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The present Supplement E brings material related t o  the chapters which appeared in 
the main volumes on The Ether Linkage (1  967), on The Hydroxyl Group (1 97 l ) ,  
and on The Tkiol Group (1974). I t  is characteristic of the rapid development of 
organic chemistry that  crown ethers, which are the subjects of the first three weighty 
chapters of this volume, had not  even been mentioned in the main volume on 
ethers, thirteen years ago! 

This volume contains several chapters dealing with sulphur analogues of alcohols 
and ethers. However, the first in a set of volumes (The Chemistry of theSulphonium 
Group) on  various sulphur-containing groups is already in press and further volumes 
of the set are being planned. 

Chapters on ‘Thermochemistry’ and on ‘Cyclic sulphides’ were also planned for 
this volume, but did not materialize. 

Jerusalem, June 1980. S A U L  P A T A I  
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The Chemistry of Functional 
Preface Po 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 and on the effects 
which it exerts on the chemical and physical properties, primarily in the immediate 
vicinity of the group in question, and secondarily on the behaviour of the whole 
molecule. For  instance, the volume The Chemistry o f  t h e  Ether Linkage 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 o r  aryl groups connected t o  the ether 
oxygen. It is.tlie purpose of the volume to  give a complete coverage of all properties 
and reactions of ethers in as far as these depend on the presence of the  ether group 
but  the primary subject matter is not the whole moiecule, but the C-0-C 
functional group. 

A further restriction in the treatment of the various functional groups in these 
volumes is that  material included in 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. in books which are 
usually found in the chemical libraries of universities and research institutes) should 
not,  as a rule, be repeated in detail, unless i t  is necessary for  the balanced treatment 
of the  subject. Therefore each of the authors is asked n o t  t o  give an encyclopaedic 
coverage of his subject, but to  concentrate on the most important recent develop- 
ments and mainly on material that  has not been adequately covered by reviews or 
other secondary sources by  the time of writing of the chapter, and to  address 
himself 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 no overlap between 
chapters, while at  the same time preserving the readability of the text. The Editor 
set himself the goal of attaining reasonable coverage with moderate overlap, with a 
minimum of cross-references between the chapters of each volume. In this manner, 
sufficient freedom is given to  each author to  produce readable quasi-monographic 
chapters. 

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

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

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

ix 



X Preface to  the series 

(c) Chapters describing the characterization and characteristics of the functional 
groups, i.e. a chapter dealing with qualitative and quantitative methods of deter- 
mination including chemical and physical methods, ultraviolet, infrared, nuclear 
magnetic resonance and mass spectra: a chapter dealing with activating and direc- 
tive 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 o r  in conjunction with other reagents. 

(e) Special topics which d o  not  fit any of the above sections, such as photo- 
chemistry, radiation chemistry, biochemical formations and reactions. 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 
planned (e.g. a chapter on ‘Thioketones’ is included in the volume The Chemistry 
o f  the Carbonyl Group, and a chapter on ‘Ketenes’ is included in the volume The 
Chemistry o f  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. ‘Polyethers’ in The Chemistry of  the Ether Linkage, or  
‘Tetraaminoethylenes’ in The Chemistry of the A mino 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 presenta- 
tion will necessarily be somewhat uneven. Moreover, a serious problem is caused by 
authors who deliver their manuscript late or  no t  at all. In order t o  overcome this 
problem at least to some extent, it was decided t o  publish certain volumes in several 
parts, without giving consideration t o  the originally planned logical order of the 
chapters. !f after the appearance of the originally planned parts of a volume it is 
found that either owing to  non-delivery of chapters, or to new developments in the 
subject, sufficient material has accumulated for  publication of a supplementary 
volume, containing material on related functional groups, this will be done as soon 
as possible. 

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

The Chemistry o f  Alkenes ( two volumes) 
The Chemistry of the Carbonyl Group ( two volumes) 
The Chemistry of  the Ether Linkage 
The Chemistry o f  the Amino Group 
The Chemistry of  the Nitro and Nitroso Groups ( two parts) 
The Chemistry o f  Carboxylic Acids and Esters 
The Chemistry of  the Carbon-Nitrogen Double Bond 
The Chemistry o f  the Cyano Group 
The Chemistry of  Arnides 
The Chemistry o f  the Hydrosyl Group ( two  parts) 
The Chemistry o f  the Azido Group 
The Chemistry o f  Acyl  Halides 
The Cheinistry o f  the Carbon-Halogen Bond ( two parts) 
The Chemistry of  Quinciioid Compounds ( two  parts) 
The Chemistry of  the Thiol Group ( two parts) 
The Chemistry o f  Amidines and Imidates 
The Chemistry o f  the Hydruzo, A z o  and A Z O X ~  Groups ( two parts) 



Preface to  the series xi 

The Chemistry of  Cyanates and their Thio Derivatives ( t w o  parts) 
The Chemistry o f  Diazoniuin and Diazo Groups ( t w o  parts) 
The Chemistry of the  Carbon-Carbon Triple Bond ( t w o  parts) 
Supplement A :  T h e  Chemistry o f  Double-bonded Functional Groups ( t w o  parts) 
Supplement B: T h e  Chemistry of Acid Derivatives ( t w o  parts) 
The Chemistry o f  Keteiies, Alleiies and Related Compounds ( t w o  parts) 
Supplement E: T h e  Chemistry o f  Ethers, Crown Ethers, Hydroxyl Groups and 

their Sulphur Analogues ( two parts) 

Titles in press: 

The Chemistry of the Sulphonium Group 
Supplement F: T h e  Chemistry o f  Amiiles, Nitroso and Nitro Groups aiid their 

Derivatives 

Future volumes planned include: 

The Cliemistry of Peroxides 
The CIi e m  istry o f  Organo m etallic Co mpou rids 
The Ckeiniitry o j Sulphur-contairlirlg Compounds 
Suppleineiit C: T h e  Cheinistry of Triple-bonded Functioxal Groups 
Supplement D: T h e  Chemistry of Halides and Pseudo-halides 

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 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 un- 
fortunately 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 the  non-professional but none the  less essential participation 
and partnership of my wife. 

The Hebrew University 
Jerusalem, IS R A EL SAUL PATAI 
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The present Supplement E brings material related to the chapters which appeared in 
the main volumes on The Ether Linkage (1967), on The Hydroxyl Croup (1971), 
and on The Thiol Croup (1  974). It  is characteristic of the rapid development of 
organic chemistry that crown ethers, which are the subjects of the first three weighty 
chapters of this volume, had not even been mentioned in the main volume on 
ethers, thirteen years ago! 

This volume contains several chapters dealing with sulphur analogues of alcohols 
and ethers. However, the first in a set of volumes (The Chemistry of theSu2phonium 
Group)  on various sulphur-containing groups is already in press and further volumes 
of the set are being planned. 

Chapters on ‘Thermochemistry’ and on ‘Cyclic sulphides’ were also planned for  
this volume, but did not materialize. 

Jerusalem, June 1980. S A U L  P A T A I  



The Chemistry of Functional Groups 
Preface to the series 

The series ‘The Chemistry of Functional Groups’ is planned t o  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 and on the effects 
which it exerts on the chemical and physical properties, primarily in the immediate 
vicinity of the group in question, and secondarily on the behaviour of the whole 
molecule. For  instance, the volume The Chemistry o f  the Ether Linkage deals with 
reactions in which the C-0-C group is involved, as well as with the effzcts of the 
C-0-C group on the reactions of alkyl o r  aryl groups connected to the ether 
oxygen. I t  is the purpose of the volume to give a complete coverage of all properties 
and reactions of ethers in as far as these depend on the presence of the ether group 
but  the primary subject matter is not the whole molecule, but the  C-0-C 
functional group. 

A further restriction in the treatment of the various functional groups in these 
volumes is that  material included in 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. in books which are 
usually found in the chemical libraries of universities and research institutes) should 
not,  as a rule, be repeated in detail, unless it is necessary for the balanced treatment 
of the  subject. Therefore each of the authors is asked not t o  give an encyclopaedic 
coverage of his subject, but to concentrate on the most important recent develop- 
ments and mainly on material that has not been adequately covered by reviews o r  
other  secondary sources by the time of writing of the chapter, and to address 
himself 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 no overlap between 
chapters, while at the same time preserving the readability of the text. The Editor 
set himself the goal of attaining reasoiiubfe coverage with moderate overlap, with a 
minimum of cross-references between the chapters of each volume. In  this manner, 
sufficient freedom is given to  each author to  produce readable quasi-monographic 
chapters. 

The  general 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 molecule, o r  by introducing the new 
group directly or  indirectly. 
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X Preface to  the series 

(c) Chapters describing the characterization and characteristics of the functional 
groups, i.e. a chapter dealing with qualitative and quantitative methods of deter- 
mination including chemical and physical methods, ultraviolet, infrared, nuclear 
magnetic resonance and mass spectra: a chapter dealing with activating and direc- 
tive 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 photo- 
chemistry, radiation chemistry, biochemical formations and reactions. 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 
planned (e.g. a chapter on ‘Thioketones’ is included in the volume The Chemistry 
of the Carboiiyl Group, and a chapter on ‘Ketenes’ is included in the volume The 
Chemistry of  Alkenes). In other cases certain compounds, though containing only 
the functional group of the title, may have special features so as t o  be best treated 
in a separate chapter, as e.g. ‘Polyethers’ in The Chernistry of the Ether Linkage, or 
‘Tetraaminoethylenes’ in The Chemistry of the A niitio 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 presenra- 
tion will necessarily be somewhat uneven. Moreover, a serious problem is caused by 
authors who deliver their manuscript late or no t  at all. In order to overcome this 
problem at least t o  some extent, it was decided t o  publish certain volumes in several 
parts, without giving consideration to  the originally planned logical order of the 
chapters. If after the appearance of the originally planned parts of a volume it is 
found that either owing t o  non-delivery of chapters, or t o  new developments in the 
subject, sufficient material has accumulated for  publication of a supplementary 
volume, containing material on related functional groups, this will be done as soon 
as possible. 

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

The Chemistry of Alkenes ( t w o  volumes) 
The Chemistry of the Carboriyl Group ( t w o  volumes) 
The Chemistry of the Ether Linkage 
The Chemistry o f  the Amino Group 
The Chemistry of  the Nitro arid Nitroso Groups ( two parts) 
The Chemistry of Carhoxylic Acids arid Esters 
The Chemistry o f  tlie Curbom-Nitrogeti Double Bond 
The Chemistry of  the Cyuno Group 
The Chemistry o f  Amides 
The Chemistry of  tlie FJydroxyI Croup ( t w o  parts)  
The Chemistry o f  the Azido Group 
The Chemistry o f  Acyl  Halides 
The Chemistry of  the Carbon-Halogen Bond ( two parts) 
The Cliemistry of Quiiiotioid Compounds ( two parts) 
The Cheniistry o f  the Thiol Group ( t w o  parts) 
The Cheniistry o f  Amidinrs and linidates 
The Chemistry of the liydrazo, A z o  and A z o x y  Groups ( t w o  purts) 



Preface t o  the series xi 

The Chemistry of Cyanates and their Thio Derivatives ( t w o  parts) 
The  Chemistry of Diazonium and Diazo Groups ( t w o  parts) 
T h e  Chemistry o f  the Carbow-Carbon Triple Bond ( t w o  parts) 
Supplement A : The Chemistry o f  Double-bonded Functional Groups ( two parts) 
Supplement B :  The Chemistry of  Acid Derivatives ( t w o  parts) 
T h e  Chemistry of Ketenes, Allenes and Related Compounds ( t w o  parts) 
Supplenient E: The Chemistry o f  Ethers, Crown Ethers, Hydroxyl Groups and 

their Sulphur Analogues (two parts) 

Titles in press: 

The Chernistiy o f  the Sulphoiiium Group 
Supplement F: The Chetnistry of  Amities, Nitroso and Nitro Groups and their 

Derivatives 

Future volumes planned include: 

T h e  Chemistry of Peroxides 
T h e  Chemistry o f  Organometallic Compounds 
T h e  Chemistry of Sulphur-containing Compounds 
Supplement C: The Chemistry of  Triple-bonded Functional Groups 
Supplement D: The Chetnistry o f  Halides and Pseudo-halides 

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

T h e  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 t o  tackle this task, and 
who continues t o  help and advise me. The efficient and patient cooperation of 
several staff-members of the  Publisher also rendered m e  invaluable aid (but  un- 
fortunately their code of ethics does n o t  allow me to  thank them by name). Many 
of m y  friends and colleagues in Israel and overseas helped me in the solution of 
various major and minor matters, and m y  ihanks are due t o  all of them, especially 
to Professor Z. Rappoport. Carrying o u t  such a long-range project would be quite 
impossible without the non-professional but none the less essential participation 
and partnership of my wife. 

The Hebrew University 
Jerusalem, I S R A E L  SAUL PATAI 



contents 

1. Synthesis of crown ethers and analogues 
D. A. Laidler and J. F. Stoddart 

2. Crown ethers - complexes and selectivity 
F. Vogtle and E. Weber 

3. Organic transformations mediated by macrocyclic multidentate ligands 
C. L. Liotta 

4. Geometry of the ether, sulphide and hydroxyl groups and structural 
chemistry of macrocylic and noncyclic polyether compounds 

5. Stereodynamics of alcohols, ethers, thio ethers and related compounds 

6. Chiroptical properties of alcohols, ethers, thio ethers and disulphides 

7. The mass spectra of ethers and sulphides 

8. The electrochemistry of ethers, hydroxyl groups and their sulphur 

I .  Goldberg 

C. H. Bushweller and M. H. Gianni 

G. Gottarelli and B. Samori 

C. C. Van de Sande 

analogues 

9. Electronic structures and thermochemistry of phenols 

T. Shono 

J .  Royer, G .  Bertholon, R. Perrin, R. Lamartine and M. Perrin 

M. Zieli6ski 
10. Syntheses and uses of isotopically labelled ethers and sulphides 

11. Gas-phase thermal decompositions of simple alcohols, thiols and 
sulphides 

12. Oxidation and reduction of alcohols and ethers 

13. Oxidation and reduction of sulphides 

14. Oxiranes 

15. Cyclic ethers 

R. L. Failes, J. S. Shapiro and V. R. Stimson 

P. Muller 

E. Block 

M. Bartbk and K .  L. Ling 

M. Bart6k 

1 

59 

157 

175 

215 

279 

299 

327 

35 1 

379 

449 

469  

539 

609 

68 3 

... 
X l l l  



n

16. Dehydration of diols 
M. Bart6k and A. MolnAr 

17. En01 ethers - structure, synthesis and reactions 
P. Fischer 

18. Oxathiacyclanes: preparation, structure and reactions 
K. Pihlaja and P. Pasanen 

19. Allene oxides and related species 
P.  J. Stang 

20. Advances in the chemistry of acetals, ketals and ortho esters 
R. G. Bergstrom 

21. The photochemistry of saturated alcohols, ethers and acetals 
C. von Sonntag and H.-P. Schuchmann 

22. The photolysis of saturated thiols, sulphides and disulphides 
C. von Sonntag and H.-P Schuchmann 

23. Radiation chemistry of alcohols and ethers 
C. von Sonntag and H.-P. Schuchmann 

24. Radiation chemistry of thiols, sulphides and disulphides 
C. von Sonntag and H.-P. Schuchmann 

Author Index 

Subject index 

72 1 

76 1 

821 

859 

881 

903 

923 

935 

97 1 

995 

1097 



CHAPTER 1 

Synthesis of crown ethers and 
analogues 

DALE A. LAIDLER and J. FRASER STODDART 
I. C. I. Corporate Laboratory, Runcorn, England and University of Sheffield, 
England 

I. HISTORICAL BACKGROUND . 3 

11. FACTORS INFLUENCING YIELDS I N  SYNTHESIS . . 3  
A. The Temolate Effect . - 
B. The Gaudhe Effect . 
C. Other Effects . 

111. DESIGN AND STRATEGY 

IV. SYNTHESES EXEMPLIFIED . 
A. Monocyclic Multidentate Ligands . 

1. 
2. 
3. 
4. 
5.  
6. 
7. 

All-oxygen systems . 
All-nitrogen systems. 
All-sulphur systems . 
Oxygen and nitrogen systcms . 
Oxygen and sulphur systems . 
Nitrogen and sulphur systems . 
Oxygen, nitrogen and sulphur systems 

B. Crown Compounds Incorporating Aromatic Residues . 
1. Systems fused to benzene rings . 
2. Systems fused t o  furan rings . 
3. Systems fused t o  pyridine rings . 
4. Systems fused t o  thiophene rings . 

C. Macrocyclic Diester, Dithioester and Diamide Compounds 
D. Crown Compounds Containing Carbonyl Groups . 

1. Oxocrown ethers . 
2. Crown ethers incorporating p-diketone residues . 

E. Crown Compounds 1ncorpo;ating Imine and Oxime Functions 
I .  Macrocyclcs from Schiff-base condensations . 
2. Oxime Linkages in macrocycles . 

F. Acyclic Crown Compounds . 
G. Macrobicyclic, Macrotricyclic and Macropolycyclic Ligands 

1. Systems with nitrogen bridgeheads 
2. Systems with carbon bridgeheads . . 
3. A system with nitrogen and carbon bridgeheads. 

. j  

. 9  

. 15 

' 15 
. 16 
* 16 
. 17 
. 19 
. 20 
. 21 
. 22 
. 23 
. 24 
. 24 
. 24 
. 27 
. 29 
. 30 
. 31 
. 34 
. 34 
. 34 
. 36 
. 36 
. 38 
. 38 
. 40 
. 40 
. 43 
. 43  

1 

Supplement E The Chemistry of Ethers, Crown Ethers, Hydroxyl Groups and their Sulphur Analogues 
Edited by Saul Patai 

Copyright 0 1980 by John Wiley & Sons. Ltd. All rights reserved. 



2 Dale A. Laidler and J. Fraser Stoddart 

14. Chiral Crown Ethers . . 44 
1. Mcso compounds and racemic modifications . . 44 
2. Optically-active crown ethers from natural products . . 47 
3. Optically-active crown ethers from resolved precursors. . 49 

V. TOXICITY A N D  HAZARDS . . 51 

VI. REFERENCES . . 52 

I. HISTORICAL BACKGROUND 

It is interesting to  reflect upon the fact that ,  although linear compounds containing 
sequential ether linkages'-3 have occupied an important position in chemistry for 
many years, i t  is only during the last decade or  so that  macrocyclic polyethers and 
their analogues have made their major impact upon the  scientific community. Alas, 
the ,fascinating complexing properties of macrocyciic polyethers were not antici- 
pated from the comparatively mundane chemical behaviour of cyclic ethers 
containing up to  seven atoms in their r i n s 4  v 5 .  Indeed, as often happens in science, 
serendipity played6 an important role in the discovery of the so-called crown ethers 
and the appreciation of their somewhat intriguing characteristics. Although the  
early literature was n o t  devoid of reports on  the synthesis of macrocyclic poly- 
ethers, their value and potential was not realized by those involved. I t  is easy to feel 
with hindsight that it should have been; bu t  i t  is difficult to envisage how it  could 
have been! 

The first macrocyclic polyethers were reported by Liittringhaus' in 1937 as part 
of an investigation of medium- ana large-sized rings. For example, he obtained the  
20-membered ring compound 1 in low yield after reaction of t he  monosubstituted 
resorcinol derivative 2 with potassium carbonate in pentan-1-01. Latex, the tetra- 
furanyl derivative 3 was isolated* after acid-catalysed condensation of furan with 
acetone and the cyclic tetramers 4 and 5 of ethylene9 and propylene10 oxides, 
respectively, were reported. 

Me 

(5) R = Me 
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t o  dissolve 
small quantities of potassium metal and sodium-potassium alloy giving unstable 
blue solutions of solvated electrons and solvated cations. However, it was not until 
1967 that Pedersen' reported on the formation of stable complexes between 
macrocyclic polyethers and salts of alkali and alkaline earth metals. During an 
attempted preparation of the diphenol 6 from the dichloride 7 and the mono- 
protected catechol derivative 8, the presence of 10% of catechol (9) as an impurity 
led6 to the  isolation (see Scheme 1) of the unexpected by-product which was 
identified as the macrocyclic polyether 10. Given the trivial name dibenzo-18- 
crown-6 by Pedersen'?' 2 ,  it was found to  be insoluble in methanol by itself, but  
became readily soluble on the addition of sodium salts. Furthermore, it was 
obtained in 45% yield when pure catechol (9) was employed6*" in its synthesis. 

Several acyclic polyethers, as well as compound (S), were found' 

( 6 )  
1.  n-BuOH. NaOH aoH + ro? - x * . H 2 0  + 

OR CI CI 

(7) r07 
( 8 )  R = 0 
(9) R = H (10% present as an impurity) 

SCHEME 1 

This amazingly high yield for a macrocycle obtained on condensation of four  
molecules raises questions of fundamental importance which will be discussed in 
Section 11. Following upon his initial discoveries, Pedersen' prepared more than 
60  compounds in order t o  ascertain the optimum ring size and the preferred 
constitutional arrangement of oxygen atoms in the macrocycles for them io 
complex with a wide variety of cationic species. Those compounds which contain 
between five and ten oxygen atoms, each separated from its nearest neighbour by 
two carbon bridges, were found t o  be the most effective complexing agents. These 
observations have led to  the  synthesis of many crown ethers and analogues. This 
chapter is devoted to  a review of the general principles and fundamental concepts 
governing this kind of inacrocyclic ring formation as well as to a summary of the 
methodology 2nd reaction types employed in the synthesis of these macrocycles. 

II. FACTORS INFLUENCING YIELDS IN SYNTHESIS 

A. The Template Effect 

The isolation of dibenzo-18-crown-6 (10) in 45% yield under the conditions 
given in Scheme 1 prompted Pedersen6 to  observe that 'the ring-closing step, either 
by a second molecule of catechol or a second molecule of bis(2-chloroethyl) ether, 
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was facilitated by the sodium ion, which, by ion-dipole interaction 'wrapped' the 
three-molecule intermediates around itself in a three-quarter circle and disposed 
them to ring-closure'. The isolation of numerous other macrocyclic polyethers in  
synthetically attractive yields by Williamson ether syntheses, as well as by other 
approaches, has led to the recognition of a taxplate effect involving the caiionic 
species present in the reaction mixture. Such a phenomenon is, of course, not 
unique t o  the synthesis of macrocyclic polyethers. Transition metal template- 
controlled reactions have been used extensively in the synthesis of (a)  porphyrins 
from suitably substituted pyrroles' 9 '  4, ( b )  corrin ring systems' leading to  
vitamin B1 2 ,  and more recently (c) large-ring lactones' 6 .  Evidence for the oper- 
ation of a template effect in crown ether synthesis comes from a consideration of 
the published procedures for the preparation of 18-crown-6. Somewhat sur- 
prisingly, base-promoted cyclization of hexaethyleneglycol monochloride (1  1) in 
MeOCH2CH20Me using either Me3COK or  NaH as base led (equation 1) t o  very 
low (ca. 2% in each case) isolated yields of 12 in the first synthesis to  be reported 

Me3COK or N a H  

(11) (12) 

by Pedersen' 2 .  Consequently, improved procedures were sought; these are sum- 
marized in Table 1. Depending upon the nature of the solvent, 18-crown-6 ( 12) can 
be obtained' ' 9 '  in 33-93% yields from reaction of triethyleneglycol (13) with its 
ditosylate (14) in the  presence of Me3COK. By employing less expensive reagents, 
e.g. triethyleneglycol (1 3), its dichloride (15), and KOH in aqueous tetrahydro- 
furan' 9' or tetraethyleneglycol (16), diethyleneglycol dichloride (7), and KOH in 
dry tetrahydrofuranZ0 yields of 30-60% can be attained. In all these synthetic 
approaches to 18-crown-6 (12), a template effect involving the K+ ion is an 
attractive proposition as, at least, a partial explanation for the high yields. In the 
reactions of 13 with 14 employing methods B-D in Table 1, a mechanism for 
cyclization (see equation 2) involving formation of an intermediate acyclic complex 
is envisaged' 8 .  The observations that (a )  the macrocycle 12 can be isolated' ' 9 '  as 
its potassium tosylate complex 12-KOTs, ( b )  doubling the concentration of 
reactants in method C resulted' only in a decrease in the yield from 84 t o  75%, 
and ( c )  when tetra-n-butylammonium hydroxide was used as the base the yield of 
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TABLE 1. 18Crown-6 (12) syntheses 

X 3 
(14) X = O T s  
(15) X = CI 

F 
t- 

Method X Base Solvent Yield (%) Reference 

A OTs Me, COK Me, COII/C, H, 33 17 
13 OTs Me, COK THF" 30-60 18 
C OTs Me,COK D M S O ~  84 18 
D OTs Me, COK DMEC 93 18 
E CI KOH TH F"/H 0 40-60 19 
F c1 KOH TH F" 30 20 

"Tetrahydrofuran. 
bDimethyl sulphoxide. 
c1 ,2-Dirnethoxyethane. 

12 was reduced drastically' *,  all support the operation of a template effect in the 
formation of 18-crown-6. The effect has generality. In reactions of ethyleneglycol 
(17) and diethyleneglycol (18) with 15 (equations 3 and 4, respectively), Li' and 
Na' ions have been shown2 to  template the formation of 12-crown-4 (4) and 
15-crown-5 (1  9), respectively. 

f o r ' o  
') NaOH.  LiC104 

(15) 

N a O H  

1 .b-dioxane 
* 

14% 

(19) 

(3) 
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I,nterestingly, however, a better yield of 19 is reported2' for condensation 
(equation 5) of the diol 13 with the dichloride 7 under the same conditions as those 
employed in equation (4). It would be unwise t o  read too much into situations of  
this kind; isolated yields often reflect the skills of the experimentalist! 

38% 

(13) (7 ) (19) 

The optimization of template effects is probably achieved when the diameter of 
the  cation corresponds most closely to  the cavity diameter of the macrocycle being 
formed. Thus, for simple crown ethers, Li+, Na' and K+ ions are clearly suited to  
templating the  syntheses of 12-crown-4 (4), 15-crown-5 (19) and 18-crown-6 (12), 
respectively. However, the effect is quite general. For example, in the acid-catalysed 
cyclic cooligomerization of furan and acetone t o  form the 16-crown4 derivative 
(3), the addition of LiC104 to  the reaction mixture increased22 the yield of 3 from 
18-20 to  40-45%. Also, large variations in yields (see Table 2) of the cyclic 
monomers 25-31 were observed23 in condensations between the dibromide 20 and 
the  dipotassium salts of HO(CHzCH2O),H (n = 2-8). Significantly, the maximum 
yield (67%) occurred with the meta-xylyl- 18-crown-5 derivative (27) and was 
virtually insensitive to variations in the rate of addition of the dibromide 20 to  the 
glycolate derived from tetraethyleneglycol (16). This latter observation suggests 
that during the second stage of the reaction, intramolecular displacement of 
bromide ion t o  give 27 is very much faster than the competing intermolecular 

TABLE 2, The dependence of isolated yields on ring size 

I 1  Yield(!%) 

(18) 2 2" (25) 
(13) 3 16b (26) 

(21) 5 49 (28) 
(22) 6 18 (29) 
(23) 7 21 (30) 
(24) 8 21 (31) 

(16) 4 67 (27) 

"The cyclic dimer was isolated in 30% yield. 
hTIie cyclic diiner was isolated in 9% yield. 
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reaction. A related investigationZ4 on the cyclization of 1 ,Zbis(bromomethyl)- 
benzene (32) with polyethyleneglycolates revealed that the yields of cyclic mono- 
mers were not only dependent upon the chain length of the glycol but also on the 
nature of the cation present in the reaction mixture. For the  14-crown-4 (33), 
17-crown-5 (34) and 20-crown-6 (35) derivatives, the optimum yields were 

132) 
(33) n = 1 
(34) n = 2 
(35) n = 3 

obtained when Li+, Na+ and K' ions, respectively, were present with the appropriate 
polyethyleneglycolate. If a template effect operates in these reactions, then the 
comparative yields of crown ethers will reflect the relative stabilities of the cationic 
transition states leading to  them. Perhaps, it is not surprising that, in competitive 
experiments, comparative yields of crown ethers reflectZ4 their complexing ability 
towards 'Lhe cation in question! 

Kinetic evidencez5 for a template effect has also been presented recently. The 
influence of added Group IA and IIA metal ions upon the rate of formation of 
benzo-18-crown-6 (36) from the crown's percursor (37) in aqueous solution at 

(36) (37 1 

+5OoC was investigated with Et4N+ ions as the reference. The initial concentration 
(ca. 2 x M )  of 37 was made sufficiently dilute to make any contribution from 
second-order dimerization negligible. When the kinetics were followed spectro- 
photometrically by monitoring the disappearance of phenoxide ions, first-order 
behaviour was observed in all cases. Although Li' ions had a negligible efftct upon 
the cyclization rate, significant rate enhancements were observed when Na and K+ 
ions were present at concentrations between ca. 0.1 and 1.0 M .  Most strikingly, 
there were dramatic increases in cyclization rates when Ba2+ and Sr2+ ions were 
present in low concentrations (<O. 1 h.i ) indicating the remarkable templating 
properties of these Group 1IA metal ions. Thus, it would appear that rates of 
cyclization reflect a close correspondence between the catalytic effect and the 
relative complexing ability of crown ethers towards the cations used in their 
synthesis. 

Organic cations can also act as templates for crown ether syntheses. The bases, 
Me3 COK, HN=C(NH2 )2 and HN=C(NMe2)2 have all been examined2 *2 under 
similar reaction conditions for their comparative abilities to template the synthesis 
of benzo-27-crown-9 (38) from catechol (9) and octaethyleneglycol ditosylate (39). 
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(381 

Yields of 38 of 59, 23 and 2%, respectively, indicate tha t  K+ ion > H2N=C(NH2); 
ion >H2N=C(NMe2); ion in bringing together the reacting centres of the acyclic 
intermediate during the final cyclization step. In particular, the ten fold difference 
in yields between the condensations employing HN=C(NH2);? and HN=C(NMe2)2 
as bases suggests that in t h e  former case an intermediate acyclic complex (40) 
involving six hydrogen bonds might stabilize the transition state leading to the  
complex 38 -HzN=C(NH* )pOTs of benzo-27-crown-9 as shown in equation (6). 

aoH OH 

MesCOH 

rel lux 

(38 . H,N =C(NH2 ),OTs) 

T;e abilities of Me3COK, HN=C(NH2 12,  HN=(NMe2 12 and (MeCH2 CHI CH214- 
N OH- t o  produce benzo-9-crown-3 (4 I ) ,  dibenzo-18-crown-6 (10) and tribenzo- 
27-crown-9 (42) from catechol (9) and diethyleneglycol ditosylate (43) were also 
compared2 7. The results recorded in Table 3 show that  the large nontemplating 
H2N=C(NMe2); and (M+eCH2CH2CH2)4N' ions favour the formation of 4! while 
K+ ion > H2 N=C(NH2 )2 ion > (MeCH2 CH2 CH2 )4N+ ion > H2 N=C(NMe2 I2  ion in 
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TABLE 3. Effect of base on yields of crown ethers when catechol 
(9) was reacted with diethyleneglycol ditosylate (43) in tetrahydro- 
furan-Me, COH under reflux'' 

9 

(41) n = 1 
(10) n = 2  
(42) n = 3  

Percentage yields based on 
catechol 

Me, COK 
HN=C(NH, 1, 
HN=C(NMe, 1, 
(MeCH,CH,CII,),N+OH' 

5 44 20 
4 25 11 

11 6 0 
15 23 5.5 

assembling four molecules. t o  produce 10 and six molecules t o  produce 42. The 
ability of the H2N=C(NH2); ion t o  favour the formation of 10 and 42 suggests 
that it acts as a template during the final unimolecular reactions which produce 
dibenzo-18-crown-6 (10) and tribenzo-27-crown-9 (42) although it does so less 
effectively than K+ ion. 

B. T h e  Gauche Effect  

that the C-C bond 
in -OCH2CH20- units prefers t o  adopt the gauche conformation. Infrared 
spectroscopy indicates32 that, although the simplest model compound, 1,2- 
dimethoxyethane, comprises a range of . coaformatipnl isomers inciuding both 
gauche (44a) and anti  (44b) confoimations in the liquid phase at +25 C, it adopts 
only the gauche conformation in the crystal at  -195°C. (The descriptors g and a 
are empioyed here beside formulae to denote gauche and anti  +torsional angles, 
respectively. In addition, gauche torsional angles are described as g or  g-saccording 
as to  whether they exhibit positive or  negative helicities.) In the crystal, polyoxy- 
ethylene adopts33 only gauche conformations about the C-C bonds with the 
expected a n f i  preferences for  the C-0 bonds. A helical conformation (45) results. 
Comparisons between empirical and calculated physical properties indicate34 that 
this is also the preferred conformation in solution. 

There is overwhelming physical and chemical evidence2 8-3 

H* H H 

?Me 

"=$: H a 

OMe 
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(45) 

The gauche effect would appear t o  play a significant role iil crown ether 
syntheses in appropriate situations. For example, even though it is not the most 
stable product thermodynamically, 12-crown-4 (4) is the major product formed3 ' 
from the cyclooligomerization of ethylene oxide (46) using BF3 as catalyst and HF 
as cocatalyst. Crown ethers up to the undecamer (33-crown-1 1 )  have been separ- 
ated and identified by gas-liquid chromatography. The product distribution re- 
corded in Table 4 is not influenced markedly by changes in temperature or  reactant 
concentrations. These observations suggest a mechanism for cyclooligomerization 
compatible with a helical shape for the growing oligooxyethylene chain (47), which 
brings the reactive centres, as shown in equation ( 7 ) ,  into a good relative disposition 
for cyclization after addition of the fourth ethylene oxide residue. 

(47 1 (4) 

Template effects can operate in conjunction with the gauche effect. Thus, the  
presence of certain suspended metal salts during BF3-catalysed cyclooligomer- 
ization of 46 leads3 v 3  to the  exclusive production of 12-crown-4 (4), 15-crown-5 
(19) and 18-crown-6 (12). In addition to other factors, the product distribution 
depends (see Table 5)  upon the nature of the cation. The experimental procedure, 
which now forms the basis of a successful commercial route t o  crown ethers, 
involves the addition of 46 to a cold suspension of the insoluble metal salt in 
dioxane containing the catalyst (e.g. BF3, PF5 or  SbFS). As the salt dissolves, the 
metal ion-crown complexes either piecipitate or afford a separate liquid phase. The 
complexes may be separated without prior neutralization leaving the mother liquors 

TABLE 4. Product distribution3 from the acid-catalysed oligomerization of ethylene oxide (46) 

?I 2 3  4 5 6 7 8 9 10 11 >11 

Percentage 
yield 4 0 1 1 5 5  4 3  2 2  1 1  25 
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TABLE 5. The product distribution of crown ethers resulting from polymerization of ethylene 
oxide (46) by BF, as catalyst in 1,4-dioxane in the presence of suspended anhydrous salts36 

Cavity diameter (A)‘ and product distribution (%) 

Ionic diameter 12-Crown-4 (4) 15-Crown-5 (1 9) 1 8-Crown-6 (1 2) 
salt of cation (A)’ 1.2-1.4 1.7-2.2 2.6-3.2 

LiBF, 1.36 30 70 0 
NaBF, 1.94 25 50 25 
KBF, 2.66 0 50 50 
KPF, 2.66 20 40 40 
KSbF, 2.66 40 20 40 
RbBF, 2.94 0 0 100 
CsBF, 3.34 0 0 100 
Ca(BF,), 1.98 50 50 0 
W B F ,  )2 2.24 10 45 45 

AgBF, 2.52 35 30 35 
Hg(BF,), 2.20 20 70 10 
Ni(BF,), 1.38 20 80 0 
Cu(BF,), 1.44 5 90 5 
Zn(BF,), 1.48 5 90 5 

Ba(BF,), 2.68 10 30 60 

‘%timated from Corey-Pauling- Koltun molecular models. 
bValues taken from !/andbook of Clzetizistry and Pliysics (Ed. K. C. \east), 56th ed., Chemical 
Rubber Co., Cleveland, Ohio,.1975. 

for  use in fur ther  reactions. The crown ethers are most simply liberated from their 
complexes by pyrolysis under reduced pressure. The salt which remains behind may 
be reused without purification. The crown ethers are obtained pure (a )  by frac- 
tional distillation, o r  alternatively ( b )  by fractional crystallization of their com- 
plexes prior to pyrolysis. The results in Table 5 show that, for the Group IA and 
IIA metal ions a t  least, the  relative yield of a particular crown ether is highest when 
its cavity diameter corresponds most closely to  the ionic diameter of the metal ion 
present during its synthesis. The cation seems t o  mediate the reaction by promoting 
appropriate folding of the growing polymer chain prior to cyclization (i.e. thegaucke 
and template effects are operatingin unison) as well as by protecting the crown ethers 
which are formed from subsequent degradation. The positive charge on the  metal in 
the complex prevents the  formation of the  oxonium salt which would initiate 
degradation. 

So far, we have seen that the gauche and template effects can operate together 
to increase the  rate of cyclization by raising the probabilities that  molecules are in 
favourable conformations and dispositions relative t o  each other t o  react. However, 
the implications of stereochemical control appear t o  go deeper than the gauche 
effect alone in the templated reactions of oligooxyethylene fragments t o  give crown 
ethers. The complete stereochemistry of  the acyclic precursor can become 
important. In order t o  examine this claim, consider what is known about the 
structures of complexes of 18-crown-6 (12). There is evidence that they adopt the 
‘all-gauche-OCH2CH20’ conformation (12a) with D 3 d  Symmetry in solution as 
well as in the  crystalline Moreover, the. association constants ( K a )  and 
the corresponding free energies of association (AG) for the I : 1 complexes 
formed42-44 between Na+Cl- and K+Cl- in Me011 and 18-crown-6 ( 1  2 )  are consider- 
ably greater (see Table 6) than the corresponding K ,  and AG values for the 



12 Dale A, Laidler and 5 .  Fraser Stoddart 

g'g- 9+9-9+9 - 

(12d 

isomeric4 dicyclohexano-18-crown-6 derivatives (48-5 1). Figure 1 shows that the 
cis-cisoid-cis (48a) and cis-traizsoid-cis (49a) isomers ( a )  can attain an 'ideal' 
complexing conformation and ( b )  are 'flexible' t o  the extent that  the 18-membered 
ring can undergo inversion (g"gg'g-g"g- + gg+gg+gg+) ;  the  trans- cisoid-trans 
( 5 0 a )  and trans-transoid-trans (51a) isomers are 'rigid' to  the extent that  the 18- 
membered ring cannot undergo inversion and, whilst 50 can attain an 'ideal' 

TABLE 6. The log K ,  (based on K, in M -' ) and A G  values for the formation of 1: 1 complexes 
with Na+CI- and K T I -  in MeOH 

Na + K+ 

Crown cthcr 

18-Crown-6 (1 2) 4.32dpc -5.9' - 6.1Od.f -8.3f - 
cis- cisoid- cisDCH- 1 8-6" (48) 4.08d -5.5 0.4 6.01d -8.2 0.1 
cis-fra,isoid-cis-DCH-l 8€-6" (49) 3.68d -5.0 0.9 5.38d -7.3 1.0 
traizs-cisoid-~rrans-DCH-18€-6" (50)  2.996 -4.0 1.9 4.148 -5.6 2.7 
trans- transoid- tram-DCH-1 8-C-6" 

(51) 2.526' -3.4 2.5 3.26s -4.3 4.0 

"DCH-18-C-6 = Dicyclohcxano-18-crown-6. 
bObtained for the equilibrium, M +  tzMeOH +Crown + M Crown+ + nMeOH, at 20-25°C by 
potentiometry with ion selective electrodes. 
=In kcal/mol. The AAG values correspond to the differences in the AG values between the 
particular crown ether and 18-crown-6 (1 2).  
dValucs from Refcrericc 42. 
eValues for log K:,, AG, A l l  (kcal/mol), and TAS (kcal/mol) detcrmined calorimetrically 
(Reference 44) at  25°C are 4.36, -6.0, -8.4 and -2.4, respectively. 
fValues for log K,, AG, Aff  and TAS determined calorimetrically (Reference 44) a t  25°C are 
6.05, -8.2, -13.4 and -5.2,respectively. 
fiValues from Refcrencc 43. 
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(50) (51 

g+g-ggg+g-  conformation (SOa), 5 1 is unable to  adopt this 'ideal' complexing 
conformation. In view of the fact that i t  is a racemic m ~ d i f i c a t i o n ~ ~ ,  i t  has a 
g"g-gg+gg+/g-g+g+gg+g- conformation ( 5  la) .  It is clear from the results in Table G 
and the stereochemical features highlighted in Figure 1 that a qualitative correlation 
exists3 ,4 i4 between the AAG values and the conformation of t he  18-crown4 
ring in 48-5 1. Fine stereochemical differences involving only conformational 
features and gross stereochemical differences involving both configurational and 
conformational features can be differentiated. An example of gross stereochemical 
control in synthesis appears t o  be operative during the attempted preparation4 as 
shown in Scheme 2 of 50 and 5 1  by condensation of (f)-trans-2,2'-( 1,2-cyclo- 
hexy1idene)dioxyethanol (52) with its ditosylate (53) in benzene in the  presence of 
Me3COK. Only 50 was isolated with a comment4 about 'the marked tendency for 
pairing of (+) with (-) in the cyclization to give the meso form'. On formation of 

g+g-g+g-g+g- e 9-9+9-9+9-9+ 
( 4 8 a  1 

g+g-9+9-9+9- + 9-9+9-9+9-9+ 
(49a 1 

g+g-g- q+g-g +/ 9-9+9+9 -9 '9- 

(51 a ! 
FIGURE 1.  
di-trans (50a) and (51a) isomers of dicyclohexano-18-crown-6. 

The designations of conformational types for the di-cis (48a) and (49a) and 
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the first C-0 bond in both of the intermediates in Scheme 2, the relative con- 
figurations of the products are established. The observed steroselectivity ensues 
from the greater stabilization through efficient templating action of K +  ions on the 
transition state leading to  5 0  than on the transition state leading t o  51. In the 
second instance, intermolecular reaction t o  give polymer is probably competing 
successfully with the intramolecular reaction. Thus, it would even seem to  be 
possible to control diastereoisomeric ratios during cation-templated syntheses of 
chiral crown ethers. This possibility, which relates to  the  principle3 *45  that 
noncovalent bonds are highly directional in character, is capable of considerable 
exploitation. 

C. Other Effects 

The synthesis of medium- and large-sized ring compounds is usually a highly 
inefficient process. As we have seen in Sections 1I.A and II.B, success in crown 
ether syntheses depends strongly upon preorganized reactants being brought to- 
gether under some external influence and then the acyclic precursor having the 
‘correct’ stereochemical orientation in the final cyclization step. The operation of 
template and/or gauche effects helps to  overcome unfavourable entropic factors 
which mitigate against the formation of highly ordered species. Rigid groups (e.g. 
benzo groups) can also increase4 the rate of cyclization by reducing the number of 
conformational possibilities for the reactants and providing favourable stereo- 
chemistries for  both inter- and intra-molecular reactions. Historically, reactions to 
form macrocyclic compounds have often been performed4 under high dilution 
conditions. This meant that all reactions including cyclizations had to be fast in 
order t o  maintain very low concentrations of reactants and so suppress the for- 
mation of acyclic oligomers with respect t o  cyclic products. Although it is seldom 
possible t o  employ fast reactions to  prepare crown ethers because C-0 bond 
formation is relatively slow, i t  often proves48 worthwhile t o  use high dilution 
conditions in the  syntheses of aza- and thia-crown ethers. The ease of forming C-N 
and C-S bonds relative to  forming C-0 bonds makes the  use of high dilution 
technology attractive from the  point of view of obtaining higher yields for these 
derivatives than could be obtained by conventional means. 

In this section on factors influencing yields in synthesis we have tried to  
highiight thcse areas which have particular relevance to  crown ether syntheses. It is 
obvious that other factors such as (a )  the nature of the leaving group in displace- 
ment reactions, ( b )  the solvent in which the  reaction is conducted, (c) the temper- 
ature of the reaction mixture etc. will all have a bearing on the outcome of a 
particular synthetic step. Also, particular reaction conditions often pertain to the 
more specialized approaches to  crown ether synthesis. These will be diScussed as 
and when necessary in Section IV on syntheses exemplified. 

111 .  DESIGN A N D  STRATEGY 

The well-known receptor properties of crown ethers and their analogues provide 
one of the main incentives for their synthesis. Indeed, the design of receptor 
molecules for appropriate substrates is becoming more of a science than an art 
every day. During the embryonic phase of development of this science, the use of 
space-filling molecular models has become an indispensable adjunct and activity in 
the design stage and has generated a lot of new synthetic strategies and goals in 
different laboratories around the  world. Nonetheless, it should be pointed out that, 
as far as molecular models are concerned, the framework variety have an important 
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role to play in highlighting subtle stereochemical features such as those discussed in 
Section 1I.B. However, there is little doubt that design and strategy is going to  rely 
more and more in future upon model building with the aid of high-speed electronic 
computers. 

The design of synthetic receptor molecules which complex with ( a )  metal and 
other inorganic (e.g. H+, NH; and €130’ ions) cations and ( 6 )  inorganic anions (e.g. 
C1-, Br- and N T )  has been extensively reviewed by Lehn48 7’ 9’ . Recommended 
strategies to be adopted in synthesis have also been outlined4 in considerable 
detail. In several reviews5 2-5 5 ,  Cram has discussed the design of achiral and 
chiral crown ethers which complex with organic cations (e.g. KNH;, RN; and 
HzN=C(NHz); ions). He has appealed to  axial chirality in the  shape of resolved bi- 
naphthyl units in the elaboration of chiral crown ethers as synthetic analogues t o  
Nature’s enzymes and other receptor molecules. The attractions of utilizing natural 
products - and particularly carbohydrates - as sources of inexpensive chirality is 
one that the present authors3 v 4  v 5  have championed. 

IV. SYNTHESES EXEMPLIFIED 

In this section, we shall deal with synthetic methods for preparing achiral crown 
compounds, chiral crown compounds, and macro-bi-, -tri- and -poly-cyclic ligands. 
We shall alsc include a brief mention of ‘acyclic crown compounds’. Our treatment 
overall will be far from exhaustive! Fortunately, a number of lengthy reviewsS 7-60 
have appeared which are highly comprehensive in their coverage of the literature. 

A. Monocyclic Multidentate Ligands 

Equations (8)-( 11) illustrate t he  most common approaches (cf. Reference 48) 
employed in the preparation of monocyclic multidentate ligands. Experimentally, 
the approaches illustrated in equations (8) and (9) represent the most facile 
‘one-pot’ methods. Depending upon the nature of X-X and Y-Y,  two-molecule 
(equation 8) and four-molecule (equation 9) condensations may compete. The 
approach indicated in equation (10) suffers from the disadvantage that the  inter- 
mediate X - Z - Y  may undergo intramolecular cyclization as well as intermolecular 

* c y - CX (: + j 1 mol base 

W UY 
n 

2 mo1 base f 2  ‘\ 
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W 
cyclization. The stepwise approach outlined in equation (1  1) is a versatile one and 
usually affords good yields of macrocyclic ligands. Despite the low yields in general, 
the approaches depicted in equations (8)  and (9) are preferable for the synthesis of 
‘simple’ monocyclic multidentate ligands. The approaches depicted in equations 
( 10) and ( 1 1 ) are important in preparing macrocyclic ligands incorporating a variety 
of different structural features. 

1. All-oxygen systems 

The general method for preparing macrocyclic polyethers is the Williamson ether 
synthesis6 which involves the displacement of halide ions from a dihaloalkane by 
the dianion derived from a diol. Common adaptions of this reaction utilize sulph- 
onate esters - usually toluene-p-sulphonates - as leaving groups. Equations (8)- 
(1 1) illustrate (where - = a carbon chain, X = a leaving group, Y = OH, Z = a 
heteroatom and P = a base-stable protecting group) the general approaches em- 
ployed in the assembly of macrocyclic compounds. The base employed is typically 
NaH, NaOH, KOH or  Me3COK. The solvent is typically Me(CH2)30H, Me3COH, 
MeOCH2 CH2 OMe, Me2 SO o r  tetrahydrofuran. Reactions are usually conducted at  
room temperature o r  just above. The sycthesis of 12-crown-4 (4), 15-crown-5 (19) 
and 18-crown-6 (12) have been discussed in considerable detail already in Section 
1I.A. 21-Crown-7 (54) was obtained” in 26% yield when triethyleneglycol (13) 
was reacted with the  ditosvlate of tetraethvleneglycol (16) and Me3COK in ben- 

was isolatedI7 in 15% yield from zene. Using similar conditions, 24-crown-8 (55) 

154) 

condensation of tetraethyleneglycol (16) with its ditosylate. In tetrahydrofuran, 
reaction between tetraethyleneglycol (16) and triethyleneglycol ditosylate (14) in 
the presence of Me3COK gave’ 54 in 18% yield. Substituents can, of course, be 
introduced into the polyether ring with little difficulty. For example, the long- 
chain alkyl-substituted 18-crown-6 derivatives 56-58 can be obtained6 in four 
steps from the corresponding alkenes as depicted in equation ( 1  2). This reaction 
sequence illustrates one method of preparing substituted ‘half-crown’ diols for use 
in crown ether syntheses. Double bonds can also be introduced into polyether rings. 
The stilbenediol dianion can be generated6 by reaction of benzoin with NaOH in 
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C I C H 2 C 0 2 H  

M e 3 C O K  

H 2 0 2  
RCH=CH2 - RCHCH,OH 2 RCHCH20CH2COzH 

I I H C O z H  

OH OCH,CO,H 

P O H  

14 

K O H  
(12) 

(56) R = (CH,),Me 
(57) R = (CH,), 3Me 
(58) R = (CH2)20Me 

water under phase-transfer conditions. Subsequent reaction of the dianion with 
difunctional alkylating reagents gives cyclic derivatives in which the double bonds 
have (Z )  configurations. The 18-crown-6 derivative (59) has been prepared6 
(equation 13) in 19.5% yield by reaction of benzoin (60), NaOH and diethylene- 
glycol ditosylate (43) in a c6 M 6  - H 2 0  two-phase system using (MeCH2 CH2CH2)4- 
N+Br- as a phase-transfer catalyst. The accessibility of the unsaturated 18-crown-6 

(60) (43) 

derivative (59) and the possibility of chemical modification of the prochiral C=C 
dol;ble bonds could prove valuable in the synthesis of substituted 18-crown-6 
derivatives. 

Although alkylations t o  give macrocyclic polyethers provide the most import.-nt 
synthetic routes to  the compounds, other approaches are available. As we have seen 
already in Section II.B, the acid-catalysed cyclooligomerization of ethylene oxide 
(46) is i r n p ~ r t a n t ~ ~ i ~ ~  from a commercial angle. One report30 of a photo- 
chemically generated, Li' ion-locked 12-crown-4 derivative is intriguing. Irradation 
of the bisanthracene 6 1 in bemene in the presence of Li+ClQ; yields the complex 
62.LiC104 which is thermally stable but dissociates easily 011 addition of MeCN 

-8 (14) 

Clop-  

(62.  LiCIO,) 
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(equation 14). Finally, a methodG4 of synthesizing macrocyclic polyethers by acid- 
catalysed insertion of an olefin into cyclic acetals in a one-step process lacks wide 
appeal because of (a)  the mixtures of compounds which can result, and ( b )  the 
presence of three carbon units - which is generally detrimental to  good complexing 
ability - in the  products. 

2. All-nitrogen systems 
A wide variety of cyclic polyamines have been synthesized and listings of those 

prepared up t o  mid-1975 h'ave been p r o d u ~ e d ~ ~ * ~ ~ .  Several reviews have been 
published describing their synthesis' *6 ,6 and the distinctive coordination 
chemistry and biological significance of their complexes6 7 .  Since cyclic polyamines 
are only distantly related to  crown ethers, a detailed discussion is outside the scope 
of this review. A few examples will be cited, however. The tetraaza-12-crown-4 
derivative 63 can be isolated68 (see equation 15) in 96% yield from the reaction 
between N-benzylaziridine (64) and toluene-p-sulphonic acid in refluxing aqueous 
ethanol. It appears t o  be a unique reaction for 64 since aziridine itself and other 
N-substituted derivatives give only high molecular weight polymers. Chiral l-benzyl- 

R CH,Ph 
"/// 

R 

T7 N ~ ~ > \ \ l l \ \ R  
a c i d  c a t a l y s t  

i 
CH,Ph PhH,C-N N- CH,Ph (15) 

I 
(64) R = H 

(65)  R = Et 

CH2Ph 

(63) R = H 
(66) R = Et 

2-(R)-ethylaziridine (65) r i n g - ~ p e n s ~ ~  in the presence of BF, -EtzO a t  room 
temperature t o  give 66. As a result of ring-opening exclusively at the primary centre 
only one constitutional isomer is produced (equation 15) in which the configura- 
tions at the chiral centres are preserved. A more general method of preparing aza- 
analogues of crown ethers has appeared70. The compounds 67-70 were synthe- 
sized by condensation of a, w-ditosylates with the preformed sodium salts of 
appropriate a,w-bissulphonamides in HCONMez as shown in equation (16). The 

TsO OTs 

L I J- 

Ts 
''_ Id (%) 

1 1 80 
,vv, 1 2 83 (16) 

L N J  
(69) 1 3 75 

'- [ Jfn (70)  2 3 45 
Ts 

. ,,. 
Ts 

free amines can be obtained by acid-catalysed hydrolysis of the cyclic sulphon- 
amides, followed by treatment of the salts with base. It does not appear that Na' 
ions act as templates since their replacement with Me4N' ions did not lead to a 
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significant decrease in the yield of the cyclic tetramer. Macrocyclic polyamines can 
be obtained as shown in equation (1 7) by reduction of bislactam precursors which 
are readily available from the condensations of a, o-diamines with diesters. For  
example, reaction of 71 with diethyl malonate (72) in ethanol under reflux gave’ 
the cyclic bislactam (73) (30%) which afforded the tetraaza- 14-ciown-4 derivative 
(74) on diborane reduction. 

n 
NH HN 

n 

0 =o 

NH n HN NH HN 

CH21COZEt)p f ( ) - (  ) - (  ) (17) 

NH HN NH2 HZN 3. KOH 

U 
(74 1 (72) (71 ) (73) 

3. All-sulphur systems 

The synthesis of po!ythiaethers is of interest in many areas of chemistry and has 
been the subject of an extensive review7’. The first perthiacrown compounds were 
described over 40 years ago, some 3 0  years before the preparation of the oxygen 
analogues by Pedersen. The synthesis of trithia-9-crown-3 (75) as shown in equation 
( 1  8) from BrCH,CI-12Br (76) and alcoholic KSH saturated with H2 S was described7 
in 1920. The isolation of hexathia-18-crown4 (77) in very low yield (<2%) from 
the reaction (see equation 19) between the dimercaptan (78) and BrCH2CI-12 Br 

Ps? 
(19) 3 

C S J  

S 
Br A Br + 7 s -  E L (  

HS SH 
S 

(76 )  (78) (77 1 

(76) in the presence of KSI-I was reported74 in 1934. More recently, 77, as well 
as tetrathia- 12-crown-4 (79) and pentathia-15-crown-5 (80) were prepared7 by 

C.3 (79) n =  1 
(8’2) n = 2 (p4; 

reaction of the appropriate a, w-dimercaptans with Q, w-dihalopolythiaethers in 
yields of 25-35, ca. 6 and 11%, respectively. Yields can be improved76 by 
resorting t o  the use of high-dilution techniques. 
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4. Oxygen and nitrogen systems 

The variety and number of mixed heteroatom macrocycles that have been 
synthesized t o  date is immense. Fortunately, lists of mixed heteroatom macrocycles 
reported in the literature up to mid-I 977 have been compiled5 7 ~ 5  g .  These reviews 
also serve as excellent reference sources for their syntheses and properties. Macro- 
cyclic aza polye thers have been prepared in good yields under high-dilution con- 
ditions by condensation of a ,  o-diamines with a,lo-diacid dichlorides followed by  
hydride or diborane reduction of the key macrocyclic bislactam intermediates. The 
method has been exploited par  excellence by L e h n 4 8 ~ 5 0 ~ s 1  in the synthesis of 
macrobicyclic systems with nitrogen bridgeheads (see Section 1V.G). An efficient 
flow synthesis of macrocyclic bislactams has also been developed' 7. However, a 
convenient synthesis of the aza polyethers 81-84 by cyclization of the readily 
available dimethyl esters of the a,o-dicarboxylic acids 85 and 86 with the com- 
mercially available polyethylenepolyamines 87-89 in refluxing ethanol followed by 
reduction of the resulting cyclic amides 90-93 has been reported78, which requires 
neither high-dilution techniques nor  protection of the secondary amine functions in 
the starting polyethylenepolyamines. Although the yields recorded in equation (20) 

M e 0  OMe 

(85) 17 = 1 
(86) n = 2 

-t 
EtOH 
__t 

H 

H 
n m Yield (%) n m  

(90) 1 2 12 (81) 1 2 
(87) m = 1 (91) 1 3 12 (82) 1 3 
(88) m = 2  (92) 2 1 32 (83) 2 1 
(89) m = 3  (93) 2 2 67 (84) 2 2 

are lower than those obtained using high-dilution techniques, the method is much 
more convenient experimentally. Other researchers have prepared macrocyclic aza 
polyethers by alkylation. For example, reaction between N-benzyldieth'anolamine 
(94) and tetraethyleneglycol ditosylate ( 9 5 ) ,  followed by hydrogenolysis of the 
resulting N-benzylazacrown (96) gives7 monoaza-i 8-crown-6 ( 9 7 )  as shown in 
equation (21 1. The diaza-12-crown-4 (98) and 18-crown-6 (99) derivatives have 
been prepared70 in 80% yields by reaction of the 100 and 101 dianions derived 
from the appropriate a, o-bissulphonamides with diethyleneglycol ditosylate (43) 
and triethyleneglycol ditosylate ( 14), respectively, in HCONMe,. The correspond- 
ing free amines 102 and 103 were obtained (see equation 22) by acid-catalysed 
hydrolysis of the cyclic bissulphonamides followed by treatment of the salts with 
base. The diaza-18-crown-6 (103)  was obtaineds0 (see equation 23) in much lower 
yield by ( a )  reacting triethyleneglycol ditosylate.( 14) with the dianior? derived from 
the a,w-bistrifluoroacetamide ( 104) followed by alkaline hydrolysis of the tri- 
fluoroacetyl groups a d  ( b )  reacting the a,o-dichloride (15) with excess of N H 3 .  
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CH2Ph 

CH2Ph H 

dl 

C o d 0  

O )  (21) - (1 H 2  

rb HO +-l OH 

HCONMe2 NaH - (1 O I  g. Tso> C o d 0  

CJ 

+or1;;;l + 

2Na' "-04" 

(94) 

+ 10% PdfC 

(96) (97 ) (95) 

r[-Op]'4 HCONMe2 ~ Ts-N ([-O-I> 1. HCI 

2. NaOH 
N-TS - 
J OTs TsN- -NTs TsO 

(100) m = 1 (43) n = 1 
(101) m = 2  (14) n = 2  

CF3CONH HNCOCF, 

(104) 
I. NaH 

2. H 2 0 .  OH- 
+ . 

(14) 

5. Oxygen and sulphur systems 

(98) m = n  = 1 
(99) m = n  = 2  

-0 

H-N c0 7 c, oJ-H 
W 

(103) 

H-N N-H 

(102) m = n =  1 
(103) m = n =  2 

(15) 

Since the early reports73 9 7 4  of macrocyclic compounds containing oxygen and 
sulphur atoms, a large number of simple thia polyethers have been synthe- 
sized76>81-84. Those reported in the literature u p  to mid-1975 have been the  
subject of two extensive reviewss9972. The most convenient method of synthe- 
sizing thiacrown ethers involves reaction of an appropriate a, w-oligoethyleneglycol 
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dichloride with either an a, o-dimercaptan or sodium sulphide. These methods are 
illustrated by the  preparation^^^ of  (a )  1,4,7-trithia-lS-crown-S (105) from the 
U, Wdichloride ( 15) and the dithiol (106) (see equation 241, ( b )  1,4,10-trithia-l5- 
crown-5 (107) from the a, w-dichloride ( 108) and ethanedithiol ( 109) (see equation 
25), and (c) thia-18-crown-6 (1  10) from the u,w-dichloride (1  11) and sodium 
sulphide (see equation 26). 

4 Hsl HS 

NaOEt. EtOH 

6. Nitrogen and sulphur systems 

Approaches involving both (a )  alkylation and ( b )  acylation, followed by amide 
reduction, have been employed to obtain this series of crown compounds. The 
diazatetrathia- 18-crown-6 derivative ( 11 2) has been isolated85 from the reaction 
shown in equation (27) between the dibromide (113) and ethanedithiol (109) in 
ethanol under high dilution conditions. More recently, however, an acylation- 
reduction sequence has afforded better overall yields of 11286 and related crown 
compounds7 >8 7 .  
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7. Oxygen, nitrogen and sulphur systems 

Systems such as 114- 11 6 have been synthesized using (a )  the alkylation ap- 
p r o a ~ h ~ ~  and ( b )  the acylation-reduction sequence8 9 8  '. 

Dale A. Laidler and J. Fraser Stoddart 

H 

8. Crown Compounds Incorporating Aromatic Residues 

1. Systems fused to benzene rings 

Subsequent to  his report of the accidental synthesis of dibenzo-18-crown-6 (10) 
in 1967, Pedersen' 9 '  described the preparation of numerous other crown ethers, 
e.g. 117 and 118, incorporating ortho-disubstituted benzene rings with both sym- 
metrical and asymmetrical deployments around the polyether ring and with up to 

qQnQp 
0 0 

0 Om 

(118) 

four aromatic rings fused to the macrocycle. More recently, the synthesis of 
hexabenzo-18-crown-6 (1  19) has been described88. Ar series of Ullmann-type con- 
densations and de-0-methylations starting from 2,2 -0xydiphenol and o-bromo- 
anisole afforded the diphenol ( 120) which was condensed with o-dibromobenzene 
(121) to give 119 (see equation 28). Alas, it does not  complex with Group IA and IIA 
metal ions! Benzocrown ethers incorporating 4-methyl8 and 4-t-butyl' sub- 
stituents have been reported. 4-Vinyl-benzo-18-crown-6 (122) and - 15-crown-5 
(123) have been obtainedg0 by cyclization of 3,4-dihydroxybenzaldehyde with the 
appropriate a, w-dichloropolyethyleneglycol followed by reaction of the formyl 
group with a methyl Grignard reagent and dehydration of the resulting alcohol. The 
vinyl benzocrown ethers serve as important intermediates in the  synthesis of 
polymer-supported crown ethers. A series of 4,4'-disubstituted dibenzo crown 
ethers have been preparedg ' from the constitutionally isomeric 4,4'-diarninodi- 
benzo-18-crown-6 derivatives by condensation with aldehydes and isothiocyanates. 
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A diaminodibenzo crown ether was obtained by nitration of dibenzo-18-crown-6 
(10) followed by reduction of  the aromatic nitro groups to  amino groups. Other 
interesting benzocrown ethers in which the aromatic ring carries functionality have 
been prepared. The 15-crown-5 derivatives (124) and (125) of adrenaline and 
apomorphine, respectively, were obtained9 in one step from their physiologically 
active precursors. The bis-15-crown-5 derivative (1  26) incorporating a fully de-U- 
methylated papaverine residue has been reported9 3. Nitrogen atoms have been 

(126) 

incorporated into the polyether rings of benzo and dibenzo crown ethers by 
employing (u) o-aminophenolg4 7 9  ( b )  o-amino anilineg y 9  and (c) o-nitro- 
phenol9 and detailed mass spectral 
analyses96 of numerous crown ethers, e.g. 127, containing one or two orrho-xylyl 

as readily available precursors. The syntheses2 
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residues have been reported. The derivatives were obtained by reaction of o- 
xylylene dibromide with polyethyleneglycols in the presence of Me3 COK or NaH as 
base. Ortho-xylyldithiacrown ethers, e.g. 128, are also known9 7 * 9 a .  

We have already discussed the synthesis of meta-xylyl crown ethers, i.e. 25-3 1, 
in Section 1I.A. In addition t o  these investigations by Reinhoudt and his collabor- 
a t o r ~ ~  3, Cram and his associates9 have prepared numerous meta-xylyl-18-crown-6 
derivatives with substituents at  C(2) and C(5 1. Recently, phenolic crown ethers, 
such as 129, have been obtained' O 0  in greater than 90% yield by de-0-methylation 

(129) 

of the corresponding methyl ethers upon exposure t o  anhydrous LiI in dry C5 HsN 
at looo for 10 h followed by acidification. The success of these deetherifications 
has been attributed to intramolecular crown ether catalysis, as neither anisole nor 
2,6-dimethylanisole furnish the corresponding phenol when subjected t o  similar 
treatment. Meta-xylyl-diaza- 15-crown-5 derivatives have been synthesized ' ' by 
reaction of m-xylylene dibromide with dianions generated from a,m-bisurethanes 
on treatment with base. For example, when the a, w-bis-N-benzyloxycarbonyl 
derivative (130) was treated with NaH in MezSO and m-xylylene dibromide (20) 
added, the macrocyclic bisurethane ( 1  31) was obtained as shown in equation (29). 

H2.  P d l C  
NC02CH2Ph 
\ 

Br 

(20) 
NaH. Me2SO - PhCH 0 CN 

Br 

2/ 
+ 

J 
W0 

(131 1 

PhCH 0 CNH HNC02CH2Ph 

"Lo oJ 
u 
(130) 

(132) 
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Removal of the benzyloxycarbonyl protecting groups affords the free amine (132) 
which is a useful synthetic intermediate. Meta-xylyl- 18-crown-5 derivatives contain- 
ing sulphur atoms have also been reportedg 7 9 9  

para-Phenylene units have been incorporated into a wide range of crown com- 
pounds. Standard synthetic approaches have led to the preparation of (a) 133 and 
134 from p-hydroquinone and the appropriate polyethyleneglycol ditosylate' O 2 ,  

( b )  135 and 136 from p-xylylene dibromide and the appropriate diolZ3 o r  
dithio19 , and ( c )  137 from p-phenylene-pj$'-diethylamine and triethylene glycol 
ditolsylate' 3 .  Recently, the synthesis of some anion receptor molecules incor- 
porating para-phenylene units and guanidinium groups has been described' 04. For 

(133) 
( 134) 

I 
Me 

i"?. N-l 

Lx 0 )  

0 -I tN?J I 

Me 
d 

(135) X = 0 (137) 
(136) X = S 

example, reaction of the diamine (138) with the bisisothiocyanate (139) affords the 
macrocyclic bisthiotirea (140), which can be converted (see equation 30) into the 
bisguanidinium bromide, 141*2Br-, by treatment with EtBr in EtOH fdlowed by 
reaction of the bis-S-ethyl thiouronium derivative with NH3 in EtOH. 

Yolycyclic compounds which incorporate (a )  aryl groups of the [2.2l-paracyclo- 
phane nucleus' units into 
c rown4 macrocycles have also been reported. Finally, biphenyl residues have been 
included' O 6  as aromatic subunits - exhibiting both 2,2' and 3,3' substitution 
patterns - in various macrocyclic compounds. 

and ( b )  naphthalene- 1,5, - 1,8 and -2,3-dimethyly11 

2. Systems fused to furan rings 

Furan-2,s- and -3,4-dimethylyl units have been incorporated' q 2  into crown 
ethers by at least two groups of investigators. A series of 18-crown-6 derivatives, 
e.g. 142-144, containing one, two and three furano residues deployed around the 
macrocyclic ring have been reported' 7. The key starting material in their synthesis 
is 5-hydroxymethyl-2-furaldehyde which can be obtained' from sucrose. This 
hydroxy aldehyde (145) can be converted into the diol (146), the dichloride (147), 
the extended diol (148) and chloro alcohol (149), and the bisfuran diol (1  5 0 )  and 
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PhMe - 

(1381 (139) 

(1421 (1431 

(141.2Br) 

( 1441 

(150) R = CH20H 
(1511 R = CH2CI 

(1451 
(146) 
(1471 
(1481 
(149) 

R '  = CH20H: R2 = CHO 
R'  = R 2  = C H 2 0 H  
R' = R 2  = CH2CI 
R '  = R 2  = CH20CH2CH20H 
R '  = CH20H; R 2  = CH20CH2CH2CI 
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dichloride (15 1) by conventional methods. The compounds can then be employed 
as immediate precursors to 142-144 and other furan-containing cycles. Since furan 
rings lend themselves t o  chemical modification, macrocycles containing them have 
the potential t o  serve as precursors in the synthesis o f  receptor molecules whose 
perimeters are lined with a variety of shaping and binding residues. The monotetra- 
hydrofuranyl- 18-crown-6 derivative 152, for  example, is obtained on catalytic 
hydrogenation of 142 (see equation 31). When Pd on C was used as catalyst, 152 
was obtained as a 1 : 1 mixture of cis and rruns isomers: however, in  the presence of 
Raney nickel as catalyst, only the cis isoiner was isolated. When 142 was heated in 
refluxing toluene with an excess of Me02CCECC02Me, the [ 4  + 21 cycloaddition 
product (153) was obtained (see equation 3 1) in virtually quantitative yield. In 

(153) 

addition to forming an adduct with Me02 CC=CCO2Me, the monofuranyl-17- 
crown-6 derivative (154) inc0rporatir.g a furan-3,bdimethylyl unit undergoes3 i9 

a Diels-Alder reaction with N-phenylmaleimide to form the  adduct 155 as shown 
in equation (32). 

n 

(154) (155) 

3. Systems fused to pyridine rings 

The pyridine-2,6-dimethylyl unit  is another one which has been widely 
employed as a heterocyclic subunit in crown compounds. In this work, the key 
starting material has been 2,6-bis(bromomethyl)pyridine. In 1973, Newkome and 
Robinson’ O 9  isolated 22- ,  33-, 44-, and 55-membered ring compounds after re- 
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action of this dibromide with 1,2-di(hydroxymethyl)benzene in MeOCHz CHz OMe 
with NaH as base. An example of the smallest kind of macrocycle is provided by 
156. A series of crown compounds, e.g. 157-159, containing between 12 and 24 
atoms in the macroring and incorporating between 1 and 4 pyridine-2,6-dimethylyl 
units have been synthesized' l o  by conventional means, Diaza, e.g. 160, and dithia, 
e.g. 16 1, derivatives have also been reported9 7 9 9  * and, in some cases, e.g. 16 1, ' 

(156) 

(159) X = 0 
(160) X = NTs 

(158) (161) X = S  
the preparation of the N-oxide has been accomplished. The pyridine ring is found in 
other guises in-a few macrocycles reported in the literature. Base-promoted reaction 
of 2,6-bisbromopyridine with the appropriate polyethyleneglycol has yielded' ' 
162 and 163, for example, whilst incorporation o,f the 2,2';bipyridyl unit into 
heteroatom-containing macrocycles through its 3 ,3  - and 6,6 -positions has been 
achieved5 9 '  3 .  

(162) 

(163) 
4. Systems fused to thiophene rings 

Both thiophene-2,s- and -3,4-dirnethylyl units have been i n ~ o r p o r a t e d ~ ~ > ~ ~ * ~ ~ * ~  
into crown compounds. 
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C. Macrocyclic Diester, Dithioester and Ciamide Compounds 

Macrocyclic diesters have been synthesized by condensation of a? a-diacid 
dichlorides and polyethyleneglycols in benzene using high-dilution techniques. Using 
this simple procedure without the addition of any base, macrocycles containing be- 
tween 4 and 6 ether oxygen atoms and incorporating 1 or 2 residues derived from 
oxalic' ' 4, mdonic'  ' 5-1 ' 8 ,  succinic"6y' 1 7 * 1 1 9 ,  glutaric"4-''7 and a d i p i ~ " ~  
acids have been prepared in good yields according to equation (33).  Several 

(33) 
c'7;(3y' + ([-o?Ih CgHs oy(n)zo O y k ) y O  

0 0  HO OH 

n = 0-4 m = 2-4 

methyl-, phenyl- and perfluoro-substituted diester crown compounds have also been 
reported' ' as well as macrocycles incorporating fumaric' ' and maleic' acids. 
The syntheses of several macrocyclic thia polyether diesters' ' 6 ,  e.g. 164, aza 
polyether diesters' l 9  e.g. 165, polyether dithioesters"4.1 e.g. 166 and thia 
polyether dithioesters' e.g. 167 derived from oxalyl, malonyl, succinyl and 

O n 0  

C o d 0  

cs 0 

(166) 

O w 0  cs S S 

CS SJ 

2-4 
0 0  

(167) 

glutaryl dichlorides have also been described. In addition, a series of macrocyclic 
diesters have been synthesized' ' 8 ~ 1  2 o  9' ', as shown in equation (34), by the 

X = O o r S  n = 2-4 L J "  
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condensation of a, wl-diglycolic acid dichloride and u ,  w-thiodiglycolic acid 
dichloride with various polyethyleneglycols. Macrocyclic diesters e.g. 168-1 7 1, 
incorporating aromatic diacids have also been prepared' 9 '  3 .  In particular, 2,6- 
and 3,5-pyridine dicarboxylate residues have been introduced' 3-1 2 5  into a variety 

W 
(168) 

(169) 

(170) 
(171) 

of macrocyclic compounds, e.g. 172 and 173, by reaction of the diacid dichlorides 
derived from the pyridine dicarboxylates with polyethyleneglycols. In the  case of 
172, a high yield (78%) was obtained from the reaction despite the absence of 

(172) 
(173) 

X =CH; Y = N 
X = N; Y = CH 

I ? 

metal ions. I t  has been suggestedlz4 that the high yield could arise from proton- 
ation of the nitrogen atom by HCl and the consequent ability of the pyridinium 
ion to  act as a template for ring-closure. 

Several new crown ethers, e.g. 174, containing the 3,5-di( alkoxycarbonyl> 
pyridine ring system have been preparedIz6 by an approach which is novel to 
crown ether synthesis. I t  relies upon a Hantzsch-type condensation of the u,w- 
bis(acetoacetic ester) (175) of tetraethyleneglycol with HCHO and an excess of 
(NH4)2CO3 in an aqueous medium followed by dehydrogenation of the inter- 
mediate 1,4-dihydropyridine derivative 176 as shown i n  equation (35). The macro- 
cyclic and heterocyclic rings are thought to be generated simultaneously during the 
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cours of this reacti 

H 

(176) (35) (174) 

Me N Me 

Me 
I I Me 'lo, 

(178) (177) 

The pyridyl derivative 174 by methylation affords the 
pyridinium salt 178 which in turn can be converted into the N-methylhydro- 
pyridine derivative 177 by reduction with NazS204.  The potential of 177 as a 
model for NAD(P)H has been demonstrated' 2 7  by its  ability t o  transfer hydride 
readily t o  sulphonium salts. Attempts t o  extend this type of synthesis to  systems 
other  than 174 have met with only limited success and alternative procedures have 
been sought. Reaction of the dicesium salts of 3,s-pyridinedicarboxylic acid (1  79) 
(R = H or Me) with a,w-polyethyleneglycol dibromides in HCONMez gives (see 
equation 36) cyclic 3,5-di(alkoxycarbonyl)pydridine derivatives ( 180) (R = H or 

0 Go 
HCONMc2 - 3 + 

-0 0- 2 cs+ 0- Br Br "-A] 

(180) 

0 

(179) 

(36) 

R = H or Me n = 2-5 

Me) in yields of between 20 and 90% depending upon the chain length of the 
glycol. Cs' ions play a virtually irreplaceable role in t h e  formation of 180 ( R  = H, 
n = 3 )  since the yield of macrocycle decreases drastically when Cs' ions are replaced 
by Rb', K' or Na' ions. I t  has been suggested that the Cs' ion acts as a template 
during the early stages of the  reaction. 

Several groups of investigators have prepared macrocyclic compounds incorpor- 
ating the ubiquitous amide functional group. For  example, macrocyclic peptides 
have been synthesized and investigated' for their cationic binding properties. In 
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addition, macrocyclic diamides prepared by the approaches outlined in Section 
IV.A.4 have served as important intermediates in the synthesis of macrobiocyclic 
diaza polyethers (see Section 1V.G). The preparation of several macrocyclic 
diamides incorporating 2,6-disubstituted pyridine bridges have also been 
reportedg 9 '  ' . 

with a,  w-polyethyleneglycol dichlorides 
in HCONMe2 in the presence of LiH or  NaH to afford a series of novel monomeric 
and dimeric derivatives, e.g. 18 1 and 182. Interestingly, benzimidazolethione 

Benzimidazolone has been reacted' 

PTo ro-l r") QKp .> ap.=<"m apd0 codN (183) 

(182) 

L O d  

(181) 

undergoes' 2 9  alkylation firstly at sulphur and then at nitrogen to yield nitrogen- 
sulphur-bridged compounds, e.g. 183. Quinoxaldione and 5-methyluracil have also 
been incorporated' * into macrocyclic polyethers. 

D. Crown Compounds Containing Carbonyl Groups 

1. Qxocrown ethers 

The carbonyl group has been introduced into crown ethers both as a direct 
replacement for an ether oxygen atom and as a formal insertion into an  
OCH2CH20 fragment. The 0x0-18-crown-5 derivative 184 has been prepared' 
by base-promoted condensation of the dithiane 185 with tetraethyleneglycol 
ditosylate (95) followed by regeneration of the masked carbonyl group from the 
spiro intermediate as shown in equation (37).  Reaction of tetraethyleneglycol (16) 

2. HgC12, C a C 0 3  Ho u O H  + O 

(185) (95) (184) 

with NaH and 1,l-bis(c1iloromethyl)ethylene (186) gave' I the methylene-16- 
crown-5 derivative 187, which, on ozonolysis 2nd decomposition of the ozonide, 
afforded (see equation 38) the  0x0-16-crown-5 derivative 188 in nearly quantitative 
yield. Oxocrown ethers promise t o  be valuable synthetic intermediates. The novel 
dioxodithia-18-crow~i-6 derivative 189 has been obtained' recently from reaction 
of 1,9-dichloroanthraquinone with the appropriate polyethyleneglycol dithiol. 

2. Crown ethers incorporating P-diketone residues 

Since enolizablc pdiketonates, such as acetylacetone, form stable complexes 
with both metal ions' 3 3  and nonmetallic'34 elements, it is of interest to 
incorporate them into macrocyclic polyethers. Macrocyclic polyethers, e.g. 190- 
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0 

(189) 

192, which contain 1,2 and 3 fibdiketone units in the ring have been made' from 
reaction of the key starting material ( 1  93) with NaH and (a )  pentaethyleneglycol 
ditosylate - to give the ,%diketone 190 after regeneration of the carbonyl groups - 
or ( b )  diethyleneglycol ditosylate - t o  give a mixture of the bis(P-diketone) (191) 
and the tris(pdiketone) (192) after regeneration of the carbonyl groups. The 
templated syntheses of acyclic and cyclic acetylacetone derivatives have been 
investigated' as well. The macrocycle 194 was produced in 13% yield from the  
reaction of the magnesium salt - but not  the calcium salt - of 195 with bis(bromo- 
methy1)benzene ( 2 0 )  under similar reaction conditions (see equation 39). In 
addition, the disodium salt of 195 was noted to give only polymer when cyclization 

n 

(191) n = 1 
(192) n = 2 
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(195) (194) 

with the dibromide 20 was attempted. These experimental observations demon- 
strate that  the cyclizations are templated selectively by metal ions. 

E. Crown Compounds Incorporating lmine and Oxime Functions 

7. Macrocycles from Schiff-base condensations 

The Schiff-base condensation between a CO and an NH2 group to  form a C=N 
linkage forms the basis of many successful macrocyclic ligand syntheses. The use of 
alkaline earth and transition metal ions to control cyclizations and form in situ 
Schiff-base complexes is well established’ 7. Two types of template effect have 
been recognized’ T~~ in this area. According as t o  whether the metal ion lowers the 
free energy of (a )  the transition state in an irreversible reaction o r  ( b )  the product 
in a reversible reaction, a ‘kinetic’ o r  ‘thermodynamic’ template effect is 
operative’ s .  Although a ‘kinetic’ template effect clearly operates (see Section 
1I.A) during the irreversible crown ether syntheses, many of the templated reactions 
involving the formation of imine functions probably rely upon138 a ‘thermo- 
dynamic’ template effect. 

The 2,6-diiminopyridyl moiety has enjoyed popular application in the in situ 
synthesis of metal complexes of both macrocyclic polyamines and aza polyethers. 
The isolation of crystalline iron ( 1 1 1 )  complexes of the pentadentate 15-membered 
ring (196) and hexadentate 18-membered ring (197) compounds after Schiff-base 

(196) n = 0 
(197) n = 1 

condensation of 2,6-diacetylpyridine with the appropriate polyamine in the pres- 
ence or  iron ( 1 1 )  salts has been reported’ 3 9 .  Other investigators’ 40-14 * have 
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prepared similar types of complexes in situ. They have varied the nature of the 
coordinated metal ion, the size of the macrocycle and the nature (0, N and S)  of 
the heteroatoms in the rings. In some instances, benzene rings have also been fused 
on t o  the macrocycle. 

In view of the relatively high abundance of Mg2+ ions in Nature - and par- 
ticularly their occurrence in chlorophylls - the effectiveness of Mg% as a tem- 
plating ion in the synthesis of planar nitrogen-donor macrocyles is of considerable 
biological interest. The Mg2+ ion-templated syntheses of the macrocycles 198 and 
199 and their isolation as hydrated MgClz complexes has been reported' 3 .  More 
recently, the magnesium (11) complexes of the 2,6-diiminopyridyl polyethers 200 
and 201 have been prepared'44. A Group 1V.B cation has been utilized'45 in the 

(198) Me N H  2 
(199) Me NH 3 
(200) Me 0 2 
(201) H 0 2 

(" :I L* ,; 
templated Schiff-base condensation of 2,6-pyridinedicarbonyl derivatives with cr, w- 
diamines and lead ( I  I )  thiocyanate complexes of the macrocyclic imino polyethers 
202 and 205 'nave been isolated. 

(202) R = H 
(203) R =Me 

Recently, the first reported syntheses of alkaline earth metal complexes of 
macrocycles containing 2,5-diiminofuranyl units have appeared' in the Literature. 
Schiff-base condensation of furan-2,s-dicarboxaldehyde with the appropriate ajo- 
diamino polyethers in the presence of either Ca, Sr of Ba thiocyanates as templates 
led t o  the isolation of the metal ion thiocyanate complexes of 204 and 205. 

(204) (205) 
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2. Oxime linkages in macrocycles 

Oxime functions have recently been incorporated into multiheteromacrocyclic 
structures. The syntheses of the dioximes 206 and 207 and the tetraoximes 208 and 
209 have been accomplished’ 47 by reaction of diacetyldioxime with either the 
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(206) n = 1 
(207) n = 2  

(208) X = N 
(209) X =  CH 

appropriate polyethylene glycol ditosylate, 2,6-bis(bromomethyl)pyridine or 1,3- 
bis(bromomethy1)benzene in anhydrous HCONMe2. In addition, the cyclic oxime 
210 was prepared in ca. 28% yield from salicylaldoxime and pentaethyleneglycol 
dibromide. In all these macrocycles, the oxime linkage has the (El-configuration. 
Novel multiheteromacrocycles, e.g. 2 11 , have been isolated’ 48 by polymerization 

Me 

(210) 

of acetonitrile oxide in the presence of 
compounds, including 21 1, form crystalline 

Me 
(21 1) 

nucleophilic catalysts. Several 
complexes with KSCN. 

of the 

F. Acyclic Crown Compounds 

The solvating power of polyethyleneglycol ethers (glymes) toward alkali metals 
and their salts was first recognized by Wilkinson and his collaborators’O in 1959. 
They investigated the solubility of sodium and its potassium alloy in various glymes 
and observed that the intensities of the blue-coloured metal solutions increased 
with the number of oxygen atoms in the glyme. Since Pedersen’s discovery’ of 
cyclic crown compounds in 1967, there have been numerous reports of ‘acyclic 
crown compounds’. We shall limit our brief discussion of these compounds to those 
examples where the -OCH2CH2 0- repeating unit is the predominant consti- 
tiitional featare. For the most part, they have been synthesized by alkylations 
involving monoprotected polyethyleneglycol derivatives. The terminal residues in 



1. Synthesis of crown ethers and analogues 39 

these so-called 'octopus' molecules may be introduced in the form of the  original 
blocking group or they may be inserted in the final step of the synthesis with the 
penultimate step involving the removal of a temporary protecting group. Examples 
(a )  based on polyethylene glycol chains, e.g. 212-216, ( b )  emanating from 
aromatic rings, e.g. 217-221 and (c) emanating from nitrogen atoms, e.g. 222- 
224, have been reported' 4 9  in the literature. The triethanolamine tripod ligands 
can be viewed as analogues of the diazamacrobicyclic polyethers (see Section 1V.E). 

0 OMe 

R R 

(212) R = OMe; n = 4 
(213) 
(214) 

R = CONH2;n = 5 
R = C02Et;n = 5 

(216) R = - 0  ; n = 3  

(217) 

(218) X =  COMe 
(219) X = N 

(221) R = Me(CH2)3;n = 2 
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(222) R = Me OR 

(223) R = a 
/ 

Me0 

G. Macrobicyclic, Macrotricyclic and Macropolycyclic Ligands 

1. Systems with nitrogen bridgeheads 

The inspired association by Lehn and his collaborators4 is O - s  * O of the  
synthetic accomplishments of Pedersen6 9' 9 '  * on crown ethers and Simmons and 
Park' on macrobicyclic diamines led to the realization of diaza macrobicyclic 
polyethers in 1969. These ligands which can encapsulate metal cations in spherical 
holes usually form very strong complexes. A generalized scheme of reactions 
employed' in the  synthesis of the  macrobicyclic ligands 225-231 is portrayed in 

C6H6. high di lut ion 

CsHg. high di lut ion 

B2H6 

I 

LiAI t i4  
___) 

) (226) 1 0 0 
(227) 1 I 0 
(228) 1 1 1 
(229) 2 1 1 
(230) 2 2 1 

H.CI. O H -  

J n  

I n  (231) 2 2 2 

SCHEME 3. 
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Scheme 3.  Reaction of an u,w-diamino polyether with an qw-diacid dichloride 
(I = rn or 1 # J71) under high-dilution conditions (cf. Section IV.A.4) gives a macro- 
cyclic diamide which can be reduced to the corresponding diamine. Condensation 
of this macrocycle with the same (i.e. m = n) or a different (i.e. m f n) gw-diacid 
dichloride under high-dilution conditions gives a bicyclic diamide which can be 
reduced with B2 H6 t o  afford the corresponding bis(boraneamine1. Acid-catdysed 
hydrolysis followed by passage of the bishydrochloride salts through an anion- 
exchange resin affords the diaza macrobicyclic polyethers. As part of an investi- 
gation into the factors that  control the selectivity of macrobicyclic ligands toward 
binding of various metal ions, the Strasbourg group have synthesized compounds, 
e.g. 232-237, in which (a )  ortho-disubstituted benzene rings have been incorpor- 
ated' and ( b )  the ether oxygen atoms have been replaced progressively either 

~~ 

X Y Z  

(233) NMe 0 0 
(234) NMe NMe 0 
(235) S 0 0 
(236) S S 0 
(237) S S S 

(2321 
by secondary and tertiary amine groups' or by sulphur atoms86. More recently, 
nzeta-xylyl, pyridyl, and I ,1 '-bipyridyl residues have been introduced into the 
side-arms. Finally, macrobicyclic polyethers have also been covalently bound' to 
a polystyrene support. Macrotricyclic ligands can assume4* ~ s o ~ s  ' at least two types 
of topology - identified by (a) and (b) in Figure 2 - which are distinct. Type (a) 
ligands may be considered t o  be cylindrical and are formed when two monocycles 
are linked by two bridges. A synthetic approach - involving the established routine 
of sequential condensatiom and reductions - which allows' s 4 9 1  5 6  construction of 
cylindrical macrotricyclic ligands, e.g. 238-242, with the same or different sizes of 
monocycles and the same or  different lengths of bridges between them is based 
upon the following three-stage strategy: (a )  the synthesis of a monocyclic diaza 
crown ether which is then monoprotected at nitrogen before ( b )  forming a bis- 
(monocyclic) crown ether and removing the protecting groups on the nitrogens and 

2 

( 0 )  ( b )  ( C )  

FIGURE 2. Topological representations of (a) cylindrical macro- 
tricylic, (b) spheroidal macrotricyclic, and (c) cylindrical macrotetra- 
cyclic ligands. 
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0-0 c 7  Qp:) cLoq?) (238) X = 0 ; n  = 1 
X = 0; n = 2 
X = NH; n = 2 C;r-.+l;) (241) X = CHZ; n = 2 

(239) 
(240) 

c 3  N 

$/O-? n 

L o  u OJ 

(242) 

(c) inserting the second bridge to afford the macrotricyclic ligand. If the  bridging 
units are chosen to  incorporate nitrogen atoms, then a third bridge can be intro- 
duced' t o  give a macrotetracyclic ligand with the topology represented under 
type (c) in Figure 2 .  Returning to macrotricyclic ligands, the spheroidal topology 
belonging to  type (b) in Figure 2 has also been realized' 5 7  (see Scheme 4) in the 

Reagents A: NaCN, HCONMe2; B: Ba(OH)2, H 2 0  then HCI; C: (COCI)z, C6H6; 
D: H2NCH2CH20CH2CH2NH2, CgHg; E: B,H,; F: T s N ( C H ~ C H ~ ~ C H , C O C I ) ~ ,  CgH6; 
G: LiAlH4; H:  CICOCH20CH2COCI, C6H6 

SCHEME 4. 

shape of 243 with four identical faces. The use of the protected tosylamides is the 
key to this elegant synthesis conceived and accomplished by Graf and Lehn' '. 
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2. Systems with carbon bridgeheads 

In principle, any atom of valency three or  higher can occupy the bridgehead 
positions. Macrobicyclic polyethers with bridgehead carbon atoms have been syn- 
thesized’ ’ in a number of different ways from diethyleneglycol ditosylate (43) 
and either pentaerythritol o r  1,1, I-tris(hydroxymethy1)ethane. For example, penta- 
erythritol can be converted158 into the oxetanediol 244 by known reaction 
procedures. Reaction of 244 with NaH and 43 in MezSO afforded the dispiro-20- 
crown-6 derivative’ ’ (245) as shown in equation (40). The diastereoisomeric diols 
246, obtained on reductive ring-opening of the oxetane rings in 245, gave the 
macrobicyclic polyether 247 on reaction with NaH and 43 in MeOCH2CH20Me. 

ro-l Po? 

L o 2  

HOH2C M e K o p ?  O x M e  N a H .  TSO MeOCH2CH20Me (431 OTS - M e ~ ~ , / O / ~ . M e  

CH20H 

(247) 

O L O J ”  

(246) 

This ligand forms extemely weak complexes with alkali metal cations! More 
recently, 1,3-dichloropropan-~-ol has been employed’ 6 o  as the source of bridge- 
head carbon atoms in a four-step synthesis of the macrobicyclic polyethers 248 and 
249. These derivatives of glycerol preserve the -0-C-C-0- unit throughout their 
constitution and hence it is not  surprising that they bind Group IA metal cations 
strongly. 

3. A system with nitrogen and carbon bridgeheads 

A novel macrobicyclic polyether diamide (250) containing both nitrogen and 
carbon bridgehead atoms has been prepared’ from the spiro compound 25 1 by 
opening of the oxetane ring with NH3 to give the amino alcohol 252 which was 
then condensed with diglycolyl dichloride as shown in equation (41 ). 
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(251) 

H. Chiral Crown Ethers 

7. Meso compounds and racemic modifications 

Four, namely 48-5 1 ,  of the five possible configurational diastereoisomers of 
dicyclohexano-18-crown-6 are known. The two di-cis isomers 48 and 49 and the 
trans-cisoid-trans isomer (50 )  are meso compounds; the trans-ti-ansoid-trans 
isomer (51) belongs t o  a chiral point group (D2)  and so can be obtained optically 
active o r  as a racemic modification. Pedersen' isolated two crystalline 
isomers of dicyclohexano- 18-crown-6 after hydrogenation of dibenzo- 1 8-crown-6 
(10) over a ruthenium on alumina catalyst followed by chromatographic separation 
on a l ~ m i n a ~ ~ - ' ~ ~ ? ' ~ ~ .  They ~ e r e ~ d e s i g n a t e d ~ ~ ~ ' ~ ~ ~ ' ~ ~  as lsomer A (m.p. 61- 
62OC) and Isomer B (m.p. 69-70 C). After a period of some confusion in the 
literature (cf. Reference 43), Isomer A was identified as the cis-cisoid-cis isomer 
(48) on the basis of an X-ray crystal structure analysis' 6 5  of its barium thiocyanate 
complex. Similarly, an X-ray crystal structure determination of the  sodium bromide 
dihydrate complex of Isomer B established' 6 6  that it is the  cis-transoid-cis 
isomer (49). More recently, X-ray crystallographic data on the uncomplexed ligand 
has confirmed that Isomer A is the cis-cisoid-cis isomer $48). Isomer B exists' 64 
in a second crystalline form, Isomer B', with m.p. 83-84 C. In solution, the two 
forms are identical. A ready separation of Isomer B' from Isomer A takesI6 
advantage of the large differences in solubility in water between the lead and 
oxonium perchlorate comljlexes of the two isomers. X-ray crystallography has 
revealed' that Isomer B like Isomer B has the cis-transoid-cis configuration. 
Whilst it is generally believed' 64 that Isomers B and B' in the crystalline states are 
polymorphs, it is possible (cf. Reference 43) that they are conformational isomers 
differing in the relative conformations of the cyclohexane rings fused to  the 
18-membered ring. The stereospecific synthesis of the trans-cisoid- trans ( S O )  and 
tra)zs--ti-arzsoid---tratzs ( 5  1 ) isomers from the methylenedioxydicyclohexanols' 
has bccn achieved4 70. Scheme 5 illustrates the synthetic route employed. Treat- 
ment of 253 and 2 5 4  in turn with diethyleneglycol ditosylate (43) under basic 
conditions gave the cyclic acetals 2 5 5  and 256 ,  respectively. Acid-catalysed hy- 
drolysis afforded diols, which following further base-promoted condensations with 
43 gave the two di-trans isomers 5 0  and 5 1 stereospecifically. A one-step synthesis 

9 '  6 2  9 '  63 
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I A 

1 

Reagents A: TsOCH,CH,0CH2CH,0Ts, NaH, Me2SO/(MeOCH2),; B: H+/H20 

SCHEME 5. 

of 50 and 5 1  from (f)-cyclohexane-trans-1,2-diol was accompanied by the for- 
mation of some (+)-trans-cyclohexano-9-crown-3. 

The formal location of four constitutionally equivalent chiral centres at  either 
c(6), C(I  01, C(I 7 )  and C(2 I ) ,  or  
framework of dibenzo- 18-crown-6 ( 10) generates five possible diastereoisomers in 
each series. The synthesis and separation of all ten configurational isomers of the 
constitutionally symmetrical tetramethyldibenzo-18-crown-6 derivatives have been 
described’ . On the basis of stereochemically-controlled reactions and X-ray 
crystal structure analyses relative configurations have been assigned’ i1 7 2  to four 
of them. Scheme 6 outlines the preparation of the five diastereoisomers of the 
6,10,17,2l-tetramethyl derivative. A mixture of meso- and (+)-1 ,l‘-oxydipro- 
pan-2-01 was prepared by reacting propylene oxide with (_+)-propan- 1,2-diol. The 
meso-isomer can be fractionally crystallized from the (+)-isomer. Tosylation of both 
the rneso- and (+)-dials in turn afforded the meso-257 and (f)-258 ditosylates. 
Base-promoted condensation of  257 with catechoi (9) gave a mixture of diastereo- 
isomers 259 and 260, which were separated by fractional crystallization. Similarly, 
reaction of the racemic ditosylate 258 with catechol (9) under basic conditions led 

C(g) ,  C ( I S ) ,  and C(2 0) on the macrocyclic 
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B - IMe 

TsO OTs 

(257) 

I A 

(259) 

+ 

PhH2C CH2Ph 

(263) 

Ic 

t 

Reagents A: o-CGH4(OH), (9). NaOH, Me(CH2130H; B: o-PhCH20C,H40H, 
NaOH, Me(CH2I30H; C: H2, Pd; 0: 258, NaOH, Me(CH,),OH 

SCHEME 6 

to  the isolation of a pair of diastereoisomers 261 and 262 which were separated by 
solvent extraction. The  final diastereoisomer (265) was obtained by a three-stage 
procedure. The monobenzyl ether of catechol was condensed with 257 to give the 
dibenzyl ether 263. After removal of the protecting groups to afford the diol 264 
condensation with 258 led to ring-closure and isolation of 265. The configuration 
of 265 follows from its mode of synthesis. The relative configurations of 259 and 
260, and 261 and 262, have not been determined. 

Catalytic hydrogenation of macrocyclic polyethers containing furan residues has 
ledlo 7 3 1  73 in most cases t o  mixtures of diastereoisomers which have not been 
separated. 
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2. Optically-active crown ethers from natural products 
The first crowns incorporating optically-active residues were described by Wudl 

and Gaeta' 74 in 1972. L-Proline was introduced into the macrocyclic fdiaza 
polyether LL-266 by the procedure outlined in Scheme 7. D-$-Ephidrine was 

TQOH 
WoH 

A ao 0 

( L  L -266) 

Reagenrs A: LiAIH, 6. O - C ~ H ~ ( C H ~ B ~ ) ~  (32). NaOH, Me2S0  

SCHEME 7. 

incorporated into DD-267 by a similar approach. In principle, a whole range of 
natural products including alkaloids, amino acids, carbohydrates, steroids and 
terpenes can be viewed5 as chiral precursors. In practice, carbohydrates lend3 ' 

-. 

C N 7 P h  ye r;" 

a: O - ' O  

GNJ-' I Ph 

Me M e  

(D D -267 1 

themselves to  the most detailed exploitation. For example, treatment of the 
bis(N,"-dimethylamide) (L-268) of L-tartaric acid with two equivalents of thallium 
( I )  ethoxide in anhydrous OHCNMe2, followed by an excess of diethyleneglycol 
diiodide (269) in a modification' 7 5  of the Williamson ether synthesis, afforded' 7 G  
(see equation 42) the tetracarboxamide 18-crown-6 derivative LL-270. This com- 
pound can be hydrolysed to the tetracarboxylate which can be converted into the 
tetraacid chloride, a key compound'77 in the preparation of derivatives with a 



whole range of side-chains where the functionality has catalytic potential. The 
synthesis of LL-270 illustrates the attractions of employing chiral sources with C2 
symmetry. Two such residues are incorporated into one macrocycle which has D2 
symmetry. The same principle was relied upon in the synthesis of chiral 18-crown-6 
derivatives, e.g. LL-271, LL-272, DD-273 and DD-274, incorporating L-threitol" 7g, 

(LL-271) R = CH,OH (LL-272) R = 

0 Me 
H 

(DD-274) R =  

Me 

L-iditol' 7 9  , and D-mannitol' ' 8 0 ,  all of which have Cz symmetry. The key diols 
employed in these preparations were 1,4-di-O-benzyl-~-threitol and the 1,2: 5,6-di- 
0-isopropylidene derivatives of L-iditol and D-mannitol. More recently, 1,3 :4,6-di- 
0-methylene-D-mannitol has been incorporated' ' into a 20-crown-6 derivative 
D-275. Chiral asymmetric 18-crown4 derivatives, e.g. D-276 and DD-277 have also 
been synthesized with D-glucose' 82, D-galactose'", D-mannose' 83, and D-altrose' 8 3  

as the sources of asymmetry. In these cases, chainextensions to give 'half-crown' diols 
through the sequence4 of reactions, ( a )  allylation, ( 6 )  ozonolysis and (c) reduc- 
tion, on  the 4,6-O-benzylidene derivatives of methyl glycosides proved invaluable. 
Although only one compound results from condensations involving two chiral 
precursors, one with C1 and the other with Cz symmetry, two constitutional 
isomers, e.g. DD-278 and DU-279 result' 8 4 i 1  8 5 .  when two asymmetric residues 
are incorporated into an 18-crown-6 derivative. 
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(0-275) 
Ph 

(0-276) R = H  

Ph 

Finally, 2,3-0-isopropylidene-D-glycerol has been utilized in an elegant syn- 
thesis of the chiral macrobicyclic polyethers D ~ - 2 8 0  and D D - 2 8 1 .  One of the 
novelties of the preparative route is that  it affords a stereospecific synthesis of 
in-out isomers of bicyclic systems. 

3. Optically active crown ethers from resolved precursors 

The syntheses of (+)-(SSSS)-trans-transoid- truns-dicyclohexano- 18-crown-6 as 
well as (+)-(SS)-trar~s-cyclohexano-lS-crown-5 and (+)-(SS)-trans-cyclohexano- 1 8- 
crown-6 have been reported4 ' starting from optically pure (+)-( 1S,2S)-cyclo- 
hexane-trans-l,2-diol resolved via the strychnine salts of the hemisulphate diester. 
I-Iowever, it is the 1,l'-binaphthyl residue with axial chirality which has 
been utilized so elegantly by Cram and his associates5 2-5 3' * 9 7-1 that has 
found its way into a whole host of optically active crown ethers! 2,2'-Dihydroxy- 
1,l'-binaphthyl is the key starting material in the syntheses. The fact that this diol 
is easily accessible from 2-naphthol and can then be resolved readily through either 
its monomenthoxyacetic ester or  through the cinchonine salt of its phosphate ester 
to  give, for example, ( - ) - (S ) -282  with C 2  symmetry accounts for its unique status. 
A range of macrocycles incorporating one, e.g. (+)-(S)-283 t o  ( - ) - (S ) -287 ,  two, e.g. 
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c2 
OH 

c 2  

n Yield (%I  

(+)-(S)-283 1 23 
(+)-(S)-284 2 2 
(-)-(S)-285 2 65 
(-)-(S)-286 4 52 
(-)-(S)-287 5 64 

X$ 0' n -  

( - ) - (SS)-288 and ( - ) - (SS)-289,  and three, e.g. ( - ) - (RSS)-290,  binaphthyl moieties 
h2ve been synthesized by reactions involving base-promoted substitutions on RCl, 

[ (-)-(RSS)-2901 

RBr or ROTS. Substituents, somel containing functional groups have been incorp- 
orated at positions 3 ,  3',  6, and 6 , and other residues and heteroatoms have been 
built into the  macrocyclic ring. 'Resolution' of the 1,l'-binaphthyl unit has also 
been achieved' by employing (RS)-binaphthol, (RS) -282 ,  and 1,2: 5,6-di-0- 
isopropylidene-D-mannitol in the syntheses of the diastereoisonieric macrocyclic 
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polyethers (R)-~-291 and (S)-~-292.  Finally, i t  should be mentioned that (S)-282 
has been incorporated' ' into the chiral macropolycyclic ligand (S)-293. 

n xL;lx<; co "7 

i, J \ /  

W 
"S)-2931 

V. TOXICITY AND HAZARDS 

Despite the large number of crown compounds synthesized during the past decade, 
comparatively little information is available in the open literature relating t o  their 
physiological properties. In his early papers, Pedersen6i' 2i '  reported that di- 
cyclohexano-18-crown-6 is toxic towards rats. The lethal dose for ingestion of this 
crown ether was found to be approximately 300 mg/kg of body weight. In ten-day 
subacute oral tests, the  compound did not exhibit any cumulative toxicity when 
administered t o  male rats at a dose level of 6 0  mg/kg/day. Dicyclohexano-18- 
crown-6 was also found to  be a skin irritant and generalized corneal injury, some 
iritic injury and conjunctivitis occurred when i t  was introduced into the eyes of rats 
as a 10% solution in propyleneglycol. Leong and his associates' 9 2  have published 
toxicological data for 12-crown-4 (4) and other simpie crown ethers. Rats exposed 
to  4 at concentrations between 1.2 and 63.8 p:p.m. in air suffered loss of body 
weight. They also developed anorexia, asthenia, hindquarter incoordination, testic- 
ular atrophy, auditory hypersensitivity, tremors, convulsions and moribund con- 
ditions. Oral adminstration of 4 t o  rats in a single dose of 100 mg/kg of body 
weight produces effects upon the central nervous system in addition to causing 
testicular atrophy. Acute oral toxicity investigations on 15-crown-5 (19), 18-crown- 
6 (12) and 21-crown-7 (54) revealed that these compounds also produce effects 
upon the central nervous system of rats although higher dosages were needed than 
those required with 4. I t  is clear that  crown ethers should be handled with caution 
and respect! 
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There  has been a report '  of an explosion during o n e  particular experimental  
manipulation'  t o  obtain pure 18-crown-6 (12) f rom a reaction mixture.  In one 
step of t h e  isolation procedure, it is necessary to decompose thermally unde r  
reduced pressure the  18-crown-6-KC1 coomplex formed during the  reaction. How- 
ever, a t  t h e  temperatures of 100-200 C necessary to decompose t h e  complex, 
decomposition may occur a t  the  distillaotion head with the  production of 1,4-di- 
oxane. Breaking of t h e  vacuum at > l o 0  C can  lead to autoignition of  air-1,4-di- 
oxane  mixtures  and hence explosions. Experimental procedures have been sug- 
gested' 94 to reduce t h e  risk of these as a result of distilling 18-crown-6 (12) f r o m  
i t s  KC1 complex at  high temperatures. Constant vigilence is essential! 
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I. INTRODUCTION: CROWN ETHER TYPE NEUTRAL LIGAND SYSTEMS 

Since the discovery of dibenzo[I8]crown-6 (1)' , (I8]crown-6 (2)* and other 
cyclic polyethers2 together with the knowledge that these potentially exolipophilic 
compounds selectively complex alkali and alkaline earth metal cations in their 
endopolarophilic cavity3, efforts have continued t o  modify the widely useful 
proper tie^^-^ of such crown ethers by variation of all possible structural parameters 
in order t o  make accessible new ligand systems and to study the relationship 
between structure and cation selectivity as well as their complex chemistry'. 

(1) (2) 

Variable parameters included the number of ether oxygen atoms, ring size, 
length of the (CH2)n bridge, substitution by other heteroatoms (N,S), introduction 
of aromatic (benzene, biphenyl, naphthalene) and heteroaromatic systems (pyri- 
dine, furan, thiophene) in the Figure 1 shows some such crown ethers 
(coronands: the corresponding complexes have been called coronates)' O .  

The possibilities of structural variation are still no t  exhausted. An important 
development in the neutral ligand topology is linked with the ability of large-ring 
bicyclic diamines (catapinands, see 17 in Figure 2) to  take up protons and anions 
inside their three-dimensional cavity (catapinates)' I .  This has led to  the design of 
cryptands - three-sidedly enclosed endopolarophilic/exolipophilic cavities - in 

*Crown ether nomenclature: In square brackets the total number of atoms in the polyether ring 
is given (see encircled numbers in the formulae), followed by the  class descriptor 'crown' and 
the total number of donor atoms in the main ring. Condensed rings are designated by  prefixes 
'benzo', 'cyclohesano' etc., sulphur or nitrogen donor centres b y  'thia' and 'aza'. 



(3) 

H 

( 6 )  

r0-l 

K0 0 @ 0 O )  

(15) (16) 

FIGURE 1. Some monocyclic crown ether type neutral ligands (coronands). 
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(17) 

N O O N  

(191 

l2.2.21 

). 

( 2 1 )  

[2,.2,.2,1 

FIGURE 2. A catapinand 17 and some selected cryptand molecules 18-24. 

which metal cations can be firmly t rappedlZ.  The complexes are called cryp-  
tutes' *. Numerous structural variations are also possible here,' y 1  as shown in 
Figure 21. 

The chemistry of the  neutral ligands was essentially enriched by the inco rp  
oration of chirality elements into the ring skeleton leading t o  the  formation of 
chiral or  optically active crown host (Figure 3 )  capable of 
differentiating between enantiomeric guest molecules, e.g. amino acids, as shown by 
some examples (chiroselectivity)' 8 .  

After strong neutral ligands like the cryptands had been more accurately exam- 
ined, interest grew in the study of open-chain ligand topologies' 9 ,  which, despite 
their weaker complexing ability, efficiently discriminate, as has been shown, be- 
tween different cationszo. Here the development proceeded with many-armed ligand 
systems (Figure 4) - where profitable use was made of the cooperative effect of 
piled up donor atoms ('octopus - ranging from phase-transfer cata- 
lytically active analogous triazine compoundsZ and similar 'hexaliost'-type mole- 
cule$ to  open-chain skeletons with rigid termitiul doizorgroup systems (opetz-cliaitz 
crown ethers and cryptaizds, Figures 5 and 6 ) 2 4 * 2 5 .  Relatively simple donor 

*Sometimes 'c' is used to distinguish a cryptate from a cryptand, e.g. [ K '  C 2.2.23. 
?Every cipher in square brackets represents one bridge and gives the number of its donor atoms. 
[2.2.2]cryptand (or only [2.2.2]) is a cryptand with three bridges with two oxygen atoms in 
every one subscripts, e.g. 2 ~ ,  3 ~ .  2 ~ ,  refers to bcnzo or cyclohexano condensation and to a 
decyl residue on  the respective bridge. 
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(31 1 

R = Me, Et, n-Bu  

(32) (33) 

R = n-Bu, n-Oct R = Me, Et, n-Bu 

FIGURE 4. Octopus molecules as noncyclic neutral ligand systems. 

endgroup-containing glyme-analogous compounds easily form cryst dline complexes 
with alkali and alkaline earth metal ionsz , z  '. 

Studies by Simon and coworkers show that on account of their high ion 
selectivity, weaker open-chain ligands like 42, and 43 (Figure 7) are of analytical 
value for microelectrode systemsZ '. 

Interesting are the ligands in the marginal zone between cyclic and open-chain 
compoundsz6 8 ,  which find their natural counterparts in the  nigericin anti- 
b i o t i c ~ ~  and as 'ionophores' are capable of transporting ions across lipophilic 
media (cell  membrane^)^ O .  Essentially open-chained, they can create a pseudocyclic 
cavity of definite geometry via attractive interaction between their end-groups (see 
35c, Figure 5 and 46,  Figure 71, thereby achieving a higher ion selectivity than 
common noncyclic ionophores' b .  

With the isolation of crystalline complexes of glyme-type shorr-chain ofigoerlzers 
(47)31 possessing only one donor end-group as well as those of longer chain classical 
glytnes (49) and glyme analogous ligands (48)3z and even those of simple glycols 
( S O )  such as ethylene glycol ( 1 1  = 0)3  3 a  (Figure 7) and e thano lamine~~  b ,  the 
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(40) 

R = H, OMe, NO, 

(41) 

FIGURE 6 .  Open-chain-type cryptands (tripodands, tetrapodands). 

whole range of crown type compounds is covered, extending from the original 
monocycles via the topologically notable polycyclic analogues to the relatively 
simple structural open-chain ligand systems with and without donor end-groups. 

Investigations on  the complexation of glymes and glyme analogues allow the 
study of the fundamental processes of complexation by neutral ligands with only a 
few donor centres and binding sites; the latter may be considered to  be the most 
simple model substances for studying complexation processes of biomolecules and 
biochemical enzyme/substrate or receptorlsubstrate  interaction^^^. 

It js remarkable that the historical development could equally well have origin- 
ated with the open-chain glyme analogues to  spread via the more complicated 
monocyclic crown ethers to the ultimate polycyclic cryptands. Apparently, it was 
only with the discovery of the very clear complexation behaviour of cyclic systems 
that interest arose in the alkali/alkaiine earth complexation which might be 
exhibited by open-chain neutral ligands of the glyme type. 



2. Crown ethers-complexes and selectivity 

W 

rl c g  

8 
H 

Tl r.; 
I 

- 
0 
Lo 

\O 
/ 

67 



68 Fritz Vogtle and Edwin Weber 

II. FUNDAMENTALS OF THE CROWN ETHER COMPLEXATION 

A. General Remarks 

Stability and selectivity of crown ether complexes cannot be properly o r  
significantly understood without first considering the principles of the kinetics of 
complexation (‘dynamic stability’ of complexes). 

A different approach t o  the problem is by determination of thermodynamic data 
pertaining t o  the system in an equilibrium state (‘static complexation constants’), 
omitting consideration of the mechanistic steps of  the complexation reaction. Both 
methods allow the determination of the complex stability constants ( K ,  values), 
but significantly differ in points which may be important for the practical use of a 
particular crown ether. These points will be discussed in detail in Section 111, 
following the general theoretical description of the crown ether complexation. 

B. Kinetics and Mechanism of Complexation 

1. lntroduction7bTd 

Molecular kinetics, i.e. the dynamic behaviour of a system - composed of  
ligand, cation and solvent - in the sense of a forward (co.wpZexation) and a reverse 
(decomplexation) reaction (equation l ) ,  give information about the lifetime of a 

+ 
k 

[M’ Ligandl,,,,,, ( 1 )  M’SOlV. + Ligand,,,,. - 
+ 
k 

complex. The +ratio of the rate constant of complexation (2) t o  that of de- 
complexation ( k )  is t l y s  directly connected with the stability of ( K , )  of the crown 
ether complex (R, = k/&, see Section 1I.C). Since the rate constants of the forward 
and reverse reactions depend on the corresponding activation energies ( E A  ), com- 
plex and selectivity constants are in fact results derived from thermodynamic data, 
composed of an enthalpy (AH”) and an entropy (AS”) part. Elucidation of the  
complexation reaction by consideration - albeit thorough - of AH’ and AS’ is 
not  always possible . 

2. lnterpre ta tion of the complexa tion/decomplexa tion phenomena (desolva tion, 
figand exchange and diffusion processes) 

Metal complexation in soiution is generally a very quick reaction3 s .  Nuclear 
magnetic resonance3 and relaxation curves3 have shown, however, that complex 
formation does not occur instantaneously, and it is not a simple one-step reaction 
between ligand and cation. Often complexation includes a series of intermediate 
steps like substitution of one o r  several solvent molecules from the inner co- 
ordination shell of the metal ion and/or internal conformational rearrangements of 
the  ligand, in particular, when the ligand is a multidentate one (crown ether, 
cryptand, podand)’ b .  

The ‘complexation reaction’ can occur essentially by two border mechanisms3 : 

(1) The solvent molecule leaves the cation, decreasing its coordination number, 
prior to entry of the ligand: SNI-rype mechanism. 

(2)  The ligand forces its way through the solvent envelope of the cation, 
increasing the coordination number of the latter and then displaces a solvent 
molecule: SN~-mechanism.  
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In the first case, the rate of substitution depends only on the solvated metal ion; in 
the latter case i t  is also ligand-dependent. 

In aqueous solution, solvent/ligand exchange reactions with many maln-group 
metal ions proceed via the SN 1 mechanism3 9 ,  whilst SN 2 mechanisms are mostly 
associated with metal ions having deformed coordination  envelope^^^. In reality, a 
hybrid mechanism resembling more a 'push-pull' type process must be taken for 
granted' b .  

In order for  a reaction between ligand and metal ion to  occur, both partners 
must collide after diffusing to  within critical distance of each other4 l .  Thus the 
following overall system (equation 2) is derived from equation (1): 

k 1 / 2  k 2 / 3  
M+,,l". + Ll!3andsolv. - [M +... Ligand] r [M+ Ligandl solv, (2) 

where k l12 ,  k,, are the rate constants of forward and reverse diffusions and k2/3, 
k3,2 the  rate constanis for (stepwise) ligand exchange. The rate constants for the 
whole complexation ( k )  and decomplexation ()E) reactions can then be expressed by 
the following quotients (3) and (4): 

k z / '  (wlrhm cntxal distance1 k 3 / 2  

+ k112 ' k 2 / 3  
k =  (3) 

k2/1 + k 2 / 3  

+ k2/1 . k3/2 

k2/1 4- k2 /3  
k =  (4 ) 

If the reverse diffusion (k211) is quicker than the ligand exchange reaction, more 
encounters between the partners are required before a ligand exchange can occur; k 
will then be determined by equation (5). When the reaction-step k2/3 is rapid 

relative to  the reverse diffusion, every encounter between the partners leads t o  the 
desired product and the whole process can be considered to  be diffusion-controlled 
with k112 as the overall rate constant. 

(I /mol/s)  or  ( l /s) ;  
they depend on the charge and size of the partners as well as on the solvent used4 2. 
The following sections deal with the comparison and characterization of the various 
polyether families (natural ionophores, coronands, cryptands, podands) accord- 
ing t o  their kinetics of complexation. 

3. Kinetics of  complexation of a few types of crown ether 

a. Natural ionophores. Open-chain antibiotics like nigericiii show rate constants 
k of about 10' /mol/s (Table b 9 4  for recombination (complexation reaction) 
with alkali metal cations, as is expected for a diffusion-controlled reaction (see 
above) between two univalent oppositely charged ions4 4 .  Since the nigericin 
molecule wraps round the cation, it may be taken for granted that the substitution 
can be extremely rapid, occurring, however, by a stepwise mechanism. In other 
words, the solvent molecules are displaced one after the other; in each substitution 
step, solvation energy is compensated for by ligand binding energy. 

The overall rate of complex +fqrmation for valinomycin depends o? the+radius of 
the cation (Table 1 ) 4 5 9 4 6 :  Rb ions complex more rapidly than K , N a  and Cs 
ions. The rate of dissociation is, on the other hand, lowest for R b + .  For this 
ionophore, exact rate constants of the single reaction step defined by equation (2)  
are also known (Table 2)4 b .  

The values for  k l 1 2  and k211 are of the order of lo9 t o  10' 
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b. Monocyclic crown ethers. Kinetic investigations of the alkali metal complex- 
ation of crown ethers are generally impeded by the following factors7d: the 
complexes are relatively weak and must, therefore, be studied at high metal ion 
concentrations; the rate constants are very high usually and the experimental 
difficulties encountered with the higher concentrations required are greater; the 
complexes often d o  not  display any light absorption in measurable zones, so that 
spectroscopic determinations of reaction rate constants are usually not possible. 

H-NMR spectroscopic investigations of the complexation kinetics of various 
crown ethers and t-bytylammonium hexafluorophosphate showed that the rates of 
complex formation ( k )  for all studied ligands are approximately the  same, 0.8- 1.5 
x 109/mol/s3 G ,  and are probably, diffusion-controlled4 7 .  Hence, the diffezences in 

complex stabilities must be caused by different rates of decomplexation (k ) ,  which 
vary between lo2 and 104/s (see Table 3). 

In Table 4 are listed the rate constants ( k ,  k )  of dibeizso[30]crown-IO (8) and 
various alkali metal ions (Na+. . .Cs') o r  NHZ4', measured in methanol aczording 
to  the temperature jump method4 9 .  These practically diffusion-controlled k values 
are only possible with appreciable conformational ligand flexibilityso. A less 
flexible ligand would require total desolvation of the cation before complexation, 
leading to  an essential decrease of the reaction rate constant. During the complex- 
ation of t he  conformationally very flexible dibenzo[ 301 crown-1 0, a solvent mole- 
cule is replaced by a crown ether donor location via a low activation energy 
barrier, i.e. the cation is simultaneousiy desolvated and cornqlexed. 

For dibenzo[l8Jcrown-6 and Na , a rate constant of k = 6  x 107/mol/s5' has 
been found by 23Na-NMR measurementss2 in DMF (Table 4); the value is much 
greater than that for the complexation of Na+ ions by a macrobicyclic ligand in 
water, for example (see Section II.B.3.c). 

c. Cryptands. Cryptands with comparably rigid structures should exchange cations 
more slowly, as has been confirmed experimentally (see Table 5). In the case of 
these ligands, a slightly modified stepwise mechanism of metal ion complexation is 
taken for granted, whereby i t  is again not required that all solvent molecules 
simultaneously leave the coordinated shell7 b.  

The kinetics of  complex formation were first measured for the (2.2.2Jcryptand, 
19; with the help of potentiometry, H- and 2 3  Na-NMR spectroscopy, the overall 
dissociation rates of the  complexes have been determined' 4 c , 5 3  , 5 4 .  

Temperature jump relaxation methods, which allow the determination of rate 
constants of complex association and dissociation, gave values of lo' - 107/mol/s 
and values between 10 and 103/s for reaction between cryptands (2.1.11 (54), 
[2.2.1] (55), [2.2.2] (19) ( in  H 2 0 ,  not or singly protonated) a n d N a + , K + 3 7 . F r o m  
these results it follows that after the diffusion-controlled formation of the en- 
counter complex, the coordinating atoms of the ligand replace the water molecules 
of the inner hydrate shell of the metal ion in a stepwise way. 

The pronounced selectivity of the cryptands (in MeOH) for alkali metal cations 
is reflected in the dissociation rates; the formation rates increase only slightly with 
increasing cation size5 (Table 5 ) .  The specific size-dependent interaction between 
the metal ions and the cryptands must occur subsequent t o  the formation of the 
transition state in the complex formation reaction. For a given metal ion, the 
formation rates increase with increasing cryptand cavity size; for the [ 2.2.21 
cryptand they are similar t o  the rates of solvent exchange in the inner sphere of the 
cations. This suggests that during complex formation, particularly for the larger 
cryptands, interactions between the cryptand and the incoming cation can com- 
pensate effectively for the loss of solvation of the cation' G .  
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TABLE 5. Overall rates and log K ,  values for complex formation between bicyclic 
cryptands and alkali metal cations (MeOH, 25OC)' 

12.1.1 1 

12.2.21 

Li + 4 .8x  1 0 5  4.4 10-3 > i 6 6  
3.1 x lo6 2.50 1.3 x l o 6  Na+ 

Li + 1.8 x 10' 7.5 10 > l o s  

K' 3 . 8 ~  10' 1.09 > lo7  

cs + =5 x l o b  =2.3 x lo4 % L O  x l o 5  

2.35 x lo-* > lo8  Na + 1.7 x 10' 

Rb' 4.1 x 10' 7.5 x 10 > l o 6  

Na + 2.7 x lo8 2.87 > l o 8  
K +  4.7 x 108 1.8 10-2 >lo7 

c s  + ==9 x 10s =4 104 2.5 lo4 
Rb+ 7.6 x 10' 8.0 x lo- '  >lo6  

Pyridinophane cryptands of type 22 have been particularly well studied5 The 
first step of the complexation mechanism consists in the diffusion-contro!!ed 
recombination of both reactants and the stepwise substitution of the water mole- 
cules of inner hydration sphere by the cryptands. The overall rate of complex 
formation is determined by structural changes of the ligand occurring a t  a fre- 
quency of approximately 1 O4 I s  subsequent to  the encounter and the substitution 
step. During this slow step, there is either rotation of the ether oxygen atoms into 
the ligand interior toward the incorporated metal ion or a shift of the exolendo 
equilibrium at the bridgehead nitrogens of the ligand in favour of the endo 
conformation. Owing to steric restrictions, the latter structural change can be very 
slow. 

At first sight, it may seem surprising that the relatively big potassium cation is 
more strongly bound by the diamide ligand 22b than by the less rigid diamine 22a 
(see Table 6), while the affinity of the sodium ion for both ligands remains 
approximately the same. 

This apparent inconsistency has been elucidated by kinetic studies. Comparison 
of the single rate constants of corresponding reaction steps (Table 6) shows that the 
difference in the stability of the two complexes is particularly exhibited in the 
dissociation rate k,,* of the first step with all the other rate constants remaining 
very similar. This can be attributed to the fact that the diamine does not possess 
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any electronegative carbonyl oxygen atoms on the surface of the molecule. Hence 
the rate o f  association k I l 2  t o  the intermediate decreases, while the dissociation 
rate k, ,  increases. 

The crystalline E U ( I I I )  and G d ( I I I )  cryptates of [ 2.2.1 ] display a remarkable 
kinetic stability in water and appear to be the first substitutionally inert lanthanide 
complexes5 8 .  Neutral solutions show no  metal hydroxide precipitate, even after 
several days of ageing. In strongly basic solution, the complexes are stable for 
hours. No dissociation of the complex is seen even after several days in aqueous 
perchloric acid. This inertness renders the [Gd(2.2.1)I3+ ion useful as a T I  
(shiftless) relaxation reagent for NMR in polar inorganic solvents o r  in aqueous 
solutions. 

The kinetics of protonat ion  arid deprotonation of cryptands have also been 
studied in detail' 9 ,  particularly, with [ I .  1.1 ] (18), possessing a cavity, into which a 
proton just fits, and which cannot be totally removed even by boiling for hours 
with concentrated alkali hydroxide6'. For the reac$on H2 0 + [ 2.2.21 f [2.2.2.Hl+ 
+ OH-, the following rate constants are found: k = !!I7/mol/s and k = 103/s5 9 a .  

The ligand is protonated inside the ligand cavity. The rates of protonation are at 
least two orders of magnitude smaller than those of proton-transfer reactions of  
simple tertiary amines. 

In [3]cr-ypfutes an intyamoleculur cation exchange process can be observed by 
means of I3C-NMR spectroscopy; a cation is transferred from one of the two 
diazacrown ether rings via a process of type 56 + 58 (Figure 8) to the other ring6 I .  

The activation energy (AG') of this exchange reaction decreases with increasing 
size and decreasing hydration energy of the cation (AG#:Ca2'> Sr'+), i.e. in the 

(56) (571 

(581 

FIGURE 8. Possible intramolecular cation exchange in [ 3 )  cryptates. 
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reverse order t o  that found for the slow intermolecular cation exchange in this 
system. 

d.  Podands. The results on the open-chain ligands agree well with similar studies 
on other simple chelating agents as NTA and EDTA6* as well as on various 
macrotetrolide systems6 3. Both of the open-chain quinoline polyethers 34c and 36 
show - as revealed by temperature-dependent UV absorption measurements of the 
complexations7 (the stepwise binding of the metal ion induces a bathochromic 
shift of the absorption maximum of the ligand and a decrease of the absorption 
coefficient in methanol) - recombinations between ion and ligand (Table 7) that 
are slower by one order of magnitude than diffusion-controlled processes ( lo9 - 
101o/mol/s,  see Section II.B.2). This points to a stepwise replacement of the 
solvation sphere of the metal ion by the chelating atoms of the multidentate 
complexones. 

A comparison with the oligoethylene glycol ethers of types 35 and 47, in which 
donor groups containing aromatic units or simple bemen!+ nuclei replace the 
quinoline rings, proves t o  be interesting. The rate constants k for recombination 
between metal ion and ligand are - as determined by temperature jump-relaxation 
experiments - of the order of 3 x lo7 t o  4 x 108/mol/s64 ; such values are rela- 
tively high, but still lower than those found for diffusion-controlled recombinations 
in methanol, as e.g. the recombination of t he  negatively charged, open-chain 
nigericin antibiotic with Na' ions ( k  = 10'o/mol/s, in methanol, Table 1). 

The diminished rates are, as described above, a result of the stepwise replace- 
ment of the solvent molecules in the inner coordination sphere of the metal ion by 

TABLE 7. Overall rate constants k and log K s  values of alkali metal ion complex formation 
with some open-chain oligoethers (in MeOH, 25OC)' ' 

~ ~~ ~ 

Ligand Cation Z(l/rnol/s) i ( ~ / s )  1% Ks 

Li + 3 107 4.3 x lo4 237 
Na + 1 x 108 3.4 104 3.22 

1.1 x 108 4 x  103 3.51 
Rb' ..lo5 3.06 

(34c) 

Na' 
K' 

4x 108 2.5 104 3.65 
? lo5  - 2.75 
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the chelating atoms of the multidentate complexones. In order to account for the 
high overall rates every single substitution process has to occur with a rate constant 
of the order of lo8 t o  109/s. In general, the rate of solvent substitution decreases 
with decreasing ionic radius of the metal ion, because the solvent molecules of the 
inner solvation shell are more strongly bound due to the strong, electrostatic 
interaction. This is particularly noted in the case of the quinoline polyether 34c 
(see Table 7). Furthermore, the +stability of the complexes increases with decreasing 
k values, i.e. the most stable K complex of the series dissociates with the lowest 
frequence. The dependency of the association and dissociation rate constants of 
ligand 34c on the metal ion radius is thus in agreement with results found for cyclic 
complexons like valinomycin 4 5 a  and dibenzo[ 301 crown-10 (8)48. 

4. Comparison o f  the different ligand systems 
The results obtained for the various ligands described above show that in no case 

does a one-step reaction between ligand and cation occur. 
As a rule, substitution of one or several solvent molecules in the inner coordi- 

nation shell of the metal ion as well as conformational changes of the ligand take 
place during complexation at  a rate of lo9  to lO'O/mol/s (nigericin 1O'O) for 
open-chain ligands; these reactions are practically diffusion-controlled (see Tables 1 
and 7). 

With monocyclic crown ethers the rates of alkali metal ion complexation are 
only slightly smaller (values of about 109/mol/s, see Tables 3 and 4), supposing 
that the ligand is flexible. 

For more rigid cryptand systems, the results may be summarised as follows (see 
Tables 5 and 6): 

(a) The rates of formation with values between lo4 and lO'/mol/s are much 
slower than the exchange of the hydration shell, but appear to follow the 
same order. 

(b) The transition state lies on the side of the starting materials, i.e. it is 
accompanied by considerable solvation of the cation. 

(c) The dissociation rates of the most stable complexes are slower ( 10-103/s) 
than those of macromonocyclic coronands or antibiotic complexones and 
decrease with increasing stability constants. 

(d) The dissociation can proceed via an acid-catalysed pathway at low pH. 
(e) Rapid exchange rates require small cation solvation energies, ligand flex- 

ibility and not t oo  high complex stabilities. Conformational change can 
occur during the process of complexation; the most stable cryptates are 
cation receptor complexes,  which release the cation again only very slowly. 
The less stable ones exchange more rapidly and can, therefore, serve as 
cation Carrie rs. 

C. Thermodynamics of Complexation 

1. Introduction 
Thermodynamics of complexation6 5 y 7 6  is synonymous with the discussion of 

the free entlialpy change AGO, which accompanies the formation of the complex. 
The latter is expressed by the Gibbs-Helmholtz equation (equation 6) which 

A G O  = AH' - TAS' (6) 
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consists of an  enthalpy and an entropy term, the relative importance of each 
depending on the  type of ligand and cation. 

There are altogether four possible combinations of the thermodynamic para- 
meters leading t o  stable complexes (AGO < 0): 

A@ < 0 and dominant, ASo > 0 

fl < 0 and dominant, A$’ < 0 

A S o > O  anddominant,  M < O  

ASo > 0 and dominant, AfP > 0 (d )  
From (a )  and ( b )  enthalpy-stabilized complexes result, from (c) and ( d )  entropy- 
stabilized ones and from ( a )  and (c) enthalpy- as well as entropy-stabilized com- 
plexes. All four  types of complexes are found among the coronates, cryptates and 
podates discussed here. 

Combination of a charged ligand with a hard A-type* metal ion to  form a 
complex of  electrostatic nature is preferentially entropy-driven, while on the other 
hand, recombination of an uncharged ligand with a soft B-type* metal ion to form 
a complex of covalent nature is preferentially enthalpy-driven66. Unfortunately, 
this empirical rule cannot be used to  predict complexation reactions between alkali 
metal ions and noncyclic crown ether type polyethers, because alkali metal ions 
belong to  group A of the hard, unpolarizable cations while the noncyclic ligands 
belong to the group of uncharged ligands. 

The free enthalpies themselves result from the superposition of several different, 
partly counteracting increments of  AGO : 

( a )  the binding energy of the interaction of the ligand donor atoms with the 
cations; 

( b )  the energy of conformational change of the ligand during complexation; 
( c )  the energies of metal ion and ligand. 

2. Significance o f  AHo, ASo, AGO and A e P  for complexation 

a. Free enthalpy changes. AGO values are a direct measure of the degree of 
complexation in solution, and these values are used for comparison of the complex 
stabilities and cation selectivities of crown ethers. In Tables 8- 10 are listed the 
AGO values of a few typical ligand/salt combinations. Enthalpy changes of a 
cation-ligand reaction in solution allow conclusions about the binding energy of 
cation-donor a tom bonds and the hydration energies of reactants and products. 

6.  Enthalpies. A@ values of the above ligand/salt combinations are also given in 
Tables 8-10. The  magnitudes of the AHo values fire indicative of the type and 
number of binding sites (e.g. O,N,S etc.). As a rule, the values are solvent- 
dependent. Thus,  they of ten  reflect (more accurately than other thermodynamic 
paranteters) t he  energy changes that accompany bond formation and bond cleavage 
in cases where the  solvent is changed or donor atoms are substituted. 

c. Entropies. When AGO and values of the complexation reaction are 
known, the corresponding ASo values (see Tables 8-10) can be calculated. The 

*‘A-type’ cations have do configuration. In  typical ‘B-type’ cations d-orbitals are fully 
occupied; for more details see Section 1II.D.I . a ( l )  and References 66, 94 and 95. 
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value of ASo mostly depends on  electrostatic factors such as the relative hydration, 
and number of product and reactant species. As a rule, one obtains significant aso 
contributions with macrocyclic ligands only when strong conformational changes 
are present during formation of the complex. So the magnitudes of the ASo values 
are indicative of solvent-solute interaction and supply information about the 
relative degrees of hydration of the metal ion, macrocycle and complex, the loss of 
degrees of freedom of the macrocycle when complexed with the metal ion and the  
charge-types involved in the reaction. 

d. C ,  changes. Only a few ACg values for the complexation of crown ether type 
neutral ligands are known so far8by64. They may give information about the 
conformational change of the ligand. Such conformftional changes play a signifi- 
cant role, for instance during the Frmation of the K complex of valinomycin and 
nonactin as well as that  of the K complex of [3O]crown-10 (8) (see Figure 23, 
Section 1V.B.l.a). 

3. Thermodynamics o f  a few selected crown ethers 
The thermodynamic parameters o f  the complexes of the A isomer (cis-syn-cis 

isomer) of dicyclohexano(l8~c~own-6 (59a) (see Table 8) have been most 
thoroughly examined6 '. Favourable ASo values !positive) are found with cations 
having a pseudoinert gas configuration, e.g. Ag (ASo = 11.02 cal/deg/mol) and 
Hg2+ ( 10.2). Since the values here are very small (AH0 = 0.07 and -0.7 1 kcal/ 
mol), complexation with these metal ions is almost/solely entropy-driven. Also in 
the case of Sr2+, a positive entropy change (ASo = 2.5 cal/deg/mol), albeit smaller, 
is measured together with a strongly negative AHo (-3.68 kcal/mol); hence the 
complexation of many double-charged cations (alkaline earth ions) is a result of 
favourable Alp as well as ASo values. 

The entropy of formation ASo depends mostly on the change of the number of 
degrees of freedom of the particles during complex formation, taking participating 
water into consideration also. The biggest term normally represents the trans- 
lational entropy of released water molecules, so that highly charged smaller cations, 
which are more strongly hydrated, should give biggfr values of ASo. This is 
experimentally confirmed, for instance, on going from K to Ba2+: the ASo value of 
BaZ+ (-0.20 cal/deg/mol) is much more favourable than that nf K +  (-3.80), whilst 
the enthalpy changes do  not  differ as much ( A P B ~  = -4.92, W K  = 
-3.88 kcallmol), a fact attributable to  stronger cation-ligand interactions and bigger 
entropy gain during displacement of the solvent shell. From these results, it can be 
seen that the type of cation as well as its charge plays an important role in the 
thermodynamics of complexation (for more details see Section 1II.D). 

Of interest in the case of /18Jcro~vn-6 (2), apart from the complexation 
thermodynamics of the alkali/alkaline earth ions (see Table S), is that of the rare 
earth ions La3+ to  Gd3+, measured in methanol by titration calorimetryG8. Three 
features of the results are significant: (a )  no  heat of reaction is found with the 
pust-Gd3+ lanthanide cations; ( b )  all reaction enthalpies are positive and thus the  
observed stabilities of entropic origin; (c) with increasing atomic weight, the 
complex stabilities decrease, contrary to  those of the triple-charge lanthanide 
complexes o f  most other ligands. The results have been interpreted in such a way as 
t o  refiect the balance +among ligand-cation binding, solvation and ligand confor- 
mation. UO;' and Th4 give no  measurable heats of  reaction with [ 181 crown-6 in 
methanol under similar conditions6 8 .  I t  seems that complex formation does no t  
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occur under these conditions; this is emphasized by the fact that apart from 
cocrystallisates (see Section 1V.B. l.b), no solid uranyl complexes of [ 181 crown-6 
have been discovered so far. 

Thermodynamic data of the complexation of heavy metal ions (Ag", Ilg2+, Pb2+) 
have been obtained for crown ethers of various ring size including exchange of 
oxygen centres by sulphur6 . 

The thermodynamic origin for differences in complexation between the 
[ 181 crown-6-type inacrocycles containing carbonyl oxygen and those, that  do not, 
seems t o  vary (see Table 8) 'O.  Comparing the two pyridine-containing ligands 61a 
TABLE 9. Free energies, cnthalpies and entropies of complexation by bicyclic ligands in 
water at 25°C' 

Ligand 

AGO Mi0  ASo 
(kcal/mol) (kcal/mol) (cal/K/mol) 

Cation [kJ/mol] [ kJ/mol] [J/K/moll 

12.1.1 j 

[2.2.11 

Li' 
Na+ 
Ca2+ 

Li + 

Na+ 
K+ 
Rb' 
Ca2+ 
Srz+ 
BaZ+ 

Na' 
K' 
Rb' 
Ca2+ 
Sr2+ 
BaZ+ 

K' 
Rb' 
cs+ 
Ca2+ 
Srz+ 
Ba2+ 

- 7.5 [-31.41 - 5.1 [-21.351 8 [ 33.5) 
- 4.5 [-18.81 - 5.4 [-22.601 - 3 [-12.6] 
- 3.4 [-14.21 - 0.1 [- 0.421 11.1 [ 49.41 

- 3.4 [-14.21 11.4 [ 47.71 
- 7.2 [-30.11 - 5.35 [-22.401 6.2 [ 25.91 
- 5.4 1-22.61 - 6.8 [-28.471 - 4.7 [-19.71 
- 3.45 [-14.41 - 5.4 [-22.601 - 6.5 [-27.21 
- 9.5 i-39.81 - 2.9 [-12.141 22 [ 92.11 
-10.0 [-41.91 - 6.1 [-25.951 13.1 [ 54.81 
- 8.6 1-36-01 - 6.3 [-26.371 7.7 [ 32.21 

- 5.3 (-22.21 - 7.4 
- 7.2 [-30.11 -11.4 
- 5.9 1-24-71 -11.8 
- 6.10 [-25.11 - 0.2 
-10.9 1-45-61 -10.3 
-129 [-54.01 -14.1 

- 3.0 
- 2.8 
- 2.45 
- 2.7 
- 4.6 
- 8.2 

-12.61 - 3.0 
--11.71 - 4.2 
-10.31 - 5.4 

-19.31 - 3.3 
-34.31 - 6.2 

-11.31 0.16 

-30.981 - 7 
-47.721 -14.1 
-49.401 -19.8 
- 0.841 19.5 
-43.121 2 
-59.021 - 4.0 

-29.31 
-59.01 
-82.91 

81.61 
8.41 

-16.71 

-1 2.56 ] O [ O  
-17.581 - 4.7 (-19.7 
-22.601 - 9.9 [-41.4 

0.671 9.6 [ 40.2 
-13.811 4.4 [ 18.4 
-25.951 6.7 [ 28.0 
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and 61b, in all cases the stability of complexes of the ligand without carbonyl 
groups is entropy-favoured. AHo varies little with no  systematic trend. Comparison 
between 2 and 60 shows that the entropy term favours complexes of the ligand 
with carbonyl groups, while the enthalpy term for this ligand is comparatively very 
unfavourable. As Table 8 shows, the increased stability of complexes of 61b over 
that of complexes of the parent macrocycle 60 is due almost entirely to the 
enthalpy term in the case of the monovalent cations. However, a significant drop in 
entropy stabiliza+tioa for the Ba2+ complex of  61b from that of 60 results in the 
reversal of the K /Ba2+ selectivity sequence between these two ligands. 

Cram and coworkers studied the free energies of association between polyethers 
and t-butylammonium salts7 I .  For  thirteen different eighteen-membered crown 
ether rings in chloroform (at 24°C) AGO values lying between -9.0 and -2.9 kcal/ 
mol and -depending on the structure of the crown ether were found. Furthermore, 
ab initio molecular orbital calculations of the relative values of the binding energies 
were drawn up7 '  9 7 2  and shown t o  be in qualitative agreement with experimental 
results. 

Regarding the thermodynamics of protonation of the cyclic oligooxadiaza ligand 
673, the  bicyclic 19 and the corresponding open-chain diamine analogue with 
typical primary, secondary and tertiary amines, the data obtained for the sub- 
stituent effect74 cannot be simply correlated. This is understandable, since in the 
cyclic systems the N atoms can no  more be arranged strain-free and the N-N 
distance is greatly reduced. It can be taken for granted that both H atoms of the 
diprotonated cyclic ligand are located inside i ts  cavity. This desolvates the 
protons very strongly, particularly in the case of the bicyclic ligands, thereby 
causing an increase of ASo and AHo compared t o  normal diamines. 

Calorimetric measurements of alkali and alkaline earth metal complexation by 
macrobicyclic cryptands show that here also enthalpy and entropy changes play an 
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Stability constants (log K , )  of K’ complexation in MeOH/H,O (95 : 5)’ 4 d :  

important role7 5 .  Particularly noteworthy are the high entQalpFs an! the ne$ative 
entropies of the complexes with alkali cations such as Na , K , Rb and Cs (see 
Table 9). Alkaline earth cryptates (SrZi, BaZi) just like the LiI2.1.11 and 
Na[2.2.1] complexes are marked by dominant enthalpy changes apart from a 
similarly favourable entropy change. The Ca2* cryptates (and the Li[2.2.1] com- 
plex), with a heat of reaction of nearly zero, are completely entropy-stabilized. 

The complexation enthalpies show selectivity peaks for various cations in con- 
trast t o  the entropies (Figure 9 ) 7 5 .  The entropy term may nevertheless lead t o  
marked differences between enthalpy and free energy selectivities. Thus the select- 
ivity peaks observed in the stability constants of cryptates are intrinsically of 
enthalpic origin. 

The high stability of macrobicyclic complexes compared with analogous mono- 
cyclic complexes (Figure 10) is caused by a favourable enthalpy, and is termed the 
‘macrobicyclic’ or  ‘cryptate effect’, o r  more specifically the ‘ [2]cryptate  
effect’’ 4 c 9 d .  In the case of the topological tricyclic cryptands, one similarly speaks 
of a macro tricyclic or [3]cryptate  effect etc. 

The cryptate effect is e n t h a l p y - i n f l u e n ~ e d ~ ~ ,  which is attributable to  the strong 
interactions of the cation with the poorly solvated polydentate ligand of macro- 
bicyclic topology. 

Open-chain podands usually show smaller AGO or K ,  values of complexation than 
macrocyclic crown ethers76 (Figure 1 1, A log K ,  =- 3-4) or bicyclic cryptands 

log K, = 2.2 6.1 

A log K,  = 3.9 

FIGURE 11. 
effect ([llcryptnte effect). 

Stability constants (log K,), of K+ complexation in i\leOI.17 ‘ : rilacroc~yclic 
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(Figure 10, A log K,= 7-9) '4d-65 .  With reference to  the effective [2]cryptate 
effect of bicyclic cryptands, a so-called macrocyclic (or [ I ]  cryptate) effect' for 
monocyclic crowns has been defined. 

More thorough investigations reveal that this is partly caused by a loss of degree 
of freedom of the open-chain ligand, but more often by a weaker solvation of the 
complexed cyclic ligand' 4 d 9 6 5  I ' ~ .  A more accurate elucidation of these results from 
the point of view of enthalpic and entropic contributions due to  solvation and 
conformation is experimentally d i f f i c ~ l t ~ ~ .  

The still effective 'chelate effect" c * 7 9  of open-chain multidentate podands 
compared with simple monodentate compounds such as ROR and R,N is often 
entropy-influenced, t,hough the complexation entropies may differ a great deal 
according to  the type of the podand (see below). 

Since the complexation of podands has only recently been investigated and 
detailed results are meanwhile available6 ', but still not summarized, it seems proper 
a t  this point t o  give a more thorough description of the subject. 

Table 10 shows that the complex stability (AGO 1 of  the noncyclic ligands 34c, 
35b, 35c, 39 and 47 is entirely of enthalpic origin accompanied by an unfavourable 
loss of entropy. The fl values of  the noncyclic compounds between -20 and 
-70 kJ/mol are comparable to the values obtained for cyclic complexones in 
methanol (cf. Table 8); however, for some complexes the decrease of entropy is 
remarkably high. The largest negative entropies of complexation among the aro- 
matic tetraethylene glycol ethers were found for the  lithium complex of 34c, the 
sodium complex of 35c and the potassium complex of 47. Maximum values of - -200 J/K/mol are reached with the rubidium and caesium complexes of the  
tripodand 39. 

Table 10 also illustrates the influence of the cation size on AGO, AHo and ASo 
of the ligands measured. The dependency of open-chain ligand 34c regarding the 
ionic radius is opposite to  that of the tripodand 39, for which values of reaction 
enthalpy and entropy decrease on going from the lithium complex to  the rubidium- 
complex. For the K" and Rb+ complexes of 34c the entropy loss is practically zero, 
while the enthalpic terms reach a negative plateau for the bigger K+, Rb+ and Cs+ 
cations. I n  the case of complexones 34c and 35c the heat of reaction and the loss of 
entropy decrease with increasing ionic radius. The reaction enthalpies of the lithium 
and sodium complexes of 35c are strongly temperature-dependent, as shown by the 
large values of the molar heat capacities: AC: (Li+) = 1 kJ/K/mol and ACE (Na+) = 
4 kJ/K/mol. Ligand 39, however, behaves like the cyclic complexones; the values 
of 

These experimental results have been discussed in the light of different intrinsic 
contributions to  enthalpy and entropy64. The complexation enthalpy can be split 
in to  the contributions from the cation and those from the ligand. The bonds of the 
metal ions with the solvent molecules are partly or totally substituted by the bonds 
to the polar groups of the ligand. Also, the difference between the solvation 
enthalpies of the solvent molecules outside the complex and outside the first 
solvation shell of the free metal ion has t o  be taken into consideration. The changes 
of the enthalpy of the ligand by complexation are mainly due t o  the changes of 
solvation, intramolecular ligand-ligand repulsions, t o  the stacking of the aromatic 
residues and the steric deformation of the ligand induced by the  bound metal ion. 
In methanol, the electrostatic interaction between the metal ion and the coordi- 
nating sites of the ligand represents one of the important driving forces of the 
complexation enthalpy, because the counteracting interaction with solvent mole- 

and ASo become more negative with increasing ionic radius. 
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cules is relatively small, as compared to the corresponding interactions in aqueous 
solution. If  the solvent molecules are not t oo  tightly bound, the uptake of the small 
cations by the ligand should be favoured. The tripodand 39, however, prefers the 
large cations as far as the enthalpies are concerned. This may be due to  the fact that 
binding of the small ions leads t o  an unfavourable conformation of the ligand. In 
contrast, ligand 34c prefers the small cations, because the electrostatic attraction is 
the  dominant increment of the negative complexation enthalpy. Because of the 
high flexibility of the open-chain compounds, sterically unfavourable con- 
formations can be avoided. Furthermore, the stacking energy of the terminal 
aromatic moieties contributes t o  the negative AHo values. 

The complex formation for the glyme-analogous 34c, 35b, 35c and 47 and 
tripodand 39 is enthalpically favoured but entropically disfavoured (see Table 10). 

As in the  discussion of the enthalpy values a more thorough understanding of 
the entropy values is achieved considering the various intrinsic contributions: for 
the  linear ligands 34c and 35c the dependence of the complexation entropy on the 
ionic radius is opposite to  that of the cyclic (Table 8) and bicyclic complexones 
(Table 9). Here, the release of the solvation shell has t o  be overcompensated by the 
other contributions t o  the complexation entropy. The metal ion may not be 
completely desolvated. The change of the topology of ligand from a linear con- 
formation in the uncomplexed state to a helical conformation in the complex state 
leads to a large loss of entropy. This is supported by the experimental finding that 
the decrease of entropy due t o  complexation is smallest for the uptake+of those+ 
cations which do not  induce steric deformations of the ligand structure: K and Rb 
ions fit well into the sterically optimum cavity of ligand 3 4 ~ .  Thus, the favoured 
stability of the K+ complex of ligand 34c is the consequence of the absence of a 
destabilizing loss of entropy, and correspondingly the lability of the Li+ complex is 
due to the entropy-unfavourable conformational changes of the ligand. Addition 
and/or variation of the donor groups in the ortho position of the terminal aromatic 
moiety shift the complexation entropy of the K+ complexes by nearly two orders 
of magnitude (see Table 10). The podand 39 is much more restricted in its 
conformational flexibility than the compounds 34c and 3512. Thus, the differences 
of the solvation and of the internal entropies of the ligand between the free and the 
complexed state are comparably small, and, instead, the difference of the trans- 
lational entropy due to  the release of the solvation shell controls the dependence of 
the  complexation entropy on ionic radius64. 

Na-NMR investigations8' about the thermodynamics of complexation 
of open-chain podand 35e with Na cations in pyridine as solvent gave the following 
results: AHo = -17 kcal/mol (--71 kJ/mol), ASo = -48 cal/K/mol (--201 J/K/mol). 
The very negative Do value points t o  a cyclization +or/and polymerization entropy. 
For a discussion of  the X-ray analysis of the K complex of 35e see St:ction 
IV.B.3.b(l). The Na' complexation forces the podand to adopt a particillarly 
well-arranged conformation, in which most (or all) of the oxygen donor atoms form 
van der Waals' bonds to the enclosed sodium ion, thus causing the relatively big 
enthalpy change. The complexation of 35e in solution is enthalpy-driven. From 
23Na-NMR results, it is to be concluded that the interaction of the open-chain 
podand 35e with sodium can best be described by a successive wrap of the sodium 
cation by the heptadentate ligand. 

Thus, with the help of a few concrete examples, it is shown how the various 
ligand, cation and medium parameters of single thermodynamic data like AGO, 
CWO, AS' and AC: are differently influenced, the effects being reflected in the 
complex stabilities and particularly also in the complexation selectivities. 

Fritz Vogtle and Edwin Weber 
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A. General Remarks 

The formation of a 'complex' by association of two or more chemical units is 
one of the most basic molecular processes and of utmost importance in chemistry, 
physics and biology. 

A host-guest complex, unlike covalent bonds, arises mostly through weak bond 
interactions (hydrogen bonding, metal-to-ligand bonding, pole-dipole binding 
forces, dipole-dipole binding forces, hydrophobic bindings etc.)8 . Such relatively 
weak molecular interactions should be a subject of intensified research on the basis 
of molecular recognition between two chemical units in future, since molecular 
information is transferred during the process of complexation' c. 

In living creatures, highly specific and complicated molecular aggregates play an 
important role in enzyme-substrate interactions, the replication of nucleic acids, 
the biosynthesis o f  proteins, in membranes and in antigen-antibody reuctions3 4. 
Their stability, selectivity, structure and reactivity are complicated functions of 
many variables. 

There is a striking similarity between the metal ion selectivity of some anti- 
biotics and certain macrocyclic l i g a n d ~ ' ~ .  It has proved, therefore, important t o  
synthesize simpler host molecules as model substances and study their analogous 
interactions with 6g,1  6m 9 '  6 n * 1  8 b * 1  8 c , 8 2 .  These investigations have 
led to  a series of results concerning the ligand structure, complex stability and 
selectivity with diverse guest molecules in various solvents. In this way, it has been 
possible to separate various variables and achieve an analysis of structural inter- 
actions. The different variables can then not only be analysed, but also be control- 
led14c,81. 

B. Definition of the Complex Stability Constant and of the Selectivity of Complex- 
ation 

The complexation process between a ligand L and a$aiion Mn+ in solvent S may 
be represented by the general equation (7 ) ,  where k, k are defined as the rate 

+ 
k 

(L),,,,, + (M"+.mS) (L,M"+),,,,, + mS (7) 
t 

k 

constants of formation and dissociation of a complex (see Section II .B.1  and 
II.B.2). The quotient of %/% gives the stability constant K ,  (kinetic derivation of the 
stability, cf. Section 1I.B. 1 ). The thermodynamic stability constant K t h  can be 
given by equation (8), wherefc, f L  and fM are the activity coefficients of the three 

species present (complex, ligand, cation). Since these coefficients are generally 
unknown, however, the stability constants K ,  (equation 9), based o n  the concen- 
trations, are u s u d y  employed. K ,  is an average stability constant for the system in 

thermodynamic equilibrium on the basis of ligand conformation and complex- 
ation' c. 



92 Fritz Vogtle and Edwin Weber 

The relationship between K ,  and the free enthalpy of formation AGO of a 

(10) 

K ,  values are known for many complexessb and a list is given in Tables 4-8, 1 1 ,  
12, 15. These values also reflect the socalled selectivities of complex formation of 
the ligands. 

‘Selectivity is concerned with the ability of a given ligand to  discriminate among 
the different cations’14C. A measure for the selectivity of a particular ligand with 
respect to  two different metal ions M I  and M 2  is, per definition (equation 1 l ) ,  the 
ratio of the stability constants of the complexes LMI and LM2 ( L =  ligand, 
M = metal cation). High complex stability, often desirable, does not necessarily 

complex is given by the  following equation ( : 

AGO = -RT  In K, 

mean high selectivity. Crown ethers with low complex stability constants may be 
highly selective; thus this knowledge has proved to  be very valuable for the design 
of carrier molecules for use, e.g. in ion-selective electrodes2 7 3 8 3 .  

C. Methods for Determination of Complex and Selectivity Constants 

The following methods or  devices have been employed for the experimental 
determination of the  complex stability constants K,  : cation selective 
e l e c t ~ o d e s ~ ~ ~ 9 ~ ~ ,  pH-metric methods3 b 9 8 5 ,  c o n d ~ c t o m e t r y ~  ’ , 86  calori- 
rnetry67-70 987 ,  temperature jump measurements7b937.49 95 7964,  N M R ~ O  988 ,  

O m g 9 ,  solvent extractiong0 and osmometi.yg ’ ~ These methods have been dis- 
cussed in several reviews7a,b*d. It is t o  be mentioned that cation selective or  cation 
specific organic neutral ligand systems of the crown ether type have proved t o  be 
useful in ion-selective electrode systems themselves6 c,6 d,2  

An advantage and at the same time a drawback associated with the numerous 
possibilities of measurement is that  the complex constants listed in the Tables 4-8, 
11, 12, 15 have been obtained according to  different methods (often in different 
solvents) and therefore, cannot be readily compared with one another. 

2. 

D. Factors Influencing Stability and Selectivity 

In the following, an attempt is made t o  discuss the different factors in order to 
work out their specific influences on the  complexation. In reality the several 
parameters are often strongly connected with each other. 

1. Ligand parameters 

a. Binding sites. A crown ether may be considered to  be a collection of donor 
heteroatoms (O,N,S,P) distributed strategically. It is clear that  the kind of donors 
employed has a big influence on the  complexation behaviour. 

(1) Donor atom type. In classical crown ethers, ether oxygeizs have been used as 
donor site93 As A-type donors66*94,  they should most favourably combine with, 
A-type metal ions (alkali/alkaline earth, lanthanide ions) according to  the ‘hard and 
soft acid-base’ principleg ’. Thus, complexes of purely oxygen crown ethers such 
as 1, 2 and 8 with salts of the above cations tend t o  give high K,  valuessb (see 
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Sections II.B.3.b and 11.C.3, Table 4). B-type cations (Cu2+, Ag+, Coz+, Ni2+, etc.) 
should less compatibly combine with the ‘hard’ ether oxygens, thereby resulting in 
lower stabilities of the complexes, as shown in practice (cf. 2 in Table 11). 

On the other hand, such cations interact favourably with ‘soft’ B-type donors 
like N,S94. Investigations on the stepwise substitution of nitrogen or sulphur atoms 
in crown ether skeletons and about their stabilizing/destabilizing influences on 
complexation have already been carried 

The K ,  values of a series of thia analogues with [9] crown-3, [ 121crown-4, 
[ 151 crown-5, [ 181 crown-6 and [24]  crown-8 skeletons have been deter- 
mined69,70b (e.g. 64 and 65; see Table 11). They are, as expected, very low for 
alkali/alkaline earth ions, but high for transition metal ions. Substitution of an 
oxygen in benzocrown ethers by an N H  group reduces their ability to  extract alkali 
picrates into organic phases9 6 .  

The complex constants of bicyclic systems are likewise influenced: The polyaza 
ligands 66-68 show lower K ,  values for alkalilalkaline earth ions compared to the 
parent compound, 12.2.21 cryptand (19) (Table 12)” b*9  ’. The effect is par- 
ticularly pronounced for the K* complexes of the methylaza cryptands 66-68, the 
complex stabilities constantly diminishing by a factor of -1 0 upon successive 
substitution of an 0 by an NCH3 binding site. Since the dipole moment of the 
NCH3 group is smaller than that of 0, the substitution of 0 by NCHJ leads to a 
decrease of  the electrostatic interaction between cation and ligand. Moreover, the 
van der Waals’ diameter of N is somewhat bigger than that of 0 (1.5, compared to 
1.4 a), so that the cavity formed by a polyaza cryptand should be a bit smaller [see 
Section III.D.l.b( l ) ] .  The different hydration of N- compared to 0-binding sites 
should also play a role. 

The selectivities of complexation are influenced by the substitution of 0 by N or  
S donor sites. For instance, the peak selectivity for K+ flattens increasingly on going 
from 19 to 67 c3r 6885 ’. While 66 still shows comparable selectivities, 67 hardly 
shows any. 

The experimental results may essentially be summarized as follows’ 4c*1 4 d 9 7 6 a  

(see Tables 1 1, 12): 

a .  

(a) Substitution of ether oxygen atoms by sulphur generally reduces the binding 
ability toward alkalilalkaline earth metal ions, leaving i t  unchanged or 
causing i t  to  increase toward Ag+, Pb2+, Hg2+ and similar ions. 

(b) Incorporation of nitrogen atoms has a favourable influence on the com- 
plexation of B-type ions; the coordination of alkali metal ions is much less 
weakened. 

0 and N donor atoms, that are integrated in functional groups, partly cause 
other gradations of complex stability and selectivity: Thus acetal oxygen atoms, for 
example, are less effective than O-CH:! -CH2 -0- g r o ~ p s ~ 9 ~ ~ .  

For macrocyclic systems containing one t o  three P-diketone units, constants of 
complex formation lying 10’ - 8 -  106e3 times higher than for the corresponding 
open-chain model substances are foundg9. 

The influence o r  coordinating ability of intr’aannular functional groups in cyclic 
crown ethers 69 was first described by Weber and VogtleIo0. Cram and co- 
workers’ o investigated systematically the characteristics (association constants) of 
the intraannularly substituted macrocyclic polyethers 70 containing halogen, OH, 
OMe, CN, COOMe, COOH as donor groups X. 
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X = H  P R = H  
CI Me 

:H 
SH 

0 

(n = 1-4,7) 

S NH2 

J" 
$EdS OMe CN 

COOH 
(69) COOMe (70 )  

t-Bu 

x o  COOEt 

qJ n 

In the case of the eighteen-membered rings 70 (n = 3, R = Me) the K ,  value+s are 
in the order of COz Me > OMe > H for all cations examined, apart froin K , for 
which the order of OMe > C02Me > H is foundlo b. According t o  molecular 
models, the conformation of the complexes sh2uld be such that the plane of the 
benzene ring is rotated approximately 30-60 out of plane of the macro ring 
(X-ray structure of an analogous t-butylammonium salt complex, see Figure 25 in 
Section 1V.B.l.a). Owing t o  two opposing methoxyphenyl units in 71, a series of 
degrees of  freedom of the ligand are frozen; thus, formation of cavities for guest 
molecules is encumbered (see Section 1II.D. 1.c) and the  complex constants are 
comparably low' b. In the series of 70 the phenol (X = OH) represents the worst 
ligand, since the compound forms transannular hydrogen bonds which must be 
cleaved during cation complexation' * . lntraannular donor centres may also con- 
sist of acidic groups suitable for salt formation. Thus the carboxylic acid 70 (n = 3, 
X = COOH), in particular, forms a crystalline 1 : 1 salt with t-butylamine in 
cyclohexane/dichloromethane' 8 c .  These inwards directed substituents act as 
additional binding sites for cationic guests. The possibility, that they can also act as 
catalytic sites, is being explored'O ' a .  

Suitably located pyridine-nitrogen, furane-oxygen, thioplzene-sulphur atomssf 
(see Figure 1) coordinate as a rule' 8 a 1 7  y 8  3 .  They may be useful in achieving 
particular selectivities, e.g. in increasing the Na' selectivity' O o > '  04. 

In cyclic and open-chain crown ethers, containing amide (42 and 43, see Figure 
7; 72) and ester' functions (60  and 61b, see 'Table 8), the carbonyl groups can 
cooperatively act as donor centres' '. Thus ligand 7 2  is ten times more selective 
for Ca2+ than for Ba2+ ' 06. Substitution of the coordinating methoxy end-groups of 
open-chain crown ethers 35a by primary amide (35e ,  35f) or ester groups (35d) 
(Figure 5) reduces the complexing ability of the ligand skeleton' O 7. 
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(72) (73) (74) 

R = Me, i-Pr. t-Bu. CH,Ph, CHMePh 

Stoichiometric alkaline earth salt complexes of oligoethylene glycols have only 
lately been systematically ~ y n t h e s i z e d ~ ~ .  Thus, it has been shown that even 
ethylene glycol itself forms a crystalline 1 : 1 complex with Ba(SCN)$3a. Similar 
complexes are formed by 2,6-pyridine dimethanol, diethylene glycol and (several) 
oligoethylene glycols3 b. 

Molecular models of the complexes of primary and secondary alkylammonium 
salts with diazaparacyclophane crown ethers 73 suggest that t he  x-electron system 
of the aromatic ring should participate in the  binding of p-alkylammonium 
cations' 8 .  Dynamic H-NMR spectroscopy is consistent with chiral asymmetric 
complexes in solution, represented by the stabilizing interaction between the 
x-electron system of the phenylene ring and the alkylammonium cation, which 
accounts for  the hindered rotation of the phenylene rings in the complex. The 
aromatic protons Ha and Hb of the outer benzene nucleus 74 show reasonable 
downfield shifts' 9. This can be explained by a transannular x-electron release 
from the outer benzene ring t o  the complexed inner benzene nucleus to  enhance 
the x-complexing ability. This effect probably contributes to  the high yield of the 
synthesis. 

( 2 )  Donor atom number. Since a crown ether in a cation complex is comparable 
to  the inner solvation sphere of a metal ion (see Figure 12), the number of available 
donor atoms in the  crown ether skeleton should, as far as possible, match the 
coordination numbey of the particular cation' l o .  Reference points for the 
optimum coordination numbers of cations in the  complex are provided by their 

FISURE 12. Comparison of ion solvation by dimethyl ether to ion 
solvation by a polyether. 
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coordination numbers with water molecules' ' : 6 for alkali metal ions, 4 for Be2+, 
6 for  Mg2+, and 8 for Ca2+, Sr2+, and Ba2+ respectively' ' 2 .  

The influence of this factor is clearly revealed by a comparison of [ 2.2.21 cryptand 
(19) and [2.2.Cs] (75) with approximately similar size; ligand 75  differs from 19 
only in the lack of a pair of 0-donor sites in one of the three bridges of the 
[2.2.2] skeleton' 3. This leads to  a reverse of the Ba2'/K+ selectivity of the  order 
of  l o 6 .  Thus the Ba2+/K+ratio is lo4 for 19, but 

The  fact, that monocyclic 7 6  with the same number of donor atoms as bicyclic 
75 displays a Ba2+/K+ selectivity comparable t o  that of the octadentated cryptand 
19, could be explained by the easier accessibility of the complexed cation in 76 to 
solvent molecules which can saturate its unoccupied coordination sites' ' 3. 

for 75. 

Me 

Me (19) x = 0 

(75) X = CH2 (76) 

The 1 : 1 association constants of a few open-chain oligoethylene glycol ethers 
with different donor numbers have been determined for various metal ions 
potentiometrically as well as conductometrically86 b .  The K ,  values and the select- 
ivity ratio K+/Na' rise with increasing number of coordination sites. The tetra- 
dentate ligand 77, used as an ionophore in liquid membrane electrodes, shows the 
selectivity sequence Li'> Na+ > K'. By connecting another complexation arm as in 
tripodand 78, the donor atom number can be increased t o  a total of 6 and the 
ligand rendered Nac-selective2 k .  

x: Me 

(77) (78) 

In general, double-valent cations should, as molecular models show, selectively 
be complexed by uncharged ligands with mwt ly  big coordination numbers' 2 .  

However, since the stoichiometry of the complex formation reaction is not known 
a priori consideration of this parameter for  the design and choice of ligands 
remains intrinsically problematic. Other possibilities of influencing the monovalent/ 
divalent selectivity are considered in Section 1II.D. 1 .d( 1). 
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(3)  Arrangement o f  donor atoms. The symmetrical arrangement of the donor 
sites in a crown ether skeleton does not  seem to play an aesthetic role only7. Every 
deformation of  the inner 'charge-shell', which is not in keeping with the geometry 
of the  guest, reduces the binding ability of the ligand and the stability of the 
complex (host-guest relationship)' c y 8  . 

For  spherical metal ions, the  optimum charge-shell should also have a Spherical 
form (see 'soccer molecule' 24, Figure 2);  for  the rod-like azide ion, on the other 
hand, it should be stretched so as to  look like a 'baseball' (see Section III.D.3)14d. 
Crown ethers, in which the oxygen dipole ends are not ideally located in the ring 
centre (cf. Figure 11, clearly show lower complex stabilities for cations7.' 1 3 .  This 
applies to  coronands (Tables 8, 11) as well as cryptands (Tables 9, 12) and less 
particularly t o  open-chain podands. 

Thus, the K complexation of [ 181 crown-6 falls t o  about half on replacing a 
C2H4 by a C3H6 unit and again by replacement of another C2H4 uni t7a i7d*15d.  A 
more pronounced spatial stretch of individual donor atom pairs, e.g. through 
insertion of four t o  seven CH2 groups (see 10, Figure l )7d  or aromatic units (0-, 
m-, p-xylylene, naphthalene, b i ~ h e n y l e n e ) ~  d 1 3  6 ,  leads to  more unfavourable com- 
plexation (see Table 3). An overall similar effect is noted when individual donor 
sites are brought together within the crown ether skeleton as with acetal ether 
moieties7d.9 8 . 

Even with a cyclic symmetrical alternating combination of ethano and propano 
moieties o r  with only propano units' ' 4, strong stability losses of the  complexes 
result, compared with corresponding ethanocrown ethers7d, thus revealing the 
particular role played by ethyleneoxy groups in crown ethers7". It is well known 
that in five-membered ring chelates containing a pair of binding sites (X = O,N,S), 
the intervening -CH2-CH2- fragment and the coordinated metal ion are more 
stable than six-membered and four-mem bered ones85a (see 'chelate effect', Section 
II.C.3). Thus X-CH2 -CH2 -X arrangements are preferable to  the homologous 
X-(CH2)2 +n -X and X-CH2 -X ones. 

Since every unsymmetry of charge distribution in crown ethers disturbs the 
complexation of spherical metal ions' 5 d 9 1  ' - apart from donor atom specific 
interactions - the  partial incorporation of other types of donor atoms must also be 
viewed within this framework. l h i s  may be quite particularly useful for gradation 
of selectivity [see Section 1II.D. 1 .a( 1 ) I .  

b. Shape arid topology. (1)  Cavity size and sfiape. As was often pointed out  
earlier, the ratio of cation volume to  crown ether/cryptand cavity plays an import- 
ant role (see also Section IV.B, complex structures). Since spherical cavities, 
which can enclose cations, can best be formed by crypfcrrzds, particularly marked 
effects are observed here' 4c.  

Figure 13 shows, for  instance, the results of measurements of complex constants 
of cryptands [2.1.1] t o  [3.3.3] for  alkali metal ions ranging from lithium t o  
caesium as well as for the alkaline earth metal ions Mg2+ t o  Ba2+ d-8  ". Therefore 
it follows that macrobicycle [2.1 . l ]  54 with the smallest inner volume possesses 
the highest K ,  value for Li', while the cryptands [2.2.1 J (55 )  and [2.2.2] (19) are 
best suited t o  complex Na' and K' respectively. The very big macrobicycles f3.2.21 
( 6 2 ) ,  [3.3.2] (79)  and 13.3.3) ( 8 0 )  combine progressively better with Cs' in the 
order given. For  alkaline earth cations cavity size affects the stability constants, as 
in the  case of alkali cations. However, the selectivity peaks (Figure 13) are much 
less sharp than for the alkali cryptates (see also Section 1II.D. 1.c). 

The general point, which can be derived, is that the K ,  value is principally 
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highest (Figure 13) and the cation fit particularly good, when the diameter of the 
metal cation roughly matches the hole diameter of the host6 

Similar rules apply to  c o r o n a t e s s b ~ c ~ e ,  as can be seen from Table 448 ,  g6 7,69 
and Figure 16 (Section 1II.D.l.c). [ 12lcrown-4 (81) corresponds best with Li', 
[ 151 crown-5 ( 8 2 )  with Na', [ 181 crown-6 ( 2 )  with K' etc. (see Table 13). 

An example for the influence of slightly differing cavity sizes and shapes on the 
complexation is given by the four isomers (trans-anti-trans, trans-syn-trans, 
cis-anti-cis, cis-syn-cis) of dicyclohexano f 18]crown-6 ligands (59)  ' ' 3 .  They 
display different complex constants for alkali metal ions like Na', K+,  Rb' and Cs' 
(Table 14). Thus the stabilities of the  complexes of th: tra+ns-anti+trarzs and 
trans-syn-trans isomers with the three metal cations Na  , K and Cs are lower 
than those o f  the corresponding complexes of the cis-anti-cis and cis-syn -cis 
isomers (see also Table 86 7 b ) .  

With Na', K', Rb' and Cs' ions, the stability constants are higher for the 
trans-syn-trans isomers than for the  tmns-anti-trans isomers. The four isomers 
of dicyclohexanoi 181 crown-6 (59) differ most significantly in their complexing 
ability toward K ions; log K ,  values are 3.26, 4.14, 5.38 and 6.01 for the  
trans-anti-trans, trans-syn-trans, cis-anti-cis and cis-syiz-cis isomers 
respectively;' ' '. The fact that  large AK, values are observed for metal ions and also 
for t-BuNH, suggests that the contributions from ion-dipole interactions as well as 
those from hydrogen bonding, UE sensitive t o  small conformational differences in 
the host' 

Thus cavity selectivity may be used as an operational criterion for predicting 
selectivity of complexation. 

(2) Ring number and type  (ligand constifurion). The overall ligand topology 
(connectivity, cyclic order, dimensionality)' determines the way in which ligand 
and cation interact and defines the type of complex formed (podate,  coronate, 
cryptate). A selection of possible ligand topologies is given in Figure 14' 4c  ranging 
from a linear ligand A (mono- or di-podand) to cylindrical and spherical cryptands 
i , K '  9 '  ' ', but other systems may be imagined (see 'multi-loop crowns'). Examples 
are represented in the Figures 1-7. 

The ligand should be able t o  replace as completely as possible the solvation shell 
of the cation during the complexation steps. Thus the stability of a complex is 
higher the better the ligand can envelope the cation and replace its coordination 
shell [see Section I1I.D. 1 .a(2), (3 ) l .  On going from open-chain oligoethylene glycol 
ether neutral ligands of the dipod type A (Figures 5 and 7) via noncyclic tripod B,  
hexapod ligands (Figures 4 and 6)  to monocyclic crown ethers D (Figure 1 )  and 
further t o  bi- and oligo-cyclic cryptands G ,  I and K (Figure 2), a considerable 
increase of the complex stability up t o  lo9 (see Figures 10, 11) and often of  the 
selectivity also (toposelectivity) is observed as a r ~ l e ~ * ~ ~ '  , 85  '. 

An optimum ligand (receptor, see Section II.B.4) for cations should be 
fairly rigid and held in a conformation defining a spherical cavity such as the  
'soccer'-like cryptand 24l (see Figure 2), possessing ten binding sites and a 
rigid cavity (diameter -3.6 8)  practically ideal for complexing Cs+ ions (diameter 
3.38-3.68 a). Thus up until now, this aesthetic ligand of high topology, I ,  is the 
best one for complexing selectively Cs' metal ions (log K ,  = 3.4, in H2O at 
25OC)' 7. 

An interesting topology is shown by ligands of types 84-86, combinations of 
several crown ethers with different ring size and donor atom distribution being 
connected by spiyo carbon atoms' 8 .  Such 'morefold crown ethers' as a rule show 
the mulrjple selectivity of the  combined crown ether rings - 85 being selective for  

(see Table 13). 

(cf. Section 1II.D. 1.c). 
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C F H K 
FIGUKE 14. Topological representation of various types of organic 
ligands' '. A-C: acyclic (podands); D-F: monocyclic (coronands); 
G-H: bicyclic (coronands, cryptands); I-K: tricyclic (cryptands). 

Li' and Cs', 86 for Na', K', Rb' etc. - but on the other side they may exhibit 
unexpected selectivities regarding the precipitation of ions from mixtures, that  may 
be explained by the receptor cavities being near enough to  each other  for inter- 
actions between intramolecularly complexed cations. 

(84) (85)  

(86) 

For the 3,6-dioxaoctane dicarboxamides 87 and 88 investigations have been 
carried out  concerning the influence of ring-closure and ring-size on the ion-select- 
ivity of a ligand-impregnated PVC/o-nitrophenyl octyl ether m+embran: and the 
ability to  extract alkali/alkaline earth metal ions, including NH4 and H from an 
aqueous into an organic phase' 9. The results show that because of ring-closure in 



2. Crown ethers-complexes and selectivity 107 
88, the selectivity and extractive ability are more strongly reduced with narrowing 
ring, in comparison to  the open-chain compound 87. 

-N- 

+o 

(1 
9 

e "-flH2)" 
-N WN- 

(87 1 (88) 

n = 2,6, 10 

A deeper analysis of the origin of such ring formation and (topological) ring 
number effects ('macrocyclic' and 'cryptate' effect') in terms of enthalpy/entropy 
contributions was given in Section II.C.3. 

(3) Chiral configuration. Recognition requires the careful design of a receptor 
molecule presenting intermolecular ~ornplementarity'~~~'~~*'~e*' 8,81.  In par- 
ticular, it involves discerning the proper interactions which will lead t o  substrate 
binding and inclusion. 

Chiral .recognition might be obtained by incorporating a chiral unit in the ligand 
skeleton. To this end, the ligand may contain lateral cavities serving as anchoring 
sites for polar groups of the substrates and a central cavity large enough for 
including a molecular ion14e*81 (cf. Figure 15, 'host'). The complexation of an 
optically active substrate (e.g. ammonium sait) (+)-S or (-)-S by a chiral ligand 
(+)-L is represented by the following equations' 

(+)-L + (+)-S - [(+)-L, (+)-SI (12) 

: 

(+)-L + (-)As - [ (+)-L,  (-)-SI (13) 

The two diastereomeric complexes obtained have in principle different association 
constants. The resulting chiral discrimination may be evaluated by the difference 
(in percentage) of the two diastereomers formed, i.e. the enantiorneric excess 
(e.e.)' I .  

In order to obtain specific ligands for sophisticated chiral guest molecules one is 
faced up  with the task of synthesizing highly structural cavities that will tailor-fit 
the  guests ('moleclar architecture')' 8a-c ,  so that out of two enantiomeric guest 
molecules only one is able t o  enjoy the particularly tight, energetically favourable 
interaction with the host ('host-guest c h e m i s t r ~ ' ) ~ '  9 '  2 .  Out of this conception 
arose a series of crown ether and cryptand  system^^^*'^ with chiral centres 
(marked with asterisks, Figure 3) in definite arrangement (25 and 26)16a9e-o*124 or  
with chirality axes in the form of binaphthyl units (27-29)16 b - d , '  7 , 1  2 1 1  2 5  or 
spiro groups (30)' d .  

By means of the binaphthyl crown ether 28, Cram and coworkers succeeded in 
separating racemates of amino acids in the enantiomers' 2 a v '  6. The separation of 
the  racemic amino acid cations is possible on account of the different stability of 
the diastereomeric crown ether complexes' (Figure 15): for instance, the  crown 
ether 28a with (S,S>configuration and having two l,I'-binaphthyl units as chirality 
barriers preferentially complexes the (R)-enantiomer of methyZphenylglycinate 
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ammonium ion ( 8 9 ) l Z 7 .  Thus, when an aqueous solution containing the hydro- 
chloride of racemic methylphenylglycinate (89) and LiPF6 is shaken with a solu- 
tion of (S,S)-28a in chloroform, 63.5% (R)-  and 36.5% (S)-amino ester can be 
isolated from the organic phase and 56% 6)- and 44% (R)-amino ester from the 
aqueous phase. The projection 90 illustrates the interaction of (S,S)-28a with the 
preferred enantiomer (R 1-89 in  the complex, in comparision to the unfavourable 
arrangement of 91 with (S,S)-28a-(S)-89 geometry' 2 8 .  Elusion of the spatial 
constraint (phenyl nucleus/binaphthyl joint) in 9 1 through conformational change 
in the guest molecule reduces the optimum 4-point interactiorz in 90 to  a less 
stabilizing 3-point interaction [see arrangement 92  for the combination of (R)-89/ 
(R,R)-28aI. 

f &  for specific incorporation of steric 
barriers (alkyl groups as in 28b)' 2 9  o r  functional complexing groups as in 27 and 
28c,d' a , '  O ,  the chiral cavity can be more strongly subdivided, the chirality 
barrier raised and the chiral separation increased further. The optically active crown 
(S)-27 with two additional carboxyl functions as donor centres complexes, for 
example, (S)-valine In preference t o  the ( R  )-isomer (factor of 1.3)l 

Conversely, it has also been possible to carry out the enantiomeric separation of 
crown ether racemates by means of enantiomeric amino acids' 3 0 a .  

Similar polyethers have been used for  the total optical separations of amines by 
chromatographic methods' 6 i i 1  24 b * l  2 5  b * l  2 6 a .  The difficulty usually encountered 
here is the preparation of the free crown ether ligand in optically pure form. Taking 
advantage of the ready availability of natural compounds, Lehn and coworkers' f ,  
starting from L-tartaric acid, as well as Stoddart and coworkers' 24 starting from 
(~) -manni to l ,  (L)-tkreitol,  man glucose and (D)-galactose, synthesized a few optic- 
ally pure [ 18lcrown-6 analogous ring skeletons (like 25b,c and 26; see Figure 3) 
containing several chir.ality barriers which recently also included binaphthyl' or 
pyridino units (26)' 6 1 .  Macrocyclic polyethers of this type form complexes with 
metal ions u ld  primary alkylammonium cations, and show enantiomeric differenti- 
ation in the complexation of (+)-(R,S)a-phenyletlzylammoniulnhexafZuorophos- 
phate' b .  

An enantiomeric differentiation has also been observed in transport through 
liquid membranes containing crown 28' ' or  podand 93' 3 2 .  Thus it is proved that 

Through variation of structural units' 

a.  

(93) 

the chiroselective transport of ions across a membrane can be effected by means of 
chiral complexation compounds, i.e. out  of a racemic mixture it is possible, by 
using a suitable crown ether as carrier molecule, to  transport one particular 
enantiomer preferentially from one side of a membrane to the other. 
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The separation of guest racemates is more economical and at the same time 
essentially easier, while the optical separation factors are strongly raised, when the 
chiral crown ethers or  cryptands are bound t o  a polymeric supporting material 
(styrene resin 94, silica gel, etc.) and used as the stationary phase in the form of 
column fillings’ 33. Thus was achieved the total chromatographic enantiomeric 
resolution of a-amino acids and their ester salts via chiral recognition by a host 
crown ether covalently bound t o  a polystyrene resin’ 33 or on silica gel’ 2 2 a .  The 

Me 

(94 

separations were carried out on a preparative as well as on an analytical scale. The 
values of the  separation factors (a) vary between 26 and 1.4 depending on the 
structure of the guest molecule; the resolution factors R, have values between 4.5 
and 0.21. Here also, a reasonable relationship could be established between the 
available cavity of the ‘isolated’ ligand and the size of the substituent in the guest 
amino acid. 

The incorporation of additional chirality barriers in the model system 28 was 
lately accomplished by the synthesis of 9 5  with three binaphthyl units’ 6 d .  How- 
ever, no particular results concerning the enantiomer-selective complexation 
behaviour of these ligands have yet been reported. 

(95)  (96) 

A new possibility or type of complexation and enantiomer selection is ‘cascade 
b i ~ i d i n g ’ ’ ~ ~ ,  involving complexation of an alkali cation followed by pairing with an 
organic molecular anion, e.g. mandelate anion’ ‘ O .  Compounds of this type may be 
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considered as metalloreceptor model systems, where binding of an anion substrate 
is dependent on initial binding of  a cation. A weak resolution of chiral racemic 
substrates has been observed by extraction and transport (through a bulk liquid 
membrane) experiments' * O .  The resolution achieved with the cryptand 29 for the 
(+)-mandelate anion is markedly affected by the nature of the complexed cation. 

Semirigid molecular skeletons 96, in which two  crown ether units are held 
together through a binaphthyl joint, represent another topical development on the  
way to  abiotic model systems for  biological multifunctional molecular 
receptors' 3 4 .  The fundamental importance here lies in the fact that highly selective 
molecular complexations between organic molecules must have played a central 
role in the  molecular evolution of biological systems8'. In other words, the 
molecular basis for  the natural selection of the species depends directly on the  
selection of partners in molecular complexation based on structural recognition. 

c. Con formational flexibility frigidity. Rigidity, flexibility and conformational 
changes of a ligand skeleton (ligand dynamics )  often go hand-in-hand with cavity 
size in governing cation selectivities' 4 C 9 6 5  t 8 5 a  [see Section 1 1 1 . ~ .  1 .b.( I ) ] .  Ligands 
with small cavities are generally quite rigid, since a small cavity is delineated by 
short, relatively nonflexible chains. Larger ligands with cavities above a certain size 
are generally more flexible and may undergo more pronounced conformationd 
changes. In other words, rigid ligands give definite and only slightly alterable 
coordination cavities, while flexible, conformationally labile ligands can form 
cavities of variable dimensions. Hence it follows that rigid skeletons should display 
higher cation selectivities, i.e. their ability t o  discriminate between ions, which are 
either smaller or  larger than their cavities, should be better. 

This is pictured in Figure 138 a- The cryptands of the 'rigid ' t ype  [ 2.1.1 ] (54), 
i2.2.11 (55) and [ 2.2.21 (19) show a stability peak (peak selectivity) for the cation 
of optimum size (cf. Table 13). Ligands of the 'flexible' t ype  kginning with 
[3+.2.21+ (62), w+hich contain+ larqe, adjustable cavities show plateau selectivity for 
K , Rb and Cs , whereas K /Na selectivity is large (Figure 13). Thus, while rigid 
ligands can discriminate between cations, that  are either smaller o r  bigger than the 
one with the optimum size (peak selectivity), flexible ligands discriminate princi- 
pally between smajler cations (plateau selectivity). ' f i a t  the stability plateau gener- 
ally starts with K is not+too sutprising since the largest relative change in cation 
radius occurs between Na and K (cf. Table 13). An important contribution t o  this 
peak-plateau behaviour also results from cootdination prop+erty facts; th+e fre," 
energies of hydration change much less for K , Rb+ and Cs than for Li , Na , 
~ + 1 4  c 

Many macrocyclic antibiotics (e.g. enniatin B and valinomycin) show a similar 
behaviour7 b. 

Corresponding rules, though less r i sd ,  apply to coronands apart from a few 
exceptions6 5 .  The data in Figyre 1 676  a show the maximum log K ,  value and peak 
selectivity in the case of K to  be reached with [ 181 crown-6 rings [cyclo- 
hexanol181 crown-6 (97), dibenzo[ 181 crown-6 (111. However, while the log K ,  
values for K+-dibenzo[ 21 ] crown-7 (98) and K'-dibenzo[ 241 crown-8 (7)  interactions 
decrease as expected, a significant increase is seen in the case of dibenzo[301 
crown-1 0 (8). The unexpectedly large stability of the K+-dibenzo(30/crown-ZU 
complex4 is consistent with the observation based on X-ray crystallographic data 
(see Figure 23, Section IV.B.l.a), according t o  which the ligand is held in a 
conformation where all ten donor sites are 'wrapped' around the K+ ion' 5 .  Such 
unusual ligand conformational change during complexation results from a 
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FIGURE 16. 
cations and several cyclohexano- and dibenzo-crown ethers6 5 .  

Plots of log K, (in MeOH at 25°C) for complex formation between alkali metal 

Li' Na+ K4 Rb+ Cf 
I I I I I 

0 78 098 1 3 3  1.L9 165 

rM. ,  A 

FIGURE 17.  Plots of log K ,  (in MeOH at 25°C) of complexes of open-chain crown 
ethers 34c and 36 and open-chain cryptand 3 9  as a function of the ionic radii of alkaLi 
mctal cations6 ~ 
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stronger interaction of the K' ion with the donor atoms than might otherwise be, 
expected. Similar conformational ligand arrangements are also found in the K 
complex of antibiotics of large ring size (valinomycin, nonactin)' 3 6 .  

Although op'en-chain ligands belong t o  crown ether types with the biggest 
flexibility and'ability to  adapt to cations of various size, they sometimes show 
remarkable, Peak selectivities (Figure 17), particularly when the oligoethylene glycol 
ether (Fiddle section of 34c) is partially stiffened by insertion of a pyridino 
nuclexs as in 3657164. 

Polyvinyl macrocyclic polyethers 99 are more efficient in complexing cations 
than their monomeric analogues, especially in those cases where the diameter of the 
polyether ring is smaller than that of the  cation13' For example, log K ,  for 

(99) 

formation of the K+-poly(4'-vinyl)benzo[ 15 1 crownd (99, n = 1) complex is found 
to  be >5 (obtained by extraction of K+-fluorenyl), whereas that for the cor- 
responding monomer benzo[ 151crown-S(4)-K+ complex is 3.7. This can be 
explained by cooperative coordination effects, where two neighbouring crown ether 
rings combine with a single cation. 

That macrobicyclic ligands present better overall selectivities than all other types 
of ligands (monocyclic crown ethers, open-chain podands) may be related to  their 
bicyclic topology8' a. Cryptands have a higher 'connectivity', hence higher rigidity 
and 'dimensionality' [ cf. Section 1II.D. l.b(2)] than simple monocyclic and open- 
chain l i g a n d ~ ' ~ ~ .  The best overall selectivity for all metal ion pairs is displayed by 
the [2.2.2] cryptand (19). In an aqueous solution con)aining all+ alkali metal ions, 
for instance, [2.2.2] would complex K strongly, Na and Rb slightly less, but 
leave Li' and Cs' completely uncomplexed8 a.  

Pyridino rings lead to  stiffening of the skeleton and selectivity s t i f t  in cryptand 
as well as in crown ether and podand systems (e.g. increase of Na selectivity, cf. 
Figure 1 7)' ' , 6 4  ,85 c .  

Instead of the pyridino nucleus, infraan~zularly-substituted benzene rings may 
also be incorporated in open-chain and cyclic crown ether frameworks [see Section 
III.D.1 .a( l ) ]  . Model inspections show that crown ethers of type 70 adoopt a 
conformation where the plane of the benzene ring is twisted approximately 30 out  
of the plane of the macro r ing lo ' .  Two opposing methoxyphenyl rings in 71 lead 
to  comparably low constants, since a series of rotational degrees of freedom are 
frozen, causing difficult formation of cavities for guest molecules' 2 .  

Added benzene or  cyclohexane rings are able to  alter the complex constants 
themselves as well as the selectivities6s. This can be deduced from Figure 16, where 
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various cyclohexano- and dicyclohexano-crowns are compared with the corre- 
sponding dibenzo derivatives7 '. The decomplexation energy of the Na'- 
dibenzo[ 18 J crown-6 complex is the same in various solvents, abuut  12.6 kcal/mol, 
and is owest for the dicyclohexano[ 181 crown-6-Na' complex 8.3 kcal/mol in 
methanoT.-Th-e 5 -nh in  barrier to  removal of Na+ from the cation complex of 
dibenzo[ 181 crown-6 and its derivatives seems actually to be the energy required for 
a confo+rmational change. The smaller activation energy for the decomplexation of 
the Na -dicyclohexano[ 181 crown-6 complex is attributed to greater flexibi1i::- of 
the ligand. Addition of rigid benzene nuclei should also diminish the cavity size as is 
confirmed in several cases [see Section 1II.D 1 .b.( l ) ]  . 

As mentioned above, complexation of conformationally labile ligands is usually 
accompanied by a stiffening or  fixation of the ligand skeleton in the complex. In a 
few cases, this can be directly derived from the * H-NMR spectra of ligand and 

In the case of crown ethers and cryptands with ester or  
carbamide structure, complex stability and selectivity are also influenced by 
hindered rotation about the C-0 or C-N bond' 8 .  

d .  Substituent effects. ( 1) Lipophilicity. Crown ethers as cation complexing 
ligands are of the e~~dopolaropliilic/exolipopliilic type with polar binding sites 
turned inside and a surface formed by lipophilic hydrocarbon groups4 e 7 8 e  9 a (cf. 
Figure 12). The lipophilic character of a ligand may be controlled by the nature of 
the hydrocarbon residues forming the ligand framework o r  attached t o  it. 

Ligands with thick lipophilic shells shield the cation from the medium and 
decrease the stability of the ~ o m p l e x ' ~  c;  therefore very thick ligands cannot 
usually form stable complexes. Since this effect is four times more strongly felt by 
doubly charged alkaline earth metal ions than alkali cations, ligand lipophilicity 
influences in particular the selectivity between mono  and divalent cations: the 
thicker the organic ligand shell (and the lower the dielectric constant of the 
medium, cf. Section III.D.4), the  smaller the selectivity ratio for divalent M2+/ 
monovalent M' cations2 2 .  Competition between monovalent/bivalent cations 
plays a very important role in biol+ogi+cal processes' '. 

The selectivity between Ba2 /K serves as a test, since these cations have 
(almost) similar size (cf. Table 13). For instance, the addition of a first berzzene 
ring as lipophilicity-enhancing element in the cryptand [ 2.2.21 (19) (see 100) does 
not much affect the Ba2+/K selectivity, probably because solvent approach to  one 
side of the bicyclic system remains unhindered' 4 0 .  However, when a second 

$2 Q c" "7 G($o\og p 3  
ki 

OA0 c - j  
N>?\N 

L o  OJ Lo OJ W 
W 

(19) (100) (101) 

benzene ring is added as in 101, the stabilities of the BaZ+and K'cryptates become 
nearly equal and the Ba2+/K+ selectivity is lost '40.  Analogously, the NCH3 group in 
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cryptands 66-68 (Table 12) - compared t o  19 - thicken the ligand layer and have 
a destabilizing effect on doubly charged cationss5 *9 7. Another influence on  
complexation selectivity between monovalent and bivalent ions caused by removal 
of binding sites is discussed in Section III.D.l.a(2). 

Lipophilicity enhancement has also been studied in podands of the 
3,6-dioxaoctanedioic diamide type 87l ' : An increase in lipophilicity (lengthening 
of the N-alkyl chains) decreases the ionophoric behaviour of these ligands; at a 
chain-length of (CH2 7 -CH3, the ability to transport ions across a membrane is 
practically nil. Nevertheless, a complexation of Ca2+ in solution can be detected by 

C-NMR spectroscopy' 2 .  To account for the surprising electromotoric 
behaviour, kinetic limitations at the phase boundary have been suggested. 

In general, lipophilicity of a ligand and its complex plays a very important role 
whenever substances should be solubilized in organic media of low polarity4*' 3 .  

This is the case with crown ethers as anion-activating agents4 ('naked anions')'44 
and phase-transfer catalysts4 9 '  and of cation transport through lipid membranes6 
a 1 b 9 7  b - 3 0 .  In this connection, many crown ethers, cryptands and open-chain ligands 
fitted with benzene rings (e.g. 21, 100 and 101) or with long alkyl side-chains (e.g. 
32,  Figure 4 and 102- 104) have been synthesized and used with success2 9 '  4 6 .  

oxr3 
-0 

L O J  

(104) 

( 2 )  Electronic influences. Exleriments on the extraction of sodium and potas- 
sium salts in the two-phase syst5m water/dichloromethane show a marked sub- 
stituent effect for substituted d ~ b e n z o [ l B ] c r o w n - 6  ethers 105 (cis- and trans- 
dinitro, cis- and trans-diamino, t:trabromo, octachloro) as well as mono- and 
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bis-(tricarbonylchromonium) derivatives' ' ; one observes a reverse of the usual 
selectivities of dibenzocrown ethers when strong, electron-withdrawing substituents 
are bound t o  the aromatic ringsI4 a .  

Analogous effects were investigated for benzo/l5]crown-5 systems 106 carrying 
various electron-donating and -withdrawing substituents in the benzene 
nucleus' 9 .  For example, 4'-amino- and 4'-nitro-substituted derivatives differ by a 
factor of 25 in K ,  for complexation with Na' ions. Within the whole series of 106 a 

R z ! o  f'"? Cll ,' 
R3 R3' 

R4 LO,) R4' 

(70)la) R = H (-4.8) 
(b) R = t-BU (-5.1) 
(c) R =CN (-2.7) 
(d) R = COOEt (-3.8) 

(105) R2, R2' = NO2, NH, 
R2. R3' = NO2, NH, 

R2, R3, R2', R3' = Br 
R', RZ, H 3 ,  R4, R", R2', R3', R4' = CI 

(106) R = H, Me, Br, NH2, NO,, 
CHO, COOH, COOMe 

good Harnnzett correlation is obtained when log K ,  is plotted vs. (Op + Om) ,  the P 
value being -0.45. The substituent effect for the system of benzo[l8] cro wn-6/Na' 
is much syaller and almost negligible with electron-withdrawing substituents$*9. 
For the K -benzo[ 18lcrown-6 complexes, somewhat bigger effects are founa ,  but 
n o  linear Hammett correlation. This could be attributed t o  the more 11exible 
structure of benzo[ 18lcrown-6. The results show that caution must be gpplied in 
extrapolating substituent effects found in one system t o  other Efown-cation 
combinations. 

Complexation of the m-benzene-bridged hosts 70 is found'to be sensitive t o  
substituents both the 2'- [see Section I+II.D. 1 .a( 111 and 5'-F05itions1 8c.  The bind- 
ing energies of 70a-d for t-BuNH3 SCN- change brjiween 5.1 kcal/mol and 
2.7 kcal/mol, which can be explained by the affccted electron density of the 
n-system and correlated by Hammett-type linear f r ie  energy relationships1 5 0 .  

'Lateral discrimination' can be obtained by changing sidegroups ( R )  in the crown 
ether system 2514d.  Within the series 25c-f, the tetracarboxylate 25d forms - in 
accord with the strong electrostatic interaction with K' - one of the most stable 
complexes reported t o  date for a macrocyclic polyether (I(, = 300 000 in H~ 0)16 g. 

glycinate 25e ( K ,  = 200) might be related to the shielding effect of the lipophilic 
That the tryptophane derivative 25f  ( K ,  = 5500) complexes K 4 k t t e r  than the 
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(c) R = -C-NMe2 Po? 
O,,R (d) R = -COO- 
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H 

indole groups in the solvation of the carboxylate. Diammonium salts like the 
nicotinamide derivative in 107 are very strongly bound by the tryptophanate 25f. 

(107) 

Thus, the guest is fixed at the NHS end inside the crown ether ring, and by 
electrostatic interaction of two carboxylate groups with the pyridinium unit. 
Moreover, donor-acceptor interaction between. the indole and pyridinium groups 
are effective as shown by a charge-transfer absorption in the electronic 
spectrum' 6 g .  

2. Guest parameters: type,  size and charge of guest ion 

An intramolecular complex compound is considered t o  be composed of a host 
and a guest component. While hosts are organic molecules or ions, whose binding 
sites converge, guests have divergent binding sites. In order to complex and to  have 
a good fit, host and guest must possess a complementary stereoelectronic arrange- 
ment of binding sites and steric barriers8 ' . 

well meets the requirements for coordination 
inside the circular cavity of the macrocycle 108 ('circular recognition')' '. 

Thus guanidinium ion as guest' 
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(1081 

The spheroidal intramolecular cavity of macrobicyclic ligands is well adapted to  
the formation of stable and selective complexes with spherical cations [ cf. Section 
III.D.l.b( l ) ] .  Spherical macrotricycles of type 24 ('soccer molecule') should be 
most favourab!e for the recognition of spherical guest particles (spherical recog- 
nition)' 4 d .  

Tetrahedral arrangement of nitrogen sites (cf. also 39, Figure 6) renders ligand 
24 also an ideal receptor for the ammonium cation in arrangement 109 (tetrahedral 
recognition) '4d-e.  The NH; ion is fixed in a tetrahedral array by fopr &-H - . . N 
bonds (cf. Figure 30a, Section IV.B.2.b); also six ele+ctrostatic 0 -+ N interactions 
are effective in addition t o  twelve hydrogen bondings N-H . . . 0. 

(109) (110) 

In its tetraprotonated form macrotricycle 24 represents a suitable receptor for 
spherical anions (anion recognition)' ' T '  52. With halogenide anions (chloride, 
bromide) cryptates (1  10) are formed which show similar cavity selectivities for 
anions of varying size as in the case of cation cryptates153. The selectivity of the 
anion cryptates 110 is highest for C1- as guest (log K ,  2 4.0 in H 2 0 ;  Br: < 1.0; cf. 
catapinates, Reference 1 lb). Here it seems that the array of hydrogen bonds and 
the cavity size complement each other ideally. 

Linear anionic species such as the triatomic azide ion require corresponding 
ellipsoidal cavities ('linear triatomic receptor'). A good example is furnished by the 
hexaprotonated bis-tren* ligand in 11 1 I S 4 :  Addition of sodium azide t o  an aqueous 
solution of free ligand 20 at pH 5 yields a stoichiometric 1 : 1 azide cryptate in 
which the linear N; ion is held within the molecular cavity by six hydrogen bonds, 
three o n  each terminal nitrogen of the  guest ion. Thus this hexaprotonated ligand 
acts as a receptor for triatomic anionic species. 

It may be deduced, therefore, that like the coordination chemistry for cations, a 
coordination chemistry f o r  anions appears feasible' d - e .  Biological systems often 
Gake use of charged receptors. An interesting case would be the complexation of 
the locally triatomic but nonlinear carboxylate group R-COO- and of  co2 and NO2 
molecules, whose stereochemistry are close to  that of N;. 
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The few examples above (related to the guest) make clear once again the 
importance of a defined interaction between host and guest for achieving a selective 
complexation between receptor and substrate. The ligand parameters, which have 
already been discussed thoroughly in Section III.D.1, must also be viewed in this 
complementary sense, so that further discussion here is superfluous. 

Replacement of oxygen by nitrogen or sulphur in crown ethers and cryptands 
not only causes a rise in the stabilities of heavy metal complexes generally [see 
Section 1II.D. l.a( I ) ] ,  but also markedly influences the cation selectivities in certain 
instances. Thus the Cd2+/Zn2+ selectivities of the tetraaza 67 and hexaaza ligand 68 
lie higher than those of any other known ligand85b. The Cd2+/Co2+, Ni2+ and 
Cu2+/Zn2+, Co2+ selectivities of 67 and 68 are similarly pronounced. On the whole, 
the aza cryptands offer a wide range of complexation selectivities, which are 
particularly interesting in the field of biological detoxication (decorporation and 
depollution), since they complex the toxic heavy-met? ions CdZ+, Hg2' and Pb2+ 
very strongly and the biologically important ions Na , K', MgZ+, Ca2+ and Zn2+ 
rather weakly. The development of a 'cryptato therapy' based on the above 
selectivities has been suggested14di85 b , l  55. 

That the stability of sodium cryptates is dependent on isotope effects may find 
practical use in nuclear In order to  evaluate an isotope effect, the 
distribution of activity of 22Na  and 24Na+ in the heterogeneous equilibrium 
mixture of a cationic cryptand exchange resin and an aqueous or methanolic 
solution was measured' 6 .  The results showed that changes in the isotopic com- 
position occur only in methanolic solutions and not in water. This is surely related 
to greater solvation of the ions in water, so that mass differences between isotopes 
are not clearly felt therein. An explanation for the isotopic selective behaviour is 
that the Li'-cQarged resin first takes up 22Na' and 24Na' unspecifically in 
exfhange for Li . The enrichment of 24 Na* follows in the backward-reaction, where 
Li displaces 2 2  Na+ preferentially from its binding on account of the lower weight 
and higher thermal lability of the Na2+ in comparison to 2 4  Na'. The enrichment 
of the higher isotope 24Na', thus, can be exploited for practical use. Also, the 
isotope 44 Ca present at a 2% level in naturally occurring calcium could be separated 
from 40Ca by multiple extraction with dibenzo[ 181 crown-6 (1) or  dicyclo- 
hexzno[ 18lcrown-6 (59)"'. 

*Tren = tris(2-aminoethyl)arnine. 
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a French research group, marks a spectacular achievement of technical interest’ 

Fritz Vogtle and Edwin Weber 

Further, the  enrichment of 2 3  U on the crown ether basis, reported recently by 

3. Anion interactions, ion-pair effects 

While the foregoing sections have been limited to  considerations of the ligand/ 
guest comp!exation, the following deals with the  aspect of guest-counterion (an 
anion usually) relationship. 

Taken as a whole, the ligand-cation unit - as seen from its environment 
(solvent, anion) - i s  like a cationic species of very large size and of low surface 
charge density, in other yords,  like a ‘superheavy’ alkali or  alkaline earth cation 
(about 10 a diameter, Cs : 3.3 a)’ ’. Accordingly, t he  electrostatic anion (and 
solvent) interactions are here much weaker than even with the largest alkali cation 
Cs’. While the complexed cation can still be reached by the corresponding anion 
from ‘top’ and ‘bottom’ of the complex in the  case of numerous crown ether and 
open-chain podand-type complexes (still better in the latter case, cf. Figures in 
Section IV.B), this is hardly possible in the case of spherical cryptates, depending 
on the degree of encapsulation. Thus, a more thorough catiot2-anioiz separation can 
be achieved by cryptates with a complete ‘organic skin’, and the latter are also more 
strongly dissociated in solvents of low polarity’ l i d .  In the extreme case, one 
could speak of a ‘gas-phase analogous chemistry in solution” 4 d .  

The interaction between the anion and the  complexed cation may affect the  
stability of the complex14d. In highly solvating media, the charged complex and 
the counterion are separately solvated; n o  anion effect on complex stability is 
found. In poorly solvating media, however, ion pairing gains weight increasingly in 
the form of complexed o r  ligand-separated ion pairs; anion effects, that  are 
controlled by the charge, size, shape and polarizability of the  anion, can be ‘ ’ . For instance, ion-paired complexes of diualent alkaline earth metal 
ions will be much more destabilized by an increase in anion size than those of 
alkali metal ions. 

A dramatic+ and unusual type of %ation-anion interaction is illustrated by the  
crystalline Na - f2.2.21 cryptate (or K -[2.?.21 cryptate) containing an  alkali metal 
anion (Na-, K - )  as counterion’62. With Na --[2.2.21 as counterion i t  has also been 
possible t o  isolate polyatomic anions of the heavy post-transition metals (e.g. SG-, 
Pbz-Sn$)lG3. 

Anion effects may also be responsible for t he  difference in the exchange kinetics 
of TIC1 and TlNO, cryptates’ 3 .  

Chiral discrimination of molecular anions by ion pairing with complexed alkali 
cations via a two-step cascade complexation mechanism with chiral cylindrical 
cryptands (as 29) opens up a new concept of metal receptors where binding of an 
anionic substrate is dependent on the initial binding of a cat ionIz0 [see Section 
1II.D. 1 b(3)].  

In general, the  influence of the lipophilicity of the  employed anion on the 
solubility of a complex is of utmost importance. Soft organic and inorganic anions 
(e.g. phenolate, picrate, tetraphenyl borate, thiocyanate, permanganate) greatly 
increase the solubility in solvents of low polarity, and this influences cation 
transport processes, properties and anion activation4. 

4. Medium (solvent) parameters 

The stability and selectivity o f  a cation complex are determined by the  inter- 
action of the cation both with the solvent and with the ligand’ 6 4 .  Thus a change in 
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TABLE 15. Comparison of log K, values of Na' and K' complexation in water and methanol 
solutions at 25°C 

Na' K' Cation 

Ligand H,O MeOH H,O MeOH Solvent 
~ 

a: :I3 1.21 4.08 2.02 6.01 

Ld 
(59 1 

<0.3 3.71 0.6 3.58 

media effects complex stabilities and simultaneously selectivities of complexation, 
especially where cations are strongly solvated in one solvent but  not in 
another' c,6 s .  

In aqueous solution, most ligands are less selective and the complexes less stable 
than in less polar solvents like MeOH (cf. Tables 4-12, Sections II .B.3,  Il.C.3 and 
1II.D. 1 .a). The difference in  stability in these solvents is of the order of 1 O3 -- 10' 
for cryptate$ a and 1 O3 -. 1 O4 for coronates (see Table 1 5)6 ' . For example, the 
selectivity of benzol[ 15lcrown-5 (4) for K' over Na' rises continuously as the 
percentage weight of methanol increases in the solvent system MeOH/H2 0 (Figure 
18)' . 

The following K s  sequences have been found for [ 181 crown-6 alkali complexes 
in the nonaqueous solvents DMSO, DMF and PC (propylene carbonate)' : 

DMSO: K+ > Rb+ > Cs+ Na' 9 Li+ 

DMF: K+ > Rb+ > Cs+ > Na+ > Li+ 

PC : K+ 9 Na+ > Rb+ > C's+ > LiC 

In many cases the rise in selectivity is approximately proportional to the  rise in 
stability of the complex, and for complexes of comparable stabilities larger cations 
are favoured over smaller ones. Furthermore, solvents of low dielectric constants 
favour complexes of monoualenr ions over those of bivalent ones. This general 
trend allows new selectivity gradations, particularly for cryptates with a wide 
spectrum of K s  valuesssa. ' for gaining information about the origin 
of the solvent effect show that the higher enthalpies of complexation found in 

Thermodynamic m e a s ~ r e m e ? i t s ~ ~  9 '  
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Na' 0 H20 @ K '  
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N a  

/ (113) 

FIGURE 18. 
H,O/MeOH (60 : 40,30 : 70) as solvents' ". 

Stability constants (log K,) of complexation for several cation pairs in H, 0 and 

MeOH/H2 0 solutions may be due mostly to  an increase of electrostatic interaction 
of the cation with the ligand and its smaller interaction with the solvent in media of 
lower dielectric constants. In pocnly solvating media the effect becomes very large 
and complexes, which are soluble in solvents like chloroform o r  benzene, have 
extremely high stabilities. This may be important for the preparation of complexes 
with weakly complexing ligands in water or  methanol (cf. Section 1V.A). 

It is interesting that podand 35e is able t o  compete so well against pyridine as 
solvent as to allow the determination of the thermodynamics of compLexation by 
the 23Na-NMR method (K,= lo3-10 l /mole in the range of 5-50 (2)''- The 
selectivities of open-chain ligands can be strongly altered, particularly, in such 
solvents as are used in ion-selective membranes for microelectrodes2 I .  

These results show that the selectivity of crowns toward alkali and alkaline earth 
ions is dependent on the physical properties of the solvent and mainly that the 
relative stability of a complex increases with decreasing solvating power of the 
medium. The presence of water in solvents may significantly influence the complex- 
ation and lead to  inaccurate measurements of the complex constants. As Reinhoudt 
and coworkers showed, concomitant coordination of water molecules in the 
complex is also possible16'. During the synthesis of complexes, water is often 
(inevitably) carried in by the salt employed or  in the solvent used for recrystalliz- 
ation (cf. Section 1V.A). Numerous crown ethers with water in stoichiometric 
amounts are known (see below). 

IV. CRYSTALLINE COMPLEXES OF CYCLIC AND 
NONCYCLIC CROWN ETHERS 

Having dealt with the more important crown ether skeletons and the stabilities and 
selectivities of the complexes in solution, we will turn now t o  c r y s t a l h e  complex 
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formation by monocyclic, oligocyclic and noncyclic neutral ligands and discuss 
their stereochemical peculiarities. 

A. Preparation of Crown Ether Complexes 

Crystalline crown ether complexes can be prepared by several 
methods' c,l 8 .  The choice depends essentially on the solubility behaviour of 
the complex and its components. 

The easiest way is to dissolve the polyether and salt (in excess) in a very small 
amount of warm solvent (or solvent mixture). On cooling, the complex crystallizes 
slowly (method l ) ' a v ' 6 8 .  Sometimes precipitation of the complex is very slow or 
does not occur at all. In this case, the solvent is partially or totally removed 
in vacuo and the residue recrystallized (method 2)'a*'  6 8 .  If there is no appropriate 
solvent mixture common t o  both crown ether and salt, a suspension of crown ether 
and salt solution may be warmed. The free ligand then slowly reacts to form the 
crystalline complex, even in the absence of a homogeneous phase (method 
3 ) ' a 3 1 6 8 .  Reaction may also be carried out without a solvent. Both components are 
thoroughly mixed and heated to melting (method 4 ) I a .  Under certain circum- 
stances crown ether complexes can directly be formed during the ligand 
synthesis' 6 9  through a ' template participation" of the cation. It is then 
sometimes even more difficult t o  obtain the free ligand than its complex85c 

In all cases, complex formation favours salts with weaker crystal lattice 
forces' c.  Thus, alkali metal fluorides, nitrates, and carbonates give complexes with 
polyethers in alcoholic solution; however, it is often difficult to isolate the com- 
plexes since concentration, on account of the high lattice energy, mostly leads to 
decomposition in the sense that the inorganic salt components assemble back to  
their stable crystal packing and precipitate uncomplexed out of solution' a .  

However, with alkali and alkaline earth metal thiocyanates' 7 2 ,  chloridesgi, 
bromides' 7 3 ,  i o d i d e s ' a l ' o o b . ' 6 8 i ' 6 9 ,  polyiodides 'a9 '68,  perchlorates' 74 ,  benzo- 
ates' 7 2 a ,  nitrophenolates' 7 2 a ,  t o sy la t e s ' 69 ,  picrates' 7 2 a 3 '  7 s ,  tetraphenyl- 
borates '76,  nitr i tes 'a. 'oOb; various ammonium salts'a,18cv26a*168 as well as 
heavy metal  halogenides' 7 7 ,  thiocyanates178,  7 7 b * c ,  perchlor- 
ates' 7 c  and tetrafluoroborates' c, numerous well-defined, sharp-melting, 
crystalline crown ether complexes' can be obtained by the above methods 1-4. 

Of the lanthanide salts coordination compounds with crown ethers and 
cryptands are also k n o w n 2 6 a ~ 1 8 0 ~ 1  Uranyl crown ether complexes '82 are of 
interest with respect+ t o  isotope enrichment' 

The stable H 3 0  complex of one diastereomer of dicyclohexano[ 181 crown-6 
represents quite a rare case' 8 3 .  

Crystalline neutral complexes with acetonitrile' 8 4 ,  malodinitrile' 8 4  and other 
CH-acidic compounds' 8 4  9 '  are generally obtained by dissolving or warming the 
ligand in them. Recently, a stable /18Jcrown-6 benzene sltlphonamide molecule 
complex could also be isolated' 8 6 .  With aromatic unit-containing polyethers like 1, 
bromine forms crystalline complexes that partly have a stoichiometric (1 : 1, 1 : 2) 
composition' 7 .  Thiourea complexes of [ 181 crown-6 have already been 
synthesized by Pedersen' 8 ,  while those of open-chain crown ethers have been 
reported more recently' 9 .  

Noncyclic neutral ligands with different numbers of arms and donor units often 
give analogous metal/salt and neutral particle complexes as easily as their cyclic 
counterparts2 4 .  

7 0  9' 

(cf. Section III.D.2). 
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B. Selectivity of Crystalline Complex Formation and Ligand and Complex 
Structures 

Stoichioinetry and crystalliiie structure of crown ether complexes' are not 
always easy to  predict, despite careful use of the rules derived in Section 
III.DI9 l - I g 3 .  Thus, monocyclic crown ethers may apparently have uneven 
stoichiometries also (cf. the RbSCN-dibenzo[ 18 1 crown-6 complex). Complicated 
stoichiometric compositions are particularly frequent in the case of open-chain 
polyoxa ligandsZ4, while mostly normal stoichiometries are found for 
crypt ate^'^^-^. 

if the difference in cavity size and cation diameter is not too  big, 1 : 1 (ligand : 
salt) complexes may nevertheless be formed. The cation then is either shifted from 
its ideal position (centred in the ring-plane of the crown ether, type I ,  Figure 19, 
or in the middle of the cavity of the cryptand) or the ligand is wrapped around the 
cation in a nonplanar way. These circumstances are shown in Figure 19 ( type  
IIa, t ype  M a )  and are discussed in more detail at the appropriate place. 

If the cavity is much too large for a cation, then fwo  of them may be embedded 
therein (cf. Figure 19, type I l b ) ;  on the other hand, if the cation is much to large, a 
sandwich-type complex may be formed, where the cation is trapped between two 
ligand units ( type IIIB). The formation of crystalline 1 : 1 complexes, nevertheless, 
despite unfavourable spatial requirements of ligand and cation, may be explained, at 
least in part, by the concomitant coordination of H2 0 or other solvent molecules in 
the crystal lattice of the complexeslgO [see further details and compare also 
Sections III.D.l.a(2), III.D.3. and III.D.4.1. 

A general comparison of  the structures of the noncomplexed ligand molecules 
with the same molecules in its complexes suggests types of conformational changes 
which may occur during complexation (see Figure 20, cf. also Section 1II.D.l.c). 
The number of possible structures of noncomplexed molecules that can be eluci- 
dated by X-ray structure analysis is limited, because many of the compounds have 
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type I type n u  type mb 

Qpe L ~ C  typel'b /vpe ma 
FIGURE 19. 
plexes. 

Schematic representation of several types of crown ether com- 
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low melting points; a few noncomplexed cyclic polyether molecules have neverthe- 
less been studied' These include 18 crown-6 (2)'  9 4 ,  dibenzo[l8]crown-6 
(1)' 95, dibenzo(30]crown-l0 (8)' ' and some isomers of dicyclo- 
hexano[l8/crown-6 (59)' - The reported structures* have some features in 
common. None of them have the ordered conformations found in the complexes of 
groups one and two. Even though the molecules d o  not have highly ordered 
structures, there are several cases in which they are located about centres of 
inversion. This is the case for [ 181 crown-6, for example (see Figure 20a). In the 
absence of organizing metal ions, and because energy differences between some 
conformations may be small, the  structures determined for these molecules in the 
solid state may be effected mainly be packing energies' 8 .  

1. Monocyclic crown ethers (see Figure 1) 

a. Alkali and alkaline earth metal ion complexes. The architecturally well- 
examined alkali metal ion complexes of cyclic crown ethers mostly display a 1 : 1 
ligand/salt stoichiometry. In addition, there exist polyetherlsalt combinations of 
the following compositions: 1 : 2, 2 : 1, 3 : 2 etc.Ig0. 

From the  a b o y  comparision (Table+ 13), it follows that Na', for example, is too  
small, Rb and Cs are too big, while K is more likely t o  be embedded in the cavity 
of [ 181 crown-6 ( 2 ) .  All four cations give crystalline, stoichiometric complexes with 
structures differing significantly, as shown schematically in Figure 19, according to 
the spatial requirements ('structure-selectiuiTy '). 

In the NaSCN-H20-[18]crown-6 complex (Figure 20b)Ig9 the Na+ ion is 
coordinated by all six oxygen atoms of the ligand; while five of them lie in a plane 

( b )  
FIGURE 20. 
alkali metal salts. 

Structures of [ 181 crown-6 and some [ 181 crown-6 complexes with different 
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containing the  cation, the sixth one is folded out of plane and partially envelopes 
the cation ( t y p e  I IA ,  diameter ligand > diameter cation; cf. Figure 19). This type of 
complexation is typical of crown ether rings that are too big for  the cation (cf. 
Table 13). A H2 0 molecule additionally participates in the coordination of the Na’ 
ion. 

In the KSCN complex o f / l 8 ] c r o w n - 6  (Figure 2Oc)’O0 all six oxygen atoms lie 
in an almost hexagonal plane coordinating the K’ ion at the centre of the ring ( type  
I ,  ‘ideal’ type, diameter ligand 2 diameter cation). A weak bond t o  the SCN- ion 
was established. - 

In the RbSCN-20 or CsSCN-[l8]crown-6 complex (Figure 20d)202 the  
cation is situated above the plane of the polyether ring ( type  IIIA diameter 
ligand < diameter cation). Two cation/ligand units are bridged by two SCN- ions 
which also serve to  saturate each cation from the ‘naked’ side of its coordination 
sphere2 . 

From the data given in Figure 13, i t  can be deduced that regarding the K’ 
complex of benzo(l5]crown-5 (4) or dibenzo(24]crown-8 (7), no  ideal spatial 
conditions are fulfilled for a 1 : 1 stoichiometry of ligand to salt. 

As in the combination of [ 181 crown-6/Rb+ the cavity of the 15-membered ring 
4 is too small for a K’ ion. However, since the ligand here contains only relatively 
few donor sites (5 instead of 6), the KI-benzo/15]crown-5 is formed as a 2 : 1 
complex (Figure 2 lb)204 with ‘sandwich ’-type structure ( t y p e  IIIB, Figure 19). 
The potassium ion is embedded between two ligand molecules. Both ligand units 
are arranged approximately centrosymmetrical with respect t o  each other, all ten 
oxygen atoms lying at the comers of an irregular pentagonal antiprism. 

On the other hand with the  fitting Na’ ion, 4 forms a sodium iodide complex 
(Figure 21a)205 present as a 1 : 1 monohydrate coordination compound of 
pentagonal pyramidal configuration, in which the Na’ ion is coordinated by the five 
coplanar ligand oxygen atoms lying at an average distance of 2.39 a and stands 
0.75 a out of the ring-plane. The sixth corner is occupied by a H 2 0  molecule 
bound ,to the  Na+ ion at a distance of 2.29+8. 

Ca2 with a similar ionic radius as Na (cf. Table 13) also gives a 1 : 1 complex 
with 4206 ; however, differences result in the crown ether structure, reflecting the 
influence of the cation charge on  the ligand arrangement. In the Ca(SCN)2*H20206 
or  Ca(SCNI2-MeOH complex of benzol / l5]crown-5 (Figure 21c) the Ca2+ ion is 
irregularly eightfold coordinated by the crown ether ring on one side and both SCN 
ions as well as a H 2 0  and MeOH molecule on the other side. The structures of the 
H 2 0  and MeOH complexes differ only slightly by the steric arrangement of one of 
the two SCN groups. While the Na’-[ 151 crown-5 complex displays a very regular 
crown ether conformation, strong dist+opions of the bond angles crop u p  in the  
calcium complexes. Moreover, the Ca2 ion is displaced farther (1.22 8 )  out  of the 
plane of the crown ether. 

one notes, just as in 
the case of the Na’ complex, the pentagonal bipyramidal structure as well as the 
high regularity of the crown ether framework. The Mg2’ ion is small enough to 
settle inside the crown ether ring where it is coordinated by the five ether oxygen 
atoms; two nitrogen atoms of the anion occupy the axial positions of the 
bipyramid. 

Thus with benzo[151 crown-5 magnesipm forms only a 1 : 1 complex, calcium 
forms both I : 1 and 2 : I complexes, and the larger cations (like potassium) form 
only 2 : I crown etherlmetal salt complexes. 

Regarding its cavity geometry, the 24-membered cyclic dibenzo/24]crown-8 (7) 

In the Mg(SCN)z - - [15/crown-5 complex (Figure 21d)206 
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FIGURE 21. Different types of  benzo( 151 crown-5 alkali/alkaline 
earth metal ion complexes. 

is suited to take up  two K+ ions, thus giving rise to a two nuclei-containing KSCN 
complex ( type  IIB, Figure 19). The eight oxygen donor sites, which are shared 
between two potassium ions, cannot completely saturate the coordin+ation sphere of 
the central ions; thus the corresponding anions participate in the K complexation. 
The 2 : 1 KSCN complex of dibenzo[24]crown-8 (Figure 22a)207 shows a 
symmetry centre with K+ ions almost coplanarly enclosed by the oxygen atoms. 
The thiocyanate anions are coordinated to the central ions via the nitrogen atoms; 
moreover benzene rings of neighbouring molecules seem to  participate in the 
complexation. 

