex TCNQ 
salts. In the normal case the unpaired electrons occupy fixed acceptor 
sites in the crystal. Transfer of one such electron to a distant acceptor 
produces a hole-electron pair and conduction becomes possible, the hole 
and the electron being now capable of independent motion. In the case 
of the normal salt this process effectively generates di-negative TCNQ ions 
in the crystal, and additional energy is therefore required in ‘moving’ the 
electron in order to overcome the resultant coulombic repulsion. It now 
becomes clear why the inclusion of neutral TCNQ molecules into the 
crystal, as in the complex salts, so dramatically increases the conductivity. 
The mobile electron can now be promoted to a remote (TCNQ)O site, and 
the coulombic repulsion energy for the process 

...... D+(TCNQ)’ ...... ( TCNQ)~  ___ t ...... D-’-(TCNQ) ...... (TCNQ? 

is considerably less than for 

D+(TCNQ 7. ..... ( TCNQ)’ r D+(TCNQ) O ...... (TCNQ)= 

and the conductivity is therebj enhanced. In effect therefore, a low 
energy pathway is available in the crystal along which the charge carriers 
may move. The increased conductivity observed in crystals which are 
extensively hydrogen bonded can be accounted for in the same general 
terms2”*. 2oo. 

E. Miscellaneous Systems 

1. Quinhydrones 

Quinhydrones are essentially complexes between hydroxy-aromatics 
and quinones in which the components, lying approximately parallel, 
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are hydrogen bonded in the molecular plane and held by polarization and 
such-like forces acting perpendicular to the molecular planes in the 
manner typical of EDA complexes. This two-directional binding can 
produce remarkably stable lattices. This, combined with their intense 
absorption in the visible region, undoubtedly accounts for their early 
observation. These systems are further discussed in section 111. 

2. Intramolecular complexes 

Cram and Day210 synthesized a quinone derived from [2.2]para- 
cyclophane (12). The electronic spectrum includes a band at  29,400 cm-1 
( E  = 597) which has been assigned as a transannular charge-transfer 
transition involving the benzene and quinone moieties which are rigidly 
fixed with respect to one another. 

Somewhat different intramolecular complexes have been prepared by 
Ledwith and coworkers141 (6). All are magenta black in the crystalline 
state. In solution, over the concentration range 40 x to 8 x 1 0 4 ~  
Beer’s law is obeyed for the long waveband in each case. This absorption 
is therefore reasonably assigned to an intramolecular charge-transfer 
transition, which must be an ‘across-space’ transition because of the lack 
of conjugation throughout the molecule. 

The crystal structure of the compound 6a has been determined by 
Prout and C a ~ t e l l a n o l ~ ~  (see section l1.D. I ) .  Tlic molecular configuration 
does not indicate a significant overlap of the donor and acceptor rings, 
and it is thought likely that in solution the interaction is between the 
nitrogen lone-pair orbitals and the quinone moiety, rather than the 
aniliiio group as a whole acting as the donor, i.e. an 1 2 -  rather than a 
7r-donor. In the solid phase the arrangement of adjacent molecules in the 
lattice suggests that inter- as well as intramolecular charge-transfer 
interactions are involved. 
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F. lnvolvement of Electron Donor-Acceptor Complexes in Organic 
Reactions 

The possible role of EDA complexes in organic reaction mechanisms 
has been the source of many studies and considerable discussion, 
including several revjews211-213. At the outset it should be pointed out that 
there is a danger of the superficial presumption that an EDA complex is 
involved in a reaction if, on mixing the reactants, a colour characteristic 
of the complex is formed inimediately and fades as the reaction proceeds 
to form the products. Although a complex may initially be formed from 
the reactants, it may not be on the reaction path. The fast reversible 
nature of the equilibrium will account for such behaviour even if the 
process is of the type 

R. Foster and M. I. Foreman 

R 1 0 W  fast ~ 

complex 
fast; 

Product i- A + D  . 
as opposed to 

fast SlOlS  

fast 
A + D  complex - prodxt  

The simplest type of chemical reaction is electron transfer from a 
donor to an  acceptor. This may occur in the solid state to give an ionic 
structure. Such systems are often looked upon as EDA complexes in 
which the ground state is described in terms of equation (1) but where 
b$ a, and described elsewhere as ionic complexes or salts. These complexes 
might well not be considered normally to be formed via the ‘outer’ EDA 
complex in the solid phase. However, there are examples of weak non- 
ionic (‘outer’) EDA complexes in solvents of low ionizing power being 
converted to separated ions by addition of other solvents which will 
solvate the ions sufficiently to favour electron transfer. For example 
chloranil-N,N,N‘,N‘-tetramethyl-p-phenylenediamine exists as a weak 
‘outer’ complex in carbon tetrachloride but as the chloranil semiquinone- 
anion and the Wurster cation when the system is diluted with a c e t ~ n i t r i l e ~ ~ ~ .  
However, this ionization, though likely to proceed through the complex, 
could i n  principle be foriiied from the two components directly in  the 
manner indicated above since there is always some dissociation of the 
coniplex in solution. Further studies215 of the chloranil-N,N,N’,N’- 
tetraniethyl-p-phenylencdianiine complex in an ethyl ether-isopropyl 
alcohol mixture have shown that electron-transfer is not detected when a 
mixture of the components, of appropriate concentration for which the 
‘outer’ complex is negligible at  room temperature, is cooled directly to 
193 K. However, i f  the system is first cooled to 77 K, at  which there is 
considerablc formation of the ‘outer’ complex, and then allowed to warm 
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up to 193 K, electron transfer does occur. This has been taken as 
reasonable evidence that at  least in this case the reaction proceeds via 
the ('outer') EDA complex. In the crystalline state this complex may not 
have a simple ionic lattice21G. 

The reaction of p-benzoquinone and its halo-derivatives, especially 
chloranil, with amines to  form the corresponding 2-amino- and 2,5- 
dianiino-quinone derivatives has long been known. Many of the aromatic 
amines form EDA complexes with the quinones immediately on 
mixing217-219 . These represent another group of reactions in  which the 
involvement of EDA complexes along the reaction path, though reason- 
able, has not been unambiguously established. 

A similar situation occurs in  the oxidation of N,N-dimethylaniline to  
crystal vio1et"O where the initial formation of the complex is very obvious. 
The reaction of chloranil with triphenylphosphine to form the zwitterion 
13 may likewise proceed through an EDA complex221. 

0- 

(1 3) 

A number of polymerization reactions are catalysed by the addition of 
quinones and it has been suggested that some of these involve the 
formation of an EDA complex as the first step222-229. However, in some 
cases, for example N-vinylcarbazole plus chloranil, part of the reaction at 
least appears to be cationic, initiated by trace acidic impurities in the 
chlorani1222. 

In most, if not all, of the above reactions, the participation of EDA 
complexes on the reaction path is not conclusive. Amongst some photo- 
chemical reactions the evidence is much stronger. Thus in the chloranil- 
catalysed polymerization of N-vinylcarbazole an increase in polymer 
yield was observed when the solution was irradiated within the charge- 
transfer band222* 224. Where the charge-transfer absorption is at  lower 
energies than all other absorptions of the components in the reaction, it 
is difficult to avoid the conclusion that photo-excitation of the EDA 
complex initiates polymerization via ionization, although at some stage an  
excited state of either the donor or the quinone acceptor may be involved 
(exciplex mechanism). A review of the participation of EDA complexes 
in polymers and polymerization involving both quinonoid and non- 
quinonoid acceptors is to be published230. 
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111. HYDROGEN-BONDED COMPLEXES 

In section 1I.C the effectiveness of quinones as acceptors in EDA complex 
formation was discussed, a behaviour which depends to some extent on 
the electron-withdrawing effect of the oxygen atoms. This effect generally 
leaves the n-system of the quinone electron-deficient, and the quinone 
oxygens correspondingly electron-rich; a situation which is exemplified by 
some recent calculations of the rr-electron density distribution in p-benzo- 
quinone 14 and other substituted q ~ i n o n e s ~ ~ l .  As a consequence the 

quinone oxygens are good electron donors, and are therefore likely to be 
involved wherever possible in hydrogen bond formation. There seems to 
be little doubt that this tendency plays a large part in the chemistry of the 
quinones, although the extent of the involvement in any given case may 
be difficult to assess. 

The quinhydrone system provides one example of a situation in which 
hydrogen bonding is likely to occur. The structure of the crystal was 
initially studied by Palacios and Foz232 and later by Matsuda, Osaki and 
Nitta233 in greater detail. The quinone and hydroquinone molecules are 
linked alternately by hydrogen bonds to form a zig-zag chain extending 
throughout the crystal (Figure 12). EDA interaction between quinone and 
hydroquinone molecules in adjaccnt hydrogen-bonded chains occurs. 
This approximately plane-to-plane juxtaposition of the two species 
accounts for the characteristic colour of quinhydrones. Earlier this colour 
had been as an argument in favour of a hydrogen-bonded pair 
suggested by Michaelis and G r a n i ~ k ~ ~ ~ .  Hydrogen bonding contributes 
appreciably to  the stability of the crystaP6. The shift of the carbonyl- 
stretching frequency of p-benzoquinone in quinhydrone to lower energies 
reIative to the free quinone has a150 been attributed to interactions of this 
type*3’, an effect which has been shown to be general for quinones in 
association with the corresponding quinoP’ (Table 16). The coincidence 
of the stretching frequencies a t  about 1634 cm-1 for the quinhydrone 
systems reported in this work is probably fortuitous. The hydroxyl- 
stretching frequency also reflects the presence of hydrogen bonds in the 
quinliydrone. For quinhydrone itself the peak occurs at 3240 cm-l. For 
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FIGURE 12. Arrangement of p-benzoquinone and hydroquinone niolecules in 

a molecular shr,et in monoclinic quinhydrone. After reference 233. 

TABLE 16. Carbonyl-stretching frequencies of hydroquinone complexes of 
substituted p-benzoquinones" 

Quinone Carbonyl-stretching frequency/cm-' 

Free Complexed 
__ __ -. -. - . __ ._ - .. - - - ._ 

Chloranil 1692-1680 1634 
Bromanil 1682-1 673 1634 
Trichloro-p-benzoquinone 1692-1 68 I 1632 
2,4-Dichloro-p-benzoquinone 1676 1632 
Trichlorohydroxy-p-benzoquinone 1682-1 660 1632 
p-Benzoquinone 1663-1 648 1634 

From reference 167. 

other quinones in the presence of excess of the hydroquinone, two peaks 
are observed at  3250 and 3395 crn-l, the latter being due to the free 
hydroquinone, the former to the hydrogen-bonded hydroquinone species. 

The situation with regard to  quinhydrone complexes in solution may 
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be rather different. It has been observed that the hydroxyl resonance 
absorption of quinhydrone in deuterocliloroforni solution is very similar 
to that of the free Iiydroquinone in the same solvent238, which implies that 
such hydrogen bonding as occurs in the crystal does not persist in solution 
for this particular case. 

Hydrogen bonding in crystalline quinone and quinone EDA complex 
systems has, however, been amply demonstrated by numerous X-ray 
crystallographic studies (Table 12). Quinhydrone crystallizes in both a 
monoclinic and a triclinic form. The work of Matsuda, Osaki and Nitta233 
mentioned above was concerned with the former case, S a k ~ r a i " ~  has 
reported a similar study of the triclinic form which has essentially the 
same features. The component molecules are again linked by hydrogen 
bonds into zig-zag chains which are packed side by side to form niolecular 
sheets. The two modifications appear to differ only in the alignment of 
the chains of niolecules within the sheets. In both forms the perpendicular 
projection of the quinone molecule onto the adjacent hydroquinone shows 
that the carbonyl oxygen lies over the benzene ring of the hydroquinone. 
Prout and W a l l w ~ r k ~ ~ ~  have commented on this aspect of many complexes 
analogous to quinhydrone as being due to a specific interaction between 
the carbonyl group and the n-electron system of the benzene ring. 

The combination of charge-transfer forces and hydrogen bonding can 
be seen in the structures of many quinone complexes analogous to 
quinhydrone. The p-benzoquinone-resorcinol complex crystaIIizes in the 
same general way, with chains of hydrogen-bonded molecules packed 
into sheets allowing parallel overlap of the donor and acceptor rings13s. 
The phloroglucinol-p-benzoquinone complex likewise crystallizes in the 
same way despite the complexity of the molecular arrangemenW. This 
particular example is, however, unusual in that two different types of 
hydrogen bond are observed in the crystal, one having a C=O-H-0 
bond angle of 172", rather different from the normally encountered angle 
of 120" (Figure 13). The infrared spectrum of this compound clearly 
shows the presence of the two types of hydrogen bond. 

An interesting illustration of the relative influence of EDA and 
hydrogen-bonding interactions can be seen in studies of phenol-p-benzo- 
quinone complexes. With hydroquinone, p-benzoquinone forms a complex 
having exclusively a 1 : 1 stoicheiometry. Phenol on the other hand 
complexes with a 2 : 1 pheno!-quinone composition, which suggests that 
the stoicheiometry is largely determined by the availability of phenolic 
hydroxyl groups for hydrogen bond formation to the quinone 
carbonyls'"* 242. p-Chlorophenol and p-bromophenol likewise form 2 : 1 
complexes with p-benzoquinone in which each qtiinone is sandwiched 
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FIGURE 13. Hydrogen-bond lengths and bond angles in the structural unit of 
p-benzoquinone-phlorcjglucitiol 2 : 1 complex. After reference 241. 

between two phenol molecules in groups of three, each group being 
stacked in columns, with the axis through the centres of the three molecules 
of each group making an angle of about 13" to the column axis136 (Figure 
14). Hydrogen bonds link the molecules in a sideways direction to form 
infinite bands. The lattcr two phenols, however, also form 1 : 1 complexes 
with p - b e n ~ o q u i n o n e ~ ~ ~ .  Herc the phenol and quinone moieties are 
stacked alternately but with the normal to each molecular plane being 
tilted at 30" to the stacking axis. This arrangement again locates the 
quinone carbonyl group directly over the phenol ring. In the former 
example of the 2 : 1 complexes the chargc-transfer interaction is limited to 
groups of three molecules, the loss of stability being, however, offset by 
the increased hydrogen bonding. In  the I : 1 case, the extent of the 
hydrogen bonding is limited, but now the alternating arrangement of 

11 
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donor and acceptor species allows the EDA interaction to  extend through- 
out the molecular column. The authors observe therefore that, since 
complexes of both stoichciometries form under rather similar conditions, 
the energies of the two types of interaction must be approximately the same. 

’ CI 

FIGURE 14. Overlap of p-chlorophenol molecules with p-benzoquinone in the 
2 : 1 complex (the -OH groups are omitted for clarity). After reference 136. 

A number of infrared studies of the interaction between niethyl- 
substituted quinones and phenol in solution have appeared. In several 
cases it has been observed244 that the phenol hydroxyl stretching band in 
the presence of quinone in carbon tetrachloride solution is asymmetric, 
apparently due to the presence of two overlapping symmetrical bands. 
From this and subsequent work2.15> 246 it was thercfore concluded that two 
types of hydrogen bond were involved in these systenis, the band at  lower 
energies being ascribed to the normal hydrogen bond 15, that at  higher 
energies to species having structures of the type shown in 16247. 

(1 5) (1 6) 

Fri tzs~he”~ also quotes one of the very few quantitative estimates of 
the strength of hydrogen-bonding interactions involving quinones. For the 
p-benzoquinone-phenol hydrogen bond A H e  = - 5-05 1 0 . 5 5  kcal/mole, 
AS* = 15.0 

Other authors have observed the effect of addition of phenol to  the 
carbonyl-stretching band of p-benzoquinone in carbon tetrachloride2”. 

1-9 cal/moledeg-l estimated from infrared studies. 
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The carbonyl band intensity increased, but without showing the .shift to 
lower energies normally associated with hydrogen bonding. Since the 
addition of anisole, where hydrogen bonding is no longer possible, has 
the same effect on the quinone carbonyl band intensity, it was argued 
that EDA complexation and hydrogen bonding both affect the carbonyl 
absorption band in a similar manner. 

Hydrogen bonding has also been demonstrated in pure quinones 
where suitable proton donor groups are present in the molecule. In 
crystals of 17 for example, the molecules are linked together by 

N-H... O=C bonds'5o. Thc properties of anthraquinones in particular 
can be markedly affected by the presence of proton-donor substituents. 
F1etP5l has reported the effect of hydroxyl groups on the infrared spectral 
frequencies. In  general, the hydroxyl-stretching frequency occurs at  
3350 cm-l. For 1-hydroxyanthraquinone, however, no hydroxyl frequency 
was detected in this region, whilst a carbonyl-stretching frequency was 
observed at lower energy than is normal for anthraquinones (Table 17). 

TABLE 17. Carbonyl- and hydroxyl-stretching frequencies 
(v) for hydroxyanthraquinones" 

Quinone vlcn1-l 

-OH C=O 

1 -Hydroxyanthraquinone - 1673 1636 
2-Hydroxyan thraquinone 3320 1673 
I ,3-Dihydroxyanthraquinone 3350 1675 1635 
1,4-Dihydroxyanthraquinone - 1627 
Anthraquinone - 1676 

From reference 25 1. 

This behaviour was attributed to a weakening of the carbonyl and hydroxyl 
bonds due to strong intramolecular hydrogen bonding which can occur 
when the hydroxyl is immediately adjacent to the carbonyl group. This 
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is also exemplified by a coinparison of the melting points. I-Hydroxy- 
anthraquinone melts at  190". However, for the 2-hydroxyl compound, 
where intermolecular hydrogen bonds are no longer precluded by the 
intramolecular bonds, the melting point is strikingly higher (302") 251. 

Other have subsequently observed a very low intensity 
absorption at 2700 cm-1 due to an intramolecularly bonded hydroxyl 
group in analogous systems, and a similarly very weak absorption, again 
at 2700 cm-l, for the case of 1-hydroxyanthraquinone itself253. The 
marked lowering in energy of the intramolecularly bonded carbonyl 
seems to be due to an altered electron distribution in hydroxyanthra- 
quinones which may be represented by canonical structures such as 18. 

0- 

(1 8)  

For the 1-hydroxy case such structures would be stabilized by intra- 
molecular hydrogen bonding, which would account for the low energy 
carbonyl absorption. Recourse to such arguments seems to be necessary, 
since hydrogen bondingper se is not sufficient to account for the entire shift. 
4,9-Dihydroxyperylene-3,1O-quinone (19) is intramolecularly hydrogen 
bonded to the extent that the hydroxyl-stretching frequency is of extremely 
low intensity, yet the carbonyl-stretching frequency appears a t  energies 
not significantly different from 20. 

OH 0 

0 

(1 9) (20) 

The intensity of the carbonyl absorption in anthraquinones, naphtho- 
quinones and benzoquinones is not sensitive to the type of hydrogen bond 
formed in the way that the hydroxyl-stretching bond appears to be. The 
intensities in this case are reported to  be rather a function of the symmetry 
of the quinonoid systemzs3. 
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The presence of the intramolecular hydrogen bond of l-hydroxy- 
anthraquinone may also be inferred from the photo-excitation behaviour 
of this compound. In general, molecules having a hydroxyl group 
adjacent to a carbonyl may undergo a tautomeric process of the type 
illustrated below for 2-hydroxybenzophenone (21), a process which is 

greatly enhanced by the intramolecular bond255,2s5G. In such cases, a 
photo-excited triplet species may undergo rapid radiationless decay via 
the tautomeric mechanism and no emission is observed. In  hydrogen- 
bonding solvents, however, solvent-solute intermolecular hydrogen 
bonding will compete with intramolecular bonding, thereby reducing the 
ability of the excited species to decay by the above mechanism, and 
phosphorescence may then be observed, the half-life of the excited triplet 
species being dependent on the particular solvent and the effectiveness 
with which it can disrupt the intramolecular bond257. With l-hydroxy- 
anthraquinone the phosphorescent emission is very weak and, unlike 
2-hydroxybenzophenone7 is almost insensitive to even strongly hydrogen- 
bonding solvents. This possibly reflects the strength of the intramolecular 
bond in this case, and the extent to which the resulting structure is 
preferred to species which are intermolecularly bonded to the solvent. 

Polarographic studies of the hydroxyanthraquinones indicate that 
autoprotonation of the carbonyls occurs in aprotic solvents, a tendency 
which is particularly enhanced in cases where intramolecular hydrogen 
bonds of the type discussed above are presentg3js. The cffect of hydrogen 
bond formation on the eIectronic spectra of the hydroxyanthraquinone 
has also given rise to some interest. Weak absorptions a t  510 nm for 
1,5-dihydroxyanthraquinone and 580 nni for the I ,4-dihydroxy isomer in 
pyridine solution have been tentatively attributed to hydrogen bondingzs9, 
and the red-shift of the absorption band observed for alizarin and 
histazarin in strongly alkaline mcdia has been explained in terms of strong 
hydrogen bond forniation to the appropriate anion2Go. Calculations 
carried out for the 1 -1iydror.y- and 1-aminoanthraquiiiorie suggest260 
that the perturbation of the electronic absorption bands due to inter- 
molecular hydrogen bonding is likely to be small. not ;nore than * 20 nm. 
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though there seems to be good evidence to attribute the appreciable blue- 
shift of the electronic absorption bands of 1,2-diliydroxyanthraquinone 
in chloroform solution to interactions of the type 22"l. For other hydroxy- 
anthraquinones, an intense absorption band in the visible region is 

observed in ethanol solution. Beer's law is obeyed when carbon tetra- 
chloride is used as the diluting solvent, which suggests that the absorption 
is a result of intermolecular hydrogen bonding with the solvent261. 

In addition to the observations outlined above for hydroxyanthra- 
quinones, Flett3j1 remarked that the carbonyl-stretching frequency of 
aminoanthraquinones was shifted to lower energies; the N-H stretch, 
however, was not greatly affected. This behaviour was attributed to 
contributions to the niolccular ground state from such structures as 23 

0 

(23) (24) 

and 24 for the I-amino- and 2-amino compounds rather than to 
hydrogen-bonding interactions. That s~ich bonding does in fact occur in 
amino derivatives of quinones has been shown by X-ray crystallographic 
measurements2j0 and by ultraviolet-visible Crystals of 

2-aminoanthraquinone consist of infinite molecular columns connected 
by bonds of the type 25 in which only one of the two amino hydrogens is 
involved in the bonding2G3, and a comparative study of the I -  and 
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2-aniinoanthraquinones suggests that the behaviour of these compounds is 
in many ways similar to the corresponding hydroxy-substituted specieszG4. 
For the 2-amino derivatives two carbonyl bands are observed in the solid 
phase at  1629 and 1670 cm-l, only one of which persists, at  1680 cm-' with 
a shoulder at 1671 cm-I, on dilution with carbon tetrachloridez6*. This is 
presumably due to breakdown of interinolecular hydrogen bonding. In 
the case of the I-amino derivative, however, the bands appear at 1688 and 
1644 cm-l, but are no longer influenccd by the extent of dilution with the 
solvent, which argues for an intramolecular bond similar to that en- 
countered in 1-hydroxyanthraquinone. A value of 3.3 kcal/mole has been 
estimatedzG5 for the energy of this interaction in amino-anthraquinones. 
However, other reports tend to support the view put forward by Flettzjl. 
A strong resonance interaction has been shown to exist between the amino 
and carbonyl groups for this series of compoundsz6G, and the pK, values 
for the 1- and 2-amino derivatives do not appear to depend on the degree 
of hydrogen bonding. 

Hydrogen bonding has been demonstrated in naphthoquinones. 
Crystalline 4,8-dihydroxy-lY5-naphthoquinone is extensively hydrogen 
bondedz67 and, in addition, the rather novel 'bifurcated' hydrogen bond2G* 
has been observed in certain cases. In hydrogen bonds of this type the 
hydrogen atom appears to be bound to three centres, and i t  has been 
suggestedzG9 that all naphthoquinones having an amino or hydroxyl 
group in tf.2 1-position are likely to possess bifurcated hydiogen bonds 
in which a hydrogen atom froni the substituent group is simultaneously 
bonded intramolecularly to the carbonyl, and intermolecularly to a 
second molecule, or to included solvent if present. The structure of 
3-bromo-4-amino-l,2-naphthoquinone hydrate seems froni X-ray analysis 
to be determined largely by hydrogen-bonding interactions. The naphtho- 
quinone is midway between the 4-aniino-2-keto and 4-imino-2-enol 
forms, the molecules being linked together by hydrogen bonds between 
the amino group and the carbonyl of a second molecule, and also by 
hydrogen bonds to included water moleculeszi0. This particular naphtho- 
quinoiie also forms a complex with methanol in which the quinone- 
methanol bonds are surprisingly strong. Differential thermal analysis of 
the crystalline complex showsZ7l that methanol is not evolved from the 
crystal matrix below a temperature of 120". The structure proposed for 
the complex is shown in Figure 15, in which there is thought to be a 
strong interaction between the hydroxyl groups of methanol and the 
bromine atom of the naphthoquinone ring. The same authors also propose 
a strongly hydrogen-bonded structure for the crystalline 3-methyl-4- 
amino-1 ,2-naphthoquinone hydratez7?. 
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FIGURE 15. Structure of the methanol - 3-bromo-4-an1ino-l,2-naphthoquinone 
complex projected parallel to the [Ol 03 axis. Reproduced with permission 
from D. Chasseau, 3. Gaultier and C .  Hauw, Conipt. K C I I ~ .  Ser. C., 270, 

1452 (1  970). 

IV. METAL COMPLEXES 

A. lntroduction 

In the present section, three distinct types of quinone complexes are 
discussed. p-Benzoquinones generally are capable of bonding to suitable 
metals via a n-orbital interaction to form stable organometallic species 
which are unlike those discussed hitherto in that the complex does not 
reversibly dissociate to any significant extent either in the vapour state or 
in solution. The acceptor properties of the quinonoid system are of some 
importance in such systems, for in  the molecular-orbital description, 
electron donation from the metal to the low-lying acceptor orbitals (‘back 
donation’) has an important stabilizing effect. Secondly, the o-quinones 
behave as bidcntate chelates with certain metals, the degree of dissociation 
of such species depending largely on the individual circumstances. The 
third type is exactly analogous to the EDA complexes discussed in 
section 11. Here, howcscr, the donor species is an o~-_gnnometallic COI’II- 
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pound, such as ferrocene, the quinone associating in some way with the 
ligand which is already firmly bound to the metal. 

B. Metal-bonded p-Benzoquinone Complexes 

Possibly the earliest report of a quinone organometallic complex was 
of particular interest in that the synthesis of the material did not invoIve 
the use of the quinone as a reactant273. Dimethylacetylene and iron 
pentacarbonyl react together on exposure to sunlight to yield an orange 
crystalline material which produces durohydroquinone on treatment with 
acid and which slowly decomposes in  air to liberate duroquinone. The 
product was therefore formulated as rr-duroquinone-iron-tricarbonyl 
(26). 2-Butyne, 2-pentyne and 3-hexyne apparently behave in an analogous 

(26) 

fashion, although with other metal carbonyls, Cr(CO),, Mo(CO),, 
Mn,(CO),, or Ni(CO),, no isolable complexes were obtained274. 

This initial work, and a molecular-orbital treatment of v-bonded 
organometallic complexes by Brown275, which suggested that many more 
such compounds might be realizable than had hitherto been thought, 
gave rise to considerable interest in  this aspect of quinone chemistry, 
particularly with regard to the synthesis of metal-quinone complexes by 
more direct methods. The sandwich compound, bis-m-duroquinone- 
nickel, for example, was obtained27G by  refluxing duroquinone with 
Ni(CO), (27). In this instance the compound is relatively stable, 

oQ* 

Ni 

0 
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decomposing at 205” without melting. No analogous sandwich compounds 
are formed in this way from p-benzoquinone, methyl-p-benzoquinone or 
the various isomeric dimethyl-p-benzoquinones. The bis-r-duroquinone- 
nickel complex can be used as a precursor for a second series of compounds 
in which one of the quinone ligands has been replaced by a suitable olefin. 
For example, treatment with cyclo-octatetraene yields 282i7. 

I 
Ni 

0 

Me Me 
(28) 

The compound 29 made by treating tocopherylquinone (vitamin E- 
quinone) with Ni(CO), and cycloocta-1,5-diene is of the same type, and 

0 

(29) 

appears to be one of the earliest synthetic organometallic compounds 
involving a natural p rodu~ t”~ .  A more detailed account of quinone- 
nickel complexes of the type discussed above can be found in an article by 
S c h r a ~ i z e r ~ ~ ~ .  

Complexes involving metals other than iron or nickel have also been 
reported. Reduction of rhodium and iridium trichlorides with ethanol 
in the presence of duroquinone gives rise to 7-r-bonded duroquinone 
compounds. In  the case of rhodium the product is extremely insoluble280, 
and was therefore formulated as a chlorine-bridged polymer, the presence 
of .rr-bonded duroquinone being denionstrated by reaction with cyclo- 
pentadienyl sodium to yield duroquinonecyclopentadienylrhodium (30). 

Iridium, on the other hand, forms a water-soluble complex having the 
approximate coniposition (duroquinone)lrHCl,. With [Rh(CO),CI],, 
duroquinone forms a dinieric product (31) by a slow reaction in benzene 
solution281. 
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Me$MeR h,cI ,R Me 6 M  e 

Me Me 'CI' Me Me 
0 0 

(31) 

The displacement of metal carbonyl groups by quinones has been 
studied for the complex anions of molybdenum and tungsten. The following 
reaction yields 32 as a blue-black precipitate with evolution of carbon 
monoxide, from which hydroquinone and quinhydrone may be recovered 

+ CNEt41+[Mo(Cl) ( I I 8 [NEt4]+CMoCI(CO),l- -I- I 
0 0 

(32) 

8 
on heating in a sublimation apparatus at 200" 282. Complete replacement 
of the metal carbonyls in this instance appears to reflect the enhanced 
n-electron acceptor potential of p-benzoquinone over that of carbon 
monoxide. Initial formation of the intermediate anion 33 will lead to even 
more rapid displacement of the remaining carbonyl groups, since the 
metal carbnnyl bonds arc weakened by the presence of the quinone. 
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Pentacyanocobaltate anion reacts with p - b e n z o q ~ i n o n e ~ ~ ~  to yield a 
product, formulated as [(CN),Co (p-benzoquinone) Co(CN),]-. Spectro- 
scopic and clectrochernical evidence suggest that the quinonc fragment in 
this species is isoelectronic with hydroquinone dianion and with a greater 
degree of 77-electron delocalization than expected for a quinone, which 
supports the supposition that this is a bridged compound. Compounds of 
the type Pt(PPh,),L have been prepared, where L = o- or p-quinonesz84, 
likewise the series of compounds M(NO)(PPh,)?L is known, where 
M = Co, L = 1,4-naphthoquinone; M = Rh; L = p-benzoquinone, 
chloranil, 1 ,4-naphthoquinone7 1,2-naphthoquinone or o-chloranil and 
M = Ir, L = o-chlorani1285. r-Electron back-donation from the metal to 
the ligand appears to be the overriding factor which determines the 
stability of these compounds, an observation which is probably generally 
true for organometallic quinone complexes. 

Involvement with the metal appears to modify to a significant extent 
the properties of the quinone when coniplexed. The carbonyl-stretching 
frequency is generally lowered, a consequence of the formation of dative 
77-bonds between the d-orbitals of the metal and the low-lying unoccupied 
molecular orbitals of the quinone ligand, i.e. the 'back-donation' referred 
to earlier276p2s6. In addition, the carbonyl band generally appears as two 
peaks282p 285. Schrauzer and DewhirstZBo first reported such an obser- 
vation for the duroquinone-cyclopentadienyl rhodium complex, which 
exhibits bands in the carbonyl-stretching region at 1580 and 1532 cm-1, 
compared with 1629 cm-l for duroquinone itself. It was proposed there- 
forezs0 that the quinone fragment is to some extent non-planar in these 
complexes, in contrast to the normally planar quinone configuration of 
the methyl q u i n o ~ i e s ~ ~ ~ - ~ ~ ~ .  The suggestion was supported by a molecular- 
orbital description of the complexes in which a repulsive inetal-carbonyl 
oxygen interaction is apparent"O. These considerations, and other 
evidence which suggests that the chemical behaviour of quinones when 
m-bonded to a metal is significantly different to that of the free state2", 
have prompted a number of X-ray crystallographic studies on such 
systems in order to determine to what extent the quinone structure may in 
fact be distorted. 

In an early study of duroquinone-cycloocta-1,5-diene nickel, Glick and 
D a h P  detected a slight distortion of the quinone fragment, in that the 
methyl groups incline slightly towards the nickel atom, whilst the carbonyl 
oxygens are inclined in the opposite direction, the carbonyl bond making 
an angle of about 6" with the plane defined by the four carbon atoms of 
the quinone-diene system (Figure 16). In cyclopentadienyl-2,6-di-t-butyl- 
p-benzoquinonerhodium""2 the quinone is even more strikingly distorted 
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,,o,, w 
FIGURE 16. Structure of I ,5-cycIo-oCradiene-duroquinone-nickel. Reproduced 
with permission from M. D. Glick and L. F. Dahl, J .  Orgcaionzet. Cliem., 3, 

200, Figure 1 (1965). 

0 

FIGURE 17. Structure of cyclopentadienyl-2,6-I-butyl-p-benzoquinonerhodium. 
After reference 293. 

into a boat-shaped structure293 (Figure 17). It has been argued that, in 
this case, the quinone is behaving rather as a di-olefin, since the carbonyl- 
stretching frequency is shifted only 33 cm-I to  low energies compared to  
the free quinone case2”; for the corresponding duroquinone nickel 
compound the shift is 133 cm-1, although such comparisons between 
different metals may be misleading2g4. 
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Further work suggests that such distortion of the quinone fragment is 
probably general, rather than a consequence of steric effects such as might 
occur in the foregoing example. Cyclopentadienylduroquinonerhodiurn, 
in which steric effects are somewhat less, nevertheless shows significant 
distortion of the quinone ligandzs5. 

C. Metal-bonded o-Quinone Complexes 

So far the discussion has centred on the forniation of rr-complexes of 
p-quinones with suitable metals. It is generally true that p-quinones bond 
to metals via a n-electron mechanism, although substituents in the 
quinone ring may modify this behaviour. For 1,2,5,8-tetrahydroxy- 
anthraquinone, for example, it has tentatively been proposed that a 
chelate is formed with Pb2+ involving a quinone carbonyl and the 
neighbouring phenolic oxygen2". o-Quinones, on the other hand, generally 
form metal complexes by a quite different mode of bonding. The first 
extensive study of metal-o-quinone complexes was reported by Crowley 
and HaendlerZg7. Of those studied, 9, I0-phenanthrenequinone and 
1 ,2-chrysenequinone (34) form a series of deeply coloured coniplexes with 

a range of transition metals, all of which are decomposed by polar solvents, 
and which can be prepared with stoicheiometries of 1 : 1, 2 : 1 or 3 : 1 
(quinone : metal). The electronic absorption bands of the quinone are 
shifted to longer wavelengths, consistcnt with increased delocalization of 
the quinone electrons, and the stretching frequencies of the carbonyl 
bands are considerably shifted to low energies, all of which suggests that 
in o-quinones bonding to the metal is via the quhone oxygens. 9,lO- 
Phenanthrenequinone also complexes photochemically with some iridium 
compounds to form a species which was formulated as 35 since in this 
case the product showed none of the infrared frequencies characteristic of 
the parent quinone2s6. A similar product is formed from 1,2-naphtho- 
quinone. 9,lO-Phenanthraquinone reacts in absence of light to form 36 
where bonding is again via the carbonyl oxygens. o-Chloranil was reported 
in this work to react photolytically with Ir(PPh,),(CO)Cl to yield products 
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which were not identified, but which are not of the same type as those 
from 9,lO-phenanthraquinone. Later workers2gg have, however, reported 
that this reaction occurs in the dark to yield complexes of the type 37, 

essentially the same process occurring with (Ph,P),Pt and (Ph,),Pd. The 
oxidation potential seems to be crucial as far as this reaction is concerned; 
weakly oxidizing quinones do not behave in this way. 

La Monica and coworkers285 have remarked on the differences between 
the properties of 0- and p-quinone metal complexes, of which the behaviour 
of the carbonyl-stretching frequency is the most striking. With both 
quinones the absorption shifts to lower energies on complexation relative 
to the free quinone, for the p-quinones the shift being approximately 
20-100 cm-l and for the o-quinones 250-300 cm-l. N.1n.r. studies also 
serve to distinguish the two cases, proton resonances of p-quinones 
undergo a high-field shift on complexation, whilst for the o-quinones the 
proton resonances are reported not be be greatly affected285. 

In general terms it may be concluded that p-quinones undergo metal 
complexation via the quinonoid welectron system, whilst o-quinones 
rather chelate to the metal through the quinone oxygens. There seem to 
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have been no reports to date of metal complcxes of o-quinones which 
involve the olefinic .ir-electron system. 
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0. Organometallic EDA Complexes 

Quinones may also form EDA complexes with organonietallic com- 
pounds of a type exactly analogous to the complexes discussed in  section 11. 
Goan, Berg and PodalPoO first discussed the possibility of EDA complex 
farmation with nietallocenes, since a coninion method of preparing 
metallociniurn salts consists of treating the metallocene with y-benzo- 
quinone in the presence of a suitable organic acid, and it therefore seemed 
likely that EDA coniplexation with the quinone might be an intermediate 
stage in the reaction. Isolable complexes were obtained in a number of 
cases, for example nickelocene-p-chloranil (1 : 2) and cobaltocene- 
p-chloranil(1 : 2) and cobaltocene-p-chaloranil(1 : 1 and 1 : 2). Ferrocene 
behaves in a similar fashion, but the complexes in this case were not 
isolable. All of the complexes exhibit a charge-transfer absorption in the 
430-450nm region, and there is evidence from infrared studies of a 
possible degree of interaction between the quinone carbonyl and the 
metal. The actual extent of transfer of charge to the quinone, estimated 
from the intensity of the e.s.r. signal, appears to depend on the particular 
complex studied. 1 : 2-Cobaltocene-p-chloranil, for example, shows a 
strong signal, whilst for 1 : 2-nickelocene-p-chioranil the signal is rather 
weak. The 1 : 1 complexes show intermediate behaviour. On these grounds 
the 1 : 2-cobaltocene-p-chloranil complex was formulated as a radical ion 

salt, .rr-(C,H,),Co+(chloranil)’(chloranil), and evidence for the presence 
of the metallociniuni ion was obtained from the electronic absorption 
spectrum of the solution. For the 1 : 2 nickelocene complcx a structure 
was proposed in which there is an EDA interaction between the hydro- 
quinone anion and the quinone itself. Other workers301 have also reported 
complexation between ferrocene, 38, and 2,3-dichloro-5,6-dicyano-p- 
benzoquinone (DDQ) to form the metallociniuni salts 39, A similar 
reaction occurs with cobaltocene. For other quinones, metallociniuni 
salts or EDA complexes are formed, depending on the oxidation- 
reduction potential of the donor-acceptor system. Generally, ferrocene 
requires a quinone of high electron-acceptor ability in order that the 
ferriciniuni salt is formed, with both y-benzoquinone and p-chloranil the 
EDA conipiex only is formed. Cobaltocene, on the other hand, is 
relatively readily ionized. 

A catalytic effect of metallocene-quinone EDA compounds on hydrogen- 
exchange reactions involving, for example, acetylene has been reported302. 
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Both components of the metallocene-quinone complex arc necessary for 
the rate enhancement to be observed. However, the phenomenon is 
exhibited by other EDA complex systems"03. 

9 
f" +Nc)AJ NC 

0 

e- 

Nc@, NC 
0. 

(33) (39) 

An interesting series of quinone complexes involving the copper, 
palladium or nickel chelate of 8-hydroxyquinoline as donor has been 
pre~ared~@'-~O~. This includes complexes having 2,5-diazido-3,6-dichloro- 
p-benzoquinone as the acceptor. A comparison of the charge-transfer 
band energies of such complexes of this latter quinone with those of 
p-chloranil or p-bromanil seems to suggest that the azido group is as 
effective as chlorine or bromine in activating the quinone system for EDA 
complex f o r m a t i ~ n ~ ~ ~ * ~ ~ ' .  A crystal study of quinone complexes of the 
metal-8-hydroxyquinolinates has been undertakenyos, since there wcre 
grounds for believing that in the crystalline state a n  interaction of the 
metal of the 8-hydroxyquinoline complex and the functional group of the 
acceptor was involved, where, for example, the acceptor is chloranil, 
tetracyanoquinodimethane or benzotrifuroxan. In the bis-S-hydroxy- 
quinolinatopalladium-chloranil (1 : 1)  an unusuaIIy short 
metal-chlorine distance (3.44 A) was observed, and the orientation of 
donor-acceptor units in the crystal is not that which would maximize 
overlap of the z-electron systems (Figure 18). However, the metal-free 
1 : 2 complex of chloranil with 8-hydroxyquinoline has a nearly identical 
arrangement of donor and acceptor molecules3o9, 

By contrast with the palladium bis-(8-hydroxyquinolinato)-cl~loranil 
system, copper bis-(8-hydroxyqui~iolinato)-tetracyanoqi1inodiniethane 1 : 1 
coInplex has a planc-to-plane structure with maximum overlap of the 
.~;-systems310. The r-n polarization and charge-transfer forces appear to 
dominate the molecular orientations with the copper atom in a square 
planar, rather than an octahedral, configuration. This atom therefore is 
coordinatively unsaturated. 



3 23 R. Foster and M. I. Foreman 

X' 

Y' 

X' 

FIGURE 18. A chloranil molecule in the bis-8-hydroxyquinolinatopallarlium- 
(1i)chloranil complex projected parallel to, and perpendicular to, the least- 
squares best plane of the bis-8-hydroxyquinolinatopalladium. Reproduced 
with permission from B. Kamenar, C .  K. Prout and J.  D. Wright, J. Chem. SOC., 

485 1, Figure 2 (1 965). 
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1. INTRODUCTION 

The oxidizing properties of quinones were known around the turn of the 
century and quinones had been applied occasionally as dehydrogenating 
agents, but it was first pointed out in 1954 that quinones ‘appear to 
represent neutral acceptors par excellence for hydride ion’ l. This view 
was substantiated in numerous subsequent papers by Braude, Jackmsn, 
Linstead and their collaborators2. A stimulating account of that and 
related work was published3 by Jackman in 1960 when the mechanism of 
hydrogen transfer from a donor molecule AH, to a quinone Q had been 
established to occur in a two-stage ionic process: 

AH,+Q - AH++QH- 

AH++QH- - A+QH, 

During the past twelve years the scope of quinone dehydrogenation, 
previously largely limited to hydroaromatic compounds, has been 
extended to various other areas of organic chemistry. Numerous recent 
papers reflect the current interest in quinones as oxidants or dehydro- 
genating agents. Some selected quinones with high oxidation potential 
are now well established as reagents in organic chemistry. 

The present chapter describes the use cf quinones as oxidants and 
dehydrogenating agents in synthetic organic chemistry. Not included will 
be any light-induced dehydrogenations by quinones, as these are presented 
in the chapter on Photochemistry. Similarly, the quinone-hydroquinone 
system will not be discussed here, nor will there be a detailed discussion 
of those oxidations by quinones which frequently occur subsequent to 
nucleophilic addition reactions to quinones or  of the role of quinones in 
electron transfer reactions in biological systems, as these are all treated 
in other chapters. 

Quinones have found extensive use as dehydrogenating agents in 
steroid chemistry. Some mechanistically pertinent and recent examples 
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are discussed below i n  section 111. For a comprehensive list of dehydro- 
genation reactions of steroidal compouIids, however, the reader is referrcd 
to review most notably to that by Walker and Hiebcrt on the 
use of 2,3-dichloro-5,6-dicyanobenzoq~1inone-1,4 (DDQ)’. 

The term quillones in this chapter covers orfho- and para-quinones as 
well as diphenoquinones. The term oxidation refers to electron transfer 
reactions not involving hydrogen transfer, while the term dehydrogenation 
refers to removal of hydrogen from a molecule with concomitant formation 
of a carbon-carbon double bond. However, the terms oxidation and 
dehydrogenation will be used indiscriminately in other cases, for instance 
i n  the conversion of an alcohol into an aldehyde. Also the removal of a 
hydrogen atom from a phenol by a quinone may be considered as an 
oxidation or a dehydrogenation. 

General mechanistic features of quinone dehydrogenation are presented 
in section 11.B, yct a brief discussion of the mechanism may, throughout 
the chapter, accompany the examples of quinone dehydrogenation, 
particularly those where the reaction takes a different course than expected, 
or when the reaction can be rationalized in  terms of one-electron transfers 
rather than by hydride ion abstraction. 

! I .  GENERAL FEATURES O F  QWINONE 
DEHYDRQGE NATlQN 

A. The Oxidation Potential 

Attempts to correlate the rate of dehydrogenation with the oxidation 
potential (E,) of the quinone applied apparently were first made by 
Dimroth and collaborators9. It was thus recognized that the nature of the 
substituents of the quinone has a pronounced effect on the reaction time 
in the dehydrogenation of hydrazo compoundsI0. 2,3-Dicyano- 1,4- 
benzoquinone, (Eo 971 mV), for example, was found to react instan- 
taneously with diarylseniicarbazides while methyl- 1,4-benzoquinone 
(E, 645 mV) reacted very slowly (20 hours for 50% conversion): 

U 

II 
Ar-NH-NH-CO-NH-C,H,+Q ___ f Ar-N =N-C-NH-C,H,+QH, 

More recently, a similar relationship has been established between the 
rate of catalytic hydrogenation and the oxidation potential of quinones*l. 

The oxidation potentials of a large number of quinones have been 
determined by various methods and data obtained before 1960 have been 
summarized by Clark12. Likewise, the polarographic half-wave potentials 
of various quinones have been detcrniineP” It should be noted that 
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the oxidation potential depends, as well as on temperature and pH, 
on the nature of the solvent as illustrated by Table 1 for 1,4-benzoquinone 
and tetrachloro- I ,4-benzoquinone (chloranil). 

TABLE 1. Influence of solvent on the oxidation 
(in niV) 

Solvent 1,4-Benzoquinoiie Chloranil 

Benzene 71 1 742 
50% acetic acid 696 712 
Glacial acetic acid 650 675 

Alkyl groups and other electron-donating substituents decrease the 
oxidation potential of quinones while halogens and other elcctron- 
withdrawing substituents have the opposite effect. The oxidation potentials 
of some selected examples of orrho-quinones, para-quinones, dipheno- 
quinones and quillones of condensed aromatic compounds are given in 
Tables 2-5. ED values are given in millivolts. 

TABLE 2. Oxidation potentials of 
o-benzoquinones”? lY (standard 
of reference: unsubstituted o- 

benzoquinone 795 mV) 

1 ,2-Benzoquinone El 

4-Nitro- 
4-Benzoyl- 
4-Forniyl- 
4-Acetyl- 
Tetrachloro- 
Tetrabromo- 

3,5-Di-r-butyl- 
3,4,5-Trimethyl- 
Tetramcthyl- 

4-t-Butyl- 

895 
ca. 895 

883 
866 
830 
814 
732 
680 
653 
627 

Of the p-benzoquinones, only 1,4-benzoquinone, chloranil and DDQ 
are widely used as oxidants or dehydrogenating agcnts in synthetic 
organic chemistry. The synthesis of the high-potential tetracyano-l,4- 
benzoquinone was acc~rnpl i shed~~ some years ago; however, due to its 
high reactivity and moisture sensitivity, this quinone has not found the 
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TABLE 3. Oxidation potentials of p-benzoquinones (standard of reference: 
unsubstituted p-benzoquinone 711 niV (refcrences 1, 3 and 12) or 699 niV 

(reference 19)) 
~ ~ ~~~~ 

1,4-Benzoquinone El3 Remarks Reference 

2,3-Dichlor0-5,6-dicyano- ca. 1000 3 
2,3-Dicyano- 971 In aqueous solution 12 
2,5-Di bromo- 768 In benzene 12 
Tri bromo- 763 In benzene 12 
Trichloro- 755 In benzene 12 
Tetrabromo- 746 In benzene 12 
Tetrachloro- 742 In benzene 12 
2,6-Dichloro- 740 In benzene 12 
Iodo- 737 In benzene 12 
Methyl- 645 Reference, 699 mV 19 
2,6-Dimethyl- 593 Reference, 699 mV 19 
2-Methyl-5-isopropyl- 589 1 
Trinte thyl- 527 Refcrence, 699 niV 19 

Tetramethyl 463 Reference, 699 mV 19 
2,6-Di-t-bu tyl- 496 Reference, 699 mV 19 

TABLE 4. Oxidation potentials of diphenoquinones 

4,4'-Diphenoquinone Eo Reference 

3,3',5,5'-Tetrachloro- ca. 1000 3 
Unsubstituted 954 11 
3,3',5,5'-TctramethyI- 845 11 
3,3',5,5'-Tetraisopropyl- 725 11 
3,3',5,5'-Tetra-s-butyl- 685 11 
3,3',5,5'-Tetra-t-butyl- 675 11 

TABLE 5. Oxidation potentials of 
quinones of condensed aromatic 

Quinone ELl 

I ,2-Phenanthrenequinone 651" 
1,2-Naphthoquinone 576 
1 ,ZAnthraquinone 489" 
1 ,e-Naphthoquinone 484 
9,lO-Phenanthrenequinone 471 " 
9,lO-Anthraquinone 155" 

a E.m.f. 

12 
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anticipated? application as a dehydrogenating agent. Since many o-benzo- 
quinones are prone to undergo Dicls-Alder dinicrization, only tetrahalo- 
o-quinones, particularly tctrachloro-o-quinonc (o-chloranil) have found 
widespread use as dehydrogenating agents. Among the quinones of 
condensed aromatics, 9,lO-phenanthrenequinone and its nitro derivatives 
are frequently used in the dehydrogenation of steroids. 

Diphenoqiinones have beell” applied only occasionally as oxidants 
although their fairly high oxidation potential and their ready availability 
should make them potentially useful as dehydrogenating lG. 

B. Kinetics and Mechanism 

Based on kinetic data obtained i n  studies of hydroaromatic compounds1, 
triphenylniethanes20 and ally1 alcoholsc1, the dehydrogenation by quinones 
has been found to be first-order in hydrogen donor and first-order in 
quinone. The rate of dehydrogenation is higher in polar solvents such as 
dimethylformamide, nitrobenzene or alcohols than in non-polar solvents 
such as benzene or phenetole. Radical-initiators were found to be without 
effect on the rate of reaction1. Electron-donating substituents in the 
hydrogen donor molecule enhance the rate of reaction1. 

It has been established for both the dehydrogenation of hydroaromatic 
compounds, dihydropyridines and diair,:s~micarbazides that the rate of 
dehydrogenation increases as the oxidation potential of the quinone is 
increased and a linear correlation between the free energy of activation 
and the oxidation potential of p-benzoquinones has been found’. How- 
ever, o-quinones react faster with hydroaromatic compounds than 
p-quinones of the sanie oxidation potential. 

The mechanism for the dehydrogenation of hydroaromatic compounds 
put forward by Braude, Jackinan and Linsteadl, and supported by a 
recent22 investigation using tritium-labelled substrate, involves the 
transfer of a hydride ion to the quinone in the rate-determining step 
(reaction 1). In agreement with reaction (1) are the observed large isotope 
effects”, ?!* . 

(1 1 AH,+Q - AH++QH- 

Rapid proton transfer from the coiljugate acid to thc liydroquinone anion 
then leads to the dehydrogenated product A and the hydroquinone QH, 

* After completion of the manuscript, two pertinent papers dealing with 
the kinetics and mechanism of the dehydrogenation of hydroaromatic systems 
by DDQ appeared2Gop The exceptional high reactivity of 1,4-cyclohcxadicne 
was suggested to involve the simultaneous rathcr than a stcpwise transfer of 
two hydrogens to the quiiione. 

slow 
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(reaction 2) : 
hst 

AH++QH- ___ A+QH, (2) 

Supporting this mechanism, the dehydrogenation of hydroaromatic 
compounds by low-potential quinones (Eo< 600 mV) has been found to 
be subject to proton catalysis according to reactions (3-5) in which the 
protonated quinone QH+ acts as an efficient hydride ion acceptor. 
p-Nitrophcnol, picric acid and thyniohydroquinonc have been used as 
catalysts in the dehydrogenation by thymoquinonel. 

Q+H+ ____ > QH+ (3) 

AH,+QH+ ____ > AH++QH, 

AH+ ___ > A f H +  

(4) 

(5) 

As to whether reaction (1) in the dehydrogenation of hydroaromatic 
compounds is preceded by formation of a substrate : quinone charge- 
transfer complex remains to be studied spectroscopically. However, 
charge-transfer complex formation certainly does precede the oxidation 
of amines and phenols by quinones. 

Further light has been shed on the mechanism of hydrogen transfer by 
a study of the dehydrogenation of cis-l,2-didcuterioacenaphthene by 
DDQ and o-chlora~iil~~. In benzene solution, the dehydrogenation 
proceeds with predominantly cis-elimination. This resuIt has been 
explained by the involvenient of ion pairs which may collapse to give the 
hydroquiiione and the cis-dehydrogenated product acenaphthylene-do and 
acenaphthylene-d2. Dissociation into the free ions leads to both cis and 
trans dehydrogenated products. Polar solvents such as dimethylforinamide 
favour dissociation of the ion pair, thus affecting the cis-tram ratio. 

The mechanism outlined above appears well substantiated for hydro- 
aromatic compounds undergoing aromatization and for hydroethylenic 
compounds, such as bibenzyl being dehydrogenated to stilbcne. The 
most convincing evidence for tlie involvement of ionic intermediates, 
however, may be seen in the aroniatizatioii of some geni-substituted 
hydroaromatic compounds by quinones (see section 1V.C). For example, 
dehydrogenation of 1,l-dimcthyltetralin (I) by o-chloranil or DDQ a t  
80°C in benzene gave 1,2-dimethylnaphtIiale1ie (4) as the result of a 
Wagner-Meerwein rearrangement (reactions 6-8)?‘l. Since it has been 
established recentlyz2 that the rate-determining step in the conversion of 
te t rahes  into naphthalenes is the abstraction of a hydride ion from the 
a-position, tlie formation of 4 presumably involvcs the intermediacy of 
1 , 1-diniethyl- 1,2-dihydronaphthalene (2). Reaction (7) indeed has been 
verified by the dehydrogenation of 2 with 9,IO-phenanthrenequin0ne”j. 
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The dehydrogenation by 9, I0-phenanthrenequiilone was also found to 
give 1-methylnaphthalene. In agreement with the hydride ion mechanism 
of dehydrogenation, a methyl group is transferred to the phenanthrene- 
quinone in an alternative reaction to the Wagner-Meerwein rearrangement 
of the intermediate cation 3. 

(4) 

The absence of carbon-carbon coupled dimerization products in the 
dehydrogenation of hydroaromatic compounds has been considered as 
supporting evidence for the involvement of ionic rather than of radical 
intermediates1. However, as has been shown 2G, carbon- 
carbon coupled products may very well be formed by quinone dehydro- 
genation if carbon-carbon double bond formation is structurally 
impossible. Thus, the dehydrogenation of diphenylmethane by dipheno- 
quinones gives tetraphenylethane in good yield and the result may be 
explained by a homolytic mechanism. 

Actually, several examples are known in which the dehydrogenation by 
quinones does lead to stable free r a d i ~ a l s ~ ~ ~ * ~ .  In view of these reactions 
the proposalz7 to represent the hydride ion transfer (reaction 1) by two 
successive steps (reactions 9 and I!)) appeared justified. Further refine- 
ment of the mechanism should take into account that high-potential 

AH,+Q ----+ AH'+QH' 

AH'+QH' ___j AH++QH- 

quinones are strong electron acceptors. For example, 2,6-dichloro-l,4- 
benzoquinone reacts with N,Ar,N',N'-tetramethyl-p-phenylenediamine to 
give, dependent on the nature of the solvent, via a charge-transfer complex, 
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the hydroquinone radical anion and the Wurster radical cation as the 
result of a one-electron transfer (reactions 11 and 12)29. The mechanism of 

A+Q [A : Q] charge-transfer complex (11) 
Past 

fast 

quinone dehydrogenation thus may depend on the structure of the 
substrate and, in  particular, on the stability or reactivity of the inter- 
mediates. 

111. DEHYDROGENATION O F  ALIPHATIC COMPOUNDS 
AND STEROIDS 

A. Dehydrogenation of Hydrocarbons 

Saturated aliphatic hydrocarbons apparently resist dehydrogenation 
even by high-potential quinones. Thus, all attempts to dehydrogenate 
decalin with o-chloranil have been unsuc~essful~~. Activation of the 
substrate either by a phenyl substituent (see sections IV and V) or a 
carbon-carbon double bond generally is a prerequisite for quinone 
dehydrogenation. Furthermore, it appears to be essential that the 
olefinic hydrocarbon does not contain strongly electron-withdrawing 
substituents. For example, the sulphone (5)  was recovered unchanged after 

(5) 

prolonged heating with chloranil in toluene”. By contrast, cyclohexene 
was dehydrogenated by o-chloranil at  room ten~perature~~.  (However, the 
resulting 1,3-cyclohcxadiene does undergo a subsequent addition reaction 
with o-chloranil.) Likewise, a mixture of diniethylcyclohexenes was found 
to undergo dehydrogenation by chloranil at  elevated temperature to give 
a mixture of the three xylenes in  85% yield32. The dehydrogenation of the 
cyclohexenylthiophene 6 by chloranil proceeded smoothly in refluxing 
benzene to give 2-phenylthiophene 7 i n  79 % yield (reaction 1 3)33. 
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I t  is possible that the dehydrogenation of hydrocarbons by quinones 
generally involves intermediate hydrocarbon : quinone adducts which 
decompose thermally into the dehydrogenated product and the hydro- 
quinone. For example, the reaction of cyclohexene 8 with the diquinone 
9 gave the adduct 10 which, upon pyrolysis, gave the reduced quinone 11 
and cyclohexadiene (12; reactions 14 and 15)3". The reaction of tetralin 

o OH 

o+yJJ \ I l l  CI 
> W / C I  \ I 1  ' c1 (10 

(8) 0 0  

(9) 

with the diquinone 9 was found to give an analogous adduct which, upon 
pyrolysis, gave 1,2-dihydr0naphfhalene~~. Similar adducts of hydro- 
quinone mono-ether structure 10 niay also be involved i n  the dehydro- 
genation of poly( 1,3-~yclohexadiene) (13) with chloranil in refluxing 
xyleile. The poly-p-phenylene I4 was obtained in 90:/, yield after heating 
the reaction product to 450°C (reaction (16)"j. 

Earlicr attempts to dehydrogenate linear olefins with chloranil in  
boiling xylene did lead to tetrachlorohydroquinonc, though no pure 
products arising from the olefin were ob tah~e&~~.  RecentIy, however, 
some simple alkenes have been found to react smoothlJ. with Jiigh- 
potential quinones". Thus, DDQ reacts with tetramethylethylene (15) in 
methylene chloride, benzene or acetonitrile at room temperature to give 
2,3-dimethylbutadic11e (16) (reaction 17) which then is trapped by DDQ 
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to give a Diels-Alder adduct. The reaction of o-chloranil with tetramethyl- 
ethylene in  benzene at room temperature gives compounds 17, 18 and 19 
(reaction 1 Though benzodioxanes frequently are fornicd from 
o-chloranil and olefins30, it was verified that the benzndioxane 17 does 

CI 

PI I CI CI 

not derive by addition of o-chloranil to tetramethylethylene and 
2,3-dimethylbutadiene (16) probably is not an intermediate in the formation 
of benzodioxane 18. The formation of 17 and 18 has been rationalized by 
a homolytic niechanism in which the primary step consists of the 
abstraction of a hydrogen atom from tetramethylethylene by o-chloranil. 
o-Bromanil was found to react with tetramethylethylene in a similar 
fashion3'. 

An interesting and preparatively significant palladium-catalysed 
oxidation of terminal olefins into methyl alkyl ketones requiring the 
presence of a quinone has been reported recentlym. For instance, the 
reaction of 1-hexene (20a) with p-benzoquinone in the presence of 
palladium(I1) chloride and water at room temperature gave butyl methyl 
ketone 2Ba in 81% yield (reaction 19). In a similar fashion I-dodecene 

(1 9) 
PlIcI,:u.o 

Q 
C H,( C H,)nC H = C H, C Ha( C H,) n C 0 C H, 

(20) (211 
a: n = 3  
b: n = 9  
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20b was converted into 2-dodecanone 21b. The quinone used in these 
oxidations should have an oxidation potential higher than that of 
palladium, suggesting that the role of the quinone is that of an oxidant 
for the regeneration of palladium(1J). 

Conjugated dienes probably rcact with high-potential quinones more 
easily than simple olefins. The reaction of 2,5-dimethyIhexa-2,4-diene 
(22) with o-bromanil has been found39 to proceed smoothly at 0°C in 
benzene solution to give tetrabromocatechol and the dioxol 23 in 80% 
yield (reaction 20). o-Chloranil reacts with 2,5-dinicthylhexa-2,4-diene 

CH3 
I 

I 

CH3 
I BroI + CH,-C=CH--CH-;C-CH, 

Br 

in a similar fashion to give the corresponding dioxol i n  835;: yield. Though 
the mechanism of the dioxol formation has not been elucidated, the 
reaction apparently involves the dehydrogenation by the tetrahalogen-o- 
benzoquinone. I t  has been suggested that the formation of 23 proceeds 
via a paramagnetic molecular complex since the reaction was found to be 
associated with the transient appearance of an e.s.r. signal. 

Some other examples of dehydrogenative dioxol formation by reactions 
of o-quinones have been reported; however, thc structural prerequisites 
for this reaction of dienes have not been established"". Hesa-2,4-dieneY for 
instance, reacts with both o-bromanil and o-chloranil to give the benzo- 
dioxanes by Diels-Alder reaction of the diene with the o - q ~ i n o n e ~ ~ .  On 
the other hand, benzodioxane formation can be preceded by a dehydro- 
genation reaction if the introduction of a carbon-carbon double bond is 
structurally possible. Both abietic acid (24a) and its methyl ester (24ii) 
react with o-chloranil to give the dehydrogenation adducts 26a and 26b, 
respectively (reactions 21 and 22)'O. The formation of bznzodioxanes 26 
has been proposed to proceed by Diels-Alder addition to the isopropenyl 
group of the intermediate dehydroabietic acid 25. This mode of reaction 
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(a), R = H 
( b ) ,  R = CH, 

(25) + o-chloranil - 

CI 

COOR 

(26) 

is supported by the observation that limonene 27 in boiling xylene under- 
goes an analogous dehydrogenation-addition reaction with o-chloranil to 
give the benzodioxane 28 (reaction 23) which is dso obtained from 
p-cymene and o -~h lo ran i l~~ .  

CI 
I 

From a preparative point of view, o-quinones may not be the dehydro- 
genating agents of choice in reactions where the product is a dienophile. 
In those cases, halogenated p-benzoquinones may be used more advan- 
tageously. Thus, dehydrogenation of abietic acid 24a with chloranil in 
boiling xylene does give-though in moderate yield-dehydroabietic 
acid 25a 41. Dehydrogenation of neat limonene 27 with chloranil has been 
claimed to give p-cymene (29; reaction 24)42. The formation of 29 involves 
both a dehydrogenation and a n  isomerization reaction. A similar dehydro- 
genative isomerization with concomitant aromatization is observed in the 
reaction of diene 26 with chloranil (reaction 25)". 
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CI 

I 
COOR 

(30) 

The mechanism of the reactions of quinones with olefins resulting in 
the formation of a carbon-carbon double bond may be interpreted by the 
two-step ionic mechanism outlined in section 1I.B. Using cycloheptatriene 
31 as the olefinic substrate, overall hydride ion transfer to the quinone can 
be demonstrated by tlie formation of stable tropyllium ion. Thus, reaction 
of DDQ with cycloheptatriene in niethylene chloride gives a deep- 
coloured complex which was formulated as the tropylium dichlorodi- 
cyanoquinolate 32 (reaction 26)*'. When tlie dehydrogenation is carried 

0 1- DDQ v 0 I:&cN CN 

0- 

(26) 

I 
\ /  

(31 1 OH 
(32) 

(33) 

out in acetic acid in the presence of perchloric acid, tropylium perchlorate 
(33; 92% yield) is formed instantaneously (reaction 27)2i. Tropylium 
picrate was prepared from cycloheptatriene in a similar fashion. Other 
quinones used successfully for the formation of tropylium perchlorate 
were a-chloranil (9773, chloranil (70%) and 1,6benzoquinone (30%). 
It is conceivable that the lower yield in the case of lY4-benzoquinone 
reflects acid-catalysed addition reactions of the quinone rather than the 
reduced efficiency as hydride ion acceptor due to the lower oxidation 
potential. 

6. Oxidation of Ally1 and Propargyl Alcohols 

Simple saturated alcohols such as methanol or ethanol are stable 
towards oxidation by high-potential quinones a t  room temperature and 
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can be used as solvents in dehydrogenation reactions (see section V.B). 
Only under drastic conditions and upon prolonged contact may even 
saturated alcohols undergo oxidation by DDQ as has been observed with 
some steroidal alcohols5* G. 

Phenyl-substituted alcohols (see section V.A.3) and +unsaturated 
alcohols, however, are readily oxidized by high-potential quinones to the 
corresponding carbonyl compounds. These reactions generally proceed 
smoothly a t  room temperature with equimolar amounts of reactants to 
give the a#-unsaturated aldehydes or ketones in good yields". Table 6 

TABLE 6.  Oxidation of allyl and propargyl alcohols by o-chloranile3 

Alcohol Reaction time Yield of carbony 
(h) compound 

(%I 

H 
I 

CH,-CH=CH-C-CH=CH-CH, 
I 
OH 

CH3 
I 

I 
H 

C,H,-CH=CH - C -OH 

H 
I 

I 
OH 

C,H,-CrC-C-CH=CH-C6H5 

CH3 
I 

I 
H 

C,H,--CEC-C-OH 

15 

5 

48 

0.17 

18 

100 = 

87 

72 

91 

57 

a Cinnamaldehyde-tetrachloro-catcchol complex. 

lists some examples of allyl and propargyl alcohols undergoing oxidation 
with o-chloranil at  room temperature in chloroform or carbon tetra- 
chloride solution. 

Attempts to oxidize the hexaene alcohol 34 with o-chloranil resulted in 
destruction of the polyene system, possibly by addition reactions to the 
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quinone. However, the hexaene dione 35 was obtaincd by oxidation of 
34 with chloranil (reaction 28)"". 

Exceptions which may be due to structural peculiarities can be 
encountered in the generally facile oxidation of ally1 alcchols by quinones. 
For example, the cyclopentenolone 36 was not oxidized by DDQ (reaction 
29)45. 

The major advantage of the oxidation of or,P-unsaturated alcohols by 
quinones lies in the remarkably high sekctivity of the oxidant. This 
feature of quinone dehydrogenation has been preparativcly exploited in 
the room temperature oxidation of numerous steroidal diols by DDQ in 
dioxan or benzenc as illustrated by conversion of 38 into 39 in 70% yield 
(reaction 30)4G. 

CH3 
I CH, 

&H I o@H 

i- DDQ (30) 

HO 
(38) (39) 

The selective oxidation of a,P-unsaturated alcohols can bc explained by 
the two-stage ionic mechanism which in the first step leads to a resonance 
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stabilized cation 40 by rate-detcrnmining hydride ion transfer to the 
quinone (reaction 3 1). Thus, the reactivity will increase with extended 

R' R' 
I I 
I + 
H 

(31 1 R-CH=CH-C-OH + Q R-CH=CH-C-OH 

R' 
I 

R-CH-CH=C-OH + QH- 
-I- 

conjugation in the alcohol. I t  has been suggested that, in non-polar 
solvents, the cationic and anionic intermediates will remain associated as 
an ion pair, leading to products by rapid proton transfer (reaction 32)". 

R' 
I 

R' 
I 

R-CH=CH-C-O--H + QH- 4 R-CH=CH-C=O 4- QH, (32) + 
Kinetic evidence has been obtained in the oxidation of isotopically 

labelled steroidal allyl alcohols, which supports the ionic mechanism 
according to reactions (31) and (32)21. The observed higher rate of 
oxidation of equatorial allyl alcohols has been attributed to the overlap 
of the axial hydrogen with the rr-electrons of the carbon-carbon double 
bond". 

Oxidation of a,@-unsaturated alcohols by quinones proceeds faster than 
the dehydrogenations of olefinic hydrocarbons. Thus, the acety!enic 
ketone 42 was obtained, without concomitant aromatization, by reaction 
of the dipropargyl alcohol 41 with DDQ (reaction 33)*17. 

.Y * 5  6 1 'i, 
DDQ (33) \ =-= / > \ 

(41 1 (42) 

C. Dehydrogenation of Carbonyl Compounds 
1. Monoketones 

High potential quinones, particularly chloranil and DDQ, have found 
extensive application in the dehydrogenation of steroidal ketones. 
Comprehensive reviews of these reactions have been published6> ', thus 
limiting the discussion here to some pertinent examples. 
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Interest in the defiydrogenation of steroid ketones was greatly stimulated 
by the discovery that steroidal 4-en-3-ones (43) were converted smoothly 
into the corresponding 4,6-dien-3-ones (44) upon treatment with quinones 
in a variety of solvents (reaction 34)". Although chloranil in  boiling 

xylene or r-butanol gave the best yields of 44 most rapidly, other quinones 
such as 1,4-benzoquinone, 1,4-methylbenzoquinone, 2,6-dichloro-l,4- 
benzoquinone, 1,2-naphthoquinone and 1,4-naphthoquinone were also 
found to dehydrogenate selcctively. It was suggested that the formation 
of 44 could be explained by hydride ion abstraction from the 7-position 
of the dienol 45"". 

(45) (46) 

Interestingly, the dehydrogenation of steroidal 4-en-3-ones (43) by 
DDQ does not lead to 4,6-dien-3-ones (44) but Qives, in high yields, 
1,4-dien-3-ones (47) (reaction 35)49. A detailed mechanism study revealed 

0 a' => (35) 

(43) (47) 

that the dehydrogenation of enones 43 can be catalyscd by acids-DDQ 
itself may act as an acid-and that the observed differences between the 
reaction of DDQ and of chloranil may be rationalized by the dehydro- 
genation of the two different enols 45 and 46j0. Hydride ion abstraction 
from the 1-position of the 2,4-dien-3-01 (46), formed under kinetic control 
in the absence of acids or in the presence of weak acids, leads to the 
1,4-dien-3-one (47). It was suggested that chloranil does not bring about 
this dehydrogenation because the oxidation potential of 2,4-dien-3-01 
(46) is higher than that of cllloranil. In the presence of strong acids the 



7. Quinones as oxidants and dehydrogcnating agents 353 

therniodynamically more stable 3,5-dien-3-01(45) also becomes kinetically 
favoured to undergo hydride ion transfer to the quinone Trom the 
7-position, thus giving rise to the 4,6-diene-3-one (44). 

DDQ has been applied in recent years in mmerous other instances in 
the dehydrcgenation of steroidal ketones, and the niechanism involving 
enolization serves well to explain the selectivity of dehydr~genat ion~l -~~.  
Under prolonged drastic conditions, in refluxing dioxan in the presence of 
p-toluenesulphonic acid, excess DDQ converts steroidal ketones into 
steroidal phenanthrenes in a reaction which involves migration of methyl 
sub~ t i tuen t s~~ .  Steroidal 2-hydroxymethylene-3-ones (48) are readily 
converted into 2-foi-myl-l,2-en-3-ones (49) by brief treatment with DDQ 
a t  room temperature (reaction 36)7* j6.  Likewise, the dehydrogenation of 
2-hydroxymethylene-substituted octalones proceeds easily with DDQ io 
give the corresponding formyl-substituted cross-conjugated ketoness7* 68. 

(48) (49) 

Few other examples of dehydrogenation of non-steroidal cyclic ketones 
have been reported thus far. For instance, dehydrogenation of the 
bicyclic y-hydroxy a,P-unsaturated ketone (50) with DDQ gives the 
4-hydroxycyclohexa-2,5-dien-l -one (51) (reaction 37)"9. However, attempts 

OH 

0' 
(37) 

(52) (53) 

to dehydrogenate the methyl-substituted octalone 52 were not successfuls9". 
Likewise, octalone 53 was found to be 'totally inert' towards DDQ in 
boiling benzeneG0. Steric reasons, presumably, are rcsponsible for these 
failures. The tricyclic ketone 54 upon treatment with chloranil in boiling 
t-butanol gave the dehydrogenated ketone 55 (reaction 38), and its fornia- 
tion may be understood in Iight of the en01 rnechanismG1. 
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The reaction of cyclohexanone 56 with 3,3',5,5'-tetrachloro-4,4'- 

diphenoquinone does not result in the formation of cyclohexenone but 
instead gives the addition product 57 (reaction 39)G2. Adducts have also 
been obtained from substituted cyclohcxationes as well as from pentan- 
2-one and tetrachlorodiphenoquinone. Since perchloric acid (but not 
peroxides or light) accelerates the formation of 57, the reaction presumably 
involves the cyclohexanone enol and coupling of ionic intermediates. 

Q 
+ ;8' CI 0 

> 

OH 

(39) 

The dehydrogenation of the tetralone 5s with o-chloranil gives the 
naphthol 59 (reaction 40) which then rapidly undergoes further dehydro- 
genation with concomitant coupling to yield compound 60 (reaction 41)63. 
The mechanism of the formation of the naphthol 59 does not necessarily 
involve dehydrogenation of the tetralone enol but may proceed by hydride 
ion abstraction from the benzylic position of the tetralone 58. 

9 OH 

o-ctiloranit ~ a 
CH,O a CH,O 
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OR 0 OCH, 

@J$ ODQ, 
0 H’* 

The dehydrogenation 
unsaturated compound 
treatment with DDQ 

OR 0 

o+y 0 ’ OCH, 
L 

of the dihydroazepinoindolone 61 to give the 
62 in 80% yield was easily accomplished by 

in boiling benzene (reaction 42)G1. However, 

(61 1 (62) 

dehydrogenation of 2,4-cycloheptadienone 63 by DDQ gave tropone 64 
in 10% yield only (reaction 43)G5. It would be interesting to see whether, 
in the light of the proposed enol mechanism, acid catalysis of the dehydro- 
genation of 63 would improve the yield of tropone. 

(a), R = H 
(b), R = AC 

OR 0 -% (44) 

OCH, 

(66) 

observed in the reaction of DDQ with [he acetoxy derivative 65b. I t  
appears conceivable that the carbon-carbon bond breakage is the result 
of hydride ion abstraction by DDQ as indicated in structure 65. 
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The dehydrogenation of 2-arylindane- 1,3-diones (67) by 1,4-benzo’ 
quinone in chloroform or benzene, and by DDQ in methanol, has been 
found to proceed rapidly and under mild conditions to give the dehydro- 
dirners 68 (reaction 45)2ti9G7. It  has been suggested that this mode of 

(67) (68) 
R = phenyl;  p-methoxyphenyl. 

oxidative coupling occurs in a radical reaction which is preceded by a 
one-electron transfer from the enolate ion to the quinoneZG. 

The reaction of 2-arylindane-l,3-diones with 1,4-naphthoquinone 
(E, = 482 mV) does not give the oxidatively coupled dimers of structure 
68 but yields Michael adducts 69 which subsequently undergo dehydro- 
genation by 1,4-naphthoquinone to give substituted naphthoquinones 70 
(reaction 46)G8. 

0 0 
I I  I I  wza 0 I I  

& mza 0 II (46) 

OH 0 

(69) (70) 

3. Lactones and lactams 

Probably due to less favourable enolization of lactones, the dehydro- 
genation of saturated lactones by quinones occurs less readily than 
dehydrogenation of cyclic ketones. For instance, only prolonged treatment 
of the steroidal lactones 71 with excess DDQ in boiling dioxan gave the 
a,P-unsaturated 6-lactones 72 (reaction 47)G9. By contrast, the dehydro- 
genation of the lactone 73 containing a benzylic site was accomplished by 
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DDQ and gave the dehydro-product 74 in 70"/, yieId (reaction 48):". 
Likewise, the dehydrogenation of the lactani 75 by DDQ in benzene to 
give conipound 76 was reported reccntly (reaction 49)'l. 

CH,-CH2-CN CH,-CH2-CN 

(73) (74) 

D. Dehydrogenation of Enols, E n d  Ethers and Enol Esters 

The dehydrogenation of the enolizable indane-l,3-diones by DDQ 
described in the preceding section was explained by a mechanism in  which 
the quinone acted as a one-electron oxidizing agent. Further support for 
this mode of dzhydrogenation may be seen in the reaction of DDQ with 
the enol flavonol (77). The oxidation in dioxan solution leads to a dehydro- 
dimer for which the carbon-oxygen coupled structure 78 has been proposed 
(reaction 50). Ionic dehydrogenation of flavonol could explain the 

formation of 78 as well; however, the involvement of flavonoxy radicals 
79 appears more likely since dinicr 78 is also formed by oxidation of 
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flavoncl with active manganese d i o ~ i d e ~ ~ * ~ ~ ,  and the flavonoxy radicals 
can be trapped to give the crystalline quinol ether 84) if this oxidation is 
carried oii t i n  the presence of 2,4,6-tri-t-butylphenoxy radicalsi3. 

my " 8 " R = ( 7 9 )  

0 

(79) (ZO) 

Most liltely, dehydrogenation by quinones involving free radicals is 
limited to those enols for which carbon-carbon double bond formation is 
structurally impossible. The reaction of cnol derivatives with high- 
potential qiiinoiies resulting in the introduction of carbon-carbon double 
bonds may be described best by the ionic dchydrogenation mechanism 
outlined in the preceding section. Thus, dehydrogenation of 3-ethoxy 
A395-steroids (81) with DDQ in the absence of water gives steroidal 
1,4,6-trien-3-oncs (82) whose formation may be rationalized by hydride 
ion transfer and subsequent hydrolysis (reaction 5 l)'% When the dehydro- 
genation is carried out in the presence of water, the cationic intermediate 

(81 1 (82) 

83 may undergo hydrolysis, thus giving rise to thc 4,6-dien-3-ones (84) 
(reaction 52). A similar oxidative conversion of a steroidal enol benzoate 

into a ketone by dehydrogenation with DDQ has been reported (reaction 
53)77". The formation of compound 87 in reaction (53) has been suggested 
to  involvc an electrophilic addition of DDQ to the enol ester with 
concomitant transfer of the benzoyl group. 

It is conceivable that the conversion of the enol benzoate 85 into the 
trienone 86 by DDQ is actually mediated by the acidic properties of the 
oxidizing agent. This assumption is supported by the observation that 
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OBz 

(87) 
treatment of A3~5-3-acctoxycholestadiene by 1,4-benzoquinone in boiling 
toluene leaves the enol acetate unaffected. However, when this reaction 
is carried out in the presence of a small amount of anhydrous aluminium 
chloride, the enol acetate is converted into A4~G-3-ketocholestadicnone 
(89). The mechanism of the formation of 89 has been suggested to invo1L.e 
1,4-benzoquinonc in a cyclic process as outlined in reaction (54)'(j. 

E. Quinones as Hydrogen Acceptors in the Oppenauer Oxidation 

Oppenauer oxidation of A5-3-hydroxysteroids (90) i t i  the presence of 
I ,4-benzoquinone or 1,4-naphthoquinonc has becn found to give A4sG-3- 
keto-steroids (91) (reaction 55)i7. This reaction, first reported in 1940, is 
remarkable in view of the Oppenauer oxidation of A-3-hydroxysteroids 
in the presence of non-quinonoid hydrogen acceptors, which leads to 
A4-3-keto-steroids78. 

The mcchanism of the conversion of 90 into the dicnone 91 apparcntly 
involvcs, i n  thc first step, the oxidation of the secondary carbinol group to 
give a As-3-keto steroid which undcrgoes further dehydrogenation in the 
prescnce of Al-alkoxidc and quinone. 
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It  has been convincingly suggested that the selective dehydrogenation 
of the intermediate As-3-keto-steroid involves coordination of the oxygen 
function of the quinone with the aluminium atom of the enolate 92, thus 
making hydride transfer from the C-7 position of the steroid a sterically 
favoured process. In agreement with this rationatizaiian, I ,2-naphtho- 
quinone was found to be ineffective as hydride ion acceptor in the 
Oppenauer oxidation though its oxidation potential is higher than that 
of 1,4-naphthoquinone. 

(92) 

In contrast to the thermal dehydrogenation by either chloranil or DDQ, 
A4-3-keto-steroids are not dehydrogenated by quinones under Oppenauer 
conditions. I t  has been reasoned that the intermediate aluminium 
A2v4-enolate is stable towards quinone dehydrogenation because of 
unfavourable steric arrangen~ent'~. 

IV. DEHYDROGENATION O F  HYDROETHYLENIC AND 
HYDROAROMATIC COMPOUNDS 

In this section, dehydrogenations by quinones resulting in the 
aromatization of the hydrogen donor are described. A review of the 
aromatization of steroidal compounds by exhaustive dehydrogenation by 
quinones has been published recentlyg, thus precluding treatment of this 
subject here. Included in the discussion below are reactions of aryl- 
activated -CRH-CH2- groups to which the term hydroethylenic 
had been previously appliedi9. 

A separate paragraph of this section deals with the quinone dehydro- 
genation of non-benzenoid hydroaromatic compounds. 

A. Hydroethylenic Compounds 

Aryl-substituted alkanes of structure 93 generally react quite slowly 
with chloranil even at  elevated temperature, giving dehydrogenated 
products in low yields By contrast, quinone dehydrogenation may 
be considered to be of preparative usefirlness for the introduction of an 
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R 
I 

I 
H 

(93) 

Ar - C -CH,R' 
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R, R' = H; alkyl 

a,P-double bond into the side-chain of a quinone. For instance, a-lapachone 
94 is snloothly converted into the dehydrocompound 95 by treatment with 
DDQ in refluxing dioxan (reaction 56)A0. 

(56) 
DDO w 

\ 

0 0 

(94) (95) 

Dehydrogenation of bibenzyl 96a with chloranil, DDQ, o-chloranil, 
o-bronianil, unsubstituted diphenoquinone, tetrachloro- or tetrabromo- 
diphenoquinone in boiling benzene or boiling xylene gave stilbene 97a 
always in about 10% yield only (reaction 57)79161. Substitution of bibenzyl 

(96) 
(a), R = H 
(b), R = OCH, 

(97) 

by electron-donating groups expectedly results in drastic enhancement of 
the dehydrogenation reaction. Thus, treatment of 4,4'-diniethoxybibenzyl 
(96b) with DDQ in boiling dioxan gave trmu-4,4'-dimethoxystilbene 
(97b) in 83-550/, yield (reaction 57)6z. Likewise, the dehydrogenation of 
98 may be enhanced by the methoxy substituent (reaction 58)70. 

OCH, OCH, 

&J3* E!% * * (58) 

COCH,-CHz COCH=CH 

(98) (99) 

1,1 ,2-Triphenylethane (100) was dehydrogenated by chloranil in boiling 
xylene to give triphenylethylene (101 ; reaction 59)83. However, 1 , I  ,2,2- 
tetraphenylethane resists quinone dehydrogenation, probably due to 
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steric hindrance, and also 1,1,1,2-tetraphenylethane was not attacked by 
DDQ in boiling benzenes4. 

(C, H,) ?C H - C H, C,H , *& r??' (C,H,),C=CHC,H, (59) 

(100) (I 3) 

A remarkably efficient and selective dehydrogenation by DDQ, 
ascribed to stereoelectronic effects, has recently been described to occur 
with neoergosterolsS5. For instance, neoergosteroIlO2, despite its numerous 
sites of possib!e attack by hydride ion acceptors, reacts with DDQ 
instantaneously at  rooin temperature to give the dehydro-compound 103 
in 80% yield (reaction 60). Neoergosterol acetate behaved similarly, 

H 

(103) 

(1 02) 

giving the corresponding dehydro-compound in 86% yield. The preferential 
attack of DDQ a t  C-14 was aIso demonstrated by the conversion of the 
enol acetate 104 into the styrene 105 (reaction 61) rather than into the 

CsH,, 

AcO \ 

AcO & 
(1 06) 

aromatized compound 106. The high specificity of hydride ion abstraction 
from C-14 has been explained by the favourable n-complex formation 
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of DDQ with the aromatic ring being the controlling factor. Inspection of 
Dreiding molecular models of neoergosterols reveals that the hydrogen a t  
C-14 is almost perpendicular to the aromatic ring, ‘thereby allowing 
maximal u--7~ overlap in the transition state for hydride abstraction’85. 

6. Hydroaromatic Compounds 

Kinetic and theoretical studies of hydroaromatic systems have 
contributed a wealth of information to the understanding of the mechanism 
of quinone dehydrogenation1p8G-89. It has thus been concluded from the 
comparison of various hydrogen donors that the gain of resonance energy 
associated with the aroniatization of the hydroaromatic compound will 
be reflected in the rate of dehydrogenation8G. For instance, the ease of 
dchydrogenation, established for both high-potential and low-potential 
quinones, has been found to decrease as follows : 

1,4-dihydrobenzene > 1,4-dihydronaphthaIene > 
9,lO-dihydroantliracene > 1,2-dihydronaphthalene, 

the relative rates being in the ratios 100 : 50 : 10 : 1 8G. More pronounced 
differences in relative rates are observed in the dehydrogenation of a 
hydroaromatic compound by different qiiinones, as shown in Table 7 for 
the aromatization of 1,2-dihydronaphthalene. 