The dilsodium o-nitr.ophenolate)-dibe~1zo[24] crowri-8 coniplex (Figure 
22b)208 differs structurally from the KSCN complex in the sense that two ether 
oxygen atoms of the octadentate ligand do riot participate in the coordination. 
Each Na' ion is bound to  only three oxygen atoms of the ether. The o-nitro- 
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(b) 
FIGURE 22. 
crown-8. 

Structures of Na' and K+ complexes of dibenzo[24]- 

phenolate ions serve to  bridge both Na' ions and complete the coordination at the 
cation to six. 

With the alkaline earth metal ions and dibenzo[24]crown-8, only 1 : 1 com- 
plexes have been obtained so far2 O 9  *2 O ,  although these ions have largely the same 
radii as the alkali ions. Apparently, the higher charge of double-valent ions prevents 
their  juxtapositional settling within the same cyclic ligand as is possible with 
single-charged ions. In the Ba(picrate)2~2H20-dibenzo[24]crown-8 complex209 
only f ive  of all eight donor sites of the ligand are used for the coordination of the 
Ba2+ ion. The coordination number of ten of the Ba2+ ion is attained through a 
complex arrangement with two H 2 0  molecules, two phenolate oxygen atoms of the 
picrate and one oxygen of an o-nitro group. It is interesting to  note that one of the 
t w o  H 2 0  molecules is bound t o  the  central Ba2+ ion as well as via hydrogen bridges 
to two unoccupied ether oxygen atoms of the crown ether ring. Up to date this is a 
unique case of a crowned 'hydrated cation', whereby the cation as well as a water 
molecule is coordinated by the crown ether. 

Large polyether rings with an unfavourable ratio of ligand cavity t o  cation 
diameter can also use their numerous oxygen donor atoms to coordinate a single 
cation. Thus, for instance, the Ba2+ ion in the I : I Ba(C104)2-/24/crown-8 
complex2 is altogether tenfold coordinated by the eight available ether oxygen 
atoms almost completely encircling the cation and by both perchlorate ions (one of 
which is possibly bidentated). 
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Finally the central ion can be completely wrapped u p  in a spherical ligand as was 
analogously observed in a few antibiotic complexes” . As a prerequisite the ligand 
must display high, con formational ring flexibility (cf. Section 1II.D. 1.c). 

In the K I  complex of dibenzo [30]crown-IO ( 8 ) ,  the cyclic ligand tightly 
encloses the central K+ ion in a ‘tennis fissure’-like conformation so that an 
approximately closed basket structure results (Figure 23b)’ 5 .  The relatively short 
K - 0  bond lengths determined by X-ray point t o  the fact that all ten donor atoms 
belong to the coordination sphere of the potassium ion. 

has a symmetry centre as symmetry element; 
the  K+ complex on the other hand, has a twofold crystallographic axis passing 
through the central atom. The coplanar arrangement of several oxygen atoms, 
which is typical of many crown ethers, is not  found in the above complex. 

In the RbSCN complex of dibenzo[l8Jcrown-6 ( l ) ,  however, the six ether 
oxygen atoms are again coplanarly arranged, though a twisted and complicated 
structure is t o  be expected as a result of the uneven stoichiometric ratio of 2 : 3. 
The sandwich structure that was postulated at  first could not be confirmed by  
X-ray analysis2 *. The unfavourable ligand/salt ratio is rather due to the fact that 
in the unit cell of the crystal lattice uncomplexed molecules of 1 are present besides 
the coordinating ligand. Thus, though the molecular architecture of crown ether 
complexes essentially obeys strict topological rules, i t  may show deviations from 

The fiee ligand 8 (Figure 23a)I3 
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0 

(b) 
FIGURE 23. 
its potassium complex. 

Molecular structure of dibenzo[30] crown-10 and of 
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FIGURE 24. Structure of [ 181 crown-6 
potassium ethyl acetoacetate enolate. 

time t o  time' 90. The Rb' ion of the coordinately bound cation/ligand unit is 
expectedly displaced from the centre of the six ligand oxygen atoms; the SCN- 
group stands approximately perpendicular to  the  polyether ring and shares 
(nitrogen-bonded) the seventh coordination site of the Rb+ ion in the 'crowned 
RbSCN ion pair'2 ' 3 .  

A similar geometry is revealed by the potassium acetoacetate- f 18Jcrown-6 
complex (Figure 24)2 l 4  in which the K+ ion is coordinated to the six ring oxygen 
atoms and bound chelate-wise to  both oxygen atoms of the acetoacetate anion2 ' 5 .  

In the  same way that incorporation of benzo nuclei influences the  'crystalline 
structure selectivity' of cation complexes, alkyl substituents can also play an 
influential rule on the geometry and stoichiometry of the complex. 

As an example tetrainethyldibenzo[I8/crowt1-6 (1  14)' 6 e t 1  9 7  with four chiral 
centres shows clearly how slight differences in the stereochemistry of a ligand (same 
number of donor sites) can influence the  formation of a complex. While CS(SCN)~ 
and a racemic isomer of the five possible isomers of tetramethyl- 
dibenzo[l8] crown-6 form a 2 : 1 sandwich complex, containing a twelvefold 
coordinated Cs' ion, a 1 : 1 complex is obtained with the meso configurated ligand 
( 1  14)*' 6. In the latter complex two Cs' ions are joined via a .thiocyanate bridge 
(N-coordinated), so that the CS' ion attains only an eightfold coordination, if any 

M e  Me 

(114) 

interaction with the aryl carbon atoms is neglected. When dibenzoll8 J crown-6 is 
hydrogenated' b, five isomers of dicyclohexaizo f 18/crowi1-6 (59)  are, in 
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FIGURE 25. Structure of intraan- 
nularly substituted nz-cyclophane crown 
ether (70I-r-BuNH: complex in the 
perching configuration; NH. . -0 bonds as 
dotted lines. 

principle, possible" cf. Section 11I.D. l.b, Table 14). The structure of the 
Ba(SCN12 complex obtained with 59a establishes that it is the cis-syn-cis 

59b is shown to be the cis-anti-cis isomer in the study of its 
NaBr-2H20 complex2 ' 9. In the Ba(SCN)2 complex, the Ba2 ion is located on a 
twofold axis and fits in the  cavity of the ligarc!. Ir, the NaBr-2H20-59 complex, the 
sodium icn has a hexagonal bipyramidal coordination with water molecules at the 
apices, and the structure is held in place by hydrogen bonding. 

The structural skeletons of crown ether ammonium salt complexes are 
predominantly marked by hydrogen bond' 8 c ~ '  8 5 .  An example of a crystalline 
complex of host-guest type involvins a carboxylate ion and two ether oxygens as 
hydrogen bonding sites for a ?-BuNH3 ion is given in Figure 2518c*220 .  The X-ray 
structure indicates a perching configuration of the ligand [cf. Section 1II.D. l.a( 1 ) l .  
Noteworthy is that the three NH'. - *O hydrogen bonds are arranged in a tripod, 
that the t-Bu-N bond is only about 3O from being perpendicular t o  the  least square 
plane of the binding oxygens, that thes: oxygens turn inward and someyhat 
upward toward the NH;, and that the H - N - e C  dihedral angles are about 60 , as 
predicted by inspection of CPK molecular models' '. 

b. Heavy metal ion complexes. Of the transition metals lanthanide ions as class A 
acceptors94 show the strongest similarity to  the alkali and alkaline earth ions (cf. 
ionic radii, electropositivities etc.?' ' ) and should be properly complexed by crown 
ethers containing five or six oxygen atoms. 

The first complex of this group t o  be examined by X-ray, namely, the 
La(N0313cis-syn-cis isomer of dicyclohexanofl8Jcrown-6 (Figure 26a)2 ", was 
also the first example of a tripositive cation-crown compound and the first 
uncharged molecular 12-coordinated complex to  be described. The La3+ ion is 
bound to  six ether oxygen atoms (La-0 distances 2.6 1-2.92 8) and to  six oxygen 
atoms of the three bidentate nitrate ions (2.63-2.7 1 8) (one on the sterically more 
hindered side of the crown ether ring and two on the more favourable side). The 
ether oxygen atoms are nearly coplanarly arraqged and the cation is situated in the 
cavity. 
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FIGURE 26. 
uranium. 

Structures of several crown ether complexes of lanthanum and 

The actinide salts often consist of complex ions79, which persist in crown ether 
aggregates and give rise to  structures resembling much less the 'true' crown ether 
complexes than compounds of the /zest-guest type (cf. Section 1V.B. 1 .c). In the 
UOz(N03)2~2Hz0--[18]crowt~-6 complex (Figure 2C1b)~ 2 3 ,  for example, there is no 
direct bond to  the donor atoms of the polyether ligands, but very short H 2 0 -  
oxygen/ether oxygen atom distances can be established (2.98 and 3.03 8). The 
linear uranyl group is coordinated only t o  the two bidentate nitrate ions and to  the 
water molecules. Therefore the  whole structure could be described in terms of 
polymeric chains with alternance of U02(N03)2-2H20 groups and [ 181 crown-6 
molecules connected together through a system of hydrogen bonds. Remarkably 
the conformation of the ligand in this complex more strongly resembles that found 
in the  KSCNZo0 and RbSCN complexes201 of [ 18lcrown-6 than that of free 
[ 181 crown-6 in the crystal' 9 4 .  

The recently described UC14 -dicyclohexano[l8]crown-6 complex (Figure 
2 6 ~ ) ~ ~ ~  possesses a structure akin to  that of the true crown ether complexes. A 
pair of the three uranium atoms in the unit cell of uc16(uc13[ 18]crown-6)2 is 
directly bound to  the crown ether ring, three chlorine atoms acting as neighbours. 
The third uranium atom is surrounded octahedrally by six chlorine atoms. 

Only relatively few of the numerous crown ether complexes with typical heavy 
metal ions such as those of Fe, Co, Ni, Ag, Zn, Cd, Mg, Pd, Pt, etc.22s have been 
structurally examined as yet2 2 6 .  In many respects, they resemble the foregoing 
lanthanide and actinide complexes. 
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Thus, the IMnN03 ( H z  0 ) s  1 +-[ 181crown-6-N03 J-*H2 0 cotnplex (Figure 
27a)226b displays a structure closely related to that of the UO2(NO3)2- 
2Hz 0-1 181 crown-6 complex (cf. Figure 26b) with piled metal/HzO/anion and 
crown ether rings connected together through hydrogen bonds. 

As for the (CoCI)~-dicyclokexano[l8]crown-6 complex226a,  sandwich 
structures are discussed in which the metal ion makes direct contact with three 
crown ether oxygen atoms. 

However, cases are also known, where, as in classical crown ether complexes 
( type la, Figure 19) heavy metal ions are located at the centre of the ring. 

The [ 181 crown-6-analogous triaza ligand 12 encloses Pb2+ in the approximately 
coplanar arrangement of the ligand donor atoms (Figure 27b22Z6e. Both of the 
SCN ions serve t o  fill up the eight coordination sites of the Pb2 ion; they lie above 
and below the ligand plane, being bound once through nitrogen and once through 
sulphur to  the metal ion. The soft Pb2+ ion is preferenrially coordinated to the 
softer nitrogen atom (Pb-0 distances 3.07 8, Pb-N 2.60 A). In this respect, the 
heavy metal ion complex differs from the corresponding alkaline earth ion com- 
plexes of the same ligand, in which all donor atoms (N and 0) are almost 
equidistalt from the central ionz2 ’. 

The differentiation of the heavy metal ion between more (e.g. S ,  N )  and less 
favourable donors (e.g. 0) in substituted crown ethers may be marked to such an 
extent that whole ligand regions with their donor sites are displaced out of the 
influence sphere of the cation, thereby remaining uncoordinated (Figure 2 7 ~ ) ~  
Analogous alkali/alkaline earth complexes of dithiapyridinocro wn ( 1 15)  
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FIGURE 27. 
sulphur analogues. 

Several typical heavy metal ion complexes of [ 181 crown-6 and nitrogen and 
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show - in contrast to the CuC12 complex of 1 15 - nearly ideal proportions relative 
to all donor a ton i s228~z29  and this may be termed as a distinct stereochemical 
answer in the course of the molecular recognition of two ball-shaped cations by  the 
same ligand. 

c. Neutral molecule host-guest complexes. The existence of crown ether 
complexes composed solely of neutral (uncharged) molecules was recognized by 
Pedersen, who first isolated thiourea complexes of some benzocrown ethersZ O .  

Cram and Goldberg carried out a structural elucidation with the dimethyl 
acetylenedicarboxylate / I 8 / c r o w n - 6  complex as example (Figure 28a)’ ti ’. A 
remarkable feature of the complex is that all six oxygen atoms of each crown ether 
molecule participate on opposite sides of the crown by means of dipole-dipole 
interactions between the electronegative oxygen atoms of the crown and the 
electropositive carbon atoms (methyl groups) of the guest. 

In the 1 : 2 host-guest complex of [ 18lcrown-6 with benzenesulphonamide 
(Figure 2 8 ~ ) ’  8 6  strong and weak NH . . . 0 interactions are found, but the crown 

0 

0 

0 

(C) 

FIGURE 28. Complexes of [ 181 crown-6 with CH- and NH-acidic neutral guest molecules. 
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adopts nearly the same conformation as the uncomplexed hexaether (cf. Figure 
20a). 

Complexes formed by Clf- (see Figure 28a' ', malodinitrile-/I88/crowti-6 
complex, cf. Figure 28b231 ) and OH- and NH-acidic substrates (Figure 28c), 
usually show layered structures, in which crown ether host and guest molecule are 
held together through H-bonds and dipole-dipole interactions. 

2. Bi- and poly-cyclic cryptates (see Figure 2) 

a. Bicyclic ligands. X-ray structure analyses of uncomplexed cryptands and their 
cryptates allow interesting comparative studies of ligand conformation. The free 
ligands may exist in three forms differing in the configuration of the bridgehead 
nitrogen: exo-exo (out-out), exo-endo (out-in) and endo-endo (in-in)l 
These forms may interconvert rapidly via nitrogen inversion' 3 c , 5  3. Crystal struc- 
ture d e t e r r n i n a t i o n ~ ~ ~  2-23 of a nuniber of cryptands and cryptates showed that 
the  alkali, alkaline earth and heavy metal cations were contained in the tridi- 
mensional molecular cavity236 and that in all cases the ligand has the  endo-endo 
configuration, even in the uncomplexed state2 7 .  

Figure 29 shows the  configuration of the ( 2 . 2 . 2 / ~ r y p t a n d ~ ~ ~  and of its Rb' 
complexz3 v 2 3 4 a .  Four ether oxygen atoms and the two nitrogen atoms participate 
in octahedral coordination of the cation. In both the complex and the free ligand, 
the two nitrogen atoms are in endo-endo configuration. Whereas the ligand is 
flattened and elongated when free, it has swollen up  in the complex. 

y i t h  increasing ion +radius and coordination number of the embedded cation 
(Na < K < Rb < Ca2 ) one observes a progressive opening-up of the molecular 
cavity of the [ 2.2.21 cryptand with torsion of the ligand around the N/N axis2 3 4  b .  
Under such circumstances, possibilities of anion or  solvent/cation contact are 
present234a*234g123 as, for example, in the E ~ ( C 1 0 ~ ) [ 2 . 2 . 2 ] ~ +  cat ion238,  where 
a pair of the ten coordination sites (eight being shared by the cryptand) of the 
europium is saturated by a bidentate C104 ion. The geometry of the coordination 
polyhedron can be described in terms of a bicapped square antiprism with two 
nitrogen atoms at the apices. 

In the bivalent cation complexes anion and/or solvent coordinations are found 
apart from a few e x c e p t i o n ~ ~ ~ ~ a ~ ~ ~ ~ g ~ ~ ~ ~ .  

Two nuclei-containing complex structures, as are known for voluminous mono- 

FIGURE 29. Molecular structures of [2.2.2] cryptand (19) and of the rubidium cryptate. 
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cyclic crown ethers (see Section 1V.B. 1 .a), are nonexistent for bicyclic cryptands. 
On the whole, the known structures of bicyclic cryptates are not as varied as those 
of crown ethers. 

b. Tricyclic cryptands. Complexes with two enclosed cations are, however, 
known for tricyclic cryptands like 23JFigure 2). Figure 30a shows the structure of 
the 23-Nal cryprate in which each Na ion is bound to two nitrogen atoms and five 
oxygen atoms of the ligand2 3 9 .  The lengths of the Na-N and Na-0 bonds of both 
molecular single-caviJies are approximately the same as in  the [ 2.2.2 J -NaI 
complex234e; the Na ions of both hemispheres lie 6.4 a apart. 

The cation/cation separations of the two corresponding nuclei-containing heavy 
metal complexes of tricyclic ligands are of theoretical interest24 O .  

Recently two complexes of the spherical macrotricyclic ligand 24 ('soccer mole- 
cule', see Figure 2)' ' ', which contains four bridgehead nitrogens, all in the Bz-in 
conformations, were reported24 One complex (Figure 30b) consists of an 
ammonium cation in the molecular cavity, held in place by hydrogen bonds. In the 
latter complex (Figure 30c) the retvaprotonated ligand 24 forms an unusual anion 
inclusion complex (anion cryptate) with C1- (cf. Section III.D.2). The four 

( b )  ( C )  

FIGURE 30. 
complex of the soccer molecule 24; ( c )  anion cryptate of the tetraprotonated soccer ligand. 

(a) Two nuclei-containing Nar complex of the tricyclic cryptand 23; (b) NH', 
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hydrogen-bonded nitrogen atoms of  the ligand are located at the corner of a 
tetrahedron, and the six oxygen atoms are at the corner of an octahedron. 
Noteworthy are the short C1-N distances of 3.09 8,  which are less than the sum of 
the van der Waals' radii. 

3. Open-chain podates (see Figures 5-71 

(z. Glymes, glyme-analogous and simple noncyclic ligands. Until recently little 
has been known about the synthesis of crystalline alkali complexes of glyme-type 
poly- and h e t e r o p o l y - e t h e r ~ ~ ~ .  Subject to better X-ray investigations, however, 
have been the glyme complexes of transition metal ions such as Fez+, Mn2+, C$+, 
Ni2+ and Cu'" 2 4 2 ,  and Hg2+243 and CdZ+salts244. 

While several ligand units (three as a rule) are required in the case of dimethoxy- 
ethane (49) (n = 0 )  (monoglyme, see Figure 7)24 * 2  5 ,  longer polyether chains 
(hexaglyme) ( 4 9 )  (n = 5) sometimes form two nuclei-containing adducts also243 c. 

The X-ray structure analysis of the tetraetLylene glycol dimethyl ether (TCM) 
(49) (n = 3)-Hgc12 a (1 : 1 stoichiometry) shows the following ligand 
conformation246 (Figure 31a): All H 2 C - 0  bonds are in antiperiplanar (ap) 
arrangement; the  CH2 -CH2 bonds in each following unit are oriented synclinal (sc) 
and (--) synclinal (-sc). In this way, the ligand is fixed in an unclosed circular form 
with the five oxygen atoms lying almost coplanarly inward and surrounding the 
Hg2+ ion at a short distance of 2.78-2.98 a. 

In the corresponding tetraethylene glycol dietlzyl ether (TGE)-HgC12 
very similar Hg-0 distances and bond angles are found. An 

sc-arrangement is present only at one end of the chain, where as such steric 
hindrance of the  ethano groups in an ap/ap-conformation is avoided. Armed with 
seven potential coordination sites, hexaethylene glycol diethyl ether (HGE)  is able 
to  bind two Hg2' ions at a relatively short Hg-0 distance (2.66-2.91 a) (Figure 
3 lb)243C.  The remarkable feature of the complex structure is the presence of two 
consecutive sc/sc-arrangements at the central oxygen atom, which causes a separa- 
tion into two coordination cavity halves, each being outlined by four coplanar 
oxygen atoms and containing one HgZ+ ion. The central oxygen atom is coordi- 
nated by both Hg2+ ions. 

The same structural principle is again found in the tetraethylene glycol dimethyl 

( a )  0 
(b) 

FIGURE 31. Oligoethylene glycol ether complexes of Hg2+ ions. 
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ether (TGM)-CdC12 complex244. Owing to  the smaller number of available donor 
sites, however (five per glyme molecule), coordinating chlorine bridges additionally 
function to hold together two ligand units via four Cd2+ ions. 

The synthesis of corresponding alkali and alkaline earth complexes met with 
difficulties for quite a long t ime26a. Meanwhile, success has been achieved with 
glymes of various chain-lengths (hexaglymes, hep tag lyme~)~  2 ,  glyme-analogous 
oligoethylene glycol mono- and di-phenyl ethers (47 and 48, see Figure 7)32 and 
even with nonalkylated oligoethylene glycols (including ethylene glycol i t ~ e l f ) ~  a.  
X-ray structure analyses of these simplest open crown type ether complexes remain 
to be done. 

Crystalline 2 : 1 complexes of the crown ether related phenacyl cojate ( 1  16) (see 
Figure 32)247 with sodium halogenides in methanol were isolated 25 years ago; 
their structures, however, could be investigated only lately24 

The geometry of the NaZ complex (Figure 32a)248d resembles that of [181 
crown-6 with corresponding sodium salts24 '. Six oxygen donor centres (belonging 
t o  two phenacyl cojate units) display a planar arrangement around the  sodium ion, 
while four of them are delivered by a carbonyl group in contrast t o  the crown ether 
complex. The crystal structure is held in place by hydrogen bonds between CO and 
OH groups as well as by H e  . - 0 interactions. 

A remarkably stable 2 : 1 complex is formed between 0,O'-catechol diacetic 
acid (117) with KClZS0. It shows a complicated layer structure stabilized by 
hydrogen bonds with the potassium ions enclosed sandwich-like between ten 
oxygen atoms (four ether and six carboxyl oxygen atoms) in an irregular penta- 
gonal antiprismatic arrangement (Figure 32b). Corresponding coordination com- 
pounds are not obtained with lithium, sod+um, caesium and ammonium salts. The 
observed 'precipitation selectivity' for K , which+ surpasses NaBPh4, is unusual, 
since all precipitation reagents known so far for K are also applicable t o  NH'4, CS' 
and Rb+2 ' . 

(116) (117) 

o c  
0 

(a )  (b) 
FIGURE 32. (a) Arrangement of Na+ phenacyl cojatc (1 16) complex; (b) K+ complex 
of 0,U'-catechol diacetic acid 117. Dotted lines in (b) indicate irregular pentagonal anti- 
prismatic arrangement of the oxygen atoms. 
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b. Noncyclic crown ethers and cryptands. ( 1) Alkali and alkaline earth metal ion 
complexes. Despite the less strictly defined ‘cavity geometry’ of noncyclic crown 
ethers and cryptmds to that of cyclic ones, complexes of definite stoichiometric 
composition are formed as a rule (ligand : salt = 1 : 1, 2 : 1, 3 : 2) and also in 
presence of a large excess of one component of the complexz4-z6. For instance, 
the open-chain ligand 34c (see Figure 5)  reacts with KSCN to form exclusively the 
1 : 1 complex independently of the stoichiometric amounts of ligand : salt (such as 
2 : 1 or  1 : 2)  usedz6a. Remarkably, water and anion participations in the metal 
coordination are hardly more frequent for these relatively ‘open’ ligand structures 
than for their cyclic counterpartsz4. 

For the 34c-RbI complex, the  X-ray structure analysis (Figure 33a)25z reveals 
a participation of all seven heteroatoms (5 0, 2 N) in the complexation and for the 

16 
(a )  

( d )  

. .  

o c  0; @ N  

( C )  

FIGURE 33. 
donor sites. 

Rb’ complexes of openchain crown ethers with different numbers of oxygen 
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first time a helical structure arrangement of a synthetic open-chain ionophore 
around an alkali metal ion (racemate of plus and minus helices). The iodide ion is, 
however, not included in the coordination sphere of the central ion; also it does not  
come i n  direct contact with any heteroatom of the  quinoline ether. Though the  
bond lengths and angles between the various heteroatoms ( 0 , N )  and the Rb' ion 
differ from one another, they can be, considered t o  be approximately symmetrical 
about an axis passing through the Rb ion and the O(, 5 )  atom (cf. Figure 33a). The 
most remarkable structural feature is the  angle - s p  instead of a p  (see arrow 
mark) - at the atoms C(17)-0(18)-C( 1 9) -C(z~ ) ,  which seems t o  be necessary for 
avoiding a collision between both terminal quinoline units. This evokes a fold of 
heteroatoms O(2 and N(1 ' )  together with the attached quinoline skeleton out  of 
the plane of the remaining five donor sites and a 0.748 a displacement of the Rb 
ion in the direction of the folded quinoline nucleus, thereby imparting t o  the 
complex its particular helical structure. 

The decadentate ligand 34e, lengthened by three oxaethane units, does not  show 
any upfield shift of the quinoline protons during complexation of alkali metal 
cations in solution' as is observed for the shorter open-chain ligand 3 4 ~ ~ ~  a .  
This may suggest that either the two terminal groups do  not  participate in the  
complexation or  that  during the process of cation complexation, both quinoline 
moieties are far apart as shown by molecular models. The latter supposition has 
been confirmed in the RbI complex by X-ray analysis for the  crystalline state 
(Figure 33b)253.  The eight oxygen atoms are helically coiled around the central 
cation in the equatorial plane, while both of the quinoline moieties coordinate from 
above and below. Thus, we have a case of a novel complexation geometry of a 
decadentate ligand. 

The helical skeleton of the 34c-RbI complex gives way t o  an approximately 
planar (butterfly-like folded) arrangement with mirror-image-wise symmetry in the  
RbI complex of ligand 34a, shortened by two oxaethane units (Figure 3 3 ~ ) ~  8 .  In 
order t o  fill up the  still unsaturated coordination sphere of the Rb' ion - five 
donor locations of the  ligand are already involved in the coordination - two iodide 
ions per ligand unit alternately participate in the complexation. 

The X-ray structure analysis of the 34d-RbI complex228 reveals significant 
differences in the ligand conformation, compared with the 34c-RbI complex. 
While in the first case a discontinuous helix with a folded, but coordinated 
quinoline end-group is present, the bulky (quinaldine)2 -1igand 34d is arranged like 
a continuous screw in the complex (Figure 33d). 

Also in the 35a-NaSCN complex the  ligand forms a continuous helix with one 
OCM3 group fixed above/below the other benzene r ing22a.  

An X-ray structure analysis of the I : 2 KSCN complex of 38 (Figure 34a)' 
shows that the ligand adopts a S-like coiled structure with remarkable parallels t o  
the Hg2+ HGE complex shown in Figure 3 1 b (see Section IV.B.3.a). 

The X-ray structure analysis of the I : I KSCN complex of the  amide ligand 35e  
reveals strikingly that polymeric Iigand-cation chain structures are present (Figure 
34b)228.  The two carbonyl groups of the ligand d o  not coordinate the potassium 
cation enclosed by the five intramolecular ether oxygen atoms, but instead, share 
their coordination t o  the central ion of the next pair of ligands. The observation is 
in keeping with the high entropy of complexation found for the sodium ions, which 
may point either t o  a cyclization or/and to  a polymerization entropya0.  

Interesting comparisons with structurally related carboxylic antibiotic iono- 
phores ( n i g e r i ~ i n ~ ~ . ~ ~ ~ ~  9 ,  are brought about by the  complexes of such types of 
ligands as 35c and 46, having potential intramolecular attractive end-group inter- 
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FIGURE 34. (a,c) Two-nuclei K+ complexes of open-chain polyethers 38 and 118; (b) section 
of the polymeric arrangement of the 1 : 1 KSCN complex of amide ligand 35e. 

actions26 b,29. An X-ray structure analysis of the potassium picrate complex of the 
polyether dicarboxylic acid 118 (Figure 3 4 ~ ) ’  8Ja,z 5 5  is known’ 5 6 .  Contrary t o  
expectations, no  intramolecular ‘head-to-tail’ hydrogen bonds, that should result in 
a pseudocyclic 1 : 1 complex unit, are observed. The most significant structural 
characteristic is rather t he  dimeric complex cation. Every single ligand is con- 
formationally fixed by a potassium ion spiralwise. The end carbonyl oxygens 
( 0 1 7 ,  0 1 7 ’ )  of the monomer function act  as bridging atoms and are each 
additionally coordinated to a second potassium ion. Thus, each potassium achieves 
an irregular eightfold coordination. The two K+ ions are separated by a distance of 
4.74 A. 

‘The three-armed decadentate neutral ligand 40 (n = 0, R = OMe) reveals as the 
first example of  an alkali metal ion complex of an open-chain cryptand (tripodand) 
a novel complexation geometry in its KSCN complex (Figure 35)22  8. All of the ten 
donor centres and the three OMe terminal groups participate in the coordination of 
the central cation. In order t o  achieve this coordination, the three arms wrap 
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FIGURE 35. 
cryptand 40. 

K+ complex of open-chain 

around the cation in a propeller-like way. A particularly interesting fact is that 
coordination by the anion is totally hindered owing to complete envelopment of 
the cation; thus the anion remains outside the lipophilic periphery of the complex, 
in analogy to the bicyclic cryptates where the metal cations are also completely 
enveloped . 

( 2 )  Heavy metal ion complexes. A series of crystdine heavy metal ion com- 
plexes of open-chain crown ethers have been i ~ o l a t e d ~ ~ - ~  6 ,  but relatively few have 
been structurally elucidated so far. Often it seems, as in the case of cyclic crown 
ethers, that water molecules are involved in the construction of a stable crystal 
lattice. The fact that carbonyl oxygen atoms participate as coordinating ligand 
locations not only in the undissolved form' 7, but also in the crystal of open-chain 
crown ether comp1exes2'g, has been confirmed by X-ray structure analysis of the 
MnBr2 complex of 42 (Figure 3 6 ) 2 5 8 .  

In the above complex, the  metal ion is coordinated by four ether oxygen atoms 
and four carbonyl groups of a pair of symmetrically equivalent ligands. The 
oxygen-metal ion distances are longer for the ether oxygens than for the carbonyl 

FIGURE 36. MnUr, complex of' open-chain 
figand 42. 
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groups; the latter distances (2.1 85 8) are even shorter than the theoretically 
calculated ion-atom contact distances. (2.20 8). The crystal lattice of 42-MnBr2 
(1 : 1 stoichiometry) contains two sorts of Mn2+ ions with different geometrical 
coordinations; thus one sort is coordinated by a pair of ligand molecules as in the  
corresponding CaC12 complex2S8,  while the other one is surrounded by four 
bromide ions at the comers of a square. 

( 3 )  Neutral molecules as guests. Open-chain crown ethers can form stoichio- 
metrical host-guest neutral molecule complexes' 8 9  just as do  their cyclic counter- 
parts (cf. Section 1V.B. 1 .c). The X-ray structure of the 1 : 1 adduct of thiourea and 
35a (see Figure 5) reveals remarkable characteristics (Figure 37)2 9 .  The con- 
formation of the polyether host is such that it enables the thiourea guest t o  utilize 
all the  possible multidentate interactions offered. Thus the thiourea molecule is 
hydrogen-bonded through NH- * *O interactions with al l  seven oxygen atoms of the  
ligand, the central atom O(10) accepting two hydrogen bonds and the other six 
oxygen atoms accepting one hydrogen interaction each. This geometry gives rise t o  
four bifurcated hydrogen bonds,  which have previously been demonstrated 
certainly only in a very few cases? O .  

o c  

V 

FIGURE 37. Thiourea complex of open-chain crown 
ether 35a. Dotted lines indicate NH- . -0 bifurcated 
hydrogen bonds. 

V. OUTLOOK 

The selectivity of crown ethers and cryptands toward alkalilalkaline earth and 
heavy metal cations will surely be exploited for practical use in many other 
cases4+. New possibilites of development are to  be expected with anion recep- 
tors] 4 d  v e .  The intramolecular combination of crown ethers and other important 
molecular structures such as dyesz6 as well as that  of iotzophoric and pharma- 
ceiitica12 or polymeric structures' showed other noteworthy trends of 
development. The field of organic receptor cavities may certainly be extended to  
include other very voluminous, rigid and exohydrophiliclendolipophilic host mole- 
cules that have hardly been investigated yet26 3, and that can select between neutral 
organic guest molecules, the  molecular properties of which are either masked o r  
modified according to the  peripheric structural features of the host envelope. 

Perhaps, one day there will be concave host molecules with tailor-shaped 
endopolarophilic as well as endolipophilic cavities for many of the low molecular 
weight convex organic compounds. 
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I. INTRODUCTION 

With the advent of crown ethers and related macrocyclic and macrobicyclic multi- 
dentate corn pound^'-^, simple and efficient means have become available for solu- 
bilking metal salts in nonpolar and dipolar organic solvents where solvation of the 
anionic portion of the salt should be minimal' * 5 - 8 .  Anions, unencumbered by 
strong solvation forces, should prove t o  be potent nucleophiles and potent bases 
and should provide the basis for the development of new and valuable reagents for 
organic synthesis. These weakly solvated anionic species have been termed naked 
a n i o n P 7 .  

Figure 1 illustrates the structures and names of some synthetically useful 
crowns. The estimated cavity diameters of the crowns and the ionic diameters of 
some alkali metal ions are also included6. It is apparent that the potassium ion has 
an ionic diameter which will enable i t  t o  fit inside the cavity of 18-crown-6 while 
the sodium ion and the lithium ion have ionic dimensions which are compatible 
with 15-crown-5 and 12-crown-4, respectively. While this specificity has been 
experimentally demonstrated, it must be emphasized that 18-crown-6 will also 
complex sodium and caesium ions. In the application of crowns to  organic trans- 
formations, exact correspondence between cavity diameter and ionic diameter is 
not always a critical factor. 

The following four points will be addressed at this juncture: 

(1) 

(2)  

The effect of a given crown in solubilizing metal salts (with a common 
cation) in  nonpolar and dipolar aprotic media. 
The effect of various crowns in solubilizing a particular metal salt. 
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18-Crown-6 
(1 1 

15-Crown-5 
(2) 

Ionic diameters (A) 
1.2-1.5& 

K+ 2.66 
Na+ 1.80 
Li + 1.20 

12-Crown-4 
(3) 

FIGURE 1 .  

(3)  The reactivity of anions solubilized as their metal salts by crowns. 
(4) The reactivity of a particular anion solubilized as its metal salt by a variety 

of macrocyclic and macrobicyclic ligands. 

Table 1 summarizes the solubilities of a wide variety of potassium salts in 
acetonitrile at  25OC in the presence and in the absence of 18-crown-6 (0.15M)6. 
The concentrations of potassium ion were determined using flame photometric 
techniques. Excellent solubility enhancements are achieved for all salts except for 
potassium chloride and potassium fluoride whose crystal lattice free energies are 
quite high. The concentration of potassium acetate in acetonitrile-d3 and benzene 
has been determined from H-NMR analysis as a function of 18-crown-6 concen- 
tration (Table 2)g. At least 80% of the crown was complexed with the potassium 
acetate. The solubility o f  potassium fluoride in acetonitrile has also been deter- 
mined at various crown concentrations (Table 3) using flame photometrys. 

TABLE 1. Solubilities of potassium salts (M) in acetonitrile at 25°C in 
the presence and absence of 18-crown4 

~ 

sol. in 0.1 5M 
Potassium crown in Sol. in Solubility 
salt acetonitrile acetoni trilc enhancernen t 

K 1: 4.3 10-3 3.18 x 1 0 - ~  0.004 
KCI 5.55 x 10 -7. 2.43 x 0.055 
K Br 1.35 x l o - '  2.08 x 10-3 0.133 
K1 2.02 x 10 -' 1.05 x 10-I 0.097 
KCN 1.29 x l o - '  i . i g  x 10-3 0.128 
KOAc 1.02 x l o - '  5.00 x 10 - 5  0.102 
KN, 1.38 x 10 -' 2.41 10-3 0.136 
KSCN 8.50 x lo- '  7.55 x l o - ]  0.095 
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TABLE 2. Solubility of potassium acetate in solvents containing 
18-crown-6 

18Crown-6 (M) Potassium acetate (M) 

Benzene 0.55 0.4 
1 .o 0.8 

Acetonitrile-d, 0.14 0.1 

TABLE 3. Concentration of potassium fluoride at various crown 
conccntrations at 25°C by flame photometry 

~~ 

K F  concentration (M) 

1 .O 1 M 18-Crown-6-benzcne 5.2 x 10- 
0 . 3 4 ~  18-Crown-6-benzene 1.4 x lo-' 
0.1 6M 18-Crown-6-CH3 CN 3.5 x 10-3 

The solubility of potassium acetate in the presence of a variety of macrocyclic 
and macrobicyclic multidentate ligands has been reported. The following order of 
solubilization effectiveness was found' : 
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Arguments based upon cavity diameter, lipophilicity and rigidity of the macrocycle 
or  macrobicycle were advanced t o  explain the observed order. 

Studies related t o  the relative nucleophilici2es of a series of naked anions toward 
benzyl tosylate in acetonitrile (E = 37) at 30 S' and toward 1-bromopentane in 
acetonitrile (E = 37)  and benzene ( E  = 2 )  at 20 C1 * are summarized in Table 4. It is 
interesting to  note that there appears t o  be a marked levelling effect in the 
nucleophilicities of naked anions toward a particular substrate in a particular 
solvent. The results are in direct contrast to the previously observed nucleo- 
philicities in protic media' 3. Under naked anion conditions, nucleophiles which 
were considered poor (under protic conditions) become as active as nucleophiles 
which were considered excellent. This appears t o  be true irrespective of the 
substrate or  solvent. Some recent evidence indicates that the superoxide radical 
anion is more nucleophilic than the anions in Table 4 by several orders of magni- 
tude' - 

The effect of a wide variety of macrocyclic multidentate ligands on the acti- 
vation of acetate (dissolved in acetonitrile as its potassium salt) toward benzyl 
chloride has been reported (Table 5). The characteristics of the ligand which 
influenced the rate were suggested to be (a) the stability of the metal-ligand 
complex, ( b )  the lipophilicity of the ligand, (c) the rigidity of the ligand, and ( d )  the 
reactivity of the ligand toward the substrate (aza crowns)' O .  

I 

TABLE 5.  Effect of macrocyclic polydentate ligmd on rate of reaction of potassium 
acetate with benzyl chloride in acetonitrile 

Ligand Approx. half-life (h) 

None 
18Crown-6 (1) 
Dibenzo-18-crown-6 ( 8 )  
Dicyclohexo-l8-erown-6 (1 2) 

H--N 
I \ 

685 
3.5 
9.5 
1.5 

p.11 (7) 700 
12.21 (6) 6 5  
[3.21 (4) 75 
13.31 ( 5 )  100 

[2.1.1] (10) 8 
[2.2.1] (13) 0.8 
[2.2.2] (9) 5.5 
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/ / / A  Benzvl bromide: 0.058mole ( 3 . 4 ~ 1  

FIGURE 2. 

The use of crowns to  enhance the solubility of metal salts in nonpolar and 
dipolar aprotic solvents augmenting the reactivity of the anionic portions of the 
salts (naked anions) has prompted many investigators to  use these novel ligands in 
catalysing organic reactions and in probing reaction mechanisms6. Reactions carried 
out  under homogeneous conditions as well as those carried out under solid-liquid 
and liquid-liquid phase-transfer catalytic conditions have been reported'. To 
illustrate this latter techniques, consider the reaction between benzyl bromide 
(0.058 mole) and potassium acetate (0.12 mole) in acetonitrile containing only 
catalytic quantities (0.0027 mole) of 18-crown-6 (Figure 2). Since there is not 
enough crown present t o  dissolve all the  potassium acetate present the reaction 
mixture is a two-phase system. Nevertheless, the reaction proceeds quantitatively t o  
benzyl acetate. This result indicates that in priniciple the crown acts as a carrier of 
potassium acetate reactant from the solid phase to the liquid phase and also as a 
carrier of potassium bromide product from the liquid phase to the solid phase. In 
the  absence of crown little reaction takes place during a comparable period of 
time. This technique of performing organic transformations has also been ac- 
complished between two liquid phases'. Representative examples of crown-medi- 
ated reactions will be explored in the following sections. No attempt will be made 
to  present an exhaustive survey. Only the general scope and flavour of this subject 
will be addressed. 

II. ORGANIC REACTIONS MEDIATED BY MACROCYCLIC AND 
MACR 06 I CYC LI C MU LT I DENTATE LI GANDS 

In spite of the marginal solubilization of potassium fluoride by 18-crown-6 in 
actonitrile and benzene5, enough anion is present in solution, even in the presence 
of catalytic quantities of crown, to  allow facile transformations which introduce 
fluorine into organic molecules by simple displacement processes (reactions 1-8). 

KF-- 16-C-6 

100% 

aCH2"' 
~~-C,H,,CH,CH,Br - n-C6H, ,CH,CH,F 

92% 
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Br F 
n-CGH 13CHCH3 I n-CsH13CHCH3 I 

32% 

cis + trans 

C' F 

- q""' 
CI C02Me KF- dicyclohexo-18.C-6 F \ / C02Me \ / 

,c= c * ,c=c (Ref. 15) (6) \ sulpholane 
H C 0 2 M e  A H 'C02Me 

0 0 
II II 

I I  II 
R-S-CI R-C-F  

0 

84- 100% 

0 

(Ref. 16) (7) 

31% 69% 

It is interesting to note  that fluoride ion behaves as a dehydrohalogenating agent 
with certain substrates (reactions 2, 3 ,  8- 10). The gem difluoro a-anionic complex 
(reaction 1 1) was observed by means of ' H- and ' F-NMR spectroscopy. Naked 
fluoride has been reported t o  be  an effective base catalyst in the deprotonation of 
the indoie ring of tryptophan, in the formation of N-benzyloxycarbonyl and 
N-2,4-dichlorobenzyloxycarbonyl derivatives' . 

Br 

H 
53-80% 



164 Charles L. Liotta 

(Ref .  5) (10) 

100% 

- K+- M e C N  18-C-6 ""y$N02 ..... 
(Ref .  18) ( 1  1) 

02N*No2 NO2 NO2 

Nucleophilic substitution and elimination processes have been reported for 
chloride' , bromide20 and iodide2 under solid-liquid phase-transfer catalytic 
conditions using dicyclohexo-18-crown-6 (1 2 )  and under liquid-liquid phase-transfer 
catalytic conditions using dicyclohexo- 18-crown-6 (12), benzo-15-crown-5 ( 1 l ) ,  
dibenzo-18-crown-6 (S), 1,10-diaza-4,7,13, 16-tetraoxacyclooctadecane (6) and 9a, 
b and c21 ,22 .  

0-0 

Y 

Fon0G ( a ) R = H  (b)  R = n-C11 H23 c, oJ (c) R =n-CI4Hz9 

R 

(9) 

Acetate ion has always been considered a marginal to poor nucleophile in protic 
media (see Table 4). Nevertheless, when solubilized as its potassium salt in aceto- 
nitrile and benzene, it becomes an active nucleophilic species. Reactions of naked 
acetate with a wide variety of organic substrates (Figure 2 ,  reaction 12; reactions 
13- 17)' i2 3 .  Indeed, carboxylate ions in general become quite reactive under 
naked anion conditions (reactions 18-21). I t  is interesting to  note that acetate 

(Refs. 9, 30) ( 1  2) 

(Refs. 9, 30) (13) 
KOAc 

12.2.21 cryptate 

n-C7H15CH2Br 18.C.6 or * n.C7 H 1 5C H ~ O A C  

96% 

KOAc 
"-C6H13CHBrCH3 18.c.6 n.C6H13CH(OAc)CH3 + octenes (Ref. 9)  (14) 

90% 10% 

KOAc 
BrCH2Ci-12Br 18-c-6 - AcOCH2CH20Ac 

90% 

(Ref .  9) (15) 
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10% 25% cis 55% 
trans 10% 

Etof-AoBs KOA= 

18-C.6 

H ti 
100% 

90%-98% 

0 0 0 0 
II II K*--18-C-6 II II - R'C-0-COR~ R'-C-O- C CI--C-OR2 

M e C N  

85-99.570 

(Ref.23) (17) 

(Ref. 24) (18) 

(Ref. 25) (19) 

(Ref. 26) (20) 

62-90% 

N3+ --dibenzo-18-C-6 

TH F.-4SoC 

C 

(Ref .  27) (21) 

/ \ I 1  
I 

H CH-C-0- 

Ph 

q p + q  H-C 

C 
/ \  %C-H H CH2Ph 

I 
Ph 

promotes less dehydrohalogenation compared to fluoride under comparable re- 
action conditions. The reaction of chloromethylated resin with the potassium salts 
of boc-amino acids in dimethyl formamide solution was shown t o  be facilitated by 
the presence of 1 8 - c r 0 w n - 6 ~ ~  and the polymerization of acrylic acid has been 
reported t o  be initiated by potassium acetate complexed with crown2 9. 
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Cyanide ion, generated under solid-liquid and liquid-liquid phase-transfer cata- 
lytic conditions using crowns and cryptates, has been demonstrated to be a useful 
reagent in a wide variety of substitution, elimination and addition processes 
(reactions 22-35). It is interesting to  note that in displacement reactions by 

100% 

KCN. [2.2.21 cryptate 
* / I - C ~ H ~ ~ C H ~ C N  (Ref. 22) (23) "-C7H15CH2C' or DC.18-C.6 

93% 

CH2CN 

(Refs. 31,32) (24) . @  
CH$I 

K C N  18-C-6 

X 
80-95% 

X 

€31 CN 

(Ref. 31) (25) 
KCN-  18-C-6 I - n-C6H1,CHCH3 i- octenes 

I 
r>-C6H13CHCH3 

70% 

(Ref .  31) (26) 
KCN--18-C-6 

BrCH2CH2CH2Br w NCCH,CH,CN 

94-97% 

(Ref. 32) (27) 
K C N -  18-C-6 

Me3SiCl w Me3SiCN 

96% 

0 
I1 

(Ref. 6) (29) ac-cN BMe KCN-18-C-6 

rP f lUX 

Me 

90% 

\. K C N  -18-C-6 

1 10 

86% 
Cholestenone benzene r.t. 
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0 0 

ROCCI  * ROCCN 
1 1  KCN--18-C-6 I 1  

62-90% 

0 
I I  

OH 
I 

K C N  - 1 8-C-G 
* 

60°C W, 
qCH- 

0 
I1 

-cF (Ref .  36) (33) 

66-99% 

0-SiMe, 

(Ref. 37) (34) 

* PCN K C N  18-C-6 
i- Me3SiCN 

99% 

NZ ,OSi(Me), 
KCN-- l8-C-6 

c R-CH (Ref. 39) (35) 
II 

R C H O  + Me3Si-C-C0,Et 
\ 

dC - CozEt 
NZ 

cyanide under solid-liquid conditions, primary chlorides react faster than primary 
bromides while secondary bromides react faster than secondary chlorides. 18- 
Crown-6 has been shown t o  facilitate the photochemical aromatic substitution by 
potassium cyanide in anhydrous media4 and to  enhance the nucleophilic displace- 
ment by cyanide on hexachlorocyclotriphosphazene4 

Kinetic studies have shown that the presence of macrocyclic multidentate 
ligancls increases the solubility asd alters the ionic association of metal hydroxides 
and alkoxides in relatively nonpolar media and greatly increases the nucleophilic 
and basic strength of the oxy anions4 2-44.  For instance, sterically hindered esters 
of 2,4,6-trimethylbenzoic acids easily undergo acyl-oxygen cleavage by potassium 
hydroxide in toluene containing dicyclohexo-18-crown-6 or the [ 2.2.2 J cryptate 
(reaction 36)4 5 ,  chlorine attached t o  a nonactivated arornatic ring is readily dis- 
placed by methoxide ion dissolved as its potassium salt in toluene containing crown 

by an addition-elimination mechanism (reaction 37), and carbanions are generated 
from weak carbon acids by hydroxide and alkoxide in nonpolar solvents containing 
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C' 

(Ref .  2 0 )  (37) 

crowns and cryptates (reactions 38-40)4 5. Indeed, the regiochemical and stereo- 
chemical course of reaction in both substitution and elimination processes is 

H H  

Ph3CH - Ph,C- (39) 

Ph2CH2 __c Ph2CH- (40) 

markedly altered by the presence of crown4 O .  Reaction of 2-phenylcyclopentyl 
tosylate (reaction 41) with potassium t-butoxide in t-butyl alcohol produces two 
isomeric cycloalkene products4 6. In the presence of dicyclohexo-18-crown-6, 3- 
phenylcyclopentene is produced in greatest quantity while in its absence l-phenyl- 
cyclopentene is the major product. This and other studies indicate that in nonpolar 

!'h as - QPh + aph (Ref.461 (41) 

media metal alkoxides react as ion aggregates and promote elimination reactions via 
a syn pathway, while in the presence of a macrocyclic multidentate ligand, the 
aggregate is disrupted and the anti elimination pathway becomes dominant. 

Isomerization reactions, reactions involving stereochemical course of isotope 
exchange, and fragmentation reactions promoted by metal alkoxides and rearrange- 
ments of metal alkoxides in the presence and in the absence of crowns have been 
reported (reactions 42-47). Enolates and related species and halomethylenes and 

(Ref .  5 1 )  (42) 

(Ref .  5 2 )  (43) 
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(Ref .  53) (46) 

(Ref. 54) (47) 

their carbanion precursors have been generated under liquid-liquid phase-transfer 
catalytic conditions using crowns and cryptates and effectively used in synthetic 
transformations (reactions 48-54)5 a-c. Ambient ions such as 9-fluorenone oxi- 
mate (141, and the enolatzs of ethyl malonate (15) and ethyl acetoacetate (16) have 
been generated in the presence of macrocyclic multidentate ligands in a variety of 
solvents. I t  has been demonstrated that the presence of a metal ion complexing 
agent greatly effects the rate of alkylation as well as the ratio of N/O and C/O 
allylation6-6 O . 

Potassium superoxide has been successfully solubilized in dimethyl sulphoxide, 
benzene, tetrahydrofuran and dimethylfomamide containing 18-crown-6 and effec- 
tively used as a nucleophilic reagent for the preparation of dialkyl and diacyl 

X = H, Ph 
Y = H, Br 
Z = Br, CI 

Y = H  85% 
Y = Br 75% 

0 0 
II II 

(Ref .  2 2 )  (49) 80°c, 5 0 %  aq. NaOH + n-BuBr 

5 0 %  aq. NJOH 
HCCI, + HZC=CHX 

(Ref .  55a) (50) 

X = P h  87% 
X = C N  40% 
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I 
Me 

CI Ph-C-CN 
I I 

50% aq. N a O H  Q MeCHCN + 
I 
Ph 

81% 

(Ref. 55a) (51) 

67% 

CHCI3. KOH 

H2N-NH2 18-C-6 - CH2N2 

48% 

/O -  
N 

78% 

(Ref .  55b) (54) 

(14) (15) (16) 

p r o x i d e s  and alcohols (reactions 55 and 56)' 4 , 6 0 - 6 4 .  It  has also been demonstrated 
that superoxide in benzene is an efficient reagent for cleavage of carboxylic 
esters6 ,6 and for promoting the oxidative cleavage of a-keto, a-hydroxy and 
cx-halo ketones, esters and carboxylic acids6 and a,$-unsaturated carbonyl com- 
pounds66 (reactions 5 7  and 58). 

It has been demonstrated that potassium permanganate solubilized in benzene 
with crown provides a convenient, mild and efficient oxidant for a large number of 

Me Me 
I KO2 I 

(R)-C6H13CHBr (S. S)-t-C6H13-CH-O-$2 (Ref. 61 )  (55) 

55% 
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(Ref. 621 (56) 

OSOZMe 

75% 

(Ref. 64) (57) 

85% 

x o  

(Ref. 65) (58) 
I I1 K O 2  

R’--CH-C-R~ - R’COOH + R ~ C O O H  
18-C-6 

50-98% 

organic reactions (reaction 59) ” ,  whilt  potassium chromate has been reported to 
react with primary alkyl halides at  100 C in hexamethylphosphoramide containing 

‘COOH 

crown to  produce good yields of alkehydes (reaction 60)6 ’. Carbanions formed 
from reaction of weak carbon acids with potassium hydroxide in toluene containing 

0 

(60) 
K 2 C r 0 4  4 

RCH20Cr03-Kt - R-C 

‘H 
RCH2X crown HMPA.  ioooc * 

78%-82% 

crowns o r  cryptates are readily oxidized by molecular oxygen (reaction 61 )4 and 
the homogeneous photosensitization of oxygen by solubilizing the anionic dyes Kose 
Bengal and Eosin Y in methylene chloride and carbon disulphide using crown is 
reported t o  produce singlet oxygen (reactions 62 and 63)6  8 .  
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Me 
Me \ /  Me H2C\\ I 

c=c + 0; - C-C-0-0-H 
Me/ I 

Me 
Me ’ ‘Me 

The action of reducing agents such as lithium aluminium hydride, sodium 
borohydride and sodium cyanoborohydride on  organic substrates has been explored 
in the presence of macrocyclic and macrobicyclic polydentate ligands under 
homogeneous, solid-liquid and liquid-liquid phase-transfer catalytic con- 
ditions22*6 9 - 7 2 .  In the former cases, crowns and cryptates were used to elucidate 
the role of the metal cation as an electrophilic catalyst. Sodium cyanoborohydride 
in the presence of crown has been reported to  reduce alkoxysulphoniun salts t o  
sulphides (reaction 6417*. 

R 
NJBHjCN 

R . ‘S + MeOH 
\+ 

CHzCIZ / 
2 - - O M e  R 

71-91% 

(64) 

Sodium, potassium and caesium anions have been generated in ether and m i n e  
solvents in the presence of crowns and c r ~ p t a t e s ~ ~  and sodium, potassium, caesium 
and rubidium have been reported to  dissolve in benzene and toluene and in cyclic 
ethers containing these hydrocarbons in the presence of crowns and cryptates t o  
produce the corresponding anion radicals74. 

Finally, macrocyclic multidentate ligands have been found to be a sensitive tool 
for exploring the mechanistic details in the reactions and rearrangements of carb- 
anions5 2-54 * 7  5-78 and in substitution and elimination processes4 6 - 5 0 .  Indeed, any 
reaction involving metal ion anion intermediates is, in principle, subject to mech- 
anistic surgery with the aid of crowns and cryptates. It must be remembered that 
these macrocyclic and macrobicyclic species can be designed and synthesized 
specifically for a particular metal ion. Herein lies their potential power. 

1. 

2 

3. 
4. 
5. 
6. 

7. 

8. 
9. 
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I. INTRODUCTION 

Various diffraction and spectroscopic methods have proved particularly useful in 
the analysis of characteristic molecular dimensions and conformations of the 
compounds under  discussion in this chapter. Most of the experimental techniques 
have been significantly improved in recent years and their application extended to 
numerous molecular structures of varying complexity. The mutually complemen- 
tary tools of electron diffraction (ED) and microwave spectroscopy (MW) are 
suitable for the examination of simple and highly symmetric molecules which exist 
only in the vapour phase or  can be vaporized easily. This applies for example, t o  
the simplest of t h e  title compounds such as dimethyl ether, dimethyl sulphide and 
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methanol. Of special merit in the ED and MW methods is the fact that they directly 
yield detailed structural information about the shape of the molecules in the 
gaseous state where the intramolecular forces are exclusively responsible for the  
conformational choice. A major limiting factor of the ED technique itself lies in an 
inadequate treatment of the effects of thermal motion, and in order t o  determine a 
structure precisely one often has t o  calculate vibrational amplitudes from spectro- 
scopic data. However, in favourable cases combination of ED with spectroscopy can 
readily lead to a reliable determination of exact atomic positions, including those of 
the light hydrogen atoms. 

X-ray diffraction (XD) crystallography is at present the most convenient method 
for the  study of moderately complex molecules that produce single crystals. The 
development of computer-controlled diffractometers for rapid acquisition of ac- 
curate X-ray intensity data and the  enhanced efficiency of algorithms for the  
solution of the phase problem in diffraction have caused a sharp increase in the  
number of crystallographic determinations in organic and inorganic chemistry. It 
should be kept in mind, however, that  the amplitudes of atomic thermal vibrations, 
and particularly the positions of  hydrogen atoms, can be determined with a 
considerably greater accuracy by neutron diffraction than by XD cystallography. 
The neutron diffraction technique has therefore an important function in the study 
of hydrogen bonds and electron density distributions; it also is experimentally more 
difficult and its applicability requires the immediate neighbourhood of an atomic 
reactor. 

The  structural data are being presented in this article mainly in terms of 
geometrical factors such as bond lengths, bond angles and torsional angles (when 
available, the estimated standard deviations are expressed in parentheses in units of 
the last decimal place). It is important t o  emphasize here that the MW, ED and XD 
molecular dimensions are derived from observed quantities which are affected in 
different ways by molecular vibrations. The conventional results of XD (as well as 
neutron diffraction) experiments correspond t o  distances between average atomic 
positions in a molecular coordinate system, those obtained in the reduction of ED 
data usually refer t o  an average over the  molecular vibrations, while the distance 
parameters in a M W  study are calculated from ground-state rotational contants. 
Hence, a detailed comparison of the corresponding r value should be carried out  
with much care. These anticipated differences are generally small, and seem to be 
not significant with respect to the following discussion. Therefore, the literature 
values of bond parameters are quoted in this article without modification. Presently 
available structural information about ethers, crown ethers, hydroxyl groups and 
their sulphur analogues suffices to  fill a t  least one separate volume on this matter. 
Hence, an attempt t o  cover the whole field adequately and to  present a compre- 
hensive survey of all structural properties within the scope of a single chapter would 
(obviously) be unsuccessful. In fact, a few relevant specific subjects, such as those 
dealing with stereochemistry of dioxanes and hydrogen bonding by hydroxyl 
groups, have already been reviewed in detail. In the present article we have chosen 
t o  confine the discussion t o  ( a )  the  reference structural parameters of the title 
functions, and ( b )  the  structural chemistry of crown ether compounds which has 
been developing significantly in the recent years. The subjects ( a )  and ( b )  are dealt 
with below, in Sections I1 and I11 respectively. 
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II. STRUCTURAL PARAMETERS OBTAINED FROM 
ELECTRON DIFFRACTION AND MICROWAVE STUDIES 

177 

A. The C-0-C Group 

The geometry and conformation of a number of small organic species that 
contain the ether group were investigated by ED and MW methods. Two accurate 
and independent structure determinations of dimethyl ether ( l ) ,  by Kimura and 
Kubo' from ED patterns and by Kasai and Myers's3 from MW spectra, provided 
reference structural parameters for the C(sp3 )-O-C(sp3 ) moiety. The respective 
results of these two studies are very similar: 1.4 16(3) and 1.4 1 O( 3) a for the C-0 
bond distance, 1 1 1.5( 15) and 1 1 1.4(3)O for the C-0-C bond angle. The experi- 
mental evidence showed conclusively that the dimethyl ether molecule has in the 
gas phase CZv symmetry, the methyl groups being staggered with respect t o  the 
opposite C-0 bonds. In the MW work the molecular dipole moment of (CH3)20 
was determined t o  be 1.3 I( 1) D. The structure of monochlorodimethyl ether (2) was 

(1) ( 2 )  

also examined by means of ED of the vapour4, yielding an averaged C-0 bond of 
1.38 a and a C-0-C angle of 113.2'. A careful analysis of the experimental radial 
distribution function for this molecule led, however, t o  the conclusion that the two 
C-0 bonds are not equal; the best fit between the structural model and data was 
obtained with CH2C1-0 and CH3-0 bond distances of 1.368 and 1.414 a, 
respectively. It has been difficult to rationalize the significant difference between 
the two C-0 bond distances without invoking interaction between the oxygen 
atom and the lone-pair electrons of the chlorine atom (see below). 

In unsaturated olefinic systems the C-0 bond is also shortened considerably 
through influence of the double bond. This feature was observed in the structures 
of gaseous methyl vinyl ether (3), methyl allenyl ether (4) and I-methoxycyclo- 
hexene (5). In the gas phase, methyl vinyl ether was found as a mixture of 64% of a 

(3) (4 1 (5) 

cis form having a planar skeleton in which the methyl group is staggered with 
respect to the CH-0 bond and 36% of a second conformer which has its CH3-O 
bond approximately at right angles t o  the plane of the vinyl group5. The following 
parameters for  the ether group structure were obtained: C(sp3)-0 = 1.424 8, 
C(sp2)--0 = 1.358 a and C-0-C = 120.7'. The molecule of methyl allenyl 
ether adapts an equilibrium planar cis conformation with C, symmetry6. From 
inspection of the ED data it was concluded that at room temperature there is 
a large torsional motion of the OCM3,grou'p around the other ether linkage which 
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could be characterized by a displacement angle from planarity of about 23O. 
The reported results include the bond distances C(sp3)-0 = 1.427(8) and 
C(sp2)-0 = 1.375(7) a and the bond angle C-0-C = 115.0( 12)’. I-Methoxycyclo- 
hexene is a substituted yinyl ether having a methoxyl group bonded to one of 
the double-bonded carbon atoms in the cyclohexene ring. In the gas phase, the 
molecule was also found t o  exist predominantly in the cis conformation’. The 
structural parameters associated with the methoxy group are C-0 = 1.364(6) a for 
the distance from the sp2 carbon t o  the oxygen atom, C-0 = 1.421(6) a for the 
distance fr%m the oxygen atom to the  methyl carbon atom and C-0-C 
= 119.7(25) . Evidently, the above data on  the three alkenes are quite consistent 
with respect to the bond lengths; there is, however, a fairly severe disagreement 
between the refined magnitudes of the C-0-C angle. 

Further information on the molecular geometry of simple acyclic ethers was 
obtained in the investigations (by ED) of dimethoxymethane8 ( 6 )  and tetra- 
methoxymethane compounds9 ( 7 ) .  The diether molecule ( 6 )  has a C2 symmetry. 

(6 )  (7a) (7b) 

The gauche arrangement about the two C-0 bonds apparently minimizes the 
repulsive interaction of lone-pair electrons on the oxygen atoms. In this con- 
formation the molecular dipole moment was calculated t o  be 1.08 D. Two possible 
forms of tetramethoxymethane, with staggered methyl groups each belonging to a 
face of the oxygen tetrahedron, were considered as best models for this species. The 
diffraction study showed that the molecule has S4 symmetry (7a); the D2 d model 
(7b) was estimated to be roughly 6 kcal/mol less stable than the S4 rotamer. The 
conformation of the C-0-C-0-C sequence in the molecule is either gauche- 
gauche or gauche-trans, in good agreement with the observed geometry of di- 
methoxyrnethane. Relevant structural parameters of CH2(OCH3)2 and C(OCH3)4 
are compared in Table 1. The experimental findings cleuly indicate that the  
central CH2-0 bonds are consistently shorter by 0.03-0.05 a than the terminal 

TABLE 1. Structural parameters of di- and terra-methosymethane 
~~ 

CM, (OCH, 1, C(OCH, )J 

Borid lengths (A)  
(C-0) av. 1.405 1.409 
CH, -0 1.432 1.422 
CH, -0 1.382 1.395 

Bond arzgles (deg.) 
c-o-c 114.6 
O-C-4  114.3 

1 1  3.9 
114.6 

Methoxy torsiorzal angle (deg.) 
c-o--c-o 63 63 
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ones. Similar shortening of the C-0 bond was also observed in a number of other 
a-X substituted compounds containing the C-0-C-X moiety, where X is an atom 
bearing lone-pair electrons ( X  = OR, halogen, etc.)' 9 '  ' ; the inonochlorodimethyl 
e t te r  (2) provides a perfect example. This well-known aspect of the molecular 
structure has been explained in the literature by various considerations based on the 
anomeric effect' ' 9 '  , its most attractive interpretations involving dipole-dipole 
electrostatic interactions and n-electron delocalization into the adjacent anti- 
bonding orbital. 

Tetrahydrofuran (8) is an example of a cyclic monoether compound. Its gas- 
phase molecular structure was investigated simultaneously and independently by 
two research groups' 9' 3 .  The structural parameters resulting from both ED 
studies are identical withiti the experimental error. I t  was indicated that gaseous 
tetrahydrofuran undergoes essentially free pseudorotation between two con- 
formational states, the 'half-chair' form with C2 symmetry and the 'envelope' form 
with C, symmetry. The average single C-0 and C-C bond distances 1.428(3) 
and 1.537(3)8,  respectively, were assumed to  be independent of the pseudo- 
rotatior.. The bond angles in the molecoule were defined in thre: different ranges: 
C-C-C 101-104°, C-C-0 104-107 and C-0-C 106-110 . A MW study of 
tetrahydrofuranI4 confirmed that the CZ and C, conformers are almost equally 
stable at room temperature with an estimated barrier hindering pseudorotation of 
20 cal/mol. The dipole moment of the molecule was determined from the Stark 
effect in the pure rotational spectrum, and was found t o  vary from 1.52 to  1.76 D 
depending upon the pseudorotational state. 

( 8 )  (9) (10) (11) (12) 

The effect of intramolecular strain on the geometry of the ether moiety is 
clearly demonstrated in the structures of trimethylene oxide (9), 7-oxanorbornane 
(10) and compounds containing a three-membered epoxide ring. The structure of 
10 was investigated by making joint use of the experimental ED intensities and 
rotation constants determined from hlW spectra' 5 .  The thermal-average parameters 
reported for the ether group are C-0 = 1.442(10) a and C-0-C = 94.5(22)O. 
From MW spectra of four isotopic species of trimethylene oxide it was deduced 
that the molecular framework is essentially planar but that the ring-puckering 
vibration is of a fairly large amplitude, of the order of 0.06 8' 6. The preferred 
bondingo parameters of this molecule include: C-0 = 1.449(2) a and C-0-C = 
92.0( 1) . :Jt  is evident, therefore, that in the conformationally strained struc- 
tures 9 and 10, the C-0 bond is about 0.02-0.03 a longer and the C-0-C angle 
is about 17- 18O smaller than the corresponding parameters in dimethyl ether and 
tetrahydrofuran. Long C-0 bonds were also observed in the studies of gaseous 
cyclopentene oxide (1  1) (by a simultaneous least-squares analysis of ED and MW 
data)' ' and 1,2,3,4-diepoxybutane (12) (from ED patterns)' 8 .  The respectively 
reported values for the C-0 bond distance, 1.443(3) and 1.439(4) 8, and for the 
ring C-C bond distance, 1.482(4) and 1.463(5) 8, are in good agreement with the 
corresponding early data obtained by Cunningham and coworkers for ethylene 
oxide, 1.436 and 1.472 i%' 9. 

1,4-dioxane, 1,3-dioxane and 1,3,5-trioxane are six-membered heterocycles that 
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contain more than one ether group in the molecular ring. The molecular dimensions 
of 1,4-dioxane (13) obtained by Davis and HasselZ0 by ED differ only slightly from 
those of tetrahydrofuran. The observed 2tructural parameters areo C-c = 1.523(5), 
C - 0  = 1.423(3) a, 0-C-C = 109.2(5) and C-0-C = 112.4(5) . The latter value 
is larger than 'tetrahedral' (109.S0), and there is a certain flattening of the 
'ideal-chair' structure. This could have been expected, since in 1,4-dioxane four 
oxygen lone electron pairs are present instead of C-H bonds as in cyclohexane. A 
chair conformation was also found in the structure of 1,3-dioxan: (14) with ring 
angles close to  the tetrahedral aiigle, the 0-C-0 angle of 11 5.0 being the only 
exception2 l .  The C-0 bonds separated by this angle are 1.393( 25) a long, sub- 
stantially shorter than the other C-0 bonds which are 1.439 (39) a long. Perhaps, 
this comparison demonstrates again that where two oxygen atoms are attached to 
the same carbon atom, the C-0 bond is shorter. The torsional angles for 1,3-di- 
oxane range from 56 to  59O, and the C-C distance was found to be 1.528(13) a. 

(131 (141 (15) 

1,3,5-Trioxane ( I S ) ,  a cyclic trimer of formaldehyde, and its 2,4,6-trimethyl 
derivative have been extensively studied by several spectroscopic and diffraction 
(including X-ray) techniques. Even in the vapour state the trioxane species were 
found t o  exist in a stable chair configuration ( 1 5 )  characterized by a C3" sym- 
metry, the axial carbon-hydrogen bonds being nearly parallel to  the threefold 
symmetry: axis. The molecular dipole moment of 2.07(4) D was determined from a 
microwave spectrum2 2 .  The most recent investigations of the molecular soructure 
of trioxanes by ED are those of Clark and Hewitt23 (trioxane a t  75 C) and 
Astrup2 (trimethyltrioxane). In the substituted compound, the three methyl 
groups occupy equatorial sites with almost no distortion of the chair configuration 
of the molecule except for a slight flattening of the ring; the OCOC torsional angle 
is 55( I)'. The structural parameters obtained in several investigations of trioxanes 
are compared in Table 2, which shows that there is a considerable agreement 
between the various sets of results. The potential energy calculations from vi- 
brational spectra by Pickett and Strauss2 are of particular interest in this context. 
They indicate that in saturated oxanes the C-0-C angle is expected to  be larger 
than the 0-C-C angle, an argument rationalized by taking into account the 
repulsions between protons across the C-0-C angle that are absent for the 
0-C-C angle. Recent results of accurate XD studies on polyether compounds are 
in accord with this expectation (see below). 

TABLE 2. Molecular dimensions of 1,3,5-trioxanes 

Method c--o ('4) CbC-0 (deg.) C - 0 4  (deg.) Reference 

ED 1.410(4) 110.7(7) 112.3(8) 24 
ED 1.4 11 (2) 11 1.0(7) 109.2(10) 23 
M w 1.4 1 l(10) 11 1.2(10) 10 8.2 ( 10) 22 
XD(at -170OC) 1.421 (6) 109.6(3) 110.4(3) 55 
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B. The C-S-C Group 

A considerable amount of work has also been performed on sulphides, the 
sulphur analogues of ethers. An early MW study of the molecular structure of 
dimethyl sulphide (16) in the gas phase yielded the following reference parameters 
for the sulphide moiety: C(sp3)-S = 1.802(2) a and C-S-C = 98.9(2)02 6. The 
above values are very similar to the results obtained by Tsuchiya andoKimuraZ7 in a 
more recent ED work: C-S= 1.805(3)a and C-S-C=99.0(3) . In the equi- 
librium conformation of gaseous (CH3 )2 S both methyl groups are staggered with 
respect to  the adjacent C-S bond axes. The estimated barrier of internal rotation of 
a methyl group in dimethyl sulphide (2.1 kcal/mol) is about 0.6 kcal/mol lower 
than the rotational barrier in dimethyl ether (2.7 kcal/mol)28. It was also observed 
that the symmetry axes of the  two methyl groups form an angle of 104.4O, thus not 
coinciding with the C-S bond axes. The molecular dipole moment of dimethyl 
sulphide was found to  be 1 .SO D, 0.2 D greater than that of dimethyl ether. Reliable 
structural parameters of dimethyl disulphide (17) were determined by Beagley and 

s-s, 
4 +, 

CH3 CH3 
/s\ 

C H 3  CH, 

(16) (17) 

McAloon from ED patternsZ9. The two methyl groups were established to be 
nearly stagtered with respect t o  the S-S bond, the torsion angle about this bond 
being 83.9 . The C-S length in dimethyl disulphide, 1.806(2) a, is very close to  
the ED value in (CH5)2 S. The C-S-C angle and the S-S bond distance are 104.1(3)O 
and 2.022(3) A, respectively. 

The geometry of unsaturated organic sulphides is probably affected to a certain 
extent by the involvement of sulphur d-orbitals in the.x-system of the molecule. In 
methyl vinyl sulphide (18) the observed CH3-S length of 1.806(6) A is normal for 

(18) (19) 

a C(sp3)-S single bond but, as expected, the =CH-S bond is 0.06 a shorter, 
1.748(6) A. The observed angular values are C-S-C = 104.5(7)O and C=C-S = 
125.9(5)". This ED work showed that the molecule exists as a mixture of at least 
two conformations. Molecular structures of methyl vinyl sulphide and methyl 
allenyl sulphide (19) were also investigated recently by Derissen and Bijen by means 

TABLE 3. Molecular dimensions of riiethyl vinyl sulphide and methyl allenyl sulphidc 

Methyl vinyl sulphide Methyl allenyl sulphide 

Reference 30 Reference 3 1 Reference 3 1 

a s p 3  )-S(A) 1.806(6) 1.794(12) 1.800( 10) 
C(SP2 ,-s<a, 1.748(6) 1.75 2( 10) 1.745 ( 10) 
C-S-C (deg.) 104.5(7) 10 2.5 (2) 98.1(8) 
C=C-S (dcg.) 125.9(5) 127.0(15) 125.4(6) 
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of ED3 l .  The structural parameters obtained from their study a t  406C are sum- 
marized in Table 3. In contradiction with the previous suggestion of Reference 30, 
Derissen and Bijen concluded that the two compounds exist predominantly in the 
planar syn conformation, the nonplanar gauche conformers being less important. I t  
is interesting to note that the barrier to free rotation of the methyl group in the syn 
form of methyl vinyl sulphide was found t o  be unusually large (about 3 .2  kcal/ 
m ~ l ) ~ ~ ,  probably in large part due t o  nonbonding interactions between the hydro- 
gen atoms. 

The structural effect of the interaction between bivalent sulphur and a carbon- 
carbon or carbon-nitrogen triple bond was investigated by means of the MW 
spectra of sulphur dicyanide (201, methyl thiocyanate (21) and methyl thioethyne 
(22). The following bond lengths and angles were observed for the sulphide moiety: 

(20) (21 ) (22 )  

C(sp)-S = 1.701(2) a and C-S-C = 98.4(2)O in S(CN)233; C(sp)-S = 1.684 8, 
C(sp3)--S= 1.820 a and C-S-C = 99.9" in CH3SCN34 ; C(sp)-S = 1.685(5) a, 
C(sp3)-S = 1.813(2) a and C-S-C = 99.9(2)' in CH3SCCH35. The results re- 
ported for molecule 21 are somewhat inferior in precision, and do  not  include 
estimated standard deviations of the parameters. It appears that  the  C ( s p k S  bond 
distance is 0.10-0.12 and 0.05-0.06 a shorter than the C(sp3)-S and C(sp2)-S 
bonds, respectively. The above range of the observed C-S values may thus cor- 
respond well t o  the differences in hybridization of carbon bonding orbitals in the 
respective molecules. Nevertheless, Pierce and coworkers indicated in their work on 
sulphur dicyanide that the ground electronic state of the molecule is probably also 
affected t o  a considerable extent by back-bonding by sulphur33. Accordingly, 
the structure of the -SCN fragment was described by resonance formulae 

Turning to  cyclic sulphides, the investigation of a gas-phase ED pattern obtained 
from tetrahydrothiophene (23) enabled a fairly reliable determination of its mol- 
ecular structure3 6 .  While gaseous tetrahydrofuran was found to exhibit a free 
pseudorotation between two conformations with respective C2 and C, symmetries, 
the study of Reference 36 indicated strongly that tetrahydrothiophene exists prefer- 
entially in the C2 conformation. In fact, by theoretical energy calculations, this 
conformation was found t o  be between 2 to  3 kcal/mol more stable than the 
C, form. Strain in the five-membered ring is reflected in some of the bonding 
parameters. The C--S bond distance in 23 is 1.839(2) a, 0.03 a longer than the 
C(sp3)-S distance found in dimethyl sulphide. Furtheryore,  the ring angles C-S-C 
= 93.4(5), S-C-C = 106.1(4) and C-C-C = 105.0(5) are several degrees smaller 
than the corresponding bond angles in unstrained molecules. The observed C-C 
bond distance of 1.536(2) a is essentially identical t o  that in tetrahydrofuran. 

The strain effect is even more pronounced in the molecular structures of 

-S-CEhl<+ -+S=C=N -. 
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TABLE 4. Bond lengths and angles for 1,4-dioxane, 1,4-thioxane and 1,4-dithianc 
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1,4-Diosane 1,4-Tliioxane 1,4-Dithiane 
(Reference 20) (Kcfcrcncc 39) (Rcference 40) 

C-C (A) 1.523 1.5 2 1 ( 6 )  1.54 c-0 (A) 1.423 1.4 1 8(4) 
c-s (A) 1.826 (4) 1.81 
C-C-0 (dcg.) 109.2 113.2(17) 

C-O-C (deg.) 112.5 1 15.1 (22) 
C-C-S (deg.) 1 1 1.4( 10) 111 

C-!+C (deg.) 97.1 (20) 100 

trimethylene sulphide (24), 5-thiabicyclo[ 2,1,1 I hexane (25) and 7-thiabicyclo 
[2,2,1] heptane (26). All of these structures were determined by an analysis of ED 
intensities3 ' y 3  8. The mean vibrational amplitudes of compounds 25 and 26 were 
estimated from the amplitudes found in norbornane; those of molecule 24 were 
derived from rotational spectra. Some skeletal parameters of the three molecules are 
listed below, the values identified with each parameter being referred t o  compounds 
24, 25 and 26 respectively: C-S = 1.847(2), 1.856(4) and 1.837(6) a, C-C,, 
= 1.549(3), 1.553(3) and 1.549(3),&, C-S-C= 76.8(3), 69.7(5) and 80.1(8)O. I t  is 
of particular interest t o  note that the C-S bond is longer and the C-S-C angle is 
smaller in the strained rings than in other environments. Analogous trends have 
been observed in related ethers and hydrocarbons. 

1,4-Thioxane (27)  is composed of one C-S-C and one C-0-C unit, thus 
exhibiting the structural features of both the ether and sulphide functional groups. 
The molecular structure, as determined by means of an ED study3 9 ,  shows a chair 
conformation with an average puckering angle of 58.3'. The parameters obtained 
for the 1,4-thioxane ring geometry are summarized in Table 4. Comparison of the 
results for 1,4-thioxane with those of vapour-phase studies of 1,4-dioxane* and 
1,4-dithiane4' reveals no  major differences. However, while the C-0-C angle in 27 
is 3.6O larger than that in dimethyl ether, the C-S-C angle is somewhat smaller 
than that in dimethyl sulphide; the opposite trends are probably effected by the 
structural asymmetry of the 6-membered ring. 

(27) (28) (29) 

The final example refers t o  two pseudoaromatic compounds that contain a 
formally bivalent sulphur atom: thiophene (28) and diazathiophene (29). In the gas 
phase both molecules resemble each other by virtue of their planarity and geometry 
of the C-S-C fragment. The relevant parameters are C-S = 1.7 17(4) ,& and C-S-C 
=91.9(3)O in 2S4 l ,  and C-S = 1.723(3) ,& and C-S-C = 86.4(4)' in 2942 .  The 
above C-S lengths lie between those of the C(sp2)-S (1.75 8) and C(sp)-S 
(1.69 a) single bond distances. This probably reflects a limited contribution of the 
sulphur heteroatom to the x-system of the thiophene-type species which is much 
less aromatic than is the benzene ring. 
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TABLE 5 .  Molecular dimensions of gaseous methanol 

Reference 

43 1 44 
~ ~ 

c-0 (A) 1.427(7) 1.428 (3) 1.425(2) 
0-H (A) 0.956(15) 0.960(15) 0.945(3) 
C-H (A) 1.096( 10) 1.09% 10) 1.094(3) 
C-0-H (deg.) 109(2) 109(3) 108.5(5) 

C. The C-0-H Group 

Table 5 presents the molecular dimensions of gaseous methanol (30) as they 
were obtained from MW4 and ED1 1 4 4  data. The results of Reference 44 rely solely 
on experimental data, and no structural assumptions other than that of symmetry 
of the methyl group about its axis were made. The agreement between the three 
sets of parameters given in Table 5 is remarkable. Hence, the accurate structure of 
the -COH moiety can be reliably described by C-0 = 1.426 * 0.002 A, 0-H 
= 0.95 * 0.01 a and C-0-H = 108.5 * 0.5". Apparently, the C-0-Hang!eislarger 
by about 4O than the angle of the water molecule and smaller by about 3 than the 
C-0-C angle in dimethyl ether (see above). The experimental values for the total 
dipole moment of methanol and its projection along an axis parallel t o  the 0-H 
bond were found to  be 1.69 and 1.44 D, r e s p e c t i ~ e l y ~ ~ .  The molecular structure of 
ethyl alcohol was investigated by Imanov and Kadzhar from MW spectra46. The 
Russian workers reported a rather low value for the C-0-H angle (104.8O). but  
their results for the C-0 (1.428 a) and 0 - H  (0.956 a): bond lengths are essentially 
identical to those in methanol. 

The above reference geometry of the -COH functional group was found t o  be 
altered significantly in the presence of highly electronegative substituents in close 
proximity to the hydroxyl site, as well as by the hydroxyl group involvement in 
hydrogen bonds. The MW studies of the molecular structures of 2-chloroethanol 
(31)4 and 2-aminoethanol (32)4 provided relevant information. Reportedly, the 

(30) (31 1 (32) 

most stable conformation of 31 and 32 isgauche, the 0-C-C--X (X = C1 or N) 
torsion angles about the ethylenic bond being 63.2 and 55.4O, respectively. The 
molecular conformation was assumed t o  be stabilized by a dipole-dipole inter- 
action between the nearly parallel 0-H and C-Cl dipoles in 2-chloroethanol and 
by a stronger O-H--N hydrogen-bonding interaction in 2-aminoethanol. These 
interactions are also reflected in the respective H... Cl (2.61 a) and H-e-N (2.14 a) 
nonbonding distances that appear t o  be shorter by about 0.5 a than the cor- 
responding sums of van der Waals' radii. Furthermore, the main structural results 
summarized in Table 6 show that the alcohol part of both species has a structure 
significantly different (with consistently longer 0-H bond, shorter C-0 bond and 
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TABLE 6. Molecular geometry of substituted ethanols 

2Chloroethano14 ’ 2-An~inoethanol~ 

C - 4  iA)  1.520(1) 1.526( 16) 
c-0 (A) 1.411(1) 1.396( 10) 
0-H (A) 1.01 O(10) 1.1 39( 10) 
C-0-H (deg.) 1 05.8 (4) 103.7(2) 
C-C-0 (deg.) 112.8(1) 112.1(1) 

smaller C-0-H angle) from that of methanol. A relatively short C - 0  bond length 
of 1.414 a was also found by Yokozeki and Bauer4’ in a recent least-squares 
analysis of intensities for perfluoro-t-butyl alcohol (33). 

Another example of t h e  structural effect of possible intramolecular interactions 
in alcohols has been provided by the structural analysis of glycol monoformate (34) 

(33) (34 1 

in the gas phases0. The molecule was found t o  be stable in two gauche con- 
formations with respect t o  the central C - 0  bond, both with internal hydrogen 
bonds but  involving different acceptor sites ( the carbonyl oxygen atom in one 
rotamer and the ether oxygen atom in the second rotamer). The resulting geometry 
was defined by the following parameters: C-C = 1.525(4), C-0 = 1.412(7), 0-H 
= 1.18 a and C-C-0 = 109.4(7)O, which are in good agreement with those of 
2-aminoethanol. Because of certain asstmptions concerning the molecular 
geometry, the initially assumed value of 107 for the C-0-H angle was not refined 
in that work. 

Finally, there is another group of interesting compounds, exemplified by acetyl- 
acetone (35), which exhibit distinct features of the molecular structure. Separate 
ED studies by K a l e  and collaborators (at 1 10°C)5 and Andreassen and Bauer (at 

enol (35) keto 

room temperature)’’ showed that the molecule of acetylacetone exists in two 
tautomeric forms in dynamical equilibrium. In the gas phase, the enol species, 
which is characterized by a nearJy linear intramolecular hydrogen bond, appears t o  
be a predominant form. At 110 C the equilibrium mixture is composed of 65% of 
the enol form and 35% of the keto form, while at room temperature the relative 
amount of the enol tautomer is increased to about 97%. The two structure 
determinations led to  essentially similar descriptions of the molecular geometry. 
The hydrogen bond in the enol is part of a planar ring in which the C-C bond 
distances (1.416s and 1.405 as’) are close to aromatic values. Furthermore, the 
observed C-0 bond lengths of 1.3 15’ are intermediate between and 1.287 As 
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TABLE 7. The characteristic geometry of the ether, sulphide, hydroxyl and thiol groups 

(a )  The C 4 - C  group I (6) The C S - C g r o u p  

1 .  

2. 

3. 

4. 

5. 

C(SP3)-0 1.42 A 

Shortened in presence 
of electronegative 
su bstituen t G1.40 A 

Strctched in stcrically 
strained molecules >1.44 A 

C(SP* 1-0 1.36 A 

C(sp3)-0-c(sp3 ) 112" 

1 .  

2. 

3. 

4. 

5. 

C(sp3)-S 1.80 A 

Stretched in sterically 
strained molecules >1.84 A 

C(sp2)-s 1.75 A 

C(SP)-S 1.69 A 

C(SP3 FS-c(SP3 1 99" 

1. C(sp3F-o 1.43 A 

2. Shortened in presence 
of electronegative 
substituent or 
hydrogen bond 91.41 A 

3. 0-H 0.95 A 
4. Stretched in hydrogen 

bonded moieties 21.00 A 

5. C(sp3)-0-H 109" 

~ 

( d )  The C-S-H group 

1. C(sp3 j - s  1.82 A 
2. Shortened in presence 

of electronegative 
substituent or 
hydrogen bond <1.81 A 

3. S-H 1.33 A 

4. C(sp3)-S--H 96" 

(e) Molecular dipole moments 

Dimethyl ether 1 . 3 1  D 
Methanol 1.69 D 
Dimethyl sulphide 1.50 D 
Methanethiol 1.52 D 

the double bond value in acetone (1.21 a) and the single bond distances in 
methanol and dimethyl ether (1.42 a; see above). 

D. Comparison of Averaged Results 

The characteristic average bonding parameters of the title species are sum- 
marized in Table 7. The structural chemistry of the  thiol group, the sulphur 
analogue of hydroxyl, has recently been reviewed by Paul5 in an earlier volume of 
this series; for the sake of completeness some of t he  relevant data including those 
on methanethiol (CH3SH)54 are also given in the Table. The following structural 
features emerge: The C(sp3)-0 single .kond is consistently shorter in ethers than in 
alcohols. The C-0-C angle is about 3 greater than the C-0-H angle. This trend 
also appears t o  occur in the sulphide and thiol groups. As a result of the  difference 
in hybridization of coarbon and sulphur bonding orbitals the bond angles around 
sulphur are about 13 smaller than the corresponding bond angles around oxygen 
Apparently, due to  the latter feature the conformational strain in sulphides is 
generally larger than in the corresponding oxygen analogues. 

The above data should be supplemented by structural information on phenols 
( 3 6 )  where the hydroxyl function is attached to an aromatic carbon atom. A large 
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(36) 

amount of relevant data is available from X-ray crystal structure determinations of 
a variety of phenol derivatives. Recently, a systematic review of phenol structures 
has been published by a French group5 6 ,  and some observations of general validity 
are summarized below. An obvious remark should be made. Although the hydroxyl 
hydrogen atom can often be located in a particular structure by means of difference 
electron density calculations, the determination of its position by conventional XD 
methods is in general inaccurate. An inspection of the molecular geometries of 
about 20 crystallographically independent phenol moieties points to the following 
features. The observed values (not corrected for the effects of thermal motion) of 
the C-0 bond length range between 1.37 and 1.40 a with an average near 1 :38 a. 
The benzene ring is planar in most of the compomds studied, but the three bond 
angles at  C(l)  are strikingly different. The average value of the internal 
C(z I-C(~ I--C(~)  bond angle is slightly larger than trigonal ( 121.4O); most probably, 
this is associated with the electron-withdrawing nature of the hydroxyl group. More- 
over, the O-C(l )-C(z) bond angle on the side of the H atom is usually larger by 
several degrees than the 0-C( I 1-C( 3 )  angle; the reported angular values which are 
scattered over a relatively wide range appear to cluster around 121.3 and 117.3O 
respectively. This difference could be interpreted in terms of steric repulsions 
between H and C(1) and C(2) that are absent for C(3) on the other side of the ring. 
Intermolecular hydrogen bonds involving the OH group are important in the various 
crystal structures of phenols, but their comprehensive discussion should be post- 
poned a t  least until reliable positions of the H atoms have been determined by  
neutron diffraction. The C(spz)-O parameters in phenols are consistent with the 
data shown in Table 7. 

As mentioned above, a structural anomaly occurs in compounds such as 
dimethyl ether and dimethyl sulphide; the axes of symmetry of the methyl 
groups were found to be inclined with respect to the 0-CH3 and S-CHs 
bonds. This effect was attributed by Hirshfelds t o  the steric repulsion between the 
two methyl groups that cause the C-0 and C-S bonds in ( C H 3 ) 2 0  and (CH3)2S t o  
be bent. 

111. STRUCTURAL CHEMISTRY OF POLYETHER COMPOUNDS 

Recent developments of macrocyclic polyethers (termed ‘crown’ ethers because of 
the appearance of their molecular models) pioneered by PedersenS8 in 1967 have 
aroused considerable interest in several unique properties of these compounds. 
Their most outstanding feature is that they are capable of combining stoichio- 
metrically with a variety of organic and inorganic species to form inclusion 
complexes which are stable both in the crystalline state and in a wide range of 
solvents5 8 9 5 9 .  Selected crown ethers, acting as host molecules, show in solution 
varying degrees of stereoselectivity in complexation of guest molecules and ions of 
appropriate size, and also appear t o  catalyse certain chemical reactions. Hence, they 
have been referred to  as models for interacting biologicai systems6’ i6 . Most 
recently, the multidentate polyethers have been the subject of an extensive, 
systematic research in which a series of chiral crown ether macrocycles are being 
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designed and synthesized to exhibit properties of chiral recognition toward natural 
guest moieties6 2 .  X-ray structure analyses of the crown ethers and their host- 
guest-type complexes have been carried out in several laboratories t o  investigate the 
stereochemical relationships in these compounds, and in particular, the geometry of 
inclusion in relation to  the stereospecificity of crown ether-catalysed reactions as 
well as crown ether-substrate interactions. 

Numerous chemical studies have been reported in the literature on diaza macro- 
bicyclic (37) and tricyclic (38) polyether ligands which also exhibit remarkable 
complexation properties toward alkaline earth, transition metal and toxic heavy 
metal cationsG . These bicyclic and tricyclic cation inclusion complexes (called [ 21 - 
cryptates and [ 31 -cryptates respectively) have cylindrical o r  spherical topology, 
either one or two guest ions being enclosed within the central cavity of the ligand. 
The structures of several cryptates have been established by X-ray crystal- 
1 0 g r a p h y ~ ~ .  The cryptates and the macrocyclic crown complexes have in general 
different spatial geometries. However it seems that, apart from effects due t o  the 
bridging nitrogen atoms in the former compounds, the conformational behaviour 
and ligand-cation interaction modes in both systems are, at least in principle, 
controlled by similar factors which hold for all molecular structures of polyether 
compounds. A recent structural analysis of the tricyclic heterocrown 39 provided 
experimental evidence in support of this assumptionG5. Since a detailed description 
of both cryptates and crown ethers would exceed the scope of this article, the 
present discussion is limited to the sterically simpler class of macrocyclic crown 
compounds. 

(39) 

The next two sections deal with structural properties of cyclic polyethers. The 
third refers t o  several examples of noncyclic polyethers displaying similar cation- 
binding characteristics. 

A. The Macrocyclic 18-Crown-6 System, and some General Considerations 

The s txc tura l  features of polyether macrocycles can be exemplified by systems 
containing the unsubstituted 1,4,7,10,13,16-hexaoxacyclooctadecane (40; 18- 
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crown-6) ligand, an almost ideal molecular model of a crown ether. Crystal 
structure analyses of the uncomplexed hexaether and its complexes with NaNCS, 
KNCS, RbNCS, C S N C S ~ ~ ,  U02(N03)2*4H2067 ,  NH4Br-2H2068,  CH2(CN)2 
(malononitrile)6y, c6 H5 SOzNH2 (benzenes~ lphonamide )~~  and CH300CC= 
CCOOCH3 (dimethyl acetylenedi~arboxylate)~ have recently been reported in 
detail. The latter structure was studied at low temperature (ca. -160°C), thus 
yielding more precise geometrical parameters (Figure la). 

Figure 2 illustrates some characteristics of the molecular geometry of 18-crown- 
6 resulting from the ten independent structure determinations. In general, the 
distribution of bond lengths and angles in the 18-crown-6 ligand is very close to  
that found in previous studies of other moieties (see above). All observed C-0 
bond lengths are in the range 1.39- 1.45 8 with a mean value near 1.42 8. Most o,f 
the  0-C-C angles are close to  tetrahedral, while the  C-0-C angles are about 3 
larger averaging 112.6O (in agreement with the theoretical results of Pickett and 
S t r a u s ~ ~ ~ ) .  The C-C single bond distances range from 1.46 t o  1.52 a, with an 
average of 1.495 8, showing the characteristic shortening observed in all crystal 
structure analyses of the crown ethers so far published; the usually quoted refer- 
ence value for a single aliphatic C-C bond is >1.53 a72. The apparent shortening 
of C-C bonds in crown ether moieties has been a controversial issue66>73. It was 
recently considered by Dunitz and coworkers as a spurious effect arising from 
inadequate treatment of molecular motion in crystallographic analysis6 6. However, 
in view of the continuously increasing evidence from low-temperature studies, it 
seems now that the short bonds indeed reflect a genuine feature of the molecular 
structure; the origin of this effect has not been clarified as yet. The structural 
investigations referred t o  above indicate that there are no  systematic changes in 
bond lengths between the  18-crown-6 molecules given in different conformations. 
On the other hand, the dimensions of valency angles are clearly dependent on the 
local conformation within the macroring (see below). 

The detailed conformation of 18-crown-6 found in the various crystal structures 
is best described in terms of the torsion angles about the ring bonds (Table 8). In 
seven of the complexes the  hexaether molecule has a remarkably similar and nearly 
ideal 'crown' conformation with approximate D3 d symmetry. All torsion angles 
about C-C bonds are syn-clinal and those about C-0 bonds are antiplanar (Table 
8, columns 1-7). The C and 0 atoms lie alternately about  0.2-0.3 a above and below 
the mean plane of the  ring. The six ligating oxygens are turned toward the 
centre of the macrocycle, forming a hexagonal cavity of side approximately 2.8 8 
(Figure 1). Assumedly, the energetically favourable symmetric crown conformation 
of the ether ring is stabilized by effective pole-dipole and dipole-dipole inter- 
actions with the corresponding guest species. Except for the potassium ion the 
other guests are too large to  fit in the cavity of 18-crown-6. Thus, within the KNCS 
complex K+ occupies exactly the centre of the hexagon of the ether oxygen atoms 
(Figure lc), but  in the remaining structures the interacting guests are displaced 



190 Israel Goldberg 

18 -Crown-6  
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( C  1 
FIGURE 1. The 18-crown-6 ligand in a regular conformation with approximate D3d 
symmetry. (a) Molecular dimensions' I ; (b) interaction of 18-crown-6 with dimethyl acetylene- 
dicarboxylate' ' (only one half of the guest molecule is shown); (c) interaction of l8crown-6 
with K + guest ions6 6 .  

from the mean oxygen plane by 1.00 a (-NH;), 1.19 a (Rb'), 1.44 a (Cs'), 
1.50 a (>CHz) and 1.89 a (-CH3), in direct correspondence with their relative 
size. In the crystalline complex of 18-crown-6 with uranyl nitrate, the crown 
molecules are not bound directly to  the uranyl group. 

The 18-crown-6 framework when complexed with NaNCS or  with benzene- 
sulphonamide deviates markedly from the above described structure. The Na' and 
R-NH2 substrates appear t o  be too small to 'fill' the  annular space within the 
ligand cavity given in an unstrained conformation. In order t o  optimize the  
host-guest interactions the 18-crown-6 molecule is distorted, the deformation 
strain being preferentially accommodated in torsion angles about the C-0 bonds 
without affecting the  gauche arrangement of the OCH2CH20 units. At this point it 
is relevant to illustrate the effect of local conformation on bond angles. In the 
complex of benzenesulphonamide the torsion angle about t he  O(7)-C(8) bond is 
syn-clinal (72.5 ) rather than antiplanar70. Such deformation of the ring system 
introduces 1-4 stenc repulsions between the CHZ(6) and CH2(9) methylene 
groups, causing the bond angle at C(8) to assume value much greater than tetra- 
hedral (1 1 3 . 3 O ) .  Similarly, the small torsion angles about the C(9)-O(1 0 )  (70.5O), 
0(13)-C(14) (76.8O) and 0(16)-C(17) (73.7O) bonds in the Na' complex cause 
short contacts between the CH2(S) and CH2( 1 I ) ,  CH2( 12) and CH2( 15), and 
CH2 ( 15) and CH2 ( 18) methylene groups. This is reflected in a significant widening 
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FIGURE 2 A distribution of the bonding parameters observed for 18-crown4 
in ten different structure determinations (References 66-71); (a) C-0 bond 
length, (b) C--C bond length, (c) C-C-0 bond angle and (d) C-0-C bond angle. 

o f b o n d  anglesat C ( s ) , C ( l 4 ) , 0 ( 1 6 ) a n d C ( 1 7 )  t o  112.4, 113.6, 116.5and 112.1°, 
respectively6 6 .  

The uncomplexed 18-crown-6 ligand adopts a different type of conformation in  
the solid. Figure 3 shows that the molecular framework has an elliptical shape 
because the  arrangement about two of the ethylenic bonds becomes antiplanar 
rather than gauche. It appears that the  empty space inside the molecule is filled b y  
two H atoms that form transannular H.0-O contacts; a possible indication that  
intramolecular van der Waals' and C-H--O dipolar attractions play amajor role in 
determining the overall shape of the uncomplexed macrocycle. This conclusion is 
consistent with recently published energy calculations of T r ~ t e r ' ~ .  Her results 
show that when only nonbonded intramolecular interactions are taken into ac- 
count, the 18-crown-6 ring has a more favourable energy in the asymmetrical form 
corresponding to  the uncomplexed molecule than in the one with approximately 
D 3 d  symmetry. An elliptical arrangement of the heteroatoms has also been 
observed in uncomplexed molecules of the 18-membered crown when two of the 
oxygen atoms were replaced by sulphur atoms. The interesting feature of the  
l,IO-dithio-l8-crown-6 structure is. however, that the sulphur atoms are directed 
out  of the cavity, while the four oxygen atoms remain turned inward75. 

The conformation of oxyethylene oligomers (chains and rings) has been investi- 
gated by various experimental and theoretical methods. References 76 and 77  
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FIGURE 3. 
hexaethcf ‘ . 

View of the conformation adopted by the uncomplexed 18-crown-6 

report conformational analyses of ethers consisting of CH2 CH2 0 units by spectro- 
scopy; agouche conformation was found to  be 0.3-0.5 kcal/mol more stable than a 
trans form for a CH2--CH2 bond76,  whereas the trans form is 1.1 kcallmol more 
stable than a gauche form for  a CH2-0 bond77. The latter trend was interpreted in 
terms of a stabilizing interaction between the oxygen lone-pair orbitals and the  
nearest hydrogen atom of a methylene group. Indeed, the chemical shifts and 
vicinal coupling constants observed in n.m.r. spectrum of several cyclic ethers and 
their cation complexes indicated that the OCHzCH2O fragments have the same 
gauche structure in a number of solvents; in a solution there is a rapid inter- 
conversion between the anti- and syn-gauche rotamers’ 8 .  The most recent Raman 
and infrared spectral observations, combined with the normal coordinate calcu- 
lation, suggested that the stable form of 2,5-dioxahexane is that with a trans 
arrangement about the CO-CC axis and a gauche arrangement about the OC-CO 
axis7 ’. Finally, potential functions for bending of some six-membered oxane rings 
were determined from vibrational spectra by Pickett and Strauss2 s .  On the assump- 
tion that the methylene groups are constrained to move as units with constant 
geometry, the calculated torsional barriers for the OCCO and COCC fragments were 
3.45 and 2.02. kcal/mol respectively. The general conclusion that the monomeric 
unit -0-CH2-CH2-O- has the preferred frans-gaztche- tram conformation is con- 
sistent with X D  measurements. 

The structures of 18-crown-6 discussed above provide an excellent example of 
the most common features of conformation occurring in macrocyclic polyether 
speciess0 (see below). Regular, energetically optimal, geometries corresponding 
closely to syn-clinal torsion andes about the C - C  bonds and 



4. Structural chemistry of ether, sulphide and hydroxyl groups 195 

80 r-----l 

Torsion ongle (deg  1 Torsion ongle (deg . )  

( 0 )  ( b )  
FIGURE4. Histograms showing the characteristic distribution of (a) O - C - C a  and 
(b) C-0-C-C torsion angles in macrocyclic polyethers; they are based on data found in 
about 40 independent structure determinations’ O .  

antiplanar torsion angles about the C-0 bonds are attained for most of the 
conformational parameters in these macrorings. Irregular geometries containing 
an antiplanar arrangement of the 0-CH2-CH2-0 group, associated with the 
formatior? of transannular C-H..*O contacts, have been found in several crystal 
structures of ‘empty’ ligands. In the various complexes, and particularly in those 
involving substrates too small to  fit in to  the ligand cavity, conformational changes 
about the C-0 bonds from antiplanar t o  syn-clinal arrangements occur more 
frequently; their apparent function is to  optimize the specific interactions bonding 
the host to the guest species. Finally, crown ether macrocycles lacking a sufficiently 
extended pattern of stabilizing interactions of specific nature tend to be partially 
disordered in the crystal phase even at low temperatures. In such case the average 
conformation of the disordered fragment of the molecule is often characterized by 
torsion angles having magnitudes intermediate between gauche and trans geom- 
etries. I t  is of interest to note in this context that a survey of the structural details 
available from the work so far published on crown ethers suggests that the crystal 
forces acting on the ligands or on their complexes in the  various structures usually 
have a minor effect on the molecular geometry. The above described stereochemical 
aspects of polyether macrocycles are illustrated by histograms in Figure 4 which 
were compiled from structural data of about 40 different polyether moities. A few 
of them will be described in more detail in the following section. The observed 
properties of the conformation support the view that the complexing capability of 
the crown ethers can in part be attributed to  tendency of the fCH2-CH2-Oj 
units to assume an unstrained gauche-trans structure, and to  the fact that only a 
limited number of degrees of freedom is usually involved in the conformational 
changes associated with the complex formation. Furthermore, host-guest complexes 
are expected to have a more stable conformation the more thoroughly filled are the 
macrocyclic cavities. 
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B. Structural Examples of Host-Guest Complexes with Crown Ethers 

Representative examples of two different types of host-guest compounds are 
being discussed in this section. The first concerns complex formation between macro- 
cyclic polyethers and metal cations, which is stabilized mainly by  ion-dipole inter- 
actions; hitherto, no  indications for enantiomer selectivity of chiral crown compounds 
with alkali and alkaline earth salts have been reported. The second involves crown 
ether complexes with organic guest moieties where hydrogen bonding is the main 
contributor to the intermolecular attraction. Chiral recognition properties of 
polyether macrocycles, containing steric barriers in the form of bulky rigid sub- 
stituents, towards primary amine salts have been extensively investigated in the recent 
yearss ' . 

Benzo-15-crown-5 (41) was found to form crystalline complexes with hydrated 
sodium iodidesZ, potassium iodides3, solvated calcium thiocyanateS4 and calcium 
3,5-dinitrobenzoate trihydrates 5. Apparently, the structural relationships between 
Na+ and the 15-crown-5 derivative are more favourable than those in the 18-crown- 
6 complex. The 15-membered ring roughly preserves its crown conformation, the 
guest cation lying 0.75 a above the  mean plane of the pentagonal cavity of oxygen 
atoms. The Na--*O(ring) distances, which range from 2.35 to 2.43 8, are signifi- 
cantly shorter than the corresponding contacts in the sodium thiocyanate complex 
of 18-crown-6 (2.45-2.62 a). In both structures the Na' is also coordinated to a 
water molecule at about 2.3 a; as a result it is surrounded either by a pentagonal 
piramide or a pentagonal bipiramide of ligating sites. Potassiuni iociide forms a 1 : 2 
adduct with the  cyclic polyether. The potassium ion is located between two 
centrosymmetrically related host molecules, and consequently coordinated to the 
ten ether oxygens (Figure 5). It deviates 1.67 8, from each mean plane of the two 
enclosing ligand cavities as compared with 0.75 a for Na+ in the sodiym iodide 
complex of 41. This is consistent with the fact that the ionic radius of K (1.33 a) 
is considerably larger than that of N a +  (0.95 a). All K*--O(ring) distances are 
within the range of 2.78-2.95 a, and the iodide anions do not seem to affect the 

\ 
d H 3  C H 3  
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( b )  
FIGURE 5. The structures of (a) benz0-15-crown-5~~ and (b) its 
complex with potassium cation”. 

configuration of the complexed entities. In the complex of benzo-15-crown-5 with 
Ca(NCS)2 -CH30H and Ca(NCS)2*H20 the metal cation interacts with the five 
ether oxygen atoms on one side and two isothiocyanate nitrogen atoms and an 
oxygen from the  solvent on the other sides4. In the crystalline complex of 41 with 
calcium dinitrobenzoats the guest ion is coordinated to  the pentaether ring and four 
benzoate oxygen atomss5. The deviation of Ca2+ from the cross-section of the 
macroring cavity (1.23-1.38 A), and its separation from the  interacting oxygen 
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sites (22.52 a) are intermediate between those observed in the sodium and potas- 
sium adducts. Cradwick and Poonia” rationalized the presence of direct cation- 
anion interactions in the complexes of calcium by the small size combined with 
relatively high charge density of the Ca2+ ion. However, similar associations have 
also been observed in a few structures with larger monovalent cations. Since, 
obviously, the mode of interaction between metal salts and crown hosts in the 
crystal phase depends on many factors, it seems difficult t o  predict for a particular 
structure whether the guest species will be completely enclosed within crown ether 
cavities or if it will directly coordinate with counterions as well. 

The molecularo structure of uncomplexed 4 1 was most recently investigated by 
Hanson at -150 C with the aid of  photographically collected dataB6. The con- 
formation of the free ligand was found to  be somewhat different from any of the 
complexed structures. In the absence of an interacting substrate the pentagon 
defined by the oxygen atoms is contracted along the principal molecular axis (via 
deformoation of two torsion angles about C-0 bonds which assumed values of 81 
and 85 ) in order to reduce the empty space within the macroring (Figure 5). 
Moreover, even at the low temperature several atoms in the peripheral part of the 
ring have relatively large mean-square amplitudes of vibration arid are possibly 
disordered. 

Considerable changes in molecular conformation of the tetramethyldibenzo- 
18-crown-6 host (42) were observed to occur on complex formation with alkali 
metal salts. In the crystal of uncomplexed 42 the hexagon defined by the ether 
oxygen atoms is expanded along two diagonals and contracted along the third 
giving rise t o  an elliptical arrangement of the heteroatomsB7. Since two of the 
methyl substituents are turned toward the centre of the molecule, it seems likely that 
the observed conformation is stabilized by transannular van der Waals interactions 
(Figure 6). Two out of the five configurational isomers of 42 were fcund to  form 
two different crystalline complexes with caesium thiocyanate in which the ligand 
conformation is more regular, all C-0 bonds being nearly trans and the C-C bonds 
gaucheB8. The isomer which has methyl groups coyfiguration cis, anti, cis forms a 
1 : 1 complex with CsNCS. The Cs ion lies 1.7 1 A out of the mean oxyger. plane, 
and is coordinated to  the thiocyanate anions as 3.19 and 3.25 a in addition t o  the 
six ether oxygens at 3.07-3.34 #. The crystal structure is composed of centro- 
symmetrically related dimeric units of the complex (Figure 6). The ligand mole- 
cules with trans, anti, trans configuration of the methyl groups form? : 1 complex 
with CsNCS. As in the potassium iodide complex of 41, the C s  guest ion is 
completely surrounded by two hosts. All twelve Cs.-*O contacts again vary from 
3.12 to 3.36 8, this range being similar t o  that in  the CsNCS complex with 
18-crown-6. 

Another interesting crown system is that of dibenzo-24-crown-8 (43)B 9 .  This 
macrocycle is large enough to  complex simultaneously two small guest ions, as in its 
complexes with two molecules of sodium nitrophenolatego or potassium isothio- 
cyanate”. Coordination modes of Na’ and K’ in the two crystal structures (Fig- 
ure 7) are characterized by the following features. In the complex of KNCS the 
ligating ether oxygen atoms are almost coplanar. Each K +  ion interacts with only 
five oxygens (at 2.73-2.98 a), two of the bonding sites being shared between the 
two interacting cations. The potassium atoms lie 0.66 8 from each side of the 
cavity, and are in contact with the thiocyanate moieties. Somewhat different steric 
relationships were observed in the  structure with sodium-nitrophenolate. The ligand 
molecule is folded around the two smaller Na+ ions, each of them coordinating 
three ether oxygens (at 2.47-2.62 a). The nitro group and the phenolate oxygen 
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FIGURE 6. The structures of (a) one  isomeric form of 
tetraxnetliyldibenzo-18-crown-6' 'I and (b) its complex with 
caesium thiocyanate Salt' * . Two centrosymmetrically related 
entities of the complex are shown. 

atoms of chelating anions are included in the sphere of interaction around each 
cation. A small section of t h e  macroring is no t  involved in direct coordination of 
the guest species, and has a partially disordered conformation. Host 43 also forms 
stable complexes of 1 : 1 stoichiometry with alkaline earth metal salts; reported 
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FIGURE 7. (a) Molecular conformation of dibenze24-cr0wn-8'~ ; (b) inter- 
action of two Na' ions with this figand"; (c) view of the complex with two 
molecules of potassium i~othiocyanate~ ' . 

examples involve adducts with barium perchlorate9 * and barium p i ~ r a t e ~ ~ .  As in 
other 1 : 1 compounds involving metal guest species, the Ba++ cation interacts both 
with the macrocyclic ligand and the counterions and solvent molecules. Character- 
istic distances between barium and ligating oxygen atoms range from 2.7 t o  3.1 A. 
Some details of the molecular conformation of 43 in the five structures referred to  
above are considerably different. 
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Many effective syntheses of hydrogen-bonded complexes of alkylmmonium ions 
and cyclic polyethers have been developed in recent years, with the host and guest 
species being subjected t o  a wide range of structural modifications6 ,94. An ideal- 
ized scheme of the intermolecular association involving crown hexaethers suggests 
NHe-0 hydrogen bonding between the three acidic hydrogens of the NH; group 
and three alternate oxygens of the macroring, and direct polar N..-O interactions 
in between the hydrogen bonds with the remaining ring-oxygen atoms (44). In 
sterically undistorted structures, as that of 18-crown-6 with NHJBr6 8, the am- 
monium ion is usually centred and tightly fitted within the hydrophilic macrocyclic 
cavity. The characteristic geometrical parameters of this interaction include N*-.O 
distances ranging from 2.9 t o  3.1 a, H..*O distances from 1.9 to 2.1 a and nearly 
linear NH-eO bonds. ‘Theoretical calculations on simple model systems (e.g. NH; 
with (OCH3)z) indicated that the energy of the hydrogen-bonding interaction is 
about three times that of the direct electrostatic interaction’ 5 .  

The first crystal structure of an akylammonium crown ether adduct described in 
the literature is that of 2,6-dimethylylbenzoic acid-I 8-crown-5 with t-butylamine’ 6 .  

The 1 : I salt was analysed at 120 K, and its geometry is depicted in Figure 8. The 
host molecule contains a polar functional substituent which is directed towards the 
polyether cavity, and (after proton transfer) acts also as an internal counterion for 
the ionic guest. The complex is held together by hydrogen-bonding and ion-pairing 
interactions. Although the 18-membered ring contains only five oxygen atoms that 
are available for binding the guest ion, the ligand adopted a conformation in which 
a symmetric hexagonal cavity is formed with one of the carboxylate oxygen atoms. 
The carboxylate and ammonium moieties that ion-pair are on the same side of the 
macroring. The resulting coordination around the -NHS group in this structure 
includes, therefore, one very short (1.70 A) NH+.-O- and two longer (2.21 a) 
NH+---O(ring) hydrogen bonds in a tripod arrangement, the t-Bu-N bond being 
nearly perpendicular to the mean plane of the six ligating oxygens. (The second 
carboxylate oxygen atom takes part in lateral CH--.O- interactions that connect 
adjacent adduct entities related by a glide plane symmetry.) The observed geometry 
of the host-guest complex is characterized by a very high organization, and it has a 
higher degree of symmetry ( the  molecular units are situated on crystallographic 
mirror planes) than the constituents in their stable form. Correspondingly, the 
molecular structure of the uncomplexed ligand (Figure 9)’ ’ is different from that 
found in the complex with t-butylamine. The skeleton of 2,6-dimethylylbenzoic 
acid- 18-crown-5 exhibits only approximate Cz symmetry with the carboxyl group 
rigidly located in the centre of the  ether ring. The overall conformation is uniquely 
stabilized by internal transannular hydrogen bonding and attractive dipole-dipole 
O(ring)--.C=O interactions. In the complexed as well as uncomplexed ligand struc- 
tures all ether oxygen atoms turn inward, the methylene atoms turn outward, and 
the OCH2 CH2 0 fragments have gauche conformations. 
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( b 1  
FIGURE 8. 
acid-1 8-crown-5 with r-butylamineg 6 .  

Two views of the molecular complex of 2,6-dimethylylbenzoic 
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FIGURE 9. 
benzoic acid-lS-crown-59 '. 

Two views of the molecular structure of uncomplexed 2,6-dimcthylyl- 

In the course of the author's investigation into the structural chemistry of crown 
compounds a hexaether system containing a 2,2'-substituted 3,3'-dimethyl-l,1'- 
dinaphthyl unit and its 1 : 1 inclusion complex with t-butylammonium perchlorate 
have recently been characterized by low-temperature X-ray analysis (Figure 10)' 8. 
Conformational properties of the macrocycle and the geometry of its binding to  
r-BuNH; are generally similar t o  those already described earlier in this article. The 
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observed host-guest association is mainly due t o  complexation through a tripod 
arrangement of NH'-O hydrogen bonds on one face of the macrocyclic cavity. 
The C-NH; bond is perpendicular to  the complexation site of the crown, the 
ammonium hydrogen atoms being donated to  three alternate ether oxygens in a 
favourable geometry. Furthermore, the structural data suggest that three donor 
oxygen atoms are involved in direct pole-dipole interactions with the substrate, 
one of their lone-pair orbitals pointing almost directly at  the electrophilic N+. 
Apparently, the  spatial relationship between the host and the guest is free from 
severe steric constraints, which allows an undistorted complementary arrangement 
of the binding sites. The overall conformations of the complexed and uncomplexed 
ligand molecules are very similar, the macroring forming an angle of about 40° with 
the 1 ,l'-dinaphthyl bond. Consequently, one of the methyl substituents covers and 
directly interacts with one face of the cavity. This may lead t o  an interesting 
conclusion, that  even in solution the two sides of the macrocycle are not necessarily 
equivalent with respect t o  complexation of guest species. The complexed host 
exists in an ordered and regular conformation with all oxygens turned inward, and 
with characteristic syn-clinal and antiplanar (with a single exception) torsion angles 
about the C-C and C - 0  bonds respectively. The conformation of one part of the 
uncomplexed molecule is disordered, and therefore exhibits (on the average) an 
irregular pattern of torsion angles. The remaining fragment of the ring is stabilized 
by an intramolecular CH.0.O attraction and has one OCHzCHzO group in an 
antiplanar arrangement. 

Synthetic compounds containing more than a single macroring assembly of 
binding sites are of particular interest since they can act as potential hosts for a 
variety of bifunctional guest moieties such as dihydroxyphenylalanine, lysine, etc. 
A model system of this type covsists of a chiral lig,and, containing two 18-crown-6 
rings connected by a 2,3- and 2 ,3 -substituted 1 , l  -dinaphthyl unit, that interacts 
with the bis(hexafluorophosphate) salt of tetramethylene diamine9 9 .  Evidently, the 
organic host complexed simultaneously the hydrogen-bonding parts of the guest, 
the two crown rings being thus held in a convergent relationship (Figure 11). The 
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FIGURE 10. A host-guest complex between a 1,1’-dinaphthyl-2@crown-6 ligmd and a 
r-butylammonium ion (a). The overall conformations of the uncomplexed and complexed 
ligand are shown in (b) and (c) respectivelyg8. The marked frame encloses the conformationally 
disordered part of the uncomplexed molecule. 
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FIGURE 11. An illustration of a host-guest organic crown 
comples containing two assemblies of binding sites’ ’. 
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ammonium groups centre into the hydrophilic cavities, and the tetramethylene 
chain is strung between the  two macrorings. The overall shape df this structure and 
the geometry of host-to-guest interaction are influenced by the relatively short 
dimension of the  (CH2)4 bridge. Thus, in the observed conformation the dihedral 
angle between the  planes of the naphthalene rings attached t o  one  another is 77.6'; 
in the  uncomplexed and isolated molecuJe of the host the dihedral angle can vary 
between extremes of about 60  to  120 . Moreover, the peripheral region of the 
18-crown-6 uni t  is not directly involved in the hydrogen bonding, and its frame- 
work deviates significantly from the D3 d conformation. Nevertheless, the molecular 
dimensions of  t he  crown ring preserve the characteristic features usually observed in 
structures of poly(ethy1ene oxide) compounds. I t  should be pointed out that the 
PF6 counterions which fill the intercomplex cavities in the crystal structure seem t o  
have little effect on the geometry of interaction between the host and the guest. 
Since the space group of these crystals is centrosymmetric, the two enantiomers of 
the complex were not resolved upon crystallization. 

Chiral recognition in molecular complexation between multiheteromacrocycles 
containing 1 ,l'-dinaphthyl units as steric and chiral barriers and primary aniine 
salts has been reported by Cram and coworkersa l ,  and to a lesser extent by other 
research groups. Suitably designed diastereomeric complexes were found to  differ 
in their free energy of formation in solution by as much as 2 kcal/mol; conse- 
quently,  a complete optical resolution of racemales of primary amine salts could be 
achieved"'$' ' l .  From the  structural point of view, the complexation stability of a 
given ligand-substrate system is closely related to the nature and geometrical details 
of t h e  binding interactions, while stereoselectivity in the complex formation is 
associated with the degree of complementary structural relationships !etween the 
intervening species. The chemistry of ligands containing two chiral 1,l -dinaphthyl 
units separated b y  a central macrocyclic binding site and bound t o  ether oxygen in 
their 2,2'-positions is particularly well known8 . These compounds contain six 
hexagonally arranged and inward-turning oxygens positioned to  hydrogembond the 
ammonium group of a potential guest. Unfortunately, to date i t  has been possible 
to  crystallize very few diastereomeric complexes of this kind, and to  our knowledge 
accurate structural results are available only for a single optically pure model 
compound ' 2. A similar study was carried out  on optical resolution of asymmetric 
amines by preferential crystallization of their complexes with the  naturally occur- 
ring lasalocid antibiotic' ' 3. 

Figure 12 describes the  structure of a complex between chiral (S,S)-host-45 and 
the hexafluo;ophosphate salt of (R)-phenylglycine methyl ester as determined by 
XD at - 160 C1 ' 2 .  From the two diastereomeric complexes resolved in solution, 

(45) 

this structure corresponds t o  the less stable isomer. The observed attraction of an 
organic host t o  an organic guest via specific interaction of the NHS ion with the 
polyether cavity is similar, in general terms, t o  that described for  other inclusion 
compounds. On an idealized molecular model of the ligand the  rigid naphthyl 
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3 ? 0 i  

12 
compound of phenylglycine methyl ester with a chiral ligand' O *. 

h illustration of the main attractive and repulsive interactions within the 

groups divide the  space around the macroring into four equivalent cavities, two 
below and two above the ring. In actual structure, the host-guest interaction is 
confined to one face of the ligand. The three substituents attached t o  the asym- 
metric centre of the guest phenylglycine derivative are arranged in such a way that 
the large phenyl group and the small hydrogen atom are located in one cavity, while 
the medium ester group resides in the other site (Figure 12). In the more stable 
( S , S ) - ( S )  diastereomer, these substituents are expected t o  be arranged more favour- 
ably with respect to  the steric barriers of the ligand. I t  appears that the accom- 
modation of the a-amino ester within the host requires some conformational adjust- 
ments and a partial reorganization of the ligand binding sites. This is reflected, for 
example, in the following structural features. The NH-0 hydrogen bonds are far 
from linear, the nitrogen atom is in close contact with only three of the six ether 
oxygen atoms, and the naphthalene substituents on the interacting side of the ring 
are pushed away from each other. However, as in the former example, the PF6 

counterions appear to  play n o  role in structuring the host-guest adduct. The 
complex crystallizes with 1 mol of chloroform solvent, and the charge separation in 
this structure is stabilized by  delocalization of the negative charge in the relatively 
large anions as well as by their hydrogen bonding to chloroform. In spite of the fact 
that reliable structural data on  the more stable diastereomer of this compound were 
not available, correlation of the crystallographic results with solution studies on 
chiral recognition led to some interesting interpretations. One striking example refers 
to a higher chiral recognition towards phenylglycine methyl ester observed when 
the bisdinaphthyl hexaether ligand was modified by introduction of two methyl 
groups in the 3-positions of one dinaphthyl unit (in Figure 12 this corresponds t o  
-CH3 substitutions on atoms C(9)  and c(46) or  C(19) and c(36))"'. On the 
assumption that the overall structure of the corresponding compound is similar to  
that shown in Figure 12, the methyl substituents apparently increase the steric 
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hindrance between the host and the guest as well as between the naphthalene rings 
on the noninteracting side of the cavity. The stronger repulsive interactions thus 
contribute to further destabilization of the less stable diastereomer of the modified 
system. Opposite reasoning could be applied t o  account (in part) for the decrease of 
stereoselectivity in complexation of smaller amino esters by the bisdinaphthyl 
polyether hosts. 

C. Inclusion Compounds of Noncyclic Polyethers 

A synthesis of noncyclic crown-type polyethers containing quinoline functions 
attached to terminal oxygens has recently been reported by Vogtle and his co- 
workers' O4 1' o 5 .  The open-chain polyether compounds were found t o  exhibit 
strong complexing properties as the crown ethers, forming stoichiometric crystalline 
adducts with a variety of alkali, alkaline earth and ammonium salts. Figure 13 
illustrates the structure of a 1 : 1 complex between the heptadentate 1,l  1-bis(8- 
quinolyloxy)-3,6,9-trioxaundecane species and RbI' 6 .  The crystallographic analysis 
showed that the Rb' ion strongly interacts with all seven donor heteroatoms 
a t  characteristic distances between 2.9 and 3.1 a. The host species is wrapped 
around the cation in a conformation resembling one turn of a helix, the con- 
formational details being quite similar with those observed in the maciocyclico 
ethers; i.e. gauche torsion angles about all C-C bonds that vary from 59 t o  69 
and trans torsion angles about all but  one C-0 bonds. The iodine ions arelocated in 
spaces between molecules of the complex. Observations from U.V. spectra indicate 
that the molecular conformation of the ligand itself changes considerably upon 
inclusion complex formation with a magnesium salt' 0 4 .  Reportedly, further work 
is now in progress to investigate the conformational properties of complexes with 
longer-chain hosts; such compounds may form helices with more than one turn. 

In correlation, a few earlier studies of ethylene oxide oligomers showed that a 
polyethylene oxide chain adopts a helical structure in the crystalline state' 07. 
Approximately the same conformation was found to represent the lowest energy 
form of the polymer in solution where the compound is probably an equilibrium 
mixture of conformers. Moreover, oligomers of oxyethylene seem t o  have a 
specific property of interaction with some alkali and heavy metal salts and ions. A 
detailed X D  structural study of molecular complexes of tetrdethylene glycol di- 

FIGURE 13. The complex of 1,ll- 
bis (8-quinolyloxy ) -3,6,P trioxaunde- 
cane with RbI' 0 6 .  
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( a  1 ( b )  ( C )  

FIGURE 14. hlodcs of the interaction between the oxygen and mercury atoms in complexes 
of tetraethylene glycol dimethyl etlier (a), hexaethylene glycol diethyl ether (b) and poly- 
ethylene oxide (c) with 1.1gC12' ' *. 

methyl and diethyl ethers and hexaethylene glycol diethyl ether with HgC12 and 
CdCl2 have recently been carried out  by Iwamoto and cowqrkers; less precise 
structural data are available for adducts between HgC12 and a polymer of oxy- 
ethylene' > '  09. in the complexes of tetraethylene glycol ethers with mercuric 
chloride the  chain molecule exhibits a nearly circular conformation. The five ether  
oxygen atoms are nearly coplanar and turned inward to  coordinate efficiently the 
mercury atom at distances between 2.8 and 3.0 8. 'The larger ligand, hexaethylene 
glycol diethyl ether, was found to  interact with two moles of HgC12. Three oxygens 
of either half of the molecule are coordinated with one mercury atom, the central 
oxygen being coordinated simultaneously t o  the two guest atoms. Interatomic 
distances between mercury and ligating oxygen are within 2.7-2.9 a. Interestingly, 
the resulting molecular structure resembles a helix with two turns. The observed 
coordination modes between the oxygen and mercury atoms in the inclusion 
complexes are shown schematically in Figure 141°8. The overall shape of the 
complex of tetraethylene glycol dimethyl ether and ionic CdClz is different 
from that of covalent HgC12. The ligand is coordinated to  two cadmium atoms and 
has an extended rather than a convergent conformation; the  difference between the  
molecular conformations is probably due to  the different coordination radii of Cd 
and Hg atoms. Relevant interaction distances are 2.4-2.5 a for the Cd***O and 
2.4-2.7 a for the Cd.*-Cl contacts. The crystal structure consists of paired adduct 
entities that are linked t o  each other through C1 bridges' 

In summary, the observed features of molecular conformation in t h e  non- 
cyclic oligomers are very consistent with the general characteristics of cyc,iic 
(-CH2 CH2 O-)n species reviewed in tkis article. 
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Note Added in Proof 

An interesting structural study on the 1 : 1 complcx of monopyrido-18-crown-6 with t-butyl- 
ammonium perchlorate has recently been published' l o .  The host-guest association in thiscom- 
pound was found to be stabilized mainly by a tripod arrangement of hydrogen bonds between 
the alkylammonium ion and two oxygen atoms and the pyridine nitrogen atom in the crown 
ether ring. lnteraction of the other three ether oxygen atoms with the  ammonium nitrogen is 
less important. The results of the crystallographic' study of cation complexes formed by long 
noncyclic polyethers have now appeared' . In the complex between 1,20-bis(8-quinolylo?cy)- 
3,6,9,12,15,18-hcxaoxaeicosane and RbI, the cation is sphcrically wrapped in the decadentate 
ligand with more than one turn. The 1 : 2 complex of 1,5-bis{2-[ 5-(2-nitrophcnosy)-3-oxa- 
pentyloxy ] phenosp)-3-oxapentane with KSCN has S-shaped arrangements, with one cation 
included in each S-loop of the polyether. 
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I .  INTRODUCTION 

There has been much research in recent years concerning the stereodynamics of 
acyclic and cyclic compounds containing oxygen and sulphur. Efforts have focused 
on determining con formational preferences, barriers to  rotation about single bonds 
in acyclic systems, and barriers to  ring stereomutation in heterocycles. Much of the 
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recent progress in this area has been due to  the rapid development of variable 
temperature o r  ‘dynamic’ nuclear magnetic resonance (DNMR) spectroscopy used 
in conjunction with complete theoretical DNMR line-shape analysis (Jackman and 
Cotton 1975). As a complement to  these experimental studies, insight into 
molecular stereodynamics is also being gained from semiempirical molecular orbital 
calculations of energy as a function of molecular geometry. Chemical equilibration 
methods also continue t o  play a role in assessing conformational preferences in 
many ring systems. 

The objective of this chapter is to summarize the salient stereodynamics of 
acyclic and cyclic systems containing oxygen and sulphur up  to  early 1978. We will 
focus on those ring systems which contain carbon and one or more of the same 
heteroatom. A discussion of cyclic systems containing more than one type of 
heteroatom, such as oxathiolanes and oxathianes, will be  presented by Professor 
Pihlaja in another chapter of this volume. Due to  restrictions on the length of this 
review, our  approach will be illustrative and not exhaustive. We apologize for 
omitting much good research which might otherwise be included in a larger volume. 

II. ACYCLIC SYSTEMS 

A. Rotation about Bonds in Oxygen- and Sulphur-containing Compounds 

In order t o  gain some insight into the stereodynamics of moderately large systems, i t  
is instructive t o  examine pertinent conformational preferences and barriers t o  
stereomutation in simple acyclic systems. However, it must be kept in mind that 
any extrapolation from acyclic to cyclic systems must be done with caution due t o  
the possible significant intervention of angle strain in the  stereodynamics of the 
cyclic molecules. However, with this in mind, it is useful t o  consider the rotational 
barriers in Table 1.  All of the barriers compiled in Table 1 have been determined 
experimentally except those for hydrogen disulphide which were estimated using a 
theoretical approach. 

For the first twelve compounds in Table 1 ,  the energy surface for rotation 
may be assumed to  have essentially three-fold symmetry analogous to  ethane. For 
the peroxides and disulphides, the symmetry of the rotational energy surface is 
quite different and will be discussed below. 

In perusing the data in Table 1, it is important to  keep in mind the current state 
of understanding of the bond rotation processes in simple molecules. Although the 
barrier t o  rotation in ethane is well-established experimentally, an incisive theor- 
etical description of the origins o f  the barrier remains elusive. Extended Huckel 
molecular orbital methods suggest that  the  energy increase in  proceeding from 
staggered to eclipsed ethane arises mainly from a decrease in Mulliken pn overlap 
populations associated with the carbon-carbon bond (Lowe 1973, 1974) while a 
frontier-orbital approach (Woodward and Hoffmann 1069) suggests that  the origin 
of the barrier involves repulsions between vicinal hydrogens. A simple van der 
Waals’ repulsion model accounts for only a small fraction of the barrier (Lowe 
1973). Thus, the origin of  the barrier t o  rotation in ethane appears t o  be a blend of 
van der Waals’ repulsions and orbital-control considerations, but that  blend is not  
yet quantitatively defined. In other theoretical studies, rotational barriers have been 
amenable to  dissection into various energy Components for simple molecules such 
as methanol and methylamine (Radom, Hehre and Pople 1972; see also Gordon and 
England 1973 1. Molecular mechanics or force field calculations have been successful 
in reproducing accurately various con formational and molecular parameters for  
alcohols and ethers (Allinger and Chung 1916) as well as alkanethiols and thia- 
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TABLE 1. Pertinent barriers to rotation in siniplc molecular systems 

Compound 
Barrier 
(kcal/ni 01) Referencz 

~ 

CH,CH, 2.9 Kcmp and Pitzcr (1936), 
Weiss and Leroi (1968), 
Lowc (1973) 

CH, CH, CH, 3.3 Pitzcr (1944) 
CH, OH 1.1 Ivash and Dennison (1 953) 
C 13 , OCH 2.7 Blakis, Kasai and Meyers (1963) 
CH, SH 1.3 Kojima (1960) 
CI I, SCH, 2.1 Pierce and Hayashi (1 96 1) 
CH, NH, 2.0 Nishikawa, Itoh and Shimoda (1955) 
CH, NHCH, 3.2 Wolhab and Laurie (1971) 
CH3 N(CH3 )? 4.4 Lide and Mann (1958a) 
CH, PH, 2.0 Kojima, Breig and Lin (196 1) 
CH, PHCH, 2.2 Nelson (1 963) 
CH, P(Cl-1, )2 2.6 Lidc and Mann (1958b) 
H,  0, (cis-barrier) 7.0 Hunt, Leacock, Peters and 

Hcclit (1965) 
II,O, (trurzs barrier) 1.1 
H, S, (cis barrier) 9.3 Veillard and Deinuynck (1970) 
H,  S, (trotis barrier) 6.0 

alkanes (Allinger and Hickey 1975). Recent Raman spectral studies of ethanol and 
ethanethiol(Durig, Bucy, Wurrey and Carreira 1975) as well as ethylamine (Durig and 
Li 1975) have provided valuable information regarding torsional motions and con- 
formational preferences in these molecules. 

A comparison of the barrier trends in Table 1 for molecules possessing the mine 
lieteroatom reveals an expected increase in the barrier t o  rotation about the carbon.- 
heteroatom bond as steric crowding in the molecule increases (e.g. c H 3  011 and 
CH3 OCHJ , CI13 SM and CM3 SCM3, CH3 NI-Iz and CH3 NHCM3 ). These increases 
must be due in part to increasing van der Waals’ repulsions in the transition state 
for rotation but  one must not forget orbital-control considerations. A useful com- 
parison can be made between the series of arnines and phosphines in Table 1. In 
proceeding from CH3 NI-12 to  CH3 N11cI-1~ to  cI13 N(CI-13 )*, a significant relative 
stepwise increase in the barrier to  C--N rotation is observed. However, in the series 
Cf13 PI-IZ, CH3 PIICH3, CI-I3 P(CH3 )z ,  the progressive increase in the barrier to  
methyl rotation is attenuated as compared to  the arnine series due most likely to  
smaller differential increases in nonbonded repulsions across the  C-P bond due to  
the longer C - P  bond (1.87 8) as compared to the C-N bond (1.47 8). 

If the data in Table 1 were to  be used to  make predictions concerning the stereo- 
dynamics of heterocyclic systems (e.g. the rate of ring-reversal), selection of the 
acyclic models must be done with care. For example, if  one were interested in 
comparing oxacyclohexane to  cyclohexane, the appropriate acyclic models would 
be dimethyl ether and propane, not methanol and ethane. For thiacyclohexane 
versus cyclohexane, one would use dirnethyl sulphide and propane, not methane- 
thiol and ethane. However, in making such predictions regarding the  relative 
stereodynamics of ring compounds, one must always be cognizant of a possible 
significantly greater role of angle strain in ring-reversal processes as compared to a 
simple rotation and care must be exercised in such an effort. 
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There have been very few reports of DNMR studies of restricted rotation 
about carbon-oxygen single bonds. In  one instance, changes in the ' H  DNMR 
spectra of the diastereotopic isopropyl methyl groups of compound l a  allowed a 
determination of the barrier to rotation about  the phenyl-oxygen bond 
(equation 1; AGZ = 17.8 kcal/mol at  57OC; Kessler, Rieker, and Rundel 1968). 
Similar symmetry characteristics allowed the determination of barriers to phenyl- 
sulphur rotation in Ib(AG* = 15.0kcal/molat 12OC)and Ic (AG* = 15.1 kcal/molat 

(a)  x = 0,  R' = i-Pr, R' = H 

(b) X = S, R' = R 2  = i-Pr 

(c) X = S, R'  = Et ,  R z  = H 

(1) 

OOC). The faster rates of rotation in l b  and l c  as compared to  l a  are apparently a 
manifestation of a carbon-sulphur bond length (1.8 a) which is longer than a 
carbon-oxygen bond (1.4 a). In addition to the  series 1, H DNMR evidence for 

restricted phenyl-sulphur rotation was obtained for 2a (AG$ = 12.8 kcal/mol at 
-27 C) and 2b ( A c t  = 11.7 kcal/mol at -55OC; Kessler, Rieker and Rundel 1968). 

(2) 
One recent elegant application of H DNMR spectroscopy concerns chloro- 

methyl methyl ether and restricted rotation about the chloromethyl carbon- 
oxygen bond (Anet and Yavari 1977). At temperatures above -16j0C, the  'H 
DNMR spectrum of CICHzOMe consists of a downfield singlet (CICHz) and an 
upfield singlet (OMe). At temperatures below - 165"C, the ClCHz resonance 
broadens and is separated into two signals of equal area a t  - 182°C (Figure 1). The 
presence of two different methylene proton signals of equal area at -182OC is 
consistent with a strong dominance o f  the two enantiomeric gauche conformations 
(equation 2 ) .  The ' H spectrum of the ClCHz group of either gauche rotamer would 
in principle be an AM-type spin system. The spin-spin coupling is not observed at  
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200 Hz - 
FIGUKE 1. ' H  DNMR spectra. (251 MHz) of 
CICH,OCH, in CHFCI,/CHF,CI (1 : 3 v/v) as solvent. 
Reprinted with permission tiom F. A. L. Anet and 
1. Yavari, J.  Amer. Chem. SOC., 99, 6752 (1977). 
Copyright by the American Chemical Society. 

-182OC due to very broad lines in a very viscous solution and the fact thatJhe rate 
c,onstant for rotation probably still has a significant value even at -182 C. The 
t ram rotamer (equation 2 )  would of course give a singler resonance for the CICH2 
group due t o  the presence of a plane of symmetry. Thus, the * H DNMR spectra in 
Figure 1 reveal only the slowing of the gauche t o  gauche equilibration on the 
DNMR time-scale. This equilibration could occur by a direct gauche to gauche 
process (chlorine and methyl eclipsed in the  transition state) or via the trans form 
as an unstable intermediate or a transition state. The DNMR data (Figure 1 )  do not 
allow such a mechanistic distinction. From a complete ' H  DNMR line-shape 
analysis a t  -180°C, the free energy of activation (AGS)  for gauche to garcche 
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equilibration is calculated to  be 4.2 kcal/mol. The  strong preference of ClCH20Me 
for the gauche rotamers is of course another manifestation of the anomeric effect 
(Lemieux 1971) o r  rabbit ear effect (Eliel 1972) or thegauche effect (Wolfe 1972) 
which will be discussed in more detail later in this chapter. No dynamic NMR effect 
was observed for bis(ch1oromethyl)ether or  for fluoromethyl methyl ether down to  
- 1 8OoC. 

These observations for C1CH20Me are analogous to  the strong preference of 
dimethoxymethane for the gauche conformation (3)  and not  the anfi  (4) (Uchida, 
Kurita and Kubo 1956). The anomeric effect manifests itself in a helical structure 

H H 

\ ? // 

M e  

(3) (4 1 

(all gauche) conformation for polyoxymethylene rather than the zig-zag or all anti  
geometry (Uchida and Tadokoro 1967). I t  should be noted at  this point that it is 
not possible to  apply the DNMR method to a study of dimethoxymethane because 
the C 2  symmetry of the gauche conformation (3) renders the methylene protons 
equivalent to each other and also the methyl groups are equivalent to each other. 
Theoretical calculations on simple acyclic molecules such as FCHzOH as well as 
(Me0)2CH2 have also provided insight into the nature and magnitude of the 
anomeric effect (Wolfe 1972; Radom, Ilehre and Pople 1972; Gorenstein and Kar 
1977). A generalized anomeric effect plays a role in the conformational preferences 
of a variety of heterocyclic systems and examples will be discussed in due course 
below. 

In considering those acyclic systems possessing oxygen-oxygen or sulphur- 
sulphur bonds, one encounters again some interesting con formational preferences. 
In the case of  hydrogen peroxide, the %referred conformation has a dihedral angle 
between the two 0-H bonds of 1 1  1 (Hunt and Leacock 1966; Olovsson and 
Templeton 1960) as seen in equation (3) .  Examination of equation (3 )  also reveals 
that equilibration between equivalent stable rotamers may occur by rotation about 
the 0-0 bond via two different energy surfaces one having the 0-1-1 bonds 
eclipsed (cis transition state; equation 3 )  and one having them traa,zs (tratzs tran- 
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sition state). Indeed, many theoretical st tdies predict that the geometries of H z 0 2  
having dihedral angles of Oo and 180 are maxima on the rotational energy 
surface for H 2 0 2  but t h e  heights o f  the two maxima are quite different. The cis 
transition state is consistently calculated to be of higher energy than the  trans 
geometry (Radom, Hehre and Pople 1972; England and Gordon 1972). Indeed, 
experimental values for the cis and frans barriers are found t o  be 7.0 and 1.1 kcal/ 
mol respectively (Redington, Olson and Cross 1962; Hunt, Leacock, Peters and 
Hecht 1965). It is obvious that the  preferred rotational itinerary in H202 proceeds 
via the trans transition state. While interconversion via the cis transition state 
involves a barrier high enough to  be detected by the DNMK method for a molecule 
of the requisite symmetry (e.g. RCH2 OOCH2 R), the  trans barrier is well below the 
limit of DNMR detection (-4 kcal/mol) and DNMR studies of acyclic dialkyl 
peroxides may be precluded. We will, however, discuss D N M R  studies of ring-flip 
processes in the cyclic 1,2-dioxanes later in this chapter. 

For hydrogen disulphide (H2 Sz) ,  the stereodynamics are somewhat different 
than for H 2 0 2 .  The dihedral angle between the two S-H bonds in t h e  stable 
geometry of H2S2 is about 90" (Winnewisser, Winnewisser and Gordy 1968). 
Theoretical calculations related to rotation about the S-S bond predict in a man- 
ner analogous to H202 a cis barrier of 9.3 kcal/mol and a lower trans barrier 
of 6.0 kcal/mol (Veillard and Demuynck 1970). Wllile the barrier trend in H2 Sz is the 
same as in H202 ,  the magnitudes of the two different barrier heights are closer 
together in H2S2 than in H 2 0 2  and both are apparently within the limits of 
DNMR detection. Indeed, an ' H  DNMR study of a series of acyclic disulfides 
capitalized on the diastereotopic characteristics of the benzyl protons of 5 
(Table 2) which enabled the measurement of the rate of rotation about the S-S 
bond (Fraser, Boussard, Saunders, Lambert and Mixan 197 1). An examination of 
Table 2 reveals interesting effects of structure on the barrier to S-S rotation. For 
example, the increasing barriers in proceeding from 5h to  5g to 5b suggest strongly 
a steric retardation to rotation about the S-S bond. Since the DKMR method will 
be more sensitive t o  the lower barrier p t h w a y  for-S-S rotation, the trend observed 
above is consistent with preferrcs fotation via the cis transition state, i.e. the route 
via the cis transition state involves a lower barrier than the trans route. Indeed, 
rotation via the trans transition state should be subject to steric acceleratiotz. Thus, 
t]iese experimental observations appear to be at odds with the theoretical calcu- 
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TABLE 2. Barriers to rotation about  S-S bonds 

Compound 

5a 
5b 
5c 
5d 
5c 
5f 
5g 
511 

K A G ~  (kcal/lnol) 

CCl, 9.5 (-80°C) 
CPh, 8.6 (-97°C) 
CF, 8.3 (- 104°C) 
C6 C‘, 8.0 (- 108°C) 
C6 F, 7.9 (-109°C) 
PI1 7.7 (-115°C) 

CH, C6 H 5 7.2 (-128°C) 
t-Bu 7.9 (- 1 13°C) 

lations for H2 S2. However, it is quite possible that  the relative barrier heights could 
be reversed by substitution of large groups for hydrogen. The CF3 and CC13 groups 
are apparent deviates in  this trend but they may be exerting strong inductive effects 
leading to  a barrier increase. Additional insights into the nature of the S-S bond 
and associated rotational processes have been gained from semiempirical MO 
calculations (Boyd 1972; Snyder and Carlsen 1977) and molecular mechanics 
calculations (Allinger, Kao, Chang and Boyd 1976). 

I t  is interesting to  note from the point of view of comparison that hydrazines 
and diphosphines also prefer those conformations in which the vicinal lone pairs of 
electrons are gauche to one another which is analogous to 112 O2 and 112 S2 (Wolfe 
1972). Indeed, even in the case of the highly encumbered tetra-t-butyldiphosphine, 
there is an essentially exclusive preference for the gauche conformation (Brunelle, 
Bushweller and English 1976; Lambert, Jackson, and Mueller 1970). 

In this article so far, we have concentrated on the stereodynamics associated 

Me R’ 

Me - C -C-  OR3 

Me R 2  

I I  

I I  

( 6 )  R’ = R 2  = Me, R3 = D 

(7) R’ = CD,, R 2  = CD2CD,, R 3  =D 

( 8 )  R’ = R 2  = CD,CD,, R 3  = D 

(9) R’ = CD,, R 2  = CH2C6H5, R3 = D 

(10) R’ = CD,, R 2  = t-Bu, R 3  = D 

(11) R’ = R 2  = CD,, R 3  = M e  

(12) R’ = CD,, R 2  = CD2CD3, R3 = Me 

(13)  R ’  = R 2  = CH2CD3, R 3  = Me 

(14) R’ = CD,, R 2  = r.Bu, R3 = Me 
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M e  

M e  h 

with bonds 

s=1.2a 6 ~ 0 . 7 4  
FIGURE 2. Experimental ' H DNMR 
spectra (60 MHz) of  the  t-butyl group of 14 
(5% v/v in vinyl chloride) (left column) and 
theoretical spectra calculated as a function 
of the rate of  conversion of one  t-butyl 
rotamer t o  another. Reprinted with 
permission from S .  Hoogasian, C .  H. 
Bushweller, W. G. Anderson and 
G. Kingsley, J.  Phys. Clrem., 80, 646 
(1976). Copyright by the American 
Chemical Society. 

o oxygen or sulphur. There is available some data from H D i h  R 
studies regarding the effect of oxygen or sulphur on the rate of rotation about 
other bonds, specifically carbon-carbon single bonds. In one study, the barriers t o  
t-butyl rotation in the series 6-14 were determined using complete ' H  DNMR 
line-shape analysis (Hoogasian, Bushweller, Anderson, and Kingsley 1976). As an 
example of the type of H DNMR data obtained, consider the experimental and 
theoretical H DNMR spectra of the t-butyl group of 14 illustrated in Figure 2. At  
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-64. l0C, the spectrum consists of a sharp singlet ( 6  = 0.995) consistent with rapid 
t-butyl rotation on the DNMR time-scale. At lowerotemperatures (Figure 2), the 
t-butyl resonance broadens and is separated at - 11 5-3 C into three singlets of equal 
area (6 = 0.913, 0.983, 1.089) consistent with slow t-butyl rotation and the 
symmetry experienced by a static t-butyl group (see 15). The activation parameters 

0 Me 

I 
Me 

(15) 
for  t-butyl rotation in 6- 14 are compiled in Table 3. A perusal of Table 3 reveals a 
relatively small range in barrier magnitudes and trends which can be correlated with 
the steric size of the alkyl groups, e.g. 6,  7 and 9. The 'abnormally' low barrier for 
10 or 14 with two bulky t-butyl groups as compared to 6 ,  7 or 9 is due most likely 
to nonstandard central CCC bond angles and the definite possibility of a concerted 
double gear-like rotation of the two t-butyl groups. It should be noted that the 
barrier t o  r-butyl rotation for 10 in a variety of solvent systems (Table 3 )  having 
different polarities and capacities to  hydrogen-bond varies to only a small degree. A 
comparison of the alcohols in Table 3 (6-10) with the methyl ethers (1  1-14) 
shows hydroxyl to  be roughly comparable t o  methoxyl in hindering t-butyl ro- 
tation. It is then interesting t o  compare various other groups on the same carbon 
skeleton to  hydroxyl and methoxyl as compiled in Table 4. I t  is not surprising to 
note that hydrogen is the least effective of the groups in Table 4 in hindering 
t-butyl rotation while the trend for the halogens parallels van der Waals' radii. 
Hydroxyl and methoxyl are less hindering t o  rotation than all the halogens except 
fluorine. 

An analogous DNMR study of the effect of oxygen or sulphur on the  rate of 
t-butyl rotation has been done for the two series of cyclic compounds below 
(Stevenson, Bhat, Bushweller and Anderson 1974). Activation parameters for 
t-butyl rotation are compiled in Table 5. An examination of Table 5 shows clearly 

TABLE 3. Activation parameters for t-butyl rotation in t-Bu(R' )(RZ ) O R 3  
~~ 

A c *  
Solvent (v/v% of A H $  AS * (kcall mol; 

Compound alcohol or derivative) (kcal/mol) (e.u.) - 100°C) 

6 
7 
8 
9 

10 

1 1  
12 
13 
14 

CH, CHCI (4%) 
CH, CHCl(4%) 

CH, CHCl(4%) 
CH, CHCl(47b) 
90: 10 CH,CI-ICl-MeOI-1 (4%) 
7 5 : 2 5  CH2 CIICl-- hleOH (4%) 
45:55 CH,CHCI-MeOH (4%) 
60:40 Me, 0-Me, NCHO (4%) 
CH, CHCl(5%) 
CI1,CHCl (5%) 
CH, CHCl(5'A) 
CH,CHCI (5%)  

CH, CHCI (4%) 

~ ~~~~ 

8.5 * 0.4 
8.7 * 0.6 

-1.4 i: 2.7 
---1.4 i: 3.4 

N o  DNMK effect observed 
9.1 2 0.4 
9.8 2 0.8 

0.8 c 2.8 
1.5 f 4.7 

9.6 2 0.2 --1.3 1.2 
9.9 2 0.4 -0.6 2 2.1 

10.1 2 0.7 0.6 c 3.9 
9.6 2 0.4 .-0.1 2 2.3 

8.5 * 0.4 
8.0 * 0.2 
9.6 2 0.6 

0.0 c 2.8 
0.2 c 1.3 
0.8 2 3.4 

8.76 _+ 0.10 
8.91 f 0.10 

8.93 c 0.10 
9.58 f 0.10 
9.77 +_ 0.10 
9.99 f 0.10 
9.95 f 0.10 
9.57 c 0.10 
9.34 f 0.40 
8.49 f 0.10 
7.93 f 0.10 
9.43 f 0.10 
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TABLE 4. Free energies of activation 
for t-butyl rotation in t-BuCMe,X 

X A d  (kcal/mol) 

H 6 . y ~ ~  
F 8. OC 
c1 1 0.4" 
Br 1 0.7" 
I 11.1c 
0 14 8.7d 
OM e 9.3d 

'Anderson and Pearson (1 975). 
bBushweller and Anderson (1 972). 
'Anderson and Pearson (1 972). 
dHoogasian, Bushweller, Anderson 
and Kingsley (1 976). 

the expected result that methyl is more hindering t o  rotation than hydrogen, e.g. 
compare 19 and 20 or 21 and 22. Comparison of 16 and 17 or  18 and 19 reveals 
that sulphur is apparently more hindering t o  rotation than oxygen but the signifi- 
cant variation in the barrier differential between 16 and 17 in the 6-rings as 
compared to  tha t  between 18 and 19 in t h e  5-rings suggests that  overall ring 
geometry can play an important role in the t-butyl stereodynamics. 

n 

(16) X = 0 
(17) X = S 

(18) X = Y = 0, R = Me 

(19) X = Y = S, R = Me 

(20) X = Y = S, R = H 
(21) X = 0, Y = S, R = Me 

(22) X = 0, Y = S, R = H 

The introduction of two vicinal electronegative substituents on a carbon-carbon 
single bond complicates the conformational picture but ' H DNMR studies have 
been revealing for the series of haloalkoxy- and haloacetoxy-butanes 23-32 (Wang 
and Bushweller 1 97 7). 

TABLE 5. Activation parameters for f-butyl rotation' 

Comp oil n d A 11:' (kcal/m 01) As*(e.u.) AG z (kcal/mol) 

16 8.9 i: 0.3 1.4 i: 2.0 8.7 i: 0.1(-109.8"C) 

18 7.5 + 0.3 0.0 t 2.0 7.5 f 0.1(-124.7"C) 
19. 11.1 i: 0.3 2.5 f 2.0 10.6 t 0.1 (-70.2"C) 
20 7.5 t 0.4 0.0 i: 3.0 7.5 i: 0.2(-133.2"C) 

22 6.9 t 0.4 -1.1 i: 2.0 7.0 t 0.2(-139.6"C) 

17 9.9 i: 0.3 1.4 t 2.0 9.6 t 0.1 (-83.5"C) 

21 10.8 i: 0.4 5.5 i: 4.0 9.8 i: O.!(-lOl.2"Cj 

"Solvent: CH,CHCI or CBrF, 
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Me Me 

Me-C-C-Me 
I I  
I 1  
X Y  X Y  

Me Me 

x - c - c - Y  
I I  
I I  

(23) X = Br, Y = OMe (29) X. = Br, Y = OMe 

130) X = CI. Y = OMe (24) X = CI, Y = OMe 

(31) X = Br, Y = OEt (25) X = Br, Y = OEt 

(32) X = CI, Y = OEt (26) X = CI, Y = OEt 
(27) X = Br, Y = OAc 
(28) X = CI, Y = OAc 

The H DNMR spectrum (60 MHz) of 2-bromo-3-methoxy-2,3-dimethylbutane 
(23, 3% v/v in CHZCHCI) at  -39.8"C shows three singlet resonances a t  F = 1.34 
(6H, OCMe,), 6 = 1.76 (621, BrCMe2) and 6 = 3.20(3H, OMe) consistent with rapid 
rotation about the C(2)-C(3 bond. Below -7O'C, the  OCMe2 resonance broadens 
asymmetrically (see Figure 3) and is sharpened at - 110.5"C into two small singlets 
of equal area at 6 = 1.12 and 6 = 1.34 as well as a large singlet at  6 = 1.38 
(Figure 3). Such behaviour is consistent with slow rotation about the C(2)-C(3) 
bond of 23 (equation 4)  and with b o t h  guuclze to guucke t n d  gauche to trans 
processes being slow on the D N M R  time-scale a t  -1 10.5 C (Figure 3). It is 

OMe OMe 

de M e  

important t o  note at this point :hat if the gauche t o  trans process had slowed on 
the  DNMR time-scale at -- 1 10.5 C and the  gauche to gauche process remained fast ,  
the  spectrum would consist of a singlet for the trans and a singfet for the two 
time-averaged gauche methyl peaks. I t  is also important t o  note  that i f  the  gauche 
t o  gauche process were slow at- 110.5'C and the gauche t o  trans equilibration were 
fast ,  the  total spectrum of the OCMe, group would be a singlet because the gauche 
t o  frans to gauche itinerary is sufficient t o  average the environments of all  the  
OCMez methyl groups. The observation of singlet peaks for 23 at -1 10.5' is also 
consistent with fast  rotation on the DNMR time-scale for the individual methyl 
groups of 23. The two small singlets of equal area at -1 10.5"C (Figure 3 )  are 
assigned to the two nonequivalent methyl groups of t h e  OCMez moiety in the two 
enantiomeric gauche rotamers (equation 4) and the larger singlet is assigned t o  the 
t w o  equivalent methyl groups in the trans form. Such assignments are unequivocal 
and allow studies of both the rate of c(2)-c(3) rotation as well as an accurate 
determination of  the equilibrium constant for the gauche to trans equilibrium as a 
function of temperature. Some interesting results came out of both types of study. 
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8.1.46 8 =I 04 

FIGURE 3. (a) Experimental ' H  DNMR spectra (60 MHz) of the OCMe, 
resonance of 23 (5% v/v in Cf4,CHCI). (b) Theoretical spectra assuming no 
gauche to gauche exchange (kgg and kq are the first-order rate constants 
respectively for thegauche to gauche and trans to gauche processes). (c) Theor- 
etical spectra incorporating eqwl  rates for gauche to gauche and trans to 
gauche processes. Reprinted with permission from C. Y. Wang and C. H. 
Bushweller, J. Amer. Chem. Soc., 99, 3 14 (1977). Copyright by the American 
Chemical Society. 

( a  1 ( b )  ( C  1 

With regard to  the  dynamics of C(:!)-C(3) rotation, the  best fits of theoretical 
to experimental  D N M R  spectra incorporated an effective rate constant of zero  for  
t h e  gauche to gouche  process and  the  spectra were fit accurately by  varying t h e  rate 
of t h e  gauche to trans equilibration (see Figure 3a and b). This does n o t  mean that 
t h e  rate of t h e  gauche  t o  gauche process is actually zero, bu t  on ly  tha t  t h e  process 
occurs a t  a significantly slower rate than t h e  gauche t o  fratis processes and therefore 
does  no t  cont r ibu te  to determining the  D N M R  line-shape. This observation indi- 
cates that  t h e  barrier to t h e  gauche to gauche process is higher (20.5 kcal/mol) 
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than the trans t o  &auche or gauche t o  trans processes. The transition state for the 
gauche t o  gauche interconversion in 23  involves a maximum number of eclipsings of 
vicinal polar substituents and a maximum number of eclipsings of bulky methyl 
groups (33), while the transition state for the gauche to  t r am process (e.g. 34) has a 

Me0 Br 

Me Me A M e  Me g:&Me Br 

(33) (34) 

minimum number of vicinal polar eclipsings and a minimum number of vicinal 
methyl-methyl eclipsings. Indeed, the dynamics of C ( Z ) - C ( ~ )  rotation in 23  
reflect the dynamics of the complete series 23-32, i.e. the barriers for the gauche 
t o  gauche processes are invariably higher than the trans to  gauche processes. 
Pertinent activation parameters for the detectable trans to gauche process are 
compiled in Table 6. The enthalpies of activation (AH*> for the tyaiis t o  gauche 
processes in 23-32 are all comparable (Table 6) revealing no significant substituent 
effects at least in this series. One other trend for compounds 23-32 is a negative 
entropy of activation (AS$) for the  t r a m  t o  gauche process (Table 6 )  con- 
sistent with increasing dipolar solvation of a transition state (e.g. 34) which has a 
higher dipole moment than the trans rotamer. 

As stated above, DNMR spectra such as those illustrated in Figure 3 allow the 
measurement of the gauche t o  frans equilibrium constant in compounds 23-32 as a 
function of solvent and temperature thus giving AHo and ASo values for this 
equilibrium (Table 7). In perusing Table 7 ,  it must be realized that these thermo- 
dynamic parameters refer to the liquid phase and probably do not reflect accurately 
gas-phase con formational preferences. The increased dielectric constant of the 
liquid phase usually leads to an increase in the concentration of more polar 
rotamers, i.e. gauche forms, due to  increased dipolar solvation. Keeping this trend 
in mind, an examination of the solution data in Table 7 shows theguuche rotamer 
to be at lower enthulpy ( A H o )  than the trans in every instance including two 
different solvents for compounds 23 and 24. However, entropy values [AS0; 
corrected for the statistical preference for the gauche (R In 2 ) ]  show the trans to  

TABLE 6. Activation parameters Tor the trum to gumhe rate process in 23-32 

AGS(kcal/rnol, 
Compound Mf *(kcal/mol) ASS (e.".) - 80" C) 

23 
24 
25 
26 
27 
28 
29 
30 
31 
32 

8.7 f 0.Y 
8.6 f O.G' 
8.1 f 0.8" 
7.9 f 0.9" 
8.7 _+ 0.5" 
7.8 f 0.8" 
8 . 9 i  0.3b 
8.2 f 0.5b 
8.5 f 0.6" 
8.6 i 0.8" 

-6.3 f 1.0 
-5.9 f 2.0 
-9.9 f 5.0 

-10.0 _+ 5.0 
-6.4 i 3.0 

-10.0 5 4.0 
-4.6 f 2.0 
-4.0 i 2.0 
-7.8 _+ 4.0 
-1.7 + 4.0 

10.0 f 0.1 
9.8 f 0.1 

10.0 i 0.1 
9.8 i 0.1 

10.0 _+ 0.1 
9.7 i 0.1 
9.8 f 0.1 
8.9 f 0.1 

10.0 f 0.1 
8.9 2 0.1 

aSolvent: CI-I, CI-ICI. 
bsolvcnt: CBrF,. 
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TABLE 7. Thermodynamic parameters for gauche to traits equilibrationu 

Solvent AGO (kcaI/mol, 
Compound (% solute, v/V) A H o  (kcal/mol) ASo (e.u.) -1lOOC) 

-0.14 c 0.02 
CBrF, (5) 0.50 f 0.04 5.0 f 0.2 -0.38 f 0.02 

24 CN,CHC1(3) 0.52 c 0.05 5.4 f 0.2 -0.36 f 0.02 
CBrF, (5) 0.24 c 0.05 4.6 f 0.2 -0.50 f 0.02 

25 CH,CHCl(5) -0.34 f 0.04 
26 CH,CHCl(5) -0.56 f 0.04 

28 CH, CHCl(5) 0.72 f 0.04 5.9 f 0.4 -0.24 f 0.02 
29 CBrF, (5) 0.49 f 0.04 5.5 f 0.3 -0.41 2 0.02 
30 CBrF, (5) 0.42 t 0.05 4.6 f 0.2 -0.33 f 0.02 
31 CI-I,CHCl(S) 0.40 t 0.02 5.3 c 0.4 -0.47 c 0.02 
32 CI-I,CHCl(S) 0.30 _+ 0.10 4.3 f 0.6 -0.40 f 0.04 

23 CH, CHCl(3) 0.89 f 0.06 6.3 f 0.1 

27 CH,CHCl(S) 0.75 f 0.03 5.2 f 0.4 -0.10 f 0.02 

uCorrected for statistical preference for gauche; Ke, = [trarzs] /[gauche) . 

be invariably higher in entropy than the gauche. AGO values calculated at -1 10°C 
(Table 7) show a preference in terms of free energy for the trans. It is noteworthy 
that the TaSo term which' favours the trans is large enough to  overcome the 
enthalpy (m0) preference for the gauche at these temperatures (Table 7). Thus, 
the rrans rotamer prevails at equilibrium. In addition, the solvent dependence of the 
hH0 values for 23 and 24 in CH2CHC1(p = 1.45 D )  and CBrF3 ( p  = 0.65 D) ,  and 
the general trend in ASo values speak for increased dipolar solvation of the more 
polar gauche rotamer as compared to the trans. Therefore, in studying systems 
analogous t o  23-32 one must be cognizant of the possibility that gauche forms 
may be at lower enthalpy than trans rotamers and that solvent polarity can play a 
role in conformational preference. 

B. Inversion a t  Oxygen and Sulphur 

For a simple molecule such as dimethyl ether (CH30CH3), one can envisage an 
inversion process at oxygen illustrated in equation (5).  The process involves a 
concerted inversion and rotation involving an sp3 t o  sp2 coonversion at oxygen in 
the transition state and in the case o f  equation (5) a net 60 clockwise rotation of 
methyl with each completed inversion. The process is strictly analogous to the 

etc. - "&e 
H 
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inversion-rotation process in tertiary amines (Bushweller, Anderson, Stevenson and 
O'Neil 1975). However, it should be noted that a simple rotation of methyl is also 
sufficient t o  achieve the same net change in environments for the methyl protons 
(equation 6). Indeed, it is apparent that the barrier to simple rotation (equation 6)  

H' H 

is significantly lower than that for inversion at  oxygen (e.g. equation 5 )  and that 
the preferred route for stereomutation about a C-0 bond involves simple rotation 
(Truax and Wieser 1976). 

Complexation of one of the lone pairs on oxygen by a Lewis acid produces a 
tricoordinate oxygen species isoelectronic with an amine. The subject of inversion 
at nitrogen, phosphorus and other tricoordinate centres has been reviewed by 
several authors (Lambert 1971; Rauk, Allen and Mislow 1970; Lehn 1970). A 
pyramidal geometry at  tricoordinate oxygen has been established by X-ray crystal- 
lographic studies of  H 3 0  'C1- in the solid (Yoon and Carpenter 1959). In principle, 
one could utilize the diastereotopic nature of the methylene protons in acyclic 
trialkyloxonium salts such as 35 t o  study the inversion-rotation process (e.g. 

0 
R C H z  'CH, R 

/ 1'1111 Me 
0, 

R C H Z  / O V  CHZR Me 

(35) (36) 

equation 7) using ' H DNMR spectroscopy. As a result of the specific inversion- 
rotation illustrated in equation (7), as well as many other such processes not 

etc. - Me4F:"R H 

illustrated, the two me thylene protons can swap environments. Thus, this process is 
detectable by the DNMR method, at least in principle. However, there have been no 
reports of a DNMR measurement of the rate of inversion in an acyclic trialkyl- 
oxoiiium ion although the barrier to nitrogen inversion in dibenzylmethylamine 
( 3 6 ,  R = Ph) has been measured (AH$ = 7.2 kcal/mol, AS$ = 4 e.u., ACS = 
6.6 kcal/mol at -141°C; BushweZler, O'Neil and Bilofsky 1972). The  implication 
from this situation is that the barrier to inversion in trialkyloxonium ions may be 
lower than that in trialkylamines. This contention is supported by a DNMR study 
of the ring protons of 1-alkyloxiranium tetrafluoroborates (equation 8; R = Me, Et, 
i-Pr) for which a barrier (E,)  to inversion at oxygen of 10 2 2 kcal/mol was 
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R 

measured. This barrier is to  be compared to the barrier to  nitrogen inversion in 
N-ethylaziridine (AG$ ,= 19.4 kcal/mol at 108°C; Bottini and Roberts 1958) or  
N-t-butylaziridine (ACT = 17.0 kcal/mol at  50°C; Brois 1967). The substantial 
reduction (7-9 kcal/mol) in the barrier t o  inversion in 1-alkyloxiranium ions as 
compared to  N-alkylaziridines suggests that stereomutation at tricoordinate oxygen 
is much more facile than at tricoordinate nitrogen. It is noteworthy in this regazd 
that alkyloxonium salts of oxacyclohexane show no DNMR effect down to -70 C 
consistent with fast oxygen inversion at this temperature. It is apparent that 
substantial angle strain in the transition state for inversion in the oxiranium salts 
(sp2 -hydridized oxygen) retards inversion effectively as compared to  the larger 
rings. 

In another report, the methylene protons of the ethyl group of the benzyl ethoyl 
ether boron trifluoride complex (37)  were observed to  be nonequivalent at -65 C 
(Brownstein 1976). This observation is consistent with a pyramidal geometry a t  
oxygen and slow inversion at  oxygen with the expected diastereotopic methylene 
protons. From an analysis of changes in the 'H DNMR spectra of 37, AH$ 
= 4.1 * 0.3 kcal/mol. At the temperatures of interest in this report (-65°C and 
above), this AH* value is associated with a ASr of about -30 e.u. for the rate 

(37) 

process observed and seems a bit large to  be associated with a simple inversion 
process. The author of the paper states that  the observed process must be assigned 
to inversion rather than a BF3 exchange involving oxygen-boron bond cleavage, 
because only one type of complex is observed in the NMR spectrum. However, it is 
quite possible that a bi?nolecular transfer of BF3 from one complex t o  another 
leading t o  net inversion at  both oxygens could be occurring (Beall and Bushweller 
1973). This kind of bimolecular rate process would indeed 1;ave a large negative 
AS* value. Thus, while the ' H  DNMR spectrum of 37 at -65 C is consistent with 
slow inversion at oxygen, the activation parameters determined for 37 may not be 
associated with a simple inversion process but with some other chemical exchange 
process. However, i t  is apparent that the  barrier t o  inversion at oxygen in 37 is 
higher than that in systems such as 35. LCAO-MO-SCF calculations indicate that 
the hydrosulphonium ion (H3S+) is pyramidal and the barrier t o  inversion is about 
30 kcal/mol (Kauk, Andose, Frick, Tang and Mislow 1971). Indeed, appropriate 
trialkylsulphonium ions can be resolved into enantiomers and have barriers t o  
inversion in the range of 26-29 kcal/mol (Scartazzini and Mislow 1967). Evidence 
for hindered inversion at  sulphur has been obtained for the diethyl sulphide- 
borane complex (Coyle and Stone 196 1) and dibenzyl sulphide-platinum chloride 
complexes (Haake and Turley 1967). 
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111. CYCLIC SYSTEMS 

A. Perfluorotetramethyl Dewar Thiophene and the exo-S-oxide Derivative 

Some interesting stereodynamical behaviour has been observed recently for two 
compounds which do not fit into any general category pertinent t o  this review. 
These two compounds will be discussed separately in this short section. 

Since perfluorotetramethyl Dewar thiophene (38) is the only known Dewar 
isomer of a thiophene, i t  is an interesting compound from a structural viewpoint 
(Ross, Seiders and Lemal 1976). Indeed, I 9 F  DNMR studies of 38 and its exo-S- 

(38) (391 

oxide (39) reveal a marked difference in dynamical behaviour. The 19F DNMR 
spectrum (56.4 MHz) of 38 ( 1 . 0 ~  in 1,2,4-trichlorobenzene) at 94OC consists of 
two quartets separated by 2.89 p.p.m. ( ' J F F  = 2 Hz)  as expected (Figure 4;  
Bushweller, Ross, and Lemal 1977). When the temperature is raised, the spectrum 
undergoes broadening and is coalesced near 1 9OoC consistent with an increasing 
rate of exchange of trifluoromethyl groups among four sites (equation 9; X = lone 

pair). Activation parameters for automerization of 38 determined from complete 
9 F  DNMR line-shape analyses are A H $  = 18.8 f 0.3 kcal/mol, AS* = -7.7 +- 0.8 

e.u. and AG* = 22.1 0.1 kcal/mol at  157OC. In contrast the 9 F  DNMR 
spectrum of 39 (1.6M in 80% CHCl,F/20% CHCIF2, v/v) is a sharp singlet even at 
-79°C. At - 108OC, the spectrum begins to broaden and is separated at  - 160°C 
in to  two broad apparent singlets separated by 2.82 p.p.m. 9 F  DNMR line-shape 
analyses for 39 gave &I* = 6.6 f 0.2 kca!/mol, AS$ = -0.5 * 0.6 e.u. and AG* 
6 .7  +- 0.1 kcal/mol at -136OC for automerization of 39 (equation 9 ;  X = oxygen). 
The nature of the F DNMR spectra for 38 and 39 do not allow a distinction to 
be made between a dynamical pathway involving a stepwise 'hopping' of the 
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189°C k = 285 s-' -- --_ 
182°C 200 -- 
173OC 120 
-A 

94" c 

-- 
.2.89ppm.  

( b )  
FIGURE 4. (a) Experimental I I: DNMR spec- 
tra (56.4 MI-lz) of 38 (1.OM in 1,2,4-trichloro- 
benzene) a t  various temperatures, and (b) theor- 
etical DNMR spectra calculated using a twesi te  
exchange model with a trifluoromethyl group at 
each site and ' J F F  = 2 Hz ( k  = fist-order rate con- 
stant for disappearance of a trifluoromethyl group 
from one site). Reprinted with permission from 
C. H .  Bushweller, J .  A .  Ross and D. M. Lemal, J. 
Amer. Cliem. Soc., 99, 630 (1977). Copyright by 
the American Chemical Society. 

sulphur about the ring in 38 or 39 and a pathway involving a common intermediate 
such as the structure 40 having C4" symmetry. Although the currently available 
D N M R  data d o  not allow an incisive mechanistic picture for automerization of 38 
and 39, it is clear that  conversion of the sulphide (38) t o  the sulphoxide (39) leads 



234 C. Hackett Bushweller and Michael 13. Gianni 

X 
I 

X = lone pair 
F 3 f ’ p F 3  or oxygen 

F 3 C  CF3 

(40 1 

t o  a dramatic lowering (AAHf = 12.2 kcal/mol) of the barrier to conformational 
exchange. 

8. Monosubstituted Cyclohexanes having Oxygen or Sulphur Substituents 

Many different methods have been used to  assess the steric requirements of a 
variety of substituents. One type of NMR technique involves a direct measurement 
of the axial-equatorial ratio in monosubstituted cyclohexanes under conditions of 
slow ring reversal on the DNMR time-scale (Table 8). In the axial conformation 
(Table 8) the substituent (X) experiences two gauclze-butane-type repulsions which 
are relieved in the equatorial form. In general, there exists a preference for the 
equatorial form (Jensen and Bushweller 197’7). The type of data obtained can be 
illustrated for trideuteriomethyl cyclohexyl ether in its axial (41) and equatorial 

TABLE 8. Axial versus equatorial conformational 
preferences in monosubstituted cyclohexanes at  
- 80°C“ 

~ 

X AGO (kcal/mol) 

-OH (3M) 
-om, 
-oso,c, H,CIf, 
-OSO,CI-I, 
-0Cf-l 

I1 
0 

-0cCI-I, 
II 
0 

-SH (2M) 
-SCD, 
- SCN 
-rco 

-CH3 

-NCS 
-ND, 

-1.08 
-0.55 
-0.52b 
-0.56b 
-0.59 

-0.71 

-1.20 
-1.0.7 
-1.23 
-0.51 
- 0.28 
-- 1.2c 
-l.gd 

nSolvent: CS, unless otherwise indicated. 

CSolvent: pyridine/CH,CHCI. 
dNeatat-llO”C. 

 solvent: CS,/CDCI,. 
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(42) forms. Under conditions of fast ring-flip (on the DNMR time-scale) between 
41 and 42, the HCO ring methine proton gives one time-averaged muitiplet at 

(41 1 (42) 
6 = '$50. At lower temperatures, the HCO resonance broadens and is separated at 
-80 C into two resonances of unequal area at  6 = 2.92 and 6 = 3.34 (Figure 5a). 
Based on the well-established relationship between vincinal proton-proton coup- 
ling constants and dihedral angle, the resonance at 6 = 3.34 can be assigned 
unequivocally to  the equatorial methine proton of 41 (axial methoxy). The methine 

( b )  

8.3'34 6~2.92 

- 80" C 

FIGURE 5 .  (a) The  ' H DNMR spectrum (100 MHz) of the HCO 
proton of trideuteriomethyl cyclohexyl ether a t  -80°C in CS,. 
(b) The I H DNhlR spectrum (100 MHz) of the HCS proton of 
trideuteriornethylcyclohexyl thioether at -80°C in CS2.  
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proton of 41 will be coupled relatively weakly to  the two vicinal equatorial protons 
(He 0 f 4 1 ; ~ J =  1-3 Hz)and to the two  vicinal axialprotons (Ha of 41; 3J = 3-5 Hz). 
The net result is a broad unresolved singlet resulting from overlap of many closely- 
spaced lines. The larger more resolved resonance at 6 = 2.92 (Figure 5a) also can be 
assigned unequivocally to  the axial methine proton resonance of 4 2  (equatorial 
methoxy). While the  axial methine proton of 42 will also be coupled weakly t o  the  
two vicinal equatorial protons ( 3 J  = 3-5 Hz), it will be coupled strongly to  the two 
vicinal axial protons ( 3 J  = 10- 13  Hz). The net result of this coupling pattern is 
essentially a resolved slightly overlapping triplet of triplets as observed for the 
resonance at 6 = 2.92 in Figure 5a. I t  is a simple matter t o  integrate the areas under 
the two resonances at  -8OOC (Figure 5a) and obtain the axial versus equatorial 
equilibrium constant directly. It is interesting to  compare the HCO spectrum of the 
trideuteriomethoxycyclohexyl ether at -8OOC (Figure 5a) to the  HCS spectrum of 
the  sulphur analogue (Figure Sb). The  peak at 6 = 2.93 is assigned to  the equatorial 
HCS proton (axial sulphur) and is clearly of a lower relative intensity than the 
equatorial HCO resonance of the ether (4 1) indicating a greater preference of sulphur 
for the equatorial conformer. 

This ‘ H  DNMR technique has been used to  measure the axial versus equatonal 
conformational preference in several monosubstituted cyclohexanes having sulphur 
or oxygen bonded to the cyclohexane ring (Tabie 8;  Jensen, Bushweller and Beck 
1969). The AGO vaLue for methyl in Table 8 was obtained using I3C DNMR 
spectroscopy at  -80 C (Anet, Bradley and Buchanan 197 1). Other than hydroxyl,  
the conformational preferences of oxygen-containing substituents for the equatorial 
conformer are very similar and in a range of 0.52 to 0.71 kcal/mol. The substan- 
tially larger preference of hydroxyl for the equatorial position can be ascribed to  
aggregation via hydrogen bonding and this preference is solvent-dependen t as 
determined by ‘ H  DNMR measurements at  about -80 C (Bushweller, Beach, 
O’Neil and Rao 1970). I n  contrast t o  the hydrogen-bonded value for hydroxyl in 
Table 8, an estimate of the AGO value for  nonhydrogen-bonded hydroxyl is 
-0.6 kcal/mol (Hirsch 1967). A comparison of the oxygen-containing functionalities 
with the sulphur-containing groups (Table 8;  -SH, -SCD3, --SCN) reveals sulphur 
to  be ‘larger’ than oxygen consistent with trends in van der Waals’ radii. It is 
apparent also that the conformational preference of sulphydryl is not significantly 
solvent- o r  concentration-dependent as expected from a weakly hydrogen-bonded 
system. The large preference of the deutenoamino group for the equatorial form 
must be ascribed in part to  intramolecular hydrogen bonding (Bushweller, 
Yesowitch and Bissett 1972). 

It is interesting to  compare the isocyanate and isothiocyanate groups in Table 8. 
The substantially lower conformational preference of isothiocyanate for the equa- 
torial form as compared to  isocyanate speaks for increased sp character a t  nitrogen 
(e.g. 43) in the isothiocyanate, increased cylindrical symmetry and a resultant 
lower conformational size (Jensen, Bushweller and Beck 1969). 

(4 3) 

Finally, as part of this type of research it should be nzted that i t  has been 
possible to  isolate it2 solution a t  very low temperatures (- 150 C) the conformation- 
ally pure equatorial form of trideuteriomethyl cyclohexyl ether (Jensen and 
Bushweller 1969). 
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C. Oxacyclohexanes and the Anomeric Effect 

The presence of a heteroatom in a six-membered ring invariably causes distortion 
of the ring as compared to cyclohexane and affects con formational preferences and 
ring inversion processes. 

The R-value method (Lambert 1967; Lambert, Keske and Weary 1967) uses 
vicinal 'H  NMR coupling constants t o  probe three types of six-membered ring 
conformation: an 'ideal' chair (44; e.g. cyclohexane), a conformation in which the 
equatorial hydrogens (He)  are pushed more closely together than in cyclohexane 
(45), and a conformation for which the equatorial hydrogens are further apart than 
in cyclohexane (46). The R-value reflects changes in dihedral angles (see 44, 45,46) 

H H 

H 

YfHe H 

(46) 

and is defined as the ratio of the time-averaged Jcis and the time-averaged Jtrans for 
vicinal hydrogens in six-membered rings. Conformations of type 44 are represented 
by an R value of 2, conformations of type 45 have R values which are greater than 2, 
and conformations of type 46 have R values smaller than 2 .  

Oxacyclohexane exists as a slightly flattened chair conformation as evidenced by 
i ts  R-value of 1.9 (Lambert 1967; Romers, Altona, Buys and Havinga 1969). 
The oxygen n-electrons are distributed so that the oxygen is approximately tetra- 
hedral (Hoffman, David, Eisenstein, Hehre and Salem 1973) and, except for the 
short carbon-oxygen bond ( 1.4 1 8) compared to  the carbon-carbon bond 
( 1.54 A), the  molecule resembles cyclohexane in geometry. 

The dynamics of the chair-to-chair ring-reversal process in oxacyclohexane 
(equation 10) are very similar to cyclohexane. An ' H  DNMR study of oxzcyclo- 
hexane-3,3,5,5-d4 gave a AGS for ring-reversal of 10.3 kcal/mol at -61 C and 

E ,  = 10.7 * 0.5 kcal/mol (Lambert, Keske and Weary 1967). These values are very 
similar t o  the analogous parameters in cyclohexane for which AH* 
= 1 5 8  ? 0.1 kcal/mol, AS* = 2.8 * 0.5 e.u. and AGZ = 10.2 * 0.1 kcal/mol a t  
-65 C (Anet and Bourn 1967). 

The influence of the ring oxygen on conformational preference is readily demon- 
strated. The AGO for the axial to equatorial equilibrium in cyclohexanol is about 
- 1 .O kcal/mol (Table 8) indicating preference for an equatorial hydroxyl group, 
whereas 3-oxacyclohexanol exists as a 50/50 mixture of axial and equatorial 
conformers with the axial hydroxyl group hydrogen-bonded to the ring oxygen as 
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illustrated in equation ( 1  1) (Barker, Brimacombe, Foster, Whiffen and Zweifel 
1959). In an analogous situation, a preference for the axial position (AGO = 
-0.41 kcal/mol) is also shown by the hydroxyl group in 5-hydroxy-l,3-diox- 
acyclohexane (Riddell 1967). 

Oxacyclohexanes substituted in the 2-position with electronegative groups have 
received the greatest amount of attention because electronegative groups were 
found to prefer the axial position and in some cases, the preference was greater 
than 95% (Romers, Altona, Buys and Havinga 1969). The ring in the 2-halo-substi- 
tuted oxacyclohexanes is flatter than the unsubstituted ring and the carbon- 
halogen bond is longer than the same bond in chlorocyclohexane. The carbon- 
halogen bond in the axial form is also somewhat bent away from the ring so that 
1,3-syn-axial interactions are not  as severe as in the corresponding cyclohexanes. 
Table 9 lists conformational free energy values, determined from coupling constant 
data, for a series of 2-alkoxyoxacyclohexanes (Pierson and Rumquist 1968). The 
data indicate that all 2-alkoxy groups prefer the axial position. 'This size of the R 
group makes only a minor change in the percentage of axial conformer probably 
because the  alkyl-part of the group is quite distant from the syn-axial hydrogens. As 
the  group R increases in electronegativity there is also a greater preference for the 
axial position. 

Equilibration studies (Booth and Ouellette 1966; Anderson and Sepp 1964; 
Anderson and Gibson 1967) on the  2-R-4-methyloxacyclohexanes also indicates a 
preference for the 2-axial position when R is electronegative (Table 10). There is a 
substantial solvent effect for t he  2-methoxy derivative; AGO as defined in Table 10 
is 0.34 kcal/mol in methanol, 0.7 1 kcal/mol in dioxane and 0.65 kcal/mol in acetic 
acid, suggesting that more polar solvents stabilize the equatorial conformation, The 

TABLE 9. Conformational free energies for 
2-alkosyosacyclohesaes a t  38°C (Pierson 
and Rumquist 1968) 

R AGO (kcal/mol) 

H 
M e  
Et 
i-Pr 
c- 13u 
PI1 

CICH CH 2 
CI, CIICH, 
c1, CCH, 
F, CCH 

0.75 
0.58 
0.47 
0.42 
0.3 1 
0.90 
0.75 
1.2 
1.8 
1.5 
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TABLE 10. Conformational free energies for 
2-R-4-Methyloxacyclohexmes (Boot11 and 
Ouellette 1966; Anderson and Sepp 1964; 
Anderson and Gibson 1967) 

OMe 0.34(3 8" C) 
OAc 0.65(38"C) 
c1 2.1 5(3 8" C) 
Br 2.7 (38°C) 
COOMe -1.62(25"C) 

value of acetoxy is smaller for the oxacyclohexanes than for the sugars. Equi- 
libration of pentaacetyl-a-D-glucose and p-D-glucose reveals a 1.1 kcal/mol prefer- 
ence of the  2-acetoxy group for the axial position (equation 12). 

Equilibration studies for a series of methyl-substituted oxacyclohexanes indicate 
that the methyl group generally prefers the equatorial position (Anderson and Sepp 
1964). 

Table 1 1 gives conformational free energies for some 2-carbomethoxy-X- 
alkyloxacyclohexanes and Table 12 gives a summary of conformational free energy 
values for substituted cyclohexanes 

AcOCH2 wc 
AcO 

AcO 

for purposes of comparison now and later. 
OAc 

ACd 

(1  2) 

Equilibration of 2-carbomethoxy-6-t-butyloxacyclohexane with base in methanol 
gave a AGO value of - 1.22 kcal/mol (Table 1 1)  indicating a stronger preference of 
carbomethoxy for the equatorial position than for the corresponding cyclohexane 

TABLE 11. Conformational free energies for Zcarbomethoxy-X-alkyl- 
oxacyclohexanes at 25°C (Anderson and Sepp 1964) 

equatorial 

r----/-o 
" \ d C  0 M e c__ 

__c 

C02Me 

R AGO (kcal/mol)a 

4-hl c -1.70 
5-Me -1.27 
6-Mc -1.70 
6-Pr-i -1.62 

aFor epimcrization. 
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TABLE 12. Conformational free energies for some substituted cyclo- 
hesanes (Hirsh 1967; Jensen and Bushwellcr 1971) 

R 
I 

R AGO (kcal/mol) R AGO (kcal/mol) 
~ ~~ 

OH -1.0 F -0.25 
OM e -0.56 c1 -0.53 
SM e -1.07 Br -0.48 
SI-I -0.90 C N  -0.25 
M e  -1.70 coo - -1.96 
Et -1.75 Ac -1.31 
i-Pr -2.15 COOMe -1.1 
t-Bu -4.4 OEt -0.9 
Ph -3.0 CH, OH -1.65 
HC=C -0.41 CH, OMe - 1.40 
OAc -0.60 NO2 -1.05 
NI-1, -1.20 SOMe -1.9 

SO, hle -2.5 

(Table 12). The smaller AGO value for the  5-methyl derivative (Table 11) reflects a 
reduced interaction between an axial methyl group and the oxygen which is 
apparently sterically ‘smaller’ than the methylene group in cyclohexane. 

T h e  preference of electronegative groups for  the axial position in 2-substituted 
oxacyclohexanes is a manifestation of the anonzeric effect. First discussed by 
Edward (Edward 1955; Edward, Morand and Pushas 1961) and rationalized by 
Lemieux (1964),  the anomeric effect refers t o  the ‘tendency of electronegative 
substituents at  an anomeric centre (C(1)) of a pyranose ring t o  exhibit a greater 
preference for the axial over the equatorial position than it does in cyclohexane’ 
(Wolfe and Rauk 1971). 

It was fortuitous and perhaps unfortunate that conformational analysis had its 
beginnings in carbocyclic rather than heterocyclic ring systems. Conformational 
preferences were rationalized in carbocyclic systems on the basis of ‘effective size’ 
and n-butane was used properly as a model for alkylcyclohexanes. In those 
instances in which unexpectedly low values of con formational free energies were 
found, as in bromocyclohexane, rationales were invoked based on the  sof t  outer 
electron cloud for bromine and a long carbon-bromine bond. It is no t  surprising 
that the stronger axial preference of the anomeric hydroxyl in the pyranose sugars 
as compared to cyclohexanol (Table 12) was looked upon as a special effect  since 
no  argument which pertained to size could be sustained. I t  is now becoming 
increasingly clear that the special effect is in fact norinal for carbocychc systems 
with electronegative substituents and heterocyclic systems with electronegative ring 
atoms and/or substituents. 

A major difficulty with the anomeric effect is an inability t o  create a clear 
physical picture for the phenomenon. T h e  advent of machine calculations has made 
quantum mechanical explanations possible, but  even those models are  often in 
conflict. The recognition of what constitutes the anomeric effect has been extended 
beyond rings which contain two electronegative atoms attached t o  the same carbon. 
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The terms ‘generalized anomeric effect’ (Eliel 1972; Booth and Lemieux 1971), 
‘Edward-Lemieux effect’ (Wolfe and Rauk 197 1) and ‘gauche effect’ (Wolfe 1972) 
have all been applied t o  the general phenomenon. Early ideas defined the origin of 
the phenomenon as an electrostatic interaction between the C(5 1-0 ring bond and 
the C(l )-OR bond of a pyranose structure. 

An important simple model system for these studies has been dimethoxy- 
methane discussed previously in the section on acyclic molecules. This system is 
analogous to  the n-butane ant i  (47) and gauche (48) conformations used so exten- 
sively as models in cyclohexane studies. The initial surprise was that thegauche 
conformation 50 is preferred over the anti conformation 49, whereas the n-butane 
anti conformation 47 is preferred over thegauche conformation 48. Accordingly, the 
anomeric effect corresponds to  a ‘destabilization of a conformation (e.g. 49) which 
places a polar bond between two electron pairs’. A model for 2-chlorooxacyclo- 
hexane is chloromethyl methyl ether (Anet and Yavari 1977) discussed previously 
in the section on acyclic molecules. 

H$z H Me :+:e Me 

(47) (48) 

Me .. 

I 
OMe 

(49 ) ( 5 0 )  

A more general statement of the anomeric effect is broadened t o  include a 
description of the effect on both static and dynamic stereochemistry as a result of 
having adjacent electron pairs, adjacent polar bonds or electron pairs adjacent t o  
polar bonds in a molecule. Two general rules are proposed (Wolfe 1972): (1) 
‘electron pair-electron pair, electron pair-polar bond, or polar bond-polar bond 
interactions cause a significant increase in the rotation-inversion barriers of atoms 
bearing these substituents’; (2) ‘when electron pairs or polar bonds are placed or  
generated on adjacent pyramidal atoms, syiz or  anti penplanar orientations are 
disfavoured energetically with respect t o  that structure which contains the maxi- 
mum number of gauclze interactions’. Rule (1) describes the dynamic properties of 
these systems and can be used to  predict inversion pathways. For example, the 
energies for conformers 5 1 and 52 of fluoromethanol are calculated theoretically to  
be 12.6 and 8.25 kcal/mol above 53 which is the preferred conformation (Wolfe 
1972). Conformations 5 1  and 5 2  are in fact potential maxima during rotation 
about the C-0 bond. 

H F H  



24 2 C. Nackett Bushweller and Michael H. Gianni 

H 

(53) 

Rule (2) describes the thermodynamic properties of the system and so provides a 
rationale for con formational preferences. This rule is applicable to the report that 
bis-l,3-dioxacyclopentane adopts the gauche conformation 54 and that dimethoxy- 
methane prefers the gauche conformation (50;  see also 3). 

(54) 
Current interest in the physical origin of the anomeric effect is mainly the  result 

of new capabilities for performing machine calculations and increasing confidence 
in molecular quantum mechanical calculations. Wolfe utilizes a model for which the 
total energy is a balance between attractive and repulsive forces and treats the 
system in terms of the interaction of bonded electron pairs and suggests that  the 
nonbonded electrons on oxygen are essentially nondirectional and have no  role 
other than to  create a constant potential field through which the bonding electron 
pairs can move. He concludes that ‘the physical origin of the Edward-Lemieux 
effect cannot be ascribed in any straightforward way to coulombic (dipole-dipole) 
interactions’. Altona (1964) suggests that  donation from the axial lone pair of the 
ring oxygen into the C(11-X antibonding orbital stabilizes the axial conformation. 
A visual model of such an idea is described as double bond - no bond resonance 
(see 5 5 ;  Bailey and Eliel 1974). 

R 
R e 

(55) 

Baddeley suggested a description of the anomeric effect which is useful as a model 
with which to  make predictions (Baddeley 1973): 

‘In each of the pairs of atoms Aa and l3b of the molecule 56, the larger 
amplitude of bonding orbital character is on the more electronegative atom 
and the larger amplitude of antibonding character on the less electronegative 
atom. Consequently, as shown in 57 which represents a system in which a i s  
anti t o  b and the electronegativities of the atoms are in the order a >  A and 
B > b, the best combination for an energy-lowering orbital interaction of the 
Bb bond and the unoccupied Aa antibonding orbital appears to  involve the 
most electronegative ligand of A and the most electropositive ligand of B. The 
magnitude of this second-order stabilization will depend on the difference in 
energy between these two orbitals and the extent to which they overlap. The 
interaction will lower the electron density at b, increase the bonding A t o  B, 
partially neutralize the bond A-a and give preference to  the configuration or  
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conformation which has the  most elecropositive ligand (or lone pair of 
electrons) on B anti  t o  the most electronegative ligand of A. Conversely, 
preference will be given to the most electropositive ligand of A being anti  t o  
the most electronegative ligand of B. These preferences have the same 
stereochemical implication as though given to placing the most electro- 
negative (or electropositive) ligands of A gauche t o  the most electronegative 
(or electropositive) ligands of B. . . .’ 

(56)  
0 

(57) 

Gorenstein and Kar (1 977) show by calculation that the 0-C-0 bond angle and 
the C-0 torsional angle are coupled, i.e. the bond angle changes as the torsional 
angle changes. They caution that the prediction of torsional angles and calculation 
of barriers t o  internal rotation are sensitive to the initial choice of bond angle. For 
example, either a gauche-gauche or a gauche-trans conformation calculates to be 
of minimum energy for dimetlioxymethane depending on the choice of bond angle 
for the 0-C-0 moiety. The coupling of the 0-C-0 bond angle to the C-0 
torsional angle plays an important role in optimizing energy. These calculations 
indicate that bond-bond interactions largely determine stereochemistry and that 
lone pair-lone pair effects are n o t  responsible for the origin of the anomeric effect. 

Others (Eliel, Kandasamy and Sechrest 1977; Kaloustian, Dennis, Mager, Evans, 
Alcudia and Eliel 1976) indicate that the Wolfe  nulcear-electron attraction model 
and a classical electrostatic repulsion model both may be important in the anomeric 
effect each applicable more or less under different circumstances. Data from the 
study of solvent effects on the 1,3-dioxacyclohexanes with polar substituents at  
C!s) are rationalized on the basis of dipole-dipole interactions and solvation 
effects. Machine calculations d o  not  at this time have the ability to  predict the 
effect of solvent for these relatively large molecular systems and i t  is clear that a 
change in solvent can indeed affect conformational preferences. 

However, the contribution that machine computations can make to  our under- 
standing of the origins of effects such as those discussed above is extremely 
important. I t  is generally held that those predictions which can be made from 
mathematical models are to be given the most confidence. There is however some 
reason for caution. All machine computation programs must incorporate assump- 
tions which may or may not be critical in nature, e.g. the  coupling of torsional angle 
and bond angle. The fact that  the  computations duplicate experimental data does 
not necessarily constitute best model knowledge and a continuing effort to  develop 
more incisive theoretical approaches is required. 

D. Dihydropyran 

Analogous to  cyclohexene, dihydropyran would be expected t o  adopt a half- 
chair geometry and be capable of undergoing a half-chair to half-chair inter- 
conversion (equation 13). Indeed, the rate of this process has been measured using 
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' H  DNMR spectroscopy and the AG2 value at -14OoC is 6.6 * 0.3 kcal/mol 
(Bushweller and O'Neil 1969). The rate of this half-chair ring-reversal process 
is slightly slower than the analogous process in cyclohexene (AG* 
= 5.4 f 0.1 kcal/mol at -165OC; Jensen and Bushweller 1969b), but substantially 
faster than the chair "reversal process in oxacyclohexane (equation 10;  AG $ 
= 10.3 kcal/mol at  -6 1 C; Lambert, Keske and Weary 1967). 

E. Thiacyclohexanes 

Thiacyclohexane has an R-value of 2.6, indicating that it is distorted so as to 
push the syn-axial hydrogens closer together than in cyclohexane. The long carbon 
to sulphur bond (1.81 a) spreads the molecule apart, while a C-S-C bond angle of 
100" pushes the sulphur more out of the plane of the four carbon atoms than the 
corresponding carbon in cyclohexane (Kalff and Romers 1966). When the sulphur is 
protonated the X-value drops t o  2.2 and the conformation is more like that of 
cyclohexane. The barrier for chair-to-chair ring reversal in thiacyclo- 
hexane-3,3,5,5-d4 has been determined by H DNMR spectroscopy (AGZ = 9.4 
kcal/mol at  -81OC; Lambert, Keske and Weary 1967). 

C NMR spectra have been used to  determine conformational 
preferences for a series of methyl-substituted thiacyclohexanes (Willer and Eliel 
1977). These data are presented in Table 13. From perusal of Table 13, it is evident 
that the steric requirements for a methyl group a t  the 4-position of thiacyclohexane 
and for the methyl group in methylcyclohexane (AGO = -1.7 kcal/mol) are very 
much alike as indicated by very similar AGO values. The preferences of the  methyl 
group for the equatorial position at the 2- and 3-positions of thiacyclohexane are 
somewhat smaller than the analogous value for methylcyclohexane. This is at- 
tributed t o  the absence of hydrogens on sulphur and an elongated CH3-C-S-C 
gauclze interaction. 

The energy difference between the two conformers of cis-2,3-dimethyl- 
thiacyclohexane (-0.16 kcal/mol) and between the conformers of cis-3,4,- 
dimethylthiacyclohexane (-0.60 kcal/mol) in Table 13 is in contrast to the fact 
that the  difference in energy between the two conformers of cis-l,2-dimethyl- 
cyclohexane is 0.00 kcal/mol. The  presence of a ring heteroatom changes the 
conformational picture. The reason for the preferences shown by cis-2,3-dimethyl- 
and cis-3,4-dimethyl-thiacyclohexanes is in part related to the dihedral angle 
between the methyl groups. The dihedral angle between the equatorial 2-methyl 
and the axial 3-methyl groups of cis-2,3-dimethylthiacyclohexane (58 )  is 57O 
whereas the conformer with axial 2-methyl and equatorial 3-methyl has a dihedral 

Low-temperature 

TABLE 13. Conformational free energies for methyl-substituted thiacyclo- 
hesanes (Willer and Eliel 1977) 

Group 

3-Methyl 
cis- 2,s- Dime thyl 
frms-2,4-Dimethyl 
cis-2,3-Dimethyl 
cis-3,4- Dime thyl 

CMethyI 
2-M e t h y I 

Preferred conformer 

Equatorial 
e- 2-M e th y 1, a-5-m ethyl 
a- 249 ethyl, c4-m ethyl 
c2-Methy1, a-3-methyl 
a-3-Methy1, e-4-methyl 
Equatorial 
Equatorial 

AGO (kcd/mol) 

- 1.40(-83"C) 
-0.02(- 95" C) 
-0.3 8(- 95°C) 
-0.16(-95"C) 
-0.60(--95"C) 
- 1.42(calc.) 
-1.80(calc.) 
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angle of 52" ( 5 9 ) .  Accordingly, the energies for the gauche interactions between the 
two methyl groups are not  equal; the gauche interaction with the greater dihedral 
angle is at lower energy (58). In addition, other types of interaction are different in 
the two conformations. Conformation 58 has two gauche butane-type interactions 
and one gauche CH3 -C-C-S interaction whereas conformation 59 has two gauche 
butane interactions and one gauche CH,-C-S-C interaction. 

Me 

(58)  (59 1 
Following a similar argument, the dihedral angle for the axial ?-methyl and 

equatorial 4-methyl groups of cis-3,4-dimethylthiacyclohexane is 6 2  wherezs the 
dihedral angle for the equatorial 3-methyl and axial 4-methyl isomer is 57 . The 
equatorial 4-methyl conformer has two butane gauche interactions and one 
CH3-C-C-S gauche interaction as opposed to three butane gauche interactions 
for the axial 4-methyl conformer. 

Protonated thiacyclohexane prefers a geometry in which the hydrogen adopts 
the axial conformation (Lambert 1967). The R-value (2.2) indicates that the con- 
formation of the protonated species is more like cyclohexane than the unproton- 
ated molecule. Accordingly, comparable conformational free energy values might 
be expected from the  two systems. However, the equatorial preference of the 
methyl group in 4-t-butyl-S-methylthiacyclohexylium perchlorate is only 0.27 kcal/ 
mol (Table 14). This value is considerably smaller than that for methylcyclohexane 
because the axial S-methyl group experiences reduced repulsions with syn-axial 
hydrogens due t o  a flattening of the ring near the sulphur atom. X-ray crystal- 
lographic data (Eliel, Willer, McPhail and Onan 1974; Gerdil 1974) reveal that the  
dihedral angle C(3)--C(2)-S-C(6) is 46" in 60 and 64' in 61. It follows that the 

TABLE 14. Conformational free energies for some substituted S-nicthyl- 
thiacyclohcxylium salts (Willer and Eliel 1977; Barbarella, Demback, 
Garbcsi and Fava 1976) 

Me 
I 

R X -  AGO (kcaI/mol) a t  100°C 

4-t-Bu tyl 

4-Methyl 
cis-3,5-Dim e thy1 

3-hlethyl 
2-hIe thyl 
rrarzs-2,5- Dime thyl 
cis-2,4-Dimethyl 
cis-2,6-Dimethyl 
2,4,4-Trimcthyl 
3,3,5-Trimethyl 
2,2,4-Trimethyl 

c10, -0.27 
c10, -0.32 
PF, - 0.20 
P F, -0.08 
PF, -0.50 
PF, -0.60 
P F, - 0.59 
PF, -1.00 
PF, -0.48 
PF, -2.5 
PF' +0.10 
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Me 

160) (61 1 

C-S-C bond angle in 60 is larger than in 61 since these bond angles are coupled 
to their respective dihedral angles (Gorenstein and Kar 1977). The realization 
tha t  the C-X-C bond angle and the C-C-X-C dihedral angles may differ 
for  each set of axial and equatorial conformers has not been exploited in confor- 
mational analysis but will certainly find greater application in the future. 

The data in Table 14 also show that although the conformational preference for 
the  S-methyl group is small, there is considerable crowding from the methyl-methyl 
1,3-syn-axial interaction in the 3,3,5-trimethyl derivative. 'The syn-axial S-methyl- 
C-methyl interaction is therefore in  excess of 2 kcal/mol. The 2-methyl value 
(-0.50 kcal/mol) is higher than the 4-t-butyl value (-0.27 kcal/mol). The differ- 
ence is attributed to  a buttress effect from the equatorial 2-methyl group and the 
S-methyl. The equatorial 2-methyl group prevents ring-flattening to  the same extent 
allowed in the 4-t-butyl derivative and makes the S-methyl axial conformation more 
crowded, i.e. the  axial S-methyl group is pushed into the ring. The trans-2,5- 
dimethyl and cis-2,4-dimethyl derivatives show the same type of effect (Table 14). 
The cis-2,6-dimethyl derivative has an enhanced value due to  the presence of a 
second equatorial group. In general, equatorid substituents at  C(?) and C ( 6 )  
increase the concentration of equatorial S-methyl by hindering ring-flattening. The 
effect is evident again in the  AGO values available for 4-t-butyl-S-benzyl (-0.80 
kcal/mol) and cis-2,6-dimethyl-S-benzyl derivatives ( -  1 .SO kcal/mol). 

Barbarella and coworkers ( 1  976) report AGO values for  4-methyl, 3-methyl and 
cis-3,5-diniethyl-S-methylthiacyclohexylium salts which are considerably higher 
than those reported by Eliel. Solvent is believed to be the cause of the differences. 

It is interesting to compare the results for the  1,2-dimethyI-thiacyclohexylium 
systems in Table 14 with other data. The equilibrium data from Table 14 reveal 
that  the diequatorial geometry of the trans isomer (equation 1:) is favoured over 
t he  cis with 2-methyl equatorial (AGO = -0.50 kcal/mol at 100 C). A low-temper- 
ature N M R  study of 1-methylthiacyclohexylium hexafluorophosphate (Willer and 
Eliel, 1977) revealed no conformational preference for the S-methyl group at 

Me 
I 

I 
Me 

M e  
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Me 

-9OOC (equation 1 5 ;  AGO = 0.0 kcal/mol). In  contrast, the 2-methyl grcup of 
2-methylthiacyclohexane strongly prefers the equatorial position (equation 1 6 ;  
AGO = -1.4 kcal/mol at 25OC; Willer and Eliel 1977). Thus, the fact that  the 
cis-l,2-dimethyl derivative strongly prefers that geometry with an equatorial 
2-methyl group (equation 17; AGO = +1.64 kcal/mol; Barbarella, Dembach, Garbesi 
and Fava 1976) reveals not unexpectedly that it is the ?-methyl group which is 
determining conformational preference in equation ( 17). 

The preferred conformation of thiacyclohexane- 1-oxide has been shown by 
DNMR studies t o  be that conformer which has an axial oxygen (AGO = 
0.1 8 kcal/molat -9OOC;  Lambert and Keske 1966). Equilibration of cis- and trans-4- 
t-butyl-thiacyclohexane- 1-oxide also indicates a preference for axial oxygen. l h e  
1,3-hydrogen-oxygen distance appears to be well within the range of the sum of 
the van der Waals’ radii for hydrogen and oxygen and the attractive forces 
apparently outweigh repulsive forces for axial oxygen (Johnson and McCants 
1964). Dipole moment studies also indicate that cis- and trclm-4-chloro-thiacyclo- 
hexane-I-oxide prefer that conformation which has the oxygen in the axial position 
(Martin and Uebel 1964). The AG* values for ring-reversal in thiacyclohexane 
oxide and thiacyc!ohexane. dioxide are 10. I kcal/mol (-70°C) and 10.3 kcal/mol 
(-63OC) respectively (Lambert, Mixan and Johnson 1973). 

F. 1,3-Dioxacyclohexanes 

1,3-Dioxacyclohexanes have been studied extensively by several groups. It is 
clear again that the presence of oxygen in the cyclic system makes analogy t o  the 
carbocyclic system problematical. The oxygen atoms affect the ring size and shape 
because of differing bond lengths, with the carbon-oxygen bond ( 1.4 1 8)  being 
shorter than the carbon-carbon bond (1.54 a). As a result, the 1,3-dioxacyclo- 
hexanes are believed to  be hyper (more puckered than cyclohexane) in the 0-C-0 
portion of the molecule and hypo (less puckered than cqclohexane) in the C-C-C 
region of the molecule. In addition to this ring distortion the 0(1) and 0(3 )  
positions have no hydrogens so that there are no  1,3-syn-axial hydrogen inter- 
actions with axial substituents at  the C(s )  position. 

for the chair-to-chair ring reversal process in 1’,3-dioxa- 
cyclohexane, 2,2-dimethyl-l,3-dioxacyclohexane and 5,5-dimethyl-1,3-dioxa- 
cyclohexane, respectively, are 9.8, 7.9 and 11.2 kcal/mol (Anderson and Brand 
1966; Friebolin, Kabuss, Maier and Luttringhaus 1962). The significant drop 
in the barrier for 2,2-dimethyl-l,3-dioxacyclohexane as compared to  1,3-di- 
oxacyclohexane may be attributed to increased 1,3-diaxial repulsions involving the 
axial methyl group and the 3,5-axial protons. This kind of interaction would lead t o  
a flattening of the ring in the OCO region and a geometry closer t o  the transition 
state for ring-reversal. The increase in the barrier for the 5,5-dimethyl case as 
compared to  the unsubstituted case may be due to  more restricted rotation about 
the C(4 )-C(s) and C(S )-C(6) bonds in the process of ring reversal. 

The thermodynamic parameters for the chair-twist equilibrium in 1,3-dioxa- 
cyclohexane (Pihlaja 1968, 1974) and cyclohexane (Allinger and Freiberg 1960) are 
compiled in Table 15. It is expected that those interactions which cause cyclo- 

The barriers (ACT 
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TABLE 15. Thermodynamic parameters for the chair-to-twist equilibrium (Keq  = [twist] / 
[chair] ; Pihlaja and Pasanen 1974; Pihlaja and Nikander 1977; Nlinger and Freiberg 1960) 

AGO (kcal/mol) aH0 (kcal/mol) ASa e.u. 

Cyclohesane 4.9 
1,3-Dioxacyclohexane 8.0 
1,3-Dithiacyclohexane 2.7 

5.9 
8.6 
4.3 

3.5 
2.2 
4.7 

hexane twist conformations to  be more stable than chair conformations will also 
cause the 1,3-dioxacyclohexanes to  prefer the twist conformation over the chair. 

Nonchair conformations have been detected by application of 3 C  NMR sub- 
stituent effects (Riddell 1970; Kellie and Riddell I97 1 ; Jones, Eliel, Grant, 
Knoeber and Bailey 1971). A set of I 3 C  chemical shift substituent effects was 
derived for a series of 1,3-dioxacyclohexanes which were known to exist entirely in 
chair conformations. Predictions were then made by the appropriate addition of the 
chemical shift substituent parameter for the compounds under study. Any 
substantial discrepancy between the observed and predicted chemical shifts was 
then ascribed to nonchair o r  highly deformed chair conformations. 

Those compounds that have 2-4, 2-6 or 4-6 diaxial substituent interactions 
gave the largest discrepancies and have been generally assigned to the twist family of 
conformations. These specific diaxial interactions are so severe that they raise the 
energy of the chair conformation above that of the twist. Compounds of this type 
include 2,2,4,4,6-pentamethyI, 2-2-trans-4,5-cis-pentamethyl, 2,2,4,4,6-hexamethyl, 
2,2-trans-4,6-tetramethyl, 4,4,6,6-tetramethyl, 2,4,4,6,6-~entamethyl and 
2,4,4,6-tvans-tetramethyl- 1,3-dioxacyclohexane. Equilibration of cis- and 
rrans-2,4,4,6-tetramethyl-l,3-dioxane (equation 18) reveals that the cis epimer 
( 6 2 )  is more than 5.6 kcal/mol more stable than the trans ( 6 3 )  which can exist to a 
large extent as a twist geometry (64). A study of the temperature-dependent 
' H  NMR coupling constants for the trans isomer only indicates that the chair ( 6 3 )  
t o  twist (64) ratio is 5 : 1 at room temperature and that the twist is the 
dominant conformer at  147OC (Nader and Eliel 1970). 

M e % T e  0 - - Me+.-Je 

M e  M e  

(62) (63) 
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Electrostatic interactions may play a major role in controlling conformational 
preferences in a heterocyclic system. For example, the AGO value for the axialo t o  
equatorial equilibrium for methoxycyclohexane is -0.60 kcal/mol at -80 C, 
(Jensen, Bushweller and Beck 19691, indicating a preferred equatorial methoxy 
conformation, whereas AGO for 2-methoxy- 1,3-dioxacyclohexane is +0.62 kcal/ 
mol, indicating a preferred axial conformation for  the methoxy group 
(equation 19). Eliel describes electrostatic o r  polar effects in terms of an intra- 

molecular dipole-dipole interaction ( E D )  which is a maximum in the vapour phase 
and tends to zero in solvents of high dielectric constant, a solvation term ( E s )  which 
is zero in the vapour phase and increases with the dielectric constant of the solvent 
and a steric compression term (Es t ) .  In solution, that conformation which has the 
higher dipole moment is usually favoured (Kaloustian, Dennis, Mager, Evans, 
Alcudia and Eliel 1977). The total conformational energy is ET = Es + E D  + Es .  

For 1,3-dioxacyclohexanes with electronegative substituents a t  C(5) the  axial 
conformer has the greater dipole moment so that in solvents of high dielectric 
constant the axial conformation should be favoured over the equatorial confor- 
mation. The equilibration of cis- and trans-2-isopropyl-5-chloro- 1,3-dioxacyclo- 
hexane in carbon tetrachloride indicates an equatorial preference for chlorine 
(AGO = - 1.4 kcal/mol at 25OC) and a value of -0.25 kcal/mol in aceronitrile indi- 
cating a greater preference for the axial position in acetGnitrile (Elie!, Kandasamy 
and Sechrest 1977). Other examples show an even more dramatic change in 
conformational preference with increasing dielectric constant. For example the 
corresponding 5-cyano group gives AGO values which range from -0.2 1 kcal/mol 
(favours equatorial cyano) in ether t o  +0.01 kcal/mol in acetonitrile (favours axial 
cyano slightly). A word of caution, however, is in order. Some solvents such as 
chloroform, benzene and toluene behave ‘abnormally’. The abnormal behaviour 
may be related to  the degree of penetration of the solvent into the cavity of the 
solute, the size of the solvent cage, and the orientation of the solvent about the 
solute which may change the bulk dielectric properties of the solvent system. 

Steric effects are difficult to  assess in this system. The O(1) and O(3) positions 
are devoid of hydrogens so that a substituent in the axial C(5) position experiences a 
different steric situation than the corresponding substituent in the C(Z ) axial 
position. The C(2) axial steric environment is much like that found in cyclohexane 
except that the 1,3-dioxacyclohexanes are hyperchair in this region (Eliel and 
Knoeber 1968; Pihlaja and Heikkila 1967). Accordingly, the preferences of a 
methyl group for the equatorial position at C(2) and C(s) of 1,3-dioxacyclohexanes 
are quite different, being -3.98 kcal/mol and -0.80 kcal/mol, respectively. The 
situation with an electronegative group is complicated by the anomeric effect. A 
2-methoxy group favours the axial position by 0.41 kcal/mol (Nader and Eliel 
1970) while a 5-methoxy group favours the equatorial position by 0.90 kcal/mol in 
the same solvent system. 

A series of conformational free energy va!ues are presented in Tables 16- 18. 
Table 12 may be consulted for a list of values for substituted cyclohexanes for 
comparative purposes. The values in Tables 16- 18 are taken from equilibrations in 
ether solvent or from nonpolar solvents when an ether value was not available. 
Values for other solvents may be found in the original literature. It is difficult to 
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TABLE 16. Conformational free energies for some 2-substituted 
4-rnethyl-l,3-&oxacyclohexanes (Eliel and Knoeber 1968) 

R AGO (kcal/mol) a t  25°C' 

Me -2.92 
Et -2.77 
i-Pr -2.73 
t-Bu -2.81 
M e 0  +0.36 

'For the epimerization equilibrium. 

make comparisons of AGO values from among the different systems in Table 16- 
18. For example, the AGO value for 2-methyl varies from 1.46 kcal/mol (Table 18) 
to  3.98 kcal/mol (Table 17) depending on  the system equilibrated. A perusal of 
Table 16 indicates that the values for methyl, ethyl, isopropyl, and t-butyl are all 
smaller than the corresponding values from Table 17. The equilibrium for 2-substi- 
tuted 4-methyl-l,3-dioxacyclohexanes (Table 16)  is made up  of at  least a three- 
component system and the trans isomer exists predominantly in a conformation in 
which the C(4) methyl group is in the axial position. The epimerizations (e.g. with 
BF3)  in Table 16 are essentially those in which the C(4) methyl group is transferred 
from the axial to  the equatorial position. The AGO values for methoxy in Table 16 
indicates that the axial conformation is favoured. This is consistent with data for 
the equilibria depicted in Tables 17 and 18 and is another example of the role of 
the anomeric effect in heterocyclic systems (Eliel and Knoeber 1968). 

The conformational free energies obtained from the epimerization of cis- and 

TABLE 17. Conformational free energies for 
some 2-substituted-4,6-dimethyl-l, 3-diosacycle 
hesanes (Elicl and Knoeber 1968) 

R 

M e  M e  

R AGO (kcal/mol) at 25°C 

Me -3.98 
Et -4.04 
i-Pr -4.17 
Ph -3.12 
Me0 +0.41 
HC-S +0.06 
P h C C  0.00 
ClCl1 -4.19 
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TABLE 18. Conformational free energies for some 2-substituted-5-t-butyl- 
1,3-dioxacyclohexanes (Eliel and Knoeber 1968; Nader and Eliel 1970) 

R 
~~ - 

AGO (kcal/mol) at  25°C 

M C  - 1.46 
Et -1.43 
i-Pr - 1.40 
Ph -1.38 
M e 0  +0.50 

aFor the epimerization equilibrium. 

trans-2-substituted-5-t-butyl-l,3-dioxacyclohexanes (Table 1 8) are essentially the  
same for methyl, ethyl and isopropyl and indicate that the equilibrium biasing is 
determined essentially by the I-butyl group. The  preference of a 2-methyl group for 
the equatorial position (-3.98 kcal/mol) has been measured from equilibration 
studies (Table 17)  and a value of -4.01 kcal/mol was determined from calorimetric 
studies (Pihlaja and Luoma 1968). Equilibration of cis- and trans-2,S-di-t- 
but~l-l,3-dioxacyclohexane also reveals a relatively small preference for the equa- 
torial 5-t-butyl group (AGO = - l .36 kcal/mol a t  25OC; Pihlaja and Luoma 1968). 
Thus, the 4 kcal/mol preference for  an equatorial 2-methy/ group on the 1,3-dioxa- 
cyclohexane ring (Table 17) is more than a sufficient amount  of energy to ensure a 
preference for axial r-butyl in cis-2-methyl-5-t-butyl- 1,3-dioxacyclohexane 
(Table 18). I t  is evident that  t h e  absence of 1,3-syn-axial hydrogens greatly reduces 
the steric requirements of an axial 5-t-butyl group as compared to  the cyclohexane 
case. 

The conformational free energies from the equilibration of cis- and trans-2-sub- 
stituted-4,6-dimethyl-l,3-dioxacyclohexanes (Table 17) are useful to compare with 
those for  the corresponding cyclohexanes. The equatorial preferences of 2-methyl, 
2-ethyl and 2-isopropyl are almost twice as large as those for the corresponding 
cyclohexanes. On steric grounds this is attributed t o  the hyperchair in the 0-C-0 
region of the  molecule; t h e  carbon-oxygen bond is shorter (1.41 A) than the 
carbon-carbon bond (1.54 8) and the distance from a C(2) axial alkyl group to the 
syn C(4) and C(6) positions is correspondingly shorter than in cyclohexane. The 
value for the CH2Cl group is similar to values for the alkyl groups. The confor- 
mational preferences for methoxy, ethynyl and phenylethynyl (Table 17) are best 
explained by the anomeric effect. The value for phenyl is nearly the same as that 
reported for phenylcyclohexane (equatorial phenyl preferred) which is surprising 
given the hyperchair nature of 1,3-dioxacyclohexane. A rationale (Nader and Eliel 
1970) is that the preference for  the equatorial conformation in phenylcyclohexane 
is only partly due t o  the repulsion of the phenyl ring with the syiz-axial hydrogens 
when the  phenyl group is in the axial position. The axial phenyl group prefers a 
conformation with its flat side facing the syn-axial hydrogens of the cyclohexane 
ring. In this conformation there is a steric interaction between the ortho hydrogens 
of the phenyl ring with the equatorial hydrogens at positions C(2 ) and c(6) in the 
cyclohexane chair. This interaction disappears in 2-phenyl- 1,3-dioxacyclohexane 
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because oxygen atoms occupy these positions. The only significant difference 
between the conformers with equatorial and axial phenyl of 2-phenyl-l,3-dioxa- 
cyclohexane is the interaction of the axial phenyl ring with the syn-axial hydrogens. 
Although this interaction is more severe in the 1,3-dioxacyclohexane than in 
cyclohexane because of the shorter 0-C-0 bond distances, the absence of hydro- 
gens on the oxygens compensates for the greater syn-axial compression with the 
result that conformational preferences are similar. 

Calorimetric measurement (Baiiey, Connon, Eliel and Wiberg 1978) of the 
heat of acid-catalysed isomerization of axial 2-phenyl-cis-4-cis-6-dimethyl-l,3- 
dioxacyclohexane to its  equatorial epimer indicates that the conformational 
preference for the  phenyl group is the resu!t of a small conformational 
enthalpy (@ = -2.0 kcal/mol) and a large conformational entropy (Mo = 3.9 
e.u.) both favouring the  equatorial isomer. 'The large entropy term is the result 
of the difference of freedom in the internal rotation about the C(2)  to  phenyl 
bond for each isomer, with the equatorial phenyl rotating freely while the 
axial phenyl librates about an average perpendicular orientation (flat face to the 
ring). The low AHo value is attributed to a small steric interaction present in the  
perpendicular conformation of an axial 2-phenyl group and also to  the operation of 
the generalized anomeric effect. 

The data in Table 19 related to  5-substituted-2-isopropyl-l,3-dioxanes is of 
special interest since it represents a system in which a double anomeric effect is 

TABLE 19. Conformational free energies for some 5-substituted-2-isopropyl-1,3- 
dioxacyclohesanes a t  25°C (Kaloustian, Dennis, Mager, Evans, Alcudia and Eliel 
1976; Eliel, Kandasamy and Sechrest 1977) 

R AGO (kcal/mol) R -AGO (kcal/mol) 

F 
c1 
Br 
CN 
coo - 
COMe 
OCOMe 
OMe 
OEt 
CH, OH 
CM, OMe 

SMe 
Me 
Et 
i-Pr 
t-Bu 
Ph 
OH 

NO, 

+0.62 
- 1.20 
- 1.44 
-0.21 
-1.11 
-0.53 
-0.00 
- 0.83 
- 1.05 
-0.03 
-0.05 

-1.73 
-0.8oCl 
-0.67' 
-0.98' 
-1.36' 
-1.03' 

+0.38 

+0.41' 

CH, SMe 
CH,CII, SMe 
CH,CH, OMe 
SOMe 
CH, SOMe 
CH,CH, SOMe 
CO, Me 
CH, SOz M e  
CI-I,CH, S0,hle 
Me, S'OTs- 
!viez SCH,+PF; 
hle, SCM CH; PF; 

-0.05 
-0.36 
-0.53 
+0.60 
t.0.14 

t.1.16 
t.0.30 
-0.12 
+ 2.0 
+0.60 
-0.14 

-0.40 

'Values from 2-t-butyl-5-s~bstitutcd-l,3-dioxacyclohexanes. 
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operative. The 1,3-dioxygen orientation constitutes a dimethoxymethane geminal 
type of interaction while the R--C(s )-C(4 1-0 orientation constitutes a 1,2-vicinal 
dimethoxy ethane type of interaction. The geminal-type interaction is unfavourable 
in the chair conformation and the ring would have to  twist to  create a favourable 
geometry for orbital stabilization. It apparently requires more energy to twist the 
molecule than can be gained from a favourable anomeric effect since these mole- 
cules all exist in chair conformations. Therefore the data in this table is germane 
only to  the dimethoxyethane type of anomeric effect. It should also be noted that 
the data in Table 17 reveal 2-isopropyl t o  be an effective conformational ‘lock’, i.e. 
the 2-isopropyl group is essentially exclusively equatorial. 