TABLE 7. Relative rate of dehydrogenation of 172-di- 
hydronaphthalene by different quinones at 100” 

~~~ ~~ ~ ~ 

Quinone Relative rate 

Chloranil 1 
3,3’,5,5’-Tetrachlorodiphenoq~iino1ic 1100 
o-Chloranil 4200 
DDQ 5500 

Tlicrmal dehydrogenation of a hydroaromatic compound by a quinone 
apparently was first carried out on a preparative scale some forty ycars 
ago in the synthesis of pentacene”. Since then, quinone dehydrogenation of 
liydroaromatic compounds has becn applicd in numerous syntheses and its 
preparative significance becomcs apparent in comparison with other 
thermal dehydrogenation mcthods. For example, dehydrosenation of 
I ,4-dih~.droa1lthraccnes with selenium gave only low yields of aromatized 
products; however, essentially c1uai:titativc yields of anthraccncs were 
obtaincd when 1,4-dihydroanthraccnes were trcated with equiniolar 
amounts of chloranil for one hour in boiling xyIcnc!’l. Dihydrodibenz- 
antliracencs aroniatizc smoothly :~pon treatment with DDQ 9B. Similar 
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high-yield dehydrogenations were observed i n  the synthesis of thiophen- 
substituted naphthalenes PO8 (reaction 62)!13. In the aromatization of 
tetrahydroplienanthrenes, both clilorani191 in boiling xylene and DDQ 95 

i n  boiling benzene have been found to bring about aroniatization in good 
yields. 

(1 07) (108) 

Dehydrogenation by DDQ of the tetrahydrocoinpound 109 gives the 
benzhydrylidene-cyclopent [cdlindene 180 (reaction 63)””. Indane itself 

(1 03) (1 4 0) 

reacts with DDQ to give indene under conditions where, significantly, 
benzocycloheptene was found to be inerP. This indicates that ring size 
and, consequently, conformational factors do influence the rate of 
dehydrogenation of hydroaromatic compounds. Thus the reaction of the 
tetracyclic compound 119 with one molar equivalent of DDQ in benzene 
results in the dehydrogenation of the six-inembered rather than the seven- 
membered ring to give compound 112 (reaction 64)”. Treatment of 111 
with two molar equivalents of DDQ gives the beiizocycloheptanapithalene 
113 (reaction 65). (Significantly, chloranil was fcui:d to be ineffective as a 

(1C3) 
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dehydrogenating agent when used under the same conditions as DDQ.) 
A similar selective dehydrogenation iovolving different rings has been 
encountered recently". Acenaphthene can be converted into acenaph- 
thylene by dehydrogenation with either ch1oranip2 or DDQ 23, 79, however, 
treatment of compound 114 with one molar equivalent of DDQ gave the 
phenalenone 115 which, upon dehydrogenation with an  additional molar 
equivalent of DDQ, then gave 116 (reactions 66 and 67). (It is not readily 
understood why the conversion of 3114 into 116 could not be carried out 
wlien two molar equivalents of DDQ were applied directly.) 

(1 16) 

Apparently the dehydrogenation of the phenalanone system generally 
proceeds with great ease. For instance, dehydrogenation of plienalanone 
1117 with DDQ in benzene gave the phenalenone 118 in 53% yield (reaction 
68)". The dchydrogenation of the dihydrophenalenone 119 to give the 

CH,O J&& (117) ='cH30&l (1 18) 

c2Hs&c6H5 p-benzoquinone ,"' O& gH (69) 

(68) 

phenalenone 120 can be brought about even by unsubstituted I ,4-benzo- 
quinone (reaction 69)*O0. 

(120) 

0 
(1 191 
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Aryl-substituted cyclohexenes 121 upon treatment with chloranil in 
boiling xylene are smoothly aromatized to give 122 (reaction 70)1012102. 

(121) (1 22) 

Some typical results are summarized in Table 8. Interestingly, the dehydro- 
genation of compound 123 with chloranil in  boiling toluene gave, though 
only in 20% yield, the azulene 124 in whicli the cyclohexene ring was left 
intact (reaction 71)103. 

R 
I 

R = C,H, 

TABLE 8. Dehydrogenation of aryl-substituted cyclohexcnes with 
chloranil in boiling xylenelO1 

Cyclohcxene Product Yield (%> 
~ ~~ ~~ 

1 -Phenyl- Biphenyl 52 

1 -p-Biphenylyl- Terphenyl 47 
1 -0-Tolyl 2- Met hylbiphenyl 72 

1 -p-Biphenylyl-2-1nethyl- 2- Methyl terphenyl 72 
1 -P-Naphthyl- p-Phenylnapht halene 72 

Some remarkably smooth dchydrogenations by chloranil in boiling 
maleic anhydride have been reported. For instance, 1,12-benzoperylene- 
1 ',2'-dicarboxglic anhydride (126) was obtained in quantitative yield by 
reaction of perylene 125 and maleic anhydride in the presence of chloranil. 
The intermediate mnleic anhydride adduct was found to undergo dehydro- 
genation under the conditions of formation (reaction 72)'04. 

Most recently, the aromatization of tetrahydrodibenzofurans by quinone 
dehydrogenation has bcen reportcd (reaction 73)Io5. However, striking 
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oolQpJo DDQ, 8-"a} (73) 

(1 27) (1 28) 

differences in reactivity of tetrahydrobenzopyrans have been encountered 
in the dehydrogenation of tetrahydrocannabinols (THC)loG. For example, 
A1-3,4-trans-THC (129) gives cannabinol 130 in 90% yield upon treatment 
with chloranil in boiling benzene (reaction 74). By contrast, A1-3,4-cis-THC 

(131), for stereoelectronic reasons, remains unchanged even upon pro- 
longed treatment with chloranil. Similarly L ~ ~ ( ~ ) ' - T H C  (132) which lacks 
allylic activation of the benzylic hydrogen to be abstracted is not dehydro- 
genated by chloranil. 

Gencrally, the dehydrogenation of hydroaromatic compounds by 
quinones proceeds without skeletal rearrangement, unless we are dealing 
with 'blocked' hydroaromatic systems. The dehydrogenation of the 
octalin 133 by DDQ, however, gives, besides the expected 1,8-diphenyl- 
naphthalene (134), the rearranged compound 135 (reaction 75)loi. No 
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such rearrangement was observed in the preparation of lY8-diphenyl- 
naphthalene (134) from the octalol 136 (reaction 76)lo8. The conversion 
of 136 into 134 is carried out with DDQ in boiling benzene and, most 
likely, the dehydrogenation steps are preceded by the elimination of water 
to give the hexahydro derivative 137 as an intermediate. 

(1 36) (1 37) 

DDQ may offer the advantage of dehydrogenating hydroaromatic 
compounds at  higher rates than other high-potential quinones. However, 
its high reactivity may also impair the selectivity of quinone dehydro- 
genation. For example, the reaction of DDQ with 9-isopropenyl-1,2,3,4- 
tetrahydrofluorene (138), particularly in refluxing benzene, does not stop 
a t  the stage of the aromatized compound 139 but yields the aldehyde I40 
(reactions 77 and 78)Io9. Neither chloranil nor its ortho-isomer brings 
about this type of oxidation109. qp=QQJ (77) 

C C 
CH,’ k H ,  CH,’ \CH, 

(138) (1 39) 

C. ‘Blocked’ Hydroaromatic Compounds 

Dehydrogenation by quinones of hydroaromatic compounds con- 
taining gem-dialkyl or angular alkyl groups results in aromatization of 
the hydrogen donor with concomitant migration of an alkyl substituent24i 25. 
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This type of Wagner-Meerwein rearrangement cannot be brought about 
by hydrogen atom abstraction and, therefore, represents thc most 
important chemical evidence for the involvement of carboniuni ion 
intermediates in quinone dchydrogcnation. 

As mentioned in section II.B, reaction of DDQ with 1,l-diniethyltetralin 
(I) in boiling benzene for two hours givcs 1,2-diniethylnaplithalene (4) in 
almost quantitative yield (reactions 6-8). o-Chloranil also convcrts 1 into 
4, though the rate of reaction is only onc-tenth of that of the DDQ 
reactionz4. 

Similar alkyl group migrations may be brought about by phenanthrene- 
quinonesi25 at elevated temperature. Thus, 1,l-dimethyl-l,2-dihydro- 
naphthalcne (2)  reacts with phenantlireneqiiinone in boiling anisole 
(190°C) to give a mixture of 1-inethylnaphthalene and I,Zdinietliyl- 
naphthalene (4). Interestingly, in this and other related aroiiiatization 
reactions, a methyl group was found to be transferred to the quinonea*25. 

The choice of the quinone may be of critical importance in reactions of 
thosc blocked hydroaromatic compounds which contain a lY3-diene 
system and, therefore, arc prone to undergo Diels-Alder additions with 
dienophilic quinones. For instance, 1,5,5-trimethyl-3-niethyleiiecyclo- 
hexene (141) yie!ds isodurene 142 upon treatnicnt with 3,3',5,5'-tetra- 
chlorodiphcnoquinone at  80°C or o-chloranil at  20°C (reaction 79)z". 

? \ 

CH3 Cl 

(1 42 ) (1 42) (143) 

However, with the latter quinone, adduct 1143 was formed as wcll. Attempts 
to aroinatizc 141 with DDQ gave in 80% yield, cven at - IO'C, a Diels- 
Alder whose entlo-structure 145 was recently established (reaction 
8O)l1o. Apparently, the addition reaction by DDQ is precedcd by the 

DDQ (142) -% 

(1 44) 
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isomerization 141 to give 144. Although the isonierization has not been 
investigated, it appears probable that the double-bond migration is 
catalysed by DDQ or occurs within the charge-transfer complex of 141 
with DDQ. 

In agreement with the ionic mechanism of quinone dehydrogenation in 
which attack occurs a t  the benzylic or allylic position of the blocked 
hydroaromatic compound, the octahydro-octamethylanthracene 146 was 
not aromatized by o-~hloranil’~. 

Attempts to bring about aromatization of 2,2-dimethylindanc (147) by 
dehydrogenation with DDQ did not result in rearrangement but gave 
the hydroquinone diether 148 (reaction Sl)24. The failure to achieve the 

rearrangement has been attributed to unfavourable conformation of the 
methyl substituents. Simi!ar hydruquinone dietlicrs are known to be 
formed in the reaction of radicals with p - b e n z ~ q u i n o n e ~ ~ ~ - ~ ~ ~ .  It is con- 
ceivable, therefore, that the formation of the diether 148 also involves 
radical rather than ionic intermediates. Hydrogen atom abstraction has 
been proposed recently to be the primary step in the gas-phase dehydro- 
genation of 4-ethyl-4-methylcyclohexene (149) by a polymeric quinonc 
to give toluene 150 rather than o-ethyltoluene (reaction 82)l14. 
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D. Mon-benzenoid Mydroaromatic and Related Compounds 

Dehydrogenation by high-potential quinoncs, particularly chloranil 
and DDQ, has proved to  be useful in the recent syntheses of non-benzenoid 
aromatic and related compounds. For instance, treatment of the dihydro- 
[14]annulene ketone 151 with DDQ at room temperature in benzenFgave 
the dehydro compound 152 in 90% yield (reaction 83)115aa1161J. Similarly, 

(151) (1 52) 

the tetrahydropyrene 153 was dehydrogenated by DDQ at room tempera- 
ture to give the dihydropyrene 154 in 54% yield (reaction 84)11G,117. 

H H  

Seemingly minute changes i n  the stereochemistry of the hydrogen donor 
may have dramatic eflccts on the dehydrogenation by quinones. For 
instance, compound 155 can be dehydrogznated by chloranii to give 156 
(reaction 85) ;  however, the isomer 157 resists dehydrogenation when 

13 
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treated with chloranil under the same conditions118. Inspection of Dreiding 
molecular models reveals that in isomer 157 steric hindrance of the site 
of attack (H(4)) by the quinone accounts for the lack of reactivityll8, 

V. OXIDATION O F  SUBSTITUTED AROMATIC 
COMPOUNDS 

A. Benzylic and Aryfaflylic Oxidations 
1. Phenalenes 

Phenalene 158 reacts with a variety of quinones (DDQ, o-chloranil, 
chloranil, p-benzoquinone, 1,2-naphthoquinone, 1,4-naphthoquinone) in 
solvents such as benzene, methylenechloride, carbon tetrachloride, 
acetonitrile or nitromethane to give the phenalenyl radical (159; reaction 
86)27. By contrast, oxidation of phenalene with either chloranil or 
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p-benzoquinone i n  acetic acid containing percliloric acid givcs phenaleniuin 
perchlorate 160 i n  75x  and S I X  yield, respectively (reaction 87). Treat- 
rnent of 3,6,9-tri1iietliyl-2,3-diliydro~l1e1i~le1i-I-ol with o-chloranil i n  

H 

(1 60) 

boiling acetic acid containing percliloric acid resulted in dehydration and 
subsequent oxidation to give the corresponding triiiiethylplienalenium 
perchlorate in 89y4 yield. 

Clearly, the formation of phenalenyl radical under neutral conditions 
indicates that quinone dehydrogenation indeed can involve one-electron 
transfer or  hydrogen atom abstraction reactions. Still, it map depend on 
the nature of the substituelits attached to the phenalene molecule whether 
the reaction with the quinone will result in the formation of the phcnalengl 
radical or the phenaleniuni ion. Since niethoxy substituents on  t!ie 
hydrogen donor would favour transfer of the hydride ion 10 the quinone, 
the oxidative conversion of the tetrametlioxy-substituted phenalene 161 
into the phenalenoiies 163 and 164 is probably best rationalized in terms 
of a n  ionic nieclianism involving, by inadvertent participation of water, 
formation and subsequent hydrolysis of a hemikctal 162 (reactions 88 
and S9)ll9. 

CH30& CH3=, C H m  lti30& OCH, 4 isomer 1 (88) 

OCH, CHJO OCH, 
CH30 00 

R = OH or DDQH 

(1 62) 
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2. Arylalkanes and arylalkenes 

As pointed out in section IILA, aryl substitution of alkanes and, more 
so, of alkenes, facilitates dehydrogenation by quinones. However, the 
compound to be oxidized should contain at  least one benzylic hydrogen. 
For example, 1 , 1,l-triphenyiethane was recovered unchanged after being 
treated with DDQ for 160 hours at 80°C. 

As to whether the dehydrogenation of arylalkanes proceeds by overall 
hydride ion transfer or is better interpreted in  terms of hydrogen atom 
abstraction may depend both on the nature of the substrate and the 
resulting intermediate. Thus, triphenylniethanes are dehydrogenated by 
quinones to triphenylmethyl cations. Of preparative interest is the 
oxidation of leuco triphenylniethane dyes by chlorani1120. Using dimethyl- 
formamide as solvent, no ‘over-oxidation’ was observed even at  100°C 121. 
In a kinetic study, the oxidation of deuterated triphenylmethanes such as 
leuco crystal violet (165) by a variety of quinones was found to follow 
second-order kinetics (reaction 90)’O. Rates and isotope effects for some 
quinones are listed in Table 9. 

R R 

t Q  QX- 

R 

(1 65) (1 66) 
R = N(CH,),; X = H or D 

TABLE 9. Oxidation of leuco crystal violet by quinones in 
acetonitrile at 25‘C 

Quinone Irn(M-* s-*) k d k u  

Chloranil 1.27 x 10-1 11.4 
Bromanil 5.14 x lo-? 7 3.4 
DDQ > 10; 6.96 
Tetrachlorodiphenoquinone > 0.5 x lo-’ 9.8 

4-Hydroxytriphenylmethanes 167 react rapidly with DDQ in methanol 
solution to give substituted fuchsones 168 in high yicld (reaction 91)122. 
The mechanism of this reaction has been explained to involve hydrogen 
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atom abstraction from the phenolic site, followed by disproportionation 
of the resulting phenoxy radical. However, in view of the easy formation 
of triphenylmcthyl cations 166, the formation of the fuchsones 168 may 
also be rationalized by a n  ionic mechanism (reaction 92). A siniilar 

(91 1 DDQ 

(167) + 

(1 69) 

dehydrogenation of a triphenylmethane, though, with concomitant 
cyclization may account for the conversion of compound 170 into the 
ndene 173 (reaction 93)10,3:'9 I). 

R = C,H, 

(173) 

Diphenylmethane 174 was found to undergo oxidative coupling by 
3,3',5,5'-tetra-r-butyldiphenoquinone at 260°C, giving 1,1,2,2-tetraphenyl- 
ethane (175) i n  G 5 x  yield (reaction 94)lG. Probably because of steric 
hindrance t t t ~ a p l i e n ~ l ~ t l i ~ ~ n e  \ m s  not further dchydrogenated wen by 
11 igh -PO t en t i  a1 q ti i n ones . 
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0 'fH5 ,c6H5 

(C&15)2CH2 -> H-C-C-ti 
/ \  

(1 75) 
(174) C6H5 C6H5 

(94) 

DDQ does not react with diphenylmethane in methanol solution; 
however, in the absence of solvent at 1 1 O'C, DDQH,, and the hydroquinone 
di-ether 176 were formed in high yield. The formation of 176 and DDQH, 
was rationalized in terms of one-electron transfer reactions (95-98)12,. On 
the other hand, the reaction of niethyl-substituted benzenes with DDQ 
also leads to hydroquinone ethers whose formation has been explained by 
hydride ion transfer reactions124. 

H 
I 

(C,H,),CH, + DDQ - > [CT-Complex] - > (C,H,),C' + 2 DDQH' (95) 

CN CN H H 
- 

(C,H,),C' I 4- DDQ __ (C6HJ2C+ I t Q' - ( C G H 5 ~ ~ " . - f $ - O '  I (96) 

CI CI 

Some interesting details about reactive internicdiates have been obtained 
in the oxidation of I-arylpropenes with DDQ. For example, under 
anhydrous conditions, I-arylpropene 177 reacts with DDQ to give the 
hydroquinone di-ether 178 (reaction 99) which, upon treatment with a 
priniary or secondary alcohol, rearranges to give the 1 -arylallyl alkyl 
ether 179 in good yield (rcnction 1 OO)12.5>12';. 12';:l. 
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ArCH=CHCH, -k DDQ 
(177) 

CN CN 

A r C H =C H - CH 2- 0 -O-CH,-CH=CHAr 

377 

(99) 

(1781 

A r  = p-methoxyphenyl 

OR 
1 

(178) + ROH __ > ArCH-CH=CH, 4- ArCH=CH-CH,OR (100) 
-DDQH, 

(1 79) 

When the oxidation of I-arylpropenes with DDQ is carried out in benzene 
or dioxan containing water, cinnainaldehydes 180 are formed (reaction 
101)1c98 125* 1279128. Similar results were obtained with allylbenzenes181 

(1 01 1 DDQ 
H*O 

ArCH=CHCH, --, ArCH=CH-CHO 

(1 77) (180) 

whose oxidation, obviously, is associated with allylic rearrangement 
(reaction 102). The formation of aldehydes may be explained by successive 

H 
1n 

A> 
Ar-C--CH=CH, 

a. 
ArCH=CH-CH, -> --- Dog r ArCH=CH-CHO 

HZO 
(180) 

A r  C H = CH - H C I ,OR ‘ 0  R R == V O H  or H 

CI CI 
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hydride ion abstractions to give the acetal 182 which suffers hydrolysis. 
Evidence for hydride ion abstraction by quinones may be seen in the 
oxidation of A"ll)-oestrone methyl ether (183) by DDQ in wet benzene 
which gives, among the other products, the hydroxylated compound 
184a (reaction 103)129""9 b. Oxidation of 183 in benzene containing methanol 
gives the methyl ether 184b. 

OR 0 

CH,O & 3 CH,O d3 (103) 
(184) (a), R = H 

(b), R = CH, 

Hydride ion abstraction also occurs i n  the dehydrogcnation of 1,2,3- 
triphenylcyclopropene (185) by DDQ which, when carried out in acetic 
acid containing perchloric acid, gives triphenylcyclopropenylium 
perchlorate (186) i n  95% yield (reaction 104)27. 

CGH, C€.% 
(104) DDQ 

CH,COOH 
C6H5 C6H5 HCIO, C6H5' 

(1 85) (186) 

Surprisingly, even I ,I-diphenylethylene 187 was found to react with 
DDQ in alcohol solution to give a DDQ:  olefin: alcohol addition 
product 189 whose formation was proposed to involve radical ion inter- 
mediates (reactions 105 and 106)'"". 

C6H5, 

C6H5 
(188) + ROH __j ,C - C H2- 0 

O?, 
CN CN 

(1 89) 
R = CH, or C,H, 
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3. Benzyl alcohols and benzyl ethers 
Introduction of an  oxygen function into the benzylic position of an 

arylalkane greatly enhances the rate of hydride ion abstraction by  
quinones. Thus, benzyl alcohol is oxidized by o-chloranil to give benz- 
aldehyde faster than ethylbcnzenc is dchydrogenatcd to styrene'30. Still, 
from a preparative point of view, the dehydrogenation of phenyl- 
substituted carbinols by o-chloranii is slow. As a recent in~estigationl~' 
has shown, however, DUQ appears to be the reagent of choice for the 
oxidation of benzyl alcohols. For example, benzaldehyde was obtained 
i n  397i yield by oxidation of benzyl alcohol with o-chloranil for three days 
at  room while a n  80% yicld was achieved with DDQ in 
dioxan solution131. Likcwise, oxidation of diphenyl carbinol with 
o-chloranil for seven days gave bcnzophenone in 42% yicld, while DDQ in 
dioxan at room temperature gavc an 80% yield of benzophenone after 
sixteen hours. Besides the high rate of oxidation, DDQ offers the advantage 
of selectivity, attacking bcnzylic alcohols with remarkable prefcrence 
(reaction I07)*3?. 

H 
I 

II I 
O R  

H H  
I I  DDO 

I I  
OH R 

(1 07) Ar-C-C-CH,OH ---+ Arc-C-CH,OH 

(190) (191) 

Ar = 3,4-dimethoxyphenyl 
R = o-methoxyphenoxy 

As may be expected, ring substitution by electron-donating groups 
enhances the rate of oxidation of benzyl alcohols, while electron- 
withdrawing groups drastically reduce the rate of oxidation. For example, 
oxidation of 4-niethylbenzyl alcohol (192; X = CH,) with DDQ at room 
teniperaturc gives 4-tolylaldehyde (193; R = CH,) in 93% yield after 
sixteen hours (bascd on thc yield of DDQH,) while oxidation of 4-phcnyl- 
sulphonylbenzyl 
gives DDQH, i n  

alcohol (192; R = C,H,S02) under similar conditions 
only 14% yield aftcr five weeks (reaction 108). As shown 

I 
R 

1 
R 

(1 92) (1 93) 

in Table 10, DDQ oxidizcs 4-hydroxybenzyl alcohols 194 with remarkable 
case, giving 4-ligdl-osybenzaldchydcs 195 in exccllcnt yields (reaction 109). 
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OH 

I 

CH,OH 

(1 94) 

LHO 

(1 95) 

TABLE 10. Oxidation of 4-hydroxybenzyl 
alcohols 194 by DDQ at room temperaturen 

R R' Yield (%) of 195 

H H 74 
13 OCH, 85 
OCH, OCH3 86 
CI c1 92 
r-C,H, t-C4H, 91 

Reaction conditions: addition of DDQ 
(4 mmol) to a solution of substrate (4 nimol) in 
dioxan (24 ml). Work-up after sixteen hours. 

Siniilar rcsults were obtained with 3-hydroxybenzyl alcohols 196 (reaction 
110) and 2-hydroxybenzyl alcohols 19s (reaction 1 1 1 ; Table 11). 

Secondary 4-hydroxybenzyl alcohols 200 (see Table I 2) undergo 
oxidation by DDQ at room teniperature i n  dioxan solution rapidly, 
giving 4-hydroxyketones 281 in yields around 90% (reaction 112). 

CH,OH CHO 

OH 1 G  hrs OH 

OH OH 

I 
R '  

('i 98) 

1 
R' 

(1 99) 
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TABLE 11. Oxidation of 2-hydroxybcnzyl alcohols 198 by DDQ 
in dioxan at room temperature 

R R' Reaction time Yield of 199 
(11) (%I 

38 1 

H H 16 

t-C,H, t-C,H, 68 
CH, r-C,H, 20 

57" 
85 
85 

a Based on DDQI-I,. 

OH OH 

(200) (201 1 

4-Hydroxydiphenyl carbinols, apparently, are still more reactive. Their 
oxidation to benzophenones by DDQ in dioxan at  room temperature 
generally was completed within fifteen minutes (reaction 113). 

TABLE 12. Oxidation of secondary 4-hydroxbenzgl 
alcohols 200 

R R' Yield (%) of 201 

92 
89 
92 
53 
58 
90 
52 
S9 [aftcr 76 111 

__ ______ 
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Unexpectedly, oxidation of the plienyl-substituted diol 204 with DDQ 
gave the expected dibenzoyl ethane 205 in only 19% yield, while 2,5- 
diphenylfuran (206) was isolated in 65% yield (reaction 114). Presumably, 

0 0 
I I  \ I  

H H 
I I 

I OH 1 4 0 h r s  Ph 
OH 

(204) 

QPh 
Ph-C-CH2-CH2-C-Ph DDQ + Ph-C-CH,-CH,-C-Ph + 

(205) (206) 
(114) 

the formation of 206 involves the dehydrogenation of 2,3-dihydro-2,5- 
diphenylfuran (209) (reaction I 15). 

0 H 
II I 

P h - C - C H,-C H,- C - P h 
I 

OH OH Ph 

P h  QPh 

(206) 

Hydrobenzoin (210; Ar = phenyl) upon oxidation with DDQ gives 
benzoin 211 rather than benzil 212. By contrast, oxidation of hydro- 
vanilloin (210; Ar = guajacyl) by DDQ rapidly gives vanillil 212 in 81% 
yield (reaction 1 16), indicating again that electron-donating ring 
substitucnts faciiitate the oxidation of benzyl alcohols. 

H H  H 
I I I 000, 

I t  11 1 I1 !I 
OH OH 0 OH 0 0  

(21 0) (21 11 (21 2) 

The mechanism for the oxidation of benzyl alcohols by quinones in 
general has been rationalized by reaction (1 17)I3O. Assuming, with 

ArCHzOH+Q----- ~Ar?-OH+QH----++ArCHO+QH, (117) 

Arc-CAr D D Q >  Arc-CAr (1 16) A r c - C A r  - 

I 
H 

justification (see reaction 1 lo), that the oxidation of hydroxybenzyl 
alcohols by DDQ in dioxan docs not involve oxidation at  the phenolic 
site, one conceivable mode of participation of the 4-hydroxyl group 
could be that of a proton donor within the intermediate ion pair 213 
(reaction 1 IS). 
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H 
/ -  

0 0  6 DDQ, [ Charge-transfer] complex - 'OFN -DDQH, ___f 6 
CI - CN 

CH,OH -+CH OH CHOH 

1 I 
OH 

383 

CHO 

Experimental evidence suggests that the oxidation of hydroxybenzyl 
alcohols by DDQ in methanol solution (rather than in dioxan) does 
involve oxidation of the phenolic hydroxyl. For example, oxidation of 
3,5-di-t-butylsalicyl alcohol (214) in dioxan gives 3,5-di-t-butylsalicyl 
aldehyde (216) in 85% yield, but oxidation of 214 in methanol solution 
gives 216 in only 35% yield, the major product (54%) being the substituted 
diphenyl ether 215 (reaction l19)133. The formation of 215 may be 

CN CN 9 H 2 ° H L g +  9 R O H  0 3. 9 Ho (119) 

(214) (215) (21 6) 

rationalized by phenolic oxidative coupling involving radicals to give 
217 which subsequently aromatizes b y  loss of formaldehyde (solid arrows). 

CN CN 

(217) 

Aromatization by loss of the hydroquinone (dotted arrows) corresponds 
to the disproportionation of phenoxy radicals and would account for the 
formation of the salicylaldehyde 216. 
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Benzyl ethers of structure 218 readily undcrgo oxidative cleavagc when 
treated with DDQ at room temperature in  dioxan (reaction 120)128. 

H 
I 

H-C-OC,H, I CHO I 

om3 
(219) 

Mechaiiistic details of this oxidation by DDQ remain to be elucidated. 
Obviously the reaction requires the presence of water and, conceivably, 
intermediates analogous to those isolated in the oxidation of I-aryl- 
propenes may be involved as well. 

6. Oxidations Involving Phenols 

1. Dehydrogenation of aromatic dihydroxy compounds 

Redox reactions are frequently encountered as secondary reactions 
in nucleophilic additions131* I3*j to, or electrophilic s~ibsti tutions'~~ 
of, quinones leading to substituted hydroquinones whose oxidation 
potential is lower than that of the starting quinone. Apart from those 
unintentional, and often undesired, dehydrogenations, quinones are 
excellent oxidants of prcparative significance for aromatic dihydroxy 
compounds. The oxidations are generally carried out jn solvents in which 
one of the reaction products-often the hydroquinone-is essentially 
insoluble and precipitates. In which direction the reaction (121) 

Q+Q'Hz -- QH,+Q' (1 22 1 
proceeds depends mainly on the relative oxidation potentials of the 
quinones Q and Q'. For example, 2,2',6,6'-tetramethoxy-p,p'-biphenol is 
oxidized by p-benzoquinone to  give coerulignone and hydroqi~inone~~'. 
However, the higher potential o-bromanil oxidizes hydroquinone to give 
tetrabromocatechol and p-benzoq~inonel~~.  Likewise, lower potential 
catechols are converted into o-quinones by haloquinones. This type of 
redo,: reaction was applied some forty years ago in the intramolecular 
cyclization of laudanosoline by ch10ranil'~~; however, the preparative 
usefulness of this method was recognized much later when o-chloranil was 
found to convert catechols into o-quinones rapidly, conveniently and in 
high yield140. Numerous o-quinones have been prepared by this method as 
exemplified by reaction (122)17- 140~141. It  has been pointed out that the 
oxidation by o-chloranil also proceeds if the oxidation potential of 
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the dihydroxy compound to be dehydrogenated is higher than that of the 
oxidant, provided the oxidation product has low solubility and 
precipitates, thus aKecting the equilibrium reaction (1  2 l ) I 7 .  For example, ql:+ 0 Q --+ V1-k QHP (I 22) 

(220) (221 1 

o-chloranil (E ,  = 830 mV) h e s  convert 3-niethoxy-5-formylcatechol 
(E, = 839 mV) into the corresponding o-quinone. During recent years the 
oxidation potentials of nunierous c a t c c h ~ l s ~ ~ ~ ~ ~  and hydroq~inones '~~  
have been determined, thus facilitating a prediction as to  whether or not 
o-zhloranil may act as an oxidant. 

Unsubstituted y-benzoquinone has been used as oxidant for low- 
potential dihydroxy compoundssa such as the catechol 220143. A dis- 
advantage of using y-benzoquinone may be seen in the required use of 
two molar equivalents of oxidant due to quinhydrone formation. This 
may be avoided by the use of high-potential quinones. For instance, 
reaction (122) proceeds instantaneously with one molar equivalent of 
DDQ in dioxan at room temperature'"'. Likewise, hydroquinone 222 is 
oxidized by DDQ in benzene at 0°C to give DDQH, and the quinone 
223, which then cyclizes to the xanthone 224 (reactions 123 and 124)lo5. 

OH n 

' T i  
OH 0 

DDQ in dimethyl sulphoxide, dimethylforinamide or 1,2-diniethoxyethane 
has also been applied fully in the dehydrogenation of tetrahydroxy- 
anthracenes to give new dihydroxyanthraquinones1,1k149. 

High-potential quinones rapidly dehydrogenate both 4,4'-dihydroxy- 
and 2,2'-dihydroxy-~ubstituted biphenyls to the corresponding dipheno- 
quinones. Addition of DDQ to a methano1 solution of the substituted 
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4,4'-dihydroxybiplienyl (224) instantaneoiisly givcs the diphenoquinonc 
225 i n  98"/, yield (reaction 125). o-Chloranil has bccn applied i n  a similar 
fashion as dehydrogcnating agent for various dihydroxybiplienyls'"0-'"". 

Likewise, chloranil may be used for the dehydrogenation of 2,2'-dihy~;oxy- 
biphenyls to give stable o-diphenoq~inones~"~. Dchydrogcnation of 
4,4'-dihydroxystilbenes by DDQ in alcohol solution smoothly gives 
stilbenequinones15,3. 

Several examples of spiro-cyclohexadie~ione formation involving 
intramolecular oxidative coupling of various aromatic dihydroxy com- 
pounds by high-potential quinones have been reported during recent 
 year^^^^^^^^,^^^^ 15G. DDQ, for example, rapidly oxidizes 4,4'-dihydroxy- 
tetraphenylniethanes (226) to bispiro-cyclohexadienones (227) i n  high 
yield (reaction I 26)122. The oxidation of 2,4'-dihydroxydiphcnyl ethers by 

OH 0 

C,H,-C-C,H, ^.. - 

R 

OH 

(226) 

DDQ gives intramolecular coiipli products of 1,3-benzodi 01-2. iro- 
cyclohexadienone structure15ti. The dioxepin 229 was formed in high yield 
by oxidation of the dihydroxydiaryl ether 228 (reaction 127)*22. 

Attempts to prepare the spiro-dienone 231 by oxidation of the dihydroxy 
compound 230 with DDQ werc not successful. Instead, dihydrobenzofuran 
233 was formed, which underwent further dehydrogenation to 234 
(reaction 129)l". The formation of 223 has been rationalized to involve 
the intermediate quinone methide 232 undergoing aromatization by 
intramolecular nucleophilic addition of the phenolic hydroxyl group. 
This finding suggests that, because of favourable steric orientation 
within the charge-transfer complex of the quinone with the hydrogen 
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2pR OH 

0 OH 

R, RwR ODQ 
I 

R R 

R g\: 
R R 

donating ‘p-alkylphenol’ 230, quinone methide formation occurs as the 
preferred process over the oxidation of the second phenolic hydroxyl 
group. Provided the reaction (1 29) proceeds by primary attack of DDQ at 
the phenolic hydroxyl group, it appears reasonable to assume that quinone 
methide formation in this case does not involve the disproportion of free 
phenoxy radicals but involves DDQH (radical or anion) as the acceptor 
of the benzylic hydrogen. 

The dehydrogenation reactions described above were all carried out 
with the neutral dihydroxy compounds. According to a recent report, an 
oxidation by chloranil was performed in alkaline solution158. Thus, the 
dianion of 4,4‘-dihydroxy-5,5’-diisopropyl-2,2‘-dimetl~yldip~enylmethane 
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(235) upon treatnient with chloranil gave the quinone methide 236 i n  
80% yield (reaction 130). Most likely, this reaction docs not involve 

electron transfer from the phenolate ion but proceeds by hydride ion 
abstraction as indicated i n  structure 235. An analogous hydride ion 
transfer was suggested? earlier to be a feasible mode of dehydrogenation 
of preformed enolate ions to give a,P-unsaturated ketones from saturated 
ketones. 

2. Oxidation of rnonohydric phenols 
Electron transfer reactions from hydroquinones to quinones have been 

known for many years; however, only during the past decade have 
quinones been added to the list of oxidants for monohydric phenols. The 
mechaiiisni of oxidation, particularly that by DDQ, is still subject to 
discussion, but the uniqueness and preparative advantages of quinone 
dehydrogenation of phenols are obvious. Different from oxidations with 
metal oxides or alkaline potassium ferricyanide, oxidations of phenols by 
quinones are conveniently carried out in homogeneous organic solution. 

p-Benzoquinone has been used extensively in the oxidation of tocopherols 
and their model compounds, yielding dehydrodimers and trimers derived 
from o-quinone methide  intermediate^^^^-^^'. Since the oxidation of 
typical one-electron oxidants gives rise to the same products, benzoquinone 
most likely oxidizes tocopherols to the o-quinone methides via the corre- 
sponding phenoxy radicals. The reaction of p-benzoquinone with the 
tri-substituted phenol 237 was found to give the stable phenoxy radical 
238 in 78% yield (reaction 13 1)lG3. 

OH 6 

R*R LR@” 
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A reinarkably simple high-yield synthesis of p,p’-biphenols has been 
found in the oxidation of 2,6-di-substituted phcnols by their corre- 
spond i ng p,p‘-di phenoqui nones at elevated temperature (reaction I 32)lG”. 

These oxidation-reduction reactions are catalysed by acids, tertiary 
anlines and aluminium salts. It appears conceivable that catalysis by 
amines involves facilitated electron transfer from a phenol-amine complex 
while acid-catalysis may involve protonation of the diphcnoquinone to 
give the conjugate acid which would be the more powerful oxidant. 
Redox reactions bctwecn diphenoquinones and phenols other than the 
parent phenols proceed as well but result, of course, in mixtures of 
biphenolslGG. 

The oxidative dimerization of 2,4-di-t-butylphcnol (242) to  give the 
o,o’-biphenol(243) can be brought about by chloranil at elevawd tenipera- 
tiire (reaction 133)’”. The oxidation of 2,4-di-r-butylphenol by DDQ in 

OH OH 

chloranilt ?w (133) 

(242) (243) 

mcthanol, unexpectedly, results i n  the formation of a lactone by a reaction 
in which both water and methanol are incorporated in the productlG5. 
Originally, a seven-niembcred lactone structure was proposed for the 
oxidation product; howevcr, recent ev idenc~~~’  suggests that the lactone 
has structure 249 and is fornied by a sequence of reactions (134)-(136), 
involving oxidative coupling of biphenol 243 to give the spiroquinol 
ether 244 which then undergoes succcssive addition and dehydrogenation 
reactions. I t  has previously been stressed that oxidations by DDQ should 
be carried out in anhydrous solvents in order to avoid destructive hydro- 
lytic displacement reactions of DDQ. However, numerous recently 



(246) -- 

(247) 

? T3 
+ 

(249) 

reported DDQ oxidations of preparative interest require the presence and 
participation of water in the reaction. 

DDQ has been found to be a remarkably efficient oxidant for phenols168. 
Oxidation of 2,6-disubstituted phenols with one molar equivalent of 
DDQ gives dipherioquinones in good  yield^*^^-^^^. p-Benzoquinones may 
be formed as by-products in  niethanol solution168. Coupling reactions of 
DDQ with phenols give rise either to dihydroxydiphenyl ethers or to  
cyclohexadienones12z- IG8. 

Significantly, DDQ was found to be the only oxidant to bring about 
oxidative cross-coupling of two different 2,6-disubstituted phenols 
(reaction 1 37)lG9. 

The formation of asymmetrically substituted diphenoquinones 254 by 
DDQ has prompted the suggestion that carbon-carbon coupled diiners 
in phenol oxidation derive by electrophilic substitution of phenoxonium 
ion interrnediate~l~l. I t  had been pointed out previously172 that phen- 
oxonium ion intermediates explain the formation of xanthones by DDQ 
oxidation of liydroxybenzophenones, and phenoxonium ions are possibly 
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OH OH 

nnn 

.R R'  

-> II + n + n (  Y"" "3'1 
0 

'R 
R '  f$ 

0 
'R' 

R?JR 

R' fJ3;: 

G 

involved in some other oxidations of phenols by DDQ in methanol 
solution, such as the oxidative dealkylation of hydroquinone monomethyl 
etherslG8 or the oxidative debromination of 4-bromo-tetramethylphenol 
to give duroquinonclG8. However, DDQ in methanol solution oxidizes 
2,6-di-t-butyl-4-bromophenol (255) in high yield to the dehydrodiiner 
256 (reaction 138) which is also formed by typical one-electron oxidants. 

?)@f 0-P:GO (138) 

Br 

(255) (256) 

Likewise, 2,6-di-t-butyl-4-methylphenol in methanol is oxidized by DDQ 
to give a dehydrodirner rather than a quinol mcthylether which would be 
expected to be forrncd from the reaction of the solvent with an inter- 
mediate phenoxonium ion. Thus, experimental evidence suggests that 
DDQ can bring about the one-electron oxidation of phenols. One other 
explanation for the formation of asynimetrically substituted dipheno- 
quinones 254 may be that DDQ, by virtue of its property as strong 
electron-acceptor, forms charge-transfcr coniplexcs with the two different 
(but still similar) phenols, whose rate of honiolytic dissociation does not 
differ significantly. 

DDQ oxidation in alcoholic solvents of phenols containing a methyl or 
methylene substituent in the 4-position results rapidly in high yield in the 
formation of 4-hydroxyphenyl carbonyl compounds (reaction I 39; see 
Table 13)168. Analogous results were obtained in the oxidation of 
6-hydroxytetralinesli3 yielding 6-hydroxytetralones and in the oxidation 
of podocarpic acid dcri~atives"~. 

I t  has been suggested that the benzylic oxidation of 4-alkylphenols 
involves quiiione nicthide intermediates which undergo nucleophilic 
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OH 

TABLE 13. Benzylic oxidation of phenols with two molar equivalcnts of DDQ 
in methanoi168s I T 3  

Phenol Product Yield 
(%I 

Mesi to1 3,s-Dimet hyl-4-hydroxybenzaldehyde 83 
Ionol 3,s-Di-t-bu tyl-4-hydroxybenzaldehyde 86 
4-Benzylphenol 4-Hydroxy benzophenone 91 
6-Hydroxytetralin 6-Hydroxytetralin-1 -one 76 

attack by the solvent. Indeed, quinone methides have been isolated in the 
dehydrogenation of steroidal phenols and, in certain cases, alkoxylation 
in  the benzylic position can be achieved with one molar equivalent of 
oxidant1gg*173. 4-Hydroxybenzyl ethers also undergo benzylic oxidation 
by DDQ in methanol solution to give the corresponding carbonyl coni- 
pounds (reaction 14c))1G8* l i3. 

Concerning the mechanism of initial attack of DDQ on thc 4-alkylphenol 
it has been proposed that, following charge-transfer complex formation, 
electron transfer followed by proton transfer gives rise to a phenoxy 
radical. Bimolecular disproportionation, either involving two phenoxy 
radicals or involving one phenoxy radical and the semiquinone radical 
DDQH, would thcn lead to the quinone rnethidc'?'. Clearly, the formation 
of dehydrodirners by oxidation with DDQ supports this suggestion as one 
possible route to quinonc methides. On the Cithcr hand. G-riicllio\;ytetialiiic 
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(261) gives 6-methoxytetralin-I-one (262) in 70% yield by oxidation with 
DDQ in methanol (reaction 141), indicating that the 'attack by DDQ is 

U 

mounted at  the benzylic carbon' li3. The important prerequisite for thc 
benzylic oxidation appears to be formation and proper orientation of a 
charge-transfer complex as indicated for 6-hydroxytetralin in structure 
263. A similar orientation of DDQ will be favoured in the case of 

(263) 

6-niethoxytetralin. Significantly, unsubstituted tetralin upon reaction 
with DDQ in methanol at room temperature does not give any ketonic 
products1i3. It is furthermore worth noting that 4-benzylphenol upon 
oxidation with DDQ in methanol at room temperature is converted into 
4-hydro~ybenzophenone'~~; however, the oxidation of 2-benzylphenol 
263a under similar conditions does not give 2-hydroxybcnzophcnone but 
results in the formation of the 4,4'-dihydroxydiphenyl ethcr (263b) and 
the methoxy-substituted benzoquinone (263e)2G2. The formation of the 
latter was found to involve the oxidation of 263b by DDQ and a DDQ- 
catalysed addition of solvent to the intermediate 2-bcnzylbenzoquinone 
263c as outlined in Scheme 1. 

In the absence of the nucleophilcs, the dehydrogenation of phenols 
containing a 2- or 4-alkyl substituent may give, dependent on the structure 
of the substrate, stable quinone methidesli6. Also, 7-hydroxy-substituted 
flavans 264, upon treatment with DDQ in benzene, give quinone methides 
264 (reaction 142)lii. The involvement of the phenolic hydroxyl group i n  
the dehydrogenation reaction is indicated by the fact that unsubstituted 
flavan resists dehydrogenation by DDQ It is conceivable also that the 
dehydrogenation of the hydroxychromans by DDQ in boiling benzene or 
tolucne to give the l i ~ d ~ o x y c h r ~ ~ i i e ~ i e s ' ~ ~ ,  exemplified by the conversion of 
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OH OH 

394 

(263b) + DDQ --> 

(263a) 

, 

+ DDQ CH,OH, ~ f!4fn2-c6H5 tfHz - CGn5 

0 

CN 

HO CN CI' Ot- 
CN 61 

? 

OH 
(263b) 

+ 2 DDQH, 

( 2 6 3 ~ )  

OH 
(263d) 

ec H2-c6H5 

Cti3O 
( 2 6 3 ~ )  + DDQ - > 

0 
+ DDQH, 

(263e) 

SCHEME 1. The oxidation of 2-benzylphenol by DDQ in methanol. 
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nordihydroacronycinelso 265 into noracronycine 266 (reaction 143)179, 
involves the intermcdiate formation and aromatization of the corre- 
sponding quinone niethides. As pointed out above for the benzylic 

oxidation of 7-hydroxy- and 7-methoxytetralin, proper geometrical 
orientation of the hydrogen acceptor with the hydrogen donor may also 
be an important prercquisi te for the facile conversion of hydroxychromans 
into hydroxychromenes. 2,ZDialkylchromans containing a hydroxyl 
group in the 5-position rather than in the 7-position appear to be stable 
towards dehydrogenation by DDQ or chlorani1106~1s1. I t  is not readily 
understood, however, why 7-hydroxychroman is not dehydrogenated by 
DDQ in benzeneliO. Nor does it appear to be fully understood in which way 
the course of the dehydrogenation is influenced by the solvent. The 
4-methyl-substituted phenol 267 is stable towards DDQ in benzene. Upon 
treatment with DDQ in methanol, however, t>e aldehyde 268 is formed 
(reaction 144). Also the nature of the p rodk t  may change drastically 

dH, kHO 
R = COCH,CH(CH,), 

(267) (268) 

with a changc of solventliO. For example, 2-isoamyl-5-heptylphenol (269) 
upon treatment with DDQ in benzene gives the chromene 270 (reaction 
145). When the oxidation is carried out in acetonitrile or dioxan, a mixture 
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of chromene 270 and the ketone 271 is formed (reaction 146) while 
oxidation in methanol containing water gives the quinone 272 (reaction 
147). These results are indicative of different mechanisms by which DDQ 

(209) (147) 

can oxidize a phenol. The different products reflect the involvement of 
different intermediates and possibly, though not necessarily, different 
sites of attack by DDQ. In benzene, acetonitrile and dioxan, initial attack 
by DDQ may occur at the benzylic position in 269, leading by a reaction 
involving water, possibly via an o-quinone methide, to an o-hydroxybenzyl 
alcohol, the dihydro precursor of the ketone 271. Aroniatization of the 
o-quinone methide by tautomerization would give an o-alkenylphenol, 
the dihydro precursor of the chroniene 270. By contrast, the formation of 
quinone 272 in methanol clearly does not involve any attack at  the 
benzylic position in 269 but may be explained by initial hydrogen 
abstraction by DDQ from the phenol. As to whether quinone formation 
involves phenoxonium ions which react with the solvent or solvolysis of 
phenoxy radical coupling products remains to be investigated. The 
formation of the quinone 272 may be indicative of a preferred orientation 
of the hydrogen acceptor DDQ in the charge-transfer complex with the 
phenol 269 in methanol solution. 

3. Oxidative conversion of 2-isoprenylphenols into chromenes 

Recently, the dehydrogenation of 2-isoprenylphenols by quinones has 
received considerable attention. Both inycoplienolic acid 273a and its 
ethyl ester 27313 were found to undergo oxidative cyclization by treatment 
with DDQ in benzene to give mycochromenic acid 274a and its ethyl 
ester 274b, respectively (reaction I 48)lS2. Numerous related exaniples of 
chroniene formation have been reported, such as the conversion of 
cannabigerol 275 into D,L-cannabichromene (276) with either DDQ l iD 

or chloranillOG (reaction 149), the dehydrogenation by DDQ of isoprenyl- 
SLI bstitutcd Iiyd;axysa~ithor~es to pyl-anosanthonesl~~, the oxidnt ive 
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(275) (276) 

conversion of isoprenyl-substituted hydroxyisoflavones into the corre- 
sponding pyrano derivatives163, the conversion of 2-cinnamylphenol 277 
into flav-3-ene 278 (reaction I 50)17s or the oxidative cyclization of isoprenyl- 
substituted hydroxycournarine~~6~. 

(277) (278) 

Most likely, the dehydrogenation of 2-isoprenylphenols by quinones 
involves the intermediate formation of o-quinone methides 280 (reaction 
151), though the formation of chromenes may be rationalized in terms of 

mH R 6 /R 

H$'H H 

ac 6,. - a, CCH :\f? 4 

C' 
I (284 1 (151) 

(279) (280) 

F H 

a cyclic mechanism involving hydride ion abstraction by the quinone from 
the benzylic position, double-bond niigration and intramolecular nucleo- 
philic reaction of the phenolic hydroxyl group (cf. reaction 149). Only 
recently, the conversion of niycophenolic acid 273a into mycochromenic 
acid 274a was accomplished1s5 by oxidation with alkaline potassium 
ferricyanide, thus supporting the quinone methide route (reaction 151) to 
chronienes and suggesting that the o-quinone methide intermediate 280 
can be formed not only b y  1-caction ( I  5 I )  but via phenoxy radicals as \\/ell. 
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The dehydrogenation by DDQ in benzene has been extended to 
o-a,P-alkenyl phenols170 and to o-a,fi-alkenyl liydroquinones’s6, but with 
these substrates the oxidative cyclization appears to be a less general mode 
of reaction. 

VI. 8XIDATlON A N D  DEHYDROGENATION O F  
NITROGEN COMPOUNDS 

A. Aliphatic and Aromatic Arnines 

It has been known for many years that amines react with high-potential 
quinones13a; however, an insight into the nature of these reactions was 
first gained through the niore recently accomplished isolation and 
characterization of defined products. The importance of charge-transfer 
coniplcxes involved in amine-quinone interactions is now recognized and 
the spectroscopic investigation of thcir solvent-depcndent dissociation has 
allowed some seemingly simple substitution reactions to be rationalized 
in terms of electron-transfer processes. 

Primary and sccondary amines readily undergo overall nucleophilic 
displacenient reactions with halogen- or niethoxy-substituted p-benzo- 
q u i n o ~ i e s ~ ~ ~ - ~ ~ ~ .  For instance, the reaction of 11-butylamine with chloranil 
results i n  the rapid displacement of two chlorine substituents by the amine 
to  give 2,5-bis-butylami1io-3,6-dichloro-1,4-benzoquinone~~~~~. No inter- 
mediate is obscrved when the reaction is carried out in cyclohexane solution 
and monitored spectroscopically under normal conditions18ib. However, 
using rapid-scan spectrophotometry‘”, and by carrying out the reaction in 
ethanol solution, the transient formation of the chloranil radical anion and 
the n-butylarnine radical cation was verified, indicating that the displace- 
ment actually is preceded by the one-electron oxidation of the amine by 
the quinone. Aromatic primary aniines may behave differently, since 
evidence for the involvement of radical ions in the reaction of chloranil 
with aniline has not becn obtained1”. 

The oxidation of tertiary amines by halogen-substituted benzoquinones 
has been the subject of several investigations. Aromatic tertiary aniines 
and high-potential quinones often form solid molecular c ~ n i p l e x e s ~ ~ ~ ~  
which have been found to be paraniagneticls5. It has been established by 
ultraviolet spectroscopy that the complex of N,A’,N‘,N’-tetramethyl-p- 
phenylenediamiiic with 2,6-dichloro-l,4-benzoquinone in non-polar 
solvents dissociates into the neutral donor and acceptor molecules, while 
polar solvents favour dissociation into the radical cation and the radical 

I!Ni 
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Aliphatic tertiary amiiies undergo irreversible osidation by a variety 

of high- po ten ti al q u i ln8. Thus, t rie t h y laini ne 282 snioo t hi y 
reacts with chloranjl to give the blue diethylaninovinylquinone 286 
together with tetrachlorohydroquinone and triethylammonium chloride’”. 
The mechanism for the formation of the vinylquinone 286 has been 
established to involve the dehydrogenation of triethylamine by chloranil 
to give the enamine 285 which then undergoes a displacement reaction 
with chloranil. I t  has been suggested199 that the dehydrogenation reaction 
proceeds via the formation of the charge-transfer complex of triethylamine 
with chloranil 283 followed by one-electron transfer rather than by 
hydride ion transfer. Thus, the formation of the vinylquinone 286 may be 
rationalized in terms of the sequence of reactions (1 52)-( 155). 

(C,H,),N + 0 ----+ [(CZHAN; Q1 (1 52) 
(282) charge-transfer complex 

(283) 

(c,H,),N’:+ Q; one-electron 

(283) oxidation 

(284) 

> CH,=CHN(C,H,), + QH, 
hydrogen 

trsnsfer 
(284) f Q’ 

(285) 

Bromaiiil (E,  746 mV) reacts with triethylamine in the same fashion as 
describcd above for chloranil (E, 742 mV). By contrast, iodanil fails to 
dehydrogenate triethylamine, although its oxidation potential (E, 737 mV) 
is only slightly lower than that of the bromo and chloro analogues. I t  has 
been suggestedlg7 that this lack of reactivity is to be attributed to  the 
bulkiness of the iodo-substituents which prevent triethylamine from 
forming a charge-transfer complex with iodanil. Thus, both the oxidation 
potential and the shape of the quinone may determine whether or not a 
quinone will bring about the oxidation of an  amine. Surprisingly, however, 
while 3,3’,5,5’-tetrachloro-4,4’-diphenoquinone dehydrogenates triethyl- 
amine (without subsequent displacement), unsubstituted 4,4‘-dipheno- 
quinone fails to do so, despite its high oxidation potential. 
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Tertiary amines not capable of forming enamines may also undergo 
dehydrogenation by q ~ i n o n e s l ~ ~ .  Thus, tribenzylamine or benzyldimethyl- 
amine react with chloranil to give benzaldehyde, presumably according to 
a mechanism which involves the hydrolysis of the intermediate shown in 
reaction (1 56). 

\ > [;N=cH-A~ ]+ ""> ,NH + ArCHO (156) 
\ , N -C H, -Ar 

B. Conversion of Amines into Ketones 

o-Benzoquinones generally undergo rapid nucleophilic addition rather 
than dehydrogenation reactions with amines2O0. However, 3,5-di-t-butyl- 
1 ,Zbenzoquinone (287) has recently been found to be a remarkably 
efficient reagent for the rapid oxidative conversion of a primary amine of 
structure 288 into the corresponding ketone 291 under very niild 
conditions201. Due to the bulkiness of the t-butyl groups, the o-quinone 
287 reacts with primary aniines 288 to give the Schiff's bases 289 which 
spontaneously undergo tautomerization to the thermodynamically 
favoured Schiff's bases 290 (reactions 157 and 158). Acid-catalysed 

hydrolysis of 290 affords the ketone 291 in yields as high as 97% (reaction 
159). Some examples of the oxidation of amines by this method are listed 
in Table 14. 



7. Quinones as oxidants and dehydr‘ogcnnting agents 

TABLE 14. Oxidative conversion of amines into ketones by 
3,5-di-t-butyl-l ,2-benzoquinoneZ0’ 

40 1 

Amine Ketone Yield 
PA) 

Benzhydrylaipine Benzophenone 90 
Cycl ohexylami ne Cycl ohexan one 97 
Cyclododecylanii ne Cyclododecanoiie 97 

or-Phenylethylaniine Acetophenone 84 

Primary amines of structure 293 cannot be converted into aldehydes by 
reaction with 3,5-di-r-butyl-l,2-benzoquinone in a n y  useful yields because 
of favoured in t raniolec u la r add i ti on react i o ns of the co r res pondi ng 
ortko-hydroxy-substituted Schiff’s bases. T ~ L I S ,  the reaction of benzylamine 
with ortho-quinone 287 gave benzaldehyde in only 9”/, yield, while the 
benzoxazole 294 (R = phcnyl) was obtained in 73% yield (reaction 160). 

C. Hydroxylamines, Nitronic Acids and Hydramines 

Hydroxylamines containing an a-C--H group undergo dehydrogenation 
upon treatment with benzoquinone under rather mild conditions. For 
example, the cyclic hydroxylamine 295 reacts with benzoquinone in ether 
to give the imine N-oxide 296 (reaction 161)2u2. The dehydrogenation of 

(295) (296) 

a-hydroxylaminonitriles 297 with benzoqiiinonc proceeds smoothly in 
refluxing benzene to give a-cyanooximes 298 i n  good yields (reaction 
1 G2)203. 
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Surprisingly, the nitroalkyl-substituted cyclic hydroxylamine 299 was 
found to be stable towards chloranil. However, upon treatment with 
DDQ at room temperature, the P-nitrohydroxylaniiiie 299 undergoes a 
most remarkable transformation to give nitric oxide and the ketonitrone 
3042w. The mechanism for the oxidative elimination of nitric oxide has 
been suggested to involve a dehydrogenation step to give the intermediate 
300 (reaction 163), deprotonation and one-electron oxidation of the 
N-hydroxy oxaziran anion 302 (reactions I64 and 165). 

(299) R = CH, (300) 

(303) (304) 

According to a recent report, nitronic acids of structure 305 undergo 
aromatization upon treatment with 1,4-benzoquinone (reaction 166)205. As 
to whether the primary step in the dehydrogenation consists in the 
removal of a hydride ion from the allylic position or involves protonation 
of benzoquinone by the nitronic acid has not been investigated. 
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Arylhydrazines 307 are easily oxidized by benzoquinone'OE or dipheno- 
quinoneZo7 (reaction 167) ; however, because of the instability of the 
resulting aryldiiniides (diazenes)zO8 308, this reaction has not been exploited 

preparatively. Only recently, silylated and germylated trimethylstannyl- 
hydrazines have been found to undergo a remarkable oxidation by 1,4- 
benzoquinone which involves transfer of the organometal substituent to the 
q u i n ~ n e * ~ ~ .  For example, hydrazines 309 are smoothly converted into the 
substituted diiniides 310 upon treatment with equimolar amounts of 1,4- 
benzoquinoneat room temperature (reaction 165). It has been suggested that 

SiR, 

SnR, 

R \  / 

,N-N, 
R3Sn 

OSnR, 

ben zoq ui II o n c > R - N = N - S i R ,  4- Q (168) 

(31 0) 
OSnR, 

(31 1 f 

the transfer of the trimethylstannyl groups to the quinone involves the 
intermediate formation of hydrazyl radicals since the oxidation of I ,2- 
diphenyl-l,2-bis(trimethylstannyl)-liydrazine with 1,4-benzoquinone gives 
trans-azobenzene rather than the cis-isomer which was expected to be 
formed if the transfer of the trimethylstannyl groups occurred in a concerted 
process. 

D. Nitrogen Heterocycles 

Nitrogen heterocycles generally readily undergo oxidation by quinones. 
As to whether the oxidation occurs as a one-electron transfer or involves 
the transfer of two electrons or a hydride ion depends on the structure of 
the nitrogen heterocycle, on the stoicheiometry of the reactants and on the 
oxidation potential of the quinone. Thus, 1,1 '-dibenzyl-1 , I '-dihydro-4,4'- 
bipyridyl (312) reacts with chloranil in a molar ratio of 1 : 1 to give the 
colourless bipyridinium salt 314 of the tetrachlorohydroquinone dianion 
(reaction 169)210~ 211. When the reaction between 312 and chloranil is 
carried out in a molar ratio of 2 : 1, the deep-violet radical cation 313 and 
the chloranil radical anion are formed. Quinones of lower oxidation 
potential such as phenanthrenequinone give the deep coloured salts 313 
even when used in equimolar amounts. 

14 
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R 
I 8- 
N 

I 

0 
- e -  
+ 

- 
0' 

- e -  

R 
I 

8 \ r?, 

+ Q2- 

R = -CH,-C,H, 

Quinone dehydrogenation has bcen applied successfully to numerous 
other hydro derivatives of nitrogen heterocycles. The yields of dehydro- 
genated products are generally quite high and these reactions may be of 
both preparative and analytical value. Diethyl-l,4-dihydro-2,6-dimethyl- 
pyridine-3,5-dicarboxyIate (the Hantzsch ester) is rapidly dehydrogenated 
in 97% yield by an equiniolar amount of chloranil at  room tempera- 
t ~ r e ~ ~ ~ l ~ ~ ~ .  Likewise, numerous N-substituted Iy4-dihydropyridines and 
1,2-dihydropyridines, studied as model compounds of reduced diphospho- 
pyridinium nucleotide, are readily dehydrogenated by various quinones, 
as exemplified by reaction ( 170)214. The rates of dehydrogenation increase 

' f ~ c o N H z +  QH- 

N 
I I 
R R 

(31 6 )  

P O N H 2  

(31 5) 
R = 2,6-dichlorobenzyl 

with increasing oxidation potential of the quinone, however, the rate of 
dehydrogenation by 3,5-di-t-octyl-l ,Zbenzoquinone appears far higher 
than might be expected from its oxidation potential in comparison with 
that of thepara-quinones (see Table 15). Also the nature of the 3-substituent 
of the 1,6dihydropyridine may h a w  a remarkable influence on the rate 
of dehydrogenation by one and the same quinone. 

Dehydrogenation by high-potential quinones appears to be the most 
convenient synthetic method for the preparation of salts of nitrogen 
heterocyclesg7. DDQ and 9,lO-dihydroacridine undergo reaction to give 
the acridinium 2,3-dichloro-5,G-dicyanoquinolate in 93% yield. Perchlorates 
of nitrogen heterocycles are most conveniently prepared by dehydrogenation 
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with high-potential quinones in acetic acid containing perchloric acid"-. 
Thus, 5-1iiethylplienanthridillium perchlorate was prepared in 94% yield 
by dehydrogenation of 5-metliyl-5,6-dihydrophenanthridine with chloranil. 

TABLE 15. Dehydrogenation of dihydropyridine 315 by 
quinones?'" 

Quinone Rate (I/mol min) 

Duroquinone 5 
1,4-Benzoquinone 800 
Chloranil 12,000 
3,5-Di-r-octyl- 1,2-benzoquinone - 200,000 

Unsubstituted benzoquinone was found to dehydrogenate hydro 
derivatives of nitrogen heterocydes only very slowly at room tenipera- 
t ~ r e ~ ~ ~ .  Also, its use as dehydrogenating agent is limited because of its 
tendency to undergo nucleophilic Iy4-addition by the partially hyciro- 
genated nitrogen heterocycle. However, tetrahalogen-substituted p-benzo- 
quinones, most frequently applied in boiling xylene, readily dchydrogznate 
hydro derivatives of nitrogen heterocycles216-21s. Thus, both dihydro-, 
tetrahydro- and hexahydrocarbazoles smoothly react with chloranil or 
bromanil to give the carbazoles in yields of 70-95%, reaction times 
ranging from one to twenty-four hours21G. 

Dihydro derivatives of quinoline undergo dehydrogenation by chloranil 
very rapidly in dioxan solution, even a t  room temperaturez12. I ,2-Dihydro- 
quinoline is thus converted into quinoline. In analogy with other N-alkyl- 
substituted compounds, 1,2-dihydro- 1-methylquinoline (317) reacts with 
quinones to give the salts 318 (reaction 171)212. 

C H ,  

(31 7) 

CH3 

(398) 

Hydro derivatives of indoIes can be dehydrogenated by both chloranil"'" 
and DDQ220 as exemplified by the conversion of 319 into the dehydro 
compound 320. The dehydrogenation of the tricyclic compound 321 by 
DDQ in boiling benzene does not lead to  an unsaturated lactam but gives 
the dehydro derivative 322 (reaction 173)??'. 
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One interesting example of intrattiolecular coupling has been observed 
in the dehydrogenation of the tetramethylniethylene-3,3’-indolizine 
(323) which, upon treatment with chloranil in acetonitrile or methanol, 
followed by perchloric acid, yields the indolizinium perchlorate 324 and 
the cyclodehydrogenated compound 325 230. It has been established that 
324 is not the precursor of 325 and it has been suggested that the cyclo- 
dehydrogenation involves a one-electron transfer rather than hydride ion 
transfer from the base 323 to the quinone. 

c 1 0 4 -  

o$ --> 07: 
05,” R 0SR R 

CH, 

(323) (324) 

(325) 
R = CH, 
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Heterocyclic compounds containing more than one nitrogen atom in 
the same ring undergo dehydrogenation by high-potential quinones in 
high yields. Reaction of the dihydropyrazines 326 with chloranil in boiling 
xylene gives 2,3-diarylpyrazines 327 i n  yields of up to 97% (reaction 
175)2233. DDQ was applied as dehydrogenating agent in the preparation 

of u nsu bs t i t u ted p y r idazi ne fro i n  t osy lated di hydropyridazine3%. Phen- 
anthrenequinone may be the more suitable dehydrogenating agent when 
high-potential quinones 'over-oxidize' the nitrogen heterocycle, as has 
bceii observed in the dehydrogenation of 4,5-dihydro-2,4,5-triphenyl- 
imidazole3. Most recently, however, DDQ was used successfully in  the 
dehydrogenation of 1,2-dihydro-l,4-diazacycl-[3,2,2]azine to give the 
heteroaromatic compound in 75% yieldzs9. 

In the dehydrogenation of hydroporphines, including thcir copper 
derivatives, the oxidation potcntial of the quinone may be of particular 
importance as far as selectivity is c ~ n c e r n e d ~ ~ ~ - ~ ~ ~ .  Phenanthrenequinone 
dehydrogenates chlorin 328 only incompletcly, evcn at  140°C for ten 
hourPj .  By contrast, porphin 329 is formed smoothIy by dehydrogenation 
of chlorin with either o-chloranil for ten minutes at  130°C, or DDQ for 
two minutes at  80°C (reaction 176). Treatment of octaethyl-tetrahydro- 
porphin with excess o-chloranil yields octaethyl-chlorin which may then 

H H  

be dehydrogenated by DDQ at room temperature to give octaethyl- 
p~rph i r i~~~*" ' .  By using the appropriate inolar cquivalcnts of DDQ, 
either the chlorin or the porphin can be obtained in high yield by dehydro- 
genation of either the tctrahydro, hexahydro or octahydro derivatives of 
porphins. DDQ has also found applicatioi~ in the dehydrogenation of 
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hydro derivatives of tetrazaporphinZz8, and has been applied most recently 
in the srrccessful dehydrogenation of a thiaphlorin to give the corre- 
sponding thiaporphinz29. Phlorins (330) are easily converted into porphins 
by dehydrogenation with chloranil (reaction 1 77)230. 

Though chloranil and DDQ have been applied most frequently in the 
dehydrogenation of nitrogen heterocycles, only few exaniples have been 
described in which the totally dehydrogenated product undergoes sub- 
sequent reaction with the quinone. Attempts to dehydrogenate the 
substituted 1 ,Z-dihydroquinindine 331 with chloranil to compound 332 
gave, instead, the blue-green coloured trichloro-substitutedp-benzoquinone 
333 in 64”/, yield (reactions 178 and 179)”l. Similar examples of secondary 

I 
CH, con 

(333) 

reactions have been encountered in the reaction of the rnethiodides such 
as 333 with both chloranil and DDQ which leads to the di-substituted 
compound 335 (reaction I 80)2333. It has been suggested232 that the formation 
of 333 and 335 involves electrophilic substitution by the quinone of the 
reactive aromatic dehydrogenation product. The reaction of the free base 
of 334 with DDQ was found to give a stablc charge-transfer complex. 
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C H 3 0  & “,“,‘“d:+ CH,O’ ~R 

I 1- I 
CH, CH, 

(334) (335) 

R -  ~1~~~ or ~ 1 ~ : :  

0 0 
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VII. DEHYDROGENATION O F  OXYGEN AND 
S U L P H U R  HETEROCYCLES 

Although the non-bonding electrons in oxygen heterocycles should 
facilitate hydride ion abstraction, double-bond activation of the site to be 
attacked appears to be necessary for the efficient dehydrogenation by 
quinones. Even then, success or failure of a reaction appear dificult to 
predict. Thus, reaction of 2,5-dihydro-3-phenylfuran with chloranil in 
boiling ethylene glycol gave 3-phenylfiiran in 10% yield only233. Better 
yields were obtained in the dehydrogenation of dihydronaphthofurandiones 
by DDQ, as in the conversion of 336 into 337 (reaction 181); however, 
prolonged reaction time in refluxing benzene was required234. DDQ 
was used successfully in the dehydrogenation of chromanes into 
chromenes80~179; however, unsuccessful attempts to dehydrogenate 
chromanes by DDQ have also been reportedI8l. 

The oxidation of the dibenzopyran 33s with DDQ resulted in the 
formation of benzocoumarin 340 and an cther dinier (reaction I 82)2339. 
Most likely, both products derive froni thc same intermediate 339 whose 
formation requires the presence of water. Since the dibenzopyran 338 
contains a bcnzyl etficr group, it may be the nature of this function which 



41 0 Hans- Dieter Becker 

facilitates the oxidation of 338 (see section V.A.3). Likewise, dehydro- 
genation of 6-niethoxyflavanone with chloranil in boiling xylene to give 
the substituted flavone in 60-700/, yieldg4 is probably facilitated by a 
similar phenyl group activation. 

Although tetrahydrothiophenes have been reported’3G to resist dehydro- 
genation by chloranil, sulphur heterocycles appear to be more prone to 
undergo dehydrogenation by quinones than their oxygen analogues. 
Thus, thioacetals are dehydrogenated by DDQ, as shown by the conversion 
of 341 into 342 and 343 (reaction 183)17G. Dihydrothiophenes react with 

chloranil in boiling ethylene glycol to give thiophenes in excellent 
Quinone dehydrogenation in acetic acid containing perchloric acid also 
provides a coiivenient method for the preparaiion of heterocyclic salts. 
For instance, thioxanthene 344 was convertcd by chloi,anil into 
thioxanthylium perchlorate 345 in 57% yield (reaction 1 84)27. 

H H  a 
(344) c10,- 

(345) 

The reaction of DDQ with a thiadiazolc in dioxan was reported to give 
a cyclic thionyldiamide238. The reaction obviously requires the presence 
of water in  the solvent; ho\i~evcr, the mechanism of the oxygen transfer 
remains to be elucidated. 

Most recently, a benzothiepin was prepared by dehydrogenation of a 
dihydrobcnzothiepin with DDQ in benzene at room temperat~ire?~’. 
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Although we are dealing with a sulphur heterocycle, in this particular 
instance the substrate is better classified as a hydroaromatic compound. 

V111. OXIDATION O F  ORGANOMEYALLIC COMPOUNDS 

A. Grignard Compounds and Organohhiurn Compounds 

Grignard compounds undergo oxidative dimerization according to 
reaction (185) upon treatmcnt with quinones but this reaction has not 
been exploi ted synthetically, apparently because of the inconsistent 

(1 85) 
Q ArMgX -----+ Ar-Ar 

yields of coupling products obtained. Still, even low-potential quinones 
may act as electron acceptors. Thus, phenylmagnesium bromide upon 
treatment with duroquinone givcs biphenyl, among other products, though 
in low yield2,zo. Quarterphenyl was obtained in 44% yield from 
4-biphenylmagnesiuni bromide by oxidation with p-benzoquinoi~e~~~' .  

The yields of dimerization products are probably low because of 
competing addition reactions to the carbonyl groups of the quinones. 
This conclusion may be drawn from a more recent study of the reaction 
of Grignard reagents with diphenoquinones242. Thus, phenylmagnesium 
bromide was oxidized by 3,3',5,5'-tetraniethyldiphenoquinone to give 
biphenyl in 27% yield. Tetraphenyldiphenoqluinone gave biphenyl in 38% 
yield, while tetra-r-butyldiphenoquinone gave biphenyl in up to 94"/, 
yield. The yield of biphenyl was low in the oxidation of phenyllithium 
with tetra-2-butyldiphenoquinonc, presumably because phenyllithium does 
add even to o,o'-di-t-butyl-substituted quinonoid carbonyl groups243. 

6. Metallocenes 

Metallocenes readily undergo one-electron oxidation by quinones, 
giving the corresponding Inetallocinium ions in excellent yields. Tlius, 
benzoquinone in organic solvents in the prescnce of acid is a convenient 
oxidant for the conversion of ferrocene into thc ferricinium ionza4. The 
reaction of ferrocene and of cobaltocene 346 with DDQ in benzene 
solution gives the corresponding nietallociniuni salts 347 in high yields 
(reaction 1 8Sa)2'15. 

As to whether a nietallocenc by reaction with a quinonc in neutral 
organic solvents gives a .ir-complcx or gives, as thc result of complete 
electron transfer, the metallocinium ion depends on the relative oxidation- 
reduction potentials of the donor and acceptor compounds. Thus, 
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(f85a) 

(346) (347) 
M = Fe or CO 

cIiIorani1 in benzene gives a n-complex with fcrrocene (polarographic 
half-wave potential Ei +0-30 V), but gives the metallociniuni salt with 
cobaltocene (E4 - 1.16 V) 245, 210. 

It is worth noting that one-electron transfer from the metallocene to 
the quinone proceeds much inore easily than possible dehydrogenation 
reactions. For instance, bis(tetra1~ydroindenyl) iron was oxidized by DDQ 
to give the corresponding metallocinium compound rather than the 
dehydrogenated aromatized compoundm5. Likewise, DDQ reacted with 
the ferrocenyl-dihydropyridine 348 in acetoni trile at  room temperature 
by one-electron transfer to give the metallocinium quinolate 349 which 
slowly changed into DDQH, and the ferrocenylpyridine 350 (reactions 
186 and 187)247. 

CN CH, CN CH3 

- 
W N - H  DDO ~ Fet CN CH, DDQ' (186) 

Fe CN CH3 

aH3 
(349) - t Fe d N  kH, -1- DDQH, 

C. Oxidative-Reductive Additions t o  Quinones by Organosilicon and 

Tetra-t-butyldiphenoquinone reacts with silicon hydrides 352 at 
elevated temperature to give addition products of structure 353 (reaction 

Organophosphorus Compounds and Metal Complexes 
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188)2488. Though the mechanism of this reaction has not been investigated, 
hydride-ion rather than hydrogen-atom transfer from the silane to the 
quinone appears to be the most probable mode of dehydrogenation 
preceding the coupling reaction. 

0 OH 

0 0 
1 

R- Si- R' 
I 
R" 

(353) 

(351) 

(352) e.g. R = H; R' = R" = C,H, 

Triphenylphosphine and related phosphorus compounds undergo 
addition reactions to both o- and p-quinones in which phosphorus is 
oxidized to the penta-covalent state2". The mechanism of the reaction 
of chloranil with triphenylphosphine resulting in the formation of a 
phenoxy-O-phosphonium radical cation has been found to involve 
oxidation of the ehloranil-triphenylphosphine charge-transfer complex 
by chloraniPO. o-Quinones react with triphenylphosphine to give penta- 
covalent phosphor compounds of structure 356 (reaction 189). An 
analogous oxidative addition has been achieved recently by reaction of 
low-valent transition metal complexes with o-chtorani1251. 

BX. HYDROGEN TRANSFER IN STRONGLY ACIDIC MEDIA 

Quinones in acidic media such as sulphuric or trifluoroacetic acid give 
rise to the mono- or di-protonated corijugate acids QH and QHZ-F, 
respectively, (reactions 190 and 191). 

Q + H +  -----+ QH' (1 90) 

Q H + + H +  ___ > QH:' (191) 
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Even those conjugate acids which derive from low-potential quinones 
are strong oxidants which readily accept either electrons or hydride ion 
from otherwise non-reactive substrates. For example, triethylsilase in 
trifluoroacetic acid (TFA) reduces protonated p-benzoquinone to give 
hydroqiiinone according to reaction ( I  92). 

’ QH, (1 92) 

Antliraquinone was thus converted into anthraquinol, and anthra- 
I ,4: 9,lO-diquinone was reduced by tricthylsilane in trifliioroacetic acid to 
give quinizarin2””. 

Di-protonated 4,4’-diphe11oquinor1e has bee;, reported to oxidize 
proton complexes of aromatic hydrocarbons to give the corresponding 
radical cations. Other quinones, such as p-bcnzoquinone, 1 ,Znaphtho- 
quinone and anthraquinone i n  sulphuric acid were found to react 

Protonated quinones may be iiscd as oxidants in preparatively iniportant 
coupling reactions such as the Scholl reaction. For instance, the oxidative 
coupling of I-ethoxynaphthalene (357) to give 4,4’-diethoxy-l, 1‘-binaphthyl 
(358) may be brought about in sulphuric acid by quinones such as p-benzo- 
quinone or 9,IO-phenanthrenequinone (reaction 193). It has been 
suggested that the mechanism of biaryl formation involves radical cations 
resulting from electron transfer from the aromatic substrate to the 
oxidant*j6. 

X,SiLI > QH+ TF-4 
Q 

siniilarly2.53-255 

Protonatcd high-potential quinones, for example, chloranil in 70% 
v/v aqueous sulphuric acid, have been found to bring about, in high yield, 
the oxidative trimerization of veratrole 359 to give the hexamethoxy- 
triphenylene 360 (reaction 194)257. It  has been established that the 
formation of 360 proceeds via the intermediate tetramethoxybiphenyl 
361 which undergoes a further coupling reaction with veratrole. The 
oxidation of tetrarnethoxybiphcnyl 361 by protonated chloranil gives, in 
76% yield, the dibcnzonaplitliacencquiiloiie 362 whose formation has 
been suggested to invohe a scries of hydride ion transfers to the conjugate 
acid of chloranil (reaction 195)’j8. The precursor of 362 is the corre- 
sponding octainetho?ty-substituted dibenzonaphthacene which, upon 
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OR 
(359) 

R=CH, 

RO 

(361) R = CH, 

O R  
(360) 

415 

' O k & , A 0  

RO 

treatment with chloranil in aqueous sulphuric acid, undergoes oxidative 
demethylation. It has been suggested that the oxidative demethylation 
involves protonation of the octamethoxy-substituted dibenzonaphthacene 
as indicated in partial structure 363 followed by reinoval of a hydride ion, 
reaction with water and an  intramolecular transetherification step as 
shown in partial structure 364. 
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1. INTR,BDUCTION 

The discussions in this chapter deai primarily with reactions of benzo- 
and naphthoquinones in which the quinoid nucleus has undergone 
molecular rcarrangenient. Discnssions of the rearrangements of variously 
substituted quinones which do riot intimately involve the quinoid 
nucleus have not been included. 

An appreciable amount of fragmentary results has appeared concerning 
the rearrangements of hydroxyquinones. The principal pathway for 
molecular reorganization of this class of compounds, undcr either oxidative 
or hydrolytic conditions, is ring contraction to five-membered cyclic 
ketones or Iactones. Depending upon the reaction conditions as well as 
the quinone involved, these ring-contracted compounds can either be 
isolated as stable products or are formed as intermediates which sub- 
sequently undergo further reaction. 

415 

©
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Azidoquinones undergo facile rearrangements induced by the action 
of heat or acid. The principal products again arise via ring contraction 
reactions. However, a number of cleavage and fragmentation reactions 
which are of synthetic utility and mechanistic interest have also appeared. 

Very little has appeared on ring expansion reactions of qiiinones. The 
only example of such a reaction which has received a n y  systematic study 
is the rearrangement of alkyl-substituted quinones to azepinediones 
induced by the action of hydrazoic acid in strongly acidic media. 

I I .  R E A R R A N G E M E N T S  OF H Y D R O X Y Q U I N O N E S  

A. Oxidative Rearrangements of Hydroxyquinones 

A most remarkable oxidative rearrangement of 2-liydroxy-3-alkyl or 
alkenyl-1,4-naphthoquinones (Hooker oxidation) to the next lower 
homologue by the action of alkaline pernianganate was reported by 
Hooker in 1936 l. Hooker concluded that the quinone ring was cleaved 
and that it subsequently closed in a different manner resulting in a trans- 
formation in which the alkyl  and hydroxyl groups exchange places as a 
result of the oxidation. Fieser and coworkers2P3 in a paper published the 
same year as Hooker’s original work showed that such a transposition 
does indeed occur. They observed the oxidative rearrangement of 
2-hydroxy-3-/3-phenylethyl- (1) and 2-hydroxy-3-y-pheriylpropyl-6-bromo- 
1,4-naphthoquinone (2) to, respectively, 3-hydroxy-2-benzyl- (3) and 
3-hydroxy-2-~-phenylethyI-6-bronio-1,4-naphthoquinone (4). In addition, 
2,6-diinetliyl-3-hydroxy- 1,4-naphthoqui1~01~e (5)  rearranged to 2-hydroxy- 
6-methyl-l,4-naphthoquinone (6) in high yields. 
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(51 (6) 

Fiescr and Fieser later reported4 that a large variety of 2-hydroxy-3- 
alkyI and alkenyl-I ,4-naphthoquinones 7 react with hydrogen peroxide- 
sodium carbonate to give the ketol-keto acids 10. Subsequent oxidation 
of these colourless acids by the action of copper sulphate and alkali 
converted them in to the corresponding hydroxynoralkylnaphthoquinones 
15 in high yields. In addition, Shemyakin and co~orke r s j -~  have isolated 
the triketo acids (12, 12 = 1, R = H, and 12, IZ = 1, R = C,HJ from the 
corresponding ketol-keto acids and have shown that they are converted 
to the hydroxyquinones 15 under Hooker oxidation conditions. The 
Russian workers also claimcd that the intermediate 13 undergoes 
decarboxylation only in the presence of the oxidizing agents. On the 
basis of these results, the mechanism 7-15 has been proposed for the 
Hooker oxidation4* 5. 

TABLE 1. Hooker oxidation of 2-hydroxy-3-alkyl or alkcnyl-l,4-naphtho- 
quinones 

a H  > & R  \ 'OH 

\ CH,--R 
0 0 

R Oxidizing agent Yield Reference 

KMnOJOH 
I< M n O,, /O H 
KMn0,/011 
K M n0.JO H 
K Mn O.,/o H 
K MnO.,/OH 

K M no, / 6 H 
KMnOJOH 
KMn0,JOI-T 

KMIIO,,/OH 
KMI~O.,/OH 

K M 11 0,/0 H 

35 
72 
67 
78 
78 
70 
85 
96 
91 
89 
88 
so 

1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
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TABLE 1 (cont.) 

R Oxidizing agent Yicld Reference 

KMnO,/OH 
KMnO,/OH 
K MnO,/OH 
KMnO,/QH 

KMnO,/OH 

H,02--OH/CuS04 
H20,--OH/CuS04 
H,O2-OH/CuSO, 
H,O2-OH/CuSO4 
H,O,--OH/CuSO, 
H~O2-OHJCuSO4 
H2O,--BH/C~SO,, 
H,O,/Cu SO., 
H,O~--OH/CUSO,~ 
H202- OH/CuSO, 
H,O~-OH/CUSO.Z 
H202--OI-I/CuS0,1 
H202-OH/CuS0., 
H,O~--OH/CUSO, 

43 
68 
30 - 

76 
79 
49 
91 
89 
57 
44 
67 
93 
86 
86 
91 
72 
51 

4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 

An investigation of the Hooker oxidation of 2-hydroxy-3-alkyl or 
alkenyl-lY4-benzoquinones has not appeared. However, a number of 
very interesting reports on the oxidative rearrangements of hydroxy- 
benzoquinones under other conditions have been described. 

A unique example of the oxidative rearrangement of a hydroxy- 
benzoquinone concerns the conversion of polyporic acid, 2,5-dihydroxy- 
3,6-diphenyl-l,4-benzoquinone (16) to pulvinic acid dilactone (17). 
Polyporic acid 16 occurs with pigments of the pulvic acid series, e.g. 17, 
in certain lichens, and labelling experiments have shown the latter are 
derived from the quinone*. For example, pulvinic acid dilactone 17 and 
calycin 18 are found in Pseudocypltellaria crncnta and both have been 
shown to incorporate labelled polyporic acid 16 efficiently9. Chemical 
analogy for this biosynthetic transformation has been provided by the 
oxidation of polyporic acid with lead tetraacetatelo (28%) and dimethyl 
sulphoxide/acetic anhydt-idc".12 (9.573. An analogous transformation of 
atronientin 19 to the dilactone 20 by the action of hydrogen peroxide in  
acetic acid13 or dimethyl sulphoxide/acetic (55%) has also 
appeared. 
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HO 

The scope of the above transforniations induced by the action of 
dimethyl sulphoxide/acetic anhydride has been explored12. In additicrn to 
polyporic acid 56 and atronientin 19, 2,5-bis-(p-mcthoxyphenyl)-3,6- 
dihydroxy-l,4-benzoquinone (21) and 2,5-diphenyl-3-hydroxy-6-amino- 
1,4-benzoquinone (22) are converted to the respective products 23 (90%) 
and 24 (30%) by the action of these oxidizing conditions. 

To gain some insight into the mechanisni of this rearrangement three 
additional 2-hydroxy-3,6-diphenyl-l,4-benzoqr1inones (25-27) were sub- 
jected to thc oxidative conditions. All of these quinones, which arc 
substituted at the 5-position with a substituent otlier than a hydroxyl or 
an amino group, react with decarbonylation and rearrangement giving 
the y-arylnicthylenc-ilN,/7-butenolidcs (28-30) i n  60-707; yield’*$ 12. 
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%OH 

X w-K o \  H ’  

\ I 
(25) X = CI 
(26) X = OCH, 
(27) X = H 

(28) X = CI 
(29) X = OCH, 
(30) X = H 

The mechanism for these oxidative rearrangements is envisaged as 
depicted be1owl2. The key intermediate in  these transformations is the 
ketene 33. The dilactones 17, 20 and 23 and the lactone-lactani 24 are 
viewed as arising from the keteiie intermediate 33 by intramolecular 
addition of the protic substitucnt (OH or NH,) originally at the quinone 
C-5 position to the ketene functionality followed by intramolecular alcoho- 
lysis of the anhydride linkage to form the bicyclic structures. For those 
quinones in which the protic C-5 substituent is missing, 25,26 and 27, the 
ketene, 33, can be converted to thep-ketoanhydride 34 by addition of acetic 
acid. Decarboxylation and subsequent ring closure initiated by acetate ion 
would then give the observed y-arylmethylene-Aa~~-butenolides, (28-30). 

The proposed sulphonium salts 32 were not isolated. However, products 
consistent with their existence were formed in high yield when hydroxy- 
quinones which are unsubstituted at  the position adjacent to the hydroxyl 
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groups were subjected to the oxidation conditions. 2,5-Dihydroxy- (38), 
2-hydroxy-5-phenyl- (39), 2-hydroxy-5-metliyl- I ,4-benzoquinone (40) and 
2-hydroxy-lY4-naphthoquinone (41) all smoothly react with dimethyl 

sulphoxide/acetic anhydride to give respectively the sulphonium ylids 42, 
43,44 and 45. These products are visualized as arising from the sulphonium 
salt intermediate 32, which loses the acidic ring proton to give the ylids. 
Recently, the naturally occurring dihydroxyquinone, bovinone, was 
converted to the corresponding dimethylsulphonium ylid in an analogous 
manner14. 

The mechanisms of the lead tetraacetate oxidationlo of polyporic acid 
(16) and the hydrogen peroxide oxidation13 of atronientin (19) may be 
analogous to that described above. This is illustrated below for the 
atromentin case. 



HO R 

HZO, , 
CH,CO,H 

R 
HO R ~ o H  0 0 
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The above oxidative rearrangement of the hydroxy-diaryl-benzoquinones 
provides an efficient in uitro pathway to the pulvinic acid derivatives, a 
sequence possibly paralleling the biosynthetic scheme. The ubiquity of 
hydroxyquinones in nature15 as well as phenolic compoundslG which may 
be oxidized to hydroxyquinones suggests a number of possible bio- 
synthetic schemes involving analogous oxidative cleavages of quinone 
nuclei. Tenuazonic acid1’, penicillic acidle, patuIinl9, citromycetinzO, 
aflatoxin21, brevifolin and brevifolin carboxylic acidz2, to men tion only a 
few, can all be viewed as arising from ketene intermediates which could be 
formed via oxidative cleavage of hydroxyquinone precursors. Biosynthetic 
studies for several of the above compounds have been and 
their labelling pattern, starting from radioactive precursors, has been 
established. The oxidative cleavage of hydroxyquinone precursors can 
adequately explain these results. This proposal is illustrated below for the 
biosynthetic conversion of 6-methyl-salicyclic acid (50) to patulin 57 and 
the acetate-derived intermediate 58 to citromeycetin 63. 

OHC OHC 
0 0 

HO 2: 
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I Loo OH 

H 0 2 C  OH 

435 

oYo>l~oH 

0 

Extension of these concepts to vinylogous hydroxyquinones would 
lead to  allene intermediates. An interesting speculative application of a 
possible allene biosynthetic intermediate i n  nature arises in the bio- 
synthesis of fulvic acid (68) from the quinone, fusarubin (64). Fulvic acid, 
citromycetin and fusarubin are metabolites of similar mould species and 
their biosynthesis by various polyacetate cyclizations has been ~uggested'~. 
The notion that fulvic acid arises from fusarubin via cleavage of the 
latter's quinone ring giving an  allene intermediate 65 seems plausible. 

15 



436 Harold W. Moore and Ronald J. Wikholm 

C H 3 0 w  H=C-- OH I CH, C H 3 0 w  OCH3 - 
CH,OH 

\ CH,OH 
OH 0 OH 0 

(64) (65) 

H COCH, 
i 

CH,COCH, c- H3 ”rCx”-”. H, 

HO CH,OH HO ‘ 
CO,H 0 CO,H 0 

(66) 

cH”om 
(67) \< 

HO 
CO,H 0 

(68) 

Sodium hypobtomite (Br2, OH) has found limited use as a reagent for 
accomplishing the oxidative rearrangement of certain 2-acyl-3,5-dihydroxy- 
1,4-benzoquinones to 1,4-cyclopentenediones. Huniuloquinone (6!?)249 25 
and cohuniuloqiiinone2G (70), constituents of hops, have been converted 
to isohumulinic acid (71) and isocohumulinic acid (72). respectively, by 
the action of bromine under alkaline conditions. 

(691, (70) (71) (72) 

(69), (71) R = -CH,CH(CHJ, 

(70), (72) R = -CH(CHJ, 
R’ = -(CH,),CH(CH,), 

R’ = -(CH,),CH1CHJ2 

The mechanism of this transformation has not been investigated. 
However, a possible mechanistic sequence which is analogous with the 
above discussion of the rearrangements of hydroxy-diarylbenzoquinones 
follows. 
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IoAC-OH 
0 !I 

It is interzsting that dinlethyldihydrolinderone 79 was not detected in 
the reaction of the quinone 76 with alkaline bromine2’. Instead, the 
degradation products, 3-phenylpropanoic acid and benzylacetone, were 
isolated. Such products can be envisaged as arising via base hydrolysis of 
the intermediate 75 (R = --CH,CH,C,H,, R1 = OCH,). The desired 
ring-contracted cyclopentenedione 79 was obtained in good yield when the 
quinone 76 was subjected to hydrolytic conditions ( 2 ~  NaOH, 24 11). 
This transformation occurs either in the presence or absence of 0, and, 
as a result, the authors proposed that the starting quinone functioned as an 
oxidant and the ring contraction itself was envisaged as a benzylic acid 
type rearrangement giving the intermediate 75 which suffered oxidative 
decarboxylation. 
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A number of other oxidative-hydrolytic rearrangements of certain 
quinones and quinone oxides in which the initial or intermediate com- 
pounds themselves act as oxidants have been studied;. In all of these cases, 
the reactions take an especially complicated course, usually resulting in a 
variety of products. For example, 2-chloro-3-hydroxy-l,4-naphthoquinone 
when refluxed with aqueous alkali undergoes a long sequence of oxidative- 
hydrolytic changes resulting finally in the formation of phthalide-3- 
carboxylic acid, phthalonic and phthalic acid2** 29. 

A synthetically useful reaction for the preparation of halogeno acids 
of type (83 * 84) from 2-alkyl or aryl-3-hydroxynaphthoquinones by the 
action of hypochlorous acid has been reported1* 30-32, and evidence for the 
following mechanistic scheme was presented. 

0 

Other selected examples of oxidative ring contractions of quinones 
induced by the action of halogens under hydrolytic conditions 

6-Hydroxy-6-alkoxy-1,3-d~phenyl-4-aryl-3-cyclohexe1~c-2,5-des (92) 
undergo ring contraction to 1-alkoxycarbonyl-2,4-diphenyl-5-aryl-ly4- 
cyclopentadiene-3-ones (95) when heated i n  acetic anhydride37. The 
cyclohexene-2,5-diones (92) are in turn prepared by the addition of 
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0 0  

cH3@:H3 A NaOBr cI;$t CCH, 

HO 
(reference 33) 0 0 

(89) R = CH, 

(90) NR, = -N 3 

0 

-CH,COIH 

(95) 

0 

CCH, 
II 
0 
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methanolic Br, to the corresponding quinones followed by reductive 
debromination . 

The oxidative rearrangements of simple alkyl-substituted hydroxy- 
quinones by the action of alkaline H,O, has been extensively studied by 
C ~ r b e t t ~ ~ ~ I .  2-Hydroxy-3,5-dimethyl- I ,4-benzoquinone (96) was shown 
to react with alkaline H,O, in the presence of 0, to give 2,4-dimethyI-4,5- 
dihydroxy-1,3-cyclopentanedione (102) which was isolated as the trione 
104 after acid-catalysed dehydration. The oxidation was shown to consume 
oxygen and CO, was detected as a product. The following mechanism, 
which was based upon extensive spectroscopic and kinetic studies, was 
suggested. 

(97) 

(102) (1 03) (104) 

When the 6-position is substituted with a methyl substituent, the 
reaction takes a slightly different course. No 0, is consumed and. the 
product is the acylated cyclopentanedione. For example, 2-hydroxy-3,6- 
dimethyl- 1,4-benzoquinone (105) rearranges to 108 by the action of 
alkaline H,O,. The product arises via a benzylic acid rearrangement of 
the intermediate glycol 106. The cyclopentanedione 108 was not isolated 
in pure form, but was detected spectroscopically. However, deacylation 
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and dehydration of 108 by the action of HC1 gave the trione 110 in 70% 
isolated yield. Analogous transformations were reported for 2-hydroxy- 
6-1nethyl-, 2-hydroxy-5,6-dimethyl- and 2-hydroxy-3,5,6-trimethyl-1,4- 
benzoquinone. 

IT 
-CH,CO,H 

(110) (109) (108) 

Finally, mention should be made of the recently observed rearrange- 
ment of 2-hydroxy-3,6-di-t-butyl-l ,4-benzoquinone (111) to 2-chloro-3,4- 
di-t-butyl-l,3-~yclopentenedione (112) by the action of CuCl,. 6H,O in 
hot glacial acetic acid4?. The scope of this interesting ring contraction has 
not yet been explored. However, 2-hydroxy-3-methyl-1,4-naphthoquinone 
and 2-hydroxy-5-chloro-3,6-diphe1iyl- I ,4-bcnzoquinone appear to undergo 
analogous transforrnatioid3. 

B. Bare-induced Rearrangements of Hydroxyquinones 

A rearrangement of hindered 2-hydroxy-3-alkyl-l,4-naphthoquinones 
to 2-alkylindenone-3-car’ooxylic acids induced by dilute aqueous alkali 
has been reported-*. 2-Hydroxy-3-cyclohexyl- (11 3) and 2-hydroxy-3-t- 
butyl-l,4-naphthoquinone (114) rearrange in high yields to respectively 
117 and 118 when heated with 5% aqueous alkali in the absence of oxygen. 
The mechanism is regarded as a benzylic acid rearrangement of the 
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hydrated hydroxyquinone 115 to the intermediate 3-hydroxyindanone-3- 
carboxylic acid (116) which then suffers a base-catalysed dehydration. 
The colourless intermediate 116 was isolated when the reaction was 
conducted in a buffer of pH 9.2. 

R \ 

0 0 

(113) R = C,H,, (115) 
(114) R = C(CH3), 

1 

0 
(117) R = -C,H,i (1161 
(118) R = -C(CH3)3 

The base-catalysed rearrangement of dunnione 119 to allodunnione 
122 can be considered as involving an analogous t r a n s f o r n i a t i ~ n ~ ~ ~ ~ ~ .  

q OH> 
0 

0 

0 

<- 

0 
(f 22) (121) 

Still another example of such a rearrangement is the observed con- 
version of the hydroxynaphthoquinone 123 to bindone 128 by the action 
of ethanolic KOH"'. 
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OH + 
-HBr 

CO,H 

<- 

HO 1 
Y 

443 

- co, 1 

The rearrangements of hydroxy- 1,4-benzoquinones induced by the 
action of alkali appear to be much more complex. 2,5-Dialkyl-3,6- 
dihydroxybenzoquinones when heated with alkali give succiiiic acids and 
carbon dioxide, e.g. a-ethyl-P-methyl-succinic acid (130) was obtained 
from 2,5-dihydroxy-3,6-dimethyl- 1,4-benzoquinone (129)". 

OH CHSCHZCHCOZH 
-> I + co, 

A 
HO C;I,CHCO,H 

In contrast to the above, anibelin53 (131) and its homolgoue rapanoneG4 
have been reported to  yield the corresponding a-keto-acids, e.g. 132 from 
ambelin. 
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Still a third pathway has been reported for polyporic acid 16 which 
gives a mixture of a-benzyl-~-phenylsuccinic acid (133) cis- and trans- 
a-benzylcinnamic acid (134) and oxalic acid 135 upon base hydroIysis55. 

0 

Under siniilar conditions, atromentin 19 gives the lactone 136 which has 
been shown to give the corresponding cinnamic acid on boiling in 50% 
alka1P. 

0 

Corbett and Fooksj6 have recently reported a detailed study of the 
reactions of 2,5-dihydroxy-l,4-benzoquinoncs with alkali and have 
suggested the reaction schemc (137-147) which explains all the available 
data. 

In a manner analogous to the above, 2,6-dihydroxy- I ,4-benzoquinones 
have also been shown to  undergo a base-induced bcnzylic acid rearrange- 
ment followed by decarboxylation of the resulting hydroxydioxocyclo- 
pentanecarboxylic acid to give 4-hydroxycyclopentane- 1 ,3-diones5'. This 
transformation is illustrated bclow for 2,6-dihgdroxy-3,5-din~ethyl-l,4- 
benzoquinone (148) which gives 152 in > 90% yield. 

The formation of liydroxycyclopentane-I ,3-diones by the alkaline 
degradation of 2,6-dihydroxy- I ,4-benzoquinones is analogous to the 
conversion of humuloquinone 69 into dihydrohumulic acidz4 and to the 
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0 

R'CH,COCO,H t-- R' = H "<CO,H ~ 

R2 C H , R ~  - (142) 
+ 0 

R2CH,COC0, H 0 0 

(141) (140) 

R'-CHCO-CO,H --H,O 
I 
I 

R~ c H, c o H 

CO,H COtH R' R' = aryl 
k l k y l  

(144) (145) 

R'CHC02H 

R2CH,CHC02H 
1 + co, J;; = aryl 

(146) 
R*CH,C=CHR' + (CO,H), 

(135) I 
CO,H 

(147) 
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conversion of 3-acetyl-2,6-dihydroxy-5-nietliy~-I ,4-benzoquinone (153) to 
the cyclopentenedione 954 by the action of 2 ~ - a l k a l i ~ ~ .  

Harold W. Moorc and Ronald J. Wikholm 

0 3 - 
I1 

3CH, 

Ho&CHl CH3 C H 3 Y  0 

0 0  

(153) 
(154) 

111. REARRANGEMENTS O F  QUINONES UPON REACTION 
WITH HYDRAZOIC ACID AND ORGANIC AZIDES 

A variety of alkyl- and aryl-substituted 1,6benzo- and 1,4-naphthoquinones 
undergo ring expansion to 2,5-H-2,5-azepinediones (156) (6040%) 
induced by the action of NaN, in cold (0-5") conc. H2S0459-62. Under 
these conditions (Schmidt reaction), the reaction takes place at  the least 
hindered carbonyl and the N H  group has inserted in such a manner that 
it is attached to the more substitutcd carbon atom. Such a product would 
be expected for a typical Schmidt reaction involving one of the carbonyl 
groups of the quinone". 

(155) (1 56) 

R' R2 R3 R' 

H CH, CH, CH, 
H CHCH,), H CH, 
H 

H CH, H CH, 
CH, CH, CH, CH, 

The reaction conditions employed to obtain the azepinediones (NaN,, 
H,SO,, 0-5") appear to be very critical since several of the above quinoncs 
155 have been previously subjected to the Schmidt reaction using other 
solvents and acids and quite different products were reported. For example, 
2-methyl-l,4-naphthoquinone is reported to be unreactive at 40" in acetic 
acid with sodium azide. However, under the same conditions 1,4-naphtho- 
quinone gives an 87% yieId of 2-amino-1 ,4-naphthoqcinoneG'. More 
surprising is the fact that thymoquinone 155 reacts with sodium azide in 
trichloroacetic acid at 65" to give thc ring-contracted butenolide 157G5pG6. 
The mechanism of this reaction has been investigatedc7 and shown to be 
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an  example of an acid-catalysed rearrangement of an azidoquinone 
intermediate which will be discussed later. hCH3 NaN, cH3q 

CH, 0 
H 2 N  C H 3  CCI,CO,H 

65" 
CH, N C  

(1 55) 
CH, 

(1 57) 

2-Hydroxy-l,4-naphthoquinone (158) reacts with sodium azide in cold 
concentrated sulphuric acid to give ultimately 3-oxo-A1~-isoindolineacetic 
acid (163) in good yieldGs. This transformation can be envisaged as an 
initial ring expansion to give 161 which subsequently undergoes hydrolytic 
rearrangement to 163. Consistcnt with this reaction sequence was the fact 
that the cation 160 could be trapped with excess azide ion to give 164 
which could also be converted to 163 in nearly quantitative yield by the 

4- 

N 2 \ N  Q/y* @OH 

0 0 
(1 58) (1 59) 
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action of concentrated H,SO, followed by addition of water. In addition, 
the acid 162 was shown to give 163 by the action of cold concentrated 
H,SO,. 

N3 

(1 64) 

Another mechanism for this transformation can be considered which 
involves the intermediate iminodiazonium ion 165. However, as will be 
shown later, intermediates of this type rearrange to y-cyanoalkylidene- 
A*l-butenolides, i.e. 166. 

Very little work has appeared on the reactions of quinones with organic 
azides. Wolff 6D, 'O has observed the ring contractions of 1,4-naphtho- 
quinone (167) and 1,4-benzoquinone (171) to respectively 170 and 172 
induced by the action of phenyl azide. Such transformations probably 
involve the pyrolytic rearrangement of the intermediate triazoles, e.g. 168. 

+ C,H,N, - 
0 0 

(167) (1 68) 

I 

-C,H, 
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IV. REARRANGEMENTS OF AZIDOQUINONES 

Until recently, very little had appeared in the literature concerning the 
chemistry of azidoquinones. This is somewhat surprising in view of their 
ease of formation, relative stability and the fact that they are structurally 
related to vinyl and acyI azides, both of which have been extensively 
~tudied'l-~''. These compounds undergo a remarkable variety of rearrange- 
ment and fragnientation reactions and thus function as synthetic inter- 
mediates to y-cyanoalkylide~ie-A~J-butenolides~~-~~, azapincdi~nes~~,  2- 
cyano- I ,3-cyclopentenediones7", cyanoketencsao~ acyl cyanides8*, amino- 
quinonesC7, cyanoazaqiiiiioiies~~ and I ,4-diacetoxy- I74-dicyano- 1,3-buta- 
dieness3. 

A. Acid-catalysed Rearrangement of Azidoquinones 

The decomposition of azido-l,4-quinones (173) in cold concentrated 
sulphuric acid results in a stereospecific rearrangement to y-cyano- 
a1 k y 1 i dene-AcYJ- b 11 ten o lides (177) (44-9 5%) 7 5 - i 7 9  * * *  85. The inter inedi ate 

iminodiazoiiirrm ions 174 (R1 = CH,, R2,R3= /n; R1 = H, R' = CH,; 
R1 = - H, R' = - C(CH,),) were detected spectroscopically and shown 
to follow first-order kinetics in their decomposition. The mechanism 
(173-177) is in strict accord with the experimental data. 

The above rearrangement appears to be quite general and has worked 
for all azidoquinones thus far investigated. The oiily modification in the 
structure of the products was observed when 2,5-diazido-3,6-di-t-butyl- 
1,4-benzoqiiinone (178) was subjected to the reactions6. In this case, the 
tetrazole 180 was isolated in high yield and is viewed as arising from the 
butenolide 179 via cycloaddition of the azide to the cyano moiety. When 
the tetrazole is refluxed for a short time in aqueous ethanol it is quanti- 
tatively converted to the interesting lactone-iactam 181. 

Earlier it was inentioned that thymoquinone 155 reacts with excess 
sodium azide in trichloroacetic acid at  65" to give the butenolide 157G5~GG. 
This transformation can now be explained by the sequence of reactions 
(155-157) which has been established experin~entally~~. 
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R 3 6 i - - i G N  + [ H + l  __f R3$~-&~N 

R’ R2 R’ R2 
0 OH 

(173) (174) 

1 slow 

v 

n 0 0 

~~ 

R 1 R? R3 Yield 

f 

0 b 

h 
i 
j 
k 
1 
m 
n 
0 

P 
9 

95 
SO 
65 
70 
87 

59 

95 

30 
65 
94 
95 
44 
77 
73 
87 
86 
87 

Only one example of an acid-catalysed rearrangenient of an azido-l,2- 
quinone has been reported, and here ring expansion to an azepinedione is 
observed rather than ring contraction78. SpecificalIy, 4-azido-1,2- 
naphthoquinone (186) rearranges in 82% yield to 2,5-H-4-hydroxybenzo- 
azepinene-2,5-dione (189) by the action of cold concentrated H,SO,. 



8. Rearrangements of quinones 45 1 

(178) 

H,O 

C,H,OH 
-HN, 
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0 0 

(189) (1 88) 

B. Thermal Rearrangement of Azidoquinones 

The thermal decomposition of azido-l,4-quinones has also been 
in~estigated'"~. Here, ring contraction to the 2-cyano-l,3-~yclopentene- 
diones (192) is observed rather than to the butenolides 177. Like the acid- 
catalysed rearrangements, this reaction also appears to be very general 
and the diones 192 are formed in good to excellent yield (31-960/,). The 
general structures 190 and 192 illustrate the overall chemical trans- 
formation as indicated by the following mechanistic scheme. 

The intermediacy of the zwitterionic species 191 is only tentatively 
proposed. One can envisage this reaction as proceeding via a nitrene, an 
azirene or by a concerted process. However, the decomposition of 
2-azido-3,6-di-t-butyl-l,4-benzoquinone (190f) does show a solvent- 
dependent product ratio which is consistent with the zwitterion inter- 
mediate. Decomposition of the quinone in refluxing benzene gives the 
cyclopentenedione 192f and the butenolide 177g in a ratio of 19 : 1. When 
the decomposition is carried out in refluxing methanol the ratio of 192f to 
177g changes to 7 : 13 8G. Since the products are not interconverted under 
the reaction conditions, this change in observed product ratio may be a 
reflexion of stabilization by methanol solvation of the intermediate 
zwi tterion. 

The complexity of this mechanistic problem is further illustrated by 
the isolation and identification of two additional products in the 
decomposition of 2-azido-3,6-diphenyl-1,4-benzoquinone (19Og). In 
addition to the major product 192g, the butenolide 177h and the quinone 
193 were obtained. Again compounds 192g and 177h are not inter- 
converted 'under the reaction conditions and, as a result, they could 
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reasonably come from 191 by respectively C- or U-acylation while 193 
appears to result from a nitrene insertion or a concerted process. A 
concerted process for the formation of 193 seems more reasonable since 
no insertion products were observed for those quinones having an 
isopropyl or  t-butyl substituent adjacent to the azide group, both of which 
could give 5-membered ring formation by nitrene insertion into a n  
sp3 C-H bond. In  addition, when 2-azido-3-propenyl- lY4-naphtho- 
quinone (194) was decomposed i n  refluxing benzene the indolequinone 
196 was formed in 90% yield8'. As a result, a substituent in the 3-position 
having an alkene double bond in direct coiijugation with the azide group 
appears to favour heterocyclic ring formation rather than ring contraction. 

On the basis of the mechanism presented above one would predict that 
2,5-diazido- 1,4-benzoquinones would pyrolytically generate the ring- 
opened intermediate 191 (R2 = N3) which could partition itself between 
electrocyclic ring closure to the corresponding 2-cyano-4-azido-l,3- 
cyclopentenedione and cleavage to two molecules of a cyanoketene. In 
fact, when 2,5-diazido-3,6-di-t-butyl-l,6benzoquinone (178) was decom- 
posed in refluxing benzene I-butylcyanoketene (199) was formed in 
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+ 

(1 96) 

> 95% yieldeo. When the reaction was closely monitored 2,4-di-t-butyl- 
2-cyano-4-azido-173-cyclopentenedione (198) was detected. Photolysis of 
the quinone 178 in benzene (4000 A) gave the cyclopentenedione 198 
in 75% yield. No ketene products were detected. However, 198 
quantitatively was converted to t-butylcyanoketene in refluxing benzene. 
The scope of this cleavage reaction has not yet been extensively explored. 
However, it has been shown that t-pentyl-, phenyl-, isopropyl- and 
methylcyanoketene can be generated in an analogous way. The t-pentyl 
homologue, like t-butylcyanoketene, is stable in solution; the others are 
not and were isolated as the methyl esters (65-82%) obtained by trapping 
the ketenes with methanol. 

The thermal decomposition of 2,6-diazido-3,5-di-isopropyl-l,4-benzo- 
quinone (200) in methanolic chlorobenzene provides a particularly 
interesting example with reference to  the mechanism of the fragmentation 
reaction presented above. The only product observed fro= this reaction 
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was the ester 205 (757JE8. The same ester was formed in 82% yield when 
2,5-diazido-3,6-di-isopropyl- 1,6benzoquinone (206) was thermally decom- 
posed under similar reaction conditions. Thus, both quinones give 
isopropykyanoketene 204. An analogous result was obtained when 

4 0 0 0 4  C.H, 
I 

2,6-diazido-3,5-dimethyl and 2,5-diazido-3,6-din~ethy1-l74-benzoquinone 
were decomposed in refluxing methanolic chlorobenzene. These results 
may be explained with reference to the mechanism presented above for 
the formation of r-butylcyanoketene 199. That is, in order for the ketene 
204 to be generated from the quinone 200, the following mechanistic 
change should take place, 200 -> 201 + 202 + 203 --f 204. A much more 
direct pathway is available starting with the 2,5-jsomcr7 i.e. 206->203 ->204. 

Again, based upon a ring-opened intermediate such as 208 one would 
predict that 2,3-diazidoquinones could partition themselves between ring 
contraction to 2-azido-2-cyano-1,3-cyclopente1~ediones and nitrogen loss 
to the intermediate 210 which upon subsequent bond formation would 
Zive 2-aza-3-cyano- 1,4-quinones. To test this possibility, 2,3-diazido-S-t- 
butyl- (207a) and 2,3-diazido-5-phenyl-I ,4-benzoquinone (207b) were 
decomposed in refluxing toluene (I 10")89. Under these conditions, the 
major products are the corresponding ring-contracted diones, respectively 
209a and 209b. When the quinone 207a or the dione 209b were decomposed 
in refluxing chlorobenzene (132") the isomeric mixture of the azaquinones 
211 was formed; these were isolated as the methanol adducts 212 and 213 
in 50% yield as a 1 1 1 mixture. 

It is interesting to point out that 2,3-diazido-l,4-naphthoquinone (214) 
has beell reported to cleave to phthaloyl cyanide 216 after 10 minutes in 
refluxing toluene82. The 2.3-diazido- 1,4-benzoquinones reported above 
require about one hour in refluxing toluene and give the cyclopentene- 
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diones 209a, b. There is a minor product formed in these reactions which 
may be the corresponding diacyl cyanide. However, identification remains 
t o  be established. 

L A: 
0 

(21 6) 

The cleavage of 214 to phthaloyl cyanide 216 may be favoured over ring 
contraction for the following reason. Ring contraction of azidoquinones 
appears to involve the zwitterionic intermediate 191, the formation of 
which may be assisted by interaction of the 5,6-double bond. In the 
naphthoquinone series this would involve disruption of the aromatic ring. 
Such a process is not prohibitive.; as evidenced by the fact that various 
monoazidonaphthoquinones do undergo pyrolytic conversion to indane- 
diones. However, the adjacent azide groups in 214 can directly interact 
via the intermediate 215 and result in cleavage without disruption of the 
aromatic nucleus. 

A reaction analogous to that reported for 2,3-diazido-l,4-naphtho- 
quinone was recently observed for 2,3-diazido-l,4-naphthoquinone- 
dibenzenesulphonimide (217) 90. This diazidelthermally cleaves to phthaloyl 
cyanide-dibenzenesulphonimide (218) after several hours in refluxing 
anhydrous benzene. The a-cyano-benzenesulphonimide moieties in 218 
are very reactive towards hydrolytic reagents. For example, water readily 
reacts with 218 to give the N-benzenesulphonyllactam 219 in 80% yield. 
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J 

C.  Thermal Rearrangement of Azidohydroguinone Derivatives 

Azidoquinones are conveniently reduced to azidoliydroquinones by 
the action of aqueous sodium dithioniteG7. These compounds undergo an  
interesting disproportionation reaction giving the corresponding amino 
quinone when gently heated in an  inert ~ o l v e n t ~ ~ . ~ ~ .  Reaction of the 
quinols with acetic anhydride catalysed by a small amount of pyridine 
gives the corresponding diacetate. 2,3-Diazido-S,G-dimethyl- (220) and 
2,3-diazido-5-phenyl-1,4-benzoquinol diacetate (222) were prepared in 
this manner and then pyrolysed in refluxing dccaIins9. These diazides 
undergo a smooth, high yield (75-91%) cleavage when slowly added to 
refluxing decalin giving the corresponding dienes, respectively, trans,trans- 
1 ,4-diacetoxy-cis,cis- 1,4-dicyano-2,3-dimethyl- 1,3-butadiene (221) and 
trans,truns-l,4-diacetoxy-cis,cis-1,4-dicyano-2-phenyl- 1,3-butadiene (223). 
These unique dienes are diketene equivalents and may be of synthetic 
utility as 1,4-dicarbonyl moieties. This cleavage reaction finds precedent 
in the reported cleavage of 2,3-diazidobenzene to mucononitrile”. 

OCOCH, OCOCH, 

OCOCH, 

(221 ) 
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V. MISCELLANEOUS REARRANGEMENTS O F  Q U I N P N E S  

A. Intramolecular Cycloaddition of Perezone 

An especially fascinating thermal rearrangement has been reported for 
the naturally occurring hydroxyquinone, perezone 224. This compound 
is converted on simple thermolysis in refluxing tetralin into the pipitzols 
226 9s95. Woodwardg5 has interpreted this rearrangement as a symmetry 
allowed [4rr2+27r2] cycloaddition. This reaction is viewed as the addition 
of a pentadienyl cation moiety in 225 to the 2~ electron alkene group i n  
the side-chain. 

OH OH 

6. Baeyer- Villiger Oxidations of 3-Arnino-l,Z-Benzoquinones 

An interesting rearrangement of certain 3-amino-I ,2-benzoquinones to 
6-hydroxypicolinic acids has been reported9(;. Baeyer-Villiger oxidation 
of the aminoquinones 227a, b, c with a peroxy organic acid apparently 
gives an  unisolated derivative of muconic acid anhydride 228a, b, c.  
Hydrolysis of these anhydride intermediates with water causes their 
isomerization to the corresponding hydroxypicolinic acids 229a, b, c.  
These transforniations provide an iir uitro model for the enzymatically 
observed conversion of 3-hydroxyanthranilic acid to quinolinic acid, 
nicotinic acid and picolinic acid”. 

R2 R2 R’ 

U 

(227) 

R’ R‘ R3 YieId 
.~ ~ 

a H T-I H 16 

5 
C NH, CH, H 16 

C0,H H H I 1  
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VI. REARRANGEMENTS R E S U L T I N G  IN T H E  FORMATION 
O F  Q U I N Q N E S  

Very few rearrangements have been reported which directly result in the 
formation of the quinone nucleus. Croconic acid 230 reacts with excess 
ethereal diazomethane to give trimethoxy- 1,4-benzoquinone (234) rather 
than the simple methylated product9*. Ring expansion followed by 
tautomerization and successive methylation adequately explains this 
transformation. 

o&JoH 0 li 
OH + H  

O+OH H 0 

An example somewhat analogous to the above is the recently reported 
thermal rearrangement of 2-azido- 1,3-indanediones to azanaphtho- 
q ~ i n o n e s ~ ~ .  For example, 2-azido-2-phenyl- 1,3-indanedionc (235) decom- 
poses in refluxing decalin to give 3-phenyl-2-aza- 1,4-naphthoquinonc 
(236). 

0 0 

(235) 
U 

(236) 

An unusual hydrolytic rearrangement of 2,3’-diplieiiyI-2,2’-diindane- 
1,1’,3,3’-tetrone (237) to 2,3-diphenyl- 1,4-naphthoquinone (244) and 
phthalic acid induced by the action of sodium methoxide or sodium 
hydroxide has been reportedloo. The authors have proposed the following 
mechanism to account for this transformation. 
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Ptl 

(239) 

0 

0 

Another related ring expansion is that of 2,2'-biindan- 1,1',3,3'-tetrone 
(245) in the presence of zinc dust i n  acetic acid, or sodium dithionite in 
aqueous alkali to form dihydroxynaphthacenequinonc (246) 101-103. 

OH 0 

~ 

Na,S,O./Oi. 

0 0  H O  

(245) (246) 
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I .  INTRODUCTION 
The first light-induced reaction of a quinone, the photodimerizatioll of 
thymoquinone, was described' in 1857, after which there was a gap of 
about 40 years until Ciamician and Silber undertook their classical work 
on the photochemistry of carbonyl compounds, including quinones, 
particularly with respect to reactions involving oxidizable substratesZp3. 
Mainly qualitative work was described during the next 50 years, and this 
served to establish the broad limits of light-induced reactions between 
quinones and various substrates, although in most cases only the major 
product was isolated; this work was reviewed" i n  1947. 

The advent of refined spectroscopic and chromatographic techniques 
enabled a much more systematic study to be undertaken, and this, 
together with parallel work on the photochemistry of many other systems, 
particularly ketones, led to a much clearer picture of the gross features of 
many of the light-induced reactions of simple quinones, although there 
were still many points of controversy when the topic as a whole was last 
reviewed5, in  1967. Some of these have now been resolved. The photo- 
chemistry of ortho-quinones was reviewed6, inter din with that of 
a-diketones, in 1969. Recent developments are now summarized 
annually7. 

As a consequence of the general principles which emerged from the 
early studies, and the experience gained later in handling quinones 
carrying progressively more complex substituents, emphasis has recently 
been shifting towards studies of the in uitro photochemistry of quinones 
which are of importance itz tiitio8, e.g. in processes such as electron- 
transport. Lt is already becoming apparent that for some systems, e.g. 
the ubiquinones, there are appreciable differences from the phenomena 
observed for the model compounds studied previously, and that data 
for a much wider range of simple quinones carrying substituents such as 
alkoxy groups are now required. 

Some 200 papers on quinone photochemistry have appeared during the 
last five years. and their contents form the main part of this chapter. 
Although many have dealt with purely organic aspects, there has been a 
considerable shift of emphasis from product analysis through e.s.r. 
spectroscopy of short-lived free radical intermediates to a study of the 
nature and kinetics of decay of the initially excited molecules, the limits 
of this now being in the nanosecond region as a result of developments in 
laser flash photolysis. The most recently applied new technique is 
chemically induced dynamic nuclear polarization (CIDNP), which has 
provided definitive evidence for the presence of caged radical pairs in 
cer tai n 1 igh t - i  nd uced rcac t i o n s of 9,l O-phenan thraq ui n one. 
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Light-induced reactions of quinones can be either intermolecular, 
usually involving reaction of the excited quinoiie with a ground-state 
substrate such as another quinone molecule, an olefin, or a hydrogen- 
donor, or iiitramolecular or potentially intramolecular, usually involving 
reaction of the excited quinonoid moiety with an appropriate part of an 
attached side-chain ; reactive side-chains vary in complexity from the 
methyl groups of duroquinone to the polyisoprenoid systems found in 
many naturally occurring quinones. 

The primary step in light-induced reactions of quinones is absorption of 
electromagnetic energy, giving an excited singlet state which can undergo 
intersystem crossing to yield the triplet state, which is probably responsible 
for the subsequent chemical reactions, a t  least for those systems which 
have been studied from this point of view. Evidence concerning excited 
states is given in section 11. 

Reaction of an excited qui:ione with an olefin usually results in cyclo- 
addition, either 1,2- %cross the carbon-oxygen or carbon-carbon double 
bonds of simple para-quinones, or 1,2- across one carbonyl group and/or 
1,4- across both in the case of ortho-quinones. These reactions are discussed 
in section 111. Reactions involving addition of benzene are described in 
section IV. 

Under conditions which are unfavourable for cycloaddition, the 
predominant chemical reaction in the presence of hydrogen donors is 
abstraction of hydrogen from the substrate by the excited quinone, leading, 
usually by ground-state free radical reactions, to the hydroquinone and 
dehydrogenation products of the substrate, or to 1 : 1 quinone-substrate 
adducts which are normally isolated as the corresponding hydroquinones. 
These reactions are discussed in section V. Some miscellaneous reactions, 
which do not conform to these patterns, are covered in section VI. 

Cycloaddition and hydrogen-abstraction reactions of simple quinones 
often provide models for potentially iiitramolecular reactions involving 
side-chains, and the latter are described in section VII. 

Light-induced reactions of 4,4'-diphenoquinones and of quinorie 
methides and quinone imines have attracted much less attention, and are 
briefly described in sections VIII and IX respectively. 

Much more information is available for p-quinones than for o-quinones, 
and p-quinones are therefore discussed first in each section or sub-section. 
Evidence relating to mechanisms is presented as appropriate throughout 
the text. 

The abbreviations Q, QT QH' and QH2 are used to indicate, respectively, 
the quinone, the semiquinone anion radical, the neutral seniiquinone and 
the hydroquinone. 

16 
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A. Spectra 
The main features of the absorption spectra of p -  and o-quinones in 

relation to their photoreactivity are discussed in this section. 
The electronic absorption spectrum9 of Iy4-benzoquinone in hexane 

contains three main bands, Amas 2400, 2760 and 4560 A, with E 19,500, 
340 and 20, due, respectively, to allowed rr-n*, ‘forbidden’ m-*, and 
‘forbidden’ I?-+ singlct-singlet transitions’O; the latter band shows 
appreciable fine-striicture11.12. There is also a very weak band ( e  ca. 0.25) 
a t  5390 A due to the ‘strongly forbidden’ i w r *  singlet-triplet absorp- 
tionl2-I4. The origins and natures of these bands have been aiialysed in 
some detai110*15, the most recent datalG*17 being for the crystal at 4.2 K. 

The 4560 A band is shifted to shorter wavelengths when the spectrum 
is measured16-20 for solutions in water and alcohols with which the quinone 
can hydrogen bond, and the very weak absorption in the 5390 A region 
cannot be observed. The T-T* bands are also slightly affected, but in the 
opposite sensez1. 

1,6Benzoquinone forms rr-complexes with benzene and its honio- 
logues22-27, and charge-transfer bands are observed; a semi-empirical 
molecular orbital treatment has been described26. Photochemical activity 
with respect to potentially reactive substrates is not inhibited under these 
conditions and benzene is commonly used as an ‘inert’ solvent. 

Progressive introduction of alkyl groups into the 1,4-benzoquinone 
nucleus causes the 2760A band to move to longer wavelengths and the 
4560 A one to move to shorter wavelengths93z2”, with the result that whereas 
the lowest excited state of 1,4-benzoquinone is of ir, d’ character, that of 
duroquinone has r ,  rr* character. This is reflected in their photochemistry, 
e.g. cycloaddition of alkenes to 1,4-benzoquinone occurs across a carbonyl 
group giving oxetans, whereas the reaction with duroquinone occurs at  a 
carbon-carbon double bond to give cyclobutanes (section 1II.B). However, 
the long-wavelength n-r* singlet-triplet transitions can still be detected 
in some caseP, e.g.  a t  5280 A ( E  0.20) and 5190 A ( E  0.22) for, respectively, 
toluquinone and 2,5-dimethyl-l,4-benzoquinone, both in heptane. 

A similar shift occurs when halogeno substituents are introduced, and 
for chloranil, the most extensively used of the halogeno- 1 ,4-benzoquinones, 
the lowest triplet probably has T, ST*: although, unlike 
duroquinone, it is photoactive i n  hydrogen-abstraction reactions, pro- 
cesses usually considered to involve ii, 7 ~ *  states. 

Parallel shifts in absorption result from the introduction of hydroxy 
and alkoxy substituents9, methoxy-l,4-benzoquinone, photochemically 
the most extensively studied member of this series, showing typical 

I l .  SPECTRA AND EXCiTED STATES 
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r, nTT* reactivity in  yielding cyclobutanes and cyclobutenes when irradiated 
in the presence of alkenes and alkynes (sections II1.B and D). The most 
pronounced effects are observed for the an~ino-l,4-benzoquinones, in 
which the visible absorption band is shifted to much longer wavelengths 
and becomes of the charge-transfer type, resulting in extremely low 
reactivity towards hydrogen-donor solvents, although potentially intra- 
molecular reactions involving alkylamino substituents have been described 
(section VI1.H). The spectra of alkyl-, chloro-, hydroxy- and methoxy- 
1,4-benzoquinones have been analysed in detaiP2. 

1,4-Benzoquinones carrying electron-accepting groups form pro- 
gressively stronger r-complexes with aromatic compounds as the electron 
affinity of the quinone increases, and the spectroscopic properties of these 
compIexes have been studied, particularly in relation to  the determination 
of equilibrium constantsz3* 33. Chloranil is almost completely ~ o m p l e x e d ~ ~  
in benzene and the solution is stable to irradiation with visible light. 
Analogous data have bcen given2z for fluoranil (tetrafluoro-l,4-benzo- 
quinone), which is photoactive by virtue of the IZ--~T* transition in the 
3380 A region3j. 

Chloranil also forms coniplexes with donors such as te t rahydr~furan~~,  
although these do not preclude hydrogen abstraction reactions. Even 
relatively low-potential 1,4-benzoquinones such as the 2,5-diethoxy- and 
2,5-bis(methylamino)-derivatives are capable of forming ~ - c o m p l e x e s ~ ~  
with appropriate donors, and this must be considered in any detailed 
analysis of their photochemistry. 

The electronic spectra of 1,4-naphthoq~iinone*~~ 38* 39 and its simple 
derivatives3** 39 are more complex than those of 1,d-benzoquinones since 
absorption by the benzenoid moiety is involved in addition to that by the 
enedione system, and in the overall assessment both chromophores 
interact. The spectrum of 1,4-naphthoquinone in hexane has A,,, 2460, 
3300 and 4250A, with E 24,000, 3200 and 50 respectively9, the most 
important absorption from the photochemical point of view being that 
in the visible region at 4250 A assignable to an n - ~ *  singlet-singlet 
absorption ; the extremely weak n-r* singlet-triplet absorption appears 
at 4910A for a solution in heptaneI4. Overlapping of the r-r* and 
n-n* absorptions is probably responsible for the fact that 1,6naphtho- 
quinone gives both cyclobutanes and cyclobutenes, and products which 
may be derived from oxetans and oxetes when it is irradiated in the 
presence of, respectively, alkenes and alkynes (sections 1II.B and D). 

The effect of alkylation of 1,4-naphthoquinone at C,,, and C,,, is 
similar to, although less pronounced than, that in the 1,6benzoquinone 
series. The vapour-phase spectrum of 2-methy1-l74-naphthoquinone has 
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been described". The introduction of alkyl substituents into the benzenoid 
nioiety has little eKcct on the main features of the spectrum of 1,4-1iaphtho- 
quinone, although with the 5-methyl and related homologucs there exists 
the possibility of intramolecular hydrogen abstraction from the substituent 
(section V1I.A). 

Peri-interaction is strongly apparent in juglone (5-hydroxy-l,4-naphtho- 
quinone), the hydroxy group causing a pronounced red-shift of the 
benzenoid absorption and, by virtue of the strong intramolecular hydrogen 
bond, preventing intermolecular photoreduction by hydrogen donors 
(section V.D). The effect on the spectrum is even more marked41 for 
naphthazarin (5,8-dihydroxy-l,4-naphthoquinone). 

A 5-methoxy group has a much less pronounced effect, whilst both the 
spectrum and the photoreactivity of the 5-acetoxy compound are very 
siniiIar to that of I ,4-naphthoquinone itself. The presence of hydroxy and 
alkoxy substituents in the quinonoid ring causes changes similar to those 
observed for the 1,4-benzoquinones. Thus the lowest excited state of 
2-methoxy-l,4-naphthoquinone appears to be T ,  T* in character, since 
cycloaddition of alkynes gives cyclobutenes exclusively; reductian d the 
interaction of thc oxygen p electrons with the quinonoid r-system increases 
the importance of the IZ,T* state relative to the T,ST*, as shown by the 
formation of both cyclobutenes and oxetc-derived products when 
2-acetoxy-l,4-naphthoquinone is irradiated in the presence of alkynes 
(section 111. D). 

Dialkylamino substituents, such as piperidino, a t  Ct2, have similar, but 
more pronounced effects, although they do not inhibit potentially intra- 
niolecular reactivity (section VI1.H). Intramolecular charge-transfer is to 
be expected with simple aminoquinones, but it has also been observed42 
for systems such as 1 in which the amino and quinonoid moieties are 
separated by an insulating group. 

0 R7 

The polycyclic systems 2 and 3, which are related to the 2-alkoxy-1,4- 
naphthoquinones, have a significant intramolecular charge-transfer 
contribution to their T-T* absorption bands43. 

9, I0-Anthraquinone absorbs1B129 weakly in the visible region at  4050 A, 
and this band, of H-T* character, is predominantly responsible for 
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hydrogen-abstraction reactions. Simple alkyl s u b s t i t u e n t ~ ~ ~ ~ ~ ~  do not 
appreciably alter the spectrum in this region, and, with the exception of 
intramolecular hydrogen-abstraction reactions involving methyl and 

related substituents a t  the a-positions (section VILA), also have little 
effect on the photochemistry. Hydroxy and alkoxy substituents have a 
more pronounced e f I P ~ t ~ ~ . ~ ~ p ~ ~ ,  and, as in the 1,4-naphthoquinone series, 
hydroxy groups in the a-positions suppress the photoreactivity, possibly 
as a consequence of photoeno!ization4' (e.g. 6+7,  p. 476) or because the 
longest wavelength visible absorption is of the charge-transfer type". 
Amino substituents behave similarly, and the longest wavelength bands of 
both 1- and 2-piperidino-9,lO-anthraquinone in neutral solution are 
charge-transfer in ~ l i a r a c t e r ~ ~ ~ ~ ~ ,  but, at least for the 1 -piperidin0 com- 
pound, this effect is destroyed by protonation of nitrogen and the 
absorption then becomes of the /7-+ type which restores the more normal 
photoreactivity. The effects of electron-donor substituents o n  the relative 
spacings of the 1 2 ,  n* and n, 7 ~ *  levels have been discusse&50. 

The spectra of the higher acenequinones have been examined in much 
less detail, although the ii--x* singlet-singlet absorptions of the linear 
systems up to and including heptacenc-7,16-quinone (4) have been 
described51. However, the photocheniistry of these compounds has not 
been discussed. 

0 
(4) 

Comparatively little inforniation is available for o-quinonesGl j2, and, 
with the exception of 9,10-phenanthraquinone, their photochemistry has 
not been extensively studied. 

The simple o-quinones such as 1 ,2-benzoquinone and 1 ,Znaphtho- 
quinone1° show weak ( E  10-100) tr-?fX singlet-singlet bands in the visible 
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region, the absorption envelope often being broad53 and extending beyond 
6500 A. The visible absorption spectrum of 1 ,Zbenzoquinone in ether 
shows three bandss4, at 5650, 5870 and 6100 A ( E  21.5, 22.5 and 22.5 
respectively), but this fine-structure is losts3 in benzene solution due to 
rr-complexing and the band then extends beyond 7000 A. The longest 
wavelength band of 9, I O-phenanthraquinone occurs in the 5000 A region,. 
and is also due to an n-r* singlet-singlet transitionlB. 

6. Excited States 

As indicated in section A, the generally most important absorption 
band in relation to photoreactivity is that at the longest wavelength, and 
for simple quinones this lies in the region 4000-5000 8, ( E  20-100). It is 
due to an n - d  singlet-singlet (So+&) transition, or, in some cases, e.g. 
duroquinones, to the corresponding T-W* transition, and provides the 
most convenient route, by intersystem crossing (S,  -+ TL), to the first 
triplet state which, as far as evidence is available, is the one primarily 
responsible for the subsequent chemical reactions. The S, y\-f TI process 
generally occurs with 5G efficiency (0.8-1 .O) and completely 
outweighs direct S, --f TI excitation which can only be selectively effected 
in a few favourable cases (e.g. 1,4-benzoquinone in heptane'"), and even 
then with such poor efficiency ( 6  ca. 0.2) as to render it useless for 
preparative work. 

When the 'strongly forbidden' So-+ TI transition can be observed it does, 
however, provide an easy means of determining the energy of the first 
triplet state, e.g. 53 kcal/mole for 1,4-bcnzoquinone in heptane and 
58 kcal/mole for 1,4-naphthoquinone in heptanel". For 1,4-benzoquinone 
this represents a first singlet-triplet splitting of ca. 6 kcal/niole, since 
from the readily observed absorption in the 4500 A region the energy of 
S, is about 59 kcal/mole. 

When the &+TI absorption cannot be directly observed, the energy of 
TI can be obtained froin the phosphorescence emission spectrum, which 
arises from the TI -+ So transition, and which also gives a measure of the 
lifetime of the triplet statc. Observations have been made for crystalline 
quinones and' for quinones trapped in glassy matrices, both a t  low 
temperature, and for 'normal' solutions, although choice of solvent is 
often crucial. Thus phosphorescence was not detected for solutions of 
1,4-benzoquinone in n- and cyclo-paraffins, but it was observed for a 
solution in 9 : 1 hexane-toluene, although the emission was here attributed 
to the quinone-toluene a more recent analysis58 shows that for 
excitation of solutions of 1,4-benzoquinone in methylbenzenes ,at - 180" 
with light of wavelength near the charge-transfer maximum, the emission 
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contains both charge-transfer fluorescence of the complex and 3(+, n) 
phosphorescence of the quinone. 

Less precise data on triplet energy levels can be obtained from quenching 
experiments, provided that suitable quenchers are available, e.g. 1,3-dienes 
are often appropriate in terms of energy considerations, but are difficult to 
use because of competing ground-state reactions such as Diels-Alder 
addition. 

The value of the triplet energy obtained for a given compound often 
varies somewhat with the method of determination and, for the same 
method, with the conditions, e.g. thc 0-0 phosphorescence band for 
1,4-benzoquinone in thc crystal5* at - 180" corresponds to 52.4 kcal/niole, 
in solution in di-n-propyl ether5* a t  20" to 51.8 kcal/niole and in the vapour 
p h a ~ e " ~ - ~ ~  to 53.5 kcal/mole. Values of 50 kcal/mole Gs, G3 and 53 kcal/niole14 
have also been reportcd for 1,4-benzoquinone. However, the overall 
spread is as yet not of great importance in attempts to assess the energetics 
of light-induced reactions of quinones since other, even less precise, data 
are involved. 

The lifetime of 3(n, d) 1,4-benzoquinone is reported5s to be less than 
3 x loF5 s in the crystal at - 180°, and 6.8 x 10-5 s in di-n-propyl ether at 
20". 

In appropriate cases, the kinetics of triplet decay can be determined 
by flash photolysis. Flash photolysisa4 of 1,4-benzoquinone in solvents 
such as water, ethanoI and benzene does not reveal a transient in the 
4900A region (where the triplet of duroquinone absorbs) and a similar 
lack of absorption is observed for toluquinone in ethanol and 1 : 1 ethanol- 
water, but the transient can be detected for solutions of toluquinone in 
water and benzene; in water it decays according to first-order kinetics, 
but the decay in benzene is too fast to allow kinetic analysis. 2,5-Diniethyl- 
1,4-benzoquinone does not show a 4900 A transient in ethanol, but it does 
in 3 : 1 water-ethanol, and again the decay is first-order. Both 2,3-dimethyI- 
and trimethyl-1,4-benzoquinone show transients i n  the same region for 
solutions in ethanoP, and the corresponding transient for duroquinonc 
has been long known, although only recently has it been assigned with 
certainty to the triplet stateGZp6j. Progressive introduction of methyl 
groups into the nucleus of 1,4-benzoquinone thus enhances the lifetime of 
the triplet, from less than 10 ns for the parent compound to 9000 ns for 
duroquinone, both in  ethanol". 

2,3-Dimethyl- and 2,5-dimethyl-l,4-benzoquinone h a d 4  first triplet 
levels at 51-6 kcal/mole and it has been assumeda6 that duroquinone has 
the same value. The singlet-triplet crossing efficiency for duroquinone is 
approximately Lltlity. 
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The first triplet level of ubiquinone-6 (5; IZ = 6) has been estimated6' 
to lie in the region 29-42 kcal/Inole, which is particularly low, although it 
is paralleled by a very low S, --+ TI efficiency (ca. 0.04) and an unusually 

U I 

0 
(5) 

short lifetime. Since thc short lifetime is observed for solutions in cyclo- 
hexane and in benzene it appears that decay by a hydrogen-abstraction 
process is not necessarily responsible, and it has been susgestedGi that the 
isoprenoid chain has a profound influence. An alternative view is that the 
properties of the triplet are affected by the methoxy groups, although 
preliminary workGs suggests that the energy and lifetime of the 2,6- 
dimethoxy-l,4-benzoquinone triplet are similar to those of duroquinone ; 
corresponding studies with other methoxy-l,4-benzoquinones are 
plannedG8. 

The unusually short lifetimes of the triplets of 1,4-benzoquinone and 
toluquinoneG" and related compounds68 in benzene, which is a very poor 
hydrogen donor, have not been adequately accounted for, although 
effects similar to those describedG9 for the quenching of triplet benzo- 
phenone are worthy of consideration. 

The transient at 5000 A observed during the flash photolysis of chloranil 
in ethanol has been assignedi0 to the triplet. It has been ~ u g g e s t e d ~ ~ * ~ l  
that the lowest triplet of chloranil has T,T* character, and a similar 
assignment has been made5' for the structureless luminescence observed 
from the complexes of chloranil, bronianil and fluoranil with toluene in 
hexane solution. 

The first triplet energies of the dichloro- 1,4-benzoquinones are very 
similar to that of 1,4-benzoquinone itself (ca. 52 I<cal/mole). Thus the 
absorption spectralG of crystals of 2,3-, 2,5- and 2,6-dichloro- 1,4-benzo- 
quinones a t  4.2 K give values of 53.1, 53.0 and 52.4 kcal/mole respectively; 
the emission spectraGo of the 2,5- and 2,6-dichloro-compounds in the 
vapour phase indicate 55.1 and 53.0 kcal/mole respectively. 2,6-Dichloro- 
I ,4-benzoquinone has also been studiedi1 in Iigroin solution a t  25", the 
absorption spectrum giving a first triplet level of 53.2 kcal/mole, identical 
with that obtained71 under the same conditions for 1,4-benzoquinone 
itsclf and for 2,6-dibromo- 1,4-benzoquinonc. The corresponding 
for 2,6-di-iodo-l,4-benzoquin01ie is appreciably lower, at  47.2 kcal/niole. 
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No heavy-atom perturbation of the singlet-triplet transition was 
observed’l. 

The first triplet level of 1,4-naphthoquinone is at 58 kcal/mole when 
measured by absorption*4, a value in  agreement with that determined 
from the vapour-phase emission the emission spectrum at 
77 K has also been measuredi3. The corresponding level for 2-methyl-1,4- 
naphthoquinone, determined from the vapour-phase emission spectrunl‘“), 
is at  58.0 kcal/niole. 

The first triplet level of 9, I0-anthraquinone is slightly higher than that 
of 1 ,bnaphthoquinone, being at 62.4 kcal/mole i n  non-polar media, and 
at 63.3 kcal/mole in polar media62, and a value of 63.0 kcal/mole has been 
obtained from the phosphorescence s p c c t r i ~ m ~ ~ * ~ ~ .  It is of interest that the 
phosphorescence emissioni5 of 9,l O-anthraquinone in the crystal at  77 K 
is at  appreciably longer wavelength than it is in  rigid solution at  the same 
temperature, and its lifetime is also much longer (e.g. 100 ms in the 
crystal, 3-3 nis in mcthylcyclohesane or ethanol); this lifetime effect is 
considerably greater than that observed for other quinones. The nature 
of the emission also depends on the medium, and for various crystalline 
matrices at 77 K thc phosphorescence maximaiG lie i n  the range 4860- 
4990 A, corresponding to first triplet levels i n  the range 58.9-57.4 kcal/mole, 
considerably bclow those determined for glassy matrices at 77 K,  
(62.4 kcal/mole i n  methylcycIoliexane-isopentane”’; 63.3 kcal/mole i n  
ether-isopzntane-ethanoli7). 

The phosphorescence emission spectra o f  1 -mc:h>!-9,i O-anthra- 
quin~ne’~,  2-chloro-9, 1O-ant1iraquinone7~’, and of I -chloro- and I ,4-, 1 3 -  
and 1 ,S-dichloro-9, I O-anthraquinoncssO have been described. 

The presencc of a steady-state concentration of triplet 9. I O-anthra- 
quinone can be detected by irradiating a benzene solution of the quinone 
in the 3000-4000 A region and observing the ‘H n.m.r. spectrum of the 
ground-state molecules, for which most of the normal absorption lines 
are changed to emission as a result of Overhiiuser cffectsal. 

The S,  -e- TI intersystem crossing efficiency for 9,IO-anthraquinone 
has been inferred to be unity from the quantum yield for photo- 
reduction55* a2: but a deter~nination~~ based on the sensitized cis-tram 
isomerization of olefins indicates a value of 0-9. 

Most recently, the luminescence of 9,I0-anthraquinone in 1,1,2-trichloro- 
trifluoroethane has bcen exaniincds3. At 77 K it consists only of phosphor- 
escencc: (previously not observed for soliitions of the quinone) aid delayed 
thermal fluorescence, which arises from TI a+- S ,  intersystem crossing, 
the reverse of the ‘normal’ S, --+ TI process which was previously thought 
to be unidirectional. Hydrogen-abstraction by excited 9, I O-anthraquinone 
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has until now been considered to involve the first triplet state exclusively, 
and the pseudo-first-order rate constaxts obtaineds3 for ikis reaction in 
1,1,2-trichlorotrifluoroethane, combined with the unity quantum yield of 
reduction, are too high to be accounted for solely on the basis ofabstraction 
by singlet anthraquinone, but they do not preclude the possibility that a 
sinall fraction of the reaction does involve the singlet. In the case of 
9,lO-anthraquinone, the singlet-triplet splitting is about 4 kcal/mole, 
and it is suggesteds3 that the possibility of singlet reacG,vity should not be 
overlooked for other systems with similar sinall splittings, particularly 
when the reaction quantum yield is low; there may be significant singlet 
population at  room temperature even with singlet-triplet splittings as 
high as 14 kcal/niole. 

9, I0-Anthraquinones carrying I -hydroxy or I -amino substituents have 
low quantum yields for reduction in the presence of hydrogen donorsaJ, 
and this is paralleled by their lack85.8G of phosphorescence at 77 K, which 
indicates the absence of the TI --z So process, and the very short (ca. lo-' s) 
lifetimes of their excited states under these conditions (cf. triplet 
9, I0-anthraquinone, ca. s), phenomena which can be attributed*' to 
deactivation via photoenolizatioii, e.g. 6 + 7. 

2-Hydroxy-9,lO-anthraquinone shows phosphorescences6, but 2-amino- 
9,lO-anthraquinonc does nota5, possibly because the excited statc is of the 
charge-transfcr type (cf. reference 49). 

A similar phenomenon has been observed for 1-methyl-9,lO-anthra- 
quinones7, but 2-niethyi-9, I O-anthraquinone behaves nornial1ys7, as do 
the halogeno-9,1 O-anthraquin~nes"~~~"~~~. 

The trend to a progressively higher first triplet level i n  the series 
I ,4-benzoquinonc, 1,4-naphthoquinone and 9,l O-anthraquinone is not 
continued by 5,12-naphthaceneqninoiie (8), for which a value of only 
55.8 kcal/mole has been reportedG9. 

Less information is available about the energy levels of o-quinones. 
Phosphorescence emission could not be detccted'j for 1,2naphthoquinone. 
The first triplet level of 1,2-anthraquinone has been estimateds2 to be at 
47 kcal/mole. The corresponding level for 9,1 O-pheiianthrzqiii~ione~~ is 
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at 48.8 kcal/mole, determined from the emission spectrum in alkanes at  
77 K, and the singlet-triplet crossing efficiency is However, 
it has also been r e p ~ r t e d ’ ~  that in rigid solution 9,IO-phenanthraquinone 

0 

‘. 

shows a weak phosphorescence maximum, with a lifetime of about 
5 x s, at  5440 A, indicating a triplet energy of 52.6 kcal/mole, but 
this may not be the lowest level since a more recent determination”, 
based on the 0-0 band for phosphorescence at  77 K in either isopentane- 
methylcyclohexane or ethanol, indicates a value of 50 2 0.5 kcal/mole. 

Absorption of electromagnetic energy by the quinone causes pro- 
motion of an n or 7r electron, depending on the quinone, from its ground- 
state orbital to an antibonding orbital, resulting in uncoupling of an 
electron pair. If, as is normally the case, excitation is to the singlet state, 
the uncoupled electrons retain their opposed spins, but intersystem 
crossing to give the triplet state (or, rarely, direct So+ TI excitation) 
results in the spin of one electron being reversed. Both these states can be 
regarded as having diradical character in which delocalization over the 
remainder of the conjugated system is possible, and for which there will 
be an overall dipole. Thus ii--li9 excitation of the carbonyl group will give 
a system of the type 

whilst T-T* excitation will give an analogous system. but with the dipole 
in the opposite sense. Similar structures can be written for excited 
o-quinones. 

The majority of cases for which definitive evidence is available indicate 
that reactions involving the carbonyl group proceed via the 1 2 ,  m* triplet 
state, and the excited quinone would therefore be expected to show 
electrophilic character. This is certainly so for c y c l o a d d i t i ~ n ~ ~ * ~ ~  of 
9,IO-phenanthraquinone to olefixis, and it also appears to be true for 
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hydrogen-abstraction reactions, e.g. hydrogen a- to oxygen is readily 
abstracted”* whereas that a- to a cyano group is not”“. 

However, diradical states with dipoles in the opposite sense from those 
indicated above may be involved under sonic conditions, since an 
examination of the situation for np-unsaturated carbonyl conlpounds 
other than quinones has led to the that the direction of 
polarization may be governed by the energetics G f  the possible reaction 
pathways following excitation, and the immediate environment of an 
excited quinone will therefore be of particular importance. Further, it 
has been reported” that dipolar representations of the excited states of 
4,4-diarylcyclohex-2-enones (9) give a poor guide to the prediction of the 
products of their pliotorearrangement, and the simple diradical represen- 
tation 

c=c-c-o f--+ e--c=c-o 

is preferred. On this basis, the n,n* excited state involved in both cyclo- 
addition to, and hydrogen-abstraction by, the carbonyl group of a 
p-quinone can be considered to have appreciable weighting from the 
canonical form 10, and the ‘ii, dt state responsible for 2 i- 2 cycloaddition 
to the carbon-carbon double bond to have appreciable weighting froni the 
form 11. Analogous considerations apply to o-quinones. 

(9) (1 0) (11) 

In determining the feasibility of a light-induced reaction of a quinone, 
the energy of the lowest excited state involved, the strengths of the bonds 
broken and formed and changes in stabilization of the quinonoid system 
must be taken into account, and in the latter context it should be noted 
that many of the photoreactions of quinories lead to the generation of 
benzenoid aromatic systems. 

111. CYCLOADDITI ON REACTIONS 

A. Bimerization 

Quinone photodiniers are probably formed by addition of excited 
quinone to ground-state quinone. Only dimers of p-quinones have been 
described, and the factors which govern whether or not dimerization will 
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occur, whethcr solid-state or solution conditions will be required, and 
whether the dimer will be an aitti-cyclobutane, e.3. 12 (R = H) from 
l,4-benzoquinone9* in niolten nialeic anhydride or benzophenone, or in a 
mixtureg9 of benzophenone and benzil at 70°, a sy-cyclobutane, e.g. 13 
from soIid 2,3-dirnethyI-I ,4-bei izoq~inone~~~,  or a spiro-oxetan, e.g. 14 
from solid 2,5-dinie~hyl-l,4-benzoq~iinone'~~, have not been clearly 
established. 

R R !  
0 0 

0 

31 
(1 4) 

Studies102, lo3 of molecular packing in cystallinc quinones indicate that 
dimerization is unlikely if the potentially reacting centres are more than 
about 4-3 A apart, but otherwise they do not provide a generally useful 
guide, e.g. the arrangement of the 2,3-diniethyl- 1,4-benzoquinone molecules 
suggests that both the anti-cyclobutane dimer 12 (R = Me) and the spiro- 
oxetan 15 should be formed, but in practice the syu-dimer 13 is obtainedloO 
in good yield. A possible explanation is that different crystalline modi- 
fications were used by the two groups of workers, but, since the photo- 
dimerization of 2,3-dirnethyl-l,4-benzoquinone has been effected with the 
same result at different times in several laboratories, an alternative, and 
more probable, explanation is that excitation of molecules in the crystal 
causes appreciably enhanccd molecular motion, as has been suggested'".' 
for the solid-state photodimerization of tram-cinnamic acid. 

Solid-state dinierization of 2,3-dichloro-l,4-benzoquinone giveslo5 the 
anti-dimer 16 and, as with 1,4-benzoquinone itself, the yield is very low. 
It  is of interest that the photodimerization of the dichloroquinone is 
thermally reversible. 

0 
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2,6-Diphenyl- 1,4-benzoquinone gives an unidentified, probably cyclo- 
butane-type, dirner1OG when irradiated in solution in benzcne; its photo- 
chemistry in other solvents is quite different (see section V1I.B). 

The crystal structure103 of 1,4-napIithoquinone indicates that i t  should 
be stable in the solid state, but the syrz-dimer 17 (R1 = R2 = R3 = H) has 
since been obtainedlo7 in 15% yield by irradiation of the crystal, although 
the conditions are fairly critical. The anti-dimer 18 (R’ = R2 = R3 = H) 
is the major product when the quinone is irradiated in solution in acetic 
anhydride’”’; it is formed with equal efficiency when the quinone, in 
solution in benzene, is selectively excited to either its n, T* or n, T* singlet 
state108. Several new reactions of the dimer 18 (R1 = R2 = R3 = H), 
which support the structure assigned to it, have been describedlo”-”l. 

Contrary to an earlier report112, solid-state dimerization of 2-niethyl- 

R3 = H) and head-to-tail (17; R1 = R3 = Me, R2 = ti) syn-dirners1l3. 
When irradiated in solution in acetone or adsorbed on silica gel (a new 
condition for this type of reaction) it yields the corresponding anti- 
dimers 18 (R1 = R2 = Me, R3 = H) and 18 (R1 = R3 = Me, R2 = H), 
together with a dehydrodimer 19 and an unidentified oxetan dimer1I3. 

1,4-naphthoquinone gives both the head-to-head (17; R1 = R2 = M e, 

5. Simple Alkenes and Related Compounds 

The products from these reactions are analogous to those described in 
the preceding section in that they are frequently cyclobutanes and spiro- 
oxetans, although dihydrodioxins also result from 4 + 2 cycloaddition to 
a-quinones. 
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For l,bbenzoquiiione, the order of efficiency of spiro-oxetan (20; 
R = H) formation with cis-cyclo-octene is in the order114 of quinone 
excitation n-n-* (4500 A) 3 n--+ (2900 A) 9 n--d3* (2400 A), the lowest 
triplet state being iz, z*. For cliloranil, the lowest triplet state may contain 
both IT, n-* and T, n-* contributions since with cis-cyclo-octene it yields*15 
both the spiro-oxetan 20 (R = Cl) and the bis-cyclobutane 21, although 
the proportions are dependent on the quinone : alkene ratio. 

R R c:' 0 

(20) 

When irradiated in the presence of isobutene, chloranil gives3' the 
cyclobutane 22 and the trichloroquinone 23. The latter may arise by thermal 
loss of hydrogen chloride from 22 with concomitant ring-opening, or via 
intramolecular transfer of a hydrogen atoiii in a diradical intermediate 
such as 24 followed by elimination of hydrogen chloride. The formation 
of adducts such as 22 may be a of the dipolar character of 
the T, T* excited state of chlorani!, electroii-deficiency at  carbon rendering 
it electrophilic at the elhene linkage; polarization in the opposite sense is 
suggested for 1,4-benzoquinone. 

(22) (23) (24) 

The lowest triplet state of duroquinone appears to be entirely of T ,  7rd: 

character, since with a variety of alkenes it yields116. 117 cyclobutanes 
excIusive1 y. 

The change in character of the lowest excited state from 1 2 ,  niT* to n-, 7r* 
by introduction of an alkoxy group into the quinonoid nucleus is reflected 
in the formation of the novel spirocgclic system 25 by irradiation118 of 
2-methoxy-l,4-naphthoquinone in the presence of vinyl acetate; compound 
25 is formed from the initial cyclobutane adduct 26 by a second light- 
induced step. 
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Photoaddition of cis-cyclo-octene to 9, I0-anthraquinone is unusual in 
that a bis-spiro-oxetan is formed; it results from further addition to the 
initial mono-adduct and can be obtained in 90% yield119. 

&&*. *oAc 

0 0 

(25) (26) 

The relationship between thermal and photochemical cycloaddition of 
alkenes to 1,2-benzoquinones is of interest from the point of view of 
mechanism. Thermal addition of an alkene RCH=CHR can yield a 
bicyclo-octene 27 or a dihydrodioxin 28. Perturbational molecular 

(27) (28) 

orbital trcatnientlzo indicates that dihydrodioxin formation is more 
favourable than bicyclo-octene formation and, in agreement with this, 
dihydrodioxins are generally the major products isolated. Concerted 
thermal cycloaddition is Woodward-Hoffniann allowed, and under these 
conditions tetrachloro-1,2-benzoquinone yields the dihydrodioxins 29 
and 30 almost exclusively when treated in the dark with, respectively, 
trans- and cis-stilbene. 

CI Cl 

Iriadiation121 of a mixture of tetrachloro-l,2-benzoquinone and trans- 
stilbene in benzene, at a temperature too low for thermal addition, with 
light of wavelength greater than 4000 A, gives 88% of the rrarts-dihydro- 
dioxin 29 and 12% of the cis-compound 30; cis-stilbene, which could have 
been formed by quinone-sensitized photoisomerization of the truns- 
isomer, is not a precursor of the cis-dihydrodioxin 30. It has been 
suggested131 that the light-induced formation of 29 may be a non-concerted 
process involving singlet quinone, steric control resulting from charge 
correlation in an appreciably dipolar intermediate 31, but perturbational 
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molecular orbital indicates that a concerted photocyclo- 
addition should still be possible even when the thermal addition is highly 
stereoselective. 

CI 

61 
(31) 

Similar irradiation12!? of tetrachloro-l,2-benzoquinone in the presence 
of cis-stilbene gives only traces of 29 and 30, in the ratio 1 : 5, the major 
product being a 1 : 1 quinone-benzene adduct (see section IV); the reason 
for this marked difference has not been elucidated. However, compounds 
29 and 30 are the major products, still in the ratio 1 : 5, when either 
acetonitrile or acetone are used as solvents. 

Photoaddition of dihydro-l,4-dioxin to a range of 1,2-naphthoquinones 
in benzene gives123 the cis-I,6dioxans 32 (R1, R2 = variously H, C1, Br, 
t-Bu), although the nature of the intermediate has not been established. 

(32) 

Most of the recent investigations of this type of reaction have been with 
9,lO-phenanthraquinone. Addition of stilbene, I-phenylpropene and 
2-butene gives mixtures of the corresponding cis- and trans-dihydrodioxins 
33 and 34 regardless of which geometrical isomer of the olefin is used 
i~i i t ia l lyl~~* 12s and it has been suggestedlZ3 that an  equilibrating diradical 
(35+ 36) is involved, 35 giving the cis-dihydrodioxins and 36 the trans, a 
view supported by the increasing proportion of rrans-compound formed 
as the reaction temperature is raised. 

The cleanest reactions of this type, giving dihydrodioxins, are observed 
with the stilbenes. More products are formed when simpler alkenes are 
used, although dihydrodioxins still predominate. Thus photoaddition of 
either cis- or  timz.s-2-butene to 9,lO-phenanthraquinone gives125 the 
dihydrodioxins 33 (R1 = R2 = Me) and 34 (R1 =: -R2 = Me), together with 
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the spiro-oxetan 37 (R = Me) and at least two minor products which 
probably arise via hydrogen-abstraction reactions (see section V.A). 
The dihydrodioxins 33 (R1 = R2 = Me) and 34 (R1 = R2 = Me) are 

H R' 

formed in the ratio 57 : 43 regardless12G of which geometrical isomer of 
2-butene is used, and quenching experiments indicate that triplet, probably 
n, n-*, phenanthraquinone is involved, suggesting that addition occurs 
stepwise and again indicating that the lifetimes of the intermediate 
diradicals 35 (R1 = R2 = Me) and 36 (R1 = R2 = Me) are sufficiently long 
to allow equilibration to occur prior to cyclization. The absence of cis-4- 
octene in the olefin recovered after irradiationlg6 of 9,1 O-phenanthra- 
quinone in benzene in the presence of the pure trans-isomer indicates that 
the cycloaddition is not reversible. 

The dioxole 38 has been isolated127 from the products of irradiation of 
9,lO-phenanthraquinone in 1.2-di-t-butylethylene. It is probably formed127 
by phenanthraquinone-sensitized rearrangement of the spiro-oxetan 37 
(R = Z-Bu), although it has been showng1 that the spiro-oxetans are 
photolabile i n  the absence of a sensitizer, dissociating to their original 
components and also yielding the dihydrodioxin, the dioxole and, via 
ring-opening to give 39 followed by dehydration of the derived hemiacetal, 
the dihydrofuran 40. 
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Analogous rearrangement products have been obtained from irradiations 
of 9,IO-phenanthraquinone in the presence of a-chlor~sti lbene*~~ and the 
cyclic e n a n ~ i d e ~ ~ ~ * ~ ~ ~  41, although in the latter case the dihydrodioxin 

(40) 

(39) 

(as 33) is the major component; photoaddition of the enamide 42 also 
gives the corresponding dihydrodioxin129. 

Irradiation of 9,IO-phenanthraquinone in the presence of the chloro- 
ethylenes (C,H4-,tCli,i ?I = 1, 2, 3, 4) indicatesgz that the proportion of 

Ph 

spiro-oxetan, relative toldihydrodioxin, increases as 11 increases, and that 
for trichloroethylene the spiro-oxetan js favoured at + 70" whereas the 
dihydrodioxin is favoured at -23". In some cases there is elimination of 
hydrogen chloride from the spiro-oxetan and dihydrodioxin to give thc 
corresponding olefins from which the new dihydrodioxin systems 43 and 
44 are formed by 4 f 2  photocycloaddition of another molecule of quinone; 
dioxoles, e.g. 45 from tmm-l,2-dichloroethylene, are also formed in some 
cases. 
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Photoaddition of 2-chloroindene occurs analogously to give both the 
dihydrodioxin and the spiro-oxetan, but only 46, formed by loss of 
hydrogen bromide from the dihydrodioxin, was isolated when the sub- 
strate was 9-bromophenanthrene”. 

The rate of addition of 9,lO-phenanthraquinone to alkyl-substituted 
ethylenes is about 100 times that of addition to the corresponding chloro- 
ethylenes, again indicating thc electrophilic character of the excited 
quinone. 

Much more work with these systems is required before a comprehensive 
rationale can be presented. The reversibility of some of the reactions 
presents additional problems. 

C. Dienes and Trienes 

Many of the reactions with dienes parallel those described in the 
preceding section in so far as 2 + 2 or 4+  2 cycloaddition of the quinone 
to only one of the double bonds of the diene is involved, although for 
some systems the products probably arise by rearrangement of the initial 
adducts. Thus irradiation of a mixture of 1,4-benzoquinone and tetra- 
methylallene in benzene (Pyrex filter) gives a 78% yield of the indanone 
47, which may arise from the initial spiro-oxetan 48 by a quinone-sensitized 

In contrast t 

OH 

(47) 

the formati 

‘8 0 g 0 

(48) (49) 

n of spir~dihydropyrans’~’, e.g. a high yield 
of 49 from I ,4-benzoquinone and 2,3-dimethyl-l,3-butadiene, irradiation 
of a benzene solution of 2,5-dimethyl-l,4-benzoquinone and the same 
diene with light of wavelength greater than 4000 A gives a mixture of ten 
products, of which only one, a cyclobutane of structure and probable 
stereochemistry 50, and representing 45% of the total product, has been 
identified3I. This may reflect greater n-, n-* character in thc escited state of 
the quinone, as suggested for chloranil, which with lY3-butadiene under 
similar conditions gives a 72% yield of the cyclobutane 51 as a mixture of 
stereoisomers, and with 2,3-dimethyl-1,3-butadiene also gives31 a cyclo- 
butane of structure and probable stereochemistry 52 in 337; yield; the 
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major product (42%) of the latter reaction is, however, the trichloroquinone 
53 which is state@* to arise from the adduct 54 produced by a mechanism 
(as 24) analogous to that suggested for compound 23 (section IILB), 
although no evidence is presented for the existence of 54, and loss of 
hydrogen chloride from 52 as indicated by 55 would provide an alternative 
mechanism, analogous to that suggested in section 1II.B for the trans- 
formation 22 -> 23. 

Ultraviolet irradiation of an ethereal mixture of duroquinone and 
cyclopentadiene is reported131a to give 300h of the Diels-Alder exo-mono- 
adduct, but no evidence is presented to support this unusual stereo- 
chemistry. 

1,4-Naphthoquinone adds tetramethylallene to give130 the benzologue 
of compound 47, although in much lower yield. In the presence of 
2,3-dimethyl-I ,3-butadiene it behaves as if its lowest excited state has 
both n-, i r e  and n, ~ T Q  character, giving31 a 2 : 1 mixture of the cyciobutane 
56 and the spirodihydropyran 57, together with a 1 : 2 quinone-diene 
adduct 58. 
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Irradiation of lY4-naphthoquinone and cycloheptatriene in benzene 
gives a 1 : 1 spiro-oxetan adduct, but the positions of the double bonds in 
the resulting cycloheptadiene moiety have not been e~tablished'~~. 

9,lO-Anthraquinone does not add to either buta-1,3-diene or its 
2,3-dimethyl homologue since thcse dicnes have triplet levels lower than 
that of the quinone and they therefore act as 
Tetrachloro-l,2-benzoquir,one adds to methoxyallene when irradiated 

in benzene to giveg3 the dihydrodioxin 59, but this compound is also 
formed i l l  the dark, and it is not clear whether the reaction really is light- 
catalysed. However, the addition of 9,l O-phenanthraquinone to the 
allene probably is a light-induced process and spectroscopic analysis 
indicates that when the allene is in twofold excess in benzene the adduct 
60 (R = OMe) is formed exclusively, although only about 60% was 
isolated. With an  excess of quinone, further addition to the exocyclic 
double bond of 60 (R = OMe) occurs, giving 61 as an additional product9z. 

(59) (60) 

Allenes of the form CH,=C=CIIR, where R is methyl or methylthio, 
but not methoxy, also yield the adducts 62 and 63, together with un- 
identified compounds which may be formed via hydrogen-abstraction 
reactions, but the adducts 60 (R = Me or SMe) are still the major 
products93. 

R4 

R' 

(64) 

The rate of photocycloaddition of 9,lO-phenanthraquinone to allene 
and its methyl homologues increaseP3 as the degree of methyl substitution 
increases, indicating the electrophilic character of thc excited quinonc and 
also the stabilizing effect of the substitucnts R1 and R2 i n  the proposed 
diradical intermediate 64 (cf. references 124, 126, I29), although electro- 
philic character probably outweighs the effect of radical stabilization 
since nionoalkoxy- and nionoaryloxy-nllencs add cven more rapidlylB. 



9. Photochemistry of quinones 489 
The quantum yield for formation of adduct 60 (R = OMe) from 

methoxyallene is 0.53 although the quantum yield of disappearance of 
the quinone is 0.98, both figures being independent of allene concentration 
and thus indicating that neither reversible addition nor appreciable 
deactivation of excited quinone occurs133, although it is difficult to 
reconcile these quantum yields with the statementg3 that the adduct 60 
(R = OMe) is the solc product, unless the experimental conditions were 
different. In contrast, the addition of ethoxyallene appears to be 
reversible133. N o  adduct is formed with ~yanoallene'~~, although the 
quinone is slowly consumed = 0.09). This again suggests that the 
electrophilic character of the excited quinone is important, more so than 
the stabilization which could equally well be achieved in the diradical 
64 (R' = CN, R2 = H), although the effect of ground-state complexing 
remains to  be assessed. 

Irradiation of 9,IO-phenanthraquinone in benzene containing 1,3-di- 
phenylisobenzofuran gives the dihydrodioxocin 65 by 4 + 4 cycloaddition, 
and the dioxole 66 by a process involving cleavage of the furan ring13'. 
Related systems behave analogously. 

D. Alkynes 

In contrast to 1,6benzoquinone, which adds diphenylacetylene to 
give the quinone niethide 67 (R = H), p r ~ b a b l y l ~ ~ ~ l ~ ~  via the spiro- 
oxete 68 (R  = H), niethoxy-l,4-benzoquinone gives the cyclobutene 
69 (R1 = R2 = Ph) in 50% yield; 2-butyne adds analogously, giving 
69 (R1 = R2 = Me) together with polymeric material'". 
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Phenylacetylene and l-phenylpropyne add s t e r e o s e l e c t i ~ e l y ~ ~ ~ - ~ ~ ~  to 
methoxy-l,4-benzoquinone to give the adducts 69 (R1 = Ph, R2 = H) 
and 69 (R1 = Ph, R2 = Me) respectively, the former in 80% yield. These 
reactions may reflect n,v* activity in  the excited quinone, the direction 
of addition being controlled by stabilization in a diradical intermediate 
such as 70. Over-irradiation of these products causes isomerizationllR, 
e.g. the adduct 69 (R1 = Ph, R2 = H) yields a mixture of 71 and 72. 

(70) (71 1 (72) 

Despite the fact that addition of olefins to chloranil yields cyclo- 
butanes (sections 1II.B and C), addition of diphenylacetylene, by 
irradiation in benzene with light of wavelength greater than 4000 A, 
gives3I the quinone methide 67 (R = Cl) and in this respect the reactivity 
of the excited chloranil system parallels that of the 1,4-benzoquinone one. 

174-Naphthoquinone shows both types of reactivity towards diphenyl- 
acetylene, addition occurring cleanly140 in acetonitrile to give a 4 :  1 
mixture of the quinone methide 73 (both geometrical isoiners are formed) 
and the cyclobutane 74 (R' = H, R2 = R3 = Ph). The latter compound 
and its methyl analogue (74; R1 = H, R2 = R3 = Me) have been prepared 
independent1yl4l and a more detailed has shown that increasing 
the degree of methyl- or phenyl-substitution of the acetylenic component 
increases the proportion of quinone methide; acetylene itself gives the 
parent cyclobutene (74; R1 = R2 = R3 = H) exclusively, although in poor 
yield14'. 

(73) (74) 

2-Acetoxy-l,4-naphthoquinone behaves analogouslyl"O, although the 
ratio of the two types of adduct may be nearer to 1 : 1 and the overall 
rate of addition is less; the position of the acetoxy group in the corre- 
sponding quinone methide (as 73) has not been established. 
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Photoaddition of diphenylacetylene to 2-metlioxy-1,4-naphthoqui1lone 

is more rapid and there is no evidence for reaction at  a carbonyl group; 
with light of wavelength greater than 4000 A in acetonitrile as solvent, 
the adduct 74 (R' = OMe, R2 = R3 = Ph) was obtained in 76% yield13*3140, 
again suggesting predominantly r, T* reactivity. Dipolar character in the 
excited state is indicated by the fact that addition of p-methoxyphenyl- 
phenylacetylene and p-CyanophenyIphenyIacetyIene in each case gives'39 
a mixture of the two possible cyclobutanes 74 (R1 =OMe, R2= 
p-Me0 - CGH,, R3 = Ph arid R1 = OMe, R2 = Pht R3 = p M e O  * CGH,) 
and 74 (R1 = OMe, R2 = Ph, R.? = p-NC-C,H, and RL = OMe, R2 = 
p-NC.C,H,, R3 = Ph) with the first indicated member of each pair 
predominating, possibly as a consequence of the greater stabilization of 
the dipole to be expected in the intermediate 75, although the effect in 
the cyano-case is marginal, suggesting that the excited quinone is only 
weakly electrophilic and that stabilization of the intermediate diradical 
76 may be of greater importance; a more pronounced orientational effect, 
in the direction indicated above, is observed139 for the inethoxyphenyl 
compound when the solvent is changed from acetonitrile to benzene. 

The proportion of cyclobutene formed by addition of acetylenes 
carrying, variously, hydrogen, methyl and phenyl groups is much greater 
for 2-methyl-l,4-naphthoquinone than it is for I ,4-naphthoquinone 
itself, and cyclobutenes are formed almost exclusively froin 2,3-diniethyl- 
1 ,4-naphthoq~inone~~~.  This trend appears to parallel that described 
previously (section 111. B) for the photoaddition of alkenes to 1,4-benzo- 
yuinone and its methyl homologues. For 2-niethyl-1,4-naphthoquinone the 
ratio of quinone methide to cyclobutene is tcmpcra t~~~.e-dependent~~~;  
the quinone methide is formed by addition to the 4-carbonyl group and 
the orientation of the cyclobutene appears to be governed by stabilization 
in the intermediate diradical 76 (R' = Me, R?, R3 = variously H, Me, Ph), 
the isomer derived fro111 the most stabilized intermediate predominating 
to the extent of at least 6 : 1. 

As in the 1,4-benzoquinone series, further irradiation of the cyclo- 
butenes CaLlSeS renr~-a1igclnents of the type 77 --:- 78, sometimes reversibly143. 
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Cyclobutene-formation is not expected from 9,10-anthraquinone, and 
the quinone methides 79 are formed in yields of 40-90% with propyne, 
2-butyne7 phenylacetylene and diphenyla~etylenel~~; there is evidence that. 
addition of the latter compound may occur quantitativeiy119. 

e R 2  W R z  

R' 

0 R3 
R3 0 

(77) (78) 

Tetrachloro- I ,Zbenzoquinone reacts photocheinically with diphenyl- 
acetylene in acetone or acetonitrile (but not in benzene: see section IV) 
to give a mixture which may contain the polycyclic compound SO, possibly 
formed by thermal addition of the quinone to the initial I : 1 photo- 
adduc tlZz. 

R'KCoR2 

(79) (80) 

More detailed investigatioiis will be required in order to elucidate the 
controlling factors. 

E. Miscellaneous 

Irradiation of 9,lO-phenanthraquinone in benzene containing sulphur 
dioxide gives14? the dioxathiole dioxide 86, but the quinone does not 
react with triphenylphosphine in  dry benzene'". However, if the benzene 
is wet, a compound formulated as the zwitterion hydrate 82 is formed in 
63% yield; the initial step may be a reaction of the excited quinone with 
water145 (section V.F). 
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Photoaddition of 9,10-phenanthraquinone to the iridium compound 

(Pli3P)21r(CO)Cl gives the cycloadduct 83 ; 1 ,Znaphthoquinone behaves 
analogously146. Photoexcitation here appears to have the effect of increasing 
the oxidation potential of the quinone, since the addition fails in the dark 
but can be effected purely thermally with o-quinones of higher potential14'. 

Photooxidation of 9,IO-phenanthraquinone with oxygen in benzene or 
acetonitrile affords the anhydride 84 in unspecified yield1@. 

IV. ADDITION TO BENZENE 

The role of benzene in quinone photochemistry is still something of an 
enigma and the mechanism or mechanisms by which it reacts with excited 
quinones are little understood except for systems containing acids. 

Until 1966 benzene was considered to be an inert solvent for light- 
induced reactions of quinones initiated by visible light, but it was then 
reported149 that irradiation of hydroxymethyl-l,6benzoquinone in dry 
benzene with tungsten filament light gave phenoxyinethyl-l,4-benzo- 
quinone, although in low yield (see section VI1.C for a discussion of the 
mechanism of this reaction). Further examples of the reactivity of 
benzene have since 

1,4-Benzoquinone is stable to irradiation with visible light in benzene 
solution and the absorption spectrum indicates the presence of the 
expected 77-complex. However, when trifluoroacetic acid is present, 
p-phenoxyphenol is formed in good yield'%. It is possible that the zwitterion 
85 is produced by excitation of the r-complex and that its reversion to the 
starting materials is prevented by protonation ; appropriate deprotonatioll 
then gives the phenoxyphenol. 

CI 
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Irradiation of tetrachloro-l,2-benzoquinone i n  benzene containing 
trans-stilbene with light of wavelength greater than 4000 A results in 
quantitative 4 +  2 cycloaddition of the o l e f i ~ i ' ~ ~  (section TII.B), but with 
cis-stilbene only traces of the stereoisoincric cycloadducts are formed, and 
the major product122 is thc ether 86; a similar result is obtained when 
diphenylacetylcne is present instead of cis-stilbene, but only a trace of the 
ether is formed when the quinone is irradiated in benzene alone. N o  
explanation is available, although a side-reaction, e.g. Diels-Alder 
carbocycloaddition, between the quinone and the alkeiie or the alkyne 
to give a product which could lead to the formation of hydrogen chloride 
would put the rcaction in the same category as that described in the 
preceding paragraph. 

9,lO-Phenanthraquinone is readily'"' photoreduced by benzene, arid 
under nitrogen with light of wavelength longer than 3800 8, it gives'52 
13% of the phenyl ether analogous to 86, together with the quinhydrone 
( I  0%) and biphenyl (1 9%). An  addition-rearrangement sequence may be 
involved, but the formation of biphenyl strongly suggests the presence of 
phenyl radicals1*j2, although direct abstraction of hydrogen from benzene 
is unlikely. 

Further work in  this area could be profitable, particularly from a 
synthetical point of view. 

V. REACTIONS lNVQLVING ABSTRACTION O F  
HYDROGEN FROM SUBSTRATES 

The basic principles of thcse reactions, which normally involve removal of 
hydrogen, either directly*52L, as H', or indirectly via electroii-trai~sfer'j2" 
followed by proton-transfer, to give the neutral semiquinonc, QH', and 
a substrate radical from which the products are derived by ground-state 
reactions, have been described previously5. Recent work has provided 
furthcr clarification of the mechanisms involved. 

T n  general, p-quinones are reduced to thc hydroquinoue and the sub- 
strate is dehydrogenated, hydrocarbons yielding olcfins or dehydrodimers 
and alcohols giving the corresponding aldehydes and ketones; 1 : 1 
addition products, either acylhydroquinones or hydroquinonc monoesters, 
predominate when the substrates are aldehydes. The formation of 1 : 1 
adducts, either ketols or the hydroquinone monoethers or monoesters, is 
more common with o-quinones. 

A. Hydrocarbons 

Flash photolysis or continuous irradiation of duroquinone in  cyclo- 
hexaiie or liquid paraffin with light of wa\lelength greater than 3300 8, 
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causes only Slight dehydrogenation of the solvent; the trace of the hydro- 
quinone which is formed acts as an inhibitor, facilitating deactivation of 
the excited quinone1.53. Flash photolysis in benzene or liquid paraffin 
produces a species which shows broad structureless absorption in the 
4900 A region and decays by a first-order process. I t  is formed in less than 
10-7 s, which excludes the possibility of its being an isonicr153,154 (see 
section V1I.A) or  any other chemically different species; this, together 
with the results of quenching and related experiments, indicates that the 
transient is due to the triplet state of the q u i n ~ n e ~ ~ ? ~ ~  and that the triplet 
is also the photoactive specics1%j4. 

The apparent anomaly5 that singlet duroquinone is active in hydrogen 
abstraction has therefore been removed. However, the fact153 that duro- 
quinone is stable in cyclohexane when irradiated with light of wavelength 
greater than 3300 8, may be a consequence of the intensity of the light 
used, since it has been reported155 that no change occurs with low-intensity 
light in the region 3000-4000 A. This might suggestG5 that photoactivity 
at high light intensity is a consequence of the formation of an excitcd or 
higher triplet state. A further complication arises from concentration 
efrects: duroquinone is reported15G to be photoinert at 10-2-10-3 molar 
in benzene, toluene, xylene and hexane. 

Chloranil gives the ether 87 when irradiated in benzene containing 
cyclol~eptatrienel~~; scavenging of cycloheptatrienyl radicals by ground- 
state quinone may be involved. 

OH 

(87) 

Electron spin resonance studies have shown that the triplet state of 
ubiquinone-6 ( 5 ;  iz = 6)  in xnethylcyclohexane at 77 K decays by 
abstraction of hydrogen to give a neutral serniqui~~one~'. 

The kinetics of photoreduction of 9,10-phenanthraquinone in  the 
presence of toluene, ethylbenzene, isopropylbcnzene and f-butylbenzene 
at 20, 40 and 60" have been studied, the rate of the reaction increasing 
progressively with temperature, although there is a slight anomaly with 
isopropylbenzene. The reactivity of the excited quinone with respect to 
abstractioI1 of hydrogen from these substrates is greater than that of 
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triplet benzophenone, and lies between those of chlorine and fluorine 
atoms15*. The major product is 9,lO-dihydroxyphenanthrene; the others 
have not been identified. 

The formation of dihydrodioxins and oxetans by irradiation of 
9,lO-phenanthraquinone in the presence of alkenes has been discussed in 
section IIT.B, but additionzl 1 : 1 adducts are formed when the alkene 
possesses readily abstractable, particularly allylic, hydrogen atoms. Thus 
with either cis- or trans-2-butene the ketols 88 and 89 are formed; 
analogous products are obtained from isobutene, 2-methyl-l-butene and 
2,3-dimethyl-2-b~tenel~~. It has been suggestedlZ5 that these compounds 

OH OH - 
(88) (89) 

arise by combination of the neutral phenanthrasemiquinone radical with 
the allylic radical, in this case MeCH=CHkH,t, MeCHCH=CH,, 
derived from the substrate, a mechanism the same as that previously 
p r o p o ~ e d ~ ~ ~ - * ~ ~  to account for the formation of analogous ketols from 
9,lO-phenanthraquinone and toluene and related compounds. 

The validity of this mechanism has recently been e ~ t a b l i s h e d l ~ ~ - ~ ~ ~  for 
toluene, ethylbenzene, diphenylmethane and similar compounds by means 
of CIDNP. Thus U.V. irradiation of a solution of 9,lO-phenanthraquinone 
in the hydrocarbon concerned (PhCI3,R) in the cavity of a lH n.m.r. 
spectrometer causes enhancement of the resonance due to the proton H 
in the product 90, the enhancement disappearing as soon as the U.V. 
irradiation is cut off, thus confirming the in?ervention of a solvent-caged 
pair (91) of unlike radicals, viz. the neutral semiquinone and the benzylic 

radical PheHR derived from the substrate. The reversibilitylG0 of the 
reaction under the influence of U.V. (but not visible) light has also been 
confirmed164: irradiation of the ketol 90 in the cavity of the spectrometer 
again causes enhancement of the signal due to the proton H. The ketols 
also dissociate thermally by the same mechanism, but the process is not 
reversible; the products are the quinhydrone and the dehydrodimer 
(PhRCH-), of the substatelm. 
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B. Ethers 
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I t  is generally accepted that the initial chemical step in light-induced 
reactions between p-quinones and ethers is abstraction of hydrogen from a 
position a- to  the ether linkage to give the corresponding pair of radicals. 
The presence of the neutral benzosemiquinone radical in a system of this 
type has now been confirmed by e.s.r. spectroscopy, without resort to a 
flow technique, for 1,4-benzoquinone in the presence of I72-diinethoxy- 
ethaneIG5. 

Duroquinone appears to be stable to irradiation in diethyl ether or 
tetrahydrofuran when its concentration is in the region 10-2-10-3 molar, 
but some reaction occurs in dioxan, although the products have not been 
identifiedljG. 

Fluoranil gives the corresponding neutral semiquinone when it is 
irradiated a t  3380 A in dioxan or tetrahydrofuran, but its e.s.r. spectrum 
is only dete~table3~ in the preseiice of a trace of a proton acid such as 
trifluoroacetic. 

lrradiation of 1,4-naphthoquinone in 1,4-dioxan with visible light 
giveslGC a 50% yield of the quinone 92, which probably arises by ground- 
state oxidation of the initial 1 : 1 adduct by 1,4-naphthoquinone. It is the 
first dioxan-p-quinone adduct to be identified. 

(92) (93) 

E.s.r. spectra accumulated by repetitive scanning indicate that phyllo- 
quinone 93 gives the corresponding semiquinone anion radical when it is 
irradiated in outgassed 1 ,4-dioxanlG7, but the other products have not been 
identified. 

Ph 

(94) 

9,IO-Phenanthraquinone gives the dihydrodioxin. by  4 + 2 cyclo- 
addition, as the major product when it is irradiated in  benzene containing 
ethyl vinyl sulphide, but the ketol 94, as a mixture of stereoisomers, is 
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also formed125, reactivity here resembling that with hydrocarbons (section 
V. A) rather than ethers which normally give phenanthrols, e.g. 95 from 
9,lO-phenanthraquinone and 1,4-dioxanD4. Some aspects of the kinetics 
of the latter and related reactions have been described'j', but of greater 
importance is the report168 that CIDNP is observed for the proton N in 
the products 96 formed from 9,I0-phenanthraquinone and the ethers 
PhCH,OR (R = CH2Ph, CH,CH,OPh, Ph and p-C,H,OCH,Ph), thus 
establishing that the adducts are formed by cage-controlled radical pairing 
rather than by a concerted cyclic mechanism5. 

A convincing explanation for the differing modes of radical-radical 
combination, giving ketols from 9,lO-phenanthraquinone and hydro- 
carbons and ethyl vinyl sulpliide, but phenanthrols from the quinone and 
ethers, is still required. 

C. Alcohols 

As with ethers, the first chemical step involves abstraction of hydrogen 
from the &-position of the alcohols and pulse radiolysis studies169 of 
methanol solutions have now provided further evidence that the ultimate 
oxidation products arise by oxidation of the resulting hydroxyalkyl 
radicals by ground-state quinonc : 

R ~ H O H + Q  ~ t RCHO+QH' 7. Q'+H+ 

rather than by disproportionation5; dissociation of the neutral semi- 
quinone radical is suppressed in acidic or non-polar rnedia"O. The 
alkoxide is involved in basic media'". 

A mechanisni of this type accounts for the 'proton ejection' detected by 
pH measurements during intermittent visible-light irradiation of 1,4-benzo- 
quinone in methanol or ethanol17', an investigation which provided e.s.r. 
evidence for the presence of the semiquinone. It also lends general support 
to the suggestion5 that light-induced cleavage of glycols of the forin 
ArRC(0H)-C(QH)RAr in the presence of quinones involves ground- 

state oxidation of radicals ArRk(OH), since it has now been demon- 
strated that pinacols of the form Ar,C(QH)-C(OH)Ar, are only cleaved, 
ultimately to Ar,CQ with concomitant formation of the hydroquinone, 
when the pinacol is excited and thereby caused to dissociate; no reaction 
occurs when the quinone is selectively excited172. 

Nanosecond laser flash photolysis of 1,4-benzoquinone and its methyl 
homologues has been describedGi, with particular reference to transient 
products absorbing in the 4900 8, region, where assignments forduroquinone 
systems have until recently (see below) been particularly confused. N O  
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transient was detected for 1,4-benzoquinone in ethanol or water, or for 
toluquinone in ethanol or aqueous ethanol. 2,5-Dimethyl-1,4-benzo- 
quinone did not show a transient in ethanol, but it did in 3 : 1 water- 
ethanol, its decay being first-order and its lifetime proportional to the 
concentration of water. The transient for 2,3-dimethyl-l,4-benzoquinone 
was longer-lived and  could be detected in ethanol, whilst those of 
trimethyl-l,4-benzoquinone and duroquinone were progressively longer 
still; they decay to give the semiquinoneG4. 

Earlier flash photolytic work established that the 4900 A transient 
observed for duroquinone in ethanol and 2-propanol is not due to the 
~ i n g l e t l ~ ~ * ' ~ ~  and isomeric structures were suggested for it, e.g. 97 (references 
153, 154) and 98 (reference 173). Evidence that it is really due to triplet 
duroquinone has been obtained1"* 174 and this assignment has since been 
confirmed65B156.175 

(97) (98) 

It is of interest that  the lifetimes of the triplet states of the methyl 
homologues of lY4-benzoquinone in ethanol appear to be enhanced by 
the presence of water, since i t  has been reported175 that water quenches 
the triplet of duroquinone in 2-propanol. Both durohydroquinone and 
diduroquinone (see section V1I.A) inhibit the photoreduction of duro- 
quinone by a l ~ o h o l s ~ ~ ~ ~ ~ ~ ~  and it has been suggested1i" that the hydro- 
quinone acts as a hydrogen-source: 

"Q+QH, 2 Q H '  -___ U+QH, 

The quantum yie1dliG for disappearancc of duroquinone in ethanol is 
0.2. At a concentration not greater than molar in 2-propanol the 
quantum yield'jG is 0-39 and the products are durohydroquinone and 
acetone exclusively, suggested to arise by simple disproportionation of 
the corrcsponding first-fornicd radicals; diduroquinone and three 
unidentified products appear at higher ~ ~ i i c e ~ i t r ~ ~ t i o i ~ s ' , ~ ~ .  However, pulse 
radiolysis studies1@ indicate that duroqtiinone is capable of oxidizing 
hydroxymethyl radicals to formaldehyde and similar oxidation of 
2-hydroxy-2-propyl radicals would therefore be expected, particularly 

since benzhydryl radicals (Ph,kOH) can be oxidized to bonzophenone by 
ground-state duroquinone"'. 

17 
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Irradiation of chloraiiil in niethanol or ethanol gives the corresponding 
hydroquinone together with hydroxytrichloro- 1 ,4-benzoquinone179, 178n. 
The latter may be formed by attack of alcohol on the excited quinone 
followed by cleavage of the resulting alkoxytrichloro-l,4-benzoquinone; 
phenoxytrichloro- 1,4-benzoquinone is formed when the quinone is 
irradiated in the presence of The chloranil-ethanol system, 
which has been reported to give predominantly the hydroquinone and 
acetaldehyde, has been studied70 by flash photolysis at 3470 A; the 
transient absorbing at 5000 A is assigned to the triplet quinone and, as 
with duroquinone and 9,1 O-anthraquinone, the initial step in the dehydro- 
genation of the alcohol is p r ~ b a b l y ” ~  abstraction of hydrogen rather 
than electron-transfer. 

Flash photolysis of a flowing chloranil-ethanol system in  the cavity of 
an e.s.r. spectrometer*83 has provided further evidence for the presence of 
the semiquinone anion raaical, which decays by a second-order process. 
The corresponding anion radical from fluoranil has also been detected3j 
by e.s.r. For solutions in methanol, ethanol and 2-propanol. It probably 

arises by dissociation, QH’ + Q’+ H+, of the neutral semiquinone 
formed by direct abstraction of n-hydrogen rather than by electron transfer 
from the oxygep of the alcohoi, although the relative importance of the 
latter process has yet to be determined with certainty. 

Laser flash photolysis of ubiquinone-6 (5 ;  i7 = 6) in ethanol or 
2-propanol and in ethanol-cyclohexane mixture shows that little ubisemi- 
quinone is formed by reaction of the triplet with the alcohol, a conclusion 
supported by e.s.r. workG7. The absorption spectra of the ubiseniiquinone 
anion radical and the neutral semiquinone have been by 
pulse radiolysis of methanol solutions containing, respectively, sodium 
hydroxide and sulphuric acid; in neutral and acidic media the quinone is 
reducedlG9 by the hydroxymethyl radical : 

Q+~H,OH ___ f QH’+HCHO 

and in basic media by the corresponding anion, kH,O-. Dispro- 
portionation of ubisenliquinone-6 anion radical is slower than dispro- 
portionation of either benzosemiquinone or duroseniiquinone anion 
radicals, possibly for steric reasonslG9. 

a-Tocopherolquinone 99 is consunled in  ethanol, by irradiation at 
2537 81, with a quantum yield of 1-1 2 0-4, giving the corresponding 
hydroquinone and a dihydrobenzofuran (section VILC), flash photolysis 
suggesting the presence of the semiquinone in  ethanol and the semi- 
quinone anion radical in alkaline aqueous ethanoP7 ; a transient possibly 
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due to a quinone methide was also detected. Phylloquinone 93 behaves 
similarly (see also section VI1.B). 

0 
(99) 

Photooxidation of alcohols sensitized by 9,lO-anthraquinone sulphonates 
has continued to attract attention, particularly in relation to the photo- 
tendering of fabrics by anthraquinone dyestuffs. Relationships between 
phototendering and absorption spectrale5, fluorescence spectralaG and 
free-radical formation*s7 were described several years ago and the topic 
has recently been reviewed*89. The photochemistry of dyes has also been 
reviewed189. 

The quantum yield of photoreduction of sodiuni 9, IO-anthraquinone-2- 
sulphonate by alcohols in aqueous niedia is unity, and the initial chemical 
step is again considered to be direct transfer of a hydrogen atom from the 
a-position of the alcohol to the excited quinonc'90*191. The rate of the 
reaction is pH-depei:dent192 and the triplet state of the quinone is 
involved'!'"; at high concentrations, e.g. 4 molar, of primary and secondary 
alcohols in water, the quantum yield of photoreduction is approximately 

molar in an  aerobic aqueous 
192-195n. 

At a quinone concentration of about 
solution of an alcohol, the steps generally accepted to be involved are: 

Q ->!& QI:  

Q* + Q  

Q*+RCH,OH .- - -  ----> QH-S-RCHOH 
2 Q H '  .- ..-> QH,+Q 

QH'+O, -- --> Q+HO; 

2 HO; +- H,O,iOZ 

Q + R ~ H O H  -- . -+ QH*+RCHO 

O , + R ~ H O H  - - - >  RCH(OH)O; 

RCH(OH)O;+HO; - > RCHO+H,O,+O, 

2 RCH(0H)O; --> 2 RCO,H+H,Oz 

RCH(0H)O; -. - --z RCHO+HO; 
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Similar reactions occur when gIycols and sugars are the substrates1gG. 
At  higher concentrations of quinone and a t  low concentrations of alcohol, 
other reactions hvolving the water and leading to the formation of 
hydroxyanthraquinone sulplionates become of significancelg3 (see section 
V.F). 

Sodium 9,l O-an:hraquinone-2,6- and -2,7-disulphonates photooxidize 
methanol, ethanol and 2-propanol in anaerobic aqueous niedia to give 
the corresponding carbonyl compounds; the 1,8-disulphonate is inactive1”. 

The longest wavelength absorption of 1 -piperidino-9, I O-anthraquinone 
in neutral ethanol is predominantly of the charge-transfer type and the 
quinone is therefore red~iced~~9 ID6 only slowly. In an acidified medium, 
the nitrogen is protonated and n,r* excitation occurs, leading to more 
rapid photoreduction. I -Piperidino-9,l O-anthraquinone reacts with 
aqueous alkaline 2-propanol by abstraction of hydrogen, but the 
2-piperidino-quinone is thought to react by electron transfer from the 
hydroxyl oxygen to the excited charge-transfer state. In neutral solution, 
the I-piperidino-compound abstracts hydrogen much niore rapidly than 
does thc 2-_niperidino-isome1.~”. 

The case OF photoreduction of a mixture of two quinoiies by an alcohol 
has been treated mathematically199 and an overall kinetic scheme deduced 
for the twenty-fmr reaction steps considered, one of which is the now 
generally accepted oxidation of the hydroxyalkyl radical by ground-state 
quinone. The scheme has been applied2oo to the photoreduction of a 
mixture of 2-t-butyl-9,IO-anthraquinone and 9, I O-phenanthraquinone by 
ethanol. 

The quantum yield of photoreduction of 9,10-phenanthraquinone, 
probably as the triplet, by 2-propanol in benzene at 4350 A, giving 
9,lO-dihydroxyphenanthrene and acetone, is independent of the intensity 
of the incident light and increases with increasing concentration of 
alcohol, reaching a maximum of 1.6 in the pure alcohol20*. This observation 
is reminiscent of an  earlier that quantum yields of up to 4 can be 
obtained for photoreduction of the quinone in ethanol and, again, it 
suggests that the neutral semiquinone, possibly in a vibrationally excited 
statezo1, is capable of abstracting hydrogen from the alcohol. This inter- 
mediate semiquinone can be stabilized as a relatively long-lived blue-green 
cation complex when the reducing medium is aqueous ethanol containing 
salts of divalent magnesium, calciuni and zinczo3. 

The 9,10-phenanthraquinone-2-propanol system appears to be wme- 
what anomalous in that the rate of photoreduction of the quinone is 
appreciably less at 40” than it is at either 20 or 60”; this result is stated15’ 
to be reproducible. 
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D. Aldehydes 
503 

Irradiation of 1,4-benzoquinone with visible light in acetaldehyde gives 
the ketone 100 (R = Me) as the predominant product; only a trace of the 
ester 101 (R = Me) is formed*O$. Acetyl radicals are produced by abstraction 
of forniyl hydrogen from the aldehyde by the excited quinone and the 
products arise via scavenging of these radicals by ground-state quinone. 
With benzaldehyde as substrate, the ketone 100 (R = Ph) is still the major 
product, but the ester 101 (R = Ph) is formed in significant yield205. 

Electrophilic character of thc derived aroyl radical, ArkO, may be 
important, since p-formyl-, p-cyano- and p-trifluoromethyl-benzaldehydc 
all give the corresponding esters (101; R = p-OHCC,H,, p-NCC,H, and 
p-F,CC,H,) as the predominant products: benzaldehydes carrying electron- 
donor substituents at  the para-position give radicals which appear to have 
nucleophilic character*0,5, since the main products are ketones (100; 
X = Ar). 

Electron-affinity of thc quinone is also important, since 2,3-dicyano- 
1,4-benzoquinone, 1,4-benzoquinone-2,3-dicarboxylic anhydride and 
1,4:5,8-naphthodiquinone (naphthazarinquinonc, 102), i n  which there are 
equal numbers of carbon and oxygen sites available for competitive 
scavenging to give either ketones (as 100) or esters (as l O l ) ,  all give esters 
exclusively'06. 

Irradiation of 1,4-benzoquinonc i n  cinnamaldehydc gives the ester 101 
(R = COCH=CHPh) as the only adduct, suggesting that not only the 
electron affinity of the quinone but also the ionization potential of the 
acyl radical may be important and that whenever the balance between 
these two factors is appropriate for electron transfer to occur from thc 

radical to the quinone to give a radical ion pair (Q", RCO), both oxygen 
atoms of the quinone will be involved in the most stabilized (aromatic) 
system which can be produced and this will lead to ester formation. In 
support of this argument, irradiation of 1,4-benzoquinone in acraldchyde 
gives the ester (101; R = CH=CH,) exclusively2w, although with 
crotonaldehyde both the ketone (100: K = CH=CHMe) and the ester 

+ 
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(101; R = CH=CHMe) are formed, in equal amounts, suggesting 
that the methyl group enhances the iiucleophilic character of the 
acyl radical so that both direct and electron-transfer attack can occur 
competitivelyzo6. 

1,4-Naphthoquiuone yields 2-acetyl- 1,4-di hydroxynaphthalene when 
irradiated in a~etaldehyde"~, but 5-hydroxy- 1,4-naplithoquinone (juglone) 
is inertzoG, presumably due to intramolecular deactivation of the excited 
state by the strongIy hydrogen-bonded hydroxy group; 5-acetoxy-l,4- 
naphthoquinone gives the expected mixture of 2- and 3-acetyl-5-acetoxy- 
1,4-dihydro~ynaphthalenes~~~. 

E. Anhydrides and Arnides 

Irradiation of 2-methoxy-l,4-naphthoquinone i n  acetic anhydride with 
light froin a mediuni-pressure mercury arc filtered through Pyrex glass 
gives a mixture of the hydroquinone diacetate 103 and hydroxyketone 104. 
It is suggestedzo8 that the quinone is reduced by abstracting hydrogen from 
the anhydride and that the resulting hydroquinone is then acylated in the 
normal way; the hydroxyketone 104 may arise from the ester 103 by a 
photo-Fries rearrangement. 

0 Ac FAC 

O A c  

(1 03) 

[rradiation of 1,4-benzoquinone and sodium 9,lO-anthraquinone-2- 
sulphonate severally i n  the presence of din~ethylformaniide and N-ethyl- 
acetamide gives the senliquiiiones. detected"' by e.s.r., possibly via 
abstraction of hydrogen N- to nitrogen since disodium 9, I O-anthraquinone- 
2,6- and -2,7-disulphonates have been reported197 to yield eiianiides 
(R1CONHCH=CHR2) when irradiated in anaerobic aqueous solutions 
of N-ethylacetamide and N-(rz-propyl)propionamidc, and a range of 
N-alkylamides ( R1C0NHCH2R') has been converted2*g into the corre- 
sponding N-acyIaniides (R1CONHCOR2) by irradiation in the presence 
of oxygen and eithcr 2-methyl-9,IO-anthraquinorie or disodium 9,lO- 
anthraquinone-2,G-disul~h~tia~~.  
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The photoreduction of 1-piperidino-9,lO-anthraquinone in the presence 
of polyamides has been examined198 in relation to the phototendering of 
nylon and related fibres by anthraquinone dyestuffs. 

F. Water 

Water can often be used as an inert solvent for substrates of high 
reactivity such as pritnary and secondary alcohols (section \'.C), but it is 
not always inert under conditioiis where no other material is available for 
reaction with excited quinone. Thus 1,4-benzoquinone yields I ,2,4-tri- 
hydroxybenzene as the primary product when its aqueous solution is 
irradiated210.211 with U.V. light, although hydroquinone has also been 

Nanosecond laser flash photolysis of aqueous 1,4-benzoquinone does 
not reveal a transient in the 4900 A region due to the triplet, but a transient 
showing first-order decay can be observedG4 for toluquinone; transients 
can also be detected for aqueous solutions of 2,3- and 2,5-dimethyl-1,4- 
benzoquinone, trimethyl-l,4-benzoquinone and duroquinone. No neutral 
seniiquinone has been detected for aqueous trimethyl-l,4-benzoquinone, 
although it can be readily observed when ethanol is presentG4. 

Irradiation of sodium 9,10-anthraquinonc-2-sulphonate in water with 
visible light was at  firstz1? thought to yield 2-hydrosy-9, I O-anthraquinone, 
but it was later that a mixture of hydroxy-9, IO-anthraquinone-2- 
sulphonates was fornied, the composition of the mixture being identical 
with that obtained by treating the aqueous quinone with Fenton's 

Hydroxylation occurs niainly at  the a- and /3-positions of 
the unsulphonated ring and i n  aqueous sodium hydroxide is predominantly 
at the /I-position. At high quinone and low oxygen concentration, niono- 
hydroxylation predominates and occurs exclusively in anaerobic media; 
dihydroxylation predominates a t  low quinone and high oxygen 
coiicentration215. It  has been suggested?'" that the excited quinone abstracts 
hydrogen from the water to give the neutral seniiquinone and a hydroxy 
radical, which then attacks ground-state quinone; a similar suggestion has 
beer1 made21s for the I -sulphoriate and the 2,6- and 2,7-disulphonates. 
However, although the results obtained with Fenton's reagent support the 
view that hydroxy radicals are involved, direct abstraction of a hydroxylic 
hydrogen atom is not energetically favourable and evidence has recently 
been ~ b t a i n e d ' ~ ~ . ~ ~ ~ ,  2171L which suggests that at quinone concentrations 
greater than molar there is appreciable interaction Setween excited 
quinone and ground-statc quinone, giving, by electron transfer, a cation 
radical and an anion radical, the latter having been detected by e.s.r. The 
production of hydroxy radicals then becomes, niore favourably. an 

i n  37'7" yield. 
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essentially ionic process in  which there is electron transfer from hydroxyl 
ion to the quinone cation radical. The overall, simplified, sequence is 
then : - 

Q*+Q -.-----f Q'+Q'' 

Q:+Q.+ -f 2 0  

H,O .---& H 0 - + H a 

Q;+H+ + QH' 

2QH' -- -+ QH,+Q 

2 Q: -. --z Q'-+Q 

Q'++QH' - ... -> 2Q+H'  

Q'++HO- .. +. Q+HO' 

Q+HO' (QOH)' 

(QOH)'+Q -- > QOH+QH' 

where (QOH)' represents the quinone-hydroxy radical adduct and QOH 
the hydroxyquinone derived from it by removal of a nuclear (a- or p- 
position) hydrogen atom. An additional series of steps, accounting for the 
formation of hydrogen peroxide, can be envizaged for systems containing 
oxygen : 

Q:+O, Q+Oi  

2 0; , 0:--to, 
QH'+ 0, __ > Q+HO; 

2 HO; - - .\r H,O,+O, 

(QOH)'+O, -- + QOH+HO; 

Reactions such as these account for the kinetics observed over the pH 
range 3-11 (the rate increases with increasing pH), but they do not 
account for them outside this range. An additional equation 

Q'++X -- Q+X" 

in  which X is not defined has been 
Some doubt has recently been castG8 on the validity of the step involving 

electron transfer from ground-state to excited quinone and the above 
scheme may therefore require revision. However, an alternative, and 
energetically acceptable, mecha!iism for the formation cf the hydroxy 
radical involves electron transfer from the hydroxyl anion to the excited 
quinone. a suggestion made218 over 20 years ago and since s ~ p p o r t e d ~ l " ~ ~ ~  
for a variety of 9,1O-anthraquinones in aqueous media (see also section VI). 

to cover this. 
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2-Piperidino-9,IO-anthraquinone in alkaline aqueous ethanol is reduced 
by electron-transfer from hydroxide and ethoxide to the charge-transfer 
state of the quinone2”. 

9,lO-Phenanthraquinone appears to be photoreduced in aqueous 
benzene, but no product has been ~harac te r izedl~~ and the role of the 
benzene is uncertain. 

VI. MISCELLANEOUS SYSTEMS 

Irradiation of a mixture of 1,4-benzoquinone and 2-methyl-3-nitro- 
cyclohexene in benzene gives224a a low yield of 4-(2-methyl-3-cyclo- 
hexenyloxy)-2-nitrophenol, possibly via transfer of NO2. 

1,4-Benzoquinone, chloranil, 9,lO-anthraquinone and 9,lO-phenanthra- 
quinone photosensitize22s the decarboxylation of a-substituted acetic 
acids : 

R-X-CH,CO,H -> R-X-CH,+CO, 

where X = 0, S or NH. The reaction may involve excitation of a substrzle- 
quinone complex, followed by transfer of a nonbonding electron from X 
to the quinone and subsequent proton transfer to the resulting semi- 
quinone anion radical: 

. q 
RXCH,CO,H, Q -> hV RXCli2-C0-~-H~Q ---\ I RXCH,+QH* 

The intervention of radicals such as RXdH, is supported by isolation of 
the ethers 105 (X = 0 or S) from decarboxylations of P1iXCH,C02H 
sensitized by chIoraniI ; the radicals are probably scavenged by ground- 
state quinone. 

OCH2XPh 

OH 

(105) 

Photoexcited ff uoranii abstracts hydrogen from chloroform atld 
dichloromethane to give the neutral semiquinone, which has been 
detected35 by e.s.r., but the other products have not been identified. 

Chloranil acts as a photosensitizer for the dimerization of 9-vinyl- 
carbazole to trans- 1,2-dicarbazolylcyclobutane. The rate of dimerization 
is enhanced by the presence of oxygen. A cation-radical chain mechanism, 
initially involving electron transfer from the enaniine to the excited 
quinone, may be involved”2G. Several benzoquinones, I ,4-naphtlioquinones 
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and 9, I0-anthraquinones act as photosensitizers for the cleavage, to 
monomer, of 1,3-dimethyluracil photodiniers2"G", and a CIDNP study of 
the cleavage of thymine dimers by sodium 9,l O-anthraquinone-Zsulphonate 
indicates that electron transfer from dinier to quinone is involved226b (cf. 
reference 152b). 

In contrast to the clean reactions between o-quinones and 
(Ph,P),Ir(CO)Cl (section III.E), chloranil gives a mixture of unidentified 
products1'16. 

The generation of free radicals in systems containing sodium 9, I O-anthra- 
qulnone-2-sulphcnate and the disodiuni 2,6-disulphonate (sections V.E 
and F) is further supported by the ability of these quinones to act as 
sensitizers for the polymerization of methyl acrylate and rnc tha~ry la t e~~~ .  

Irradiation of several 9, I O-anthraquinone mono- and disulphonatcs 
in aqueous hydrogen chloride produces chlorine and chloroanthraquinones 
in  which the sulphonyl groups have been replaced by chlorine228> p29,  a 
known ground-state chlorination reaction in this series. Aqueous hydrogen 
bromide is similarly oxidized229. 

Flash photolysis indicates that in aqueous media at pH 6.5, triplet 
9, IO-anthraq~1inone-2,6-disuIphonic acid will accept electrons from a 
variety of anions (Xll-), such as halide, carbonate, sulphate, nitrate, 
phosphate, acetate and hydroxide, according to the scheme : 

Electron transfer from bromide and iodide is less efficient than that from 
chloride due to heavy-atom facilitation of the TI-> So process23o. 

Irradiation of a solution of 2-methoxy-9,I O-anthraquinonc i n  aqueous 
acetonitrile containing ammonia gives a 70;/' yield of I -amino-2-metlioxy- 
9, l O - a n t h r a q u i n ~ n e ~ ~ ~ ~ ,  the rate of amination being accelerated by oxygen 
(see also section V1I.D). 

Some studies related to those involved in biological electron transfer 
have been described, e.g. the conversion of zinc chlorin to zinc porphin 
by irradiation in the presence of o- and p - q u i n o ~ i e s ~ ~ ~ ,  232, proton-ejection 
from tetraphenylporphin in  the presence of I , 4 - b e n ~ o q u i n o n e ~ ~ ~  and 
photobleaching and related reactions of chlorophyll-n in the presence of 
1,4-benzoquinone, substituted 1,4-benzoquinones and I ,4-naplitho- 
q u i n o n e ~ ~ ~ ~ ~ ~ ' ,  but the role of exited quinoncs under these conditions 
may be minimal. 

Visible-light irradiation of 3,5-di-t-butyl- I ,2-benzoquiiione in oxygen- 
ated methanol gives a low yield of 2,4-di-t-b~ityl-4-carboxyniethyl-2- 
buten-4-0lide~~'". 
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VII. REACTIONS INVOLVING SUBSTITLJENTS 

Several reactions involving abstractions of hydrogen from the side-chains 
of quinones have been reviewed previously5 and interest in the photo- 
chemistry of these and related systems has continued. Considerable 
progress has been made in some areas, particularly that of the t-butyl-l,4- 
benzoquinones and the concept of spirocyclopropane intermediates, 
either as such or as diradicals or zwitterions, which has arisen particularly 
in connexion with these systems may well be applicable to a much wider 
range of quinones provided that thcre is an abstractable hydrogen atom at 
the /%position of the side-chain. However, the factors governing many of 
the reactions are still far from clear. There are no examples involving 
o-quinones. 

A. Saturated Substituents 

The photochemistry of duroquinone has attracted a great deal of 
attention and the isomeric quinone methide structure 97 has frequently, 
and erroneously, becn assigned to the 4900 8, transient observed during 
its flash photolysis in alcohols (section V.C), which leads to the hydro- 
quinone and diduroquinone 106, the ground-state dimer of the quinone 
methide. The most recent results"& in this area favour proton loss from 
3(7r, T") duroqiiinone in ethanol and related polar media to give an anion 
from which the tautomer, and hence diduroquinone, can readily be 
obtained : 

OH 

($06) (93) 

A mechanism of this type i s  consistent with the absence of the dimer 1Q6 
when the photolysis is carried out in  non-polar media, since ionization 
would not be favoured under these conditions6.'. 
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Evidence for analogous ionic intermediates in the photolysis of other 
alkylquinones has not been obtained, and abstraction of a hydrogen atom 
from the p-position of the side-chain, via a favourable six-membered 
transition state, is generally preferred (X = CR1R2 or 0): 

Supportm8 for this conies from the irradiation of r-butyl- 1,4-benzo- 
quinone in the presence of sulphur dioxide at -50°, giving the systems 
107-110, all of which can bc accounted for by scavenging of the primary 
alkyl radical 111 by sulphur dioxide to give the radical 112 which then 
cyclizes, or gains hydrogen to form the sulphinic acid from which 109 
and 110 can be derived by normal addition to ground-state quinone. 
2,5-Di-t-butyl-l,4-benzoquinone behaves similarly. 

OH 0 OH 

(107) (1 081 (1 09) 

The dihydrobenzofuran 113, containing a rcarranged side-chain 
skeleton, is also formed, by a competitive process in which the diradical 
111 probably undergoes intramolecular cyclization to yield the spiro- 
cyclopropane 114; electron-demotion to give the zwitterion 115 followed 
by ring-opening (as 116) of the cyclopropyl carbonium ion system is 
envisaged to complete the process. 



9. Photocheinistry of qiiinones 51 I 

Dihydrobenzofuran formation need not be concomitant with ring- 
opening, however, since irradiation of r-butyl-I ,4-benzoquinone in ethanol 
gives239*ao both the dihydrobenzofuran I13 and the ether 117 (R = Et), 

I 

I fy- @ p$ H@ 

OH 0. 0 -. 0-  
(113) (114) (1 15) (116) 

the production of the latter compound suggesting that, when appropriate, 
solvent participation can compete. Analogous ethers are f o r m e e l  when 
the quinone is irradiated in methanol and in 2-propanol, but when 
2-methyl-2-propanol is used the major product is the alcohol 117 (R = H), 
possibly arising from reaction with water since the yield is reduced when 
the irradiation is carried out in the presence of anhydrous magnesium 
sulphate and increased (to 7373 when the solvent is aqueous 2-methyl-2- 
propanol. 

, 

OH 0. OH 

(117) (118) (119) 

Further support for this mechanism comes from the observation24* 
that both 1-butyl- and isobutyl-l,4-benzoquinone give the same ether 
(117; R = Et) when they are irradiated in ethanol, the diradical 118 froni 
the isobutyl compound cyclizing to the same intermediate spirocyclo- 
propane (114) as that formed from the t-butyl isomer. Similarly, 
irradiationZ4O of 2,5-di-n-propyl- 1,4-benzoquinone and 2-isopropyl-5- 
methyl-l,4-benzoquinone (thymoquinone) in methanol gives, respectively, 
the ethers 119 (R = n-Pr) and 119 (R = Me) in which the alkoxylated 
side-chains have identical carbon skeletons. 

Direct spectroscopic evidence for the intervention of diradical 114 or 
zwitterionic 115 species is not available a i d  flash photolysis experiments 
with t-butyl-174-benzoquinone have given transients with lifetimes too 
short to be reliably studied with the equipment currently available". 
However, it appears that neither the diradica1 nor the zwitterion is a n  
essential intermediate since, for example, the ether 117 (R = Et) can 



512 J .  Malcolm Bruce 

also be obtained by irradiating t-butyl-l,4-benzoquinone in 1,2-diniethoxy- 
ethane a t  - 80°, cutting off the light and then adding ethanol and allowing 
the system to warm to room temperature, which indicates the presence of 
a long-lived reactant. I t  has been suggested244" that this may be the spiro- 
cyclopropane 120, from which the olefin 121, which is also formed, could 
be derived via the abnormal Claisen rearrangement and the other products 
via spontaneous (to give 122) or reactant-assisted ring-opening. 

I 
OH 

I 
AH OH 

(? 20) (121) (1 22) 

Mechanisms of this type also account for the formation of cyclic 
addition compounds, often in high yield, when t-butyl- 1,4-benzoquinone 
is irradiated with visible light in the prcsence of acetonitrile or benzo- 
nitrile242, giving 123 (R = Me or Ph) and 124 (3 = Me or Ph), acetone243, 
giving 125 (R = Me) and 126, and acetaIdehyde2"I, giving the dioxepin 
125 (R = H); under the latter conditions thc dihydrobenzofuran 113 and 
the alcohol 117 (R = H) are also formed, but addition of water to the 
acetaldehyde completely suppresses formation of the dioxepin and the 
alcohol becomes the major product2.I1. 

R R /  w- 
OH R 

OH OH (124) 
(1 23) (1 25) 

q$$f OH OH 

( 3  26) (127) 

2,5-Di-i-bu:yl-l,4-benzoquinone gives analogous conipounds when 
irradiated in the presence of alcohols and acetic a ~ i d ~ 3 ~ ,  nit rile^^^^, 
acetone242 and acetaldehyde2"1. However, when it is photoreduced with 
visible light in 1 ,2-dichloroethane, the yield of the hydroquinone 127, 
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with one rearranged side-chain, is very much teniperature-dependentai2, 
being about 10% at -40" and about 90% at 60"; no explanation has been 
offered. 

In contrast to the above reactions, which usually proceed cleanly and 
in good yield, comparable irradiation of 2,6-di-t-butyl- 1,4-benzoquinone 
in acetaldehyde causes extremely slow consumption of the quinone, 
ultimately yielding several, unidentified, products". This may be a 
consequence of buttressing by the 6-t-butyl group rendering the initial 
abstraction of hydrogen from the 2-t-butyl group, giving the diradical 
128, strongly reversible, but, unless there are appreciably different 
solvation effects, it does not explain why this quinone readily yields the 
ether 129 when it is irradiated"j' in ethanol. Such solvation effects are not 
readily apparent in the ground state : the absorption spectra of the three 
t-butyl-l,4-benzoquinones are very similar in ethanol239 and acetalde- 
hyde'"'. 

Irradiation of the above t-butyl-l,4-benzoquinones in benzene gives 
tars and low yields of the corresponding hydroquinones, dihydrobenzo- 
furans (as 113) and alkenes (as 121), together with a range of related 
compounds241. 

It is clear that the cleanest and synthetically most useful reactions of 
the t-butyl- and analogous 1,6benzoquinones are to be expected in 
polar media which can facilitate the formation and reactions of (probably) 
zwitterionic species. However, higher yields of some products can be 
obtained in benzene solution when the radical resulting from abstraction 
of /3-hydrogen from the side-chain is more stabilized. Thus the phenethyl- 
quinones 130 (R = H and Ph) give the dihydrobenzofurans 131 (R = H 
and Ph) in yields of 20 and 17% respectively when irradiated with visible 
light2"3, although the mechanism may be different, e.g. these products 
would also be expected if the abstraction were intermolecular. 

Photooxidation of 1- and 2-methyl-9,lO-anthraquinones with air in 
acetic acid gives228 the corresponding carboxylic acids and dehydrodimers 
(viz. 2 QCH,+ QCH,CH,Q), the formation of the latter indicating the 
intervkntion of the derived alkyl radicals. When irradiated in alcoholic 
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solution, however, 1 -tiiethyl-9,1O-anthraquinone suffers photoenolization 
(to 132) with participation of the hydroxyl hydrogen of the alcohoP. 

P h  

(1 301 (131) 

When oxygenated benzene is the solvent, the products are 9,IO-anthra- 
quinone, its 1-carboxylic acid and the bis-lactone 133; again, photo- 
enolization may be invo!vedZg4. 

0 

8. Qiefinic and Benzenoid Substituents 

Earlier work in this area5 showed that irradiation of alkenyl- 1,4- 
benzoquinones frequently resulted in cyclization to give benzofurans, 
chromenols and dihydronaphtlialenes, sometimes in high yield. These 
studies have been continued, but the most significant trend has been towards 
an examination of the products obtained, under both anaerobic and 
aerobic conditions, from the irradiation of naturally occurring quinones 
carrying more complex side-chains. 

Irradiation of isopropenyI-l,4-benzoquinoiie 134 (R = Me) with 
visible light gives a good yield of the benzofuran I35 (R = Me), and it 
was suggested149 that this might arise via intermolecular abstraction of 
hydrogen from the allylic methyl group to give the radical 136 followed 
by cyclization and isomerization, but a favoured mechanism involved 
intramolecular cycloaddition (cf. section I1I.B) to give the spiro-oxetan 
137 which then rearranged as shown. 
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H H  

(1 34) (1 35) (1 36) (1 37) 

The advent of thc spirocyclopropane intermediate (section VI1.A) has 
since provided an attractive alternative pathway via the diradical 138 and 
the spiro-compound 139, as shown. The effect of other R groups in 134 

I I 
0. 0-  

(138) (1 39) 

has therefore been exarnincd”.;* 246. Vinyl-l,4-benzoquinone (134; R = H 
gives only dark amorphous material, but the phenyl compound 134 
(R = Ph) gives the corresponding benzofuran 135 (R = Ph), although in 
lower yield than the methyl analogue, indicating that the reaction is very 
niuch subsiituent dependent, but that an abstractable hydrogen atom in 
the side-chain is not a prerequisite. Irradiation of the deuteriomethyl 
coinpound 134 (R = CD,) readily gives the corresponding benzofuran 
(135; R = CD,) wirllolrt scrambling of the label, thus making intermediates 
such as 136 and 138 seem unlikely, and lending indirect support to the 
pathway involving thc cycloadduct 137. It may be significant that the 
sp? hybridization of the a-carbon atom in the isopropenyl systems increases 
the 0 - - -  H distance in the transition state for intramolecular hydrogen 
abstraction compared with that in t-butyl-1 ,4-benzoquinone, although 
adoption of the s-trans conformation may be a more important factor. 

Both cis- and trans-styryl-l,4-benzoquinones (140; R1 = H, RB = Ph 
and R1 = Ph, R2 = H) affordzA3 only amorphous material when irradiated 
in benzene with visible light, but the diphenyl compound (140; 
R1 = R2 = Ph) gives a low yield of the dihydrobenzofuran 141. 

Irradiation of plastoquinone-I (142) in benzene under nitrogen gives”’ 
thc naphthoquinone 143, the chromenol 144 and the benzoxepin 145, and 
these products are also formed, together with a mixture of two stereo- 
isomeric dimers 146, when the solvent is 2-propanol; the maximum yield 
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Ph 

of any one of these products is about 10%. In contrast, irradiation in 
methanol gives 64% of the dihydrobenzofuran 147 (R = Me), and in 
aqueous acetonitrile 86% of the related hydroxy compound 147 (R = €3); 

::c!i" 
e0 0 \ 

LA- 

$+ 
OH 
(1 49) 

it is suggested247 that these may arise from the zwitterion 148, the formation 
of which would, as for the t-butyl-l,6benzoquinones (section VILA), be 
favoured by the polar media. A dimer isolated from the products of 
irradiation of plastoquinone-1 in benzene has been characterizcd by 
X-ray c ry~ta l lography~~"~~.  
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The peroxide 150 is the major product when plastoquinone-1 is 

irridiated in benzene or 2-propanol under oxygen and interaction of the 
zwitterion 148 with ground-state oxygen may be involved; the coumaran- 
one 149 is also formed. The peroxide 150 is not obtained when the 
solution contains methylene blue or eosin, suggesting that it is not derived 
from singlet oxygen by a stepwise pathway, but this experiment does not 
rule out the possibility of a concerted process (cf. the photooxidation of 
compound 162 described in this section. and also section V1I.F). 

8- (1 51 1 (1 50) 

0 RO 
H / \ M e 0  

M e 0  
I 1  
0 0 

Pulse r a d i o l y ~ i s ~ ~ ~ > * * ~  of ubiquinone-6 ( 5 ;  tz = 6) in methanol has given 
the absorption spectra of the semiquinone anion radical and the neutral 
seiniquinone and flash photolysisG7 in alcohols and hydrocarbons has 
allowed the transient due to the triplet to be identified, but no other 
products have been characterized. 

Further investigation of the photochemistry of ubiquinone-7 (5 ;  n = 7) 
in methanol and ethanol has shown24* that the ethers 151 (R = Me and Et) 
are formed rather than the iso-ubiquinone 152 previously suggested2‘*9 ; 
conjugate addition of the alcohol to a quinone methide intermediate 153, 
possibly formed as suggested for duroquinone methide (section VII.A), 
may be involved, although the intervention of zwitterions has not been 
excluded. When the irradiation is carried out in aerated alcohols the 
products are the corresponding chromenol 154 and deniethylated com- 
pounds2j0. 251, as previously reported2”> 253. These substances are also 
formed when the quinone is exposed to air and sunlight in the absence of 
solvent, but they are accompanied251 by the alcohol 151 (R = H), the 
hydroperoxide 151 (R = OH) and a mixture of two uncharacterized 
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M eO 

Me0 Me0 
OH OH 

(1 53) (154) 

epoxides 155 (in + IZ = 6). Photoreduction of ubiquinone-7 under more 
biological conditions has been described254, but chemical details are 
lacking. 

OH 
(1 56) 

Phylloquinone, 93, and the ubiquinones, 5, are structurally similar to 
plastoquinone-1, 942, with respect to the first five carbon atoms of the 
side-chain and their photocheniistry is also similar in  several respects. 
Irradiation of phylloquinone in a hydrocarbon medium causes fluorescence 
from an unidentified species which is not affected by oxygen”j”. Electron 
spin resonance indicates that the semiquinonc anion radical is formed 
when outgassed dioxan is the solventlG7 and flash photolysis shows that 
the same species is present in ethanol, together with, possibly, the quinone 
methide 156; this is present as its enolate anion in 10% aqueous ethanol 
at  pH > 10. The neutral quinone methidc 156 is probably also formed in 
dioxan and heptane. The chromenol 157 is a product of irradiation in 
benzene or 2-propan01~~~. ’~~.  

The hydroperoxide 158 (R = OH) is formed when phylloquinone is 
irradiated in oxygenated liexane at 3600 and at 7000 A when methylene 
blue is present258, suggesting that it arises via an ene-reaction with singlet 
oxygen. The hydroperoxide itself is unstable at 3600 8, and is c l ~ a v e d ~ ~ ~  
to the ketone 159 (phytone). The same hydroperoxide can be obtained in 
greatcr than 50::: yield by methylene blue-sensitized oxidation in 
2-propanol”17. 
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The ketone 159, the hydroperoxide 158 (R = OH) and the corre- 

sponding alcohol (158; R = H), and the couniaranone 160, presumably 
derived by photocyclization of a side-chain fragmentation product, have 

H 

WH 
(1 59) OH 0 

(1 60) (1 61 1 

been obtained by photooxidation of phylloquinone in benzene259~260, 
and these products, together with phthiocol, 161, are also formed in ethanol 
and when the quinoiie is irradiated i n  air in the absence of solvent260i261. 

Irradiation of the polyunsaturated system 162 i n  oxygenated hexane 
with light of wavelength 3600 A gives 874 of the expected 3'-hydroperoxide, 
and 50:; of the ketone 163, indicating that oxygenation occurs with high 
specificity at  C,,, of the side-chain despite the availability elsewhere of 
suitable sites for attack. This suggests that if singlet oxygen is involved, 
it remains i n  close proxiniity to the nucleus of the quinone sensitizer rather 
than diffusing away ; a concerted process may be involved'". 

H 
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In contrast to irradiation in benzene, which yields a dimer (section 
M A ) ,  irradiation*06 of 2,6-diphenyl-l,4-benzoquinone in acetonitrile, 
methanol or acetic acid leads smoothly and rapidly to the dibenzofuran 
!,ti4 ; intramolecular cliarge-transfer, facilitated by the polar medium, may 
be involved, and for the photocyclizations in methanol and acetic acid 
there is potential similarity with the proton-assisted photoadditions of 
benzene discussed in section IV. 

C. Nydroxy-bearing Substituents 

Unlike other simple 1 '-hydroxyzlkyl- 1,4-benzoquinones which are 
inert to the solvent when irradiated with visible light in benzene, and give 
high yields of the corresponding acylhydroquinones (100) by an oxidation- 
reduction process6, hydroxymethyl-1,4-benzoquinone (165; R = W )  
gives149 a low yield of the phenoxymethyl compound 165 (R = Ph), and 
it has been suggested that attack of the alkoxy radical 166 on the solvent 
may be involved. An intramolecular path (as 167) for rearomatization is 
then possible. However, this is not supported by the r e s ~ l t s ~ ~ ~ ~ ~ ~  of 
irradiatioli of the quinone in hexadeuteriobenzene, which yields the 
pentadeuteriophenoxy compound 165 (R = CGD,) without incorporation 
of deuterium into the quinonoid ring. Intermolecular hydrogen transfer 
from an intermediate such as 167 might therefore be involved. Howcver, 
the presence of a methyl group ortlzo to the hydroxyn~ethyl group has a 
pronounced effect : irradiation of a benzene solution of 2-hydroxyniethyl- 
3-methyl-l,6benzoquinone gives 30% of the aldehyde 168 (R = Me), 
with no evidence for the formation of a phenoxy product; both the 5- and 
6-methyl honiologues of hydroxyniethyl-l,4-benzoquinone give low 
yields of the corresponding phenosyrnethyl compounds, but the aldehydes 
were not detected2"* 24G. No satisfactory interpretation is availabk. 

Support for a pathway involving the formation of alkosy radicals 
(as 166) conies from studies"2. 2G3 with side-chain-substituted 1'-hydroxy- 
alkyl-l,4-benzoquinones (169) in which at least one of the substituents 
R' and R2 is potentially a good leaving-group. Thus irradiation of the 
quinone 169 (R1 = H, R2 = CH,Ph) in benzene with visible light gives 
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2,5-dihydroxybenzaldeh~de (168; R = H), its benzyl homologue 168 
(R = CH&), a dibenzyl homologue and a trace of toluene; the deuterio 
analogue 169 (R1 = D, R2 = CH2Ph) behaves similarly, and with retention 

OH ' 0  @.b GCHO R 

0. 0. H '  / OH 0 

(167) (168) (165) (166) 

of deuterium, indicating that abstraction of the &-hydrogen is not 
important. The diphenylniethyl compound 169 (R' = H, R2 = CHPh,) is 
similarly cleaved to 2,5-dihydroxybenzaidehyde, and 1,1,2,Ztetraphenyl- 
ethane is also formed. This product in particular is indicative of the 
intervention of free radicals, and fragmentation following excitation of the 
quinonoid nucleus is suggested to occur as shown in 170. 

A siniilar cleavage, giving 2,5-dihydroxyacetophenone (100; R = Me), 
occurs with the quinone 169 (R' = Me, Rz = CH,Ph), but the major 
product is the isonier 171, the formation of which can be explained on 
the basis of a spirocyclopropane zwitterion 172 rcsulting from intra- 
molecular abstraction of hydrogen from the benzylic positionzG2. 

The ally1 analogues 169 (R'= H or Me, R2 = CH,CH=CH,) are 
similarly cleaved, but the methyl compound 169 (R1 = Me, R2 = 
CH,CH=CH& is unusual in that it also gives 6% of the dihydrobenzofuran 
173, which cannot be accounted for by the spirocyclopropane mechanism. 
A route involving intramolecular cycloaddition to give a spiro-oxetan 
174 followed by a two-step dienone-phenol rearrangement (as 174 and 
175) has been proposedz62. 

L? ' c' / 0-H 

03 0- 

P 0 OH @OH @ 
(173) (1 74) (175) 
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2'-H ydroxyal kyl- 1,4-benzoquinones behave more simply”-43, presumably 
because the hydrogen atom a- to the hydroxy group (i.e. at  the /3-position 
of the side-chain) can be readily abstracted intramolecularly through a 
six-membered transition state. Thus 2’-hydroxyethyl-l,4-benzoquinone 
(176; R = H) gives the coumaranone 177, although in low yield, and its 
methyl homologue 176 (R = Me) affords over 70”/, of 2,5-dihydroxy- 
phenylacetone (178). The spirocyclopropane zwitterioti route will account 
for thsee products. 

(176) (1 77) (178) 

The only example of a 3’-hydroxyalkyl system to be studied is a-toco- 
pherolquinone (99), and this yields the dihydrobenzofuraii 179 when it is 
irradiated in ethanoP’, again indicating the importance of an abstractable 
hydrogen atom at the /%position of the side-chain. 

D. Methoxy Substituents 

Despite the availability of a potentially abstractable /3-hydrogen atom, 
irradiation of 2,5-dimethoxy-3,6-dimethyl-l,4-benzoquinone does 
yield the benzodioxolc 180. This may be due to the excited state being 
essentially T,  n* in character. However, 2-bromo-3-methoxy-l,4-naphtho- 
quinone, which, due to the steric effect of the bromine, exists in the 
favourable conformation 181, does yield the corresponding dioxole 182, 
together with the triester 183, when it is irradiated i n  acetic anhydride208. 
It has been suggested2Os that intramolecular hydrogen abstraction to give 
the diradical 184 is followed by electron-transfer giving the zwitterion 
185 from which the products arise, but an alternative mechanism, con- 
sistent with that previously described for t-butyl-l,4-benzoquinones 
(section VILA), would involve the spiro-oxiran zwitterion 186. 
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OH 

Irradiation of 1-inethoxy-2-methyl-9, IO-anthraquinone (187 ; R = Me) 
in acetic acid with sunlight gives226 the corresponding phenol (187; 
R = H), and although no studies relating to the mechanism have been 
described, it is possible that an acetal analogous to 183 may be involved. w \ 0 / 

(187) 

Ultraviolet irradiation, through Pyrex, of 1 -methoxy-9,10-anthraquinone 
in  aqueous acetonitrile containing ammonia gives a 96% yield of 1- 
amino-9,lO-anthraquinone; replacement of the inethoxy group of 2- 
methoxy-9,lO-anthraquinone occurs to the extent of only 25%, the major 
(70%) product being l-an~ino-2-methoxy-9,lO-anthraquinone (see also 
section VI). Both reactions occur cleanly under air or nitrogen, and are not 
retarded by the presence of 2,6-di-t-butylphenol. The first singlet state of 
the quinone may be re~ponsible~~"". 

E. Formyl-bearing Substituents 

In view of the particularly facile abstraction of forniyl hydrogen from 
aldehydes and the very specific nuclear scavenging of acetyl radicals by 
1,6benzoquinone (section V.D), an attempt has been made2c5 to combine 
these processes into an  intramolecular cyclization reaction by using 
quinones of the form 188. However, the only cyclic products obtained 
from irradiations with visible light in benzene involved the 1-carbonyl 
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group of the quinone and not C(31. Formyl-l,4-benzoquinone (188; iz = 0) 
gives 2,5-dihydroxybenzoic acid and 2,5-dihydroxybenzaldehyde, 1,4- 
benzoquinonylacetaldehyde (188; 12 = 1 )  gives the coumaranone 189 
(R = H), and ~-1,4-benzoquinonylpropionaldehyde (188; n = 2) gives 
the dihydrocoumarin 190. These compounds may be formed by quinone 
photooxidation of the corresponding lactols ; the lactol 191 was isolated 
from the products of the latter irradiation. 

0 

0 0 

(1 91 1 (192) 

The quinone 192 behaves similarly in  that it gives the couniaraiione 
189 (R = Me) and the related lactol, but differently in affording 25% of 
3-methylbenzofuran-5-01 (135; R = Me), which represents a new 
fragmentation process ; it is suggested265 that intramolecular abstraction 
of formyl hydrogen is followed by loss of carbon monoxide and isomer- 
ization to give isopropenyl-l,6benzoquinone (134; R = Me), a known'49 
precursor of the benzofuranol. The 1,4-naphthoquinone analogous to 
192 behaves in the same way265. 

F. Ester-bearing Substituents 

Ethyl /I- 1,4-benzoquino1iylpropionate (193; R = H) behaves analogously 
to  other systems carrying abstractable methylene hydrogen at the /I-position 
(section VILA) in that i t  gives2<?" the dihydrobenzofiiran 194, possibly by 
an analogous mechanism, although this would require opening of the 
three-membered ring of the zwitterion 195 in the least favourable direction, 
with the positive charge developing a- to the ethoxycarbonyl group; this 
could be offset to some extent by participation of the hydroxy group. 

The diester 193 (R = C0,Et) behaves unusually in that it is stable to 
visible light in rigorously degassed benzene, but yields ethanol and 
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45-500/, of the coumarin 196 (R = C0,Et) when a catalytic amount of 
oxygen is present246. 26e. Oxygen suppresses the formation of the dihydro- 
benzofuran 194 from the monoester 193 (R = H), but does not induce 

CO,Et C02Et  

( p C 0 2 E t  q @ 
0 OH 0- 

($93) (194) (1 95) 

formation of the corresponding coumarin (196; R = H). Photostability of 
the diester 193 (R = C0,Et) in the absence of oxygen may be due to 
reversibility of abstraction of hydrogen from the p-position of the side- 
chain, or to the fact that abstraction of hydrogen from positions a- to 
electron-accepting groups appears to be an inherently difficult proccss 
for photoexcited quinones5. A possible explanation of coumarin formation 
involves an  ene-reaction (as 197) with singlet oxygen produced in the 
immediate neighbourhood of the quinone (cf. section VII.B, reference 
258) to give the hydroperoxide 198 which then decomposes, as shown, by 
two intramolecular hydrogen-transfer processes, one regenerating oxygen 
and the other, facilitated by the acidic character of the hydrogen a- to 
the ethoxycarbonyl groups, completing the formation of the $-unsaturated 
&ester 199 which contains a cis-cinnamate system and would therefore 
readily cyclize, with elimination of ethanol, to give the coumarin. 

OH 
(1991 
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G. Nalogeno Substituents 

The bromoanthraquinone 200 (R = Br) is stable to primary aliphatic 
amines, and to piperidine, in aerated aqueous ethanol in the dark and when 
irradiated with unfiltered light from a high-pressure mercury vapour lamp, 
but suffers substitution, giving the aniinoanthraquinones 200 (R = NHAik 
or piperidino), when irradiated with light of wavelength greater than 
4200 A. The reaction is promoted by solvents such as alcohols and 
acetonitrile, but fails in  the absence of oxygenzG7. 

H. Amino, Diazonium and Azido Substituents 

It has been suggested2.'" that the forniationzG4 of oxazolines, e.g. 201, 
from the corresponding dialkylaniino-l,4-benzoquinones proceeds by a 
mechanism analogous to the spirocyclopropane zwitterion one described 
in section VILA. The related 2-piperidino- and 2-niorpholino-I ,4-naphtho- 
quinones have been reportedzG8 to yield the corresponding dehydro- 
compounds 202 (X = CH, or 0), but, in view of the isolationza of 
oxazolines from aualogously-substituted 1 ,4-benzoquinones7 further 
investigation is needed. 

f'X 

K p  /J O -1 

Me,N \ 

*Me LQ \ 

OH 0 

(201 1 (202) 

Irradiation of a benzene solution of 2-acetyl-6-anilino-3-methylamino- 
1,4-benzoquinone gives a mixture of 4-acetyl-6-anilino-5-hydroxybenzoxa- 
zole and 2-acetyl-3-aniino-6-anilino-l,4-bc1izoq~1inone, the former being 
the major productzG8". 

A cyclization reaction which may be related to that observed for 
2,6-diphenyl-l,4-benzoquinone (section VI1.B) occurspBB with 2-arylamino- 
1.4-naphthoquinones (203). 2-Anilino-I ,4-naphthoquinone (203; R = H) 
is stable, b u t  the N-methyl compou!id (203; R = Me) gives 204 (R = H) 
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when irradiated in aqueous tetrahydrofuran, and its methyl ether (204; 
R = Me) when the solvent is meth-anol; as expected for a hemiacetal, 
204 (R = H) gives 204 (R = Me) when treated with methanol in the dark. 
The presence of a methoxy group a t  the para position of the phenyl ring 
has little effect, but the yield of the photocyclization product is significantly 
enhanced by a methoxy substituent at the tneta position, suggesting that 
intramolecular electrophilic attack by an 17,+ excited carbonyl system is 
i nvolved2"". 

0 
(2033 

irradiation of the diazoniuin compound 205 in aromatic solvents gives 
the corresponding 2-aryl-3-hydroxy-9,I 0-anthraq i i i  nones2iu, but this type 
of reaction is not peculiar to quinones. 

0 

1205) 

The diazido-l,4-benzoquinones (206; R = Me or 2-€311) giveZ7l the 
corresponding cyclopentenediones 207 in useful yield when they are 
irradiated in bcnzene at 3600 A, and 2,3-diazido-l,4-naplithoqiiinone 
affords?79 the dinitrile 208. 

RI/>;3 RQiN 0 

N3 COCN 
I I  

N3 ' 
(208) 

0 0 
(206) (207) 

V I I. 4,4'-DI P H E N 0 Q U I Pa 0 N ES 

Irradiation of 4,4'-diphenoquinone (209; R = H) in acetaldehyde with 
visible light gives results similar to those obtained with 1,4-benzoquinone".' 
in that the hydroquinone 210 (R = H) and the ketone 210 (R = Ac) are 



528 J .  Malcolm Bruce 

formed, but different in that the yield of hydroquinone monoacetate 211 
is significantly larger (8% instead of less than ly;), possibly reflecting a 
greater contribution from the electron-transfer niechanism (section V.D) 
consequent upon the higher oxidation potential of the dipheno- 
q u i n ~ n e ~ ~ v ~ ’ ~ .  Irradiation in benzaldehyde gives analogous products. 

; s o  OR 0 v OH OH 

(21 1) 

R 

(209) (21 0) 

Similar irradiation of the tetramethyldiphenoqtiinone 209 (R = Me) 
gives an 30% yield of the corresponding hydroquinone, together with a 
little biacetyl which may be formed by dimerization of acetyl radi~als245.~‘~. 
The tetra-t-butyldiphenoquinone 209 (R = t-Bu) is unchanged even after 
prolonged irradiation under similar  condition^"^*^^^ and there is here a 
possible parallel with the low photoreactivity of 2,6-di-t-butyl-l,4-benzo- 
quinone (section V1I.A). 

IX. QUINONE METHIDES AND QUlMONE IMINES 

The photochemistry of quinone niethides and imines has been much less 
extensively studied than that of the quinones themselves, but there are 
obvious parallels in reactivity. 

Irradiation of the di-t-butylquinone methide 212 in diethyl ether with 
light of wavelength 3660 A gives the cresol 213 (R = H) as a minor 
product, and the 1 : I adduct 213 (R = MeCHOEt) as the major one. 
Irradiation in I ,3-cyclohexadiene gives the corresponding adduct (213 ; 
R = 2,4-~ycloliexadienyl). Reorganization of the carbon skeleton of a 
t-butyl group was not observed2’4. 10-Methyleneanthrone forms an 
analogous adduct with diethyl ether2’“. 
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Irradiation of the naphthoquinone methides 214 (R1 = H or Me, 
R2 = H, Me or Ph) causes cis-!rans isomerism and dehydrocyclization to 
give the corresponding benzanthrones 215. The 10-methyleneanthrones 
216 (R = Me or Ph) give analogous dehydrocyclization products almost 
quantitatively when irradiated in benzene at 3660 A in the presence of 
oxygen or iodine as hydrogen-acceptors14". 

The formation of the semiquinodimethane anion radical of the tetra- 
cyanoquinodimethane 217 solubilizcd in aqueous surfactants is enhanced 
by daylightzi5, again suggesting an increase in oxidation potential as a 
result of excitation (cf. section 1II.E). Irradiation of 217 in toluene or  
p-xylene results in I ,6-addition of a benzyl or p-methylbenzyl group, 
probably by pairing of the radicals resulting from electron- followed by 
proton-transfer in the excited 7r-complex ; both reactions are accelerated 
by the presence of trifluoroacetic acidz75s. 

Irradiation of the tetraphenyI-l,2-benzoquinone dimethide 218 a t  
-185" with light of wavelength 5300A causes cyc l i~a t ion~ '~  to  the 
dihydroanthracene 219. 

Ph Ph 

P I1 

(21 8) 

In contrast to the methide 212, irradiation of the benzenesulphoilimide 
220 does cause reorganization of the side-chainzii. Thus in ethanol it gives 
the ether 221 (R = Et), and in acetic acid the corresponding ester (221; 
R = Ac) together with the olei'in 222 and the dihydrobenzofuran 223. 
These results parallel those obtained for t-butyl-l,6benzoquinone 
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(section VIl.A), and suggest that the mechanism is analogous. The 
dibenzenesulphonimide 224 (R = t-Bu) behaves 

PhSO,.N ?===Pl 

Exposure of a chloroform solution of the dipiperidino compound 224 
(R = piperidino) to  sunlight rapidly affords the benzimidazole 225 as its 
benzenesulphonate salt; the dimethylamino compound behaves analo- 
g o u ~ l y ~ ~ ~ .  These photocyclizations are probably similar to those observed 
for the alkylamino- and related 1 ,.l-benzoquinones (section VII. H). 
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1. INTRODUCTIION 

Considerable progress has been made in recent years in  the quantitative 
undcrstanding of chemical processes occurring subsequent to the irradiation 
of water, dilute aqueous solutions and organic liquids by y-rays or high- 
energy While the use of radiation for syntheses falls consider- 
ably short of initial expectationsz3, it has provided an extrerneIy powerful 
technique for the elucidation of organic reaction mechanismsz6. Not only 
have novel transients been characterized by pulse r a d i ~ l y s i s ~ ~  and in sittr 
electron spin resonance techniquesz8 but accurate data have been obtained 
for the rates of their formation and d e c o r n p o s i t i ~ n ~ ~ ~ ~ ~ .  The purpose of 
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this chapter is to discuss critically the radiation chemistry of quinones. 
Radiolytic investigations involving quinones, hydroquinones and semi- 
quinones as starting materials, intermediates or transients as well as 
products will be discussed. Our treatment will not, however, include 
work in which quinones are used only as specific radical or excited state 
scavengers. Results of analogous photo- and electrochemical experiments 
will only be cited when they substantiate or contradict the proposed 
structure and mechanism of radiolytically formed transients. 

The prominent function of quinones in vitamins, particularly A, E, D 
and K,  as well as i n  the eiectron transfer processes and photosynthesis 
provided much of the impetus for their radiolytic investigation”. 
Additionally many orgailic dyes contain quinonoid structures. Investi- 
gations of the radiation chemistry of dyes i n  early work centred 
around their possible use as chemical dosimeters; while subsequent 
research shed light on the mechanistic aspects of radiation-induced 
oxidations and reductions, particularly those related to dying and colour 
sensitizing in photochemistry, photography and biology””. Of the nunierous 
quinones only some two dozen have been investigated q~ant i ta t ively~~.  
As a consequence of the explosive growth of modern radiation chemistry 
and the availability of pulse radiolytic facilities to organic and biochemists, 
considerable progress is to be expected in the near future. It is our hope 
that this chapter will stimulate activity in the area of mechanistic radiation 
chemistry in general and that of quinones in particular. Basic differences 
in the radiation chemistry of aqueous and non-aqueous solutions 
necessitate a separate treatment. Since thc theory, experimental techniques 
and interpretation of radiation chemistry is treated in numerous recent 
monographs and  textbook^^-^^, only the most essential concepts will be 
summarized in  section 11. The spectra of the transient species derived from 
quinones, semiquinones and hydroquinones i n  aqueous and non-aqueous 
solutions are summarized in  the Appendix. 

J .  H.  Fendler and E. J. Fendler 

II. FUNDAMENTALS O F  RADIATION CHEMlSTRY 

Radizticn chemical changes are initiated most commonly by high-energy 
y-ray sources (cobalt-60 or caesium-l37), electron generators (Van de 
Graaff) or linear accelerators. For quantitative studies, a knowledgc of 
the amount of energy absorbed by the irradiated sample is required. The 
absorbed energy or irradiation dose is generally expressed i n  units of rad 
or eV/g. Onc run is equivalent to lOOerg/g or joule/g and equals 
2.4 x cal/g and 6.34 x I O l 3  p eV/cni3 ( p  = dens:ty in g/cni3). The 
mhsorbed close rcitc equals the absorbed dose pcr u n i t  tinic, e.g. rad/min or 
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rad/h. The yield of products relative to the amount of radiation is 
expressed by the G-ualric. G(X) and G(-X) refer to the number of 
molecules of product X formed or decomposed, respectively, on irradiation 
per 100 eV of absorbed energy. For solution studies, substitution of the 
appropriate units into the abovc definition gives thc following useful 
expression33 : 

(X in moles litre-l) (9.65 x lo8) 
(absorbed dose in rads) p 

G(X) = 

The energy of a given radiation source is determined by dosinietry?. 
Pulse radiolysis, the radiation chemical analogue of flash photolysis, 

affords the direct determination of the absorption spectra or conductance 
of transients in the niilli to picosecond (1 0-3-1 O-I2 s) rangcs as well as 
their rates of formation and decompositio~i~~. 

Particularly convenient is thc broad absorption spectrum of the hydrated 
electron, F~~~~~ = 1.85 x lo4 M-' cm-l, since measiircinents of its rate of 
absorbance decrease in the presence of dilTerent solutes afford the direct 
determination of rate constants for the reaction of e,lcl with a large variety 
of  compound^^^. 

The net chemical result of the irradiation of water is the formation of 
the following species: 

H20 ----+ e& +'H +'OH + H,+H,O,+H,O+ (1 1 
The yields of these species with respect to the absorbed energy are known 
with considerable a c c i ~ r a c y ~ ~ :  Gcaq- = 2.8 f 0. I ,  G.II = 0.6 +_ 0.1, G.,,, = 
2-8 & 0.1, GI13 = 0.45, and GlIoOW = 0.71. Furthermore, by the judicious 
use of scavengers it is possible to"siniplify the system such that it contains 
exclusively the hydratcd electron, elq, the hydrogen atom, 'H or the 
hydroxyl radical, 'OH (Table I). Whcn it is desirable to study exclusively 
the reaction of eiq with solutcs, advantage can be taken of equation (21) 
by saturating the triply distilled water with H, and, concurrently, of 
equation (1 2) by making the solution alkaline. Alternatively, the system 
can be simplified to contain primarily eZq by adding inethanol (equation 
22) and adjusting the p1-I to ca. 10 (equation 12). In order to investigate 
the reactions of 'H with solutes, the triply distilled water is made acidic 
(equation 2) and is saturated with hydrogen (equation 21). Hydroxyl 
radical reactions are studied in  the prcsence of nitrous oxide since the 
reaction given in equation (10) not only eliminates e&, but doubles the 
amount of hydroxyl radicals in the system. This reaction is, therefore, 
very conveniently employed in radiation-induced hydroxylation studies. 

The radiation chemistry of organic liquids difkrs from that of water 
since in addition to ionization (formation of electrons and positive ions) 
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TABLE 1. Selected rate constants for the primary species in watern 

Reaction Equation Rate corstantb pH 
no. used in (M-l s-') 
this chapter 

ea; + H 3 0 +  -* 'H + H,O 
e&+ea;l --f HR+20H- 
en; + H,O2 --> 'OH + OH- 
eG+'H -*H,+OH- 
e,+'OH --->OH- 
en; + '0- + 2 0 H -  
ea; + EI,O -f 'H + Oli- 
en;+O,+'O, 
e&+N,O +N,+'OH+OH- 
'H+'H-+H, 
'H+OH- +e;q+HzO 
'H + 'OH --f H,O 
'H + 0, + 'HO, 
'H + H,02 .+ 'OH+ H,O 
'H + H 3 0 +  --> H?f + H,O 

'OH +'OH + H202 
'H + NZ0 --> N, + 'OH 

'OH + OH- --> '0- + H,O 
'OH + HzOz --> H2O + 'HOR 
'OH + H, --> 'H + H 2 0  
'OH + CH30H --f 'CH,OH + H,O 
H30+ + OH- --t 2Hz0 

(2.07 k 0.08) x 10" 2'1-4.3 
10.9 

(1.23 4 0.14) x 10" 7 
(2.5 k 0.6) x 10'" 10.5 
(3.0 C_ 0.7) x 10'" 10.5 
(2.2 t- 0.6) x 10"' 13 
16.02 1.0 8.4 
(1.88 +_ 0.2) x 10" 7 
(8.67 4 0.6) x 10" 7 
1.5 x 10'0 0.1-1.0 
1.8 x 107 11-13 
(0.7-3.2) x 10" 3 
2.6 x 10'O 0.4-3.0 
(9.ok I ) X  107 2.1 
2 . 6 ~  103 d 3.5-1 1 - 1.2 x 10' 3.5-1 1 
5 x loQ 7 
3 . 6 ~  10' 
4.5 x 107 7 
(6.0 _+ 2.0) x 10' 7 
4.8 x 10' 7 
1.43 x 10"' 7 

(0.9 5 0.15) x 10'0 

.__ 

References 29 and 30. 

Rate constant, k ,  dcfined by d(X)/dt = k(X)?, where X = e& (equation 3), 
X = 'H (equation 1 1 )  and X = 'OH (equation 18). 
Determined photochemically. 
Determined by competition kinetics. 

* Determined by pulse radiolysis unlcss stated otherwise. 

f Determined by T-jump technique. 

singlets and triplets are formed either by initial excitation or by electron 
n e ~ t r a l i z a t i o n ~ ~ - ~ * .  Conditions may be adjusted in such a way that the 

dissolved solute either accepts an electron forming a radical anion, A', or 
gives up  an electron forming a radical cation, A'. Under suitable con- 
ditions the rates of successive electron transfer processes between several 
dissolved solutes have, in fact, been observed39. The number of possible 
reactions which can occur in organic liquids therefore far exceeds that 
which occurs in the radiolysis of water. In organic liquids, hydrogen atoms, 
for example, rarely combine to form molecular hydrogen, a common 

+ 
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reaction in water (equation 1 I ) ,  but rather preferentially abstract hydrogen 
from or add to a solvent molecule. 

It is evident that reasonable care must be exercised in designing 
radiation chemical experiments. However, the available compilation of 
rate constants for the reactions of radiolytically generated species with 
several thousand inorganic and organic compounds, radicals and excited 
states2a 30 considerably facilitates the execution of fruitful experiments. 

I l l .  RADIATION-INDUCED REACTIONS OF QUINONES 
IN AQUEOUS SOLUTIONS 

Radiation chemical techniques have been applied successfully in 
investigations of the oxidation-reduction system of hydroquinone and 
benzoquinone and their substituted analogues. The hydrated electron and 
hydrogen atom are the reducing and the hydroxyl radical and hydrogen 
peroxide are the oxidizing agents present subsequent to the deposition of 
energy. By the use of different scavengers (Table 1) it is possible to adjust 
conditions such that only one of these species predominates. 

Several radiation chemical studies have been carried out in aqueous 
air or oxygen-saturated solutions"0. Oxygen removes the reducing radicals 

(equations 9 and 14) by converting them to oxidizing species (0; and 
HOH). The pH of the solution detcrmines the nature of the oxidizing 
species : 

ph'= 1'0 ? 0.4 pl i -4 .5  
H,O: 7 H + + H O ;  > 0 > + 2 H +  

In an air-saturated solution the oxidizing species are, therefore, the 

hydroxyl radical, 'OH (which above pH 12 exists primarily as O:), 
hydrogen peroxide, H202 (which again above p H  12 ionizes to HO;) and 
the protonated, neutral or ionized form of the perhgdroxyl radical (HO;). 
Each can rcact with quinones and indeed some quinones have shown a 
certain degree of selectivity towards these oxidizing species. Perhaps it is 
not superfluous to re-emphasize the special importance of controlling and 
varying such experimental conditions as scavengers and pH in these 
reactions since many of the quinones exist in different extents of 
protonation with consequent differences in thcir reactivities. 

A. Simple Aromatic Quinones 

The radiation chemistry of simple aroniatic quinoncs will be discussed 
initially in considerable detail since, to somc extent, the behaviour of more 
complex quinones is analogous. 
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Pulse irradiatior, of z nitrous-oxide-saturated aqueous 5 x 1 0 - 3 ~  
solution of z.'-benzliydroquinoiie resulted i n  the formation of two 
transients41. Chart I sumniarizes the proposed reaction paths. The first 

(30) 0 (27) CC,H,O' 

0 

(32) 'OH T 

HOC,H,O' OH 

Q* 0- 

CHART 1 
0 H 

transient was observed 1 ,us after the pulse. On a longer tinie scale a 
second transient formed. The rate of build-up of the second transient, 
determined at  425 m i ,  obeyed first-order kinetics and was found to be 
independent of the concentration of the first transient (Figitre I) .  These 
transients have been assigned to the hydroxyl adduct of p-benzoquinone 
(equation 32) and the p-benzscmiqitinone anion radical (equation 24). 
The independently determined rate constants for the reactions of e,, arid 
'OH with p-benzoquinone and p-benzhydroquinone (Table 2) afforded the 
design of the experimental conditions required for the substantiation of 
the assigned structures. Since eLq reacts considerably faster with p-benzo- 
quinone than with p-benzhydroquinone, and since the reaction of the 
hydroxyl radical with the quinone is a n  ordcr of magnitude slower than 
with the hydroquinone, in an aqueous solution of 1 x 10-3~f quinonc and 
1 x 10%f hydroquinone all the eTq and 'H react with benzoquinone and 
all the 'OH reacts with hydroquinone, consequently at neutral pH the 
single species present is the semlquinone radical anion. At pH 2 in the 
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FIGURE 1 .  Transient absorption spectra after pulse radiolysis of 5 x 1 0 - 3 ~  
hydroquinone saturated with nitrous oxide. Curve a, absorption immediately 
after the pulse; curve b, absorption aftcr loops delay. Inset, oscillogram 
showing: a, transition from the 'OH adduct to the scmiquinonc ion 
(A = 4100 A); b, decay of the semiquinone ion. Ordinate, percentage 
absorption, 2.6 pcr cent per large division; abscissa, (a) build-up, 20 ps per 
large division; (b) decay, 1 rns per large division. Reproduced with permission 
from G. E. Adams, B. D. Michael and E. J. Land, Nutwe, 211, 293 (1966). 

same aqueous systeni a different spectrum is obtained which was assigned 

to the protonated form of the semiquinone, HOC,H,16. The absorption 
changes at 430 nrn (niaxirnum difference between the two forms) afforded 
the determination of the protoilation equilibrium (Figure 2)". The 
assigned structures of the semiquinone radical anion and the semiquinone 
are supported by previous flash photolytic determinations of the absorption 
spectra of a number of semiquinones in their difTerent ionization 
Additionally, the observed salt effects 011 the rate constant for the decay 
of the trnnsient produced i n  the piilse radiolysis of neutral nitrous-oxide- 
saturated solutions of p-benzhydroquinone (equation 27) gave a good 
Bronsted plot with a slope of + 1 ,  thereby substantintiiig the postulated 
tinit charge on the semiquinone anion radicaltf. 

The initial product of the reaction of hydroxyl radiczl wit!i p-benzhydro- 
quinone is the trihydroxycyclohexadienyl radical (equation 2s)". The point 
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TABLE 2 .  Rate and equilibriuni constants for the reactions of quinones, hydro- 
quinones and their intermediatesa 

C 

-015 

,A-- 
0. t ,' 

w 
V E 

I 

0 p 
n a I I I I ,8' 
L - 0.1 

O . ' r  

I 
n 
0 , 

b 
I I 

I , 
p 0.1 3 

- 
I 

p' 
- - C+--o--' 

I I I I I I .  
350 4 5 0  5 50 1 2 3 4 5 6 7  

Rcacti on Equation no. Rate constant 
~~~ ~~ 

1.25 x loQ 
2.7 x 1 0 ' O  

p-Benzoquinone + eyq (24) 

p-Benzhydroquinone + en; (31) < 107 
p-Benzoquinone + 'OH (32) 1.2 x 1 0 4  
p-Benzhydroquinone + 'OH (28) 1.2 x 109 

Disproportionation of (27) 1.7 x 1 0 8  

Disproportionation of (30) 1.1 x 1 0 8  

Protonation of p-benzsemi- 1 og (25)/(26) p K  = 4.0 
quinone anion radical 

p-benzsemiquinone anion 
radical 

p-benzseniiquinone radical 

ad duct of p-benzhydroqu i none 

a Reference 41 unless stated otherwise. 

Water elimination from 'OH (29) p H-dependent 

Reference 42. 
Reference 43. 

Wovelengih, n m P H  

FIGURE 2. Transient spectra from the pulse radiolysis of an aqueous solution 
containing 1 x 1 0 - 3 ~  p-benzoquinone mid I x IO-?M hydroquinone (0, free) 
1 ps after the pulse. (a) Neutral solution, (b) pH 2, (c) pK curve of semi- 
quinone. Reproduced with permission from G. E. Adams and B. D. MichaeI, 
Trans. Farnday Soc., 63, 1171 (1967). 
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of hydroxyl radical attack is somewhat ambiguous since absorption 
spectroscopy does not distinguish between the different isomers. Com- 
parison of the spectral and kinetic properties of the transient trihydroxy- 
cyclohexadienyl radical with transients obtained in the irradiation of 
aqueous nitrous-oxide-saturated solutions of 1,2- and 173-dihydroxy- 
benzene (catechol and resorcinol) suggests that attack occurs primarily, 
but not exclusively, at  thc 1-position forming the gcniinal 1,I74-trihydroxy- 
cyclohexadienyl radicaI4l. The recently developed ill situ electron spin 
resource observations of radicals with millisecond lifetimes, generated by 
high-energy radiation, can cstablish the structures and rate constants for 
the formation of the different isomeric trihydroxycyclohexadicnyl 
radicals28. 

The semiquinone is formed from the trihydroxycyclohexadienyl radical 
by water elimination (reaction 29)". This is apparently a well- 
substantiated reaction and will be discussed at some length in part B. 

Both the scmiquinone anion radical (reactiori 27) and its protonated 
form (reaction 30) could disproportionate to form mixtures of the quinone 
and the hydroquinone; however, the former reaction requires that the 
electron affinity of thc semiquinone anion radical be greater than that of 
p-benzoquinone. The rate constant for the former (at neutral pH) is an 
order of magnitude slower than that for the latter at  p H  2 (Table 2). 
This difference in rates is in agreement with the spectral assignment of 
the species41 since reaction (27) would undoubtcdly be slower than that 
between two uncharged radicals (reaction 30). I t  is conceivablc that the 
slower reaction a t  neutral pH could involve disproportionation between 
the semiquinone anion radical and the semiquinone radical rather than 
between the two ncgatively charged radical species. 

The steady-state radiation chemistry (Co-60 irradiations) of aqueous 
air-saturated solutions of 2,5-dichloro-p-benzhydroquinone, 2,5-dimctliyl- 
p-benzhydroquinone, 2,5-dimethyl-p-benzoq~1inone, 172,4-trihydroxy- 
benzene, 3,6-dihydroxy-p-benzhydroquinone and 4-t-butyl- 172-dihydrosy- 
benzene has provided important inforniation on the role of the perhydroxy 
radical (HO;) in the oxidatioii-reduction processes of quinones and 
hydroquinones47* 48. Subsequent to the formation of the oxidizing species, 
'Hoe, 'OH and H202 (equations 1, 2 and 14), reactions (33-39) can be 
envisaged. 

Four different mechanisms have been postulated to account for the 
radiation-induced oxidation of these substituted quinones and hydro- 
quin~nes*~***'. In mechanism I, the reaction sequence is equations (l) ,  (2), 
(14) and (33) followed by either (34) or (35) and terminated by (36). Using 
this reaction scheme good agreement was obtained between the calculated 
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?- OH 

6 H  OH 6 +'Hop -? b + H,O, 

OH OH 

0' 0 

OH 0 

(34) 

and observed yields for the radiation-induced oxidation of 2,5-dimethyl- 
p-benzhydroquinone and 1,2,4-trihydro~ybcnzene~~. In mcchanisni 11, 
the perhydroxy radical oxidizes the scmiquinone radical (equations I ,  2, 
14, 33 and 35) but is not a strong enough oxidizing agent to react with the 
hydroquinone, i.e. reaction (34) does not take place. The radiation- 
induced oxidation of 4-t-butyl-I ,2-dihydroxybenzene is an example of 
this case since the observed yields are compatible with the materia.] 
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balance equations derived froni this mechanis~n~~".  l n  mechanism 111, the 
perhydroxy radical is unable to oxidize either the hydroquinone or the 
semiquinone radical, i.e. reactions (34) and (35) do not occur and hence 
the steps subsequent to equations (I), (2), (14) and (33) are disproportiona- 
tion of the perliydroxy radical and of the semiquinone radical (equations 
36 and 37). The reaction of 2,5-dichloro-p-benzhydroo,uinone is an 
example of this meclianis~n~~. In meclianism IV the perhydroxy radical 
acts as a hydroxylating agent and the reaction sequence is equations (l), (2), 
(14), (33), (34), (36), (38) and (39). Since hydroquinone and its mono- 
substituted derivatives readily react with the perhydroxy radical, the 
extent of hydroxylation depends on the rates of thcsc competing processes 
and the ratio of hydroquinone to scmiquinone radical. The observed 
yields for p-benzhydroquinone, 2-chloro-p-benzhydroquiiione, 2,5-di- 
hydroxytoluene and 1,2,4-trihydroxybenzene were found to be consistent 
with this mechanism40. Additional research of this type would allow the 
accumulation of sufficient data to test the validity of a relationship between 
the oxidation-reduction potential of substituted hydroquinones and their 
radiolytic yields or their reactivity with the perhgdroxy radical. Although 
the transient absorption of pulse radiolytically generated 'HO, and its 

anion, Oi, have bcen reported", no absolute rate constants are available 
for its reactions with dissolved organic compounds. 

B. Formztion of Semiquinones from p-Hydroxy-substituted Aromatic 

It was noted in the previous section that the trihydroxycyclohexadienyl 
radical, formed by 'OH attack, readily eliminates water to fDrni the 
s e r n i q i ~ i n o i i e ~ ~ ~ ~ " ~  (equations 28 and 29 in Chart I, Table 2 and Figure I ) .  
This process is apparently general and the driving force for it is the gain 
in potential energy resulting from the rearomatization of the cyclo- 
hexadienyl radical". It should be possible, a t  lcast in principle, to generate 
semiquinones from p-hydroxy-X-substituted aromatic compounds by 
hydroxyl radical attack followed by eliniination of XM froni the 
substituted hydroxycyclohexadienyl radical. The importance of this 
reaction lies in the interpretation of radiation and, indeed, chen~ically 
and biocheinicaliy induced hydroxylation"('. 

The best substantiated process is the hydroxyl radical induccd denitration 
of p-nitrophenolj'. In the iii sitri e.s.r. examination of irradiated nitrous- 
oxide-saturated (equation 17) aqueous solution of p-nitrophenol a 
I : 4 : 6 : 4 : 1 e.s.r. quintet with a hyperfine splitting of 2.3 Gauss and 
g = 2.0044 was observed (Figure 3)28. The e.s.r. paranicters for this 

Compounds 
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- 
2.35 G 

FIGURE 3. E.s.r. spectrum of p-benzosemiquinone radical ion obtairled from 
an N,O-saturated solution of 1 0 - 3 ~  p-nitrophenol at pH 1 1.8. Reproduced 
with permission from K. Eiben and R. W. Fessenden, J.  Phys. Clion., 75, 

1186 (1971). 

radical corrcspond unambiguously to the p-benzsemiquinone anion 
radical. Chart I1 illustrates the proposed mechanism which involves the 
initial formation of the nitro-substituted hydroxycyclohexadicnyl radical 
(equation 40) which can lose HNO, to give the semiquinone (equation 41) 
or disproportionate to 4-nitro- 1,2-dihydroxybenzene and p-nitrophenol 
(equation 42). Analytical determinations of the yields of nitrite ion, the 
total yields of quinone, subsequent to oxidation of hydroquinone to 
p-benzoquinone (equation 43), and the yields of 4-nitro- 1,2-dihydroxy- 
benzene have substantiated the proposed mechanism (Table 3)51. It is 
seen that the yields of nitrite ion are equal to that of p-benzoquinone and 
that thc addition of nitrous oxide (equation 10) doubles the yields 
indicating that 'OH is indeed a necessary prccursor. Thc hydrogen ion 
concentration clearly influences the extent of denitration. At pH 8, 3 1% 
of the reaction goes via denitration while at pH 5 only 14% denitration 
occurs. This fact has been rationalized by postulating that while the 
preferred site for the 'OH attack on p-nitrophenolate ion ( p K  of 
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I 
H 

'OH(OH)C,H,NO, 

(42) 

(40) HO QN02 

+'OH - 6 
(41) -HNO, / OH 

NO2 

+ 6 
0' 

I 

55 I 

CHART 11 

TABLE 3. Yields of products in irradiated aqueous solutions of p-nitrophenol" 
~ ~~~ ~ ~ 

pH Gas Concentration G(N0;) G(p-Benzo- G(4-nitro-l,2- 
(MI quinone) dihydroxybenzene) 

~ ~~ ~~ 

5 N, 5 x 10-4  0-30 0.33 1.88 

5 NZO 5 x 10-4 0-66 0.65 3.84 
8 N, 

2.42 

5 x 1 0 - 4  0.68 0.70 1 -50 
1 *94 8 N* 2 x 10-2 0.77 

8 N,O 5 x 10-4 1-32 1.42 2.98 

I 5 N, 2 x 10-2 0.39 

- 

(' Reference 51 ; dosc = 5 x lOI7 eV/rnl. 
'' G is the radiation chemical yield (scc section I1 for its definition). 

p-nitrophenol is 7-15) is the ortlro position, electrophilic attack by 'OH 
occurs with equal ease at both the ortho and para positions of the 
unionized nio1ecule5l. 

The presence of hydroquinone in irradiated aqueous solutions of 
p-brornophenoP2 can be rationalized by an analogous process in which 
the bromo-substituted hydroxycyclohexadienyl radical loses HBr. 
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The formation of phenols on irradiation of aqueous solutions of chloro- 
benzene53, Auorobenzene"%, anis01e~~ and nitrobenzeneS6 can also be 
rationalized by elimination of HCI, HF, CH,OH and HNO, from the 
substituted hydroxycyclohexadienyl radicals. Although the intcrmediatc 
in these cases is the phenoxyl radical, rather than the semiquinone, the 
driving force for all these processes is the resonance energy gained from 
the formation of stable aroniatic structures. 

Hydroxyl radicals gencrated in the Ti/H,O, system also produced 
o- and p-benzoquinones in the presence of o- and p-nitropheno151. 

Since biological hydroxylation of phenolic compounds in uico readily 
occurs and since semiquinones have important roles in electron transfer 
processes, quantitative radiolytic investigations of many hydroxy- 
substituted aromatic systems are to be expected. 

C. Complex Quinones and Dyes 

Since the application of radiation techniques to mechanistic bioorganic 
chemistry is i n  its infancy, it is not surprising that only a few of the 
complex quinones have been examined to date. In some cases, such as 
ubiquinone for exampIe, the Iack of solubility necessitated the use of 
methanol or ethanol instead of water. Although the electron reductions 
of these compounds are similar in water and in alcohol, it is felt that the 
overall differences in the radiation chemistry of aqueous and non-aqueous 
solvents warrant their separate discussion. 

The oxidation-reduction processes of sodium 9, IO-antliraquinone-2- 
sulphonate in  water have been investigated recently5'. The proposed 
mechanism is entirely analogous to that of the benzoquinone-hydro- 
quinone system (Chart 111). The rate constant for the reaction of hydrated 
electrons with sodium 9,1O-anthraquinone-2-sulphonate (equation 44) 

' C H  W s o m  --.+ (47) 'OH adcliict 

0 

OH 

0- 0. 
CHART 111 



10- Radiation chemistry of quinones 553 
has been deterniined to be 2.5 x 1010 M-1s-1. In the presence of 1 0 - 1 ~  

HCOONzl all the hYdroxy1 radicals and hydrogen atoms are converted to 

coi \Vhich then transfers an  electron to the anthraquinone. The anthra- 
qllinone anion radical has a transient absorption maximum at 500 nm. 
With decreasing PH this absorption maxixnum decreases with the con- 
comitant increase of another band at 390 nm. The latter band is due to the 
formation of the protonated anion radical (equation 45). The pK 
(log 45/46) for the equilibrium has been determined to be 3.2557. 

The rate constant for the reaction of hydroxyl radical with sodium 
~,lO-anthraquinone-Zsulpho~~ate (equation 47) has been determined to be 
5-6 x lo9 M-'$-l . . A transient with an absorption of 460 nm was observed 
which is, most probably, a hydroxyl adduct5'. 

Many of the organic dyes have quinonoid structures or are sufficiently 
closely related to quinones to warrant a treatment of their radiation chemistry 
in  this volume. Since a comprehensive review of the radiation chemistry of 
organic dyes has appeared recently32, the obtained data will only be 
discussed in an illustrative fashion. 

Most of the early work centred around observing, and in some cases 
quantitatively determining, the extent of bleaching of a suitable chromo- 
phore as a function of absorbed radiation dosez3. Using pulse radiolysis 
rate coilstants for the reaction of reducing and osidizing radicals with the 
dyes as well as disproportionation have been deterr~iined~~,."~-~' .  Table 4 
summarizes the data for methylene blue, fluorescein and eosin. Difrerent 
extents of protonation of the dyes at given pH values, of course, have to 
be considered. The dissociation constants for methylene blue, for example, 
have been determined spectrophotometrically to bess: 

p:i-,=o J)h-,=--5.1 
MB' -2 MBH2+ ~ MBH" 

In neutral solutions the hydrated electron reduces methylene blue : 

MB++e& - MB' (48) 

Formate radicals (found in the prcsence of sodium formate) also react 
with MBf to form MB'. The MB' radicals subsequently disproportionate 
by a second-order process : I 

2MB'+H20 ___ > MB++MBH+OH- (49) 

111 acidic solutions rate constants for reduction of the protonated species 
have been deternlilled (Table 4). Although thz data did not allow the 
detpnnillEticn of the dissociation constants for transient semiquinones, 
it indicated that they are weaker acids than those from which they were 
derived by electron addition58.  ore recent spectroscopic evidence", " 
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+ + 

indicates that the species present at  pH 6 is MBH' rather than MBom 
and that the pK of MBH' is ca. gG3. 

Reaction of the hydroxyl radical with dyes can involve ring addition 
forming substituted cyclohesadienyl radicals or attack at a functional 

In any event, these processes need not necessarily lead to colour 
blcacliing. Direct pulsc radiolytic observation of the formation of transient 
intermediates formed by hydroxyi radical attack on fluorescein and 
eosinG0.61 afforded the rate constants for these processes. The hydroxyl 
radical adduct of fluorescein eliminates water forming a species which 
subsequently reacts to givc a product with an absorption maximum at 
500 nni. The products of these reactions under different conditions 
(Table 4) have been elucidated in some cascs and are discussed by 
Grossweincr"". 

In addition to oxidation and reduction, fluorescein and eosin undcrgo 
cheniiluminescence"". The proposed mechanism involves triplet-triplet 
interactions leading to a loosely bound triplct-singlet complex which 
reacts with e;q to generate the excitcd singlet state of the monomer and 
the dye seniiquinoneG5. 

Radiolysis of dye-biopolymer complexes has been examined recently 
i n  an effort to understand thc influence of binding on rate processes"-". 
In niany instances the rate constants for the reaction of hydratcd electrons 
with dyes bound to polymers are markedly different from those for the 
unbound analogues. These results have recently been revicwed32 and, 
therefore, are not reiterated here. 

D. Pulse Radiolytic Investigations of Electron Transfer Processes 

Coenzyme Q, or ubiquinone, is involved in  the mitochondria1 electron 
transfer chain. One of the requirements for a compound to be includcd as 
an obligatory member of the electron transfcr system is, of course, that it 
must undergo oxidation-reduction at  a rate coniniensurate with the 
overall enzyme activity31. The experimental verification of this point 
presents, however, considerable dificulties. I t  is likely that the turnovcr 
of the total coenzyme Q is different from that localized i n  the immediate 
vicinity of the sites of oxidation and indeed from that of its reactivity i n  
aqueous alcoholic media. Nevertheless, the technique of pulsc radiolysis 
offers a mcans whereby clcctron transfer processes can convcnieritly be 
investigated directly. Tnevitably such studies have been carried out 
initially on simple model systems, extrapolation of which to complex 
biological macromoleculcs may be less than straightforward. The 
princjples 01. the ]nethod can be understood i n  terms of the following 
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competition scheiiie : - 
A+e;,, "' z A' (50) 

8' (51) B + eLq 

+ B'+A (52) A'+B ___- 

- 
k61 , 
PL2 

If k,,[Al%>k,,[B] all of the electrons will react with A to form the anion 
radical As. Furthermore, if the electron affinity of B is greater than that 
of A, a subsequent electron transfer with a rate constant of k,, will occur. 
The requirement for the direct pulse radiolytic abservation of reaction 
(52) is a suitable differencc in the transient absorption spectrum of A'; 
and B'. Such conditions prevail for many organic transients for which 
electron transfer processes have been determindJ9. Under suitable 
conditions it is perfectly feasible to observe quantitatively chain electron 
transfer processes of the typc: 

p, + e, -> A'; 

L B - + A  L 

The followiiig scheme has been proposed for the recently observed 
multiple electron transfer processes involving acetone, nicotinamide 
adenine dinucleotide (NAD+), oxygen and p-be~izoquinone~~ : 

'OH + (CHJ,CHOH - (cH,),COH 

(55) N A D +  1 
NAD' + (CH,),CO + H' 

I 
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The system for irradiation consisted of 1 . 0 ~  acetone, 1-OM isopropanol, 
2-0 x 1 0 - a ~  NADf, 2.5 x 104~i  oxygen and 2.0 x 10% p-benzoquinone. 
Under these conditions, each individual step was shown to occur7o. The 
high concentrations of acetone and isopropanol ensured the scavenging of 
all radiolytically generated radicals to forni the alcohol radical, 

(CH,),COH (equations 53 and 54). When NADf was added to isopropanol 
and acetone (equation 5 3 ,  the spectral properties of the new transient 
(A,,, = 400 nm) corresponded to that of the N A D  radical (NAD'). 
In the absence of oxygen this radical was rather long-lived (over hundreds 
of ps). In the presence of oxygen, however, it decayed exponentially with 
a rate constant, k,,, of 1-9 x 10" M-l. This rate constant is in reasonable 
agreement with the value directly determined for NAD' + 0,. Finally, 
when p-benzoquinone is also present a new transient is formed (equation 
57) on a 200 ps time scale, the spectral properties of which correspond to 
the seniiquinone radical 

The above study clearly illustrates the inherent potential of pulse 
radiolysis. It is significant that electron transfer involving oxygen i n  
biological nioleculcs has been dcmonstrated. Future studies of other 
multicomponent systems may well approach the coniplexity of bioIogicaI 
electron transfer mechanisms. 

IV. RADIATION-INDUCED REACTIONS O F  QUINONES 
IN NON-AQUEOUS SOLUTIONS 

The radiation chemistry of solutes in organic liquids depends, to a large 
extent, on the polarity of the solvent4. In the more polar solvents, such as 
alcohols, the electron beconies solvated. The lifetime of the solvated 
electron, e;, in alcohols is, howevcr, considerably shorter than that in 
water since in the absence of scavengers or impurities it is rapidly 
neutralized by 

e; + R O  H;- - -- -+ 'H+ROH (58) 

When a solute, S, is present in sufficient concentration to compete with 
reaction (58) electron transfer occurs: 

e ; + S  - ----> S' (59) 

resulting in the formation of anion radical, S'. The anion radical may be 
neutralized by ROH; (equation 60), react with the solvent (equation 6 1) 
or transfer its charge to an available second solute S, (equation 62): 

S'+ROH: - - -  -> ~ H + R O H  (60) 

S;+ROH - -+ SH+RO- (61 1 

s:+ s (62) 

- 

..- . s-t-s, ~- - - 
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In less polar solvents the formation of excited states predominates over 

ionic processes. Both ionizations (forming electrons, e-, and positive ions) 
and direct excitation occur: 

(excitation) 
(63) s -- S' 

The excited molecules may dissociate or react with neutral radical ions. 
Additionally, in non-polar solvents the electron may be neutralized by an 
excited cation to produce superexcited states (equation 64) or undergo 
dissociative capture (equation 65) prior to its being solvated: 

-+ R** (64) 

e-+RX > R'+X- (65) 

The radiation chemistry of non-polar liquids involves a greater number of 
excited states and is generally more complex than that in analogous 
photochemical processes. Nevertheless many analogies exist between 
radiation and photo-excitation systems and useful studies are being 
carried out using both techniques. 

Electron transfer processes have been determined for d~roquinone '~ 
and u b i q u i n ~ n e ~ ~  and steady-state and pulse radiolytic investigations have 
been carried out for a number of quinones in cycloliexane and in  
be~ene'3-'~. These processes will be discussed consecutively in the 
following sections. 

e - + R + *  _. 

A. Radiolysis of Duraquinone and Ubiquinone in Methanol 

Rate constants for the reaction of the solvated electron with p-benzo- 
quinone, duroquinone and ubiquinone have been determined by following 
the rate of decay of e; in methanol at 630 nni (no other transient absorbs 
at  this wavelength) in the presence of different concentrations of these 
solutes72. The rate constants, calculated after taking into consideration 
the lifetime ( tn-  1 ps) of e; ii: ~nethanol, are given in Table 5. The rate 
constant for the reaction of e; with ubiquinone can be considered to 
represent the upper limit for the bimolecular rate of electron transfer to 
coenzyme Q (ubiquinone) in viuo. Apparently all of these quinones are 
reacting a t  diffusion-controlled rates which are not dependent on the 
solvent (see Table 2 for the rate constant of p-benzoquinone with electrons 
in water). 

The absorption spectrum of the ubiquinone transient in a methanolic 
solution of I x 10-2~! NaOH is different from that in methanolic 1 x 1 0 - 2 ~  
sulphuric acid (Figure 4);G. By analogy to the irradiation of other quinones, 
ubisemiquinone anion radical and neutral ubisemiquinone radical have 
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TABLE 5. One-electron reactions in biochemical systemsa 

Reaction 

% ~ o E +  Q * Q' 
'CH2OH + Q -> 

HCHO + QH' 
'CH20- + Q --f 

2 QH'-+QfQH, 
HCHO f QT 

QH. + Q% H+ 

2.0 x 109 M-' S-1 3.3 x 1 0 9  ~ - 1 s - 1  - 

Data taken from reference 72. 
With an n,,l for DQH' of 3500 M-l s-l. 

15,000 

10,000 
c 
I 
E 
0 - 

I 

9 
lu 

5.00 0 

250 3 0 0  3 50 400 4 50 5 00 
Wavelength, nm 

FIGURE 4. Absorption spectrum of ubisemiquinone. Anionic form ( Q), 
neutral form (0); E is the molar extinction coefficient. Reproduced with 
permission from E. J. Land, M. Simic and A. J. Swallow, Biochini. Biophys. 

Actcr, 226, 239 (1971). 

been assigned to these spectra (Chart IV) since in  strongly acidic methanolic 
solution the following reactions take place 'instantaneously' : 

e F + H +  - -+ H' (66) 

-H+CH,OH ------+ H,+~H,OH (67) 

Making the assumption that the rate constant for the protonation of 
ubisemiquinone anion in  methanol, &, is ( 3  t I )  x I O ' O  M-* s-I, the pK 
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H,CO 
+ es ----+ 

(66) 
H,CO H3c00cH3 (CsHe )6H H,CO 

56 I 

HCHO i- H3c0Q::81cH H,CO 0' 

CHART IV 

for this process, log k,,/k,,, has been estimated to be 6.45 ? 0.1 5. The 
ubisemiquinone radical disproportionates at a rate which is an order of 
magnitude sfower than the corresponding values obtained for duro- 
quinone or p-benzoquinone (Table 5)'?. These rate differences can be 
rationalized in ternis of steric hindrance cavsed by the isoprene side-chain 
in ubiquinone. 

6. Radiofysis of p-Benzoquinone, Duroquinone and Ubiquinonc in 

Pulse-irradiation of duroquinone in  benzene and i n  cyclohexane 
results in the formation of a transient with absorption maxima at 490 and 
410 nm, respectively (Figure 5)7397i. There has been some question as to 
the structure of this transient. Initially, by analogy with the transient 
spectrum obtained on flash photoIysis of duroquinone in liquid p a ~ a f i n ~ ~ ,  
this absorption was ascribed to duroquinone triplet, but subsequently it 
was reassigned to a photo-isomer of duroquinone. In a recent work, 
Land has marshalled evidence i n  favour of the transient being due to 
triplet-triplet absorption;'. These arguments were based on thc fact that 
the rate of the first-order decay of the transient absorption at 490 nrn is 
increased with increasing concentration of anthracene (a known triplet 
quenchcr) and that the rate of transient decay at 490 nm is exactly 
paralleled by that of thc formation of antliracene triplet at 422.5 nni 
(Table 6). 

The proposed mechanism for the formation of duroquinone triplets in 
cyclohexane arid benzcnc involves electron and positive ion scavenging by 
the solute and by the s o h e ~ t ,  followed by geminate ne~t ra l iza t ion~~ 
(equations 58, 59 and 64). 

Cyclohexane and Benzene 
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0.2 

0.1 

W 0 
E 
0 
0 

0 
# 
D 

L 

a 
0 075 

0 0 5 0  

0.0 25 

4 

J. H. Fendler and E. . I .  Fendler 
I I 

I I 

I 

0 4 5 0  5 0 0  I 

Wavelength,  nm 

I 

i0 

FIGURE 5 .  Transient spectra immediately (< 1 ps) after pulse radiolysis of 
duroquinone in benzcne and cyclohexane. (a) 1 O-?M duroquinone in benzene, 
dose x5000 rad; (b) ~ O - ? M  duroquinone in cyclohexane, dose z 1 1.000 rad. 
Path length = 2.5 cm. Reproduced with permission from E. .J. Land, Trotis. 

Foracioj. Soc., 65, 28 15 (1 969). 

An earlier steady-state radiolytic investigation of p-benzoquinone in 
cyclohexane is in agreement with this rnecl~anisrn~~~ 7s. The determined 
G-value for p-benzoquinone consumption (10.6) was found to be equal 
to  the sum of the quinone-containing product yields as required by the 
material balance : G(p-benzoquinone) = G(monocyclohexy1quinone) + 
2G(p-benzhydroquinone); for nionocyclohexylquinone G = 4.4 and for 
p-benzhydroquinone, niostly as quinhydrone, G = 3.1. In addition, cyclo- 
hexene (G = I a O ) ,  bicyclohexyl (G = 0.15) and hydrogen (G = 3.1) are 

These products can be fornied by scavenging of hydrogen atoms 
or cyclohexyl radicals or by the reaction of the excited quinone with the 
solvent. Using tritium-labelled cyclohexane, no tritiated quinone was 
found i n  irradiated solutions and in the photolysis, no cyclohexene or 
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TABLE 6. Pulse radiolytic rate constants for the duroquinonc-anthracene 

system in benzene and cyclohexanc" 

[Anthraccne], M k,  s-l 

Decayb Format ion': 

Benzcne Cyclohexane Benzcne Cyclohexane 

3 x 1 0 - 5  

3 x 10-4 
10-4 

2.6 2.2 z 3  x3 
5.9 
> 10 

- 6.2 
> 10 

- 
- - 

(I Data taken from reference 77; [duroquinone] in benzene = 1 0 - 3 ~  and in 
cyclohexane = ~ O - ? M :  dosex IOOOrad in benzene a n d  ~3500 rad in cyclohexane. 

I, At 490 nm. 
At anthracene triplet absorption maximum, 430nm in bcnzene and 422-5 in 
cyclohexane. 

bicyclohexyl could be detected. These results led to the postulation that 
the radiolysis of p-benzoquinone in cyclohexane involves cyclohexyl 
radical scavenging (with G = 3-4), deactivation of excited cyclohexene 
molecules (with G = 2-3) and the reaction of cyclohexene with hydrogen 

The decrease in  the yield of duroquinone [G(-duroquinone)] in irradiated 
cyclohexane solutions was equal to the sum of the yields of hydrogen, 
cyclohexene and bicyclohexyl, and the yields of these products are lower 
than those in pure cyclohexane. These results are interesting since duro- 
quinone is photochemically inert in cyclohexane and its affinity for methyl 
radical is some twentyfold less than that of p-benzoquinone. Additionally, 
no change in duroquinone concentration was found in irradiated benzene 
s o l u t i o ~ i s ~ ~ ~  'j. Thc implication of these results is that duroquinone is both 
an electron and a cyclohexyl radical scavenger. 

A transient absorption spectra, with an absorption maximum centred 
around 440 nni, was observed in the nanosecond irradiation of ubiquinone 
in cyclohexane and in benzenei8. The half-life in the former solvent, 
determined by laser photolysis, was 650 ns and that in  benzene, studied by 
pulse radiolysis, 450 11s. In order to establish the nature of this transient, 
its energy level and the extinction coefficient effects of triplet donors and 
acceptors were investigated. Addition of neither 1 x 10-2~z biacetyl. nor 
1 x 10-331 anthracene in cyclohexane appreciably decreases the lifetime of 
the ubiquinone transient, suggesting that i f  any ubiquinone triplet is 
present, its energy lies below that of biacetyl (ET = 236 kJ mole-' i n  
cyclohexane) and anthracene (El. = 176 kJ mole-1 in cyclohexane.) 

(G = 1.0) 7.1,78. 
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Conversely, the anthracene triplet lifetime, observed in I O-?M solutions of 
anthracene in cyclohexane at 420 nm, decreased markedly on the addition 
of 2 x 1 0 - 4 ~  ubiquinone, which substantiates that the triplet energy of 
anthracene is indeed greater than that of ubiquinone. Unequivocal 
evidence was obtained for the presence of ubiqttinone triplet by observing 
the sensitized triplet formation of p-carotene (ET = 94-121 kJ mole-' in 
cyclohexane) in jrradiatea cyclohexane solutions of 2 x 10% p-carotene 
and 1 x 10-3~1 ubiquinone. In the absence of ubiquinone no transient 
absorption due to /I-carotene triplet was observed, indicating that its 
formation, in the presence of ubiquinone, must be due to energy transfer 
from the ubiquinone triplet donor. These and similar experiments in 
benzene suggest that the triplet energy level of ubiquinone lies between 
123-1 70 kJ mole-l, a value considerably smaller than those for other 
quinones7*. The significance of this result is that energy transfer from 
chlorophyll to plastoquinone, which is structurally similar to ubiquinone, 
may be energetically favourable during photosynthesis. 

D,,l = 19,000 M-l cm-l and 
E~~~ ,l,n = 13,000 M-lcm-1 have been determined for the ubiquinone 
triplet in cyclohexane and in benzene, respectivelyi8. 

It is worth mentioning that the lifetime of ubiquinone triplet in benzene 
and in cyclohexane, like the lifetime of other quinone triplets, is 
anomalously short comparcd to other triplets. At present, the insufficient 
information on the mechanism of triplet decay precludes excessive 
speculation on the significance of this point. 

The fact that quinones act both as radical and electron scavengers 
points out the inherent dangers of using these compounds to determine 
total radical yields, i.e. for the reaction, organic 1iqiiidS-p-benzoquinone -> 
hydroquinone, since G(1iydroquinone) is not necessarily equal to G(tota1 
radical yield). 

Using biphenyl triplet as the standard, 

C. lrradiations in the Solid State 

Steady-state irradiations of organic compoLinds in suitable matrices a t  
liquid nitrogen or lower teiiiperatures has provided a convenient technique 
for investigation of free radicals and excited states by absorption or 
electron spin resonance spectroscopy. 

Solid hydroquinone has two crystalline modifications. The less stable 
/I-form can accommodate large amounts of rare gases, forming the 
so-called clathrates of hydroquinone. At room temperature there is a slow 
release of the gas from the hydroquinone clathrate with the concomitant 
formation of the more stable a-form. Recent y-irradiation of the 
f&hydroquinone resulted in the inhibition of the polymorpliic phase 
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transitio~i’~. Although no mechanism has been suggested, this work is 
significant since it represents the first instance in which radiation-induced 
phase transition inhibition has been observed. 

A radical pair, formcd in an X-ray irradiated single crystal of the 
clathrate complex of hydroquinone, has been reported to be due to a 
phenoxyl radical pair i n  which the unpaired electron is delocalized over 
the whole phenoxyl radicala0, 
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V. APPE 

Absorption spectra of quinone 

Compound Solvent Suggested species 

Betizoqrrinones and re Inted comporords 
p-Benzoquinonc Water (pH 2) Semiqu i none' 

Water (neutral) seniiquinone' 
Water 'OH Adduct 
Water Trihydroxycycl ohexadienyl 

Water Di hydroxycyclo hexadienyl 
radical(s) 

radical(s) 

Water p-Hydroxyphenoxyl radical 
(semi qu i no ne' ) 

p-Benzh ydroqu i none Water p-Hydroxyphenoxyl radical 
(semiqui none') 

4-r-Butyl-o-benzoquinone Water Neutral moleculc 
( 0 - 8 M  H?SO,) 

4-r-Bu tyl- 1,2-di hydroxybenzene Water Neutral molecule 
(0 .8hf  H,SO,) 

2,5-Dichloro-p-benzoquinone Water Neutral moleculc 

2,5-Dichloro-p-benzhydroquinone Water Neutral molecule 

2,5-Dichloro-3,6-di hydroxy-p- Water Neutral moleculc 

2,5-Dichloro-3,6-di hydroxy-p- Water Neutral molecule 

2,s-Dihydroxy-p-benzoquinone Water Neutral niolecule 

benzoquinonc 

benzhydroquinone 

1,2-Dihydroxybenzcne (catcchol) Water o-Hydroxyplienoxyl radical 

1,3-Dihydroxybenzene (resorcinol) Water ~?r-HydroxyphenoxyI radical 
(semiquinone') 

(seniiquinone') 

2,5-Diniethyl-p-benzoquinone Water Neutral molecule 
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DIX 

hydroquinones and their transientsu 

567 

Amax or A, A b E, &€--I cm-' Comments Reference 

4150 
4250 
41 50 

< 3200 

3200 

4280 

4060 
4020 
4280 

< 3900 
4060 
4020 
2600 
2790 
4000 
2600 
2790 
4000 
2720 
2980 
2720 
2980 
5120 

c 3900 

2460 
2570 
2880 

z 3500 
3 600 
4300 
4080 

< 4000 
! 2570 

2880 

193 

5500 M-l pK = 4.0 

6600 lvl-' 
7-3 x 103 M-1 

Narrow, very strong 
Very broad, strong 
Narrow, strong 
Narrow, strong 
Narrow, very strong 
Very broad, strong 
Narrow, strong 
Narrow, strong 

3600 +_ 20 
2380 k 20 
930 k 25 
715+ 10 

2750 ? 20 
5 ? 5  

19,650 + 300 
354 k 30 
860 + 20 

4500 k 50 
398 k 12 

0 

1285 4 60 
4650 4 120 

21,l SO 4 580 
Very broad, strong 
Narrow, strong 
Narrow, strong 
Narrow, weak 
Very broad, strong 

19,500 5 500 
257 + 10 

41 
41 
41 
41 

46 and 
reference 

8 cited 
therein 

81 

81 

48 

48 

47 

47 

47 

47 

47 

81 

81 

47 
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Compound Solvent Suggested species 

2,5-Dimethyl-p-benzoquinone Water (pH 2) 
Water (pH 7) 

2,5-Diniethyl-p-benzhyclrocluinone Water 

Diphenoquinoiie Water 

H ydroxy-p-benzoquinone Water 

Tetracliloro-p-benzoquinone Ethanol 
(chloranil) 

Cyclohexane 
Tetrafluoro-p-benzoquinone Chloroform 

(fluoranil) 

Tetrahydrofuran 

Tetramethyl-p-benzoquinone Water (pH 2) 
(duroquinonc) Water (pl-I 7) 

Wa:er (ethanol, 
EIT?SO,,) 

lsopropanol 
Water/iso- 

propanol 
(75125, V/V) 

Liquid paratfn 

Liquid parafin 
Liquid parafin 

Benzene 

Benzene 

Cyclo hexanc 
Cyclohcxane 

Cycl ohcxane 

Cyclohcxanc 
Cyclohexane 

Seniiquinone' 
SemiquinonP 
Neutral molecule 

p-(4-hydroxyphcnyl)phenoxyl 
radical 

Neutral molecule 

Triplet 

Semiquinone' 
Triplet 
Neutral molecule (1zn4) 

Neutral molecule (zn*) 

Neutral molecule 

Semi qui n one' 
Scniiquinone: 
Scm iqu i none' 

Neutral molecule 
Neutral molecule 

Semiquinone' 

Seniiquinone' 
T-T 

T-T or isonicr 

T-T 

T-T 
Neutral molcculc 

T-T 

Semiqui none' 
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Amax or A, A E ,  M-'cnr lb  Comments Reference 

4150 
4400 
2570 
2880 

% 6300 
4500 
4000 
2460 
2570 
2880 
5000 
4400 
4200 
5000 

ca. 3380 
ca. 2580 

Two bands 

4300 
4450 
3000 
4200 

34,000 cm-* 
34,000 cm-' 

4100 
3200 
4350 
4600 
4900 
3400 
4850 
4900 

4900 
3310 
4180 
4330 
3400 
4400 
4300 
4200 

343 rt: 10 
3265 rt: 12 

Very broad, strong 
Narrow, strong 
Broad, very strong 

10,800 c 200 
14,200 2 350 

4502 12 
Transient reacts with 

solvent yielding senii- 
quinonc' 

ca. 200 
ca. 27,500 

GE = 52,300 
GE = 37,300 

(1.44 L- 0.02) x 1 O? 
(1-12+0.02)x 10' 

CE = 7800 
GE = 16,000 

9800 

4700 
25 1 

24-0 
25.1 
GE = 2200 
GE = 3230 

7400 

Two overlapping maxima 
at 2640 and 2530 A 

Longest h band is very 
intense 

pK = 5.1 t-0.1 

S corid species pre ent 
(DH' and/or D- ?) 

Naphthalene, anthracerie 
and diphcnyl used as 
donors or acceptors 

Also C E . , ~ ~ ~ ~  = 2200 

82 
82 
47 

81 

47 

83 

83 
84 

84 

82 
82 
71 

86 
S6 

43 

44 
44 

71 

77 

75 

71 

s5 
73 
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Compound Solvent Suggested species 

Benzoquinones and rekited conipotmrls (conr.) 

Tetramcthyl-p-benzhydroquinone 
(durohydroquinone) 

Anthraquinone 

9,1O-Anthraquinonc-2-sulphonate 
(sodium salt) 

9,l O-Anthraquino1ic-2,6- 
disuiphonate 

2-t-Butyl-9,lO-antluaquinone 
2-r-Butyl-9, I 0-anthrahydro- 

2-Piperidinoanthraquinone 
quinone 

1,4-Naphthaquinonc 

2-Mcthyl-l,4-naphthaquinonc 

9,l O-P2icnantliraquinone 

Cyclohexane 

Tetrahydrofuran 

Watcr/iso- 
propanol 
(50/50, v/v> 

Isopropanol 
Water 

Benzene 

Water 

Water 

Water 

Water (pH 2) 

Watcr (pH 7) 

Ethanol 
Ethanol 

Benzene 
Benzene 

Watcr (pH 2) 
Water (pH 7) 
Water (pH 2) 
Water (pN 7) 
Ethanol 
Ethanol 

Tctrahydro- 
pyrane 

Tet rahydro- 
pyrane 

Radical ion, triplet, or 
biradical 

Semiquinone' 

Neutral molecule 

Neutral niolecule 
Neutral molecule 

Triplet 

Seiniq uino ne' 

Semiquinone' 

'OH adduct 

Semiquinone' 

Semiquinone' 

Neutral molecule 
Neutral molecule 

Triplet 
Semi q u i none' 

Semiquinone' 
Semiquinone' 
Serniqu in one' 
Semiquinone' 
Neutral molecule 
Semiquinone' 
Scniiquinone' (?) 
Neutral molecule 

Quinone^-, 2Na+ 
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Amax or A, W b E ,  M-’cm-l Commcnts Rcferencc 

3 200 
4600 

4100 

34,000 cm-l 

34,000 cm-I 

2570 
2880 
4400 
3600 
3 900 

5000 
3900 
4600 
3100 
3900 

3950 
5250 
4360 
43 60 

5300 
3460 
3740 
4950 
5600 
3800 
3900 
3700 
4050 
4360 
3855 
5450 
3125 
3990 
3310 
3810 
4770 

GE = 13,600 

(1 6-48 k 0.33) x 1 O2 

(1 6.50 k 0.20) x 10‘ 
3505 10 

3235 -+ 25 

1 1,900 

8200 
8200 
3900 

! 8,000 

8 
2600 

1200 

4070 
1700 
8050 

12,800 
1500 

Broad, weak (apparent 

pk‘ = 3.25 
peak at 3800 A) 

pK = 3.2+0-1 

73 

71 

86 

86 
47 

57 

57 

57 

57 

82 

82 

87 
87 

57 
57 

52 
82 
82 
52 
87 
57 
57 
SS 

S i  
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Con1 pound Solvent Sugsested species 
.___ _-_____ 

Acenaphthaquinone 

A licyclic qrririoiies arid dyes 

Acridine 

Camphoroquinone 

Tetrahydro- Seniiquinone', Na+ 

Tetrahydro- Diniagnetic dime?-, 2Na+ 

Tetrahydro- Neutral mo!eculc 

Tetrahydro- Quinonez-, 2Na+ 

pyrane 

pyrane 

pyrane 

pyrane 

Methanol Neutral molecule 
Mcthanol Semiquinone' 

Ethanol Seniiquinone' 

Benzene Semiquinone' 

Benzene T-T 
Benzene Trip let 

Carbon Triplet 
tetrachloride 

I sopropanol Triplet 
(short-lived) 

Hydrogen adduct 
Free radical 

(long-lived) 
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Amax or A, A E ,  M-' cn r l  Comments Reference 

3310 
4990 
4400 
6700 
3010 
3120 
2100 
3750 

ca.2500 
3500 
5640 
2780 

ca.4800 
ca.5200 

3520 
5570 
4400 
3140 
4040 
6380 
7060 
7960 
9160 

10,700 
5 2000 

2800 
3160 
5000 
5900 
6350 
7050 
7960 
9160 

10,680 
5 2200 

2760 
3200 

N 5000 
6300 
7020 
7900 
9oso 

10,600 

15,400 
5700 
4650 
4900 
7500 
6500 

15,300 
ca. 3000 

88 

See cited reference for 88 

88 
poctulatcd structure 

88 

lntensc 
Probably single initial 

transient, transitions 
are assigned 

Probably single initial 
transient, transitions 
arc assigned 

89, 90 

89, 90 

89, 90 
89, 90 

89-9 1 
92 

92 

Hydrogen adduct' absorbs 92 
mainly at  3200 A, U.V.  

absorption at ca. saiiic 
X as triplet 
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~- ~ ~~~ ~ 

Compound Solvent Suggested species 

U biquinone Methanol Neutral molecule 

Methanol Semiquinone' 
(H2SO4) 

Methanol Sem iq ui none' 

Methanol Semiquinone' 

Methanol Semiquinone' 

( H 8 0 4 )  

(NaOH) 

(NaOH) 

a See the cited reference for the method of determination and experimental 
conditions. 

Unless specified otherwise. 
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1. INTRODUCTION 

This chapter is concerned with reactions of 1,2- and 1 ,6benzoquinones, 
1,2- and 1 ,4-naphthaquinonesY 9,IO-anthraquinones and 9,lO-phen- 
anthrenequinones in which two or more carbon-carbon bonds of the 
quinone ring are broken and where, as a consequence, fragments are 
formed. This includes reactions where a one-carbon fragment is lost 
provided the carbon atom of the fragment was originally part of the 
quinone ring. Often reactions of this type involve ring-contraction and 
loss of carbon dioxide. Ring-opening reactions which give acids or acid 
derivatives are also included because many of the reactions are closely 
related to the ring-contraction reactions, and because it is only necessary 
to decarboxylate the acids to release carbon atoms that were originall! 
part of the quinone rings. Photochemical reactions are not discussed. 
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©
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Most fragmentations are the rcsult of hydrolytic or oxidative processes 
and for convenicncc these are considered in separate sections. Some 
rcactions, often those involving alkaline oxidizing agents, cannot be 
readily classified in this way because both hydrolytic and oxidative 
processes are involved’. Such rcactions are considered together with other 
oxidations unless it is clear that oxidation merely modifies the products 
of what are essentially hydrolytic processes. 

In many cases the reactions discusscd are complex and, as extensive 
mechanistic studies have not becn made, their mechanisms a;.e often not 
k i 1 0 ~ 1 1  with any certainty. Some of the schemes that have been suggested 
to explain the reactions are included here, partly in the hope that the 
reader will be tempted to seek evidence that will help us to understand 
these reactions more fully. 

! I .  B E N Z O Q U I N O N E S  

A. Hydrolytic Reactions 

When many benzoquinones, including 1,4-benzoquinone itself, are 
treated with alkali, complex reactions occur which result in the formation 
of hydroquinols and amorphous polymeric materials known as ‘quinone 
humic acids’ Hydroxybenzoquinones, however, tend to undergo ring- 
opening or ring-contraction rcactions when treated with alkali. One of the 
simplest reactions of the former type is the hydrolytic cleavage of 
2-hydroxy-5-mcthyl- 1,4-benzoq 11 i none (I) 4. At self- pH this qui none 
hydrates to the diol 2 and at higher pH the diol ring-opens to give the 
diketo acid 3. The reaction presumably proceeds via anion 4. The reaction 
between 2-hydroxy-G-r-butyl-1,4-benzoquinone (5) and alkali in the 
presencc of air is much more complicated5. Numerous products are 
obtained, onc of the simplest of which is the dione 6. This almost certainly 
arises by decarboxylation of the hydroxyl acid 7 and oxidation of the 
resulting alcohol. It has been suggested5 that the hydroxyl acid is formed 
by a benzilic acid rearrangement of the o-quinone tautonier of 5. Another 
possibility is that 5 ringopens like 1 and that the dikcto acid produced 
cyclizcs to give hydroxyl acid 7. Diketo acids of a similar type are known 
to cyclize i n  this manncr, cspccially in the presence of baseG. 

3-,5-Dihydroxybenzoq~1~1io1les react with alkali by three main pathways. 
These Iead to the formation of (i) a-kcto acids, (ii) succinic acids and 
carbon dioxide and (iii) @-unsaturated acids and osalic acid. Corbett 
and Fooks havc carried out kinetic studies on some of these rcactions and 
suggested‘ that the various products are formed by the pathways outlined 
in  Scheme 1 .  In  support of this it is known that alkylated y-lactones of the 
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type 8 react with alkali to give dialkylsuccinic acids and carbon dioxides 
and that the lactone (8; R1 = R2 =p-HOC,H,) reacts with alkali to give 
the appropriate cinnamic acids9. Two aspects of Scheme 1 merit comment. 

Firstly, a possiblc alternative route for the conversion of the starting 
material to the triketo acid 9 is via a cleavage reaction similar to that of 
quinone 1 discussed above. Secondly, T h o n i ~ o n ~ ~ )  has questioned whether 
y-lactoncs of the type 8 could be formed under the reaction conditions. 
Although y-hydroxy acids do not nornially cyclize under basic conditions, 
compounds of the type 10 may be able to lactonize by an  eliniination- 
addition mechanism. Thus 10, being a P-hydroxyketone, may dehydrate 
under the basic conditions to give an cwp-unsaturated ketone system, and 
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&!:ol reaction 

(& b e  of 8-diketone 

R'CH2COC02H 
+ 

R ' C H ~  'I1&O2H R2CHzCOC02H 

CO,H 

(1 0)  

R',CH,C02H 

I + cop 
> 

R2CH2 0CH\C02H +- OH- 

C o d  y -o OH 

C02H R', ,H C 

II CO,H 

(8) 

4 - 1  R'W _3 R2CH2 /c, C02H 
R 2 C H 2  COzH 

both isomers 

"BAR = benzilic acid rearrangement 

S C H E M E  1 

the carboxylatc anion may then add conjugatively to this system to 
produce the y-lactone. 

The type of products obtained when 2,5-diliydroxybenzoquinones are 
degraded with alkali depends largely on the nature of the other substituents. 
2,5-Dihydroxybenzoqiiinone gives pyrrivic acid 2i:d its self-condensation 
product 11 as the only products', but the methyl derivative 12 gives 
ff~-diiiietl~yIsuccinic acid as well as the a-keto acids a-oxobutyric acid 
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and pyruvic acid (together with 11)’. Alkaline degradations of the two 
naturally occurring alkyl derivatives embelin 13 l1 and rapanone 14 l2 

give a-keto acids 15 and 16 respectively; no other acids were isolated. 

CH, CO,H 

H02C O c ( ) , H  (11) HO&;:J 0 

(1 2) 

RCHzCOCOpH 

(15), R = n-CjjH23 
(IS), R = R-CIJH~T 

HO &OH R 
0 

(13), R = n-Ci,Hm 
(14), R = n-Ci3Hm 

The dialkyl derivatives 17 and 18 react to give succinic acids 19 and 
207~s, but the diphenyl derivative 21 (polyporic acid) gives oxalic acid and 
both geonietrical isomers of the cinnarnic acid 22 in addition to the 
succinic acid 23 9. The related diary1 derivative atromentin (21; p-HOC,H, 
jn place of each Ph) behaves similarly9. 

CH, ,CO,H 
‘CH 

+ CH 
I 

H O  CH, CzHs/ ‘COZH 

cH3$H (17) 0 (1 9) 

i-Pr ,CO,H 
‘CH 

CH 
+ I 

CH, C,H( ‘C02H i-pr*oH HO 0 

PhCH, ,CO,H 
CO,H ‘CH 

CH CH,Ph 

123) 

I 
/ 

-I- + PhCH=C, 

(22) Ph’ ‘CO,H 
P h  HO 

0 

COpH 

COZH 

(21 1 
+ I  
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2,6-Dihydroxybenzoquinones, in contrast to 2,5-diliydroxybenzo- 
quinones, usually undergo ring-contraction reactions when treated with 
alkali giving cyclopentane derivatives and carbon dioxide. Thus, the 
3-methyl derivative 24 gives13 the dione 25 and the 3,5-dimethyl derivative 
26 gives13 the dione 27. Corbett has made kinetic studies on these reactions 
and proposed that the products are formed by the pathways in Scheme 
213. 3-Acetyl-2,6-dihydroxy-5-methyl-benzoq~1inone (28) undergoes a 
similar reaction giving the dione 2914. 

(24), R' = Me, R2 = H 
(26), R' = R2 = Me 
(28), R1 = CH,CO, R2 = Me 

(25), R' = Me, R2 = H 
(27), R1 = Rz = Me 
(29), R1 = CH,CO, Rz = Me 

Ho)AJ:s;@R, R' 0 

rearrangement 

SCHEME 2 

Treatment of quinonc 30 with alkali gives the trione 3115 and the 
reactions of 24 and 28 with alkali give as minor products the triones 
3213 and 3314. These products are probably formed by oxidation of 34, 
25 and 29. Unreacted quinone starting material might be the oxidizing 
agenflj or the oxidation might occur during the work-up13. Similar 
conversions have been effected using an alkaline oxidizing agent, namely 
alkaline sodium hypobromite. Treatment of humuloquinone 35 and 
cohuniuloquinone 36 with this reagent gives isohuniilic acid 371G and 
isocohuniiiic acid 38 l i  respectively. 
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0 

P h 4 C 0  Ho*;H3 0 - Ph-cO QL, 0 

(31 1 
(30) 

CH, O q C  0 Ph-CO oQ::H3 0 

(34) (32), R = H 
(33), R = CH,CO 

585 

H O G  _Lj 0% 

RCO RCO 

(35), R = i-Bu 
(36), R = i-Pr 

(37), R = i -Bu 
(38), R = i-Pr 

B. Oxidation Reactions 

Benzoquinones are oxidized by inany reagents. I n  some cases all or 
niost of the carbon atoms originally present i n  thc quinone ring are 
present in one major product, but in other reactions, especially those 
involving the use of vigorous oxidizing agents, thc carbon skcleton of thc 
qiiinone ring is extensively degraded. For convcnience thcsc are discussed 
separately, the former type being considered first. 

1,2-Benzoquinones tend to behave like a-diketones when treated with 
pcracids and undergo Baeyer-Villiger type oxidatioiisls. Thc initial 
products are the cyclic anhydrides but these may be hydrolysed under the 
reaction conditions to give the diacids. I ,2-Benzoquinone itself reacts 
with peracetic acid to give cis,cis-muconic acid (39)19*20 and 4-niethyl-1,2- 
benzoquinone reacts with monoperphthalic acid to give the anhydride 
40". When tetrabromo-1 ,Zbenzoquinone is treated with monoperphthalic 
acid the tetrabroniomuconic acid 41 initially formed cyclizes to the 
tribromo1nuconic acid lactone 42 32, 23. A similar reaction occurs when 
tetrachloro-l,2-b~1lzoq~1inonc is trcated with monoperphthalic acid 
except that in this case tetrachloromuconic acid 43 is the major product 
slid the lactone 44 is only a minor product". 
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b0 / 

X ?iCOZH 
(39) CH3 

(40) 

X CO,H X 

x v o ;  " 

X 

(41), X = Br 
(43), x = CI 

(42), X = Br 
(44), x = CI 

Several oxidation reactions of liydroxybenzoquinones result in the 
formation of y-lactones. Thus, the 3,6-diphenyl-2-hydroxybenzoquino1les 
45, 46 and 47 react with dimethyl sulphoxide and acetic anhydride to give 
the y-lactones 48, 49 and 5OZ5. These products may be formedzG via a 
Baeyer-Villiger type of oxidation as shown in  Scheme 3. 

ph@H P P ; G o  

0 H Ph 
(45), R = H (481, R = H 
(46), R = CI (49), R = CI 
(47), R = OCH, (50), R = OCH, 

Ph 
I I  

R 

Atromentin 51 reacts with hydrogen peroxide under acidic conditions 
to give the di-y-lactone 529, presumably by oxidative cleavage of the 
o-quinone tautomer of 51 and cyclization of the resulting diacid. Oxidation 
of polyporic acid 53 under similar conditions gives only a trace of the 
corresponding lactone9, but this conversion can be carried out efficiently 
using lead t e t r aa~e ta t e~~  or dimethyl sulphoxide and acctic anhydride". 

(51)) R = p-HOCc,H, 0 
(53), R = P h  (52), R = p-HOCGH, 
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phx$. R 0 Ph 
0 

Ph 
0 

QCOCH, 

ph& R 
-+ 

SCHEME 3 

Hydroxybenzoquinones are prone to undergo ring-contraction reactions 
with loss of carbon dioxidc when treated with alkaline oxidizing agents. 
Thus, treatment of the 2-hydroxybenzoquinones 54 and 55 with alkaline 
hydrogen peroxide in the presence of oxygen gives the dihydroxycyclo- 
pentandiones 56 and 57 and these on treatment with acid lose water to 
give the triones 58 and 5928. These products arc probably formed by the 
reactions outlined in Scheme 42s. The reactions follow a different course, eR: - ::q$. - 3J;. 

0 
(58), R‘ = Me, RZ = H 
(59), R’ = R Z  = Me 

R’ R’ 
+cop 0 

(55)’ R’ = P? = PA8 
(54), R1 = Me, RZ = H :56), R’ = Me, R2 = H 

(57), R’ = Rz = Me 

however, when a 6-niethyl substituent is present. 6-Methyl-2-hydroxy- 
benzoquinone (60) reacts with alkaline hydrogen peroxide to give the 
cyclopentane derivative 61, and this, on acid treatment, undergoes 

20 
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benzilic 
acid 

R2 
HO R2 rearrangement 

+ CO2 

8 
HolQ;2 R' R' O I 7 : .  

0 

deacetylation and dehydration giving cyclopentanc-l,2,4-trione (62) 28. 

The related quinones 63, 64 and 65 behave siiuilarly giving acctic acid and 
the expected methyl-substituted c>lclopentanetriones98. These products 
may be forincd by the reactions shown in Scheme 5 23. A possiblc mechanism 
for the loss of acetic acid is shown in 66. 

0 

c H 3 Q O H - 3 4  - 

0 0 

-1- CH3C02H 

-' u 
0 

0 H- 

(E3), R' = H, R2 = CH, 
(W), R' = CE3, R' = H 
(651, R' = RZ = CH, 
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CH3 co cH3@ 0 

H O  4 
R2 

0 
R' R' R2 

0 

a-ketoi rearrangement J 
R' 

1-1 0 

R' 
0 0 

SCHEME 5 

It has recently been reportedg9 that 3,6-di-t-butyl-2-hydroxybenzo- 
quinone undergoes z n  oxidative ring-contraction reaction when treated 
with cupric chloride and acetic acid giving the cyclopentane derivative 67. 
A one-carbon fragment is formed but its precise nature and origin are not 
clear; no niechanisni has been suggested for this reaction. The quinone 
68 undergoes a similar reactionz9. 

f. 

Ph 
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Benzoquinones are extensively degraded by vigorous oxidizing agents. 
In a few instances small acids containing several carbon atoms which were 
originally part of the quinone ring have been isolated. For example, 
ozonolysis of 174-benzoquinone gives formic, glyoxalic, oxalic, mesoxalic 
and maleic acids3O, and the products of ozonolysis of perezone 69 include 
the diketo acid 7031. The alkaline potassium permanganate oxidation of 
1 ,Zbenzoquinone gives oxalic acid32 and the action of alkaline hydrogen 
peroxide on 1,2-benzoquinone gives the epoxy acid 7133. In most instances, 

(69) 

however, no attempts have been made to isolate the sinall acids and only 
the acids derived principally from the side-chains have been isolated. 
Reactions of this type have been widely used for the degradation of 
natural benzoquinones or their derivatives. The oxidizing agents most 
commonly employed for this purpose arc potassium pernianganate and 
alkaline hydrogen peroxide. The following reactions are illustrative. 

CO,H 

alk H 0 
e 6 H 4 0 H - m  . ?, 6 OH (reference 34) 

m-HOCGH, 
0 

KMnO. 
R R = n-CoH17 e n-C,H,,CO,H + CH,CO,H (reference 36) 

OH R = n-CztHa o r  > n-C,,H4,C02H (reference 37) 
alk. H,O, 

KMnO. 
R R = n-CoH17 e n-C,H,,CO,H + CH,CO,H (reference 36) 

OH R = n-CztHa o r  > n-C,,H4,C02H (reference 37) 
alk. H,O, 

0 KMnO, in 
pyridine 
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C. Other Reactions 

The alkylbenzoquinones 72a-d undergo the Schmidt reaction when 
treated with sodium azide in sulphuric The only products 
obtained from quinones 72a-c are the IH, 2H,  5H-azepin-2,5-diones 
(73a-~)~O~~l  but the reaction with 72d affords two products, the major one 
being the dione 73d and the minor one the dione 73e". The structures of 
these products indicate that the quinones are preferentially attacked at  
the less hindered, more basic, carbonyl function and that the larger 
adjacent group migrates preferentially. When 72a, 72b and 72d were 
treated with hot alkali they were hydrolysed, presumably via the diketo 
acids 74, to mixtures of ketones and acids40. Quinone 72a gave acetone, 
methyl ethyl ketone and mesaconic acid (a-niethylfumaric acid), 72b 
gave acetone and niethyl i-butyl ketone, and 72d gave methyl ethyl ketone, 
diethyl ketone and mesaconic acid. 

591 

R' R3 R3 RJ 

a H  Me H Me 
b H  Me Me Me 
c Me Me  Me Me 
d H  i-Pr H Me 
e H  M e  H i-Pr 

Treatment of thymoquinone 72d with hydrazoic acid in trichloroacetic 
acid gives the lactone 75.12. No mechanism has been suggested for this 
reaction. 

0 WN i-Pr 

(75) 

Contrary to a n  earlier r c p ~ r t ~ ~ ,  treatment of I ,4-benzoquinone mono- 
oxime (the tautorner of p-nitrosophenol) with tosyl chloride and pyridine 
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does iwt give the Beckinann rearrangenlent product 76, but the azoxy 
compound 77."$. Attempts to carry out a Beckniann rearrangement of 
1,4-benzoquinone di-oxinie were also unsuccessful". 

0 

U 

(76) 

II 1. NAPHTHAQU I N 8 N E S  

Many of the fragmentation reactions of naphthaquinones, like those of 
benzoquinones, result from initial attack on the carbon-carbon 'double 
bonds' of the quinone ring. The fact that in naphthaquinones one of these 
'double bonds' is fused to a benzene ring has two consequences. Firstly, 
there are only two positions on the quinone ring that can bear substituents, 
and this restricts the types of fragnientations that can occur. For example, 
there can be no reactions analogous to those of 2,5- and 2,6-dihydroxy- 
benzoquinones. Secondly, the reaction products are often less labile than 
those obtained in the benzoquinone series and the extent of degradation 
is less. For example, oxidation reactions employing vigoroils conditions 
usually only proceed as far as a phthalic acid. 

A. Hydrolytic Reactions 

1,4-Naphthaquinone and 2-alkylnaphthaq~1ino11es are scarcely affected 
by base in the absence of an oxidizing agent"J. 2-Hydroxynaphthaquinone 
reacts, however, giving the diketo acid 78". This reaction is analogous to 
the cleavage of the benzoquinone 1 to the acid 3 and is believed to occur 
by a similar mechanism. 2-Methyl-3-hpdroxynaphthaquinone (79) gives 
the indenone acid SO as well as the dikcto acid 81 when treated with 
alkali6. The indenone acid 80 is formed by cyclization of acid $1 to acid 
82 and dehydration of thc latter. Many 2-alkyl- and 2-aryl-3-hydroxy- 
naphthaquinones behave in a similar iiianncr when treated with alkali 
and give indenone acids as the main products. Thus quinones 83a-f give 
the acids $4a-f47-49 and the natural quinone coleon-A 85 gives the acid 
86 50. 

When oxygen is prcsent ~-plienyl-3-hydroxynaphthaquinone (83f) 
reacts with alkali to give 2-phenylindan-l,3-dione (87) as the main product, 
and o-carboxybenzil 58 and the indenone acid 84f as ininor 
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R Reference 

a i-Pr 47 
b t-BU 47,4s 
c CGHH 48 
d -CMe2CH=CH, 47 
e PhCHz 49 
f Ph 49 

593 

i-Pr 
i-Pr 

OH 0 OH 

In this case instead of all the liydroxyl acid intcrmediate similar to 82 
dehydrating to give 84f, some was oxidatively decarboxylated to give the 
&one S7, and this, being a P-diketone, was partially hydrolyscd urider 
the reaction conditions to give the keto acid 89 which rapidly oxidized to 
the zilben 88. 

(85) 
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2,3-Dihydroxynaphthaquinone”l and 2-amino-3-hydroxynaphtha- 
quinonesz are, in contrast to 2-hydroxynaphthaquinone, scarcely affected 
by alkali. Shemyakin and Shchukina havc studied the conditions necessary 
for the hydrolytic cleavage of carbon-carbon double bonds and have 
concluded that cleavage will occur most readily when the bond is highly 
polarized’. This is the case with 2-hydroxynaphthaquinone. In the 
2-amino-3-hydroxy derivative the polarization is not sufficient to promote 
ready cleavage and it is totally absent in the 2,3-dihydroxy derivative and 
1,4-naphthaquinone itself. On prolonged treatment with alkali, the 
quinone 90 gives, amongst other products, phthalic acids3. 2-Chloro-3- 
hydroxynaphthaquinone reacts with alkali but oxidation-reduction 
reactions occur between intermediates and this reaction is best considered 
in the section on oxidation reactions. 

(90) 

3,4-Dibromo-l ,2-naphthaquinonc (91) reacts with alkali to give the 
acid 92, the reaction presumably proceeding via the benzilic acid rearrange- 
ment product 93 52. The corresponding dichloro compound behaves 
similarly54. 

CO2H 

Br Br 
(91) (92) (93) 

B. Oxidation Reactions 

As in the corresponding section on benzoquinones, reactions which 
give products retaining all or most of the carbon atoms of the original 
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quinone ring will be discussed before those resulting in extensive 
fragmentation. 

1,2-Naphthaquinones, like l,Zbenzoquinones, undergo Baeyer-Villiger 
type oxidations. Thus 1 ,Znaphthaquinone reacts with perbenzoic acid to 
give the cyclic anhydride of the diacid 9422955 and with peracetic acid19 
or with hydrogen peroxide in acetic acid5e to give the diacid 94 itself. 
Treatment of 6-methoxy-l,2-naphthaquinone (95) with peracetic acid or 
with monoperphthalic acid gives the diacid 9657. A formally related 
reaction is that between 1 ,ZnaphtIiaquinone and chlorine in sodium 
carbonate solution58. This gives the lactone 97 which is presumably 
formed via the hydroxylated o-carboxylcinnamic acid (98). 

(94) 
0 

0 

un 

(97) 
OH 
(981 

An important general reaction of 3-aIkyl-Zhydroxynaphthaquinones is 
the Hooker oxidation59-G2. This takes place in high yield when the substrates 
are treated with cold alkaline potassium permanganate or with hydrogen 
peroxide and cupric sulphate and results in the transformation shown 
overleaf, the carbon atom expelled being present originally in the quinone 
ring. Some of the many examples of this reaction are the conversions of 
quinones 99a-d to quinones 100a-d. The course of the reaction is as 
outlined in Scheme 6 63- e.*. 

Attempts to gain insight into the mechanism of the Hooker oxidation 
prompted investigations into the oxidation of 3-alkyl-2-hydroxynaphtha- 
quinones under other conditions. I t  was found that treatment of the 
3-methyl derivative 99a with cold alkaline potassium permanganate until 
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2 + cop 
CH,R OH 

0 0 

(99) (1 00) 

R Refereiice 

a CH,- 60 
b CHS(CHJn- ( ) I  = 1-6) 60 
c (CH&C=CHCH2- 59 
d CGH3CHZ- 60 

@ [O] @: hydrolysis ~ & \ OH H 

CH,R CHpR 
\ CHZR \ 

0 0 / 0 
hydrolysis / 

aldol reaction / 
HO CO,H @I \ decarboxylation oxideti%> a:H , 3. c02 

0 0 

SCHEME 6 

the colour disappears gives the triketo acid 101 O j .  Several substrates were 
oxidized to hydroxyl acids using hydrogen peroxide in sodium 
carbonateG41GG. Quinones I02 G.2, 103 and PO4 06, for example, gave acids 
105, 106 and 107. When the 3-methyl derivative 9% was treated with 
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chlorine water the chloro acid 108 was obtainedG7. Chloro acids arc also 
obtained when 341 k y I-2-hydroxy naph thaq ui n o lies are treated with 
sodium hypochlorite". 

COC0,H 

COCHCH, 
I 

CI 

(108) 

0: 
(1 01 1 

,COCO*H 

COCHR 
l 

a; -> 

0 OH 
(402), R = CH, 
(103), R = (CH,),C=CHCH, 
( lOQ) ,  R = PhCH, 

(105), R = CH, 
(I%), R = (CH,)ZC=CHCH, 
(107), R = PhCH, 
(115), R = Ph 
(116), R = P-C,,H, 

COCO2H &"->a 0 Ar  (112), Ar = COCOAr Ph 

(113), Ar = o-CH,C,H, 
(114), Ar = P-C,,H, 

(log), Ar = Ph 
(110), Ar = o-CH,C,H, 
( l l l ) ,  Ar = j3-C,,H7 

2-Aryl-3-hydroxynaphthaquinones clearly cannot undergo the Hooker 
oxidation and when quinoncs 109, 110 and 111 are treated with cold 
alkaline potassium permanganate the reactions shown in Scheme G pro- 
ceed to the triketo acid stage, acids 112, 113 and 114 being the productsG8. 
Oxidation of quinones 109 and 111 with hydrogen peroxide in the presence 
of sodium carbonate gives the hydroxyl acids 115 G6 and 116 64. 

If alkaline solutions of the disubstituted quinones 117-120 are boiled 
in the presence of oxygen, phthalonic acid (121), phthalide-3-carboxylic 
acid (122) and phthalic acid are formed. Sheniyakin and  coworker^^^^^^ 
have studied these reactions and concluded that phthalonic acid 121 and 
phthaIidc-3-carboxylic acid 122 arise as a result of the reactions shown in 
Scheme 7, in which all the substrates react initially to give the tetraketone 
123 which then breaks down to give the acids 121 and 122. The degradation 
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of the 2-chloro-3-hydroxyq~1inone (118) may partly proceed by hydrolysis 
to the 2,3-dihydroxyquinone (117) *-vhich then breaks down as in Scheme 7. 
I t  is not clear how the phthalic acid is produced. w: [o] , hydrolysis, H 

'. . \ \ OH 

0 0 0 
* .  

(117), X = Y = OH 
(118), X = CI, Y = OH 
(119), X = NH,, Y = OH 
(1201, X = hC,H,, Y = 0- 

(123) 

_3 0 

hydrolysis 

SCHEME 7 

The conversion or' 124 to 125 is an internal Cannizzaro reaction and 
requires more vigorous alkaline conditions than the other transformations. 
Consequently when a neutral solution of 2,3-dihydroxynaphthaquinone 
(117) is boiled in the presence of oxygen no phthalide-3-carboxylic acid 
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(122) is obtained and the final products are phthalonic acid 121 and 
ninhydrin 126j1. 
2-Chloro-3-hydroxynaphthaquinone (118) reacts with alkali to give 

low yields of phthalic acid and the acids 121 and 122 even in  the absence 
of oxygen52. This is possible because this quinone is a fairly strong oxidizing 
agent and the reductive-hydrolytic processes shown in Scheme 8 occur in 
parallel with the oxidative-hydrolytic processes of Scheme 7. As a result 
of this the indanone acid 127 is a major productG9. 

/hydrolysis 

/ 
b/ & reductiont 

C 0 2 H  

0 . .  

CO,H 

SCHEME 8 

Moore and WikholnP have recently reported that 2-hydroxy-3- 
methylnaphthaquinone undergoes an  oxidative ring-contraction when 
treated with cupric chloride in hot acetic acid to give the dione 128. It is 
not known how this is formed. 

(1 28) 

With vigorous oxidizing agents naphthaquinones are usually oxidized 
to phthalic acids. For example, 1 ,Znaphthaquinone is oxidized to phthalic 
acid by hydrogen peroxide in  hot acetic acid32 and by hot aqueous 
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potassium permanganate7", and 1,4-naphtliaqi1inonc is oxidized to plitlialic 
acid by potassiuni permanganate in acid solution". Reactions of this type 
have been widely used to degrade natural naphthaquinones or their 
derivatives. The following examples are illustrative. 

0 aco2H (reference 72) 
\ C02H 

CO,H 
(reference 73) 

C02H 

CHJOO 

CrO,/Ac,O/AcOH 

then OH- 
CHJOO JyJ OCOCH, HO 

0 

OH 0 

C. Other Reactions 

I ,4-Naphthaquinone undergoes thc Schmidt reaction when treated with 
sodium azide in sulphuric acid, to give the bcnzazepindione 129 'lo. 

2-Methylnaphthaquinone reacts under similar conditions to give the three 
benzazepindioiies 130, 131 and 132 i n  a ratio of 4 : 2 : 1 3041. Base- 
catalysed hydrolysis of 132 gives acetone and o-acetylbenzoic acid". 
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(1 39 ) (1 32) 
1,2-Naphthaquinone I-oxime (133) (the tautomer of l-nitroso-2- 

naphthol) undergoes a Beckniann fragmentation when treated with 
tosyI chloride or phosphorus pentachloride and gives the cinnamic acid 
derivative 134 43* 7G. I ,ZNaphthaquinone 2-oxime (135) (the tautomer of 
2-nitroso-1-naphthol) undergocs a similar reaction when treated with 
phosphorus pentachloride, tosyl chloride and pyridine, or hydrogen 
chloride in acetic acid and acetic anhydride to give the benzoic acid 
derivative 13643m i G .  Under similar reaction conditions 1,2-naphthaquinone 
dioxime cyclizes to the fiirazan P37'I3. The niono- and di-oxiines of 
1,4-naphthaquinone do not rearrange when treated with hydrogen 
chloride in acetic acid and acetic anhydride'I3. 

NOH ncN CO,H I 

\ / \ CH"CH 

(1 33) (134) 

IV. ANTI-B RAQ U I M 0 N ES 

Most of the fragmentation reactions of benzoquinones and naphtha- 
quinones result from initial attack at a carbon-carbon 'double bond' of 
the quinone riiig. Siiicc i n  9,lO-anthraquinoncs both 'double bonds' arc 
fused to benzene rings, thesc quinoncs cannot undwgo analogous reactions, 
they are more stable and there are fewcr types of fragnicntation reactions. 
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A. Hydrolytic Reactions 
Anthraquinone is unaffected by aqueous base but it is cleaved to benzoic 

and phthalic acids when treated with fused potassiuni hydroxide at  250" 77. 

Under similar conditions 1,l '-bianthraquinone is cleaved to benzoic acid, 
diphenic acid and biphenyl-3,3'-dicarboxylic acidia. Schneider tried to 
bring about cleavage under milder conditions and found that anthra- 
quinone is cleaved in good yield by a suspension of potassium hydroxide 
in a n  inert solvent at 250" 79. A suspension of sodamide i n  refluxing toluene 
or xylene, a reagent that cleaves many non-enolizable carbonyl com- 
poundsao, is without effect on anthraquinonea1v82, but 1,s-dimethoxy- 
anthraquinone is cleaved in low yield when treated with the reagent in 
refluxing ethylbenzenea2. The current reagent of choice for cleaving 
anthraquinones is that formed by adding water (3 equivalents) to 
potassium t-butoxide (10 equivalents) in an inert solvent. Although it was 
reporteda3 in 1948 that this reagent cleaves anthraquinone efficiently under 
substantially milder conditions than those mentioned above, it is only 
recently that its action on substituted anthraquinones has been investigated. 
Many anthraquinones, including methoxy- and chloroanthraquinones, 
have been cleaved i n  high yield by treatment with the reagent in refluxing 
1,2-dimetho~yethane~~-~~, and anthraquinone-2-carboxylic acid and 
several benzanthraquinones have been cleaved using the reagent in dioxan 
at  150°8'. In some cases cleavage can conveniently be effected a t  20". The 
results are summarized in Table 1. 

In general anthraquinones could be cleaved in two ways (a and b, 
Scheme 9), each of which affords a pair of benzoic acids in equal yield, 
and two ways (c and d )  each of which affords a phthalic acid and a neutral 
fragment. Thus a maximum of four benzoic acids and two phthalic acids 
could be obtained. These cleavages are shown in Scheme 9 using a 
1,s-disubstituted quinone as an example. 

The cleavage reactions almost certainly take place in two distinct 
stages (Scheme lo), the first being cleavage at  one carbonyl group to give 
a salt of a benzophenone-2-carboxylic acid (or acid amide if sodamide is 
the cleavage reagent) and the second cleavage of this salts4. The mechanisms 
of the cleavage steps are probably similar to that of the cleavage of 
benzophenone, which is believed to be as outlined in Scheme 1 la8. 

The results in Table 1 can be rationalized in terms of reactions like 
Scheme 10 by assuming that substituents affect the initial cleavages in  the 
same way that they affect the cleavages of benzophcnonesgS. As an example 
consider the cleavage of 1 -methoxyanthraquinone. The results obtained 
from the cleavages of the three monomethoxybenzophenones show that 
ci-methoxybenzopliei?one is cleaved the most rapidly and that cIeavage of 
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CO2H 

+ 
HO,C 

0 "I 

+ 
CO,H Y 

d c  "6 + 
HOPC 

SCHEME 9 

SCHEME 10 

-0 -0 
- X H  I base I 40 PhCOPh __f Ph-C-Ph - > Ph-C--Ph + Ph-C, + Ph- 

I X- 
-X 

I 
XH 

-XH = -OH or -NH, 
V 

40 Ph-C, + PhH 
XH 

SCHEME 11 
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this compound is virtually exclusively at  the bond nearer the niethoxyl 
groupe8. Consequently, 1 -methoxyanthraquinone would be expected to 
cleave initially at a, Scheme 12, to give 138. Since an o-carboxyl substitiient 
favours cleavage of the neighbouring bond more than a in-niethoxy 
group, 138 cleaves mainly a t  b to give benzoic acid and 3-methoxybenzoic 
acid, and  to only a small extent at c to give phthalic acid and anisole. 

0 a OCH, 

@ 
0 

SCHEME 12 

The most extensively studied group of compounds are the methoxy- 
anthraquinoness4Ia6. I t  can be seen from the results in Table 1 that those 
quinones containing only a-methoxy substituents are cleaved more readily 
than anthraquinone whereas those containing only /3-niethoxy substituents 
are cleaved less readily. The effect of an a-methoxy substituent is the greater, 
for substrates which contain both types are cleaved more readily than 
anthraquinone. An a-methoxy substituent not only facilitates cleavage 
of the substrate but, as noted previously, also strongly favours cleavage 
at the neighbouring bond. Hence the nature of the acids produced in 
cleavages of a-methoxyanthraquinones is very largely determined by the 
number and relative positions of the a-methoxy substituents. The patterns 
of cleavage observed are summarized in (139)-(143). It  will be noted that 
these patterns are generally characteristic. The 1,5- and 1,8-dimethoxy 
derivatives, for example, can be readily distinguished. 

0 :  OCH, 

@& 
0 ;  OCH, 
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Very little cleavage occurs when I-methyl-, 2-methyl-, 2-ethyl- and 
2-i-propylanthraquinone are treated with the butoxide-water reagents5. 
The main reaction products are ’dimers’. The 2-methyl derivative, for 
example, reacts to give compound 144. The ‘dimers’ are probably formed 
by niechanisms in which the initial steps are removal of a proton from a 
benzylic position, followed by transfer of one electron from the resulting 
carbanion to another quinone molecule giving a radical, which then 
reacts further. 2-?-Butylanthraquinone, which cannot form an  analogous 
carbanion, can be cleaved in high yield by the butoxide-water reagenP. 

0 0 

The permethyl ethers of many naturally occurring hydroxyanthraquinones 
contain both a-mcthoxy and P-alkyl (commonly @-methyl) s~bstituents8~. 
1 -Methoxy-3-methylanthraquinone (145) and nataloe-emodin (146) and 
frangula-emodin (137) trimethyl ethers are all cleaved in fairly good yield 
when treated with the butoxide-water reagent, the patterns of cleavage 
being those indicated in the formulaea6. These results indicate that 
a-methoxy substituents facilitate cleavage to such an extent that cleavage 
is a major reaction even when a p-methyl substituent is present. Cleavage 
reactions of this type should, therefore, prove useful for degrading 
derivatives of natural anthraquinones. This type of degradation has 
advantages over th: oxidation reactions discussed in the following section. 
Thus, all the carbon atoms of the quinone ring can be recovered in 
relatively large fragments, and, if the substrate is labdled with l%, the 
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amount of activity present in each carbonyl group can in nos t  cases be 
readily determined. 

CH 0 OCH 

(447) 

In connexion with biosynthetic work, Holker and Webster have recently 
shown that avermutin tetramethyl ether (148) is cIeavcd by the butoxide- 
water reagent to give, amongst other products, the acids 149-151 O0. 

CH,O c H 3 0 ~ c o ' "  OCH, 

(151) 
OCH, 

(7 5C) (1 49) 

B. Oxidation Reactions 

Anthraquinoncs are generally much inore resistant to oxidation than 
are benzoquinones and napl~thaquiIiones. Indeed, the P-methyl group in 
some substituted anthraquinones can be oxidized to a P-carboxyl group 
by chromic acid without causing breakdown of the quinone ringg1. If, 
however, one ring bears hydroxyl substituents, oxidation of that ring is 
facilitated. For example, 1 -hydroxy-, 1,2-dihydroxy- and 1,2,3-triliydroxy- 
anthraquinone give phtlialic acid when oxidized with nitric acid!'2. Some 
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polyhydroxyanthraquinones can even be oxidized by air in the presence 
of alkali. Thus, under these conditions 1,2,4-trihydroxyanthraquinone 
gives phthalic acidg3 and 1,2,3-trihydroxyanthraquinone gives the naphtha- 
quinone 152 n4. 

Many natural anthraquinones or their derivatives have been oxidized 
to give phthalic acids. The reagents most comnionly used for this purpose 
are alkaline potassium perinangarate and chromic acid. The following 
examples are illustrative. 

chromic acid 

R' = H, R2 = Et > c2H50ac02H CH, C 0 2 H  

(reference 95) 
R 2  

alk. KMnO. 
CH,O CH, 

0 R' = CH,, R2 = H t 

CH,O 

OCH, OCH, 

chromic acid 
I__c3 

CH, CH30 
OCH, CH@ 

O OCH, 

(reference 97) 
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C. Other Reactions 

Anthraquinone undergoes a Schmidt reaction when treated with 
sodium azide and sulphuric acid giving the lactam 153988.999. Several 
substituted anthraquinones have been shown to undergo similar reactions. 
l-Amino- and 2-aminoanthraquinone give the lactams 154 and 155 
respectively98, and 1 -chloro- and 2-chloroanthraquinone give the lactams 
156 and 157 loo. 1-Nitroanthraquinone gives the lactam 15S1O0. 

X' 

(153), X' = X2 = H 
(I%), X' = CI, X2 = H 
(157), X' = H, Xz = CI 
(158), X' = NO,, X2 = H 

(154), X' = NH,, Xz = H 
(155), X' = H, Xz = NH, 

Anthraquinone mono-oxime undergoes a Beckmann rearrangement 
when treated with acetyl chloride and phosphorus pentachloride to give 
the lactam 153". 

V. PHENANTHRENEQUINONES 
In phenanthrene-9,lO-quinones both carbon-carbon 'double bonds' of 
the quinone rings are fused to benzene rings. This greatly limits the types 
of fragmentation reactions that occur. 

Phenanthrene-9, I O-quinone undergoes a benzilic acid rearrangement 
when it is warmed with aqueous alkali and gives the hydroxyl acid 1591°1. 
When the same quinone is treated with the butoxide-water reagent in the 
presence of oxygen a high yield of biphenyl-2-carboxylic acid (160) is 
obtained84. This is almost certainly formed by the reaction sequence 
shown in  Scheme 13. 

Phenanthrene-9, I O-quinones are readily oxidized to diphenic acids. 
For example, phcnanthrencquinone itself is oxidized to diphenic acid 
(161) by chromic acidloz, alkaline hydrogen p e r o ~ i d e ~ ~ * ' ~ ~  and hydrogen 
peroxide in acetic acidlo', and retenequinone 162 gives the acid 163 when 
treated with potassitun perinanganate in aqueous pyridine'Oj. The use of 
hydrogen peroxide oftcn gives lactones in addition to diphenic acids. 
Thus, oxidation of the phenanthrenequinone 164 with hydrogen peroxide 
in acetic acid gives the lactone 165 as well as the diphenic acid 1661°6 
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SCHEME 13 

and oxidation of the naturally occurring phenanthrenequinone 167 with 
alkaline hydrogen peroxide gives the diphenic acid 168 and the isomeric 
lactones 169 and 170'O'. 

Phenanthrenequinone reacts with sodium azide in sulphuric acid to give 
phenanthridone 171 and carbon dioxidelo8. Under similar conditions 
retenequinone 162 gives the phenanthridone 172'OS. 
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OCH, OCH, OCH, 8 ___, 3: '+&LOzH \ C02H 

/ / / 

OCH, OCH, OCH, 

(164) (1 65) (1 66) 

1- 

0 CH, 

N H  
\ 

14 H 
\ go / (171) & / (172) 

Phenanthrenequinone mono-oxime undcrgoes a Beckmann rearrange- 
ment when treated with hydrogen chloride i n  acetic acid and acetic 
anhydride to give the iniide 173'09 and when trcated with benzene- 
sulphonyl chloride and pyridine it gives the acid 174 l*". 
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C. '"C Isotope Effect in the Condensation of o-Benzoylbenzoic- 

I.  THEORETICAL INTRODUCTION 

A. Absolute Rate Theory o f  Isotope Effects 

absolute rate theory 
of chemical  reaction^^.^ and Redlich-Teller product r ~ l e ' ~ . ~ ~ ,  and in 
agreement with the Bigeleisen-Mayer reduced partition function ratios4*'*, 
the theoretical equation which relates through vibrational frequencies the 
ratio of rate constants of two isotopic molecules, k1//c2, with the force 
constants and geometry of reactants and of the transition complex has 
the form ( l ) 1 g 9 2 0 :  

According to equilibrium statistical 

= (TIF) (TDF) 

Here, sinh(zrJ2) = ;t [exp(zr,/2) - exp (- tr,/2) 1, ui = /tcoi/kT, k is Boltzmann's 
constant, /z is Planck's constant, c is the light velocity, oi is the fundamental 
(normal) frequency of the molecule, vFL is the imaginary frequcncy corre- 
sponding to the coordinate of the reaction, ul, u2 are symmetry numbers, 
+ denotes the transition state complex, N is the number of atoms in  a 
polyatoniic molecule, y equals 5 for linear molecules and 6 for nonlinear 
molecules, and the symbols (TIF) and (TDF) denote temperature- 
independent and temperature-dependent factors. In (1) the ratio of trans- 
mission coefficients is omitted and the motion of the reacting system along 
the reaction coordinate has been treated classically. 

Equation ( i )  is valid for ali isotopes and in the case of heavy isotopes 
with small differences between their masses it approaches the well-known 
Bigeleisen-Mayer expression (2)3* : 

where G(zr,) = 3: - l/ui + l/[exp ( I ( + )  - I], 4ui = (uli - uzi); the subscript 1 
refers to the lighter molecule and zii = JzvZi/kT refers to the frequency of 
the heavier molecule. Function G(u,) was introduced and tabulated for 
different values of zi by Bigeleisen and Mayer3s1*. Expression (2) can be 



620 Mieczyslaw Zieliriski 

further simplified5* 21-23 for zti < 27r, that is for snisll vi or high temperatures 

Expression (3) has summation over 3N-6 degrees of freedom both in 
the substrates and in the transition complex, since the Wigner tunnel 
correction (4) discussed in section A.2 has been included in the transition 
complex part of formula (3). It has also been presumed that the isotopic 

molecules are labelled in one position and oii  = ( a ~ ~ + a ~ ~ + a z z )  is the 
sum of the Cartesian force constants at  the place of isotopic sub- 
stitution. Approximate expression (3) results directly from more general 
expansion in powers of u of the logarithm of the reduced partition 
function f 59 23. 

From equations (I), (2) and (3) it follows that the kl/k2 ratio tends to 
the ratio of the frequencies of decomposition, (vfL/v&), when 12 -*02 
since expressions sinh (zr1,/2)/sinh ( 4 2 )  both in numerator and denomi- 
nator of (1) reduce to the ratios (v l i /vpi)  and correspondingly. 
From expression (3) it follows that the high-temperature kinetic isotope 
effect should approach the ratio (v&/v&) according to the 1/T2 law. At 
lower temperatures equations (1) and (2) require the kinetic isotope effect 
to diminish with temperature according to the 1/T law. Expression (3) 
shows that the kinetic isotope effects reflect the changes in force constants 
at  the isotopic atom in going from the initial to the transition state of the 
reaction. Weakening of the force constants around the isotopic atom in 
the transition state makes the value in square brackets larger than unity and, 
consequently, the molecule possessing the lighter isotope (subscript 1) 
reacts faster than the heavier one (‘normal isotope effect’). In the 
opposite situation of strengthening of the force constants around the 
isotopically substitutcd atom in the transitior? state, the numerical value 
of the expression in the square brackets is lower than unity and may out- 
weigh the pre-exponential factor, thus leading to the ‘inverse isotope 
effect’. The latter situation frequently occurs in the so-called ‘secondary 
isotope effects’ for which the theoretical pre-exponential factor ( Y ~ ~ ~ / V $ )  
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is very close to unity. Anomalous temperature dependences of theoretical 
isotope effects were discussed by Stern and W o l f ~ b e r g ~ - ~ ~ *  

1. Two- and three-centre reactions 

equations (l), (2) and ( 3 )  reduce to expression (5).  
a. Two-centre reactions. In the one-bond a p p r o x i m a t i ~ n ~ * ~ * ~ ~ ,  z' the 

where f refers to the force constant of the isotopic X - q  bond. From 
the one-bond treatment of isotope effects for the isotopes of hydrogen it 
foIIows that at  relatively low temperatures the major portion of the effect 
arises from the diflerence of the zero-point energies of the harmonic 
X-13 and X-D oscillators. Taking the value 2900 cm-I far the stretching 
frequency of the C-H bond one finds 4-15 and 3.0 kcal/niole for the 
zero-point energies of the C-H and C-D bonds respectively. The 
difference A&, = (hV,/2-hv,/2) equals 1-15 kcal/mole which in zero- 
point approximation leads to a factor of 7 in ratc at 300 Kz7. Inclusion of 
the Boltzmann excitation term (sinh approximation) gives slightly lower 
values. For instance, taking wc--II = 2985 cm-1 and wc-,, = 2191.68 cm-I 
one finds that a t  273.2, 233.2 and 313.2 I.; the calciilatcd values of k,,'k, 
are respectively 8.07. 6.97 aRd 5-88. For tritium kn/kT are 19.65, 12-81 
and 2-414 at 273.2, 313.2 and 998.2 K, respectivelyz0. 

In many reactions the experimental deuterium arid tritium kinetic 
isotope effects are in agreement with one-bond model calculations, but 
experimental kinetic deuterium isotope effects may vary in magnitude 
from 1 to 16 or even more. Some small hydrogen isotope effects have been 
explained by the assumption that the carbon-hydrogen bond is not 
broken in the rate-controlling step of the reaction, as, for example, in the 
nitration of tolueiieG0. Other sniall experimental deuterium isotope effects 
have been explained by invoking a triangular transition state in which the 
A-H bond is not completely broken in the transition state but is bent, 
the hydrogen atom being a t  the same time attached to two skeletal carbon 
atoms in the molecule. 

b. Three-centre reactions: A H +  B = A + HB. Deuterium isotope effects 
smaller than those calculated according to the one-bond method are 
explained by considering the equilibrium between the one-bond oscillator 
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and a linear three-centre transition state in which only stretching vibrations 
are taken into accountz7* 28. 

kl k!2 
A ... H ... B 
x A  xH xB 

(1) 
Three-centre transition state model 

Following the method of Herschbach, Johnstcn, Pitzer and Powell 
(H.J.P.P.)z7-29 one approximates the potential in  which particles A, H and 
B move by the function (6) with the interaction term p ,  and one eliminates 

from the general solution of the vibrational secular equation the anti- 
symmetric stretching vibration, corresponding to the reaction coordinate, 
by putting ( k l k 2 - p z )  = 0. In thc case of a symmetrical transition state, 
when k, = Ic,, the central hydrogen atom does not participate in the 
motion in the symmetrical inode of vibration and the isotope effect is as 
large as in the one-bond approximation. If klB/c, or k&k1, that is when 
the transition state is substrate-like or product-like, and if, additionally, 
v t  is comparable to the frequency of the substrate one-bond oscillator, 
then the contribution of the tempcraturc-dependent part to the total 
theoretical isotope effect might be negligible and the ‘classical’ isotope 
effect is caused mainly by the temperature-independent factor, which in 
the H.J.P.P.29 approach to the problem is close to unity. When the ratio 
of the imaginary frequencies (u;L/v;;) is replaced by the ratio of ‘zero 
frequencies’ of the antisymnietric vibration ( v? /v z )  of two isotopic three- 
centre transition complexes, the value of the pre-exponential (TIF) 
factor for hydrogen isotopes is close to unityz7. 28. 

In the more detailed consideration of the reaction of the type3’) 

(7) > [A ... H...B]-’i ___ A H i B  ~ > A + H B  

where A and B are not atoms but niolecular fragments, one takes into 
account also the two real bending vibrations i n  the initial state and two 
bending modes in the transition state : A - - -  H -.. B. In the symmetrical 
‘hydrogen-bonded’ transition state the two bending vibrations might be 
greater than in the initial normal molecule, their contribution to the zero- 
point energy diKerences LIE: might be large and (€,,-€JJ = LIE,-LIE“ 0 

will be smaller than the value obtained for the stretching vibration alone. 
In the practical treatnient of the deuterium and tritium isotope effects in 
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hydrogen transfer reactions one frequently takes into account three real 
vibrations in the initial state and only two bending vibrations in the 
transitiorl state. Within the framework of such approximation the values 
of the pre-exponential factors permitted by equation (1) should be found 
in the case of deuterium to be between 0.5 and 1.41 and closer to unity 
than to the possible extreme values (2)* or (4). Calculation of isotope 
effects according to the siniple equation (8) should reproduce the experi- 
mental isotope effects in reactions and experimental conditions in which 

kJk, = exp (&E,,/RT) (8) 
the tunnel effects do not operate. Finally, the (highly unrealistic) upper 
cxtreme value of the deuterium isotope effect calculated according to the 
scheme which takes into account one stretching and two (in-plane and 
out-of-plane) deformation vibrations in the initial state, and neglects the 
negative contribution of the transition state, gives values for Ic,/k, equal 
12.1 a t  40-0"C and 18.5 at 0°C. Inclusioil of terms corrcspoiiding to 
vibrations of the transition state of the hydrogen transfer reactions 
dimi!iishes the theoretical deuterium isotope effect to a value close to the 
one obtained in the one-bond treatment of the kinetic isotope effects. 

2. Tunnelling in isotopic chemical reactions30-11 

According to quantum mechanics and numerous experimental 
 observation^^^^^, there is a certain probability that microscopic particles 
will penetrate the potential energy barriers when their individual energies, 
Ei, are less than the height of the barrier, V, (E,) which they encounter on 
their path. Expressions for probability of crossing the barrier by the 
particle of mass I I Z  and energy E have been derived by solving the 
stationary Schroedinger equation (9) for different shapes of energy 
barriers, V ( x )  3046. 

The expression for the likelihood of the particle penetrating through 
the one-dimensional, rectangular potential barrier of the width I i n  the 
simplest case when 2 n 1 ( V ~ - - ~ ) / ~ / h ~ B  I is given by""-'j 

G(E) ", exp(-(2/h)J[21n(Vo-E)13]} (10) 

The expression for the likelihood of crossing the potential barrier 
approxiinated by an inverted parabola, V(s)  = J/, - V, s2/az whose base 
equals 20 is given by equation (1 1)33343 while (1 2) defines the curvature of 

(1 1) G(E)  = { I  +exp [27r(v0-E)/h1~~])-' 
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the barrier a t  the top. Expression (1 1) follows also from the relations 
derived for the more realistic symmetrical Eckhart potential, more closely 
resembling the potential barrier found in chemical  reaction^^**^^*^^. From 

v1 = EA/7;-a(2in)* (12) 

relations (lo), (1 1) and the de Broglie relation assigning a wavelength 
A = ( h / n w )  to a particle of mass nt and velocity u it follows that the 
largest deviations from classical behaviour should be observed for particles 
of low masses (electron, proton, deuteron), narrow energy barriers and 
large (V, - €) differences. Protons moving with thermal velocities (at 
ordinary temperatures) have the wavelength of 10-8-10-9 cin which is 
similar to the width of the barriers found in chemical reactions. 
Substituting the value 0 for tl in  expressions (10) and (1 1) one obtains the 
classical value 0 for the permeability of the barriers for particles having 
energy E less than V,. 

a. Relations bet weeti the classical atid qiiantiun tnechariicnl treaztnents of 
the reaction rates. Classically only those molecules N(E,) from the total 
assembly, Ntot, which have a total energy equal to or greater than its 
height Eo(V,) are able to pass the potential barrier. Therefore the classical 
expression for the reaction rate constant is obtained by multiplying the 
collision rate by the factor q equal to the fraction, 

q = N(E,)/N,,, = exp (- E,/kT) 

of molecules with Ei>E,  from the total number of molecules. The 
quantum mechanical expression for q (1 3) takes into account the finite 
value of the permeability, G, of the potential barrier for particles with 
energies E <  E,, as well as the partial reflexion of particles having E> E,. 
Insertion of expressions for G into (13) and further integration leads to 
theoretical relations for the quantum mechanical reaction velocity 

constant. Integration of expression (13) in the case of a parabolic potential 
barrier, assuming that G = 1 for E>€,  gives 

where 

a = Eo/kT and /3 = 2.rr2a\1(21iiE,)/h 
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The observed heat of activation E$ is given by equation (16) and 
expression (17) gives the ratio of €: to the classical height of the barrier Eo. 

x [(B - 01- 1)  exp (- 4 + exp (-8)I/[Bexp (-.I) - 01 exp ( - p ) ]  ( I  7)  

(1 8) 

When exp (- a)% exp (- p), equation (1 7) simplifies to 

E:/Eo = I - [I/(/~-LY)] 

One can solve the quantum mechanical problem of the reaction rate 
by deriving the first- and further-order quantum mechanical corrections 
to the corresponding classical and semiclassical  relation^'^.^^,^^. The true 
rate constant will be the product of the classical rate constant k,, and the 
quantum mechanical correction Q : 

kqu = Qkcl (19) 
Then, by definition, the quantum correction to the reaction velocity 
constam equals 

(2 = exp (E,,/kT) [exp ( - E/kT)]  G(E)  dE 

Insertion of expression (1 1) into (20) and integration gives 

If exp(a:-p)< 1, that is for sniall q(q) or large (E/kT), the first term of 
(21) is used as a tunnel correction to the reaction velocity: 

(22) Q, = (na/P>/sin (TTTN/ /~ )  = (u/2)/sin (u /2)  

where LI = (2~.1//3) = (hv,/kT). The second part of expression (21) can be 
similarly expressed in terms G f  i ( / :  

m exp(a-8) = 
Ul exp [s (?)I B-.: (277 - rrJ 

One neglects the terlll (23) when u@ 27i. Expansion of (22) into powers of 
t i  gives 

The first two terms of the expansion (24) correspond to Wigner's quantum 
correction to the classical passage of a particle of n m s  112 over a col in 

Q = 1 + u2/24 + 7u4//5760 + . . . ( U  < 2 ~ )  (24) 
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the energy surface of tr dimensions (25)3'. The difference between the 

1 
Q = = 1 -- C (hivi/kT)2 

vc1 24 n 

experimental (quanta)) activation energy E* and the classical activation 
energy E,, can be found by differentiating (19): 

(EhU - Ecl) = kT2 d(ln Q)/dT = kT[(zt,/2) cot ( 4 2 )  - 11 (26) 

Similarly the departure of the apparent pre-exponential factor A* from 
the classical one is found to be 

A*/A = (kqU/kc1) ~ X P  [(E * - E)/kT] 

= [(rt/2)/sin (tr/2)] exp [(u/2) cot (zr/2) - I ]  (27) 

From relations (17), (IS), (22), (26) and (27) it follows that the experi- 
mental activation energy E'i' should be less than the height of the barrier 
E, and should decrease with decreasing temperature. Also, the pre- 
exponential factor A* should be less than the classical A due to the 
curvature of the plot log kesp  against I /T30p40. From expressions (10) end 
(1 1) it follows that the tunnel corrections are mass-sensitive .and, therefore, 
deuterium and tritium kinetic isotope effects should be a good test of the 
theoretical quantum mechanical predictions for tunnelling and its 
consequences. The following general predictions can be niade. 

Experimental kinetic isotope effects kI,lk,  and kn/k,  should be at  
low temperati.ires greater than theoretical isotope effects calculated with 
equation (I) ,  which has no correction for tunnelling. 

Differences of the activation energies (Eg - EG) and (E;  - EG) should 
be larger than the appropriate differences of zero-point energy. 

The ratios ( A & / A $ )  and (A&/A$) should be smaller than the limits 
predicted by the transition state theory in  the absence of tunnelling. 
Abnormal low values for (A*)  are more marked for hydrogen than for 
deuterifia compounds. Values of ( A & / A g )  smaller than 0-5 shculd seive 
as the evidence of tunnelling. 

3. Relative tritium and deuterium isotope effects 

If we consider that the differences in zero-point energies of isotopic 
substrates and transition states deterniine the observed kinetic isotope 
effect then the numerical relation between deuterium and tritium isotope 
effects takes the form (28)'6*47. 

kH/kT = (krr//~D)"432 (28) 
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Equation (25) is valid for relatively low temperatures (o-lOO"C), at 
which most of the X--Hi oscillators are in their lowest vibrational state. 
Relation (28) neglects the pre-exponential entropy factor, the correction for 
tunnelling, the ratio (vz, H / v ~ ,  u, T) of frequencies of crossing over the 
potential barrier by light- and heavy-activated cornpIexes and the fact 
that not all normal modes of vibration are shifted by J2 and J3 upon 
substitution of proton by deuterium and tritium respectively. Taking into 
account the neglected terms, the equation relating tritium and deuterium 
isotope effects can be written in the general form asd1 

k,lk, = (kH/kl$ (29) 
where I' equals 1.442 2 0.1 I .  The estimated departures -t 0. I 1  from the 
Swain value 1.442 also cover the uncertainties introduced by tunnel 
effects. The power s in equation (30), relating the tunnelling correction for 
tritium-protium and deuterium-protium has, in Wigner's approximation, 

01ilQ~ = (QIJQD)' (30) 

the value 1.333 for very small uI1 and the value 1.58 for very large u14. 
Thus departures of i' from the value 1 a442 are expected when the observed 
isotope effects k , J k 1 >  are determined mostly by the dependence of the 
tunnelling correction Q on the inasses of the hydrogen isotopes. 

8. Experimental Methods of Determining Kinetic Isotope Effects 

I n  the ratio k,/k,  of the rate constants of two isotopic niolecules with 
different isotopic composition k ,  usually refers to the molecule having the 
lighter isotope and k., refcrs to the molcculc with the heavier isotope. 
Theoretically it is possible to determine the isotope cfiect by carrying out 
two reactions, one with niolccules highly enriched with the isotope under 
consideration and the second with molecules with known natural isotopic 
composition, Because of the high cost of production of pure isotopes and 
the limited accuracy of absolute rate determinations, the direct inethod is 
practically limited to deuterium isotope effects. The most common 
methods used i n  kinetic isotope effect determinations are the com- 
petithe methods which were reviewed by Bigeleisen and Wolfsbergl. K)* 2oa. 

Only methods which have been used in studies with quinones will be 
surveyed here. 

I .  Chemical competitive method 

In this method two isotopic compounds, S,  and S, both compete with 
a chemically different compound B. all three reacting with compound C. 
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Equations (3 1)-(33) are the simplest schemes illustrating this method. 

’ Xl (31) 

(32) 

’ Y  (33) 

If the reaction is first-order in each of the reactants, processes (31)-(33) 
are described by the differential equations (34)-(36), where so,. and 6, are 

(34) 

(35) 

(30) 

the initial concentrations of the species Si and B, xi, and JT are concen- 
trations at  time ti of the product Xi and Y. In the experiment in  which 
species S, and B are compared we have therefore 

h s,+c 
S,+C ’ xz fL 

kB B + C  

d(x,)/dt = k,(s01 --%I [co - (*q +v>l 
d(x.,)/dr = k,(s,, - -Yz) [co - (x2 + V)I 

d ( y W  = kdb ,  - ~4 [co - (Y + -ylr 4 1  

d(x,)/[k,(s,,, - - 4 3  = dO’)/[kd60 -Y)l 

d(xZ)l[k2(s,, - -%)I = d(Y)/ tkn(b0 -Y)l 

(37) 

(38) 

For reactions (32) and (33) one obtains 

Integration of equations (37) and (38) and further transformations lead 

to (39), where the sign I or 2exp means first and second experiment. 

.fs, = (x1/s01), fs2 = (x2/.soz) and fBiern = (Yi/B, esp)  

are the degrees of conversion of the species S,, S, and B in the two 
competitive experiments and k,  and k, are the rate constants defined by 
equations (31) and (32). When f&, & 1 andfBicJi,,< 1 then equation (39) 
simplifies to 

Equation (40) is applied when S,, S, and B are used in  considerable excess. 

kllk2 = (fu,,,,fu,,,) <LS,/f,,> (40) 

2. Isotopic competitive methods 

The isotopic competitive method is the most general method of 
kinetic isotope effect determinations. In this method two isotopic molecules, 
S, and S,, compete with each other in reaction with other types of species 
B, C etc., or in their own unimolecular decomposition. The observed 
fractionation Ro/R, of the isotopic molecules in the course of the reaction 
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can be related with the ratio of the rate constants kl/k_ L) and with the 
degree of decomposition or degree of the reaction of the isotopic com- 
pounds. 

a .  Analysis of the product after a kriowii anrolc~rt of cotiversion. In 
certain cases, for instance in decarboxylation processes1g, it is easy to 
separate the product from the reaction mixture at a known amount of 
reaction. If reactions (41) and (42) are first-order in the isotopic molecules, 

S,i- Y i -  ... (41 1 

x,+ Y +  ... (42) 

h., ~ S,+B+C+ ... 

S,+B+C+ ... I; I 

Si, and arbitrary-order in the other reactants, dilrerential equations (43) 
and (44) wiI1 apply: 

d(s,)/dt = k,(s01 - XI) (B)"(C)C 

d(~,)/dt = k,(s02 - ~ 2 )  (B)*(Cy 

(43) 
(44) 

Dividing equation (43) by (44), integrating the differential equation 
obtained in the limits 0,x2 and O,xl and rearranging, one obtains (45) 

where R, = (sO2/so1), R, = (x2/x,) andj '=  (sl -k s2)/(soI -t so& is the fraction 
of the reaction. When x,<x,  and s,<s,, equation (45) simplifies to (46): 

(46) 

(l<,//c,) = (W4) (47) 

k l lk ,  = log ( 1  -f)/log [ I  - (R//RJ./'l 

When ,/< 1, (46) approximates to (47) : 

In this method it is recommended to work at  small reaction percentages. 
b. Arialysis of the sribstrate after a high ariroiriit of conuersiotr. Let US 

assume that the two isotopic species, Si, disappear according to the 
exponential laws (48) : 

S,, = So, exp (- k1 t ) ,  S,, = So, exp ( - k ,  1) (48) 

(49) 

(50) 

and the fraction-reacted j' is given by the relation (49) : 

( I -f) = (sli + sd/(soi + SnJ 

(1 - k2/kl)  = In (R,/R,)/ln [( 1 -f ) ( I +  & J / U  + R33 
Then the relatioil (50) can be derived: 

where R,, = (so2/so1) and R,  = (srz/s/,) are the isotopic ratios of the 
isotopic substrates under consideration at zcro time of conversion and 
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after fraction f of the chemical species S has reacted. Equation (50) 
transforms into equations (51) or (52) when the isotopic species, S,, is 
found in the reacting mixture at the tracer level?: 

(51) 

(52) 
Equations (51) and (52) are used in studies with radioactive isotopes and 
with molecules containing 13C, 15N and l 8 0  at the naturai abundance 
level. In the very precise works with I3C and I 8 0  a t  the natural abundance 
leve!, formula (50) is used. In this method the reactions are carried to at 
least 50-60% of completion. 

The equations relating kinetic isotope effects with the isotopic corn- 
position of substrates, products, or both as well as those applying for 
more complicated chemical processes where in the course of the reaction 
both intramolecular and intermolecular isotopic competition and 
fractionation occur, are given in references 4, 19, 20a and 60. 

(1  - k, /k3 = In ( ~ O S / & . J / l ~ ~ ( 1  -f) 
kllk, = [In (1  -f )I/[ln (1 -s> + In (n,/R,,)I 

3. General remarks 

If in the course of the reaction studied there are no isotopic exchanges 
between products, intermediates and reactants and the isotopic 
inhomogeneity within the niolecule is easily determined, then the isotopic 
competitive methods are the most sensitive, since the two isotopic reactions 
are carried out in  exactly the same physical conditions. Moreover, the 
precision of the mass spectrometric determinations of the isotopic 
composition of thc samples is very high (in the case of la0/l6O and 
13C/12C ratios sometimes better than 0.01 %48-50). In the case of samples 
containing 14C, the composition can sometimes be determined with an 
accuracy approaching 0.2% but usually an error of 0.5% is considered 
acceptable". I n  determinations of the relative specific activity of samples 
containing tritium the precision attained is sometimes 1-20/, but measure- 
ments carried out with an  accuracy better than 5% are still classified as 
good"'-". The problems of isotopic inhomogeneity4. [ I ) ,  are important 
when working with conipounds having natural isotopic abundanccs but 
do not exist with artificially labelled substances. 

C. Tracer Studies with Isotopes 

A rich literature56-cd') covers the theory of tracer applications of isotopes 
and isotopically labelled compounds. A short formal description of the 
isotopic exchange reactions is given below. 

i In  this case: .so2<sol; s l2<s t1:  (1 + R o , ) z  1 ; ( 1  + &) zz I and the 
denominator of equation (SO) approxiriiates 111 ( I  -.f). 
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1, Kinetics of isotope exchange reactions 

taking place between molecules A X  and S X ,  

If there are no isotope effects and the transfer of isotope X* from BX* 
to A X  and from A X *  to BX proceeds at the same rate, then at  a tracer 
concentration of X *  in the system, the rate with which the concentration 
of X'% in chemical species A X  changes is given by equation (54), where R 

(54) 
is the rate, expressed in g atom/s, with which X exchanges a t  equilibrium 
between compounds A X  and SX, a = ( A X )  is the total concentration of 
A X  molecules, b = ( B X )  is the total concentration of B X  molecules, 
x = (AX") / [ (AX)+(AX*) ]  and y = ( S X * ) / [ ( S X ) + ( S X * ) J  are fractions 
of the isotopically labelled species A X  and BX. Integration of (54) leads 
to equation (55),  where F = (x/x,) = x(a + b)/r is the degree of exchange, 
t is the time of exchange and r = a x f b y .  

Consider the simple example of the exchange of isotopes X and X *  

A X + B X *  = B X + A X *  (53) 

d(ax)/dt = Rj7 - RX 

-In(l - F )  = [R(a+b)/ablf = pt (55 )  
Forrnula (55) has been derived without any particular assumption about 

the explicit functional dependence of R on concentrations of exchanging 
species and is of general validity. In the case of tritium and deuterium 
isotope exchanges, when the force constants in the chemical species A X  
and BX diffcr very much, (xm/ym) = a+ I ,  and, at equilibrium, the relation 

s, = - (2:) 
has to be replaced by 

&(ax + bx) 
aa+b .Y, = 

and the equatioll describing the exchangc will be (56). Derivations of 
equations describing the kinetics of iSOtOpiC exchanges illvolving large 
kinetic and therniodyl1amic isotope effects are give11 in the I11ol1ograph by 
Melanderso. 

In [ 1 - x/x,] = - [R(w + b)/abI * (56) 

11. SYNTHESES OF LABELLED Q U I N B N E S  

A. Syntheses of 13C-Labelled Quinones 

Synthesis of 13C-labelled quinones has been undertaken in connexion 
with interpretation of the low intensity lines present in the electron spin 
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resonance spectra of semiquinones, the ring-carbon atoms of which 
contain 13C on the natural abundance l e ~ e l ~ ~ ~ ~ ,  and also for the elucidation 
of the nature of the electronuclear 13C hyperfine interactions in the semi- 
quinone ionsG4* 65. 

I. Synthesis of 13C-labelled p-benzoquinones 
a. Synthesis of p-benzoquinone-I J3C. Das and Venkatarama~P-~~.  70 

obtained (in 10 steps) labelled l-13C-benzoquinone with about 50 at% 
isotope abundance of I3C in the I-position in an overall yield of 2%, 
starting froni Ba13C03, enriched in 13C to about 48%. 

Ethyl acetate-1 -13C (2) was first prepared in four steps by adapting well- 
established preparative methods of 14C-labelled coinpounds19* 7 2 , 7 3 p  

=,so, CI3,WzI 
C H ,"CO 0 H ' '3c02 nllhydrous ether ' B a ' T O ,  

XnOH -----+ CH,'3COONa - CH,'3COOC2H, (57) 

The labelled sodium aceta.te was convertcd to ethyl acetate by refluxing 
with triethyl pho~phate '~ at 170-220°C (yield : 90.7%). 1 -Methylcyclo- 
hexanol-1-13C (3) was prepared in 53% yield froni the Grignard reagent of' 
pentamethylene dibromide with ethyl acetate-1 -I3C 'j. 

(2) 

BrMg(CH,),MgBr H ~ F / ~ \ c H ,  

anhydrous ether HPC, ,CH2 
z I (58) C H3I3 COOC2H5 

CH2 

(3) 

The iodine-catalysed dehydration of 3 to 1 -methylcyclohexene- 1 -13C 
(4) was carricd out at  135-140°C using a Podbielniak column75 with glass 
coils (yield: 40.10/,). The dehydrogenation of 4 to t ~ l u e n e - l - ~ ~ C  (5) was 
performed at 450°C using 30% platinum-on-asbestos (or palladium) 
catalyst in 67.7% yield. Toluene 5 was oxidized with an aqueous solution 
of potassiuni permanganate and sodium hydroxide to benzoic-1-13C acid 
(6). This was converted to a ~ ~ i l i n e - l - ~ ~ C  hydrochloride (7) by Schmidt 
reaction using an excess of sodium azide (yield: 85.4%). 

p-Benzoquinone-1 -I3C (8) was obtained by oxidation of 7 with MnO., 
in dilute sulphuric acid (yield: 51.6%). The presence of one I3C atom in  
the ring with an enrichment of about 50% was confirmed by observing 
the hyperfine structureG7 in the e.s.r. spectrum of the semiquinone ion 
prepared from the labelled p-benzohydroquinone- I J3C (9). 

p-Benzoquinone-1 -I3C was also synthesized in four steps with an 
overall yield of 16% by condensing acetone-2-13C (10) with sodium 



OH 
I (6) <Na,S,O, 

C 
I 

OH 

0 
II  

(;) 
II 
0 

(59) 

CHi3C CH, (60) 
pyrolysis 

II 
0 

(10) 

CH:3C02Ba 490-510C ’ 

nitromalonaldehyde 13 71- 76-78. Nitromalonaldehyde 13 was obtained from 
the aldehydo-acid 12 which in turn was prepared from furoic acid 11. 
p-Nitr~phenoI-I-*~C (15) was prepared in 36.8% yield by condensing 10 
with sodium nitromalonaldehyde monohydrate 13. 14 was obtained from 

HC-CH 
ii ii 

HC C-C0,H + 4 Br, + 2 H,O + 
\ /  BrC-CO,H 
0 

( 1 0  

BrC-CHO 
II 4- COP 4- 6HBr 

HC-CH 
ii ii 

HC C-C0,H + 4 Br, + 2 H,O + 
‘A/ BrC-CO,H 

BrC-CHO 
II 4- COP 4- 6HBr 

W 

( 1 0  
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the reaction mixture by addition of NaOH pellets. p-Aminophenol 16 
was preparcd from 15 by reduction with Sn and HCI (yield: 96.4%). 
p-Benzoquinone-1 -13C was prepared from 16 by oxidation with sodium 

refrigerator 

75h,NaOH ' 

0 
II 0 
0 

HCI - 
(62) 

(1 5) (1 6) (8) 
dichroniate. The yield of the oxidation step was 47.4%, and the overall 
yield based on sodium acetate-l-'"C was 16%. The intensity measurements 
of the e.s.r. spectra of the semiquinone showed that the isotopic abundance 
of 13C in the I -position of the final product was 54 t 3 at% in agreement 
with the 56.3 at% in the starting material sodium acetate-l-13C. 

b. Syiithesis of p-benzoquirione-1 .3,5-13C. Synthesis of p-benzoquinone 
labelled with 13C in positions 1 ,  3 and 5 was performed by condensation 
of py ruv i~ -2 -~~C acid (17) 68,7!'-83. 

Pyruvic acid labelled in  the keto-group was synthetized according to 
sequence (63) : 

Ba'TO, -> 
n,so, 

C, I1 &ORr 

180-185"C 

___f 

SnOH 
CH,%OOH CHJt3COONa 

I .  CHJIU1 
'"O2 2 .  TIrtirolrsis' 

CH,'3COCN CH,'TOBr A 

CH,'JCOCO N H, CH,"CO COOH (63) 

ell I C X )  

(1 7) 

If in the last step the concentration of the hydrochloric acid was higher 
than 2 N  or if the pyruvamide was liydrolysed at a higher temperature than 
70°C, acetic acid appeared as a side-product. 

The condensation of the 13C-labelled pyruvic acid (17) to methyl- 
dihydrotrimesic-1 ,3,5-I3C, acid (18) has been performed according to the 
method of Hughes and ReidG9, who also described the formation of 
uviti~-1,3,5-'~C, acid (19) and synthesis of toluene- 1 ,3,5-13C3 (20) by 
decarboxylation of 19. Transformation of 20 to p-benzohydroquinone- 
1 ,3,5-I3C, (21) has been carried out  using the same sequence of reactions 
as in the case of p-benzoquinone-1 -13C. 
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0 i i 

CH, = ’‘&--COONa 
4 CH,” C-COONa 

I 1  H * -. CHi3COCOOH 
0 

“\H3 COONa 

2 

‘ /  
l3C 

H2C’ ‘OH NaOH conc., 
NaOOC’C I 13COCOONa I 

O’’ HC-H 

/ \  
H,CH COONa 

13 C-OH 1 

(64) 

ti3C COONa HOOC CH, 
\ /  

HCI 
__j 

t-100C-13C\ 13C-COOH 
‘C’ 

Na00C-13COONa 4- 
NaOOC-13C, 13C-COONa 

‘C’ 

22 
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2. Synthesis of 2-t-[P-l3C]butyIhydroquinone 
This has been by alkylation of hydroquinone with 

t-butyl a l ~ o h o l - f l - ~ ~ C  (22). The latter was obtained from the Grignard 
reaction of methyl iodide-I3C (having 48- 1 at% excess of 13C) with acetone : 

CH3 
I 

I 
OH 

(22) 

13CH3MgI + CH3C-CH3 __f '3CH3-C-CH3 (65) 
II 
0 

The inethod of Young and Rogers was used for the reaction of 22 with 
hydroquinonea9, adding a n  aqueous solution of the labelled alcohol to 

' I  
H3C OH 

(24) 

the vigorously stirred mixture of hydroquinone, phosporic acid and 
xyleiie heated to 115°C. After 30 min the hot xylene layer was removed 
and the hot acid phase was extracted with more xylene. The xylene was 
removed in uacuo to yield a crude mixture of 2,5-di-t-butylhydroquinone 
(27%) (24) and 2-t-butyl-/3J3C-hydroquinone (23) in 30% yield. The 
separation of the labelled compounds was achieved by chromatography 
on a silk acid-celite co?urnn using chloroform as the eluent. 

B. Syntheses of 14C-Labelled Quinones 

I .  Synthesis of tetramethyl-'4C,-p-benzoquEnone (28) 
Duroquinot~e-a-~~C was obtained according to reaction scheme 

(6 7)72* 91. 2-Ch I oroniet hyl-1"C-3, 5,6 t ri me t hy I-4-acetox y pheno 1 (26), pre- 
pared in 89% yield by chloromethylation of trimethylhydroquinone 
diacetate (25) with f~rmaldehyde-~"C was reduced by lithium 
aluminium hydride to tetramethyl-'T-hydroquinone (27). Oxidation of 27 
with ferric sulphate gave a quantitative yield of dur~quinone-cu-~~C (28). 
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OH 

______f 

''CH,O, HCI 

H3C 

OAc OAc 

(25) (26) 

2. Synthesis of ''C-labelled naphthoquinones 

a. Syntliesis of 2-methyI-14C-l,4-naphthoquinoi~es. Synthesis of 14C- 
labelled menadione (vitamin K3) (34) has been achieved by the following 

94 : 

0 

f w-J4cH3 -- 

(33) 0 
(34) 

2-Naphthoic acid-~arboxyl-*~C (30) was obtained in 70% yield from 29 
and reduced to 31, which in turn was converted to 2-brom0rnethyl-*~C- 
naphthalene (32). Reduction of 32 with LiAIH, yielded 33, which was 
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oxidized with chromic oxide94 to 2-1i~ethyl-*4C-l ,4-naphthoquinone (34). 
The overall yield of vitamin K, was 23%. Vitamin K, (34) has also been 
synthesized using methyl-‘T iodide as a labelled starting ~ i i a t e r i a l ~ ~ * ~ ~ ” .  

0 

(35) (36) 0 

(34) 

6. Synthesis of ring-labelled 2-methyl- I ,4-iiuplitlioquino~ies. The detailed 
directions for the synthesis of 2-methyl- 1 ,4-naphthoquinone-4-14C (36), 
using the method of Li and Elliotg6 and of 2-methyl-l,4-naphthoquinone- 
8J4C (37) perfornied according to Collins”, are given by Murray and 
Williams72. The reaction schemes have also been reviewed by M i k l ~ h i n ~ ~  
and by Crompton and Woodruff i3 

3. Synthesis of vitamin K, labelled with l4C 

Labelled chemically pure compounds with vitamin K activity, especially 
vitamin K, and labelled nienadione, are important tools for the 
elucidation of their functions, mode of action and metabolic pathways 
in living organisms98-101. Carbon l”C can be introduced separately into 
vitamin K, either by the synthesis of a labelled naphthoquinone ring, or 
by introducing isotopic carbon into the 2-methyl group of the nienadione 
used for the condeiisation reaction, or by labelling the phytyl chain in the 
3-position. Reaction schemes used for the synthesis of simple naphtho- 
quinones labelled with ,‘lC in various positions are described by Murray 
and Williamsi2. Methods used for the synthesis of labelled isoprenoid 
chains have been reviewed by Isler and coworkers9s. 

a. Synthesis of “T-labelled isophytol. The reactions below illustrate 
the synthesis of isophytol labelled in the 1- and 2-position: 

H 
CH3-.E--C=CHCH,CH, jj CO CH, f CHCI-I,Ct!L,CH, f, CO (70) 

I I I I 
CH3 CH3 CH, CH, 

(38) (39) 
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The unsaturated C,, ketone 38 was hydrogenated to give the saturated 
ketone 39. Ethynylation of the Iatter with uniformly 14C-labelIed sodium 
acetylide in liquid ammonia followed by partial hydrogenation of the 
triple bond yields isophytol 41. Phytol, 42, can be prepared in three steps 

from isophytol 41 or independently by reaction of 39 with the doubly 
labelled 43, followed by reduction of the ester 44 with lithium aluminium 
hydride98-102 : 

CH3--f--CHCH2CH2CH2--3 --C=CH -CH,OH (CzH50), POC*Hz~OzC2H5 
* *  

(43) 
I 3 1  
CH, CH3 

(42) 

The condensation of the isophytol with 2-methyl-l,4-naphthohydro- 
quinone is catalysed by boron trifluoride. Oxidation of the condensation 
product by air or by silver oxide produces chain-labelled vitamin K,. 

b. Synthesis of vitamin K, labelled in the methyl group. Racemic vitamin 
K, (45) labelled with 14C in the 2-methyl group was synthesized by 

0 

I 

CH3 CH3 0 

(45) 

condensing 500 mg of 2-methyl-"T- 1,4-naphthohydroquinone (prepared 
from 14C-labelled vitanlin K,) with 400 mg of isophytol 4 1  in dioxari with 
boron trifluoride as catalystlo3> lo.*. Vitamin K, was obtained, by oxidation 
of the hydroquinone 49, as a dear yellow oil. 20:/, based on 48. The 
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purity of the product has been tested by subjecting quinone to reductive 
a ~ e t y l a t i o n ~ ~ - ~ ~ ~  when the diacetate obtained accounted for 960% of the 
vitamin K, radioactivity used. Better overall yields of unlabelled vitamin 
K, (as high as 66%) were obtained105 from menadiol 1-monoester (45a) 
using boron trifluoride etherate, aluminium chloride or potassium acid 
sulphate as catalysts. The condensation product 46, dihydrovitamin K, 
I-monoacetate, was first hydrolysed and then oxidized to the quinone, 
vitamin K,. 

O(OCCH3) w I4CH3 

CHCH2CHzCH2--3.--C=CHCH,0H 4- 
I 3 1  

CH3 CH3 
OH (42) 

(45 a) 

O( 0 CC H 3) 
14CH3 

CH3.-f--CHCH2CH2CH2--f;-C=CHCH2 + vitamin K, 
I I 
CH3 CH3 OH 

(46) 

It is possible that electrophilic displacement by both phytol and iso- 
phytol may proceed through the same cationoid intermediate 47 yielding 
the hydroquinone of vitamin K,, 49. 

OH 
(48) 

eH (73) 

vitamin K, 

OH 
(49) 

4. Synthesis of 14C-labelled anthraguinones 

a. Synthesis of antliraquinone-9-l4C1. Anthraquinone-9J4C, (55) has 
been prepared as a labelled intermediate in the synthesis of anthracene- 
9-14C 106: 

1 
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"CO A 

------+ 

(74) (52) 
0 

Carboxyl-labelled o-toluic acid (51) was prepared from 50 and oxidized to 
52 by potassium permanganate. The anhydride 53 was obtained by 
refluxing 52 with thionyl chloride and gave 54 by Friedel-Crafts reaction. 
Ring closure to 55 has been achieved by heating 54 in 96:{ sulphuric acid 
at 120°C for 1 h;09. 

b. Synthesis of 1 ,Zcliltydro.uy ntithruquiiioiie-9-'~C. The synthesis of 
labelled alizarin 66 is shown in the following reaction scheme10i : 
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(65) (66) 

o-Bromobenzoyl chloride (57) is esterified with phenol. The Frics 
rearrangementlo* of 58 gave 2-bromo-4’-hydroxybenzophenone (59) which 
was reduced to 2-bromo-4‘-hydroxydiphenylmethane (60). The hydroxyl 
group is protected in the next stcp by formation of a cyclic acetal with 
dihydropyranllO. The halogen-metal interconversion with 61 and butyl- 
lithium yields the organolithiuni compound 62, which was carbonated 
with labelled carbon dioxide. Ring closure of 63 gave 2-hydroxy-9- 
anthrone (64) in 88-1 00% yield”’, which was oxidized to 2-hydroxyanthra- 
quinone (65) in practically quantitative yield. Conversion of 65 to 
alizarine 66 by hydroxylation has been achieved with high yield using an 
excess of potassium chlorate and sodium hydroxidc. 

5. Biosyntheris of ‘dC-labelled quinones 

a. Biosyi7rhesis of pliytoqr~i11017es. Threlfall, Whistance and Goodwin112 
studied the incorporation of arid tritium activity into terpenoid 
quinones synthesized by maize shoots, incubated during 24 h with 
continuous illumination, in water containir,g 50 Ci of L - M c - ~ ~ C  mcthionine 
and 300 Ci of L - M ~ - ~ H  methioninc”?. They found that in the isolated 
plastoquinone 67, ubiquinone 68 and phylloquinonc 69 a11 the 14C and 
tritium radioactivity was in the methyl or methoxyl groups on the 
quinonoid ring. Ubiquinone 68 contained 26% of the 14C activity in the 
methyl group and the remaining activity in the methosyl groups. Phyllo- 
quinone 69 also had the activity in the ring-attachcd nicthgl group which 
was formed by transfer of an intact ’“CM, group from methionine. It is 
suggested that in  the cases of phylloquinone and plastoquinone the 
methylation takes place i n  the chloroplast, wliereas methylation of 
ubiquinone occiirs clsewherc wi th in  t!w cell. Possible mechanisllls for 
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C- and Omethylation have been proposed. Unfortunately, the yield of 
the labelled compounds based on the L - [ M ~ J ~ C ,  3H]-niethioniiie radio- 
activity used is very low (under 1%). 

0 0 
I I  11 

H 
II  

0 0 
(67) (68) 

0 

0 
(69) 

GuCrin, Azerad and Lederer113 have found that vitamin K2(45)H (70) 
with 14C-labelled 2-methyl group is synthesized by Mycobacteriztm Plilei 
from ~-methionine-l~CH,. It has been proved that the isoprenoid chain 
of the vitamin contains no radioactivity and that the total activity of the 
inolecule is localized in the 2-methyl group. Phthalic acid obtained by 
oxidation of the labelled vitamin K,(45)H showed only 0.24% of the total 
activity of the vitamin K2(45)H. This excludes incorporation of the methyl 
group of the ~-rnethioniiie-~*'CH, into those eight atonis of the anthra- 
quinone ring system which are transformed by oxidation into phthalic 
acid. 

0 0 

q H 3  Q&?H3 \ 

I1 o /  0 
H& R' (70b) 

(70aj 

(In 70b R is an isoprenoid chain consisting of 45 carbon atoms or 9 units of 

Martius and Bi11eter114, using vitamin K, labelled with tritium in the 
nucleus, with 1°C in the side-chain, demonstrated that animals are able to  
replace the phytyl group of the vitamin K, by a geranyl-geranyl group, 
thus producing vitamin K2(20). 

isoprene, one of which is saturated.) 
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Later Martinus and Leuzinger1l4t 115 showed that the anaerobic hetero- 
tropliic bacteria Fusfonizis nigrescens can use 1,4-naphthoquinone in the 
vitamin K synthesis, by transmethylation of a CH, group from methionine 
into the 2-position of naphthoquinone and attaching the isoprenoid 
chain in the 3-position. 

b. Naphthaqrrinone biosynthesisllG. Gateiibeck and BentleyllG have 
shown that Me-"T-methionine (71), IJ4C acetate or 2J4C malonate 
added to the growth medium of Fusariim javanicui~z are converted into 
labelled javanicin 72. The percentages of incorporation are 0.83, 0-70 and 
0-071;/,, respectively. 

14 C H3 S C H pC HZC H (N H p)C 0 0 H OH 0 
12 13 14 

(71) 1.;H30@ CHpCOCH3 

\s I, 4 di3 
OH 0 
(724 

Degradation of labelled javanicin revealed that the label is incorporate 
only in the methoxyl group (position 15). According to the authors the 
methyl group (position 1 I), is formed not by transmethylation but by the 
reduction of the carboxyl group. The remaining carbon atoms labelled 
with an asterisk in 72b originate from the carbonyl groups of the labelled 
acetyl-CoA (73) and malonyl-CoA (74). 

OH 0 
I I I  * * 

CHpCOCH3 CHJO-S-COA CH,-CO-S-COA 
I 

C H 3 7 3  C :&H3 * (73) COpH 

I II (74) 
OH 0 
(72W 

6. Syrrthesis of 14C labe!Zrd s-benzoqii:none &acetate 
Billek, Swoboda and W e s ~ e l y ~ ~ '  synthesized o-benzoquinone diacetate 

(76) labelled with 14C predominantly at  the C-1-position by treating 
14C-labelled phenol with lead tetraacetatc. Besides the main product 
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2,2-diacetoxycyclohexa-3,5-dienon-l (76), obtained in 95% yield, oxidation 
leads also to the formation of the 2-14C isomer (77) in about 5% yield. 

OAc 
I 

OH OH 
141 

(77) + @OH 
0 . -_ -_-__-__-  Pb(OAc), ~ &OAc - - ~ ~ ~ ~ ~ l - -  

migration 

AcO OAc 
\ /  

_ _ _ _ - _ - _ _ - -  Pb(OAc), + 0 0  

(77) 

7. Synthesis of uniformly 14C-ring-labelled 3,3',5,5'-tetra-r- 
butyldiphenoquinone 
Uniformly 14C-ring-labelled diphenoquinone (79) was synthesized in 

the presence of oxygen from uniformly 14C-ring-labelled 2,6-di-t-butyl- 
phenol (78). The reaction118 takes place at 37°C. in t-butyl alcohol solution 

OH 

0 
I t  

R 
il 
0 

(79) 
of KOH. The final yield of the purified dark-red crystalline product 79 
was 64% having a specific activity of 2.4 mCi/mmole. 

C. Synthesis of Tritium- and Deuterium-/abel/ed Quinones 
1. Synthesis of deuterium-labelled p-benzoquinone 

Deuterium-labelled 1,4-hydroquinone has been obtained1l9T by 
hydrogen exchange taking place between heavy water and p-benzohydro- 
quiiione at  high temperatures (170°C, 40-50 h) in the presence of sodium 
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hydroxide. In the product so obtained the labile oxygen-bound deuterium 
was replaced by hydrogen through re-exchange (79a) a t  room temperature. 

OD 

OD OH 
The heavy 1,4-benzoquinone was obtained by oxidation of the heavy 
hydroquinone with dichroniate solution according to the usual 
 neth hod^^^^^^^. The authors did not notice any transfer of deutcriuni from 

0 
I I  

(79W 
D CrO, 

f - _ _ - - _ _ _  ~ 

OH I1 
0 

either the ring-labelled p-benzohydroquinone or the p-benzoquinone to 
the solvent during the oxidation process. 

Charney and Beckerl"'" prepared p-benzoquinone-cl, by carrying out 
three subsequent isotopic exchange reactions between fully deuterated 
3 . 4 ~  sulphuric acid and hydroquinone at 100°C during 36 h. Tlit labelled 
hydroquinone was oxidized with chromic oxide122 to p-benzoquinone-cl,. 
The final yield of the purified p-benzoquinone was 550/,. The authors122c 
have also obtained p-benzoquinone-2,5-d2 and p-benzoquinone-2,6-d2 by 
applying the reaction scheme (79c). p-Benzoquinone-d, was obtained122c, 
starting from the commercially available monobromohydroquinone, by 
applying a similar sequence of reactions. 

1. n-butyl lilhium 

K,COJacetone C,H,CH,CI Br @H5 2. D,O 

OCHzCeH, 
Br 

OH 

OCH,C,H, 0 

2. Synthesis of deuterium- and tritium-labelled methylquinones 

Clark and coworkers123 and Lapidot and coworkers125 investigated the 
base-catalysed hydrogen isotope exchange between methyl quinones 
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(duroquinone, 2,3-dimethylnaphthoquinone and other quinones including 
vitamin K,(20)) and D,O or tritiated water in dioxan solutions. Such 
studies can furnish data for choosing the best conditions for synthesis of 
labelled niethylquinones. For example, in the case of a solution of 2,3- 
diniethylnaphthoquinone in a dioxan-tritiated water mixture using 
triethylaniine as catalyst, isotopic equilibrium was reached after 10 h of 
refluxing. The dependence of the rate of the hydrogen exchange and the 

0 
II .. 

0 0 

dependence of the type of the side-reactions occurring during isotopic 
exchange on the nature of the base, temperature and pH have been 
observed. 

Synthesis of 2-methyl-l,4-naphthoquinone-3,5,6,7,8-d5 has been achieved 
by treatment of 2-niethylnaphthalene with phosphoric acid-&boron 
trifluoride reagent in cyclohexane and subsequent oxidation of the 
2-methylnaphthalene- I ,3,4,5,6,7,8-di with chromic acid”? O9 (reaction 81). 

Condensation of the 2-methyl- 1,4-naphtlioliydroq~1inone-3,5,6,7,8-d, with 
phytol cata!ysed with boron trifluoride gave vitaniin K,(20)-5,6,7,8-d4 le4. 

3. Synthesis of partially and fully deuterated 9,IO-anthraquinone 

Using sulphuric acid-d, as a deuterating agent, Lunelli and Pecile126 
prepared 9,1 O-anthraquiiione-ds ( S O ) .  The hydrogen exchange takes place 
to an appreciable extent at  high temperatures and high concentrations of 
deuterated sulphuric acid. Under such severe experimental conditions 
sulphonation of the compound also occurs which, however, could be 
overcome by taking into account the reversibility of the sulphonation 
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reaction a t  low concentrations of sulphuric acid. Anthraquinone (2 g) in 
the form of a solid cylinder, deuterium oxide (5.4 ml) and deuterium 

(82) 

0 
D 

0 
(80) 

sulphate (6.6 ml) are placed in a small glass apparatus filled with dry 
nitrogen in a dry box. The apparatus is then immersed in liquid nitrogen, 
evacuated, sealed and heated for 2.5 h with a small flame. The water 
evaporates during heating from the bottom (the reaction bulb) of the 
apparatus and condenses in a side-arm cooled by flowing water. The 
condensate flows down to the bottom through a thin tube connecting the 
side-arm with the reaction volume of the apparatus. In this way, after 
reaching a steady state, the circulation of the water causes the formation 
of a concentration gradient of the sulphuric acid as well as a temperature 
gradient in the reaction mixture moving from the bottom to the surface. 
Closer to the bottom, where the acid is concentrated, hydrogen exchange 
and sulphonation occur, while at  the top of the reaction volume 
desulphonation of anthraquinone and exchange between sulphuric acid 
and water take place. After purification 1 4 + :  of the labelled product was 
obtained by Lunelli and Pecile*2G. The procedure was repeated two or more 
times to attain full deuteration and the final yield was 1.4 g (70%). Mass 
spectrometric analysis of the product showed 95.4% of anthraquinone-d, 
and 4.6% of anthraquinone-d,. 

4. Synthesis of 2-methyl-T-l,4-naphthoquinone and 
2-methyl-d,- I ,4naphthoquinone 
Synthesis of menadione labelled with tritium presumably in the 2-methyl 

group (86) has been carried out by Billeter and Martius114. The diacetate 
of 2-bromoniethyl-l,4-naphthohydroquinone (83) was obtained by 
reduction of menadione 81 to menadiol diacetate 82 followed by side- 
chain bromination with N-bromosuccininiide and dibenzoyl peroxide. 
83 was rritiaied by a mixture of hydrogen and tritium, using a Pd-black 
catalyst in dioxan solution in the presence of triethylamine, and 
subsequently reduced by lithium aluminium hydride to give 85, which in 
turn was oxidized with Ag,O. The labelled product (86) was chromato- 
graphed, and 19% yield of tritium-labelled menadione was recovered with 
a specific activity of 46.5 @/,urnole. 
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Introduction cf deuterium into the 2-methyl group of the menadionegg 
was achieved by Di Mari, Supple and Rapoport according to the reaction 

@ HZ Zn dus!, pyridine acet. anhydr. ’ *CH3 -> 

0 OAc 

(81 1 (82) 

OAc 

OAc 
(83) 

O H  * 

(84) 

&CH2T >@H2T \ 

OH 0 
(85) (86) 

scheme (83a). 2-Naphthoic acid was reduced with lithium aluminium 
deuteridel,’. 2-Naphthylmethanol-a-d, was converted to the p-toluene- 
sulphona:;s, and directly reduced with Li AID, to 2-methyl-d3-naphthalene, 

1. TsCl COOH LiAID, , ~ c D z o H  ____f 2. LiAID. 

CrO, 

0 

the oxidation of which with chromic acid yielded 2-methyl-d3-l ,4-naphtho- 
quinone. 

5. Synthesis of tritium-labelled vitamin K, 
Tritium-labelled vitamin K, was prepared by condensing tritium- 

labelled menadione with isophytol according to thc mcthod of Isler and 
DoebeP3. Tritiated menadione (30 mg) was first hydrogenated over 
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palladium catalyst in dry dioxan solution and then inixed with 0.01 ml of 
BF,-etherate in 0.5 ml of dry dioxan and 100 mg of isophytol in 0.5 ml 
of dry dioxan. Ail operations were carried out in an atmosphere of 
hydrogen. The reaction mixture was kept a t  50°C for 10nlin. The con- 
densation product, hydroquinone of vitamin K, was oxidized with 100 ing 
of silver oxide for half an hour. After extraction with heptane, followed 
by chromatography, 35 mg of labelled phylloquinone were obtained (44% 
yield). 

6. Synthesis of 3H- and 14C-methoxyl-labelled ubiquinone 

2-Meth0xyl-~~C- and 3-metho~yl-~~C-mixtures, and 2-metho~yl-~H- and 
3-metho~yl-~H-mixtures of labelled ubiquinone (89a, b) have been obtained 
by methylation with labelled methyl iodide or labelled diazomethane12*, 
the photochemically obtained mixtures of approximately equal amounts 
of the 2- and 3-hydroxyubiquinone (88). Photolysis of ubiquinone 87 in 

0 0 

(87) (88) 

14CH30Q:H3 CHJO I 1  o~ C3H30QCH3 CH,O I i R  
c H, (84) 
I 

0 0 R = (CH,-CH=C-CH,),,H 

(894 (89b) 

absolute ethanol yields at least eight products such as ubichromenol 90, 
hydroubiquinone 91 and hydroxyubiquinone 88. Hydroxyubiquinone 88 

CH, 
Cii30f$jH3 Z;:X-i+CH3 R= - (CHZCH=CCH2),,H I 

CH, 
I 

CH,O R 

R'=- CH,--(CH,CH=C--CH,),H 
(91 1 

CH3 R' 

(90) 

was converted to rnetho~yl-~H ubiquinone by reaction with m e t h ~ l - ~ H -  
iodide and anhydrous potassium carbonate in dry acetone. 
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In similar experiments with methyl-14C iodide the ubiquinone-methoxyl- 
1% was obtained in 55% yield. 

7. Synthesis of oL-a-tocopherol labelled with tritium and 14C 

~~-a-Tocopherol-5-methyl-*~~C was prepared by reduction of 5-chloro- 
niethyl-"T-tocopherol, obtained by reacting ~ ~ - y - t o c o p h e r o l ~ ~ ~ ~  with 
14C-labelled paraformaldehyde and HCI. Tri tium-labelled DL-a-tocopherol- 
5-methyl-T (94) of very high specific activity was synthesized using a 
modification in which the reduction of the unlabelled chloromcthyl 
compound was carried out with tritium gas in dioxan using a mixed 
catalyst consisting of equal parts of palladium on charcoal and palladium 
on calcium carbonate. 

14 

TJPd 

E w R  -ZnCI,, H"CH0 HCI , HO* Me \ 
Me Me 

R -  Me Me 

(92) (93) 

''CH,T 
I 

M e  

(94) 
Doubly labelled tocopherol was prepared by reduction of 5-Chho-  

methyl-14C-tocopherol with tritium gas according to scheme (85). Com- 
mercial synthetic tocopherols ('antisterility' vitamin E) are obtained by 
condensation of trimethylhydroquinone with phytol or phytylbromide 
according to reaction scheme (85a) 129b-g. Oxidation of thetocopherol with 

I 
CH.3 Racernic &-tocopherol 
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ferric chloride (FeCI,) or silver nitrate (AgNO,) yields tocopherylquinone 
93a which in turn can be reduced to tocopheryl-hydroquinone 94b 129& 
with zinc in glacial acetic acid or palladiuni in alcohol. The original 

8 

CH: I CH3 ”‘ 

tocopherol can be regenerated by the reduction (and cyclization) of the 
quinone 94a with rcducing agent in strong acid so1ution’”Z. 

Condensation of phytylbroniide with triniethylhydroquinone proceeds 
in benzene solution in the presence of ZnC1, or HCOOE-I. Better yields are 
obtained if monoesters of trimethyl hydroquinone are used for the 
reaction*29b* c, d .  

D. Synthesis of Oxygen-labelled Quinonesj- 
1. ‘‘0 exchange in benzoquinones 

oxygen of p-bcnzoquinone at  room t e rnpe ra t~ re~~?  
It has been found that heavy oxygen of water exchanges with light 

: 

C=l6O 1- ”OH, -. ‘‘0 i- ’‘OH? (86) 3= - 
=? 

=J 

The isotope equilibrium was reached after 10 days in neutral medium. 
(At the same time in acidic medium 70% exchange was found.) The 
exchange proceeds by addition of a molecule of water to the double bond 
of the carbonyl group: 

7 ,l60H I\ 
_i C=”O + 160H, 7 

(87) 
=/ C=l60 + HZ1’0 c\ d “OH 

7 The reader of this section is referred to references A-H and 1-71 on 
oxygen isotope rncthodology, i.r., n.m.r. and e.s.r. spcctroscopy, and also on 
1 7 0  and I s 0  applications in physical and life sciences, in the catalogue of 
I*O- and 170-labclled compounds edited by the Research Products Dept. of 
Miles Laboratories Inc., Elkhart, Indiana 46514, U.S.A. 

1.r. spectra of deutcrated and 190-labelled quinones are reviewed in the 
hook of S .  Pinchas and I .  Laulicht, l if inred Sprctrn of Labe“ed Coniponnds, 
Academic PI-css, London and New York, 1971. 
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The isotope exchange reaction (86) can be used for synthesis of lSO 
labelled quinones. Becker, ZiKer and Chanicyl"& prepared p-benzo- 
quinone-lS0, and p-benzoquinone-d4-1802 by shaking 1.3 ml of a benzene 
solution containing 100 nig of the quinone with 0.5 g heavy water enriched 
up to 90% in '*O at room temperature for about 10 days122n. The 
relatively slow l80 isotope exchange in the case of p-benzohydroquinone 
was studied quantitatively at 140-170°C in neutral, acid and basic 
solutions. In neutral and acid medium the exchange proceeds with a n  
activation energy equal to 18 kcal/mole, while the base-catalysed exchange 
is stated to proceed with an  activation energy of 27 k ~ a l / m o l e ~ ~ ~ .  

2. Synthesis of '80-labelled naphthoquinones 
Di Mari, Snyder and Rapoport have established*OO*lO1 that the initial 

rate of the acid-catalysed I8O exchange bctween 180-ei7riched water and 
the 1,4-naphthoquinone is 50 times faster at room temperature than the 
l80 exchange with 2,3-dimethyl-l,4-1iaplitlioquino~ie. This difference 
between the unhindered and the hindered carbonyl-*80-exchange was 
utilized for the syntliesis of selcctively labelled phylloquinones. Pliyllo- 
quii~oiie-4-~~0 was prepared by condensing phytol with rncnadio1ie-4-~~0, 
obtained by the direct exchange of 2-niethyl-naphthoquinonc with 
180-enriched water in tetrahydrofuran solvent. The condensation reaction 
was catalysed by boron trifluoride-etherate and proceeded without loss of 
isotope. Synthesis of pl~ylloquinoiic- 1-l8O was achieved by preparing 
uniformly lsO-labelled menadione a t  the temperature of refluxing tetra- 
hydrofuran, preferential washing out of l80 from the 4-position, and 
converting the 1 -180-nienadionc into the corresponding pliylloq~iinonelO'. 
Synthesis of pJi,vllogui~tone- 1 ,4-1802 was carried out by direct lYO-eschange 
of the phylloquinone itself with an €-l,160-dioxan mixture at ref7 ux 
during 3 h, when phylloquinone enriched up to 7.0'j: of '*O was obtained. 

180-labelled phylloquinones have been used subsequently by Snyder and 
Rapoportlol to test the different niechanisms proposed to explain the role 
of these quinones in oxidative phosphorylation, to eliminate those 
mechanisms which involve the intermediacg of quinone methides and to 
impose additional restrictions on  other allowable ~ n e c l i a n i s m s ~ ~ - ~ ~ ~ .  

3. Synthesis of ''0-labelled quinones 

Broze, Luz and Silver131* 13? prepared liO-labelled tetrachloro-o- 
benzoquinone (95), acenaphtlienequinone (96), 9,lO-phenanthraquinone 
(97), tetrafluoro-p-benzoquinonc (98), tctrabromo-11-benzoquinone (99) 
and 2,3-diciiloro-l,4-naplithoqi1inone (100) by exchange reactions 
between the parent quinones and 170-enriched water with 4-10 at% of 
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1 7 0 .  The isotope exchange of 1 7 0  was carried out in dioxan-water (20 : 1). 
The concentration of the carbonyl compound was between 0.2 and 
0 . 4 ~ .  Except in the case of compounds 95 and 96 HC1 was added to the 
reaction mixture. Thc exchange with 95 and 98 was carried out a t  room 
temperature for 1 and 2 days respectively. The exchange with compounds 
96, 97, 99 and 100 was performed a t  60°C for 1-4, 3, 7 and 3 days, 
respectivcly. The kinetics of the 1 7 0  exchange between water and the 
quinones 95-100 has not been studied, nor has the position of the 
equilibrium attained in the exchange been determined. 

clGc, a' &) 
CI CI (96) (97) 

(95) 

E. Synthesis of Labejjed D r ~ g ~ ~ ~ ~ - ~ ~ s  

Introdirction. Laboratory and clinical (metabolic)  investigation^^^^-'^^ 
have shown that tetrasodiuin 2-14C-methyl-l ,4-naphthaquinoI diphosphate 
(101, menadiol diphosphate), onc of the earlier chemical radiosensitizers 
in the radiotherapeutic treatment of some n~alignant'"~ turnours, enters 

OPO,Na, 

*4cH3 OPO,Na, 

(101) 

malignant cells to a much greater esteiit than nornial cells. It localizes 
mostly along the growing edge of the turnours, and to a lesser extent in 
muscle arid some other organs concerned with detoxification, excretion 
and vitamin K function. Uptake of the Synka-Vit (a synthetic K vitamin. 
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commercial name of 101) by the bone marrow is less than by the tumour, 
by a factor of 5. This preferential concentration of compound 101 in some 
tumours and fast-growing tissues gave the idea to several research 
groiipsG2p133-152 of further developing radioactive drugs which are already 
used for the hospital treatment of human malignancies and allied diseases. 
Tritium was found to be the most promising isotope for cancer internal 
radiotherapy. It is produced in nuclear reactors in practically 100% pure 
chemical T, form, is relatively cheap and readily available. Its low energy 
/3-emission (maximum energy of the p-particles is 18.7 -+_ 0.1 keV, their 
mean energy is 5-73 k 0-003 keV, thc ranges i n  tissues corresponding to 
the mean and maximuni energies are 1 and 6 p respectively; the half-life 
is 1243 kO.04 years) ensures that only the cell in which the labelled 
molecule was fixed will be affected by the radiation. In the next section 
some of the methods which have been used to incorporate tritium into 
the non-labile positions of Synka-Vit are described. Tritium-labelled 
compounds of specific activities as high as 83 Ci/mM have been synthe- 
sized for use in radiochemical therapy. 

a. Syntliesis of tetrasodiiriii 2-nietlijd- 1,4-tiaplitlioqriiiioI-3-T diphos- 
pI i~ te1~ ' .1JO.  Synka-Vit (103), labelled with tritium in the 3-position of the 
hydroquinone system, was obtained 
adduct 102 with sodium hydrogen 
water according to reaction scheme 

by the intermediate formation of the 
sulphite in the presence of tritiated 
(88) 13'. Quinone was regenerated by 

tritium-labelled alkali. The specific activity of the drug, 103, labelled by 
this method was relatively low due to tritium-hydrogen exchange pro- 
cesses. Higher specific activity has been achieved by reductive dehalo- 
genation of tetrasodium 2-methyl-3-bromo- 1,4-naphthaquinol diphosphate 
i n  aqueous solution, using tritium gas i n  the presence of palladium-oxide 
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and palladium-charcoal. However, the atom in the 3-position is lost by 
thc quinonc during the fixation of the molecule to the cell, as shown in (89). 