The model for the anomeric effect as suggested by Romers, Altona and Baddeley 
discussed previously appears t o  explain most of the conformational preferences in 
this system (Table 19). The two relevant conformations are illustrated in 65 and 66. 
Consider K a group which is more electronegative than C(5) and of course oxygen 
is more electronegative than C(4). When R is more electronegative than C(5), 
conformation 65 is destabilized with respect to that conformation in which K is 
gauche to  oxygen (66). This is also consistent with the Wolfe rules discussed earlier. 

(651 (66)  

Those compounds which bear a substituent with a positive or  partially positive 
charge are most stable with the substituent in the axial position. These groups 
include N q Z ,  SOMe, SOz Me, CH2 SOMe, CHz SO2 Me, SMet , NMeS , HNMe;, 
picrate, NH3. 

The following groups substituted a t  the 5-position of 1,3-dioxacyclohexane 
(Table 19) have a greater preference for the axial position than in the corresponding 
cyclohexanes: COOMe, Ac, CHIOH, CHzOMe. These groups also bear a partial 
positive charge on the carbon bonded t o  C(5) and aid in the destabilization of the 
equatorial ( an t i )  conformer ( 6 5 ) .  l h e  groups OMe, SMe, OEt, C1, Br and CN all 
show a preference for the equatorial conformation in S-substituted-l,3-dioxanes. 
Fluorine strongly prefers the axial position as predicted by the model. The values for 
CHzSMe and CH20Me show a greater preference for the axial position than the 
corresponding group minus the CH2 moiety because the methylene group bears a 
partial positive charge which destabilizes the equatorial conformation. As the 
strength of the positive charge diminishes, i.e. CH2CH2SMe, a greater preference 
for the equatorial position is found. Eliel favours an electrostatic attraction--repul- 
sion model as depicted in 67 and 68. Those groups which bear a partial negative 
charge prefer the equatorial position and those groups which bear a partial positive 
charge prefer the axial position. We note that neither the Eliel nor the Romers- 
Altona-Baddeley model makes all the correct predictions and that a composite 
model approach may need to be considered. 



254 C. Mackett Bushweller and Michael H. Gianni 

TABLE 20. Conformational free energies for 
2-isopropyl-5,5-disubstituted-1,3-diosacyclohexanes at 
25°C (Eliel and Enanoza 1972) 

R’  

R’ K2 AGO (kcal/mol) 

Me Et 0.06 
MC i-Pr -0.30 
Me c-r-Ies -0.28 
Me r- ~u -0.81 
M e  Me0 -0.34 
Me Ph - 0.54 
Et i-P r -0.32 
Et Ph -0.51 
NOCH, M c -0.68 
MeOCH, Me -0.63 
OAc Me - 0.09 
r-Io 51 e -0.41 
NO2 Me -0.62 

Equilibration data for 2-isopropyl-5-substiruted-5-methyl-l,3-dioxacyclohexanes 
(Table 20) and low-temperature NMR data (Table 21) indicate that when size is a 
dominating factor in determining conformational preferences, the 5-substituents 
‘larger’ than methyl generally prefer the equatorial position. This increased prefer- 
ence for  the axial position by the methyl group is attributed to  two possible causes: 
(a )  the  equatorial geminal substitute acts as a buttress preventing the axial sub- 
stituent from bending outward, which is apparently more serious foroan axialgroup 
larger than methyl and ( b )  the C-C-C bond angle is smaller (109.5 vs. 11 1 ) and 
the ring more puckered when C(5) is quarternary than when it is tertiary (Eliel and 
Enanoza 1972). 

When the anomeric effect intervenes, the presence of groups at  C ( 2 )  more 
electronegative than alkyl all show a greater preference for the axial position when 
a geminal methyl group is present than when a geminal hydrogen is present. This 
implies that size is also an important consideration in the determination of con- 
formational preference for these groups, and that electrostatic forces cannot be the 
sole factor. 

Conformational free energies for a series of 2-substituted-2,cis-4,cis-6-trimethyl- 
1,3-dioxacyclohexanes were determined by equilibration studies (Table 22) (Bailey, 
Connon, Eliel and Wiberg 1978). The data show that all the alkyl groups prefer the 
equatorial position which is consistent with conformational principles that empha- 
size size relationships. 

The AGO value for the 2-phenyl group (Table 22) indicates a stronger preference 
for the  axial position than i n  phenylcyclohexane or  in 2-phenyl-cis-4,cis-6-di- 
methyl- 1 ,  3-dioxacyclohexane for which the phenyl group prefers the equatorial 
position by 3.0 and 3.1 kcal/mol, respectively. The increased preference for axial 
phenyl in the 2-methyl-2-phenyl derivatives can be attributed to  entropy consider- 
ations when compared t o  the simple 2-phenyl derivative (i.e. no  2-methyl group). 
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TABLE 21. Conformational free energies 
in 5,5-disubstituted-l,3-dioxacyclohexanes 
by lowtemperature NMR (ca. -55°C) 
(Coene and Anteunis 1970) 

R' RZ AGO (kcal/mol) 

Me 
Me 
Me 
Me 
Me 
Me 
Me 
M e  
Me 
Et 
Et 

N H 2  
Ac 
i-Pr 
i- Bu 
Ph 
s-Bu 
c-Pe 
c-Hex 
ti-Pr 
Ph 
i-Pr 

-0.16 
+0.91 
-0.19 
- 0- 03 
-0.32 
-0.18 
-0.12 
-0.19 
-0.29 
-0.38 
-0.17 

The presence of a 2-methyl group restricts rotation of an equatorial phenyl group 
more than the case with no 2-methyl while rotation of an axial phenyl group is 
always restricted regardless of the absence or presence of a 2-methyl group. Such an 
effect will lower the entropy of any conformation having an equatorial phenyl and 
axial methyl on C(2). 

Equilibration of 2-substituted-2,4-dimethyl-l,3-dioxacyclohexanes reveals an 
overwhelming preference for the axial position for COzEt (3.0 kcal/mol) while the 
values for CH2CI (0.06 kcal/mol) and CH2Br (0.16 kcal/mol) indicate only a small 
preference for the axial position. The value for the chloromethylene group represents 
a dramatic increase in preference for the axial position in the above case when 
compared to  equilibration data for cis- and trans-2-chloromethyl-cis-4, 
cis-6-dimethyl- 1,3-dioxacyclohexane for which the chloromethyl group and the 
methyl group d o  not  differ much in conformational preference. The greater 

TABLE 22. Conformational free energies for some 
2,2-disu bsti tu ted-1 ,3-dioxacy clo hex m e  at 25" C 
(Bailey, Connon, Etiel and Wiberg 1978) 

R 
I 

Me 
I 

I 
M e  Me 

R AGO (kcd/rnol) 

Et -0.35 
i-Pr -0.62 
Ph + 2 5 5  
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preference for the axial position shown by the bromomethylene over the chloro- 
methylene group in the 2-substituted-2,4-dimethyl-l,3-dioxacyclohexanes is 
attributed to a reverse anomeric effect (Bailey and Eliel 1974). 

G. 1,3-Dithiacyclohexanes 

1,3-Dithiacyclohexane prefers the chair geomztry as expected and the A c t  
value for ring-reversal (9.4 k 0.3 kcal/mol at -80 C; Friebolin, Kabuss, Maier and 
Liittringhaus 1962) is not very different from 1,3-dioxacyclohexane (9.9 kcal/mol) 
or cyclohexane (10.3 kcal/mol). Barriers ( A c t )  t o  ring-reversal have also been 
determined for 2,2-dimethyl-l,3-dithiacyclohexane (9.8 * 0.2 kcal/mol at  -80°C) 
and 5,5-dimethyl- 1,3-dithiacyclohexane ( 10.3 * 0.2 kcal/mol at -65OC). The 
barrier trends parallel roughly those observed in the 1,3-dioxacyclohexanes dis- 
cussed above. 

A study of the equilibration between the trans- and cis-2,5-di-t-butyl-l,3- 
dithiacyclohexanes (Eliel and Hutchins 1969) as a function of temperature gave 
thermodynamic values of AGO (- 1.82 kcal/mol at  25OC), AHo (-3.4 kcal/mol) and 
ASo (-5.3 e.u.) in Table 15. These values reflect the equilibrium between the 
chair (trans isomer) and twist (cis isomer) conformations of 1,3-dithiacyclohexane 
and indicate an energy preference for the chair. The corresponding values for 
cyclohexane and 1,3-dioxacyclohexane are considerably higher than these and 
suggest that 1,3-dithiacyclohexane can adopt the twist conformation much more 
readily than either of the others. Similar studies show that cis-Zphenyl-5-t-butyl- 
and cis-2,5-diisopropyl-l,3-dithiacyclohexane exist as mixtures of chair and twist 
conformations at room temperature. NMR data also establish r-2-t-butyl-trans- 

TABLE 23. Conformational free energy differences for cis/tru,zs-2,5-dialkyl-1,3- 
dithiacyclohexanes (Eliel and Hutchins 1969) 

\ 
/=TR 
R 

ll 

2-R 5-R AGO (kcallmol)" 

t- 13u h,lC - l.O4(69"C) 
t- BU Et - 0.7 7(6OoC) 
t-Bu i-Pr - 0.85 (6 9" C) 
t- BU t-Bu - 1.85(2SoC) 
i-Pr t-Bu - 1.6 l(25"C) 
Ph t-Bu - 1. 94(25"C) 
i-Pr i-Pr -0.78(69"C) 

"For epimerization. 
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4,trans-6-dimethyl-1,3-dithiacyclohexane as a ‘stiff‘ twist. The small difference in 
energy between the chair and twist conformations provides a reasonable alternative 
for this system to relieve itself of severe steric interactions in the chair geometry. 

Conformational free energy values for the equilibration of cis- and trans-2,s- 
dialkyl-1,3-dithiacyclohexanes are given in Table 23. The AGO values for the first 
four compounds are smaller than the values for the corresponding cyclohexanes. 
The difference is attributed to a smaller space requirement for sulphur than for 
methylene. However, the cis-5-isopropyl-2-t-butyl and cis-2,5-di-t-butyl isomers 
exist as mixtures of chair and twist conformations. A contribution from the 
resulting entropy of mixing can account for some of the lower AGO values. With a 
t-butyl group at the 2-position, the AGO values for 5-methyl, 5-ethyl and 5-r-butyl 
are somewhat larger than the AGO values for the corresponding 1,3-dioxacyclo- 
hexanes (e.g. Table 19) and the isopropyl value is quite similar to that of the 
corresponding 1,3-dioxacyclohexane. The cis-5-isopropyl-2-t-butyl- and cis-2,S-di-t- 
butyl-l,3-dioxacyclohexanes have conformations in which the C(s substituent 
occupies an axia2 position in the chair geometry whereas the corresponding 1,3- 
dithiacyclohexanes assume a twist conformation. It is important to note that one is 
dealing with two different equilibrium systems, the  former a chair-chair equilibrium 
and the latter a chair-twist equilibrium. Caution is warranted when comparing 
conformational preferences in different systems; the number and types of each 
conformation present in the equilibrium may differ. 

The AGO values for 2-alkyl-4,6-dimethyl- 1,3-dithiacyclohexanes are given in 
Table 24. The preferences of the R group for the equatorial position at C 
quite similar to those reported for the corresponding cyclohexanes except or the 
2-t-butyl derivative which is considerably lower than 4.9 kcal/mol established for 
the cyclohexanes. The r-2-t-butyl-t~ans-4,6-dimethyl-1,3-dithiacyclohexane has 

f” are 

TARLE 24. Conformational free energies for 2-alkyl-4,6-dimethyl-l,3-~iithiacyclo- 
hexanes at 69°C (Eliel and Hutchins 1969) 

Me%-- 

WLR Me 

- - BF3 S 

-=k ysp Me 

Me Me 

(69 1 

ll 

Me 
~~ ~ 

R AGO (kcal/rnol)a 

Me - 1.77 
Et -1.54 
i-Pr -1.95 
t- BU -2.72 

~~ 

‘Tor epimerization. 
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been proposed t o  exist as a stiff boat (69) rather than as a chair conformation. 
Chair conformations for the trans-2-r-butyl epimer would probably require AGO 
values in excess of 4.9 kcal/mol. The preferences of 2-methyl, 2-ethyl and 2-iso- 
propyl groups for the equatorial position on the 1,3-dithiacyclohexane ring 
(Table 24) are comparable to the values for the corresponding cyclohexanes but 
much smaller than for the analogous 1,3-dioxacyclohexanes (Table 17). The high 
values for the 1,3-dioxacyclohexanes can be attributed to  a short C-0 bond length 
(1.41 a) which renders the syn-axial distances smaller than in the cyclohexane or 
1,3-dithiacyclohexane systems. A model built for 2-phenyl- 1,3-dithiacyclohexane 
from X-ray data (Kalff and Romers 1966) shows the C(2) to  C(4,6) syn-axial 
distances t o  be only slightly smaller than the same distance in cyclohexane. The 
differences in conformational preferences for the substituted 1,3-dioxacyclohexanes 
compared to the cyclohexanes or  1,3-dithiacyclohexanes are similar. This is consist- 
ent with the ring inversion barriers for 2,2-dimethyl-l,3-dioxacyclohexane 
(7.9 kcal/mol; Anderson and Brand 1966), 2,2-dimethyl-1,3-dithiacyclohexane 
(9.4 kcal/mol; Friebolin, Kabuss, Maier and Luttringhaus 1962), and 2,2-dimethyl- 
cyclohexane (10.4 kcal/mol; Miiller and Tosch 1962). The values for the cyclo- 
hexanes and the dithiacyclohexanes are similar suggesting that there is approx- 
imately the same amount of ground-state compression for both compounds. The 
lower ring-inversion barrier for 2,2-dimethyl- 1,3-dioxacyclohexane indicates con- 
siderably more ground-state compression due to the axial 2-methyl group and closer 
syn-axial hydrogens. This is also reflected in high equatorial alkyl conformational 
preferences in this system. 

Conformational preferences for the 2-alkyl-4-methyl- 1,3-dithiacyclohexanes are 
given in Table 25. The value for the 2-r-butyl group indicates that the predominant 
conformation for the rrans isomer is one in which the 4-methyl group is axial. That 

TABLE 25. Conformational free energies for 2-alkyl4-methyl-l,3-dit.hiacycl~ 
hexanes (Eliel and Hutchins 1969; Pihlaja 1974) 

R 

R AGO (kcal/mol)a 

Me -1.26(25"C) 
Et - 1.15(2SoC) 
i-19 - 1.45(2SoC) 
t- BU - 1.69(69"C) 

"For epimerization. 
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conformation with the 4-methyl group equatorial (2-t-butyl axial) makes little or no 
contribution (Pihlaja 1974). 

The rraizs isomers of 2,4-dimethyl-, 2-ethyl-4-methyl- and 2-isopropyl-4-methyl- 
1,3-dithiacyclohexane exist as a mixture of conformations 70 and 71. Based on the 

Me 

(72) 

observed thermodynamic data (Eliel and Hutchins 1969), there is also reason to  
suspect the presence of a twist conformation (72). The values reported in Table 25 
are also lower than the AGO values reported for the corresponding 1,3-dioxacyclo- 
hexanes (Table 16). Here again the longer carbon-sulphur bond and an entropy 
contribution may account for these differences. An investigation of the chair-to- 
chair equilibrium for rrans-4,6-dimethyl-1,3-oxathiacyclohexane (Gelan and Ante- 
unis 1968) reveals that the conformation 73 predominates to the extent of 8576, 
indicating that the 1,3-syn-axial interaction between axial methyl and C(2) across 
the C-S-C bonds is less severe than the corresponding interaction across the 
C-0-C bonds as in 74. 

Me Me- H 

1. Stereoselective reactions 
Treatment of the 2-lithium salt of cis-4,6-dimethyl-l,3-dithiacyclohexane with 

DC1, Me1 and carbonyl compounds gives equatorial substitution with better than 
99% isomeric purity. Reaction cf the lithium derivative of r-2-cis-4,cis- 
6-trimethyl- 1,3-dithiacyclohexanes (75) with HCl yields r-2-trans-4,rrans- 
6-trimethyl-l,3-dithiacyclohexane (76).  In a similar manner, the lithium 
derivative of r-2-r-butyl,cis4,cis-6-dimethyl- 1,3-dithiacyclohexane (77) and cis- 
2,4,4,6-tetramethyl-1,3-dithiacyclohexane give the contrathermodynamic isomers 
when treated with HC1 indicating that for these compounds the preference for 
equatorial lithium (or carbanion electron pair) is overwhelmingly equatorial. 

Lithiation followed by methylation of the two diastereoisomeric 2-deutero-cis- 
4,6-dimethyl- 1,3-dithiacyclohexanes 78 and 79 shows that the equatorial hydrogen 
is abstracted only 8-6 times faster than the axial hydrogen. Stereospecificity 
therefore cannot be kinetically controlled because this rate difference is insufficient 
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to account for stereoselectivities of greater than 99%. It was concluded that the 
process was thermodynamically controlled and the thermodynamic preference is 
for the lithium (or carbanion electron pair) equatorial (Eliel, Hartmann and 
Abatjoglou 1974). 

M e q - L i  Me%Jl-l S 

(75) (76) 

Me Me 

M e  

(77) 

M e v + H  S Me7-----&D S 

E - -  

Me Me 

(78) (79) 

The most plausible explanation for the equatorial preference of the anion 
electron pair involves the anomeric effect. There is a second-order stabilization 
achieved by overlap of the carbon-sulphur antibonding U* orbital with the carbon 
t o  electron pair bonding orbital (Lehn and Wipff 1976) which is favoured in 
conformation 80, for which the electron pair adopts the equatorial position. A b  

0 
(80 )  

initio calculations indicate that stabilization via an equatorial electron pair can 
amount t o  as much as 9 kcal/mol which is more than a sufficient amount of energy 
for control of the equilibrium. In the solvent tetrahydrofuran, 2-lithio-2-phenyl- 1,3- 
dithiacyclohexane exists as a contact ion pair while in HMPA it exists as a solvent- 
separated ion pair. However, both types of ion pair react with electrophiles to give 
the same stereoselectivities. One concludes that the type of association between the 
carbanion and the lithium is unimportant and the preference of the carbanion 
electron pair fur the  equatorial position accounts for the stereospecificity 
(Abatjoglou, Eliel and Kuyper 1977; Eliel, Koskimies and Lohri 1978). The obser- 
vation that electrophilic attack on 2-lithio salts of conformationally locked 1,3- 
oxathiacyclohexane like that on 2-lithio- 1,3-dithiacyclohexanes leads exclusively to  
equatorially substituted products has been used to accomplish an asymmetric 
synthesis of' (s)-(+)-atrolactic acid methyl ether (81) as illustrated in Scheme 1 
(Eliel, Koskimies and Lohri 1978). 
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H. Other Six-membered Rings containing Oxygen and Sulphur 

1,4-Dioxacyclohexane exists as a slightly puckered chair conformation a,s 
indicated by an R-value of 2.20 (Lamberto 1967). The C-CFC bond angle is 1 I2 
and the C-0-C-C dihedral angleois 57.9 in contrast to  cyclohexane which has a 
C-C-C-C dihedral angle of 54.5 (Romers, Altona, Buys and Havinga 1969). It is 
interesting to note that the H NMR spectrum of 1,4-diox~cyclohexane is inde- 
pendent of temperature, i.e. remains a singlet, down to - 166 C (Bushweller 1966). 
However, the H DNMR spectrum of (rruns-2,3-trans-5,6-d4)-1,4-dioxacyclohexane 
separates into two singlets at  low temperature separated by only 2.8 Hz at  100 MHz 
thus enabling the determination of a barrier (AGZ) to  ring-reversal of 9.7 kcal/mol 
at  -94°C (Jensen and Neese 1975a). 
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The trans-2,3-dichloro- and 2,3-dibromo-l,4-dioxacyclohexanes have generated 
much interest in conformational studies in this class of compounds. Both of these 
prefer a chair conformation with axial halogens in both the solid state and in 
solution. In contrast, fl’(lnS- 1,2-dichlorocyclohexane exists as a mixture of con- 
formers of which 48% occupy the diaxial position (Lemieux and Lown 1965). 
Diequatorial preferences are reported for trans-2,3-dimethyl- 1,4-dioxacyclohexane 
(Gatti, Segre and Morandi 1967) and for the trai?s-2,5- and cis-2,6-dicarboxylic acid 
derivatives (Summerfield and Stephens 1954a,b). For  these compounds there is no  
anomeric effect operating and ‘conventional’ preferences for the equatorial position 
are followed. 

H DNMR methods have also been used to  measure the rate of chair reversal in 
3,3,6,6-tetramethyl-1,2-dioxane (AG$ = 14.6 kcal/mol; Claeson, Androes and 
Calvin 1961) and the  rate of half-chair reversal in 1,4-dioxene (82; AH* 
= 7.3 k 0.2 kcal/mol, AS$ = 0.0 * 1.0 e.u., AGS = 7.3 * 0.2 kcal/mol at  -125OC; 
Larkin and Lord 1973). In 3,3,6,6-tetramethyl-1,2,4,5-tetroxane (83),  i t  is apparent 

(82) (83) 
that  there exists an expected essentially exclusive preference for the chair geometry 
and a substantial barrier to  ring reversal (AG* = 15.4 kcal/mol;Murray, S tow and 
Kaplan 1966). This is in contrast t o  the all-sulphur analogue (s-tetrathiane) of 83, 
which as discussed below prefers the twist  geometry. 

1,4-0xathiacyclohexane exists as a distorted chair conformation as evidenced by  
an X-value of 2.77. The activation parameters for chair ring-reversal in 1,+ 
oxathia-cyclohexane have been determined by. H DNMR spectroscopy ( h H r  
= 8.8 * 0.7 kcal/mol, AS* = 0.5 If: 0.4 e.u., ACT = 8.7 * 0.3 kcal/mol at -96OC; 
Jensen and Neese 1975b). Conformational preferences in other substituted oxathia- 
cyclohexanes and oxathiolanes will be treated in detail by Professor Pihlaja in 
another chapter of this volume. 

1,4-Dithiacyclohexane also exists as a chair conformation and the trans-2,3- 
dihalvgen derivative also prefers a diaxial conformation due t o  the anomeric effect. 
An R-value of 3.38 suggests that the axial hydrogens are closer together than in 
cycloohexane, but X-ray analysis (Romers, AJtona, Buys and Havinga 19692 indi- 
cates that the dihalogen dihedral angle is 165 rather than the expected 180 . This 
indicates that at least in the solid state the  axial positions are splayed out from the 
ring. The barrier to chair reversal in 1,2-dithiacyclohexane-4,4,5,5-d4 has been 
determined by  the H D N M K  method (AGZ = 11.6 kcal/mol at -43OC; Claeson, 
Androes and Calvin 1961 ). 

An ‘H DNMR study of 1,3,5-trithiane revealeispectral changes from a singlet at 
high temperatures to one AB spectrum a t  -80 C (Anderson 1971). This obser- 
vation is consistent with a preference for the chair geometry (84) with non- 
equivalent axial and equatorial protons and not with the twist ( 8 5 ;  all protons 
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equivalent). As a comparison, ’ H DNMR studies indicate that N,N‘,N”-tri- 
methyl-l,3,5-triazane also adopts a chaii. geometry for the ring but prefers, essen- 
tially exclusively, that  conformation with one N-methyl group axial (86; 
Bushweller, Lourandos and Brunelle 1974). 

M e  

(86)  

Barriers t o  chair reversal have also been measured for 1 2,3-trithiane (AGX 
= 13.2 kcal/mol at -8OC) and 5,5-dimethyl-1,2,3-trithiane (AGf = 14.7 kcal/mol at 
6OC; Kabuss, Luttringhaus, Friebolin and Mecke 1966). 

I. s-Tetrath ianes 

It should be evident from the previous discussions of six-membered heterocycles 
in this article and the myriad studies of cyclohexane that the general preference for 
ring geometry in simple derivatives of these systems is the chair form. Boat and 
twist forms of simple derivatives are usually several kcal/mol higher in energy than 
the chair. Indeed, at least in the case of cyclohexane, the boat form is the transition 
stare for pseudorotation of the twist. 

The s-tetrathiane ring system is an interesting exception to  the above trends both 
with respect to  ring conformational preference and stereodynamics. Thus, we 
devote a separate section to  this ring system. 

Examination of the  H DNMR spectrum (60 MHz)  of 3,3,6,6-tetramethyl- 
s-tetrathiane (87;  ‘duplodithioacetone’, 15% by weight in ClzCCC12) at 8OoC, 

Me S-S Me 

Me S-S Me 
x x  

(87) 

reveals a singlet resonance (6 = 1.73) consistent with rapid equilibration on the 
‘ H  DNMR time-scale (Bushweller 1969). At lower temperatures in CS2 as solvent, 
the spectrum broadens and is separated at -30°C into a large singlet at 6 = 1.68 and 
two smaller singlets of equal area at 6 = 1.53 and 6 = 2.03 (Figure 6). If there were 
a strong conformational preference in 87 for the chair geometry (88;  CZh sym- 
metry), the slow exchange spectrum would consist of just two singlets of equal area 
for aoxial and equatorial methyl groups. Indeed, these two singlets are present a t  
-30 C at 6 = 1.53 and 6 = 2.03 (Figure 6 )  but the spectrum is dominated by a 
much larger singlet at 6 = 1.68. The larger dominant singlet is consistent with the 
D2 symmetry of the twist  geometry (89) for which all methyl groups are equiv- 
alent. The area ratio %f the large singlet (twist) to the total of the two small singlets 
(chair) is 2.3 at -15 C in CS2 revealing that t he  twist is favoured over the chuir 
(AGO = -0.43 kcal/mol). This observation is in clear contrast with cyclohexane and 
a host of six-membered heterocycles. Thus, it is apparent that 87 can equilibrate 
among two equivalent twist forms and two equivalent chair forms (equation 20). 

From a cursory examination of the temperature range associated with changes in 
the ‘ H  DNMR spectrum of 87 (Figure 6 ) ,  it was evident that the barrier t o  
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45" c - 30" C 

L ih 

FIGURE 6. The H DNMR spectra (60 MHz) of 3,3,6,6-tetramethyI-s-tetrathiane 
(87) in tetrachlorocthylene (0- 80°C) and in carbon disulpliide (-30°C). Reprinted 
with permission from C. H. Dushweller, J. Amer. Chem. Soc., 91,  6020 (1969). 
Copyright by the American Chemical Society. 

\ T  

(88)  (89) 
chair-to-twist exchange in 87 is about 16 kcal(,niol. This would mean that the 
half-life of the chair  o r  twist form at abou t  -80 C would be long enough (-75 h )  
t o  permit isolation of either conformer using some technique. In  addition, most  
crystalline compounds exist in a conformationally homogeneous state, e.g., all twist 
o r  all chair in the case of 87. Indeed, cooling a sample of crystals of 87 (m.p. 98OC) 
t o  -8OOC and subsequent slow dissolution in CS2 at -8OOC produced a solution 
which gave orie ' H  NMR singlet a t  6 = 1.70, i.e. a solution of the  conformationally 
pure twist form (89). The conclusion from this experiment is that 87 is indeed 
conformationally homogeneous in the crystal as the twist and this has been verified 
recently by X-ray crystallographic studies (Blocki, Chapuis, Zalkin and Templeton, 
unpublished data). . 
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Isolation of the pure twist form of 87 allowed a study of the twist-to-chair 
equilibration by classical kinetic methods at low temperatures and by 'H DNMR 
lineshape analyses at higher temperatures. The best dynamical model used to  
simulate the experimental H DNMR spectra illustrated in Figure 6 incorporated n o  
direct chair-to-chair equilibration, i.e. the  observed rate process presumably involves 
a chair-to-twist t o  chair-to-twist stepwise itinerary (equation 20;  Bushweller, Golini, 
Rao and O'Neil 1970). Apparently, there is no  direct twist-to-twist equilibration in 
87 (equation 20)  but the fact that all methyl groups are equivalent in the twist form 
of 87 precludes the  detection of a direct twist-to-twist process by the D N M R  
method. The activation parameters for the chair t o  twist process in 87 are AH$ 
= 15.9 f 0.4 kcal/mol, AS$ = 1.2 2 1.0 e.u. and AG$ = 15.6 * 0.1 kcal/mol at  
14OC. 

A compound which revealed a more complete stereodynamical picture for the 
s-tetrathiane ring is 90. Examination of the * H DNMR spectrum of 90 with *H 

H H  H H  

(90) 

decoupling reveals a broadened singlet at 82.7OC (Figure 7) .  At  lower tempera- 
tures, the spectrum broadens and is separated into two large sharp singlets of equal 
area (6 = 1.73, 2.77) and a less intense AB spectrum (6  = 2.36, 1.78 ;J=  -14.2 Hz)  
at -23OC (Bushweller, Bhat and coworkers 1975). The ratio of the total area of :he 
two singlet resonances to the total area of the AB spectrum is 4.3 : 1.0 at -23 C. 
The two large singlet resonances for 90 may be assigned to  the chair. conformer for  
which rapid cyclopentane pseudorotation creates effectively CZ h symmetry and 
both protons on any given axial or  equatorial methylene group are reflected 
through a time-average plane of symmetry and thus are equivalent to  each other. 
Obviously, an axial methylene group is different from an equatorial methylene and 
two different singbts are observed for  the chair geometry (equation 21). The AB 
spectrum at -23 c (Figure 7 )  is then assigned to  the twist conformer of the 
s-tetrathiane ring of  90 (equation 21) but the observation of an AB spectrum for  
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FIGURE 7. The esperimental and theoretically calculated ' H [ * H ]  DNMR spectra of 90 
(60 MHz) in CS, as solvent and at 100 MHz in Cl,CCCl, as solvent; k is the first-order rate 
constant for conversion of chair to twist. Reprinted with permission from C. H. Bushweller and 
coworkers, J. Amer. Chern. SOC., 97, 66 (1975). Copyright by the American Chemical Society. 

H@A 
H 

t h e  twist implies a unique stereodynamical situation. Even in t h e  event of fast 
cyc lopentane  pseudorotation for the  twist form of 9 0 ,  t h e  two pro tons  of a given 
methylene  group of a staric s-tetrathiane twist  geometry will be nonequivalent d u e  
t o  effective overall D? symmetry and respective proximate  'up' o r  'down' sulphur- 
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(91 1 
sulphur bonds. This symmetry effect is illustrated in the projection (91) of a partial 
structure of a twist form of 90. If the s-tetrathiane twist-to-twist process were fast 
at -23OC the AB spectrum would be time-averaged to  a singlet. In the case of 90, 
both the direct chair-to-chair process (exchange of the two singlets) and the direct 
twist-to-twist process (AB exchange) are DNMR-detectable (see equation 2 1). In 
fact, the  dynamical model used to give the best DNMR simulation incorporated no 
direct chair-to-chair processes and no direct twist-to-twist processes. The preferred 
itinerary for con formational exchange in 90 involves the stepwise chair-to-twist-tc- 
chair-to-twist pathway as illustrated in equation ( 2  1). The activation arameters for 

and AGT = 16.2 2 0.1 kcal/mol at 26.2”C. The strong implication t o  be drawn from 
the above data is that  the barrier for the  twist-to-twist process in 90 (i.e. a process 
analogous to  pseudorotation of the cyclohexane twist) is higher than 16 kcallmol. 
The barrier t o  cyclohexane twist pseudorotation is about 1 kcal/mol (Pickett and 
Strauss 1970). 

From an integration of ‘ H  NMR peak areas for 90 at -15OC discussed above, 
one may calculate that the  chair geometry of 90  is favoured over the  twist 
(AGO = -0.7 1 kcal/mol at - 1 S0C in C S 2 ) .  This is in contrast to the conformational 
preference in 87. 

H DNMR study of deuteriated 9 2  revealed 

the chair-to-twist process in 90 are AH* = 15.7 k 0.5 kcal/mol, AS P = -2 4 2 e.u, 

An analogous but  more complicated 

(92 ) 
changes in the spectrum consistent with restricted twist-to-chair, chair-to-chair and 
twist-to-twist rate processes for the s-tetrathiane ring and slow cyclohexane ring- 
reversal on both the s-tetrathiane twist and chair conformers (Bushweller, Bhat and 
coworkers 1975). 

For purposes of comparison, the chair-to-twist ratios for a number of multi- 
sulphur six-membered rings are compiled in Table 26 including data for pentathiane 
(Feher, Degen and Sohngen 1968) and a pentasulphur titanium complex (Kopf, 
Block and Schmidt 1968). The reasons for the conformational preferences in 
Table 26 and especially the low chair-to-twist energy difference in s-tetrathianes are 
not immediately evident. A rationale for  the trend in s-tetrathiane conformational 
preferences is based on a combination of the gem-dialkyl effect and interactions 
between syn-axial lone pairs on sulphur (Bushweller 1969) but an alternative 
rationale could be founded on  1,3-interactions between axial alkyl groups and 
sulphur atoms of the  tetrathiane chair. 

It is noteworthy that other heterocycles analogous to the s-tetrathianes such as 
93  (Murray, Story and Kaplan 1966) and 94 (Anderson and Roberts 1968) show a 
strong ring conformational preference for  the chair geometry although 94  displays 
an unusual axial preference for two methyl groups. 
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TABLE 26. Chair: twist ratios in solution for multisulphur hetero- 
cycles 

Compound Chair : twist ratio 

Me Mxs-:x:', S- 

E t  

(cis and trans) 

s' s-s\ 9 
's-s'b 

0.2%- 15°C) 

0.43(- 15°C) 

0.56(-15"C) 

4.0 (-15°C) 

>99 

>99 

Me 
Me\NnN/Me 

p q  I I  

O x "  Me 
Me Me 

193) (94) 

Molecular mechanics calculations have been applied to  a series of six-membered 
rings containing different numbers of sulphur atoms (Allinger, Hickey and Kao 
1976). Agreement with experiment is excellent in some cases and it is evident that  
these theoretical calculations do  give accurate insight into t h e  intimate stereo- 
dynamics of these sulphur heterocycles. 

J. Medium Rings 

Calculations based on empirically determined potential functions have identified 
four potentially stable conformations of different symmetry for cycloheptane: the 
twist-chair (95), chair (96 ) ,  twist (97) and boat (98) (Bocian and Strauss 1977a,b). 
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(96) (97 (98) * =  CH2 

The energies of these conformations increase in proceeding from 95 to  98. There 
are multiple possibilities for conformational exchange itineraries in such saturated 
seven-membered rings. One type of  process is pseudorotation which may be defined 
for a homocyclic system as a process which results in a new geometry which is 
superimposable on the original but  rotated about one or more symmetry axes. No 
bond angle deformations occur during the course of a pseudorotation. Barriers t o  
pseudorotation are usually very low. The other type of rate process is a ring-reversal 
process analogous t o  cyclohexane ring-flip. Much bond angle deformation may 
occur during the course of a ring-reversal. Barriers t o  classic ring-reversal processes 
are usually higher than those for pseudorotation. However, in some medium and 
large ring systems, pseudorotation can effect the same net conformational change as 
a ring-reversal (Hendrickson 1967; Dale 1969). Excellent reviews of research in the 
sterodynamics of medium rings have been published relatively recently (Anet and 
Anet 1975; Dale 1969; Friebolin and Kabuss 1965; Sutherland 197 1;  Tochtermann 
1970). The reader should consult these articles for a more complete treatment than 
is possible here. 

In  the case of 1,3-dioxacycloheptane, theoretical calculations indicate that a 
twist-chair (99) is the most stable geometry analogous to  cycloheptane but there 
are a series of chair forms (100-103), twist (104), and boat forms (e.g. 105) of 

(103) (104) (105) 

comparable stability (Bocian and Strauss 1977a,b). The barrier t o  conformational 
exchange in 1,3-dioxacycloheptane is estimated to  be 4 kcal/mol and thus i t  is not  
surprising that n o  DNMR data are available for this system. Also, no  D N M R  spectra 
changes have been reported for  cycloheptane (Anet and Anet 1975). 13C N M R  
studies conducted at ambient temperatures on substituted 1,3-dioxacycloheptanes 
fail to  indicate the presence of a single highly populous conformation (Gianni, 
Saavedra and Savoy 1973). The data do show that a conformational array is present 
a t  room temperature. C NMR chemical shift substituent effects indicate that for 
trans-4,7-dimethyl-1,3-dioxacycloheptane a conformational mixture is present in- 
cluding chair forms such as 106 and 107 as well as twist-chairs (e.g. 108). The 

3 C  NMK chemical shift trends indicate the presence of axial methyl groups 
consistent with 107. Conformation 108 does not have methyl group with axial 
character but conformation 107 and its twist do have sufficient axial character t o  
account for the  3 C  NMR spectra (Gianni, Saavedra, Savoy and Kuivila 1974). The 
I 3 C  N M R  data for  the cis isomer indicates an array of four conformations 
(109-1 12) or their twist forms. Conformations 11 1 and 112 each have an axial 
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M e  &> 
A'o 
M e  

(108) 

M e  o - - J  - 
(106) (107) 

(112) 

methyl group which accounts for the 13C NMR chemical shift substituent effects 
observed for C ( 5  1. 

Equilibration data for some substituted 1,3-dioxacycloalkanes are compiled in 
T%ble 27. The low AGO values for 2-t-butyl-4-methyl- 1,3-dioxacycloheptane, 
2-t-butyl-5-methyl- 1,3-dioxacycloheptane and 2-t-butyl-4-methyl-l,3 -dioxacyclo- 
pentane have been interpreted to  indicate the presence of numerous con- 
formations separated by small energy differences (Gianni, Saavedra and Savoy 
1973; Willy, Binsch and Eliel 1970). This is consistent with theoretical calculations 
which indicate that 1,3-dioxacycloheptane has a twist conformation that is pre- 
ferred by 4 kcal/mol over the most stable chair conformation and a series of chair 
and twist-chair conformations which differ in energy by less than 3 kcal/mol 
(Bocian and Strauss 1977a,b) However, these calculations give little o r  no  weight to 
substituent o r  anomeric effects which as we have seen can play a major role in the 
determination of conformer stability. For example, the calculations predict that 
chair conformation 103 is more stable than 101 but the anomeric effect would 
favour 101 and disfavour 103. The predicted energy difference between these 

TABLE 27. Conformational free energies for some substituted 1,3-diosacyclo- 
alkanes (Gianni, Saavedra and Savoy 1973; Willy, Binsch and Eliel 1970; Eliel 
and Knoeber 1966; Riddell 1967; Gianni, Cody, Asthana, Wursthorn, Patanode 
and Kuivila 1977) 

~ ~~ ~ ~~ ~ ~~~ 

cis trans 

cso +- mdo AGO (kcal/mol) 
or 

cis/ traiis-2-t- RU t y  1- ~-rnetliyl-l,3-diox acyclohep tane 
cis/tratzs- 2-t- Bu tyl-4-rn ethyl- 1,3-dios ac yclohcp ta le  
cis/trarzs-2-t-Bu tyl-4-m ethyl- 1,3-dioxacyclopentanc 

cis/trarzs-2-t-~u tyl-5-rn et~iy1-1,3-ctiox ac yclohexane 

-0.0 (80°C) 
-O.45(8O0C) 
- 0.27( 25°C) 

-0.84(25"C) 
cis/fratzs 2-t-Bu tyl-4-m ethyl-l,3-dioxacyclohexane -2.9 (25°C) 

cso/erid~4-Isopropyl-3,S-dioxabicyclo[ 5.1 .O]  octane - 0.1 2(80°C) 
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conformations is no t  very large so that even asmall energy increase for 103 due to  
the anomeric effect could be important in determining the conformer populations. 

The data in Table 27 are also consistent with conformational preferences found 
for cycloheptane derivatives. The enthalpy difference between cis- and trans- 
1,3-dimethylcycloheptane is approximately zero as is the enthalpy difference be- 
tween cis- and truns- 1,4-dimethylcycloheptane (Mann, Muhlstadt, Muller, Kern and 
Hadeball 1968). 

The observed conformational parameters (e.g. AGO) for the 1,3-dioxacycZo- 
hexanes are due in part to  the fact that there are only two low-energy chair 
conformations available for each pair of diastereoisomers in the case of disubsti- 
tuted rings. For the five- and seven-membered rings there are many conformations 
of comparable energy available. The low AGO value for 4-isopropyl-3,5-dioxa- 
bicpclo[ 5.1 .Ol octane is due to  the fact that the exo and endo isomers exist as chair 
and crown conformations which differ only slightly in energy. 

Stable conformations of cycloheptene include the preferred chair (1  13), boat 
(114) and twist (115) forms (Emer and Lifson 1973). The boat form can be 

(113) "114) (115) 

transformed to  the twist by a local pseudorotation but conversion of the boat o r  
the twist to the chair requires a ring-reversal. An ' H  DNMR study of cycloheptene 
indicates a low barrier t o  conformational exchange (AG* = 5 kcal/mol; St. Jacques 
and Vaziri 1971). It should be noted that 113 is a rigid chair incapable of 
pseudorotation. A complete pseudorotation all the way around the ring involving 
114 or  115 is also not possible due to the presence of the double bond. Thus, the 
presence of the double bond reduces stereodynamical possibilities as compared t o  
the saturated ring cycloheptane. 

The presence of a double bond at C ( 5 , 6 )  also reduces the number of con- 
formations which need to  be considered for the 1,3-dioxacyclohep-5-enes to a chair 
(116), twist (117) and a boat (118). 3 C  NMR substituent effects were used to  
assign preferred twist conformations to  2,2-dimethyl- 1,3-dioxacyclohept-5-ene, cis- 
and trans-4,7-dimethyl- 1,3-dioxacyclohep t-5-ene and r-2-t-bu tyl-cis-4,trans-7-di- 
methyl- 1,3-dioxacyclohept-5-ene (Gianni, Adams, Kuivila and Wursthorn 1975). cis- 
4,7-Dimethyl-l,3-dioxacyclohept-5-ene prefers the twist conformation ( 1  19) even 
though the chair conformation has two equatorial methyl groups while the twist 
has an axial methyl group. A twist conformation for the trans isomer (120) relieves 

(119) (120) 

0 = CH, 

a severe 1-3 methyl-hydrogen interaction which is present in the  chair. This 
is also true for 2,2-dimethyl- 1,3-dioxacyclohept-5-ene and 2,2-dimethyl-l,3-di- 
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oxabenzocycloheptane. In contrast, 1,2-benzocycloheptane, 5,5-dimethyl-1,2- 
benzocycloheptene, cycloheptene (Ermer and Lifson 1973) and 5,5-difluorocyclo- 
heptene (Knoor, Ganter and Roberts 1967) are most stable in chair conformations. 
Unfortunately, the preferred conformation for 1,3dioxacyclohept-5-ene itself is 
unknown. 

A generalized anomeric effect has been suggested as the driving force that makes 
the chair conformations less stable than the twist forms for the substituted 
1,3-dioxacyclohept-5-enes (Gianni, Adams, Kuivila and Wursthorn 1975). The geom- 
etry of t h e  chair conformation is such that  the C(4)-0 and C(7):O bonds are 
syn-periplanar and each of these bonds is in turn syn(and anti)-periplanar t o  the 
p-orbitals of t h e  7-bonds. The Wolfe rule indicates that  these orientations are 
disfavoured with respect t o  those orientations which have gauche interactions 
between the p-orbitals and t h e  C(41-O and C(71-0 bonds as in the twist con- 
formations. This also explains the preference for the twist conformation shown by 
1,3-dioxacyclohept-S-ene oxide discussed below. In contrast, cycloheptene oxide in 
which there is no anomeric effect exists as a mixture of chair and crown con- 
formations (Semis, Noe, Easton and Anet 1974). 

H DNMR studies have been of some value in studying the stereodynamics of 
these systems. For  example, the C(4) and C(7) proton resonances of 2,2dimethyl- 
1,3-dioxabenzocycloheptene are transfGrmed from a singlet at  25OC to an A B  
spsc trur  a t  -76OC. The 2,2-dimethyl resonance remains a singlet. Such a spectrum 
at -76 C is consistent with the  symmetry of the twist (121) in which the two 

(121) 

metxyl groups are equivalent. The AGg for ring-reversal is 9.7 kcal/mol (Friebolin, 
Mecke, Kabuss and Liittringhaus 1964). N o  change in t h e  H NMR spectrum of the 
unsubstituted analogue was observed to - 1 2OoC. By way of comparison, the 
barriers t o  conformational exchange in benzocyclohe~tene-4,4,6,6-d4 and 5.5- 
dimethylbenzocycloheptene are 10.9 kcal/mol at  -56 C and 11.8 kcal/mol at 
-45OC, respectively (Friebolin and Kabuss 1965). 

Stereodynamical restrictions analogous t o  those imposed by the double bond in 
the 1,3-dioxacycloheptene system may also be introduced by the presence of a 
three-membered ring, Indeed, the barrier for chair-to-chair ring-reversal in 122 is 

(122) 

about 1 1 kcal/mol (Gianni, Cody, Asthana, Wursthorn, Patanode and Kuivila 
1977). Conformational assignments are also reported for a series of 3,5-dioxa- 
bicyclo[ 5.1 .O]octanes. A twist conformation (123) was assigned t o  3,5,8-trioxa- 
bicyclo[ 5.1.01 octane on the basis of low-temperature * H NMR spectra. The 
anomeric effect is presumed t o  be important in establishing the twist con- 
formational preference over that  of either the chair o r  the crown conformations. 

A twist is also reported as the preferred conformation for 4,4-dimethyl-exo-8- 
bromo-3,5-dioxabicyclo[ 5.1.01 octane (124; Taylor and Chaney 1976; Taylor, 
Chaney and Dick 1976). For  this molecule, the chair and crown conformations 
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have severe 1-3 methyl-hydrogen interactions which are relieved in the twist. The 
anomeric effect due t o  the oxygen atoms in the 1 and 3 positions is also more 
favourable in the twist than in either the chair or crown conformations. 

In the  solid state a crown conformation is preferred by 4-phenyl-8,8-dichloro 
[ 5.1 .Ol octane (Clark, Fraser-Reid and Palenik 1970). In solution, a preference for 
the crown conformation is also reported for 8,8-dichloro- and 8,6-dibromo-3,5- 
dioxabicyclo[ 5.1 .O] octanes (125). The monohalogen analogues, exo-8-chloro- and 
e~~-8-bromo-3,5-dioxabicyclo[ 5.1 .O] octanes prefer the chair conformztion ( 127) 
over the crown (128). The preference of 125 over 126 can be rationalized on the 
basis of a repulsive interaction between the endo halogens and 3 and 5 oxygen 
atoms in  126. The absence of this type of interaction in 127 may plny a role in its 
preference over 128. 

(123) (124) (125) 4 oJj E . .  
H L o  L o  Br 

(126) (127) (128) 

Several sulphur analogues of the 1,3-dioxacycloheptenes discussed above 
have been investigated by the 'H DNMR method. In most cases, it is not 
possible to obtain a clear-cut conformational assignment. Some structures with 
associated free energies o f  activation are illustrated below. The data for 129 and 
130 have been taken from Friebolin, Mecke, Kabuss and Luttringhaus (1964). 

@ 
(129) 

R AG$ (kcal/mol) 

H 8.5( -  100" C) 
Me 8.2(- 1 10" C) 

R AG*(kcal/mol) 

H 
Me 

1 0.9( -5 5 O  C) 
12.1 (- 3 3" C) 

In a t  least one instance (13 I ) ,  evidence for a chair-to-twist interconversion 
(AG* 17 kcal/mol) has been obtained directly from ' H  DNMR studies (Kabuss, 
Luttringhaus, Friebolin and Mecke 1966). 'H DNMR methods have also detected 

(131) 
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TABLE 28. Barricrs to conformational exchange in 1,3-dioxacyclooctanes 

Compound Rate process A G (kcal/ni 01) 

Pseudorotation 
Ringinvcrsion 

2,2-Dimethyl- 1,3-dioxacyclooctane Pseudorotation 
Ringinversion 

6,6-Dimethyl-l,3-dioxacycloijctane Pseudorotation 
Ringinversion 

2,2,6,6-Tetram ethyl- lf3-diox acycloijctanc Pseudorotation 
Ringinversion 

5. I 
7.3 

6.4 
11.0 

4.9 
6.4 

5.8 
10.8 

restricted conformational exchange in 132 ( E ,  = 12.9 kcal/mol; Moriarty, Ishibe, 
Kayser, Ramey and Gisler 1969). 

(132) 

'Ihe all-sulphur eight-membered ring (Ss) prefers t h e  crown confQrmation (133; 
Abrams 1955). A limited amount  of data  regarding the stereodynamics of medium 
rings containing oxygen or sulphur is available. Substantial enhancements in barriers 
t o  ring-reversal may occur as a result of introduction of sulphur into an eight- 
membered ring. For example, .the barriers (AGZ) for ring-reversal in the series 134 
(Lehn and Kiddell 1966) range from 13.4 t o  14.8 kcal/mol as compared t o  
cyclooctane ( A G i  8 kcal/mol; Bushweller 1966).  

R 
/ 

(133) (134) 

R = alkyl 

The dynamics of some eight-membered rings containing oxygen are summarized 

A more complete discussion of the stereodynamics of other medium and large 
in Table 28 (Anet, Degen and Krane 1976). 

rings may be found in the series of review articles cited above. 
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I. INTRODUCTION 

The  purpose of this chapter is to bring u p  to da te  and to extend to disulpliides the  
review by  Toniolo and Fontana’  . Although ch romopl~or i c  derivatives of alcohols 
will n o t  be treated,  t h e  benzoate and  dibenzoate chirality rules will be included 
owing t o  the  particular interest of this topic. 

II. ALCOHOLS 

The  optical activity of chiral alcohols has been widely studied since the period 
when the  most  impor tan t  theoretical treatments in this field were described. 
K u h n Z a ,  Boys2 b ,  KirkwoodZ and Eyring2 d , e ,  among  others, have tried to predict 
the  R-configuration of (+)-2-butanol by their theories of optical activity. 

Some  more  recent studies on the  hydroxyl chromophore ,  where the most 
consolidated theoretical treatments are applied, will be reported here, with par- 
ticular attention t o  the  reliability of the  stereochemical da ta  obtained i n  the 
d i f fe ren t  cases. 

Organic chemists as a ruie are not fully aware how safe and reliable the 
application of available Cl3 information can be to t h e  solution of stei-eocliemical 
problems. 
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Direct MO calculations of optical activity, ab initio or otherwise, are more and 
more frequent, but the perturbative models are generally preferred by the experi- 
mental chemists owing to  the size of the investigated molecules and to the fact that 
the descriptions obtained by these models are more pictorial and capable of 
generalization. 

The 'dynamic coupling model' (electric-electric, e lectr ic-magnet i~)~ is now the 
most widely followed; i t  states in a general way that a transition of a symmetric 
chromophore, in order t o  be optically active, that is, to  have associated collinear 
magnetic and electric dipole moments, must induce by its charge distribution the 
required electric dipole moments in the polarizable asymmetric chemical surround- 
ing. 

In order to  obtain nonempirical sterochemical information from CD data, we 
must therefore know the electronic states of both the chromophore and its 
surrounding groups very well. 

The CD studies of the hydroxyl chromophore in a saturated asymmetric carbon 
b a ~ k b o n e ~ . ~  and the CD of benzoate derivatives of molecules containing either 
aromatic6 or  aliphatic' groups can clearly emphasize how the safety of the  
stereochemical data achieved by CD spectra increases when aromatic groups are 
present in the chiral molecule; in these cases, well-isolated and -studied transitions 
are involved. 

The CD spectrum of (+)-?-butan01 in the vapour phase was measured in the 
vacuum-UV4 (Figure 1) and three bands centred a t  180.8nm, 161 .3nm and 
149.3 n m  have been clearly resolved. 

n 
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1400 1600 1800 2000 

... 
'_ 
0 
E 

X 
(Y 
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FIGURE 1. The absorption and circular dichroism spectra of (+)-(S)-2-butanol in 
.the vapour phase. Reproduccd from P. A. Snyder and \V. C. Johnson, Jr., J. Chem. 
Phys. 59,  2618 (1973) with permission of the American Institute of Physics. 
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The advantage of the CD technique with respect to the isotropic absorption is 
shown by the resolution of the absorption band at 156.3 nm in the two opposite- 
signed bands at 161.3 nm arid 149.3 nm. These three transitions were assigned as 
n -+ o* (0 -H) ,  n --f o* (C--0) and n + 3s (-0-) respectively; the round brackets 
indicate the  location of the  transition in the chromophore. Starting from these very 
tentative assignments, the rotational strength (i.e. intensity of the optical activity) 
of the three transitions were calculated by a dynamic-coupling approach. The 
calculations were performed assuming that the staggered conformation with a 
methyl-hydroxyl interaction was the only conformation of the hydrocarbon 
backbone, and that the free rotation of the hydroxyl group is sterically restricted. 
Agreement between the experimental and the computed signs of the rotational 
strengths of the three transitions was achieved. However, the basis of this elegant 
theoretical treatment is very unsafe; besides the con formational mobility of the 
system, both the transitions of the hydroxyl chromophore and the polarizability of 
the carbon backbone have been only tentatively described. In fact, neither the 
quantitative values of the anisotropies of the polarizability nor their signs can be 
considered to  be certain; that is, we still d o  not really know if an ethane molecule is 
more polarizable perpendicular t o  or  along the C-C bond, and hence we d o  not 
know whether the electric dipole moments induced by the transition charge distri- 
bution of the hydroxyl group must be placed in the calculations along the C-C 
bond or perpendicular to  it. 

In order to  eliminate at least the uncertainties of the conformation of the carbon 
backbone, the same authors have subsequently studied L-borneols where the only 
conformational freedom is the hydroxyl rotation. 

The same theoretical treatment was applied with three different sets of polar- 
izabilities for the C-C and C-H bonds. The conformation which theoretically 
reproduces the negative sign of the two lower energy transitions is that reasonably 
expected from examining a space-filling model of L-borneol. Surprisingly, these 
theoretical results are, in this case, quite insensitive t o  the sign of the anisotropy of 
the polarizabilities chosen. 

These results seem to confirm the assignments of the two lowest energy tran- 
sitions as n + o*(OH) and n --f @(C-O), and to  rule out  the n + 3s assignment, 
recently proposed for the lowest energy transitionsaaIb, which does not give the 
same agreement between experimental and theoretical rotational strength. The 
possibility of discriminating between n --f 3s and n -’ o* transitions is due to  the 
different origin of their optical activity. 

CD data of about thirty saturated hydroxy steroids and terpenes were reported 
by Kirk, Mose and Scopes’, and the CD absorption maxima in the region 18.5- 
198 nm were assigned t o  the hydroxyl chromophore (Figure 2). 

A very simple ‘right-left’ rule with respect t o  the C-0-H plane is proposed; 
only the contribution to  the  CD absorption of the bonds which project forwards 
towards the  lone-pair orbitals of the oxygen atom has been considered. The 
contribution seems to change sign across the C-0-H plane (Figure 2). Such a 
simple rule could support a p + 3s assignment of this low-energy transition (as 
could be very easily demonstrated by symmetry considerations linked to  the 
dynamic coupling approach). However, the weak experimental consistency of these 
data does no t  allow full confidence in the results (CD spectra were measured in 
solution with a commercial instrument down to  185 nm). 

We can conclude at  this point that the CD spectrum of the hydroxyl chromo- 
phore is no t  very useful in stereochemical determination; the spectroscopy of this 
group is not  really known, and it starts to  absorb at the lower limit of the near-UV, 
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FIGURE 2 .  Sector projections of 5a-cholestan-7p-01 (1 )  and 5a-androstan-l7p-01 (2). The 
molecules are viewed in a Newman projection in the preferred conformation and projected 
along the 0 - C  bond. Experimentally, 1 and 2 have positive and negative Cotton effects 
respcctively. Reproduced from D. N. Kirk, W. f'. Mose and P. M. Scopes, J. Chenz. Soc., Clzern. 
Commun., 81 (1972) with permission of the Chemical Society. 

where any unsaturated chromophore could overlap its absorption and confuse the 
interpret at  ion. 

111. BENZOATE DESIVATIVES OF ALCOHOLS 

CD studies of the benzoate derivatives of chiral alcohols have overcome the 
practical limitations mentioned in the previous section, and their interpretation is 
based on the knowledge of the electronic transitions of the benzoate chromophore 
in  the near-UV region: 280 nm(E = 1000) ' A l p 4  l32 ,,; 230 nm(f = 14,000) intra- 
molecular charge transfer transition (CT) and 195 nm(E = 40,000) A l  g--l B ,,. 

The polarizations of the first and second transitions are along the short  and long 
molecular axes respectively. The optical activity of the strong CT transition of the 
benzoate chromophore is due t o  its dissymmetric coupling with the electric dipole 
moments induced in the saturated or unsaturated carbon backbone (benzoate 
sector rule), or in another aromatic chromophore present in the molecule (aromatic 
chirality method), o r  in other benzoate chromophores in dibenzoate and tribenzo- 
ate derivatives of glycols and triols (dibenzoate method).  
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FIGURE 3. The benzoate sector rule: the projection is made in the direction of the arrow. 
Reprinted with permission from N. Harada, Mo. Ohashi and K. Nakanishi,J. Amer. Chern. Soc., 
90, 7349 (1968). Copyright by the American Chemical Society. 

A. Benzoate Sector Rule 

By symmetry theoretical considerations’ ’, a sector rule was proposed and 
applied to cyclic secondary  alcohol^'^^^. This sector rule divides the space into 
eight sectors by nodal planes, A, B, C and D (Figure 3). The preferred conformation 
of the benzoyloxy group is assumed to  be one in which it lies staggered between the 
carbinyl hydrogen and the  smaller substituent, as already assumed by Brewster in 
his pioneering ‘benzoate rule” O .  

The benzoate is looked at from the para position, and the rotatory contribution 
of Q, p- and p, -(-bonds are considered; the sector rule states that bonds falling in the 
shaded and unshaded sectors in Figure 3 make positive and negative contributions 
respectively to the 230 nm Cotton effect. The contributions of a double bond 
would be greater than that of a single bond because of the greater polarizability. It 
should be pointed out, however, that as the wave functions used by the authors in 
defining this sector rule are extremely simple, it cannot be used very safely. 

6. Aromatic Chirality Methods 

The electrostatic interaction between the dipole moment of the CT transition of 
the benzoate chromophore and the induced dipole moments is greatly increased if a 
polarizable aromatic chromophore is also present in the molecule. In these cases, 
with the only exception being when stereochemical symmetry of conformational 
freedom cancels the exciton coupling between the transition dipole moments of 
the nonconjugated aromatic chromophores (see below in the dibenzoate and 
tribenzoate cases), the contribution of the polarizability of the carbon backbone 
can be neglected. This is a good achievement. 

The theoretical optical activity of the coupled aromatic chromophores can be 
easily and very safely calculated if the sterochemistry of the molecule and the 
polarization of t he  coupled transitions are known. Conversely, if the polarizations 
are known, we can obtain from CD spectra the stereochemical arrangement of the 
aromatic groups. 
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Me 

(3) 

This exciton approach has been very widely used and no  failure of it has been 
recorded in stereochemical studies' * .  A selected example of application to  a 
molecule when a benzoate chromophore is present is provided by 17P-dihydro- 
equilenin-3-methyl ester 17-benzoate (3)6.  

or  liquid crystals' are 
very useful for obtaining polarization data of chromophores not previously studied; 
this situation often occurs in studies of natural products with aromatic groups 
variously substituted' 4 .  

The linear dichroism techniques using stretched films' 

C. Dibenzoate Chirality Rule 

The optical activity of the  CT transition of a dibenzoate derivative is mainly 
generated by the degenerate exciton coupling of the two identical aromatic groups. 

Negative chirality Positive chirality 

FIGURE 4. Chiralities of Z-glycol dibenzoates. Reprinted with permission from N. Harada 
and K. Nakanishi, Acc. O?enz. Rex ,  5, 257 (1972). Copyright by the American Chemical 
Socie ty. 
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The dissymmetric coupling of the intramolecular charge-transfer transitions at  
230 nm of the two benzoate chromophores generates a very strong double-humped 
and conservative (equal intensity of the two opposite-signed components) CD 
curve. In this degenerate case, it is again very simple to calculate from the shape and 
intensity of the conservative bisignate spectrum the spatial orientation of the 
transition dipole moment of one chromophore with respect to that of the other. 
The spatial mutual orientation of the two transition dipole moments can be 
converted into stereochemical data. As the CT transition at 230 nm is polarized 
along the long axis of the benzoate chromophore, that is, approximately parallel to 
the alcoholic C-0  bond, the stereochemistry of the starting glycol can be  easily 
inferred. 

The shape of the CD spectrum can also give directly, without any calculation, 
the chirality of the glycoldibenzoates, defined as positive or negative according t o  
the sign of the low-energy component of the doublet and in correspondence to 
whether the dissymmetric dibenzoate two-bladed propeller is in the sense of a right- 
o r  left-handed screw (Figure 4). For example, the CD spectrum6 of 2a, 3p- 
dibenzoyloxy-~a-cholestane (4) (Figure 5 )  exhibits the typical exciton doublet 

+ 20 

+I0 

lu 
a 0  

-10 

3 lo4 

lu 

i, uv ’-. ’.--- - - 
J I -_  I 

3 0  250 300  350 
X,nm 

FIGURE 5. CD and UV spectra of 2=,3P-dibenzoylosy-5 a-cholestane 
(4) in ethanol-diosane (9 : 1). Reprinted with permission from N. 
Harada and K.  Nakanishi, Acc. Chenz. Res., 5 ,  257 ( 1  972). Copyright 
by the American Chemical Society. 
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centred at 230 nm and a negative chirality is directly inferred from the negative sign 
of the low-energy band of the doublet. The intensity of the 280 nm A , ,  + B z u  
transition is very low and no  splitting is apparent; the CD of this transition, which is 
polarized along the short axis of the two benzoate chromophores, owing to  the 
rotational freedom around the alcoholic C-0 bond and its low intensity, does not 
show an exciton-coupling, and its optical activity is probably generated by the 
stereochemistry of the atoms closest t o  the two aromatic rings. 

The exciton CD doublets usually have a high intensity and other chromophores 
do  not generally interfere because of the difference in energy and intensity o f the  
CD bands; however, if necessary, the  dibenzoate CD doublet can be shifted t o  lower 
energy by introducing suitable para substituents. 

The doublet of the bis(p-methoxybenzoate)6 located at 270 nm and 247 nm 
does not  overlap the strong CD band at 224 nm of the gallate chromophore in 
dimethylbergenin bis(p-methoxybenzoate) ( 5 )  (Figure 61, which would instead over- 

Me0 0 

+30 

+ 20 

+ I 0  

- 10 

- 20 

-30 
L I  I I I 

200 250 300 350 
A,  nm 

FlGURE 6. CD spectra of dimethyl- 
bergenin (---) and its bis(p-niethosy- 
benzoate) (5) (-) in ethanol. Reprinted 
with permission from N. Harada and K. 
Nakanishi, Acc. Cliem. Res., 5, 257 (1972). 
Copyright by the American Chemical 
Society. 
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lap with the CD of the unsubstituted dibenzoate. The shift and the difference in the 
intensity of the CD couplets depend on the nature of the para substituent. 

A linear relation has been found t o  exist between the amplitude of the conserv- 
ative CD couplets and the square of the extinction coefficient maximum of the 
isotropic absorption’ 5 .  This quadratic dependency holds only when exciton coup- 
ling is the main source of the Cotton effect and in ambiguous cases it could be a 
convenient test. 

I 1  

2 0 0  250 300 3 5 0  

X,nm 
FIGURE 7. C1) spectra of tris(p- 
c h 1 o r o be  n zo a t e s ) s u g a r s . 
(- ) Mc th yl- a - L-arabinoside (6) 

=+81.3, =-25.6 (in 
,~-hesane)J; (........... ..... ) methyl-a-D- 
syloside (7) ( A c 2 4 4  =+8.3  (in 
EtOH)] ; (___________)  me thyl-2-D- 
mannoside ( 8 )  [ b e z 4  = -62.8, 

= +24.7 (in EtOH)]. Re- 
printed with permission from N. 
Harada and I(. Nakanishi, Acc. Chern. 
Res. ,  5 ,  257 (1972). Copyright by 
the American Chemical Society. 
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The dibenzoate method is not confined t o  the 1,2-glycol system, since it is based 
on a through-space electrostatic interaction. The stereochemistry of triols can be 
studied by the same method6. In the case of cyclic 1,2,3-triol tribenzoates, the 
exciton coupling is only a little more complicated. When the pair-wise chiralities 
between the 1-2, 2-3 and 3- 1 benzoate groups are all positive, as in methyl-cc-L- 
arabinoside 2,3,4-tri-p-chlorobenzoate ( 6 )  (Figure 7 ) ,  a positive lower energy coup- 
let results. A CD which is the mirror image of the former is expected and observed 
when the chiralities are all negative, as in methyl-a-D-mannoside 2,3,4-tris(p-chloro- 
benzoate) (8). In methyl-a-D-xyloside 2,3,4-tris(p-chlorobenzoate) (7), the exciton 
couplings of the three chromophores cancel ou t  (a symmetry plane is present in their 
spatial arrangement) and the small CD band arises from different mechanisms. 

This method was recently applied to  polymeric systems' ; the CD spectrum of 
poly(U-benzoyl-L-hydroxyproline), in the state where there is a right-handed helical 
conformation, is approximately the mirror image of the spectrum of the state 
where there is a left-handed helical geometry, and they both exhibit a clear exciton 
coupling of the benzoate chromophores around 232 nm where the sign of the 
low-energy exciton band again correlates with the handedness of the helix. 

- 
- 

- 

IV. ETHERS 

10 

- 5  

The electronic absorption of ethers lies in the  vacuum-UV, and unlike the case of 
alcohols, it is impossible t o  overcome this serious instrumental limitation. 

The CD spectrum of propylene oxide in isooctane solution does not show a 
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ether. Reproduced by courtesy of Prof. 0. Schnepp. 

CD and absorption specira in the vapour phase of (+)-S-s-butyl ethyl 
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maximum down to 185 nm”.  ORD spectra of some ethers have been recorded in  
the past‘ 8 a * b .  

The CD spectra of (+)-S-s-butyl ethyl, (+)-S-Zmethylbutyl ethyl and (+)-S-3- 
methylpentyl ethyl ethers in the gas phase have been very recently recorded by 
Schnepp ’ (Figure 8). Three or perhaps four distinguishable absorption regions 
between 195 nm and 140 nm were detected. Following previous assignments, two 
possibilities are proposed for the low-energy transition: n --f (z $-o ( I  Al -1 B1 in 
Cpv  symmetry) or pure Rydberg n -+ 3s giving the same symmetry as before. N o  
solution spectra were measured t o  distinguish between valence and Rydberg tran- 
sitions by shifting the latter ones with the density of the mediaz0. The IB1 
symmetry is supported by a high g-factor (ratio between circular dichroism and 
isotropic absorptionZ ’ ). The higher energy transitions have a g-value at  least six 
times lower for (+I-S-s-butyl ethyl ether, but for  the other t w o  compounds the  
g-value is about the same as for the  first transition. I t  is therefore not possible to  
obtain guidance for the assignments which remain uncertain. 

The ether chromophore inserted in a sugar structure was studied by Nelson and 
Johnson22a>b*C. Unfortunately, the system is very complicated owing to  both the 
equilibria of the sugars between the furanose-pyranose rings and anomeric a+ 
forms and the presence of many chromophores (hydroxyl, methoxyl, hydroxy- 
methyl, hemiacetal and acetal) absorbing in the same region and probably having 
some mixing of their electronic states. Therefore, i t  seems impossible to  base any 
interpretation of the CD of sugars on the specific knowledge of  t h e  spectroscopic 
properties of the different absorbing chromophores and to follow the nonempirical 
dynamic coupling of the different parts of the molecule. In this case, any safe 
theoretical approach should require the computing of the orbitals of the whole 
molecule. 

A very effective but  empirical approach based on the Kauzmann principle of 
pair-wise interaction2 was applied in this field by Listowsky and coworkersz4 and 
by Nelson and Johnson2zb*i.  As the optical activity, according to this principle, 
is given as a sum of contributions from pair-wise interactions between the 
different groups of the chiral molecule, i t  is natural t o  divide the sugar into 
functional groups. The difference between the CD spectra (‘difference spectra’) o f  
the two sugars which differ only at  a single configurational centre, reveals the 
changes in the interactions invo!ving the groups attached t o  this centre with the  
other groups in the molecule. Single pyranose’ and pyranoside2 anomers were 
selected by Nelson and Johnson in order t o  simplify the problem, avoiding, as much 
as possible, any complication arising from chemical equilibria. T h e  CD spectra in  
the vacuum-UV to  165 nm of the investigated aldopyranoses are  very different 
from the CD of the homomorphic methyl aldopyranosides, but  their difference 
spectra (the computed difference of the intensities versus wavelength of the two 
derivatives) reveal many similarities. The substitution of a hydroxyl with a methoxy 
group on the anomeric carbon causes a negative CD contribution beginning at  about  
190 n m  and having its maximum value at 170 nm for the $-anomers (Figure 9). 

The changes are almost superimposible for all the pairs of sugars investigated, 
except for  the 1,-galacto pair (suggesting some conformational difference between 
a-1) -galactose and a-u-galactoside). 

When a hydroxymethyl group is added to  Cg, the difference spectra reveal an 
additional positive CD absorption irrespective of the configuration of the anomeric 
centre. 

The effect of the  C4 and C1 epimerization has also been investigated by the 
difference spectra technique. Following this approach, a method was developedz 
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for predicting t h e  CD spectra of pyranoid monosaccharides; the idea was t o  collect 
a catalogue of 'fragment CD spectra' that  could be summed algebraically t o  predict 
the vacuum-UV CD spectra. 

A tentative assignment of the transitions was proposed by the same authors22c. 
The first band ( 1 8 5  nm) in methyl pyranosides is due to the ring oxygen, the 
second (175 nm)  t o  the methoxy group and the third (below 165 nm) at least in 
part to  the methoxy group. The signs of the second and third bands are correlated 
to the configuration at the anomeric carbon. The first band in the pyranoses 
(1 80 nm)  is apparently due t o  the ring oxygen. 

V. THlO ETHERS 

Since the  work of  Rosenfield and Moscowitz26 on five- and six-membered ring thio 
ethers, few other papers have appeared on this subject. 

Hagishita and Kuriyama2' synthetized and studied the CD of several substituted 
2-thiahydrindans (9). Rigid trans derivatives show two Cotton effects at ca. 245 and 
3- 15 nm, whilst in the cis derivative, 3cr-methy1-2-thiahydrindan, other bands are 
present which by low-temperature measurements were shown to  be due to con- 
formational isomerism. 

R' = =-Me, 3-H 
R2 = H, 3- or p-Me 
R3 = a- or 3-H 

By using the  rule proposed by Kuriyama and coworkers for  episulphides28, the 
subst i tumt effect could be predicted, except in the case of P-axial methyl. This 
discrepancy probably depends on the uncertain position of the nodal surfaces 
dividing the different sectors. 

based on nonempirical SCF-MO calculations substantially 
confirmed the assignment of n + Q*, previously proposedz6 for the low-energy 
transition of sulphides (at ca. 240 nm). However, on the low-energy side, a Rydberg 
type ( 3 p - + 4 s )  transition also seems t o  be superimposed upon the magnetically 
allowed n 3 o*. This Rydberg transition, however, gives negligible contributions to 
the optical activity. 

Higher energy transitions were also discussed -but the possible assignments are 
still uncertain. 

A theoretical work2 

A. Thio sugars 

Recently, the a -  and 8- anomers of several l-thioglyco-furanosides30 and l-thio- 
glyco-piranosides3 ' were studied b y  both ORD and CD techniques. While the CD 
revealed directly t w o  weak bands a t  ca. 2 10 and 200 nm, the first of which is 
certainly connected with the C-S chromophore, ORD spectra by means of Drude- 
type plots allowed the identification of an intense band at ca. 150 nm. This band 
seems t o  be the  one giving the dominant contribution to the optical rotation at the 
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sodium-D line. While the first two bands are not 'diagnostic' of the anomeric 
configuration at C1, the  sign of the 150 nm band (connected t o  the ring oxygen?) 
was associated with 'the anomeric configurations; a! gave positive signs and p 
negative, analogously t o  the Hudson isorotation rule. 

Older work on methyl 5-thio-a- and -F-D-xylopyranoside based on ORD and 
Drude plots has led to analogous conclusions for a band at ca. 180 nm associated 
with the ring sulphur3 2 .  

A study on alkyl-z- and -p- 1 -thiagalactopyranosides and their tetraacetates was 
recently c ~ m m u n i c a t e d ~ ~ .  

B. Episulphides 

Considerable effort has recently been made to interpret the chiroptical proper- 
ties of episulphides. 

A b  inirio calculations of the optical activity were performed on R-(+)-propylene 
sulphide29; from this study, the two absorptions observed at ca. 260 nm in the 
spectrum of episulphides were assigned as n -+ cr* (higher energy) and n -+ 4s (lower 
energy) (Figure 10). These transitions correspond to  those proposed for thio 
ethers29, and only the first one plays a relevant role in determining the CD 

FIGURE 10. CD and UV spectra of (+)-R-t-  
butylthiiran in 3-niethylpentane at +20"C (--), 
-90°C (---> and -180°C ( . - . - . - - ) .  
In the CD spectra the n + 4 s  transition is 
evident on the low-energy side of the intense 
n -  u*. Reproduced from G. Gottarelli, B. 
Samori, I. Moretti and G. Torrc,J. Chern. Soc., 
Perkitr 11, 1105 (1977) by permission of the 
Chemical Society. 
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Z 

FIGURE 11. (a) Orbitals of the ground (right) and excited 
(left) states of the magnetically allowed n -+ S *  transitions. 
(b) The multipolar transition charge distribution resulting 
from the overlap of the ground and excited state orbitals; a 
and Q represent real monopolar charges and not the signs of 
the overlap, -m, is the magnetic moment of the transition, 
IJ, ( (33 ) represents the z-component of the dipoles induced 
by the transition monopoles in a polarizable perturber (i.e. 
chemical group or bond) in the different regions surrounding 
the chromophore ( I ,  I I , I 1 1 ) .  The signs of the contributions to 
the optical activity are depicted on the right. In region I the 
outer sector refers to groups not directly bonded to the 
thiirane ring (these contributions are very small). Reproduced 
from G. Gottarelli, B. Samorr, I... Moretti and G. Torre, 
J. Clzenz. SOC., Perkin II ,  1105 (1977) by permission of 
the Chemical Society. 

observed at ca. 260 nm. The  charge distribution of the  n + G *  transition was 
computed  and used to perform dynamic coupling34 calculations of the  optical 
activity of several simple episulphides. Still using the dynamic  coupling mechanism, 
a general symmetry  rule (Figure 1 I ) ,  correlating the  stereochemistry around the  
episulphide group t o  t h e  CD of  t h e  260 n m  transition, was deduced .  This rule is for  
practical purposes similar to tha t  proposed by Kuriyama and  collaborators*', but 
emphasizes t h e  contributions of t h e  region near the central par t  of the  thiirane ring. 



294 G. Gottarelli and B. Samori 

VI. DISULPHIDES 

Considerable research has been devoted in recent years to  the optical activity o f  the 
disulphide chromophore. The S-S bond length is about 2.04-2.06 A and the 
R-S-S' bond angle ranges between 100° and 108°35. 

Of primary importance with regard to the optical activity is the dihedral angle 0 
formed by the intersection of twoo p h e s ,  oze of which is defined by R-S-S' and 
the other by S-S'-R'. For 0 f 0 and 180 , the disulphide group is dissymmetric 
and shows inherent optical activity distinct from contributions by external perturb- 
a t i o n ~ ~  (Figure 12). 

The value of 0 in cyclic compounds is imposed by the ring size, and in 
open-chain derivatives by steric and electronic factors. 

The disulphide linkage has characteristic absorption bands between 2 10 and 
370 nm which show corresponding circular dichroism. The wavelength of maximum 
absorption, the extinction coefficients and the chiroptical properties are very 
sensitive t o  the value of the dihedral angle (D3 7. 

Simple cyclic disulphides have been extensively investigated by sevoeral 
a ~ t h o r s ~ ~ - ~ * .  In these cases, :he dihedral angle 0 ranges from about 60 in 
six-membered rings4 to  ca. 30 in five-membered rings4 4 .  In six-membered rings, 

R' 
I 

R' I 

R I R  
I 
I 

M - helix P -helix 

FIGURE 12. The dissymmetric disulphide group. Reprinted 
with permission from J .  Webb, R. W. Stickland and F. S. 
Richardson, J. Amer. Ciiem. SOC., 95, 4775 (1973). Copyright 
by the American Chemical Society. 
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two optically active transitions are detected at  280-290 nm and at  ca. 240 nm; in 
five-membered rings, the dihedral angle is reduced and the transitions are red- 
shifted to  ca. 330 and 262 nm37945. In all these cases the long-wavelength CD is 
negative for M-helicity (@ < 0") and positive for P-helicity3 - 3  8-4 2 .  

The second UV band gives a CD with an opposite sign to the first band, but 
correlations based on this transition seem to  be less reliable38. 

The apparently abnormal behaviour of R-(+)-a-lipoic acid4 is reconciled with 
the general trend by considering the conformational equilibrium of two species 
having opposite chirality t o  the disulphide gr%up4 5 .  

Studies of disulphides with Q, close to  90 have led to  quite a different picture. 
Coleman and Blout4 studied the chiroptical properties of cystine and derivatives 
and found that the rotatory strength of the long-wavelength band at ca. 250- 
2 6 0 n m  is low and is dominated by external perturbations rather than by the 
screw-sense of the disulphide linkage. Beychok and Breslow4 found in several 
cyclic polypeptides that the first CD band was sensitive to  minor structural changes 
and they did not  find a correlation between its sign and the chirality of the 
disulphide group. A later study49 on cyclo-1-cystine having Q, very near 90°, 
revealed no  CD in the  long-wavelength absorption region of the disulphide group. 

of a P-helical disulphide 
with +90° < Q, < + 180" (rransoid); here the long-wavelength absorption of the 
disulpliide group (271.5 nm)  has a negative CD, opposite to that found for cisoid 
disulphides. 

All the data reported above were rationalized, and also in part anticipated, by 
the  theoretical work of Linderberg and Mich15 ; this work is based on consider- 
ations of the simple Bergson model5 2 ,  together with empirical CD data of simple 
molecules. The picture is further confirmed by  semiempirical CNDO calculations. 
The main results of this work can be summarized as follows. 

The two transitions observed between 210 and 360 nm are from the highest 
occupied MOs (formed by symmetric o r  antisymmetric combinations, $+ and $-, 
of the lone-pairs of sulphur atoms, XA and x ~ )  

(2,7-Cystine)-gramicidin-S constitutes an example5 

to the same antibonding o*-orbital of the S-S group. Since the chromophore has 
Cz symmetry, the  excited states will be of A and B symmetry respectively. The 
energy of J/+ and $- is strongly influenced by variations o,f @, whereasothat of o* 
is not.  For 1 @ I< 90" the  first excited state is B; for 90 < @ <  180 the first 
exicted state is A. For @ = 90", A and B are degenerate and only one single 
absorption is detectable in the spectrum. 

For an M-helix, B has negative rotatory strength and A positive. Therefore, for 
0" < Q, < 90" t he  M-chiraliky gives negative CD and P-chirality positive CD. Thus 
the inversion of sign for 90  < Q, < 180" is explaine; by the fact that the low-wave- 
length transition is no  more B but A .  At Q, = 90 the two degenerate rotatory 
strengths mutually cancel. 

More complete MO calculationss3 of the optical activity of the disulphide group 
were recently performed and this basic picture was substantially confirmed. The 
elegant theoretical work of Woodys4 on the Bergson model does not change the 
above picture. 

For  practical purposes, a quadrant rule can be used to  correlate the handedness 
of the twisted disulphide group to  the sign of the long-wavelength CD observed 
both for cisoid and transoid disulphidess (Figure 13). 
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: 180" 

90" 

0" 
FIGURE 13. Quadrant rule for the inherent 
optical activity of the low-energy transition of the 
disulphide chromophore. Reproduced from U. 
Ludescher and R. Schwyzer, Helv. a i m .  Acto, 54, 
1637 (1 971) by permission of the Schweiz. Chem. 
Gesellschaft. 

In addition t o  the references quoted above, other studies have been reported on 
biomolecules; cystine has been extensively studied5 5-5 

Several researches have been devoted to the CD of the disulphide group in 
complex biological molecules; these include ( 2-glycine)oxytocin4 8 ,  the trypsin 
inhibitor of adzuki beanss9, Neurophysin I IGo,   antibiotic^^'.^ i i 6  2 ,  Somo- 
totropin6 and Chor i~mammot rop in~  4. 
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Note Added in Proof 

The final interpretation of the spectra of (+)-S-s-butyl ethyl ether reported in Figure 8 has been 
recently published and assignments t o  Rydberg-type transitions are preferred. 
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1. lNTRODUCTlON 

The last review' of the electron impact mass spectrometry of ethers and sulphides 
was published more than a decade ago and, except for biannual compilations* of 
selected references, no  recent update  is available. The  tremendous growth and 
popularization mass spectrometry has undergone since then obviously is reflected in 
the amount  of material covering a wide variety of aspects (e.g. analytical, mechan- 
istic, thermochemical, theoretical) of the gas-phase ion chemistry of these com- 
pound classes. This reyiew will outline recent advances but no  at tempt  has been 
made to be exhaustive. Because of space limitations overlap with related interesting 
fields, such as, for example, carbohydrate analysis3 and negative-ion mass spectro- 
metry4, has been avoided, particularly when recent reviews are available. Another 
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self-imposed restriction is that only compounds containing C-0-C o r  C-S-C 
linkages are discussed: silyl ethers, for  instance, are only occasionally treated. 
Compounds in which the ether or sulphide character is obscured by other structural 
features (e.g. aromatic heterocycles) have also been omitted. Except for these 
restrictions, literature coverage extends through early 1978. The symbolism of 
Budzikiewicz, Williams and Djerassi' (asterisk, singly and doubly barbed arrows) 
has been used throughout the text. 

II. GENERAL CHARACTERISTICS OF THE MASS SPECTRA OF SATURATED 
ALIPHATIC ETHERS AND SULPHIDES 

One of the most useful concepts to  the organic mass spectrometrist is the concept 
of charge localization' 3'9' : the removal of an electron from a molecule containing 
a heteroatom (or x-bond) will preferentially involve a lone-pair electron (respect- 
ively Ir-electron) of this heteroatom (respectively Ir-bond). In the case of a poly- 
functional molecule, removal of an electron is then pictured as occurring pre- 
dominantly from the function o r  atom having the lowest individual ionization 
energy. A particularly vigorous discussion of the validity of the concept has centred 
around the mass spectral behaviour of methionine and selenomethionine' ,* but 
van den Heuvel and Nibberingg have confirmed its predictive capabilities in these 
instances. Budzikiewicz and Pesch' complemented these investigations in a study 
of a,o-bifunctional alkanes in which amino groups were opposed to sulphide or  
selenide functions. They found (i) that the ionization energy of a polyfunctional 
molecule is indeed determined by the functionality of lowest ionization energy, and 
(ii) that the  charge in the molecular ion can migrate t o  another site through space 
(rather than through a-bonds) below the ionization energy of that other function. 
Thus apparent contradictions t o  the charge localization concept can be explained. 
Williams and Beynon' ' have recently reevaluated the concept and stress (i) that the 
most important aspect of a cation radical (e.g. a molecular ion) is the radical site, 
and (ii) that  the available evidence points to the preferential localization of the 
unpaired electron in certain orbitals. In the case of ethers and sulphides removal of 
an electron then predominantly occurs from the heteroatom lone-pair orbitals, 
subsequent decomposition being initiated either by the radical site or by the 
charge. In the first case the unpaired electron will seek to  pair with one of the 
electrons of an adjacent a-bond (equation 1 )  and as such lowers the dissociation 

+. n + 
CH3X-CH2-CH3 - CH3X =CH2 + CH; 

x = o  702 660 138 E,=96 

x = s  765 857 138 E,  = 230 

energy for  this bond. Tlus also follows from quantitative data: assuming that simple 
cleavage reactions involve no reverse activation energy' 2 ,  the  activation energy (E,) 
for the forward reaction can be calculated from available' ' 7 '  3-1 thermochemical 
data ( A H f  values are given below each structure and are expressed in kJ mo1-l ). I t  
is clear that  the dissociation energy for the C-C bond in both ether and sulphide 
molecular ions is substantially reduced relative to  its value (-347 kJ mol-' ) in t he  
neutrai molecules: as a result radical site initiated decompositions mainly occur 
through z-cleavage. Charge-site induced fragmentation on the other hand, by 
attracting an  electron pair, leads to heterolytic ipso-cleavage ('i-cleavage', equation 
2). The activation energies are higher than those for a-cleavage (equation 1) and 
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+ .? 
CH3X - CH2CH3 - CH3X' + &H2CH3 

30 1 

(2) 

x = 0 702 4 915 E,-209 

x = s  765 136 915 E,-273 

hence the  latter process will dominate (see below), although to  a lesser extent in the 
case of the  sulphides (as observed experimentally '6~'7).  Note that  the higher 
energy barriers t o  both reactions in sulphides must result in a decreased fragment- 
ation and hence in increased parent ion abundances relative to  the corresponding 
ethers (as observed) '7. '8.  Also note that the higher energy requirement for 
a-cleavage in sulphides mainly reflects the different ability of the heteroatom to  
stabilize the positive charge in the product ion' 4 .  

Several generalizations' ' 9'  hold for  the a-cleavage reaction in the 70 eV 
spectra of both compound classes and are only briefly recapitulated: (i) a-cleavage 
occurs preferentially at  the most substituted carbon provided the alkyl substituents 
on the other a-carbon are not  too much larger; (ii) given an equal degree of 
substitution, loss of the larger alkyl group prevails. In the case of ethers the yield of 
a-cleavage products quickly drops with increasing molecular size as a result of 
enhanced competition of heterolytic i-cleavage (equation 2)  and other hydro- 
carbon fragment producing reactions (see below). The reaction is however enhanced 
by a-branching and the presence of a vicinal functionality such as in vicinal 
diethers: the  major fragments of these compounds arise though a-cleavage of the 
central C-C b ~ n d ' ~ . ~ ~ ,  which feature has been exploited in a method for the 
determination of double-bond positions in polyunsaturated fatty acids2 ' . Other 
factors may also affect the propensity for &-cleavage as exemplified by allylic22 and 
propargylic2 ethers: loss of a vinyl or acetylenyl, respectively, radical is essentially 
absent. 

When investigating the intrinsic preference of the cleavage process for loss of the 
larger (RL) o r  the smaller (Ks) alkyl group, one should bear in mind that the 
associated fragment abundances in the 70 eV spectra are hardly useful since a 
substantial fraction of these a-cleavage products will have undergone subsequent 
decomposition. This problem is avoided by recording the mass spectra at suffici- 
ently low ionizing energies. I t  was then observed2 ,2  for several compound classes 
that loss of R s  becomes more important at lower energies, the differences residing in 
the actual values of the [ M  - Rs]/[M - KL] ratio. In persistent cases such as 
ethylene acetals and ketalsZ6 this value does not exceed unity at the lowest internal 
energies. However, by extending the range of observed internal energies through the 
observation of unimolecularly decomposing metastable molecular ions, i t  could be 
confirmed that at  these lowest energy contents the smaller radical is preferentially 
lost as well2 6 .  

Subsequent decomposition of a-cleavage products typically occurs through 
hydrogen rearrangement with concomitant olefin elimination' 7 9 1  8 , 2  7 9 2 8  (equation 
3). The reaction involves nonspecific hydrogen abstraction from all positions in the 

H 

remaining alkyl chain; the actual fractions being very much similar for ethers and 
sulphides2 8 .  This result was interpreted2 7 9 2  in terms of competing specific mech- 
anisms involving three-, four-, five-, six- and, if applicable, higher-membered cyclic 
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transition states with the four-, five- and six-membered cases being about equally 
favoured, all other factors being equal. Abstraction from all possible positions also 
occurs in metastable decompositions of a-cleavage ions2 9 .  It was therefore 
argued2 that for all competing abstraction routes comparable activation energies 
should be at hand which, at  the time, was considered a highly unlikely situation. 
The increased p- and y-hydrogen abstractions in metastable ions relative to their ion 
source decomposing analogues was therefore attributed2 t o  a relatively rapid 
1 ,Zexchange between a-and y-hydrogens, the exchange reactions involving a- and 
8-hydrogens being substantially slower. Actual hydrogen abstraction was thought t o  
occur specifically from the p- or y-position, or from both. More recent evidence3’ 
on other nonspecific hydrogen-transfer reactions, however, has revealed that situ- 
ations involving several competing, specific hydrogen abstractions are possible, even 
at lowest internal energies. A corollary of the different energetical requirements for 
all pathways is then the increased specificity at  lowest internal energies30, and 
therefore the observations2 made on  metastable a-cleavage products cannot 
exclude such a situation! The available experimental evidence on ethers confirms 
that the hydrogen is transferred t o  the positive oxygen, as indicated in equation 
( 3 ) :  ion cyclotron resonance3 (CA) studies have 
e s t a b l i ~ h e d ~ ~ ~ p ~  3 3 4  that the product of the reaction is identical t o  the a-cleavage 
product of the appropriate alcohol molecular ions and can also be generated 
through protonation of the appropriate carbonyl compound. Th: same conclusion 
is drawn from labelling and thermochemical data on the C2H50  ion from diethyl 
ether35. More recent data36*3 have confirmed that these observations can also be 
extended to  sulphides (X = S in equation 3 ) .  

Loss of a carbonyl fragment by heterolytic bond fission has been 
reported’’ y 3  8-4 as an alternative pathway for decomposition of ether a-cleavage 
products, the appropriate metastable peak having been detected (equation 4). The 

(ICR) and collisional activation3 

competition between the two reactions (equations 3 and 4) strongly depends on the 
actual substituents R i  , K 2  and R3 but  can be predicted42 using proton affinity 
data. Bowen and coworkers42 propose that in fact equation ( 3 )  occurs in a 
relatively nonconcerted manner as shown in equation (5). Sufficient internal energy 
is available to  stretch the 0-alkyl bond with formation of the weakly coordinated 
cations 1 which then undergo isomerization of the alkyl chain by means of 
1,Zhydride shifts. I f  the intermediate complexes (as 2) are sufficiently loose t o  
enable rotation to 3, a potential carbonyl molecule and a potential olefin will 

R ~ R ~ C = ; ) - C C H ~ C H ~ R  R ‘ R ~ C = & H  + RCH=CH, 

II 

R’R*C=O + C H ~ ~ H R  
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compete for the proton trapped between both. The outcome obviously depends on 
the proton affinities of the corresponding molecules, equation (4) being important 
when the olefin has the higher value (as observed!). Note that equation (4) is an 
alternative route to  the products of heterolytic i-cleavage in ether molecular ions 
(equation 2 )  and partly accounts for the increased yields of alkyl cations from 
higher straight-chain ethers42. So far there is no  evidence that the equivalent of 
equation (4) is operative in sulphide a-cleavage products. As was already mentioned 
in the discussion of equation (21, heterolytic carbon-sulphur cleavage in the 
molecular ions can compete far more effectively with a-cleavage and may well be the 
major route t o  alkyl cations. 

A third, but  generally less important breakdown mode of ions 1 involves the 
expulsion of The reaction, if occurring, has the lowest activation 
energy and therefore competes more effectively at lowest internal energies (meta- 
stable ions). Labelling data2' on the [M - 151' ion from n-butyl isopropyl ether 
indicate that both hydrogens eliminated as water originate from the butyl chain 
only, but d o  no t  allow for more precise mechanistic inferences. A possible pathway 
emerges from an ICR study4 

Sulphide a-cleavage products can undergo a second hydrogen rearrangement- 
olefin elimination reaction, which can be formally written as a McLafferty-type 
rearrangement2 8 .  Specific y-hydrogen transfer does indeed occur, secondary hydro- 
gens being preferred over primary ones whenever the choice arises28. Additional 
confirmation is provided in a recent CA i n ~ e s t i g a t i o n ~ ~  of the product ion struc- 
tures: the reaction does indeed yield species of the predicted structure. 

In addition to a-cleavage and heterolytic i-cleavage there exists the possibility of 
homolytic i-cleavage (equation 6). In the case of ethers the energy requirement of 

on the ion chemistry of 2-propanol. 

A 
+. i i 

C H ~ X -  C H ~ C H ~  - C H , ~  + CH,CH, 

x = o  702 890 106 E, = 294 

765 895 106 E, = 2 3 6  x = s  

294 kJ mol-' largely exceeds the value for a-cleavage (96 kJ mol-' ), as expected 
For sulphides, however, the activation energies are virtually the same (236 and 
230 kJ mol-' , respectively) thus rendering homolytic i-cleavage a feasible alter- 
native to a-cleavage. Confirmatory layl l ing evidenfe is available' ,2  , 3  6b .  Some 
attention has been devoted to C2H5S and C3H7S fragments formally generated 
through equation (6). Van de  Graaf a n d + M ~ L a f f e r t y ~ ~  point out that the virtually 
identical AHf values14 for CH3CH2S and CH3CH=SH might be due to the 
threshold operation of anchimeric assistance instead of direct C- S cleavage, the 
available evidence (including labelling data) being inconclusive. At higher ionizing 
energies the bulk of C2 H 5  S +  ions might still be formed initially as CH3 CHI S +  but the 
CA spectrum clearly shows that isomerization to  CH3 CH=kH ensues. Migration 
of the a-methyl group has only been observed36 when secondary methyl groups 
are involved, such as is the case in (CH3)zCHS' rearranging to (CH3)2C=kH and 
( to  a lesser extent) CH3CH=kH3.  Recent CA evidence3 has estab- 
lishecl the thiomethoxide ion CH3 S' as a stable+ species which can be differentiated 
from protonated thioformaldehyde H2C=SH . Again the data indicate that at 
threshold the reaction of equation ( 6 )  suffers strong competition from the anchi- 
merically assisted process. The homolytic i-cleavage reaction is particularly en- 
hanced for symmetrical sulphides in the c1o-c14 range17 aild has been at- 
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t r i b ~ t e d ~ ~  to  rearrangement of the initial product t o  stable protonated thiacyclo- 
alkanes. 

The general observation that sulphides exhibit a wider variety of decomposition 
pathways than their oxygen analogues is exemplified by the @-cleavage reaction. Its 
product occurs (minor abundance) in n-butyl and n-pentyl ethers only and is only 
formally due to  such cleavage as is clearly established by labelling experiments4 s .  
The reaction does however occur in sulphides, as CA m e a ~ u r e r n e n t s ~ ~  confirm the 
cyclic nature of a fraction of the product ions. An independent revealing 
that such three-membered ring sulphonium ions are stable at lifetimes exceeding 
lo-’ s ,  the remainder cannot be due to isomerization of an initial @-cleavage 
product and therefore at  least a second process must be operative. Other cleavages 
(-:, 6 and E )  do also occur in sulphide molecular ions (albeit t o  a lesser extent’ 7 ,  
and may we!l yield cyclic sulphonium ions on account of the larger 6-fission 
fragment abundance (presumably reflecting the enhanced stability of the five- 
membered ring). Note that these cleavages can be considerably enhanced i f  a stable 
radical (e.g. phenoxy instead of alkyl) is lost4 l 4  ’. 

Analogously t o  the loss of water from alcohol molecular ions, ether and sulphide 
parent ions d o  lose a molecule of alcoho127,4 l l 4  or thiol’ 7 1 2 8 ,  respectively, 
thereby formally producing olefinic fragments. At electron energies low enough to  
suppress alternative pathways, such fragments are formed by competitive 1,4-, 1,s- 
and 1,6-eliminations in ethers4 8 ,  in striking contrast t o  the high (>go%) specificity 
for the 1,4-elimination of water from alcohols. The possibility of interfering 
hydrogen randomization cannot, however, be excluded in these low-energy 
measurements. Even less is known about the analogous reaction in sulphides, as 
mixing of the hydrogens of the two alkyl groups occurs prior to  the elimination 
reaction28. The complementary process (charge retention on the thiol fragment) 
also occurs and seems to involve preferential 1,2-elimination2 8 .  

Reducing the electron energy helps considerably in the analysis of higher 
aliphatic ethers; the low-voltage spectra exhibit characteristic fragments correspond- 
ing to a protonated alcohol species4 ’ ,  the yield of which increases with increasing 
molecular size. Deuterium labelling in ethyl n-hexyl ether demonstrates that the 
bulk of both hydrogens transferred to  oxygen in the  process arises from C5 of the  
hexyl chain, indicating a preference for seven-membered intermediates in the 
reaction. These protonated alcohol ions readily decompose through loss of water, 
thus providing a third route (in addition to  equations 2 and 4 )  t o  alkyl cations. 

The fragmentation pathways of saturated aliphatic ethers and sulphides dis- 
cussed in the preceding paragraphs of this section have been the basis of the heuristic 
Dendral program for the identification of compounds belonging to  these 
classes4 With n o  more input than a tabulated mass spectrum (in the improved 
version”) and using algorithms which are a mathematical translation of most of 
the preceding observations, the program drastically reduces the list of structures 
fitting the deduced elemental composition i n  the case of di-n-decyl ether, for  
instance, the initial number of 11,428,365 isomers can be reduced to 22,366 and 
finally t o  1 if NMR data are taken into account. Note that the computer always 
includes the correct answer in  the final listing of candidates and generally performs 
better than an experienced mass spectrometrist! 

Some comments must be made on the strucJures of oxyqen- and sulphur- 
containing fragment ions. Of the possible C2HsX and C3H7X (X = 0,s) struc- 
tures, the acyclic onium ions are the most stable and hence most widely occurring 
species3 * 3  6 .  Resonance stabilization obviously operates, though less effectively in 
the sulphur-containing species’ 4 ,  as is illustrated by the heat of formation data of 
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TABLE 1. Heat of formation data (kJ mol - ' )  
on C ,  H, X' ions 
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- 

Ion x= 0 x = s  

CH, X X H ,  660' 857' 
CFI CH =X-I 585' ' 823 I 

+ 

+ 

1.1 C- CH 
\ *  / 710' 8035 ' 

Table 1. Also, in contrast to  their oxygenated analogues, three-membered ring 
sulphonium ions are energetically more attractive (relative to  acyclic isomers) and 
are therefore frequently encountered. This is adequately illustrated in the C3 H7X+ 
series where stable S-methyl thiiranium ions are found4 6 ,  the corresponding 0- 
methyl oxiranium species still eluding experimental characterization3 v 4  . I t  has 
recently been demonstrated that the presence of a heteroatom, vicinal t o  a car- 
benium ion centre, brings about a substantial reduction in the degree of isomer- 
ization of the positive ions2 .  This is ascribed to an increased threshold for 
isomerization, relative t o  that for unimolecular decomposition, as a result of the 
predominant charge localization at the heteroatom5 '. If this were a general trend, 
the decreased ability (relative t o  oxygen) of sulphur to stabilize an adjacent positive 
carbon (see above), should result in a lower threshold for isomerization in 
C,lH2,Si :+ ions. The available evidfnce on these species does indeed reveal that all 
C2HsS and all but one C3H7S  specie^^^"^ have isomerized to a common 
structure o r  mixture of structures prior to  unimolecular decomposition. The 
oxygen analogues on the contrary display a greater variety of different de- 
composing isomers or mixtures of isomers: at  least two for C 2 H s 0 +  3 3 ,  three for 
C3 H 7 0 +  and no less than five for C4 H 9 0 +  6 ,  although some isomers may 
decompose via the same potential surface40 is 7. 

>s  

I l l .  SPECIAL FEATURES OF O T H E R  ETHERS 
AND SULPHIDES 

A. Cycloalkyl Ethers and Sulphides 

Except for the negligible loss of an a-hydrogen, a-cleavage in the molecular ions 
of cycloalkyl compounds does not directly result in a fragment ion, further reaction 
of the resulting ring-opened molecular ions being required to achieve this. In 
cyclopropyl ethers loss of the C(2) or  C 3 ring substituents by radical site initia- 
ted cleavage is the only feasible route5 * ls '  u)nless equation (3) can operate6'. Methyl 
ethers of higher cycloalkanols yield a characteristic C3 I-160t fragment through 
allylic-type cleavage6 ' - 6 3  in the open parent ions. The high yield of this fragment 
for cyclobutyl methyl ether61 has recently been exploited in a method64 for 
double-bond location by means of ion molecule reactions. From cyclopentyl 
methyl ether onward6 also observed for the complex mechanism (equation 7 ) 6  

L 
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cycloalkanols dominates. Low yields of the product are observed in the correspond- 
ing ethyl (or higher) ethers because of subsequent decomposition according to  
equation (3)  and because of strong competition of heterolytic i-cleavage (equation 
2) to yield dominating cycloalkyl ions66.  Also note  that a Cc2) -q3)  double 
bond67 or  an exocyclic double bond on  C(216s effectively quench the process. A 
characteristic loss of methanol produces moderately abundant hydrocarbon frag- 
ments62 v 6  from methyl ethers; the reaction has stereochemical implications and 
will therefore be treated in Section V. The reaction of equation (7) is of minor 
importance in the spectra of cyclopentyl and cyclohexyl sulphides, the bulk of the 
fragmentation involving formation of cycloalkene, alkyl (equation 2) and proto- 
nated alkylthiol fragments6 v70. 

B. Unsaturated, Nonaromatic Compounds 

The genesis of C?- H4O:ions from lower alkyl vinyl ethers7 involves nonspecific 
abstraction of hydrogen in the alkyl chain72,  indicating transfer t o  the ether oxygen 
(cf. equation 3)  to yield enolic products, the structure of which has recently been 
confirmed73 , 7 4 .  Charge retention on the olefinic fragment increasingly competes in 
the higher homologues7 5. Hydrogen transfer via an eight-membered transition 
state, followed by cyclization to  a tetrahydropyrane molecular ion has been 
revealed (deuterium labelling) t o  occur prior t o  loss of a methyl radical72 in 
n-heptyl vinyl ether. The same cyclic intermediate is also involved in the formation 
of dominating hydrocarbon fragments in the spectra of such compounds. As soon 
as a pentyl group is present loss of ethanol is a striking feature72, particularly at 
low ionizing energies, and is due to a triple hydrogen transfer. Since none of the 
large transition states are accessible t o  methyl enol ethers of aliphatic aldehydes, i t  
is not  surprising that these readily undergo allylic cleavage, a highly useful feature 
for the  analysis of aliphatic aldehydes76. The spectra of alkyl vinyl t h i ~ e t h e r s ~ ~  
exhibit losses of all possible alkyl radicals, the base peak, however, always being due 
to  CzH4Sf fragments (m/z = 60). A substantial fraction of these is produced by a 
site-specific McLafferty rearrangement7 and accordingly has the thioacetaldehyde 
structure77. Methyl vinyl s ~ l p h i d e ~ ~  and phenyl vinyl sulphide7 obviously cannot 
undergo such reactions and exhibit complex rearrangements, as exemplified by 
their facile loss of SHn (n = 1-3) neutrals. Isomeric vinyl acetylene sulphides, 
however, can be differentiateds0. 

I-Ieterolytic i-cleavages to  alkyl and allyl cations are important routes of allylic 
ethers2 2 .  Diagnostically very useful2 is the formation of the ionized allylic alcohol 
by nonspecific hydrogen transfer from the alkyl group to  the oxygen atom. Partial 
conversion of the allylic ether molecular ions to  the isomeric vinylic species (by 
1,3-hydrogen shift) accounts for the  observation of some typical vinyl ether 
rearrangement products. This seems to  be a general characteristic, since ionized allyl 
alcohol and 1-propen- 1-01 cannot be distinguished by collisonal activations l .  The 
scarce data on allylic sulphides7 8 i 8 2  indicate important differences relative to their 
oxygen counterparts such as for example the occurrence of a McLafferty rearrange- 
ment with charge retention o n  the sulphur-containing fragment8*. Note that 
McLafferty rearrangements are also important in 8-ethylenic ethers2 ! 

C. Cyclic Ethers and Sulphides 

Aliphatic epoxides exhibit a rich gas-phase ion chemistry' 3 s 3  involving severa 
possible cleavages ( P ,  F- and particularly y-cleavage), whereas a systematic study o 



7. The mass spectra of ethers and sulphides 307 

their sulphur analogues is still lacking. Kecent evidence confirms that epoxide 
molecular ions d o  indeed exist as stable species (relative to  isomeric aldehydic or 
ketonic ions), at  least in the cases studied so fa r73*74*8 ' .  The data cannot, 
however, rule out  ring-opening prior to  decomposition, nor can they exclude 
decomposition partly occurring via isomeric structures, which frequently are the 
only plausible intermediates for some spectral featuress3 9 8 4 .  The so-called inside 
McLafferty rearrangement does not occur as originally postulated, on account of its 
lack of s i t e -~pec i f i c i ty~~  and also because CA measurements8' indicate a methyl 
vinyl ether product instead of the expected ally1 alcohol species. These observations 
can be accommodated by reaction in ring-opened molecular ions, the hydrogen 
rearrangement then occurring to  a radical site on a saturated functionality8'. 
Pronounced transannular  cleavage^^^-^ are characteristic for epoxides and are very 
useful for the determination of epoxide position in long-chain corn pound^^^-^ 7 ,  

which is a method for double-bond location. The fragmentations of alicyclic 
epoxides are exceedingly complex83 T ~ ~  and the reader is referred to  the original 
literature. Partial rearrangement to  carbonyl isomers has been established for 
aromatic e p o x i d e ~ ~ ~  *89  and occurs by  1,Zhydrogen or 1,2-phenyl shifts as verified 
for  styrene and stilbene e p o x i d e ~ ~ ~ .  The spectra of 1,2-90 and 2 ,3-ep~xyte t ra l in~  
clearly illustrate t he  pronounced effect of the aromatic nucleus in the former 
compound. Loss of a C(2) substituent is a minor process of oxetanes, presumably 
because of ring strain in the product ion9 2-94. Ring-opening is far more favourable 
and, if the substituent i s  an alkyl group. hydrogen rearrangement (equation 3) will 

Aromatic C(2)  substituentsg3 as well as C(3) substitutiong2 promote a 
retro-cycloaddition (as in the parent compound7 *8 ), the charge generally residing 
on  the olefinic fragment. Expulsion of formaldehyde is the dominant primary 
fragmentation of five-, six- and seven-membered cyclic ethers9 5, unless q2) sub- 
stituents are present which induce pronounced a-cleavages7 ,9 6 .  Care is to  be 
exercised as some of these are in fact rearrangements as revealed by the release of 
kinetic energy associated with the reaction : substitution of the methylene group at 
C(4) in 2-methyl- o r  2,6-dimethyl-tetrahydropyran for an imino group causes 
ring-contraction to oxazolidines prior t o  methyl expulsion9 ! Introduction of a 
C(3) keto function in tetrahydrofuran strongly promotes CO loss as the primary 
pathway leading to all important fragments' 8 .  The presence of a C(3) hydroxy and 
particularly a C(3) mercapto substituent induces a now well-documented99~'oo 
ring-contraction in the tetrahydropyran ring (equation 8) which is also observed in 

(8) 
- - R C H i  a -  yJ l3 

(ZR - GR - 0 4  + 

(4) 

the acetylated derivatives ( R  = OAc, SAC). An additional alkoxy group at C(2) 
promotes additional decompositions of the intermediate 4' . Introduction of a 
double bond in  the tetrahydropyran system induces retro-Diels-Alder reac- 
t i o n ~ ~ ~ * ~ ~ ~ ~ ~ ~ ~ .  The  retention of the charge as well as the abundance of the 
products are largely determined by the double-bond position, the location of the 
substituents and their number. 3,4-Dihydre2H-pyrans are characterized by the 
formation. of a protonated diene fragment' 3 ,  induced by allylic cleavage and 
subsequent hydrogen rearrangement. 

The presence of a second oxygen atom in 1,3-dioxolanes and 1,3-dioxanes 
has a profound effect, loss of a C(2) substituent being particularly pro- 
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m ~ t e d ? ~ ? ~  ' v s  9 '  0 4 .  Note, however, that a strong isotope effect discriminates 
against loss of D' from 4-methy1-1,3-dioxolane-2-d2 ' 5 .  The occurrence of highly 
specific fragmentations (cf. equation 7) in ethylene ketals of cyclic ketones and 
their usefulness in the steroid field need no t  be recapitulated7 . Ring-expansions 
and ring-contractions have recently been uncovered for cycloalkanone ethylene 
ketals' 6 .  Hexafluoroacetone ketals' O7 have been proposed as suitable derivatives 
for  the location of double bonds and offer an alternative to  the older acetonide 
method'  Vinylic substituents on a 1,3-dioxolane moiety are not readily lost and 
induce ring-fissions followed by heterolytic cleavage (equation 4)' '. Aryl substitu- 
ents at  C(2) lead to abundant benzoyl fragments and often result in discernible 
molecular ions' O,' ' ' .  The decomposition of alkyl substituted 1,3-dioxanes is 
dependent on the position of the substituent' 0 4 .  The availability of a tertiary 
hydrogen in the side-chains induces a highly characteristic pathway in 4,6-di-i-butyl- 
1,3-dioxane1 2. Appearance energies have been claimed' ' to be useful for differ- 
entiation of diastereosiomeric 4,6-dimethyl- 1,3-dioxanes although the very small 
differences justify some scepticism as to their significance. 

In five- and higher-membered cyclic sulphides there is a general trend towards 
enhanced formation of sulphur-containing ions produced by i-cleavages and sub- 
sequent losses of hydrocarbon fragments70 9 8 3 .  Alkyl substitution leads to loss of 
the  alkyl group regardless of its position and this has been interpreted in terms of 
the  bridging ability of a sulphur atom83. Ring-contractions and complex rearrange- 
men.ts (e.g. loss of SH, neutrals, n = 1-3) have also been observed' 1 4 .  Ethylene 
thioketals have been investigated and are derivatives of cyclic ketones inferior t o  
their ketal analogues' 5 .  The greater propensity for C-S cleavages (equation 6) is 
typical for 1 ,3-dithiolanes1 >' ' 7 .  1,3-dithianes1 >' ' and s-trithianes' 
and leads t o  the formation of particularly abundant thiocarbonyl fragments upon 
aryll 1 6 , 1 2 0  or  vinyl' ' 7 9 1  substitution. 

D. Aromatic Compounds 

Aryl methyl ethers are logically less prone t o  breakdown than their aliphatic 
analogues, losses of a methyl radical (followed by elimination of CO) or of 
formaldehyde being the most important pathways7 . The latter route has been the 
subject of several mechanistic studies, the debate centring around the question of 
whether the reaction involves a four- or a five-membered transition state (equation 
9). Originally route (a )  was proposed7 ' , but  more recent evidence' 2 1  , based on 

(9) 
t 

several ring-deuterated anisoles, reveals that hydrogen exchange occurs between the 
methyl group and the ortho positions only, as expected for the stepwise process of 
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route (b) .  Also, the presence of an ortho nitrogen (as in 2-methoxypyridine' 2 1 , 
2-methoxyquinoline' ' and 6-methoxypyrimidine' ) strongly promotes formal- 
dehyde loss and this has been invoked as supporting route (b) .  Metastable peak- 
shape analysis has finally confirmed that two processes are indeed at hand and 
related energy partitioning studies support the mechanism of equation (9) '  9 1  2 4 .  

It could also be ascertained that for substituted anisoles positional identity was 
retained in these reactions, so as to  exclude ring-expansions in the molecular ions 
prior t o  decomposition. Substituent effects on  fragment abundances and appear- 
ance energies also indicate site retention during loss of CH20'  s 6 .  A similar 
observation has been made for the loss of a methyl radical from m- and p-substi- 
tuted anisoles' 7 .  The reaction normally is less important than formaldehyde loss, 
and is increasingly outcompeted at low internal energies, as expected for a cleavage 
reactionIz8. The reaction sequence of successive losses of a methyl radical and 
carbon monoxide does however become important whenever a quinonoid fragment 
can be formed. Using this criterion, preferential loss of a C ( , )  methoxy group 
would be predicted in 6,7-dimethoxycoumarin, as confirmed by deuterium label- 
ling' 9 .  This strong dependence of the reaction channel initiated by methyl loss on 
substituent position is of high analytical utility since i t  allows differentiation of 
isomeric compounds, as exemplified in the case of dimethoxynaphthalenes' 3 0 ,  

dimethoxytoluenes' and dimethoxycoumarins' 2 .  In some cases loss of a 
methyl radical is only partially due to  a simple cleavage reaction. Methylanisoles, 
for instance, exhibit composite metastables in contrast to  other substituted 
anisoles' 2 4 .  The additional component has been attributed to  ring-expansion 
prior to  loss of CH3 *. Composite metastable peaks have also been observed' for 
the expulsion of CH3 - from 2,4- and 2,6-dimethoxytoluene molecular ions, the 
extra component being ascribed to  initial hydrogen transfer with formation of 
quinonoid products. 

Minor decomposition reactions of anisole are the losses of formyl or methoxyl 
radicals. The former reaction is a characteristic feature of rn-dimethoxy-substituted 
aromatics7 and then frequently exceeds formaldehyde loss. Loss of a meth- 
oxyl radical can become important in ortho-substituted anisoles, as a result of 
functional group interaction' 9 '  3 .  Suitably positioned methoxy substituents can 
also promote reactions in other substituents: ortho- and para-methoxy substitution 
render benzylic cleavage particularly favourable7 ' 1' 4 .  

As soon as the alkyl group in alkyl phenyl ethers is ethyl or larger, alkene 
elimination becomes the dominant feature7 ' . The resulting fragments can have 
ionized phenol (5) or  ionized cyclohexadienone ( 6 )  structure depending on the 
target of the hydrogen transfer (equation 10). The migrating hydrogen originates 

1: 1: 

(10) 
D O H 1 ?  - (a)  UakT O-R - (b 

Q: ----.-- - H 
b H 

from all positions in the alkyl cha in '35*1 36. The increased site specificity of the 
process at lower internal energies (low eV and metastable ions) suggests the 
occurrence of several competing mechanisms (each involving abstraction from a 
particular position) rather than specific abstraction preceded by hydrogen exchange 
reactions' 7 .  This is confirmed by recent field ionization kinetics' measure- 
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ments on labelled phenyl n-propyl ethers30. Substituent effects on the loss of 
ethylene from substituted phenetoles, though often very minor, are nevertheless 
real' 3 9  and indicate retention of positional identity: the reaction can therefore be 
assumed t o  occur from unrearranged molecular ions. Virtually all ion structure 
probes have been applied to the problem of the C6H6Ot ionic product from 
phenetole. First of all, t h e  absence of a steric blocking effect  upon orthc substi- 
tution strongly advocates against structure 6' 3 G  An important argument for 
route (a )  in equation (10)  is the observation of the same metastable ion character- 
istics (abundance ratios for  competing metastable decompositions, metastable peak 
shapes and widths) for  C 6 H 6 0 t  ions generated from phenetole and from 
phenol' 3 '  3 .  More direct evidence for+the phenol-like structure (5) of the 
product is the observation that ' C' Cs H6 0. ions from phenol-1-' C and phenyl- 
I-' C butyl ether both lose CO only' 4 4 .  Also, CH3 OD only is lost subsequent 
to  expulsion of Cz D4 f rom 0-Cz DS OC6 H4 COOCH3 molecular ions and this is only 
compatible with deuterium migration exclusively occurGng to oxygen ' '. Isotope 
effects on competing metastable transitions of c6 kIs BrO. ions from p-bromophenol 
and p-bromophenetole also indicate initial formation of 5 1 4 6 .  It has been pointed 
out  that the available evidence can only confirm the existence of a common 
structure for decomposing ions generated from phenols and their alkyl ethers. Some 
arguments against 5 have been formulated and an acyclic structure was tentatively 
proposed' 3 .  Structural studies have also been extended t o  nondecomposing 
species. Structure 6 for instance was proposed on account of the higher heat of 
formation data for [ M - alkene] ions relative to  ionized phenol' '. However 
alkene loss necessarily involves a reverse activation energy which has bfen neglected 
in these cdculations. Hence the A H f  values for rearrangement c6 136 0. ions are too 
high by this amount and therefore are still compatible with a phenolic structure 5 .  
This conclusion is reinforced by I C R ' 4 8 7 1 4 9  and CA307' 4 3 ~ 1  5 0 9 1 s 1  measure- 
ments. Moreover, the CA spectra of C 6 H ~ D O +  ions generated from side-chain 
deuterated phenyl n-propyl ethers confirm the phenolic nature of the product, 
regardless of the site of hydrogen abstraction30, thus disproving the earlier pro- 
p ~ s a l ' ~ ~  of different product ion structures depending on the origin of the 
abstracted hydrogen. A more refined picture emerges from a comparison of the EI 
and CI behaviour of phenyl n-propyl ether' 3 6  : a stepwise mechanism involving 
reversible proton abstraction by the oxygen and subsequent rate-determining cleav- 
age of the carbon-oxygen bond. Note that the system is sensitive t o  structural 
modifications as direct 1,2- and 1,3-hydrogen shifts t o  oxygen compete with 
1,s-hydrogen transfer from C ( l )  t o  the orrko position in 2-phenoxyethyl 
halides' ' - '  2 .  Phenolic products are formed by all three routes, the fractional 
contributions of which depend on the nature of the halide present. 

LOSS of a sulphydryl radical is characteristic for all methylthio-substituted 
aromatics which otherwise exhibit similar reactions as their oxygen analogues44. 
Quinonoitl stabilization, however, is no  prerequisite for a pronounced loss of a 
methyl radical, although the reaction is enhanced in odzo and para substituted 
t h i o a n i ~ o l e s ~ ~ .  Also note that expulsion of thioformaldehyde is characteristic in 
unsubstituted and mera-substituted thioanisole only44 9 '  3 .  In thiophenetoles and 
higher alkyl aryl sulphides a-cleavages and i-cleavages are significant pro- 
cesses' ' * '  s 3 .  Unspecific hydrogen abstraction' s has been observed in the for- 
mation of important'  [ h l  - alkenel : fragments and has been interpreted in 
terms of  a thiol structure of the ionic product, in contrast t o  the earlier proposal 
based on energetic d a t a ' 4 7 .  Note however that the comment  made for such data o n  
C61-16Gt ions could also be reiterated here. Also, the observation of an isotope 
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effect on the subsequent loss of CS from [ M  - C2D4If  ions from d5-ethyl- 
thiopyridines is indicative for a thiol structure as well' 54. 

As expected benzy17 7 '  5 5  and trityl' 5 6  ethers, a s  well as the corresponding 
sulphides' 5 6  7 '  7 ,  are particularly prone to  benzylic cleavage. PQVQ substitution of 
the aryl group in aryl benzyl ethers with a strongly electron-donating substituent 
quenches the process in favour of abundant (quinonoidal) aryloxy cations' 8. 
Substituent effects and metastable ion data on aryl benzyl ethers have been 
interpreted in terms of tropylium ion formation for most substituents' 59. Ion 
kineti: energy data on the other hand seem to  indicate a benzylic structure for 
C7H7 ions from benzyl methyl ether' 2 4 .  This assignment is challenged in a more 
recent analysis' of the C7H7+ ion structure problem showing that, a t  the internal 
energies necessary for unimolecular metastable decomposition, such ions from 
benzyl ethers should be present as a mixture of equilibrating tropylium and benzyl 
species. The fraction of nonreactive benzyl cations increases in the aryl benzyl 
ethers relative t o  their alkyl analogues as the increased stability of the expelled 
radical lowers the  activation energy for direct benzylic cleavage' 6 0 .  Benzyl radical 
loss is observed in benzyl cycloalkyl ethers and 4s. reported t o  involve exchange of 
benzylic and aliphatic hydrogens' 5. The C7 Hs ion from benzyl methyl ether has 
been :liown t o  have ionized toluene structure124 but  no  data are available on the 
C7H8 * McLafferty rearrangement product of the higher homologues. 

Particular attention has been devoted to  the occurrence of ring contractions 
prior t o  decomposition of the molecular ions of chroman, tetrahydrobenzoxepine 
and their sulphur analogues' '-' 6 4 .  The sole operation of the specific mechanism 
of equation (8) requires the presence of a C(3) subst i tuent '63.  In all other 
instances' 6 2  9 '  6 4  this mechanism, though still the major decomposition route, 
suffers competition of other  pathways, initiated by benzylic cleavage. The mech- 
anism of equation (8) very likely precedes the expulsion of a methyl radical from 
2,3-dihydrobenzoxepine as i t  yields stable benzopyrylium ions for which there is 
some experimental evidence' 5 .  Ring contractions also intervene in the losses of a 
benzyl radical from 2,2-diphenylchroman and an ethyl radical from 2,2-dimethyl- 
chroman' 2 .  The formation of a protonated diene fragment (cf. dihydropyranes) 
occurs very frequently and is associated with equilibration of the molecular ions 
between two isomeric structures in the case of 2-substituted chroman-4- 
ones' 6 6  9' 7 .  The retro-Diels-Alder reaction is on the average more pronounced in 
thiochromans than in chromans, a trend which is even more pronounced in the 
corresponding selenium compounds' 8. Introduction of a C(4) keto function 
drastically promotes the reaction, charge retention occurring on the diene frag- 
ment' b9. 

The electron impact behaviour of 1,3-benzodioxoles is rather unexceptional' 7 0 .  

Aryl migration occurs in the molecular ions of the 2,2-bisaryl derivatives and is 
responsible for  the formation of abundant aroyl cations, unless quinonoidal stabil- 
ization can operate subsequent to aroyl radical loss' 7 * . Renzo-1,4-dioxan and 
homologous catechol polymethylene die thers undergo ring contractions leading to 
benzo- 1,3-dioxolanyliurn ions' ' . Labelling data indicate that reactions similar to 
equation (8) play a n  important role' 9' 2 .  The yield decreases with increasing 
heterocyclic ring size, the exception being benzo-l,4-dioxan on account of a 
strongly competitive retro-Diels- Alder reaction' '. Several studies have been 
devoted to  the analysis of dibenzo- 1,4-dioxins, particularly the polychlorinated 
derivatives on account of their high toxicity' 73- '  7 6 .  

The absence of low-energy pathways in the molecular ions of diphenyl ether and 
diphenyl sulphide is reflected in the occurrence of substituent isomerization' as 
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well as hydrogen randomization' prior to decomposition. CA measurements' 7 9  

indicate identical structures for the [ M - C02 1 ? ions from diphenyl carbonate and 
the molecular ions of diphenyl ether, thus removing the ambiguity left in a previous 
s tudylS0.  Ortho effects have been observed in the spectra of diphenyl 
ethers7' t 1  8 1  3 '  8 2  and Ar-0 bond fissions become important upon ortho and para 
substitution with electron-donating groups' ' . Nitro substitution causes prefer- 
ential charge localization on  the other ring, but  opposite conclusions have been 
reached concerning the possibility of charge migration' 83 7 '  8 4 .  Interannular inter- 
actions between two groups ortho t o  the ether linkage occur for 2'-isopropyl- and 
2'-t-butyl-substituted 2,4-dinitrophenyl phenyl ethers' s .  

Christian C. Van de Sande 

E. Macrocyclic Compounds 

There is a relative scarcity of mass spectral data on macrocyclic polyethers. The 
few electron impact spectra of aliphatic crown ethers (such as 12-crown-4' 8 6 ' 1  8 7 ,  

15-crown-5 ) which have been published, clearly point to  
the absence of readily detectable molecular ions as the main reason for this lack of 
data and/or interest. Important fragments formally corresponding to the pro- 
tonated lower homologues of the parent molecule are found in the low mass region 
only. Recent results' 8 * 1  8 9  indicate that chemical ionization mass spec- 
trometry' 9 0 9 1  ', using isobutane as a reagent gas, produces abundant protonated 
molecular species allowing facile molecular weight determination of these so far 
elusive compounds. Methane causes increased fragmentation, predominantly 
through successive losses of the :epetitive monomeric unit from both the pro- 
tonated molecule and the [M - H] ions' 8 9 .  

More is known on the EI behaviour of benzocrown ethers '92- '94 as well as 
oxygen-bridged aromatic macrocycles' in which the presence of the aro- 
matic ring brings about enhanced molecular ion stability t o  yield detectable parent 
peaks. These are particularly abundant for dibenzocrown ethers' 3 '  9 4  as well as 
aromatic macrocycles' *' '. Deuterium labelling uncovered that catechol derived 
benzo-3n-crown-n compounds only formally decompose through successive losses 
of C 2 H 4 0  and are in fact undergoing competitive losses of C 2 H 4 0  and C 4 H 8 0 2 .  
Moreover, part of the fragment ions generated in the latter reaction can undergo 
recyclization prior to further decomposition. Fragmentation apparently occurs by a 
variety of parallel pathways. 

Few reports are available on sulphur-containing macrocycles' s-l 9 7 .  Com- 
pounds containing 1,2- and 1,4-xylenyl units only, or mixed with aliphatic poly- 
methylene bridges, all display parent' peaks of appreciable abundance as well as 
characteristic low mass fragments' 3 '  '. Aromatic macrocycles containing disul- 
phide bridges are more prone t o  fragmentation as a result of the facile S-S 
cleavage' 6 .  

and 20-crown-4' 

IV. FUNCTIONAL GROUP INTERACTIONS 

The utility of mass spectrometry in structure elucidation depends largely on the 
applicability to  polyfunctional molecules of the observations made on mono- 
functional compounds. Unfortunately the mass spectral behaviour of complex 
molecules is frequently inadequately described by the summed effects of its 
individual functionalities, the presence of several functional groups resulting in 
unique fragmentations due to  direct interactions between two groups' 8 i 1  9 .  
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Several such effects have been observed in the spectra of polyfunctional ethers and 
sulphides. 

Migration of an alkoxy group t o  a carbenium centre occurs frequently and yields 
abundant fragments provided a stable neutral can subsequently be eliminated. This 
is the case in acylium ions derived from 4-alkoxycyclohexanone (a-cleavage) which 
are converted into ionized 8,E-unsaturated esters and logically undergo specific 
y-hydrogen transfer*". The  interaction is a sensitive function of the  nature of the 
potential migrating group? '' ,2  ' . LOSS of formaldehyde from a-cleavage products 
of formaldehyde acetals occurs largely via methoxyl migration to the carbenium 
centre, the  contribution of alkyl migration being only minor a t  70 eV but  in- 
creasing a t  lower internal energies2' ? .  This situation is particularly unusual in that 
two routes from the same reactant t o  the same product are involved. Migration of 
methoxy groups to  positive carbon is responsible for the formation of abundant 
dimethoxycarbenium ions (m/z = 7 5 )  in the spectra of permethylethers of ali- 
phatic? O 3  and alicyclic polyols6 (including sugars3 ). Several other alkoxy 
migrations to carbenium centres have been reviewed earlier' 9 8 * 2 0 4  and more 
recent examples are found in the spectra of 3-methoxy fatty acid esters?' as well 
as bifunctional ethylene ketals206 *?". Migrations of alkoxy or  aryloxy groups to 
positive silicon are characteristic features of bifunctional silyl ethers?' *,? O 9  and 
silanesZo9. In cyclic compounds the reaction is more pronounced if a cis con- 
figuration of the interactive functions is at hand' s s indicating an intact ring is at 
least partially involved. 

Neighbouring-group participations have frequently been invoked to  rationalize 
abnormal fissions in polyfunctional ethers, particularly in the case of  bifunctional 
alkyl phenyl ethers of the general type C6H50(CH2),X1 9 2 , 2 0 8 7 2 1  '. These readily 
expel a phenoxy radical, the maximum product abundance for n = 4 according well 
with the expected formation of a five-membered ring. I f  the participation reaction 
does indeed occur, t h e  activation energy should reflect the stability of the tran- 
sition state and (assuming the Hammond postulate is applicable to the endothermic 
processes of electron impact mass spectrometry) of the cyclic product as well, as 
observed in all cases investigated so far2 . The cyclic structure of the products has 
also been ascertained by deuterium and carbon-1 3 labelling, using the symmetry of 
these species? O .  Note however that a three-membered ring structure is only 
produced when the bridging heteroatom is sulphur4 6 ,  nitrogen? o r  chlorine2 3 ,  
a competitive mechanism intervening when the heteroatom is oxygen46. Anchi- 
meric assistance of silyl and germyl groups has been invoked to rationalize pro- 
nounced carbon-oxygen bond cleavages in the spectra of 9-silyl- and 9-germyl-, 
respectively, substituted fluorenyl ethers? 4. The expulsion of methoxy radicals 
from t h e  molecular ions of o-methoxycinnainic acids' and o-methoxy- 
substituted triphenylphosphines? are examples of participation by carboxyl and 
aryl groups respectively. Also related is the time-dependent positional interchange 
of the phenoxy group and the halide atom in the molecular ions of 2-phenoxyethyl 
halides? 6 .  

An important series of investigations has dealt with the pronounced loss of 
benzyl radicals from the molecular ions of a,w-dibenzyloxyalkanes? ' 7-2 ' 9 .  

Migration of a benzylic hydrogen atom to  the opposite ether function is followed 
by back-transfer of a benzyl cation. The feasibility of such benzyl cation transfer is 
supported by the demonstration of its intermolecular equivalent in ion-molecule 
reactions? 8 .  These studies zdequately illustrate the general observation that 
hydrogen abstraction from a methylene group adjacent to an ether oxygen ( o r  an 
aromatic ring) will occur readily on account of the reduced C--H bond dissociation 
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energy of such activated hydrogens, provided a suitable receptor function is present 
and the  necessary geometrical requirements are fulfilled. T h e  ensuing radical centre 
may subsequently induce cleavage reactions. Such assisted carbon--oxygen bond 
cleavages have, for  example, been observed in 4-alkoxybutyrates2? and 3-methoxy 
fatty acid estersZo5. Alternately the protonated receptor function can be lost as a 
neutral molecule, as in the low-energy spectra of a,o-dialkoxyalkanes22 . Note 
that in these molecules the hydrogen transfer is highly regioselectjve. as was also 
observed for the reciprocal hydride transfer in CH3 O(CH2 ),,CH=OCH3 fragment 
ionsz2 2 .  Finally hydrogen abstraction is also eased by an adjacent carbenium centre 
as observed in methoxy-substituted long-chain aliphatic esters’ 3 .  

A diagnostically very useful class of functional group interactions are the  
so-called ortlzo and peri effects observed in aromatic compounds2’ 4. These, for  
instance, are responsible for the pronounced elimination of OH. and H 2 0  
from the  molecular ions of ortlio- o r  peri-methoxy-substituted aromatic carbonyl 
compounds2 T~ 6. Peri-ethoxy-substituted naphthoquinones and anthraquinones 
exhibit a highly diagnostic loss of the  terminal methyl in the ethoxyl group 
(presumably via a cyclization reaction)2 6 .  Aromatic carbonyl compounds with 
ortko- or  perf-ethoxy substituents are characterized by the presence of [ bl - H 3  01 + 

species which undoubtedly must result from complex skeletal rearrangements2 ’. 
Mechanistically far more interesting are the ortlzo effects which have been un- 
covered in a series of ortho-substituted benzoic acid methyl esters228-230. The  
driving force in these reactions is the capability of the carboxyl function to abstract 
an activated (benzylic or carbinol, see above) hydrogen in the ortho substituent. 
Such a hydrogen transfer, for instance, precedes loss of the  ester methyl in the 
molecular ions of o-niethoxy2 2 8 * 2 2  and o-ethoxy’ 5 * 1  derivatives. Activated 
hydrogens are also abstracted prior to  loss of an  ether methyl radical from the 
molecular ions of  o-methoxymethyl methylbenzoate as well as loss of methanol 
from the  molecular ions of the o-(P-methoxyethyl) derivativez3 O .  An ortho- 
positioned nitro group also has an intramolecular catalytic effect in the formal- 
dehyde loss from o-nitroanisole molecular ions23 ’ , the  loss of methanol from 
o-nitrobenzaldehyde dimethyl acetal parent ions2 and presumably also in the  
formation of cyclohexadienethione fragments from o-nitrobenzyl aryl 
sulphides2 3 .  

V. STEREOCHEMICAL EFFECTS IN THE SPECTRA OF ETHERS 

The usefulness of electron impact mass spectrometry as a stereochemistry probe has 
become increasingly apparent during the last decade, as reflected in two recent 
reviews on the subject’ 3 4  q 2  5 ,  Stereochemical effects most frequently operate in 
rearrangements as a result of the cyclic transition states involved in such processes. 
Indeed, provided the original stereochemistry is retained in the molecular ions of 
stereoisomers, o n e  of these may well have a more readily accessible transition state 
for a given rearrangement, resulting in an increased rate constant. This is adequately 
illustrated by the preference for a transition state avoiding phenyl-phenyl eclipsing 
in the 1 ,?-elimination of methanol from the molecular ions i ,2-diphenylethanol 
methyl ether as revealed by diastereotopical labelling of the C(2)  methylene 
hydrogens2 6 .  Stereochemical effects are nevertheless predominantly encountered 
in cyclic systems which decompose less through simple cleavages. These general 
observations unfortunately cannot be extended to sulphides for lack of available 
studies. 

Both 1,3- and 1,4-elimination of methanol occur  from cyclohexyl methyl ether 
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molecular ionsG2, with an increased preference for the  former relative to the loss of 
water from c y c l o h e ~ a n o l ~ ~  '. Labelling of diastereotopic hydrogens in the latter 
compound reveals a highly stereospecific 1,4-elimination and a total lack of speci- 
ficity for the 1 ,3 -p r0cess~~  7. This has been explained in terms of a more distant 
hydrogen being involved in stereospecific 1,3-elimination: the  reaction is energetic- 
ally less favorable2 and suffers strong competition of ring-opening. Elimination 
of water in the resulting acyclic molecular ions ensues but evidently cannot 
discriminate between diastereotopic hydrogens. Increasing the reach of the 
functionality as in cyclohexyl chloride promotes the occurrence of the stereo- 
specific 1,3-process in intact molecular ions and stereospecific 1,3-elimination of 
hydrogen chloride results23 7. On account of  the longer RO-H bond length relative 
to  the HO-H distance, it then seems logical t o  assume at least an intermediate 
situation for methyl ethers. N o  diastereotopic labelling has been performed on 
cyclohexyl methyl ether, bu t  the increased [ M  - H X ] / [ M ]  ratio for cis-4-t- 
butylcyclohexyl methyl ether239 (X = OCH3 ; 0.68) relative to  the corresponding 
alcohol (X = OH; 0.06)240 is in agreement with this prediction (no stereospecific 
1,4-reaction is possibie in these compounds). 

The alcohol elimination is a sensitive function o f  the bond strength of the C-H 
bond to  be broken; a reduction of this parameter by alkyl or  aryl substituents 
lowers the activation energy for abstraction from the site of substitution and 
promotes the reaction. Accordingly the [bl - C H 3 0 H I / [ M ]  ratio is drastically in- 
creased relative to the unsubstituted compound (0.8G 2 ,  for the trans isomers of 
4 - t - b u t ~ l - ( 7 . 5 ~ ~ ~ ) ,  4 - a r ~ l - ( 2 8 . 6 ~ ~ ' )  and 3-a1yl - (76~~ l )  substituted cyclohexyl 
methyl ethers. Moreover, deuterium labellingz4 in  the aryl compounds has con- 
firmed the high degree of regioselectivity brought about by such activating sub- 
stituents. The cis isomers of the above-mentioned substituted cyclohexyl methyl 
ethers cannot undergo abstraction of activated hydrogen in an intact molecular ion 
and consequently are much less prone t o  loss of m e t h a n ~ l ~ ~ ~ . ~ ~  * .  A normal, 
energetically less favoured 1,3-elimination is then expected but labelling data 
indicate a strong involvement of benzylic hydrogens too. Evidently ring-opening has 
occurred prior to elimination, the increased mobility of the benzylic hydrogen 
apparently still providing the necessary driving force for the observed specificity of 
hydrogen abstraction in the acyclic species. 

The preceding examples clearly illustrate that activating groups can be very 
effective in inducing spectral differences for stereoisomers through a promotion of 
regioselective and stereospecific hydrogen abstractions. This is particularly true for 
dimethoxy-substituted c y c l ~ a l k a n e s ~ ~  9 2 4  which have been studied by 
Griitzmacher and collaborators. Their investigations reveal that  intact molecular 
ions have t o  survive long enough if steric effects are to  be observed. Vicinal alkoxy 
groups for instance destroy the stereochemistry by bringing about very rapid 
&-cleavages. Two important stereospecific processes have been uncovered. First of 
all, transannular hydrogen transfer from one  methoxy group to  the other, followed 
by consecutive elimination of formaldehyde and methanol, is observed whenever 
two cis-positioned methoxy groups can approach each other close enough in a 
particular conformation of the molecular ion. This is impossible for a t r a m  
configuration but then enhanced abstraction of an activated carbinol hydrogen by 
the other methoxy group leads to increased loss of methanol i f  a suitable con- 
formation (chair for 1,3-isomers, boat for 1,4-isomers) is accessible. l hese  obser- 
vations require that molecular ions are still conformationally flexible and that 
energetically less favourable conformations (boat, diaxially substituted chair) are 
accessible within the ion source residence times ( 1  0-6 s) o f  these species. This is 
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possible as sufficient energy is deposited in the molecular ions upon ionization, 
whereas conformational changes are fast enough S )  to happen within the 
ion source. An experimental verification is provided by a study of anancomeric* 5-t- 
butyl-l,3-cyclohexanediol mono- and di-methyl ethers244 which also led to  follow- 
ing important generalizations: (i) if the ground conformation of the molecular ion 
has the substituents correctly positioned for stereospecific interaction, con- 
formational changes are outcompeted, and (ii) i f  however conformational changes 
are required before a stereochemically controlled fragmentation can take place, 
then the overall process is slowed down and increased competition from unspecific 
reactions results. Unless the stereospecific step is fast, only small steric effects are 
observed. A careful analysis of the kinetics of competitive fragmentations in the 
EI-induced decay of 2- ar,d 5-methyl-substituted 1,3-cyclohexanediols and their 
ethers confirms that 1,3-diaxial elimination of methanol (trans isomers) is instrinsic- 
ally faster than conformational flipping, but also indicates that  the converse holds 
for  the formaldehyde elimination in the cis diet her^^^ 5. 

Upon attachment of a second saturated ring to  a dirnethoxy-substituted cyclo- 
hexane ring, the conformational mobility is reduced and may therefore quench the 
stereospecific reactions observed in monocyclic compounds. Stereoisomeric 1,4- 
dimethoxy decalins are nevertheless readily d i f f e r e ~ ~ t i a t e d ~ ~  6 .  Mass spectrometric 
identification of 1,3-dimethoxydecalins is also possible, but deuterium labelling 
indicates that the stereospecificity of the probe reactions is reduced when con- 
formational changes are required prior t o  f r a g r n e n t a t i ~ n ~ ~  7. In the case of 1,s- 
dimethoxy decalins an additional complication arises in that  the substituents are 
located in different rings and therefore only one (out of the  five) exhibits a clear 
steric effect2 8. Finally, incorporation of a dimethoxy-substituted cycloalkane ring 
into a rigid bicyclic system generally does not lead to  pronounced steric effects, as a 
result of enhanced ring-cleavage reactions induced by bicyclic strain24 v 2  

Note that  stereochemical effects are not restricted to  the interactions occurring 
between two alkoxy groups (see above) o r  an alkoxy and a silyloxy group (Section 
IV). Another useful stereochemistry probe is the hydrogen transfer from the t-butyl 
group to a cis-positioned ether oxygen (resulting in C 4 H 8  and C4H7’  losses) 
observed in cis-4-t-butyl cyclohexyl methyl ether” y .  The effect can be used t o  
differentiate epimeric 7-t-butyl-3-oxabicyclo[ 3.3.1 ] nonanes2 . 

VI. CHEMICAL lONlZATlON MASS SPECTROMETRY 

Although approximate gas-phase proton affinities of oxygenated organic com- 
pounds have been k n o ~ n ~ ~ ~ 1 ~ ~ ~  for some time, accurate da ta254-257 (Table 2) 
have only recently become available from measurements on thermal equilibria 
either In a pulsed ion cyclotron resonance instrument or in a pulsed electron beam 
high-pressure mass spectrometer. Both approaches involve the  determination of the 
gas-phase equilibrium constant for proton-transfer reactions, and, after correction 
fo r  entropy changes, lead to the reaction enthalpy, equal t o  the difference in proton 
affinity (PA) of the two bases invo!ved in ?he reaction. An absolute PA-scale can 
then be built using isobutene as a reference since its absolute PA is accurately 
known from the heat of formation of the t-butyl cation258. The tabulated data 
(Table 2) clearly show the effect of a decreased electronegativity of the heteroatom 

*I.e. conformationally biased; designates structures for which the position of conformational 
equilibrium is SO extreme that only one conformation is present in the neutral molecules. 
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TABLE 2 Gas-phase proton affinities, PA (kJ mol-’ ) 

Compound PA Corn pound PA 

CH, 531, s 3  Tetrahydrofuran 8 2 l Z s 5  
Oxirane 773’ 5 4 Te trahydrop yran 824”’ 
1,4-Dioxane 7982 ” Et, 0 82S2”, 828256 
Me, 0 795256, 7992s5 Me, S 826’” 
i-C, H, 8072s6 ,  809’” PI1 OM e 833’j7 
Oxetane t311254 MI 3 83gZs6,  846’” 

( M e 2 0  vs. MezS) as well as the  internal inductive effect arising within the ring for 
cyclic ethers. Also note that  alkyl substitution cx to the ether  oxygen atom leads to 
an increased PA (Et2O vs. M e 2 0 )  as had been observed earlier for alcoholsZs3. 
Recently, linear relationships (correlation coefficients of  0.99) have been estab- 
lished between the PA of aliphatic ethers and their O(ls) core electron binding 
energies as well as their oxygen valence shell ionization energieszs9. These cor- 
relations are very useful as they allow the estimation of fairly accurate proton 
affinities for ethers when this parameter either is unknown o r  cannot be determined 
accurately . 

The site of protonation in anisole has been the subject of+several studies. A linear 
relationship between the proton affinities and substituent Q -values for a number of 
monosubstituted benzenes, including anisole, has been interpreted in terms of ring 
protonationz 7, in agreement with predictions based upon molecular orbital calcu- 
lations260 for the three isomeric methylanisoles. The anisole O(1s) binding energy 
yields a PA-value (see above) substantially lower than the experimental value (Table 
2) and confirms ring protonation as well2s 9 .  Also consistent with this picture is the 
observation that the PAS of phenol and anisol differ much less than for example 
methanol and dimethyl e therz6 ’. The behaviour of anisole upon chemical ion- 
ization using water as a reagent gas, on the contrary, has been interpreted in terms 
o f  oxygen protonat ion2G2,  but  it has been suggestedzs9 that in these non- 
equilibrium conditions kinetic control favours the less stable oxygen-protonated 
form. 

The  basic requirement for  proton transfer chemical ionization is an exothermal 
protonation step o r  a product PA exceeding the PA of the  conjugated base of the 
reactant speciesIg0>’ 9 1 .  Hence methane and isobutane (see Table 2) are suitable 
for  the analysis of most ethers. The ion-molecule complex being short-lived, the 
energy liberated upon protonation largely remains in the protonated molecule. 
Consequently the exothermicity of the protontransfer reaction (i.e. the PA differ- 
ence of the two bases involved) will affect the extent of subsequent 
decomposition: isobutane is therefore advised foL molecular weight determinations 
(e.g. aliphatic crown ethers’ 8 8 $ 1  8 9  or permethylated sugars26 3 ) .  Subsequent de- 
composition of protonated aliphatic ethers generally occurs through alcohol 
l 0 ~ s ~ ~ ~ - ~ ~ ~ .  Note that ip the  case of geometrical isomers of 2,3-dimethyl cyclo- 
propyl ethers the relative yields are in accordance with the Woodward-Hoffman 
ruless8.  Recent labelling data disprove the apparent simplicity of the loss of alcohol 
f rom protonated 4-alkoxycyclohexanones: the direct cleavage seems to be in 
competition with a 1,3-hydrogen rearrangement and consecutive expulsion of 
alkene and water266.  Cyclic ethers on the other hand exhibit reasonably abundant 
[MH - HzO]’ species267 also found in the spectra of epoxides, epoxy esters a n d  
related colnpoundsZ , 2  6 9 ,  but ring-cleavage products are analytically much more 
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useful as they allow the  determination of double-bond location in olefins. Loss of 
phenol is observed for protonated alkyl phenyl ethers2 7 0  which also eliminate the  
aliphatic chain t o  yield characteristic protonated phenol fragments' *2 7 0 .  The 
data on labelled phenyl n-propyl ethers indicate hydrogen transfer from all aIL,yl 
positions t o  the oxygen atom prior t o  C-0 bond cleavage in the latter reaction' 3 6  

(see also Section lll.D). 
Increasing the partial pressure of a monofunctional e ther  in and ICR spectro- 

meter results in the formation of proton-bound d i r n e r ~ ~ ~  ' .  Competition from 
intramolecular coordination of the transferred proton occurs from their bi- 
functional CH30(CH2),0CH3 analogues as soon as n > 3 and effectively quenches 
cluster formation up t o  pressures as high as torr for tz > 4. Eight- or higher- 
membered rings are apparently preferred in the proton-bridged species, indicating a 
close to linear geometry for the intramolecular hydrogen bond. Similar conclusions 
have been reached from studies on c( , o - d i a m i n o a l k a n e ~ ~  7 2  and z , ~ - d i o l s ~ ~ ~ .  T h e  
effect of proton bridging can be used for stereochemical assignments in bifunctional 
cyclic molecules since i t  requires a cis relationship between two groups: proton 
capture will ensue if t w o  cis-related functions can approach each other close enough 
and yields abundant protonated species. No such effect is possible for the cor; 
responding trans isomers which consequently are characterized by reduced MH 
abundances (if observed at  all). This criterion has been successfully applied to 
2,7-dimethoxy-cis-decalins2 7 4 ,  3-methoxycyclopentyl- and 3-methoxycyclo- 
hexyl-acetic acid esters2 5 ,  and 2-methyl-substituted 1,3-dimethoxycyclo- 
alkanes2 6 .  

On account of the analogy between acid-base chemical ionization and con- 
densed-phase cation chemistry it is no  surprise that intramolecular substitution 
reactions have been observed upon methane or isobutane chemical ionization. 
Participation of methylthio groups has been recorded for $-methylthioethanols * , 
S-methyl cysteine2 and phenoxyalkyl methyl sulphides2 8 .  A methoxy group o n  
the  contrary is much less capable of such backside assistance but is readily displaced 
(subsequent to  protonation) by ester groups, particularly a t  secondary positions2 79 . 
In cyclic bifunctional compounds such displacement of protonated alkoxy 
groups is only possible if a trans relationship is at hand and occasionally t h e  
combined effects of proton bridging (cis isomer, see above) and S N ~  reactions ( t rans  
isomers) produce an all o r  none situation for the protonated molecule MH+ 

74-276.  Participation of ether oxygen has however been observed in the expulsion 
of phenol from protonated 4-(~-phenoxyalkyl)-substituted tetrahydropyrans2 l o  e ,  
phenoxyalkyl ethers2 and 1,3-dimethoxycycloalkanes2 7 6 .  
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Note Added in Proof 

A d d i t i o n a l  d a t a  have b e c o m e  avai lable  on C2 I f 5  S’ O ,  C3 H, Sf  a n d  
c6 1-16 O t 2 8 2  ,2 ions .  E x c e p t  f o r  the c y c l o b u t y l  case,  long-lived cyc loa lkyl  n ic thyl  
e t h e r  m o l e c u l a r  i o n s  have  isoinerized to l inear  a l k e n e  radical cat ions2 8 4 .  I n f o r m a t i o n  
o n  t h e  s t r u c t u r e  o f  triphenylsulphonium-type c a t i o n s  c a n  b e  o b t a i n e d  by  c o m b i n e d  
field desorpt ion-col l is ional  ac t iva t ion  ana lys i s  o f  t h e i r  salts2 ,2 8 6 .  Ster ic  c r o w d i n g  
ef fec ts  are observed in  t h e  s p e c t r a  o f  alkyl a r y l  su lphides28  7. A n c h i m e r i c  assistance 
o f  silyl g r o u p s  i n d u c c s  e t h e r  cleavages i n  a lkyl  silylInethy1 ethers2 8 8 .  F u n c t i o n a l  
g r o u p  i n t e r a c t i o n s  a re  also respons ib le  f o r  t h e  special  behaviour  o f  w-a lkoxy-  
a l k y l a n ~ i n e s ~ ~ ~ .  M e t h a n e  C1 d a t a  o n  su lphides290 as well a s  addi t iona l  data  o n  
cycl ic  ethers2 , 2  9 2  have  becomc avai lable .  Col l is ional  ac t iva t ion  h a s  been  used t o  
unravel t h e  f ragmenta t ion  p a t h w a y s  o f  p r o t o n a t e d  e thers293.  Ally1 p h e n y l  e t h e r  is 
r e p o r t e d  t o  u n d e r g o  a Claisen rear rangenicnt  u n d e r  CI condi t ions*  9 4 .  A f u r t h e r  
c o m p a r i s o n  o f  leaving-group abi l i ty  a n d  a n c h i m e r i c  ass is tance u n d e r  CI  c o n d i t i o n s  
has  been  m a d e  f o r  m e t h o x y  and  a c e t o x y  groups2  9 5 .  Fina l ly  negative chemical  
ion iza t ion  h a s  been s h o w n  to bc a b o u t  t h r e e  o r d e r s  o f  m a g n i t u d e  m o r e  sensitive 
f o r  t h e  d e t e c t i o n  of polycholorodibenzo-p-dioxins t h a n  convent iona l  posi t ive C12 6. 
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I. INTRODUCTION 

This review describes t h e  reactions of ethers, hydroxyl groups or  their sulphur 
analogues initiated by t h e  electron transfer between electrode and  the  substrates, 
al though the  emphasis herein is mainly upon  the  organic reactions rather than upon 
electrochemical details. Since the  electroorganic chemistry of ethers,  hydroxyl 
groups and  their sulphur analogues is rather a minor area in the electrochemistry of 
organic compounds ,  the reader is suggested t o  refer t o  texts’-s which are written 
for  organic chemists unfamiliar with t h e  electroorganic chemistry. 

11. CATHODIC REDUCTION 

In general, ethers, hydroxyl groups and  their sulphur analogues are fairly stable 
under  the  reaction conditions of electrochemical reduction, so that t he  presence of 
a certain activating group is necessary to make  these groups active fo r  electro- 
chemical reduction. The reduction of sulphoxides and sulphones is n o t  included in 
this chapter,  though they are  electrochemically reducible. 
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TABLE 1. Polaropphic reduction potentials of sulphides in DMF9 

Ar in PhSAr 

Ph- 
2-MeC6 14,- 
3-MeC6 H, - 
4-MeC6 Ha- 
2,2'-Me, C, k13 - 
3,3'-Me,C6I~,- 
4,4'-Me2C,H,- 

-El , ,  W)" R in RSPh -E, ,2  wa 
2.549 Me 2 7 5 1  
2.571 Et 2.743 
2.56 7 i-Pr 2.703 
2.595 t- BU 2.638 
2.588 H,C=CHCH, 2.655 
2 5 8 5  PhCH, 2.569 
2.645 CH COOE t 2.455 

CH , CN 2.351 

'Vs. AgJAg'. 

A. Sulphides 

Simple dialkyl sulphides, such as dimethyl,  diethyl sulphides etc. ,  are no t  
electrochemically reducible, probably because of their highly cegative reduction 
potentials. Arylalkyl and diaryl sulphides, however, can be reduced, and the  detail 
of the  mechanism of  the  electroreduction of  these compounds has been studied, 
though it has n o t  been established ye t .  The  polarographic reduction of arylalkyl 
and diaryl sulphides in anhydrous DhIF shows generally a single well-defined 
irreversible wave, t he  half-wave potentials of which are shown in Table  1'. 

T h e  controlled-potential electrolysis of diphenyl sulphide in anhydrous  DMF 
yields equivalent amoun t s  of thiophenoxide ion and  benzene, so tha t  t he  p o l a r e  
graphic wave of most  of t h e  compounds  shown in Table 1 can be associated with 
the  two-electron fission of a S-C bond. The  reduction of PhSCHZX, where X is 
COOEt ,  COOH o r  CN, without the  presence of a suitable pro ton  donor  such as 
phenol  is assumed t o  be a one-electron process. Although the bond fission of a S-C 
bond is generally a two-electron process, the  addition of the  first electron is 
assumed t o  be t h e  rate-determining s tep .  The  reaction pathways may  be shown as in 
equat ion  ( I ). T h e  hypothetical electrode intermediate shown in t h e  square bracket 
is generated a t  t h e  initial potential-determining step.  

Most of the  sulphides follow the  pathways (a) o r  (b)-(c). In the first pathway, a 
second electron is transferred to  the  intermediate at  the same potential  before it 
can collapse into a n  anion and a radical. I n  the  second case, a thiophenoxide anion 
rather than  a th iophenoxy radical PhS. is yielded, and t h e  generated radical R. is 
reduced t o  an anion a t  the  electrode. If the process (c) is slow, t h e  radical R.  may 
behave as a free-radical species. Pa th  (d )  illustrates the case in which a suitable 
pro ton  donor  such  as phenol exists in the  reaction system. 

A fairly good linear relationship is obtained by  plotting the half-wave pcjtentials 
shown in Table 1 against Tafts' o* parameters. The  slope p *  is 0.286 0.043 V. 
T h e  structural effects on the half-wave reduction potential of sulphides are 
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TABLE 2. Half-wave potential shifts produced 
by methyl substitution on diphenyl sulphide' 

2-Me 22 

2,2'-di-Me 39 

3-Me 18 
4-Me 46 

3,3'-di-Me 36 
4,3'-di-Me 96 
2,4,6,2',4',6'-hexa-Me 189 

essentially polar. The effect  of methyl groups on the phenyl ring shows a good 
additive property as shown in Table 2" 

The effects of substituents on the reduction potentials have also been studied on 
substituted diphenylmethyl phenyl sulphides, X'  C6 H4 (X2C6 H4)CHSC6 H4 Y .  The 
half-wave potentials obtained in DMF are shown in Table 3l O .  

The rate-determining step involves the addition of one electron. The plot of E l  / 2  

against u shows two lines depending on substituents X or Y .  The substituents 
( X I ,  X 2 )  on the diphenylmethyl skeleton give a line of which slope ( p x )  is 
0.203 2 0.008 V,  whereas the slope ( p y )  obtained with substituents ( Y )  on the 
thiophenol ring is 0.386 k 0.009 V. Thus, for both classes of substituent, electron- 
donating groups make the half-wave potential more negative while electron- 
withdrawing groups give the opposite effect on the reduction potential, the effect 
being much greater for substituents on the thiophenyl ring. If  the rate-determining 
step involved the addition of two electrons instead of one forming a diphenyl- 
methyl carbanion and a thiophenoxide anion, the substituents X would be 
supposed to be more efficient than substituents Y ( p x  > p y ) .  Therefore, the first 

TABLE 3. Half-wave potentials of substituted diphenylmethylphenyl 
sulphides, X'C, H, (X'C, H, )CHSC, H4 Y ,  in DMF' 

X '  x2 Y -El, ,  f 0.003 W)" 

H 
4 c 1  
4 c 1  
3C1 
4-PI1 
3-Me0 
4-M e 
3,4-di-Me 
4-Me0 
H 
H 

H 
H 

kr 

Ph,CSPh 

1-1 
4-C1 
H 
H 
H 
H 
H 
€I 
4-Me0 
H 
H 
1-1 
H 
H 

H 
H 
H 
H 
H 
H 
H 
H 
H 
4 c 1  
3C1 
4-F 
4-M e 
4-Me0 

2.001 
1.895 
1.938 
1.923 
1.802 
1.97 1 
2.022 
2.029 
2.105 
1.912 
1.842 
1.958 
2.06 1 
2.089 
1.930 

Ws. mercury pool. 
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active intermediate formed at  t h e  cathode is an anion radical in which the reson- 
ance formula with the negative charge on sulphur should contribute t o  a greater 
extent (equation 2). T h e  Intermediate anion radical formed from diphenylmethyl- 
p-nitrophenyl sulphide has been detected by ESR spectrometry' . 

+ c  

Ar2CH-SAr - [ArzCHiAr - Ar2kHsAr]  (2 1 
The optical activity is not retained in the electroreduction of optically active 

ethyl 2-phenylmercaptopropionate in ethanol (equation 3)' * . This result may be in 
Ph 

I CH/ 
CHCOOEt + PhSH (3) 

I Ph\ 

CH3 

PhSCCOOEt 

agreement with the idea that anion radicals formed from alkylphenyl sulphides 
collapse into alkyl radicals and thiophenoxide anion. 

The electrochemical reduction of phenylalkyl sulphides having a hydroxyl group 

TABLE 4. Cathodic elimination from 3-hydroxysulphides' 

3-14 ydrox ysulphide Product Yield (%) 

W S P h  
A 

SPh 

G P h  

#SPh 

OH 
I 
I 

Ph(CHZ)?C- CH2SPh 

Me 

OH 

Mc(CH ) C-CH2SPh 

Me 

I 
8 1  

r 92 

6 8  

70 

Ph(CH ) C=CH2 90 
2 1  
Me 

Me(CH2),C=CH2 
I 

Me 

96 
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on the  P- or  y-position of the alkyl moiety leads to elimination reactions useful in 
organic synthesis. T h e  reduction of P-hydroxysulphides prepared from ketones 
yields olefins in high yields (equation 4) (Table 4)' . 

OH 
R'  R '  R' 

R 2  R2 R2 

(4) 
PhSCH1LI \ I  + 2e \ 'c=o C-CH2SPh ,C=CH2 

/ / 

In the electroreduction of m6thanesulphonates of y-hydroxysulphides, the 
corresponding cyclopropanes are formed in high (70-80%) yields (equation 5)'  4. 

0 0 

OMS 

Ms = MeS02 - 

Homologation of aldehydes t o  the next  higher members (Table 5) and trans- 
formation of esters or ketones t o  aldehydes can also be achieved by using this 
electroreductive elimination (equations 6- -8) '  '. 

H30' 

,CH -CHO 

TABLE 5. Electroreductive formation of no1 ethers 
(R'COR' -+ R1 R2C=CHOMe)' 

R1 RZ Yield (%) 

PhCI-I ,CI I , II 96 
r i C , H ,  c> II 98 
)2C6H, 3 H 90 

M e & q C H 2  I1 98 
Me 

i- Bu Me 91 
92 

Me 

- (CH 2 1 5  - 
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O H  
-CH(SPhIz R1\I /SPh t 2e 

R ’ C R ~  c /C-CH c 
60-70% 

0 II R2 ‘SPh 

R’ R’  
\C = C H SP h * \CHCHO 

R2’ R2’ 

R1 C H  =CHSPh - R 1 C H 2 C H 0  ( 8 )  

B. Other Sulphur Compounds 

1. Thiols and disulphides 

t o  the  corre- 
sponding RH-type compounds has n o t  been achieved. T h e  products obtained 
from the electroreduction of thiol esters are the corresponding thiols. 

The sulphur-sulphur bond in disulphides is easily cleaved by electrochemical 
reduction. T h e  reduction peak potential required for  the transformation of PhSSPh 
to PhS- is about - 1.8 V vs. SCE on platinum in DMF’ ‘,whereas the disulphide can 
be reduced a t  about -0.5 V vs. SCE ( E l ,  2 )  on mercury in ethanol’ s .  This relatively 
large anodic shift of the reduction potential of disulphides observed on a mercury 
cathode may be explained by the  formation of (RS)2Hg being adsorbed o n  mercury 
through the reaction of RSSR with Hgo before the disulphides are  electro- 
chemically reduced, since the reduction potential of (RS):! Hg being adsorbed on 
mercury is almost the same as that  of RSSR on mercury (equation 9)’ 9 .  

RSSR -k Hgo - [(RS)zHgI  adsorbed (94 

T h e  electrochemical reduction of thiols (RSH) or their esters’ 

2 e  
[ (RS)2Hgladsorbcd 2 RSH + Hgo (9b) 

l h e  thiolate anions formed from the electroreduction of disulphides may be 
trapped by a variety of electrophiles, so that this electrochemical reaction is a 
useful synthetic method of sulphide derivatives (equation 10).  One of the advant- 
ages of this electrochemical method is that the derivatives can be prepared from the 

(70) R’SSR’ - R I S  - R 1 S R 2  + X- 

disulphides of which corresponding thiols are unstable or no t  known. A restriction 
in this reaction is that the disulphides must be reduced prior to the reduction of the 
electrophiles. ’I‘able 6 shows reductive methylation of some disulphides with methyl 
chloride, and reactions with other electrophiles are shown in Table 7 2 0 .  

R 2 X  + 2e  
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TABLE 6. Reductive methylation of disulphides with methyl chloride in DhlF2' 

Cathode potential 
Disulphide (-W Yield (isolated %) 

(P hCI-I S- ) , 1.2 82 
(PhS-1, 0.85 83.5 
(p-'dJ6H4 s-), 1.0 85.5 
(PhCOS -) , 0.8 70 

(o-EtOCOC,H,S-), 0.6 89 
(o-NO,C6H4 S-), 0.3 91 

Qlrj 
0 

S 

CMe,NCSS-), 

0.15 

0.35 

1.0 

0.8 

1.2 

85.5 

78 

81 

88 

78 

aVs. Ag} Ag'. 

TABLE 7. Reduction of disulphides in the presence of a variety of electrophiles 
in DMFZo 

Disulphide Elec trophile Yield (isolated %) 

files-), PhCH ,C1 63 
(MeCOS-)2 PhCH ?C1 76.5 
(PhS-), PhCN ,C1 92 

(F'hCH s-1, Ac, 0 89.5 
(o-NO,C,H,S-), Ac, 0 68.5 

(o-N02C6H4 S-1, Me1 84 

(0-NO, C6 14 ., S-) (EtO), SO, 76.5 

(PhCOS-) , CI-l , Br, 66 

(F'hCI-1 , S - )  MeCHCLMe 75.5 

(o-NO,C6 H,S-), AcCl 39 

(0-N 02C6 H4 S-) , (MeO),S02 91 

(Me,NCSS-), Me,NCOCl 37 

(PhCOS-), CI.1 ,c1 2 34 
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2. Sulphonium salts 
Sulphonium salts generally possess relatively anodic reduction potentials and are  

easily cleaved by the electrochemical reduction, so that their potentiality as 
supporting electrolytes is limited'.  The electroreductive behaviour of sulphonium 
salts is, however, rather complicated2 ' . The polarographic reduction of triphenyl- 
sulphonium bromide shows two reduction waves at  - 1.095 V vs. SCE and - 1.33 V 
vs. SCE (pI i  6). T h e  first wave is independent of pH and shifts anodically with a 
slope of about 50 mV per tenfold change in concentration, while the second shows 
a slight nonlinear dependence on pH and shifts cathodically with a slope of about  
60 m V per decade change in concentration. The number of electrons involved in 
the electrolysis is concentration-dependent: n = 2 at  0.46 - 0.79 m;M, n = 1.6 a t  

The  following reaction scheme has been proposed. The first electron transfer 
step is shown in equation (1 1). In the second step, the radical species accepts 
another electron and a proton (equation 12). 

Ph3S+.... H g  + e - (Ph3S.. . .HiJ  ( I l a )  

2 (Ph3S-...Hg') 2Ph2S + Ph2Hg + Hg ( I l b )  

(12) 

In the polarographic and coulometric study of the reductiori of cyanomethyl 
dimethylsulphonium ion in anhydrous DMSO, a wave corresponding t o  a single 
apparent one-electron transfer per molecule has been observed2 2 .  However, the  
polarographic study in the presence of acetic acid and the macroelectrolyses have 
suggested that the reduction is actually a two-electron process to form the cyano- 
methyl anion which reacts with the starting ion at  the surface of electrode to form 
an  ylid (equation 13). 

8.4 mM. 

(Ph3S....Hg') + e + H+ - Ph2S + C6H6 + H g  

+ + 2 e  
Me2SCH2CN - Me$ + (CH,CN)- ( 1  3a)  

(1%) 

T h e  formation of ylids in the electroreduction of sulphonium salts has been 
clearly d e r n ~ n s t r a t e d ~ ~  by the fact that the reduction of the aqueous solution of 
2-nitrofluorenyl-9-dimethylsulphonium bromide gives immediately the correspond- 
ing ylid as a purple solid on the surface of cathode (equation 14). 

M e 2 i C H 2 C N  + ( C H 2 C N ) -  - M e 2 6 C H N  + CH3CN 

0 0  (14) 

OZN +2e_ 0 2 N m  

S+Me2 SMe2 

Br- 

The cathodic reduction of dibenzylmethylsulpl1onium fluoroborate in DMSO a t  
-1.6 V vs. SCE yields two products resulted from the rearrangement of the 
intermediately formed sulphonium ylid (equation 15). 

+ 2e 
(PhCH2)26Me - PhCHSMe + PhCHSMe (15) 
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The electroreduction of some sulphonium salts in the presence of the acceptors 
of ylids such as benzaldehyde gives products which suggest the intermediary 
generation of sulphonium ylids (equation 16 and 17). 

(PhCH2)$SMe + PhCHO - PhCH=CHPh + PhCH-CHPh + PhCH-CH2Ph (16) 
\/ 

t + 20  

I 
OH 0 

trans 

12% cis 
BF4 

30% 19% 

+ 2e 
Me3S+I- + PhCHO - PhCH-CH, 28% (17)  

Poly-p-xylene can be prepared in high yield by the  electrochemical reduction of 
a solution of a p-xylenebissulphonium salt with a mercury cathode under an 
atmosphere of nitrogen (equation 1 8)24 .  

lo’ 

CI- CI - 

C. Hydroxyl Groups and Ethers 

Hydroxyl groups and ethers which are not  activated by any other functional 
group are n o t  reducible by the electrochemical method. However, some benzylic, 
allylic and propargylic alcohols can be reduced on mercury to the corresponding 
saturated or  unsaturated hydrocarbons a t  very negative potentials using DMF as 
solvent (Table 8)25. The reaction mechanism may be similar to that of the 

TABLE 8. Electroreduction of some activated alcohols” 

Alcohol Potentid (-W Product Yield (%) 

Ph, COH 
PhCH=CHCH, OH 

Ph, CII CII, F - =  
OH 

I 
OH 

Ph-CH-Ph 

H O H  

QW H O H  

2.9 
2.7 

2.7 

2.8 

2.9 

2.6 

2 3  

Ph,CH 
PhCH =CHCM 
PhCH ,CH ,CH , 011 
Ph , C HCH , CI-I 

PhCH,Ph 

95 
70 
30 
95 

90 

80 

50 

95 

ovs SCE. 
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electroreduction of alkyl halides. PhCH2 OH, PhCH(OH)CGCH, Me2 C(0H)CECH 
and PhCH(OH)CH=CHCH3 cannot be reduced. 

Some esters such as benzoates, phosphates and methanesulphonates are 
reducible by the electrochemical method. T h e  benzoate of atrolactic acid or  its 
methyl ester, for instance, is reduced on mercury in ethanol, though this reduction 
has been reported to  be nonstereospecific (equation 1 9 ) 2 6 .  The reduction of the 

OCOPh 
I + e  

Ph-C-COOR Ph-CHCOOR 
I I 

(19) 

CH3 CH3 

similar halide, however, has been known to proceed with 77---92% inversion of 
configuration (equation 20)2  '. This result may suggest that the mechanism of the 

CI 
I toe 

Ph-C-COOH Ph-CH-COOH 
I 

CH3 
I 
CH3 

TABLE 9. Electrochemical reduction of methanesulphonates2 

Alcohol Product Yield (lo) 

C,H, CH =CM (CI-I 2)8 OH C,H, ,CH=CHC,H 70 
OH 

COOEt 

QH 

0- COOEt 

84 

84 

72 

57 

50 
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electrochemical cleavage of a certain carbon-oxygen bond is different from that of 
the corresponding carbon-halogen bond. 

N o  carbon-oxygen bond cleavage has been observed in the cathodic reduction 
of esters of aromatic sulphonic acids, in which the products are the corresponding 
alcohols and sulphinic acids’. On the other hand, the electroreduction of esters of 
methanesulphonic acid on a lead cathode in DMF leads to  carbon-oxygen bond 
fission yielding the corresponding hydrocarbons (equation 2! ) (Table 9)’ 8 .  The 

ROS02Me - R H  (21 1 

results shown in the Table 9 clearly suggest that the selectivity of this electro- 
chemical method is superior to the reduction with lithium aluminium hydride. 

The  electroreductive elimination of hydroxyl groups from phenolic compounds 
is achievable by converting the hydroxyl groups t o  phosphates (equation 22) (Table 

The reaction mechanism is probably complicated and may involve both 
anionic and radical intermediates. 

+ 2e 

0 
II + 2e 

ArOP(OEt), - ArH (22) 

Ethers are generally stable under the conditions of electrochemical reduction 
unless they are activated by other functional groups. Alkoxy groups existing on the 
a-position of aldehydes or ketones may be cleaved under acidic conditions. The 
cleavage of the carbon-oxygen bond of some benzylic or allylic ethers also takes. 
place in both aprotic and protic solvents, the yield being higher in the latter solvent 

TABLE 10. Electrochemical reduction of aryldiethyl phosphates on lead 
cathodes in DMF2 

Parent phenol Product Yield (%) 

0 Me 

61 

OMe OMe 

59 
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TABLE 11. Electroreductive cleavaee of ethers in DMF" 

Ether Product Yield (%) Medium Potential (V)' 

(Ph,CH-),O P h , CH 013 50 Aprotic -2.4 
PhiCH , 50 

Ph, CHOMe Ph,CH, 90 Proticb - 2.4 
Ph,COMe Ph,CH 100 Proticb -2.3 
PhCH=CHCI-I ,OMe PhCH=CIICH, 65 Aprotic -1.8 

PhCH ,CH ,CH, 18 

Proticb - 1.9 

Me 

ws. Ag/Ag'. 
bPhenol is added in DMF. 

(Table 1 1 I 3 O .  In case of unsymmetrical ethers such as ROMe, the reaction pathway 
yielding RH and MeOH as t h e  products is the main route (equation 23). 

MeOH 

R =n-Bu (85%);n-C8HI7 (84%);n-CloH21 (81%):c-C,Hll (84%); cholesteryl (66%) 

- 1.3 V (vs. SCE) 
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The  electrochemical cleavage of ethers is one of the useful methods of de- 
blocking of protected alcohols. The cleavage of tritylon ethers by the usual chemical 
methods, for  example, generally requires rather drastic conditions, whereas the 
ethers can be cleaved in high yield by the electrochemical reduction o n  mercury in 
neutral medium a t  room temperature (equation 24)3 Selective deblocking is 
achievable by this electrochemical method as shown in equation (25). 

111. ANODIC OXIDATION 

T h e  initiation step of the anodic oxidation of ethers, hydroxyl groups and their 
sulphur analogues is generally the removal of an electron from the unshared 
electron pair on the oxygen or sulphur a tom, so that the anodic oxidation of 
compounds having no unshared electron pair such as onium salts is difficult. 

A. Thiols and Sulphides 

Thiols are easily oxidized to  disulphides by electrooxidation. The oxidation peak 
potential (E,) of thiophenol on a platinum electrode in aqueous methanolic 
solution (50% v/v) exhibits its dependence on pH. The plot of E ,  against pH gives a 
slope of 60 mV/pH where pH < 8.2. In alkaline medium, the oxidation peak 
potential is about  0.3 V vs. SCE. In a DMF solution, t w o  oxidation peaks are 
observed on a platinum anode. The peak existing a t  about 0 V vs. SCE corresponds 
t o  t h e  oxidation of PhS- t o  PhSSPh, and the peak observed a t  about 1.1 V vs. SCE 
is attributable to  the reaction shown in equation (26) '  '. The oxidation of thiols on 
a mercury electrode involves the formation of (RS)2 Hg (equation 27). 

2 PhSH - PhSSPh + 2 H+'+ 2 e (26) 

2 R S H  f Hgo (RS),Hg + 2 Ht + 2 e (27) 

Further electrooxidation of disulphides may be achieved o n  a platinum electrode 
in acetonitrile using sodium perchlorate as a supporting e l e c t r ~ l y t e ~  2 .  Diphenyl 
disulphide+shows two oxidation peaks a t  about  1.2 V vs. Ag/Ag and about  1.5 V 
vs. Ag/Ag . The first peak corresponds to the removal of one electron from a 
sulphur atom to  yield a cation radical. The second peak may be attributed to the 
oxidation of an unknown intermediate probably formed through the reaction of 
the cation radical with solvent. The final product in this oxidation is sodium 
benzenesulphonate (equation 28) The supporting electrolyte plays an important 

role in the determination of the reaction pathway, since sodium benzenesulphonate 
is obtained only in the case where sodium perchlorate is used a s  the supporting 
electrolyte, whereas the use of tetrabutylammonium tetrafluoroborate results in the 
formation of a complex mixture of products. 

T h e  oxidation of organic sulphides to sulphoxides or sulphones can easily be 
achieved in high yields by the electrochemical oxidation of the sulphides in aqueous 
solutions. Single sweep voltammetry of diphenyl sulphide with 0.18 M perchloric or 
sulphuric acid as supporting electrolyte shows a sharp oxidation peak at  1.30 V vs. 
SCE3 ,34. T h e  controlled potential oxidation in perchloric acid at 1.10 V yields 
the corresponding sulphoxide in almost quantitative current yield without any 
contamination with diphenyl sulphone. Three reaction mechanisms have been 
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proposed for this oxidation. T h e  anodic oxidation of aliphatic sulphides on plati- 
num anode under nonaqueous conditions has been studied to  get insight into t h e  
mechanism3 5 .  For example, dimethyl sulphide is completely oxidized t o  dimethyl 
sulphone in acetonitrile containing only 1% of water. In anhydrous acetonitrile 
containing sodium perchlorate as a supporting electrolyte, the ultimate products are  
sodium methanesulphonate and carbon monoxide. The first step of the reaction 
involves o n e  electron transfer from the  sulphide to form a cation radical, which 
rapidly loses a proton and a second electron to  produce a sulphonium derivative 
which upon reaction with the starting sulphide forms the dimethylmethylthiomethyl 
sulphonium ion as the immediate major product (equation 29). On the other hand, 

MeSMe - (MeSMe)+' - MeSCH; 
- e  - e  

- H+ 

Me25 + / M e  - MeSCH S 
'Me 

(29)  

the reaction of sodium perchlorate with electrochemically generated protons forms 
perchloric acid which gives water and the anhydride of perchloric acid by equili- 
bration (equation 30). 

2 H C I 0 4  H 2 0  + C1207 (30)  

The anhydride and water contribute to  the transformation of the sulphonium 
ion to sodium methanesulphonate and carbon monoxide. The formation of 
sulphonium ion in the oxidation of sulphides has been clearly demonstrated in the  
anodic oxidation of diphenyl sulphide in acetonitrile on a platinum electrode using 
sodium perchlorate as a supporting electrolyte3 6. Diphenyl sulphide shows three 
oxidation peaks at  abyut  1 .1  V (number of electrons, n = 0.97), 1.3 V (n = 1.50) 
and 1.6 V vs. Ag/Ag (n = 1.98). O n  the basis of the  analysis of products, t h e  
equations ( 3  l a  and b) have been proposed for the  first and second oxidation steps. 

- 2e 
2 PhSPh - Ph2;C6H4SPh 

-ti 

+ - 2e  + t t 
2Ph2SC6H4SPh Ph2SC6H4SC6H4SC6H4SPh2 (31b) 

Ph 
I - H +  

Three different mechanisms (equations 32- 34) have been suggested for the  
formation of the first sulphonium ion. 

2PhSPh - 2 P h 6 b h  (32a 1 
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(33a)  
- e  

PhSPh - Ph$bh 

+ 
+ PhSC,H4SPh2 -Q PhSPh + PhS 

--- e 
PhSPh - Ph6Ph 

H +  
PhSPh +. + PhSPh ---+ PhiQSPh 

l -  
Ph 

(34a)  

- e  + 
PhSC6H4SPh2 + H' (34bt 

Formation of a sulphoxide has been suggested for the third oxidation step 
(equation 3.51, though it is not conclusive. 

- 2c 
Ph2S+C H StC6H4SC6H4S+Ph2 + H 2 0  - Ph2S+C H S'C H SC6H,S+Ph, (35) 

- 2 H +  4~ 4 1 1  
Ph 0 

4~ 
Ph 

A different reaction pathway has been proposed for  the formation of the 
trisanisylsulphonium cation by the anodic oxidation of dianisyl sulphide in the  
presence of anisole3 '. The anodic polarogram of dianisyl sulphide obtained a t  a 
rotating platinum electrode in acetonitrile with sodium perchlorate as a supporting 
electrolyte shows two oxidation waves with half-wave potentials of 1.075 V and 
1.4 V vs. SCE. The  first wave corresponds t o  the reversible or  nearly reversible 
oxidation of dianisyl sulphide t o  dianisyl sulphide radical cation (equation 36a), 
which is remarkably more stable than diphenyl sulphide radical cation. T h e  
addition of anisole, however, does not  show any influence on the polarogram. 
Therefore it has been concluded that the decay process which is responsible for the 
disappearance of the radical cation is not  the addition of the radical cation to 
anisole but is its disproportionation to  dianisyl sulphide and the dianisyl sulphide 
dication (equation 36b), with subsequent irreversible reaction of the dication with 
anisole to the final product (equation 36c). 

(MeOPh12S - (MeOPh)2S+'  (36a) 

2 (MeOPh).++' - (MeOPh)2S + (MeOPh),S2+ (36b)  

(MeOPhI2S2+ + MeOPh - (MeOPhl3S+ + H +  (36cl 

Cyclic voltammetry of dibenzothiophen in 0.18 M H 2 S 0 4  shows an oxidation 
peak a t  1.44 V vs. SCE indicating that  dibenzothiophen is more difficultly oxidized 
than diphenyl sulphide, since the oxidation peak potential for the latter sulphide 
under the same conditions is 1.36 V vs. SCE3 8 .  The greater difficulty in oxidation 
of dibenzothiophen than of diphenyl sulphide is attributable to the greater delocal- 
ization of the electrons o n  sulphur in dibenzothiophen. 

Anodic oxidation of thianthrene is interesting because it has two sulphur atoms 
and is not  planar. The  oxidation in 8Oh acetic acid-water mixture containing 
perchloric acid a t  1.15 V vs. Ag/Ag+ gives the monoxide in almost quantitative yield 

-. e 
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(equation 37). A mixture of products consisting of 44% cis- and 28% trans-dioxide, 
1370 sulphone, 10% trioxide and 5% tetraoxide is obtained by the oxidation a t  1.6 
V (equation 38)39.  Both ECC (equation 39)40 and ECE (equation 40)41 mechan- 
isms have been proposed for the monoxidation of thianthrene (Th). 

98% 

s + a:& S 

0 0 2  

Th 5 Th" 

Th" + Th+' Th2+ 4- Th 

Th2+ + H20  - Tho + 2H' 

- c  
Th - Th+' 

Th" + H20 (ThOH)' + H' 

(ThOH)' + Th+' ====? (ThOH)' + Th (40~) 

(ThOH)' Tho + H' (40d) 

Anodic bond cleavage of a carbon--sulphur bond has been observed in the 
oxidation of bis(pheny1thio)methane in acetonitrile a t  a platinum electrode using 
sodium or  tetraethylammonium perchlorate as the  supporting electrolyte. This 
compound shows two oxidation peak potentials a t  1.46 V and 1.57 V vs. SCE at 
slow sweep rates, and gives diphenyl disulphide and formaldehyde through the 
controlled potential oxidation a t  1.38 V (equation 4 * .  

~. I he further oxidation of diphenyl sulphoxide, the primary prouduct of the 
oxidation of diphenyl sulphide in acetonitrile, has been studied to  determine the 
reaction mechanism43. The fact that  diphenyl sulphoxide shows an anodic peak at  
1.83 V vs. Ag/Ag+ where the number of  electrons involved is one for one molecule 
of the sulphoxide, and that the yield of the diphenyl sulphone in this oxidation is 
always about 50% suggests that t h e  main oxygen source required for the oxidation 
must be the diphenyl sulphoxide itself according to the scheme shown in equation 
(42).  

Each sulphoxide cation radical, the primary electron transfer product, reacts 
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PhSOPh - PhSOPh (42a) 
-e + .  

Ph 

t. 

(42b) PhSPh + PhSOzPh 

with one molecule of sulphoxide giving one molecule of sulphone and a new 
sulphide cation radical. This reaction mechanism coincides with the result that only 
half of the sulphoxide is oxidized t o  sulphone. In the benzene-acetonitrile mixed 
medium, the cation racial Phl  S+' is trapped by benzene giving triphenyl- 
sulphonium ions according to  equation (43).  In pure acetonitrile (equation 44), the 

Ph2St-+ CH3CN - PhZi-N=&H3 (44) 

cation radical reacts with acetonitrile to give another cation radical intermediate 
which in turn undergoes further anodic oxidation to make the overall reaction 
mechanism consistent with the coulometric results. 

6. Hydroxyl Groups and Ethers 

T h e  anodic oxidation of hydroxyl groups and ethers is less facile than that of 
thiols and sulphides. The  anodic potentials required for the oxidation of some 
saturated aliphatic alcohols are 2.5-2.7 V vs. Ag/Ag+ in acetonitrile containing 
tetrabutylammonium tetrafluoroborate as a supporting e l e ~ t r o l y t e ~ ~ .  The electro- 
chemical oxidation of methanol and ethanol gives the corresponding acetals in good 
yield in the presence of sodium perchlorate or tetrabutylammonium tetrafiuoro- 
borate as supporting electrolyes (equation 45), and aldehydes with sodium alk- 
oxides as supporting electrolytes. T h e  formation of acetals has been explained by 

OCH, R 
R C H 2 0 H  1 

* RCHOH 
- 2c 

- -H - H+ 
R C H ~ O H  - R ~ H O H  

R C H Z O H  /OCHz - RCH - H20 
'OCH~ R 

(45) 

the initial formation of a carbonium ion45.  The electrochemical method of the 
oxidation of alcohols is one of the most useful methods of the oxidative cleavage of 
glycols and related compounds to the corresponding carbonyl compounds 
(equation 46) (some examples are shown in Table 1 2)46. The advantage of the 

R', /R3 
c-c, - R'R2C=0 + R3R4C=0 

OR OR 
R 2 / 1  R4 

anodic oxidation over the conventional chemical methods using oxidizing agents is 
that the former is a remarkably clean reaction which does not  show any of the 
stereochemical limitations usually observed in the chemical methods and further- 
more, glycol ethers are also oxidizable by the electrochemical method. 
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This anodic cleavage is very useful for the general syntheses of carbonyl com- 
pounds such as symmetrical and unsymmetrical ketones, some of which are hardly 
accessible by the usual chemical methods4 '. Symmetrical ketones can be prepared 
according to equation (47). Since both the alkyl groups in the symmetrical ketones 

R 
I - Ze 2 RMgX 

MeOCH2C02Me - MeOCH,COH - R 2 C = 0  (47) 
I 
R 

are derived from the Grignard reagent, this method is applicable to  the synthesis of 
a variety of ketones from the single starting compound. The yield of anodic 
oxidation is about 80%. The transformation of symmetrical ketones to  unsym- 
metrical ketones has also been achieved as shown in equations (48) and (49). 

0 OMe 0 O H  

I I I  

I I  I - 2e II R 2 M g 6 r  1 
R~CH,CCH,R~ - R~CH,C=CHR~ M~OH- R~CH,CCHR~ - R ~ C H ~ C C H R  

I 

0 M e  1 OMe 

O H  0 
I II 

0 0 
II II R2MgX 

R ~ C H ~ C C H , R ~  - R~CH,C-CHR~ - R ~ C H ~ C C H R '  - R ~ C H ~ C R ~  (49) 
I I 

RZ 
NEt2 I NEtz 

The electrochemical cleavage of glycols is also useful in the  synthesis of some 
carbonyl compounds which are difficult t o  prepare by conventional chemical 
methods (equation 50). 

R = Me, Bu, CH2CN,CH,C0,Et 

Although an exceedingly high electrode potential is required for the direct 
oxidation of alcohols, they are easily oxidized by using suitable catalytic homo- 
geneous electron carriers such as iodine48. Anodic oxidation of alcohols in the 
presence of a small amount of K I  gives the corresponding esters from primary 
alcohols (equation 51) and ketones from secondary alcohols (equation 52) in 

- 4H'. .- 4e 
2RCH,OH 2,- RCOCH, R 

II 
0 

- 2H+. - 2e 
R1R2CHOH ,- - R ~ R ~ C = O  (52) 

excellent yields (Table 13). The role of iodine as a catalytic homogeneous electron 
carrier is shown in the Figure 1. 
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TABLE 13. Anodic oxidation of alcohols in the presence of 
iodide4’ 

Alcohol KI/alcohoI Yield (%la 

v 

&O H 
0.25 93 

c6 3FHMe 
OH 

PhCHEt 

OH 
I 

0.25 

0.1 

0.25 

eoH 0.25 

~2-c~ H I  OH 0.1 
Ph(CH,), OH 0.25 

91 

92 

100 

74 

83 
84 

aBased on the consumed alcohol. 

Anodic oxidation of saturated aliphatic ethers in methanol containing sodium 
methoxide, tetraethylammonium p-toluenesulphonate or  ammonium nitrate as a 
supporting electrolyte yields the corresponding a-methoxylated ethers, though the 
yields are low (Table 1 4)4 I). 

Two mechanisms are conceivable for  the mechanism of the initiation step. One is 
the direct electron transfer from the unshared electron pair on oxygen to  the anode 
(equation 53) ,  while the other is the  radical abstraction of a hydrogen from the 
cr-position of the ether by a radical species generated b y  the anodic oxidation of the 
solvent or supporting electrolyte (equation 54). 

- 2e 
R C H ~ O R  - R ~ H O R  + H+ (53) 

RCH,OR - R ~ H O R  - R ~ H O R  (54) 
5 ’  - e  

Electron s Alcohol 

Ketone 
or ester Anode 

FIGURE 1. 
alcohols. 

Iodine as a catalytic homogeneous electron carrier in the anodic oxidation of 
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TABLE 14. Anodic methoxylation of ethers using MeONa as a 
supporting electrolyte" 

Ether Product Yield (%) 

Q O M e  

28 

26 

Q O M e  16.3 

(2 QOMe 

W C H M e  E C H M e  

(OMe);! 
I I 

OMe 

8.5 

24.3 

r ) -CHMe I 7.8 
OCH20Me 

E l \  E t \  ,CHOMe 
,C (0 Me ) 

Me Me 
21 

In general, n o  oxidation peak nor current increment attributable to the direct 
oxidation of ethers has been observed. To get an insight into the mechanism, both 
intra- and inter-molecular isotope effects have been determined and compared with 
those obtained in the Kharasch-Sosnovsky reaction50 and in the anodic oxidation 
of carbamates5 (Table IS ) .  If the mechanism of the initiation step is the hydrogen 
abstraction by a radical species, both intra- and inter-molecular isotope effects must 
be almost identical as shown in the case of Kharasch-Sosnovsky reaction, whereas 
in the direct electron transfer mechanism, the intermolecular isotope effect must be 
smaller than the intramolecular one. 

Although i t  is not  conclusive, the isotope effects shown in Table 15 may imply 
the  advantage of the direct electron transfer mechanism, which has also been 
suggested in the anodic oxidation of 2 - m e t h ~ x y e t h a n o l ~  2 .  

Similarly t o  alcohols, some ethers arc? oxidizable by the anodic method using a 
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T.4BLE 15. Isotope effects ( k ~ / k ~ )  

Compound Anodic reaction reaction 
Kharasch-Sosnovsky 

a 
D H 

21 (NaOMe) 3.2 
2.0 (Et,NOTs) 

3.1-3.2 1.5-1.6 (NaOMe) 
1.6-1.7 Et,NOTs) 

1.81 ? 0.05 
(Et, NOTs) 

CO, Me 

1.84 +_ 0.05 
(E t, NOTs) 

C0,Me 

C0,Me k02Me 

Me,NCOMe + (CD,)2COCD, 
1.53 f 0.05 
(E t, NOTs) 

“Intramolecular isotope effect 
bIntermolecular isotope effect 

homogeneous electron carrier. The  anodic oxidation of p-methoxybenzyl ethers in 
the  presence of tris(pbromopheny1)amine as  the homogeneous electron carrier 
results in the clean cleavage of the C - 0  bond of ethers yielding alcohols and 
aldehydes in high yields (equation 5 5 )  (Table 16)53. 

In general, enol ethers are easily oxidized, since the cationic intermediates are 
stabilized by the alkoxyl groups to  a certain extent.  Anodic oxidation of furan 
derivatives (equation 5 6 )  or anodic coupling of enol ethers (equation 57) are the  
typical examples which are useful in organic synthesis4. 

TABLE 16. Oxidative cleavage of ethers (ROCH, Ar) 
using a homogeneous electron carrier’ 

R Yield of ROII (%I 

1-Octyl 95 
2-Octyl 81 
E-4-13 ep ten- 1 -y 1 83 
1 -Meth ylcyclohexyl 94 
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(55) ROCH2Ar - ROH f ArCHO 

- 2e - 
Me0 OMe 

R‘ 
(561 

OEt OMe OMe 
I .- 2c I I 

I I 
Ph -CZCH2 -t CH2=CHOEt MeOH- Ph-CCHzCH2CH (57) 

OF? OEt 

Although the anodic oxidation of enols is not  known, the oxidation of enol 
acetates is a useful reaction in organic synthesiss4. The electrochemical oxidation of 
enol acetates in acetic acid yields a-acetyl and a,punsaturated carbonyl 
compounds (equation 58). The ratio of the two products can be modified by the 

R R R 

(58)  

OAc 

control of reaction conditions5 5 .  One of the interesting applications of this 
reaction is 1,2-carbonyl transposition in aliphatic ketones (equation 59)’ G .  

R ’  = Me, COMe; R 2  = H, alkyl  or aryl 
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I .  ELECTRONIC STRUCTURES 

A. Introduction 

According t o  quantum mechanics the solution of the Schrodinger equation 

If$ = E $ ,  

combined with the  Pauli exclusion principle, provides all the  information for the  
description of a chemical system. 

The Hamiltonian operator, H ,  in atomic units, for an electronic system in a field 
of fixed nuclei (Born-Oppenheimer approximation) is given by 

where successive terms represent operators for the kinetic energy of the electrons i ,  
the  nuclear-electronic attraction (Z, is the  atomic number of nucleus V, rVi is the 
distance from this nucleus t o  the  ith electron) and the repulsion between electrons 
(ri j  is the distance between electrons i and j ) .  

Owing to mathematical difficulties, many simplifications have been proposed for 
carrying out  calculations. 

Hartreel and Fock2 have proposed a treatment in which an electron is con- 
sidered to move in the potential field of the nuclei and in the average potential of 
all of the other electrons in the molecule. This defines the self-consistent-field 
(SCF) method.  The operator is a sum of one-electron terms and the solution is 
comparatively simple. Other ‘semiempirical’ methods are classified according t o  the 
level of sophistication chosen. 

In the  x-electron approximation the x-electrons of a molecule are treated apart 
from the rest. It is supposed that the effects of the o-electrons can be lumped in to  
the  Hamiltonian for the  x-electrons. 

According t o  the  PPP (Pariser-Parr-Pople) me thod3  > 4 ,  for a molecule having n 
n-electrons, the reduced Hamiltonian operator takes the form 

n 1 ? I  1 

The o-electrons are taken into account through appropriate elucidation of the terms 
H,,,, ( i )  The evaluation of electronic repulsion integrals is greatly simplified by the  
introduction of a uniformly charged sphere representation of atomic orbitals. The 
wave function for the n-electron system is written as a normalized Slater deter- 
minant. 

The Hiickcl metlzod5 makes the assumption that the potential of an electron is 
independent of the  position of the others. H is the sum of operators H,f f  ( i )  each 
containing the  coordinates of only one electron. 

H = C H e f f ( i ) .  

Furthermore the Hiickel wave function is not even properly antisymmetrized. 
Despite these approximations, the Hiickel Molecular Orbital (HMO) method has 
shown itself capable of explaining molecular properties with amazing consistency. 

All-valence electron methods: The Es tended  Hiickel Theory (EHT)6 is an 
application of the Huckel treatment to all valence electrons. Pople’ has described a 
simpler method for  obtaining self-consistent molecular orbitals. This C N D 0 / 2  

I 
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method involves the Complete Neglect of Differential Overlap. Pople has proposed 
also the NDDO method which involves the Neglect of  Diatomic Differential Overlap 
only. Modifications of the CND0/2  method, known as INDO rnetkod (Intermediate 
Neglect of Differential Overlap) have been p r o p ~ s e d ~ * ~ .  Del Bene and Jaffk’O have 
described the CNDOIS method in order t o  compute spectroscopic transition ener- 
gies and oscillator strengths. 

Ab initio method, STO-3G basis. It is now possible to perform ab initio molec- 
ular orbital calculations with a modest-sized set of Gaussian orbitals. The basis set, 
STO-3G1 l ,  consists of linear combinations of three Gaussian functions which are 
least-squares fitted to exponential Slater-type atomic orbitals. 

B. Physical Characteristic Indexes 

1. Charge densities and bond orders 

A large number of calculations have been performed for phenols. The principal 
results of these calculations are given in Table 1 and Figure 1. It is of interest to  
note that Grabe16 has discussed the necessity of varying parameters W p p  with 
charge of phenolic oxygen in the PPP method. 

The charge densities of phenol show x-donation from the  oxygen p-type lone 
pair into the ring, combined with a-withdrawal. The increase in x-electron density is 
greater at the ol-tho position than at the pura position. For  the o-electrons, the 
calculations predict a long-range inductive effect resulting in a considerable positive 
charge at the pal-a position. This positive para cr-charge (Aq = +O.O 18) is about half 
the  size of the x-electron density and opposite in sign (Aq = -0.039) and conse- 
quently has an important effect on the magnitude of the total charges. 

showing the inductive effect of alkyl groups fixed at various positions in the 
phenolic ring. A conclusion of these studies is the strong inductive effect of the 
methyl group. The  x-electron release modifies the charges of the aromatic ring as 
shown in the Table 2. 

Concerning the influence of substituents, we have made several studies’ 7 9 1  

TABLE I .  Charge densities on phenol by various methods 

HMO” PPP13 CND0/2’ STO-3G1 ’ 
- 0 - 7r - 

0.955 0.976 2.797 0.951 0.975 
0.960 1.064 2.999 1.059 1.068 
0.998 0.994 2995 0.977 0.976 
1.029 1.036 2.982 1.039 1.039 
1.94 1.872 4.485 1.937 - 

H 

0’ 
0 360 

&::4 0 GG2 

FIGURE 1. Bond orders calculatcd by the PPP method. 
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Yeargers’ has used the ‘variable electronegativity SCF’ method to calculate the 
net x-electron charges for phenol, in the first excited singlet (S , )  and first excited 
triplet states ( T l  ). The calculations indicate that the hydroxyl oxygen becomes 
more positive upon excitation. The net x-charge densities on the oxygen are in the 
order S 1  > T1 > So. This is consistent with the  order of t h e  pK values. 

2. Dipole moments 

concerning dipole moments of phenols are reported in Table 3. 
They have been obtained in solution by Guggenhcim and Smith’s method a d  by 
Onsager’s method from physical constants of the  pure compounds. The differences 
between these two values show the importance of t h e  association by hydrogen 
bonds in liquid phenols. All phenols substituted in the  meta or para position are 
more strongly associated b y  hydrogen bonds than ortho-substituted ones. Conse- 
quently their ‘Onsager’ dipole moments are greater than those measured in solution. 

The dipole moments calculated by the CND0/2  method are always greater by 
0.2-0.3 D than  the measured ones in solution. This fact stems from a CND0/2 
artefact (cf. Reference 23);  t h e  electron-releasing effect of the alkyl or  hydroxyl 
group is always exaggerated. The calculated values for phenol emphasize this fact; 
they are p =  1.76 by the C N D 0 / 2  method23,  p =  1.22 by the STO-3G method, 
1-1 = 1.27 by Del Ke‘s method24,  while the experimental value is 1.47. 

The 

3. Ionization potentials 

energies of t h e  highest occupied molecular orbitalz3.  
There is n o  good correlation between experimental ionization potentials and 

4. Conformation 

methods. The theoretical barrier of 0 - H  rotation around t h e  C-0 bond in phenol 
Phenol is predicted t o  be planar b y  the C N D 0 / 2 2 5 , 2 6 ,  NDD02 and STO-3G’ 

TABLE 3. Observed and calculated dipole moments of some substituted phenols 

Compound Solution ( r )  Onsager ( r )  Calculated 

Phenol 1.47 (20°C) 2.20 (40°C) 1.72 
2-Meth ylp henol 1.41 (20°C) 1.64 (30°C) 1.63 
3-Methylphenol 1.48 (20°C) 2.48 (20°C) 1.60 
CMethylphcnol 1.46 (20°C) 2.36 (40°C) 1.76 
2-Isoprop ylphenol 1.36 (25°C) 1.47 (25°C) 1.53 
3-Isoprop ylphenol 1.53 (25°C) 2.39 (25°C) 1.63 
CIsoprop ylp henol 1.60 (25°C) 2.26 (70°C) 1.84 
2,3-Dimethylphenol 1.23 (20°C) 1.53 (70°C) 1.45 
2,4-Dimethylphenol 1.40 (20°C) 1.70 (20°C) 1.55 
2,5-Dimethylphenol 1.45 (20°C) 1.66 (70°C) 1.81 
2,6-Dimethylphenol 1.40 (20°C) 1.46 (40°C) 1.68 
3,CDimethylphenol 1.56 (20°C) 2.33 (70°C) 1.60 
3,S-Dime thylphenol 1.55 (20°C) 2.29 (6 0” C) 1.79 
2,4-Diisopropylphenol 1.50 (25°C) 1.47 (30°C) 1.63 
2,5-Diisopropylphenol 1.52 (25°C) 1.47 (30°C) 1.80 
2,6-Diisopropylphenol 1.43 (25°C) 1.46 (30°C) 1.76 
3,5-Diisopropylphenol 1.50 (25°C) 2.04 (60°C) 1.88 
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(5.16 kcal mol-’, calculated by the STO-3G method) is considerably higher than 
the experimental values : 3.37 (microwave), 3.47 (infrared) kcal mol-I . However, 
the changes in barrier with parasubstitution (OH, F, Me, CHO, CN and NO2) are in 
close agreement with spectroscopic measurements2 8 .  

C. Theoretical Study of Electrophilic Substitution on Phenols 

1. Delocalized model 

The classical reactivity indexes (electron density, free valence, polarizability) are 
based on the isolated molecule approximation. They do not take into account the 
nature of the reagent and this procedure fails to  reproduce the changes in relative 
reactivity of  various positions of attack. Klopman has developed a perturbation 
method which takes into account the influence of the attacking species on the 
reactivity2 g .  Chalvet and coworkers30. have developed a theoretical treatment 
(‘delocalized model’) of the transition state. In this model, the reagent is repre- 
sented by an orbital containing two or  no  electrons depending on the nucleophilic 
or  electrophilic nature of the reagent. The energy of this orbital is given by 

01 

0 

3 
\ 
. 

4 \ 

FIGURE 2. Reactivity of phenol by delocalized model of transition state. 
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E = IY -t I20 (Huckel method). According to  an extension of Koopman's theorem, the 
energy level of this orbital reflects the electron affinity o r  the ionization potentid 
of the reagent. The energy difference AE = Elr(rransition) - [Ex( , ,  bstrate) 
+ E n ( r e a g e n t ) I  is determined. &(t ians i t ion)  is the x-energy of the transition 
state, Ex(substrate)  and Ea(reagent )  t he  x-energy of the  reagents. The closer the 
electron affinity of the reagent (substrate) and the ionization potential of the 
substrate (reagent) is, the greater is the energy AE, this energy being a stabilization 
energy. This model has been used to  study eIectrophiIic substitution on amino- 
phenols3 ' and phenols' ,1 

For example, we have reported in Figure 2 the results obtained by using the 
delocalized model in the study of t he  alkylation, under kinetic conditions, of 
phenol by isopropyl alcohol. For  reagents characterized by values between -1 and 
0.2 the reactivity of the ortho position is greater than that of the para position. On 
the other hand for  values included between 0.2 and 1 the reactivity of the para 
position becomes the  greater. The  experimental reactivity is in very good agreement 
with the calculated one for the value h = 0.1. 

FIGURE 3. Phenol isopotential curves in a plane parallel to t he  ring at 2.2 A. 
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Such theoretical calculations with the  delocalized model allow us to  understand 
the  nature of the transition state. In particular, the  relative importance of charge 
transfer and polarization in the transition state is reached by such calculations. 
Predictions by the Wheland model and other structure indexes are also discussed in 
References 17 and 18. 

2. Isopotential curves 

Bonaccorsi and collaborators3 * have proposed for the study of chemical reac- 
tivity another approach based on the calculation of the potential due to  the nuclear 
and electronic charges. Since this potential is observable. in the quantum- 
mechanical meaning, this approach is particulary useful since it represents a better 
model of the system as seen from the approaching reactant. T h e  interaction energy 
of a charge 4 with this potential is 4 V .  A plot of the isopotentials obtained in this 
way gives the  energy of interaction of an isolated proton and enables one to  predict 

i- -2 

FIGURE 4. 2-Methylphenol isopotential curves in a plane parallel to the ring at 2.2 A. 
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the point of attack of  various electrophiles. Such maps33 are given for  phenol and 
2-methylphenol in Figure 3 and 4. The curves are plotted in a plane p a r d e l  t o  the 
ring at a distance of 2.2 a from it. The electrostatic potential is repulsive for an 
electrophilic reagent, except around the oxygen lone pairs. 

It is interesting t o  note  that these electrostatic potentials are more and more 
repulsive when the electrophile is brought nearer the aromatic ring. But during the 
electrophilic attack, as suggested by Politzer and W e i n ~ t e i n ~ ~ ,  a hydrogen can be 
moved out  of the plane of the ring by interaction with the reactant. In fact, the  
plot of the  isopotential curves, where the or tho  or  the para hydrogen have been 
moved out  of the ring planc, shows an attractive potential for an electrophilic reagent, 
approximately centred on the direction of the vacant tetrahedral position. 
Although the charge on the para carbon is lower than that of t he  or tho ,  the  
attractive potential turns out  t o  be greater at  the para carbon. These conclusions are 
identical with that of the  protonation study of toluene3s and show the  interest of 
electrostatic potentials in discussion of electrophilic substitution reactions. 

D. Spectra and Quantum Calculations 

1. Electronic spectra 

The x-electron SCF theory in its PPP formalism has been applied to  calculate the 
spectra of  phenol. Mishra and h i 3  performed calculations with the variable 
electronegativity SCF method in which the valence-state ionization potentials and 
electron affinities of the  atoms are taken as parabolic functions of Slater's effective 
nuclear charges on the atoms. This modified PPP method brings an improvement in 
the calculation of excitation energies which are presented in Table 4. The excitation 
energy values, oscillator strengths and directions of the transition moments are in 
satisfactory agreement with the experimental observations. 

2. Magnetic resonance spectra 

Schaefer and coworkers3 have analysed the proton magnetic resonance spectra 
of phenol in the absence of intermolecular proton exchange for different concen- 
trations of phenol in CCI4. The long-range couplingsJH,OH between the hydroxyl 
and, ineta ring protons is estimated as 0.33 * 0.0 1 Hz for a phenol molecule at 
32  C and as 0.20 _+ 0.0 1 Hz for the trimer. This decrease in  the coupling on 
trimerization is found in CND0/2  and INDO MO FPT calculations. 

C chemical shifts of substituted benzenes have been the subject of much 
work concerning qualitative correlations between parameters and experimental 

The 

TABLE 4. Singlet excitation energies, oscillator strengths and angles of polarization (@) for phenol 

Calculated Experimental Calculated 

energies (eV) energies (eV) strengths strengths (degrees) state 

4.73 4.50 
0.0656 5.96 5.64 
1.2343 6.85 6.53 

6.86 - 1.0838 

Experimental Symmetry 
excitation cscita tion osciuator oscillator 0 of 

0.026 0.0154 90 I B2 

- 0 ' A ,  
- 0 ' B* 
- 90 ' A ,  
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data. The CND0/2 method23 and Del Re’s methodz4 have been used to reprodcse 
C and H chemical shifts for these molecules. The correlations of I C and H 

chemical shifts show that, for  all positions in monosubstituted benzenes, the 
chemical shift is mainly determined by changes in charge density. 

E. Molecular Orbital Studies in the Pharmacology of Phenols 

The purpose of the pharmacologist is t o  discover molecules which will produce 
desired biological effects without any undesirable ones. Quantum chemistry has 
been introduced into the area of biochemistry t o  select such molecules. The 
physiological properties of phenols were theoreticaly studied3 8 .  It seems that an 
increase in activity may be associated with a decrease in the highest occupied 
molecular orbital energy and with an increase of the reduced Mulliken overlap 
populations relative to the oxygen atom. 

F. Theoretical Study of Inter- and Intra-molecular Hydrogen Bonds in Phenols 

The CND0/2 calculations for phenol- and p-nitrophenol-ammonia complexes 
give energy minima for the 0. . O H  distance in both ccmplexes as 2.6 a39. For the 
0. * .H distance in the ground and excited states, a potential. minimum at 1.0 a due 
t o  H-bonded species and a minimum at 1.8 a due to  an ion pair are found. This ion 
pair is unstable in both the ground and excited states but is more stable in the first 
excited singlet state than in the first excited triplet state. This finding is in 
qualitative agreement with the experimental results. 

The ‘anomalous’ order of intramolecular hydrogen bonding strengths in the 
o-halophenols C1 > F > Br > I is explained by CND0/2 and ab initio calcu- 
l a t i o n ~ ~ ’ .  The cause of this ‘anomalous’ hydrogen-bond order lies in the devi- 
ations from optimal hydrogen bonding geometries and in the repulsive halogen- 
oxygen and halogen-hydrogen ‘interorbital’ interactions. The ab initio calculations 
provide also insight into the reasons for the usual blue shift of the 0 - - - H  
hydrogen-bonded I R  stretching frequency for o-trifluoromethylphenol. 

1 1 .  THERMOCHEMISTRY OF PHENOLS 

A. Introduction 

Thermochemistry is concerned with energy changes associated with physical 
transformations (melting, vaporization) and chemical reactions of substances. In 
this chapter we have collected thermodynamic data relating to phenols. When 
possible, we have attempted t o  link together the physical and chemical properties 
of these substances. All units will be kcal mol-I for energy (enthalpy, free energy, 
resonance energy, activation energy) and cal mol-’ K - I  for entropy and heat 
capacity . 

B. Thermodynamic Properties of Phenol Molecules 

The thermodynamic properties of the different phases depend essentially on the 
heat capacity and the thermodynamic functions which can be calculated from i t .  

At  constant pressure, the heat capacity is defined by 

cp = (E) 
P 
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where H is the enthalpy. Hence, C, is the quantity of heat aH necessary to  increase 
the temperature of a substance by aT. For solids, the heat capacities are established 
experimentally from calorimetric measurements or  theoretically, a t  low temper- 
ature, from Einstein and Debye’s equations. For liquids, only experimental values 
are valid, since no  theory of the liquid state is satisfactory. For  gases, the heat 
capacity values can be established either from experimental measurements by 
Raman and infrared spectroscopies or  theoretically from statistical mechanics. For 
a detailed study of  these methods the remarkable book of Stull, Westrum and 
Sinke41 should be consulted. Over a large temperature range, the variation of the 
heat capacity cannot be represented by a single mathematical expression and it is 
necessary t o  determine a great number of values for different temperatures. Thus it 
is possible to  calculate the entropy a t  T2 and T1 from 

9. Electronic structures and thermochemistry of phenols 

In the same manner, i t  is possible to calculate the enthalpy according to  the 
expression 

and the free energy (in United States) o r  free enthalpy (in Europe) from: 

A G = A H - T A s  

$T- H ; 9 s . 1 5  a n d ( G $ - f & 9 ~ . 1 s > / T -  

HOT - H i 9 8 . 1 5  is the difference between the enthalpy in the standard state a t  
temperature T ,  and the enthalpy in the standard state at 298.15 O K .  (GOT - 
H & g 0 1 5 ) / T  is the free enthalpy in the standard state at  temperature T less the 
enthalpy in the standard state at  298.15 K divided by T. This expression is equal to  

It is usual to give the following expressions: 

(ff; - Hi98.1 5)/T- s;, 
where So, is the entropy in the standard state at temperature T. The function 

( G > -  HP98.15)/T 

varies only slightly with the temperature so the interpolation is easy. In the 
literature we also find 

(G; - H ~ / T  
and we have 

( C ~ - H z O 9 s . i s ) / T = ( G ; - H ~ ) / T -  (Hi98.15 -fG). 
and the three isomeric cresols4 3 ,  Green has 

determined these different properties. In the solid and liquid states, Andon and 
collaborators have determined the heat capacity and the thermodynamic functions 
for and the three isomeric cresols4 5 .  Values for some simple phenols are 
given in Table 5. 

In the gaseous state, for phenol4 
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TABLE 5. Heat capacity values for some simple phenols 

Cp(cal K - ’  mol-’ ) 

Phenol T W  Solid Liquid Ideal g a s  

300 30.72 
3 14.06 32.73 48.14 24.90 

300.00 37.17 31.31 
304.20 37.69 55.67 

285.40 35.65 52.33 
300.00 53.96 29.9 1 

309.00 36.13 29.91 
307.94 37.09 54.36 

Phenol 

2-Methylphenol 

3-Mcthylphenol 

CMethylp hen01 

Pentafluorophenol has been well studied in American4 and Russian4 labor- 
atories in the solid and liquid state,  and recently by an English group4* in the  
gaseous state. Phenol-dl and phenol-d5 have been studied in the  gaseous state by 
Sarin and coworkers49. Verma and collaboratorsSo have determined, in the gaseous 
state,  the molar thermodynamic functions for  the three isomeric methoxyphenols. 
Ramaswamys has calculated, by the group equation method, t h e  thermodynamic 
properties of rz-alkylphenols. 

As a general rule, it is possible to determine C; and So or the ideal gaseous state 
from Benson and coworkers’ systematic additive rules5 9 5  F o r  example in the 
case of rn-cresol at 300 K we find 30.06 cal K-’ mol-’ while the expemental value 
is 29.91 cal K - ’  mol-’. 

C. Physical Transformations 

The following symbols are used for the physical transformations: 

enthalpy and entropy of melting AHm and AS,, 
enthalpy and entropy of vaporization AHv and AS,, 
enthalpy and entropy of sublimation &Is and AS,, 
enthalpy and entropy of transition AHt and AS,, 

These enthalpies are defined as the heats exchanged with surroundings at the 
transformation temperature and usually a t  the atmospheric pressure. Entropies are 
the same quantities divided by the transformation temperature. The differences 
between these quantities and those concerning standard reference states are 
insignificant, except a t  high pressures for AH, and AH, and for some associated 
vapours for AHv and AHs as well. 

In the past, AH,,, did not have much interest for  the interpretation and 
prediction of chemical results. However, we think that this information becomes 
more and more important as the chemistry of molecular organic solid state is 
a d v a n ~ i n g ’ ~ - ~  9 .  Thus, when examining reactions in the solid state, we must take 
in to  account the energy necessary to destroy crystal lattices. O n  the relation be- 
tween crystal structure and the melting process interesting information can be 
fou!id in the books by Bondi60 and Ubbelhode6 l .  Besides, AH, is a da tum60$61 
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necessary to determine AHs using 

MIS may be used to  calculate the  enthalpy of formation of a gas-phase chemical, 
starting from the enthalpy of formation of this product in the solid state, 

Enthalpies of transition and melting may be directly determined by adiabatic 
calorimetric procedures. Enthalpies of melting may be also determined by cryo- 
scopic methods. Enthalpies of vaporization can be obtained with a flow calori- 
meter, or by measurement of t h e  vapour pressure and the application of the 
Antoine and the Clausius-Clapeyron equations, o r  by using the additive method 
of Laidler, Lovering a n d  Nor6 2-64. 

. 
The heat of melting (AH,, kcal mol - I )  of phenol was found t o  be:2.752 f 

0.002 5 ,  2.74 f 0.02 7 .  T h e  same references provide values for 
other phenols too.  Values f o r  methylphenol isomers are given by Andon and 
coworkers68. The  vaporization enthalpies of various phenols are available as 
follows: phenol, cresol and xylenols6 9 ,  ethyl phenol^^^, 3-ethyl-5-methylphenol, 
o-s-butylphenol and p-t-hutylpheno17 and many other phenols7 2 .  Transition 
enthalpies of p-halophenols have been determined by Bertholon and coworkers7 3 .  

and 2.5 f 0.3 

D. Physical Interactions with other Substances 

Inter- and intra-molecular H-bonding and ionization of phenols in water were 
reviewed in 197 1 by Rochester74. More recently, the enthalpies of dimerization in 
CC14 and C6H12 have been determined for  various phenols carrying chlorine, 
methyl and t-butyl groups by Baron and L u m b r o s ~ - B a d e r ~ ~ - ~ ~ .  Rochester and 
coworkers have determined the  thermodynamic functions for  the ionization of 
some phenols in and in mixed aqueous ~ o l v e n t s ~ ~ . ~ ~ .  The thermo- 
dynamic functions of halophenol dissociation in dimethylformamide have been 
calculateds1. The  enthalpy and entropy values are linear functions of the dipole 
moments  of these compounds.  

Another physical interaction parameter, the free energy of solution, is given by 

AGO = -RT In  (Cs) 

where Cs is the solubility of the phenol in the solvent, assuming that the activity 
coefficient of the  neutral phenols in the saturated phenol solution is one. T h e  
entropies of solution are deduced from the free energies and the calorimetrically 
determined enthalpies. Rochester and coworkerse , 8 3  have determined these 
thermodynamic parameters for  solutions of 4-, 3- and 3,5- substituted phenols in 
water a t  25 OC. Liotta and coworkerss4 have calculated the thermodynamic para- 
meters for solutions of mela- and para-substituted nitro-, cyano- and formyl- 
phenols. They have also given the free energy of solution for 3-nitrophenols. 

Rochesters l S 3  and Liottaa4 have also evaluated free energies, enthalpies and 
entropies of hydration for  phenols; i.e., thermodynamic parameters corresponding 
to the transfer of phenol from the gaseous state to aqueous solution. The free 
energies of hydration conform t o  a linear free-energy relationship of the form of 
the Hammett equation which for  2-cresol, phenol and 4-substituted phenols may be 
written as follows: 

AChyd (kcal mo1-I) = -3 .50 U - 4.72. 
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TABLE 6. Complexes or adducts with phenols and their corresponding enthalpies 

Phenol 

~ ~~ 

AH 
Additive Solvent (kcal mol - I  ) 

~ 

Ref. 

4-C1C6 H, OH 
QClC, H, OH 
4-C1C, H, OH 
WlC,  H , OH 
WlC,  H, OH 
X F ,  C, H, OH 
SCF, C, H, OH 
3-CF, C, H , OH 
3CF, C, H, OH 
XI;, C, H, 01.1 
4-t-BuC6 H, OH 
Ct-BuC, H, OH 
Ct-BuC, H, 011 
4-t-BuC6 H, OH 
2,6-Me2 C, H, OH 

Z6-Me, C, H, OH 

3,4-Me2 C, H, OH 

3,4-Me2 C, H, OH 

K l C ,  H, OM 

4C1C6 H, OH 

4-BrC6H, OH 

4-BrC6 H, OH 

3,4-Me, C, H, OH 
4-MeC6 H, OH 
PhOH 
4-FC6 H, OH 
W l C ,  H, OH 
4-BrC6H, OH 

CCl, 
CCl, 
CCl, 

C6HI 2 

C 6 H 1  2 

2 

C6H1 2 

2 

CCI, 
C6Hl2 
m14 
G H 1 2  

C8HI 8 

CSH, 8 

C8Hl8 

CSHI 8 

c.5 H, 
C8HI 8 

C8Hl8 

C8Hl8 

C8HlB 

CCI, 
CCl, 
CCI, 
CCl, 
CCl, 
Cc1, 

2 

‘6 H6 

‘6 H6  

‘SH6 

‘6 H 6  

‘ ~ 5 ~ 6  

‘6 H6 

‘6 H6 

5.0 
7.3 
7.0 
8.1 
9.5 
6.8 
7.4 

10.3 
7.3 
8.5 
6.4 
8.1 
7.2 
8.3 
5.4 
8.4 
6.6 
4.9 
7.2 
8.8 
7.2 
5.9 
9.9 
9.3 
9.4 
6.5 

10 
9 
8 
6.9 
3.8 
3.7 
3.9 
4.0 
4.4 
4.7 

86 
86 
86 
86 
86 
86 
86 
86 
86 
86 
86 
86 
86 
86 
87 
87 
87 
87 
87 
87 
87 
87 
87 
87 
87 
87 
87 
81 
87 
87 
88 
88 
88 
88 
88 
88 

For  3- and 3,s-substituted phenols the free energies deviate from the linear plot. 
However the deviations are  insufficient t o  influence the general observation that the 
electron-withdrawing substituents decrease the free energy of hydration of phenols 
whereas electron-donating substituents increase it.  

Huyskens and coworkers8 have determined for various phenols the transfer 
energies between cyclohexane and water. The transfer enthalpies and the transfer 
free energies depend on the pK, values and the position of the substituents. 

Table 6 shows substances which form complexes or adducts with phenols, 
together with their corresponding enthalpies. 

Fo r  a given donor,  the enthalpy of adduct formation with this series of phenols 
correlates with the Hammett substi tuent constant of the phenol. Drago and 
Epley86 have reported a procedure which makes it possible to  predict enthalpies of 
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Phenol Additive 
AH 

Solvent (kcal mol-’ ) Ref. 

4-IC, H, OH (C7Hi 5)4NI CCI, 4.1 88 
3-BC6 H, 014 ( C ~ H I  s)4NI CCl, 4.3 88 
3,4C1,C6 H, OH (C,Hi 5)4NI CCl, 4.7 88 
3,5CI2C6 H, OH (C7Hl  s)4NI CCl, 4.9 88 
3,4-Me,C6 H, OH Bu , NCI CCl, 7.1 88 
4-MeC6 H, OH Bu, NCl CCl, 5.0 8E 
PhOH Bu, NCl CCI, 8.5 88 

CsH5N m14 7.2 89 
2-(C6 H, N)Me CCl, 6.9 89 
3-(C6 H, N)Me cc1, 7.4 89 

H, NIMe CCl, 7.3 89 
C5H, N ‘tiH, 2 7.2 90 

CS, 5.9 90 
CCl, 5.7 90 
‘6 H6 5.0 90 
Cl,C,H, 5.5 90 
CHCl, 5.1 90 

2-(MeO)C6 H, OH CsH5N 2.8 90 
cs, 3.2 90 

PhOH Me, SO 

2-(MeO)C6H, OH Me, SO 

mi, 2.8 
‘6 H6 2.9 
Cl,C,H, 2.4 
CHCl, 2.2 
C 6 H 1  2 8.9 
CS, 7.0 
CCl, 6.3 
c6 H6 5.1 
Cl,C,H, 6.0 
CHCl, 3.1 
‘riH1 2 3.7 
CS, 4.5 
CCI, 3.0 
c6 H6 3.8 
CI,C,H, 3.4 
CHCI, 2.0 

90 
90 
90 
90 
90 
90 
90 
90 
90 
90 
90 
90 
90 
90  
90 
90 

adduct formation for any  meta- or para-substituted phenol whose Hammett sub- 
stituent constant is known, with any donor that has been incorporated in to  the E 
and C correlation*. 

Lambert9 has studied the phenol complexes of pyridine, tetrahydrofuran, 
acetone and p-dioxane. Martin and Oehler9 have determined the enthalpies, free 
energies and entropies of association between RC6HqOH (R = H, Me, MeO, C1, 

*E and C correlation is defined as follows: 

where AH is the enthalpy of adduct formation, E A  and CA two constants assigned to an acid 
and E B  and C g  two constants assigned to ;I baseas ’. 