OPO,Na, 
I 

OP03Na, 0 

OH 0 

d 

0 

(89) 

OT 0 

b. Syiitliesis of tritium-labelled Synka- Vit by the Wilzbach 
Incorporation of tritium intG the vitamin K substitute 

has also been achieved by direct exposure of the dry sodium salt 103 to 
practically pure tritium gas for a period of 1-3 weeks according to the 
Wilzbach exchange technique. Subsequent purification procedures 
showed that much of the original radioactivity of the vitamin K was 
associated mainly with the water of crystallization, and the tritium activity 
in non-exchangeable positions was relatively low. Moreover, some highly 
radioactive by-products associated with the vitamin gave toxic effects, 
especially damage to the bone marrow. The maximum specific activity 
obtained after 32 days of irradiation was less than 1 Ci/mM. 

c. S~)ntliesis of 2-inetliyl-6-tritio- 1,6riaplztltoquino I bis-disodirrin phosphate 
(TIiA72) 1.10i142. Thc radioactive drug TRA72 (105) was obtained by 
reductive dehalogenation of tctrasodiuin 6-iodo-2-methyl-l,4-naphtha- 
quinol diphosphate (104). The rcduction by tritium gas was rapid and 
quantitative. Radiochemically pure drug TRA72 of specific activity 
25 Ci/mM was ottaiiied. This corresponds to nearly 1 atom of tritium 
per molecule. Maximum theoretical specific activity for pure TRA72 
equals 29.1 Ci/mM. 
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d. Synthesis of 2-tnethyI-5,6,7-tritrito- 1,4-naphthoquino I bis-disodium 

phosphate. To fulfil the need for a drug with higher specific activity, the 
synthesis of 2-methyl-5,6,7-tritritio-l,4-naphthoquinol bis-disodium phos- 
phate (108) was performed by reductive dehalogenation of the 5,6,7- 
tribromo-2-methyl-l,4-naphthoquinol bis-disodium phosphate (107) l4l> 142. 

f)P03Na2 

TQQ-cH3 T 

The sprcific activity of the drug (108, TRAlI9) was as high as 83 Ci/mM. 
The radiochemical purity of the product as determined by the dilution 
method and confirmed by chromatography was 1000/, 143. 

Since 1964 the radioactive drug of specific activity 58.2 Ci/mM, named 
TRK219, structure 109 145* 14G9148.149, has also been produced. 

?P03Na 

T 'WCH3 
0PO3Na, 

(1 09) 

e .  Sjvithcsis of 6-13'I-iodo-2-nzet/lyl- 1,4-naphthoqtrinol bis-dian~morziui~~ 
p l ~ o s p h a t e ~ ~ ~ - - ' ~ ~ .  This has been accomplished by 'treating 2-methyl-6- 
chloromercury-l,4-naphthaquinone (0.5 g) with 10 mCi of 1311-iodine 
monochloride. The labelled product, 6-iodo-2-methyl-l,4-naphthaquinone 
(111) was used after purification for the preparation of the radioactive 
drug (112, 6-1311-i~d~ MNDP) as shown in reaction (93). The compound 
112 was used for the purpose of turnour localization by radioisotope 
scanning method. 
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0 
(1 10) 

Zielinski 

0 

?" 

q ' " 3  - aqueous sodium 

"") hydrosulphite ' 1311 
OH 

0 

0=P, 
I ,ONH, 

ONH, 

f. Synthesis of 2-n1etliyl-3-~~Br-bronio- 1,4-naphtkc;q~iizoi~e~~~~ 13G. This 
has been carried out according to scheme (94). Radioactive bromine was 
added to nienadione in the presence of sodiuni acetate and acetic acid 
at liquid air temperature. The contents were warmed to 50°C in a water 
bath and further acetic acid was added. After 3 h water was added to 
precipitate the labelled quinone 113. 

MnO,, H S O ,  82 rnenadione & -HBr ~ 

' Br2 CH,COONa \ H K B 2 h  

CH,COOH Br 
0 

(941 
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111. TRACER APPLICATIONS O F  LABELLED QUINONES 
659 

A. Hydrogen-isotope Exchange in Methyiquinones 

Discussing the problems of reactivity of quinones and their 
derivatives59, 159-1G2, various authors included in the reaction schemes 
intermediate anions of the quinone methide type 114 as the transient 
species, or  postulated the existence of the tautomeric forms such as 117. 

r4eQcH2 0 Me,fJH2 0 

I I +------> 
Me Me PA e ' Me 

0 0- 

SO,H <-- 

0 OH 
(1 16) (117) 

Formation of the intermediates 114 arid 117 requires removal of a proton 
from the methyl group of the corresponding methyl quinones. Addition 
of deuterium to the methylene group of one of thesc intermediates should 
lead to the formation of methyl-labelled quinones. Experimental 

(l1Q 

for such reaction schemes has been obtained in the case of 
duroquinone 118, 2,3-dimethylnaphthoquinone and perhydrovitamin K, 
which were found to incorporate deuterium into C--H bonds when 
heated under reflux for several hours in dioxan-D,O solutions with 
triethylamine or potassium carbonate as catalysts. Similar exchange 
reactions have been used for synthesis of tritium-labelled methyl quinones. 

The multistep high-temperature exchange between concentrated 
deuterosulphuric acid, D,SO,, and 9,IO-anthraquinonc has been utilized 
for synthetic purposes ; however, its kinetics and mechanism have not been 
studied in detail126. 
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bimolecular replacement mechanism (97) : 
Exchange of ring hydrogens proceeds probably either through a 

\ 

\ .c . 
0” + C-H D../ “H 7’ C-D + H +  (97) 

/ 

or through sulphonation followed by desulphonation (98) : 

D 

B. Quinondiydroquinone Exchange Reactions 

1. Hydrogen bonding in benroquinhydroneW 164 

It was thought for some time that in the benzoquinhydrone complex 
the hydrogen bond binding the complex is symmetrical and that the two 
constituent molecules lose their identity thrmgh the formation of the 
symmetrical resonance hybrid 119 oo,1(i3. Later it was found that in 
‘dimeric’ structures such as 120, or in long chains of the type 121, the 
hydrogen is located closer to one of the oxygen atoms, but the potential 
energy curve may have two minima and hydrogen can jump from one 

,H---... 

O ~ O ~ - H - O ~ O H - - - O <  
(99) 

- 

0 0 O.--H-O (1 21 1 
=.. / 

(119) 

‘H (1 20) 

minimum into another. In the latter case the transition (100) should be 
possibIe, and quinone nuclei are transformed into hydroquinone or vice 

(1 00) 

uersa with a rate dependent on the potential barrier between the two 
minima. The final mixture should contain equal quantities of both 
indistinguishable forms. Gragerov and MikIukhiiP~ 120 approached the 
problem of the hydrogen bond in the quinhydrone complex by studying 
the exchange between benzoquinone and hydroquinone-2,3,5,6-d4 in the 

--O-H.--O=( - -F O-..H-O- 
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labelled quinhydrone 122. The authors found that there is no exchange 
between benzoquinone and the hydroquinone-2,3,5,6-d4 nucleus in  the 

0 _..... H - 0  

0 ...... H - 0  

1123) 

solid quinhydrone complex kept a t  room temperature for 24 h or for 
6 h a t  70°C. Similarly, labelled quinhydrones I23 or quinhydrones with 
deuterium-labelled benzoquinone 124 when kept at 100°C for 3 h showed, 

C D -.- C6H 4(0 H)2 

(1 24) 

after subsequent thermal decomposition in uaciio and separation by 
sublimation at  lo4 mm Hg into the two components, the retention of 
heavy hydrogen in the original positions. According to the authors, this 
shows that hydrogen is located in the quinhydrone complex near the 
oxygen of the hydroquinone moiety and that hence there is no nuclear 
deuterium exchange after the complex has been formed. 

2. Exchange in duroquinhydrone 
Bothner-Byg0 investigated the problem of exchange in duroquinhydrone 

using tetramethyl-14C,-p-benzoquinone (125) or durohydr~quinone-a-~~C 
as labelled molecules. The separation of the duroquinhydrone into its 
coniponents after the exchange process has been completed was effected 
by thermal decomposition of the quinhydrone sanlples in twcuo and 
sublimation of the more volatile quinone at 90°C. 

0 

(125) 

This author found that there is no detectable exchange of the total duro- 
quinone nioiety between duroquinone and durohydroquinone in the 
solid duroquinhydrone complex at  25°C during 24 hours but there is a 
rapid exchange between the quinone and the hydroquinone in solution 
prior to precipitation of the complex. The formulation of quinhydrones as 
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symmetrical resonance hybrids is incompatible with these experimental 
results and the earlier observations reported by Gragerov and Miklukhin 
are confirmed. 

3. Duroquinone and durohydroquinone exchange in buffered 
methanol solution 

A rapid electron and labile hydogen exchange reaction between duro- 
quinone and durohydroquinone observed previously in the process of 
preparation of the quinhydrone complex has been studied quantitatively 
by Bothner-By a t  25°C in niethanol solution saturated with potassium 
biphthalate!’l. 

?” 

TI 
0 OH 

H3CyJ4C% H3C CH3 + H3C+CH3 H3C CH3 

0 OH 

The exchange reaction (101) proceeds in methanol solution at  a 
measurable rate with a half-life of the order of minutes. This solvent has 
been chosen because duroquinone can be partially extracted from it by 
means of pentane (after the addition of a few drops of water to cause 
immiscibility). The rate of the exchange reaction was found to be nearly 
independent of the quinone concentration and first-order with respect to 
the hydroquinone. The author has suggested that the exchange proceeds 
through the intermediate oxidation state, which is a ‘semiquinone free 
radical’ formed rapidly from duroquinone and doubly charged duro- 
hydroquinone anions. The proposed path of the exchange is represented 
in scheme (1 02): where H,Q* represents the radioactive durohydroquinone. 
Q represents inactive duroquinone, ‘Q- represents a semiquinone radical, 
etc. In the relatively acid solution the concentration of the doubly charged 

HzQ” HQ*-+H+ 

Q*’-+H+ 

<- 
sl0a 

(1 02) H Q + -  A 

> G*-+b- - Q * + Q Z -  
Q*’-+Q ..= 
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anion would be extremely low, and its rate of formation may be assumed 
to be rate-controlling. Low initial concentrations of singly charged hydro- 
quinone anions in the solution and the low second ionization constant for 
hydroquinones suppress the rate of the exchange reaction observed. 

C. Tritium Shift in the Oxidation of Naphthalene t o  1,4-Mapthoquinone 

that the 
quinone 127, obtained in the course of the partial oxidation of I -", 1 -14C 

naphthalene (126) with chromyl acetate or chromyl chloride in CCI,, 
contains tritium in the 2-position: 

with Chromyl Reagentsl65. 166 

Sharpless and Flood showed in a recent preliminary 

The location of the tritium has been determined by Diels-Alder reaction 
of the quinone 127 with 2,3-dimethylbutadiene, followed by air oxidation 
(reaction 104), when the hydrogen atoms bound to the 2- and 3-carbons 
of 127 are removed. The ratio of the total tritium radioactivity to the 

(127) -- f 
(104) 

0 

(1 28) 

total '"C radioactivity, 3H/14C, in the compound 128 was found to be 
26-31% less than in the quinone 127. In the absence of a tritium shift the 
3H/14C ratio should be nearly the same in both 127 and 128 compounds. 
The authors have suggested that the migration of tritium proceeds through 
the intermediate of the epoxide type 129 without participation of a 

(126) ---+ 
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protonic exchange mechanism. They have found also that in the partial 
oxidative destruction of the naphthaquinone 127 by chromyl acetate 
(in CCI,) the 3H/1'T ratio in the unreacted quinone which was recovered 
decreased slightly (from 0.70 to 0.67). 

D. Studies of the  Oxidative Fission of Hydroquinone Ethers with 

Silver(r1) oxide (Ago) oxidizes selectively diniethyl ethers of naphtho- 
and benzohydroquinones in acidic media. p-Quinones are formed at  room 
temperature in high yield. The reactions are accomplished most efficiently 
in dilute acidified aqueous dioxan solutionlG7. When 2,3-diniethyl-l,4- 
dimethoxynaphthalene was oxidized with Ago  in the presence of H,180 
and H,PO,, the product, 2,3-dimethyl-l ,4-naphthoquinone, was found to 
be enriched with 1801G7. Carbon monoxide, obtained by the pyrolysis of 
the labelled naphthoquinone a t  600"C, was only slightly less enriched with 
l80 (1.65%) than the initial acidic water milieu which contained 1.70% of 
leg. A control experiment carried out with 2,3-dimethyl-l,4-naphtho- 
quinone for 5 min in the same reaction conditions, including silver oxide, 
showed after isolation an unchanged content of l80 (0.2573, close to the 
natural abundancelG79 lG8. Therefore it was assumed that the oxidative 
demethylation of hydroquinone ethers by Ago proceeds through aryl- 
oxygen bond3ssion. 

Argentic Oxide 

E. The Diketone-Phenol Rearrangement 

The 2,2-diacetate of o-benzoquinone 131 undergoes in the presence of, 
for example, BF, in ether or in acetic acid anhydride the diketone-phenol 
rearrangement117i1G9* 170. Localization of the 14C activity in the resulting 
pyrogallol triacetate (132) revealed117 that the C-1 and C-3 atoms together 
contain 50% of the labelled carbon while the remaining 50% of the activity 
was found at  the C-2 carbon atom: 
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Thus, in the presence of BF, the rearrangement proceeds in two directions : 

(133) (1 34) (135) 

It is sugge~ted~l~**~O that the rearrangement is initiated by attack by arc 

acetylium cation CH,CO on the carbonyl oxygen and formation of 
positive charges at  the ring carbons. In the next step, intramolecular 
migration of the acetyl group takes place through the formation of an 
'acetate bridge'. Accepting the possibility of the formation of an inter- 
mediate acetoxonium-ion (137) it follows that the acetoxy group can 
migrate in both directions with equal pr~babilityl '~. 

+ 

(109) 

One can visualize also a reaction scheme in which attack by the CH,CO 
cation on the carbonyl oxygen leads to the transient species 133, which 
then transforms into isotopic isomer 139 upon proton abstraction. 
Aromatization ends the migration process similarly as in the case of 
path all7. 

When Ac,ls0 was used to convert 4-methyl-o-benzoquinone diacetate 
(140) and 5-methyl-o-benzoquinone diacetate (141) into 5-methyl- 
pyrogallol (142) in both cases one-third of the l8O enrichment was found 
in the central hydroxyl group and two-thirds in the two peripheral 
hydroxyl groupsl". In view of the absence of kinetic and tracer studies 

U 

+ 
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OAc 

coiicerning the inter- and intra-molecular acetoxy exchange in the 
reacting mixture and the preliminary state of the research itself170. lT1, the 
interpretation of this distribution of the label in the pyrogallol triacetate 
obtained should be postponed. 

IV. lSOTOBE EFFECT S T U D I E S  WITH Q U I N O N E S  

So far isotope effect studies with quinones have been directed mainly 
towards the elucidation of the structure of the transition states of hydrogen 
transfer processes. The possibilities of the method are, however, much 
broader. For instance, 13C-isotope effect studies of the mechanism of the 
catalytic reduction of quinones by carbon monoxide are currently being 
investigated by Russian groups1T2-17G. Many other as yet untouchcd 
problems could be investigated using isotopic techniques. The results 
presented in this section are very proinising and indicate that in spite of 
experimental difficulties the fundamental problems of quantum mechanics 
concerning the motion of hydrogen in the course of chemical changes can 
be treated by studying deuterium and tritium isotope effects. 

A. Isotope Effects in the Quinone Oxidation of Leuco- 
Triphenylmethane Dyes 

Lewis and his students177-18" studied the oxidation of substituted leuco- 
inalachite greens 143 by chloranil and other quinones 144. 
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N (C H 3) 2 

8 6’” R ’ R 2  

GL Q -. 

+ O = - o O  d x O C +  f QL- (111) 
- 

R4 R3 

(144) 

0 
N(CH,)2 

X 

N (CH3)z 

(143) (145) 

The following substituents, both in 143 and 144, have been investigated : 

(la) X = p-N(CH,),, L = H or D 
(1 b) X = o-(OCH,), L = H or D 

( 2 4  R’ = RZ = R3 = R4 = CI 

(2b) R’ = R2 = R3 = R4 = Br 

(Ic) X = rn-CI, L = H or D ( 2 ~ )  R’ = RZ = R3 = R4 = I 
(Id) X = H, L = H or D 
(le) X = p-NO,, L = H 

(2d) R’ = R2 = Br, R3 = R4 = Ci 
(2e) R‘ = R4 = Br, RZ = R3 = CI 

(2f) R’ = R3 = Br, R2 = RP = CI 
(2g) R’ = R4 = CI, R3 = Rz = F 
(2h) R’ = R2 = Ci, R3 = Ra = CN 

The reaction was found to be first-order in each of the reagents177, 
independent of acid concentration and, in the case of acetonitrile solvent, 
also independent of water or oxygen content. The authors have c k l u d e d  
that the oxidation by quinones takes place by a one-step hydride-transfer 
mechanism (‘although the argument lacks rigour’). Only in the case of 
methanol solvent was the oxidation process complicated by the solvolysis 
of tetrachloro-p-benzoquinone. 

Cliloranil is quite stable in acetonitrile and the overall oxdiation rate 
follows second-order kinetics alniost up to  completion. When excess of 
chloranil was used the reaction was first-ordcr. Some of the data 
characterizing the temperature-dependence of the deuterium isotope 
effect observed in the oxidation of the leuco-crystal violet (la) by 
chloranil (2a) in methanol solvent are given in Table 1 .  The data obtained 
fit quite precisely the Arrlienius equation (1 12), but side-reactions 
introduced into the experiment result in a substituent-, isotope- and 
temperature-dependent error, so that the authors could draw no con- 
clusions concerning the structure of the transition complex. 

k,,/kD = 0.345 [exp ( 1  933/RT)] (1 12) 

The oxidation reaction was also investigated in acetonitrile, which is a 
better solvent than ~nethanol (regarding both solubility and stability) of 

23 
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TABLE 1. Deuterium isotope 
effects in the oxidation of 
4,4',4"-tris(dimethy1amino)tri- 
phenylniethane (la) by tetra- 
chloro-p-benzoquinone (2a) in 

methanol 

T kn  x 1 0 2  k d k D  

2.7 9.68 11.3 
14.7 19.8 9.9 
29.9 43-2 8-2 
44.7 89.5 7.1 

("C) (M-1 s-I) 

668 

all reagents and products. The effect of substituents on the rate constants 
in the oxidation of leuco-triphenylmethane dyes with chloranil (2a) and 
bromanil (2b) is shown in Table 2. Rate constants and deuterium isotope 

TABLE 2. Rate of oxidation of substituted leuco-malachite 
greens by chloranil and bromanil in acetonitrile, at 25°C 

X in 
compound 143 

Oxidant 

Chl oram i I 
Bromanil 
Chl orani I 
Bromanil 
Chloranil 
Chloranil 
Bromanil 

2.05 x 11.4 
1-26 x lo-? - 
1.81 x 11.9 
1.40 x lo-? 12.7 
1.06 x lo-' 11.8 
1 *27 x lo-' 11.4 
8.14 x lo-' 13.4 

effects in the oxidation of leuco-crystal violet (la) with different substituted 
quinones at  25°C in acetonitrile are shown in Table 3. The first five 
reactions listed in Table 3 give experimentally satisfactory kinetic results 
while the other entries are less reliable because of side-reactions, too fast 
kinetics or other experimental dificulties. The value 6.96 obtained for the 
deuterium isotope effect in the oxidation of the leuco-dye with 2,3-di- 
chloro-5,6-dicyano-p-benzoquinone (2h) was determined by two different 
methods which gave nearly coincident data. Partial 0xidatio:i (up to  
68.2%) of a mixture of deuterated and undeuterated leuco-crystal violet 
with quinone and analysis of the residual leuco-dye for protium content 
by the kinetic method (using oxidation with excess of chloranil) resulted 
in the value kn/kT, = 6.99+0-07. It should be noted that the competitive 
method should give good results even with fast reactions because both 
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deuterated and undeuteratcd compounds are reacting i n  exactly the same 
experimental conditions. The deuterium isotope effect in tlie same reaction 
was determined also by the chemical competitive method (see section 

TABLE 3. Rates of oxidation cf leuco-crystal violet (la) with 
substituted quinones in acetonitrile, at 25°C 

Substituted p-benzo and kII knlkn 
other quinones (M-1 s-l) 

Tetrachloro (2a) 
Tetrabromo (2b) 
2,3-Dibronio-5,6-dichloro (2d) 
2,5-Dibromo-3,6-dichloro (2f) 
2,6-Dibronic-3,5-dichloro (2e) 
2,5-Dichloro 
2,5-Dichloro-3,6-difluoro (2g) 
Tetrachloro-o-benzoquinone 
2,3-Dichloro-5,6-dicyano (2h) 

OBr2H2C,-CGH2Br20 
Tetraiodo (2c) 

OCI, H2CG- CGH2C120 '"-' 

1.27 x 1 0-1 
8.14x 10-2 
9.29 x lo-' 
8.07 x lo-' 
8.46 x lo-? 
1 x 10-2 
2.1 x lo-' 
3.21 
1 O5 
7.5 x 10-1 
3.23 
4.4 x 10-2  

11.4 
13-4 
11.8 
11.8 
12.0 

13.2 & 2.5 
3.1 
6.96 
9.8 

12.9 
11.6 

- 

I.B.l). In the particular case under consideration, the comparison of the 
relative rates of the oxidation of two leuco-dyes, leuco-crystal violet 
(la, L = HI and lecuo-4"-nitro malachite green (le, L = H), on the one 
hand, and the deuterated analogue (la, L = D) and the nitro compound 
(le, L = H), on the other, yielded a value of k, , /k ,  equal to 6.96, in 
agreement with the first set of experiments. The relative rates (;f reaction 
have been determined by a spectrophotometric method not requiring the 
direct analysis of tlie isotopic composition of tlie material used. 

The data shown in Table 4 illustrate the temperature dependence of 
the separate constants as well as the temperature dependence of the 

TABLE 4. Temperature dependence of the rate con- 
stant and of the deuterium isotope effect in the 