-At1 = EAEB f CACB 
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NO2,  COz Me) and N-methylaniline, N,N-dimethylaniline and mesitylene. These 
authors found that the complexes are  bonded by the  delocalized x-electron system 
and not  by the electron pair at  the N atom. 

E. Chemical Transformations 

1. Enthalpies of formation and heat balance 

For a chemical process, a t  constant pressure, 

V A  A + V g  B + - - . + V X  x + V y  Y + " .  

the heat of reaction A H r ~  equals 

nir l rT= C vjrfj - C v i ~ i .  
p r o d u c t s  reac tants  

At constant volume, the  energy of reaction, A U r T ,  is related t o  AHrT by 

AHrT = AU,, + P A V r ~ ,  ( 2 )  

where AV,, is the difference, at  constant pressure P, in molar volume between 
products and reactants. If  all products and reactants are in their standard state, the 
heat of reaction involved is the standard heat of reaction A e T .  

The application of the first law of thermodynamics to  reaction ( 1 )  gives: 

where 

and 

AIcT= C AH&-- C AH&- 
p r o d u c t s  reac  tan t S  

C 
p r o d u c t s  

AH; ,  = V A  AHFT(A) + V B  AH&-(B) .  . . 

Equation ( 3 )  can be used to  calculate AH&- for  all reactions in which AH&- is 
known for all participants, therefore t h e  standard heat of formation appears as a n  
interesting way of obtaining the heat of reaction, 

The most important method of determining t h e  enthalpy of reaction or for- 
mation is the measurement of the enthalpy of combustion in oxygen. Experiments 
a t  constant volume lead t o  the energy of combustion which is converted t o  
enthalpy by equation ( 2 ) ,  assuming tha t  the gaseous products are in the ideal state. 
From these measurements and by use of Hess' law, i t  is possible to obtain the 
standard heat of formation. 

Other experiments also lead to  the determination of the heat of 
formation : enthalpy of cornbustion from flame calorimetry, direct measurements 
of enthalpy of reaction by carrying out  experiments in a calorimeter and determin- 
ation of the equilibrium constants4 i 9  : 

d( 1 n I<, )ldT = AH:T/R T2 
The thermodynamic function that is a true index of the feasibility for a given 

chemical process is the free energy function or Gibbs energy AGr= involving both 
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enthalpy and entropy functions. Like enthalpy and entropy, G is also an extensive 
property of the system. The appropriate equations are the same as those for 
enthalpy function: 

AG;T= C viCi - C viCi 
p r o d u c t s  r e a c t a n t s  

A G & =  C AGOfT- C AGOfT. 
p r o d u c t s  reactants  

At equilibrium, AG,T = 0 and the expression A G r ~  = AG;, + R T  In K becomes: 

AG;T = - R T l n  K,. 

AG:, = 0 corresponds to a reaction for which K ,  is unity. When AG& < 0, the 
reaction is thermodynamically favourable, and when AG;, > 0 i t  is thermc- 
dynamically unfavourable. From the knowledge of AG;, for a chemical process it 
is possible to calculate the equilibrium composition9 4 .  

Heats of reaction have been studied for the combustion of phenolic compounds 
in oxygen. T h e  combustion enthalpy for phenol, methylphenols and dimethyl- 
phenols has been l .  Bertholon and coworkers95 have studied many 
substituted phenols and conclude that the Kharasch methodg of estimation of 
hHoc (liq.) is a good one  in spite of its simplicity. Table 7 shows the very good 
agreement between measured and calculated values. The Kharasch rule gives the 
combustion enthalpy of  phenols with a maximum error of 0.6%. From the heat of 
reaction so measured and from the enthalpy of vaporization or sublimation, the 
authors have computed the standard heat of formation in the gaseous state. From 
these and other  papers, Cox9' has recently proposed a method for estimating the 
enthalpy of formation of benzene derivatives in the gaseous state. 

There is great interest in computations of heat balances, equilibrium yields and 
thermodynamical feasibilities of processes. For example in the alkylation of 3- 
methylphenol by propene, yielding 3-methyl-6-isopropylphenol (thymol), it is 
possible to estimate the enthalpy of reaction a t  0 K, 298 K and 600 K. Table 8 
shows the standard enthalpies of formation of the compounds involved, computed 
by Franklin's method98. Hence. the standard heats of reaction h?I& are -23.95, 
-23.34 and -23.48 kcal mol-I a t  0, 298 and 600 K ,  respectively. T h e  reaction is 
exothermal (i.e. thermochemically favourable) and the heat balance does not vary 
greatly with the  temperature in the range 0-600 K. The values are in good 
agreement with those obtained by Kukui and coworkersgg for alkylation of phenol 
with normal 1-alkenes 

TABLE 7. Experimental and calculated va:'ies of enthalpies 
of combustion for some phenols 

Conipound 

aH",(liq.) aH",liq.) 
measured at calculated at 
298 K 291 K 

Phenol 732.3 7329 
2-Methylphenol 886.32 885.7 
2-Ethylphenol 1044.07 1042.0 
2-Isopropylphenol 1200.5 1198.3 
2-t-Bu tvluhenol 1352.8 1354.6 
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TABLE 8. Standard enthalpies of formation of the compounds involved in the 
alkylation of 3-methylphenol by propene 

Compound AH"f(0 K) aH"f298 K )  aH"f(GO0 K )  
~~ 

3-Methylphenol -24.64 -32.08 -34.24 
Propene 8.47 4.88 1.98 
3-Methyl-6-isopropylphenol -39.12 -50.54 -55.74 

We can also calculate the thermodynamic values for the isothermal chlorination 
of 2-methylphenol by  sulphuryl chloride (equation 4). By t h e  Van Krevelen and 

OH OH Med + S02C1, - "'&.I ( %  P + HCI + SO, (4)  

Chermin method4 3, for inorganic products, we can compute the values of AG;, 
AH; and hS7 for  all participants of the reaction (Table 9). F r o m  these data,  we can 
obtain the thermodynamic values of the three reactions giving the three isomers: 

AG y AS 

6-Chloro -23.72 -13.22 -55.55 
rn-Chloro* -25.05 -14.55 -55.55 
4-Chloro -23.81 -13.3 1 -55.55 

Since the values of AG;T are strongly negative, a t  the thermodynamic equilibrium, 
the chlorination products are greatly favoured. The  reaction is also thermo- 
chemically favourable as shown by the values of the heat balances. 

2. The Planck function and relative stability of phenols 

T h e  application of thermodynamics t o  organic reactions is particularly useful for  
the prediction of the feasibility of a given process. Considering the isothermal 

TABLE 9. Thermodynmic values for the reaction participants in equation (4) a t  298 K 

Compound 
~ G o f  ,vpf AS; 
(kcal mol-' ) (kcal mo1-l) (calmol- 'K- ')  

2-Methylphenol - 5.33 - 29.94 8.26 

Chlor0-2-niethylpheno1: 
Sulphuryl chloride -74.80 -85.40 -35.57 

6-chloro - 9.34 -35.55 -87.89 
n1-chloro* - 10.67 -36.88 -87.89 
4-chloro - 9.43 -35.64 -87.89 

HCl -22.77 -22.06 2.38 
so* -71.74 -70.95 2.65 

*By the calculation method used i t  is not possible to distinguish between the 2-methyl-3 and 
the 2-methyl-5-chlorophenol. 
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reaction of formation for a phenol 

(all compounds in their standard state); the equilibrium constant K, gives t h e  
thermodynamic yield, a t  the equilibrium, for the  formation reaction. 

A typical thermodynamic function for  graphical representation of this equi- 
librium constant is the Planck function r. Indeed, if the formation reaction is a n  

5c 

C 

FIGURE 5. 
A : phenol, B :  2-methylphenol, C: 3-methylphenol, D : 4-methylphenol. 

Plot of the Planck function vs. the temperature for phenol and methylphenols; 
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A c ~ p  = A G " + R T l n K p = O  

A G ' = - R T l n K p =  2 AG;- C A G ; ~  
p r o d u c t  r e a c t a n t s  

r=  AG"/T= -R In K ~ .  

The s tudy of the variation of the Planck function with the temperature for isomeric 
compounds leads t o  a comparison of the relative thermodynamic stabilities. 

T h e  values of (AGO must be calculated by group additivities if no experimental 
determinations are obtainable. Ciola! O 0  proposed an additivity method for the  
estimation of log Kf. This quantity can lead t o  t h e  Planck function. 

calculated the values of the Planck function a t  different temper- 
atures for  several series of phenolic isomers such as methylphenols, isopropylphenols 
and metl~ylisopropylphenols. Figure 5 shows the variation of the function with 
temperature for phenol and methylphenols. T h e  most stable compound has the 
greatest equilibrium constant of formation and consequently the lowest values of r. 
At 450 K the stability of methylphenols can be shown in the order methyl-3 > 
methyl-2 > methyl-4 phenol, whereas a t  273 K t h e  order is methyl-3 > methyl- 
4 > methyl-? phenol. 

I t  has been demonstrated'02-'05, that  the system A1C13 -HC1 allows migration 
of the alkyl groups around phenolic rings. For  isopropylphenols and methylisopro- 
pylphenols, such a system leads rapidly t o  the thermodynamical equilibrium at 
room temperature. 

It must be noted that r is calculated for molecules in their ideal gaseous 
standard state, which is not the usual one for real chemical reactions. Nevertheless, 
for isomeric compounds, it is possible to  compare t h e  relative stabilities in the same 
conditions. 

T h e  experimental and calculated stability orders for isopropyl- and diisopropyl- 
phenols are in good agreement (Table 10). These studies confirm the results 
obtained on various hydrocarbon series, particularly on alkylbenzenes, by Rossini 
and coworkersIo6 and recently by Olah and Kaspi' 7. 

Bertholon' 

3. Thermochemistry and kinetics 

Thermodynamics deals with the energy of the initial and final states of a system 
and the variations of energy between them, whereas kinetics concerns the rates a t  
which the final states are reached. T h e  empirical Arrhenius equation gives the 
activation energy E,, i.e. the temperature dependence of the rate. 

Only the  theory of activated complexes leads to the thermodycsnic  quantities 

TABLE 10. Stability orders for isopropyl- and diisopropyl-phenols 

Stability order at 298 K 

Compound Experimental 
~- 

Calculated (gasous state) 

Isopropylphenols 
Diisoprop y lphenols 

meta > para > ortko 
3,5 > 2,s > 2,4 > 2,6 

??zeta > para > ortho 
3 3  > 2,s = 2,4 > 2,6 
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directly related t o  kinetic ones. This theory links the rate constant k to the 
activation free enthalpy AGOf by the relation 

where K is the transmission coefficient (generally taken equal to  unity), R is the 
ideal gas constant, T is the absolute temperature N A  is the Avogadro number and h 
is the Planck constant. In the Arrhenius relation 

k = A  exp( - E , / R T )  

A is the pre-exponential factor, and E,  and A can be calculated from the 
experimental. Since we have 

= mf - T AS"+ 

it can be  shown' O 8  that 
eR T 

E,  = AH"# + R T and A = - exp (ASO'IR) 
N A h  

Therefore, three thermodynamic quantities of activation AHof, AS"' and AGO' 
can be obtained from the determination of rate constants and the application of the 
Arrhenius equation. These quantities are characteristic of a molecule, the 'activated 
complex', wh.ich corresponds to  the state of maximum energy for the reacting 
system. 

For an  equilibrated reaction, we have' O 9  : 

( 1 )  
A + B  e C + D ,  

(2 1 

AS:, /R = ASyf/R - AS",/R, 

ml = AG'  - W 2 # ,  

AG:, = AG;# - AG;#. 

Therefore: 

A G ,  = E a ,  - Ea, , 

AG:, = E., - E S 2  - R T l n  ( A l / A 2 ) .  

Thereforc, if the Arrhenius parameters concerning the forward reaction are known, 
those of the reverse reaction can be calculated from the thermochemical properties 
of reactants and products. 

For a suitable use of these equations, a good knowledge of the conditions of the 
studied reaction is necessary (see Reference 109). 

It would be extremely interesting to be able to  calculate thermodynamic 
parameters o f  activation. This kind of work is just starting now but studies to 
obtain experimental results sufficient to make fruitful comparisons are time- 
consuming and laborious. Hence, satisfactory examples are scarce in the organic 
chemistry literature. In  the useful book written by Benson' only gas-phase 
reactions are considered; the case of condensed phases is not treated. 
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With regard to phenols, few thorough studies have been made. As an example, 
we shall cite the kinetic s tudy of disproportionation of carvacrol or 2-methyl-5-iso- 
propylphenol (equation 5) with aluminium chloride, in 1,2-dichloroethane1 . 

2 &Me (51 

i -Pr  i -Pr  Pr-i 

The equilibrium constant of this reaction is equal to  0.105, and does not vary 
between 10 and 50 "C. Under these conditions, the variation of enthalpy is null, 
since 

d(ln K p )  AH 

For the forward reaction the activation energy, 12.7 kcal mol-'  is equal to that of 
the reverse reaction. Hence, rates of the reverse raction are readily calculated. A 
similar s tudy has been done on the isomerization of 4-methyl-2,5-diisopropyl- 
phenol' 1 2 .  For  these reactions the difference in the rates in the two directions is 
due to the difference in the entropy terms. Various kinetic studies on phenols are 
reported in the books of Bamford and Tipper1 l3  aild Koptyug ' I4 .  Claisen 
rearrangements have also been extensively studied' 5 ,  and their activation para- 
meters have been determined. The cyclic nature of the  transition states is confirmed 
by the sign and magnitude of the activation entropy ASz. For example, the ASz 
value is - 1 2  cal deg-' mol-'  for the ortho rearrangement of o-allylphenyl ether in 
diphenyl ether'  6 .  

With a knowledge of the activation parameters one can define the nature of the 
transition state. Very recently, Dutruc-Rosset' ' determined the activation para- 
meters of the parallel ortho and para chlorination of 2-methylphenol by sulphuryl 
chloride in carbon tetrachloride. The activation entropies obtained favour on 
activated complex which is better organized than the initial reactants. The  activated 
complex relating to  the formation of the para-chlorinated derivative is better 
organized than that relating t o  the ortho-chlorinated one. T h e  value of AS"# is 
-25.9 and -36.9 cal mol-' K-' for the ortho and for the para chlorination, 
respectively, both values favouring a concerted mechanism. 

-- - 
d T  R T 2 '  

4. Resonance energy and reaction orientation 

Resonance energy, E R ,  or delocalization energy, is the difference in energy 
between that  of the actual molecules and that of the hypothetical molecules (pictured 
for example bjf KekulC structures). Since the latter are not real, their energies can 
only be estimated from additive systematics. Nevertheless it is possible to obtain 
interesting results within a series of substances, like phenols, by using the same 
method for the resonance energy determinations. Indeed it is possible to  estimate 
resonance energy by the quantum-mechanical theory, from heats of hydrogenation, 
from bond energies' 8 ,  from the enthalpy of combustion' 9 '  ' O .  On this subject 
various books should be consulted' 

In the case of phenols, an important application of resonance energy is the 
prediction of the keto-enol equilibrium. It is possible to  predict that phenol has 
exclusively, and a-naphthol mainly, the enolic form, 9-anthrol is an approximately 
equal niixture of the enolic and ketonic forms, and 1 1-naphthacenol has mainly, 

2 .  
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TABLE 11. Values of resonance energy for 
some phenols (calculated by Franklin's 
method) 
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Compound E R  (kcal mol-' ) 

Phenol 39 
2-t-Bu tylphenol 35 
2,4-Di-t-butylp henol 28 
2,4,6-Tri-t-butylphenol 23 

2,4,6-TrimethylphenoI 35 
2,4,6-Triisopropylphenol 28 
2,4,6-Tri-t-bu tylphenol 23 

and 13-pentacenol exclusively, the ketonic form' 2 4 .  Similarly, phloroglucinol, a 
triphenol, and resorcinol a diphenol, are in equilibrium between two tautomeric 
forms' '. Similarly, phloroglucinol gives with hydroxylamine a trioxime cor- 
responding to  triketocyclohexane and thus behaves like a cyclic triketone. How- 
ever, its crystal structure determined by X-ray diffraction' 2 6  shows that the  
average bond distances are C-C = 1.38 a and C-OH = 1.37 a corresponding to an 
enolic structure; hence it seems to attain the ketonic form only during the reaction, 
and particularly in the transition state. 

have determined the resonance energy for many 
alkyl-substituted phenols. They have measured the heat of combustion and used the 
Pauling, Klages and Franklin methods t o  calculate the resonance energy. It appears 
that the resonance energy decreases both with an increasing number of alkyl 
substituents and with the number of carbons of the ramified substituents. The 
results shown in Table 1 1  illustrate these conclusions. 

The decrease of the resonance energy with the number of carbons of the 
ramified alkyl group seems t o  be a measure of the inductive effect of these 
substituents which increases in the series: Me < Et < i-Pr < t-Bu. It has also been 
shown that a phenol can react either in its phenolic or in its quinonoid form 
acccording to  its resonance energy. For  example, oxidative coupling' leads either 
to  polyethers (when the substituents in positions 2 and 6 are small) o r  t o  dipheno- 
quinones (when the substituents are large) (equation 6). While i t  is possible to  
explain these results by steric hindrance, Lamartine and coworkers' have shown 
that when a phenol is substituted in the 3- and 5-positions by groups like methyl, 

Bertholon and coworkers' 

R R R 
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e thyl  or isopropyl, chlorination by molecular chlorine leads largely t o  chloro- 
phenols (equation 7a) while with t-butyl groups chlorocyclohexadienones are 
mainly formed (equation 7b). In equation (7)  t h e  substituents are in the same 
positions in both (a) and (b), and as these positions are far  from the  OH group i t  is 
n o t  possible t o  explain the different results by steric hindrance. A study'  30 of a 

OH 

R & 
H CI 

large number of phenols which react in the solid state with chlorine has shown that 
the  nature of the products is greatly dependent on the ramified alkyl substituents 
of the  phenol ring. For  these reactions Lamartine' 3 1  has found a practically linear 
relationship between the resonance energy of the considered phenol and the ratio 
of chlorohexadienone formed. In order t o  explain these results it is necessary to  
note  that the phenols studied in the ground state are in the enolic form, and only in 
the  transition state is i t  possible to imagine them as being either in the enolic or  
ketonic form or in a mixture of these two forms. 
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I .  SYNTHESES OF LABELLED ETHERS AND SULPHIDES 

The desire t o  understand on the atomic and molecular level the mechanisms of 
action of ethers and their sulphur analogues, widely used in medical practice, 
dentistry, agriculture, radiation biology, chemical research and chemical industry 
(Meyers and coworkers 1977;  Aleksandrov 1978), created the immediate need for 
t h e  corresponding isotopically labelled compounds. This task has been accomp- 
lished by utilizing the well-established methods of classical organic chemistry such 
as Williamson synthesis (Fieser and Fieser 1975; O’Leary 1976;  Baumgarten 1978; 
Le Noble 1974;  March 1977; Perekalin and Zonis 1977) o r  by invoking more 
elaborate isotopic and nuclear techniques (Murray and Williams 1958; Miklukhin 
1961; Evans 1966; Vdovenko 1969; J. Labelled Compounds,  1965-1978). 
Reactions of organic halides with alkoxide and hydroxide ions have been the  subject 
of numerous investigations (Stothers and Bourns 1962; Fry 1970; Norula 1975; 
Williams and Taylor 1974; Julian and Tay!or 1976; Sims and coworkers 1972). 
Routes leading to the formation of ethers and thio ethers are reviewed in the 
following sections. 

A. Syntheses of Labelled Ethers 

1. Synthesis of dimethyl ethers 

a, Methyl  methyl-’ C ether. C-labelled dimethyl ether was prepared from 
* 4C-labelled methanol (equation 1) (Zielinski 1968). In a typical run l 4  C-labelled 

methanol was added gradually t o  concentrated sulphuric acid. T h e  volatile gaseous 
ether  was absorbed in a trap with ice-cold H2 SO4. This complex of 4CH3 -O-CH3 
with sulphuric acid was then added dropwise t o  ice water, and the evolving 
dimethyl ether was collected in a cold trap immersed in liquid air. T h e  crude 
radioactive product was purified by vacuum low-temperature distillations*. 

b. Deuterated arialogues o f  chloromethyl me thy l  ether. Deuterium was intro- 
duced into chloromethyl methyl ether (CMME), a potent human lung carcinogen, 
by reacting deuterated aqueous formaldehyde and methanol with hydrogen 
chloride (Gal 1975). Chloromethyl methyl-d3 ether was obtained in 26.4% yield by 
bubbling hydrogen chloride gas through a vigorously stirred mixture of methanol- 
d4 and paraformaldehyde cooled in an ice bath (equation 2). 

HCI 
CD3OD + (CH,O), 7 CD30CHzCI (2) 

Chloromethyl-d2 methyl ether was synthesized in 22.5% yield from paraform- 

*In a similar rnanner tritium-labelled dimethyl ether was obtained using tritium-labelled 
methanol synthesized by reduction of tritium-labelled methyl formate with tritiated aluminium 
hydride (Zielihski 1962). 
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aldehyde-d2 and methanol using a similar procedure (equation 3 ) .  I t  was also 
HCl 

CH30H + (CDZO), CH3OCDzCl (3) 

obtained in a three-step sequence by D-exchange of the hydrogen atoms adjacent to 
P of the intermediate phosphonium salt [Ph3P+CH2 OCH31C1- with D2 0 using 
Na2C03 or NaHC03 as basic catalyst (Schlosser 1964). Thermal decomposition of 
the selectively deuterated compound yielded ClCD2 OCH3 (75%) (equation 4). 

+ 
Ph,PCD,OCH,.CI- - CH,OCD,CI + Ph3P (4 1 

Reaction of C1CD20CH3 with Ph3CNa in dry E t 2 0  gave, after hydrolysis, 
Ph3 CD2 OCH3. 

2. Synthesis of simple and substituted ethyl ethers 

Q. Ethyl  ether-"O. This synthesis was carried out  according t o  the scheme 
shown in equation ( 5 ) .  Heating of ethyl bromide with an isotopically equilibrated 

Mq("OH)2 NaOH. (CZH50)2S02 
C2H5Br + C2H5-'*0H * C,H,- - '*O-C~H~ (5) 

l l O ° C .  3-7 days 

mixture of magnesium oxide and H2 " 0  oin a sealed tube produces ethy! 
alcohol-' ' 0 .  The fraction distilling up to 100 C was treated with ethyl sulphate in 
the  presence of soiium hydroxide. After completion of the etherification the flask 
was cooled t o  -60 C and the labelled ether distilled off under vacuum (Lauder and 
Green 1946). 

b. Ethyl  e t l z j ~ 1 - 1 - ~ ~  C ether. This was synthesized using the modified Williamson 
synthesis (Burtle and Turek 1954) (equation 6). 

abs. ethcnol 

70-75OC. 92% 
CzH50Na -I- CH,14CH,I - CH314CHz-O- CZH, (6) 

c. 2 - l ia l0e thyl - l - '~  C ethyl ethers. This synthesis was carried out  in 55-65c/o 
yield b y  reacting XU32 l4CM2OH(X = C1, Br) with E t 3 O + B F i .  Ethers of general 
formula XCH2 CHzOEt were produced (Shchekut'eva, Smolina and lieutov 
1976). 

d.  Orphenadrine hydrochloride. This and related ethers of therapeutic interest 
labelled with tritium in the 2-(dimethy1amino)ethyl moiety were synthesized by 
coupling o-methyl-or-phenylbenzyl alcohol with 2-chloro-N,N-dimethylacetamide 
and reduction of the resulting amide with tritiated aluminium hydride (Hespe and 
Nauta 1966). Hydrolysis of the labelled ethers with hydrochloric acid afforded 
tritiated 2-(dimethy1amino)ethanol in 80% yield (equation 7). 

p;&) 2 . c 1 - y z  - Qt/lQ L'A1H3T - 
I 
0 

I 
CH3 0 

/"" I (CH 31 2 N 
CH3 OH 

/ 

I H2C 
/ 

CHZ 
I 

HCI - (CH3),NCTHCHzOH (7) 
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e. Deuterium-labelled 1,2-epoxyetlza1ie-~ H4. This was obtained by paossing equiva- 
lent amounts  of deuterated ethylene and chlorine into water a t  0 C and sub- 
sequently treating with calcium hydroxide a 5% water solution of the e t h ~ l e n e - ~ H ~  
chlorohydrin obtained in the  first step (equation 8). T h e  product contained 87.5% 

OH CI 
HOCl I I C J I O H ) ~  

ooc 
DpC-CDp - 

ref lux 
D2C=CD2 - 

of e t h ~ l e n e - ~ H 4  oxide (Leitch and Morse 1952). C2D4O was also prepared by 
reacting ethylene-do with HOCl and heating the ethylene chlorohydrin with KOH 
(equation 9) (Cunningham and coworkers 195 1). Deuterated ethylene oxide synth- 

0 2 0  DEr zn. 0 2 0  HOCl 

CaC - ‘pD2 7 C2D4Br2 C2D4 

CD2-cD2 K O H  Dp C-CDp 

heating ‘0’ 
l -  I 

OH CI 

esized directly by passing C2D4Br2 over Ag,O was contaminated with vinyl 
bromide (equation 10). 

A g 2 0  
C2D4Br2 ---+ D2C-CD2 + H,C=CHBr 

‘0’ 

f u-l 4C-labelled 2,3-epoxypropan-l-o1. This was obtained in 99.5% yield froin 
3-bromo-l,2-diol labelled with carbon-14 (equation 1 1 )  (Jones 1973).  

CHQCOOH. HBr NaOH /”\ 
CHpOHCHOHCHpOH * CH20HCHOHCH2Br - CH20HCH-CH, (1 1 )  

g. Epicklorokydrin labelled with 3 6  Cl. l h i s  was synthesized according t o  equa- 
tion (1 2). 2,3-Dichloropropionic-3-36 C1 acid, obtained by reaction of 

HQ6CI.  CHQCOOH LiAIH4. ether 
H2C=CCICOOH - 36CICH2CHCICOOH c 

NdOH 
36CICH2CHCICH20H - 36CICH2CH-CH2 + Na36CI 

\ /  
0 

2-chloroacrylic acid with H3 C1 in acetic acid, was reduced with lithium aluminium 
hydride in ether to 2,3-dichloro- 1 -propan01-3-~ C1, which when subsequently 
treated with sodium hydroxide yielded epichlorohydrin-3 “1. Sodium chloride 
formed in the reaction was partly radioactive (de la Mare and Pritchard 1954). 

3. Synthesis of phenyl alkyl ethers 

a. Deuterium - at id trit irci?i-lu belled alky 1 p h  eriy l e t h e ~ s .  A n i ~ o l e - 4 - ~  H , a nisole- 
2-2 H ,  phenet01e-4-~ H,  ~ h e n y l - 4 - ~  H propyl ether and ~ h e n y l - 4 - ~  H isopropyl ether 
were synthesized with D2 0 and the corresponding intermediate organolithium 
compounds formed from 2- or  4-bromophenyl alkyl ethers (equation 13). (Lauer 
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and Day 1955). p-Deuteration was also effected by treating p-MeOC6H4MgBr with 
D2O (Oae, Ohno and Tagaki 1962). 

Ethyl-1, l -d ,  phenyl ether and e thy l - l , l -d2  p-t-butylphenyl ether were prepared 
according to  equation (14) (R = H or t-Bu). l-Iodoethane-l,l-d2 and p - t -  
butylphenol gave 48% of the pure deuterated ether. Phenyl ethyl-1,l-d2 ether was 
synthesized in a similar manner (Letsinger and Pollart 1956). 

C 2 H 5 0 N a  - RCg H4OCDzCH3 

Ethyl benzyl-a,u-d2 ether was obtained from benzyl-u,a-d2 bromide and ethanol 
in which sodium had been dissolved. 70% of the deuterated ether was recovered 
(equation 15) (Letsinger and Pollart 1956). Benzyl-a,a -dz bromide was synthesized 

by reduction 06 ethyl benzoate with lithium aluminium deuteride in boiling ether 
solution and subsequent bromination of the benzyl-up-d2 alcohol. 

Oestrone-6, 7-3 H,3-cyclopentyl ether prepared by etherification of 
0estrone-6,7-~ H, obtained by catalytic tritiation of 6-dehydroestrene acetate, with 
cyclopentyl bromide (equation 16) (Merrill and Vernice 1970, 1973). 

0 0 

Br. abr. EtOH 

re f lux  3n 

1. T p ,  Pd/C 

2. N a O H  

T 

OH 

Oestradiol-3-methyl ether-6, 7-3 H was obtained by etherification of oestradiol- 

Tetrahydrocarinabinols labelled with tritium were prepared by ‘a non-exchange 
6,7-3H with dimethyl sulphate in 92% yield (Kepler and Taylor 1971). 

synthesis’ (Gill and Jones 1972). 

C H 3 0  

T2, 10% CsFg_ Pd/C cH30b (17) 

\ ’ \ C3H, C3H7 

C H 3 0  b CH30 T 

4-AIlyl-2,6-~yl-v1-4-~ H ether was synthesized by the reaction of 2,6-dimethyl-4- 
deuterophenol with ally1 bromide. The ether rearranges thermally to 4-allyl-2,6- 
xylenol-2H (equation 18) (Kistiakowsky a n d  Tichenor 1942). 
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OCH2CH=CH2 

cH3-bcH3 Ref lux  2h + BrCH2CH=CH2 - 
D D 

?D 

cH3* H3 

C I - l 3 , ) , , C H 3  
rearrangement n - 

19O-20O0C.  4--5 h 

CH2CH=CH2 

Several deuterium-labelled ethers useful for investigation of reaction mechanisms 
or as high-temperature solvents, lubricants or reagents for further synotheses were 
obtained by catalytic (5% Ru/C) deuterium exchange at  150-250 C, without 
cracking or isomerization (Atkinson and Luke 1972). Also no ether bond rupture, 
rearrangement or polymerizaotion was observed during exchange of tritium on 
prereduced PtOz up t o  130 C (Garnett, Law and Till 1965). Tritium-labelled 
phenyl ally1 ether was obtained by exposure of the unlabelled compound to  tritium 
gas. Various tritium-labelled compounds, including ethers, have been prepared by 
exchange reaction with the powerful acid complex THz P 0 4 . B F 3  (Hamada and 
Kiritani 1970). After 20 hours anisole was tritiated in about 33.576, diphenyl ether 
in 40.5% and p-methoxynaphthalene in 36.3% yield. Investigation of the intra- 
molecular distribution of tritium within the anisole molecule showed that 64.0% of 

N a O H .  H 2 0  
CH2CICH214CH20H + p - C H 3 C 6 H 4 0 H  - P-CH3C6H40CH2CH214CH20H 

(1) 85% 

oyroIysIs 
[ P - C H ~ C G  H4 - 0- CH2CHZ1 4CH2kMe3]  OH-. 

90- 14OoC 
83.5% 

P-CH3C6H4 -0- CH2CH =’ 4CH2 C NMe3 

SCHEME 1. 
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the radioactivity is located in two ortlzo positions, 5.7% in two meta positions, 
28.9% in the para position and less than 2% in the side-chain. These and other 
observations indicate that the acid-catalysed hydrogen exchange of aromatic com- 
pounds is a typical electrophilic substitution reaction. 

b. Carbon-I 4-labelled alkyl phenyl ethers. Allyl-3-' C p-tolyl ether and other 
intermediate p-totyl ethers have been synthesized according to Scheme 1. The 
starting labelled substrate, 3-chloro-l-propaiiol-l-1 C ( I ) ,  was obtained in a 
standard manner by reacting ethylene chlorohydrin with potassium c ~ a n i d e - ' ~  C, 
hydrolysis of the nitrile, methylation of the 3-chloropropionic- 1-' C acid with 
diazomethane and reduction of methyl 3-chloropropionate-1 -' C with lithium 
aluminium hydride to  the ' C-labelled propanol. Oxidation of the obtained C- 
labelled olefin with potassium permanganate gave 3-p-tolyloxy- I , 2 -  
propanediol-l-I4 C and p-tolyloxyacetic acid (equation 19) (H. Schmid and K. 
Schmid 1952). 

KMn04. 
pCH3C6H4-O-CH2CH='4CH2 - p-CH,C, H4-O-CH2CHOH1 4CH20H 

+ p-CH3C6H4-O-CH,COOH (19) 

4-Allyl-3-' 4C-2,6-dimetJzylanisole was synthesized by heating allyl-3-' c 
2,6-xylyl ether in a sealed tube and by subsequent methylation of the obtained 
phenol with methyl sulphate. Oxidation of the methyl ether with osmium tetroxide 
yielded 3-(4-methoxy-3,5-xylyl)-1,2-propanediol-l-' 4C (equation 20) (H. Schmid 
and K. Schmid 1953). 

OCH2CH= 4CH2 

KOH. (CH3)2S04 
c 

90°C. 82.5% 

cH3*cH3 

1G7.7OC. 8h 

9 4 % 

CH2CH=14CH2 

cH3&cH3 

(20)  
OsO4. ether. dry Dyridinc 

2O0C. 7 4 %  

I 
CH2- CH - 14CH20H 

I 
OH 

4-AIIyl-1,3-' 4C1,2-2,6-di~?~ethylanisole  was obtained by photochemical paru 
rearrangement of the allyl-3-' C 2,6-xylyl ether to  4-allyl-1,3-' Cl12-2,6-xylenol, 
which in turn was methylated with methyl sulphate (equation 21) (K .  Schmid and 

OCH2CH='4CH2 OH OCH, 

hv * C H - J ~ C H ~  __c cH3.,@,cH3 (21) 

CH2CH=CH2 CH2CH=CH2 

H. Schmid 1953). About 53% of the isotopic carbon is located at C ( ' ) .  The 

25OC. 58h 
cH3&cH3 
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OCH,CH=CH, 

''CH2CH=CH2 - b 14CH2CH=CH2 + H2C=CHCH2Br - 

0 -CH,CH =CH, 
HzC=C HCI i  2 Br 

H,C=CHCH, ,& H2CH=CH2 - H2C=CHCH2 

SCHEME 2. 

mechanism of the rearrangement invo!ves the resonance forms of the free radical: 

T h e  sequence of reactions given in Scheme 2 illustrates the synthesis of 2-allyl- 
I-14C -4-ully1-3-' C-6-ullylunisole. 2-AlIyl-l-' C-phenol was reacted with allyl 
bromide. The resultant allyl 2-allyl-1 - I  C-phenoyl ether was mixed with N,N- 
diethylaniline and thermally rearranged at 200 C t o  2-alIyl-l-' C-6-allylphenol. 
Ally1 2-a11yl-1-1 C-6-aliylphenyl ether, obtained by heating labelled phenol with 
allyl bromide and sodium ethoxide in absolute ethanol, was rearranged to the 
corresponding phenol by heating in diethylaniline and the phenol was methylated 
with methyl iodide. 70% of the carbon-14 was found a t  the allyl-l- '4 C position ( K .  
Schmid, Haegele and H. Schmid 1954). 

p-Metliosyphenyl-I -propene-1-' 4 C - 3  (trurts-anethole-3-' 4C)  was obtained in 
20% yield as shown in equation (22)  (Herbert, Fichat and Langourieux 1974). 

' CH Z-CH2'CHz +-+ ' CH 2 -CH-CH2. - 

BuLi 14CH31 

p-CH30C6H4-C=CH p-CH30C6H4-C=CLi  - 
L I A I H ~  14  

P - C H ~ O C ~  H4-C=C--' 4CH3 - CH30C, H4-CH = CH- CH3 (22) 

Scheme 3 illustrates the synthesis of uniformly l 4  C-ring-labelled trans- (80%) and 
cis-anethole (ring-I4 C-u) (20%) (Herbert, Pichat and Langourieux 1974). 

4-Methosystilbene-a ,a'-' C1,2 was prepared by boiling ?-(p-methoxyphenyl)- 
2-phenylethanol-1-' C with a suspension of phosphorus pentoxide in xylene (equa- 
tion 23)  (Burr and Ciereszko 1952;  Bailey apd Burr 1953). Degradation of the 
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C H 3 0 a C H  ZCH-CH,  
A1203 

-a- 

trans + cis 

SCHEME 3. 

labelled methoxystilbene showed that 95.5% of the activity is located at the carbon 
adjacent t o  the p-methoxyphenyl group. 2-Phenyl-2-mesityl ethanol-1-' C has been 
obtained according to  equation (24) (Murray and Williams 1958). 

14CN 
Cu14CN KOH. H z * E ~ O H  

cH30-@Hc6H5 1 8 0 - 1 9 0 ~ c ,  , h C  CH30+'HC6H5 2 days reflux * 

Di(3,5-di-t-butyl-4-hydroxybenzyl-' C) 
phenolic antioxidants (Figge 1969). 

Several intermediate C-labe!led alkyl 
course of the synthesis of komovanillic 
coworkers 197 1 ). 

ether was utilized to synthesize some 

phenyl ethers have been obtained in the 
acid-2-I C (Scheme 4) (Liebman and 

CH30' 

/ 
C H 3 0  C H 3 0  

SCHEME 4. 



388 Mieczysfaw Zielihki 

C-labelled methyl D-glucopyranosides were obtained by heating methyl a- and 
P-D-hexopyranosides, methyl tetra-0-acetyl-a- and -P-D-glucopyranosides and the 
D-galactose and D-mannose analogues in ' C-labelled methanol containing 1% HCI. 
Exchange of the methoxyl groups was achieved under these conditions (Swiderski 
and Temeriusz 1966). 

Methyl-' C-bornesitol was synthesized by methylation of 1,4,5,6-tetra-O- 
benzyl-D L-myoinositol with methyl-' C iodide and potassium hydroxide in 
benzene. Removal of the benzyl substituents from the methylated inositols by 
hydrogenolysis gave 1-0-methyl-'? C-D L-myoinositol. In  a similar manner methyl- 
14C-sequoyitol was obtained (Shah and Loewus 1970). 

Oestrone-3-~yclopentyl-l-'~ C ether was obtained by room-temperature reaction 
of unlabelled oestrone with cyclopentyl-1-I C p-bromobenzenesulphonate (equa- 
tion 25) (Merrill and Vernice 1970). 

6. Synthesis of Labelled Sulphides 

1. Introduction: key compounds 

Labelled thio ethers are usually obtained by a modified Williamson method 
from potassium or  sodium salts of thiols and alkyl halides, or by direct nucleophilic 
displacement of thiols with alkyl halides (equation 26). 

R'-S-M + R2-X - R'-S-R2 (26) - M X  

The key compounds, sulphur-labelled thiols, monosulphides and disulphides 
have been synthesized according t o  equations (27)-(29) where RX denotes an alkyl 

R X  + M-&H - R-LH -1- M X  (27) 

~ R X  + ~ ~ . 5  - R-G-R -t Z M X  (28 )  

~ R X  + M ~ S ~  - R - & - R  + ~ M X  (29) 

halide and M is a monovalent metal (Na,K etc.). In the case of aromatic compounds 
X is not  labile and ArMgX and diazo compounds are used as substrates of reaction. 
Thus, numerous S-labelled sulphides and disulphides have been obtained (Scheme 
5) (Vasil'eva and Gur'yanova 1956). 

CzHsOH 
C,H,CH~CI + NAH - C , H ~ C H ~ - ~ H  

755: 
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20-25% 

Nap: + CSp - NazCS3 

Na2Cg3 f 2 HCI - Hpg + Cg2 + 2NaCl 

C,H,OC~-<K + CH~OC,H,N; - 
KOH, EIOH 

Cp H50-CS-5-C6 H40CH3 
so--90°c. 2 n - C H ~ O C ~ H ~ ~ K  + co5 + C,H,OH 

. I )  

2C2H51 + Nap$ - C2H5-S-S-C2H5 

80% 

. *  
2C4HgBr f Na2S2 - C4Hg-S-S-C4H9 

90% 

t t  

2 C6H5CH2CI + Naps2 - C6H5CH2-S-S-CH2C6H5 

90% 

t t  

2 N02C6H4CI + Na2$ - p-NO2C6H4-S-S-C6H4NOZ-p 

dry  ether * .  
C6H5MgBr + ?2C12 - Ph-S-S-Ph + Ph-S-Ph 

SCHEME 5. 
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Synthesis of the key compounds, phosphorus pentasulphide-3 S and carbon 
d i s ~ l p h i d e - ~ ~ S 2  is as shown in equation (30). P 2 5 5  was obtained in 89.4% yield by 

fusing sulphur-35 with red phosphorus under carbon dioxide (Markova and 
coworkers 1953). PzSs labelled with 3 2 P  was obtained by irradiation of crystalline 
sulphur with reactor neutrons using the  reaction 3 2  S ( ~ , P ) ~ ’  P (Bebesel and Turcanu 
1967). Carbon d i s ~ l p h i d e - ~ ~  S2 was synthesized from phosphorus penta- 
~ u l p h i d e - ~  S with carbon tetrachloride in a sealed tube (77.3% yield). Labelled 
carbon disulphide was also synthesized by S exchange between carbon disulphide 
and an aqueous solution of s ~ l p h i d e - ~ ~ S  ions (Edwards, Nesbett and Solomon 
1948), by passing sulphur-35 vapours over hot charcoal in a quartz tube (Busing 
and coworkers 1953) and by direct radiochemical methods (Edwards, Nesbett and 
Solomon 1948), utilizing the (n,p) reaction with ’ 4C-labelled disodiutn ethyletiebisdithiocarbanrare was obtained from ethylene- 
diamine and carbon disulphide (equation 3 1) (Selling, Berg and Besemer 1974). 

C1 to obtain S. 

c 
3 

II 
1. H20. r.1.. 2 h CH,- NH- C-SNa 

H2NCH,CH2NH2 + 2 CS2 + 2 NaOH * I  (31) 
2. precipitate with acetone. 1.5 h CH,-NH-C-SN~ 

II 
S 

Methanethiol-3 S was synthesized from barium sulphate (equation 3 2 )  (Maimind, 
Shchukina and Zhukova 1952). 

Ba35S04 
H2. 900- 1 0 0 0 ° C  N H 2 C N . N H 4 H C 0 3 . 5 . H 2 0  (CH3)2S04  - NH2C35SNH2 - 

25--6O0C-boillng. 4 h 
* Ba3% 

15 man 

(32) 97-99% 

5 N N a O H  
N H  

4 CH335SH 
4 

‘H2S04 gentle healing 
CH335S - C 

‘NH:, 

Methanethiol-d3 and dimethyl triSulphide-d6 have been obtained as shown in 
equations (33)  and (34) (Harpp and Back 1975). Methanethiol-d3, generated in situ 

S SSCD, 
1 .  ice-water bath I NaOH 

* H2N-C=NH.H,S04 - 2 C D 3 S H  (33) 
II 

2 H2N-C-NH2 + (CD3)2S04 
2 .  1 h r e f l u x  

0 

imidazole and pentane 
CD3SH + (@!I r.t.. 20 h CD3SSSCD3 (34) 

2 

0 

was passed into a pentane solution of bisphthalimido sulphide, an efficient sulphur- 
transfer reagent converting thiols to trisulphides. 

I)iniethyl sulphoside-d6 (Dh.Iso-D6) has been used for synthesis of d3 analogues 
of methyl-substituted aromatic hydrocarbons by methyl-exchange (Chen, 
Wolinska-blocydlarz and Leitch 1970). 

S-A ~tiirzoethylisotliiourorzirit~i bromide hydrohrotnide-’ C (AET), one of the 
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most  efficient radioprotective substances, was prepared by heating thiourea-' C 
with 2-bromoethylamine hydrobromide in isopropyl alcohol (equation 35 1. In 

S NH 

I1 t water II 
H2N-'4C-NH2 + BrCH2CH2NH2.HBr - t-IBr.NH24C-NH3.Br- - 

8 Z 0 C  I I  18- 1 oooc 

N=C-NH2.HBr 1- NH4Br 
I 1  

H2 

aqueous  solution AET-' 4 C  yielded 2-aminothiazoline, (2-AT-' C) (Kronrad and 
Kozak 1973). In a similar manner,  Seamitzoetizylisoselenouronium bromide hydro- 
b romide7  5Se ,  A gamma emitter,  suitable for  scintigraphic detection of ischaemic 
heart  disease, was prepared by condensation of ~ e l e n o u r e a - ~  S e  with 2-aminoethyl 
bromide. 

Se le t~ourea-~  Se was obtained by reduction of t he  neutron-irradiated S e a 2  to  
selenium h ~ d r i d e - ~  Se, which with ammonia and  cyanamide yielded the  desired 
labelled compound (Kronrad and  Kozak 1973). 

Sulphur-35-labelled methyl  zsorhiocyanare was obtained directly by irradiating 
methyl  isothiocyanate-CCI4 mixtures in sealed quartz ampoules in a neutron flux 
of 10" n/cm2 s a t  50°C f o r  20-30  hours. 10-1576 of t h e  induced radioactivity 
was found in the  fo rm of CH3-N=C=35 S (Dzantiev, Shishkov and Kizan 1968). 
T h e  mechanism of  radioprotection by AET was investigated by Grigorescu and 
coworkers (1 967) a n d  Cier, Maigrot a n d  Nofra ( 1  967). 

2. Synthesis of aliphatic sulphides 

Addition reaction of hydrogen sulphide a n d  thiols to unsaturated hydrocarbons 
( Jones  and  Reid 1938)  is a useful method of preparation of  doubly Iubelled thio 
ethers (Kanski, Uorkovski and  Pluciennik 1970). EthyI mercaptan and dietliyl 
sulphide doubly labelled with curbon- I4 and sulphur-35. was synthesized as shown 
in equation (36).  SS-labelled hydrogen sulphide was obtained by reduction of 

B ;, 1% o3 melJllic R a  

heal 
* Ba14C2 

W j O '  C r '  * 

H20 

HZ3% 
14C2H4 - 14C2H535SH + (14C2H,)235S 

( 3 6 )  

sulphur-35 with hydrogen in a sealed glass ampoule  a t  500 "C. High-yield addition 
of labelled hydrogen sulphide to the olefinic double bond was achieved by heating 
in a n  ampoule a mixture of the  ethylene and Hz3'S a t  31OoC. T h e  yield of 
( ' 4 C 2 H 5 ) 3 s S  rises with increasing pressure of the gas in the  ampoule, while the 
yield of 1 4 C ~ H 5 3 5 S H  passes through a maximum at a b o u t  20 a t m .  Further 
increase of the pressure of the  reacting mixture decreases the  yield of ethanethiol,  
since it adds to a second molecule of ethylene to form diethyl sulphide (equation 
37).  The  separation of the 'S- and 14C-labelled ethanethiol and  ethyl sulphide was 
carried o u t  by preparative gas chromatography. According t o  earlier investigations 

I4C2H53'JSH + 14C2H4 14C 2 5  H -35S-14C 2 5  H ( 3 7 )  
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(Ipatieff and Friedman 1939) an excess of hydrogen sulphide favoured the produc- 
tion of thiols whereas excess of olefin led to  formation of thio ethers. It has also 
been found that thiols are more reactive than hydrogen sulphide. The above 
described method should therefore be applicable also to synthesis of isotopic 
carbon-, hydrogen- and sulphur-labelled higher thiols and thio ethers. 

Bis(2-ckloroetliyl) s u l ~ l i i d e - ~  s S  has been prepared in two steps (equation 38). 
0 

SOC12. c h l o r o f o r m  

35S(CH2CH,0H), 5O-GO0C * 35S(CH,CH,CI), (38) 
/-\ 

H235S 4- H,C-CH, 48h- 

2,2-Thiodiethanol was obtained in quantitative yield (Bournsnell, Francis and 
Wormall 1946)  and the bis(2-chloroethyl) ~ u l p h i d e - ~ ~  S in 74% yield. The  latter was 
oxidized to  bis( 2-chloroethyl) s ~ l p h o x i d e - ~  S ,  and further to bis( 2-chloroethyl) 
~ u l p h o n e - ~  S (equation 39). Deuterium-labelled mustard gas was obtained by 

HN03 

35S(CH,CH,Cl)2 - 035S(CH,CH,C1)2 
CrO-,. H 2 S 0 4  

4-6 h 
c (391 

combination of deuteroethylene with sulphur chloride at 6OoC. S-labelled 
mustard gas was also obtained (Kronrad 1966) by reacting Na23sS.9Hz0 with 
ethylene chlorohydrin and treating the  intermediate p,P'-thiodiglycoL3 S with 
SOCl2. Carbon-I4-labelled 2,2'-thiodiethanol-l,I'-' 4 C  was obtained in  the reaction 
(equation 40)  (Figge and Voss 1973). Sulphides and elemental sulphur labelled with 

2 CICH,'4CH20H + Na2S (HOCH,'4CH,),S (40) 

S are usually prepared from neutron-irradiated potassium chloride and by 
S (Suarez 

Buty l  2-1zydi.oxyethyl ~ u l p l i i d e - ~  S has been synthesized according to  equations 

reducing thz Ba3 SO4 thus prepared with metallic Cr and H 3 P 0 4  to H2 
1966). 

(41) and (42)  (Wood and coworkers 1948). 
xy lenc -benzene  5 N HCI  

C4HgMgX i- 35S - C4Hg35SMgX - C4Hg35SH 

1 N N a O H ,  e the r  tic1 
C4H935SH + CICH,CH,OH i C4Hg35SCH2CH20H - 

I .1 .  65OC. 24 h 
44  - 6296 

C, H935SC H,CH2CI (42) 

Cyclokexvl tnetliyl ~ r t l p h i d e - ~  S was obtained by ultraviolet irradiation of a 
mixture of an  excess of cyclohexene in acetone with m e t h a n e t h i ~ l - ~ ~ S  (equation 
43)  (Ayrey, Barnard and Moore 1953). The  labelled sulphide was oxidized with 
butyl hydroperoxide at  5OoC t o  cycloliexyl methyl  s ~ l p h o x - i d e - ~ ~  S (equation 44). 
'Tile same sulphide with hy~drogen peroxide yields cyclolze;;,-vl methyl  :u!phoric-3 S 
(86%) (equation 45). 

CH3-35SH + 35S-CH3 

35S0-  CH, 0 acetone 

64 t~ 
35S-CH3 t BuOZH - 

(43) 

(44) 
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Tritium-labelled dialkenyl mono-, di- and tri-sulphides, structurally related to 
sulphur crosslinks in  vulcanized natural rubber, have been synthesized from 
2-methylpenta-1,3- and -2,4-dienes via the intermediate S-( 1,3-dimethylbutyl- 
2-enyl)-[ 4-3 H 1 I thiouronium bromide (equation 46) (Ayrey, Barnard and 
Housman 1974). 

T k 
T 

3. intermediate thiouronwm bromlde A 
T T 

In the course of the synthesis of a-acetylenic aldehydes, deuterium-labelled 
dithianes have been obtained (equation 47) (Vallet, Janin and Romanet 1968). The 

/ \  

(47) 

BF30Et2  
R C E C - C - H  'OEt + "'3 - 

'OEt HS H S  

R C E C - C  '3 2 
C H ~ O H .  n20 R C Z C C D O  

D S  
/ \  

Li S 

method was later improved (Vallet, Janin and Romanet 1971) by reacting the 
aldehyde with 1,3-~ropanedithiol in the presence of CH3C6H4S03H (equation 48). 

C H 3 C 6 H 4 S 0 3 H  

PhC= C - C 

HS 
(48) 

"3 'gH6 
P h C G C C H O  + 

HgCI2. C d C 0 3  - PhC-C-C - PhCGC-CDO 
MeOH. H 2 0  

P h C E C - C  
I \  

Li  S D S  

dry Elon. €i20 
EIOD. DCI .  E120 DC(OEt13 EtOCD=ND.DCI , o h ,  re,lux 

DCN 1 0 0 c . 2 a h  * 

SCHEME 6. 
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The  reactions shown in Scheme 6 have been used t o  synthesize 4-methyl-2,6,7- 
trithiobicyclo[2.2.2/ octane (Oae, Tagaki and Ohno 1964a). In a similar manner, 
TC(OEt)3 was obtained, which on reaction with EtMgI o r  PhMgBr gave 
EtCT(OEtI2 or PhCT(0Et)Z. Reaction of PhCT(OEt)2 with EtSH in the presence 
of anhydrous ZnCl2 or p-MeC6H4S03H as catalysts yields PhCT(SEt)2. 
EtCD(SEt)2 was obtained similarly. 

Benzyl 2-hydroxyethyl ~ u l p h i d e - ~  S was prepared from a - t ~ l u e n e h i o l - ~  S with 
ethylene chlorhydrin (equation 49)  (Wood and coworkers 1948). ~z-Toluenethiol-~ S 
was prepared by reacting radioactive sulphur with benzylmagnesium bromide 
(equation 50). 

NdOH 

C6H5CH235SH + CICH2CH20H - CgH5CH235SCH2CH20H (49) 

H30'  

C6H5CH2MgBr + 35S C6H5CH,35SMgBr C6H5CH235SH 150) 

Berzzyl 2-chloroethyl ~ u l p h i d e - ~  S was synthesized by treating a mixture of 
a-toluenethiol-3 S and sodium methoxide in methanol with ethylene chloride 
(equation 5 1)  (Seligman, Rutenburg and Banks 1943). 

C H 3 0 N a .  CH30H 

C6H5CH235SH 4 CICH,CH,CI * C6H 5CH235SC H 2C H &I (51) 

90% 

Benzyl s u l p l ~ i d e - ~ ~  S was obtained in 92% yield by heating hydrogen sulphide- 
S and benzyl chloride with potassium hydroxide in ethyl alcohol and water, in a 

sealed tube (equation 52) (Henriques and Marguetti 1946). Oxidation of the  

H235S + C6H5CH2CI - (c(j H, CH2 ) 2 35 S (52) 

labelled benzyl sulphide with hydrogen peroxide gives labelled benzyl sulphoxide in 
75% yield (equation 53).  Further oxidation with chromic acid anhydride in glacial 

acetic acid produces labelled benzyl sulphone in 23.7% yield. Treatment of sulph- 
oxides, R ' S O R 2 ,  with P4S10 in CH2C12 a t  25OC leads to formation of sulphides 
R *  S R 2 ,  in 45-99% yield (Still, Hasan and Turnbull 1977). 

In the synthesis of deuterated diinetJiyI(pherzethyl)sulphonium bromides 
(Blackwell and Woodhead 1975;  Blackwell 1976) sodium salts of various 
phenylacetic acids have been repeatedly refluxed in D 2 0  until a satisfactory level of 
deuteration was obtained. The deuterated acids have been converted to the cor- 
responding phenethyl bromides, which with CH3 SH in ethanolic sodium hydroxide 
yielded substituted phenethyl methyl sulphides. The latter have been converted to 
the corresponding dimethyl(phenethy1)sulphonium bromides by treatment with 
methyl bromide in nitromethane (equation 54). In the course of the synthesis of 

ZCg H4 CD2 CH2 Br + MeSH 
NdOH. EIOH 

c ZC6H4CD2CH2SMe 
McBr 

+ 
ZC6H4CD2CH2SMe2.Br- (54) 

Z = H, p-MeO. p-CI ,  rn-Br,p-Ac,  p - N 0 2  

methyl[ 2,2-2 H Z  ] -p-nitrophenethyl sulphide from [ 2,2-2H2 ] -p-nitrophenethyl 
bromide a n  extensive exchange of deuterium atoms with the hydrogens of the 
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solvent has been observed. ( M & h y l t h i ~ - ~  N3)acetic acid was prepared in two steps. 
Firs2 methyl-*H3 iodide was added dropwise t o  mercaptoacetate in a solution of 
sodium in absolute methanol. The ethyl ( m e t h ~ l t h i o - ~  H3)acetate so obtained was 
hydrolysed with a 15% solution of potassium hydroxide, acidified, extracted with 
ether and purified by distillation (equation 55) (Maw and du Vigneaud 1948). 

C H 3 0 N a .  CH30H 
CD31 4- HSCH2COOC2H5 * CD3SCH2COOCzH5 - CD3SCHZCOOH (55) 

-1o0c 

Synthesis of m e t h i ~ n i n e - ~ ~ S  was carried out according to equation (56)  (Pierson, 
Giella and Tishler 1948; Maimind, Shchukina and Zhukova 1952). Hydrogen 

Z0 c ( N H & C 0 3 .  N a C N  

50--5SoC, 7 9 %  
CH335SH + H,C=CHCHO - CH,35SCH,CH,CH0 

40 man, 7 0 %  

H 

peroxide oxidizes ~ -me th ion ine -~  S, dissolved in concentrated hydrochloric acid 
and methanol t o  ~ - m e t h i o n i n e - ~ ~ S  sulphoxide in 95% yield (equation 57). In  an 

3056 H202 
CH33%CH,CH,CHCOOH c CH335S-CH,CH,CHCOOH (57) 

I I1 I 
N H 2  0 NH, 

early study (Seligman, Rutenburg and Banks 1943) m e t h i ~ n i n e - ~ ~  S was prepared in 
21% yield from methyl iodide and 2-arnin0-4-mercaptobutyric-~~ S acid, which in 
turn was obtained by reduction of 2-amin0-4-(benzylthio)butyric-~ S acid with 
sodium in refluxing butanol (equation 58). 

C4HgOH. N a  CH31. C4HgONa 
-c 

1.- 10°C 
H35SCH2CH,CHCOOH 

NH2 NHZ (58)  
2. 10°C. 3 0  rnin 

I 
C6H5CH~35SCH~CH~CHCOOH 2,5 ,,, rCl lUX - 

I 

CH335SCH2CH2CHCOOH 
I 
NHZ 

sS- and C-labelled methionine has been prepared in 17% yield according to 
equation (59)  (Samochocka and Kowalczyk 1970). 

H+ E a  (OH I 2 
CH3COCOOH + EH,O + Et,NH Et,N-~H,COCOOH 7 

NH20H. I.I2 H2355. 20 a i m  

GOOC 
H,~=CHCOCOOH ' H~-tH2CH,COCOOH 7.", c)(3c00k, * (59) 

14CH31 

H~-~H,CH,CHCOOH f-BuOH, NJ - ~H,~~H,CH,CHCOOH 
I I 
NH2 NHZ 

Methioiiine(' 4C-3) has been obtained in an elegant reaction sequence: (Scheme 
7) (Pichat and Beaucourt 1974). 

SS-labelled methionine has been used for selective labelling of milk proteins. 
(Pereira, HarpeT and Gould 1966). Incubation of Mycobacterium phlei cells with 
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BuLi 1 4 c 0 2  LiAIH4 
CH3SCH3 - CH3SCH2L1 - CH3SCH,14COOH - 

TMEDA 

trloctylphorDhlne 
* CH3SCH214CH2CI - CH3SCH,-14CH,0H CCI4 

COOEt COOEt 1. HCI 

N J O H  I 2. decarbrixylation 
CH3SCH214CH2(!COOEt - CH3SCH214CH2CNHCOMe c 

I 
COONa 

I 
NHCOMe 

COOEt 
1 

CH3SCH2’4CH2CHNHCOMc - (D)-CH3SCH214CH2CHNHCOMe + ( L ) - C H ~ S C H ~ ’ ~ C H , C H N H C O M ~  
I I 
COOEt COOH 

I 
SCHEME 7 

4 C  and tritium double-labelled L-methionine led to the formation of double- 
labelled dihydromenaquinone ( 2 )  with the 1 4 C / 3 H  ratio identical to  that of 
methionine (Scherrer and Azerad 1970). 

0 

( 2 )  

E r h i ~ n i n e - ~ ~ S  was prepared in 75% yield b y  reduction of 2-amino-4(benzyl- 
t h i ~ ) b u t y r i c - ~  S acid with sodium in liquid ammonia and treating the intermediate 
sodium salt with ethyl bromide (equation 60) (Stekol and Weiss 1950). 

id a EtBr 
C6H5CH235SCH2CH2CHCOOH - Na35SCH2CH2CHCOOH - 

I liquid NH3 I 
NH2 NHZ (60) 

Et3%CH2CH2CHCOOH 

I 
NH2 

S-Beiizylcysteine was synthesized from a - t o l u e n e t h i ~ l - ~ ~  S and ethyl 2- 
benzamido-3-chloropropionate (equation 6 1) (Melchior and Tamer 1947). 

t l O K  
C6H5CH235SH 1- CICH2CHCOOEt * C6H5CH235SCH2CHCOOH (61 ) 

I 65-75OC.  30 min I 
NHCOPh NH2 

80% 
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3-(Benzylthio)alanine was reduced with sodium in liquid ammonia t o  cysteine- 
3 5 S ,  which in turn was oxidized with air, in the presence of ferric chloride, to 
~ y s t e i t i e - ~ ~ S 2  in 75% yield (equation 62). 

N a .  NH3 0 2  
C6H5CH,35SCH2CHCOOH H35SCH2CHCOOH - 

I 1 5  min I 
NH2 NH, 

162) 

3 5 k H 2 C H  (N H, )COOH 

S-Benzylhonzocysteine-3 ’ S ,  used in the synthesis of labelled methionine, 
e thionhe and other amino acids containing sulphide bonds, has been prepared from 
sodium ~ - t o l u e n e t h i ~ l a t e - ~  ’ S with ethyl 2-benzamido-4-chlorobutyrate (equation 
63) (Tamer and Schmidt 1942). Reaction of sodium benzylthiolate-3 S with 

NHCOPh 
I EtONa 

C6H5CHZ3%Na + CI C HZCH2CHCO0 E t c 
10 rnin ref lux 

(63) NHCOPh 
1.  0.25N NaOH. 15 rnin ref lux 

2. HCI. 5 h re f lux  
* C,H5CH235SCH2CH2CHCOOH 

I 
C6H5CH235SCH2CH,CHCOOEt 

I 
NH2 

75% 

3,6-bis(2-chloroethyl)-2,5-piperazinedione in absolute ethanol and hydrolysis of the 
intermediate diketopiperazine also gives S-benzyl-u ~ -homocys te ine -~  ’ S (equation 
64) (Wood and Gutmann 1949). The L-isomer was removed from the D L mixture 

0 H 
\ \ /  

,C-N \ CIOH 

C6H5CHZ3%Na + CICH2CH2CH CHCH,CHZC’ , h ref ,ux - 
‘N-C’ 
/ \\ 

H ’0 

H ‘0 

C6H5CH235SCH,CH2CHCOOH 
I 
NHZ 

by three consecutive recrystallizations after addition of a ten-fold excess of un- 
labelled S-benzyl-D-homocysteine to  the labelled product. 

Reaction of S-benzylhomocysteine and 3,6-bis(2-chloroethyl)-2,5- 
piperazinedione with liquid ammonia and sodium yields 1 i o m o l a 1 ~ t I ~ i o t ~ i t ~ e - ~ ~  S (3) 
(Stekol and Weiss 1949). ’ S-adenosylmethionirre (4), important in transmethylation and methionine 
biosynthesis, was isolated in useful yields from yeast cells cultivated in a medium 
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NHZ I 
CH 2C H,C H COO H 
/ 

35s; 

CH2CHzCHCOOH 
I 
NH7. 

(3) (4 ) 

containing SO%- (Schlenk and Zydek 1966). S-Adenosylmethionine N-labelled 
in the adenine part has been obtained b y  yeast biosynthesis in the presence of 

NH4+ as a source of isotopic nitrogen (Zappia and coworkers 1968). 
S-Ribosyl-L-hoinocysteiiie ( 5 )  labelled in specific moieties has been prepared by 

H,~SCH,CH,FHCOO 

(5) 

enzymatic hydrolysis of the glycosyl bond of S-adenosyl-L-homocysteine labelled 
with S or tritium, yielding adenine and S-ribosylhomocysteine (Duerre and Miller 
1 96 8). 

S-Adenosylhoinocysteine has been synthesized enzymatically from adenosine and 
L-homocysteine by S-adenosyl-L-homocysteine hydrolase from rat liver (Duerre 
and Miller 1968). 

3. Synthesis of aromatic and heterocyclic sulphides and disulphides 

Deuterium-labelled thioanisoles, PhSCD3, and thioanisoles labelled with 
deuterium in 0- ,m- or p-position of the ring have been synthesized by methylation 
of PhSH with (CD3)2S04 or decomposition of h4eSC6H4MgBr isomers with D 2 0  
(Shatenshtein, Rabinovich and Pavlov 1964a,b). 

P1i3’SPr was prepared in 50-60’76 yield by treating PhMgBr with 3 5 S ,  
hydrolysing Ph3 SMgBr, and alkylating Ph3 SNa with PrBr (equation 6 5 )  (Fischer, 
Reihard and Schmidt 1971). 

35s 
PhBr + Mg - PhMgBr - Ph35SMgBr Ph35SH - 

PrRr 
Ph35SNa - Ph35SPr 

(65) 

A radical acceptor, pheizyl  3M-s-butyl disulphide was obtained by Wilzbach 
tritium irradiation of unlabelled phenyl benzenethiosulphonate followed by the 
reaction of the radioactive product with s-butanethiol in sodium ethoxide solution 
(equation 66)  (Ayrey 1966). 
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Phenyl s-bury1 35S1 -disulphide was also synthesized in 20% yield, using 

(67) 

elemental sulphur-35 (equations 6 7  and 68). 

s-BuMgBr C 35S - s - B u ~ ~ S H  

s.Bu3% 4- PhS-S02Ph s - ~ u - ~ ~ S - S P ~  + PhSOz (68) 

Phenyl 3H-s-butyl 3 5 S 1  -disulphide was also obtained. 
p-bleC6H4SO j 5  SC6H4NO,-p was obtained b y  decomposition of 

p-h.ieC6H4 so2-s3s SC6H4N02-p. The reaction of PPh3 with 35S-labelled 
p-toluenesulphonyl 0- and p-nitrophenyl disulphides showed that the central 
sulphur a tom of these sulphonyl disulphides was removed (Abe, Nakabayashi and 
Tsurugi 197 1 ). 

3,4,5-Tricliloro-I,2-ditliioliiit~i ~ h l o r i d e - ( 3 , 5 - ~  Cl) and -(3,4,5-3 Cl) have been 
synthesized by exchange reactions between 3,4,5-trichloro- 1,2-dithiolium chloride 
and A1C13 -(3 C1) or SbC13-(3 Cl) (equation 69)  (Boberg, Wiedermann and Kresse 
1974).  

(69) 

3d-Thiophene, 3,4-d2 -thiophene and tetradeuteiothioplierie have been prepared 
by boiling under reflux the compound to be deuterated (3-iodothiophene, 3,4- 
diiodothiophene or tetraiodothiophene), zinc dust and a solution of CH3 COOL> in 
D 2 0  (equation 70)  (Bak 1956). Thiophene-d4 was also synthesized by heating 

I D 

(70) 

tetrakis(ch1oromercuri)thiophene with hydrochloric acid-d (equation 7 1 ) (Steinkopf 
and Boetius 1940). Partially deuterated thiophenes have also been prepared by 

Z n .  CCljCOOD. D20 

I 5  rn l "  r e f l u x  

CIHgC-CHgCI DC, DC-CD 
II II 

DC, ,CD 
II I I  

CIHgC, ,CHgCI 
- 

S S 
(71 )  

treatment of the  corresponding chloromercuri compounds with deuterium chloride 
(Schreiner 195 1). Fully deuterated thiopliene was obtained by exchange with 69% 
aqueous sulphuric acid-dz (Schreiner 195 1 ). 

Deuterium-labelled mono-t-butylthiophenes and di-t-butylthiophenes have been 
synthesized by treating 2-thienylmagnesium bromide (equation 72)  and 5-t-butyl- 
7-thienylmagnesium bromide with t-butyl-dg chloride (Fowler and Higgins I 970). 
Reaction of 5-t-butyl-3-thienylmagnesium bromide with t-bu tyl-dg chloride yielded 
2,4-di( t-butyl-4-d g)thiophene and 2,5-di( t-butyl-5-d )thiophene (equation 7 3). ?'he 
labelled t-butylthiophenes have been separated by preparative gas chromatography. 
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47.62% 24.7% 15.48% 12.2% 

Q C ( C H g l l  - a C(CH3)3 
N-bromosuccinimide + 

Br 

34.77% 31 -54% 

22.94% 10.75% 

Deuterium and tritium have been introduced into the 2-position of 
benzo(b)thioplzene (6)  and I -methylindole (7)  analogues of biologically active 

(6) 

~ c H 2 c Y 2 N [ C H 3 ) 2  

D 
1 

Z = CH2CH2NH2. CH2COOH,CH,CH2N(CH3), (7) 

indole derivatives by metalation of the 2-position of these heterocycles with 
n-butyllithium and subsequent reaction with 2 H 2 0  or 3 H 2 0  (Bosin and Rogers 
1973). 

Investigation of the uncatalysed isotope exchange between 2,3-dimethylbenzo- 
thiazolium iodide and D 2 0  revealed that deuteration took place exclusively a t  the 
methyl group in the 2-position (Bologa and coworkers 1967). 

2,2 ' -Tl i i0-~~S-bisbenzothiazole  was prepared in 20-25% yield from 2-chloro- 
benzothiazole with hydrogen ~ u l p h i d e - ~  S dissolved in a solution of sodium 
ethylate in  ethanol (equation 74). 'The yield of the second product,  2-mercapto- 

S-benzothiazole, was 60-6570 (Gur'yanova and Kaplunov 1954). 
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2 ,2 ' -D i th i0 -~~S2  -bisbenzotliiazole was obtained by passing chlorine through 
2-rnercapt0-~ S-benzothiazole (equation 75) (Gur'yanova and Kaplunov 1954). 

Uniformly labelled 2 - n i e r c u p t o b e t i z o t h i ~ z o l e - ~ ~ S ~  was obtained in 80-85% 
yield by heating a mixture of phenyl isothiocyanate, sulphur-35 and water in a 
sealed tube (equation 76). 

__c 
H 2 0  

C,H5-N=C=S + S 
250--260°C. 3 h 

(76 1 

Quadruply labelled 2,2'-bis(benzotliiazolyl) disulphide was obtained by oxida- 
tion of 2-mer~aptobenzothiazole-~ S 2  with chloride. The uniform distribution of 
sulphur in 2-mer~aptobenzothiazole-~ S2 was revealed by oxidizing it with 
hydrogen peroxide and determining the activity of the degradation products 
(equation 77). Similarly it has also been shown that at  250-260" sulphur-35 
exchange reaction takes place. 

Sulphur-35-2abelled dibenzothiopheiie was synthesized in 3 1 %  yield by heating a 
mixture of labelled sulphur with dibenzothiophene-5,s-dioxide under dry nitrogen 
(equation 7 8 )  (Brown and coworkers 1951 ), Dibenzothiophene-3 S was the ma 320-:90., - + so2 (78) 

starting material in the synthesis of sulphur-35-labelled carcinogenic compounds, 
e.g., 3-acetarninodibetizotl i iophe1ie-~~S was obtained in four steps with an overall 
yield of about  50% (equation 79) (Brown, Christiansen and Sandin 1948). 

Vitamin B 1  labelled with 3 5 S  has been synthesized according to equation (80) 
(Markova and coworkers 1953). 

3sS-labelled thioxanthine, thiogitanine and 2-thiourucil have been obtained by 
exchange with radiosulphur in pyridine solution at  116°C o r  with molten 3 5 S  at 
2OO0C. In the  case of 2-thiouracil a much higher yield (86%) has been achieved by 
heating the exchanging compounds in naphthalene (Chiotan and Zamfir 1968). 

S have 
been prepared b y  direct exchange of sulphur atoms of thiadiazines with elemental 
sulphur-35 in xylene at 14OoC (mainly the  thione sulphur should have been 
replaced). In thiadiazines obtained from 4-bromophenyl isothiocyanate-3 S, 
4-BrC6 H4 NC3 S, both sulphur atoms are radioactive (Augustin and coworkers 
197 1). 3-Benzyl-5-carboxymethyl-' C-tetrahydro-l,3,5-thiadiazine-2-thione was 
synthesized from benzylamine, sodium carbonate, carbon disulphide, formaldehyde 
and glycine-' C. 

oA 0 

3,5-Disubstituted tetrahydr-o-l,3,5-tkiadiazine-2-tliiones lahelled with 
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CI> a t  0 -  s0c a H N O ~ .  H ~ S O ~ .  glaccal acetic acid 
* c 

0 5OC 

II 
0 

acetic anhydride in benzene 

1 h reflux 
L 

* -  NH2 

SnCI2 in conc. H C I  

NO2 II 
0 

I 
c=o 

I 
CH3 

(79 I 

CH3COCHErCH2CHZOCOCH3 HOcH~cH2-c-s  
c II I 

CH3-C, /CH 
N’ 

N a O H  

SS-labelled aromatic thio ethers can be obtained in high yield by reacting 
halogenated aromatic compounds with alkali metal thiophenolates in the presence 
of a n  active solvent a t  elevated ( 16O-26O0C) temperatures (Monsanto Company 
1970), by gas-phase reaction of RCl with H2 S at 430-600°C and by liquid-phase 
reaction of RBr with H 2 S  in an inert solvent at  180-230°C (Voronkov and CO- 

workers 1977;  Irkutsk Institute of Organic Chemistry 1976). 

C. Synthesis of Ethers and Thio Ethers Used in Biology, Medicine and Agriculture 

During the last decade the main efforts of synthetic radiochemists have been 
directed t o  the preparation of radioactive drugs and biologically active substances. 
In this section recent syntheses of such labelled compounds containing ether and 
sulphide bonds are briefly reviewed. 

1. Compounds containing the ether bond 

T h e  8-1nethyI ether o f  xanthure!iic acid-methoxy-‘ 4C, which has been shown t o  
have carcinogenic activity. was synthesized by selective o-methylation of the 
8-hydroxyl group of xanthurenic acid (equation 81) (Lower and Bryan 1968).  

The  antiemetic compound, N-/4-(2-dimethylaminoethoxy)benzyl-a-‘ C/-3,4,5-  
tr imethoxybenzamide hydrochloride, has been synthesized in 29% yield according 
to Scheme 8 (Wineholt and coworkers 1970). The same synthetic route has been 
used t o  prepare N-[ 442-benzylme thy1aminoethoxy)benzyl-a-’ C] -3,4-diethoxy- 
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1. 2.5 N N a O H .  2 h rel lux 

2. 12 N HCI 

COOH COOH 

OCH3 H OCH, 

benzamide, which af ter  debenzylation furnished N-(4-(2-metltylaminoetl~oxy)- 
benzyl-a-’ C]-3,4-diethoxybenzamide hydrochloride (8). 

, 0 C Z H 5  

( 8 )  

Several other compounds of potential biological interest containing -0- o r  
- S -  bonds, such as morphine derivatives (Lane, McCoubrey and Peaker 19661, 
d,l-3(2’-furyl)alanine (Tolman, HanuS and Verei 1968), p-methoxyphenylacetal- 
dehyde oxime and p-hydroxyphenylacetaldehyde oxime (Shiefer and Kind1 1 971 ), 
phenoxyacetic acid and promethazine (Telc, Brunfelter and Gosztonyi 1972) have 
also been labelled with carbon- 14 or tritium. 

Carbon-I 4- and tritium-labelled 1 -isopropylutnino-3-(1 -naph tliylosy)propuii-2-ol 
hydrochloride, ‘ l  C-propranolol hydrochloride’, an adrenergic blocking agent, has 
been obtained by condensing 1 -naphthol-] - I  C with epichlorohydrin (equation 82)  
(Burns 1970). Propranolol has been used for the treatment of cardiac arrythmias, 

N C H 2 C H z 0 ~ 1 4 C H 2 N H 2  - CH,\ CH3, 

/ N C H z C H 2 0 e 1 4 C O O H  - CHj / 
CH:, 

OCH, 
/ 

CH, \NCH2CH20 ~ 1 4 C H z N H C O ~ O C H 3 - H C l  

CH, OCH, 
/ 

SCHEME 8 
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,CH3 
OH OCH2CH-GH2 

I H2NCH 

NJOH * ‘O’ ‘CH3 - a + CICH2CH-CH2 27OC. 20 h 2 h ref lux 

‘0’ 
\ 

(82) 
7 3  /CH3 

OCH2CHCHZNHCH OCH,CHCH,NHCH -HCI 
\ 

CH, 
I t  ‘CH, I 1  

elher/HCI OH OD OH \ / 

angina pectoris and hypertension. H-labelled propranolol was synthesized by 
boiling unlabelled propranolol with acetic acid containing tritium. 

Tritium-labelled isossuprine hydrochloride (9), a peripheral vasodilator and 
bronchodilator, has been prepared by catalytic tritiation of t h e  corresponding 
ketone (Madding 197 1 ). 

OH 
I 
C-CHNHCHCHZ-0-Ph .HCI 

at!i LH, LH, 
H O  

(9 1 

Trit iuin-la belled u - (p-ine t h o s y  p h  eny IJ - u ’ -nitro -4 [3-(d iin eth y lam ino) propoxy J - 
stilbene, the antiprogestational, hypocholesteramic drug with antifertility activity, 
has been prepared by catalytic deiodotritiation (equation 83) (Blackburn 1973,). 

3H2. 5%Pd/AI2O3 

DMF,  25OC. 2 5  mln c H 3 0 & ~ ~ 0 ( c H 2 ) 3 N ( c H 3 ) 2  C-NO2 

I 

4-/ 3. ‘ 

C-NO2 
I 

h S-triin e thosy cinizam oyl)- /2 ,5-  CJpiperazinyl ucetate and 1 1  

4 - (~,4,5- t r i ineth osy [ p -1 Clcinnaino y l )  piperazinyl acetate, a new potent coronary 
dilator, have been prepared according to equations (84) and (85) (Hardy, Sword and 
Iiathway 1972). 

C-labelled o-(p-rnorpholiiioethoxyJdipheny1 ether hydrochloride has been 
synthesized starting with uniformly labelled C6H5 Br (Horie and Fujita 1973,). 

H-rVIPE-HC1 (MYE = morpholinoethoxydiphenyl e ther)  was obtained by heating a 
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M e 0  

(84 1 

McO 
C ti ,- C,H , 
/ 

NCH,CO,Et 
M~o--@--cH=cH --CON \f CH,-CH, 

M e 0  

M e d  MeO' 

( 8 5 )  

M e 0  

Me0 &-- ?H =CH- CON n NCH2C0,Et 

W 
/ 

M e 0  

mixture of tritium water, 10% palladium on charcoal and a methanolic solution of 
MPE-HC1 at 1 2OoC for  15 hours in a sealed ampoule. 

(N-C3 H3)-Morphine  has been synthesized by reductive methylation of nor- 
morphine with H-paraformaldehyde and formic acid (equation 86) (Werner and 

(86) 

von der Heyde 197 1). h f o r p h i ~ z e - ~  H has also been prepared by microwave discharge 
activation of tritium gas (Fishman and Norton 1973). 

Eugenol and isoeugenol have been labelled with carbon-I4 in the methoxy 
position (Rabinowitz and coworkers 1973). Treatment of catechol with ally1 
bromide yielded o-allyloxyphenol (445%), which with C-methyl iodide gave 4C- 
o-allyloxyanisole. Rearrangement of the latter to C-eugenol and isoeugenol has 
been performed using boron trifluoride etherate and glacial acetic acid catalyst. The 
overall yield of C-labelled eugenol and isoeugenol based on * C-methyl iodide 
was 16% and 10% respectively 

2,6-Di-t-butyl-p-cresoI-' C6, used in the chemical and food industry, has been 
found to also be a very active antioxidant in living biological systems. It was 
synthesized from p-cresol-I 4C6 and isobutylene (Shipp, Data and Christian 1973). 

4 - A l l y l o ~ ~ - 3 - c h l o r o p l i e r i . y l a c ~ t i ~ - I - ' ~ C  acid with low toxicity and showing 
strong analgesic and antipyretic properties has been prepared in a two-step reaction 
(equation 87)  (Gillet and coworkers 1973) with 75% radiochemical yield. 

The  widely used drugs papaverine and quinopavine and their derivatives have 
been labelled with 1 4 C  t o  study their mode of action, distribution and metabolism 
(Ithakissios and coworkers 1974).  Papaverine has been labelled with 14C in the 
benzyl and 4-carbon position. Quinopavine has been isotopically labelled in the 1 - 
or 4-position of the isoquinoline ring, or in the 4-methoxyphenyl position. 

\ \ 

/ / 
N-H C CH20 4- HCO,H N-CH, + CO, + H,O 
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K I 4 C N .  DMSO 

(87) 

PCHztooH KOH. sealed glass coritainer 

90OC. 15 t i  
* HZC=CHCH20- 

CI 

3,4-Dimethoxylbenzoic acid (carboxyl-I C) and 4-' C-rnethoxybenzoic acids have 
been used as the precursors in their synthesis. Papaverine labelled with ' C in the 
benzyl position has been prepared by using 1 4 C 0 2  in the synthesis of 3,4- 
dimethoxybenzoic acid, an intermediate in the papaverine reaction sequence. 
Quinopavine labelled with 1 4 C  in the 4-position has been obtained using the 
intermediate (3,4-dimethoxyphenyl)acetic acid-2-' C as a precursor. Synthesis of 
quinopavine-1-' C was carried ou t  by  using carboxyl-labelled 3,4-dimethoxy- 
benzoic acid, and in a similar manner quinopavine labelled in the 4-methoxyphenyl 
position has been obtained from the same acid labelled in the 4-methoxy position. 
Papaverine labelled with 14C in the 4-carbon position has been synthesized in a 
five-step reaction sequence starting with 3,4-dimethoxybenzaldehyde(carbonyl- 

C) which in turn was prepared by reduction of 3,4-dimethoxybenzoyl-' C 
chloride. 

.I -Beiizyl( 7-' C)-l-(3'-dii~ietliylai~iiizopropoxy)cycloheptane fuinarate  ( 1  0), the 
active substance of the drug Halidor, has been produced from a-labelled benzyl 

(10) 

chloride, in a sequence involving cyclohep tanone, 3-dimethylaminopropyl chloride 
and fumaric acid (Banfi and Volford 197 1 ). The  same drug having carbon-1 4 in the 
dimethylamino moiety has also been obtained, in a different reaction sequence with 

CH, I as the source of the labelled group. 1-Benzyl-1-(2'-3H-3'-diniethylamino- 
propoxy)cycloheptane fumarate and l-(benzyl-4-, H)- 1 -(3'-dimethy1aminopropoxy)- 
cycloheptane fumarate have also been synthesized (Banfi, Zolyomi and  Pzllos 
1973). The same compound has also been prepared carrying tritium labels in the 
side-chain, the aromatic ring o r  the cycloheptane ring (Banfi, Zolyomi and Pallos 
1973). 

A n  analgesic and anaesthetic compound,  affecting the central nervous system, 
the d- and 1-2,2-dipheriyl-4-(2-piperidyl)-l,  3-diox-olaize hydrochloride (1  la),  has 
been labelled with carbon-14 at  C(2) of t h e  dioxolane ring and with tritium at  the 
4.5- and/or 3,4-positions of the piperidine ring (Hsi and Thomas 1973). The  
anaesthetic 2-t: rlzy:-,'-plzeri?)1-4- ('-piper i d y l ) -  I ,  3-d iosolaii e Iiy droch lo ride ( 1 1 b ) has 
been labelled similarly (Hsi 1974). 

2, 6-Dir,ierhosyfzc-' C-pheiiol) has been synthesized in five steps from (u- 
I 4C)phenol (equation 88) (Miller, Olavesen and Curtis 1974). 

1 4  
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H 2  

. 2 7 y 3 H 2  

H ZC, N, c\H 2 

H HC-CH, 
[ f .  431 I \  

Ph' 'R 

0 , p  

(11) 

( a )  R = Ph 
(b) R = E t  

3-(2',4',5'-Trietko~ybeiizoyl(carboiiyl-~ 4C)/propionic acid (1  2), a new spas- 
molytic agent for the bile duct,  possessing a potent smooth muscle-relaxing activity 

@COCH~CH~COOH 

Ef 0 

OEt 

(121 

on Oddi's sphincter and the gall bladder, has been synthesized (Hayashi, 'I'oga and  
Murata 1974). 

6-(N,N-I ', 6'-HexyIene fori?i~i?iidiize-~ C)peiiicillanic acid ( 1 3), exhibiting strong 

COOH 

(13) 

bacteriostatic action, particularly against E. coli species, has been prepared 
(Zupahska and coworkers 1974). Preparation of 9a,1 It-tritiated oestrone-3- 
methyl ether has also been reported (Ponsold, Komer and Wagner 1974).  

Carboizyl-labelled suiithoiie-l 0 has been obtained by photooxidation of 
xanthene with oxygen-1 8 (equation 89) (Pownall 1974). 

' 8 0  

D -2-( 6'-Mc. t h  o.ry-2'-tiuph thy i)propioii ic acid ( 'Nap rox en') an cl L -2-(G'-i?i etli ox y - 
2'-~i~p/zth~~i)propai?oi('Ni~proxol'), potent antiinflammatory and analgesic agents, 
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have been labelled with carbon-14 (14 and 15 respectively) and with tritium 
(Hafferl and Hary 1973). Naproxen labelled with tritium in the 1,4,7-positions of 
the  naphthalene ring was obtained from the unlabelled drug with BF3*T3P04.  

14CH3 
147H3 I 

I 

CH,O mcH-co2H C H 3 0  mcH-cH20H 

(14) (15) 

2-(3-Trifluoronzethylphenoxy)-l-' 4C acetic acid, used in the synthesis of prosta- 
gladin analogues, has been prepared in 78% yield from chloro-1 -' C-acetic acid and 
m-trifluoromethylphenol (equation 9 0) (White and Burns 1977). 

(4'-A cetatnido-2 I ,  6'-d i-3 H-p 1zenoxy)-2,3-epoxypr0pane was obtained in 64% 
yield from tritiated 4-acetamidophenol and epichlorohydrin (Shtacher and co- 
workers 1977). 

3-(4-Iodophei~oxy)-I-isopropylarnir~o-2-propanol-' 5 /  ( 16), an adrenergic 
antagonist, has been prepared in 20-30% yield from the corresponding amine 
(Bobik and coworkers 1977). 

O H  

(16) 

C-labelled notiionic aryl surfactants (detergents) have been synthesized by 
Williamson coupling of chloroacetic-' C-l acid with t-octylphenol (TOPOH) 
followed by reduction of the aryloxyacetic acid with diborane, conversion of the 
TOPOCf12 ' CH2 OH t o  TOPOCH2 ' CH2Cl with thionyl chloride and final 
Williamson coupling of the chloride obtained with pentaethylene glycol to yield 
TOPOCH2 CH2(0CH2CH2)5 OH (Tanaka and Wien 1976). Using octaethylene 
glycol in the last step TOP(OCH2CH2)90H was also prepared. The authors have 
also synthesized the C-labelled homogeneous surfactants derived from 2.6,S-tri- 
methyl-4-nonanol(TMNOH), of the  general structure TMNOCH2 (TH2(0CH2CH2),l- 
OH (Tanaka, Wien and Stolzenberg 1976). 

1 -Methox~~-3-iizethylbe,?zel2e, the  starting material in the  synthesis of the  organo- 
phosphorus insecticide 'Sumithion' (equation 91 ), labelled with 4 C  at  the 3- 
methyl group or in the phenyl ring, has been obtained respectively by coupling 
3-methoxyphenylmagnesium bromide with methyl-' C iodide and by o- 
methylation of 3-bromophenol-' C6 with dimethyl sulphate in 10% sodium hydro- 
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xide, followed by Grignard reaction with Mg and CH3 I (Yoshitake, Kawahara and 
coworkers 1977). 

T h e  ’ C-labelled herbicide, 0-ethy2 O-(5-methyl-2-nitrophenyl)phosptioramido- 
thioate (‘Cremart’, 17) has also been synthesized (Yoshitake, Shono and coworkers 
i 977). 

NO7 

I 
‘CH3 

(17) 

T h e  soil insecticide, O-ethyl S-phenyl ethylphosphonodithioate (18), has been 
labelled with carbon-14 in the ethoxy moiety and in t h e  benzene ring and with 
sulphur-35 in t h e  thiophenyl moiety (Kalbfeld, Gutman and Hermann 1 968;  
Kalbfeld, Pitt and Hermann 1969).  

2. Compounds containing the sulphide bond 

1 -(5-Nitro-2-thiazolyl)-2-itnidazoliditiot~e-4-‘ C, a drug used to treat patients 
suffering from bilharziasis and other diseases due to infestations with parasites 
(‘Ambilhar’), has been obtained according t o  equation (92) (Faigle and Keberle 
1 96 9). 

r - N  
0 2 N - k S I L N H 2  N CICH~-$H~ - OzN<>Nk! /NH 

four steps KEN - C I C H ~ ~ H ~ - N C O  
C 

0 

I-(5-Nitro-2-tliiazolyl-2-‘ 4C)-2-iniidazoliditioiie was synthesized in a five-step 
reaction, starting with ’ C-labelled thiourea (equation 93). 

CHZCI N J-:* YH2-FH2 
NH2, ,c=s + / \  CH I - c : - N H Z . H C i  * OZN - k C / N H  

four steps 

NHZ CH3COO OCZH, I I  
0 
(93 ) 

Incorporation of carbon-14 into different positions o f  the ‘Pyraritel’ base, 
trans-1 -methyl-l ,4,5,6-tet~ahydro-2-(2-(2-thienyl)vinyl]pyrimiditie ( 19), showing 
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H 

CH3 

(19) 

anthelmintic activity, has been achieved by using K14CN or CI-I3I4CN at various 
stages of t h e  synthesis of the intermediate tetrahydropyrimidine (Figdor and 
coworkers 1 970).  Tritium-labelled pyrantel base has also been synthesized. 

S-Metltyl-6-propyl-2-thioi~ru~il-~ S, one of the metabolites of the antithyroid drug 
6-propyl-2-thiouraci1, has been obtained as shown in equation (94) (Aboul-Enein 
1974). 

- 2kC* (94 1 .“1,;,; N CH3 

NH40H, CH31, ethanol 

68’C. 10 miri 
3 7  

Hi I 
;I” ‘H 

C-la b el 1 ed 2,4-dia miri o -5 - p  h en y I th  iuzo le I z y  dro ch lo ride (a mi p h enazol e ) 
exhibiting pharmacological activity free from undesirable side-effects and success- 
fully used in  the management of respiratory depression caused by narcotic 
analgesics (morphine), has been synthesized by condensing a-benzenesulphonyl- 
benzyl cyanide with 4C-thiourea (equation 95) (Adams, Nicholls and Williams 
1976). 

HCI S,!; NH2-HCI 

4-Ethyl  s i t2phon~~l-1  - n a p l i t l ~ u l e n e s i i l p h ~ n u ~ n i d e - ~  A1 (ENS), promoting experi- 
mental bladder carcinogencsis, has been prepared from 4-ethylthio-1 -naphthalene- 
sulphonyl chloride (equation 96) (Whaley and Daub 1977). 

~ SCH,CH, l S ~ ~ j  c c ‘ ; ‘ 3  

00 - 00 (96) 

S02CI S0215NH2 

Cysfeirie3 S-sulphute, which destroys neurons in the rat central nervous system, 
was obtained by an  exchange reaction between cysteine-S-sulphate and cysteine- 
3 5 S  (equation 97) (hlisra and Olney 1977). 
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(97) 

2-(4-Clilo~ophenyl)-2-'  C-thiazole-4-acetic ucid (20), a drug tested for the treat- 
ment  of rheumatoid arthritis, has been prepared from potassium' 4C-cyanide in a 
multistep synthesis (White and Burns 1977). 

R35SH + 2 R - S - S O ~ N a '  - R-S-S-R i. R-35S-S0z  

,CHZCOOH 

II. TRACER A N D  ISOTOPE EFFECT STUDIES WITH ETHERS 

A. Isotopic Studies of the Thermal Decomposition and Rearrangement of Ethers 

1. Gas-phase decomposition of ethers 

A preliminary investigation of the gas-phase pyrolysis of d ime thy l  ether has been 
carried out  at 505-532°C using labelled Me20 (ZieliAski 1968, 1979). It has 
been found tha t  unlabelled ether molecules decompose a t  about  1% higher rate 
than ' CH3-0-CH3. T h e  C kinetic isotope effect was consistent with the free- 
radical mechanism of the dimethyl ether decomposition, and is determined by t h e  
isotope effect in the 4C-H and ' *C-H bond rupture. I t  has also been concluded 
that there is n o  fast hydrogen migration in the .CH20CH3 free radical. The  
uninhibited pyrolysis of dimethyl ether. is the one of the best behaved of all 
complex pyrolysis systems (Benson 1960). Therefore i t  w,as decided t o  undertake a 
further investigation of the  C kinetic isotoDe effects in the  pyrolysis (Zielihski, 
Kidd and Yankwich 1976)  at temperatures of 451-55OoC (equations 98 and 
99). The intermolecular, k , / k , ,  and intramolecular, k2/k3, 3 C  kinetic isotope 

'2CH3012CH3 - "CH, + (HZ"CO - H, + "CO)  (98) 
k l  

effects have been found t o  be of the order of 1% and to decrease with increasing 
temperature. N o  significant pressure effects were found. l h e  3 C  isotope effects 
arise in the destruction of the  symmetry of the  dimethyl ether in hydrogen transfer 
reactions R + C ( Z ) H ~ O C ( ~ ) H ~  -+ RH + C(2)l-120C(1)I-13, where I< = CH3, H or NO. 
The  best fit of the theoretically calculated isotope effecgs t o  the experimental results 
was obtained for  reaction coordinatcs in which displacements in R e .  .H and 
H . .  -C(2 )  are large and displacements in C ( 2 ) * .  .O is small, that  is for nearly 
product-like transition states. 
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In the  thermal decomposition of a 50 : 50 mixture of perhydro, C H ~ O C H B ,  and 
perdeutero, CD, OCD3, dimethyl ethers it was found (McKenney, Wojciechowski 
and Laidler 1963; McKenney and Laidler 1963) that the average ratio CD, H/CD4 
equals 2.49 * 0.04 for uninhibited runs and 2.44 k 0.03 for pyrolysis carried o u t  in 
the  presence of a sufficient amount  of NO ensuring maximum inhibition. It has been 
concluded that both the uninhibited and inhibited reactions are almost entirely 
chain processes. The temperature dependence of the kinetic isotope effects in the 
reaction of hydrogen and deuterium atoms with dimethyl ether, H + Me2 0 + H2 
+ CH,OMe, and with methanol has been investigated by the flow-discharge method 
(Meagher and coworkers 1974). The effects were found to be similar with M e 2 0  
and with MeOH, indicating a comparable extent of bond breakage and formation 
in  the  activated complexes. 

An inverse deuterium isotope effect, kD/kH = 1.072. +0.009, was F u n d  in the 
cyclopentane-inhibited pyrolysis of Me2Hg and (CD3)ZHg a t  366 C. The  13C 
isotope effect a t  366°C is k l  2 / k l  = 1.0386 I 0.0007 (Weston and Seltzer 1962). 
The  inverse deuterium isotope effect was attributed to  an increase of the  C-H 
stretching frequencies in going from the initial to  the transition state. Mass spectro- 
metric investigations of the rearrangement and fragmentation of deuterium-labelled 
ethers have been carried out by Djerassi and Fenselau (1965),  MacLeod and Djerassi 
(1966)  and Ian and Dudley (1971). 

The  gas-phase decomposition of allyl ethers at 500°C yields a carbonyl com- 
pound and propene, with the double bond shifted from the 2,3- to  the 1 ,Zposit ion 
of the allyl system. I t  has been observed that allyl a-deuteriodiphenylmethyl ether 
(equation 100) decomposes about  10% slower than the undeuterated compound 
(Cookson and Wallis 1966). The validity of this result was questioned by Kwart 
Slutsky and Sarner (1  973). The details of the reaction were studied by investigating 
carbon-1 4 isotope effects in the decomposition of an allyl ether successively 
labelled a t  the benzhydryl carbon and the three carbons of the allyl group (Fry 
1972). 

A temperature dependence study of k ~ / k ~  in the  gas-phase thermolysis of 
unsaturated ethers such as a., a'-dideuteriobenzyl ally], H ~ C = C H C H Z O C D ~ C ~ H ~ ,  
benzylpropargyl, C6 H 5  CD2 -0-CH2 -CECH, and isopropyl allyl, H2 C=CMCH2 OCD- 
(CD3)2 ,  ether showed no evidence for proton tunneling. The maximum theoretical 
isotope effect has been realized in each case suggesting fully symmetrical bond 
formation and bond breaking in the activated complexes (C- . .H- .C) (Kwart, 
Slutsky and Sarner 1973). Activation parameters of the vapour-phase thermolytic 
Felimination of t-butyl-1, 1-d2 ethyl ether. (CH3 ), COCD2CI-13, a t  5 16-585OC are 
very similar to those of the Me3COC2H5 reaction, but (CD3),COCzH5 exhibits 
large differences, which are expiained by a quantum-mechanical tunnel effect in the 
linear hydrogen transfer. A triangular transition state for thermal p-elimination 
reactions has been proposed (Kwart and Staculonis 1976). 

The secondary =-deuterium isotope effect  in the cyclic, intramolecular rearrange- 
ment of allyl-1, I-dz thionobenzoate to allyl-3,3-dz thiolbenzoate was found to be 
much smaller (6-  7% per deuterium) than that observed in carbonium ion, 
carbanion or radical reactions (10-1 2%)  (equation 101). The very small Y- 
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0 

(101) 
acetonilrilc I I  

a * HzC=CHCHzSC-C6H5 
7 100"c. zoo n 

C6H5-C-O-CH2CH=CH, 

deuterium effect of 0.97 (ca. 3% per deuterium) in the rearrangement of  allyl-3,3- 
d2 thionbenzoate t o  allyl-1 , 1-d2 thiolbenzoate suggests a more reactant-like than 
product-like transtion state in such allylic rearrangements (McMichael 1967). 

Allylic ethers, 4-RC6 H4CH2 OCMe, CH=CI-12, where R = H, Br, Me, MeO, C1, 
Me3 Si etc., undergo redox fragmentation, in the presence of  (Ph3P)3RuC12 
accompanied by allylic transposition of the C=C double bond, with formation of 
4-RC6 H4 CHO and Me, C=CI-IMe. Benzylic deuterium substitution in the ether has 
no appreciable effect on the rate of the catalysed fragmentation and the cleavage of 
the allylic C - 0  bond is the rate-determining step (Salomon and Reuter 1977). 
Barroeta and Maccol l ( l971)  found that in the gas-phase thermolysis of ethyl-1 ,l-d, 
thiocyanate, CH3CD2 -S-C=N, H*C=CD? is produced. Pyrolysis of ethyl-d5 thio- 
cyanate has also been studied. 

2. Isotopic studies of the mechanism of the Claisen rearrangement 

In early investigations of the Claisen rearrangement it was supposed that the 
hydrogen atom displaced by the migrating allyl group finally appeared in the 
phenolic OH group. This assumption has been confirmed by isotopic studies of t h e  
thermal rearrangement of the allyl ethers of 4-deutero-2,6-dirnethylphenol 
(equation 102) and of 2,4,6-trideuterophenol (equation 103) (Kistiakovsky and 
Tichenor 1942). In equation (102)  the para deuterium displaced by the migrating 

O-CH2-CH=CH2 

D CH2-CH= CH2 

allyl group becomes the phenolic deuterium of the product. T h e  acetate of the 
product of the rearrangement showed n o  detectable deuterium content.  In equation 
(1 03) the  displaced ortho deuterium becomes the phenolic deuterium. The  authors 

D D 

envisage the movement of hydrogen in the course of the rearrangement not  as a 
'direct jump'  but rather as the 'displacement of the proton', which finally reaches 
the oxygen anion. First-order kinetics suggests that ortho rearrangement proceeds 
by an intramolecular cyclic mechanism'(equation 104). For the para rearrangement, 

H H 
c? c; 

OCHZCH = CH2 0' 'CH 0, CH 

- - (yHZ - &H2cH=cHz 

\ / \ 

(104) 
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two mechanisms have been proposed. In the  ‘two-cycle mechanism’ the allyl group 
first migrates with inversion to  the ortko position and then rapidly rearranges t o  the 
para position (also with inversion) through two intermediate six-membered tran- 
sition states. In the ‘x-complex’ mechanism a relatively free allyl group interacting 
with the x-electron cloud of the aromatic system migrates to  the  para position. The  
above conclusions have been corroborated by investigating ethers labelled with 
carbon-I4 in the y-position of the ally1 group (Ryan and O’Connor 1952). Assay of 
stepwise degradative oxidation products of t h e  ortho and para rearrangements has 
shown that in the course of the ortho rearrangement carbon-14 appears in the 
a-position of the 0-allylphenol recovered (equation 105). In the case of para 

rearrangement I 4 C  occurs in the y-position of the product (equation 106) and no 
a - y  inversion was observed. Hence, ortho rearrangement is cyclic and intra- 

OCHZCH= 14CH2 

(106) cH3wH3 - H3 
&H2-CH= 14CH2 

3 T 

molecular, with inversion of the allyl group, while in the para rearrangement the 
isotopic carbon retains its original y-position in the final product and no a-y 
inversion occurs in accord with the double-cycle mechanism (Conroy and Firestone 
1953) ,  or with the x-complex mechanism in which the migrating allyl group 
preserves its original structure (Rhoads, Raulins and Reynolds 1953). The ortho- 
Claisen rearrangement of 2,4-disubstituted phenyl allyl ether (Fahrni and coworkers 
195 5)  was studied.. 2,6-Diallylphenol obtained in the course of rearrangement of 
4,2-Me(CH2=CH-’ CH2 )c6 H 3 0 C H 2  -CH=CH2 was free of H2 ’ C=CH-CH2. 
The thermal behaviour of 2-(a-’ C)-6-diallylphenyl allyl ether, 2,6-R1 R2C6 H3 
OCH2CH=CH2, where R’ = CH;! -CH=CH2, R2 = CH2 CH=CH2 (Haegele and 
Schmid 1958), 2,4,6-trimethylphenyl allyl ether-y-I C (Fahrni and Schmid 1958), 
cis-4-MeC6 H4 OCH2 CH=CH-l4 CH3 (Habich and zoworkers 1962)  and crotyl pro- 
penyl ethers (Vittorelli and coworkers 1968) has been investigated by Fahrni and 
Schmid (1958), Habich and coworkers (1962),  Haegele and Schmid (1958) and H. 
Schmid and K.  Schmid ( 1952, 1953) who found that 2,6-disubstituted phenyl allyl 
ethers rearranged to the corresponding 4-allylphenols. The specific rate constants 
for this isomerization have been determined and an intramolecular mechanism was 
proposed (Fahrni and Schmid 1959).  c ~ s - ~ - M ~ C ~ H ~ O C H ~ C H = C H - ~ ~ C H ~  in PhCl 
in  the presence of BF3 at --30°C gave only 4-methyl-2-(a-methylallyl)phenol, 
4-Me(HO)C6 H3CH( Cl-i3)CH=CH* (normal product). In the thermal rearrange- 
ment a t  about 200°C the ‘normal’ path was about  60% only and the ‘abnormal’ one 
amounted to about  40%, yielding hde(HO)C6 H3CHMeCH=’ 4 C H 2 ,  which was pro- 
duced in the thermal isomerization of the primary normal product (equation 107) 
(Habich and coworkers 1962). The stereochemistry of the chair-like transition state 
in the aliphatic Claisen rearrangement of crotyl propenyl ether, CH3-CH=CH--CH~ 
--O-CH=CH-CI-I~, has been established by Vittorelli and coworkers ( 1  968). A 
pronounced solvent effect in the Claisen rearrangement of allyl-I C p-tolyl ether 
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and other  p-RC6 H4 -O-CH2CH=CH2 ethers, where R is NO2, Br, Me and OMe has 
been observed (White and Wolfarth 1970a). The  reaction rates are higher in polar 
solvents and electron-donating groups increase the reaction rate (White and 
Wolfarth 1970b). A deuterium solvent isotope effect has been observed in the 
acid-catalysed ortho-Claisen rearrangement of allyl ethers in ‘CDC1, -CF3 C 0 2 H ’  
solvents. The first-order rate constant increased exponentially with increase of t h e  
acid fraction. A highly polar transition state was postulated (Svanholm and Parker 
1974). An unusually facile thermal Claisen-type rearrangement was observed with 
allyl and benzyl ethynyl ethers (Katzenellenbogen and Utawanit 1975). 

B. Isotopic Studies of Reactions with Ethers 

1. Isotopic studies with vinyl ethers 

T h e  mechanism of hydrolysis of vinyl ethers, H2C=CHOR, has been investigated 
using H2 * ‘ 0  (Kiprianova and Rekasheva 1962). The reaction was catalysed by 
H 2 S 0 4  and HgS04.  lsopropyl vinyl ether was also hydrolysed without catalyst a t  
140-50°C. The  ROH obtained is not enriched in I 8 O ,  therefore the cleavage 
occurred a t  the vinyl group through formation of hemiacetals and the attack on the  
vinyl group is the primary act  in the hydrolysis. The kinetics of acid-catalysed 
hydrolysis of diethyleneglycol monovinyl ether has been investigated in 4- 8 x 
1 0 - 4 ~  HCl in  H 2 0  and DC1 in D 2 0  (Shostakovskii and coworkers 1965). T h e  
authors concluded t h a t  the hydrolysis of simple vinyl ethers proceeds according t o  
equation (1 08). T h e  mechanism of the rate-determining proton transfer in vinyl 

ti+ i H 2 0  
CH,=CHOR - CH3-CHOR 

slow last (108) 
+ 

CH3CH(OR)-OH2 CH3CH0 + HOR 4- H’ 

ether hydrolysis was investigated by Kreevoy and Williams ( 1  968),  who showed that  
in various media and even in pure water, direct proton transfer from a strong acid 
to  a carbon atom is possible without involving water molecules. The primary 
isotope effect, ( l i ~ / k ~ ) ~ ,  is 4.8 and the secondary solvent isotope effect ( ~ H / ~ D ) I I  
is 0.66. The  measured tritium isotope effect obeyed Swain-Schaad relations 
(Kreevoy and Eliason 1968). The kinetic deuterium solvent isotope effect, k ~ )  0 / 
k ~ ,  0, in the mineral acid-catalysed hydrolysis of phenyl orthoformate, ( P h 0 ) 3 k H ,  
was about  2 ,  and this was used as evidence that the hydrogen ion transfer is the  
rate-determining s tep (Price and coworkers 1969). Trifluoroacetolysis of l-anisyl-2- 
methyl-1-propenyl tosylate or brosylate was investigated by Rappoport and Kaspi 
( 1  971).  The deuterium isotope effect in the hydration of p M e O C 6  H4CMe=CH2, 
a t  25°C in H?  0-D2 0 medium i n  the presence of H 2  SO4, was X-l: , 20+ /k i<3  O+ = 3.15 
and was interpreted as a rising from a slow transfer of the acid proton to  the  
olefin, with the transition state being ‘halfway between products and substrates’ 
(Siniandoux and coworkers 1967). For  p-MeOC6 H4 -Cl-IMe=CH2 the deuterium 



416 Mieczystaw Zielihski 

isotope effect k H / k D  = 3.15 is approximately equal to  that observed in proton 
transfer to EtOCH=CH2 ( k ~ / k ~  = 3.0) but is much larger than the isotope 
effect ( k ~ / k ~  = 1.45) observed in  the case of isobutene (Williams 1968). Deuter- 
ium primary isotope effects in t he  hydrofluoric acid-catalysed hydrolysis of vinyl 
ethers (EtOCH=CH2, PhOCMe=CI-12, methyl-I-cyclohexenyl ether, HF in H 2 0  and 
DF in D 2 0  at 25°C) were found to be in the range k ~ / k ~  = 3.3-3.5. These 
relatively small effects were attributed t o  strong hydrogen bonding vibrations 
(O = 1325-1450 cm- ' )  in the proton-transfer transition state and lack of such 
compensatory mode of vibrations in the diatomic proton donor (Kresge, Chen and 
Chiang 1977; Kresge, Chiang and coworkers 1977). Earlier in this series (Kresge 
and Chiang 1967a,,b,c; Kresge, Chiang and Sat0 1967) the authors have found that 
the deuterium isotope effect of proton transfer from hydronium ion to  ethyl vinyl 
ether is 2.95 and from formic acid to  ether 6.8. The secondary deuterium isotope 
effect was about 0.65. A regular increase of the isotope efofect, k ~ ?  o + / k ~ ,  o+, in 
the hydrolysis of 17 vinyl ethers in aqueous solution at 25 C, with 1% ~ H , o +  U P  
to  a value of about 3.5 has been noticed (Kresge, Onwood and Slae 1968; Kresge, 
Sagatys and Chen 1968). Introduction of phenyl substituents at  thep-position of the 
vinyl ether might shift the mechanism of hydrolysis from 'proton transfer from 
catalyst t o  substrate' being the rate-determining step, to  rapidly reversible proto- 
nation followed by rate-determining hydration of the alkoxycarbonium ion inter- 
mediate (Kresge and Chen 1972). Cooper, Vitullo and Whalen (1971) have shown 
that there is a change in the-rate-determining step in the hydrolysis of vinyl and 
related ethers with changing buffer concentration. I t  should be noted that comple- 
mentary investigations of oxygen-I 8 isotope effects could possibly help t o  solve the 
problem of the rate-determining step in vinyl ether hydrolysis. 

The hydrolysis of methyl pseudo-2-benzoylbenzoate in  aqueous sulphuric acid 
and in D2 0 was investigated by Weeks, Grodski and Fanucci ( 1968). The kinetics 
and mechanism of the hydrolysis of 4-ethoxy-3,6-dimethyIpyrylium tetrafluoro- 
borate using deuterium was studied by Salvadori and Williams ( 1  968). Kinetic 
oxygen-1 8 and deuterium isotope effects in the  hydroxide-ion-catalysed reaction of 
2,4-(02 N)zCb H30Ph with piperidine in the presence of varying concentrations of 
hydroxide ion has been measured and it has been concluded that the reaction 
proceeds through the intermediate complex mechanism, with nucleophilic attack of 
OH ion yielding 3,4-(02N)2C6H30H (Hart and Bourns 1966). Analysis of rate 
coefficients and deuterium isotope effects in the alkaline hydrolysis of, substituted 
2-methoxytropones in aqueous dioxane and aqueous Me, SO at 30-70 C indicated 
that in strong basic media the reaction proceeds through an addition- elimination 
mechanism with direct attack of OH- a t  the  '--position as rate-determining step 
(Bowden and Price 1971 ). Second-order rate constants, activation parameters and 
isotope effects in the hydroxide-catalysed hydrolysis of phenyl sulpholan-3-yl ethers 
(21; R = H, 4Me,  3-Me, 2-Me, 4-Br, 4-N02), proceeding according to  the ElcB 

mechanism, have been determined (Bezmenova and coworkers 1974). The rates of 
acid-catalysed hydrolysis of  alkyl vinyl sulphides, H2C = CHSR (where R = Me, Et, 
i-Pr. t-Bu) in  10% aqueous CH3CN were found to be smaller in a deuterium 
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BF,.OR: [BF3.0R11- R" 

R ' - f C H 2 - C H )  - C H 2 - i H  [BF,.OR'] 
I I 
O R 2  OR2 

SCHEME 9 

medium, k ~ , " / k ~ , d  = 2.94 (Okuyama, Nakada and Fueno 1976). No deuterium 
exchange between sulphide and deuterated solvent was detected during hydrolysis. 
T h e  rate constant of t h e  hydrolysis of the propenyl sulphides, CH3 CH=CHSR 
(R = Et, i-Pr, t-Bu) have also been determined. 

The electrophilic addition of ROH to  RO-CH=CH2 in C6H6,  cyclohexane and 
octane was investigated by Vylegzhanin and Trofimov (1  97 1). In octane, kH/kD = 
2.00 at 25OC, in cyclohexane k ~ / k ~  = 2.18 a t  4OoC and 1.84 at  25°C and in 
benzene k ~ / k ~  = 1.4, 3.70 and 4.14 a t  10°C, 25OC and 40°C, respectively. The 
large temperature dependence of k ~ / k ~  in C6H6 was explained by specific inter- 
action between the vinyl ether and benzene. In the addition of EtOH or  EtOD t o  
ClCH2 CHI OCH=CH2 catalysed by HCl (Trofimov, Atavin and Vylegzhanin 1968), 
the obtained relation kH/kll  = exp(32.7/R). exp(-9600/RT) was interpreted by the 
authors as the. result of two competing mechanisms, namely catalysis by nonionized 
HCI molecules in EtOD with concerted cyclic or  acyclic hydrogen transfer and 
catalysis by ion pairs [HzO+Et]Cl-  or  [ H ~ C = C H ~ H C H I C H ~ C ~ ] C ~ - .  

4C-labelled boron trifluoride etherate, obtained from diethyl-I-' C ether and 
BF3, has been used to study the mechanism of isobutyl vinyl ether polymerization 
in liquid propane a t  -75OC (Kennedy 1959). Initially i t  had been supposed that the 
complexing ether originating from the BF, complex, participated intimately and 
directly in the polymerization and the growing chain contained an alkyl group on 
the end of the chain (Scheme 9). The radioactivity measurements of the product 
showed that 0.71% of the chains originated from ethyl groups and 99.29% by chain 
transfer. Thus the proposed mechanism could be operative, bu t  the chain-transfer 
step plays the predominant role in the polymerization. Isobutyl vinyl ether and 
t-butyl vinyl ether polymerization was also investigated by Imanishi and coworkers 
( I  962)  and Higashimura and Suzuoki ( 1  965). Polymerization of 2,2-dideutero-p- 
methoxystyrene was studied by Brendlein and Park ( 1975). 

2. Reactions of ethers with organoalkali metal compounds; elimination reactions. 

Ethers treated with organoalkali metal compounds yield olefins. The course of 
these reactions was investigated by studying the cleavage of deuterium-labelled 
ethyl-I , l -d2  aryl ethers with propylsodium (Letsinger and Pollart 1956). In the 
reaction of ethyl-1, 1-dz phenyl ether with propylsodium 28.2% of dzuteroethylene, 
15.2% of propane and less than 2.5% of propane-d was obtained. With ethyl-l ,I-d2 
p-t-butylphenyl ether metalation of the aromatic ring was less and the yield of 
propane was smaller ( 1  1.2%); about  42% of deuteroethylene and no more than 
1.3% of propane-d were obtained. Hence, production of ethylene proceeds accord- 
ing to path (a) in  equation (109) (P-elimination). The contribution of path ( b )  
(a-elimination), which postulates the removal of the a-proton from the ethyl group, 
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0 

O H  

A r - 0 - M  + D2C=CH2 i- C3H8 

MiPr- { (109) 

PrD -C 

A r - 0 - M  + HDC=CH, 1- C ~ H ~ D  

O H  
I I  

I I  
Ar - 0 -C- C- H 

D H  

4- 

to  the overall yield of ethylene is negligible, if any. The above corlclusion was also 
confirmed by the absence of deuterated phenoxide in the products. 

Ethyl benzyl-qa-d;! e ther  reacts rezdily with propylsodium yielding ethylene 
(9  1 lo), propane-d (8 1%) and nondeu terated propane (2 1 %). The recovered benzyl 
alcohol showed strong IR absorption characteristics for aliphatic C-H and C-D 
bands. The  above results indicate that the propyl group of the reagent removes 
deuterium from the u-position of the ether (equation 1 10 )  (Letsinger and Pollart 
1956). The  amount of nondeuterated ordinary propane was greater than the 

D 
octane I 

PhCD,-O-CH2CH3 + C3Hy.- N a '  Ph--C-O-CH2CH3 1- C3H7D __* 

0 

amount  of hydrogen present in aluminium deuteride (used for  the synthesis) which 
contained at least 92.5% of deuterium. The  authors explained their observation by 
assuming that the propane resulted also from metalation of the aromatic ring, from 
traces of moisture or from some direct P-elimination of the ether.  

a-Elimination was also found in the reaction of 2-phenyltetrahydrofuran with 
propylsodium at  about  - 4 O O C  leading t o  high yields of ethylene and acetophenone 
(after hydrolysis). Tetrahydrofuran itself is relatively unreactive. The  mechanism of 
the reaction of diethyl ether with alkyllithium compounds,  which proceeds accord- 
ing t o  equations ( 1  1 1 a )  and ( 1  1 l b ) ,  has been investigated using ethers deuterated in 

R L i  + (C,H,),O - RH -I- H2C=CH2 1- C,H,OLI ( 1  1 l a )  

R L i  + H,C=CH, - R(CHZ-CHZ)nL~ ( 1  1 l b )  

u- and p-positions (Maercker a n d  Demuth 1973). In the case of a-deuterated diethyl 
ether the labelled products obtained suggest the reaction scheme as shown in 
equation ( 1  12), while in the case of ?-deuterated diethyl e ther  the kinetic deuter- 

C2D5Li -1- (CH,CD,),O CZDSH + CH2CD2 + CH3CD,0Li (1 12) 

ium isotope effect operates and the isotopic reactions as shown in equation ( 1  13) 
take place. 
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C2D6 + H2C=CD2 + CD,CH,OLi / 
C2D5Li + (CD,CH,),O - C,D5H + D2C=CDH + CD,CH20Li (1 13) 

C2DsH + H2C=CD2 + CD3CDHOLi 

Reactions of  organolithium compounds with ethers have been reviewed by 
Baryshnikov and Vesnovskaya 1975). The  deuterium kinetic isotope effect in the 
reactio; of ClzCHOCH3 and C12CDOCH3, with base, i-PrOK in i-PrOH and KSPh 
at - 12  C ,  after correction for  protium impurity, equals 5.4 * 2 (Hine, Rosscup and 
Duffey 1960). This  value has been used to support  the conclusion that a-dehydro- 
chlorination leading to methoxychloicsmethylene is the initial step of the reaction. 

Rate  constants of the phenoxide elimination reactions of ?-substituted aryl ethyl 
ethers, XCR2CH20Ph (where R is H and D), have been determined and an E l c B  
mechanism has been proposed (Grosby and Stirling 1968, 1970). Kate constants for 
the bis-P-deuterio substrates, XCDzCH20Ph,  in D20 (NaOD) are about 1.5 times 
larger. Reactions with thiolate are slower and there is little change in the thiolate- 
ethoxide rate ra t io  as the activating group is changed: k(t-BuS-)/k(EtO-) = 0.23- 
0.26 when R = H and X = Ac, PhSOZ, COzEt ,  p-ZC6H4S02,  p-ZC6H4S0. The  
deuterium isotope effects, k H / k D ,  in elimination of phenoxide from 2-phenosy- 
ethylsulphonium salts and sulphoxides at 25.4OC, are 0.66 and 0.78 respectively. 
The observed isotope effects have been rationalized in terms of general equilibria of 
the type:  SH + HO-+  S -  + H 2 0 ,  SH + H 2 0  =+ S -  + H30' ,  2 H 2 0  =+ HzO' + OH-. 

T h e  deuterium isotope effect in the methoxide-ion initiated P-elimination of 
CH3 OH from 2-phenyl-trans-2-methoxy-1-nitrocyclopentane (22a) and its cis 
isomer (22b) allowed the evaluation of rate constants for the forward and reverse 
steps in the reaction sequence (equation 1 14) (Bordwell, Yee and Knipe 1970). 

' nitronate anion ~ 22 ~ 

, 
f a r l :  l r t  order  I l O W  10% O f  M e 0  

2nd Order  

A very small secondary a-deuterium isotope effect has been observed in the 
ethanolysis of 4-metf1oxypentyl p-toluenesulphonate with deuterium on C( of the 
pentyl group, and  in the acetolysis of 2-norbornen-7-yl p-toluenesulphonate with 
deuterium on C(7) of the bicyclo group, indicating that a-effects are less sensitive to  
changes in the geometry than are  p-effects (Eliason and coworkers 1968). 

Deuterium solvent kinetic isotope effects and a-methylene proton exchange in 
D 2 0  were used t o  support  the suggestion that ?-elimination of methoxide ion from 
4-methoxy-4-me thyl-2-pentanone, yielding a ,  P-unsaturated ketones, proceeds via 
rapid base-catalyzed formation of enolate anion, followed by rate-determining loss 
of methoxide ion from the latter (Fedor  1969).  

A significant deuterium isotope effect was observed in the formation of the 
1 , I-dimethoxy bleisenheimer complex ( 2 2  and 2 3 )  formed in the reaction of' MeO- 
with 2-cyano-4,6-dinitroanisole or  2,4,6-trinitroanisole, respectively, in Me011 and 
MeOD solvents (equilibrium constant ratio f \ ' ~ / f \ ' , ~  = 0.45). The  reaction of meth- 
oxide ions with di- and tri-nitroanisole was also carried out in ( C D 3 ) 2 S 0  solution 
and the formation of unstable transients was observed. 'The initial attack of MeO- 
on the dinitroanisole yields 1,3-dimethoxy-2-cyano-4,6-dini trocyclohexadienylide 
(24)  (Fendler,  Fendler and Griffin 1969). 
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T h e  stereochemistry of the alkoxide-catalysed (24) elimination reaction of cis- and 
traizs-2-deuterio-l-trideuteriomethoxyacenaphthenes, leading to  the formaticn 
of acenaphthylene (equation 1 IS) ,  was investigated by Hunter and Shearing ( 1  973) 

u u  

in t-butyl alcohol and methanol. T h e  primary and secondary kinetic deuterium 
isotope effects, k ~ / k ~ ,  for  the preferential initial cis elimination in potassium 
r-butoxide/[-butyl alcohol at  64.3OC were found to  be in the range 1.04 (second- 
ary)- 1.40 (primary). The leaving group -(OCD3) isotope effect, k ~ / k ~  = 1.20, 
was attr ibuted t o  an  inductive effect analogously to  trideuterioactic acid, which is 
18% less acidic than acetic acid. These isotope effects are consistent with the EIcb 
mechanism but an E2 process cannot be ruled out,  for which low k ~ / k ~  in the 
range 1.62- 1.92 have been observed for  syn elimination of cyclopentyl ammonium 
salts. 

T h e  isotope effect, k ~ / k ~ ,  in the  enzymatic demethylation of o-nitroanisole- 
Me-' H by a liver microsome preparation was about  2 (Mitoma and coworkers 1967). 
Binding of the deuterated o-nitroanisole t o  the enzyme was stronger and the 
observed isotope effect apparently reflects the differences in the rates of C-H and 
C-D bond breaking. Deuterium isotope effects of about 2 were also found for the 
enzymatic 0-demethylations of p-nitroanisole, p-methoxyacetanilide and p -  
dimethoxybenzene and their trideuteromethyl derivatives by rat liver microsomes 
(Foster and coworkers 1974). Deuterium isotope effect studies in t h e  dealkylation 
by rat liver microsomes of p-nitrophenyl alkyl ethers and their a-deuterated 
analogues led t o  the conclusion that the C-D bond breakage is the rate-determining 
step. A free-radical mechanism was proposed to  explain the observations (Al- 
Gailany, Bridges and Netter 1975). 

3. Other reactions with ethers 
In the  addition of 1 -ethoxy-I-alkynes and 1-ethoxyvinyl esters to carboxylic 

acids in non-aqueous solvents (Zwanenburg and Drenth 1963a,b) HC3COEt reacted 
at  15°C about  three times slower with MeC02D than i t  did with MeC02H.No 
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incorporation of deuterium into unreacted alkyne occurred in benzene and sulpho- 
lane, but i t  did in dioxane. I t  was concluded that hydrogen-ion transfer and 
intermediate ion-pair formation is the rate-determining step, preceded by an initial 
equilibrium in which the alkyne is solvated by acid molecules. Similar results were 
obtained in the reaction of RC02H with ethoxyvinyl esters in benzene, dioxane 
and sulpholane at  2SoC, which proceeded four  times more slowly with MeC02 D. No 
deuterium was incorporated in to  the unreacted vinyl ester. 

The deuterium isotope effect  in the reaction of 2,4-dinitrophenyl phenyl ether 
with piperidine, C s H l o N D ,  in benzene a t  25°C was found to  be 1.27. I t  was 
suggested that this may arise from a rate-limiting proton transfer from the inter- 
mediate complex to a base (Pietra 1965). 

The  deuterium isotope effect in t h e  reaction of p-MeOC6H4ND2 with 
2 ,4- (02N)ZC6H3F and 2,4-(02N)2C6i-13C1 in benzene was between 0.95 and 1.05 
and between 0.80 and 0.94 respectively, depending on the conditions (Bernasconi 
and Zollinger 1966). 

The isotope effects in the  amination of 3-BrC6H40hfe-2,4,6-d3 were used as 
evidence for  the benzyne intermediate postulated in the amination of iodobenzene- 
1-l4C-2,4,6-d3 with KNH2 in liquid NH3 (equation 116) (Panar and Roberts 

1960). The  relatively low isotope effect [ k ~ / k ~  = 1.9 k 0.1 for KNH2 in NH3 
solvent and 3.1 k 0.1 for  LiN(Et)2 in ether] suggests that considerable deuterium 
exchange takes place prior t o  the  loss of bromine to  form 3- rilethoxybenzyne. 

An at tempt  to determine the deuterium and tritium fractionation in the course 
of the coupling of 1 ,3,5-(Me0)3 c6 D3 and 1,3,5-trimetQoxybenzene-2-t with p -  
chlorobenzenediazonium ion, yielding 2,4,6-trimet!ioxy-4 -chloroazobenzene (25),  

OMe 

(25) 

was made and yielded k ~ / k ~  = 1.13 f 0.03. Deuterium fractionation was found to  
be within the experimental error (Helgstrand and Lamm 1962). 

Deuterium isotope effects in the reaction of p-methoxybenzenediazonium- B F 4  
with deuterated amines such as dimethylaniline-2,4,6-d3, m-toluidine-2,4,6-d3, Q- 

naphthylamine-2,4-d2 and 9-naphthylamine-1 -d were investigated by Sziman and 
Messmer (1 968)  and it was found that the k ~ / k ~  ratios were 1.5, 1 .O, 3.3 and 4.4 
respectively. The reactions with weak bases exhibited considerable deuterium 
isotope effects, but the reactions with strong bases showed no isotope effect. 

T h e  deuterium kinetic isotope effect  in the triphenylmethyl hexaf luore  
arsenate-catalysed disproportionation of substituted Q, a-dideuteriobenzyl trityl 
ethers in CH2C12 t o  triphenylmethane and benzaldehydes was 9.74. The  cor- 
responding deuterium isotope effect with triphenylmethyl tetrafluoroborate was 
3.56. These results have been used to  show that the extent of hydrogen transfer in 
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t he  rate-limiting step of the ether disproportionation depends on the type of trityl 
salt ion pair and not  solely on  the trityl cation (Doyle and Siefried 1976). 

2,4,6-Trimethoxybenzaldeh~de undergoes decarbonylation in deuterium acids 
(DCl,  DBr, DC104) with slower first-order rates than in the corresponding hydrogen 
acids (Burkett and coworkers 1966).  The rate of oxygen-] 8 exchange between 
H2 0 and the carbonyl oxygen of the aldehyde is a t  least 100 times faster than the 
rate of decarbonylation. Thus it has been concluded that acid-catalysed hydration 
of  the aldehyde group and protonation of the ring carbon having the aldehyde 
group precedes the rate-controlling step of the decarbonylation reaction. 

T h e  reduction of ethylene oxide with LiAlH4 was investigated with deuterated 
reagents and it was concluded that the reduction proceeds along several reaction 
paths.  In one the intramolecular disproportionation of deuterium, in the  product 
ethanol proceeded with k ~ / k ,  equal t o  about 2 (Bengsch and coworkers 1974). 

Analysis of the product yields from the y-radiolysis of (C2 H5 ) 2 0 ,  (CD3CH2 )20, 
( C H 3 C D 2 ) 2 0  and (C2D5)2O revealed that the cleavage of the a-C-H bond is the 
most  important process in the course of hydrogen and methane formation, while 
9-C-H cleavage is the most important in ethylene formation. Both types of bond 
rupture  contribute significantly t o  the  formation of all three products of radiolysis 
(Ng and Freeman 1965a,b). T h e  mechanism of the A1203-catalysed \dehydration of 
alcohols and ethers a t  3 16-320°C was investigated by Vasserberg, Balandin and 
Levi (1 96 1) using 4C-labelled dimethyl ether. 

4. Bromination and oxidation of ethers 

a. Bromination of ethers. No tritium isotope effect was observed in the bromi- 
nat ion of 1,3,5-trimethoxybenzene with N-bromosuccinimide in dimethyl- 
formamide (Helgstrand 1964). Thus i t  has been concluded that the formation of 
free bromine from N-brom'osuccinimide and hydrogen bromide is the rate- 
determining step in the formation of 1 ,2,4,6-Br(Me0)3C6 H2 and hydrogen 
bromide. No primary isotope effect was found in the bromination of partially 
deuterated 1,3,S-trirnethoxybenzene, but  a significant deuterium isotope effect 
was observed in the bromination of its 2-bromo derivative ( k ~ / k ~  = 0.28 4 0.08 at  
2S°C), and of its 2,4-dibromo derivative (ko/kH = 0.21 4 0.04 at 65"C), caused by 
proximity effects of bromine (Helgstrand 1965). Bromination of 1,3,5-trimethoxy- 
2-methylbenzene and 1,3,5-trimethoxy-2,4-diniethylbenzene at  -20°C in HCONMe2 
showed primary hydrogen isotope effects ( k D / k ~  = 0.49 f 0.04 and 0.34 2 0.04 
respectively) (Helgstrand and Nilsson 1966). Deuterium isotope effects, kH / k ~ ,  in 
the bromination of anisole and anisole-2,4,6-d3 by Br2 and Br, were found t o  be 
1.16 and 2.6 respectively (Nandi and Gnanapragasam 1972) B r j  was only about 
5% as  reactive as Br2 in the above reaction. T h e  mechanisms of bromination of 
substituted methoxybenzenes were discussed by Aaron and Dubois (1 971). The 
k H / k D  in the bromination of thiophene in aqueous acetic acid was found t o  be 1.3. 
This was interpreted as a secondary effect, not  representing slow proton loss. This 
and other studies (salt effect, activation parameters) indicate that  the mechanism of 
bromination of thiophene is essentially the same as that of benzene derivatives 
(Butler and Ilendry 1970). A substantial primary deuterium isotope effect was 
observed in nitrosation reactions of PhOH and PhOMe and their p-deuterium 
derivatives with Nah'O? in aqueous HC104. proceeding via an S E ~  mechanism 
(Challis and Lawson 197 I). 

b. Oxidatiorz of efhers. Isotopic studies of diethyl ether oxidations by chlorine 
and by bromine (equation 117), were undertaken by Kudesia (1975). The oxi- 
dat ion of (C2 H 5  )?O in acetate buffer has been carried out both in H2 0 and D2 0 at 
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H 

(117)  

25°C. In the case of bromine k 2 ( H 2 0 ) / k 2 ( D 2 0 ) =  2.8 and in the case of chlorine 
k ~ ( H z O ) l k z ( D 2 0 )  = 5.3. Removal of hydride ion by molecular Br2 has been 
proposed as the first step in the reaction (equation 1 1  8). A deuterium isotope 

P H  4.6 I 
CH3CH2-O-CH,CH3 + Br2 * CH3-C=0 + C2H50H 

25OC 

0 

H/ ‘H 
effect of 3.9 was observed in the oxidation of 2-methoxyethanol-1,l-d2 to meth- 
oxyacetic acid by H N 0 3  in sulphuric acid a t  4-27OC. I t  has been proposed that 

3 CH30CH2CD20H + 4 HN03 - 3 CH30CH2C02H + 4 NO + 5 H,O (1 19) 

nitrosonium ion NO’ is the active oxidizing agent and the rate-determining step of 
the reaction involves the cleavage of the 1-C-H bond (Strojny, Iwamasa and Trevel 
1971). 

The kinetics and the electron-transfer mechanism of the oxidation of p-meth- 
oxytoluene and other  aromatic ethers and amines by manganese(ll1) acetate in 
acetic acid was investigated by Andrulis and coworkers (1 966) (equation 120). The 

bieOC6H4CH3 -I- ~ M ~ ( O A C ) ~ I -  MeOCsH,CH20Ac + 4cOH + 2Mn(OAc), (120) 

effectiveness of t h e  deuterated aliphatic amines, MeCD2 NH2, as inhibitors in the 
oxidation of Et:! 0 has been compared with that  of undeuterated ones (EtNH2) and 
an isotope effect of 6 : 1 was found (Jones and Waddington 1969). 

Isotope effects were studied in the ozonation of ethers (Erickson, Hansen and 
Harkins 1968),  which was found t o  be a complicated free-radical chain process. .4n 
unstable intermediate is formed by attack of ozone o n  the carbon-hydrogen bond 
in an insertion reaction (equation 121). The deuterium isotope effect depends on 

R 2  R2  
I I 

I I 
H O3H 

R’-C-OR3 + 0, - ozone-ether complex - R ’  -C-OR3 - prodocts (121 1 

the ozonation conditions. At O°C k(CH3CH20- t -Bu) /k(CH3CD,0-r -  
-Bu) = 4.5 * 0.4 (for 03-02 in acetone), $4 k 0.1 (for 0 3 - H e  in acetone) and 
2.6 k 0.1 (for 03-02 in pyridine). At -78  C tiia deuterium isotope effects were 
larger. 

Very large deuterium isotope effects have been observed in the autooxidation of 
the following benzyl ethers: PhCD20C(CH3)3 ( k H / k ,  = 20.5 at 70°C), PhCDz- 
O(CH2)3CH3 (5.5), PhCD20CD2(CH2)2CH3 (1 1.91, PhCD20CD2Ph (30.1) and 
phCD2 Oph (40.4 a t  157OC). The relative reactivities for this reaction increase in the 
order: rr-BuOCH2 1% < r-BuOCH2 Ph <(PhCf32)2 0 (Weisflog, Krumbiegel and 
Hubner 1970). 
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111 .  TRACER AND ISOTOPE EFFECT STUDIES INVOLVING SULPHIDES 

A. Isotopic Studies of Decompositions and Rearrangements 

T h e  method of double-labelled molecules has been applied to  the study of the 
gas-phase conversion sulphur-35 incorporated into diethyl sulphide and thiol mole- 
cules (Kahski and Pfuciennik 1972a,b). I t  has been found that 68 * 11% of the 
primary molecular ions formed according t o  equation ( 1  22) stabilize in the form of 

C2HSC1 a t  0.5 mm Hg pressure. In  the case of double-labelled thiol molecules 
(equation 123) 47 * 3% of the  primary ions originating in the P-decay of 35S 

stabilize in t h e  form of C2 H5 C1 at 0.5 m m  Hg pressure. In the presence of water 
vapour the yield of 

Replacement of the H by D in methanethiol caused a significant increase in 
the probability of C-S bond cleavage in the photolysis of MeSD leading to 
formation of hydrogen and methane (Kamra and White 1977). 

A primary deuterium isotope effect was observed in the formation of the radical 
26 in t h e  course of pulse radiolysis of phenothiazine (Burrows, Kemp and Welbourn 
1973). 

C-labelled *C2 H 5  C1 molecules rises t o  83 * 8%. 

(26) 

T h e  mechanism of radioprotection has been investigated by studying the internal 
distribution of S-(2-aminoethyl)isothiuroni~rn-~ S bromide hydrobromide given to  
rats and by observing its effect on the 32P and triiodothyrosine-I I uptake in 
various tissues (Grigorescu and coworkers 1967).  

Secondary deuterium isotope effects (p and y) in  the thermal rhioallylic i-e- 
ai-i-urzgement of PhSCHMeCH=CH2 to PhSCH2 CH=CHMe were found to  be k ~ / k ~  = 
0.936 and k ~ / k ~  = 0.91 8. These values have been interpreted in terms of a cyclic 
intermediate (Kwart and George 1977). The results eliminate a chain mechanism 
for  the  rearrangement and are in agreement with the interpretation of the high- 
precision measurements of  the ' S / 3 4 S  isotope effect (1.0040 * 0.0016 at  198OC) 
on the thioallylic rearrangement studied earlier (Kwart and Stanulonis 1976a). 

A normal secondary deuterium kinetic isotope effect was observed in the thermal 
rearrangement of 2-allyl-l . 1 -d2-oxybenzothiazole and an inverse kinetic isotope 
effect fo r  the corresponding 3,3-d2 derivative. Introduction of a y-Ph or a y-Me 
group in the allylthio moiety of the 1-allylthiobenzothiazole caused retardation of 
the thermal rearrangement (Takahashi, Kaji and Hayanii 1973; Takahashi, Okaue 
and coworkers 1973). 'l'lie rearrangement proceeds with inversion of the allylic 
moiety and according to the concerted thio-Claisen pathway, with a transition state 
of a very low polar character. 

Deuterium isotope effects, k~ / k ~ ,  in the thermal decomposition of 2,5-dihydro- 
thiophene-2,2,5 ,S-d4 1 , I  -dioxide (27) a t  L20°C and 2,4-dimethyl-2,5-dihydro- 
thiophene-5,5-d2 1,l-dioxide (28)  at 105 C were found in the  melt t o  be 
1.094 _+ 0.01 4 and 1.054 t 0.0 19, respectively. The 34 S isotope effect, k ( 3  S)/  
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(27) (28 )  

k(  34 S), in the decomposition of  undeuterated 2,s-dihydrothiophene 1 ~ 1-dioxide 
was 1.009 a t  99.5"C. Both deuterium and 3 4 S  isotope effects were interpreted in 
terms of a concerted mechanism (Asperger and coworkers 1972). The maximum 
32S/34S  isotope effect  in the C-S bond rupture equals 1.28% at 99.5"C if the 
value o = 700 cm-' is taken for  the C-S stretching frequency. 

B. Reactions of Sulphides 

I .  Cleavage and elimination reactions 

Model calculations of the  TIF (temperature-independent factor), TDF (temper- 
ature-dependent factor) and isotope effects, ( k 3  / k 3  4), in the carbon-sulphur 
bond rupture+gave the  values: 1.0102, 1.0083, 1.0186 and 1.0081, 1.0053, 1.0134 
for the Me?, S and C--S models, respectively (Saunders 1963). 

The 34 S isotope effect in tile E 2  elimination of 3,-phenylethyldimethyl- 
sulphonium bromide, PhCHz CH2 S Me2 Br-, with EtO - in absolute ethyl alcohol 
was found t o  be 1.11% a t  20. l0C (Hegedic 1977). It has been concluded that the 
carbonium character of the transition state of this reaction with ethoxide ion is 
greater than that in the reaction of sulphonium bromide with hydroxide ion. A 
large 4C  isotope effect has been +observed in the methyl transfer from S-butyl- 
dimethylsulphonium ion, EtCHMeS Mez , to p'thiocresolate ion, 4-MeC6 H4 SNa 
(Grue-Sorensen, Kjaer and Wieczorkowska 1977). 

In the alkaline hydrolysis of S-adenosylmethionine in tritiated water, the uptake 
of tritium in to  the carbohydrate moiety was used as evidence of an 'ethylenic 
intermediate' formation (Schlenk and Dainko 1962). 

The hydrogenolysis of P-hydroxyethyl thio ethers, which involves a rate-deter- 
mining formation of a cyclic sulphonium ion, followed by a rapid hydrogenolysis, 
was studied, using p P-dideuterio-(4-hydroxyethyl a-phenetyl sulphide with LiAlHa - 
AlC13 and LiAlD4-A1C13 (Eliel, Pilato and Badding 1962). The reaction with 
deuterium-labelled compounds proceeded according to  equation ( 123). Thus the 

hydrldc 
PhCHMeSCDZCH3 

50% 
+ 

PhCHMeSCH2CD2H 

50% 

PhCHMeSCD2CH2D 

50% 
+ 

PhCHMeSCH2CD3 

50% 
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existence of the cyclic sulphonium intermediate was confirmed and a convenient 
route of synthesis of thio ethers from carbonyl precursors and hydroxythiols 
established. 

Cleavage of p-toiyl allyl- 1 -' C sulphide was investigated by Chandra ( 196 1 ). 
Treatment of the sulphide with lithium in boiling EtNH2 gave 10.2% of propylene. 
In MeNH;! only:&races of pr2pylege were noticed. Ozonation of the propylene gave 
a mixture of HCHO and AcH. HCHO contained 3.3-13.5% more 1 4 C  than AEH. 
The presence of NH4CI, MeOH or t h e  use of i-PrOH as solvent lowered the 
radioactivity of the HCHO by 2-9.8%. A similar investigation was carried out  by 
Grovenstein (1965),  who found that cleavage of the 14C-labelled p-tolyl allyl 
sulphide synthesized from allyl-I-' 4 C  alcohol b y  sodium or lithium in liquid 
ammonia in the presence of an excess of NH4C1 or CH30H yielded propylene with 

C almost equally distributed a t  C(1) and  C(3). I t  has been concluded that the allyl 
group cleaves as the allyl-l- '4C carbanion. In the absence of NH4CI or  C H 3 0 H  the 
cleavage leads t o  the formation of propylene with preferential concentration of C 
a t  C(l 1. Carbon-heteroatom bond cleavage has also been investigated by Curphey, 
Hoffman and McDonald (1967),  Raj and  Hutzinger (1970), I toh and coworkers 
( 1  976) and Krawczyk and Wr6bel( l977) .  

The  mechanism of cleavage and a-substitution of dibenzylhalosulphonium salts 
formed in the reaction of bensyl sulphide with chlorine, bromine, N-chloro- and 
N-bromo-succinimide has been investigated by the  competitive isotope effects 
method in CDCI3 and CC14 (Wilson and Huang 1970). At low concentrations of 
halogen and sulphide the rate-determining step of the  reaction involves halide ion 
attack on a single intermediate, but at  initial concentrations higher than 0 . 3 ~ ,  the 
decomposition of aggregates determines the ratio of cleavage to .I-halogenated 
product formation. 

Isotope effect studies have indicated that  the rate of rearrangement of N-aryl- 
S,S-dimethyl sulphimides t o  o-methylthiomethylanilines is determined by 
the rate of proton abstraction from the  S--hle group and by the equilibrium for 
protonation of the nitrogen atom (Claus and Rieder 1972). T h e  mechanism of the  
C-S bond cleavage with deuterated acetylenes was investigated by Trofimov and 
coworkers (1968).  EtSCD=CD2 was obtained in t h e  reaction of DC=CD with 
E ~ S C I I ~ C I - I ~ O D .  

2. Reactions with sulphides 

Acid-catalysed addition of H2 0 to acety1:nic thio ethers (equation 124) pro- 
ceeds in D 2 0  slower by a factor of 0.47 a t  25 C (Drenth and Hogeveen 1960). l h e  

slaw H, + H ~ O  H / S E t  

OH2 

- H - C E C - S - E t  -t H' - ,C=C-SEt 7 ' C = C  

(124 )  
H /  A\ 

H 

, S E t  

a0 
CH,- C + H '  

t h o  ether recovered from acidic D20 after one half-lifetime did not  contain 
D -  C C - S - E t  (Hekkert and Drenth 1963) .  Addition of H20 to  H--CGC.-S-Et 
a n d  D --C?-C--S---Et proceeds with a n  inverse secondary deuterium isotope effect, 
k ~ / l i ~  = I  .03 (Hogeveen and Drenth 1963). I t  was concluded therefore that proto- 
nation of the alkynyl thioethylene is the rate-controlling step of the reaction. T h e  
correct sign of the secondary deuterium isotope effect has been qualitatively 
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explained by carrying ou t  approximate  Calculations, based on the vibrational 
frequency alterations in going f r o m  the initial state t o  the transition state of the  
reaction and  by considering t h e  inductive electron-releasing effect of deuterium, 
which is a little larger than  tha t  o f  hydrogen. T h e  acid-catalysed addition of water 
t o  t h e  triple bond of cis-MeC=C-O-CH=CHh.Ie, in H 2 0  and D 2 0  with HCIO,, as 
catalyst, gave k( I32O)/k(D20)  = 1.7, in agreement with the calculation of deuter- 
ium solvent isotope e f fec t  by  Willi. T h e  reaction involves rate-determining proton 
transfer followed b y  addition of water  (Stanhuis and Drenth 1963). Similar results, 
k(H2 O)/k(Dz 0) = 1.90, have been  obtained f o r  the acid-catalysed hydration of 
I-ethylthio-3-hydroxy-3-methyl-l-butyne with water (Hekkert and Drenth 1961 ). 
Drenth and  Loewenstein ( 1  962)  estimated the  rates of exchange of the acey len ic  
hydrogen in aqueous  p y r i d i n e - - D 2 0 , D ~ O - M e z C 0  and C H 3 0 D - D 2 0  at  2 1  C for 
HCZC-R, where R a n d  rate constants in mo1e-ls-l are: SCH=CI.I,, 4 3 0 ;  t -Bus ,  
64 ;  O-CII=CI12, 60; OMe, 15 ;  t-Bu, 0.8. T h e  high rates in the  thio ethers were 
explained by participation of sd  orbitals in the transition state of the  anion 
-C-C--S-- K. 

T h e  mechanism of the reaction o f  EtSCH2 CH2 OH (29) with HC=C!l, yielding a t  
1 50-2OO0C in the  presence o f  KOH EtSCH2CH20CH=CH2,  EtSCH=CH2 (30) 
and (CH2 CH2O),,, was  investigated by reacting EtSCH2 CHzOD with DC=CD and 
29 with PhC-CH. I n  the  first isotopic reaction EtSCD=CD2 was obtained, in the 
second EtSCH=CHPh. Thus  it has been shown that cleavage of the C- S bond 
occurred in  the  reaction leading to EtSCH=CH,, and the assumption tha t  30 was 
formed by dehydra t ion  of 29 was rejected ('rrofimov, Atavin, Amosova and  
Kalabin 1968) .  The effect,  k ~ / k ~  = 1.22-1.40, was found in the  reaction of 
formaldehyde with diphenyl sulphide (and related compounds) catalysed by p -  
toluenesulphonic acid in benzene (Kunieda, Suzuki and Kinoshita 1973). T h e  initial 
rate equation was -d[CH2O]/dt = k[diphenyl sulphide]. [CH2O]. [ I I+] .  

Enrichment of t h e  heavy su lphur  isotope in polysulphide and sulphide ions has 
been observed in t h e  course of thiocyanation reactions ( 3 2 S  leaves the polysulphide 
chain faster than 34S) (Sakai 1966) .  The  3 2 S / 3 4 S  kinetic isotope effect in the 
reaction (equation 125)  carried o u t  a t  the natural isotope abundance level was 
established to be 1 .022  a t  24.8"C a n d  it has been concluded that t he  rate-determining 
s tep  should involve rup tu re  of t h e  S-S bond. 

S:- + ( r 7  - l ) C N - .  = S2-  I (11  - 1)SCN- (125)  

T h e  nitrogen-I5 kinetic isotope effect in the  reaction of cyanide ions with 
N-enriched cysteine was found  t o  be 1.0094, demonstrating that the  amino 

group is participating in  the rate-determining step of the reaction of CN- with the  
--S-S-groups of t h e  amino  acid (equation 126)  (Wagner and h v i S  1966). 

T h e  mechanism of  chlorination of*dimethyl sulphide with sulphuryl chloride was 
investigated using 6C1-labelled SO2 Clz  (Schultze, Boberg and Wiesner 1959).  T h e  
radioactivity was spread statistically between all  chlorine a toms in the product and 
in t h e  HC1 evolved. Chlorolysis of t h e  intermediate CC13SCH2C'I produced CC13SC1 
and cc14. of the  distribution of the radioactivity between the chlorolysis 
products s]lowec~ tha t  t he  cleavage of CC13SCH2C1 was more important than that of 

Isotope effects of 5.1 and 3.6 have been found in chlorination and bromination 
respectively of 2,2-dideuteriothiopIiane (Scheme 10)  Wilson and Albert 1973). The  
initial equilibrium is considered t o  be fast and the proton removal is considered rate 

increased the  amoun t  of 2.3-dihalothiophane formation. 

CC13SCHC12. 

limiting. Addition of C F 3  COP kl, p-hleC6 H4 SO3 H and BF3 t o  the  reacting medium 
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The  mechanism of oxidation of S ’-, SO:- and SZ 0:- as well as that of Naz S ,  H2 S 
and PbS with HzOz  using * as a tracer has been investigated. It has been found 
that  in the first case two atoms of oxygen from H 2 0 2  enters into the oxidation 
reaction, while in the second case 90% of oxygen comes from HzOz and 10% from 

H2 H2 
- ooc, ,c\ ,c,, ,coo- 

I I 
CH s - S  CH 

Hz 0 (Burmakina-Lunenok 1964). Oxidation of organic sulphides and the syntheses 
of Ph3 S(0)SPh and Ph3 SS(0)Ph were investigated by  Barnard and Percy ( 1962). 

3. Reactions leading to  sulphides and ethers 

In a study of the Williamson synthesis of optically active ethers i t  has been 
found that the configuration of the alcoholate, attacking the alkyl halide at the side 

u -  u-  H- n- 

0 

SCHEME 10 
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opposite the departing halogen, does not  change (Norula 1975). Chlorine isotope 
effects, k( 3 s  Cl)/k(37 CI), have been used t o  evaluate the transition-state structures 
of the SN 2 reaction of n-butyl chloride with thiophenoxide anion in MeOH (Julian 
and Taylor 1976). T h e  central transition-state model results exactly fitted the 
observed values of 1.00898 and 1.00792 a t  2 0  and 6OoC, respectively. Calculated 
a-deuterium isotope effects for  this model are also in good agreement with the 
experimental ones. Chlorine kinetic isotope effects, k 3 S / k 3  7 ,  in model SN 2 reac- 
tions (i.e. t-butyl chloride solvolysis and reaction of n-butyl chloride with thio- 
phenoxide anion) in anhydrous methanol have been investigated both experiment- 
ally and theoretically by several research groups (Turnquist and coworkers 1973, 
and others). T h e  a-carbon C isotope effect in the SN 2 reaction of benzyl bromide 
and 1-bromo-1-phenylethane with EtO- was redetermined by Bron and Stothers 
(1968).  The  first data concerning the reaction of 1-phenyl-1-bromoethane with 
EtO-  in EtOH and of benzyl bromide with MeO- in MeOH, ( k I 2 / k l 3  = 1.0531) 
were reported by Stothers and Bourns (1962).  

Comparative studies of the deuterium exchange (k , )  and of the epimerization 
(k , )  rate ratios for  dl- and nieso- r-methylbenzyl sulphones (PhCH( Me)S02 CH 
(Me)Ph), in MeOH showed that the ratios of rate constants for these two 
processes, k e / k a ,  are 196 (at  OOC), 90 (at  2S0C), 27 (at  72OC) and 16 (at  100°C). 
The above results have been interpreted either as favouring an effectively planar 
structure of the a-sulphonyl asymmetric carbanion, with racemization by rotation, 
o r  as a measure of the relative rates of proton removal t o  form asymmetric or 
symmetric carbanions (Bordwell, Phillips and Williams 1968). The authors final 
conclusion was tha t  [ PhCMeSO, R ]  - carbanions are rapidly inverting (i.e. effec- 
tively planar). 

In an investigation of the nucleophilic substitutions of cis and f m n s  arylsulp- 
honylhaloethylenes, ArS02 CH=CHX and ArS0, CD=CHX, where X = C1, Br, with 
MeO- and PhS- in MeOH no deuterium isotope effect was observed. Reaction of 
ArS02CD=CHX (X = C1,Br) with MeONa in MeOH gave ArS02 CH=CHOMe, while 
with PhSNa ArSO,CH=CHSPh was produced (Ghersetti and coworkers 196 1 ). 
Similar results were obtained in the reaction of ArS02CH=C(Me)X with methoxide 
and phenoxide ions. The  deuterium exchange rate of trans-ArS02 CH=CHBr and 
cis- and trans-ArSOzCH=CHC1 was higher than the substitution rate. Absence of 
deuterium/hydrogen exchange in the reaction with ArS02 C( Me)=CHX and the 
high deuterium exchange rate and stereospecificity with ArSOz CH=CHX and 
ArSO2CH=C(h1e)X suggested that the nucleophilic substitution in the last two 
proceeds according to  equation ( 1  27). 

A ~ S O ~ C H = C R X  - Ar-SO2--=CRX - ArS02C-CR - 
cis-ArS02CH = C R O W  

R = H, Me (127)  

0.0007 has been 
found in the nucleophilic substitution of phenylbenzyldimethylammonium nitrates 
with sodium thiophenoxide in N,N-dimethylformamide (equation 128) (Westaway 
and  Poirier 197 j),  and it has been concluded that i t  proceeds according t o  the SN 2 
mechanism with substantial simultaneous carbon-nitrogen bond rupture and 
carbon .sulphur bond formation in the transition State. This was confirmed 
(\vestaway 197 j) by further studies of the a-secondary deuterium kinetic isotope 
effect ,  which was found to  be also large ( k ~ / k ~  = 1 . I 9  * 0.01. 1.e. 1.09 per 
%-deuterium) . 

A large nitrogen kinetic isotope effect k14 / k l 5  = 1.0200 
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CgHgSCti2CgHg + (CH,)ZNC,jH, 1128) 

Dibenzothiophene-5-dioxide treated with sulphur yields dibenzothiophene at 
320-390°C. T h e  two possible reaction paths are either that  sulphur removes oxygen 

< - a + so2 (129)  

/I 
0 0  

atoms from the sulphone group, o r  that  it displaces the whole SO2 group (equation 
129). T h e  problem was rigorously solved by using radiosulphur S, and showing 
that  the product contains radiosulphur. Thus i t  has been demonstrated that  the 
process under s tudy is an exchange reaction. This was additionally confirmed by 
measuring the radioactivity of the sulphur dioxide and small amounts  of hydrogen 
sulphide, which were collected, oxidized t o  sulphate and radioassayed. The activity 
of these samples was less than 3% of that in the original 35S-labelled sulphur 
(Brown and coworkers 1951). Earlier investigations of the nitrogen, oxygen, 
sulphur and chlorine isotope effects, have been reviewed by Fry (1970, 1972) and 
Maccoll (1 974). 

IV. ISOTOPE EXCHANGE STUDIES W I T H  ETHERS A N D  SULPHIDES 

A. Deuterium and Tritium Exchange Studies 

Lauer and Day (1 953) have investigated the acid-catalysed exchange between 
deuterium in the oitlio and para position of phenyl alkyl ethers (equation 130). 

The  data given in brackets are, k in s - l ,  estimated at  80 and 100°C, respectively: 
p-deuteroanisole (0.88 x 3.0),  o-deuteroanisole (0.29, 1.5), p-deutero- 
phenetole (4.0 a t  1 OO"C), p-deutero-n-propyl ether (4.05 at 100°C), p-deuteroiso- 
propyl ether (7.45 at 100°C). In the case of labelled anisole, the oitho/para ratio of 
exchange rates equals 0.5 at l00"C and 0.33 at  8OoC, in qualitative agreement with 
data obtained in substitutions in phenols and their ethers. The deuterium exchange 
reaction studied is an  electrophilic process, clearly influenced by the inductive 
effect of the alkyl groups in the alkyl phenyl ethers: The relative rates of exchange 
a t  100°C are correspondingly: 1.00 (for methyl) < 1.33 (for e thy l )<  1.35 (for 
ti-propyll < 2.48 (for isopropyll. 

Nuclear deuteration was established in the majority o f  di- and tri-methoxy- 
benzenes heated with D20--dioxan ( 3  : l ) ,  a t  95°C even in the absence of an acidic 
catalyst (Kolar 1971). N o  deuterium exchange was noticed i n  the case of methoxy- 
benzene and of I ,2-dimethoxybenzene under mild experimental conditions, bu t  with 
1,3-dirnethoxybenzene and 1,2,3-, 1,2,4- and 1,3,5-tri1nethoxybenzenes the  ex- 
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changes were 36.2%, 21.5% 16.1% and loo%, respectively, in agreement with the  
electron-releasing effect  of the substituents. In  the case of 1,3,5-methoxybenzene 
under similar conditions all nuclear hydrogens have been exchanged. Full deuterium 
exchan4e of both nuclear hydrogens of catechin 5,7,3',4'-tetramethyl e ther  and of 
5,7,3',4 -tetramethoxyflavan was also achieved. However, dihydroquercetin 
5,7,3',4'-tetramethyl e ther  and 5,7,3',4'-tetramethoxy-2,3-frans-flavan-3,4-cis-diol 
failed t o  undergo deuterium exchange. 

l h e  kinetics and mechanism of the aromatic hydrogen exchange in 1,3,5- 
trimethoxybenzene has been investigated by several research groups (Kresge and 
Chiang 1963,; Kresge and Chiang 1967a,b; Kresge, Chiang and Sat0 1967; Batts and  
Gold 1964). The  reaction is subject t o  general acid catalysis and the mechanism is 
consistent with the schemes accepted for other electrophilic aromatic substitutions. 

The rates of simultaneous loss of T and D from 1,3,5-trimethoxybenzene was 
studied by Batts and Go ld  (1964). I n  DzO-DC104 solution the loss of T is 1.68 
times faster than in HZO-HC104 solutions of the  same acid concentration. In  
deuterated acetate buffer solution the  acetic acid-catalysed reaction is slower than 
in light medium. Three isotopes of hydrogen as tracers in different pairwise 
combinations have been used also by Kresge and Chiang (1967a) and Kresge, 
Chiang and Sat0 (1 967)  t o  study the acid-catalysed aromatic hydrogen exchange in 
1,3-di- and 1,3,5-tri-methoxybenzene (Kresge and Onwood 1964). T h e  medium 
D 2 0  effect on  the detritiation of 1,3,5-trimethoxybenzene-2-t and azulene- 1-t was 
also studied (Kresge, Sagatys and Chen 1977). The  D-H isotope effects in reaction 
( 13 I ) ,  with k slow and ArH = 1,3,5-trirnethoxybenzene, was found to  be k y / k f  = 

k l  k 2  

2.93 k 0.07 and k y / k p  = 6.68 k 0.1 8 (Kresge and Chiang 1962). The secondary 
hydrogen isotope effect on hydrogen ion transfer from the hydronium ion was 
found to be (kH/kD)sec  = 0.59 k 0.01 at 25'C (Kresge, Onwood and Slae 1968). 
Deuterium isotope fractionation between water and solvated protons was deter- 
mined by Heinzinger and Weston (1964)  (Kreevoy 1976).  In a s tudy of D-H 
exchange in 1,3,5-(Me0)3C6H3, P h z O ,  PhSMe, PhMe, PhEt, and 0-, m- and p -  
xylene, catalysed by MeSOCH2-M, where M = Li, K ,  Cs, the kinetics of isotopic 
exchange were found to  depend on the size of the catalyst cation (Shapiro and 
coworkers 1976). Me2S and Et,S exchange readily their a-hydrogens with 
(CD3)ZSO in the presence of sodium at 100°C, while Si(Me), did not  exchange 
under similar conditions (Price and Sowa 1967).  The catalytic deuterium exchange 
between ethers and deuterium on metal films was investigated by Forrest, Burwell 
and Shim (1 959)  and Clarke and Kemball (1 9S9). The main exchange products of 
Et,O and P r 2 0  were C z D 5 0 C 2 H 5  and C3D7OC3l-17 respectively. 

The rate of OD--catalysed exchange of protons o i  weak acids including 
M e O G C H  and p-h4eOC6 H4CECH has been investigated in dimethylformamide 
solutions containing D 2 0  and Et3N (Dessy, Okuzumi and Chen 1962). T h e  literature 
concerning D/H and H/D exchange in methoxyacetone, CH30CI32 COCM3, 
has been reviewed by Lamaty ( 1  976).  Titanium complex-catalysed hydrogen- 
deuterium eschange between gaseous D 2  and anisole was investigated by Shur and 
coworkers ( 1975).  Infrared absorption of anisole-4d was studied by Thiers and 
?Chiers (1952).  In the course of isomerization of alkyl ally1 ethers t o  alkyl cis- 
propenyl ethers in refluxing r-BuOD in the presence of potassium r-butoside,  the 
deuterium incorporates into the methyl position of the propenyl group (equation 
132) (Broaddus 1965). Alkyl cis-propenyl ethers d o  not  undergo deuterium 

H'Ar 4- H+-(H20),, - H'ArH' + I?  H20 - ArH + H'+-(H,O), (131) 
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I -BuOD 
ROCHzCH=CH, + KO-Bu-t - ROCH=CHCHpD (132) 

exchange under the same conditions. The  exchange accommpanying the isomer- 
ization proceeds through the ally1 anionic intermediate which protonates yielding 
the more stable alkyl cis-propenyl ether (equation 133).  

H H  
fas t  ( k l )  I I k 2  

slow ( k - , )  k - 2  
ROCH2-CH=CHZ + -0 -Bu- t  - ROC-C-CH? - F==== 

H H  

1133) 
I t  

ROC=C-CH3 

k ,  > kp.  k - 2  > k-1 

Detailed kinetic studies of deuterium exchange between fluorene-9d and p -  
MeOC6H4COMe, t-BuOH and indene in the  presence of t-BuOLi in different ethers 
have been carried o u t  by Shatenshtein, Bessonov and Yakovleva (1965) and 
Shatenshtein and Gvozdeva ( 1  965),  with the aim of revealing the relative solvating 
capacities of the ethers and their effect o n  the polarity of the Li-0 bonds. The 
kinetics of hydrogen-deuterium exchange of numerous ethers and sulphides having 
the general structure RXCD3, where X = S, 0 in liquid NH3 or ND3 as solvents and 
K N I i z  as catalyst has been investigated by Shatenshtein, Rabinovich and Pavlov 
(1 964a,b), Shatenshtein, Bessonov and Yakovleva ( 1  965),  Shatenshtein and 
Gvozdeva (1965) and Gvozdeva and coworkers (1969).  In general the rates of 
deuterium exchange in RSCD3 compounds were much higher than in C6H6 or in 
PhOCD3, PhN(CD3):! and p-Mez NC6H40CD3 due ro expansion of the electron 
shell of sulphur by transfer of s electrons in to  the 3d orbitals. The  deuterium exchange 
rates and acidities decreased in RXCD3 compounds in t h e  order X = S > 0 > N. The 
rate constants of deuterium exchange of Mez S, PhSCD3, p-Mez NC6H4SCD3, 
PhSCDzMe and PhSCDMe2 with KNHz in liquid NH3 are: 2 x 10-4s-1  at O°C, 
1 x lO-'s-' at  -6OoC, 2 x 10-3s-' at -30°C, 3 x 10-3s-1 at  -3OOC and 3 x 10-5s-1 
at  -3OOC. Further studies of the hydrogen exchange between sulphides CD3SR, 
where R = PhCH:! , Me, t-Bu, c-Hex, c-Pe and Ph, in liquid NH3 catalysed by KNHl, 
showed tha t  the relative rates of exchange are 2 .3 ,40,  5 5 0 , 6 0 0  and 1 O6 respectively 
(Gvozdeva and coworkers 1969). The fast exchange in the case of CD3SPh was 
explained by phenyl participation on the carbanion stabilization. In a solution of 
KNHz in liquid NH3 the D-exchange rate constants of 0-, m- and p-DC6HqSMe 
were 2.2 x 10-4s- ' ,  3.7 x 1 0 - 4 ~ - '  and 1.2 x 10-4s-1 respectively.TheD-exchange 
rate constants of 0- and P-DC6 134 SMe in glacial HOAc containing 2 mole % H:! SO4 
were found t o  be 1.8 x 10-6s-1 and 6.4 x 1 O - 6 s - 1 ,  respectively, and the ratio of 
these rate constants t o  the corresponding rate constants for D-exchange in C6H6 
were I10 and 390, respectively. The rate of detritiation of the  ovrlzo position of 
PhSMe in CF3-COzM at  70°C was investigated by Taylor and Bailey (1971). 
Deuterium and tritium isotope effects in the exchange reaction of CF3C02H with 
durene, 1,2,4,5-C6 HZ (CH3 )4 ,  and 2,5-di-t-butylthiophene have been determined in 
n-hexane, liquid SO? and sulpholane and found to  be in the range k D / k T  = 1 . I  -1.7 
(Serebryanskaya and coworkers 1973). Kinetic isotope effects, k T / k D ,  in the 
heterogeneous exchange of D and T in the 2- and 3-positions of thiophene with 
hydrogen in aqueous sulphuric acid are 0.5 1 4 0.03 and 0.59 t 0.04 correspondingly. 
The specific rate constants, expressed in 11-' for  deuterium exchange in 57% 
aqueous H:! SO4 a t  24.6OC are equa! to 1.40 * 0.03 for thiophene-2-d and 0.001 34 
for thiophene-3-d (Ostman and Olsson 1960). 
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T h e  kinetics of hydrogen exchange at  "go) in 3,5-dimethylisoxazole was 
C (equation 134) (Setkina and 

H((MMe + D,SO, Me-C N + HDSO, (134) 

Soko!ov 1964). At  3OoC and 50°C the  rate constants of exchange are 4 x lo-'  s - '  
and 6 0  x lo- '  s-' respectively. T h e  initial rates of deuterium reversible exchange 
between D2 and hydrogen at  the para position of PhCN-K+ ion radical salt, 
obtained in the reaction of benzonitrile (10-4--10-2 M ) ,  with alkali metal in ca. 
80  cc of dry tetrahydrofuran, monoethylene glycol dimethyl ether,  diethylene 
glycol dimethyl ether, triethylene glycol dimethyl ether or benzonitrile (in the  
temperature range from -20 to +50°C) were found to depend strongly on the  
nature of the ether (chelating solvents) used (lchikawa and Tamaru 1971). The  
action of the chelating solvents was attributed to  the solvation of alkali cations 
leading t o  a wide separation between anion and cation centres in the complex 
molecule and thus preventing the development of favourable conditions for t h e  
hydrogen activation. 

The kinetics of racemization and the kinetics of deuterium isotopic exchange of 
optically active 4-biphenylyldeuterio(methoxy)phenylmethane (31) in t-butyl 

investigated in D z S 0 4  or  CF3C02D at 20-7 

'0' 

(31 1 

alcohol-o-d-potassium t-butoxide have been investigated (Kollmeyer and Cram 
1968). At 1lG"C the rate constant for isotopic exchange with retention was 3 3  
times larger than that  f o r  isotopic exchange with inversion. The kinetic isotopic 
effect for  racemization in deuterated solvent was ( k " / k D ) ,  = 2.7 a t  116°C. The 
presence of a crown ether changed greatly the rate and the stereochemical course of 
the r-BuOK-catalysed reaction in t-Bu0I-l solution, leading to H-D exchange (Cram 
and Roitman 1971).  A t  70°C in the presence of the crown ether ( k e x . / k r a c , )  = 1, 
while in the  absence of ether  this ratio was 46. 

The stereochemical course of the H-D exchange reactions of 2-phenylbutane, 
2-phenylbutane-2-d, 1-phenyl-methoxyethane and I-phenylmethoxyethane-1 -d 
have been investigated by infrared analysis, with f-BuOK as base, in deuterated and 
ordinary t-BuOH (Cram, Kingsbury and Rickborn 1961). In t-BuOH the exchange 
proceeded with 97% net retention of configuration in contrast to Me2S0 where 
1OOL;'o racemization occurred. Substitution of sodium for potassium r-butoxide 
hardly changed the rate constant in t-BuOH but in Me2 SO depressed it by a factor of 
100. The rates in t-BuOI-I were much slower than in Me2 SO. 

The stereochemistry of the base-catalysed H---D exchange and elimination of 
three D-labelled I-methoxyacenaphthenes was also investigated (Scheme 1 1 ). In 
r-butyl alcohol with t-butoxide as base the sterochemistry of both exchange and 
elimination depends on the nature of the cation. Li' gave cis reaction only, while 
Me4N+ and K+-cro\vn ether  gave trans reaction. Cs' and K' gave intermediate 
results, which were explained in terms of the coordination of h4* cation- base ion 
pair of t h e  oxygen of the methoxy group of substrate (Hunter and Shearing 197 1, 
1973). Both exchange and elimination proceed through a carbanionic intermediate. 
Exchange occurs predominantly a t  the 2-position. The kinetic isotopic effects, 
k ~ / k ~ ,  where kH is the rate of elimination from I-methoxyacenaphthene, and k~ 
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a - - 

00 00-00 
SCHEME 11. 

is that f rom 1-methoxy-d3-l,2,2-trideuterioacenaphthene, in f-butyl dlcohol with 
Cs+, K+ and K+-crown ether fall in the range 1.6- 1.8. 

The Et3N-promoted E IcB elimination of H F  from PhSOzCHD-CHF-SPh, was 
found to  be syn-stereospecific and led t o  the formation of trans-PhSO2CH=CHSPh 
and trans-PhSOzCD=CHSPh(Fiandanese, Marchese and Naso 1972). Primary 
isotope effect  ( k ~  / k ~  and k ~ / k ~ )  determinations showed that internal return is 
negligible in the isotopic exchange of the diastereotopic proton of PhCH2SOMe 
(equation 135) and but is dominant in the bridged biaryl sulphoxide 32 (in 

0 
t 

(32) 

t-BuOD). The  k y / k :  ratio in benzyl methyl sulphoxide was found to be 3.2,  while 
the low values for  k ~ / k ~  of 1.21 and 1.41 were obtained for  isotopic exchanges at  
H ( 1 )  and H ( 2 )  using stereoselectively tritiated samples of bridged biaryl sulphoxide 
(Fraser and N g  1976). 

0 0 0 
t k l  k 2  t t 

PhCHSCH3 PhCHSCH, - PhCHSCH3 - PhCHSCH3 (135) 

I I k l  

H H P\ P\ D 
0 D I D D  I H D  

0-0 D-0  
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6. 1 8 0 ,  5S and 6CI Exchange Studies 

0-enriched water has been studied 
in basic, neutral and acidic conditions (equation 136) (Beak and Carls 1964;  Ichimoto, 

T h e  exchange reaction between Y -pyrone and 

Kitaoka and Tatsumi 1966). In basic medium twice as much of t h e  0 was incor- 
porated in to  Y-pyrone as in neutral and acidic media. It has been concluded therefore 
that " 0  incorporates into the ring of Y-pyrone through a HOCH=CHCOCH=CHOH 
intermediate. T O  confirm the above assumption a similar 0-exchange study was 
carried out  with 4-thio-Y-pyrone and the same profile of the 8 O  content as a 
function of pH was obtained as in the previous study. 

The  rate of the thermal 35S isotope exchange between organic sulpliides and 
thiols, proceeding according to  the radical mechanism, has been investigated 
(Obolentsev and Nikitin 1965). T h e  rate of t h e  RS radical exchange between 
sulphides and thiols depends only on the concentration of the  sulphides. Fast 
exchanges occur between long-chain sulphides and normal thiols of low molecular 
weight. Secondary and  tertiary thiols exchange at  slower rates. Disulphides are 
formed during the heating of sulphides with thiols. The exchange between radio- 
active sulphur in xylene solution and tetramethyl thiuramdisulphide, tetramethyl 
thiurammonosulphide and 2-benzothiazolyl disulphide proceeds in t w o  consecutive 
steps (Azami and Shizuka 1965). In the first step the S---S bonds dissociate into 
radicals which then react with *S atoms. In the case of the monosulphide the 
radicals are formed by dissociation of the C-S bond. 

Isotopic exchange between 35 S-urea and N-substituted thioureas in EtOH and 
EtOII-C6H6 mixtures a t  105°C on paper (Marcotrigiano and Battistuzzi 1 968) 
proceeds- through a cyclic arrangement- (33) like the 3 5 S  isotope exchange in 

(33) 

thiurams and dithiocarbamic acid esters (Kuzina and Gur'yanova 1959). The 
exchange rate increases with the number of sulphur atoms in the polysulphide 
bridge. The  two middle sulphur a toms in tetramethylthiuram tetrasulphide are 
more readily exchanged than the sulphur atoms bound also to  carbon. Substitution 
of aliphatic radicals for  phenyl radicals in thiuram disulphides lowers the exchange 
rate. T h e  exchange of sulphur in S-labelled polysulphides has also been studied by 
Koros and coworkers (1  960). Hydrothermal exchange and fractionation of sulphur 
isotopes with inorganic sulpludes was studied by Schiller, Von Gehlen and Nielsen 
( 1  970). Secondary deuterium isotope effects in the reaction of chloromethyl 
phenyl sulphides and ethers with labelled chlorides indicate the looseness of the 
transition state (Tanaka, Kaji and Hayami 1972). Substituted 3-phenylethyl 
chlorides seem to  react through a more closely held transition state. 
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V. ISOTOPIC STUDIES OF COMPLEXES WITH ETHERS AND SULPHIDES 

Polaczek and Halpern (1 963)  have shown that addition of diethyl ether and other  
electron-donor substances such as HzO, EtOH, BuNHz caused strong blocking of 
isotopic exchange between MI 3 1  13  and RI ,  where M = Al, Ga or  In and R = Me, Et  
or  Pr, due t o  formation of complexes with M I 3 .  Infrared and Raman spectra of 
normal and perdeuterated complexes of trans-palladium(1 1)L2 X 2 ,  where 
L = methyl sulphide and methyl-d3 sulphide and X = chloride, bromide and iodide, 
have been studied and the distortion of the ligand around the PdS bond has been 
revealed (Tranquille and Forel 1975). It has also been found that thiomethyl ethers 
coordinate weakly to Fe( 1 1 )  porphyrins (Castrio 1974). 

Deuterium, chlorine and oxygen isotope effects in the isotope exchange distillation 
of dimethyl ether hydrochloride (equations 137- 139) have been determined at 

(CH3I2O'HCI 4- DCI (CH3),0.DCI + HCI (137) 

(CH3)z0.H35CI + H37CI (CH3),0.H37CI + H 3 k I  (138) 

-1 1 t o  O°C. The separation factor Q for deuterium equals In a =  0.432-(105.4/T); 
for oxygen-18 (which concentrates in the liquid phase) it is 1.006 * 0.003, and for 
chlorine isotopes it is below 1.002, i.e. within the experimental error (Cuker and 
Ribnikar 1962). 

Infrared spectra of DC1 with various aliphatic ethers in the gas phase have been 
recorded and interpreted by Bertie and Millen (1 965). Examination of the spectra 
of solutions of HNCS and DNCS in inert solvents with ethers revealed frequency 
shifts similar t o  those observed with HC1 and HBr (Barakat, Legge and Pullin 1963). 

Infrared spectra involving hydrogen bonding of MeOD with ethers such as EtZO, 
EtO(CHz)z0h4e, iLleO(CHz)20(CH2 ),OMe, etc., have also been reported 
(Ginzburg, Petrov and Shatenshtein 1964). The  enthalpies of formation of ether 
(EtzO,  P r 2 0 ,  BuzO, etc.)-hydrogen halide (HCl, HF) complexes have been deter- 
mined by calorimetry (Dunken, Fischer and Zahlten 1961). 

Using already published vibrational frequencies it has been demonstrated that 
boron trifluoride coordination compounds with dimethyl ether and dimethyl sul- 
phide can be used to separate oxygen and sulphur isotopes (Fonassier and Forel 
1973). T h e  calculated equilibrium constants K for (140), where i t  = 18 and 17, at 

Me2'60.BF,(I) + Mez"O(g) e MeZn0.BF3(l) + M e z ' 6 0 ( g )  (140) 

250 400 K ,  are 1.017-1.039 and 1.008-1.019 for l 8 0  and 170 respectively. In 
the case of dimethyl sulphide the equilibrium constants of the exchange reaction 
(141), where m = 34 and 33, respectively, are found to be K = 1.0035-1.0085 and 

Mez32S.BF3(I) + MezmS(g) MezmS.BF3(I) + MeZ3%(g) (141) 

1.001 8-  1.0043 in the same temperature interval. Calculated B-I * B equilibrium 
separation factors for the reaction (1 42)  are K = 1.029- 1.048 and 1 .O 18- 1.04 1 for 

Me2X.1'BF3(1) + l0BF3(g) -- Me2X.10BF3(1) + "BF3(g) (142) 

X = S and S = 0 respectively. Equilibrium constants for the exchange reactions of 
the type shown in equation (143) where Do = donor, have been extensively investi- 
gated by numerous research groups (Palko and Drury 1967; Nahane and lsomura 

'OBF3(g) + "8F3.Do(I) "BF3(g) + 'oBF3,Do(I) (143) 
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1966;  Knyazev and coworkers 1970; Voloshchuk and coworkers 1973; 
Voloshchuk, Katal’nikov and Knyazev 1974 ;  Voloshchuk, Karetnikov and co- 
workers 1974; Voloshchuk, Katal’nikov and coworkers 10974). The equilibrium 
constants for this reaction depend on the donor ,  and at 30 C the following order 
has been observed: 

Et2S > Me2S > Me2% > Bu2S > E t 2 0  > PhOMe > M e 2 0  > (CH,),O > Ph20 > Et,N 

(Palko and Drury 1964, 1967).  Palko (1 965) also investigated the coordination of 
compounds of PhzS  with BC13, which was found t o  be stronger (AH= - 
8.7 kcal/mol, T (K) = 3 1 1.2-325.3, m.p. = 42OC) than BC13-Phz0 (AH = -- 

5.32 kcal/mol, m.p. = ca. 4OC). Boron trifluoride complexes with many aliphatic, 
haloaliphatic and aromatic ethers and other  Lewis bases have been investigated 
isotopically by Katal’nikov and Kung (1 965). Katal’nikov, Pisarev and Oistach 
( 1  97  l ) ,  Voloshchuk, Katal’nikov and Knyazev ( 19741, Voloschuk, Karetnikov and 
coworkers (1 974) and Voloshchuk, Katal’nikov and coworkers ( 1974). In the case 
of the  BF3- (FCH2CHz)z0  system the average boron distribution coefficients were 
found t o  be 1.048, 1.044 and 1.042 at  5 ,  1 5  and 25”C, respectively (Katal’nikov, 
Pisarev and Oistach 197 1 .  The  B/’  B and  80/1 6 O  separation factors were 
studied with (CH3)zO*BF3 (United Kingdom Atomic Energy Authority 1962). 
Elementary separation factors for  the exchange distillation of the Mez O-BF3 
complex has also been determined by Kaminski, Karamyan and Partsakhashvili 
( 1967), Bondarenko ( 1  967), McGahan (1968),  Palko, Begun and Landau (1 962) and 
R iede l ( l965) ;  the equilibrium constant of the reaction (144)  at 100°C is K = 1.027 
(Vlasenko and coworkers 1964).  

Me20.11BF3 + ‘OBF, Me20.’0BF,+ ”BF, (144) 

Boron isotope separations usiiig boron trifluoride complexes with anisole and 
phenetole have been studied by Panchenkov, Makarov and Pechalin (1 960, 196 1, 
1962),  Makarov and Panchenkov ( 1961, 1963a,b), Makarov and coworkers (1 968), 
Kulicke, Kretzschmann and Schmidt (19621, Katal’nikov and Paramonov (1 9661, 
Katal’nikov, Paramonov and Nedzvetskii ( 1  967),  Katal’nikov, Nedzvetskii and 
Voloshchuk (1 969) and Katal’nikov, Dmitrevskaya and Voloshchuk (1 970), 
Merriman, Pashley and Snow ( 1966), Merriman, Pashley and Smiley (1 968),  
Pechalin and Panchenkov ( 1967),  Voloshchuk, Katal’nikov and Knyazev ( 1  974), 
Voloshchuk, Karetnikov and coworkers ( 1974)  and Voloshchuk, Katal’nikov and 
coworkers (1 974). The BIT3 complex with PhOEt was found to  be more stable than 
that  with PhOIvle. 

Boron tribromide has been used for demethylation of aryl methyl ethers 
(McOmie, Watta and West 1968). The deuterium isotope effect in the BF3- 
catalysed rearrangement of 2-methyl- 1 ,2-epoxypropane was 1.92 (Blackett and 
coworkers 1970).  Titanium isotope effects in the distribution of Ti--HSCN com- 
plexes between water and ether  were measured by Kuznetsova, Zakurin and Nikitin 
(1  962). 

VI. ISOTOPIC COMPOUNDS USED IN CANCER STUDIES 

Sulphur-35-labelled methylene blue synthesized by Panasiewicz and coworkers 
(1978)  has been applied by Link, Kydzy and Lukiewicz (1979)  t o  cancer studies. 

T c + ~ ,  
1 1 1 1 n + 3 ,  2 0 1 T l + 1 ,  2 0 3 P b + 2  and especially 2 0 3 H g ( ~ l ) ]  purging ability by several 
side-chain-substituted tetrathiacyclohexadecane ligands have been undertaken 

Polythiaetlier complexation and biotransport studies of radionucleide [ 
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recently by  Ochrymowycz, Mak and Michna (1  9 7 4 )  and Ochrymowycz  ( 1  978) .  
Macrocyclic polythiaethers were found  t o  have presumptive activity in t h e  
Leukaemia P338 test system. 
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1. INTRODUCTION 

Early workZ OD. t.hc tnermal decomposition of alcohols consisted experimentally of 
passing the  vapour through a ho t  tube or  over heated solids, e.g. glass, pumice; 
alumina, etc.  I t  seems likely tha t  in these in\restigations reaction was  taking place on 
t h e  surface, o r  t ha t  because of t h e  ubiquitous presence of oxygen, decomposition 
was to some ex ten t  being induced by a preliminary oxidation process. Reactions of 
alcohols on active surfaces have now been extensively i n ~ e s t i g a t e d ~ ' - ~ .  Metals and 
metal oxide semiconductors such as zinc oxide  favour dehydrogenation, whilst 
mcta l  oxide insulators such as alumina Aid acids such as phosphoric acid favour 
dehydration. Surface reactions in general have been discussed earlier in this series5. 

This  review will be confined mainly to t h e  homogeneous, gas-phase processes 
that occur in vessels whose walls have been suitably treated t o  suppress hetero- 
geneous reaction ( the  'static method') ,  and in flow systems and  shock tubes6a.b. 
T h e  static method,  developed in the  193Os, involves conditioning of the surface by 
the  reaction itself o r  by o ther  suitable material until reproducible results are 
obtained. T h e  reaction is of ten  followed by pressure change detected by a sensitive 
membrane tha t  also isolates t he  reaction from the  measuring device. Mass spectro- 
me t ry  and gas chromatography in particular have made  possible the numerous  
analyses necessary for  a proper s tudy  of the mechanism, and have also led t o  the 
detection of products  formed only in small amounts.  

Recently the  shock tube  has led to  the isolation of primary processes albeit a t  
higher temperatures'. F o r  example,  in order t o  determine the  effect  of a neighbour- 
ing hydroxide group on the  rate of C---C bond cleavage, Tsang has  investigated the  
shock-tube decompositions of 3,3-dimethylbutan-2-ol and  2,3-dirnethylbutan-2-01 
and  has derived the  rate of primary bond fission for various primary processes. 

T h e  independent production of atoms o r  radicals and  investigation of their 
reactions in flow systems has led to  detailed information about  t h e  rates of 
elementary reactions, and  facilitated the s tudy  of fast reactions. For example,  at  
almost every collision and wi th  little activation energy, oxygen atoms insert in to  
the  CH bonds of hydrocarbons t o  form alcoholss. As the  reactions are exothermic  
t h e  resulting alcohol molecules are 'hot', i.e. vibrationally excited and chemically 
zctivated, and  decompose quickly unless stabilized b y  collisions. For CM 3-OH, 

CH3 -C(CH3 )Z OH, (CI-I3 )3C-OH and VH2 CHZ CI-iz CH? CHOZ the kinetics 
C H ~ - C H Z O H ,  CzHs-CHzOH, (2113 --CH(CH3)C>H, (CH3)2 CH-CHIOH, 

of dissociation in to  t w o  radicals a t  the  bond indicated has been elucidated. The  A 
factors,  10' -10' s - l ,  due  
t o  t h e  formation of 'loose' activated complexes. Fo r  excited t-butanol the  products, 
C H 3  and  (CH3)zCOH, are different from those of the  thermal decomposition, viz. 
isobutene and  water. This homolytic fission is considerably faster t h a n  the  
dehydration reaction, bu t  calculations show t h a t  for thermally activated t-butanol 
a t  7OO0C, fission in to  free radicals would be relatively unimpor tan t .  These insertion 
reactions are thus  not representative of normal thermal decompositions. Sulphur 
a t o m s  undergo similar insertion reactions with paraffins, olefins a n d  acetylenes and 
these reactions and the  decompositions of the  excited species formed have been 
revieweti9 9 '  '. 

Under  the normal conditions of thermal activation. i n  general primary alcohols 
undergo  decomposition by radical o r  atom chain mechanisms. Usually initiation is 
rup ture  of the  C--C skeletal structure and the  chain carriers are methyl radicals or  
hydrogen a toms.  Abstraction of hydrogen from the substrate may lead to aldehydic 
products,  and these are generally less stable than the parent alcohols, so tha t  carbon 

s-* , are much higher than  the  normal value of 10' 
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monoxide and hydrocarbon are the final products. For  tertiary alcohols, molecular 
mechanisms compete with radical chains, and dehydration is the predominant 
process a t  moderate temperatures. Decompositions of secondary alcohols occupy 
an intermediate position. 

Some of the differences between the  reactivities of alkanethiols, alcohols and 
halides can be accounted for  in terms of the thermochemical data listed in Table 1. 
In general, the greater tendency for thiols to  decompose by radical rather than 
molecular mechanisms can be attributed to  the relatively small C-SH bond energy. 
This enhances radical initiation. For  instance, with primary alkanethiols and 
primary alkyl bromides the differences between activation energies for molecular 
elimination of H z S  and HBr, and the bond energies for C-SH and C-Br, are 
similar. Thus thiols may be expected t o  exhibit both molecular and radical mech- 
anisms of pyrolysis as d o  primary alkyl bromides. 

For alcohols and halides the trend of radical t o  molecular mechanism with 
change of primary to tertiary alkyl structure is a consequence of a lowering of the 
activation energy for molecular elimination without concommitant change in the  
energy necessary to  initiate radical reaction. This lowering of molecular activation 
energy is not  exhibited by thiols and this makes it more difficult to decide on the 
nature of the maximally inhibited reactions of these compounds. 

Initiation of chains in alcohol decompositions is usually considered to  arise from 
C-C rather than C-OH bond fission. For  halides and thiols, however, decreased 
bond energies make C-X and C-SH fission the likely initiation reactions. 

The course of radical decompositions of alcohols and thiols is governed by the 
rates of the various elementary processes. Ultimately the complete elucidation of 
these mechanisms will depend on a knowledge of the rates of the individual 
reactions involved. A substantial amount  of information has been built up, par- 
ticularly over the  past twenty years and there are many reviews, some of which 
have been listed' Isotopic labelling assists greatly in this work, for example 
rates of abstraction of H or  D atoms from simple alcohols by CH3 or CD3 radicals 
have been listed in one review24. 

In the following sections individual decompositions are discussed in detail. 

II. ALCOHOLS 

A. Methanol 

Since elimination of olefin is not possible and since there are n o  carbon-carbon 
bonds and no  easily abstractable hydrogen atoms, methanol is stable t o  higher 
temperatures than other alcohols. Decomposition occurs above ca. G3OoC to yield 
principally hydrogen and carbon monoxide in the ratio ca. 2 : 1 .  In 1934, using the 
static method, Fletcherz9 detected and measured small, almost stationary, amounts 
of formaldehyde present during decomposition and interpreted the results in terms 
of a two-stage process (equation 1). Only a small surface effect was observed and 
the activation energy was found to  be 68 kcal mol-'  . 

CH30H - H2 + HCHO - 2H2 + CO (1 )  

Recently Aronowitz, Naegeli and G l a s s ~ n a n ~ ~ ,  using an adiabatic turbulent flow 
reactor at 797-952°C have shown that in addition t o  formaldehyde small amounts 
of CH4, C Z H 6 ,  CzH4 and traces of CzH2 are formed in the decomposition. A 
1 g-step, radical chain mechanism was proposed involving formaldehyde as an 
intermediate, abstraction by methyl radicals and hydrogen atoms as the main 
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propagating steps, and CH20H and HCO as the principal p-radicals. Initiation was 
considered t o  be bimolecular and termination t o  be through combination of methyl 
radicals a t  low temperatures and hydrogen atoms a t  high temperatures. Hydrogen 
was observed t o  promote and methane to  inhibit reaction, both effects being 
consistent with the reaction scheme postulated. 

The decomposition of methanol is not  sensitized by decomposing acetaldehyde 
presumably because of the relative ease of  abstraction of the aldehydic hydrogen 
atom. The decomposition is, however, sensitised by radicals produced from other 
sources, e.g. from ethylene oxide at 465"C3 . Hydrogen chloride does not  catalyse 
the radical decomposition of methanol as it does of dimethyl ether but forms 
methyl chloride at 450°C32.  

B. Ethanol 

Homogeneous decomposition of ethanol occurs above ca. 520°C by a pre- 
dominantly radical chain mechanism t o  give hydrogen, acetaldehyde, carbon men- 
oxide, methane, water, ethylene and ethane as the major products. Acetaldehyde is 
unstable a t  these temperatures and rapidly breaks down t o  methane and carbon 
monoxide. 

All of the  three major studies reported were carried out  in static systems with 
reaction followed by pressure increase and chemical analysis. The first, at  525°C 
only, was made by Freeman33 in connection with his extensive study of the 
decomposition of diethyl ether where ethanol and ethylene were significant pro- 
ducts, particularly in the  inhibited reaction. The decomposition followed a first- 
order rate law. Products were analysed by mass spectrometry and gas chromato- 
graphy and hydrogen, acetaldehyde, methane, carbon monoxide and ethylene 
found to predominate initially. The relative amount of ethylene was greatly 
augmented in the presence of nitric oxide. A chain reaction of the pp-type with the 
various possible /3-(CH3, H, OH) and p-(CH3CHOH, CH2CH20H, C H 2 0 H )  radicals 
was inferred. Initiation by C-C fission was proposed and some molecular elimi- 
nation was considered t o  occur. 

in 
1959 over the temperature range 576-624°C. Dehydration was unimportant. As a 
trace of formaldehyde was found in the  products the authors chose for initiation 
the reaction shown in equation (2). Since methyl radicals from decomposing 
acetaldehyde did n o t  sensitize the decomposition and methane was not  an initial 
product whereas hydrogen was, a hydrogen atom chain was accepted (equation 
3). Some polymer was also formed and it was suggested that this arose from an 
alternative decomposition of the p-radical (equation 4).  As the kinetic form was 

A systematic study of the  decomposition was made by Barnard and 

CH3CH20H - CH3 + CHPOH ( 2 )  

H + CH3CH20H - H2 t CH,CHOH ( 3 a )  

(3b) 

CH3CHOH - C2H,O + H (4a)  

(4b)  C, H 4 0  - polymer 

first order in initial pressure of ethanol. pp-termination was inferred. 'fhe rate 
constant was given by k = 1 O ' O . O  exp(--46,20OlRT) S - l .  

The decomposition of ethanol in the presence Of Sufficient nitric oxide to 
produce maximal inhibition has been studied by hfaccoll and Thomas3'. Because 

CH3CHOH - CH3CH0 -1- H 
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acetaldehyde production was inhibited more  than  ethylene elimination and  as 
this elimination accounted fo r  80% of t h e  maximally inhibited reaction, they  
proposed a residual molecular reaction producing ethylene with ra te  constant 
k = 1.1 x 1 O-' s-' a t  525OC. 

C. Propan-1-01 (n-Propanol) 

over t h e  temperature range 570-622°C and found to  be a first-order process with 
rate constant given by k = 10' O o 9  exp(-49,950/RT) s - l .  The initial products were 
mainly methane  and acetaldehyde with very little hydrogen and  n o  propion- 
aldehyde. Minor products  were carbon monoxide,  hydrogen, formaldehyde, ethane, 
ethylene,  propane, propene and water. This indicates a complex chain reaction, in 
which t h e  p-C---C bond must  be broken. The  chain process suggested was as shown 
in equat ion  (5) with acetaldehyde subsequently decomposing t o  methane  and  
carbon monoxide.  

CH3CHZCHzOH + H - CH4 + CHZCHZOH (5a)  

The  decomposition of n-propanol was investigated by Barnard and  

CH,CHO + H 

polymer + H 
CHZCHzOH 

( 5 b )  

In view of recent values of bond energies, however, abstraction of methyl  radical 
by a hydrogen a t o m  may be unlikely and the chain process shown in equation (6 )  
appears to be a possibility. 

CH3 + CH3CHZCHzOH - CH, C CH3CHZCHOH 16a) 

CH,CH,CHOH - CH, + H,C=CHOH (6b)  

HZC =CHOH - CH3CHO (6c)  

For t h e  decomposition in the presence of nitric oxide Maccoll and  Thomas35 
found  a homogeneous,  molecular reaction of first-order kinetics with rate constant 
k = $01 3 . 6 4  exp(-66,800/RT) s - l .  

D. Propan-2-01 (Isopropanol) 

For  isopropanol. studied by B a r r ~ a r d ~ ~  over the temperature range 524-61 5OC. 
the  pressure change corresponded t o  reactant lost over the initial 20% of decom- 
position. Plots of initial rate vs. pressure gave good straight lines with rate constants 
obtained from these slopes represented by k = 106.6 exp(-34,000/RT) s - l .  The  
activation energy a n d  A factor are much lower than those for primary alcohols. The  
initial p roducts  were mainly acetone and hydrogen, acetone subsequently de- 
composing to  ke tene  and further products (equation 7). The decomposition is a 
radical chain process and fo r  the propagating steps Barnard suggested that (3p-termi- 
nation provided the  first-order kinetic form. 

H + CH3CHOHCH3 - CH3COHCH3 + H2 (7a) 

(CH,),CO -I- H 

Polymer + water + H 
CH3 CO HCH, 
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Dehydration, which is no t  in large proportion when the isopropanol decomposes 
on its o w n ,  was observed by Barnard, and  more  recently by  Maccoll and  Thomas35 ,  
t o  predominate in the  presence of nitric oxide. Maccoll and Thomas  considered the 
maximally inhibited first-order reaction to be molecular. Its rate constant was given 
by k = 10' 3.70 exp(-64,50C/RT) s - l .  

E. Butan-I -01 (n-Butanol) 

Barnard3* also studied the decomposition of n-butanol which decomposed at 
573-629OC in a first-order manner  with k = 10' 2 . 2  exp(-56,7OO/RT) s-l t o  give 
principally carbon monoxide,  formaldehyde, methane and hydrogen with smaller 
a m o u n t s  of ethane, ethylene,  propane and propene. Methyl radicals formed from 
the decomposition of n-propyl radicals carry on the  chain and  the  presence of 
formaldehyde indicates t he  breaking of t h e  a-C-C bond. T h e  chain-carrying 
mechanism was considered to be as i n  equat ion  (8). 

CH3 3- CH,CH,CH,CH,OH - CH4 CH3CH,CH2CHOH (8a) 

CH3CH2CHzCHOH - CH,CH,CH, + HCHO 18b) 

CH3CH2CH2 - CH3 f CZH, (8c) 

- 

F. 2-Methylpropan-2-01 (t-Butanol) 

The gas-phase decomposition of 2-methylpropan-2-01 to 2-methylpropene and 
water  was first investigated by Schultz and  K i ~ t i a k o w s k y ~ ~  in 1934 over the 
temperature range 487-5 55OC and found  to be homogeneous and  first-order with 
rate cons tan ts  given by k = 1014.68 exp(-65,5OO/RT) s - l .  A unimolecular mech- 
anism was proposed. Barnard4' extended the  temperature range t o  620°C and 
carried o u t  a careful analysis of the products.  He observed products in addition to  
2-methylpropene and  water,  bu t  concluded tha t  these arose f rom subsequent 
decomposition of the 2-metliylpropene. He confirmed the  first-order nature of the 
decomposition but  obtained rates somewhat  lower than those of Schultz and 
Kistiakowsky and  accounted for this in terms of more  complete ageing of the 
reaction vessel, Kate constants were given by  k = 10' l e S 1  exp(-54,500/RT) s - l .  
Two  fur ther  studies in static systems by Maccoll and  Thomas35 and  by Johnson4 
have provided fur ther  evidence tha t  the principal reaction is unimolecular 
decomposition. Molecular rate constants in these two  studies were given by 
k = 101 3 . 2  exp(-60,400/RT) s-l and k = 10' 3 . 6  exp(-64,000/R 1') s-l , respectively. 
Johnson  also showed tha t  a radical process with rate constant given by k = 10' ' .' 
exp(-54,3OO/RT) s-l  makes a small contribution t o  the  overall reaction. F o r  the 
free-radical component  a hydroxyl radical chain mechanism was given as shown 
in equa t ion  (9). 

(CH3)3COH - CH3 + (CH3)ZCOH (951 

CHB + (CH,),COH - CH, f (CH,),C(OHICH, (9bl 

(CH3)2C(OH)CHz - OH + (CH3),C=CHz (9cl 

O H  + (CH3)COH - H,O + (CH,),C(OH)CH, (9d) 

OH + (CH3),C(OH)CH, - termination (9e)  

Shock-tube studies of the  decomposition have been made by T ~ a n g ~ ~  a n d  by 
in the  temperature ranges 777- 1027OC and 647-90Z0C, Lewis. Keil and Sarr4 
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respectively. Despite the higher temperatures results are in good agreement with 
those obtained by static methods. In the first of these studies Tsang determined 
reflected shock temperatures from measured incident shock velocities and obtained 
Arrhenius parameters log A / s - '  13.4 and E = 61.6 kcal mol-' . In the other investi- 
gation Lewis, Keil and Sarr used cyclohexene as internal standard t o  determine the 
experimental temperature and obtained log A / s - '  = 14.6 a n d E  = 66.2 kcal mol-I .  
Tsang', who developed the comparative method used by Lewis and coworkers has 
subsequently acknowledged the latter's values as having resolved t h e  previously 
discordant parameters. The measure of agreement of the values for 2-methyl- 
propan-2-01 has led later workers t o  use this reaction as a standard f o r  verifying t h e  
operation of the shock tube. 

G .  Z-Methylbutan-2-oI(t-Pentanol) 

Schultz and K i ~ t i a k o w s k y ~ '  followed the first-order decomposition of 2-methyl- 
butan-2-01 t o  olefin and water a t  487-555OC by means of pressure change. The rate 
constant was given by k = 10' 3 - 5  exp(--60,000/RT) s M 1 .  As the products were 
simple they considered the reaction t o  be a molecular one. 

In two other  investigations, however, by Maccoll and Thomas35 and b y  
Johnson44 a number of products other than methylbutenes and water were found. 
Thus, Maccoll and Thomas, a t  525"C, noted methane, ethane, propanone a n d  
butanone. While nitric oxide reduced the overall rate, it did not reduce the rate of 
olefin elimination significantly. 2-Methylbut-1 -ene and 2-methylbut-2-ene were 
produced in the ratio ca. 2 : 1, and the authors concluded that elimination was a 
molecular process and accounted for 80% of the inhibited reaction. The rate 
constant was given by k = 10' 3 . 2  exp(-60,400/RT) s - l .  

Johnson44,  who studied the  decomposition both on i ts  own in the  temperature 
range 432-57OoC and in the presence of toluene as inhibitor in the range 519- 
570°C, in a careful examination of the products noted little change in their 
distribution upon addition of toluene and specifically stated there was no  evidence 
of butanone formed. He concluded that  the initial dehydration was a molecular 
reaction, with k = 10' * *  exp(-54,800/RT) s - l ,  and that the addition products 
came from t h e  subsequent decomposition of the methylbutenes. Both 2-methyl- 
but-1-ene and 2-methylbut-2-ene were found but as they isomerized under the 
reaction conditions, the proportion in which they were formed could not  be 
determined. The absence of a radical component of the reaction would be in 
contrast with the decomposition of 2-methylbutan-2-01 where a small radical 
contribution was noted.  

H. 1 -Methylcyclohexanol 

The decomposition of 1-methylcyclohexanol occurs in the manner typical of a 
tertiary alcohol. In a study at  448-506OC Garnett, Johnson and S h e r w o ~ d ~ ~  
found the main initial reaction to  be a unimolecular, gas-phase dehydration with 
k = 10' 3 . 6 2  exp(-57,800/RT) s - l .  A four-centre transition state was proposed. 

A concurrent radical deconiposition gave propanone and butanone with 
k = 1014.0 exp(-63,000/RT) s - ' .  I n  the presence of a two-fold excess of toluene 
the rate of ketone formation in the early stages of reaction was approximately 
halved, whilst that of the dehydration was unaffected. 

Initiation of the radical reaction was considered to occur by C-C bond fission at  
the tertiary carbon atom to  give both the biradical 1 and the radical 2 .  Subsequent 
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(1) (2) 
decomposition leads to the formation of propanone and butanone from 1 and 
butanone from 2. Propanone but n o t  butanone can also be formed as a conae- 
quence of hydrogen abstraction from the parent alcohol. 

I .  cis-l,2-Dirnethylcyclobutanol 

In contrast with 1-methylcyclohexanol, cis-l,2-dimethylcyclobutanol is thought 
t o  decompose entirely by a biradical, nonchain mechanism. The decomposition was 
investigated by Feit4 over the temperature range 372-394"C, the principal 
products being propanone and propene with smaller amounts of trans-l,2-diinetiiyl- 
cyclobutanol, ethylene and butanone, 2-hexanone and 3-methyl-2-pentanone. 

1,2-Carbon-carbon fission gives 
OH 

OH /? Or 

whilst 1,4-carbon-carbon fission gives 

Representing both biradicals as 

//(//v 
4 . 2  

where R1 = Me and R2 = H for the former and R 1  = H and R2 = Me for the latter 
case, subsequent hydrogen migration leads t o  formation of isomeric ketones whilst 
ring-closure leads to geometric isomerization. Further bond cleavage at the centre 
of the chain may also occur leading t o  olefinic products. 

The activation energy for the ring-opening was found t o  be 5 8  kcal mol-' , 
3 kcal mol- '  less than for the  parent hydrocarbon, cis- 1,2-dimethylcyclobutane. 

J. Other Alcohols 

2-Chloroethanol decomposes at 430-496°C into acetaldehyde and hydrogen 
chloride, the  acetaldehyde subsequently breaking down t o  methane and carbon 
monoxide4 '. The decomposition follows the pattern of an a!kyl halide4 rather 
than an alcohol with the rate slightly less than that for ethyl chloride. An 
interesting 1,2-shift of a hydrogen atom occurs. 

Where the alcohol contains a suitably placed double bond, e.g. 9-hydroxy 
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TABLE 2. Arrhenius paranietcrs for p-hydroxy olefin decompositions3 

Compound E AS+ Relative rates at 
(kcal mol ) (cal k 377°C 

mol -' ) 
Bu t-3-en-1-01 41.0 -8.8 1 
Pen t-4-en-2-01 40.9 -7.5 2.9 
3- Methylpent-4-cn-2-ol 40.7 -6.3 5.4 
3-Phenylbu t-3-en-1-01 38.9 -7.8 9.9 
4Phenylbu t-3-en-] -01 42.8 -9.1 0.2 
3-Ethyld-phenyhes-5-en-3-ol 4 1.8 -5.3 3.8 

olefins, a concerted 6-membered ring transition state is possible; this leads to olefin 
elimination and  ke tone  formation a t  the  much reduced temperature of ca. 37OoC4 9 .  

Arrhenius parameters and relative rates for  some such decompositions are given in 
Table 2. The  cooperative electron movements in 6-centred transition states a re  
similar t o  those considered responsible for  the molecular gas-phase decompositions 
of esters and  vinyl ethers. 

This electronic effect is n o t  available to a-hydroxy olefins. The  decomposition 
of one  such compound,  3-hydroxybut-l-ene,  was studied by  Trenwiths0 over t h e  
temperature range 500-56OoC, t he  principal products being methane, butadiene 
and  water. The  la t te r  pair were formed in a first-order, homogeneous reaction wi th  
rate constant given by k = 10' 2-9 exp(- 55,70O/RT) s-l . Methane was considered 
t o  arise wholly f rom the  reaction in equation (10) followed b y  abstraction f rom t h e  

CH3CH(OH)CH=CH* - CH, + CH(OH)CH=CH, (10) 

substrate. On the  basis that  this abstraction occurs a t  the same rate as CH3 addition 
t o  the  substrate, t h e  rate constant k = 10' 6 - 2 6  exp(-  69,2OO/RT)  s-' was obtained 
f rom which a value f o r  D(H-CH(ON)CH=CH:!) o f  80.1 kcal mol-' was inferred. 

K. Comparative Rates of Molecular Elimination Reactions 

Much higher temperatures are needed t o  pyrolyse alcohols than halides o r  esters 
and  insofar as a molecular elimination component can be isolated from t h e  
maximally inhibited reaction, t h e  relative rates of dehydration of the  lower alcohols 

TABLE 3. Relative rates of elimination from chlorides, 
acetates and alcohols and the effect of 1- and 9- methyl 
substitution 

R Chloride Acetate Alcohol 
at 400°C at 326°C at 525°C 

lkhvl 1 1 1 

(%-Methyl substitution) 
lsoprop yl 96 31 10 
t-Butyl 13000 3 200 38 

(~-Mcthyl substitution) 
??-Prop yl 3 .9 2 
lsobu tyl 3 .9 - 
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fall into a simple pattern (Table 3 ) .  In this table rates are relative to  the  rate of 
ethyl alcohol at  525OC(viz. k = 1.1 X s-' ) and have been calculated from 
Arrhenius parameters listed by  Maccoll and  Thomas35.  Temperatures have been 
chosen t o  give identical rates fo r  e thyl  chloride, ethyl acetate and  ethyl alcohol. 
a-Methylation in t h e  alcohol series is seen t o  lead t o  a moderate increase in ra te  and 
P-methylation to a small increase in rate. T h e  trend is the  same as in the  elimination 
from chlorides but t h e  size of t h e  effect  is very much less. The  effect has been 
interpreted as due to strong heterolytic character in the halides' transition state, 
much weakened fo r  the  alcohols. The  large effect of a-methylation and very small 
effect  of P-methylation is also similar t o  the effects of these substi tutions in 
elimination f rom esters. Esters, however, are considered t o  react by way of a 
six-centre, cyclic transition s t a t e35 .  

As t he  thermodynamic  proportions of t he  methylbutenes favour 2-methylbut- 
2-ene, t h e  fact  t ha t  2-niethylbut-1-ene is found to  be t h e  predominant alkene 
produced f rom the  decomposition of t-pentyl alcohol, indicates that  the  elimination 
follows t h e  Hoffman rule, as is t he  case with esters44. 

Ill. CATALYSED DECOMPOSITIONS 

Early work  on the acid-catalysed dehydration of alcohols was reviewed in this series 
in 1964 by  Maccoll' 8 .  Initially the  alcohols used were t-butanol and isopropanol 
with catalysts hydrogen bromide and  hydrogen chloride. Trace products  were 
generally absent,  t h e  catalyst was regenerated, the reactions followed the first-order 
form wi thou t  induction periods, increased surface area caused n o  increase in rate, 
and  recognized inhibitors of radical chain reactions gave no decrease in rate. The  
effective tempera ture  was reduced by ca. 1 OO°C below tha t  of the  uncatalysed, 
generally radical, decomposition, and  the  activation energy reduced t o  ca. 
30 kcal mo l - ' .  Since that time the  range of alcohols and  catalysts has been 
extended (Table 4).  In all cases the  reaction is of the  form in equation ( 1  1 ).Where 

C,HZn.,OH + HX - C,H,, + H20 + HX (11) 

TABLE 4. Catdysed decompositions of alcohols 
~ 

Subst ra te Catalyst lo - '  2 A  E T C C )  Ref. 
(cm3mol-'s-') (kcal m o l - ' )  

EtOI-I H 13r - __ 472 52 
i-Pro11 HCl - - 440 52 

H 13r 1 .o 33.2 369-520 52 i-PrOH 
i-PrOI-I 11 I 1.7 3 1.9 356-457 53 
s-UUOII IIUr 5.8 
t-Bu 011 kIC1 2.0 32.7 328-454 55 

30.4 315-422 56 I-lhOH IlBr 9.2 
t-PeOH I IC1 6.7 34.0 370-503 57 
I-PeOH HBr 
3-Methylbu tan-2-01 I1 Br 7.2 35.3 372-446 59 

0.68 26.5 303-400 60 2, 3-Dimethylbutan-2-01 HBr 
23 36.1 420-500 61 Cyclopentanol HCI 
25 38.9 420-500 61 Cyclohesanol HCI 

2.0 32.2 420-500 61 

34.9 387-510 54 

1.0 27.1 308-415 58 

Cycloliep tanol HCI 
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TABLE 5. Catalysed decompositions of ethers 

Substrate Catalyst l o - '  ' A  E T C'C) Ref. 
(ern3 mol-I s-' ) (kcal mol-' ) 

t-BuOMe I-ICI 2.9 32.1 337-428 62  
t-BuOMe NBr 0.67 25.6 258-371 63 
t-BuOEt HCI 1.4 30.6 320-428 64  
t-BuOEt HBr 0.57 25.1 263-337 65 
t-BuOPr-i HCI 9.3 32.1 319-420 66 ,67  

several isomeric olefins result they are generally in their thermodynamic equi- 
librium proportions as HX also catalyses their isomerizations (cf. below). The 
kinetic form is of the  first order in both the  substrate and the catalyst. The order of 
catalytic effectiveness is 

H i  : HBr : HC1= ca. 1 50 : 25 : 1, 

and for the alcohol, a-methylation produces a relatively large and P-methylation a 
relatively small increase in rate. Thus the rate relationships of this group of 
gas-phase reactions display the  features of analogous reactions in solution. 

This type of reaction is not  confined to alcohols. Other compounds containing a 
basic oxygen atom behave similarly. Ethers (Table 5) with an alkyl group that  
provides some electron release give the analogous decompositions (equation 12). 
Carboxylic acids (Table 6)  undergo a reversal of the Koch synthesis (equation 13), 
as is sometimes observed with Friedel-Crafts reagents in inert solvents. Their esters 
behave similarly (equation 14) and esterification and interchange of alkyl groups 
may also occur. Acetals (Table 7) decompose t o  alcohols and vinyl ethers (VOR2)  
(equation 15). 

R'OR2 + t i X  - Olefin + R20H + H X  (12 )  

RCOOH + H X  - RX + CO + H 2 0  - Olefin + H X  + CO + H20 (13) 

(14) 

(15) 

R ~ C O O R ~  + H X  - Olefin + CO + R 2 0 H  + HX 

R1R1C(OR2), + H X  - VOR2 + HX + R20H 

TABLE 6. Catalysed decompositions of carboxylic acids and esters 

Substrate Catalyst 10-1 2 A  E T e C )  Ref. 
( m 3 m o l - ' s - ' )  (kcalmol-') 

HCOOMe 
CH coo14 
CH, COOMe 
MeC€12COOH 
Me,CHCOOH 
Me, CCOOI I 
Me,CCOOMe 

c-c,  I 1  ,, COOH 
C-C, H I  I COOI-I 
C-C, H I , COOH 

H Br 3.2 
1 1  Br 0.4 
H Br 1.9 
H Br 1.4 
H Br 7.4 
I1Br 1.9 
HCl - 
H Br - 
I-IBr 1.5 
H Br 36 
H Rr 31 

32.2 
3 0.4 
3 2.3 
30.8 
33.1 
31.6 
- 

ca. 30 
29.5 
34.4 
34.5 

390-460 
412-492 
419-497 
405-468 
369-454 
340-460 
450-480 

369-434 
369-430 
369-434 

310-442 

68 
69 
70 
71 
72 
73 
14 
74 
75 
75 
75 - 
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TABLE 7. Catalysed decompositions of acetals 

Subs tratc Catalyst lo-'  ,A  E T ("C) Ref. 
( ~ m ~ m o l - ' s - ' )  (kcalmol- ')  

CH , CH(0Me) 
CH , CH(0Me) , 
CH , CH(0E t) , 
(CH, 1, C(Ohle), 

(CH, ),C(OMe), 
(CH, ),C(OMe), 
(CH, ),C(OMe), 
(CH, ),C(OMe), 

HC1 
H Br 
CF, COOH 
HCI 
HCI 
H Br 
HCOOH 
CH, COOI-I 
CF, COOH 
C, I-l COOH 

13 
13 
67 

23 
4.5 

- 
0.0042 
7.9 

2.75 
199 

26.7 
22.1 
25.4 
22.9 
22.2 

22.4 
30.8 
22.7 
29.7 

- 

254-322 
233-322 
236- 288 
225-285 
226-364 
27 8 
274-334 
3 14-400 
224-291 
335-389 

- 
76 
I1 
77 
76 
78 
78 
79 
80 
81 
79 

TABLE 8. Catalysed isomerizations of olefins 

Substrate Catalyst lo - '  ' A  E T C'C) Ref. 
( ~ m ~ m o l - ' s - ' )  (kcalmol-') 

Cyclopropane HBr 300 38.8 369-452 82 
But- l e n e  H Br 0.72 26.3 310-380 83 
Cyclopropane BC1, 0.22 25.5 360-470 84 
Cyclopropane BBr, 0.0002 16.3 250-438 85 
2-Methylbu t - l ene  BCI, 0.0005 21.9 368-467 86 

In particular 2,2-dimethoxypropane is a most  labile substrate, and this has allowed 
extension o f  the  catalyst used to carboxylic acids, viz. trifluoracetic, formic, acetic 
and  propionic acids. Fu r the rmore  t h e  isomerizations of cyclopropane and  olefins 
have been effected by hydrogen  halides a n d  by FriedelLCrafts catalysts (Table 8). 
Hydrogen bromide ,  boron  trichlorjde and  boron tribromide also catalyse the  
laser-driven isomerization of cyclopropane5 . 

Nitrogen may  also act as a basic centre in this type  of reaction (Table 9). 
Amines, t-butylamine and  isopropylamine (equation 16),  and  the  substituted 
amide, N,N-dimethyl formamide  (equation 1 7), undergo  decompositions catalysed 

RNH2 + HBr - Olefin + NH3 + HBr (16) 

HCONMe2 + HCI - CO + Me2NH + HCI ( 1 7 )  

TABLE 9. Catalysed decompositions of amines and ainides 

Substrate Catalyst 1 O - l  ' A  E T ("0 Ref. 
(cm3mol-' s - I )  (kcd mol-I) 

- - 460 87 
435-490 87 

EtNH , 
i-PrMl , H Br 2.5 33.1 
t-BuNI-l , H Ur 1.6 29.3 395-460 88 

0.38 24.0 335-415 89 
- 380 90 CI1. CONHBU-f 1-ICI - 

H Br 

HCONhie, lICl 
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by hydrogen bromide and hydrogen chloride, respectively, very like those of 
t-butanol and methyl formate. 

All of these reactions seem t o  be akin, which suggests a polar-type transition 
state in the gas phase corresponding t o  acid catalysis in solution. 

IV. THIOLS 

The thermal decompositions of alkanethiols in the gas phase have not  been studied 
as extensively as those of the corresponding alcohols, halides and esters. They are 
believed to occur by concurrent radical chain and unimolecular elimination mech- 
anisms, the former predominating under most conditions. 

The earliest quantitative investigations were undertaken a bout fifty years ago by 
Taylor and coworkers o n  ethanetliiol and n-propanethiol at  temperatures around 
4OO0C in and flow systemsg2. They proposed a common complex 
mechanism involving ( a )  heterogeneous formation of the sulphide, R 2  S, and hydro- 
gen sulphide, which accounts for the marked induction periods observed, followed 
by ( b )  bimolecular formation of a sulphonium hydrosulphide intermediate, then (c) 
unimolecular, rate-determining decomposition t o  olefin and hydrogen sulphide. 
Activation energies for the  reactions ensuing after the induction periods were ca. 
40 kcal mol-I . While the  presence of radical chains in these decompositions now 
seems certain, diethyl sulphide has been found among the products of etlianethiol 
pyrolysis in uncoated vessels a t  high reactant pressuresg3 and i t  is possible that 
molecular processes of type (a) - (c)  above might contribute to  some extent .  

A. Methanethiol 

Decomposition of methanethiol has been investigated by Sehon and Darwentg4 
using the toluene carrier technique. Over the temperature range 732-829°C 
principal products were methane and hydrogen sulphide and the primary reaction 
was considered t o  be C--S homolysis (equation 18). With assumption of 

CH3SH - CH, + S H  (18) 

A = 3 x 10’ s-l  first-order rate constants gave E = 67 kcal mol-’ . Benson and 
O’Nealg5 considered the rate constants obtained to be t o o  low due to the process 
being in the unimolecular fall-off region and suggested corrected parameters 
A = 10’ s . 5  s-l  and E = 76.6 kcal mo1-I , respectively. 

B. Ethanethiol 

Sehon and Darwentg4 also studied the decomposition of ethanethiol. In a 
toluene stream a t  5 12-665’C, evidence was found for two concurrent paths, (1 9) 
and ( 2 0 ) ,  path (20) becoming increasingly significant at  the higher temperatures. 

Again. activation energies were obtained from assumed A factors and observed 
first-order rate constants. This gave k ,  = 1 x 1 O I 3  exp(-55,000/RT) s- ’  and 
k 2  = 3 x 10’ 

Benson and O’Neal‘)5 have commented that the reported parameters for the 
homolysis (path 20) are low and have suggested k = 10‘ 5 . s  exp(-72,200/RT) s - ’  

exp(--63.000/HT) s-’  . 
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which is consistent with the rate constants obtained in the middle of the temper- 
ature range. 

Heterogeneous decomposition of ethanethiol a t  600--700°C also leads t o  ethyl- 
ene and hydrogen sulphide as well as several side-products including diethyl sul- 
phide9 3. Metal sulphides (copper, nickel, cadmium) facilitate this decomposition. 

C. 2-Methyl-2-propanethiol 

This alkanethiol has been studied more extensively than any of the others over 
the period 1952--1977. 

Thompson,  hleyer and Ballg6 used a quartz flow tube at  300-600°C without 
added inhibitor. They found hydrogen sulphide and isobutene as major products 
while minor products were isobutane, elemental sulphur and a polysulphide 
material. Induction periods were observed a t  the lower temperatures as well as 
secondary reactions leading t o  the minor products. The generalized mechanism, 
shown in equation (21), similar to that of Malisoff and Marksg7, was presented. No  

(CH,),CSH - (CH,13C + H S  (21a) 

(CH313CSH + (CH,),C - (CH3)2(CH2)CSH + (CH3)3CH (21 b) 

(CH,),CSH + HS - (CH,),(CH,)CSH + H,S (21cl 

(CH,),(CHz)CSH - (CH,),C=CH, + HS (21d)  

termination step was suggested and consideration of the kinetics was not pursued. 
Secondary reactions postulated to explain the formation of minor products were as 
shown in equation (22). 

(CH,)ZC=CH, + H,S - (CH313CH -t S (22a) 

(CH3),C=CH2 t S - polysulphides 122b) 

Tsang4 * , using a single-pulse shock tube, studied the thermal decomposition in 
the presence of propylene a t  687-957°C. The  rate constant for thz residual 
reaction, identified as unimolecular elimination, was given by k = 2 x 10' 
exp(-55,000/RT) s-l . 

589°C) than Tsang, observed a homogeneous radical chain process. Added cyclo- 
hexene lengthened the induction period in proportion t o  its partial pressure and 
almost eliminated sulphur formation. Initial reaction rates for the process occurring 
immediately after the induction period showed 3/2-order kinetics and the rate 
constant was given by k = 10' 2-07 exp(-40,6OO/XT) s-l mol-%cc%. The mechan- 
ism proposed by Ramkole was identical to  that shown in equations (21)  and ( 7 3 )  
but with addition of the termination step ( 3 3 ) .  The overall reaction can be 

2 H S  - HpS + S ( 2 3 )  

classified as fjp3/2-type. Cyclohexene was suggested to be involved in  suppressing 
an unspecified radical mechanism leading to  sulphur formation. 

While Uamkole attributed the difference in mechanism between his and ?'sang's 
studies to the temperature ranges employed, the experimental results as originally 
reported by Emovon and Bamkoleyg appear to  be in excellent agreement with 
-rsang's data.  Emovon and Bamkole' considered the reaction as uninlolecular with 
rate constant given by k = 10' 3.4 exp( 

Recently B a r n k ~ l e ~ ~ ,  using a static system and lower temperatures (424- 

54,30O/RT) s-'  . 
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D. Butane-I-thiol and Butane-2-thiol 

Pyrolyses of these thiols in a static system alone and in the presence of 
cyclohexene were also studied by Bamkole' '. From butane-1-thiol the olefin formed 
was mainly butene-1, while from butane-2-thiol a mixture of butenes resulted. The 
two decompositions followed first-order kinetics with the  constants given by 
k = l O 9 e S 4  exp(-42.600/RT) s-l and k =  108.68 exp(-41,800/RT) s - l ,  respec- 
tively. The reactions were considered to  occur by radical chain mechanisms of the 
type proposed for 2-methyl-2-propanethiol but with pp-termination involving 
combination of HS and an alkyl radical. The preliminary report* b y  Emovon 
and Bamkole9 described these pyrolyses as fully inhibited unimolecular de- 
compositions with Arrhenius equations k = 10' 5 . 7 5  exp(-62.240/RT) s- '  and k = 
1 0 1 4 . 6 5  exp(-58,16O/RT) s-l for  butane-I-thiol and butane-2-thiol, respectively. 

A study of butanethiol pyrolyses in a microflow system a t  350-500°C has been 
reported by Sugioka, Yotsuyanagi and Aomura' O 0 .  Butane-1-thiol and butane-2- 
thiol gave the various butenes while 2-methyl-2-propanethiol gave mainly isobutene. 
A radical mechanism based on SH was proposed. 

R. L. I;ailes, J. S. Shapiro and v. R. Stimson 

E. Pentane-I-thiol 

Using a flow system with a quartz tube 'l'hompson, Meyer and Ball96 studied the 
decomposition of this compound in the temperature range 350- 500°C. The pre- 
dominant sulphur-containing product was hydrogen sulphide, with small amounts 
of sulphur and sulphides, while the only hydrocarbon product  was pentene. At the 
higher temperatures C, -C5 paraffins, C2 -C4 olefins and C4 -Cs diolefins were 
found as minor products. A molecular elimination of H I S  was postulated. 

F. a-Toluenethiol (Benzylmercaptan) 

Sehon and D a r ~ e n t ~ ~  studied the thermal decomposition of this compound in a 
toluene carrier system at 48 7.- 747OC. The principal products were hydrogen 
sulphide and bibenzyl in approximately equal quantities. Smaller amounts of 
hydrogen and methane were also found. The  reaction was predominantly homo- 
geneous and first order, and the mechanism postulated was as shown in equation 
(24).  Hydrogen and methane production were attr ibuted t o  secondary reactions 

C6HSCH2SH - C6H5CH2 f SH (24a) 

C6HgCH3 + SH -* CGH5CH2 + H 2 S  (24b) 

involving bibenzyl. Rate constants for the homolytic dissociation were given by 
k = 3 x 1 0 l 3  exp(--53.00O/RT) s - l .  The C.--S bond strength in C6H5CH2SH, based 
on heats of formation of IIS, CGH5CI-12 and C6H5CI-12SH of 35.5, 45.0 and 21.9 
kcal mol-'  , respectively, is 59.7 kcal mo1-l 9 5 ,  which is higher than Sehon and 
Darwent's value of 53  kcal mol-' 9 4  for the activation energy. However, it is 
possible that the preexponential factor may be low. Benson and O'Neal'5 suggest 

and this is consistent with E = 59.7 kcal mol- '  and the  observed 
rate constant in the middle of the temperature range. 
A = 101 5 . 1  s-l 

*In a recent private communication Professor Bamkole has indicated his preference for  the 
results of the full investigation reported in Reference 98. 
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v. SULPHIDES (THIO ETHERS) AND DISULPHIDES 

Since bond strengths are ca. 74 kcal mo1-l for carbon-sulphur in sulphides”’ and 
of similar magnitude or smaller for sulphur--sulphur in disulphides’ * compared 
with 83-88 kcal mol-1 for carbon-carbon’ 3 ,  cleavage in thermal decomposition 
of these compounds always occurs at the carbon-sulphur or sulphur-sulphur bond 
in preference t o  the carbon-carbon bond’ ’. 

Only a few sulphides and disulphides have been investigated in any detail and 
these were generally studied under such conditions that only the initial homolysis 
was observed. The two techniques most commonly employed were the toluene 
carrier flow system and very low-pressure pyrolysis (VLPP). Results are summarized 
in Table 10. These indicate that, where alternatives are possible, the carbon- 
sulphur bond fission occurs in a manner that yields the most stable radical, e.g. 
benzyl and phenylthio radicals in the cases of benzyl methyl sulphide and phenyl 
methyl sulphide, respectively’ . VLPP experiments, which produced results in 
good agreement with those of the toluene carrier technique’ 3 1 ’  04, have led to the 
conclusion that the stabilization energy of the phenylthio radical (9.6 kcal mol-I ) 
is considerably smaller than that of the related benzyl ( 1  3.2 kcal mol-’ ) and 
phenoxy ( 17.5 kcal mol-I ) radicals. 

VI. REFERENCES 

1. K. J. Laidler and D. J. McKenney i n  The C/ietni.stry of the Ether Linkage (Ed. S. Patai), 
John Wilcy and Sons, London, 1967. Chap. 4. 

2. C. D. l-lurd, The Pyt 
3. 13. Pines and J .  Man 
4. P. G. Ashmorc, Ccircilysis ciiie/ Itihibitioti of Clietuiccil Rtrcictiorrs, Uuttcnvorths, London, 

1963, p. 107. 
5. H. Knozinger in The Chetnistry of the tfydroxyl Groicp (Ed. S. Patai), John Wiley and 

Sons. London, 197 I. Chap. 12. 
6a. W. D. Walters in ’li.chtiiqice of Orgcitiic C/iemistry, (Ed. A. Wcissberger), Vol. VIII, 

Interscicncc, N e w  York - London, 1953, Chap. V, pp. 231-.301. 
6b. A. Maccoll in Tecliiiiqiies of Cliettiiury (Ed. E. S. Lewis), Vol. 6, Pt. 1 ,  John Wiley and 

Sons. New York. 1974, Chap. 111, pp. 47-128. 
7. W. Tsang, Itit. J. C / r e t ~ .  Kit!., 8, 173, 19.3 (1 976). 
S. K. J. Mintz and R. J .  Cvctanovic. Cciii. J .  C/ietn., 51, 3386 ( 1  973). 
9. 1-1. E. Gunning and 0. P. Strausz, , ‘ t h ~ i t i .  P/iotoc/iet,i., 4, 143 (1966). 
10. 0. P. Strausz, Orjyriositlfirr Chttnistry, 2nd Organosulfur Symposium, Groningen, 

Netherlands. 1966 (publishcd 1967). 
1 I .  G .  M. Burnctt and t 4 .  W. Melville, C/feitr. /h*., 54, 225 (1 954). 
12.  C. F. H. Tippcr. Qitcirt. Rev., I I ,  313 (1957). 
13. 1’. Gray and A. Williams, Chet?r. Re\!., 59, 239 (1959). 
14. 13. E. K n o s  and H. B. Palmer. Chetti. Rev., 61, 247 (1961). 
15. J. A. Kcrr  and A. F. Trotman-I)ickenson, Ptogr. Kcrictioir KitrLjrics, 1. 105 (lY6l). 
16. U. A.  Bohin and P. I .  Abcll. C/wttr. Rrv . .  63. 599 (1962). 
17. A. Fish. Qircirt. / h i . .  18, 243 ( 196.1). 
18. A .  F. ~Trotm;in-Dickcn~~ii .  Advan. Fwc l i c c d i c d  Chet,ii.srry, 1 ,  1 ( 1965). 
19. J .  A. Kcrr,  C/iettt. Ncv., 66, 465 (1966). 
20. P. Gray ,  R .  S h w  and J .  C. J. Thynnc. P r q r .  Kecicriotr h’ititvics, 4. 63 (1 967). 
3 1 .  J. H. Knos, Athwt i .  C / i o ~ .  Ser., 76. 1 ( 1  96s) .  
22. J. A. Kcrr : r i d  A.  C. Lloyd. L)o(iri .  Rcv . ,  22, 549 (1968). 
2.3. J. Ilcicklen. ~ ? t / i ~ i t r .  U i c t t r .  Srr. ,  76. 23 (1908). 
24. J .  A .  Kcrr-. A t i t r .  /icy?. Pro~yr. Chmi., 65A. 189 ( 1968); MA, 7.3 (1967). 
25. J. t leicklen. A t h * c i n .  f’/rotuc/uwr., 7. 57 ( 1969). 
26. 1’. Gray. A.  A .  Hcrcxl and A. Jones. Clioti. f<c,ij., 71. 247 ( 1  971). 

is of Cnrboti Cotnpoioids, The Chemical Catalog Co., 1929. 
n, Adiwti. Ccim/ysi.s. 16, 49 (1966). 



27. 

28. 

29. 
30. 
31. 
32. 
33. 
34. 
35. 
36. 
37. 
38. 
39. 
40. 
41. 
42. 
43. 
44. 
45. 
46. 
47. 
48. 
49. 
50. 
51. 
52. 
53. 
54. 
55. 
56. 
57. 
58. 
59. 
60. 
61. 
62. 
63. 
64. 
65. 
66. 
67. 
68. 
69. 

70. 
71. 
72. 
73. 

74. 
75. 
76. 
77. 

78. 

1 1 .  Gas-phase thermal decompositions of simple alcohols 467 
R. W. Walker, Reaciiotz Kinetics, Vol. 1 (Ed. P. G. Ashmore), Special Report, The 
Chemical Society, London, 1975, p. 161. 
J. A. Kerr Comprehensive C/zemical Kinetics, (Eds. C. H.  Bamford and C. F. H. 
Tipper), Vol. 18, Elsevier, 1976, Chap. 2. 
C. J. M. Fletcher, Proc. Roy. SOC. (A) ,  147, 119 (1934). 
D. Aronowitz, D. W. Naegeli and I .  Glassrnan,J. Fhys. Chetn., 81, 2555 (1977). 
C. J. M. Hetcher and G .  K .  Rollefson,J. Amer. Clzcrn. Soc., 58, 2135 (1936). 
C. A. Winkler and C. N. Hinshclwood, Trans. Faraday Sor., 31, 1739 (1935). 
G. R. Freeman, Proc. Roy. SOC. (A), 245, 75 ( I  958). 
J. A.  Barnard and H. W. D. Hughes, Tram. Faradoy Soc., 56, 55 (1960). 
A. Maccoll and P. J. Thomas, P r o p .  Rericiiort Kitieiics, 4, 130 (1967). 
J .  A.  Barnard and H. W. D. Hughes, Trans. Furadriy Soc., 56, 64 (1960). 
J .  A. Barnard, Trans. Faraduy SOC., 56, 72 (1960). 
J.  A. Barnard, Trans. Furado): SOC., 53, 1423 (1957). 
R. F. Schultz and G. B. Kistiakowsky, J .  Atner. Chent. Soc., 56, 395 (1 934). 
J. A. Barnard, Trans. Farciday Soc., 55, 947 (1959). 
W. D. Johnson, Ausirdiutz J .  Chetn., 28, 1725 (1975). 
W. Tsang, J .  Chent. Phys., 40, 1498 (1964). 
D. Lewis, M. Keil and M. Sarr, J .  Amer. Chetn. Soc., 96, 4398 (1974). 
W. D. Johnson, Australian J .  Chern., 27, 1047 (1974). 
J. L. Garnett, W. D. Johnson and J. E. Sherwood, Aitsirriliriti J .  Chetn., 29, 589 (1976). 
E. D. Feit, Teirdredrorz Letiers, 1475 ( 1  970). 
D. C. Skingle and V. R. Stimson, Azrsiralian J .  CAern., 29, 609 (1976). 
A. Maccoll, Chetn. Rev., 69, 33 ( 1  969). 
G. G.  Smith and 13. L. Yates, J .  Clietn. Soc., 7242 (1965). 
A. B. Trenwith, J .  Chem. Soc., Faraday Trans. I ,  69, 1737 (1973). 
A. Gupta,  Z. Karny and R. N. Zare, private communication. 
R. A. Ross and V. R. Stimson, J .  Chern. SOC., 3090 (1960). 
R. L. Failes and V. R. Stimson, Ausirdion J .  Chern., 20, 1 143 (1 967). 
R. L. Failcs and V. R. Stimson, J .  C/ietn. Soc., 653 (1962). 
K. G. Lewis and V. R. Stimson, J .  C/iem. SOC., 3087 (1960). 
A. Maccoll and V. R. Stimson,J. Chetn. Soc., 2836 (1960). 
V. R. Stimson and E. J .  Watson,J. C/tem. Soc., 1392 (1961). 
V. R. Stimson and E. J. Watson, J .  Chern. Soc., 3920 (1960). 
R. L. Johnson, The.sis, University of New England, New South Wales, 1968. 
R. L. Johnson and V. R. Stinison, Airsiraliott J .  Chern., 21, 2385 (1968). 
M. Dakubu and J. K. 0. Boison,J. Chern. Soc., Perkin If, 1325 (1977). 
V. R. Stimson and E. j. Watson, Artstra/iart J .  Chetn., 19, 393 (1966). 
V. K. Stirnson and E. J.  Watson, J .  Cheni. Soc., 524 (1963). 
V. R. Stimson and E. J. Watson, Airsiruliritz J .  Chern., 19, 401 (1966). 
V. R. Stirnson and E. J .  Watson, Att.sira/intz J .  Chetn., 19, 75 (1966). 
N. J .  Daly and L. P. Steele, Airsircilintt J .  Chetn., 125, 785 (1972). 
N .  J .  Daly, L. P. Steelc and V. R. Stimson, Aitsrrdion J .  Chetn., 26, 767 (1973). 
D. A. Kairaitis and V. R.  Stimson, Austrcilian J .  Chetn., 21, 171 1 (1968). 
N. J .  Daly and M. F. Gilligan, Aitsrrulititr J .  C/ietn., 22, 713 (1969); 24, 765, 1081 
( 1  971). 
N. J. Daly and M. F. Gilligan, Aiistruli~itr J .  Chetn., 24, 1823 (1971). 
J. T. D. Cross and V. R. Slirnson.Air.sirri/icitr J .  Chetn., 23, 1149 (1970). 
J. -r. D. Cross and V. R. Stimson, Atcsira/ian J .  Chern., 21, 725 (1 968). 
J. T. D. Cross and V. I<. Stimson, J .  Chevt. soc. (B), 88 (1967); Airsira/iritt J .  Chetn., 
21. 701 (1968). 
J. T. D. Cross and V. R. Stimson, Aicsiriiliritt J .  Chem., 21, 687, 713 (1968). 
S. I .  Ahonkhai and E. U. Emovon, J .  Chenr. SOC. (B),  2031 (1971); 183 (1972). 
M. Draeger and R. L. Failes, Attstrrilirirr J .  Chern., 29, 1665 (1976). 
V. R. Stimson, Atcsiralian J .  Chem., 24, 961 (1971). W. D. Bardsley. Thesis, University 
of New England, Ncw South Wales. 1976. 
V. I<. Stimson and J. W. Tilley, Aicsirrcliun J .  Chetn., 25, 793 (1972). 



46 8 

79. 
80. 
81. 
82. 
83. 
84. 
85. 
86. 
87. 
88. 
89. 
90. 
91. 
92. 
93. 
94. 
95. 

96. 

97. 
98. 
99. 

100 

101. 
102. 
103. 
104. 

105. 
106. 

107. 
108. 

R. L. Failes, J .  S. Shapiro and V. R. Stimson 

V. R. Stimson and J.  W. Tilley, Australian J. Chem., 30, 801 (1977). 
D. A. Kairaitis, V. R. Stimson and J. W. Tilley, Australiari J .  Cheni., 26, 761 (1973). 
V. R. Stimson, E. C. Taylor and J .  W. Tilley, Austrdiatz J. Chem., 29, 685 (1976). 
R. A. Ross and V. R. Stimson, J. Chem. SOC., 1602 (1692). 
A. Maccoll and R. A. Ross, J. Anier. Chem. Soc., 87 4997 (1965). 
R. L. Johnson and V. R. Stimson, Australian J. Chern., 28, 447 (1975). 
V. R. Stirnson and E. C. Taylor, Australian J. Chein., 29, 2557 (1976). 
G. S. Cameron and V. R. Stimson, Australian J. Chem., 30, 923 (1977). 
A. Maccoll and S. S. Nagra, J. Chern. SOC., Perkin 11, 1099 (1974). 
A. Maccoll and S. S. Nagra,J. Chem. SOC. ( B )  1865 (1971). 
A. Maccoll and S. S. Nagra, J. Chem. SOC. (B) ,  1869 (1971). 
A. Maccoll and S. S. Nagra, J. Chem. Soc., Perkin 11, 314 (1975). 
N. R. Trenncr and H. A. Taylor, J. Chem. Phys., 1, 77 (1933). 
H. A. Taylor and E. T. Layng, J. Chem. Phys., 1, 798 (1933). 
J .  L. Boivin and R. MacDonald, Can. J. Chem., 33, 1281 (1955). 
A. H. Sehon and B. deB. Darwent, J. Amer. Chem. Soc., 76,  4806 (1954). 
S. W. Benson and H. E. O’Ncal, Kinetic Data on Gas-Phase Unimolecular Reaction, 
NSRDS-NBS21, National Standard Reference Data Scrics, National Bureau of 
Standards, U S .  Department of Commerce, 1970, p. 488. 
C. J. Thompson, R. A. Meyer and J. S. Ball, J. Amer. Chem. SOC., 74, 3284, 3287 
( 1  952). 
W. H. Malisoff and E. M. Marks, Ind. Eng. Chem., 23, 114 (1931). 
T. 0. Bamkole, J. Chem. SOC., Perkin I I ,  439 (1977). 
E. U. Einovon and T. 0. Bamkole, 3rd Internatior~cil Symposium on Gas Kinetics, 
Brussels, 1973. 
M. Sugioka, T. Yotsuyanagi and K. Aomura, Hokkairlo Daigaku, KogakuDu Kerikyu 
Hokoku, 57, 19 1 (1 970). 
A. J. Colussi and S. W. Benson, In t .  J. Chemical Kinetics, 9, 295 (1977). 
G. Martin and N. Barroeta,J. Chem. SOC., Perkin 11, 1421 (1976). 
J. A. Kerr, Chem. Rev., 66, 465 (1966). 
E. H. Braye, A. H. Schon and B. deB. Darwent, J. Anier. Chem. Soc., 77, 5282 

J. A. R. Coope and W. A. Bryce, Can. J. Chetn., 32, 768 (1954). 
E. M. Lown, H. S. Sandhu, 14. E .  Gunning and 0. P. Strausz, J. Amer. Chem. SOC., 90, 
7 164 (1 968). 
P. Jeffers, C. Dasch and S. H. Bauer, Inter. J. Chemical Kinetics, 5, 545 (1973). 
A. ~Maccoll in The Chemistry olAlkenes (Ed. S .  Patai), John Wiley and Sons, London, 
1964. Chap. 3. 

( 1  955). 



CHAPTER 12 

Oxidation amdl reduction of alcohols 
and ethers 

PAUL MULLER 
Departement de Chimie Organique, Universite de Geneve, 
Geneve, Suisse 

I. INTRODUCTION . . 470 
11. OXIDATION OF ALCOHOLS . . 411 

A. General Aspects . . 471 
B. Chromic Acid . . 471 

1. Mechanism . . 471 
a. Preequilibria . . 411 
b. Oxidationsteps . . 411 
c. Cr(V1) oxidation . 473 
d. Three-electron oxidation . 476 

2. Effects of  structure . . 471 
a. Steric effects . . 419 
h. Primary n!cohols . 479 
c. Unsaturated alcohols . . 481 
d. Tertiary alcohols and cyclopropanols . . 482 
e. Diols . . 484 

3. Modified Cr(V1) reagents . . 485 
a. t B u t y l  chromate and chromyl chloride . . 48.5 
b. Pyridine-chromium trioxide and related reagents . . 485 
c. Miscellaneous . . 486 

C .  Manganese and Ruthenium Oxides . . 481 
1. Potassium permanganate . . 487 

a. Mechanisms . . 487 
b. Synthetic aspects . 490 

2. Manganese dioxide . . 490 
3. Ruthenium tetroxide . 493 

a. Scope and applications - . . 493 
b. Mechanism . 495 

D. One-electron Osidants . . 496 
1. Cerium(1V) and vanadium(V) . . 496 

a. Oxidation with ceric ion . 496 
b. Mechanisms . . 491 
c. Oxidation with vanadium(V) . . 498 

2. Lead tetraacetate . . 499 
a. Formation of aldehydes and ketones . . 499 

469 

Supplement E The Chemistry of Ethers, Crown Ethers, Hydroxyl Groups and their Sulphur Analogues 
Edited by Saul Patai 

Copyright 0 1980 by John Wiley & Sons. Ltd. All rights reserved. 



470 Paul Muller 

b. pPragmentation . - 500 
c. Intramolecular cyclization . . 501 

3. Silvercarbonate . . 502 
E. Dimethyl Sulphoxide and Related Reagents. . 504 

1. Pfitzner-Moffatt oxidation * 504 
2. DMSO and acid anhydrides or chlorides . * 505 
3. Sulphide-mediated oxidation . * 506 

111. OXIDATlON OF ETHERS . 506 
k Free-radical Reactions . . 501 

1. Hydrogen abstraction by oxygenated species . . 501 
2 Electrochemical oxidations . 508 
3. Miscellaneous reactions . . 508 

B .  Hydride Transfer Reactions . . 509 
1. Oxidation by cations - 509 

a. Triphenylmethyl cation. . 509 
b. Diazonium and nitronium ions. - 510 

2 Pyrolytic ether cleavage . . 511 
C. Metal Ions and Metal Oxides . . 512 

1. Chromic acid . 512 
2. Ruthenium tetroxide . 513 
3. Oneelectron oxidants . . 514 

IV. REDUCTION OF ALCOHOLS . . 515 
A. Catalytic Hydrogenation . . 516 
B. Dissolving hletal Reduction . . 517 
c. Hydride Reduction and Reductive Alkylation . . 518 

1. Aluminium hydrides, silanes and boranes . 518 
2. Reductive alkylation . 519 

D. Indirect Procedures . . 520 
1. Phosphorus-hydriodic acid - 520 
2. Reduction via sulphonate and sulphate esters . . 521 
3. Reduction via isoureas, thiocarbamates and dithiocarbonates . . 521 

V. REDUCTION OF ETHERS . 522 
A. Catalytic Hydrogenation . . 522 
B. Dissolving Metal Reduction . - 522 

D. Miscellaneous Reactions . 515 

C. Organometallic Reagents . . 524 
1. Organomagnesium compounds . . 524 
2. Organolithium compounds. . 526 

VI. REFERENCES . . 528 
D. Complex hletal Hydrides . * 527 

I. INTRODUCTION 

This article reviews two rather different reactions (oxidation and reduction) of two 
even more different functional groups (alcohols and ethers). Since most  of the  
material available from the recent literature concerns alcohol oxidations, this topic 
is given most extensive coverage. The approach is mechanistic; however, preparative 
applications are included whenever they appeared particularly illustrative or  
interesting. For  reasons of space, a selection had t o  be made, so certain oxidizing 
agents could not  be considered. 

With respect to the other topics the literature is much less abundant. The 
reactions are less thoroughly investigated and their mechanisms only partly under- 
stood. This part of the article is essentially descriptive. In order to  avoid overlap 
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with other articles in this series, reactions of  ethers, and in particular epoxides, with 
organometallic reagents and complex hydndes are not discussed in detail. 

II. OXIDATION OF ALCOHOLS 

A. General Aspects 

Oxidation of an alcohol to  an aldehyde or ketone may formally be considered as 
elimination of hydrogen at  the C-0 bond, resulting in overall transfer of two 
electrons from substrate to oxidant. These dehydrogenations proceed by a variety 
of pathways. Most frequently, the hydroxylic hydrogen is lost as proton, so that 
oxidation takes place with the alkoxide or with a complex or  ester between alcohol 
and oxidant. The carbinolic hydrogen is lost as proton, hydrogen atom or hydride 
ion, depending on the oxidant used. Thus electron transfer is not  necessarily 
associated with hydrogen transfer, but may proceed via breaking of the covalent 
bond between alcohol and oxidant or via electron transfer from intermediate free 
radicals. Since several pathways are sometimes available for one and the same 
oxidizing agent, reactions are often mechanistically complex, and accompanied by 
side-products. 

B. Chromic Acid 

Conversion of primary and secondary alcohols by chromium (V 1)-derived 
reagents to  aldehydes and ketones is not only a very frequently encountered 
reaction but also the most thoroughly investigated oxidation, Several reviews treating 
mechanistic and preparative aspects have appeared over the recent The 
overall reaction may be formulated as equation (1). While alcohol oxidation 

3R,CHOH + 2Cr0, + 6 H ’  - 3 R 2 C = 0  + 2 C r  ( 1 1 1 )  + 6 H , O  (1) 

involves transfer of two electrons for each molecule of substrate, reduction of 
chromium ( V I )  to chromium ( 1 1 1 )  requires three of them. As a consequence of this 
noncorrespondence of substrate and oxidant the oxidation mechanism comprises 
intermediate valence states of chromium, namely Cr(v)  and Cr(Iv)  as well as 
organic free-radical intermediates. The latter frequently lead to side-products in the 
alcohol oxidation. 

7. Mechanism 

a. Preequilibria. Upon dissolution of chromic acid in water (25OC) the equilibria 
( 2 ) - ( 6 )  may be ob~erved‘9~ .  In solutions below 0 . 0 ’ 5 ~  in Cr(v1) the  monomeric 

H,CrO, H’  + HCr04-  K ,  = 1.21 mol 1-1 (2) 

HCrO4.. H+ + Cr0,’- K 2  3 x mol 1- ‘  (3) 

2 HCr04- - Cr2072- + H 2 0  K, = 35.51 rnol..’ ( ! A =  0)’ (4) 

HCr20,-- H’ + Cr20,2- K;  = 0.85 rnol l . - ’  (5) 

H2Cr20, H+ + HCr20,- K‘, = large (6)  
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species predominate. Above this limit the dimeric dichromate ions become more 
and more important and, at still higher concentration polychromates are formedS. 
The rates of the reactions leading to  these equilibria are several orders of magnitude 
faster than the rates of alcohol oxidation9. 

The oxidizing power of chromium (VI )  solutions of constant acidity is depend- 
ent on the medium. Addition of acids leads to  complex formation (equation 7)' O .  

Kc 
HCr04- + AcOH AcO-Cr0,H + H,O K, = 4 5  (7) 

The electron-attracting o r  -releasing effect of the complexing conjugate base changes 
the electron density a t  the central atom [Cr (VI)] which provokes shifts in the 
ultraviolet spectrum and reactivity changes. 

Similarly alcohols react with chromic acid to form chromate esters (equation 8). 

ROH -I- HCr04-' RO-Cr0,- + H,O ( 8 )  

The equilibrium constant K is in the order of 1 t o  10, and shows little variation 
with the structure of the alcohols' The kinetics of ester formation between 
chromic acid and 2-propanol in 97% acetic acid (15"C, [H*l = 0.0125 M ,  I-( = 0.184 
[NaC104 ] ) have been investigated by Wiberg and coworkers' >' with the results 
shown in Scheme 1. In this solvent system Cr(v1) is present mainly as mono- or 

K 

K1 
AcOCr0,H AcOCrO,.' + H+  (9) 

k7 

R2CHOH + AcOCr03H ====?' R2CHOCr03H + (AcOH) (10) 
k - 2  

K 3  
R2CHOCr03H __ R,CHOCrO,-- + Ht (11) 

R2CHOH + R,CHOCrO,H R2CHOCr0,0CHR2 + (H,O) (12) 
ka 

k-a 

K ,  = 0.24 M K, = 0.019 M 

k 2  = 13,200 M - - l ~ - l  k, = 7 1 0 M - ' s - '  

k.., = 114 s-.' k.-4 = 77 s-' 

K2 = k2/k - ,=  115.4 M - ,  K, = k 4 / k  , =9.21 M-, 

SCHEME 1 

di-ester at  alcohol concentrations > 5 x M .  Under the same conditions mono- 
and di-ester decompose to  ketone with rate constants of , k ~  = 0.294 s-' and k~ = 
0.174 s-I . I  Although the formation o f  chromate esters during alcohol oxidation 
had already been reported near the end of the last century' 4 ,  their role in the 
reaction mechanism was not  established until 1962. The first steps of the oxidation, 
according to  Westheimer' ', are rapid and reversible ester formation, followed by 
slow decomposition t o  ketone and Cr(1V) (equations 13 and 14). The kinetic 

f a s t  

R2CHOH + HCr04-  + H+ RZCH-OCrOsH + H,O (13) 

(14) R,CH-OCr0,H - R,C=O + C r ( i v )  
slow 
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isotope effect of 7, observed for oxidation of 2-pr0panol '~  indicates that the 
second step is rate-determining. In water and in organic solvents containing sub- 
stantial quantities of water the ester is present only in low (steady-state) concen- 
tration, and the rate law is' 

(15) 

Eschenmoser' * found for the oxidation of the sterically highly hindered alcohol, 
3P,28-diacetoxy-6P-hydroxy-l8 p, 12-oleanen (1  ) conditions where the isotope 
effect vanished (kH /k,= 1). 1 is still the only compound for which k ~ / k ~  = 1; in 

v = k,[HCrO; I [R2CHOHI [H'l + k,[HCrO, 1 [R,CHOHl [H'] 

(1) 

other  cases abnormally low isotope effects have been attributed to partial rate- 
determining ester formation due to  steric hindrance19 or in strongly acidic 
solution, t o  unfavourable electrostatic interactions between the protonated alcohol 
and Cr(v1) species*O. 

b. Oxidation steps. Watanabe and Westheimer2' considered Schemes 2 and 3 
for  the conversion of Cr(v1) to  Cr(II1). P4, P5 and P6 refer to the oxidation 
products of Cr(Iv),  ( v )  and (v I ) ,  respectively. In Scheme 2 2/3 of the reaction 
products are due to  Cr(v) and in Scheme 3 each of the valence states forms 1/3 
of the products. For most simple alcohols Pq, P5 and 1'6 are identical. However 
in some favourable cases the intermediate chromium species may lead to other 

slow 
Cr(v1) + S - Cr(lv )  + P6 (16) 

2 Cr(v)  + 2 S - 2 Cr(li1) + 2 P, (18) 

SCHEME 2 

SCHEME 3 



474 Paul Muller 

products than  Cr(v I). F o r  example,  alcohols with quaternary (%-carbons such 
as 2 afford no t  only ketones,  bu t  also cleavage products22 .  Cleavage has also been 
observed in the  chromic acid oxida t ion  of 2-aryl-1 -phenylethanols (3)2 and 
cyclobutanol (4 )24 .  Although Westheiiner2 was able t o  demonstrate that  cleavage 

(2) max. 67% 

(3) 67% 

(4) 48% 31 % 13% 

of 2 was  due  t o  reaction of an  intermediate chromium species, i t  could not  be 
decided whether Cr(Iv ) o r  C r ( v )  was involved. T w o  different approaches finally 
allowed this distinction t o  be made. RoEek and  collaborator^^^ i 2  investigated the  
alcohol oxidation with chromic acid in the  presence of V( lV)26 .  By doing so they 
were able t o  suppress oxidation by Cr(v1). As C r ( v )  was found to be  unreactive 
under their  conditions, it  could be shown tha t  t he  relevant intervening species was 
Cr(Iv).  Scheme 2 was therefore rejected. Wiberg and collaborators' ** studied 
oxidation of 2-propanol and  cyclobutanol (4) in 97% acetic acid. In  this solvent 
system Cr(v1) is considerably more  reactive than C r ( v )  so that formation and 
disappearance of C r ( v )  a re  experimentally observable. By analysing the  yields of 
acetone relative t o  C r ( v )  before oxidation by Cr (v )  occurs, the au thors  arrived a t  
the conclusion that only Scheme 3 was  compatible with their experimental results. 

The  complete reaction scheme may  thus  be formulated as shown in Scheme 4. 
Cr(v )  is formed by reaction of Cr(v  I )  with the  radicals generated in equation (25). 

2 C r ( i v )  + 2 S - 2 C r ( i i i )  + 2 R' (25) 

2 C r ( v i )  + 2 R' - 2 C r ( v )  + 2P, (26) 

SCHEME 4 
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Depending on the reaction conditions it will either disproportionate (equation 27) 
or  react with a molecule of substrate (equation 28). Radical formation as post- 
ulated in equation (25) has been demonstrated by trapping experiments with 
acrylonitrile and a ~ r y l a r n i d e ~ ~ * ~ ~  and for 3 with oxygen23. Furst and col- 
l a b o r a t o r ~ ~ ~  observed in the oxidation of a series of 8-methyl-trans-hydrindanoles 
(5) a side-reaction leading to  isomerization at the tertiary a-carbon in up to 45% 

H H 

(5) 45% cis 

yield. The most likely reaction mechanism involves C-C cleavage by Cr(1v) 
leading to  a radical, which after inversion, recyclizes before being oxidized t o  the 
ketone (equation 30). 

f l H -  

The oxidation of primary and secondary alcohols with Cr(1v) has been investi- 
gated by Rahman and RoEek, using their Cr(vI)/V(lv) systemZ5. In contrast t o  
cyclobutanol (4) where cleavage to  y-hydroxybutyraldehyde is observed30, simple 
alcohols react by C-H bond cleavage to  yield aldehydes and ketones respectively. 
The oxidation of 2-propanol showed an isotope effect of k ~ l k ~  = 1.9, and the 
polar reaction constant p* was found to  be -0.84. 

The cleavage reactions due to the intermediate Cr(1v) in alcohol oxidations may 
be suppressed by addition of scavengers such as Mn(i1) or  Ce(Ir1) ions. Ce(1v) in 
catalytic quantities effects the same suppression of side-reactions, due t o  its 
catalytic effect on the disproportionation of Cr(1v) (equation 31)3' .  

Ce ( IV)  
3 C r ( i v )  - Z C r ( l 1 1 )  + C r ( v l )  (31 1 

Oxidation by Cr(V) has been investigated by Wiberg and coworkers' * 2  ' in 97% 
acetic acid as well as by Hasan and  ROE^^^^ in aqueous solution containing oxalic 
acid (see below). In both systems oxidation of cyclobutanol (4) afforded the 
ketone exclusively and no  cleavage to y-hydroxybutyraldehyde was observed. The 
kinetic isotope effects for the oxidation of 2-propanol was 3.3-4.3 (97% acetic 
acid)*'; for cyclobutanol (water/oxalic acid) the value was 5.03 3. The polar 
reaction constant p *  was found t o  be -0.8033. Thus Cr(v) oxidations of alcohols 
are mechanistically similar to oxidations of Cr(v1). Both reactions proceed via an 
intermediate ester, while for Cr(1v) oxidation ester formation appears not t o  be 
involved2 '. 

The reaction scheme described above has been investigated in aqueous solution 
and in aqueous acetic acid. The same general mechanism applies in aqueous 
acetone" *34 and in aqueous trifluoroacetic acid3 5 .  However a different mechan- 
ism might operate in other solvents. For example, Cr(1v) is stable in acetic 
anhydride36, and although the mechanism of alcohol oxidation has not  been 
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investigated, aldehyde oxidation proceeds by an entirely different mechanism in 
acetic anhydride than in aqueous acetic acid3 7. 

c. Cr-(vr) oxidation. Chromate esters decompose in aprotic solvents slowly to 
ketone and C ~ ( I V ) ~ ~ .  The reaction is accompanied by a kinetic isotope effect of 2 
to  5 3 8 9 3 9 .  The deuterium isotope effect for alcohol oxidation in protic solvents 
varies in the range 3.2- 1 2.94 O .  The reaction is catalysed by picolinic acid4 but 
not  by pyridine4 * , as originally suggested. Electron-withdrawing substituents lead 
to  a decrease in reaction rate. The Hammett p-value for the oxidation of l-phenyl- 
ethanols in 30% acetic acid is - 1 .O l 4  ’. Primary aliphatic alcohols are oxidized with 
p *  = -1.0644 (aqueous solution). The abnormally low rates of oxidation of the 
hydroxylactones 6 and 74 9 4  with respect to  their hydrocarbon analogues 8 and 9 
have been interpreted in terms of a polar effect of the electron-attracting sub- 
stituents, leading to destabilization of the developing carbonyl group. 

( 6 )  (7 1 ( 8 )  (9) 

%,I 1.0 8.0 45.0 80.0 

The mechanisms (32)-(36) have been considered for  breakdown of the chromate 
ester’. Since general base catalysis could not be demonstrated, most authors favour 
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cyclic mechanisms over mechanism (32). Hydrogen could be transferred as a proton 
(equation 33), a hydride anion (equation 341, or  in a twestep process as a radical 
with either simultaneous or subsequent rapid electron transfer. Durand and 
coworkers47 favour mechanism (33)  on the grounds of an analysis of secondary 
isotope effects. On the other hand, Srinivasan and RoEek4 argued that hydrogen is 
transferred in an intramolecular mechanism as an atom or hydride anion (mechan- 
ism 34 or  35). They arrived a t  this conclusion by studying the intramolecular 
cooxidation of 2,7-dihydroxyheptanoic acid (10) according to equation (37). The 

OH 

- 
I 

I 
CHOH 

COOH 'H 

CHO 
I 

I 
(CH,), - CHOH 

+ co, 

(37) 

+ Cr( i i i )  

(10) 

required geometry for intramolecular tranfer is rather hard to  attain; nevertheless 
10 reacts some l o 4  times faster than its higher or lower homologues, where other 
mechanisms are operative. It follows that the intramolecular pathway is an 
energetically very favourable process, and will also be favoured in Cr(vr ) oxidation 
of simple alcohols. Proton transfer was ruled out because of the cyclic nature of the 
transition state. The Cr-0  oxygen would have t o  be a better proton acceptor than 
water by 6 t o  12 orders of magnitude in order to favour a cyclic proton transfer 
over an acyclic mechanism. The square-pyramidal geometry of the transition state is 
inferred by the steric hindrance to  catalytic activity of picolinic acids in Cr(v1) 
oxidations upon substitution in the 6-position4 l .  

Mechanism (36)  was proposed by Kwart and N i ~ k l e ~ ~  for the oxidation of 
sterically highly hindered alcohols. The temperature dependence of the kinetic 
isotope effect for  oxidation of di-t-butylcarbinol showed unusual variations in the 
energy of activation (EF - EF up  t o  three times as high as the difference in the 
zero-point energies of the C-D and C-H bond) and in the Arrhenius A-factor 
(AH/AD = 0.12-5-9) while unhindered alcohols have A H  A D .  The combination 
of these two factors resulted in a disappearance of the isotope effect a t  high acidity. 
Similar results were obtained for trifluoromethylcarbinol. These observations were 
explained by a change in mechanism from cyclic hydrogen transfer to  transfer 
through a chain of solvent molecules accompanied by acid-catalysed tunnelling. 
Kwart suggested that steric effects c n  rates of alcohol oxidation might be due t o  
variations in the degree of tunnelling, due to differences in  the steepness of the 
energy barrier for hydrogen transfer. This proposal has been criticized. It has been 
argued that the abnormal activation parameters could as well indicate a change in 
the rate-determining step4 . Miiller and PerlbergerS0 observed that the entropies of 
activation of sterically hindered alcohols such as di-t-butylcarbinol and 2,2,4,4- 
tetra met h y 1 c y c lo b i i  t a n o 1 a re sign i fica n t 1 y d i f !ere n t from tho sc of 11 n h in d e re d 
alcohols, the latter representing an isoentropic series. Thus, i f  di-t-butylcarbinol 
indeed reacts by a special mechanism, there is no evidence for tunnelling or  
mechanistic changes for normal, unhindered alcohols. 

d. Thee-electron oxidation. Hasan and RoEek5 investigated the Cr(V I )  oxi- 
dation of 2-propanol in the presence of oxalic acid. The reaction is faster than 
the osidation of either oxalic acid or 2-propanol alone. Tfie mechanism in equations 
(38)-(40), involving the formation of a ternary complex and its decomposition by 
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- CO, + R 2 C = 0  + -COT + Cr( l I I )  

OCHR, 

(39) 

C r ( v i )  + *C02 - C r ( v )  + CO, (40) 

simultaneous transfer of three electrons, was proposed. Cr(v) produced in equation 
(40)  may react with the alcohol or  with oxalic acid to  yield a ketone or carbon 
dioxide, respectively (equation 41 ). The yield of ketone relative to COz therefore 

C r ( v )  + R2CHOH - R,C=O + Cr( l l1)  ( 4 1 4  

C r ( v )  + (COOH), - 2 CO, + Cr( l l l )  (41 b) 

provides a method of studying the reactivity of alcohols towards Cr(v)32.  Similar 
results were obtained for the cooxidation of 2-propanol and glycolic acid’ ’. When 
both alcohol and hydroxy acid were deuterium labelled, a kinetic isotope effect of 
34.4 was obtained, confirming the breaking of two C-H bonds in the rate-limiting 
step (equation 42). Similarly, breakdown of the ternary complex of chromic acid 

and of two molecules of glycolic acid is associated with an isotope effect of 
k ~ / k ~  > 36.SS3 (equation 43). 

A three-electron mechanism has also been found in the oxidation 2-hydroxy-2- 
methylbutyric acidS4. In the course of the reaction Cr(V) complexes of surprisingly 
high stability are formed. Krumpolc and RoEekS isolated potassium bis(2- 
hydroxy-2-methylbutyrato)oxochromate (V) monohydrate from the reaction mix- 
ture and established the X-ray structure; the compound is not only of interest to 
chemists but also to high-energy physicists interested in the study of high-energy 
particle interactionss 6 .  

During cooxidation of an alcohol and oxalic acid the only intermediate 
chromium species is Cr(v 1. This has been exploited by Krumpolc and RoEekS to 
oxidize cyclobutanol (4) t o  the ketone under mild conditions and in high yield. 
Since Cr(1V formation is avoided, no  cleavage to  y-hydroxybutyraldehyde occurs. 
The method could be of interest in all alcohol oxidations, where Cr(1v) causes 
side-reactions. 
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2. Effects of structure 

a. Steric effects. The interpretation of the steric effects on the rate of oxidation 
of secondary alcohols has been the subject of much controversy over the recent 
years. Vavons8 was the first t o  observe that sterically hindered alcohols are more 
reactive than their less hindered epimers. This appeared to  be incompatible with the 
ester mechanism and was therefore explained by attack on the less hindered 
hydrogens9. Schreiber and Eschenmoser’8~60 found that the rate of oxidation was 
determined by release of steric strain in going from the sp3-hybridized alcohol t o  a 
sp2 -hybridized ketone. Accordingly a late transition state was proposed6 . Sicher 
postulated a linear free energy relationship between relative stability (AGE,) and 
reactivity (AAG&> for epimeric alcohols (equation 44). The relationship was tested 

(44) 

by various authors62 and seems to hold fairly well, although the slope A vanes 
from 0.8 t o  1.0 depending on the author. This corresponds to an almost complete 
release of strain in going to  the transition state. Accordingly, oxidations leading t o  
strained ketones were expected t o  be particularly slow. However, i t  was found that  
cyclobutanol (4) is in fact mare reactive than c y ~ l o p e n t a n o l ~ ~  and 7-norbornanol 
only about 8 times less than 2 - e ~ o - n o r b o r n a n o l ~ ~ .  Therefore an early, rather 
sp3 -hybridized transition state was also proposed4 O .  

Miiller and Perlberger6 applied the method of molecular mechanics in order t o  
rationalize the steric effects on rates of alcohol oxidation. The steric requirements 
of  the OH groups were simulated by CH3 ; the carbonyl group was used as a model 
reflecting the properties of the transition state. The calculated strain change in 
going from starting hydrocarbon to  the transition state (equation 45)  was then 

A G ~ ~  = A R T  In (k,ik,) = A A A G ~ ~  

logk ~ E S , [ R ’ R 2 C O l  - E,,[R’R2CHCH31 (46) 

correlated with the reaction rate. Figure 1 shows a plot corresponding to  equation 
(46). Although there is considerable scatter due t o  various approximations which 
had t o  be made, the general trend shows that highly strained alcohols are the most 
reactive ones, while alcohols leading t o  strained ketones are unreactive. However, 
while AE,, spans a range of ca. 15 kcal mol-’ ,  the corresponding energies of 
activation cover only 6.7 kcal mol-’ . This indicates that the use of the ketone as a 
transition-state model leads to  a substantial overestimation of strain in the tran- 
sition state. Although alcohol strain, according to  the Sicher correlation should be 
released to  ca. 80% in going to the transition state, strain in the ketone will only be 
built up by about 1/3. 

b. Primary alcohols. Oxidation of primary alcohols to aldehydes, although mech- 
anistically analogous to that of secondary alcohols, is more complex because of 
further oxidation of the aldehyde to carboxylic acid or  ester, the latter via hemiacetal 
formation6 (equations 47 and 48). The subsequent oxidations may be suppressed if 

li * 
R C H 2 0 H  - RCHO RCH(OH), - RCOOH (47) 

ROHIH‘ 
RCHO - R C H ( 0 H ) O R  - RCOOR 
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FIGURE 1. Rates for oxidation (log kr ; )  of alcohols as a function of A&. Reproduced from 
Reference 5 by permission of Schweizer Chemiker Verband. 
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the aldehyde is continuously distilled out of the reaction mixture67. Lee and Spitzer68 
have exploited the fact that aldehyde oxidation takes place via the hydrate6 9. 
Hydration is acid-catalysed and may be suppressed under neutral conditions. 
Accordingly oxidation of primary alcohols with aqueous sodium dichromate at  
temperatures around 100°C leads to aldehydes. The reaction gives good yields for 
benzyl alcohols but is much less satisfactory for aliphatic alcohols. The latter have 
been converted by potassium dichromate in glacial acetic acid ( 1 OOOC) to  aldehydes 
in 40-80% yield70. 

c. Unsaturated alcoliols. Allylic and benzylic alcohols react faster than their 
saturated analogues, because of conjugative stabilization between the developing 
carbonyl group and the x-system. For  example u-tetralol is oxidized 17 times faster 
than cyclohexano17 . Burstein and Ringold7 investigated a series of steroidal 
allylic alcohols. I t  was found that in the absence of substantial strain effects the 
(pseudo) equatorial alcohol 1 l a  was oxidized faster than the (pseud'o) axial isomer 
I lb ,  while in the saturated series the axial alcohol is more reactive than the 
equatorial epimer 12. This observation was rationalized on the basis of better 

H 

OH ( l l b )  

HO &\ 1.0 

(12) H 

overlap of the departing axial hydrogen. Other structural effects on the oxidiation 
rates have been reported73 (Table 1). The rate reduction observed for oxidation of 

TABLE 1. Oxidation of benzylic alcohols 
with Cr(V1) (90% acetic acid, 0.01 M 
potassium acetate, 25°C)' 

1-Phenylethanol 1.0 
1-lndanol 9.3 
1-Tetralol 14.7 
Benzocy clobutenol 1.7 
1-(2-Methylphenyl) ethanol 0.30 
1-(4-Methylphenyl) ethanol 1.75 
I-Mesitylethanol 4.30 
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1-(2-methylphenyl)ethanol was interpreted by steric inhibition of resonance in the 
transition state. The low rate of benzocyclobutenol compared with indanol and 
1-tetra101 is believed to be due to a steric rate retardation. 

Owing t o  their enhanced reactivity, allylic and benzylic alcohols may be oxi- 
dized selectively under mild conditions to aldehydes and ketones. Although many 
sophisticated reagents have been proposed for these transformations, chromic acid 
in acetone (Jones reagent)74 often leads t o  comparable results. Cinnamaldehyde is 
obtained in 84% yield75 from the alcohol. Geraniol and nerol give the aldehydes in 
85-95% yield, although some isomerization occurs a t  the double bond. Similarly, 
acetylenic alcohols are converted to ketones in 80% yield74 (equation 49). In some 

cases side-reactions have been observed owing to  competing attack at the double 
bond. Glotter and  collaborator^^^ found formation of epoxy ketones in the 
oxidation of axial allylic steroidal alcohols with Jones' reagent (equation 50). Under 
the same conditions the equatorial alcohols afforded enones (equation 5 1). The OH 

(51) 

\ \ & 6 H  -* 0 

group directs the approaching Cr(vr) species to attack from the same side of the 
molecule. Further complications may arise from allylic rearrangements prior to  
oxidation. In pyridine solution epoxidation was suppressed and even the axial 
alcohols gave enones. Similarly, oxidation of manool (13) with Jones' reagent led to 
a mixture of rearranged unsaturated aldehydes 14 and epoxy alcohol 1577.  Under 

'I1111 
OH 

- R T  + R x o  (52) 

CHO 

the same conditions the corresponding secondary alcohol 16 gave enone 17, epoxy 
ketone 18 and the rearranged epoxy ketone 19. Interestingly no allylic rearrange- 
ment occurred with 1 6  under the reaction conditions in the absence of chromic 
acid. Modified Cr(V 1) reagents produced similar results. 

d. Tertiuyy alcohols and cyclopi.opanols. Although tertiary alcohols form 
chromate esters quite readily7 their oxidation proceeds very slowly. The rates of 
oxidation are independent of the concentration of chromic acid, and correspond to 
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@O H - R T 0  + q0 + R%o (53) 

(16) (17) (18) (19) 

the rates of acid-catalysed dehydration of the alcohols' 9 .  Oxidation therefore takes 
place via alkene formation. The reaction has found some preparative applications as 
shown in equations (54)-(56). In the case of 1-norbornanol (equation 5 6 )  alkene 

0 

( R e f .  80)  (54) 
Ph 80% II - HOOC(CH2),CPh d" 

formation is impossible. It has been suggested that this molecule reacts by direct 
C-C cleavage. Direct oxidation of a tertiary alcohol by Cr(v1) has been demon- 
strated for 1-methyl-I-cyclobutanol* 3 .  Cleavage of cyclobutanols has been 
exploited for the synthesis of a variety of 1,4-diketones (equation 57)84. Triaryl- 

carbinols react also by direct C-C bond cleavage. A mechanism involving a 1,Zaryl 
shift has been proposeds s. 

Ar2C-OH - ArqC-O-CrO3H; - 
(58) 

I 
A r  

I 
Ar 

+ 
Ar2C=O-Ar - Ar2C=0 t ArOH 

The chromic acid oxidation of cyclopropanols has been investigated by RoEek 
and collaboratorss 6 .  Cyclopropanols react 1 O3 - 1 O6 times faster than other second- 
ary alcohols. Tertiary cyclopropanols are even more reactive. Both secondary and 
tertiary alcohols are oxidized by C-C cleavage. The mechanism proposed involves 
ester formation, followed by a two-electron oxidation to  the hydroxyaldehyde 20 
and Cr(rv). Cr(Iv)  oxidation leads to  the radical 21 and Cr(111). The subsequent 

0 
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(21) 

steps consist of oxidation of the radical with formation of Cr(v) which, in turn, 
reacts with cyclopropanol. The cyclopropanol oxidation is the only case where a 
secondary alcohol is oxidized by Cr(v1) via C-C bond cleavage. A practical 
application of cyclopropanol cleavage is shown in equation (6 '. 

$\ 
H O H  

e. Diols. Oxidation of diols may proceed by two routes, either analogously to  
oxidation of simple alcohols to  hydroxycarbonyl compounds o r  by C-C bond 
cleavage. The first pathway applies t o  ethylene glycol8 for which the mechanism 
shown in equations (62) and (63) has been proposed'. Increasing alkyl substitution 

HOCH,CH,OH + H C r 0 4  + H+ z==z HOCH2CHZOCr03H + H 2 0  (62 

HOCH,CH,0Cr03H - HOCH2CH=0 + C r ( i v )  (63)  

increases the amount of cleavage (1-2% for  ethylene glycol, 20-30% for 2,3- 
butanediol, exclusive cleavage for pinacol)8 9 .  KoEek and Westheimergo proposed a 
cyclic chromate ester as an intermediate (equation 64), when they found that 

- + C r ( i V )  (64) 
RZC=O R2C-OH R 2 C - 0  

RZC-OH I R 2 C - 0  1 / \ o  R2C=O 

.,yo + HCr0; 4- H +  - 
cis-l,2-dimethyl-l ,Zcyclopentane-diol was oxidized t o  2,6-hepanedione a t  a rate 
17,000 times faster than the trans isomer. As in the normal oxidation of alcohols 
breakdown of the ester was considered to  be rate-determining. For oxidation of the 
trans isomer the monoester 22 was proposed as intermediate, the breakdown of 22 

(22) 

taking place with participation of the free OH group. The drastic difference in 
reactivity of cis- and trans-1 ,2-dimethyl-l,2-cyclopentanediol is not  observed with 
secondary 1 ,2-diols; for example for 1,2-cyclopentanediol the cisltrans ratio is only 
3, for 1 ,Zcyclohexanediol it is 69 . On thermodynamic grounds oxidation to  
hydroxy ketone or  hydroxy aldehyde represents the favoured pathwayg0, so that 
this reaction can be considered normal. The reason for the change in mechanism 
upon increasing methyl substitution is not yet  clear. However, part of the cleavage 
reaction is probably due to  Cr(lv). Walkerg2 investigated the oxidation of the diol 
23 in  the presence and absence of Mn(1l) or  Ce(I1r). Glycol cleavage at  the 
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& r H  CH20Ac o&=o CH20Ac 

il!lllOH 

(66) - 
0 

123) (241 

side-chains was the main reaction in the absence of Cr(lv) scavengers. When the 
reaction was run in the presence of Mn(11) the yield of cortisone acetate (24; rose 
from 30 to 48%. 

3. Modified Cr(vt)  reagents 

a. t-Butyl chromate and  chromyl chloride. The oxidation of alcohols with 
t-butyl chromate in a nonpolar solvent has been reported t o  afford aldehydesg3 and 
ketonesg4 in 80-95% yield. However, Suga and MatsuuragS found that the 
reaction has similar limitations as oxidation with chromic acit itself. Secondary 
alcohols lead to ketones in excellent yield and allylic or benzylic alcohols afford the 
corresponding aldehydes. However, with primary alcohols a mixture containing 
aldehyde, acid and ester, the  latter formed via a hemiacetal, was obtained. Second- 
ary 1,2-diols lead to cleavage. 

The  kinetics of the oxidation of secondary alcohols with t-butyl chromate has 
been studied3 8 .  The steric effects operating in the reaction follow the same trends 
as with chromic acid, but  are less pronounced. The reaction mechanism involves 
transesterification followed by breakdown of the mixed ester 25 to ketone and a 
Cr(1V) species (equation 67). The latter is no t  further reduced to  Cr(II1) under the 
reaction conditions. 

0 

(r-BuO),CrO, + RzCHOH r-BuOCr-OCHR2 - R 2 C 0  + C r ( l v )  (671 

0 

II 

I I  

(25) 

Chromyl chloride is a very vigorous oxidant lacking selectivity. However, 
adsorbed on silica-alumina i t  oxidizes primary alcohols to  aldehydes and secondary 
alcohols t o  ketones in 75-100c/o yield96. Several functional groups such as esters, 
lactones, nitriles, ethers and halocarbons are inert t o  the reagent, while alkenes 
undergo oxidative cleavage. Sharpless and Akashig moderated the activity of 
chromyl chloride by reacting it with pyridine and t-butanol. The structure of the 
reagent is not  established. Sharpless proposed f-butyl chromate o r  its pyridine 
adduct as possiblc structures, but is clearly superior to  the t-butyl chromate of 
Oppenauer and Oberrauchg 3 .  The Sharpless procedure offers advantages for large- 
scale oxidations of simple saturated primary alcohols to  aldehydes. 

6. Pyridine-chromium trioxide and related reagents. The pyridine-chromium 
trioxide complex9 was introduced by Sarrett and  collaborator^^^ for the selective 
oxidation of allylic alcohols. The reagent dispersed in pyridine gives yields of 
70-90% for steroids. For aliphatic alcohols yields are however considerably- 
iowerloO.  Several variations of the method are now available. In  the Collins 
oxidation' O 1  the  complex is dispersed in methylene chloride, in which it is slightly 
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soluble. The Ratcliffel O 2  procedure avoids the hazardous preparation of the 
hygroscopic complex by generating i t  in situ in methylene chloride. Cornforth' 
added an aqueous solution of chromium trioxide to  pyridine and obtained results 
comparable to  the Sarrett method. Other procedures use chromium trioxide in 
pyridhe-acetic acid' 0 4 ,  pyridine dichromate' and Collins' reagent in the pres- 
ence of celite' O 6 .  

prepared a chromium trioxide-3,5-dimethylpyrazole com- 
plex by adding dimethylpyrazole to  a suspension of chromium trioxide in methy- 
lene chloride. The reagent used in threefold excess converted a series of primary 
and secondary saturated and unsaturated alcohols to  the corresponding aldehydes 
and ketones in 70- 100% yield. The Sarrett and related procedures are of advantage 
for oxidation of acid-sensitive compounds. Their major drawback is the large (three- 
t o  six-fold) excess required t o  obtain acceptable yields. 

This problem may be overcome by using the  more recently developed pyrid- 
inium chlorochromate' 8 ,  which requires only 1.5 equivalents of reagent. The 
reagent is slightly acidic, but the reaction mixture can be buffered by working in 
the presence of powdered sodium acetate. 

Although the chromium-pyridine reagents are used under mild conditions, they 
may also lead to  side-reactions with complex molecules. For example, oxidation of 
manool (1 5)  with Collins reagent or pyridinium chlorochromate gave a complex 
mixture of products similar to that obtained with the Jones oxidation7'. With 
tertiary allylic alcohol 26 oxidation was accompanied by rearrangement' 9. Allylic 

Corey and Fleet' 

,CHO 

(26) 

rearrangements have also been reported t o  occur during oxidation with the 
chromium trioxide-dimethylpyrazole complex' ' " . The acidic nature of pyrid- 
inium chlorochromate has been exploited by Corey to  form cyclohexenones by 
oxidative cationic cyclization from alcohols and aldehydes (equation 69)' " . 

c. Miscellaneous. 'The need for chromic acid oxidations under mild conditions 
led to  the development of other methods, some of them closely related to  the 
Sarrett oxidation. Snatzke' * oxidized steroidal alcohols with chromium tsoxide 
in dimethylformamide containing small amounts of sulphuric acid in ca. 80% yield. 
Ketal groups remained intact under the reaction conditions. Similarly, sodium 
dichromate in dimethylsulphoxide and sulphuric acid has been used for oxidation 
of primary and secondary alcohols' 3 .  Chromium trioxide in hexamethylphosporic 
triamide converts activated primary and secondary alcohols in high yield; saturated 
secondary alcohols give less satisfactory results' - Alternatively two-phase systems 
of an organic solvent such as benzene' containing the substrate and 
chromic acid in water provide mild conditions for oxidations of sensitive alcohols. 
Chromium trioxide intercalated in graphite is a selective reagent for the conversion 
of primary alcohols to aldehydes' ' 7.  Cainelli and collaborators' ' obtained a 

or ether' 
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polymer-supported chromic acid reagent by treating an anion exchange resin with 
chromium trioxide. The reagent oxidized various alcohols to  aldehydes and ketones 
in excellent yield. 

C. Manganese and Ruthenium Oxides 

1. Potassium permanganate 

a. Mechanisms. Alcohol oxidation by potassium permanganate has been 
reviewed3 ,4*1 g .  As with chromic acid the reaction mechanism must be complex, 
since intermediate valence states of manganese are involved. In acidic solution 
Mn(vI1) is reduced to  Mn(1r) (equation 70)' 2 0 .  In neutral and basic solution 
reduction first proceeds to the manganate(V1) stage (equation 71)' Manganate 
ion reacts ca. 40 times slower with the alcohol than permanganate. However, in all 
but very basic solutions i t  disproportionates t o  manganese dioxide and permanga- 
nate (equation 72). The formation of manganate (VI) may proceed by one-electron 
transfer from the substrate t o  Mn(vI1). However, a two-electron transfer to  manga- 
nese ( V I I )  t o  yield Mn(v) followed by rapid oxidation with permanganate' 2 2  

would lead t o  the same result (equation 73). The oxidation of alcohols is thus 
mainly due t o  the  Mn(vI1) species, that  is potassium permanganate. 

2 M n 0 4  + 5R2CHOH -1- 6H' - 2Mn2+ 4- 5R2CO 4- 8HzO (70) 

2 M n 0 4  + R2CHOH 4- 20H-  - 2Mn042- + R2C0 + H 2 0  ( 7 1 )  

MnO; -1- MnOi- - 2MnO;- (73) 

3MnO:- + 2 H 2 0  - 2 M n 0 4  -t MnOz + 40H-  (72) 

Much of the present knowledge of the reaction mechanism is due to the work of 
. Benzhydrol was oxidized in basic solution with the rate law. A kinetic Stewart' 

v =  k [MnOz]  lR2CHOHI [OH- ]  (741 

isotope effect of 6.6 was obtained with the deuterated compound, indicating C-H 
bond cleavage in the rate-determining step. Unusually high isotope effects (ca. 16) 
were observed for a series of aryltrifluoromethyl carbinols' 2 3 .  In acidic solut'ion a 
value of k ~ / k ~  = 2.1 (50OC) was found for oxidation of cyclohexanol' 2 4 .  

Similarly, ethanol gave k ~ / k ~  = 2.6 with acid permanganate' 2 0 .  In basic solutions 
reactions are much faster than under neutral o r  acidic conditions, and this has been 
shown t o  be due t o  ionization of the  alcohol (equations 75 and 76). A small rate 

R2CHOH + OH- RzCHO- -1- HzO (75) 

M n ( V I I )  
RzCHO- * RZCO (76) 

increase is also observed with increasing concentration of acid because of proto- 
nation of permangante ion (equation 77)' 24. Part of the rate acceleration in acid 

MnO, + H t  z==== H M n 0 4  (771 

could however be due t o  induced oxidation by intermediate Mn(ir1) or Mn(lv) 
species' 5 ,  which cause an autocatalytic effect. The latter may be suppressed by 
adding fluoride or pyrophosphate ions to  the solution, thereby stabilizing the 
intermediate valence states by complexation' O. 
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Polar effects are more pronounced in the permanganate oxidation than in the 
oxidation with chromic acid. Banerji' 2 o  found p *  = -2.02 for a series of primary 
alcohols. For a series of mande!ic acids which are believed t o  react by the same 
mechanism as simple alcohols, p was -2.23l 2 6 .  Very little information is however 
available on structural effects. Cyclohexanol and 2-propanol react a t  about the 
same rate in both basic and acidic solutions' * ', while diisopropyl ether is almost as 
reactive. On these grounds an intermediate permanganate ester formed in a pre- 
equilibrium can be ruled out. The mechanism of oxidation consists in removal of 
the carbinolic hydrogen either in a one-electron oxidation (H' transfer) or in a 
two-electron oxidation (H- transfer) in the rate-determining step (Scheme 5) .  Both 
mechanisms hnve been advanced, and although the question is no t  definitely 
settled, hydride transfer is preferred by most authors. RoEek and Aylward' found 
that oxidizing agents capable of one-electron transfer can be distinguished from 
two-electron transfer reagents on  the grounds of the oxidation products with 
cyclobutanol. The former yield cleavage products, while the latter afford the 
ketone, cyclobutanone. Potassium permanganate also gives cyclobutanone, and 
could therefore be considered a two-electron oxidant. On the  other hand, with 
phenyl-t-butylcarbinol (2) potassium permanganate in acetic acid leads to  cleavage 

(2) 

products in high yield, a reaction considered t o  be typical for one-electron 
reagents' * 9 .  However, as in the chromic acid oxidation, cleavage could be due to  
intermediate manganese species, such as Mn(1v) o r  Mn(III), so that their appear- 
ance might be irrelevant t o  the oxidation mechanism of Mn(v 1 1  ). 

In more concentrated acid solution the reaction may take another course. Banoo 
and Stewart' investigated oxidation of secondary and tertiary aromatic alcohols 
in aqueous sulphuric acid and found a zero-order dependence in potassium per- 
manganate. Under these conditions the rate-determining step consists in formation 
of the carbonium ion. The proposed mechanism is shown in equations (83) and 
(84). A permanganate ester Ar2CHOMn03 is likely to  be the  first intermediate in 

Ai,CHOH 4- H '  Ar2CH' -1- H 2 0  (83) 

Ar2CH' 1- MnO, - products (84) 

the fast reaction steps. For tertiary alcohols , a similar mechanism involving 
rearrangement of an aryl group was proposed (equations 85 and 86). 

slow 

fast 
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+ 
ArZC=O-Ar + M n 0 g  (85) 1- Ar3C-OMn03 - 

OH 
+ H 2 0  I 

Ar2C=OAr - Ar2C-OAr - Ar,C=O + ArOH (86) 

Although permanganate oxidations are in general slow in the intermediate pH 
range, pronounced rate accelerations were found for reaction of potassium per- 
manganate with cis-2-hydroxycyc!ohexanecarboxylic acid (27) and its cis-5-t-butyl 
derivative 28 between pH 4 and 8, giving a typical bell-shaped curve, (Figure 2)' l .  

A C O O H  A C O O H  

(27) (28) 

The reaction consists in oxidation of the hydroxy group to  ketone, followed by 
slow decarboxylation. Such bell-shaped curves are well known in bioorganic 
systems and usually originate by the presence of two ionizable groups of different 
pK involved in the reaction mechanism. I t  was found that the rrans isomers of 27 
and 28 showed no  sign of the phenomenon. Stewart and McPhee' proposed a 
mechanism in which the anion 29 is formed as a steady-state intermediate and then 
ionized to the dianion 30, the  most reactive species involved. 

?H ?- 
OMnO, 

-0  =kOH -0  

(29) (30) 

This mechanism is however not  entirely satisfactory. From the pH-rate profile 
the first ionizing group should have a pK, of 4.7, just about the pK of a carboxyl 
group participating by general base catalysis. Furthermore, the mechanism does not 

4 
c 

Lrn 3 
'a, 
E 
- 2  
-t' 

1 

0 

I 
0 2 4 6 0 '  

PH 
FIGURE 2. pH-rate profile for oxidation of 28 by potassium permanganate. Reprinted with 
permission from R. Stewart and J. A. MacPhee, J. Amer. Chem. SOC., 93, 4271 (1971). 
Copyright by the American Chemical Society. 
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account for the rate decrease above pH 6 .  A second group or a pH-dependent 
equilibrium must be involved, capable of compensating for the catalytic effect of 
the  first one. I t  was furthermore noted that  the bell-shaped rate profile is not a 
general phenomenon. Neighbouring carboxylate groups produced no rate enhance- 
ment in the oxidation of benzhydrol' 2 .  

(manganate) and Mn(v) (hypomanganate) are also 
capable of oxidizing alcohols to  ketones, but are considerably less reactive than 
permanganate. Mn(v) is more selective than permanganate and does not attack 
double bonds' 3. Solid barium manganate, suspended in methylem chloride con- 
verts alcohols and, more interestingly, diols to ketones and aldehydes in excellent 
yield (equation 88)' 3 4 .  

The oxyanions of Mn(v1)' 

Ph CH,OH 

Ph CHzOH Ph CHO 

188) 

b. Synthetic aspects. Potassium permanganate is a vigorous and relatively non- 
selective oxidant3. Primary alcohols give aldehydes, but the latter may be further 
oxidized to  acids or  be partly degraded via the  enol form (equations 89 and 90)' ' 9. 

Mn(VI0 Mn(VI I )  

RCH,CH,OH - RCH2CH0 - RCHZCOOH (89) 

Mn(VI1) 

RCH=CHOH - RCOOH f C02 (90) 

lsolation of aldehydes as products of alcohol oxidation is impossible in neutral or  
weakly basic solution, but may be possible in strong base. Although organic 
solvents are attacked by potassium permanganate, oxidations are often carried out 
in acetic acid. In order t o  overcome solubility problems, Cornforth'35 used a 
two-phase petroleum ether-water system for oxidation of ethyl lactate t o  ethyl 
pyruvate. More recently potassium permanganate was solubilized in benzene by 
complexing i t  with a crown ether136 (purple benzene). The reagent was found to  
react with alcohols, but also with alkenes, aldehydes and arylalkanes. An alternative 
method of solubilizing permanganate in benzene entails stirring an aqueous solution 
with a catalytic quantity of a quaternary ammonium salt to maintain a sufficiently 
high concentration of permanganate in the organic phase' 3 7 .  Regen and Koteel' * 
activated potassium permanganate for oxidation in benzene by the process of 
impregnation onto inorganic supports such as molecular sieves, silica gel and certain 
clays. The procedure appears competitive with most other methods available for 
small-scale oxidations of secondary alcohols to ketones. 

2. Manganese dioxide 

Manganese dioxide, MnO, , is the oxidant of choice for selective transformation 
of allylic and benzylic alcohols to aldehydes and ketones'39. The reagent was 
discovered by Ball and collaborators' who found that MnOz converted Vitamin 
A almost quantitatively into retinene. Manganese dioxide is prepared by reaction of 
potassium permanganate with manganese sulphate or  chloride' 9, and activated by 
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heating to  120- 1 3OoC or  azeotropic distillation with benzene' I .  It is used as a 
suspension in a variety of solvents, and reactions are usually carried out by stirring a 
large excess of oxidant with the alcohol at room temperature for several hours. 
Gritter and Wallace' ' investigated the solvent effect on the yield of acrolein from 
ally1 alcohols. Best results were obtained with petroleum ether or ethyl ether. With 
benzene, chloroform or carbon tetrachloride, yields dropped by 20-50%. Aceto- 
nitrile has been used for some MnO, oxidations'43, but it was later found t o  be 
hydrolysed by the reagent to  the amide'44. The method of preparation, the water 
content and the crystalline form are also of influence. It has been claimed that 
efficiency of the oxidation of benzyl alcohol proceeds in the order 
Y-Mn02 >active manganese dioxide> a-Mn0Z1 4 5 ,  and that the oxidizing power of 
active manganese dioxide depends on the content of Y-Mn02 in the oxidant. 

Owing to the heterogenous nature of the reaction, the mechanism is rather 
poorly understood. Oxidation of w-deuteriobenzyl alcohol showed an isotope effect 
of 14.2; in a competition experiment with benzyl alcohol and cr,ta-dideuteriobenzyl 
alcohol a value of k ~ / k ~  = 18.2 was obtained. On these grounds a reversible 
adsorption step prior to oxidation, followed by a radical pathway was proposed 
(equations 91-93)146. The high value for kH/kD was explained by a superposition of a 

PhCHZOH 7 * PhCHZOH/Mnz - - PhCH,O - Mn(lv )  (91) 
MnOZ //O 

'OH ddSOrptlOn coordination 

/OH / O H  - - PhCHO - M n ( i i i )  - PhCHO/Mn(li) (92) 
/p 

PhCHZO - O\Mn(lv) 

'OH \OH 
\ 

OH 

/OH 
PhCHO/Mn(l I) 

' 0  H 

normal primary isotope effect for 
for the adsorption process. In the 

- PhCHO + MnO/H20 (93) 

C-H bond breaking and a steric isotope effect 
oxidation of benzenehexol a molecular surface 

complex with MnO, could be detected and the rate of adsorption monitored by 
X-ray diffraction' 7. Fatiadi' ' proposed decomposition of manganese dioxide to 
hydroxy radicals as a possible reaction pathway for the radical mechanism 
(equation 94). There is also evidence for ionic pathways. Oxidation of 7-norborn- 

adienol (31) resulted in formation of benzaldehyde and the hemiacetal 32, which 
was explained by a carbonium ion rearrangement' 8 .  Although the ionic mech- 
anism149 cannot be ruled out, a radical mechanism could also be invoked to 

MnO(OH)2 - 2'OH + Mn( l i )  (94) 

- aH + PhCHO 

0 OH 

(95). 

(31) (32) 

account for the rearrangement. The latter seems more likely in the light of the 
relative insensitivity of benzylic alcohols to  changes in substitution during Mn02 
oxidation' 
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Hydrogen abstraction in the slow step of the reaction may in part account for 
the stereoelectronic effects observed during oxidation of allylic alcohols. In the 
cyclohexenol series very often the pseudo-equatorial alcohols are much more 
reactive than their pseudo-axial epimers, for example cholest-4-en-3p-ol (33) is 
oxidized two to  three times faster than the 3a-epimer 34l l .  The phenomenon is 

(33) fast (34) slow 

quite general and may be explained by better stabilization if  the developing 
p-orbital is oriented parallel t o  the x-system (equation 96)' 2 .  In other cases, 

however, allylic steroid alcohols with both orientations have been converted to  the 
corresponding ketones without difficulties' 3. 

The scope of the oxidation with manganese dioxide is outlined in equations 
(97)-( 102). 

CH2OH CHO 
80% - 

(Ref. 140) (97) 

(Ref .  155) (99) 

( R e f .  156) (100) 

O M e  OMc 

I 
0 M e  b M c  
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(Ref. 150) (102) 

Adjacent cyclopropane nngs also activate alcohols t o  allow oxidation; for 
example, Crombie and Crossley' oxidized trans-chrysanthemyl alcohol (35) to  
the aldehyde ( 3 6 )  in 62% yield at  2OoC. Similarly, a-hydroxy ketones have been 

FHO 

(35) (36) 
oxidized to  diketones (equation 104)' 5 9 ,  a-hydroxy esters t o  keto esters' 6 o  and 
hemiacetals t o  lactones (equation 105)' ' . 

/ E t  5 2 %  Et, , E t  

CH - C  - c-c ( R e f .  159) (104) 

OH 0 

E t \  

I1 I 1  
0 0  

I II 

(Ref.  161) (105) 

cis-l,2-Diols react preferentially by C-C cleavage, while the trans isomers are 
unreactive: 

OH 

( R e f .  162) (106) 

A t  elevated temperatures MnOz reacts even with saturated aliphatic alcohols to 
give aldehydes and ketones, respectively. The reaction may already proceed at room 
temperature, if a sufficiently high excess of oxidant is used' 3 .  

reported a simple procedure for the conversion of 
allylic alcohols t o  methyl esters with MnO, in the presence of HCN. The alcohol is 
first oxidized to the aldehyde which then reacts to  the cyanohydrin. The latter is 
susceptible t o  further oxidation by manganese dioxide (equation 1 07). Furfural, 

Corey and collaborators' 

+o __t HCN +; - Mn02 +o __. R O H  $ 0 (107) 

H H CN OR 

geranial and farnesal are transformed in 85-95% yield' 3 ,  and retinol affords 
methyl retinate by passing i t  through a column packed with an upper layer of 
MnO, and a lower layer with Mn02/NaCN. Elution with methanol/acetic acid gives 
the ester in 50% yield' 6 4 .  

3. Ruthenium tetroxide 

a, Scope and applications. Ruthenium tetroxide is an extremely powerful, and 
therefore unselective, oxidizing agent' 5. It is conveniently prepared by reaction of 
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hydrated ruthenium dioxide with an excess of sodium periodate in water, followed 
by extraction of the tetroxide with carbon tetrachloride' 6 6 .  Other procedures use 
ruthenium trichloride besides the dioxide and oxidants such as sodium hypo- 
chlorite' 7, sodium bromate' , chromic acid' etc. For synthetic procedures a 
two-phase system with use of a catalytic amount of ruthenium tetroxide in 
conjunction with a cooxidant such as aqueous sodium periodate is often employed. 
The  organic substrate, dissolved in carbon tetrachloride o r  methylene chloride 
reduces the tetroxide to  the insoluble dioxide. The latter is reoxidized by periodate 
and reextracted into the organic phase (equation 108)' 70. The stoichiometry of 

Ru02.  2 H 2 0  + 2 N a I 0 4  - RuO, + 2 Nal0, + 2 H 2 0  (108) 

alcohol oxidation depends on the reaction conditions. In carbon tetrachloride the 
inorganic product is RuOz (equation 109)l7O. In  perchloric acid, however, it 

cc14 
2 PhCHOHPh + R u 0 4  - 2 PhCOPh + Ru02 + 2 H2O (109) 

becomes RU(III)  (equation 110)' 7 1 .  Applications of ruthenium tetroxide to  
alcohol oxidation is somewhat limited owing t o  the high tendency of the oxidant t o  

react with other functional groups such as double bonds, aromatic rings and 
ethers' 5 .  However, it is the reagent of choice whenever a vigorous oxidant and 
mild reaction conditions are needed. For example, Moriarty and collaborators' 72 
oxidized the hydroxylactone 6 to the ketone 37 in 80% yield, while over fifteen 

( 6 )  (37) 

other standard methods failed. Yields of ketones from secondary alcohols are 
usually excellent, 2-propanol' and benzhydrol' being converted in practically 
quantitative yield. 

The oxidation of cyclobutanols to cyclobutanones is very often accompanied by 
cleavage products and, therefore, gives low yields with more conventional oxidants. 
Ruthenium tetroxide, however, converted ethyl-3-hydroxycyclobutanecarboxylate 
(38) to  the ketone with a yield of 78% (equation 1 12)' 7 4 ,  while cyclobutanol(4) 
itself afforded the ketone exclusively with both ruthenium tetroxide and sodium 
ruthenate' 7 5 .  

COOEt COOEt 

HO 

(38) 
Primary alcohols are converted to  aldehydes (40-7076)' 8 y 1  70 and acids' 7 4  

while 1 ,Zdiols give diketones' 7 6  and, under alkaline conditions, mostly cleavage 
products' 7 .  A variety of steroidal alcohols have been oxidized by ruthenium 
tetroxide' 7 7 ,  but the most important application is found in the carbohydrate 
field' 8. Glycosidic linkages are unaffected during oxidation, and the conventional 
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protecting groups remain intact. In some cases, prolonged treatment results in the 
formation of lactones (equation 1 13)' 9. 

BzOCH2 t A  (1 13)  

BzOCH2 0 BzOCH2 0 

qo - Y-2 - O 

O% O% 

0 

O% 

b. Mechanism. The reaction mechanism has been investigated by Lee and van 
den Engh' 73 for 2-propanol oxidation in aqueous perchloric acid. In solutions of 
moderate acidity the reaction was found to  be first order in oxidant and substrate 
but inversely proportional t o  H o .  2-Propanol showed a kinetic isotope effect of 
kH/kD = 4.6 and the activation parameters AH* = 14.0 kcal mol-' and AS# = 
-20.3 e.u. The propoied mechanism is shown in equations (1 14)-( 1 17). The rate- 

f a s t  

CH~CHOHCH, + H+ ===== CH,CH~)HCH, (1 14) 

slow I 

CH3CHOHCH3 + R u 0 4  CH,COHCH, -1- HRu04- ( 1 1 5 )  

fast  

CH,&OHCH, - CH3COCH3 + H f  (1  16) 

2 H R u 0 4  + 3 CH3CHOHCH3 - CH30CH3 + 2 R u 3 +  ( 1  17) 

determining step thus consists in transfer of hydride from the carbinolic carbon. 
This mechanism is based on the observation that electron-donating substitutents 
accelerate the reaction rate and that cyclobutanol gives only cyclobutanone, while 
cleavage products, typical for 1-electron oxidations, are absent' 7 5 .  Since ethers are 
oxidized almost as fast as alcohols' 7 1  an ester mechanism similar t o  the one 
observed in chromic acid oxidation was ruled out.  The rate decrease with increasing 
acidity was explained by protonation of the alcohol and by the reduced activity of 
water at high acidity, which would lead to less efficient solvation of the transition 
state. 

At high acidity ( 7 . 5 - 1 0 ~  HClO4) the reaction becomes zero-order in 
ruthenium tetroxide, but  first order in alcohol. The isotope effect disappears 
(kH/kD = 1.3), and two products, acetone and acetaldehyde, are formed. In this 
region, the reaction rate increases with increasing acidity. This was rationalized by 
rate-determining carbonium ion formation, followed by rapid oxidation o r  elimi- 
nation (equations 1 18-1 20). Since ruthenium tetroxide is reduced to  the dioxide 

f d S 1  

slow + 
CH3CHOH + H* - CH3CHCH3 + H20  

lasl 

CH,~HCH, -- CH,CH=CH, + H+  (1  19a) 

t R u 0 4  
CH3CHCH3 - CH,COCH, 

fast 

CH3CH=CHZ - C H 3 C H 0  
R u 0 4  

la11 

(119b)  

(120) 

during the reaction, a second oxidation step between ruthenium(v1) oxide and a 
molecule of alcohol must occur. Some reactions between sodium ruthenate and 
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alcohols have been studied in basic solution and were found t o  yield ketones180. 
Cyclobutanol gives cyclobutanone. However, the RU(VI)  species cannot be 
observed in organic solvents, since it is only stable under strongly basic conditions, 
but it is believed to  be much more reactive than ruthenium tetroxide. It appears 
thus that the intermediate ruthenium species reacts by hydride transfer, like 
ruthenium tetroxide itself. 

D. One-electron Oxidants 

1. Cerium(/ V )  and vanadium ( V )  

a. Oxidation with ceric ion. Cerium(1V) occupies a prominent position among 
the so-called one-electron oxidating reagents. A variety of interesting and in part 
preparatively useful reactions have been discovered over the  last ten years. For 
example, benzyl alcohols are converted to the aldehydes by ceric ammonium 
nitrate in ca. 95% , and cyclopropylcarbinol leads to  cyclopropylcar- 
boxaldehyde (64%) (equation 121)' 82. Simple secondary alcohols are converted t o  

G 4 9 b  C--CH,OH - ~ C H O  (1  21) 

ketones; thus 2-propanol and cyclohexanol give rise to  acetone' 8 3  and cyclo- 
hexanone' 84 respectively. In many cases, however, the preferred pathway is not 
ketone formation, but rather C-C bond cleavage, as with Cr(rv). Typically, 
alkylphenylcarbinols2 1' and 1 ,2-diarylethanols2 are cleaved to  various degrees, 
depending on the nature of the substituents present (equation 122). Similarly, 

15% 61% 

cyclobutanol' 8 6  reacts by cleavage to  a variety of products and bicyclic alcohols 
such as isoborneol (39) lead to  cyclopentene derivatives' * '. 

(123) 

While oxidation of ethanol affords acetaldehyde (90% yield)' long-chain 
primary alcohols prefer still another pathway, namely formation of cyclic ethers. 2- 
Methyltetrahydrofuran is obtained in low yield from pentanol' 8 9  .4Yhenyl-l-butanol 
(40) gives 2-phenyltetrahydrofuran (5876, based on converted 40) (equation 124)' O .  

Ether formation is rationalized by formation of an alkoxy radical undergoing a 
1,5-hydrogen shift followed by further oxidation to  a carbonium ion and subsequent 
cyclization (equation 125). This pathway is no t  available to the  lower homologue, 
3-phenyl-1 -propanol, which undergoes attack on the phenyl ring by the alkoxy 
radical 42 to yield 4-chromanone (43) and chromone (44)"O. Ceric ammonium 
nitrate cleaves tertiary alcohols t o  ketones at 8OoC in aqueous acetonitrile (equation 
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__t 

R nOH- R no.- R n O H  

(41 I 

127)' ' . The radical produced in the cleavage step is further oxidized to alkyl 
nitrate by electron or  ligand transfer' 85. From competition experiments the relative 

rates of formation of the ally1 : benzyl :: t-butyl radicals by oxidative cleavage 
were found t o  be 1 : 4.4 : 19.9-62.919'. Cleavage also occurs in the oxidation of 
benzoins (equation 128)' ' , a-hydroxy acids' and 1 ,2-diols1 1 '  4 .  

Ph-CH-C-Ph - PhCOOH + PhCHO 

86% 80% 
I I I  
OH 0 

(128) 

6. Mechanisms. Oxidation rates with Ce(1v) show a marked dependency on 
complexing anions present in solution; for example, reactions in sulphuric acid and 
acetonitrile are slower than in perchloric acid'94. In many kinetic studies the 
precise nature of the reacting cerium species has not been established. Hanna and 
collaborators' 9 5  recently proposed a system of HC104 -Naz SO4 -NaC104 which 
allows for variation and control of the various cerium complexes. 

Alcohol oxidation with Ce(1v ) proceeds via an intermediate Ce(1v )-alcohol 
complex' 8 8 .  Complexation results in a colour change of the cerium solution, and 
this allows for  determination of the equilibrium constant K for complex formation. 
Young and Trahanovsky' 9 6  have measured the equilibria of some 4 0  alcohols in 
70% acetonitrile and found little variation of K with the alcohol structure 
(0.52 1 mol-1 for methanol, 1.51 for 2-propanol and 4.73 for cyclohexanol). The 
complex, once formed is unstable and decomposes unimolecularly (equations 129 
and 130). 

ROH + C e ( l V )  C e ( i v 1 .  ROH 
k 

C e ( l v ) .  ROH - products 
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The reaction rate is therefore given by' 

and the observed rate constant is 
k K[ROHl 

k O b s  = 1 -1- K (ROH1 
(132) 

As a consequence of complex formation, kobs shows a saturation effect at  high 
substrate concentration, while plots of l/k,b, vs. l / [ROH]  are linear. Wells and 
Husain' 83 deduced from the acidity dependence of the 2-propanol oxidation in 
perchloric acid that two intermediate complexes, Ce(1v)-ROHaq and Ce(1v)- 
RO i9 are involved. 

With cyclohexanol as substrate, breakdown of the intermediate complex shows a 
kinetic isotope effect of k ~ / k ~  = 1.9' 9 8 ,  indicating C-H bond cleavage in the 
rate-determining step, with formation of a radical intermediate subject to  further 
fast oxidation to  ketone (equations 133 and 134). The hydrogen transfer as 

R,CHOH . Ce(iv)  - R,$OH + Cell 1 1 )  i- H+ ( 133) 
slow 

opposed to hydride transfer mechanism is supported by the observation that Ce(Iv) 
reacts with cyclobutanol (4) by ring-cleavage,' like other one-electron transfer 

(4) 

reagents, as well as by the cleavage reactions in equations (1 22) and (1  23). For 
cyclobutanol, the intermediate radical has been trapped with oxygen leading to  
succinaldehyde as the only isolable product' Similarly, radicals have been success- 
fully trapped in oxidative cleavage of 1 , 2 - d i a r ~ l e t h a n o l s ~ ~ .  The  rates of this reaction 
correlate well with the u+ constant with p = -2.00, and this value was used to rule 
out  a free alkoxy radical as reactive intermediate. In contrast, oxidation of primary 
aliphatic alcohols must proceed via alkoxy radicals (equation 124 and 125) so that 
tetrahydrofuran formation may occur. . 

c. Oxidation with vanadium(v). Oxidation of cyclohexanol in aqueous sul- 
phuric acid has been investigated by Littler and Waters' g .  The rate law was found 
to  be 

( 136) 

and a mechanism involving fast formation of a vanadium(v)-alcohol complex, 
followed by slow decomposition with a kinetic isotope effect of 3.6-4.5 to a 
radical intermediate was proposed (equations 137- 139). There is however some 

VO; + H,O+ ==== v(oH):+ (137) 

V(0H); + R2CHOH [V (OH)3 .  R,CHOHI2.' (1  38) 

v = k [ROHl  [VO;] [H30f l  

+ 
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discussion concerning the intermediacy of these complexes. In an investigation of the 
2-propanol oxidation by vanadium(V ) in aqueous perchloric acid, Wells and 
NazerZoO found no  evidence for complex formation, when kinetics were studies 
under anaerobic conditions. They proposed attack of VOz: and VO(OH);', on the 
carbinolic hydrogen for the rate-determining step. On the other hand, RoEek and 
Aylward' ' 8  found that cyclobutanol (4) is ca. lo4  times more reactive than its 
methyl ether, and they concluded that  the 0-H bond plays a vital part in the 
oxidation process. It must be broken either prior to or during the rate-limiting step. 
Therefore, they proposed an ester intermediate in a rapid preoxidation step, in 
analogy t o  the alcohol oxidation with Cr(v1). Both the rate law as well as these 
latter observations are compatible with an intermediate complex or  ester in steady- 
state concentrations. 

The  reaction of cyclobutanol with vanadium(v) involves cleavage of the cyclo- 
butane ring to Y-hydroxybutyraldehyde' 2 8  l Z o o .  Other cleavage reactions have 
been observed during vanadium oxidation of 2-pheny1ethanolZo (equation 140), 
a-hydroxy acidsZ0 2 ,  carbohydratesZo 3 ,  1 ,2-diols204 and a-hydroxyketones20 '. 
All these reactions proceed by C-H or C-C bond cleavage to  radical intermediates. 

PhCH2-CH20H - PhCHi i- CH2O - PhCHO ( 140) 

3. Lead tetraacetate 

Alcohol oxidation with lead tetraacetate may give rise t o  a variety of different 
productsZo6 depending on the structure of the alcohol and the reaction conditions. 
For most reactions, homolytic mechanisms have been proposed. However, in some 
cases evidence for heterolytic pathways, where lead tetraacetate oxidations proceed 
by two-electron transfer, has also been presented. 

The first step of the reaction consists in alcoholysis of the tetraacetate (equation 
141). Breakdown of the intermediate lead alkoxide may then lead to  ketones, 
ethers or fragmentation products. 

ROH + Pb(OAc), ROPb(OAc), + AcOH (141) 

a*. Formation of aldehydes and ketones. Alcohols are stable in lead tetra- 
acetate-acetic acid solutions. They are oxidized in boiling benzeneZ0 ' or in 
pyridine208 a t  room temperature t o  aldehydes and ketones in 60-90% yield. 
Criegee proposed a heterolytic reaction mechanism (equation 142)20 '. This 

RPCH@H RZC( ' Pb(OAC);, R,C=O (1  42) 

mechanism is supported by the observation of the kinetic isotope effects for 
oxidation of methanol (kH/kD = 3.8)209 and benzhydrol ( k ~ / k ~  = 2.01 in 
benzene and 4.87 in benzene-pyridine)2 O .  The rate acceleration observed upon 
addition of pyridine t o  the solvent was interpreted as being due to  formatiop of a 
complex with the structure Pb(OAc)4 (C5 H5 N) rather than to  base catalysis' 
These results are however also compatible with a two-step mechanism, where the 
carbinolic hydrogen is abstracted in a one-electron oxidation (equation 143). In 

R2CHOPb(@Ac)R - R2COH - R2C=O (143) 

reality, the reaction is more complex. Mihailovif. and collaborators' ' investigated 
the oxidation of a series of  a-deuterium-labelled alcohols in boiling benzene and 
found substantial amounts (up to  60%) of D-incorporation in the 8- and 

o n  + Pb(OAd2 

+ AcOH A f b n c  
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E-position, respectively. These oxidations are believed to proceed via alkoxy radical 
intermediates (45) undergoing 1,s- o r  1,6-hydrogen shifts to  carbon radical 46 
(equation 144). The latter is oxidized t o  a carbonium ion prior t o  or after 1,4- or 
1,s-hydride shift t o  give the carbonium ion 47 (equation 145). ESR spectroscopic 

R' R '  

- xH ( C H Z ) ~  R 2  ), (CH2)" 

(144) 
2 

(45) 

R '  R '  R' 1 p __ yD - 1 1 ( 1  45) 

(CH2)" R 2  (CH2), R 2  (CHz), R2 

(46) (47) 

evidence for the intermediacy of alkoxy radicals during lead tetraacetate oxidation 
of simple alcohols has been provided by spin-trapping with nitroso compounds2 
o r  nitrones" to yield nitroxides (equation 146). In all cases studied, only alkoxy 

0 0' 

(146) 
I I 

PhCH=N-Bu-t  1- R C H 2 0 '  PhCH- N- Bu-r 
I 
OCHZR 

radicals were observed, and there appears to be no  evidence for a 1,2-hydrogen shift 
o f  the alkoxy radical. Since the path outlined in equations (144) and (145) 
accounts for only 60% of the ketone product even in the most favourable case, 
other mechanisms must be operative a t  the same time. The  evidence available does 
not allow one to distinguish between the homolytic and heterolytic process at the 
present time. 

b. 0-Fragmentation. One of the reactions competing with ketone formation 
during alcohol oxidation with lead tetraacetate consists in cleavage of the a,P-C-C 
bond. Such fragmentations occur with tertiary alcohols2' 4-21 and other 
alcohols2 ' carrying quaternary P-substituents (equations 147- 15 1). Although 

- Ph2C=0 + PhOH (147) 
PhzC-O-Ph 

Ph3C -OH - 
2 0. 

OH 

Me-C-H soo,b 

I MeCHO + MeaCOAc 
Me-C -Me 

Me 

I 

I 
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there is evidence that in some cases these reactions proceed by ionic mechan- 
i s m s Z o 6 ~ 2 1 *  or  via a cyclic transition state206 most authors assume a radical 
pathway where an initially generated alkoxy radical (48) undergoes reversible 
cleavage to  a carbon radical (49) which is then stabilized either by loss of hydrogen, 
further oxidation t o  carbonium ion or  hydrogen abstraction from the solvent to 
alkane (equation 152)* * * 1 2  9 .  The reversible nature of the fragmentation is indi- 

R'lJ - \[  - Products 

R '  

(152) 

R 2  . R 2  1) 

(48) (49) 

cated by occurrence of isomerization in u- and The amount of 
cleavage increases primarily with the stability of the alkyl radical formed, although 
the stability of the carbonyl fragment is of some importance too. 

In contrast, cleavage of cis-1 ,2-diols by lead tetraacetate is a two-electron 
oxidation which involves formation of a bidentate complex in the rate-determining 
step (equation 1 53)2 . 

c. Intramolecular cyclization. Under favourable structural and stereochemical 
conditions alcohol oxidation with lead tetraacetate leads to cyclic ethers2 2 .  The 
topic has been reviewed by MihailoviL2 8 .  The reaction proceeds either by hydrc- 
gen abstraction (equation 154) or  addition to an unsaturated system (equation 155) 

of an alkoxy radical. Hydrogen abstraction may occur at the 6- or  E-position giving 
rise t o  formation of tetrahydrofurans and tetrahydropyrans, respectively, and it 
competes with P-fragmentation. Yields from primary and secondary alcohols are 
usually in the range of 40-55%. Hydrogen abstraction from the €-position, which 
leads t o  tetrahydropyrans, becomes predominant when an ether oxygen is attached 
to the €-carbon atom. In the cyclic systems with favourable geometry yields may be 
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considerably higher (equations 156 and 157). The various factors controlling the  
proportion of ether and ketone formation arid fragmentation have been discussed 
by Mihailovik2 y 2  5 .  

Intramolecular attack of an alkoxy radical on a double bond produces tetra- 
hydropyran and tetrahydrofuran derivatives (equation 1 5812 2 6 .  Yields of cycli- 
zation are in the range of 20-30% (equation 159), in exceptional cases up 
t o  80%2 ’ . 

14% 26% 0 ‘0’ Ph ,- *coo,,,,@ 
(1 59) 

Ad3 
38% 3996 

Oxidation of (3-cyclogeraniol (50a)  in boiling benzene affords the epoxide 5 1 (40%) 
as the main product (equation 16012 2 8 .  Similar results have been obtained with the 

r! (yoH - WR (160) 

(50a) R = H (51) 
(50b) R = M e  

secondary alcohol Sob. Another high-yield cyclization occurs during oxidation of 
dihydro-‘l-jonol (equation 161)22 ’. 

OH 

3. Silver carbonate 

Although there are some alcohol oxidations known with silver(I1) in the form of 
argentic picolinate2 3 0  or argentic oxide23 , the main interest is in silver(1) carbon- 
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ate, precipitate on celite (FBtizon reagentI2 3 2 .  The reagent, used in 5- to  30-fold 
excess, converts primary and secondary alcohols to aldehydes and ketones in 
excellent yield. Allylic alcohols are selectively oxidized in acetone or methanol 
solution. The reaction was investigated by FCtizon and collaborators who proposed 
the following mechanism in equation ( 1 6212 3 .  The alcohol is reversibly absorbed 

0- 0 -  

0 
-7f 

-0 0- 

0 
..rf 

on the surface of the reagent. Coordination of oxygen with the silver ion facilitates 
concerted cleavage of the C-H and 0-H bonds by a second silver ion. Evidence for 
the reversible nature of the adsorbtion and coordination steps is provided by the 
kinetic isotope effect ( k ~ / k ~  = 1.9 for primary and 3.2 for secondary alcohols, 
measured with intermolecular competition experiments). From a stereochemical 
investigation it was concluded that  the HCOH groups must be coplanar and 
perpendicular t o  the silver carbonate/celite surface. Molecules incapabe of attaining 
this required orientation for steric reasons are oxidized slowly. 

A reaction mechanism involving free carbon radical o r  carbonium ion inter- 
mediates was rejected because it was found that  cyclopropylcarbinol was cleanly 
converted to the aldehyde. Cyclopropylcarbinyl radicals o r  cations would undergo 
ring opening or rearrangement. 

! ,2- and 1,3-diols generally are oxidized to hydroxy ketones234. An exception 
t o  this is found in the reaction of threo- 1,2-arylethyleneglycols, where cleavage is 
predominant. The erytlzro isomers undergo cleavage only to  the extent of 4O7hz3 ’. 
When the OH groups are separated by two, three or  four carbon atoms, lactone 
formation via intermediate hemiacetals occurs (equation 1 63)23 6. 

HO CR3 

HOH2C n -  CH2OH (163) 

FCtizon’s reagent has found applications in carbohydrate chemistry. The high 
polarity of sugars allows for absorption on celite in polar solvents such as water, 
methanol and d ime thy l f~ rmamide~  7. Thus, galactose (52) was converted to  
galactonolactone (53 )  as the only product (equation 164). Similarly, 0-methylated 

CH20H 

(52) (53) 

xylose and glucose were oxidized to the corresponding aldono-1,5- or  1,4- 
lactones238. Selective oxidation of the allylic hydroxy group of u-glucal (54) has 
been reported by Tronchet (equation 1 65)2  9. 

Propagylic alcohols and cyanohydrins are cleaved by FCtizon’s reagent in 
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G H 2 0 H  C H 2 0 H  

( 5 4 )  

quantitative yield. The former reaction suggests the use of the ethynyl group for 
protection of ketones (equation 1 66)z40. 

(1  661 

E. Dirnethyl Sulphoxide and Related Reagents 

Oxidation of alcohols by dimethyl sulphoxide (DMSO) was discovered by 
Pfitzner and Moffatt? . The Pfitzner-Moffatt oxidation entails the addition of 
the alcohol t o  be oxidized to a solution containing dicyclohexylcarbodiimide 
(DDC), DMSO and a proton source. The reaction (equation 167) is related to the 

Me,S=O + R'CHR' 
I 

" 
E 

M e Z i - O C H R 1 R 2  - MezS + O=CR'R2 (167) 

(551 

M e 2 S = 0  + R'CHR2 
I 

O H  

Kornblum oxidation of halidesz4 and proceeds via the same dimethylalkoxy- 
sulphonium intermediate 55. The latter breaks down to  ketone and dimethyl- 
sulphide in the presence of base. Several variations of this general approach exist, 
their main difference being in the preparation of the alkoxy intermediate 55 .  

1. Pfitzner-Moffatt oxidation 

The literature u p  to 1968 has been reviewed by M ~ f f a t t ~ ~ ~ .  The reaction is 
initiated by acid-catalysed formation of a DMSO-DCC adduct 56 in low 
concentration? 4 4 .  Attack on sulphur by the alcohol gives rise to formation of the 
alkoxysulphonium intermediate 55 (equation 168). Formation of the adduct 56 

R'N 

II 

+ ( 1  Me2SO "3 yHR -H 
C RN=C - Me2z-O-CHR: + R'NHCONHR' (1681 

R" Me2;' O/CHR: (55) 

-1 
H 

(56) 

was demonstrated by isolation of 80-dicyclohexylurea from an oxidation using 
8 0 - D M S 0 2 4  5 ,  while 0-labelled benzhydrol retained the label during 
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oxidation246. Under the reaction conditions, neither 55 nor 56 could be.observed 
directly, Abstraction of the carbinolic hydrogen in the alkoxysulphonium inter- 
mediate 55  proceeds by an intramolecular pathway (equation 169. 

The oxidation of 1,l-dideuteriobutanol leads to  the formation of l-deuterio- 
butyraldehyde and monodeuteriodimethyl sulphide. Incorporation of deuterium is 
however only 70% which suggests that other, although less important, pathways 
may be operative24 3 .  

The Pfitzner-Moffatt oxidation has found wide application in the fields of 
steriods, carbohydrates' 7 8  and alkaloids, giving good to  excellent results. It is the 
method of choice whenever mild reaction conditions are required. In contrast t o  the 
trends observed in chromic acid oxidation, highly hindered axial hydroxy groups on 
the steroid skeleton are inert towards DMSO/DCC, or react by elimination, while the 
less hindered, equatorial epimers are smoothly converted t o  ketonesz4 '. 

Since the DMSO/DCC procedure requires nucleophilic attack of  a free hydroxyl 
group as a prerequisite t o  oxidation, reaction of primary alcohols proceeds only to  
the aldehyde stage. Accordingly, a variety of aldehydes have been prepared by this 
routez4 3 .  

have reported the synthesis of a carbodiimide linked 
to a crosslinked polystyrene matrix. This polymeric reagent in conjunction with 
DMSO and orthophosphoric acid has converted simple secondary alcohols, but also 
highly sensitive prostaglandine intermediates, t o  ketones. 

Weinshenker and Shen24 

2. DMSO and acid anhydrides or chlorides 

The most frequently used variation of the DMSO/DCC oxidation is the combi- 
nation of DMSO and acetic anhydride. This procedure, developed by Albright and 
G ~ l d m a n ~ ~ ~ ,  is related to  the Pfitzner-Moffatt oxidation and proceeds by a 
similar mechanism. DMSO reacts with acetic anhydride to form the acetoxy- 
dimethylsulphonium ion (57). Attack of the alcohols leads to  the alkoxy- 
sulphonium ion (55), which then collapses after proton loss as shown in equation 
(1 70). 

0 Me 
I I  ii' RZcnon 

'Me2S= 0 f AcO-CCH, - 't-OCCH, - Me,6-OCHR2 (170) 
/ 

Me 

(57) (55) 

The advantage of this method is t o  produce only water-soluble products which 
allows for more convenient work-up. The reagent is sterically less demanding than 
DMSO/DCC and therefore is better suited for oxidation of hindered alcohols. 
Unhindered alcohols, however, often lead to methylthio methyl ethers (58) and 
acetates as side-products. Ether formation is most likely due to  reaction of an 
intermediate sulphonium ylid (59) with the alcohol (equation 171)z49 T~ This 
side-reaction also occurs t o  a small extent during Pfitzner-Moffatt oxidation. 

In further variation, acetic anhydride has been replaced by phosphorus pent- 
oxide2 or  pyridine-sulphur trioxide2 2 .  Both reagents have found wide appli- 
cation, in particular in carbohydrate chemistry' 78. Similarly, the combination of 
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t R O H  - CH3COOH + Me-S=CH2 - Me-S-CH20R (171)  

3 (591 (581 

DMSO and triflu2roacetic anhydride effects formation of alkoxydimethylsulfonium 
salts below -50 C .  Upon addition of triethylamine the salts are converted to 
carbonyl compounds2 3 .  This procedure gives excellent results in particular with 
hindered alcohols. Albright2 5 4  investigated a series of sulphonic acid chlorides and 
anhydrides as well as cyanuric chloride in conjunction with DMSO in dichloro- 
methane and hexamethylphosphoramide and obtained high yieids of alcohols and 
ketones. Less satisfactory results were however obtained with trifluoromethane- 
sulphonic anhydride2 5 .  Barton and collaborators2 6 ,  as early as 1964, prepared 
alkoxydimethylsulphonium salts from alcohols via displacement of chloroformate 
with DMSO (equation 172) with retention of configuration a t  carbon. Treatment of 
55  with base affords the corresponding ketone. 

0 
C 0 C l 2  I1 DMSO + 

( 1  72)  R2CHOH - R,CHOCCI - R2CHO--Me2 

(55) 

3. Sulphide-mediated oxidation 

discovered that alcohols are capable of reacting with com- 
plexes of chlorine or  N-chlorosuccinimide and dimethyl sulphide to  give alkoxy- 
sulphonium salts (equation 173 and 174). Aldehydes and ketones are obtained by 

Corey ar?d Kim2 

R 2 C H O H  t 

Me2S + CI, - M e 2 k I  CI- R ~ C H - O - S M C ~  (173)  

(55) 

+ , R 2 C H O H  + - R2Cti-O-SMe2 (174) 

subsequent treatment with base. The method has been applied to oxidation of 
s,t-l,Zdiols to  achydroxy ketones without C-C bond cleavage2 * .  Oxidation with 
deuterium-labelled dimethyl sulphide demonstrated that breakdown of the 
intermediate 55 proceeds in a cyclic mechanism via the ylid as in the Pfitzner- 
Moffatt oxidation (equation 69). 

Subsequent investigations showed that the DMSO-chlorhe complex is equally 
efficient2 . The reaction is believed t o  proceed by  the following mechanism 
shown in equation (1  75). 

\ 
N-CI + Me2S - Me2S-N \ 

/ 

(55) 

0 
Me2SO2CI2 1-1 Et3N 

R,CHOH - R2CH-OSMe2 CI- - R 2 C = O +  Me,SO (175)  

1 1 1 .  OXIDATION OF ETHERS 

One of the most frequently observed pathways for oxidation of alcohols involves 
the formatior. of a covalent bond between the oxygen atom and the oxidizing agent 
with loss of the hydroxyl hydrogen. For  structural reasons, this mechanism is 
obviously forbidden for ethers. As a consequence, oxidation of ethers is much less 
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frequently encountered, and it is of minor synthetic importance. Although the 
oxidant may exceptionally coordinate with one of the lone pairs of oxygen, in most 
cases attack occurs at  the a-C-H bond, leading to free radical or carbonium ion 
intermediates. 

A. Free-radical Reactions 

1. Hydrogen abstraction b y  oxygenated species 
The copper-ion-catalysed decomposition of an organic peroxy ester produces 

alkoxy radicals capable of abstracting hydrogen a t o  an ether linkage (equations 
176- 178). The  carbon radical is further oxidized t o  the  cation by electron transfer 

R'COOBu-r - R'COO- + Cu+'+r-BuO' (1  76) 

r-BuO' + R:CH-OR3 - R:C-OR3 + r-BuOH 1177) 

R;C-OR3 + Cu" + R'COO- - RzC-OR3 (178) 

0 
I1 cu* 

65-1 25OC 

I 

t o  Cu* and recombines with the carboxylate261. The topic has been reviewed262. 
Poor results are obtained when the reacting group is secondary alkyl or with 
dibenzyl ether. Initiation of the reaction occurs by heating or  better by irradiation 
with UV light2 3. Similarly thermal decomposition of diacyl peroxides leads to  
a-acyloxy ethers (equation 1 79)' 4-2 . 

8 4 % 

Et -0 -CH2CH3 + (PhCO),O - EtO-CHCH3 (179) 
I 
OCOPh 

Irradiation of ethers in the presence of oxygen and benzophenone as photo- 
sensitizer gives rise to  hydrogen abstraction. The incipient radicals combine with 
oxygen to yield hydroperoxides (equation M o p 7 .  The oxidation of higher 

Ph2C0 
hu 

___L Ph2CO' 
R ' O C H ~ R ~  

R ' O C H R ~  R ' O C H R ~  
I 
OOH 

aliphatic ethers with oxygen and light gives dihydroperoxydialkyl ethers ( 6 0 )  and 
dihydroperoxydialkyl peroxides (61) (equation 181 ) 2 6  '. 

- 0 2 / h u  ++ 0 I 

OOH 
b O H  

Ozone reacts with ether t o  yield ester269. Thus isoamyl ether gave isoamyl 
isovalerate in over 70% yield (equation 182)* ' O .  Cedrane oxide ( 6 2 )  upon exposure 
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0 
I I  

Me2CH(CH2)20(CH2)2CHMe2 - Me2CH(CH2)20-C-CH2CHMe2 (182)  

t o  ozone absorbed on silica gel afforded lactone 63 and, in lower yield, alcohol 64 
(equation 183)'". Ozonation of ethers shows kinetic isotope effect of ca. 4 a t  O°C 

(62)  (63) (64) 

30% 10% 

and up to 6.7 a t  -78°C. Polar effects are of little importance2 72. The reaction 
mechanism is complex. The initial step consists in hydrogen abstraction to  yield 
either a trioxide (65) by insertion or  a tight radical pair (66) (equation 184). On 

R 2  R 2  R 2  
I I I 

I I 
(184) R1-C-OR3 - R'-$-OR3 or R1-C-OR3 

' 0 0 0 H  OOOH H 

(66) (65)  

thermodynamic grounds the insertion product 65 should be favoured. Breakdown 
of the intermediates 65 or 6 6  then proceeds by radical mechanisms. 

2. Electrochemical oxidations 

Saturated aliphatic ethers may be oxidized to ketals by electrolysis in the 
presence of sddium methoxide (equation 1 8 S 2  7 3 .  The reaction proceeds via a- (1) 2 (17 (185) 

hydrogen abstraction by a radical generated from the supporting electrolyte. Better 
results are obtained in the electrolysis of b e n ~ y l ~ ' ~  or p-anisy12 7 5  ethers, where 
alcohols may be recovered in yields of 74-98%. In contrast to  the electrolysis of 
aliphatic ethers, their benzylic, counterparts are oxidized by electron transfer from 
the organic moiety (equations 186 and 187). 

OCH3 

- e- - i 
ArCH,OR - i;CH20R - ArdHOR + H' 

ArhHOR + H 2 0  - ArCHOHOR ArCHO 1- ROH (187) 

3. Miscellaneous reactions 

Sulphuryl chloride reacts with tetrahydrofuran to yield the Zchloro derivative, 
presumably via a radical pathway2 7 6 .  Upon addition of alcohols, the corresponding 
THF ethers are obtained in excellent yields (equation 188). a-Chlorination is also 
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obtained by reacting iodosobenzene dichloride with ethers under irradiation2 7. 
The chloro ethers can be converted t o  acylals by reacting them with diphenylacetic 
acid and triethylamine (equation 189). 

Photochemical decomposition of diethyl azodicarboxylate dissolved in various 
ethers leads t o  1 : 1 adducts (67) (equation 1 -I 8 .  

(67) 
Upon irradiation, lead tetraacetate decomposes to  lead diacetate and acetoxy 

radicals2 79. The latter may decarboxylate or  react with ether solvents t o  acetoxy 
ethers in 40-50% yield (equation 19 1). 

R O C H R 2  

Pb(OAd4 Pb(OAc) + 2 AcO' - R-OCR, (191) 
I 
OAc 

Oxidation of benzyl methyl ether with nitric acid is initiated by addition of a 
small amount of sodium nitrite and results in a high yield (95%) of benzaldehyde. 
(equations 192-194).*" The reaction is first order in ether, but at acid concen- 

(192) 
HNOZ + HNO, 2N02 + H20 

NO, + H t  - HNO; 

ArCH20R t HNO; - ArqHOR 1- H,NO; ( 1  93) 

ArcHOR + NO, - ArCHOR - products (194) 

trations over 0.5 M i t  is independent from both nitric o r  nitrous acid. The Hammett 
p constant is - 1.9 determined by use of the CI+ values. The slow step in the reaction 
scheme is believed t o  be hydrogen abstraction by HNO; a t  the benzylic position. 

I 
O N 0  

B. Hydride Transfer Reactions 

1. Oxidation by cations 

a. Triphenylmethyl cation. Alkyl ethers are hydride donors to  carbenium ions 
to  yield allehydes or ketones and the hydrocarbon derived from the cation used 
(equation 1 9 5 ) 2  8 1 .  The synthetic utility of this reaction was not recognized until 

+ H 2 0  

(RZCH)*O + Ph3C+ R2C-OCHR2 + Ph3CH - R,C=O f R2CHOH (195) 

Barton282 applied it t o  deprotection of alcohols masked by benzyl ethers, and t o  
the deacetalization of ketone acetals28 3 .  Subsequently, Jung and SpeltzZs4 
discovered that trityl, trimethylsilyl or  t-butyl ethers of secondary alcohols react 
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xdxRz - R ’  
- Ox : :  ( 1  96) 

O x R 2  HO 

R$fl: Ph3C’ R’  0 R 2  

faster with triphenylcarbenium salts than those of primary alcohols. A method for 
selective oxidation of secondary alcohols in the presence of primary alcohols was 
then developed (equation 197). Tritylalkyl and tritylbenzyl ethers undergo dis- 

R ’  0 R’C? )==? R 2  
R 

(197) 

\ O H  

B 6-0 PCPh3 - Ph3C’ 

5 L 

OCPh3 
7 

OH 

proportionation to  triphenylmethane and substituted aldehyde when treated with 
catalytic amounts of trityl salts (equation 198)285. The reaction has a p value of 

Ph3Ct C RCHz-O-CPh3 - RCHO + Ph3CH 1- Ph3C+ (1  98) 

-4.0 and a kinetic isotope effect of 9.7 with trityl hexafluoroarsenate and 3.6 with 
trityl tetrafluoroborate. Although direct hydride transfer appears possible, a 
mechanism involving association via a oxonium ion ( 6 8 )  was also suggested. 

Ph3C ‘Ar 

(68)  

b. Diazonium and nitronium ions. The reaction of diazonium salts with ethers 
and dioxolanes has been reviewed by Meerwein2 6 .  In aqueous solution reaction 
products are aromatic hydrocarbons and a-hydroxylated ethers (equation 1 99). In 

t 

NzCI- a +Q-o+QoH (199) 

some cases the ionic nature of the hydrogen transfer step is clearly established. 
Thus treatment of 2,4,6-trichlorobenzenediazonium fluoroborate ( 6 9 )  with 2- 
phenyl-l,3-dioxolane (70) afforded phenyl-l,3-dioxolonium fluoroborate (71) in 
80% yield (equation 200). Hydride transfer can occur before or after loss of 
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nitrogen. The most likely pathway involves formation of an intermediate aryldi- 
imide (equation 201). 

+ u- 
(201) A r - N E N  - A r - i = N H  - ArH t N, 

Other reactions show typical radical character. For  example, aryldiazonium 
fluoroborates react with 2-methyl-l,3-dioxolane only after addition of a catalytic 
quantity of copper. Similarly, decomposition of phenyldiazoacetate (72) in the  
presence of dioxane affords benzene, nitrogen and I-dioxanyl acetate (equation 
202)287. Addition of  acrylonitnle t o  the reaction mixture reduces the reaction 

(202) 

rate. When dioxane was replaced by benzene, biphenyl was obtained in 72% yield. 
These results have been interpreted in terms of an induced decomposition of 7 2  by 
a radical pathway. 

Nitronium tetrafluoroborate is capable of cleaving alkyl methyl ethers (equation 
203)288. Although the overall reaction corresponds to  hydride abstraction from 

(11 
(I’OAc 

Phk=k -OAc  Ph + N, + 
(72) 

+ --HNO2 + H 2 0  
R2CHOCH3 -k NO;BFT R2C-OCH, - R,C=OCH, ---+ R 2 C = 0  (203) 

I I  
H NO, 

the a-carbon, the mechanism suggests that the hydrogen might be lost as a proton. 
The reaction is regioselective; proton loss does no t  occur from the methyl group. A 
similar reaction takes place between ethers and uranium hexafiuoride (equation 
204)’ 9. 

+ -UFq + 
R2CHOCH3 + UF, - R2C-OCH3F- - R2C=OCH3 - R 2 C = 0  (204) 

I 1  -UF 

H UFcj 

2. Pyrolytic ether cleavage 

Certain ethers, upon heating, undergo disproportionation to  hydrocarbons and 
aldehydes or ketones. Thus, a t  3OO0C, trityl alkyl ethers afford triphenylnlethane 
and aldehydes (equation 205)290.  The reaction is catalysed by protons and car- 

300°C 
Ph,C-0-CH,R Ph3CH + R C H O  (205) 

benium ions; this suggests that  a mechanism as outlined in equation ( 1  98) might be. 
operative. Heating ditropyl ether (73) with acid-treated silica gel gives tropone and 
cycloheptatriene (equation 206)’ 9 1  . Ally1 ethers disproportionate a t  400-6OO0C 

(73) 

(equation 207 and 
(oxy-ene reaction) 

208)’ ’. These reactions proceed via concerted 
(equation 209). Thermal disproportionation of 

(206) 

mechanisms 
ally1 ethers, 
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515OC 
-0- - wo+ (Ref .  293) (208) 

catalysed by tris(triphenylphosphine)ruthenium(Ir) dichloride occurs even at  
20OoC. The  reaction is believed t o  proceed via addition of ruthenium hydride to the 
double bond, followed by rate-determining @-elimination of ruthenium alkoxide 
(equation 210)294. 

RCHO + RuH 

C. Metal Ions and Metal Oxides 

1. Chromic acid 

Oxidation of ethers with chromic acid can lead t o  a variety of products 
depending on the structure of the substrate. Thus ethers of primary alcohols afford 
lactones (equation 21 5 ,  ethers of secondary alcohols give ketones (equation 
2 1 2)2 and methyl ethers are converted t o  formates (equation 21 3)* 7 .  & C r 0 3 / H 2 5 0 4  acetone & 

82% 
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The  mechanism of the reaction with diisopropyl ether has been investigated by 
WestheimerZg6. A kinetic isotope effect of k H / k D  = 5.3 was found with up’ -  
dideuterioisopropyl ether and the reaction rate was 750 times slower than the rate 
for isopropanol oxidation. In. the light. of current knowledge on oxidation of C-H 
bonds with Cr(v 1 ) ‘  the most likely mechanism would include hydrogen abstraction 
in the rate-determining step to  give a radical (74) associated with Cr(v1) (equation 
214). Further oxidation of the radical by Cr(v)  would lead to  the carbenium ion 

R:CH-OR~ + C r ( v i )  - R ~ C - O R ’  - R:C-OR~ + C r ( i v )  - 
+ [ C r ( v )  1 (75) 

(74) 

R i C = O  + R 2 0 H  (214) 

75,  which in turn would be converted t o  ketone and alcohol. Subsequent reactions 
of both Cr(Iv) and alcohol are fast compared to ether oxidation. 

Chromyl chloride effects oxidative cleavage of dibenzhydryl ethers a t  room 
temperature2 5, *. First, one of the benzylic groups loses hydride to  give the  ketone, 
while the other one is oxidized t o  the Etard complex (76) (equation 215). 

OCr(OH)CI, 
C rO 2C 12 I 

Ph2CH-0-CHPh2 - P h 2 C 0  + Ph2C 
I 

OCr(OH)CI, 

(215) 

(76) 
Hydrolysis of the  Etard complex affords a second carbonyl compound (equation 
216). The reaction is probably hydride transfer from ether to oxidant yielding a 

OCr(OH)CI2 
I 
I 

(21 6)  H 2 0  
Ph2CO Ph2C 

OCr(OH)CI, 

(76)  

carbenium ion which then breaks down to ketone and the complex 76.  Association 
between a lone pair of oxygen and chromyl chloride has been invoked t o  explain 
oxidative cleavage of some secondary-tertiary o r  ditertiary ethers (equation 2 1 7). 

R’  R2 
0 \ /  

CI’ ‘CI O=Cr 
7 /o- - products (217) 

R ’ - O - R ~  + “,yo 
CI’ ‘Cl 

2. Ruthenium te troxide 

Ruthenium tetroxide is lthe most effective reagent for oxidation of ethers. It 
converts tetrahydrofurane to y-butyrolactone in 100% yield’ G 8 .  The reagent has 
been used for conversion of tricyclic ethers’ 7 2  and for a synthesis of aldosterone 
(equation 218)299. Oxidation of ethers occurs at  rates comparable to  that of 
alcohols* s. Hence, reaction of the hydroxy ether (6)  affords a lactone and a 
ketone in similar amounts (equation 219). The kinetics of the oxidation of 
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0 

tetrahydrofuran by. ruthenium tetroxide have been investigated3 O 0 .  The rate law 
for aqueous perchlonc acid is 

Y =  k [ R ~ 0 ~ 1 [ T H F l h ~ ~ . ~ ~  (220) 

Substitution of the u-hydrogens by deuterium resulted in reduction of the reaction 
rate by 33%. A mechanism involving hydride transfer in the rate-determining step 
was proposed (equations 221 -223). 

l o / 1 0 R u 0 3 H  
+ HRuO; - 

QO R "0, H 
oo 4- H2RU03 

3. One-electron oxidants 

Reaction of lead tetraacetate with ethers has been reviewed301. Oxidation of 
dibenzy1302 and diisopropyl ether30 with cobalt (111)  has been reported by Waters 
and collaborators. Dibenzyl ether is oxidized t o  benzaldehyde (80%) and to  a 
smaller extent, benzoic acid302. Oxidation occurs by direct attack of CO(III) on 
the ether molecule rather than by hydrolysis of the  ether prior t o  oxidation. The 
small quantities bibenzyl formed support the view that benzyl radicals are inter- 

PhCH20CHzPh + CO(II I )  PhCH20CHPh + CO(II) (2241 
slow 

PhCHOCH2Ph - PhCHO + P h C H i  (225) 

PhCH2' - PhCH,OH - PhCHO (226) 

mediates. The proposed mechanism is shown in equations (224)-(226). With 
benzyl methyl ether the radical formed by attack of CO(III)  instead of breaking 
down as in equation (225) may be further oxidized t o  the hemiacetal and, finally, 

2 C O ( l l l 1  C O (  I I I )  
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to  methyl benzoate (equation 227). Oxidation of diisopropyl ether30 proceeds 
about ten times slower than that of dibenyl ether and yields acetone. The mech- 

C O ( 1 l l )  C O [ l l l )  
PhCHZOCH, PhGHOCH, PhCHOCH3 PhCOOCH, (227) 

I 
OH 

anism is similar t o  that of dibenzyl ether oxidation. However, there is evidence 
for a competing acetone-forming chain reaction via attack by isopropyl radicals on 
the ether (equation 228 and 229). 

Me2CHOCHMe2 + MeCHMe - Me2CHOGMe2 + MeCH2Me (228) 

Me2CHOCMe2 - Me,C=O -I- MeqHMe (229) 

D. Miscellaneous Reactions 

in yields ranging from 50 t o  100% (equation 230)304. 
Trichloroisocyanuric acid (77) in the presence of water converts ethers t o  esters 

(230) 

CI 

(77) 
P,y-Unsaturated ethers undergo oxidative cleavage with selenium dioxide in 

acetic acid3 s. The reaction has been investigated with allylic and propargylic 
ethers, and most likely consists of .allylic oxidation of the a-methylene group by 
SeOz t o  a hemiacetal undergoing hydrolysis to aldehyde and alcohol (equation 
231)80. 

(2311 
S e 0 2  

9"" - -O + -OR - 
OH 

Bromine reacts with ethers to  give esters with primary alkyl groups and ketones 
with secondary ones306. In light it attacks selectively dibenzyl ether in the 
presence of diisopropyl ether, while the reverse is true in the dark. The light 
reaction has  the characteristics of a radical pathway. For the dark reaction 
formation on an ether-bromine complex has been proposed. The latter breaks 
down by synchronous electron pair and proton loss (equation 232). An alternative 

+ 
R,-C-OR + BrZ R,C-OR - R,C=O-R + HBr + Br- (232) 

/J \ 
H 7 y r  

I 
H 

Br 

mechanism where bromine attacks ethers by hydride transfer has been suggested by 
Barter and Littler' 7 .  

IV. REDUCTION OF ALCOHOLS 

The direct reduction of alcohols to alkanes is difficult t o  accomplish and 
requires special reagents or  particularly favourable structural features in the sub- 
strate. The poor leaving-group ability of the hydroxyl function almost entirely 
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excludes pathways involving nucleophilic displacements. In most direct methods 
the alcohol is activated (protonation, complexation) prior t o  reduction. In com- 
parison t o  oxidation, reduction of alcohols has been little studied, and the mechan- 
isms are poorly understood. 

A. Catalytic Hydrogenation 

Benzyl alcohols are reduced to  arylalkanes by catalytic hydrogenation. With 
unsymmetrically substituted alcohols the reaction generally shows a high degree of 
stereospecificity. Depending on the structure of the substrate it may proceed with 
retention (equation 233aI3O ’ or  inversion (equation 233b)30 of configuration. 

CHzCOOCH3 
I Ranev-N i 

CH2COOCH3 
I 

CH,COOCH, MeOOCCH2 
I EtOH I 

(233a) 

(233b) 

The rate profile !or hydrogenolysis of the 1-phenylcycloalkanols (equation 234) 
is parallel t o  that of reactions where the reacting carbon atom undergoes hybrid- 
ization change from sp3 to  sp2 3 o  ’, while that for reduction of cyclanones follows 
the  reverse order. The rate variations of these heterogenous reactions are however 

n = 4-8 n = 4-8 

small in comparison to  the related homogenous ones. The mechanisms in 
equations (235) and (236) have been proposed for retention and inversion of 
configuration during hydrogenoly~is~  ’. 

R’ 
z,-l-ph ___) Retention (235) 

R! N i t i  

2 x P h  OH - R 

Ni 

H’ ‘X 

R ‘  
,Ll=ph ___ 2H ’,(“ + Pd + HX Inversion (236) 

R; 

R 2  OH R 2  R 2  Ph 

Pd-X 

Hydrogenation of  tertiary aliphatic alcohols in trifluoroacetic acid proceeds via 
elimination t o  form an alkene prior to reduction3 O .  

Under the conditions of catalytic hydrogenation some alcohols undergo C-C 
rather than C-014 bond cleavage3 . For example, 2-phenyl-1,2-propanediol (78) 
upon treatment with Raney nickel in refluxing ethanol gave mainly ethylbenzene 
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(equation 237). The principal structural requirement for this reaction is a hydroxyl 

CH3 I 
I I  

(237)  Ph-CH-CHZ PhCHZCH3 

OH OH 

(78) 

group adjacent t o  an aromatic ring. Hydrogenation of benzhydrol and related 
alcohols under hydroformylation conditions with dicolbalt octacarbonyl catalyst 
involves formation of complex 79 in the rate-determining step (equations 238 and 
239)3 *. The homologous alcohol is not formed under the reaction conditions. In 

Ph,CHOH + HCo(CO), z=== Ph2CHOH;Co(C04)-  - P h 2 C H C o ( C 0 ) 4  + H 2 0  (238)  
SIUW 

(79) 
I J S l  

PhZCHCo(CO), + H, PhzCHZ + H C o ( C 0 4 )  (2391 

this respect benzhydrol differs from benzyl alcohol which gives a mixture of both 
toluene and 2-phenylethanol during the course of hydroformylation. 

6. Dissolving Metal Reduction 

The reducing of benzyl alcohols to the corresponding hydrocarbons has been 
reported by Birch3 3 .  The Birch procedure involves addition of small pieces of 
sodium to  the benzyl alcohol and ethanol in ammonia. Since these are also the 
condition for reduction of the aromatic hydrocarbon to  the dihydro derivative, 
some overreduction may be observed (equation 240)3 4 .  The latter is substantially 

OH 
I 

lessened by carrying out the reduction with lithium in ammonia-THF and quench- 
ing the reaction mixture with ammonium chloride3 ' s .  The reaction proceeds by 
electron transfer from the metal t o  the aromatic system to  form the radicalanion 
80. LOSS of OH- and further electron transfer followed by protonation afford the 
hydrocarbon (equation 24 1 l3 * 6. 

& H& Hm a (241) 

O J )  
OH 

180) 

Benzyl alcohol can be protected from reduction via conversion to  the cor- 
responding ben~yla lkoxides~  5 .  Quenching of the reaction mixture with 
ammonium chloride in the presence of excess lithium results in protonation and 
reduction, This procedure has been used for the preparation of z-cyclopropyl 
aromatic hydrocarbons (equation 242)3 '. 

Some allylic alcohols have been reduced with zinc-HC1 in ether in yields of 
60-95% (equation 243)3 ' 8 .  Isomeric allylic alcohols afford identical product 
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F h v  OH - Ph-/ + Ph/\\/ (243) 

80% 17% 

mixtures, the composition of which is not subject t o  thermodynamic control. The 
reaction is however not general. Saturated alcohols are not attacked under the 
conditions of the Clemmensen reduction (Zn-aqueous HCl), and therefore should 
not  be intermediates during reduction of ketones to hydrocarbons. The reduction 
of achydroxy ketones by zinc in acetic acid is however possible3 ' 9. This reaction is 
believed to proceed via electron transfer to the  carbonyl group. The  resulting anion 
81 then expels the ci-substituent and tautomerizes to  the ketone (equation 
244)3 O . 

(&-JIH - (call - (c(7--JoH - (ct42)* k C H 2  (244) 

(81 1 

C. Hydride Reduction and Reductive Alkylation 

1. Aluminium hydrides, silanes and boranes 

Simple alcohols react with lithium aluminium hydride via alkoxide formation 
rather than reduction. P r ~ p a r g y l i c ~ ~  alcohols on  the other hand 
undergo reduction at the triple and double bonds, respectively. Reduction of the 

and cinnamy13 

OH group occurs with secondary and tertiary allenic alcohols, for example equation 
(245)323. 

OoH 8096 (245) 

The reactivity of alcohols toward hydride reduction is considerably enhanced in 
the presence of aluminium chloride. Thus benzylic alcohols can be reduced by 
LiA1H4-AIC13 at 75OC to give the hydrocarbon in 48% yield; with p-methoxy- 
benzyl alcohol reaction took place at room temperature3 2 4  3 3  5 .  Reduction of 
allylic alcohols gives the products expected for reduction of the allylic carbenium 
ion, for example equation (246). 

L'A'H4 c=L 

47% 207" 32% 

The reduction is sometimes accompanied by elimination. Saturated alcohols 
react at 6O-8O0C in higher boiling ethers to give hydrocarbons3 6 .  With aliphatic 



12.  Oxidation and reduction of alcohols and ethers 519 

secondary and tertiary alcohols elimination becomes predominant, while 9-phenyl 
alcohols undergo reduction at  the OH group. Primary alcohols are however totally 
unreactive. These observations together with the appearance of rearrangement 
products strongly suggest a carbenium ion mechanism (equation 247). Similarly, 

ROH i- HAICI, - ROAICI, i- H, - R* + AI20Cl5 - R H  (247) 

carbenium ions generated from alcohols in methylene chloride-trifluoroacetic acid 
are reduced to alkanes by hydride transfer from alkyl silanes3 * '. These reactions 
are of preparative interest unless the intermediate ions rearrange before being 
reduced. 9-Hydroxy-9-methylfluorene (82), upon reaction with sodium bis( 2- 
methoxyethoxy)aluminium hydride a t  175"C, is reduced t o  methylfluorene 
and subsequently alkylated to give the 9,9-dimethyl derivative 83, presumably via a 
homolytic pathway3 *. 

AIC13 HAICIZ 

(82) 

(83) 

Diborane adds to the double bond of allylic alcohols in a regioselective manner 
to yield the (3-substituted borane (equation 249)3 ". The latter undergoes elimi- 
nation to an alkene (84), which may further react with excess borane. The 

1 .  Hd 
2. ti202 

Rv% 2 R-oH 

(84) 

transformation of the allylic alcohol to  84 represents an overall reduction of the 
alcohol accompanied by rearrangement of the double bond. The sequence has been 
exploited for the synthesis of acorenone (equation 250)330. 

(250) 

2. Reductive alk yla tion 

Trimethylaluminium effects C-methylation with tertiary alcohols and arylalkyl 
carbinols3 3 1 .  Triarylcarbinols are particularly reactive and are methylated by 
excess trimethylaluminium at 8OoC, while other alcohols require 120- 130°C. The 
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reaction proceeds via a dimethylaluminium alkoxide (equation 25 1 ). Pyrolysis of 
the alkoxide probably takes place by an autocatalytic pathway involving carbenium 
ions as intermediates (equation 252). 

ROH + Me3AI - (Me,AIOR), + CH, (251) 

1 2 (Me2AIOR), A RMe(+MeAlO ? )  (252) 

Thermal fragmentation of titanium(1 I )  alkoxides results in reductive coupling of 
allylic and benzylic alcohols equation 253)3  2 .  A more convenient procedure 
developed by McMurry3 3 2  a uses Tic13 -LiAlH4, presumably as a source for 
titanium(l1) for the same reaction. Fo r  simple alcohols yields are in the range of 
70-95%. 

(253) 

Reductive coupling of benzhydrol has been obtained in a catalytic reaction in 
the presence of dichlorotris(tripheny1phosphine)ruthenium and rx-methyl- 
naphthalene as solvent (equation 254)3 3. 

RuCIz(PPh3)3 
3 Ph,CHOH * Ph2CH-CHPh, + Ph,CO + 2 H 2 0  (254) 

190°c 

9 3% 

D. Indirect Procedures 

1. Phosphorus- h ydriodic acid 

Reduction of alcohols by red phosphorus in refluxing hydriodic acid represents a 
classical, although rather drastic procedure for degradation of natural products of 
unknown structure334. The OH groups undergo displacement to  iodides which, in 
turn, are reduced by hydriodic acid. Milder conditions may be used for activated 
alcohols. Thus benzoins react with phosphorus and iodine a t  room temperature to  
yield the deoxygenated product (equation 255)3 5. 

yo Ar OH 3 [;;-J] * (255) 

H 

Allylic and benzylic alcohols are reduced in the presence of iodine and tri- 
phenylphosphine (diiodotriphenylphosphorane) as in equation (256)3 6 .  Primary 

HI P h j P .  12 
ROH * IROPPh,I+ I- + H I  - R - I  + P h 3 P 0  - R H  + 12 (256) 

alcohols may be converted to iodides by treatment with methyltriphenoxyphos- 
phonium iodide. Sodium cyanoborohydride in HMPA reduces the iodides in excel- 
lent yield to alkanes3 7. A neopentyl alcohol has been reduced by this sequence in 
57% yield (equation 257). 
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2. Reduction via sulphonate and sulphate esters 

The most popular procedure for indirect reduction of primary and secondary 
alcohols consists in their conversion to  tosylates or mesylates with subsequent 
treatment with lithium aluminium hydxide3 or  sodium cyanoborohydride- 
HMPA3 The method has some limitations. For example, deoxygenation is 
difficult when the hydroxy group is attached to  carbon atoms a t  which S N ~  
processes are hindered. With benzylic and allylic alcohols preparation of the 
sulphonate esters may be difficult owing t D  their high reactivity. The latter problem 
has been solved by conversion of the alcohol to  sulphate monoester by means of 
the pyridine-sulphur trioxide complex3 9 .  The sulphate may be reduced without 
isolation with lithium aluminium hydride or  LiAlH4 -AlC13 (equation 258). 

ROH - ROSO~- C ~ H ~ N H +  - R-H 1258) 
soy(--py LiAIH4 

3. Reductions via isoureas, thiocarbama tes and dithiocarhonates 

Primary, secondary and tertiary alcohols react with carbodiimides in the pres- 
ence of CuCl to give 0-alkylisoureas (85) in quantitative yield340. The isoureas 
may be reduced by catalytic hydrogenation to alkanes (equation 259). Yields are 

CuCl  NNR2 HZ/Pd-C 
R ~ C H O H  + R ~ - N = c = N - R ~  - R ~ C H O C  

I 
N H R ~  

(259) (85)  

R $ C H ~  + R ~ N H C O N H R ~  

usually higher than 90%, except in cases where hydrogenolysis is severely hindered 
for steric reasons. 0-Arylisoureas, obtained from phenols and carbodiimides, are 
more reactive than the alkyl derivatives and may therefore be selectively reduced. 

Upon photolysis dimethylthio carbamates of several sugar derivatives have been 
found to  undergo reduction in ca. 40% yield to  the corresponding deoxy sugar 
derivatives, for example (equation 260)34 . The reaction probably proceeds via re- 

@LL(g 0 0  (260) 

OCNMe2 
I I  
S 

arrangement t o  an S-dimethylcarbamoyl derivative which undergoes homolytic C-S 
bond cleavage. The radical then abstracts hydrogen from the solvent (equation 26 1). 

S 0 

(261) 

A radical mechanism is also involved during reduction with tributylstannane of 
0-cycloalkylthiobenzoates and 0-cycloalkyl-S-methyl dithiocarbonate’s (86) derived 
from secondary alcohols (equation 262)342.  

The radical pathway is t o  be preferred whenever S ~ 2 - t y p e  processes, such as 
reduction of tosylates with LiA1H4, are hindered or lead t o  rearrangements. The 

I 1  I1 
R-OC-NMe2 - R-SC-NMe2 - R *  - RH 
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ROC-SMe + Bu,SnH RH -I- COS + Bu3SnSMe (262) 
I I  
S 

(86)  

reaction mechanism involves radical attack a t  the C=S double bond, followed by 
splitting off the alkyl radical (equation 263). Owing to  the unstability of primary 
alkyl radicals, primary alcohols are not  reduced by this procedure. In this case the 
intermediate radical (87) undergoes reduction instead of fragmentation. 

S - SnBu, S - SnBu, S 

4- R.  - RH 
I - MeS-C 

I I  I 
MeS-C + Bu3Sn - MeS-C. 

OR ' 0  R 
\ 

(263) 

V. REDUCTION OF ETHERS 

With the exception of epoxides and oxetanes, where ring-strain substantially 
enhances reactivity, ethers are in general as difficult to reduce as alcohols. The 
methods used for both kinds of  substrate are to  a large degree identical, although 
the absence of the acidic hydroxylic hydrogen allows for  additional transformations 
with organometallic reagents. 

A .  Catalytic Hydrogenation 

Cleavage of benzyl ethers by catalytic hydrogenation is a well established 
laboratory procedure. Cleavage occurs readily with Raney nickel or  palladium- 
charcoal at  room temperature and ordinary hydrogen pressure3' 8 .  For this reason 
the benzyl group has been widely used for protection of alcohols during synthesis 
of a wide variety of compounds such as t e r p e n e ~ ~ ~ ~ ,  steroids344, carbo- 
h y d r a t e ~ ~ ~  5, alkaloids34 and glyceryl ethers34 7 .  As with alcohols, reduction of 
the C-0 bond occurs with retention of configuration when Raney nickel is used as 
the catalyst, and with inversion in the presence of palladium-charcoal3 

Hydrogenation of the 4-methyl- I-cyclohexenyl ether 88 with a series of catalysts 
has been investigated in detail34 8 .  The reaction proceeds by hydrogenolysis t o  
methylcyclohexane and by hydrogenation of  the double bond (equation 264). The 

(264) -oh - -0 + -om 

(88 )  

amount of hydrogenolysis was found to  increase with the order of the catalysts 
Pd 21 Ru ==-% O s <  Rh < Ir @ Pt. 

B. Dissolving Metal  Reduction 

Benzyl ethers undergo reductive cleavage when treated with sodium in n- 
b u t a n 0 1 ~ ~  or  liquid ammonia3 O. The sodium-ammonia system has found appli- 
cation for detritylation of  carbohydrate derivatives. Lithium cleavage of benzvl 

v 

ethers in tetrahydrofuran has been used for preparation of benzyllithium (equatidn 
265)3 . 
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PhCH2-O-CH3 - PhCHZLi + CH30H (265) 

Allylic ethers are also reduced by metals. Thus optically active cis-carvotanacetol 
(891, upon reaction with lithium in ethylamine gives racemic p-menthene (equation 
266)35 2 .  Ally1 phenyl ether is cleaved by metallic magnesium t o  allylmagnesium 

2 Li 

P O M e  - 2 + 3 (266) 

(89) 

phenoxide (equation 267)3 3 .  Reduction of allylic ethers has been obtained with 
zinc-HCl in e ther354.  As in the case of reduction of allylic alcohols (equation 

(267) 

2431, the same product mixture is obtained from two allylic isomers, and the 
thermodynamically less stable alkene predominates (equation 268). This result has 

M g  

Ph-0-H 7 Ph-OMg-/ 

(268) 
ph/\\/\OMe - Ph-=/’ + P h v  + ph/--\ - Ph 

80% 17% 3% 

been rationalized by a mechanism where the ether is absorbed on the surface of the 
metal  and protonated prior to reduction. 

Reduction of benzyl and ally1 ether by alkali metals proceeds via the dianion 
(equation 2 6 9 p 4 .  Similarly, diaryl- and aryl-alkyl ethers react with sodium in 

t LiOR (269) - acHz-Li - QcH2-oR 

Qf-R - p o - R  

u C H 2 - O R  H 

ammonia3 5, ethylene diamine3 6 ,  pyridine3 or  lithium and potassium in hexa- 
methylphosphoric triamide via the dianion (equation 270)3 8 .  The mechanism of 

(2701 - .f- RLi 
- 

H 

cleavage by alkali metals in inert aliphatic ether solvents has been investigated by 
ESR techniques3 9. In the case of p-naphthyl ethers initial build-up of the orange, 
paramagnetic radical anion and its further reaction to  the diamagnetic dianion 
could be directly observed. If the reduction is carried out in the presence of a 
proton donor, the radical anion undergoes protonation to  yield a neutral radical, 
which after a second reduction step is converted t o  an enol ether (equation 271). 
Owing to  the facile hydrolysis of enol ethers, this sequence provides a synthetically 
useful method for reductive deprotection of alcohols3 O .  

Alkyl ethers react with alkali metals at temperatures above 200°C361.  However, 
the 2 : 1 lithium-biphenyl adduct (90) effects cleavage of tetrahydrofuran even at 
reflux temperature (equation 272). The adduct 90 serves as a homogeneous source 
of lithium. The  reagent is considerably more reactive than metallic lithium 
itself3 2 .  
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2 L i  + P 2 Li+ 

HQ/ H H 

8+ 
E 

-0 H (272) 

(90) 

Aliphatic ethers with P-chloro o r  -bromo substituents readily undergo reductive 
(equation 273). In contrast t o  elimination in the presence of o r  

other P-eliminations, the reaction lacks stereospecificity. I t  has found application 
for deprotection of 3-bromotetrahydrofuran-2-yl and 3-bromotetrahydropyran-2-yl 
steroid ethers3 5 .  Similarly, zinc has been used for liberating phenols protected 
with the phenacyl group3 6 .  

C. Organometallic Reagents 

1. Organomagnesiurn compounds 

Epoxides3 and oxetanes3 undergo reductive ring-opening when treated 
with Grignard reagents, organolithium and organocopper reagents. With unsym- 
metrically substituted epoxides the reaction may lead to two regioisomers, for 
example equation (274). The regioselectivity depends on the presence of halide 

ionsJb 7. Only with chloride, 3-pentanol (45%) and 2-methylbutanol (22%) are 
obtained. With other halides present, the epoxide is converted to  the corresponding 
halohydrines. Reductive ring-opening occurs however in excellent yields with 
dimethylmagnesium , methyllithium-LiBr and dimethylcopperlithium via attack a t  
the secondary carbon. Similar results have been obtained for reaction of Grignard 
reagents with styrene oxide3 9. In the presence of magnesium halide the epoxide 
rearranges to  phenylacetaldehyde, which is then attacked by organometallic re- 
agent t o  afford the alcohol 91. Reaction with dimethylmagnesium, on the other 
hand, affords the alcohol 92, derived from attack at the benzylic carbon (equation 
275). 
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(275) 
/"\ 

PhCH-CH, PhCH2CHR + PhCH-CH20H 
I I 
OH R 

(911 (92) 
Unstrained aliphatic ethers react with Grignard reagents only at  elevated temper- 

atures; for example, a 16% yield of methylcyclohexane was obtained upon heating 
methoxycyclohexane with methylmagnesium iodide in xylene3 7 0 .  

Arylmethyl ethers are cleaved with methylmagnesium iodide at 1 OO"C37 . 
Reaction of Grignard reagents with arylalkyl and arylallyl ethers has been investi- 
gated by Kharasch3 72. A very strong accelerating effect of cobaltous chloride was 
observed. Benzyl ethers and diary1 ethers were cleaved a t  room temperature, but 
phenylalkyl ethers were found to be unreactive. Arylallyl ethers react already in the 
presence of a catalytic quantity of cobaltous chloride t o  give phenol, propylene and 
the alkene derived from the Grignard reagent (equation 276). During the 

R M g X  

Ph-0-H - PhOH + 4 + alkcne 

uncatalysed reaction, The Grignard reagent couples with the ally1 group (equation 
277)37 3. 

RMgX 

8 046 
Pti-o-/ - PhOH + R-/ (2771 

Organomagnesium compounds react with allylic ethers in the presence of cuprous 
bromide a t  20°C3 7 4 .  Depending on the substitution pattern, displacement takes 
place via an S p ~ 2  or an S~2 ' - l i ke  pathway (equations 278 and 279). The allylic 

(2781 

epoxide 93 reacts in an anlogous way with an organocopper reagent with 1,4- 
addition (equation 280)3 75. 

When 2-(O-methoxyphenyl)oxazolines (93) are treated with Grignard reagents or 
organolithium compounds, the methoxy substituent is replaced (equation 28 1 ) 3  7G. 

(941 

The oxazoline moiety serves to  activate the aromatic ring toward nucleophilic 
aromatic substitution, and a t  the same time complexes with the metal of the 
at tacking reagent. 
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2. Organolithium compounds 

The principal reaction of organolithium or sodium compounds with ethers is 
deprotonation at  the a- or  P-position leading to  elimination products (equation 
282)3 7. Nucleophilic attack by organolithium compounds is however possible 

H H  
H I I  \ /  

I I  
R ' L i  -1- -C-C-OR2 - /C=C \ i- LiOR2 + R ' H  (282) 

with oxetanes3 and epoxides3 9 .  A synthetic application of the latter reaction is 
found in epoxide opening by 2-lithio-l,3-dithiane (equation 2 8 3 p  8 0 .  Lithium 

- w} (283) 

n 

n 
S V S  

CH3 

naphthalenide reacts with tetrahydrofuran at  6SoC t o  give the a-substituted 
dihydronaphthalene 95 in 46% yield (equation 284)381. Kobrich and B ' a ~ m a n n ~ ~ ~  

(95) 

observed that 1,l-diphenylhexyllithium or benzhydryllithium are capable of 
nucleophilic ether cleavage. Epoxides and oxetanes as well as phenyl, allyl and vinyl 
ethers react a t  room temperature, while tetrahydrofuran requires heating t o  7OoC. 
In the case of phenyl alkyl ethers cleavage occurs at the alkyl-oxygen bond, but 
with vinyl ethers the vinyl oxygen bond is cleaved. This suggests an addition- 
elimination mechanism for cleavage of enol ethers. Intramolecular ether cleavage of 
organolithium compounds is also possible. Thus, exo/endo-7-norcaranol (96) is 
obtained via metalation of the chloro ether 97  with butyllithium (equation 285)382. 

[DH OCH2CH2 Li 1 - DH O H  (285) 

(97 1 (96) 

Radlick and Crawford3 reported a benzocyclopropene synthesis via metalation 
of 2-bromobenzylmethyl ether (equation 286). However, subsequent work in the 

- @ (286) 

author's and in other laboratories384 showed that the reaction was difficult t o  
reproduce. 

The Wittig rearrangement of benzyl or  allyl ethers to  alcohols38S by means of 
organolithium compounds formally consists of an intramolecular, reductive ether 
cleavage by the a-metalated ether (equation 287). Mechanistically, the reaction is 

CH20CH3 a C H Z o c H 3  ? aBr Li 
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ArCH2-OR' - ArCH-07 - ArCH-0-  (287) 
R ~ L I  

I 
L ' R  R 

more complicated, and a t  least partially proceeds via radical pairs (equation 
288)3 6. 

BULI 

PhCH,-O-C(CH,)3 PhC_H-O-CC(CH313 [PhCHb + 'C(CH3)31 - 
PhCHO- (288) 

I 
C(CH3)3 

Some other organometallic reagents are capable of reductive ether cleavage. 
Organocuprates open tetrahydrofuran t o  yield the corresponding alcohols in 60- 
70% yield, calculated on the amount of cuprate used3 '. Trimethylaluminium 
couples with allylic ethers. The corresponding methyl compound is formed in 80% 
yield (equation 289)3 8. In general, however, trialkylaluminium reagents are un- 

reactive towards tetrahydropyranyl ethers, although they couple readily with allylic 
acetate, formate or  carbonate esters. 

Addition examples of ether cleavage by organometallic reagents are reviewed in 
another volume of this series3 9 .  

D. Complex Metal Hydrides 

Reaction of epoxides and oxetanes with LiAlH4 has been reviewed else- 
where3 * 9. In general, the ether linkage is resistant to this reagent, although some 
cleavage of tetrahydrofuran occurs with LiAIH4/A1Cl3 6. Epoxides undergo 
reductive anti-Markownikoff ring-opening in the presence of diborane and BF3, for 
example equation (290)390.  The same reagent may cleave benzyi ethers391. Some 

Me Me 

(2901 

modified aluminium hydrides cleave aliphatic ethers efficiently. Tetrahydrofuran is 
converted t o  n-butanol by lithium tri-t-butoxyaluminium hydride in the presence of 
(equation 29 1) triethylborane at 25OC. 7-Oxabicyclo[ 2.2.1 ] lieptane is converted to  
cyclohexanol (equation 29 * . Aliphatic ethers are stable towards diisobutyl- 

BH3-BF3 I 
c P h C H - C H 2 0 H  

I 
PhC - CH, 

100% 
'0' 

rL., Li(OBu-t)gH+ 00' 
(291) 

aluminium hydride a t  low temperature, but tetrahydrofuran is attacked by the 
reagent upon heating3 3 ,  and diglyme decomposes violently in the presence of 
dialkylaluminium hydride at room temperature3 4 .  Aromatic methyl ethers react 
with diisobutylaluminium hydride or  triisobutylaluminium a t  70-80°C with 
liberation of the corresponding phenols, for example equation ( 292)3 5 .  Di- 

D 4  
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O H  OH 

(292) 

Me0  HO 

isobutylaluminium hydride cleaves vinyl ethers presumably via addition to  the 
double bond, followed by alkene elimination (equation 29313 6 .  

Al ( i - B  u) 

+ A I H ( ~ - B u ) ~  - a:,, - 0 + (i-Bu)2AIOEt (293) OOEt 
Refluxing of benzyl aryl ethers of ally1 aryl ethers with sodium bis(2-methoxy- 

ethoxy)aluminium hydride in xylene results in effective cleavage of the ether 
bond3 '. Debenzylation of ethers having an additional methoxy group at a vicinal 
carbon was found to proceed more smoothly than that of monofunctional com- 
pounds. This observation has been rationalized by formation of a complex (98) 
between the ether and the aluminium hydride (equation 294). 

- R-+o,cH.p. 

N J A I ( O C H ~ C H ~ O C H ~ ) ~ H  

Me0...AI(OCH2CH20CH3) 2H 

"o,cH 2 Ph 

Me0 

(98) 

7 'aoH + PhCH3 (294) 

I 
M e 0  

1 

2. 
3. 

4. 

5. 
6. 

7. 

ti. 
9. 

10. 
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1. INTRODUCTION 

One of the first reactions to be discovered in the field of organosulphur chemistry 
was the oxidation of sulphides to  sulphoxides’, a reaction which even today 
provides the principal means of synthesizing sulphoxides. Also discovered relatively 
early in the development of organosulphur chemistry was the ability of sodium in 
liquid ammonia2 and Raney nickel3 to  reductively cleave C-S bonds in sulphides. 
In synthetic niethods utilizing sulphur functions, oxidative and reductive procedures 
are of great value in the step involving removal of the sulphide or thioacetal sulphur, 
as illustrated by equations ( 2 ) 5  and (3)6 for sulphides and (4)7 and (5)* for 

( - - P h S O H )  PhCH3.11 I 
92% 

71% 
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SPh Li. EtNH2 

SPh \ \ ' /  . 

electrolysis. -2e - PhCHO+ 
MeCN-H20. NaC104 H 

+ 77% 

LiA1H.q + TiC14(2:lll PhCH2\ 
* ,CH2 (5) phcH)(I] PhCH2 THF. A PhCH, 

97% 

dithioacetals. Oxidative methods are often used in the hydrolysis of thioacetals 
with the purpose being to  render the sulphur moiety a better leaving group and t o  
remove the  thiol irreversibly by converting i t  t o  other sulphur derivativesg. Among 
the reagents used f o r  oxidative hydrolysis are chlorine, bromine, iodine, t-butyl 
hypochlorite, N-chloro- and N-bromo-succinimide, chloramine T, thallium ( 1 1 1 )  
trifluoroacetate, lead tetraacetate and ceric ammonium nitrate as well as the 
electrochemical procedure shown in equation (4). 

A large number of procedures for the quantitative determination of organic 
sulphides are based o n  the oxidation to sulphoxide followed by measurement of 
reagent consumption' O .  A number of analytical procedures involve reduction of 
sulphides with the product of analytical interest being a thiol (or thiolate ion), 
a hydrocarbon or  hydrogen sulphide' O .  

II. OXIDATION OF SULPHIDES 

The oxidation of sulphides can lead under vigorous enough conditions to  the for- 
mation of sulphuric acid via the  stages indicated in equation (6). In this chapter we 

101 [ O I  I01 [OI 

shall be concerned primarily with the first, and most facile, stage in this process, 
namely the oxidation of sulphides to sulphoxides. A very limited number of cases 
are known in which sulphides are converted into sulphones by routes not  involving 
sulphoxides; these reactions will also be discussed. There is great interest in the 
oxidation of sulphides as a means of synthesizing sulphoxides, in the use of 
sulphides as substrates for the  study of oxidation mechanisms and in understanding 
how certain organosulphur compounds can function as antioxidants, in stereo- 

RSR - R S ( 0 ) R  - RS02R - RS03H - HZSO, (6) 
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chemical studies involving selective oxidation at sulphur and in the in vivo 
oxidation of sulphides via the  action of certain enzymes as well as under more 
destructive conditions involving the action of ozone, singlet oxygen and other 
exogenous oxidants. This chapter will provide a broad, albeit nonencyclopaedic, 
review of these and related areas with an emphasis on the current nonpatent literature 
up to  November 1978 (a few more recent references have been added in proof; 
see p. 608). The earlier literature is covered more thoroughly in several older 
reviews' '-l 4. 

A. General Methods 

1. Perox y compounds: hydrogen peroxide, h ydroperoxides, ac yl peroxides, 
peracids and molecular oxygen 

One of the oldest, yet still widely used, procedures for  the oxidation of sulphide 
to  sulphoxide involves the addition of the theoretical amount of 30% H202 t o  a 
solution of the sulphide in sufficient acetic acid, acetone or alcohol to  maintain 
homogeneity; the reaction mixture is then allowed to  stand at  room temperature 
overnight (or longer if necessary)' ,' 6. In a related process an alkyl hydroperoxide 
such as t-butyl hydroperoxide is used instead of the hydrogen peroxide' ' . These 
reactions are strongly acid-catalysed and kinetically first order both in sulphide and 
peroxide. Catalysts and inhibitors of free-radical reactions, including 0 2 ,  are with- 
ou t  effect. The role of the acid (HX) is apparently to  facilitate loss of the leaving 
group (ROH) in the transition state (see equation 7)' '. In nonprotic solvents a 
bimolecular dependence on peroxide is seen suggesting a transition state related 
t o  that shown in equation (8)". An activation entropy AS* = -33 for the 
oxidation of 1,4-thioxane pictured in equation (9) is supportive of the highly 

r 

L 1 
r # 

HOAC 

C S  -+ HOOH - O-SO 
ordered transition state depicted in equations (7) and (8)' * '. That hydrogen 
peroxide is ca. 20 times more reactive toward 1,4-thioxane than t-butyl hydro- 
peroxide is consistent with the greater electronegativity of hydrogen than carbon32 '. 

Peracids are even more powerful oxidants. Here the rate of oxidation depends 
on the electronegativity of the R group in RC(0)OOH with the approximate order of 
reactivity being CF3 C03  H > m-ClC6 H4 C 0 3  H (MCPBA) > C6 HSCO3 H > HC03 H 
> CH3 C 0 3  H. The transition state pictured for peracid oxidation is analogous to 
that involved for epoxidation of olefins (equation 10)' In addition to  depending 
on the nature of the R group in the peracid, the rate of oxidation of sulphides 
by peracids also depends on the nucleophilicity of sulphur aild on the solvent. 
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Electron-donating substituents on  sulphur accelerate the reaction and the order of 
reactivity of sulphides is alkylzS > alkenylz S > ary12 S' I .  As sulphoxides are much 
less nucleophilic a t  sulphur than sulphides, oxidation of sulphoxides is 1 O-* - 1 0-3 
times slower than oxidation of the corresponding sulphides. Peracid oxidations are 
much faster in nonprotic solvents since the solvent does not compete with the 
internal hydrogen for bonding to the carbonyl oxygen and thus does not hinder 
oxygen transfer as do protic solvents. The Hammett p value for oxidation of 
substituted diaryl sulphides by perbenzoic acid in methylene chloride is -2.5, a 
value consistent with the electrophilic character of the oxidantIg.  By way of 
comparison, diaryl sulphides show a p value for oxidation by hydrogen peroxide in 
the presence of HC104 of -0.9820. With regard t o  oxidations by MCPBA a few 
additional points should be made. While the by-product of MCPBA oxidations, 
rn-chlorobenzoic acid, is reportedly insoluble in chloroform and is thus removed, 
studies show that even at  -5OC chloroform retains 1.5-2.510 (w/v) of this acid2 '. 
A useful way of removing residual acid is to  bubble anhydrous ammonia into the 
reaction mixture and remove the precipitated ammonium rn-chlorobenzoate by 
filtration through a bed of Celite2 *2 3 .  Sometimes it is desirable t o  conduct 
MCPBA oxidations in the presence of a mild acid scavenger such as NazHP04 
(used in a two-phase system; equations 1 1 2 4  and 1225) .  Through the use of 
MCPBA and related peracids, strained sulphoxides, such as thiiran 1-oxides (see 
Section L) and the S-oxide shown in equation (13)26 ,  can be readily prepared. 

0 

0 

70% 
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Needless to say in the use of peracids caution should be exercised t o  avoid possible 
contamination by acetone which under certain circumstances can lead t o  the 
formation of explosive peroxides!2 

Diacyl peroxides can also be used to  oxidize sulphides to  sulphoxides 
(equation 14)28. Oxidations by H 2 0 2  can be conducted under basic conditions 
(equation 15)29 and can be dramatically accelerated by the addition of catalytic 
quantities of seleninic acids or selenium dioxide (the active oxidant is thought to be 
perseleninic acid;321 equation 16)30*31 and salts of W, Zr, Mo, V and Mn (in the 

PhC - 0 - C Ph 

0 0 
- II II + RZSO 

30?6 H 2 0 2  ms MeOH. 6 N  NaOH* 

90% 

cn2ci2. 25% 

R2S + 30% H202 - R2SQ 
ArSeO2H 

(14) 

(15) 

(16) 

case of tungsten a peroxy salt W0,(OOH)(OIi)-2 is suggestEd to  be the active 
oxidant)2 * 3  2 2 .  A particularly useful oxidant is the 'Milas reagent' H2 O2 -t- 
BuOH-V2 0 5  which can be used to oxidize thiirans, a - c h l ~ r o s u l p h i d e s ~ ~ ,  sulphides 
in the presence of disulphides3 and vinyl sulphides (equation 17)34. Oxidation 

n20,-r-Buon - _  
(CH3)3 CSCH=CHCH3 - (CH3)3CS(0)CH=CHCH3 

v 2 0 ~ . l o o c  
6 7% 

( 1 7 )  

using this reagent can be conducted as a titration since in the presence of hydrogen 
peroxide the reaction mixture is red-orange while in the absence of hydrogen 
peroxide a very pale yellow or  green colour is observed. The t-butanol can be 
diluted with tetrahydrofuran to permit oxidations a t  -20°C3 > 3  4 .  

There is also considerable interest in the catalysis of hydroperoxide oxidation 
of sulphides by salts of vanadium and molybdenum, e.g. as illustrated by equations 
(1  8)3 and (1 9)3 6. With some sulphides no reaction occurred with HzO2,  even 

85-95% 

80% 

under drastic conditions, whereas oxidation proceeded easily with ROOlI/MoC15 7. 

The relative rates for oxidation by t-butyl hydroperoxide-VO(acac)2 of di-n-butyl 
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VO (acacI2 + r-Bu02H - . \ / 5 +  ..." .... 
/ \  

t-Bu 
Bu-t 

SCHEME 1. 

sulphide, butyl phenyl sulphide, di-ti-butyl sulphoxide and cyclohexene have been 
found to be 100, 58, 1.7 and 0.2, r e ~ p e c t i v e l y ~ ~ ,  in a study which presents the 
is inorganic. Indeed, in the absence of special requirements it is still probably the 
absence of the vanadium catalyst the oxidation is very slow. An even more efficient 
catalyst than V ( V )  is Mo(vI), for example as dioxomolybdenum (VI) acetonate, 
MoOz(acac)z. This catalyst shows the selectivity Bu2 S (1  0 0 )  > Buz SO (0.15) > 
cyclohexene (<0.01) (relative reactivity in parenthesis) and is ca. 80 times more 
efficient than V ( V ) ,  e.g. in t he  oxidation shown in equation (20)39.  To rationalize 

R2S + t-BuOOH 
4% MoOZ(acac)z 

EtOH. 25OC. 2h 

+ R 2 S = 0  

>98%, R = &I 

the asymmetric oxidation that occurs when the t-butylhydroperoxide-VO(acac)2 
oxidation of sulphides is carried out in the presence of chiral alcohols, Modena, 
Edwards and coworkers postulate that  a chiral vanadate ester VO(OR)3 is the 
catalytic species4 O .  Hydroperoxides are likely intermediates in the oxidative 
addition of thiophenol to  olefins to  give 9-hydroxy sulphoxides (equation 2 1)4 ' . 

19% 8% 
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Indeed Pihy droperoxy sulphides have been isolated in certain cases. Conversion of 
P-hydroperoxy sulphides t o  P-hy droxy sulphoxides is achieved by simply stirring 
the  reaction mixture in the presence of  a catalytic amount  of V205, oxobis(acety1- 
acetonato)vanadium (IV ), or  dioxobis(acety1acetonato)molybdenum (v I )  (equation 
22)42 .  P-Hydroxy sulphoxides are synthetically useful intermediates4 9 4 2 .  

O 2 . h ~  

EtOAc-rl-C6H1., 
- n-C H CHCH2SAr 

7~ 
n-C3H7CH=CH2 + ArSH 

OOH 

Unsaturated sulphides undergo autooxidation presumably forming hydroperoxides 
as intermediates. The reactions are, however, quite complex showing both initial 
autocatalysis and later autoretardation and autoinhibition, indicative of the for- 
mation of oxidation inhibitors' '. Illustrative of the types of antioxidants that  can 
be generated on oxidation of sulphides and disulphides are t-butanesulphenic acid, 
t-butanethiosulphoxylic acid and sulphur dioxide, all o f  which could arise by initial 
oxidation of di-t-butyl sulphide by cumene hydroperoxide (equation 23)4 3-4 5 .  

A 
PhC(Me)200H + ( t - B u ) P S  - If-Bu)pSO f-BuSOH + C4H8 

+ 
t-BUSSOH + C4H8 - t-BUS(O)SBu-t 

SOP (23) 

T h e  sulphur acids are very efficient radical scavengers while sulphur dioxide is 
known to  catalytically decompose hydroperoxides. 

Saturated alkyl, aralkyl and aryl sulphides do n o t  react spontaneously with 
molecular oxygen a t  temperatures below about  100°C46. At elevated temperatures 
sulphides undergo oxidation by air or oxygen and this oxidation can be quite 
efficient in the presence of certain heterogenews or homogeneous catalysts 
(e.g. CuBrz and RuC13)47. 

2. Sodium metaperiodate 

Sodium metaperiodate, long used in the oxidative cleavage of vicinal diols was 
first popularized as a selective reagent for sulphide oxidation by Leonard and 
Johnson in 196248.  The reagent has much to commend it: it  is safely handled and 
stored, it is readily available and requires mild conditions, .it is quite selective 
and gives good yields, overoxidation is easily avoided, and the by-product (iodate) 
is in organic. Indeed, in the absence of special requirements it is still probably the 
reagent of choice for gentle conversion of a sulphide t o  a sulphoxide. It should be 
emphasised that temperature control is important (generally O°C is used) as 
sulphone can be formed at  higher temperatures. The principal difficulty with the 
reagent is the requirement for water as a solvent (or  cosolvent) which limits 
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applications to water-sensitive sulphides or  to  the  preparation of sulphoxides which 
are difficult to isolate from water (or  are difficult to  dry). A cosolvent (generally 
methanol o r  occasionally dioxane o r  methanol-acetonitrile4 9, can be used to 
promote the reaction of insoluble sulphides. Oxidation of long-chain alkyl sulphides 
may still be difficult due to  solubility problems. Selective examples of NaIO4 
oxidations are given in equations (24)4 8 ,  (25)4 8 ,  ( 2 6 y 0 ,  (27)5 and ( 2 8 ) 5 2 .  In the  

0 0 c-3 0.5M N.3104 

H20.  O°C. 16h 

II 
91% 0 

0.5M N.3104 

H20. O°C, 16h 
(EtZNCH2CH2)ZS (EtZNCHZCH2)2S=O 

85% 

Q J 3 0  

N a 1 0 4 .  H20 ms 25OC * 

94 x BsB 0.7;;;;:;4* rel lux 6Z-B + 5% sulphone 

1 \ \ \ 

10.6 mmol) 78% 

- @  Na104.  OOC 

3:l MeOH:  H 2 0  

81 % 

(26) 

oxidation of dithioethers t o  monosulphoxides (see Section D) NaI04 is also the  
reagent of choice. The mechanism for sulphide oxidation probably involves a cyclic 
intermediate related to that proposed for glycol oxidation (equation 29)4 8 .  

An interesting nonaqueous procedure involving NaIO4 has been developed in 
which the reagent is adsorbed on acidic aluminium oxide53. Good yields of 
sulphoxides are obtained even with a twofold excess of oxidant; 95% ethanol is 
apparently the  preferred solvent. 

3. Hypervalent iodine reagents 

Iodosobenzene (PhIO), iodosobenzene diacetate [ Phl(0Ac)z ] and iodobenzene 
dichloride (PhlC12) have all been recommended as useful reagents for oxidizing 
sulphides to sulphoxides' y 5  4-5 7. Acetoxylation and chlorination, however, are 
problems with the second and third reagent. respectively. lodobenzene dichloride, 
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requiring pyridine and small amounts of water as coreactant, oxidizes sulphides 
rapidly even a t  -4OoC, giving over 90% yields of t-BuS(O)Ph, P h 2 S 0  and 
PhS(O)CH2CH2S(O)Ph from the respective sulphides. If H 2 *  8 O  is used, 

0-labelled sulphoxides may be conveniently prepared’ 6 .  Iodobenzene dichloride 
failed to give sulphoxide with PhSCH=CHR(R = PhS or C 0 2  H)5 6 .  

4. Boranes 

Wynberg has recently described what is reputed to  be the first instance of 
oxidation of sulphur with a trialkylborane-water mixture (equation 30y 8. The 
scope of this interesting reaction remains to be established. 

0 I 0‘ 

C O ~ B U - t  
COZBU-t 

I U 

C O ~ B U - t  

5. Nitrogen oxides and nitric acid; organic compounds with N-0-C bonds 

Nitric acid was the  oxidant used to make the first known sulphoxide (dimethyl 
sulphoxide) in the  1860s’ while Pummerer in 1910 reports the use of ‘nitrous 
fumes’ (NO2 >’ 9. Today the major commercial route to dimethyl sulphoxide 
involves the  air oxidation of dimethyl sulphide catalysed by NOz (equation 3 O .  

Me2S + NO2 - Me2S0 + NO 

2NO + 02(a i r )  2 NO2 (31) 

The NO2 dimer, N z 0 4 ,  is also an effective oxidant for sulphides. The oxidations 
are kinetically 1/2 order in N2 04, indicating the monomer NO2 t o  be the  active 
oxidant6’ .  A Hammett p value of -2.7 has been determined for the reaction of 
N 2 0 4  with aryl sulphides in CC14 suggesting the development of substantial 
positive charge o n  sulphur during the transition state62 , 3 2  3 .  

In performing oxidations with Nz  04, the  reagents should be mixed a t  low tem- 
peratures and warmed carefully as NO evolution can be very vigorous; good yields 
of sulphoxides can be obtained although the first-formed product is a sulphoxide- 
N2 O4 complex6 3-6 5 .  Nitric acid has been used as an oxidant on occasion6 6 g 6  ; 
with aromatic sulphides ring-nitration can be a competing side-reaction6 8. The 
active oxidant in the nitric acid oxidation of sulphides is said to  be N 2 0 4 H + 6 8 .  
A somewhat related oxidant involves the combination nitric acid-acetic anhydride. 
This combination forms acetyl nitrate which readily oxidizes thioanisole, for 
example, t o  the corresponding sulphoxide in 85% yield (equation 32)6 9 a .  Certain 
substituted oxaziridines (three-mernbered CNO heterocycles) have been found t o  
be selective oxidants for s ~ ~ l p h i d e s ~ ~  ’. 
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HN03(98%) + AczO CHBC(O)ONOz 

CH3C(0)ONOz + PhSMe - PhS(0)Me 

85% 
(32) 

6. Oxidation of sulphides via halosulphonium salts 

Hydrolysis of the complexes of sulphides with chlorine and bromine has long 
been used to prepare sulphoxides (see equation 3 3 ) I 4 l 7 O .  Chlorine itself is not 

H20 
R2S + X2 R$-X X- - R2$0 + 2 H  (33) 

often used because of its excessive reactivity although this high reactivity can be 
used t o  advantage in the oxidation of poorly nucleophilic heavily chlorinated 
sulphides (see equation 34).71 Another instance of preparation of a sulphoxide 
via a chlorosulphonium salt is indicated in equation ( 3 5 ) 7 2 .  Here the source of 

R = CIZCH, 65% 

R C13C. 50% 

Cl 0 

chlorine is sulphuryl chloride. The introduction and hydrolysis of the chlorine 
substituent can be conducted in a single step through use of wet silica gel with the 
S02C12 73. Bromine-mediated oxidation of sulphides of type MeSAr shows an 
unusually large Hammett p value of -3.2 (one of the largest values reported for a 
reaction of a sulphur centre) consistent with the development of considerable 
positive charge in the brornosulphonium ion intermediate (see equation 33)74. 
Steric effects are also seen in this oxidation, with methyl phenyl sulphide reacting 28 
times faster than isopropyl phenyl ~ u l p h i d e ~ ~ .  Bromine may be conveniently 
introduced as the complex with DABCO (1,4-diazabicycl0[2.2.2] octane) as 
illustrated by the oxidation of thianthrene in equation (36)75. If  1-12’80 is intro- 

aIn + DABC0.Br2  Q(;)Q (36) 

0 

95% 

duced together with the amine-Br2 complex, 0-sulphoxides may be prepared. 
Sulphides may be oxidized with iodine provided an additional reagent is added t o  
trap the reversibly formed iodosulphonium complex. An interesting trapping agent 
is the phthalate anion which itself is transformed during the oxidation to phthalic 
anhydride (see equation 37)76 Difluorosulphuranes, the covalent form of fluoro- 
su!phonium fluorides, may also be hydrolysed t o  sulphoxides as seen in 
equation (38)77 .  

The oxidation of sulphides to  sulphoxides has also been realized with a variety of 
inorganic and organic bromine and chlorine compounds which form halosulphonium 
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F el: -2% no (38) 
C H ~ C I Z  ps + CF30F - 
- 7 8°C 

F 
60% 

salts with sulphides. Among these reagents areN-bromosuccinimide (see equation 39:  
this reagent cannot be used with most aliphatic 

(PhCH2),S + Br-N 3 (PhCH2)pi-Br + 
OH- 

I 0 

sulphides because of l a d e  C-S 

0 

HN> 

0 

--u+ 

70-80% 

~ l e a v a g e ) ~  and N-ch lo rosu~c in imide~~ ,  2,4,4,6-tetrabromocyclohexadienone 
(equation 40)80,  sodium hypochlorite (for example see equation 4 1)8 , sodium chlo- 
rite (equation 42; note cooxidation of the aldehyde group to  a carboxylic acid 
function)8 2 ,  1 -chlorobenzotriazole (equation 43 ; gives C-S cleavage with di-t-butyl 
~ u l p h i d e ) ~ ~ ,  chloramine T(p-CH3 c6 H4 SO2 NCl-Na+; equation 44)84 'Halazone' 
(p-HOOC-C6 144 SO2 NClz )' and t-butyl hypochlorite86-8 '. In many of these 

H20.  dioxane 

+ PhSCH2CH = CH2 NaOAc * PhS(0)CH2CH=CH2 

9 6% 

Br 
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(42) 
NaC102  

pyr. trace H C I  

80%. Ar = 3-FC6H, 

3% NaOH - a  
$0 

\ 
OMe 

90% 

C 0 2  H 602 H 
95% 

reactions a-sulphuranes, tetracoordinate sulphur (IV) species, are thought t o  be 
involved as intermediates and are occasionally detected spectroscopically as in the 
work of Martin (equation 45)90 and the earlier work of Johnson (equations 46 and 
47)' '. While the precise mechanism for hydrolysis o r  conversion to  sulphoxide for 
these sulphuranes remains to be established, anions analogous to  SF S may be involved 
in some cases (see equation 45). However, with methanol-' ' 0  as cosolvent it has 
been found that 69% of the original l80 of the methanol is retained in the 

t-BuOCI 
___c 

CI 
Ph\ I H20' R 3 N  + P h i 9  KI-: 0 

I YF4 
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OBu-t 

(46) 
-&c Ph,l 4.r PhSMe + t-BuOCI - 

CI 
Me 

+ CI 
/ 

R2S\ R2S i- t-BuOCI - R2S-CI 

f-BuO- OBu-r 
I 
I 

+ I-... I (47) 

CI 

OMe 

- R,S=O 
/ 

R2S\ 

sulphoxide, indicating that  C - 0  cleavage is also important (equation 48)9 l .  With 
regard t o  oxidations by t-butyl hypochlorite i t  should also be noted that the most 
hindered sulphoxide generally predominates (formed from the least hindered 
chlorosulphonium salt) and that side-reactions such as t-butoxide-induced elimination 
(see equation 48;  the amount of elimination product increases from 2.1 to  58.4% to 
90.2 t o  100% as the solvent is changed from methanol t o  ethanol t o  isopropanol to  
t - b ~ t a n o l ) ~  and Pummerer-type rearrangement (equation 49)'* can occur. 

anti (least hindered) 

syn (most hindered; 

69% of original ' * O )  
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r-Buoci 

MeOH. -78OC 
PhSCH,C-CH * [PhS(O)CH2C=CHI - PhSCH(OMe)C=CH (49) 

78% 

7. Dimeth y l  sulphoxide as oxidant: oxygen transfer from sulphoxide to sulphide 

In 1958 Searles discovered that several simple dialkyl sulphides could be oxidized 
to the corresponding sylphoxides in 55-59% yields by heating with dimethyl 
sulphoxide at  160- 175 C93.  Recently i t  has been found that the yields can be 
improved and the temperature substantially lowered by the addition of catalytic 
amounts of HC1 or HBr94y9s. This procedure has been used in the synthesis of 
certain bissulphoxides (equation and methionine sulphoxide (equation 5 
and is apparently general for simple aliphatic sulphides although it fails with t-butyl 
o r  aryl sulphides. There is no  overoxidation to sulphone with this procedure. The 
reaction is thought t o  involve bromo- or  chioro-sulphonium salts as intermediates 
(see equation 5 2 ) 9 4 .  Aryl alkyl sulphoxides can also serve as the source of oxygen 
in the oxidation of dialkyl sulphides (see equation 53)9 7. Under photochemical 

l0O0C 
MeSCH2CH2CH(NH2)COOH + Me2S0 6 N  HC, ,  

MeS(CH2),SMe + Me2St (50) 
I 1  
0 

II 
0 

n = 2-6 

yields 52-735'0 

MeS(0)CH2CH2CH(NH2)COOH + MeZSt 

97% (51) 

2 HCI + ~ 2 5  + H20 
Me2S0 ==== Me2SCI CI- ===== R2S-CI CI- z==== R 2 S 0  f 2 HCI (52) 

M e 2 5  

4 . 1 M  HCI  

(53) 

conditions diary1 selenoxides can also oxidize sulphides to  sulphoxides in good 
yieldg '. 

8. Cerium ( I  v 1 
Ceric ammonium nitrate in the presence of sodium bromate oxidizes sulphides 

t o  sulphoxides in good yields (see equation 54). Catalytic quantities of cerium(1v) 
are used as the bromate serves as a cooxidant recycling the spent cerium( 1 1 1 ) ~ ~ .  

9. Chromium (V I )  
95% 

Chromic acid (Cr03) in acetic acid or pyridine has long been used for the 
oxidation of sulphides' 2 . 1 0 0 - 1  O 2  t o  sulphoxides. It is considered to  be a more 
powerful oxidizing agent than peroxides and can be used for the oxidation of 
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sulphides which resist milder reagents. I t  is a poor reagent for  the oxidation of 
unsaturated sulphides. Examples appear in equations (55)' O 2  and ( 5 6 ) ' O ' .  

CrOg. HOAc 

7 5 O c .  20 rnin 
Ph2CHSCH2Ph c PhZCHS(O)CH2Ph (55) 

70. Gold ( 1 1 1 )  

Gold ( 1 1 1 )  salts, known since 1905 to  be effective oxidants for sulphides' 0 3 ,  

have recently been found to quantitatively and stereoselectively oxidize methionine 
to  its sulphoxide' 0 4 .  It is suggested that coordination of two methionine molecules 
t o  A U ( I I I )  occurs and is necessary fo r  the reduction of A U ( I I I )  t o  A u ~ I ) .  The stereo- 
specificity seen in the oxidation [(S)-me thionine gives (S)-methionine (S)-sulphoxide] 
is thought t o  arise from the interaction of two coordinated chiral centres when the 
second methionine becomes bonded to  the gold. 

71.  Lead ( I V )  

but in nonpolar 
solvents such as benzene 3-acetoxylation is a major side-reaction. For example 
dibenzyl sulphide gives predominantly a-acetoxylation (equation 5 7)' O 6  while 

Lead tetraacetate can convert sulphides to sulphoxides' 7 '  

100% 

di-iz-butyl sulphide affords moderate yields of the corresponding sulphoxide only 
with polar solvents (yield of di-iz-butyl sulphide, solvent: 5576, CH3CN; 36%, 
HOAc; 2176, nitrobenzene; 1 1%, CC14 ; 6%, benzene)' 5 .  Diary1 sulphides can be 
oxidized in good yield with lead tetraacetate (equation 58)' 07. 

COMe COMe 

Pb(OAc), a:m (58) 

0 

70% 

a:D HOAc,2S°C ' 

72. Manganese ( I  v ) 

yields (equation 59)'" though the reagent has seen very little use. 
Manganese dioxide will transform aliphatic sulphides to  sulphoxides in moderate 

Mn02 

Del. e lher  
BUZS B u ~ S O  (59) 

71% 
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13. Thallium ( I  I I ) 

way of the sulphide cation radical (see equation 60) '  
oxidation steps. 

Thallium (111)  nitrate oxidizes aliphatic sulphides t o  sulphoxides, probably by 
in successive one-electron 

phn - 25OC "I:] (60) 

Ph Ph Ph 

g value = 2.0070 72% 

14. Organically-bound tin 

The combination hexabutyldistannoxane (HBD)-Br2 is claimed t o  be a superior, 
selective oxidant which does not  overoxidize sulphides even with excess reagent' 0 9 .  

T h e  commercially available tin reagent is used in nonprotic solvents and is effective 
even a t  low temperatures. Its drawback is tha t  sulphoxides have to be separated 
from reagents and products by silica gel chromatography. Some examples of use 
are shown in equations ( 6  1)-(63). In t h e  last equation (63)  i t  should be noted that 
simultaneous oxidation a t  sulphur and a t  carbon has occurred giving a keto- 
sulphoxide. 

- 78" c 
CH3SCH2CI + (Bu3Sn)20 + Br2 CH3S(0)CHzCI (61 1 

7836 

(C,,H,,),s (Bu3Sn)20 f Br2 (C16H35)2S0 (62) 

90% 

CH2C12 
PhS(CH2),CHOHPh + (Bu3Sn)20 -k Br2 -780c - PhS(O)(CH*)GCOPh (63) 

(2.5 equiv.) 97% 

15. Ozone 

Ozone was apparently first used for  the oxidation of a sulphide to  a sulphoxide 
by Bohme in 1942l  l o .  Since then it has been rather widely used with a variety of 
sulphides, such as P-chloro- and P-hydroxy-ethyl sulphides (equation 64)8 ' aryl 
sulphides (equation 65) '  ' l ,  penicillins' ' 2 ,  thietanes, thiolanes and thianes' ' ' 
and hindered sulphides (equation 66) '  ' 8,  among other cases. The advantages of 

0 3  
(XCH2CH2),S=0 

X = CI. 53% 
(XCH2CH2)2S H 2 0  or t j20 /ce l luro lve  

X = OH, 95% 

0 3  
PhS(0)R 
R = Me, 92% 
R = Ph, 84% 

PhSR C2H5CI - 

t-BuSCHz Bu-r 9 r-BuS(0)CHzBu-r 
-7OOC. MeOH 

(64) 

(65) 

(66) 
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TABLE 1. Relative reactivity toward ozone' ' "I  

Compound krel Compound krel 

Bu2S=0 ca. 1 Bu,S 99 

Ph, s, n-C6 H ,  ,CI-I=CI-I, ca. 5000 
Bu, s, 2.5 

the reagent are its high reactivity allowing oxidation under very mild conditions 
and the ease of  workup due to minimal side-products. The selectivity is quite good 
as indicated by the data in Table 1, which shows that sulphoxides and disulphides 
are 40- 100 times less reactive than sulphides. Ozone cannot be used in the synthesis 
of unsaturated sulphoxides since carbon-carbon double bonds are much more 
reactive than sulphur. With certain substrates there are some troublesome side- 
reactions, as will be discussed below. There is interest in a practical aspect of the 
ozonation of sulphides, namely its application in the desulphurization of petroleum 
and petroleum products' O .  

Scheme 2 summarizes the mechanism of ozonation of sulphides as proposed by 
Bailey' ' , Razumovskii' and others. The initial intermediate 1 is reminiscent of 
the phosphite ozonide 4 first characterized by Thompson' 2 2  and shown t o  oxidize 
sulphides' and t o  decompose t o  phosphate and singlet oxygen 
(equation 67)' 24. The formation of cation radicals by a one-electron oxidation 
process (step b) was established by ESR detection of the pink thianthrene cation 
radical in the ozonation of thianthrene (equation 68)' ' . Step (b')' 2 o  has pre- 
cedence in the photosensitized oxidation of sulphides' 5 .  Steps (c) and (c') are 

and disulphides' 

0 - (PhO),PO + ' 0 ,  
/o\ 

(Ph0)3P 1- 0, 

R S ( 0 ) S R  + (PhO)3PO MezSO + (PhO)3P0 

000- (pink) 

invoked in analogy to studies with singlet oxygen-sulphide reactions (see Section 
A 16 below) to  explain the formation of small amounts of sulphone simultaneously 
with sulphoxide directly from the intermediate products of reaction' O .  Step (d) is 
proposed' t o  account for  benzaldehyde formation on ozonation of dibenzyl 
sulphide (equation 69a). Side-chain attack is apparently favoured by nonprotic 
solvents while sulphoxide formation is favoured by protic solvents (equation 
69b) '  2 '  . In the latter case the protic solvent may protonate the sulphide ozonide 1 
and prevent the cyclodeprotonation process. An alternative route to  benzaldehyde 
would involve singlet oxygen in the process proposed by Corey and Ouannis 
(see equation 73) '  2 6 .  
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0 3  
PhCHO + (PhCH2)zSO 

(PhCH2)2S pentane. ooc * 

7696 21% 

16. Singlet oxygen 

Sulphides are known to  undergo photosensitized oxidation to  their corresponding 
sulphoxides‘ 7. This oxidation, which has been found t o  be induced by singlet oxy- 
gen, is of particular interest because methionine is o n e  of the amino acids which is 
attacked most rapidly in photodynamic action ( the  destructive action of dye 
sensitizers, light and oxygen on organisms)’ ”-’ O .  Other amino acids such as 
S-methylcysteine and lanthionine are also known to give sulphoxides on photo- 
oxygenation’ ’. Since the photosensitized oxidation of disulphides has been 
shown to be quite facile (affording thiosulphinates as  in equation 70)’ 23 9 *  3 2  it is 

hv. 0 2  

senst. 
t-BuSSBu-r * r-BuS(0)Bu-t (70) 

likely that  photodynamic action may also involve t h e  disulphide bridges of natural 
polypeptides as well. Photooxidation can be used in t h e  study of enzymes and other 
polypeptides. Thus Jori  and coworkers have found protein elastase, which contains 
two methionine units (positions 4 1 and 172), to  be unaffected under neutral pH 
photooxidation conditions ‘owing t o  the  location of the  two methionyl side-chains 
in internal hydrophobic regions [where J there is a strong conformational screening 
of the interaction between them and the photooxidizing agent” 3 .  At pH 3.5, 
methionine-172 undergoes photooxidation, presumably because a t  this pH the 
tertiary structure is loosened allowing access of the  photooxidizing agent to  the 
region containing this particular methionine. This monooxidized enzyme still 
displays practically 100% enzymic activity. At still higher pH values (2.5) both 
methionine-172 and -4 1 are oxidized and irreversible loss of enzymic activity occurs. 

The formation of hydrogen peroxide and dehydromethionine in the photo- 
oxygenation of methionine has been rationalized in terms of respectively inter- 
and intramolecular displacement a t  sulphur in the  intermediate persulphoxide 
(equation 7 1 )’ 9 .  

As a result of substantial research, a general mechanism, summarized by equations 
(a)-(h) in Scheme 3, has emerged for  the photosensitized oxidation of a sul- 
phide’ 2 8 , 1  34 -1  36. We may indicate some of the experimental evidence supporting 
this mechanism. The dye-sensitized photooxidation of sulphides has been shown t o  
involve singlet oxygen since it is competitively inhibited by singlet oxygen acceptors 
(diphenylanthracene) and quenchers (@carotene). Electron-transfer step (d)  is 
suggested by kinetic studies and by analogy to  reactions of amines with singlet 
oxygen’ ’. Subsequent interaction of the cation-radical-anion-radical pair leads 
either t o  quenching (equation e)  or t o  formation of  a zwitterionic persulphoxide 
(equation f). In ethanol the ratio of the rates for steps (e) and (f)  for  di-n-butyl 
sulphide has a value of about  0.7’ 3 6 .  Earlier Foote concluded that no  quenching 
occurs in methanol as solvent but that  in benzene over 95% of the reactions of 
singlet oxygen lead t o  quenchingand only a few percent lead t o  sulphoxide’ 28i1  ’. 
Further evidence for a zwitterionic persulphoxide comes from various studies 
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CH2 

I + H 2 0 2  
CH, I 
s=o 

lo* L-,I-~O CH3 I 

7H2 K 
Hp NCH (COz)CHpCHpSCH3 - H2N --CH-COF 

I 

CH2 I H 2  N - C H - CO 5 
(71) 

I +s-0-0- 
CH3 I 2 1;; 

'S-0-OH 
I 
CH3 

I 
/ s +  H : ~ c o 5 +  H202 

involving cooxidation of mixtures of sulpliides, oxidation of certain bissulphides 
and activated sulphides, and studies of solvent effects. Foote has demonstrated 
that diphenyl sulphide reacts 2800 times slower than diethyl sulphide with singlet 
oxygen (diphenyl sulphide is only 1000 times less reactive than diethyl sulphide 
toward hydrogen peroxide) yet  cophotooxidation of the two sulphides gives 
similar proportions of diphenyl and diethyl sulphoxides' 5. It is suggested 
that the oxidation of the normally unreactive diphenyl sulphide involves the 
persulphoxide as oxidizing agent (equation h). Recent studies by Martin indicate 
that  the persulphoxide P h z g 0 0 -  is an electrophilic oxidant in its reaction with 

Senst. + hu - 'Senst.' (a) 

' Senst.. 3 ~ e n s t . '  (b) 

'senst.' + 3 ~ ,  - Senst. + '0,' (d 

' 0 ,  + R2S - R 2 S ;  + 0,' (d)  

R,S; + 0,' - R 2 S  + 302 (el 

R2S; + 0,' R2;-O-6 ( f )  

~ ~ G - o - 0  - R p S < ?  - R2SO2 (g)  
- 

0 

R26-O-6  + R2S 2 R p S O  (h) 

SCHEME 3. 
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diaryl sulphides with p = -0.43' 38. For comparison, the reaction of perbenzoic 
acid with diaryl sulphides gives p = -2.5' suggesting that there is more electro- 
philic character in oxidations involving perbenzoic acid than the persulphoxide. 
The persulphoxide Ph2 S 6 0 -  is incapable of expoxidizing cyclohexene; however a 
persulphoxide formally derived from a sultene has been found to be quite an effective 
oxidant (equation 72)' 8. 

T. 

The persulphoxide has been assigned a zwitterionic rather than diradical or cyclic 
structure on the basis of the strong dependence of the quenching to oxidation ratio 
as a function of protic solvent. The protic solvent has been suggested to decrease 
the negative charge density on the zwitterion, thus promoting nucleophilic .attack 
by a second sulphide to form two moles of su lphoxide128~ '3s .  In some cases the 
persulphoxide is postulated to  act as a base as in equation (73)' 26, t o  react intra- 

t o  afford sulphone, as in equation (76)' 28*1 3 s .  The latter process may involve a 
molecularly in the case of bissulphoxides as in equation (74) and (75)' 2 8 * 1 3 5  9 o r  

1 0 2  + 
CI I 

PhCHZSBu-t PhCH-SBu-t 

t-BuS(0)SBu-t 

[Other products: PhCH2S(0)Bu-r f PhCH2S02Bu-tl 

n s e o  (74) 
O0 "1 o-o- 

- s  A '02 + /  

w di'utc 
s s -  s 

hv , senst.. -78Oc 

Et2S * Et2SO + Et2SO2 (76) 
02, M e t o  

1 : 2.3 

cyclic persulphoxide as shown in Scheme 3 ,  equation (g). It was shown that sul- 
phoxides are not oxidized to  sulphones under the photooxidation conditions so 
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that direct formation of sulphone a t  low conversion of sulphide is thought to 
provide further evidence for the presence of an intermediate containing two 
oxygens' 2 8 , 1 3 5 .  

Unusually stable persulphoxides are thought t o  be formed from singlet oxygen 
and allyl sulphides' 9. While these persulphoxides do not  apparently give rise t o  
the corresponding allyl sulphoxides, they do transfer oxygen effectively to  other 
sulphides. Thus, the  yields of sulphoxides from sulphides such as thioanisole are 
doubled when reactions involving photochemically or thermally generated singlet 
oxygen are conducted in the presence of these allyl sulphides. 

Martin has discovered a new route to  persulphoxides via reaction of alkoxysul- 
phuranes with hydrogen peroxide' '. At -78°C the persulphoxide rearranges 
efficiently to sulphone or converts dimethyl sulphide to  dimethyl sulphoxide 
(equation 77). 

-7BOC f -  

Ph2S(OR)z + H2O2 -m PhZSOO + 2 ROH 

/ - W e  kZS (77) 

PhzSO + PhzSOz Me2S0 + Ph,SO 

15% 80% 52% 

Vinyl sulphides, upon sensitized photooxidation, can undergo attack at  both 
sulphur and a t  the double bond. From the published examples, attack a t  the carbon- 
carbon double bond seems to be significantly more favourable (see equations 
78-80)' O-' *. Thiophenes and thiazoles also undergo reaction with singlet 
oxygen as will be discussed in Section 1I.K. 

In some related singlet oxygen studies which might be regarded as intermolecular 
versions of the reactions in equations (78)-(80), Wasserman finds that 1,2-dioxetanes 
and carbonyl oxides formed by dye-sensitized photooxidation convert diphenyl 
sulphide t o  diphenyl s ~ l p h o x i d e ' ~  3 .  

QSE, - 
scnsf.. MeOH 

Q;Et 0 

c--5 cleavdqe \ 
49% 
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h i - ,  O 2  

renst.. ArOH 

n Yield (%;bu /02  route) 

4 GO 
5 34 
6 36 

10 47 

(80) 

Sulphoxide i- sulphone Sulphoxide + sulphone 

Recent research indicates that  sensitized or  nonsensitized photoxidation of 
sulphides can also occur via nonsinglet oxygen mechanisms. For  example, Foote 
has observed that in 9,1 O-dicyanoanthracene-sensitized photooxidation, diphenyl 
sulphide is three times as reactive as diethyl sulphide (in striking contrast t o  the 
order of reactivity seen with other sensitizers) and that the photooxidation is no t  
quenched by 9 carotene (an effective singlet oxygen quencher)' 25. Foote invokes 
cation and anion radicals intermediates in this oxidation, as indicated in Scheme 
4. Direct irradiation of the sulphide-oxygen charge-transfer band (Amax = 
300-350 nm) in the absence of sensitizers can also lead to  sulphoxide formation 
possibly by a process involving sulphide cation radicals and the superoxide anion, 
0 2 -  (equation 81)' 44. Such unsensitized photoxidation of sulphides can even occur 
in the solid state' Finally, even in the absence of oxygen ,  certain sensitizers 
(acetone, biacetyl, cyclohexanone, acetophenone, 3-pentanone) can also function 
upon photoexcitation as oxidants for sulphides' 5 b .  

CN 

CN 

DCA 

'DCA' + Ph2S Ph2S; + D C A i  

t 
P h 2 i 0 6  - [ P h Z S I  0,: 1 + DCA 

2 Ph2S0 

SCHEME 4. 
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hi ,  
Ph2S  + 302 - I P h 2 S . . . . 0 2  I n, MeOH * 

Amax = ca. 350 nm 

563 

17. One-electron oxidations 

The majority of the oxidations of sulphides to sulphoxides with oxygen transfer 
agents ( H 2 0 2  MCPBA, NaI04,  etc.) which we have considered involve a one-step 
two-electron process at  sulphur. Sulphoxides also result from certain reactions which 
involve successive one-electron steps a t  sulphur, such as the conversion of acyclic 
and cyclic bissulphides to long-lived cation radicals and dications followed by 
hydrolysis of the latter which aqueous bicarbonate affording bissulphide S-monoxides 
in high yield (equation 82 and Table 2)146 .  Dications may also be involved in the 

(82) 
t + 

80% 

reaction of the thianthrene cation radical with water to give equal amounts of 
thianthrene and thianthrene S-oxide (equation 83)14 7. The cation radicals may 
be formed by one-electron oxidation of sulphides with such agents as N O f ,  con- 

TABLE 2. Monosulphosides from bissulphide dications' 

Bissulphide Yield of sulphoxide (%) Bissulphide Yield of sulphoxide (%) 
~ 

71  

60 

74 

72 

cs3 8o 

c:3 70 
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cen trated 
(anodic) 
sulphides 

H2 SO4, AlC13, SbCls, Ti (III)-H2 0 2 ,  Tl(N03)3, or by electrochemical 
oxidation’ ‘ y l  9 .  T h e  detailed mechanism of anodic oxidation of  
is unknown a t  present bu t  it is known that electron transfer is facilitated 

by neighbouring lone-pair donors such as thioether, carboxylate and amino groups. 
Thus Glass and coworkers find the  oxidation potential of endo, endo-sulphide 5 
t o  be substantially lower than those of endo, exo compound 6 or ester 7 (0.65 V 

( 6 )  (7 1 

vs. 1.28 V and 1.2 1 V, respectively) in which electron transfer is unfavourable’ O .  

Electrolysis of 5 in water at  a potential of 0.86 V affords a 78% yield of sulphoxide 
8 ,  which sulphoxide also results from hydrolysis of sulphonium salt 9 (equation 
84). It has not  been established whether sulphonium salt 9 is actually an inter- 
mediate in the  electrochemical oxidation of 5 iii water’ s ’. 

(9) 

In a process that may be considered t o  involve some form of intermolecular 
assistance in electron transfer a t  sulphur, it  has been found that anodic oxidation 
of sulphides with chirally modified electrodes leads to  optically active sulphoxides 
albeit in low optical yield’ 

The oxidation of methionine and othcr amino sulphides t o  sulphoxides by the  
Mn+2-sulphite-02 system is also postulated to  involve a sequence of one-electron 
oxidation steps as summarized in Scheme 5’ 5 2 .  The extent of sulphoxide formation 
with a number of methionine analogues under identical conditions is summarized in 

9 3 2 4 .  
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Mn+2 f 0, - Mn+3 + 0,' la)  

H S O i  + 0 2  

HS03' + HO' 

2 HS03' 

SO3 + HzO 

R,S + 02- + 2 H+ (or H O ' )  

R,S; + HO' 
RZS; + 0 2 -  

F12SOO + R Z S  
+ -  

so, + 02- f H+ 

SO3 i- H 2 0  

SO, + SO3-' + 2H' 

SO,-* + 2 H '  

R2S; + 2 HO'(or OH-) 
+ 

RZS-OH - RzSO 

R2+S--O-6 

2 R,SO 

Overall reaction : 

SCHEME 5 

Table 3' 5 2 .  The data suggests that a y-amino function is essential for efficient 
oxidation. The observation of Glass and coworkers' that di-endo bicyclic y-amino 
sulphide 10 is oxidized electrochemically a t  a lower potential than exo,endo-amino 
sulphide 11 (0.98 V for 10 vs. 1.20 V for 11) is also consistent with facilitation of 
sulphide oxidation by a suitably disposed neighbouring nitrogen, perhaps through 
a five-membered intermediate of type 12' 5 3  analogous t o  the intermediates from 
1,5-bissulphides (see equation 82). Dehydromethionine 13 which has been identified 
as the product of anodic oxidation of rnethioninels4 and a by-product of the 
photooxidation of methioninel 2 9 ,  and which is easily hydrolysed to  the sulphoxide 
in buffered solution' 9 ,  is a likely intermediate in the Mn+2-sulphite-Os oxidation 
of methionine. It has been suggested that free-radical mechanisms of the type 
postulated for the Mn+'-sulphite-O* oxidation may be responsible for the bio- 
logical formation of sulphoxide i!z v i v o 1 s 2 ,  the subject of the next section of 
this chapter. 

TABLE 3. Sulphoxidc formation from various methionine 
analorues 

Substrate Sulphoxide formation (%) 

CH, SCII,CN,CH(NH,)COOH 80 
79 C, H, SCH CH, CH (MI , )COO11 

Cli, SCI?,CII,CH, MI, 80 
CH, SCH,CH,C(O)COOH 0 

CH, SCH,CH(NH,)COOII 2 
CH, SCH, CH, CII(NIIAc)COOH 8 

CH, SCH, CH, COOH 8 
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MeS 

(12) (13) 

18. In vivo oxidations 

Studies on biological oxidations-reductions of sulphides are essential t o  gain an 
understanding of the metabolism of sulphur-containing L-amino acids, certain 
vitamins and drugs, solvents and even some toxic compounds. Various interesting 
naturally occurring sulphoxides such as 14- 16, compounds found in onions, 

CH,CH=CHS(O)CH,CH(NH,)COOH 

(14) 

CH3S(O)CH=CHCHZCH2NCS 

(1 5) 

(8) s-s 

radishes and the algae Chondria californica' respectively, are undoubtedly 
formed by in vivo oxidation of the respective sulphides. For example S-n-propyl- 
L-cysteine and various a-alkylthio- and a-arylthio-carboxylic acids are oxidized 
to  the corresponding sulphoxides by microsomal fractions from rat liver homo- 
genates' ,' 6 .  Biotin, steroidal rnethylthioethers, the sulphur-containing anti- 
biotics lincomycin and clindamycin, and various simple sulphides can be converted 
to their respective sulphoxides, often with high stereoselectivity , by microbiological 
oxidation using growing cultures o r  acetone powders (crude enzyme prep- 
arations)' 7 3 1  s .  Unfortunately the yields of sulphoxides are often low in com- 
parison to  yields realized by chemical oxidations. In the best cases yields as high as 
60% have been realized with 100% optical purity of either enantiomer being obtained 
depending on the choice of microorganism (equation 85)' '. Bacterial luciferase will 

Helmin rhosporium 
sp. NRRL 4671 .. 0 

S: 
Mortierella isabellina . * S=o (85) 

NRRL 1757 p \ S I I  
Ar $' bMe Ar ,."' y e  Ar Me 

s (--) Ar = p-tolyl R (+) 60% yield 

100% opt. purity 50% yield 

100% opt. purity 

also convert certain dialkyl sulphides to sulphoxides in the presence of oxygen' O .  

The stereoselectivity in the aerobic, microbial oxidation of sulphides and sulphoxides 
is dependent both on the species and the strain; substantial differences are even 
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sometimes seen in results with different specimens of the same strain (subcultured 
in different locations)' ' . Other factors that effect the optical yield include the 
extent of preferential oxidation of one enantiomer of sulphoxide to  sulphone 
(kinetic resolution) and preferential reduction of one sulphoxide enantiomer' '' 9 3 2 5 .  

19. Polymer-supported oxidants 

A novel solution to  the problem of separation of oxidant and its reduction 
product from sulphoxide involves the use of insoluble polymeric oxidizing agents 
such as polymeric peracid and N-chloronylon 66. In the case of polymeric peracid, 
prepared from copolymers of styrene and 1-2% p-divinylbenzene, the sulphide 
in an appropriate solvent is treated with a suspension of the peracid or passed down 
a column of the peracid resin. The resin can be reactivated through treatment with 
85% hydrogen peroxide and methanesulphonic acid. This oxidation procedure has 
been used t o  synthesize pencillin sulphoxides' 2 .  The stereoselectivity of oxidation 
is the  same as that seen with the monomeric peracid. The N-chloronylon 66 reagent 
(NCN-66), prepared through action of t-butyl hypochlorite on nylon 66, gives 
good yields of sulphoxides, can be used to  prepare ' * 0-labelled sulphoxides and 
with optically active alcohols gives optically active sulphoxides, albiet in low 
(ca. 1%) optical yield '63"64. 

B. Stereochemistry of Oxidation of Cyclic Sulphides: Comparative Studies with 
Different Oxidants 

The stereoselectivity of the oxidation of a variety of thietane, thiolan and 
thiane derivatives with various oxidizing agents has been carefully examined by 
several research groups. It is generally assumed that oxidation of cyclic sulphides 
to  their oxides by peroxy reagents (e.g. MCPBA, t-BuOOH, H2 02) proceeds pre- 
ferentially on the sterically less hindered side of the sulphur atom, that oxidation 
with sodium metaperiodate generally provides the thermodynamically more stable 
sulphoxide as the major product and that oxidation with t-butyl hyprochlorite 
leads to  a predominance of the more hindered sulphoxide' '. Dinitrogen tetroxide 
is known to  be capable of equilibrating sulphoxides although the sulphoxide 
mixture formed may not represent the true thermodynamic equilibrium composition 
because association between the sulphoxide and Nz 0 4  is also involved' 6 .  

Sulphoxides can also be equilibrated by treatment with hydrogen chloride in 
dioxane' '. Table 4 summ3rizes much of this work on the stereoselectivity of 
oxidation of cyclic sulphides. 3-Substituted thietane S-oxides are known to be 
more stable in the cis than the traits configuration (equation 86)' 1 6 .  The stereo- 
selectivity of the oxidation of 3-alkylthietanes as indicated in Table 4 is found to 

cis trans 

be less sensitive to  the nature of the oxidant than with larger ring systems. The 
ratio of cis- t o  frans-1-oxide is greatest (3 : 1 to  4.6 : 1) with dinitrogen tetroxide 
as oxidant, and least ( 1  : 2) when N-chlorotriazole is used. cis-2-Methylthiolan 
S-oxide is more stable than the t r a m  isomer (equation 87)' ; similarly cis-4- 
substituted thiane S-oxides (oxygen axial) are found to  be more stable than the 
rru?7s sulphoxides (equation 88)' ' 3 .  Eso-2-thiabicyclo[ 2.2.1 ] heptane 2-oxide 
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TABLE 4. Comparative stereoselectivity of osidation of cyclic sulphides 

Oxidant 

cis : trans cis : trans cis : trans endo : exo syn : anti 

r - ihoc l ,  

N,O,,O C 
NaIO,, 0°C 
H, O,, Me, CO 
MCPBA, CH, C12 

CrO,, py, 25°C 
I INO, , Ac, 0,O"C 
PIIIO, Cti 1-1, , 80°C 

PhICI1 ,py/l-12 0 
t - 1 3 ~ 1 0 0 1 - I ,  

t-BuOOH, 

KOH6 - 70°C 

C, H,, 50°C 

MeOH, 50°C 
II,O, , HOAc 

Other 
Reference 

0 3 ,  CH, c1, 

59:4 I(0"C) 

82:18 
51 :49 
43:57 
45:55 

70:30 
Sulphone 
- 

- 

- 

._ 

43:57 
- 

- 
116 

5 5 :45 (0°C) 

75:25 
59:41 
46:54 
45:55 

54:46 
Sulphone 

- 

._ 

_. 

46:54 
41:59 
33:67' 
116 

65:35 
(6:944 
62:38 
4 3 5 7  
56:44 
54:46 

(30:70)b 
16:84 

58:38 

26:74 

- 

- 

- 

- 

23:77 

115 
- 

65:35 

18:82 
24:76 
15:85 
23:77 

12:88 
25:75 
16:84 

- .  

14:86 

1 1  :89 
18:82 
8:92 
.- 

114 

98.4: 1.6' 

8.4: 9 1.6 
1.4:98.6 
2.3:97.7 
1.5: 98.5' 

2.3:97.7' 

5.3:94.7 
- 

- 

2.9:97.Ie 

- 

- 
- 

- 
91,168 

'In pyridine, 20°C. 
dDAJ3C0.2 13r2, IIOAc/H,O. eYield 80--100"/c.f;:-PrOC1, CH,CI, - 78°C. 

I-1,O-diosane, pll  12.0. 'N-chlorotriazole, MeOH, - 78°C. 

cis trans 

0 

CIS trans 

is more  stable than t h e  endo isomer (equat ion  89)'14 while in the ring-fused 
7-thiabicyclo[2.2.1 Ihcptane 7-oxide systeni t he  ariti isomer is favoured over the  
s y n  ( the  equilibrium mixture is 92% unti, 8% syn;  equation 9 0 ) 9 1 1 ' 6 8 .  Oxidation 
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cis : trans cis : trans cis : trans cis : trans axial 0 : eg. 0 axial 0 : eg. 0 

- 

- 

90:10e 

85:15' 
- 

- 
- 
- 

55:45e 

- 

- 
80: 20e 
90: loe 

117 
- 

89:ll  

76: 24 
72:28 
40:60 
30: 70 

_. 

- 
49:51 

- 

35:65 

32:68 

15:85 

113 

- 

-_ 

1oo:o 

81:19 
75:25 
37:63 
36:64 

27:73 
67:33 
46:54 

- 

36:64 

27: 73 
35:65 
10:90 
- 

113 

98:2 63:37 4:96 

81:19 
76:24 
30:70 
33:67 

-. 

5 1 :49 
(1 7 :83Pe  

5:95(- -40°C)e 

35:65 

74:26 43:57 
57:43 13:87 
32:68 2:98 

.- - 

anti SY n 

of 2-methylthiolane, while more selective than the 3-alkylthietanes, is less stereo- 
selective than the bicyclic thiolans and the thianes, and shows some unusual patterns, 
e.g. both MCPBA and t-butyl hypchlorite gave mainly cis-2-methylthiolan 1-oxide 
while MCPBA in aqueous dioxane a t  pH 12 and isopropyl hypochlorite both gave 
predominantly trans-2-methylthiolane 1-oxide. 2,4-Dimethylthiane gives pre- 
dominantly the cis-1 -oxide with t-butyl hypochlorite, dinitrogen tetraoxide as 
well as sodium metaperiodate (in the latter case only by a slight margin), while 
hydrogen peroxide favours the trans-1-oxide (equation 91)166.  In the case of 4,6- 

cis trans 
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dimethyl-I ,3-dithiane all oxidants tried favour the trans-I-oxide. While the course 
of oxidation of most of the other sulphides in the table follow the general trends on 
stereoselectivity enunciated at the beginning of this section, these common assump- 
tions are clearly not universally valid and their use for assignment of configuration 
to  cyclic sulphoxides is risky. 

C. Asymmetric Oxidation 

We have alread noted in Section 1I.A. 18 that in viuo oxidation of sulphides with 
growing cultures or  enzyme extracts can lead t o  optically active sulphoxides of high 
optical purity. Asymmetric oxidation of achiral sulphides can also be achieved with 
such i-eagents as (+)-monopercamphoric acid (equation 92)' 6 9  and related chiral 
peracids' 8 ,  the chiral N-chlorocaprolactam (derived from (-)-menthol) indicated 
in equation (93)' 70, chirally chemically modified electrodes' ', and with achiral 
oxidants in the presence of chiral solvents such as (-)-menthol (equations 94' 7', 

04S,IIICH2Ph (92) 
(+) .oercamphoroc dcnd 

t-BuSCHzPh 
Bu-? 

ca. 4% opt. purity 

L.670 op1 'Cl 

(from 1-menthol) 

Ar = p- to ly l  

Ar'SAr' 4- r-BuOCI - (R) -Ar '  S(0)Ar2  
( - ) -menthol  

o y r m a l n e C H j C N  
--zsoc 8556 yield 

26% opt. yield 

Ar' =p- to ly l  

Ar2 = o-CH30C6H4 

\ 
Br 

r-BuOOH 3. ArSR 

(- ) .menthol  

4. ArSCH2Ph c ArS(0)CHzPh 
CC1& - -2S0C 

56% opt. yield at 

4% overall yield 

Ar = p-tolyl  

( - ) -menthol  - (R)-(+)-ArS(O) 
V O ( a c s c ) z .  CeHg-CgHsCH3 

9.8% enant. excess 

Ar = p-tolyl  

(94) 

(95) 

(96) 
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95 7 2  and 964 T '  7 3  ) or the chiral 2-phenylsuccinate buffer employed in equation 
(97)' 7 4 .  For a general discussion of transition-state models for asymmetric oxidation 
of  sulphur in various sulphides the reader is referred to  the excellent review of 
Morrison and Mosher' '. 

D. Selective Oxidations of Dithioethers 

With compounds containing two (or possibly more) isolated sulphide groups 
there are problems associated with the preparation of pure monosulphoxide un- 
contaminated with one or  both isomeric disulphoxides and sulphone, which undesired 
compounds would pose difficult separation problems. On other occasions pure 
monosulphone or  bissulphoxide must be synthesized. This section will deal with 
aspects of the oxidation of dithioethers. 

While early attempts to  prepare the monosulphoxide of 1,4-dithiane led only to  
monosulphone and recovered dithiane' 7 5 ,  success in this effort was realized a few 
years later by Bell and Bennett who  prepared both the  monosulphoxide and the 
two ( ' a  and p') bissulphoxides of 1,4-dithiane' 76 using hydrogen peroxide. 
Attempts to  oxidize the homologue of 1,4-dithiane, 1,4-dithiacycloheptane, with 
MCPBA gave rise to  about 25% disulphoxide and unreacted starting material but 
very little monosulphoxide2 2 .  The authors conclude that 1,4-dithiacycloheptane 
1-oxide is oxidized more rapidly than the dithio ether itself perhaps by the process 
shown in equation (98) where the alignment of the S-0 dipole with the forming 
S - 0  dipole favours disulphoxide formation. A more satisfactory means of pre- 
paring 1,4-dithiacycloheptane 1-oxide involves use of sodium metaperiodate 
(equation 99); the method of choice involves sequential one-electron oxidations 

(98) 

0 

58% 

(see Table 2, Section ll.A.17). 1,3-Dithianes are readily converted to their mono- 
sulphoxides with a variety of oxidants4 >' 7 3 1  7 s .  2-Monosubstituted 1,3-dithianes 
preferentially form the trans(oxygen equator ia l ) -monos~lphoxide~ 3 '  ' with either 
MCPBA or  Na1O4. Sodium metaperiodate is apparently not effective in oxidizing 
3,s-dithiaheptane t o  its monosulphoxide (contrary to  original claims) and MCPBA 
is recommended instead' 7 y D .  Selective oxidation of an allylic thiophenyl group in 
the presence of a vinylic thiophenyl group can be accomplished in good yield with 

The selective oxidation of a dithioether monosulphoxide t o  a dithioether mono- 
sulphone was first accomplished using KMn04 /MgS04 in 1930' s' (equation 100). 
Since then this procedure has proven successful in a number of other cases (equations 
101 ' '* ,  102182 ,  103 '83) .  Other oxidants which can be used for the selective 
oxidation of a sulphoxide in thc presence of a sulphide group include Os04 ' ' 
IrHC12 and RhC13.nH2 0-HCl' ' 4.  Potassium permanganate in acetone will also 
oxidize a thioacetal directly to the thioacetal S,S-dioxide(equati0n 104)' ' '. 

M C P B A ~  79b. 
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66% 

NaMnOu. MgS0.q n 
W HpO-dloxane 

63% 

91% 

K M n 0 4  

MgSOU, Me2C0, -20°C 

96% 

(103) 

KMnOU 

Me2CO. OOC, 8 days 
Me,C(SMe), - Me2 C ( SMe (SO kl e ) (104) 

80% 

Treatment of a dithioether monosulphoxide with MCPBA leads to  the formation 
of a mixture of disulphoxides (equation 105)’ 83. Oxidation of 4-methyl-2,6,7- 
trithiabicyclo[2.2.2] octane with 3 moles of hydrogen peroxide in formic acid 
leads t o  a mixture of products ir.cluding the ‘propeller’ trissulphoxide shown in 
equation (1 06)’ 6. 

E. Oxidative Methods for the Preparation of ’ 80-Sulphoxides 

In connection with mechanistic and structural studies involving sulphoxides or 
sulphoxide-derived compounds it is often necessary to  prepare the 0-labelled 
sulphoxide. For example microwave structural studies on the short-lived molecules 
sulphine (equation 107)’ 8 3  and methanesulphenic acid (equation 108)’ required 
the preparation of ’ 0-labelled sulphoxide precursors. Among the various procedures 
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MeSBu-t + PhlClz * MeS('80)Eu-t - CH,S--'80-H + C4H8 (108) 

used t o  prepare ' 80-labelled sulphoxides are those involving ' 0-labelled water 
together with iodobenzene dichloride (see equations 107 and 108)s6,  silica gel- 
sulphuryl chloride' 8 ,  b r ~ m i n e - D A B C O ' ~ ,  N - b r o m ~ s u c c i n i m i d e ~ ~  and N-chloro- 
nylon 66'  3. In special circumstances 0-methanol can also be used (in con- 
junction with t-butyl h y ~ o c h l o r i t e ) ~  ' . 

13. Oxidation and reduction of sulphides 

H* 1 8 ~ - ~ ~ 3 ~ ~  25OoC 

E t B N  

f. Oxidation to Sulphoxide as Proof of Structure for Sulphide; Rearrangement 
on Oxidation 

On occasion, oxidation of a sulphide t o  a sulphide can be useful in the deter- 
mination of the structure of the original sulphide. F o r  example cyclooctatetraene 
is known to give a single adduct o n  reaction with sulphur dichloride. Of the possible 
structures for  the adducts  A-E, (equation 109) only structure A is consistent with 
the  oxidation of the  adduct  to  a symmetrical sulphoxide (one that  is transformed 
in to  itself on epimerization, as in equation 110)' 8 9 .  However, such structural 

0 + SCI2 - A, B,C.  D o r  E 

Ill (110) 

evidence based on the structure of an oxidation product should be used with 
extreme caution as there are many examples of sulphides that undergo rearrangement 
o n  oxidation, for example equations (1 1 1)-( 1 16). The first two examples, equations 
(1  1 1 ) I  ' illustrate the solvent-dependent rearrangement of P-chloro- 
sulphides during the oxidation process, the next three examples, equations ( 1  13), 
( 1  14)19* and (1 15)' 9 3  are consistent with the case of rearrangement of the 
intermediate thiirane S-oxides (see Section II.L), while the example in equation 
(1 1 6 ) ' 9 4  indicates t h e  initiation of  rearrangement by oxidation of a second 
functional group ( - C 0 2  H )  in a diary1 sulphide, and equation (1 17)' indicates 
the  complex processes encountered in cephalosporin chemistry. 

and (1 12)' 
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89% 9% 

57% 

63% 

5 0 %  H 2 0 2  

ds Me2co. 25'c * 
0 

25% 

lo, or 

MCPBA, -3O'C 

( 1  14) 

G. Oxidation of Sulphur in the Presence of various other Functional Groups 

It is of ten necessary t o  selectively oxidize sulphur in molecules containing a 
variety of other  functional groups. We have already seen some exaniples of selective 
oxidation a t  sulphur in previous sections of this chapter. With the  proper choice of 
oxidant i t  is possible t o  oxidize sulphur in molecules containing amino and hydroxyl 
functions as  well as  carbon--carbon double and triple bonds, and disulphide linkages, 
among o the r  easily oxidized groups. We shall also consider t he  oxidation of a-halo- 
sulphides because special oxidation conditions must be employed t o  avoid hydrolysis 
of these reactive compounds. Equations (1 18)' 9 6  and ( 1  19)' indicate that  
readily polymerized, rearranged or aromatized substrates can be easily oxidized; 
equations ( 1  20) '  and ( 1  2 1 ) '  9 8  suggest that vinyl sulphides pose n o  special 
problems. Thiepin 1-oxides can also be prepared by direct oxid:tion (equation 
122l 9 9 )  although product 1 7 h a s a  lifetime of about one hour  a t  54 C. In equations 
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C-OAr 

S KpMe 
I 

575 

(116) 

MCPBA 

CHC13. O0C 

3056 

30% H 2 0 ~  

Me2CO. 4OC 

0 

48% 

30% H202 

M e 2 C 0 . 4 ° C r  0 

48% 

(120) 
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( 123)-( 126) '  9 3  the preference for  approach of the peracid from the (less congested) 
side of the twoca rbon  bridge suggests that  directive influences associated with 

MCPBA 

CH2C12. -35OC 

95% 5% 

MCPBA 

CH2C12, -35OC 

85% < 1% 

MCPEA @ C H ~ C I Z . - ~ ~ ~ C  * 

92% 8% 

@ CH2Cl2,-3S0C MCPBA * @ + @  

(124) 

( 1  25) 

95% 5% 

possible stabilizing complexation between the peracid and the x-systems are un- 
important. Equations ( 127)' indicate tha t  alkynyl sulphides can and (1 28)2  

7 0 - 8 3 %  H 2 0 2  

AcpO, O-2O0C 
B u S C Z C H  * B u S ( 0 ) C Z C H  

46% 

(a)  N a 1 0 4 .  1 : 1 M e C N  : H 2 0 .  --lO°C 

or (b) MCPEA. CHC13. - 10°C 
P h C 3 C S M e  - P h C E C S ( 0 ) M e  (128) 

(a) 46% 
(b) 92% 

be oxidized t o  the corresponding sulphoxides although a stronger oxidant is 
required than with alkenyl sulphides. T h e  resultant alkynyl sulphoxides are 
apparently much less stable than the analogous alkenyl sulphoxides. The oxidation 
of sulphur in the presence of amino and hydroxyl functions is shown by equations 
( 129)20 ' and (1 30)202,  and (1 3 1)203.  lntermolecular competition studies have 
indicated that toward ozone, dialkyl disulphides are about 40 times less reactive 
than monosulphides. While the sulphide-disulphide shown in equation (1 32) '  O 2  
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50% 14% 

H 2 0 p .  Nab04 

or R C 0 3 H  
c 

c, 

577 

(129) 

\ \ 
Me Me 

74% 

N a 1 0 4  
PhSS(CH,),CONH(CH2)2SCHPh2 ' PhSS(CH2)2CONH(CH2)2S(O)CHPh, (132) 

MeOH.  O ° C  

71% 

could be selectively oxidized in good yield at  t h e  monosulphide sulphur with 
sodium metaperiodate, efforts to  achieve similar selectivity with 1,2,4-trithiolane 
( t o  synthesize the  antibacterial natural product 16) led t o  m i x t u r e ~ ~ ~ ~ ~ ~ ~ .  
However, good selectivity in the formation of 16 could be achieved a t  -3OOC with 
Hz 0 2  -Vz O5 in t -bu tanol - te t rahydrof~ran~ , 3 4 .  