oxidation of leuco-crystal violet with chloranil 
~~~ 

T 
("0 
___ 

9.96 
14.88 
19.83 
24.9 I 
29.84 
35.44 

~~ 

k*I x 102 I;,, x 10' 
(M-l s-I) ( M - 1  s-1) 

5.23 k 0.22 
7-45 t 0.02 
9.96 k 0.37 
12.7 5 0.4 
15.4 +_ 0.3 
19.4 5 0.7 

0.380 & 0.004 
0.5 I5 jz 0.007 
0.738 k 0.012 

1.08 k 0.05 
1.40 k 0.01 
1.96 k 0.006 

13.7 
14-7 
13.1 
11.8 
11.01 
9.9 
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deuterium isotope effect i n  the oxidation of leuco-crystal violet (la) by 
tetrachloroquinone in acetonitrile. 

The results obtained in methanol solution presented in Table I show 
that the observed isotope ert‘ect is large, strongly teiiiperature-dependent 
and indicates the existence of large tunnelling in the process studied. The 
quantitative interpretation of the data was not undertaken by the authors 
because of the relatively large spread of the experimental data, the 
temperature dependence of which was approximated by the linear relation- 
ship : 

log (ku/kD) = - 0.4622 + 0*4226( 1 O’/T) (1 13) 

The data listed in Table 2 indicate that the solvent does not introduce 
drastic effects. The temperature dependence of the experimental rate 
constants of thc oxidations of leuco-crystal violet in methanol and 
acetonitrile solvents are expressed correspondingly by the Arrhenius 
equations (1 14) : 

(1 14) 1 
ki\IcOR 11 = 1.8 x loG exp (- 9 180/RT) 
kJrC0Ir 1) = 5.0 x loG exp (- 1 lO8O/R?’) 

kpcx = 1 . 2 ~  105exp(-8130/XT) 

kYCS = 2.92 x loG exp (- I 1520/RT) 

The temperature dependence of the observed deutcrium isotope effect 
obeys (with the exception of the value at the lowest temperature) the 
Arrhenius equation ( 1  15) and suggests even larger tunnelling than in the 

klI/kn = 0.041 [exp (3390/XT)] (1  15) 
case of the oxidation carried out in  methanol solution. The pre-exponential 
factor, A , / A ,  = 0.041, is estimated with a n  experimcntal error of about 
40x. Thus it has been demonstrated that experimcntal data in acetonitrile 
deviate strongly from the ‘classically’ allowed temperature dependence of 
the primary deuterium isotope effcct (1 16) where A , / A ,  2 0.5. 

The estimated low value of the pre-exponential factor, A , , / A D  = 0-0415, 
is as small as in the fluoride-catalysed broniination of 2-carbethoxycycio- 
pen tan~ne‘~~ .  The value log,,A$/A~l = 1.38 k0.07, obtained by Bell 
and coworkers183, corresponds to the ratio A iI/A,, = 0.0417. 

The existence of tunnclling i n  the chloranil oxidation of Icuco-crystal 
violet was also documented4’ by Lewis and coworkers by dcterniining the 
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tritium isotope effcct in the oxidation of the tritium compound ( la ;  
L = T) at 355°C and comparing the obtained value with the deuterium 
isotope effect a t  the same temperature. The tritium isotope effect, (klI/kT), 
equals 20.4 i- 1.3; the deuterium isotope effect, (kl1//cD), equals 9.90 at 
this temperature. Equation (1 17), correlating the tritium and deuterium 
isotope effects, thus gives the value i' = 1-31, which deviates from the 
value rS = 1.442 in the direction expected for tunnelling. However, it is 

frequently stated that the tunnel effcct can be extensive without much 
deviation from the Swain equation (25). Lewis and coworkers1s4 deduced 
from the ratc and isotope effect data obtained in the studies of the 
oxidation of the leuco-triphenylniethane dyes the imaginary frequency 
I)& = 1080-1 150 cn1-I which corresponds to a correction of about 3 in 
the deuteriiini isotope cfTect. The authors assumed in the course of their 
calculations that v z l  = (2)!.v& 'The ratio (&/QD) calculated with 
Wigner's approximate first quantum correction (1 18) amounts at 0°C to 

(1 18) 

(lCII/kT) = (L,I/kd7 (1 17) 

Q,,/Q,, z I + &I/I'A(U'))/(/<T)' 
the value Q,,/Q,, = 1.679 if the frequency oII = 1080 cni-l is used. If this 
frequency, describing the potential energy barrier, is also used for the 
calculation of the shape of the onc-dimensional truncated parabola with a 
height corresponding to E = 8.150 kcal/mole then the formula (1 19), 
relating the imaginary frequency u: with the parameters of thc inverted 

W , [  = ( E & x o , ? ? ) 3  c (1 19) 
parabola, gives the width 2a = 0.5057 x cni. The reaction barrier in 
the leuco-dyc oxidation is therefore narrower than the barrier in the proton 
transfer reactions. This is so because in hydridc transfer reactions the 
clectron-deficient atom can approach the transferable hydrogen without 
electron repulsion (characteristic of nuclcophilic 

The data presented in Table 3 show thc relative insensitivity of the 
isotope effect to substitution i n  thc Icuco-dye, in agreement with the 
experimental and theoretical rules suggested by Swain1ss for hydride 
transfer reactions. Lewis noted neverthelessyR* a slight increasc of the 
isotope cffect on rcplacing thc hydrogen i n  the a-position by an o-methoxy 
group and replacing thc chlornnil by brornanil, thus rcvcaling a small 
steric influcnce on  the deuterium isotope egect. The data presentcd in 
Table 3 indicate that the niorc powerful oxidizing agcnts react more 
rapidly and the resiilts show sniallcr deuterium isotope effects. This is 
clearly seen in the casc of oxidation with dichlorodicyanoqiiinone, for 
which the ratio /\ l l / / \  = 6.96 was found. Fagter ratcs or oxidation and 
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smaller deuterium isotope effects are caused by niarkedly reduced 
activation energies in the oxidation process. According to equation (21) 
of section I.A.2 the tunnel correction Q diminishes with reduction of the 
reaction potential barricr E,. 
Conclusions. The experimental deuterium and tritium isotope effects 
presented in this section show that the carbon-hydrogen bond is broken 
in the rate-determining step of the oxidation of triarylmethanes by 
quinones. The observed large isotope effects are consistent with the nearly 
symmetrical transition state in which the hydrogen is transferred about 
half the distance to the productlaO (although an  alternative suggestion was 
presented by Lewis*79). Faster oxidation reactions are accompanied by 
slightly smallcr isotope effects. This can be explained in terms of increasing 
reagent-like character of the transition state resulting in a lower activation 
energy and, consequently, i n  smaller kinetic isotope effects. 

The unusual behaviour of the low-temperature Arrhenius plot of the 
experimental deuterium isotope elTects leading to differences in the activa- 
tion energy of 3-35  kcal/mole and a very low ratio of the pre-exponential 
factor (0.041) can hardly be accounted for in terms of the usual absolute 
rate theory. The large value, 10-13, of the deuterium isotope effect and 
the unusually large differences in the activation energy would require one 
to consider all three frequencics in the initial state and their complete loss 
in the transition state of the oxidation reaction. But this extreme assump- 
tion about the change in bonding on passing from reactants to thc 
transition state cannot explain the very low ratio of the Arrhenius pre- 
exponential factor (All/AD) = 0.041. Therefore it is necessary to reject 
the ‘classical transition state’ explanation and admit the existence of the 
large quantum-mechanical tunnelling in the oxidation of triarylmethanes. 
Assuming that the potential barrier separating substrates and products of 
the reaction has the form of a truncated two-dimensional parabola and 
using Bell’s method one finds from thc amount of tunnelling the barrier 
dimensions given by PerrylaO (Table 5) .  

TABLE 5. Barrier dimensions i n  the oxidation of leuco- 
crystal violet by chloranil 

EI*IIEH E$/Eil A En En 
(kcal/mole) (kcal/mole) 

12.21 12.45 0.485 0-72 0.95 

E& and EC are thc  obscrved Arrhcni t~s  (esperimcntal) activation 
eiwgies; Ell and El)  arc the classical t rue potential barriel- hcigllts 
for hydrogen and dcutcr i t im. 
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Other observations, such as, for example, the tendency towards 
increasing the deuterium isotope effect with decrease in the rate constant, 
are also consistent with the presence of a large amount of tunnelling in 
the quinone oxidation reactions studied. 

B. Tritium Isotope Effects in the  Oxidation of 1,2,3,4-Tetrahydr0-1-~H 
Naphthalene to I-3H Naphthalene by 2,3-Dickloro-5,6-Dicyano- 
Quinone ( D D Q )  

Fast kinetics caused some dificulties in determination of the parameters 
characterizing thc hydrogen isotope effects of deuterium and tritium in 
the course of the oxidation of the triphenylmethane dyes (reaction 11 1)  
with 2,3-dichloro-5,6-dicyanoquinone (2 h). An attempt was made 
recently186 to determine the hydrogen isotope effect in the oxidation of 
tritium-labelled tetralin ( I  ,2,3,4-tetrahydro-1 -3H-naphthalene, (146) and 
of 6-3H-tetralin with DDQ at reflux temperature of the benzene solvent. 
The authors did not notice any  measurable tritium isotope effect in the 
quinone oxidation of 6JH-tetralin to 2-3i-l-naphthalene. Measuring 
tritium enrichment of the recovered starting tetralin in the course of its 
conversion to naphthalene, it has becn found that the unlabelled tetralin 
molecules react 1.42-1 -66 times faster than tetralin molecules labelled 
with tritium in the 1-position. Thc authors also found that 1 ,2-dihydro 
naphthalene with natural isotopic composition oxidizes with DDQ to 
naphthalene in refluxing benzene medium 2.44k 0.1 1 times faster than the 
I ,2-dihydro- 1 -31-I-naphthalenc. It is suggested that the oxidation of 
tctralin to naphthalene proceeds according to the approximate reaction 
schemc (120) which takes into account thc hydrogens in the 1- and 4- 
positions of the tetralin molecule. Besides the reactions presented in scheme 
(120) some side-processes also probably occur, since the authors did not 

H T  T 
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obtain the material balance in their experiments and total recovery was 
only about 80%. The lack of quantitative yields and the analytical difi- 
culties introduce large uncertainties in the determination of the degree of 
conversion of the labelled tetralin into the intermediate dihydronaphtlialene 
and into the final product, naphthalene. Moreover, the separation method 
used might itself also change the isotopic coniposition of labelled chemicals. 
The quantitative interpretation of the experimental results prese*qted by the 
authors is therefore dificult. Nevertheless, some qualitative conclusions 
can be drawn. For instance, one obtains for the intramolecuIar tritium 
isotope effect, defined by thc ratio of rate constants kJk, or k$/kz ,  
the value 16-6 a t  80"C, neglecting in the first approximation the departure 
of the values of the secondary isotope effects of tritium from unity. The 
deuterium isotope effect k,/k, calculated according to the Swain or 
Lewis relation should be about 8.54-7.02 at  80°C. This means that the 
rupture of the carbon-hydrogen bond takes place i n  the rate-determining 
step of the oxidation of tetralin with 2,3-dichloro-5,6-dicyanoq~1inone and 
that the hydrogen abstraction is accompanied by large tunnelling. The 
above qualitative conclusions should be confirmed by quantitative studies 
of the deuterium isotope effects in the quinone oxidation reactions of the 
tetralin labelled with deuterium in different positions. 

C. '"C Isotope Eft'ect in the Condensation of o-Benzoylbenzoic 
A c i d - C a r b o ~ y I - ~ ~ C  to AntAraq~inone-9-~"C 

Ropp studied the 13C isotope effect in the condensation of carboxyl- 
labelled o-benzoylbenzoic acid 148 to anthraquinone 149 Is'. The author 

has found that at 80°C the experiniental isotope effect, k12/k14, in reaction 
(121) is 1.03-1-04. This value is niuch sniallcr than the theoretical l"C 
isotope effect in  the I4C- 0 bond rupture. Ropp explains the sniall value 
of the experimental l"C isotope effect by suggesting that the condensation 
step leading to ring closure and formation of the new I T -  bond is 
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preceded by an  equilibrium between the o-benzoylbcnzoic acid and the 
corresponding acylium ion 150: 

0 0 

(150) 

The isotope eKect on the equilibrium constant K of such a reaction can 
be calculated by considering the model ( I  23) : 

Ropp makes the first step in the approximate theoretical treatment of 
equilibrium (123) by assuming that thc isotopic equilibrium constant for 
14C in this process is equal to the ratio of the partition functions fi corre- 
sponding to the isotopic C,-OH bond, lost during the formation of the 
ionic structure 150. Assuming a rather low frequency (850 cm-l) for the 
C-OH bonds he finds that the K12/Kl', ratio equals 1.035 at  80°C in 
agreement with the reported experimental isotope effect. Ropp stated 
further that there are no (or only vcry small) isotope effects in the 
subsequent formation of thc new C-C bond. The explanation presented 
by Ropp is very plausible but i t  is not a decisive one. Strict calculation in 
harmonic approximation gives at 80°C the value 1.035, for the ratio of 
the reduced partition functions of the isotopic 12C-160 and 14C-1G0 
bonds. However, the experimental error with which the 14C isotope effect 
has been determined is too large to be used for a quantitative test. A more 
complcte theoretical approach to the problem would require one to 
consider also the four-centre coordinate of the reactionIa8 which takes into 
accorrnt the simultaneous C-H and C-OH bond rupture and C--C 
and H-OH bond formations in the elimination of the water molecule. 
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1. lNTRODUCTlON 

Biologists are well acquainted with the meaning of the term ‘quinone’. 
I t  connotes to  them materials such as the ubiquinones, 1, the mena- 
quinones, 2, alizarin, 3, arid diosquinone, 4, which contain in their 
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constitution either a 1,4-diketocyclohexa-2,5-die11oid moiety or a 
1,2-dikctocyclohexa-3,5-dienoid moiety (note emphasized portions of 
structures 1-4). An excellent compendium of the structures and chemical 
properties of the naturally occurring substances of this type has been 
provided by Thomsonl. 

0 

(l), / I  = 0--2 10 (2), n = 0 --z 12 

OH 0 WH pJy 
0 

Less evident is the meaning of the term ‘biological reaction’. Formally, 
an article on the ‘biological reactions of quinones’ would comprise a 
record of all the chemical transformations that could be wrought on each 
and every known quinonoid compound by any whole cell or cellularly 
derived system. Such a record would be enormously bulky, however, and 
would not necessarily increase our understanding of the fundamental 
biological significance of quinones. A more productive approach would be 
to focus only on those quinonoid materials which biological systems 
synthesize themselves, and then set out the functional roles these materials 
play in the system thnt j~r’orfirces them. Such will be the approach used i n  
this chaptcr. We will start by revicwing the pathways used by cells to 
make quinonoid materials. Since this is a n  area whcrein much is known 
and to which the present authors have contributed, it will be covered 
quite extcnsivcly. Thereafter, we will attempt to gather together what is 
known about the biological ends these syntheses scrve. Apart from a few 
isolatcd arcas, data on this topic are scant. Indeed, it is one of the goals of 
this chapter to stimulate biosynthetic chemists to think more teleologically. 
One final introductory comment-since we plan to consider only those 
situations in which the quinone is functionally involved in the cell that 
produces it, we wi l l  not be dealing with several important topics such as 
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meiiaquinones (vitamin K) and blood clotting, tocoquinone aiid ageing, 
the mode of action of the various quinonoid drugs, and microbial aiid 
insect controlling agents. Fortunately, the first two items have bcen the 
subject of recent reviews2-‘. 

IP. THE BIQSYMTHESIS OF Q U I N O N E S  

Nature has devised a surprising number of biosynthetic routes to quinones. 
Chemists and biochemists have risen to thc challenge of elucidating these 
pathways with grcat succcss. A liniited number of typical exaniples of 
these achievemciits will be covered in this chapter. For the sake of 
classification, three major categories will be considered. The distribution 
of each pathway in  nature will be summarized at  the beginning of each 
heading or sub-heading. 

A. De Novo Quinonoid Synthesis from Simple Aliphatic 
Acids (‘Polymalonate’ Condensations) 

Benzoquinones: fui;gi, insects 

Antlxraquinoces: fungi, plants 
Naphthoquinones : fungi, plants, sea urchins 

Miscellaneous: fungi, Streptotnyccs 
A well-explored pathway for the biosynthesis of aromatic compounds 

consists of the formation of a ‘polykctome:hylene’ chain (e.g. 5) which 
then undergoes cyclization and subsequent modification (for review, sce 
references 5 and 6). Construction of the chain is usually initiated by a 
molecule of acetic acid, probably activated as its coenzyme A (CoA) 
derivative, which condenses in sequence with a number of molecules of 
nialonic acid, again probably as the CoA derivative*. Each malonate 
molecule loses one CO,. The prototypic reaction is the formation, from 
one acetate and three malonate units, of 6-methylsalicylic acid (6), a 
typical ‘secondary metabolite’ of fungi. This wholc process is catalysed 
by a Iiiulti-enzyme system, 6-niethylsalicylic acid synthase, which has 

* The malonyl CoA is gcnerally regarded as being derived throiigh the 
action of acetyl CoA cnrboxylase: that is, the biotin-dependent carboxylation 
of acetyl CoA. However, in Petiicilfiiinz isl(iiidiliciit,i (which also produces 
acetate-polymalonate-dcrived anthraquinoncs), the malonate moiety of the 
acidic polysxcharide, islandic acid (glucose : lnalonic acid, ca. 1 : I) ,  can 
be derived by oxidative a-decarboxylation of oxaloacetate7. It is not clear 
whcther this ‘alternate’ route to nialonate is generally employed for synthesis 
of the acctatc-polymalonate products. 
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been extracted from Penicillirmi pafuliim in  a stable form and has been 
studied in detail by Lynen and coworkerss. 

COOH 
I 

CH,COSCoA -I- 3CH2COSCoA 
co c\o 

Acetyl Malonyl \ 
coenzyme A coenzyme A CH2 CH3 

I 

H OH 
‘P’ 

Assembly of aromatic compounds by this pathway does not take place 
in animals, but, to take the case of 6-methylsalicylic acid, this compound 
is formed by the ‘acetatc-polynialonate’ pathway in a variety of fungi, in 
the bacterium Mycobacterirrnz ph1ei9, and in chloroplasts of dark-grown 
barley IeaveslO. 

If the polyketomethylene intermediate 5 does not undergo a reductive 
step, simple cyclizatioii leads to orsclliiiic acid 7, another commonly found 
mould sccondary metabolite. 

co, 
CH/, CH, 

I I 
co co 
\ \ 
CH, CH, 
I 

COOH 
(5 )  

Co c, 
lC/ CH, 

1 
COOH 

A frcquently encountered feature of sccondary metabolism and one 
that gives rise to many quinones is the modification of a basic skeleton by 
further biosynthetic manipulation. Tli~is, by Inethylation (in which 
S-adenosyl methionine serves as the methyl donor), hydrosylation and 
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oxidation, simple benzoquinones such as 2,3-dihydroxy-5,6-dimethqll-1,4- 
benzoquinone (8) and 2-hydroxy-3-me thoxy-5,6-di methyl- 1,4-benzo- 
quinone (9) and aurantiogliocladin (10) are produced from orsellinic 

OH COOH 

OH 
(7) I 

1 
HO 

0 
HO 

0 

OH OH 

1 
0 0 

HO@CH3 C H 3 0 0 C H 3 .  

n 0 
CH,Q CH, C H 3 0  CH, 

acid 7 by the fungus Glioclacliirm roseiu?z11~12. 3,4-DiI1ydroxy-2,5-tolu- 
quinonc ( l a )  and its 3-methyl ether (funiigatin) are also esarnples of 
benzoquinones derived from orsellinic acid”. 

Cyclization of polyketomethylene chains and subsequent oxidation, 
etc., are not restricted to the forination of benzenoid compounds. I n  fact, 
some very early cxperinients substantiating the ‘polyacetate’ hypothesis“ 

* The need for mnlonatc as the chain-extending unit wls not recognized 
until 1961. Bcforc tl ial  date the siinplc term ‘polyacctnte’ i \ a s  used. 
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were concerned with anthraquinone biosynthesis". Thus, in Peizicilliuin 
islandicuiti, a chain of 16 carbons eventually gives rise to emodin 12, its 
dimer skyrin, and islandicin P3I4. At some unknown stage the terminating 
carboxyl group is lost, hence these compounds contain only 15 carbons. 
This type of process also goes on in plants. Thus chrysophanol 14 arid 
emodin 12 are acetatc-polymalonate products of Ruiiiex alpinits, Rziiiies 

obtrisifolius and Riiamiius fra~gula'~-'~. 

+ 
and 1 

0 qq H3 

OH 0 OH 

0 OH WCH3 
OH 0 OH 

In an interesting study which sheds light on the decarboxylation 
reaction so frequently found in anthraquinone biosynthesis, Steglich1*.19 
has used intact young sporophores of DeriiiocJbe saiigiiiiiea to study the 
late stages of anthraquinonc biosynthesis i n  this mushroom. Thc 6-mono- 
/h-glucoside of emodin 15 labellcd with tritium was well converted to 
derrnoglaucin 16 and dermocybin 17 whercas endocrocin (18, 14C-label) 
was converted to derniolutcin 19 and demorubin 20. There was apparently 
no  decarboxylation of endocrocin to the ncutral compounds; thus 
decarboxylation niay occur at  a pre-aromatic stage. 

Simple funsal naphthoquinones such as javanicin, 21, are also derived 
fr on1 pol y Ice t onie t h y 1 ene corn pou n d s , the red iic t i o n of t hc term i na I 
carbosyl to methyl being a unique feature in this case". In plants, 
plumbagin 22 and 7-niethyljuglone 23 arise from acctate2* (presumably by 

* Anthraquinones are oftcn produced in  vcry substantial amounts, c.g. the  
dry mycclium of f - ~ c l i ~ ~ i r i t / i o s p o ~ i r i r ~ ~  g i ~ ~ i ~ i i i t e i i / i ~  contained 30% of its weizht of 
a iiiixt u I'C of poiyh1,droxy:ui t ti raqu  i iioncs':'. 
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the acetate-polynialonate mechanism) and there is good evidence that 
echinochrome A, 24, is derived in the sea urchin, Arbacia pustulosa, from 
a basic acetate skeleton22. 

A variation of this basic pathway is the use of ‘starter’ units other than 
acetate. For example, condensation of one propionyl and nine malonyl 
units gives rise to E-pyrromycinone (25) in various ActinomycetesZ3. A 

9 3 2 ,  ,w, 
I 

C COOH co 0 

J 
0 

OH 0 
? 

several >---+ steps ‘“’@$OH 

HO OH 
OH 0 

(24) 

1-Propionyl CoA + 9-Malonyl CoA 

Starter 
uni t  
I 

-> C,, unit 

L 

simpler case is the use of a propionate-polymalonate pathway in the 
biosynthesis of ethyl p-benzoquinone (26) in the defensive secretion of the 
beetle Elcodes Iotigicollis (for more details, see p. 725). In this same sccretion, 
methyl p-bcnzoquinone (27) is apparently derived by the acctate- 
polymalonatc pathway, while, remarkably, benzoquinone itself is bio- 
synthesized from the aromatic ring of tyrosine or pl~ct~ylalaninc~~ (see 
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section II.B.1 for details of this pathway)*. It is not clear whether symbiotic 
micro-organisms play a role in these syntheses. 

In another case of quinone biosynthesis, this time an ortho system, 
isobutyrate apparently functions as the starter of a chain, extended 

3 CO, CH2R i 
RCH,COSCoA + 3 CH,COSCoA A I ’-\---------’ 

COOH 
I 

R = H, acetyl CoA T 
Starter 

uni t  
0 R = CH,, propionyl CoA 

(26), R = CH, 
(27), R = H 

presumably by malonate units. The quinone is the ortho-phenanthrene- 
quinone, piloquinone (28), produced by Srrep,foi)ijms pilosus. Valine also 
functions as a source of the branched startcr u ~ i i t ~ ~ , ~ ’ .  The accompanying 
4-hydroxy-piloquinone (29) has the extra OH group in correct alignment 
for the proposed pathway. 

+ 
9 Malonyl u n i t s  

0 0  

OH 

* Also note the iisc of a propionntc plus ~~~ct l~ylmalonatc  condensation i n  
[hc biosynthesis of macrolidc antibiotics”. 
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6. Quinones Derived from Aromatic and Pre-aromatic 

Ronald Bcntley and lain M. Campbell 

Cyclic Precursors 

Many quinones can be traced back to shikimic acid and hence finally 
to carbohydrate. Shikimate is the kcy compound for the biosynthesis of 
many aromatic coinpounds which are ‘primary’ nietabolites (e.g. the 
amino acids, phenylalanine, tyrosine, tryptophan) and, in addition, 
serves as a precursor for many secondary metabolites. 

There are several pathways to quinones, all of which diverge from 
shikimate. For  ease of discussion, they will be identified by nieans of 
critical intermediates: p-hydroxybenzoate, homogentisate, o-succinyl- 
benzoate and phenylpyruvatc. 

1. T h e  role of p-hydroxybenroate 

Benzoquinones : animals, plants, bactcria, 
fungi, insects, Tetraliyrnena 

Naphthoquinones: plants 

The discovery of ubiquinone 1 and related isoprenyl quinones and the 
elucidation of their biological functionzs stimulated considerable interest 
in the role of quinones in manimalian metabolism. Isoprenoid naphtho- 
quinones had, of course, been investigated a t  a much earlier date in 
connexion with the nienaquinone (vitamin K) problem. Despite the 
general structural resemblance of vitamin K and ubiquinone, it soon 
became apparent that ubiquinone was not a vitamin i n  mammals; unlike 
vitamin K, it could be biosynthesized by afiimal tissues::. Since animals do  
not have the capability for de i7oz:o synthesis of aromatic compoundst, 
it was logical to suspect a role for the ‘essential’ aromatic acids:r. Phenyl- 
alanine and tyrosine were shown to be precursors of ubiquinone in 

* Sevcral rcviews have covcred thc subject of the biosynthesis of ubiquinone 
and other isoprenoid quinoncs2!”-3”. Morton’s classic textz3 covers much of the 
basic (pre-1965) matcrial relating to the biologically active quinones and 
related compounds. For this rcason, only early refcrcnces of particular 
interest will be cited here. An effort will be made, however, to cover the niost 
recent l i  tcrat urc. 

Thcy are unablc to rnakc shikimate or othcr hydro-aromatic dcrivativcs 
to serve as prccurscrs to the aromatics. On the other hand, hydro-aromatic 
compounds such as cyclohcxnnccnrboxylate if  added to the diet can be 
dehydrogenated (to bcnzoatc in this case). The onc cxccption to this statenicnt 
is the ability to form by dehydrogenation (aromatizalion) of ring A of a 
steroid oestrogen. 

Sincc tyrosine, phcnylalnninc and tryptophan arc important protein 
coniponciits and cannot be syithesii.cd by the animal these amino acids have 
to bc s~ipplictl in  thc tlict ;is ‘cssei1:ial‘ compoi1ctlts. 
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animals; however, only the ring-carbon atoms were A similar 
situation was found for p-hydroxybenzoate (30)35. Our present under- 
 tand ding'^-^' of the pathway from phenylalanine and tyrosine through 
p-hydroxybenzoate is shown*. As would be expected from general 

CH,CH(NI-I,)COOH CH,COCOOH CI-I,CHOHCOOH Q -+ -Q - 
OH OH OH 

CH=CHCOOH 

OH 

0 0 
HC :H, 

CH,O R 
0 0 

(1 1 
R = polyprenyl 

biosynthetic consideratioiis the 0- and C-methyl groups wcre found to be 
derived from the methyl group of metliionine and the isoprene side-chain 
from mevalonate. In the coiirse of the reactions from p-hydroxybcnzoate 
the carboxyl group is lost and three other oxygen atoms are introduced 
onto the benzenoid nucleus. In the bacterium Pseudomonns desmolytica 
the oxygen atoms which carry the mctbyl groups are derived from oxygen 
g a P .  

* Cyclohexanccarboxylic acid has been found to serve as a precursor of 
the quinone ring of ubiquinone in rat liver slices; this presuniably involves 
dehydrogenation to benzoate which is also known to function as a ring 
precursor in the srune way as IJ-hydl.oxybcnzoate". 
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The pathway in animals is beginning to be clearly defined. Radio- 
activity from p-hydroxybenzoate is incorporated into 3-polyprenyl-4- 
hydroxybenzoate (31) in  rat liver homogcnates or slices"". In addition, 
6-inethoxy-2-nonaprenylphenol (32) has been well-characterized from 
neutral lipids of rat liver and when labelled with tritium was converted to 
ubiquinone by intact rats".'. 

Olson and his colleagues have also completely characterized 
5-demethoxyubiquinone-9 from rat liver slices, refuting a suggestion that 
their earlier reports were in e r r o P ~ ~ ~ .  Although altcrnatives to the route 
shown above may exist, both in bacteria and animals, it appears to be 
generally correct in the major features. 

While the p-hpdroxybenzoate required as an ubiquinone precursor is 
derived from the essential amino acids in animals, it is generally assunied 
t o  arise directly from shikiniic and chorismic acids in bacteria3i49 and 
fungi*jO. Much of the bacterial work has centred on Rl~oclospirill~ni?z 
rcibrziiii, a photosynthetic anaerobe which does not readily assimilate 
shikiniate. However, this latter compound is efficiently utilized by 
Escherichia coli and, as will be seen later, radioactivity is incorporated 
into both ubiquinone and nicnaquinone. 

It will be of interest to sce whether this biosynthetic pathway is used in 
the formation of the recently discovered 2,5-dihydroxy-l,d-benzoquinones 
(33a and b) which have relatively short prenyl ~ide-chains"-~~. 

Ronald Bentley and Iain M. Campbell 

0 

(33) 
(a) ,  n = 3, helveticone (fruiting bodies of Chroogompbj% helfeficus) 
( O ) ,  n = 4 ,  bovioone (fresh sporophores of Boletus [Suil lus] bovinus) 

Although the major biological role of p-hydroxybenzoate is presumabiy 
as a precursor to the ubiquinones, it also has a restricted role in  the 
biosynthesis of the plant naphthoquinone, alkannin 34. The side-chain of 
this material contains 6 carbon atonis rather than the 5 that would be 
expected from addition of mevalonate to a preformed naphthoquinone 
nucleus. Howevcr, it has bcen shown in Plugiobothrj~s nrizoiiicus that the 
A-ring is derived from I'-hydroxybenzoate, and fill of the remaining 
carbons from 2 moles of nievalonate"". Possibly the p-hydroxybenzoate is 
first alkyl:itcd by ;i C- 10 sidc-chain (i.c. b y  ger:i:iiol pyrophosphate), this 
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step then corresponding in essential detail to the ubiquinone biosyntlietic 
pathway. 

"COOH *COOH 

0 + Geraniol "0: pyrophosphate 

OH OH ? 
Decaprenyl 
pyrophosphate 1 

J. OH 0 HO H 0f-y Ubiquinone-20 
(nucleus labelled) 

\* 

0 
(34) 

2. The role of homogentisate 

Benzoquinones : plants 
Naphthoquinones : plants 

Kofler in  1946 isolated a quinone (Kofler's qainone) from alfalfa which 
was later rediscovered and named plastoquinone5". The plastoquinones 
are a group of 2,3-dimethyl-5-polypreny~-1,4-benzoquinones (35) found 
in higher plants and algae. They share a common biosynthetic pathway 
with the tocoplierols (36a-39a) and tocotrienols (36b-39b). Although 

(a), S-Tocopherol (b), 6-Tocotrienol 
(361, H H (a), p-Tocopherol (b) , p-Toco t r i  en ol 
(371, CH, H (a), 7-Tocopherol (b), y-Toco t ri en o I 
(381, CH, (a), 5-Tocopherol (b), a-Tocotrienol 
(391, CH, CH, 
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these latter materials are chromanols rather than quinones, they will 
be considered briefly here since they are probably derived from 
quinones. 

A key observation in the investigation of the biosynthesis of these two 
groups of compounds was the finding that one methyl group was derived 
from C-3 of the side-chain of tyrosine or ~henyla lan ine~~;  a sharp contrast 
to ubiquinone biosynthesis where all of the side-chain carbons of tyrosine 
are lost. Furthermore, the benzenoid ring was derived from the ring 
system of either phenylalaiiine or tyrosine so that these amino acids 
contribute a C,-C, fragment. Evidence that p-hydroxyphenylpyruvate 
40 and homogentisate 41 are also involved has been obtained in a variety 
of plants5G. The second methyl group of a plastoquinone and the second 
and/or third methyl of a tocopherol are derived from methionine". 
Hence, the biosynthetic origins of these materials are, in outline, as 
follows" : 

FH* CH (N H,) COOH 

OH OH 
(41 1 

Met h io n i n e Methionine 

0 
Plastoquinone (39a) 

The exact sequence between homogentisate and the first intermediate 
with the methyl group (derived from the side-chain) is not known. The 
following materials, and their glucosides, are said not to be involved: 
gentisate, gentisaldehyde, gentisylalcohol and toluquinoP1. The first step, 

* The results summarized here for two labelling patterns were, of necessity, 
obtained in separate expcriments. 
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therefore, may be sequential or concomitant prenylation and decnrboxy- 
lation to form 3-polyprenyltoluqui1~ols (42). Thus : 

HOOCCH, @ X 3 & I H  

Plastoquinol-8 
I 

I 
(343 

A 
(36b) 6-Tocotricnol 1 

cH3f+4 ( 3 4 3  H 

Plastoq u i none-8 

The chromanol (36b; 8-tocotrienol) niap be regarded as the parent of both 
the tocotrienol and tocopherol series; alternate pathways are possible and 
for a more coiiipreliensive disc~ission reference 3 1 should be consulted. 

An apparently related pathway lcads to the naphthoquinone, cliimaphilin 
43 in Cliimaylrila t i r~be l la ta~~ .  111 this casc, the quinonoid ring and 
attached methyl arise from a C,-C, unit derived from tyrosine, as discussed 
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above, while the four atoms of the A-ring and the attached methyl 
originate in mevalonate. Note that in  chimaphilin, the single prenyl unit 
must be added para to the CH,COOH group, rather than nreta as in 
plastoquinone biosynthesis. 

3. The role of phenylpyruvate 
Terphcnylquinones : fungi 

Although p-hydroxyphenylpyruvate 40 is a precursor for homogentisate, 
as indicated in the previous section, some quinones are apparently formed 
directly from phenylpyruvate 44. This is the case for the terphenylquinone, 
volucrisporin 45, produced by cultures of the Imperfect Fungus, 
Yolucrispora azwantiauP. The results of feeding experiments with a 
variety of labelled precursors are consistent with the following biosynthetic 
map. An essentia1 step in it is the hydroxylation reaction leading to the 
formation of in-hydroxyphenylpyruvate (46). The intermediate stages 

COOH HOOC. CH,COCOOH CH,COCOOH 

HO"' OH , f i O H d + O  H O  H 

(40) 
Tyrosine 

Protein 

(47) 

Cffi,COCOOH 

CH,COCOOH 

rn-Tyrosine ------+ 
? 

0 

(45) 
(46) 

between nz-hydroxyphenylpyruvate and the final product are not 
completely understood, but indirect evidence supports the schenie as 
shown. The related substance, phlebiarubrone 48, is biosynthesized in a 
similar fashion fro in phenylalani neGo. 



HO 

49- 
(46) 
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COOH + > H O W  

HOOC 
0 0 0  OH 
(46) 

4. The role of succinylbenzoate in biosynthesis of naphthoquinones 

Naphthoquinones : bacteria, plants 
and anthraquinones 

Anthraquinones : plants 

A novel pathway leading to naphthoquinones and anthraquinone 
biosynthesis has emerged as a result of interest in the biosynthesis of 
phylloquinone (2a, rvitamin KJ and the menaquinones (2b, 3 vitamin 
Ka.  The natural occurrence of, and structural variation possible in, these 
niaterials have been revicwedl. 

24 



700 

Three broad structural aspects have to be recognized in considering 
the biosynthesis of phylloquinone or a menaquinone type. 

(i) The methyl group at C-3. The occurrence of desmethylnienaquinones 
(2c) suggested that these materials could act as substrates for methyl 
transferases. Direct evidence for the utilization of labelled methionine has 
been obtained for MK-9 * in Bacteroides tnelaiiiiiogeiiicits (= Fusvormis 
nigresceris)cl, for MK-9 (11-HJ in Mycobacteritirtt phlei62 and Myco- 
bacterium smegmatisG3, and for M K-8 in E. c o P .  Furthermore, labelled 
DMK-9 has been converted to MK-9 (11-H2) in a cell-free extract 
prepared from M. phleiG5. 

(ii) T/ie isoprene side-chain at C-2. With the realization of the prime 
role of rnevalonate in  the biosynthesis of isoprenoid compounds, it was 
logical to assume this material was the ?recursor for the side-chains of 
materials such as plastoquinone, ubiquinone, phylloquinone and mena- 
quinone. The utilization of nievalonate for the production of the iso- 
prenoid portions of phylloquinoneG7~ 68 and inenaquinoneG9 has been 
demonstrated. 

(iii) The tiaphthaleiie nucleus. Tentative evidence for a role of shi kiniate 
47 in menaquinone biosynthesis in E. coli was obtained in 19G470*71. At 
that time, it was also suggested that protocatechuate 49 was involved. 
Independent work with E. coli and M. phlei confirmed the role of 
shikimate and provided unambiguous proof that all seven carbon atoms 
of this acid were inco rp~ra t ed~~ . '~ .  No evidence has been obtained, how- 
ever, to support a role for protocatechuate or its aldehyde in nienaquinone 

Ronald Bentley and lain M .  Campbell 

HO.Q/~OOH - &H3 k A I l  B l 2  +-%- HoQ'""H 

OH 
11' 

OH 0 
HO * 

(47) (2b) (49) 

biosynthesi~'~-~~. The utilization of shikiniate has also been studied in 
Bacilliu megateriim? with analogous resultsi4, and work in M .  plilei with 
[1,2-14C]- or [5-3H]-shikimate shows that the ring junction of the naphtho- 
quinone system originates from the ethylene carbons of shikimate, as 
shown p r e v i o u ~ l y ~ ~ ~  i G .  In those bacteria such as E. coli which contain both 

* In accordance with rcconinicnded practice", thc following abbreviations 
will be used in this section: 

MK = nienaquinone; D M K  = desnietliylmenaquinonc at C-3. 
MK-n = nienaquinone with side-chain of ti-prenyl units at C-2. 
MK-n (II-H2) = dihydronicnaquinone with side-chain of ti-prenyl units in 

which the second, counting from thc nucleus, is saturated. 
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ubiquinone and iiienaquinone, administration of labelled shikiniate leads 
to label incorporation into both types of compound. 

To complete the menaquinone structure a precursor for the remaining 
three carbon atoms, C-1 , C-2 and C-3, of the B-ring had to be discovered. 
After considerable efrort, indirect evidence that the 'missing' three carbon 
atoms originate in 2-ketoglutarate (50) was obtained, both for lawsone 
biosynthesis in plants78 (see later) and for menaquinone biosynthesis in 
b a ~ t e r i a ' ~ ~  so. This conclusion depended on tracer experiments with 
labelled glutamate, 51, a substance which was presumed to undergo 
deamination to the keto compound. Thus, the general outline for bio- 
synthesis of the naphthalene nucleus of menaquinones appears to involve 
a novel condensation of shikimate and 2-ketoglutarate. At some stage 
both the carboxyl groups of the ketoglutarate coniponent are lost, 
leaving behind the original C-2, C-3 and C-4 of 2-ketoglutarate. Further- 
more, succinylbenzoate (4-[2'-carboxyphenyl ]-boxobu tyrate) (52) has 
been shown to function as a rnenaquinone precursor in It 
seems likely that this oxobutyrate derivative could undergo a cyclizatioii 
to 2-carboxy-I ,4-naphthoquinol (53) as indicated below ; compound 53 
would then be decarboxylated, prenylated, methylated and oxidized to 
give the final menaquinone. 

5 COOH 
/ A 

nu I 

T 
/COOH 

J. 
? 

I Y 

OH 
(53) 

Menaquinones 

In the mechanism of decarboxylative coupling of the shikimate/keto- 
glutarate moictics originally postulated, 2-ketoglutaratc is first converted 
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to the thiamin pyrophosphate (TPP) complex of succinic semialdehyde 54 
exactly as in the initial reaction of the 2-ketoglutarate dehydrogenase 

The addition of this material to shikimate would then be 
analogous to the Michael reaction. The French group, on the other hand, 
suggesta0 that the TPP anion is added to chorismate 55. 

-.- . .  
(54) 

I 

H O ~ . ~ C O O H  HOOC--C=CH, I 

HO O G C O O H  /OOH 

OH HO / \  TPP HO$ L e  
/ \  

(54) HO TPP I 

O..QCOOH /OOH 

L z  
/"\ 

HO TPP 

An alternative coupling mechanism (47 + 55 + 56 + 57 + 58-t 59-> 52) 
wherein the anion of the pyridoxal pyrophosphate coinplex of glutaiiiate 
56 adds to prephenate 57 has recently been considereds1. It was evoked to 
explain the fact that in the lawsone biosynthctic system (see later) 
glutamate is more efficiently incorporated than ketoglutarate. 

Another controversial matter concerns the possible role of 1-naphthol 
as a nienaquinone precursor. It has been claimed that this material was 
incorporated into the nienaquinone components of Bncilltrs nieg~teriirrn'~, 
and Staplzylococcirs atweiIsGs. We have not been able to repeat the result 
with B. nwgateriirn~ and have also failed to incorporate labelled 1-naphthol 
into the menaquinones of E. coli and A4. p l i k d 3 .  The French group found 
no incorporation of [ 1 -l"C]-l-naphthol i n  B. niegoteriim, hl. phlei and 
three other bacteria, but it was incorporated by a mutant strain of 
Aerobacter. a e r o g e r ~ e s ~ ~ .  This latter strain appears anomalous since it also 
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incorporates 2-metliyl-l,4-napl~thoquinone and 1,4-naphthoquinone itself, 
in contrast to M.  phk i  and E. C O Z ~ ’ ~ .  Other workers have similarly failed 
with a variety of microorganisms (including B. rnegateriurn) and plantsa2. 

COOH COOH 

OH 
147) 

COOH 
I 
CHZ 
I 

CH, - I 

I coon 
H-C-N=CH-PDP 

(56) 

1 
Glutamzte 

R = HOOCCH2CHz- 
PDP = Pyridoxal 

phosphate 
residue 

OH 
(55) 

I 
N 

PDP-Cfi4 

- HOOC ,CH,COCOOH 
HO,K>c-?Q o”c I 

N 
PDP-Cfi4 

(57) 

HOOC, FH,COCOOH 

(58) 

I 
HOOCRH~COCOOH 

COOH 
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Mechanistically, I-naphthol is not a t  the correct oxidation level to be 
involved in the hypothetical scheme, and in  our view it is not to be 
regarded as a direct inenaquinone precursor. Furthermore, the oxygen 
atoms of the quinone functions of M .  phlei nienayuinone are derived from 
water rather than oxygen gasa3. If I -naphthol were an intermediate, the 
introduction of the second oxygen would, of necessity, bc by an aromatic 
hydroxylation. Since these reactions. require molecular oxygen, a role for 
I-naphthol is inconsistent with the origin of the oxygen atoms from water. 

The shikimate pathway is involved in the biosynthesis of phylloquinone 
in plants*4, but evidence for the role of ketoglutarate or glutamate has not 
yet been reported. The simple plant naphthoquinones, lawsone 60 and 
juglone 61, are also biosynthesized by this route. Indeed, as mentioned 
above, much of its detail has been worked out using the lawsone- and 
juglone-producing system as models. 

0 0 

Although the precise structures of the intermediates between the 
succinylbenzoate 52 and the various products have not yet been determined, 
some information on their symmetry is available. Thus the stereochemistry 
of hydrogen elimination from the prochiral C-6 position of shikiniate has 
been studied for juglone biosynthcsis in Jiiglans regia and MK-7 bio- 
synthesis in Bacillus t?zegateriziin8.5. In both cases, using (6R)-[7-14C, 6-3H]- 
shikimate (62a) the naphthoquinone containcd no tritium. Hcncc, the 
pro-6R hydrogen is eliminated". Using the corrcsponding 6 s  tritiuni- 
labelled material (62b) most of the isotope was rctained during M K-7 
biosynthesis, but only about half of the tritium in juglonc biosynthesist. 
From these data, it was concludcd that no syrnnietrical intermediate was 
involved in menaquinone biosynthesis, bu t  one was in juglone bio- 
synthesis. Using a somewhat different approach, the problem has been 
examined in the lawsone-producing systenia9. 2-lc1C-Acctate, fed to 
Impatiens balsamirta, was found to label C-2 predominantly : a situation 

* For nomenclature, see refcrcncc 86. 
t I t  should be noted that this observation is compatible with a role for 

chorismate since retention of thc pr0-6S hydrogcn also occurs in its 
formation";. 8s. 
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OH 
(62b) 

L 
H a n d H  0 

At least one 
symnietrical - > 
intermediate 

which can only occur if no synimetrical intermediates are involved. The 
pathway of the methyl group of acetate into C-2 of lawsone is shown 
below". 

via pro-5' citrate 
synthase, aconitase 
a n d  isocitrate dehydrogenase 

t 
~H,COOH 

@OH 

0 

A further interesting development has been the finding that some plant 
anthraquinones are derived by an extension of this pathway. Thus, 
carboxyl-labelled shikimate 47 and [5-14C]-mevalonate 63 were incorpor- 
ated specifically into alizarin 3 7G990-92. The biosynthetic sequence shown 
below explains thc observed labclling pattern. Label from the carboxyl 
group of shikimate was not randomized between the two carbonyl 
functions, consistent with involvement of non-symmetrical intermediates. 

* This finding also indicates that C-l of lawsone derives from the carboxyl 
group of shikimatc. 
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The succinylbenzoate 52 is known to be an intermediate in the bio- 
synthesis of pseudopurpurin 64 in  plants80; it also yields anthraquinones 
in tissue cultures of Rubria specics9:3. 

J 
o OH 

0 OH 

COOH 

C. Quinones Derived Wholly from Mevalonate 

Benzoquinones : fmgi, plants 

The structures of some nat~trally occurring quinones are in harmony 
with the 'Empirical Isoprene Rule'9*, and are clearly related to terpenes 
and lielice, ultimately, to nievalonate. Thymoquinone 65 and its quinol 
occur in some plants and are probably derived from p-cymene 66. This 
latter monoterpene is a likely precursor for thymol 67, a phenol which 
has been shown to be labelled, with the anticipated isotope pattern, on 
administration of [2-14C]-mevalonate to Ortliodon japon ic~r i z~~ .  

At the sesquiterpene levcl, tlic fungal benzoquinone, helicobasidin 68 
(from Helicobnsicliirrii iiioinpa) has been shown to be derived from labelled 
acetate and mevalonate with the anticipatcd labclling pattern"> 07. Of 

Naphthoquinones: plants 
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several possible hypotliescs, it now appears that a direct cyclization of 
tram-cis-farnesyl pyrophosphate takes place”. The reaction is more 
complex than originally proposed since helicobasidin incorporates two of 
the three possible pro-R hydrogcn atoms from C-4 of mevalonate”. 
Since the six-membered ring is fully substituted, a hydrogen transfer must 

(66) 

PP = Pyrophosphate 

HO J@ 
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have occurred: this is postulated by Adam aiid Haiison to take place in 
an enzyme displacement step as shown belo\@: 

(68) 

Although no feeding expcriments have yet been recorded, it is clear that 
many other quinones, both 1,4- and 1,2- systems, derive from terpenoid 
precursors and hence mevalonate. Some of these are shown below, e.g. 
mansonones A and B (69 and 70), tanshinone I (71) arid coleon A (72). 
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D. Qoinones as Intermediates in Formation of 
Other Secondary Metabolites 

In several cases, quinones function as intermediates in  tht  biosynthesis 
of other secondary metabolites, some of which, such as the tetracyclines 
and allatoxins, have coiisiderable importance. This possibility was first 
considered in structural terms, namely a similarity between the anthra- 
quinone, questin 73 and the benzoplienone, sulochrin 74. That questin in 

OCH,O 

HO Jy&lCH3A CH3 

COOCH, 0 
(73) 

(74) 

fact yields sulochrin has been demonstrated directly in Petiicillizim 
fi.eqrrentmw'QO and Aspergillus tet*rezdol. A similar type of cleavage takes 
place in the biosynthesis of the various ergoclirornes from eniodin 12 in 
Cluviceps put-prirea. The reactions yielding ergochrome BB (75) are shown 
below102~103 : 

OH 0 OH Jy&/ 8 Acetate units.' 
(or 1 acetate -> + 7 malonate 

units) HO CH3 
0 

(1 2) 

OH 0 OH OH 0 

"'CH, 
COOH COOCH, 
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Anthraquinonc derivatives are intermediates in the formation of the 
important antibiotics, the tctracyclines, e.g. protetrone 76Io1 in thc tetra- 
cycline 77 bisyntheticsequence shown below”. Quinones are also apparently 

S- Enz y rn e 

Malonamate + + O R  ---, 
8 Malonate NH2 

0 0 0 0 0  

CONH, 
0 0  OH 0 OH; 0 

OH 
(77) 

(76) 

involved as intermediates i n  the biosynthesis of a group of interesting 
difurans. To account for the observed results in the biosynthesis of 
aflatoxins in Aspergillirsj7avzrs, the following pathway has been proposedlos. 
The quinonoid species versicolorin A (78) tosether with its methyl ether 
and sterigmatocystin (79) has been encountered in Aspergillzts cersicolor. 
The final product of the seqiiencc below is aflatoxin B, ($0). Recent work 
on sterigmatocystin 79 i n  A .  versicolor by Tanabe and coworkersloG lends 
credence to this scheme of Buchi. 

Although not specifically a secondary metabolite, it is convenient to 
note a t  this stage that melanin, the black polymeric pigment found in the 
skin, the retina and various other specialized tissues, is synthesized from 
tyrosine via Dopa quinone (81) and indole 5,6-quinone (82) as shown 
below. 

E. P ofymeric Quinones 

Many examples of naturally occurring polymeric quinones are known ; 
it is likely that these are produced by the ‘phenolic coupling’ reaction 
although little direct experimental evidence is available107. Elowever, 
unpurified enzyme preparations from Polrstictus tiersicolor are reported 
to convert 2,6-dimcthylplieiiol (83, R = CH,) or 2,6-diniethoxyphenol 
(83, R = OCH,) to -1,5,3’,5’-tctrnnicthyl-diphenoqui1lol~e ($4, R = CH,) 

* Thc role of Inalonamate as n starter unit is unique. Although generally 
accepted as correct, thc evidence on lhis point is not wl~olly defiiiitive. 
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OH 0 OH OH 0 OH a OH --[ 
0 0 

(78) 

J 

> Melanin 
- 0 

H 
(82) 
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or ~,5,3‘,5‘-tetranietlioxy-dipIienoquinorie (coer~ilignone) (84, R = OCN,), 
respec tivelylos. +J - - 

R R 
(84) 

R 
(83) 

Thornson’s prediction109 that the isolation of many more biquinones 
can be expected is being borne out. For instance, i n  the benzoquinone 
field, diboviquinoiies (e.g 85 and 86) have bcen isolated110 from Bolefirs 
(Sitillus) boviiiirs as well as a new member of the regular boviquinone 
series (boviquinonc-3, nomenclature as for iibiquinone and nienaqiiinone). 

(85), x = 3 , y  = 4 
(86), x = y = 4 

Furthermore, these authors have found compounds (87, 88 and 89) in 
which two quinone units are linked at the 6,6‘-position through a 
methylene group; in  this case, of coiirsc, more than a simplc phenolic 
coupling is presumably involved. 

H = prenyl as in HojyyJoH R OH HO R 
(85) and (86) 

0 0 
(87), x = y = 3 (88), x = 3, J’ = 4 (89), x = y = 4 

Diosyyros species are good sourccs of naphthoquinone dcrivatives and 
several new binaphthyls have been reported from extracts of Diospyros 
kaki, e.g. maritinone 90 and hydroxyisodiospyrin 9Plll. Similarly, a blue 
pigment isolated from extracts of the sapwood of Diospyros bmijolia has 
been identified as S,~’-dihydroxy-4,4’-dimethoxy-G,G’-dimetl~yl-2,2‘- 
binaphthyl-1 , 1’-quinone (92)Il2. 

Other sources of naphthoquinones (‘spinochromcs’) and of binaphtho- 
quinones are various sea urchin species. From Sp fa i igus  prpirrc~rs,  
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Mathieson and Thornson isolated four pigments, two of which were 
biquinones (93, 94)l13. The quinone units were linked by a CH,CH< 
group, reminiscent of the inethylene linkage in the methyIene dibovi- 
quinones. 

(93), R = H (94), R = CH, 

Some materials, previously reported as monomeric quinones, are now 
known to be polymcric. Thus, (-)-flavoskyrin, a pigment of Penicilliwn 
islandicuni, is now formulated as 95 and is related to (-)-rugdosin 96; 
it is, in fact, converted to the latter by the action of ~yridine"~. (-)- 
Rugulosin has been isolated from P. islariclictim and Myrothecium 
verrucaria; the enantiomer, (+)-rugulosin, was well known as a 
metabolite of Penicillilrn~ I W ~ U ~ O S Z / I ~ I .  The stereochemistry of these cage 
structures is not easily shown. I n  formula 96 the 'cage' is imagined to be 



714 Ronald Bentley and lain M.  Campbell 

(95) 

opened up by stretching two of the three bonds linking the anthraquinone 
units; the two anthraquinone units are then roughly coplanar. A more 
accurate representation of the stereochemistry of (-)-rugdosin is 97 l15. 

(97) 

Although not strictly a dimer, the revised structure for the principal 
colouring matter from Petiicilliwii y~rrprri*ogen~iln, purpurogenone 98, is 
of interestllG. It has been suggcsted that this molecule originatcs from 2 
molecules of einodin (12) (or of its carboxylic acid, endocrocin 18) by a 

0 

OH 0 OH 0 GH 

(98), R = OH 
(101), R = H 

complex series of reactions. A Michael addition between two systems such 
as 99 and 100 would be a key step. A deoxypurpurogenone, 101, has also 
been isolated as a minor pigment from this f ~ i i i g i i s ~ ~ ~ .  
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=H3a370H OH 0 OH 

@&OH 

OH 0 0 

+ 

Lost 
decarboxylation 

i l l .  T H E  FUNCTIONAL SIGNIFICANCE O F  
The most important reaction of quinones as far as bic 
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QUI NO N E S  

ogy is concernec 
is their reversible reduction to  the corresponding hydroquinone (102-103). 
This is a relatively mild chemical process, being accomplished by such 
gentle laboratory reagents as bisulphite and Fe". When the reducing 
agent is a single electron donor, the reaction can be viewed as a two-stage 
process, the semiquinone, 104, being the intermediate. Since quinones and +- 0- ?' 

0- b- 

hydroquinones are highly conjugated species, their mutual interconversion 
can be followed very eKectively by ultraviolet spectrometry. Moreover, 
since senliquinones possess an  unpaired electron in their structure, their 
presence can be detected through the use of electron paramagnetic 
resonance (e.p.r.) spectrometry. Both of these tecliniqLies have been used 
extensively in  the study of quinones in biology. 

Analysis of the various quinonoid structures mentioned in the previous 
sections reveals compounds of two distinct classes. Firstly, there are the 
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biochemist’s mmpounds, materials such as the nienaquinones, the 
ubiquinones and the plastoquinones which even the most esoteric molecular 
biologist would have no trouble recognizing. Such is the case because the 
biological role of these substances is fairly well established, albeit some- 
times not totally in molccular terms. Most of the text of this section will 
therefore be devoted to them (Part A). This class of material is also 
connoted by the term ‘primary metabolite’. 

On tlie othcr hand, there are in section I1 many examples of what the 
organic chemist refers to as ‘natural products’. Also known as ‘secondary 
Inetaboli tes’, these materials are characterized somewhat negatively by 
having no firmly established role to play in the cell that makes them. 
True, many secondary metabolites have distinct and often profound 
effects on cells other than those from which they come: the inventory of 
any pharmaceutical company bears cogent witness to this fact. Recently, 
however, some wisps of insight have come into this field and these will be 
considered in Part B. 

A. T h e  Quinones that are Primary Metabolites 

It  is a well-known fact that the principal energy-yielding reactions of the 
biosphere are associated with the phenomena of pliotosynthcsis and 
respiration. In  the former, the energy radiated by the sun is trapped by 
green plants and by the photosynthetic bacteria and converted into the 
standard energy currency of cells, adenosine triphosphate (ATP), and 
reduced nicotinamide adenine dinucleotides (NADH/NADPH). This 
potential energy is subsequcntly used to synthesize ‘energy-rich’ tissue 
components such as carbohydrates, fatty acids and amino acids from 
simple, fully oxidized precursors such as carbon dioxide, nitrate, etc. 
These materials eventually act as foodstuffs for non-photosynthetic 
species. Crcatures such as man degrade them oxidatively and in so doing 
recover, in tlie form of NADH, the reducing power they contained. In the 
process of respiration, the NADH is used to reduce rnolccular oxygen. 
Thereby ATP is generatcd for the use of the non-photosyiithctic organisni 
(energetically speaking therefore, the non-photosynthetic organism has 
vicarious communion with the sun!). In both photosynthcsis and 
respiration, the potential cnergy form that is transduced into m”,abolically 
useful energy is a redox potential gradient. Discharge of this gradient by a 
series of coupled cheiiiical redox reactions leads to the synthesis of 
ATP. Since the redox gradient discharge nccessarily involves electron 
movements, thc series of coupled reactions is frequently referred to as an 
elcctron transport chain. 



13. Biological reactions of quinones 717 

As will be amplified in the following section, the redox reaction, 
quinone + hydroquinone, constitutes one of the elements of the electron 
transport chain found both in photosynthesis and in respiration. For ease 
of discussion, procaryotes (organisms such as bacteria and the blue- 
green algae whose cells lack nuclei) and eucaryotes (organisms such as 
animals, plants, fish, fungi, green, brown and red algae, etc., whose cells 
possess nuclei) will be considered separately. 

I .  Photosynthesis in eucaryotesl18-123, m* 

Photosynthesis in  green plants and the eucaryotic algae is conducted 
in special, membrane-encompassed, subcellular organelles called chloro- 
plasts. These relatively large bodies have been the subject of much electron 
microscopy and the details of their structure are now well known12-'. 
The operational unit appears to be the thylakoid disc. 

Chemical analysis of whole chloroplasts indicates that several quinonoid 
species are presentz9* 122* lz57 lZG. Plastoquinones, 35, are the major con- 
stituents and the entities believed to be obligatorily involved in photo- 
synthesis ; phylloquinone and several tocopherolquinones have also been 
found, but have been attributed no definite role to date. Some doubt 
exists as regards which specific meniber(s) of the plastoquinone family is 
(are) involved naturally. The prenylogue with nine isoprene units 
(PQ-g=PQ-A)t is the member most frequently encountered and the 
substance most commonly used in experimental work. Different chain 
lengths and derivatization states have been encountered, however. Thus 
materials with phytyl side-chains, hydroxylated side-chains (the PQ-C/D 
group and PQ-Z), ester functions in the side-chain (PQ-B and PQ-2) and 
niononiethyl quinols have. been isolated, while PQ-C and -B have all been 
further fractionated29* 12G-129. 

I t  seems clear that methods such as partition chromatography, gel 
filtration and niass spectrometry, which were so effective in the fields of 
menaquinone multiplicity, will be needed to resolve fully the question of 
plrrstoquinone c o n ~ p o s i t i o ~ i ~ ~ ~ ~  13'. Moreover, these analytical methods 
will need to be app!ied very judiciously i f  their results are to have real 
biological filnction significance. Cognizance will need to be taken of the 
facts, established by Li~htenthaler'~~, that (i) plastoquinone pools are 

* Since consideration is concentrated on the role of quinones in these 
various processes, a series of review references is provided for those readers 
seeking nlore complete coverage of the topic. 

f PQ = plastoquinone. PQ-tz = plastoquinone with rr-prenyl units in the 
side-chain. 
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associatcd with two distinct chloroplastic subfractions, the photoactive 
larnellae and the photoinert plastoglobuli and (ii) plastoquinone levels 
fluctuate widely with the age and physiological state of the chloroplast. 

Thc general eontcxt in which the plastoquinones operate in photo- 
synthesis is shown in Figure 1, but this scheme is far from being the final 

electron acceptor 

SYSTEM I 
Chlorophyll a- 

oromotion 

It 

\ 
f e rr e d oxi n? 

2 e-  + NADf + 2 H ”  gives NADH + H+ 

CYt f SYSTEM I1 P,bo <---PC<- 

c\ h I’ 
mediated e -  
pro motion 

U 
H,O gives various transfer 

2 H+ + + 0, + 2 e- 

wagents 
PC = plastocyanin; PQ = plasto-quinone; cyt = cytochrome. 

FIGURE 1. Note how the 2-clectrons extracted from water are evcntiially made 
available for the reduction of NAD+. 

word. It has suffered many alterations and expansions since it was first 
introduczd in 1963’”; many more can be expected. Notwithstanding thc 
general air of uncertainty, the basic principles are easily appreciated. 
Starting from the right-hand side, light of short wavelength (< 680 nm) 
activates chlorophyll b * molecules causing electrons to be excited and 
consequently transferred to an acceptor species refcrred to cryptically as 
Cjjo (this is the compound Q of former l i terat~re)‘~~.  By this simple 
process the necessary redox gradicnt is established. In response to the 
iedox pressure it creates, electrons flow into the oxidizcd chlorophyll b 
via various transrer agents from water. Mcanwhile, the electrons donated 
by chlorophyll h to Css0 tumble down the redox gradient that consists i n  

* Chlorophyll b is the agent in green plants; chlorophyll c is the agent in 
the brown algae, chlorophyIi (f i n  the red algae. 
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part of a low potential form of cytochrome bj59105~130, plastoquinone, 
cyto~hron1e-P~~ and plastocyanin. At this point, the electrons serve to 
discharge the oxidizing pole of another photo-established redox gradient. 
This second photo promotion involves chlorophyll a (in all species), long 
wavelength light (> 700 nm) and the electrons are eventually donated to 
NAD. The electron passage from reduced C,,, to oxidized Pi,, is coupled 
in a way not yet fully understood to the synthesis of ATP*. 

Many of the details of the electron transport chain through the plasto- 
quinone pool have bcen worked out by Witt and coworkers123’139* 140. 

Firstly, they have established that the electron transport chain does not 
exist as a series of single, isolated ‘wires’ made up of a single representative 
of each of the constituent molecules. Chains interact with each other and 
it appears that one of the major sites of interaction is located a t  the 
plastoquinone level. Siggel and coworkers1o9 suggest that at least ten 
individual chains can feed into a common plastoquinone pool. On the 
basis of the analysis of kinetic data, they propose that eIectrons enter this 
pool as a pair from two coupled System I1 centres. The first-formcd 
product is a plastosemiquinone twin 105 which subsequently dispro- 
portionates with the formation of a plasthydroquinone anion, 106. This 
latter entity migrates through the pool to the appropriate acceptor 

+$ 2 & ; K  * 0 
0’ 0 

h - - 0 

* This overall pathway can be short circuited if and when cytochrome h, 
feeds elcctrons from ferredoxin to cytochromef. This pathway, lcading to 
the direct conversion of actinic energy into ATP, is called cyclic photo- 
phosphorylation. 

We also note at this time that the scheme described above has been aniendcd 
somewhat by A r ~ ; o n ~ ~ ~ .  The aniendntion is not as yet generally accepted. It 
considers System I to be divided into two; one part executing cyclic photo- 
phosphorylation exclusively, the second part coupling in thc manner we have 
dcscribcd with System 11. 
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location, reforms the plastosemiquinone twin and discharges its two- 
electron complement, presumably to a pair of single-electron acceptors. 
The scheme neatly explains how single and paired electron redox agents 
can operate in consort. The pool concept also helps to rationalize the 
observed fact that plastoquinones are found in great molar excess relative 
to the cytochromes, etc. 

2. Photosynthesis in procaryotes141-.1J3 
Several species of bacteria (green and purple) and the blue-green algae 

can also harness the energy of sunlight to the synthesis of ATP and the 
generation of a reduced nicotinamide derivative. This they do, not in 
chloroplasts, but in specialized cell membrane locations isolable as 
chromatophores. Ubiqiiinone 1 is the main quinonoid material found in 
the electron transport chain of bacteria, although it is not exclusive29~122~12G. 
Thus Rhodospirilluin nibrum contains the substance rhodoquinone 107, 
vitamins K, (2b) are found in various photosynthetic bacteria, and species 
of Chlorobium contain the compound, chlorobiuniquinone 108, unusual 
in that i t  contains a keto grouping in  the side-chain. Also, the length of 
the polyprenyl side-chain found in the ubiquinone alters from one 

0 

0 

(108) 

organism to another: ubiquinone-7 through ubiquinone-I0 being common. 
Mixtures are also found within the same organism. Thus, A. rubrun7 has 
been shown to contain ubiquinone-1 through ubiquinone-10 144. 

In some ways, the photosynthetic process is simpler in bacteria than in 
green plants since bacteria do not possess an analogue of Photosystem 11, 
i.e. they do not oxidize water to molecular oxygen. In some other ways, 
however, they are much more complex. There is thus not the same degree 
of uniformity from zne organism to another as is found in eucaryotes, 



72 1 13. Biological reactions of quinones 

and muItip1e pathways are not uncommon. The review by Frenkel 
established these points effectively142. Moreover, the production of 
reduced NAD can be accomplished in at least two ways. For the present 
pLirpose, however, it is sufficient that we note the general pattern of events 
(Figure 2). 

e -  + NAD' + 2 H' 
gives N A D H  -t- H+ 

bacteriochlorop hyll- 

promotion 
succinate gives 

2 e -  + 2 H+ 3- furnarate 
or 

H,S gives 
2 e - + 2 H f + S  

cy t  c 

P',,, J 

FIGURE 2. Note how the 2-electrons extracted from substrates such as succinate 
etc. are eventually made available for the reduction of NADf. 

As in eucaryotic photosynthesis, a primary photo event creates an 
oxidizing agent and a reducing agent and thereby sets up a redox gradient. 
The photoactivator is a set of specially situated bacteriochlorophyll 
molecules: the species PBm, The reducing pole of the redox gradient is 
coupled directly to the oxidizing pole via a series of ATP-producing 
reactions. Ubiquinone is one of the electron carriers in this chain and it 
has been suggested recently that in Rfionopseirc~oi~rorlns spfieroides 
ubiquinone is in fact one of the primary electron acc~ptors*~~" .  NADH 
(or NADPH) is formed either in the photorcduction manner described for 
eucaryotes, using electrons derived from substrates such as succinate or 
hydrogen sulphide, or b y  an ATP-catalysed reversal of oxidative phos- 
phorylation (see later). In  these organisms, it is not certain as yet whether 
the ubiquinone functioning in the photophosphorylation proccss is 
spatially distinct from that functioning in respiration. 

3. Respiration in eucaryotes122s l26, 11G-15,1 
Ubiquinones are also implicated in the electron transport chain 

associated with eucaryotic respiration. This process is conducted in 
special subcellular organelles, the mitochondria. In view of what has 
been discussed above, it will be no surprise to learn that side-chain length 
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variability is found in the mitochondria1 quinones. Ubiquinone-10 is the 
predominant form found in vertebrates, but ubiquinone-6 through 
ubiquinone-9 are found as major fornis in yeasts and plantsz9~122*'z6. 
Beef heart muscle, the tissue used extensively in respiration investigation, 
appears to produce ubiquinone-I0 exclusively. It is interesting to note that 
sometimes ubiquinones with shorter chain lengths markedly out-perform 
the natural material in in uitro experi~nentsl~~. 

Respiration involves the overall oxidation by molecular oxygen of the 
reducing equivalents that have resulted from metabolic degradation of 
ingested foodstuff. The principal source of these equivalents is the citric 
acid cycle. Pyruvate, isocitrate, malate and 2-ketoglutarate dehydrogenases 
yield reduced NAG while succinate dehydrogenases yield reduced flavin 
adenine dinucleotide (FAD). Both these entities can also be formed from 
fatty acid degradation (hydroxy fatty acyl CoA dehydrogenase, NADH; 
fatty acyl CoA dehydrogenase, FADH,). The NAD+/NADH system has 
a standard electrode potential of -0.32 volts, the FAD/FADH, system 
has a corresponding value of -0.19 volts, while the $O,/OH- system 
records a value of +0.82 volts. The redox gradient between the former 
two and the latter one is spanned by a series of reactions which involve 
cytochromes of the a, b and c type. The reader will notice that there is no 
immediate external energy input to the process of respiration. 

Until recently, the gcneral consensus of bioenergetic opinion was that 
ubiquinone fitted into the electron transport chain on the substrate side 
of cytochrome b. It was seen to act as a kind of chemical electron transport 
interface between the various flavoprotein dehydrogenases and the chain 
of cytochromes which accomplished the eventual reduction of oxygen 
(Figure 3). As with the pools of plastoquinone in photosynthesis, the 
ubiquinone molecules were considered to diffuse freely in the lipophilic 
medium of the membrane. In support of this role for ubiquinone in 
respiratory electron transport was the fact that pentane extraction of 
lyophilized mitochondria yielded a product which, when warmed and 
resuspended in buffer, was not able to conduct electron transport. 
Viability could, however, be restored by addition of ubiquinone-10 or a 
lower preiiylogue'*56. Moreover, methods of mitochondria1 fractionation 
have been developed which allow four coniplexes to be isolated which 
together are able to conduct electron transport in its entirety'". I t  was 
found that complex I reduced ubicjuinoncs at the expense of NADH, 
complex I1 reduced ubiquinone at the expense of succinate, and complex 
I11 reduced cytochrome c at the expense of reduced ubiquinone:':. 

* Complcx I\' reduced oxygen a t  the expense of reduced cytochromc c. 
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Pvruvate . . .. 
2-Ketoglutarate NHU 

etc. 

Then:- 

NADH + H+ gives 
2 e -  + 2 H+ + NAD+ 

2 e -  4- 2H+ + FAD 

c y t  b system 

CYt clc, 
J 

40z 4- 2 Hi + 2 e- gives H,O 

Q = ubiquinone 

FIGURE 3. 

Recent work on several fronts has demonstrated that such a simple 
representation is inadequate. The reviews by Slater1j3 and Chancels 
indicate just how complex the situation has become. Of greatest significance 
to the quinonoid issue, and therefore the only topic we will consider here, 
is the finding in several laboratories that under certain conditions succinate 
dehydrogenase can be coupled to the cytochromeb ensemble in the 
absence of u biquinone1”g-lG1. Further evidence that the electron path from 
succinate to oxygen does not actually pass through ubiquinone is the 
observationlG2v1G3 that ubihydroquinone may be a NADH-sensitive, 
coiforniational-altering activator of succinate dehydrogenase. This 
activator role for ubiquinone would provide a possible explanation for the 
fact that in restitution experiments with pentane-extracted beef heart 
mitochondria, the succinate dehydrogenase complex could be reconstituted 
equally well with ubiquinones-2 through -10, while the NADH dehydro- 
genase was quite specific for ubiquinones-7 through - I  01Gi*165. Thus once 
again uncertainty rises vis-i-vis the obligatory nature of ubiquinone’s 
involvement in electron transport166. This time, however, the question is 
not so far-reaching since there seems no  doubt that ubiquinone is required 
to link NADH dehydrogenation with cytochronie b r edu~ t ion ’~~ .  
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Nothing comparable to the Witt-Siggel-Stieh1123.1"".1"0 analysis of the 
electron flow into the plastoquinone pool has yet been done for the 
ubiquinone pool in  respiration. It is, however, known that free radicals, 
presunzably sen1 iq u i nones, are i nvolved16s. 

4. Respiration* in procaryotes'??. 147.0-05 

We havc seen earlier that procaryotcs have no chloroplasts yet some 
of them can conduct photosynthesis; likewise they have no mitochondria, 
but they can respire. The respiratory centres are found bound to the 
cytoplasmic nietnbrane. Two quinone types are found in sucli centres, 
inenaquinones and ubiquinones"? 122, lz6.  In general, the nienaquinones are 
found in Gram-positive species while the ubiquinones are found in 
Gram-negative oneslF9. Some of the enterobacteria, e.g. E. coli, contain 
both ubiquinones and menaquinones. As in the case of the eucaryotic 
respiratory quinones, they exist in a high molar excess relative to the other 
electron transport chain components and exhibit some structure diversity. 
For instance, hydrogenated menaquinone side-chains have been found in 
Mycobacteriiiiii p h l d i o  and species of Streyton~yces~~~~ 172. The full range 
of ubiquinones froni ubiquinone-1 to ubiquinone-8 has been found in 
E. colPQ4. 

Where a n  organism contains only a single quinone type, the general 
trend of the experimental analysis to date is that the quinone participates 
in  the electron transport chain in a manner analogoust to that described 
above for the eucaryotes, i.e. it acts as a collection funnel for the electrons 
derived from the action of the various NAD- and FAD-linked dehydro- 
genases of the cell. The experiniental evidence has been obtained from 
pentane-extraction/qiiinone-replacenient studies, reduction extent and 
time course examinations and work with chain inhibitors. The general 
pattcrn proposed by Kroger and Dad5k17" for 3ucillus niegatcriirni can be 
taken as typical for sevcral bacteria (Figure 4). Note how, in the absence 
of molecular oxygen, after the electrons have passed from the mena- 
quinone pool through cytochronie B ,  they can be used to reduce fumarate. 
All NADH-forming substrates seem to have equal access to the niena- 
quinone pool; a mcasure of,coiiipartmentalization was found in a similar 

* The term 'respiration' is used here a little loosely to preserve the continuity 
of the discussion. I t  must be noted, however, that many bacteria are able to 
use materials other than  molecular osygen iis the tcrniinal oxidant of the 
electron transport chain, e.g. the nitrogen-fixing bacteria, the anacrobcs, etc. 

-f The bacterial cytochronics differ somewhat froni the eucaryotic type. 
In particular, a cytochrome o acts in consort with the cytochronics of the ( I  

type in the final reduction of ~ ~ y g e n ~ ~ ~ .  
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study as far as the demethylmenaquinone pool was concerned in 
Hmophilirs parait~Jluc~~zae'~~. E.p.r. signals possibly emerging from 
menasemiquinonoid species have been detected in Mycobacterium p 1 1 l e P ~ ~ .  
Whether or not this scheme is oversimplified remains to be seen. 

NADM + H+ gives 
2 e -  + 2 H "  + N A D "  

FADH, gives 
? e -  + 2 H +  + FAD 

\L M K T y t  b,-2 e -  + 2 Hf 4- fumarate 
gives succinate 

s, 
cyt c 

1 
cyt a10 system 

/ 
+02 f 2 H+ 4- 2 e' gives H,O 

MK = nienaquinone 

FIGURE 4. 

In organisms where ubiquinones and menaquinones co-exist, the roles 
of the two species seem to be divided. Some ten years ago, work by 
Kashket and B r ~ d i e l ~ ~  suggested that in E. coli menaquinones were 
exclusively associated with NADH oxidation, while ubiquinones took 
care of succinate oxidation. Recent work has revised the nature of this 
division of labour. In a detailed study using E. coli mutants lacking the 
power to make rnenaquinones and/or ubiquinones, Cox, Gibson and 
 coworker^^^^^ 179 showed that menaquinones were needed for anaerobic 
growth, while ubiquinones were nceded for aerobic growth. Thus the 
entire responsibility for electron transport ~ J I I O  oxygen was attributable to 
ubiquinone. Inhibitor studies, however, constrained these workers to 
conclude that ubiquinone was not functioning as a single, isolated compo- 
nent of the chain, but as an obligatory part of two iron-ubiquinone 
complexes. One of these was situated before cytochrorne b, the other on 
the oxygen site of that cytochrome. E.p.r. studies suzgest that ubisenii- 
quinones participated's". Thus the low seven-eighths of the iceberg of 
coiiiplexity are beginning to show in procaryotic respiration ! 

The runction of menaquinone in E. coli was more conclusively defined by 
the same study. Its principal role was not as a component of the respiratory 
chain, but as a cofactor in that step of pyrimidine biospnthcsis leading 
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from dihydroorotate 109 to  orotate 110. This oxidation is conducted at 
the expense of funiarate, thus : 

menahydroquinone 1 x fumarate 
(1 10) 

menaquinone succinate 

(1 09) 

A similar pattern of inenaquinone/ubiquinone function was found by 
Kroger and coworkers18' to pertain in another enterobacterium, Proteus 
r'ettgeri. Thus, ubiquinone was shown to be on the direct path for electron 
transport from succinate, forniate and NADH to oxygen and was situated 
a t  a point on the substrate side of cytochromeb. The menaquinone 
component was shown to  be involved in the anaerobic discharge of 
reduced NAD (and forniate) into fumarate through the action of the 
enzyme fumarate reductasc. Further nietabolism of the succinate so 
formed presumably required the succinate deliydro~enaselubiquir~one/ 
cytochrome chain. 

The involvement of mcnaquinones in anaerobic growth, demonstrated 
by Cox and Gibson and coworkers and by Kroger and coworkers is in 
harmony with the known fact that facultative anaerobes which contain 
both ubiquinone and menaquinone form higher relative proportions of 
menaquinone when grown anaer~bically '~~. 

There is a tradition in the discipline of pliysics that if an hypothesis is 
simplc and theoretically beautiful, the chaiiccs are that it is based on 
reality. Some years ago, such an liypothcsis was proposed i n  relation to 
quinoncs and oxidative pliosphorylation1*3, the process in respiration 
whereby the energy derived from the redox gradient is actually converted 
into ATP (see reference I84 and 1 S5 for the early history of this hypothesis). 
I t  was applicable to procaryotes and eucaryotes, but since most investi- 
gative work was performed with Ad. phkci, it will be considercd here. The 
scheme involved the formation of a quinone niethide 111 wliicli picked up 
inorganic phosphate (Pi) and evcntually transferred this unit to ADP as 
shown. The scheme was supported by the finding that 6-chromanyI 



13. Biological reactions of qiiinones 727 
phosphates such as 112 could reduce cytochrome c and convert ADP to 
ATP when incubated anaerobically with appropriate extracts of M .  p l ~ i e i ' ~ ~ .  
Despite its inherent plausibility and beauty, the weight of experimental 
evidence187 is now against this scheme. Current thoughts on the 
mechanism of oxidative phosphorylation are contained in references 
152-1 54. 

R R R 
(111) 

ADP [oxidation Y I 
0 reduction 

f--- 

R R P = phosphate R 
(W i = inorganic 

B. The Quinones that are Secondary Metabolites 

Two observations emerge from Part A of this section which are 
particularly striking. Firstly, the structures of plastoquinones, ubiquinoncs 
and inenaquinones are markedly alike. They all possess polyprenyl side- 
chains and can be deemed formally substituted benzoquinones. Secondly, 
and with the exception of chlorobiumquinone and rhodoquinone, there 
is little species specificity. The same ubiquinone which powered the 
muscles of a Caesar's conquering hand provides the lowly alga with its 
energy needs. This latter feature is a characteristic of all primary 
metabolites. In contrast thereto, secondary metabolites exhibit great 
species specificity sonietinies even being strain-specific. It is this fact, 
maybe more than any  other, that has made the problem of dcterrnining 
their function so difficult. 

An interesting avenue of exploration has opened up with the demon- 
stration that quinones are found in the defensive secretions of several 
arthrOpOdS~*S~~~ 1 ) .  By far the most spectacular defence mechanism is that 
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of the bombardier beetles189. When threatened, these creatures jet onto 
their assailant a concoction of benzoquinones ir, hydrogen peroxide! 
Several substitution patterns are found in the beiizoquinone armoury of 
the arthropods, viz. ethyl; 2,3-dimethyl; 2,5-dimethyl; 2,3,5-trimethyl; 
methoxy; 2-metho~y-3-methyl l~~~.  Recently 6-niethy1, 6-ethyl, 6-propyl 
and 6-butyl-lY4-naphthoquinones have been identified in the defensive 
secretions of the tenebrionid beetle, Argoporis alutacael”. 

Along similar lines of function should be considered the ‘fungal 
melanins’ The sporophores of species of Dalzinia are darkly coloured 
due to the investment of their cell walls with quinonoid polymers such as 
113 lg2. This polymer can be formed by phenol coupling of Iy8-dihydroxy- 
naphthalene (114). 

OH OH OH OH 

OH OH 
n 

(1 13) 

Not all the secondary metabolites, however; can be considered to have 
a defensive or structural role. In an attempt to rationalize the existence of 
the phenomenon itself, Bu’Locklg3 proposed that secondary metabolism 
is the organism’s response to exhaustion of a specific nutrient from 
the environment. This nutritional deficiency causes a ‘dislocation’ in the 
orgznism’s primary metabolic process, a ‘dislocation’ which takes the 
form of momentarily elevated levels of a few primary metabolites such as 
acetate, mevalonate, shikimate, etc. These elevated pool sizes trigger the 
production of secondary metabolite synthases and secondary metabolisiii is 
under way. In this manner, the organism protects itself from undue over- 
accumulation of any primary metabolite. Bu’Lock’s ideas have been 
amplified in two recent reviews by Weinbergl9.’P 19-j. While this concept of 
secondary metabolite function has much to commend it, and may, in fact, 
be correct in many situations, it is not the complete answer. Many 
secondary metabolites, both qirinonoid and otherwise, are formed before 
any nutritional deficiency can possibly be felt, e.g. Iawsone production 
in developing cultured root tips of b1ipafiens Dalsai?rimPG. For such 
materials, our search for functional significance must continue. 
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IV. EPILOGUE 

It  is apparent that quinones play a variety of roles in our overall life cycle 
and that interest in their biological function has stimulated basic chemical 
research in several areas. The use of quinones, in fact, dates to antiquity 
and the recorded and verifiable history of these compounds is perhaps 
longer than that of any other group of naturally occurring compounds. 
Quinones came to man’s attention in two ways-as pigments and as drugs. 

As drugs, the use of crude preparations of various plants as purgatives 
has been recorded for well over 4000 years. Rhubarb, which contains 
various anthraquinones, is described in the Chinese herbal, Pen-king, 
believed to date from 2700 B . C . ~ ~ ’ .  The use of senna was introduced by 
the Arabs who described its properties as early as the 9th centuryl”. 
Its use survives today even in Europe and the United States and many 
other plant extracts have been used for the same purpose. 

As pigments, two materials stand out, henna and mzddcr. Henna is a 
paste of powdered leaves of Lawsonia iriennis and has been used since 
antiquity as a cosmetic. I t  was considered indecent in ancient Egypt not 
to dye the fingernails with the orange-red colour of this preparation and 
many mummies have been found so decoratcd. It has also been used to 
dye parts of the hands, feet, hair and beard, as well as the manes of horses. 
Henna is believed to be the ‘camphire’ of The Song of Sol01110~1~~~ and was 
also used in the preparation of Moroccan leather200. The active principle 
is 2-hydroxynaphthoquinone (lawsone). Even in 1972, henna preparations 
are still used to dye hair (in the United States)?O’; to the younger hair- 
dressers who are ‘into ecology’, it has the advantage of being a natural 
substance unassisted by chemistry! 
Madder, a preparation of the root of Rribia tiizctoruii? and other plants, 
contains the anthraquinone, alizarin. Cloth dyed with madder (which has 
not faded) has been found on Egyptian mummies, and it is also said to 
have been used to dye the cloaks of Libyan women i n  the days of 
Herodotus202. Madder was also used as a drug (to treat amenorrhea) by 
the ancients and in the Middle Ages. 

A recent investigation of human bones from the cemetery at  Qumran 
has provided evidence that the diet of this Dead Sea community included 
the madder plant. Alizarin has long been known to have a selective 
affinity for bone-forming areas of the skeleton and when growing animals 
are fed on madder, or subject to alizarin ii>jjection, the extremities of the 
loiig bones are particularly stained. Seven of ten skeletons from Qumran 
were likewise stained and a dcfinite identification of alizarin was possible 
by infrared spectornetry. I t  is known that madder root was made into 
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garlands by JCWS from the second century B.C. to the second century A.D. 

as a preventive against witchcraft. Arabs still make a sherbet dr ink of 
madder which protccts against  thc ‘evil eye’. The  concrete evidence for  
the dietary use of madder by the Essenes identifies a cultural custom 
persisting for  at least 3,000 years203. 

Madder  was a major commercial dyestuK of considerable importance 
until the present century. The chemical synthesis of  alizarin from anthra- 
cene by Graebe and Liebermann in 1868 a n d  the developnient of a viable 
commercial process by Sir William Perkins (1 869) are, of course, mile- 
stones in the history of organic chemistry. Synthetic alizarin was  placed 
o n  the market  in  1871 (for historical review, see FiescrZa‘). 
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1. INTRODUCTION 

Simple quinone-hydroquinone couples are perhaps the most thoroughly 
studied organic redox couples. Discussions of the quinhydrone electrode 
are included in most instrumental analysis and elementary physical 
chemistry textbooks and can be found in some freshman chemistry books. 
The half-reaction (1) is presented as a typical reversible couple whose 

Q + 2 H + + 2 e -  7% QH, (1 1 

potential is rapidly established at an electrode surface and obeys the 
Nernst equation. 

In these equations and throughout this chapter, Q represents the oxidized, 
or quinoidal form, QH2 represents the hydroquinone form, and ai is the 
activity of the ith species. The remaining terms in equation (2) have their 
usual significance. Under ordinary polarographic or potentiometric 
conditions equilibrium behaviour is observed for equation (1) and potentials 
of quinhydrone couples readily give solution pH values. But when the 
electrode kinetics of quinhydrone couples are examined closely, non- 
textbook complexities are evident. 

Since quinone couples are easily studied and often readily available, 
they have been used as test cases for experimental verification of various 
theoretical models. Thus a wide range of ideas and methodologies have 
been applied to the interpretation of the elcctrochemical behaviour of 
quinone couples. Approaches to the study of quinone electrochemistry 
range from classical Tafel plots to pure voltainmctry to synthetic organic 
chemistry. The outline chosen for this review is primarily mechanistic in 
nature. Contributions to the understanding of the kinetics and mechanisms 
of quinone and hydroquinone electrode reactions are reviewed. Both 
homogeneous and heterogeneous reactions are included. Electrode 
reactions of ortho and para quinones are emphasized; the isoelectronic 
quinonediiniines, the phcnylenedianiines and their derivatives are 
mentioned only in passing. Purely analytical applications are not included. 

The literature coverage is not intended to be complete, the emphasis 
being on the last fifteen years although an attempt has been made to 
include the important early polarographic papers. The pioneering 
potentionietric studies of Michaelis, Fieser and others arc not dealt with 
as this work is well covered in the monograph by Clark'. Literature 
coverage for this chapter extends into earIy 1972. 
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The electroclieinistry of quinones has been reviewed previously. The 
relevant chapters in  the books by Kolthoff and Linganez and by Brezina 
and Zuman3 are excellent introductions to the older polarographic 
literature. The latter is espccially strong on the analytical applications to  
physiological and biological samples. Quinones are also covered in  the 
comprehensive text by Heyrovsky and Kuta4, in the book on non-aqueous 
electrochemistry by Mann and Barnes5 and in the monograph by Adam@. 
The chapter by Peover', who has made major contributions to modern 
quinone electrochemistry in non-aqueous solvents, is quite useful in this 
area. The biennial reviews in AtialJticaZ C/ietnistry by Wawzonek and 
more recently by Pietrzyks-I3 contain sections on quinones and are an 
extremely useful and complete soiirce of references. 

None of these reviews contains an extensive survey of the kinetic and 
mechanistic aspects of the quinone electrode reactions and it is hoped that 
this chapter will f i l l  that void. 

11. HALF-WAVE POTENTIALS 

A. Aqueous Solutions 

Quinone reductions at the dropping mercury electrode (d.ni.e.) are 
often electrocliemically reversible and consequently polarographic half- 
wave potentials ( E , )  of quinones are good approximations to potentio- 
metric formal standard potentials, Eo' values. These terms are related by 
the familiar equation ( 3 )  at 25°C where the potentials are given in volts. 

If the ratio of the diffusion coefficients of the oxidized and reduced forms 
of a couple is within 1O'X of unity, as is iisually the situation for quinone 
couplcs, we have equation (4). 

E,  = E"' 5 0.001 V (4) 
The polarographic experiment is less tedious than tlie potentiometric one 
and E;s for a great variety of quinones in various mixed solvents are 
scattered throughout tlie chemical literature. The variety of experimental 
conditions (solvent, pH, supporting electrolyte, buffer components, etc.) 
makes a suniniary of El, data in aqueous solulions impracticable here. 
The monograph by Zunian'-' contains an outstanding compilation of the 
older E"' and El, data i n  the chapter on quinoidal compounds. Recent 
reports which contain extensive E ,  data on quiiioncs i n  aqueous solution 
incIudc the following series : I2 I pyrocatecholsY5, 27 pyrocatechols"', 
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104 substituted 1,4-naphtlioq~1i1iones~~, 35 sulphonyl derivatives of 
benzohydroquinonels, 43 benzoquinones19y 1 5 thio- and plienylsulphonyl 
benzoquinones20, 25 benzohydroquinonesZ1, 12 halogenated and sulphon- 
ated 9,10-di1iydroxyant1iracenes~~, 23 substituted amino derivatives of 
benzoquinoneZ3 and 26 aniinoquinones and quinone thiocthers”’. 

6. Non-aqueous Solutions 

Table 1 in the Appendix to this chapter lists half-wave potentials for 
quinones in non-aqueous solvents. The first value listed usually corre- 
sponds to the reduction potential for the simple one-electron process (S ) ,  

Q+e-  Q’ (5) 

to form tlie seniiquinone anion. A second electron can be added to most 
quinones a t  more negative potentials and other waves may be present as 
well. The potentials for these waves are given in Table I when they are 
available. 

Many of these E!  values are referenced against an aqueous saturated 
calomel electrode (s.c.e.). Unfortunately, due to the variable liquid 
junction potentials which are encountered with this electrode in non- 
aqueous solvents, the aqueous s.c.e. is recognized as a poor choice for a 
non-aqueous reference electrode. The Ag/Ag+ couple is often used as a 
basis for a non-aqueous reference electrode and is a superior choice to 
the s.c.e. However, when E ,  values are measured in non-aqueous solvents, 
some attempt should be made to relate the potential of the reference 
electrode used to the aqueous s.c.e. so that a comparison with the 
literature is possible. Best values for the half-wave potentials in Table 1 
are difficult to determine because the reference electrode and liquid 
junction potentials cannot be compared in many cases. The half-wave 
potentials in this table have been rounded off to the nearest 0.01 V. 
Different experimenters working on the same systcm have obtained no 
better agreement than this. However, internal precision for a given 
series of quinones niay well be better than 0.01 V and this information is 
not contained in Table 1 .  Also, in some cases tlie E,s of simple derivatives 
of heterocyclic quinones are not given even though the data are available 
in the literature. The reader is referred to the literature on the parent 
compound in these cases. 

Table 1 is organizcd in  the following general manner. Simple quinones 
and their derivatives arc given first, followed by the more complex hydro- 
carbons and then some heterocycles. The table is not meant to be a n  
exhaustive Iisting (especially for- the heterocycles), but does represent a 

- 
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thorough literature scarch through 1971 and is a good entry into the 
literature for systeins not discussed explicitly in this chapter. 

C .  Substituent Effects 

Substituent effccts on reversibie half-wave potentials of quinone/ 
hydroquinone couples have been elegantly treated by Zunian in a 1962 

Half-wave potentials and E"' values for several series of benzo-, 
naphtho- and polycyclic quinones were shown to correlate with substituent 
constants using a modified Hamniett equation : 

AE5 = P n , Q 0 1 ) - S  (6) 
In this equation 4E3 is the shift i n  half-wave potential relative to the 
unsubstituted quinone, pn,(> is the proportionality or reaction constant in 
volts arid is the total polar substituent constant. The latter term is 
based on the acid dissociation constants of a series of substituted benzoic 
acids, 

and contains contributions from both polar and rcsonance effects. For 
a quinone/hydroquinone couple polar cffects would be predominantly 
operative in the quinone form, while resonance eKects would be more 
important in the aromatic hydroquinone or semiquinone forms. Perhaps 
the most spectacular siiccess of equation (6) is afforded by the corrclation 
of the one-electron €,s of quinones in acetonitrile solutionsz6 shown in 
Figure 1 14. The reaction constant, P , , ~ ,  for these data is 0.53 V and a 
range of almost 1.4V is covered. Because the electrode process in this 
solvent is a simple one-electron step, this reaction constant can be viewed 
as a n  intrinsic parameter of the elcctron transfcr process. In aqueous 
solutions much lower proportionality constants are obtained (ca. 0.2- 
0.3 V) and substituent effects are not always additive in a series of poly- 
substituted quinones. As Zuman has pointed out1", care must be taken in 
interprctatioii of AE, values in aqueous solutions because acid-base 
dissociation constants of substituted quinones and hydroquinones wilI be 
influenced by the substitueT?ts. In  order to apply equation (6), the experi- 
nienter must establish that the E I  versus pH dependence is identical for 
each member of the series under the experimental conditions of the study. 
For further details the reader is referred to Zu~nan's monograph14. 

0 1 l - S  = 1% ~ ~ ( s c ~ I I , c o ~ l l / n ; ' c , ~ ~ ~ ~ ~ ~ I ~ ~  (7) 

D .  Molecular Orbital Correlations 

Simple molecular orbital theory was used to interpret potentiometric 
ED salries of quinones scvct-nl years ago with sonic s i i c c e s ~ ~ ~ - ~ ~ .  Following 
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FIGURE 1. Relation of half-wave potentials for the reduction of substituted 
p-benzoquinones in acetonitrile solution to the sum of the Hamniett sub- 
stitucnt constants Ccq-s.  Half-wave potentials from reference 26; supporting 
electrolyte 0.1 M N(C21-15) ICIO,. Value for tctrafluorodcrivative (full point) 
deviates. (a) first wave; (b) second wave. (Reproduced with permission from 
P. Zuman, Srrbstititetlt Efler~s iri Organic P O ~ O W ~ I Y I ~ ~ I J ~ ,  Plenum Press, 1967, 

Figure VIII-6, p. 257.) 
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Maccoll", who first denionstrated the relationship between electron 
affinities and polarograpliic EA values, equation (8) is readily derived32. 

Here the half-wave potential is equal to -El12+l, the negative of the 
energy of the lowest unoccupied molecular orbital (l.u.m.o.), plus a 
constant which includes the difference in solvation energies of the neutral 
molecule and its radical anion. IF this last term is constant, A€, for a 
series of quinones should be given by -AE,,,t.l. This relation has been 
demonstrated experimentally by Peover"3."'I for a linii ted series of 
unsubstituted quinones in acetonitrilc. The half-wave potential of the 
second one-electron wave correlates with €,,t.kl as well, thus indicating 
that both the first and second electrons are added to the 1.u.m.o. in the 
electrode processes. 

Dewar's semi-empirical molecular orbital procedure has been applied 
to the calculation of redox potentials for 25 quinone/hydroquinone 
couples3". The calculated values show good correlation with potentio- 
metric Eo' values in 95% ethanol, O . l h r  LiCl, 0 . 1 ~  HCl solutions. 

Correlation of Eks for substituted quinones with molecular orbital 
calculations has not been as successf-ul. Hydroxyl derivatives i n  particular 
exhibit half-wave potentials more positive than those predicted by theory3G. 
In some of these cases there is evidence that the elcctrode processes involve 
inter- and intramolecular hydrogen bond formation, thus invalidating a 
simple application of n1.o. theory. The half-wave potentials for the first 
and second one-electron waves of a series of mono- and disubstituted 
chloroanthraquinones correlate with the energies of the l.u.m.o., but with 
different slopes?'. In this series it appears that interactions of thc chloro 
substituents with the reducible group are weaker in the semiquinone than 
in the quinone. 

Ring-strain effects on half-wave potentials are nicely illustrated in a 
series of substituted 1,4-naphthoq~i~nones~~. Strain in the cyclobutane 
derivative induces more p character and less s character i n  the bonding of 
the carbons in the 2,3-positions and decreases the ability of the a-carbons 
to donate electron density to the quinone framework. Thus the half-wave 
potential of the cyclobutane derivative is almost the same as that of the 
parent naphthoquinone where there are no a-carbons to donate electron 
density. The strain-free cyclohexane derivative, on the other hand, has a 
half-wave potential almost identical with that of 2,3-diniethyl- I ,4- 
n aph t h oqu in one. 



744 James Q. Chambers 

E; = - 0.685 V - 0.695 V - 0.748 V 
0 

0 
- 0.854 v 

E. Spectroscopic Correlations 

The most thoroughly interpreted correlation of u i one half- lave 
potentials is that between the niaxiinuni frequency of donor -> quinone 
charge-transfer absorption bands (vCT) and polarographic E, values due 
to Peover and coworkers'G* ''> "O. Quinones readily serve as acceptors in 
charge-transfer coinplcxes with aromatic hydrocarbon donors such as 
anthracene, pyrene, hexaniethylbenzcne and others. The cnergy of the 
long wavelength absorption of the resulting complex can be approximated 
by the Mulliken equation, 

hvCT = In - E-\ + constant (9) 

where ID is the ionization energy of the donor molecule and E, is the 
electron affinity of the acceptor. Using this equation, Peover and coworkers 
showed that vcT and Ei values for equation ( 5 )  i n  non-aqueous solvents 
permitted estimates of relative electron aflinitics of quinones. Since the 
electron affinity of p-benzoquinone was known from gas-phase nieasure- 
ments, absolute values of E-1 were determined for 13 mono-substitutcd 
quinoneP. The principal assumption underlying the measurement is that 
solvation energies are similar throughout the series under study. For 
simple quinones in which a large fraction of the charge is localized on the 
oxygen atoms the approximation should be a good one. This assumptioil 
is usually necessary when spectroscopic E,, correlations are made and has 
been discussed by Peover". Other correiations of this type have been 
demonstrated for a series of high-potential quinoncs'l2. 

Various additional spectroscopic correlations have been proposed. A 
sampling of these involves the correlations of quinone half-wave potentials 
with the following parameters : the energy of the long wavelength IZ + T* 
transition of 12 para and 3 ot.tho quinones"", the shift (x) of the 0-H 
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stretching mode in some methyl-substituted benzoliydroquino1ies4~, the 
p.m.r. chemical shifts of H, and H, i n  2- and 2,3-disubstitutcd naphtho- 
quinonesJ5, the encrgies of the absorption bands of the radical anions46, the 
e.s.r. hyperfine splitting constant of the aniiiie nitrogen in a series of 
amiiioseiniquinones'" and the activation energies for the decay of a 
photoexcited state", 

111. ELECTROCHEMISTRY IN NBN-AQUEOUS SOLVENTS 

In aprotic non-aqueous solvents quinoncs are reduced in two successive 
one-electron steps which are elcctrocheniically reversible under usual 
polarographic conditions : 

e-  - c- 

Q Q' Q2-  

The first clear demonstration of semiquinone formation in the first 
polarographic wave was given by Wawzonck and coworkersJS. In this 
early work, benzoquinone, duroquinone, 2-niethylnaphthoquinoiie and 
anthraquinone were studied in acctonitrile (MeCN) and N,N-dimethyl- 
formamide (DMF) and the eflect of proton sources on the positiom and 
heights of the two waves noted. Several years later the first observation of 
an e.s.r. signal from a n  electroclicmically generated radical ion was inade 
by Austen and coworkers49 who observed the spectruni of the radical 
anion of anthraquinone aftcr freezing an electrolysis solution. These 
simple experiments have becn refined and repeated for many quinone 
systems undcr a variety of experimental conditions in  the last fifteen years. 

The straightforward polarographic bchavioul- of quinones in aprotic 
solvents can be altered by any perturbation on the diffusion layer con- 
centrations of Q, Q-or Q". Acid-base, ion-pairing and complex formation 
equilibria are the principal perturbations on those concentrations which 
have been studied. These cffects can simply shift the first or second 
quinone reduction waves in  a Ncr-nstian manner or can completely 
eliminate waves and replace them with new diffusion or kinetically 
controlled processes. For the most part the electrochemistry of quinones 
and liydroquinones in non-aqueous solvents involves these diffusion layer 
chemical reactions. The electron transfer reactions appear to be very fast, 
and when attempts have becn made to nieasiire them, diffusion-controlled 
reactions have been indicated"'. Furthermore, adsorption seeins to be 
minimal in these solvents for most simple quinones and does not come into 
play unless biologically iniportant quinones with large moleciilar weights 
are examined. 
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A. Proton Donor Effects 

1. General considerations 

As electrons are added to the quinone structure (equation lo), the 
electron density on the oxygen atoms and the basicity of the molecule 
increases dramatically. Each of the species i n  equation (10) is capable of 
accepting one or two protons. For p-bcnzoquinone, the fully reduced 
dianion is a relatively strong base, the pKas of p-benzohydroquinone being 
10-35 and 11.4. The pK,s of the seniiquinone oxidation state are much 
smaller. For QH' a pK, of ca. 4-0 has been deterniined by pulse radiolysis 
and e.s.r. measurements in aqueous solutionsjO-j'. The pK, of QHI has 
not been reported, but this species is stable in strongly acid media such as 
AIC1,-MeNO, mixtures"" and concentrated sulphuric acid"'. The quinoidal 
structure is more difficult to protonate and few rcports of K,s for QH+ 
species are in the literature. Biederinann has estimated p K z  - 1 for 
protonated p-benzoquinone froin shifts of less than 1 mV i n  the potentio- 
metric E"' value in concentrated acid  solution^^^. However, there is some 
dispute over this value since quinone species which are stable in con- 
centrated acid solutions give pK values considerably lower on a Hamniett 
acidity function scale56*57. Badoz-Lanibling and Demange-GuCrin report 
that p-benzoquinone is not protonated in DMF by perchloric acid on the 
basis of spectrophotornetric 

In non-aqueous solvents, in which a wide range of hydrogen ion 
activity is possible, the role of proton donors and proton availability in 
quinone redox processes becomes clearly evident. Potential shifts of almost 
1 V can occur for a reduction of a given quinone by variation of the type 
and amount of proton donor present i n  non-aqiieoiis solvents. Incidentally, 
these results were anticipated, in part, by Muller who studied the quin- 
hydrone couple in weakly buffered aqueous solutions""-"l. He found that 
both the amounts of buffer components present and the rates at which 
they act as proton donors or acceptors would effect the position of the Q 
and QH, waves. In a now1 experiment, the addition of the enzyme 
carbonic anhydrase, which catalyses the acid-base proton transfer 
reactions in carbonate buffers, converts an irrevci-sible Q/QHz polaro- 
graphic wave (pH 7.5, carbonate bufler) into a reversible oneG1. 

If  each possible protonated form is considcrcd, a nine species array of 
electrochemical pathways is possible (equation 1 1). The Q/QH2 couple 
has been analysed i n  t e r m  of this array previously by Jacq6? and 
by Jeftic and ManningG3. If we ignore the unlikely intermediacy of 
the QHg+ species, there are five possible pathways from Q to QH3. 
By the addition of proton donors of varying acid strength, each of 

f 
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these routes can be demonstrated in the electrode reactions of most 
quinones. 

Q 

OH'+ 

I1+ii 

e -  - 
L Q' 

2. Protonation of €4' and Q2- 

In their early experiments Wawzonek and coworkers4* observed that 
addition of water to DMF solutions shifted the second one-electron wave 
of several quinones to more positive potentials and did not markedly 
alter the first one-electron wave. These results indicate that rapid 
protonalion of Q2- is taking place in the diffusion layer. If stronger proton 
donors than water are employed, it is possible to protonate Q' at  potentials 
of the first wave. This was first demonstrated by Given and PeoverG1, 
who studied anthraquinone reduction in the presence of phenol and 
benzoic acid. With the lattcr proton donor, the first wave is increased at 
the expense of the second until a single two-electron wave is observed at a 
5 : 1 ratio of acid to quinone. This beliaviour is interpreted by postulating 

protonation of Q- to form QH', which is reduced at  the potential of the 
first wave (equation 12). This is the mechanism originally suggested by 

Hoijtink and coworkers for the reduction of aromatic hydrocarbons in 
the presence of HIGj. The fourth reaction represents a solution electron 
transfer step which will be thermodynamically favoured if QH' is readily 
reduced at  the potential of the first wave. This reaction was initially 
suggested by Austen and coworkerszt9. The calculations of Hoijtink for 
hydrocarbons show that the e!ectron affinity of the protonated radical 



748 James Q. Chambers 

anion is greater than that of the parent hydrocarbon and thus one two- 
electron reduction occurs. This pathway has been shown to be operative 
in several quinone reductions including stilbene quinonessG, a-tocopheryl- 
quinoneGi, ubiquinone-IG8 and 2-niethylnaphthoquinone”” in addition to 
the simple oneso4. 

3. Disproportionation reactions 
Reactions other than those contained in equation ( 1  1 )  are possible 

in the presence of proton dor,ors, e.g. disproportionation and dimerization. 
Umemoto has found that the Hoijtink mechanism (equation 12) does not 
describe the reduction of anthrzquinone (AQ) in the presence of a large 
excess of wateri0. In 50% water-DMF mixtures, the anthraquhone 
reduction wave has almost reached a two-electron height, although the 
semiquinone species has an  appreciable lifetime in solution. A kinetic 
analysis of the decay of the e.s.r. signaf indicated that the radical species 
decays via a disproportionation reaction : 

AQ;+AQ’ 7 AQ+AQ2- 
(1 3) 

AQ*-”2 HZO T-\ AQH,+2 OH- 

Disproportionation reactions for AQ‘and AQH have also been discussed 
by Kuwana and c o ~ o r k e r s ~ ~ * ~ ~  who report absorption spectra of anthra- 
quinone reduction products in LiOH solutions using optically transparent 
electrodes71. 

Solvent effects on the E p  of AQ in DMF/H,O mixtures have been 

correlated with the &Imas of the absorption bands of AQ: and AQ2- in  
the visible regioni3. Marked blue-shifts are observed, which are consistent 
with strong hydrogen bonding beLween the anions and water. 

4. P reproton at ion reactions 
If the proton donor is a sufficiently strong acid, quinone reduction 

occurs via the protonated species, QH+. For simple benzoquinones, 
addition of acids such as perchloric acid, p-toluenesulphonic acid and 
chloroacetic acids results in the appearance of a ‘prewave’ which is 
proportional to the concentration of the acid. These prewaves occur at 
potentials as much as 0.6 V more positive than the simple one-electron 
reduction of the corresponding quinone. This potential shift is too large 

to be explained by a rapid follow-up protonation of Q;in the diffusion 
layer and suggests prior protonation of the quinone (equation 14). 

Q+H+ 
9 e - ,  n 4- ___, Q Hz 

t 
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Although the ineqllality, kl[H+] < k-l ,  obtains under most poIarograpIiic 
conditions, reduction may proceed via QHf if k,[H-f-Iz2 is large, where 
[H+],, is the concentration of hydrogen ions in the diffuse double layer. 
These 'QH+ waves' in non-aqueous media have been reported for simple 
quinonesG3* 7477, ben~opyrenequinones~~, biologically important 
q u i n o n e ~ ~ ~ - ~ ~  and others. Reduction via QH+ is similar to the mechanism 
proposed by Vetter79 for quinone reduction in acidic aqueous solutions 
which is discussed below. Significantly, the non-aqueous QH+ waves have 
roughly the same appearance and position for mercury, platinum and 
carbon electrodes7j. The involvement of adsorbed hydrogen atoms in the 
electrode process is therefore unlikely. However, in the presence cf excess 
acid on electrodes such as platinum the reduction process can be compli- 
cated by the simultaneous evolution of hydrogenG7. 

The QHi-  wave is dependent on both the pK, of the proton donor and 
the basicity of the quinone. By introducing electron-donating substituent 
groups on the quinone ring, Cauquis and coworkers have clearly denion- 
strated the intermediacy of the QH+ species7'. For 2,6-dimethoxybenzo- 
quinone and 3,3',5,5'-tetraniethoxybiphenylquinone, the QH+ species are 
readily prepared in acetic acid-acetonitrile solutions and their U.V. and 
visible absorption spectra obtained. For these quinones the two-electron 
QH-f- waves have a log slope of 30 mV and shift by 30 mV per decade 
increase in acid concentration. These results are consistent with a 
reversible two-electron reduction of QH+ to QH,. 

The value of -E& for the QH+ wave in methyl cellosolve solutions is 
directly proportional to the pK, of the proton donor. For a series of 
proton donors including chloracetic acids and chlorophenols, the E, for 
QH+ was found to shift by ca. -50 mV per unit increase in pKz,80*s1. 
Similar dependences have been reported in DMF solutions by Demange- 
GuCrin8" and by Kheifets and coworkerss3~ 84. 

While the intermediacy of the QH+ species is well established, the 
kinetics of the reduction process (equation 14) have not been worked out. 
In general the QH+ wave is somewhat drawn-out and exhibits kinetic 
character. (The term 'kinetic character' is used i n  the sensc that the flux 
of an electroactive species at  the electrode surface, and hence the current, 
is limited by the rate of a chemical reaction which is slow 011 the time 
scale of the electrochemical measurement.) Even the well-behaved systems 
studied by Bessard, Cauquis and Serve77 (see above) exhibit kinetic 
character when the time scale of the electrochemical experiment is 
decreased. Thus the experimental current function of 3,3',5,5'-tetra- 
methoxybiphenylquinone in HClO, solutions decreases at  fast sweep 
rates". Similar behaviour was observed for the duroquinone QH+ wave 
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in aceto~iitrile'~. On the other hand, the current function of the un- 
substituted benzoquinone on both mercury and pfatinum electrodes was 
found to be constant at  sweep rates u p  to 500 V/S'~.  Slow heterogeneous 
steps, both electron transfer and adsorption, as well as slow protonation 
reactions, are possible kinetic complications in these QHf electrode 
reactions. 

The QH+ wave has been exploited by  several workers for the analytical 
determination of acids. For example, Takamura and H a y a k a ~ a ~ O * ~ ' * ~ ~  
have been able to analyse mixtures of acids, e.g. acetic and perchloric 
acids, which give separate QH+ polarographic waves. In the presence of 
excess quinone these waves are proportional to the acid concentrations. 
This procedure has also been used in unbuffered aqueous solutions for 
the detcrniinztion of trace acidic componentssG. 

5. Reduction of hydroxylquinones 
Hydroxy derivatives of quinones fall into a somewhat special category 

since mechanistic complications not encompassed by equation (1 1) are 
possible. These molecules can function as proton donors themselves, and 
if the hydroxyl substituent is cx to the carbonyl group, intramolecular 
hydrogen-bond formation can stabilize the intermediate semiquinone 
species. This latter behaviour is well documented in the e.s.r. literature". 
Thus half-wave potentials for a-hydroxylquinones are more positive than 
those of the parent compounds by up to 0.4 V and do not correlate 
with Hammett substituent constants or siniple molecular orbital 
ca lc~i la t ions~~~ 31, 3G9 ss. 

By far the most thoroughly studied a-hydroxylquinone is I-hydroxy- 
9,10-anthraquinone, HOAQ. Piljac and Murrays9 studied the effect of 
proton donors on the electrochemistry of HOAQ and its conjugate base 
(OAQ-) in  several non-aqueous solvents and came to some interesting 
conclusions. Reduction of OAQ- i n  the absence of added proton donors 
occurs in a two-elcctron, one-proton step in which protons are supplied 
by  the media: 

Addition of the weak proton donor, phenol, results in the appearance of 
two new diffusion-controlled waves at  potentials more negative than the 
reversible one-clcctron reduction of HOAQ and more positive than the 
two-electron reduction of OAQ- (equation 15). The first of these waves 
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is assigned to the reduction of a heteroconjugate acid-base dimer via the 
following reactions : 

GH,OH+OAQ- ~ % [C,H,OH.*.OAQ]- 

[C,H,OH--OAQI-+e- ---+ HOAQ'+C,H,O- (1 6)  

[C,H,OH s.9  OAQI-+ C,H,O- [C,H50H *..0C,H5] - + OAQ - 

The overall reaction is 

OAQ-+2 C,H,OH+e- ----+ [C,H,OH-OC,H,]-+HOArS' (17) 

The second wave is due to reduction of unreacted OAQ-; i.e. 

OAQ-+e- -----+ OAQ2- 
(1 8) 

In equations ( I  6)-(1 S), the homoconjugate acid-base dimer, 
[C,H,OH-.OC,N,]-, is a product of the reductions. This species can 
also act as a proton donor, e .g .  equation (18), but is a weaker acid than 
phenol. Splitting of the second wave in the reduction of HOAQ i n  the 
presence of phenol is attributed to follow-up protonation reactions by 
both C,H,OH and [CGH50H --OC,H,]-. These results of Piljac and 
MurraySg, which are supported by spectroscopic in  addition to polaro- 
graphic data, represent one of the most detailed analyses of proton donor 
eKects in non-aqueous electroorganic chemistry. 

OAQ2-+[C,H,0H...0C,H,]- ~ > HOAQF+2 C,H,O- 

6. Carbon-oxygen bond scission 

Finally, scission of carbon-oxygen bonds has been reported for some 
quinones by reduction at very negative potentials in the presence of an 
excess of proton donor. For example, electrolysis of anthraquinone- 
phenol solutions in DMF-tetraethylammonium iodide at -2. I5 V 
versus s.c.e. gives a 60% yield of 9,1 O-diliydroantliraceiie!lo. Similar 
products were obtained for some halogen derivatives of anthraquinone 
by Bezuglyi and coworkers91 who report the following stoicheionletry i n  
DMF solutions. 

030 (19) 
0 + 8 C,H,O- f X-  

+ 2 H,O 

Phyllochromanol acetates are reduced via two routes (equation 30) in 
Dbl F". In the absence of added proton donor, C-0 bond fission occurs 
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(route a) to yieId the hydroquinone form, while in the presence of a 
hundredfold excess of phenol the chromanol ring remains intact during 
the reaction. In the absence of added proton donors (route a) protons are 
presumably supplied by residual water and/or the supporting electrolyte. 

OAc OAc 

? R' 3 -  
R' 

4, 
OAc OAc 

B. Oxidation of Hydroquinones 

All of the oxidative pathways from QH, to Q contained in equation 
(1  1) have been postulated for various hydroquinone oxidations in non- 
aq iieo u s so hen t s . In the presence of excess tetra bu ty lam ni on i u ni 
hydroxide both protons are removed from simple hydroquinones and 
separate one-electron waves are observed for oxidation of the Q'- and 
Q' species'j? s3. In these strongly basic solutions, this apparently siinple 
behaviour is complicated considerably by autooxidation of the quinoneG9 
and by precipitation of a QH- salt82.93. The solubility product 

- 
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K5p = [NBuZI [QH-3, is 1044-5 for the tetrabutylammonium salt of the 
monoanion of p-benzohydroquinone in DMFa2vgD3. Thus, as Q H L  is 
titrated with NBu,OH in acetonitrile, all voltammetric waves decrease 
until the end-point is reached. Past the end-point the precipitate dissolves 
according to equation (21). 

(21 1 NBu,QH+OH- ----+ NBu$+Q2-+H,0 

I .  Oxidation of QH- 
Oxidation of QH- can be observed by the use of a non-hydroxylic base 

such as pyrr~lidine’~, 2 ,6 - l~ t id ine~~  or pyridineG9. In these solutions a new 
wave appears at potentials ca. 0.7 V more positive than the corresponding 
QH, oxidation wave. This wave has been assigned to oxidation of a QH- 
species (equation 22). The analysis is similar to that for the QHf wave 

QHz+B ’’ BH++QH- 
kl  

QH’ = -. Q:+H+ 

Q’ - Q+e- 

discussed above; i.e. if kl[B],, is large, oxidation can proceed via QH-. 

fast - 

2. Oxidation of QH, 
Oxidation of the fully protonated hydroquinone occurs via an 

irreversible two-electron process (equation 23). The products of the 

QH, - Q+2H++Ze- (23) 

oxidation are the corresponding quinone and protons, which are readily 
detected in the cyclic voltainnietric experiment by the appearance of a 
QH+ wave on the reverse potential sweep. This behaviour was originally 
reported by Turner and €lvingQ4 for pyridine solutions and is general for 
aprotic soIvents7”~ 75. 

Kinetic character has been reported for QH, oxidation waves although 
this point has been disputed. The linear sweep voltamnietry current 
functions for some simple hydroquinones have been reported to decrease 
at fast sweep rates and give apparent 17-values less than two’;. Similar 
behaviour has been observed for 2-methylnaphthol~ydroquinone”. These 
results suggest the existence of a kinetically significant one-electron 
intcrmediatc i n  the QH, oxidation process, i.e. QH’  or its equivalent in 
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the following oxidation scheme: 
+ 

QH, > QH;+e- 

QH: y--- QH'4H + 

QH'Iads f--- QH' ___ z Q H +  ----+ Q 

(24) 

I > Dimer 

Several possible routes are available to a one-electron intermediate as 
indicated by equation (34). A reduction wave which has been observed in  
the cyclic voltammograms of simple hydroquinones has been tentatively 
assigned to an intermediate dimeric species7j. This interpretation has been 
challenged by Parkcr and Eberson'j who found that the limiting current 
constant for QH, oxidation at a platinum rotating disk electrode was 
constant at  angular velocities up to 500 rad/s and indicated a two-electron 
process. Furthermore, the limiting current was not decreased by the 
addition of a tenfold cxcess of 2,6-lutidine. €ggiiisgG has recently re- 
interpreted the data of Parker and Eberson in terms of a one-electron 
transfer. More experimental work over a wider concentration range 
appears to be necessary to settle this issue. 

The role of protons in QH2 oxidations is clearly indicated by the effect 
of acids on the oxidation of 3,3',5,5'-tetramethoxybiphenylhydroq~inone~~. 
The addition of 10-% HCIO, results in the increase of the linear sweep 
voltammctry current function by ca. 40"/,, although the limiting current 
at  a rotating disk electrode remains constant. This suggests an increase 
in rcversibility and implicates protons i n  a rate-determining step in the 
oxidation process. Cauquis and coworkers77 suggest that the oxidation 
proceeds via the QHfi- species in the presence of protons; i.e. 

QH, - QH;+ ~ > Q H + + H +  (25) 

3. Oxidation of tocopherols 

In some cases the two-electron hydroquinone oxidation process becomes 
elcctrochernically reversible. This is nicely demonstrated by cr-tocopherol 
and the model compound, 2,2,5,7,8-pentamethyI-6-hydroxychroman, 
which produce reversible two-electron cyclic voltamnlograms in aceto- 
nitrile solutionsg7-". 

0 e -  

R = C,,H,, or CH, 
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The resulting carbonium ion is rapidly attacked by water to give an 
electroinactive species which opens to give an electroactive quinoneg8 
(equation 27). This latter reaction has been studied in detail and has been 
shown to involve both general acid and base catalysis". 

C. Metal  Ion Eflects 

SnlalI amounts of metal ions can have striking effects on the current- 
potential curves of quinones in non-aqueoiis solvents. Both the semi- 
quinone and the quinol dianion species can complex and/or form ion 
pairs with metal ions. The usual result is to shift the first or second onc- 
electron wave to more positive potentials, but in some cases the behaviour 
becomes more complicated. 

Peover and Davies have studied the effect of metal perchlorates on the 
reduction of anthraquinone in DMF solutions100. The radical anion, 
AQ', forms a 1 : 1 complex with Li+ but not with Na+ K+, NEtz or 
NBii:. Thc dianion AQ2- is complexed by all these cations, which shifts 
the second reduction wave to considerably more positive potentials. The 
order of complexing strength is Li+ > Na I - >  K+ > NEtT > NBua. Similar 
results were indicated forp-benzoquinone and chloranil. Ion-pair formation 
is more prevalent in acetonitrile solutions, but the tetraalkylammonium 
salts, NRiQ;, were also found to be completely dissociated in  this solvent. 

Metal ions have similar effects on the reduction of 1 ,2-naphthoquinone 
and 1,4-naphtlioq~iinone in D M  F, DMSO, CH,CN, propylene carbonate 
and acetonelo'. The erect of complex formation is more pronounced with 
the ortho quinone and increases in the order, 

K-' < Na+ < Li-k < Mg2+ < Zii".!- 

With the di\ialent cations the two one-electron waves are merged into one 
drawn-out two-electron process. The solvent efTect operative in these 
systems has bccn recently interpreted in terms of solvcnt donicity'a2. 

In the above systems the NRaQ' salts were found to be completely 
dissociated at po1;lrograpIiic concentration levels. This is not always the 



756 J a m s  Q. Chambers 

case; for example, the tetrabutylanimonium salt of a pyracylene semi- 
quinone appears to be associated in DMSO1°3. 

Cyclic voltammograms and reverse current chronopotentiograms of 
p-benzoquinone at  hanging mercury drop and platinum electrodes in the 
presence of li thium ions present features more complex than suggested 
by the above polarographic results. In DMSO, chronopotentiometric 
results indicate that addition of LiCl causes the second one-electron wave 
to disappear, although the first wave retains its one-electron characterlo'. 
In  addition, a sinall wave appears at potentials between the original one- 
electron waves. Controlled potential electrolysis indicates that severe 
electrode filming occurs a t  potentials corresponding to the first wave. 
Similar results were obtained by Egginslo5 who reported deposition of a 
yellowish-bluc film on a platinum electrode in acetonitrile solutions 
containing 0-IM LiCIO,. A large anodic stripping wave was observed 
which was attributed to oxidation of adsorbed LiQH. 

D. Change-transfer Complexes 

Polarographic half-wave potentials of quinones have bcen combined 
with spectral absorption maxima of charge-transfer complexes to estimate 
electron affinities of electron acceptors (see section 1I.E above). In addition, 
PeovcrloG has developed the theory for determination of charge-transfer 
complex formation constants from shifts in the polarographic half-wave 
potentials. The theory was applied to several strong charge-transfer 
complexes, including those of chloranil and dicyanodichlorobenzoquinone 
with the donor molecules, hexamethylbeiizene and pyrene. Comparison 
of spectroscopic and polarographic methods revealed that the latter 
technique can provide a direct method of obtaining formation constants 
when one of the components is clectroactive. 

IV. E L E C T R O C H E M I S T R Y  IN AQUEOUS S O L U T I O N S  

A. Electrochemical Kinetics 

The quinonc/hydroquiiione couple presents a 'non-textbook' complexity 
when the clectrochernical kinetics arc examined in detail i n  aqueous 
solutions. The 3 x 3 array of reactants, intermediates and products which 
are intcrrelated by electron and proton transfer steps (equation 11) must 
again be taken into consideration. Indeed all nine of these species (and 
one more) have been proposcd by digererent authors in elcctrodc schemes in 
aqueous solutions, sometimes within rclatively narrow pH regions. I n  
addition, the likelihood of adsorbed species in aqueous solutions should be 
cons i de rcd. t 11 11 s r d d  i n g a t h i rd d i iiie ns i o n t 0 t hc above scheme (o q Lint i on 
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1 I). Finally, the concept of partial charge-transfer at  electrode surfaces 
has been applied to the Q/QH2 couple, further refining the above schemelo'. 

For aqueous solutions, the literature on the Q/QH, kinetics divides 
between work on mercury and work on platinum and other solid 
electrodes. The solid electrode results will be discussed first. 

1. Kinetics at  solid electrodes 

The electrochemical reduction of benzoquinone was first studied by 
Haber and Russlo8 a t  the turn of the century. In spite of the incorrect 
conclusion that quinone reduction proceeds via hydrogen ion reduction, 
this paper was weli ahead of its time. Thirty-three years later Rosenthal, 
Lorch and Hammettlo9 published a careful study of Tafel plots* for 
quinhydrone solutions i n  the pH region 1-8. These workers measured 
reaction orders at low overvoltages and found first-order dependence on 
both Q and QH,. However, the Tafel slopes were not constant and 
definitive mechanistics conclusions were not reached. 

In an important paper in the early fifties, Vetter presented Tafel plots 
at platinum electrodes that extended into the limiting current regions for 
quinhydrone solutions between pH 0.2 and 7.279*110. The limiting currents 
were shown to be purely diffusion controlled. Vetter's conclusion that two 
different consecutive charge-transfer reactions occur over a wide pH 
region has gained wide acccptance in the modern literature. The electro- 
chemical reaction orders which were established for Q, QH, and Hf 
indicated a change of mechanism between pH 5 and 6. Below pH 5 the 
order of electron and proton transfer for Q reduction is I P ,  e-, H+, 
e- (HeHe); while for p1-I greater than 6, the order is e-, Hi, e-, H+ (eHeH) 
Thus the two mechanisms are: 

Q+H+ QH' 

' QH' pH<5 QH++e- 
3- 

QH'+HC QH; 

QH;+e- - QH, 
+ 

- 
Q+e-  ------+ Q' 

- 
Q'+H+ Q' pH,6 

QH'+e- ----+ QH- 

QH-+H+ QH, 

* Tafel plots represent the familiar linear dependence of overvoltage on 
the logarithm of the current. 
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Similar mechanisms have been advanced for quinone reduction on 
mercury electrodes (see section IV.A.2 below) and in non-aqueous 
solvents (see sections III.A.2 and lI.A.4). I n  a recent paper Dohrmann and 
Vetterl’l have reached nearly identical conclusions for the duroquinone/ 
durohydroquinone couple in aqueous-methanol buffers at gold electrodes. 
For this system the transition betwecn the HeHe and eHeH mechanisms 
occurs between pH 3.1 and 6.6.  

Vetter’s mechanism has been disputed by Loshkarev and Tomilov113 
who found a zero-ordcr dependence on hydrogen ion in the benzoquinone 
reduction on platinum. A direct rate-determining two-electron transfer 
over a wide pH range was proposed (equation 30). Similar results were 

obtained for 9,1O-anthraquiiione-2-suIphonate. Under controlled con- 
ditions a rnininiuni in the exchange crtrrcnts occurred at  approximately 
pH 3 ,  although the exchange currents measured by these workers tended 
to decrease with time due to adsorption of quinhydrone decomposition 
products and other inipuritics from solution. 

The exchange current was also found to be markedly dependent on 
electrode material and the electrode pretreatnicnt1l3. The following order 
of decreasing elcctrocheniical activity was found although the order could 
be altered by diffcring electrode pretreatment: graphite > platinized 
graphite3 Au > R h  > I’d > Ir > Pt. For graphite nearly Nernstian behaviour 
was observed for thc coniplcte current-potential curve, while oxidized 
platinum gavc the most irreversible behaviour. In general, cathodic 
polarization in H,SO,l increased the observed exchange current density for 
a particular eicctrode material. Surface platinum oxide formation has also 
been implicated as the cause of anomalous behaviour i n  the oxidation of 
QH, in weakly basic solutions“.‘. 

Exchange current densities for the Q/QH couple which were cotistant 
with time and considerably higher than those rcported by previous 
workcrs were found in  carefully purificd solat;o:is by a second group of 
Russian workers1*”. The low exchange currents of previous workers79p11t, 113 
were attributed to adsorption of impurities, the supporting electrolytc or 
oxygen after anodic electrode prctreatmcnt. A minimum in the exchange 
current pH profilc was again found at approximately pH 4. The rcsults 
support Vetter’s niechanisnis, cquntions (2s) and (29), although thc cxact 
order of proton and clectron transfcr stcps is not clearly stated in their 
papers. Adsorption of Q and QH, is indicated by the non-integral 
dcpendcnce of the cxhange currents on thc Q and QH, conccntrations. 
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These workers extended their studies and quantitatively determined the 

dependence of the exchange current 011 the concentration of species which 
are adsorbed on the platinum electrode surface11G. The decrease of the 
exchange current was linearly related to the logarithm of the concentratioii 
of the additive for a series of anions (F-<CI-< Br-), cations 
(K+ < NHZ < Rb-‘< CS+< NMez) and neutral organic molccules (hexyl 
alcohol < isoamyl alcohol < phenylacetic acid). In these serics the species 
least strongly specifically adsorbed (i.e. KF) was the least efrective i n  
lowering the observed exchange current. Double-layer corrections were 
discussed but not taken explicitly i n t o  account. It was further denion- 
strated by radioisotope measurements that the exchange current decreases 
linearly with the amount of adsorbed bromide ion on the electrode. These 
results readily rationalize the lack of agreement between exchange currcnts 
reported in the presence of different ‘inert’ supporting electrolytes. 
Unfortunately, double-layer parameters are not generally available for 
platinum electrodes so that true exchange current densities could not be 
determined. 

Adsorption effects have also been noted by Gileadi in the currcnt- 
potential cCirves of hydroquinones at  platinum electrodcs117y118- At QH, 
concentrations greater than approximately 0.1 M ‘self-inhihition’ of the 
electrode process occurs and limiting currents are not observed. Adsorbed 
interniediates and products were invoked to rationalize these results. A 
similar phenomenon has been observed in acetonitrile solutions at high 
concentrations of quinhydrone; see Figure 7 i n  reference 75. 

Finally, a novel experiment due to Peover119 will be mentioned here, 
although it was carried out in a non-aqueous solvent. He applied a 
triangular wave to a platinum electrode directly in the cavity of an e.s.r. 
spectrometer and measured the resulting e.s.r. signal which was i n  phase 
with the electrode potential. The system was chloranil i n  acetonitrile and 
the resulting spectrum was ascribed to the semiquinone species in the 
vicinity of the electrode surface. Radical species i n  the bulk of the solution 
were not detected since they were not being modulated at the frequellcy of 
the triangular wave. The resulting spectritni was broadencd and shifted 
downfield in accord with expectations for a semiquinone species 
specifically adsorbed on the clectrode surfacc. 

2. Kinetics at mercury electrodes 

Although many polarographic studies on quinone syste~ns exist i n  the 
literature, surprisingly fcw papers are devoted to the electrochemical 
kinetics of the quinone/hydroquinone couple. The intermediacy of the 
seniiquinoiie species was apparent to polarographic \vorkers1’Ln-13-’2, but 
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early studies were carried out under diffusion-controlled conditions and 
no meaningful kinetic information was obtained. 

Quinone/hydroquinone couples present electrochemically more 
reversible behaviour on mercury than on most solid electrodes because the 
heterogeneous electron exchange rates are greater and adsorption forces 
tend to be weaker on mercury. Hale and Parsons123 analysed polaro- 
graphic waves for several quinhydrone solutions (benzoquinone, naphtho- 
quinone, anthraquinone, 9, l O-phenanthraquinone and l ,2-benzoanthra- 
quinone) in aqueous and alcoholic acetate buffer solutions (PH z 4). 
Apparent heterogeneous rate constants of the order of 10-3cm/s were 
measured under these conditions using Koutecky’s analysis124 and 
assuming a two-electron form for the waves. Free-energy differences 
between the various species in equation (1 1) were estimated from data in 
the literature and free energies of activation were obtained from the 
experimental rate constants using Marcus’ in  order to obtain a 
free-energy profile for the Q/QHz reaction pathway under the experimental 
conditions. In agreement with Vetter’s n~eclianisin~~, they concluded that 
a t  pH 4 the reaction proceeds via successive electron transfers with nearly 
equal free energies of activation. 

Thcse results were questioned in a later paper by  Galli and Parsons126 
who were not able to obtain agreement between the kinetic analysis of the 
polarographic waves and the results of a Sluyter’s impedance plane 
analysis127. This small-amplitude relaxation technique indicated diffusion 
control at  rates up to lo3 greater than those reported previously1”. The 
double-layer capacity was found to be dependent on the presence of 
quinhydrone and thc couple behaved in a manner typical for the case of 
weak adsorption of reactants. GaIli and Parsons attribute the irreversible 
behaviour in the polarographic case to adsorption effecW6. 

Adsorption of quinone and hydroquinone species at  the mercury 
electrode interface has been firmly established by several studies. Benzo- 
quinone and benzohydroquinone have been shown to adsorb sirnul- 
taneously by a chroiiopotentiometric128 and a quasi-thermodynamic 
method129. In the latter the surface tension of a d.1n.e. in a Q/QHz 
solution was determined by means of the drop-weight method a t  open 
circuit. By neglecting the surface excess of hydrogen ions adsorbed from 
the phosphate buffer solutions (pH = 64-76), relative surface excesses 
were estimated for total quinone, oxidized components and reduced 
components. (See Frunikin and coworkers130 for comments on this 
paper.) The sum of the quinone, semiquinone and hydroquinone surface 
concentrations was constant for various ratios of Q to QH,: 

(31 1 rQH,+ r Q H  + 1-Q X 1.2 x 10- l o  mOk/Cm2 
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where ri is the relative surface excess of the ith species. The sums 
r Q + - A r Q I I  and r ~ ~ r , +  AI-Q~I were found to vary linearly with the potential, 
i.e. with the Nernstian ratio, log ([Q]/[QI&]). 

A definitive study of the electrode kinetics of a quinone couple at  
mercury in aqueous solutions has not appeared in  the literature. The 
effects of pH, buffer components and tcmperature on the reversibility of 
voltammetric quinone waves have not been reported. It appears to this 
author that the intermediacy of the semiquinone species and its associated 
acid-base reactions must be taken into consideration i n  the analysis along 
with adsorption of the quinone, semiquinone and hydroquinone species. 

In addition to the results of Mollers and Jaiienicke12s and Plieth129, 
there is more evidence for adsorption of complex quinone species a t  the 
mercurylsolution interface. A careful double-stcp chronocoulomctric 
study of the adsorption of anthraquinonc-2-sulphonate (AQS) on Hg 
from fluoride, nitrate and thiocpanate electrolytes has bcen reported by 
Anson and Epsteinl"'. The amount of specifically adsorbed AQS was 
decreased by co-adsorption of nitratc and thiocyanate ions, although 
neither nitrate nor thiocpanate was desorbed by co-adsorption of AQS. 
Changes in the +2 potential due to the presence of the negatively charged 
adsorbed AQS ion were detected by monitoring the half-wave potentials 
of the irreversible Co(NH,)g + and CrOi- reductions. 

Adsorption phenomena of three hydroxynaphthoquinones at  mercury 
electrodes i n  neutral phosphate buffers haw been analysed in some 
detai11"-13j. The quinoncs studied were juglone (l), lawsone (2) and 
naphthazine (3). Only juglone, of these three quinones, gives polaro- 
graphic adsorption prewaves. This is one of the smallest molcculcs whose 

(yJ @OH@ 

0 0 H 
(1 1 (2) (3) 

polarographic bchaviour is well described by thc Brdicka theory, which 
ascribes the presence of a prcwave to strong equilibrium adsorption of 
the hydroquinone form in preference to the oxidized or q uinone f o r n ~ ' ~ ~ ] ~ ~ ~ .  
However, chronopotentiometric measurement of surface concentrations 
revealcd that both tlie quinone and hydroquinone forms are strongly 
adsorbed at prcwave potentials for tlie juglone/hydrojuglone couple133. 
Furthermore, the adsorption isotherms are almost identical for the 
juglone and lawsone couples. The variation of surface concentrations with 
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electrode potential (T' versus hiIg) for both these systems is quite similar 
to the behaviour of the benzoquinone system discussed abovel"fi. lZn. 

However, the rate of adsorption of juglone is slow on the polarographic 
time scale (less than ca. 4 s), thus formally creating a situation analogous 
to the requirements of the Brdicka theory. This is not the case for lawsone 
adsorption. The appearance of a prewave, therefore, is associated with the 
slow rate of quinone adsorption and not with a large difference in free 
energy of a-dsorption in these To complicate matters further, 
the total surface coverages were found to be somewhat greater than unity 
for the juglone/hydrojuglone couple in the vicinity of the prcwave. This 
suggests bilayer adsorption and was tentatively ascribed to charge-transfer 
complex forniation between the protonated semiquinone species and 
adsorbed quinone (equation 32)133. 

(32) 

Bimolecular complexes have also been postulated as intermediates i n  the 
reduction of 1,4- and 2,7-dihydrox)~anthraq~iinoiie in weakly basic 
sol uti 0111~'. 

Adsorbed charge-transfer complexes have also been invoked to explain 
;fie unusual enhancing effect of antliracene and other hydrocarbons on the 
polarographic maximum of r n e t h y l b e n z o q u i n ~ n e ~ ~ ~ ~ ~ ~ ~ " .  Charge-transfer 
complexes are secil to form between adsorbed aromatic hydrocarbon and 
the quinone substrate. As the n-system of the adsorbed hydrocarbon is 
increased, the height of the polarographic maximum increases. 

Extensive adsorption of the biologically important quinone, 
ubiquinone-6, occurs in aqueous methanol solutions at the hanging 
mercury drop electrode*40. Surface concentrations are almost independent 
of solution concentration between 7 x and 9 x 1 0 - 5 ~ ~  and are closc to 
the saturation limit, 4.3 x 10" mole/cm2. At higher concentrations 
reversible polarographic behaviour is observedl'll. Adsorption of 
monohalogen-substituted 9, I0-anihraquinoncs has been reportedlg2. 

A more detailed description of the hydroquinone adsorption process 
has been sought by Lorenz and coworkers who have applied Lorenz's 
theorylo7 of partial chargc-transfer reactions at electrode surfaces to the 
Hg-QH, interactionlg3. For pH > 5,  the amount of adsorption was found 
to be pH and potential dependent and QH, was found to be partially 
dissociated in the adsorbed state. Dissociation of adsorbed QH, was 
increased by an increase in the electrode potential. For example at  pH z 6, 
the average adsorbed species is QE12)atlq at  -0-7 V versus s.c.e. and 
QH1.Jads at - 0-2 V versus s.c.e. Thus the charge on the electrode induces 
a predissociation of QH, on the electrode surface. I n  another paper, 

C -  
Q+HC+Q)ads  QI-QH')ads 
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Gaunitz and Lorcnz have determined that the desorption process for 
hydroquinone at negative potentials is diffusion-controlled at  frequencies 
up to more than lo5 s-llJ4. 

A complete kinetic description of the interactions between the electron 
transfer, proton transfer and adsorption steps in quinone/hydroquinone 
couples remains to be presented. A brute-force approach would be to 
examine many quinonc couples in the light of the details now understood 
about simple quinones. One such attempt has been made by Huntington 
and Davis24 who measured apparent heterogeneous rate constants (k,) 
for a series of aniinoquinones and sought correlations with the hyperfine 
splitting constant of the corresponding semiquinones. The compounds 
studied were derivatives of 4. The apparent logk, values were found to 

Pr, LPr, t - B u ,  -CH,CH=CH, 

H-N R' 

(4) 

increase monotonically with the splitting constant of the nitrogen proton. 
However, the lieterogeneous rate constants were determined a t  one pH 
value and include possible variations in proton transfer rates, adsorption 
isothernis and the stabilities of semiquinone intermediates. Refinements 
in the kinetic measurements in studies of this type should lead to a more 
detailed picture of the heterogeneous kinetics and electron-transfer 
transition states at  electrode surfaces. 

B. Coupled Chemical Reactions 

Since the heterogeneous kinetic steps in Q/QH couples are often 
diffusion-controlled, chemical reactions coupled to the electron-transfer 
steps have readily observable effects on the electrochemical behaviour. 
Modern electroanalytical methods such as cyclic voltammetry1'*5 provide 
techniques for producing unstable species in solution where their kinetic 
behaviour can be followed. Examples of chemical reactions which are 
coupled to the Q/QHz system on the time scale of electrochemical experi- 
ments are briefly suniinarized in the following paragraphs. 

The oxidation of ether and ester derivatives of hydroquinones, i.e. 5, 
at solid electrodes presents features similar to the Q/QHz coupIes discussed 
above. A significant difference is that the oxidations are usually highly 

26 
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irreversible and take place a t  more positive potentials than the corre- 
sponding hydroquinones. The overa.!l electrode process involves two- 
electrons to yield the quinone (equation 33), which is readily detected in 

% ~ i- ROH -t 2Ht + 2e- (33) 

OH 0 

(5) 

cyclic experiments. It should be mentioned here that many examples of 
reactions of this general type exist iil the older electroorganic literaturexg6. 
Constant current electrolysis of phenols often leads to substituted quinones 
as intermediates or products of the electrode reaction. 

Chambers and coworkers have studied several phosphate (R = POSH,) 
and sulphate (R = S0,H) ester derivatives of various hydroquinones a t  
carbon paste electrodes over a wide pH range147-150. These workers 
stressed the intermediacy of one-electron intermediates and proposed 
mechanisms similar to Vetter’~’~ in terms of the order of proton- and 
electron-transfer steps. However, diffusion-controlled electron-transfer 
rates were postulated with irreversible chemical reactions following the 
first and second electron-transfer steps. In strongly acidic solutions, these 
esters undergo reversible two-electrony one-proton transfers followed by 
rapid hydrolysis reactions. In these solutions the behaviour is further 
complicated by specific adsorption of the reduced 

Similar eiectrode reactions have been described for 4,4’-dihydroxy- 
diphenyl ether, p-methoxy- and p-ethoxyphenol in sulphuric acid 
 solution^^^^^^^^^^. The monograph by AdamsG should be consulted for 

150, 

more details on these oxidations as well as the analogous reactions for 
aminophenols and phenylenediamines. 

Electrochemical techniques have proved to be versatile and convenient 
for the measurement of rates of addition of nucleophiles to quinonesG. 
The procedure is to generate the appropriate quinone substrate from the 
hydroquinone and measure the apparent electrochemical n-value as a 
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function of electrolysis time. The following reaction scheme has been 
shown to apply to several benzoq~inones*~~* 154. 

CH3 CH3 

@ + N h  , & H  ----TI? +OH + NH ,@ (37) 
CH3 

C6H5 
CH3 CH3 

C6H5 
CH3 

At short times (compared to the lifetime of the initial electrode product) 
a two-electron oxidation is observed which undergoes a transition into 
a four-electron process as the equilibrium (equation 37) is established in 
the diffusion layer. (This is the nuance of the e.c.e. mechanisni or the e.c.c. 
mechanism153. In electrochemical parlance, an e.c.e. mechanism refers to 
a sequence in which a chemical reaction occurs between two heterogeneous 
electron-transfer steps. The same overall reaction can be realized in the 
e.c.c. mechanism if a n  homogeneous electron-transfer reaction follows the 
first two steps of the e.c.e. rncchanism.) Similar reactions occur for a 
series of catechloamines, whose quinoidal forms undergo intramolecular 
1,4 Michael additions1*75. This reaction is given below (equation 38) for 

OH on 

the cyclization of adrenalinequinone to leucoadrenochrome. The 
catecholamines studied in addition to adrenaline were noradrenaline, 
a-methyladrenalines, dopaminc and isoproterenol. 
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The electrocheniical oxidation of pyrogallol involves an initial two- 
electron step followed by rapid, complex reactions to form purpuro- 
gallin1j6. Kalousek polarography indicated that the initial electron- 
transfer step was reversible. Chen~ical oxidation of pyrogallol is believed 
to involve a dipolar dimerization of the intermediate ortho quinonelS7. 

OH 

n 

The electrochemical oxidation of p-benzohydroquinone in neutral 
sodium sulphite solutions appears to involve 1,4-addition reactions. Two 
two-electron waves are observed at carbon paste electrodes corresponding 
to formation of the nionosulphonate and disulphonate derivatives, 
equations (40) and (41)'5s. 

0- 0 0- 

0- 0 OH 

0- 

Qsoy OH 

- 2  C '  -> 

0 

so'- 1 

0- 

so; 
OH 

In this case the initial addition product is not more easily oxidized than 
the simple hydroquinone and the e.c.e. or e.c.c. pathway is not followed. 
Sulphonated benzohydroquinones arc also formed in concentrated 
sulphuric acid solutions'". Up to ca. 1 0 ~  H,SO,, oxidation occurs via 
oxygen protonated hpdroquinone, QHi-. At higher acid strengths 
sulphonation of the benzene ring occurs and the behaviour becomes 
complex159. 

Several papers have dealt with the tautonierisin of 2-substituted anthro- 
hydroquinones since the original report of this equilibrium by Gill and 
Stonehil11Go-164. Freshly prepared aqueous solutions of anthrohydro- 
quinones exhibit diffusion-controlled oxidation waves which are time- 
dependent due to a slow tautomerim of the ionized form (equation 42). 
The equilibrium constant for this reaction is pH-dependent and obtains 
a maximum value in the ncighbourhood of pH 9. The tautomeric oxantlirol 
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form is itself polarographically reducible at  a potential ca. 0.5 V more 
negative than reduction of the corresponding quinone. Thus polarograms 
of the quinone exhibit a diffusion-controlled wave followed by a 

H OH * - + @p- (42) 

OH 0 

kinetically controlled wave*61. Equilibrium rate constants for this process 
have been deterniincd for several antlirahydroquinones substituted in the 
2-position1G4. 

The use of borate buffers alters these reactions by complex formation 
with the hydroxy This is a well-known property of borate 
buffer solutions; for a good cxample of this effect see tlie work of Hofniann 
and Jaenicke on the oxidation of 1,2,4-trihydroxybenzene in basic borate 
bufferP5. 

The polarographic behavioiir of a series of amino-substituted quinones 
has been reported by Berg and coworkerslGG-lGS. fI-Hydroxyal kylamino- 
benzoquinones give two polarographic waves ovcr a wide pH range. The 
normal quinone, which is reduced at the more positive potential, is in 
equilibrium with a quiiiol formed by an intrainolecular addition reaction 
(equation 43). The structure of this cyclization product has been recently 

In sulphuric acid solutiolis the quinoiie form is hydrolysed 
to 2-hydroxybenzoquinone via equation (44)1"8. 

Berg and Waynerl'O have also studied the reduction of some ethylene- 
iminobenzoquinoncs. These quinones are rcduced in two steps, initially 
to the hydroquinoncs followed by catalytic hydrogen waves at  very 
negative potentials. 
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Photochemical reactions of quinoncs are also easily coupled to their 
electrode rea~tions1~~-1~4, sometimes inadvertently. Quinones exhibit 

NEt  4 OH 

strong i z + d  bands in the ultraviolet or visible region of the spectrum. 
Irradiation of quinones with light of this wavelength causes reactions of 
the following type to occur: 

Q+hv Q* 

Q*+H,O 7. QH' + H 0' (46) 

2QH' - QH,+Q 

Quinone solutions are accordingly sometimes unstable in the presence of 
ordinary laboratory light. Also 'photocatalytic' ciirrents are readily 
observed in the presence of the proper radiation. These latter techniques 
have been coined 'Photopolarography' and were initially employed by 
Berg and coworkers171. Hydroxylation of the parent quinone is sometimes 
observed, presuinably arising from reactions of the HO' rad icaP.  
Electrochemical observation of this latter species has been recently 
claimed17G. 

Hydroxyl radicals have also been invoked in the reactions of quinones 
in basic aqueous and aprotic solutions1i7. The reactions of quinones i n  
these solutions have been followed by polarography, cyclic chronopotentio- 
metry and e.s.r. spectroscopy. Reaction is initiated by an electron transfer 
between Q and OH- followed by disproportionation reactions (equation 
47). Further reactions occur, including formation of elcctroinactive 
polymersli7. 

2 Q'+2 H C  ~ > Q+QH, 
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The polarographic reduction of camphorquinone has been studied in 
aqueous solutions*78. This compound represents an interesting comparison 
for typical quiiione reductions since its behaviour corresponds to that of 
an a,P-diketone (equation 48). Above pI-1 12 one-electron reduction and 
dinier formation is observed17s. 

3- 2H+ + 2 e -  T p H i 8  &OH 

OH A* 0 

& OH 

(48) 

Rates of rapid microheterogeneous catalytic hydrogenation reactions 
of quinones have been measured polarographically. Oxidation of hydro- 
quinone in the presence of palladium catalyts yields electrochemical 
currents according to the following scheme and rates of hydrogenation 
can be conveniently determined under a wide variety of conditions179. 



4
 
4
 

V
. 

A
P

P
E

N
D

IX
: 

H
A

L
F

-W
A

V
E

 P
O

T
E

N
T

IA
L

S
 O
F 

Q
U

IN
O

N
E

S
 I
N 

N
Q

N
-A

Q
U

E
Q

U
S

 S
O

L
V

E
N

T
S 

o
 

4
..

 
T

A
B

L
E

 
1 

N
am

e 

~ 
-
 

~ 

R
ef

er
en

ce
 

Su
pp

or
tin

g 
T

e 
- 4

 (V
) 

el
ec

tr
od

eu
 

So
lv

en
tb

 
el

ec
tr

ol
yt

ec
~ c1 

(“
C

) 
R

ef
cr

cn
ce

 

p-
B

cn
zo

qu
in

on
e 

p-
Se

nz
oq

iii
no

ne
 

pB
cn

zo
qu

in
on

c 
p-

B
cn

zo
qu

in
on

e 
p-

B
cn

zo
qu

in
on

e 
p-

U
en

zo
q t

iin
oi

ic
 

p-
B

en
zo

qu
in

on
c 

p-
U

cn
zo

qu
in

on
c 

p-
B

en
zo

qu
in

on
c 

p-
B

en
zo

qu
in

on
c 

p-
B

en
zo

q 
ir

in
on

e 
p-

B
en

zo
q 

tii
no

ne
 

p-
 U

cn
zo

q 
tii

no
ne

 
p-

B
ci

iz
oq

ui
no

nc
 

p-
l3

cn
zo

qu
in

oi
ie

 
p-

 B
en

za
qu

in
on

c 
p-

B
en

zo
qu

in
on

c 
p-

U
en

zo
qu

in
on

e,
 f

lu
or

o-
 

p-
B

en
zo

qi
!i

no
nc

, 
ch

lo
ro

- 
p-

E
cn

zo
qu

in
on

c,
 c

hl
or

o-
 

/)
-1

3c
nz

oq
ui

no
ne

, b
ro

in
o-

 
p-

B
en

zo
qu

in
on

c,
 i

od
o-

 
p-

B
en

zo
qu

in
on

c,
 2

,5
-d

ic
hl

or
o-

 
p-

llc
nz

oq
ui

no
nc

, 
2,

6-
di

ch
lo

ro
- 

p-
B

en
zo

qu
in

on
e,

 t
ri

ch
lo

ro
- 

p-
E

cn
zo

qu
in

on
e,

 t
et

ra
fl

uo
ro

- 
1)

-B
en

zo
qi

tin
on

e,
 te

tr
ac

hl
or

o-
 

0.
48

 
0.

54
, 

1.
23

 
0.

1 
5,

 0
.8

1 

0.
51

, 
1.

17
 

0.
51

, 
1.

14
 

0.
10

, 
0.

84
 

0.
60

, 
1.

32
 

- 0
.0

4,
 0

.4
7 

0.
15

, 0
.8

9 
0.

35
, 

1.
2 

0.
40

, 
1.

24
 

0.
35

, 
1.

17
 

0.
52

”,
 1

.0
4’

 
0.

5 
If 

0.
4 

0.
 I S’
 

0.
37

4,
 1

.0
5 

0.
34

, 0
.9

7 
0.

34
, 0

.9
2 

0.
32

5,
 0

.9
5 

0.
33

, 
1.

05
 

0.
18

, 0
.8

1 
0.

18
, 0

.8
1 

0.
08

, 0
.7

8 
0.

04
, 0

.8
2 

-0
.0

1,
 

0.
71

 

0.
54
/,
 1.3

3’
 

S.
c.

e.
 

S.
c.

e.
 

A
g

/A
sC

I 
S.

c.
e.

 
S.

c.
e.

 
S.

c.
e.

 
H

gl
’o

ol
 

S.
C

.C
. 

I-
Ig

Po
ol

 
S.

C.
C.

 
S.

c.
e.

 
S.

c.
e.

 
S.

C
.C

. 
S.

c.
e.

 
S.

C
.C

. 
S.

C
.C

. 
A

g/
A

g+
 

S.
c.

e.
 

S.
c.

e.
 

S.
C

.C
. 

S.
C.

C.
 

S.
c.

e.
 

S.
c.

e.
 

S.
c.

e.
 

S.
c.

e.
 

S.
c.

e.
 

S.
c.

e.
 

D
M

F
 

D
M

F
 

D
M

F
 

M
cC

N
 

M
eC

N
 

M
eC

N
 

M
cC

N
 

M
eC

N
 

M
eC

N
 

M
cC

N
 

D
M

S
O

 
D

M
S

O
 

D
M

SO
 

P
C

 
N

B
 

M
eN

O
, 

PY
 

M
eC

N
 

M
eC

N
 

M
eC

N
 

M
cC

N
 

M
eC

N
 

M
eC

N
 

M
C

N
 

M
eC

N
 

M
eC

N
 

M
eC

N
 

~ 

T
E

A
P

 
25

 
18

0 
T

E
A

P
 

25
 

34
 

T
E

A
P

 
19

 
36

 
71

 
T

E
A

P
 

-
 

T
E

A
P

 
25

 
26

 
T

E
A

P
 

25
 

34
 

48
 

T
E

A
P

 
-
 

T
B

A
P 

-
 

18
1 

5 
T

B
A

I 
-
 

18
2 

10
4 

T
E

A
P

 
-
 

T
E

A
P

 
25

 
18

3 
9
 

T
E

A
1 

25
 

10
3 

5 
63

 
T

E
A

P
 

-
 

T
M

A
C

I 
26

 
18

4 

T
E

A
P

 
25

 
26

 
T

E
A

P
 

25
 

26
 

T
E

A
P

 
25

 
34

 
T

E
A

 P
 

25
 

26
 

T
E

A
P

 
25

 
26

 
T

E
A

P
 

25
 

34
 

T
E

A
P

 
25

 
34

 
T

E
A

P
 

25
 

34
 

T
E

A
P

 
25

 
34

 
T

E
A

P
 

25
 

34
 

L
iC

IO
, 

-
 

41
 

p
 

T
E

A
P

 
-
 

63
 

2 
L

iC
10

, 
(0

.5
~

) 
25

 
94

 



p-
B

en
zo

qi
iin

on
e,

 t
et

ra
ch

lo
ro

- 
p-

B
en

zo
qu

in
on

e,
 te

tr
ac

hl
or

o-
 

p-
B

cn
zo

qi
tin

on
e,

 t
ct

ra
ch

lo
ro

- 
p-

B
en

zo
qu

in
on

e,
 te

tr
ac

hl
or

o-
 

p-
B

en
zo

qu
in

on
e,

 te
tr

ac
hl

or
o-

 
1)

-B
en

zo
qu

in
on

e,
 t

et
ra

br
on

io
- 

p-
R

en
zo

qi
iin

on
e,

 c
ya

no
- 

p-
B

cn
zo

qi
iin

on
e,

 2
,3

-d
ic

ya
no

- 
p-

B
en

zo
qu

in
on

c,
 2

,3
-d

ic
ya

no
-5

-c
hl

or
o-

 
p-

B
en

zo
qu

in
on

e,
 2
,3
-d
ic
hI
or
o-
5,
6-
di
cy
an
o-
 

p-
B

en
zo

qu
in

on
e,

 2
,3

-d
ic

hl
or

o-
5,

6-
di

cy
an

o-
 

p-
B

en
zo

qu
in

on
e,

 2,
3-
di
ch
Io
ro
-5
,6
-d
ic
pa
no
- 

p-
ll

en
zo

qu
in

on
c,

 2
,3
-d
ic
hl
or
o-
5,
6-
di
cy
an
o-
 

p-
B

cn
zo

q 
ui

no
ne

, 2
,3

-d
ic

ya
no

-5
-p

he
ny

l-
 

su
lp

ho
ny

l-
 

p-
B

cn
zo

qt
iin

on
e,

 2
,3

-d
ic

ya
no

-5
-c

hl
or

o-
6-

 
ph

en
yl

su
lp

ho
ny

l-
 

p-
B

en
zo

qu
in

on
e,

 n
it

ro
- 

p-
B

en
zo

qu
in

on
e,

 m
et

hy
l-

 
y-

B
en

zo
qu

in
on

c,
 n

ie
th

yl
- 

p-
R

en
zo

qu
in

on
e,

 m
et

hy
l-

 
p-

B
en

zo
qu

in
on

c,
 m

et
hy

l-
 

p-
B

en
zo

q 
ti

 in
on

e,
 2

,S
-d

in
ic

t h
yl

- 
p-

B
en

zo
qu

in
on

e,
 2

,S
-d

im
et

hy
l-

 
p-

B
en

zo
qu

in
on

c,
 2

,6
-d

iin
ct

liy
l-

 
p-

U
en

zo
qu

in
on

e,
 2

,6
-d

in
ie

th
yl

- 
p-

B
en

zo
qu

in
on

e,
 t

ri
m

et
hy

l-
 

y-
B

en
zo

qt
iin

on
e,

 t
ri

m
et

hy
l-

(3
'-m

et
hy

I-
3'

- 

p-
B

en
zo

qu
in

on
e,

 t
ct

ra
m

et
hy

l-
 

p-
R

en
zo

qu
in

on
e,

 t
et

ra
m

et
hy

l-
 

p-
B

cn
zo

qu
in

on
e,

 t
et

ra
m

et
hy

l-
 

p-
B

en
zo

qu
in

on
c,

 t
et

ra
m

et
hy

l-
 

hy
dr

ox
y 

bu
 ty

1)
- 

-0
.2

0,
 

-0
.0

4 
0.

02
, 0
.9
0 

-0
.3

3 
-0

.3
5,

 
0.

43
 

-0
.0

8,
 

0.
73

 
0.

00
, 0

.7
2 

0.
 J2

0,
 0

.8
3 

-0
.3

1,
 
-0
.0
5 

-0
.4

1,
 

-0
.0

8 
-0

.5
1,

 
0.

30
 

-0
.5

0,
 

-0
.1

2 
-0

.8
1,

 
-0

.0
2 

-0
.7

8,
 

0.
02

 

-0
.5

2,
 

-0
.2

0 

-
 0.

62
9,

 -
 0.

20
 

-0
.4

05
, 

0.
32

 
0.

58
, 

1.
12

 
0.
58
, 1

.1
0 

0.
58

0 
0.

17
 

0.
67

, 
1.

27
 

0.
68

, 
1.

34
 

0.
66

5 
0.

66
0 

0.
75
, 

1.
35

 

0.
8,

 1
.4

 
0.

54
, 

1.
45

 
0.

84
 

0.
76

 
0.

33
, 

1.
05

 

S.
c.

e.
 

S.
c.

e.
 

A
g/

A
gI

 

S.
C

.C
. 

S.
c.

e.
 

S.
c.

e.
 

S.
c.

e.
 

S.
C.

C.
 

S.
C.

C.
 

S.
C

.C
. 

A
i$

M
 

&
/A

d
 

S.
C

.C
. 

S.
C

.C
. 

S.
C

.C
. 

S.
c.

e.
 

S.
C

.C
. 

S.
c.

e.
 

E
Ig

Po
ol

 
S.

C.
C.

 
S.

C.
C.

 
S.

c.
e.

 
S

c
e

. 
S.

c.
e.

 

S.
C.
C.
 

S.
c.

e.
 

S.
c.

e.
 

S.
c.

e.
 

H
gP

oo
l 

M
eC

N
 

D
M

F
 

C
H

C
I,

 

D
M

S
O

 
M

eC
N

 
M

eC
N

 
M

cC
N

 
M

eC
N

 
M

eC
N

 
M

cC
N

 
C

H
C

I, 
C

H
,C

12
 

M
cC

N
 

M
eC

N
 

M
eC

N
 

M
eC

N
 

M
eC

N
 

M
eC

N
 

M
cO

E
 t O

H
 

M
eC

N
 

D
M

F
 

M
cC

N
 

M
eC

N
 

M
eC

N
 

M
eC

N
 

M
eC

N
 

M
eC

N
 

D
M

F
 

M
eC

N
 

C
H

ZC
I, 

L
iC

IO
p 

T
E

A
P

 
T

B
A

P
 (

0
.5

~
) 

T
B

A
P

 (
0

.5
~

) 
T

E
A

P
 

T
E

A
P

 
T

E
A

 P 
L

iC
I0

4 
L

iC
IO

,l 
T

E
A

P
 

L
iC

I0
4 

T
B

A
I'

 (
0.

5h
f) 

T
B

A
P

 (0
.5

h1
) 

L
iC

IO
, 

L
iC

IO
, 

T
E

A
I'

 
T

E
A

P
 

T
E

A
P

 
T

B
A

P
 

L
iC

I(
0.

25
~

) 
T

E
A

P
 

T
E

A
P

 
T

B
A

P
 

T
B

A
 P 

T
E

A
P

 

T
E

A
P

 
T

E
A

P
 

T
B

A
P

 
T

E
A

P
 

T
B

A
B

r 

-
 

25
 

25
 

25
 

25
 

25
 

25
 

-
 

-
 

2s
 

25
 

25
 

-
 

-
 

-
 

25
 

25
 

25
 

25
 

25
 

25
 

25
 

25
 

25
 

25
 

22
.5

 
25

 
25

 
25

 
-
 

42
 

34
 

I0
6 

10
6 

18
3 34
 

26
 

42
 

42
 

34
 

42
 

J 0
6 

10
6 

42
 

42
 

26
 

26
 

34
 

18
5 

18
6 34
 

34
 

18
5 

18
7 34
 

67
 

34
 

18
5 

18
0 

48
 



4
 

4
 

T
A

B
L

E
 1 
(c

ow
.)

 
13

 

c
 

N
am

e 
R

cf
er

en
cc

 
Su

pp
or

ti
ng

 
T

E
 

- 4
 (V

) 
el

ec
tr

od
e"

 
So

lv
en

tb
 

el
ec

tr
ol

yt
ec

* 
("

C
) 

R
ef

cr
en

ce
 

p-
B

cn
zo

qu
in

on
c,

 t
ct

ra
m

et
 hy

l- 
p-

B
en

zo
qu

in
on

c,
 t

ri
fl

uo
ro

m
et

hy
l-

 
p-

B
en

ro
qu

in
on

e,
 2

-m
e~

liy
l-

5-
is

op
ro

py
l-

 
p-

B
en

zo
qu

in
on

e,
 2

-n
ic

th
yl

-6
-1

-b
ut

yl
- 

p-
B

en
zo

q 
ui

no
ne

, 
i-

pr
op

yl
- 

p-
B

en
zo

qu
in

on
e,

 2
,6

-d
i-

i-
pr

op
yl

- 
1)

-B
en

zo
qu

in
on

e,
 2

-i
-p

ro
py

l-
6-

f-
bu

ty
l-

 
p-

B
en

zo
q 

ui
no

ne
, 

t-
bu

ty
l-

 
/I

-B
cn

zo
qu

in
on

e,
 2

,6
-d

i-
r-

bu
ty

l-
 

p-
B

cn
zo

qu
in

on
e,

 2
,5

-d
i-

t-
bu

ty
l-

 
p-

B
cn

zo
qu

in
on

e,
 2

,5
-d

i-
t-

bu
ty

l-
 

p-
B

cn
zo

qu
in

on
c,

 2
,5

-d
i-

r-
bi

ity
l-

 
p-

B
cn

zo
qu

in
on

c,
 2

,5
-d

i-r
-n

1n
yl

- 
p-

B
en

zo
q 

ui
no

ne
, 

ph
en

yl
- 

/I
-B

en
zo

qu
in

on
e,

 p
he

ny
l-

 
p-

B
en

zo
qu

in
on

c,
 2

,5
-d

ih
yd

ro
xy

 
p-

B
cn

zo
q 

ui
no

nc
, 

te
tr

a h
yd

ro
xy

- 
p-

B
cn

zo
q 

ui
no

ne
, 

ni
ct

 h
ox

y-
 

p-
B

cn
zo

qu
in

on
e,

 2
,6

-d
im

ct
ho

xy
 

p-
B

en
zo

qu
in

on
c,

 2
,5

-d
in

ie
tli

ox
y 

p-
B

en
zo

qu
in

on
e,

 c
ar

bo
m

et
ho

sy
- 

/i-
B

en
zo

qu
in

on
e,

 a
cc

ty
l-

 
p-

B
en

zo
qu

in
on

e,
 N

,N
-d

im
ct

li
yl

am
in

o-
 

p-
B

en
zo

qu
in

on
e,

 2
,5

-b
is

(t
ri

ni
et

hy
ls

ily
l)

- 
p-

R
en

zo
qu

in
on

c,
 2
,(
,-
bi
s(
tr
if
ii
io
ro
ni
et
li
yl
tl
ii
o)
- 

p-
B

en
zo

qu
in

on
e,

 t
ri

s(
tr

ill
iio

ro
iii

ct
1i

yl
th

in
~-

 
p-

B
en

zo
qu

in
on

e,
 t
et
ra
ki
s(
tr
il
lu
or
on
ie
th
y1
tl
ii
o)
- 

0.
73

, 
1.

53
 

0.
30

6,
 0

.9
8 

0.
66

5 
O

G
5

 
0.

59
0 

0.
67

5 
0.

70
0 

0.
6 

I0
 

0,
73

0 
0.

7 
15

 
0.

73
, 

1.
24

 
0.

15
, 0

.7
1 

0.
49

, 
1.

1 1
 

0.
50

, 
1.

03
 

0.
0 

I 
0.

32
 

0.
61

 5 
0*

74
', 

1.
48

' 
0.

43
, 0

.9
7 

0.
31

5,
 0

.9
1 

0.
30

6,
 0

.9
8 

0.
74

5,
 1

.2
5 

-0
.0

4,
 

0.
51

 
0.

01
, 

0.
43

 
-0

.1
5,

 
0.

09
 

-
 0.

23
 

0.
72

5 

S.
C.

C.
 

S.
c.

e.
 

S.
c.

e.
 

S.
C.

C.
 

S.
c.

e.
 

S.
C.

C.
 

S.
c.

e.
 

S.
c.

e.
 

S.
c.

e.
 

S.
c.

e.
 

S.
C.

C.
 

I-I 
g P

 00
1
 

S.
C

.C
. 

S.
C.

C.
 

S.
C.

C.
 

A
 g/

A
 gC

I 
A

g/
A

gC
I 

S.
C.

C.
 

S.
C.

C.
 

A
g/

A
lY

J 
S.

C.
C.

 
S.

c.
e.

 
S.

c.
e.

 
H

gP
oo

i 
S.

c.
e.

 
S.

c.
e.

 
S.

c.
e.

 

D
M

S
O

 
M

eC
N

 
M

eC
N

 
M

cC
N

 
M

cC
N

 
M

cC
N

 
M

cC
N

 
M

cC
N

 
M

eC
N

 
M

cC
N

 
M

eC
N

 
M

eC
N

 
M

eC
N

 
M

eC
N

 
M

eC
N

 
D

IM
 F

 
D

M
F

 
M

eC
N

 
M

eC
N

 
D

M
F

 
M

eC
N

 
M

eC
N

 
M

eC
N

 
M

eC
N

 
M

eC
N

 
M

eC
N

 
M

eC
N

 

T
E

A
P

 
25

 
T

E
A

P
 

25
 

T
R

A
P

 
25

 
T

B
A

P
 

25
 

T
B

A
P

 
25

 
T

B
A

P
 

25
 

T
R

A
P

 
25

 
T

U
A

P
 

25
 

T
B

A
P

 
25

 
T

B
A

P
 

25
 

T
E

A
 P

 
25

 
T

B
A

I 
-
 

T
B

A
P

 
25

 
T

E
A

P
 

25
 

T
E

A
P

 
25

 
T

E
A

P
 

19
 

T
E

A
P

 
19

 
T

E
A

P
 

25
 

T
E

A
P

 
-
 

T
E

A
P

 
19

 
T

E
A

P
 

25
 

T
E

A
 P 

25
 

T
E

A
P

 
25

 
T

B
A

I 
-
 

Li
C

IO
, 

-
 

Li
C

IO
, 

-
 

Li
C

IO
,, 

-
 

18
3 26
 

18
5 

18
5 

18
7 

18
7 

18
7 

18
5 

18
7 

18
5 34
 

18
2 

18
5 26
 

34
 

36
 

36
 

26
 

77
 

36
 

26
 

26
 

26
 

18
2 

42
 

42
 

42
 



p-
B

en
zo

qi
ii

no
ne

, 
tr
if
iu
or
on
ic
th
yl
su
lp
ho
ny
l-
 

o-
 B

en
zo

qi
iin

on
e 

o-
B

en
zo

qu
in

on
e 

o-
B

en
zo

qu
in

on
c,

 4
-t

-b
ut

yl
- 

a-
B

cn
zo

q 
ui

no
nc

, 
3,

5-
di

-t
-b

ut
yl

- 
1,

4-
N

ap
ht

ho
qu

in
on

e 
1,

4-
N

ap
ht

 li
oq

ui
no

ne
 

1 ,
bN

ap
li

th
oq

ui
no

ne
 

I ,
4-

N
ap

ht
ho

q 
ui

no
ne

 
1,

4-
N

ap
ht

li
oq

ii
in

on
e 

1,
4-

N
ap

ht
li

oq
ui

no
ne

 
J,

4-
N

ap
li

tl
io

qu
in

on
c 

1,
4-

N
ap

ht
ho

qu
in

on
e 

1,
4-

N
ap

ht
ho

qu
in

on
c 

1,
4-

N
ap

ht
 li

oq
ui

no
ne

 
1,

4-
N

ap
ht

ho
qi

ii
no

nc
 

1 ,
4-

N
ap

Ii
th

oq
ui

no
nc

 
1,

4-
N

ap
li

th
oq

ii
in

on
e 

1,
4-

N
ap

Ii
th

oq
ui

no
nc

, 2
-m

ct
liy

l-
 

1.
4-

N
ap

ht
ho

qu
in

on
e,

 2
-n

ie
th

yl
- 

1,
4-

N
ap

Ii
tl

io
qi

ii
no

ne
, 2

-n
ie

ih
yl

- 
1,

4-
N

ap
li

tl
io

qu
in

on
e,

 2
-m

et
hy

l-
 

1,
4-

N
ap

ht
ho

qu
in

on
e,

 2
-m

et
hy

l-
 

1 ,
C

N
ap

ht
 ho

qu
in

on
e,

 2
-m

et
hy

l-
 

I ,
4-

N
ap

ht
ho

qu
in

on
e,

 2
-i

nc
th

yl
- 

1,
4-

N
ap

ht
li

oq
ui

no
ne

, 
2,

3-
di

m
et

hy
l-

 
1,

4-
N

np
ht

li
oq

ui
no

ne
, 2

,3
-c

yc
lo

bu
ta

no
- 

I ,
4-

N
ap

ht
li

oq
ui

no
nc

, 
2,

3-
cy

cl
op

cn
ta

no
- 

I ,
4-

N
ap

li
t h

oq
ti

in
on

e,
 2

,3
-c

yc
lo

he
xa

no
- 

1,
4-

N
ap

ht
ho

qu
in

on
e,

 2
,3

-(
3,

4-
di

ph
en

yl
cy

cl
o-

 

1,
4-

N
ap

fi
tf

io
qu

in
on

e,
 -7

-a
m

in
o-

 
1.

4-
N

ap
ht

 h
oq

ui
no

ne
, 

2-
hy

dr
ox

y-
 

bu
ta

ne
)-

 

-0
.1

5,
 

0.
12

, 0
.3

8 
S.

c.
e.

 
M

eC
N

 
0.

3 I
, 

0.
90

 
0.

22
0 

0.
45

5 
0.

56
0 

0.
71

, 
1.

25
 

0.
70

, 
1.

33
 

0.
68

5 
0.

60
 

0.
63

, 
1.

35
 

0.
63

, 
1.

35
 

0.
31

, 
0.

96
 

0.
72

, 
1.

63
 

0.
69

, 
1.

18
 

0.
58

, 
1.

29
 

0.
55

, 
1.

29
 

0.
67

, 
1.

05
 

0.
78

 
0.

77
, 

1.
28

 
0.

27
, 0

.9
4 

1.
10

 
0.

69
 

0.
20

, 
1.

02
 

0.
34

, 
1.

05
 

0.
84

6 
0.

69
5 

0,
74

5 
0,

85
4 

0.
40

, 
0.

86
 

0.
92

, 
1.

40
 

0.
64

, 
1.

20
 

0.
85

, 
1.

55
 

S.
c.

e.
 

S.
c.

e.
 

S.
C.

C.
 

S.
c.

e.
 

S.
C.

C.
 

S
.c

c
h

 
S.

c.
e.

 
S.

c.
e.

 
S.

c.
e.

 
S.

c.
e.

' 
S.

c.
e.

 
A

g/
A

gC
I 

S.
c.

e.
 

S.
c.

e.
1 

S.
c.

c.
t 

S.
C.

C.
 

S.
c.

e.
' 

S.
C.

C.
 

S.
C.

C.
 

H
gP

oo
l 

A
g

/A
g

+
 (0

.0
1M

) 
S.

C.
C.

 
M

gP
oo

l 
I-

Ig
Po

ol
 

S.
c.

e.
 

S.
c.

e.
 

S.
c.

e.
 

S
.C

.C
. 

S.
c.

e.
 

S.
c.

e.
 

S.
c.

e.
 

M
eC

N
 

D
M

SO
 

M
eC

N
 

M
cC

N
 

M
eC

N
 

M
eC

N
 

M
cC

N
 

M
eC

N
 

D
M

F
 

D
M

F
 

D
M

F
 

D
M

F
 

D
M

F
 

M
e,

C
O

 
D

M
S

O
 

D
M

S
O

 
P

C
 

M
eC

N
 

M
eC

N
 

M
eC

N
 

M
eC

N
 

D
M

F
 

D
M

F
 

D
M

F
 

M
eC

N
 

M
eC

N
 

M
eC

N
 

M
eC

N
 

D
M

F
 

M
eC

N
 

D
M

F
 

L
iC

IO
, 

-
 

T
E

A
P

 
25

 
T

B
A

I 
25

 
T

B
A

P
 

25
 

T
B

A
P

 
25

 
T

E
A

P
 

25
 

T
E

A
P

 (
0

.0
5

~
) 

25
 

T
B

A
 P

 
-
 

T
E

A
P

 
-
 

T
E

A
 P

 
25

 
T

E
A

P
 (

0
.0

5
~

) 
25

 
T

B
A

 P
 

I
 

T
E

A
 P 

19
 

T
E

A
P

 
25

 
T

E
A

P
 (

0
.0

5
~

) 
25

 
T

E
A

P
 (

0
.0

5
~

) 
25

 
T

B
A

 I 
25

 
T

E
A

 P
 (

0
.0

5
~

) 
25

 
T

E
A

P
 

25
 

T
E

A
P

 
25

 
T

B
A

B
r 

I
 

T
E

A
 P

 
-
 

T
E

A
P

 
25

 
T

B
A

B
r 

I
 

N
aN

O
, 

-
 

T
E

A
P

 
-
 

T
E

A
P

 
-
 

T
E

A
P

 
-
 

T
E

A
P

 
+

 

T
B

A
P

 
-
 

T
E

A
 P

 
25

 
T

E
A

P
 

25
 

42
 

34
 

1 0
2 

18
5 

18
5 34
 

10
1 

18
1 38
 

1 S
O 

10
1 

I8
8 36

 
34

 
10

1 
10

1 
10

3 
10

1 48
 

34
 

48
 

69
 

18
0 

48
 

48
 

38
 

3s
 

38
 

38
 

18
8 

34
 

34
 



4
 

T
A

B
L

E
 1 
(c

on
t.)

 
2 

~~
 

~~
 

-
~

 

S
up

po
rt

in
g 

T
e 

R
ef

er
en

ce
 

N
am

e 
-4

 0'
) 

el
ec

tr
od

ea
 

So
lv

en
tb

 
el

cc
tr

ol
yt

ec
~ 

("
C

) 
R

ef
er

en
ce

 

I ,
4-

N
np

li
th

oq
ui

no
ne

, 
5-

hy
dr

ox
y-

 
1,

4-
N

np
ht

ho
qu

in
on

e,
 5

-h
yd

ro
xy

- 
1 ,

4-
N

ap
ht

ho
qu

in
on

e,
 S

-h
yd

ro
xy

- 
1,

4-
N

ap
ht

ho
qu

in
on

c,
 5

,M
ih

yd
ro

xy
- 

I ,
2-

N
ap

ht
ho

qu
in

on
c 

1,
2-

N
ap

ht
ho

qu
in

on
e 

1,
2-

N
ap

h~
ho

qu
in

on
e 

1 ,
2-

N
ap

ht
ho

qu
in

on
e 

I ,
?-

N
ap

ht
 h

oq
ui

no
ne

 
1.

2-
N

ap
ht

ho
qi

~i
no

ne
 

1,
2-

N
ap

ht
ho

qu
in

on
e 

I ,
2-

N
ap

li
th

oq
 ti

in
on

e 
9,

IO
-A

nt
hr

aq
ui

no
ne

 
'9

.1
0-

A
 n

t h
ra

q 
ui

no
nc

 
9.

IO
-A

n~
hr

aq
r1

in
on

e 
9,

IO
-A

nt
hr

nq
ui

no
ne

 
9,

IO
-A

nt
 h

ra
qu

in
on

c 
9,

lO
-A

nt
 h

ra
qu

in
on

c 
9,

lO
-A

nt
hr

aq
ui

no
ne

 
9,

IO
-A

nt
hr

aq
ui

no
ne

 
9,

IO
-A

nt
li

ra
qu

in
on

e 
9,

IO
-A

nt
hr

aq
ui

no
ne

 
9,

lO
-A

nt
hr

aq
ui

no
ne

 
9,

IO
-A

nt
hr

aq
ui

no
ne

 
9,

lO
-A

nt
hr

aq
ui

no
ne

 
9,

IO
-A

nt
hr

aq
ui

no
ne

 
9,

IO
-A

nt
hr

aq
ui

no
ne

 

0.
51

, 
1.

17
 

0.
13

, 0
.7

0 
0.

52
, 0

.9
9 

0.
05

, 0
.6

7 
0.

20
, 0

.6
7 

0.
51

, 
1.

12
 

Os
SG

, 
1.

02
 

0.
58

, 
1.

18
 

0.
46

 
0.

49
, 

1.
18

 
0.

57
, 

1.
01

 
0.

55
, 0

.9
2 

0
4

3
, 

1.
05

 
0.

94
 

0.
9S

f, 
1.

50
f 

1.
04

, 
1.

69
 

0.
94

, 
1.

45
 

0.
34

, 
1.

10
 

0.
32

, 
0.

92
 

0.
32

, 0
.9

9 
0.

38
, 

1.
04

 
0.

33
, 

0.
9 

0.
33

, 0
.9

5 
0.

30
, 0

.5
7 

04
5,

 1
.4

3 
0.

93
f, 

1*
63

f 
0.

90
, 

1.
54

 

S.
c.

e.
 

A
gl

A
gC

l 
S.

c.
e.

 
A

g/
A

gC
l 

A
g/

A
gC

I 
S.

C
.C

.' 
S.

c.
e.

 
S.

c.
e.

" 
S.

c.
e.

 
S.

c.
e.

" 
S.

c.
e.

j 
s .

 c .
 c .l

 

I-
Ig

Po
ol

 
S.

c.
e.

 
S.

c.
e.

 
S.

C.
C.

 
S.

c.
e.

 
H

gr
oo

l 
H

gP
oo

l 
H

gP
oo

l 
H

 g
 Po

ol
 "' 

H
gP

oo
l"

 
I-

Jg
Po

ol
 

H
gP

oo
l 

S
.C

.C
. 

S.
c.

e.
 

S.
c.

e.
 

D
M

F
 

D
M

F
 

M
eC

N
 

D
M

F
 

D
M

F
 

D
M

F
 

M
cC

N
 

M
eC

N
 

D
M

SO
 

D
M

SO
 

M
e,

C
O

 
P

C
 

M
eC

N
 

M
eC

N
 

M
eC

N
 

M
eC

N
 

M
cC

N
 

D
M

F
 

D
M

F
 

D
M

F
 

D
M

F
 

D
M

F
 

D
M

F
 

D
M

F
 

D
M

F
 

D
M

F
 

D
M

F
 

T
E

A
P

 
25

 
T

E
A

P
 

19
 

T
E

A
P

 
25

 
T

E
A

 P
 

19
 

T
E

A
P

 
19

 
T

E
A

P
 (0

.0
%

) 
25

 
T

E
A

P
 

25
 

TE
A

T'
 (

0
.0

5
~

) 
25

 
T

B
A

I 
25

 
T

E
A

P
 (0

*
0

5
~

) 2
5 

T
E

A
P

 (0
'0

.5
~)

 2
5 

T
E

A
P

 (
0

.0
5

~
) 

25
 

T
B

A
B

r 
-
 

T
E

A
 P

 
-
 

T
B

A
P

 
-
 

T
E

A
P

 
25

 
T

B
A

B
r 

-
 

T
E

A
1 

-
 

T
E

A
I 

-
 

T
E

A
I 

25
 

T
E

A
I 

-
 

T
E

A
I 

-
 

L
ic
l 

(1
 M)
 

-
 

T
E

A
P

 
20

 
T

E
A

P
 

-
 

T
E

A
P

 
25

 

-
 

-
 

34
 

36
 

34
 

36
 

36
 

10
1 

34
 

34
 

10
3 

10
1 

10
1 

10
1 

48
 

39
 

63
 

18
1 34
 

48
 

1 s
9

 
64

 
19

0 
19

1 
19

2 
19

1 70
 

63
 

19
3 



9,
lO

-A
nt

hr
aq

ui
no

ne
 

9,
lO

-A
nt

hr
aq

ui
no

ne
 

9,
lO

-A
nt

hr
aq

ui
no

ne
 

9,
lO

-A
nt

hr
aq

ui
no

ne
 

9,
IO

-A
nt

hr
aq

ui
no

ne
 

9,
lO

-A
nt

hr
aq

ui
no

ne
 

9,
IO

-A
nt

hr
aq

ui
no

ne
 

9,
lO

-A
nt

hr
aq

ui
no

nc
 

9,
lO

-A
nt

hr
aq

ui
no

nc
 

9,
1O

-A
nt

hr
aq

ui
no

ne
, 

1 -
am

in
o-

 
9,

1O
-A

nt
hr

aq
ui

no
ne

, 
l-

an
ii

no
- 

9,
10

-A
nf

hr
aq

ui
no

nc
, 

1-
am

in
o-

 
9,

1O
-A

nt
hr

aq
ui

no
nc

, 
l-

am
in

o-
 

9,
1O

-A
nt

hr
aq

ui
no

ne
, 

l-
an

ii
no

- 
9,

IO
-A

nt
 h

ra
qu

in
on

e,
 2

-a
m

in
o-

 
9,

10
-A

nt
hr

aq
ui

no
nc

, 
2-

am
in

o-
 

9,
1O

-A
nt

hr
aq

ui
no

nc
, 

1J
-d

ia
rn

in
o-

 
9,

IO
-A

nt
hr

aq
ui

no
nc

, 
1,

4-
di

am
in

o-
 

9,
1O

-A
nt

hr
aq

ui
no

nc
, 

I -
br

on
io

- 
9,

lO
-A

nt
hr

aq
ui

no
ne

, 
2-

br
on

io
- 

9,
10

-A
nt

hr
aq

ui
no

ne
, 

2-
br

om
o-

 
9,

lO
-A

nt
hr

aq
ui

no
ne

, 
1 -

ca
rb

am
oy

l 
9,

1O
-A

nt
hr

aq
ui

no
ne

, 
2-

ca
rb

an
io

yl
 

9,
IO

-A
nf

Ii
ra

qu
in

on
e,

 l
-c

lil
or

o-
 

9,
1O

-A
nt

lir
aq

ui
no

ne
, 1

 -c
hl

or
o-

 
9,

IO
-A

nt
 h

ra
qu

in
on

e,
 l

-c
hl

or
o-

 
9,

IO
-A

nt
hr

aq
ui

no
ne

, 2
-c

hl
or

o-
 

9,
10

-A
nt

hr
aq

ui
no

ne
, 

2-
ch

lo
ro

- 
9,

10
-A

nt
hr

aq
ui

no
nc

, 
2-

ch
lo

ro
- 

9,
1O

-A
nt

hr
aq

ui
no

ne
, 

1 ,
2-

di
ch

lo
ro

- 
9,

lO
-A

nt
 h

ra
qu

in
on

e,
 1

,3
-d

ic
hl

or
o-

 
9,

1O
-A

nt
hr

aq
ui

no
ne

, 
1,

4-
di

ch
lo

ro
- 

9,
10

-A
nt

hr
aq

ui
no

ne
, 

1,
5-

di
ch

lo
ro

- 

0.
82

, 
1.

44
 

0.
98

, 
1.

74
 

0.
98

, 
1.

69
 

0.
86

, 
1.

48
 

0.
97

 
0.

94
 

0.
55

, 1
.1

7 
0.

97
, 

1.
43

 
0.

78
, 

1.
45

 
0.

46
, 

1.
04

 
0.

44
, 

0.
96

 
0.

42
, 

0.
98

 
0.

49
, 

0.
80

 
1.

06
 

0.
54

, 
1.

09
 

1.
13

 
0.

63
, 

1.
13

 
1.

16
 

0.
83

, 
1.

45
 

0.
78

, 
1.

44
, 2

.3
1 

0.
90

 
0.

94
 

0.
90

 
0.

29
, 

0.
88

 
0.

83
, 

1.
46

, 2
.2

3 
0.

90
 

0.
78

, 
1.

43
, 2

.5
0 

0.
90

 
0.

24
, 0

.8
1 

0.
76

, 
1.

43
, 2

.2
6 

0.
75

, 
1.

42
, 2

.2
1 

0.
79

, 
1.

46
, 2

.3
2 

0.
79

, 
1.

46
, 2

.3
5 

S.
C.

C.
 

S.
c.

e.
 

S.
C.

C.
 

S.
C.

C.
 

S.
c.

e.
 

N
.c

.e
. 

A
gI

A
gC

l 
S.

c.
e.

 
S.

C.
C.

 
H

 g P
oo

l ’I’
 

H
gP

oo
l 

H
g 

Po
ol

 
H

gl
’o

ol
 

S.
C.

C.
 

H
gP

oo
l”

’ 
S.

c.
e.

 
H

g 
Po

ol
”’

 
N

.c
.c

. 
S.

C.
C.

 
S.

c.
e.

 
S.

c.
e.

 
S.

c.
e.

 
S.

c.
e.

 
H

gP
oo

l 
S.

c.
e.

 
S.

c.
e.

 
S.

c.
e.

 
S.

C
.C

. 
H

gP
oo

l 
S.

c.
e.

 
S.

c.
e.

 
S.

c.
e.

 
S.

c.
e.

 

D
M

F
 

D
M

F
 

D
M

F
 

D
M

F
 

D
M

F
 

D
M

F
 

D
M

F
 

P
C

 
D

M
SO

 
D

M
F

 
D

M
F

 
D

M
F

 
D

M
F

 
D

M
F

 
D

M
F

 
D

M
F

 
D

M
F

 
D

M
F

 
D

M
F

 
D

M
F

 
D

M
F

 
D

M
F

 
D

M
F

 
D

M
F

 
D

M
F

 
D

M
F

 
D

M
F

 
D

hl
 F

 
D

M
F

 
D

M
F

 
D

M
F

 
D

M
F

 
D

M
F

 

T
E

A
P

 
T

E
A

P
 

T
E

A
I 

T
E

A
1 

(0
.0

5
~

) 
T

E
A

B
r 

T
E

A
P

 
T

E
A

P
 

T
E

A
P

 
T

D
A

I 
T

E
A

I 
T

E
A

I 
T

E
A

1 
L

iC
l 

T
E

A
B

r 
T

E
A

I 
T

E
A

B
r 

T
E

A
I 

T
E

A
P

 
T

E
A

I 
(0

.0
5b

I)
 

T
E

A
I 

(0
.0

5
~

) 
T

E
A

B
r 

T
E

A
B

r 
T

E
A

B
r 

T
E

A
1 

T
E

A
I (

0
.0

5
~

) 
T

E
A

B
r 

T
E

A
I 

(0
.0

5
~

) 
T

E
A

B
r 

T
E

A
I 

T
E

A
I 

(0
*0

5
~

) 
T

E
A

I (
0

.0
5

~
) 

T
E

A
I 

(0
.0

5h
I)

 
T

E
A

I 
(0

-0
5

~
) 

-
 

25
 

25
 

25
 

-
 

-
 

19
 

25
 

25
 

-
 

25
 

25
 

25
 

25
 

-
 

-
 

-
 

25
 

25
 

-
 

-
 

-
 

25
 

25
 

25
 

25
 

19
4 34
 

34
 

19
6,

 1
97

 
19

8,
 1

99
 

20
0 36

 
63

 
10

3 
19

0 
- 

19
2 

f
 

18
9 

18
9 

19
8,

 1
99

 
’ 

19
8,

 1
99

 
19

0 
: 

19
0 

1
.
 

20
0 

g 
19

7 
19

7 
0,
 

19
8,

 1
99

 
$
 

19
8,

 1
99

 
-*

 

18
9 

5 
19

8,
 1

99
 

0” 
19

6,
 1

97
 

19
8,

 1
99

 
19

6,
 1

97
 

19
8,

 1
99

 
19

8,
 1

99
 

19
6 

19
6 

19
6 

19
6 

4
 

(n
 



T
A

B
L

E
 

1 
(c

on
t.)

 

N
am

e 
R

ef
er

en
ce

 
Su

pp
or

ti
ng

 
T

o 
--

E$
 (V

) 
el

ec
tr

od
e'

' 
So

lv
en

tb
 

el
ec

tr
ol

yt
ec

f 
("

C
) 

R
ef

er
en

ce
 

9,
10

-A
nt

hr
aq

ui
no

ne
, 

1,
5-

di
ch

lo
ro

- 
9,

IO
-A

nt
hr

aq
ui

no
ne

, 
1,

6-
di

ch
lo

ro
- 

9,
10

-A
nt

hr
aq

ui
no

nc
, 

1,
7-

di
ch

lo
ro

- 
9,

10
-A

nt
hr

aq
ui

no
ne

, 
1,

8-
di

ch
lo

ro
 

9,
IO

-A
nt

hr
aq

ui
no

ne
, 

1 ,
8-

di
ch

lo
ro

- 
9,

10
-A

nt
hr

aq
ui

no
nc

, 
2,

3-
di

ch
lo

ro
- 

9,
10

-A
nt

hr
aq

ui
no

nc
, 

2,
G

-d
ic

hl
or

o-
 

9,
10

-A
nt

hr
aq

ui
no

ne
, 

2,
7-

di
cl

ilo
ro

- 
9,

10
-A

nt
hr

aq
ui

no
ne

, 
1 ,

C
di

ac
et

ox
y-

 
9,

1O
-A

nt
hr

aq
ui

no
ne

, 
2-

et
hy

l-
 

9,
IO

-A
nt

hr
aq

ui
no

ne
, 2

-e
th

yl
- 

9,
 I 0

-A
 n t

 h
ra

q 
u i

no
nc

, 
2-

el
 hy

l- 
9,

1O
-A

nt
hr

aq
ui

no
ne

, 
1,

2-
di

et
hy

l-
 

9,
1O

-A
nt

lir
aq

iii
no

nc
, l

-f
lu

or
o-

 
9,

IO
-A

nt
 h

ra
q 

ui
no

ne
, 

1
4

 uo
ro

- 
9,

10
-A

nt
hr

aq
ui

no
ne

, 
2-

fl
iio

ro
- 

9,
1O

-A
nt

hr
aq

ui
no

ne
, 

2-
fl

uo
ro

- 
9,

IO
-A

nt
hr

aq
ui

no
ne

, 
l-

hy
dr

ox
y-

 
9,

10
-A

nt
hr

aq
ii

in
on

e,
 I

-h
yd

ro
xy

- 
9,

lO
-A

nt
 h

ra
qu

in
on

e,
 1

 -1
iy

dr
ox

y-
 

9,
10

-A
nt

hr
aq

ui
no

ne
, 

l-
hy

dr
ox

y-
 

9,
10

-A
nl

hr
aq

ii
in

on
e,

 7
,-h

yd
ro

xy
- 

9,
1O

-A
nt

hr
aq

iii
no

ne
, 2

-h
yd

ro
xy

 
9,

10
-A

nt
hr

aq
ui

no
ne

, 
2-

hy
dr

ox
y-

 
9,

10
-A

nt
hr

aq
ui

no
ne

, 
2-

hy
dr

ox
y-

 
9,

lO
-A

nt
 h

ra
qu

in
on

e,
 2

-h
yd

ro
xy

- 

0.
25

, 0
.8
5 

0.
74

, 
1.

43
, 2

.3
0 

0,
74

, 
1.

43
, 2

.2
8 

0.
79

, 
1.

46
, 2

.2
3 

0.
25

, 0
.8

6 
0.

71
, 

1.
35

, 2
.4

5 
0.

70
, 

1.
32

, 2
.5

3 
0.

72
, 

1.
36

, 2
.6

4 
0.

46
, 

0.
85

 
1.

12
, 

1.
69

 
0.

41
, 0

.7
0 

1 .
00

 
0.

82
 

0.
83

, 
1.

47
 

0.
92

 
0.

77
, 

1.
46

 
0.

93
 

0.
20

, 0
.8

0 
0.

16
, 0

.7
3 

0.
10

, 
0.

54
 

0.
77

, 
1.

39
 

0.
39

, 0
.6

4,
 

0.
54
, 0

.8
1 

0.
64

, 
1.

26
 

0.
77

, 
1.

20
 

0.
74

, 
1.

20
 

0.
82

, 
1.

10
 

H
gP

oo
l 

S.
C.

C.
 

S.
C.

C.
 

S.
C.

C.
 

H
gP

oo
l 

S.
c.

e.
 

S.
C

.C
. 

S.
C.

C.
 

A
gi

A
gC

l 
S.

c.
e.

 
H

 g 
Po

ol
 

S.
C

.C
. 

S.
C

.C
. 

S.
C.

C.
 

S.
c.

e.
 

S.
c.

e.
 

S.
C.

C.
 

H
gP

oo
l"

' 
H

gP
oo

l"
 

S.
c.

e.
 

J-
I~

Po
oI

 

H 
gP
 00

1
'" 

A
S/

A
gC

l 
S.

c.
c.

(N
a)

 
S .

c.
e.

( N
a)

 
S.

c.
e.

(N
a)

 

D
M

F
 

D
M

F
 

D
M

F
 

D
M

F
 

D
M

F
 

D
M

F
 

DP
A 

F
 

D
M

F
 

D
M

F
 

D
M

F
 

D
M

F
 

D
M

F
 

D
M

F
 

D
M

F
 

D
M

F
 

D
M

F
 

D
M

F
 

D
M

F
 

D
M

F
 

D
M

F
 

D
M

F
 

D
M

F
 

D
M

F
 

D
M

F
 

M
eC

N
 

PC
 

T
E

A
I 

-
 

T
E

A
I 

(0
.0

5
~

) 
25

 
T

E
A

I 
(0

.0
5

~
) 

25
 

T
E

A
I 
(0
.0
5~
) 

25
 

T
E

A
I 

-
 

T
E

A
I 

(0
.0

5
~

) 
25

 
T

E
A

I 
(0

.0
5

~
) 

25
 

T
E

A
I 
(0
.0
5~
) 

25
 

T
E

A
P

 
19

 
T

E
A

I 
25

 
L

iC
l 

-
 

T
E

A
B

r 
-
 

T
E

A
B

r 
-
 

T
E

A
I 
(0
.0
51
\1
) 

25
 

T
E

A
B

r 
-
 

TE
A

T 
(0

.0
5h

.1
) 

25
 

T
E

A
B

r 
-
 

T
E

A
I 

25
 

T
E

A
I 

-
 

Li
C

I 
(I

M
) 

-
 

T
E

A
P

 
25

 
T

E
A

1 
25

 

T
E

A
P 

19
 

T
E

A
P

 
-
 

T
E

A
P

 
-
 

T
E

A
P

 
-
 

18
9 

19
6 

19
6 

19
6 

18
9 

19
6 

19
6 

2
 

36
 

v,
 n
 

20
 1 

19
8,

 1
99

 
r
 

19
9 

5 
19

7 
2 

19
8,

 1
99

 
19

7 
19

8,
 1

99
 

19
0 

19
1 

19
1 34
 

19
0 36
 

89
 

89
 

89
 

19
6 

2 
34

 
(3

 



9,
1O

-A
nt

hr
aq

ui
no

ne
, 

1,
2-

di
hy

dr
ox

y-
 

9,
IO

-A
nt

Ii
ra

qu
in

on
e,

 1
,4

-d
ih

yd
ro

xy
- 

9,
10

-/
\n

th
ra

qu
in

on
c,

 1
,4

-d
ih

yd
ro

xy
- 

9,
IO

-A
nt

fi
ra

qu
in

on
c,

 1
,4

-d
ih

yd
ro

xy
- 

9,
 I0

-.
4n

tl
ir

aq
ui

no
nc

, 
1 ,

4-
di

hy
dr

ox
y-

 
9,

IO
-A

nt
hr

aq
ui

no
ne

, 
I ,

C
di

hy
dr

ox
y-

 
9,

lO
-A

nt
hr

aq
ui

no
ne

, 
1,

5-
di

hy
dr

ox
y-

 
9,

f 0
-A

nt
kr

aq
ui

no
ne

, 
I ,S

-d
ih

yd
ro

xy
- 

9,
IO

-A
nt

hr
aq

ui
no

ne
, 

1,
8-

di
hy

dr
ox

y-
 

9,
f 0

-A
nt

hr
aq

ui
no

nc
, 

1,
s-

di
hy

dr
ox

y-
 

9,
IO

-A
nt

hr
aq

ui
no

nc
, 

1,
8-

di
hy

dr
ox

y-
 

9,
IO

- A
nt

hr
aq

ui
no

nc
, 1

,2
,4

-t
ri

hy
dr

ox
y-

 
9,

IO
-A

nt
hr

aq
ui

no
ne

, 
1,

2,
5,

8-
te

tr
ah

yd
ro

xy
- 

9,
IO

-A
nt

hr
aq

 u
in

on
e,

 1
,4

,5
,S

-t
et

i.a
liy

dr
ox

~-
 

9,
lO

-A
nt

hr
aq

ui
no

ne
, 

l-
io

do
- 

9,
IO

-A
nt

hr
aq

ui
no

ne
, 

I-
io

do
- 

9,
IO

-A
nt

Ii
ra

qu
in

on
e,

 2
-i

od
o-

 
9,

IO
-A

nt
hr

aq
ui

no
ne

, 
I-

rn
et

ho
xy

- 
9,

10
-A

nt
hr

aq
ui

no
nc

, 
l-

m
et

ho
xy

- 
9,

1O
-A

nt
hr

aq
ui

no
nc

, 2
-m

et
ho

xy
- 

9,
1O

-A
nt

hr
aq

ui
no

ne
, 

1 ,
4-

di
rn

et
ho

xy
- 

9,
10

-A
nt

hr
aq

ui
no

nc
, 

1,
4-

di
ni

ct
ho

xy
- 

9.
1 0

-A
nt

hr
aq

ui
no

ne
, 

1 ,
S-

di
m

ct
ho

xy
- 

9,
IO

-A
nt

hr
aq

ui
no

nc
, 

1,
S-

di
ni

ct
ho

xy
- 

9,
l 0

-A
nt

 h
ra

qu
in

on
c,

 1
 ,S

-d
im

et
ho

xy
- 

9.
IO

-A
nt

hr
aq

ui
no

nc
, 

2-
m

ct
hy

l-
 

9,
1O

-A
nt

hr
a~

ui
no

ne
, 1

,4
-d

iii
ie

th
yl

- 
9.

10
-A

nt
I1

ra
qu

in
on

c,
 

1,
4,

5,
S-

tc
tr

am
et

hy
l-

 
9,

IO
-A

nt
Ii

ra
qu

in
on

e,
 l

-n
it

ro
- 

9,
IO

- A
nt

 1w
aq

 ui
 n

on
e,

 1
 -n

itr
o-

 
9,

IO
-A

nt
hr

aq
ui

no
ne

, 
I-

ni
tr

o-
2-

ca
rb

os
y-

 
9,

IO
-A

nt
hr

aq
ui

no
nc

, 
1,

2-
di

ph
en

yl
- 

9,
lO

-A
nt

hr
aq

ui
no

ne
, 

2-
su

lp
ho

na
te

 (
N

a)
 

0.
43

 
A

g/
A

gC
I 

0.
06

, 0
.7

2 
H

gP
oo

l 'I
L 

0.
07

, 0
.5

8 
H

gP
oo

l"
 

0.
42

, 0
.5
5,
 0.

90
 

H
gP

oo
l 

0.
29

, 0
.8

8 
A

g/
A

gC
I 

0.
56

 
N

.c
.e

. 
0.

03
, 0

.5
4 

H
g

P
~

o
l'

~
 

0.
24

, 0
.7

2 
A

gI
A

gC
l 

0.
04

, 0
.7

4 
H

gP
oo

l 'I
L 

0.
27

, 
0.

93
 

A
gl

A
gC

1 
0.

64
, 

1.
42

 
S.

c.
e.

 
0.

18
, 0

.7
3 

Hg
 P

oo
l"

' 
0.

30
 

A
g/

A
gC

I 
0.

12
 

A
gJ

A
gC

I 
0.

84
, 

1.
34

, 
14

4 
S.

c.
e.

 
0.

93
 

S.
c.

e.
 

0.
78

, 
1.

37
, 

1.
48

 
S.

c.
e.

 
0.

43
, 0

.8
9 

H
gP

oo
I"

' 
1.

01
 

S.
c.

e.
 

0.
39

, 
0.

93
 

H
gP

oo
l"

' 
0.

50
, 

1.
04

 
H

gP
oo

l'"
 

0.
71

, 
1.

04
 

A
g/

A
gC

I 

0.
71

, 
1.

05
 

A
g,

/A
gC

I 
0.

50
, 1

.0
6 

H
gP

oo
lJ

J1
 

1 .o
o 

S.
c.

e.
 

1.
27

, 
1.

73
 

S.
c.

e.
 

0.
07

, 0
.7

0,
 0

.9
8 

H
gP

oo
l 

0.
76

 
S.

c.
e.

 
0.

86
 

S
.C

.C
. 

0.
32

 
H

gP
oo

l 
0.

91
, 

1.
40

 
S.

C
.C

. 

0.
54

, 
1.

04
 

I-
Ig

Po
ol

"' 

1.
08

, 1
.5

7 
S.

C.
C.

 

D
M

F
 

D
M

F
 

D
M

F
 

D
M

F
 

D
M

F
 

D
M

F
 

D
M

F
 

D
M

F
 

D
M

F
 

D
M

F
 

D
M

F
 

D
M

F
 

D
M

F
 

D
M

F
 

D
M

F
 

D
M

F
 

D
M

F
 

D
M

F
 

D
M

F
 

D
M

F
 

D
M

F
 

D
M

F
 

D
M

F
 

D
M

F
 

D
M

F
 

D
M

F
 

M
cC

N
 

M
cC

N
 

D
M

F
 

D
M

F
 

D
M

F
 

D
M

F
 

M
eC

N
 

T
E

A
P

 
T

E
A

I 
T

E
A

I 
L

iC
l (

I M
) 

T
E

A
P

 
T

E
A

P
 

T
E

A
I 

T
E

A
P

 
T

E
A

I 
T

E
A

P
 

T
E

A
P 

T
E

A
I 

T
E

A
P

 
T

E
A

P
 

T
E

A
I 

(0
.5

hf
) 

T
E

A
B

r 
T

E
A

I 
(0

.0
5h

f)
 

T
E

A
I 

T
E

A
B

r 
T

E
A

I 
T

E
A

1 
T

E
A

P
 

T
E

A
1 

T
E

A
P

 
T

E
A

I 
T

E
A

B
r 

T
E

A
P

 
T

E
A

P
 

T
E

A
I 

T
E

A
B

r 
T

E
A

B
r 

T
E

A
B

r 
T

E
A

P
 

19
 

25
 

-
 

19
 

25
 

19
 

25
 

19
 

25
 

19
 

19
 

19
 

25
 

25
 

25
 

25
 

25
 

19
 

25
 

19
 

25
 -
 

-
 

-
 

-
 

-
 

-
 

-
 

-
 

-
 

25
 

36
 

19
0 

19
1 

19
1 36
 

20
0 

19
0 

36
 

19
0 3G
 

- 
34

 
p

 
36

 
36

 
(3

 

36
 

2 
19

7 
19

S,
 1

99
 
4 

19
7 

2.
 

19
0 
;
 

19
0 

%
 

19
8,

 1
99

 

19
0 

$
 

36
 

=,* 
19

0 
g 

36
 

19
0 

19
8,

 1
99

 
20

2 
19

2 
I9

2 
19

8,
 1

99
 

19
9 

19
8 34
 

4
 
4
 

4
 



T
A

B
L

E
 1 
(c

on
t.)

 
J
 
4
 

03
 

~ 
~ 

~~
~~

~~
 

R
ef

er
en

ce
 

S
up

po
rt

in
g 

T
e 

N
am

e 
-E

B
 0‘
) 

el
ec

tr
od

e”
 

So
lv

en
tb

 
el

ec
tr

ol
yt

eC
l 

(“
C

) 
R

ef
er

en
ce

 

9,
10

-A
nt

hr
aq

ui
no

nc
, 

2-
su

lp
ho

na
te

 (
N

a)
 

9,
10

-A
nt

lir
aq

iii
no

nc
, 

2-
su

lp
ho

na
tc

 (
N

a)
 

1.
4-

A
nt

hr
aq

ui
no

ne
 

9,
lO

-P
li

cn
an

tl
ir

aq
ui

no
ne

 
9,

lO
-P

hc
na

nt
 h

ra
qu

in
on

e 
9,

lO
-I

’h
cn

an
th

ra
qu

in
on

e 
9,

IO
-P

he
na

nt
hr

aq
ui

no
nc

 
9,

lO
-P

fi
en

an
th

rn
qt

ii
no

ne
 

9,
lO

-P
li

en
an

th
ra

qi
ii

no
nc

 
9,

IO
-P

hc
na

nt
 hr

aq
ui

no
ne

 
9,

IO
-P

he
na

nt
hr

aq
ii

in
on

e,
 2

,4
,7

-t
ri

ni
tr

o-
 

9,
IO
-P
he
na
nt
hr
aq
ii
in
on
c,
 2,

4,
7-

tr
in

itr
o-

 
9,

 I 0
-P

he
nn

nt
lir

aq
ui

no
nc

, 
3,

6-
di

ni
tr

o-
 

9,
1O

-P
lie

na
nt

lir
aq

ui
no

ne
, 

3,
6-

di
ni

tr
o-

 
9,

10
-I

~I
ic

na
nt

li
ra

qt
ii

no
nc

, 2,
7-

di
ni

tr
o-

 
9,
1O
-P
he
na
nt
li
ra
qu
in
on
e,
 2,

7-
di

ni
tr

o-
 

9,
1O

-l
’l

ic
na

nt
lir

nq
iii

iio
nc

, 
2,

S
di

ni
tr

o-
 

9,
IO

-P
Ii

cn
an

th
ro

qi
iin

oi
ie

, 2
,S

-d
in

itr
o-

 
5.

12
-N

ap
lit

ho
cc

ne
qi

iin
on

e 
1,
2-
13
en
z-
9,
IO
-n
nt
hr
aq
ui
no
nc
 

6,
I3

-P
en

ta
ce

nc
qu

in
on

e 
1 ,

6-
B

cn
zo

py
i,c

nc
qu

in
on

e 
3,

6-
B

en
zo

py
re

ne
qu

in
or

le
 

6,
 I2

-I
3e

nz
op

yr
en

eq
ui

no
nc

 
Bc

nz
oc

yc
lo

bu
ta

di
en

eq
ui

no
ne

 
1,

2-
A

ce
na

ph
tli

aq
ui

no
ne

 
D

ik
et

op
yr

ac
en

e 
(1

) 

0.
98

, 
1.

64
 

0.
33

, 0
.9

7 
0.

75
, 

1.
25

 
0.

12
, 0

.6
9 

0.
30

, 0
.7

6 
0.

70
 

0.
66

, 
1.

22
 

0.
66

 
0.

24
 

0.
54

, 
1.

28
 

0.
10

 
-
 0.

08
 

0.
15

 
-
 0.

06
 

0.
20

 
-
 0.

04
 

0.
26

 
-
 0.

0 1
 

1.
13

, 1
.6

5 
0.

66
, 

1.
19

 
1.

23
, 

1.
55

 
0.

57
j, 

0.
77

’ 
0.

60
/, 

0.
86

’ 
0.5

8’
, 

0.
90

’ 
1 .

20
 

0.
81

, 
1.

66
 

0.
91

, 
1.

73
 

S.
c.

e.
 

H
gP

oo
l 

S.
c.

e.
 

H
gP

oo
l 

A
gI

A
gC

I 
S.

C.
C.

 
S.

c.
e.

 
S.

c.
e.

 
S.

c.
e.

 
S.

C
.C

. 
S.

c.
e.

 
S.

c.
e.

 
S.

c.
e.

 
S.

C
.C

. 
S.

C.
C.

 
S.

c.
e.

 
S.

C
.C

. 
S.

c.
e.

 
S.

C.
C.

 
S.

C
.C

. 
S.

c.
e.

 
s.

c.
c 

S.
c.

e.
 

S.
c.

e.
 

S.
c.

e.
 

S.
c.

e.
 

S.
C.

C.
 

D
M

F
 

D
M

F
 

M
eC

N
 

D
M

F
 

D
M

F
 

D
M

F
 

M
eC

N
 

M
eC

N
 

M
eC

N
 

D
M

S
O

 
M

eC
N

 
M

eC
N

 
M

cC
N

 
M

eC
N

 
M

eC
N

 
M

eC
N

 
M

eC
N

 
M

cC
N

 
M

eC
N

 
D

M
F

 
M

eC
N

 
M

eC
N

 
M

eC
N

 
M

eC
N

 
M

cC
N

 
D

M
SO

 
D

M
S

O
 

T
E

A
I 

T
E

A
I 

T
E

A
P

 
T

E
A

I 
T

E
A

P
 

T
E

A
P

 
T

E
A

P
 

T
B

A
P 

Li
C

IO
,, 

T
B

A
I 

T
B

A
P

 
Li

C
IO

, 
T

B
A

P 
Li

C
IO

., 
T

B
A

P
 

Li
C

IO
, 

TB
AP

 
Li

C
IO

., 
T

B
A

 P
 

TE
AP

 
TB

AP
 

TE
A 

P 
TE

AP
 

T
E

A
P

 
T

E
A

P
 

T
B

A
I 

T
B

A
I 

25
 

25
 

19
 

25
 

25
 

R
T

 
R

T
 

25
 

R
T

 
R

T
 

R
T

 
R

T
 

R
T

 
R

T
 

R
T

 
R

T
 

-
 

-
 

-
 

-
 

25
 

25
 

25
 

34
 

18
9 34
 

64
 

36
 

20
3 34
 

y 
46

 
3 

46
 

2 
10

3 
X,
 

46
 

46
 

3 
46

 
5 

46
 

$- 
46

 
46

 
46

 
46

 
18

1 
19

4 
18

1 63
 

63
 

63
 

20
4 

10
3 

10
3 



Py
ra

cy
cl

oq
ui

no
nc

 (
2)

 
4,

8-
D

ib
cn

zo
pe

n 
ta

le
no

qu
in

on
e 

(3
) 

T
ri

pt
yc

en
eq

ir
in

on
e 

(4
) 

I2
,1
5-
Di
hy
dr
o-
12
,1
S-
di
ox
o-
2,
3 :6

,7
-d

ib
en

zo
- 

9,
lO

-D
ih

yd
ro

an
th

ry
le

nc
na

ph
th

oq
ui

no
ne

 (6
) 

N
ap

ht
ho

tr
ip

ty
ce

ne
qu

in
on

e 
(7

) 
12

,l 
5-
Di
hy
dr
o-
12
,1
5-
di
ox
o(
2,
3-
6,
7-
13
,1
4)
- 

12
,1
5-
Di
hy
dr
o-
12
,1
5-
di
ox
o-
2,
3:
6,
7-
di
be
nz
o-
 

(1
0)

 
(1

 1)
 

B
ip

he
ny

lq
ui

no
ne

 
B

ip
he

ny
lq

ui
no

ne
 

B
ip

hc
ny

lq
ui

no
ne

, 3
-m

et
hy

l-
 

B
ip

he
ny

lq
ui

no
ne

, 3
-t

-b
ut

yt
 

B
ip

he
ny

lq
ui

no
ne

, 3
,3

’-
di

m
ct

hy
l- 

B
ip

he
ny

lq
ui

no
ne

, 3
,3

’-
di

-l
-b

ut
yl

- 
B

ip
he

ny
lq

ui
no

ne
, 3

,3
‘,5

,5
’-

tc
tr

an
ie

th
yl

- 
B

ip
he

ny
lq

ui
no

nc
, 3

,3
’,
5,
5’
-t
ct
ra
is
op
ro
py
l-
 

B
ip

he
ny

lq
ui

no
nc

, 
3,

3’
,5

,5
’-

te
1r

a-
r-

bi
ity

l- 
13

ip
hc

ny
lq

ui
no

ne
, 
3,
3’
-d
in
ie
th
yl
-5
,5
’-
di
-t
-b
ut
yl
- 

B
ip

he
ny

lq
ui

no
ne

, 
3,
3’
-d
ii
so
pr
op
yl
-5
,5
’-
di
-r
- 

B
ip

he
ny

lq
ui

no
ne

, 
3,

3‘
,5

,5
’-

te
tr

an
ic

th
ox

y-
 

D
ib

cn
zo

qt
ii

no
nc

 (
12

) 
D

ib
en

zo
qu

in
on

e 
(1

2)
 

D
ib

en
zo

qu
in

on
e 

(1
2)

, 5
,5

’-
di

ni
et

hy
l- 

D
ib

cn
zo

qi
ri

no
ne

 (
12

), 
5,

5‘
-d

in
ic

th
yl

- 
D

ib
en

zo
qu

in
on

c 
(1

2)
, 5

,5
’-

di
ni

ct
hy

l- 
T

ri
qu

in
on

e 
(1

3)
 

tr
ip

ty
ce

ne
 (

5)
 

tr
ib

en
zo

tt‘
yp

tic
cn

e 
(8

) 

13
,1

4-
na

pf
it

ho
tr

ip
ty

cc
ne

 (Y
) 

bi
ity

l-
 

0.
74

, 1
.3

0 
0.

90
, 
1.
63
 

0.
64

, 
1.

25
 

0.
67

, 
1.

28
 

0.
09

, 0
.4

7 
0.

94
, 

1.
40

 

0.
81

, 
1.

35
 

0.
82

, 
13

5 
0.

66
, 1

.3
4 

0.
63

, 
1.
26
 

0.
23

, 
0.
52
 

0.
24

, 
0.

41
 

0.
28

, 
0.

62
 

0.
30

, 0
.6

4 
0.

34
, 0

.6
4 

0.
36

, 0
.7

2 
0-

44
, 0

.7
7 

0.
45

, 0
.8

0 
0.

50
, 

0.
90

 
0.

47
, 0

.8
3 

0.
48

, 0
.8

6 
0.

51
 

0.
35

, 0
.6

5,
 0

.8
8 

0.
38

, 0
.7

4,
 1
.2
9 

0.
55

, 0
.7

2,
 1

.0
8 

0.
57

, 0
.7

7,
 1

.4
8 

0.
50

, 0
.6

6,
 1

.2
3 

0.
49

, 0
.6

7,
 

0.
73

, 
1.

05
 

S.
C.

C.
 

S.
c.

e.
 

H
gP

oo
l 

H
gP

oo
l 

H
gP

oo
l 

H
gP

oo
l 

I-
Ig

Po
ol

 

H
gP

oo
l 

H
gP

oo
l 

H
gP

oo
l 

S.
C

.C
. 

S.
c.

e.
 

S.
c.

e.
 

s.
c.

c,
 

S.
c.

e.
 

S.
c.

e.
 

S.
c.

e.
 

S.
c.

e.
 

S.
c.

e.
 

S.
c.

e.
 

S.
C.

C.
 

S.
c.

e.
 

S.
c.

e.
 

S.
c.

e.
 

S.
C.

C.
 

S.
C.

C.
 

S.
c.

e.
 

S
.c

.e
. 

D
M

S
O

 
D

M
S

O
 

D
M

F
 

D
M

F
 

D
M

F 
D

M
F

 

D
M

F
 

D
M

F
 

D
M

F
 

D
M

F
 

M
eC

N
 

M
eC

N
 

M
eC

N
 

M
cC

N
 

M
eC

N
 

M
eC

N
 

M
eC

N
 

M
eC

N
 

M
eC

N
 

M
cC

N
 

M
cC

N
 

M
eC

N
 

M
eC

N
 

D
M

F
 

M
eC

N
 

D
M

F
 

D
M

S
O

 
M

eC
N

 

T
B

A
I 

T
B

A
P

 
K

N
O

, 

K
N

O
, 

Li
C

l 
K

N
O

, 

K
N

O
, 

K
N

O
, 

K
N

O
, 

K
N

O
, 

T
B

A
P

 
T

E
A

P
 

T
B

A
P

 
T

B
A

P
 

T
B

A
P

 
T

B
A

P
 

T
B

A
P

 
T

B
A

P
 

T
B

A
P 

T
B

A
P

 

T
B

A
P

 
T

E
A

P
 

T
E

A
P

 
T

E
A

 P
 

T
E

A
P

 
T

E
A

 P
 

T
E

A
P

 
T

E
A

P
 

25
 

-
 

25
 

25
 

25
 

25
 

25
 

25
 

10
3 

20
5 

20
6 

20
6 

20
6 

20
6 

20
6 

20
6 

20
6 

20
6 

20
7 

$ 
20

7 
~3

 
20

7 
2,

 
20

7 
2
 

20
7 

u‘ 

20
1 

.o 
20

7 
5. 

20
7 

g 

20
 7 11

 
20

8 
20

8 
20
8 

20
5 

20
8 

20
8 

- 

34
 

g 

20
7 

0,
 

0
 

v,
 

4
 

4
 

u3
 



0 

@ 
0 

CI 

v N 

0 O@ 



T
A

R
L

E
 

1 
(c

m
t.

) 

N
am

e 
R

ef
er

en
ce

 
S

up
po

rt
in

g 
T*

 
-E

l 
(V

> 
el

ec
tr

od
ea

 
So

lv
en

tb
 

el
ec

tr
ol

yt
ec

9 
(“

C
) 

R
ef

er
en

ce
 

T
ri

qu
in

on
e 

(1
3)

 
T

ri
qu

in
on

e 
(r

ed
uc

ed
) 

(1
4)

 
0.

51
, 

0.
71

, 
1.

20
 

S.
c.

e.
 

0.
32

, 
0.

68
 

S.
c.

e.
 

D
M

F
 

T
E

A
P

 
25

 
20

8 
D

M
F

 
T

E
A

P
 

25
 

20
8 

CH
, 

OH
 

0
 

O
H

 
(1

 4)
 

St
ilb

cn
eq

ui
no

ne
, 

3,
3,

5,
5‘

-t
et

ra
-r

-b
ut

yl
- 

St
il 

be
ne

qu
in

on
e,

 3
,3

’,5
,5

’-
te

tr
an

ie
th

yl
- 

M
et

hy
le

ne
qu

in
on

e 
(1

5,
 R

 =
 H
, R

’ 
=

 C
H

,) 
M

ct
hy

le
ne

qu
in

on
e 

(1
5,

 R
 =

 R
’ 
=

 C
H

3)
 

M
et

hy
le

ne
qu

in
on

e 
(1

5,
 R

 =
 C

H
,, 

R
’ 

=
 C

,H
,) 

M
et

hy
le

ne
qu

in
on

e 
(1

5,
 R

 =
 R

’ 
=

 C
,H

,) 
M

et
hy

le
ne

qu
in

on
e 

(1
5,

 R
 =

 H
, 

R
’ 

=
 C

H
,B

r)
 

M
ct

hy
le

ne
qu

in
on

e 
(1

5,
 R

 =
 H

, 
R

’ 
=

 C
N

) 
U

 bi
q 
u i

n o
ne

- I
 

0-
04

, 0
.3

3 
0.

02
, 0

.1
7 

1-
28

, 2
.0

1 
0.

81
, 

1.
42

 
1.

41
, 

1.
11

, 
1.

41
 

1.
52

 
0.

26
, 

0.
50

 
0.

84
, 

1.
6 

H
gP

oo
l 

H
gP

oo
l 

S.
C.

C.
 

S.
c.

e.
 

S.
C.

C.
 

S.
c.

e.
 

S.
C.

C.
 

S.
c.

e.
 

S.
C.

C.
 

D
M

F
 

D
M

F
 

D
M

F
 

D
M

F
 

D
M

F
 

D
M

F
 

D
M

F
 

D
M

F
 

M
eC

N
 

T
E

A
P

 
T

E
A

P
 

T
E

A
P

 
T

E
A

P
 

T
E

A
P

 
T

E
A

P
 

T
E

A
P

 
T

E
A

P
 

T
E

A
P

 

25
 

66
 

25
 

66
 

25
 

20
9 

25
 

20
9 

25
 

20
9 

25
 

20
9 

25
 

20
9 

25
 

20
9 68
 

-
 



4
 

03
 

T
A

B
L

E
 

1 
(c

on
t.)

 
h
, 

R
ef

er
en

ce
 

Su
pp

or
ti

ng
 

T
C

 
N

am
e 

-G
 (

V
> 

el
ec

tr
od

cn
 

So
lv

en
tb

 
el

ec
tr

ol
yt

cc
p 

("
C

) 
R

ef
er

en
ce

 

a-
T

oc
op

 he
ry

lq
iii

no
ne

 
V

ita
ni

in
 E

 q
ui

no
nc

 
i3

cn
zi

m
id

az
ol

c-
4,

7-
qi

iin
on

e 
(1

6)
 

Bc
nz
in
ii
da
zo
lc
-4
,7
-q
ui
no
ne
, l

-m
ct

hy
l-

 
B

en
zi

ni
id

az
ol

c-
4,

7-
qu

in
on

e,
 l

-n
ie

th
yl

-2
- 

Be
nz
in
ii
da
zo
le
-4
,7
-q
ui
no
ne
, 1

-m
et

hy
l-

2-
di

- 

B
en

zi
ni

id
az

oI
e-

4,
7-

qi
iin

on
e,

 l
-m

et
liy

l-
2-

 

Be
nz
in
ii
da
zo
le
-6
,7
-q
ui
no
ne
, I

-m
et

hy
l-

 
B

en
zi

n~
id

az
ol

e-
6,

7-
qi

ii
no

ne
, 2

-p
he

ny
l-

 
~c

nz
in

ii
da

zo
lc

-6
,7

-q
ui

no
ne

, I-
ni

et
hy

l-
2-

 

Be
nz
im
id
az
ol
c-
6,
7-
qu
in
on
e,
 l-m

et
hy

l-
2-

 

B
cn

zi
m

id
az

ol
e-

6,
7-

qu
in

on
e,

 l
-m

et
hy

l-
2-

 

Bc
nz
im
id
az
ol
e-
5,
6-
qu
in
on
e,
 I-
m

et
hy

l-
2-

 

B
en

zi
m

id
az

ol
e-

S,
b-

qu
in

on
e,

 l-
m

et
liy

I-
2-

 

B
en

zi
m

id
az

ol
on

c-
5,

6-
qu

in
on

e,
 1

,3
-d

im
et

hy
l-

 

H
cn

zi
m

id
az

ol
on

e-
4,

7-
qu

in
on

e,
 1

,3
-d

ir
nc

th
yl

- 
N

n 
pl

i t 
h 

[2
,5

-d
]i

 m
id

az
ol

c-
4,

9-
q t

i i
no

ne
, 

ph
en

yl
- 

m
ct

hy
la

ni
in

o-
 

ch
lo

ro
- 

ph
en

yl
- 

ch
lo

ro
- 

di
ii

ie
t h

y I
ai

ni
no

- 

di
m

et
hy

la
m

in
o-

 (
17

) 

(p
-d

im
ct

hy
la

m
in

op
hc

ny
1)

- 

(1
8)

 

I-
m

et
hy

l 
(1

9)
 

0.
56

 
0.

75
 

0.
44

 
0.

67
 

0.
4 1

 

0.
67

, 1
.2

9 

0.
60

 
0.

54
 

0.
38

 

0.
56

 

0.
54

 

0.
64

 

0.
71

, 0
.9

1 

0.
48

 

0.
63

, 1
.0

9 
0.

59
, 1

.2
2 

0.
87

 

S.
C

.C
. 

S.
c.

e.
 

S
.c

.e
. 

S.
c.

e.
 

S.
c.

e.
 

S.
c.

e.
 

S.
C.

C.
 

S.
C.

C.
 

S.
c.

e.
 

S.
C

.C
. 

S.
C.

C.
 

S.
c.

e.
 

S.
c.

e.
 

S.C
.C

. 

S.
C.
C.
 

S.
c.

e.
 

N
.c

.e
. 

M
eC

N
 

D
M

F
 

D
M

F
 

D
M

F
 

D
M

F
 

D
M

F
 

D
M

F
 

D
M

F
 

D
M

F
 

D
M

F
 

D
M

F
 

D
M

F
 

D
M

F
 

D
M

F
 

D
M

F
 

D
M

F
 

D
hl

F
 

Li
 C

IO
., 

-
 

T
E

A
P

 
25

 
T

E
A

P
 

-
 

T
E

A
P

 
-
 

T
E

A
P

 
-
 

T
E

A
P

 
-
 

T
E

A
P

 
-
 

T
E

A
P

 
-
 

T
E

A
P

 
-
 

T
E

A
P

 
-
 

T
E

A
P

 
-
 

T
E

A
P

 
-
 

T
E

A
P

 
-
 

T
E

A
P

 
-
 

T
E

A
P

 
-
 

'T
EA

P 
-
 

T
E

A
P

 
-
 

91
 

18
0 

21
0 

21
0 

21
0 

21
0 

21
0 

21
0 

21
0 

21
0 

21
0 

21
0 

21
0 

21
0 

20
9 

21
0 

20
0,

21
 I 



0
 %
p 

R
 

R'
 

6' N 0
 

Na
ph
th
[2
,5
-d
]i
ni
id
az
ol
e-
4,
9-
qu
in
on
e,
 

N
ap

ht
h[

2,
5-

d]
im

id
az

ol
e-

4,
9-

q 
tii

no
ne

, 

Na
pl
it
li
[2
,5
-r
(]
in
ii
da
zo
lc
-4
,9
-q
ui
no
ne
, 

Q
ui

no
xa

lin
e-

S,
S-

di
on

e,
 2

,3
-d

im
et

hy
I-

(2
0)

 
B

en
zo

[g
]q

ui
no

xa
li

n~
-5

,1
0-

~i
on

c (2
1)

 
I3

en
zo

[g
]q

ui
no

xa
lin

e-
5,

lO
-d

io
ne

, 
'L

-m
ct

hy
l-

 
~e

nz
o[

~]
qu

in
ox

al
in

c-
5,

lO
-d

io
nc

, 2,
3-

di
m

ct
hy

l-
 

E
en

zo
[g

]q
 ti

in
ox

al
in

e-
5,

1O
-d

io
ne

, 2
-(

p-
di

m
et

hy
l-

 

Be
nz
o[
~]
q~
1i
no
xa
li
nc
-5
,l
O-
di
on
e,
 

2,
3-

di
ph

en
yl

- 
B

cn
zo

[~
~]

qt
1i

no
xa

li
ne

-5
, 

10
-d

io
ne

, 2
-h

yd
ro

xy
- 

Be
nz
o[
g]
q~
ii
no
xa
li
nc
-5
,I
0-
di
on
e,
 2,
3-

di
hy

dr
ox

y-
 

D
ib

cn
zo

Ib
, i

]p
he

na
zi

ne
-5

,1
4-

di
on

e 
(2

2)
 

(2
3)

 
(2

4:
 X

 =
 N

, 
Y

 =
 0

, Z
 =

 N
 +

 0
) 

(2
4:

 X
 =

 N
, 

Y
 =

 0
, Z

 =
 N

) 
(2

4:
 X

 =
 N

, 
Y

 =
 S

, Z
 =

 N
) 

(2
4:

 X
 =

 N
, Y
 =

 S
C

, Z
 =

 N
) 

(2
4:

 X
 =

 N
, 
1' 

=
 N

C
SH

G
, Z
 =

 N
) 

I-
m

et
hy

l, 
5,

s-
di

hy
dr

ox
y-

 

1-
m

et
hy

l, 
5-

am
in

o-
8-

hy
dr

ox
y 

1-
m

et
hy

l, 
5,

s-
di

am
in

o-
 

am
in

os
ty

ry
1)

- 

3-
1,

 h
en

yl
- 

(2
5:

 X
-Y

-Z
 

=
 S

--
N

=N
) 

0.
56

 
N

.c
.c

. 

0.
59

 
N

.c
.e

. 

1.
17

 
N

.c
.~

. 
0.

60
, 

1.
37

, 2
.1

5 
S.

C
.C

. 
0.

73
, 

1.
37

, 1
.9

0 
S.

c.
e.

 
0.

76
, 

1.
37

, 1
.9

6 
S.

C
.C

. 
0.

79
, 

1.
45

, 2
.0

7 
S.

C
.C

. 

0.
71

, 
1.

36
, 1

.7
1 

S.
c.

e.
 

0.
81

, 
1.

51
, 

2.
14

 
S.

c.
e.

 

0.
49

, 
1.

22
, 2

.0
8 

S.
c.

e.
 

0.
59

, 
1.

10
 

S.
c.

e.
 

0.
62

, 
1.

36
 

S.
C

.C
. 

0.
19

, 0
.S

G
 

S
.C

.C
. 

0.
27

, 0
.9

7 
S.

c.
e.

 
0.

42
, 0

.9
7 

S.
c.

e.
 

0.
43

, 
1.

01
 

S.
C

.C
. 

0.
57

, 1
.1

3 
S.

c.
e.

 
0.

43
, 

1.
10

 
S.

C
.C

. 

0.
87

, 
1.

53
, 1

.7
7 

S.
C

.C
. 

D
M

F
 

D
M

F
 

D
M

F
 

D
M

F
 

D
M

F
 

D
M

F
 

D
M

F
 

D
M

F
 

D
M

F
 

D
M

F
 

D
M

F
 

D
M

F
 

D
M

F
 

D
M

F
 

D
M

F
 

D
M

F
 

D
M

F
 

D
M

F
 

D
iM

F 

T
E

A
P

 

T
E

A
P

 

T
E

A
P

 
T

E
A

P
 

T
E

A
P

 
T

E
A

P
 

T
E

A
P

 

T
E

A
P

 
T

E
A

P
 

T
E

A
P

 
T

E
A

P
 

T
E

A
P

 
T

E
A

P
 

T
E

A
P

 
T

E
A

P
 

T
E

A
P

 
T

E
A

P
 

T
E

A
P

 
T

E
A

P
 

c
 

P
 

-
 

21
1 

g.
 

21
1 

3
 0 

-
 

4
 

-
 

21
1 

21
 I 

21
 1

 
21

 I 

-
 

-
 

-
 

-
 

19
4,

 1
95

 
-
 

19
4,

 1
95

 
-
 

19
4,

 1
95

 
-
 

19
4,

 1
95

 
-
 

19
4,

 1
95

 
-
 

19
4,

 1
95

 
2
 

W
 



4
 

0
3
 

T
A

B
L

E
 1

 (
co

n
t.

) 
P

 

N
am

e 

~~
 

~~
~~

~ 
~~

~ 

R
ef

er
en

ce
 

Su
pp

or
tin

g 
T

C
 

-4
 (V

) 
el

ec
tr

od
en

 
So

lv
en

t*
 

el
ec

tr
ol

yt
ec

~ 
("

C
) 

R
ef

er
en

ce
 

0
 

N
H

 
0
 

(2
2)

 
0
 

0
 

(2
5:

 X
-Y

-2
 

=
 N

=N
-S

) 
(2

5:
 X

-Y
-2

 
=

 N
=N

-N
C

I-
I,)

 
(2

5:
 X

-Y
-2

 
=

 S
-C

(C
H

,)
=N

) 
(2
5:
 X

-Y
-Z

 
=

 N
=C

(C
H

,)-
S)

 
(2

5:
 X

-Y
-2

 
=

 N
=C

H
-N

H
) 

0.
76

, 1
.1

0 
S.

c.
e.

 
(2

5:
 X

-Y
-2

 
=

 N
=C

H
-N

(C
fI

,)
 

0.
88

, 
1.

18
 

S.
c.

e.
 

(2
6)

 
0.

69
, 

1.
07

 
S.

c.
e.

 
(2

7)
 

0.
62

, 
1.

22
 

S.
c.

e.
 

0.
57

, 
1.

06
 

S.
c.

e.
 

0.
67

, 
1.

19
 

S.
c.

e.
 

0.
67

, 
1.

35
 

S.
c.

e.
 

0.
79

, 
1.

21
 

S.
c.

e.
 

D
M

F
 

T
E

A
P 

D
M

F
 

T
E

A
P

 
D

M
F

 
T

E
A

P 
D

M
F

 
T

E
A

P 
D

M
F

 
T

E
A

P 
D

M
F

 
T

E
A

P 
D

M
F

 
T

E
A

P 
D

M
F

 
T

E
A

P
 

-
 

19
4,

 1
95

 
-
 

19
4,

 1
95

 
-
 

19
4,

 1
95

 
-
 

19
4,

 1
95

 
-
 

19
4,

 1
95

 
-
 

19
4,

 1
95

 
-
 

19
4,

 1
95

 
-
 

19
3,

 1
94

 



0
 

(2
5)

 

c
 

a 
A

bb
re

vi
at

io
ns

: 
s.

c.
e.

, 
sa

tu
ra

te
d 

ca
lo

m
el

 e
le

ct
ro

de
; 

n.
c.

e.
, 

no
rm

al
 c

al
om

el
 e

le
ct

ro
de

; s
.c

.e
. 

(N
a)

 s
at

ur
at

ed
 N

aC
l 

ca
lo

m
el

 e
le

ct
ro

de
; 
f
 

rn
 

A
bb

re
vi

at
io

ns
: 

D
M

F
, 
N,
N-
di
me
th
yl
fo
rn
ia
ni
id
e;
 M

eC
N

, 
ac

et
on

it
ri

le
; 

D
M

SO
, 

di
m

et
hy

l 
su

lp
ho

xi
de

; 
PC

, 
pr

op
yl

en
e 

ca
rb

on
at

e;
 
2 

C 
A

bb
re

vi
at

io
ns

: 
T

E
A

P,
 t

et
ra

et
hy

la
ni

ni
on

iu
ni

 
pe

rc
hl

or
at

e;
 

T
B

A
P,

 t
et

ra
-n

-b
ut

yl
am

rn
on

iu
rn

 
pe

rc
hl

or
at

e;
 

T
B

A
I,

 t
et

ra
-n

-b
ut

yl
- 

$ g 2. G
 

H
gP

oo
l, 

m
er

cu
ry

 p
oo

l 
el

ec
tr

od
e.

 

N
B

, 
ni

tr
ob

en
ze

ne
; 

M
eN

O
,, 

ni
tr

om
et

ha
ne

; 
M

e,
C

O
, 

ac
et

on
e;

 M
eO

E
tO

I-
I,

 2
-m

et
ho

xy
et

ha
no

l. 

am
m

on
iu

m
 i

od
id

e;
 T

E
A

I,
 t

et
ra

et
hy

la
m

ii
io

ni
um

 i
od

id
e;

 T
M

A
C

I,
 t

et
ra

ni
et

hy
la

in
m

on
iu

m
 c

hl
or

id
e,

 T
B

A
B

r,
 t

et
ra

-n
-b

ut
yl

an
im

on
iii

m
 

br
om

id
e;

 T
E

A
B

r,
 te

tr
ae

th
yl

am
m

on
iu

m
 b

ro
m

id
e.

 
v
)
 

C
on

ce
nt

ra
ti

on
: 0

.1
~

 
un

le
ss

 s
pe

ci
fi

ed
 o

th
er

w
is

e.
 

N
o 

en
tr

y 
in

ip
lie

s 
th

at
 t

he
 te

m
pe

ra
tu

re
 w

ils
 n

ot
 g

iv
en

 i
n 

th
e 

li
te

ra
tu

re
; 

ro
om

 tc
m

pe
ra

tu
rc

 i
s 

as
su

m
ed

. 

-0
4

0
 V

 v
er

su
s 

Eb
 f

er
ro

ce
ne

. 

-0
.4
4 

V
 v

er
su

s 
Ea

 f
er

ro
ce

ne
. 

cc
 

f
 

Pe
ak

 p
ot

en
ti

al
, l

in
ea

r 
sw

ee
p 

vo
lt

am
m

et
ry

. 
0
 

9
 

'3
 
0
 

0 
G

ra
ph

it
e 

el
ec

tr
od

e.
 

E.
 

-0
.4

6 
V

 v
er

su
s 

Ei
 fe

rr
oc

en
e.

 
j 

-0
.4

7 
V

 v
er

su
s 

Ei
 f

er
ro

ce
ne

. 

-0
.3

8 
V

 v
er

si
is

 E
d 

fe
rr

oc
en

e.
 

''
l 

-0
.5

1 
V

 v
er

st
is

 S
.C

.C
. 

-0
.5

0 
V

 v
er

su
s 

s.
c.

e.
 

z lA
 



756 James Q. Chambers 

VI. REFERENCES 

1. W. M. Clark, Oxidation-RedIrctio}i Potentials of Organic Systems, Williams 
& Wilkins, Baltimore, 1960. 

2. I. M. Kolthoff and J. J. Lingane, Polarograplry, Vol. 2, Interscience, New 
York, 1952, Chapter XL. 

3. M. Brezina and P. Zuman, Polarograplzy i l l  Medicine, Bioclremistry arid 
Pharmacy, Interscience, New York, 1958, Chapter XJV. 

4. J. Heyrovsky and J. Kuta, Principles of Polarograplry, Academic Press, 
Ncw York, 1966, Chapter XI. 

5. C. K. Mann and K. K. Barnes, Electrochemical Reactions in Noiraqrieoiis 
Solvents, Marcel Dekker, New York, 1970, Chapter 6. 

6. R. N. Adams, Electrochemistry at Solid Electrodes, Marcel Dekker, New 
York, 1969, Chapter 10. 

7. M. E. Peover, in Elecrroanalytical Clreniistry, Vol. 2 (Ed. A. J. Bard), 
Marcel Dekker, New York, 1967, Chapter 1. 

8. D. J. Pietrzyk, Anal. Clrcm., 42, 139R (1970). 
9. D. J. Pietrzyk, Anal. C/zem., 40, 194R (1968). 

10. D. J. Pietrzyk, Anal. Chem., 38, 278R (1966). 
1 1 .  S .  Wawzonek and D. J. Pietrzyk, A ~ a l .  Chem., 36, 220R (1964). 
12. S .  Wawzonek, A d .  Clzem., 34, 182R (1962). 
13. S .  Wawzonck, Anal. Chcm., 32, 144R (1960); and previous articles in  the 

14. P. Zuman, Srchs~itirertt Efects in Organic Polnrograplty, Plenum Press, New 

15. L. Horner and E. Geyer, Clwm. Ber., 98, 2009 (1965); 98, 2016 (1965). 
16. 0. Ryba, J. Petranck and J. Fospisil, Coll. Czech. Ctrenz. Comni., 30, 2157 

17. D. J. Currie and H. L. Holmes, Cntz. J.  Chem., 44, 1027 (1966). 
IS. G. Manecke, H.-J. Beyer, G. Wehr and J. F. Beier, J .  Electroarial. Cfrem., 

19. W. Flaig, H. Beutebpacher, H. Riemer and E. Kalke, Liebigs A m .  Clienr., 

20. E. R. Brown, K. T. Finley and R. L. Reeves, J. Org. Chem., 36,2849 (1971). 
21. O.Ryba, J. Petranek and J, Pospisil, Coll. Czech. Chem. Comm., 30, 843 

22. B. Mooney and H. I. Stonehill, J.  Clrem. SOC. (A) ,  1 (1967). 
23. J. Hemming and H. Berg, Z. Plrys. Chem. (Leiprig), 228, 206 (1965). 
24. J. L. Huntington and D.  G .  Davis, J .  Electrochem. SOC., 118, 57 (1971). 
25. P. Zuman, Coll. Czech. Chem. Conim., 27, 2035 (1962). 
26. K. M. C. Davis, P. R. Hammond and M. E. Peover, T~WIIS.  Faradny SOC., 

27. M. G. Evans, Trniu. Faraday SOC., 42, 113 (1946). 
28. M. G .  Evans, .I. Gergcly and J. de Heer, TUZIIS.  Farndny Soc., 45, 3 12 (I  949). 
29. M. G. Evans and J. dc Hew, Qriart. RPI?., 4, 94 (1950). 
30. V. Gold, Traits. Faradny SOC., 46, 109 (1950). 
31. A. Maccoll, Nntirre, 163, 178 (1949). 
32.  A. Streitwieser, Molecrtlar Orbitnl Theory for Orgnnic Chemists, TNiley, 

series. 

York, 1967, Chapter VIII. 

(1 965). 

28, 139 (1970). 

719, 96 (1 968). 

(1965). 

61, 1516 (1965). 

New York, 1961. 



14. Electrochemistry of quinones 787 
33. M. E. Peover, Notiire, 193, 475 (1962). 
34. M. E. Peover, J.  Clieni. SOC., 4540 (1962). 
35. M. J. S. Dewar and N. Trinajstic, Tetralier/roti, 25, 4529 (1969). 
36. T. G .  Edwards and R. Grinter, Tram Faraday Sac., 69, 1070 (1968). 
37. W. Kemula and T. M. Krygowski, Tetrahedron Letters, 51 35 (1968). 
38. R. D. Rieke, W. E. Rich and T. H .  Ridgway, Tetraliedroiz Letters, 4381 

39. M. E. Peover, Tram. Faimfay SOC., 58, 1656 (1962). 
40. M. E. Peover and J. D. Davies, Trans. Faroday SOC., 60, 476 (1964). 
41. M. E. Pcovcr, El'lectroclrim. Actn, 13, 1083 (1968). 
42. R. M. Scribner, J.  Org. Cl~cni., 31, 3671 (1966). 
43. H. Berg and K. Kramarczyk, Bet.. Bimseiigcs. pliJ7.y. C/iem., 68, 296 (1964). 
44. H. Fritzsche, Z .  Arattrrforscli. A ,  P9A, 1133 (1964). 

(1 969). 

45, R. W. Crecely, K. M. Crecely and J. H.  Goldstein, J.  Mol. Spccfr., 32, 
407 (1969). 

46. T. K. Mukherjee, J. P l i~v .  Clieni., 71, 2277 (1967). 
47. G. Lober, 2. Phys. Clzem. (Leipzig), 231, 123 (1966). 
48. S. Wawzonek, R. Berkey, E. W. Blaha and M. E. Runner, J .  Elcclrochem. 

49. D. E. G. Austen, P. 13. Given, D. J. E. Ingram and M. E. Pcovcr, Notiire, 

50. G. E. Adanis and B. D. Michael, Trans. Fnrahy SOC., 63, 1171 (1967). 
51. R. L. Willson, Trans. Faraday SOC., 67, 3008 (1971). 
52. I. C .  P. Smith and A. Carrington, Mol .  Phys., 12, 439 (1967). 
53. A. B. Barabas, W. F. Forbes and P. D. Sullivan, Can. J. Chem., 45, 267 

54. J. R. Bolton and A. Carrington, Proc. Clietn. Soc., 355 (1961). 
55. G. Biederniann, Acta Clienz. Scand., 10, 1340 (1956). 
56. T. Honda, Birll. Clieni. SOC. Japntr, 28, 483 (1955). 
57. A. Beauchamp and R. L. Benoit, Cm.  J .  Cliem., 44, 1607 (1966). 
58. J. Badoz-lambling and G.  Demange-GuCrin, Anal. Letters, 2, I23 (1968). 
59. 0. H. MiiIler, J.  Amer. Clienz. Soc., 62, 2434 (1940). 
60. 0. l-1. Miiller, Proc. First Ititernat. Pol. Congr., 1, 159 (1951). 
61. 0. H. Miiller, Proc. Second Itifernat. Pol. Congr., 1, 251 (1959). 
62. J. Jacq, Electrochitn. Actn, 12, 1345 (1967). 
63. L. Jeftic and G ,  Manning, J .  Electronnal. Chem., 26, 195 (1970). 
64. P. H. Given and M. E. Peover, J. Clrern. SOC., 385 (1960). 
65. G. J. I-ioijtink, J. van Schooten, E. de Boer and W. Y .  Aalbcrsberg, Rec. 

66. P. H. Given and M. E. Peover, Coil. Cicck. Clicm. Cornnt., 25, 3195 (1960). 
67. M. F. Marcus and M. D. Hawlcy, Biochini. Biopliys. Actcl, 222, 163 (1970). 
68. M. F. Marcus and M. D. Hawley, Biochirn. Biopliys. Actn, 226, 234 (1971). 
69. G. Cauquis and G. Marbach, 131111. SOC. Cliim. Fraiice, 1908 (1971). 
70. K. Ummioto, Bdl. Clieni. SOC. J O ~ O I I ,  40, 1058 (1967). 
71. T. Osn and T. Kuwana, J .  Etectrontd. C/iettr., 22, 389 (1969). 
72. G. A. Gruver and T. Kuwana, J .  l3ectronnal. Cllein., 36, 85 (1972). 
73. M. Fujihira and S. Hayano, Btrtl. Clietn. SOC. J ~ a l l ,  45, 644 (1972). 
74. B. R. Eggins and J. Q. Chambers, cliL>t?i. cOt?it)Z., 232 (1969). 
75. B. R. Eggins and J. Q. Chambers, J.  E~ecfrochen?. SOC., 117, 186 (1970). 

SOC., 103, 456 (1956). 

J82, 1784 (1958). 

(1 967). 

Trnv. Chini., 73, 355 (1954). 



788 James Q. Chambers 

76. V. D. Parker, CIieni. Corntn., 71 6 (I 969). 
77. J. Bessard, G. Cauquis and D. Serve, Tetrahedron Letters, 3103 (1970). 
78. L. Jcftic and R. N. Adanis, J.  Atner. Cliem. SOC., 92, 1332 (1970). 

80. K. Takaniura and Y.  Hayakawa, Atinl. Chiin. Acta, 43, 273 (1968). 
81. K. Takaniura and Y .  Hayakawa, J.  Elcctroarinl. Cliem., 31, 225 (1971). 
82. G. Dcmange-GuCrin, Conipt. Reticl., 266, 784 (1968). 
83. L. Ya. Kheifets and V. D. Bezuglyi, Zh. Obshch. Khim., 41, 514 (1971). 
84. L. Ya. Kheifets, V. D. BezirgIyi and L. I. Dimitrievskaya, Ziz. Obshclt. 

85. K. Takamura and Y .  Hayakawa, Jnp. Attnl., 18, 309 (1969). 
86. J .  C .  Abbott and J .  W. Collat, Aiiul. Chetn., 35, 859 (1963). 
57. J. K. Frccd and G .  K. Fracnkcl, J.  Chetn. Pliys., 38, 2040 (1963). 
88. L. Ya. Kheifcts, V. D. Bezuglyi, Zlz. Obshch. Kltim., 41, 68 (1971). 
89. 1. Piljac and R. W. Murray, J .  Electrockem. SOC., 118, 1758 (1971). 
90. P. H. Given and M. E. Peover, Natirre, 184, 1064 (1959). 
91. V. D. Bczuglyi, L. Ya. Khcifets and N. A. Sobina, Zii. Obslich. Kltitn., 38, 

92. V. G .  Mairanovskii, 0. I. Volkova, E. A. Obol'nikova and G .  I. 

93. J. Badoz-Lambling and G. Demange-GuCrin, Atml. Letters, 2, 125 (1969). 
94. W. R. Turner and P. J. Eking, J.  Ekcfrocliein. SOC., 112, 1215 (1965). 
95. V. D. Parker and L. Eberson, Clietn. Cornm., 1289 (1970). 
96. B. R. Eggins, Cliem. Cotmi., 427 (1972). 
97. V. D. Parker, J .  Atner.. Clieni. Soc., 91, 5380 (1969). 
98. M. F. Marcus and M. D. Hawley, Biochitn. Biopliys. Actn, 201, 1 (1970). 
99. M. F. Marcus and M. D. Hawley, J.  Org. Chem., 35, 2185 (1970). 

100. M. E. Pcover and J. D. Davics, J .  Electroatial. Chin., 6, 46 (1963). 
101. T. Fujinaga, K. Izutsu and T. Nomura, J.  Electroatml. Clietn., 29,203 (1971). 
102. T. M. Krygowski, J .  Eleclroniial. Cliem., 35, 436 (1972). 
103. S. F. Nelson, B. M. Trost and D. H. Evans, 1. Atner. Clzem. SOC., 89, 3034 

(1 967). 
104. R. A. Osteryoung, R. L. McKisson, P. H. Dutch, G .  Laucr and E. B. 

Luchsinger, Dccelopmetit of a Lig/if-weig/it Secotidmy Bartery Systent, 
Final Report, Contract DA-36-039, SC-88925 (L962), AD 290 326; see 
J. N. Butler, J. Elcctronnnl. Clictn., 14, 89 (1967). 

79. K. J. Vettcr, z. Eiektl.OCheFn., 56, 797 (1952). 

Kliim., 41, 742 (1971). 

2164 (1968). 

Samokhvalov, Dokl. Aknd. Nairlc SSSR, 199, 829 (1971). 

105. B. R. Eggins, Cliern. Cornin., 1267 (1969). 
106. M. E. Peover, Trcins. f 3 r n h y  SOC., 60, 417 (1964). 
107. W. Lorciiz, Z .  Phys. CIieni. (Leipzig), 244, 65 (1970). 
108. F. Haber and R. Russ, 2. ppliys. Clietn., 47, 257 (1904). 
109. R. Rosenthal, A. E. Lorch and L. P. I-lanmctt, J .  Rtner. Clienz. Sac., 59, 

110. I<. J .  Vetter, Electrochetnicnl Kitiefics, Academic Press, New York, 1967, 
1795 (1937). 

p. 383. 
11 1. J. K. Dolirmann and K. J. Vettcr, Be,.. Birtacti.:es. Phys. Chctn., 73, 1068 

( 1  969). 

132 ( I  962). 
112. M. A. Loshkarcv and B. I. Tomilov, Zli. Fiz. Khim,  34, 3753 (1960); 36, 

11 3. B. I .  Toniilov and M. A. Loshkarcv, Zlr. Fiz. h'liini., 36, 1902 (1 962). 



14. Electrochemistry of quinones 789 
114. D. G. Davis, M. Hazelrigg and J. L. Huntington, Annl. Letfers, 1, 257 

115. Yao Lu-an, Yu. B. Vasil’ev and V. S .  Bagotskii, 211. Fiz. Kliim., 38, 205 

116. Yao Lu-an, V. E. Kazarinov, Yu. B. Vasil’ev and V. S .  Bagotskii, Dokl. 

117, E. Gileadi, Coll. Czech. Chem. Cornm., 36, 464 (1971). 
118. E. Zeigerson and E. Gileadi, J .  Electroanal. Cliem., 28, 421 (1970). 
119. M. E. Peover, Natrire, 220, 155 (1968). 
120. 0. H. Muller and J. P. BauiTiberger, Trans. Electroctiern. SOC., 71, 169 

121. 0. 13. Muller, .?iiii. N.Y. Acad Sci., 11, 91 (1940). 
122. N. H. Furman and K. G. Stone, J.  Amer. Cliem. SOC., 70, 3055 (1948). 
123. J. M. Hale and R. Parsons, Trntls. Fnradny SOC., 59, 1429 (1963). 
124. J. Koutecky, CON. Czech. Clietn. Comtn., 18, 597 ( 1  953). 
125. R. A. Marcus, Con. J.  Clicm., 37, 155 (1959). 
126. J. R. Galli and R. Parsons, J .  Elecft~ociiznl. Cheni., 10, 245 (1965). 
127. M. Sluyters-Rchback and J. H. Sluyters, Rec. Trav. Cliitn., 82, 557 (1963). 
128. F. Mollcrs and W. Janenicke, .I. Electroanal. Cliein., 18, 61 (1968). 
129. W. J. Plieth, J.  Electrontml. Cliem., 23, 305 (1969). 
130. A. Frunikin, 0. Petry and B. B. Damaskin, J.  Electroannl. Clwn., 27, 81 

131. F. C.  Anson and B. Epstein, J .  Elecrrocltein. SOC., 115, 1155 (1968). 
132. G. A. Tedoradze, E. Yu. Khnicl’nitskaya and Ya. M. Zolotovitskii, 

133. E. Yu. Khmel’nitskaya, G .  A. Tedoradze and Ya. M. Zolotovitskii, 

134. P. Zuman, Coll. Czech. Cltem. Cotnm., 19, 1140 (1954). 
135. R. Brdicka, Coll. Ciecli. Clicm. Coinin., 12, 522 (1947). 
136. J. Hcyrovsky and J. Kuta, Priticiples of Pokv.ogrnpliy, Academic Press, 

137. A. D. Broadbent and H. Zollinger, Heh. Cliitn. Actn, 49, 1729 (1966). 
138. K. Takamura and T. Takamura, Tims. Fnrodny SOC., 61, 1270 (1965). 
139. K. Takaniura and T. Takamura, J.  Electromml. Clienr., 18, 159 (1968). 
140. F. L. O’Brien and J. W. Olver, A d .  Cliem., 41, 1810 (1969). 
141. V. Moret, S. Pinamonti and E. Fornasary, Biochim. Biophys. Acra, 54, 

142. F. Mooney and H. I .  Stonehill, J.  Cliem. SOC. (A) ,  I (1967). 
143. W. Lorcnz and K. H. Lubert, 2. f%JYi. Clion. ( k p Z : g > ,  246, 43 (197ij. 
144. U. Gaunitz and W. Lorenz, Coll. Czech. Cliem. Co~nm., 36, 796 (1971). 
145. P. Delahay, Neltl Illstriinlentnl Techniqries o~~lectrorlieinistry, Intcrsciencc, 

(1 968). 

(1964); Elektrokhim., 1, 170 (1965). 

Akad. Nark SSSR, 151, 151 (1963); Elektrokhitn., 1, 176 (1965). 

(1937). 

(1970). 

Elektrokliitn., 3, 200 (1 967). 

Izu. Aknd. hrarik SSSR, Set. Kliim., 489 (1971). 

hTew York, 1966, Chaptcr XVI. 

381 (1961). 

New York, 1954. 
146. Fr. Fichter, 0rgmii.rclie Eickfrcc!zt~?,;E, Theodor Steinkopff, Dresden and 

Leipzig, 1942. 
147. C. A. Chambers and J. Q. Chambers, J .  Anier. CIicm. SOC., 88, 2922 (1966). 
148. E. P. Meier and J. Q. Chambers, A n d .  Clietn., 41, 914 (1969). 
149. E. P. Meicr and J. Q. Chambers, J.  Electroamal. Clietn., 25, 435 (1970). 
J50. E. P. Meier, J. Q. Chambers, C. A. Chambers, B. R. Eggins and C.-S. Liao, 

J.  Elcctrontinl. Cliem., 33, 409 (1 97 I ). 



790 James Q. Chambers 

151. M. D. I-Iawlcy and R. N. Adams, J.  Electroatial. Client., 8, 163 (1964). 
152. D. W. Leedy and R. N. Adams, J .  Anier. Cliem. SOC., 92, 1646 (1970). 
153. M. D. Hawlcy and S. W .  Feldberg, J .  Pliys. Cliem., 70, 3459 (1966). 
154. R. N. Adams, M. D. Hawley and S. W .  Feldberg, J. Pltys. Cliem., 71, 851 

(1967). 
155. M. D. Hawley, S .  V. Tatawawadi, S .  Piekarski and R. N. Adanis, J. Amer. 

156. J .  Doskocil, Coll. Czech. C/icm. Comm., 15, 599 (1950). 
157. L. Horner, K. H. Weber and W. Duerckheimcr, Clzem. Ber., 94,2881 (1961). 
158. K. Sasaki, K. Takehira and H. Shiba, Electrochim. Acta, 13, 1623 (1968). 
159. 14. B. Mark, Jr. and C .  L. Atkin, Aiial. Cliern., 36, 514 (1964). 
160. R. Gill and 14. I. Stonchill, J.  Cliem. Soc., 1857 (1952). 
161. A. D. 3roadbent and E. F. Sonimcrmann, J.  Cliem. SOC. (B),  376 (1968); 

162. A. D. Broadbent, Client. Conun., 107 (1965). 
163. A. D. Broadbent and E. F. Sommermann, Tetrnhedroti Letters, 2649 

164. K. Bredereck and E. F. Somrnerniann, Tetrahedron Letrers, 5009 (1966). 
165. H. Hoffmann and W. Jaenicke, Z. EleJctrochetn., 66, 7 (1962). 
166. H. Berg and G .  Horn, Nnturwiss., 50, 356 (1963). 
167. H.-P. Rettig and H. Berg., 2. Phys. Cliem. (Leipzig), 222, 193 (1963). 
168. J. Flcrnming and H. Berg, Z .  Plija. Cliem. (Leipzig), 228, 206 (1965). 
169. K. D. McMurtrey and G. D. Davcs, Jr., J. Org. Cliem., 35, 4252 (1970). 
170. H. Wagner and H. Berg, J.  Electroannl. Cliem., 2, 452 (1961). 
171. H. Berg, Coll. Czech. Cliem. Cotnni., 25, 3401 (1960). 
172. H. Berg, A’utritwiss., 47, 320 (1960). 
173. 5. Elochner, R. Neubert, H. Berg and D. Tressclt, Z. C&vn., 1, 361 (1961). 
174. H. Berg, Z. Clrern., 2, 237 (1962). 
175. B. Mooney and H. I. Stonchill, Cliem. Itid. (London), 1309 (1961). 
176. Y a .  M. Zolotovitskii, L. I. Korshunov, L. M. Eichis, V. A. Bendcrskii and 

177. St. Lazorov, A. Trifonov and Tz. Popov, Z .  Pliys. Chem. (Leipzig), 238, 

178. A. Anhalt and H. Berg, 2. Hektrochem., 63, 694 (1959). 
179. E. Bauer, 2. A d .  Cliem., 186, 118 (1962). 
180. J. M. Fritsch, S. V. Tatawawadi and R. N. Adams, J .  Pliys. Clion., 71, 

181. P. Carsky, P. Hobzn and R. Zahradnik, Coll. Czech. Clienr. Cotmi., 36, 

182. H. Bock and H. Alt, Augew Clietn., Itit. Ed., 6, 941 (1967). 
183. I. M. Kolthofi and T. B. Reddy, J .  EI~.crr’ocliem. SOC., 108, 980 (1961). 
184. J. D. Voorhies and E. J. Schurdak, A d .  Cliern., 34, 939 (1962). 
185. 0. Ryba, J. Pilar and J. Petranek, Coll. Czech. Cliern. Comt?t., 33, 26 

Chem. SOC., 89, 447 (1 967). 

J.  Clietn. SOC. (B) ,  519 (1968). 

(1965). 

L. A.  Blyunienfcl’d, Biofizika, 15, 425 ( I  970). 

145 (1968). 

338 (1967). 

1291 (1971). 

(1968). 
186. K. Takamura and T. Takamura, Trnns. I;irradny SOC., 61, 1270 (1965). 
187. 0. Ryba, J. Pilar and J. Pctranck, Coll. Ciech. Cliem. Cottitti., 34, 2581 

188. R. Breslow, R. Grubbs and S.-I. Murahashi, J .  Amer. Chin.  SOC., 92, 
(1969). 

4133 (1970). 



14. Electrochemistry of Quinoncs 79 1 

189. L. Ya. Kheifets and V. D. Bezuglyi, Soviet Elec/rochet~t., 2, 740 (1966); 
Elektrokhitn., 2, 800 (1966). 

190. R. Jones and T: M. Spotswood, Australiati J.  CIieti1., 15, 492 (1962). 
191. P. H. Given, M. E. Peover and J. Schoen,J. Cliem. Soc., 2674 (1958). 
192. E. S. Levin and 2. I. Fodirnan, J.  Gen. Cliem. USSR, 34, 1047 (1964); 

193. S. Hayano and M. Fujihira, Brrlf. Cliern. SOC. Japat~, 4, 1496 (1971). 
194. E. S. Levin, M. V. Gorelik, 0. S. Zhdanlorov and Z. V. Todrcs, %li. 

195. M. V. Gorelik, 0. S. Zhdamorov, E. S .  Levin, B. E. Zaitsev and L. A. 

196. L. Ya. Keifets, V. D. Bezuglyi, N. S .  Dokunikliin and V. N. Kolokolov, 

197. V. D. Bezuglyi, L. Ya. Kheifets, N. A. Sobina, N. S. Dokunikhin and 

198. A. I. Brodskii and L. L. Gordienko, Tlieoret. Exp. Clietn., 1, 294 (1965); 

199. A. E. Brodsky, L. L. Gordienko and L. S. Dcgtiarev, Elcctrochini. Acta, 

200. L. S .  Efros and G. N. Kul'bitskiik, 211. Obslich. Kliitn., 38, 981 (1968). 
201. E. I. Klabunovskii and N. A. Ezerskaya, J .  Anal. Cliern. USSR, 18, 855 

202. R. H. Schlossel, D. H. Geske and W. M. Gulick, Jr., J .  Phys. Cliern., 73, 

203. M. E. Peover, Natrrre, 191, 702 (1961). 
204. D. H. Geske and A. L. Balch, J.  Pliys. Cliern., 68, 3423 (1964). 
205. P. S. Kinson and B. M. Trost, J.  Amer. Cliem. SOC., 93, 3823 (1971). 
206. E. I. Klabunovskii, R. Yu. Mamedzade-Alieva and A. A. Balandin, Rliss. 

207. J. Petranek. J. Pilar and 0. Ryb.;., Coll. Czech. Client. Cotnni., 35, 2571 

Zli. Obshch. Kliitn., 34, 1055 (1964). 

Obshch. Khitn., 40, 1577 (1970). 

Chetkina, Zli. Org. Kliim., 7, 1044 (1971). 

Zli. Obshch. Kliitn., 37, 299 (1967). 

N. B. Kolokolov, Zli. Obslicli. Kliitn., 37, 778 (1967). 

Teoret. Eksp. Khitn., 1, 451 (1965). 

13, 1095 (1968). 

(1963); 211. Anal. Kliitn., 18, 989 (1963). 

71 (1969). 

J. Pliys. Cliem., 42, 615 (1968). 
. .  

(1970). 
208. A. S. Lindsey. M. E. Peover and N. G. Savill, J.  Client. SOC., 4558 (1962). 
209. A. I. Prokof;ev, S. P. Solodovnikov, D. Kh. Rasuleva, A. A. Volod'kin 

210. V. D. Bezualyi, L. Ya. Keifets, E. R. Zakhs and L. S. Efros, Zli. OI'g. Kliitn., 
and V. V. Ershov, Bull. Acad. Sci. USSR,  Div. Cliein. Sci., 1566 (1970). 

2, 1103 (1966): 
211. G. A. Efimova and L. S. Efros, 211. Org. Kliitn., 3, 2054 (1967). 



CHAPTER 15 

A. S. LINDSEY 
National Physical Laborarory, Teddington, Middlesex, Eiigland 

I. INTRODUCTION 
11. NATURALLY OCCURRING QUINONE POLYMERS . 

A. General . 
B. Tannins . 
C. Lignins . 
D. Humic Acids and Coal . 
E. Other Natural Qiiinone Polymers 

A. Introduction . 
B. Polynuclear Polyquinones . 
C .  Conjugated Polyquinones . 
D. Quinonoid Polyiners . 

IV. POLYMERIC QUINONES . 
A. Polymers with Directly Linked Quinone Groups 
B. Polymerized Quinones 
C. Polycondensed Quinones . 
D. Polymer Supported Quinones . 

A. The Polymeric Quinone-Hydroquinone Electrochemical System 
B. Electrochemical Behaviour of Polyquinonc Chain Segments . 
C .  Reaction Kinetics of Polymeric Quinones . 

A. General . 
B. Electronic Spectra . 
C .  Semiconductor and Photoconductor Properties . 
D. Catalytic Properties . 

111. POLYNUCLEAR AND CONJUGATED POLYQUINONES . 

. 

V. ELECTROCHEMICAL BEHAVIOUR OF POLYQUINONES . 

VI. ELECTRONIC PROPERTIES OF POLYMERIC QUINONES 

vrr. REFERENCES . 

793 
794 
794 
794 
796 
797 
801 
802 
802 
802 
805 
810 
812 
812 
817 
822 
826 
830 
8 30 
535 
838 
84 1 
841 
842 
843 
846 
847 

1. INTRODUCTION 

This chapter considers the natural occurrence, synthesis, properties, and 
theoretical and practical importance of quinones incorporated into 
macromolecular structures or polymeric systems. 
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The presence of the niacroniolecular or polymeric structure confers new, 
distinctive, and sometinies unusual, properties on the quinone function as 
exemplified by changes in reactivity, clectrcchemical behaviour and in 
the development of semiconductor and catalytic properties. 

Discussion is confined mainly to polyquinones in which there exists an 
ortho or para relationship of the carbonyl groups, but for the special 
case of conjugated polyquinones it has been extended to include polymers 
of quinonoid structure where the functional groups may also be 
-C=N-, or  -C=C-. 

l i .  NATURALLY OCCURRDNG QUINONE POLYMERS 

A. General 

Simple quinone and quinonoid inolecules, their reduction products and 
derivatives, are widely distributed in  nature. In nunierous cases such 
molecules can become polymerized, condensed or otherwise bound into 
macromolecular structures and they have been recognized through their 
chemical and physical properties, or from their occurrence in the products 
of degradation reactions. Thus mono-, di- and triquinones are found in 
nioulds and fungi and quinone derivatives of perylene and coronene are 
present in certain aphids and plants'. Plants of the genus Hypericunz 
contain red fluorescent pigments, which on ingestion cause animals to 
become light-sensitive, and which have been shown to be derivatives of 
bis-anthraquihone2. More highly polymerized structures which contain 
quinone groups, or groups readily convertible to quinones, include the 
tannins, lignins, humie acids, coals, melanins and other less definable 
components of plants and animals. These various groups of natural 
polymers will be considered in  turn. 

6. Tannins 

The tannins are water-extractable constituents of the leavcs, bark, roots 
and heartwood of various trees and plants, which are used for converting 
hides into lez~t l ier~?~.  As obtained, they are complex mixtures containing 
polyhydroxyphenols or derivatives thereof, and in many cases consist of 
polymeric condensed ring systems but thc precise structures of the tannins 
are largely unknown. A molecular wcight of 600-2000 appears necessary 
for satisfactory tanning action. Alkali fusion and dry distillation of 
tannins yield a variety of decomposition products mainly phenolic in 
character. These include catechol, pyrogallol, resorcinol, hydroquinone, 
p-hydroxybenzoic acid, gallic acid, 1, and ellagic acid, 2. 
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(R = 3,4,5-trihydroxybenzoyl) 

(3) (4) 

Two main groups of tannins are recognized : the hydrolysable tannins, 
which are esters of a sugar, usually glucose, with one or more trihydroxy- 
benzene carboxylic acids and the condensed tannins which are derivatives 
of flavanols. The former are those in which the complex molccule is 
liydrolysed by acids and enzymes to simpler units; the latter on similar 
treatment with acids are converted into more complex insoluble coloured 
products called phlobaphens. 

Considerable progress has been made in elucidating the structure of 
gallotannin, an important hydrolysable tannin present in nut galls and 
sumach4. Paper chromatography5 revealed that Chinese gallotannin is a 
mixture of closely related galloylglucosc derivatives, which analysis 
showed to be octa- or nona-galloylglucose compounds. Elegant 
degradation work by Haworth and coworkersG showed this gallotannin 
to be based on units of P-penta-0-galloyl-D-glucose (3) and 2,3,4,6-tetra- 
0-galloyl-D-glucose (4). The additional gallic acid residues are linked to 
the base unit by depside bonds (for example 5). 

Exact knowledge of the structures of the condensed or flavanoid 
tannins is scanty. Frcudenberg’ proposed in 1920 that the basic unit of 
their structure was catechin, 6, and this has been supported by isolation 
of catechin derivatives and dimers from degradative reactions. A variety 
of polycondensation mechanisms and structures have been proposed, a 
common feature being the presence of o-dihydroxybenzene units3? 4. 

The tannins are amorphous substances which give deep colorations 
with ferric salts, are precipitated from solution by potassium dichroniate, 
lead acetate and by alkaloids, and which precipitate gelatin from solution. 
The ability of tannins to form durable, and in many cases irreversible, 
compounds with proteins is ;he basis of their tanning action. The 
mechanism of the tanning action has not been clearly elucidated and may 
in part be related to quinone formation in the tannin with subsequent 
condensation with free hydroxyl or amino groups present in the hide 

27 
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OH 

-0 0 OH 

~ + + ~ ~ c o ~ o H  Ho+:: 0 OH 

OH 

0 
OH 

(5) 

(6) 

proteins. Thus, it has been found that when gelatin was treated with 
phenols under aerial oxidizing conditions the resultant precipitate became 
insoluble in boiling water as well as in dilute acids and alkalis*. Against 
the view that quinones are intermediates in the tanning process can be set 
the report9 that optimum conditions for benzoquinone tanning require 
alkaline solutions of about pH 8-10, whereas tanning is normally carried 
out under acidic conditions. Present views are that tanning occurs by a 
hydrogen-bonding process with the amide groups of the protein and it has 
been shown10 that tanning compounds able to form quinonoid resonance 
structures which favour hydrogen bonding are good tanning agents, 
whereas those condensates in which resonance cannot occur are poor 
tanning agents. 

C. Lignins 

The lignins11~12 are complex three-dimensional macromolecular 
structures which form the cell walls of plants and the 'woody' tissue of 
trees. On the basis of extensive degradation and other studies they are 
considered to be polymers built u p  from a variety of primary monomeric 
units which include p-coumaryl alcohol, 7, coniferyl alcohol, 8, and 
sinapyl alcohol, 9. 

G = C H C H Z O H  g H C H 2 O H  4 = C H C H 2 O H  

OCH, \ 
OCH, CH,O 

OH OH OH 

(7) (8) (9) 

Although the object of much research the chemical structure of lignin 
is stifl uncertain. The complexity of the structure apparently derives less 
from the multitude of component units than from the variety of ways in 
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which these units may be linked together13. Certain tentative structures for 
lignin have been proposed by Freudenberg14* l6 and by AdlerlG* in which 
orrho-related hydroxyl, methoxyl and ring carbonyl groups are present, 
and consequently provide pathways for quinone generation, 

Lignins prepared by hydrolytic methods which involve some aerial 
oxidation have been shown to<contain quinone groups. Thus, a lignin in 
a very esrly stage of decomposition was found to possess infrared 
absorption bands a t  1648 and 1668 cm-l indicative of o-quinone groups1*. 
These disappeared on reduction with sodium dithionite. The initial and 
reduced lignins had the same electron spin resonaiice spectra and approxi- 
mately the same concentration of free radicals ( 1016-1017 spin/g). The 
oxidized lignin liberated iodine from potassium iodide solution which was 
not due to peroxide but might be due to quinone action. 

The amount of quinone carbonyl groups in various lignins has been 
determined by selective reduction methods. Values of quinone carbonyls 
present range from 0 to 1-1 rneq/gl9. Further support for the presence 
of quinone or quinonc precursor groups in lignins derives from the 
production of quinone nitropolycarboxylic acids as red-coloured products 
by the stepwise oxidation and hydrolysis of condensed lignin with aqueous 
nitric acid at 100°CzO-~2. The ammonium salts of these quinone nitro- 
polycarboxylic acids have been used as ?lant growth stimulants. 

D. Humic Acids and Coal 

Humic acids occur in s 0 i l ~ ~ 9 ~ "  and may be generally defined as that 
polymer constituent of the organic matter present which has become 
resistant to microbial attack. Numic acids dcrive from decomposing 
plant matter-in the main from lignin. It is suggested that biological 
oxidation causes decomposition of the side-chains of the lignin macro- 
molecule, together with demethylation and oxidation to quinone structures 
which can then polycondense with plant phenols, amino acids and other 
nitrogenous materials available in the soil". 

Generally, the humic acids are regarded as amorphous, threc-dimensional 
polymers of high molecular- weight, built up of esscntially aromatic and 
quinonoid rings, which also carry numerous acidic groups such as carboxyl 
and phenolic hydroxyl. Because of their properties humic acids contribute 
to soil stability and influence plant growth. The presence of acidic groups 
confers strong ion-exchange and chelating properties on them and they 
readily form complexes with metals and silicates26. Commercial humic 
acids and sodium humate are obtained from oxidized coals such as forms 
of lignite and bitumciious coals. 
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There is considerable evidence indicating the presellce of quinone 
groups in huniic acids. T h ~ s  huniic acids derivcd from coal have been 
shown to give two main polarographic reduction waves with similar 
charactcristics to polynuclear quinonesZ7. Close similarities of the i.r. 
spectra of humates to those of hydroquinone polymers have been 
reportedz8. Comparison of the i.r. absorption spectra of solid sodium 
p-diphenoquinhydrone and of sodium humate have also revealed close 
similarities. 

The presence of stable free radicals in soil humic acids has been 
established by e.s.r. measurenientP’. Conversion to the sodium salts 
increased the free-spin concentration by a factor of about 25, whilst 
acidification returned the free-spin content to about the original value. 
The e.s.r. results were interpreted as showing that humic acid contains 
quinhydrone and/or hydroxyquinone species which characteristically 
increase in radical content on addition of base (reaction 1). 

0 OH 0 0- 

(1 1 

0. OH 0. 0- 

It  is generally considered that no one specific structural forormula will 
adequately represent huniic acid. However, a number of structures have 
been proposed by Flaig, Kononova, Fclbeck, Finkle and others, which 
account for many of the properties of the huniic acids, and therefore are 
worthy of mention. F l a i g ’ ~ ” ~ ~ ~  proposed structure, 10, is based on the 
assumption that lignin is the precursor of soil humic acids as mentioned 
above. The alternative structures of Fuchs3ln, 11, and D r a g ~ n o v ~ ~ ~ ,  12, 
for certain humic acids containing quinonoid groups, or o- or p-dihydric 
phenols in the reduced state, have been discussed by K o n ~ n o v a ~ ~ C ,  who 
considered the latter to be more consistent with the known facts. F e l b e ~ k ~ ~  
considered that heterocycles form an important part of the macromolecular 
structure and proposed structure 13. 
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R = arninoacid residue 

(10) 

(11) Fuchs liuniic acid 

OH HOOY 

~ O N H  - R* 
R, a n d  R, are carbohydrate residues 

(12) Dragunov humic acid 
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(1 3) 

Finkle33 found that decarboxylation of certain plant cinnamic acid 
derivatives to hydroxystyrene derivatives, 14, was brought about by 
Aerobactcr, and drew attention to the fact that polymers, 15. based on 
this monomer had properties very similar to those of the h u n k  acids. 

CH=CHCOOH 

OH 

O H  
(14) 

The variety of postulated structures for the humic acids, as in the case 
of other naturally occurring polymeric quinones, underlines the difficulty 
in establishing firm evidence of structure. The presence of quinonoid 
groups, however, is a common feature of the proposed structures, and 
probably explains the ability of humic acids to bind amino compounds 
present in the soil, as well as making a contribution to their metal- 
complexing properties. 

Coals also contain quinones and quinonoid groups and their presence 
has been established by a number of i nve~ t iga to r s~~*~ j .  The most con- 
vincing evidence comes from the polarographic study of oxidized coal 
productsz7 or solvent extracts36 in which two distinct reduction waves 
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can be identified which are characteristic of simple quinones. Other 
evidence is provided by examination of i.r. spectra of coal extracts before 
and after reductive a c e t y l a t i ~ n ~ ~ ~ ~ ~  in which there is clear evidence of 
quinone hydrogen-bonded carbonyl absorption near 1600 cm-’. Other 
supporting evidence is based on measurements of the X-ray diffraction 
pattern of coal, which are markedly similar to  those of an ‘artificial’ coal 
prepared by coprecipitation of three polynuclear quinones from sulphuric 
acid solution38. The quinone content of certain lignite wals  of Central Asia 
has been found to lie between 2-3.3 mg/g39 on the basis of the quinone 
carbonyl groups present. 

E. Other Natural Quinone Polymers 

The melanins form another group of natural polymers of ill-defined 
structure which are believed to be complex aggregates of quinonoid 
pigment and several enzyme systems in a protein matrix40. They form the 
brown pigmentations of skin and hair, and occur in the cuticle and 
epidermis of insects41. The formation of melanins apparently can proceed 
through the intermediate formation of o-quinone structures such as 
1 -methylindole-5,6-q~inone~~. 

A black quinonoid polymer has been shown to be”3 a constituent of the 
cell-wall material of Duldiniu concenrrica sporophores. The powder which 
was obtained after exhaustive extraction of the ground sporophores with 
solvents was found to undergo reversible bleaching by reducing agents, 
but even in the reduced state no alkali soluble phenols could be rznioved. 
It was suggested that the cell-wall polysaccharides contained non- 
acetylated aminosugar residues which were cross-linked with monomeric 
or polymeric quinone oxidation products of the general structure 16. 

(1  6) 

Recently44, a hexachloro polynuclear quinone has been isolated from 
Australian soil as a crystalline red pigment thought to arise from the 
decomposing roots of eucalyptus. 
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111. POLYNUCLEAR AND CONJUGATED POLYQUiNONES 

A. Introduction 

The polynuclear quinones were among the earliest group of polyquinone 
systems studied. This was because of their prominence as intermediates in 
the preparation of polynuclear aromatic  hydrocarbon^^^ and dyestuffs48. 
More recently, studies have centred on their generation during the coking 
of coals and the role they play in the coking mechanism4'. Polynuclear 
quinoncs and conjugated polyquinones have been widely utilized for 
experimental and theoretical studies of the semiconductor, electronic and 
catalytic behaviour of conjugated quinone systems4** 49. Certain quinonoid 
polymers such as the polyphenoxazines are thermally stable. 

The materials considered in this section are those in which ortho or  
para quinone or quinonoid groups form integral uilits within a system of 
essentially aromatic or heteroaromatic rings which are annellated linearly 
or angularly. Three structural types can be distinguished. (i) Those in 
which the quinone groups form part of an extended polynuclear system. 
In some cases the two carbonyl groups exhibiting quinonoid properties 
may be linked by a series of conjugated double bonds forming a v-electron 
system, as in 12-hydro.uytriangulene-4,8-quinone (17) and isodibenzan- 
throne (18). (ii) Those in which the quinone groups are regularly linked 

through conjugated bonds. (iii) Those in which quinonoid groupings forni 
the prominent structural units. These structural groups are considered in 
more detail below. 

B. Polynuclear Polyquinones 

Several synthetic routes are available for the preparation of fused 
polynuclear quinones, the most important being the condensation of 
phthalic anhydride, pyromellitic dianhydride and similar aromatic 
anhydrides with various aromatic systems. Other methods involve 
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oxidation of the corresponding aromatic hydrocarbon, or its hydroxyl 
and amino derivatives, and by application of the diene synthesis utilizing 
butadiene and its analogues as the diem component. 

In the presence of aluminium chloride, phthalic anhydride will condense 
with a wide range of aromatic hydrocarbons usually to form carboxy 
diary1 ketones which are then fully cyclized to the corresponding poly- 
nuclear quinone by heating with concentrated sulphuric acid (equation 2). 
The number of p-quinone groups in the system in some cases can be 
increased by using two or more moles of phthalic anhydride. 

Condensation with hydroxy hydrocarbons proceeds more readily than 
with hydrocarbons, and milder condensing agents such as boric acid can 
be employed. T ~ w ,  by using pyromellitic dianhydride and feucoquinizarin 
a polynuclear hexaquinone, 19, can be prepared"O. 

Another variantjl is condensation of dihydroan thraccnc tetracarboxylic 
acid dianhydride with benzene, followed by cyclization and oxidation to 
give the triquinone 20. 

Pohl and his groups2 have applied the anhydride condensation reaction 
to tlie preparation of a wide range of polynuclear quinone polyniers. 
The chemical structures of the polymers were not characterized but they 
were considered to contain mainly quinone 21 and carbonyl groups (e.g. 
ketone, carboxyl) and only low amounts of lactonc groups as in 22. 

Thcse polymers were black, insoluble, infusible materials and contained 
a few p.p.m. of the metal of the catalyst used. They exhibited important 
semiconductor properties (see section V1.C). 

Oxidation of hydrocarbons may also be used for preparing polynuclear 
quinones". Thus chromic acid oxidation of isodibenzoanthroiie 23 gives 
the triquinone indoquinoneanthreiie 24 which can be further reacted with 
hydrazine to form the quinonoid diazine 25. 
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(25) 

The pyrolysis and coking of coals are thought to involve formation of 
polynuclear quinofie type c o n i p o u n d ~ ~ ~ ,  and the formation of quinone and 
quinonoid groupings during the preparation of carbon blacks and 
activated carbons is commonly adduced to explain the reactions they will 
bring about. The presence of structures such as 26 in H-carbons (i.e. those 
active carbons that adsorb mineral acid but not alkali) has been proposed 
to explain its behaviour as an oxygen electrode in alkaline solutions53. 

Some polynuclear quinones have been prepared by condensation 
reactions. 1,4-Naphthoquinone, for example, on heating with pyridine 
and glacial acetic acid in nitrobenzene forms the triquinone, triphthaloyl- 
benzene (27)54. The diene synthesis has been applied to the preparation 
of polynuclear quinones5j and is of general application where quinonoid 
double bonds are exposed. 

C. Conjugated Polyquinones 

Conjugated polyquinones exhibit unusual properties such as photo- 
dynamism2, photochr~misrn~~ and semiconduction52 and consequently 
their synthesis has received increasing attention. 

Dimcric and polymeric quinones which are linked through double 
bonds have been studied by a number of workers. Apparently the first 
such dimeric quinone, 30, was described by Hunt and Lindsey5’, who 
prepared it from the tetramethoxystilbene derivative 28 by dcmethylation 
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0 OH 
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0 0  0' 0 
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0 OH 

(26) 

(After Garten and WeissS3) 

with pyridiiiilim chloride to give the tetrahydroxy coinpound 29 which 
was oxidized to the diquinone by means of silver oxide in dirnethoxyethane. 
The diquinone was unstable to light and air, and the i.r. spectrum and 
electrochcniical behaviour indicated ring conjugation. 
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Forster and ManeckejS examined the synthesis of the corresponding 
fully methylated diquinone 31 using the Wittig reaction to prepare the 
stilbene derivative 32. However, on dcmethylation cleavage occurred into 
4,6,7-trimethyl-5-hydroxybenzofuran (33) and trimethylhydroquiiione. 

0 0 

CH=CH 
0 0 

OCH, OCH3 

CH,&C,H,), + OHC cH3@cH3 CH, 
I I 

OCH, CI - OCH, 

OCH, OCH, 

(32) 
OH 

The Wittig reaction was also to prepare a series of oligomers 
(n = 1-4) and polymers of the gencral formula (3), and also oligomers 
(n = 0, 1) and a polymer of the general structure (4). 
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(4) @”-’” 
0CH3 

However, because of side-reactions and difficulty in obtaining complete 
demethylation, the corresponding hydroquinone compounds could not 
be fully characterized. The hydroxy analogue of formula (3) (n = 1) was 
air sensitive and rapidly darkened to a black-brown colour. 

A poiyethynylhydroquinone (34) has been prepared by reacting 
disodium acetylide with 2,5-dibromohydroq~inone~~. The polymer was an 
insoldAe b!ack powder which could be reversibly oxidized and reduced 
and also showed scmiconductor properties. 

Berlin and coworkers6’ have studied a series of conjugated quinones 
prepared by reacting aromatic diamines with p-benzoquinone or chloranil 
in hot ethanol or dimethylformaniide with an  acid acceptor present 
(sodium acetate) to give polymcrs of the general structures 35 and 36, 
which can also exist in a tautonieric form such as 37. The polymers were 
obtained as brown to black powders which were soluble in concentrated 
sulphuric acid and formic acid to give deep-blue or violet solutions. They 
had considerable solubility in dimethylformaniide, but solubility in other 
solvents was poor. The dimethylformamide-soluble polymers would react 
with cupric acetate to give copper-containing polynicrs believcd to have 
the chelated structure 3gG1. The polyphenyleneaminoquinones exhibit a 
narrow electron spin resonance line of high intensity corresponding to 
1017-101R free electrons per gram and are semiconductors. In contrast, 
polyaminoquinones prepared from aliphatic diamines show no para- 
magnetic properties. 

Other conjugatively linked quinones which have been studied by 
Berlin and coworkers are the polyarylenequinones (39)62 and the poly- 
phenylazoquinones (40)‘j3. Both series are prepared by reacting bis- 
diazotized aromatic diamines such as p-phenylenediamine, benzidine, 
substituted benzidines and 4,4’-diaminostilbene with benzoquinone or 
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chloranil. Thus, with benzoquinone polynier structure 40 is thought to 
arise, the azo groups being retained due to incomplete decomposition of 
the diazo compound. In other cases, such as when benzidine-3,3'- 
disulphonic acid is used, structures of substantially the polyaryleiiequinone 
type are obtained and only very low amounts of nitrogen are retained. 

D. Quinonoid Polymers 

Quinonoid polymers are those polymers which exhiSit quinonoid 
structures or possess quinonoid properties. A wide range of such polymers 
both aromatic and heteroaromatic has been reported in the literature. 
However, in this section only quinonoid polymers which illustrate special 
methods of preparation or which exhibit properties of particular interest, 
such as thermal stability or semiconductivity, will be considered. 

The high thermal stability of graphitized polyacryionitrile fibre is well 
establishedG4, but if pyrolysis of the fibre is carried out in  air at  lower 
temperatures (400-500°C) black polymers, believed to have structure 41 
and containing nitrogen in the ring, are obtained". These polymers 
contain free electrons and exhibit seniiconducting and catalytic properties 
which are discussed more fully in section VI. The orthoquinonoid 
structwe is similar to that proposed for paracyanogenG6, 42. 

CH CH Hcat I -+ 
CN 

CH 
I 

CN 
I I 

CN c rd 

A number of the so-called 'ladder' polymers posscss quinonoid 
structures. Examples of these are the polyhydroquinoxaliiies (43), the 
polyquinoxalines (44) and the polyphenoxazincs (45) prepared by  Stille 
and coworkers". 

The polyhydroquinoxaline 43 is believed to be the first product of the 
condensation of stoichcionictric amounts of the hydrochloride of 1,2,4,5- 
tetraminobenzene and 2,5-dihydroxy-p-benzoquinone in solvents such as 
dimethylacetaniide, hexamethylphosphoraniide and polyphosphoric acid. 
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The structure of the black polymer formed was assumed by analogy with 
the product of the simple monomeric reaction. Oxidation on heating the 
polymer in air was assumed to give the polyquinoxalinc 44. A rather 
similar series of reactions provided the polyphenosazines. In this case 
4,6-diaminoresorcino1 was condensed with 2,5-dihydroxy-p-benzoquinone 
(or its diacetate) in hexamethylphosphoramide. 

Aniline black is a deep-black polynieric product obtained by oxidation 
of aniline with potassium dichromate or potassium ch10rate~~”. In an 
alternative preparation cyclohexa- I ,4-dione was condensed with p-phenyl- 
eiiedianiine and then aerially oxidizedt9. Although its structure has not 
been established it is thought to be a ccnjugatcd polymer of the type 
shown, 46. The chemistry of aniline black was examined by Willstater and 
coworkers and by Green and coworkers who showed that there were 
several distinctive oxidation stages involvin_r progressive oxidation from 
a colourlcss lcuco cornpound through to an ungreenable aniline blackAGb. 
Similar quinonoid polymeric dyes which also contain sulphur arc obtained 
by oxidation of aniline, diphcnylamine and triphenylamine with sulphuric 
acidG8. Aniline black has beel? shown to possess free electrons, giving both 
narrow line and broad line e.s.r. signalsG1. Its semiconductor propcrtics 
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have been studied, as well as its catalysis of hydrogen peroxide decom- 
position and dehydrogenation of hydrocarbons (see section VI). 

Structurally similar polymers, 47, have been prepared by heating 
1,4-naphthoquinone with toluenediisocyanate in the absence of air at  
250°C j2. 

(47) 

Another group of conjugated polymers which probably possess 
quinonoid structures in the chain are the polyazophenylenes studied by 
Berlin and coworkersG9. These were prepared by treatment of bis-diazotized 
benzidine or substituted benzidiiies with ammoniacal cuprous salts. 

Brick-red to brown polyniers were obtained, 48, which were soluble in 
concentrated sulphurio acid but not very soluble in organic solvents. 
Chlorine apparently formed the chain end groups. Most of the polyazo- 
phenylenes are of high thermal stability and survive temperatures of 
300°C. The e.s.r. spectrum showed three types of signal, and the polymers 
had high free-electron spin values ranging from lo1* to 10l9 spins/g. 
The quinonoid structure of the polymer chain was deduced from the i.r. 
absorption spectrum. Some rather similar polymers have been obtained 
by replacing benzidine in the reaction by 4,4'-diaminodiphenyimethane 
or by 4,4'-dia1iiinobenzil~~. 

IV. POLYMERIC Q U I N O N E S  

A. Polymers with Directly Linked Quinone Groups 

Treatment of mono-, di- or polyhydric phenols or of aminophenols in 
alkaline solution with aerial oxygen, potassium persulphate solution or 
hydrogen peroxide at tcmperatures below 60°C yields dark-brown 
amorphous polymers:'. Iy2-Benzoquinone under similar treatment like- 
wise gives amorphous polymers. These polymers were caIIed 'synthetic 
humic acids' because of the similarities of their properties, such as redox 
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character, solubility in alkali and precipitation by acids, and of their 
chlorinated and nitrated products, with one another and with the natural 
humic acids. 

The structure of these polymers was investigated by Erdtniani2, and 
later with  coworker^^^, who established that they contained directly 
linked hydroquinone and quinone groups as well as d.iphenylene oxide 
structures. The polymeric products were usually prepared by shaking a 
suspension of p-benzoquinone in alkaline solution (sodium hydroxide or 
sodium acetate) in an  inert atmosphere for a prolonged period, then 
acidifying with mineral acid and extracting the hydroquinone with ether. 
The moist polymers were easily soluble in alkali, giving grecn or brown 
solutions which readily absorbed oxygen from the air to form deep-brown 
solutions. Erdtnian proposed that the alkali polymerized p-bcnzoquinone 
had a linear or three dimensional structure based on units such as 
series (5). 

Directly linked di-, tri- and tetraquinones (49-51) which were separately 
synthesized were shown to yield typical synthetic huniic acids when 
treated with alkali. 

1 II HoaoYJaoH 0 0 

0 0 0 0 
(51) (52) 

Diels and Kassebert7*% obtained a quinone trimeridc, 52, from bcnzo- 
quinone by the action of pyridine, but in view of the ready alkaIine 
hydrolysis of this compound to hydroquinone and 2,5-dihydroxyquinone, 
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E r d t r n a ~ ~ ' ~  has discounted the possible existence of this structural unit in 
the polymers. 

I t  has been established that a primary product of alkali treatment of 
p-benzoquinone is 2-hydro~y-p-benzoquinone'~, and Flaig76 has proposed 
that since hydroxy-p-benzoquinone is not stable in aqueous solution it 
undergoes polycondensation by the reactions shown (6). FlaigiG also 

partial "'cation 

Jn 

showed that when oxidation of hydroquinone was carried out in strong 
ammonia solution a polymer containing nitrogen was obtained, which 
was considered to have structure 53 on the basis of its nitrogen analysis. 

Attention has also been drawn to the ring-opening effect of alkaline 
oxidation on 4,6-di-t-butylpyroga1101'~ to yield 2,4-di-t-butyl-4-oxalo- 
crotonic acid which could also be involved in the forination of the 
synthetic hurnic acids. 

Y I O2 
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Mineral acids will also cause dinierization and polynierization of 

q u i n o n c ~ ~ ~ .  Thus the main product from p-benzoquinone is an amorphous 
mixture of at least partly quinonoid substances. Erdtman78 has proposed 
that they are formed nmillly by 2,5 (or 2,6) condensation of the quinone 
nuclei and that the trimeride which is also found to be present owes its 
formation to a competing reaction involving 2,4-condensation followed by 
dehydration to the stable product 54. The alternative structure 55 was 
eliminated on the basis of direct coinparison with an  authentic sample. 

Shand and T h o r n ~ o n ~ ~  have pointed out that ring cyclizations of 
diquinones 56-t 57 not only proceed under acid conditions but also 
thermally and by U.V. irradiation. 

RG &R-R?$oaR OH 

(57) 
0 0 0 

(56) 

The exact mechanisms of the hydroquinone and quinone polymerizations 
have not yet been established. However, there are certain lines of evidence 
which point to the intermediate formation of semiquinone anions which 
subsequently dimerizc and polymerize by free-radical combination 
processes. I t  is well known that phenols will undergo a wide variety of 
coupling reactions under oxidative conditions which are similar to those 
of semiquinone radicals". Thus, when aqueous sodium hydroxide is 
added to an alcoholic solution of p-benzoquhone (or duroquinone) in the 
presence of air a dark-green-yello\$r solution results which exhibits a 
strong paramagnetic signal (e.s.r.) thought to be due to formation of a 
semiquinone species, possibly that of hydroxybenzoquinonesl. Anderson 
and coworkers8: have made a more detailed e.s.r. study of the develop- 
ment of paraniagnetic semiquinone free radicals produced by aerial 
oxidation of hydroquinone in alcoholic potassium hydroxide. The results 
suggested that the radicals dimerize or otherwise react in concentrated 
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solution to form radicals linked through oxygen, whilst dibenzosemi- 
quinone radicals are produced from the benzoquinone under reducing 
conditions. The primary coupling products suggested are 58 and 59, 
including their various possible substituted versions depending on the 
starting material, the reaction mechanism and the displacement of 
substituents. 

0' 

On the basis of a kinetic study of the reactions of p-benzoquinone with 
alkali a t  22°C Eigen and mat hie^*^ have put forward the reaction scheme 
shown (7). An initial reaction between the quinone and hydroxyl ions is 6 + OH--> @:H => +OH z> 

0 0- 0- 

- &- + ?  @- I 
0- 0 
(Q = ben zo q u i n o n e)  

thought to result in formation of hydroxyhydroquinone, which then 
undergoes redox reactions with the p-benzoquinone leading to the 
formation of p-benzosemiquinone, hydroxy-p-benzoquinone and hydroxy- 
p-benzosemiquinone. These reactive intermediates could be expected to 
link up to form polymeric products of the types described above. 
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B. Polymerized Quinones 

817 

Quinones are well-known inhibitors of free-radical polymerization of 
vinyl monomers*', although apparently anthraquinone has little affect c n  
the molecular weight of the chain in styrene polymerizations5. Vinyl 
hydroquinone is sensitive to aerial oxidation and consequently radical 
polymerization of it tends to be hinderer? by the presence of the quinone, 
and only low molecular weight polyrner is obtaineds6. Much higher 
degrees of polymerization can be attained by protecting the hydroxyl 
group with another group which can readily be removed after polymeriza- 
tion. Suitable groups which have been used are acetylsc, benzoyP, 
methyls7, tetrahydropyranylss, methoxymethyP and 1 -ethoxyethyl", 
although in the Iast two instances formaldehyde and acetaldehyde are 
liberated in the hydrolysis stage, and may further react with the polymer. 
The initial synthesis of vinyl hydroquinone8G was carried out by the series 
of reactions shown (8) but alternative routes have been reported". a. ;: !"pEt ~ ~ o H - - - C H C o o H  

OH 

Polyvinylhydroquinone is not very hydrophilic and therefore co- 
polymers of vinylhydroqninone dibenzoate with a-methylstyrene and 
divinylbenzene have been prepared which could be sulphonated to confer 
a greater degree of hydrophilic character on thems2. Since methylated and 
other substituted quinones show a greater stability towards inorganic 
oxidants than the unsubstituted benzoquinone, various synthetic methods 
have been developed to incorporate these into a polymcric m a t r i ~ ~ ~ - ~ ~ ,  
which are shown in the reaction sequences (9-1 1). 

Spinner and coworkers9G circumvented the necessity to attach the 
polymerizable double bond directly to the hydroquinone, by linking the 
latter to the styrene molecule via a sulphone bond. The hydroxyl was 
protected by a pyranyloxy group during the polymerization reaction (12). 

Manecke and coworkers9' found that neither 2-methyl-3-vinyl naphtho- 
quinone nor 2,3-dimethyl-5-vinyl naphthoquinone could be polymerized 
when converted to the corresponding diacetates. However, when the 



818 A. S .  Lindsey 

latter was converted to the epoxide the product could be readily 
polymerized. The oxide bridge was then removed by treating with potassium 
iodide in aqueous acetic acid (reaction 13). 

CH3$CH0 CH3$ 

0 

CH3 
(9) 

0 
CH3 0 -  CH3 CH3 

OH 

OH OH 

OH y H  

R1)+R3 R2 __j ; ; * 7 3  __> R3 

OH OH OH 

.1 
CH3CO0 

R2 R1 @cH=c R3 HZ 

CH3CO0 
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C H $2 H,Br C H,CH,Br Q +& Q 
819 

SO,H 0 
I 

(1 2) 

CH=CH, CH,CH,Br 

J (1 3) 

Routes have also been examined to the polyvinylanthraquinones. 
1 -Vinylanthraquinone has been prepared by Diels-Alder addition of 
1,3,5-hexatriene to 1,4-naplithoquinone and subsequent oxidation, but 
was found to be thermally non-polymerizab1eg8. Several routes to 2-vinyl- 
antnraquinone have beell reportedgs. The simplest method involves 
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dehydrogenation of' 2-ethylanthraquinone by passage over palladized 
asbestos at  600°C. Oxidation of 2-methylanthraquinone to the aldehyde, 
conversion to the 2-acrylic acid followed by decarboxylation to 2-vinyl- 
anthraquinone is an alternative route. 

0 

1 
-CH==W ~ c H = = c ~ c o o ~  

b 
0 0 

Manecke and Storckloo prepared 1- and 2-vinylanthraquinone from 
anthracene or from anthraquinone by a variety of routes (reaction 14). 
They also used 2-cthylanthraquinone as starting material which they 
converted to the vinyl compound by the reaction sequence (15). 

2-Vinylanthraquinone readily undergoes radical polymerization with 
high conversions and can be copolymerized with styrene and divinyl- 
benzene. The copolymers can be sulphonated to improve their hydro- 
philic characterloo. 

Polymers and copolymers based on various vinylpyrazoloquinones 
have been reported by Manecke and coworkerslo1. Thus 1,3-dipolar 
addition of vinyl diazomethane to benzoquinone, 2,3-dimethylbenzo- 
quinone and naphthoquinone gave the vinyl pyrazoloquinones (60-62, 
R = H) which could be copolymerized. The polymers and copolymers 



82 I 

Y o  0 

J,Q7(,>\ '"'O-(/- Qk7" 
NHN 

\ 
I 

N' 
I 

O R  O k  

N' CH, 
I 

O R  
(60) (61 1 (62) 

could be N-sulphalkylated (R = (CH,),S03K) to give water-swellable 
polyquiiiones by treatment with propane sultone. The water-swellable 
copolymers obtained were claimed to be very stable chemically and 
thermally. 

Some typical values of redox and ion-exchange capacities of polymerized 
quinones are given in Table 1. 

TABLE 1 .  Typical redox and ion-exchange capacities of polymerized quinones 

Polymer Redox capacity Ion-exchange Reference 
(meq/g dry resin) capacity 

(meq/g dry resin) 

Sulphonated copolymer of 5.7 3.9 139 
vinyl hy droquinone, 
a-methylstyrene and 
divinyl benzene 

2-vinylanthraquinone, 
styrene and divinyl- 

Sulphonated copolymer of 4.8 2.0 100 

benzene 

of 3-vinylpyrazolo- 
napht hoquinone and 
3,6-divinyl-bis-pyrazol0- 

Sulphoalkylated copolymer 5.0 2.7 101 

benzoquinone 
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C. Polycondenred Quinones 

The preparation of polymeric quinones by polycondensation reactions 
provides an alternative synthetic method which is versatile and prolific. 

A very widely applicd method utilizes the acid- or base-catalysed 
condensation of 0- or p-dihydric phenols, or hydroxyquinones, such as 
quinalizarin (63) and chrysazin, with formaldehyde. The degree of cross- 
linking can be controlled by varying the molar ratio of formaldehyde, and 
by adding phenol or resorcinol to the reaction niixturc as a diluent and 
cross-linking agent. Thus two- or three-dimensional networks of the types 
64 and 65 can be obtained. Treatment with oxidants such as ferric or 
ceric salt solutions converts the polyniers to the polyquinone form, which 
can be reduced again with sodium dithionite solution. 

\ / + H C H O  \ : ~ ~ ~ ~ ~ l ,  
0 O H  CH2 0 

(63) (64) 

The earliest report of the condeiisatioii cf phenol and formaldehyde 
with polyhydroxy benzenes was that of Griessbach and coworkers10z 
who described a regeneratable redox resin. Condensates of phenol- 
formaldehyde-hydroqriinorie have been studied in detail by Manecke 
and coworkers103* lo%. By using phenolsulphonic acid as one component, 
water-swellable polymers were obtained'Oj. A range of quinones and 
hydroxy quinones such as juglone, 2-hydroxyanthroquinone, alizarin, 
anthrarufin, quinalizarin, chrysazin and purpurin have been u t i l i ~ e d ~ ~ ~ , ~ 0 6 .  
Formaldehyde as such, or in the form of paraforrnaldehyde or hem- 
methylene triamine, has been most commonly used as the cross-linking 
agent. Other aldehydes such as acetaldehyde, paraldehyde, benzaldehyde, 
furfural and glyoxal may be used to replace all or some part of formalde- 
hyde in the condensation107. Practical conditions for the preparation 
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of hydroquinone-resorcinol-formaldehyde polymers have been 
examinedIo8. Macroporous polycondeiisates with improved redox reaction 
kinetics (1.e. faster acting) have been obtained by Shostak and Ergozhinlog. 
Some typical redox capacities of polycondensed quinones are given in 
Table 2. 

TABLE 2. Typical redox capacities of polycondensed quinones 

Polycondensate Ratio Redox capacity Reference 
components (meq/g dry resin) 

__- ~ _ _ _ _ - -  
Hydro qu i none 1 
Phenol 1 6.8 I G3 
Formaldehyde 3 

Juglone 1 
Phenol 1 4.5 
Formaldehyde 3 

Hydroquinone 1 
Resorcinol 1 4.4 
Formaldehyde 2 

I03 

108 

A convenient way of preparing methylene- and dimethylene-linked 
quinone polymers has been reported by Hunt and Liiidseyllo in which 
1,4-di(chloromethyl)-2,5-dimethoxybenzeiie was directly condensed with 
2,5-dimetlioxybenzene by refluxing the two compounds together in glacial 
acetic acid. Subsequent demethylation gave the polyhydroquinone which 
could be reversibly oxidized to  the polyquinone form (reaction 16). By 
treating 1,4-di(ch!oromethyl)-2,5-dimethoxybenzenc with a sodium dis- 
persion in dioxan thc dimethylene-linked polymer was obtained which could 
likewise be demethylated and oxidized to the polyquincne (rcaction 17). 

F C H I  OH - n  
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Because of the difficulties of studying the properties of the forma!dehydc 
condensation products directly, a number of studies have been carried 
out on low molecular weight dimeric, trinieric and tetrameric quinones 
with analogous structures to those of th.e polymer chain unit (see section 
V.B). Thus Lindsey and coworkersl10 synthesized the polymer model 
compounds 66 to  76 by direct condensation of the mono- or his-2,5- 
chloromethyl-l,4-dimethoxybenzene with I ,6diniethoxybenzene or deriva- 
tives to  form dimers and trimers. Demethylation gave the corresponding 
hydroxy compounds which could be oxidized with acid ferric ammonium 
sulphate, or by refluxkg with ethanolic benzoquinone. 

Manecke and Forsterlo4 similarly synthesized oligomers by controlled 
condensation of phenol, hydroquinone and formaldehyde to give chain 
segments carrying hydrogen, methyl or chloro substituents. These com- 
pounds were also used for potentiometric studies (see section V.B). 

A series of model chain units (72-74) corresponding to the polyvinyl- 
quinone system were synthesized by Moser and Cassidy’ll, and were 
examined spectroscopically and potentiometrically (see section V.B). 

Another route to the polyquiiiones has utilized a polypeptide chain as 
backbone with hydroquinone groups pendant to it112. Thus poly- 
condensation of 4-(2,5-diacetoxybenq~l)-oxazolidine-2,5-dione (75) by 
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treatment with alkali in dioxan gave the protected hydroquinone poiymei 
76, which on hydrolysis gave the polyhydroquinone 77. 

C H 2- C H,.--CH CH,-CHz-CH-CHZ-CH, 

O a 0  O t L 0  O t L o  of300tL, 
(72) (73) 

(74) 

The 3,4-dihydroxyphenyl polymer was prepared by a similar route. 
The 2,5-dihydroxy polymer was hygroscopic whilst the 3,4-dihydroxy 
polymer was not. Copolymers were prepared by copolycondensaiion with 
the N-carboxy anhydride of y-benzyl glrrtamate. Conversion to identifiable 
polyquinones was not reported112. 

A polyester chain carrying pendant anthraquinone groups has been 
reported113. Initially 2-formylanthraquinone was reacted with diethyl- 
malonate to give diethyl anthraquinonyl-2-n1ethyle11emalonate (78), which 
readily condensed with aliphatic diols and glycerol to give a polyester 
polyquinone of structure 79. 

Haas and Schulerl14 showed that peroxidation of the diacetate of ally1 
hydroquinone provided the epoxide derivative which could be poly- 
condensed under the catalytic action of zinc chloride-aluminium 
isopropoxide to give poly-3-(2,5-diacetoxyphenyl)propylene oxide. The 

0 H+NH-CH-CO%OH 
4 
\ 

QcH2-];-;/!3 - CH,COO b00CCH3 

CH,COO 

(76) 

J. 
CHSCOO 6 

(75) 

H-f-NH-CH-CO-hOH 

HO /@OH 
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acetate groups were removable by alkaline hydrolysis to give the poly- 
hydroquinone, which was susceptible to aerial oxidation under these 
conditions. 

0 

I 

-FR-OCO-$-COOk I 4, 
0 COOC,H, 

> 
HO-R-OH 

D. Polymer Supported Quinoner 

Quinones and hydroquinones have been attached to a variety ol‘ 
polymer frameworks by chemical reaction, often under mild conditions. 
The main difficulties arc achieving high reaction yields and the avoidance 
of side-reactions, particularly cross-linking. 

One of the earliest reports of this synthetic approach was that of 
Sansonills, who converted polyaminostyrene to the diazonium salt which 
was then reacted directly with p-benzoquinone. Dyestuffs such as 
methylene blue and thionine could be similarly attached. The reactions of 
aryldiazonium salts with benzoquinone have been studied by Brassard 
and Z’EcuyerllG. Dorfiier117 extended the scope of the reaction by coupling 
diazotized polyaminostyrene with p-benzoquinone, 1,4-naphthoquinone 
and anthraquinone. Hydroquinone has also been utilized in this reaction 
to give polymers of high redox capacity, stable to strong oxidants and 
reducible by alkaline dithionitells. The polyquinone form was found to 
oxidize Fez+ and methylene blue. 

Kun119 developed alternative methods of bonding the quinone system 
to the polystyrene matrix. Conventional gel and macroreticular styrene- 
divinylbenzene polymers were chloromethylated with chloromethyl ether 
using a Friedel-Crafts catalyst, and the chloromethylated polymer 
treated with hydroquinone, benzoquinone or 1,4-dimethoxybenzenc in 
the presence of further Friedel-Craft’s catalyst. The dimethoxy compound 
was subsequently demethylated by means of hydriodic acid. The poly- 
quinones so obtained were of the type 80 and 81. The polystyrene backbone 
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renders the polymers hydrophobic in character, and they were made more 
hydrophilic by limiting the initial amount of hydroquinone reacting with 
the polymer and converting the surplus chloromethyl groups to Iiydro- 
philic quaternary groups, e.g. by reaction with trimethylamine 82120. An 
alternative method was sulphonation of the hydroquinone groups12'. 

O O 0  

Russian workers have described the preparation of similar polyquinones 
from cliloron~ethylated polystyrene and styrene-disopropenylbenzenc 
copolymerlZ2. A commercial polymeric quinone with a structure approxi- 
mating to 82 (R = t-butyl) has been marketed123. 

Manecke and Kossmeh1124 have reacted a chloroniethylated cross- 
linked polystyrene with thionine and with trimethylthionine to prepare 
blue-coloured polymers containing quinonoid dye structures 83, and 
possessing good redox capacities (ca. 4 meq-g). 

Reaction of phthalic anhydride with poly-(a-methylstyrene) in the 
presence of aluininium chloride gave poly[p-(o-carboxybenzoy1)-a- 
methylstyrene] (84) which on heating in syrupy phosphoric acid cyclized to 

28 
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fy H-CH2-f;; 

CH,CI 

give 'the poly[2-(cr-methylvinyl)-anthraquinone] polymer (85). The low 
redox capacity of the product (0.5 meq/g) indicated that only a low 
introduction of anthraquinone groups had occurred124. 

Kern and Schulz125 utilized a styrene-maleic acid copolymer which 
they reacted with 6-aminoanthraquinone in tetrahydrofuran in a n  auto- 
clave at 160°C for six hours. A pale-yellow polymer of the general structure 
86 was obtained which was soluble in tetrahydrofuran, pyridine and 
dimethylformamide and possessed oxidizable-reducible groups. A 
quinonoid grouping was introduced into the polymer by reaction with 
7-amino-phenthiazonc-2. 

CH3 
I 

(85) 
(84) 

An interesting routc to the polyquinones was developed by Taylor126, 
who reacted 6-hydroxy-3,4-dihydrocoumarin and similar compounds with 
poly(viny1amine) and poly(et1iylenimine) by refluxing the components 
together in aqueous methanol. Polymers of the general stiucture 87 were 
obtained which were stable to alkalis and were proposed for use as anti- 
fogging or antistain agents in photographic emulsions. 

have also been used as 
supports for anthraquinone and benzoquinone groups. Thus in acidified 
methanolic or dimethyl sulphoxide solution 2-formylanthraquinone 
condenses with polyvinyl alcohol to give a polyacetal structure carrying 
pendant anthraquinone groups (88). These groups were reducible by 
solutions of titanous salts or sodium dithionite, and reoxidizable with air. 

Polyvinyl a l c ~ h o l ' ~ ~ ~ ~ ~ ~  and polyacrylic 



15. Polymeric quinones 829 

C H  
l 6  - C H ,- C H - C H - C H - C H, 

I I 

0 
oc, ,co 

3 -€CH2-CH2--N3;, 
I 
co OH 

The acetaI bonds were rather easily cleaved by acids. Izoret12' has also 
described polyquiilones prepared by reacting the tosylate of 2-hydroxy- 
methylanthraquinone with polyvinyl alcohol to give 89, and by reacting 
2-hydroxymethylanthraquinone with polyacrylic acid to give polymers of 
the type 90. Tetrachlorobenzoquinone has been reacted with a sodium 

(88) 

(A = anthraquinonyl-2) 



830 A. S .  Lindsey 

derivative of polyvinyl alcohol to give a polyquinone of good redox 
capacitylZ8. 

(89) 
(A  = anthraquinonyl-2) 

KamogawalZ9 inetliylolated polyacrylamide and an acrylamide- 
vinylpyridine copolymer with formaldehyde under alkaline conditions. 
The products were reacted with hydroquinone or plienothiazine to give 
redox polymers which could be potentiometrically titrated with ceric 
sulphate solutions. 

V. ELECTROCHEMICAL BEHAVIQUR OF F'OLYQUINONES 

A. The Polymeric Quinone-Nydroquinone Electrochemical System 

system can be represented by the following series of reaction equations : 
The reversible electrocheniical behaviour of the quinone-hydroquinone 

Q + e Q -  (semiquinone anion) (A) 

Q -  +e  Q'- (quinol dianion) (B) 
(C) 

Reactions (A) and (B) can occur as discrete steps under aprotic conditions 
whilst reaction (C) requires the presence of a proton donor (usually 
water). Under certain conditions (e.g. strongly alkaline solution) the 
semiquinone anion may also exist as a metastable species in aqueous 
rnedial3O. 

Consequently, the electron acceptor ability of a quinone may be 
determined in two ways: (i) by measurement of its electron affnity and 
(ii) by measurement of its standard oxidation-reduction potential (EO). 
Electron affinity measurements are valid for aprotic media and are more 
usefully considered under section Vi, whereas oxidation-reduction 
potentials are generally determined under aqueous or partially aqueous 
conditions. 

9'- + 2  H+ ---A - H,Q (quinol) 
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The standard oxidation-reduction potential (EO) of ;I quinone- 
hydroquinonc system under aqueous conditions can be measured potentio- 
metrically and provides a measure of the free-energy change AGO 
accompanying the interconversion of the two species. Thcse quantities 
are related by equation (D) 

AGO = -IIFE" (D) 

When the conversion takes place in solution the free-energy change is 
dependent on a number of factors such as pH of the solution, the molecular 
and electronic structurcs of the oxidized and reduced forms, as well as 
environmental effects such as interactions with the solvent and other 
species present13'. 

At nioderate concentrations of hydrogen ions the quantitative effect of 
pH on the niid-point potential (&) of a simple quinone-hydroquinonc 
system is dcscribed by the modified Nernst Equation (E)I3? 

Enl = E-O+O-O591 In [H-1-1 

The characteristic mid-point oxidation-reduction potential (El,,) of 
the simple system at a specified hydiogen ion concentration can be readily 
dctermincd by potentiometric titration, and hence the standzrd oxidation- 
reduction potcri tial established. 

In principle a polymeric quinone should behave similarly and on 
potentiornetric titration can be expected to follow a typical two-electron 
titration curve (curve I ,  Figure 1). The titration is normally carried out 
in a half-cell with addition of the oxidant to the polymeric hydroquinone, 
which is either in so:ution or in suspension. In some cases, due to sluggish 
response of the system. a mediator (e.g. isopropylhydroquinorie) is added 
which will rapidly establish equilibria with both polymer and elcctrode. 
Considerable detail on the nicthods of nieasurement has been given by 
Cassidy and K ~ i n ' ~ ~ .  

I-Iowever. cofitrary to expectation the measured potentiometric 
titration curve for many polymeric quinones deviates considerably from 
the typical two-electron shape (curves 2 and 3, Figure l)looplll. The curve 
can be med to determine three characteristic potentials of the polymer 
system, the mid-point potential (El,]) at the 50% oxidation stage and the 
two index potentials Eil and Ei2 which represent the differences between 
the mid-point potential and the 25"/, (EZ5) and 75% (&) osidation 
potentials. That is, Eil = E,j-E,,l and Ei, = EIn-E25. For a symmetrical 
two-electron titration curve Eil = ,Fin = 14.1 n1V132b. The titration curves 
for the polymeric systems are frequently non-symmetrical with wide 
variations in the values of Eil and Ej21339131. 
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The cause of the non-symmetricality of these titration curves has been 
ascribed to a number of individual ‘polymer effects’ such as semiquinone 
formation, complexation with the oxidant or reductant, quinhydrone 
formation, dimerization and tautomerisrn (e.g. formation of quinone- 
methide structures). Another cause may be associated electrode 

mV 

aoo 
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700 

€5 5 0  
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- 
) 25 50 75 1 
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FIGURE 1.  Potentiometric titration curves. (1) --, Typical two-electron 
curve; ( 2 )  - - -, sulphonated polyvinylhydroquinone; (3) - . - . -, poly-2,5- 
dihydroxy-4’-vinyldiphenylsulplione; (4) ---x-x--, hydroquinone-phenol- 

formaldehyde polynier (1 : 1 : 2). 

Cassidy and coworkers1**. 133b have described the striking colour 
change which occurs when a sulphonated polyvinylhydroquinone is 
oxidatively titrated. On first addition of oxidant a pink colour appears 
which intensifies up to the mid-point of the titration, and then becomes 
more and more yellow, finally giving the clear yellow of polyvinyl-p- 
benzoquinone a t  completion of the oxidation. The origin of these colour 
changes has been discussed133b. 

Apart from variation in the shape of the potentionietric titration curve, 
the measured mid-point potential of a polymeric quinone is found to be 
much higher than that measured for the corresponding monomeric 
reference quinone systernl3j. As pointed out by Lindsey136 and by other 
workers133* 1 3 j 9  13’, the oxidation-reduction mid-point potentials of 
polymeric quinoiies are dependent on a number of factors, the more 
important of which can be broadly classified as structural, configurational 
and environmental. These are expanded in more detail in Table 3, though 
it should be recognized that the classification shown is arbitrary to  some 
extent since some factors (e.g. semiquinone formation) can obviously fall 
into more than one category. 
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Structural features of polymeric quinones which affect the electro- 
chemical behaviour of the system as a whole arise from the structure of 
the functional quinone unit, the type of nuclear substituent on the ring 
and the nature of the bridging groups since these, as in simple substituted 
quinones, materially affect the electron affinity of the unit. It is known, for 

TABLE 3. Factors affecting mid-point potentials of polyineric quinones 

1. Structural : 

2. Configurational : 

3. Environmental : 

(i) Nature and degree of bridging groups 
(ii) Type and degree of nuclear substitution 

(iii) Nearest-neighbour interactions 
(iv) Molecular weight of polymer 
(.) Electrostatic field effects 

(vi) CompIexation or addition of cations or anions 
(vii) Presence of non-functional chain members 

(viii) Solubility of polynier system 
(copolymers) 

(ix) Side-reactions (e.g. xanthene formation) 
(i) Stereocheniical disposition of quinone groups 

(ii) Chain coiling-uncoiling 
(iii) Seniiquinone formation 
(iv) Inter- and intra-chain quinhydronc formation 
(v) Internal hydrogen bonding 

(vi) Steric effects 
(vii) Charge-transfer complexes 

(i) Hydrogcn ion concentration 
(ii) Nature of titration solvent medium 

(iii) Presence of neutral salts 
(iv) Differences in composition of macromolecular 

and bulk solvent phases 
(v) Type and normality of oxidant or reductant 

(vi) Prcscnce of a mediator 
(vii) Elcctrode effects 

(viii) Liquid junction potentials 

example, that iiicreasing the degree of methyl substitution of p-benzo- 
quinone results i n  a fall in the oxidation-reduction potential and similarly 
with increasing polyn~cle ic i ty~~.  H e l f a ~ ~ d ' ~ *  has pointed out that in some 
polyquinones interactions between neighbouring quinone groups may be 
quite strong, as shown by deviation in the shape of the titration curve of 
the polymer compared to  that of a suitable monomer model. Helfand13s 
developed, on a mathematical basis, a theoretical treatment of polymeric 
quinone titrations and showed that above a certain limit the degree of 
polymerization did not affect the course of the titration. Below this limit 
the observed behaviour depended on the degree of reduction of the poly- 
quinone system. Electrostatic field effects may be important where the 
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polymer chain is also a polyelectrolyte (e.g. is s ~ l p h o n a t e d ) ~ ~ ~ .  The 
properties of polyelectrolytes are known to differ from both lion-polymeric 
electrolytes and non-ionized polymers. Their properties mainly depend on 
the average electrostatic potential of the polyelectrolyte macromolecule, 
its contribution to the electrostatic free energy of the system and its effect 
on the average dimensions of the macromolecule. Because of the coulonibic 
forces present, polyelectrolyte systems incorporating quinone groups can 
be expected to exhibit a modified E,,, value. Indeed, i t  has been experi- 
mentally shown139 that the effect of a sulphonated polystyrene matrix is 
to raise the El,, of the copolymeric quinone. When the quinone was non- 
bonded to the sulphonated matrix only a small positive increase in El,, 
occurred. Tn the presence of molar potassiuni chloride the mid-point 
potential of the sulphonated polyvinylhydroquinone fell to that of the 
monomeric system. It was not confirmed that this was due to an electro- 
static screening effect since other salts did not bring about this effect139. 

Other structural erects arising from complexation, presence of non- 
functional chain members, occurrence of irreversible side-reactions and 
effects arising from the molecular weight and solubility of the polymer 
system have been considered as influencing the redox behaviour of the 
polyquinone I3O. 

Configurational features which exert an effect 011 tnc interconversion of' 
the bonded quinone-hydroquinone couple arise I I I  the polynieric system 
because of the greater degree of regularity Pxd lower degree of flexibility 
of the macromolecular structure compared with a random association of 
monomeric units'". Thus, in the polymer there are inherent constraints 
placed on the spatial orientation of the quiuone groups which may arise 
from primary bonding (cross-links) or from secondary bonding (hydrogen 
bonds, charge-transfer interactions, quinhydrone formation) or through 
purely steric factors (bulky substituents). Consequently. the degree of 
electronic interaction between the polymer chain structure and each 
individual quinone group, causing variation in electron-acceptor ability, 
will be related to the degree of flexibility of the chain and the orientational 
freedom of the quinone group. These factors can also tend to stabilize 
semiquinones when formed by hindering delocalization of the unpaired 
electron, and preventing dismutation or dinicrization of the semiquinone. 
Variation in the value of El,, may be associated with coiling and uncoiling 
of the polynier chain during change i n  the ratio of reduced and oxidized 
groups along the chain in the course of t i trati0n~~*13~. 

Many of the environniental factors influencing redox behaviour which 
are listed in Table 3 are valid for both inonomeric and polymeric quinones. 
However, the macromolecular environment can bring about concelltration 
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and species alterations within the macromolecular cells compared to the 
bulk solvent phase, which can lead to variation in the solute and solvent 
interaction between monomeric and polymeric quinone g r o ~ p s ~ ~ ~ ~ ~ ~ ~ .  
Neutral components of the solvent phase may also affect the potential, 
for example the depressing eKect of potassium chloride on the Em valuc 
of a sulphonatcd polyvinylhydroquinone system already mentioned. Other 
aspects of environmental effects have been discussed by Cassidy and 
Kun1=. Evidence has been presented that adsorption of the oxidized 
polymer on to the electrode during potentiometric titration is responsible 
for increased potentials. In the presence of detergent the monomer value 
was approachedI5'. 

Table 4 shows some representative E,,] values for different polymers 
measured under varied conditions. 

B. Electrochemical Behaviour of P olyquinone Chain Segments 

As indicated in the previous section, the potentioinetric titration curve 
for many polyquinones deviates considerably from the shape of a normal 
two-electron curve. An important approach to the study of the factors 
causing this deviation has been based o n  examination of the electro- 
chemical behaviour of oligomeric quinones which have analogous 
structures to the polymeric quinone. 

0 0 0 
The synthesis and redox behaviour of a variety of di-, tri- and tetra- 

functional p-hydroquinone, 1,4-naphthoquinone and 9,lO-anthraquinone 
systenis have been reported but have not been systematically s t~d ied*~ , . ' ~~ ' .  
Apparently the first systematic studies were published by Hunt, Lindsey, 
Savill and P e o v e ~ - ' ~ ~ * ~ ~ ~ ,  who studied the electrochemical behaviour of 
mono-, di-, tri- and polyfunctional quinones with structures corresponding 
to those thought to be present in polyquinones derived from hydro- 
quinone-formaldehyde and hydroquinone-phenol-formaldehyde con- 
densates. Polarograpliic reduction of the quinone segments in aqueous- 
ethanolic solutions established that two-electron additions were made 
successively to each quinone unit. T ~ U S  reaction (1 8) showed a two-electron 
step and a complex four-electron wave, which could be analysed into two 
two-electron components (Table 4, No. 12). The titration curves for both 
the methylene-bridged diquinonc uid the two triquinone molecules 
revealed larger index potentials than for normal two-electron addition 
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TABLE 4. Em Values of monomeric and polymeric quinone-hydroquinone systems 

Quinone or polyquinone Conditions" E L  Reference 
(mV) 

~ 

1. Polyvinyl hydroquinone, 0 . 4 ~  H,S04 
linear sulphonated Neutral salt abscnt 789 

2. Copolymer of vinylhydro- 0 . 1 0 6 ~  H2S04  + LiCl 643 
quinone and cu-methyl- 
styrene, linear 

3. lsopropyl hydroquinone 0 .106~  H2S0.i + LiCl 630 
4. Copolymer of vinylhydro- 646 1 M KCI + H,SO., ( 1  nil per 

quinone and cu-methyl- 250 ml) 
styrene, linear, sulphonated 

5. A s 4  As 4 but neutral salt absent 849 
6. Isopropylhydroquinone As 4 but neutral salt absent 636 
7. Poly(vinyl-3,4,6-triniethyl- In 90% acetic acid 420 

8. Tetramethylhydroquinone 1 : 1 Acetic acid-0.5~ H,SO, 456 
9. Polycondensate of hydro- N-H,SO., 628 

hydroquinone) (approx.) 

quinone, phenol and 
formaldehyde (1  : 1 : 3) 

sponding to 9, (68) 

phenylenemethylene) 

segment corresponding to 703 
11 (18) 

13. Sulphonated poly(2-vinyl- 0-1 N H,SO, + mediator I78 
anthraquinone) 

14. Anthraquinone 2-sulphonic In 50% aqueous acetic acid 183 
acid 

15. 2-Isopropyl anthraquinone In 50% aqueous acetic acid 124 
I 6. PolyvinylpyrazoIonaphtho- Polarographic 130 

17. 4-Quinonyl-4'-isopropyl- 1 : 1 Acetic acid + 0 . 0 8 5 ~  740 

753 

10. Chain segment corre- Polarographic 650 

11. Poly-(2,5-dihydroxy-p- N-HZSOa 730 

12. Trinieric quinone, chain Polarographic 624, 652 

quinone (N-sulphoalkylated) 

diphenylsulphone H2S01 
18. Poly-(2,5-dihydroxy-4'-vinyl- In 80% acetic acid 

diphenylsulphone) 

86 
139 

139 
139 

139 
139 
93 

93 
142 

142 

142 

142 

100 

I00 

100 
101 

96 

96 

-~ 

Potentiometric titration, except where stated. 

and the mid-point potentials were much more positive than the reference 
monomer 2,5-dimethyl-p-benzoquinone. The central quinone nucleus 
(reaction IS) was considered to undergo the first two-electron addition, 
the high reduction potential being due to the strong electronegative 
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character of the two adjacent quinonyl groups and the much lower 
reduction potential of the third group resulting from the lower electro- 
negativity of the adjacent hydtoquinone 

These electrochemical studies led to the coriclusion that the anomalous 
redox behaviour observed during titration of polyquinones linked through 
methylene bridges could be qualitatively interpreted in terms of nearest- 
neighbour interactions, whilst the redox behaviour of the di- and tri- 
quinone segments suggested that other interactions in addition to nearest 
neighbours might be important. The shapes of the curves for the corre- 
sponding polymeric quinones significantly deviated from the theoretical 
shape for a two-electron process (index potentials of 35 mV compared to 
the normal value of 14 niV). However, the form of the polymer titration 
curve and its mid-point potential was not thought to have direct meaning 
since it was statistically dependent on factors such as extent of hyper- 
conjugation between the methylene bridge protons and the quinone- 
hydroquinone nuclei which in  turn appeared to depend on steric factors. 
Consequently, as reduction of the polymer proceeded those quinone 
groups having the most positive redox potential would be reduced first. 

In aprotic solvents such as acetonitrile reduction of the same mono-, 
di- and triquinones proceeded by one-electron additions with formation of 
multiradical structures1'12. The spread in the first half-wave potentials of 
the three overall reduction steps was greater than the corresponding 
spread of the two-electron potentials in the protic solvent. E.s.r. measure- 
ments of the partially reduced quinone spzcies indicated delocalization of 
the unpaired electron between directly coupled quinones but charge- 
transfer between quinones linked through a niethylene bridge did not 
occur to any appreciable extent. 

Similar studies of model monomer, dinier and trimer molecules related 
to liydroquinone-phenol-fornialdehyde polymers by Manecke and 
coworkers135# showed that benzyl-type substituents lowered the 
oxidation potential with respect to the reference p-hydroquinone by 
47 1 4  mV. The effects of both methyl- and benzyl-type substituents on the 
hydroquinone were claimed to be additive. 

For his-hydroquinone systems bridged by a p-xylylene grouping 
(-CH,-C,H,-CH,-) the symmetrical potentiometric curve deviated 
only slightly from the shape expected for a normal two-electron change. 
However, the corresponding iris hydroquinone oligomer gave an 
asymmetric curve with considerably steeper slope. M a n e ~ k e ' ~ ~  claimed that 
only relatively small interaction effects occurred in the oligomer systems 
which were inadequate to explain the potentiometric behaviour of the 
polymers. 
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Moser and Cassidyl’l also carried out electrochemical studies on 
oligonicric hydroquinone chain analogues of polyvinylli~droquinone 
(72-74). During potentioinetric oxidation the hydroquinone groups 
appeared to react independet1tly, which differed from that found for 
sulphonated polyvinylhydroqiiinone. When oxidized in aqueous acetic 
acid (lx) the bis and tris compounds dcvcloped a rcd colour which 
attained its maximum intensity a t  the mid-point. This bchaviour was 
similar to that found for polyvinylliydroquinolie polymers, and was 
thought to arise through quinhydrone formation. 

Mills and Spiiincr114 have made a detailed analysis of the redox 
behaviour of difunctionai hydroquinone-quinone systems in which they 
show that the two overall oxidation potentials of the system are related to 
fundamci?tal ‘internal’ oxidation potentials by a characteristic tau tomeric 
equilibri.!m constant. The ‘internal’ oxidation potentials could be derived 
from the data available for the simple qiiinone-hydroquillone analogues 
and consequently made it possible to calculate the overall oxidation 
potential of specified dimeric hydroquinones. The analysis also permitted 
a direct numerical evaluation of intramolecular inductive effects due to 
nearest-neighbour interactions. The shapes and positions of the titration 
curves of the dimeric hydroquinones were related to the different values 
of the interaction effects. The possibility of analysing and predicting 
redox behaviour in monomeric, oligomeric and polymeric p-hydroquinone-- 
quinone systcms was envisaged by application of these methods. 

C. Reaction Kinetics of Polymeric Quinones 

The utilization of polymeric quinones as practical oxidatioii-rcduction 
agents has focused attention on the necessity of ensuring that clectron or 
hydrogen transfer at the polymeric redox sites should occur a t  reasonably 
fast rates. Since the presence of the polymer matrix complicates the 
reaction kinetics it is useful initially to consider the factors which influence 
transfer reactions with monomeric quinones. 

The specific reaction rate constant of a simple nionomeric quinone for 
a given substrate depends on a number of factors which include nature of 
solvent, pH, temperature and nature of the intermediatc and other species 
present. Vetter14j and Hale ;nd Parsons146 havc measured the rate 
constants for the reduction of p-benzoquinone under carefully controlled 
conditions. Both authors found that the reduction proceeded by two 
one-electron transfers of almost equal activation energy. Hale and Parsons 
also established that the value of the free energy of activation was 
consistent with the H ~ s h ~ * ’ - M a r c u s ~ ~ ~  theory of electron-transfer 
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reactions. Variation in thc rate constant with the niolecular size of the 
quinone was ascribed to tlie change in the free energy of formation of the 
semiquinone. 

A number of correlations of the redox reaction rate with the oxidation- 
reduction potentials of the reactants has been reported. Gersliinowitz149, 
for example, deduced a theoretical relationship between reaction rate and 
the free energy of formation of the activated state which could be written 
in the form 

where k,  and k;  are the specific reaction rate constants for the reaction 
between the substance A and the oxidizing agents B and D. E0,, and EoD 
denote the normal oxidation-reduction potentials of B and D. This 
equation was identical with that derived from experimental results by 
Conant and Pratt150. Other linear free-energy equations have been derived 
which are applicable to the dehydrogenation rcactions of 0- and 
p-quinones151*152, but these arc useful for special cases only. The more 
general and more dctailed theory developed by Marcus1j3 which relates 
reaction rate with the free-energy changes occurring has been shown to give 
calculated results in agreement with the experimental measurements. 

measured the rate constants of hydrogen 
transfer from organic substrates, such as dihydroaromatics, dihydro- 
pyridines, hydrazobenzenes, etc., to quinones of high electron-affinity of 
varied structures which included 0-, p -  and polynuclear quinones. In the 
majority of cases the hydrogen-transfer reaction was shown to be 
bimolecular and to obey a second-order rate equation up to a t  least SO:/, 
completion. The reaction was considered to  proceed by a two-step 
heterolytic mechanism involving a rate-determining transfer of hydride 
ion from the hydrocarbon to the quinone followed by rapid proton 
transfer between the resulting conjugate acid of tlie aromatic hydro- 
carbon and the hydroquinonc anion. In some cases a charge-transfer 
complex was formed between the reactants which led to a modification of 
the reaction kinetics1". Wallenfels and Gellrich'j' obtained rather similar 
results when they measured the rate constants for hydrogen transfer from 
various dihydropyridines to a restricted group of quinones. 

Whilst the factors discussed above are generally relevant to the 
oxidation-redaction reactions of all types of quinones, the immobility 
and separation of functional quinone groups within a polymer matrix 
introduce additional factors af€ecting the reaction rate. Apparently the 
most important factors arc the diffusion rates of the reactants and the 
internal equilibration rate. 

Braude and  coworker^'^^^ 
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Con~iderationl3~ of literature evidence strongly suggests that in polymeric 
quinones the rate of the oxidation-reduction reaction is dependent on 
diffusion controlled processes similar to those operative in the case of 
ion-exchange resinsljj. These are (i) diffusion of reducing species in, and 
oxidized species out, through the Nernst film covering the redox beads, 
(ii) diffusion of the same species through the polymer network to and from 
the redox sites, or alternatively electron and proton migration to and 
from the reaction sites, (iii) electron plus proton transfer at  the redox 
site. Djffusion of reactants into and within a polymeric matrix is linked 
to the swelling and hydrophilic properties of the polymer. Manecke has 
pointed out that the behaviour of a sulphonated anthraquinone polymer 
is completely analogous to that of a normal cation-exchanger based on 
p~lystyrene'~~. Kun and Kuninlz1 have examined the redox kinetics of a 
series of polymers of the general structures previously shown (81, 82, 
R1 = C1, R2 = H), in which the degree of cross-linking was varied and the 
polymers were prepared with a macroreticular structure. They found that 
on increasing the hydrophilic character of the matrix, that is by making 
R1 = -N(CH,),CI or R2 = HSO,, the reaction rates and the available 
redox capacities significantly increased. Also, decreasing the particle size 
increased the reaction rate, which is similar to the observation of Sansoni115. 
Although the macroreticular structure of the polymer complicated 
interpretation of the results, Kun and Kuninl2I concluded that the low 
rates observed and the marked effect of introducing ionic groups 
indicate the rate-controlling step to be particle diffusion rather than 
Nernst-film diffusion. Similar results have been reported by Russian 
workers1". 

Oxidation-reduction reactions in solution can be catalysed by addition 
of other species. The oxidation of Fez+ -+ Fe3+ for example is accelerated 
in the presence of chloride ions'". Luttinger and Cassidy13!' found that in 
the presence of I M  potassium chloride the rate of oxidation of a sulphonated 
polyvinylanthraquinone by ceric ion (Ce4+) was increased tenfold over that 
observed in the absence of neutral salt. No effect was noted in the presence 
of sodium acetate, sulphate or  citrate anions, H+, sulphuric or acetic acid. 
Manecke and Bahrlo5 similarly found that addition of dimethylbenzo- 
quinone or potassium chloride to the titration cell led to higher oxidation 
rates of a polymer, prepared by condensation of bydroquinone, phenol- 
sulphonic acid and formaldehyde, with Ce4+. In subsequent studieslOo on 
sulphonated polyvinylanthraquinone polymers it was found that on 
addition of a mediator such as anthraquinone-2-suiphonic acid to the 
solution, the reaction between the oxidant and polymer proceeded more 
rapidly and the potential of the polymer was established in a shorter time 
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on titration. The theory and utilization of mediators have been discussed 
by Cassidy and K ~ n l ~ ~ .  

The rate of equilibration of the polymeric quinone system can also 
exert an influence on the apparent rate of reaction. Cassidy and 
c o ~ o r k e r s ~ ~ ~ * ~ ~ *  established that there is an immediate stoicheiometric 
oxidation of the hydroquinone groups in a linear polymeric hydroquinone 
during electromeric titration, whereas attainment of a steady electrode 
potential for the system was comparatively slow. A similar behaviour has 
been observed159 in the case of sterically hindered quinones such as 
2,5-di-t-butyl-l,4-benzoquinone. Cassidy and and MoserlGo have 
postulated that in the polymer matrix where the hydroquinone groups are 
permanently separated, there is initially a rapid localized oxidation (b) 
followed by a much slower redistribution of electrons within the macro- 
molecular structurc (see Figure 2 (c)) and thence a slow redistribution of 

(4 A r: I4 A A A A r: r: A r: r: 
oxidation 1 

1 
H = hydroquinone Q = quinone 

FIGURE 2. Equilibration stages. 

electrons between different macromolecules (d). It is very probable that 
the rates of processes (c) and ( d )  are increased by the presence of certain 
salts or mediators. 

VI. .ELECTRONIC PROPERTIES OF POLYMERIC QUINONES 

A. General 

The electron acceptor-donor relationship of the quinone-hydroquinone 
system is fundamental to its distinctive electrochemical behaviour as well 
as the remarkable solid-state properties shown when incorporated into a 
macromolecular solid. Such materials are characterized by semi- 
conductive and photoconductive properties and by catalytic activity. 
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The ability of a quinone in its ground state to accept electrons is 
quantitatively expressed as its electron affinity value. The elcctron affinity 
of a quinone can be defined as the energy liberated when an electron adds 
to the molecule in the gaseous state and is normally expressed in electron 
volts (eV). However, since direct measurement in the gas phase has 
attendant difficultieslG1, electron affinity values of quinones are more 
usually indirectly determined from charge-transfer spectral6* or from the 
linearly related first half-wave reduction potential of the quinone measured 
polarographically under aprotic conditions’”. PullmanlG’ has shown that 
the electron affinity of a quinone bears a simple relationship to the 
calculated energy of its lowest empty molecular orbital. I t  is therefore 
possible to calculate electron affinities from quantum mechanical data. 

Similarly, the electron donor ability of an aromatic system can be 
represented quantitatively by its first ionization potential, which can be 
defined as the energy required to remove the most weakly bound electron 
of the molecule i n  the gaseous state. The first ionizaticn potentials of 
molecules can be directly related to  the energy of the highest filled 
molecular orbitals which are also calculable by quantum mechanical 
methods1”. The presence of oxygen and nitrogen atoms can reduce the 
ionization potential of a molecule, whilst the ability of quinone to be 
converted to semiquinonc forms stabilized by unpaired elcctron 
delocalization can provide a more mobile 71--electron systcm which is 
reflected in the electrical and catalytic behaviour of the solid. 

Information on the electronic transitions and interactions of coupled 
quinones may be obtained by studying their visible and U.V. spectra. 

B. Electronic Spectra 

The electronic spectra of p-benzoquinone and its derivqt’ ives were 
studied by OrgellG6 who identified the threc absorption maxima a t  410, 
282 snd 250 mp as arising respectively from 11 +ire, 7r-+n* and n-->z-*’ 

transitions. The effect on the electronic spectrum of incorporating quinone 
groups into a macromolccular or polymeric structure has received little 
systematic study. Pullman and DinerlG7 carried out some semienipirical 
molecular orbital calculations for polyquinones of increasing poly- 
nucleicity, which they used to interpret the spectral behaviour of the 
quinones. Existing data showed that a n  increase in the number of quinone 
functions in a linearly fused ring system led to a hypsochroniic shift 
(blue-shift) of the longwave absorption band. In the case of angularly 
fused polyquinoiies a bathochroniic effect (red-shift) occurred. The 
molecular orbital calcnlations indicated that in some polyquinones (e.g. 
heptacene diquinone) the 11-electron energy level fell below that of the 
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r-electron level, and consequently the longwave absorption band was due 
to a T+T* transition and not n++. These results explained the observed 
shifts of the longwave band. 

The light absorption properties of molecular arrays of sr-electron 
systenis when linked, particularly in  polymers, have been the subject of 
theoretical discussion1Gs* lGB. However, this has mainly been applied to 
polynucleotides and linked quinoiies have not been considered. Experi- 
mental studies of the spectra of quinoiies linked by niethylene and ethylene 
bridges have been made by Lindsey and coworkers110. The data showed 
that in these systems ring interactions caused marked deviations from the 
oscillator-strengtlis-sum rule leading to intensity losses and hypochroniism. 
Moser and Cassidy'll found that when the quinone groups were linked by 
a chain of three or more methylene groups thcrc was little interaction 
between the 7r-electron systems. 

C. Semiconductor and Photoconductor Properties 

As already indicatcd in section 111, thcre are a number of polyquinones 
and quinonoid polymers which exhibit seiniconductor and photoconductor 
properties. These can be grouped as follows : 

1. Crystalline poiynuclear quinones and analogues. 
2. Polyacenequinones. 
3. Polyaminoquinones. 
4. PolyaryIenequinones. 
5. Polyplienylazoquinones. 
6. Polysemiquinones. 
7. Polymeric dyestuffs such as aililiiie black. 
8. Polyarylenes. 
The syntheses and inferred structures of these polymers haw been 

discussed in section 111. The majority are characterized by high free- 
electron spin values and by relatively low resistivity values which vary 
exponentially with temperature. The semiconductor propertics can also 
apparently confer unusual chemical reactivity on functional groups 
attached to the polyiners, and enable the polynicrs to form unusually 
stable charge-transfer complexes with strong electron donors or 
acceptors170r171. Sonie of the polyquinones have been shown to be photo- 
cond~ctivel~'.  

The e.s.r. spectra of nearly all the above colljugated polymers, either as 
prepared or after further heat treatment, display a characteristic narrow 
line, the intensity of which corresponds to free-electron spin concentrations 
of 10lG to  loz1 sFin/g. The e.s.r. signal is little aflccted by oxygen for 
polymers which have not been heated above 300-400°C, but for polymers 
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heated above 500°C line broadening and a decrease in the free-spin 
concentration occur. In addition to the narrow e.s.r. line the spectra of 
some of the polymers, such as the polyaminoyuinones, show broad 
absorption lines of great intensity, which disappear abruptly on cooling 
to 80 K. This behaviour is analogous to that of antiferromagnetic sub- 
stances and has also been observed in nucleic acid preparations. The 
observed behaviour was suggested to be due to the presence of a single 
system of strongly interacting unpaired electrons constituting an orderly 
array of magnetic dipoles152. 

TABLE 5. Paramagnetic and semiconductor properties of polyquinones 

Type of polyquinone Electron Resistivity E,, Conduction Reference 
free spins (ohm cm) activation 

(Per g> energy 
(eV) 

Polynuclearquinones - 10"' (286 K) - 173 

Pol yacenequinones 10'9 103-107 0.1 5-0.42 174 
(e.g. violanthrone) 

(300 K) 

(30G K) 

(300 K) 

Polyaminoquinones 1017-1018 1010-1016 0.88-1 .O 

Polyarylcnequinones 9 x 1017 ] 0'0-10?0 0.7-1 -25 6 

Pol yseniiquiiiones 6 x 1019 lo9 (473 K) 1 -00 
Aniline black polymer - 10'" (300 K) - 

69 

, 69 

75 
52 

In Table 5 the main data relating to the various groups of polyquinones 
listed above are summarized. It will be noted that the resistivities of iI?e 
polyniers vary between lo3 and loco ohm cm at around room temperature. 
These values lie well insider the range usually classified as insulators and 
only at the lower resistivity end (R < 1 0 ' O  ohm cm) can the polymers 
strictly be called semiconductors. 

On the basis of the limited amount of data yet available it appears that 
the electrical properties of these polymers depend on both the structiirc of 
the niacroniolecule and the structure of the material"'. Conducting 
polymers are distinguished by macromolecules possessing an extended 
conjugated -/r-electron system which permits extensive charge delocaliza- 
tion over the macromolecule. As the number of sr-electrons increases the 
ionization potential will tend to decrease and the electron affinity increase. 
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There will also be an increase in the polarizability of the system, in which 
strong internal polarization can be induced by the presence of hetcro- 
atoms (e.g. oxygen, nitrogen, metals), edge-atom substituents or possibly 
by different sized macromolecules in  the layer planes. Most of these 
expected features should confer improved electrical properties on the 
polymer, particularly as the conjugated system becomes more extended. 

The dependence of electrical behaviour on the bulk structure of the 
polynleric material has been shown in a number of ways, particularly from 
the improvement resulting from a more ordered packing of the mscro- 
molecules1i7 and from increasing pressure on the materialIi4. Dulov and 
coworkers”!’ have shown that introducing methylene bridges into the 
polymer chain improves the conductivity, which they interpret as arising 
from the improved flexibility of the polymer chain which enables closer 
and more ordered packing of the macromolecules to occur and thercby 
improvcs interlayer transfer of charge. Longer bridges such as 
-CH2CH2- were found to restrict the conjugation path length and 
conductivity was reduced. Semiconducting polymers show enormous 
increases in conductivity with pressure, increased pressure leading to a 
reduction in the activation energy. The basis of this effect has been 
discussed178. 

Possible semiconduction mechanisms in organic polymers have bcen 
widely discussed. Two which have received considerable attention are the 
‘biradical’ theory and the ‘charge-transfer’ theory. 

The biradical theory propounded by Berlin18o assuines that biradicals 
are formed in the longest conjugated macromolccular structure through 
local unpairing of n-bonds, followed by singlet-triplet transitions by 
thermal excitation, the double radicals remaining stabilized by non- 
coplanarity of structure or other steric factors. The formation of biradicals 
on heat treatment of the polymer explains the increase in the electron free- 
spin concentration and the improved conductivity due to decrease in the 
conduction activation energy. This theory has received further support 
from quantum mechanical calculations1g1. 

That donor-acceptor action promotes electrical conduction in polymers 
has been verified experinienta1lyli4. This lends weight to the theory18’ 
that charge-transfer states are present in the polymers giving rise to 
radical-ion centres. The charge-transfer either can occur between two 
neighbouring macromolecules or it can involve charge capture by more 
remote molecules, traps or crystal defects. Formation of polarized states 
involving chargc-transfer is thought to be promoted by (i) an extensive 
conjugated r-electron system, (ii) polydispersity, which Prodllces 
differences in electron affinity and ionization potential between the 
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macromolecules, (iii) polarization of the molecules, (iv) disorder and 
structural defects in the material, which permit local interactions between 
molecules and the formation of traps*71. 

Photoconductivity in  solids arises when light of a wavelength corre- 
sponding to a fundamental absorption band is absorbed by the material. 
Excitons or excited states are generated which lead to increased numbers 
of current carriers and improved conductivity. Sonie of the polyquinones 
have been shown to be photoconductive, and in most cases the photo- 
conductivity has been shown to be electronic in originla3. Thus poly- 
acenequinone polymers were found to be photocond~ctive~7~. 

D. Catalytic Properties 

Many of the conjugated quinone and quinonoid polymers described in 
section TI1 have been shown to possess catalytic properties. Thus, the 
decomposition of hydrogen peroxide is catalysed by pyrolysed poly- 
acrylonitrile1a4, polyaniinoquinones's~ and aniline blacklsG; the decom- 
position of formic acid is catalysed by pyrolysed polyacryl~ni t r i le~~~,  
polyquinonesls8, aniline bIacklS8, polyquinoxalines'88, eic. Other reactions 
catalysed by these types of polymers are dehydrogenations and 
deh y d ra t i on s", ISs* lS9, ant ox id at i on s1891 l9O, dcconi posi t i on of h yd razi ne 
and nitrous oxide1ss* lSB and isoinerizations"> lSa. 

In some of these studies it has been possible to demonstrate a dircct 
correlation bctween the catalytic activity of the organic polymer alid the 
electron free-spin concentration as determined by e.s.r. measure- 
mentslB~lsS, lB1. The catalytic activity of inorganic semiconductors is 
usually interpreted as a property which arises from their ability to function 
as conductive matrices for electrons and holes. A similar theory has been 
applied to the polymer catalysts, the semiconduction mcchanism operating 
through the extended system of conjugated double bonds present i n  the 
polymer1". 

The work of Manassen, Wallach and KhaW9, howcvcr, provides 
strong evidence that it is the presencc of quinonoid groups and not 
extended ir-electron systems which are essential for the catalysis of 
dehydropmtion reactions. They showed that if vapour-phase dehydro- 
gcnations (such as cyclohexenc + benzene) are carried out over a thermo- 
stable polymer containing quinone units, hydrogen transfcr from the 
substrate to the polymer occurs. T ~ L I S ,  the red polymer prepared by 
treating diazotized bcnzidine with benzoquinone, during the catalytic 
hydrogen transfer reaction changed in  colour to yellow-brown and the 
characteristic quinone carbonyl absorption band at  1660 cm-l in the i.r. 
spectrum disappeared. After aerial re-oxidation this band reappeared 
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together with the red colour. Similar results were established for 
pyrolysed s a w I e s  of polyacrylonitrile and polycyanoacetylene, and 
aniline black. All three catalysts were considered to function by hydrogen 
aton1 abstraction from the substrate leading to conversion of quinonoid 
to hydroaromatic structures, e.g. reaction (19). In the case of pyrolysed 
polyacrylonitrile, acidic sites were also thought to be present on the 
catalyst leading to  hydride ion transfer. 

The catalytic polyniers apparently did not liberate hydrogen, nor 
transfer hydrogen to  the substrate and, when in the reduced condition, 
could be regenerated by air at about 140°C with formation of water. 
Catalysed reactions could bc carried out in an  air stream which maintained 
the activity of the catalyst. Non-quinonoid-type polyniers and compounds 
were shown to be catalytically inactive. The correlation between dehydro- 
genation activity and electron spin values can be expected for the 
quinonoid polymer where semiquinone structures arc possible, whereas 
there is no fundamental reason for a correlation with semiconduction 
properties. 
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1. INTRODUCTION 

Your reviewer, who is not an expert in the field covered, accepted the 
editor’s invitation to produce a review of compounds that might reasonably 
be covercd in this area. He defined the limit of the enquiry by excluding 
compounds where the carbonyl groups were attached to six-membered or 
extended six-membered rings and which might be thought to be benzenoid 
in character. He sought a rcasonable definition of this class of compounds 
and the most comprehensive one was provided by Professor Trost who 
defined a non-benzenoid quinone as any dicarbonyl species whose two- 
electron reduction product would generate a non-benzenoid aromatic. 

On reflexion the author considered that the use of the word ‘aroniatic’ 
was unduly restrictive in this context since it implied the reduction product 
would have to conform to Huckel’s 411+2 electron rule whereas there 
were compounds that might legitiniately be included in this class whose 
reduction products did not conform to the rule. He therefore modified the 
latter part of the definition to ‘any dicarbonyl species whose two-electron 
reduction product would generate a cyclic non-benzenoid structure 
containing conjugated double bonds’. 

Thus we can write the following equation for the reduction of cyclo- 
butenequinone 

where two electrons are required for the reduction of the quinone. This 
definition gives the classes of compounds discussed in sections I1 and 111, 
viz. the simple even- and odd-membered ring systems. 

Other dicarbonyl systems still conforming to the above general 
definition can be generated by considering the ways in which carbonyl 
groups can beconie cross-conjugated. The requirements for this type of 
system are (i) that both carbonyls should be directly joined to one another 



1 6 .  Non-benzenoidlquinones 859 

or through a mobile electron system and (ii) that each carbonyl should be 
attached to a carbon containing mobile electrons. Thus we can generate a 
further class of compounds from the system 

I I 
O=C- (CH=CH ),-C=O 

and any cpnjugated system capable of linking across the free valences 
would produce the type of system we have in mind. 

For example, we can take the acenaphthene quinone system 

which could be extended by a many-fold extension of the aromatic ring in 
various ways. 

We might also construct further systems from the generating formula 

(CH = CHI, 
I I  o=c c=o 

in which we could build up 1,2-, 1,4-, 1,6-, 1,n-mobile-electron carbonyl 
systems attached to an aromatic system. Apart from the simple ring 
systems discussed in sections A and B we can get larger ring systems 
such as 

All these other types of dicarbonyl systems are discussed in section IV. 
Having limited the class of compounds in the above way your reviewer 

then attempted to write an interesting but not exhaustive review of 
compounds in this class. He decided to indicate synthetic methods but 
not to give a detailed account of them; he would note chemical properties 

' 29 
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of interest; he would observe the physical properties of these compounds 
especially in relation to physical properties normally met with in the 
quinone system such as oxidation-reduction potentials, colour and the 
ability to form radical ions and, while recording these properties, would 
indicate but not include calculations of a theoretical nature. He hopes he 
has neither overestimated nor undercstiniated work in this area and would 
apologize to any worker in this area who feels his work may have been 
misrepresented. 

I I .  EVEN-MEMBERED RINGS 

A. Generating Formula 

system 
The quinones in this class may be regarded as being generated from the 

O=C-( CH=CH),-C=O 

L C H h  _I 
in  which either 12 or in, but not both, may be zero. 

The case IZ = 0, in  = 1 generates cyclobutenequinone, i.e. the class of 
four-membered rings. For the situation i z + m  = 2 we have the case 
I I  = 2, in = 0 which yields oriho-benzoquinone and 11 = 1 ,  nz = 1 yields 
para-benzoquinone. If we now take the situation n+nz = 3 then we 
generate the eight-membered ring which can have either a 1,2- or a 
lY4-dicarbonyl function. If we take the situation n + i n  = 4 then we 
generate a ten-membered ring with a 1,6 dicarboiiyl function and larger 
symmetrical rings will produce 1,8 and 1 , l O  cases and so on. 

If instead of -C=C- we take -C=C- then new possibilities are 
introduced, though whether or not such compounds wouId strictly beIong 
to the class we have in mind is not clear. 

B. Four-membered Rings 

1. Cyclobutenequinone and derivatives 
a. Preparation. The parent compound of this class cyclobutenequinone 

or cyclobutenedione has only recently been prepared by the following 
routel. 

P I  
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The cycloadduct is a rather unstable liquid (B.P. 41-42°C a t  0.05 Torr) 
formed in 10-15% yield. Hydrolysis of the adduct a t  60" in 60% acetone- 
water gives cyclobutenedione as a light-yellow solid (M.P. 4041°C). 
The compound 

was prepared2 by the following route 

The benzo compound was formed3 through the route 

A later paper4 gives more generalized procedures for preparing cyclo- 
butenedione derivatives. 

In these syntheses the cycloadducts of perhaloethylenes with phenyl- 
acetylene were used as starting materials. Thus, from trifluorochloro- 
ethylene and phenylacetylene heated in a sealed tube at 125" for 20 h 
there was obtained 1,l  ,2-trifluoro-2-chloro-3-phenylcyclobutene which 
was then hydrolysed. 

The synthesis of 
following route5 

F-C-CF:! 
II I 

F-C - C F, 

the diphenyl compound has been described by the 

LiPh Ph-C-CF, 980/,H,SO, Ph-C-C=O 
__3 II I It I 

Ph-C-CF, loo' ' Ph-C-C=O 
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The methylcyclobutenedione and its methoxy derivative have been 
prepared according to the schemes belowG 

CH, EtO 

(1) CH,MgBr; (2) H,O/ether; (3) X'facetone: ' 
EtO HO 

6. Chemical properties. The following by no ineans exhaustive series of 

Condensation4 : 
reactions of cyclobutenedione and its derivatives was noted : 

Esterificatiow5 : 

Ph-C-C'O EtOH Ph-CHCOOEt 

250c Ph-CHCOOEt 
II I 

P h- C- C=O 
- I 

Reduction4 : 

Ph a: Zn/HCI 

Ph P 
However, phenylcyclobutenedione is apparently not reduced3 by reagents 
such as hydrogen over platinum to the corresponding hydroxy compound. 

Oxidation4: 

t PhCOOH 
NaMnO. 

Ph 0 
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Photolysis’ : 

Ring opening? 

EtOH \ 

0 

863 

Blornquist and La Lancettes report that with phenylcyclobutenedione 
and diphcnylcyclobutenedio~ic treatnicnt with hydroxide results in 
cleavage of the 2,3-boiid. 

Substitution4: 

X: 
(X = CI or Br) 

Ph 

McOH 
___j 

Ph 0 Ph 0 

c. Physical properties. The physical properties of these compounds are 
mildly quinonoid in character. Thus phenylcyclobutenedione separates as 
yellow crystals and has a U.V. spectrum with a maximum of 287 mp in 
ethanol. Heats of combustion, resonance energies, dipole moment data 
and acid dissociation constants of this compound and its derivatives are 
also recorded4. 
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2. Squaric acid 

of review9 and the following preparative methods described. 
a. Prepamtion. The properties of this compound have been the subject 

HO c’no -> ) r - 4 3 )  
CI-C=CCI, CI-c=c 
CI-C=CCI, CI-C=CCI, 

I v I \OEt + 

CI CI2 HO 
(reference 9) 

b. Clleiinical properties. Again, without being exhaustive, a selection of 
reactions is described. 

C ~ n d e n s a t i o n ~ ~ :  Gauger and Manuke report the condensation products 
of squaric acid with primary and secondary amines to produce a new 
class of betainic squaric acids 

R 

/R 
R’ 

+ 2H-N\ 

OH 

\ +  

R’”o- 
/R 

R‘ 
N\ 

0 

The product formed can be written in further resonancc forms 

(R = H, a l k y l  or aryl) (R‘ = a ry l )  

The structure of these compounds has been confirmed by i.r., n.m.r. and 
mass spectroscopic nieasn re men ts. 
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As intermediates the following squarates were isolated, 

865 

as well as the compouiids 

and thcse compounds were transformed into t tx  corresponding squaric 
acid 1,3-bisamides by stcpwise condensation. 

A further paper14 describes the preparation of copper chelates of the 
squaric acid 1,3-bisamides with aromatic substituents containing donor 
groups in the ortho position. 

EstesificatiorP: diethyl and dibutyl esters are formed by the reaction of 
the acid with excess alcohol, 

O-OH 0-OR 

the diesters reacting with ainidcs to give squaramides, e.g. 

Halogenation'": the reaction of squaric acid with thionyl chloride and 
catalytic amounts of N,N-dimethylforniamide has been recorded. 

c. PJiysical properties. Squaric acid is a white dibasic acid. A prccise 
determination of the ionization constants of squaric acid has been made 
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and values of pK, 1.2 and pK, 3-5 recorded16. A large number of 
substituted squaric acids have also been studied and their pK’s recorded1’. 
An extended account of the properties of the ions C,0;7’2 has been given1*. 

The series is of interest, though the existence of the three-membered ring 
compound has not been recorded. 

Results from simple LCAO-MO calculations 011 anions of the C,O;?n 
group correlate with observed properties of known members of this group. 
Calculations have also been carried out on a large nuniber of theoretically 
possible anions with related but more complex structures. 

In a subsequent paper19 the infrared spectra of solid K,C404 and 
K&O, and the Raman spectra of their aqueous solutions were studied. 
Spectra indicate planar symmetrical structures (D4/, and D5,J for the ions. 
Vibrational assignments werc made on the basis of these structures and a 
normal coordinate treatment was carried out using a Urey-Bradley force 
field. The resulting force constants supported the view that these ions 
constituted members of an aromatic series. 

In subsequent papers20*21 complexes of these ions with divalent and 
trivalent metal ions were prepared and characterized. 

C. Eight-membered Ring Systems 

1. Cyclooctatrienequinone 

An article has been written which contains a very good account of the 
theory of such compounds and of attempts that have been made to prepare 
them2,. In this paper the following synthesis is reported : 
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111. ODD-MEMBERED RINGS 

A. Generating Formula 

These compounds may be regarded as being generated from the formula 

x 
where n can be 0, 1, 2, 3, etc., the larger rings producing dicarbonyl 
systems with 1,2-, 1,4- and I ,6-function respectively. In accord with our 
earlier definitions, the only restriction is that X must not produce an 
immobile electron system on the carbon attached to the two carbonyls 
and we have chosen to regard compounds where X is oxygen as belonging 
to this class. 

B. Three-membered Ring Systems 

The generating compound of this class is cyclopropanetriquinone 

which has not been prepared as yet. However, triquinocyclopropanes, 
which are an approach to this system, are knownz3. 

I .  Cyclopropanetriquinone derivatives 
a. Preparation. Triquinocyclopropanes are generated from the corre- 

sponding tris-(p-hydroxyary1)cyclopropeniuni salts23. When these are 
dissolved in benzene and treated with potassium hexacyanoferrate(rI1) 
solution, dcprotonation and oxidation occur simultaneously, the benzene 
layer turning deep-blue and producing 

6 
where R1, R2 and R? are alkyls. 
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b. Clientical properties23. Treatment of the blue-green solutions of the 
triquinocyclopropanes with hydroquinones resulted in orange solutions. 
The electronic spectra of the solutions indicated that the products were 
diaxylquinocyclopropenes and this was confirmed by a quantitative 
preparstive experiment. 

c. Pll~,sicalproperties. The compounds are soluble in non-polar solvents 
and insoluble in polar solvents. All the compounds are highly coloured 
and the i.r., n.m.r. and U.V. spectra all support the proposed symmetrical 
structure. 

C. Five-membered Ring Systems 

I. Cyclopentenequinone and derivatives 

The parent compound in this class may be regarded as 

0 9 0  

X 
in which quinonoid properties are achieved by the attachment of a mobile 
electron system as X. 

An example of this class is fulvalmixene-1,4-quinone, of which the 
synthesis has been described". The substance crystallizes in  red plates 

0 
whose absorption spectrum has been 
the 2,3-position. In the same class we 

CI 

recorded. I t  underg,oes addition a t  
record the compounds2j 

Q 

a. Croconic acid. Croconic acid is a yellow substance which has been 
known for a long time2G. A structural investigation2i suggests the formulae 



16. Non-benzenoid quinones 8 69 

for tlie acid and the ion and a comparison betwcen this species and squaric 
acid has been noted earlier in this review. The reduction of croconic acid 
either by hydriodic acid and red phosphorus or electrochemically gives 
the pinacol of croconic acid". 

D. Seven-membered Ring Systems 

I. Cyclokeptadienequinone and derivatives 

The parent compounds in this class may be regarded as 

in which quinonoid propcrtics are again achieved by the attachment of a 
mobile electron system as X. The compounds thus have the possibility of 
both 1,2- and I ,4-function. An interesting nieinber of this class recorded 
in tlie 1iteratLirG9 was the compound 

Me,CH NHAr 
NH 

a. 5,12-Dili~:~~oace~~feia~etie-5, I2-cfione". This was the best example 
available of a seven-membered ring showing quinonoid properties. The 
compound 5,12-dihydroacepleiadene-5,12-dione undergoes reactions lead- 
ing to the forniation of stable radical ions in a manner similar to pyracylo- 
quinone to be discussed in the subsequent section. 

Treatment of a 1 x 10-%f solution of the above dicarbonyl compound 
in dimethyl sulphoxide with a 2.5 x 10-2~h.r solution of potassium 1-bctoside 
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solution gives a deep-blue solution containing a paramagnetic species as 
evidenced by a strong e.p.r. signal. 

An identical e.p.r. signal was obtained when a 1 x 1 0 - 2 ~  solution of 
5,1O-dihydroacepIeiadylene-5, I 0-dione in dimethyl sulphoxide was treated 
with 2 x 1 0 - 2 ~ ~  potassium 1-butoxide in dimethyl sulphoxide. The total 
investigation gave evidence for the equilibrium scheme below. 

0 
- go \ /  

+ 
1-BuOH 

+f-BuOK 
f--- 

IV. O T H E R  DICARBONYL SYSTEMS 

A. /,Z-Dicarbony\ Systems 

and acenaphthenequinone 
The compounds which we will discuss in this class are pyracyloquinone 
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I .  Acenaphthenequinone 

a. Preparation. This compound is well known and the reaction 

is recorded in most organic texts. Heilbron rccords information on 
b r ~ m o ~ ~ ~ ,  hydroxy3Ib and nitro3Ic derivatives of acenaphthenequinone. 
A definitive synthesis has also been described". Acenaphthenequinone can 
be prepared from acenaphthene by oxidation with chromic acid, calcium 
permanganate or by air in  the prcsence of catalysts in  various solvents. 

b. Clternical properties. Structures have been assigned to the products 
of the reaction of acenaphthenequinone with ethylene glycoP3 and the 
reactions of acenaphthenequinone and ammonium acctates in the presence 
of aryl aldehydes have been recorded34. 

c. Pliysical properties. Acenaphthenequinone is capable of forming 
radical ions and the equilibrium between these radical ions and metal ions 
has been determined, it bcing possible to measure an equilibrium constant 
for the reaction35. 

+ 
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2. P y racy1 oquinone 

a. Preparot ion. Following a preliminary report 011 p y r acy loqui none3G 
a definitive account of the synthesis and chemistry of this interesting 
compound has been given3'. The following synthetic and reactive scheme 
is described : 

0 0  a + BrCO-COBr J\ AlBr 

NOS/CCI, 

Y 

0 wo / 
KI/CH,COCH, 

B r,/C H CI, @ s-J Br 

The diketopyracene was prepared by Friedel-Crafts acylation with 
oxalyl bromide. The compound does not tautonierize u'ader acidic or 
basic conditions to dihydroxypyracylcne or a derivative. Bromination 
with N-brornosuccinimide followed by debroinination with iodide ion 
produced pyracyloquinone. 

b. Chemical properties. Attempts to reduce pyracyloquinone chcmically 
to a derivative of pyracylene all failed. Among methods used were 
trimethyl phosphite, zinc i n  acetic acid, zinc i n  acetic anhydride and 
sodium and lithium in liquid ammonia followed by acetylation or 
alkylation with methyl iodide. 

Pyracyloquinone undergoes Diels-Alder reactions with both cyclo- 
pentadiene and with 2,6-diphenyl-3,4-benzofuran. Irradiation of pyra- 
cyloquinone produces either acenaphthene-5,6-dicarboxylic anhydride 
or acenaphthylene-5,G-dicarboxylic anhydride, depcnding on reaction 
conditions. 

c. Pliysical properties. The spectral properties of pyracyloquinone are 
in complete agreement with the above structure. The i.r. spectrum shows 
a pair of peaks at 1735 and 1685 cm-l due to the diketone moiety. The 
energy separation between these peaks is about 30 cm-1 less than any of 
the diketopyracene derivatives. This decreased energy is associated with 
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increased strain in the diketo bridge. The U.V. spectruni of the pyracylo- 
quinotic contains the following peaks. 

max. nip log E 

230 4.47 
247 4.19 
307 4-25 
314 4-23 
346 3.85 

This spectrum agrees well with one predicted from theoretical calculation. 
In an earlier paper the formation of radical ions from pyracyloquinone by 

treatment of the substance with 0.1 M potassium tertiary butoxide in dimethyl 
sulphoxide was de~cribed3~ and also the following equilibrium system: 

- - - 0 6  0 0  

@ ---+ i- e- @ ---+ t e- @ 
\ / \ / \ / 
- - - 

e -  = 
B. Other Dicarbonyl Systems 

4,8-quin0ne~~. 

I .  Qi benzo[cd,gh]pentaleno-4,8-quinone 

The compound discussed in this class is the dibenzo[cd,gh]pentaleno- 

a. Preparation. 

53% 25% 
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b. Properties. Electrolytic reduction of the dibenz[cd,glt]pentaleno- 
4,8-quinone in DMSO containing 0.1 M tetra-17-butylammonium perchlorate 
produced the radical ion 
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1. INTRODUCTION 

From the very beginnings of modern organic chemistry the chemistry of 
the quinones has fornied a lively section of our discipline. Woliler himself 
carried out a 1,4-rcductive addition reaction (equation 1) quite typical of 
the chemistry to be described in the present chapter1. In our day, the 
prolific Fieser continues to add to his extensive contributions to quinone 
chemistry2. 
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Bet~eel l  these two reference points has COlne an army of scientists 
Producing a bewildering array Of synthetic and mechanistic facts and 
specL1lation. Eve11 in the more limited areas of addition and SLIbstitution 
chemistry the scientific scope is both broad and deep. ConseqLlently, a 
great many very difficult choices have had to be made in preparing this 
chapter. While every effort has been made to treat all of [he major areas 
of activity, in a number of cases only one or two leading papers have 
been dcalt with in detail. Where this course has been necessary, those 
papers with the greatest mechanistic detail have been discussed and 
checked to see that adequate references to other aspects of the work are 
provided. 

Thc general pattern selected for the chapter has been to treat most of 
the non-quinonoid reactants i n  separate subsections. While the details 
of the mechanisms are very similar in many cases, and a unified treatment 
is attractive, the best and most complete studies are still centred on 
discrete and rather narrow areas. The encouragement of research to 
examine thc interrelationships to be found in  this old, but partially tilled, 
field is certainly a dcsirablc objective. Within each of the sections there 
are basically three major subsections: (i) a very brief historical introduction, 
(ii) a detailed discussion of the current niechanistic picture, and (iii) a 
suininary of the synthetic scope of the reaction typc. Where a particular 
area has received detailed treatment, some in more than one subsection, 
some further sections have bcen included for clarity. Finally, in a few 
cases a brief note or two has been added at  the end of a section. These 
notes are simply a recognition that an interesting piece of work has bcen 
reported, but not yct studied in  sufficient detail for discussion. 

Mention should be made of two other aspects of this review. First, 
benzo-, naphtho-, 1,2- and 1,4-quinones have been included where data 
are available. The higher, polycyclic qujnoncs do not s h o ~  addition and 
substitution cliemistry of the types treated hcre (with exceptions such as 
carbonyl reactions) and, therefore, arc largely omitted. Second, the rather 
large pntent literature: after a careful study of thc actual patents it was 
decided rclati\re]y little is lost by not citing these nlatCrialS. M ~ c h  Of 

the patent literature is related to practical modifications and improve- 
m c n t s  i n  such industries as dycs, photography, Plastics, etc. 
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I I .  NUCLEOPHILIC ADDITION CHEMISTRY O F  Q U I N O N E S  

A. Scope and Mechanism 

The vast majority of the reactions of quinones can be charactcrized as 
1,4-reductive additions of the Michael type (equation 2). The initial 
hydroquinone product 1 is, of course, susceptible to oxidation by air, 

(1 1 
added oxidant, or (with electron-donating substituents) the quinone 
starting material (equation 3). The nature of the new substituent (N) 
introduced will determine, in large measure, the details of such subsequent 

+N + [Ol P bN + 2 H+ + reduced form of oxidant (3) 

OH 0 

chemistry. The presence of the phenolic hydroxyl group (or the carbonyl 
group of the oxidation product, 2) also leads to many important following 
reactions. 

The addition of hydrogen chloride has already been cited as one of the 
earliest reported quinone addition reactions1. The addition of sulphur 
nucleophiles has been studied extensively and can lead either to oxidized 
(equation 4) or reduced (equation 5 )  product under appropriate 
circu1nstances~~4. The addition of amines and anilines to quinones usually 

3 (4) 
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produces an easily oxidized substituted hydroquinone. In fact, the usual 
product is the rcsult of a sequence of two additions each followed by 
oxidation (equation 6)”. Yet another widely used and extensively studied 

addition reaction is the Thiele acetylation (equation 7)6. While the Thiele is 
an electrophilic reaction, it showscharacteristics of thenucleophilic reactions 
rather than the diazonium arylations to be discussed in section VI. 6 + Ac2O H,SO, ~ 

0 OAc 

(7) 

6. Sulphur Addition 

1. Historical introduction 

The earliest mention of a reaction between a sulphur compound and a 
quinone appears to be Bongartz’s observation that in the absence of 
solvent 1,4-benzoquinone will oxidize thioglycolic acid and itself be 
reduced to hydroquinone7. Soon afterward examples of the addition of 
the two most common sulphur nucleophiles appeared in the literature; 
i.e. sulphitiic acids (equation 8)8-10 and thiols (equation 9)11*12. In the 

latter example a mixture of isomeric products was obtained ; this situation 
will be discussed in  soiiie detail in connexion with thc niechanisnl of the 
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reaction (see section II.B.2.b). The reaction between 1,4-benzoquinone and 
thiophenol (along with hydrogen chloride and aniline) piayed an important 
role in the early development of a clear picture of valence in organic 
niolecules12-16. 

2. Mechanist ic  studies  
There are relatively few mechanistic studies of the addition of sulphur 

nucleophiles t o  quinones, but those reported form a rather complete 
picture. The first really modern study with definite mechanistic implications 
is that  of Snell and Weissb~rger~. By varying the relative proportions of 
quinone and thiol they were able t o  obtain either oxidation state of the 
product (equations I0 and 1 I). With other thiots it was not possible to  stop 

I I + HSCH,CO,H + c 0 OH 

2 6 + HSCH,CO,H - > b-scHzcozH (11) 

0 0 

at  the hydroquinone monosubstitution product, even with an  excess of 
thiol (equation 12). All of these observations are consistent with the general 
mechanistic picture presented in section 1I.A (equations 3, 4 and 6) and 
the observations of Posnerl?. 

S(CH2)ZCOzH 

1 + HS(CHz)2C02H --+ I I 6 0 + (1 2) 

&s ~cH,~,coPH 

c (excess) 

0 

H O,C(CH2) P S  
0 

More recently, this generally accepted mechanism received some 
additional support from Zuman and ZumanovA1’. In a polarographic 
study of 2,3-dimercaptopr-opanol the formation of an insoluble mercury 
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salt Produced an anodic wave useful for the study of several related 
reactions, including those with oxidants. When 1,4-benzoquinone was 
added no disulphide was formed and reaction with two moles of 1,4-benzo- 
quinone (equation 13) was suggested to account for the disappearance of 
the wave. 

@SCH&iS$ CH20H OH 

+ HSCH,CHCH,OH --+ (1 3) 
I 
SH 

OH OH 

2 6  

0 

On the other hand, the reductive addition followed by cross-oxidation 
niechanism has been severely criticized in one instance18. The case presented 
in this paper states that in earlier work the substituted hydroquinone had 
not actually been isolated during the course of the reaction3p19*20. In  fact, 
Snell and Weissberger present strong evidence of the formation of the 
substituted hydroquinone when equimolat amounts of 1,4-benzoquinone 
and thioglycolic acid are employed (i.e. loss of colour and formation of a 
lactone). When the reactant ratio was 2 : 1 (quinone : thiol) the substituted 
quinone was obtained as the product. Admittedly, the yields obtained by 
Snell and Weissberger were not high and the strength of their argument 
suffers from that deficiency. Also, it appears that the redox data presented 
b y  Nickerson and collaborators18 argue for their proposed mechanism of 
substitution (equation 14). Since the products predicted by both groups 
are the same, the essential question is whether (i) the intermediate 3 

2 dMe -I- GSH + 

0 
(Q) 

0 
I1 

0 
I1 

G = HO,CCH (cH,), CNHFHCNHCH, CO,H 

SG 
0 

Q ___, 

0 OH 
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enolizes to a substituted naphthohydroquinone, or (ii) the intermediate 3 
transfers hydrogen directly to a second molecule of 2-methyl-lY4-naphtho- 
quinonc. The obscrvation of a small difference in redox potentials between 
the quinone starting material and the hydroquinone corresponding to the 
product, coupled with the lack of any appreciable cross-oxidation, is very 
important. I t  may well be that the bulky glutathionyl group (G) makes 
significant changes in the ability of the product to be reduced and to 
enolize. 

In our own studies we have found that the addition of aryl thjols to 
1,4-benzoquinones results in only small differences in redox values21. 
However, these differenccs are very important and lead to quite striking 
equilibrium results. The most significant results for the present discussion 
are, (i) a methyl group adjacent to the sulphide linkage severely inhibits 
the following cross-oxidation and (ii), so great is this inhibition that the 
postulated hydroquinone intermediate becomes the principal product 
(equation 15). We feel that this reaction, and those of the other methyfated 

OH S G M e  

(1 5) 
Me$,de 0 + 6 M e  -Me@ OH M e  

1 ,4-benzoquinoncs, is convincing evidence for the reductive addition 
mechanism; however, it does make the situation with 2-methyl-l,4- 
naphthoquinone all the more puzzling. The influence of the glutathionyl 
chain deserves more detailed study. 

The first solid cvidcnce of the correctness of the assumed ionic mode of 
addition of acidic thiols (see section 1V.B) came from a study of I-phenyl- 
5-niercaptotetrazole (HPMT). As indicated earlier (equation 5), very 
little cross-oxidation occurs and the substitutcd hydroquinone is isolated 
in good yield'. Our electrochemical results arc also consistent with this 
synthetic observation". When HPMT is added to monosubstituted 
1,4-benzoquinones, the product distribution is consistent with a nuclco- 
philic addition niecliaiJisd2. The original assignment of structure in 
disubstitutcd 1 ,bbenzoquinones was made by Posner on the basis of 
logical argiinieiits12. The results of Gates and using n.m.r., 
suggest that the earlier assignments are correct. The data presented in 
Table I offer some evidence for nuclcophilic addition when compared 
with the predictions one makes from a consideration of the resonance 
possibilities of thc ground state and intermcdiates for each of the three 
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possible orientations. We have recently re-examined Posner's original 
work, improved Gates' yields in some cases, and found general agreement 
with both  report^'^. 

TABLE 1. Product orientation in the addition of 1-phenyl-5-mercapto- 
tetrazole (HPMT) to monosubstituted 1,4-ben~oquinones~~ 

R 

OMe 
4'-C,H,OMe 
Me 
n-C,,H,, 
4'-C,H,Me 
Ph 
PMT 
4'-C,jH,N02 
4'-C,H,Ac 
Ac 
CO,Me 

pMTJ@R 

OH OH 

28 

74 
91 

88 
80 
25 
48 
10 
10 
20 

OH 

'"'QR 
OH 

13 
12 
30 
46 
26 
82 
36 
8 

~~~~~~~~~~~~ 

A second minor product found but not identified. 

The complete lack of kinetic studies in the thiol addition area is both 
notable and lamentable; however, two recent studies of sulphone formation 
(equation 8) are instructive2". 25. The rate law below pH 5.7 was shown to be : 

v = k[C,H,O,] [PhSO;] 

At higher pH's, serious competing side-reactions made rate measurements 
difficult. The pH-rate profile shows a distinct change of slope at pH 3.5 
to 4.0. The reactions below pH ca. 3.1 are subject to general-acid catalysis 
and show no kinetic isotope effect. At higher pH (ca. 4.0-5-7) the reactions 
are general-base-catalysed and exhibit an isotope effect that increases 
with pH. 

The mechanism proposed involves two steps as shown in equations 
(16) and (17)24. At pH's below 3-1  the addition step (k,)  would be rate- 
deteriiiining; w h i k  above p H  4.0 the loss of a proton by the intermcdiate 
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(4) 
OH 

OH 

4 becomes kinetically significant. The observations reported for catalysis 
and isotope effect as well as the pH-rate profile all support these proposals. 
A later study extended these results to a series of 4-substituted arylsulphinic 
acids and showed an excellent Hanimett correlationza5. The negative p 
obtained (- 1.55 at  pH 3-50) and the observation that it changes very 
little with pN are both consistent with the proposed mechanism. The 
essentially quantitative yields of reduced (i.e. substituted hydroquinone) 
product obtained in these reactions are quite expected from our electro- 
chemical studieszL. 

3. Synthetic survey 

While detailed mechanistic studies of the addition of organic sulphur 
nucleophiles to quinones have been limited, a substantial number of 
significant synthetic reports are to be found. The intention in the present 
section (and analogous sections throughout the chapter) is to illustrate the 
breadth of past work and to furnish leading references to the type of 
synthesis under discussion. 

In 1927 Rbcsei reported some truly amazing addition and oxidation 
reactions of 1,4-benzo- and 1,4-naphthoquinone with ethyl mercaptanZG. 
He maintained that carbonyl addition took place and that the adduct 
obtained could be oxidized to a disulphone with potassium permanganate 
(equation IS). The true course of these reactions has not been demonstrated, 

EtS. SEt EtO9.S so 
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but SneU and Weissberger showed that a better yield of the alleged 
hlphone', 5, could be obtained with ferric chloride and that the elemental 
analysis of 5 does not fit the proposed structure3. 

The addition of thioglycolic acid to 1,4-benzoquinone has already been 
mentioned3* 19. The reaction first appeared in the chemical literature in 
1930 when the formation of two isomeric disubstitution products was 
reported (equation 19)". 

bscHzcozH 8 -I- HSCH2COzH 4 

HOZCCH2S 
0 0 

+ 
U 

The addition of thiophenol to 1,4-benzoquinone has been considerably 
expanded and a number of orilio- and para-substituted plienylmercapto- 
1,4-benzoquinones prepared29. A few related 1 ,4-naphthoquinone and 
174-dihydroxy-9, 10-anthraquinone derivatives are included. The proposed 
structures are based on analogy with Posner's work12, but are probably 
correct as suggested by Gates2z. Some significant improvements in yields 
are reported under various modified reaction procedures. 

As one part of their continuing search for compounds of potential 
medicinal importance (specifically antihaemorrhagic or bacteriostatic 
activity) Fieser and Turner investigated the addition of a variety of thiols 
to 2-methyl-l,4-naphthoquinone (equation 20)'O. It was not demonstrated 
that the substituted hydroquinone 6 is formed during the course of the 
reaction; a fact later pointed out by Nickerson and collaborators18. 
However, Fieser was surely confident of its presence, since he suggests the 
in siflc oxidation of the products as the optimum synthetic method (see 
section II.B.2). 

The obvious iiiiportance of alkyl and aryl sulphides of 1,4-naphtho- 
quinones has led to the development of preferred synthetic routes. For 
example, Little, Sproston and Foote found that the yield of 2-methyl- 
mercapto-l,4-benzoquinone (7) could be doubled by adding ferric chloride 
when the first crystals of product appeared (equation 21)29. If the oxidant 
was added at  the beginning of the reaction, no quinonoid product was 
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R =  PhCH2, .H02CCH2, H02CCH(CH2)2, n-C,,H33CH 
I I 
NH2 C02H 

obtained. Fieser and Brown modified this method slightly and prepared a 
large number of mono- and disubstituted 1,4-naphthoquinone s~i lphides~~.  
In this same study a very useful method of achieving either addition or 
substitution was found (see section VI1I.D). 

The addition of a heterocyclic mercaptan to 1,4-benzoquinone by Gates 
and his colleagues has been mentioned4. 22. In an earlier study the question 
of sulphur versus nitrogen attack was answered for the related 2-mercapto- 
thiazoles3'. These compounds can exist in either the mercapto (8) or the 
thione (9) form (equation 22). All three heterocycles added smoothly to 
give good yields of the hydroquinone sulphide (equations 5 and 23). 
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More recently a series of complex heterocycles were shown to add to 
1,4-benzo- and 1,4-naphthoquinone in high yield (cquations 24-26)32. 
The hydroquinone products can be oxidized with lead tetraacetate and a 
second addition carried out. 

0 

OH 

OH 

OH pN),, 
+ QS-N”-” 

HS 
OH 

A related question of the mode of addition of ambident reactants is 
found in the cases of thiourea and cysteine. The first of these was mentioned 
by SchubertI9, who found it possible to isolatc the hydrocliloride salt at 
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moderate temperatures in acidic solution (equation 27). A more detailed 
study by Burton and David showed that the reaction could be achieved 
with several different quinones and that the product from 1,Qnaphtho- 
quinone is not as unstable as Schubert c l a in~ed~~ .  They further found that 
the thiouronium salts can be cyclized to 5-hydroxy-I ,3-benzoxathiol-2- 
ones" (11) and subsequently to 2-mercaptohydroquinone (equation 28). 
The presumed imino intermediate, 10, was not isolated, nor was any 
definite evidence for it advanced. 

0 OH 

OH 
4 

OH 

Definitive studies of the addition of thioureas to quinones have recently 
been published by Lau and  collaborator^^^^^^. They found that a large 
number of substituted 1,4-benzoquinones will add thiourea in excellent 
yield when an excess of the latter reagent and a strongly acidic medium 
are used. Examples of both the thiouronium salts (several cases) and the 
imino salts corresponding to 10 (a few cases) were isolated, purified and 
characterized. The decomposition problems reported by earlier workers 
occurred only from heating in weak acid solution or from failure to 
undergo cyclization (for example, with 1,4-naphthoquinone and 2,5-di- 
acetyl-l,4-benzoquinone). Sterically very crowded molecules, like 2,5-di- 
t-butyl-l,4-benzoquinone, are simply reduced to the hydroquinone without 
addition. 

* Incorrectly named 2'-hydroxy-4,5-benzothioxol-2-ones by Burton and 
David. 
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In addition to 1,4-benzoquinone and its di- and trisubstituted derivatives, 
a series of monosubstituted 1,4-benzoquinones were studied and the 
distribution of products determined. The data presented in Table 2 may 

TABLE 2. Product orientation in the addition of thiourea to monosubstituted 
1,4-benzoq~inones~~~ 

R Yield PA) 

Me 
IZ-CIH~, 
n -Cd37  
Ph 
PhS 
c1 12 
Ac 79 

7 

3 
2 

13 

82 
99 
96 
90 
96 
53 
11 

be compared with those of Gates (Table I)  presented earlier (see section 
11.B.2). The most striking point in the comparison is the shift of reactivity 
from 2,5- to 2,6-orientation for electron-releasing groups. This effect may be 
associated with the excellent hydrogen-bonding ability of the thiourea, but 
its impressive magnitude surely warrants further study. The overall reaction 
represents the preferred route to the 5-hydroxy-l,3-benzoxathiol-2-ones. 

A later study by Lau and Gompf showed that the addition of thiourea 
to an excess of a quinone proceeds through the thiouronium salt to 
2-amino-6-hydroxybenzothiazoles (equation 29)35. The yields, while not 
as high as in the benzoxathiol cases, are entirely satisfactory. With 

NH,fCf- esc’... S 
I 1  

2 + H,NCNH, 4 

0 

HO 

30 
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1,4-naphthoquinones only this second mode of cyclization is successful. 
The reaction has also been extended to some N-substituted thioureas 
(equation 30). 

R = Me, CH,CH=CH,, PI1 

The naturally occurring a-amino acid cystcine presents orientation and 
reactivity problems similar to those of thiourea. Furthermore, the related 
structure present in certain enzymes makes such questions especially 
important (see section VI1I.D). The reaction of cysteine involves initial 
addition of the thiol to the quinonoid ring". This addition is followed by 
cross-oxidation arid cyclization via dehydration (equation 31) and the 
yields reported are quite acceptable. Similar results were obtained with 
2-methyl-, 2,5-dimethyl- 1,6benzoquinone and 1,4-naphthoq~inone~~. 
The addition reaction took place with 2-methyl-I ,4-naplithoquinone, but 
the cyclization step was not reported33. 

N HZ 
+scH2cHco2R I Q 

1 I 4- HSCH,CHCO2R - __j 

I 
NHZ 

0 R = H, Et OH 

( Q )  

6 

In the process of establishing the structure of the active (antibiotic) 
component of gonyleptidine, Fiescr and Ardao examined the addition of 
P-thiopropionic acid". Sequential addition and oxidation should lead to 
completely substituted quinones which possess both increased chemical 
stability and molccular weight (for example, equation 32). In practice the 
yields were poor. The major component of gonyleptidine was shown to be 
2,3-dimethyl-l,6benzoquinone by alternate procedures (see sections 
1I.D and V.A.3). 
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S(CH2)zCOzH 
I I + HSCH2CHzCOzH - four ~ e +  Me6 (32) 

Me Me S(CHp)2CO,H 
0 0 

(and related products) (and other simple 
quinones) 

The synthesis of alicyclic compounds of rather complex strvcture has 
been accomplished using the Diels-Alder reaction (see section V.A.3) 
with quinones bearing an arylmercapto substituent for its protective and 
directive influence39. An addition reaction between p-toluenethiol and 
2-niethyl-l,6benzoquinone was carried out with the usual results (equation 
33). Following the Diels-Alder reaction of 12 with 2-phenylbutadiene, 

PMe$ + 6 - M e $ S G M e  (33) 

0 Me 0 
(1 2) 

the sulphide substituent was removed with Raney nickel (equation 34). 
When zinc and acetic acid were the reactants in the desulphurization, the 

j-J$ 
Me 0 

Raney I (34) 
(12) + Ph g + p h 3 $ - s c 6 H 4 M e - 4  0 nickelr Ph 0 

alkene linkage was also reduced and the cis ring-fiision product isomerized 
to the trans configuration (equation 35)". The simpler methylniercapto 
group was also examined and found to be satisfactory for these functions. 

Me+soMe 0 
+ "I-1.- Me+&,, 0 H 

(35) 
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The addition of excess methylniercaptan to 2-niethyl-l,4-benzoquinone 
followed by ferric chloride produced a product distribution similar to our 
findings with thiophenol and excess 1 ,4-benzoq~inone~~~ 41. 

Not only has the addition of thiols been of interest in the synthesis and 
identification of natural products, but the study of thiol additions to 
quinonoid natural products has also received some attention. As part of 
his detailed study of the chemistry of juglone (13) Thomson added both 
thioglycolic acid and p-toluenethiol to the parent compound and its 
acetate, with very interesting results (equations 36 and 37)42. The complete 

$J HO 0 + R S H  6 HO 0 SR 

(1 3) (1 4) 
R = HO,CCH,, 4-MeC6H, 

(36) 

(1 5) 

change of orientation (the yields were reasonably high in all four cases) 
was explained on the basis of radical addition to juglone acetate resulting 
in the 2-substituted niercapto product 15. The ‘normal’ ionic addition 
to juglone itself produces the 3-substituted Inercapto product 14. There 
will be more to say about sulphur radical additions to quinones in 
section 1V.B. 

Thomson and Blackhall continued the study of thioglycolic acid 
addition using a series of simpler q~inones.’~. They found this thiol, as 
had others e a r l i ~ r ~ ~ ~ ~ ~ * * ,  to be very reactive in such additions. With the 
exception of 1,4-naphthoquinone and possibly 2-methyl-l,4-benzoquinone, 
sequential cross-oxidation and addition took place readily and only the 
completely substituted hydroquinone was obtained (e.g. equation 38). 

SC H&O,H 

HozccHzs* HOzCCHzS SCHZCOZH 
(38) 

several I I + HSCHZCOZH steps c 0 OH 
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I t  was also found that 3-mercaptopropanoic acid behaves similarly, bu t  
4-mercaptobutanoic acid is considerably less reactive. It was found that 
the reactivity of the thiols roughly paralleled their acidity; i.e. 

The solvent employed also plays a significant, but only poorly defined role. 
Rothman has also studied the reactions of juglone and juglone acetate 

with thioglycolic acid and questioned the suggested radical versus ionic 
pathway4*. His chief concern was with the assignment of structure for the 
addition products claiming that displacement of halogen does not neces- 
sarily lead to product with the same structural arrangement (equation 39). 
His own structure proof led to exactly the opposite product orientations 
and eliminated the need for the proposed radical mechanism. 

HS(CH,),CO,H z PrSH PhSH < HS(CH,),CO,H < HSCH,CO,H 

+ HSCH2C0,H - , ~ S C H 2 C O Z H  

CI 
HO 0 HO 0 

and/or 

SCH2COzH 
HO 0 

(39) 

The third (and apparently the final) round in this controversy is 
T h o m ~ o n ’ s ~ ~ .  He and McLeod showed that for p-toluenethiol the original42 
structural assignments were correct. This was accomplished by basic 
hydrolysis to 2- and 3-hydroxyjuglones whose structures were established 
independently. Similar reactions with the thioglycolic acid adducts were 
not successful because of extensive decomposition and they admitted this 
extremely reactive thiol could be an exception. The study of the addition 
of p-toluenethiol was expanded to include a variety of 5-substituted- 
1,6naphthoquinones (equation 40). The results shown in Table 3 clearly 
indicate the unusual character of juglone acetate. Thomson thus presents 
the first specific experimental evidence for competing ionic and radical 
addition of thiols to quinonesL123 ‘I5. 

In the past few years, a number of interesting reactions involving 
sulphur nucleophiles and quinones have. appeared. The following brief 
notes and equations will illustrate these observations: 

(1) The long alkyl chains (fattails), so useful i n  many technological 
applications, can be introduced in excellent yield (equation 41)46. 
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TABLE 3. The addition of p-toluenethiol to 5-substituted 1,4-naphtho- 
quinone~'~ 

R % % 

OH 
AcO 
Me0 
Me 
AcNH 
c1 

80 

10 

12 

90 
80" 
73 
75 
72 
49 

a See text. 

0 (20-fold excess) 0 
90% 

(2) The long list of important nitrogen-sulphur heterocyclic conibina- 
tions has been expanded by addition of 2- and 4-mercaptopyridines to 
1,6naphthoquinones (equation 42)47. I t  was shown that, in most cases, 

0 OH 

either the mono- or disubstituted product could be obtained under 
appropriate conditions. 

(3) The addition of thioacetic acid enol salts bearing str0r.g electron- 
withdrawing substituents in the a-position can lead to different hetero- 
cyclic products depending on the reaction conditions (equations 43 and 
44)". While no mechanistic detail is given, the displacement of sulphur 
by oxygen (equation 44) is noteworthy and resembles the thiourea 
examples given earliePp 35. 
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OH 

NC 

0 also: 

S-N a+ 
- / 

\ 
=C 

S N a +  

CO,Me, CN 
CONH,, CN 

--+ 

OH Hs 
e s c = c ( c N  OH 

(4) The compound o-aminobenzenethiol, with its obvious similarities 
to many natural systems, will add to 1,4-naphthoquinone to form hetero- 
cyclic systems (equations 45 and 46)49. When the appropriate groups are 

a+ X 

0 
X = H, CI 

OH 

present substitution will take place (see section VII1.D) but, as indicated 
in equation (49, addition is the preferred route with either hydrogen or 
chlorine as the substituent. 

(5 )  Nearly quantitative yields of heterocyclic perchlorate salts can be 
obtained from the addition of aryl nionothioacetic acids to 1,4-benzo- 
and 1,4-naplithoquinones (equation 47)". 

(6) For a wide variety of quinones and thioethers it has been shown that 
in acidic media the corresponding hydroquinone sulphonium salt can be 
obtained in high yield (e.g equation 4Q51. 
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0 
S 

(47) 

HO 

0 j l r  = Ph, 4-Me2NC,H,, 4-MeOC6H, 
R = H, OMe 

(7) The formation of sulpbonium salts has also been studied with 
DL-methionine (as well as its N-acetyl derivative and methyl este?z). 
With 1 ,Zbenzoquinone the structure of the product was established by 
the usual techniques : elemental analysis, spectral comparison, etc. 
(equation 49). The methionine residues of ribonuclease-A also showed this 
chemistry in acid solution. 

(49) 
S(CH,),CHCO,H A- 

I 

HCI '0 + MeSCH,CH,CHCO,H and/orr 
0 HOAc HO I 

NH, I 
Me NH, 

The second major area of synthetic interest in discussing sulphur 
nucleophiles and quinones is the addition of sulphinic acids (equation 8). 
After the initial work by Hinsberg8-lo, this field of quinone chemistry lay 
totally bare for over forty years. With the advent of the sulpha drugs an 
intense interest resumed and many compounds were prepared with little 
new chemistry being a d ~ I e d ~ ~ - - " ~ .  

In 1963, as part of their studies of the synthesis and properties of redox 
polymers, Spinner and his collaborators reported an interesting 
orientation effect (equation 5 0 ) ~ ~ ~ .  This situation seems strange since we 
have, in many attempts, found only the 3,4'-diinethyl isomer in the 
analogous addition of p-toluenesulphinic acid". This problem is currently 
under active study. 

A very interesting and unusual 2,3-addition of sulphinic acids to 
quinones has been reported (equation 5 1)"O. Very strong intramolecular 
hydrogen bonding in the product, 16, is assumed to explain the observed 
reaction. 
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SO,H 

EtOH M e + + Q  H,O z s o 2 ~ C H , C H 2 B r  

0 C HZC H2 Br OH 

55% 

OH .....O 

+ ArSO, Na+ -> mM: S0,Ar (51) 

S0,Ar Me 
OH -....O 0 0  

A r  = Ph, 4-MeC6H,, 3-NO2C,H, (1 6) 

4. Nascent quinones 
The pioneering work of Hinsberg and Himmelschein on the addition 

of sulphinic acids to quinones contained an example of synthesis via 
nascent quinones (equation 52)'O. This technique of in situ preparation or 

aoH OH $- ArSOzH a [ ~ ~ ~ - ~ A r s o , ~ o H  OH (52) 

the nascent quinone has been applied most frequently to the less stable 
1,2-quinones, but examples of 1,4-quinones are also be be found. The 
following examples of nascent quinones reacting with sulphur nudeophiles 
are drawn from a recent review61. 

(1) Pyrogallol reacts with either benzenesulphinic acid or sulphite 
under oxidative conditions (equation 53)62. 

P I  

RSO, OH 
&H 1- RSO; ----+ 

OH 
R = Ph, HO 

(53) 
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(2) An unexpected product orientation results in the case of the di- 
quinone formed from alizarin (equation 54)G1. The interrncdiate quinone 
17 is only known in solution63. 

+ RSO, - [&j-> 0 / 

0 R = 4-McC,H,, HO woH (1 7) 

0 OH 

(54) 

0 

(3) The addition of thiourea to a nascent 1,2-benzoquinone has been 
reported to produce greater than a 90% yield (equation 55)64p65. It  has 
also been shown that the product salt 18 can be hydrolysed by base to the 
corresponding niercaptan (equation 56)65. 

(18) => 'aoH 
HS O H  

C. Nitrogen Addition 

1. Historical introduction 

The ability of compounds containing basic nitrogcn to undergo Michael 
addition with a variety of quinones was observcd and amply documented 
in the late 19th and early 20th centuriesG"-"O. The culmination of these 
efforts is the synthetic t o w  de force of Suida and Suida5. In this single 
paper they reported the prcpzration and characterization of 50 addition 
products of I ,4-benzoquinone and various substituted anilines (equation 
57). The study included sonic N-methylaniline derivatives and a brief 
look at  2-niethyl-l,4-benzoquinone. Finally, the competition between 



17. The addition and substitution chemistry of quinones 90 1 

addition and substitution (see section V1II.B) was recognized in the case 
of several chloroquinones (e.g. equation 58). 

a@,+ 4 -> p- N a + - o , s c , H ,  rw+a 
(58) 

N H C 6H S 03 N a+ -p  
0 SO, Na'. 0 

The possibility that nitrogen addition chemistry might be important in 
protein work was recognized. An early example deals with a very clinical 
concern-the bactericidal properties of quinoness2* s3. Cooper and Haines 
showed that a portion of the disinfectant activity of several quinones could 
be attributed to reaction with amino acids rather than with proteins. A 
rough set of kinetic experiments showed a strong positive salt effect for 
the reaction of 1,4-benzoquinone, but only a slight effect with 2-methyl- 
1,4-benzoquinone. 

The method of choice for preparing diniethoxy quinones has also 
revealed structural detail of nitrogen addition  product^^^^^^. The method 
of synthesis does not demand the product structure shown in equation 
(59), but it was established by reliable methods. The structure of the 
product 19 is interesting in that the usual p y a  orientation expected from a 

Me$ 0 + h l e N H 2  > M e N H  M e ~ N H M e  0 

methyl group either docs not occur or rearranges to allow the para 
arrangement for the two methylamino groups. 

The interaction of alcoholic solutions of niethylaniine with methyl- and 
niethoxy-substituted 1,4-benzoquinones has produced other unexpected 
chemistry". The most interesting aspects of this study will be discussed in 
connexion with nitrogen substitution chemistry (see section V1Il.B). The 
expected 2,5-bis(methylaniino)-I ,4-bcnzoquinone (20) is obtained in the 
simplest case (equation 60). 

(59) 
several 

(1 9) 
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NHMe 

MeNH 
several 

+ MeNHz 

I1  
0 

2. Mechanistic studies 

In spite of the rather large amount of synthetic effort that has been 
expended on the addition of amines to quinones, relatively few purely 
mechanistic studies have been reported. The analytical difficulties in such 
studies are real and account, in part at  least, for their scarcity. It should 
be noted that many of the reports cited in sections II.C.3 and 4 make 
important contributions to our understanding of the reaction mechanism. 

The first study of the detailed mechanistic path for the addition of 
aniines to quinones involved the electrochemical study of 1 ,Zbenzoquinone 
generated in situ8'. Using chronoamperometry, cyclic voltammetry and 
chronopotentiometry it was possible to obtain rate and equilibrium data 
that are consistent with the following reaction sequence (equations 61-64). 

Me Me 

ArNHa:: Me 

k + ArNH, - 
Ar = Ph, 2-HO2CC,H, 

Me 

Me ArNHa: Me 

Second-order rate constants k = 7-8 x lo4 and 5.5 x lo3 (s-1 M-l), for 
aniline and o-aminobenzoic acid respectively, were obtained and the 
equilibrium constant K was found to be very small ( 2  lo4) for both 
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anilines. The curve-fitting procedures used leave no doubt that the 
equilibrium constant is very significant and that for aniline addition the 
nitrogen-substituted catechol is practically non-existent. 

The combination of thin-layer chromatography and polarography has 
proved to be of value in these studiesss. The system 2-methyl-ly4-benzo- 
quinone and n-butylamine was chosen because the reaction rates are 
suitable for study by standard kinetic techniques. The products found, 
both with excess amine (equation 65) and excess quinone (equation 66), 
are consistent with earlier experience. The product analyses for the 

reactions of 3- and 4-butylamino-2-methyl- ly4-benzoquinone (equations 
67 and 68) are also of interest. In both reactions a significant amount of 
methyl group displacement was observed (see section VIII.B.2) and a 
large amount of unidentified by-product was obtained. Excellent material 
balance was found over the course of these reactions and reactivity index 
calculations (superdelocalizability by the w-techniquessa) were used to 
discuss the observed reactivity. 

(21 ) (67) + 4 BuNHz + 100% 

0 
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The techniques developed in the study just cited have continued to be 
employed : for example, the w-technique calculations have been used for a 
more detailed analysis of the reactivity of 1,4-benzoquinones with 
amineP. The first step is the addition of the aniine; both reactivity 
indices and resonancc energy calculations indicate that this involves 
nucleophilic 1,4-attack. 

The effect of alkyl groups in the amine on the rate of reaction is 
important". With 1,4-benzoquinone the primary aiiiines Me, Et, Pr, 
i-Pr, Bu, s-Bu and t - B ~ i  all gave bis(alkylaniino)-l,4-benzoquinones. 
The secondary amines Me,, Et,, Pr, and Bu, gave only niono-dialkyl- 
amino-l,4-benzoquinones. In  the latter case the reaction rate decreased 
with increasing size of the alkyl groups. 

The most recent mechanistic study of the addition of amines to quinones 
made use of rapid-scan spectrophotometry". The work presented by 
Yamaoka and Nagakura deals mostly with substitution chemistry (see 
section VIII.B. l), but they did show that an electron transfer from the 
amine to the quinone occurs prior to the foriiiation of the .final product, 
2,5-bis(butylamino)-1,4-benzoquinone. They were unable to observe a 
spectrum for 2-butyla1nino-l,4-benzoquinone. 

3. Synthetic survey 

Some of the post World War I1  work was simply routine syntheses in  an 
effort to explore and exploit physiological properties of the nitrogen- 
substituted q u i n o ~ i e s ~ ~ ~ ~ ~ ,  but some useful synthctic and mechanistic 
information was also obtained. First, it was found that i n  C ~ S C S  where the 
2,5-disubstituted product is desired, the use of an added oxidant greatly 
improves the conversion of the starting quinonc and siinplifies the 
purification (equation 69)9.1. The technique, while useful, appcars to be 
quite limited as it was unsuccessful with methylamine, aniline and 
ammonia. 
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In a synthetic study, where both the mono- and the 2,5-dialkylainino- 
1,4-benzoquinones were isolated, it was found that the former can undergo 
disproportionation to the latter (equation 70)95. This observation could 
bear on the unusual orientation cited earlier. 

NH(CH,)3NC,H,o 0 (c HZ 13 j 10 - C , H I O N ( C H , ) ~ N H  > 6 + Q (70) 

3 0 O H  

The reactions of quinonoid natural products with amines have been 
studied and have contributed to our understanding of addition chemistry. 
Thonison’s work with juglone sulphur chemistry has already been 
described42 (see section 11.B.3). Less success was achieved with direct 
nitrogen addition and dimethylamine gave only a 34% yield (equation 71). 

4- Me,NH -----+ rnNMez (71) 

The 3-isomer was also prepared, but only by substitution (see section 
VIII.B.2). When aniline was added to juglone acetate the yield was some- 
what better (66%) and the expected 3-anilino product was obtained. 
Unlikep-toluenethiol, aniline reacts with various 5-substituted 1,4-na phtho 
quinones to give only the 3-anilino producta5. The reaction with 
5-acetaniido- 1,4-naplitIioquinone, like juglone, gave only black amorphous 
mat eria 1. 

The addition of dimethylamine to juglone (equation 71) has been 
expanded to a series of 1,4-naphthoqiiinones with substituents in the 
aromatic ring9G. The product distribution was determined aftcr liydrolysis 
to the corresponding hydroxy quinone (equation 72). The results shown in 
Table 4 are interesting, especially the very strong methyl effect, but the 
most significant questions are still not answered because of the low overall 
yields. 

In the course of prcparirig compounds for biological testing, an added 
oxidant, ceriuni(m) chloride, has been usedg7 (equation 73). Several of 
the substituted 2-naphthylaniines reacted very poorly and sulphuric acid 
proved a good catalyst, but no detailed study of the effect was made. The 
general observations of the substitucnt effect 011 reactivity were consistent 
with nucleophilic addition; i.e. 6-bromo > 8-nitro > 1-bromo M 1,6-di- 
bromo > 1 -nitro. 

H O  0 H O  0 
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+ Me2NH + 

R 0 R 0 

0 

k- 
0 

R 

0 

Ar = various halo and nitro 
substituted 2-napht hyls 

TABLE 4. Product distribution in the addition of dimethyl- 
amine to 5- and 6-substituted 1,4-naphthoquinones 

(equation 72)4?s OG 

Su bsti tuent (R) Product (%) Total yield (%) 

5 6 2 3 

OH - 100 0 34 
AcO - 0 0 0 
M e 0  - 50 50 42 
Me - Trace -100 Not given 
- Me -100 Trace 55 

The application of polarographic methods to the study of quinones 
and their reactions has been very productive. In the field of nitrogen 
addition, amino acids and peptides have been shown to undergo reversible 
redox reactions at the dropping mercury electrodeg8. The earlier work on 
the interaction of amino acids and q u i n o n e ~ ~ ~ * ~ ~  has been followed by the 
synthesis of some peptide-like derivatives of 1,4-benzoquinone (equation 
74)99. Three other amino acid esters were used and the product obtained 
in reasonable yield. 
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I 0 I + H,NCH,CO,R ---+ RO,CCH,NH J5NHcH2cozR 0 6 
R = H, Me, Et, PhCH, 

(74) 

The addition of anthranilic acid to 1,4-benzoquinones is interesting in 
that a recent study failed to agree with a number of earlier reportslUO. 
Only in the case of 2,3-di1nethoxy-l,4-benzoquinone was the inono- 
addition product obtained and several previously reported reactions did 
not produce useful products. The observed reaction is the normal one 
shown in equation (75). Reaction with 2-methyl-l,4-benzoquinone did 

not give crystalline products, nor did N-ethylanthranilic acid. The example 
of 2,3-diniethoxy- 1,4-benzoquinone is also limited in that neither the 
methyl ester nor the N-methyl derivative of anthranilic acid reacted. 
These observations deserve closer attention in view of the heterocyclic 
compounds for which they might serve as precursors and their relation- 
ship to the natural amino acids. 

More recently, the important problem of model systcms for the fixation 
of nitrogen in soils and the formation of humic acids has been studied 
polarographicallylO1. Earlier studies suggested the formation of 2-hydroxy- 
1,4-benzoquinone as a key intermediate in aqueous-ammonia solutions. 
The experimental results of Lindbeck and Young make it clear that, 
depending on pH and ammonia concentration, 2-amino- and/or 2,5-di- 
amino-l,4-benzoquinone must be considered significant intermediates in 
any proposed mechanism. The stability of organic nitrogen in soils has 
also been studied by examining the acid hydrolysis of quinone-a-aminoacid 
adductslo2. The nature of these reactions led to the suggestion that such 
compounds play an important role in stability considerations. 

Interest in the chemistry of amino acids and quinones continues and a 
recent report contained some important rate studieslo3. The optimum 
pH for the reaction of 1,4-benzoquinone and glycine was determined. 
A wide range of aiiiiiio acids was studied and the rates of addition are 
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quite similar. However, the ability of the N-substituted quinone products 
to  catalyse ascorbic acid oxidation varied with substituent. 

Of particular significance to the future direction of the chemistry just 
described is the question of what actually happens to quinones and amino 
acids under physiological conditions. A first effort in this area has been 
made in the sti!dy of 3,4-dihydroxyphenylalanine (dopa)*04. The rate of 
addition (equation 76) is not fast enough to be significant, but oxidation 
followed by intramolecular cyclization does occur (equation 77). 

HODCH~CHNHQ (76) 

HO 
OH 

\ 

H 

A more detailed synthetic study of the use of added inorganic oxidant 
for 2,5-dianiino- 1,4-benzoquinones further revealed the nature of the 
reactiodo5. The failure of the reaction with diisopropyamine is of 
significance and was explored to some extent. Other fairly bulky secondary 
amines produce quite good yields of product (e.g. di-n-propyl-, niethyl- 
isopropyl- and benzylniethylamine). This stcric hindrance is very 
clearly demonstrated in substitutions (see section VII1.B. 1). The weakest 
base in the series, niorpholine, gave the highest yield (96%). Finally, while 
1,4-naphthoquinone gave an excellent yield of 2-( 1 -piperidyl)-ly4-naplitho- 
quinone with piperidine, 1,2-naphthoquinone did not react. 

The reaction of substituted pyrroles with ly4-benzoquinones is especially 
interesting in that it leads to carbon-carbon bond formation! An early 
report suggested the expected nitrogen addition product (equation 78)*OC. 
A study of the i.r. spectra of the product thought to be 23, and its 3-ethyl 
analogue, showed N-H vibrations that clearly indicate thc bonding 
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Me 

R =  H,Et 

cannot be with ~ i i t rogenl~~.  The alternative structure, 24, oflers an 
explanation of the compound's colour and behaviour wit!i acid. Finally, 
this understanding has been applied to provide a better picture of the 
important pyrrole-quinone dyeslo8. 

The two interesting research lines of substituent effects and added 
oxidants have received detailed attention in the chemistry of 5,8-quinoline- 
quinone (25)*09. The addition of aniline to this quinone and its alkyl 
derivatives had been studied some years beforello. Several substituted 
anilines were added to this quinone and the relative amounts of the 6- 
and 7-isomers determined (equation 79). As expected, the 6-isomer is the 

(79) 

0 0 
(25) Ar = 4-Me, 4-CIC,H4 

R = H, Me 

major product in all experiments. Table 5 shows the very significant 
improvement in yield obtained with cerous chloride as the oxygen carrier. 
While the yield should be higher with the quinone starting material not 
being used up as an oxidant, the change in several cases is greater than 
can be expected on this basis alone. An impressive example of this effect 
is the reaction of p-nitroaniline with lY4-naphthoquinone, where the 
product yields are 1% and 81% in the absence and presence of cerous 
chloride (0.1 mole) respectively. Furthermore, the relative amount of 
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TABLE 5. Product distribution in the addition of anilines to 5,8-quinoline- 

quinone (equation 79)Io0 

Yield, % Yield, % 
(w i thou t Ce Cl 3) (with equivalent CeCI,) 

Aniline 6-isonicr 7-isomer 6-isomer 7-isomer 
~ ~~~~~ 

p-Toluidi ne 30 24 68 Trace 
p-Chloroaniline 19 13 68 Trace 
N-Methylaniline" 28 5 62 0 

a Quinone : aniline = 1 : 10. 

the 6-isomer increases dramatically in the presence of the metallic salt, 
suggesting that ceroiis chloride enhances the reactivity of the 6-position. 

The observed isomer distributions with 5,8-quinolinequinone can be 
understood in tcrms of the 8-carbonyl group being bound to  the a-position 
of the pyridine ring and hence more electron-deficient than the 5-carbonyl 
group in the P-position. The lower electron density is then transferred to 

@J+&@+ 'fj + .. 
tl 02 - 0- 

2N 
1 0  

the 6,7-double bond as shown and leads to electron deficiency and 
observed prefercntial attack a t  the 6-carbon. The catalysis by thc positive 
cerous ion is understood as involving structure 26; its relationship to 
chelated 8-quinolinol (27) is noteworthy. Expcrinients dealing with the 
relationship bctween addition and substitution in this system are also 
discussed and will be treated later (see section V1II.B). 

0 

(26) (27) 

A number of relatively limited studies involving the addition of amines 
to  quinones have appeared in recent years. 

(1) Valuable heterocyclic systems can be prepared by condensing 
quinones with o-aminophenol (equation SO). The use of I3C-labelled 
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0 

1,4-benzoquinone allowed demonstration that the first step is addition of 
the amino group to the quinone ring rather than to the carbonyl group 
or cross-oxidation followed by condensationlll. 

(2) Amino alcohols have been reported to add to quinones if care is 
taken to prevent polymerization (equation 8 More limited success 
was achieved with 2-methyl- 1,4-benzoquinone and 1,4-naplithoquinone. 

0 
R'CH, N H R6NHcH2R' 0 

R = H, Me R' = CH,OH, CH,CH,OH, CH(Me)OH 

(3) An interesting new compound has recently been obtained from the 
addition of butylamine to 1,4-benzoquinone (equation 82)lI3. 

0 U Bu " 
27% 6.6% 

(4) For obvious reasons the anthraquinones do not usually undergo 
addition reactions of the type under discussion. An interesting exception 
was found in naphtlio[2,3-h]quinoIine-7,I~-dio1~e (equation 83)*14. 
Thiophenol also added at the 5-carbon atom. 

& / +- R" R ' ~ H  d & \ 

\ 

(83) 

' NRR' 
0 

R = C,H,,, Me, Bu 
R' = H, Me 

0 

R and  R' = (CH,CHz),O 
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( 5 )  The addition of pyridine to 174-benzoquinone leads to the 
pyridiniuin salt in moderate yield (equation 84)Il5. A variety of solvents 
is useful and a small amount of water seems to favour the reaction. The 
catalyst of choice is hexachlorocyclotriphosphazatriene. 80- (84) 

0 OH 

(6) Methods have been worked out in which 1,6benzoquinone is 
useful as a qualitative and quantitative chromatographic reagent for both 
primary and secondary amines, including amino acids. Applications in 
thin-layer116 and paperll’ chromatography are presented. 

(7) The reaction between 2,5-di-t-butyl-l,4-benzoquinone and propyl- 
amine has been shown to lead to some unexpected products1ls. When the 
reaction is carried out in the dark, under nitrogen and with the amine as 
solvent, the products shown in equation (85) are found. Air was passed 

+ PrNH, __f 

0 0 

3- 

t-Bu t-Bu 

OH OH 

Et Et 

through the reaction just prior to work-up and a large amcunt of unreacted 
starting quinone was recovered. The same reaction carried out in the 
presence of air gave the products shown along with a 20% yield of the 
following epoxide. The enamine 28 was suggested as an intermediate in 
the anaerobic reaction (equation 85). 

Because of the rather unstable nature of Iy2-benzoquinone the usual 
method for studying its chemistry is in situ oxidation or the nascent 
quinone technique (see section Il.C.4). Recently an effort was made to 
verify the usefulness of this method by starting with the quinone itself119. 
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OH 

0 

The reaction with various anilines gave the expected product (equation 
86). No reaction was observed with 4-nitroaniline and o-phenylenediamine 

(86) ArNHa: ArNH 

a= + ArNH, ---+ MeOH 

A r  = 2-AcOC,H4, 4-MeOC6H,, 4-BrC6H,, 4-CIC6H., 

gave cycloaddition (equation 87). The failure of this latter reaction to 

A 

produce phenazine was attributed to the formation of hemiacetals by 
methano1 and the quinone carbonyl groups. In ether solution phenazine 
was obtained, although in poor yield. 

4. Nascent quinones 

The idea of iiz situ preparation of quinones for nitrogen addition does 
not appear to have as long a history as in the case of sulphur. However, 
Harger observed in 1924 that hydroquinone reacted with a variety of 
primary and secondary amines only under aerobic conditions (equations 
88 and 89)l.O. Even earlier Kehrmann and Cordone had shown that the 
oxidation of catechol in  the presence of aniline leads to 4,5-dianilino- 
1 ,Zbenzoquinone (equation 90)’j. 

More recently, the addition of secondary arnines to nascent quinones 
has been examined quite successfully121. The addition of dinlethylan1inc 
and ethyleneimine produced reasonable yields of 43-disubstituted 
1 ,Zbenzoquinone product, but N-methylaniline gave an excellent yield 
of 4-N-methylanilino-1 ,Zbenzoquinone. 
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-5 no reaction 
R 

OH 

0 
R or R' = H, Me, Et, i-Bu, s-Bu, Am, allyl, PhCH, 

An interesting example of intramolecular addition of amines to quinones 
has been studied in the formation of adrenochrome (30 in equation 91)122. 
The intermediate (29) can be detected in the early stages of the reaction6'. 

A bifunctional reagent of the o-aminophenol type can undergo con- 
densation with either catechol or itself under oxidative conditions. The 
former path has been important in the study of insect pigments and leads 
to 2-hydroxy-3-phenoxazones (equation 92)lz3. The latter Ieads to 2-amino- 

Ac 

(92) 

3-phenoxazones (equation 93) and has been important in several natural 
product syntheses124. The earlier literature of this field has been reviewed125. 

OH 

Ac 

__f (93) 

OH 
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An effort has been made to evaluate the reactivity of protein towards 

nascent quinones126. Of the compounds studied, 3-n-pentadecyl-I ,2- 
benzoquinone, formed by silver oxide oxidation, was found most reactive 
toward y-globulin, bovine fraction 11. The three isomeric methyl deriva- 
tives of this quinone were only slightly less reactive, while the 4,5-dimethyl 
and 4,5,6-trimethyl derivatives were completely unreactive. 

In  a related study, conducted polarographically, glycine was allowed 
to react with the quinones that result from the oxidation of 2,3,5-, 2,3,6- 
and 2,4,5-trihydro~ytoluene~~~. The pattern of addition and subsequent 
reaction was shown to be influenced rather strongly by the substitution in 
the starting material (equations 94-96). 

H 0 " " " H 2 " H ~ 0 H  Me 

(94) + H,NCH,CO,H lo] t 

HO' tioH OH 0 

"&OH OH + H,NCH,CO,H to3 H02CCH2N H o&,y (95) 

f 'H,NCH,CO,H LO1 ' HO & ~ ~ C H 2 C 0 2 H  (96) 

HO +OH O H  * OH 

A very unusual and interesting niodification of the nascent quinone 
route involves the oxidation of 6-hydroxybenzothiazole followed by 
anline addition and re-oxidation (equation 97)lz8. Clearly, a great many 
questions remain to be answered about these reactions. 

NRf7 

R, R' = Me, C,H,,, (CH,CH,),O 

The experimerlts described earlier involving an added oxidant are, of 
course, examples of nasccnt quinone s y n t l i e s e ~ ~ ' ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ .  Recentlv. 
sodium periodate has been found to be an exceIlent reagent for such 
reactions (equation 98)'"". Yields of 80-90% were found. 
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(98) 

OH 0 0 

R = Ac, CO,Me, Me, Br, CONMe, Ar = 2-MeC6H,, 2- or 3-CIC,H4, 
4-hleOC,H4, 3-pyridyl 

D. Thiele Acetylation 

1. Historical introduction 

The treatment of quinones with acetic anhydride under acidic conditions 
produces a combination of addition and esterification (equation 99)130. 

0 OAc 

The reaction has been very widely used for the synthesis of new quinones 
and hydroquinones, the proof of structure of quinonoid materials, and to 
facilitate the isolation and purification of natural products. The reaction 
is usually known as the Thiele acctylation. Our interest is chiefly concerned 
with mechanistic questions and because of the simplicity and generality 
of the reaction a reasonably clear picture has been formed. This state of 
affair?: is very fortunate because the Thiele reaction, while properly 
considered electropliilic, is closely related to the reductive, nucleophilic 
reactions of quinones. Why the acetylium ion and monosubstituted 1,4- 
benzoquinones lead to a product oricntation predicted by nucleophilic 
considcrations dcserves some serious study. 

A reaction closcly related to the Thiele acetylation is that of quinones 
with carboxylic acid halidcs. The reaction was observed and reported long 
before Thielc’s first publication (equation 132. It was recognized 
that both niono- arid dihalogenated hydroquinone diacetates are formed, 
although the proposed sequence of steps does not appear to be correct in 
view of later studies. 

0 OAc OAc OAc 

( ) + * c x . Q + @ x + x Q  +x (100) 

0 OAc OAc OAc  
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2. Mechanistic studies 

The mechanistic study of the Thiele reaction began very early in the 
development of physical organic chemistry. In an  effort to apply the new 
electronic theory to quinonoid systems, Erdtman presented the relative 
reactivities and product orientation for several alkyl- and methoxyl- 
substituted 1,4-ben~oquinones*~~. His general observations and con- 
clusions for electron-donating substituents have been verified in later 
studies. For example, 2-methoxy-I ,4-benzoquinone would be expected to 
have structures 31 and 32 as principal resonance contributors and thus to 
react as indicated in equation (101). In fact, 2,4,5-triacetoxyanisole (33) 
is obtained in quantitative yield under very mild conditions. 

17. The addition and substitution chemistry of quinones 

(31 1 (32) 

OAc 

Meo6 + AcpO H *  

0 OAc 
(33) 

A series of papers giving a kinetic picture of the Thiele acetylation of 
1,4-benzoquinone and 2-methyl-l,4-benzoquinone has appearedI3*. From 
these studies it is clear that the mechanism of the reaction is more 
coinplicated than that employed by Erdtman, although he suggested that 
this was likely to be the case. The limitations of the earlier proposal are 
obvious from the change in products with the composition of the reaction 
medium. In nearly pure acetic anhydride the 1,2,4-triacetoxybenzene (34) 
obtained by Thiele is the sole product, but in 50 vol. acetic 
acid : acetic anhydride, two additional significant products (35 and 36) 
are found (equation 102). These additional products, the kinetics, the 

OAc OAc OAc 

1 I + A c ~ O  xic HcJok Q"*'i (> Q (102) 

AcO 
0 OR c OAc OAc 

(34) (35) (36) 
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thermodynaniics and the behaviour of the solvent system all contribute 
evidence for the presence of the acetylium ion 37. 

0 
I1 

(37) 
MeC' or Ac' 

The suggested mechanism (equations 103-107) is capable of accounting 
for all of these observations. The quinonoid cross-oxidation product 40 

HCIO., + AcOH T- AcOH: + Cloy 

AcOH: 4- AcZO =I AcC + (AcOH), 

OAc OAc 6 -I- Acf __f o+ Ac'o> @ + Ac+ 

OAc 
0 0 OH 

(38) 

can now react siniilarly to the original quinone. When the initial products 
of this second generation Thiele acetylation (hydroquinone, 38 and 39) 
have all hydroxyl groups acetylated, the observed products are obtained 
(equation 108). An analogous, but  somewhat more complicated, scheme 
was worked out for the Thiele acetylation of 2-methyl-l,4-benzoquinone, 
The presence of any significant concentration of 2-acetoxyhydroquinone 
in the reaction mixture has been questioned13j. Burton and Praill do not 
offer any explanation for the presence of 1,2,4,5-tetraacetoxybenzene (35) 
and 1,4-dincetoxybeiizcne (39. The observation of analogous multiple 
addition products in  other very rapid reactions (see sections 1I.B and 
XC) suggests that the cross-oxidation reaction is able to compete, even 
with aggressive reagents. 
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* " " Q O A c  

OAc 
OH 

Aco@o*c 

OH 

Q 
OH 
OAc 

@o*c 
OH 
OH 

O H  

QAc 

Aco@OAc 

OAc 

tj 
OAc 

(i OAc OAc 

A rather detailed theoretical treatment of thc reactivity of quinones has 
been published13G. Standard methods of calculating localization energies 
were employed and the influence of both resonance and Coulomb integrals 
was evaluated. The agreement between prediction and obscrved experi- 
mental results is quite good, but many more data are needed. The dis- 
cussion of various examples of' addition nieclianisins is excellent and 
especially informative in the case of the Thiele acetylation. 

3. Synthetic survey 

In the past 25 years the synthetic literature of the Thick acetylation 
has provided a good preparative route to hydroxyquinones and a number 
of isolated, but intriguing reactions. As one aspect of an enormous 
synthetic study of potential antimalarial drugs, Fieser and his collabora- 
tors introduced the use of boron trifluoride etherate as the acidic catalyst 
(equation 109)137-139. The Thiele acetylation of naphthoquinone, using 
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(1 09) 
OAc 

BF,. Et,O 

0 OAc 

sulphuric acid, had been successfully carried out by Thiele himself140. 
Of greater interest is the ability of BF, to catalyse the acetylation of 
2-methyl- 1,4-naphthoquinone (equation 1 10); with sulphuric acid the 

(110) 

BF EtO Y 
OAc 

no reaction 
-?L 

&Me + Ac20 

0 

reaction does not occur141. It has also been shown that perchloric acid, 
used earlier for kinetic studies, is a very fine catalyst for preparative 
applications. Burton and Praill go so far as to claim: ‘there appears little 
doubt that for preparative purposes perchloric acid is probably the most 
efficient cata!yst for the Thiele acetylation’ 142. 

hlclamore applied the Thiele acetylation with sulphuric acid to the 
synthesis of hydroxy alkyl-l,4-benzoquinones (e.g. equation 1 1 l)143. 

0 OAc 

(111) $J OH 

c“H1lf) Ac,O>‘~~””@), (1) OH- C6H11 

I I H,SO, (2) FeCI, 
OAc 

0 OAc 0 
C,H,, = cyclohexyl (41 1 
The structure of the product 41 was demonstrated by two independcnt 
syntheses, but the question of tautomerism (equation 112) was not treated. 

c 6 H 1 7 6 0 H  L 7 c 6 H 1 1 6 0  

(1 12) 

0 0 

The use of BF, was not reported in this study and comparison is made 
with the 2-alkylnaphthoquinones that are said not to undergo the Thiele 
reaction : nevertheless, some hindered benzoquinones were acetylated. 
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The most interesting of the reactions is that of 2,5-di-t-butyl-174-benzo- 
quinone (equation 113). The structure of product 42 was simply deduced 
from the elemental analysis, but it is reminiscent of some nitrogen 
dealkylations (see section VII1.B). 

(42) 

The Thiele reaction has been used in conjunction with dirnethyl 
sulphate for the synthesis of methoxy quinoness5. Both 2-methyl-3- 
methoxy- and 2-methyl-5-methoxy-1,4-benzoq"uinone react to produce 
the same product (equation 114). 

The structure of the antibiotic gonyleptidine, and associated minor 
companions, was demonstrated in part, using the Thiele reaction38. From 
several lines of evidence, gonyleptidine proved to be chiefly 2,3-dimethyl- 
1,4-benzoquinone accompanied by smaller amounts of 2,j-dimethyl- and 
2,3,5-trimethyl-l,4-benzoquinone. As expected, the 2,3-diniethyl isomer 
underwent the Thiele reaction very rapidly and nearly quantitatively, 
while the 2,3,5-trimethyl homologue was recovered from the reaction 
mixture unchanged. Fieser was interested in the fact that 2,5-dinicihyl- 
1,4-benzoquinone, unlike 2,5-dirnethoxy-l,4-benzoquinoney produces a 
very high yield of 1,3,4-triacetoxy-2,5-di1nethylbenzene with BF, as the 
catalyst. I t  was known from earlier work that sulphuric acid produces an 
even higher yield of product. 

The large number of studies and the variety of applications of the 
Thiele acetylation have provided a good deal of understanding of the 
scope and mechanism of the reaction. However, the same studies have 
provided a number of conflicting reports; for exaiiiple, regarding the 
question of orientation in unsymmetrically substituted quinones. In 1967 
only two examples of more than one isomeric product had been reported 
(equations 1 15 and 1 16)"~ 133. Questions of the most suitable catalyst, 
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OAc OAc 

I I  (115) qJ OH 0 A;:”. Q@ OAc OAc A c +  QQ OAc OAc OAc 

50% 50% 

OAc OAc 

Me+ I t  Pr-i A;:. AcO Me@ Pr-i Pr-i (1 16) 

0 OAc OAc 

optimum yields and conflicting reports of ‘unreactive’ quinones led Wilgus 
and Gates to summarize the literature and attempt some definitive 
experiments144. 

Probably the most significant result of this study was the extension of 
the Thiele reaction to quinones having electron-withdrawing substituents. 
Both 2-acetyl- and 2-carbornethoxy-l,6benzoquinone gave only the 
1,3,4-triacetoxy product : the latter in poor yield. Only 2-(4‘-nitropheny1)- 
1,4-benzoquinone gave significant amounts of all three isomeric products. 
The minor isomeric product was isolated in the cases of ,-methyl- and 
2-phenyl-174-benzoquinone and the yields determined. In general, the 
orientation pattern as a function of quinone substituent shown in Table 6 
is similar to that found in thiol addition (see section II.B.2). The isomer 
distribution does not appear to be strongly influenced by the catalyst 

38% 57% 

TABLE 6. Isomeric yields for the Thiele reaction of monosubstituted 1,4-benzo- 
quinones14.1 

Acetoxy group position (“A) 
Substitucnt 3 5 6 Catalyst 

Ac 
Ac 
CO,Me 
Me 
Me 

4‘-Me0-3‘,5’-Cl2CGH2 
Ph 
Ph 

4‘-NO& H, 

92 
7s 
34 

78 15 
89 11 

18 56 19 
65 35 

21 52 
31 62 
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employed (perchloric acid was not examined), but the overall yields and 
ease of isolation are probably improved with BF,.Et,O. It is very likely 
that the milder the catalyst the better; however, note the complete failure 
of the reaction with 2-(4’-niethoxypheny1)-1,4-benzoquinone (see also 
reference 145) and the outstanding success with 2-(4’-methoxy-3‘,5’- 
dichlorophenyl)-l,4-benzoquinone (equations 1 17 and 1 18). It seems clear 
that competing Friedel-Crafts reactions are important. 

OAc 
35% 

The scope of the Thiele reaction is still under active investigation with 
much emphasis on halo- and alkoxyquinones (equation 119). It was found 
sometime ago that 2,6-dichloro- and 2-bromo-3,5-dimethoxy-~ ,4-benzo- 
quinone fail to undergo the Thiele acetylation. Recently, detailed studies 
of the Thiele acetylation of haloquinones produced the results in Table 
7146. It  is apparent that steric effects are important and may overbalance 
the activating electronic eKect of the electron-withdrawing substituent. 

The strong electronic deactivating influence of the methoxy group makes 
it an interesting substituent for detailed study. The earlier reports that 
2,5- and 2,6-dimethoxy-l,4-benzoquinone fail to react with acetic anhydride 
in the presence of sulphuric acid have been confirmed14’. The more powerful 
catalyst, perchloric acid, also fails to cause either these two compounds or 
2,3,5-trimethoxy-l,4-benzoquinone to  undergo Thiele acetylation. The 

31 
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TABLE 7. Thiele acetylation of various halo- 
1,4-benzoquinone~~"~ 

924 

H O A c  R2 
0 OAc 

Substituent(s) Yield (%> 

R1 R2 R3 BF, HC104 

Br H H 
I H H  
CI H Cl 
Br Br H 
Br H Br 
H Br Br 
I H I  
Br Br Br 

42 
35 
60 
47 
33 
49 
10 
4 

28 

60 

40 
12 
23 
0 

- 

- 

various combinations of brorno and methoxy groups and their effect on 
the Thiele reaction sheds some light on the general mechanistic picture 
(equations 120-122). The six trisubstituted (bromo, methoxy) 1,4-benzo- 

(1 20) MeojJ Br 0 
BFJAcOH Ac,O Meo$oAc Br OAc 

Meo+ Ac,O rMeo$$c (121) 

Ac,O ~ M eO +;* 

BFJAcOH ' 
Br 

OAc 0 

(122) B F,/Ac OH 

0 OAc 

quinones were also prepared and subjected to Thiele conditions. Only the 
two shown in equations (123) and (124) underwent reductive acetylation. 
The other four compounds also failed to react with perchloric acid as the 
catalyst, This evidence seeins to confirm completely the hypothesis that 
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Thiele acetylation, and presumably the other nucleophilic quinone addition 
reactions, does not occur orrho to an alkoxy group (for an extreme case 
resulting in an exception, see section V.A). 

0 OAc 

Me0 OAc 
BFJAcOH 

One study 

OAc 

Ac,O ~ e o+yA (1 24) 
6 FJAcOH 

Me0 Me0 

of the analogous alkylthio groups has been made and only 

0 OAc 

starting material or resinous product was found1'**. However, the arylthio 
groups did lead to the expected triacetates (equation 125). 

OAc 

HCIO, 
(125) 

Ars$ 0 + Ac2O ---+ Arse OAc OAc 

Ar = Ph, 4-MeC,H, and 4-CIC,H, 

Very little has been written about the Thiele acetylation of 1,Zquinones. 
An exceptional case and an unexpected product have been reported for a 
biphenylene quinonel". The structure of the tetraacetate, 43, is supported 
by chemical and physical data. This unusual structure is rationalized on 

OAc 

OAc 

(43) 

the basis that normal Thiele acetylation would have to involve an inter- 
mediate like 44 with an unstable benzocyclobutadiene structure. 
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0 , 

4. Reactions of acetyl halides 
This reaction, which bears some resemblance to the Thiele acetylation, 

does not appear to be very general since the dimethoxy- and dichloro- 
1,4-benzoquinones fail to react with acety! chloride, even on boilingl50. 
When aluminium chloride is added, in much greater than catalytic amount, 
the three dichloro isomers studied d o  react (equation 127). The three 
reactions lead to a common, but non-Thiele product (45). Similar reactions 

of 2,5-dimethoxy- and 2,5-diethoxy-l,4-benzoquinone lead to products 
even further removed from simple addition (equations 128 and 129)l5l~ 152. 

M e O ~ C I  O A c  + MeO,@(:Me CI 

OMe CI 0 OMe CI 

AICI + AcCl- 

0 CI (128) 

EtO&Cl OAc + E i z l s l  CI 

OEt CI OEt 0 OEt 

AICI, + AcCl 

0 (1 29) 

No reaction was observed with 2,6-dimetlioxy-l,4-benzoquinone. Thiele 
himself used the Lewis acid zinc chloride t o  a limited extent, but this has 
been shown to be a poor synthetic system by later workers. 
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Quinones with certain substituents can undergo reversible addition 
reactions and an  investigation of this process bears on the mechanism of 
the reactions of quinones and acid halides. Asp and Lindberg were able to 
verify nearly all the observations of Oliverio and c o l l a b ~ r a t o r ~ ~ ~ ~  151, and 
they extended the study to  the reactions of acetyl brorriide (equations 130 
and 13 1)153. When the hydrolysis of the monobroino addition product 
46 was attempted, it lost hydrogen bromide and regenerated the starting 
quinone (equation 132). The expected 3-bromo-2,6-dimethoxyhydro- 
quinone could be obtained in ether solution (equation 133) but decomposed 
when concentration under reduced pressure was attempted. 

+ AcBr + + Br2 (130) 
OMe OMe 

0 OAc 

0 0 Ac 

""6""' HgEr, + AcBr-- - -+ MeoooMe 
6 OAc 

+ 
OAc OAc 

OAc 9 
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In an effort to find a more useful preparative route to the haloquinones, 
Cason and collaborators found some very significant facts concerning the 
addition of acetyl chloride154. They reasoned that simple addition, leading 
to 2-chloro-4-acetoxyphenol (47), might be observed under carefully 
controlled conditions (equation 134). Such a reaction should not lead to a 

(47) 

dichloro product and thus represents an ideal route to pure monocliloro- 
quinones or hydroquinoncs. Actually, with purified acetyl chloride and 
dry equipment, no reaction took place. Upon addition of a small amount 
of acetic acid, a vigorous reaction took place and formed the usual mixture 
of mono- and dichloro products. 

Cason's conclusion, that the simple addition of hydrogen chloride and 
subsequent acetylation is the probable reaction mechanism, has received 
substantial support1"". The products originally described by S c h ~ I z ' ~ ~  
were verified (equation 100) as was the extremely slow rate under anhydrous 
conditions. The suggested mechanism is shown in  equations (1 35) through 
(138); followed by the acetylation of the phenolic products (48-50). 
Additional evidence for this hypothesis includes: (1) The isolation of 
2-chlorohydroquinone under certain conditions, and (2) The chlorine 
content of the mixed products corresponds to that calculated for a 
quantitative yield of monochloro product. The mechanism for reaction- 

AcCl+H,O ---+ H O A c + H C I  (1 35) 

OH 

+ 6 
0 

pi 
0 

Q 
l 

0 H 
(49) 

(1 37) 
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0 OH 

CI 

0' + HCI ---+ 

0 OH 

(50) 
with 2-methyl-1,4-benzoquinone is probably similar, but the role of the 
acid is clouded by the observation of a different isomeric product with 
water from that found earlier with zinc chloride. 

E. Addition of inorganic Substances 
I. Halogen and hydrogen halides 

a. Hi.storicaZ iiitrodiiction. Interest in  the interaction of hydrochloric 
acid and 1,4-benzoquinone (equation 139) dates from the very beginning 
of modern organic chemistry1. A later and thorough synthetic study 

(139) 

0 OH 

(51 1 
showed that the initial reductive addition product 51 could be oxidized 
and subjected to successive additions of either IiCl or HBr (equation 140) 

various (":c' several 

1 I + H X - X  -YG+ 

OH 0 OH 

0 tl 

x@: X 

OH 
(52) 

to produce eventually the tetrahalo-l,4-benzoquinone (52) ; for example, 
chloranil (X = Cl). Levy and Schultz also attempted thc reductive addition 
of HF, HI and HCN to 1,4-ben~oquinone'"~. Hydrogen iodide in chloro- 
form solution caused the reduction of the quinone to hydroquinone; 
hydrogen fluoride and hydrogen cyanide in the same solvent produced no 
idefitifiable addition products. 
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A substantial number of papers concerned with the synthesis of halo- 
genated quinones appeared in the late 19th century and the results have 
been carefully r e ~ i e w e d ~ ~ ' - ~ ~ ~ .  During the first half of the 20th century 
little of synthetic significance was achieved, although there were reports 
(some conflicting) of the application of these reactions for the preparation 
of specific halogenated quinoneslG5-1GS. One exception to this undis- 
tinguished record comes fronl the field of natural products. Thomson 
showed that juglone can be halogenated, followed by dehydrohalogenation 
to produce 3-halojuglone (equation 141)IG9. One should be warned of a 

0 

HO 0 

number of earlier papers where this reaction was said to lead to the 
2-halojuglone~l~~. The dihalojuglones can be obtained by treating the 
3-halo compounds with additional halogen in acetic acid. When juglone 
acetate is halogenated and then treated with anhydrous sodium acetate, 
the 2-halojuglone product is obtained42. These substituent effects are 
clearly related to those described for thiols and anilines (see sections 
II.B.3 and C.3). 

When this route was attempted on 2-rnethyl-5-hydroxy-1,4-naphtho- 
quinone (plumbagin) the reactions were slow and produced mixtures". 
On the other hand, Huisnian has used the direct halogenation of 
substituted 1,4-benzoquinones for the preparation of useful synthetic 
intermediates (for example, equation 142)Ii1. 
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The varying reports and uncertain results led Cason and his students to 
make a careful study of the synthesis and especially the isolation and 
purification of chlorinated 1,4-ben~oquinones~~. The study included 
?--methyI-l,4-benzoquinone and its 3-, 5-  and 6-chloro derivatives (the 
latter with HBr or HCl) as well as 1,4-benzoquinone. With the exception 
of the preparation of 5-chloro-2-methyl-l,4-benzoquinone reported 
previously172, the direct addition of hydrogen halides provcd to be an 
entirely unacceptable method for obtaining pure haloquinones. 

b. Mechariistic studies. Like the synthetic studies, mechanistic work on 
the quinone-hydrogen chloride reaction began very early. Clark suggested 
a mechanism that seems unnecessarily and Michael argued 
against 2-halohydroquinone as the initial product174. The troublesome 
presence of highcr halogenated quinone products makes simple reductive 
1 ,4-addition followed by a cross-oxidation equilibrium attractive. A rather 
detailed study of the kinetics of HCl addition in methanol is also con- 
vincing evidence for the current niec1ianisnP5. 

The kinetics of thc addition of bromine to 1,4-quinones have been 
described and the not unexpected very slow electrophilic and very fast 
acid-catalysed reactions were foundli6. For example, 2-methyl-5-isopropyl- 
1,4-benzoquinone shows the following rate values in acetic acid : 
k(NaOAc)<0.01, k(H,SO,) ca. 100. The rate of the second addition of 
bromine is extremely slow, even in the presence of sulphuric acid 
(k < 5 x 10-4)). The following comparative rates (with added H,SO,) for 
various quinones were given: 

100 40 3 0 

All of these rate data were rationalized on the basis of significant resonance 
contributors to the quinone nucleus. 

The interesting anomalous behaviour of certain methoxy quinones has 
been mentioned before (see section II.D.3). Neither 2,5- nor 2,6-dimethoxy- 
1,4-benzoquinone is reactive toward hydrogen chloride or bromide1j3. 
However, once prepared indirectly, the 2-haIo-3,6-dimethoxyhydro- 
quinones are quite stable, while the 3,5-dimethoxy isomers decompose 
readily177. In an effort to understand this strange effect, Lindberg studied 
the reaction of hydrogen bromidc with 2,3,5-trimethoxy-l,6benzo- 
q~iinone’’~. He found what appears to be thc first example of a reversible 
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hydrogen halide addition to a quinone (equation 143). The product 53 is 
fornled and can be converted to a diacetate known froin independent 
synthesis. The chlori nated monometlioxy-l,4-benzoquinoncs are also 
known to be sensit ivP. 

+ H5r -- (1 43) 
Me0 MeojJ 0 OMe - ““OQBr M e 0  OMe 

OH 
(53) 

There has becn some conflict in the literature concerning the con- 
figuration of the dichloride produced by addition of chlorine to 1,4-benzo- 
quinonelsoP IS1. Ji1 the most recent study of this particular question, the 
spectral evidence earlier employed to suggest a cis product that isomerizes 
to the trans product was rc-examincd1s2”. I t  was possible to isolate and 
characterize the intermediate and end products of the reactions of 
dichlorides that occur in  alcohol. On the basis of this cvidence i t  has been 
concluded that only the tr-ati.s-dichloride (or dibroniide) is formed in these 
additions, bat elimination to the inonohaloquinone can occur. This is 
then followed by photochemical rcduction to the 
hydroquinone (equation 144). 

observed monohalo- 

OH 

If there were any doubts concerning the detailed mechanism of 
hydrogen chloride addition to quinonoid systems, they were put to rest 
by the recent elegant kinetic study of Adams, Hawley and Feldbergs7. 
Using chronoamperornctry, cyclic voltammetry and chronopotentiornetry 
it was possible to show that thc addition of HCI to 4-niethyl-l,2-benzo- 
quinone (generated electrochemically) is depcndent on both the rate of 
addition and the equilibrium constant for the subsequent cross-oxidation. 

This same orlho quinone was the substrate for a study with HCI or 
HBr in a series of solvents1s3. A combination of thin-layer chromatography 
and u.v.-visible spectroscopy allowed tlic determination of the amounts 
of the two isonicric products (equation 145). An excellent correlation was 
found with the more polar solvents favouring 1,4- over I ,6-addition 
(i.e. 51> 55). 
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+ HX - M e , q O H  + M ; a O H  (145) 

OH OH 
X (551 

(54) 

It has been found quite recently that when HC1 addition is carried out 
in  inethanol this solvent enters into the reaction to a very significant extent 
(equation 146). Moderately sophisticated theoretical calculations (e.g. 
extended Hiickel) gave a good interpretation of the observed results. 6 + HCI + McOH 6'' + 6'' + 6'' (,46) 

0 OMe OMe OH 

85% 10% 5% 

2. Hydrogen cyanide 

Thiele and Meisenheimer made the interesting observation that, unlike 
the apparently similar hydrogen halides, hydrogen cyanide yields only a 
diaddition product with 1,4-benzoqui1ione-tli~t being the 2,3-isomer 
(equation 147)lS'. No monoaddition product could be isolated. A 

2 6 + 2 H C N  ---+ 6:; + 6 
0 OH OH 

(147) 

reasonable explanation of this experimental fact is the presence, in the 
first-step product, of a strong elcctron-withdrawing group which also 
offers an attractive conjugated system for I ,4-addition (equation 148). 
Allen and Wilson pointed out that this reaction is very sensitive to 
temperature and only succeeds in a very narrow range (20-30°C)18". 

In some cases it is possiblc to add sodium cyanide to quinones 
(equation 149)IsG. The best results were obtained with 2-(p-nitroplienyl)- 
I ,4-n a ph t h oq LI i no n c. No cyan oh y d roq LI i 11 ones were o b t a i ned from 
1,4-benzo-, 1,4-naphtho- or 2-methyl-l,4-1iaplithoqui1~01le. 

The reaction of 1,4-benzoquinone with cyanide forms the basis for an 
extremely sensitive quantitative determination of that anionls7. The 
reaction is very ropid at a concentration of' as little as 0.2 pg/nil. The 
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OH 

OH 

0 OH 
Ar = Ph, 4-MeC6H,, 4-MeOC6H,, 4-O2NC,H, 

0 

fluorescence of the 2,3-dicyanohydroquinone, presumed to  be produced, 
is proportional to cyanide concentration over the range 0.2 to 50 pglml. 
A wide variety of other quinone derivatives was tested, but a11 gave 
inferior results. 

3. Hydrazoic acid 

In 191 5 Oliveri-MandalB and Calderaro disproved the earlier report 
that hydrazoic acid reacts with 1,4-benzoquinone to produce only 
nitrogen-free product18sf189. In fact, the addition takes place in a manner 
very similar to HCI addition (equation 150); the nitrogen-free product 
reported previously is quinhydrone. 

+ HNJ-+ 6". (1 50) 

0 O H  

In the naphthoquinone series a similar situation occurred when an early 
report suggested an especially interesting structure for the addition product 
(equation 151)190. Fieser and Hartwell re-examined the reaction and 
showed that the product was actually 2-amino-l ,4-ben~oquinone~~~.  The 



17. The addition and substitution chemistry of quinones 935 

@ i- HN3 ---+ @NH 

0 0 

suggested mechanism was simply lY4-addition followed by a redox 
reaction between the azido group and the quinone. The difference in 
oxidation potential between 174-naphthoquinone and 1,4-benzoquinone 
can explain the observed difference i n  product. Efforts to test this hypothesis 
by isolating the expected intermediate, 2-azido-174-naphLhoquinone, 
failed, but the scope of the reaction was examined. It was found that 
1,2-naphthoquinone gave the 4-amino derivative, but both 2-niethyl-l,4- 
and 4-methyl- 1 ,2-naphthoquinone were unreactive toward HN,. With 
3-bromo-l,2-benzoquinone, only addition at the 4-position is observed 
(equation 152). 

(151) 

Br Br 

Fieser and Hartwell also carried out the addition of sodium azide and 
1,4-benzoquinone in acetic acid191 and agreed with Oliveri-MandalalSS. 
Recent work has shown that the product is actually 2,5-diazido-lY4- 
benzoquinone (equation 153) and that the original work in benzene does 
produce 2-azidohydroquinone (equation 150)192. 

The mechanism of these reactions has also been discussed briefly by 
Dean and c ~ l l a b o r a t o r s ~ ~ ~ .  They favour initial triazole formation followed 
by proton abstraction by azide with loss of nitrogen, which leaves the 
amide anion to take up a proton to form a product (equation 154). It would 
seem that this is a much more attractive explanation of the failure of 
2-niethyl-l,4-naphthoquinone to react. 

The reaction between hydrazoic acid and quinones in sulphuric acid 
solution has been studied and the simple quinones led only to decom- 
position products194. With 2,5-dimethyl- and 2-methyl-5-isopropyl- 1,4- 
benzoquinone, however, it was possible to isolate pure products with 
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analyses consistent with the addition of HNl". The products did not show 
the properties of amiiies and evidence of imide structure was sought. The 
ease of hydrolysis of the compounds is consistent with an imide structure, 
but no compelling evidence was presented. 

In more recent work it has been demonstrated that quinones undergo 
the Schmidt reaction upon treatment with hydrazoic acid and sulphuric 
acid (equation 155)l". This reaction presents a very valuable synthetic 
entry to the 2,5- H-2,5-azcpindioncs and thus the structure of the product 
(56 or 57) is of special importance. The spectroscopic character of N-H 

and C-H protons led Folkers and collaborators to suggest 56 as the 
correct structure; i.e. preferential migration of the least hindercd cnd of 
the quinone. This assignment has been re-examined and the alternate 
structure, 57, found to be in better agreement with the spectra and a 
chemical rearrangement product of known struct~ire'~'. 

4. Sulphur anions 
The reactions of sulphite and related anions with quinones have been of 

practical importance in photography for a long time and fundanicntal 
research on the subject has accompanied this interest198s.199". These first 
experiments verified the general assumption that the quinone formed in 
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the developing process oxidized aqueous sulphur dioxide to sulpliuric 
acid. Dodgson also found strong evidence for a second reaction: i.e. thc 
addition of sulphite to  the quinone (equation 156)'". The hydroquinone 

sulphonic acid 58 was isolated and characterized. The amounts of sulphate 
and sulphonic acid were shown to provide a reasonable material balance 
for the quinone employed. The expected effect of increased hydroxide 
concentration, i.e. increased base leads to increased sulplionic acid 
formation, was substaniiatcd with experimental evidence. It was also 
observed that abovc an cqiiivalent amount of base, sulphate production 
remained constant while less and less sulphonic acid was found. This 
was attributed to the destruction of quinone by base. Similar results were 
obtained with a series of substituted 1,4-benzoquinones. Again the cffect 
of hydroxide ion was found, although it gcticrally required more excess 
base than in  the case of 1,4-benzoqiiinone. Thc mere highly substituted 
quinones were also soniewhat more resistant to attack by base. 
Substitution as well as addition was observed with chlorinated quinones. 

A kinetic study of the inhibition of the autoxidation of several hydro- 
quiriones by sulphite has shown that the oxidation of hydroquinone by 
oxygen is most consistent with the rate data and the product distribution200. 
The hydrogen peroxide formed in the first step appears to be responsible 
for the oxidation of sulphite to sulphate. The rate laws are not first-order, 
but to  a good approximation the assuniption that sulphite acts to remove 
quinone by one or two additions fits the observations. Of special interest 
to organic chemists is the observation that thiols (e.g. cysteine, tliioglycolic 
acid, thiocresol, etc.) act in a manner very similar to sulpliite; the products 
of their reaction with quinones have been discussed (see section II.B.3). 
An elaborate spectrophotornetric study of the reactions of various 
quinones with sulphitc has been published201. Apart from showing that 
the system is exceedingly complex little of interest to thc organic chemist 
is presented. The addition of sulpliite to nascent quinones was nientioned 
in section 11.B.4. 

The addition of sodium thiosulphatc to 1,4-benzoquinones has been 
used as a preparative route to niercaptoliydroquiiiones (equation 157)"O". 
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The first report that 2-methyl-l,4-benzoquinone gave only the 2,5-addition 
product was later corrected; in fact, the 2,6-isomer is the major productzo3. 
A careful kinetic study of this reaction has been conducted201. The yield 
of product in the pH range 1-5 in aqueous solution was quantitative and 
the rate law is: u = k[quinone] [thiosulphate]. The data at various acidities 
show general-acid catalysis and a linear relationship between the rate 
constant and thc redox potential. The fact that the addition is very 
dependent upon the redox potential is reasonable i n  vicw of the reductive 
nature of the addition. The energy and entropy of activation (4-0 kcal/mole 
and -39 e.u. at  pH 3.19) are certainly reasonable when compared with the 
values for additions to other +unsaturated carbonyl compounds. The 
picture obtained is quite consistent with the widely held mechanistic view 
of such additions (equation 158). A marked increase in rate was found with 

1 0- 

0- J OH 
AH 

increasing fraction of ethanol in the aqueous solvent. This observation 
is also consistent with the mechanism presented. As the polarity of the 
solvent decreases the increased opportunity for hydrogen bonding 
enhances the catalytic effect of acetic acid buffer. 

I t  was found that 2-methyl-lY4-naphthoquinone readily dissolves in 
aqueous bisulphite and that such a solution possesses excellent anti- 
haemorrhagic activity200j. The reaction was considered an example of 
normal lY4-addition (equation 159). It was found that the quinone itself 
is very much less active, as are other 2-1nethyl-l,4-naplithoquinones with 
substituents i n  the 3-position. 
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0 OH 

(59) 

The usefulness of the sulphonate led at once to an active effort to 
establish its structure with certaintyzoG. When 2-methyl-l,4-naphtho- 
quinone was added to concentrated aqueous potassium bisulphi te, two 
different salts were obtained. One showed the remarkable activity desired 
and the other showed less than one-tenth as much. Through a series of 
chemical interconversions and an independent synthesis, the inactive salt 
was shown to be the expected product 59. The active isomeric salt is 
converted to 59 by heat. 

The most likely structure for the active salt 60 was proposed on the 
basis of comparison of its U.V. spectrum with model cornpounds2O0'. The 

(60) 

similarity of the spectrum of 60 with that of 2-methyl-l,4-naphthoquinone- 
2,3-oxide is very impressive. The chemical facts concerning the active 
salt are also best understood in terms of this structure. 

Unsubstituted 1,4-naphthoquinone and 1,4-anthraquinone have also 
been studied in  bisulphite solution208-210. In addition to the 2-sulphonate 
salt, two distinct coniplexes were also observed and in some cases isolated. 
On the basis of i.r. spectral data and the characteristics of their reactions 
with various nitrogen-containing carbonyl reagents, these complexes are 
described as 1,2- and 1,4-adducts in  equilibrium. Their stability is 
attributed to their resonance possibilities. 

5. Aryl phosphorus compounds 

Much of the cheinistry of quinones and phosphorus conlpounds has 
involved carbonyl addition (see section lI l ) ,  but examples of nuclear 
addition have also been presented. While ruling out a carbon-to-phosphorus 
bond in the reaction of chloranil with triphenylphosphine, Raniirez and 
Dershowitz offer conviilcing evidence for such a bond in the case of 
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lY4-benzoquinone (equation 1 60)?11. The U.V.  spectra of these phosphoniuni 
salts, as well as a substantial number of chemical transformation, are all 
best understood in terms of these structures. b 1- Ph,P + Q-... ---+ HC, &p+ph3 Cl-  (160) 

0 OH OH 

The intermediate case of 2,5-dichloro- I ,6benzoquinone is of special 
interest. Two points came to light immediately: (i) pure adduct formed 
quantitatively only when a 3 : 2 ratio of phosphine to quinone was 
employed, and (ii) the adduct had a chloride ion associated with it. Like 
chloranil, reaction with this quinone resulted in the oxidation of two 
moles of triphenylphosphine and the formation of oxygen-to-phosphorus 
bonds. Like 1,4-benzoquinone, ring attachment also occurred. In this 
instance it also results in the displacement of a chloride ion (equation 161). 

4 

(1 61 1 
CI 

0 

This new quinone (one of the observed products) with its positively 
charged group should have a high oxidation potential and t h u s  accomplish 
the next required step (equation 162). Finally, the reduction of the second 

P+Ph,CI- J+ + 2 Ph3Pf (162) 

CI J5J P”Ph,CI - 
+ 2 Ph,P __f 

CI 
0- 0 

(61 1 

mole of quinone and the formation of the other observed product (cquation 
163) occurs. The two products (61 and 62) behave as a single material 
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OP + P I1 3 

&I .f 2PI1,P' - CI JQr (1 63)  

CI 
0 OP' Ph, 

(62) 

until they are Iiydrolysed in aqueous methanol. Again, the chemical and 
spectral evidence for these structures is inipressivc. On the basis of a 
detailed study of the i.r. spectra of thc adducts of different quinones with 
several tertiary phosphines, the conclusion that there must be substitution 
on the quinone ring and quaternarization of the phosphorus atom was 
reached"'". 

A report of a very similar addition of a secondary phosphine oxide to 
1,4-benzoquinone has appeared (equation I 64)?13. The yield of adduct is 
high and the authors see no reason to suspect other than a simple addition. 

F. Oxygen Addition 

1. Alkoxyquinones and related compounds 

The importance of quinorioid materials in aqucous and sometimes 
basic solutions (for example, physiological and photographic) has created 
an interest in their reactions with oxygen nucleophiles. It was recognized 
very early that the direct treatment of quinones, having little substitution, 
with strong bases led to extensive decomposition. Thus, it was of some 
significance when an indirect preparation of such compounds was found 
(equations 165 and 166)214. The first reaction for the preparation of alkoxy 
derivatives is also of valuc. In  a n  attempt to apply this method to 2-methyl- 
1,4-benzoquinone a modest yield of the 5-niethoxy derivative and none of 
the desired 3,6-dimethoxy product was obtained (equation 1 67)215. 

0 
R = Me, Et, Pr , 
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.&.-.' 1- K' '0H-  _cj 

K f - 0  
0 

EtO 
0 

kl 
HO &OH (1fj6) 

0 

The direct reactions of quinones with water are of great interest and 
generally very dificult to study. The products from the aqueous decom- 
position of 1,4-benzoquinone and 1,2-naphthoquinone have been shown 
to be the corresponding hydroxy quinone and hydroquinone (equation 
168)21G3 'I7. A similar mechanism has been proposed for thc decomposition 

() I I + H 2 O  - Q..- - I  @H+ I 6 (1 68) 

0 O H  0 OH 

(Q) 

of 1,2-ben~oquinone~1~ and a polarographic study of this quinone has 
shown that two molecules of 1 ,Zbenzoquinone do produce one of catechol 
and one of some new substance219. However, the second product is not the 
required hydroxylated quinone; furthermore it is polarographically 
inactive and other means of characterizing it had to be found. A kinetic 
study of the decomposition showed that it is autocatalytic. The meclianism 
of decomposition of 4-methyl-1 ,2-benzoquinone appears to be the same, 
but it is considerably slower. 

The most convincing evidence concerning the course of the alkaline 
decomposition of 1,4-benzoquinone was the isolation of 2-hydroxy- 1,4- 
benzoquinone220. However, the mcchanism was still better understood 
when Eigen and Matthies published their kinetic studies221. Their analysis 
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of the rcactions takes into account the intermediate semiquinone. It is 
the characteristic spectrum of that species that allowed the flow deter- 
mination of kinetic and equilibrium data. On the basis of these data the 
following reaction scheme was defended. First, the addition reaction 
(equation 169). 

(9) 
Second, the oxidation equilibria (equation 170). 

Q0- 0.- (Q) ~ @-a 0-  0'- 0 

7 - 
( Q 7  (Q') 

0- 0- 0 
(Q') 

Third, the disproportionation (equation 171). 

(171) 

0- 0- 0 

Two other studics of the seniiquinone equilibrium and the mechanism 
of hydroxide attack have appeared. The first of these reports an extensive 
study of the factors that affect the equilibrium between quinone-hydro- 
quinone and semiquinone (e.g. equations 172 and 173)'". The eflect of 
various nuclear substituents, the effect of pH and the effect of reversible 
I ,2-carbonyl addition are all discussed. 0 

0 

1- Q 
0- 
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In the second paper, two of the current pictures of the hydroxide 
decomposition of I ,4-benzoquinone are examined223. One of these 
mechanisms is that of Eigen and Matthies already discussed221; the other 
is a more rccent suggestion223a (equations 174 and 175). A careful selcction 

0 0' 

was madc of experimental conditions for the detection of hydrogen 
peroxide. Thc complete failure to find any in such systcnis is taken as 
evidence against this later scheme. The failure of tetrasubstituted quinoncs 
to produce sciniquinone anions as required by the above proposal is also 
presented as an argument i n  favour of Eigen's proposal. 

Interest in  the reactions of quinones with hydroxide and alkoxide ions 
continues. A variety of 1,4-benzoquinoncs, with hydroxide and alkoxide 
ions, have bcen shown to bc first-order in  base and quinone"". The ratcs 
were rneasured both by following the loss of base (potentiometricaliy) 
and the increasc of radical (e.s.r.): good agrcenient was found. When a 
similar study was conducted in the presence of various proteins, a 
catalytic effect was found?'j. A higher mobility of hydroxide ion at the 
watcr-protein interface was susgcsted as the explanation. 

A recent study of the kinctics of alkoxide rcactions with 1,4-benzo- 
quinone, and sevcral alkyl and halo derivatives, centred on the foriiiation 
of the scrniquinone22ti. It was not possible either to detect the expected 
rnonoalkoxy seniiquinonc intcrmcdiatcs or to dccide whcther the first 
sciniquinone is an intermediatc or the product of a concurrent reaction 
(equations 176 and 177). Stopped-flow spectrophotonietry was uscd to 
follow the semiquinone formation. In the short reaction times studied, 
a 1 k y 1 1,4- bcnzoq u i nones sh owed on 1 y sen1 iq ui n one forina t i on, b 11 t 
hydrogen or halogen substitution produced dialkoxy semiquinone. 

A recent report of the usc of nascent 1,2-bcnzoquinone is iiitcresting 
for thc product structure and subsequent conversion to substitutcd 
1,4-benzoquinones (equations 178 and 179)z2i. Similar chemistry is 
obserscd with 4-met hylcatechol. 

As a part of a study of thc blcaching of iniine dyes, Reeves and Tong 
found it necessary to study the decomposition of 2-acetyl- 1 ,4-naphtho- 
quinonc i n  basic aqucous solutionz2s. This quinone is onc product of thc 
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0- 

(R*)R' 

0 
R = Me, Et 
R' = H, Me, Pr, 
R2 = H, CI, Er 

R'x$ 
@ 0. 

Ro'Q 0. 

not detected 

0- 

HO 

o y  0 

0. 

ROH/RO- 
RO 

R = M e ,  Et M e k y  Me0 
0 a l M e  (1 79) 

hydrolysis of the dyes studied (equation 180). The product of its reaction 
with water can cause a serious side-reaction with the original dye (equation 
151). The most significant observation for our present concern was that 
63 alone in pN 9-2 buffer does not decompose in the simple fashion 
suggested as the first step of equation (1 8 I ) .  Coinpoutids 63 and 64 would 
be expected to establish the cross-oxidation equilibrium shown in equation 
( 1  82). Compound 63 has completely disappeared within 30 seconds. 
However, the yields of conipounds 65 and 66 are 42% and 25% respectively 
rather than the espccted equal amounts and they appear over a period of 
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""0 
WAC + H,O + WAC OH 

0 OH 
(63) 

0 
3- leuco dye 

about 10 minutes. Spectral evidence indicates that at Ieast two inter- 
mediates must intervene between reactants (63 and 64) and products (65 
and 66). The following intermediates are suggested. The conversion of the 
latter intermediate (67) could well be the slow product-forming step. 

HO OH OH 
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The addition of alcohols to 2-acetyl-l,4-benzoquinone has been studied 
and the expected 2J-orientation observed (equation 1 83)220. Excellent 

R = Me, Et, i-F'r, Bu, allyl, C,H,,, CH,Ph 

yields were obtained for a broad range of alcohols when equimolar 
reactants were used in dry benzene. Poor yields of the initial hydroquinone 
adduct were obtained when the alcohol was used as solvent. No reaction 
was found with t-butyl alcohol. 

2. Epoxyquinones and their chemistry 

It has been known for a long time that the double bonds of quinonoid 
nuclei can be epoxidized. The method most widely used was worked out 
by Fieser and his students (equation 184)230. This preparative method has 

been applied to a great many quinones including 5,8-quinolinequinone 
and its 6-alkyl derivatives and excellent yields are obtainedllD. A promising 
alternate route to quinone epoxides is sodium hypochlorite in aqueous 
dioxant31. The yields of product appear quite satisfactory and the reagent 
is faster, safer and cheaper than 30% peroxide. 

The synthesis of 174-benzoquinone epoxides is a good deal more dificult. 
An indirect method devised by Alder and collaborators involves the 
formation of the rnono- adduct with cyclopentadiene and thermal reversal 
of that reaction after epoxidation (equation 185)233?. The generality of this 
method suffers from the orientation of the Diels-Alder adducts and the 
thermal instability of some quinone epoxides. In a n  effort to find a milder 
epoxidation reagent Rashid and Read found sodium perborate to be 
excellent'33. They were particularly interested in the synthesis of terreic 
acid (68 in equation 186). A number of other sensitive quinone epoxides 
were prepared in  low yield; e.g. 1,4-benzoquinone and juglone. 
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(j+Q-(-yp%o 
f 0 0 

b0 (185) 

0 "6 + NaB0,-H202 ---+ HOj$o Me 

Me 
0 0 

(68) 

(1 86) 

The quinone epoxides have proved to be useful intermediates for the 
synthesis of 2,3-disubstituted quinones in which one of the substituents is 
a hydroxy or alkoxy group. For example, a series of 2-anilino-3-hydroxy- 
1 ,4-naphthoquinones have been prepared by this route (equation 187)23'1. 
The yields are only fair and in the nitro cases poor (3-N02 = 4-NO2 = 5%, 
2-NO2 = 0). 

OH 
@ + ArNH2 + 

0 0 
Ar = 2-CIC6Hd, 4-CIC6H4, 2,4-CI,C6H,, 2-MeOC6H,, 4-MeOC6H,, 

4-HOZCC6H4, 4-H,NO,SC,H,, 3-0,NC6H4, 4-02NC6H4 

As part of a synthetic search for bacterial growth inhibitors various 
substituted I ,4-naphthoquitione epoxides were treated with aniline, 
n-butanethiol and hydrogen halides (equation 1 SS)235. When either R or 
R' is hydrcgen, the yield of quinone product is satisfactory, but when both 
groups are alkyl the second step does not occur. 
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The cheniistry of epoxides of quinone Diels-Alder adducts has been 

studied by Gates and colleagues. Through an n.rn.r. study of the cyclo- 
pentadiene adducts of various I ,4-benzoquinones and their epoxides the 
cis-eido configuration of the Diels-Alder product was ~onf i r rnedz~~.  
Similar results were found with 1,3-cyclohexadiene adducts. The con- 
figuration of the epoxide was shown to be exo. The ring-opening reaction 
with 1 -phenyl-5-merca~totetrazole (HPMT) was carried out (equation 
189). The configuration of the 2-thioether enediones corresponds to  the 

@o i- ":<H -mpMT (189) 

0 (HPMT) 0 
n = 1 , 2  

Diels-Alder adduct. Finally, i t  was found that peracetic acid is a useful 
reagent for preparing diepoxides (equation 190). 

A kinctic study of the reaction of the epoxides described above with 
HPMT has been carried out in basic buffered ethanol soIution237. The 
following reaction mechanism is consistent with the observations 
(equations 191-194). The effect of substitution on the rate of ring opening 
is similar to that found in halide displacement and large negative entropies 
of activation wcre found (-28 to -32 e.u.). Both of these effects 
could arise from participation of the carbonyl groups in the reaction, but 
comparison of the ratc of ring opening of cyclohexene oxide by HPMT 
and data for other similar nucleophilic reactions argue against such 
participation. 