(133) 

60% 

The oxidation of a-chloro-, a-bromo-, and a-iodo-sulphides pose special problems 
because of their ready hydrolysis and the reduced electron density at  sulphur due 
t o  electron withdrawal by the halogen. a-Fluorosulphides are presumably less 
sensitive to  hydrolysis and can be oxidized in methanol--water in high yield 
(equation 1 34)20 5 .  Perfluoroalkyl sulphides can be oxidized only under special 
conditions as will be discussed in Section 1I.J. Oxidants used t o  oxidize a-chloro- 
sulphides include ozone (equation 13S1 O ) ,  MCPBA (equation 136206 and 
equation 13720 '), sulphuryl chloride-wet silica gel (equation 1 3 v 3 ) ,  

96% 
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MCPBA 
PhSCHpCI PhS(OlCH2CI 

70% 

MCPBA 
PhCH2SCCI2Ph - PhCH2S(O)CC12Ph 

72% 

S O Z C I ~ .  2soc 
PhS(O)CH2CI 

82% 
PhSCH2C' moist silica gel. CHzCIZ 

(137) 

H 2 0 2 - V 2 0 5  (equation 13932) ,  (Bu3Sn)zO-Br2 (equation 1 4 0 1 0 9 )  and 
chlorine-acetic acid-water (equation 141 and 14271 ). In the last reaction the 

C12H25SCH2CI 1-BuOH * C I ~ H ~ ~ S ( O ) C H ~ C I  (139) 
6% H 2 0 z - V 2 0 5  

69% 

( B u ~ S n ) Z O - - O r ~  

--78OC. CH2CIz 
CH3SCH2CI CH3S(O)CH2CI 

78% 

CIz. HOAc 

RS(O)CH,CI RSCH2CI 3 equiv. HzO 

R=CICH2 77% 
R=C12CH 65% 
R=C13C 50% 

Clz, HOAc 

RS(O)CCI, RSCC13 3equiv. HzO 

R = M e  62% 
R = P h  63% 

excessive reactivity of chlorine, which is normally a problem, is an advantage in 
the oxidation of poorly nucleophilic heavily chlorinated sulphides. The side- 
products of these reactions are sulphonyl chlorides which can be removed by 
washing with aqueous base. 

H. Oxidation of Pencillin and Cephalosporin Derivatives 

Great interest in the chemistry and biochemistry of the e-lactam antibiotics 
pencillin (18) and cephalosporin (19) has provided a stimulus for much new work 

COpH 

(18) (19) 

in the field of organosulphur chemistry. Oxidation of penicillins t o  their S-oxides is 
of particular interest because these S-oxides can be transformed into commercially 
important cephalosporin derivatives2 8 .  Generally the oxidation of penicillins with 
reagents such as peracids, sodium metaperiodate, hydrogen peroxide and ozone 
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TABLE 5. Stereoselectivity in oxidation of penicillins 

0" 

Polymeric H PhOCH,CONH H 100 - 210 

Polymeric H Br 13 r 13 87 210 

MCPBA H 13r Rr 9 91 21 0 
MCPBA H 11 H 79  11 210 
MCPBA H 13 c1 88 12 21 0 
MCPBA 1.1 H Br 92 8 21 0 

RCO, H 

RCO,H 

0 

MCPBA M e  H @N 80 20 216 

0 

0 100 21 6 

NaIO, Me PhCH, CONH H 100 0 217 
PhICI, Me PhCH, CONI-I H 50 50 21 7 
H, 0, /HCO, 14 1.1 PhOCII CONH I i 100 0 21 8 
0 3  H PhOCH,CONI-I H 50 50 112 
0 3  11 NH, H 80 20 112 

U 

0 3  0 100 112 

is quite stereoselective as seen from the data in Table 5. The steric effects of 
6 k b r o m o  and 6P-phthalimido groups are sufficient to favour oxidation from the 
sterically more accessible a-face giving the a- o r  (R)-sulphoxides. When there is a 
6P-amino or  6P-substituted acetamido group, the Nl-I group directs the oxidant 
to the  p-face yielding p- or  (S)-sulphoxide. Directing effects by hydrogen-bonding 
functions are of  course well established in olefin epoxidation* 09. The  6 P-NH group 
in penicillins can form a hydrogen bond with the incoming reagent or with the. 
sulphoxide group of the product (see 2 0 )  favouring the 9-sulphoxide. When there 
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(20 )  

is no 6P-substituent as in methyl penicillinate and its 6a-brom0, 6a-chloro and 
6a-phthalimido derivatives, the P-sulphoxide is also the major product2 ' O .  An 
interesting method f o r  oxidizing penicillin invoJves passage of an acetone solution 
down a column of  polymeric peroxy acid a t  40 C during 30 min giving a 91% yield 
of the (S)-sulphoxide o n  evaporation of the  solvent' 2 .  

Oxidation of A*- and A3-cephalosporins is also stereoselective as seen by the 
results in equations (1 43)2 ' ' and ( 1  44)2 2 .  Hydrogen bonding by the 6 p N H  

0 - -  _ -  --  -- 
R ~ C O N H  R 1 CON H 

0 - - 0 - 0 

R co N H Dl -- 
-6 ( 143) 

- - - - - - 
u--- R::pc:: - 

- - - - 
CO2Bu-t C O ~ B U - r  i 5 0 ~ ~ u - r  

25 : 1 

0 - -  _ -  - -  R'CONH R ~ C O N H ~ ~  - -  

+ 
0 

C 0 2  R2 

(1 44) 

9 : l  

group is thought t o  be responsible for  the preference for  the ( S ) -  or p-form 
(see 21 and 22) .  When the oxidation of A2-cephalosporins is conducted in 

PhOCH2CO H 

'N' 
PhOCH2C0 H 

0 

H 
Me C02 R 

CO2 R 

(21 1 (22) 

hydroxylic solvents, rearrangement to  the A3-isomer occurs2 ' 3 , 2  ' 4, reflecting 
the greater stability of  P,y-unsaturated sulphoxides compared to a,$-unsaturated 
sulphoxides2' 5 .  This is a synthetically useful rearrangement because t h e  
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A2-cephalosporins, sometimes produced in the penicillin t o  cephalosporin rearrange- 
ments, are inactive as antibiotics2' 2 .  

I. Oxidation of other Functionalities in the Presence of Sulphide Sulphur without 
Oxidizing this Sulphur 

W e  have already seen that sulphide sulphur can be cleanly oxidized t o  sulphoxide 
sulphur even in the presence of a variety of reactive functionalities. I t  should there- 
fore not be surprising that reversing the process so that other functionalities are 
oxidized without altering the oxidation level of sulphur is very difficult t o  achieve 
if one is limited to  the types of oxygen transfer agents already considered 
(e.g. excluding hydride transfer processes such as the Oppenauer method which can 
be  used with hydroxysulphides). We shall consider here a few representative 
examples of epoxidation and oxidative cleavage of carbon-carbon double bonds 
in divalent sulphur-containing compounds; selective oxidation of sulphoxides to  
sulphones in the presence of sulphides has already been considered in Section 1I.D. 

Peracids cannot generally be used to epoxidize unsaturated sulphides because of 
the greater susceptibility of the sulphide group to electrophilic attack. For  example 
even in the case of bis(trifluoromethy1thio)ethylene (23) with diminished electron 
density on  sulphur only a 50% yield of epoxide is realized with trifluoroperacetic 
acid, the remainder of the product being the bissulphoxide (equation 145)2 ' 9 .  It is 

CF3C03H . CF3SCH = CHSCF A + CF3S(O)CH= CHS(0)CF3 (145) 

CF3S SCF3 

50% 
(23) 

claimed that  sodium hypochlorite at ca. pI-I 13 is a useful agent for the  selective 
epoxidation of unsaturated sulphides as illustrated by equation ( 146)2 2 0 .  However, 
attempts to employ this reagent in the epoxidation of 4-thiacyclooctene have led 

44% 48% 

I MCPBA \ 4-6 

80% 
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only t o  sulphoxide (equation 147lZz1.  The oxidation of the  double bond was 
finally accomplished by first protecting t h e  sulphur as a sulphonium salt. 

n 

+ 
CHZCH2Ph CHZCHzPh 
I I 0-p -p  (147) 

% % 
HO OH HO OH 

57% 

Reaction of certain thioethylenes with singlet oxygen leads t o  selective reaction 
a t  the  double bond (see reactions in equations 79 and 80 in Section 11.A.16). In the 
second example (equation 8 0 )  treatment with oxidants such as MCPBA, Na!04 
or Hz 0 2  -acetone leads exclusively t o  oxidation a t  sulphur while treatment with 
ozone leads to attack both a t  sulphur and at  the double bond.  In other instances 
(equation 148)222 ozone does react predominantly a t  the double bond of 
unsaturated sulphides. 

COO R COOR 

75% 

J. Perfluoroalkyl Sulphoxides 

The consequences of diminished nucleophilicity at  sulphur on ease of oxidation 
are seen most dramatically in the case of perfluoroalkyl sulphides. Partially 
fluorinated alkyl sulphides require somewhat more drastic conditions f o r  oxidation 
than their nonfluorinated counterparts, as illustrated b y  the use of 1 : 1 
HzOz-HOAc at 100°C for 24 h ,  fuming H N 0 3  a t  100°C for 14 h or  NaI04 in 50% 
aqueous methanol a t  100°C f o r  24 h t o  convert methyl heptafluoropropyl sulphide 
24 t o  the corresponding sulphoxide 25 in 60-70% yield (equation 149)223.  In the 
NaI04 oxidation of 24 it is essential t o  use methanol as a cosolvent t o  prevent 
formation of sulphone 26. In aqueous media sulphoxide 25 is much more soluble 
than sulphide 24 because of hydrogen bonding, so oxidation of sulphoxide to 
sulphone becomes competitive with sulphide oxidation despite the faster rate for 
the latter process. After 168 h at  100°C with aqueous NaI04 ,  sulphone 26 is 
formed from sulphide 24 in 60% yield. A much more convenient preparation of 
sulphone 26 involves oxidation of 24 with KMn04 in acetic acid a t  O°C for 5 h. 
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H N O j ,  H202-HOAc oc 

Na10q-MeOH-H~O. 1 oooc 
~ I . C ~ F ~ S C H ~  * n-C3F,S(OICH3 

(24) , (25) 

583 

KMn04  
HOAC. 5h 60% 

oo c \ P C ~ F ~ S O ~ C H ,  (149) 

(26) 
85% 

Other examples of oxidation of partially fluorinated alkyl sulphides are shown in 
equation ( 1  5 0 )  and ( 1  5 

MCPBA 

CF3SCH2SCF3 * CF3S(0)CH2SCF3 (150) 
N o  solvent, 25OC. 4 days 

MCPBA. O°C 
CF3S(O)CH3 

CF3SCH3 Nosoivent * 

MCPBA, 25°C 

* CF3SOZCH3 (151) 

Unlike the cases depicted in equations (149)-( 15 l ) ,  pentafluorodimethyl 
sulphide is unchanged after seven days exposure at  room temperature t o  MCPBA224 
and perfluorodimethyl sulphide 27 is uneffected by heating with MCPBA in CC14 
at  100°C for  2 h, exposure to  N02C104 a t  25OC, irradiation in the presence of NO2 
or  heating with a N02-02  mixture a t  350°C225. The first successful preparation 
of a perfluoroalkyl sulphoxide (29) by Sauer and Shreeve involves oxidative 
fluorination of sulphide 27 with ClF, fluorine-chlorine interchange with HC1, and 
finally hydrolysis of sulphur ( I V )  dichlonde 28226 .  A more recent synthesis of  

- 7 8 Y  

CF3SCF3 + CIF CF3SF2CF3 

MCPBA, N02-02,  

or N 0 2 C l 0 4  

H 2 0  
CF3S(O)CF3 - CF3SCI2CF3 

95% 

(27) % (152)  

(29) (28 )  

29 involves the hydrolysis of sulphurane 30 formed photochemically from bis(tri- 
fluoromethy1)sulphide as shown in equation (1 53)227.  

+ 
CF,S(O)CF, + 2CF2CO + 2 H F  

(29) 

K. Thiophene I-Oxides 

Efforts t o  directly oxidize thiophene to  its I-oxide lead instead to  dimeric 
Diels-Alder adducts (equation 1 54)22  ; a similar dimeric product is readily formed 
from thiophene 1-oxide generated by an elimination route (equation 15 5 ) 2 2  9 .  
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MsO OMS MsO OMS 

Oxidation of 2,s-di-1-butylthiophene (31)  with o n e  equivalent of MCPBA gives a 
stable crystalline thiophene 1-oxide (32) in low yield (equation 156)230.  The 

131 ) 132) 

5% 

spectra of 32 are consistent with a pyramidal sulphinyl group with a rather low 
inversion barrier ( 14.8 kcal/mol compared t o  36 kcal/mol fo r  diary1 sulphoxides). 
It would appear  that t h e  high reactivity of the  parent thiophene 1-oxide is a con- 
sequence o f  i ts  lack of aromat ic  character. Reaction of thiophenes with singlet 
oxygen tckes a n  entirely different course from oxidation with peroxides, namely 

mR Id) PNPBA. O O C .  C H C l 3  

OI (b) 1-BuOCI. McOH. -70°C 

0 2  0 

R = Me (a)  70% 8% 

(b) 6006 - 

R =iBr (a) 40% 30% 

(b)  80% - 
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ring-opening via an intermediate Diels- Alder adduct with the oxygen (equation 
1 57)2 9 2 3  2 .  A similar process occurs with thiazoles (equation 1 58)23 3 .  Benzo- 
thiophenes are normally oxidized to  the corresponding S-oxide with p-nitro- 
perbenzoic acid or  t-butyl hypochlorite (equation 1 5 9 ) 2  3 4 .  

L. Thiiran I-Oxides 

Thiiran 1-oxide, the  simplest cyclic sulphoxide, and its substituted derivatives 
are of considerable interest as low-temperature sources of sulphur monoxide and 
various reactive ring-opened species and as compounds undergoing interesting 
rearrangements’ 9 .  The original preparation from thiiran involving NaIO4 in 
aqueous methanol235 suffers from low yield and difficulty of isolation and has 
been supplanted by newer methods involving H 2 0 2  -t-BuOH-Vz 0 5  (60% yield)3 
or better still perbenzoic acid in CHzClz at -3OOC followed by filtration of 
ammonium benzoate, formed through addition of gaseous ammonia (77% yield) 
(equation 1 60)2 3. The H2 O2 -V2 O5 procedure has been used t o  prepare hydroxy- 

0 
1. PhC03H. CHzC12, -30°C 

2. Annyd. N H j  - A  
77% 

(160) 

methyl thiirane I-oxide (equation 16 1 ) 3  while the perbenzoic acid has been used 
t o  make arzti-2,3-dimethylthiirane 1-oxide (34) (equation 162)2 3. The ant i  stereo- 

(33) (34) 

chemistry of 34 reflects the approach of the peracid from the least hindered face 
of thiirane 33. Peroxytrifluoroacetic acid has been used in the oxidation of ring- 
fused thiiranes 35 and 36 (equation 163) while low-temperature oxidation of 
tricyclic thiirane 37 affords thermally labile sulphoxide 38 (equation 1 64)2 3 6 .  

Efforts t o  prepare thiiran S-oxides 39 and 40 by low-temperature oxidation of the 
thiiran led instead t o  rearranged products said to  be formed by ‘pseudopericyclic’ 
processes (equations 165 and 166)’ 9 3 * 2 3 6 .  

1 1 1 .  REDUCTION OF SULPHIDES 

The products of reduction of sulphides are hydrocarbons and thiols or hydrogen 
sulphide, depending on the nature of the reducing agent and sulphide (equation 
167). The rather strong C-S bond can be reductively cleaved by the alkali metals 
(and calcium) in liquid ammonia or alkylamines or in the presence of naphthalene 
or  trimesitylborane, by sodium amalgam, by magnesium and by zinc with acetic 
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"0 (35) 

(165) 

(40 I 

IH1 I H I  

R-S-R - R H  + R S H  - R H  1- H2S (1 67) 

acid or triniethylsilyl chloride, by nickel boride, Raney nickel, Raney cobalt and 
cobaltous oxide-molybdic oxide-aluminium oxide catalyst and related hydro- 
desulphurization systems, by lithium aluminium hydride with added copper, zinc 
o r  titanium salts and in certain cases, by electrolysis o r  photolysis. The  reductive 
cleavage of C-S bonds has been widely used in the structural elucidation of 
sulphides through identification of the hydrocarbons formed, an early example 
being the work by du Vigneaud and coworkers on the elucidation of the structure 
of biotin through desulphurization with Rancy nickel' '. The reductive cleavage 
of C-S bonds also provides a useful synthetic approach to certain thiols no t  readily 
available by othcr routes and finds considerable use, especia!ly in peptide synthesis, 
in the regeneration of thiols following protection as benzylic or  other related 
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sulphides2 8 .  The desulphurization of thioacetals represents a useful alternative 
to  Wolff-Kishner or Clemmensen reductions. Reductive desulphurization and the 
related methods of reductive alkylation, elimination and cyclization of sulphides 
are techniques of considerable utility in organic synthesis especially following the  
use of sulphur to  assist cyclization (e.g. using thiophen as a template), alkylation 
(via an  ,a-thio carbanion) or rearrangement (e.g. via the Stevens rearrangement)' 4 9 .  

Finally, there is considerable commercial interest in the removal of organically- 
bound sulphur from coal and crude oil by the process of hydrodesulphurization. 

This section will review all of the above areas with an emphasis on the current 
nonpatent literature up to  November, 1978. Since there are good reviews on Raney 
nickel desulphurization* 
coverage here will be abbreviated. 

and other heterogeneous desulphurization procedures24 

A. Group I and I I  Metals 

It has been known since 1 9232 that organic sulphides can undergo C-S cleavage 
on treatment with sodium in liquid ammonia. The first synthetic use of this reaction 
was the  removal of the S-benzyl group from an S-protected cysteine reported by 
du Vigneaud in 193024 l ,  a reaction which is now a standard process in peptide 
synthesis23 8 .  Some more recent examples of this reaction are shown in equations 
( 1 68)2 2 ,  ( 1 69)2 and ( 1 70)2 4 4 .  When the sulphur-free benzyl function is the  
desired end-product (e.g. in cyclophane syntheses) it is preferable to  use Li/NH3 
for C-S cleavage rather than Na/NH3 to  minimize Birch reduction of the benzene 
rings3 7. 

A general mechanism for alkali cleavage of sulphides is shown in equation 
(171)24 5 .  Evidence for formation of radical R* includes trapping with the acetone 
enolate (equation 1 72)246 and isolation of dimers R-R (equation 173)24 7. While 

Na/NH3 

Me2CCH2CH2CHCOOH - Me2CCH2CH2CHCOOH (168) 
I 
NHAc 

I I 845'. I 
SH SCH2Ph NHAc 

CH2CI CH2SCH2Ph CH2SH 
I PhCH25H 1 Na /NH3 I 
CHOH A CHOH CHOH 

I 
CO2H 

I 
C 0 2  H 

I 
CO2 H 

K / N H 3  

M e 2 C O  
PhSPh - PhS- + Ph-  - PhH 

H 2C =C (0- I C H  3 1 (172) 

PhCH,k(O-)CH, - PhCH,C(O)CH, 

89% 
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Li/MeNH2 

PhSCloH21-n * PhSH + /7-C10H22 i- "-C20H42 (173) 

87% 71% 10% 

the mechanism of equation ( I  7 1) is applicable to  diary1 and alkyl aryl sulphides, it is 
not certain whether i t  also applies to dialkyl s ~ l p h i d e s ~ ~ * .  There are subtle dif- 
ferences in reductive cleavages conducted in ammonia compared to  those performed 
in methylamine, as illustrated by equation (1 74)24 '. It is suggested that  the rate of 

H 'SAr H 

) 90% cis 
LI. M e N H 2  

/C = c ,c = c 
H 'H H 'Et 

33% 67% 

(174) 

transfer of the second electron (step c, equation 17 1) is slower in methylamine than 
in liquid ammonia, thereby allowing the intermediate vinyl radical more time to  
isomerize in the former solvent24 '. With some unsymmetrical sulphides R' SR2 the  
direction of cleavage is thought t o  favour the most delocalized thiolate anion R1 SNa 
with R2 Na stability apparently irrelevant25 O. The tendency of thiolates t o  split in 
reductive cleavages with Na or Li/NH3 is aryl-S - > C=CS - > CZCS - > 
a l k ~ l - S - ~ ~  l .  Some illustrations of the synthetic utility of reductive cleavage of 
1-alkenyl and 1-aikynyl sulphides are t o  be found in equations 175- 1 802  . ,2 

95% 

2 LI 

CH3CH=CHSEt - CH3CH=CHSLi  
NH3 

CH3CH =CHSSMe 

60% 

2 LI / S L i  

NH3 \SEt 
H,C=C(SEt), - H2C=C 

2 LI 
EtSCH=CHSEt - LiSCH=CHSLi 

NH3 
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/SEt  2 Li ,SLi 
CH3Cti=CH 7 CH,CH=C 

'NEt, NH3 'NE~, 

2 Li 

BuCECSEt  - B u C E C S L i  * BuCEZCSCH~CH=CH~ (180) 
H 2 C = C H C H 2 B r  

Alkenethiolates do  not suffer reduction to  saturated thiolates or  loss of sulphur 
even in the presence of excess of alkali metal. Furthermore it is not  necessary to use 
benzyl sulphides to get facile reductive cleavage. Even alkynethiolates can be 
readily prepared without the reduction of the triple bond that  occurs, for example, 
with alkynyl ethers (equation 181)250 or  amines. In these reactions the alkali 

N a .  NH3 

R ~ C G C O R ~  - ,c=c 
H 'OR2 

amide by-products must be neutralized with ammonium chloride or t-butanol 
(equation 189) to  avoid complications. A convenient synthesis of cycloalkanethiols 
and cycloalkyl sulphides involves the reductive cleavage of cycloalkanone thioacetals 
(equations 182 and 183)' l .  Unsaturated1,3-dithiolanes derived from ketones can 
be  reduced to the hydrocarbons with (equation 184)' or without (equation 
185)253 concomitant reduction of the double bonds, providing an alternative to  

' 

NJ 0; NH3_ o<:" 3 0- SH (182) 

) 90% 62% 

70% 

Raney nickel desulphurization. With calcium in liquid ammonia the reductive 
cleavage of 1,3-dithiolanes and 1,3-dithianes can be stopped with cleavage of one 
C-S bond (equation 1 86)25 while under these same conditions 1,3-oxathiolanes 
afford P-mercapto ethers (equation 187' ). The effectiveness of metals in these 
reductions in Ca > Li > Na > K and is thought t o  be related to ability to  form ion 
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1. C a / N H 3  8 8 % - PhCH2$] - PhCH2CHO(CH2)2SH (187) 
I 2. NH4CI. H+ [ M b  C a ' I  
Me 

Ph C H C(] 

I s  
Me 

pairs with the intermediate anion radicals2' '. A useful application of reductive 
cleavage of simple dialkyl sulphides in the preparation of deuterated sulphur com- 
pounds is shown in equation (1 88)2' 6 .  It should be noted that dimethyl sulphoxide 
also undergoes direct cleavage on treatment with Li/NH3 (equation 189)25 7 .  

PhSH 

(CD3)2S0 - PhSSPh + H 2 0  -1- (CD3)2S (90%) 
85-95OC 

I 
[ O l  

CD3SSCD3 C- CD3SNa + CD3H i- NaNH2 (188) 

88% I H+ 
CD3SH 

75% 

2 Li R Br 

(CH3)zSO - CH3Li  -I- CH3SOLi - CH,S(O)R (189) 

In some reductive cleavage processes involving unsymmetrical dialkyl sulphides it 
is clear that  the stability of the carbon fragments R* and/or R- are important. 
Thus the  conversion of thioacetals to dialkyl sulphides (equation 182) is more rapid 
than further reduction of the sulphides because of the stability of the intermediate 
a+thio carbanion (or a-thio radical). Alkyl ally1 sulphides undergo preferential 
cleavage of the allylic bond as seen in  equation (1  90)2 ' 8 ,  Complications with the 
reductive desulphurization of allylic sulphides using Li/EtNH2 include positional 
isomerization involving t h e  double bond (equations 19 1 and 1 92)25 and partial 
reduction of double bonds (equation 193260). With regard to double-bond re- 
duction it should be noted that, employing a mixture of 1-octene and n-decyl 
sulphide, Truce found C-S cleavage to  occur ca. six times faster than C=C 
reduction24 8 .  

N H 3 .  r-BuOH 

HO 

+ 

30% 20% 
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OH OH OH 

83% trace 

SPh 

591 

87% 

Another complication sometimes seen with alkali-ammonia desulphurizations is 
that  other functional groups can be expelled as occurs with the nitrile in equation 
( 194)26 I .  In this case selective desulphurization was achieved by changing the 
electron-transfer medium to  naphthalene o r  trimesitylborane in THF as solvent26 

Li 
t-BUSC(C5H,1)2CN - C l l H 2 4  + other  products 

(194)  
2 Li. C 1 0 H ~ .  THF 

HC(C5Hll  )2CN 

The carbanions resulting from reductive cleavage of sulphides are in general 
ammonolysed because they are much stronger bases than alkali amides. In some 
cases these carbanions can participate in intramolecular or  intermolecular alkylation 
or  elimination processes (equations 195262 ,  196 and 197263,  respectively). A 
process termed 'reductive silylation' can be achieved through the combined action 
of sodium o r  zinc and trimethylsilyl chloride as illustrated by equations (1 98)26 
and (199)265,  respectively. Mechanistic details are not yet available for these 
reactions. 

22% 22% 35 % 

Li. NH3, Me1 
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CsH11 Zn, Me jS iC l  C5H11 

&SPh moist etner 
( 1  99) 

84% 

Other Group 1/11 reagents which have been used to  effect C-S cleavage are 
sodium amalgam (equation 200266) ,  zinc in acetic acid (equations 20126 and 
2 0 2 2 6 8 )  and magnesium metal (equation 203269) .  In the last case C - S  cleavage 
affords benzenethiolate and an allylic radical which either couples or undergoes 
one-electron reduction to the  carbanion, which is then carboxylated. 

( 3 4  PhS 0 

6% N a  ( H g )  

N a 2 H P 0 4 ,  M e O H  w 0 

90% 

I R a  N i  

5 Ph oxidation Jones (& Ph 

94% 

(201 

85% 

PhC=CCH,CH=C=CH2 + PhC=C(CH2)zC=CH (202) 
HOAc 

PhC-C 

8 :  1 C E C H  

SPh 1. 2 Mg. THF. A 

2. COz.  H30' 

81% 12% 85% 

B. Raney Nickel and other Heterogeneous Catalysts 

In 1927 Raney described a nickel catalyst prepared by the action of hot  aqueous 
alkali on  finely powdered nickel-aluminium alloy2 70. Twelve years later Bougault 
and coworkers reported the use of Raney nickel for desulphurization of organo- 
sulphur compounds and in particular proposed the use of Raney nickel for the 
commercial purification of benzene through removal of thiophene3. In the early 
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1940s Raney nickel was applied t o  structural investigations of sulphur-containing 
natural products such as biotin2 and penicillin2 while in the 1950s applications 
of Raney nickel desulphurizations in organic synthesis began t o  appear (for example 
the Raney nickel desulphurization of 1,3-dithianes and 1,3dithiolanes represents 
a useful alternative to  the Wolff-Kishner and Clemmensen reductions; equation 
2042 72) .  In the intervening years innumerable applications of Raney nickel de- 

cq$ 3- R a N i  $" (204) 

C 0 2  E t  

0 @ 
C 0 2 E t  C 0 2 E t  C 0 2 E t  

70% 
sulphurizations have been published. A number of comprehensive reviews have 
appeared summarizing these applications and considering the mechanisms of these 
processes23 9 ~ 2  7 a 9 b * 2  7 4 .  We shall in this section concentrate on a few of the recent, 
notable applications of this reaction in organic synthesis. 

Desulphurization is the final step in two syntheses of 1 ,kli- t-butyl ring com- 
pounds (equations 205275  and 2062 76). In the  first of these reactions use of W-6 

- 3;> R a  Ni  

Raney nickel led to extensive reduction of the  aromatic ring so that a modified 
preparation of Raney nickel was developed2 7. Woodward uses an isothiazole ring 
as a template in the construction of the ring system of colchicine. Raney nickel 
is used in one of the last steps of this synthesis to remove the  sulphur after i t  has 
admirably served it purpose (equation 207' 78). 

Thiophene, a reactive, readily derivatized heterocycle, is an especially useful 
template for the construction of organic molecules. Reductive desulphurization 
gives rise to  a four-carbon unit. Goldfarb and others have employed the thiophene 
functionalization- Raney nickel reductive desulphurization procedure in syntheses 
of hydrocarbons, long-chain alcohols, ethers, ketones, mono-, di- and hydroxy- 
carboxylic acids, amines, amino alcohols, and amino acids and macrocyclic ketones 
and diketones2 79-2  as illustrated by equations (208)2 8 2 ,  (209)2 3, (2 1 0)2 8 4 ,  

(21 (212)286,  (213)287 and (214)288.  Dihydro- and tetrahydro-thiophene 
derivatives also serve as useful four-carbon templates as illustrated by equations 
(2 1 5)2 and (2 1 6)2 O .  Several interesting variants of the desulphurization of 
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Me02C xs MeO%izH - 
Me0 

Me0 

M e O q k  Me0 

0 

1. Ra N i  

2. N a E H 4  
* 

Desacetylcolchicine 

+ 2PhMe2COH H 2 S 0 4  * P h e P h  

c 
Ra Ni 

(207) 

-Q-- 
ZnCI2. C H 2 0  

H ~ o + .  A 

R a  NI 
c 

E t  O E t  

Et  Et 

42% 100% 
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H 

R = C 0 2 E t  72% 

81 X 
C02Me 

1. HOCH2CH20H.  H+ 

2. Ra Ni 
c 

EtO EtO 
C02Me 

(21 5)  

92% 

cyclic dithioacetals have been developed based on the  use of 1,3-dithiane anions 
(equations (217)291 and (218)292)  or  optically active 1,2-dithiols (equations 
2 1 9)2 . 

Under the usual conditions of desulphurization, olefinic double bonds, carbonyl 
and nitro groups are reduced, azoxybenzene and hydrazobenzene suffer reductive 
cleavage of the N-N bond and benzyl alcohol yields toluene294. Raney nickel 
can be deactivated by refluxing with acetone but  this does not  always prevent 
undesired side-reactions (see equation 2202 s). Other examples of undesired 
reactions occurring with Raney nickel are shown in equations (221)296 and 
(222)26 8 .  In the  synthesis of the Cecropia juvenile hormonevia the thiacyclohexene 
route (equation 223)2 ' direct Raney nickel treatment gave poor results so that i t  
was necessary to  first employ a lithium/ethylamine reduction t o  give the lithium 
thiolates which are then cleanly desulphurized by deactivated Raney nickel. In 
the Raney nickel desulphurization of a-thio ketone 41, equation (201) above, it 
was necessary to  follow desulphurization with Jones oxidation in order to reoxidize 
the alcohol which was formedz6 '. 
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'sHl 7 

m1/, \\I!\' & H 
t 

H 

Y e  
Ph H = SH 

+ 1 - qh 1. Ieparatediastereomers 2 .  R a  Ni 
c 

HS H 
Me s s  

(219) 

0 

(optically active) WPh 

H H H 

Truce has indicated that  nickel boride (NiZ B), prepared through reaction of 
sodium borohydride with nickel (11 )  salts, possesses certain advantages over Raney 
nickel as a desulphurization agentz9 '. These advantages include ease of preparation 
and handling (nonpyrophoric) and the fact that  i t  can be used t o  selectively remove 
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- H  &” (221 1 

/“\ 
Et C(O)Me 

89% 

R a  N i  

EtOH 

S PhC=CCH2S+,,] - PhCEC-CH3 + PhCH=C=CH2 (2221 
.. 

87 % 13% 

Li.  E t N H z  
L 

OH 

\ Ra Ni 

Ra N i  I (223) 

OH 

mercapto, sulphide and sulphoxide groups without disturbing sulphone groups 
which may be present or to  selectively remove one of the sulphur atoms of a 
dithioacetal function (equation 224299  ; it should be noted that  this same type of 
partial desulphurization can be effected in related systems with ‘aged’ Raney 
nickel3 O0). Some examples of nickel boride desulphurizations are shown in equations 
(225)26 ’, (226)30’  and (227)302.  

Raney cobalt, prepared in a manner analogous t o  Raney nickel, is said to  be less 
reactive than Raney nickel in des~lphur iza t ions~  3 .  However, certain complex 
cobalt-containing catalysts are of considerable utility in the commercial process 
of hydrodesulphurization, a process for the removal of organically-bound sulphur 
from coal and crude oils. In this process a CoO-MoO3-A1~03 (CMA) catalyst 

(224) 
N i 2 6  

PhC(SPh)2C(0)Ph - PhCH(SPh)C(O)Ph 

91% 

Ph Ph 

NiC12. NaBH4 Y phC(Me)=C(Me)Ph + PhCHMeCHMePh (226) aj H Z 0  
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‘sH17 ‘ElH,, ‘gH17 

@ .;;;id.- qp +@(227) 

C S  

72% 18% 

‘presulphided’ with H2 S/H2 is employed in a flow system a t  250-4OO0C with I-Iz gas 
at 10-300 atm or alternatively with methanol in place of hydrogen240 9 3 0 4  9 3  5 .  

C. Lithium Aluminium Hydride and Related Reagents 

While simple sulphides such as phenyl n-propyl sulphide are inert t o  the action 
of LiAlH4 even for prolonged periods30 6 ,  activated sulphides such as those shown 
in equations (228)3 and (229)3 can be readily reduced. Even sodium borohydride 
can be used for the reduction in equation (229) (64% yield). Less activated sulphides 
and dithioacetals undergo reductive desulphurization with LiA1H4 in the presence 
of certain metallic salts including copper (11)  (equations 230 and 2 3  1 ), copper 
(11) plus zinc (11) (equations 230309>310  and 232311) ,  copper (11)  plus lithium 

(228) 
ether. 24 h 

95% 

+a LiAIH4 

ether 

80% 

( a )  LiAIH4. CuC12. THF 

* Ph2CH2 
P h 2 d 3  S or (b) LiAIHa. CuC12, ZnC12 

(a)  42% 

(b) 84% 

(230) 

Ph -P--J-J 
80% (231) 

1. PhLi 

2. P h C H 2 C H 2 B r  

88-94% 

(yield with Ra Ni = 35%) 
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methoxide (equation 2333 2 ) ,  and titanium (IV) (equation 2348 ; see also 
equation 5). 

LiAIH4 T s m  CuC12,MeOLt  vPh -I- >CH=CHCH2CH2Ph 

I 67% 20% (233) Ph 
LiAlH4 

P h w P h  (234) 
SEt 

83% 

PhTPh TiC14. THF 

D. Electrochemical and Photochemical Methods 

Aryl sulphides undergo reductive C-S cleavage on electrolysis. The overall 
electrochemical reaction is similar t o  reductive cleavage by alkali metals, discussed 
above. Thus initial formation of a sulphide radical anion is followed by collapse of 
this species to  a thiolate anion and a carbon radical which latter species is reduced 
to a carbanion. Other likely processes include further reduction of the sulphide 
radical anion to a dianion which fragments to two anions, and reduction of the 
thiolate anion t o  a radical dianion (see equation 23S3 3). Iiatlier negative potentials 

Electrol. 
DM F 

Ph2CHSAr . [Ph2CHSAr]-  - ArS- + PhpCH' - Ph2CHCHPh2 

electrol. I electrol. electrol. I I  (235) 

Ph2CH- + ArS- [Ph2CHSArl = ArS' Ph2CH- - Ph,CH2 

ca. 2.7 V) must be employed to reduce aryl alkyl sulphides3 4. Electrolysis 
in liquid ammonia of S-benzylcysteine effects removal of the benzyl groups3 
while electrolysis in DMF of certain y-mesyl sulphides provides a novel cyclo- 
propane synthesis (equations 236 and 2373 16). The lower reduction potential of 

69% 12% 

these y-mesyl sulphides (EP = - 1.60 V) compared to  thioanisole (EP < -2.20 V )  
and n-butyl methanesulphonate (EP < -2.20 V)  suggests interaction between the 
phenylthio and methanesulphonate group in the electron transfer step3 6 .  

Dithioacetals on  irradiation in alcohols undergo partial desulphurization 
affording sulphides (equation 2383 7 , 3  8). The same reaction can be achieved 
with aged Raney nickel as well3 8. 
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CH(SEtI2 dHSEt CHZSEt 
i 

AcO-C-H 
I I 

I hr* I i 
i I I 
i I I 

AcO-C-H Ac O-C- H 

(238) H-C-OAc fBuOH- H-C-OAC H-C-OAc 

H - C -0Ac  H-C-OAC 

CH20AC 

H-C-OAc 

CH20Ac 

79% 

CHZOAC 

E. Other Reducing Agents 

thio)methyl compounds to  bis(pheny1thio)methyl derivatives in good yields3 9. 
Chromous chloride has been found to  effect selective reduction of tris(pheny1- 
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Abbreviations 

AcAc 
DATMP 
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DMSO 
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PAA 
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PNPBA 
TDAP 
TMC 
Ts 

Acetylace tone 
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Dimethylf ormamide 
Dimethylsulphoxide 
Lithium aluminium hydride 
nt-Chloroperoxybenzoic acid 
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Peroxyacetic acid 
Peroxy benzoic acid 
p-Nitroperoxybenzoic acid 
Tris(dimethy1amino)phosphine 
Tetramethyl carbamide 
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1. INTRODUCTION 

The earlier literature data on the synthesis and chemistry of oxiranes were reviewed 
by Dittus' in 1965 and by Critter2 in 1967. Since then, the work relating to  the 
synthesis and chemical transformations of the oxiranes has been surveyed by 
numerous authors3-' '. Only a few of these surveys are of a general nature, the 
majority dealing with some special area. Some of them discuss experimental results 
that were published five to  six years ago. Accordingly, t he  present review is based 
mainly on the conclusions drawn from the experimental data of the most recent 
period (up t o  the end of 1977). Of the other results since 1965, only those are 
mentioned that are of general validity, or  which were not  dealt with in the previous 
reviews. 

II. SYNTHESIS OF OXIRANES 

A. By Oxidation of Al kenes 

Direct oxidation of alkenes continues to  be the main method of preparing 
oxiranes both in the laboratory and in industry. Significant new results have been 
achieved in the development of the procedures of liquid-phase oxidation of alkenes. 
Efforts have been made to  perform this oxidation under the mildest possible 
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experimental conditions, which allows an increase in the selectivity of oxirane 
formation and also the selective oxidation of more sensitive compounds. 

1. Oxidation with peroxy acids 

Details on the peroxy acid oxidation of alkenes, the Prilezhaev reaction", are to  
be found in some very good reviews, which deal with the mechanism and stereo- 
chemistry of the reaction and its practical  modification^^^^^^^^^^^ $ 1  3 9 1  7 1 1  8. 

The accepted mechanism of alkene oxidation with peroxy acids is that outlined 
in equation (1). The process involves an addition reaction, where the alkene is the 
nucleophile and the peroxy acid the electrophile, but binding of the electrophilic 
species is not followed by binding of an external nucleophilic species. 

activated 
'C=C' + R C 0 3 H  - ( 1 )  
/ \  

The fine mechanism of the reaction is still no t  known in every respect, for  i t  
depends on the electrophilic and nucleophilic characters of the two reactants, their 
stereostructures and reaction conditions such as temperature, solvent, catalyst, 
etc. All these factors have a considerable influence on the structure and stability of 
the transition complex, and on the process determining the reaction rate. After 
wide-ranging kinetic investigations, Dryuk' gave the reaction mechanism as in 
equation (2). This mechanism is supported by studies of the stereochemical course, 

electron 
'C/ donor- activated 

complex 

other 
transformations 

acceptor 

/ \  complex 

(2) - co € I (  + R C 0 3 H  
C 

kinetics and acid catalysis of the reaction, and the side-reactions accompanying it 
and by the following experimental observations: electron-repelling groups on the 
alkene increase the reaction rate; the reaction rate is higher for peroxy acids 
containing electron-attracting substituents; basic solvents decrease the rate of 
epoxidation. The solvent effect is connected with hydrogen bonds between the 
peroxy acids and the solvents. 

Other investigations2'-28 also deal with the mechanism of the reaction, and 
with the structure of the transition complex20 9 2 9  l 3 O .  Significant conclusions 
may also be drawn from the results of stereochemical investigations (see below). 
The 1,3-dipolar cycloaddition mechanism3 1-34 has not been confirmed by the 
recent experimental results. 

In contrast with other electrophilic additions, the peroxy acid oxidation is 
stereochemically syn-stereospecific. In the case of cycloalkenes, the C-0  bond in 
the oxirane formed displays axial orientation. With sterically-hindered alkenes, 
epoxidation occurs from the less-hindered side. The more important stereochemical 
regularities' described earlier for the epoxidation of various types of compounds 
have been supported by more recent studies; some of these are presented here. 

Stereoselectivity to  varying degrees has been observed on the peroxy acid 
epoxidation of some new compound types (equations 3-8)3 5-40. 

(Ref .  35) ( 3 )  
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n = 1.2 

MCPBA - 

M e  M e  / 

__c PAA Me&ie 

(Ref .  3 6 )  ( 4 )  

( R e f .  3 8 )  ( 6 )  

( R e f .  3 9 )  ( 7 )  

Me M e  M'e M e  

( R e f . 4 0 )  ( 8 )  

The epoxidation of olefins containing various functional groups is also stereo- 
selective in many cases, as a consequence of steric, electronic and conformational 
effects. Examples are given in equations (9)-( 15)4 

In recent years studies have been made of other compound types and the 
stereochemical course of their reactions, e.g. for olefins containing a high number 

8 .  

( R e f . 4 1 )  ( 9 )  

(Ref.  421 (10) 

X = CI,Br,C02Me,CN 
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dCH2 - 

PNPBA -H (Ref. 43) (11) 

(Ref. 45) (13) 

(Refs. 46.47) (14) 

of carbon atoms4', cyclic alkenes and dienes4O aromatic systemss6, 
unsaturated alcohols and their derivatives5 7-6 2 ,  steroids6 3-6 unsaturated 
carboxylic acids and their derivatives6 ,6 7 ,  olefin propellanes6 s:69, phosphine 
oxides7' and p h o s p h o l e n e ~ ~  l .  

Ihantiostereoisomeric oxiranes may be prepared by epoxidation with chiral 
peroxy a ~ i d s ~ 2 - 7 ~ .  A method has been elaborated for the separation of racemic 
oxiranes, using optically active lanthanide complexesso. 

Peroxy acid oxidation is currently the most frequently employed method of 
epoxidation in the organic preparative laboratory. It gives very good yields, and may 
also be used for relatively sensitive compounds, such as unsaturated alcohols8 l ,  

terpeness2, a ~ e n a p h t h e n e 8 ~  and a l l e n e ~ ~ ~ - ~  7 ,  or for the preparation of halogenated 
oxiraness 8 - ' 0 .  

Of the peroxy acids, MCPBA is most favoured, except for procedures elaborated 
to meet special needs. Alkenes undergoing reaction with difficulty are epoxidized 
at higher temperature in the presence of radical inhibitors' ' . Peroxy acid stabilizers 
increase the yield' *. In the preparation of acid-sensitive oxiranes or the oxidation 
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of acid-sensitive olefins, an alkaline two-phase solvent system is employed at  room 
temperatures9 9 9 4 .  Polymersupported peroxy acids may be used for the oxidation 
of some olefins9 >9 6 .  In certain cases in situ peroxy acid procedures are used3 99 ,9 8 .  

New epoxidizing reagents have recently been introduced, e.g. o-sulphoperbenzoic 
acid6 3, p-methoxycarbonylperoxybenzoic acid9 9 ,  [ bis(benzoyldioxy)iodo] ben- 
zene' O O , U-benzylmonoperoxycarbonic acid' , peroxycarboximidic acids formed 
from nitriles with hydrogen peroxide' 2-1 7 ,  peroxycarbaminic acids' 9 '  9 ,  
peroxyacetyl nitrate' ' O ,  disuccinyl peroxide' and benzeneperoxyseleninic 
acid' ' 2 .  

2. Oxidation with hydrogen peroxide 

Hydrogen peroxide may be used for epoxidation in the presence of phenyl 
isocyanate' 3. Hydrogen peroxide as a direct epoxidizing agent can be employed 
for the epoxidation of electron-poor olefins. The procedures are of great importance, 
since compounds may thus be epoxidized even when the peroxy acid procedures 
have proved ineffective. 

a. Oxidation with alkaline hydrogen peroxide. The earlier literature has been 
reviewed by Berti' 3. The essence of the method is illustrated in equations (16) and 
(1 7). The mechanism of the process depends on the starting compound. N o  general 
and completely clear-cut correlations have yet emerged as regards the stereochemistry 
or  stereoselectivity of this epoxidation. 

H20, + OH- HO, + HZO (16) 

-OH- 

H2C=CHCR + HO; e H2CCH-CR - TiR (17) 
I -..I 0 

HOO 0 
I I  
0 

The procedure has been employed effectively for numerous types of compounds: 
a,@-unsaturated ketones' ' 4-1 7 ,  nitro olefins' 8 ,  a,P -unsaturated nitriles' 9' 2 o  
endo- and exo-cyclic enones' i-i 2 3  and steroids' 24-1 '. The epoxidation is often 
of very high stereoselectivity (equations 18-22): 

COMe COMe 

(Ref. 129) (18) 

(Ref. 130) (19) 

(Ref. 131) ( 2 0 )  
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H202 H S 0 2 C 6 H 4 M e  
'c = c' H ___) OH- phiui+-fhH 

H 

Ph' \ S O 2 C 6 H 4 M e  0 

With  a chiral phase-transfer catalyst being used as base, 
may be prepared in excellent yield' 3 4  (equation 2 3 ) .  

Ph 
I 

PH 
O 4 H  

(Ref .  132) (21) 

( R e f s .  48, 

optically-active 

I c=o 
I 

30% aq. H202 

toluene 

I 
o=c 

I 

133) (22) 

oxiranes 

(23) 

Ph Ph 

Hydrogen peroxide is also used in the new procedure of Kametani and co- 
workers' 5. 

b. Oxidation with hydrogen peroxide and catalyst. Some acids and their various 
transition metal salts are used as catalysts' ,1 4 4 .  The most frequent catalyst is 
sodium tungstate (HIVO, + H2 O2 + HWO; + H2 0), which may behave both as a 
nucleophilic and an electrophilic reagent, depending on the substrate and the ex- 
perimental conditions. The epoxidation process is shown in equation (24). Mechan- 

\ /  c=c 
/ \  

\ 
istic studies confirm this reaction path' 42 *1 5-1 9 ,  and a t  the same time 
provide information on the stereochemical course of the reaction' 5 2  (equations 
25 and 26). 

c 
I 1  

/' 
H 

H20Z 
H W 0 4  AL 

ir - O\; 
\ 

H' 'P0,H2 "3 H Z  

(25) 
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$kH17 ?8H1 7 

68% 3 
17%lx 

Peroxo complexes readily prepared from hydrogen peroxide and Moo3 can be 
likewise employed to  produce oxiranes' 53-1 (equation 27). 

Useful conclusions have been reached as regards the mechanism' and 
stereochemistry' of the epoxidation process. 

3. Oxidation with organic h ydroperoxides 

Epoxidation of olefins with organic hydroperoxides and metal complex catalysts 
is both a laboratory method and an industrial procedure. Many reviews' 9' 6 6 4  

and patents' 5-1 70 deal with this topic. The essence of the procedure is given in 
equation (28) .  The following organic hydroperoxides are most frequently used for 

tf (28) 
catalyst catglyst + >=c< transition 

ROOH + -[;I R O ~ H  [complex]  - + 0 

epoxidation: t-butyl hydroperoxide' ' 3 '  7 2 ,  cumene hydroperoxide' 7 3  p 1  74, 

ethylbenzene hydroperoxide' 7 5  t 1  7 6  and t-amyl hydroperoxide' 77. The effect of 
the hydroperoxide structure on the epoxidation is discussed by Sheldon and co- 
workers' 8 .  

The catalysts employed fall into two main groups. In the first we have compounds 
of metals from Groups VIII and IB of the periodic system (mainly Fe,  Co and Cu), 
which initiate processes with free-radical mechanisms via the homolysis of the 
organic hydroperoxides. The second includes compounds of metals from Groups 
IVB, VB and VIB (mainly Mo,  W, V, Cr and Ti), which exert their catalytic effects 
by means of heterolysis of the 0-0 bond. The various M o  and V complexes have 
found the widest application' 79 9' 8 0 .  In the liquid-phase homogeneous catalytic 
procedure, the metal compounds used (acetylacetonates, naphthenates, carbonyls, 
oxalates, chlorides, nitrates, etc. and complexes containing different ligands) dissolve 
well under the given experimental conditions. For heterogeneous catalysis, catalysts 
supported on A1203 and Si02181-183 and catalysts bound to  synthetic 
resin' 84*1 are mainly used. Various boron compounds have been similarly 
applied as catalysts or catalyst components' 

The increasing demands relating to  the epoxidation procedure are demonstrated 
not only by the patents, bu t  also by the research aimed at  improving the economic 
efficiency of the method' 3' ' . Very recent investigations' ,' indicate that 

6-1 8 9 .  
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with chiral metal complex catalysts the method may be employed to  prepare 
enantiomers. 

With a view t o  gaining a deeper understanding of the mechanism of the epoxida- 
tion process, wide-ranging examinations of the following have been carried 
out:  reaction kinetics' 7 2 3 1  74,1 94-207 , isotope tracing' 9 , 2 0  ', intermedi- 

spectra2 ' 2 i 2  ' 6 i 2  ' 7 ,  stereochemistry (see later) and solvent effects' 7 9 9 2  s .  These 
indicate that the  epoxidation mechanism involves the steps shown in equation (29). 

ates19 5 9209-2 1 3 ,  transition complexes' 5 6 , ' s  7,1 74 t 1  78,' 9 4 . 2  1 4 , 2  1 5 ,  various 

/ 

/ \  
'c=c 

MO" - M O " ~  + ROOH = MO'"(ROOH) * 
(29) 

tf transition - MeV' + RoH + 

0 

The mechanism may vary very considerably, depending on the catalyst used, the 
substrate and the  reaction parameters. It is most important to study and understand 
the coordination of hydroperoxide by the catalyst centre, and the rate-determining 
oxygen transfer. 

Stereochemical examinations have confirmed the stereoselective character of the 
epoxidation process' 64. From cis-olefins cis-oxiranes are formed, and from trans- 
olefins trans-oxiranes' 74. The epoxidation of cyclic olefins was also shown t o  be 
stereoselective' 7. Besides permitting unambiguous conclusions as t o  the mechan- 
ism of the epoxidation, the stereoselective epoxidation of olefins containing various 
functional groups is also of great preparative importance5 , 2  ' 9-2 (e.g. equations 
30 and 31). 

.\*g -6 t -Jmyl  hydroperoxide 

MoCI5 or M o ( C 0 ) 6  

f -butyl  hydroperoxide 

~ 0 ~ 3 1 6  

(Ref .  177) (30) 

(Ref .  222) (31) 

4. Oxidation with oxygen 

The literature data relating t o  the  procedures are summarized in some mono- 
graphs and reviews' 1' 64 *2 s i2 9 .  Direct olefin epoxidation methods with oxygen 
can be divided in to  two main groups: oxidation with oxygen without the application 
of catalysts, and homogeneous and heterogeneous catalytic epoxidation procedures. 

Epoxidation procedures not  involving catalysts may be classified on the basis of 
the step-initiating oxidation. Accordingly, they may be thermal procedures2 30-2 2 ,  

photocatalytic procedures2 3-2 o r  radical-catalysed procedures2 s , 2  3 9 .  Special 
mention must be made of the cooxidation procedures' T ~  ,2  8i2 40-24 2 ,  in 
which the alkenes are oxidized in the presence of substances prone t o  radical 
form ation. 

If  these methods are compared, from the aspect of application, with the methods 
described previously and those t o  be discussed below, the following conclusions 
may be drawn. The  selectivity of these direct oxidation procedures is low; only in 
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certain cases does the yield attain 5 0 % 2 3 0 > 2 4 3  , alth ough an excellent yield has been 
described by Shimizu and Bartlett236. Thus, they are not very satisfactory as 
laboratory procedures, but may be of industrial importance in the case of simpler 
olefins. 

A very large number of publications have appeared on studies of ~e mechan- 
isms232*236 - 2 4 3 - 2 4 8  and s t e r e o c h e m i ~ t r y ~ ~ * ~ ~ ~  9 2 3 6 9 2 3 8 9 2 4 5  of the processes. 
The epoxidation process is a radical chain-reaction. Depending o n  the reaction 
conditions, the chain-propagating radical may be the peroxyacyl radical, the alkenyl- 
peroxy radical, etc. In some cases the epoxidation is stereoselective2 s f  

The procedures based on  catalysis by metal complexes are results of research in 
the past decade. Their great advantages are the considerably lower temperature and 
the improved selectivity, and hence higher oxirane yields may be attained under 
milder experimental conditions. It is useful t o  divide into two main groups the 
complex catalysts employed in the oxidation of olefins’ 6 4 .  The first (group A) 
contains the complexes of the Group VIIB, VIII and IB metals (mainly Co, Ni, Mn, 
Cu, Ir, Rh, Pt  and Ru), and the second (group B) those of the Group IVB, VB and 
VIB metals (mainly Mo,  V, W, Cr and Ti). The oxidizing activity of the group A 
compounds is higher, but  at  the same time the selectivity is generally low. Reference 
may be made to some recent experimental data24 9-2 5 4 ,  while one reaction is given 
as i l l ~ s t r a t i o n ’ ~ ~  in equation ( 3 2 ) .  Certain metal complexes from group B epoxidize 

alkenes with lower activity, 
(equation 33) .  Epoxidation 

CH3-CH=CHz + 

7% 76% 2% 15% 

but with considerably higher selectivity2 5-2 

by these methods is the subject of several 

M o 0 2 ( A c A c ) 2  
CHzCIz CH3-CH-CH, 

* (33) 
0 2  conv. 0 %  ‘0’ 

sel. 7 0 %  

patents2 9-2 6 2 .  Work has also been carried out with mixtures of metal complexes 
from groups Aand B222 ,249 ,2639264 .  

Investigations on the mechanism of epoxidation in the presence of metal com- 
plexes have been reported in many papers2 s 2  64-2 7 3 .  In general, these suggest 
that the process occurs by a radical chain-reaction, the characters of the key inter- 
mediates being fundamentally influenced by the properties of the central metal 
atom and of the ligands surrounding it, and also by the nature of the substrate. 

More recent data o n  olefins with various heterogeneous catalysts mainly deal 
with the Agcatalyst procedure’ 74-2 78. Detailed kinetic studies279-282 and the 
stereochemistry of the e p ~ x i d a t i o n ’ ~ ~  have been reported, as well as the use of 
new heterogeneous catalysts’ ‘ * 2  84-2 3 .  

5. Other methods of oxidation 

Other methods may be employed, mainly when a very hindered double bond is 
to  be epoxidized, or in the event of special needs. Experimental results described 
for ozone, chromic acid, permanganate and hypochlorite ion are reviewed by 
Berti’ 3 .  
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Oxidation with ozone was found to  be stereospecific' 3 .  Ozone has also been 
used for the epoxidation of propylene in such a way that intermediates suitable for 
epoxidation were first prepared from it2941295. 

Chromic acid oxidation may be employed only with tri- and tetra-substituted 
olefins296-298. The mechanism of the process seems t o  involve a carbonium ion 
type intermediate' p 2  9 .  

Epoxidation of 1 with peracetic acid is not  stereoselective, but with Na2Cr04, 
KMn04 or O3 high stereoselectivity is observed5' (equation 34). 

(1) 

Hypochloric acid and i ts  salts can be used primarily for the epoxidation of 
electron-poor olefins, and very favourably because of the stereospecific nature of 
the process4 i3 O .  A cis-oxirane is formed from a cis-olefin. The mechanism of the 
process may be explained in accordance with equation ( 3 5 ) 3 0 0 .  

c ? H  

With this method, 3,4-epoxybutanone-2 can be prepared in very good yield30 l ,  

as can phenanthrene 9,lO-oxide with a phase-transfer catalyst3 2 .  

Shackelford and coworkers3 have elaborated a new stereoselective epoxidation 
method, with an alkaline solution of xenon trioxide. Kruse and coworkers3 
achieved good oxirane yields by applying NaC103, Os04 and TI(OAC)~ for the 
epoxidation of C4 alkenes. 

The electrochemical oxidation of olefins has also been used to  prepare 
oxiranes3 O s .  

Five-mem bered cyclic phosphoranes are transformed almost quantitatively to  
oxiranes30 (equation 36). 

B. From 1,2-Difunctional Compounds by 1,3-Elimination 

'--Substituted alkanols and their esters can be converted to oxiranes by 1,3- 
elimination via an S N i  mechanism (equation 37). In the transition state of the 

X = CI, Br,  I ,  O S 0 2 R ,  OCOR, NRi.N;, OH 
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elimination process, the reacting groups are in the antiperiplanar conformation. The 
oxirane formation is stereospecific. The importance of the individual procedures is 
very well reflected by the recently published reviews' v 1  9' 7 .  Studies on the 
mechanism3' 7 * 3 0  and stereochemistry of the different reactions have revealed 
many of their details and the scope of their applicability. 

Most papers describe the use of halohydrins, which can be prepared relatively 
simply and stereospecifically by various procedures: from olefins by the addition of 
hypohalous acids [usually produced in situ e.g. from r-butyl h y p o ~ h l o r i t e ~ ~  9 ,  

N-bromosuccinimide (NBS)3s 9 3 1  9 3  or  N-bromoacetamide (NBA)36 i3 l 3  2 1 ,  
from a-haloketones by reduction3 9 3  and from a-halooxo compounds by a 
Grignard reaction3 5 .  Epoxycyanides may be obtained from bromoketones by the 
action of cyanide3 y 3  7 .  Iodohydrins may be prepared from olefins in the presence 
of oxidants3 8 .  

Four chlorohydrin isomers prepared from 3-t-butylcyclohexene are transformed 
stereoselectively to the corresponding cis- and t rans-~xi ranes~  9 .  In conformity 
with earlier stereochemical studies, variously substituted trans(diaxial)-cyclohexane- 
halohydrins are converted to  oxirane derivatives, and the corresponding cis 
compounds to  cyclohexanone derivatives in the presence of Ag2C03/celite3 2 0 .  

The halohydrin route has been used to prepare good yields of cr,pepoxysulphon- 
amides3 a - f luor~oxi ranes~  v 3  2 ,  a-brornoo~i ranes~  and optically active 

With NBS, a stereospecific method has been developed for the preparation of 
vinyloxiranes containing 2-configuration double bonds3 . NBS can also be used in 
the selective epoxidation of the terminal C=C bond of polyenes3 

Aromatic oxiranes are mainly prepared by the alkaline reaction of halo- 
a ~ e t a t e s ~ 2 ~ - ~ ~ 9 .  

By a modification of the halohydrin method, with the use of tributylethoxytin 
or tributyl-2-halogenalkoxytin, oxiranes may be prepared in excellent yields3 O f  

If the iodohydrins can be prepared, high oxirane yields can be achieved3 . With 
the modification of the iodohydrin method shown in equation (38),  a general 

oxkanes3 2 5 7 3  2 4 .  

V l L Y - p  
o,p40 o,p/o 

EtO' 'OEt 0 4  'OEt 

Y -  OH 

(38) 

-0-= OH OP0,Et2 

procedure has been elaborated for the stereocontrolled synthesis of acyclic 
oxiranes3 2 .  

In an aprotic solvent, the bicycle[ 2.2.1 I heptane iodolactone can be converted 
to an oxirane derivative3 (equation 39). 
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A widely used method is to  Prepare sulphonate esters from 1,2-diols by a generally 

regioselective reaction, and to  transform these to oxiranes under basic conditions. 
 his ring-closure method too is stereoselective' ,3  4-3 (e.g. equations 40 
and 41). 

t + 
(Ref.  129) (40) 

(Ref.  336) (41 1 

An exception to  the antielimination rule was found when the oxirane compound 
was formed from the cis-tosylate3 3 9  (equation 42). 

Cis- and trans-2 may be prepared from the corresponding diols (equation 43)334. 

H2C=C\H H2C=C\H H2C=CH 
CHONa 
I 

,CHOH - 2 %  ,CHONa -NaCI CHOTs 
H,C=CH H2C=CH H,C=CH 

\ CHONa TSCI 
I - I - CHOH 2 N a H  

/ 

H,C=CH H 

0 (43) x - 
-NaOTr 

H2C=CH H 

(2) 

Carboxylate anions3 O ,  trimethylammonium ions3 1-3 and diazonium 
ions3 ' have also featured as leaving groups for oxirane synthesis. 

In  the preparation of alkali-sensitive oxiranes, Ag2O is used for ring-closure of 
the h a l o h y d r i n ~ ~ ~ ~ - ~ ~  6 .  

In many cases the 1,3elimination procedures cannot be replaced by other 
oxidation methods, due to the sensitivity of the starting substituted 0 1 e f i n ~ ~ ' .  An 
important application of the halohydrin procedure is for the preparation of oxiranes 
with configurations opposite to  those obtained with the peroxy acid method3 T~ 3 

* 3  ' 3 3 4  8 -35  1 (equations 44-46). The method can be similarly employed for the 
stereoselective preparation of steroid p - ~ x i r a n e s ~ ~  9 3  2 .  A new stereospecific 
chlorooxirane synthesis has been developed with t-butyl hypochlorite as epoxidizing 
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(Ref. 35) (46) 

agent30 9 .  The reaction proceeds with neighbouring-group 
47). Steroid chlorooxiranes are formed by a similar reaction 

P I '  

participation (equation 
mechanism3 3 .  

The 1,3-elimination method can be similarly used for the  stereoselective prep- 
aration of acyclic oxiranes. Three such methods have been published in recent years; 
these have the common feature that the synthesis is achieved via cyclic intermedi- 
a t e ~ ~ ~ ~ * ~ ~ ~ . ~ ~ ~ .  As an example, the synthesis of R , R - 2 , 3 e p o x y b ~ t a n e ~ ~ ~  is 
shown in equation (48). Double inversion occurs, so that the diol and the oxirane 
have the same configurations. Both oxirane isomers may be prepared from the same 
dio13 (equation 49). 

Me - OCOCH3 

CH3COCOOH .foxMe 2 __z O H -  

Me- Me-z - 0 COOH Me H Hs 
H CI (48) 

(49) 

H 
9 

Me-< OH PhCHO 
P 

Me-.EOH $ Me - 
H 

Me-. 
$ 
H 

Another 1,34imination is the base-catalysed decomposition of P-hydroxyalkyl- 
(equation 50). The reaction is accompanied by the formation mercurichloridesj 

of isomeric 0x0 compounds. 

Oxirancs have been prepared by the thermolysis of 1,2-diol monoesters3 
(equation 5 1 ). 

Oxiranes may be formed by the dehydration of 1,2-diols. The presence of oxirane 
as intermediate has been demonstrated in the pinacoline-type rearrangement of 
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L o y R 2  250'C (51) - R1xo + R2CooH 
R' 

0 

tetraarylethylene glycol3 8 .  Formation of the oxirane ring has similarly been proved 
in the case of  diols with a steroid skeleton3 * 9 ,  and on the dehydration of diamantyl 
glycol in the presence of acids3 6 o  . 

A one-step synthesis of oxiranes has been achieved in the reaction of diaryl- 
dialkoxysulphuranes with 1 ,2-diols3 ' (equation 52). 

O...H...-OR O H  

(52) - P h  
p:+MTe + ph\S/0C(CF3)~Ph 

O H  Ph' '0C(CF3),Ph 

Oxiranes may also be prepared with TDAP from meso-l,2-diols in the presence 
of CC1436**363 (equation 53). 

(53) 

A general method has been developed for the preparation of polycyclic aromatic 
oxiranes; the final reaction step is the conversion of the corresponding diol t o  the 
oxirane by heating with DMF-dimethyla~etal~ 64-3 

Ar-CH-CH-Ar TDAP - I I  cc14 OH OH 

(equation 54). 

Me2NCH(OMe)2 . 

1 LAH 

OH 

(54) 

C. From Carbonyl Compounds 

Various nucleophiles react with carbonyl compounds to  produce new C-C 
bonds, and oxiranes are formed. Depending on the nucleophlic reagent, numerous 
modifications of the procedure outlined in equation (55) have been developed. A 
number of monographs treat the individual methods from different 
aspects' T~ i1 '. Here we shall confine ourselves to a brief survey relating t o  the 
procedures, stressing the results of the past few years. 
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The most useful method for the preparation of oxiranes containing substituents 
of an  electroriegative nature is the Darzens reaction, which proceeds by the above 
scheme. Besides carbonyl compounds, the following may serve as starting material: 
a-halocarbonyl compounds3 7 9 3  8 ,  a-halocarboxylic acid derivatives3 69-3 7 7 ,  

a-ha loni t r i le~~ 8-3 2 ,  a-halosulph~xides~ i 3  4 ,  a -ha los~ lphones~  g 3  and 
a-ha lo~ulphides~  7 .  

The reaction has been studied in detail t o  establish the effects of various solvents 
and bases' 3 .  The phase-transfer catalysis technique has recently been intro- 

Detailed information on studies of the mechanism of the Darzens reaction is 
to  be found in the literatureI3; it is concluded that372 the formation of the 
oxiranes can be interpreted as the result of three reaction steps: proton exchange, 
aldolization and ring-closure (equation 56). 

duced38 1 , 3 8 2 , 3 8 6 .  

ll* R1-i-Rz (56) 

In spite of complex investigations' > 3  8, a uniform picture has not  yet emerged 
as to  the steric course of the reaction. The stereochemistry of the process is 
influenced by the substituents, the base employed and the solvent. 

The Darzens reaction was further developed by White3 (equation 57). 

X = C N , C I  

E = CN, CI, COOEt  

Nu = stabi l ized carbanion 

In a manner analogous to  the Darzens reaction, 2-methoxyoxiranes and 2-cyano- 
oxiranes can be prepared from carbonyl compounds with methoxide ion3 8 9  or 
cyanide ion3 i3 (equation 58). 

(3-Epoxyketones may be prcparcd in good yield (50--80%) by the dinierization 
of a-brornoketones in thc  presence of Ni(C0)G in DMF3 

Diazoalkanes with carbonyl compounds give two main products: an oxirane 
and a carbonyl compound isomeric with this391 (equation 59). The first step is 
nucleophilic attack of the diazoalkane. The main conclusions in connection with 
the reaction are as follows13. Of the t w o  parallel reactions, oxirane formation is 
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R ’  0 
R’ R 1  0- ‘c/-\CH R3 

R d  R4 A3 

\C=O + R3CHN2 - \CLCHN; T< (59) 

R’COCH R 2 R 3  

generally of subordinate importance, bu t  may predominate with acyclic carbonyl 
compounds having electron-attracting substituents in the a-position. Equatorial 
attack of the diazoalkane is favoured in the case of cyclic ketones. In spite of recent 
new applications3 2-39 5 ,  the procedure is of minor importance for the  preparation 
of oxiranes. 

A very good method for the preparation of oxiranes from carbonyl compounds 
is the Corey synthesis’ with subhonium ( 3 )  and oxosulphonium (4) ylides. 1’ 

Recent investigations 
reagents, such as 5-9 

have led to  the proposal of many active methylene transfer 

+ -  + -  
Me2S-CH, Me2 S - CH2 

II 
0 

(3) (4)  

N R: N Ts 
+I - It - + -  

I I  
R’--S-CHR3 R1-S-CR2R3 Me2S-CH- A r  

II 
0 

I1 ( A d  (Ar )  

(7) 401 
(6) 3 9 9 , 4 0 0  (5) 396-398 

+ -  
Ph2S-C-CH2 \ /  Ph26-CHR 

CH2 

( 8 )  402 (9) 403 

Yields of more than SO% may be attained. The reagents can in general be easily 
prepared and stored. Because of all these advantages, different variants of the  
procedure have become widely used’ >4 ,4044 9. Introduction of the phase- 
transfer technique means further advantages of application4 * 94 ’ . Asymmetric 
syntheses too may be carried out with optically-active reagents4 2-4 ’ 4 .  The 
currently accepted mechanism of the process is shown in equation (60). 

0 
/ \  

0- R 4  

(60) 
I \ I  

+ c- - Y  /‘-i\ R 4  

0 Y ’- 
I I  

R’-C-C-R3 
I 

C 
R/; \R2 R/3 \R4  i 2 C t ;  R’ A2 R 3  

Many authors hwe dealt with the stereochemistry of the  reaction’ * 3  1 3 9  3 

3 9 9  g 4 0  7 4  5-4 7. The reaction is in general stereospecific; the reagent used has a 
substantial effect on  the  stereochemical course. Less bulky reagents (e.g. 3)  attack 
the C=O group from the more sterically hindered side, and the bulkier reagents 
(e.g. 4, but also the decisive majority of reagents generally) from the less sterically 
hindered side’ 3 .  

Oxiranes can also be prepared from carbonyl compounds with reagents of type 
RSCXzLi4 ’ 3 4  ’ 8-4 (equation 6 1 ). As in  the Corey reaction, the process 
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+ R2-S-CHR, 
I 
Li 

R’  0- R’ OH 

R2/  ;ir*$ I 
\ I  \ OH- 

C-CHR3 c- ‘k-CHR3 

S R 2  Me, 0 ”’ +SR2.Me30.B F4 

0 
e . 1 ,  

C-CHR3 + MeSR2 + M e 2 0  
I 

A2 

takes place via a betaine intermediate. Yields vary between 50 and 90%420 
(equation 62). 

A method similar in principle was developed recently4 2-4 ’ . The new reagent 
is the alkylseleno or  arylseleno carbanion, comparatively simply prepared from 
carbonyl compounds (equation 63) .  

Me 

Carbonyl compounds with a geminal bromolithium reagent prepared in situ also 

Oxiranes are found by the reaction of two moles of an aromatic aldehyde with 

A new catalytic procedure has been developed for the preparation of a-keto- 
oxiranes (yield ca. go%), by the reaction of ketones or keto alcohols with copper(I1) 
methoxides of the  type CuX(0Me)L (where x = Cl-, Br- or Clo,, and L = pyridine, 
bipyridyl, e t ~ . ) ~  

give oxiranes4* 8-4 (equation 64). The yield is 60-70%. 

T D A P I  3 , 4 3  1 , 4 3 2  

v 4  34  (equation 6 5 ) .  
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a3 

1 - L i 8 r  

R 

2 R C O C H ~  + 2 CU"(OCH~)XL -2 CH30H * M e b R  
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(55)  

111. REACTIONS OF OXIRANES 

A. Deoxygenation 

Deoxygenation may be induced with both electrophilic and nucleophilic re- 
agents. The former attack a t  the oxygen atom of the oxirane, and the latter at  t he  
carbon atom linked t o  the oxygen. The question of which of the two carbon atoms 
of the oxirane ring is attacked by the reagent is decided by the substituents on 
them and by the nucleophilic reagent. In certain cases the deoxygenation is stereo- 
specific, so that, depending on the reagents and reaction conditions employed, 
retention o r  inversion may occur. On the basis of the results of the past few years' 6 ,  
this type of reaction has become suitable for the stereospecific preparation of olefins. 

1. Deoxygenation with electrophilic reagents 

The metals of the first transition series fall into the following sequence as regards 
their activities in deoxygenation reactions43 : V > Cr > Co > Ti > Ni. The metal 
atom attacks at  the oxygen, and isomeric radicals are formed as intermediates4 6 .  
The metal pair Zn-Cu is also used as a reagent4371438. This deoxygenation is n o t  
stereoselective, as the rate of rotation about the C-C bond in the intermediate 
radical is almost the same as the rate of formation of the C=C bond. 

With Ti(I1) as reagent, prepared from TiC13 with LiA1114, the mechanism of the  
deoxygenation may be outlined as in equation (66)439. 

MgBrz f Mg/Hg may also be used as deoxygenating agents440. In deoxygenations 
with tungsten reagents obtained from WCI6 with various lithium compounds. stereo- 
selectivity accompanied by retention has been observed in all cases44 l .  Metal 
complexes too may be applied as electrophilic deoxygenating reagents for oxiranes 
containing electron-attracting s ~ b s t i t u e n t s ~ ~  (equation 67). 

Other electrophilic deoxygenating reagents are cobalt and iron ~ a r b o n y l s ~ ~  3 .  In 
the case of cis- and tramepoxymethyl succinates the deoxygenation is stereo- 
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(67)  

H H  

-NiO 

L, = n  mole 

ligand 

,SiMe3 
LnNio 

stow F=c\H 
H ?="\ SiMe3 H 

c-- 

selective, leading to  inversion in both cases. In the presence of iron pentacarbonyl 
tetramethylcarbamide (TMC), oxirane undergoes deoxygenation in accordance with 
the mechanism shown in equation 68444.  It can be seen from this scheme that both 
the central atom and one of the ligands may act as the electrophilic centre of the 
reagent. 

TMC TMC 1 TMC 

t 
TMC n 

Yo 
H2C=CH2 + C02 + (TMC)2Fe(C0)3 - TMC(C0)3Fe 

0 

Chemically produced carbon atoms may also be utilized for deoxygen- 
a t i ~ n ~ ~  5-44 (equation 69). A high degree of stereoselectivity with retention of the 
configuration has been observed on the deoxygenation of cis- and trans-2,3- 
dimethyloxiranes with carbon atoms44 7' 
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2. Deox ygenation with nucleophilic reagents 

One of the most important representatives of this type is the deoxygenation of 
oxiranes with compounds R3P=Y448 (where Y may be S 4 4 9 ,  Se4 or Te45 ). In 
such reactions, first heteroatom exchange occurs, and then the olefins are formed 
by elimination of the heteroatom of the resulting episulphide, episelenide or 
e p i t e l l ~ r i d e ~ ~  (equation 70). These deoxygenation methods are stereospecific, 
with retention of configuration. With sodium 0,O-diethyl phosphorotelluroate as 
reagent, the reaction is explained as in equation (71)4 l .  Deoxygenation via 
heteroatom exchange can also be achieved with KSeCN45 * (equation 72). 

DD- 

(70) 
\ /  

* \ I  c-c \ /  --RsPO * A -  /c = c\ A +R3P=v I I  

3 e C N  

Ph2 PLi too is suitable for deoxygenation4 *4 (equation 73). Since the nature 
of the method is stereospecific, it is suitable for the isomerization of olefins via 
oxiranes. 

0 ph\wR: __ Me1 [ ph\w2 ] 
c-c + R’  

I I  PPh2 PPh2Me 
H R’ I -  

(73) 
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a$-Epoxysilanes can be subjected to  stereospecific deoxygenation by various 
methods4 l 4  6 .  This procedure is also suitable for the isomerization of olefins, 
and for the preparation of heteroatom-substituted olefins with epoxysilanes4 6. 

Inversion occurs if the silyl alcohol formed in the first step is reacted with acid, 
whereas reaction with base results in retention (equation 74). 

SiMe3 H 
H 

k k  SiMe3R 

X 
d ‘H 

Deoxygenation with tr imethyl~ilylpotassium~ is stereospecific and is ac- 
companied by inversion (equation 75). 

I f  oxiranes are reacted with organolithium compounds, in addition to deoxy- 
genation substituted olefins are formed4 5 8 .  

m aY 
serve as nucleophilic deoxygenating reagents. In the latter case the process is ac- 
companied by retention of configuration. 

The complexes K2Fe(C0)4,  KHFe(C0)4459 and C5HsFe(C0)2Na460~46 

3. Other deoxygenations 

Complex oxiranes undergo enzymatic b iode~xygenat ion~ 2 .  

A study has been made of the transformation of cyclohexene oxide on metal 
complexes of type MY ( M  = Na, Co, Ni, Cu; Y = ethylenediamine) incorporated 
into the skeleton of synthetic zeolites4 6 3 .  Cyclohexadiene and benzene are formed, 
as the deoxygenation is followed by dehydrogenation and aromatization. Deoxy- 
genation has also been observed in the catalytic hydrogenolysis of phenyl- 
oxiranes4 6 4 .  

B. Rearrangements 

Because of the  strained ring, the oxiranes are very reactive compounds, and are 
capable of many types of rearrangements, discussed in several recent reviewsS p 9 9  ’ *1 * 1  y 4  l 4  6 .  The main products of the rearrangement of oxiranes are carbonyl 
compounds and a,p-unsaturated alcohols. 

1. Base-catalysed rearrangements 

The base-catalysed rearrangements involve either a- or p-elimination. The latter is 
of great synthetic importance, since it gives ally1 alcohol derivatives with good 
stereo- and regio-selectivity (equation 76). a-Elimination is illustrated in equation 
(77). The carbenoid i n t e r m e d i a t ~ ~ ~  7 4 6  is stabilized by transannular C-€1 insertion. 
If there is n o  possibility for this, ketones may be formed. Examples are also t o  be 
found of y,s and a-eliminations’ 2 .  
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$0 H 

L I +  - 
(76) 

(77 )  

In the case of aliphatic and alicyclic oxiranes, regioselective hydrogen elimination 
occurs from the least-substituted carbon atom469 p 4  7 0  s4 ' O  a,  with stereoselective 
formation of the trans-olefin4 i4 and  in certain instances the occurrence of cis 
elimination4 7 2 .  Equation (78) shows a characteristic example of regio- and stereo- 
selective i s ~ m e r i z a t i o n ~ ~  3. 

90% 

For epoxycyclohexanes the rearrangement t o  allyl alcohols is maximum with 
LiNRz (R = primary alkyl) as reagent; with bulkier bases isomerization occurs t o  
the cyclohexanone4 14. Newer investigations4 7 5  show that at higher temperatures 
p-elimination and formation of the allyl alcohol is favoured, whereas a-elimination 
is predominant a t  lower temperatures. Hence the  latter may be suitable for the  
preparation of bicyclic alcohols. If appropriate reaction conditions are employed, 
P-elimination can be suppressed4 ' (equation 79). Transannular insertion may also 

U 

98% 2% 

be a convenient preparative tool in the case of compounds that are otherwise dif- 
ficult t o  prepare4 (equation 80). Elimination with ketone formation generally 

H 

occurs if the p -elimination is excluded and no transannular hydrogen is available4 8. 

With LiNEtz , y,s-unsaturated oxiranes are transformed to  cyclopropane deriva- 
t i v e ~ ~  7 9  (equation 8 1). Aryl-substituted oxiranes rearrange to carbonyl conipounds 
on the action of LiNEtz 8 o  (equation 82).  In the case of benzyloxirane, however, 
very rapid p -elimination takes place4 (equation 83). 

(81) 
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Ph H Ph /CH20H 
0 / \ 
/ \  - %=c + c=c (83) 

/ & , O H  H ’ \ H  H 
PhCHzHC-CH, 

92% &% 

Under basic conditions compounds containing a trans-hydroxy group in the  
position a t o  the oxirane ring tend to  be converted to the isomeric a-hydroxyoxirane 
via intramolecular nucleophilic substitution9 ,48 ,4 * (equation 84). The process is 
known as oxirane migration. 

The rearrangements of a-epoxyketones have been widely studied64 >4 84-4 6. 
Compounds in which a methylene o r  methyne group is bonded t o  the carbon atom 
adjacent t o  the carbonyl group, undergo the Favorskii rearrangement (y-elimination) 
under nonpolar conditions, and ally1 rearrangement under polar conditions. A dif- 
ferent rearrangement yields diketones, which undergo benzylic acid rearrangement. 

Rearrangements of other oxirane types, on the action of various basic reagents, 
have also been studied in details2 9 4 a  7-4 9 4 .  

2. Acid-catalysed rearrangernen ts 

Oxiranes give carbonyl compounds with both Bronsted and Lewis acids. The  
initial step is the binding of the electrophilic agent, followed by splitting of the 
C-0 bond; this either leads to the formation of a classical carbonium ion, or the  
bond-splitting and migration of group R occur in a concerted manner (equation 85). 

R 

R 
I 

-c-c- 

0 0 

R’ 
The nature and rate of the reaction are influenced by the electrophile and also by 
the substituents. The stereoselective character of the  process is generally not too 
high. From stereochemical data obtained for oxiranes containing a tertiary carbon 
atom, the formation of a discrete carbonium ion intermediate has been as- 
~ u m e d ~ ~  5-5  O 0  (equation 86). To clarify the mechanism of transformation of 
oxiranes not  containing a tertiary carbon atom, the  rearrangements of deiiterated 
derivatives of n-hexyloxirane have been investigatedSo * . 
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M e k u - f  - BF,O- v;;t,f 
Me Me Me \ - 6 F 3 0  Ha 

Ha 

Hq::.t - H b J p l : - ,  3 

0 OBF, 

k H  ,IkH a = 1.91 1 I k H b  1% 
H, migration Ha migration 

(86) 

Many publications have appeared on the isomerizations of alkyl- and aryl- 
substituted oxiranes also containing various functional groupsso0 ,50 2-5 3 .  In the 
rearrangement of oxiranes containing a carbonyl group on the action of Lewis acids, 
the migration of the functional group may be observed as well5 (equation 87). In 

Me 0 

(87) 
BF3 I I I  - Ph-C-C-Me 

IMe 'c-c 
Ph 

I 
Me ' '0' 'COOEt COOEt 

a study of the Lewis acid-catalysed acyl migration reaction5 5 ,  a concerted mechan- 
ism was confirmed (equation 88). 

Me, 0 CO, Me+ ,CHO 
"C Ph + / \ *  P h  a 

C-c' 

Ph H I I  
1 1  ph' 'c' 

0 

(88) 

The isomerizations of the cyclic oxiranes have been examined in detail because 
of their great variety34 l 5 O 5  ,5 6-52 (e.g. equation 89)s 5 .  

The individual reaction directions are strongly influenced by the reagent 
employed, the experimental conditions and by electronic and stereochemical 
factorss2 3 2  (equations 90-93). 

(Ref. 528) (91) 

- M m r 2  Me3SiCH2CC3H7 (Ref. 531) (93) 
M e 3 S i T C 3 H 7  II 

0 
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The acid-catalysed isomerization of cyclopropyloxiranes has been studied in 
some detail5 3-5 7. The direction of the isomerization depends on the reactant 
and the experimental conditions (equations 94-96). 

(Ref. 535) (94) 

(Ref .  536) (95) 

Me 

N a l  L O  H 
H O A c  Me 
N a O A c  

An interesting ring-expansion 
oxiranes5 8 9 5  (equation 97). 

(Ref .  537) (96) 

reaction has been observed for cyclopentanol- 

B F j  . E l 2 0  

Me 

(97) 

Detailed studies have also been made of the isomerizations of various steroid 
oxiranes’ 7 , 5 4 0 - 5 4 s .  On the  action of BF3.Et20 the oxirane ring linked t o  the 
steroid skeleton is isomerized t o  an o ~ o l a n e ~ ~ ~ .  The ring-expansion is attributed to 
the overcrowding of the oxirane ring. In the BF,-catalysed rearrangement of 5,6- 
epoxy steroids, a long-range substituent effect has been observed544. 

Because of their biochemical interest, arene oxides have recently been subjected 
to  very detailed i n ~ e s t i g a t i o n ’ ~ ~ .  These compounds isomerize on the action of 
acids (equation 98). I t  was proposeds4 7-549 that the concerted ring-opening and 

hydrogen transfer are followed by the dienone-phenol rearrangement. More detailed 
studies strongly suggest the involvement of a carbonium cation5 

3. Thermal and photochemical rearrangements 

Thermal and photochemical rearrangements of oxiranes involve homolysis of a 
C-C bond. From a theoretical investigation of the thermal splitting of the C-C 
bond in the oxiraneS5 l ,  and on the basis of other studies5 5 2  vSs3, it has been 
concluded that a biradical structure is more probable than a carbonyl ylide. How- 
ever, some workers justify the existence of ylide intermediates5 ’ 4-5 The forma- 
tion of the latter was also assumed in the pyrolysis of a -ke to -c r - cyanoo~ i ranes~~~  
(equation 99). 
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0 

Various oxiranes have been studied in detail as regards their thermal and photo- 
chemical rearrangements in recent years44 , 8 9  739 95 3 4  i5  , 5  60-s  6 4  a .  

4. Rearrangement on the action of heterogeneous catalysts and metal complexes 

Most studies deal with the catalytic activities of various metals, metal oxides, 
phosphates and zeolites. 

The isomerizing activities of the transition metals have been examined on some 
model compounds5 6 5 - 5  7 0  (e.g. equations 100-102). The formation of carbonyl 
compounds is a characteristic transformation. 

(Ref. 568) (101) 

(Ref .  569) (102) 

Wide-ranging examinations have been carried out  in an attempt to  establish the 

On oxide catalysts (A12 03 ,  S O 2 ,  MgO, Ti02  and ZnO) oxiranes are isomerized 
(e.g. equation 103). 

mechanism of the catalytic r e a c t i o n 5 6 5 ~ 5 6 8 ~ 5 6 9 ~ 5 7 1  3 5 7 2 .  

to carbonyl compounds and unsaturated alcohols5 73-5 7 8 7 5 2  

___c (Ref. 578) (103) 

Investigations relating to  the  isomerizing effect of phosphates5 2 6  > 5  7 9 - 5  8 3  have 
extended to  the catalyst Li3P04. Using the latter, a general method has been 
elaborated for the preparation of unsaturated alcohols from oxiranes (equation 104). 

MeCH-CHCHMe - H2C=CHCHCHMe (Ref. 580) (104) 
Li3POd 

I 1  
HO Me 

\o/ I 
Me 

blodified zeolite types catalyse the isomerization of oxiranes to  carbonyl com- 

Recent studies indicate that certain metal complexes also catalyse the isomeriz- 
ation to  carbonyl compounds of oxiranes containing a xelectron system5 83-5  3 .  

The experimental data obtained so far on the isomerization of aliphatic and alicyclic 
oxiranes have proved that only pentacyanocobalt complexes are active’ 94. 

pounds also56 7 9 5  7 6  ~5 84-5 8 6 .  
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5. Other rearrangements 

Homoallyl rearrangement occurs with a- and P-pineneoxiranes in the presence of 
Etg N-NFs9 s. Phenyloxirane is isomerized to  phenylacetaldehyde on natural 
g r a p h i t e ~ ~ ~ ~ .  

Spirooxiranes containing an amine function undergo isomerization accompanied 
by ringexpansions 9 7  (equation 105). 

The isomerization presented in equation (106) may be used for the synthesis of 
oxiranes that are otherwise difficult to prepare (e.g. certain steroid oxiranes)s * > s  9 .  

C. Oxidation 

Oxidations will be emphasized that  are also of preparative importance: On the 
action of HIO4, oxiranes containing an olefin bond can be transformed in good 
yield to  dialdehydes, the double bond remaining unaffected6O0 (equation 107). 
Phase-transfer agents can also be  used for this oxidation60 l .  

r 1 

Dialdehydes may also be prepared using H 2 0 2 6 0 2 ,  but oxiranes undergo 
perhydrolysis also with H2026  0 3 a 9 b  (equation 108). In the base-catalysed addition 
of hydroperoxides to  o ~ i r a n e s ~ ~ ~  p -hydroxyperoxides are formed (equation 109). 

(Ref. 603a) (108) 
/Ph Th -+ H2C-c 

I I'Ph 
OH OOH 0 

OH- wMe + Me3COOH - Me,COOCHMe 
I 
OH 0 

On the action of DMSO, a-ketols may be produced6OS , 6 0 6  (equation 110). 

.yifPh 
0 

A- 

Oxiranes containing 
acid with HNO, 6 0  7. 

OMSO - CH2CPh - CHZCHPh 
I It -HA I I +  

OH OS(MeI2A- OH 0 

low numbers of carbon atoms may be oxidized t o  oxalic 
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D. Reduction 

cohols. The development in this area is well reflected by the r e v i e w ~ ~ * ~ v ~  
have appeared since 19672. 

The reduction of oxiranes with various reagents leads t o  the formation of al- 
that 

1. Reduction with complex metal hydrides 

Most of the publications deal with reduction with LiA1H4. Other reagents used 
are AlH3, LiAlI-14 + A1Cl3, LiBH4, NaBH4, Zn(BH4I2, and their deuterated 
analogues. 

The regioselectivity, stereoselectivity and mechanism of the reaction were studied 
by Villa and coworkersSo ’ v 6  that  reduction with a com- 
plex metal hydride may proceed either by an intramolecular or  an intermolecular 
mechanism, and that the reduc-tion may also be accompanied by rearrangement 
(equations 1 I 1 - 11 3). Whether or not  the different individual mechanisms occur is 

who conclude6 * 

A i  
I ‘D 
D 

AID, 

determined by the steiic and electric properties of the oxiranes and by the ex- 
perimental conditions. Other investigations too3 *6 > 6  support the following 
findings. On the reduction of oxiranes with LiA1H4, the 1-I- ion attacks predomi- 
nantly on the side opposite to  the 0; that is, the reduction is accompanied by 
Walden inversion on the carbon atom which took part in the cleavage. In contrast, 
the carbon atom not  participating in the cleavage retains its original configuration. 
The extent of the inversion depends on the nature of the transition state. If the 
lifetime of the carbonium ion formed is relatively long, the product is obtained 
with retention of configuration. 

In the course of the LiAIH4 reduction of oxiranes the 1-1- ion generally attacks 
at  the least-hindered carbon atom; that is, that carbon atom takes part in the 
cleavage which has the lowest number of substituents. 

Equations (1 14)-( 1 1  7) illustrate some of the regio- and stereeselective re- 
ductions of open-chain and alicyclic oxiranes3 ,4 9’ v 2  ’ & 4-6 6 .  

I 1  
Me-- -~-~HH - MezCCHzBu-t  

\ /  I 
0 OH 

Me Bu-t 
L I A I H ~  

(Ref .  614) (114) 
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(Ref. 45) ( 1  15) 

M e  
M e  

LiAIH4 - (Ref. 615 )  (116 )  

(Ref. 616 )  (117 )  

Studies have also been made of the reductions of oxiranes containing other 

Oxiranes react with diborane more slowly than with the metal hydrides discussed 
so far. The oxirane ring is generally opened in the opposite manner to that suggested 
by the Markownikoff rule6 5-62 (e.g. equations 1 18 and 1 19). Depending on the 

functional groups 8 7 $1  1 5 9 1  1 6 94 7 0  a96 1 7-6 2 4 .  

BZH6 
PhCH-CH2 - PhCH2CH2 

I 
‘0’ OH 

(Ref. 625,  6 2 6 )  (118 )  

(Ref .  627 )  ( 1  19 )  

reactant and the experimental conditions, however, the ring-opening may also 
proceed in accordance with the Markownikoff rule6 

The diborane reduction of a, p -unsaturated oxiranes displays the regioselectivity 
depicted in equation ( 1 20)6 9. 

* 6 2  

2. Catalytic h ydrogenolysis 

Catalytic hydrogenolysis of oxiranes yields alcohols, and many studies deal with 
the preparation of primary alcohols from olefins, via oxirane intermediates6 o-6 6 ,  
and the stereochemistry222~568~569~63 7 9 6 3 8  and m e ~ h a n i s m ~ ~ ~ * 5 6 9 * 6 3 6  of the  
hydrogenolysis (equation 12 1). Among good catalysts are various supported and 

catalyst 
H,C-CHR + H2 - CH,CH,R 

I \ /  
0 OH 

support-free metal catalysts222 9630-6 3 2 ,  metal phosphorus-containing 
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metal catalysts6 and metal-containing zeolites6 s f  The configuration of the 
alcohol formed is strongly influenced by the catalyst, the reactant and the experi- 
mental conditions6 > 6  9. 

The review by Akhrem and coworkers5 deals with ring-openings accompanied by 
retention of configuration. With 1,2-dimethylcyclohexene oxide63 hydrogenolysk 
on Raney nickel and Pd(OH), results in retention, while on PtO, i t  results in 
inversion (equation 122). 

Pd(OH)Z  or 

M e  Raney N i  \\,\\\ M 

.\\\ M (122) 

* O O H  

H 2  

Extensive stereo- and regioselectivities have also been observed in the hydro- 
genolysis of bicyclic monoterpene oxiranes on a Raney nickel catalyst6 
(e.g. equation 123). 

Me Me 

Go RanccNi 0”” Me ( 1  23) 
Me - Me 

Me 

Nickel opens the ring on the more sterically hindered, and palladium on the less 
sterically hindered side5 6 8  9 5 6 9  9 6 4 0 .  The selectivities of Raney nickel and Raney 
copper are likewise not identical6 6 .  

3. Other reductions 

Much work has dealt with the application of alkali metals, and mainly lithium, 
t o  the reduction of oxiranes to alcohols3 * 1  *6  T ~ ~  1-64 Liquid ammonia and 
ethylenediamine are generally used as solvents. These processes (equations 124- 127) 
are usually regio- and stereo-selective. 

PhCH,CH,OH (Ref. 641) 1124) dPh 0 Na”H3- 

Li lethylene-  
diarnine 

(Ref. 646) (125) 

L i let  h y  lene- A0 diamine 4 
(Ref . 647) (126) 

OH 

Li /othylene-  MN 
(Ref. 39) (127) diamine 

M e  
Me Me Me 
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The reagents open the oxirane ring on the more sterically hindered side, with 
retention of configuration. The alkali metal procedures are simple and clean 
methods for the reduction of sterically hindered oxiranes. A general synthesis has 
been elaborated for the preparation of 2-ethynylcycloalkanols with this 
procedure644. 

The regioselectivity is the opposite if the reduction is performed in alcoholic 
medium, when isopropanol is formed from r n e t h y l o ~ i r a n e ~ ~  3 .  (The oxirane ring 
is similarly cleaved on the less sterically-hindered side in the reduction of steroid 
oxiranes with Cr2+ 64  .) 

Lithium triethyl borohydride has proved an excellent reagent for the reduction 
of sterically hindered oxiranes prone t o  rearrangement649 9 6 5  O .  The reaction 
results in ‘Markownikoff alcohols’ (equation 128). 

,Me 
/ LiEt3EH 

H2C-C - Me2CPr 
I b’ ‘Pr OH 

Aliphatic and aromatic oxiranes are reduced with opposite regioselectivities by 
(equations 129 and 130). 

(129) 

(10) 10 
Me(CH2),CH-CH2 - Me(CH2)7CHMe ( 1  30) 

I 
‘0’ OH 

The regioselectivities are opposite in the reductions of a$-unsaturated oxiranes 

Oxiranes may also be reduced to alcohols with alkoxyaluminium hydrides6 y 6  * 
with i-Buz AlH and with Ca/NH3 6 4  2 .  

and with aluminium trialkyls6 3 .  

E. Polymerization 

Since the monograph by Furukawa and Saegusa6 4 ,  the state of development 
of the various polymerization methods has been well surveyed by a number of 
reviews up to 197665 5-6 6 2 .  Hence we shall mention only a few recent characteristic 
researches6 3-6 6 8  . 

H2C-CH2 + X’Y- + H2C-cH2 \+/ 

9 Y- 
\ /  
0 

X 
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Lewis acid-catalysed cationic polymerization is outlined in equation (1 3 l ) ,  and 
the anionic polymerization induced by  basic catalysts in equation (1 32). 

I I  '-I zCr,C Hz 
+OH- 0 

H2C-CH2 - HOCH2CH20- - H 0 (C H 2 C H2 0)" C H 2 C H 2 0- 
\ /  
0 

(132) I+ HzCGcHZ 

HO(CH,CH,O), + 1  CH2CH20- 

Numerous variants exist within the two main groups, and the literature already 
referred to also deals with radical polymerizations. 

F. Formation of Heterocyclic Compounds 

Attention is drawn to three reviews connected with this topic8>' 7 9 1  9 .  

1. Ring-transformation of three-membered heterocyclic compounds into other 
three-mem bered heterocyclic compounds 

Most experimental data deal with the transformation of oxiranes t o  thiiranes. 
Equation (1 33) presents an example of the stereospecific reaction669. 

oseuaorotation (133) l l  
1 

P4 
R 3 * b  P4 $' R3p# 

c- + H* s@o $R 

SH 

H S  2 - 4  3,q p, , R+ ,O R+,O 

Ph3P=0 + /"\ C- -HI  R4 d l y  c- 

R4 R Z R  Ph :QP\ A Ph ph\\*\pb\ph p h."' i\ ph 

Ph Ph Ph 

Heteroatom exchange occurs with CS2 7 0 ,  with 3-methylbenzenethiazole- 
2-thione in the presence of trifluoroacetic acid6 , and with 1-phenyl-5-mercapto- 
tetrazole6 2 .  The yields are high. Oxiranes also react with phosphine selenides in 
the presence of trifluoroacetic acid6 (equation 134). The reaction is again stereo- 
specific. 

0 + (n-Bu)3P=Se - Se + ( ~ - B u ) ~ P = O  

A single-step aziridine synthesis has also been developed6 74 ; the transformation 
of oxirane to aziridine occurs by nucleophilic attack of the amidophosphate ester 
anion on the less-substituted carbon atom, with ring-closure by phosphate elimin- 
ation (equation 135). 
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Ar 

2. Ring-expansion to one-heteroatom heterocycles 

In the presence of a copper salt, vinyloxirane reacts with diazomethane t o  give 
3-vinyloxetane6 7 5 .  Oxocarboxylic acid derivatives6 and dicarboxylic acid 
derivatives67 7-6 8 o  yield y-lactones with oxiranes (equations 136 and 137). 

0 Rb MeCCH2COOEt  I I  

0 NaOEl 

NaCH(COOEt )2  

aqueous KOH &: 
On the action of BF3,  certain steroid oxiranes undergo isomerization with 

By acid catalysis, cyclopropyloxiranes can be isomerized to  dihydropyrans 
ring-expansion to yield o x ~ l a n e s ~ ~ ~ .  

(see equation 94). 

3. Transformation to two-heteroatom heterocycles 

Carbonyl compounds react with oxiranes via acid- or base-catalysed ring-opening 
to give 1,3-dioxolanes in very good yield68 9 .  For example, (E)- and (2)-2,3- 
octene oxides are converted with total stereoselectivity to  the corresponding 
erythro- and threo-acetonide on the action of anhydrous CuSO4, the (2)-oxide 
reacting three times more quickly6 3 .  The (E)-  and (2)-2-methyl-3-phenyloxiranes 
give the same erythro- (66%) and threo-acetonide (34%) mixture (equation 138). 
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In the presence of various catalysts (bases, transition-metal complexes), oxiranes 
react with COz to form 1,3-dioxolanone~~ * ,68 ,6 (equation 139). 

R 

R t 7 + c o 2 -  0 0 x2 1 39) 

Equations (1 40)-( 147) illustrate the preparation from oxiranes of compounds 
with o x a ~ o l i n e ~ ~ ~ - ~ ~  5 ,  ~ x a t h i o l a n e ~ ~  6 ,  o x a p h o ~ p h o l a n e ~ ~  and oxathia- 
p h o ~ p h o l a n e ~ ~  skeletons. 

The transformations presented in equations ( 1  40) and (1 43) are stereospecific. 
Oxiranes can also be converted in good yield t o  trithiocarbonates with NaS2 COEt 
(sodium 0-ethyl  anth hate)^ 9 ,  and to  oxazolidines with carbodiimide70 
(equations 148 and 149). 

Compounds with 1 ,3-oxazine70 and 1 ,4-oxazine70 9 7 0  skeletons can be 
prepared from oxiranes with various reactants. An example is presented in 
equation (150). A trioxan ring is formed in equation ( 1  51)704. 

R3 

C 
I 

7 
R3 

(Ref. 690) (140) 

4- PhCN - E t 2 0  (Ref .  692) (141) 
S K I J  

R 

Ph 

.. 

111 
C-R (Ref .  693) (142) 

H R  H R  

Liar-EugPO 
&Ph + BuN=C=O (Ref. 694) (143) 
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K-cyanafe  

DMF 
* RCHCH, 

I I  
-0 N 

I1 
C 
II 
0 

L 

RCHCH, 

HO N 

C 

0 

I I  

II 
I1 

Rh 
OKN- 0 

- Rh 
O Y N H  

Rk “h 

0 

oYNcH2yH-oH 
- 

0 

0 -I- R3P=CH2 - C P R 3  

(Ref .  695) (144) 

k 

(Ref. 696) (145) 

146) (Ref .  697) 

(Ref. 698) 147) 

Lo 
I -- NCCHCHCHOH - (Ref. 701) 

E t O N a  
R’  

(1  50) 

R 3 C H C N  hydrolysis 

I l l  
R 3  R’ R 2  

R ’  R 2  

4. Transformation of oxiranes containing a functional group, by ring-expansion 

The ring-expansion of oxiranes to  four-mem bered heterocyclic compounds can 
be seen in equations ( 1  52) and ( 1  53). 
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7 5 %  aqueous 

(Refs. 705,706) (152) 
o(:qMe Me2s0 bare W Z H M e  I 

OH 

HO 
R N H 2 .  DMSO HCI 

* CICH2CHCH2NHR bN (Ref. 707) (153) 
I 
OH \R 

Equations (1 54)-( 168) show the ring-transformations of oxiranes to five- 
membered heterocyclic compounds. Phenolate neighbouring-group participation 
has been found in the opening of the oxirane ring709 (equation 155). By means of 
1,3-dipolar c y ~ l o a d d i t i o n ~ '  O ,  dihydrofuran derivatives are formed (equation 156). 

Ph - Ho -H2C\C/oH - d (Ref.708) (154) 
H2C,3 dilute H p S O 4  

P h  /"\ C E C H  m s 0 4  Ph' \ C E C H  

'CH, - a y H - 7 H 2  (Ref.709) (155) 

OH 

(Ref. 710) (156) 
c=cc I 4 O  

/C,O'C\ ' I \OMe 

NC I I 2 R 1  
NC R 

0 
/ \  ( R e f .  711) (157) 02NCH2HC-CHMe f CH2(CN)2 -.-+ 

Me 
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acetone 

H2S04 - 
0 

( M ~ O ) ~ P C H ~ C O O M ~  II 

\*\\\LO 
(Ref. 713) (160) 

1111111111111 

RNHZ M e C E C  

C- CMe ___) (Ref. 714) (161) 
C E C M e  

I 

I 
Me 

O H  
I ether 

~H2Hc\L/cH2 + RSeMgBr - RSeCH2CHCH2 
_I  0 I 

CI LI 

(Ref. 717) (164) 1 KOH 

Me Me 4 

RSeCH2HC-CH2 
\ /  
0 

Me 

(Ref. 718) (165) 
H2 C-CHCH2 OPh SnC14 

\ /  + PhCH=NPh - 
0 

I 

CH20Ph 
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Ph M e  

* __c 
/ M e  Ph 

__L \c-c M ~ O ~ ~ M ~  H C I O ~ .  M ~ C N  Ph \ /Me /c-c 
M e 0  + I‘Me M e O / l  I \ M e  0 

N OH OH +- 
N G C M e  - 

or acetone 

P h 3 & H ( C H 2 ) , , d 0  

The syntheses presented 

\ 
+L 

M e  

Ph M e  

Meo*Me 
(Ref. 719) (166) 

R’  so- - (Ref. 720) (167) 

/NL_R3 Y 

P Ph P ) f ( R e f .  721) (168) 
reflux \o 

above generally display very good yields. Additional 
studies yielded other five-mem bered72 2-7 and six-mem bered heterocyclic 
compounds73 1-733. 

G. Reaction with Organometallic Compounds. 

In the past ten years, numerous publications have dealt with the reactions of 
oxiranes with organometallic compounds. The Grignard compounds, dialkyl- 
magnesiums, trialkylaluminiums and lithium dialkylcuprates are the most important 
organometallic reagents. 

1. Reaction with Grignard compounds 

Organomagnesium compounds were the earliest used organometallic compounds 
for  the  transformation of oxiranes t o  alcohols’ 9 7 3 4 - 7 3 6 .  In the case of substituted 
oxiranes, the reaction generally gives an alcohol mixture (equation 169). 

Route (a) shows the normal addition, route (b) occurs o n  the action of the 
magnesium halide ( 2  RMgX + MgX2 + MgR2), and route (c) is due t o  metal halide- 
catalysed isomerization of the oxiranes t o  carbonyl compounds. The latter two 
reactions d o  n o t  take place in the case of MgR2. Via route (a), cyclopentene oxides 
yield 2-substituted cyclopentanols. Higher cycloalkene oxides give ring-contraction 
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R’R‘C-CR3R4 + R1R2C-CR3R4 
I I  
O H  R 

I I  
R O H  

R1R2C-CR3R4 + R’R2C-CR3R4 (169) 
I I  
O H  X 

2. H20 I 1  
X OH 

1. RMgX 

R’  R3 
I I  

R2-C-C-R4 
\ /  
0 

and rearrange to  aldehydes, which in turn react with the  reagent in the usual 
m a n ~ e r ~ ~  (equation 170). 

(170) 

2. Reaction with magnesium alkyls and aluminium alkyls 

Both types of organometallic compound react with oxiranes t o  give 
alcohols734 5 7 3 8 - 7 4 2 .  Comprehensive work has been carried out on the comparison 
of the reactivities of the two types of compound and the mechanism of the 
reactions743. With a given oxirane, the two organometallic compounds give 
alcohols with different structures (equation 171). The stereostructure of the 

D1 
I ,  

(171) 
\ R’ H C r f H 2  - R’CHCH,R~ 

AIR: 0 M ~ R $  I 
OH R ‘HZ - 

alcohol formed is also determined by the type of organometallic reagent: in the 
case of dialkylmagnesium, inversion always occurs at  the reacting carbon atom. In 
both cases a two-step process is assumed (equations 172 and 173). 

A I R 3  

Ij slow 

\ /  -c-c- 
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S 

R’  - M9 - R’ 

s 
S = solvent molecule 

3. Reaction with lithium dialkylcuprates 

with asymmetrically substituted ~ x i r a n e s ~ ~ ~ - ~ ~  
Organolithium compounds generally react a t  the less-substituted carbon atom 

(equation 174). Similarly, cyclo- 

CICHz-CH- CH, CICH2CHCHZPh (1 74) 
PhLi  

I \ /  0 OH 

hexene oxide or  2,3-dimethyloxirane react with neopentylallyllithium to  give the 
regular addition products74 (e.g. equation 175). 

Do - (Me)3CCH2CH= CHCH,Li + 

(175) 

Lithium organocuprates are much more effective in their reactions with oxiranes 
than methyllithium or  phenyllithium, and good regioselectivity ‘has been 
o b ~ e r v e d ~ ~ ~ - ~  The reaction requires much milder conditions than in the case 
of other organometallic compounds (equation 176). Lithium dimethylcuprate does 

Li+ 

inversion retention 0 0 
-c-c- + LiCuR, 7 C P C ~ e C u  R , 
I \  

not react with tetrasubstituted oxiranes7 . Oxiranes containing unprotected 
carbonyl groups react only via their oxirane function. Accordingly, the reaction 
may be utilized for the a-alkylation of a$-epoxyketones (a,P-unsaturated 
ketones)’ * , 7 5  (equation 177). In general a large excess of the reagent must be 
taken, and only one of the alkyl groups is incorporated. If the stoichiometric 
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quantity of R(CN)CuLi is used, the desired alcohol may be obtained in high 
yield (>90%)754. 

M. Bart6k and K. L. Ling 

4. Reaction with other organometallic compounds 

Dialkylcadmium and dialkylzinc 
MgBr, , however, dialkylcadmium 
c a r b i n 0 1 ~ ~  (equation 178). 

do  not react with oxiranes. In the presence of 
transforms phenyloxirane to  a benzyl alkyl 

OH 

Trimethylchlorosilane reacts with oxiranes to give 1,2chlorohydrin trimethyl- 
silyl ethers756 (equation 179). In the presence of magnesium, bistrimethyl- 
silyloxy derivatives are formed75 7 .  Trimethylisothiocyanatosilane75 * and tri- 
methylsilyl cyanide75 g react in a similar manner. 

CICH2CHR 
I 
OSiMe3 

0 

H2C-CHR 
+ Me3SiCI - (179) 

M e3 S iOC H C H R 
I 
CI 

Oxiranes give olefins in stereospecific transformations with lithiumtrialkyl- 
silane and s t anna te453~760-762 .  

Certain organoaluminium compounds react with oxiranes to yield Phydroxy 
acetylenes or  P-hydroxy 0 1 e f i n s ~ ~  3-7 (e.g. equations 180 and 18 1). 

0 + Et2AICECC6HI3 - (1801 

0 
\ + Et2AICH=CHEt - MeCHCH2CH=CHEt (181) 

I MeHC-CH2 

OH 

The mircene-magnesium complex769, metal salts of imines770*771 > POlY- 
c h l ~ r o a r y l l i t h i u m ~ ~ ~ ,  2-lithium-I , 3 - d i t h i a n e ~ ~ ~ ~  g 7  74  and the lithium salts of 
2-substitu ted 4,4-dimethyl-2-oxazolines7 similarly give alcohols on reaction 
with oxiranes. With organoselenium compounds the oxiranes are converted to 
ally1 alcohols49 . The oxirane ring is likewise opened by 3-cyclohexenyl- 
potassium776. 

5. Reaction of oxiranes with unsaturated substituents 

With organometallic compounds, and particularly lithium alkylcuprates, vinyl- 
oxiranes mainly participate in a 1,4-addition, which displays extensive stereoselec- 
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(equation 182). The reactions of lithium alkenylcuprates and tivity4 9 4,77 7-7 7 9  

vinyloxiranes lead to  2,s-dienol systems780. 

M e  
-OH 

Mo2CuI-i 

(Ref. 777) (182) 

yMe + T O H  

OH M e  

.;--< 
Comparative investigations have been carried out  on the transformations of 1,3- 

and 1,4-~yclohexadiene monoxides and vinyloxirane with certain types of organo- 
metallic compounds78 9 7 8 2  (e.g. equations 183-186). Cyclopentadiene monoxide 
gives different products with diethylhexynylaluminium in ether and in toluene78 

$\\\\ 6 Me 

MepCuLi - 

35% 

PH 
MeMgCl 

70% 

\\\* 6 Me M e L i  
___c 

37% 

42% 23% 

Me GH 
19% 

QoH 
63% 

(185) 
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(equation 187). Cyclooctatetraene monoxide reacts with an alkynyl Grignard 
compound to  give a cycloheptatriene derivative via r i n g - ~ o n t r a c t i o n ~ ~  4 .  

etner 

(187) 
toluene 

D : L C B u  - 
6. Reaction of oxiranes containing functional groups 

With LiCuR2 at  low temperature, a-acetoxyoxiranes give u-alkylketones in 
moderate yield78 s, while u,P-epoxysilanes give a p h y d r o x y ~ i l a n e ~ ~ ~  9 7 8  u-Chloro- 
epoxycarboxylic acid esters give rise t o  a chlorocarbonyloxirane with Grignard 
reagents7 -/ (equation 188). u,P-Epoxyketones or open-chain aldehydes can be 

R3MgBr - RI-CH-C 
F’ 

RI-CH-C 

\ /\COOR2 -7 8°C \o/ \C - R3 
II 0 
0 

30-70% 

prepared with Grignard compounds and dialkylmagnesium from cyanooxiranes, 
depending on their structures7 8 8 .  The transformations of cyanooxiranes have been 
studied with lithium d i a l k y l c u p r a t e ~ ~ ~  9 ,  a l k y l l i t h i ~ m ~ ~ ~  and t r ia lkylal~minium~ . 
At low temperatures, u-heterosubstituted oxiranes react with organolithium 
compounds, and the I ,2-epoxyalkyllithium compounds obtained serve as an im- 
portant nucleophilic oxirane source in organic syntheses792. With LiCuR2, with a 
Grignard compound in the presence of a Cu+ salt, or with t r i a l k ~ l b o r a n e ~ ~ ~ ,  
alkynyloxiranes can be converted t o  allene alcohols in good yield794 9 7 9 s  (equation 
189). Studies have also been made of the reactions of chloroxiranes with organo- 
magnesium7’ and organolithium compounds7 7-7 ’ ’ . 

lo\ /R3 LiCuRz R 5  /R3 
R’C G C  - C  -C v ‘c =c = c - c 

I ‘R4 -30°C R’’ I I \ R ~  
R 2  R 2  OH 

H. Photochemistry 

Photochemical transformations of oxiranes are treated in a number of reviews 
and monographs’ 6 , 1  79800-803. 

The photochemical transformations include rearrangements, the formation of 
carbenes, and other reactions, all involving homolysis of a C-C or C-0 bond of the 
oxirane ring. 

Rearrangements are generally accompanied by isomerbation (equation 190); this 
frequently plays only a subordinate role, but it nevertheless occurs with noteworthy 
stereoselectivitySo4 iSo 5 .  The intermediate carbonyl ylide is formed by disrota- 
tional ring-opening” 6 - s o  9 ,  and is then converted to  the isomeric oxirane by ring- 
closure after rotation about the C-0 bond. 

+ + 
A O C  A O C  A O C  E O C  

8 D  8 D  A D  A D  
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Oxiranes containing strongly electron-attracting substituents (e.g. CN, COOEt) 
yield carbenes" Oms * 3 .  For example, on the photolysis of 11 and 12, 13 and 14, 

(11) (12) (13) (14) 

respectively, are formed. The mechanism of carbene formation was studied by 
Griffin and coworkerss ' 4 ,  who suggested that it takes place via an ionic mechanism. 
On the double photolysis of 15 at low temperature, both ylide and carbene forma- 
tion were demonstrated. On this basis, the mechanism of equation (191) was 
assumed, with the note that the photochemical reaction of 16 may be followed by 
concerted or other processes which give rise finally to  17. 

- 

+ ON 
Ph 0 CN Ph 0 C N  Ph 0 CN Ph 6 c h, .  

H C N  H CN H CN H CN 

- +y y- - y/y- - y / y  - :C(CN)z (191) 

(15) (16) (17) 

Although the intermediate may also be an ylidego6V8 5 ,  the first step in most 
photochemical reactions is the homolytic splitting of one of the C-0 bondss1 5 .  

On the low-pressure photolysis of propylene oxide, propionaldehyde and acetone 
are formed8l6 (equation 192). If t he  pressure is raised, the amount of acetone 

0 Hyc< (192) 

H 

increases, and it emerges from the quenching effect that, under these conditions, 
the propionaldehyde and acetone cannot be formed from a common intermediate. 

Among photocatalytic transformations of oxiranes containing various functional 
groups5 * > 5  7-8 7 ,  some characteristic examples are presented in equations 
( 1  93)-( 198). 

(Ref .  821) (193) 
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Spiro-a-carbonyloxiranes are converted t o  dicarbonyl compounds* * 8  

(equation 193). At room temperature benzene oxide is transformed to phenol, 
while at  low temperature oxygen migration around the aromatic ring and ketene 
formation can also be detected822 (equations 194 and 195). Equation (196) shows 

that the direction of the rearrangement also depends on the mode of excitations2 5 .  

Murray and coworkers829 proposed a general scheme for the photochemical 
transformations of B,yepoxycycloketones (equation 1 9 7). 

The photolysis of a,pepoxycarboxylic acid esters in alcoholic solution83 7 8 3 4  

gives addition of the alcohol to the oxirane ring only in the presence of Fe3+ ions 
(equation 198). The photocatalytic solvolysis of certain oxiranes8 5 ,  and their 
photoreduction on the action of alcohols836, have also been examined. With NBS 
o r  other brominating reagents, a-bromooxiranes and a-bromoketones may be 
prepared by photochemical meanss3 '. 

h I .  .+ OMe OH 

(198) 
I I  

I 

Ph 0 COOEt Fe3* Ph 0 COOEt MeOH 

__f - Ph-CH-C-COOEt 

Me 

H H X Me 
H Me 
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1. Thermally induced Reactions 

655 

Thermally-induced reactions of oxiranes yield rearrangements to carbonyl com- 
pounds and unsaturated alcohols, as well as other rearrangementsS55-557,838-84 1 .  

The kinetics of rearrangement of oxiranes to carbonyl compounds and unsatu- 
rated alcoholsg4 3-846 indicate that these are monomolecular homogeneous 
processes; the intermediate biradicals are converted to  end-products via intramol- 
ecular rearrangement. The radicals playing the key roles in most of the thermal and 
photochemical reactions of oxiranes can be detected by ESR and their structures 

The mechanism of the electrocyclization and isomerization processes is outlined 
in equation ( 199). Investigation of the stereochemistry of e lectro~ycl izat ion~ 3 1 

- - 
con 

Me 

0 4 N  Ph 

8 4 0  9 8 4  has shown that only cis-dihydrofurans are formed. The first step is cleavage 
of a C-C bond, showing that the biradical structure is favouredss ' .  The ring- 
opening is conrotationalSS4 9 s 4 O  1 8 4 7 .  

Stereospecific formation of dihydrofurans proceeds via disrotational ringclosure 
of the y l i d e 5 s 7 ~ 8 4 0 .  The isomerization can similarly be explained in accordance 
with equation (199). The formation of dihydrooxepines from the cis-oxirane is a 
concerted [ 3,3 1 sigmatropic rearrangement, the transition state having a boat con- 
formations s 4 9 8 4 7  (equation 200). 

/& - M G C  (200) 

0 

Ylides formed from oxiranes containing electron-attracting substituents have 
given a possibility for  a new type of dioxolane syntheses too' 

Much new information has been acquired in connection with the pyrolysis of 
oxiranes linked to  large unsaturated rings848-8so. Additionally, the radical-induced 
transformations of oxiranes have been investigatedgo3 r g 4  * g  3 .  In conclusion, 
attention is drawn t o  the review by Huisgengs4 on the electrocyclic ring-opening 
reactions of the oxiranes. 

J. Ring-opening with Nucleophilic Reagents 

The most frequent reactions of oxiranes are those involving opening of a C-0 
bond, in the course of which 1,2-difunctional compounds may be obtained. The 

(equation 163). 
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C-0  bond may be opened by direct nucleophilic attack on one of the carbon 
atoms, or first the  oxygen is protonated (or a complex is formed with the electro- 
philic centre of the  reagent) and this is followed by nucleophilic attack on the 
carbon (equations 20 1 and 202). The equations also illustrate the stereochemical 

H 
U I . .  

H +  O+ X -  HO - - - 
”, 
X- 

X = OH, SH, F, CI, Br, I, CN, OR, OAr, SR, SAr, 0 2 R ,  RC02 ,  etc. 

consequences of the  two mechanisms. The mechanism and stereochemistry depend 
on the structure of the starting compound and on the experimental conditions. 

In general, reactions in basic and neutral media occur by an A2 mechanism, and 
involve stereospecifically t r a m  stereochemistry. There is a particularly abundant 
literature on the acidcatalysed reactions of the oxiranes. 

or  published since 
deal with factors of a steric, stereoelectronic, polar or conjugative nature, resulting 
in the regioselectivity and stereoselectivity of the ring-opening. A much-discussed 
subject is the mechanism of acid-catalysed reactions. The experimental results have 
been interpreted o n  the basis of the A2, the A1 or  the borderline mechanism. 

Comprehensive kinetic studies8 on the acid catalysis of alkyl-substituted 
oxiranes in aqueous and non-aqueous media pointed t o  a competition between the 
A2 and A1 mechanisms, with the predominance of the former. Anhydrous con- 
ditions favour the A1 mechanism, since the halide ion does not  play a role in the 
formation of the transition state. For resolution of the contradictions, a new 
mechanistic concept is proposed, in which the conjugate acid of the substrate forms 
a close ion pair (equation 203). 

Most of the publications referred t o  in recent reviews9>’ 6 , 1  

+ 

(203) 

In another study of the acid-catalysed ring-openingg5 it was concluded that 
primary and secondary aliphatic oxiranes react by the A2 mechanism, but further 
investigations are necessary for tertiary and monoaryl-substituted oxiranes. 

The stereochemistry of the base-catalysed hydrolysis of aryl-substituted oxiranes 
points t o  a concerted SN 2 mechanism. With acid hydrolysis, and SN 1 mechanism is 
suggcsted for the zi-uizs-oxirane, and an SN 2 mechanism for the cis isomers5 7-8 9 .  

Many investigations have recently been carried out  on the acid hydrolysis of  
oxiranes860-869. The reaction rate and steric courseS6O depend to a large extent 
not only on the configuration of the substrate, but also on the solvent type 
(equation 204). I n  a solvent with a low dielectric constant, mainly cis opening 
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P h  
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H' U P h  

i-PrOH 

I 
OH 

+ 
I 
OH OH 

occurs, with configuration retention. In water or in alcohols, the stereospecificity is 
lower. The retention can be ascribed in part t o  the formation of a solvent-protected 
ion pair, in which the attack by the anion proceeds internally on the electron- 
deficient benzyl carbon atom (equation 205). 

In the  course of stereochemical studies (equations 206 and 207),  it has also been 
proved that the transition state leading t o  the cis products has a high degree of 
carbocationic character; the  tendency towards the retention product is explained 

by the favourable entropy content of the transition state of cis addition and by the 
relatively low enthalpic barrier to  the breaking of the benzylic C-0 bond. At  the 
same time, almost total antistereoselectivity can be observed in aliphatic and 
cyclo aliphatic ~ x i r a n e s ~ ~  ,8 6 .  The importance of the activation parameters in 
mechanistic studies is confirmed by recent results on the solvolysis of l-arylcyclo- 
hexene oxides86s 9 8 6 7 .  Attempts have been made to  separate the inductive, 
conformational and stereoelectronic effects8 6 8 ;  the  conclusion was reached that 
the inductive effect on the regioselectivity of the reaction plays the determining 
role, but  the other factors are not  negligible. 

In agreement with the regularities mentioned above, cis ring-opening has also 
been observed with other types of compounds on the action of various electrophilic 
reagents5 ,43  2 .  Neighbouring-group participation is manifested most often in cis 
ringopenings 9869-8 7 2  . 

The nucleophilic participation of TDAP and DMSO has been demonstrated in 
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acid-promoted ring-opening reactions of oxiranes. Stable phosphonium and sul- 
phonium salts are 

()OH - OoH I///,, + o/oH (208) 

7 5  (equation 208). 

OH OMSO 

A- OSMe2 

A- 

In recent years, interest has grown in polycyclic aromatic oxides, which are 
regarded as mediators in polycyclic aromatic carcinogenesis. A number of teams 
have dealt with the various ring-opening reactions of K-region and non-K-region 
aromatic oxiranes, and with the kinetics of their h y d r o l y s e ~ ~ ~ ~  9 s 7 6 - 8 8 0 .  

Many studies deal with the s t e re~chemis t ry~  8 3  and mechanismss8 7 

84-89 of the ring-opening. Others deal with the acid-catalysed' >6 O 9 8 3  7 

96-89 or  base-catalysed3 y 4  * s  9-904 ring-openings of various oxiranes, and 
with their utilization in synthetic organic chemistry49 v 6  *834 9, including 
ring-opening reactions with c a r b a n i o d 8 0  * 7 7  * 9 0 8  9 g  O .  A number of new examples 
are illustrated in equations (209)-(2 13). 

OH 
FcC13/ether H 2 0  I 

I 1  
PhiIJMleCOOEt - Ph-CH-C-COOEt (Ref.  834) (210) 

CI Me 
0 

HSCHZCOOEt - Ar-CH-CH2 (Ref.  912) (211) 
I I  

OH SCH2COOEt 

(Ref. 908) (213) 
Me Me (Et0)2POCHCOOEt 

HA.+IIIIH 

0 
COOH 

The solvolysis of oxiranes has also been investigated on synthetic ionexchange 
resinsg 3, aluminag 4-9 and silica gel9 7 ,  and extensive stereoselectivity has 
been observed in certain casesg 9' 6 .  

An interesting ring-opening occurs on the alcoholysis of oxiranes in the dark in 
the absence of catalystsg (equation 2 14). 

(214) 

86.1% 13.9% 
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New investigations have been carried out  on the transformations of various 
oxiranes to yield 1,2-amino alcohols34 g 9  ’ 9-9 leading to a deeper understanding 
of the stereochemistry and the SN 2-type mechanism of the transformation, and t o  
broad synthetic applications. Two examples are presented in equations (21 5)  
and (216). Similar studies have led t o  the recognition of two further modes of 
anchimeric assistanceg 7 9 3  2 .  

K. Other Reactions 

Because of the exceptional reactivity of oxiranes (there is perhaps no reactant 
towards which oxiranes are immune), i t  has not been possible t o  describe a number 
of special transformations. Of these, some may be listed that are employed in 
synthetic organic chemistry or in the chemical industry. Recent results confirm that 
oxiranes may be used effectively for Friedel-Crafts-type synthesesg 1 9 3 4  ; many 
reactions are known with various organicg s-9 and inorganicg4 2-9 halogen 
compounds, organic sulphur compoundsys ,y and organic phosphorus com- 
p o u n d ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ .  The  reactions of oxiranes with C029ss79s6  are also of 
industrial importance. 

1.  

2. 

3. 
4. 
5. 
6. 

7. 

8. 
9. 

10. 
11. 
12. 
13. 

14. 
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I. INTRODUCTION 

The syntheses and reactions of the cyclic ethers (oxacycloalkanes) have been 
studied most extensively for the compounds with low numbers ( 3 - 6 )  of ring 
atoms. I t  is mainly these oxacycloalkanes that have acquired economic importance. 
Naturally, the oxiranes are of outstanding significance, and this has justified their 
review in a separate chapter' .  

The present chapter surveys cyclic ethers with 4-6 ring atoms, i.e. oxetanes, 
oxolanes and oxanes. The nature of this task and the limited space available 
preclude the treatment of the synthesis and reactions of compounds of these types 
also containing other  functional groups. The most  detailed reviews of the theme 
outlined above are those of D i t t ~ s ~ - ~  and Kroper5.  Since the survey by Gritter6, 
more recent reviews of certain aspects of the chemistry of cyclic ethers have also 
been p u b I i ~ h e d ~ - ~ .  

II. SYNTHESIS OF CYCLIC ETHERS 

A. From Monofunctional Hydrocarbon Derivatives 

As a result of wide-ranging investigations, a rational procedure has been developed 
for  the synthesis of 2,5-dialkyloxolanes by means of the oxidative intramolecular 
cyclization of secondary alcohols'O (equation 1). The yield is 35-9576, depending 

( 1 )  

on the structural features and the experimental conditions. The following have been 
used as reagents: Pb(OAck;  P ~ ( O A C ) ~  + 1 2 ;  HgO or H ~ ( O A C ) ~  + 12 or  Br2; Ag20 ,  
AgOAc o r  Ag, C 0 3  + 1, or Br2. The procedures involving the halogens are known 
as hypohalite reactions. 

Extensive studies have been carried out on the  mechanism and stereochemistry 
of the cyclization' y t  1 , which were found t o  depend both on the configuration 
and conformation of the alcohol, and on the oxidizing agent employed. The  
mechanism or the P ~ ( O A C ) ~  reaction is illustrated in equation (2), and its stereo- 
chemistry in equation (3) .  

The mechanism and stereochemistry of the hypohalite reaction ( the course of 
which is similar t o  the  previous one) are also treated in detail in the review by 
Mihailovii' O ,  o n  the basis of his own results and those of Green and coworkers* i 1  2 .  

In  spite of the fact that  the reactions are not  stereoselective, they may be used 
t o  advantage for the  synthesis of optically active oxolanes: the configuration of the  
carbon atom bearing the 01-1 group does not change in the course of the trans- 
formation, and thus, if the starting alcohol is an optically active one, optically 
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mMe 

\ 
-AcOII 

,.--./Me -Pb(OAc)i c m , M e  

Me2CH OH M 

Pb( o ~ c )  

J /  
Me H 

Y 

4 Me 00, H 

Me 

+H 
- 1 . 5 - t i  - 

Me H 

__c 

-ti 
+ 

active frans-2,5-dialkyloxolane may be prepared from the diastereoisorner mixture 
(obtained in a ratio of nearly 1 : 1)  after chromatographic separation. 

B. From Difunctional Hydrocarbon Derivatives 

The most general and most  frequent procedures fo r  the synthesis of oxacyclo- 
alkanes are the transformations under various experimental conditions of the 
1,3-, 1,4- and I ,5-diols, and of difunctional compounds prepared from them, 
to  oxetanes, oxolanes o r  oxanes. 
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1. Dehydration of diols 

Using this method, oxolanes and oxanes can be prepared in very good yield. 
The results connected with the mechanism and stereochemistry of the dehydration 
of diols t o  cyclic ethers, and with the possibilities of application of the method, 
were surveyed in the  chapter 'Dehydration of diols" 3 .  

2. Basic cyclization of  difunctional compounds 

The reaction scheme for  this procedure is shown in equation (4). X is most 
frequently C1, Br or  OTs, while Y is H o r  Ac. The method may serve for the 

preparation of oxetanes, oxolanes and oxanes, but  it is mainly used in the synthesis 
of oxetanes. The results of the past 10 years indicate that this procedure has been 
employed t o  prepare 2-aryl-' 4 ,  2,2-dialkyl-' , 3-alkyl- and 3-aryl-' 6 ,  3,3-dialkyl-' 7, 
2,3-dialkyL1 p 1  9 ,  2-aryl-3-alkyl-' s ,  2,4-dialkyl-l and 2,2,3,3-tetraalkyl- 
oxetanesZ0, CEC-substituted oxetanes2 1-2 3 ,  and various condensed p o l y ~ y c l i c ~ ~ ~ ~  
and steroidZ6g2 oxetanes. A number of publications deal with the preparation 
of the starting 1,3-chlorohydrin~~ and 1 , 3 - ~ h l o r o a c e t a t e s ~ ~  $ 3 0 ,  and also with the 
study of the mechanisms of t he  diol+ acetyl chloride reactions3 i 3  2.  Asymmetric in- 
duction occurs in the Grignard-type addition reaction of P-chlorobutyraldehyde2 s .  

The earlier finding that, in accordance with the method outlined in equation (4), 
oxetanes can be prepared in good yield only from compounds containing X in a 
primary position has been confirmed by additional experimental dataZ0 9 3 3  9 3 4 ,  and 
has been convincingly justified by reaction kinetic and other examin- 
ations' 9,2 0,3 5-3 7 

Investigations relating t o  the mechanism of the  reaction, which have extended to  
the transition states of the molecules, confirm thc reaction route of equation 
(4)19935-42. Studies on the stereochemical course of the process' 8 * 1 9 * 2 4 - 2 7 * 3 0 ,  

according to  which the cyclization is stereospecific, similarly support the  above 
mechanism (equations 5-7). 
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1,4-amino alcohols45 can be employed for  the preparation of oxacycloalkanes only 
in the latter case. 

Since new procedures have been elaborated for preparation of the starting 
compound, the method of equation (8) has been proposed for the synthesis of base- 
sensitive oxetanes4 6. 

The basic cyclization of  the quaternary salts of 1,3-amino alcohols 43 ,44  .and 

220-240°C 

B U ~ S ~ O ( C H ~ ) ~ B ~  * Bu3SnBr + ( 8 )  

Oxetanes may be prepared too by the reaction of P-tosyloxycarbonyl compounds 
with organomagnesium or organolithium compounds (similarly by an SNi 
m e ~ h a n i s m ) ~  (e.g. equation 9). 

CH20Ts 
CHOLi --LioTs o., Me Me 

CH20Ts 

The basic cyclization of 1,4-diol dimesylates also occurs via an SNi mechanism4 
(equation 10). Since both reactions are accompanied by configuration changes, 
cis-oxolanes may be prepared from erythro-diols, and trans-oxolanes from threo- 
diols. 

Me 

I 
Me 

I Me 
Iv1 e 

The presence of the corresponding oxonium salt intermediate has been proved 
experimentally in the cyclization of y- and 8-methoxyalkyl halides in the presence 
of Lewis acids (e .g  equation 1 1)49.  

3. Transformation of unsaturated alcohols 

Oxolanes and oxanes containing functional groups may be prepared in good 
yield from unsaturated alcohols under very varied experimental conditions and with 
various reagents (equation 12). The most recent literature data connected with the 
procedures are t o  be found in the review by MihailoviC' O .  

X = H, OH, OAc, Br, I, NO 
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Routes t o  oxolanes and oxanes not  containing functional groups are shown 
in equations ( 1  3a) and (13b). 

H+ 
(13a) 

Me Me 

(1 3b) 

PhSeCl can be employed in the synthesis of o x a c y ~ l o a l k a n e s ~ ~  (equation 14). 
2-Allylphenol undeigoes cyclization in the manner outlined in equation ( 15), with 
neighbouring-group participationS . 

P h S e C I  Q . 
CHZOH 

SyPh 
$+% 

0 I 
CH20H 

4. Cycliza tion of h ydroxycarbon y l  compounds 

Although the intramolecular cyclizations of 1,4- and 1,5-hydroxycarbonyl 
compoundsS 2-s t o  2-hydroxy-oxolanes and -oxanes are reversible, subsequent 
dehydration makes these processes irreversible (equations 16 and 17). By catalytic 

- - “a H) - H 2 0  R\(yJ (Ref .  54) (16) 

0 k H 2  0 13- 0 H OH 

reduction the cyclic compounds may be saturated, and since the chiral centre is 
not  affected by this process, the method may also be utilized for the preparation 
of optically active oxolanes and oxanes. 
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c. From Heterocyclic Compounds 

1. Formation from oxiranes 

Oxiranes containing various functional groups can be transformed to oxetanes, 
oxolanes and oxanes. 

By means of thermal rearrangement via alkoxytin intermediates, 0-hydroxy- 
oxiranes may be converted to  oxetane or oxolane derivatives, depending on the 
substituents on  the carbon atoms of the oxirane ringS6 (equation 18). In the 

Me MeMe 0 

(18) 
I I  

B u 3 S n O F - - C ~ R Z  - Me -R’ 
Me I R3 R’ 

Me OH 
Me Me 

presence of bases, certain P-hydroxyoxiranes can be transformed to  oxetanes 
directly in aqueous medium, by intramolecular cyclizationS7 * 5  (e.g. equation 19). 

Oxolanes and oxanes may also be prepared from hydroxyoxiranes by either acid- 
or base-catalysed cyclizationS ,60  (e.g. equation 20). 

(Ref .  59) (20) 

HO 

P-Hydroxyoxiranes can be transformed to  oxolanes by catalytic hydrogenolysis 
in the presence of acids, presumably via 1,4-diol intermediates6 * (equation 21). 

The vinyloxiranes undergo thermal rearrangement to  dihydrofurans6 2-6 5 .  

Equation (22) illustrates the mechanism of the much-examined rearrangcrnent. 

R 

. .- 
H H H H  

R R 
(22) 

The formation o f  oxolanes or furans can similarly be observed in certain reactions 
of steroid oxiranes6 6 or methoxyalleneoxiranes6 ’ . 

A comparatively simple method has been developed for the preparation of 
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2-aryl-3,6-dihydro-2H-pyrans, by means of the acid-catalysed rearrangement of 
cyclopropyloxiranes (equation 2 3 ) 6 8  969. 

eH ..... -ADH -ArjpJArl -H * 
Ar’ Ar’ H 

(23) 

2. Reduction of oxacycloalkanones 

Lactones can be converted t o  oxacycloalkanes with LiAIH4, through the 
Grignard reaction or by catalytic reduction. Detailed studies have been carried o u t  
on various hydride-type reagents in the case of steroid lac tone^^^^". In the  
catalytic hydrogenation of maleic anhydride to  oxolane, the effect of the com- 
position of the bimetallic (Re-Ni) catalyst on the oxolane yield has been investi- 
gated72. 

Substituted oxolane-3-one can be Etilized for the synthesis of 2,3-dihydro- 
fur an^^^, ~ x e t a n e s ~ ~  and o x 0 1 a n e s ~ ~  (equation 24). 

d-X-ZH-& 
I (Ref .  74) (24) N H z N H z .  H 2 0  

K O H  

3. Reduction of dihydrofurans and furans 

The reductions of furans have been reviewed by Armarego8 and heterogeneous 
catalytic reductions (equation 25) by Bel’skii and Sh~s takovski i~ .  

R ’  H 2  

&CH,),c-R2 I R l a 3 H 7  R 

OH 
(25) 

A new catalyst has been developed for the reduction of furan and alkylfurans7 5 .  
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The application of various zeolites as catalysts for  the hydrogenation of alkylfurans 
has not proved ~ a t i s f a c t o r y ~ ~ .  

Optically active 2-methyloxolane can be prepared easily and in good yield as in 
equation (26)77. 

(26) 
CH20Ts Me 

4. Preparation of oxanes from oxolanes 

The procedures of B e l ’ ~ k i i ~ 9 ~ ~  are also suitable for the preparation of oxanes 
(equations 27 and 28). 

R’ 

The mechanism of dehydration of 2-hydroxymethyloxolanes to yield dihydro- 
pyrans was studied79 * 8 0 .  The application of 2,3-dihydro+H-pyrans as basestable, 
acid-labile protective groups has been surveyed by Armarego8. 

5. Rearrangement of dioxacycloalkanes 

A new procedure has been elaborated by Mousset and coworkers for the prep- 
aration of 3-acyloxolanes by means of the rearrangement of 5-vinyl- 1,3-dioxolanes 
in the presence of electrophilic catalysts8 The stereoselective rearrangement 
is shown in equation (29). Alkyldimethyl-l,3-dioxanes undergo rearrangement to 
hydroxyoxanes in the presence of acids8 5 .  

(29) 
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D. Via Cycloaddition Reactions 

oxanes. Many reviews of this topicsy8 6-8 
mainly with the results published since 1974. 

Cycloaddition can be employed for the preparation of oxetanes, oxolanes and 
have appeared and we shall deal here 

1. Synthesis of oxetanes 

Oxetanes may be synthesized by the photocatalytic 1,2-~ycloaddition of olefins 
and carbonyl compounds (Paterno-Biichi reaction). The carbonyl compounds used 
so far include aldehydes, ketones, diketones, quinones, carboxylic acid fluorides, 
urethanes, acyl nitriles, alkoxycarbonyl nitriles, thiocarbonyls and certain esters, 
while among the unsaturated compounds used are olefins, allenes, acetylenes, 
enones, ketene imines and ketene acetalssg . 

The Paterno-Biichi reaction may occur either intermolecularly or  intra- 
molecularly. Meier* has tabulated the preparations of more than 200 oxetane 
derivatives. The yield varies from a few per cent  t o  80%. More recent papers deal 
with the regioselectivity, stereochemistry and mechanism of the cycloaddition. 

Studies have been made of the  cycloadditions of olefins and a l d e h y d e ~ ~ O 9 ~  
olefins and ketones9 2-9 , and reactants containing various functional groups9 6-1 0 

(e.g. equations 30-33). Reaction (30) is fairly regioselective (3:4 = 9: 1). The 

Me 

I 
Me I I  

Me Me 

(3) (4) 

orientation of the cycloaddition is governed by the relative stabilities of the radicals 
1 and 2. In general, a mixture of the (Z) -  and (E)-isomers is formed in the 
addition9 6 .  Iiowevcr, only the cis-anellation (cis-fused) product, 5, is obtained in 
the course of the photocycloadditions of 1,4-dioxene and benzophenone (82%),  or 
acetone (66%)' O 0  (equation 3 1). Particularly for rather complex molecules, the 
biradical formed during the photoreaction may have various structures and, depend- 
ing on the relative stabilities of the individual radicals, many other products, 
including oxolanes, may be produced in addition to  oxetane' O 9  t 1  l o .  

In the case of intramolecular photocycloaddition, the oxetanes formed may be 
2,3- and/or 2,4-linked (equation 34). The course of the reaction may be strongly 

R = Me, Ph (5) 



15. Cyclic ethers 693 

( R e f .  99) (32) 

C F N  

C=CF2 + (CF,12C0 - 5 4 \  

/ 
F 

76% 

F 
UF 

C5F4N = 34 F F  

0 0 

( R e f .  106) (33) 

M e  

h I -  

P h C H O  

Ph M e  Ph 
M e  

and/or 

I 

r C = O  hu 
__t 

(34) 

influenced by steric factors. Most reactions have been described for ti = 2 and 
n = 3l ' 3, but  2,2,3,4-tetramethyloxetane has also been prepared in good yield 
(70%) from a conjugated enone (n = 0)' 4 , 1  ' 5 .  

Many polycyclic oxetanes have been prepared from systems with rigid skel- 
etons' ' 6 ,  and particularly by the photocycloaddition of 5-acylnorbornenes and 
their halogen and methoxy derivatives, in yields of 20-90%' 

The Paterno-Biichi reaction is frequently used in more complex syn- 
theses' * * 1  2 0 ,  and may, for example, yield intermediates in the syntheses of 
insect pheromones' ' or prostaglandin analogues' . 

Many hypotheses have been put forward for the mechanisms of the Paterno- 
Buchi reactions. A number of possibilities may be conceived for t h e  radical for- 
mation itself, and for the reactions following this9 ,9 3 .  Moreover, if the triplet 
energy of the olefin is lower than that of the carbonyl, energy transfer may take 
place and olefin dimerization may become prcdominan t. 

As t o  the mechanism of the photochemical oxetane formation itself, no general 
theory exists that is valid for the overwhelming majority of the reactions. In 
principle, the reaction may be started by the excited (singlet or triplet) carbonyl, 

7 * 1  ' 8 .  



694 M. Bart6k 

or by the olefin. In most cases, however, the initial step is the electrophilic attack 
of the excited carbonyl. In the first step of the excitation, s inde t  ( 'n ,n*)  carbonyl 
is produced, which may pass over into a triplet (3n,  x * )  state in a transition not 
involving radiation (intersystem crossing). Both states may be reactive (perhaps 
comparably so)' ' 7 ,  but in general one or  other plays a predominant role. 
Transitions between the triplet and single states are possible by means of vibrational 
and spin-orbit couplings and other interactions' 3 .  A triplet state k often assumed 
in the reactions of aromatic ketonesg4 5 ,  while aldehydes and aliphatic ketones 
primarily react with a singlet carbonyl state' ' 3' ,' '3' ' *' * 3. 

As a result of the attack of the excited carbonyl, an excited transition complex 
(exciplex) is produced, which is converted t o  a 1,4-biradical, although the oxetane 
may also be formed from the exciplex via concerted development of two new 
a-bonds' 7 .  The stereospecificity of the reaction in the singlet case is ensured by 
the higher rotational energy compared to that of the triplet state' 2 4 ,  and by the 
fact that (2)-(E) isomerization a t  the radical site does not  occur in general in a 
singlet biradical' . On the other hand, the regiospecificity is controlled by  the 
relative stabilities of the radicals produced' '. (A triplet 1,4-biradical may also be 
stabilized by cyclopropyl conjugation' 2 6  .> The biradicals may then be stabilized 
by ring-closure. 

Meier gave a general scheme8' for  the possible reaction pathways of olefins and 
carbonyl compounds, though the transformations are not always reversible' 5 .  

2. Synthesis of oxolanes and oxanes 

The 2,3- and 2,s-cycloaddition reactions of furan and i ts  derivatives, which can 
be used in many cases for the synthesis of condensed polycyclic oxolanes, have 
been reviewed by Armarego8 (including the most recent literature data). Here, 
therefore, attention is merely drawn to  the procedures outlined in equations 
(35)-(37), which show the general methods of synthesis of certain types of 
oxolanes by means of hydrogenation of the furans formed. 

-- (36) 

OH OH OH 
(Ref. 128) 

R 
1. L i N I ( P r - i ) p  3 02 

2 ' T s C '  - Q0 (Ref. 129) (37) 

Armarego' similarly gives a detailed account of the various procedures (among 
others by ( 2  + 21 x-cycloaddition from acrolein and olefins) for the synthesis of 
2,3-dihydro-4H-pyraris and their cycloaddition transformations. 

Me Me Me 
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A. Deoxygenation 

Cyclic ethers undergo deoxygenation on reaction with atomic carbon, t o  give 
the products outlined in equation (38)' 3 0 .  The mechanism of the deoxygenation 
is shown in equation (39) for the case of oxetane' 3 0 .  

) y 2 ' "  

HzC-CH, + Me(CH2),-, CH=CHz 

H 2c (38) 
f l = 2 , 3  

'0' HzC=CH2 + HZC=CH(CH2)n-2 

B. Dehydrogenation 

Experimental observations are available only as regards the dehydrogenation of 
the dihydrofurans and the oxolanes' ' . The driving force of the dehydro- 
genation process is the striving towards aromatization, which is no t  possible for 
the oxetanes and the oxanes. 

O n  a Pd/C catalyst, oxolane and the 2-alkyloxolanes are dehydrogenated to  the 
corresponding furans (yield -80%)' . If oxolane and 2,5-dihydrofuran are reacted 
with hydrogen acceptors transfer-hydrogenation reactions take place' 2-1 4 .  

Oxolane does not  disproportionate on A12 O3 s .  2,3-Dihydrobenzofuran and its 
derivatives are dehydrogenated to the corresponding benzofurans via an ionic 
mechanism' 9' (equation 40). 

C. Dehydration 

In connection with the cyclic ethers, work has mainly centred on the dehydration 
of oxolane to  butadiene, and of 2-methyloxolane to piperylene and cyclo- 
pentadiene7. The dehydration is catalysed by various acidic heterogeneous catalysts. 
Under similar conditions the oxanes and oxepanes can also be transformed to 
dienes' 3 8 .  2,5-Dimethyl-2,4-hexadiene can be prepared in good yield from 2,2,5,5- 
tetramethyloxolane' (equation 4 1 ). 

P t / A  1203 
M e 0  Me - H 2 0  . 

Me Me Me 

Me 
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D. Rearrangements 

Two reviews have recently appeared on the rearrangements of cyclic ethers798. 
Because of the strained ring, the oxetanes (and the oxiranes) exhibit the highest 
reactivity of the cyclic ethers in rearrangement reactions. 

7.  Rearrangement of oxetanes 

Comparatively few examinations have been made of the acid isomerizations of 
oxetanes2 3 1  40-1 5. By means of acid catalysis the oxetanes are mainly isomerized 
to unsaturated alcohols2 6 7 1  9 ’  5. The isomerization depicted in equation 
(42)145 proceeds with high selectivity on a g.1.c. column of acidic character to  
yield a P,y-unsaturated alcohol. Another example is presented in equation (43)2 6. 

Equation (44) shows an acid-catalysed rearrangement of oxetane t o  oxolane’ 
O n  the action of neutral Alz 03, .a-isopropylideneoxetanes are converted to  the 
corresponding cyclobutanones in the course of rearrangement’ (equation 45). 

Et 

cata l .  

Br< 
E t  

On A1203 and Ca3 (PO4 l2 catalysts, isomeric carbonyl compounds are also formed 
in addition to  the corresponding unsaturated alcohols in the rearrangement 
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reactions'44. The synthesis of 3-substituted furans is made possible by the 
rearrangement reaction shown in equation (46)' In the  presence of hydrogen 

[ &Me] 7 pi;Me (46) 

on supported metal catalysts, oxetanes undergo rearrangement to carbonyl com- 
pounds' 40 49-1 b (equation 47). The mechanism of the reaction is very 

pMe 

M / c a r r i e r  - OHC(CH212R + MeCH2CR (47) 
H2 II 

0 

complex, and depends t o  a great extent on the reaction conditions. From the 
examinations to date it is concluded' that the formation of aldehydes can be 
explained by the participation of the electrophilic centres of the catalyst, while 
the presence of chemisorbed hydrogen is necessary for the formation of ketones. 

On platinum metals, 2,2,4,4-tetramethyloxetane is rearranged t o  the corre- 
sponding ketone via a 1,3-bond shift mechanism' 54 (equation 48). 

CH 

I +M 

M 

I 

M = P t ,  Pd, Rh 

2. Rearrangement of oxoianes and oxanes 

Oxolanes and oxanes are converted to ketones with very high regioselectivity on 
platinum metals7. In mechanistic studies' it has been established that 
the presence of hydrogen is indispensable for the process to occur' 7 ,  while in all 

b p l  
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probability the reaction takes place according to  a hydroisomerization mech- 
anism' 5 8  (equation 49). Some new results have also been reported on the rearrange- 

ment reactions of dihydrofurans and certain furan compounds. Studies have been 
made of the thermodynamics of isomerizations according to  equation (50)' 9. 

Examples of thermal isomerizations are the interconversions of 6 and 7' 6 o  

(equation 51). 

(6) (7) 

The acid-catalysed rearrangements of 2-furylcarbinols are electrocyclic reactions 
occurring with controtation' ' (equation 52). The process is stereospecific, only 

one of the enantiomer pairs being formed. Interesting rearrangements are to  be seen 
in equations (53), (54)' 6 2  and (55)' 63. 

- 
00 ""c 0 -H+%l 
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Ph Ph Ph Ph Ph Ph 

E. Oxidation 

Much interest has been manifested recently in the reaction oxolane + y-butyro- 
lactone. This process is of industrial importance; it can be carried out  in the 
presence of catalysts' 6 4  9 '  5 ,  or electrochemically' 6 .  A procedure has been 
developed for  the joint preparation of 2-hydroxyoxolane and y-butyrolactone' 6 4 .  

Investigations have been carried out on the kinetics and mechanism of the 
oxidation of oxolane with peroxydisulphate' 7 .  

F. Reduction and Hydrogenolysis 

Only a single review has appeared on the reduction and hydrogenolysis of 4-, 
5- and 6-membered cyclic ethers7; this deals mainly with the hydrogenolysis of 
oxolanes and the reduction of furans and dihydrofurans. Since the reactivity 
decreases with the increase of the number of ring atoms, and only the oxetane 
ring can be opened with metal hydrides, the C-0 bonds of oxolanes and oxanes 
can be cleaved by catalytic hydrogenolysis only. 

1. Reduction with complex metal hydrides 

With minor corrections, the regularities discovered for the oxiranes hold for the 
regioselectivity and mechanism of the reduction of oxetanes with LiA1H4'. The 
regioselectivity is influenced by electronic and steric effects, and also by the nature 
of the reagent '68*169 (e.g. equation 56). The kinetics of the LiAIH4 reduction of 

2-aryloxetanes can be well explained by an SNZ-type mechanism' 70. Studies have 
also been made of the reductions of certain 2-alkoxyoxetanes' ', polycyclic 
oxetanes' 7 2  and spirooxetanes containing carbethoxy substituentsS8 1' 

(equations 57 -59). 

0 ~ c 0 2 E t  0 m c H 2 0 H  C H 2 0 H  - L A H  (58)  
C0,Et 
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-CHIOH - CHZOH (59) 

2. Catalytic h ydrogenolysis 

The hydrogenolysis of cyclic ethers on Group VIII metals and on copper has 
long been known. Recently, in order t o  elucidate the mechanism, use has been 
made of the pulse-microreactor technique' selective catalyst poisoning' b,  
isotope exchange' 73, IR techniques' 5 ,  calculations of a thermodynamic and 
thermochemical nature' and other investigations relating to the end-products 
and intermediates' 7 4 .  

The catalytic hydrogenolysis of oxetanes on various metal catalysts has been 
employed in syntheses and also in structure confirmations' ' 9 '  7 2  9' 5 .  The 
isomerization of 2,2,4,4-tetramethyloxetane on platinum metals is accompanied 
by hydrogenolysis' 5 4  (equation 60). 

The variation in the regioselectivity of the hydrogenolysis of the oxacycloalkanes 
under pressure has been interpreted by its dependence on the number of ring atoms 
and on the catalyst (Raney Cu and Raney Ni)' 76. 

7-Hydroxyketones may be prepared by hydrogenolysis of the oxane ring' 
(equation 61): 

R a n e y  Ni/M2* 

E t O H  - HO(CH2)5CHR1CCH2R2 (61) 
I1 
0 CH R' CCH, ~2 - 

II 
0 

Q 
By hydrogenation on a Pt/C catalyst and subsequent hydrogenolysis, 2-alkyl- 

By selective hydrogenation of furfurol, various furan skeleton compounds can be 
86 ring- 

2-methyl-2,s-dihydrofurans may be converted to  the  corresponding isoalkanes5 3. 

synthetized; the hydrogenation may occur with' 78-1 8 o  or  without' 
cleavage. Some of these reactions are of synthetic o r  industrial importance. 

G. Polymerization 

The polymerization and copolymerization of cyclic ethers is important from 
an industrial aspect; this is best demonstrated by the large number of reviews that 
have appeared in the past decade' 87-20 5 .  

As with oxiranes, the polymerization may take place by a cationic o r  an anionic 
mechanism, depending on the initiator employed. The view has recently begun to 
become widespread that anionic polymerization of cyclic ethers can proceed only 
in accordance with the coordination mechanism. The cationic mechanismZo 6 * 2  is 
illustrated in equations (62)-(65). The propagation steps may have either SN1 or 
SN 2 mechanisms. The coordination anionic mechanism208 is outlined in equations 
(66) and (67) with Al(OR)3 as initiator. 

BF3 i- H,O - Hf[BF30Hl -  = H+P;- (62) 
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(63) 

etc. 

1. Polymerization of oxetane 

According t o  recent investigations, the following initiators can be used for 
polymerization of oxetanes via the cationic mechanism: triethyloxonium salts209, 
hexafluorophosphate salts' ' (e.g. Et30'  PF;, Ph3C' PF;) and ethyl trifluoro- 
methanesulphonate2 . I t  is assumed2 >* that both the oxonium ion produced 
in the initiation step, and the ester formed from i t ,  are present in equilibrium 
(equation 68). W i t h  triethyloxonium salt initiators, oligomerization occurs in 

A !  rrmO(CH2)30SO2CF3 (68) 

OS02CF, 

competition with the polymerization and cyclic trimers and tetramers are 
formed2 9 .  
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Cyclic ethers often undergo copolymerization on the action of C02.  If triethyl- 
aluminium is used as initiator, the mechanism is anionic2 3 .  

2. Polymerization of  oxolane 

The following initiators are employed in the polymerization of oxolane by the 
cationic mechanism: ethyl 2,4,6-trinitrobenzene~ulphonate~ 4, the propylene 
oxide-BF3 system2 s f  chlorosulphonic acid2 and the trityl cation2 7 .  Esters of 
superacids have recently been frequently used as initiators2 8-2 2 2 .  

The copolymerization of oxolane and methyloxirane has been comprehensively 
studied by Blanchard and coworkers22 3-2 6 .  An examination has been made of the 
effects of the polymerization of changes in the reaction parameters (temperature, 
catalyst, cocatalyst, solvent, oxolane-methyloxirane ratio, quantity of water in the 
reaction mixture). Dicarboxylic acid anhydrides may also be used as partners for 
oxolane in copolymerization2 2 7 .  Like other cyclic ethers, oxolane may also form 
oligomers2 8. The kinetics of polymerization of oxolane at  high pressure in the 
presence of Et3 0' BF4- as initiator have been subjected t o  systematic study22 9. 
The cationic polymerization of oxepane has also been investigated2 O .  Modern 
methods (e.g. C-NMR2 > 2  ) are being ever more frequently utilized for the 
study of the polymerization of cyclic ethers. By measurement of the 3C-isotope 
effect, the pathway of formation of active centres can be followed throughout 
the course of the cationic polymerization of oxolane2 2 .  

H. Formation of Heterocyclic Compounds 

7. Ring-transformation of  oxetanes to five- and six-membered heterocyclic 
cornp ounds 

With t-butyl isocyanide in the presence of boron trifluoride etherate, oxetane 
(equation 69). With carbonyl compounds, substi- is converted to  iminooxolane2 

tuted oxetanes may be transformed t o  1 , 3 - d i o ~ a n e s ~ ~ ~ ~ 9 ~  (equations 70a and b). 

0 - +S+m ?Me /, P h  P h  

(70a) 

2. Ring-transformation of  oxolanes, furans and oxanes 

The Yur'ev reaction234 is suitable for  the preparation of five-membered 
heterocyclic compounds containing one heteroatom, and their perhydrogenated 
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analogues, from furans and oxolanes. The publications and patents of the past 
decade have mainly described the application of new catalysts, and the use of new 
compound types. The importance of the Yur’ev reaction in the chemical industry 
is demonstrated by the numerous patents23 5 - 2 4 0 .  The literature provides infor- 
mation on the use of the followingcatalysts: C r 2 0 3 2 3 8 ,  Cu0.Cr203238,  M o S ~ ~ ~ ~ ,  
C0C12/Alz03240, HF/A1203240,  potassium p h o s p h ~ t u n g s t a t e / A l ~ O ~ ~ ~ ~  and 
various zeolites24 * . Catalyst systems of complex composition are also used 
(e.g. metal/support + halo acid + sulphonated styrene-divinylbenzene copoly- 
mer236, etc.). Some examples are given in equations (71)-(73). 

(Ref .  252) (71) 

Me 
r’lsM:e -t ‘2’5 - 

(Ref .  235) (72) 

(Ref .  238) (73) 

Synthetic zeolites* are effective catalysts of heteroatom exchange. On zeolites 
of moderate acidity (Bay), the transformation of furan to  pyrrole with N H 3  pro- 
ceeds with a selectivity of - , 2 4 2 .  With the use of an HL zeolite, oxolane 
can be converted to pyrrolidine with NH3 with a selectivity of - 90%244. 

It has been established that the active centres are the Bronsted sites formed in 
the zeolite lattice. The mechanism of the reaction is presented in equation (74)244. 

o + H +  ====== k l  (c+ + 9) NHJ (NH, 

k - 1  OH 

‘”;;(.*. (741 

Q ---H* .r) 
H NH2 

1-Propylpynolidine can be obtained from oxolane with propylamine on an AIY 
zeolite catalyst24 8 .  The transformation of y-butyrolactone to  2-pyrrolidone is 
catalised with the greatest selectivity by the CuY The reaction of 
Y-butyrolactone and propylamine to  give 1 -propyl-2-pyrrolidone takes place with 
the highest yield in the presence of Cay,  and with the best selectivity in the presence 
of C U Y ~ ~  7. The product depends on the structure of the amine. The yield is lower 
with NH3 than with primary amines. The reason for this is t o  be found in the dif- 
ferent basicities, but  i t  is very important that the steric effect too be taken into 
account. 

The preparation of thiophen from furan with H 2  S proceeds on Li’ and Na+ ion- 
exchange zeolites24 6 .  The activities of these catalysts increase with the decrease of 
the Si/A1 ratio, and with the increase of the polarizing power of the cation. Alkali 
metal ionexchange zeolites similarly catalyse the transformation of oxolane to 

*X and Y zeolites are sodium ahminosilicates of FJujasite type with diffcrent SiO,/AI,O, 
ratios; zeolitc is potassium aluminosilicate. 
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t h i ~ l a n e ~ ~ ~ .  I t  has been found that the X zeolites are more active than the cor- 
responding Y zeolites. On CsY zeolite, y-butyrolactone reacts with H2S to  give 
y-thiobutyrolactone in a yield of 99%2 The catalytic activity is enhanced in the 
presence of pyridine, but disappears on the action of HCI; hence, basic sites play a 
very important role in the ring-transformation. The earlier results on the application 
of the zeolites in the Yur’ev reaction are reviewed by Venuto and Landis2 3 .  

Oxane can be converted with NH3 t o  pipendine on synthetic zeolite cata- 
l y s t ~ ~ ~ ~  * 2  . The hydrogen-form L zeolites display a higher selectivity than the Y 
zeolites; dealumination of the L zeolites enhances the catalytic activity and the 
selectivity2 * . 

3. Transformation of cyclic ethers containing functional groups 
to other heterocyclic compounds 

This subsection deals with various types of furan-skeleton compounds that can 
be synthesized from furfurol, and outlines the methods for their transformation to  
other oxygen- and nitrogen-containing heterocycles. These new methods, using 
various supported metal catalysts, were developed by Bel’skii and coworkers7. Two 
methods for the preparation of oxanes have already been discussed in Section 11. 
C. 3, Equations (75-(80) depict the methods whereby i t  is possible to prepare 
pyrroles and pyrrolidines7 > 2  4-2 , pyrrolines2 7 ,  pyridines7, azepans2 9 ,  pyra- 
zines7 and 1 , 4 - d i o ~ a n e s ~ ~  ,26 All starting compounds may be obtained in good 
yields by classical syntheses from furfurol. The Yur’ev reaction has been utilized t o  
develop a procedure for the formation of pyrrole from furfurol without isolation of 

(75) 

(76) 

(77)  
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furan2 2 .  Finally, equation (8 1 ) iilustrates a ring-expansion reaction in which two  
oxolane molecules take part2 3 .  

CN CN 

CN 
C 

C 6  'CN 

+o 
NC CN 

(81 1 

1. Reaction with Organometallic Compounds 

Compared t o  oxiranes' , the ring-opening of cyclic ethers occurs less readily, 
since the reactivity decreases with increase in the number of ring atoms. Three 
reviews on these reactions have appeared in recent years2 64-2  6 .  

1. Reaction of oxetanes 

This reaction is generally used for incorporation of the 3-hydroxypropyl group, 
with the involvement of either an ~ r g a n o l i t h i u r n * ~ ~ - ~ ~ ~  or a Grignard com- 
pound'  7 1  l 2  70-2  73 (e.g. equations 82 and 83). In certain cases the reactions of 
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(Ref .  269) (82) 

H 2 C = C H e M g X  + 0 - H Z C = C H e l C H Z I 3 O H  (Ref .  273) (83) 

organolithium compounds are carried ou t  in the presence of cuprous salts2 74. The 
reaction of 2-methyleneoxetane with phenyllithium results in methyl phenetyl 
ketone2 . Whereas oxiranes containing a carbonyl function react regioselectively 
(via their oxirane function) with certain organometallic compounds’ , oxetan-3-one 
reacts with a Grignard compound eithe.r via its 0x0 function, or via both functional 
groups2 76. 

With trimethylchlorosilane, 2-alkyloxetanes yield the  corresponding 1,3-chloro- 
hydrinsilyl ether isomers2 7. On the action of triethylaluminium, pentanol is 
formed t o  only a very slight extent2 7 8 .  3-Ethyl-3-hydroxymethyloxetane reacts 
according t o  equation (84) with phenylmercurihydroxide, while 3,3-bis(hydroxy- 
methy1)oxetane gives 3,3-bis(phenylmercurioxymethyl)oxetane2 . An interesting 
reaction is shown in equation (85)280.  

2. Reaction of oxolanes 

On the action of alkyllithiums (e.g. n-BuLi), the oxolanes decompose t o  alkene 
and aldehyde enolateZ8 after the splitting-off of an a-hydrogen. Alkyllithium 
and cuprous salt, or  lithium dialkylcuprate, causes the ring of the 2-alkyloxolanes to  
open2 7 4  (equation 86). 

In the presence of tungsten hexachloride, oxolane undergoes a-phenylation with 
phenyllithium’ . On the action of tri- and di-phenylmethyllithium, the corre- 
sponding butanol derivatives are obtained28 y 2  7. Lithium trialkylsilane converts 
oxolane t o  4-trialkylsilanebutano12 8 .  Trimethyliodosilane2 8 9  y 2  and dimethyl- 
dichlorosilane2 yield the corresponding 4-tri- and di-alkylsilyloxybutyl halides. 
In the presence of metals, trimethyliodosilane reacts with oxolane to  give 1,8-bis- 
trimethylsilyloxyoctane2 . 

(Me)3S i l  + 0 - I I -  I (87) 

With a Grignard compound, 2-dialkylaminooxolane forms a 1,4-amino alcohol2 3. 

CH2CH2CH,CH2 M CH2(CH ) CH2 

OSiMe3 I OSiMe3 OSiMe3 



1 5. Cyclic ethers 707 

3-Oxolanone hydrazone can be opened with alkyllithium to give allene alcoh0129~. 
2-Alkoxyoxolane, which also contains an oxirane function, reacts regioselectively 
with lithium dialkylcuprate via the oxirane function (equation 88). 

Oxolane forms various complexes and adducts with transition metal halides2 9 6 ,  

2-Hydroxymethyloxolane interacts via the hydroxy function with diphenylzinc 
rareearth metal salts2 and metal complexes2 7' 9 .  

and phenylrnercurihydroxide2 9 .  

3. Reaction of oxanes 

The six-mem bered oxacycloalkanes display a considerably lower reactivity to- 
wards organometallic compounds. On the action of n-BuLi, only a minimal amount 
of 1-nonanol is obtained from oxane2 7 4 .  The 3-hydrazone derivative gives an allene 
alcohol on reaction with n-BuLi2 9 4  (equation 89). 

Me 

Me Me QMYTS Me 

(89) 
I 
I 

+ n-BuLi - HOCCH2CH=C=CMe 
I 

Me 

With trimethyliodosilane, oxane may be opened to  1,5-iodohydrintrimethylsilyl 
ether, while in the presence of metals (Li, Na, K ,  Mg) 1,lO-decanediolbissilyl ether 
may be obtainedz9 v 3 O o .  2-Aminoalkyloxanes react with Grignard compounds to 
give 1,5-amino alcohols3 O . 

New experimental data have been reported on the exchange of the 2chloro 
atom in 2-chlorooxanes30 and 2,3-dichlorooxanes303-30 for alkyl or  aryl groups. 

Equation (90) shows the double reactivity of 2 - v i n y l o ~ y o x a n e ~ ~ ~ .  With a 
Grignard compound, 2-ethynyloxane gives an allene alcohol3 (equation 9 1). 

RM9X_ CL + QCH2---cH-R (90) 

I 
OH 

E l M g B r  

Q C E C H P h  C=CPh 

J. Free-radical Chemistry 

Reactions of cyclic ethers that take place via a free-radical mechanism may be 
induced thermally, with a free-radical initiator, photochemically in the presence or 
the absence of an appropriate sensitizer, and by radiolysis. 

In the pyrolysis of oxetanes, fission of the four-membered ring into two parts 
proceeds with high selectivity. This reaction can be studied readily and permits 
the understanding of the mechanism of the radical processes. These investigations 
have extended t o  oxetane3 , 3  and also to  3,-alkyl- and 2-aryl- 2-3 4 ,  3-alkyl- 

substituted3 oxetanes, and to  polysubstituted and functional derivatives of 
and 3-aryl- 3 1 5 , 3 1 6 ,  2,2-di- 3 1 6 ,  3 ,34i-  3 1 7 - 3 1 9  9 ,  2 3-di- 314,3209321 and 2,4-di- 
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oxetanegO 9 3  9 3 2  3-3 6 .  The decomposition of oxetanes has also been studied 
in the presence of rhodium complexes3 ' v 3  8. The publications referred t o  above 
include investigations of the kinetics, the regioselectivity and the stereoselectivity 
of the transformation. 

The stereochemical course of the thermolysis has been reported in many 
papersg q 3  $3 s 3  j 3  i 3  33 >3 . While not leading to  totally uniform 
conclusions, the results of the investigations may be summarized briefly as follows. 
The gas-phase thermolysis of oxetanes to  olefins and carbonyl compounds is a 
homogeneous, unimolecular process occurring via a biradical intermediate. The 
transformation is not completely stereoselective; cis-trans isomerization too may 
be observed during thermolysis. 

The tendency of cyclic ethers t o  undergo radical reactions is due to  the com- 
parative weakness of the C-H bonds in the a-position. ESR studies have revealed 
the formation of the radicals 8 or  9 and 10 in the radiolysis of oxolane and 2- 
methyloxolane, respectively3 3 0 .  %-Radicals are also formed in the case of six- 
membered cyclic ethers3 * ,3 2 .  The chemical evidence indicates that the tendencies 

( 8 )  (91 (701 

of oxolane and oxane to form radicals are approximately 10 times higher than those 
of oxetane and oxiranes, which corresponds with the fact that the C-H bond is 
stronger than the C-0  bond in the latter. 

are initiated by the 
radicals formed on the thermal decomposition of di-t-butyl peroxide. The reaction 
is suitable for the preparation of 2-alkyloxacycloalkanes from oxolane and oxane 
by utilization of the appropriate terminal olefin. The yield increases together with 
the molecular weight of the olefin, and in favourable cases attains 70-80%. The 
alkylation is a chain-reaction; the chain-propagating steps in the case of oxolane3 34 
are shown in equations (92) and (93). Chain-termination may be either dispro- 
portionation or combination of the radicals3 i3  8. 

Radical alkylations of cyclic ethers with olefins3 3-3 

(92) 

Since both alkenes and ethers are difficult to  excite, their photochemical reaction 
is achieved only in the presence of a sensitizer (e.g. acetone). Triplet-state acetone 
splits off an z-H atom from the ether, and the reaction proceeds by the same route 
as the radical-induced one3 3 8 .  Cyclic acetals too display an analogous reaction3 '. 

Similar reaction are also observed in the case of cumulated dienes340>34 l .  

Depending on the conditions, the reaction of oxacycloalkyl radicals with acetylenes 
produces either a l k y l a t i ~ n ~ ~ ~  or r i n g - ~ p e n i n g ~ ~  3 .  By direct photochemical re- 
action with oxolane, a suitably excitable unsaturated compound such as 1 1 ,  for  

F C --CCI 

FzC-CF 

(11) 

I I I  
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example, gives the corresponding 2-oxolane derivative3 4 .  Oxolane similarly under- 
goes direct photochemical addition to maleic anhydride34 5 * 3 4 6  and diethyl 
maleate3 9 3 4 6 .  The reaction may also be induced by radicals34 6 .  Oxolane may 
participate in a photoaddition reaction with 1,3-dimethyluracil (equation 94)34 ', 

adenine, guanine and caffeine3 7. Excited purine and pyrimidine bases split off 
hydrogen from C(2) of oxolane, and the radical formed reacts as indicated. 

. On the action 
of light, tetramethyloxetanone is converted to acetone and dimethylketene in an 
apolar solvent, and to  tetramethyloxirane in a polar solvent348. 13 i s  formed selec- 
tively from 12 in a photochemical reaction3 (equation 95). 2,3-Dihydropyran 
undergoes addition to benzene with very high stereo~electivity~ ' (equation 96). 

In some reactions of cyclic ethers, ring-contraction occurs34 8-3 

Me 

Me& - Me\\\\\\\! $-  . M ee\\\\\\\ LCHO (95) 

(121 (13) 

Nitrenes3 9 3  and c a r b e n e ~ ~ ~  9 3  are capable of insertion into the C-H 
bond. Studies have been made of the reactions of various cyclic ethers and carb- 
e t h o ~ y n i t r e n e ~ ~  3. The mechanism of equation (97) has been proposed for the 

:NR - + \  
+ 

insertion, and for the ring-opening side-reaction. In agreement with earlier 
observations352, the attack of singlet nitrene is assumed. 
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Dichlorocarbene is likewise inserted into the a-C-H bond. a-Dichloromethyl- 
oxacycloalkane can be prepared in good yield (80%) via this reaction3 5 4 .  

Numerous publications have appeared on the fragmentation occurring during 
the mass-spectroscopic determination of oxetanes3 6-3 and cyclic ethers with 
larger rings3 9 .  

K. Ring-opening with Nucleophilic Reagents 

Most of the experimental data in the literature relate t o  the acid-catalysed 
hydrolysisZ ,2  *1 * 9 3  *3 of cyclic ethers (mainly oxetanes), their alcohol- 
ysis2 5 * 3  2-3 and their transformations with hydrogen halides3 2-3 7 0 ,  car- 
boxylic acids2 s l3  ?3 and their derivatives2 s 73 3-3 7 6 .  These reactions are 
depicted in equation (98). 

+ X-Y - C H Z ( C H ~ ) ~ C H ~  
I 
ox  

I 
Y 

n = 1 ~ 2.3 

(98) 

X,Y = H 2 0 ,  hydrogen halides, ROH , RCOOH , RCOZ ,etc.  

Some investigations have been directed towards preparative uses, but the majority 
deal with regioselectivity, stereochemistry and mechanism. The overwhelming 
majority of the reactions take place via an s N 2  mechanism. However, some ob- 
servations (mainly on oxetanes) can only be interpreted by an S N ~  mechanism. 
The mechanism of the reaction is greatly influenced by the number and type of the 
ring-atoms, the nature of the reagent and the experimental conditions. Some 
examples in support of this are presented in equations (99)-(102). In the acid- 
catalysed ring-opening of cyclic ethers, the first step is the formation of an oxonium 

( R e f .  25) (99) 

salt, which is a reversible process. Numerous stable oxonium salts have been isolated, 
e.g. in the case of c is-2,5-dimethyl~xolane~ 7 .  

With steroid oxetanes, acid-catalysed cis ring-opening has been observed to occur 
with surprisingly high s tereo~elect ivi ty~ (equation 100). 
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The ring-openings of cis- and trans-2,s-dimethyloxolanes take place by an 
SN2 mechanism3 (equations 101 and 102). 

Er 
Me M g B r z / A c z O  Me 

MeQ * H+le (101 )  

Ili' H OAc 

H 
H MgBrz/Ac*O M e  y,\. B * "Q -Me (102) 

I? M e  H"'13 Ac 

Other ring-opening reactions, mainly of oxetanes, occur, e.g. with phosphorus 
halides3 8-3 or  carbonic acid derivatives3 9 3  . Some other unusual ring- 
openings of oxolanes take place with alkyl halides in the presence of mercuric 
salts3 8 2  > 3  3 ,  t e t r a f l u o r o b e n ~ e n e ~ ~  4 ,  alkyl ch lo r~su lphona te~  and phosgene3 7 3  

(equations 103- 106): 

A n 
OuNCH2CI + <r;> - 0 NCH20(CH2)3CI (Ref .  386) (103) 

W 

c'H2c~~o (Ref. 387 )  (104 )  

CIH2C 

F ~ 0 ( c H 2 ) 4 0 ~ R  F (Ref .  384 )  (105 )  

F 

- RO(CH,),CI (Ref .  385) (106) (2 + R O r I  - Q . . . . O S C l  --so2 

I1 
0 

0 I 
R 
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I. DEHYDRATION OF 1,2-DIOLS 

The transformations of 1,2diols accompanied by elimination of water can be 
summarized in three reactions: 

(i) The classical process of pinacol rearrangement, first described by Fittig’ , 
and later studied by Butlerov*. Pinacol (1) is treated with cold concentrated 
sulphuric acid and thereby converted to methyl t-butyl ketone (pinacone) (2) 
(equation 1). 

OH OH 

(1) (2) 

(ii) The formation of epoxides, which is observed mainly from tetrasubstituted 

(iii) The formation of unsaturated compounds, primarily dienes. 
The pinacol rearrangement has been studied in great detail, particularly for the 

secondary-tertiary and ditertiary 1,2-diols. Transformations of other 1 ,2-diolsY and 
the use of nonacidic reaction conditions differing from the  classical ones, have 
received less attention. 

and certain hindered trisubstituted diols. 

A. Dehydration in the Solution Phase by the Action of Acids 

1. Pinacol rearrangement 

Rearrangement of pinacol with water elimination can be achieved in the presence 
of mineral acids. Sulphuric acid is used mainly, but  use is frequently made of per- 
chloric acid, aromatic sulphonic acids, organic acids (formic acid, oxalic acid) 
and acetic acid together with iodine, acetyl chloride o r  acetic anhydride. 

Because of the very large volume of literature data we cannot give a full review 
of all the publications and shall restrict ourselves therefore to a brief survey of the 
still continuing research that has led to  the currently accepted interpretation of the 
pinacol rearrangement. Using the earlier  review^^-^ as a starting point, we shall 
mainly discuss the  results of the past 15 years. In 1963, Bunton and Carr6 came t o  
the  conclusion, still generally accepted, that there is no unique mechanism for the 
pinacol-pinacone rearrangement: depending on the structure of the diol and the 
reaction conditions, one o r  other mechanism predominates, or the rearrangement 
may occur via simultaneous processes. 

In principle there are four fundamental routes for the pinacol rearrangement: 
via a carbonium cation, by a concerted mechanism, via an  epoxide intermediate 
and via vinyl dehydration. Most reactions can be interpreted by means of the first 
two  of these reaction paths, while the data so far obtained suggest that the final 
possibility may be excluded. 

a. Rearrangement via a carboriium cation. This route for the rearrangement has 
been discussed in detail by Collins3 17-9. The reactions of the labelled diol (3) were 
studied in the presence of five different catalysts (concentrated H2 SO,,, formic 
acid, dilute H a  SO4, oxalic acid, dioxan-N2 0-HCl). It was found that the process 
shown in equation ( 2 )  does not play a role in the rearrangement, while the three 
remaining possibilities (equations 3-5) depend t o  a large extent on the reaction 
conditions. The carbonium cation is formed reversibly (neighbouring-group par- 
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bh,C-CDPh - Fh2C--DPh - bhCOCDLh, 
I I  I 
OH OH OH 

(3) 

I f  

Ph,C-CDPh - bh2CDCOPh 
I 

OH 

Ph3C- tDOH Ph3CCD0 

+ +  
Ph2C- C D k  - bh,CDCO;h 

I 

(3) 

(4) 

(5) 

OH 

ticipation cannot be observed); this is followed by irreversible hydrogen or aryl 
migration (equation 6). 

H* + 
Ph2C-CHPh PhzC-CHPh PhzC-CHPh Ph3CCHO (6) 

I 
OH 

-ti+ I I  
H i ?  O H  

I 1  
OH OH 

(4 I 

Ph2CHCOPh 

At the same time, the presence of the carbonium cation was proved by rate 
measurements in D2 0' O-' and by ' 0-studies. Since the results reviewed earlier3, 
many authors have confirmed the above observations under very varied experi- 
mental conditions and with diols of different structures6 ,' 3-2 ' . Many of the most 
recent investigations2 2-2 support the carbonium cation mechanism. Nevertheless, 
the results of a number of research groups are in agreement with the existence of a 
nonclassical bridged carbonium ion2 8-3 7. 

b. Concerted mechanism. From a study of the rearrangements of the  diols 1, 
I and 6 in 50% H 2 S 0 4 ,  Stiles and M a ~ e r ~ ~  found that bond formation by the  

R (CH3)C- C(CIi3), 
I 1  
OH OH 

(1) R =Me 

(5) R = Et 

( 6 )  R = t - B U  

migrating group occurs in a slow step, which excludes the carbonium ion mechanism. 
They recommend a concerted reaction pathway (equation 7), in which water is 
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RC-CR, - RC-CR, 
I cl II 

<OH QH2 OH 

(7) 

eliminated from the protonated pinacol with the anchimeric assistance of the mig- 
rating group. Since oxygen exchange takes place between the pinacol and the solvent 
during the rearrangement' 2 ,  formation of the carbonium hydrate (7) is probable in 
the first step. This formation is responsible for both the rearrangement and the 
oxygen exchange (equation 8). The rearrangement involves a backside displacement 

of water by the neighbouring group R. Because of the  geometry and hybridization 
of the carbon atom, this process should occur much more easily than the one shown 
in equation (7). The rates measured in the cases of the different substituents 
suggest that  for 1 both the carbonium ion route and the concerted mechanism are 
involved in the rearrangement, while for 5 and 6 the  latter pathway predominates. 
The role of the concerted mechanism is supported by the results of other inves- 
t i g a t i o n ~ ~  9-4 . 

that  epoxides 
are formed during the loss of water from certain tetrasubstituted and, hindered 
trisubstituted 1,2-diols (equation 9 ) .  More recently, in a kinetic investigation of the 

c. Role of the epoxide intermediate. It has long been 

dil. H p S O a  

PhCH -C(a-C,oH,)Ph * PhCH - C(a-C,,H,)Ph 

I I  \ /  
O H  OH 0 

(9) 
conc. H2 SO4 I 

PhCOC(x-C,oH,)Ph 

reaction of tetraphenylethylene glycol (8) in perchloric acid-acetic anhydride, it 
was found4 that, besides the direct rearrangement, the transformation also takes 
place via the epoxide (equation 10) (-80% at 75OC). The ratio of the two processes 

PhzC - CPh, - Ph,CCOPh 
I I  

O H  O H  

( 8 )  \ 
PhzC - CPh, 

'O/ 

( 1 0 )  

is determined by the stereostructure of the diol: the  trans-diol has a favourable 
conformation for epoxide formation, whereas the cis-diol, present in lower amount, 
leads directly to  the ketone (9). 

In studies of thevarious methods of rearrangement of cis- and trans-l,2-dimethyl- 
cyclopentanedio16, pinaco13 2 9 3  and other tetraaryl glycols46 94 7 it has been 
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similarly proved that the corresponding epoxides may act as intermediates under 
certain conditions. 

In their study of the rearrangement of the tetraaryl glycols 10, Pocker and 
Ronald46 l 4  ’ described the transformation with the proved kinetic scheme of 
equation 11. 

Epoxide 

Ketone 

Compared to  the previously discussed mechanisms, rearrangement via the 
epoxide is less general; this path is a rarely-occurring, special case of the re- 
arrangement. 

d. Vinyl dehydration. This possibility (equation 12) was first suggested in the 

RPhC-CHPh - RPhC=CPh - RPhCHCPh (12) 
I I1 

0 OH 
I I  
OH OH 

1 9 2 0 ~ ~ ~  y 4  8,4 9 .  As a theoretical possibility, this mechanism was still mentioned 
by Kleinfelter and Schleyer in 196 1 O .  

The first evidence against vinyl dehydration was due to  Mislow and Siegels l .  In 
aqueous H2 SO4 the dextrorotatory 1-phenyl-1-o-tolylethylene glycol (1 1) is 
converted to the optically active 12 (equation 13), which is incompatible with the 
formation of an enol intermediate. 

(13) P h (0 -CH 3 Cg H4 ) C - CH 2 - P h (0 -CH 3 C6 H4 ) C HC H 0 
I I  

OH OH 

(+)dl 1 ) (+)-(12) 

On the basis of other facts in the relevant literature reports’*’ v 2  8-3 O ,  it may be 
stated that vinyl dehydration does not play a role in the rearrangement of the 1,2- 
diols in the cases examined. 

e. Stereochemistry of  the rearrangement. According to  an older observation 
relating to  open-chain 1 , 2 - d i o l ~ ~ * * ~ ~ ,  under identical reaction conditions (in 
CH3 COOH/I2 or  in CH3 COCl) the meso and racemic forms of 1,2-diphenyl- 1,2- 
di-a-naphthylethylene glycol give different products: the higher melting isomer is 
converted t o  the phenyl ketone, and the other isomer to  the a-naphthyl ketone. 
Studies with the geometrical isomers of other 1 ,2diols4 5 9 5 4  clearly demonstrated 
the role of stereocheniical factors in the pinacol rearrangement for the open-chain 
1,2-diols too. The transformations of various ditertiary diols (13) with similar 
structures have been investigated, in an attempt t o  obtain a 

R 2  R3 
I I  

R ’  C - CR4 
I I  R4 = r-Bu,t-Am, t-Hex, 

OH OH 

(13) 

R’, R 2 .  R3 = M e ,  E t  

quantitative correlation 

Et3C 
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for the structure-migrating group interactionsz3 , z 4 .  The number of carbon atoms 
in the substituents on the tertiary carbon atoms has an inverse effect on the rate 
of migration: if the number of carbon atoms on the carbon atom bearing the  
migrating group is increased, the reaction rate too increases. This may be explained 
by a relief in the steric strain caused by a change in the hydridization of this carbon 
atom: sp3 + spz. If the number of carbon atoms in the substituents on  the  carbonium 
ion is increased, the rate of rearrangement is influenced in the  inverse way by the 
hybridization in the opposite direction. The experimental data also showed that  
another effect too is manifested: this originates from the conformational conditions 
of the molecule, is independent of the migrating group, and acts against migration. 
The effect may arise from the substituents of the two tertiary carbon atoms inter- 
acting in such a way as t o  destabilize the conformers favouring migration. Further 
studies are required, however, for the effect to  be given in a quantitative form. 

A very large number of publications deal with the  stereochemistry of the pinacol 
rearrangements of alicyclic 1,2-diols with different ring sizes6 * 2  ,z ’ *34 ,5 5 6 6 .  

In the case of the cyclohexanediols 14 and 15, even the first investigations5 l6 

drew attention to the very characteristic transformations (equations 14 and 15). 

(15) 

Later, different results were O ,  for i t  was found that  transformation 
of the isomers led t o  the formation of the same product mixture20 (equation 16). 

e 3  + O < C H 3  
COCH, 

OH 

(14) or (15) 2 -9% 91 -98% 

The stereochemistry of the process was studied in connection with the trans- 
formations of the four isomeric l-phenyl-4-t-butyl-l,2-cyclohexanediols (16-1 9 )  
in the BF3--Etz0 complex”. The reaction always begins with the splitting of the 
benzyl C-0  bond, which leads to  the formation of the open carbonium ions 
20 and 21. The original configuration of C(1) no longer plays a role in the further 
reactions of these ions, the  subsequent reactions being determined by the position 
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I 

H b H  
(20) (21) 

of the C(2)  hydroxy group. In the  carbonium ion (20)  formed from 16 and 17, the 
axial hydrogen is readily able to  migrate as a hydride anion, and thus the ketone 22 
is obtained as product. In the ion 21 which may form from the diols 18 and 19, 
hydride anion migration is less favoured in the case of the equatorial hydrogen on 
C(2); here, therefore, in addition to  ketone 23, a significant amount of aldehyde 
24  is formed. 

Ph 

(22) (23) (241 

The study of some isomeric 1,2-cyclobutanediols revealed34 that the isomers 
undergo transformation in the same way: in agreement with the stereochemical 
regularities, a single product, formed by ring contraction, is obtained (equation 17). 

P 

OH k 
An investigation of the  stereochemistry of- the transformations of the diols 25 

and27 in 25% I-12S04 showed l3> l4  that the diene 26 is formed as the main product 
from 25 ,  while the spiroketone 28 is obtained from 27 via pinacol rearrangement 
(equations 18 and 19). The transformation can be well interpreted in terms of the 

25% I42504 

HO OH 

(27) (28) 

role of the stereochemical factors. Otherwise, for compounds containing rings of 
the same size, spiroketone formation occurs primarily in the case of small (C4 or 
C s )  rings' 3 , 1 4 7 1  8 , 6 7 - 7 2 ,  whereas larger rings are characterized by diene for- 
mation' > 1  ,' ' 9 7 3 9 7 4 .  This is because, for small rings, ring expansion is a pos- 
sibility for the relief of the  ring strain; this factor is not  of importance with larger 
rings, where diene formation will accordingly predominate' 4 .  
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The data relating to the stereochemistry of the rearrangements of cyclic diols are 
in part contradictory, and numerous factors hamper their interpretation7’. In 
many cases, for instance, cis-trans isomerization can be observed during the 
transformations; the products formed are frequently not stable, and undergo 
interconversion; and different results may be obtained by the application of dif- 
ferent reaction conditions. These factors lead to uncertainty in the conclusions 
drawn. 

2. Formation of unsaturated compounds 

In certain cases the pinacol rearrangement is accompanied by diene formation. 
This has been observed with ditertiary glycols, sometimes on the use of reaction 
conditions differing from the classical ones. 

By applying various reagents (HBr, HI, C13 COOH, aniline hydrobromide, FeC13), 
K y r i a k i d e ~ ~ ~  prepared 2,3-dimethyl-l,3-butadiene from pinacol, in some cases 
with good yields. The HBr method has also been employed as a preparative pro- 
cedure,,. In the presence of phthalic anhydride78, dienes are formed as well as 
ketones from 2,3-butanediol and pinacol. Diene formation has been studied in 
detail in the course of the dehydration of 3,4-dimethyl-3,4-hexanediol on various 
catalysts79. Catalysts of complex composition, containing W03,  have also been 
used in the conversion of various 1,2-diols to  dienesgO >8 * . 

Dienes can be obtained in good yield from bicyclic, ditertiary diols (e.g. 25 and 
27), mainly in the case of larger (c6 or C,) rings. Various concentrations of dilute 
H 2 S 0 4 1 3 * 1 4 ~ 1 8 9 7 3 . 8 2 ,  oxalic ac id18>74 or (CH3C0)2070 are suitable agents for 
the preferential formation of the diene rather than the spiroketone. With certain 
compounds, nonproton-donor catalysts [ HCl-(CH3C0)20, CH3COCl-(CH3C0)20] 
are similarly well suited for the preparation of dienes8 3 .  

With acid catalysis, p-cymene (30) may be isolated from (-)-cis-pinane-trans-2,3- 
diol (29) (equation 20)2 7 ,  and isomeric dienes are also formed from 3 l a 4 .  Similarly, 

(29) (30) 

the transformation of 32 may also lead to aromatic products2Z. The ratio 0x0 
compound/aromatic product depends on R and on the reaction conditions, but  it is 

(31 1 (32) 

R = Me, Et, n-Pr, Ph 

independent of the configuration of the diol. Transformation as in equation (21), 
leading to diene formation, proceeds at  100°C in the presence of 50% H 2 S 0 4 8 5 .  



B. Transformations on Alumina 

In the presence of alumina, the  1,2-diols are transformed t o  either a carbonyl 
compound or  a diene. Pinacol yields 2,3-dimethyl-1 ,3-butadiene7 , 8 6 ,  while other 
 publication^^^ ,8 7-90 have dealt with the possibilities of ketone and diene formation. 
The diols 33 are converted to  carbonyl compounds of type 34 (equation 22)9 , 
while 1,2-pentanediol yields pentanalg . 

R 2  R 3  R 2  

I I  
I I  

*‘2O3 I 
200-a00°c l 3  II 

- R’C-CC=CH R’C - CCE CH 

R O  O H  O H  

(22) 

(33) (34) 

R ’ , R 2 , R 3 = C , - C 6  

A series of studies on cis- and trans-l,2-cyclohexanediol (35 and 36)62 9 6 5  , 8 8  

showed that mainly cyclohexanone (37) is formed from the cis isomer, and primarily 
cyclopentaneformaldehyde (38) from the trans compound, together with the 
1,3-~yclohexadiene (39) generally accompanying the transformation (equation 23). 

(35) 0“” 
(37) 

+ B C H O  + 

(38) 

0 
(36) 

The isomeric I-methyl-1 ,2-cyclohexanediols6 gave a similar result. The trans- 
formations can be interpreted by analogy to  the processes occurring in acidic medium. 
For the carbonyl product formation from the diols 4093 ,  a carbonium cation 
mechanism was proposed, as shown in equation (24). 

The stereochemistry of the heterogeneous catalytic reaction was studied with 

OH O H  

(40) 

R ’  = H ,  Me 

R 2  = Et, n-Pr, i-Pr, 

vinyl, isopropenyl 
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the meso and racemic forms of 2,3-butanediol (41) and 1,2-diphenylethylene glycol 
(42) in the vapour phase o n  alumina (equation 25)94. 

A‘2°3 
RCH-CHR - RCH2CR + R,CHCHO (25) 

235-25OoC I1 
0 

I I  
O H  OH 

(41) R = M e  (d/-41) 92% 6% 

(meso-41) 84% 11% 

(42) R = Ph (dl-42) 77% 23% 

(meso-42) 38% 62% 

In the case of the methyl- and phenyl-substituted meso-diols, the same confor- 
mation leads to  the formation of both aldehyde and ketone. The formation of the 
aldehyde in the case of meso42 is explained by the large eclipsing interaction of 
the phenyl substituents, and by the high migratory aptitude of the phenyl group. 
In the case of the meso-butanediol, the eclipsing effect is much less, while a t  the 
same time the migratory aptitude of the hydrogen exceeds that of the methyl group, 
and hence the ketone may be obtained as main product. For the dl isomers, the 
ketone and aldehyde are formed from different conformations, but there is no 
essential eclipsing effect in either case. Overall, therefore, the ketone is the main 
product from the dl-diols, in accordance with the fact that the methyl and phenyl 
groups are to be found in anti positions with regard to  each other. 

C. Dehydration on the Action of Metals 

Metal, (especially copper) catalysts, catalyse the conversion of 1 ,Zdiols to 
carbonyl compounds9 5-1 0 4 .  In the transformation of vinyl-substituted diols on 
supported copper catalysts, the vinyl group plays an essential role in the develop- 
ment  of the carbonyl g r 0 u p ~ ’ 3 ~ ~ ,  as its presence enables the diol to  bind on  the 
active centres of the catalyst in accordance with equation (26), with the formation 
of the x-ally1 system. 

The product ratios obtained’ with 2-ethyl-2,3-pentanediol (43) on copper 
catalysts with various properties and on Pt/C (equation 27) provide a possible 

(27) ( C Z H ~ ) , C H C C H ~  + C H CCHCH3(C,H,) 
5 1 1  

(C,H5),C-CHCH, - 
0 

II 
0 

I 1  
O H  O H  

(43) 
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explanation of the reaction path of the rearrangement. Depending on  the tempera- 
ture and the catalyst the products are formed either directly by pinacol rearrange- 
ment, or via the a-hydroxyketone (44) which is formed by dehydrogenation and 
which then undergoes rearrangement to  the isomeric 45 (equation 28), followed by 
dehydration and hydrogenation. 

(C,H,),C-CCH, C H C - C ( C ~ H S ) C H ~  (28) 
I II I 

0 O H  

(44) (45) 

O H  0 

On Pd/C catalysts9 9 I and in the presence of palladium-containing two- 
component alloys' ' , 1,2-cyclohexanediol gives cyclohexanone as the  main product, 
together with phenol, resulting from aromatization' 9' O 0 .  In the presence of Cu/Al 
and Cu catalysts' 0 4 ,  cis- and trans-l,2-cyclohexanediol yield (in addition to  other 
products not formed by dehydration) cyclohexanone, and smaller amounts of 
formylcyclopentane, cyclohexanol and 2cyclohexen-1-one. No essential differences 
were observed in the distributions of the products from these isomers. 

D. Dehydration Under Other Conditions 

On S O 2 ,  Na2HP04 o r  a mixture of the two as catalysts, 1,2-propanediol gives 
propionaldehyde in good yield' 5. On phosphate catalystss 1 '  ', the trans- 
forination leads mainly to  diene formation. On Ca3 (PO,), and AIPO, ' O 8 ,  
pinacol yields pinacone and 2,3-dimethyl-l,3-butadiene, whereas tetraphenyl- 
ethylene glycol gives only triphenylmethyl phenyl ketone' 8. 2-Methyl-l,3- 
butadiene forms from 2-methyl-2,3-butanediol with Li3 PO, or Li2 I-IPO, catalysts 
on various supports'O6. 

The transformations of pinacol (1) leading to  the diene 47 are as outlined in 
equation ( 2 9 p 9 .  Aluminium silicate, boron phosphate and silica gel primarily [ (cH3)3cc0;;; CH3 CH3 

I t  
(CH3)zC -C(CH3)2 H 2 C  =C - C=CH2 

I 1  
O H  OH 

(29) 
(CH3 )2C -C=CH, 

I 
O H  

(1) (46) (47) 

catalyse the rearrangement. On Ca3(P04),  and A1203 the main product is the  
diene, formed via the unsaturated alcohol 46 on the former, and via both routes on 
the latter, catalyst. 

Transformations yielding the carbonyl compound and the diene can also be 
observed with the use of dimethylsulphoxides2. 

With Friedel-Crafts catalysts (e.g. AlBr3, BBr3, TiBr,, etc.)' 0 9 ,  4 7  is formed in 
good yield from pinacol, while 1,3-butadiene may be obtained from 2,3-butanediol 
in the presence of Tho2 

In the thermal dehydration of ethylene glycol at  700-1000°C, microwave 
spectroscopy revealed vinyl alcohol, together with a little acetaldehyde and ethylene 
oxide' ' 3 .  

*' ' ' or  under thermal conditions' ' 2 .  
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has also been achieved under  photocatalytic conditions' ' 4-1 ' 6 .  

M. Bartbk and A. Molndr 

The transformation of the  derivatives of certain 1,2-diols to carbonyl compounds 

E. Intermolecular Water Elimination 

In the presence of aluminium silicate catalyst a t  200-400°C, ethylene glycol 
(48) is converted to  diethylene glycol' ' 7 ,  but under the given experimental con- 
ditions this is not  stable and  takes part in further reactions (equation 30). 

,CHz CH 2 O H  
CHZCH, - - 0-0 - 
I I  O\c H c H 0 H u 
OH OH 

(48) 

C H 3 C H 0  

CH3COOH + HzC=CHZ 

On the action of ion-exchange resins, the corresponding 1,4-dioxans (2,5-dimethyl- 
and 2,3,5,6-tetramethyl-l,4-dioxan, respectively) are formed from 1,2-propanediol 
and from 2,3-butanediol' 8 .  

II. DEHYDRATION OF 1.3-DIOLS 

A survey of the  literature data relating to the transformations of the 1,3-diols 
indicates that  the  dehydration routes shown in equation (3  1) are characteristic. 

Cyclic ether 

I 1  
I I II 

-c- c-c - 
0 

T o  illustrate these main transformations, some (mainly recent) literature data 
are listed in Table 1. The tendency in the case of unsubstituted or slightly sub- 
stituted compounds (diprimary, primary-secondary, disecondary diols) is mainly 
the formation of carbonyl compounds; with the increase of the number of sub- 
stituents, the formation of unsaturated alcohols and dienes or dehydration 
accompanied by fragmentation assume ever greater importance. However, the 
direction of the reaction depends on the catalyst too. 
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A. Formation of Carbonyl Compounds with the Same Number of Carbon Atoms 
as the Starting Diol 

This process occurs for diprimary and primary - secondary diols on  the action 
of H2S04  or metal catalysts (primarily various copper catalysts). However, the 
selectivity of the reaction decreases as the number of substituents rises. 

7. Dehydration on the action of sulphuric acid 

The transformations of simple aliphatic 1,3-diols were studied at the beginning 
of this century’ ’ 9-1 and the  formation of carbonyl compounds was described. 
In the course of the dehydration of 2,2-disubstituted 1,3-propanediols and 1,3- 
butanediols, the reaction leading to  the corresponding aldehyde is accompanied by 
the  migration of the substituents on C(2)’ 26-1 3 0 .  A carbonium cation mechanism 
has been assumed (equation 32)’ y .  In the case of the 2,2-disubstituted 1,3-butane- 
diols, tetrahydrofuran derivatives are formed in parallel with the carbonyl compounds 
(see Section II.D.2). 

R’ 
I 

R’  
\ 

R’ R 2  H+ 
\ /  

CH2CCH2 - CHzC$H2 - CH2$CH2R2 

O H  OH 
--H20 I I 

O H  OH 
I I  

R’  
I 

R~CH,(R’)CHCHO - C H > - C - C H R ~  
I 
OH 

2. Formation of carbonyl compounds on the action of metals 

Initial results on metal-catalysed transformations of 1,3-diols are reported in 
patents’ 3 .  Systematic investigations began later9 9 9 6  y 1  34. The role of the 
catalyst Cu/Al in the transformation of 1,3-butanediol (49) (equation 33) was 

CH3CHCHzCH2 CH,CC,Hcj + CH3CH2CH2CHO (33) 
Cu/AI 

I I 150 -2BOOC II 
0 

75% 10% 

O H  OH 

(49) 

studied’ ’, and results were later reported on the transformations of 1,3-propane- 
diol’ 3 6  and 1,3-butanedio11 on various Raney-type catalysts, and on the effects 
of different supported copper catalysts’ 8 .  It subsequently became possible to  
generalize the observations on the basis of extensive studies with different types of 
open-chain’ O 3  >’ 9-1 ’ and alicyclic’ O 4  7 ’  diols. It was found that on various 
copper catalysts certain types of 1,3-diols are converted to  carbonyl compounds, 
and the ditertiary diols to  an unsaturated alcohol and a diene’ 40$143 (see Section 
I1.B. 2). 

The comprehensive study of dehydration to  the carbonyl compound (among 
others by the use of deuterium-labelled compounds) provides a possibility for the 
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elucidation of the mechanism' 4 3  ,144. As seen in the example of lY3-butanediol- 
[3-211] (50), the process consists of three steps (equation 34). 

+dial 

CH3CDCH2CHO - CHBCD=CHCHO 
I - H.20 

CH3CDHCH2CHO 

OH OH 

(34) 

(50 )  +dial I CH3CCH2CH2 - CH3CCH=CH2 - CH3CCH2CH3 
II 
0 

II I - H 2 0  I I  
0 OH 0 

3. Formation of  carbonyl compounds on the action of other agents 

The formation of carbonyl compounds similarly proceeds in the presence of 
homogeneous catalysts, such as RhC13 /PPh3 * '  6 .  Apart from primary - 
secondary diols, disecondary and even secondary - tertiary diols' are transformed 
to the corresponding ketones (equation 35). On the action of RhC13 and chiral 
p h ~ s p h i n e s ' ~  7 ,  it is also possible t o  achieve the enantioselective dehydration of 
1,3-butanediol. 

RhC13/PPh3 

( R '  R 2 ) C ( R 3 ) C H C H R 4  - ( R '  R 2 ) C H ( R 3 ) C H C R 4  (35) 
80-100"c II 

0 
I 
OH 

1 
OH 

With other agents too, carbonyl compounds' and unsaturated carbonyl com- 
pounds8 7 ' 8-1 may be formed. 

B. Formation of Unsaturated Alcohols and Dienes 

The formation of these compounds via 1,2elimination is a characteristic reaction 
of polysubstituted diols on the action of various organic and inorganic acids and 
organic acid anhydrides. The diols may be induced t o  undergo similar processes by 
other reactants too [(CH3)2 SO, bromine, iodine, A12 O3 1 .  Investigations in con- 
nection with the preparation of 1,3-butadiene and isoprene are of importance from 
an industrial point of view. 

1. Dehydration on the action of acids 

Sulphuric acid' ' and hydrogen bromide7 ,' 2 i 1  are used most fre- 
quently with 1,3-diols. References may also be found to molybdic acid'64, 
HCl/CH3 COOH' 5 ,  organic acids (oxalic' 7 , 1  6 6 ,  b e n z e n e ~ u l p h o n i c ~ ~ ,  p-toluene- 
sulphonic' 6 7 i 1 6 8 ) ,  and acid anhydrides ( p h t h a l i ~ ~ ~ i ' ~ ~ ,  acetic' 7 0 7 1  "). Diene is 
likewise formed in FS03 H/SbFS /SO2 '. Similar agents may be employed for the 
dehydration of alicyclic compounds' 6 9  7 2  7 3 .  

It is worthwhile to  emphasize the results connected with 3-methyl- 1,3-butanediol 
( 5 1 ) 1 5 2 - ' 5 6 ~ 1 6 0 ~ 1 6 1 ~ ' 7 4 - 1  7 6 .  Kinetic studies '57-159,177 have led to  the scheme 
shown in equation (36). The fastest process in the system is the isomerization of 
dimethylallyl alcohol (52)  t o  dimethylvinyl carbinol (53 )  and isoprene (54) and the 
side-products are formed from the equilibrium mixture of these two compounds. 
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CH3 
I 

CH3 
lCH3)2C Z C H C H Z O H  I HZC= CCHZCHZOH 

H2C =CCH= CHZ 

(54) (36) - I_ 

i- by-products 
l l  (52)  

(CH ) CCHZCHZOH (CH ) CCH=CH, 
2 1  

II 
OH 

2 1  
OH 

(51 I (53) 

The dehydration of some 1,3-diols (1,3-propanedio11 7 8 t 1  7 9 ,  1,3-butanedio11 7 9 ,  
2-methyl-I ,3-butanediol' 'O, 2,2-diethyl-I ,3-propanedio11 79, 2-n-butyl-l,3-propane- 
diol' 7 9 ,  2,4-pentanedio11 ' and 2-methyl-2,4-pentanedio11 * ' )  have been studied 
on A 1 2 0 3  and Ca3(P0,,)2 catalysts, using heterogeneous catalysts with an acidic 
character. Equation (3 7) shows the reactions observed, and shows three dehydration 

-CCH2CH- - -CHCHzCH- * -CH2CH2C- 
I1 -H*0  I 1 

OH OH 
II I 
0 OH I AH20 \ , Z 0  

-CCF 

-CHCH, + CH2- -CH=CHC- -CH=CHCH= 

0 
II I 

OH 
I 

OH 

routes, and various types of fragmentation and hy drogen-transfer processes. The 
selectivity and the transformation mechanism' depend on both the reaction 
conditions (temperature, space-velocity) and the substrate. Dehydration accompanied 
by diem formation proceeds with high stereoselectivity' l .  

2. Dehydration on the action of other agents 

Unsaturated compounds can also be obtained on the action of various metal salts 
(FeC13, CuSO4, Na2S04) '  7 0 1 1 8 3 , 1 8 4 .  Dienes are obtained in good yield from 
2-methyl-2,4-pentanediol on the action of iodine' 3-1 5 .  Dienes and an unsaturated 
alcohol are similarly formed in the presence of (CH3)2S0 (equation 38)82.  
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Bromine' 8 6  and A12 0 3  ' convert 1,3-cyclohexanediol to an  unsaturated alcohol, 
while zeolite of NaX-type' 88 gives dienes. 

In the case of ditertiary diols, which undergo fragmentation o n  exposure to  acids 
(see Section ILC), unsaturated alcohols and dienes are formed (equation 39) on the 
action of metal catalysts (Cu/Al, Cu, Pt/C)140.143 or  RhC13/PPh3'46. 

CH3 
I 

CH3 
C W A I  I 
-n20 I 

(CH ) CCH,C(CH,), (CH3),CCH,C=CH, + (CH3)2C=CHC=CH2 (39) 

OH 
3 2 ~  I 

OH O H  

40% 60% 

3. Preparation of butadiene 

The preparation of butadiene is dealt with in a great number of publications, 
mainly patents. These describe reaction conditions and catalysts which tend to 
favour diene formation, such as supported and support-free acidic and neutral 
phosphates' 89-1 2 ,  heterogeneous catalysts containing phosphoric 
acid' 9 3  9 4 ,  and other complex heterogeneous catalysts' 5-1 '. Butadiene may 
be obtained in a yield better than 90% with a catalyst of involved composition 
(carborundum - A1 - Mg containing Si02  and W03)8 ' . 

C. Dehydration Accompanied by Fragmentation 

With ditertiary 1,3-diols on the action of H2 SO4 ' , KHS04 2 o  2-204 and 
F S 0 3  H/SbF5 /SO2 6 ,  water is eliminated, fragmentation occurs, and a carbonyl 
compound and an olefin are formed (equation 40). The process can also be observed 

8-2 

K H S 0 4  

PhzCCH2CPhZ - Ph2C=CH2 + Ph2C=0 
I I  1 5 0  -1 80°C 

OH OH 

(40) 

for diols of lower order if the molecule contains a phenyl s u b s t i t ~ e n t ~ ~ ~ - ~ ~ ~ ,  or  if 
a substituent is found on the carbon atom enclosed between the carbon atoms 
bearing the hydroxy groups2 , 2  , 2  ,2  9 .  Similar findings hold for the cyclic 
diols too. 

Studies with open-chain d i o l s 2 0 0 ~ 2 0 3 ~ 2 0 4 ~ 2 0 6 ~ 2 0 7  indicate that the transform- 
ations take place via a concerted mechan i sn i200~206~20  7. 

For asymmetrically-substituted compounds (e.g 55), the  possibility exists for 
two reactions, leading to  different products (equation4 l ) ,  and the direction depends 

PhCCH3 + ( C ~ H ~ ) Z C = C H C H ~  
I I  

CH3 
I 

I I  
(C, H,),CCHC(CH, )Ph 

O H  OH 

0 

(41) 

(C,H,),CO + Ph(CH3)C=CHCH3 
(55) 

on the stereostructure of the d io1200~210 .  In the case of the a- and P-isomers, 56 
and 57, respectively, the conformations favour t rans  elimination. 

An interesting example of the correlation between the structure and the reaction 
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(56) (57) 
direction’ is the difference between the transformations of 2,2-dimethyl-l,3- 
butanediol and l-phenyl-2,2-dimethyl-l,3-propanediol: fragmentation occurs only 
for the latter compound. 

With cyclic I ,3-dioIs of type 5S2 O ,  ring-splitting is the predominant process for 
the cis-diol, whereas ring-splitting and fragmentation of the side-chain are comparable 
for the traits derivative, With the cis compound, trans elimination occurs in  the case 
of the  formation of the ring-splitting product, ( 5 9 ) ,  while with the trans compound 
both splitting products, 60 and 61, may be obtained by trans elimination. 

,C(OH)Mez CqLAHz .......... 

11, I HO Me 
.- I 

I 

A similar interesting ring-splitting has been described for 2,2,4,4-tetramethyl- 1,3- 
cyclobutanediol ( 6 2 ) * ’  * (equation 42). The tram-diol is converted to the un- 

Me Me Me Me 

saturated aldehyde 6 3  via the indicated intermediate, while the cis isomer can be 
recovered unchanged from the reaction mixture. 
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Similar processes accompanied by ring-opening or fragmentation of the side-chain 
can be observed for other cyclic 1 ,3-diols2 2 .  

Stereochemically interesting processes have been observed for the transformation 
of 2,2,5,5-tetrarnethyl-l,3-~yclohexanediol (64) in the  presence of KHS04 
(equation 43)2 * z  4 .  Besides the product formed by rearrangement (65), a ketone 

Me I Me, ,Me 

M C M e  
OH 

(64) (65) (66) (67) 

cis 88% 12% 

trans 53% 30% 17% 

66 and an unsaturated alcohol 67 were detected. The formation of 65 is justified 
by the steric arrangements of the system. Additionally, in the case of the trans-diol, 
the  formation of 66 or 67 is possible, because the methyl group and hydrogen are in 
trans axial positiorls t o  the departing axial hydroxy group (equation 44). For the 

Y 

cis-diol, these latter transformations are not  favoured as the equatorial hydroxy 
groups do not  give rise to  the above steric situation. 

D. Formation of Cyclic Ethers 

7. Formation of oxetanes 

Oxetanes cannot usually be prepared from 1,3-diols by direct water elimination. 
Nevertheless, the process can be carried o u t  with excellent yield from 68 in the 
presence of HC1 and I-ICHO (equation 45)* 5 ,  and oxetanes were also obtained 
from some acetylene-l,3-diols (equation 46)* 6. 

In addition to  the above, the presence of 2-methyloxetane and 3,3-diethyloxetane 

(68 )  90% 

OH OH 0 

R = H, CH3 
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was demonstrated in the dehydrations of 1,3-butanediol and 2,2-diethyl-l,3- 
propanediol on Ca3(P04 12 and A l 2 0 3  7 9 .  The other literature data2 7-2 2 o  

proved that the procedure is no t  reproducible. 

2. Formation of oxolanes 

Various 1,3-diols are dehydrated to yield oxolanes on the action of 
HzSO4l 2 1 i 2 0 8 , 2 2 1 ,  H3P04222 ,  E t 3 P 0 4 2 2 2 , 2 2 3 ,  p-toluenesulphonic and 
ion-exchange resin2 5 .  In certain cases, isomeric aldehydes are formed together 
with the oxolanes (equation 47). Both products indicated result from rearrangement 

Me M e  
I 1  

R’R’CHCH -;-CH, - aldehyde 
I 
O H  

(47) 
’Y 

R ’  R2CHCHCMe2CH2 
R’  
I 

R2$HCHCMe2CH2 - cyclic  ether 
Y H 2  I O H  I \  - R  

I 
O H  

(alkyl migration). The driving force of the process is the possibility of formation 
of more stable carbonium ions. 

111. DEHYDRATION OF HIGHER DlOL HOMOLOGUES 
The main reactions of this group of diols are summarized in equation (48). The 
most characteristic process is the transformation to  the cyclic ether. Table 2 shows 

(48) I 
CH2CH2CH=CH2 i- H,C=CHCH=CHZ 
I 
O H  

that the process is almost independent of the structure and degree of substitution 
of the starting diol. 

The formation of unsaturated cyclic ethers can be observed on metal catalysts. 
Unsaturated alcohols and dienes are formed from primary - tertiary and ditertiary 
diols on the action of various acids, and thc same processes are also induced by 
various oxides and by Ca3(P04)2 at  high temperature, independently of the struc- 
tures of the diols. Other special transformations may be observed also, but these 
only occur for individual diols. 

A. Preparation of Oxacycloalkanes 

1. Cyclodehydration on the action of various agents 

The most general means of carrying our cyclodehydration is to perform the 
transformation in the presence of mineral acids (H2S04’  20,2 2 6 - 2 4  9 ,  HC1249-2 5 5 ,  
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H 3 P O ~ 2 4 8 i 2 4 9 9 2 s 6 - 2 6 s ) ,  or in certain cases acidic salts266-270. Organic acids too 
(benzenesulphonic2 7 1 ,  p - t o l ~ e n e s u l p h o n i c ~ ~ ~ ~ ~ ~  9 * 2  72-2 76, f o r m i ~ 2 4 ~ ~ 2 S o ~ 2 7 7  
acet ic278,279,  o ~ a l i ~ ~ ~ ~ ~ ~ ~ ~ )  may be used in the same way. In most cases thl 
cyclic ether formation is selective, and sometimes quantitative. These methods are 
primarily employed with aliphatic diols. 

It is interesting to  compare the transformations of 1,2-bis(hydroxymethyl)cyclo- 
hexane (69) and 1,3-bis(hydroxymethyl)cyclohexane (70). On the action of 1i2 SO4 
or  H3P04 ,  the former gives a cyclic ether in excellent yield (equation 49)26 8 ,28  l ,  

while 70 yields scarcely any 71 (equation 50)28  2 .  The transformation may likewise 
occur for cyclic compounds with smaller rings2 7 1 2  9 .  

aCH20H CHpOH m (49) 

~ H , O H  

(70) (71 1 

Various metal salts (e.g. MgC12, CaC12, ZnC12, AlC13, CuS04 ) similarly catalyse 
the formation of tetrahydrofuran2 $ 2  , 2  7 0  > 2  3 .  Cyclic ethers are also formed 
from 1,4- and 1,5-diols on the action of RhC13 /PPh3 5 .  The use of PdC12 together 
with other salts [CuClz, Cu(N03 1 2 ,  NaC11 leads to the formation of five- and six- 
membered cyclic ethers in various yields' O. The yield is good in the case of the 
ditertiary 1,4-diol 72 (equation 5 1). 

P*C12/CuC12 4 CH3,Q(H3 (51) 
(CH3)2CCH2CH2C(CH3)2 

CH3 CH3 
I 
OH 

I 
OH 

(72) 70% 

Oxides24 9 , 2  7 0  92 8 0  928 3-2 8 6 ,  and particularly alumina92 -24 5 , 2 4  9 , 2  7 0 , 2 8  0 7 

2 8 3 - 2 8 5 i 2 8 7 - 2 9 0 ,  are also frequently used for the preparation of cyclic ethers. 
Acidic and neutral phosphates of various mono- and tri-valent metals can similarly 
be employed' 7 8  $ 2 6 G  * 2  7 0  , 2 8  , 2 8 4  , 2  90-2  2 .  For example, oxolane is formed 
quantitatively from 1,4-butanediol in the vapour phase on the action of chromium 
oxide249y270,  a lumina270>28s and calcium phosphate' 7 8 , 2 7 0 9 2 9 1 .  Where 
Ca3(P04)2  is used as catalyst, however, the transformation is selectivc only at 
250-3 20°C; a t  higher temperatures the cyclic ether formation becomes less import- 
ant  than the formation of unsaturated alcohols and dienes (see Section III.C.2). 

The corresponding oxacycloalkanes can be obtained from the alicyclic com- 
pounds, in yields depending on the structure of the dio12 '. From trans-1,4- 
cyclohexanediol the main product is 1,4-epoxycy~lohexane~ 93-2 ', whereas the 
cis isomer gives primarily 2-cyclohexen-1-01 (see Section Ill.C.3). 

The effect of aluminium silicates has mainly been studied with simple diols. 
Nearly quantitative yields of oxolane are reported2 , 2  9 6  t 2 '  7 .  With diprimary, 
primary - secondary and disecondary 1,4- and 1,5-diols too, good yields can be 
attained290 ,298-301 .  In the case of zeolites, it has been e s t a b l i ~ h e d ~ ~  that the 
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HNaX form and the decationized X form, a t  temperatures of 240-260°C, are 
optimal for oxolane formation. 

Dehydrations of both 1,4- and 1,s-diols on supported Ni3029303, Cu and 
Pd1399304*305 and Pt141 catalysts gave generally high yields. Because of the 
occurrence of other reactions, little 1,4epoxycyclohexane is formed from the 
isomeric 1,4-cyclohexanediols, but the yield is always higher from the t r a m  than 
from the cis compound' O 4  v306. The epimerization demonstrated by Pines and 
K ~ b y l i n s k i ~ ~ ~  (which has also been observed on Cu and Cu/A1 catalysts307) 
strongly suggests that  in thecase of the cis compound too the 1,4-epoxycyclohexane 
is formed from the trans-diol, produced by epimerization. 

With the diprimary diols, ion-exchange resins lead to  cyclic ethers in excellent 

In some cases Me2S0 has also been employed to induce ring-closure. For  the 
open-chain diprimary diols the reaction proceeds with a diol : Me2S0 molar ratio 
of 2:1, the yield of the cyclic ether decreasing with the distance between the 
hydroxy groups (oxolane: 70%, oxane: 47%, oxepane: 24%)82. The reagent is 
often used in a very great excess (diol : Me2 SO = 1 : 12)24 > 3  09-3 ' without an 
appreciable change in the yield. 

Ring-closure can also be achieved with diols containing a heteroatom. The 
dehydration has been carried out  in the presence of KHS04312-3 1 4 ,  aluminium 
silicate' O 2  and ion-exchange resin' ' (equation 5 2 ) .  Cyclic ethers are likewise 

M. Bart6k and A. Molnir 

yieldsl 1 8 , 2 4 9 , 3 0 8  

/x\ 
HOCHZCHZXCHZCHZOH 

X = S,  N, 0 

(52) 

formed from diols containing other groups too (trihydroxy compounds24 9 9 3  
9 3  6 ,  

7 2 5  

a, o-Diols, with carbon chains consisting of six or more atoms, yield a-substituted 
oxolane and oxane derivatives, on the action of H 2 S 0 4  and H3P04, independently 
of the number of carbon atoms (equation 53)319-324.  In the reaction of 1,6- 

epoxytriols3 ' 7 ,  unsaturated d i 0 1 s ~ ~  9 7 2  
1 2 6 4  ** 8 4 7 3  ' * 1. 

hexanediol, a small amount ( 1.5%) of oxepane too  has been detected3 5 .  Similarly, 
all three cyclic ethers are also formed in the presence of A1203 and 
Ca3 (PO4), ' 7 8  3 3  2 6 .  

The formation of cyclic ethers with rings of unexpected size may be promoted 
by the special electronic structure of the starting compound (as a consequence of 
electron shifts resulting from the presence of unsaturated bondsI3 y 3  '. 

2. Mechanism of oxacycloalkane formation 

Mihailovik and coworkers24 8 p 3 2 9  have made a detailed study of the ring-closure 
of 2,s-hexanediol (73)  under various conditions ( H 3 P 0 4 ,  H2 SO4, Me2 SO, A12 O3 ) 
and have found that the process is stereoselective in every case: the meso-diol is 
selectively converted t o  trnns-2,5-dimethyloxolane (equation 54) and the (+)-diol 
to cis-2,s-dimethyloxolane. It follows from this that the ring-closure takes place by 
intramolecular substitution of SN 2 type, inversion occurring on the chiral carbon 
atom bearing the departing protonated hydroxy group. 

In the presence of Me2 SO, one of the hydroxy groups interacts with the reagent 
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H-C-OH 
I 
CH2 I - 
CH, 

H-C-OH 
I 
I 
CH3 

(meso-73) 

(74), thereby increasing the polarization of the C-0 bond and facilitating cleavage 
of the bond. The results of Mihailovik disprove the conception of Gillis and 
Beck309, in whose view the cyclic transition state (75) is produced with the 

(74) (75) 

participation of both hydroxy groups of the  diol, 75 then being convertible to the 
cyclic ether without inversion. The intramolecular SN 2 mechanism is supported by 
other  investigation^^^^^^^^. 

Primary - tertiary diols2 ,* > 2  yield isomeric unsaturated alcohols by 
elimination of the tertiary hydroxy group on the action of acids; they then undergo 
isomerization to give the  cyclic ether (equation 5 5 ) .  

CH3 
I CH3 

H+ I 
CH3(RCH2)CCH2CH2CH2 RCH =CCH2CH2CH2 + RCH,C=CHCHZCHp 

I 
OH 

. H*0 I 
OH 

I 
O H  

I 
O H  

(55) I 
RCH2 

On the  reaction of (-)-4-methyl-l,4-hexanediol (76)  in the presence of p-TsOH 
or  Me2S0,  a racemic cyclic ether (77) is obtained3 ; this is a consequence of the 
fact that  a carbonium ion is formed on  the  departurc of the tertiary hydroxy group, 
a possibility thus arising for the cessation of the chirality of C(4) (equation 56). The 

or M e 2 5 0  - cH3Q (56) 
p-TsOH 

CH,(C H )CCH2CHZCH2 
I 

‘ZH5 OH 
2 5 t  

OH 

( - ) - ( 7 6 )  racernic (77) 

ring-closure proceeds via a carbonium cation in a similar way for diols not containing 
a tertiary hydroxy group (78, 79, SO), when the molecular structure promotes the 
formation of the carbonium ion and stabilizes i t2  7 5  y 3  ’ l .  
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PhCH(CHz),CHPh 
I 
OH 

I 
OH 

ArCH(R' )CH(R2)CHCHR3 
I 
O H  

I 
OH 

n = 2 (78) (801 

n = 3 179) A r  = Ph.p-CH326H4, p-CH30C,H,, 2-fury1 

On the other hand, the transformation of (-)-76 on A1203 catalyst is t o  a slight 
extent stereospecific. This can be interpreted3 by assuming that the C(l) hydroxy 
group first undergoes selective adsorption, followed by nucleophilic substitution of 
the C(4) hydroxy group. The low degree of stereoselectivity can be ascribed to  the 
fact that the reaction takes place by another mechanism in addition t o  the above. 
Stereospecific dehydration has also been reported in the reactions of various di- 
secondary diols under similar conditionsZ4 7 2 4 8 , 3  g .  

In the study of the A12 O3 -catalysed transformation of trans-l,4-cyclohexanediol 
(81), it was found294 that the  ring-formation involves an s N 2  reaction even under 
these experimental conditions (equation 5 7). 

(81 ) 

Cyclic ethers arc formed in an essentially similar manner on metal catalysts of 
Raney type (Cu/Al, Pd/Al). Cyclodehydration is promoted by the aluminium oxide 
hydroxides formed during the preparation and remaining on  the surface of the 
catalyst. The intramolecular ring-closure has been proved in studies with 1,4- 
pentanedi01-[4-~H], and the results have been supported by data from measure- 
ments on the active centres of the catalysts' l 1  4 4  , 3  s. 

B. Preparation of Unsaturated Cyclic Ethers 

Certain metal catalysts may be used to  prepare unsaturated oxacycloalkanes. 
Most of the data refer to supported3 9 3  0-3 and support-free Cu3 O 5  catalysts, 
but  supported C03309333 and Ag331 catalysts may also be employed. The trans- 
formation may be interpreted as a dehydration of the hemiacetal formed by 
dehydrogenation of the diol (equation 58)30  5. The process is explained in a similar 
way in investigations relating to  nonmetallic catalysts3 4 .  

--Hq 

CH3CHCHzCH,CHCH3 CH3CCH,CHzCHCH, G=== 
I 
OH 

I I  
0 

I 
O H  

I 
OH 
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c. Preparation of Unsaturated Alcohols and Dienes 

1. Dehydration on the action of acids 

The dehydration can be induced with primary - tertiary and ditertiary diols, 
and is frequently accompanied by the formation of cyclic ethers. The proportions 
of the two reactions depend on the structure of the diol and on the  reaction con- 
ditions. For example, with 5-phenyl-1 ,4-pentanedio13 s, only a cyclic ether is 
formed on the action of H2 S 0 4 ,  whereas in the presence of other acids (H3P04, 
formic acid, acetic acid/NaOAc) an unsaturated alcohol also appears in the product. 
On the action of p-TsOHlbenzene and H3 PO4, 1,4-dipheny1-1,4-butanediol (78) 
gives a diene, while under different reaction conditions (H2 SO4, p-TsOH, Me, SO) 
the main product is a cyclic ether3 

Likewise, H3P04 /A12 0 3  primarily catalyses diene formation from 2,s-dimethyl- 
2;s-hexanediol (82) (equation 59)3 6, while with other ditertiary diols on different 

(CHI )2CCH2CH2 C(CH3 ) 2  - (CH3)2C=CHCH=C(CH3)2 (59) 
109'0 H3POqJA1203 

I 
O H  

I 
OH 

(82)  83% 

catalysts the two main processes run in parallel2 , 2 4  $ 2  *3 7 ,  or  the cyclic ether 
may become the main p r o d ~ c t ~ ~ ~ ~ ~ ' .  For example, the diene 84 is formed in 
excellent yield from 83 (equation 6 0 ) ,  whereas the  diene cannot be prepared from 
the corresponding tetramethyl derivative2 7. 

Ph Ph 

(83) (84) 

70% 

Diene and unsaturated alcohol are formed from the isomeric 1,4-cycIohexane- 
diols o n  the action of K H S 0 4 2 9 s > 3 3 8 ,  MgS04338,  H2S04'727339.340 or oxalic 
acid3 9 .  

1,4-, 1,s- and 1,6-diols have been studied in FS03 H/SbFS /SO2 * . The diprimary 
compounds do  not  react a t  all. 2,s-Hexanediol gives protonated 2,5-dimethyltetra- 
hydrofuran. while 82 is converted to  a diene. 

Many authors have studied diols containing unsaturated bonds34 1-346, a cyclic 
substituent often being 7. Here again the reaction direction is in- 
fluenced by the structure of the diol. In the presence of 20% 112S04 and HgS04, 
for instance, 85 gives the dihydropyran derivative 86 (equation 6 ; while the 

(61 1 -00 CH=CHCHZCH~ 20?4 n2s04 
I 
OH 

(86)  

44% 

0 0  H 

(85) 

dialkyl-substituted compound with similar structure (87) yields the unsaturated 
alcohol under the Same reaction conditions (equation 62). 
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CH3 
20% HZS0.q I 

CH3(C2Hs)CCH =CHCH2CH2 * CH3CH=CCH=CHCH2CH2 (62) 
I 1 
O H  O H  

I 
OH 

(87) 49% 

2. Dehydration on phosphate catalysts 

With Ca3(P04)2,  detailed investigations present illustrative examples of how the 
reaction conditions can affect t h e  pathways and hence the product composition. At 
low temperature, cyclic e ther  formation is dominant (see Section 1II.A. 1). With the 
increase of the temperature, t h e  product also includes unsaturated alcohols. and 
then dienes, and i f  the temperature is further elevated these become the main 
products' 7 8 , 2  9 0-2 9 2 , 3  4 8 

Dienes may be formed from both the cyclic e ther  and the  unsaturated alcohol, 
although the process occurs primarily via the unsaturated alcohol. The  reaction 
scheme for general electrophilic catalysts is presented using the example of 1,4- 
butanediol (88) (equation 63)' ' 1 '  8 2  1290-2  9 2  * 3 4  '. 

H2C=CHCH=CH2 (63) -r I CH2CH2CH2CH2 

OH 
I 
OH 

I 

H,C=CHCH,CH, 
I 

(88)  

OH 

ReppeZ4 studied the possibilities of d i m e  fomiation on other, special phosphate 
catalysts. 

3. Dehydration on oxide catalysts 

Most of the data refer to cis- and tra~zs-l,4-cyclohexanediol on the action of 
A12 0 3  2 9 3 - 2 9  5 .  The cis-diol yields an unsaturated alcohol, while the trans compound 
possesses a favourable conformation for r i n g - c l o s ~ r e ~ ~ ~  (see Section III.A.2). 
Detailed studies have been carried o u t z g 5  to clarify the  dependence of the formation 
of the three possible products ( 1,4-epoxycyclohexane, 3-cyclohexen-l-ol, 1,3- 
cyclohexadiene) o n  the structure of the starting diol and on the  reaction 

In the case of open-chain diols, studies have been made with Alz O3 2 4  , 3  0 * 3 4  

O ,  and also with other oxide catalysts' ' l z G  , 3  O ,  the latter primarily from the 
aspect of diene formation. 

4. Dehydration on metal catalysts 

Observations with Cu/Al, Cu and Pt/C catalysts' O 3  indicate that 2,6-dimethyl- 
2,6-heptanediol (89) is converted mainly to dienes (equation 64), in contrast with 
2,5-dimethyl-2,5-hexanediol ( 8 2 ) ,  yielding mainly the cyclic ether. This phenom- 
enon can be explained by the rapid further reaction of the 90 formed. 
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+ dienes (64) 
CUlAl 

(CH3)2CCH2CH2CH2C(CH3)2 - 
I CH3 
OH CH3 CH3 

I 
OH 

(89) (90 )  

28% 72% 
The isomeric 1,4-cyclohexanediols have been investigated on Ni/Si02 as 

well as on  Cu/A1 and Cu' O4 catalysts. On Ni/Si02 the transformation was carried 
out in the presence of hydrogen, and hence the  unsaturated compounds could not 
be detected. On Cu/A1, 3-cyclohexenone and dienes are formed in addition t o  other 
products. 

D. Other Transformations 

Numerous observations' 78,23' 9 2 4 9 , 3  1-3 5 7  show that variously substituted 
2-butene-l,4-diols are dehydrated to unsaturated 0x0 compounds in the presence 
of acids, C ~ ~ ( P O L , ) ~ ,  A1203 and Tho2 (in the case of the parent compound, 
2-butene-1,4-diol, formation of 2,5-dihydrofuran is also found). By study of the 
isomers, i t  has been established3 9 3  54 that the  trans compound ( 9 1 )  is converted 
to crotonaldehyde (931, while both products are formed from the cis-diol (92) 
(equations 6 5  and 66). On the basis of the stereostructure, the ring-closure process 
should predominate for 92, but  here too crotonaldehyde is formed because of the 
cis- trans isomerization. 

10% H p S O 4  

i CH3CH=CHCHO (65) O H  
H 0- 

(91) (93) 

80% 

(66) 
AoH 10% H 2 S 0 4  

HO - CH,CH=CHCHO + 
(93) 

65% 35% 

In the transformations of the isomers of 1,1,4,4-tetraphenyl-2-butene-l,4-diol 
in acetic acid, on the other hand, only unidirectional processes can be observed3 5 8 .  

In the presence of A12 03 ,  Ca3 (PO4)2 and A12 O3 /Ca3 (PO4 )z 7 8  > 3  > 3  6, 

crotonaldehyde (93) is formed from both diol isomers via the two-route dehydration 
of 4-hydroxybutyraldehyde produced as a result of isomerization (equation 67). 

- H 2 0  - Q  CH2CH=CHCH2 - CHZCH,CH,CHO 
I 
O H  

I 
I 

O H  
I 
O H  

HZC=CHCH2CH0 - CH3CH=CHCH0 

(93) 

The two processes (isomerization of the diol, and dehydration) occur on different 
active centres. 
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3-Hexene-2,Sdiol (94) in H 3 P 0 4  gives two isomeric ketones (equation 68)3 '. 
In an investigation of the mechanism with D3P04/D20,  i t  was proved that the 
product ratio is governed by the  protonation of the dienol 95 formed by dehy- 
dration and subsequent rearrangement (equation 69). The stabilization is due 
almost exclusively to u-protonation. 

I 

15% ~ ~ ~ 0 4  

CH,CHCH=CHCHCH, - CH3CCH,CH=CHCH3 + CH3CCH=CHCZH5 (68) 

0 

(94) 90-95% 5-10% 

II 
0 

II 
O H  

I 
O H  

<>-prolonalion 
CH3CH=CHCH2CCH3 r II 

CH3CH=CHCH=CCH3 
I 

0 

(69) 

)'-protons l ion  
C*HSCH=CHCCH3 

II 
0 

I OH 

(95) 

The diol 96 in acetic acid3 y ,  SOClZ3 and KHS04 2 6  forms an unsaturated 
ketone by ring-opening and phenyl migration (equation 70). 

Ph,COH HOCPh, - Ph,C=CHCH,CHPhCPh (70) 
II 
0 

(96) 

In the reaction of I-methyl-I ,6-cyclohexanediol (97), Prelog and Kung36 
isolated the ketone 98 (equation 71). By means of the reaction of the compound 

84% H J P O ~  

6 H  0 

(97) (98) 

labelled with deuterium on C(6 1, it was  proved that 1,6-hydride anion migration 
takes place in the course of the transformation. 
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762 Peter Fischer 

I .  INTRODUCTION 

The terms enol ether and vinyl ether are both generally used t o  designate 0-alkyl 
derivatives of the enolized form of carbonyl compounds, specifically of aldehydes 
and ketones (equation 1). The proposed further differentiation into en01 ethers' , as 

en-ol enol ether 

derived from parent compounds which are enolized extensively (for instance 
1,3-diketones etc.), and virzyZ ethers - derivatives of normal aldehydes and ketones 
where this is not the case - does not seem practical except for classifying the 
individual synthetic procedures2. However, there is a dual way of approaching the 
chemistry of the enol ethers: their prima facie structure allows them to be 
characterized either simply as a,Punsaturated ethers (1) or, on  the other hand, as 
+M-substituted, i.e. activated alkenes ( 2 ) .  Since organic chemistry utilizes enol 

(1) (2) 
ethers as functional derivatives for the more facile chemical modification of the 
parent C=O compound, we shall consider almost exclusively the second aspect, as 
Effenberger has done in his review on the subject3. A note is still necessary on the 
naming of the enol ethers: they used to be designated according t o  the generic 
principle, alkyl alkenyl ether, until, with the latest collective index, Chemical 
A bstracrs introduced systematic nomenclature for the enol ethers. However, we 
shall retain the ether nomenclature, where convenience and lucidity demand it ;  a 
concordance of systematic and established names is presented in Table 1 for some 
of the  more common members. 

Four  basic types of enol ether reactions are outlined in Scheme 1 ; three of these 
(halogenation, hydrolysis and polymerization) had already been found by 
Wislicenus who first synthesized ethyl vinyl ether in 1878:' 

(1) Polymerization in the presence of Lewis acids. 
(2) Reaction with protonic species HX, leading either t o  restitution of the 

parent carbonyl compound (hydrolysis) o r  t o  derivatives such as acetals 
(addition of ROI-I). 

(3)  Electrophilic attack by reagents E-X; thus, addition and/or substitution 
products may be formed, the latter either directly via a a-complex mechan- 
ism o r  in the course of an addition-elimination process. 

(4) Cycloaddition, with the regiochemistry determined by the polarization of 
the enol ether x-system. 

With the exception of truly concerted cycloadditions, the initial step in each 
case is the attack of an electrophile (Lewis acid, H+, I?) at the P-carbon of the enol 
ethers. Their chemistry is thus characterized by a closc analogy to  the chemistry of 
enamines which in the past 2 5  years have gained increasing preparative import- 
ances & .  In both classes of compounds, excess sr-electron density facilitates an 
electropiulic attack a t  the p-carbon, the higher relative nucleophihc potential of 
the enamines being due to  the greater weight of the ammonium as compared with 
the oxonium resonance structure, 3b vs. 4b. This higher reactivity, i.e. the better 
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c.g. BFg r 

I- 
(q-) n 

RO E 
\ /  

\ 
HX + ,C=c 

SCHEME 1. 

(3.3) (3b) (4a 1 (4b) 

availability of the highest occupied MO for an electrophile, is tantamount, though, 
t o  a much lower oxidation potential. Since most eiectrophiles are at  the  same time 
oxidants, enamines are far more susceptible to radical side-reactions, e.g. in 
halogenation, than enol ethers. Actually, both classes of functional derivatives of 
carbonyl compounds complement each orher rather well. C-Acylation with phosgene, 
oxalylchloride, or  sulphonyl isocyanates, for instance, proceeds smoothly with enol 
ethers, while with enainines stable N-acyl products are formed which, as highly 
deactivated olefins, no  longer undergo P-C reaction. On the other hand, it is some- 
times rather difficult t o  find reagents with sufficient electrophilic potential t o  react 
with the  enol ethers without at  the same time inducing cationic polymerization 
(Friedel-Crafts-type activation is of course self-prohibitive). 

In  derivatizing the parent carbonyl compound, one is free as a rule to  choose the 
ethereal component; the influence of a specific OR moiety on the reaction behaviour 
of t he  double bond is therefore an important aspect of enol ether chemistry. The 
dependence of enamine reactivity upon the nature of the nitrogen substituents is a 
well-established fact718. Towards an uncharged x-system in the ground state, the 
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donor potential of the NR2 groups decreases in the order, N(C2 Hs )2  2 pyrrolidino 
> N(CH3 )2 > piperidino > morpholino8 9 9 .  This gradation is especially manifest 
from the Cp chemical shifts of the N-vinyl d ia lkylamine~~ (even though extreme 
care has t o  be taken if ground-state properties such as H- or ' C-NMR data are 
used for interpretation or prognostication of relative reac t iv i t ie~~ v 9 ) .  In cis- 
enamines, steric interaction forces the NR2 group out of the olefinic plane, 
sacrificing N(2pZ)/C=C(x) overlap (5); in 2- 1 -dialkylamino- I-propenes, the charge 
transfer from the amino moiety to the x-system is thus reduced to half its value in 
the corresponding vinyl- and trans-propenyl-amines9. For cis enol ethers, 1 80° 
rotation about the C1-X bond relieves the steric strain and a t  the same time 
restores optimum C1 -0 overlap conditions ( 6 ) .  This double rotational minimum 
for highest resonance interaction is one of the most significant features of enol 
ethers. 

( 5 )  s-cis (6) s- trans 

II. PHYSICAL PROPERTIES 

A. Conformation 

and microwave' ' 
spectroscopy as well as by electron diffraction12 to  be most stable in a cisoid 
(syn, s-cis) form, with a planar heavy atom skeleton C=C-0-C. However, there 
is unequivocal evidence for the presence of a second conformer10*12; from 
the temperature dependence of the relative intensity of distinctive IR bands, it was 
shown t o  be less stable by 4.8 kJ mol-' in the gas phase' O .  This second conformer 
was suggested t o  be a gauche form with a nonplanar skeleton' O ,  a result seemingly 
confirmed by electron diffraction (torsional angle Q = 80- 1 1 Oo)' 2 .  When, however, 

Methyl vinyl ether (7, Scheme 2) has been shown by infrared' 

cisoid-staggered (CSI cisoid-eclipsed (CE) transoid-staggered (TSI transoid-eclipsed (TE) 

@ = Oo, @ = 60" 4 = oo, 0 = 0" @ = 1804 I )  = 60° d~ = 1804 H = 0' 

SCHEME 2 
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ab initio calculations indicated the second conformer to be the  planar s-trans 
form’ 3 ,  the electron diffraction data were reevaluated’ by including additional 
spectroscopic information. O n  this basis, a torsional angle @ 2 150’ was derived for 
the minor conformer. 

In a detailed ab  initio calculation of methyl vinyl ether by Epiotis and co- 
workers’ s, the relative orientation of the methyl rotor (6, see 7) was also taken 
into account. Once again, on both the STO-3G and the  4-31G level (minimal and 
extended basis set), the cisoid conformation (CS) constitutes the minimum 
potential for rotation of the vinyl relative t o  the C H 3 0  moiety. A second minimum 
is obtained for @ = 180’ (TS), 4.2 (STO-3G) or 10.5 kJ mol-’ (4-31G) higher than 
tha t  for the CS orientation. The barrier of rotation (CS + TS) is calculated a t  about 
20  kJ mol-’ , with a torsional angle C#I - 70’ in the transition state. The activation 
energy for the reverse process, TS + CS, has been determined a t  15.5 kJ mol-’ by 
ultrasonic absorption’ 6 ;  since one has to  add the 2.8 kJ  mol-’ enthalpy difference 
in solution, the validity of the ab initio calculations appears experimentally well 
substantiated. 

also present a descriptive rationale for understanding the  con- 
formational preference of methyl vinyl ether, utilizing Epiotis’ concept of non- 
bonded a t t r a ~ t i o n ’ ~ .  For this qualitative MO approach, a r;-type CH3-MO is 
included, incorporating the Is AOs of the two methyl hydrogens Havb in staggered 
position. (The procedure goes back to  an idea of Helire and Pople’ 8 ,  and has, in a 
more general context, been pointed out  also by Lister and Palmieri’ .) Since of 

The authors’ 

0 00 
Ha,bCu 0 c’,c2 F ive-centre, 6-electron 

(x) system 

course finite overlap between the Ha.b ( I s )  and C2(2p,) orbitals is practical only in 
the  CS orientation, the positive (*) bond order between these two nonbonded 
centres can exert a stabilizing influence only in the cisoid conformation. As a 
qualitative estimate of interaction energies for both the CS and TS form shows, it is 
this nonbonded stabilization which accounts for the predominance of the sterically 
more crowded form. The orbital symmetry approach likewise predicts relative 
m-bond orders and noverlap populations in good agreement with the a b  initio 
calculations. 

The nonbonded attraction argument, as outlined above for methyl vinyl ether, 
may also be directly applied to the problem of conformational control of the 
relative stabilities of geometric ( E , Z )  isomers’ ’. In a fastidious study of the 
mercuric acetate-catalysed cisltruns equilibration of various alkenyl alkyl ethers, 
Okuyama and collaborators20 have determined relative thermodynamic stabilities 
for two homologous series of enol ether E/Z  pairs (Table 2). In the case of the 
propenyl ethers (Nos. 1-5, Table 2), when R 2  is a bulky group (isopropyl or  
t-butyl), i t  is the 2-isomer which surprisingly proves to be more stable; for the 
primary alkyl substituents [ R 2  = CH3, C2H5, CH2CH(CH3)2 I ,  on the other hand, 
the expected order holds ( E  > Z). 

For an I-lf,b( 1s)--CL(2pz) attractive nonbonded interaction - which provides 
the additional stabilization for the cisoid conformer of methoxyethene - t o  be 
operative in other enol ethers also, two  a-hydrogen atoms in a cisoid staggered 
position are clearly prerequisite (8). This structural condition can be met only in 
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E-methoxy- and -ethoxy- 1-alkenes, but  not in the corresponding isopropoxy and 
t-butoxy derivatives; in their E-form, these enol ethers are restricted to  the transoid 
conformation, and thus lack nonbonded stabilization. F o r  Z-propenyl ethers, cisoid 
orientation of the alkoxy group OR2 is a priori impossible. However, via C3H3lb 
(1 s)-0(2pz) interaction (9), a five centre, 6x-electron nonbonded stabilization, 

(8) (9 ) 

analogous to  that for the E-isomers, may likewise be achieved for the  Z-compounds. 
Though less effective than in 8, this nonbonded attraction (9) quite obviously 
suffices to swing the balance in favour of the 2-isomer for enol ethers with s- and 
t-alkoxy groups (see Table 2). 

has come 
forth recently?' . Taskinen and his group have in a series of papers reported on  the 
thermodynamics of vinyl ethers, determined from isomerization equilibria such as 
10 2 11 2 12 in an inert medium (hexane or  cyclohexane, Iz-catalysed)2 l .  From 

Additional experimental substantiation for this striking argument' 

R H 
I 

'c-CH ( C H ~  /H )2 

R- C, 

/ 

I 
R-CH2, /CH3(H) H-C - - - CH %C-CH(CH3/H)2 

3\0/ 
CH3-O/C-c\CH3 (H)  9 

'CH3 

(10) ( 1 1 - E )  ( 12-2) 

the respective thermodynamic data for the isomerization of various substituted 
enol etherszz ,z 3 ,  Taskinen and Anttila have evaluated interaction energies, 
S [  R' + R2 1 ,  between two Z-substituents across the C=C double bond of enol ethers 
(Table 3 ) 2 1 .  As the negative SIO f, R 2  I values reveal, cis interaction between 
C H 3 0  and alkyl groups is indeed stabilizing. This stabilizing effect decreases 
sharply, though, from CHJ to CH(CH3 12 ; for [ C H 3 0  cf C(CH3 )J I , 2-interaction is 
destabilizing already. 

TABLE 3. Steric interaction energies for two Zsubstihients 
R' , R' across the C=C bond of enol ethers' ' 

R' R' S [  R' ++R2 ] (kJ md-' ) 

C(CH3 1, CH , 18.2 ?: 1.0 

c, 14, 6.1 + 0.6 
CH(CI1, 12 6.0 + 0.6 

3 C(CI.1, )3 2.9 + 0.5 

CH(CH,)2 C,H, 11 + 2  

CWCII, l2 - 0.7 f 0.5 
c2 H, - 1.5 + 0.5 
C,H, - 2.1 f 0.6 
CH, - 2.9 f 0.2 
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B. Spectral Properties 

In photoelectron (PE) spectroscopy, unsaturated ethers are characterized by two 
low ionization potentials (IP), originated from x-type M O S ~ ~ .  The uppermost 
occupied orbital, as shown by the vibrational fine structure of the first PE 
band26 9 2  ', is highly populated in the C=C bond, with partial charge transfer from 
the heteroatom26t28 (xc=c);  the  second MO corresponds mainly to  the oxygen 
lone pair (no).  By resonance interaction, xcc and n o ,  which per- se halie rather 
similar energies, are split 2-3 eV2' (the effective mesomeric stabilization for, for 
example, 3,4-dihydropyran3' is 1.2 eV). The separation between the first two 
ionization potentials IP of  enol ethers thus provides a sensitive probe for 

For  the cisoid conformers of  n-alkoxyethenes and pyrans, AIPI ,2 is generally 
2.5-3.0 eV26-3 '. At elevated temperatures (510 K),  bands of a second conformer 
emerge in the PE spectrum of methyl vinyl ether3' ; since AIPl , 2  is even larger for 
this minor form, it likewise must have planar, i.e. s-frarzs conformation. Large AIP 
values argue a highly resonance-stabilized conformation also for the dominant form 
of isopropyl vinyl ether and of 2-methoxy-2-butene (14); for sterical reasons, this 
once again must be the s-fr-ans orientation. The lesser conformer of 13 and 14, 
observed a t  510  K ,  is characterized by a AIPl ,2  < 0.5 eV3' ,  clearly indicative of 
gauche orientation. 

C=C(x)/O( 2p,) collinearity l p 2 3 1  . 

H H H 7 3  

/ \o/ / \o/ 
\C=C' C H (C H ) \C=C CH3 

H CH3 

(13) (14) 
Even though conformational isomerism of vinyl ethers was first discovered from 

vibrational evidence3 7 3  3 ,  IR  spectroscopy has proven a rather fickle tool for more 
detailed structural elucidation. Trofimov and  collaborator^^^ have ruled out a 
planar, resonance-stabilized conformation for alkoxyethenes with bulkier OR 
groups from the analysis of two bands each in the V C = C ,  V C = O  and O = ~ H  region. 
They have completely neglected, however, the possibility of two planar con- 
formations ( C S ,  TS), considering only a 'planar' and 'nonplanar' form (without 
C=C/O resonance). In fact, a closer inspection of their published vibrational data 
reveals that the critical IR absorptions show coalescence rather than true alternate 
behaviour with increasing bulkiness of  OR. For the sterically crowded 2-propenyl 
ethers, IR spectra clearly indicate the  presence of only one, probably gauche, 
conformer3 5 .  

In  a recent extensive vibrational study of tz-alkyl vinyl ethers in the gaseous, 
liquid and solid state36, the enthalpy differences between major (cisoid) and minor 
conformers were determined from relative Raman intensities in good agree- 
ment with the results cited above' ' ,] p 3  ' . IIowever, the band assignment in this 
work3 - electron diffraction results 
($ = 80-1 loo) '  2 .  Furthermore, a frequency decrease from 586 to  504 cm-'  is 
calculated for the C=C-0 bending mode between the cisoid and fr-ansoid forms 
(4 = O"/l g o o ) ;  since the actual absorption comes at 526 cm-' , the second con- 
former is definitely assigned the skew orientation ($ - 1 20°). Owen and co- 
workers3 ', in a painstaking comparative analysis of EIZ-methyl and -ethyl propenyl 
ether, likewise found evidence for nonplanarity ; using mainly the observed band 
contours, they favour but slight deviation from the (planar) s-rrans form. Ford, 
Katritzky and T o p ~ o m ~ ~  also interpret their I R  data in terms of a more o r  less 
coplanar second conformer for the n-alkyl vinyl ethers. 

relies mainly on the  - meanwhile revised' 
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Both C- and H-NMR respond with a large upfield shift of C-2 and the P-vinyl 
protons to  the increased C-2 x-charge density in the vinyl ethers (151, but detailed 

/ \ 

(15) 

(trans) H 

analysis once more presents a rather confusing picture. In the first ‘H’NMR 
investigatiom on vinyl ethers3 14 O ,  the chemical shift difference between cis and 
trans C-2 protons (151, which depends strongly on the nature of the alkoxy group, 
was taken as indicative of the relative contribution of the oxonium resonance 
structure4O. In fact, however, only the cis proton moves downfield, from 6 4.23 
(OCH3) t o  4.76 p.p.m. [OC(CH)3)3 1 ,  while 6 ~ - ~ ~ ~ , ~ ~  remains largely unaffected 
(the same behaviour was found for vinyl amines9 i4 ). Actually, the authors4 were 
interpreting the (anisotropic) shift differences8 between the s-cis and s-trans form 
and not the graduation in resonance interaction: variations in xicharge density 
should affect both protons identically. We ourselves found42 that the a-OR protons 
(OCH2--, O m 3 )  of propenyl and butenyl methyl and ethyl ether appear con- 
sistently 0.1 p.p.m. better shielded in the trans- than in the respective cis-ethers. In 
the CS conformation’ (71, the two cisoid or-protons (Ha9b) come to lie well within 
the shielding region of the C=C anisotropy field4 ; the identical E / Z  shift differ- 
ence for  methyl and ethyl ethers are a good argument for both trans compounds 
adopting the same (CS) conformation. 

The groups of Hatada43 and of T r ~ f i m o v ~ ~  also report a linear correlation 
between 6(C-2) and Taft’s E, constants for vinyl ethers with various OR groups. 
Their conclusion that with increasing bulkiness of R the gauche conformer becomes 
more and more favoured over the s-cis and s-trans forms is not valid, though, as a 
downfield shift of comparable magnitude is found for the structurally analogous 
a l k e n e ~ ~ ~  (with the ethereal 0 replaced by CH2). Rojas and Crandal146 have 
systematically investigated a series of alkenyl methyl ethers by C-NMR: they 
report both the C-2 and the OCH3 resonances at  consistently higher field for the 
trans compounds, indicating the well-known cisoid y-interaction [ C2 f, OCH3 1 
(Table 4). The pronounced downfield shift of C-2 in the cis compounds is probably 
due largely to  the spatial interaction [0 ++ C3 ] and not to steric inhibition of 
resonance; it is practically independent of the size of both alkyl and alkoxy 
groups4 6 .  In the propenyl amine series, on the other hand, where sterical hindrance 
indeed causes torsion of the NR2 group4 * , thus effectively reducing N(2pZ)/C=C 
resonance, we have found large downfield shifts for C-2 between trans- and 
cis-enamine (e.g. 18 p.p.m. between E- and Z- I-diethylamino-I-pr~pene)~. 

TABLE 4. 

6 (p.p.m.) 

cis tram A6 Ref. 

CH,--C’II=CH--OCH, c-2 100.2 96.0 4.2 46 

IIC, H, 4’ H=CH--OCH c-  2 106.6 101.8 4.8 46 

C2H,-C’H=CH-OC,I-I, 4.0 41 

o m  3 58.5 54.9 3.6 

cxx 3 5 8.4 54.6 3.8 



17. Enol ethers-structure, synthesis and reactions 771 

Steiger and coworkers4’ have calculated * H/’ H and * H/’ 3C coupling constants 
for vinyl compounds, and discussed the CNDO/Zderived values in terms of con- 
figuration and conformation about the double bond. 

The fragmentation of alkyl vinyl ethers in electron impact mass spectrometry 
(ELMS) is triggered by H-migration4 ; it proceeds by multiple H-transfer, via 
2-methyl-substituted cyclic ether cations4 , 4 9 ,  the most prominent fragment being 
ionized vinyl alcohol, CH2=CH-OH] (m/e 44)48950. In ion cyclotron MS, un- 
saturated compounds undergo [ 2 + 21 cycloaddition with the molecular ion of 
methyl vinyl ether5 The cycloadducts are then cleaved orthogonally t o  the 
original cycloaddition orientation (equation 21, with the major radical cation 16 
indicating the position of the double bond in the substrate. 

1: 

R ~ - C H = C H - - R ~  + C H ~ = C H - O C H ~  

OCH3 

For a series of alkyl and aryl vinyl ethers, dipole moments were correlated with 
electronic and steric substituent constants5 *, and also with relative basicities5 
(determined from vo -H shifts due to enol ether/phenol hydrogen bonding). From 
the temperature dependence of the dipole moment of methyl vinyl ether, an 
attempt was made to  estimate 1-1 for the different ethoxyethene c o n f ~ r r n a t i o n s ~ ~ .  

C. Summary: Conformation and Reactivity 

ground state of the enol ethers, may be summed up as follows: 
The evidence of the reported physical investigations, probing for the molecular 

For trans(E)-alkenyl ethers with primary alkoxy substituents, the cisoid 
conformation is always predominant; the second conformer of methyl vinyl 
ether - at least in :he gas state - is either the s-tram form or a conformation 
with 6 close t o  180 . 

The corresponding cis(.?)-alkenyl ethers, as well as vinyl and E-alkenyl ethers 
with bulkier OR groups, adopt the s-trans conformation; here, the less stable 
conformer has gauche orientation. 

For sterically highly hindered enol ethers (with bulky substitution in geminal 
and/or Z-position a t  C-2), co-planar orientation is no longer feasible. 

However, the electronic stabilization by O( 2p,)/C=C(x) resonance in the neutral 
molecule is limited to interaction with unfilled antibonding MOs. Only in the more 
or  less charged transition state of an electrophilic attack on enol ethers or  of 
cycloaddition reactions, the full mesomeric potential of the +M-substituents ( O K  
or  NR2) is challenged, and resonance stabilization may easily overcome steric 
barriers which are prohibitive in the ground state. 

In contrast t o  the prima facie controversial interpretation of C=C/OR inter- 
action in the ground state, the evidence on how the nature of the alkoxy group 
influences the relative reactivity of the enol ethers is unequivocal. Fo r  the hydro- 
lysis, in charge-transfer complex spectra, towards electrophiles, and in cyclo- 
additions, the inductive hierarchy is strictly observed: OC(CH3)3 > OCH(CH3)* > 
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OC2 H5 > OCH3 5 .  The reactivity of alkoxyethene monomers in cationic polymer- 
ization likewise follows this order, correlating with Taft's UI- or ~ * - c o n s t a n t s ~ 6 * ~  7 .  

I 11. PREPARATION 

The various synthetic routes t o  enol ethers have been comprehensively summarized 
in a new volume of Houben-Weyl' 3 2 .  In the approved manner of this handbook, 
both scope and limitations are outlined for  each procedure, and full experimental 
details given for one  exemplary case. We shall therefore confine ourselves to  a brief 
sketch of the most important synthetic pathways, emphasizing mainly recent 
developments. 

The vinylation of alcohols by acetylene (equation 3 )  can be achieved under 
alkali catalysis (Favorskiis 13 and Reppe5 9 ) .  For various substituted phenols, Zn, Cd 

KOH 

180-~200°C/20-50 bar 
H-C-C-H 4- ROH * RO-CH=CH2 (3) 

and Hg(I1) acetate and like catalysts have also been employed successfully6". 
Substantially lower temperatures are required in the case of activated alcohols6 . 
With methyl- and f-butyl-acetylene, nuclcophilic addition of aliphatic alcohols 
ROH [ K = CH3 . . . C(CH3 )3 1 usually affords a-substituted ethenyl ethers, 

RO-C=CHz ; in the case of severe steric crowding, however, cis-propenyl ethers 
are obtained. An alternative, convenient laboratory procedure starts from the diphos- 
phonium salt 17. Alcoholysis of one of the Ph3P groups yields the intermediate 18 
from which the vinyl ether is obtained by alkaline hydrolysis (equation 4)6 3 .  By 
using NaOD/D2 0 in the last step, P,P-dideuterated ethenyl ethers may be prepared. 

I 

Transvinj~lafion (equation 5) is catalysed by Hg(l1) salts of weak acids; the 
process is r e v e r ~ i b l e ~ ~ .  Therefore, if t he  donating enol ether does not boil higher 
than the alcohol t o  be vinylated, or if 19 cannot be distilled off, ethyl vinyl ether 

Hg( l  I )  

R ' O - C C H = C H ~  + R ~ O H  - R'OH + R ~ O - C H = C H ~  (5) 

(1 9) 
has to  be used in large excess, and the  catalyst destroyed before work-up. Vinyl 
interchange under Pd(r1) catalysis proceeds stereospecifically6 5 ,  with inversion of 
the configuration about the C=C double bond; thus, from E-propenyl ethyl ether 
and propanol, 2-propenyl propyl ether is formed. The drawback of the method - 
acetal formation above -25OC - has been overcome with special bidentate Pd(1l) 
complexes66. I f  optically active alcohols are converted t o  vinyl ethers by Hg(I1)- 
catalysed transvinylation, and then recovered by acid hydrolysis (see below), their 
optical rotation is retained unimpaired6 - unequivocal evidence that the vinylic 
(and not the alkylic) C-0 bond is broken in vinyl interchange. 

By far the most important laboratory synthesis for enol ethers is the  elimination 
of alcohol from acetals2 (acid-catalysed: K I I S 0 4 ,  p-toluenesulphonic acid, 
Ca3 (P04)26  etc.). For high preparative yields, careful separation of the alcohol 
formed is mandatory69 since the overall sequence: )C=O + acetal/ketal * vinyl 
ether, is fully reversible, and the enol ether equilibrium concentration is only 
-50 p.p.m.'O. (For  acetaldehyde and its mono- and di-chloro derivative, the 



17. Enol ethers-structure, synthesis and reactions 773 

thermodynamics of this sequence have been carefully studied by 14c- and 
3H-labelling7’ .) If one o r  more isomeric enol ethers can be formed, thermodynamic 
equilibration of the product mixture may be achieved by traces of acid or, specifi- 
cally, with iodine72. Acetals of acid-labile substrates can be decomposed thermally; 
especially for steroids, a number of special modifications has been devised2 (e.g. 
reaction with 2,2-dirnethoxypropane, which is not supposed t o  proceed via trans- 
acetalization). By the method of acidcatalysed pyrolysis (“1 5OoC/<0. 1 Torr)73, 
several nitroalkyl vinyl ethers could be prepared in excellent yield74. 

If the acet(ket1alization is carried out  with or th~for rna tes~’ ,  the acetds/ketals, 
especially of c y c l a n o n e ~ ~ ~ ,  need not  be isolated; with Amberlyst-lS@ and ethyl 
orthoformate, the procedure can be run in one step (OOC, N2 atmosphere), the enol 
ethers being formed either directly, o r  by work-up distillation with a trace of 
p-toluenesulphonic acid7 6. The enols or enolate salts of 1,3-diketo compounds can 
be alkylated directly a t  one 0x0 function (in dipolar aprotic solvents, employing 
highly reactive alkylating agents with low S N ~  potential and hard leaving 
 group^)^ 7 .  

The Horner- M’iffig reacfion (equation 6) of triaryl(oxymethy1idene)phosphor- 
anes (20)  with carbonyl compounds provides a versatile access to variously substi- 
tuted enol ethers78; the  yields are generally better for R = a r y l  than for the 

Ph3P=CH-OR1 -I- R2-CO-R3 - ‘C=CH-OR’ + Ph3P=0 (6 )  

R2 

R 3‘ 
(20 )  

alkoxymethylidene derivatives. A modified procedure (equation 7)7y, using phos- 
phine oxides (21), is far superior to the process via the ylides in scope, yield, use of 
stable crystalline reagents and ease of product separation. Since the two diastereo- 
meric adducts 22 can be separated chromatographically, stencally pure E- and Z- 
isomers of the vinyl ethers may thus be conveniently prepared79. 

I. + R2-CO--R3 

2. H 2 0  

R ’  II =/ R’  

‘OCH, OCH3 

0 

+ Li+ 
II / 

Ph,P-CH + [(CH3),CHlZNLi - Ph,P-C 
\ 

(7) 

0 R’ OH R 2  
NaH/THF - %=c II I I 

Ph2P-C-C-R2 

CH3-0 R3 
I 1  CH30 ’ \R3 

(22) 

Symmetrical divinyl ethers have become easily available from the reaction 
of bis( phosphonium) salts, Ph3 P+-CH=CH-+PPh3, alkoxides and carbonyl com- 
poundss0. From (a1koxymethane)phosphonic esters with --FI-substituents in 
the a-position (23), various enol ethers with -acyl functions can be prepareds I .  

The C’ -OR element of the enol ether need not be supplied from the phosphorane 
0 

(EtO),P-CH 
\ I  /OR 

‘A 

A =COOR, CONH2, COR, Ph 

(23) 
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component: examples for this 'reversal of polarity' are the reactions of triphenyl- 
(a1kylidene)phosphoranes with ethyl fluoroacetates8 or with (alkyl/arylmethoxy- 
carbene)pentacarbonyltungsten, (OC)s W: CROCH3 3 .  

Rearrangement of ally1 alkyl ethers with alkoxides in DMSO leads, stereo- 
specifically, to  the corresponding cis-propenyl etherss4 ; the analogous procedure 
has been employed for the synthesis of cis-1-dialkylamino-1-propeness5 ,4 . In 
carbohydrate chemistry, this reaction is utilized as the first step in cleaving off 
allylic protecting groups, followed by hydrolysis of the propenyl etherss6 > 6  '. 
Alkoxy-substituted arenes (benzenes, naphthalenes etc.) are transformed t o  cyclo- 
hexenyl enol ethers (l-alkoxy-l,4-~yclohexadienes) by either Birch or electrolytic 
reduction2. 

Further special procedures include: dehydrohalogenation of halo ethers and 
acetals8 * s  ; decomposition of P'-alkoxy-tosylhydrazones (NaOR, 1 6OoC), yielding, 
via P-alkoxycarbenes, preferentially cis-enol ethers9 i9  ' ; reaction of methoxyallene 
with organocopper(1) compounds9 ; CuBr-catalysed reaction of Grignard com- 
pounds with a$-unsaturated acetals (equation 8)9 ; P-alkylation of P-bromovinyl 

(8) 
CuBr 

R' MgX + R2CH=C(R3)-CH(OEt,) - R '  R2CH-CR3=CH-OEt 

R '  C H 3 .  . . C(CH313 

R2, R3 = H ,  CH3 

X=CI .  8r  

ethyl ether with RMgBr, in the presence of catalytic amounts of nickel phosphine 
complexes94. Dehydrative decarboxylation of threo-3-hydroxycarbonic acids (24), 
which are formed with high ~tereoselectivity~ from dilithiated carbonic acids and 
ketones9 or  aldehydes, provides another stereoselective access to  enol ethers; 
reaction of 24 with tosylchloride leads, via the p-lactone, to  the E-form, while 
reaction with the azodicarboxylate/Ph3 P adduct leads t o  the Z-form9 s. 

IV. ELECTROPHILIC REACTIONS 

In this section, reactions of the enol ethers with electrophilic reagents, E-X or 
E+X -, shall be discussed, regardless of whether addition or substitution products are 
formed. Cycloadditions, on the other hand, will be dealt with separately. 

A. Hydrolysis9 ' i 9  

I t  is now well established that for the hydrolysis of simple vinyl ethers, proton 
transfer from the catalysing acid to  the substrate is rate-determining (equation 10). 
Subsequently, the cationic intermediate (25) is rapidly hydrated t o  the hemiacetal/ 
ketal ( 2 6 )  which in a last, fast step decomposes to the parent carbonyl compound 
and alcohol. Addition of H20 to  25 has proven decidedly faster than retrodepro- 
tonation in all cases investigated so far9 9' O 0 ,  with but one special exception' ' . 
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OH 
+ H A  k l  \CH-CC=OR I +  + A- +H20 . -HAC / \CH - c I - 0 R 

OR 
\ I  

\ I / 
,c = c 

k- 1 

0 
'CH-C4 f ROH 
/ \ 

Even for the most reactive member, a-cyclopropylvinyl methyl ether (see Table S), 
this mechanism still holds'", although the margin for the limiting condition, 
k-1 LA-] < k2 [ 132 01, cannot be very large; enamine protonation, for example, is 
rapidly reversible. 

There is a linear relationship between the two sets of log k values for acid- 
catalysed hydrolysis of a series of vinyl ethers and of the corresponding formal- 
dehyde acetals, CH2 (OR), '' ; this definitely excludes a nucleophilic function of 

TABLE 5. Rates of H,O'-catalysed hydrolysis of various enol 
ethers in aqueous solution (25°C) 

En01 ether Reference 

CH, =CHOC,H, 

CH,=CHOCH2CH(CH,), 
CH, =CHOCH(CH, ), 
CH, =CHOCH,CH,Cl 
CH, =CHOC,H, 

CH,=CHOC,H,-n 

c6145, , OCH, 
CH=C, 

,%HS 
CH, =c, 

a, 

CH 

CH, =CHOC, H, 

p C H 3  

"""">a 

1.87 
2.00 
2.25 
4.4s 
0.165 
2.13 2 0.01 

1.66 f 0.02 

(5.79 t 0.11) 10, 

(3.28 0.02)10-3 

5.98 f 0.04 

(4.54 f 0.17)102 

(4.23 2 0.04) 10' 

(8.00 2 0.12)101 

(7.49 110) 

1020 
1020 
1020 
1020 
1 02a 
113' 

108' 

103b 

103' 

103' 

103' 

103b 

103' 

100' 

=Determined with HCI-catalysis in H,O. 
bDetermined in aqueous HCIO, solution. 
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the conjugate base of the catalyst, A- ,  in the transition state of vinyl ether 
hydrolysis. The reaction is subject togeneral acid catalysis' 0 2 t 1 0 3  for which H 3 P 0 4  
has proven an unusually active catalyst' 04. A Br$nsted factor, (Y = 0.63, was deter- 
mined' O3 for the hydrolysis of  cyclopentenyl and isopropenyl etllers with carb- 
oxylic acid catalysis. This can be interpreted in terms of a significant degree of 
proton transfer t o  the enol ether in the transition state' 3. A salt effect was not  
detectedIo5. The unexpected small primary isotope effect, k H / k I ,  = 3.3 - 3.5, for  
vinyl ether hydrolysis with HF/H;IO and DF/D20 was attributed to  strong hydro- 
genic bending vibrations in the transition stateg9 (which are absent, of course, in 
the diatomic H/D donor). 

( C H 3 ) 3 C e O C 2 H 5  

(27) 

All this evidence goes t o  show that  the proton transfer is characterized by a 
rather late transition state, resembling the cationic species; the enol ether 27, for 
instance, incorporates D mainly in the axial position in deuteriolysis' G. Conse- 
quently, the individual rates of hydrolysis (see Table 5) can be correlated with the 
stabilities of the intermediate carbenium ions ( 2 5 ) ,  relative to that of the free vinyl 
ethers. (This is also important for understanding the mechanism of the reaction 
with electrophiles and of the stereospecific polymerization of enol ethers in 
homogeneous media' '.) The large rate increase upon m-alkyl substitution 
( 1  O2 -1 04) thus becomes easily understandable. The slower hydrolysis of P-styryl 
ethers CGH5-CH=C(CH3)-OR (equivalent t o  an increase in AGf of 
-1 2 kJ mol-' ) is attributed to  additional (resonance) stabilization of the ground 
state' * ; P-alkyl substituents likewise retard the rate of hydrolysis. The higher 
reactivity of cis-1-alkenyl ethers, on the other hand, which generally are hydrolysed 
four times faster than the corresponding rrans isomers' O 7  - irrespective of the 
relative cisltrans ground-state stability' O 9  - therefore cannot be due solely to their 
lesser thermodynamic stability20. Within the ethenyl ether series, CH;I=CH-OR, 
dependel2ce of reactivity on the nature of OR follows the inductive order"O 
[ 0.05 M HCl in acetone/water (80 : 20), 25"C] : 

R CH3 C2H5 CH2CH(CM3), CH(CI-I,), C(CH,), CH,a{,Cl 

Relative rate 
of hydrolysis' ' " 1.0 2 0  1.6 1.3 16.6 0.18 

The relative rates are strongly dependent on medium polarity and the acid 
catal+ystl ; only two sets of vinyl ether hydrolysis data, each obtained for pure 
H30 catalysis under identical conditions, are therefore presented in Table 5. 

Butadienyl ethers (28) are protonated exclusively at  the terminal carbon, 
C-4l ; for 29, hydrolysis proceeds via both the normal pathway (rate-limiting 
C-3 protonation) and protonation at the carbonyl group' ' 

0 
II ,CH3 

C4 H2=CH - CH=CH -OR CH3-C-CH=C, 

(28 )  

The reaction of vinyl ethers with protic agents other  than HzO'  l 4  (alcohols, 
mercaptans, acids etc.) follows the same mechanistic course as hydrolysis, with 
rate-limiting H+-transfer to the olefinic C-2' ; true electrophilic addition is therefore 
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always in the Markownikoff direction. Within structurally related series of X-H 
compounds, reactivities towards alkoxyalkenes have been correlated with a variety 
of 0-constants (see for example Reference 1 15). 

6. Halogenation 

The addition of Cl2 and Br2 to vinyl ethers has been studied extensively by 
Shostakovskii and coworkers' ' '. The reaction is highly exothermic, often leading 
to substantial amounts of by-products; by HHal elimination, for instance, and 
subsequent addition of a second Hal2 molecule, trihalo ethers are formed 
(equation 11)' ' '. If  carried out at  -2OOC in the dark, however, the reaction of 

cc14 
ooc 

RO-CH=CH2 + Hal? - 

RO-CH=CH-Hal 

Ro\ -HHaI  
,CH-CH2-Hal - 

Hal' 

Hal 
+ H a l l  I - RO-CH-CH(Hal)2 

(11) 

C12, Br2 and ICl even with the more reactive aliphatic enol ethers can be held at the 
stage of the  primary addition compounds (30 ) '18 .  Direct iodination gives only 
polymers' 9. Fluorination of enol ethers has gained importance in the steroid field; 
with FC103 in pyridine, fluorine can be introduced into steroids with excellent 
yields under mild conditions' 2 0 .  

The stereochemistry of the reaction with electrophilic halogen is controlled by 
several factors. Addition of C12 to the dihydropyran 31 in pentane gives stereo- 
selectively the cis-dichloro derivative (80% 32a), while in CH2 Cl2 the stereo- 
chemistry is inverted (66% 32b)' 2 1  ; this solvent dependence has been confirmed 
repeatedly' 2 2 .  (I-ICI addition to  33, on the other hand, is exclusively syn.) 

(31 1 (32a) (32b) (33) 

Primarily, a 'syn' ion pair is supposed to be formed (34)  which in nonpolar solvents 
rapidly collapses to the cis-dichloro product' 2 1 .  The trans reaction can be triggered 
in three different ways: (1)  dissociation of the C1-, (2) attack of a protic solvent 
molecule a t  C-1 from the backside or  (3), for acyclic substrates, rotation of the 
ROi=C1 moiety about the C'-C2 bond ( 3 4  + 35)' 2 1  ; this results in trans addition 
from the collapse of the 'anri' C1. . . C1 ion pair (35). 

cis-Dichloro product trans-Dichloro product 
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The percentage of ant i  addition increases in the order C12 <Br2  <IC1 and 
likewise from p-methoxy- t o  p-chlorophenyl enol ethers' ' (i.e. with decreasing 
availability of the ether oxygen lone pair); apparently, halonium stabilization 
competes more and more with the RO resonance interaction which is the decisive 
factor in clilorination' ' . This argument has been confirmed by kinetic investi- 
gations of iodination and bromination in water: they demonstrate that much less 
charge is localized at C-1 in the transition state of electrophilic I 2  attack than in 
protonation' 2 3  (see above); this must be due to iodine participation. For the  
reaction with Br2, such halonium stabilization is much less effective' 2 4 .  The 
bromination of acetone in methanol, by the way, proceeds almost exclusively via 
the enol ether present in the equilibrium, CH3-C(OH)=CH2 * (CH3)2CO * 

W i t h  N-bromophthalimide in alcohol or  carboxylic acids, cyclic and acyclic enol 
ethers are transformed into arbromoacetals in excellent yield' 2 6  ; the reaction is 
definitely ionic and not radical. From the reaction in CC14, the addition product of 
Br+ and phthalimide can be isolated (65%)' ; N-chloro-, -bromo- and -iodo- 
succinimide have also been employed successfully' 8 .  With t-butyl hypochlorite in 
ROH (equation 14), trans addition predominates (85%)' 2 9  ; in benzyl alcohol or  

(CH3)2 C(OR)2 Ft CH3-C(OR)=CHz ' 2 5 .  

FIIBr 

+ (CH3)3COCI/Br -%!!!+ + B r l C l w  

O R  O R  
carboxylic acids, and likewise with hypobromite, the percentage of ant i  reaction is 
even higher. Chlorination of aliphatic enol ethers and dihydropyrans with iodoso- 
benzenedichloride, C6 H5 IC12, is >95% trans' 3 0  ; it has been described as a radical 
chain reaction, with short  chain-length. 

Halogenation of intermediates with an enol ether partial structure has gained 
increasing importance in carbohydrate chemistry. Reaction of C12 with D-glUCal 
triacetate (36) in non-polar solvents gives exclusively cis and in polar medium 
predominantly trans addition' 3 ' .  36 has also been bromofluorinated in good yield 
with AgF/Brz in CH3 CN (equation 15)' ; although the reaction is mainly trans 
(37, 38),  20% cis product (39) is still formed. This addition likewise works with 
AgF/12 or with N-bromo(iodo) succinimide and HF' 3 2 .  'b + AgF + Br, - -AqEr 

AcO AcO AcO 

(15) 

I f  the halogenation of the enol ethers is not used solely for the specific 
introduction of an *halogen into the parent carbonyl compound, the halo ethers 
are usually transformed further by HHal elimination and/or nucleophilic substi- 
tution. Among these follow-up reactions, a specific synthesis for mixed ketene 
acetals zhould be mentioned' : bromination of EtO-CH=CH2 with Br2 (in E t 2 0  
at -30  C), followed by substitution of the a-Br with RO-, and then by dehydro- 
halogenation, yields the mixed ketene acetal. 
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C. Reactions with Electrophilic 0, S, N and P 

Enol ethers are fairly stable against 0 2  and react only with stronger oxidants 
(03 ,  peracids etc.). The epoxides formed from peracids and enol ethers are usually 
hydrolysed immediately in the acidic reaction medium' 3 4 .  If the epoxidation is 
carried out  in alcohol (equation 161, a-hydroxyacetals can be isolated in excellent 

(9: 1 ) 

yield, with the addition of ROH preferentially tratzs' 5 .  The procedure works equally 
well with I-methoxycyclohexene, affording 1,1-dimethoxy-2-hydroxycyclohexane, 
and allows the facile synthesis of mixed a-hydroxyacetals if the enol ether bears an 
OR function different from that of the epoxidation medium' 5 .  With enol esters' 3 6  
and with some special enol ethers (equation 17)13', the  epoxides can be isolated. 

90% 

With ground-state (3 P) oxygen atoms (generated by Hg-sensitized photode- 
composition of nitrous oxide), methyl vinyl ether is transformed into the oxirane 
40 with 45% yield'38 (total yield of oxygenation products 86%, equation 18). 40 

CH30-CH=CHz - CH30* + CH30-CH2-CHO + CH3COOCH3 + CO (18) 

45% 26% 2% 13% 

(40) 

(01 0 

is stable in CDC13 solution at 2SoC for several hours, but  attempts at  isolation or  
purification failed. With the exception of 2,3-dihydrofuran, 2-alkoxyoxiranes 
could be obtained from various enol ethers in 40% yield138 (though not yet  on a 
larger preparative scale). 

The ozonization of enol ethers (equation 19) is of analytical value since it allows 
the definite cleavage of an a-C-C bond in the parent carbonyl compound' 9 ;  from 
en01 ethers of  cyclic ketones, w-formylcarboxylic acids thus become readily avail- 
able' O .  

1.03 

2. Hz/Pd 
R2CH=CR'-OR3 - R'COOR3 -t R'CHO (19) 

Anodic oxidation of I-alkenyl alkyl ethers' ' 7 '  in  methanol (equation 20) 
yields 50% 1,4-dialkoxy-l,4dimethoxybutanes (41)14 (acetals of 1,4dicarb- 
onyl compounds); analogous P,P'-dimerization of I-alkoxycycloalkenes affords, 
after hydrolysis, 2,2'-bis(cycloa1kanones) with 30-50% current yield' 2 .  

Two @functions (e.g. OCOCH3) are usually incorporated into enol ethers upon 
OR 

2 \ I  C=C-OR + 2 C H 3 0 H  -2H:- - 2 e- CH30-C-C-C-C-OCH3 I I  I ? "  (20) 
/ I I I I  

(41 ) 
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oxidation with Pb(1v )' or TNIII) acetate' 44, with benzoyl peroxide' 5 ,  and 
with HO. radicals' 6 .  Reaction of Co(II1) derivatives (cobalamines, cobaloximes) 
with vinyl ethers gives, very probably via the x-bonded complexes 42, the  
corresponding a-bonded atCo acetals (equation 21)' 47. 

+ R O H  X--Co(IIl) + CHZ=CH-OR - HZC-CH-OR + X- - CO(II I ) -CH~-CH(OR)~ .+: - H X  

Thiols RSH add to enol ethers at  lower temperatures (e.g. -20°C in SOz) t o  
yield the  respective mixed 0,s-acetals' 48 ; reaction at  elevated temperature with 
either azoisobutyronitrile'49i' 5 0  or UV irradiation' ' , on the  other hand, gives 
the anti-Markownikoff adducts (l-alkoxy-2-alkylthio-) in high yield. With sulphenyl 
chlorides, both addition and substitution products are formed' 2-1 54 

(equation 221, depending on the reaction conditions and the nature of the sub- 
stituents. The addition is exclusively trans, with the RS moiety always at C-2, 
owing probably to the intermediacy of a thiirenium structure' 4. 

CI SR3 
I 1  

R'  0-CH-CH-~2 

R'O-CH=CH-RZ + R3SCI - R'O-CH-CH-R'  Cl- -> R ' 0 - CH =C R2- S R 3  

(22) 
The 1 : 2 adducts of SC12 with vinyl ethers (43) are stable in solution but  cannot 

be isolated' "; hydrolytic work-up yields both the expected dialdehydes 44 and the 
oxathianes 45 in comparable amounts (equation 23).  The primary addition pro- 
ducts of enol ethers with dichlorodisulphane, S2 C12, are even less stable; the 
dithianes can be isolated, though, after nucleophilic Cl/OR exchange' or alkaline 
hydrolysis' '. 

R 2 0  C J C O j  

0" c H20 

(43) 

'. S + I : 1 '  
R 3  

2 R ~ C H = C H - O R ~  + SCI, - S(CHR~-CH(OR~)CI ) ,  - 
R' = H , C z H 5  

(44) (45) 

Thionyl chloride, too, reacts with two molecules of etlienyl ethers 
(equation 24)' 5 8 .  The bis(p-alkoxy-P-chloroethyl)sulphoxides 46 can be trans- 
formed to  the dienamines 47; tertiary amines give double MCl elimination, 
partially accompanied by rearrangement' 8. Only one-sided 1 : 1-addition is 
observed with the higher 1 -alkenyl ethers. 1 -Alkoxycyclohexenes react with SO2 
(equation 25), reversibly forming a 1,3-dipole (48) not stabilized by con- 
jugation' ; 48 can also be reached directly from the acetal in SO;!. [ 2  + 3]Cyclo- 
addition of  48 t o  another cyclohexenyl ether molecule, followed by ROH elimin- 
ation, yields the tricyclic 49' s 9 .  B-Sulphonylation of vinyl ethers is also possible 
with the pyridine-SO, adduct' 6 0 .  

Niirosyl halides smoothly add to  enol ethers with the expected regiochemistry 
(ON8 -C18-), but  the (probably dimeric) a-halo-p-nitroso ethers so formed (e.g. 
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OR’  4H-N 

2 R 1 0 - C H = C H 2  + SOCI, - C H  -CH2-S-CH2-CH / ‘R2 
R’ 0, 

II ‘CI 
0 

(46) 

CI’ 

(24) 

R2  H H  
I I / 

R2 

‘N-C=C-S-C=C--N 
R i  1 I! I ‘R3 

H O  H 

(47) 

4- so, m:F- ... - 
(481 

RO 
OR 

85% 

(49) 

50) are very labile’ ’ . Alcoholysis in basic medium yields the corresponding 
nitroso acetals which are generated directly from enol ethers and alkyl nitrites’ . 
Nitrosation in the presence of alcohol, o r  work-up without a HC1 scavenger, affords 
oximes’ ; thus, cyclohexenoneoximes (5 1) are obtained from 1 -alkoxycyclo- 
hexenes (equation 26)’ 6 2 .  If  the nitrosation leads to tertiary nitrosyl compounds 

‘OH €120 
502. - 10°C ooR+ NOCl - - 50°C 

(50)  (51) 

(52) where tautomerization to the oxime is impossible, the original enol ether C=C 
bond is broken upon alcoholysis (equation 27)’ 3 .  Under proper reaction 
conditions, ‘nitrosolytic’ C-C cleavage can also be achieved for less substituted enol 
ethers (see equation 26)’ 2 .  This reaction has been put t o  elegant use in makrolide 
synthesis’ 64. Nitrosation of  5 3  in the presence of stoichiometric quantities of ROH 
and H z O  (equation 28) results in cleavage of the central C=C bond, yielding the 
dioximes 54 and, upon hydrolysis, the ketolactones 55. 
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NOH 

(27) 

128) 

Diazonium salts couple readily with cc- and @-substituted vinyl ethers in the 
P-position (equation 29),  but only the hydrolysed glyoxalhydrazones 56 can be 

R '  R2 
I H 2 0  I 

(29) R2CH=C-OR3 f ArNd CI- - Ar-NH-N=C-CO-R' 

R ' ,  R 2  = H, alkyl (56)  

y 1  66. The  analogous reaction of a-ethoxystyrene with azo esters gives - isolated' 
apart from Diels-Alder cycloaddition - the 8-hydrazino-substituted styrene' 
(probably via a dipolar intermediate). 

In the presence of, for example, azoisobutyronitrile, H--PO(OR)* and other 
P(III)  derivatives are smoothly added to vinyl ethers (of course with anti- 
Markownikoff orientation)' ; phosphine itself gives mono, bis- and tris-((j-alkoxy- 
a1kyl)phosphines' 9. With PC15 and tetrahalophosphoranes, (3-substitution pro- 
ducts are formed via an ionic mechanism' O .  

D. Reactions with Carbon Electrophiles 

While P-alkylation of enamines is a facile process with a variety of alkylating 
agents RX597-' 7 1 ,  the nucleophilicity of the C-2 in enol ethers is not sufficient for 
uncatalysed reactions' '* . Activation of the alkylating agents with Friedel-Crafts 
catalysts as a rule is self-prohibitive with the polymerization-prone enol ethers. 
Vol'pin and collaborators' 73 report the addition of tropylium bromide to alkenyl 
ethers which leads to cycloheptatrienyl acetaldehydes (equation 30); the reaction 
conditions have to be carefully adjusted since usually the action of tropylium salts 
results in polymerization of vinyl ethers' 7 4 .  

(30) 

Alkoxonium ions, >C'OR c-f >C=+OR, represent the necessary compromise 
between sufficient activation of the electrophilic carbon centre and suppression of 
enol ether polymerization, and the polar C-C linkage of aldehydes o r  ketones and 
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their derivatives with enol ethers has found widespread application' 9' 6 .  The 
BF3-catalysed reaction of enol ethers with acetals' 77, for instance, constitutes a 
valuable alternative to  the classic aldol condensation, the main preparative advant- 
age lying in the unequivocal course of the reaction1 since enol ether and acetal 
can each act only as electrophilic and nucleophilic (methylene and carbonyl) 
component, respectively' 79. Depending on the nature of the reactants and reaction 
conditions, either P-alkoxyacetals or  a,P-unsaturated aldehydes are formed 
(equation 31); a t  the acetal stage, addition of a second vinyl ether molecule is 
possible. 

OR2 
R ' - c H ( o R ~ ) ~  + C H ~ = C H - O R ~  - B F 3  R~-CH-CH~--CH(OR~) ,  I - H20 

R -CH= CH-CHO 

+ CH2=CH-OR2 I 
OR2 0 R 2  
I I 

R' -CH-CH~-CH-CH~-CH  OR^ ) 2  

(57)  

Hoaglin and Hirsh have proposed a carbenium ion mechanism (equation 32) for 
the overall reaction' ', analogous to that for the acid-catalysed aldol reaction. The 
first step in this sequence is the dissociation of the primary >O +. BF3 complex- 
ation product to the  alkoxonium species 58 (probably in the  form of an ion pair). 
Electrophilic attack of 58 upon a vinyl ether molecule leads to  a new alkoxonium 
ion (59) which then either adds an alkoxy moiety, forming the p-alkoxyacetal 60, 
or another CH2=CH--ORZ to the 1 : 2-adducts 57.  The partitioning between 
these two pathways is governed, of course, through the relative electrophilicity of 58 
and 59. Yet even with the least reactive saturated aliphatic acetals, the reaction can 
be held a t  the 1 : 1-addition stage ( 6 0 )  with at least 80% yield if a large ( 5 : l  or  

R' 
I + C H ~ =  cnou' 

R '  
- Et20  

CH3-A(OR2)2 i- E t 2 0 .  BF3 - CH3-C=+OR2 R20BF3-  

(58)  

O R 2  
I -BF3 

CH3-C-CH2-CH=+OR2 R20BF3----' (57) 
I 

A' 
(59) 

(32) 

O R 2  
I 

CH~-C-CH,-CH(OR~), 
I 
R'  
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more) excess of acetal is used' 7 8 .  From ketals (R' = alkyl), on the other hand, 
practically no 1:l-product is obtained since in this case 59 is so much more 
reactive than 58. 

Mainly 1: 1-products are formed even from the equimolar reaction of aromatic 
aldehyde acetals' 8 o  ; with a,P-unsaturated acetals, which show the highest reactivity 
towards enol ethers, the aspect is still more propitious. Because of its well-defined 
( 1  : 1) stoichiometry and definite regiochemistry, the condensation of unsaturated 
aldehyde acetals with vinyl ethers could thus be successfully employed in the 
synthesis of polyene aldehydes' ' (with ZnClz catalysis) and of carotinoids' 2 .  If 
l-alkoxy-l,3-dienes are used as the enol ether component, the electrophilic alkox- 
onium centre of the acetal adds exclusively a t  C-4' 83. Alkoxydienes and l-substi- 
tuted enol ethers (ketone derivatives) which have a much higher polymerization 
tendency than the enol ethers of saturated aldehydes' 8 0 ,  can be coupled only with 
the more reactive (aromatic and unsaturated) acetals since the Lewis-acid catalysts, 
used in the acetal condensation, a t  the same time promote polymerization. 

Dioxolanes and other cyclic acetals have also been employed in enol ether 
condensations' 8 4 ;  with the much less reactive thioacetals, the reaction is limited t o  
phenyl vinyl and divinyl ethersIs5 which d o  not polymerize so easily. The 
enhanced electrophilicity of the carbenium ions generated from a-halo ethers' and 
Schiff bases in HOAc' ', on the other hand, makes for especially smooth addition 
to enol ethers. Mechanistically, the dimerization of vinyl ethers with BF3 in the 
presence of Hg(r1) salts (equation 33)' must also be classified among the conden- 
sation reactions with activated acetals. 

OR O A c  
+CH2=CHOR I 

A c O H Q C H ~ C H C H ~ C H ( O R ) ~  
I 

CHz=CHOR i- Hg(OAcj2 __ AcOHgCH2CHOAc 
BF3 

61 + CHZ=CHCH2CH(OR)Z 

Hoaglin and Hirsh also report the BF3-catalysed direct condensation of aliphatic 
aldehydes with enol ethers' 8 9  leading, via 1,3-dioxanes, to a,P-unsaturated alde- 
hydes (equation 34). Their findings have been confirmed by a Japanese group' 90 ; 

R'CH=CHOEt i- 2 R2CH0 EtzO.EF3  . R 2 i  ---+ R ~ C H = C C H O  (34) 

R '  
H*/H20 I 

R2 R2 

162) 

if the catalyst is neutralized before hydrolysis, the dioxanes 62 can be isolated and 
cleaved independently. These authors' 90 have also extended the vinyl ether con- 
densation to acetone and to methyl ethyl ketone. The rather poor yields are due t o  
the lesser carbonyl activity of the ketones and the concomitant increase in side- 
reactions; among these, tram-enoletherification between vinyl ether and ketone is 
most important"' (thus, the regiospecificity of the reaction is lost). But even if 
ketones are subjected to BF3-catalysed condensation with their own enol ethers ( to  
avoid the product mixture due to trans-enoletherification), the yields of definite 
1 : I-products are unsatisfactory (20-50%)' 9 2 .  
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Excellent yields are reported for cross aldol condensation via enol ethers with 
titanium catalysts (equation 35)' ; essential for the success of the reaction is that 
both components are present in equimolar quantities, and that TiC14 and Ti(OR)4 
are applied together. 

17. Enol ethers-structure, synthesis and reactions 

R3 
7- 2. R ~ O H  (CH3)2CHOCHR'CHR2-COR5 I - H20 

R'CHO + R2CH=CR30R4 

b R 4  

(35) 
R 2  0 

2. H2O/NaHCOj  

The formylation of enol ethers with orthoformates' 7 6 1 1 9 4  (equation 36) fol- 
lows the same mechanistic course as the acetal condensations; the malonaldehyde 
derivatives thus formed constitute valuable building blocks for heterocyclic syn- 
theses' 9 5 .  Among the Vilsmeier-Haack reagents, 63 (derived from DMF and 
phosgene) has the least Lewis-acid properties, and so has been employed most 
successfully for the formylation of vinyl ethers' (equation 37). 

R 2  

I 
HC(OR')3 + R2R3C=CHOR' - H+ ( R ' O ~ ~ C H - ~ - C H ( O R ' ) ,  

R 3  

CI CI R' 
I I  

R' CH=CHOR2 + [H-(!=+N(CH3)21 CI- - [(CH3)2NCH-CH-CH=+OR21 CI- 

H*O/OH- I 
( C H ~ ) ~ N C H = C R ' C H O  

The decreasing reactivity of the higher ortlio esters bars enol ether acylation 
beyond the orthoacetate stage, and has not been used much even there '98.  
Tetramethoxymethane (methyl orthocarbonate), on the other hand, can be added 
smoothly to  vinyl ethers under SnC14 catalysis' 9. 

The acylutioiz of vinyl ethers requires strong activation of the acylating agents. 
Employment of Friedel-Crafts catalysts is naturally limited to enol ethers with 
negligible polymerization tendency, a prerequisite met fully by steroid enol ethers 
(equation 38)*0°. Electronegative substituents likewise raise the carbonyl activity 

OAc 

I 1 CH 

-70% H 

of the acyl component; with trifluoro(ch1oro)acetic anhydride, or the mixed 
trihaloacetic acetic anhydrides, vinyl ethers are P-trihaloacyl-substituted in quanti- 
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tative yield2' l .  Effenberger and Maier have demonstrated strikingly how the course 
of the reaction depends on the electrophilic potential of the acyl function202: 
while acetyl chloride does not  react a t  all with ethyl vinyl ether, and chloroacetyl 
chloride causes polymerization, dichloroacetyl chloride gives the addition, 
trichloroacetyl chloride the substitution product (equation 39). 

0 0 
11 /OEt CIZCHCOCI C 1 ~ C C O C I  II 

4 C H 2 E C H O E t  C13CCCH=CHOEt (39) 
OOC. 40 h O'C. 48 h 

C12CHCCH2CH 

'Cl 

Oxalyl chloride, with similarly enhanced electrophilicity, readily adds two moles 
of enol ether at room temperatureZo3; the resulting double a-halo ethers can be 
dehydrohalogenated facilely with tertiary amines. In the case of 3,4-dihydro- 
W-pyran, the addition of (C0Cl)z is exclusively cis204.  Substitution of vinyl 
ethers with phosgene at  O°C yields P-alkoxyacryl chlorides (equation 40)20 

-HCI  
ROCH=CH, + COCI, - ROCH=CHCOCI (40) 

which represent valuable reagents in heterocyclic synthesesZo ; p-CO-NCO substi- 
tution is found in the reaction of vinyl ethers with isocyanatocarbonyl chloride20 7 .  

P-Carboxamidation of enol ethers with isocyanates20 8 ,  though likewise a substitu- 
tion reaction, proceeds via cycloaddition, and will be dealt with in Section V.B. 

In the presence of radical initiators or with UV irradiation, tetrahalomethanes 
can be added to the enol ether double bond (equation 41)209;  if mixed tetrahalo- 
methanes are used, the halogen which is easiest cleaved off radically (Br-) is found 
in the acposition of the halo ether 642 O .  These primary adducts (64) are thermally 

R '  Hal R'  Hal 
fad .  I I  - t i H a l  I I  

R'CH=CHOR2 + CHa14 - Ha13CCHCHOR2 - Ha12C=C-CHOR2 (41) 

(64) 

extremely labile, and give off HHal on distillationZo9. From the reaction of glycol 
divinyl ethers with CC14 and azoisobutyronitrile, u p  to  50% bis(trichloroally1) 
ethers, (-CIIzOCHC1CH=CC12)z, could be isolated' '. The reaction has been 
utilized for the introduction of a CI43 group into thc 6-position of stcroids2l2 
(equation 42). Tetranitromethane has likewise been added radically to enol ethers, 
forming isoxazolidines2 a. 

0 fl CHalz 0 @ CH3 
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V. CYCLOADDITIONS 

Between enamines and nonhetero-substituted alkenes, enol ethers hold a midway 
position in overall reactivity as electron-rich olefins, as well as in the polarization of 
the  C=C x-bond. In thermal [ 2 + 21 cycloadditions (for definitions, see Reference 
213), that asymmetry in the r-electron system is of paramount importance since 
the  principle of orbital symmetry conservation2 forbids a concerted course, with 
parallel approach of the two x-systems, for this reaction2 t 2  5 .  (The orthogonal 
(=2, + r2a) modeZ G . z  ’, which allows synchronous bond closure, is definitely 
operative only with ketenes2 ’, and perhaps with heterocumulenes.) Consequently, 
[ 2 + 21 cycloadditions with alkenes proceed via (singlet) biradicalic intermediates* 13 

while the highly polarized r-system of enamines tends towards a polar, two-step 
mechanism2 9 3 2  O ,  with a concomitant shift in the product spectrum from addition 
t o  substitution derivatives. For  electrophilic additions to  enol ethers (e.g. acylation), 
a similar predominance of substitution over addition with increasing reactivity, i.e. 
higher polarization of the attacking electrophile, has been noted above. 

The moderate activation of alkoxy-substituted alkenes designates them as 
mechanistic borderline cases. Also, the free choice of the OR moiety, with definite 
gradation in electron release, and the possibility of selective synthesis of geometric 
isomers (or, alternatively, the ease of their separation) allows the construction of 
substrates specifically adapted t o  individual mechanistic problems. Enol ethers have 
thus become favouri te subjects for studying the mechanism of [ 2 + 21 cyclo- 
addition; in particular, the  query ‘cotzcerted o r  not comerted’ has instigated some 
highly sophisticated work. 

A. [2 + 21 Cycloadditions with Tetracyanoethylene 

The cycloaddition reaction of enol ethers with tetracyanoethylene (TCNE) can 
now be considered as definitely cleared u p  in almost every mechanistic 
detail2’ ’ y z  ’. Even though reaction mechanisms are more or  less based on circum- 
stantial evidence, ‘the network of mechanistic criteria and experimental 
findings12 which Huisgen and his coworkers have accumulated in this case, must 
be regarded as extremely tight, and their ratiocination as very compelling indeed: 
The  cycloaddition is not stereospecific with respect to  the electron-rich double 
bond, and proceeds via a zwitterionic intermediate (66 in Scheme 3). 

Vinyl ethers, and even the phenylogous p-alkoxystyrenes, are sufficiently elec- 
tron-rich to  form cyclobutanes with TCNE at room temperature2z3 (TCNE is 
characterized by a highly electron-deficient C=C bond with low-lying MOs). The 
reaction of either E- or  2-butenyl ethyl ether with TCNE, for instance, is completed 
within a few seconds and yields, quantitatively, two cyclobutane derivatives 
(Scheme 3): in the major product, the configuration of the alkenyl ether is 
retained, in the minor one, inverted (*  M-NMR evidence). This stereochemical 
leakage increases with solvent polarity (Table 6)  since rotation about the C-1 /C-2 
bond in the zwitterionic intermediate 66 becomes more and more favoured relative 
t o  ring-closure by bettei solvation and reduced Coulomb attraction. But even in 
acetonitrile, ring-closure is still five times faster than this rotation for both cis- and 
t r a i ~ 6 6 ~ ~ ~ .  In contrast, rotation is much faster than cyclobutane formation for 
the biradical from tetrafluoroethene and ( Z ) - 2 - b ~ t e n e ~ ~ ~  ; the [ 2  + 21 cyclo- 
addition of benzyne to  (E)-  and (Z)-1 -propenyl ethyl ether, supposedly proceeding 
via a biradical, likewise shows substantial nonstereospecific portions2z 6 .  The ad- 
dition of fumaro- and maleo-nitrile to tetramethoxyetliene, on the other hand, 
though very probably still proceeding via zwitterionic intermediates, gives sterically 
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cis/i' trans/E 

Olefins (65 )  

OEt 
H H /  

H /  \c=c \c=c 
Et/ \OEt Et / 'H 

ti tl 

SCHEME 3 

pure E- and 2-dicyanocyclobutanes, respectivelyZ '. Thus, TCNE/enol ether cyclo- 
additions appear to rank a t  the lower end of the stereoselectivity scale among 
[ 2 + 21 cycloadditions via zwitterions. The nevertheless fairly high stereochemical 
fidelity (Table 6 ) ,  compared with the biradicals, can easily be rationalized in 
terms of Coulomb attraction of the charge centres (see below); however, 'through- 
bond coupling' seems t o  contribute significantly to  the height of the rotational 
barrier around the C-l/C-2 bondzz1 J ~ ~ ~ .  

If TCNE is reacted in CII3CN with 1.1 equivalents of (Z)-1-butenyl ethyl ether 
of 299.5% configurational purity, the 0.1 equivalents of enol ether recovered turn 
out to be 18% 2 + E-isomerizedz 2 4 .  For this, the simplest mechanism is formation 
of 2-66, rotation to  E-66, and dissociation into the starting materials (see 
Scheme 3). The zwitterion thus enters into three competitive processes: ring- 
closure, rotation about the former enol ether double bond, and redissociation2z l .  

But the mechanistic picture is still more complex. If  a CHC13 solution of the 

TABLE 6. % Cyclobutane (67) with inverted 
configuration (see text), starting from (Z)- 
and (E)-1-butenyl ethyl ether 

Solvent (Z  1 (El 

Benzene 2 2 
CH,CI, 7 3 
Ethyl acetate 10 5 
Acetonitrile 18 16 
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TCNE/a-methoxystyrene cycloadduct is heated to 5O"C, the red-violet colouring 
of the CT complex between TCNE and enol ether develops reversibly. The TCNE 
present in the equilibrium, although not measurable directly, can be intercepted 
with the more reactive ethyl vinyl ether, and so be transferred quantitatively from 
the I-methoxy-I-phenyl- to the 1-ethoxy-2,2,3,3-tetracyanocyclobutane. (In a 
similar situation, we have found >30% cycloreversion for ketene acetal/isocyanate 
cycloadducts at 65°C; in this case, both constituents are easily identified by 

H-NMR2 2 9  .) In  view of these results, it is not surprising that the stereoisomeric 
cyclobutanes (67), which are stable in nonpolar solvents, slowly isomerize in 
CH3 CN solution2 2 4 .  

The zwitterion thus turns out to be the pivot around which the whole cyclo- 
addition scene revolves221, yet so far its intermediacy has been i n f e m d  from 
kinetic and mechanistic evidence only. If the cycloadduct from TCNE and ethyl 
vinyl ether ( 6 9 )  is incubated with CH3C-N, (CH3)2C=O, or  C ~ H S C H = N C H ~ ,  
though, the 1,4-dipole of the zwitterion 68 is intercepted, and 69 converted 
quantitatively into six-membered ring-products (equation 43)23 O .  Since addition of 
these dipolarophiles to  6 8  is rather slow, only 4-6% of 70 can be isolated directly 
from the cycloaddition in acetonitrile or acetone. 

+ 
CH=OEt 

(CN)2C - (CN), &No; H2( 
CH,=CH-OEt + TCNE __ 

C- (CN)2 
\ 

(68)  (69) 

+CH3CN (e.g.) I (43) 

OEt  

( 7 0 )  

Interception with ROH a t  0°C is much more effective; 60-90%, depending on 
R, of the acetals 71 are formed under kinetic control231 (alcoholysis of the 
cyclobutanes, also via the zwitterion, is much slower). The addition of alcohol to 
the zwitterion is a highly stereoselective process as the extreme partitioning 
between the two diastereomeric acetals (71a/b) for the reactions in Scheme 4 
manifests 

ROH 71alb 
OEt OEt 

\ / \OMe 'c/ \OMe 
H 

(€)-CH,CH=CHOMe -k EtOH 94 : 6 CH, yH I 

H 4 ; 3  CH3/ I 
(Z)-CH3CH=CHOEt + MeOH 97 : 3 

(Z)-CH3CH=CHOMe + EtOH 

TCNE 4- __c 

(E)-CH3CH=CHOEt + MeOH 6 :  9 4  (CN),C (CNI2C 
\H C (CN 12 \HC(CN), 

5 : 95 

l71a) (71b) 

SCHEME 4 
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In the gauche or  cis conformation of the zwitterion, tacitly assumed in 
Scheme 3, the (CN)2 C 1 - group offers ‘built-in solvation’2 from the inner side to  
the carboxonium pole; in fact, 66 represents an intramolecular ion pair with sub- 
stantial charge transfer. h’ucleophilic attack of ROH should thus be from the outside. 
This could be verified by intercepting the 1,4-dipole from (Z)-1-propenyl methyl 
ether and TCNE with (S)-2-butanol. One of the two diastereomeric acetals, formed 
in comparable amounts, was isolated by crystallization from (S1-2-butano1, and 
demonstrated by X-ray analysis to  have RRS-structure (72)2 3, that  is, indeed 
the result of outside attack of ROH. 

H 

C 
Et‘ \o 

Me,//,, I s 

R p ‘  H 

“”.c”/ kOMe 
Me( 1 
(CN)2C\ 

HC(CN)2 

(72)  

The rate of TCNE/enol ether cycloaddition strongly depends on the polarity of 
the reaction medium2 ; the immense acceleration, -1 O4 from cyclohexane to  
acetonitrile, is unique among cycloadditions. A plot of log k vs. ET for the reaction 
of four different enol ethers in ten solvents displays very good linearity over 
practically the whole polarity range2 3 4  * 2 3  5 .  Since TCNE cycloadditions, for 
example equation (44), are accompanied by a considerable increase in substrate 

p ( D )  1.28 0.0 6.05 

polarity, these rate enhancements do not represent prima facie evidence of (di)polar 
intermediates. From the experimental solvent dependency, dipole moments of 
10--14 D were calculated for the transition state; these values, representing about 
2 / 3  of the fully developed charge in the zwitterion, are definitely larger than 
expected for a concerted pathwayz2 ’. The large negative value for the volume of 
activation A e X p  (--36 ml/mol, constant for  a series of enol ethers)235 and the 
solvent dependence of AV‘ 2 3 6  can be explained only in terms of a two-step 
process via zwitterionic intermediates. The CT complex between TCNE and the 
enol ethers is a dead-end (side) e q ~ i l i b r i u m ~ ~  ; it is nor traversed in the course of 
the cycloaddition as usually formulated’ 7. 

Acrylo- and fumaro-nitrile do not react with enol ethers, owing t o  insufficient 
stabilization of the Fwitterion by only one CN group. Between 1,l-di-, tri- and 
tetra-cyanoethene, on the other hand, no  great difference in cycloaddition react- 
ivity is (Table 7); in fact, TCNE reacts slowest. In Diels-Alder cyclo- 
additions, these cyanoethenes exhibit a gradation of 1 07- lo9 in relative react- 
ivity2 3 9  (Table 7); the comparison once again demonstrates the fundamental dis- 
parity between these established concerted processes and the [ 2 + 21 cycloaddition 
of TCNE. 

As expected for the zwitterionic mechanism, the TCNE cycloaddition rate is 
enhanced tremendously by a second a-substituent in the vinyl ether (R,  Ar, OR); 



17. Enol ethers-structure, synthesis and reactions 79  1 

TABLE 7. Relative rates for [ 2 + 21 cycloadditions of polycyanoethenes' ' *' 

[2 + 2) (benzene, 25'C) 

Isobu tenyl methyl ether Cyclopentadiene Dimethyl- 

Diels-Alder (dioxane, 20°C) 

anthracene 

Acryloniirile 0 0.52 0.45 
Fumaroniirile 0 4.1 x 10' 7.0 x 10' 
1,l-Dicyanoethene 16.0 2 3  104 6.4 x lo4 
Tric yanoethene 1.2 2 4  x 105 3.0 x lo6 
Tetracyanoethene 1.0a 2.2 x 10' 6.5 x 10' 

Ok, = 3.97 x 
the relative rate. 

M-' s - '  ; this value has to be divided by a statistical factor of 2 for 

TABLE 8. Experimental rate constants k ,  [ 10 -' M -' s -' ] for TCNE cycloaddition 
to enol ethers ('in ethyl acetate, 25°C)2 

5.5 
15 

28 
- 

- 

4.2 
17 

57 
- 

255 80 140 

a-methoxystyrene, for instance, reacts 1 O5 times faster than P - m e t h ~ x y s t y r e n e ~ ~ " .  
In contrast, the acceleration by p-substituents is moderate, -SO-fold for  CH3, but  
rapidly dropping again with increasing bulkiness (Table 8 ) 2 4 0 .  Between (2)- and 
(E)-1-alkenyl ethers, there is but little difference in TCNE cycloaddition reactivity 
(Table 8)  - in striking contrast t o  ketene cycloadditions2 7 2 4  (see below). The 
higher relative reactivity of the (2)-1-butenyl methyl and ethyl ethers is due to  the  
additional ground-state stabilization of the corresponding E-compounds by non- 
bonded attraction in the s-cis conformation. 

These mechanistic findings for the  TCNE addition are also pertinent for the 
reaction of enol ethers with other highly electron-deficient cyano- or (akoxycarb- 
~ n y l ) - e t h e n e s ~ ~  2 .  Furthermore, since the zwitterion is structurally analogous to  the 
species produced in the initial step of t he  cationic enol ether polymerization, relative 
reactivities towards TCNE can be directly correlated with relative polymerization 
rates for vinyl ethers with various alkoxy moieties and different a- and/or P-substi- 
tuents (e.g (CH3)3C-O> (CI-I3)2CH-O > C 2 H 5 - 0 - r z -  or i-alky1)243*244. 

B. Other [,2 + ,21 Cycloadditions 

Theaddition of diphenylketene to  enol ethers (discovered as early as in 192024 5 ,  

leads exclusively to  3-alkoxycyclobutanones (75). By now, the concerted nature of 
this cycloaddition, following the [ ,2, + ,2,] mechanism of Woodward and 
Hoffman (equations 45 and 46)21 5 ,  can be considered as safely estab- 
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U 

(74) ( E ) - ( 7 5 )  

lished2 9 2 4  6 .  The decisive factor in favour of the orthogonal approach is the 
additional stabilization, provided through the interaction of the unoccupied C=O 
orbital in the ketene and the HOMO of the ketenophile2 '. This interaction is also 
responsible for the regiochemistry of the cycloaddition, i.e. for the addition of the 
ketene C=C bond to  the enol ether2' '; bis(trifluoromethy1)ketene adds to  enol 
ethers with the C=Oz4 7, bis(trifluoromethy1)ketene imines with the C=N double 
bondZ 

predicts that successive replacement of the P-hydrogens 
in ethyl vinyl ether should accelerate the ketene addition (by raising the enol ether 
HOMO energy). (2)-1-Propenyl ethyl ether indeed reacts slightly faster (Table 9), 
addition to  the E-isomer, however, is retarded almost 1 00-foldz4 . This rate 
enhancement of - lo2 for cis- over the respective trans-olefins appears to be a 
unique feature of ketene (n2,  + n2s)  cycloadditions2' 9 2 4  9' O ,  and must be due 
to the extremely stringent steric requirements for the antarafacial approach. 
Huisgen and Mayrz4 have advanced cogent arguments for diverse ketene orient- 
ation in the transition states of 2- and E-enol ether addition (since cyclobutane 
bonding cannot be far progressed in the transition state241 , the orientation com- 
plexes 73 and 74 represent appropriate models). The different steric interaction in 

i z  

The PMO treatmentZ 

TABLE 9. Cycloaddition rate constants k, (lo-, M -' s 
1-alkenyl ethers 

) of diphenylketene to E/Z-isomeric 

(Z)/(f3C2H, OCH=CHR' (in benzonitrile, 40°C)2 ' 

R' = H CH B C2HS (CH3)2CH C(CH,)3 

109 128 117 - 3.7 
145 1 1.29 1.20 0.742 0.054 

kcis --t (ZH75) 
ktr0pls-t (B(75) 
kcidk t ram - 84 107 158 -70 
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73 and 74 is self-evident. Increasing the bulkiness of the P-vinyl substituent from 
methyl to  isopropyl (Table 9) leaves both the cis and trans rate and the kcis/krruns 
ratio nearly unchanged; in the case of the quasi-isotropic t-butyl rotor, however, 
where no  special conformation is possible which would minimize steric interaction 
in the transition state, the rate drops sharply (Table 91, but once more the cisltrans 
ratio is hardly affected. 

Detailed mechanistic and kinetic investigations have also been reported for 
dimethylketene2 and other ketene derivatives. With unsymmetrical ketenes, the 
large substituent is turned to  the outside in the orientation complex2s1 , and - in 
cyclobutanone formation with alkyl vinyl ethers - ends up predominantly (though 
by no means always exclusively) in the E-position to OR. The ( Z / E )  stereo- 
chemistry of the enol ethers which enter the concerted process as the suprafacial 
component of course always remains unimpaired. 

The cycloaddition of E- and Z-enol ethers to heterocumulenes (e.g. isocyanates) 
likewise proceeds with very high stereoselectivity even in polar solvents such as 
CH3 CN4 9 2 4  (Scheme 5). For the two azetidinones, ( 2 ) - 7 6  and (E)-76, obtained 
from tosyl isocyanate and cis- and trans-enol ethers, respectively, stereoselectivity 
can be assessed at 2 9 5 %  since the isomers are easily differentiated by H-NMR4 s 2  2 .  

Unlike the cyclobutanones 7 5 ,  the NCO adducts are thermally unstable: in 
solution, the sterically pure azetidinones are converted to an equilibrium El2  
mixture (60-75% E )  and, finally, into the acrylamides 78. The rate enhancement 
for the ethoxy over the methoxy derivatives is much more pronounced in epimeri- 
zation - which must traverse the zwitterion 77 - than in cycloaddition; thence, 
and from the stereochemistry of the cycloaddition, a concerted (x2a + x 2 s )  
mechanism was advanced also for  the -N=C=O addition249. In view of the high 
stereochemical fidelity of the two-step TCNE addition and its overall kinetics, this 
view will probably have to  be revised. The low kcis/ktru,ls ratios for the tosyl 

R’O\ / R’ 
Tos-N=C=O 4- c=c 

H ’ ‘H 

R 2 0  R ’  

Tos 

\ 

c 6 ..\ 
N - 0  
/ 

Tos 

R2 O\ H 
C=C/ + Tos-N=C=O 

H’ ‘R’ 

J (‘) 

c 
Tos L.. .)\ 

N ‘ -  ‘0 

R~O-CH=CR’-CO-NH-TO~ 

(78) 

SCHEME 5. 
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isocyanate cycloaddition (5-10 in CC4 and 3-4 in CD3CN) likewise argue 
against the orthogonal x--x approach (see above). 

Reaction of reactive N-acyl (CC13 CO) isocyanates with enol ethers affords both 
[ 2 + 21 - and [ 2 + 41 -cycloaddition2 ; both products are unstable and isomerize to  
the respective P-substitution products. With N-thioaroyl isocyanates, only [ 2 + 41 
products are found254.  

The efficiency of electron-rich olefins, e.g. vinyl ethers, in quenching singlet and 
triplet n,x* ketone fluorescence and/or phosphorescence correlates well with 
TCNE charge-transfer data and gas-phase ionization potentialsZ 5. Quenching 
involves an exciplex which partitions either to generate ground states, o r  to  yield 
biradicals and thence o x e t a n e ~ ~ ~  5. The [ 2 + 21 photocyloaddition of enol ethers to  
2-cyclohexenone, which affords 7-alkoxybicyclo[ 4.2.0 I -2-octanones in good yield , 
is likewise formulated via a x-complex with the excited ketonezs6.  The  same 
regiochemistry is observed for the photoaddition of t-butyl vinyl ether to  1,3- 
dimethyluracil* ’ . Irradiation of adamantanethione in  the presence of enol ethers 
yields alkoxyspirothietanes (equation 47)2 8 ,  but in extremely low quantum yield. 
From the n , r*  triplet, only 79 is obtained, with the C=C stereochemistry 
scrambled as becomes a biradical; with the x,x*-excited thione (singlet), on the 
other hand, both 79 and 80 are formed. Addition in this case is n o  longer regio-, yet 

(79) (80 )  

Excitation: 500 nrn (n, =* 100% 0% 
254 nrn k, z*)  67% 33% 

fully sfereo-specific2 8. In photoaddition to  benzene, ethyl vinyl ether gives 
the largest amount of [ 2  + 21addition of all olefins; in polar solvents, the 
[ 2 + 21 / [  2 + 41 ratio is even higher2 9 .  

C. [ I  + 21 Cyloadditions (Carbene Reactions) 

Singlet carbenes and nitrenes react with enol ethers in a straightforward manner: 
there is practically no insertion, and the cycloaddition is stereospecifically cis26 O ,  

i.e. in a more or  less concerted fashion26 * . Dihalocarbenes (which have found the 
widest preparative application) as electrophilic agents add faster to  enol ethers than 
to  alkenes262 ; within the CHz=CllOR series [ R = CH3 . . . C(CH3)3 1, relative 
reactivity towards CClz follows the well-known inductive order as in hydrolysis, 
polymerization etc.26 3 .  The bicyclic products formed from cyclic enol ethers can 
undergo thermal cyclopropane ring cleavage (equation 48 and 49);  in the d ihydre  
furan adduc: 81 this rearrangement is an extremely facile process264, in 82 it 
reauires 140 CZ6’. 

Dichlorocarbene addition to enol ethers of cyclic ketones with subsequent ring 

(48) 
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(82) 

enlargement has been utilized for an elegant muscone synthesis (equation 50)26 6 ,  

and also for the preparation of steroids with a tropone structure of the A-ring26 7. 

1, I-Dibromo-2-alkoxycyclopropanes, formed in 50% yield by CBr2 addition to  
vinyl ethers, offer a convenient access to  alkoxyallenes or, alternatively, t o  prop- 
argyl aldehyde acetals (equation 5 1 I2 '. Chlorocarbene likewise adds t o  vinyl 

ethers in fair yield; the alkoxychlorocyclopropanes obtained are predominantly cis 
(cislfrans 20 : 9 .  Cis-Disubstituted cyclopropanes are formed preferentially, 
too, with alkoxycarbene while phenoxycarbene gives the tmns-diethers2 7 0 * 2  . 
Cyclopropane formation from simple vinyl ethers in moderate to  good yields has 
been reported also for difluoro-2 7 2 ,  fluorobromo-2 7 3  and phenylthio- 
carbene? 74 ,2  7 5 .  The addition of cyclohexylidene carbene to  f-butyl vinyl ether, 
yielding cyclohexylidenecyclopropane2 6 ,  is noteworthy, too. 

D. 1,3-Dipoiar [2 + 31 Cycloadditions 

Among 1,3-dipolar cyc l~add i t ions~  '' to  enol ethers, both mechanistic2 7 8  and 
preparative studies have been focused on the reaction with aryl, acyl and sulphonyl 
azides (less activated azides d o  not react, and some less reactive enol ethers are inert 
even towards p-nitrophenyl a ~ i d e ~ ' ~ ) .  The overall reaction (Scheme 6) offers an 
extreme width in i ts  product spectrum, depending on the number and nature of the 
substituents in both reactants2 7 8 * 2 8 0 .  

The primary 1,3-addition of the azide has been demonstrated to  proceed 
stereospecifically cis2 * '  ; the terminal azido nitrogen always attacks the x-bond at 
the electron-rich @-position, while the more nucleophilic N-1 bonds to C-1, in the 
u-position to  OR. The addition rate is strongly accelerated with increasing solvent 
polarity282 and is, for instance, 5 x lo4 times faster with picryl than with phenyl 
azide283 ; however, a concerted reaction mechanism, though with partial charges in 
the transition state at N-1 ( 6 - )  and C-5 ( F + )  of the incipient triazoline structure 
(85)282,  is now generally accepted278 (but not by Firestone, see below). The 
triazolines from p-nitrophenyl azide and (3,P-unsubstituted vinyl ethers (83) (R3 = 
R4 = H )  lose alcohol R 1  OH at 130-150°C to form triazoles (86), e.g. I-nitro- 
phenyltriazole from butyl vinyl ether (Scheme 6)2 79. The triazolines from vinyl 
ethers and phosphoryl azides (84, R5 = R2P(=O)-), on the other hand, undergo 
thermal 1,3-dipolar cycloreversion t o  diazo compounds2 8 4  (more generally 
observed with enamine/azide cycloadducts2 ' ). The triazolines from I-alkenyl and 
isobutenyl ethers and p-nitrophenyl azide are much more labile2 'O , owing probably 
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R3 \ /  R 2  + R ~ - ~ = N = N ,  f l \  
/C=C\OR’ 

R 

+N; 15~5 
-N2 4 N R 5  

* R3R4CHC 
I I  

R3-C-C-R2 

I I  R 2  = H, - H ‘OR’ R 4  OR’ 

+ C H ~ = C H O R ’  I 
OR’ 

(--CH2CHNR5-), I 
OR’ 

and/or R5-NyN-R5 AoR1 and/or R j - 4  - 2 R 1 0 H  - R 5 - N 3  I 

R‘O OR‘ 

SCHEME 6. 

t o  better stabilization of the incipient carbenium centre in 85 ;  the N2 expulsion 
is accompanied by a 1,2-hydrogen shift, with formation of imino ethers (88). 
Since both cycloaddition to 2-alkenyl ethers and N-N bond scission in the 
respective cis-triazolines are much faster than for the corresponding trans 
compounds28 ’ , only tvans4-alkyl-5-alkoxytriazolines (85) (R2 = R4 = H )  are 
obtained besides imino ethers from EIZ mixtures of 1-propenyl and 1-butenyl 
ethers28o ; with tosyl azide280 or trichloroacetyl azide286 (where the negative 
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charge in 87 is especially well stabilized), only imino ethers (88)  are isolated (some 
in quantitative yield' O ) .  Tosyl azide reaction with unsubstituted vinyl ethers 
usually produces only polymeric oily material; under special conditions, however, 
either piperazines o r  pyrrols can be obtained, some in very good yields28 7. Whether 
nucleophilic attack of the second enol ether molecule - with either subsequent 
ring-closure to a 2,5-dialkoxytetrahydropyrrol or further CH2=CHOR1 addition, 
followed by polymerization - is to  the zwitterion 87 or to 89, cannot be 
decided280. However, acetolysis' 7 9  and alcoholysis' 8 3  of the tnazolines 85, in 
which the R 5 N H  group ends up at  the P-carbon of the former enol ether, must 
by necessity proceed via intermediate aziridine structures. 

Thermal decomposition of the N-aryltnazolines from cyclic enol ethers 
(equation 52)279 or direct cycloaddition with tosyl a ~ i d e s ' ~ ~  *'* affords the 

I k (90) R 

iminolactones 90 which can then undergo Chapman rearrangement' 8 9 .  I f  no 
a-hydrogen is present and ROE1 elimination not feasible, a s - h  the derivatives of 
alkoxycycloalkenes (equation 53), imino ether formation occurs via Wagner- 
Meerwein rearrangement' 9 0 .  

As Huisgen has repeatedly emphasized2 7 8 ,  the  directionality in 1,3-dipolar 
cycloadditions still remains a fairly dark phenomenon. The addition of trichloro- 
acetyl azide to  methyl and ethyl vinyl ether, for instance, affords two oxazolines 
(91a,b) after N2 e l i m i n a t i ~ n ' ~ '  which can obtain only from two cycloadducts with 
opposite regiochemistry. The nitrile ylide 92 combines with simple vinyl ethers to 
form 4-RO-substituted pyrrolines (equation 54); but with phenyl vinyl ether, 12% 
of the inverted addition product is found besides 88% 932 =. The slightly reduced 
polarity of the phenoxyalkene apparently suffices to overturn the usual addition 
direction. 

R 0' 

(92) (93) 

R = C,H,, CHZCH(CH3)Z. CGH, 

For the addition of diazomethane to  vinyl ethers, formation of 4-alkoxy- 
pyrazolines (94a) has been reported'78*293, i.e. addition of the CH2N2 dipole in 
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the same sense as to  ethoxyacetylene. Firestone (who has fought for  diradical 
intermediates in 1,3-dipolar cycloadditions from the beginning29 1 reports, how- 
ever, the formation of 3-ethoxypyrazoline (94b) from a 38-day reaction of CI-f2N2 
with ethyl vinyl ether in the dark295 (the combined ' H/' C-NMR evidence is 
irrefutable). This result could be accommodated by Firestone's biradical theory, 
but would invalidate the only theoretical 'silver lining' in the dark world of 
1,3-dipolar cycloaddition directionality. This rationalization is based upon the 
frontier orbital concept of F u k ~ i ~ ~ ~ ,  and argues that the direction of 1,3-dipolar 
cycloaddition is governed by HOMO( 1,3-dipole)/LUMO(dipolarophile) inter- 
actionzy 7 1 2 y  s ; for the  CH2N2/enol ether reaction, addition is predicted between 
the terminal N atom of CH2 N2 and the C-2 of the vinyl ether, as in 94a. 

( M a )  (94b) 

Further heterocyclic syntheses via enol ethers include 1,3-~ycloadditions of 
nitrile oxides, generated in situ2 9 ,  and of p h e n y l ~ y d n o n e ~ ~  O .  

E. [2 + 41 Cycloadditions 

Normal Diels-Alder reactions, with electron-deficient dienophiles3 ' , are of 
course facilitated by alkoxy groups in the  diene30 ; however, as a rule the entropic 
term contributes more than half to  the free activation encrgy, so that steric effects 
frequently override the electronic influence303 as is often found for truly concerted 
processes. 1 -Alkoxy-l,3-~yclohexadienes, readily accessible by Birch reduction of 
alkoxyarenes and subsequent KNH2 rearrangement?, add twice to  p-benzo- 
quinone304. For Diels-Alder additions with inverse electron demand30 , 3 0  5 ,  enol 
ethers (like enamines) are ideally suited substrates; they smoothly react with 
cyclones, hexachloropentadiene and 1 ,2,4,5-tetrazines3 6-30 9 .  

have extensively studied the mechanism and stereo- 
chemistry of the [ 2 + 41 cycloaddition of vinyl ethers with a,$unsaturated carbonyl 
compounds, namely with 4-benzal-5-pyrazolones (equation 55). The reaction is first 
order in each reactant, stereospecific with respect t o  the enol ether double bond, as 
demonstrated for the addition of ( Z / E ) -  1-propenyl propyl ether to  4-benzal- 1,3- 
diphenyl-5-pyrazolones3 ' , and the resulting dihydropyran is formed preferentially 
with the 4-aryl and 6-alkoxy substituents cis to  each other (96a)31 2 .  The under- 
lying additional stabilization of the endo transition state (here via RO * C=O 
interaction) is analogous t o  that found for the regular Diels-Alder reaction30 I .  

Thus, all kinetic and stereochemical evidence indicates a concerted mechanism3 O ,  
with the rate of  addition controlled solely by HOMO(viny1 ether)/LUMO- 
(benzalpyrazolone) interaction2 '. Variation of the p-benzal substituent in the 
diene component (95)  from NO2 to N ( C H J ) ~  leads to  a decrease in rate by a factor 
of -1 O2 while the cisltrans ratio remains practically unaffected; for both kcis and 
kfrans  perfect Hammett plots vs. CJ; are obtained3 ' O .  Variation of the OR moiety 
in the enol ether has much less effect; although the inductive order basically holds, 
the influence of  steric effects on the addition rate, e.g. in t-butyl vinyl ether, is of 
the same order of  magnitude3 ' O .  It would be interesting now to  test the kinetics of 
the benzalpyrazolone cycloaddition t o  various ( Z / E ) -  1-alkenyl ethers. 

Desimoni and coworkers3 
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X X 

qCH !+EL - 4 +$,,ooo* (55) 

.O R N,N 
I 
Ph 

I 
Ph 

I 
Ph 

(95) (96a) (96b) 

R = CH(CH3)2 a/b 2.25-2.97 for X = NO2 - N(CH3)2 

For  the addition t o  3,4-dihydro-2H-pyran, some tratts addition to the pyran 
double bond is found; a small fraction of the reaction thus must proceed via a 
zwitterionic intermediate3 3 .  The cycloadditions of 2-allcyLidenecycloaLkanones 
with enol ethers require 170°C and show definite acid cata1ysis3l4; thence, an  
electrophilic attack on the vinyl ether, with polar intermediates, has been post- 
ulated. The BF3 catalysis in the reaction of  enol ethers with N-aryl Schiff bases3 ] s 
likewise argues a polar mechanism. 

Diels-Alder additions _Of electron-rich olefins C=C-x to electron-rich dienes 
(with a tM-substituent, -X, in the 1- or  2-position) are virtually unknown. In one 
example, the reaction of the diene 97 (with OCH3 in a vinylogous 2-position) and 
ethyl vinyl ether (equation 56), two cycloadducts are formed with moderate 

(97) 40% Meom’oE (56) 

60% 

regio~elect ivi ty~ ; the major product, however, is the one expected on the basis of 
frontier orbital theory while the biradical formalism predicts the opposite polar- 
ization. 

1,4-Dipolar cycloaddition of the dipolar species, generated from oc-chlorcl 
aldonitrones and AgBF4, with cyclic enol ethers of varying ring-size offers a further 
convenient route to medium-ring lactones3 ’. In the presence of Lewis acids, 
1,5-dipolar addition of 1,3-0xazolidines to  cyclic enol ethers leads to 1,4-0xaze- 
pines in good yield3 ’. 

VI. METALATION 

Both a- and P-vinylic hydrogen atoms in enol ethers can be substituted with 
pentylsodium3 9 .  The oc-sodium derivative can be trapped with C 0 2  ;P-metalation, 
on the other hand, results in immediate cleavage into alcohol and acetylene, as in 
equation (5713’ ’. 
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The first successful metalation with LiR was reported in 1972320. Because of 
their generally much lower reactivity, the most reactive lithio compounds must be 
employed (equation 58); to  avoid fragmentation and effectively halt the reaction a t  
the stage of the lithio derivative ( 9 8 ) ,  rather special reaction conditions are needed. 
With t-BuLi in tetramethylethanediamine (TMEDA) at -30°C320, or in THF at 
-6S°C3 l ,  ethenyl as well as (Z/E)-propenyl alkyl ethers can be lithiated in the 
a-position in essentially quantitative yield. Once formed, 1-methoxyvinyllithium 
(98b), for instance, is surprisingly stable up to 0°C32 l .  

OEt 
(58) I-EuLi / 

CH2 =CH-OEt - CH,=C 

(98al 

'Li TM E 0A/-30°C 

- - 
[CH2=C-OR] [CHs-E=O] 

The usual enol ether polarity is inverted in 98, electrophilic substitution now 
being directed t o  C- 1 ('Umpolung'); at the same time, I-alkoxyvinyllithium repre- 
sents a masked acetyl anion, i.e. a synthon which allows nucleophilic acetylation. I t  
readily adds to  aldehyde and ketone C=O functions (equation 59),  even in the 
sterically demanding case of 1 7-ketosteroids3 * , and causes no enolization in the 
carbonyl substrate. If the addition reaction is qumched with NH4C1 a t  O°C, the 
enol ether ( 9 9 )  is recovered and can be further modified electrophilically a t  C-2;  
work-up with HzO/H+ directly gives the a-hydroxylacyl product (100). Reaction 
of 98b with ethyl carboxylates results in double CH2=C-OCH3 substitution 
(101 13 2 0 .  

OCH3 
t-EuLi 1. + R ~ R ' C O  

CH,=CHOCH, * CHZ=C(OCH3)Li - R'  RzC-&, =CH 2 
TH F/--65'C 2. N H ~ C V O ' C  I 

OH 

(98b) (99) 

1. + R3COOEt  

2. + NHqCI I 
R< ,OH 

H3c0TCjrOCH3 

H ~ O / H +  (59) I 
R 2  
I 

I 
I?'-C--COCH3 

OH 

(1011 (100) 

a-Lithiation of cyclic enol ethers (dihydro-furans, -pyrans) likewise requires 
t-BuLi (n- or s-BuLi are not sufficient)322; the solvent THF is best kept a t  the 
minimum of 0.5-0.75 equivalents which are necessary for LiR dissociation. (2)- 
1 ,ZDimethoxyethene, in contrast, is smoothly monolithiated with n-BuLi (O°C in 
THF/TMEDA) and added to various carbonyl compounds, e.g. 1 7-ketosteroids3 3. 
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With specially prepared Cu(I) salts, 98a can be transformed into bis( a-methox,- 
ethenyl)cuprate, (R2 Cu)Li; this reagent is highly selective, adding t o  a,P-un- 
saturated cyclohexenones exclusively in the 1 ,4-position3 2 4  y 3 '  (102), though 
rather sensitive towards sterical crowding a t  the electrophilic site. 

OCH3 

(102) 

l-Alkoxy-2-propenyllithi\m ( 103 is readily accessible by a-metalation of ally1 
ethers with iz- or s-BuLi(-65 C in THF)3 2 6  9 3  ; both alkylation and C=O addition 
take place, however, a t  the terminal C-3 [only after transformation into the corre- 
sponding zinc dialkyl (equation 60 )  can quantitative a-reaction be enforced3 2 6  1 .  

(103) OCH, 

Allylic lithiation, and subsequent Y-alkylation, is likewise observed for (Z)-1- 
propenyl phenyl ether with ~ - B u L i / ( c H 3 ) ~  COK3 7, due probably to  chele- 
tropic Li + OR interaction. If, however, the 2-tetrahydropyranyl moiety is 
employed as ethereal component, the respective vinyl, (2)- 1-alkenyl, and also 
isobutenyl ethers are metalated exclusively in the a-position with s-BuLilt-BuOK 
(-78OC in THF)3Z 8 ,  owing probably once more t o  cheletropic stabilization (104). 

(104) 

These 2-tetrahydropyranyl enol ethers can thus be readily alkylated, a- or p- 
hydroxyalkylated, and even formylated in the a-position3 8 .  

In both (E)-  and (2)-2-halovinyl ethers, the remaining P-hydrogen can be lithiated 
with BuLi (105) (-100°C in h e ~ a n e / T H F ) ~ " ;  105 can either be trapped with 
COZ, alkylated with RX,  o r  added to C=O compounds (equation 6 1 ). HC1 elimi- 
nation with a second mole of RLi yields alkoxyethinyllithium, Li-CEC-OR3 2 9 .  

From the 2-stannyl vinyl ethers, the corresponding nonhalogenated P-lithio- - 
CI ,OEt 

Li 

OEt BuLi 
\ / - \C=CH 

(Br)CI 

-100°C / CH=CH 

II 

OEt (61 1 
=\ (105) 

CH -CHO 0 
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alkoxyethenes are accessible3 O .  Reacoion of 5-bromo-3,4-dihydro-W-pyran, on 
the other hand, with t-BuLi a t  -1 10 C yields the P-lithio derivative (106) via 
metal-halogen exchange3 . 106 is significantly less stable than Li-CH=CH-OR, 
and shows alkyne cleavage already above -90°C. At -1 10°C, though, i t  can be 
added in high yield to  ketones (equation 62); after transformation in to  the 
corresponding dialkyllithium cuprate, 106 also gives selective 1,4-addition to  
a,$unsaturated ketones3 . 

OH 
I 

C R ’  R~ (y“ (yLi +R1R2CO_ (-y (62) 

(106) 

1-Ethoxyvinyllithium also reacts readily with trialkylboranes (equation 63)33 2 .  

For sterically undemanding n-alkyl BR3 groups, oxidation of the ‘are’ complex 
(107) is faster than a second R transfer, and ketones (108) are obtained in good 
yield. With bulkier alkyl groups, o r  in the presence of acid, rearrangement is much 
faster, and the reaction is directed quantitatively towards the dialkyl methyl 
carbinols ( 1 09)3 2 .  

C H 2 = C ( O R ) L i  + R3B 

R OH 
--R I 

R-CO-CH3 - * R2C-CH3 (63) 
1. 2N HCI  

2 .  H * 0 2 / 0 H -  

R = n-alkyl ......... c-C6H1 

Silanes can be added in good yield t o  enol ethers with H2 [PtC16 I o r  Pd/C 
catalysts3 ; in general, though, partitioning between addition and the usually 
prevailing cleavage of the vinyl ether linkage, =C-OR, by silane o r  borane reagents 
depends critically on catalysts and reaction conditions3 3 4  v 3  (low temperature 
usually favouring addition). Reaction of triallylboranes with vinyl ethers, proceed- 
ing probably via a Claisen-type cyclic rearrangement (equation 64), affords a 
convenient synthesis of 1 ,4-dienes3 6 .  

R’  

R;BOR4 + H,C=CR3CHR2CR1=CH2 (64) 

With Grignard reagents, either the vinyl or the alkyl ether C-0 bond is broken, 
depending largely on the  size and nature of the vinyl ether C-1 substituent3 7. 
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VII. SlLYL ENOL ETHERS338*339 

A. Preparation and Reactivity 

The OR group of alkyl alkenyl ethers as a rule ,is introduced via nucleophilic 
reactions (Section 111); silyl enol ethers, R3Si-O-C=C(, o n  the other hand, are 
without exception prepared by 0-silylation of either the parent carbonyl com- 
pound or its enolate, and not by incorporation of a silyloxy moiety338. The 
standard procedure for 0-silylation is refluxing the carbonyl substrate with ch lo re  
trimethylsilane (Me3 SiCl) and triethylamine or  diazabicyclo[ 2.2.21 octane in 
DMF340. Silylation is much faster and can be effected under far milder conditions 
with some new reagents such as trimethylsilyl t n f lu~romethanesu lphona te~~  , or 
alternatively, Me3 Sic1 in the presence of C4 F9S03  K (with NEt3 in cyc le  
hexaneI3 42, or trimethylsilyl ethyl acetate34 '. The latter reagent, in the presence of 
quaternary ammonium fluorides, also allows highly stereoselective (>99%) pre- 
paration of 2-enol ethers (equation 65)344.  E-Enol silyl ethers are best prepared 

OSiMe 
1% BuaN+F- A3 

t (65) 
- 7 8% 

A -!- Me3SiCH2COOC2H, 

99.5% (2) 

with Me3 Sic1 and lithium d i i s o p r o p ~ l a m i d e ~ ~  or lithium 2,2,6,6-tetramethyl- 
~ i p e r i d i d e ~ ~  3 .  

Enolate ions can be generated regiospecifically with (R2 Cu)Li from a,a'-di- 
bromo- or a$-unsaturated ketones (equation 66) o r  by Li/NH3 reduction of such 

I ( C H 3 ) 2 C U l L I  - CH3 &c(3 . (66) 

OSi(CH3)3 

( C H ~ ) ~ S I C I  

CH3 H3C CH3 H3C CH3 

c& 

CH3 

(110) 

alkenones, and then trapped by reaction with Me3 Sic1 as silyloxyalkenes (1  1 0)3  * . 
Potassium h y d ~ i d e ~ ~  or lithium he~amethyldis i lazane~ have been employed 
successfully for the metalation (with subsequent silylation) of sterically hindered, 
e.g. t-butyl, ketones. 

1,4-Addition of hydrosilanes to  a$-unsaturated aldehydes and ketones is affec- 
ted with Pt, Ni, and especially Rh catalysts338; among these, (Ph3P)gRhCl has 
been found the most effective34 8. Some special catalysts also allow the dehydro- 
genative silylation of saturated C=O compounds. 

Trimethylsilyl vinyl ether is most stable in the s-trans conformation (owing to 
the larger size of the %Me3 group and, probably, to the lack of nonbonded 
attractive stabilization). Relative to Me3 SiOMe, the Si-0 force constant in silyl 
vinyl ethers appears diminished by ; for silyl phenyl ether, H3 SiOC6 HS , 
an unusually large Si-0 distance has been determined3 ' O .  Both findings indicate 
an especially high mesomeric potential of the silyoxy oxygen - as has indeed been 
verified by the great reactivity of silyl enol ethers3 9. Conversely, the SiR3 moiety 
in silyl vinyl ethers is rather labile; i t  is often removed directly by the nucleophilic 
counterion, X-, of the attacking electrophile, thus regenerating the parent caibony: 
compound, now in the a-substituted form (equation 67). Ethenyloxytrimethyl- 
silane has consequently been employed as silylating agent for alcohols, thiols, 
amines and acids3 ' . 
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CH2=C-OSiMe3 + E-X - E-CH2-CO-R + Me3SiX (67) 
I 
R 

B. Reactions with Heteroelectrophiles 

Among the reactions of silyl enol ethers with protic reagents HX, that with 
liquid anhydrous HCN is noteworthy, affording a-silyloxynitriles ( 1  11) in -50% 
yield (equation 68)352.  With HN3,  the a-azido silyl ethers 112a, and with HN3 
and excess alcohol in the presence of TiC14, the a-azido alkyl ethers 112b are 
formed3 3 .  

R‘ OR 
1. HN3 I I  R’  OSiMe3 HCN R \  /OSiMe3 

I I  - CH-C-N3 (68) CH-C-CN - /c=c 

R 2  R3 
2. HN-JR40H/TIC14 I I 

R2 R3 
R 3  I I  

(111) (112a) R = SiMe3 

(112b) R = R4 

Acid-catalysed addition of a,o-diols or 2-mercaptoethanol provides a rapid and 
high-yield synthesis of 0,O- and 0,s-acetals (1 13), respectively3 ; with isopro- 
penyl trimethylsilyl ether, trans-cyclohexane- 1 ,Zdiol has thus successfully been 
transformed into the  corresponding acetonide for the first time. 

(113) 

x = o , s  
Halogenation of silyl enol ethers (with molecular Clz, Br2 or, alternatively, 

N-halosuccinimides) yields not the addition products but rather the desilylated 
a-halocarbonyl compounds3 ’, and is especially suited for the preparation of 
a-halo aldeliydes3 6. However, bromination in the presence of triethylamine 
(in CH2 C12, -60°C) smoothly affords 2-bromo-substituted I-silyloxy- 1-alkenes3 ’. 
?eroxidation of ketone-derived silyl enol ethers with, for  example, m-perbenzoic 
acid gives, via an intramolecular Si migration, the cr-silyloxyketones 114 in 
70-9076 yield (equation 69)3 ; from lsilyloxyalkenes, the a-hydroxyacetals 
1 15 are obtained3 ’. 

Me3Si0 0 
I I t  
I 

O H  OSiMe3 R4COOOH R ’  \ /OSiMe3 R4COOOH 

* ,c=c * R’-C-C-R3 (69) 
I I  

R’- C-CH 

RZ \R3 RZ  
R 3  = H 

(115) (114) 

R4 = m-CIC6H4 

Me3 Si migration (1 16) likewise occurs in the photosensitized addition of singlet 
oxygen (equation 70) ,  the second peroxide (1  17) being formed via an ene-reaction 
pathway36o. Pb(OCOR)4 oxidation3 and ozonolytic cleavage36 of the C=C- 
OSi bond proceed as in the case of alkyl enol ethers; the silyl enol ether of 
camphor, however, is simply oxidized by ozone (again with a SiMe3 shift) to 
u -sily loxy cam ph or. 
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CH3 Me3Si? FH3 Me3Si0 

Ph 

0 OOSiMe 

‘C= c’ -+ 0; - Ph-C-C=CH? (70) 
/ 

II I 
Ph-C-C(CH312 - 

I 
H 00 

‘CH3 

(116) (117) 
Oxidation of (ketone-derived) silyl enol ethers with AgN03 in polar aprotic 

medium yields @,P-coupled) 1,4-diketones, and may also be applied for cross- 
coupling reactions (equation 7 l I3  ; the  high specificity is rationalized in terms of 
a silver enolate intermediate, generated regiospecifically. 

2 R’ RZC=CR3-OSiMe3 - R3COCR1 R2CR1 R2COR3 ( 7 1 )  

Attack of sulphur or  nitrogen electrophiles at the P-carbon of silyl enol ethers 
.always proceeds with concomitant desilylation; for this, a smooth six-centre mech- 
anism can be envisaged (equation 72). Thus, reaction of sulphenyl or  sulphonyl 

AgNOB/DMSO 

6 0- 1 00°C 

X-E I 
O E  

halides with silyl enol ethers gives p-keto s ~ l p h i d e s ~ ~ ~  and s ~ l p h o n e s ~ ~  s, respec- 
tively, in good yield ; sulphonation with sulphamoyl chlorides requires metal halide 
catalysis and is rather troublesome3 6. Nitrosation with NOCl produces, as in the 
case of the alkoxy analogues, the tautomeric a-oximino  derivative^^^ ; with nitryl 
chloride, NO2 C1, the a-halo C=O derivatives are formed36 * , due probably to the 
inverted regiochemistry of the electrophilic attack. P-Nitration of acyclic, cyclic and 
bicyclic silyl enol ethers can be effected in excellent yields with nitronium tetra- 
fluoroborate (in CH3 CN, -25OCI3 9. 

C. Reactions with Carbon Electrophiles; Metalation 

Even with the highly reactive silyl enol ethers, C-C linkage requires strong 
activation of the carbon electrophile, TiC14 having proven the most versatile among 
the various Lewis acids. Thus, Reetz and Maier3 ’O have developed the first direct 
and general t-alkylation procedure by treating a mixture of silyl enol ether ( 1  18) and 
t-butyl chloride in CH2C12 at  -45 to -78’C with one equivalent T i c k  (equation 
73). The reaction opens a facile route to compounds with two adjacent quaternary 
carbon centres (hexasubstituted ethanes) as in 119, proceeding even then with 

0 C ( C H 3 ) 3  
R 3  (CH3) jCCI  II I Me3Si0 

* R’-C-C-R3 
\ /  c=c 

I 
R2 

(118) (20-90%) 

(73) 

(119) 

86% 
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2 9 5 %  regioselectivity. I t  works equally well with a-bromoadamantane as the 
alkylating agent3 7 1  , and is being extended to  other alkyl halides3 70. Less heavily 
substituted silyloxyalkenes Cequire ZnC12 (in catalytic amount) and give decidely 
lower yields. 

As a rule, however, the directed enolates, regenerated from the silyl enol ethers 
with CH3Li (e.g. 1201, are used as substrates for the uncatalysed alkylation with 
either alkyl or ally1 9 3  7 2  9 3  7 3 .  Dialkylation and insufficient regio- 
selectivity remain problematic, even if the anionic substrates are set free under 
nonequilibrating conditions by a specific reaction (desilylation with CH3 Li, perhaps 
again via a six-centre process?). This can be overcome by generating the enolates, 
with either s t o i c h i ~ m e t r i c ~ ~ ~  or amounts of NR4’F-, in the form of 
their quaternary ammonium salts. A new procedure for the annelation of cyclo- 
hexanones utilizes :he (Michael-type) addition of a-silylated vinyl ketones to  
cyclohexanone enolates (equation 74)3 7 2 * 3  7 6 .  

SiR3 

TfJ -... 
6 CH~LI, Li+ -h CH2=C-COCH3+ I 

0. . 

(120) 

R3Si 

CH3CO R 2 0  
Me3SiO 

(74) 

Reaction of a silyl enol ether-derived eilolate with trifluoromethanesulphonic 
anhydride represents the most convenient route t o  primary vinyl triflates and 
thence vinylidene carbenes (equation 75)3 ’ 7 .  

1. CH3Li  

2. (CF3SO2)O 
R ’  R2C=CHOSiMe3 - R’R~C=CHOSO,CF~ - R’R*C=CI (75) 

Enolate substitution with ‘functionalized’ C-electrophiles is limited toCHz O 3  7 2 .  

If the carbonyl component is strongly activated by one equivalent of TiC14, how- 
ever, both aldehydes and ketones as well as the respective acetals and ketals 7 9  

undergo smooth condensation with the parent silyl enol ethers (equation 76). The 

0 R 2  R 4  

(76) 
\ /  R3 1. RuR5C(OR6)2/TiCI4 - R ~ - c - c - c - o R ~ ( H )  I I  I I Me3Si0 

c=c 
I 1  \ R 2  2 .  R4R5C=O/T1C14 

R3  R5 

(121 1 

regioselectivity of these cross-aldol reactions is exceptional, differentiating even 
between two unlike C=O functionalities in the carbonyl component; at  least one 
substituent (R’-3 in 121), though, must be hydrogen. By using TiC14 in con- 
junction with Ti(1v) isopropoxide, the acetal condensation could be extended to  
I-trimethylsilyloxy-1 ,3-butadiene3 O. In the presence of Tic14 or, better, of TiCI4 
and Ti[ OCH(CI13)2 ] 4, the Michael reaction of u ,punsaturated ketones, the respec- 
tive acetals and esters with silyl enol ethers affords 1,54icarbonyl compounds 
in good t o  excellent yield38’ ;with the acetds of a,p-unsaturated aldehydes, Ti(1V) 
t-butoxide must be employed. 

Despite the high nucleophilic potential of silyl enol ethers, their acylation 
requires di- or tri-haloacyl halides38 and anhydrides38 3 ,  respectively; since the 
primary addition products immediately lose Me3 Six ,  the a-acylated carbonyl 
derivatives are formed under nonacidic conditions. In the presence of HgC12 or 
N-(4-pyridy1)-pyrrolidine3 8 ,  silyl enol ethers are 0-acylated even with non- 
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activated acyl halides. Acylation with oxalyl chloride provides the first general 
route to furandiones (equation 77)384. 

17. Enol ethers-structure, synthesis and reactions 

D. Cycloaddition Reactions 

The cycloaddition behaviour of  silyl enol ethers fully parallels that of alkyl en01 
ethers. trans- 1-Methoxy-3-trimethylsilyloxy- 1,3-butadiene, for instance, has proven 
a valuable and highly reactive diene component in Diels-Alder additions385, 
especially because of the ease with which the C=O function can be regenerated 
from the C=C-OSi functionality in the [ 2  + 41 cycloadduct. 1,3-Dipolar cyclo- 
addition of arenesulphonyl azides offers a convenient route to N-sulphonyl cycle 
alkanecarboxamides, (equation 78)3 8 6 .  [ 2 f 21 Cycloadditions, yielding either 
cyclobutane derivatives o r  P-substitution products, likewise present no surprising 
aspects3 8 .  

ROH n fi 
-N2 ( C W H C N H S O z A r  (78) 

/SO2 Ar 
Me3Si0 

T C - O S i M e ,  ___) A r 5 0 2 N 3  p p  \ 

(CH21n HC /rl - (CH2),, II 
LCH b “ 
The Simmons-Smith cyclopropanation of silyloxyalkenes and subsequent trans- 

formation of the resultant silyloxycyclopropanes has been developed as a general 
synthetic procedure by Conia and his groupJ8 ; cyclopropanols (equation 79), 
a-methyl carbonyl compounds ( 122), cyclobutanones (equation 80) and cyclo- 
pentanones have thus become readily available (average yields >go%). At the same 
time, equation (80) presents a general route to a-spirocyclobutanones3 7 .  

- R.++-;H (79) 
CH30H/Hi 

OSiMe, 
RZ 

CH3 CH30H/NaOH 

R’+CO-R3 - 
R2 

(122) 

OSiMe3 

+-Methylidene substitution is observed (123)  if the Simmons-Smith reaction is 
carried out  with one third the amount of solvent usually employed388. The 
~-~ilyloxy-2,2-dihalocyclopropanes from CC12 or CBr2 addition upon acidic hydro- 
lysis undergo ring enlargement (124), with excellent overall yields3’ 9. 

(1231 (124) 
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VIII.  THIOENOL ETHERS 

A. Physical Properties 

For methyl vinyl sulphide, as for  methyl vinyl ether (see Section II), a tempera- 
ture-dependent equilibrium between two conformations, s-cis and gauche, has 
been established. From the most recent photoelectron-spectroscopic data, measured 
in the range 20--600°C3'0, the energy difference between the two forms was 
determined at  9.6 * 0.8 kJ/mol, with an equilibrium concentration of 94% cis at 
25-4OoC, and of 81% at 200°C. These values are in good accord with earlier PE2 ', 
electron diffraction3 ' and IR results392, but  differ sharply from the electron 
diffraction data interpretation of Samdal and Seip' (33-38% cis at 200°C). There 
is general agreement, though, bolstered by ab irzitio calculations14, that the lesser 
conformer of methyl vinyl sulphide has a gauche orientation (4 - 105")' 4 .  

The first PE ionization potential for s-cis methyl vinyl sulphide (8.45 eV)39 3 1 2 6  

is lower than for the s-cis conformer of the 0x0 analogue3 ; nevertheless, the nS-n 
resonance interaction of SCH3 is much less pronounced than for OCH3 as shown, 
for instance, by the calculated gross atomic populations in the frontier orbitalz6: 

CH, =CH--S-CH, CH, =CH--O--CH3 

0.63 0.20 1.10 1.03 0.53 0.39 

Calculations also demonstrate tha t  C-S hyperconjugation lowers the aCbS orbital 
energy in a 90" conformation"" (in contrast, PE spectroscopy indicates that in 
allyl methyl sulphide C-S hyperconjugation is unimportant3 94) .  The barrier of 
rotation from gauche to  s-cis (8 kJ/mol, as determined by ultrasonic relaxation' 6, 
is only half that for methyl vinyl ether (s-trans + s-cis), but rather similar for the 
reverse process' ,3 s .  

Since the smaller bond angle =C--S-CH3 (%95"13 9 2  induces significant steric 
strain in the cisoid orientation even for methyl vinyl sulphide, the homologous 
alkylthioethenes [ R  = C2Hs . . . C(CH3)3 I probably assume s-trans confor- 

Within the methyl . . . t-butyl vinyl sulphide series, both 111-397 
and 3C-NMR b e h a v i ~ u r ~ ~ , ~  9 8  closely parallel that of the corresponding enol 
ethers, especially in the pronounced downfield shift of the P-vinyl carbon resonance 
with increasing bulk of the alkyl group. As in the  case of the alkoxyethenes, this is 
most probably not  due to steric inhibition of resonance (see Section 1I.B). 

B. Preparation 

Thioenol ethers are prepared either by dehydration of 3-hydroxyethyl sulphides 
with KOH399, o r  by HX elimination from p-haloethyl s u l p h i d e ~ ~ ~ ~ .  The latter 
reaction has recently been extended to  the selective synthesis of, alternatively, 1- or 
2-alkenyl sulphides (equation 82)40 ' ; a t  -78"C, sulphenyl bromide addition and 
subsequent dehalogenation affords 125 and 126 in 85:15 ratio; at elevated tempera- 
ture, the product ratio is reversed ( 5 : 9 5 ) .  

The alkoxide-catalysed rearrangement of allyl sulphides in ethanol yields pro- 
penyl sulphides a t  reflux temperature4 ; under these conditions, the correspond- 
ing allyl ethers are recovered unchanged. Wittig-Horner reaction of the ylides, 
generated from (methy1thio)methyl phosphine oxides40 or from (methyl- 
thi0)methanephosphonic esters404, succeeds with alkyl and aryl ketones as well as 
with aldehydes; usually, though, only the respective phenyl sulphides have been 
prepared. The most general route t o  phenyl alkenyl sulphides so far is the elimin- 
ation of thiophenol from thioketals with Cu(1) ions (equation 83)40s .  
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SCH3 Br  
A I -78°C I 

R C H Z C H ,  + CH3SBr __t RCHCH2Br  - RCHCH,SCH3 
( 7 7 % )  

( E / Z )  -R C H = C H SC H 3 
I 

C H g  SC= CH2 

(125) (126) 

‘gH6 

TH F 
R’R2CHC(SPh),R3 + Cu+ - R’R2C=CR3SPh + CuSPh i- H t  (83) 

Condensation of a silyl- and thienyl-substituted methyllithium (127) with 
ketones (equation 84) yields alkenyl phenyl sulphides (128) in good to  excellent 

SP h 
n-BuL# I - Me3SiCH- Li’ + R’R’CO - R1R2C=CHSPh + Me3SiOLi (84) 

(127) (128) 

yield even in the  case of sterically hindered and a,P-unsaturated substrates (e.g. 
pinacolone, c y c l ~ h e x e n o n e ) ~  06. While the oxygen analogues require t-BuLi to  
minimize nucleophilic attack a t  the oxygen (i.e. ether cleavage), n-BuLi is sufficient 
for thienyl carbanion generation (equation 84). 

Terminally unsaturated thioenol ethers (130) are formed selectively if metalated 
2-methyl-2-methylthiocarboxylic acids (129) are treated with N-chlorosuccinimide 
(NCS) (equation 85)40 ’. A highly polar aprotic solvent like dimethoxyethane is 
prerequisite for the  practically specific regiochemistry of the elimination (no trace 
of the alternative thioenol ether 131 is detectable). By treatment with anhydrous 
acid, 130 is rapidly converted to the thermodynamically more stable isomer 13 1. 

CH3\ 
c=co,-- 2 Li+ 

/ 
CH3S 

+ Ar(CH~1,EIr I (85)  

SCH3 

C. Reactivity 

For the hydrolysis of alkenyl sulphides, too, a mechanism with rate-deter- 
mining P-carbon protonation has been definitively established (Brqhsted factor 
a = 0.7)3 * y .  Thus, hydrolysis can be considered as a model reaction for elec- 
trophilic addition/substitution processes. Generally, it proceeds 100- 1000 times 
slower3 13 (Table 10) than with the structurally analogous enol ethers (see Section 
IV.A, Table 5 ) .  The gross substituent effects are the same as in the enol ether 
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TABLE 10. Rates of H;O'-catalysed hydrolysis' of various alkyl alkenyl sulphides, 
kH,O+ (10-3 M-* s - 1 )  

R =  CH, c, Hs CH(CH, 12 C(CH 1 
~ ~~~~~~~~~~ 

CH, =CHSR 11.7 10.4 8.98 4.17 
CH,CH=CHSR (Z) - 0.49 0.79 0.54 

- 0.28 0.45 0.34 
- 814 - - CH, =C(CH, )SR 

'Determined with aqueous HCl in 10% aqueous CH,CN solution, ionic strength adjusted 
to p = 0.50 by addition of KCI, 25°C. 

(0 

series' ', P-alkyl substituents retarding the rate by a factor of -1 00, while a-CH3 
increases the reactivity about hundredfold (Table 8 .  The reversed order in  the 
hierarchy of the S-alkyl substituents, which is in contrast to that found for 
CH2=CHOR, has been rationalized in terms of decreasing hyperconjugative 
potential [C(CH3)3 < CH3 ] 9 8  ; hyperconjugation of course can operate only via 
vacant sulphur orbitals. As the  interchange of relative reactivity between ethyl and 
isopropyl vinyl and propenyl sulphides, respectively, indicates, the balance between 
the various effects is rather delicate in the  ground state. 

The rates of cycloaddition of thioenol ethers with TCNE, in striking contrast, are 
much higher than for the corresponding enol ether reactions408. This must be due 
t o  a specific sulfur effect since the relative gradation between the various alkenyl 
substrates, as well as t he  gradation between the  individual SR functions within each 
series (Table 1 are practically identical with that found for the alkoxyalkenes 

TABLE 11. Experimental rate constants, k ,  (lo-' M -' s - '  ), for TCNE cycloaddition to  
alkyl alkenyl sulphides (in CH, C1, , 25°C)" ' 

R =  CH, c2 r< CM (CH , 1 , C(CH,), 

CH, =CHSR 21 .o 34.2 85.4 252.0 
CH, CH=CHSR (Z) - 7.69 14.3 51.3 

- 25.6 52.7 93.1 
- 2150 - - CH =C(CH )SR 

(I?) 

- CH,=C(CH,)OR - 19.9 - 

TABLE 12. Experimental rate 
constants, k ,  (lo-' M-' s - I ) ,  for 
TCNE cycloaddition to vinyl 
phenyl ethers and sulphides: 

CH,=CH-X -aR 
R x = o  x =  s 

P - O C I I ,  2.4 4470 
pCH 3 0.98 719 
rn-CI-I , 0.65 21 5 
H 0.35 102 



-! 
17. Enol ethers-structure, synthesis and reactions 81 1 

(see Section V.A, Table 8) .  The  higher cycloaddition reactivity o f  (E)- compared to 
(2)-propenyl compounds  is even more pronounced in the alkylthio series4 * . The 
same authors have also demonst ra ted  that, in the cycloaddition of TCNE to vinyl 
phenyl  ethers a n d  vinyl phenyl sulphides, the effect of a m- or p-aryl subsrituent is 
transmitted far be t te r  through. the S than t h e  0 linkage408. (Table 12), a n  effect 
predicted by C N D 0 / 2  c a l c ~ l a t i o n s ~ ~  g.  

1. 

2. 
3. 
4. 
5. 
6a 

6b 
7. 

8. 

9. 

10. 
11. 
12. 
13. 
14. 
15. 

16. 

17. 

18. 

19. 
20. 
21. 
22. 
23. 
24. 
25. 
26. 
27. 

28. 
29. 

30. 

31. 
32. 
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1. INTRODUCTION 

The purpose of this chapter is to discuss the chemistry of different oxathia- 
cyclanes emphasizing their distinctive features in relation to  their oxygen or  sulphur 
counterparts. We have also included compounds containing 0-S ,  S-S o r  S=O bonds. 
Sultones are excluded since they are mainly synthetic intermediates and can be 
prepared from sultines by oxidation or even directly without an attack on the 
hydroxyl or mercapto group. 

The material in this chapter has not  been extensively reviewed earlier, although 
it has been touched on lightly' , 2 .  

I I .  FOUR-MEMBERED RINGS 

A. 1,2Qxathietane 

been optimized using the CNDO/B parametrization3. 
The geometry of 1,2-0xathietane ( l ) ,  which is known only as its 2-oxide (21, has 

C: EL, 
(1) (2) 

If capable of existence, 1 can be expected t o  exhibit equilibrium behaviour similar 
to  that of oxetane2-s and thietane6-8. 

B. 2 -Oxo-l,2-oxath ie tane 

Durst and coworkers' found that  P-hydroxysulphoxides (3) react with N-bromo- 
succinimide, N-chlorosuccinimide or  SO2 C12 t o  give initially 2-0~0-1,2-oxathietanes 
(4), which are probably formed via intramolecular cyclization of the initially formed 
13-hydroxychlorosulphonium chloride to an alkoxyoxosulphonium salt which 
fragments to  4 and t-butyl chloride (equation 1). They were, however, able to  

0 OH 0-CR2R3 
II so2c12 I I  

~-BuSCHR'(!R~ R3 * S-CHR' + t-BuCI 
CHZC'2  1 1  

(3) 

0 

(4)  
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characterize only the 4-phenyl derivative of 4 with its ' H-NMR spectrum from a 
crude product since 2-0x0-I ,2-oxathietanes exhibit only limited thermal stability. 

Later on ,  a crystalline derivative ( 6 )  was isolated in a 45% yield from the reaction 
of 5 with S02C12 at 203 K (equation 2)". 6 decomposed quantitatively into 

0 
Ph, ,Me 

Ph' 'Me 
c=c ( 2 )  

I1 SOZCla 
PhpCOHCMezSBu-t 

203 K 303 K 

( 5 )  (6) 

l,l-diphenyI-2,2-dimethylethylene when warmed in CIl2 Clz at  303 K for 24  h. The 
authors'0 suggest that the conformation of 6 is nonplanar with the substituents on 
C(3) and C(4) as far apart as possible. On these grounds increasing substitution 
decreases the stability of the transition state for decomposition which in turn 
increases the relative stability of 6 .  

The geometry of 2 has been optimized by CNDO/B parametrization' and the 
exo-oxygen is predicted t o  lie 62' ou t  of the average plane of the ring12. The 
potential energy surface for the [2 + 21 retrocycloaddition of 2 has also been 
partially investigated' 2 .  

111. FIVE-MEMBERED RINGS 

A. 2-0x0-I ,2-oxathiolanes 

7. Preparation 

synthesized by a reductive desulphurization of thiosulphonates' 3, 
Since 2-0~0-1,2-oxathiolanes (7) are also cyclic sulphinate esters they can be 

(equation 3). 

( 7 )  

Treatment of cis- and tram-2,4diphenylthietane-l,l-dioxides (8 and 9 )  with 
t-butoxymagnesium bromide gave cis-3,cis-5-diphenyl-r-2-oxo- ( 10) and cis-3,trans- 
5-diphenyl-r-2-oxo-l,2-oxathiolanes (1 1 ), respectively' . The mechanism of this 
reaction has been discussed and believed to resemble closely that of the Stevens 
rearrangement' 6*' '. 

R Ph 

Ph /dp: - P C K 7 j j - O  

( 8 )  (10) 

Ph 
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The best route t o  2-0x0- 1,2-0xathiolanes and other related cyclic sulphinate 
esters is, however, the cyclization of t-butyl hydroxyalkylsulphoxides with 
N-chlorosuccinimide o r  SO2 C12 in CH2Clz1 8,1 (equation 4). 

2. Structure 

analysed the ' H-NMR spectra of 10 and 1 1  and found 
that the observed parameters are best expSained by assuming that the sultines exist 
in half-chair conformations where the bond connecting C(4) and C(5) bisects the 
plane including C(3), S(2) and O(1). 

The cis-sultine (10) is practically anancomeric whereas the frans isomer behaves 
like a 9 : 1 mixture of 1 la and 11 b, although calculation of dihedral angles suggests 
that the conformation of 1 1  resembles an envelope (Ilc) more closely than the 

Dodson and colleagues' 

Phwwh S- 0 

I I  
0 

( I l c )  

half-chair forms (lla and llb). The latter conclusion is in good accord with the 
structural properties of 2-oxo-1,3,2-dioxathiolanes (see Section III.F.2) 
conclusion based on H- and 3C-NMR spectral9 that cis- (12) and 
phenyl-2-oxo-l,2-oxathiolanes (1 3) prefer C ( 3 )  envelope conformations. 

the preparation of various substituted 2-0x0-l,2-oxathiolanes' * 1  their 
structural features are still largely unknown. 

and the 
trans-4- 
Despite 

detailed 

Exner and coworkers20 tried t o  correlate the magnitude of the dipole moments 
with the postulate that the strong preference for an axial S=O configuration in 
2-0~0-1,3,2-dioxathiolanes, 2-0x0-I ,2-oxathiolanes, and in the corresponding six- 
membered ringsI4 results from a dipolar interaction analogous to the anomeric 
effect2 . Their attempts t o  estimate the dipole moment of 7 failed, however, 
although they were able to  evaluate the dipole moment of 14 by assuming that 
2-0~0-1,2-oxathiane exists predominantly in the  S=O axial chair form (14). 

0 

r-7 s-0 

I1 
0 



18. Oxathiacyclanes: preparation, structure and reactions 825 

3. Reactions 
Najam and Tillett2* studied the alkaline hydrolysis of 7 and 14 and determined 

their enthalpies and entropies of activation. The close similarity in the rates of 
hydrolysis is surprising and also the order of magnitude (7 > 14) opposite to  that 
observed for the hydrolysis of other cyclic esters of sulphur or for the hydrolysis of 
cyclic carbonates and lactones2 3-2 6. The authors2 were not, however, able to 
make any definite conclusions as to  the detailed mechanism of the decomposition 
except that 2-oxo-l,2-oxathiolane (7)  does not undergo * 80-exchange with the 
solvent during the hydrolytic reaction. 

Preparation of chiral sulphoxides from 7 and 14 with various Grignard and/or 
organocopper lithium reagents has also been studied. The latter reagents were found 
to give better yields2 ’. 

B. 1,3-Oxathiolanes 

1. Introduction 
1,3-Oxathiolane (1 5 )  and its substituted derivatives are the most widely studied 

five-membered oxathiacyclanes. This is due to  several factors. Firstly, they can be 
easily prepared, and secondly (see Section III.B.21, they are interesting intermedi- 
ates between their symmetric counterparts, 1,3-dioxolanes (16) and 1,3-dithiolanes 
(17), and hence offer a simple opportunity to make a thorough study of the kind of 
similarities and differences existing in 15-1 7 .  Moreover, epimeric 1,3-0xathiolanes 
can be equilibrated to obtain energetic information from the structural properties 
and their ‘H-NMRspectra are normally reasonably well resolved at least a t  220 MHz. 

n (15) X = 0; Y = S 
(16) X = Y = 0 xuy ( 1 7 ) X = Y = S  

2. Preparation 
In most cases 1,3-oxathiolanes have been synthesized conventionally (equation 5)  

by the p-toluenesulphonic acid-benzene (or CH2 C12 ) azeotrope method2 8-3 9. 
Wilson and coworkers38 obtained somewhat higher yields by using BF3 -Et,O 
instead of p-TOS-benzene. 

HOCR’R2CR3R4SH + R 5 R 6 C = 0  - P-TOS =gH6 R5j/:/i2 R3 + H,O (5) 
R6 

R 4  

(18) 
The preparation of some 2-alkylimino- and 2-acylimino-l,3-oxathiolanes has also 

been r e p ~ r t e d ~ O - ~  . 

3. Structure 
Cooper and Norton43 have determined the crystal structure of the 1,3- 

oxathiolane ring in cholestan-4-one-3-spiro(2,5-oxathiolane) and found that it has 
an envelope conformation where the methylene group next to the ring oxygen lays 
51 pm out  of the plane of the remainder of the oxathiolane ring (C(5)envelope, 
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15a). Pasto and coworkers44 analysed the H-NMR spectra of some 2-substituted 
derivatives and concluded from the chemical shift data that the O(l)-envelope (15b) 
is most compatible with their NMR results. Their approach was, however, rather 
complicated and based on the postulation that the 2-t-butyl derivative is confor- 
mationally homogeneous, an assumption which is valid only if there is no  other 
strongly interacting substituent4 5. Nevertheless they were able t o  estimate con- 
formational energies for the 2-methyl and 2-ethyl groups fairly accurately3 v 4  bu t  
greatly overestimated that for 2-isopropyl. Wilson and colleagues4 ' concluded from 
the 3 J ~ ~  coupling constants for a set of 2substituted 1,3-oxathiolanes that the 
C(s)-envelope (1 5a) is the preferred conformation, although they could not  al- 
together exclude the existence of the O( l )-envelope (1 Sb) which they regarded as 
the next stable ring conformation. Later on Wilson4 carried out  conformational 

0 

b \7 A0 
S 

(15a) (1%) ( 15d 

energy calculations on 1,3-0xathiolane (1 5 )  and 2-methyl-l,3-oxathiolane (19) and 
pointed out that the conformational energy minima for both compounds are quite 

(19) 

shallow and the lowest energy transition states for pseudorotation are of the  order 
of 13 kJ mol-I.  In both cases the minimum exists at the C(5)-envelope (15a) where 
in the case of 19 the  methyl group is anti t o  C(5) with respect to  the ring plane. 

A systematic study of the H-NMR spectra of several diastereomeric alkyl- 
substituted 1,3-oxathiolanes* 8-3 y 4  ,49 9 5  in conjunction with the chemical 
equilibration of epimeric derivatives2 9-3 l4 s 4  has been proved to  be very fruitful. 
Table 1 lists the results of chemical equilibration of several epimeric 1,3-0xathiolanes 
together with some comparable data for 1,3-dioxolanes (16)5 and 1,3-dithiolanes 
(17)52.  

Together with the  values of vicinal coupling constants (3J4 ), these results con- 
firmed that the most favoured ring conformation is the C(5)-envelope (15a), 
although in some cases the Ok! )-envelope or  the half-chair form where C(4) is above 
and S t 3 )  below the plane de ined by the remaining three atoms (15c) may appear 
t o  be avoured3 7 5 3 .  

increase in the order Me4  4 Me-2 < Et-2 < Me-5 
< i-Pr-2 4 t-Bu-2 in such a way that -AGe(4-Me) - 0 and -ACe(2-t-Bu) = 8.6 kJ 
mol-i whereas the rest of the values are between 4.6 and 5.7 kJ mol- l .  

It is interesting to note that all of the available evidence is in accordance with 
the observation that a sulphur atom tends to increase the puckering of a five- 
membered ri11gs2954 whereas an oxygen atom appears to  do the opposites1.  
Furthermore, the distortion due to the greatly different bond lengths43 in 15 is 
responsible for the special features of this ring system, at least t o  the extent that 
1,3-oxathiolane can almost better be compared with 1,3-0xathianes than with its 
symmetric counterparts, 16 and 17. 

Eliel and coworkerss1 pointed out  that  the steric requirements of the 
1,3-dioxolane ring are very small and only the most bulky substituents may raise 

Conformational energies3 is 
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the barriers for the otherwise fairly free pseudorotation. This is understandabie 
since the deviation of the ring atoms from the average plane of the molecule is 
fairly small. The importance of t he  ring atoms as structure-forming factors is seen 
when comparing 1,3-dithiolanes and 1,3-oxathiolanes with 1,3-dioxolanes. The 
former has relatively great preference towards the half-chair form where C(z) is at 
the isoclinal position ( 1 7 ~ ) ’ ~ ~ ’ ~ .  Due to the long C-S bonds, isomeric 2,4- 
dimethyl-l,3-dithiolanes (Table 1 ) are almost equally stable. The same situation 

K. Pihlaja and P. Pasanen 

A s--vs 
( 1 7 ~ )  

also prevails in the case of 2,4-dialkyl-1,3-oxathiolanes. A comparison of the equi- 
libria shown in Table 1 demonstrates the similarities and differences in 15, 16 and 
17 quite well. Recent C-NMR chemical-shift correlations’ ’ for alkyl-substituted 
1,3-oxathiolanes lend further support to the above structural views. 

The relative stabilities of the ethyl rotamerss6 of 4ethyl-l,3-oxathiolane (20) 
and its 2- and 5-alkyl-substituted derivatives have been determineds0 using the 
Karplus equation and the values of J A X .  and J B X  from the methylene protons of 
the ethyl group t o  H(q . In general 21a is 1.7 f 0.2 kJ  mol-’ more stable than 21b 
and 3.0 ? 0.4 kJ mol- 1‘ more stable than 21c, although their relative amounts 

‘+CHAHBCH3 

0 3  

HX 

(20) 

s*H;) .- - ;A*%; - ~ ;B),/-& ( 5 )  

CH3 HA 
H X  H X  HX 

(21a) (21b) (21 c) 

depend also on the accessible ring conformations. Bushweller and colleagues5 9’ 

investigated the rate of the t-butylrotation in 22-24 with ihe aid of the * H-DNMR 
spectra and determined their activation parameters. In going from 22 to  23 and from 
24 to  25 the  barrier increases by about 12 k J  rno1-l indicating that methyl is 
substantially more hindering to  t-butyl rotation than hydrogen as expected. Re- 
placement of 0 by S in 26 increases AG’ by about 10 (25) and 13 kJ mol-’ (23); 
in other words the second step enhances the barrier much less than the first as 
expected in the light of the structural differences (see above). 

)kR X 

ux 
(22) X = S, R = H (24) R = H 
(23) X = S, R = Me (25) R = Me 

(26) X = 0,  R = Me 
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Aromatic solvent-induced shifts in the H-NMR spectra (c6 H6 or c6 H5 CH3 vs. 
CC14 ) of the methylene protons in the 4,s-position of 2,2-dimethyl-l,3-dioxolane 
(27)59, -dithiolane ( 2 8 ) 5 9  and -oxathiolane (29)60 are close to each other (0.3-0.4 
p.p.m.) and 29 has been shown to solvate with toluene similarly to  2,2-dimethyl- 
1,3-0xathiane (30). 

Me 

X X 
UY 

(27) X = Y = 0 
(28)  X =  Y = S 
(29) X = O , Y  = s 

M e + - - -  S 

(30) 

Optical rotatory dispersion, circular dichroism and 1R data for a series of 3-spiro- 
1,3-dioxolane, - 1,3-0xathiolane and - 1,3-dithiolane derivatives of 4-oxosteroids have 
been discussed and an  axial sulphur substituent a to the carbonyl found t o  greatly 
enhance the carbonyl Cotton effect6 * . 

Mass spectrometric fragmentation pathways of 1,3-0xathiolane (1 5)  and its alkyl 
derivatives have been well d o ~ u m e n t a t e d ~ ~ - ~ ~ .  Types I and I1 are the main frag- 
mentation routes, although the parent compound (15) decomposes also by type 
V63 and 19 by type II164.  The various modes of fragmentation of 1,3-dithiolanes 
and 1,3-oxathiolanes resemble each other closely but differ considerably from those 
of 1 , 3 - d i o x o l a n e ~ ~ ~ ~ ~ ~  (Table 2). This is in agreement with the general observation 
that sulphur increases the relative stability of the parent and large fragment ions. 
The intensity of the parent-less-methyl ion of 2-substituted 1,3-0xathiolanes 
(Table 2) is less than that of the corresponding 1,3-dithiolanes or 1,3-dioxolanes 
which is probably due to a weaker resonance stabilization in the former. 

4. Reactions 

a. Acid-catalysed hydrolysis. De and F e ~ i o r ~ ~  studied the acid-catalysed hydroly- 
sis of 2-(substituted phenyl)-l,3-oxathiolanes (3 1) and concluded that protonation 
occurs predominantly on the oxygen atom which actually means that the ring 

TABLE 2. The relative intensities o f the  [ M l '  and [M - Mel'ions 
of some 1,3diheterocyclopcntancs at 70 e V 4  

Compound [MI'(%) [ M - Me] + (%) 

2-Methyl-l,3-diosolane 1 1  LOO 
2-Methyl-1,3-oxathiolane 51 16 
2-Methyl-1,3-dithiolanc 100 91 

2,2-Dimethyl- 1,3-dioxolane - 53 
2,2-Dimethyl-l,3-osathiolane 21 6 
22-13imethyl-l,3-&thiolane 49 53 
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cleavage should principally involve the acetal carbon-oxygen bond. Furthermore, 
these authors have proposed the A2 mechanism for the hydrolytic decomposition. 

Fife and Jao33 came to  the conclusion that the ring rupture proceeds via the 
sulphur-protonated conjugate acid which would require breaking of the acetal 
carbon-sulphur bond in the critical transition state. Moreover, they proposed A1 
mechanism for the hydrolysis reaction. 

Pihlaja6S has shown that the data for the hydrolytic decomposition of 15,  19 
and 29 are, however, best consistent with an A1 mechanism in which the ring 
cleavage occurs at  the acetal carbon-oxygen bond (equation 6). A peculiar feature 

H20 \ Ho) (6) 

H 
I z )(Z) ;p) ,c=o + 

HS 
f a s t  

A S  P (32) (33) 

(31) 

of the acid-catalysed hydrolysis of 1,3-0xathiolanes is the specific solvent deu- 
terium isotope effect since the rate is much higher when the deuterium atom fractipn 
approaches.unity than one would expect. This is best understood by assuming that 
a carbonium-sulphonium ion intermediate is formed, in which the hybridized p- 
and d-orbitals of sulphur have a significant c o n t r i b u t i ~ n ~ ~ .  Another explanation is 
that the reaction involves parallel routes66. There is, however, very little support 
for this view and all the available evidence seems to point to  the mechanism in- 
volving 32 and 3332*33767968. 

Guinot and Lamaty6 7 , 6 8  found that the protonation of 2,2-dimethyl-l,3-oxa- 
thiolane (29) in FS03  H-SbFS led exclusively to  the formation of the carbonium- 
sulfonium cation (34) which despite the extreme conditions6 accords with the 

M e 

Me 
' +.... + 
,C- S-CH2-CH2-OOH2 

(34) 

results for the hydrolytic d e c o m p o s i t i ~ n ~ ~ .  They also concluded68 from the 
magnitude of the kinetic deuterium isotope effects of 35 and 36 that the acid- 
catalysed .hydrolysis proceeds through the C - 0  bond rupture since in the case of 
the C-S bond cleavage k H / k n  should have been greater for 36 and not for 35 as 
observed: 

O 3  7 & do 
k H f k ,  1.32 1.11 

(35) (36) 

The relative rates iv the oxathiolane series 38 are very similar to  those in the cor- 
responding 1,3-dioxolane series (37) 

(37) x = 0; k,,l 1 4300 43,000 

(38) X = S; k,,l 1 2250 1 14,000 
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whereas 1,3-dithiolanes are practically inert under the same conditions6 5 .  The rate 
increase due  to  the second methyl substituent is.57-fold in 38,but-only 10-foki in 
3769. In bo th  cases, however, one of the groups bound by the bonds attached to  
the  acetal carbon is forced t o  bend inward and the other outward in relation to  the 
ring. This steric retardation is different in 2,2-dimethyl-1 ,3-dioxolane6 9 6 9  and 
2,2-dimethyl-1 ,3-oxathiolane6 since in the latter the interaction between a bending 
2-methyl and  a 4-hydrogen is a t  least initially very small (Table 2)  whereas that 
between the  bending 2-methyl and a 5-hydrogen is even initially around 4 kJ mo1-l . 

b. Photochemically initiated reactions. These reactions have been studied in 
CFC13 at 273 K35, In the presence of benzophenone 2-alkyl-l,3-oxathiolanes (39) 
are photolysed considerably more slowly than the corresponding 2-alkyl-l,3- 
dioxolanes (40) under similar conditions and furthermore the former react very 
selectively (equation 7). Only the S-2-chloroethyl thio ester (42) is formed with n o  

R R R 

(39) x = s 
(40) X = 0 (41a) (41 b) (42) 

trace of the  0-2-chloroethyl thio ester. Assuming a similar mechanism as for the 
photolyses of  2-substituted 1,3-dioxolanes the observed reaction products can be 
explained by  the resonance structure 41b. The higher stability of 42 as compared 
with 0-alkyl thio esters35 may also contribute to  the occurrence of the specific 
ring-opening. 

The reduction of 43 with LiAIH4-AIC13 (equation 8) leads to 
the corresponding 9-hydroxyethyl and y-hydroxypropyl sulphides (4413 whereas 
the reduction with metal-liquid ammonia combinations (equation 9) gives rise to  
p- and y-alkoxythiols (45)34970. The hydrogenolysis by the 'mixed h ~ d r i d e ' ~ ]  in 

c. Reduc t ion .  

(44) (43) (45) 

ether  solution involves selective cleavage of the C-0  bond but the M-NH3 re- 
duction occurs principally through a C-S bond rupture, although in some cases the 
yields remain low3 4 .  

d. Miscelluneous reactions. Wilson and I - I ~ a n g ~ ~  used halogenation of 1,3- 
oxathiolanes derived from benzophenone, diisopropyl ketone and cycloheptanone 
for regezeration of the ketone. 

Emerson and  W ~ n b e r g ~ ~  reported good to  excellent yields of the corresponding 
aldehydes and  ketones in the treatment of 1,3-oxathiolanes with a solution of 
sodium N-chloro-p-toluenesulphonaniide in water, ethanol o r  methanol under mild 
conditions. This  method is a useful addition t o  the older more tedious methods72 in 
protecting carbonyl groups during synthesis. 

C. 3-0x0-I ,3-oxathiolanes 

Very little is known about 3-0~0-~,3-oxathiolane (46) and its derivatives, 
although Hoge and Fischer determined the crystal structure (bond lengths in pm 
and torsion angles) of 2-p-nitrophenyl-3-oxo-l,3-oxathiolane ( 4 7 ) 7 4 .  The purpose 
of this analysis was t o  solve the configuration of the single product obtained in the 



832 

oxidation of 2-p-nitrophenyl-l,3-oxathiolane instead of two diastereoisomeric 
sulphoxides. The results showed that  the oxygen was introduced in the trans position 
(47) and torsion angles show the ring to be in the half-chair form with 0(1) and 
C(s) above and below the plane of the other three atoms of the ring. This obser- 
vation is in accordance with the conclusions reached from the 300 MHz H spectra 
which also suggest that 46  greatly favours the half-chair form where the 0x0 group 
is anti to  the ring oxygen (46a). From 354 values it has been estimated that 46a is 
about 4.6 kJ mol-' more stable than 46b75.  The above conclusion is also in 
accordance with the observations of Harpp and Gleason' 4 .  

K. Pihlaja and P. Pasanen 

148 

R 4-17 152 

0 

(464 (46b) 

(47 1 

Schank and coworkers report a cyclofragmentation of 3-oxo-l,3-oxathiolanes 
(equation 10) to vinyl sulphenates (48)76. Kellogg7' mentioned the oxidative forma- 

A SlrO!W b J S C  - H C H O  -i CH,=CHSOK (10) oAs 0 u d = O  
(48) 

tion of substituted 3-oxo-l,3-oxathiolanes from the corresponding trans-2,4-disub- 
stituted 5-diphenylmethylene-1,3-oxathiolanes but did not  characterize them very 
well. 

D. 5-0x0- I  ,3-oxathiolanes 

1. Preparation 

The title compounds are both thioacetals and esters and can be prepared by 
various methods from aldehydes or  ketones and a-mercaptocarboxylic acids (49)'t1. 
Satsumabayashi and  colleague^'^ used three different modifications to obtain 50 
(equation 11). In method A the reactions were carried out  in refluxing benzene 
with azeotropic removal of the water eliminated. Method B produced 50 by stirring 
equimolar amounts of the reactants without any solvent or dehydrating agent, 
followed by direct distillation. Method C also required boiling benzene but with 
p-toluenesulphonic acid catalyst and without azeotropic removal of the water 

+CH ~2 

o,c=o R ~ C H O + H S C H R ~ C O O H  - R ~ C \ H  I + H,O ( 1  1) 

(49) 
(50 )  
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formed in the reaction. Yields are not high (14-56%), partly because of the formation 
of side-products (51)  and/or intermediates (52). 

SCH R ~ C O O H  
/ 

R'CH 

sc H R ,COO H 
/ 

R' CH 

'ScHRzcooH 'OH 

(51 1 (52) 
Pailer and coworkersso prepared several 2-substituted 4,4diphenyl-5-oxo-l,3- 

oxathiolanes (53) by transacetalization and purified them as their hydrochlorides. 
Some authors81-s3 have used BF3 . E t 2 0  as catalyst t o  enhance the yield of some 
5 -oxo- 1,3 -ox at hiolanes. 

Ph 
(53) 

R = Me2NCH2, Et2NCH2, Me,NCH,CH2, p-Me2NC6H4, etc. 

2. Structure 

Due to  the lactone grouping -C-C(=O)-0-C-, the conformational situation 
in 54 is clearly different from that in 1,3-0xathiolane (15) which has been shown to 
favour the C ( 5 )  envelope form (Section III.B.3). The only significant conformation 
of 5-0x0-I ,3-oxathiolane (54) is an envelope where S ( 3 )  is the flap atom83.  Chemical 

S 

(15) 

ecluilibration of epimeric 2.4-dimethyl a 

(54) 

d 2-t-butyl-4-methyl derivatives have shown 
that 2-Me, 2-t-Bu and  4-Me'favour equatorial positions by 7.6, 9.8 and 1.2 kJ mol-' , 
respectively' 3 .  The enhanced magnitude of  the conformational energies is in 
accordance with the structural difference between 54 and 15. 

'I-I-NMR spectra have shown that trans-2,4-diaLkyld-oxo, 1,3-oxathiolanes (55) 
exhibit larger 4 3 2 4  values than the cis forms (56 )  in good agreement with the re- 
lative magnitude of t he4Jz  , 5  values in correspondingly substituted 1,3-dio~olanes '~.  

(55) 4 ~ 2 4  = 0.7 HZ (56) 4J24 = 0.4 Hz 

Accordingly, 2-phenyl-5-oxo-l,3-oxathiolane (57) is mainly in the equatorial 
envelope form and 4 J z a 4 e  is about 0.6 H z  and 4J2a4, about 0.4 H z  as reported by 
Brink, although he was not able to assign the relative orientation of the protons 
in 57' '. The characteristic I R  bands of several alkyl-substituted 5-0x0- 1,3-oxa- 
thiolanes have also been reported' 3 .  
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R' R 2  

(57) (58) 

M$ller and Pedersed studied the electron impact mass spectra of some 2-mono- 
and 2,2-dialkyl-substituted 4,4-diphenyl-5-oxo-l,3-oxathiolanes (58) and came to  
the naiire conclusion that the ester function appreciably changes the balance between 
the different fragmentation modes from that of 1,3-oxathiolane (15) and its alkyl 
derivatives62 for which types 1 and I1  predominate (Section III.B.3). The main 
fragmentation mode of 2,2-dialkyl-substituted derivatives8 (58: R' = R2 = alkyl) 
is I11 followed by types V and I1 whereas for 2-monoalkyl derivativess0 g 8  (58: 
R1 = H, R2 = alkyl) the most important mode is IVY followed by 111, I,  I1 and V. 

3. Reactions 

The reaction of 2-aryl4,4-diphenyl-5-oxo-l,3-oxathiolane (58) with ethyl- 
magnesium bromide8 (equation 12) gives the acid 59 when R = Ph or p-CH3 OC6 H4, 
whereas no  5 9  is formed when R = p - N 0 2  c6 H4.  The acids are the  result of an attack 
on C ( 2 )  and a subsequent cleavage of the carbon-oxygen bond8 y 8  7. 

Ph 

(12) 
I 
I 

58 + EtMgBr - Ph-C-S-CH-R 
I 
Et  H OOC 

(59) 

On treatment with concentrated sulphuric acid and dilution with water (equation 
13), 58 gives isobenzothiophenes (60) as primary productsaa v a 9 .  Pyrolysis of 58 
(equation 14) gives rise to  1 , I  ,2-triarylethylenes (61) via thiirane intermedi- 
ates ( 6 2 ) 9 0 .  

conc. H z S 0 4 .  H 2 0  

(13) 

R 
(60)  

ph)&R (14) 

Ph H 
(58 )  -co* 

(62) (61) 
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Oxidation of 58 with either peroxysebacic acid o r  H z 0 2  gives both  diastereo- 
isomeric forms of 63,  the relative configurations of which are assigned on the basis 
of their H-NMR spectra’ l .  The assignment has been carried out by postulating 
the signal of I-Ic2) of the trans form (63a) a t  higher field. In most cases this isomer 
was also the main product of oxidationg1 in agreement with the orientation of the  
S=O group in 63 (Section III .C)74>75.  

0 

O = h 0  

(63a) (63b) 

Glue and colleagues9 prepared some 2,2-dialkyl-substituted 3,5-dioxo-l,3- 
oxathiolanes (64) by smooth oxidation (H2 0 2 ,  glacial AcOH, 298 K )  and studied 
their reactions with acetic anhydride (equation 15). A highly stereoselective process 
(Pummerer rearrangement) gives the corresponding 4-acetoxy-2,2-dialkyl-5-oxo- 
1,3-0xathiolanes (67),  in which the acetoxy group stereochemically retains the 
orientation of the S=O bond in 64. The stereoselectivity has been explained by an 
intramolecular process, possibly proceeding via the acetoxysulphonium ion 65 and 
the ion pair 66 to 679 2 .  

(64a) R’ = alkyl, R 2  = M e  

(64b) R’ = H, R 2  = alkyl 

___) 

(67a) R 1  = alkyl, R 2  = M e  
(67b) R 1  = M e ,  R 2  = alkyl 

E. 2-0x0-I ,3,Z2-dioxathiolanes 

Of the various methods of preparation’ * 9 4  of cyclic sulphites the best yields 
have been obtained by the condensation of 1,2diols with thionyl chloride in the 
presence of pyridineg5 (equation 16). The ring geometry of 68 and its alkyl and 
phenyl derivatives have been extensively studied by electron diffraction9 y 9  ’, IR’ 
11+NMR95-98199, CD techniques’ O 0  and 3C-NMK1 O 1  ; these reports review the 
older literature fairly thoroughly. Although the electron diffraction study of 
2-0~0-1,3,2-dioxathiolane (68) itself postulates an essentially planar structure for 
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the ring, a later report” shows that the experimental findings for cis-4, trans-5, 
r-2-0x0- ( 6 9 )  and trans-4, trans-5, r-2-0x0- 1,3,2-dioxathiolanes (70) can be best 
explained by the existence of the twist-envelope forms in agreement with the 
CD1 O 0 ,  IR9 and the most recent NhlR workg8*’ O 1 .  These twist-envelope forms 
are interconverted by rapid pseudorotatory (68a and 68b) paths no t  involving 

t;’ 

Me Me 

H Me 

(68al (68b) 

inversion a t  sulphur. The existence of the twist-envelope conformations gains 
indirect support from the great preference of the axial S=O group in the cor- 
responding six-membered sulphites (see Section 1V.G). 

In this context it is worth noting that 2-0~0-1,2,3-oxadithiolane (71) and its 
5-methyl derivative (72) have also been prepared’ O 2  (equation 17). Thompson 
and coworkers’ have obtained 2-thioxo-l,3,2-dioxathiolanes 73-75 from the 
reaction of sulphur monochloride with 1,2-ethanediol, 1,2-propanediol and 2,3- 
butanediols (equation 18), and found by spectroscopic means that they resemble 
structurally 68 and its methyl derivatives. 

(17) HSCHR~CHR’OH + SOCI, 

(18) H O C H R ~ C H R ’ O H  + s2ct2 

X Y R’ R’ 

(71 1 S O H  H 
S 0 Me H (72) 

(73) 0 S H  H 
(74) 0 S H  Me 
(75) 0 S Me Me 
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IV. SIX-MEMBERED RINGS 

A. 2-0x0-I ,2-Oxathianes 

1. Preparation 

The 1,2-oxathiane system is unknown and apparently unstable, bu t  the 2-oxides 
are fairly well described in the literature. As sulphinate esters, the title compounds, 
e.g. the nonsubstitnted molecule (761, can be prepared via the reductive desulphur- 
ization coupled with rearrangement of the six-membered thiosulphonate (77) in the 
presence of tris(diethy1amino)phosphine (equation 19)' . The conformation 

- (-J + c s o 2  (19) 
S-P(N Et2)3 

(77) (79) (76) (78) 

- cso5 0 2  P I N E ~ z ) ~  

of 76 (90%) and 78 (10%) was attributed to the ambivalent nature of the inter- 
mediate sulphinate anion (79) capable of cyclizing through either the sulphur or 
oxygen atom' a .  

Certain 4-chloro derivatives (80) are obtained by treatment of 3-butenols with 
S O C I ~  (equation 20)' O 4  *' O 5 .  

SOCl2 
CH2=C(Me)CH2CH20H - 

Me 
(20) 

(80) 

The most general route to  cyclic sultines developed by Sharma and coworkers' 
utilizes cleavage of t-butyl (6-hydroxyalky1)sulfoxides (81) by SO2 C12, and enables 
preparation of several specifically substituted derivatives such as 82 from relatively 
simple precursors in isolated yields of ca. 75% (equation 2 1).  Although this method 

(81) (82) 

reduced the problem of preparing various alkylated 2-0x0- 1,2-oxathianes mainly 
to the synthesis of properly substituted derivatives of 81, it was unsuccessful in a 
few cases, e.g. in the production of sultines with a phenyl or  two methyl groups 
cc to  the sulphur atom'g . Furthermore, the products obtained showed high 
diastereomeric purity, which was reasoned to  follow from great stability differences 
between isomers and/or their facile epimerization under the reaction or isolation 
conditions' 9 .  

2. Structure 

The main interest in the structural study of 2-0~0-1,2-oxathianes is concerned 
with the steric disposition and different interactions of the S=O group, and hence, 
with the more general question of the conformational behaviour of molecules 
possessing polar groups or  atoms. 

H-NMR spectrum of 76, as temperature-independent from -90 The 100 MHz 
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t o  +15OoC, is best interpreted in terms of a rigid chair conformation with a strong 
preference for the axial structure (76a) over the equatorial one (76b)' 4. The energy 

K .  Pihlaja and P. Pasanen 

0 

O S s m  

AGe > 8.4 k J  , I I  

(76b) 

\X\ 
(76a) 

difference, ca. 8.4 kJ mol-' , estimated indirectly from the ' H-NMR spectrum, 
is well in line with those presented for the sulphoxide group in thiane oxides 
(0.8-2 kJ)I ', and in 2-0~0-1,3,2-dioxathianes ( 12-20 kJ)' 0 8 ,  if the reasoning 
based on dipole-dipole interactions between the exocyclic and ring hetero- 
atoms' 9 z  is relevant. 

This concept is qualitatively supported by the dipole moment measurements 
of Exner and coworkers*O, who found that the experimental value for 76 is con- 
sistent with the estimated one only if a chair form with the axial S=O group (76a) 
is assumed to  predominate. 

C-NMR measurements as complementary tools Buchanan 
and his colleagues106 came to  the conclusicn that even molecules like 8 3  with 
an axial substituent in their 6-position still exist in a chair-chair equilibrium 
which prefers the syn-axial alternative (83a). Possible reasons for this somewhat 
conflicting b e h a v i o ~ r ~ ~ ~ ~ ~ ~ ~ ~  ' are not discussedlo6, but it finds some resem- 
blance in the results of the combined 'H-NMR and IR study by Dhami104~105 ,  
who noted that cis-4-chloro-, trans4-methy1, r-2-oxo-l,2-oxathiane (84) exists in a 
single chair form (84a) where both the C1 and S=O groupings are axially orientated 
(see also Sections 1V.C. and 1V.G). 

By ' H-NMR and 

0 

3. Reactions 

The kinetics of the alkaline hydrolysis of 7 6  was studied by Najam and Ti le t tZ2,  
who reported some anomalous features in the relative reactivity along the series 
from five- t o  six-membered and open-chain analogues (see Section III.A.3). The 
facile oxidation of 2-oxo-l,2-oxathianes has served as a proof of their structure' ", 
and also as a means of preparing cyclic sultones' which are difficult to  synthesize 
by direct methods. 
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B. 1,3-Oxathianes 

1. General remarks 

The 1,3-0xathiane system (85), as structurally intermediate between 1,3- 
dioxane (86 )  and 1,3-dithiane (87), offers an interesting opportunity t o  compare 

x-Y 

U 
(85 )  X = 0, Y = S 
(86) X = Y = 0 
(87) X = Y = S 

conformational and other structural properties and to  test the degree of additivity 
of such effects. A strict parallelism in the features of these three analogues is not 
expected, since structural parameters such as bond lengths and angles may undergo 
different compromizing alterations in each case to  optimize the ring geometry. 

2. Preparation 

Most alkyl-substituted 1,3-0xathianes (88) can be synthesized by conventional 
acid-catalysed condensation of a suitable mercaptoalkanol and a carbonyl compound 
or  its acetal in the case of sterically constrained molecules (equation 22)' l-' 9. 

\ "3 )(:3 + H,O 

HS 
2 = O  + 

(881 

(22) 

Certain derivatives are obtained in 90% yields by the ring-closure of mixed 
diesters (equation 23)' 2 0 .  Due to the stereospecifity of the whole reaction 
sequence from 1,3-diol (89) via the dimesylate (90) and the 2-mesyloxy-4-thiolacet- 
oxypentane (91), optically active forms of 1,3-oxathianes ( 9 2 )  may be obtained if 
enantiomers of 89 are available in reasonable purity' 2 0 .  While the i,3-dioxane (93) 
is not  formed from 90,  the disubstitution product (94) leads to 1,3-dithiane (95 ) ,  

F H O H  MeS02C1,  pa 1 CQ. KSAc- C H 2 0  pkzcd 
(89)  / (90) \ (91) 

(92) (23) CU20/CH30H.H*  
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with the same configuration as 92, indicating that the mechanism of the ringclosure 
does not  involve hydrolysis of the OMes group, but  rather that of the SAC function, 
followed by internal SN 2 displacement of the sulphonate grouping' O .  

Some synthetic utility may be derived also from the reaction of 85 with s-butyl- 
lithium to give 1,3-oxathianyl-2-1ithium, which on  subsequent treatment with alkyl 
halides yields a variety of 2alkylated 1,3-oxathianes1 * . Similarly, the acid- 
catalysed equilibration of 85 with 2-R-substituted 1,3-dioxanes leads to  2-R-1,3- 
oxathianes' ' in 79 -9 5% yields. 

3. Structure 
There are no  exact studies on the ring geometry of 85, but  ' H-NMR data' 9 

14-1 6 * 1  8 , 1  9 9 1  24-1 for variously substituted derivates show that its funda- 
mental conformation is a chair form with some special features due to  the coexistence 
of oxygen and sulphur atoms in the same ring. 

tried to  construct two deformed models for 
the chair form of 85, this has later been shown t o  be a misinterpretation of the 
dissymmetric character of the 1,3-0xathiane ring itself' > 1  * 9 '  6 .  

Table 3 presents a collection of Buys-Lambert R-values [ R  = 3Jtrans /3Jc is ]  30- 

3 3  and torsional angles [cos2 $ = 3/(2 + 4R)l  ' 30-1 33 determined recently for 
some 1,3-oxathianes as well as those for certain 1,3-dioxanes and 1,3-dithianes. 
These values clearly demonstrate that oxygen-containing rings have an inherenot 
tendency to flatten the c(4)-c(s)-c(6) moiety (in 86 and 97 $ 4 , s  = $ 5 , 6  = 55 ), 
while their sulphur analogues favour a somewhat puckered shape (in 87 and 98 
$ 4 , ~  = $ 5 , 6  = 63")13'-' 3 3 .  Interestingly, 85 can still adopt a normally staggered 
arrangement, and contrary to  a previous conclusion' 2 6  the type of substitution 
does not seem to  engender any profound effect ( $ 4 , ~  = $ 5 , 6  - 60" in 8 5 , 9 6 ,  100 
and I O l ) ,  with the exception of derivatives with severe steric crowding in their 

Although Gelan and AnteunisI2 

TAHW 3. R-values and torsional angles ($) in some 1,3-oxathianes, 1,3-dioxanes and 
i ,3-dithianes 

Compound Side R IL Reference 

(85) 1,3-Oxathiane 

(86) 1,3-Dioxane 

(96) 2-Me-l,3-Oxathiane 

(97) 2-R-1 ,3-DioxaneQ 
(98) 2- R-l,3- Ditliianeb 
(99) 2,2-Me2-1,3-Oxathiane 

( 1  00) 4,4-Me2 -1,3-Oxathiane 
( 1  01) 6,6-Me2-1,3-0xalhiane 
( 1  02) 2,2-tratzs4,6-Me4- 

1,3-@athiane 

(87) 1,3-Dithiane 

S 
0 
0 
S 
S 
0 
0 
S 
S 
0 
0 
S 

0, s 

2 9 7  
2.29 
1.76 
3.23 
2.38 
244 
1.81 
3.23 
2.47 
1.94 
240 
250 

1.65c 

61  
5 9  
55 
6 3  
5 9  
60 
55 
6 3  
60 
56 
5 9  
60 

<54c 

130 
130 
131,132 
131,132 
115 
115 
132,133 
132,133 
130 
130 
115 
115 

115 

Q R  = p-chlorophenyll ' or t-butyl' 3. 

bR = phenyl' I. 

CAverage value for the c(4)<(5)<(6) moiety. 



84 1 18. Oxathiacyclanes: preparation, structure and reactions 

chair forms, e.g. 99 and 102' ' s. In fact, the average torsional angle (- 54") deter- 
mined for 2,2-trans4,6-tetramethyl-1,3-oxathiane ( 102) is characteristic of a 2,s- 
twist-boat (102b). In general, 1,3-0xathianes having various syn-axial 2,4- or 2,6- 

(102a) (102b) 

methyl-methyl interactions in their chair conformations favour some of the three 
conceivable (1,4-, 3,6-, or  2,5-) twist 1 5 ~ 1 3 7 * 1 3 8 .  The basicgeometry of 
the 1,3-0xathiane ring is also consistent with aromatic solvent-induced 13-NMR 
shifts of the ring protons6 (see Section 1II.B). 

As t o  the quantitative evaluation of different stereochemical preferences, most 
information apart from H-NMR data has been provided by chemical equili- 
bration' ' > '  ' >' 8-' 40 of proper epimeric 1,3-0xathianes. For instance, the chair- 
twist energy parameters for 85 were estimated' s and recently recalculated' ' s 
from equilibrium data for r-2-t-butyl-2,cis-6- (103), and r-2-t-butyl-2,trons-6- 
dimethyl-l,3-oxathianes (104) by making some relevant assumptions about the 

(103) (104) 

plausibility of contributing twist forms' 9' 37. The values thus obtained for the 
chair-2,5-twist equilibrium (equation 24) are roughly intermediate to those evalu- 
ated for 86 and 87l 9' ' (Table 4), and indicate a fair additivity of the opposite 

Chair 2.5-Twist 

(24) 

trends. Conformational energies of methyl groups at  different positions of the 
1,3-oxathiane ring derived from equilibration data' 38-140 are presented in Table 5 
together with the corresponding values for the symmetric analogues 86 and 87l ,' y .  

As expected, steric demands are greatest around the 2-carbon atom as suggested 
also by the enhanced rate for ring-reversal' and the relatively short spin-lattice 
relaxation time of C(z) in 2,2-dimethyl-l,3-oxathiane. Due to  the constrained 
nature of the dissymmetric ring (85), its AG*(2-Me) is clearly higher than the mean 
value of the same interactions in 86 and 87' ' 1 '  29-' 3 9 .  Positions 6 in 85 and 86 
are energetically comparable whereas AGe(4-Me) is enhanced in going from 87 to 

TABLE 4. Chair-twist free energy, enthalpy and entropy differences for 1,3-oxathiane, 
1,3-dioxane and 1,3-dithiane 

Compound AGE-,- (kJ mo1-l) AHET (kJ rnol-' ) AS&- (J mol-' K - '  ) Reference 

(85) 1,3-Oxathiane 23.5 27.0 11.6 115,138 
(86) 1,3-Dioxanc 33.5 35.8 9.1 1,129 
(87) 1,3-Dithiane 11.0 16.7 19.0 1,129 
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TABLE 5. Conformational preferences of the methyl groups at different positions in 
1,3-oxathianes, 1,3-dioxanes and 1,3-dithianes 

K.  Pihlaja and P. Pasanen 

Conformational energy (kJ mol-' ) for 
different locations 

Parent compound 2a 4a 5a 6a References 
~~ ~ ~~ ~ 

(85) 1,3-Oxathiane 13.6 7.4 2.9-3.7 1 2 3  115,116,139,140 
(86) 1,3-Dioxane 16.7 12.2 c a 4  12.2 1,129 
(87) 1,3-Dithiane 8.0 6.5 4.9 6.5 1,129 

85 (6.5 vs. 7.4 kJ mo1-l) at the expense of some loss in torsional strain ' ' 9' ' >' 9. 
The relatively low AG (5-Me) of 85 is, apart from the small steric requirements of 
the heteroatoms' f 1  2 9 ,  a manifestation of the fundamental deformation of the 
ring, whereas the slightly higher estimate for 87 is attributed to the enhanced 
puckering of its C(4)-C(5)-C(61 region and/or to  the large van der Waals' radius of 
sulphur as compared to  oxygen' ' ' > 1  9. 

From ' H-NMRI 9' 3 4  9 '  and equilibration' 26i1 40 studies it appears 
that  the acceptance of the additivity principle is justified or  at  least of value in the 
semiquantitative evaluation of steric effects in  simple 1,3-oxathianes. For instance, 
trans4,6-dimethyl-1,3-oxathiane (105) involves the 4- (105a) and 6-axial (105b) 
conformations in a ratio of 87 : 13 as concluded from the vicinal H-' H coupling 
constants' 2 6  9 '  34, in fair agreement with the energy difference obtained directly 
from the respective interactions in 1,3-dioxanes and 1,3-dithianes (12.2-6.5 = 5.7 
k J  mol-' ) (Table 5). 

Later on, however, the above result was argued in a study based on a chemical- 
shift method' 9 ,  which led to controversial thermodynamic parameters. The results 
of a chemical equilibration of suitable anancomeric model compounds, r-2-cis-4- 
trans-6- (106) and r-2-trans4-cis-6-trimethyl-l,3-oxathianes (107) at various tem- 
peratures' *I4 firmly confirmed the original estimates' 9 '  and made the 
chemical-shift method questionable. 

(105a)  

P 4  - ' 

(105b) 

(106) (107) 

Additional structural knowledge about the title compounds comes from electron 
impact mass spectrometric studies' 42-1 5 .  The main features in the positive-ion 
mass spectra of 1,3-oxathianes' 2 are the relatively high intensity of molecular and 
large fragment ions, the abundance of metastable transitions and the preferential 
charge retention on sulphur-containing fragments over the oxygen analogues, 
probably due to the ability of sulphur to stabilize the electron deficiency with the 
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aid of its d-shell electrons. The course of fragmentation depends somewhat on the 
substitution pattern but  only two principal modes of ring cleavage (I and 11) are 
found' 4 2 ,  which is different from the behaviour of 1,3-dioxanes but comparable 
rather to that  of 1,3-0xathiolanes (see Section III.B.3)6 2-64. 

( 1 )  ( 1 1 )  

Measurement of the  ionizhtion and appearance potentials for a series of stereo- 
isomeric 1,3-0xathianes has yielded information about  their conformational energies 
in the gas phase' 3 .  According to the principles derived originally by Pihlaja and 
Jalonen' 4 6  it was found that  in the  formation of the M' or [M-Me]' ions the 
nonbonding interactions are mainly released, so that  differences in the groundstate 
enthalpies of isomeric structures can be evaluated from equations (25) and 
(26)' g 1  *1 ', where AP is the appearance potential of the primary fragment 

IP("11') - IP([M11+) = AHC(M1)  - dH;'(M) (25) 

AP([M - RI') - AP([M, - R l + )  = A H 7 ( M 1 )  - AH;(M) (26) 

ion, IP the ionization potential and wf the standard enthalpy of formation of the 
com ound in question. The most interesting point was the observation'43 that 
&T for the  1,3-oxathiane family in the gaseous state (25 kJ mol-' ) is not far 
from the result obtained by chemical equilibration (ca. 27 kJ mol-')' 5 9 1  3 8 .  Also 
the values of other conformational energies from appearance and/or ionization 
potentials are in fair agreement with the  liquid-phase values' 

Bowie and Ho' 4 4  studied negative-ion mass spectra of 2-aryl-l,3-oxathianes 
(Zaryl  = 0-, m- or  p-nitrophenylj. The spectra were characterized by intense mole- 
cular anions and large fragment ions produced by simple (1-111) or  complex 
modes of cleavage. With the aid of deuterated derivatives the authors'44 were able 

$ 1  3 9 .  

Ar Ar 

( 1 )  ( 1 1 )  (Ill) 

to show that the extent of  hydrogen randomization between the 2-, 4- and 6-positions 
depends in a specific way upon the isomer in question, the behaviour of which 
parallels that  noted for  corresponding 1,3-dithianes1 but  is in marked contrast to 
isomeric 2-nitrophenyl-1 ,3-dioxanes1 which display mutually very similar spectra 
and exhibit n o  hydrogen scrambling. 

4. Reactions 
determined the relative rates for the acid-catalysed 

hydrolysis of 1,3-oxathiane (85),  2-methyl-I ,3-oxathiane (108) and 2Jdimethyl- 
1,3-oxathiane (109) and found that the  acceleration effect for 108 is exceptionally 
low in comparison with 1,3-oxathiolanes6 5 .  A possible explanation is the acidic 
character of the protons at position 2 in 85 and 108, but the exact mechanism for 

Pihlaja and coworkers' 
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the hydrolytic decomposition of 85, 108 and related molecules is not  clear and 
requires further study' 9. 

R' ~2 (85 )  R'  = H 

K. Pihlaja and P. Pasanen 

o><, u (108) R' = H, R2 = Me 

(109) R'  = R2 = Me 

Eliel and his colleagues' s o  described an asymmetric synthesis of (S)-(+)-atrolactic 
acid methyl ether (1 10) proceeding either from (S)-(-)4,6,6-trimethyl-1,3-oxa- 
thiane (11 1,  R = H) with about  100% optical yield, or from (R)-(+)4,4,6-trimethyl- 
1,3-0xathiane (1 12, R = H) with ca. 92% optical yield. The reaction sequence 

":&TR p:vooMiMe M e h $  Me R 

Me 
Me 

(111) (110) (112) 

involves a stereoselective electrophilic attack on a biased 2-lithio-l,3-oxathiane 
leading exclusively to equatorial substitution, where the original chirality at  C(4) or 
C ( 6 )  is transferred t o  C , and an asymmetric reaction of a Grignard reagent to 
yield 1 1  1 (R = (S)-C(OI-I$?lePh) with an exocyclic asymmetric centre which after 
methylation, ring-cleavage and oxidation produces 110' s o .  

For the reduction of cyclic monothio-acetals and -ketals, see Section III.B.4.  

C. 3-0x0-I ,3-oxathianes 

have appeared on the properties of the title com- 
pounds, although they offer an easily preparable model to study the often un- 
expected interactions between polar functions. For instance, 113 was obtained in 
high yield (94%) by treatment of 1,3-oxathiane (85, see Section IV.B.2) with 
sodium metaperiodate in water-methanol solution' ' . 

Only a few reports1s l-' 

R 

(a) (b) 

(113) R =  H 

(114) R = M e  

Conformational preferences in 113' ,1 and 114' were examined by 
H-NMR spectra. Interestingly, at  ambient temperatures 113a and 113b are nearly 

equally populated, whereas at  -95OC 113b is reported t o  predominate in a ratio of 
8 : 1 which is approximately in agreement with the result of 84 : 16 at  -98°C 
(-AC" = 2.4 kJ mol-' ) I  3. In 114 with gem-dimethyl grouping at the 5-position, 
the proportion of 114b is drastically lowered ( 1  14b/l14a - 1 : 9 and -AC" - 3.0 
kJ  mol -1 ) l  3. Consequently, the disfavouring effect caused by syii-axial S=O and 
methyl groups would amount t o  5.4 kJ mol-' . 
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These results are pronouncedly different from those observed for thiane-1 -oxides 
(-Ac" = 0.73 kJ mol-' in favour of the axial S=O form)' 5 4 ,  and for 1,3dithiane- 
3-oxides (equatorial preference of S=O at and below ambient temperatures)' 9 '  3, 
emphasizing the difficulties in evaluating interactions between polar groups and 
lone-pair electrons. 

D. 1 ,4-Oxathianes 

1. Preparation 

1,4-0xathianes have been synthesized with a variety of different methods of 
which the most recent ones will be described in the following. Karabinos and 
Hazdra' 5 5  obtained 1,4-0xathiane (116) and 1,4dithiane (117) in a 7 : 1 ratio 
from the cyclization of thiodiethyleneglycol (1 15) upon treatment with PF5 
(equation 27). 

(115) 
(116) X =  0 

(117) X = S  

Black prepared 2-methyl-l,4-oxathiane (1 18) from 1<2-hydroxyethylthio)-2- 
propanol by dehydration with orthophosphoric acid and some 2-0xo-1,4-oxathianes 
(1 1 9 )  from the reactions of thioglycolic acid with oxiranes' 6.  

(118) (119) R = H, Me, Ph 

3-Chloro-l,4-oxathiane (1 20) has been prepared by chlorinating the parent com- 
pound with N-chlorosuccinimide' 5 7  or with C12 in CC14 a t  ca. 260 KIs8. In 
a reaction with RNa 120 gave different 3-substituted 1,4-oxathianes (equation 28)' 8 .  

(28) 
n A 

"r" + RNa - R Po + NaCl 
CI 

(120) 

Evans and Mason'59 used a modification of the Haubein method'60 to  syn- 
thesize 2,2,3- (121) and 2,3,3-trichloro-1,4-oxathianes (122), both of which were 
shown with the aid of the hydrolysis products t o  be substituted on the same side. 
The structure of 12 1 was confirmed by desulphurization (equation 29) which 

H 2 0  
(121) - CH2CICOOH 

Z n  - EtOCCI=CHCI 

+ EtOH 
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resulted in the formation of monochloroacetic acid and ethanol. Similarly, 122 
gave dichloroacetaldehyde and ethanol (equation 30). The formation of 122 is con- 

(122) 

sistent with the chlorination and thermal dehydrohalogenation 0; ciiethyl ether' 1 

whereas for that of 121 at 353 K an  entirely different mechanism must be postulated 
(equation 3 1)' 6 2  . 

--H * 

CI (31) aC' .i L (;21 
CI CI 

(121) 

Hydrogenolysis of the acetal function of 2,8-dioxa-6-thiabicyclo[ 3.2.11 octanes 
also affords 1,4-oxathianes1 3 .  Reaction of (CH2 =CCI-13CH2 )2  0 with SC1, gives 
3,3-dichlorometh~l-3,3-dimethyl-l,4-oxathiane (1  23)' and hydrolysis of 
(ROCHCICHZ l2 S yields 2,6-dialkoxy-l,4-oxathianes ( 124)' 5 .  

c:x;; 
(126) 

CIHZC .g>. CH,CI RO ':'OR 

(123) (124) 

Blagoveschchenskii and colleagues' prepared several 2- and 3-substituted 
1,4-oxathianes by treatment of 1,4-0xathiene and 3-ch1oro-l,4-oxathiane with RH 
(R = Me,CO, PrS, Me3CS, Me, EtCS, PhCH2 S, PhS, (MeO)zP(S)S and (EtO),P(S)S), 
respectively. Acetamido-substituted 1,4-0xathianes (125) can be obtained through 
the base- or  acidcatalysed intramolecular cyclization of S-hydroxyalkylated 2- 
acetamidopropenethiolates (equation 32)' 7 .  

R '  - cH3coN:~:fi.. (32) 
H SCH R3CR2 R'  OH R3 

(1 25) 

R1NHC0CH3 
1,4-0xathianes have also been prepared by mercuric salt ringclosure from diallyl 

sulphide' 6 8  and by cyclization upon electrochemical fluorination of 115 (R = 
H)' 69. The reaction of 2-mercaptoethanol with R' CHXCOR' (X = halogen) in 
C6HG containing KOAc gives substituted 1,4-0xathianes (126) in good yields' 70. 

Some 2-0x0- 1,4-0xathianes have been prepared by heating mercaptoacetic acid 
with oxirane or substituted oxiranes' 7 1  as well as by  intramolecular dehydration of 
HOCH2CHRSCH2C02H(R = H, Me)' 72. These methods have been used to synthe- 
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size the corresponding seven-membered compounds, 2-oxo-l,4-oxathiepanes (see 
Section V.A.).  

2. Structure 

The conformation and structural characteristics of 1,4-oxathiane and many of its 
derivatives' 3 7 3  9 have been extensively studied. Jensen and Neese' deter- 
mined the activation parameters for the ring-reversal process (chair to twist) of 1,4- 
oxathiane and found them to be AH# 37  * 3 kJ  mol-', AS# 2 -+ 1 J mol-' K-' 
and AGf 36 ? I kJ  mol-' . The  free energies of activation measured for  the ring- 
reversal of 30x0- 1 ,boxathiane and its 6-methyl, 5-phenyl and 6-phenyl derivatives 
are 41, 73 ,  79 and 79 kJ mol-' , respectively' 7 6 .  

The microwave' 77, IR  and Raman' 7 8 ,  and electron diffraction' 7 9 , 1 8 0  results 
for 1,4-0xathiane are all in accord with a chair form. The crystal structure of trans- 
2,3-dichloro-l,4-oxathiane (127) shows that the molecule has a chair conformation 
with the chlorine atoms in axial positions' '. The overall geometry of 127 is half- 
way between the conformations of the corresponding trans-2,3-dichloro derivatives 
of 1,4-dioxane (128) and 1,4-dithiane (129)' 82-1 5. The torsional angle in 127 is 
60° from the values of the vicinal H-coupling constants using the Buys-Lam bert 
approach' 3 2 1 1  8 6  in good agreement with the diffraction results' 8 1 .  128 is some- 
what less puckered since its torsion angle is only 57O.  

Crossley and coworkers tried to  apply an improved microwave procedure to  the 
detailed conformational study of 1,4-diheterocyclohexanes (1 16, 117 and 130) but 
with a relatively small amount  of new information'87. In a number of papers 
Zefirov and colleagues' 9 '  have studied the conformational properties of 
2-substituted 1,4-oxathianes and  heteroanalogues of bicyclo[ 3.3.1 I nonane' * '  90. 
The results of these investigations have been already reviewed2. 

CI 

x* Y 

CI 

(127) X = 0, Y = S (116) X = 0, Y = S 
(128) X = 0. Y = 0 (117) X = S, Y = S 
(129) x = s, Y = s (130) X = 0, Y = 0 

Burdon and Parsons synthesized different highly fluorinated 1,4-oxathianes1 ' 
and deduced their structures from the I9F-NMR spectra by a chemical-shift para- 
meter scheme' 9 2 .  The majority of the compounds exist in chair conformations, 
with a strong anomeric effect or its equivalent operating both a to oxygen and ,a t o  
sulphur' 2 .  A comparison with a similar set of polyfluorinated 1,4-dioxanes has 
also been made. Phillips and Wray193 evaluated an additive method of calculating 

in polyfluoro-l,4-dioxanes and -0xathianes and stated that the approach may 
be useful in stereochemical and conformational studies of related molecules. 

3C-NMR spectra of a number of 1,4-oxa- 
thianes including 4 - O X 0  and 4,4-dioxo derivatives and applied the results t o  carrying 
out a structural differentiation of the two nucleotides 131 and 132. 

discussed the various modes of fragmentation of 
116 and 117 and found that they are qualitatively very similar but.Jiffer consider- 
ably from those of 1,4-dioxane (130)' 96 (see also Sections III.B.3 and IV.B.3). 

JH 

Szarek and colleagues194 studied the 

Cond6-Caprace and Collin' 
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(131) X = 0, Y = S 
(132)  X = S, Y = 0 

Obviously the influence of the sulphur atom predominates in the case of oxathia- 

Sweigart and Turner' 9 7  studied the photoelectron spectra and lone-pair ioniz- 
ation potentials in some oxygen and sulphur heterocycles including 116 and inter- 
preted the lone-pair interactions in terms of throughspace and through-bond 
mechanisms; the latter is favoured in 116,117 and 130, whereas 1,3-diheterocycIanes 
prefer the former. 

cyclanes6 2-64 9 1  4 2  9 1  9 5 .  

3. Reactions and 4-0x0- 1,4-oxathiane 

Havinga and coworkers' studied the chlorination of 116 under different 
conditions and prepared 3-chloro- (1  33), trans-2,3-dichloro- (127), 3,3-dichloro- 
(134), 2,3,3-trichloro- (121), cis-3,5-dichloro- (135) and trans-2,3,3,5-tetrachloro- 
1,4-0xathianes (136). The substitution takes place preferentially at  C(3) and, up to  
three chlorine atoms, in the same half of the ring. The use of peroxides favours 
substitution a t  C(2 1. 

R' R2  R 3  R 4  

(133)  H H CI H 
(134)  H CI CI H 
(135) H H CI CI  
(136) CI CI CI C I  

R4 

The oxidation of 116 by H2 O2 in several solvents and mixedsolvent systems 
and the influence of solvent on the mechanistically related t-butyl hydroperoxide 
oxidation have also been studied199. Foster and colleaguesZo0 ,20 * treated 137 
with NaI04 and obtained a 10 : 1 mixture of the axial (138) and equatorial (139) 

C H 2 0 H  CH,OH 

-OM, 

F A O M e  S .3 
R''- (138) R = SO,, 

(139) R =SOeq 

sulphoxides. With O 3  the sulphoxides were obtained in about equimolar yields. In 
general, the control of S-oxidation was best achieved by variation of the configur- 
ation a t  the anomeric centre, C(2 1; an axial substituent engenders equatorial S-oxy- 
genation whereas an equatorial substituent leads to  an axial S-oxide. 

Foster and coworkersZo2 also used ' H - N M R  spectra to  assign sulphoxide con- 
figuration using the significantly different shielding effects of axial and equatorial 
S=O groupsZo3. A crystal structure determinationz0" established that the major 
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sulphoxide obtained by NaI04 oxidation of trans-2-methoxy6-hydroxymethyl-l,4- 
oxathiane (1 40) has the trans4-methoxy, cis-6-hydroxymethyl, r 4 - 0 ~ 0  configur- 
ation (141) in agreement with H-NMR results205. 

II 
0 OMe 

F 0 9 s 4  

I 0 1  

OMe 

(141) (142) 

f3- 
(140) 

1 3C-NMR dataZo v206 for  4-oxo-1,4-oxathiane (142) indicate that the sulphinyl 
oxygen prefers the  axial position by 2.8 kJ mol-' at 205 K .  This is at  least in quali- 
tative agreement with the  report2'' which on the basis of  IR and Raman spectra 
(solid and liquid samples) considers the oxide to have the C, chair-axial conform- 
ation (142). 

1,4-Oxathiane (1 16), like 1,4-dioxane (130), easily forms complexes with 
iodineZo 8 ,  ZnMe2 2 o  and many metal halogenides2 o-2 3 ,  but this topic will not  
be considered here. 

E. 1,3,5-Oxadithianes and -Dioxathianes 

The title triheterocyclohexanes are not  well characterized. The reaction of satu- 
rated aldehydes with gaseous HZ S has been repcrted2 l 4  t o  give 143-145. Some 
4-alkoxy4-alkyl derivatives of 144 can be obtained in 40-50% yield by treating 

s--( 

4Y--( 

(143) X = 0, Y = 0 
(144) X = S, Y = 0 
(145) X = S, Y = S 

sodium oxydimethylenedithiosulphate with CH3 COOR in absolute propanol in the 
presence of HCl for  7-8 h2  s. Dipole moment and H-NMR studies show that at 
least the most stable isomer of 143 exists in a chair conformation with three equa- 
torial substituents2 l 6 .  

Oxidation of 144 with perhydrol for 2.5 h at  333-338 K gives the 3,3,5,5- 
tetroxide in nearly quantitative yield2 ' s .  The H-D exchange at C(2) of 145 accel- 
erates when Sc5) is converted t o  a sulphinyl or sulphonyl group. The remote 
participation of the sulphur atom is also seen in the slow H-D exchange at C(6) of 
14321 '. 

F. 1,3,2-Dioxathianes 

Very little attention has been paid to  1,3,2-dioxathianes, although their 2-oxides 
have been widely studied (see Section 1V.G). Since the  early attemptslo3 [see also 
Section IlI.E] t o  prepare 1,3,2-dioxathiane (146) and some of its alkyl derivatives 
Wood and coworkers2 8 i2 have reported the synthesis of a number of methyl- 
substituted 1,3,3,-dioxathianes. The barrier (A@) t o  the ring-reversal of 146 is 
somewhat higher than that for cyclohexane or 1,3-dioxane but lower than that for 
1 ,2,3-trithiane2 9 .  C-chemical shifts for trans4,6-dimethyl-l,3,2dioxathiane 
(147) have also been reported' O .  The above results are still in some doubt since 
one of the present authors220 has not been able to  repeat the preparation of the 
materials. 
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6 (p.p.m.) 

‘(4.6) 74.8 

cH3 (4.6 1 ’ 9.7 

C ( 5 )  39.4 

G . 2-0x0-I ,3,2 dioxath ianes 

These compounds are cyclic sulphites and can be easily prepared from S0C12 
and 1 ,3-diols9 1’ 2 4 .  Despite the fact that during the last 10- 15 years some 40 
papers have been published on the structure of 148 and its alkyl and halo derivatives 
a considerable extent of controversy has been left in the detailed explanation of the 
results. Very recently it was pointed out that  both ‘H-NMR spectra and dipole 
moments can be interpreted consistently only if 148 and its alkyl derivatives greatly 
prefer chair forms (usually with an axial S=O group)’ ’ 4 .  In the same context the 
chair form of 146 is estimated to be ca. 31 kJ mol-I more stable than the twist 
form’ ‘. Two other recent reports’ 9’ ’ confirm the conclusions made by Pihlaja 
and coworkers224 as to the high preference of the chair form and withdraw, to- 
gether with the latter and some other consistent publications’ v 2 2  7-24 ’ , the 
significance of the discussion based on the existence of simple alkyl-substituted 
derivatives in the  twist form94*’09>1 1 0 , 2 2 2 * 2 4 2 - 2 5 3 .  In a forthcomingreportZ30 a 
correct assignment of the IR bands in the 1180-1250 cm-I region also disproves 
the necessity of twist forms in contrast to  opposite claims24 7 1 2  ’ v 2  3 .  The only 
substituted 2-0xo-l,3,2dioxathiane which has been proved to attain a twist 
conformation is trans-5-chlor0, cis-4, trans-6di-t-buty1, r-2-0~0-1,3,2-dioxathiane 
( 149)2 7. A complete discussion as to the detailed structure and properties of 148 
and its derivatives will be published in a separate review230 and in some future 
reports228-2 30. 

V. SEVEN-MEMBERED AND LARGER RINGS 

A. 1,4-Oxathiepanes 

Acetamido substituted 1,4-oxathiepane (150) can be prepared via acid- (or base-) 
catalysed intramolecular cyclization of the Z-isomer of S-hydroxyalkylated 2-acet- 
amidopropenethiol (1 51 )  (equation 33)254. The structure of 150 was stated to  be 
confirmed by conventional means but no  data were reported2 5 4 .  Attempts t o  
synthesize eight-membered rings by lengthening the hydroxyalkyl chain failed’ 5 4 .  
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AcNH 

H+ 
(33) - or HO- MeTl 

H S(CHZ)BOH 

(150) 

MeINHAc 
(151) 

Preparations of 2-0~0-1,4-oxathiepane (152) (equation 34)' 7 2 ,  and 7-oxo-l,4- 
oxathiepane (153) (equation 35)' 7 1  have also been reported. The latter synthesis 
utilizing the ring-cleavage of oxiranes by p-mercaptopropionic acid (1 54) leads t o  
appreciable amounts of 155 as a by-product' 7 1 .  

HSCH2COOH i- CHz=CHCH2CI CI(CH2)3SCH2COOH HOA; KF (34) 

B. 1,4,5-Oxadithiepanes 

1,4,5-0xadithiepane (157) isobtained by treating 156 with Na2 S4 at 358-363 K 
in aqueous solution in the presence of sodium alkylnaphthalenesulphonate, NaOH 
and MgC12 (equation 36)2 5 .  Cannizzaro reaction of 2,2'-dithiobis(2-methylpropa- 

358-363 K 
CICHZCHZ- O-CH2CH2Cl (36) 

(156) -s-s 
(157) 

nal) in aqueous NaOH yields 158 which is readily cyclized in the presence of AcZO 
to2-0~0-1,4,S-oxadithiepane(159)(equation 37)25 6 .  Both 1 5 7 2 5 5 7 2 5 7  and 159256 
are readily polymerized by alkoxide, alkylaluminium and metal hydride catalysis. 

AcaO 

HOCH2CMe2SSCMe2COOH 

(158) 
0 

(37) 

(159) 

Heats of polymerization for 157 in bulk, C6H6 and 1,4dioxane solutions were 
measured by Dainton and coworkers2S who suggested an anionic mechanism for 
iodine-catalysed reaction in which I -  is assumed to be the initiator. 

C. 2-0~0-1,3,2-dioxathiepanes 

Seven-mem bered cyclic sulphites ( 160) can be similarly synthesized, though 
in lower yields than their six-membered homologues (see Section IV.C.), e.g. by 
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treztment of the corresponding diol with SOClZz 5 8 - 2  l .  Structural information 
about 160 is very limited. According to H-NMR and IR measurements by Faucher 
and GuimaraesZ the most favoured form at room temperature is a chair, but the 
detailed conformational behaviour remains an open question. Hydrolysis of 160 
under acidic or alkaline conditions was found t o  occur by a bimolecular (A2) 
mechanismZ *z  6 3  which is also normal for lower homologues and acyclic 
sulphitesz 3. 

K. Pihlaja and P. Pasanen 

.=Sy> \ 0 

(160) 

D. 1,3,6-Dioxathiocanes 

1,3,6-Dioxathiocane (161) is a true acetal, and can be smoothly prepared via 
condensation of thiodiethylene glycol (162) and formaldehyde (equation 38)z 6 4 * z  5 .  

A n 
/ HC U0 + WS 

(116) (117) -H2O 

(38) 
/c zc O 
S 
\ n 

CHZCHZOH S 

(162) LoJ 
(161) 

Direct cyclization of 162 gives 1,4-oxathiane ( 1  16), o r  after disproportionation, 
1,4-dithiane (117)z64 (see also Section IV.D.l) .  In an IR study of 161 and related 
heterocycles Tarte and Laurent' discovered that the oxygen atom has little effect 
o n  the CH? deformation frequency whereas sulphur lowers that of adjacent CHz 
groups by ca. 40 cm 

Mass spectrometric fragmentation of 1612 67 includes the loss of CHzO and the 
formation of the 1,4-oxathiane molecular ion in the primary stage, and secondary 
transitions lead to  the same fragment ions with similar relative abundances as 
observed for  116  which is a common mode for seven- and six-membered oxygen 
heterocycles2 8. 

. 

E. Rlacrocyclic Rings 

Several polyether sulphides containing 9-2 1 ring atoms have been preparedz 6 9  

by treatment of an oligoethylene glycol with a suitable dithiol or  Naz S in ethanol 
solution. The crystal structure of the molecules exhibits certain nonplanar regular 
arrangements of the ethylene 1,4-dithia, 1,4-oxathia and 1,4-dioxa fragments as 
evidenced by X-ray analysis. Also ' H-NMR spectra recorded for some members 

O k s  No% 

(1 63 1 
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such as 1,4-dithia( 1 2 c r o w n 4 )  (163) are repor ted  to b e  cons is ten t  with the a s s u m e d  
stereostructures2 9 .  
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1. INTRODUCTION 

Allene oxide (1) is a member of the family of strained small-ring compounds. The 
parent compound itself is part of the C3H40  energy surface that besides 1 includes 
cyclopropanone (21, oxyallyl (3) and 4, all of which are valence tautomers. Allene 
oxides contain within their framework the structural elements of an enol ether, a 
double bond and an epoxide, elements that cause them to be of considerable 
intrinsic interest. 

0- 
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Despite their intrinsic interest as well as their close relationship to the well- 
known and extensively investigated epoxides, little was known about allene oxides 
until recently. This surprising lack of investigation is due t o  their considerable 
instability and high reactivity, particularly in comparison to normal epoxides. 
However, within the last dozen years, allene oxides have been the subject of both 
theoretical and experimental attention. This chapter will provide an account and 
summary of the available data through late 1978. Separate sections will deal with 
theoretical calculations, preparation and chemistry of allene oxides. A final section 
will briefly cover the little that is known about related species such as allene 
episulphides, oxaspiropentanes, etc. 

II. THEORETICAL CALCULATIONS 

A number of quantum-mechanical calculations dealing with the C3 H 4 0  energy 
surface have appeared. The majority of these calculations deal with the  inter- 
conversions between cyclopropanone ( 2 )  and oxyallyl (3) but  several also treat 
allene oxide (1). The results of these calculations are summarized in Table 1. 

It is evident from the  data in Table 1 that with the exception of EHMO, 
calculations predict 2 to be more stable than either 1 or 3. In fact, 1 is predicted t o  
be some 6-21 kcal/mol less stable than 2. All calculaticm except EHMO also 
predict that singlet oxyallyl (3) resulting from the disrotatory ring-openingg of 2 is 
a high-energy species with some 36-232 kcal/mol above 2 and therefore higher in 
energy than even 1. 

Besides disagreemenr on the relative stabilities of these species as determined by 
the various calculational methods, there is the question of the exact mechanism of 
interconversion o r  isomerization between 1, 2 and 3. Liberles and coworkers4 * s  
consider 3 to  be an intermediate (or at least a transition state) in the known (see 
below) isomerization of 1 to 2. Although substituted oxyallyls have been post- 
ulated as intermediates9 and even as stable entities' ', the actual evidence for their 
existence is rather scant. 

A novel pathway, shown in Figure 1 and Scheme 1, for the  isomerization of 
allene oxide (1 )  t o  cyclopropanone ( 2 )  was proposed by Zandler and coworkers6 

TABLE I .  Theoretical calculations of the C, H, 0 energy surface 

Relative energies (kcal/mol)b 

Calculation' 1 2 3 Reference 

EI-I M 0 -21 0.0 -23 1 
MIND0/2 C 0.0 78 2 
INDO C 0.0 220 3 
INDO 6 0.0 23 2 4 
ab itiitio SCF 21 0.0 83 4 
M I N D 0  C 0.0 36 5 
CNDO/2 C 0.0 110 6 
MIND0/3 C 0.0 66 7 

%ee original reference for definition and details. 
bRelative to cyclopropanone (2): negative energy indicates 
greater stability than 2, positive energy indicates lower stability 
than 2 
Wo t given. 
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FIGURE 1. Contour diagram of the C N D 0 / 2  energy surface for the allene 
oxide+xallyl-cyclopropanone system. The  contour spacing is 30 kcal/mol. Reprinted with 
permission from M. E. Zandler, C .  E. Choc and C. K. Johnson, J .  Amer. Chem. Soc., 96, 
3317 (1974). Copyright by the American Chemical Society. 

The Zandler pathway primarily involves bending motions via I +. IV +. V + 111 of 
Scheme 1 for the allene oxide-cyclopropanone isomerization. Such a pathway has 
only one half the energy barrier of the pathway via 11. The lower barrier was 
suggested6 to be the result of the lower energy requirements of bond bending 
compared to bond stretching. Stabilization due to delocalization in I 1  is apparently 
insufficient to compensate for destabilization due to  bond breakage6. On the 

H 

H'/ 

scale 
drawing 

of 
planar 

projection 
I .  
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H 

SCHEME 1. Rcprinted with permission from M. E. Zdndler, C .  E. Choc and C. K. Johnson, 
J .  Anier. C ~ J C U J .  Soc., 96, 3317 (1974). Copyright by the American Chemical Society. 
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CNDO/2 energy surface, the three-membered ring is preserved intact until bending 
allows another ring to  form with minimal bond stretch (Figure 1). However, as the 
authors point out6,  the reliability of this novel isomerization mechanism is hard to 
assess since CNDO/2 is known to overestimate bond force constants causing excess 
resistance in bond stretching. Ring strain may be improperly estimated as well. It 
will be interesting to see if these results hold up  under more sophisticated ab initio 
calculations or if the pathway via oxyallyl (11) is the true theoretically predicted one 
for the allene oxide-cyclopropanone interconversion. The Zandler mechanism ver- 
sus the oxyallyl pathway may be subject to experimental verification. Rearrange- 
ment of an optically active allene oxide should result in an optically active 
cyclopropanone via the Zandler pathway, whereas it should give racemic cyclo- 
propanone via the intermediacy (or transition state) of the planar symmetrical 
oxyallyl. N o  such experimental data are available to  date. 

A semiempirical calculation has also been done on the ring-opening of substi- 
tuted cyclopropanones to the corresponding oxyallylss . Unfortunately, the cor- 
responding substituted allene oxides were not  considered. This calculation shows 
that methyl-, methoxy- and fluorine-substituted cyclopropanones undergo ring- 
opening t o  oxyallyl more readily than the parent compound but the exact magni- 
tudes of the energy differences between the appropriate isomeric cyclopropanone 
and oxyallyl are unreliable5. 

Recently, an estimate of the thermodynamic energy difference between allene 
oxide (1) and cyclopropanone (2) has been made' by means of the  appropriate 
bond dissociation energies' *. This estimate showed 2 to  be 22 kcal/mol more stable 
than the isomeric 1. This 'thermodynamic' value of 22 kcal/mol is remarkably close 
to  the 21 kcal/mol difference between 1 and 2 predicted by ab initio calculations4 
(see Table 1). Although this agreement is likely t o  be fortuitous, other indirect data 
from microwave' studies on 2 also suggest 2 to 
be the most stable isomer on the C3 H 4 0  energy surface. 

and photoelectron spectroscopy' 

I l l .  PREPARATION 

Allene oxides have been proposed as intermediates, along with cyclopropanones, in 
the Favorskii reaction' 6. As yet, no allene oxides and only a few cyclo- 
propanones have been trapped in the Favorskii reaction' '. Indeed very few allene 
oxides at  all have been isolated as stable compounds at room temperature. 

There are two main approaches t o  the synthesis of allene oxides: peracid 
oxidation of allenes and exocyclic $-elimination of an epoxide. Each of these will 
be discussed in turn together with some miscellaneous methods. 

A. Peracid Oxidation of Allenes 

would seem the logical and simplest entry into allene oxides (equations 1 and 2). 
Analogously to  normal epoxidation of olefins via peracids, peracid oxidation 

0 
\ /  solvent \ / \ / 

C = C  -+ RC03H c-C 
/ \  ' \  

0 
\ / solvent \ / \  / 
,C=C=C + RCO,H - C-C=C 

\ / \ 
As part of an extensive investigation of epoxidation reactions, Boeseken' investi- 

gated the reaction of peracetic acid with 1 ,ldimethylallene and reported 3-acetoxy- 
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3-methyl-2-butanone but no  allene oxide as part of the products. Early Russian 
work' reported dioxidation products, albeit with meagre evidence, in the peracid 
reaction of several substituted allenes. More recently, an extensive investigation of 
peracid oxidation of various allenes has been carried out  by Crandall and 
coworkers20-25. As will be shown in Section I V  there is little doubt that  allene 
oxides are involved in many of these peracid oxidations of allenes. However, except 
in two instances they could not  be isolated as stable compounds owing to  their 
great propensity to react with nucleophiles, undergo further epoxidation t o  the 
allene dioxide and in some instances isomerize to  the corresponding cyclo- 
propan one. 

The first stable allene oxide was prepared and isolated by Camp and Greene26 
by the reaction of m-chloroperbenzoic acid with excess 1,3-di-t-butylaIlene in 
hexane (equation 3). The allene oxide 5 is a colourless liquid, stable for long 

(3) 

Bu-f 0 
m-CIC6H4COJH / \  *c'c=c=c c t-BuCH-C =CHBu-f 

(5) 
4 

r-6u4 

H 

/ 

\ hexane. 25OC 
H 

periods a t  room temperature, with spectral properties fully consistent with its 
structure26. There are two geometric isomers possible for any 1,3-disubstituted 
allene oxide, 6a and 6b. The simplicity of the NMR spectrum of 5 (CCL+), 60.98 
(s, 9H), 1.08 (s, 9H), 3.25 (s, IH), 4.82 (s, 1H) suggests that i t  is a single species but 
of unknown geometry. 

I 
R 

I 
H 

(6a) (6b) 

Reaction of 111,3-tri-t-butylallene (7) with m-chloroperbenzoic acid gave the 
stable tri-t-butylallene oxide (8)24 (equation 4). 

Bu-f  

(7 1 (8 ;  

Allene oxides 5 and 8 undoubtedly owe their considerable stability to the bulky 
t-butyl substituents that provide steric stabilization by preventing the usual (see 
below) interaction with nucleophiles. 

B. Exocyclic @-Elimination of Epoxides 

A n  elegant synthesis of allene oxides has been developed by Chan and 
coworkers2 7-30 via dehalo~i lylat ion~ * of epoxides (9) (equation 5). This approach 
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1. R L i  soc12 
Me3SiC=CH, - Me3SiC=CH2 + 

I I Me3SiCBr=CH2 2. ~ - B " C H O  * 

?-BUCHOH r-BuCH 
I 

C l  

/ SiMe3 40% CH3C03l-l CsF 
c t-BuCH=C 

AcOH. 45'C * r-BuRiMe3 C H j C N .  25OC 
CH2CI 
\ 

H CH2CI 

t-Bu 0 

H G C " ,  

(16) 

SCHEME 2. 

has the advantage that the epoxide ring is preformed by standard techniques with a 
subsequent elimination under very mild conditions t o  generate the double bond and 
hence the final allene oxides (10). This approach has been successfully applied to 
the preparation and isolation of 1-t-butylallene oxide (16) as shown in Scheme 2. 
Reaction of vinylsilane (1  1) with alkyllithium followed by pivaldehyde gave alcohol 
(12) which gave a mixture of chlorides 13 and 14 upon treatment with S0C1232. 
Epoxidation of 14 gave epoxide 15 which upon fluoride-initiated dehalosilylation 
gave the product 1630. Allene oxide (16) was formed, in 55% yield from 15, as a 
colourless liquid which is stable in dilute solutions at room temperature for 1-2 h 
followed by polymerization30. Numerous other allene oxides were prepared in situ 
via this technique and reacted with various nucleophiles as will be discussed in 
Section IV. 

C. Miscellaneous Methods 

urated carbene3 
An interesting approach to allene oxides consists of the addition of an unsat- 

(17) t o  a carbonyl group (equation 6). Such a reaction has been 

(171 

investigated by Kuo and Nye34 as well as Newman and L i a ~ ~ g ~ ~ .  Kuo and Nye34 
investigated the addition of carbene ( 1  9), obtained via deamination of the precursor 
18, to a variety of carbonyl groups resulting in diadducts (21) as shown in Scheme 
3. The diadducts (21) were postulated to arise via the addition of a second carbonyl 
group to  allene oxides (20) although no direct evidence was provided for the actual 
intermediacy of 20. Both aldehydes such as pivaldehyde and p-tolualdehyde as well 
as ketones such as acetone and acetophenone were employed as substrates in 
Scheme 33 4 .  