A rather interesting ring-contraction reaction occurs when cyclo- 
pentadiene quinone adduct cpoxides bearing aryl substituents are treated 
with acids (equation 195)?3*. Analogous reactions occur with strong 
proton acids and with the double bond reduced and with i,3-cyclo- 
hexadiene adducts. The structures of the products were con\lincingIy 
demonstrated with spectral and chemical evidence and the yields wcre 
fair  to excellent with the choice of acid apparently vcry itnportant. 
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HPMTfB: T PMT- +BH + 

(70) 

(70) + B: + $pMT + B: 

OH 

(194) 

Ar = Ph, 4-MeC,H4, 4-MeOC,H4 

111. T H E  C A R B O N Y L  C H E M I S T R Y  O F  QUtNONES 

A. Introduction 

As might be expected, the carbonyl group plays a significant role in 
quinone chemistry. However, some aspects of this chemistry are rather 
closely related to another quinone addition reaction and have been treated 
in that section; for example 

Thiele acetylation, section 1T.D. 
Radical addition, section 1V.B. 
Hydroboration alkylation, section IV.C.4. 
1,2-Quinone cycloaddition, section V.A.4. 
Diazo cycloaddition, section V.B. 
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Enamine addition, section V.C. 1. 
Active methylene compounds, section VII. 
Substitution chemistry, section V1II.D. 

The present section is designed to discuss those features of quinone 
chemistry that relate chiefly to the carbon-oxygen double bonds. 

The earliest studies that deal exclusively with the chemistry of the 
quinonoid carbonyl group are those of Kehrmann and collaborators who 
examined the formation of oximes (equation 196)230-2422. Either the mono- 
or the dioxime can be obtained with monosubstituted or 2,5-disubstituted 

1,4-benzoquinones. The monooximes of the less hindered carbonyl group 
are obtained in the monosubstituted case and are the only product with 
2,6-disubstituted and trisubstituted 1 ,Qbenzoquinones. A review of the 
earlier literature is Tetrasubstituted 1,4-benzoquinones did 
not form oximes under these conditions. The large number of nitrogen- 
containing carbonyl reagents provide additional  example^^.'^-^^^ and a 
very early kinetic study is available2**. 

The work of Borsche2451N6 was developed by Smith and Irwin as an 
important tool in demonstrating the structure of substituted quinones2.i9. 
They realized that the addition of an arylhydrazine to a quinone and the 
addition of an aryldiazonium salt to a phenol may lead to isomeric 
products if the other substituents are the same (equations 197 and 198)". bR2 + ArNHNH, + R' @:: (1 97) 

N=NAr 

R' R3 
0 OH 

OH 

I 

N=NAr 

* This argument assumes that the quinone monohydrazone exists in the 
azo form (equation 199). Some recent studies of this equilibrium and the 
factors that influence i t  have 251. 
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FNHAr y=NAr 

The scheme worked very well with p-nitrophenylhydrazine and p-nitro- 
aniline. In most cases the yields were excellent and the conversions t o  
isomeric p-aminophenols and thcn to identical 1,4-benzoquinones were 
smooth. Formation of the monohydrazone derivatives with 2,4-dinitro- 
phenylhydrazine was satisfactory, but the subsequent cleavage was not. 
I t  was found that duroquinone reacted very satisfactorily, unlike the 
earlier reports of attempted oximation. 

In the process of exanlining the question of azo-hydrazone tautomerism, 
a more detailed picture of the steric requirements for quinone carbonyl 
addition reactions was obtained”j2. A series of nine arylhydrazines, with 
a variety cf  halo and nitro substituents, reacted smoothly with 1,4-benzo- 
quinone, 2-methyl- 174-benzoquinone and 2-methyl-5-isopropyl-1,4-benzo- 
quinone. Chloranil, anthraquinone and /3-methylanthraquinone reacted 
only with those hydrazines substituted in neither or  one ortho position. 
When one ortho position is substituted, the hydrazones show chemical 
and physical properties quite unlike those resulting from the less substituted 
quinones. Typical of this difference is the interesting reaction between 
phenylhydrazine and p-arylazophenol (equation 200). The highly hindered 
quinones and hydrazines failed to undergo this reaction, which incidentally 
clearly demonstrates the tautomerism of the starting material. 

NNHPh 6 6 3. PhNHNH,-> I 
N=NAr NNHAr 0 NNHAr 

The rate of oxime formation has been studied in some detail with respect 
to  both steric and electronic effectsgs3. The sieric influence of the rest of 
the quinone molecule has been used as a diagnostic tool in structure 
determination (see section V.A.1). A more recent study has involved the 
calculation of Hiickel molecular orbital parameters for various substituted 
quinone monooximes and a discussion of the rates of dioxime formation 
by these c ~ n i p o u n d s ~ ~ ~ .  

The reactions of 1,2-quinones with polyaryl hydrazones and diazo 
compounds (equation 201) have been studied quite extensivelyg55~2~~. 
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X = CI, Br 

X 
X = CI, Br 

+ H 2 N N 9  N2= or 

The corresponding hydroquinone is also a product of the reaction when a 
hydrazone starting material is used. This fact, along with other evidence, 
suggests that the diazo compound is an intermediate, ifit is not a reactant257. 
Early experiments with tetrahalo-I ,2-benzoquinones and benzophenone 
hydrazone produced benzophenone azine and the corresponding hydro- 
quinone (equation 202); the intermediate 71 was suggested258. Similar 

P h,C=N-N=CP h, 

chemistry was observed between 1,6benzoquinone and fluorenone 
hydrazone in ethanol; however, in benzene the quinone iniine 72 is formed 
(equation 203)2588. 

0 

A reactant ratio of 1 : 2 produces the quinone bisimine 

(203) 

and other hydrazones (e.g. xanthone and benzophenone) show somewhat 
similar, but not identical, chemistry. The monoimine has been shown to 
be an intermediate of some promise in the synthesis of certain alkenes 
(equation 204)*559. Finally, using ether as the solvent, the original reaction 
(equation 201) has been extended to  a series of substituted benzo- 
phenonesZG0 and other modifications exploredZG1-*G.l. 
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An interesting silicone-containing compound has been prepared 
(equation 205)265. The product is very reactive (light, air and moisture), 
but can be purificd by sublimation. 

Two groups announced almost simultaneously the reductive silylation 
of quinones with bis(trimethylsi!yl) mercury (equation 206)26G*267. The 

OSiMe, 

I I + Me,SiHgSiMe, -> 8 0 OSiMe3 

(206) 8 
reaction takes place with 1,2- and 1,6naphthoquinone as well as simple 
ketones such as acetone and cyclohexanone. The yields for the quinones 
are quite satisfactory. Some evicimce is presented for a radical intermediate, 
but the possibility of a molecular reaction leading directly to product is 
also presentedzG7. 

B. Addition of Tertiary Phosphines and Related Compounds 

A very active area of quinone carbonyl chemistry has involved their 
interaction with tertiary phosphines. In the first paper of an extensive and 
detailed study Ramirez and Dershowitzzl’ reviewed and criticized the 
earlier work in the field. Much of the chemistry studied deals with redox 
questions and will not be treated in this chapter, but both carbonyl and 
nuclear addition and substitution reactions of interest also emerged (see 
section ZT.E.5). For example, it was shown that, in the presence of water, 
the trialkyl phosphites can serve as efficient reducing agents for quinones 
(equation 207)2G6. However, when the reaction is carried out in anhydrous 
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?H 

benzene, the proposed intermediate 73 can undergo the rearrangement 
reaction shown in equation (208). The product, 74, can be hydrolysed to 
the hydroquinone mono-ether. Dialkyl phosphites undergo very similar 
reactions with chloranil, which are accelerated by light (360-370 nm)2G9. 

0 

R’ = H, CI, Me 
R2 = H, CI 
R: = Me, Et 

(73) 

A more detailed report of this useful 0-alkylation procedure revealed 
evidence of a stepwise intermolecular mechanism and the intermediate 
73270. This intermediate is analogous to that strongly suggested by the 
evidence from experiments in the triphenylphosphine case (see section 
II.E.5). I t  also allows a sensible explanation of the reduction cited above 
and the formation of very small amounts of diether. 

The reactions of trialkyl phosphites with 1,4-benzoquinones bearing 
few substituents also lead to the hydroquinone mono-ethers under 
anhydrous  condition^"^. I n  the presence of water reduction again takes 
place. Duroquinone, the least potent oxidizing agent of the quinones 
examined, is not reduced. 

These studies of the structure of adducts formed by quinones and 
trialkyl phosphitcs have been questioned and a somewhat deeper under- 
standing of the reaction ~bta ined”~.  The product obtained by Kukhtin 
and colleagues from the reaction of trietliylphosphite and 1,4-benzo- 
quinone did not have the same properties as that reported by Rainirez and 
Dershowitz. The product was also different from that obtained in an 
independent synthesis (equation 209). On the basis of this evidence, the 
structure 75 was proposed for the reaction product (equation 210). 
Identical products are obtained when the crude product is washed with 
base before vacuum distillation. Some additional interesting facts came 
out of this study: (i) the product obtained in the absence of base is a 

32 
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0 
m 

6 + (EtO)aP+ +f(OEt,, 

0 OEt 
(75) 

complex (76) that distils without decomposition over a one degree range, 
(ii) a similar reaction takes place with I ,4naphthoquinones, and (iii) 
only the reaction with chloranil gave e.s.r. evidence of radicals. 

OH---0 Q 
OH -0 

(76) 
Nishizawa has studied the related reaction of 0,O-dimethyl phosphonate 

With chloranil, with 1,4-benzoquinone and cliloranil (equation 21 

0 
?. 

OP (OMeI2 
0 

> 
?' 

X 
'6' i - (Me0)2PH - 
X. X 

X = H, CI 
0 OH 

(21 I) 

his product is identical to that obtained by Ramirez and Dersh~witz~~O; 
however, he prefers a ring substituted intermediate (77) that rearranges 
rather than tautomerizes. 

In a related area Ramirez and his students have studied the reactions 
of trialkyl and triaryl phosphites with a-diketones including 1,2- 
q ~ i n o n e s ~ ~ ~ .  Crystalline 1 : 1 adducts were obtained with 9,lO-phen- 
anthrenequinone (equation 2 12) and biacetyl. The assignment of the 
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0 0- 

957 

(M eO1 :I)$ -I- 

0 --- H 
(77) 

unusual structure containing a pentacovalent phosphorus was made on 
the basis of spectral and dipole moment studies. The structures of these 
and related compounds have been discussed in detail and supported in a 
later p~bl ica t ion '~~ and by other 

The chemistry of these adducts, especially their reactions with other 
quinones, is interesting. When two moles of acenaphthenequinone react 
with trimethyl phosphite a 2:1 adduct is formed. The adduct is cleaved in 
hot methanol to give the enol lactone shown in equation (213)277. Similar 
reactions occur with biacetyl and a coinbination of these two a-dicarbonyl 

O w 0  

The reversible addition of simple inorganic ions to quinone carbonyl 
groups has played a significant role in our understanding of certain 
quinone reaction mechanisms (see section VII1.D). Recently the 
irreversible nucleophilic addition of carbon to a quinone carbonyl group 
has been reported2i9. The addition takes place between 1,4-benzoquinone 
atid a pentaoxyphosphorane of the type we have been discussing (equation 
214). The product 78, like most of the pentacovalcnt phosphorous com- 
pounds, is sensitive to water, but can be recrystallized and undergoes an 
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n 

6 M e 0  /- I \ OMe Ac-f 
OMe 

u+ 0 6 
'P' 

I 

interesting decomposition (equation 21 5). These studies have been 
expanded since thc preliminary communication and the mechanism of the 

0 

rearrangement explored2s0. Bascd on the facts obtained from the 
methanolysis of intermediate 78, an enol-acetate intermediate (79) is 
proposed (cquation 2 16). Hydrogen bonding by the methanol is clearly 
indicated because the reaction is much slower in ethanol and does not take 

place in t-butyl alcohol. The loss of the stable trimethyl pliosphatc 
provides an efficient driving force for the reaction. This reaction also was 
observed with 1,4-naphthoquinoi1e. 

When phosphites are given a choice between carbonyl and azido 
groups as reactive sites in 2,3-diazido-l,4-naphthoquinone the latter is 
favoured"l. In only one instance was a useful product obtained; the usual 
result being a very low yield and intractablc oil mixtures (equation 217). 
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> a N = P ( o M e ) 3  (21 7) 

N3 
&N3 4- (Me0I3P - 

N3 
0 0 

(80) 

Compound 80 can be hydrolysed with acid to give 81 which also reacted 
with trimethyl phosphate to give a fair yield of a known heterocycle 
(82 in equation 218). This reaction, and a similar onc involving triphenyl- 
phosphine, is curious because it appears to involve the loss of a single 
nitrogen atom from an azide group. 

C. Brief Notes 

(1) In hot acetic acid pseudothiohydantoin will condense with 
acenaphthenequinone and various halogen derivatives in excellent yield 
(equation 219)ss2. As was pointed out above, acenaplithenequinone is in 
fact an a-diketone. 

.... 
X and/or Y = H, F, CI, Br, I 

(2) A good deal of interest exists concerning the quinodimethanes or 
p-xylylenes. One recent method that combines their synthesis and evidence 
for their existence involves the use of high-potential quinones (equation 
220)283. The spectra, elemental analysis and ozonolysis products all 
confirm the product structure, 83. 

(3) The Wittig reaction of plides has been applied to quinones (equation 

Under slightly different conditions the product undergoes what appears 
to be a subsequent Michael addition with a second mole of ylide followed 
by cyclization (equation 222). 

22 1)?34,286- 
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H Me CI 

H' M e  A 8 4 Ph,P=CHPh ---+ BcHph 0 

0 0 

gcHph 1- Ph,P=CHPh ---> P'Ph, - f 

0 83; (222) 

0 
The application of the Wittig reaction to quillones has been expanded 

considerably by Bestmann and Lang who studied the addition of a methyl 
acetate residue to 1,4-benzoq~inone*~~. As indicated in equation (223), 
quite similar chemistry was found in the initial phases of the reaction 
sequence. Further treatment of 84 produced p-hydroxyphenyl dicarboxylic 
acid derivatives (equations 224 and 225). In this same study it was shown 
that the Wittig reaction of 1,2-benzoquinones can lead to cyclic diethers 
analogous to those described earlier in this section (equation 226). A final 
note concerning the Wittig reaction with 1 ,Zquinones involves an 
interesting diene ylide and leads directly to cyclized product (equation 
227)287. 
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CHC0,Me 

'QX Ph,P=CHCO,Mc> 

Y 
x$x -I- Ph,P=CHCO,Me---t 
Y 

X = H, CI, Ph 
Y = H, CI 

0 0 

Ph,P = CCO, Me 
I 

CHC0,Me 

Y xQc 

CH,CO,H 
I 

xE Y 

HCC0,Me 
II 
$CO,Me 

Ac,O > 
(224) 

Y x@: 

Me0,CCH 
I1 
CC0,Me 

+ Y 
OH OH 

OAc 

(225) 

61 CI 
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&+ Me,C=CHCH=PPh, + 

-i- 

(4) Benzonitrile oxide will add to I ,2-quinones to produce rather 
complex heterocycles of the type shown in equation (22S)2y8. The product 
shown is the only one found with Iy2-benzoquinone, but with ly2-naphtho- 
and 9,IO-phenanthrenequinone it was possible to isolate intermediates in 
which only the carbonyl groups had been attacked. These results are 
contrary to an earlier report by Awad and collaborators2s9. 

Ph 

I 

1- SPhCNO 4 

P h Ph 

(5) The yield in  the addition of acetylene to thc carbonyl groups of 
1,4-benzoquinone has been improvcd ( > 70:L) through the use of lithium 
arnide (equation 229)29n. 

4. 
0 

A 
HO C r C H  

(6) The synthesis of perfluorocyciohe~adieiies can bc accomplished by 
the treatment of fluoranil with cl mixture of hydrofluoric acid and sulphur 
tetrafluoride (equation 230)291. 
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74% 6% 

(7) A surprising reaction, formally related to the synthesis of cyclic 
diethers from diazo conipounds, is the reaction of tetrachloro-l,2-benzo- 
quinone with 6-methoxy-1-tetralone (equation 231)292. In a later and 

M eO 
‘=I 

more 

(231 1 

detailed study it was shown that the reaction is fairly general for tetralones 
and naphthols and that the most likely reaction pathway involves the 
dehydrogenation of the tetralone to a 

(8) An interesting exception to the normal mode of aniline addition to 
quinones 
hindered 

(see section KC) leads to 
azomethine dyes (equation 

a very useful preparation of highly 
232)?”.‘. In the case of p-phenylene- 

c! f-BuoBu-f BF,-El,O 

N 
‘Ar 

diamine either the mono- or the bis-dye can be prepared. Electron- 
donating substituents facilitate the reaction and only the highly hindered 
quinones can be used. 

IV. T H E  ADDITION O F  RADICALS TO QUINONElF 

A. Polymerization Chemistry 

A sizeable literature concerning the cheniistry of radicals and quinones 
has centred on quinones as inhibitors i n  radical polymerizations. Most of 
these studies have been concerned with the kinetics and the nature of 
the polymeric product, but some insight on quinone chemistry has been 
obtaincd. With styrene, the fate of the quinone was first thought to 
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involve either reduction or incorporation in the polystyrene being 
formed295. These ideas were discredited by the yellow colour of the product, 
the fact that the product(s) are formed at a time when essentially no 
polymer is formed and finally, its retention in solution a t  the later 
polymerization stage. I t  was then suggested that the quinone must be 
consumed by reaction with some simple, non-polymeric material2". 
Admittedly, it was not possible to obtain a pure sample of any reaction 
product . 

The relationship between inhibition and copolymerization has been 
discussed and the suggestion made that slight changes in resonance 
stabilization of the intermediate radicals control the type of reaction 
observed'". The comparison made was of the difference between maleic 
anhydride (a superb copolymer participant) and 1,4-benzoquinone (a 
strong inhibitor) and these observations i n  spite of the compounds' 
obvious formal similarity in structure. This line of argument is in accord 
with radical addition to the quinone as an important step in inhibition. 

Somewhat similar conclusions were reached by Price from a study of 
polystyrene formation in the presence of clilorani129B. The isolated polymer 
contained one chIorani1 residue per polymer moIecuIe and essentially 
none when the chloranil was added after polymerizatioc. but before 
isolation. However, in this case there was no evidence of inhibition and it 
was concluded that chloranil acted as a chain-transfer agent. 

On the basis of kinetic data for the inhibition and retardation of the 
rate of peroxide-initiated polymerization of styrene, Cohen also suggested 
a combination of carbon and oxygen alkylated products (cquations 233 
and 234)'"". The alkylhydroquinone is, of course, free to be re-oxidized 
and to serve as an inhibitor again. 

OR OR 

6 
0 

+ R' 
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In a study designed, in part, to examine the chemical fate of the quinone 
inhibitor, the monomer ally1 acetate was chosen300. The short chain length 
in this polymerization should result in a large number of quinone fragments 
being attached to the polymer. In a careful examination of the reaction 
mixture, no quinone could be recovered or found in solution. Cleavage 
of the polyiner with hydriodic acid or cleavage of various polymer fractions 
gave hydroquinone product. These observations showed that all of the 
quinone is bound in the polymer. Examination of the U.V. and visible 
spectra showed that a combination of carbon and oxygen alkylation is 
most probable. 

The first report of the isolation of a quinone inhibitor product occurred 
in the thermal polymerization of styrenezo1. This product corresponded 
approxiniately to two molecules of styrene and one of 1,6benzoquinone. 
These observations were interpreted in the Diels-Alder fashion shown in 
equation (235). 

It has been shown that chloranil will copolymerize with styrene in the 
presence of benzoyl peroxide302. The polymeric product contains three 
nioles of styrene to two moles of chloranil. Degradative experiments 
with hydrobromic acid yielded strong evidence that the quinone is bound 
to the polymer by hydroquinone ether linkages (equation 236). Thus, at  
least in this particular case, oxygen attack is observed. Of course, this is 
not an example of inhibition. 

The polymerization of methyl methacrylate can be conveniently 
initiated with a+'-azoisobutyronitrile through the thermally generated 
2-cyano-2-propyl radicals (equation 237)303. The importance of inhibitor- 
initiator termination and especially of carbon-oxygen bond formation 

CI + - / ~ ~ C H 2 0 & O / -  (236) 

CI CI " 0 

CN CN CN 

Me,C-N=N-CMe, ---+ 2 Me,C'+N, 
I I I hcrct 

(237) 
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with quinones was established by the formation of the hydroquinone 
di(cyanoalky1)ether (85). 

A, somewhat different view of the stage at  which inhibition takes place 
is based on evidence supplied by Kharasch and colleagues301. When 
t-butyl hydroperoxide and ferrous salts initiate the polymerization of 
lY3-butadiene at  low temperature, it is possible to inhibit completely the 
reaction with quinones (equations 235-241). The use of either 1,4-benzo- 
quinone or hydroquinone alone led to a sluggish reaction and the need 
for large amounts of ferrous ion. Quinhydrone produced a very rapid 
reaction. 

f-BuOOH+Fe*+ ------+ FeOH2++f-BuO' (238) 

t- BuO CHGCH CH =CH, 

-> f-BUOCH,CH=CHCH; (239) 
(86) 

f -6  u 0' + C H,=CHC H =CH2 - 
2 (86) t-BtIOC,H,C,H,OBtI-t 

normal product 

f-BuOC,H, 

C,H,OBu-t 
2 ( W  + 8 + 6 

0 0 
'short-stopped' product 

The following scheme was proposed to account for these observations 
(equations 242-244). 

It was found that 2-methyl-l,4-beiizoquinone reacts in a similar fashion, 
but its semiquinone combines with only one t-butoxybutylene radical. 
Finally, chloranil was shown to terininate through reaction of the oxygen 
of the semiquinone (equation 245). 

These results are consistent with the earlier work of Breitenbach and 
Renner302 showing the formation of a copolyiiier of styrene and chloranil. 
More recently Kice has arrived at thc samc conclusion in the polymerization 
of methyl rne tha~ry la t e~~~ .  He found evidence for very little copolymeriza- 
tion when ly4-benzoquitione is the inhibitor. 
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OH eH 

0 OH 

OH OH 

The studies cited thus far appear to be correct, but give a misleading 
inipression of the fate of IY4-benzoquinone in polymerization reactions. 
The polymerization kinetics for both styrene and methyl acrylate appear 
to be best understood in terms of 1,6benzoquinone, as well as chloranil, 
being incorporated in the small amount of polymer formed during the 
induction period or inhibition phase306* 307. The evidence once again 
points to reaction at oxygen. 

B. Mechanism of Reaction with Simple Radicals 

Interest in the effect of quinories on polymerization has stimulated 
study of the rcactions of smaller, less complicated radicals. The widely 
used initiator a,&'-azoisobutyronitrile and its carbometlioxy analogue 
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have been generated in the presence of several quinones (equations 246 
and 247)308. The aliphatic disproportionation products (methyl methyl- 
acrylate or niethylacrylonitrilej were not isolated, but can be accounted 

R 
I 

OCMe, 

0 
R "0' + Me&' I --+ 

x X 
0 

(see equation 237) 

R = CN, C0,Me X = H, CI 

R 
I 

OCMe, 

x@x X X 

0. 
(87) 

R 
I 

(247) 

OCMe, 
I 
R 

for by the high molecular weight material formed. The yields of the 
hydroquinone ethers \.:ere satisfactory considering the coniplexity of the 
system. Under similar conditions 2-niethyl-l,4-naphtlioquinone does not 
react. 

A product isolated from the benzoyl peroxide oxidation of benzaldchyde, 
with a quinonoid retarder, is also consistent with the oxygen attack 
hypothesis (equation 248)309. 

PhCHO + 

The study of quinones and 2-cyano-2-propyl radicals has been extended 
to a series of substituted q ~ i i n o n e s ~ ~ ~ .  The data in Table 8 are given in 
crude yields because of difficulties in  separation and purification. There 
is some correlation between the redox potential of the quinone and the 
extent of its reaction with the radical. Stcric effects obviously play a role 
in some cases (e.g. 2,5-di-f-butyl-l,4-bcnzoquinone). The unreliability of 
the yield data reduces the strength of the argument, but there does sceni 
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TABLE 8. Product yield and redox potentials for the reaction of 2-cyano-2- 
propyl radicals and 1,4-benzq~inones~'~ 

~ ~~~ ~~~~ ~- 

Phenolb 
Quinone critical 

Yield (%) redox oxidation 
Quinorie 

substituent(s) Monoether Diether Dimera Potential (V) Potential (V) 

17 67 44.1 0.703 - 
2,5-(AcO), 23 32 18.0 - - CI, 

None 56 10 25-7 0.71 1 1.089 
2-Me 31 46 26.0 0.653 1.037 
2,6-M~, 8.6 41 37.6 0.600 0-985 
2,5-Me2 5.9 3s 47.5 0.597 0.985 
2-Me-5-i-Pr 1.0 32 49.2 0.589 - 
2,5-(Et0), 2.3 26 57.5 0.480 0.619 
2,5-t-Bu, 0 0 - 0.554 - 

0 0 67.0 0.466 - Me4 

Tetramethylsuccinonitrilc. 
b Of the corresponding rnonohydric phenol; e.g. 1,4-benzoquinone-phenol. 

to be a correlation between ratio of mono : di ethers and the critical 
oxidation potential of the corresponding inonohydric phenol. This 
potential can be supposed to be a measure of the stability of the aryloxy 
radical, 87. The polycyclic quinones react only slightly, if a t  all, as would 
be expected from their redox potentials. A small amount of ring addition 
is found with Iy4-naphthoquinone and 2,5-diniethyl-l,4-benzoquinone as 
well as ether formation (equation 249). 

CN 
I 

0 y 
CN 

@ I 1 + Me&- I --+ *;@Me2 (259) 

0 OCMe, 0 
I 

CN 

The conflicting evidence regarding product structure in quinone 
termination of polymerization reactions (i.e. carbon-carbon versus 
carbon-oxygen bond formation) has been expiained as the result of our 
using incomparable studies of very reactive radicals (Me' and Ph') and 
much less reactive radicals (growing polymer chains). A detailed study of 
the methyl affinities of quinones adds strength to this a r g ~ r n e n t ~ ~ ' ~ ~ ~ ~ .  
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Szwarc and collaborators suggest that the isolation of products may not 
give unambiguous answers concerning the initial point of radical attack. 
They prefer to apply a kinetic argument based on the rate of reaction of 
methyl radicals with various substituted quinones. I t  was found that 
predictions based on both electronic and steric effects are consistent only 
with the observed rates for carbon-carbon bond formation ; i.e. ring 
addition. I t  was also determined that styryl radicals are less than half as 
reactive as methyl radicals under the conditions employed. 

A few reports of the reactions of various radicals with quinones have 
appeared, but none of these could be considcred detailed studies. For 
example, the thermal decomposition of bisazo coinpounds to form radicals 
has been expanded slightly (equation 250)"1". The ether products hydro- 
lysed readily in aqueous ethanol to give the appropriate hydroquinone 
and acetophenone. 

CI 
/ 

0 OC,Ph 
CI ' CI 

I 
I 
Me 

PIC-N=N-CPh I + 'G: * l+'e 
X I 

Me 
/CI 

0 OC,Ph 
Me x = H, CI 

Earlier the possibility of radical addition of thiols was mentioned as a 
possible alternative to nucleophilic addition (see section II.B.2). While 
such a mechanism has been invoked, the only promising work is that of 
Kharascli and Ariyan with sulplienyl chlorides (equation 25 The 

+ 

reaction does not take place in the dark, but no e.s.r. signal was found. 
The structure of the disubstituted quinones was assunicd to be 2,5. 
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Aqueous hypochlorous acid has been reported to cause the epoxidation 
of quinones, but a careful examination of such reaction mixtures revealed 
that no reaction takes p1ace3l5. When solution is obtained with added 
dioxan, the quinone is converted to the chloro derivative in good yield 
(equation 252). With peroxide-free solvents very low yields were obtained. 

R = H, Me 

The in situ generation of hypochlorous acid converted 1,4-naphthoquinone 
to an approximately equimolar mixture of 2-chloro- and 2,3-dichloro-l,4- 
naphthoquinone. 

C. Alkylation 

1. Historical introduction 

The naturally occurring quinonoid compound lapachol 88 has held a 
great deal of interest for synthetic organic chemists over a very long 

,Me & PC H=C, Me 

OH 
0 

(88) 

period of Some of the earliest work was concerned with the 
structure of the alkyl side-chain and introduced the useful aldehyde 
alkenylation reaction (equation 253)”’. 

HOAc @ H=CH(CH,),Me 
(253) a OH + Me(CH,),CHO OH 

0 0 

In his studies of the tautomeric equilibrium of orflzo- and para-quinones, 
Fieser found that very reactive unsaturated and benzylic alkyl halides 
react with the silver salt of 2-hydroxy-l,4-naphthoquinone to produce 
2-alkyl-3-hydroxy derivatives (equation 254)”*. The reaction was regarded 
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as 1,Zaddition followed by the elimination of silver halide. Alkylation on 
oxygen also takes place in most instances. The detailed reasons for the 
amounts of 0- and C-alkylation are undoubtedly more conipIex than the 
reactivity of the halide. 

+ CH,=CHCH,X (254) 
O-Agf 

0 0 

The alkylation of the silver salt of 2-hydroxy-l,4-naphthoquinone has 
also been used as a synthesis of Iapacli01~~~. The question of direct 
alkylation versus Claisen rearrangement was answered by the synthesis of 
the two possible 0-crotyl ethers of 2-hydroxy-l,4-naphthoquinone 
(equation 255). The Claisen rearrangements of both 89 and 91 produce a 

OC H,C H =CHMe a\o + 

O-Ag+ 
+ MeCH=CHCH,Br --+ 

0 

@ 
0 

(255) 
(89) 

OCH2CH =CHMe 

@(2;CH=CHMe 

0 0 
(90) (91) 

single compound, 92, that is isomeric with the direct alkylation product, 
90. The change of structure in the Claisen rearrangement was already 
known32o and the facts require a direct alkylation of the quinonoid ring. 

(91 1 (256) 
(89) - heat *LCH2 i- heat 

OH 
0 

(92) 

The aldehyde alkenylation reaction (equation 253) is not general; 
ly4-naphthoquinone is reduced and then converted to a product con- 
taining two hydroquinone residues (93 in equation 257)”l. Hoolter had 
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@ 1- Mc,CHCHO ---+ (257) 

OH I 

OH OH 
(93) 

already reported that under certain conditions two moles of quinone can 
condense with aldehydes. In  view of the rather extensive subsequent 
literature concerning these compounds, including their synthesis by 
independent routes, there seems to be little question of the correctness of 
the structures. It is probably significant that Fieser fails to mention 
Raudnitz and Puluj in the eleven posthumous Hooker papers he completed, 
wrote or edited322. 

2. Acyl peroxide alkylation 
Fieser and his students have made extensive contributions to the 

techniques available for the alkylation of quinones. One of the earliest, 
perhaps one of the most important, is the remarkable methylation with lead 
tetraacetate (equation 258)3”. The structure of product 94 was definitely 

&Me+3pb(o*c)4 - HOAc, aMe Me (258) 

0 0 
(94) 

established and the generality of the reaction explored. The addition of an 
active-hydrogen compound permits smooth alkylation of 1,4-naphtho- 
quinone under mild conditions and in quite reasonable yields. It is also 
possible to employ higher homologues of the lead salt and thus to introduce 
longer alkyl chains. These lead salts can be generated irz sitri (equation 259). 

0 0 aMe Pr-i (259) 

0 
(95) 

Treatment of 2-isopropyl-I ,4-naphthoquinone with lead tetraacetate also 
produces 95. It is interesting to note that the introduction of a methyl 
group adjacent to a larger alkyl group is subject to much more steric 
retardation than the reverse process (e.8. equation 259). 
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A later study of this methylation by lead tetraacetate, and alkylation 
with higher homologues, produced some interesting mechanistic 
evide~ice~~*. When 2-methyl- 1,4-naphthoquinone is heated at  90-100°C 
in acetic acid with excess lead tetraacetate, no reaction occurs. Upon 
addition of a wide variety of materials gas is evolved, usually vigorously, 
and 2,3-dimethyl-l,4-naplithoquinone is formed. Included in the list of 
promoters are water, alcohols and hydrocarbons (e.g. benzene and cyclo- 
hexane). A11 of these, except t-butyl alcohol, promote the decomposition 
of lead tetraacetate to carbon dioxide and a neutral, flammable gas, 
thought to be ethane. Several of the observations concerning the reaction 
suggest that it might be related to the Kolbe reaction and led Fieser and 
Oxford to study alkylations with diacyl peroxides (equation 260). It was 

WhAe + At202 HOAc aMe Me 

0 0 

found that the method could be applied for the introduction of a wide 
variety of alkyl groups including some alkenyl or cycloalkenyl groups. 
The reaction is subject to a steric effect that makes it somewhat more 
selective with the higher acid peroxides (equations 261 and 262). 

(260) 

Alkylation can also bc accomplished in the 1,4-benzoquinone series 
(equations 263 and 264). Methoxy groups appear greatly to reduce the 
reactivity of the quinone while hydroxy and bromo groups (on the basis 
of limited study) seem to enhance reactivity. The bromine atom may serve 
a very useful synthetic role as a blocking group (equatioii 265). The 
rcsults obtained with dibenzoyl and dicinnamoyl peroxides were not 
promising, but might be improved by changing the experinicntaI conditions. 
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0 

Final!y, it is not necessary to purify the peroxides to achieve quite 
acceptable product yields. In general, the reagent was prepared by the 
reaction of the appropriate acid chloride with excess sodium peroxide in 
ligroine. 

A large number of applications of the peroxide alkylation method, 
some with important extensions, have been made by Fieser and 
collaborators. For example, the introduction of alkyl groups ending in 
other functional groups has been accomplished (e.g. equation 266)325. 
The synthetic aspects of structure determination for some interesting 
natural products have been achieved (e.g. equation 267)32?6. It may be 
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noted that there are limitations of unknown extent in this alkylation 
procedure; Fieser and Chamberlin reported low yields and difficulty in 
obtaining crystalline product, especially in cases involving long, unsaturated 
hydrocarbon chains. 

The magnificent effort made to find naphthoquinones with anti- 
malarial activity was, to a very large extent, centred on the alkylation 
reactions with acyl peroxides337. While the main purpose of this work was 
the synthesis, characterization and testing of potential drugs, the 
observations made are useful in understanding the alkylation reaction. 
Some of the by-products have been identified (equation 268) and clearly 

@OH+ (RC0)202 - HOAc > aoH R + .  

0 0 

CO, 
RCO,H 
R H  
RR (268) 
MeC0,R 
ROH 
ROZCR 

conform with the expected radical process. Four major structural 
limitations were found : peroxides of a-carbon branched chain, cyclo- 
alkane, aromatic and benzylic carboxylic acids all gave very low yields, 
if they reacted at all. A wide variety of substituents and functional groups 
may be included in the rings and chains without interfering with the 
peroxide a1k')lation. The compounds cited above as being difficult to 
prepare directly were usually obtained in quite reasonable yield by the 
synthesis of the next higher honiologue and the application of the Hooker 
oxidation (equation 269)3227328. 

&$OH + ~ ~ c H 2 c o ] 0 2  2 + 

0 O - 0  

0 

The heterocyclic quinones 6(or 7)-chloro- and 6-hydroxy-5,8-quinoline- 
quinone have been alkylated using the diacyl peroxide method (equation 
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270)329-332. A very wide range of R groups has been employed and the 
yields have been fair to good in  most cases. The 7-hydroxy isomer has 
also been used in one instance. 

A very interesting recent kinetic study has led to the synthetic comple- 
ment of Fieser's alkylation reaction333. The decomposition of r-butyl 
peroxide in the presence of a hydrocarbon and 2-hydroxy-l,6naphtho- 
quinone leads to the 3-alkyl-2-hydroxy-l,4-naphthoquinone (equation 
271). The chief synthetic limitation of this reaction lies in the fact that 

@ H +  (f-BuO), + RH w @OH R 

0 0 

several products will be formed if hydrogen abstraction from the hydro- 
carbon leads to more than one radical. For simplicity in the kinetic study, 
cyclohexane and potential benzylic radicals were chosen and they gave 
excellent yiclds of product. The 3-alkyl products obtained in thcse model 
cases are just those most difficult to prepare by the earlier route. 

The proposed mechanism involves the radical-chain process shown in 
equations (272) to (276) (plus the usual termination reactions). The rate 
of decomposition of t-butyl peroxide was studied both with an excess and 
with less than a stoicheiometric amount of 2-hydroxy- 1,4-naphtho- 
quinone. In the former case the observed rate was very much faster than 
that of the peroxide alone. With a limited amount of quinone, two rates 
were found: a fast initial rate when the quinone was present and a second 

(271 1 
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0 

(275) 

slower rate close to that of the peroxide alone. These observations are 
consistent with the proposed mechanism which requires the following rate 
expression for peroxide loss (equation 277) : 

d [peroxide] 
df 

- = k[peroxide]+k[96] [peroxide] (277) 

3. Related alkylation reactions 
As yet another aspect of their antimalarial search, the Harvard-Abbott 

team investigated the application of the Mannich reaction (equation 
278)334. Amines that gave the most satisfactory results were primary, 

0 aoH+ \ CH,O + R2’ R’, NH a rzNlR: (278) 

R 0 0 
R’, R2 = H, alkyl, heterocyclic ring 

secondary and alicyclic. Most of the products were stable enough to be 
recrystallized in the usual manner, but in some cases, e.g. when R1 and 
R2 make up a rnorpholine ring, the purification was elTected by solution in 
dilute hydrochloric acid and precipitation with cold sodium acetate 
solution. Some very strange observations were made in this study; for 
example, dimethylamine and piperidine gave excellent yields of product 
while diethylamine gave only the salt of 3,3’-methylene-bis-2-hydroxy- 
1,4-naphthoquinone (97 in equation 279). Both mono- and diammonium 
salts appear to be formed. 

A later study was directed at placing bulkier groups on the nitrogen in 
order to improve the antimalarial activity335. Under milder conditions 
than reported earlier excellent yields of products were obtained with 
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Et,NH: 

(97) 
C,-C,, Iz-a1 kyl primary amines. The products yielded crystalline hydro- 
chlorides that were recrystallized from ethanol. The higher secondary 
amines gave only analogues of 97 and anilines gave insoluble products that 
were not characterized. It was found that acetaldehyde and benzaldehyde 
can be used in  place of formaldehyde, while propionaldehyde and 
crotonaldehyde cannot (equation 280). The reaction took place very 

@OH+ \ RCHO + R'R'NH ---+ a"" \ C H N R ' R ~  (280) 

I 
R = Me, Ph O R  0 

R', R? = H, long-chain alkyl 

readily with 2,5-dihydroxy-l,4-benzoquinone and gave the 3,6-bis product 
(equation 281). 

H O ~ ~ ;  N R ~2 

(281 1 > 
R'R~NCH, 

"6 + 2 CH,O f 2 R'R'NH - 
OH 

0 0 

The Mannich reaction of primary and secondary amines has bee11 
applied to 6-~~ydroxy-5,8-quinolinequinone with reasonable SUCCeSS 
(equation 282)"g. Once again diethylamine showed abnormal behaviour 
and failed to produce the expected Product. 

0 

+ CH,O + RNH, - 
or 

0 RRNH 

0 

A somewhat similar reaction has been used to prepare chloroinethyl 
derivatives of 1,4-naphthoquinones (equation 283)33G. The scope of the 
reaction is severely limited because lY4-benzoquinones prefer to add HCI 
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rather than chloroalkylate and very few aldehydes are useful. In fact, 
only certain combinations of quinone and aldehyde appear to react 
cleanly. The 2,3-bis-chlorornethyI product is obtained from 1,6naphtho- 
quinone and formaldehyde. 

(283) 
CHCl 
I 

0 O R  

a"' + RCHO + HCI ___?I 

R = H, Me, Ph 

An example of reductive 0-methylation of quinones has been reported337. 
The reaction (equation 284) is not general and roughly the yield is a 
function of the redox potential of the quinone as indicated in Table 9. 

0 OMe 

TABLE 9. Reductive methylation of quinoneP' 

Quinone Redox potential Yield 
(V) (%I 

1,4-Benzoquirione 
2,5-Diphenyl- 1 ,Cbenzoquinone 
2-Methyl-l,4-benzoquinone 
2-Methyl-5-isopropyl- 1,4-benzoquinone 
1,2-Naphthoquinone 
1,4-Naphthoquinone 
2,3,5,6-Tctramet hyl- 1,4-benzoqui none 
2,5-Dimethoxy-l,4-benzoquinone 
2,5-Dihydroxy-l,4-benzoquinone 
Retenequinone 
Ant hraqu inonc 

0.7 1 1 
0.673 
0.657 
0.589 
0.576 
0.483 
0.480 
0.470 
0.434 
0.410 
0.155 

74 
79 
60 
30 
10 
14 
0 
0 
0 
0 
0 

It was shown that no reduction occurs in the absence of dimethyl sulphate 
and  that n o  reaction takes place without pyridine. The known Decker 
reaction suggests that N-methylpyridinium hydroxide is the reducing 
agent338. When 1,4-benzoquinone was treated with this reagent alone it 
was reduced to hydroquinone and N-methyl-Zpyridone was isolated 
(equation 285). 
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0 OH 

When 1,4-benzoquinone in dimethylsulphoxide solution is treated with 
an equimolar amount of hydrogen peroxide in the presence of ferrous ion, 
a mixture of various methyl-ly4-benzoquinones is produced in low yield 
(equation 286)339. This interesting reaction requires extensive modification 
if it is to have any synthetic utility. 

In an effort to find a simple preparation of pentamethylbenzene, 
1,4-benzoquinone in methanol was treated with alumina at  high tempera- 
ture (equation 287)""O. The only product characterized was hexamethyl- 
benzene. Once again, this reaction could be of great importance if 
greater control of it could be established. 

400 C Me 

6 h'l e 

Finally, an exotic alkylation reaction has been reported recently 
(equation 288)341. The naphthohydroquinones formed initially are rather 
unstable and were not isolated, but could either be oxidized or acetylated 
to stable products. 
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4. H yd roboration 

In view of the extensive use of alkylboranes in organic synthesis, it 
is not surprising that they have been applied to the alkylation of 
q u i n o n e ~ ~ ~ ~ n ~ ~ .  The reaction at first appeared to be restricted to 1,4-benzo- 
quinones. Actually, only 174-benzoquinone itself was investigated care- 
fully. There is every reason to believe that a wide variety of functional 
groups might be introduced and that conditions might be found under 
which more highly substituted quinones will react satisfactorily. The 
isolation of the monodialkylborinic acid ester of the alkylhydroquinone 
(9s) offers some mechanistic information (equation 289). The quinol 
ester, probably formed initially, may rearrange under the influence of a 
second mole of trialkylborane acting as a Lewis acid. 

0 OBR, 

(J+R3BL@R A " O  6. (289) 
0 OH OH 

(98) 

A study of the reaction of boric acid esters has added to the synthetic 
range of quinone hydroboration (equation 290)=". The reaction takes 

+cH2cH=cH2 (290) 

I { + CHz=CHCHzB(OBU)2 ___+ 6 0 OH 

place smoothly and the yield is quite good. A similar reaction with 
1 ,6naphthoquinone, under milder conditions, allows the isolation of an 
intermediate, 99, of mechanistic significance (equation 291). The structure 
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of 99 was determined from its i.r. spectrum. In refluxing benzene the final 
product, 100, is obtained directly. Apparently the boric ester acts as the 
Lewis acid. 

The reactivity of triallylborane towards quinones is somewhat greater 
than the trialkylboranes and both 1,4-benzoquinone and l74-aaphtho- 
quinone give a good yield of the di-lY2-carbonyl addition product (equation 
292). When the analogous 1,4-diallyl-l,4-dihydroxy-2,5-cyclohexadiene 

+ (CH,=CHCHJ,B ---+ (1) (2) c,H, H,O ~ 2 c ' i = c H 2  (292) 

0 HO CH&H=CH, 

(actually either of the two separated geometric isomers cis-major, trans- 
minor) is steam distilled, the known compound 2,4-diallylphenol is 
formed (equation 293). 

G C H 2 C H = C H 2  

CH ,CH =c H * 

(293) 

Questions related to hydroboration of substituted 1,4-benzoquinones 
have been studied in a few cases (i.e. n-butyl and 2-allyl-1,4-benzoquinone 
with triallylborane)3jll~345. The nature of the reaction appears to depend 
strongly on the ratio of reactants (equations 294 and 295). The overall 
yield (75% and 67% respectively), while not quantitative, are high enough 
for the product distribution to be a reasonably accurate estimate of the 
reaction outcome. The butyl group led only to 4,6-diallyl product 
(equation 296)Ns. Reaction with 1 ,2-naphthoquinone gave the bis- 
carbonyl addition product analogous to equation (292). 

Until recently the hydroboration of l74-naphthoquinone had not been 
studied as extensively as 1,4-benzoq~inone~~'~. It was found that, in 
addition to alkylation, a significant amount of reduction (15-20%) 
takes place and complicates the separation and purification of product. 
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OH 

I 1  
0 

?H OH 

CH,CH=CH, 

(295) 

CH,C H= C H, 
+ 

CH,=CHCH, 

OH 
+ (101) 

OH 

B" +c H,C H = c H, 

[ I + (CH2=CHCH,),B d (296) '.d 0 CH,CH=CH, 

This problem can be overcome most easily by simply oxidizing the 
products a t  once and isolating the desired quinone. The lY4-naphtho- 
quinones appear to react by a lY4-addition mechanism because the 
product of 1,2-addition to the carbonyl group (102) is not converted to the 
2-alkyl-l,4-naphthalenediol by boron trifluoride. This difference from 
earlier work with allylboranes suggests two different reaction paths 
(equations 297 and 298). The reactions of 1,4-benzoquinone and 
lY4-naphthoquinone with dibenzylborinic anhydride were studied 
(equation 299). The yields were only fair and 1,4-naphthoquinone gave a 
little 102 as well as 2-benzyl-ly4-naphthalenediol. 

A recent study sheds additional light on the mechanism of alkylation 
with t r i a lky lb~ranes~~~ .  Kabalka offers evidence that the alkylation is a 
radical process by showing that iodine, and to a smaller extent galvinoxyl, 
inhibits the addition of triethylborane to 1,4-benzoquinone. He pictures 
the mechanism as a radical addition to the carbon-carbon double bond 
(equations 300-302). A consequence of \his hypothesis is that the so-called 
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?H 

0 
R = Pr, Bu, PhCH, 

@Y" 
OH 

@ 
0 

0- OBR, 

@: / 4- H,O 6: / -> 6" (302) 

OBRP OH OH 

unreactive quinones (see, however, references 344-346) simply suffer 
from short chain lengths and require more efficient initiation. This point 
was demonstrated by the excellent yields of 2-alkyl- 1,4-naphthalenediols 
obtained when air was passed through the reaction mixture (equation 303). 
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0 OH 

0 OH 
R = Et, Bu, C,Hll 85-S5y0 

V. CYCLQADDITION TO QUINQNES 

A. The Diels-Aider Reaction 

1. Historical introduction 
A wide variety of quinones have been used in the diene synthesis 

developed by Diels and Alder. The synthetic facts in the earlier literature 
have been systematically reviewed and will not be treated h ~ r e ~ ~ 8 .  Our 
main concern is with quinonoid dienophiles which have provided under- 
standing of the mechanistic details of this important synthetic tool. 
Current synthetic efforts have been included where they are somewhat 
different from the earlier reports. An important current review will appear 
~ h o r t l y ~ ~ a ~ .  

A quinone Diels-Alder reaction of particular interest had actually 
been carried out more than twenty years before Diel’s and Alder’s papers 
began to appear-349, but was not correctly understood until their re- 
investigation (equation 304)350n351. 

6 + 0 -’ (& QfJJ (304) 

0 0 0 

(103) 

I have found only one early example of a quinone Diels-Alder reaction 
not mentioned by Butz and Rytina. The rate of oxinie formation was used 
as evidence for the structure of a Diels-Alder adduct (equation 305)‘j3. 
It  was found that the product obtained formed a monooxime in two hours 
and a dioxime very slowly. On this basis the structure 104 was chosen 
because one carbonyl group is much more hindered than the other. 6 + 2Me,C=CHC=C& - > (305) 

I 
Me 

0 
(704) 
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2. Mechanistic studies 

Some of the earliest serious mechanistic studies of the Diels-Alder 
reaction involved the kinetics of addition of 1,4-benzoquinone to cyclo- 
pentadiene (equation 304)552. Both of the reaction steps are second-order 
and the rate of the first is about 100 tinies that of the second in benzene at 
25°C. In  a later and more detailed study of these reactions Wassermann 
examined the thermochemistry as well as the kinetics"j3. The question of 
a reasonable explanation of the observed 1,4-, rather than 1 ,Zaddition, 
was approached first from a therinochemical point of view. The calculated 
and observed heats of forniation were in excellent (perhaps fortuitous) 
agreement, assuming only about 10 kcal of ring strain in the product 
(103). From these data it was possible to calculate the gas-phase heats of 
reaction for both the observed I,4-addition (first half of equation 304) 
and the hypothetical 1,2-addition (equation 306). Both of these reactions 

proved to be exotherniic (24 kcal and 19 kcal respectively). While the 
absolute values of the heats of reaction are approximate, there is no 
thermodynamic reason to prefer one path over the other. 

An additional examination of the earlier kinetic study was also carried 
out. The various probable competing reactions were considered and 
conditions selected where they were unlikely to interfere and where the 
yield of expected product (103) was essentially quantitative. A wide 
variety of catalysts and inhibitors were examined along with light and 
magentic fields; no change in rate was observed. Wassermann concluded 
that a radical chain reaction was very improbable. The temperature 
dependence of rate in both benzene and ethanol followed the Arrhenius 
equation and gave activation energies of 14.2 kcal (benzene) and 12-7 kcal 
(ethanol). 

The kinetic results require that the 1,6addition and/or the 1,2-addition 
be described by only the 2 and E constants of the Arrhenius equation. 
This requirement allowed Wassermann to consider the various steric 
situations that would be best suited for 1,4- as contrasted with 1,2-addition. 
From these models and calculations, it was shown that the 2 values for 
the two modes of reaction could not be very different and therefore those 
constants cannot be used to explain the predominance of I ,4-addition. 

33 
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A final effort to explain the observed reaction product on the basis of 
the activation energy(E) required a consideration of the induced dipole 
in cyclopentadiene as a result of the quinone carbonyl groups. The 
resulting values showed clearly that orientation for 1,4-addition produces 
larger induction energies than those for 1 ,Zaddition. Wassermann 
reasoned that the repulsive forces for the two modes of addition should 
not be very different and thus the activation energy for 1,2- should be 
greater than for 1,4-addition. Calculated rate constant ratios for the two 
reactions appeared to be sufticient to explain the observed exclusive 
formation of 103. 

The Diels-Alder reaction possesses kinetic characteristics that make 
it suitable for a comparison study of gas- and solution-phase mechanisms. 
Wassermann has compared his studies of quinone-cyclopentadiene 
additions in solution to several analogous gas-phase The 
observed kinetics produce temperature-independent Arrhenius A values* 
of the order of loG I/moles. Because these values are several orders of 
magnitude lower than either the gas- or solution-phase bimolecular 
collision frequencies (ca. 10l1 I/moles), it follows that oiily a small 
fraction of the collisions of niolecules with sufficient energy result in 
reaction. The so-called ‘normal’ and ‘slow’ bimoleiular reactions355 were 
discussed and evidence offered that the collision frequencies in the gas- 
and solution-phases can be of the same order of magnitude foI-.both 
reaction types. The most significant conclusion relative to the Diels- 
Alder reaction is that the reason for the large difference between the 
Arrhenius A and the collision frequency is the complicated structure of 
the reactants rather than restricted electronic transitions. This study 
offered rather strong additional support for the importance of transition- 
state geometry which became significant at  a much later date in the 
development of physical organic chemistry. 

The Diels-Alder reaction is known to be reversible and Wassermann 
has studied the resulting equilibria in several systems involving quinone 
d i e n ~ p h i l e s ~ ~ ~ .  His results show once again that both the heat of reaction 
and the statistical probability of reaction are very similar in the gas-phase 
and hydrocarbon solution. 

The question of the exact electronic distribution in the Diels-Alder 
reaction has been a source of study and debate for a long time and quinones 
have played a modest role in  that story. Two early formulations suggested 
that (i) two ionic resonance contributors were involved (equation 307)357, 
or  (ii) the diene served as an electron donor at  both ends and the dienophile 

* In Wassermann’s earlier papers the symbol 2 was used in place of A. 
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accepted electrons at  both carbon atoms (equation 308)358. The scheme 
shown in  equation (308) cannot be applied when the dienophile is 

substituted unsymmetrically. The authors of the ionic proposal studied 
a series of dienophiles i n  which the electronegativity of the substituents 
R1 and R2, as well as their location, was varied359. The diene employed, 
bicyclohexenyl, was also used as the solvent (5-fold excess). This latter 
experimental detail proved to be very wise, especially with the quinones 
where the excess not only drives the equilibrium toward product, but 
reduces subsequent dehydrogenation. The results shown in Table 10 

TABLE 10. Adducts of bicyclohexenyl with various d i e n o p h i l e ~ ~ ~ ~  
~~ 

Dienophile Temperature ("C) Yield (%) 

Maleic anhydride 
1,4-Benzoquinone 
1,4-Naphthoquinone 
Fumaric acid 
Benzalacetone 
Dibenzalacetone 
Cinnaniic acid 
@-Ni trost yrenc 

80 
80 

100 
200 
1 80 
180 
180 
80 

95 
85 
99 
80 
76 
95 
75 
95 

clearly indicate that neither the yield nor the reaction temperature can be 
correlated with symmetrical and unsymmetrical dienophiles. This 
observation was taken as support for the ionic mechanism as presented in 
equation (307). There appears to be no evidence for a change in reactivity 
over the series of quite different electronic situations. 

As the amount of mechanistic detail concerning the Diels-Alder 
reaction has grown, it has become increasingly apparent that not only 
the electronic, but also the geometric situation in the transition state is 
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very important. An interesting kinetic approach to this aspect of the 
reaction has been provided in the addition of cyclopentadiene to selected 
q u i n ~ n e s ~ ~ ~ .  The addition of cyclopentadiene to  cliloranil (equation 309) 

may be compared with equation (304). The greater bulk of the chlorine 
atoms relative to hydrogen should cause variation in the Arrhenius equation 
constants A and E unless the transition state is non-planar. The data in 
Table 11  show essentially no variation in A and only a slight range of E 

TABLE I I .  Arrhenius paranieters for the reaction of cyclopentadiene with 
various d i e n ~ p h i l e s ~ ~ ~  

Dienopliile log A ( A  in l/mole s) E (kcal) 
- _________ 

Chloranil 6.2 k 0-5 14.5 k 0.5 
1,4-Benzoquinone 6.5 _+ 0.4 1 1-6 -t 0.6 
1,4-Naphthoquinone 4.8 k 0.9 1o.o-t 1.0 
Cyclopentadicne-benzoquinone (103) 5.5 -t 0.9 13.2 -t 1.0 
Acraldehyde 6.1 _+ 0.3 13.7 k 0.5 

16.4 t- 0.6 Cycl opent adiene 6.1 20.4 

values. The latter variation is far too small to argue convincingly for a 
planar transition state. 

Any proposed mechanism for the Diels-Alder reaction must account for 
the rather specific nature of orientation observed when unsymmetrically 
substituted dienophiles are employed. An explanation has been advanced 
that takes both steric and electronic effects into account, but it is somewhat 
limited3G1. This limitation was not serious until the reactions of 1 , I  ‘-acetoxy- 
vinylcyclohexene (105) with quinones bearing electron-withdrawing 
substituents were reported (equations 310 and 31 l)362. These examples 
show clearly that, with sufficient electronic activation, a large amount of 
steric interaction can be overcome. There are, however, limits and two 
carbomethoxy groups produced the mixture of isomers shown in equation 
(3 12). The extraordinary reactivity of 2,3-dicyano- 1,4-benzoquinone was 
also illustrated by its rapid reaction with 1,2-dirnethylenecyclobutane 
(equation 3 1 3)3G3. 
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&C02Me-+ AcO@ Me0,C 0 + AcO@C02Me* 

C0,Me 

(105) + I (312) 
C0,Me C0,FAe 

0 0 0 

bCN C N  

0 

+ -----+ (313) 

At about the same time a spectrophotometric study of the reactions 
of 1,6benzoquinone and 1,6naphthoquinone with cyclopentadiene, 
isoprene and piperylene produced some very significant information about 
the n ~ e c h a n i s m ~ ~ .  It was possible to follow the formation of the expected 
adducts in all cases, including both the mono- and diadducts of 1,4-benzo- 
quinone. However, with 1,4-benzoquinone, absorption was found in the 
290 nm region preceding the formation of each adduct and decreasing as 
the adduct formed. Because known molecular compounds between 
quinones and aromatics absorb in this region, it was felt that evidence of 
significant intermediates had been obtained. These absorptions were not 
observed with 1,4-naphthoquinone: perhaps this is the result of a more 
rapid rate of conversion of the intermediate to the adduct. 

* Isolated as the hydroquinone. 
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The reactions of 105 with a variety of unsynimetrically substituted 
1,4-benzoquinones have been observed and the product structures 
determined36S3G7. From these studies has come a somewhat better picture 
of the electronic and steric requirements of the reaction. In their general 
discussion of the Diels-Alder reaction of 1,4-benzoquinones, Ansell and 
colleagues report the reactions of simpler dienes, such as 2,3-dimethyl- 
butadiene, with mono-, di-, tri- and tetrasubstituted 1,4-benzoquinones3~*. 
The general situation (equation 314) is that a symmetrical diene and an 

M e r  + "'OR' 0 M e a R 3 + M e m R '  0 0 

I l -  (31 4) 
R4 Me R4 R2 

0 0 
R2 Me ' R2 R4 Me 

0 
(1 06) (1 07) 

unsymmetrically substituted 1,4-benzoquinone can form isomeric mono- 
adducts (106 and 107). The results of a representative sample of the large 
number of examples studied are shown in Table 12. The additions to the 
tetrasubstituted 1 ,4-benzoquinones are especially interesting in that they 

TABLE 12. Adducts of 2,3-dimetIiylbutadienc and various substituted 
1 ,4 -benzoqu inone~~~~  

1,4-Benzoquinone Angular groups Yield 
substituent(s) (%) 

Me 
M e 0  
CI 
C0,Me 
CN 
COMe 
2,3-(CN)2 
2,3-(CO,Me), 
2-Me, 3-N02 
2-OAc, 5-Me 

5-Me, 2,3-(CO,Me), 
2-C02Me, 3,s-Me2 
5-Me0, 2,3-Me, 
2-CO,Me, 3,5-(Me), 
2,6-(CO,Me),, 3,5-Me2 
Me, 
(McO), 

5-CI, 2,3-(CN)? 

H,  H 
13, H 
H, H 
13, C0,Mc 
H, CN 
H, COMe 
CN, CN 
H, H/CO,Mc, C02h4e 
H, H 
OAc, H 
CN, CN 
CO,Me, CO,I\IIe 
Me, H 
Me, Me/MeO, H 
Me, CQ2Me 
Me, C02Me 
Me, Me 
MeO, M e 0  

61 
30 
42 
95 
85 
86 
96 

25, 25 
35 
36 
88 
76 
23 

20, 13 
81 
90 
87 
95 
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show that even the unreactive tetraniethoxy-l,4-benzoquinone can be 
made to form an adduct in excellent yield if the product has the required 
thermal stability. 

The general agreement of these data with the earlier ideas expressed 
by Ansell is clear. An electron-withdrawing group attached to the carbon- 
carbon double bond of a quinone does activate the dienophile. The 
balance between steric and electronic effects is apparent, especially in the 
relationships between cyano and carbomethoxy groups. An order of 
activating effect was proposed: CN > COMe > C0,Me > CF, > H > F > 
Cl> M e >  OAc > NMePh > OMe> SMe. The study also included sonie 
examples of Iy3-butadiene addition and in these data (Table 13) a third 

TABLE 13. Comparison of Diels-Alder products from 1,3-butadiene and 
2,3-dimethylbutadiene and various 1,4-ben~oquinones~~~ 

1,4-Benzoquinone 1,3-Butadiene 2,3-Dimethylbutadiene 

substituent(s) Angular Yield Angular Yield 
groups (%) groups ( 7 3  

6 H, C0,Mc 95 
-- __ 

- - 
C0,Me H, H 
C0,Me 14, C0,Mc 65 

16 CN,  CN 96 2,3-(CN), H, H 
2,3-(CN), CN, CN 62 
2,3-(CO,Me), H, H 70 H ,  H 25 
2,3-(CO,Me), - - CO,Me, C0,Mc 25 

influence on product structure was observed. If an endo-transition state is 
assumed, it is reasonable to expect the arrangement shown in structure 
108 to be less probable than the transition state leading to product with 
angular R substituents. I n  a similar manner, transition states with 
1,3-butadiene and a 2,3-disubstituted quinone should be more probable 
than 108. Thus, a second steric effect must be considered i n  predicting the 

- ._ 

Me 

0 
(408) 

major product of the Diels-Alder reaction of an unsymrnetricaI benzo- 
quinone. In the limited number of exatnples that have been studied, the 
observed facts are in accord with the predictions of this effect; e.g. 
2,3-dicarbomethoxy-1,4-benzoqui1ioi~e gives mixtures of products with 
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isoprene, 1-vinylcyclohexene and 1,l ’-acetoxyvinylcyclohexene, as well 
as 2,3-dimetl1ylbutadiene. 

Finally, Ansell and Clements have examined the other aspect of these 
orientation questions; i.e. the relative orientation of ~ u b s t i t u e n t s ~ ~ ~ .  
When an unsymmetrical 1,4-benzoquinone and an unsymmetrical diene 
undergo a Diels-Alder reaction, there are four possible isomeric products 
that can result (equation 315). The factors that determine the ‘side of 

Meo*c6 + * k M e  Me 

0 C0,Me 
Ar = Ph, 4-MeOC6H, mMe -1- bMe (315) 

4-N02C,H, 

Mt? Me 
0 C0,Me 0 

(111) (112) 

addition’ (i.e. 109-110 versus 111-112) have just been discussed; now we 
are interested in a choice between the individual members of the pairs of 
structures. The diene chosen allows variation i n  the electronic situation 
while holding the steric factor quite constant. The 2,3-diinethyl groups in 
the diene are useful for the interpretation of thc n.1n.r. spectra of the 
products. The specific quinone shown in equation (31 5 )  (2-carbomethoxy- 
IY4-benzoquinone) was found to give a single product in high yield with 
each of the three diems. As would be expected, neither 109 nor 110 was 
obtained in any case. The n.m.r. spectra of the adducts clearly indicated 
structure 112, where Ar = 4-MeOC,H4, 4-N02C,H, and Ph. 

A series of di- and trisubstituted 1,4-benzoquinones were studied to 
examine electronic and steric effects in the dienophile on the product 
orientation. I t  was found that the electronic natures of the diene and the 
dienophile have no effect on the orientation of product itivolbing a single 
angular group. In  each case (angular group = Me or C0,Me) the arrange- 
ment of angular and aryl groups is ortlro relative to the newly formed ring. 
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The trisubstituted quinones gave products 113 and 114. All of these data 
are consistent with a transition state in which both bonds are partially 

(113) (114) 

and unevenly formed, thus possessing some diradical character. The 
structure of product 113 requires that a radical centre be more stabilized 
by hyperconjugation with a methyl group than by delocalization to a 
carbonyl. This situation is explained on the basis of steric inhibition of 
resonance. This explanation is made more convincing by the lowered i.r. 
frequency of the carbonyl group. With the related cyano example 114 no 
such problem exists because of the group’s linear structure. 

Recently, an effort has been made to obtain more detail concerning the 
Diels-Alder transition state through a study of product orientation when 
unsymmetrical 1,4-disubstituted 1,3-butadienes react with 2,6-diniethyl- 
1,4-benzoquinone (equation 3 16)350. Two cases were studied : l-acetoxy- 
1,3-pentadiene (X = AcO, Y = Me) and methyl sorbate (X = CO,Me, 
Y = Me). Schmidt suggests that these reactants allow the comparison of 

(115) (1 16) 

methyl with an electron-donating group (acetoxy) and an electron- 
withdrawing group (carbomethoxy) while keeping the steric situation 
approximately the same. 

The results, with satisfactory total product yield, showed : 
X = AcO 115: 166 4: 1 
X = C0,Me only 115 could be found 

Thus, while the carbomethoxy group has a more powerful directive 
effect than the acetoxy group, both electron-donation and electron- 
withdrawal iiiflueiice the geometry of the transition state in the same 
direction. These results further suggest that the polarities of reactants are 
not the most significant considerations in predicting the nature of a 
Diels-Alder transition state. 
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This work has been expanded to include the methoxy group: an even 
stronger electron-donating substituent than acetoxy (equation 3 16; 
X = MeO, Y = Me)371. The only product found was 115. Finally, 
3-ethoxy-l,3-pentadiene and 2,6-dimethyl- I ,4-benzoquinone produced 
only 117, showing the lack of influence of a non-terminal group when a 
terminal group other than hydrogen is present (equation 317). This last 

MeQMe 0 +My." YwoEt O MeMe 

I 1  (317) 

0 0 
(117) 

experiiiient also shows the importance of methyl versus hydrogen as a 
directing influence in the Diels-Alder reaction and leads to the following 
scale of directive importance: 

Me0 = Me0,C > AcO > Me > H 

The kinetics of the two earlier reactions (equation 316: X = AcO and 
MeO,C, Y = Me) have also been reported372. Selected rate data and 
thermodynamic parameters are given in Tables 14 and 15. The three 

TABLE 14. Rates of addition of substituted 1,3-pcntaJ.~:nes 
to 2,6-dimethyl-1,4-benzoquinone (equation 31 6)372 

Product X 2- ("C, k, l/moles ( x  lo5) 
--___ __ - - ________ - 

(115) AcO 140.4 1-17 

(115) C 0 , M c  140.0 0.955 
(115) AcO 159-2 3-32 
(116) AcO 159.2 3-38 

(116) AcO 140.4 I -34 

(115) C0,Me 159-0 2.80 
(115) AcO 176.0 5.44 
(116) AcO 176.0 6.92 
(1 15) C 0 , M e  178.0 7-40  

adducts are formed at  very similar rates and the fourth possibility (116: 
X = C0,Me or 117) is not found even in trace amounts. The large 
negative entropy values require the highly oriented transition state that 
would result from an arrangement such as 118 if any of the missing 
product 119 were found (equation 318). 
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TABLE 15. Thermodynamic parameters for the addition of substituted 

1,3-pentadienes to 2,6-dirnethyl-l,4-bemoquinone (equation 3 I 6)37? 

Product X Activation energy Entropy of activation 
(kcal/mole) (e.u.) 

(1 15) AcO 21-75 5 0.82 
(1 16) AcO 18-33 5 0.63 
(115) CO,Me 21.91 5 1.01 

~~~ 

- 29.36 k 1.92 
- 37.32 +. 0.48 
- 29.44 +. 2.33 

Liu and Schmidt suggest, on a preliminary basis, an unsymmetrical 
transition state in which the less hindered carbon atom of the dienopliile 
takes the lead in o bond formation. The bond formation is preferably 
initiated by that carbon atom of the diene possessing the higher electron 
density. The distribution of isomers in the case of I-acetoxy-1,3- 
pentadiene (equation 316: X = AcO) is explained on the basis of the 
rigid structure of the transition state as indicated by the large negative 
entropy of activation. 

Three recent studies of more limited scope ;ear on the details of Diels- 
Alder chemistry involving quinones. 

(1)  The para-localization energy technique of Iiiickel molecular orbital 
calculations has been applied to both 1,2- and 1,4-ben~oquinones~~~.  This 
approach allowed the explanation of the dienophilic character of the 
carbon-carbon double bonds of these types of molecules. 

(2) A detailed thermostudy of the Diels-Alder reaction of 1,4-benzo- 
quinone with 2,3-dimethyl-lY3-butadiene and isoprene has been reported374. 
Two distinct steps can be observed and it can be shown that they corre- 
spond to the formation of the mono- and di-adduct. When the reaction is 
carried out at higher temperature, the cis-cis to  trans-trans isomerism can 
be observed. Finally, when the reactants are present in equimolar amounts, 
a second exothermic effect corresponding to the isomerization of ketone 
to hydroquinone is found. 

(3) A recent series of papers has dealt with retro-Diels-Alder reactions 
that occur under electron bombardment in the mass s p e c t r o m e t e ~ ? ~ ~ ~ ~ .  
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From the organic chemist's point of view the most important finding is 
related to the conformation of the newly formed ring. The types of Diels- 
Alder adducts studied are shown in equation (319) (the syntheses of such 
adducts have been rep0rted)~~8. With small C and HB rings (m, n = 1 or 2), 
a special type of retro-Diels-Alder reaction took place involving the two 
allylic hydrogens shown. The most abundant ions were those of the 
retro-Diels-Alder bicyclodiene and hydroquinone. With larger C and D 

n. ni = 1-4 

rings ( P I ,  i7z = 3 or 4), the adduct was very much more stable and the 
molecular ion became the most abundant. These observations are 
explained on the basis of changes in thc conformation of the B ring brought 
about by different size C and D rings. The conformational changes 
brought about by smaller 6: and D rings bring the allylic hydrogens into a 
more favourable position relative to the quinone carbonyl groups. When 
the remaining quinone carbon-carbon double bond is reduced, only a 
norma1 retro-Diels-Alder reaction is observed. If the quinone double bond 
is part of an aromatic ring (i.e. 1,4-naphthoquinone was the original 
dienophile), both paths are observed. Thus, it appears that each of these 
structural features plays a significant role in the retro-Diels-Alder reaction 
in the mass spectrometer. 

The stereochemistry of the DieIs-Alder reaction has been of concern 
to chemists since the reaction first began to find very wide application. 
Of special interest at this point is the stereochemistry of the adduct 
formed when two moles of cyclopentadiene add to 1,4-bcnzoquinone. 
This adduct was assumed to posscss the enclo-cis-eiido-configuration 
(120) for a very long ti~ne"~. Both Winstein and Cookson and their 
colleagues have published convincing evidence that the endo-trans-eirdo- 
configuratioii (121) is 

Several Dick-Alder adducts of substituted 1,4-benzoquinones were 
prepared in an attempt to determine their stereochemistry using n.m.r. 
spectroscopy (equation 320)33y". The gross structural features were assigned 
i n  all but one case: however, i t  was not possible to determine the complete 
s tereoch em i st ry . 



999 17. The addition and substitution chemistry of quinones 

MeO&,,$,,~ 0 + p M e  MeQR' 0 

* + 
OMe Me0 R2 

I I  
0 Me Me H 0 

R' and Rz = H, Me, M e 0  C 0 , M e  

The stereochemistry of the Dieis-Alder adduct of lY4-benzoquinone with 
two moles of 1,2,3,4-tetrachloro-5,5-dimetl~oxycyclopentadiene has been 
investigated, using variable-temperature 1i.m.r. spectroscopy (equation 
321)3s3, The results strongly suggest the planar cyclohexadione ring shown, 
but do not rule out  two boat conformations, i f  they are still in rapid 
equilibrium at - 100°C. 

0 

CI 

(321) 

In view of the very large amount of study devoted to the mechanism of 
Diels-Alder reactions involving quinones, it is rather surprising that no 
Woodward-Hoffman treatment has appeared. The importance of this 
fresh approach to the interpretation of cycloaddition reactions requires 
its application here. 
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3. Synthetic survey 
Since the earlier review34s, a dramatic example of the significance of 

quinone Diels-Alder reactions in recent synthetic organic chemistry is 
given by Woodward. He and his collaborators launched the first successful 
total synthesis of a non-aromatic, naturally occurring steroid (dl-A9(ll)* 16- 

bisdehydro-20-norpogesterone), with such a reaction (equation 322)384. 

Me 

Me0 bMe + 3 - Me0 a (322) 

0 0 

The work of Fieser and collaborators in the synthesis of potential 
antimalarial drugs has provided many useful synthetic techniques; among 
them a significantly improved diene synthesis of naphthoquinones 
(equation 323)13'. Acetic acid is a very desirable solvent in that it avoids 

the use of pressure equipment and the need to work up the intermediate 
122. This procedure has been refined by later 

The addition of simple dienes to chlorinated 1,4-benzoquinones has 
been reported (equation 324)386. A number of slightly more complicated 

dienes were used successfully (e.g. isoprene, 2,3-diniethylbutadiene and 
l-acetoxy-1,3-butadiene) ; a number of chlorinated dienes, 2-lauroxy- 
butadiene, 1 ,4-diphenylbutadieneY etc. did not add to chloranil. It was 
found that 2,5-dichloro-l,4-benzoquinone can also act as a dienophile 
although the isolated adducts were quite unstable to light. In benzene 
solution they could be converted to 2-chloro- I ,4-naphthoquinones. 
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As a part of the separation and characterization of the components of 
the antibiotic gonyleptidine, Fieser and Ardao employed the difference in 
reactivity of various methylated 1,4-benzoquinones (equation 325)38. 

0 'I 

Me&> 
0 

0 

+ xhIe Me - 

(I i mi ted) 

0 1 

(325) 

MefJ Me 0 Me 

The product 123 is not affected by the hydrosulphite reduction of the other 
two quinones which can then be removed by basic extraction. 

The general interest in polycyclic aromatic compounds has prompted 
the study of Diels-Alder reactions of 1- and 2-vinylnaphthalene with 
quinones (equations 326 and 327)3s713ss. The initial adduct 124 can be 
isolated or oxidized in situ depending upon the experimental conditions 
employed388. An analogous hydrogenated intermediate could not be 
isolated in the case of 5,6-benzophenanthrene-l,4-quinone (126). The 

6 

0 0 
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0 (126) 

reaction of 1 -vinylnaphthalhe with lY4-naphthoquinone took place 
satisfactorily, but 2-vinylnaphthalene failed to  produce the expected 
adduct. Styrene, 1 -propenylnaphthalene and other similar compounds 
failed to react. In an analogous reaction, 3-vinylthionaphthene (127) 
reacts with 1,4-benzoquinone in excellent yield (equation 328)389. 

Q-7- S + 0 - Q-% ' s  / o  (328) 

0 '  
0 (127) 

The interest in polycyclic aromatic systems and their synthesis via 
Diels-Alder reactions of quinones continues (equation 329)390. The bis- 
adduct can also be isolated and an analogous reaction with lY4-naphtho- 
quinone takes place. 

Vinyl aromatic systems are more generally useful as dienes with 
substituted I ,4-benzoquinones and the introduction of a niethoxy group 
can activate the diene so that reaction with lY4-benzoquinone itself is 
possible (for example, equations 330 and 33 1)391. The present application 
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Me0 

of this information is in the synthesis of compounds related to the steroids 
by reaction with 4-vinylindane (128 in equation 332). In this particular 
instance, 1,4-benzoquinone does react, but an attempt to introduce an 
angular methyl group using 2-methyl-5-methoxy-1,4-benzoquinone pro- 
duced only starting material after heating for eight days. 

A somewhat similar reaction was used as the starting point for the 
synthesis of an important series of natural compounds (equation 333)392. 

Me Me 0 dMe Me Me \ 
(131) 

(333) 

The fact that only a single product (131) was obtained and that it was the 
structure shown, called into question Lora-Tamayo's earlier structural 
assignments; e.g. product 129 was claimed in equation (331) when R = H 
or Me and R1 = MeO. The result obtained with 2-methoxy-174-benzo- 
quinone added strength to the argument (equation 334). A careful re- 
examination of the earlier work showed that in both cases (i.e. R = H or 
Me and R1 = MeO) the product actually obtained has structure 1303". 
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Me Me 0 Me Me 

Another steroid synthesis involves the D-ring and allows the introduction 
of angular groups (equation 335)394. Related reactions, and much 
subsequent chemistry, provide entries to a variety of 'natural' and 
'inverted' cis-cis steroids. 

0 

An effort has been made to prepare some interesting chlorinated 
1,4-naphthoquinones by the Diels-Alder reaction of 132 with various 
1 ,4-benzoquinones3". The project failed at a later point, but yielded some 
interesting new compounds in the cyclization step (equation 336). The 

failure of the reaction with 2,5-dichloro-l ,4-benzoquinone and chloranil 
is consistent with an earlier report3""". Additional verification of that study 
and some new adducts were obtained with cyclopentadiene. 

Ir. contrast to the chemistry of the cyclopentadienes, furan was found 
to add to 2-acetyl-l,4-benzoquinones in an abnormal fashion (equation 
337)3966. It was suggested that the 2-acetyl-3-(2-furyl)- lY4-benzoquinone 
(133) might be formed by a dienone-phenol rearrangement of the normal 
adduct in its enol form (equation 338). The substituted hydroquinone I34 
could react with the starting quinone to produce the observed products. 
The actual quinone product 133 undergoes a normal Diels-Alder reaction 
with 173-butadiene (equation 339)397. 
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&Ac + 0 -> + +AC (337) 

OH \ /  0 0 
(133) 

OH 

&+]-JJJ \ /  \ /  (339) 

(133) 

An interesting and prevalent error in Diels-Alder chemistry of quinones 
is the alleged adduct (135) of 2,3-dimethylquinoxaline and 1,4-benzo- 
quinone3”. Two groups recognize the formation of a complex, 136, at nearly 
the same time (equation 340)39g9400. The source of the hydroquinone was 
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not determined, but the polymeric by-product suggests hydrogen abstraction 
from the quinoxaline. 

A heterocyclic system vaguely related to that just discussed is benzo[b]- 
phenazine (137); this compound has been shown to react with the 
dienophile 1,4-benzoquinone (equation 341)401. 

(137) 0 

It  has been possible to prepare certain substituted anthraquinones by 
the Diels-Alder reaction of 1,6naphthoquinone with 5,5-dimethoxy- 
1,2,3,4-tetrachlorocyclopentadiene (equation 342)"02. The removal of the 
bridgehead carbon atom could be carried out in several different ways to 
lead to a number of products. 

-I- ~~~~~ __j I (342) 

\ CI 0 CI 
0 CI 

In recent years a method for the preparation of l-aryl-1,3-pentadienes 
has been developed and used to prepare the little studied l-methyI-4- 
arylanthraquinones (equation 343)"s. The initial product 138 can be 

fyJ +*> - @J$ (343) 

0 Me 0 Me 

(138) 

Ar=Ph, 4-MeC6H,, 4-CIC6H,, 4-MeOC6H,, 2- or 4-O2NC,H,, 4-Me-3-0,NC6H, 

oxidized in situ to the substituted anthraquinone. Conditions have been 
found for analogous preparations of 2-methyl- and 2,3-dimethyl-l- 
arylanthraquinoncs401. 

In their study of the addition of 1-phenyl-5-rnercaptotetrazole (HPMT) 
to various 1,4-benzoquinones, Gates and collaborators carried out some 
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interesting new Diels-Alder reactions4. The three dienes used (2,3-dimethyl- 
butadiene, 1,3-cyclohexadiene and cyclopentadiene) added smoothly and 
in good yield to 2-(1’-phen~l-5’-tetrazoyIthio)-1,4-benzoquinone (e.g. 
equation 344). Similarly, the quinones prepared from the Diels-Alder 
adducts without a thio substituent add HPMT (equation 345). The 

( y T +  0 -apMT (344) 

0 0 

0 OH 

0 OH 

preparation of this last quinone reactant represents the most significant 
contribution of this study to Diels-AIder chemistry. The adducts of 
cyclopentadiene, unlike those of the other two dienes, do not undergo 
acid-catalysed aroniatization to the corresponding hydroquinone, which 
can be oxidized by the usual reagents. It was found that the cyclo- 
pentadiene adducts are converted to  their hydroquinones by treatment with 
triethylamine in benzene, preferably under anaerobic conditions (equation 
346). The yields, with the exception of the 1,4-benzoquinone adduct, are 

(yqR+W C6H6 N, @R (346) 

0 OH 
R = H, Me, Ph,  PMT 

quite satisfactory. The parent compound can be prepared in high yield by 
reductive acetylation and lithium aluminium hydride cleavage of the 
initial adduct (equation 347)405. 

1 OH i t  
0 0 4 C  
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In a continuation of the study of the 'abnormal' addition of furans to 
quinones with electron-withdrawing groups, 2-carbomethoxy- and 
2-acetyl-8-metlioxy- 1,4-naphtlioquinone were prepared40G. Both of these 
quinones failed to undergo the usual Diels-Alder reaction with either furan 
or 3,4-dimethoxyfuran (equation 348). A potentially useful synthesis of 

M eO 

0 
R = Ac, C0,Me R' = H, OMe 

1,4-naphthoquinones involves the addition of a-pyrones to 1,4-benzo- 
quinones followed by decarboxylation (equation 349). 

R = H, OMe 

The availability of a reasonable synthetic route to l-methoxycyclohexa- 
1,3-dienes has made possible the study of their Diels-Alder reactions with 
quinones (equation 350)*07. The initial adduct 139 can undergo a variety 

OMe OMe 0 bR $- - R@ (350) 

R = H , O M e  0 0 
(3 39) 

of interesting reactions, including photochemical formation of cage 
compounds, acid-catalysed loss of the bridge and the formation of 
derivatives of dibenzofuran. Substituted 1,4-benzoquinones have also been 
successful dienophiles. Procedures have been worked out for converting a 
number of mono- and di-adducts related to 139 to polycyclic aromatic 
quinones40R. 

The ability to introduce an angular methyl group in the 16-position in 
certain steroids is very desirable and one possible route to such materials 
is shown in equation (351)409. The elimination of acetic acid to give the 
observed product 141 is consistent with other observations of the 1 -acetoxy- 
diene, 140. 
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OAc 

& +Me* I I  M e  - M e 0  &Me ' (351) 

0 (141) 

Me0 0 
(140) 

Still another route to the introduction of an angular methyl group 
involved the addition of y-toluenethiol to 2-methyl-I ,4-benzoquinone 
(see section II.B.3) and its subsequent removal (equation 352)39. The 

presence of an angular methyl group, rather than the angular thio group, 
was demonstrated by comparison of the L1.v. spectra of the adduct with 
appropriate model conipounds4*. 

A brief survey of the possible routes to the synthesis of halogenated 
anthraquinones, along with their merits and drawbacks, has been 
presented4I0. The general conclusion, that using halogenated cyclo- 
pentadienone acetal is the preferred routeqo2, has been emphasized with 
additional synthetic lvorkqll. 

The Diels-Alder reaction of 1,3-dienes with certain chlorohydroxy- 
anthraquinones provides an approach to compounds related to the tetra- 
cyclines (equation 353)412. The halogenated cyclopentadienone acetals 
have also been used in this approach. The various initial adducts (e.g. 142) 
can be dehydrogenated to hydroxynaphthacenequinones. 

CI 0 CI 0 fyJ$ + FR d a R (353) 

0 OH 0 OH 
R = H, M e ,  CI (142) 

The tetrasubstituted quinone 2,3-dichloro-5,6-dicyano-1,4-benzo- 
quinone has been used extensively as a dehydrogenating agent, but not 
in the diene synthesis. Recently the detailed structure of its Diels-Alder 
adduct with 1,5,5-trirnethyl-3-methylenecyclohexene has been reported413. 
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Under the reaction conditions the diene isomerized to lY1,3,5-tetramethyl- 
cyclohexa-2,4-diene and the latter forms the adduct (equation 354). The 
structure was established by X-ray structure analysis. 

Me &CI (354) 
0 Me CNO 

Me 
Me 

It  has been shown that cyclic bis enol acetates can be generated in situ 
and that, in the presence of 1 ,4-benzoquinone, Diels-Alder adducts are 
formed (equation 355)414. Isophorone reacts to  give an approximately 

R R  
V 

equimolar mixture of the two expected products. Other a,p-unsaturated 
carbonyl compounds (e.g. crotonaldehyde) gave only tars. The structure 
and chemistry of the adducts are described in some detail. 

A recent extension of the Diels-Alder reaction between ly4-benzo- 
quinone and pyrones involves the use of the 5-carboxylic esters (equation 
356)415. The product obtained was homogeneous, but the specific structure 6 + oo ~ M e o 2 c ~ - C 0 2 M e  (356) 

Me0,C 
0 0 

of the product (2,6- or 2,7-dicarbomethoxy) was not determined. The 
presumed intermediates before decarboxylation were not isolated. 



17. The addition and substitution chemistry of quinoncs 101 1 

The thermolysis of benzocyclobutenol generates an interesting hydroxy- 
1 ,Zquinone dimethide that will react with 1,4-naphthoquinone (equation 
357j“G. The yield in this reaction was very good while the comparable 
photochemical reaction gave a complex mixture. 

0 8Jo” _I ticat ~ ocHoH ____t ‘ CH, 

4. Diels-Alder reactions of I,2.-quinones 

Compared to the enormous literature of the Diels-Alder chemistry of 
1,4-quinones, relatively few 1,2-quinones have been studied until recently. 
The problems are, to soine extent, illustrated by the study of the structure 
of pi~enequinone~~’. One suggestion for the structure of picenequinone is 
that expected from the Diels-Alder reaction between 1 -vinylnaphthalene 
and 1 ,Znaphthoquinone after dehydrogenation (equation 358). Using 
1 ,Znaphthoquinone only tar was obtained, but with 3-bromo-1,2- 
naphthoquinone dehydrobromination and dehydrogenation could be 
accomplished in sitzr and a reasonable yield of material corresponding to 
picenequinone was obtained. 

In the past few years the interest in cycloaddition reactions of 
1,Zquinones has grown very rapidly. Two English groups have played a 
major role in these studies: Ansell (Queen Mary College, London) and 
Horspool (Dundee) and their collaborators have published extensively 
and the latter has written a general review of the field41R. 
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Much of the Diels-Alder chemistry of the 1,Zbenzoquinones is con- 
cerned with cyclopentadiene adducts. A recent study of these reactions by 
Ansell begins with a detailed review of the i?eld419. The chief problem was 
the structure of the adduct; i.e. whether the quinone acts as a diene4*0f421 
or a d i e n ~ p h i I e ~ ~ ~ * ~ ~ ~  (equations 359 and 360). The correct explanation of 

R 

(143) 

R .  

(359) 

R =  H,Me 
R' = Ph, Me 

k 
(144) 

these differing views was suggested by Ansell and G~sden"~.  As shown 
above, the two adducts (143 and 144) can be interconverted thermally 
via a Cope rearrangement. This mechanistic picture has been supported 
by a number of subsequent studies"lg. It seems clear that many 1,Zbenzo- 
quinones act as dienophiles and give the kinetically controlled product. 
The chief exceptions are those quinones with substantial steric demands 
(e.g. tetramethyl- and 3,6-dimethyl-l,2-benzoquinone). In many of the cases 
studied an interesting interplay of steric and electronic effects could be seen. 

A still more recent study invoIved some bicyclo I ,2-quinones and shows 
that substitution in the 4,5-positions of the quinone also results in diene 
behaviour (equations 361-363)"?". 

(361 1 

Me 
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The study of Diels-Alder chemistry of 1,2-quinones has continued at a 

brisk pace as the following brief notes indicate. 
(1) The reaction of 3-chloro-l,2-naphthoquinone with 2,3-dimethyl- 

butadiene has been r e i n ~ e s t i g a t e d ~ " ~ ~ ~ ~ .  The structure originally reported 
for the 1:l adduct was confirmed and is the usual Diels-Alder product 
(equation 364). Various other 3- and 4-substituents on the quinone ring 

were r e - inve~ t iga t ed~~~~  419 or examined for the first time43o. With halogen 
located in the 4-position, a carbonyl addition product wzs obtained 
(equation 365). The 3-methoxy derivative gave the normal Diels-Alder 

0 O/\Me & 4- xMe W M e  (365) 

X 

(145) 

Me 
X 

x = 4-CI, 4-Br, 3-Me013, 4-C12 

adduct and the spirodihydropyran (145) in the ratio of 3 : 1.  Strongelectron- 
withdrawing groups (4-cyano, 3-carbomethoxy and 3-nitro) all undergo 
the normal Diels-Alder reaction. The example of 3-nitro-I ,2-naphtho- 
quinone is especially interesting in  that it is unusual to find a product with 
an angular nitro substituent. The mechanism and the product structures 
have been reported in some 

(2) The 172-benzoquinones are even more sensitive than the 1,2-naphtho- 
quinones and very few successful Diels-Alder reactions have been reported 
until reccntly ; exceptions are cyclopentadiene419 and dinierization. Using 
n large excess of diene (10-25 molar), it has been shown that a large 
number of such quinones will react with simple acyclic d i e n e ~ ~ ~ ~ .  The 
yields vary, but are often quite good. Two of the quinones, 4-cyano and 
4-carboniethoxy, could not be isolated and were prepared iu situ by 
oxidation of the corresponding catechol in the presence of the diene. 
In the 4-cyano case, only nickel peroxide was effective, while a variety of 
oxidants were used to generate the 4-carbomethoxy-l,I1-benzoquinone 
(silver oxide was the best). 
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The adducts froin unsymmetrical mono- and disubstituted quinones 
showed dienophilic reactivity of the more electron-deficient carbon-carbon 
double bond (e.g. equations 366-368). The initial adducts shown were, in 

0 

(367) 
/ 

C0,Me C0,Me 
Me 

most cases, not the only product isolated. Usually, at least a part of the 
adduct aromatized and often purification (sublimation) caused dchydro- 
genation (146 and 147 in equation 369). Trimethyl- and trichloro-l,2- 
benzoquinones were also studied and of the four substrates, 3,4,5-tri- 
methyI-l,2-benzoquinone decomposed too rapidly to allow adduct 
formation. The other three substrates gave adducts of the niono- 
substituted alkeiie linkage. 

Me& + Me&H(3691 00 
hl e / Me Me 

(1 46) (1471 

These studies have been expanded to the tetrahalo- 1 ,2-benzoquinones 
and interesting new chemistry has been An earlier investigation 
of the reactions of such qilinoncs with 2,3-dimethylbutadiene found 
a 1:2 adduct, for which an incorrect structure was proposed434. 
Re-investigation showed that with equimolar reactants at O'C, a 1: 1 
adduct is formed in high yield. The i.r. spectra of the 1:l adduct showed a 
single a,P-unsaturated carbonyl group and by analogy with earlier ~ o r k ~ ~ ' J  
a spirodihydropyran structure (148) was assigned (equation 370). Such a 
system retains the 1 .2-benzoquinone7s diene system arid reacts with 3 
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X 
(148) X=CI, Br 

Mex> Me XAMe x CH, 

_ _  
Me 

(1 49) 

second mole of 2,3-Cimethylbutadiene to produce the same 1:2 adduct 
149 found by Horner and M e r 9  with excess diene. The structure of the 
product 149 was assigned on the bzsis of its ability to undergo a Cope 
rearrangement and the spectra (i.r. and n.m.r.) of the rearrmgec! product. 

(3) The coinpound, 2,3,4,5-tetraphenylcyclopenta-2,4-diene-l-one 
(tetracyclone), is well known as a fine electron-deficient diene in Diels- 
Alder syntheses, but rarely does it act as a dienophile. Recent examples of 
such behaviour have been reported with 1 ,Zbenzoquinone and its tetra- 
chloro derivative (qquation 371)43j. Tetrachloro- I ,2-benzoquinone gives 
only a very high yield of the dioxan derivative (150; X = Cl). 
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Further examination of the reaction of' tetrahalo- 1 ,2-benzoquinones 
with various cyclopentadienones revealed that dioxan formation is, by far, 
the most common reaction''3G. A variety of substituent patterns were used 
and it was concluded that steric effects are of much greater significance 
than electronic effects. The only instance of the quinone acting as a carbon 
diene (151) is the unsubstituted case reported earlieF3j. 

Other dioxan-type cycloadditiori reactions have been reported between 
tetrahalo-l,2-benzoquinones and, for example, 2,5-dimethyl-3,4-diphenyl- 
cy~lopentadienone~~~.  Of special interest is the example shown in equation 
(372). The expected initial adduct 152 undergoes a very facile rearrange- 
ment to an eight-membered ring containing two oxygen atoms and a 
carbonyl bridge (equation 373). 

CI c'& CI 
+ 

CI CI 

(4) Still another unusual aspect of 1,2-benzoquinone Diels-Alder 
chemistry is illustrated by reactions with various fiirans. The ability of 
furans to act as dienes is well known,  but the observed modc of reaction 
with 1,2-benzoquinones is as a dienophile (equation 374)436. A n  interesting 

x x 

X = H, CI R1 = H, Me, Ph 
R' = H, PI1 
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piece of mechanistic detail was found when the reaction was carried out 
in chloroform (containing the usual ethanol stabilizer) and ethanol was 
incorporated in the product (equation 375). This observation, and some 

related experiments, suggest a two-stcp mechanism rather than a concerted 
cycloaddition. Electrophilic attack of the quinone on the furan to produce 
a stabilized carbonium intermediate (153) was suggested. 

A series of furans with 2-vinyl side-chains and tetrachloro-l,2-benzo- 
quinone react with interesting results439. Even though the vinyl group was 
substituted with strong electron-withdrawing groups, the addition usually 
took place on the furan ring (equation 374: X = C1; R1= H; 
RZ = -CCH=CYZ, with Y = H, CN,  C0,Et and Z = CN, NO,, CO,Et, 
COPh). A single exception was found in which the vinyl side-chain also 
acted as a dienophile (equation 376). 

CN 

CI 

CI CI 

Further study with furans containing various combinations of methyl 
and phenyl scbstituents has confirmed the generality of the dioxan- 
forming reaction (equation 377)440. Some additional evidence for the 
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R3 ~ Cl)@~Cl P 11 (377) 

R’ cyJ+ CI CI Ph y-J R‘ - CI CI 

R‘, R’ or R3 = H, Ph, Me 

two-step carbonium ion intermediate mechanism is presented and once 
again steric effects appear to outweigh electronic effects in determining 
the structure of the product. 

( 5 )  Finally, two reports have been made of relatively unactivated double 
bonds entering into reactions with tetrahalo- 1,2-benzoquinones. The 
first involves acenaphthylene and the quinone as a diene (equation 378)“l. Bra f- ::@@ 0 (378) 

0 \ Br 
Br Br 

The second is the addition of 2,3-dimethyl-2-butene to tetrachloro-l,2- 
benzoquinone and leads lo several products besides the expected dioxan 
derivative (equation 379)‘j2. The preliminary experiments reported suggest 

that two competing reaction paths are operating: (i) direct cycloaddition 
leading to the bcnzodioxan, and (ii) an allylic radical sequence leading to 
the other products. Tetrabromo-l,2-benzoquinone gives similar products. 

5. Cycloaddition of Diazo Compounds 

The first observation of the addition of diazomethane to 1,4-benzo- and 
174-naphthoquinone was made i n  the last years of the 19th c e n t ~ r y ? ” ~ ? ” ~ ~ .  
It  was more than thirty ycars later, after Diels and Alder had rekindled the 
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interest in cycloaddition chemistry, that Fieser re-examined and expanded 
the field445. The additional study was motivated both by the feeling that 
von Pechmann did not understand the structure of the product and the 
desire to explore the possible synthesis of cyclopropane derivatives of 
quinones and hydroquinones. 

Fieser and Peters found that von Pechmann’s elemental analyses were 
not quite correct and that the addition of diazomethane follows the well- 
established pathway; i.e. reductive addition, isomerization, enolization 
and cross-oxidation (equation 380). The intermediate 154 and product 

(380) 

155 are interesting in  that the hydroquinone is yellow and the quinone is 
colourless under most circumstances. The evidence, including electro- 
chemical data, leaves no doubt that the structures are correct. 

Ethyl diazoacetate and diphenyldiazomethane also add cleanly to  
1,4-naphthoquinone. The former adds slowly allowing ample time for the 
cross-oxidation reaction to take place (equation 38 1). Thus, in contrast to 

diazomethane, no intermediate is isolated. The addition of diphenyl- 
diazomethane was carried out in an effort to prevent rearrangement to a 
pyrazole ring. Chemical evidence shows that the product docs contain a 
cyclic azo arrangement (equation 382). The pyrolysis of 156 did lead to 
some product that was tentatively assigned 9 fused cyclopropyl structure. 

34 
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(1 56) 

This pyrolysis has been carefully re-examined and the correct structure 
156a and mechanism determined.*4G. 447. 

0 

(156a) 

The use of dialkylazomethanes produced even less satisfactory results. 
It was found that I ,4-benzoquinone also adds diphenyldiazomethane, but 
the chemistry of the product appeared less interesting and was not pursued. 

This study of the addition of diazo compounds to quinones has included 
the 1,2-naphthoquinones~*. With diazomethane only resinous products 
were obtained and this was thought to be connected with the relatively 
low stability of the starting quinone. The use of the more stable 6-bromo- 
1 ,2-naphthoquinone failed to produce crystalline product and only 
starting material could be obtained with the milder reagent ethyl diazo- 
acetate. The conclusion, that the alkene linkages of 1,2-quinones are not 
reactive toward diazo compounds, is clearly supported by the reactions 
of diphenyldiazomethane with the heterodiene system (equations 383 and 
384). 

-1- Ph,CN, (384) 
Ph,C Ph,C 

An interesting ring enlargement reaction of quinone with diazomethane 
has been reported449. It was suggested that the intermediate 157 may be 
involved (equation 385). A related ring enlargment of trioxoindan has 
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(157) (385) 

“‘“0 0 Me 

been shown to produce quite reasonable yields of substituted 2-hydroxy- 
1,4-naphthoquinones (equation 386)450. In certain cases, the actual product 
isolated was a 2-alkoxy derivative. 

0 
R’ = H ,  Me 

Fieser and Hartwell succeeded in stopping the reaction sequence at  the 
pyrazoline stage by using the so-called ‘blocked’ quinone 2-diphenyl- 
methyl-] ,4-naphthoquinone (equation 387)448. 

A continuation of this work with blocked quinones produced a cyclic 
azo compound that pyrolysed to a fused cyclopropyl derivative (equation 
388)l”. When this work was extended to a re-examination of 2-methyl- 
1,4-naphthoquinone and diazomethane, several conflicting literature 
reports were resolvedb5*. The addition takes place in the expected manner 
(equation 389) and the adduct exhibits chemistry analogous to that found 
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Pr-i 

" ' O O  Me 0 

@ + RCHNp + @JN \ (389) 

- R = H, Me 
U u k  

for 2-liydroxythymoquinone. Diazoethane also added in the expected 
manner; diphenyldiazomethane did not react under the same conditions. 
The base-catalysed dinierization of adducts of this general structure 
provides a convenient route to inethylene and dimethylene diquinones 
(equations 390 and 39 l)452. 

aN \ 

0 \ @Me Me@ 

CH,-CH, 
0 0 

A recent extension of this quinone addition has resulted in the isolation 
of the expected initial adduct (158 in equation 392)"j". This compound is 
quite unstable and is easily converted to a yellow isomer that had generally 
been pictured as a 1,4-naphthalenediol derivative. Evidence is presented for 
believing that 159 is the correct structure. 
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The logical extreme case of a blocked quinone in the present sense 
would be 2,3,5,6-tetramethyl- 174-benzoquinone (duroquinone). A re- 
investigation of the report that diazomethane adds to the carbonyl group 
showed that quite normal cycloaddition takes place454p455. Four products 
were isolated under the reaction conditions given earlier (equation 393). 
The conversion of 160 to 161 and 162 to 163 can be achieved under mild 
conditions. Pyrolysis leads to fused cyclopropane systems. 

M e a  'i\l + M e w N  + 
M e ~ M e  Me Me + CH,N, Me Me Me 0 Me 

0 

0 

+ 

Simpler quinones have also been employed in these reactions and the 
cyeloaddition product can lose nitrogen to produce alkylated product as 
well as fused cyclopropyl dcrivatives (equation 394)*". 
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It has been shown recently that diazomethane adds to a carbonyl 
group in quinones with all of the hydrogens replaced by electronegative 
groups (equation 395)457. The epoxy product 164 is useful for the synthesis 

0-C H 2 CH,OH 

' ~ '  -I- CH,N, -> "0: __f :@: (395) 

X X X 

X = F, CI, Br, I, OMe, 0,CMe 

0 0 OH 
(164) 

of certain types of benzyl alcohols. The 1,4-naphthoquinones bearing 
similar 2,3-substituents also show this chemistry. When one of the 
substituents is hydrogen, ring addition takes place and subsequent 
elimination occurs readily (equation 396). 

X = CI, Br, SMe, SOMe, S0,Me 
(396) 

A later and closely related study showed that carbonyl addition of 
diazomethane and diazoethane also occurs with 2,6-diniethoxy- 1,4- 
benzoqui~ione~~~.  The exact nature of thc product depends on the sub- 
stitution pattern of the quinone and the diazo compound employed (e.g. 
equations 397-400). 

Earlier reports of the addition of diazomethane to 1,4-naphthoquinone 
have been re-examined, the structure of the adduct revised and a new 
product identified (equation 401)459. The general structure of 166 was 
consistent with its spectra and formation from 165 and diinethyl sulphate 
or diazomethane. The alternative structure 167 was not ruled out. 

Awad and collaborators have expanded their studies to include the 
1,4-benzoq~inones~~~. With 2-methyl- 1,4-benzoquinone, diazomethane 
and diazoethanc each produced a single product (166 i n  equation 402). 
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0 

EtO,CCHN, /CO,Et 

HOCH-OMe 

" ' O Q O " '  

Meo60Me 0 

0 

X = Ci, Br,I 

OEt 

X x@: 
OEt  

COEt 
/ 

OCH-OMe 

X *a: 

(397) 

(399) 

(4001 

OH 
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Neither of the suggested intermediates (169 and 170) was isolated. The 
possible isomeric product 171 was considered (as were the appropriate 

M e q N  

O H  
(171) 

isomeric intermediates) but no evidence favouring one or the other is 
presented. The oxidized state of the product 168 is attributed to atmospheric 
oxygen, because no 2-methylhydroquinone couId be found in the reaction 
mixture. 

The addition of vinyldiazornethane to substituted I ,4-naphthoquinones 
has been reported recently (equation 403)461. 

@ -I- CH,=CHCHN2 ---+ & \ 

x o  X O H  

(403) 

X = H, OH, OAC 

Until recently only a single study of the reaction 1,2-quinones with 
diazoalkanes had been added to the early work of Fieser and 
H a r t ~ e 1 1 ~ 2 ~ ~ ~ .  Fair yields of cyclic lactones were obtained from the 
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ketoketenes formed in the pyrolysis of acyldiazomethanes (equations 404 
and 405). A variety of aryl groups, stearoyl and two bis-diazomethanes 
were used. 

0 
I t  heat 

ArCCHN2 - ArCH=C=O + N2 

X = CI, Br 

With diazomethane itself the cyclic diether first reported is the usual 
product (equation 406)463. These products are also familiar from our 
earlier discussion of carbonyl hydrazone addition (see section 111). 

The tetrahalo- 1 ,Zbenzoquinones have been used to trap intermediate 
1: 1 addition products of diazomethane and a-dicarbonyl compounds 
(equation 407)464. Similar chemistry was found for a series of indanediones. 

m: + CHzN2 -’ 
I 
R 

R = H, M e ,  Ac, MeCO, 

X = CI, Br 
I 
R 

A ring enlargement reaction 

0- 

I 
R 

X 

I 
R 

starting from a 1,2-quinone has been 
reported (equation 
isolated and the overall yield is a respectable 24%. 

The intermediate boron complex can be 
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C. The Addition of Enamines 

I .  Nenitzescu condensation 
The pharmacological activity of several naturally occurring 5-hydroxy- 

indoles has resulted in extensive study of the general method for their 
synthesis first published by N e n i t z e ~ c u ~ ~ ~ .  The original reaction (equation 
409) has been modified extensively467470. Some of this work, while 

+ (409) 
Me 

H, ,CO,Et 

__ C 

/c\ b+ 0 Me !I NH, 
H I 

(172) 

emphasizing synthetic variations, has also produced useful mechanistic 
information. An early proposal4G8 suggested an intermediate, 173, that 
cyclizes to product in some unspecified manner. A more elaborate picture 
of this mechanism has been pre~ented"~, but with little solid evidence. 
The variation of yield with substitution seemed to these authors to be 
consistent with the proposed mechanism. A modification has been offered 

in which both the hydroquinone 173 and its oxidation product 174 are 
intermediates4''. At about the same time a careful product isolation and 
characterization study provided a good deal of experimental support for 
such a path (equation 409 with some additional products)473. The high 
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total yield (some experiments were as high as 95%) is important. Similar 
results were found with 2-methyl- 1,4-benzoquinone. 

CO,Et 
60 E10,C 0, 

Me 
1 (409a) 

yL0 
M% I 

-F (172) + 6 + Q- /c\ ;’” -t- (174) + 
N Me 
I 

OH H 

15% 

OH C0,Et  OH 

10% 
30% 25% 

The Nenitzescu condensation can also represent a valuable method for 
the synthesis of substituted benzofurans. Grinev and collaborators have 
made an impressive contribution to our understanding of both paths. As a 
part of their continuing study of the addition of a monoimine of acetyl- 
acetone to 1,4-benzoquinones, the influence of substituents in the quinone 
wzs As indicated in equations (410) and (411) the electronic 
nature of substituents in the quinone has a very strong effect on the 
direction of the cyclization and hence on the structure of the observed 
product. The direction of the ef‘ect is certainly in accord with electronic 
expectations, but the magnitude of the effect is surprising. When 1,4- 
naphthoquinone is used in the reaction, the nature of the nitrogen 
substituent is significant in determining the product (equation 412). With 
acetylacetone N-phenylimine and 1,4-naplithoquinone only the indole 
was obtained (i.e. 175 with N-Ph rather than N-Me). 

OH 

RQc/Ac R II 

OH c, 
1 Me 

R ’ N H  

\ 

Me N’ ‘Me 

Me R~ 
I 
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0 Ac 

The synthesis of variously substituted indoles has been accomplished 
via the addition of the anilides of &amino- and N-alkyl-~-aminocrotonic 
acids to 1 ,4-ben~oquinone~~~.  The nature of the substituent on nitrogen 
has a marked effect on the reaction and its outcome, as indicated by 
equations (413) and (414). An intermediate analogous to 176 was 
postulated in the N-Me case, but could not be isolated. 

I 
Me 

Me'-'NHMe 

I 
4R Ph 

The Michael addition of 1,6benzoquinones and the inonoimines of 
1,3-diketones can lead, by subsequent cyclization, to either indoles or 
furans. The question of whether the enamine and/or the enol system 
engages in the second reaction step has been studied (equation 415)476. 
The intermediate 177 was not isolated and none of the isomeric 2-ethyl-3- 
acetyl-5-hydroxy-6,7-dichlorobenzofuran was obtained. Thus, it may be 
suggested that the carbonyl imino group is always involved and the molecule 
eliminated (H,O or PhNH,) is significant. 
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0 (41 5) 
II 

CI Me 

An interesting combination of the Michael and Diels-Alder reactions 
of enamines and quinones occurs when the Michael product reacts with 
additional quinone. This sequence leads to polycyclic compounds in quite 
reasonable yields (equations 41 6 and 41 7)"'. Both the interniediate 178 

R~ + R'cK[[-"" 

> 
R 

0 
R = H, Me 

R1 CH= CH N HEt 

R' = H, Me, Et, n-C, and C,, 

0 

(1 79) 

and the isolated product 179 presumably require the oxidation of an 
intermediate by the excess of quinone present. The significant intermediate, 
178, was not isolated and the overall yield is strongly dependent on the 
nature of R1; i.e. the aldehyde from which the enainine is prepared. 
Finally, the presence of acid seems to  be required. 

A continuation of these studies showed that both 5- and 6-methyl- 
1 ,Cnaphthoquinones react but the product mixture could only be 
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separated by paper chromat~graphy~'~.  The condensation of 1,4-anthra- 
quinone occurred but less readily; 5,8-quinolinoquinone did not react. 

In some cases the yields of indole in these reactions is quite small and 
methods have been sought to improve the outcome. One beneficial 
approach is the azeotropic distillation of the water formed in the reaction 
(equation 418)477". It appears that the water reacts with the enainiiie to 
release ammonia or amines that cause the polymerization of the quinone. 

0 R = H, Me, Ph, PhCH, k 
2-MeC,H,, CH,CH,OH 

A somewhat more detailed study of the effect of imino nitrogen sub- 
stituents has been made4". Several N-substituted monoimines of acetyl- 
acetone were allowed to react with lY4-benzoquinone under the same 
conditions and the product(s) determined (equations 419 and 420). 

The product distribution 

I 
R 

(181) 

is given i n  Table 16. The relationship between 
product and basicity of amine is striking; i.e. 

pK 3.3-4 benzofurans 
pk' 4.6-5 mixture 
pK 8-10 indoles 
still weaker bases no reaction 

The synthetic utility of the Nenitzescu condensation has been greatly 
expanded by Domschke and collaboratorsgs1. Much of this work deals 
with benzofuran synthesis, bu t  coumarins (equation 421)482 have also 
been prepared. 
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TABLE 16. Product distribution in the 
reactions of nionoirnines of acetyl- 
acetone with 1,4-benzoquinone 

(equations 419 and 420)480 

1033 

Ar (XGH,) 
4-Me 
4-Me0 
2-Me0 
4-MezN 

4-Br 
4-AcNH 

4-NOZ 

39 
X X 

X X 

X X 

37 
50 
12 
58 
57 

0 0 
0 0 

Total yields are in the range 20-49%. 
Both products are present, but individual 
yields were not recorded. 

C02Et 
I C02Et 

+ EtOH (421) 

EtO' C \O - HomNHz 0 
0 

Finally, aryl-substituted quinones have been used in the synthesis of 
indoles by the Nenitzescu route, but the yields have been very disappointing 
(equation 422)483. 

Me 

I I + RNHC=CHC02Et I - H o ~ ~ ~ c o z E t  (422) 

R = H, Me, PhCH, Ar Me 
I Ar6 0 A r  = Ph, 4-NOZC,H,, I-CIC,H,, 2,4-CI,C,H3 R 
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2. The oxidation of tertiary amines 

While examining the oxidation of tertiary amines with quinones, the 
following important reaction was discovered484 : a solution of triethylamine 
and chloranil in benzene turned green, then blue, and finally a colourless 
crystalline product precipitated. The colourless compound was shown to 
be triethylamine hydrochloride and tetrachlorohydroquinone was isolated 
from the reaction mixture. The blue compound was also obtained in a 
crystalline form and shown to have the molecular formula C,,H,,O,NCI,. 
These data and i.r. spectra suggested the structure 182 and the following 
reactions were proposed (equations 423 and 424). 

O H  

CI c'&c' CI 

0 
I 0 

-t CH,=CHNEt, Et,N ''ckC' i- Et,NHfCI- (424) 

CI CH=CH N Et? 
0 

(1821 

A thorough evaluation of the scope of the reaction revealed that for 
practical synthetic applications it is rather limited. Aside from chloranil 
and bromanil, only the 2,5- and 2,6-dichloro (and presumably the 
trichloro, di- and tribromo quinones) give any useful product. A wide 
variety of tertiary amines was tried, with few giving satisfactory results 
(N-ethylpiperidine is an exception). Some of the amines that did react in 
both steps (e.g. tri-n-butylamine) gave products that were quite reactive 
and consequently difficult to purify. Some speculations concerning the 
mechanistic details are given; for example, the available evidence suggests 
that the formation of a sufficient concentration of suitably activated 
molecular complexes is as important to the reaction's success as is a 
suitable redox potential. 

A more detailed study of the absorption spectra of chloranil and 
aliphatic amines has revealed some useful facts about enaniine formation48s". 
As expected, soiutions of ethylamine or diethylamine and chloranil show 
changing U.V. spectra with time and shortly produce the corresponding 
N-substituted 2,5-diamino-3,6-dichloro-l,4-benzoquinone (see section 
VIII). However, when a suspension of chloranil is shaken with pure triethyl- 
amine, a dark-green precipitate forms. This dark-green solid shows U.V. 
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and e.s.r. spectra that are very similar to those of the product of sodium 
iodide and chloranil. This latter material is generally accepted as the 
sodium salt of chloranil serniquinone. The spectra of both products in 
methanol, ethanol and triethylamine are very similar, their i.r. spectra 
being virtually identical. There seems little doubt that the dark-green solid 
contains the chloranil serniquinone anion 183. The detailed nature of the 
cation was not determined, but on the basis of preliminary data, it may 
have the structure shown. The addition of acid to this salt, 183, regenerates 

[Et,N-NEt,]'+ 

pure chloranil, showing that no substitution has taken place at  this stage. 
The salt appears to be quite stable in the absence of solvent, but in acetone its 
spectrum changes with time until 2,3,5-trichIoro-6-(2'-diethylaminovinyl)- 
1,4-benzoquinone (182) is produced. Foster argues against a charge-transfer 
complex and suggests 183 as the first phase of the reaction described by 
Henbest and collaborators. 

In the further study of the reactions of quinones and tertiary amines, 
a useful example has been found in 2,5-dichloro-3,6-dimethoxy-l,4- 
b e n ~ o q u i n o n e ~ ~ ~ .  This quinone, 184, does not oxidize triethylamine to an 
enamine, but if the enanline is formed it undergoes the substitution 
reaction readily (equation 425). Such a reaction, with its deep-blue 

(425) 

M e 0 6 C L  Ef 2, N Me0 

CH,-CHNEt, 

CI OMe CI CH=CHNEt, 
0 0 

(1 84) (1 85) 

product 185, represents a very useful test for the presence of enamines. 
Using quinone 184, a number of oxidizing agents were tried with tri- 
ethylamine; for example, enamines were formed with benzoyl peroxide 
and with N-bromosuccinimide, but were not formed either with MnO, or 
with 1,4-benzoquinone. The enamine used in equation (425) was generated 
by added benzoyl peroxide and it was f w n d  that the amount of blue 
quinone 185 formed is proportional to the peroxide added up to a 
peroxide : quinone ratio of 1 : 1. 
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The use of an added oxidant, like benzoyl peroxide or N-bromo- 
succinimide, provides a useful synthetic route. In several instances a 
reaction failed because the quinone failed to generate the enamine, not 
because of the substitution step (for example, equations 426428). 

(426) 

Et,NCH=CH 

ci CI 

E1,N 

(BzOL ' 
CH=CHNEt, (XH 0 =c H N Et, 

0 
(186) 

0 0 

(428) 

0 c'oc' CI 0 CI 

Me 

In an effort to  confirm the structure of the chloranil-triethylamine 
adduct, another useful new synthetic approach was developed487. Upon 
simply mixing chloranil, diethylamine and acetaldehyde, a rapid reaction 
took place and the desired product was obtained in excellent yield 
(equation 429). The disubstituted product 186 can also be prepared by 
further additions of acetaldehyde and diethylamine. A wide variety of 
secondary amines is useful in this reaction and those quinones that react 
well with primary amines generally react with acetaldehyde and secondary 
amines as shown in equation (429). A complication is found with dimethyl- 
amine in that a substantial amount of direct substitution takes place and 
the yield of desired vinylamino compound decreases. It appears that 
acetaldehyde may be the only practical carbonyl reactant. Higher aldehydes 
gave blue solutions, but the products were difficult to purify. A reaction 
mixture of chloranil, acetone and rnorpholine Ied only to substitution of 
morpholine for chlorine. One interesting exceptional case was croton- 
aldehyde (equation 430). The yield of 187 was only 20%, but it could be 
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(429) 

0 
c1 CI 6:: 0 =c HN Et, 

“6:; + 2 Et,NH + MeCHO 7 

CI 

a‘ 2 Et,NH 4- MeCH=CHCHO ___j 

CI 
0 

0 
(430) 

(187) 

increased to 80% when the presumed intermediate 188 was prepared 
externally. 

C H,=CH CH = C H N Et, 

(1 88) 

The dialkylaniinovinylquinones undergo the usual nucleophilic sub- 
stitution reactions of quinones (see section VIII). An interesting and 
exceptional reaction is illustrated in equations (43 1) and (432). It appears 

(437) 
n-BuNH 

C H = CH N H B u-n 

n-EuNH, 0 
A 

--?2+ =c “WO 
CI 

0 

~ ‘ 2 ~ ~ 1 :  CI =c H N-0 n (432) 

that the disubstitution product 189 arises from the preliminary substitution 
of the 2-chloro group by butylamine. This presumed intermediate has 
been thought t o  allow an ortho quinoneirnine form that can lead to the 

cl*l 

0 
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second substitution. Some comparison experiments were carried out in the 
substitution of chloro and methoxy quiiiones by primary and secondary 
amines. This aspect of quinone chemistry will be treated in section VIII. 

3. Brief notes 

Enamines and quinones have been shown to undergo several interesting 
reactions that deserve our notice, but have not been studied in much 
detail. 

(1) A group under the direction of Brannock has made a number of 
contributions to our knowledge of enamine chemistry. As a part of their 
general survey of the enaniine-carbonyl reaction, they prepared several 
dihydrobenzofuranols (equation 433)488. 

R = H, alkyl 
R1 = R2 = alkyl 

(2) A study similar to that just cited has been carried out by Shvedov 
and Grinev4*!'. They found that excellent yields of the initial addition 
product of 1,4-benzoquinone and certain enamines can be obtained by 
working in benzene at ice temperature (equation 434). In addition to the 

enamines of cyclic ketones, some aliphatic aldehydes gave similar results. 
The morpholine enamines seemed to be very superior. One exceptional 
case was found in the isobutyraldehyde enamine (equation 435). The 
structure of product 190 was assigned tentatively. 

I I 4- Me,C=CHN n (p0 (435) 8 w \p - 
0 0 

(190) 
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(3)  Domschke has shown that 1,4-benzoquinone and enaxnines can 
undergo a Diels-Alder reaction and produce substituted anthraquinones 
(equation 436)"O. The required dienamines were prepared by the 
condensation of two moles of rnorpholine-acetophenone enamine with 
the loss of one imino group. The expected intermediate (initial adduct) 
was not isolated. 

/ \  
0 Ph 6 4- 2phfpyj / phw \ Ph (436) 

0 Ph 0 

(4) It  has been shown that a variety of oxidants will convert certain 
coumarins to quinones bearing a formylalkyl substituent (equation 
437)491. The yields are better than 70%, but to be successful at least one 
of the positions ortho to the phenolic hydroxy group must be substituted. 

0 OH 

A FeCl, + Me,C=CHN 

0 

0 
A(CH~CH, ) ,O  

(437) 

( 5 )  Enamines will react with 1,2-quinones in a fashion reminiscent of 
the Diels-Alder reaction (equation 438)492*493. The yields are, with a few 
exceptions, good or excellent. Several other 1,Zquinones were used and the 
enamine can involve cycloalkenes and other secondary amines. 

0 N 

I 
CH 

Me Me 

x+J + /c\ I I  -a;x:;H1o (438) 

X 
X 

X = CI, Br 
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(6) Dighenylketenimines with N-aryl substituents also react with 
1 ,Zquinones to provide an interesting series of aryliminolactones 
(equation 439)494. The yields are uniformly high. 

X = CI, Br; Ar = Ph, 2- or 4-MeC,H,, 4-MeOC6H, 

D. Related Cycloaddition Reactions 

The 1,Zquinones undergo cycloaddition reactions with ketenes to 
form cyclic l a ~ t o n e s ~ ~ ~ *  496. The reaction (equation 440) allows capture of 

Br 

0 
4 
\ 
C=NNH, __+ Ph&=C=O 
/ 

Ph 

PhC 

Br 

ketenes formed as unstable intermediates in the thermolysis of diazo 
ketones. In cases where no Wolff rearrangement takes place (e.g. 2-methyl- 
I ,4-naphthoquinone diazide), the carbene forms a monoacetal with the 
quinone (equation 441). 

Ci Me 

The reaction of diphenylketene with 1,4-benzoquinone was reported in 
1 and recently the analogous chemistry of dimethylketene was 
investigated498. Both ketenes gave a spirolactone when one equivalent was 
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used (equation 442). Two equivalents of the ketene led to a low yield of the 
bis-spirolactone when R = Ph, but R = Me gave only polymer. 

0 

A variety of a,P-unsaturated ethers undergo cycloaddition reactions 
with 2-acetyl- 1,4-benzoquinone to form derivatives of benzofuran 
(equation 44314". This study has been greatly expanded recently and a ''6 t EtOCH=CH, - HoboEt (443) 

0 

number of additional enols exarninedjo0? jol. Enol esters and cyclic enol 
ethers can be used and 2-carboniethoxy- 1,4-benzoquinone is also a 
suitable reactant. The nitrogen heterocycles, pyrrole and imidazolc, are 
also capable of similar addition reactions when strong electron-withdrawing 
groups are present i n  the quinone. 

An interesting 1,3-cycloaddition of a hydroxy 1,4-benzoquinone has 
been invoked to explain the relationship of the observed products and the 
newly characterized parent compound perezone (cquation 444)5"2. 

&Me+ H. Me 0 &Me H. Me 0 
J... 

(444) 

H-C Me'QMe c \ H 2  / \ -+ H M e2 H Me2 

CH,-CH=CMe, 

The indoles with alkyl substituents in  the 3-position are known to 
undergo cycloaddition reactions with 1,4- and 1 ,Zquinones (equation 
445)503p 50.'. The reaction is known to be strongly acid-catalysed, quite 
general and subject to some steric hindrance. The more recent study has 
investigated i n  some detail the mechanism and especially the formation of 
2:1 adducts. 
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0 

+ 0 - Q-J-D”” (445) 
N R  0 
I 0 I R  
R R 

R =  H,Me 

The number of 2,3-cycloadditions found in quinone chemistry is some- 
what limited, but a potentially useful example has been reported in 
isocyanate chemistry5a5. Both 1,4-benzo- and 2,4-naphthoquinone react 
with benzoyl isocyanate (equation 446). The product 191 can undergo 

(1 91 I 

epoxidation and saponification. In the case of 1 ,4-naphthoquinone7 the 
latter reaction provides a reasonable route to the fairly stable 2-carboxy- 
1,6naphthoquinone. The reaction between 1,4-benzoquinone and 
trichloroacetyl isocyanate takes the Diels-Alder route (equation 447). 
No product was obtained with 1,4-naphthoquinone and this isocyanate. 

O+C 13 

(447) ___, ()+ C 6 b C I 3  N 
0 I1 0 0  

0 

Several five-membered nitrogen heterocycles fused to dihydro- 1,4- 
benzoquinones have been prepared in good yield (equation 448)506. 

R’  

R , / y y 3  R2 + NHNH, 7 X-N, $$R3 (448) 

R1 = Me, Me0 
Rz, R3 = CI, MeO, NH,, 

0 0 
X = Me, Ph, 4-NO,C6H,, 

Ac, PhCO, 4-Me or 

(0 in prodtrct) 
NHR, NHAr 4-N02C,H,S0,, OH 
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Once again a strong electron-withdrawing group in the quinone is needed. 
A sirnifar reaction with S-methylthiuronium sulphate leads to six- 
membered heterocycles (equation 449). 

VI. EbECTROQH4LIC ARYLATION O F  Q U I N Q N E S  

The preparation of quinonoid compounds bearing aryl substituents is an 
important synthetic goal for both practical and theoretical reasons. An 
early expe$imental effort in this area consisted of the acid-catalysed 
reactions of phenols with quinones (e.g. equation 450)”’. The mono- 
substitution product 192 was not correctly named and the orientation of 

the disubstitution product 193 was not specified, but the chemistry and 
the gross structures have recently been verified508. The latter work has 
included a re-investigation of pyrogallol and 1,4-benzoq~inone~~~.  The 
same coupling products were obtained, along with self-condensation 
products. 

In recent years it has become clear that the preferred route to 
aryl-substituted quinones is via diazonium intermediates. The first 
efforts in this area involved p-nitrosophenol or the 1,4-benzoquinone 
nionoxin1e510.511. Several experimental difficulties caused very low yields. 
The patent literature provided a very important iinprovemeiit by showing 
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the efficacy of sodium acetate in an alcoholic reaction medium. This lead 
was developed by Marini-Bcttolo and collaborators who prepared nt- and 
p-nitrophenyl-substituted I ,4-benzoquinones (equation 45 1) and studied 
their conversion to other derivatives5I2. In later papers it was shown that C)+y (j C,H,NO, 

- I  I 1- N2 (451 1 

0 NO2 0 

copper powder could increase the yield very sharply, at least for 
1 ,4-naphthoquinones113. The rangc of anilines that could be used was 
expanded and it was found that hydroquinone is also a suitable starting 
material for ary1ation5l4. 

Over the last forty years the synthesis of a large number of aryl- 
substituted quinones using this route, with major and minor variations. 
has been reported145* lSG* 3 2 s g 9  331* 614z'-517. However, in 1958 L'Ecuyer and 
his students (notably Brassard) began publishing a series of detailed 
synthetic and mechanistic studies of quinone arylativn with diazoniuin 
salts. In  the first paper of the series, a careful search for optimum reaction 
conditions was niade5l6. The following conclusions were reached : 

Solvent : water 
Concentration: 0.1 M Temperature: gradually rising Lion1 10-1 5°C 

pH: 5 

Buffer: 2 mole Na+-OAc/niole reactant 

to ambicnt 
Anion: C1-, Br-, PO:-, SO:-, but not NO; 

Excellent yields of product were obtained using these general principles 
with a wide variety of substituted anilines. These monosubstituted 
quinones can be converted to 2,5-diarylated-l,4-benzoquinones (sym- 
metrical or unsymmetrical) in lower, but still satisfxtory yields, by simply 
repeating the diazonium salt procedurez1!'. While only the onc product 
was reported in each case, the modcst yields suggest that the isomeric 
products niay also be formed. 

The study of the influence of substituents in the quinonoid ring began 
with 2-chloro-1 ,4-benzoquinone (equation 452y2". The structures of both 

"6 1- ArN2+CI- -> c16Ar -k Ar "6 (452) 

n 0 0 
U 

Ar = Ph; 81% not isolated 
4-CIC6H4; 66% 18% 
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the products found and the missing isomer were demonstrated by the 
synthesis of more highly chlorinated derivatives by unambiguous routes. 
This product distribution study has been re-examined and expanded to 
include the p-nitrophenyl casesz1. The earlier discussion of nucleophilic 
addition showed the effect of quinone substitution, but not of nucleophile 
substitution (see sections ILB.2 and fI.D.2). However, our own obser- 
vations show that for thiol addition, para substituents have only minor 
effect 011 the product ratio5". In the current study, of electrophilic addition, 
all three isomers were found in significant yield (equation 453). Clearly 

'If) + ArN2+CI- --+ Ar C I j J  + c)$ Ar +c@r (453) 

0 0 0 0 
~ r =  ~ h ;  a% 75% 
4-CICGH4; 28% 35% 

4-N02CGH4; 41% 19% 

17% 
37% 
40% 

the substituent in the diazonium salt plays an important role in product 
determination. An earlier report of the addition of a wide variety of 
substituted aryldiazonium salts to 2-methyl- 1,4-benzoquinone also 
produced only the 2,5-disubstituted The yields varied over a 
very broad range, but this was attributed to the difficulty of isolation, 
rather than to the substituent. The structure of the product obtained was 
verified by a careful independent synthesis of all three possible isomeric 
products524. Certain of these studies make contributions to our under- 
standing of the synthetic applications of hydrogen chloride addition to 
aryl-substituted quinones"20i 621. 

On the basis of these studies, an ionic mechanism is presented (equation 
454)521. A later study of the arylation of 1,2-naphthoquinone produced 
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only the 3-aryl isomer (equation 455)525. The yields were poor, but the 
results prompted the consideration of a modified reaction mechanism 
(equation 456). 

0 & -I- ArNZ+CI- ___f mAr 
6 + ArN2+Ct- -> @r-& I 

(455) 

Ar = 2,3-, or 4-CIC6H, 

0J"y 

Na'  OAc- ___, 

0 0 0 

bAr 
II 
0 

The reaction of diazonium salts with certain quinones can result in 
coupling rather than arylation. This competing reaction is observed with 
2,5-dihydroxy- I74-benzoquinone (equation 457)"'j. Similar behaviour has 

OH- l-iO$N=NAr (457) 

been observed with 2-hydroxy- I ,4-naphthoquinone3~'~~ 527. The success of 
the coupling reaction may be attributed to the tautomeric triketo form 
194 which has an active inethylene group (equation 458). The presence of WH a 4- ArN2+X- + 

OH 

'06 + ArN2+Ci- - 
OH 

0 Ar = Ph, 2-MeC6H, 0 

0 0 

(1 94) 
0 

N=NAr 
0 
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other electron-donating substituents on the quinone also promotes diazo 
coupling (equation 459). In the case of 2-dimethylamino-] ,4-naphtho- 
quinone the Product isolated, in excellent yield, is 2-hydroxy-3-arylazo- 
1,4-naPhthoquinone (equation 460). It was shown that under the Same 

' ' 2 ' 6  + AiN,+X- --+ Me,N+N=NAr (459) 

NMe, ArN=N NMe, 
0 0 

A r  = 2- or 4-N02C,H,, 2,5-CI2C,H, 

+ ArN2'X- - @JH (460) a""" 0 A r  = 2-or 4-NO2C6H4 0 

m0 + 2-0,NC,H4N$Oi- --+ a : 6 H 4 N 0 2 - o  \ 

N=NAr 

conditions, but in the absence of the diazoniuin salt, the dimethylamino 
group is very readily hydrolysed. The isomeric starting material, 4-dimethyl- 
amino- 1 ,2-naphthoquinone, has been prepared and its reactions with 
diazonium salts The only cxample of arylation found with this 
new substrate was with o-nitrobenzenediazonium sulphate in the presence 
of an excess of quinone (equation 461). 

(461) 

NMe, N M e ,  

In acidic media both quinones gave the same diazonium coupling 
products (equation 460) and in acetate b u k  2-dimethylamin0-1~4- 
naphthoquinone gave the 3-aryl derivatives. 

A. Historical lntroduction 

The a,P-unsaturated carbonyl system of quinones should provide 
interesting examples of the Michael condensation of  active methylene 
compounds. However, the strongly basic conditions associated with these 
reactions produce chiefly tars, and the early workers found very poor 
yields of products even with completely halogenated quinones (equations 
462 and 463)j2"530. 
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0 

0 

PhO “0°’” 0 c1 + 

(462) 

C l a H  (C02Et ) 2  

b Na‘-CH(CO,Et), - > 

(CO,Et),CH CI 
0 

(463) 

T n  1926 Smith reported the first results of what was to become for him 
and his students a very detailed study of quinones and metal e n ~ l a t e s j ~ ~ .  
Bamberger and Blangey had already reported their discouraging results 
with another organometallic reagent and q u i n o n e ~ ~ ~ ~ .  When the Grignard 
reagent, methylmagnesium iodide, was added to simple quinones, very 
large numbers of prciducts were formed. Even though they succeeded in 
isolating and identifying six solid reaction products in the case of 2,5-di- 
methyl-1 ,4-benzoquinone7 less than half the starting material was 
accounted for and the general outlook was very unpromising. 

B. The Work of Lee lrvin Smith 
Smith began his work feeling that the presence of hydrogen on the 

quinonoid ring was responsible for the large number of products and he 
also wished t o  avoid the ambiguity of the Wiirtz-Fittig path for halo- 
genated quinones. Thus, he chose io study first the reaction of diethyl 
sodiomalonate with duroquinone. The reaction was carried out in  dry 
benzene to avoid the formation of diduroquinone. When an inert 
atmosphere is used, one of the products is durohydroquinone, accompanied 
by equivalent amounts of a red sodium salt of 195 that resists further 
purification. When this salt is treated with acid, a yellow compound, 196, 
is obtained. An extensive series of chemical reactions of 196 led Smith and 
D o b r o v o l i ~ y ~ ~ ~  to suggest the following structures (equation 464). 

One especially interesting point i n  the experimental evidence concerning 
the structure of 195 is the oxidation of a hydroquinone diacid dimethyl 
ether related to it (equation 465). All of the evidence clearly requires the 
highly substituted benzaldehyde shown, but 197 could not be oxidized to 
a benzoic acid derivative. Whi!e this seems strange, some other examples 
are cited and Smith later synthesized 197 by a completely independent 
route533. 
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Me*Me -I- Na't-CH(CO,Et), - .+ M e ~ C H = C ( C O & t  l2 

Me Me Me Me 
0 0 

(195) 0 

(464) 

u 
(19G) 

M e&C H = C ( COP Et 1 - KMnO, OH- Me$cHo 

Me Me Me Me 
OMe OMe 

(1 97) 

(465) 

The yellow colour of the lactone 196 caused Sniith and Dobrovolny to 
use the structure shown, but their use of the tautomeric structure (198 in 
equation 466) for all of the methylation and acetylation products clearly 
showed they felt the latter better described the chemical nature of the 
product (equation 464). In a later study, Smith and Denyes showed that a 

M e w  , ~ :;* (466) 

0 COpEt CO*Et 

(1 96) (1 98) 

large number of chemical transformations were best explained on the 
basis of 3-carbethoxy-5,7,8-trimethyl-6-hydroxyco~1marin (198) and that 
none required the tautomeric form 196jN. Some other exainples of yellow 
coumarins are given. 

The single reaction described thus far, using duroquinone as the 
substrate, is quite different from the usual quinonoid addition reaction in 
that a methyl group attached to the quinone is the reactive site. Smith and 
Macrvlullen wished to remove the particular limitation of duroquinone 
without returning to the state described in an earlier paper: 'It may be 

Me Me 
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noted, however, that benzoquinone, when treated with inalonic ester in 
exactly the same way as duroquinone, gives only a hopeless tar' 535. They 
cite some earlier reports of the addition of acetoacetic ester to quinone; 
however, the structures of the products were not satisfactorily demon- 
strated. The reaction between 2,3,5-trimethyl-l,4-benzoquinone and 
acetoacetic ester allows both the methyl group reaction, observed earlier, 
and the more usual I,4-addition. Actually, only the latter reaction was 
observed and this produced two products (200 and 201 i n  equation 467). 

Me& + AcCH,C02Et - > 

Me Me 
0 

Me Me 
(467) 

Me 
(200) 

The most reasonable way to explain the products is simply 1,4-addition 
to yield the intermediate 199 (not isolated) which then undergoes ring 
closure and the usual two cleavages of P-keto esters. When diethyl 
sodiomalonate was used, only 201 was produced, offering additional 
evidence of the correctness of the proposed reaction scheme. The chemical 
properties of both 200 and 201 were entirely consistent with the structures 
assigned and the latter was synthesized by an independent route. It is 
especially significant that no coumarin derivatives were obtained, even 
when the reaction was run under exactly the same conditions applied 
earlier to duroquinone. 

An obvious extension of the worlc with duroquinone would be 2,3-di- 
methyl-1,4-naphthoquinone and its reaction with diethyl sodiomalonate 
has been studied (equation 468)"3G. Two facts about this work are of 

C02Et mMe Me i- Na'-CH(CO,Et), ---+ 02 0 0 (468) 

0 OH 
(202) 
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interest in view of the obvious similarity to the earlier work: (i) the 
naphthoquinone provcd to be very much more difficult to work with than 
duroquinone, and (ii) the cr-~iaplitliocoi~niarin (7,8-benzocoumarin, 202) 
product was very resistant to ring opening. 

Another logical extension is the reaction of ethyl sodioacetoacetate with 
duroquinone (equation 469)"3i. The product, 5,7,8-trimethyl-3-acetyl-6- 

Me6Me -1- AcEHCO,EtNa+ HO Ac (469) 

M e  0 Me Me* Me 

(203) 

hydroxycouniarin (203), showed chemical properties similar to the 
compounds reported previously. The structure 203 was demonstrated in 
the usual manner including independent synthesis. The hope of finding 
the aniphi-naphthoquinorie 201 that might result from a reasonable 
alternate pathway was not realized. 

0 
Me 

(204) 

The next step in the exploration of the active methylene chemistry of 
quinones by Smith and his students involved offering a substitution 
pathway for the reaction538. Again, the carlier literature was reviewed and 
found to be intriguing, but sketchy. The reaction between diethyl sodio- 
malonate and 2-bro1no-3,5,6-trimethyl-l,4-benzoquinone did not follow 
the substitution path and produced only one of the three possible isomeric 
coumarins (equation 470). The couniarin ring proved to be very difficult 

(4701 
Me Me HO Me* C02Et 
Me&Br + Na+-CH(CO,Et)Z - 

0 Me 
(205) 

to open and thus synthesis appeared to be the best approach to structure 
determination. In a very pleasant display of candour, Smith and Johnson 

35 
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reported that their selection of the first route was niade because 2,5-di- 
methyl-] ,4-benzoquinone was the most available starting material. The 
synthesis was carried far enough to offer good evidence that the actual 
product 205 did not have the para-dimethyl structure. The use of 
2,6-dimethyl-l,4-benzoquinone in a similar synthesis led, after some 
difficulties, to a derivative of 205 and was considered to demonstrate the 
correctness of that structure. 

The reaction of the bromoquinone just described did not produce very 
good yields and the material balance was also poor under the usual 
conditions. A method was found under which not only could the yield 
of 205 be greatly improved, but a new series of related compounds could 
be prepared from a common intermediate, 206. A very tentative structure 
assignment was made for thc first member of the new series (207 in 
equation 472). I t  was also found that freshly distilled acetyl chloride 

(EtO-),Mg'+ 
[Nlg compound] Me6Br Me Me 4- H,C(CO,Et), EtOH (206) 

0 

OMe 

OH 

(207) 

converted the magnesium compound into a new derivative, tentatively 
assigned structure 208 in equation (473). 

A thorough re-investigation of the reaction between 2-bromo-3,5,6- 
triniethyl-l,4-benzoquinone and dimethyl sodiomalonate revealed that, 
in the presence of magnesium methoxide, the hydrocoumarin 209 is 
produced (equation 474y39. It should be noted that the structure of 209 
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MeJ$Br Me 
Me + Na+-CH(CO,Me), ____f (MeO-),Mg" HO Mew C0,Me (474) 

0 Br 
(209) 

is that of the third isomeric possibility; i.e. the ortho-dimethyl derivative. 
This structure was demonstrated by two independent syntheses and 
comparison of X-ray powder diagrams of the product with those of 
authentic 3-carbomethoxy-5-bromo-6-hydroxy-7,8-dimethy~coumarin. This 
demonstration of the correct structure of the chief reaction product and 
its derivatives allowed Smith and Wiley to show that the 'new series' of 
compounds obtained from the magnesium compound 206 were, in fact, 
identical with them. 

It had been felt for some time in Smith's laboratory that the addition 
of active methylene compounds to the methyl groups of quinones probably 
involved the methylene tautomer (210 in equation 475). A trapping 

0 

M e O M e  A - Me@H2 (475) 

Me Me Me ' Me 
0 OH 

(21 0) 

experiment provided the first experimental evidence for this mechanisms0. 
Evidence had been presented earlier for the existence of an ortho-niethylene 
quinone as a transitory Smith and Horner reasoned that, 
if such intermediates were formed, and if they reacted with diethyl sodio- 
malonate more rapidly than with each other, a dihydrocoumarin would be 
formed. When dehydro-a-methyl-P-naphthol (211) was warmed with 
diethyl sodiomalonate, the hydrocoumarin 212 was isolated (equation 
476). The yield of 212 was not good because of the difficulty of isolating it 
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from the other products; e.g.: 

However, the evidence of an ori/to-methylcne quinone intermediate is 
quite convincing. 

A class of weakly basic metallic enolates, that offer attractive 
possibilities for addition to quinones, are the broinomagnesium com- 
pounds derived from ketoncs and Grignard reagents. With the enolate of 
ace t omesi t y 1 en e, took 
place smoothly (equation 477)5'2. For stcric reasons, i t  is not surprising 

add i ti o n to 2,3,5- t ri met 11 y 1 - 1,4-be n zoq u i none 

M g2' 6 r- 
O' Me 

(477) 
MelJ$M;cH2;&;;$ Me 0 OH Me Me 

(21 3) 

that the initial adduct 213 does not cyclize. Several othei. metallic enolates 
of this type were tried and either did not form or did not react with the 
quinone; for example, an acylmalonic ester did rtdd to the quinone, but 

OMe 

XCH,CCCO,Et X = Br, CO,Et, CN 

Me 

I1 I 

I 

the product had Iost the acyI group during formation (equations 478 and 
479). Efforts to re-introduce the acyl group proved unsuccessful so, 
while the synthesis demonstraled additional interrclationships among 
previously preparcd compounds, the aim of extending the scope of thc 
reaction was not realized. 

The sodium enolates of a variety of active mcthylene compounds were 
aIIowed to react with duroquinone and 2,3,5-trimethyl-l,4-bcnzo- 
q ~ i n o n @ ~ ;  Table 17 summarizes the results of these studies. It seems 
clear that there are quite definite limitations on the simple addition 
reactions, although the reasons are not so cIear. In the case of addition to 
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COCHMe, 

COzEt (478) 
Me 

(479) 
Me 

Me 

a nicthyl group of duroquinone (or to the ortho-niethylene tautomer) the 
ease of the loss of a n  alkoxy group and the resulting cyclization appears 
to be an essential aspect of the reaction. 

The compound, 3,5-dibro1no-2,6-dinietliyl- I ,4-benzoquinone7 appeared 
to offer an entirely new system with respect to the arrangcnient of alkyl 
and halogen groups ; thus, its reaction with dietliyl sodiomalonate was 
examined (equation 450)"'". The additional bromine on the quinonoid 

ring made the selection of solvent and other experimental conditions 
much more critical and, at best, substantially increased the effect of side- 
reactions. Unlike thc earlier example of a coumarin with a single ring 
bromine, this product 215 undcrwent ring-opcning reactions with grcat 
ease. The structure of 215 was demonstrated by a consideration of its 
chemical behaviour and an independcnt synthesis of the diinethyl ether 
of its ring-opened derivative. 

The very strong directive cffcct of the bromine in 2-bronio-3,5,6- 
tri1iiethyl-1,4-benzoquin01~e""~ promoted interest in the range of such 
effects. Therefore, ihe reaction of dielhyl sodioinalonatc with 2-ethyl- 
3,5,6-trimethyI-1,4-benzoquinonc w a s  carried outi'" after it was demon- 
siratcd t h a t  2,3,5,G-tetl-~iclIiyl- 1,4-beiizoq~iiiionc i s  inert. I t  was cxpectcd 
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TABLE 17. Some additions of active niethylene enolatcs to methylated 
I ,4-ben~oquinones"'~ 

I ,6Benzoquinones Enolate Products 

Me6 M e  0 Me 

CH(Ac1z H+ '')@JTMe 
Me Me Me 

OH M e  

(214) OH A c  

Me)& 
( A c ) ~ C H -  

OH 
Pr-i 

Me 

AC;CH- 
n-PrCO 

Ac, 

(PI1CO)ZCH- 

,CH- 
PhCO 

Me 
None 

None 

None 

Me 

None 

( PhC0)2CH- N o w  

that three isomeric coumarins slio~ild be formed upon acid treatment of 
the initial adduct (equation 481). The yields of products in  both steps are 
excellent but the separations extremely tedious. I t  w;is felt that two pure 
materials had been obtained, but so little material \vas available tha t  the 
s y n h s i s  of the thrce expected products was undcrtaken. Wllcn the three 
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O,Et + HO 

+ Na+-CH(CO,Et), __f 

0 Et 

Me F.4 e 

Me Et 

HO C0,Et HO 

isomeric coumarins, of known structure, were in hand, thermal analysis 
showed that both of the isolated fractions were mixtures. The effect of 
the ethyl group on orientation in active methylene addition is 
negligi ble5IG. 

The reaction of 5,6-dibromo-2,3-di1nethyl-l,4-benzoquinone with 
diethyl sodiomalonate has been studied (equation 482)"". Unlike the 

M e ~ C H ( C O & t ) ,  (482) 

Me Br 

(21 6) 

4- Na+-CH(CO,Et), 4 

0 0 
Me 

broniinated quinoncs reported previously, the ortho-dibromo arrangement 
leads to substitution of one or, after longer reaction times, two bromine 
atoms. The quiiionoid product 214 is easily reduced to the corresponding 
hydroquinone which in turn is cyclized with acid to the isocoumaranone 
(217 in equation 483). The synthesis of a key derivative of 267, together 

(246) - Me*H(CO&t], H +  H O , ~ J . ~ ~ C O & ~  (483) 

OH Me 

Me Er Me 0 

(217) 

with the usual chemical evidence, determined the structure. These findings 
clearly require that the orrho-dibromo grouping exert a stronger mutual 
influence i n  these reactions than that  directed toward the mctu-methyl 
c gro u 13s. 
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The reactions of or~lzo- and nieta-dibromodirncthyl quinones with 
active methylene compounds proved sufficiently interesting that the para 
isomer was also treated with diethyl sod io~na lona te~~~~ .  The cheniistry 
observed exactly followed that of the ortho-dibromo isomer547 (equations 
484 and 485). The disubstituted product is also obtained, but in poor 

M e a H ( C o 2 E t 1 .  (484) 

Br Me Br Me 
Me*Br + Na’-CH(C02Et)2 ___f 

0 0 

(21 8) 

(218) ---+ Me$CHWG~k (485) 

Br Me Br’ 
OH M e  

yield and under niuch more strenuous conditions. This disubstitution 
product can be convcrted to a difurano compound (equation 486). In 
neither the ortho- nor the para-dibromo case could any evidence of a 
couinarin be found; i.e. only substitution for bromine took place. 

CH(CO2Et)Z WI ~ Me$c H ( c o 2 ~ t j 2  

Me’ ( E t  OZC )2CH Me 
OH 

(EtO2C)zCH 
0 

(486) 
__f n +  Eto2cqq3:02Et 2 

0 

Me 

The observed reactions of the three isomeric dibronio-dimethyl-l,4- 
benzoquinones and 2-bromo-3,5,6-tri1~ietliyl-1,4-be1tzoq~rinone can be 
rationalized in terms of the principal resonance contributors. A description 
of this analysis has been presented and its application to the more general 
case of anionic reagcnts and hctero conjugated systems pointed out”’”. 

An interesting combination experinlent w a s  carried out by Sniitll and 
Wiley when they reactcd 2-bronio-3,S-di~iieth~l-l,4-be1~zoquino~~e with 
diethpl sodiomalonatc (equation 4S7)”’?”. I n  ixiuciplc, illis quinone can 
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C0,Et 

0 
(487) Me GBr Me i- Na+-CH(CO,Et), - Ho@TJ Me 

0 Br 

undergo three different modes of reaction : (i) bromine substitution, 
(ii) methyl group addition, or (iii) Michael (1,4-) addition. As shown in 
equation (487), only the third option is taken, shedding some light on the 
relative energetics of the three paths. 

The reactions of active inethylene enolates with replaceable groups 
other than bromine are of interest in  considering the electronic influence 
of substituents on the course of the reaction. The very strong electron- 
withdrawing nitro group and electron-donating amino group were selected 
for studyss1. The results were indeed very different; 2-nitro-3,5,6-trimethyl- 
1 ,4-benzoquinone undergoes simple I ,Zadditioii of diethyl sodiomalonate 
a t  the doublc bond bearing the nitro group; i.e. behaves like a nitroalkene 
(equation 4SS). The properties of 219 are quite consistent with the proposed 

'Ae*'le + Na+-CH(CO,Et), --. . MeQorOZEt)z Me 
FA e NO2 

(488) 

0 0 
(21 9) 

structure; e.g. formed reversibly, acidic, colourless, cis and tram forms, 
etc. Dimethyl sodioinalonate formed a completely analogous adduct, but 
ethyl sodioacetoacctate and the bromoiiiagnesiuin enolate of aceto- 
niesitylcne produced only oils and resins. 

The reaction of 2-a1nino-3,5,6-triniethyl-l,4-benzoquinone with diethyl 
sodioinalonate followed a course related to the corresponding bromo- 
quinone (equation 489). The high yield suggests that once again only a 

Me&Me M e  + Na+-CH(COZEt), H z N ~ : o , E t  H O  (489) 

HZN 
0 hl e 

single isomer is formed, but the methyl group IJWO to the amino group is 
attacked. This is in  contrast to the earlier observation of attack at  the 
methyl group ortho to the bromine atom. The structure of the product 
tvas demonstrated by thc syithcsis of a derivative. 
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In an  attempt to study the range of active methylene enolates that can 
successfully react with quinones, Smith and Dale carried out the following 
reactions with 2,3,5-trimethyl-I ,4-benzoquinone (equations 490-492)552. 

+ Naf-CH - “ ‘ w C o & t  (490) 

OH ,,cN 
CN 

\ Me Me C0,Et Me Me 
on 

Mefi 
Meb 3- Naf-C/H \ + Ho@-’h M e  

Me Me CONH, ___, H O + - - C N  Me N H Z  (492) 

0 
(220) 

Me 
P h  

0 (491 1 
Me Me CN 

0 Me 

CN 
/ 

\ 
-i- Naf-CH 

0 Me 
(221 1 

Treatment of 220 with acetic anhydride and sulphuric acid produced 
cyclization (equation 493). Structure 222 was not rigorously excluded as a 

M e  

(220) H,SO. Ac,O ’ AcofJ-J--cN Me 
OAc 

(493) 

n;le How: Me Me H 

(222) 
possible alteriiative for 221. Determined efforts were made to add two 
other enolates to this quinone, but without success: 

OOMe 0 
I1 1 I1 

MeCCMe Et02CCH,CC02EI 
I 

OMe 
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C. Recent Studies 

With the conclusions of Smith's efforts, others have continued to 
explore these condensations of quinones with active methylene com- 
pounds. One area, relatively unexplored so far, concerns the reactions of 
1,4-naphthoqi1inones. Pratt and his students began with a not too 
surprising result (equation 494)553. The yield was markedly improved by 

CO,Et OH ax + cH21co*Etlz-..*~* C0,Et (494) 

0 0 OH 
X = H, SO,-K+ 

using the potassium sulphonate salt in a substitution reaction (1540%). 
Diethyi inalonate does not appear to be a typical reagent as Pratt's 
further work suggests. 

The reaction of 2,3-dichloro-l,4-naphthoquinone with ethyl aceto- 
acetate and pyridine provides an interesting heterocyclic quinone 223 in 
good yield (equation 495y5'. Related active methylene compounds give 

0 
I I  0- N 

a'' 1- MeCCH,CO,Et + 
CI 

0 

(495) 

d C 0 , E t  

(223) 

the same or analogous products; e.g. ethyl benzoylacetate yields 223 and 
methyl acetoacetate yields the corresponding methyl ester. Quinoline will 
take the place of pyridine in the reaction. The possible mechanisms 
presented depend on the logical intermediate 224, but no experimental 
evidence is given. 

An interesting sidelight on these studies is the reaction of 1,4-naphtho- 
quinone-2-sulphonate with ethyl acetoacetate in aqueous alkali (equation 
496). The two different modes of cleavage arc not explained. The sainc 
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NC,H,+CI- 

C HCO, Et @J Ac I 

(224) 

0 
II 

CH,CMe 

CH,CO,Et 
(496) Hzo , 

0 
II + MeCCH,CO,Et OH- 

0 0 
(225) 

reaction takes place with 2-bro1no-l,4-naphthoquinone and the un- 
substituted quinone. 

Ten years later Reynolds and his collaborators undertook a careful 
re-investigation of this unexpected ~hemistry”~. Actually, the structure 
225 had been questioned much earlier and the alternative structure 226 

@J$ 
0 C0,Et 

(226) 

proposed””. The. twofold objective of this study was : 
(1) To improve the yield of product (225, 226 or ?). 
(2) To use modern instrumentation to determine the correct structure. 

A careful product study, in which reactant concentration, Sase and time 
were varied, revealed that competing cyclization of the initial adduct was 
the cause of low yields of the desired cleavage product. The following 
synthesis was devised to avoid the cyclization (equations 497-499). Both 
of the intermediates (227 and 228) could be isolated, but the preferred 
method used them iiz situ. A massive instrumental attack was made on the 
final product structure. The results of mass spectra, molecular weight 
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0 
I 1  

(498) (227) + MeCCH,CO,Et ---+ 

0 Ac 
(228) 

(228) ---+ 

0 COEt 

(499) 

(229) 

determination (vapour pressure osmometry), absorption spectra (i.r., 
u.v., visible and n.in.r.), polarography and non-aqueous titration were 
strikingly consistent with structure 229. 

The range of active inethylene compounds that exhibit quinonoid 
addition and substitution reactions involving heterocyclic bases is quite 
large (equation 500)557, The yields vary frorn trace to very good for ax X + R2/C"2 R'\ + 0 N -> &(5001 

0 0 R3 
X = H, CI 
R', R2 = Ac, CN, CO,R, Ph, EtCO, Me, NO,, PhCO 
R3 = CO,R, Ac, PhCO, CN, Ph, Me 

pyridine, but when isoquinoline is used, the yields are generally superior 
(equation 501). &I: + R'R*CH2 + mN - 

0 
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An exception to the entry of nitrogen bases into thcse reactions was 
found in the case of beiizoylacetonitrile (equation 502)"". This example 

0 acl 4- PhCCH,CN II 4- 0 - a-:: (502) 

N 
0 0 

(230) 

is very surprising because when isoquinoline is used in place of pyridine 
the more usual product, including the base in its structure, is found 
(equation 503). The same furan 230 is produced if 2-hydroxy-3-bromo- 

0 
II 

4- PhCCH,CN + 
CI 

0 
(503) 

1,4-naphthoquinone is used, but the yield drops substantially. A series of 
active methylene enolates displaced one chlorine of 2,3-dichloro- 1,4- 
naphthoquinone and these intermediates could be cyclized to 2,3-di- 
substituted-4,5-phthaloylfurans (equation 504). 

R' = Ph, Me R2 = CN, Ac, PhCO, CO,Et, H 

Condensations of active methylene compounds and chioraiiil in the 
presence of pyridine have also been conducted with analogous results 
(equation 505)559. It was also found that with a limited amount of pyridine 
a single displacement-cyclization sequencc can be achieved, thus opening 
the way for the synthesis of unsymmetrical compounds related to 231 
and 232. 
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'I&:: + Ac2CH2 + 0 - \ N  
CI 

+ 

0 0 Ac 

(231) (505) * 
A c  0 A c  

(232) 

A detailed study of the reactions of ethyl acetoacetate with 1,4-benzo- 
quinone in the presence of Lewis acids has shown that the relative amounts 
of mono- and diaddition can be controlled by regulating the concentration 
of The slow addition of quinone can produce the mono- 
furan in 80% yield (equations 506 and 507). Similar control can be achieved 
in the addition of ethyl benzoylacetate. 

6 
0 

+ 

h-"ocKJcozEt Me 
(234) 

In another study of this addition, the effect of lower reaction temperature 
was investigated5G4. When the reaction is carried out at SO-85°C and with 
very Iow concentration of quinone, only the benzofuran (234) is obtained. 
At 4145"C, and a low quinone concentration, the difuran (233) and a new 
product (235) are formed (equation 508). At  38°C only 235 is produced; 
0 

+ AcCH2C02Et ZnC'z> (233) + E t o 2 c ~ ~ ~ o H  ,OH (508) 

/"=c-- Me 
Me 

0 C0,Et 

(235) 

the same result can be achieved by lowering the zinc chloride conceclration. 
If the concentration of quinone is increased a; the iowest temperatures 
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studied, a new product (236) is formed. This material shows chemical and 
physical properties that indicate a dibenzopyran derivative. 

Et0,C A c  

OH 
E t 0 , C  A c  

(236) 

With 2,3-dichloro-l,4-benzoquinone and ethyl benzoylacetate, it was 
possible to isolate the proposed intermediate 237 in good yield by working 
at  less than 60°C (equation 509). The intermediate could be oxidized to the 

I t  ZnCI, ''6 ,OH (509) 

0 
I I 4- PhCCH,CO,Et --+ 

CI CI c=c, 
P I1 

0 OH L O #  
(251) 

c6 
corresponding quinone, which underwent furtlier reaction with ethyl 
benzoylacetate to form the previously prepared dif'iiran (equation 51 0). 

E t 0 2 C  CO,Et 

The several stable enols suggested need additional experiniental verification, 
but the general situation is clear. The outcome of these reactions depends 
heavily on: (i) the concentration of quinone, (ii) the concentration of 
Lewis ecid, (iii) the temperature and (iv) the nature of the active methylene 
compound. 

A series of active metliylene compounds have been added to 2-methoxy- 
1,4-benzoquinone (equation 5 1 All the primary adducts were 
isolated, but that from ethyl acetoacetate was unstable. Subsequent 

(511)  
C H R ' R ~  

+ R'R2CH-Na+ - 
OH R', R2 = EtO,C, CN, Ac, P h C O  
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treatment with acid caused ring closure of the usual kinds (e.g. equation 
512). The major product isolated from the reaction of ethyl acetoacetate 
was the bcnzofuran (238 in equation 513). 

(51 2) 
H+ 

__f 

Meo$CH(COzEt OH )2 Me0 

O n Q C  02E (51 3) 

tvi eC Me 
Meo6 + AcCH,C02Et + 

0 (238) 

JeKreys found several minor products in the preparation of the adduct 
with ethyl cyanoacetate. One of these, 239, was the same as that found, 
but given a different structure, in an earlier re-investigation of the Craven 

0 

5G7. Still another re-investigation of this particular example has 
been reportedsG8. On the basis of spectral data, especially comparisons 
with conlpounds known to contain certain structural features, i t  now 
appears that the elusive structure is 240 in equation (514). 
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Some earlier reports also bear on the most probable pathway for these 
 reaction^^^^*^^^. The reaction of !,d-benzoquiilone with acetylacetone 
produced a quinone with the characteristics of a simple bisaddition 
product (equation 5 15). An n.rn.r. study strongly suggests that these 6 C H A C ~  

I I + AcCH,Ac 
AczCH 8 0 0 

Me 

(242) 

simple adducts exist in the doubly enolized form 241 571. However, when 
the excess acetylacetone, used as the solvent, was recovered, a new crystalline 

Ac M7 1 

0 - - - H  

Ac Me Ac Me 
(241 1 

product, 242, was obtained. All of the chemical and physical data are 
consistent with the proposed structure 242. 

Interest in the Craven reaction continues and a recent report has made 
its synthetic range somewhat clearer (equation 51 6)572. When 1 ,Znaphtho- 
quinone is used, the 4-substituted product is obtained. 

(516) dkx'(x2) CtiY1Y2 

ax' + H K Y 2  Y1 - 
X2 

0 0 
XI, X2 = Me, H, CI, OMe, OAc 
Y', Yz = CN, C0,Et 

In 1960, Junek reported that in aqueous solution without excess base, 
cyanoacetic acid and 1,6benzoquinone form a surprising triquinone 
(243 in equation 51 7)573. With more highly substituted quinones, normal 
addition products are obtained. 
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(243) 

A less usual active niethylene compound, 1,3-indandione, also reacts 
with 2,3-dicliloro- 1,4-naphthoquinone (equation 5 1 S)5i'1. The product 

(244) 

244 is obtained in excellent yield and undergoes additional substitution 
reactions including the formation of a phenothiazine with o-aniino- 
benzenethiol (equation 51 9). This reaction is closely related to the furan 
and lactone cyclizations described earlier in the Neriitzescu condensation. 

I I1 

(519: 

tternpting to prcpare the hexaacetate of thelephoric cid 245, it 
was discovered that a n  intermediate Perkin condensatioii has taken place 
(equation 520yis. This route only became clear after rather cxtensive 
studies of simpler quinones (especially 2,5- and 2,6-dimethoxy-l,4- 
benzoquinones) by  LounasnmFG. The mechanism is essentially that 
proposed earlier by Bloom for the reaction of 9,1O-phenantlirenequinone 
with acetic anhydride i n  the presence of sodium acetatesi7. The initial 
addition of thc a-carbanion of acetic anhydride to the quinone (equation 
531) is followed by dehydration and hydrolysis (equation 522). After this 
fairly normal Perkin condensation, decarboxylation and the reductive 
addition of acetic anhydride occur (equation 523YTs. The decarboxylation 
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HOAc_ 

K. Thomas Finley 

0 

0 

HO CH,COAc 0 " 1 (521) 

- 

H o ~ o f ) J ~ o H  Na+-OAc AGO 

no OH 
0 

CH,OAc 

Aco>Ac AcO OAc 
OAc 

0 
I 1  

- 

-0 CH,COAi 
0 

I I  I I l--CH,COAc w 

0 0 

Ac,O 

6 

OAc 
reaction did not occur spontaneously and it was possible to isolate the 
key intermediate (248)577". This reaction also takes place with I ,2-benzo- 
quinones (equation 524), but in very low yield5sSD. 

Me:+o". 

OAc 
(248) 
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R 
R = Me, t-Bu 

R A 

Recently the reactions of carbanions derived from alkyl quinones with 
a second quinone have been examined. The use of mildly basic conditions 
makes it possible to control subsequent reactions and isolate an initial 
I ,4-cycloaddition product (249 in equation 525)581. With stronger base, 

O >  
- OAc’ 

I I MeOH I I  
0 

(525) 

0 
R = H, Me 

Me 

R 0 

ring opening and oxidation are rapid and an unsymmetrical niethylene- 
diquinonc forms. A previously unreported competing reaction leads to a 
1,3-cycloaddition product containing a fluorene ring structure (equation 
525 with additional product 250). It  is interesting that the isomeric 

(250) 

structures of 249 and 250 (where R = H) arc not present in these reactions 
and it  is possible to account directly for as much as 70% of the carbanion 
produced. 

In a later study i t  was found that 249 (R = Me) in weak base also forms 
a carbanion that wil l  react with a second molecule of 2,3,5-trinvAhyl- 
I ,4-bcnzoqui11one (equation 526)592. Only the single isomer (251) is 
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produced and both the structures and stereochemistry of the addition 
have been demonstrated. 

(249) -> base % 
0 

Me 

’ Me 
Me 

OH 

A final recent exaniple of the use of carbanion-quinonc reactions comes 
from the synthesis of natural products583. The total synthesis of dehydro- 
neotenoiie (253) has been accomplished by the condensation of the 
furobenzopyran (252) with 4,5-diniethoxy-l,2-benzoquinone (equation 
527). 

steps 
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VDII. T H E  SUBSTlTUTlON CHEMISTRY O F  QUINOMES 

A. Historical Introduction 

A large number of substituted quinones can be conveniently prepared 
via a suitable nucleophilic substitution reaction of a quinone bearing 
some relatively labile group. The vast majority of these reactions are 
displacements by amines offering a complement to the nitrogen addition 
studies previously discussed (see section 1I.C). 

From the earliest days, a key synthetic intermediate in quinonoid 
chemistry has been 2,3-dichloro-1,4-naphthoquinone (see section V1I.C). 
Among the first reports of syntheses involving this substrate are those that 
suggest the broad potential scope of quinone substitution chemistry. 
The following will provide some typical examples (equations 528- 
530)58*-58G. Furthermore, the sequential introduction of 2,3-nitrogen 

1073 

a CI I 4- PhOH - @OPh OPIl 

0 0 a CI I + Na'N, ---+ d N 3  N3 (530) 

0 0 

substituents makes it possible to prepare a large number of additional 
interesting compounds (equations 53 1 and 532)587* 588. Diamines generally 
react with the two chlorine atoms in 2,3-dichloro-l,4-naphthoquinone, 
one amino group at a time. An interesting exception is o-phenylenediarnine 
(equation 533)588". As the introduction to a synthetic report, Buu-HoT has 
given a fine brief review of these early studies500. 

The massive study of aryl-nitrogen addition chemistry already 
mentioned (see section 1I.C. 1 )  suggested the importance of competitive 
substitulioi1 in ct'rlain cascs5, For cxnmple, depending on the relative 
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CI 
Br 0 Br 0 

proportions of reactants, the following reactions occur (equations 534 
and 535). An equivalent amount of 2,6-dichlorohydroquinone is also found 
in both reaction product mixtures. 

Some of the early substitution chemistry of quinones involved nucleo- 
philes other than nitrogen. Before the turn of the century, a number of 
studies of oxygen substitution had been made-591-593 (e.g. equation 53P3'3). 
I t  was also found that the phenoxy groups could be displaced by aniline 
and that under slightly more severe conditions all four chlorine atoms can 
be replaced. 
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(534) 

(535) 

P--O,SC,H,NH 

0 

Several early reports of the substitution of quinones by sulphur nucleo- 
pliiles have been The most important outcome of these 
studies was an appreciation of the importance of solvent in determining 
the reaction outcome (equations 537 and 538). While substitution and 

(537) 
H Y  Ets6sE' EtS 0 SEt 

c i ~ c i  + EtS-Na' 95% 

CI ct -? 
0 cl&ci CI (538) 

c' I 
OH 

90% 

reduction were not the only reactions observed in water and ether 
respectively, the yields change in such a dramatic manner that the 
significance of the observation cannot be doubted. 

Numerous additional contributions to the synthetic literature of 
quinonoid substitution chemistry were made in the late 19th and early 
201 1, cc,l 1 II 1' jCS"S, 5!16. 599 
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B. Nitrogen Substitution 

I. Mechanistic studies 

While the application of nitrogen substitution chemistry to the 
synthesis of quinonoid compounds has a long and abundant history, 
the serious mechanistic study of these reactions is a recent activity of the 
physical-organic chemist. The question of the importance of charge- 
transfer complexes as intermediates in such substitution reactions is a 
central concern. In 1968 Das and Majee claimed that, for simple aniines 
(equation 539), the observed spectra are those of product raLf:er than 

“el CI 0 CI + RNH, __j R NH cloNHR 0 CI 

R = Et, n-C6Hc;, C,H,, 

(539) 

charge-transfer6O”. The experiinental evidence is unconvincing and a 
later, detailed study has been presented601. For the system of chloranil 
and various substituted anilines evidence for both outer- and inner- 
complex formation was obtained. I t  was not possible to state positively 
that the outer-complex actually takes part in the reaction, but the inner- 
complex is certainly an intermediate in the substitution reaction. The 
following reaction mechanism is suggested (equations 540-542). The 
details of the second substitution are not as clear and two alternatives are 
presented. Still, the essential characteristics of the reaction mechanism 
are clear. 

+ 6 :J+:: 6 (540) 
P 

CI 
0 0 

outer (;)-complex 

i ii ii cr ( I  I )  -co 111 ;)I ex 
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0 

In a recent study by Tamaoka and Nagakura91 (see section II.C.2) 
using rapid scan spectrophotometry, the occurrence of electron transfer, 
prior to the substitution itself, was demonstrated (equation 543). Spectra 
of the chloranil-butylamine system and related kinetics suggest the 
following sequence of steps (equation 544). The monoaminated inter- 
mediate was not detected in this particular reaction, but was in other quite 

0 

similar systems. The general outline of the above mechanistic scheme was 
applied to a broad range of quinones and amines. With the less polar 
solvent ethyl ether, the quinone anion radical was not observed in systems 
that clearly showed this stcp in ethanol. 

A number of synthetic papers record observations bearing on nitrogen 
substitution mechanisms in quinonoid compounds. An interesting obser- 
vation relative to the substitution of alkoxy groups by amines was made 
during a study of the steric limitations of diisopropylamine in addition 
reactions (see section II.C.3)105. When 2,5-diethoxy-l,4-benzoquinone is 
treated with diisopropylamine in refluxing t-butyl alcohol no reaction 
takes place in three days, while under these conditions piperidine readily 
replaces the ethoxy groups (equations 545 and 546). However, when 
methanol is used as the solvent, a quantitative conversion to 2,5-dimethoxy- 
1,4-benzoquinone is achieved, i f  diisopropylamine is present (equation 547). 

The striking efTcct of cerous ion on the addition products formed 
between nnilines and 5,8-quinolinequino1le has already been discussed 
(SCC section 11.C.3)ln9. Pratt included some signifcant substitution 
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N(Pr-& 

EtO 

NCsHio 
0 

(545) 

reactions in  his study. Halogen and mcthoxy groups were examined in 
both the heterocyclic quinone and 1,4-naphthoquinone (equation 548). 

TI1 

X = CH, N 
Y = Cl, Br, OMe 

(255) 

approach uscd (i.e. monosubstituted quinone substrates) allo ‘s a 
discussion of the competition between addition and substitution. Some 
typical results are presented in Tablc 18. As would be expected, the 
halogenated quinoncs react mostly by addition. The low reactivity of tlic 
7-position in 5,S-~~1inolinequinone is re-emphasized by the coinplctc 
abscncc of substitution in the 7-chloro dcrivative. Thc additioii ol’ceroiis 
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ion again exerts its strong catalytic effect on the 6-position of the hetero- 
cyclic quinone. Not only d o  the overall yiclds increase, but substitution 
becomes essentjally the orily reaction with 6-ciiloro-5,8-quino~inequinone. 
With 2-halo-l,4-naphthoquinones the effect of ccrous ion is not very 
great. The low reactivity of the methoxy group is clearly demonstrated as 
is the powerful catalysis of the cerous ion. 

TABLE 18. Addition versus substitution products of p-toluidine and quinoiies 
(equation 548)Io9 

Yield, % Yield, ”/, 
(without CeCI,) (with equivalent CeCI,) 

Addition Substitution Addition Substitution 
(255) (256) (255) (256) 

5,8-quinolincquinone 
6-Chloro- 76 7 94 
7-Chi oro- 69 0 87 0 
6-Methoxy- 0 0 93 
7-Methoxy- 0 0 33 22 

1,4-naphthoqui none 
2-Chloro- 75 14 62 27 
2-Br 0 111 0 - 58 26 47 33 
2-Metlioxy- < 10 80” 

a 0.1 equivalent CeCI,. 

One of the most unexpected observations in quinone chemistry is the 
substitution of a methyl group by nitrogensG. In demonstrating the 
structure of spinulosin, a product of mould metabolism, Anslow and 
Raistrick attempted the reaction of alcoholic methylamine with 2-methyl- 
4-methoxy-l,4-benzoquinone. Instead of the expected addition product 
257 they found that both the methyl and methoxy groups had been dis- 
placed by methylamine (equations 549 and 550). The displacement of a 
methoxy group by an ailline was already a known process. Fieser had 
used the reaction as part of the characterization of isomeric methoxy- 
naphthoquinones (equations 55 1 and 552)G02. Even the surprising methyl 
substitution reaction was not completely unknown at the time (equation 
553)*397>598 but had not been explored. The case of methylamine and 
3,6-dibromothymoquinone is exceptional in that the ‘normal’ substitution 
of bromine takes place and the methyl group is unaflected. 
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MeG OMe + 

0 

MeNH2 

0 

GQO 
OMe 

MeNH Me*NHMe 0 OMe 

(257) 

0 

(549) 

(550) 

J I 
NHC,H,Me-p 

+ *NHC6H'"'" (552) 

N C, H M e -p 

EtOH A r N H ~ x  

X Pr-i X Pr-i 
0 0 

X = CI, Br Ar = Ph, 3- or 4-MeC6H,, 4-MeOC6H, 

(553) 

Thirteen 1 ,Cbenzoquinones, variously substituted with methyl and 
methoxy groups, were allowed to react with alcoholic methylamine and the 
products determined (equations 554-557). All of the reactions gave the 
bismethylamino product and the para orientation. The yield, in most cases, 
was that expected from the relative proportion of addition and substitution. 
I t  is interesting to note that addition ortho to a methoxy group is avoided 
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(see section II.D.3) in all cases except 2,6-diniethoxy-l,4-benzoquinone. 
In this case the tendency toward para nitrogen orientation overcomes the 
low reactivity of the three position. A series of nine 1,6benzoquinones 
containing methyl, methoxy and hydroxy groups was also examined, but 
no methyl group displacement was found. 

Another important new quinone-amine reaction has been found in the 
process of side-chain amination (equation 558)603r604. In addition to the 

CH2NC5H10 

(558) Mef7J; Me + (? -> ;:@ OH CH,NCSH,, 

H 0 
(258) 

2,3-bispiperidinomethyl prodcd 258, i? !ow yield of 2-methyl-3,5,6- 
trispiperidinomethylhydroquinone was obtained. The latter product, or 
duroquinone, can be converted, in Iow yield, to the tetrakispiperidino- 
methyl derivative by prolonged treatment. The structure of 258 is 
consistent with its spectral characteristics and it was synthesized by an 
independent route. 

The reaction is fairly general with respect to quinones and primary or 
secondary amines. With quinones that are not fully alkylated, addition or 
substitution takes place as well as side-chain amination (equations 559 
and 560). 

\ 

Me Me 

’ +  0- 
I 
H 

0 

0 

Me Me 

(559) 

6 I 
The relationship between side-chain amination and methyl group 

substitution by amines has been discussed605. The data presented earlier 
suggest that direct addition or substitution will take place as long as the 
two amino groups can be para to one another. However, if such an arrange- 
ment is not possible by simple routes, the displacement of a methyl group 
occurs (compare cquation 561 with equations 559 and 560). The meclianisni 
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M e 6  , M c ~  o1 M e e M e  M e N H ,  M e f ) , . N H M e  0 

I I  ~i EtOH ' 1 I (561) 
MeNH Me 

1 1  
0 0 0 0 

suggested for this entire reaction type takes into account the oxygen 
uptake and the formation of formaldehyde (equation 562). ,The several 

- 
Me 
I 

HNH2c+N OH Me 

- 

0 L 0 

+ CH,O 4 MeNH, 

0 

equilibria may well be unfavourable, but the final irreversible step assures 
the observed product. The reverse Mannicli reaction is also a reasonable 
proposal, although attempts to isolate intermediates were not successful. 
It was also shown that analogous reactions occur with other amines; e.g. 
piperidine and cyclohexylamine. Finally, it appears that methylamine is 
a much weaker nucleophile for side-chain amination than is piperidine 
(equations 563 and 564). 

0 

0 WMe 
0 

@Je NHMe 

0 

0 
a c H 2 N  C5H10 

NC5H10 

0 

36 
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The relationship between nuclear and side-chain amination has been 
studied with respect to both quinone and aniine structureco6. The first 
system in which the side-chain reaction is clearly preferred suggests the 
importance of steric cffects (equation 565). The bis side-chain amination ''6 + (CH,), n N H  --+ ''6 CH,N n (CH,), (565) 

W 
Me u 

0 OH 

product was also formed. The reactions of the homologous series of 
polymethyleneimines and 2,5-dimethyl-1,4-benzoquinone were carefully 
re-examined and two interesting trends were found. The data in Table 19 
suggest both the steric effect and the very impressive change in redox 
potential with ring size. 

TABLE 19. Side-chain versus nuclear amination of 2,5-dimethyl-l,4- 
benzoquinoneGo6 

(CHJSNH Side-chain product (%) Oxidation state of 
nuclear product 

4 
5 
6 
7 

0 
Trace 
20-30 
100 

Q 
1 : l  Q : H Q  
HQ 

A more detailed study was made with N-methylcyclohexylamine. As 
would be expected, this amine reacted with 2,5-diniethyl-l,4-benzoquinone 
to give only the side-chain amination product (equation 566). When 

Me 
I 

CHZNC6Hll 

Me CH*NC,HII 

duroquinone was used, the bis side-chain amination product, analogous 
to those found earlier, was obtained. The remaining niethylated 1,4-benzo- 
quinones present some interesting observations (equations 567-570). The 
reaction with 1,4-benzoquinone itself gave a poor yield of a bis-N-methyl- 
cyclohexylamino adduct (probably the 2,5-isorner). 

NHMe 

(566) 

Me$;; 0 + 6 -;:* OH Me I 
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Me$Me Me 0 

MeG Me 

0 

Me6 
0 

__f 

-NHMe + o  OH 

(569) 

corn plex 
mixtures 

(570) 

Finally, the compound 2,5-dichloro-3,6-dimethyl-1,4-benzoquinone 
provided an unexpected and interesting picture of side-chain amination 
versus nuclear substitution (equation 57 1). The product structure 260 

Me*NcHz*;H2NMe* (571) 

CI 
+ Me,NH + 

CI 
0 OH 

(259) (260) 

should be contrasted with that obtained from the addition of dimethyl- 
amine to 2,5-dimethyl-l ,.l-benzoquinone (261 in equation 572). With 
methylamine the dichloro quinone 259 undergoes a trace of substitution 
for chlorine, but side-chain amination is by far the major process. 

(572) 
Me+ Me + Me,NH + Me,N Me*Me2 0 Me 

0 
(261) 
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Another group of English clicniists lias recently published a detailed 
study bearing o n  the iiiechanisni nf G c k - ~ l ~ : ~ i t ~  a:i-ii~?a:i<~ii''~. When the 
quinone-diazomethane adduct (262) is treatell with seco:~dary aniines, 
products clearly related to such rcactions are obtained (equation 573). 

Me 

a N +  (;) -> 

0 u 
0 H 

OH 

n 
OH 

The two aniines bchave differently, as bcfits their different basicity. Only 
the first step was observed with morpholine, although there is no reason 
to doubt that the second wiIl occur under more strenuous conditions. 
With piperidine, only the bisaminomethyl product was obtained unless 
short reaction times and lower temperatures were used. An intermediate 
quinone methide (263) was suggested for this ring openingGoS as well as 

OH 

0 
(263) 

for the side-chain amination reactionG0*. It was found that a series of 
anilines could also participate i n  either of tliesc reactions if acetate ion is 
present (equations 574 and 575). 

The decomposition of 262 under basic conditions, but in the absence of 
primary or secondary amines, leads to an etliylenediquiiione (equation 
576). Several different possible mechanistic paths were considered in the 
light of available experimental cvidence. The sequence involving Michael 
addition of the carbanion 264 to the quinone mcthide 263 seems most 
plausible. The equilibrium between 263 and 264 is certainly a central aspect 
of the mechanism and compctitive experiments (with liiiiited aniline 
concentration) show that base concentration lias strong influence. If the 
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, 

(262) 

aMe Me 

(574) 

7 + ArNHR AcO- aMe 
CH,NAr 

I 
0 R (575) 

AcO- 
(262) - > 

0 OH / 0 

acetate concentration is low, the arylaniinoinethylquinone is favoured 
(equation 574) ; at high acetate concentration, the ethylenediquinone is 
favoured (equation 576). 

Within the past two years the displacenient of alkyl groups from 
1,2-quinones has been observed (equation 5772')609. The scope of the 
reaction has been expanded and the rnechanism investigatedclO. The data 

R',  R3 = H, Me, t-Eu 

A r  = Ph, 4-MeOC6H, 

R2 = H, Me, Et, PliCH, 

4-BrC,H4, 4-CIC6H, 

(265) 

R' 

(267) 

* Other tautomcric forms are possible, but  these are preferred on the basis 
of thc expccted strong intr~uiiolccular hydrogen bonding. 
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in Table 20 indicate the major product obtained with various quinone 
structures. Several important features of this reaction are clear: (i) ethyl 
or benzyl groups are displaced as well as the methyl group, (ii) alkyl groups 
in the three position are not displaced, (iii) when two groups are present, 
only one (para to a carbonyl group) is displaced and (iv) the product of a 
displacement reaction is a mono-anil. 

TABLE 20. Principal product of the reaction of anilines with 
alkyl-substituted 1 ,2-benzoquinones (equation 577)6a9, 61a 

R' R2 R3 X in 4-XCGH4 Major product 

H H H H, MeO, C1, Br (265) 
Me H H Me0 (265) 
H Me H H, MeO, C1 (266) 
H Et H M e 0  (266) 

H PhCH, H Me0 (266) 
Me H Me MeO, C1 (266)" 

H Me Me MeO, C1 (267)" 

a One of two possible structural isomers. 

The mechanism of this reaction was carefully studied. Both oxygen and 
solvent were ruled out as being directly involved in the reaction although 
the latter appears to  be important in solvating the transition state. The 
following mechanism was proposed (equation 578). The required formal- 
dehyde was found in the recovered solvent. The case of benzyl group 

(9) 
R = H,  alkyl 
2 = 0, ArN 

Ar NHCH, * r N H C H z a o H  ArNH - "'""aoH 
R R Z R ZH 

+ 
-4 r N= C H 

[Q) f ArNHaz + ArNH, 4 CH,O 

R 



17. Thc addition and substitution chemistry of quinones 1089 

displacement is important because N-benzylidene-p-anisidine (268) was 
obtained in the same yield as the quinonoid product (equation 579). 

p-MeOCsHz N a O H  
+ (579) 

p-MeOCsH4NH NC6H 4 0 M  e -p 

OM€! + PhCH=NC,H,OMe-p 

(268) 

No alkyl group displacement was found in the case of 3,5-di-t-buty1-l72- 
benzoquinone. This observation could be the result of steric hindrance, 
but it is also the predicted result on the basis of the suggested mechanism 
(equation 578). The product that does form has not been completely 
characterized, but appears to be 269 on se\,eral grounds (equation 580). 

C6H40Me-p 
f - B l J g  + 0 NJ-J, f-Buq;,yJo 

0- (580) 

f-Bu OM e t-BU 

(269) 

Finally, 4-methyl- I ,2-naphthoquinone and p-anisidine produce two 
products and both involve methyl group displacement (equation 581). 

(271 1 

It is possible that product 271 might be formed by the hydrolysis of 
product 270, but under more vigorous conditions than those of the 
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displacement such a hydrolysis did not occur. It foliows that, a t  least in 
this case, methyl group displacenient precedes or occurs concurrently 
with anil formation. 

2. Synthetic survey 
Fieser, in his wide-ranging studies of heterocyclic quinones elec- 

tronically analogous to carbocyclic systems (see sections II.E.3 and V.B), 
has made interesting use of a modification of the N-nitroso method 
(equation 582)"l. Chloranil was also used to prepare the analogous system 

NH,+ @NH*C 

CI 
0 0 0 

1582) 

NH, > NaNO,> WNs N 
N/ 
I 

0 O H  

containing two triazole rings. A closely related sequence of reactions has 
been used to prepare imidazoles of siinilar structure (equation 583)23.'~ 612. 

R = alkyl 

The reaction of 2-aminopyridine with 2,3-dichloro-l ,-?-naphthoquinone 
has been reported (equation 584)G13 and the structure of the product 272 

(272) 

confirmed through subsequent conversion to a polycyclic benzimidazole 
prepared independently (273 in  equation 585)"13. This latter preparation 
is a further application of the incthod of Fries and Bil l i~ss .  The benzimi- 
dazolc structure proposed (273) has now bccn revised. 
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QNH2 - nJJ-0 (585) 

0 0 
(incorrect structure, see reference 619) 

(273) 

The possibility that halogen displacement reactions might be useful for 
the qualitative identification of primary and secondary amines led 
Buu-Hof to examine the question of steric Not unexpectedly, 
the reaction of either 2,3-dichloro-l ,.?-naphthoquinone or chloranil took 
place with anilines having one ortho substituent, but not with both ortho 
positions occupied (equations 586 and 587). The reactions with chloranil 

Me Q 

0 

Me 

f-Bu 

produced the 2,5-dianilino derivatives. It has been found recently that the 
interplay of steric and electronic effects is very strong in thesc reactions. 
For example, even a single ortho electron-withdrawing substituent will 
prevent the reaction (equations 588 and 589)G1G. 

An important modification of the techniques for converting 2,3-dichloro- 
1,4-naphthoquinonc to heterocyclic quinones has been presented by 
Reynolds and collaborators. In studies of the chemistry of benzo[b]- 
phenazine and related compounds, the 6,Il-quinone (274) is a key inter- 
mediateG1'. The trcatnient of 2-anilino-3-chloro-l,4-naphthoquinone with 
sodium azide i n  dimethylforn~arnide produced the required conipound 
(equation 590). Thc presumed intermediate azide was not isolated in this 
case, but was i n  a later example (275). 
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CI 

NaNl > (590) 
HCON Me, 

0 0 

(274) 

The reaction proved to be quite general both for anilines and a series 
The preparation of saturated heterocyclic amines (e.g. equation 59 

heat 

NaN3 

0 0 

(275) 

of 2-(4-nitroanilino)-3-chloro-l,4-naphthoquinone (276) had to be 
accomplished indirectly. When this compound was treated with sodium 
azide in dirnethylformamide, the chlorine was replaced by an  amino 
group and no cyclization took place (equation 592). On closer inspection, 
products analogous to 277 were found for other cyclizations involving an 
anilino group. 
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0 0 

(276) (277) 

Wliile trying to prepare 276, Reynolds and Van Allan attempted 
unsuccessfully to repeat the reported direct substitution of 2,3-dichloro- 
1,4-naphthoquinone by p -n i t r~an i l ine~~~ .  They found that under more 
vigorous conditions an interesting reductive loss of chlorine occurred 
(equation 593)618. The initial pyridinium salt was not isolated, because on 

p-NO,C.H.NH, 

(593) 

(278) 

attempted recrystallization, from water or  ethanol, the internal salt 279 
was obtained (equation 594). The second pyridinium salt 278 was purified 
and its structure established. 

0 

0 

(279) 

The condensation of ortho bifunctional aromatic amines with 2,3-di- 
chloro-l,4-naphthoquinone in pyridine has led to some interesting new 
heterocyclic syntheses (equations 594-596)618. All three of these reactions 
are of interest beyond their indication of the scope of this condensation. 
The reaction product with o-phenylenediamine in pyridine (280) is 
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* 
0 

mi \ CI * 
0 

similar to that formed from the same reactants in ethanol (253) and can be 
obtained from the latter (equation 597). The reaction with o-aminophenol 

(597) 

0 
a6IH N 

+ Q - (280) 

CI 

(283) 

is again noteworthy for its facile reduction of the chloro group (281). 
Finally, under all conditions studied, o-aminobenzenethiol produced the 
disubstitution product (282). 

The structure of the products just described (i.e. all angular) caused 
Reynolds and Van Allan to re-examine the reaction of 2,3-dichloro-1,4- 
naphthoquinone with 2-aminopyridine (equation 598; see also equation 
585)618. The authors of the earlier reportcI4 had eliminated structure 284 
from consideration because they could not observe a reaction with 
o-phenylenediamine. Reynolds and Van Allan achieved this reaction as 
well as the conversion of 284 to an anhydride with sodium peroxide, 
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a : ;+o  N NH, - 0 -  0 (598) 

0 0 
(284) 

leaving no doubt of its ortlzo quinonoid structure. The alternative arrange- 
ment of nitrogen atoms was considered, but 284 was preferred because the 
ring nitrogen of 2-aminopyridine is known to quaternize more readily than 
the amino group, hence intermediate 285 is suggested. 

(285) 

The reaction of 2,3-dichloro-l,4-naphthoquinone with two equivalents 
of pyridine in anhydrous butanol is interesting (equation 599)'j18. The 
intermediate is speculative, but seems entirely reasonable. On the basis of 
this experiment, it is possible to see the probable similarity of mechanism 
in the several examples. 

(599) 

N + C ~ H ~  

0- 
4- n-BuCI 

0 
Actually another group of chemists had demonstrated the angular 

structure of 284 some years earlier619. Mosby had also shown that by using 
different leaving groups on the quinone it is possible to prepare the linear 
system 273 in equation 600 li2*. Some mechanistic speculations are 
presented, but the subtle structure changes and the marked changes in 
product they bring about demand more detailed study. In a later paper, 
M x b y  and Silva present still another curious aspect of these systems 
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@To \ / (600) 

0 
(273) 

(equations 601 and 602)G21. It should also be noted that both of the initial 
substitution products are formulated as N,N-diary1 secondary amines 
rather than pyridinium salts. Clearly, much work remains to be done in 
this important reaction series. 

The displacement of oxygen functions by nitrogen nucleophiles has 
also played a significant role in quinone substitution chemistry. A 
variety of amines have been used t o  displace the ether linkage of 6-methoxy- 
5,s-quinolinequinone (equation 603)G22. The yield of product obtained in 
most cases is very good, but the p-toluidine reaction is slow and gives only 
40% of the theoretical yield. a M e  + R*' R'"+ -> @NR7R2 (603) 

0 0 

R' = Et, n-CeH,3, 4-MeC,H4 
Rz = H, Et 

R', Rz = (CH,), 
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An interesting azide substitution and subsequent cyclization has been 
reported (equation 604)623. A variety of substituted quinones can be 
prepared from 286 (e.g. equation 605). 

MeOH 
C0,Me 

+ Na'N, - 
CI .N 

0 0 
(286) 

0 

M % N w o  NMe, M e2 N 6: NM e2 
(286) + Me2NH (1) [HI 

1" (2) [Of 
NH, 

0 0 
(605) 

The esters of certain halogen hydroxy-substituted I ,4-benzoquinones 
can be regarded as mixed anhydrides since, for example, chloranilic acid 
is more acidic than the carboxylic acids. Thus, the competition between 
aminolysis and substitution (equations 606 and 607 respectively) is of 

0- H 2 N + ~ 1  RZ 

(606) 
X 

/ 0 
(287) 

RO 

(607) 

0 
R' = H, Et, C,H,,, Ph 
R2 = H, Et 

X = F, CI 
R = Ac, PhCO 

interestG24. Mixed products (289) were also found under appropriate 
conditions (equation 608). It is especially interesting to note that the two 

N R ' R ~  

(608) 
RO 0 X R ~ R ~ H ; O  x$$ 0 X 
')ofR + R'R'NH ---+ 

(289) 
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reactions proceed independently; when the salts (287 or 289), or the 
corresponding free acids, were treated with amines under different con- 
ditions no conversion to the substitution products (288) could be observed. 

Both the basicity of the amine and the nature of the ester influence 
the product distribution. The amines studied showed the following 
decrease in substitution reaction: 

aniline > cyclohexylaniine > niorpholine > diethylamine 
The mixed product 289 was important except with diethylamine where 
aminolysis was essentially the only reaction with either ester. Except for 
aniline, higher temperatures tend to favour aminolysis; with aniline only 
substitution was found. The diacctate of fluoroanilic acid was allowed to 
react with ammonia and cyclohexylaniine in hopes of learning about the 
ease of substitution of the fluorine atoms. However, only aminolysis was 
observed. 

Two new reagents for the identification of amino acids and protein 
residues have been introduced (290 and 291)G25~,62G. It has been found 
possible to make a classification scheme practical using the substitution 
chemistry of these quinones. 

SO,H 

(290) (291 1 

The reactions of a series of acid hydrazidcs with various naphtho- 
quinones have been reported and the substitution chemistry is 
informativeG2’. With 1,2-naphthoquinones having 4-substituents, sub- 
stitution takes place; with a 3-substituent, addition takes place (equations 
609 and 610). Addition, rather than substitution, is also observed with 
2-chloro- l74-naph thoquinone. 

In a study of substitution reactions between molecules containing more 
than one site for addition and/or substitution, the following interesting 
observation was made. The reaction of ethylenediamine with chloranil 
gives a heterocycle that must be the result of ii rather complex reaction 
sequence (292 in  equation 6 I l)G28. On the other hand, reaction between 
ethylenediamine and 2,5-dimethoxy-l,4-benzoquinone produces only 
siniple substitution (equation 612). Clearly, there is a great deal to be 
learned about this ‘simple’ system. Several otlier bifunctional amines were 
studied and the expected reactions (i.e. analogous to equation 612) were 
found. 
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R1 = H, CI, SO, Na'  

R2 = Me, PhCH,, 4-HOC,H,, 4-NO,C,H,, 4-NC,H4 

H 
I ci$cl + H2NCH2CH2NH2 & j r )  CI N 
I 
H 0 

(292) 

The substitution of various quinonoid groups by nitrogen continues to 
be of considerable practical importance. One report of the synthesis of a 
large number of substituted 1,6naphthoquinones for growth inhibitory 
testing includes a fine, brief survey of many of the most useful methods235. 
In  addition to the synthesis of potentially useful d r ~ g s " ~ - ~ ~ l  an interesting 
characterization of a natural product has been reported (equation 6 1 3)6332. 
The synthetic quinone 293 was obtained by Friedel-Crafts and oxidative 
reactions. The natural quinone 294 was derived from the isolated natural 
product by reduction of an alkene and methylation of two hydroxy groups. 

The work of Reynolds and Van Allan with bifunctional aromatics in 
heterocyclic synthesisG1* has been expanded to the benzoquinone seriesG33. 
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When chloranil or bromanil reacts with various 4-substituted o-amino- 
phenols, either mono- or diadducts can be obtained by changing reactant 

h e N H ,  
L /MeNH, 

M e N H w b ) i 6 * N H M f ?  

N H M e  M e N H  
0 0 

ratios (equations 614 and 615). Similar results were obtained with 
o-aminothiophenol or its zinc salt. 

0 

X = CI, Br 

x 
Y = F, CI, I, M e ,  M e O ,  EtO, NO, 

The synthetic problems associated with interlocking rings and related 
topological considerations have fascinated organic chemists for a long time 
and very recently quinone substitution chemistry provided an  interesting 
fresh approach”. When a single 1,4-benzoquinone has both the 
2,5-substituents and the 3,6-substituents locked in rings, the total system 
is, i n  fact, a Mobius-strip with one twist. Such a molecule has been 
prepared (equation 61 6). 
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(1) AGO 
(2) KOH 

CI CI -I- H,N(CHJ,,NH, --+ NH$J CI NH (3) H N O ~  

0 0 

C. Substitution by Ethylenimine 

The observation that quinones and hydroquinones bearing ethylenimino 
substituents are effective cytostatic agents has caused a great deal of 
synthetic effect in this particular nitrogen substitution areaG35j-637. As with 
other imines, 
oxidation is a 

normal Michael addition of ethylenimine followed by 
useful route to some quinone derivatives (equation 617). 

More often, substitution chemistry, of the type discussed in this section, 
is the preferred route (equation 618). 

The examples of 2,5-dichloro- and 2,5-dimethoxy- 1,4-benzoquinone 
are interesting in view of a study of 2,6-dimethoxy- 1,4-ben~oquinone~~*. 
This ineta isomer shows no substitution reactivity toward ethyleniminc, 
but its 3,5-dibromo derivative reacts smoothly under the same conditions 
(equations 619 and 620). Thc two bromine atoms in 295 can be replaced 
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M ~ o @ M ~ +  X X LNH 

*Nl (620) 

0 x =d-i E N  

Br Br  
0 

(295) 
by alkoxy or thioalkoxy groups (equation 621). A rationalization of this 
observation on the basis of resonance contributors is presented. It is 

0 

(295) 
OR(SR) 

0 
important to note another experimental observation. In the closely 
related structure, 2,5-diamino-3,6-dichIoro- I ,4-benzoquinone, the halogen 
atoms are unreactive toward nitrogen substitution. This limitation, which 
we have seen several times before, can be overcoine by acetylation 
(equation 622). The synthesis of quinones with adjacent arylmcrcapto and 

ethylenimino groups has also been carried out in the 1,4-naphthoquinone 
series (equation 623)G39. asAr+ Br CNH --- *; (623) 

0 0 
Gauss and Petersen have continued to make synthetic contributions in 

the ethyleniniino-substituted quinonesG40-64z. A hydrophilic quinone type, 
derivatives of 1,2-quinones and monoetliylenimino 1,4-quinonoid corn- 
pounds have been prepared (equations 624-626). Satisfactory conditions 
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CI ?kc! 0 CI 

0 

Me Me$ 

0 

0 

N 

> Me Me+N1 0 

have been found for the selective introduction of etliylenimino groups on 
alkoxy-substituted I ,4-benzoquinones; for example, the following have 
been prepared : 

Berlin and Makarova, in detailed studies of the preparation and 
properties of the ethylenimino-substituted 1,4-benzoquinones, have shown 
that the chemistry possesses a great deal of interesting detail6". 
Both 2,5-diethoxy-3,6-dichloro- and 2,6-diethoxy-3,5-dichloro-l,4-benzo- 
quinones react smoothly with a cold alcohol solution of ethylenimine to 
yield the corresponding diethylenimino dichloro products. Furthermore, 
it was found that both products can be prepared conveniently from a 
inixturc of starting materials because of the difference in their solubilities 
(equation 627). The slightly soluble 296 precipitates first and further 
cooling provides the somewhat more soluble isomer 297. 
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0 
(297) 

In a closely related study these same chemists found a method for the 
preparation of 2-ethoxy-3,5,6-trichloro-l,4-benzoquinone (see section 
VII1.D) and through this intermediate one of the limited number of 
examples of nionoethylenimino quinones (equation 628)644. Further amine 

substitution chemistry is possible with this product (298) and a number of 
unusual quinones can be prepared (e.g. equation 629). 

The study of competitive substitution and aminolysis of chloranilic 
salt esters discussed earlier (see section VIII.B.2) was actually preceded by 
a related exploration of the reactions of e thyle~i imine~~~.  In the presence of 
triethylamine, a benzene solution of ethylenimine reacts with either the 
acetate or benzoate of chloranilic acid to give the bistriethylammonium 
salt of chloranilic acid ; i.e. aminolysis results (equation 630). When 
triethylamine alone was the reagent, monoaminolysis took place. Mixed 
product resulted with ethylenimine alone; i.e. both monosubstitution and 
monoaminolysis were found (equation 631). In all cases the halogen atoms 
were unaffected and the benzoate was significantly less reactive than the 
acetate. 

Fluoranil is a particularly important synthetic intermediate because the 
fluorine atoms are quite easily and selectively replaced (see also section 
VIII.D)""G, 647. 
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0 

An interesting preparation of fluoranil has been reported (equation 
632)M8. The problem of obtaining perfluoro-1 ,Ccyclohexadiene, except 

F 'a F + H,SO,*SO, ---+ F F@F F (632) 

F F  0 

from fluoranil, may seriously h i i t  the application of this reaction?". 
Unlike most amine substitution reactions, the tetraamino derivatives can 
be prepared directly from fluoranil (equation 633)G49. At lower temperatures 

(633) 

N3 
0 

F F '-"GN4 E N  

+ LNH --+ 

0 

disubstitution takes place; this reaction can be followed by substitution of 
another amine (equation 634). In an attempt to obtain analogous com- 
pounds containing the esters of a-amino acids, only disubstitution was 
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(634) 
found and subsequent reaction with ethyleniniine does not take place 
(equation 635). The desired product 299 was obtained, in low yield, by 

U 

20,Et 
NH2 ‘ONHcHR I C:H> 

F F RCHNH F 
‘eF + RLHC0,Et --+ 

(635) I 
C02Et 0 

- 
R = H, Me, PhCH, 

RCHNH 
I 

C0,Et 

(299) 

the reverse reaction sequence. The failure of the ethylenimino groups to 
be opened or displaced is unique and 300 represents the sole direct route 
to a large class of tetranitrogen-substituted 1,6benzoquinones (equation 
636). 

NH, ““6‘ 1- RCHC0,Et I (299) 

F N 3  
0 

(300) 

Some earlier studies are related to this discussion. It has been reported 
that when chlorine atoms or ethylenimino groups are present, they can 
be displaced by esters of a-amino acids (equation 637)G”. A supplementary 
technique for preparing tetranitrogen-substituted 1,4-benzoquinoncs in 

CO,R 
I 

NHCHMe 

(637) 
X CI N HZ MeCHNH I cl* CI 

+ MeCHC0,R __f 

0 CO,R 

I 

X = CI, NC,H, R = Me, Et 
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which two ethylenimiiio substituents are included, involves amide 
formation (equation 638)Oj'. The peptide-like character of these compounds 

0 
I I  

NHCCHeNH,  
+ ENH - I 1  

H2NCHZCNH 0 clfi CI 
0 

is apparent (see section II.C.3). A survey of the literature shows the ease 
of displacement of quinonoid substituents by amines : 

0 
I I  

F > N I >  OR > OAr > SR > OAc or OCPh > Br,CI 

A further useful aspect of the reaction of fluoranil with ethylenimine 
is the discovery that a small amount of the 2,6-isomer is formed and can 
be conveniently obtained because of its greater solubility (equation 639)OS2. 

72.5% 13% 

It was also learned that its subsequent reactions proceed much more easily 
than those of 2,5-diethylenimino-3,6-difluoro-l,4-benzoquinone (equations 
640 and 641). 

EtO cNe0;* (640) 

0 

F 
0 -e+ LN6N3 I I  

0 
P 
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The ethylenimino-substituted quinones themselves have shown some 
interesting chemistry. In a study of the reactions of such compounds with 
secondary amines, ring opening was often observed (equation 642)653. 

The other substituents attached to the quinonoid ring have an effect on 
the ease of the reaction. Longer reaction times and poorer yields were 
found where X = OEt than when X = C1. This effect can be understood 
on the basis of the resonance contributors involved. With 2,s-diethylen- 
imino- 1,4-benzoquinone, and either piperidine or morpholine in methanol, 
the alternate path of ethylenimino displacement was found (equation 
643). 

0 

rl, 0 

X = CHZ,O 

A similar study was conducted with primary amines and only sub- 
stitution was observed (often in excellent Once again, the 
presence of an ethoxy group on the quinonoid ring led to a less favourable 
reaction, while chlorine enhanced the reactivity. As would be expected, 
the basicity of the amine plays an important role in determining the rate of 
reaction. 

The potential synthetic usefulness of these substitution reactions is clear 
and an effort to  make use of them revealed an  interesting rearrangement 
(equation 644)643. The rearrangement even takes place along with ring 
opening (equation 645). The yields of rearranged products are much lower 
than in direct preparation from the 2,5-isomer. A complex series of 
addition-elimination reactions is offered as a possible mechanism. 

Finally, it has been shown that hydrochloric acid causes simple ring 
opening (without rearrangement) to the 2-chloroethylamino derivative 
(equation 646)650. 
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LN&N1 CI 0 CI 

D. Oxygen and Sulphur Substitution of Quinones 

The large amount of work that has been expended on the substitution 
chemistry of quinones by nitrogen should not completely obscure the 
valuable studies of oxygen and sulphur nucleophiles. An early synthetic 
effort, the aryloxy displacement of halogen, provided valuable synthetic 
intermediates (equation 647)655. 

CO2Et 

0347) 
EtO,C x& x EtO& Are$ OAr 

C02Et 
C,H,N 

+ Arol-! Me,C=O' 

0 0 
X = CI, Br 

Ar = P h ,  2-, 3- and 4-MeC6H,, 2- and 4-MeOC6H,, 4-CIC6H, 

In the process of establishing the structure of a dibromodianilino 
quinone, its reaction with hydroxide ion led to a somewhat surprising 
result (equation 648)656. None of the expected bromanilic acid was 
obtained. Furthermore, bromanilic acid was unaffected by either aniline 
or hydroxide ion. The structure of 301 had been demonstrated earlier by 
its synthesis from 2,5-diphenoxy-3,6-dibromo-l,4-benzoquinone and 
ani1ine"O. The ease with which quinonoid groups are displaced by 
hydroxide ion was suggested as : 

PhO> Br> NHPh> OH 
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phNHooH HO 0 N H P h  

The preparation of the three din=ethoxy-2-methyl-1y4-benzoquinones 
has been referred to earlier (see sections II.C.1 and II.D.3)s5. The 
3,6-dimethoxy isomer was made using an acid-catalysed hydrolysis 
(equation 649). Actually this compound had been made by the same 
method much earlier, but its correct structure was not known8*. 

-I- M e N H ,  - Me$HMe Hc: Me$oH I 1  
M e N H  HO 

0 0 0 
(649) 0 

Me,SO,+ KzCO, MeooMe 
M e 0  

0 

Fieser and Gates discovered an interesting and useful alkylation 
reaction that invoIves the displacement of a hydroquinone methoxy 
substituent and concurrent oxidation (equation 65Q)657. These allylic 

+ RoH (CO2HL dioxan ~ fiR (550) 
Me0 M e 0  40Me OH 0 

f? = PhYtyl (CzoHJJ 
far n e s y I (C,  H, J 
ye raw1 (C,  ,,I 
P I1 CH = CH CliZ 

alcohols are capable of replacing a hydroxy group and 1,4-naphthalene- 
diols are also suitable substrates. For example, the reaction of phytol and 
2-methyl-ly3,4-naphthalenetriol (phthiocol hydroquinone) constitutes an 
interesting synthesis of vitamin K,: (302 i n  cquation 651). 



17. The addilion and substitution chemistry of quinones 1 1  11 

0 

(302) 

An interesting bit of oxygen-nitrogen substitution information came 
out of efforts to prepare naphthoquinone antimalarials of the lawsone 
type. Attempts to add amines resulted in displacement of hydroxide 
(equation 652)335. An alternate route also failed showing the marked 

+ HZO (652) d N H R  

+ RNH, ---+ 

0 R = C,4H2s-n 

&OH 0 

& 0 H R  0 

difference ofteii found between benzo- and naphthoquinones (equation 
653). 

I- OH- __f @JH + RNH, (653) 

The interaction of 2,3-substituents on the 1,4-naphthoquinone ri11g and 
its effect on basic hydrolysis has been studied in more detail as the result 
of an interesting photochemical dealkylation (equation 654)"'- Treatment 

&;rh hv > @"'" X 

0 0 

\ CI CI 

(654) 

of either chloro or broino 303 with hydroxide results in the smooth 
displaceinent of halogen. The simple anilino compounds (304) are 
hydrolysed to 3-halolawsone as reported above for the amine analogues335. 
The N-acetyl compounds related to 304 were prepared and showed 
properties similar to those of the N-ethyl derivatives. 
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A great many alkyl and aryl mercapto-substituted quinones have been 
made by addition reaction (see section K B ) ,  but substitution routes are 
also important. The inhibition of enzymes has played a vital role in 
motivating this chemistry from the earliest days. Fieser and Brown 
showed that either addition or substitution can be achieved under the 

(1) R S H  
(2) 9 1 p  

0 

0 Y a + &  

0 
R = Me, Et, .  . . C,2HZ5-n, 

PhCH, 

(655) 

proper conditions (equations 655 and 656)30. They also developed useful 
modifications with 2,3-dichloro-l,4-naphthoquinone (equations 657-659). 

0 a"" SR 

0 

(657) 

Ar = Ph, 2- or 4-CIC,H,, 
3- or 4-MeC,I 

L S A r  

(659) 

0 

While these are valuable synthetic methods and appear to be quite 
general, the yields of symmetrical 2,3-dialkylmercapto-1,4-naphtho- 
quinones are quite low in the examples given. A change of solvent 
(methanol to  benzene-methanol), a reduction of reaction temperature 
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(refluxing methanol to 15OC)  and the potassium salt instead of the sodium 
salt brought about a marked improvement65s. Only iz-propylmercaptide 
gave a really poor yield (15%), probably because of its low solubility. 

I t  has been found that two simple 1,4-benzoquinones (305 and 306) 
cause marked inhibition of oxidation and phosphorylation in beef-heart 
mitochondriaGG0. When compounds containing mercapto groups (e.g. 
cysteine or glutathione) are added to the system, the inhibition can be 
prevented and at least partly reversed. The suggested cause of both 
inhibition and protective action is reaction between the quinones and 
mercapto groups of the enzymes and cysteine or glutathione (equations 
660 and 661). The observed spectral changes are also consistent with the 
reactions shown. 

Me0 Me 
0 

(305) + enzyme(s)-SH no inhibition 

M e O 0  S-e nz y m e (s) 

Me0 Me 

inhibition 

(661 1 

0 

NH, 0 ?JH2 I II I 
R =  CH,CHCO,H, CH,CHNHCCH,CH,CHCO,H 

I 
CNHCH,CO,H 
ii 
0 

A second and more detailed study dealt with addition reactions of the 
type associated with quinone 30SGG1. It was shown that heart-muscle 
enzymes are inhibited by a series of alkyl- and or  methoxy-substituted 
1,4-benzoquinones. The quinone must have at least one unsubstituted 
position, not adjacent to a methoxy group, for inhibition to take place. 
No evidence for methoxy group substitution was reported. 

The direct introduction of methoxy groups into a quinone has been 
accomplished (equations 172 and 662)lso, 214f ?15, GG2, but both early and 
later investigators were only partially successful ; i.e. 2,5-dimethoxy-l,4- 
benzoquinone and 2-1nethyl-5-methoxy-1,4-benzoquinone. In a recent 
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(6621 
0 ZnC121 Meo6 0 OMe 

8 4- MeOH 

attempt to  prepare chloromethoxy-l,4-benzoquinones, the following 
substitution reaction was found (equation 663)662. Such compounds have 
been prepared by base-catalysed displacement of chlorine by methanol 
(equation 664)l7I. 

@I -I- MeOH ZnCI, > M e 0  0". (663) 
0 0 

(664) 
Me0 Me@Me CI 

Meficl + MeOH Na+-OAc - 
CI CI 

0 0 

Certain examples of phenolic condensation with quinones constitute 
useful routes to polycyclic furans (equations 665 and 666)G6s665. The 
evidence for these structures is adequate, as is that for the initial product 
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of the condensation of 2-naphthol and 2,5-dichloro- 1,4-benzoquinone 
(308 in equation 667). The structure of 308 raises some interesting questions 

about the mechanism of the reaction; a short period of refluxing in 
pyridine converts 308 to 307. One proposed intermediate is the ether 
formed by U-alkylation of the naphthol anion (equation 668)GGG; however, 
the most recent study has shown the presence of an intermediate analogous 
to 308 (equation 669)'jti7. Not only is this pathway consistent with the 

0 

intermediates found here and in the earlier studytiG6", but it provides a much 
more satisfactory explanation of the final cyclization step. 

The general interest in the combination of halo and alkoxy substituents 
on quinonoid rings has produced the following interesting data (equations 
670-672)M3. The two isomeric diethoxy products can be separated quite 

37 
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efficiently by fraclional crystallization and the optimum condition for the 
preparation of the monoethoxy compound is describedG44. 

0 I 0 0 0 

6 0 0 I 0 

The utility of fluoranil iis a substrate for nitrogen substitution has 
already been presented (see section VII1.C). The reactions of fluoranil 
with oxygen nucleophiles are also impressiveGGS. A comparison of the four 
haloanils shows that, with a wide range of nucleophiles, all four fluorine 
atoms can be replaced; two is the maximum for most combinations of 
nucleophiles and chlor-, brom- or iodanil. An exception to this 
generalization is the reaction of fluoranil with hydroxide ion, where either 
one or two fluorine atoms can be displaced under appropriate conditions 
(equation 673). The kinetics of the hydrolysis of fluoranil was studied and 
a simple addition-elimination mechanism proposed (equation 674). 
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Catalysis by the acetate ion was also observed and explained by a similar 
pathway . 

The nucleophilic substitution of fluorine by methoxide also takes place 
under mild conditions and in  good yield. Simply dissolving fluoranil in 
methanol results in disubstitution (equation 675). With methoxide ion, 

0 0 

an excellent yield of tetramethoxy-l,4-benzoquinonc is obtained. This 
last compound reacts very smoothly with hydroxide (equation 676). 
The reaction of fluoranil with phenoxide ion is very rapid even at low 
temperatures and produces tetraphenoxy- 1 ,4-benzoquinoneGG9. 

An interesting, 2nd apparently quite complex, reaction has been 
reported between halogenatcd 1,4-benzoquinones and tosylhydrazine 
(equation 677)"". The mechanism of the reaction is not at all clear, but 

SOZN H N H, 

clfiI; CI + Q - y5J SO,C,H,Me-p (677) 
0 Me iL 

(31 0) 

seems to be closely associated with the diazide formation. An attempt to 
prepare 310 by reaction between the diazide and sulphinic acid produced 
the hydrazone 311 by addition (equation 678). Several hydrazones were 
shown to exist chiefly as the sulphonylazophenol tautonier 312. 

The interrncdiate usually suggcsted for the nucleophilic substitution of 
quinones (309) appeared to receivc some experimental support froin a 
study of the U.V. spectra of chloranil in basic solutiodiil. The spectruni of 
chloranil in ice-cold 2~ sodium hydroxide is quite different from that of 
2-hydroxy-3,5,6-trichloro-1.4-be1izoquinone. This last compound is 
obtained in a nearly quantitative yield upon cold acidification of the basic 
solution. This interpretation has been seriously questioned by Bishop 
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X = H, CI 

Ii 

and TongG72. They studied the U.V. spectra of several quinones at very 
short reaction times as a function of pH. At a given pH, no change 
in the spectrum could be observed between 12 and 300 ms and 
acidification completely regenerated the starting material. The reaction 
was thus described as the reversible 1,2-addition of hydroxide to the 
carbonyl group (equation 679). The data at various pHs allowed formation 
constants to be calculated by 

.x 

following formula : 

(T*OH) 
Kc = (?)(OH-) 

The consistency of the calculated values is an excellent argument for the 
proposed equilibrium, as is the observed reversibility. 

In the case of 2-hydroxy-3,5,6-trichloro- 1,4-benzoquinone, Bishop and 
Tong argued that the product must be formed very rapidly from chloranil 
and that the observed spcctruni is really that of lY2-carbonyl addition 
(314 in equation 680). If this were not the case, their observation, that 
putting the final product (313 after acidification) into basic solution 
produces the same spectrum. would not be possible. 
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0 

CI clocl 0 CI 

+ OH- 

In large measure the above analysis grew from an earlier and more 
detailed study of the substitution of quinone halides by the sulphite 
anionG73. The substrate, 2-halo-3,5,6-trimethyl-1,4-benzoquinone, was 
chosen so that competing lY4-addition night be avoided. It happily turned 
out that the selection also avoided the complication of a redox reaction 
between quinone and bisulphite. An unexpected complication analogous 
to that described above with hydroxide was found; i.e. 1,Zcarbonyl 
addition (equation 68 I) .  The a-hydroxysulphonate (315) was not isolated 

in a form pure enough for rigorous structure determination, but the U.V. 
spectrum is quite suggestive. For example, similar spectra were obtained 
with duroquinone and 3,5,6-trimethyl- I ,4-benzoquinone wherc substitution 
does not take place. The complete reversibility of the reactions and the 
favourable comparison with formation constants for aldehydes and 
ketones argue for structure 315. These equilibria must be taken into account 
in kinetic studies of the substitution reactions, except in the case of 2-iodo- 
3,5,6-trimethyl- 1,4-benzoquinorie. In this instance the rate of disappearance 
ofquinone is equal to the rate of release of iodide. The observation requires 
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either that the rate of substitution is much faster than the rate of adduct 
formation or that the equilibrium lies far to the quinone carbonyl side. 
The interpretation of the kinetic data shows that both adduct formation 
arid substitution are general-acid-catalysed. The proposed mechanism is 
the addition-elimination typical of Inany carbonyl reactions (equations 
682-684). The product 316 also forins a bisulphite adduct by I ,Zaddition 

+ H A  .- 
Me Me Me 

0 .a 
AH. 

0 Meax + so:- slow 

Me Me 
.o 

AH-. 

0 0 

Me@;:; - so;- ;;Qso; - I I  
Me Me 

.o HO SO, 
A- AH'. 

to the carbonyl group. All three quinones (2-iodo, 2-bronio and 2-chloro) 
gave the same product and a crude sample showed -SO;Na+ in the 
i.r. Thus, it was assumed to be 316. 

The rate of seniiquinone ion radical formation with the haloanils and 
iodide ion has been studied"'.'. The reaction is first-order in quinone and 
second-order in iodide. The reaction rate varies in the following order: 
F > C1> Br > I. In  another nucleophilic substitution reaction, evidence has 
been presented that the displacement takes placc on the ion radical 
(equation 685)Gi5. 

0' 

@OH Me f mso' Me (685) 

0 0- 0- 

Yet another study reported a sxies of c.s.r. spectra of quiiiones in 
alcohol or dimethyl sulphoxide solutionsG77". There was no doubt from the 
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spectra that rapid exchange of alkoxy groups occurs in alcoholic solution 
(equation 686) and this conclusion was supported by product isolation. 

0 0 
R‘, R2 = Me, Et, n-Pr, i-Pr 

The e.s.r. signal arises from the subsequent reduction of the quinone to 
the semiquinone. Evidence is presented for a two-equivalent reduction 
involving hydride transfer. 

The extension of this study to halogen displacement demonstrated an 
interesting rearrangement reaction (equation 687). With 3-bromo-5-r- 
butyl-l,4-benzoquinone a mixture of rearranged and normal substitution 

product (2: I )  was obtained. The mechanism of the rearrangement was 
i n  vest igated i n  t 11 e q ui n one 2,3-d i bromo-5-t-bu tyl- I ,4-benzoq uin one. 
Strong evidence was obtained for a variety of products and intermediates 
at different reaction times (equations 688 and 689). It was also shown that 

OMe (688) 

OMe Br 
0 

(31 8) (319) 

Br 

(317) + (319) + (689) 
OMe Br 

0 
(320) 
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318 is converted to 320. These experiments also produced useful inter- 
mediates for mechanistic speculation (equations 690-692). These obser- 
vations seem best explained by the establishment of equilibria (equation 

(690) 
OMe 

0 

(691 I 

t- Bu +:M 

(320) + 
1 min / 

(318) + 2 (320) 

30 min 

(692) t-Bu60Me OH 
0 

NaoH \ 
(320) -I- 

693) and preferential solvation of 321. The structures of these intermediates 
and products were satisfactorily established. The importance of solvation 

t - B u O B r  0 MeO- t-Bu,@Br 0 
OMe MeO- 
Br - -MeO- I I  e -MeO- Br (693) 
Br Br OMe . -  

0 0 
(321 1 

was demonstrated by adding dimethyl sulphoxide and observing the 
shift from mostly C-3 attack (methanol) to C-2 attack (DMSO). 

Two recent reports of heterocyclic syntheses by quinonoid addition 
also contain useful substitution chemistry (equations 694 and 695)"~~~ .  

The lignin found i n  hardwood is known to be paramagnetic and 
2,6-dimethoxy-l,4-benzoquinone appears to be the structural precursor of 
the paramagnetic  specie^"^. A combination of e.s.r. and U.V. spectra of 
basic solutions of this quinone showed that the seiniquinone radical is 
formed in quite high concentration. Preceding the observation of the e.s.r. 
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> 
/ 

ax‘ X2 + mNH2 - 
‘ S  

0 X’  
W S H  

(695) 

X1 = CI, MeO, Me, NHAc 
X2 = H, CI 

signal, an equilibrium between the quinone and base is rapidly established 
(equation 696). The proposed mechanistic path for subsequent conversion 

-I- OH- Meor$:. / (696) 

0 0- 
(322) 

to semiquinone and substitution product is essentially that of Eigen and 
Matthies (see section II.F.l)221, except that the conversion of 322 to 
product is the rate-determining step. This situation is not unexpected 
since 322 cannot enolize rapidly as could the unsubstituted 1,6benzo- 
quinone studied earlier. 

E. Other Substitution Reactions 

A few reports of significant experiments are found that do not fit any 
of the major areas of interest within quinone substitution chemistry. 

For example, Bruce and Thomson have evaluated the range of 
substituents that can be removed directly from 1,4-naphthoquinone~~~~. 
The general method involves reductive elimination of the substituent with 
acidic stannous chloride followed by chromic acid reoxidation (equation 
697). The intermediate, I ,4-naphthaIenediol, was usually not isolated. 

@x HCI/HOAc SnCh , @ c;:, , I I (697) 

0 OH 0 

The following groups were removed in fair to excellent yield: C1, Br, 
NHPh, SR, SAr, S02Ar, S0,H. Hydroxy groups were removed in some 
cases, although in poor yield. Hydriodic acid was also used for the direct 
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elimination of halogen. This reagent appears satisfactory for 2-alkyl-3- 
halo-I ,4-naphthoquinones, but in the other cases the two-step process 
gave superior yields. One interesting observation is that halogen in the 
benzenoid ring is also removed if that ring is phenolic (equations 698 
and 699). 

Br 
OH 0 

Br mH Br 

0 2 

OH 0 

,&OH 0 (699) 

In view of the very extensive studies of 2,3-dichloro- lY4-naphthoquinone 
substitution chemistry that have been reported, Reynolds and Van Allan 
were surprised to find in 1964 that cyanide had been What 
would appear to be a very simple substitution reaction, in fact turns out 
to be quite coniplicated (equation 700). It seemed most reasonable that 

the direct substitution product was reduced by cyanide, and when 
2,3-dicyano- I ,4-naphthoquinone was treated with aqueous sodium 
cyanide it went into solution immediately as 323. The quinone acts as a 
strong n-acid and also undergoes substitution by hydroxide (equations 
701 and 702). 

The reactions of 2,3-dipiperidino-lY4-naphthoquinone with dry hydrogen 
halides have been reportedGs0. In one case the hydrogen bromide salt was 
isolated and is assumed to be an intermediate in the other reactions 
(equation 703). 

A synthetically useful dealkylation reaction has been found in 
the combination of halodi-/-butyl-l,4-be1izoquinones and anhydrous 
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hydrohalogen acids (equation 704)681. An analogous reaction occurs 
with 3-cliloro-2,6-di-1-butyl- I ,4-benzoquinone. a< CN OH- aNR + OH- 0 

CN 
0 La 0- + H C N  

0 

0 

The mechanism suggested as accounting for the dealkylation consists 
of a n  initial redox reaction followed by electrophilic substitution (equation 
705). I n  support of this proposal it was found that with excess cyclo- 
hexene present an excellent yield of 1,2-dibroniocyclohexane is obtained ; 
thus supporting the first step. The second step was tested by allowing 
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+ 2HX2 ___f @U-f + x; ___, 
X' f-Bu X'  

t-Bu bBU-' 0 OH 

OH OH 

OH OH 

3-chloro-2,5-di-t-butylhydroquinone to react with bromine in acetic 
acid. After treatment with nitrogen oxide, 2-broino-3-chIoro-5-t-butyl- 
1,6benzoquinone was obtained in high yield (equation 706). 

0" 0 

OH 0 
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1. INTRQDUCTIQN 

The name quinone methide is derived from a structural analogy between 
this class of compound and the quinones. If one oxygen atom of a quinonc 
is replaced by a methylene group, a quinone methide results; such coin- 
pounds have also been called quinoniethanesl, metliylenequinones and 
quinomethines. If  both oxygen atoms of a quinone are replaced by 
~nethylene groups, thc so-called quinodimethanes r e s ~ i l t ~ , ~ :  in this case 
the name qiiinone diniethide, analogous to  quinone niethine, has not 
become popular2. Quinone methides are listed as cyclohexadiene derivatives 
in the Subject Index of Clien7ical Abstracts. 

I145 

The Chemistry of the Quinonoid Compounds 
Edited by Saul Patai 
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0- Benzoq u i none 0- Benzoq u in o ne 

(6-rnethylene-2,4- 
c ycl o hexad ie n -1 -0 ne) 

o-Benzoquino- 
methide dirnethane 

0 

p- 6 en z o q u i no n e p-Benzoquinone 

(4 -met h y I e n e -2,5 - 
c y clo h ex ad i e n -1 -0 n e) 

p-Benzoquino- 
met h ide dimethane 

Being vinylogous carbonyl systems, quinone methides should be 
compared with aY/3-unsaturated ketones and with ketones having longer 
conjugated groups. 

Such compounds behave as ambifunctional electrophilic reagents : in 
addition to the usual electrophilic reactivity of the carbonyl group, the 
conjugated centrc 3, 5 or 7 can enter into reaction as in the Michael 
reaction. A special situation arises with the quinone methides from the 
transition of the quinonoid to a benzenoid system on addition of a 
nucleophile at C-7. This carries with it a large gain in energy owing to  the 

aromatic structure of the product; examples of this favoured mode of 
reaction arc given i n  the section on reactions of quinone methides. All 
other modes of addition are disfavoured in comparison with this type. 

Quinone methides assume a position between quinones and quino- 
dimethanes. The similarities and differences arising from the analogous 
topologies can be seen i n  the HMO description. Figure 1 shows the 
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n-molecular orbitals for p-quinonoid systems. The lowest unoccupied 
molecular orbital (LUMO) of p-benzoquinone lies at  a particularly low 
level and indicates well-developed reactivity of this molecule as an electro- 
phile, and the LUMO is also relatively low for the quinone methide. 
According to Fukui" the electron distribution in the extreme orbitals is 
determinant for a comparison of kinetic reactivity. Figure 2 shows, on 

Q 
0 

'/:HOMO i c,:LUMO 

0.333 0 0.221 

-I- 0.0 0.123 

0.0 0,123 

0.083 0.078 

0 083 0.078 

0.3330 = 

0 

0.017 

0,124 

0.1 42 

0.01 0 

- 0'332 0,332 

0.032 I 0.032 
0,066 

0.068 

0.068 

0.068 

FIGURE 2. Squared coefficients C2 at the centre p in the highest occupied 
molecular orbital (HOMO), figures to the left of the atomic centre) and in 
the lowest unoccupied molecular orbital (LUMO, figures to the right of the 

atomic centre). Particularly large values are underlined. 

the right of the atoms, the squared coefTicients of the LUMOs of the 
three quinonoid systems. Quinone methide, placed in the middle, shows 
an exceptionally high value at the cxo-carbon atom of the methylene 
group, so this centre is characterized by particularly high electrophilicity 
and, as the reactions described in section XI will show, quinone methides 
are susceptible to attack by nucleophilic reagents. 

The electron distribution in the highest occupied molecular orbital 
(HOMO) is determinant for the nucleophilic reactivity of the quinonoid 
systems. Figure 2 shows the squared coefficients of the HOMOS to the 
left of the atoms; here too the quinone methide system shows a particularly 
high value, so that the oxygen atom of quinone methides should be readily 
attacked by electrophiles. 

The r-charge distribution shown in Figure 3 ,  according to HMO, 
indicates that i n  the quinone methide system the attack of s n  electrophile 
is supported by  the negative charge on the oxygen atom, and the same is 
true for the attraction of a nucleophile by the positively charged exo- 
carbon atom of the quirione methide. T n  the quinone the attack of an 
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electrophile is favoured only by coulombic attraction, and in the non- 
polarized quinodimethane there is no control of the attacking reagents 
by charge interaction. 

Q I1 

0 

0 

0 -0.63 
I =  

0.0 

0.0 ::il 0.0 
I I 0 -0.40 +0.3(, ' 0.0 - 

FIGURE 3. Distribution of the effcctive chargc in the 7r-systems of three 
p-quinonoid systems according to the HMO model (cf. Figure 1). 

The quiiione inethides thus assume a special position. There, high 
reactivity towards electrophiles as well as towards nucleophiles is displayed 
in high electron densities in the limiting orbitals and also in suitable 
polarization corresponding to the formulation of the two most important 
valence-bond resonance structures5, 6. 

The reactivity of quinonoid systems is further influenced by the inter- 
change between the initial quinonoid structure and the possible benzenoid 
structure of transition states or end products. In Coppinger and Bauer's 
calculations7 the relative stabilities of p-quinonoid systems (1) are defined 
as the difference between the quinonoid ground state and a benzenoid 
transition state: they find that the stability increases with increasing 
electronegativity of X and Y .  

X-Y X, Y = 0, NH, CH, or S 
- -1 

(1) 

The reactivity of unsubstituted quinone methides is generally so high 
that they cannot be isolated under normal conditions: in the absence of a 
compound with which they can react the molccules react with one another, 
forming dirners, trimers and polymers. These reactions will be described 
in section 12. 
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The quinone methide can, however, be isolated if the benzenoid 
character of the ring in the quinonoid system is weak, as, for example, in 
the methyleneanthrone C2)s. 

0 

(2) 

In spite of its arbitrariness, the quinone methides treated in this section 
are limited to those showing the quinone methide reactivity discussed 
above. The molecular diagrams displayed in Figure 4 for fuchsone (3), 
diphenoquinone (4) and stilbenequinone (5) show that only slight relation- 
ship exists between these molecules or their derivatives and quinone 
methides : the fuchsone derivatives lead into the class of triphenylmethane 
dyes and the diphenoquinones are better regarded as phenylogous 
quinones. 

The iniportance of quinone methides in the chemistry of phenolic 
resins has been treated in several reviewsg-ll. 

The natural occurrence of quinone methide structures is mainly in the 
vegetable kingdom. They play a large part in the chemistry of lignin12 
and they are found also among wood pigments and other vegetable dyes. 

H O O C ~  Hc)) 
0 OCH3 

0 c H3 
CH, CH, 

Citrinin Carajurone 

Citrinin and carajurone are two typical examples. Naturally occurring 
quinone methides have been described previously in  several 
and will therefore not be discussed further in this chapter. 

II. PREPARATIVE METHODS 
Syntheses of quinone methides are usually started from the corresponding 
phenols. The different synthetic routes described here will explain their 
division among the later sections. The routes displayed in Scheme 1 for 
p-benzoquinone methide are representative for all quinone methides and 
are valid for both para- and ortho-quinonoid systems in general. 
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Reactions of type (1) are electrophilic aromatic substitutions of a 
phenol. When the group Y is suitable the subsequent elimination (3) 
leads spontaneously to formation of the quinone methide, but when 
Y = OH more forcing conditions are necessary. 

In reactions of type (2), addition of HR to the carbonyl group of an 
aromatic hydroxy-ketone leads to the same intermediate as in type (1). 
In this case, RH is often replaced by the inetallated derivative, e.g. the 
Grignard compound RMgBr. 

As in route ( I ) ,  reactions of type (4) employ electrophilic aromatic 
substitution for synthesis of the intermediate, but this is dehydrogenated 
to the quinone methide in a subsequent oxidation step (6). 

In  reactions of type (5) ,  aromatic hydroxy-aldehydes are converted into 
derivatives which are subsequently oxidized in step (6). 

The quinone niethides are not often isolatcd thernsclves but are obtained 
as salts indicated on the extreme right of Scheme 1. These salts are usually 
readily deprotonated and this step can be regarded as part of the 
elimination process (3). 

The possibilities for synthesis of quinone inethides from quinones are 
greatly limited by the low electrophilicity of the carbon atom of the 
quinone carbonyl group (cf. the squared coefficient of these atoms in the 
LUMO ofp-benzoquinone displayed in Figure 2). It is only rarely that 
quinones can be condensed with CH-acidic components in a reaction 
shown in general form as type (7). 

R = Electron-attracting group 

The Iilost favoured electrophilic attack on the oxygen atom of a quinone 
is utilized i n  reactions of type (8) which involve treatment with diphenyl- 
ketene. The quinone methides are formed by elimination of CO, from 
the spirans such as 7 formed from 6. 
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This type of reaction (8) proceeds by ring opening of a spirocyclo- 
hexadienone. In reactions of type (9) it is a photochemical ring cleavage 
that leads similarly to quinone methides, although these are formed only 
as intermediates (9). 

> Products 
h u  

H H  

In the following sections the reactions of types 1-9 of Scheme 1 are 
discussed individually. The formation of one quinone methide by 
alteration of another is treated in the section o n  reactions. 

111. SYNTHESIS BY ELECTRQPHILIC AROMATIC 
SUBSTITUTION O F  P H E N O L S  AND SUBSEQUENT 

ELI M I N AT I 0 N 
Chloromethylation of the phenol (10, R = t-butyl) and subsequent 
elimination of hydrogen chloride by tricthylamine at - 15" lead to 
orange-red solutions of the quinone methide (11, R = l-buty1)l7-l9. 
Although 11 cannot be isolated since dimerization and other reactions 

'6. + CH,O/HCI -----+ RQR '"w;" R$R 

o* f CH,O - --H 0 + f* +< 

(1 0) CH,CI CH2 

(11) R = CH, or t-butyl 

occur on concentration of the solutions1Y, the dilute solutions can be 
preserved for several days in the dark19. The dimethyl derivative (11, 
R = CHJ can be prepared analogously in solutionli. 

A further quinone methide without substitucnts on the methylene group 
can be obtained by condensing anthrone with formaldehyde under 
catalysis by base8*19--21. In this case eliniination of water follows spon- 
taneously. The resulting quinoiie methide, 12, named Inethyleneanthrotie, 
is stable and can be isolated as colourless crystals. 

CH, 

(1 2) 
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Condensation of anthrone with aldehydes is very generally applicable22, 
but the resulting methyleneanthrones retain few properties of quinone 
methides, as will be discussed in the section of reactions. 

Ketones are as a rule too feebly electrophilic to be able to attack 
phenols. However, numerous quinone methides, in particular fuchsone 
derivatives, have been prepared by condensing ketone dichlorides with 
phenols and then eliminating water from the resulting a l ~ o h o l s ~ ~ - ~ ~ .  The 
synthesis of fuchsone itself from benzophenone dichloride and phenol 
may be formulated as an example3'. However, electrophilic aromatic 

Q+ OH 0 
CI CI 

substitution of phenols by ketone dichlorides must generally be 
catalysed by addition of a Lewis acid; in such syntheses of fuchsone 
derivatives the whole range of Friedel-Crafts catalysts has been utilized 
for activation of the ketone d i ~ h l o r i d e s ~ ~ , ~ ~ .  

The dichloride 13, which can be easily prepared from diphenylcyclo- 
propenone and phosgene, reacts rapidly with phenols if catalgsed by 
boron t r i f l ~ o r i d e ~ ~ ;  being cyclopropenylium derivatives, the resulting 
salts, 14, are particularly stable, but they can be deprotonated by tri- 
ethylamine to the red quinone methides 15=. 

OH OH 0 

In the following reaction, three phenol nuclei are substituted by the 
trifunctional cyclopropenyliuni salt 16 ; the product can be isolated as the 
bromide 17, which on dehydrobromination leads to the red quinone 
methide 1835. 

The quinone methides 19 can be obtained by analogous treatment of 
phenols with the dichlorides from pyrone and t h i a p y r ~ n e ~ ~ .  
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OH 

HO OH 

OH 

R = f -butyl  R' = C,H, 
X = O o r S  

Ring substitution of phenols by resonance-stabilized carbenium ions 
is very generally applicable. For example, reaction of the dithiolanium 
salt 20 with 2,6-di-t-butyipheno1 affords, after spontaneous loss of 
methanethiol, a good yield of the very stable quinone methide 2137. The 
structure of this resonance-stabilized product is reflected in the dipolar 
limiting formulae, e.g., 21b and 21c; this weakens the electrophilicity of 
the em-carbon atom of the quinone methide, decreasing its reactivity, 
so that this quinone methide is stable and can be isolated. The same holds 
for examples 15, 18 and 19. 

To the sanie group of compounds belong the quinone methides 22, 23 
and 24 prepared, respectively, from 1,3-benzodithiolium salts37, 1,2-di- 
t hio lium salt P 3 0  and benzo t hiazoliu m sal ts4I. 
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+ 

t-6u*8u-t s s  

Reaction of phenoxides with carbon disulphide as electrophile also 
leads to rine, substitution'*2. This results in the anions of p-hydroxy- 
dithiobenzoic acids, which c m  be alkylatcd by, e.g., 1 ,Z-dibromoethane. 
The quinone dimethides 25 obtained in this way have the same type of 
structure as was formulated above in 21. 

0- 0- 0 

K 
U 
s s  

In their synthetic principle the following reactions of metallated 
aromatic compounds with carbonyl compounds also belong to this 
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section. The phenolic component is so strongly activated by replacement 
of a hydrogen atom by lithium that it reacts even with relatively unreactive 
ketones. The result is alcohols that are converted by loss of water into 
quinone methides such as 26@ and 27". 

LiO 

IV. SYNTHESIS FROM AROMATlC HYDRQXY-ALDEHYDES 
AND -KETONES 

Hydroxybenzaldehyde can be formulated in a tautomeric form as hydroxy- 
quinone methide, thus : 

?H 

0- 
c 
/ v> 

H O  

C 
/ \  

H OH 

Condensation of such aldehydes with CH-acidic components leads to 
blocking of the tautonierisrn and thus to fixation of the quinonoid structure. 
OF the numerous quinonoid dyes prepared in this \vay45-53 only one, the 
annexed violet benzothiazole derivative, can be formulated here as 
example". 
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Interaction of aromatic hydroxy-ketones with organometallic com- 
pounds occurs by a similar type of c o n d e n s a t i ~ n ~ * ~ ~ ~ ~ ' ~ .  Loss of water 

I 
Cd-4 

Violet 

from the resulting alcohol leads to quinone methides, e.g. the annexed 
fuchsone d e r i v a t i ~ c ~ ~ .  

In the next synthesis the alcoholic intermediate is obtained from a 
hydroxybenzoic ester by successive Grignard reactions and its dehydration 
leads to another fuchsone derivative5'. 

CH,O C H30  
L P h  L h l -  

CH,O 
\ 

CH,d CH,O CH,O 

Elimination of water at a high temperature, as formulated for the last 
two reactions, is often used in the synthesis of quinone methides, and 
particularly of fuchsoncs58-60. This elimination of water is also an 
important step in other methods of quinone methidc synthesis and is 
stressed in the next section, even though this scparation is somewhat 
arbitrary. 
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V. S Y N T H E S I S  BY ELIMINATION A N D  DEPROTONATION 

When o-hydroxybenzyl alcohol was pyrolysed and the products trapped 
at  -196”, the presence of o-benzoquinone methide 28 could be proved 
spectroscopicallyG1. When warmed, it was converted into trimers which 
had been known for some timeG2* G3; their formation 
the section on reactions. 

will be discussed in 

Triniers 

Elimination of hydrogen chloride was described in section I .  Removal 
of hydrogen bromide from appropriate hydroxybenzyl bromides should 
also lead to quinone methides, but often only products of further reaction 
could be isolatedGa7. 

In the fuchsone series alkyl halide can also be removed a t  elevated 
temperature, an example being afforded by the synthesis of fuchsone 
itself from p-methoxy-a,a-diphenylbenzyl chloride1. 

In the synthesis of donor-stabilized quinone methides of type 29, 
deprotonation of the intermediate cations is the last step; the intermediate 
salts can be isolated6*. Here both the salts and the quinone methides owe 
their stabilization to conjugation of the carbenium centre with electron- 

OH OH 0 0- 

I- 

A 
-NR2 = -N uo 

shifting substituents; there is a ‘push-pull’ stabilization of the quinone 
methide system due to the attractive effect of the oxygen atom and the 
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shift by the donor substituents. Further development of this idea leads to 
pusli-pull stabilization of the corresponding quinodimethanesG9. 

Similar stabilization occurs with the quinone methides 30, obtained 
froin (1iydroxyaryl)cyclopropenylium 71 as mentioned above. 

R" R" 

R" R" 

R '  = H or Br (30) 
R" = H or OH 

Synthesis of 32 from the (hydroxyary1)tropenylium salts 31 belongs to 
the next section since dehydrogenation is involved, but it may bc 
mentioned here that the easy deprotonation of the salts again affords 
resonance-stabilized, deeply coloured quinone r n e t h i d e ~ ~ " ~ ~ - ~ ~ .  

OH 

- H '  
__f 

0- 

(32) 
R = H, CH, or f-butyl 

Vf. SY N T H E S l S  8Y ELECTROPHILIC AROMATIC 
S U B S T I T U T I O N  O F  PHENOLS AND SUBSEQUENT 

0 XI DATl 0 N 

Numerous synthetic routcs to tropylidenephenols (33) provide a connexion 
to the last example in the preceding section. Reaction of most 2,6-di- 
substituted phenols with tropyliuin salts stops at the intermediate 
hydrogenated stage 33, and the subsequent dehydrogenation to quinone 
methides 34 is then cffectcd either by using an excess of the tropgliuni salt 
or by isolating thc phenolic 33 and treating it with a triphenylcarbenium 
salt or other oxidizing agent such as silver o ~ i d e " * ~ ~ - ~ ~ .  
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OH 

0 -f ReR R6R __f PhJC' R+R 

R = H, CH, or CI 

The ethoxyphenalenium salt 35 is also able to substitute phenols, and 
in this case the product is oxidized spontaneously to the blue quinone 
methide 36 by a second molecule of the carbenium salt 3577. 

(36) 

Phenols can also be substituted by using aldehydes as the electrophile, 
particularly if the reaction is catalysed by a Lewis acid. The following 
synthesis of benzaurin 37 is effected in this way; the intermediate product 
is not isolated but is at once dehydr~genated'~. As this example shows, 
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this type of synthesis leads into the fuchsone series and the triphenyl- 
methane dyes, and very many further reactions of this type are described 
in the 

Benzaurin (37) 

VII. SY NTHESllS FROM AROMATIC I-IIYDROXY- 
ALDEHYDES BY OXIDATION O F  T H E I R  DERIVATIVES 

The synthetic principle underlying this section can be seen most clearly 
in the forrnulae below showing preparation of the push-pull stabilized 
quinone methide 38 82. Oxidation of the mercaptal of the aroniatic 
aldehyde by nitric acid occurs by way of a nitrate. 

Further, preparation of the fuchsone derivative 39 and analogous 
triphenylmethane dyes proceeds through derivatives of aromatic hydroxy- 
aldehydes that are very easily oxidized83. 

OH OH 0 

CHO 



I I64 H.-U. Wagner and R. Gompper 

Vlll. S Y N T H E S I S  BY OXIDATION O F  
( H Y D R Q X Y A R Y L ) M E T H Y L  COMPOUNDS 

Potassium hexacyanoferrate(rI1) has been found particularly valuable as 
an oxidizing agent for preparation of a variety of quinone methides from 
(1iydroxyaryl)methyl derivatives, as i l l~s t r a t ed~~ .  This oxidation should be 
formulated as occurring through aryloxyl radicalsB5, and these can them- 
selves act as dehydrogenating agentss6. The general applicability of 

Oi i  0 

R = f-butyl 

oxidation by potassium liexacyanoferrate(r1I) is illustrated by the variety 
of substituents R listed under the following formulae for the 2,6-di-r-butyl 
cases7-89. The reaction can, however, be effected by very many other 
oxidizing agents, and silver oxidel'. lead oxide91-9.i and ch0rani1~~ 

CH,R CHR 

R = CH,, C,H,, iso-C,H,, n-C,H,, C,H,, CH,OH, COOH, CN, or 

iirter alia, have each been used with success. Very often, however, formation 
of stilbenequinones or related dimerization products occurs as a side- 
reaction, and this applies also to oxidation by potassium nitrosodi- 
sulphonategE. 

piperidine 

IX. S Y N T H E S I S  F R O M  Q U I N O N E S  

Condensation of the carbonyl group of quinones with CH-acidic com- 
pounds, which is often used for synthesis of methylene derivatives in other 
series, rarely siiccceds, owing to the low electroghilicity of the quinone 
carbonyl atom (see section I). However, in special cases, such as phen- 
ant h raq ui none and 1,2-accnap h t heneq ii i none, react i on with nial onodi- 
nitrile affords quinone methides 40 and 41 carrying the two cyano- 
groups97; in these two cases the quinonoid character is weakened, the 
relationship to 1 ,Zquinones being obvious. 
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i- CH,(CN), -> @ 0 
0 

(41 1 

Synthesis of niethylene derivatives from carbonyl compounds by the 
Wittig reaction can be carried out in the quinone series, as illustrated here 
for the formation of two quinone methides from 1,4-naplithoqui1ione~~. 

0 

PPh, 

I t  is also possible to cause reaction between the carbonyl group of 
quinoncs and very reactive ynamines. For instance, p-benzoquinone and 
N,N-dietliyl-2-phe1lylethynyla1~ii1le afford the quinone inethide 43, whose 
formation is most simply formulated as occurring through the intermediatc 
42 with subsequent ring-opening". 
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In these reactions, eleclropliik attack on the oxygen atom of the 
quinone system plays a considerable part in the further course of the 
reactions, but in the earlier syntheses of quinone methides and quinodi- 
niethanes from quinones and diphenylketene attack by the electrophilic 
ketene on the oxygen atom of the quinone is the cause of the first reaction 
steploo. The lactone 44, for instance, can be isolated and gives the quinone 
methide 45 by loss of CO,. When two equivalents of diphenylketene are 
used both carbon groups of the quinone react, yielding quinodimethanes 
such as 46Io0. 

0 

The fuchsone dcrivativcs prepared in this way slzow a striking hypso- 
chromic shift of thc longest wavelength band in the series benzo-, naptho- 
and anthra-quinone methide, i.e. the colour becomes paler as the size of 
the coiijugatcd systems increases. The hypsochroinic shift is still more 
rmrkeci x.:.ith the corresponding quinodimethanes, so much so that this 

0 

Yellow Pale yellow Colourless 

unusual effect led Staudinger to doubt the quinonoid structure of tetra- 
phenylanthraquinone diniethanel*l. The shifts can, however, be explained 
by MO ~a lcu la t ions~0~~  Io3, in  which the decrease in quinonoid character 
through the series benzo-, naphtho- and anthra-quinone is seen to  play a 
significant role. 

X. PHOTOCHEMICAL SYNTHESES 

As a monocyclic four-electron process the addition of the triple bond of 
an ynaniine to the carbonyl double bond of a quinone described in the 
]:receding scction should be thermally iinfa\~ourablelfl~~lO-*; it will be made 
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much easier by polarization of the two components and can proceed 
through polar intermediates. 

The Woodward-Hoffmann rules for cyclic transition stateslo3> lo4 

stipulate that a photochemical process is favourable when the thermal 
process is unfavourable, and a suitable example of this is provided by 
photochemical addition of tolane to p-benzoquinone, as il1ustratedlo5* loG. 

As i n  the theriiial reaction of the ynamine this reaction also is most 

Photochemical activation is also utilized in synthesis of thc series of 
simply formulated as involving a spirocyclic intermediate. 

fuchsone derivatives shown belowlo’. 

B u-‘t 

R’ 

0 f - B u e B u - f  OH + Rn(!~ 
h I) 

R’ 

R ,  R‘ = H, CH,, OCH,, CI, etc. 
R 

In the chemistry of photochromic dyes light energy can be used to opcn 
a spiran system, and quinone methides are often formed as chromophores; 
a violet indole derivative and its isomers exemplify the principlelo5* log. 

Colourless Violet 

Of particular interest is the photochemical cleavage of a cyclopropane 
ring involved in a spiro-junction. Quinone methides are obtained from the 
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diradicals formed as intermediates, but under the reaction conditions 
further reactions set in to give the products 

R. Gompper and H.-U. Wagner 

ll1. 

XI. GENERAL REACTIONS 
As mentioned in the Introduction, quinone methides constitute a rather 
unstable and thus reactive class of compound. This great reactivity 
results from the higher energy potential of the quinonoid than of the 
corresponding aromatic structure. 

Being vinylogous carbonyl compounds, the quinone methides are 
especially amenable to addition reactions of Michael type (cf. the scheme 
below). The addition occurs stepwise in both cases, i.e. addition of the 

HX-Addition- H O  0.'- \ x 

electrophile precedes that of the nucleophile or Dice versn, but in both 
cases the ring becomes aromatic in  the first step. The rate of addition of 
alcohols to quinone methides depends to a substantial extent on the acid 
strength of the alcoholic componcnt112: the more easily the proton is 
removed, the faster is the addition. This, howevcr, implies that in such 
cases addition of the proton to the nucleophilic centre of the methide (i.e. 
to its oxygen atom) is the important step. Higher alcohols add extremely 

CHBr -CH, 
/ 

CH 

RO CHBr-CH, 
\ /  

R O H :  Pii0l-l;. Sugar > H,O 1 CH,OH > C,H,OJi 

slowly but, as shown in the scheme, their reaction is greatly accelerated by 
traces of acid113s1'4. 



18. Quinone methides 1169 

The same dependence on the acid strength of a component HX is found 
with the quinone methides 47a and 47b115: the nucleophilicity of the 
oxygen atom of the methide is further increased by the donor substituents 
Y .  On the other hand, when the substituent is an electron acceptor, as in 
47c and 47d, the quinone niethide r e a m  only with very strong nucleo- 
philes115 and it is then the electrophilicity of the carbon atom at the other 
end of the conjugated system that determines the reaction since the 
nucleophilicity of the oxygen atom is too greatly weakened to be effective. 

CH 

(47a) Y = N(CH,), X Y  
/ \  

(47b) Y = OCH, 
(474  Y = CN 
(47d) Y = COOH 

Nucleophilic substitution is also the basis for conversion of a 2,6-di- 
r-butylbenzoquinone methide containing a 1,3-dithianyIidene group into 
other methides by o-amino-phenol or -thiophcnolllG. The sulphur 
substituents are removed as 1 ,Zethanedithiol owing to the more strongly 
nucleopliilic amino-groupllG and the resulting phenolic compound can be 

0 OH 0 

t-BuQ S US 

X = O o r S  8 -HI ' "P"' CH,N X 

converted by alkylation into its ammonium salt, whereafter deprotonation 
restores the quinone methide system. 

I ,6-Addition of Grignard reagents to quinone methides occurs, as 
expected, with formation of the phenolic system, as illustrated for 
diphenyl methidell'. 

0 OH 

Ph 4% P h t P h  

CH3 



1170 R. Gonipper and H.-U. Wagner 

The corresponding 1,4-naphthoquinone methide reacts analogously, 
but methylmagnesium bromide reacts with 9,lO-anthraquinone methide 
by 1 ,Zaddition to the carbonyl group117; here the less pronounced 
quinonoid (or benzenoid) character of the central ring of the anthracene 
system makes itself felt, but in other cases 1,6-addition of phenyl- 
magnesium bromide can still occur118. The two modes of addition are 
shown in the formulae. 

0 
I 

P h K P h  PhKPh 

Ph R = H or Ph 

Addition of CH-acidic compounds to quirione mcthides follows the 
HX scheme*19. It  plays a large part in the chemistry of duroquinone; 
o-quinone methides, which can be formulated as the enolic form of the 
quinone, are assumed as intermediates120* 121, with the results illustrated in 
the following reaction sequence. 

0 

A 
I 

A = NaCH(COOC,H,), 
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Duroquinone can be readily aniinated in the side-chain at room 

temperature and this great reactivity is again attributed to the o-quinone 
inethide. After oxidation of the resulting diphenolic product to its quinone 
arialogue, further amino groups can be introduced122. 

0 

pipericiine 

20 
. 

OH 

Interaction of tributylphosphane and a quinone methide affords a good 
yield of the phosphonium betaine; this cannot be isolated but it can be 
trapped by the Wittig reaction with benza1dehydelz3. The ready addition 
of phosphanes or phosphites to quinone methides is also involved in 
transformations and dimerizations of the latter1'". 

t - B u  I 

(f-Bu),P t-B"Q;-t -A -. 6Bu-f CHZ C H ~ - P ( C I H ~ ) ~  

OH OH t-Bueu-t PhCHO , f-Bue6u-t 
I 

C H =CHP I1 
I 
CH=P(C4H9)3 

In  section IX, on the syntheses of quinone methides from quinones, 
the Wittig reaction with quinones was cited. That synthesis fails with 
methyl trimethylphosphoranylideneacetate and p-benzoquinone because 

P h,P =C -COOCH, 
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the intermediate quinone methide reacts with a second molecule of Wittig 
reagent and that adduct is stabilized by prototropylZ6. 

An analogous prototropy is shown by 2,6-di-t-butylbenzoquinone 
methide and its 7-methyl and 7-phenyi derivatives, the reaction being 
catalysed by alumina126. 

t - B u  ,@Bu-t f-l3"@5u-f OH 

R = H, CH, or Ph 

AIzO, / I  ___f 

R CH, RJ=+CH, 

XII. CYCLOADDlBlO N REACT1 ONS 

Transition from the quinonoid to the corresponding benzenoid structure 
can be achieved particularly easily with o-quinonoid systems by a bond 
shift duripg the course of a Diels-Alder reaction, and this is the driving 
force for the great tendency of o-quinone methides to dimerize. 

On formation of o-quinone methide by dehydration of o-hydroxy- 
benzyl alcohoi in the presence of an olefin, addition of the latter 

yielding flavan if the olefin is styrene. The same reaction 

occurs with o-naphthoquinone methide obtained by either of the two 
methods iilustrated129: the products formed on use of styrene and butadiene 
are both shown. 

CHzOH moH nPh 
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In all cases the o-quinone methide acts as a heterodiene component, 
and the high regiospecificity corresponds to  polarization of the methide in 
the manner shown. This is particularly clear in the reaction with ethyl 
vinyl ether, which is quantitative130. 

y-Quinone inethides can not react as the diene components, for with 
these compounds the em-methylene group behaves as the dienophile ; 
this can be exemplified by the behaviour of 2,6-di-t-butyl-p-benzo- 
quinone inethide with substituted butadienesl3I. 

Bu-t 7 , l i " - t  t-611 

'5+- i? 

I-BLI, 

CH, 
R 

The inethylene group also acts as dienophile in reactions with diazo- 
methane, for spirocyclopropyl derivatives are formed in very good yield, 
as shown here for a 7-chl0romethide~~~. 

However, in the case of methyleneanthrone the double bond next to the 
inethylene group can enter into the reaction; thus, after addition of maleic 
anhydride and dehydrogenation the product is found to be a benzanthrone 
derivative132* 131. 

In the absence of a suitable addendum, the considerable tendency of an  
o-quinone methide to add to a heterodiene system leads to dimerimtion, 
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0 q ' 0  

CH, 

0 
0 

one molecule acting as heterodiene and another as dienophile. Phen- 
anthraquinone methide provides such an e x a ~ n p l e ' ~ ~ ~ ~  136. Very often, 

2 

however, trinieric products are formed in attempts to prepare quinone 
methides, such as that shown from o-benzoquinone methide63*137. Indeed 
a large number of compounds described in the early literature as quinone 

methides are really diiners or, more often,, trin1ers138; colour alone allows 
a decision between the yellow quinone methides and their colourless 
oligomers. 

Self-addition of p-quinone methides leads to polymeric 1 , 6 - a d d ~ c t s ~ ~ ~ .  
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formation 449 

Cyanoketenes, forniatiou 449, 453 
Cyclic voltammetry 753, 763 

study of nucleophilic addition reactions 
902, 932 

1097 
CycIization following azide substitution 

Cycloaddition reactions 986-1043 
acid-catalysed 1041 
activation energies 987 
angular methyl group introduction 

with benzo[b]-phenazine 1006 
Cope rearrangement 1012, 1015 
with diazo compounds 1018-1028 

cross-oxidation during 1019 
quinone ring enlargement 1020, 1027, 

reductive addition 1019 

1005, 1009 

1028 

dienone-phenol rearrangements 1004 
electronic effects of substituents 993 
with enamines 1028-1040 

added oxidant effect 1036 
Michael addition 1030 
Nenitzescu condensation 1028-1033 
spectroscopic studies 1034, 1035 
substituent effect 1029 

with furans 1008 
gas and solution phase mechanisms 
with imidazole 1041 
with isocyanates 1042 
with ketenes 1040 
kinetics 987-999 
with nitrogen compounds 913 
orientation of substituents 994 
photochemical-see Photocycloaddition 
with pyrrole 1041 
spcctrophotonictry of 991 
steric effects of substituents 993 
therniochetnistry 987 
thermodynamics of 996 
with a,P-unsaturated ethers 1041 
see also Diels-Alder reaction 

988 

Cyclobutadienc, ionized, from 

Cyclobutanes, photochemical formation 

Cyclobutenequinone, preparation 860-862 

Cyclobutenequinone derivatives, 

decarbonylation of quinones 233 

468 

properties 862, 863 

preparation and properties 
86 1-863 

Cycloheptadiencquinones 869 
Cycloheptatriene, dehydrogenation 348 
1,4-Cyclohexadiene, dehydrogenation 340 
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Cyclohexadienones, forniation 390 
Cyclohexanone, dehydrogenation 354 
Cyclohexenes, aryl-substi t uted, 

Cyclooctatrienequinone 866 
Cyclopentadiene, reaction with quinones 

1,4-Cyclopentenediones, formation 436 
Cyclopentenequinones 868 
Cyclopropanetriquinone derivatives, 

Cyclopropenylium derivatives, in qiiinone 

p-Cymene, formation by dehydrogenation 

Cysteine, nucleophilic addition to quinones 

Cytochromes, in photosynthesis 719 

Cytostatic agents 1101 

aromatization 366 

487 

preparation and properties 867,868 

methide synthesis 1155 

347 

889, 892 

in respiration 722, 724 

Darn-Karrer test 219, 220 
DDQ, aromatization of hydroaromatics 

363, 369 
dehydrogenations by 337, 360 
dehydrogenations of, alkenes 344 

o-~u,~-alkenylliydroquinones 398 
o-a,/3-alkenylphenols 398 
cycloheptatriene 348 
cis-l,2-dideuterioacenaphthene 34 1 
9,lO-dihydroacridine 404 
diketones 355, 356 
1 ,I-dimethyltetralin 369 
3-etho~y-A~~~-steroids 358 
flavonol 357 
indane-l,3-diones 357 
lactones 356 
a-lapachone 361 
neoergosterols 362 
non-benzenoid hydroaromatics 37 I 
octalin 367 
steroid ketones 352, 353 
tetrahydroaromatics 364 
tetrahydrofluorenes 368 

benzyl alcohols 379 
benzyl ethers 384 
I ,2-dihydronaphthalene, isotope effect 

4,4’-di hydroxytetraphenylmethanes 

hydroxylamines 402 
4-hydroxytriphenylmethanes 374 

oxidation of, I-arylpropenes 376, 377 

673 

386 

DDQ (cotit.) 
oxidation of, phenols 388-396 
tetratin 393 

hydrogen isotope effect 673, 674 
triphenylmethane dyes, hydrogen 

isotope effects 669, 671, 673 
oxidative attack, mechanism 396 
oxidative cross-coupling by 390 
oxidative cyclization by 396 
use in synthesis 338 

photochemical 11 11 
Dealkylation 1 124 

Decarbonylation, structure of products 

Decarboxylation reactions 507 

Decker reaction for alkylation 980 
Dehydrogenations by quinones 336-372, 

of aliphatic hydrocarbons 343-348 
of aniines 398, 399 
attack at 14C 362 
biaryl formation 414 
catalysis by acids 355, 389 
catalysis by protons 341 
charge-transfer coinplexes 341, 396, 398, 

correlation wi th  oxidation potential 

Diels-Alder addition during 369 
of enols 357-359 
free radical mechanism 
of hydrazines 40 1-403 
hydride ion abstraction 
of hydroaromatic compounds 340-342, 

of hydroethylenic compounds 360-363 
of hydroxylamines 401 -403 
ionic intermediates 
isotope effects 340 
of ketones 351-356 
of lactams 356, 357 
of lactones 356, 357 
of nitrogen heterocycles 403-408 
of nitronic acids 401-403 
nucleophilic displacements 398 
one-electron transfer 

Oppenauer oxidation 359, 360 
of oxygen heterocycles 409. 410 
of phenols 384-396 

quinonc methide intermediates 397 
radical cations 398, 414 

233-236 

isotopic studies 629 

395-41 1 

408 

337-340 

342, 358, 387 

378, 388, 414 

360, 363-372 

341, 354, 369, 396 

343, 356, 373, 398, 
399 

phenoxy radical 388, 396 
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Dehydrogenations by quinones (coiiz.) 
stereoelectronic effects 362 
of sulphur heterocycles 410, 41 1 
thermal 360 
Wagner-Mcerwein rearrangement during 

341. 369 
see also Oxidation by quinones 

5-Demethoxyubiquinone-9, biosynthesis 

Deniethyiation, oxidative, hydroquinonc 

Dertnocybe saiipttittea, in antliraquinonc 

Dermocybin, biosynthesis 688, 689 
Dernioglaucin, biosynthesis 688, GS9 
Dcrmolutein, biosynthesis GSS, 689 
Derniorubin, biosynthesis 68S, 689 
2,2-Diacetoxycyclohexa-3,5-dienon- 1 - 

see 1,Z-Benzoquinone diacetate 
l,4-Diacetoxy-l,4-dicyano-l,3-butadienes, 

formation 449 
traiis,tratts-l.4-Diacetoxy-cis,cis- 1,4- 

dicyano-2,3-dimethyl-1,3-butadiene, 
formation 458 

dicyano-2-phenyl- 1,3-bu tadiene, 
formation 458 

694 

ethers 664 

biosynthesis 688 

trom,fratrs- 1,4-Diacetoxy-cis,cis- I ,4- 

Dialdehydes, condensation of 145, 146 
Dialkylamino-l,4-benzoquinoncs, 

Dialkylamino-l,4-na phthoquinone, 

p-Diamines, oxidation 131 
Di-9,lO-anthraquinones 535 
2,3-Diazidobenzene, thermal rearrangement 

458 
Diazido-l,4-benzoqtiinones, irradiation 

527 
2,5-Diazido-3,6-di-f-butyl-l,4-benzoquinonc, 

rearrangenient. acid-catalysed 
449, 451 

thermal 453 

irradiation 526 

electron absorption spectrum 470 

2,6-Diazido-3,5-di-isopropyl-I ,4-benzo- 
quinones, thermal rearrangement 
454-456 

2,3*-Diazido- I ,4-napht Iioquinone, 

3,3-Diazido-l,4-naphthoquinoncdi benzene- 
irradiation 527 

sulphonimide, thermal rearrange- 
ment 457 

2,3-Diazidoquinones, thermal rearrange- 
ment 455 

Diazoalkanes, in quinone synthesis 153 
see also individual compounds 

Diazo compounds, for arylation 1044 
coupling with quinones 1046 
cycloaddition of 1018-10?8 
see also individual compounds 

Diazonicthane, addition to carbonyl group 
1024 

cycloaddition of 1018 
ring enlargement 1020 

Dibenzo[c~,,glr]pcntaleno-4,8-quinone, 
preparation 873 

propertics 874 
Dibenzopyran, oxidation by quinones 409 
Diboviquinoncs, biosynthesis 712 
2,G-Dibroiiio- I ,4-benzoquinonc, emission 

Dibroniodianilinoquinone, reaction with 

Dibroniodichloro-l,4-benzoquinones, 

spcctruni 474 

hydroxide ion 1109 

oxidation of leuco-crystal violet 
669 

irradiation in, organic solvcnts 512 
2,5-Di-t-butyl- 1,4-benzoquinone, 

sulplit~r dioxide 510 
Z,G-Di-/-bu tyI-l,4-benzoquinone, 

irradiation in acetaldehyde 513 

_?,5-Di-f-butyl-l,2-benzoquinone, photo- 
oxidation 508 

2,4-Di-/-b~ityl-3-cyano-4-azido- 1,3- 
cyclopentcnedionc, formation 454 

2,4-Di-r-butylphei~ol, 0xidatii.e 
dimerization 389 

1,2-Dicarbonyl compounds, addition of 
diazonicthane 1027 

non-benzenoid 870-873 
Dichloro-9, I 0-ant Iiraquinones, 

photoreactivity 528 

phospliorescence emission spectra 
475 

2,s-Dichloro- I ,4-benzohydroquinone, 
radiation chemistry 547-549 

2,3-Dichloro-l,4-bcnzoquinone, photo- 
dinicrization 479 

2,5-Dichloro-l,4-benzoq uinone, oxidation 
of leuco-crystal violet 669 

reaction with phosphorus compounds 
940 

Dichloro- 1,4-benzoquinones, photo- 
chemistry, excited state 474 

2,3-DichIoro-5,6-dicyano-l,4-bcnzoquinone 
-see DDQ 

2,5-Dichloro-3,6-difuoro-l,4-benzoquinone, 
oxidation of leuco-crystal violet 669 

2,3-DichIoro-I ,4-naphthoquinone, "0- 
labelled, synthesis 653 
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2,3-Dichloro-l,rl-naphthoquinone (cont.) 
reaction with ethylacetoacetate and 

substitution with cyanide I124 
synthetic intermediate 1073 

pyridine I06 1 

Dichroniate oxidation of p-substituted 

2,3-Dicyano-l,4-benzoquinone, hydrogen 
amines 131 

abstraction from aldehydes 503 
oxidation potential 337 

Dicyanoquinonemethides, formation 219 
Diduroquinone, photochemical formation 

Diels-Alder additions 986-101 8 
509 

during dehydrogenations by quinones 

Hiickel molecular orbital calculations 997 
location of tritium in quinones 
mechanism 988, 989 
1,2-quinones 101 1-1018 
retro-, in mass spectrometer 997 
reversibility 988 
stereochemistry 998 
synthesis of, polycyclic aromatic systems 

369 

663 

1002 
quinones 149-152 

therrnostudy 997 
transition states 995 
with, enainines 1031 

furans I016 ' 
Diels-Alder em-mono-adduct, photo- 

chemical formation 457 
Dimes, conjugated, reaction with quinones 

346 
photocycloaddition to quinones 486-489 
see also individual compounds 

2,5-Diethoxy-l,4-benzoq~iinones, photo- 

5,12-Dihydroacepleiadenc-S,l2-dionc 

9,10-Dihydroacridine, reaction with DDQ 

9,10-Dihydroanthracenc, formation by 

1,4-Diliydroanthracenes, dehydrogenation 

Dihydro-orotate, biosynthesis to orotnte 

Dihydrophenalonc, Schydi'ogenation 365 
Dihydrophenanthridinc, dehydrogenation 

Dihydropyrazines, dehydrogenation 407 
Dihydropyridincs, rate of dehydrogenation 

chemistry 469 

869, 870 

404 

reduction 751 

363 

726 

405 

340 

Dihydropyridines (conf.) 

1,2-Di hydroquinoline, dcliydrogenation 

Di-l,4-hydroquinones 835 
Dihydrothiophenes, deliydrogcnation 410 
1,2-Dihydroxyanthraquinone, biosynthesis 

reactions with quinones 404 

405 

705 
in madder 729 

1,2-Di hydroxyanthraqu inone-9-'*C, 
synthesis 641, 642 

1,4-Di hydroxyan'.hraquinone-see 
Quinizarin 

3,6-Dihydroxy-l,4-benzohydroquinone, 
radiation chemistry 547-549 

2,5-Dihydroxy- 1,4-bcnzoquinones, 
biosyntliesis 694 

Dihydrosybiphenyls, dehydrogenation 
386 

2,3-Di hydroxy-5,6-dimethyl- 1,4- 
benzoquinone, biosynthesis 687 

2,5-Dihydroxy-3,6-diphenyl-l,4- 
bcnzoquinone-see Polyporic acid 

Dihydroxydiplienyl ethers, formation 
390 

oxidation by quinones 386 
1,3-Dihydroxynaphthalenes, auto- 

oxidation 134 
5&Di hydroxy-l,4-nap hthoquinone-see 

Napht hazarin 
4,4'-Di hyd roxytet raphenylmet hanes, 

oxidation by quinones 386 
3,4-Dihydroxy-2,5-toluquinone, 

biosynthesis 687 
3-me t h yl e t her-see Fu m iga t i n 

2,G-Di-iodo- 1,4-benzoq uinone, emission 

Diketone-pSenol rearrangement, isotope 

Diketones, dehydrogenation 355, 356 
2,3-Diniercnptopropanol, polarographic 

Dimerization, by mineral acids 815 

anti-Diniers 480 
sp-Dimers 480 
3,4-Dimethoxyanilinc, reaction with 

2,6-Diniethoxy-l,4-benzoquinone, basic 

photochemistry, cxcitcd state 474 
QH+ waves 749 

spectrum 474 

studies 664-666 

studies 582 

photochemistr,, 478-480 

quinones 217 

solution, spectral studies 1122 

Z,G-Dimcthori~-3,6-dimethyI-l,4- 
benzoquinone, irradiation 522 
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2,6-Dimethoxyphenol, biosynthesis to 

2,5-Dimethyl-l,4-benzoIiydroquinone, 

2,5-Dimcthyl- 1,4-benzoquinone, photo- 

quinones 710 

radiation chemistry 547-549 

cycloaddition of dicnes 486 
radiation chemistry 547-549 

Dimethyl-l,4-benzoqiiinones, flash 
photolysis 473, 505 

photochemistry 468, 473 
photodimerization 479 
photohydrogen abstraction from alcohols 

499 
Dimethyldihydrolinderone 437 
2,3-DiniethyI-I ,4-diniethoxynaphthaie1ie, 

2,2-Dimetliylindnne, aromatization 370 
2,3-Din~ethyl-l,4-naplithoquiiione, 

oxidation 664 

hydrogen isotope exchange 647,659 
"0 exchange 653 
'*O-labelled, synthesis 664 
photocycloaddition of alkynes 491 

2,6-Dimetliylphcnol, biosynthesis to 

Dimethyls~ilphoniuni ylids, formation 432 
Dimethyl sulphoxide/acetjc anhydride, in 

1,l-Dimethyltctralin, dehydrogenation 369 
1,3-Dimethyluracil photodirners, cleavage 

508 
2,3-Dirnethyl-5-vinyln~plithoquinone, 

polymerization 817 
Di-l,4-naphthoquinones 835 
1,4-Dioxan, reaction with quinones 

Dioxol formation 346 
Diphcnoquinones, asyminetrically 

2,2'-Diphenoquinones, synthesis I ? I  
4,4'-Diphenoquinones, photochemistry 

N,N'-Diphenylbenzidine, reaction with 

2,6-Diphenyl-l,4-benzoquinone, 

quinonss 710 

oxidative rcarrangernents 128, 430 

497,498 

substituted, formation 390 

467, 527, 528 

quinones 217 

irradiation 520, 526 

1 ,I-Diphenylethylene, oxidation by 

2,5-Diphenylfuran. formation 382 
2,5-Diphenyl-3-hydroxy-6-aniino- 1,4- 

photodinierizntion 450 

quinones 378 

benzoquinone. oxidative rearrange- 
ment 430, 431 

375 
Diphenylmethane, oxidation by quinones 

1,8-DiphenylnaphthaIcne, formation by 
dehydrogenation 367, 368 

Diphenylnitrilirnine, in quinone synthesis 
154 

1,3-Dipolar cycloaddition, in quinone 
synthesis 152-1 54 

Dipolarophilcs 153 
Dipole nionients 13, 14 
?,5-Di-r?-propyl- 1,4-benzoquinone, 

irradiation in alcohols 51 1 
Diquinones, condensed 824 

reaction with alkali 813 
Disinfectant activity 901 
Dopamine, electrocheniical oxidation 

Dopa quinonc, in biosynthesis of melanin 

Drugs, labelled, synthesis 654-658 
use in radiotherapy 654, 655 

Dunnione, base-catalysed rearrangement 

Durohydroquinone, isotope exchange with, 

765 

710 

442 

duroquinone 661-663 

Duroquinhydrone, hydrogen isotope 

Duroquinone, flash photolysis 473, 494, 

hydrogen isotope exchange 647, 659 
isotope exchange with durohydro- 

qiiinonc 661-663 
photochemistry 509 
Z,T* character 468 
excited state 473 
hydrogen abstraction by 494 
hydrogen abstraction from, alcohols 

duroquinhydrone 661 

exchange 661, 662 

505 

499 
ethers 497 

lowest triplet state 481 

dienes 487 
photocycloaddition of, alkenes 481 

rzdiolysis in ,  benzene and cyciohexane 
56 1-564 

methanol 559-561 
reaction with diethyl sodionialonate 

side-chain amination 1171 
1018 

Duroquinone-a-*.'C, synthesis 636, 637 
Duroquinones, elcctron absorption spe3ra 

472 

Echinochronie A, biosynthesis 690 
Electrical properties, solid complexes 

292-300 
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Electrochemistry 738-785 
in aqueous solutions 739, 756-769 

apparent heterogeneous rate constants 
763 

coupled chemical reactions 763-769 
at carbon paste electrodes 766 
diffusion layers 765 
mechanisms 764-766 
iise of borate buffers 767 

adsorbed species 756 
effect of electrode niaterial 758 
effect of electrode pretreatment 

at mercury electrodes 759-763 
partial charge-transfer 757 
at solid electrodes 757-759 

764 

785 

kinetics 756-763 

758 

constant current, for quinone formation 

half-wave potentials 739-745, 756, 770- 

molecular orbital correlations 

spectroscopic correlations 744, 745 
substituent effects 741 

741-743 

halogenation 932 
in non-aqueous solvents 745-755, 

770-785 
acid-base reactions 745-752 

with carbonic anhydrase 746 
carbon-oxygen bond scission 

disproportionation 748 
homoconjugate diniers 751 
hydrogen bonding 748 
mechanism 747 
preprotonation 748-750 

anodic stripping waves 756 
complex formation 745, 756 

electrode filming 756 
ion-pair formation 745 

with metal ions 755 
oxidation of hydroquinones 752-755 
solvent donicity 755 

optically transparent electrodes 748 
polyquinones 830441 
study of nucleophilic addition 

Electrolytic oxidat ion 7 5 2-75 5 
Electrolytic reduction 207 
Electron absorption spectra 195, 468-472 

excited states 472-478 
deactivation by photoenolization 476 

751, 752 

with metal ions 755 

764, 886, 
902 

Electron excited states (conr.) 
single-triplet splitting 476 
tripIet IeveIs 472, 473, 475, 477 

intersystem crossing 472, 473, 475 
intramolecular charge-transfer 470 
quantitative determinations 221 
solid complexes 285-288 
vapour phase 469 

Electron affinity 842 
and complex formation 272-281 
electrocliemical estimation 756 
half-wave potentials 743 
polarographic determination 277 

Electron donor-acceptor complexes 

charge-transfer transition 259 
energy of 26 1-268 
multiple intermolecular 264 

effect of pressure 267 
and electron afinities 272-281 
equilibrium constants 268-272 
fluorescence emission 268 
intramolccular 301 
organometallic 322-324 
as polymerization catalysts 303 
quinhydrones 300 
in reaction mechanisms 302, 303 
solid 281-300 

258-303 

crystal structure 281-285 
electrical properties 292-300 
electron absorption spectra 285-288 
fluorescence spectra 288 
i.r. spectra 3-88-292. 294 
photoconduction 295, 299 

vapour phase 267 

basic quinone solutions i 122 
13C-labclled compounds 632 
cycloaddition of enamines 1035 
g-values 213 
hydrogen abstraction studies 497-500, 

507 
hyperfine structure constants 110-213 
for identification of quinones 

quinones in alcohol 1120 
restricted rotation 208 

Electron spin resonance spectroscopy 466 

204, 207- 
214 

Electrophilic arylation-see Arylation 
Eleodes lotigicollis, in qiiinone biosynthesis 

Emission spectra 474 
vapour phase 475 

Emodin, biosynthesis 688 
in biosynthesis of, ergochromes 709 

690 
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Emodin. in biosynthesis of (cont.) (- 1-Flavoskyrin, biosynthesis 713 
purpurogenone 714 Fluoranil, 170-labelled, synthesis 653 

6-niono-~-~-glucoside, tritium-labelled, 

formation 1035 toluene complex 474 
test for 1035 

photochemistry, hydrogen abstraction by 
in bioconversions 688, 689 497, 507 

x-complexes 469 Enamines, cycloaddition of 1028-1040 

preparation 1105 
Endocrocin, in biosynthesis of, reaction with, methanol 11 17 

dermolutein 688, 689 nitrogen compounds 1104, 11 16 
dermorubin 688, 689 phenoxide ions 1 11 7 
purpurogenone 714 Fluorescein, radiation chemistry 553-555 

E ~ o I s ,  dehydrogenation 352, 357-359 Fluorescence, charge-transfer 473 
EnLymes, inhibition of 11 12 

nucleophilic addition to quinones 892 Fluorescence spectra, complexes 268, 288 
Eosin, chemiluniinescence 556 Fragmentation reactions 579-613 

radiation chemistry 553-555 Frcmy’s salt, use in synthesis 112-116 
Epoxidation 947-950 Fuchsones, formation 374 
Epoxides, n.m.r. study 949 Fumigatin, biosynthesis 687 

reaction with HPMT 949 Furans, addition to quinones 1008 
ring contractions 949 cycloaddition of 101 6 

Equilibrium constants, complexes 268-272 
Ergochromes, biosynthesis 709 Gallotannin, structure 795 
Escherichin coli, in q u i none bios yn t hesis 

700, 703 687 
Ethers, hydrogen abstraction by quinones Glutamate, in quinone biosynthesis 701 

497, 498 Gonyleptidine, antibiotic, structure 892, 
2-Ethoxy-3,5,6-trichloro-1,4-benzoquinone. 921, 1001 

preparation 1104 Grignard compounds, oxidation by 
Ethyl ~-1,4-benzoquinonylpropionate. quinones 411 

irradiation 524 
Ethylenediamine, colour test 220 Halogenation 929-933 

Ethylenimine, substitution of quinones effect of solvent polarity 932 

Ethyliminobenzoquinones, electrochemical rcversibility 931, 932 

Eucaryotes, photosynthesis in 71 7-720 u.v.-visible spectroscopic studies 932 
respiration in 721-724 see also Brominztion; Chlorination 

delayed thermal 475 

Gliochdiirtri roseitnt, in quinone biosynt hesis 

J reaction with quinones 217 cross-oxidation 431, 932 

1101-1109 reductive 1,4-addition 431 

reduction 767 thin-layer chromatographic studies 932 

Heats of formation, cycloaddition com- 
pounds 987 

Ferric chloride, oxidant in addition Helicobasidin, biosynthesis 706. 707 
reactions 887, 894 Helicobasidiurn monipn, in quinone 

oxidation of p-substituted amines 131 biosynthesis 706 
Ferricinium ion, formation by oxidation Henna 729 

Ferrocene, oxidation by quinones 41 I Hexamethoxytriphenylene, formation by 
Flash photolysis 466, 474, 494, 498, 500, oxidation 414 

Homogentisate, in quinone biosynthesis 

41 1 Heptacene-9,16-quinone, spectra 471 

505, 511, 517, 51s 

473 Hooker oxidation 595, 976 
determination of triplet decay kinetics 

electron transfer mechanism 508 hydroxyquinones 426-428 
nanosecond 498, 505 HPMT, addition to quinones 884, 885 

Flavans, 7-hydroxy. oxidation 393 
Flavonol. dehydrogenation 357 formation, polarographic studies 907 

696 

Humic acids, e.s.r. measurements 798 
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Huinic acids (cont.) 
quinone polymers 794, 797-800 
structures 798, 799 
synthetic 812, 813 

Humuloquinone, oxidative rearrangement 

Hydrazines, dehydrogenation by quinones 

Hydrazoic acid, agent for rearrangements 

436 

40 1-403 

446-449 

934-936 
nucleophilic addition to qtiinones 

Hydrazone, colour test 220 
Iiydroaromatic compounds, 

aromatization 341, 363 
blocked, dehydrogenation 368-370 
dehydrogenation 360, 363-372, 41 1 

and aroniatization 363 
mechanism 340-342 

non-benzenoid, dehydrogenation 37 1, 

Iiydrobenzoin, oxidation by quinones 382 
Hydroboration 981-986 
Hydrocarbazoles, dehydrogenation 405 
Hydrocarbons, aliphatic, dehydrogenation 

3 72 

343-348 
aromatic, oxidation 132-134 
hydrogen abstraction by quinones 

see also individual compouFds 
494-496 

Iiydroethylenic compounds, 
dehydrogenation 360-363 

Hydrogen abstraction, photochrmical, by 
quinones 467, 438-507 

from, alcohols 495-502 
aldehydes 503, 504 
amides 504, 505 
anhydrides 504, 505 

electron transre1 494, 5G6, 508 
from, ethers 497, 49s 

hydrocarbons 494-496 
proton ejection 498, 50s 
from quinonc side-chains 509 
from water 505-507 

Hydrogen bonding 191 
in complexes 301-3 14 
eIfect on electrochemistry 743, 748, 

effect on nuclcophilic addition S91, 598 
semiquinones 112 

Hydrogen cyanide, nucleophilic addition to 

Hydrogenation, microheterogeneous 

750 

qtiinones 933, 934 

catalytic 769 

FIydroporphines, dehydrogenation 407 
1,4-Hydroquinone, deuterium-labelled, 

isotope exchangc 660 
synthesis 645 

y-irradiation 564 
Hydroquinone anion, electrochemical 

oxidation 753 

342 

paste electrodes 764 

radical, in dehydrogenation reactions 

Hydroquinone esters, studies at  carbon 

Hydroquinone ethers, formation 955 
during dehydrogenation 370, 376 

664 
Hydroquinones, adsorption at mercury 
‘‘0 studies of oxidative fission 

electrodes 760 
alkenyl-, dehydrogenation 398 
azido- 458 
colour test 220 
oxidation, electrochemical 752-755 

at  platinum elec!rodes 758 
at  platinum rotating disc electrode 

reversibility 754 
755 

kinetic study 937 
polymerization mechanism 81 5 
vinyl, synthesis 817 

P-Hydroxyal kylamiiiobenzoquinone, 
polarography 767 

Hydroxynlkyl- 1,4-benzoquinones, 
irradiation in benzene 520, 522 

1 -1iydroxy-9,lO-anthraquinone. 
clectrochemistry 750 

2-Hydroxy-9,IO-anthraquinone, 
photochemical formation 505 

Hydroxyanthraquinonc sulphonates, 
photochemical formation 501, 505 

Hydroxybenzaldehyde. in synthesis of 
quinone metiiides 11% 

41iyd:oxybenzoate, in quinone 
biosynthesis 693, 694 

2,5-H-4-Hydroxybenzoazepinene-2,5-dione, 
formation 450, 452 

Hydroxybenzophenones, oxidation by 
DDQ 390 

(,-Hydroxybenzothiazole, oxidation 91 5 
5-Hydroxy-l,3-benzoxilthiol-2-ones, 

4-Hydroxybenzyl alcohols, oxidation by 

4-Hydroxybcnzyl ethers, benzylic oxidation 

Hydroxychromans, dehydrogenation by 

formation 590 

DDQ 379-381 

392 

DDQ 393 
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Hydroxychromenes, formation 393 
2'-Hydroxyethyl-1,4-benzoquinone, 

Hydroxyisodiospyrin, biosynthesis 7 I2  
Hydroxylaniines, dehydrogenation by 

quinones 401-403 
2-Hydroxy-3-methoxy-5 ,&dimethyl- 1,4- 

benzoquinone, biosynthesis 687 
H ydroxymcthyl- 1,4-benzoquinone, 

irradiation in benzene 520 
photoaddition of benzene 493 

irradiation 522 

2-Hydroxymethyl-niethyl-1,4- 
benzoquinones, irradiation in 
benzene 520 

5-Hydroxy-l ,4-naph thoquinone-see 
Juglone 

2-Hydroxy-l,4-naphthoquinoncs, synthesis 
134 

2-Hydroxy-3-phenoxazoncs, formation 
914 

4-Hydroxyphenyl carbonyl compounds, 
formation 391 

p-Hydroxyphenylpyruvate, in quinone 
biosynthesis 696, 698 

4-Hydroxypiloquinone, biosynthesis 691 
6-Hydroxytetralines, oxidation by 

quinones 391 
6-Hydroxytetralones, formation by 

oxidation 391 
Hydroxytrichloro- 1,4-benzoquinone, 

photochemical formation 500 
4-Hydroxytriphenylmethanes, reaction with 

DDQ 374 
Hydroxyubiquinone, isotop,ically labelled, 

photochemical forma!ion 650 

Identification, chemical methods 214-219 

Imidazole, cycloaddition to quinones 

Irnidazoles, synthesis 1090 
Imine dycs, bleaching of 944, 945 
Iminodiazonium ions, intermediates in 

rearrangements 448, 449 
Indane-7,3-diones, dehydrogenation 357 

reaction with quinones 1069 
Indole, colour test 220 

reaction with quinones 217 
Indole-5,6-quinone, in biosynthesis of 

Indolcs, dehydrogenation 405 

physical methods 164-214 

1041 

melanin 710 

pharmacological activity 1028 
synthesis 1030 

Indolizine, dehydrogenation 406 
Infrared spectroscopy 21-24, 186-195 

aIkylation by hydroboration 983 
cycloadditions to I ,2-quinoncs 1014 
distinction between 1,2- and 1,4- 

Fermi resonance 187 
solid complexes 288-292, 294 

structures 222 

Iodanil, oxidation of Icuco-crystal violet 
669 

reaction with triethylamine 399 
6-'311-Iodo-2-methyl-1 ,4-nap hthoquinol 

bis-diammoniuni phosphate- 
see 6-1311-Iodo MNDP 

6-1311-I~d~ MNDP, synthesis 657 
Islandic acid, biosynthesis 685 
Islandicin, biosynthesis 688 
Isocohumulinic acid, formation 436 
Isocoumaranone, formation by 

cyclization 1057 
lsohumulinic acid, formation 436 
Isophytol, '.'C-labelled, synthesis 638, 639 
2-Isoprenylphcnols, oxidation by quinones 

2-Isopropyl-5-methyl- 1,4-benzoq uinone, 
irradiation in alcohols 51 1 

Isopropylmethylcyanoketene, formation 
454 

Isoproterenol, electrochcmical oxidation 
765 

Isotope effects, classical, three-centre 
reactions 622 

396-395 

dehydrogenating agents 340 
deuterium, oxidation of leuco-dyes 

inverse and normal 620 
rate theory 619-627 

667-669, 671 

effect of position of isotope 
heavy isotopes 619 
hydrogen transfer reactions 622, 623 
partition functions 619, 620 
relative tritium and deLiterium eff-ects 

three-centre reactions 621-623 
transition complexes 620 
tunnelling effect 620 

two-centre reactions 621 

620 

626, 627 

potential energy barriers 623-626 

secondary 620 
temperature dependence 621, 622, 669 
theoretical, three-centre reactions 622 
tritium, oxidation of Icuco-dycs 671 

see d s o  Kinetic isotope effects 
oxidation of tetralin 673, 674 
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Isotope exchange reactions, tracer studies 

Istope studies, oxidation of leuco-dyes 

Isotopic molecules, transition complexes 

630, 631 

666-673 

619 
vibrational frequencies 619 

Javanicin, biosynthesis 688, 689 
14C-labelled, biosynthesis 644 

degradation 644 
Juglans regia, in quinone biosynthesis 
JugIone, adsorption at mercury electrodes 

704 

761 
biosynthesis 704 
chronopotentiometric measurement 761 
electron adsorption spectrum 470 
halogenation 930 
irradiation in aldehydes 504 
polarographic adsorption prewaves 761 
reaction with, thioglycolic acid 895 

thiols 894 

Kalousek polarography, pyrogallol 
oxidation 766 

Kesting colour test 218-221 
Ketenes, cycloadditions to quinones 1040 
2-Ket oglutarate, in q uin one bi osynt hesis 

Ketones, steroid, dehydrogenation 

Kinetic isotope effects, determinations 

chemical competitive method 

deuterium isotopes 627 
isotopic competitive method 628-630 
isotopic inhoniogeneity 630 
using mass spectronietry 630 

force constants at isotopic atom 
hydrogen, tunnelling 626, 670, 671 

nucleophilic addition reactions 885 
rate theory 620 

701 

352-356 

627-630 

621, 678, 669 

620 

two-centre reactions 621 

Lactams, dehydrogenation 356, 357 
Lactones, dehydrogenation 356, 357 
a-Lapachone, dehydrogenation 361 
Laudanosoline, reaction with chloranil 

Lawsone, adsorption at  inercury electrodes 
384 

761 
biosynthesis 704 
in henna 729 

Lead tetraacetate, agent for methylation 

oxidative rearrangements 428 
Leucoadrenochrorne, electrochemical 

Leuco triphenylniethanc dyes, oxidation by 

Lignin and quinone methides 
Lignins, e.s.r. spectra 797 

973 

formation 765 

quinones, isotope studies 666-673 
11 50 

preparation 797 
quinone polymers 794, 796, 797 

Limonene, dehydrogenation 347 
2,6-Lutidine, use in hydroquinone oxidation 

753, 754 

Macrolide antibiotics, biosynthesis 69 1 
Madder 729 
Magnetic susceptibilities 14-17 
Malononitrile, reaction with quinones 219 
Manganese dioxide, oxidation of 

p-substituted amines 131 
Mannich reaction 978 
Maritinone, biosynthesis 712 
Mass spectrometry 231-255 

structures 222 

630 

distinction between 1,2- and 1,4- 

in kinetic isotope effect determinations 

[M - CO]-r* ions, structure 
[M - 2CO]-+' ions, structure 
[M + 23 peak 236-238 
quantitative determinations 219 
for retro-Diels-Alder reactions 997 

Melanins, fungal, quinonoid content 728 
quinone polymers 794, 801 

Menadiol diphosphate, treatment of 
malignant turnours 654 

Menadione-see 2-Methyl-I ,4- 
naphthoquinone 

Menaquinones, biosynthesis 699, 700, 702, 
704 

233-236 
233-236 

14C-labellcd, biosynthesis 643 
in photosynthetic bacteria 720 

Menasemiquinones, in respiration 725 
Mercaptans, heterocyclic, nucleophilic 

addition to quinones 888, 889 
Metal complexes 314-324 
Metal enolates, reaction with quinones 

Metallocenes, quinone oxidations of 

Methionine, in quinone biosynthesis 700 
2-Methox,y-9,I0-anthraquinone, irradiation 

1048 

411, 412 

in acetonitrile 508 
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1 -Methoxy-2-niethsl-9, 10-anthraquinone, 

2-Methoxy-l,4-naphthoquinone, 
irradiation 523 

irradiation in anhydrides 504 
photocycloaddition of, alkenes 481 

alkynes 491 
6-Methoxy-2-nonaprenylphenol, in 

quinone biosynthesis 694 
~-Metliyladrenalines, electrochemical 

oxidation 765 
Methyl affinities 969 
1 -Methyl-9,10-anthraquinone. photo- 

chemistry 471 
photoenolization 514 

amidcs 504 
2-Methyl-9,lO-anthraquinone, irradiation in 

Methylation, with lead tetraacetate 973 

2-Methyl-3-s2Br-bromo-l ,4-naphtho- 
quinone, synthesis 658 

2-Methyl-6-chloron;crcury-l,4-naphtho- 
quinone, reaction with l3IICI 657 

Methylene anions, reactions with quinoncs 

tautonieric structures of products 1049 

1047-1072 
effect of temperature 1065 
nicthylene tautomer intermediates 

substitution pathway I051 
1053 

10-Methylencanthrone, irradiation in ethers 
528 

synthesis 1 154 
Methylene blue, colour test 220 

radiation chemistry 553-555 
Methylenequinones-see Quinone methides 
2-Methyl-5-hydroxy-l,4-naphthoquinone- 

7-Methyljuglone, biosynthesis 685, 689 
2-Methylmercapto-l,4-benzoquinone. 

2-Mcthyl-l,4-naphthohydroquinone, 

see Plumbagin 

synthesis 887, 894 

1*C-labelled, synthesis of vitamin K, 
639 

647 

703 

D-labelled, condensation with phytol 

2-Methyl-I ,4-naphthoquinone. biosynthesis 

14C-labclled, synthesis 637, 638 
D-labelled, synthesis 647-649 
artti- and syn-diniers 480 
electrochemical reduction 748 
l8O exchange 653 
~80-labelled, reaction with phytol 65.1 

synthesis 653 
photocycloaddition of alkynes 49 1 

2-Mcthyl-1,4-naphthoquinone (corrr.) 
photodimerization 480 
reaction with isophytol 649 
tritium-labelled, synthesis 638, 649 
vapour-phase spectra 469, 475 

2-Methyl-l,4-naphthoquinone-2,3-oxide, 
U.V. soectrurn 939 ~. 

6-Methylsali‘cyclic acid, biosynthesis 
685. 686 

6-Methylsaficyclic acid synthasc. 
extraction 686 

2-Methyl-6-tritio-l,4-naphthoquinoi 
bis-disodium phosphate-see 
TRA72 

2-MethyI-5,6, 7-tritritio-I ,4-naph111oquinone 
bis-disodium phosphate-see 
TRAI 19 

2-hlethyl-3-vinylnaphthoquinone, 
polymerization 817 

Mevalonate, in quinone biosynthesis 
694,700, 705,706 

Michael addition 1030 
of carbanions 1086 

Molecular geometry 39-82 
Monodialkylborinic acid esters. isolation 

Monohydrazones, formation 952 
2-Morpholino-l,4-naphthoquinone, 

kfycobacferiii~?? phfei, in biosynthesis of, 

982 

irradiation 526 

6-methylsalicylic acid 686 
quinones 700, 703 

Mycobncterirrni srnegttinris, in q uinone 
biosynthcsis 700 

5,12-Napht haceneqiiinonc, photochemistry 

Naphthaquinones-.see Naphthoquinones 
Naphthaznrin, electron absorption 

476 

spectrum 470 
i.r. d a t a  195 
p.ni.r. 176 

Naphthazarinquinone-see 1,4: 5.8- 

Naphthazarins, synthesis 134 

Naphthazine, adsorption at mercury 
electrodes 761 

1,4 : 5,8 -Naphthodiquinone, photohydrogcn 
abstraction from aldehydes 503 

Naphthohydroquinones, diniethyletlicrs, 
osidative fission 664 

I-Naphthol. in quinone biosynthesis 702 

Napht hodiquinonc 

by condensation 143 
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Naphthol anion, 0-alkylation 11 I5 
1,2-Naphthoquinone, phosphorescence 

476 
photochemistry 471 
U.V. spectrum 203, 204 

exchange 653 
1,4-Naphthoquinone, acid-catalysed l 8 0  

biosynthesis 703 
in bisulphite solution, i.r. spectrum 
bond lengths 12 
carbonyl addition 886 
crystal structure 480 
dehydrogenation of 2-arylindane-l,3- 

diones 356 
diazomethane addition 1018 
anti- and syrz-dimers 48Q 
electron absorption spectruni 469 
heterocyclic mercaptan addition 889 
irradiation in, aldehydes 504 

off resonance spectrum 183 
oxidation 600 
photochemistry, first triplet state 

photocycloaddition of dienes 487 
Schmidt rcaction 600 
semiquinone, c.s.r. coupling constants 

21 1 
tritium shift in formation from 

naphthalene 663, 664 
U.V. spectrum 201 
vapour-phase emission spectrum 475 

939 

1,4-dioxan 497 

472,475 

Naphthoquinones, antimalarial activity 
976 

14C-labelled, biosynthesis 644 

C.m.r. 183, 184 
fragmentation reactions 592-601 

Beckmann GO1 
i.r. data 186, 193 
mass spectra 243-249 
oxidation 595, 599 
180-labelled, synthesis 653 
I,2-Naphthoquinones. action of base on 

molecular geometry 61-64 

p.m.r. 176-1 78 

synthesis 637, 638 

594 

photocycloaddition of alkcnes 483 

1,4-Naphthoquinoncs, electron absorption 
spectra 470 

hydroxy, action of base 591-594 

magnetic anisotropy of carhonyl group 
oxidation 595-599 

173 

1,4-Naphthoquinones, electron absorption 
spectra (cont.) 
molecular geometry 53-61, 65-69 
photocycloaddition of alkynes 490, 491 
photosensitizer for dimer cleavage 

p.m.r., chemical shifts 172-174 
coupling constants 173, 174 

reactions with chlorophyll-a 50s 
Nenitzescu condensation 1028-1033, 1069 
Ncoergosterols, dehydrogenation 362 
Nitrene intermediates, azidoquinone 

507, 508 

rearrangements 452 
I 

Nitric acid, use in quinone synthesis 
118. 132 

Nitrogen compounds, nucleophilic 

Nitrogen fixation, polarographic studies 

Nitrogen heterocycles, reactions with 

Nitronic acids, dehydrogenation, by 

addition to quinones 900-916 

907 

quinones 403-409 

quinones 401-403 
and aromatization 402 

4-Nitropheno1, c.s.r. 549 
radiolytic denitration 549 

Noradrenaline, electrochemical oxidation 

Nuclear magnetic resonance spectroscopy 
765 

26, 165-186 
quantitative deterininations 219 
quinone epoxides 949 
see also 13Carbon magnetic resonance; 

Proton magnetic resonance 

react ions 
Nucleophilic addition-see Addition 

Olefins-see Alkenes 
Oppenauer oxidation, steroids 359, 360 
Organometallic compounds, quinone 

cxidation of 411-415 
Orotate, biosynthesis during respiration 

726 
Orsellinic acid, biosynthesis 686 

in quinonc biosynthesis 687 
Orthodorz japonicirni, in quinone biosynthesis 

Overhauser effect, %-n. m. r. spectroscopy 

Oxaloacetate, oxidative a-decarbosylation 

Oxetans, photochemical formation 468 
Oxidation, anodic, aromatic hydrocarbons 

706 

219 

685 

132 
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Oxidation, anodic, aromatic hydrocarbons 

(cant .) 
phenols 118 

phenols 391, 395 
benzylic, 4-hydroxybenzyl ethers 392 

charge-transfer coniplexes 393 
electrochemical 752-755, 755, 765, 766 
inhibition of, by quinones 
see a h  Auto-oxidation; Photo-oxidation 

leucotriphenylmethane dyes, isotope 

nitrogen heterocycles 403-409 
one-electron transfer 403 

organonietallic compounds 
phenols, phenoxy radicals 392 
see also Dehydrogenation by qiiinones 

Oxidation r)otential, nucleopl:iIic addition cf 
phosphorus compounds 940 

and  rate of dehydrogenation 337-340 
Oxidative cyclization by DDQ 396 
Oxirne formation 951 

1 1  13 

Oxidation by quinoncs 372-409 

studies 666-673 

41 1-4 i 5 

I-Iuckel molecular orbital parameters 
952 

formation 447 

quinones 409, 410 

3-Oxo-A1"-isoindolineacetic acid, 

Oxygen heterocycles, dehydrogenation by 

Peiiiciffiim freqiientcois, in biosyn t hesis of 
questin and sulochrin 709 

Peiiicifkiiti patidion, source of G-methyl- 
salicylic acid synthase 685 

Tentacene, synthesis by dehydration 363 
2,2,5,7,8-Pentarncthyl-6-hydroxyclironian, 

electrochemical oxidation 754 
1-Pentylmethylcyanoketene, formation 454 
Peptides, nucleophilic addition to quinones 

Peracetic acid, in phenol oxtdntion 
Perezone. cycloaddition of 459 
Perhyd 1'0 vitamin K, hydrogen is0 t ope 

exchange 659 
Periodic acid, Oxidation of aromatic 

hydrocarbons 132 
I'erkin condensation 1069 
Phenalenes. oxidation by quinones 

Phenaleniuni ion, formation 373 
Phenalenone, dehydrogenation 365 

formation by dehydrogenation 365 
g,IO-Phenanthraquinone, CIDNP 466 

dehydrcgenation by 341 
170-labelled. synthesis 653 

906 
I19 

372, 373 

9,IO-Phcnanthraquinone (cont.) 
phosphorescence 47 7 
photoaddition of benzene 494 
photochemistry 471, 472 

excited state 476, 477 
hydrogen abstraction reaction 

475, 496-498 
photocycloaddi tion of, dienes 488, 489 

sulphur dioxide 492 
triphenylpliosphines 492, 493 

photoreduction 495, 507 
of alcohols 502 

photosensitized decarboxylations by 507 
reaction with nit rogcn heierocycles 

seiiiiquinone, e.s.r. coupling constants 

U.V. spectra 203, 204 

403, 407 

21 I 

9,10-Phcn3nthraquinones, alkpl group 
migration during dehydrogenations 
369 

Beckmann rearrangement 612 
C.m.r. 153-185 
fragmentation reactions 61 0-61 3 

action of base on 610, 611 
oxidation 493, 61 1 
photocycloaddition of alkenes 

p.m.r. 178, 180, 181 
stcric effects on polarography 206 

477, 483-486 

9,IO-Phenantlirencquinone-see 
9.1 0-rhenanthraqtiinone 

Phenanthrenes, stcroidol, formation by 
dehydrogenation 353 

Phenol ethers, oxidation 129 
Pheiioiic resins and quinone methides 
Phenols, zlkyl-, benzylic oxidation 391 

1 150 

amino-, oxidation 129-132 
benzyl-, oxidation by DDQ 393 
dehydrogenation 393 
nionohydric, dehydrogenation 388 

oxidation 112-123 
oxidation by quinones 384-39s 

one-electron 39 1 
Phenoxoniuni ion, intermediate in D U Q  

Phenoxy group, displaccmcnt by aniline 

Phenoxy-1 ,4-benzoquinones, photo- 

Phenylalanine, in quinone biosynthesis 

Phenylmercaptoquinones, structures 887 
l-Phenyl-S-merc;iprotetrazole- -see HPMl 

oxidation 390. 391 

1074 

chemical formation 493, 500 

692, 696 
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Phenylinethylcyanoketene, formation 454 
Phlebiarubrone, biosynthesis 698, 699 
Phlorins, dehydrogenation 408 
Phosphines, tertiary, addition to quinones 

Phosphorescence emission spectra 

Phosphorylation, inhibition by quinones 

954-959 

472, 473, 475, 476 

1113 
; oxidative, during respiration 726 

chemical reactions 768 
Photochemical reactions coupled to electro- 

Photochemistry 466-530 
addition to benzene 493, 494 
in benzene solutions 520 
cycloaddi t ion reac t ions-see Pho t ocyclo- 

addition reactions 
dimerization 507 
electron transport studies 466 
enolization 476, 514 
hydrogen abstraction reactions-see 

reactions involving substituents 509-527 
see also Electron absorption spectra 

Photochromic dyes, in quinone methidc 

Photochromism, conjugated polyquinones 

Photoconduction, complexes 295, 299 

Photocycloaddition reactions 478-493 

Hydrogen abstraction 

synthesis 1167 

so5 

polyquinones 843-S46 

dimerizations 478-4S0 
with, alkenes 467, 480-486 

alkynes 459-492 
dienes 486-489 
trienes 486-482) 

Photolysis, Rash-.see Flash photolysis 
Photo-oxidation 493, 513, 518, 519 

Photophosphorylation, in photosynthesis 

Photopolarography 768 
Photoreduction 495 

of alcohols 502 
Photosynthesis 71 6-721 

bacteriochlorophyll molcculcs 721 
cyclic photophosphorylation 719 

of alcohols 501, 501 

719 

Phthaloyl cyanide, formniion 457 
Phyllochromanol acetates, electrochemical 

Phylloquinone, biosynthrsis 699, 700 
reduction 751 

flash photolysis 518 
hydroqitinone, oxidation 650 
irradiation in. 1 .-I-dinxan -197 

Phylloquinone (cont.) 
irradiation in hydrocarbons 518 
labelled, biosynthetic introduction of 

geranyl-geranyl group 643 
synthesis 638-640, 649, 650, 653 

I 8 0  exchange 653 
photohydrogen abstraction by 501 
photo-oxidation 518, 519 
in photosynthesis 717 

Phylloquinones. carbonyl-lBO exchange 
653 

hydrogen isotope exchange 647 
lRO-labelled. in oxidative 

phosphorylation 653 
I’liylloquinones-5,6,7,8-rl,, synthesis 647 
l’hytoquinones, *4C-labelled, biosynthesis 

Piloquinone, biosynthesis G91 
2-Piperidino-l,4-naphthoquinones. 

irridiation 526 
Plagiohothrys arizotiicus, in quinone 

biosynthesis 894 
I’lastocyanin, in photosynthesis 719 
Plastoquinone, “C-labelled, biosynthesis 

Plastoquinone-I, irradiation in benzene 

Plastoquinoncs, biosynthesis 695 
in chloroplastic subfractions 
in photosynthesis 717-719 
in plastoglubi 718 

632-644 

642 

515 

71 7, 718 

Plastosemiquinones, in photosynthesis I97 
Plumbagin, biosynthesis 688. 689 

I’olarogr3phy 1 S 1 
halogenation 930 

determination of electron aninity 277 
half-wave potentials 203, 205 

correlation with Hammett equation 

distinction between 1,2- and 

influence of substitucnts 206 

206 

I ,4-structitres 222 

for identification of quinones 

quantitative determination 221 
and redox potentials 206 
steric effects 206 
study of, glycine with nascent quinones 

204-207, 222 

915 
huniic acid formation 907 
nitrogen fixation 907 

water with quinones 942 
nucleophilic addition 

and 11.v. spectroscopy 206 

903, 906. 9 IS 
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polyacenequinones. electl.onic properties 

polyacrylonitrilc, pyrolysed, catalytic 

polyaniinoquinones, catalytic properties 

843 

properties 846 

846 
electronic properties 843 
magnetic properties 808 

Polyarylenequinones, electronic properties 
843 

synthesis 808 
i’olyarylenes, electronic properties 843 
Polyazophenylenes, structure 812 
Poly-1,4-benzoquinones. electronic spectra 

842 
structure S I3 

Polyethynylhydroquinone, synthesis 808 
Polyhydroq~iinoxalines, structure 810 
Polymeric dyestuKs, electronic properties 

Polymeric quinones 812-830 
see also individual conipounds 

Polymerization. mechanisms 81 5 
by mineral acids 815 
quinones as inhibitors 963. 965 

quinonoid S 10-8 12 
redox 898 
see also Polyquinoncs 

843 

Polymers 793-847 

Polyphenoxazines, structure 810 
Polyphcnylazoquinones, electronic 

properties 843 
synthesis 808 

Polyphenylenearninoquinones, e.s.r. spectra 

Polyporic acid, rearrangement, base- 
808 

catalysed 444 
oxidative 428, 430 

3-Polyprenyl-4-hydroxybenzoate, in 

3-Polyprenyltoluq~1inols, biosynthesis 697 
Polyquinone chain segments. electro- 

quinone biosynthesis 694 

chemistry 835-838 
redox behaviour 837 

conjugated 802, 805-510 
Polyquinones, catalytic properties 846 

properties 805 
synthesis 805-810 

nearest-neighbour interactions 537 
electrochemistry 830-841 

paramagnetic properties 844 
photoconductors 843-846 
polarograpliic reduction of quinone 

segment 835 

1267 
Polyquinones ( C O N . )  

polynuclear 802-805 
preparation 802, 803 

potentiometric titration curves 835 
semiconductors 843-846 

structure 510 
Polyquinoxalines, catalytic properties 846 

Polyscmiquinones, electronic properties 
843 

P d w i c t u s  cersicolor, in quinolie 
biosynthesis 710 

Pol~vinylanthraquinones, formation 819 
Pol~vin~lhydroquinone. formation 81 7 

Porphin, formation 407 
Procaryotes, photosynthesis in 720, 711 

respiration in 724-727 
Protein residues, reagents for 

Proteins, addition to nascent quinones 

potentiometric oxidation 838 

identification 1098 

915 

and hydroxide 944 
catalytic efl‘ect, reaction with quinones 

nucleophilic addition to quinones 901 
Protetrone, biosynthesis from anthra- 

Protocatechuate, in quinone biosynthesis 

Proton magnetic resonance 165-181 

quinones 710 

700 

distinction between 1,2- and 
I ,4-structures 222 

in quantitative determinations 219 
Pseudonionas deniolyrica, in quinone 

Pseudopurpurin, biosynthesis 706 
Pulvic acids 428 
Pulvinic acid dilactone, forniation 

Purpurogal!in, electrochemical formation 

Purpurogenone, strtict Lire 7 14 
I’yracglene semiquinone, electrochemistry 

Pyracyloquinone, preparation and 

pyridazine, formation by dehydrogenation 

Pyradine. use in hydroquinone oxidation 

pyraniidine, biosynthesis ’725 
pyrocatechols, half-wave potentials 739 
Pyrogallol, electrochemical oxidation 766 
pyrrole, cycloaddition to quinones 1041 
Pyrrole-quinone dyes 909 

biosynthesis 693 

428, 430 

766 

756 

properties 8777 

407 

753 
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Pyrrolldinc, use in hydroquinonc 

.z-Pyrromycinone, biosynthesis 690 

Quantitative determination 219-221 
Questin, biosynthcsis t o  sulochrin 709 
Quinhydrones 300 

oxidation 753 

electron donor-acceptor complexes 300 
hydrogen bonding 304 
isotope exchange reactions 661, 662 

Quinizarins. synthesis by condensation 

Quinodimethanes I 145 
Quinododiniethanes 26-29 
Quinol ethers. oxidation 126-129 
Quinolinc, dehydrogenation 405 
5,8-Quinolinequinone, addition of aniline 

Quinols, condensation of 143-145 

Quinomethanes-see Quinone methides 
Quinomethincs-see Quinone niethides 
Quinonc arylhydrazones, in identification 

Quinone dimethides--see Quinodirnethanes 
Quinone humic acids. formation 580 
Quinone : hydrocarbon adducts, inter- 

Quinone/hydroquinone system, isotope 

I43 

909, 910 

oxidation 125, 126 

216 

mediates in dehydrogenation 344 

exchange reactions 660-663 
mid-point potentials 836 
redox reaction 717 

Quinone imines, in identification 
intermediates in cycloaddition 1037 
photochemistry 467, 528-530 

ambifunctional electropliilic reagents 

HMO description 1146-1 148 
hypsochroniic shirt 1 166 
natural occurrence I150 
and phenolic resins 1 150 
photochemistry 467. 523-530 
‘push-pull’ stabilization 1160, 1163 
reaction in:ermcdiates, dehydrogenation 

216, 217 

Quinone methides 1145-1 174 

1146 

397 
isotope sttidies 659 
oxidative phosphorylation 653 
phenol oxidation 391 
side-chain miinntion 1086 

cycloaddition 1172-1174 
Mic~iael-type addition 1168, 1169 

reactions 1 168-1 174 

in respiration 726 

Quinone methides ( c m r . )  

Quinone nitropolycarboxylic acids, from 

Quinonc oxides, oxidative-hydrolytic 

Quinone polymers, naturally occurring 

Quinones, adsorption a t  mercury electrodes 

synthesis 392, 393, 1150, 1168 
see also individual compounds 

lignins 797 

rearrangements 435 

794-801 

760 
allyl-, Dam-Karrer test 219 
amino-, electronic absorption spectra 

470 
formation 449 

aromatic, radiation chemistry 543-549 
arylmercapto-, influence of substituent 

azido-, rearrangements 449-458 
acid-catalysed 447, 449-452 
thermal 452-457 

C- and 0-acylation 453 
intermediates 452 

blocked, cycloaddition to 1021 
condensed, C.m.r. 183-186 

893 

i.r. data 194, 195 
U.V. spectra 197-204 

decarboxylation reactions, isotopic 

decomposition 941 
in defensive secretions of arthropods 

dehydrogenations by-see 

distinction between I,?- and 

electron acceptor ability S30 
ethyleniniino-. ring opening 1 108 
extended, synthesis 118-123 

halogeno-, reaction with, amines 217 

studies 629 

727 

Dehydrogenations by quinones 

1,4-srr~ictures 193, 184, 222, 3-23 

sulphite anions 937, I I 19, 1 120 
synthesis 930 

heterocyclic, synthesis 154 
hydroxy-, colour tests 214, 215, 220 

clectrochcmical reduction 750, 751 
preparation by Thiele acetylntion 
rearrangements 326-446 

bnse-induced 441-446 
oxidative 426-441 

9 I9 

mechanisms 431-437 
biosyrithetic 434 

U.V. spectra 196 
inhibitors to polymerization, isol a t’  1011 

965 
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synthesis 631-659 
uses 659-675 
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77-82 

659 

646, 647, 659, 660 
hydrogen isotope exchange 
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sulphinic acids 899 
non-benzenoid 858-874 

91 2-91 6 

cross-conjugated carbonyl groups 856 
definition 858 
1,2-dicarbonyI systems 870-573 
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odd-membered rings 667-870 

oxidation by-see oxidation by quinones 
I7O exchange, kinetics 654 
l 8 0  exchange, base-catalysed 653 
photochemistry 509-527 
as r-acids I 124 
polarography 105, 206 
polycondensed 827-826 

redox capacities 823 
polycyclic, synthesis, from 

o-benzoyl bcnzoic acids 136 
by condensation 143, 145, 146 
from diketones 141 
by Scholl reactions 140-142 

polymer supported 826430  
polymeric, conjugated, catalytic 

properties 846, 847 
electrochemistry, effect of 

configurational features 833, 834 
environmental factors 834 
mid-point potentials 831, 833 
potentiometric titration curves 831 
reaction kinetics 838-841 

rate of equilibration 841 
rate of redox reaction 

electronic properties 841-847 
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preparation 822, 823 

ion exchange capacities 821 
redox capaci:ies 821 

839, 540 

effect on catalytic activity 846 

polymerized S 17-831 

polynuclear, electronic propertics 843 
as primary metabolites 71 6-727 
reactions with, aniines 21 6.21 7,398-401 

Quinones (con?.) 
reactions with, bromomagnesium com- 

pounds 1054 
C-H acids 217-219 
conjugated dienes 346 
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metal enolates 1048 
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organophosphorus compounds 

as secondary metabolites 
unsymmetrical, orientation of Thiele 

see dso individual compounds 
I ,2-Quinones, Cope rearrangement 

cycloaddition reactions 1011 
Diels-Alder reaction 101 1-1018 

with furans 1016 
metal-bonded complexes 320-322 
photochemistry 47 1 

excited state 476 
synthesis 126 
see also individual compounds 

photochemistry, excited state 478 
photodimers 478-480 
see nlso individual compounds 

nitrogen compounds 935 

412, 413 
716, 727, 728 

acetylation product 921, 922 

1012, 1015 

I ,4-Quinones, formation 664 

Quinonoid natural compounds, addition of: 

thiols 894 
synthesis 1003 

Quinonoid polymeric dyes 81 1 
Quinonoid polymers 810-812 

catalytic propertics 810, 846, 847 
scniiconductors 810 

Quinoxalincs, formation 216, 223 

Radiation chemistry 539-574 
aqueous solutions 543-558 
definitions 540, 531 
electron transfer processes 557 
non-aqueous solutions 558-565 
pulse radiolysis 544, 556-558 
solid-state 564. 565 

Itat liver in quinone biosynthesis 
Rearrangements 425-461 

acid-catalyscd 449-452 
Bacyer-Viliigcr oxidations 459 
base-induced, iminodiazonium ion 

Beckmann 592, 610, 612 
cycloadditions 459 
diketone-phenol 664-666 

694 

intermediates 448 
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with hydrazoic acid and organic azides 

thermal 448, 452-459 

correlation with cp 173, 174 
distinction between 1,2- and 

l,4-structures 222 
effect on, nucleophilic addition reactions 

884, 938 

446-449 

Redox potentials 204 

radical additions 968, 980 
influence of substituents 206 
and polarography 206 

Reducing agents 954 
Reduction, catalytic. 13C-isotope studies 

666 
electrochemical 
by titration 221 

748, 750, 751, 767, 769 

Reduction potentials 17-21 
Reduction and re-oxidation in 

identification 215, 216 
Re-oxidation, colour test 220 

use in identification 215, 216 
Respiration 71 6, 721-727 

free-radical mechanisni 724 
in mitochondria 721 
and oxidative phosphorylation 726 

Rhainlrs in quinone biosynthesis 688 
Rliodopseiidonrotras spkeroides, photo- 

Rhodoquinone, in photosynthesis 720 
Rlioriospir.illiur,r rrtbrririi in biosynthesis of 

(-)-Rugdosin, biosynthesis 7 I3 
Rimex in quinone biosynthesis 688 

Schmidt reaction 591, 600, 610, 936 

Scholl reactions, synthesis of quinones 

Semiconduction properties 292 
polyquinoncs 805, 843-846 

Semiquinone free radical, formation 667 
Semiquinone ion radicals, in hydrogen 

synthesis in 721 

ubiquinones 720 

for rearrangements 446 

110-142 

abstraction reactions SO0 
rate of formation 1120 

Semiquinone ions, electronuclear l3C 
hyperfine interactions 632 

Semiquinones, '"C-labelled, e.s.r. spectra 
632 

condensed, e s r .  spectra 
hydrogen bonding 212 

e.s.r. spectra 207-214. 1121 
coupling constants 208. 209 

21 1 -2i 3 

Semiquinones (conr.) 
formation, by denitration 549, 550 

hyperfine splitting constants 763 
intermediates in reactions with, 

during hydrogen abstraction reactions 
49s 

alkoxides 944 
water 943 

neutral, formation 208 
see also individual compounds 

Shikiniate, in quinone biosynthesis 
700, 705 

froni 704 

413- 

stereochemistry of hydrogen elimination 

Silicon hydrides, reactions with quinones 

Silicone-containing conipounds 954 
Silylation 954 
Skyrin, biosynthesis 688 
Sodium azide, substitution in quinones 

Sodium hypobromite, agent for oxidative 

Sodium periodate, oxidation of catechol 

Sodium thiosulphate, addition to quinones 

Solvation energies 743, 744 
Spectrophotornetry, cycloaddition to 

quinones 991 
rapid-scan, amine addition 904 

stopped-flow, for semiquinone 

sulphite-quinone reactions 937 

correlations with half-wave potentials 

see also individual spectra 

1091 

rearr:ingernent 436 

monoethers I26 

937 

nitrogen substitution reactions 1077 

formation 944 

Spectroscopy 164-214 

744, 745 

Spiro-cydohexadicnone, formation 386 
Spiro-oxetan, photochemical formation 

Squaric acid, preparation and properties 

Stereochemistry. Diels-Alder reaction 

hydrogen el i minnt ion from shi k i mate 

48 1 

864-566 

93s 

704 

aflatoxins 710, 71 1 
Sterigmatocystin, in biosynthesis of 

Steroids, synthesis 1000, 1004 
Stilbenequinones. electrochemical reduction 

748 
synthesis 121 
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packing modes 83-105 
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halogen--carbonyl contacts 
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charge-transfer complexes 1076 
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1097, 1104 
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electronic effects 1091 
interlocking ring formation 1100 
of methyl group 1079, 1052 
product distribution 1098 
pyridinium salt intermediates 1093 
rapid-scan spectrophotometry 1077 
side-chain amination 1082-1038 

eIfect of redox potentials 1084 
quinone methide intermediates 1086 
steric effects 1084 

reductive elimination 1123 
solvent effect 1075 
by sulphite ion 

of substituents 1059 

1098, 1108 

steric hindrance 1089, 1091 

937, 11 19, 1120 
Succinate dehydrogenase in respiration 

Succinic semialdehyde in quinone 

Succinylbcnzoates in quinone biosynthesis 

Sulochrin, biosynthesis from questin 709 
Sulphenyl chlorides, radical addition of 

Sulphinic acids, nucleophilic addition to 

Sulphite ions, nuclcophilic addition to 

937. 11 19 

723 

biosynthesis 702 

701, 706 

970 

quinones 881, 886, 898, 899 

quinones 936 
substitution of quinones 

Sulphur addition 881-900 

Sulphur dioxide, photocycloaddition of 
492 

Sulphur heterocycles, quinone 

Synka-Vit 654 
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Synthesis 11 1-154 
by annellation 149-154 

dehydrogenation of 410,41 I 

Diels-Alder reaction 149-1 52 
1,3-dipolar cycloaddition reactions 

152-1 54 
by condensation 143-146 

of dialdehydes 145, 146 
of quinols 143-145 
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of o-benzoylphenylacetonitriles 140 
Scholl reactions 140-142 

labelled quinones 631-659 
by oxidation 112-135 

of, aromatic hydrocarbons 132-134 
aromatic arnines 129-1 32 
catechol ethers 126-129 
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monohydric phenols 112-123 
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quinols 125, 17-6 

see also Biosynthcsis 

Tannins, flavanoid, structure 795 
quinone polymers 794-796 
see nlsa individual compounds 

Tnutomeric equilibrium, 1,2- and 
i,4-quinones 971 

Tenebrionid beetle, defensive secretions 
728 

Terphcnylqtiinone-see Volucrisporin 
Tetralones, auto-oxidation 134 
Tetra-9,lO-anthraquinones 835 
Tetrabromo-1 ,4-benzoquinone-.see 

3.3’,5,5’-Tetra-r-b~1tyldiphenoquinone. 
Rromanil 

14C-labelled, synthesis 645 
irradiation 528 

Tetrachloro-I,?-benzoquinone, oxidation of 
leuco-crystal violet 669 

170-label led, synthesis 653 
photoaddition of benzene 494 
photocycloaddition of, alkenes 482 

alkyncs 492 
dienes 48s 

Chloranil 
Tetrachloro-l,4-benzoquinone-sea 
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3,3‘,5,5’-TetrachIoro-4,4‘-diphenoquinone, 

Tetracyano-I ,4-benzoquinone, synthesis 

Tetracyanoquinodimethane, irradiation 

Tetracyanovinylphenols, formation 219 
Tetracyclines, biosynthesis from 

Tetrahydrobenzopyrans, aroniatization 

Tetrahydrocannabinols-bee T H C  
Tetrahydrofluorene, dehydrogenation 
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Tetrahydrophenanthrencs, aroinatization 

Tetrahydroquinones 835 
Tetrahydrothiophenes, dehydrogenation 
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Tetralin, oxidation by DDQ 393 
3,3’,5,5‘-Tet ramethoxybiphenyl hydro- 

reaction with cyclohcxanone 354 

338 

528 

anthraquinones 710 

3 67 

368 

Tetralin 

3 64 

410 

quinone, electrochemical oxidation 
754 

electrochemistry 749 

see Coer LII  ignone 

exchange studies 661 

3,3’,5,5’-Tetraniethoxybiphenylqiiinonc, 

3,5,3‘,5’-Tetratnethoxydiphe~.oquinone- 

Tetra met hyl-lfC- I ,4- benzoquinonc, isotope 

synthesis 636, 637 
3,3‘,5,5’-Tctranicthyldiphenoquinone, 

biosynthesis 710 
irradiation 528 

636, 637 
Tetraniethyl-14C-hydroquinone, oxidation 

T’etra-l,4-naphthoquinones 835 
Tetraptienyl-l,2-benzoquinone dimethide, 

Tetraphenylethanes, oxidation by quinones 

Tetraquinones, co!idensctl 824 
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irradiation 529 

361, 375 

reaction with alkali 513 

naphthoquinol disphosphate, 
tritium labelling 656 

Tetrasodium 2-1iictliyl-3-bromo- 1,4- 
naphthoquinol diphosphate, 
tritiuni-labelled, drug activity 655 
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3-1’ diphosphate-see Synka-Vit, 
trit iiim-labelled 
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nap h t hoqu in01 dip hosp ha te-see 
Menadiol disphosphate 

Teuber reaction, oxidation of, amines 
I26 

phenols 112 
Thallium(1n) trifluoroacetate, phenol 

THC, aroinatization 367 
Thermochcmistry 6-8 

cycloaddition to quinones 987 
Thermodynamics, cycloaddition to 

Thiamin pyrophosphate-see TPP 
Thielc acctylation 881, 916-926 

acetyliuni ion intermediate 918 
cross-oxidation 918 
electron erects of substituents 923 
localization energies 919 
preparation of hydroxyquinoncs 919 
product orientation 917, 921, 922 
reactivity of quinones 919 
steric effects of substituents 923 
tautonierism 920 

oxidation 119 

quinones 996 

Thioglycolic acid, nucleophilic addition to 
quinones 887, 894, 895 

oxidation 881 
mechanism 883 

Thiols, addition to quinones 881 
radical addition of 970 
reaction with quinones 937 
reactivity 895 

Thiophenol, nucleophilic addition to 
quinones 887 

Thioureas, nucleophilic additions to 
quinones S89, 890, 900 

Thylakoid discs, in photosynthesis 717 
Thymohydroquinonc, dehydrogenation 

Thymol, biosynthesis 706, 707 
Thyrnoquinone, biosynthesis 706, 707 

photodinierization 466 
Tocopherol, oxidation 651 
a-Tocopherolquinono, irradiation in 

ethanol 522 
photohydrogen abstraction from 
alcohols 500 

717 

catalysis 341 

Tocophcrolquinones, in photosynthesis 

Tocopherols, biosynthesis 695, 696 
electrochemical oxidation 754, 755 
isotopically labelled, synthesis 651 
oxidation by quinones 388 

Tocopherylhydroquinone, synthesis 652 
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synthesis 652 
Tocotrienols, biosynthesis 695, 696 
Toluquinone, Rash photolysis 473 

photochemistry 468 
excited state 474 

Tosyliiydrazine, reaction with 

TPP in quinone biosynthesis 702 
TRA72, synthesis 656 
TRAl19, synthesis 657 
Tracer studies with isotopes 
Trialkylboranes, reactivity 983 
Triallylborane, reactivity 983 
Tri-9,lO-anthraquinoncs 835 
Triazoles, pyrolytic rearrangements 448 

5,6,7-Tribrorno-2-methyl- 1,4- 

I ,4-benzoquinone 11 17 

630, 631 

synthesis 1090 
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phosphate, reaction with tritium 
657 

1,4-benzoquinone, formation 1035 
2,3,5-TrichIoro-G-(2'-diet hy1aminovinyl)- 

Trienes, photocycloaddition to quinoncs 
486-489, 495 

see also individual compounds 
Triethylamine, reaction with chloranil 

Triethylsilane, dehydrogenation 314 
Trifluoroperacetic acid, phenol oxidation 

Tri-I,4-hydroquinones 835 
1,2,4-Trihydroxybenzene, radiation 

chemistry 547-549 
Trihydroxycyclohexadienyl radical, 

radiolytic formation 545 
Trimethyl-] ,4-benzoq~iinone, flash 

photolysis 473 
photohydrogen abstraction from 

alcohols 499 
7,3,5-Trimet hyl-l,4-benzoquinone. 

1,4-addition 1050 
Trirnethylhydroquinone, reaction witli, 

phytol 651 

399 

119 

phytyl bromide 652 
Trimethylstannylhydrazines, oxid;ition by 

Tri-l,4-naphthoquinones 835 
Triphenylethanes, quinone oxidation of 

Triphenylethylene, forination by 

Triphenylniethanes, dehydrogenation 374 

quinones 403 

361, 374 

dehydrogenation 361 

Triphenylphosphine, addition reactions 
with quinones 413 

photocycloaddition of 492 
Triquinones, condensed 824 

formation 813 
reaction with alkali S13 

TRK219, synthesis 657 
Tropone, formation by dehydrogenation 

Tropyliurn dichlorodicyanoquinolate 348 
Tropylium perchlorate, formation during 

Tyrosine, in quinone biosynthesis 

Ubichromenol, labelled, photochemical 

Ubiquinone, in alcohol, e.s.r. studies 

355 

dehydrogenation 348 
692, 696 

formation 650 
500 

biosynthesis 692-694 
l"C-labellcd, biosynthesis 642 
in chromatophores 720 
electrochemicat reduction 748 
length of side-chain 171 
photolgsis 500, 517, 650 
radiolysis, in bcnzene and cyclohexaiie 

561-564 
in methanol 559-561 
pulse 556 

Ubiquinone-6. adsorption at mercury 

Ubiquinones, labelled, synthesis 650 
electrodes 762 

in respiration 721, 722 
photochemistry 465, 517 

excited state 474 
in photosynthesis 720, 721 

Ubisemiquinone anion radical, absorption 

Ubiseiniquinone, neutral, absorption 

Ultraviolet spcctroscopy 24, 25, 195-204, 

spectrum 500 

spectrum 500 

523 
alkali red-shifrs 196 
basic quinone solutions I122 

short reaction times I 1  18 
benzenoid absorption 197 
charge-transfer absorption 195 
cycloaddition of enamines 1034 
distinction between 1.2- and 

1,4-structures 222 
phosphoniuiii salts 940 
and polarography 206 
quantitative determinntions 221 
quinone halide and sulpiiite anions 
quinonc inhibitors to polymerization 

1 I19 

965 
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quinonoid absorption 197 
Ultraviolet-visible spectroscopy, studies of 

halogenation 932 

Veratrole, oxidative trimerization 414 
Versicolorin A, in biosynthesis of 

aflatoxins 710, 711 
9-Vinylcarbazole, dimerization 507 
Vinylpyrazoloquinones, polymers 820 
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Vitamin K,-see Phylloquinone 
Vitamin K,-see Menaquinones 
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polymerization 965 

quinone 

oxidation of hydroquinones 753 

Voirrcrisporo arrratitiaca in quinone 
biosynthesis 698 

Volucrisporin, biosynthesis 698 
Volumetric analysis 221 

Wagner-Meerwein rearrangement, in 
dehydrogenations 341. 369 

Water, hyirogen abstraction by quinones 
505-507 

Wittig reaction, synthesis of quinone 

Wood pigments, quinone inethide content 

Woodward-Hoffman treatment 999 

methides 1165 

1150 

Zwitterion intermediates, azidoquinone 
rearrangement 452 
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