Completely different results were obtained by Newman and Liang3 s .  Under 
phase-transfer conditions, the carbene precursor 22 gave adducts 24 and 25 with 
isobutyraldehyde and pivaldehyde, respectively, as shown in Scheme 4. These 
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0 

I ' 0  
R'-C' 

I 
R 2  

(20)  

SCHEME 3. 

products imply insertion of the  possible intermediate carbene (23) into the alde- 
hyde C-H bond. Yet a different set of products was observed by interaction of 22 ,  
again under phase-transfer conditions, with ketones such as cyclohexanone (26), 
diethyl ketone (27)  and diisopropyl ketone (28) as shown in Scheme 5 .  Products 
29-31 imply insertion of 23 into the enol forms of the respective carbonyl 
derivatives. No allene oxide or  allene oxide derived products were observed by 
Newman and Liang3 5. The reasons for the discrepancy of the results of  K u o  and 
Nye and Newman and Liang is not clear. It may be the result of the differing modes 
of carbene generation or the different reaction conditions. It is possible that 
unsaturated carbenes may not  be involved in the reactions of Newman and Liang3 5 .  

There has been a claim made36 that tetramethylallene oxide (33) was obtained 
by the zinc-copper debromination of ketone 32 in dirnethylformamide (equation 
7). However, subsequent results have shown that the actual product was 4-iso- 
propylidene-5,5-dimethyl-2-dimethylamino-l,3-dioxolane (34) rather than 333 '. 
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C)=CHO* 

(29) 2./ 

phase 

transfer 
C H  OC = C HC H3 22 - [231 - 

\ 

SCHEME 5. 

(32) (33) 

Formally, 34 may be looked upon as a 1,3-dipolar adduct between tetramethyl- 
oxyallyl (3  : CH3 instead of H) and dimethylformamide. Whether an allene oxide is 
involved in the above reactions is a t  present unclear. 

IV. REACTIONS 

The  reactions of allene oxides generally fall in three categories: (a) further 
oxidation and formation of spiro dioxides; (b) isomerization to  cyclopropanones 
and (c) interaction with nucleophiles. The exact mode of reaction of specific allene 
oxides is highly dependent upon the substituents as well as the reaction conditions. 
Spiro dioxide formation can of course only occur under peracid or  other oxidizing 
conditions. Monosubstituted allene oxides as well as the parent compound, 1, 
generally react with nucleophiles or undergo polymerization rather than isomer- 
ization to  the corresponding cyc lop r~panones~  2. Bulky substituents such as t-butyl 
that provide steric hindrance to interaction with nucleophiles allow isomerization 
t o  cyclopropanone. For  aryl- o r  di-substituted allene oxides the rate of isomer- 
ization to  cyclopropanone is generally faster than nucleophilic attack3 *. Each of 
these reactions will now be discussed in more detail. 

A. Further Oxidation 

In the presence of peracids used to form the allene oxides from the precursor 
allenes, the former generally undergo further oxidation. The initial intermediate is 
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believed to  be a 1 ,4-dioxaspiro[ 2,2] pentane (35) that itself undergoes further 
reaction (equation 8). 

(35) 

Epoxidation of tetramethylaileneZ with peracetic acid gave 52% of 2-acetoxy- 
2,4-dimethyl-3-pentanone (see below), 39% of 2-acetoxy-4-hydroxy-2,4- 
dimethyl-3-pentanone (37), 4% of 4-hydroxy-2,4-dimethylpent- I-en-3-one (38), 3% 
tetramethyl-3-oxetanone (39) and 2% of lactone (40) as shown in Scheme 6. These 
products were rationalized via the intermediacy of the spiro dioxide 36. Proto- 
nation followed by isomerization of 36 results in 37 and 38. Acidcatalysed or 
thermal isomerization of 36 results in 39 which upon Baeyer-Villiger oxidation 
gives lactone 40. 

Similarly the spiro dioxide 43  has been invoked to  account for the observed 
Droducts in the peracid oxidation2 v 3  of 1 ,2-cyclononadiene (41) as shown in 
equation (9). In the  peracid oxidation of 2,5,! ,trimethyl-2,3-hexadiene (44), the 

spiro dioxide 45 could be isolated as a stable compound and spectrally character- 
ized (equation Reaction of 45 with HCl was shownz2 to give oxetanone 
(46) and an unsaturated ketone (47) (equation 11). The  products 46 and 47 are 

0 

(37) 
SCHEME 6. 
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0 0 

(46) (47) 

analogous to products observed in the peracid oxidation of tetramethylallene where 
the intermediate spiro dioxide could not be isolated. Hence, there is little doubt 
that spiro oxides or  diepoxides are viable reaction intermediaries or  products in the 
further reaction of the intermediate allene oxides resulting from the peracid 
treatment of certain allenes. 

B. lsomerization to Cyclopropanones 

As indicated in Section I ,  the allene oxide-cyclopropanone isomerization has 
attracted considerable theoretical as well as experimental8*' ' interest. I t  represents 
the interconversion of two highly strained small-ring systems3 9. Numerous such 
isomerizations have been observed. Perhaps the most clear-cut example is the  
isomerization of 1,3-di-t-butylallene oxide ( 5 )  to trans-2,3di-t-butylcyclo- 
propanone (48) with a t 1 1 2  of five hours at 100°C (equation 12). Similarly, peracid 

( 5 )  (48) 

oxidation of 1,l-di-t-butylallene in methylene chloride gave 2,2-di-t-butyl- 
cyclopropanone (50) as the sole product presumably via the intermediacy of the 
isomeric allene oxide 49, which could not be isolated (equation 13)23. 

Bu-t 

(49) (50) 

Other instances of allene oxide-cyclopropanone isomerization involve cases 
where neither the allene oxide nor  the cyclopropanone could be isolated under the 
reaction conditions employed, but the isomerization could nevertheless be clearly 
inferred from the isolated products and the knowns*' solution chemistry of 
cyclopropanones. The reaction of tetramethylallene with peracetic acid in methanol 
leads to, besides other products already mentioned in the previous section, 37% of 
tetramethylethylene oxide and other products that were rationalized via the isomer- 
ization of the allene oxide t o  tetramethylcyclopropanone and the subsequent 
reactions of the latter' 5. Cyclooctene epoxide obtained in the peracid oxidation of 
1 ,2-cyclononadiene was similarly rationalized' i3 8 .  Cyclopropane-derived products 
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Ar 0 Ar$i A HNu 

H CH,CI Q C H ,  H 

(51) 

0 
II 

HO Nu Ard __I ArCHzCHzCNu 

(52)  Ar = Ph,p-CH,CsH, 

Nu = OMe, EtS, PhNH 

SCHEME 7 .  

(52) were also observed30 in the reaction of 1-arylallene oxides (51) with various 
nucleophiles as shown in Scheme 7. The 1-aryl substituents in the reactions of 
Scheme 7 are essential for isomerization to occur. In the case of 1-alkyl- or 
3-aryl-allene oxides the allene oxide itself was intercepted by the nucleophiles (see 
below) prior to rearrangement to  the corresponding cyc l~propanone~ O .  Similar 
results were obtained3 in the reaction of spiroadamantylallene oxide (54) 
obtained via desilylation of 53 as shown in Scheme 8. In this case the rearranged 
cyclopropanone intermediate (55) could be trapped as the hemithioketal ( 5 6 )  by 
reaction with ethanethio13 O .  The rearrangement of 5 1 and 54 were interpreted3 as 

SCHEME 8 
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H CH2CI 

R 
I 

H2C=C=C- CH =CH2 

(59) 

CH =CH, 

Ar 0 

X = C H 2 . 0 .  

H N - C 0 2 C H 3  
H %CH, 

SCHEME 9. 

R =Me, n-Pr 

SCHEME 10. 

R = Me, Ph 

SCHEME 1 1  

evidence for an oxyallyl intermediate in the allene oxide-cyclopropanone isomer- 
ization. In  the case of 5 1  the  isomeric cyclopropanones were also trapped40 as 
Diels-Alder adducts (58) as shown in Scheme 9. 

t o  account for 
the observed cyclopentenone products ( 6 0 )  in the peracid oxidation of vinylallenes 
(59)  as shown in Scheme 10. Similarly, the allene oxide-cyclopropanone isomer- 
ization was used to explain4 the formation of 3,3-disubstituted-2-(3H)-oxepinones 
( 6 2 )  in the dye-sensitized photooxygenation via singlet oxygen of 6,6-disubstituted 
fulvenes ( 6  1 ) as shown in Scheme 1 1. 

Allene oxide-cyclopropanone isomerization was also invoked4 

C. Reaction with Nucleophiles 

Allene oxides monosubstituted by a 1- or  3-alkyl group and other sterically 
unhindered allene oxides readily undergo nucleophilic substitution with a variety of 
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nucleopliiles. The major product (53%) in the peracetic acid oxidation of tetra- 
methylallene is the acetoxyketones (63) resulting from interaction of the inter- 
mediate allene oxide with HOAc2' (equation 14). Similarly, a wide variety of 

(63) 

I-monoalkyl-substituted allene oxides (64) gave3 ketone products (65) as shown in 
equation (1 5 ) .  The reactions of 6 4  with the nucleophiles (HNu) were found to be 

0 
II HNu R o  

H hCH2 RCH(Nu)CCH, 

(64) (65) 

R = H, Me, i.Pr, r-Bu, c - C ~ H  1 1 ,  n-C10H21 
Nu =OH.  OMe, EtS.CI, PhO. PhS. PhNH 

regiospecific as demonstrated by the behaviour of isomeric allene oxides (66) 
shown in Scheme 12. Isomer 66a upon reaction with methanol gave exclusively the 
methoxyketone (67a) with none of 67b as product, whereas isomer 66b gave only 
the methoxyketone (67b) under identical conditions3 *. This regiospecificity indi- 
cates exclusive nucleophilic attack upon the 'tetrahedral carbon' of the isomeric 
epoxides (66) and also rules out a common species such as an oxyallyl or cyclo- 
propanone as the intermediate in these reactions. 

Allene oxides (64) have also been trapped by cyclopentadiene to give ketones 
(69) presumably via the intermediacy of zwitterions (68)40 (equation 16). This 
reaction further demonstrates the electrophilic nature of allene oxides. 

(64) (68) (69) 

A summary of known allene oxides, their mode of generation and major reaction 
products are given in Table 2. 

OCH3 
n-C1 OH,, 0 C H 3 0 H  I GCH - CHs(CH2)gCHCCH3 

2 I1 
0 

H 
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V. RELATED SPECIES 

To the best of our  knowledge, from a limited literature search, cumulene oxides are 
not known. Since most cumulenes are relatively thermally unstable or unstable 
towards oxygen, their oxides presumably would be too unstable to isolate. In this 
section we will discuss two species related to  allene oxides namely oxaspiropentanes 
(70) and allene episulphides (71). 

\ 

A. Oxaspiropentanes 

T o  the extent  that one normally considers the electron-rich bonds of a cyclo- 
propane as being analogous to  the x-system of a double bond, oxaspiropentanes 
(70) are related to allene oxides. Furthermore oxaspiropentanes like allene oxides 
are highly strained small-ring molecules. The strain energy of cyclopropane and its 
oxygen analogue ethylene oxide are within one kcal/mol the same a t  28 kcal/ 
mo14 3. Therefore the strain energy of oxaspiropentane is likely to be close to  the 
65 kcal/mol of strain energy in ~ p i r o p e n t a n e ~ ~ .  

Oxaspiropentanes with different alkyl and aryl substituents, as well as the parent 
compound, are readily available by the peracid oxidation of alkylidene cyclo- 
propanes developed by Crandall and coworkers4 (equation 17) and subsequently 
applied to  a large number of systems4 6-4 8. 

A second major route to  oxaspiropentanes is the reaction of sulphur ylides with 
carbonyl compounds as developed by Trost and coworkers4 9-5 ' . In particular, 
reaction of diphenylsulphonium cyclopropylylide with carbonyl compounds gave 
high yields of oxaspiropentanes (equation 18). 

0 

[>-iPh2BFz + R'CR2 I '  - '9% + Ph2S + H 2 0  + KBF, (18) 
R 2  

There are two major modes of reaction of oxaspiropentanes: Lewis or Brq5nsted 
acid catalysed rearrangement t o  cyc lobu tanone~~  5-4 and base-catalysed rearrange- 
ment t o  vinyl cyclopropanols5' isolated as the silyl ether as shown in Scheme 13. 

The oxaspiropentane-cyclobutanone rearrangement has been invoked to explain 

LiNE12 

R 2  
S C H E M E  73. 
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(73) 
SCHEME 14. 

the  formation of the spiroketone 74 in the reaction of the diazocyclopropane 72s 
as well as the ylide 73s to cyclohexanone as shown in Scheme 14. 

versatile synthetic intermediatesso y 5  . 
Finally, oxaspiropentanes, virtually unknown ten years ago, have proven t o  be 

B. Allene Episulphides 

Allene episulfides (71) are the sulphur analogues of allene oxides. To date, only 
three examples of allene episulphides are known. The first synthesis by Middletons4 
involved the reaction of bistrifluoromethyl thioketene with bistrifluoromethyl 
diazomethane t o  give thiadiazoline (75) as a stable compound. Heating of 75 at 
reflux for 24 hours gave the tetratrifluoromethylallene episulphide 76 as a stable 
colourless liquid as shown in equation ( 19). 

S 
/ \  

(76)  

shown in Scheme 15. The carbene 78 and the ylide 79 were proposed5 
intermediates in the  pyrolysis of 77 t o  give 80 as a colourless stable liquid. 

(CF3)2C=C-C(CF3)2 (19) 

The tetramethylallene episulphide 80 was prepared by vacuum pyrolysis of 77 as 
as possible 

NNHTs 

*2!L 

(77) 

(79) (80) 

SCHEME 15. 
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7-7 
877 

600--700°C 

VACUUm 
[ B S ]  - C2H4 + CS 

600--7OO'C / \  

vacuum 

(84) 

(82) 

SCHEME 16. 

Recently, the parent allene episulphide 84 has been prepared and characterized 
by flask vacuum pyrolysis of either 81  or 82 as shown in  Scheme 16, Decom- 
position of 8 1  is proposed to proceed through 83 as evidenced by the formation of 
ethylene and CS besides 84, whereas precursor 82 is proposed to  give the episulfide 
directly via a retro-Diels-Alder loss of cyclopentadiene. A microwave deter- 
mination confirms the structure of 84 with an unsually long C(sp3)-S bond of 
1.849 a. The dipole moment of 84 was found to  be 1.36 D5 6 .  Allene episulphide 
was found t o  have a gas-phase lifetime of about 3 min at room temperature and 
20 min at dry-ice temperature a t  0.05 Torrs 6 .  

Episulphide 84 can also be prepared by the pyrolyisis of 85 and 86 at 52OOC. 

Q N N ( Na I Ts 

(85) (86) 

Theoformation of 84 has been independently reportedS7 via pyrolysis of 8 7  at 
500 C and 0.5 Torr as shown in Scheme 17. The formation of 84 from 87 was 
explained via a 2xs + 2xs + 2x, cycloreversion and the intermediacy of 83. The 
observation of CZH4 and CS in the decomposition of both 81 and 87 seems 
consistent with the involvement of 83. 

- 
SCHEME 17. 
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Both experimental observations as well as thermodynamic considerations’ 
indicate that the more stable isomer is 84 rather than 83. Using appropriate bond 
energies 84 is predicted to be some 7 kcal/mol more stable than 8356. This, of 
course, is in contrast t o  the greater stability of the cyclopropanone rather than the 
allene oxide in the case of t he  oxygen analogue. The greater stability of cyclo- 
propanone compared t o  allene oxide is probably partially due t o  the strong 
172 kcal/mol bond strength of a carbonyl, whereas the analogous C=S bond is only 
129 kcal/mol thus providing less of a thermodynamic stability to the thiocyclo- 
propanone compared t o  its isomeric allene episulphide. 

VI. ACKNOWLEDGEMENT 
Financial support by Public Health Service Research Grant CA 16903-04 from 

the National Canier Institute is gratefully acknowledged. 

VII. REFERENCES 
1 .  R. Hoffman, J .  Arner. Chetn. Soc., 90, 1475 (1968). 
2. N. Bodor, M. J .  S. Dewar, A. Harget and E. Haselbach, J .  Anzer. Qzetn. Soc., 92, 3854 

(1970). 
3. J .  F. Olsen, S. Kang and L. Burnelle, J .  Mol. Striict., 9, 305 (1971). 
4. A. Liberles, A.  Greenberg and A. Lesk, J .  Arner. C/zern. Soc., 94, 8685 (1972). 
5. A. Liberles, S. Kang and A. Greenberg, J .  Org. Chetn., 38, 1922 (1973). 
6. M. E. Zandler, C. E. Choc and C. K. Johnson, J .  Atner. Chern. Soc., 96, 3317 (1974). 
7. R. C. Bingharn, M. J. S. Dewar and D. H.  Lo, J .  Atner. Chern. SOC., 97, 1302 (1975). 
8. N. J .  Turro, Acc. Chern. Res., 2, 25 (1969). 
9. H .  E. Zirnrnerinan, D. Dopp and P. S. Huyffer, J .  Atner. Chetn. SOC., 88, 5352 (1966); 

H. E. Zirnmerrnan and D. S. Crurnine, J .  Arner. C/zem. SOC., 90, 5612 (1968); T. M. 
Brcnnan and R. K. Hill. J .  Arner. Chern. Soc., 90, 5615 (1968); P. Kropp, Org. 
Phoroclzern., 1, 1 (1968). 

10. M. Fisch and F. E. Richards, J .  Arner. Cliern. Soc., 90, 1547, 1553 (1968); R. Noyori, F. 
Shiniizu, K. Fukuta, H. Takaya and Y .  Hayakawa,J. Arner. C/iern. SUC., 99, 5196 (1977). 

11. E. Block, R. E. Penn, M. D. Ennis, T. A. Owens and S. L. Yu, J .  Atner. C h n .  Soc., 100, 
7436 (1978). 

12. S. W. Benson, Chetn. Rev . ,  78, 23 ( 1  978); 69, 279 ( 1  969). 
13. J.  M. I’ochan, J. E. Baldwin and W. H. Flygarc, J .  Arner. C1iern. SOC., 91. 1896 (1969). 
14. P. C. Martino, P. B. Shcvlin and S. D. Worley, J .  Arner. Cliern. Soc., 99, 8003 ( 1  977). 
15. For ii summary of early references see A.  S. Kende, Org .  Reacrions, 11, 261 (1960). 
16. H .  0. House and W. F. Gilmore. J. Amer. Chem. SOC., 83, 3980 (1961); A. W. Fort, J .  

Arncr. Chern. Soc., 84. 2620. 2625. 4979 (1962); H. 0. House and H. W. Thompson, J .  
Org. Cfiern.. 28, 164 ( I  963); H. 0. House and G .  A. Frank, J .  Org. Cheni.. 30, 2948 
(1965); H. 0. House and F. A. Richey. J .  Org. Chenz.. 32, 2151 (1967); K. C. Cookson 
and M. J .  Nye, J .  Clieni. Soc.. 2009 (1‘365); R. C. Cookson, B. Halton, I. D. R. Stevens 
and C. T. Watts. J .  Chern. SOC. (C). 473. 928 (1967). 

17. H. k l .  Wassernian, G.  C. Clark and P. C. Turlcy, Fortschr. Chem. Forscli., 47, 73 (1974). 
18. J .  Boesekcn, Rec. Trciv. Chitn., 54, G57 (1935). 
19. V. I .  I’ansevich-Kolynda and Z.  13. Idelchik,J. Geri. C/iern. U.S.SR, 24, 1601 (1954). 
20. J .  K. Cr;indall and W. H .  Machleder, Tefrcihedrorl Lerrers, 6037 (1966). 
2 1 .  J .  K. Crandall and W. H. Machleder, J .  Arner. Chern. Soc., 90, 7292 (1968). 
22. J. K.  Crnndall, W. H. Machleder and M. J .  Thomas, J .  Atner. Cherrz. Soc., YO, 7346 

2 3 .  J .  K .  Crandall and W. H.  Machlcdcr, J .  Artier. Chetn. SOC..  90, 7347 (1968). 
24. J .  K. Crandall and W. 1-1. Machleder, J .  llercrocycl. Cherrz., 6, 777 (1969). 
25. J .  K. Crundall. W. ti .  Machlcder and S. A. Sojka, J .  Org. Clzerr~., 38, 1149 (1973). 
26. R. 1.. Conip and F. 11. Grecnr ,  J .  Arner. Chetrz. Soc., 90, 7349 (1968). 

( 1968). 



19. Allene oxides a n d  re la ted  species  879 

27. T. H. Chan, M. P. Li, W. Mychejlowskij and D. N. Harpp, Terruhedron Lerters, 3511 
(1 974). 

28. T. H. Chan, B. S. Ong and W. Mychejlowskij, Tetruhedroti Lerrers, 3253 (1976). 
29. B. S. Ong and T. H. Chan, Tetruhedron Letters, 3257 (1976). 
30. T. 1-1. Chan and B. S .  Ong, J .  Org. C/zeni., 43, 2994 (1978). 
31. For reviews and leading refcrences on dchalosilylation see: A.  W. 1'. Jarvie, J .  

Orgunomet. Hev. ( A ) ,  176 (1970); T. H. Chan, Acc. Chem. Kev.,  10, 442 (1977). 
32. T. H. Chan,  W. Mychejlowskij, B. S. Ong and D. N. Harpp, J .  Drg. Chern., 43, 1526 

(1978). 
33. For a recent review and leading references on unsaturated carbenes see: P. J. Stang, 

Cliem. Rev. ,  78, 383 (1978). 
34. Y. N. Kuo  and M. J. Nyc, Cut?. J .  Chetn., 51, 1995 (1973). 
35. M. S. Newman and W. C. Liang, J .  Org. Clletn., 38, 2438 (1973). 
36. H. M. R. Hoffmann and R. H. Smithers, Angew. Chem. (Intern Ed. Engl.), 9, 71 (1970). 
37. H. M. R. Hoffmann, K. E. Clemens, E. A.  Schmidt and R. H. Smithers, J .  Amer. Chem. 

Soc., 94, 3201 (1972). 
38. W. P. Reeves and G. G. Stroebcl, Tetruhedroti Lerfers, 2945 (1971). 
39. For a previous discussion of the allene oxidc-cyclopropanone isomerization and ii review 

of early work on allcne oxides see: F. D. Grcene, R. L. Camp, L. Kim, J. F. Pazos, D. l3. 
Sclove and C. J. Wilberson, Proc. Internut. Cotigr. Pure Appl.  Chetn., 2, 325 (1 97 1). 

40. B. S. Ong and T. H. Chang, Heterocycles, 7, 913 (1977). 
41. J .  Grimaldi and M. Bertrand, Tetmhedrorz Letters, 3269 (1 969). 
42. W. Skorianetz. K. H. Schulte-Elke and G. Ohloff, Helv. Chim. Acta,  54, 1913 (1971); N. 

Harada, S. Suzuki, H. Uda and 1.1. Ueno, J .  Anier. Cheru. Soc., 94, 1777 (1972). 
43. J. D. Cox, Terruhedroti, 19, 1175 (1963). 
44. P. v. R. Schleyer, J. E. Williams and K. R. Blanchard, J .  Anzer. Chem. SOC., 92, 2377 

45. J. K. Crandall and D. K. Paulson, J .  Org. C h i n . ,  33, 991 (1968); Tefrriheclron Lerrers, 

46. J. R. Salaun and J. M. Conia. Chem. Conitntrn., 1579 (1971); 7'erroherlrort. 30, 1413 

47. D. H. Aue, M. J. Meshishnek and D. F. Shcllhanier, Terrnhedrorr Lerrers, 4799 (1973). 
48. J .  K. Crandall and W. W. Conover, J .  Org. Chetn., 43, 3533 (1978). 
49. M. J .  Bogdanowicz and B. M. Trost, Tefrrihetlrori Leffers ,  887 (1972). 
50. B. M. Trost and M. J .  Bogdanowicz, J .  Anzer. Chern. Soc., 94, 4779 (1972). 
51. B. M. Trost and M. J .  Bogdanowicz,J. Amer. Chetn. SOC., 95, 289, 531 1, 5321 (1973). 
52. J. R. Wiseman and 14. F. Chan, J .  Arrier. Cher??. Soc., 92, 4749 ( 1  970). 
53. C. R. Johnson, G. F. Katekar, R. F. Iiuxol and E. R. Janiga, J .  Amer. Chetn. Soc., 93, 

54. W. J.  Middleton, J .  Org. Chetn., 34, 3201 (1969). 
55. A. G. Hortmann and A.  Bhattacharjya, J .  Amer. Chetn. Soc., 98, 7081 ( 1  976). 
56. E. Block, R. E. Penn, M. D. Ennis, T. A. Owens and S.-L. Yu, J .  Amer. Chetn. Soc.. 100, 

(1 970). 

2751 (1969). 

(1 974). 

3771 (1971). 

7436 (1978). 
57. E. Jongcjan: Th.  S. V. Buys, 1-1. Steinberg and Th. J. DeBoer, Rec. Truv. Chiin., 97, 214 

( 1  978). 



CHAPTER 20 

R. G. BERGSTROM 
California State University, Hayward, California, U. S. A. 

I. INTRODUCTION . . 881 
11. FORMATION OF ACETALS, KETALS AND ORTHO ESTERS . . 882 

A. Introduction . . 882 
B. Some Recent Methods . . 883 
C. Miscellaneous Preparations . . 885 

1. From olefins . . 885 
2 From organoborane derivatives . . 886 
3. From oxidations . . 887 

111. HYDROLYSIS GF ACETALS, KETALS AND ORTHO ESTERS . . 888 
A. Introduction . . 888 
B. Rate-determiningstep . . 889 

1. Detection of hemiacetal intermediates . . 889 
2 Detection of oxocarbonium ion intermediates . . 891 
3. Origin of the change in the ratedetermining step . . 895 

C.  General Acid Catalysis . . 895 
1. Evidence for concerted C-4 bond cleavage . . 895 
2. Structure-reactivity relationships . 896 
3. Secondary deuterium isotope effects . . 898 

D. Medium Effects . . 899 
1. Kinetic solvent isotope effects . . 899 
2. Salt effects . . 899 

IV. REFERENCES . . 900 

I. INTRODUCTION 

Acetals and  ketals are characterized by the presence of two  alkoxy groups (-OR) 
a t tached  t o  a carbon a tom.  Acetals ( 1 )  differ f rom ketals (2) in that  they always 
have a t  least one hydrogen a tom attached t o  the central  carbon a tom involved in 
C--0 bond  formation. Ketals are obtained by  replacing the  hydrogen a tom of the  
acetal  with an alkyl group (-R). Because o f  t h e  similarity of acetals an& ketals, it  is 
c o m m o n  to f ind  both categorized as acetals. Replacement of the  alkyl group of 2 
with  an a lkoxy group leads t o  an ortho ester (3). 
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H R R 
I I I 

I I I 
RO-C-OR RO-C-OR RO-C-OR 

R OR R 

(1 1 (2) (3) 
The corresponding sulphur compounds are known as thioacetals, thioketals 

(mercaptals) and orthothio esters. They are formed by substitution of the alkoxy 
groups in 1, 2 or 3 with mercapto groups (-SR). Mixed 0, S-acetals are also well 
known. 

Previous reviews of the preparation and chemistry of acetals, ketals and ortho 
esters have appeared. In two earlier volumes of this series Schmitz and Eichhorn' 
have written a chapter on the chemistry of acetals and ketals, and Cordes2 has 
contributed a chapter on  ortho esters. Ortho esters have also been reviewed by 
DeWolfe3 in his monograph on ortho acid derivatives. The mechanism of hydrolysis 
of acetals and related substances has been the subject of several  review^^-^ since 
1970, the most comprehensive by Cordess appearing in 1974. Since these reviews 
are so recent and readily accessible, this chapter will deal primarily with material 
published since 1973. 

We begin this review with a discussion of some recent developments in the 
synthesis of acetals, ortho esters and related substances. Mechanistic considerations 
are also included whenever they may serve to clarify conditions conducive t o  the 
formation of the compounds. It should be noted that during the last few years a 
good deal of important work on the hydrolysis of acetals has been carried out in a 
number of laboratories. Consequently, in order to bring the subject u p  to date, we 
shall devote a substantial portion of this chapter to  the hydrolysis mechanism and 
its useful implications. 

II. FORMATION O F  ACETALS, KETALS A N D  ORTHO ESTERS 

A. Introduction 

The chief methods for preparing acetals, ketals, ortho esters and their thio 
analogues have been treated adequately in the forementioned and it will 
suffice in this chapter to  give a perfunctory survey of these methods, in particular 
giving references to more recent work. 

The main methods of formation of acetals and ortho esters involve addition and 
substitution reactions. Simple acid-catalysed additions of alcohols and thiols t o  
aldehydes and ketones are of primary importance due to the wide use of this 
reaction as a method of protecting the carbonyl group by conversion to an acetal o r  
related compound. Alcohols and thiols also add readily to oxocarbonium ionsg, 
alkynes' and a,p-unsaturated ethers' t o  yield acetals and thioacetals. Ortho esters 
are products of alcohol additions t o  ketene acetals2. 

The second type of reaction involves nucleophilic substitution by an alcohol or 
thiol for a suitable leaving group attached to the central carbon of the substrate 
(equation 1). For example, addition of excess alcohol t o  imidate salts (4) gives 

ROCR,Y + RXH - ROCR,XR + YH ( 1  1 

x=o,s 
simple' 
Pinner synthesis, is restricted to  substitution by primary and secondary alcohols. 

or mixed' ' * ortho esters (equation 2). This reaction, known as the 
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+ 

//NHZX- 
RC + 2 ROH - HC(OR), + N H 4 X  (2) 
\ 

OR 

(4) 

Ortho esters may also be obtained from the action of sodium alkoxides on  
polyhalides2, as shown in equation ( 3 ) .  

R1CX3 + 3NaOR2 - R'C(OR2j3 i- 3 N a X  ( 3) 

6. Some Recent Methods 

Direct acetalization (or ketalization) of an aldehyde (or ketone) is not generally 
an obstacle in synthetic sequences. Sometimes, however, conventional methods fail 
completely o r  give low yields when the product is a strained cyclic acetal or an 
acetal of unusually low stability. Recently, successful syntheses of strained 1,3-di- 
oxacyclanes (5)  have been reported involving mixed acetal precursors' (equation 
4). After initial formation of the mixed acetal, benzene it added and exess alcohol 

R 3  R 3  
1. R ~ O H / H +  I A 

2. CgHg I I 

R3 
\ 

+ R 2 0  -A -0 -(CH2 )"-O -C-OR2 - HO-(CHZ),-OH + ,C=O 

A '  R '  
R '  

(5) 

and water are removed by azeotropic entrainment. Thermal decomposition of the 
mixed acetal gives rise to  the final cyclic acetal. 

Monomeric ( 6 )  and dimeric (7) 2,2-dimethyl- 1,3-dioxacyclanes are formed by 

Me 0 Me O-(CH2),-0 Me 

C 

Me 0 

\C' 
\ / \  \ /  
,c\ /(CH2)" 

Me / \  O-((CH2)n-O/ \Me 

( 6) (7) 

the reaction of a diol with 2,2-dimethoxypropane under the influence of an acid 
catalyst' - Dimeric cyclic ketals of ring-size 12-22 form readily by this method; 
however only monomeric cyclic ketals were isolated from 1,3-propane- and 1,4- 
butane-diol. The  dimeric cyclic ketal of butanediol could be prepared from but-2- 
yn-1,4-diol using this same method and by the oligomerization of 2,2-dimethyl- 
1,3-dioxopan' 5 .  

have recently shown that diethylene orthocarbon- 
ate (8) is a useful reagent for the conversion of ketones into their corresponding 
dioxolanes in good yield a t  room temperature (equation 5). Pyrrole-2- (9a) and 

Barton, Dawes and Magnus' 

H+ 
R'  0 0  \ 

R* F = O  + c0xo1 go (5) 
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pyrrole-3-carbaldehydes (9b) yield interesting acetals on treatment with 2,2- 
dimethyl- 1,3-propanediol in the presence of p-toluenesulphonic acid catalyst and 
dry benzene’ ’ (equation 6). 

H 

(9) (a) 2-substituted 

(b) 3-substituted 

Dimethylformamide-dialkyl sulphate adducts ( 10) react rapidly with aldehydes 
and alcohols to give acetals as products in excellent yield’ (equation 7) .  

0 
II 

OR2 ,O R 

‘N (C H3 )2  ‘OR‘ 

(: 
H-c: + R’OSO, f R’CHO i- R’OH - R’-C-H + R20S03H + HC--N(CH3)’ 

(7) 

Base-catalysed ketalization has also been observed. Newkome, Sauer and 
McClure’ showed that di-2-pyridyl ketone ( 1  1) could be converted to  2,2-di(2- 
pyridyl) 1,3-dioxolane ( 1  2 )  in 45% yield in refluxing 2-chloroethanol with anhy- 
drous lithium carbonate added (equation 8). The reaction is believed t o  proceed 
through initial quaternization of 1 1 by 2-chloroethanol. yp c ‘ ~ ~ ~ ~ ~ H  * 0 (8 )  

(10)  

0 uo 
(11) (121 

Hall and coworkers’ O-’ have recently developed methods of preparing 
highly reactive bicyclic acetals. The syntheses require diol acetals (13) as inter- 
mediates, which undergo intramolecular acid-catalysed acetal exchange to  yield 
bicyclic acetals, as illustrated in the synthesis of 2,6dioxabicyclo[ 2.2.21 octane 
(14) (equation 9). 

HOCHZ \ /OCH3 H+/CHC13 

CHCH2CHPCH 
/ \ 

HOCH2 OCH3 

(13) (14) 
In  a similar reaction, ethyl orthoformate (15)  reacts with triols (e.g. glycerol) in 

the presence of p-toluenesulphonic acid as catalyst t o  give the corresponding 
bicyclic ortho esters in good yieldz4 (equation lo). 

HC(OEt), f HOCH2CHOHCH2OH 

0 

(10) 
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Acetals and ketals have also been recorded as products from the reaction of 
methyl orthoformate and aldehydes or ketones in the presence of acid catalysts 
such as sulphuric a ~ i d ~ ~ - ~ ~  ethanolic hydrogen chloride2 7 ,2  8 ,  p-toluenesulphonic 
acid2 9-3 , ferric chloride3 > 3  3 ,  ammonium nitrate34 9 3 5 ,  ammonium chloride3 o r  
amberlyst- 1 53 7 ,  an acidic ion exchange resin (equation 1 1 ). 

R \  ,OMe 

R R OMe 

HC(OMc)3 R 
P C 

\ ,c=o 
acid cata lyst  ’ \ (11 )  

More recently, Taylor and Chiang38 found that the reacticn proceeds most 
readily and with highest yields (> 90% for  all cases reported) when acidic mont- 
morillonite clay K-10 is used as the catalyst. 

examined a new method for the formation of thioketals: 
an aldehyde or ketone reacts spontaneously with methylthiotrimethylsilane (17) to 
give the thioketal (18) in excellent yield in the  absence of an acid catalyst (equation 
12). 

Evans and coworkers3 

E t 2 0  R!, ,SMe 
R: 

R 2  Rg \SMe 
+ O(SiMe3)2 (12) 2 MeSSi(Me)3 + ,C=O - C 

(17) (18) 

C. Miscellaneous Preparations 

functional groups other than carbonyl groups. 
The following methods are less general, and starting materials may contain 

1. From olefins 

According to Frimer4 O ,  a-hydroxyacetals (21) can be conveniently prepared by 
the action of a peracid on the corresponding vinyl ether (19) in alcoholic solvents. 
The proposed mechanism represents formation of an epoxy ether intermediate ( 2 0 )  
followed by its rapid solvolysis. The ether oxygen may be either ex@ or  endo-cyclic 
as shown in equations ( 1  3)  and (14). Yields are high and the reaction can be used 

MeOH 
“OMe 

with acid- and base-sensitive compounds. I t  is also possible to  obtain hydroxy 
spiroacetals 22 by the reaction of enol acetals with hydroxyketones in the  presence 
of ultraviolet light4 (equation 15). 
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0 
I I  

O C H Z C H ~ C C H ~  

A 
__L 

0 
I I  

H+ Go 0 
I I  + 2 CH3CCHZCHZOH - 

OCHZCHZCCH, 

MeO/ 

0 
I I  

,O C H CH CCH 3 HO, CH, 

(22) 

Griengl and Bleikolm4 v 4  report that S-alkyl-2,3-dihydrofurans (23) react with 
1,3-oxazolidines (24) in dimethyl sulphoxide in the presence of Lewis acids to give 
cyclic acetals (equation 16). 

(16) 
N q3 ‘R2 

Lewis 0”’. n - acid 

Rz/NJo 

R 3  

(23) (24) 

Simple alkenes such as cyclohexene, styrene and 1-phenyl-1-propene ( 2 6 ,  R = 
Me) undergo extremely rapid oxidative rearrangement t o  give the corresponding 
dimethyl acetals (25) and (27) by interaction with thallium ( 1 1 1 )  nitrate absorbed 
on K-10,  a readily available and inexpensive acidic montmorillonite clay, in an inert 
solvent (heptane, methylene chloride, carbon tetrachloride, toluene, d i ~ x a n e ) ~ ~  
(equations 17 and 18). 

,OMe 

0 Me 

C H E C H - R  

2. From organoborane derivatives 

Several preparations of acetals involving boron intermediates have been reported. 
Fo r  example, alkenylboronic acids (28) react with bromine4s in the presence of 
sodium methoxide and methanol t o  form the corresponding or-bromo dimethyl 
acetals (29) in good yield (equation 19). The reaction apparently proceeds through 
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MeOH /OMe + 2 Br2 + 3 NaOMe - RCHCH + B(OHI20Me + 3NaBr (19) 
R \  / H  

c=c 
-?sac 

H’ \B(oH), ir \OMe 

(28) (29) 
a methyl vinyl ether intermediate formed by the  trans elimination of boron and 
bromine from 30. 

\ /H 
R 

H / \B(OH)2 

BrllllllC - C-aOMe 

I 
0 Me 

(30) 

a-(Pheny1thio)alkylboron compounds of the type 31 are efficiently and selec- 
tively cleaved by N-chlorosuccinimide (NCS) in basic methanol t o  give the cor- 
responding monothioacetal (32) or, in the presence of excess NCS, the a ~ e t a l ~ ~  
(equation 20). The reaction is reported to be compatible with an alkene or acetal 

NCS 

RCH-6, - R-C-OMe (20) 
0 M e  CH~OHIEI~N I SP I h /ozM;e Me 

SPh 

(31) (32) 

function elsewhere in the molecule and is useful in that i t  converts an organoborane 
directly into a thioacetal under mild basic conditions. 

In an isolated example, Clive and Menchen4’ have shown that tris- 
(phenylse1eno)borane (33) converts aldehydes and ketones into selenoacetals (34) 
in good yield (equation 21). 

3. From oxidations 

have shown that certain aliphatic saturated ethers can 
be converted to acetals by electrochemical anodic substitution of hydrogen atoms 
by methoxy groups (equation 22). It was suggested that the reaction involves 

Shono and Matsumura4 

OMe 

hydrogen atom abstraction from the or-position of the ether by an anodically 
generated radical. Consequently acetal yields are observed to  be dependent on the 
reactivity-selectivity of the a-hydrogen abstraction step. 

showed that 
acetals can be converted electrochemically into ortho esters (equation 23). Again 

Extending the foregoing procedure, Scheeren and coworkers4 
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-- e * Me-!] / '  
Me0 0 

the  reaction was shown to  be dependent on  the accessibility of the hydrogen, since 
acetals with bulky g r o u ~ s  a t  the carbon atom gave low yields. 

In addition, 2-methoxy-l,4-dioxanes ( 3 6 )  have been obtained electre  
chemically5 by anodic oxidation of P-oxocarboxylate ethylene acetals (35) 
(equation 24). 

[ ) 2 R 1 C R 2 R 3 C O ~  K+ -2e [>CR16R2R3 

(351 
rearrangement I 

(36) 

Hewgill and coworkers5 t 5  have recently shown that mixtures of phenols with 
alkoxyphenols can be oxidized by silver oxide or potassium ferricyanide t o  yield 
interesting and novel trimeric spiroacetals such as 37 (equation 25). Since one pair 

Bu-t Bu-r 
I I 

OMe Bu-r 
I I 

@Bu.t + Me - 

b H  b H  

B U-t 

(37) 

of phenols can yield up  to  six trimers, separation of the  products can be a 
formidable task. 

Ill. HYDROLYSIS OF ACETALS, KETALS AND ORTHO ESTERS 

A. Introduction 

The hydrolysis of acetals, ketals and ortho esters may be generally understood in 
terms of three basic reaction stages: ( 1 )  protonation of the acetal to generate an 
oxocarbonium ion, (2)  hydrolysis of the oxocarbonium ion t o  a hemiacetal and (3) 
breakdown of the latter t o  an alcohol and an aldehyde or ketone (equations 
26-282.">S. 
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OH 
‘;-OR + H 2 0  - \C’ + H’ 
/ / \  

OR 

0 

/ \  

II 
\ /OH - C + ROH 

\OR 

Some mechanistic studies have addressed the  problem of ascertaining which 
stage in the mechanism is rate-determining, while others have investigated the 
degree t o  which proton transfer from the catalyst t o  an ether oxygen of the acetal 
(equation 26)  is sychronous with C-0 bond cleavage between this oxygen and the 
central carbon atom. Investigators have relied primarily on kinetics t o  elucidate the 
mechanistic details and for most of the  substrates studied the rate-determining step 
involved C-0 bond cleavage? T~ v 8  (equation 26) .  Usually preequilibrium protonation 
of the acetal occurs much more rapidly than C-0 bond cleavage, the hydrolysis 
being subject t o  specific acid catalysis. However, general acid catalysis has been 
observed in a number of acetals, ketals and ortho esters in which either a resonably 
stable oxocarbonium ion is formed (e.g. tropone diethyl keta15 3 5  4, or  oxygen 
basicity is suppressed (e.g. 2-(4-nitrophenoxy)tetrahydropyranS ,s 6). 

The detection of general acid catalysis implies that proton transfer must be 
involved in the rate-determining step. The nature of this involvement has presented 
interesting and challenging mechanistic questions which bear directly on the valid- 
ity of the  currently accepted general mechanism8 and are of general interest in 
physical organic chemistry. 

Until recently, essentially all kinetic studies inferred that the reaction stage 
involving formation of the oxocarbonium ion intermediate is the rate-determining 
step in the hydrolysis8. Consequently, direct kinetic studies of the latter stages of 
the reaction were not possible, although some indirect kinetic investigations have 
been reported5 7-6 O .  In the remainder of this section, we shall discuss some of the 
more recent studies which have been carried out  on acetal hydrolysis, including 
those where direct detection and study of the oxocarbonium ion and the hemi- 
acetal intermediates formed in these reactions has been possible. 

B. Rate-determining Step 

Without apparent exception experimental investigations have shown that acetals, 
ketals and or tho esters hydrolyse by similar mechanisms at high pH2l4p8, i.e. 
rate-limiting formation of the oxocarbonium ion (equation 26). On the  other hand, 
in the pH region near neutrality or  below, this conclusion may not  be justified. In 
some recent studies of acetal hydrolysis it has been possible to  detect a change in 
the rate-determining step under certain conditions. The key t o  the understanding of 
the changes in the rate-determining step comes from a consideration of the nature 
of acid catalysis on each step in the hydrolysis mechanism. Discussion of this 
important aspect of the mechanism will be postponed until the end of this section. 

1. Detection of herniacetal intermediates 

Sclialeger and coworkers6 ,6 thoroughly investigated the kinetics of hydro- 
lysis of I-methoxy-2-ethyl- 1,2-epoxybutane (38)  to form methanol and 2-ethyl-2- 
hydroxybutanal (40) (equation 29). They found that the pH-dependence of the 
rates of hydrolysis for 38 displayed a maximum at about pH 8, indicative of a 
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OH O H  OH 

(29) 
I I  I - (Et),C-CH - (Et)ZCCHO i- MeOH 

0 

Et H 
E t f t o M e  OMe I 

(38) (39) (40) 

change in the rate-determining step. In the region of the rate maximum the  reaction 
exhibited an induction period which could be accounted for by using the  standard 
rate expression for two consecutive reactions and the rate constants obtained in the 
high and low acidity regions. The authors argued that these observations lend 
support to a mechanism in which oxocarbonium ion formation is rate-determining 
a t  pN values greater than 8.0, and hydrolysis of a hemiacetal intermediate (39) 
becomes rate-limiting a t  low pH values. An alternative explanation for the change in 
rate-determining step would involve a mechanism where hydrolysis of the  oxocar- 
bonium ion has become the slow step a t  high acidity. However, theoretical and 
experimental evidence t o  be discussed below preclude this possibi!ity. 

have similarly observed that during general acid-catalysed 
hydrolysis of 2-methoxy-3,3-dimethyloxetane (41 ) (equation 30) an induction 
period occurs in the pH region 6.1-7.9. As in the preceding example, the authors 
postulated that the induction period was due  to the build-up of hemiacetal. 

Atkinson and Bruice6 

O H  Me 
I I 

I 
- HOCH2CMe2CH-OMe - HOCH,CC-CHO (30) 

Me OMe Me 

(41 1 (42) 

The exceptional behaviour of these two cyclic acetals, 38 and 41, can be 
attributed t o  relief of steric strain in the ground state63 which facilitates bond 
breaking and promotes general acid catalysis. Thus one might also expect t o  detect 
hemiacetal intermediates during hydrolysis of other acetals in which both alkoxy 
groups are unusually bulky. In search of such an acetal, Capon64 reinvestigated the 
hydrolysis reaction of benzaldehyde di-t-butyl acetal (43) (equation 3 l ) ,  originally 

p s u - t  

\-I '0 H 
-I 

(43) 

studied by Anderson and Fifeti5 and found to  be subject t o  general acid catalysis. 
He  discovered that under the conditions of aqueous buffer concentrations less than 
0.025~ and in the pH range 4.6-7.0 the  reaction of 43 showed an induction 
period. On the basis of this observation the reaction was postulated to involve 
hemiacetal intermediates. 

Very soon thereafter, Jensen and Lenz6 ti showed that hemiacetals could equally 
well be detected in a number of substituted benzaldehyde diethyl acetals. By means 
of rapid quenching experiments which utilized the fact that  hemiacetal decom- 
position is acid- and base-catalysed, whereas its formation is only acid-catalysed, 
these authors were able t o  determine [hemiacetal] /[acetall ratios at various re- 
action times. They concluded that the concentration of hemiacetal can be quite 
substantial, approaching 40% of the total substrate concentration (for p-methoxy- 
benzaldehyde) at optimum times. 
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Further important evidence for  the existence of hemiacetal intermediates in 
acetal hydrolysis has been gained by means of studies of analogous acylal hydroly- 
sis. Capon and coworkers6 selected a-acetoxy-cx-methoxytoluene (441, an acylal, as 
a model compound. In 44, the acetoxy function is a much better leaving group than 
the corresponding alkoxy group in an acetal and consequently its expulsion does 
not require acid catalysis. Since the authors found that the reaction (equation 32) 

(44) (45) 

showed general acid and general base catalysis, they postulated that the rate-deter- 
mining step in the hydrolysis was decomposition of the hemiacetal (45). This 
conclusion was further substantiated by the fact that the rate constants for 44 and 
the a-chloroacetoxy derivative were identical. In a related investigation, Capon and 
coworkers68 were able to  record the nuclear magnetic resonance spectrum of 
dimethyl hemiorthoformate (47) derived from the hydrolysis of acetoxydimethoxy 
methane (46) (equation 331, thus supplying direct spectroscopic evidence for the 
existence of the hydrogen ortho ester. 

0 

( 33) 
/OMe /OMe II 

H-C-OMe - H-C-OMe - H-C-OMe 

‘0 Ac ‘0  H 

(46) (47) 

In an earlier investigation Bladon and Forrest6 ’ treated cis-3,4-dihydroxytetra- 
hydrofuran with excess trifluoracetic anhydride and obtained a crystalline com- 
pound. The cyclic hydrogen ortho ester structure (48), was suggested, since the 0z0~CF3 0 OH 

(48) 

compound lacked a carbonyl stretching band in the solid infrared spectrum and 
displayed a proton N M R  spectrum characteristic of a cyclic structure. 

2. Detection of oxocarbonium ion intermediates 

As we have seen in the examples quoted in our preceding discussion, a change- 
over of the rate-determining step in the overall hydrolysis has allowed the detection 
and direct measurement of the rate constant for decomposition of the hemiacetal 
intermediate. In some cases i t  has also been possible t o  detect oxocarbonium ions as 
transient intermediates, again by arranging conditions such that the oxocarbonium 
ion forms more rapidly than it decays. 

studied the kinetics of hydrolysis of 
certain ketals and ortho esters, and reported that oxocarbonium ion intermediates 
could be detected spectroscopically during the reaction. These authors selected as 
model compounds for the hydrolysis studies ketals known t o  produce very stable 
oxocarbonium ions such as tropone diethyl ketal (49)s is trimethyl orthomesi- 
toate (52)54 and dialkyl ketals of 2,3-diphenylcyclopropenone (55)’ (equations 

Recently, McClelland and Ahmad’O y 7  

34-36). 
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(55) (56) (57) 

Below pH 5,  the initial ultraviolet spectra of aqueous solutions of 49 are 
identical t o  the ultraviolet spectrum obtained on dissolving in water the borofluor- 
ate salt of the ethoxytropylium ion (50). In both cases the spectrum slowly changes 
t o  that of tropone (51)  as the hydrolysis product is formed. The rate constants 
obtained following this change were identical within experimental error starting 
with either 49 or the salt 50. These spectral and kinetic observations were found to 
be concordant with a mechanism in this pH region involving rapid conversion of the 
ketal 49 to the oxocarbonium ion 5 0  and subsequent rate-limiting hydrolysis of 5 0  
t o  tropone (51).  Above pH 8.5,  formation of the ion, 50, becomes rate-limiting. 

The experimental results for 52  and 5 5  were analogous to that of 49 and support 
a similar mechanism for hydrolysis in acidic solutions. Since ions 53 and 56 are 
much less stabilized than 50, their rates of decay were found to  be significantly 
faster than that of 5 0  requiring stopped-flow techniques t o  obtain rate constants 
and spectra of the transient oxocarbonium ion intermediates. 

For oxocarbonium ions which have very high reactivity in water, i.e. very short 
life-times, their existence cannot be demonstrated by the direct methods outlined 
above. One approach to studying these ions has been to  follow the hydrolysis in 
aqueous sulphuric acid solutions where the activity of water is substantially reduced 
and consequently the reactivity of the ion is decreased7]. The results obtained in 
strong acid media are then extrapolated to water. 

Recently Young and Jencks60 have described a different approach for demon- 
strating the existence of oxocarbonium ions as intermediates in ketal hydrolysis and 
t o  estimate the life-time of the free ions. These authors examined the hydrolysis of 
acetophenone dimethyl ketals (58)  in the presence of sulphite ion, which acts as a 

I 
I 

(58) 

OMe 

Ar - C- Me 

OMe 
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trap for the intermediate oxocarbonium ion derived from 58. A detailed study of 
the  trapping and partitioning of products obtained from the acid-catalysed cleavage 
of 58 revealed that the reaction proceeds through a free solvent-equilibriated 
oxocarbonium ion intermediate. Addition of the sulphite trap did not affect the 
kinetics of the hydrolysis; therefore, trapping must occur after the rate-determining 
step. In addition the intermediate was found t o  have a sufficiently long life-time 
to react with either sulphite ion or  water. This was reflected in the ratios of the rate 
constants for reaction of the oxocarbonium with 1 M  sulphite ion ( k s )  and with 
water ( k ~  o ) ,  which were found t o  be in the range 1.3 x lo-’  to 7 x 1 0 2 .  The p+ 
value for the ratio k ~ ; o / k ~  of a series of rr- and p-substituted acetophenone 
dimethyl ketals is 1.6. This  suggested that both ~ H , O  and h-s cannot represent 
activation-controlled rate constants since t t e  substituent effects on the ratio of rate 
constants should approximately cancel ( p  == 0). This lack of insensitivity of the 
product ratio to substituent effects taken with the absolute magnitude of the rate 
ratios, indicated that rate the constant lis must represent a diffusion-controlled 
reaction of sulphite ion with the  oxocarbonium ion. 

Kresge and c o ~ o r k e r s ~ ~ - ~ ~  studied the kinetics of hydrolysis of a series of 
2-aryl-(and 2-cyclopropyl-)2-alkoxy- 1,3-dioxolanes (59  and 60) .  These compounds 

(591 (60) 

are of interest because they represent the only known examples where both 
oxocarbonium ion and hydrogen ortho ester intermediates can be detected together 
in the same reacting system. 

In dilute acid solutions (pH 4.5-7.5), the first stage of the three-stage mech- 
anism of equations (26)-(28), formation of the dioxolenium ion (61), is rate- 
limiting. Direct evidence for  the existence of 61 was provided by the detection of 

(61) 

N-hydroxybenzimidate ester products7 upon addition of hydroxylamine as an 
oxocarbonium ion trapping agent76 i7 7 .  Further evidence for rate-limiting 
expulsion of the exocyclic alkoxy group was provided by monitoring the reaction 
using a radiochemical tracer (tritium) in the exocyclic alkoxy group of 2-(2,2- 
dichloroethoxy)-2-phenyl-1,3-dioxolane. The authors found that the rate of 
expulsion of the exocyclic group was identical to  the rate of formation of the 
carboxylic ester. When a comparison is made of the rates of acid-catalysed hydro- 
lysis of the substrates containing various exocyclic groups, one finds that the rates 
depend on the nature of the leaving group. For the series of 2-alkoxy-2- 
phenyl-1,3-dioxolanes the following relative rates were reported: R = 
OCH2CHC12 : 1; OCH2rCH : 1.34; OCH2CH2C1 : 1.48; OCH2CH20Me : 2.1 1; 
OMe : 4.36; OEt : 6.60. These data clearly show that loss of the exocyclic group 
and consequently formation of the dioxolenium ion is involved in the rate- 
determining steps. 

As might be expected from the foregoing discussions, the authors observed that 
the kinetics for the hydrolysis reaction of 59 underwent a change as the pH of the 
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solution was lowered, and in regions of intermediate acidity a pronounced induc- 
tion period was observed. In hydrochloric acid solutions of low pH (<3.0), it turns 
out  that the hydronium ion catalytic coefficients ( k ~ + )  become independent of the 
nature of the exocyclic group. For  the series of six substrates which in solutions of 
high pH gave a sevenfold variation in k ~ + ,  at low pH all give carboxylic acid ester at  
the same rate ( k ~ +  = 3.0 5 0.13 x l o2  M s-'). Evidently a t  low pH the decom- 
position of the  hydrogen ortho ester ( 6 2 )  has become the slow step. 

(62) 

Dialkoxycarbonium ions have characteristic ultraviolet spectra with absorption 
maxima near 300 nm. By using a stopped-flow apparatus as a transient spectro- 
meter, Kresge and coworkers73 were able to  detect dioxolenium ions during the 
hydrolysis of some cyclic ortho esters. The absorbance of the transient dioxolenium 
ion present during hydrolysis of 2-methoxy-2-(p-methoxyphenyl)l,3-dioxolane (59;  
R = Me, X = p-OMe) in 0 . 5 ~  HC104 decayed according to first-order kinetics. The 
data yielded rate constants identical to those obtained by monitoring the formation 
of carboxylic acid ester product under the same conditions. At lower acidity 
the decay of the transient dioxolenium ion (generated from either 59 (R = Me, 
X =p-OMe) in 0 . 0 2 M  HC104 or from the corresponding amide acetal, 
2-(N,N-dimethylamine)-2-(p-methoxyphenyl)- 1,3-dioxolane), was observed t o  be 
biphasic. The initial fast portion of the decay curve could be attributed to reaction 
between water and the dioxolenium ion since the  first-order rate constants which 
were obtained from the data were of the magnitude expected for reaction of 61 
with water7' ( k  = 1.0 x lo3  s - ' ) .  

The second slower portion of the biphasic dioxolenium ion decay also yielded first- 
order rate constants which were identical t o  those obtained by monitoring the 
carboxylic acid ester product. This portion of the decay reaction was found t o  be 
acid-catalysed, but  the relationship between the observed rate constant and the acid 
concentration was not linear. It was suggested that  these experimental results are 
understandable in terms of a reaction scheme (equation 37) where the dioxolenium 
ion (61) is in equilibrium with the hydrogen ortho ester ( 6 2 )  plus a proton. 

K R  k o  + k H +  II 
61 62 + H +  * HOCH,CH,OCAr (37) 

The rate law required by this mechanism is: 

The best values of the three parameters, ko = 1.4 s- '  , k ~ +  = 7.5 x 10' M s-' and 
PKR = 1.1 for  61 ( R = M e ,  X =p-OMe), were obtained by fitting the observed 
first-order rate constants to this equation. 

Dioxolenium ion intermediates could also be detected during hydrolysis of the 
cyclopropyl derivative 60; however, only the second phase of the  decay curve could 
be discerned. For the other substituted phenyldioxolanes studied73 (59; R = OMe; 
X = p-tolyl, H, P-F, P-Cl, p-Br, m-C1 and P - N O ~ )  only weak transient dioxolenium 
ion absorbances could be detected and therefore calculation of pK, values was not 
possible. 
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3. Origin of the change in the rate-determining step 

In the preceding discussion we have encountered a number of examples of 
acetals and ortho esters which undergo a change in rate-determining step during 
hydrolysis as the acidity of the media is varied. However, in general most acetals, 
ketals and ortho esters are no t  found t o  undergo a change in rate-determining step, 
C-0 bond cleavage (equation 26) remaining as the slow step a t  all pH values. 
Kresge and coworkers73 have pointed out that normally, the third stage of the 
hydrolysis mechanism (equation 28) should always be somewhat faster than the 
first stage (equation 26), since unstable cationic intermediates (63) like those 
formed in stage 1, can be avoided in stage 3 (equation 38). Therefore, as the acidity 

0 
/OH II 

R-C-OR - R - C - O R +  R O H  
\ 
OR 

OH 

(63) 

of the media is decreased a change in rate-determining step from stage 3 t o  stage 1 
should not occur. This prediction appears t o  be fully corroborated in the case of 
acetals, ketals and or tho esters derived from aliphatic substrates. Among the 
examples which do  exhibit a change, various perturbations in the substrates can be 
recognized that  make the first stage of the hydrolysis more rapid than the third 
stage, and by virtue of the base catalysis of stage 3 allow a change as acidity is 
decreased. Some of these structural features which can cause an increase in stage 1 
have been previously noted: e.g. the highly strained c ~ c l i c ~ ' - ~ ~  and t-butyl 
a c e t a l ~ ~ ~ . ~  and acylals6 ' which contain very good 
leaving groups. In the case of aromatic dioxolanes the change in rate-determining 
step has been ascribed to the phenyl group effect78. 

and acyloxy ortho esters6 

C. General Acid Catalysis 

As we have detailed in the preceding discussion, several examples of acetals, 
ketals and ortho esters are now known which undergo a change in rate-determining 
step, providing strong direct evidence for a three-stage mechanism for  hydrolysis. 
We now direct our attention to the first stage of this acid-catalysed reaction - 
generation of the oxocarbonium ion by loss of an OR group from the substrate. 

1. Evidence for concerted C-0 bond cleavage 

For most substrates studied stage 1 involves rate-determining C-0  bond cleavage 
without accompanying buffer catalysis (A 1 mechan i~ rn )~ .  The factors which 
promote general acid catalysis in the hydrolysis of these substrates as well as much 
of the previous work in this area have recently been reviewed in detail4 p 8 .  

In cases where general acid catalysis has been established unambiguously, the 
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expulsion of the alkoxide ion from the substrate is consistent with a concerted 
process involving a transition state like 64. 

(64) 

Alternative mechanisms for general acid catalysis are unattractive. For instance, 
a stepwise mechanism (equation 39) of general catalysis can be excluded on the 

* 

(39) 
\ +  - C = O R +  ROH 

HOR 
\ /  

/ \  \C/OR+ HA / \  C / 
OR OR 

basis of several arguments’ 9 .  For this mechanism t o  satisfactorily account for the 
observed general acid catalysis, simple proton transfer must be rate-limiting. 
Acetals, ketals and ortho esters are only weakly basic, the pK, values of the 
conjugate acids varying over a range of -3.70 t o  -8.5g. Thus, protonation of these 
compounds in aqueous solution is thermodynamically very unfavourable and the 
processes should have very late transition states. Assuming that BrQnsted 
exponents, (Y and p, can be used as a measure of transition state structureg0, it 
follows that  BrQnsted plots for t he  hydrolysis would be expected to  yield &-values 
close t o  oneg ’ . However, or-values which have been determined for acetal and ortho 
ester hydrolysis are generally found to be around 0.S8. 

Secondly, the magnitude of the calculated rate constants for protonation of the 
substrate is insufficient t o  account for the observed overall rate constant for 
hydrolysis. Assuming the rate of deprotonation of the conjugate acid to  be 
diffusion-controlled, 10’ M -1  s-I , and using known pK, values of the substrates, 
the calculated rate constants for protonation are as much as 1 O5 times smaller than 
the observed rate constants. 

2. Structure-reactivity relationships 
The  general problem of concerted versus stepwise reaction pathways, such as the 

hydrolysis of acetals, ketals and or tho  esters considered here, has received consider- 
able attention recently and is still a matter of controversyg2-*’. For reactions 
which can occur by either a stepwise route o r  by a concerted route one must 
analyse reaction paths in terms of motion along more than one dimension of a 
potential energy surface. This approach, recently popularized by More O’Ferrallg ti 
and Jencksg2,  was first used by Ingold, Hughes and Shapirog g ,  recognized by 
B ~ n n e t t ~ O 9 ~ ’  in his formulation of the theory of the variable E2 transition state 
and later applied to  proton transfer reactions by Xlbery’ 2 .  Thornton has summar- 
ized these arguments as the  reacting bond rulesg3 which consider the effect of 
change in structure along the reaction coordinate (parallel effects) and effects 
perpendicular to  it (perpendicular effects). Parallel effects correspond closely t o  the 
predictions based on the Leffler-13ammondg4 i 9  postulate while perpendicular 
effects lead t o  conclusions opposite of these predictions. 

It is useful to  illustrate these structure-reactivity relationships on a three- 
dimensional potential energy contour diagram. Such a diagram (referred t o  as a 
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SOHR+ + A- SOR + HA 
I 

L 

s++ HOR+A- S++RO- +HA 

FIGURE 1. A contour map representing the potential energy surface for the fist  stage of 
acetal hydrolysis (equation 26). Path (A) represents the stepwise reaction route, while path (D) 
represents the concerted reaction route. 

More O'Ferrall-Jencks plotj  for the  first stage of hydrolysis of an  acetal o r  related 
substance is shown in Figure 1.  T h e  horizontal axis represents the  progress of proton 
transfer and the vertical axis denotes the progress of C-0 bond cleavage. Potential 
energy is the third dimension, and is represented by t h e  contour lines in the figure. 
The  starting materials, acetal (SOR) and the acid (HA), are in th? upper right-hand 
comer  of the diagram, and the products, oxocarbonium ion ( S  ), alcohol (ROH) 
and conjugate base of the catalyst (A-), are in the lower left-hand corner. Starting 
in t h e  upper right-hand corner t h e  reaction can proceed via a stepwise reaction 
mechanism along the edges of the diagram from SOR to SOHR' through transition 
state (A), followed by C-0  bond cleavage to products S . The reaction coordinate 
for the  concerted route would lie near the diagonal from SOR t o  S', avoiding the 
high-energy intermediates a t  the corners, and involves passage through transition 
state (B). 

With reference t o  the two possible pathways for hydrolysis of an acetal 
presented in Figure 1, we now consider the effect on the system of changing the  lt 
group of the substrate. Introduction of an electron-withdrawing substituent into R 
will stabilize R O  - and destabilize SOHR'. Consequently, the upper left-hand corner 
of  Figure 1 will be raised relative to the lower right-hand corner. This will induce a 
parallel shift of transition state (A)  for the stepwise process toward the destabilized 
corner (a I-lammond effect). The result will be a transition state involving more 
proton transfer and more positive charge development on the oxygen atom in SOR, 
corresponding t o  an increase in t h e  Br4nsted exponent a. On the other hand, this 
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same change in R will cause transition state (B) for the concerted pathway to  move 
toward the stabilized corner (anti-Hammond, perpendicular effect). This will result 
in measurement of lower Br$nsted &-values as the electron-withdrawing power of R 
increases. 

I t  is convenient to express the relationship between the  extent of proton transfer 
(a) and the basicity of the proton accepting site of the leaving group (pKlg) in 
terms of the interaction coefficient p x y i 9 6  of  equation (40). Since hydrolysis via a 

aa 
PXY‘ = 

concerted mechanism predicts an increase in CY with increasing basicity of the 
leaving alcohol, this corresponds t o  a positive p x y i  coefficient. A look into the 
experimental picture clearly shows tha t  anti-Hammond behaviour has been 
observed in the hydrolysis of acetals and ortho esters and in a number of other 
systems in which alcohol or water is expelled from a substrate by a concerted 
acid-catalysed pathway. For instance, Capon and Nimmog obtained an interaction 
coefficient p x y ‘  = 0.2 for the aryl oxide ion expulsion from benzaldehyde aryl 
methyl acetals, and Kresge and coworkers74 in a similar study of alcohol expulsion 
from 2-alkoxy-2-phenyl-l,3-dioxolanes obtained a value of p x Y i  = 0.08. Other 
studies include alkoxide ion expulsion from addition compounds of phthalimidium 
ion79 (px, i  = 0.07), from formaldehydeg8 ( p x Y i  = 0.09), from tosylhydrazone 
addition compounds9 ( p x y f  = 0.05) and from Meisenheimer complexes of the 
l,l-dialkoxy-2,6-dinilro-4-X-cyclohexadianate type’ O 0  ( p x y i  = 0.1 2). 

3. Secondary deuterium isotope effects 

I t  is generally believed that  the magnitude of secondary deuterium kinetic 
isotope effects can be used as a probe of transition-state structure. The secondary 
effects depend on the strengthening o r  loosening of C-H bonds which are not 
broken in the rate-determining step. In the  hydrolysis of acetals, ketals and ortho 
esters, the hybridization of the central carbon changes from sp3 to  sp2 with a 
concomitant change of the C-H bond force constants. Thus k H / k D  should reveal 
the ‘product-like’ or ‘reactant-like’ nature of the transition state. Earlier investi- 
gations of secondary deuterium isotope effects in acid-catalysed hydrolysis of 
acetals, ketals and ortho esters have been surveyed in detail by Cordes8. 

determined the a-secondary isotope effect for 
the hydrolysis of benzaldehyde ethyl phenyl acetal (65) catalysed by a series of 

Recently, Lamaty and Nguyen’ 

Ph OEt 
\ /  
C 

D’ ‘OPh 

(65 )  

acetic and cacodylic acid buffers. The reaction was found to  exhibit an a;secondary 
isotope effect+which depended on  the strength of the acid catalyst. At 25 C, k H / k D  
are: for H 3 0  , 1.045; acetic acid, 1.175; cacodylic acid, 1.190; H 2 0 ,  1.243. Thus 
these data indicate that as the strength of the cataljlsing acid decreases there is a 
shift toward a transition state that more closely resembles the carbonium ion. 

It is interesting to consider this trend in the a-deuterium isotope effect with 
reference to  a More O’Ferrall-Jencks diagram (Figure 1). If the strength of the acid 
catalyst is increased, the right-hand side of the diagram will be raised relative t o  the 
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left-hand side of  the diagram. If the reaction coordinate is diagonal this will have 
the effect of moving the position of the transition state toward the upper right- 
hand corner (Leffler-Hammond e f f e ~ t ~ ~ l ~ ~ )  and at the same time toward the 
upper left-hand comer (Thomton effect9 3). The resultant of the vectors for the 
movements will cause the reaction coordinate to move closer to  the top edge of 
the diagram and in the direction of less C-0 bond cleavage, in agreement with 
the observed isotope effects. 

D. Medium Effects 

1. Kinetic solvent isotope effects 

The kinetic solvent isotope effects resulting from a change in solvent from H2 0 
t o  D 2 0  in the hydrolysis of various acetals and ortho esters can be useful in 
studying the reaction mechanism. For the A 1 mechanism, preequilibrium proton 
transfer followed by a rate-determining reaction of the protonated substrate, the 
calculations of  Schowen' predict, and it is observed experimentallys, that 
k ~ ,  O / ~ D , O  should fall in the range 0.29-0.43. On the other hand, if the first step 
involves rate-determining proton transfer (A-SE 2) the reaction will be influenced by 
both primary and secondary isotope effects. In a rate-determining proton transfer 
from hydroliium ion to an acetal or ortho ester the maximum value of k ~ ,  o / k D ,  0 

will be around 3 since both primary and secondary effects contributelo3. Only 
primary effects are important when the proton transfer is from a molecular acid 
and values of k~ , o / k ~  0 in the neighbourhood of 7 are expected' 3 .  In cases 
where general catalysis can be detected in the  hydrolysis of acetals and ortho esters, 
the observed isotope effects fall in the range k ~ , o / k ~ , o  = 1.4-3.48*'04. Con- 
sequently, these results do not  support the A1 mechanism, nor are they large 
enough t o  be in complete agreement with a true A - S E ~  mechanism. These results 
might be interpreted as supporting esidence for the conceited process involving 
proton transfer and C-0  bond breakage occurring in the same step. This view, 
however, is in opposition to  the rule of Swain, Kuhn and Schowen' s ,  which states 
that, for proton transfers between electronegative atoms in a reaction which 
requires heavy atom reorganization, the proton lies in a completely bonded poten- 
tial well and should not give rise t o  primary hydrogen isotope effects. In other 
words, the hydrogenic motion must take place in a rapid step before or after C-0 
bond breakage. I t  follows then, that  a Br4nsted plot should have a slope Q! equal t o  
zero o r  one, contrary to what is observed experimentally (a  generally has a value 
around 0.5). 

Recently, Eliason and Kreevoy'06 attempted to resolve the question of  the 
apparent failure of the Swain-Schown rule. They have shown that application of a 
hydrogenic potential function model that has a double minium and a shallow 
central maximum leads t o  the correct prediction of the experimental results. In this 
model the transferring proton is always in a bound state, retaining zero point 
energy, while the reaction coordinate consists almost entirely of heavy atom 
motion. A similar model also has been proposed by Young and Jencks6'. 

2. Salt effects 

Kubler and coworkers examined kinetic salt effects on the hydrolysis of benzal- 
dehyde dimethyl acetal in water' O 7  and in 95% methanol-5% waterlo8. Neutral 
salts such as alkali metal and ammonium perchlorates and halides increase the rate 
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of acid hydrolysis. The ra)e enhancement showed specific cation effects in the 
order Li' < Na < K+ < NH4. According t o  the authors the observed kinetic salt 
effects could no t  be rationalized in terms of the Debye-Huckel-Brdnsted 
approach, indicating that factors other than activity coefficient changes (for 
example steric effects) are important when considering salt effects on acetal 
hydrolysis reactions. 

examined the kinetic salt effects on the acid-catalysed 
hydrolysis of some crown ether acetals (66) in dioxane-water ( G O  : 40 by volume) 
a t  25OC. 

Gold and Sghibartz' 

COvMe 0' 'H 

lo-" 
(66) 

For the series of compounds ( 6 6 )  with n = 0-3, corresponding to  acetals 
containing 5-, 8-, 11- and 14-membered rings and 2,3,4 and 5 oxygen atoms in the 
ring, respectivcly, they found that in the presence of 0 . 2 5 ~  alkali metal salts only 
a small increase in the hydrolysis rate was observed. On the other hand, alkali metal 
salts produced marked rate retardation in acetals of ring-size 17 and 20 (n = 4-5). 
They explained these results by pointing out that these latter acetals have very 
similar ring-sizes to 18-crown-6 and other cyclic polyethers which are known t o  be 
strong chelating agents of alkali metals. It is reasonable then to suppose that cation 
binding reduces the rate of hydrolysis and accounts for the observed salt effects. 

IJnlike the crown ether acetais, only small salt effects on the rate of hydrolysis 
of acyclic ether acetals 6 7  were found. 

1. 

7 -. 

3. 
4. 
5.  
6 .  
7.  

x. 
9. 

10, 

1 I .  

(67) 
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I .  INTRODUCTION 

In this review we intend t o  consider the photochemistry of only those title 
compounds where the alcohol, ether or acetal function supplies the chromophore. 
The oxygen lone-pair electrons undergo an n --f 3s Rydberg-type transition’ around 
185 nm. The photochemistry of compounds with additional chromophores that are 
excited a t  longer wavelengths, such as carbonyl or awl  substituents, is dominated 
by these chromophores. The  ‘real’ photochemistry of alcohols, ethers and acetals 
can, strictly speaking, only be studied with the saturated compounds. A less 
restrictive approach has been taken in two reviews2.j in this series. 
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Since the topic has been reviewed by us recently4 in some detail, we shall give a 
briefer and more general account here. Material that has become available in the  
meantime has been included. 

Although the carbonyl-sensitized photolysis2 9 3  of the title compounds is no t  
discussed in the present review, we are reporting briefly on  the present knowledge 
of the Hg-sensitized photolysis and the photolysis of 02-charge-transfer complexes. 
In both kinds of systems, the alcohol and ether oxygen may be involved as the  
fulcrum of the interaction. 

I I .  ABSORPTION SPECTRA. ACTINOMETRY A T  185 nm 

Saturated alcohols, ethers, and acetals start to absorb noticeably around 200 nm. 
The maximum of the first absorption band which has been attributed t o  an 
n -+ m*' or  Rydberg-type' transition lies near 185 nm. In the gas phase this first 
absorption band of alcohols is structureless whereas with ethers it usually shows 
pronounced fine structure' . The absorption coefficients of some selected com- 
pounds are compiled in Table 1. Formaldehyde dimethyl acetal' has a rather low 
extinction coefficient at  185 nm. Possibly its first absorption maximum lies well 
below 185 nm. This would correlate with i ts  comparatively high ionization 
potential' 9 .  With the  remarkable exception of 1,4-dioxane1 5 ,  the liquid-phase absorp- 
tion coefficients of ethers and acetals match those of the gas phase, at least over the 
range where both can be measured. 

With alcohols there is n o  such matching. Their absorbance at  185 nm is much 
lower in the neat liquid (e.g. e(Me0H) z .720121,  e(i-PrOH) = 3 2 2 2 ,  E ( t -  
BuOH) = 9022)  than in the gas phase (see Table 1). This is most likely due t o  
hydrogen bonding in the liquid which causes a blue shift of the absorption band, as 
is also observed with water'. In agreement with this interpretation the extinction 
coefficient of t-butanol at 185 nm increases on  dilution with saturated hydro- 
c a r b o n ~ ~ ~ - ~  5 .  At shorter wavelengths other chromophores (a + ?*) are excited. In 
this wavelength region, fine structure of the absorption bands is observed with 
alcohols as well2 6 .  

TABLE 1 .  Molar extinction coefficients (base ten, averaged) of some 
saturated alcohols, ethers, and acetals at 185 run in the gas phase 

Compound E ,  I ( M  cm-'1 Reference 

Methanol 
lsopropanol 
t-Uu tanol 

Diethyl ether 
Diisopropyl ether 
13i-t-butyl ether 
t-Butyl methyl ether 
Tetrahydrofuran 
1,4-Diosme 

I:orrnaldeliyde dimethyl acetal 
Pivalaldehyde dimethyl acetal 
I ,3-Diosolane 

- 160 - 240 
11-50 

-2000 
500 

2200 
200 - 650 

3000 

50 
400 
480 

6-  8 
6- 8 
7 

7,9-11 
7 
1 2  
9 
13, 14 
14,15 

16 
17 
18 
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In the  saturated systems considered here, the alcohol or ether chromophore is 
selectively excited a t  185 nm, a major spectral line of the  Hg low-pressure arc lamp. 
The other major spectral line of this lamp, 254 nm, is not absorbed by these 
systems, o r  does not contribute significantly to  their photolysis. At 185 nm the 
actinornetry of liquid systems is most easily accomplished using the Farkas actino- 
meter, a 5 M  aqueous ethanol solution which gives H2 with a quantum yield of 0.4. 
The Farkas actinometer has been discussed in detail elsewhere4. 

111. PHOTOLYSIS OF ALCOHOLS 

Studies have been made of the photochemistry of methanol2 6-3 3 ,  ethanol2 7 * 2 9 * 3 4 .  

isopropano12 9 3  5-3 9 ,  t - b ~ t a n o l ~ ~  y 2  9 3  * q 4  OW4 and ethylene glycol4 3 .  In  these 
systems the quantum yields of the sum of the primary processes leading t o  products 
approaches unity. Judging from the work on methanol it appears t o  make little 
difference, with respect to  the importance of the various primary processes (see 
Scheme l ) ,  whether the photolysis is carried out  in the gas phase30-33 o r  in the 
neat liquid2 7-2 9. However, considering the strong influence that nonabsorbing 
solvents exert  on  the primary processes of t - b ~ t a n o l ~ ~  i 2  this may not be generally 
true. Extensive gas-phase studies on the direct photolysis of alcohols other than 
methanol are lacking. 

Primary and secondary alcohols appear t o  show a similar photolytic behaviour 
which differs strongly from that of tertiary alcohols if t-butanol is taken as an 
example which can be generalized. 

A. Primary and Secondary Alcohols 

The most important process in the photolysis of primary and secondary alcohols 
is the scission of the O - H  bond, a bond which is the strongest in the ground state 
of these molecules. Two processes are conceivable: (i) the  homolytic scission of the 
0-13 bond (reaction 1) o r  (ii) the  elimination of molecular hydrogen (reaction 2). 

R 
I 

I 
H - c - o O ' +  H '  

R 

R 

C=O -t HZ 

R 

I 

I 

R 
I 

I 
H-C-0-H' 

R 

Liquid Gas phase3' 

1 70 *CH3 + 'OH 5.5% 
(6) 

SCHEhlE 1. 185 nm photolysis of neat methanol. 
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In methanol process (1) (reaction 3 in Scheme 1) is predominant and process (2) 
(reaction 5 in Scheme 1) is almost negligible. With increasing methyl substitution 
process (2) appears to gain a t  the cost o f  process ( 1 )  (in methanol, @(2)/4( 1 )  x 
0.09; in ethanol, @(2)/@( 1 )  1 ; in isopropanol, @(2)/@( 1) % 3). The scission of the 
C-0 bond is of minor importance (<lo%) as is the scission of the C-C bond in 
ethanol (<2%) and isopropanol(5.5%). It has been shown3' that in isopropanol the 
C-C bond is preferentially broken via elimination of molecular methane, as 
depicted in reactions (7) and ( 8 ) ,  and that methyl radicals (reaction 9) play only a 
very minor role. Also of little importance is the homolytic scission of a C-H bond. 

(7) 

( 8 )  

I 'CH, i- H - b - O H  (9) 
I 
CH3 

Such a process does not contribute t o  more than about 1570, mostly less, of all 
primary processes in the lower alcohols investigated. 

Excitation a t  wavelengths shorter than 185 nm does not bring about a drastic 
change in the gas-phase photolysis of methanol? 6 .  Below a threshold of 130 nm for 
methanol and 145 nm for C2-Cq alcohols the formation of electronically excited 
OH radicals was observed44. 

B. Tertiary Butanol 

It appears that with the primary and secondary alcohols the excitation of the 
oxygen lone pair activates above all the oxygen-hydrogen bond. However, this is 
n o  longer true in neat t-butanol (Scheme 2). Homolytic scission of the 0-H bond 
appears not to occur. Instead 0-H bond scission occurs via two molecular modes: 

'CH, t CH,- COH - C H ~  pr 
35% 1 

O H  
10% 

SCHEME 2. 185 nm photolysis of neat f-butano14 I .  



21. The photochemistry of saturated alcohols, ethers and ace‘tals 907 

(i) intramolecular epoxide formation (reaction 13), and (ii) intermolecular ether 
formation (reaction 14)40*41.  

with isopropanol and 
s-butanol but not with ethanol, n-propanol, n-butanol and isobutanol. The  most 
likely ground-state conformation in the primary alcohols does not favour epoxide 
formation, whereas the Newman projections show that there is a likelihood of such 
an interaction in isopropanol and in t-butanol. The primary and secondary alcohols 

A process similar t o  reaction ( 13) has also been observed3 

H H  

n-Propanol lsopropanol r-Butanol 

could also, in principle, undergo a reaction similar to  that depicted in reaction (14). 
The corresponding products, however, were not observed. I f  the  connection 
happens to be made to the hydroxyl-bearing carbon atom, one expects not to  see 
the product, which as a hemiacetal is unstable, and the process therefore would be 
indistinguishable from reaction ( 6 ) .  

In the case of t-butanol the scission of a C-C bond is dominant (67%). This is 
strictly true only for the neat liquid. On dilution with a hydrocarbon such as 
cyclohexane the importance of C-C bond breakage drops and that of O - H  scission 
rises drastically. An  attempt to  correlate this effect with changes in the degree of 
association has been only partially successful2 5 .  The present state of knowledge is 
insufficient to theoretically predict the photolytic behaviour of these simple mole- 
cules, even when they exist isolated in the gas phase, and there is a still lesser 
chance to explain such strong solvent effects, considering that the quantum energy 
is about 200 kJ rno1-l above the dissociation energy of any of the bonds involved, 
and that the energy changes due to  hydrogen bonding are only a few kJ. All these 
strong effects must result from minute alterations in the structure of the excited 
state. 

C. Alkoxide Ions 

Alkoxide ions absorb light a t  longer wavelengths than do  the alcohols them- 
selves, and in liquid ammonia electrons are ejected at 254 as well as 3 16 nm with 
quantum yields of unity4S (reaction 17). In liquid ammonia the electrons become 
solvated and are detected by their blue colour. 

117) 
h 11 

€to- - €to’ + e;ol, 

IV. PHOTOLYSIS OF ETHERS 

A. Acyclic Ethers 

In the photolysis of saturated acyclic ethers at 185 nm in the liquid 
phase9 2 ,46-49 the major process is the scission of a C-0 bond. This scission can 
proceed by homolysis or via a molecular process, the latter being indistinguishable 
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52% 

30% 
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. 

82% 

8.5% 

2% 

1% 

3.5% 

10.5% 

4.5% 

3% 

SCHEME 3. 185 nm photolysis of r-butyl methyl ether9. 

from cage disproportionation reactions. A typical example is the photolysis of 
t-butyl methyl ether. Its primary processes are depicted in Scheme 3. In general, the  
homolytic scissions predominate over the molecular processes (cf. t-butyl methyl 
ether9,  diethyl ether4 and methyl n-propyl ether4 7 ) .  The reverse is the case with 
di-t-butyl ether' z .  Other reactions than those involving the oxygen in one way or 
other are negligible by comparison (see Scheme 3 and cf. Keference 4). 

Asymmetrically substituted ethers split the C-0 bonds with different prob- 
abilities (reactions 25 and 26). Because of the high hydrogen-abstracting power of 
the alkoxyl radicals ( R '  0' and R 2 0 ' )  these radicals are rapidly converted into the 
corresponding alcohols (R'  OH and R 2 0 H ) .  The quantum yields of the alcohols are 
an approximate measure of the primary processes (25) and (26), approximate only 
in so far as molecular processes such as reaction ( 2 0 )  in Scheme 3 also contribute to 
the formation of alcohols. Table 2 gives a compilation of data presently available. 
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TABLE 2. UV photolysis ( h  = 185 nm) of liquid ethers (R'-0-R' ). 
Quantum yields of alcohols 

@(R'  -OH) Q(R2 -OH) Reference RI-0-R' 

Et-0-Et 0.46 46 
Me- 0-Pr-n 0.16 0.70 47 
Me-0-Pr-i 0.16 0.40 4 
Me- 0- Bu-ti 0.08 0.44 4 
Me-0-Bu-t 0.41 0.20 9 
t- BU - 0- Bu-t 0.84 12 
Et- 0-Pr-n 0.3 1 0.28 4 
Et-0-Pr-i 0.26 0.25 4 

These data suggest that in the competition between reactions ( 2 5 )  and ( 2 6 )  the 
smaller alkyl group is split off preferentially, though t-butyl methyl ether presents 
an exception to the rule. This behaviour of t he  ether chromophore is in contrast4 
to that of the carbonyl chromophore in aliphatic ketones, where the large alkyl 
group is preferentially eliminated in the a-cleavage process. No theoretical studies 
are yet available that  could interpret the photolytical behaviour of the ethers. 

The photolysis of acyclic ethers in the gas phases0-s2 is probably4 mechanistic- 
ally similar t o  that  in the liquid phase. The elucidation of the primary processes on 
the basis of t he  products formed is more difficult because of the formation of 
thermally excited radicals which break down into smaller fragments. 

B. Cyclic Ethers 

The photolysis of cyclic ethers presents a more complicated picture. Here as 
well, it is the C-0 bond that is mostly cleaved. The intermediacy of a biradical has 
been suggested in the photolysis of 2,5-dimethyItetrahydrofurans where the 
cis (trans) form is converted into the trans (cis) form (reaction 39, see below). 
Similar to the  acyclic ethers where true molecular processes could not be 
distinguished from cage disproportionation reactions, the reactive intermediate 
biradical may undergo disproportionation reactions as well (e.g. reactions 42  and 
43, see below). In competition the biradical may, especially in the gas phase at low 
pressures, undergo a fragmentation by elimination of an unsaturated molecule (e.g. 
reaction 40, see below) resulting in a smaller biradical. Evidence obtained with 
t e t r a h y d r o f ~ r a n ~  indicates that molecular processes also lead to such fragment 
products. 

Table 3 comprises a selection of data obtained in the photolysis of some cyclic 
ethers in the liquid phase. These data reflect the great differences in the photolytic 
behaviour of these ethers. For oxiranes no  liquid-phase data are available. In 
oxetanes only breakdown into unsaturated molecules has been observed". In 
tetrahydrofurans 3 ,  reclosure of  the biradical and molecular breakdown into cycle- 
Propane and formaldehyde predominates, whereas in tetrahydropyran' s mainly 
the disproportionation products are observed, and breakdown into smaller fragments 
is negligible (on a further reaction see below). In the oxepanes6 system there is no 
fragmentation, In I ,4-dioxane1 only one disproportionation route (or  molecular 
Process?), i.e. tha t  leading to the unsaturated alcohol, is observed. Fragmentation, 
either via the biradical or a molecular process does not halt at the first step 
(cyclobiitane and formaldehyde) but  efficiently proceeds to ethylene and further 
formaldehyde. 

The photolysis o f  the various cyclic ethers is discussed below in more detail. 
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1. Oxiranes 

The photolysis of oxirane has been studied in the gas phaseS 7-60 only. I t  may be 
conjectured that t he  main primary photochemical event is C-0 bond scission, 
which is followed by extensive breakdown into smaller fragments (reaction 27). 
There is a strong wavelength dependeme in the pattern of primary processes6 '. 
Whereas reaction (281, the extrusion of an oxygen atom and the inverse t o  epoxide 
formation6 , is of Little importance above 174 nm, i t  plays a considerable role at 
147 nm. A t  this wavelength two  further primary processes (reaction 3 0  and 31) are 
believed60 to  set in. Much of the excess energy of reaction (28) is carried off by 
the ethylene molecule which can break down further into acetylene and hydrogen. 

185-1 78nm 174nm 147nrn 

'CH3 + 'CHO (CO 4- H') 1 1 1 

0 + H2C=CH2 (H-CGC-H + H 2 )  0.1 0.1 0.7 

H C,-,,CH~ * 

0 
0.1 0.1 

0.2 

CH2 + CH2O - - 0.2 
(31 ) 

SCHEME4. Photolysis of ethylene oxide in the gas phase. Relative importance of primary 
processes at different wavelengths6 O . 

The fate of the oxygen atom and the CH2 remains unclear. If oxygen atoms are 
generated in the singlet state they might give rise to  formaldehyde via insertion into 
an epoxide C-H bond and subsequent fragmentation. Formaldehyde is the main 
product a t  147 nm and half of it has been ascribed6' t o  reaction (32) even at  the 
comparatively low pressures ( 1  3 torr) that were employed. 

'CHO + 'H + M C H i O  + M (32) 

Another open question is that  of the fate of the oxiranyl radicals which one 
expects in this system where hydrogen atoms and methyl radicals, possibly hot, are 
formed with a substantial quantum yield. It is known that such radicals readily 
undergo fragmentation because of ring strain6 2 * 6  3 .  

The 185 nm photolysis of 2-methyloxirane ~ a p o u r ~ ~  apparently leads to  con- 
siderable primary rearrangement into propanal. Some acetone and propanal were 
thought t o  be produced via rearrangement of the 2- and 3-oxkanyl radicals. It is 
not known whether there were any hydrogen and hydrocarbons produced. 

2. Oxetanes 

The photolysis of oxetanes has been studied in the gas phase as well as in 
isooctane and aqueous solutions54. Oxetane has been reported to  give exclusively 
formaldehyde and ethylene (reaction 33) whereas 2,2-dimethyloxetane gives 
acetone and ethylene (reaction 34) as well as formaldehyde and isobutylene 
(reaction 35), @(34)/@(35) being 1.2. The conceivable ring-opened products (see 
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CH,-0' 
I 1 - H2C=CH2 + C H 2 0  
CH2-CH, 

(33) 

CHp-0' HpC=CHp + (CH3)pCO (34) 
I I 

CH3 H2C=C + CH20 
I 

(35) 

CH3 

Table 3)  were not observed (propionaldehyde) o r  not'looked for (allyl alcohol). At 
photolysis temperatures above 1 OO°C a chain-reaction sets in (reactions 36-38). 

CH-0 
I I - HzC=CHp + 'CHO 
CH 2-C Hp 

'CHO - C O  f H' (37) 

CH,-0 CH-0 
H 2 +  I I H'+ 1 I - 

CH2 -CH2 CHp-CHp 
(38) 

3. Tetrah ydro furzns 

The photolysis (A = 185 nm) of tetrahydrofuran and some of its methyl deriva- 
tives has been studied in the liquid phase53. The fact that cis(t~ans)-2,5- 
dimethyltetrahydrofuran gives the trans(cis) compound with a quantum yield of 
0.2 is good evidence that formation of a biradical by C-0 bond scission must play 
a considerable role (reaction 39). The same biradical may also be considered the 

precursor of some other products (see reactions 42 and 43, Scheme 5). Substi- 
tution of hydrogen by methyl has a strong but as yet unexplained effect on the 
primary photochemical and some of t he  subsequent processes. The most noticeable 
influence is on @(H2 ) which rises from below in 2,2,5,5-tetramethyltetra- 
hydrofuran to  0.07 in tetrahydrofuran, 0.17 in 2-methyltetrahydrofuran and ulti- 
mately to the  high value of 0.29 (0.27) in the case of truns(cis)-2,5-dimethyltetra- 
hydrofuran. Although H atoms may be involved (reaction 44) it is not  unlikely that 
in the cases where @(Mz) is very high, hydrogen results from a molecular process 
(reaction 45). A molecular process has also been postulated for the formation of 
hydrogen in the photolysis of liquid diethyl ether46. 

In the gas-phase photolysis of tetrahydrofuran6s 7 6 6  fragmentation dominates 
the other  processes, and the products are not yet thermalized, e.g. the hot cyclo- 
propane from reaction (40) gives largely propene. In the liquid-phase photolysis, 
however, the cyclopropane: propene ration is 97 : 35 3 .  In a recent gas-phase study6' 
where some deuterium-labelled tetrahydrofurans were investigated, evidence is 
presented that not only the hydrocarbon radicals methyl and/or methylene, but  
also vinyl and allyl are produced in primary processes. 
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CH2 * 
/ \ C H 2 0  + H2C-CH2 

I 

SCHEME 5. 185 nm photolysis of liquid tetrahydrofuranS3. 

4. Tetrah ydrop yran and oxepane 

The photolysis of liquid t ~ t r a h y d r o p y r a n ~  at 185 nm resembles that of tetra- 
hydrofuran. Typical products are listed in Table 3. However, there is a major 
product, 2-( 5-hydroxypenty1)tetrahydropyran ($ = 0.21 ) which appears t o  be  
formed without free radicals as intermediates (reaction 46). The mechanism of this 

0. -- C L ~ 2 ~ ~ 2 ~ ~ 2 ~ ~ 2 ~ ~ 2 ~ ~  
reaction is not known. Similar compounds also appear t o  be formed in the photo- 
lysis of t e t r a h y d r ~ f u r a n ~  

(46) 
0 

and oxepane5 6 ,  albeit with lower quantum yields. 
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There is only very little fragmentation of the presumed biradical in the tetra- 
hydropyran system, and none has been observed in the case of oxepaneS6 (see 
Table 3). 

5. 1,4-Dioxane 

1,4Dioxane presents in its photochemistry some interesting features compared 
to the cyclic ethers discussed hitherto. In the gas phase68a it shows a fairly clean 
decomposition into formaldehyde and ethylene in a ratio of about 2 : 1 (reaction 
47), with a quantum yield of ethylene near 0.9. This is also one of the main primary 
processes in the liquid phase15 (see Table 3). Similarly, the related compound 
1,4,6,9-tetraoxabicyclo[ 4,4,O] decane photolysed in cyclohexane gives ethylene 
(4 = 0.56) and ethylene glycol diformate (@ = 0.5) as the only major products6 b .  

(1 j - 2CH20 +C2H, (47)  

It has been shown6 * 'O to fluoresce in the liquid phase with a quantum yield .of 
0.03. The  fluorescence is blue-shifted on addition of saturated hydrocarbons and 
red-shifted on addition of water. In both cases the additives decrease the fluor- 
escence quantum yield. N2 O7 9 7 2  also quenches the fluorescence, more strongly 
than i t  quenches the formation of the products described above (-85% vs. -35%). 
At  the same time, nitrogen [@(N2)  X 0.61 and 2-hydroxy-1,4-dioxane are 
formed' 5 .  These results have been explained by assuming an excimer state for the 
fluorescence which is more strongly quenched by Nz 0 than is the product-forming 
state' 5 .  In both cases energy is transferred to N 2 0 ,  giving rise to oxygen atoms and 
nitrogen. The former insert into the  C-H bond of 1 ,4-dioxane giving 2-hydroxy-l,4- 
dioxane (reactions 48-5 1). 

h u  
1.4-dioxane - l,4-dioxane' (48)  

1,4-dioxane' + N,O - 1.4-dioxane + N 2 0 '  (49) 

N20*  - N 2 + 0  (50)  

0 + 1.4-dioxane - 2-hydroxy-1.4-dioxane (51, 

The photolysis of 1,4-dioxane in water appears to be quite different, with 
hydrogen being a major product. N 2 0  suppresses the formation of hydrogen, and 
nitrogen is formed instead with a quantum yield near unity. The  corresponding 
product is bidioxanyl. There are negligible amounts of 2-hydroxy- 1 ,4-dioxane1 5 .  

The prcposed mechanism involves the formation of a solvated electron in the first 
step (reaction 52)' 5 7 7 1 .  The radical cation is considered t o  rapidly lose a proton 
(reaction 53). The solvated electron reacts with the proton to  give a hydrogen atom 
(reaction 54), or with N 2 0  t o  give a hydroxyl radical (reaction 55). Both will 
abstract a hydrogen atom from 1,4-dioxane (reaction 56) .  The resulting dioxanyl 

1 ,4-dioxane0 - (1.4-dioxane) * + + e&, (52)  

( 1 . 4 - d i o x a n ~ ) ' ~  - (1.4-dioxane-H)' + H+ (53) 

e g b + H +  - H' (54)  

e & +  N,O - 'OH + N 2  i- OH- (55)  
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H'('0H) + 1.4-dioxane - H,(H,O) + (1,4-dioxane-H)' (56) 

2(1,4-dioxane-H)' - bidioxanyl (57) 

radicals combine to  bidioxanyl (reaction 57). Support for the hypothesis of the 
solvated electron as an intermediate had been drawn from the fact that N 2 0  and H' 
compete for the same species7 * . However, it has been pointed out' >7 that  the 
results could also be explained by the assumption that the excited 1,4-dioxane 
transfers an electron to the proton and to NzO such that the ratio of the rates of 
these reactions is the same as the ratio of the rates of the reactions (54) and (55). 

A variety of products was found when 1,4-dioxane was irradiated at 
254 nm73 t 7 4 .  Since 1,4-dioxane is frequently used as a solvent for photochemical 
reactions in this wavelength region the finding is clearly important. It seems 
possible, though, that one is dealing here with a decomposition sensitized by traces 
of carbonyl impurities and oxygen. The latter causes charge-transfer absorptions in 
ethers (see below). As some of its products are carbonyl compounds the decom- 
position is self-enhancing. 

V. PHOTOLYSIS OF ACETALS 

The photolytic behaviour of acyclic saturated acetals resembles that of the ethers. 
Again, C-0 bond cleavage is the major process. Scheme 6 presents the reactions of 
the simplest compound in this series, formaldehyde dimethyl acetal' 6 .  Data on 
acetaldehyde dimethyl a ~ e t a l ~ ~  and pivalaldehyde dimethyl acetal' ' are also 
available. Acetaldehyde dimethyl acetal varies in that, to  a considerable extent, 
reaction (64) seems to take place, to the possible exclusion of the molecular route 
(65), the analogue of which is thought to  play a major role in the photolysis of 

($I = 0.18) 

I I 

CH,O f OCH3 
(63) 

'CH,OCH, + 'OCH, (Q = 0.18) 

(Q = 0.13) 

.,0CH3 ,OCH; 

O W 3 .  OCH, 

H2C\ (0 = 0.041 H*+HC, 
(62) 

SCHEME 6 .  Primary processes and their quantum yields in thc 185 nm photolysis of liquid 
formaldehyde dimethyl acetall 6 .  
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CH3- CH(OCH,),' - H2C= CHOCH, + CH30H (64) 

CH3-CH(OCH3),' - CH3-COOCH3 + CH, (65) 

formaldehyde dimethyl acetal (reaction 58 in Scheme 6). In acetaldehyde dimethyl 
a ~ e t a l ~ ~  the scission of the C-C bond in a primary process is only of small 
importance (@ < 0.02). However, this process appears quite important in 
pivalaldehyde dimethyl acetal where the processes (66) and (67) together have a 
quantum yield of 0.16. 

y 3  y H 3  

CH3-&- + - 6 - H  (66) 
I I 

CH2 
I1 
I 
CH3 

CH3 OCH, 

OCH, 

CH,-C + H - C - H  

OCH, 

I 

I 
(67 

CH, OCH,' 
I I  

I 1  
CH3-C-C-H 

CH3 OCH, 

Among the cyclic acetals, 1 ,3-d io~olane '~  > 1  and 2.2-dimethyl-1,3-dioxolane' 
have been studied, the former in both the gas phase76 and the liquid phase' 8 .  The 
gas-phase photolysis leads t o  a nearly complete breakdown into small fragments 
whereas in the liquid phase some of the intermediates are thermally stabilized so 
that the reaction paths can be traced with more confidence. The scission of a C-0 
bond predominates. A mechanism is proposed in Scheme 7. As in the cyclic ethers 
the intermediacy of biradicals leads to  various fragments. C02 (9 % 0.11, and 
acetaldehyde and ethylene oxide (together @ X 0.3) are important products. The 
C 0 2  may be formed via the dioxirane intermediate or its biradical equivalent (from 
reaction 68, see Scheme 7). Dioxirane has been detected as a highly unstable 
product in the ozonization of ethylene, and found to  decompose into formic acid, 
CO and H2 0 as well as C 0 2 ,  H2 and 2 H' 7 9  7 8 .  The precursor of acetaldehyde and 
ethylene oxide is considered t o  be the biradical 'CH2 -CH2-O'. In 1,3-dioxolane 
the yield of ethylene oxide is somewhat higher (q5 = 0.18) than that of acetaldehyde 
(@ = 0.16) because reaction (71) can also give ethylene oxide. In 2,3-dimethyl-1,3- 
dioxolane, @(acetaldehyde) = 0.14 and @(ethylene oxide) = 0.12 has been found, 
possibly indicating that the biradical 'CHI -CH2 -0. rearranges to  acetaldehyde 
with a slight preference compared to  ring-closure. 

In 1,3-dioxolane a free radical-induced chain-reaction sets in (reaction 81 and 
82) which gives rise t o  ethyl formate. The radical-induced rearrangement of 1,3- 
dioxolanes and other 1,3-dioxacyclanes into esters is well known (cf. References 

Whereas the quantum yields of primary processes in the 185 nm photolysis of 
the above aliphatic acetals range from about 0.6 t o  near unity no  products were 

79-81). 

0 
\. II CH,-0 

CH,-0 

CH - (81) 

0 0 
II CH i -  0, 

CH (82) + I  / 
'H CH2-0 
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(77) 

SCHEME 7. Primary processes in the photolysis (A = 185 nm) of liquid 1,3-dioxolane (R = H) 
and 2,2dimethyl-l,3-dioxolane (R = CH,)' a .  

found in the photolysis of 2-phenyl-1,3-dioxolanea2 at 254 nm, where it absorbs 
strongly. This indicates that primary processes leading to  products must have a 
quantum yield of much less than lo-*,  considering that this compound also 
undergoes radical-induced rearrangement t o  ethyl benzoate via a chain reactiona 3. 
Likewise, the photodegradation of polyoxymethylene around 300 nm has been 
showna4 to  proceed only through sensitization, e.g. if carbonyl groups are present. 

VI.  Hg-SENSITIZED PHOTOLYSIS OF ALCOHOLS AND ETHERS 

The Hg-photosensitized decomposition ( h  = 254 nm) of alcoholss '-' O 0  and 
ethersa 9 '  ' has found considerable attention. Two possible primary processes 
have been envisioned: (i) abstraction of hydrogen by Hg*, and (ii) energy transfer 
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from Hg* to  the substrate, with ensuing decomposition. Whereas alcohols (except 
perhaps t-butano19 ), acyclic saturated etherss ' 9' ,' ' and alkanes 
(cf. Reference 1 12) fit the first hypothesis, the behaviour of vinyl ethers' 13-1 1 5  

epoxides' O 4  and sulphides (cf. Reference 1 1) agree more 
with the second, in that bonds other than those to hydrogen are cleaved, often t o  
the virtual exclusion of hydrogen production. Alcohols suffer 0-H bond cleavage, 
acyclic ethers and alkanes lose a carbon-bound hydrogen. I t  seems that a complex 
(Hg-RH)* might be the intermediate for both paths (equations 83-85). Evidence 

H g ' + R H  - ( H g . R H ) '  (83) 

, thiols' 

R' + 'HgH 

Hg + f r a g m e n t s  
( H g . R H ) '  

(84) 

(85) 

in favour of such complexes has been obtained99 3 '  ' 9 '  '-' 2 0 .  In particular, the 
lifetime of (HgCH30H)* has been determined99 a t  14  ns. (A similar complex 
(Cd-CH30H)* has been observed. The Cd-photosensitized decomposition (h = 
326 nm) apparently also proceeds via 0-H bond fission' ' . The transient 
species HgH has also been observed9 9' 2 .  Depending on whether the substrate was 
CH3 OH or CH3 OD HgH or  HgD was seen9 ', supporting conclusions drawn from 
earlier work that the simple alcohols lose hydrogen from the hydroxyl group in 
the primary process. 

A recent study' O 0  of the Hg-photosensitized decomposition of liquid methanol 
and of its aqueous solutions indicated, on the basis of isotopic labelling, that both 
oxygen- and carbon-bound hydrogen atoms are initially removed. I t  must be noted 
that this is a complicated system because Hg* forms complexes with, and de- 
composes, water as well, even though with a comparatively small quantum 
yield100. In the gas phase, the hydrogen quantum yield of methanol is 30-40 
times higher than that of water (cf. Reference 5 ) .  One expects, therefore, some 
decomposition of methanol induced by active species generated from the water. 

In acyclic ethers, the case for attack at the C-H bond has been convincingly 
presented (cf. Reference 101). Epoxides show a more complex behaviour. For 
instance, in the Hg-sensitized photolysis of trans-2,3-epoxybutane1 7 ,  methyl 
radicals play a major role, and some cis isomer was also found. The latter points 
toward a biradical intermediate. Recently it has been suggested that there maybe at 
least one biphotonic process involved in the Mg-sensitized photolysis of ethylene 
oxide' ' ' . A further cause for complexity of the mechanism is the fact that owing 
to ring strain oxiranyl radicals are prone to  ring-opening rearrangement6 .p6 3 .  

VII. PHOTOLYSIS OF 02-CHARGE-TRANSFER COMPLEXES 

Like many other compounds, ethers' 23-1  3 0  and alcohols' 2 3 9 1  on saturation 
with oxygen show a new absorption in the UV which disappears again when the 
liquid is purged with an inert gas. This absorption has been attributed to  a 
substrate-oxygen charge-transfer complex' 2 .  In diethyl ether' the  maximum 
of this absorption is at 215 nm. This CT complex is very photoactive [$(primary 
processes leading to  products) 0.5 a t  254 nml . The formation of all products can 
be accounted for if the primary process is assumed to  be the transfer of an electron 
from the ether t o  0 2  (reaction 86) followed by a number of subsequent reactions 
(87-92). The ether-02 CT complexes show a considerable absorbance even above 
260 nm, and part of the light-induced autoxidation that is observed in ethers may 
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E t OE t . . . . .O, - EtOEt'+'+ 0;- (86) 

EtOEt'+ + 0;- - CH3kHOEt i- H O j  (87) 

h, u 

CH3kHOEt + HO; - CH3CHOEt 
I 
02H 

I 
0; 

CH3kHOEt f 0, - CH,CHOEt 

- CH3COOEt + 0 2  + CH3CHOEt 
1 

2 CH3CHOEt 

OH 
I 
0; 

188) 

(89) 

2 CH3CHOEt - 2"CH3 + 2 CHOOEt + 0, 191) 
I 
0; 

CH3CHOEt + HO; - CH,COOEt + H 2 0  + 0, (92) 
I 
0; 

occur by way of such reactions. Since their products are hydroperoxides and 
carbonyl compounds which are also photoactive, the  system is self-enhancing 
Alcohol-O2 CT complexes begin t o  absorb appreciably at  shorter wave- 
lengths' 2 3 1 1  ' than do  the ether-02 CT complexes, and are therefore perhaps less 
likely t o  interfere with photochemical studies at  wavelengths usually employed. I t  
has been pointed out1 3 3  that in cases where ethanol is used as a solvent in dye 
lasers the products of the reaction, among them acetic acid, acetaldehyde and 
hydrogen peroxide' , can impair the functioning of the laser system. 
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I .  INTRODUCTION 

This chapter deals with the photochemistry of saturated organic divalent sulphur 
compounds. In a preceding volume of this series, the photochemistry of thiols has 
been reviewed', and in this respect the present chapter is supplementary. Other 
reviews touching on the subject have appeared*-'. 

The title compounds start t o  absorb at  considerably longer wavelengths than 
their oxygen analogues. Their first absorption band is assigned t o  a transition which 
has more or less n-u* nature while a t  shorter wavelengths Ryberg-type transitions 
come into play8. Spectral data of some compounds of interest are presented in 
Table 1. 
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TABLE 1. Molar extinction coefficients (base ten) of some organic divalent 
sulphur compounds near 254 nm, and some Amax values 

a b 
Compound Medium E, hl - '  cm-' (A, nm) Amax h a ,  

Vapour -80 (254)'" -230' 202' ' 
MeSH Vapour -60 (254)9 -230' ' 204' ' 

{ n-Heptane 40 (254)' ' -230' ' 196' ' EtSH 

Me, S Vapour -10 (240)' -22Oio 205" 
Et, s Vapour -30 (240)' -220' 205' O 

Vapour 17 (254)" -260' 209' ' 

Vapour 12 (254)" -260' ' 205" 

[:>o Ethanol 833 (248)' 248' 

Vapour -300 (254)' 250' 
Liquid 316 (254)' 
Vapour -310 (254)' 2559 

Me2 s, 
Et, s, 

aFirst absorption band. 
bSecond absorption band. 
'Band shows structure. 

I I .  PHOTOLYSIS OF THIOLS 

A. The General Reactions 

The photolysis of saturated thiols1i'.3-25 can be generally described by the 
primary reactions (1) and ( 2 ) .  The subsequent reactions (3)-(6) explain the major 
products: hydrogen, disulphides, alkanes and hydrogen sulphide. Although re- 
actions (1)-(6) account well for the general picture there are some variations in 

I R ' t ' S H  

H ' + R S H  - H 2 +  RS' (3) 

R S ' i -  R S '  - RSSR (41 

' R + R S H  - R H + R S '  (5  1 

'SH i- RSH - H 2 S f  RS' (6) 

detail, depending on the  nature of the substrate, the excitation wavelength and the 
medium in which the  photolysis takes place. Hg photosensitization also leads to  
both  S-13 and C--S cleavage26. 

B. Factors Changing the Relative Importance of the Primary Processes 

In the gas-phase photolysis of methanethio114 and ethanethioll the  sum of the 
quantum yields of reactions ( 1 )  and ( 2 )  is essentially unity. With increasing 
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quantum energy the contribution of reaction (2) grows. For  methanethiol, the  ratio 
(p(1)/@(2) drops from 1 3  a t  2 5 4 n m  t o  3 a t  2 1 4 n m I 4 .  A t  195 nm it is 1.718. 
Ethanethiol is similar' '. In assessing these ratios, the possibility of ho t  hydrogen 
atoms H'* being present (from reaction 1) has been taken into account14T1 5. H'* 
can mimic reaction (2) through the displacement reaction (7) (see also below). 

H" + RSH - R ' f  H2S (7) 

There is evidence that even thermalized H atoms can bring about such a displace- 
mentZ3 t 2  '. The substitution of the sulphur-bound hydrogen by deuterium con- 
siderably enhances (p(2) a t  t h e  cost of @( 1)' '. 

A suppression of reaction (2)  has been noted in liquid ethanethiol photolysed a t  
254 nm where (p( 1) was found t o  be 0.25, which value apparently represents the 
total  quantum yield of primary processes since other products were not  detected' 3 .  

C. The Secondary Processes 

Reactions (3)-(6) represent the obvious subsequent reactions of thermally 
equilibrated radicals in the  thiol system where the thiol group constitutes an 
excellent hydrogen donor. However, in reaction (1) hot  H atoms and h o t  RS' 
radicals are initially formed'4- '  ' y 2 0 ,  and there is evidence that reaction (7)  is far 
from negligible' 4-1 ' y 2  '. Such a displacement has also been postulated2 t o  occur 
in the  liquid phase where it is thought t o  involve thermal H  atom^^^.^'. The 
photolysis of liquid thiols yields H2 and H2S, their ratio depending o n  the nature 
of the thiol. In liquid t-butanethiol the ratio @(HZS)/(p(H2) 1, in the  (secondary) 
cyclohexanethiol it drops t o  -0.2S2 3 ,  and in the (primary) ethanethiol n o  H2 S 
appears to be formed a t  all' 3 .  Addition of hydrogen donors led to  a decrease in this 
ratio with increasing donor  c o n ~ e n t r a t i o n ~ ~ .  The donor (QH) is considered t o  
compete for  hydrogen atoms (reactions 8 and 9)  thus reducing the  H 2 S  and 

H'+  RSH - R ' +  H2S (8) 

H ' + Q H  - H 2 + Q -  (9) 

enhancing the H2 yield. It is reasonable t o  assume that reaction (8) involves the 
intermediate R5H2.  Similar complex radicals are formed from sulphides with 
hydroxyl (R2 SOH)2 9 ,  phenyl, hydrogen and 'SH30 b .  T h e  formation of these 
complexes is subject t o  conformational constraints3 a .  

Hot H atoms should b e  able to abstract carbon-bound hydrogen in competition 
t o  reactions (3)  and (7). However, no H D  has been found in the gas-phase photo- 
lysis of CH3SD24. In contrast, there is e.s.r. spectroscopic evidence that carbon- 
centred radicals are formed when thiols are irradiated in a rare-gas matrix at 77 KZ O. 
There seems t o  be a contradiction between these two facts which is not resolved by 
the report of the absence of dithiol from the gas-phase photolysis products of 
thiols' 4 1 1  because it can be argued that t h t  thiol radicals are converted into thiyl 
radicals in reaction (1 0).  

(10) 

There is also evidence for  hot  thiyl radicals. Ethylthiyl radicals obtained in the 
195 nm photolysis of ethanethiol decompose into methyl radicals and thioform; 
aldehyde. If thiols are photolysed at  254 nm in an organic matrix a t  77 K,  hot  RS 
radicals as well as hot H atoms are produced2'. Both mostly generate solvent 
radicals by hydrogen abstraction, rather than being thermalized. The hotness of the 
RS' is conclusively proved b y  the fact that  at  77 K only a fraction of all radicals in 
the system are RS',  most being solvent radicals. On warming the solvent radicals 

R ~ H S H  + HCH,SH - R C H ~ S H  + R C H ~ S -  
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disappear and regenerate RS' radicals. The RS' radicals are stable until the matrix 
is melted*O. Even though thermal thiyl radicals a t  room temperature are practically 
inert with respect to abstraction of aliphatic carbon-bound hydrogen atoms, they 
are known to abstract more weakly bound hydrogen3 , 3 2 .  

The usual fate of the RS' radicals is their dimerization (reaction 4 )  as the 
disproportionation/combination ratio for RS' radicals is small (-0.04 for MeSm3 
and -0.13 for EtS*34 in the gas phase and near zero for EtS' in the liquid 
phase' ). Thioformaldehyde, a conceivable disproportionation product of MeS', is 
produced in the photolysis of methaneteiol in an argon matrix, most likely from 
photolysis of the primarily generated MeS ' 9 .  

When thiyl radicals are produced in the presence of trivalent organo- 
phosphorus compounds, they are desulphurized to the  alkyl radicals (reaction 
1 1)3 5 .  Thiyl radicals add reversibly to  olefins as shown by cis-trans isornerization 

R'S'+PR; - k' + S = P R ~  (11) 

that occurs in the presence of thiy136i37 (e.g. reaction 121, and induce a chain- 
reaction (reactions 12  and 13) which can be of preparative value (cf. Reference 6). 
Further examples of reactions undergone by thiyl radicals can be found in Chapter 24. 

RS'+  HZC=CH2 RSCH,-CH; (12) 

RS - CH2- CH; + RSH - RSCH,CH, + RS' (13) 

There are conflicting statements in the literature as to  the affinity of thiyl 
radicals towards oxygen (reaction 14). The gas-phase photolysis of rnethanethiol 

R S ' + 0 2  - RSO; (14) 

near 230 and 260 nm in the presence of oxygen2 leads t o  dimethyl disulphide and 
a peroxidic compound as the  major products. The latter compound was believed to 
be hydrogen peroxide. These findings were taken to  indicate that  reaction (14) does 
not effectively compete with disulphide formation (reaction 4). However MeS 
generated at  shorter wavelengths has been found t o  react rapidly with oxygen' 8 .  

Also, the radiolysis o f  mercaptoethano12 and cysteine3 in oxygenated aqueous 
solution has shown that reaction (14) is fast, almost diffusion-controlled in these 
systems39, where i t  is in part followed by reaction (15). 

RSO; + RSH - RSOOH + RS- (151 

D. Photolysis of Thiols in Aqueous Solutions 

I n  aqueous solutions the thiols are in equilibrium with their anions [e.g. pK(SH 
of cysteine) = 8.540].  On photoexcitation the thiolates eject an electron (reaction 
16). The electrons become solvated (see Chapter 2 3 )  and .rapidly react with the 
thiols t o  give R radicals (reaction 17, see Chapter 24). RS radicals and thiolates 

(161 
h 11 RS- - R S ' + e &  

RS'+  RS. .  zz=== (RSSR) ' -  (18) 

form complexes4' (reaction 18, for details see Chapter 24), which can be easily 
monitored by their strong optical absorption near 420 n1n4 2 .  
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111.  PHOTOLYSIS OF SULPHIDES 

A. Acyclic Alkyl Sulphides 

the main if no t  the only 
process is the scission of a carbon-sulphur bond (reactions 19a and 19b). In the 

In the photolysis of acyclic alkyl sulphides' ' 9 3 4  v 4  3-4 

competition between methyl and larger alkyl groups it is the methyl radical which 
is preferentially eliminated4 3 .  In the gas-phase photolysis (A = 229 nm)  of CH3 - 
S-C2 H5, @( 19a)/+( 19 b) = 1.3 is observed4 7. This preference appears t o  parallel the 
photolytic behaviour of ethers. Whereas in the gas-phase photolysis of thiols the 
sum of the quantum yields of primary decomposition is essentially unity (see 
above), this seems to  be no  longer true with dialkyl sulphides, e.g. with dimethyl, 
ethyl methyl and diethyl sulphide a value of only about 0.5 has been foundA4. The 
absence of hydrogen cannot entirely rule out C-H bond rupture in view of the 
possible displacement reaction3' analogous to  reaction (8). The absence of 
methane in the photolysis of diethyl sulphide4* indicates that C-C bond rupture 
does not occur. 

Minor contributions of molecular processes (reactions 20 and 2 1) in the diethyl 
sulphide photolysis are possible but no t  established since the same products could 
also arise from disproportionation reactions of the radicals formed in reaction (1 9). 

h o  
CH3-CHZ-S-CzH5 - H z C = C H Z  + C2H5SH (20) 

The radicals generated in reaction (1 9 )  retain a certain amount of excess energy 
depending on the wavelength of the exciting light. Particularly in the case of MeS' 
generated from dimethyl sulphide4 this excess energy manifests itself by permit- 
ting hydrogen abstraction reactions to  occur (reaction 22). Because the excess 

MeS" + R H  - M e S H +  R '  (22) 

energy is spread over more degrees of freedom the radicals formed in the photolysis 
of diethyl sulphide4' are less hot. Similar reactions are observed in organic matrices 
at 77 K 4 9 ,  their behaviour resembling that of the thiol-containing glasses2 '. 

leads to the 
same products that are obtained in the direct photolysis. In contrast with the ethers 
and hydrocarbons, no  hydrogen is observed, and the main primary process is 
apparently reaction (23). However, one might keep in mind that alkyl displacement 
by H atoms30b can mask C--Ii bond cleavage. In diethyl sulphide there may be a 
side-reaction which could amount to  at  most 20% (reaction 24)34. 

R-S-R + Hg' - RS' + R'+ Hg ( 2 3 )  

The Hg-photosensitized decomposition o f  acyclic s ~ l p h i d e s ~ ~ * ~ ~ . ~  

B. Cyclic Sulphides 

The photolysis mechanisms of cyclic sulphides (for reviews see also References 
3, 5 and 7) strongly differ from their acyclic analogues. Major differences are also 
observed between thiiranes and thietanes, which will be separately dealt with. 
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1. Thiiranes 

by the 
reactions (25)-(30). Direct excitation leads to  the singlet excited state (reaction 

Clemens von Sonntag and Heinz-Peter Schuchmann 

The  essential mechanism of the thiirane photolysis is represented3v5 

HZC-CH2 

H 2 S +  C H E C H  

3(  ~CHz-CHz - S '  ) 

HzC=CHz + S(3P) 

deactivation 
3( 'CH,-CH,-S* ) 

(25) 

(26)  

(27) 

(28 )  

(29) 

S(3P) 4- HpC-CH2 IS\ - S2 + H2C=CHZ (30) 

25) which either decomposes into minor products hydrogen sulphide and acetylene 
(reaction 26) or mainly crosses over to the triplet state (reaction 27). The triplet 
species can decompose into ethylene and S(3P) (reaction 28), o r  be deactivated 
(reaction 29). The  excited sulphur atoms appear t o  react efficiently with thiirane, 
extracting a sulphur a tom (reaction 30). The importance of reaction (28) followed 
by reaction (30) is shewn by the high quantum yield of ethylene [@(C2H4) = 1-91. 
The existence of sulphur atoms was proved through the formation of thiiranes from 
added olefinsS1. This reaction is given by both singlet and triplet sulphur 
atoms5 l 5  3 ,  but  thiols which are produced from paraffins and excited singlet 
sulphur atoms were not detected5' .  Therefore the S atoms must be in the triplet 
state, which implies the triplet state precursor (reaction 28). This intermediate may 
have biradical character, since tetrahydrothiophene was found when ethylene had 
been addeds3 (reaction 31). I t  has been shown in a different system that S(3P)  

LJ 3('CH2-CHZ-SS') + H2C=CH2 - [3('CH2-CH2-CH,-CH,-SS.)] - 
(31) 

rapidly reacts with thiirane5 (reaction 30). Other reactive species such as hydrogen 
atoms, carbon atoms, and methyl radicals do the same (cf. Reference 55). The S2 
formed in reaction (30) can be identified by its UV absorption spectrum. A further 
reaction leading to  ethylene is possible (reaction 32). Such a reaction operates in 
the pyrolysis of thiirane' 6 i l .  The system may be even more complex since thermally 
excited thiirane generated by the addition of S(' D2) to  ethylene rearranges into 
vinylthiol with high efficiency5 6 h .  

(32) 

The photolysis of thiirane in the liquid state, neat and in hydrocarbon solutions, 
is explained similarly' '. Cp(C2 H4 ) increases with increasing thiirane concentration. 
This could be due t o  a competition between reactions (29) and (32). The maximum 
value of 0.8 for @(C2 134 is reached in neat thiirane. Considerable formation of 
polymeric products was observed in the photolysis of liquid m e t h ~ l t h i i r a n e ~  8 .  

The photolysis of tetrafluorothiirane has been reported to  show very little 

A 
H,C-CH, + 'S-CH,-CH; - z H ~ C = C H ~  + s 2  
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conversion even after prolonged irradiationS y .  The reason for this might be that the 
spectrum of the irradiating light and the absorption spectrum did not match 
sufficiently well. I t  is known that the UV absorption spectra of perfluorinated 
compounds often exhibit a marked blue-shift compared to their prototypes (cf. 
References 8 and 60). 

2. Thietanes 

(including some alkyl-substituted thiet- 
anes64*6s)  has been studied over a wide wavelength range, between 214 and 
3 13 nm. This range straddles two absorption bands. The maximum of the first is 
near 260 nm, that of the second more structured one is near 206 nm' O .  These two 
bands lead to remarkably different photochemistries. 

The results obtained using 254 and 313 nm light (first absorption band) lend 
themselves t o  interpretation more readily. The essential features of the mech- 
ankm64 consist of reactions (33)-(37). The main product is ethylene. Its 
quantum yield rises with the temperature. At elevated temperatures where the 
deactivation step (36)  is disfavoured the sum of @(34) and 1#~(37) attains unity64. 
Their ratio is larger than 1 0  : 1 in all cases6 4 .  

The photochemistry of thietane6 

(33) CH2LS hb . 
CHZ-CH, 
I I - CH2CHzCH2S' 

'CH,CH,CH,S' - H2C=CH2 + H2C=S (34) 

'C3H6SSC3H, 

deactivation 

CH2-S-S-CH2 

CH2-CH2- CH2-CH, 
'C,H~SCC,H$ - I I 

(35) 

(36) 

(37) 

The biradical hypothesis is strongly supported by the finding that suitably 
substituted thietanes on photolysis undergo cis-trans i s o m e r i z a t i ~ n ~ ~ * ~ ~  and that in 
solution propyl disulphide is produced (reactions 38 and 39). As is to  be expected, 

'cH,-cH~-cH,-s' + RH - CH,-CH,-CH,-s + R (38) 
. .  

2 C3H7S' - C3H7SSC3H7 (39) 

1,6-hexanedithiol is not formed because the biradical with its alkyl end prefer- 
entially abstracts a hydrogen atom from the substrate (reaction 38) and the 
propanethiyl radicals so formed then combine (reaction 39)6 4 .  

Propylene6 v 6  . 6 4  and cyclopropane6 have been found in small amounts and 
evidence has been presented6 2i64 that propylene is formed in a secondary reaction. 

The mechanism of the photolysis in the second absorption band appears t o  be 
more complex6 ' .  Irradiation at  214 and 229 nm produces much cyclopropane and 
propylene beside ethylene. The ratio @(C2H4)/@(c-C3H6 -I- C3H6) is near 0.7 at 
214 nm, and near 1.2 at 229 nrn6I .  In agreement with the assumption of a 
trimethylene intermediate species, the cyclopropane to propylene ratio increases 
with increasing pressure. It appears extremely unlikely that the C3 H6 hydrocarbon 
products are secondary here. The conversions reached6 were less than 1% in the 
experiments with the higher substrate pressures, and it is there that the C3H6 



930 Clemens von Sonntag and Heinz-Peter Schuchmann 

products are relatively most important. The  essential process that has been postu- 
lated61 to  explain the formation of C3H6 is reaction (40). A similar process 

(reaction 32) may occur in the photolysis of thiirane3y5 ' .  T h e  postulate of reaction 
(40) is in accordance with the observation that the sum of @(C,H4), l$(c-C3H6j and 
@(C3H6) under some conditions exceeds unity, reaching ,a value near 1.461 at a 
substrate pressure of about 1 torr and a temperature of 236 C. 

The Hg-photosensitized decomposition of thietanes has also been 
studied6 * 6 6  6 7. Its results are similar t o  those of the direct photolysis in the first 
UV absorption band. The C-S bond is cleaved t o  the biradical which then 
undergoes fragmentation, or cis-trans rearrangement and reclosure. There is some 
evidence6 for a small contribution by reaction (4 1). The alternative possibility of 
process (42) is not excluded. 

~ H ~ C H ~ C H , S '  - 'CH,-CH =CH, + HS' (41 ) 

Hg' + C3H6S - 'HgSH + 'C3H, (42) 

3. Thiolane and higher cyclic sulphides 

The photolysis of thiolane resembles that  of thietane in that  here also there is a 
strong variation in photolytic behaviour depending on whether the comp?und is 
photolysed at  254pm3 or  at  214 nm6* and that the biradical (here CH2- 
CH2 -CH2 -CH2 -S ) plays a major role as an intermediate a t  both wavelengths. 
The intermediacy of the thiapentamethylene biradical was proved through addition 
reactions with olefins3. The wavelength dependence is largely expressed in the 
change of relative abundance of products. Reactions (43) t o  (51) constitute a 
plausible mechanism with features similar to  those postulated for thiirane and 
thietane. 

CH2-C,H2 h v  

C H , - C 6  , s - 'CH~CH~CH,CH,S'  I (43) 

H2C= CH2 + 'CH2CH2S' (44) 

'CH2CHzCH; + CH,S (45) 

'CH~-(CH~),,,-S- + 'cH,-(cH,),-s' - s, + 'CH,-(CH,); + 'CH~-(CH,); (46) 

(47) 

'CH,CH,CH,CH,S' 

s, + C ~ H *  + 'cH,-(cH,); 

CH2-C(I 
'cH,-(cH,)~-s'* + 1 I ,s + CH~-(CH,),S' (48) 

CH,-CH, CHZ-CHZ 

d e a c t i v a t i o n  (49) 

(50) 

( 5 1 )  

*cH2-cyi 3 
CH,CH2CH2CH; - 2 H2C=CH2, c-C,H8 

'R' + OR2 - p r o d u c t s  

(. R' . 'R2  = a n y  radical ;  m, n = 1 o r  3) 
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Ethylene has also been observed as a product in the liquid-phase photolysis of 
thiacyclopenfane and th i acy~ lohexane~  3 ,  and ESR experiments at 77 K have given 
evidence for (CH2 ),S biradicals from these compounds6 

IV. PHOTOLYSIS OF DITHIAACETALS 

The photolysis of a few dithiaacetals' 2 * 7 1 - 7 3  has been studied and is similar to that  
of the sulphides in SO far as here too, an S-C bond is cleaved in the primary 
process. The products observed in the photolysis of 1,l-bis(methy1- 
thio) cyclohexane are cyclohexyl methyl sulphide and dimethyl disulphide. The 
formation of the latter indicates that the scission of a C-S bond (reaction 52) in an 

cH3-sQ 

CH3-S - CH3S'+ 

important primary process. The formation of cyclohexyl methyl sulphide is not as 
straightforward as the route t o  dimethyl disulphide (reaction 53) .  One might 

2CH3-S' - CH3-S-S-CH3 (53 1 

consider disproportionation reactions but  also a molecular process such as reaction 
(54). A similar process has been invoked l 2  to  explain the formation of cyclo- 

CH3-S 0 CH3-S 
H2C=S+ (54) 

hexanethion which appears to be the precursor of its dimer, the major identified 
product in the photolysis of 1,3-dithiacyclopentane-2-spiro-l '-cyclohexane (re- 
actions 55 and 56). Possibly by a process similar to  reaction (54), the photolysis of 

2s=o - ax3 (56) 

D-galactose diethyl dithioaceta17 
(reaction 57). 

yields 1-S-ethyl- 1-thio-D-galactitol in 60% yield 

HC(SEt l 2  CH2SEt 
I 

HCOH 
I 

HFOH I 
I I 

ho HOCH 
___) 1 + other products 

HOCH 

HOCH HOCH 
I 

HCOH 
I 
CH2OH 

I 

I 
I 

HCOH 

CH20H 

(57) 

V. PHOTOLYSIS OF DISULPHIDES 

The photolysis of disulphides found considerable attention' 
and has been the subject of a number of 

9' *4 *49 969 ,74-8 
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The scission of the S-S bond (reaction 58) and of a C-S bond (reaction 59) are 
the two major primary processes. There are many investigations reporting that on 

R1-S'+'S-Rz (58) 

(59b) 

excitation at wavelengths above 230 nm only reaction (58) occurs (cf. References 
13 and 80-82). However, it has also been reported that under such conditions 
methane was a product in the photolysis of dimethyl disulphides6, polarized 
isobutane and isobuteFe were detected in a photo-CIDNP study of di-t-butyl 
disulphides 5 ,  and RSS radicals were detected by ESR spectroscopy in the 254 nm 
photolysis of disulphides in an organic matrix at  low t e m ~ e r a t u r e ~ ~ .  

The rate ratio of reaction (58) over reaction (59) strongly varies with the 
wavelength of the  exciting light, C-S splitting (reaction 59) becoming increasingly 
important a t  shorter wavelengths. In the dimethyl disulphide gas-phase system 
where $(59)/@(58) has been reported to be practically nil a t  254 nmso, @(59)/d(58) 
is around 0.7 a t  185 nml s ,  whereas in its I-Ig-photosensitized decomposition5 this 
ratio is 0.25. Equally, C-S cleavage is induced by other photosensitizersg0. The 
RS' radicals formed in reaction (58) can undergo the transposition reaction 
(60) which is part of a chain-reaction. @(Me-S-S-Et) = 330 was found in the 

R'S'+ R'-S-s-R2 L R'-S-s-R' + R2-S' (60) 

cophotolysis (A - 260 nm) of dimethyl disulphide and diethyl disulphide in the 
liquid phases1. Since any other process is insignificant compared t o  the trans- 
position reaction a photostationary state can be established (reaction 6 1). For 

~ R ~ - s - s - R Z  - R'-s-s-R' + R Z - S - S - R ~  (61 1 

R1 = M e  and R2 = E t  the value of the equilibrium constant K =  
[MeSSEt] 2/[MeSSMe] [EtSSEt] has been found to be -5 in the liquid p h a ~ e ' ~ . ' ~ .  
The efficiency of the transposition diminishes rapidly as the alkyls get larger' 3 v 7  '. 

A similar transposition takes place in the presence of t h i 0 1 s ~ ~  (reactions 62-64). 

(62) 

h V  

hl? 

hu R1-S-S-R1 - 2 R1-S' 

R' -s*+  R ~ - S H  - R'-SH + R ~ - s -  (63) 

R2-S '+  R 1 - S - S - R '  R 2 - S - S - R '  + R'S' (64) 

Cleavage of the disulphide bond by radicals other than thiyl (cf. Reference 2) e.g. 
OH radicals9 , has also been observed. 
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I .  INTRODUCTION 

The  great interest in the  radiation d iemis t ry  of alcohols is reflected in the  number  
of reviews tha t  deal with th i s  topic (cf. References 1-5). Alcohols are among  the  
most polar organic compounds.  In so far as alcohols as a class are especially closely 
related to water,  which has served as t h e  main substrate for  investigating t h e  effect 
of ionizing radiation on condensed mat te r  in t h e  beginning stages of radiation 
chemistry, t he  scope of this interest is easily understandable. In comparison with 
this, e thers  have found li t t le a t ten t ion’  . T h e  material o n  the  radiolysis of alcohols 
and e txers  in aqueous solution6 is a t  least as extensive as that devoted t o  these 
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compounds in the neat state, and has contributed much to  the present knowledge 
of their free-radical chemistry. 

Most of the kinetic data are obtained using the pulse radiolysis technique7, 
where a short pulse of high-energy (>1 MeV) electrons is made to penetrate a cell 
filled with the material to  be investigated. Pulse durations of about one micro- 
second are standard conditions, but equipment delivering pulses on the nanosecond 
and picosecond time-scale is becoming increasingly widespread. The short pulses of 
ionizing radiation produce radical and ionic intermediates. Their fate can be 
monitored by following the change of the optical absorption, or of the conduc- 
tivity, to the extent that  in the course of the reaction charged species are formed or 
destroyed. I t  is recalled that a radical 'QH may be involved in hydrolytic equilibria 
(1) and (2),  and that the differently protonated forms of a radical behave as 

chemically distinct species. The conductivity technique has been increasingly used 
in the recent past and has yielded most interesting results. The accelerator may also 
be coupled with an ESR spectrometer. This in situ technique8 is usually run under 
steady-state conditions t o  identify the radicals but can also be used under pulsed 
conditions for kinetic measurements. CIDNP studies of the radiolysis of alcohols in 
aqueous solution have been reported9, and the combination of pulse radiolysis and 
polarography has been reviewed' O .  For the investigation of polymer degradation a 
light-scattering method has been used together with pulse radiolysis' . 

The present review is divided into two sections. The first one deals with the 
results obtained in the radiolysis of the neat compounds. It consists mainly of 
material on alcohols, and supplements the picture given by Bassons in a previous 
volume of this series. In the second section some emphasis is placed on the 
radiation chemistry of aqueous solutions as it is felt that its results might perhaps 
be of a more general interest. 

11. NEAT ALCOHOLS IN THE LIQUID AND SOLID STATE 

A. Energy Absorption and Primary Processes 

Ionizing radiation absorbed by matter is dissipated by ionization (reaction 3) 
and excitation processes (reaction 4). The energy is deposited at  random along the 

tracks of the energetic charged particles (in y-radiolysis these are electrons pro- 
duced mostly through the Compton effect) in  small packages called spurs. In these 
spurs, one or more ion pairs or radical fragment pairs (from reaction 5) are 

(5) 

generated from the substrate molecules, with these reactive species existing at first 
in close proximity so that their concentration within the spurs is much greater than 
in the bulk of the medium. In this respect, as well as because the spurs arestrung 
along the linear tracks, the concentration of the reactive intermediates is i nhome  
geneous (for details see References 1 2- 16). Part of the species will react with each 
other before they can escape into the bulk of the solution. Excitation energy that 

M *  - 'R' + ' R 2  
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does not lead to  chemical change within the spur may be transferred between 
substrate molecules under certain conditions and so leave the spur. Quanta of 
mobile energy o f  this kind have been termed excitons (cf. Reference 17). 

A complete radiolysis mechanism would require that the yields be known of  
reactions (3)  and (4) which precede all the other processes of chemical change. This 
information is usually not available because part of the excited substrate molecules 
are superexcited and therefore able t o  undergo reaction (6). In the gas phase, 

( 6 )  
G(ionization)? x 4 has been found for alcohols' 8 .  Because of a lowering of the 
ionization potential in the liquid compared to  the gaseous state' 9, G(ionization) 
might be somewhat higher in the liquid. As it cannot be determined directly in 
liquid alcohols, at tempts have been made to  establish it indirectly by using high con- 
centrations o f  electron scavengers such as N2 0 where G(N2 ) has been considered2 
to reflect G(scavenged electrons) (reaction 7). The results2 O are in agreement 
with the above reasoning. One has to  keep in mind, however, that excited states 
may transfer their energy t o  N 2 O  and thus also yield N2 (reaction P ) 2 1  * 2 2 .  As the  

(7) e- + N20 - N2 + 0'-  

(8) M' + N20 - M + N2 + 0 

excited states of alcohols appear to  be either very short-lived, or inefficiently to  
transfer energy to N 2 0  dissolved therein a t  atmospheric pressure (< 4% transfer 
from the lowest excited state of t-butano123), C(N2) might begin t o  be driven 
beyond G(reaction 7) at elevated N 2 0  pressure. On the other hand, sufficiently 
high electron scavenger concentrations are desirable and necessary t o  compete 
successfully against the spur reactions of the electron such as reactions (9)-( 11 1. 

23. Radiation chemistry of  alcohols and ethers 

M' - M'+ + e- 

e -  + ROH; ROH + H-  (9) 

e- + RO' RO- (10) 

(11) 
I I 

I I 
e- + C=O ' C - 0 -  

(The carbonyl compound in reaction 1 1  is formed as a molecular product; see 
below). The radiation-induced chain-reaction of N2 0 with alcohols has been shown 
to occur only at elevated temperaturesZ4 ,25 .  

The G-value of excitation is more difficult to  assess. I f  the  theory of the optical 
approximation2 *2 holds, higher excited states play a larger role than does the 
lowest one. Unfortunately, in liquid alcohols only information on the  breakdown 
of the lowest excited state is available2 (see Chapter 21). Besides straightforward 
ionization (reaction 3), ionization accompanied by a fragmentation of the radical 
cation (reaction 12) has often been considered t o  account for some products, and 

M -y- N+ + R' + e- (12) 

attempts have been made t o  correlate product formation in the liquid phase with 
mass ~ p e c t r a ~ ~ - ~  I .  In that approach data obtained at  pressures below 1 0-5 bar 
must be extrapolated to  the conditions of the liquid state, where, however, rapid 
therinalization of a vibrationally excited radical cation can occur. Electronically 
excited radical cations may behave differently, though. 

:The radiation-chemical yield 
(100 eV) 
causing.these events. 

G ,  'G-value', is defined by the equation G = N / E ;  unit: 
; N = number of species or events of whatever kind, E = radiation energy absorbed 



938 

B. Solvation of the Electron 

The electron ejected in the ionization process (reaction 3) can, after thermal- 
ization, become solvated (reaction 13). (Negative solvation clusters in the gas phase 

es; I ” (13) 

are also known3’ b ) .  If the electrons are solvated outside the so-called Onsager 
radius where its potential energy in the field of the geminate positive ion (e2/ev) 
equals its thermal energy ( k T )  (cf. Reference 321, they are called free electrons. 
Considerable effort has been spent t o  determine the yield of free electrons in 
alcohols (cf. References 33 and 34). Because the Onsager radius depends inversely 
on the dielectic constant of the medium, the free-ion yield is also a function of the 
dielectric constant (note that in condensed states the free ion yield is necessarily 
smaller than the ionization yield). For the lower alcohols G-values between 1 and 2 
have been found (for a compilation see References 4 and 35). 

I t  would exceed the scope of this article t o  extensively review the present 
knowledge about the properties of the solvated electron in alcohols (for reviews see 
References 3, 4 ,  36-43), but a brief account seems in order. In alcohols the 
solvated electron can be readily detected by its strong optical absorption peaking 
between 600 and 800nm,  and also by its ESR signal in the glassy state at  low 
temperatures, where one speaks of the trapped electron3 ,44-4 s f  Making use of the  
picosecond pulse radiolysis technique at  room temperature4 9-5 o r  by slowing 
down the solvation process through lowering the temperature and working at  the 
nanosecond or microsecond time-scale5 4-6 3 ,  the solvation of the electron can be 
followed spectroscopically. The photodisentrapment of the partially or fully sol- 
vated electrons, called photobleaching, has been used to  obtain information on  the 
different kinds of electron trap that may exist i n  a polar medium63b,64-68. During 
photobleaching alcohol radicals are formed6 via reaction ( 14) and subsequent 
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e-  + n ROH - 

e;&, 4- ROH - RO- + H’  (14) 

hydrogen abstraction by H’ (see below). At the early stages where the electron trap 
is not  yet  fully established (shallow) a strong absorption in the infrared, due t o  the  
‘presolvated’ electron, is observed which shifts t o  the visible as solvation pro- 
c e e d ~ ~ ~ * ~ : - ~ ~ .  The  broadness of the final absorption band of the solvated electron 
is considered to be due to a distribution of trap depths, or to a superposition of 
different optical transitions from the same ground ~ t a t e ’ ~ - ~ ~ .  The nature of  the 
solvation shell of the trapped electron in low-temperature glasses has also been 
studied by ESR ’. 

The solvated electron is considered t o  reside within a cavity formed by a shell of 
polarized solvent molecules. The change of the nature of this cavity with temper- 
ature or  pressure influences the optical absorption spectrum of the solvated elec- 
tron, a decrease in t e m ~ e r a t u r e ~ * ~ ~ ~  or an increase in pressures4~8s causing a 
blue-shift as the cavity is contracted (cf. References 64 and 86) or  compresseds7. 
The change with temperature has also been explained on the basis of thermal 
disorientation of the  cavity-forming dipoles88. In mixed solvents the electron tends 
to  associate with molecular aggregates of the more polar c o n s t i t ~ e n t ~ ~ - ~  as shown 
by the fact that its absorption spectrum is essentially the same as in the pure polar 
compound at concentrations of the latter of 10 mol % or even less92-9S ks 
expected, under certain conditions a build-up of the solvation shell has also been 
observed whereby the less polar neighbour molecules around the electron are 
progressively replaced by molecules of the more polar compound8 9 9 6 - 9  8. 

It is thought that  in low-temperature glasses the trapped electron reacts with 
acceptors mostly by tunnelling9 9 .  The ease of the tunnelling phenomenon seems t o  
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depend on the nature of the medium' O 0 .  Presolvated and solvated electrons react 
at  different rates6 I - '  OS. The orientation of the acceptor with respect t o  the 
tunnelling electron may also influence the reaction rate' 9 .  If the solid is crystal- 
line instead of glassy, then under otherwise equal conditions the number of 
electrons becoming trapped is much smaller' O. 

In liquid alcohols the reactions of the solvzted electron have been monitored by 
pulse radiolysis, making use of its strong optical absorptiona4 4 1' 3 ,  and by 
the salt effect o n  its reactions with scavengers' l 4  *' ' 5 .  At room temperature the 
solvated electron reacts comparatively slowly with alcohols (reaction 14: 
k14(h4eOH, EtOH) < lo5  M -' s-' (Ref.  113); k14(EtOH) = 7 x l o3  M s-' (Ref. 
1 16)). Reaction ( 15) predominates over reaction (14) in benzyl' ' 

(15) 

alcohols where the ensuing radical is resonance-stabilized. It has been suggested' ' 
that in t-butanol the presolvated electron can undergo a reaction similar to  (1 51, 
but with a higher specific rate. Data on solvated electron reactions in alcohols have 
been compiled' O-' 2 .  

and allyl' 
e, , ,  + ROH ---+ R ' +  OH- 

C. Ion-molecule Reactions 

Knowledge about  ion-molecule reactions stems from studies in the gas 
phase' 3-' where it has been shown that the molecular ions of alcohols effici- 
ently (in principle on every encounter) transfer a proton t o  an alcohol molecule. 
Oxygen-bound and a-carbon-bound H atoms are transferred with about equal rates 
(exemplified by reactions 16 and 17). In the condensed state reaction (16) has been 
considered t o  be much favoured over reaction (1 7) because the oxygen-bound 
hydrogen is involved in hydrogen bonding, in contrast to  the carbon-bound one' 28a .  

CH30D" + CHQOD - CH30' + CH30D; (16) 

C H ~ O D + '  + C H ~ O D  - ' C H ~ O D  + CH,ODH+ (17) 

The direct measurement by  ESR spectroscopy of the alkoxyl radical in irradi- 
ated crystalline methanol has been reported'28 b,  but its detection in alcohol 
glasses' is difficult because of line broadening and its presence in irradiated 
liquid alcohols has only been established using the spin labelling technique' 30-1 5 .  

The G-values obtained by making use of the alkoxyl radical's oxidizing properties 
reach values between 1 .S and 2.0 for ethanol and methanol' 6 .  The question as to 
whether, in methanol, C(CH30' )  and G('CH20H) (from reaction 17) are roughly 
equal130>' 33,1 3 5  o r  whether essentially only the alkoxyl radical is primary' 34a ,c  
is still being debated' 2 8 a l *  3 4 .  The abundance of a-hydroxyalkyl radicals in the 
radiolysis of primary and secondary alcohols is no  indication of the importance of 
reaction ( 17) because these radicals have several different precursors, mainly 
alkoxyl and H'. 

The alkoxyl radicals react rapidly and in primary and secondary alcohols they 
are converted into a-hydroxyalkyl radicals (reaction 18). By pulse radiolysis k l 8  
has been meaSured'37a as 2.6 x lo5  hf s-'. An intramolecular rearrangement Of  

the methoxyl into the hydroxymethyl radical has also been invoked' 2 8 b ,  a reaction 
which might be analogous t o  the same reaction occurring in aqueous solution where 
it is mediated by the solvent'37b.C. Some of the reactions of the hydroxymethyl 
radical in methanol have been studied by pulse radiolysis' 7d. 

CH30 '  + CH30H __c CH30H + 'CH2OH (18) 
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D. Formation of Hydrogen 

In Table 1 the major products of the radiolysis of some neat alcohols (meth- 
ano1122, ethanol' 2 1 ,  propano1138-139, 2 - p r o p a n 0 1 ~ ' ~ ' ~ ~ - ' ~ ~ ,  n-butano130, 2- 
butano12 9 ,  isobutano12 and t-butano12 1' 44 9 in the liquid phase near room 
temperature are summarized. Where different values exist in the literature the 
average has been taken, or preference has been given t o  work where the applied 
dose was kept low and a reasonable material balance was obtained. It is seen from 
Table 1 that  in all these alcohols, except t-butanol, hydrogen is the main product. 

The predominant reaction is considered t o  be the reaction of the electron with 
the protonated alcohol (from the very fast reactions 16 and 17). Reaction (19) 

Clemens von Sonntag and Iieinz-Peter Schuchmann 

I I 

I I 
H-C-OH; + e, , ,  - H-C-OH + H '  (19) 

produces an H atom which rapidly reacts with the alcohol by abstracting hydrogen 
preferentially at the position 0: t o  the hydroxyl group (reaction 20). Indeed, if the 

I - H2 + 'C-OH ( 2 0 )  
I 

I I 
electrons are removed by electron scavengers C(H2) is strongly reduced (but not 
fully suppressed, see below)' '. In competition with this reaction the 
electron might react with the alkoxyl radicals from reaction (1  6) (reaction 21: its 

es;,,, + RO' - RO- (21) 

reaction with the a-hydroxyalkyl radical has also been considered' 7 b ) ,  or  might 
be scavenged by carbonyl compounds (reaction 22) present as impurities or  formed 

e,,, + C=O - 'C-0- ( 2 2 )  

during radiolysis. On addition of acid these reactions are suppressed. G(H2) rises 
accordingly and in the series of n-alcohols reaches a value of about 6 1 4 6 > '  4 8 * 1  49. 
In Table 2 are shown the effects of the electron scavenger N2O and of acid on the 
relative isotopic composition of the hydrogen evolved in the y-radiolysis of several 
deuterated n-butanols' 5 0 .  Under strongly acidic conditions the major part (about 
two thirds to three quarters) of the hydrogen evolved from monodeuterated (at 
oxygen) alcohols is found as HD. The yield of D2 is negligible. 

that the electron might be chemically trapped by H' 
(reaction 23). The hydride is expected t o  form hydrogen in reaction (24), but the 

e-  + H'  - H- (23) 

H - +  H-C-OH 

* y 1  4 G  y 1  

I I 
I 

It has been suggested' 

H- + ROH - Hp + RO- (24)  

smallness of the D2 yield from O-deuterated alcohols where considerable formation 
of 11' is expected means that reaction (23) should be rather minor. 

The foregoing facts are in agreement with the electron being an important 
hydrogen precursor, and with a good likelihood of reaction ( 19) followed by (20). 
However, the remainder (C X 1.5; about a quarter) of the hydrogen evolved 
(consisting of H2 in the mono(-oxygen-)deuterated alcohols) must have other 
Sources which are not yet fully understood. The fragmentation of the primary ion has 
been proposed as a possibility (e.g. reaction 27). On the basis of the fact that 
formyl radical is produced in the radiolysis of methanol at 4 K even after low 
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exposures, reactions ( 2 5 )  and (26)  have been considered' 2 8 .  I t  is certain that 
hydrogen atoms are formed in the dissociation of excited alcohol molecules (see 

CH30"  H2 + HCO (25) 

'CH20D'  - HD + HCO (26) 

CH30H-+ -Y- CH20H'  + H' (27) 

Chapter 2 1). N o  material is available on the  behaviour of liquid alcohols excited at 
wavelengths below 185 nm. In the 185 nm photolysis of methanol (see Chapter 22) 
reaction (28) strongly predominates over reaction (29). 

In  the radiolysis of 0-deuterated alcohols some of the HD is expected from 
reactions such as (28) and (30) ,  whereas reactions such as (29) followed by (20) 
will lead t o  the  formation of some H2. 

CH30D' - CH30' + D'  (28) 

CH,OD' - ' C H 2 0 D  + H'  (29) 

CH30D' - CH,O + H D  (30) 

The results listed in Table 2 indicate that there is also some primary carbon- 
hydrogen cleavage from carbons other than C(' ), possibly through formation of 
hydrogen atoms. Molecular hydrogen elimination from vicinal hydrogen-bearing 
carbon atoms cannot be excluded whereas carbene formation appears unlikely 
noting the absence of D2 from the hydrogen produced by the butanols C and E 
(Table 2) ,  which is in line with expectations based on saturated hydrocarbon 
radiolysis where carbene formation through geminal molecular hydrogen elimin- 
ation is considered a minor process' 2 .  

A further uncertainty with respect t o  the interpretation of the mechanism of 
hydrogen formation comes from the very low G(H2 ) in the case of t-butanol (Table 
1). This may be partially due to the low reactivity of hydrogen atoms with 
t-butanol (cf. Table 5) which could lead to a reaction of the hydrogen atom with 
another radical in the same spur, whereas the chance that i t  meets a radical from 
another spur (randomized radical) is minute (1 : 10,000) at the dose rates 
commonly used. Fully one third of G(H2) finds its equivalent in the sum of 
G(isobutene oxide) and G(t-butoxy-2-hydroxy-2-rnethylpropane)' s. These two 
products are also formed in the photolysis of t-butanol a t  185 nm' where they 
balance all the  H2 formed (see Chapter 2 1 ). A more detailed study on the radiolysis 
of t-butanol would certainly also help to  better understand the radiolysis of 
primary and secondary alcohols. 

E. Fragmentation of the Carbon-Oxygen Skeleton 

It  is seen from Table 1 that the higher alcohols show considerable C-C bond 
fragmentation. It is not clear whether the apparent decrease of G(H2) in the neat 
higher alcohols perhaps reflects a real decrease of the contribution to the hydrogen 
yield from nonionic fragmentation, or is due t o  considerable electron scavenging by 
impurities or  accumulated radiolysis products. On acidification G(H2) 6 is 
found' 48, a t  least for all n-alcohols shown in Table 1. It has been proposed (cf. 
References 29 and 154) that C-C bond rupture may result from the fragmentation 
of the primary radical cation, e.g. reactions (3  1) and (32). 
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(31) 
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CH3-&12 -t CH,CHO + H+ 

CH3-CH2-CH0 + 'CH, + H+ (32) 

CH3-CH2-CH-CHj+* 
I 

OH 

There is some more detailed material on the C-C bond fragmentation in 
isopropanol' *' '. Using deuterated isopropanols and radical scavengers it has 
been shown that electron scavengers do  no t  influence methane formation, that the 
major part of the methane has methyl radicals (95%) as precursors (70% scaveng- 
able and 25% 'hot'), and only -5% is formed via the molecular processes (34) and 
(35).  In reaction (33) a hydroxyethyl radical is formed together with the methyl 

CH3 
I 

H-?-OH + 'CH, (33) r 
CH3 I 

H-C-OH - 
I 
CH3 

Y- 

3- CH, 
H-C=O 

(36) CH,-CHO + 14' + 'CH3 + e- 

CH3 
I 

CH3 
I 
I I 
CH3 CH3 

(37) 'CH3 + H-C-OH CH, + 'C-OH 

radical. The former may be scavenged by naphthalene and oxidized by benzo- 
phenone to  acetaldehyde, leaving the methyl radical reactions (methane formation 
by H abstraction from isopropanol, reaction 37) unaffected. The acetaldehyde 
results indicate that only about 40% of the acetaldehyde is formed directly 
(reactions 34-36). There appears to be a major (60%) contribution from reaction 
(33) with an excited state as the precursor. This excited state must be an upper 
excited state because the lowest excited state which is reached in the 185 nm 
photolysis shows, as far as C-C bond cleavage is concerned, essentially merely 
reactions (34) and (35), and these with only a low quantum yield' 

It has been suggested that, apart from in reaction (1  5 ) ,  the 'parent' alkyl radical 
may be formed from alcohols by the dissociative electron capture of the protonated 
alcohol' 5 9 9 1  6 o  (reaction 38). However, this reaction does not appear to play a role 

7 9 1  5 8 .  

R-OH; + e;ilv - R '  + H ~ O  (38) 

in methane formation from methanol where it has been shown' ' that C(CH4) is 
unaffected by addition of either H+ or N2O. 

In  the radiolysis of alcohols a t  room temperature or below, ethers are formed 
wit11 low G-values' 6 2 .  Besides the trivial reaction (39) ,  reaction (40) has been 
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considered' 2 .  One would also envisage reaction (41 1, a reaction which has been 
shown to be implicated in the formation of ethers in the gas-phase radiolysis of 
alcohols (see below). 

R'O. + - R ' O R ~  (39) 

R'OH + - R ' O R ~  + H+ (40) 

111.  ALCOHOLS IN THE GAS PHASE 

In  the gas phase the  G-values of products (Table 3) are much higher than in the 
liquid phase (Table 1). This may result from the breakdown of excited molecules, 
radical cations and radicals which in the liquid phase are thermalized. A typical 
example is the formation of olefins, e.g. reaction (42). Such processes, being 

CH,-CH,OH - H2C=CH2 + H20,  AH = 46kJ/rnol (42) 

endothermic from the  ground state, play a comparatively small role in the liquid- 
phase radiolysis (about  one fifth of the  gas-phase yield in ethanol' ' and isopro- 
panol' 3 '  3 ) .  Scission of C-C bonds is also drastically enhanced on  going from 
the liquid to  the gas phase (cf. Reference 121). 

In  the gas phase, ionization of alcohols occurs with a G-value of 4l a .  Electron 
scavengers reduce G(H2 ) by the same amount' 6 4 * 1  a,  and it has therefore 
been argued' 6 4  that  the only reaction of the electron is that  with a protonated 
alcohol (reaction 19). Dissociative electron capture by ROH leading to  the for- 
mation of RO- as well as H -  may play a small role' 

There are a number of attempts t o  correlate mass spectral data with the  
reactions occurring in the gas-phase radiolysis' * 1  7-1 70. Obviously, such an 
approach is more justifiable here than in the case of liquid-phase 
data2 9-3 9 '  3 '  5 4 .  I-Iowever, i t  has been pointed out '  a that there remain many 
uncertainties with respect t o  an accepotable theoretical treatment of this problem. 

At  elevated temperatures (>250 C) chain-reactions set in' 6 3 , 1  71-1 75 (for a 
review see Reference 176). There are essentially four types of chain-reactions which 
are depicted by the overall reactions (43)-(46). 

The protonated alcohols from reactions (16), (17) and (50) are probably the 
common precursors in the formation of olefins and ethers (e.g. reactions 47-49). It 
has been shown' 9' that extensive clustering (reaction 48) occurs, the number 
of alcohol molecules within the cluster depending on  alcohol pressure. 

The chain-reactions leading to  hydrogen and carbonyl compound (reaction 45) 
and t o  alkane and aldehyde (reaction 46 )  are considered t o  be free radical in nature. 

b .  

TABLE 3. Gvalues of modes of cleavage in the gas-phase radiolysis of some alcohols 

hleOH' '' a EtOl-I' ' i-PrOH' ' 

G(C-H and &It bond cleavage) 10.4 9.9 7.2 
C(C-0 bond cleavage) 0.3 1.8 2.9 
C ( C 4  bond cleavage) 3.3 5.3 

'For other work see compilation' ' *. 
bFor other work see compilation' ' . 
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(43) 

(44) 

(45) 

(46) 

(47) 

(48) 

(49) 

(50) 
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H,O + olefin 

H 2 0  + ether 

H2 i- carbonyl 

alkane 4- aldehyde 

- H2C=CH2 + H30+  

(C2H,OH),H+ 

C,H,-O-C2H5 + H30+  

-E Alcohol 

C ~ H ~ O H ;  

C,H,OH; + C,H,OH ---+ 

(C2HSOH)p H+ v 

H,O+ C2H50H C2H50Ht  + H 2 0  

IV. NEAT ETKERS 

The most readily apparent difference between the radiolysis of neat ethers and neat 
alcohols is based on the fact that the dielectric constants of ethers are smaller and 
their basicity greater than the corresponding properties in alcohols. Because of the 
smaller dielectric constant the free ion yield is smaller on account of a higher 
probability of geminate charge recombination [G(free ion) < 1 7 8  1. Higher 
basicity means that the positive charge, which is formed and stabilized in reactions 
(51) and ( 5 2 ) ,  remains somewhat more localized because the proton tends t o  be less 
mobile in 1i2 OH' than in ROH;. 

R,o+' + R,O - R,OH+ + R,O(--H)' (52) 

electron is higher 
because of the lower polarity of the ether molecule. Direct evidence of the lesser 
stabilization of the electron is provided by its optical absorption spectrum. Whereas 
in alcohols its absorption maximum lies between about  600 to 800 nm, in ethers it 
absorbs near 2000 nm a t  room temperature'"-' 84. There is a relatively larger 
blue-shift of the absorption maximum with decreasing temperature' 84, presumably 
because the weaker ether molecular dipoles are more easily depolarized as the 
temperature rises. At about 77 K the blue-shift reaches its maximum value, with the 
spectrum peaking near 1200 nm' 86 (cf. Reference 1). At still lower temper- 
atures the maximum is again found at  somewhat longer wavelengths but flattened 
as the dipoles are frozen in' 8 5  88a). In 2-methyl- 
tetrahydrofuran glass an inner solvation shell of three equivalent solvent molecules 
appears t o  envelop the electron' 8 8 b .  

An interesting method, not applicable t o  protic media such as alcohols, to  extend 
(by a factor of five) the lifetime of the solvated electron in 1,4-dioxane consists of 
exchanging the oxonium ion against the unreactive Li' (reaction 53)' 89. In ethers, 
alkali metal cations and solvated electrons coexist as ion pairs (M+, e;ol,) which 

In contrast, the mobility of the  solvated' 7 y  or  the  trapped' 

(for a review see Keference 

R20H+ f LiAIH, - Li' + R 2 0  f AIH, f H2 (53) 
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are characterized by a strong blue-shift of the solvated electron absorption spec- 
trum’ 90-1 9 3 .  The other alkali ions are not  as stable as Li’ toward the  solvated 
electron. Na- and K -  were produced in the  radiolysis of tetrahydrofuran solutions 
of the alkali metals, or their boronates’ ’ 9 2 .  Spectra of e&,lv, Na- and K -  in 
various ethers have been obtained’ 94. 

As with the alcohols, the radiolysis of ethkrs is through ionic as well as through 
excited states. A G-value near 4.3 for total ionization has been measured in the gas 
phase for various ethers’ ’, and similar values have been accepted for the liquid 
phase’ 6-1 8 .  

Apart from undergoing fragmentation, molecules is excited states may also 
transfer energy t o  solutes’ 9 ,  or  show luminescence’ 9. The latter behaviour is 
seen to be of particular importance in 1,4-dioxane, in some contrast t o  other ethers. 
Dioxane fluoresces (A,,, 247 nm) on excitation with 185 nm l igh t200~20  and 
also on radiolysis’ and other 
quenchers” v 2 0  3. Energy transfer to  scintillators yields visible light; this property 
together with the ability of 1,4-dioxane t o  accommodate aqueous material in 
homogeneous distribution have earned it a place among the  media employed for 
low-energy P-radiation counting (cf. References 204 and 205). 

Hydrogen is a major radiolysis product (cf. Reference 1) in all ethers investi- 
gated, including diethyl’O , 20  7, di-n-propyl’ , diisopropy120 and dibutyl’O 
ethers, tetrahydrofuran2’ 9-2 ’ , 2-methyl te t rahydrof~ran’~ ‘ 3 ’  ’ 2-21  and 
1 ,4-dioxane’ ’ 9’ ’ 6-2 9. It is thought that  several different modes of hydrogen 
formation are in operation. Following reactions (51) and (52), the solvated electron 
neutralizes the oxonium ion (reaction 54). Hydrogen atoms abstract from the  ether, 
predominantly in the a-position (reaction 55). Also, atomic as well as molecular 
hydrogen is formed from excited molecules (reactions 56 and 57), or in spur 
reactions irrepressible by electron or  radical scavengers. 

,20 ’ . This fluorescence is quenched by N2 0’ *20  

@,OH+ + eLOlv - RbO 4- H’  (54) 

H- + R~-cH~-o-R’ - R ~ - C H - O R ’  + H~ (55) 

R3-CH2-CH,-OR’ -i‘- R3-HC=CH-OR’ -t H 2  (57) 

R ~ O  --r- R ~ o ( - H ) ’  + H‘ (56) 

In most cases few if any other products have been measured. Especially in the 
cases of the cyclic ethers the radiolysis mechanism is far from clear. Fragmentation 
of the carbon-oxygen skeleton probably leads to  biradical intermediates which 
may react in a variety of ways, side by side with the different monoradicals. In  the 
case of 2-methyltetrahydrofuran both the tertiary and the secondary a-radical seem 
now established220.221. 

Diethyl ether presents a case where an extensive product analysis has been carried 
out  for both gas- and liquid-phase radiolysis206.2 ’. The product distribution differs 
in the two phases although G(ether consumption) is nearly the same, at  about 11.3. 
Similar to photolysis’” and p y r ~ l y s i s ” ~ ,  cleavage of the C-0 bond is a major 
event206>20 7 , 2  O , ’  in radiolysis, probably partly through ionic, and partly 
through excited states (reactions 58-6 1). There is some evidence that dissociative 
electron capture (reaction 62) may also 5 .  Fragments resulting from 
C-C bond rupture such as methane and successor products of CN3 are of lesser 
importance and, as expected, more in evidence among the products from the 
gas-phase radiolysis’ 7. 
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R ~ O H +  + e- - ROH 4- R'  

Y--+ ROH + olefin 

Y- R'CH=O + RH 

Y- RO' + * R  

R 2 0  + e -  - RO- + 'R 

V. AQUEOUS SOLUTIONS OF ALCOHOLS AND ETHERS 

A. Primary Species in the Radiolysis of Aqueous Solutions 

If dilute aqueous solutions are irradiated with ionizing radiation, t he  radiation 
energy is largely absorbed by the solvent water leading to OH radicals, hydrated 
electrons (e iq), H atoms, the  molecular products H z O z  and H2, as well as the ions 
H' and OH - (reaction 63). 

H 2 0  -Y- 'OH, eLq, H', H ~ o ~ ,  H ~ ,  H+, OH- (63) 

eaq + N20 - 'OH + N, + OH-- ( 64) 

e i q  + ti+ - H' (65) 

0;- (66) 

ti 0; (67) 

The hydrated electrons (for rate constants see References 226 and 227) can be 
converted into OH radicals by osaturating the solution with Nz 0 (reaction 64;  
",O] = 2.2 x M a t  20 c and atmospheric pressure, k64 = 5.6 x lo9  
M -1 s - l  ). At low pH they are converted into H atoms (reaction 65; k65 = 2.3 X 

10' M s-' ). In the presence of Oz , hydrated electrons can be converted into 0;- 
radicals (reaction 66; k6 6 = 2 x 10' M -' s - l ) .  The H atom (for rate constants see 
Reference 228) does not  react with N 2 O  but  reacts readily with 0 2  (reaction 67; 
k6 7 = 10' M -' s ). The resulting HO; is in equilibrium with its basic form 0;- [ pK, 
(HO;)=4.75)22'.  Saturation of an aqueous solution with a mixture of NzO/Oz 
(4/1 v/v) converts hydrated electrons into OH radicals whereas the H atoms are 
scavenged by Oz. The G-values of the molecular products and of the ions are little 

v 
e;q + 0 2  - ti' + 0, 

TABLE 4. G-values of radicals generated in the u-radiolysis of neutral water 
in the presence of inert gases (cg. He, Ar, N2) ,  N, 0 and 0, 

0.55 - 

- 0.55 - 
Inert gas 21 21 
N'O 
0, 
N, O/O, (4/1 v/v) 

5.4" 
2.7 - - 3.25 
5.4" - - 0.55 

~ 

"There is evidence' ' O l 2  ' that under N, 0 saturation G(OH) may be as 
high as 6. 
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changed by' these additives [(G(H202) = 0.7, G(H2) = 0.45, G(H*) = 3.4, 
G(OH-) = 0.61. The  G-values of the radicals a t  the various conditions are summar- 
ized in Table 4. The values for 0;- given in Table 4 are only valid as long as other 
additives are used in concentrations which d o  not interfere with reactions ( 6 6 )  or  
(67). 

B. Deoxygenated Solutions 

1: Saturated alcohols 

Hydrated electrons d o  not react with saturated alcohols a t  a measurable rate 
( k  < 106 M - 1 ~ - 1 ) 2 2 6 , 2 ~ ~ .  However, OH radicals and H atoms rapidly react with 
these substrates by hydrogen abstraction. The OH radical (for rate constants see 
References 233 and 234) reacts considerably faster than the N a tom228.  The 
reactivity of the SO:- radical is somewhere in between2 (Table 5 ) .  The latter can 
be generated by reaction of the solvated electron with S20;- (reaction 68). The 

e l q  + S,O,- - SOT- + SO;- (68) 

preferred site of attack of the OM radical is the position a to the hydroxyl 
group2 9 2  7. With increasing chain-length of the alcohol the probability of H 
abstraction at positions other than a t o  the hydroxyl group increases. There is 
always a very low probability of H abstraction at  the hydroxyl group (Table 6). 

TABLE 5. Rate constants (M - I  s-' ) of OH radicals, H atoms and 
SO;- radicals with some alcohols in aqueous solutions (references see 
text) 
~~ ~ ~ 

Substrate OH H' so;- 

Methanol-d, 4 . 2 ~  lo8 2.5 x losa 1.2 x lo6 
Ethanol 1.8 10' 2.6 x lo7 1.6 l o 7  
2-Propanol 2 o X  109 6.5 x 10' 3.zX lo7  
2-Me thyl-2-propanol 4.5 x 108 8 x lo4 4 . 0 ~  105 

Methanol 9 x  108 2 x  lo6 3.2 x lo6 

Value calculated Dom k(1-I. + methanol) on the basis of an H/D 
isotope effixt  o f  7.5235b. 

TABLE 6. Relative yields (%) of H abstraction by OH radicals at 
different positions from various alcohols2 

Substrate a $,y,6 etc. OH 

CI-I 3 OH 93.0 - 
C2H,0H 84.3 13.2 
CH CH2 CH, OH 53.4 46.0 
(CII, ),CHOH 85.5 13.3 
CI-I, CH CI-I 2 c112 OIi 41.0 58.5 
(CH, ),COH - 95.7 
CH OH-CH OH 100 - 
CH OH-CI-I OH-€H, 79.2 20.7 
CH, -CH OH-CH OH-CH, 71.0 29.0 

7.0 
2 5  

<O. 5 
1.2 

<0.5 
4.3 

<o. 1 
<o. 1 
<o. 1 



23. Radiation chemistry of alcohols and ethers 

TABLE 7. pK values of some a-hydroxyalkyl radicals and their parent 
alcohols 

949 

Radical PK pK of parent alcohol APK 

'CH,OH 10.71' 10.7b 15.Ogc 
CH,CHQH 11.51' 11.6b 15~93~ 
(CI.I,),COH 1203" 122b 17. lC 
(CF,),eOH 1.70' 9. 8a 

-4.38 
4.42  
-5.07 
-8.1 

'From Reference 239. 
bF~om Reference 238. 
CFrom Reference 240. 

Using the pulse radiolysis technique i t  has been shown that the a-hydroxyalkyl 
radicals are more acidic by about four pK units than their parent alcoholsZ 8 .  This 
has been confirmed by in situ ESR spectroscopic studies2 

In their self-termination, the a-hydroxyalkyl radicals disproportionate and 
dimerize (reactions 69 and 70). 

(Table 7). 

R' R' 
I I 

2 .C-OH 
I 

(70) 

R 2  -I_. 7 1  7 1  

HO-C-C-OH 

R 2  R2  
I I  

The disproportionation/dimerization ratio increases with increasing methyl 

R1 = RZ = CH3,  k 6 9 / k 7 0  - 4)28. In the disproportionation of 2-hydroxy- 
propyl42) radicals the transfer of a carbon-bound hydrogen atom (reaction 7 1 ) 
has a higher probability than the transfer of the oxygen-bound hydrogen atom 
(reaction 72)24 . 

substitution (R' = R2 = H , k 6 9 / k 7 0 < 0 . 1 ;  R'  =H, R2 = C H 3 ,  k 6 9 / k 7 0  =0.43;  

CH3 
I 

CH2 
II 
C-OH f H-C-OH 

( _ I  I 
CH3 CHg 

2 *C-OH 
I 

CH3 CH3 

An optically active carbon atom which carries an OH group may lose its former 
optical activity on going from :he alcohol through the radical state back to  the 
alcohol. This has been found242 with scyllo-inositol where the major dispropor- 
tionation product is myo-inositol (reactions 73 and 74). 
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d\yH HO 
- - ' O H .  H 2 0  4\07 OH 7 'RH d\$y 

HO H O  HO 

O H  OH OH 

The a-hydroxyalkyl radicals are rapidly oxidized by Fe(CN)a- (reaction 75; 
k x 4 x lo9 M - l  s-l), a reaction which has been followed by pulse radiolysisZ3 6 .  

[Fe(CN),I3- 4- R,kOH - IFe(CN),l4- + R,CO + H+ (75) 

With Fez+ ions these radicals form a complex which can be monitored by its 
short-lived absorption243. However, reduction of these radicals does not  take place, 
and the products are the same as observed in the absence of FeZ+ions.  Intermediate 
complexes of the a-hydroxyalkyl radicals with other metal ions such as Ag+244, 
Ag:245, Ni+246, C d + 2 4 7  and p b + 2 4 8 a  were also detected. A compilation of rate 
constants for the reaction of metal ions in unusual valence states has appeared248b. 

The reaction of a-hydroxyalkyl radicals with hydrogen peroxide is quite rapid 
(reaction 76; k = 1 O5 M -1  s-l ) 2 4  9-2 * and leads to  the formation of an OH radical 
which propagates a chain. 

R,COH + H,O, - R,CO + H,O + 'OH (76) 

The anions of the a-hydroxyalkyl radicals are better electron donors than the 
a-hydroxyalkyl radicals themselves (for pK values see Table 7). Therefore, 
electron-transfer reactions are more efficient a t  high pH where chain-reactions have 
been observed with alkyl halides and with N2OZ5 2-2 6 .  Likely propagating steps 
are the reactions (77) and (78). 

R ~ C O ' -  + R ~ B ~  - R i C O  + R 2 '  + Br- (77) 

R i C 0 ' -  -I- N,O R i C O  + N, + 0' -  (78) 

P-Hydroxyalkyl radicals are also formed in the reactions of OH radicals with 
primary and secondary alcohols, even though with low yields (see Table 6 ) .  They 
can be generated more conveniently by reacting OH radicals with olefins, for 
example reaction (79). Further,  P-hydroxyalkyl radicals are formed in the reaction 
of OH radicals with tertiary alcohols, e.g. t-butanol (reaction 80). 

'OH + H,C=CH, - . CH,-CH,OH (79) 

CH3 CH3 
I I 

I I 
CH3 CH3 

' O H  + CH3-C-OH ---+ H 2 0  + * C H ? - C - O H  (80) 

In their reaction with Cu2+ they are reported to  give epoxides (e.g. reaction 
8 1)2  5 7 , 2  5 8 .  

0 
/ \  

.CH,-CH,OH + Cu2+ ---+ H,C-CH, + CU+ + H+ (81 1 

From strongly reducing metal ions such as Ni' the p-hydroxyalkyl radicals accept 

PHydroxyalkyl radicals also abstract hydrogen atoms from their parent alcohol 
an electron, yielding olefins (e.g. reaction 82)246.  
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CH3 I 
CH3 
I 

I I 
CH3 CH3 

Ni' -I- 'CH2-C-OH - Ni2+ + H2C=C + OH- (82)  

if derived from a primary or secondary alcohol. Thereby the p-hydroxyalkyl 
radicals are converted into a-hydroxyalkyl radicals (e.g. reaction 83). The rate 

'CH2-CH20H + CH3-CH2OH - CH3-CH20H + CH3-CHOH (83) 

constant of this reaction is around 30-50 M - I s - '  2 4 9 7 2 s 9 9 2 6 0 .  A value higher by 
one order of magnitude has also been reported26 l .  

2. Polyh ydric alcohols and carbohydrates 

The radiolysis of polyhydric alcohols and carbohydrates in deoxygenated 
aqueous solution is characterized by the elimination of water from the original 
1 ,Zdihydroxyalkyl radicals (reaction 84). This reactions has first been observed by 

-6-CH- - -C-CH- + H 2 0  (84) 
I t  
0 

I 1  

ESR s p e c t r o s ~ o p y ~ 6 ~ - ~ ~  and was later further investigated by product analy- 
sis2 6-2 and pulse radiolysis2 O .  l h e .  elimination of water is acid- and base- 
catalysed. The acylalkyl radicals (-CO-CH-) have oxidizing properties2 70 and 
readily abstract hydrogen atoms from the starting material (e.g. reaction 85), thus 
inducing chain-reactions. I n  the case of ethylene glycol as a substrate the rate 
constant of reaction (85) was found to be 75 M - ls- l  2 6 8 .  A typical example of the 

'CH2-CH0 + CH20H-CH20H CH3-CHO -I- 'CHOH-CH,OH (85) 

various reactions involved is given in Scheme 1 for the simplest molecule in this 
series, ethylene glycol. 

In the case o f  e ry th i to l  the radical at C(z )  has two possible ways to eliminate 
water. It is no ted271.272 that the elimination towards C(l) (reaction 86) is 
preferred by a factor of seven over that towards C(3) (reaction 87). The reasons for 
this unexpected preference are not yet known. 

OH OH 

FH2 

CH,OH 

'C-OH 

HC-OH 

CH,OH 

I 
I 
I 

- 

c=o 
I 

H-C-OH 

(86) 

I C H ~ O H  

i 

The same type of reaction can proceed with P-alkoxy-z-hydroxyl radicals (re- 
action 88, X =  O R ) 2 7 0 b i 2 7 2 - 2 7 6 .  Reaction (88) is especially fast i f  X is a good 
leaving group, e.g. F, C1, Br, I,  CH3 C02  and H2 PO4 v 2  6 5  > 2  7-2 l .  
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CHzOH-CH20H + 'OH - kHOH-CH20H + H 2 0  

(1 1 (2) 

CH20H-CHOH-CHOH-CH20H 

(4) -r: CH20H-CH20H 4- CHO -CH20H 

'CHOH- C H ~ O H  

(2) 

-n20 

CHO-CH; 

(3) 

(1) (5) 

+ 2  - CH3CHO + CHO-CH20H 

(6) (5) 

+ 2  - CHO-CH2-CHOH-CH20H 

( 7 )  

+ 3  - CHO- CH2- CH2- CHO 

(8 )  

+ 1  - CH3CH0 -I- 2 (chain reaction) 

(6) 

SCHEME 1. Reactions of radicals derived from ethylene glycol' 

%values of products (Reference 267)  of a N,O-saturated 0.1 M solution 
of ethylene glycol at  20°C and at a dose rate of 0.1 W kg-' . C(tetritol,4),= 
0.15, G(glycolaldehyde, 5) = 1.05, G(acetaldehyde, 6) = 1.2, G(2-deosy- 
tetrose, 7) = 0.25 and G(succinaldehyde, 8) = 1.7. 

-~H-cH-  - - c - ~ H -  + HX 
I1 
0 

I I  
OH X 

The radical-induced deamination of amino alcohols and amino sugars has been 
considered' ' ,2 83 to proceed through the radical zwitterion (reactions 89, 90). 

-H+ - N H j  
-C-CH- - -C-CH- - -c-&- (89,90) 

I I  
0 

I I  
0- NH; 

I I  
OH NH; 

This pathway may be followed even at  pH 5 where deamination is still observed. In 
the hydrolytic equilibrium, the radical zwitterion might be present a t  a sufficient 
concentration. The acidity increase of an OH group that is attached t o  a carbon 
atom carrying a free spin is well known (cf. Table 7). 

The  products which have been identified thus far in the y-radiolysis of aqueous 
solutions of u-glucose are listed in Table 8. The importance of the  water elimin- 
ation reaction (reaction 84) and the analogous reaction (reaction 88)  is apparent 
from the number of the deoxy sugars that  are formed via these reactions. (About 
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TABLE 8. Products and their initial Gvalues from the y.radiolysis 
of deoxygenated N, Gsaturated' ' or N, O/O, (4  : 1)-saturated' ' 
aqueous solutions of D-glucose a t  a dose rate of 0.1 8 W kg- '  at 
room temperature 

Gvalues 

Products N, 0 N, O/O, 

953 

DGluconic acid 
Darabino-I-lexosulose 
Drib~l-Iexos-3-ulose 
Dxylo-Hexos-4-ulose 
D-xylo-Hex 0s-5-ulose 
D-glrcco-Hexodialdose 
ZDeoxy-Durabino-hexonic acid 
5-Deoxy-D-tkreo-hexos-4-ulose 
5-Deox y- D-xy lo-h ex on ic acid 
2-Deoxy- ~-erythrc+.hexos-5-ulose 
5-Deoxy-D-xylo-hexodialdose 
3-Deoxy-D-eryfhro-hexos-4-ulose 
3-Deoxy-D-ery fhro-hexosulose 
4-Deoxy-L-fhreo-hexos-5-ulose 
6-Deoxy-~xylo-hexos-5-ulose 
2-Deoxy-D~rythro-hexos-3-ulose 
4-Deox y-Dthreo-hexos-3-dose 
DArabinose 
DArabinonic acid 
D-Ribose 
DXylose 
xylo-Pen todialdose 
2-Deoxy-Di?rythro-pen tose 
D-Erythrose 
DErythronic acid 
Threose 
L-three Tetrodialdose 
3-Deoxy tetrulose 
Dihydroxyacetone 
DGlyceraldehyde and glyceric acid 
Glyoxal 
Glyoxylic acid and glycolic acid 
Formaldehy dc 
Formic acid 
DGlucose consumption 

0.15 
0.15 
0.10 
0.075 
0.18 
0.22 
0.95 

0.08 

0.25 

0.05 
a 
a 
0.01 
Absent 

c0.005 
<0.005 

Absent 
0.04 
0.01 
Absent 

c0.003 
Absent 
0.02 
0.03 
Absent 
b 
b 
b 
b 
5.6 

0.90 
0.90 
0.57 
0.50 
0.60 
1.55 
Absent 
Absent 
Absent 
Absent 
Absent 
Absent 
Absent 
Absent 
Absent 
Absent 
Absent 

} 0.10 

} 0.02 

Absent 

} 0.08 

Absent 

Absent 
0.20 
Absent 
Absent 
0.13 
0.1 1 
0.4 
0.12 
0.6 
5.6 

~ ~~ ~~ ~ ~~ ~ 

T r o d u c t s  identified (no G-values given) in Reference 285. They are 
expected t o  be included in the G-values of the other deoxy- 
hexosulose given in the table. 
bNot determined, probably absent. 

reactions typical for  the lactol function see below.) F o r  a detailed discussion of the 
radiation chemistry of carbohydrates see Reference 286. 

3, Saturated ethers and acetals 

Solvated electrons do not react with these substrates but OH radicals and H atoms 
rapidly abstract hydrogen atoms if such are available in the a-position to  the ether 
linkage (reaction 9 1 ). 
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R'CH,OR~ + 'OH - R ~ & O R ~  + H,O (91) 

The resulting a-alkoxyalkyl radicals show a number of reactions which re- 
semble those observed with a-hydroxyalkyl radicals. They are readily oxidized 
by [ Fe(CN)6 ] 3- (k  = 2 x 1 O9 M s-l)' or hydrogen peroxide ( k  = 5.5 x 1 O4 

In  reaction (P2), the 1-ethoxyethyl radicals derived from diethyl ether via 
reaction (91) yield only acetaldhyde and ethanol. A likely intermediate is the 
carbonium ion (oxonium ion). This must react much more rapidly (>20-fold) with 
water to give acetaldehyde ethyl hemiacetal (reaction 93) and ultimately acetalde- 
hyde and ethanol (reaction 94) rather than lose a proton to give ethyl vinyl ether 
(reaction 95)288. In the absence of an oxidant the latter is formed as a dispropor- 
tionation product of two ethoxyethyl radicals. Their dimer, 2,3-diethoxybutane, is 

CH3CHOC2H5 + [Fe(CN),Ip3 CH3CH=i)C,H5 + [Fe(CNl61 4- (92) 

M -1  s-l )2 8 7 

CIi36HOC2H5 + H 2 0  - CH3CHOHOC2H5 + H +  (93) 

CH3CHOHOC2H5 - CH3CH0 + C2H,0H (94) 

CH3CH=OC2H5 - CH2=CH20C2H5 + H+ (95) 
+ 

also formed. Because of the high reactivity of H z 0 2  with the ethoxyethyl radicals 
the radiolyticdly generated hydrogen peroxide (see above) can only attain very low 
steady-state concentrations at  the usual dose rates of 6o  Co Y-irradiation. The 
products of the reaction of the ethoxyethyl radicals with hydrogen peroxide are 
acetaldehyde and ethanol. A chain-reaction is induced by the OH radical liberated 
in this reaction2 8. 

a-Alkoxyalkyl radicals which carry a good leaving group (e.g. X = halogen or 
phosphate) in the position P to  the free spin rapidly eliminate this group and two 
new radicals are observed2 78 i2 by ESR spectroscopy, instead of the original 
radical (reactions 96 and 97). The most likely intermediate is the radical cation 
formed in reaction 98. Evidence for this, among other indications, is the fact that 

R O C H C H ~ O H  + HX (96) 

iII ROCHOHCH:! + HX (97) 

ROCHCH2X + H 2 0  

ROkHCH2X - R O k H t H 2  + X- 

I 
+ .  

ROCHCH, 
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the radical cation which one gets from an acetal (reactions 99, 100) is stable against 
hydrolysis within its life-time with respect to  diffusion-controlled second-order 
decay2 O . 

CH30+ 
%H, 4- x- \ 

CH30 CH30 

0 0 

‘OH 
‘cHCH~X - C’CH,X - 

I 

I 
CH3 

/ -H20 / 

I I 
CH3 CH3 

0 

(99, 100) 

The rate of the elimination of phosphate from such radicals (R = CH3,  
X = phosphate; reaction 98)  strongly depends on the state of protonation of the 
phosphate group. Going from the dianion t o  the neutral form, the rate constant of 
phosphate elimination increases by three t o  four orders of magnitude with each 
protonation step ( X  = POa-, kg 8 X 0.1 - 1 s-’ ; X = HPO;, k9 x 103 S - 1  ; 
X =  H 2 P 0 4 ,  kg8 zs 3 x 106)289 .  

The mechanism which has been described here appears also to operate in the 
formation of OH radical-induced strand breaks of DNA2 1-2 3 .  The isolated 
products are in agreement with the radical a t  C(4* being their precursor. Tpe DNA 
strand is broken by the elimination of the phospAate ester group at  the 3 and 5‘ 
positions (reactions 10 1 and 1 02). 

-@-O-CHz ./Q 0 base -+o-L 0-03- 1 -  

-@-0-CH2 0 base CY (102) 

The a-alkoxyalkyl radicals undergo fragmentation reactions2 9 4 .  If they are 
suitably substituted the rate of fragmentation can compete successfully with the 
biomolecular decay processes. For example2 5 ,  steady-state conditions can be 
chosen such that reaction (103) is no t  observed by ESR spectroscopy, in contrast 
to  reaction (104). The latter appears to  be faster by more than two orders of 
magnitude a t  room temperature, and only the t-butyl radical is seen. 

CH3 
I 

CH3 
I 
I I 
CH3 CH3 

(1  03) .CHzOCCH3 -/d C H 2 0  + *CCH3 

Similar reactions have been invoked to  explain some products in the radiolysis of 
sugars, e.g. 5-deoxy-~-xylo-hexonic acid from D-glucose2 7 3  (cf. Table 8 ;  reactions 
105 and 106). 

One of the pathways in the radiation-induced scission of the glycosidic linkage 
of disaccharidesZ9 6 * 2  ” a and fragmentation of dioxolanesZ is also thought to 
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(cH20H ~ (c.H20H ~ 

' R H  

- R  
OH OH 

OH - 
OH 

HO HO 

OH OH 

CH20H 
I 

OH 

follow this type of reaction, as d o  some interesting chain-reactions in crystalline 
carbohydrates induced by y-irradiation* 8-3 O 0 .  

4. Phenols and aromatic ethers 

3 1 0  7 3  2-3 
The radiation chemistry of phenols30 * and aromatic ethers30 5 9 3 0 9 *  

is different from that of their aliphatic counterparts largely because 

OCH, OCH, OCH, 

QH OCH3 -ti+ CH,O @H y 2  (110) 0 .. .... 0CH3 . + H 2 0  

- 
OH (1091 

OCH, 
I 

OCH, 
I 

I 0CH3 

(1141 OCH, OCH3 
I I 

- - H Z 0  
5 Q + CH30H + OH- 

-0 OCH, 
0. 

SCHEME 2. 
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the OH radicals add to the ring but do  no t  abstract hydrogen. Indeed, there appears 
to  be negligible, if any, H abstraction even from the.methy1 groups of methoxylated 
benzenes3 *. Because of their electrophilicity the  OH radicals add preferentially at  
positions activated by electrondonating s ~ b s t i t u e n t s ~ ~  9-3 1131  7 .  

Scheme 2 gives an example of the general reaction mechanism. In the chosen 
case of 1 ,4-d imeth~xybenzene~ there are two possibilities for OH addition, 
namely at  a free position (reaction 107, see Scheme 2) and at the ips0 position 
(reaction 108). The protonation of the OH group and elimination of water leads to  
the formation of the radical cation (reactions 109 and 1 lo), which is well character- 
ized by its ESR spectrum3' s .  The same species is obtained by electron transfer 
from 1,4-dimethoxybenzene to  T12+, Ag2+ and The ips0 OH adduct 
eliminates methanol in a spontaneous reaction (1 11) and in an acid- ( 1  12 and 1 13) 
and base- (1 i 4  and 115) catalysed reaction giving a phenoxyl radical. Similar 
reactions were observed with methoxylated benzoic acids where the formation of 
the radical cation leads to  a zwittenon3 v 3  

lose a proton 
and are converted into phenoxyl radicals (reaction 116) which are observed by ESR 
spectroscopy3' s. Phenoxyl radicals are also formed under basic conditions from 
the deprotonated dihydroxycyclohexadienyl radicals (reaction I 1 7 ) 3 0 9 .  

In the phenol series the radical cations immediately ( t l  12 < 

OH 0' 

0- 0' 

R @-Rh R 

Among the final products of the reaction of OH 
highly hydroxylated phenols3' 1 - 3 0 4 9 3 0 G 9 3  Ib. Some of these reactions are also of 
preparative interest303. In the presence of HBr the OH radical can be converted 
into a Br' atom which also adds to the aromatic ring. Under such conditions 
2-bromo-4-nitropheno1, among other products, is formed from 4-nitropheno13' '. 

+ OH-  ( 1  17) 

radicals with phenols are more 

C. Oxygenated Solutions of Saturated Alcohols, Ethers and Carbohydrates 

The reactions of peroxyl radicals derived from alcohols can be most con- 
veniently studied using radiation techniques. I f  N 2 0 / 0 2  (4  : 1 v/v) saturated 
solutions containing aliphatic alcohols are irradiated with ionizing radiation the 
majority of the primary radicals are OH radicals (cf. Table 4) which rapidly (cf. 
Table 5 )  abstract carbon-bound hydrogen atoms (cf. Table 6). These carbon-centred 
radicals add molecular oxygen a t  virtually diffusion-controlled rates (e.g. reactions 
118  and 1 19)236. 

The peroxyl radicals derived from a-hydroxyalkyl radicals and from p-hydroxy- 
alkyl radicals show quite a different behaviour. 
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R’ R ’  

(119) 
1 I 

I 
fi2 

I 
R2  

.CH2-C-OH + 0 2  - ‘0-O-CH2-C-OH 

The achydroxyalkylperoxyl radicals undergo a unimolecular elimination of 
HO;’ p 3  9-32 4, most likely3 ’ via a five-membered transition state (reaction 
120). The reaction parameters are given in Table 9. There is also a base-catalysed 

pathway (reactions 121 and 122) which is nearly diffusion-controlled in the case of 
hydroxide ion acting as the base (Table 9), but is about three orders of magnitude 
slower with phosphate. 

R’ - c=o + 0;- 

R2 

In competition to the elimination of HO; there is the bimolecular decay of the 
crrhydroxyalkylperoxyl radicals which is near t o  diffusion-controlled. Because of 
the comparatively slow elimination of HO; a t  pH 7 in the case of the HOC1120; 
radical (cf. Table 9), the bimolecular decay kinetics and its products can be studied 
more conveniently than in other cases. I t  has been shown325 that the major route 
(> 80%) leads t o  formic acid and hydrogen peroxide (reactions 123 and 124). A 

(121,122) 
R’\C/O--O’ __c t B R’, /o-0’ I 

-En+ R*/c\o- I Rz/ \O-H 

(1  23, 124) 
do H...O-PO OH 

H O \ p  ‘ / - H20, -I- 2 H C  

‘OH 
I ,c 2 H O C H 2 0 i  - 

H/ \O+O ... H”. \H 

very short-lived tetroxide and a bicyclic transition state which resembles the 
monocyclic transition state of the MO; elimination has been postulated. 

The P-hydroxyalkylperoxyl radicals decay only by second-order reactions which 
are also near t o  diffusion-controlled judging from the data obtained with the 
peroxyl radical derived from t-butano13 2 6 .  A very short-lived tetroxide has been 
considered to decompose along various pathways as indicated in Scheme 3. Ke- 
action (1 26) is formulated according t o  the  Russell mechanism (cf. Reference 327), a 
concerted process with a six-membered transition state. Reaction (1 28) depicts the 
elimination of 0 2  and the formation of two caged oxyl radicals which either 
combine to the peroxide (reaction 130) or disproportionate (reaction 13  1) to  give 

TABLE 9. Rate constants for the first-order formation of H+ and 0;- from R’ R2C(OH)OO‘ 
radicals ( k ,  ) and for thc Of1 --catalysed reaction ( k , )  in aqueous solutions 

R’ R’ k ,  at 22°C Activation Preexponential k ,  at 22°C 
(s-’) energy (kJ m o l - l )  factor ( s - l )  ( M - ’  s - ’ 1  

H I 1  < I  0 
H CH, 52 G O  

OR 01-1 >70,000 
CH 3 CH3 -670 56 

-15 x l o y  
2 x  10” 8 x  lo ’  
6 x  l o 1 *  s X  10’ 
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the same products as obtained via the Russell mechanism. The oxyl radicals can also 
fragment (reactions 132 and 134). Formaldehyde and 2-hydroxypropyl-(2) radicals 
are the products. Another path to  the  same products is given by reaction (1  29). The 
elimination of H 2 0 2 ,  (reaction 127) is similar to the major reaction of two 
HOCH2 0; radicals (reaction 124). The hydroxypropyl-(2) radicals rapidly add 
oxygen to  give the corresponding peroxyl radicals which eliminate HO; according 
to the mechanisms discussed (reactions 120- 122). In a pulse radiolysis experiment 
the kinetics of the overall process have been followed through the change of 
conductivity caused by the appearance of H+ and 0;- [pK,(MO;) = 4.75)l .  

There is very little material on the fate of peroxyl radicals derived from ethers in 
aqueous solutions as studied by radiation techniques. The decay kinetics of the 
a-alkoxyalkylperoxyl radicals generated under these conditions are still open to  
question (cf. References 322 and 328). 

The  adkoxyalkylperoxyl radicals readily undergo a chain autoxidation 
reaction3 2 4  *3 (e.g. reactions 137 and 138). This reaction is apparently not given 

(137) 
CH3 CH3 CH3 

I-"' 
QH3+ O2 - O CH3 

at neutral pH by the a-hydroxylalkylperoxyl radicals because of their fast HO; 
elimination (reactions 120- 122). At neutral pH this leads t o  o;-, a species of low 
H-abstractive power which is incapable of propagating a chain324>3 3 0 .  

Because of the fast reaction of O 2  with the radicals formed by OH attack on 
carbohydrates the transformation reactions of the sugar radicals (see above) are 
fully suppressed in neutral oxygen- or  air-saturated solutions. Instead, the reactions 
of the corresponding peroxyl radicals occur. 

As discussed above, the high reactivity of the OH radical leads to  an approxi- 
mately random abstraction of carbon-bound hydrogen atoms from carbohydrates, 
and the radiolysis of D-glucose in N2 0/02-saturated aqueous solutions leads t o  six 
different peroxyl radicals with about equal yields (reaction 139)284. 

CH,OH CH20H 0 -I- O O H  - k . H o ~ O H  

0-0 OH 
H O .  

HO 0-0' 
CH,OH 

OH 0-0 OH &0POH 'OH 0 2  (1391 

HO CH20H ~ - O - C H ~ O H  

OH . o-oQOH HO  OH + H o O O H  

OH OH OH 

Five of these (those at  C(1) t o  Cf4)  and C(6)) are a-hydroxyalkylperoxyl 
radicals which readily eliminate HO; (reactions 120- 122). Especially fast 
( k  > 7 x lo4  s-' ) is the 110; elimination from the peroxyl radical at C(l  1.  But even 
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the peroxyl radical at C ( S >  may, with base catalysis, eliminate 130; (reactions 140 
and 141). The corresponding carbonyl compounds are thus the major products (see 

CHZOH CH2OH CH20H 

__c -n*0 OH- -"-"@ 0- - -0;- 

QH HO HO HO 
OH OH OH 

(140, 141) 

Table 8). In competition with this H 0 ;  elimination the sugar peroxyl radicals 
undergo reactions second order in peroxyl radicals. The  longest-lived peroxyl radical, 
that at  C(g 1, shows most clearly such a reaction (reactions 142- 145). The reaction *'-'o- OH - 0 2 .  230; - R O  *0GOH (142) 

CH20H CH20H 

t 

HO HO 
OH OH 

CH20H 
I 

HO H *"OoH -CHZOH, -COOH * 

HO 
OH OH 

(1  43, 144) 

. o - o - c ~ H  - HwH + H O i  

(145) 

OH OH 

sequence is similar t o  that  discussed above (cf. Scheme 3 ) .  The end-product is 
L-threo-tetrodialdose (see Table 8). As expected the erytlzro isomer is formed from 
the peroxyl radical at C ( s )  of D - n b o ~ e ~ ~  I .  Similar reaction sequences have been 
considered for an explanation of some products from the radiolysis of oxygenated 
solutions of r ibo~e-S-phospha te~~  2 ,  N-a~etylglucosamine~ 33  and t h ~ m i d i n e ~ ~  4 .  In 
DNA the  peroxyl radical a t  C(5') has been considered335 t o  give rise t o  DNA 
strand breaks via such a mechanism, and that at  C(2r) t o  an alkali-labile3 3 6  site (for 
a review see Reference 293). 

1 .  
2. 
3. 
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I. INTRODUCTION 

The observation that  sulphhydryl compounds can to some extent prevent radiation 
damage in viva' *2 has stimulated considerable interest in the radiation chemistry 
of these compounds. Research in this field has been further motivated by the fact 
that thiol and disulphide groups, although there are only relatively few of them 
along the protein chain, are nevertheless crucial t o  the proper functioning of 
many enzymes. Thiol and disulphide groups are among the most radiation-sensitive 
functions in proteins, and it has been suggested that disulphide cleavage can result 
in enzyme inactivation. In this and other contexts radiation techniques have helped 
to  shed some light on the nature of the active sites3. 

The radiolysis of thiols and disulphides has been reviewed in a previous volume 
of this series4a, with a n  emphasis on aqueous solutions (cf. also Reference 4b) .  The  
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radiation chemistry of  thiols and sulphides has also been studied in nonaqueous 
systems, neat and in solution, spectroscopically and by product analysis. Some of 
this work has been discussed in a number of  review^^-^. 

At first glance, the radiation chemistry of thiols may seem deceptively simple. 
Because the sulphhydryl hydrogen is easily abstracted by most radicals, the alkylthiyl 
radical is the most frequent radical species in such systems. Their disproportion- 
ation/combination ratios tend to be small (cf. Chapter 221, and their main product 
therefore is the disulphide. However, the scope of thiol radiation chemistry is wide 
compared t o  that  of alcohols because of several features relating to the sulphur 
atom. Thiols are more acidic but also seem t o  undergo protonation more easily 
than alcohols (at  least in the gas phaselo). With sulphides, this basicity is reflected 
in the existence of stable trialkylsulphonium compounds such as, for instance, 
[ SR3 ] + SR- and ( [SR3 I +)2 S2- which are stoichiometrically a complex of several 
sulphide molecules' ' . 

In further contrast to  alcohols, ethers and peroxides, the divalent sulphur atom 
in their sulphur analogues manifests a readiness to acquire a tetravalent nature, in 
that complex radicals K3 S' often appear as intermediates leading in some cases to  
radical chain reactions. The easy formation and relatively long life-time of radical 
cations (e.g. RSR'+, RSSR'+) is another feature of the sulphur compounds not 
observed with their oxygen analogues. The variety of radical species often present 
in such systems in fact seems sometimes to  have led t o  the misassignment of ESR 
signals t o  the simplest of these radicals, thiyl' , whose spectrum is often obscured 
by the spectra of the other species. However, thiyl has been detected by spin 
trapping' 3-1 7. 

It  will be shown that radiation techniques have already considerably expanded 
the knowledge of the chemistry of carbon-bound sulphur in its lower unstable 
oxidation states, even though all the complexities are far from being fully under- 
stood, especially in nonaqueous media. For this reason mechanisms which are 
suggested in the section on nonaqueous systems have to be taken with more re- 
servations than those proposed in the aqueous systems where far better kinetic 
data are available. 

11. RADlOLYSlS IN NONAQUEOUS MEDIA 

A. Thiols 

The present section deals with the radiolysis of thiols (neat liquid and ~ o l i d ' ~ ' ' ~ - ~ ~ ,  
nonaqueous solutions' 9-2 ,2 9 3 0 - 3  8 ,  gas phase3944), and where it seemed ap- 
propriate mass-spectrometric data44-50 (cf. Reference 10) have been used to 
interpret the results. 

Isotopically labelled thiols have been employed in hydrocarbon radiolysis as 
a probe t o  distinguish between the contributions of molecular nonionic primary 
processes such as reaction (1) and free-radical processes (reactions 2 and 3), in the 
hydrocarbon (R' H). The main radical processes involving the thiol and its radicals 
in saturated hydrocarbon solution are given by reactions (4)-( 10). Processes (9) 

R'H -- C- H, + olefin (1 I 

R ' H  -Y- ' ~ 1  + H' (2 I 

R ' H  - -{- R ' H + '  + e- (3) 

' R '  + R ~ S H  - R ' H  + R ~ S -  (4) 
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and (10) are an example' of the tendency of complex radicals to be formed in the 
radiolysis of organosulphur systems. The optical absorption spectrum of a species 
thought t o  be EtSS(H)Et has been observed38 ; the  existence of the homologous 
species RSSRz * would not  seem improbable' 7. The homolytic displacement re- 
action ( 6 )  has recently been established in the photolysis of thiolss' and may 
have to  be taken into consideration in radiolytic systems as well. 

In olefinic hydrocarbons chain processes occur such as (1 1 )  and (1  2 )  which have 
been shown t o  lead t o  G-values? of the order of 105 for the isomerization of cis- 
into trans-2-butenes * .  The reverse reaction is also observed and has a G-value three 
to  ten times smaller. 

(11) 

(121 
RS' + Et-CHZCH-Et Et-CH(SR)-CH-Et ( 1  1.12) 

In the gaseous thiol/carbon monoxide systems3 a chain-reaction of a different 
kind appears t o  be operating a t  elevated temperatures through the addition of the 
thiyl radical to carbon monoxide (reaction 13). The resulting radical loses carbon 
oxide sulphide (reaction 14), and the alkyl radical propagates the chain by hydrogen 
abstraction from the thiol (reaction 4). 

R S -  + CO - (R-S=C=O)' (13) 

(R-S=C=O)'  - R' + S=C=O (14) 

As discussed so far, the  reactions of thiols in the radiolytic systems are the same 
as in other free-radical generating systems. The formation of charged species 
(radical cations and electrons) by the absorption of ionizing radiation (cf. Chapter 
2 3 )  brings about  new aspects. Thiols appear t o  be able to  scavenge positive charges 
(reactions. 15 and 16). Their gas-phase ionization potential ( I )  is lower and their 

' R '  +R,RSH; 

R 'H  + R ~ S H + '  

R ' H + '  + R ~ S H  

(15) 

(16) 

gas-phase proton affinity ( P )  is perhaps slightly higher than the corresponding. 
Properties of alcohols; I(EtSH) = 9.28 eV, I (E t0H)  = 10.48 eVS4 ; P(h1eSH) = 
770 kJ mol-' , P(Me0l-I) = 760 kJ mo1-l 5 .  The same holds with respect to  
saturated hydrocarbons but  may not always be the case with unsaturated oness6. 

The scavenging of tKe positive charge from a hydrocarbon radical cation, R' H+' 
(reactions 15 and 16), may be followed by a proton transfer between thiol radical 
cation and thiol (reaction 17) or  the formation of a complexed radical cation (re- 
action 18). Complexed radical cations from sulphides, (RSR);', are well estab- 

iThe  quantity G, called G-value, is defined through G = N / E ,  unit (100 e V ) - ' ,  where N is the 
number of radiolytically generated species or events of whatever kind caused by the absorbed 
radiation energy E.  
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R ~ S '  + R~SH;  

R ~ S H + '  + R ~ S H  

(18) 

lished speciesS (see below). They are the structural analogues of (RSH);'. It can 
be estimated from thermochemical data that  reaction (15) tends to be more exo- 
thermic than reaction (1 6 )  but one might expect that its activation energy be higher. 
Reaction ( 17) appears close to  thermoneutral (see below). Formation of the complex 
(RSH);' (reaction 18) is considered' ' as an alternative to  proton loss (reaction 17). 
In fact the latter appears to be unimportant, because in low-temperature glasses 
the thiyl radical is not  seen unless the matrix is bleached or annealed23 9 3 8 .  Re- 
action (1 7) has also been excluded in the radiolysis of thiophenol' g . 

The train of events undergone by the negative charge is not clear. In hydrocarbons 
containing alcohols it is known that the electron becomes solvated within a solute 
domain5 The smaller polarity of the thiol molecule [dielectric constants: E(EtSH) = 
6.9; c(Et0H) = 24.3' ] would make a similar effect (reaction 19) energetically less 
rewarding but not impossible. Also, owing to their relatively low polarity thiols 
have a lower tendency than alcohols t o  form domains in hydrocarbon solution. 
Other possibilities could be suggested (reactions 20-22). 

e- + n RSH - e&,,  (19) 

RS- + H' (20) 

R '  + -SH (21) € RSH'- (22) 

e- 4- RSH 

Thermochemical argument indicates that  reactions (20) and (2 1) should be 
endothermicin the gas phase, reaction (2 1) t o  a lesser extent than reaction (20)49*5 
However, the appearance potential of reaction (20) is found to be lower than that 
of  (21)44. In methanolic and aqueous glasses reaction (21) has been shown to  
occur' 7, bu t  there is no  evidence that it occurs in a hydrocarbon matrix38 or in the 
neat thiol' at 77 K.  This would leave RSH-' as the most likely carrier of negative 
charge in non-aqueous media. In fact the radical anion RSH'- is supposed t o  have 
been observed by ESR spectroscopy in the low-temperature radiolysis of thiols2 
2 8 9 3 8 , 6 0 9 6 1  (but cf. Reference 17) whereas the trapped electron was not ~ e e n ~ ~ ~ ~ ' .  

In view of the foregoing, there are many possible neutralization reactions. In 
particular, reaction (23) has been discussed t o  explain the growth in the thiyl ESR 

RSH-' + RSH+' - RSH + RS' + H' (23) 

signal during annealing of y-irradiated thiol glasses while the signals assigned to  
RSH-' and RSH+' d i m i n i ~ h ? ~ ~ ~ ~ .  

The radiolysis of neat thiols awaits further investigations, and the mechanisms 
presented here are largely reasonable extrapolations from data obtained with 
similar systems. Thus, reactions (24)-(3 1) should be considered together with the 
above-mentioned ones. Reactions such as (25) and (26) are observed in the photo- 
lysis of thiols, the former predominating by roughly an order of magnitude (see 
Chapter 22). In the radiolysis? 9 , 3 9  the situation may be not much different 
considering the similar ratios of disulphide and €I2 S formation. 

Reaction (27) is an intriguingone. There seems to  be ESR spectroscopic evidence 
that it does not occur in methyl, ethyl, propyl and butyl thiols, bu t  from pentyl 
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I- RSH+' + e- 
RS' + H' 

R '  + ' S H  

(27)  

RSH+' + RSH - 'R(-H)SH t RSH; (28) 

- RS' + H,S (29) HS' + RSH 

' R ( - H ) S H + R S H  - RSH + RS' ( 30) 

RS' + 'SH RSSH (31 1 
thiol onward an increasing proportion of the radicals observed appear t o  be alkyl 
thiol radicals 'R(-H)SH24>2 s Z 9 .  It has been surmised that efficient energy transfer 
down the  alkyl chain to the sulphhydryl or  other accepting groups is possible only if 
the distance to be spanned is less than about five carbon links24962963. Another 
implication of the absence of these radicals including the thiol a-radical is that  
reaction (28)  ought t o  be even less important than reaction (17) (if, indeed, they 
occur at  all in the condensed state). In the gas phase, it has been shown46 with 
methanethiol that  reactions (17) and (28) occur a t  a ratio of about 10 : 1; epi- 
thermal ions are perhaps involved. This is in contrast to  the alcohols where proton 
transfer is about equally likely from the oxygen and the ?-carbon atom64. 

Interesting results have been obtained with 1 ,4-b~tanedi th io l~  . In dilute hydro- 
carbon solutions 1,2-dithiane was formed in high yield (reactions 32  and 33). Its 

(32, 33) 

yield was shown t o  decrease with increasing dithiol concentration while that of 
disulphidic compounds of higher molecular weight increased. One might suggest a 
cyclization reaction (reaction 32) to  occur in competition with bimolecular addition 
(reaction 34), the  latter being favoured a t  high dithiol concentrations. 

In  the presence of oxygen (cf.  reference^^^^^^^^^ /j 5 ) r  initial G-values of 
thiol consumption rise strongly with falling dose rate and increasing thiol concen- 
tration, thus suggesting a chain-reaction. A considerable part of the thiol consumed 
is transformed into the disulphide, but other more highly oxidized products which 
are certainly formed have not  been measured. 

B. Disulphides 

In studies on the formation and properties of radicals and radical ions from the 
radiolysis of organic disulphides in low-temperature glasses2 y 3  p 3  i6 6-70 and in 
the gas-pha~e4~9" i t  has been shown that disulphides are remarkably good 
acceptors of various charged and radical species in nonaqueous media. In 
hydrocarbon solution the  efficiency of disulphide as electron scavenger7 is com- 
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parable t o  that of sulphur hexafluoride and other good electron scavenge r~7~ ,  and 
as hydrogen atom scavenger, to  that of ethylene. There is no doubt that some of 
the positive charge is trapped as well, probably by disulphide radical cation, and 
perhaps also by sulphonium ion formation (reactions 3 5  and 36). 

I * R '  + R ~ s s ( H ) + R ~  (36) 
In dilute cyclohexane solution diethyl and dipropyl disulphides rapidly equi- 

librate under the influence of ionizing radiation72, and it may be inferred74 that 
thiyl radicals are also present, generated via reactions (37)-(43). Reactions (40) 

R'H + R ~ S S R + ~  (35) 
R'H'+ + R ~ S S R ~  

PrSSPr + e- - PrSSPr'- (37) 

PrSSPr + H' - PrSS(H)Pr (40) 

PrSS(H)Pr - PrS"+ PrSH (41 

PrSSPr + R' - PrSS(R)Pr (42) 

P r G ( R ) P r  - PrS' + RSPr (43) 

and (41) explain the formation of thio17*. The  other product, cyclohexyl propyl 
sulphide RSPr, is formed17 in reactions (42) and (43). The mixed disulphide is 
formed72 via reactions (44)-(46). In the presence of thiols a similar transposition 
takes place72 via reactions (47) (cf. Reference 70) and (48). 

PrS' + EtSSEt - EtSS(SPr)Et (44) 

PrS- + EtSSEt" - EtSi(SPr)Et  (45) 

EtSi(SPr) E t  EtSSPr + EtS' (46) 

PrS' + EtSH - PrSS(H)Et (47) 

PrSS(H)Et - EtS' + PrSH (48) 

There is a strong reduction of cyclohexane consumption, from G = 7.3 in the 
pure solvent to about half this value in a solution 0.005 M in the d i ~ u l p h i d e ~ ~ .  On 
the other hand, G(disu1phide consumption) is about unity at this concentration. 
The possibility of the formation of undetected sulphur-containing products has 
been considered. The apparent discrepancy could also imply a protective action, 
possibly via processes such as (49)-(51). Radical cation complexes of the type 
[ RSSR] z. have been observed in the gas phase7' and in solid media3 * . 

RSSR+' + RSSR-' - ~ R S S R  (49) 
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C. Sulphides 

The present information on the radiolysis of sulphides (nonaqueous liquid7 5-8 O 
and solidZo p 3  7 , 3  a ,7098 3' a conditions; mass-spectrometric studies4 5 9 4  795 1, 
719a7b) reveals little about the nature of the final products. Apart from studies on 
thiophene7 97 the only product that seems t o  have been measured is hydrogen2 9 

a1-83. It is noted that hydrogen formation declines as the .atomic fraction of 
sulphur in the system is increased either intramolecularly by employing lower-akyl 
homologues [from G(H2 = 1.5 in (C, 1H23)ZS t o  0.14 in (C€13)2S)l, or in an 
alkane/dialkyl sulphide mixture by increasing the sulphide c ~ n t e n t ~ ~ . ~ ~ .  It is not 
yet ascertained whether or  not the cleavage of the carbon-sulphur bond plays a 
major role. This reaction has been shown to be the main process in the photolysis 
of sulphides (see Chapter 22). Carbon-centred radicals have been observed by ESR 
spectroscopy of glassy radiolysed samples o f  sulphides where apparently sulphide 
radicals OR(-H)SR of all possible types are being formed20.8 , 8 2 .  2-Methyl- 
tetrahydrothiophene, in contrast to  2-methyltetrahydrofuran, does not physically 
trap electronsa4. Instead, anion radicals are formed which seem to be ring-opened 
forms of the type R2 &S-. Dissociative electron capture by dimethyl ~ u l p h i d e ~ ~  

CH3SCH, 4- e- - CH3S- + bH3 (52) 

(CH3)2S+' -+ (CH312S - (CH3),SH+ 4- 'CH2SCH3 (53) 

(reaction 52) is endothermic in the gas phase but occurs in methanolic glass70. 
Proton transfer (reaction 5 3 )  appears t o  be slightly endothermic in the gas phase7' 
which would suggest that, until it is neutralized, the positive charge remains in the 

RzS+' + R2S [R2SSR2]+' (54) 

form of the original radical cation of its complex (RZS)i+ (reaction 54). Optical, 
ESR, mass spectroscopical, and product studies have adduced evidence for such 

complexes' 2 , 3 8 7 5  7 , 7 0 , 7 9 , 8 0 a , 8 8 7 8 9 .  From 1,4-dithiane an intramolecular cation- 
radical complex (1) is formed by electron removal that  absorbs near 600 nm. An 
intermolecular complex ( 2 )  is formed from 1,3-dithiane in nonpolar media which 
absorbs at  the remarkably long wavelength of 750 nm79*80a.  

(1) 

(2 )  

1 1 1 .  RADlOLYSlS IN AQUEOUS SOLUTIONS 

A. Radiolysis of Water 

The primary processes in the radiolysis of aqueous solutions have been discussed 
in some detail in an earlier review4 and in a preceding chapter of this volume 
(Chapter 23). In the latter a compilation of the G-values of the primary species 
under various conditions can be found. A brief account is given here. 
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The primary free radical species formed in the radiolysis of water are OH radicals, 
solvated electrons (e&) and H atoms. Protons and hydroxide ions as well as some 
molecular hydrogen and hydrogen peroxide are also formed (reaction 55). The 
solvated electrons can be converted into OH radicals by N 2 0  (reaction 5 6 ) .  In 
acidic solutions the solvated electron is converted into a hydrogen atom 
(reaction 57). Hydroxyl radicals, e iq ,  and H atoms readily react with the title 

(55) 

e iq  + N 2 0  - 'OH -!- N, + OH-- (56)  

HZO - Y- 'OH, eJq, H', H+, OH-, H,, H,O, 

e- -I- H+ - H' (57) 
a q  

compounds. There is now a wealth of rate constants available (for compilations see: 
OH radicals' 9' , solvated electronsg2 9' 3, H atoms' 4).  In the following sections 
the reactions of the three water-derived radicals with the title compounds and the 
subsequent free-radical reactions are discussed. 

In order to  aid the reader, the formulae and trivial names of some sulphur- 
containing compounds of biochemical interest that are mentioned below are listed 
in Table 1. 

TABLE 1. Trivial names and formulae of sulphur-containing compounds 
mentioned in the text 

Name Formula 
~ ~~~ 

Cysteamine 
Cysteine 
Cystine 
1,4-Dithiothreitol 

Ghathione(= glutamylcysteinylglycine) 

Lipoic acid 

Methional 
hlethionine 
Penicillamine 

HSCH, CH, NH, 
HSCH,CH(NH, )COOH 
(SCH,CH(NH, )COOH), 
CH, SH 
1 

HOCH 
I 

IICOH 
I 

CH, SH 
HOOCCH(NII, )CH2 CH, 

I 
C=O 

I 
NH 
I 
I 

HSCH, CH 

C=O 
I 

NH 
I 

HOOCCH , 
CH,-CH,-CH(CH,), COOH 
\ /  s-s 

CH, SCH,CH,CIlO 
CH, SCH, CH, CH(NH, )COOH 
H SC(CII, ) , CH (N H , )COOI-I 
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B. Deoxygenated Solutions 

1. Th iols 

Thiols rapidly react with the hydrated electron. The rate9s>96 is near t o  dif- 
fusion-controlled if t he  thiol is neutral or positively charged [k(eiq + RSH) - l o l o  
M -' s-' I .  The rate constant drops if the electron reacts with a negatively charged 
species. It appears n o t  to  make much difference whether an adjacent carboxyl 
group is dissociated, o r  the sulphydryl group itself. A further strong reduction in 
the reaction rate is observed with doubly negatively charged species. Under these 
conditions the  rate constants k(e iq  + RSH) drop to -3 x 1 Os M s - l .  Two pro- 
cesses are conceivable (reactions 58 and 59). Because of' the lower dissociation 

(58) R' + SH- -c RS- + H'  (59) 
RSH -!- e& 

energy of the C-S bond compared t o  that of the S--H bond one might expect 
reaction (58) to  be favoured over reaction (59). Indeed, it has been suggestedgs 
that only reaction (58) occurs and that reaction (59) can be neglected. However, 
there is evidence that  a t  least in 2-hydro~yethanethiol~ and in 2-aminoethane- 
t h i o l ( c y ~ t e a m i n e ) ~ ~  reaction (59) may play a considerable role. This is seen from 
the fact that  G(H2 S) (from reaction 58) does not reach the expected value of 2.7, 
but only 1.65 in the case of 2-hydroxyethanethiol and 2.0 with 2-aminoethanethiol. 
There are some more cases which, however, do  not show such a strong effect. I t  is 
recalled that  dissociative electron capture similar to  reaction (59) has been observed 
in the  gas phase (see above). 

In acidic solutions the hydrated electron is converted into H atoms (reaction 57). 
Under these conditions the reaction of the H atoms can conveniently be studied. 
There are two major processes (reactions 60  and 61). The overall rate constant 

H2 + RS' (60) -c R '  + H,S (61) 

k(6 0+6  is around 1 O9 M -' s-' for a number of thiols studied. The ratio k6 0 /k6 1 

can be derived from the ratio G(H2 )/G(H2 S) if G(H2 ) is corrected for the 'molecular 
H2'  from reaction (55). The k60/k61 ratio is near five99- '00 for primary thiols, 
but decreases for secondary (1 .gl ' and 0 . 5 5 9 9 ,  observed for two different thiols) 
and tertiary thiols (0.82' ' and 0.449 ', observed for two different thiols). I t  has 
been reported' that  G(H2 S) increases with increasing temperature. This effect 
has been reinvestigatedlO' but could not  be reproduced with either cysteine or 
penicillamine. Thus it appears that k60 /k6 is not much temperature-dependent. 
Reaction (GO) can be interpreted as a hydrogen abstraction reaction whereas 
reaction (61) constitutes a displacement reaction. However, it might well be that 
both reactions have a common precursor, a hydrogen atom adduct radical (reaction 
6 2 )  in which the sulphur exhibits a three-electron bond. I t  has already been 

RSH + H '  - R ~ H ,  (62) 

emphasized (and further examples will be shown below) that there is increasing 
evidence for organic sulphur compounds to  be able to  complex radicals before 
decomposing into other  free-radical species. 

The hydroxyl radical has been shownIo3 to react with thiols (reaction 63)  at 
virtually diffusion-controlled rates [k6 3 = (1  -2) x 10' M -' s-' 1. The reaction 
with thiolates (reaction 64)  is generally slower by a factor of two' 3 .  There is good 

RStl + H'  
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evidence from ESR spectroscopic studies104 that carboncentred radicals are also 
formed from thiols on OH attack (reaction 65). 

-OH + RSH - H 2 0  + RS' (63) 

'OH + RS- - OH- 4- RS' (64) 

'OH + RSH - H ~ O  + '(R-HISH (65) 

'R + RSH - R H  + RS'  (66) 

Rate constants of the reactions of some radicals with various thiols (reaction 
66)  are summarized in Table 2. These rate constants mostly cluster around 
1 O8 M -' s-' . However, there are a number of other radicals which show rate con- 
stants smaller than 1 O7 M -] s- ' ,  among them the OH adduct radicals of uracil and 
thymidinelo s. This must be borne in mind when the radiation protection of cellular 
DNA by sulphhydryl compounds is discussed' (for a review see Reference 107). It 
appears worth noting that  the 2-hydroxy-2-propyl radical derived from isopropanol 
reacts considerably faster than the hydroxymethyl radical derived from methanol. 
The 1-hydroxyethyl radical (derived from ethanol) lies in between. This finding is 
somewhat surprising. In fact, one might expect the reverse order, because in general 
hydrogen is more difficult t o  abstract from methanol than from isopropanol, and 
therefore the reduction of the corresponding radical should be easier for hydroxy- 
methyl than for 2-hydroxy-2propyl. Attempts t o  detect a short-lived complex such 
as formed by H2 S' (reactions 67-69), have failed with thiolsl 3. 2-Hydroxy-2- 

R' R '  

propyl is electron-richer than the hydroxymethyl ,radical and therefore i t  should 
undergo formation of the tetravalent complex RR SII more readily, which might 
help to explain the unexpected behaviour of these alkyl radicals. In this context it 
is perhaps useful to  remember that  sulphur tetrahalides are known but  not  the 
sulphur tetrahydride. 

The reactions of some inorganic radicals with thiols have also been stud- 
i e d ' 0 9 ~ ' 1 0  (see Table 2). It is interesting' that the carboxyl anion radical, 
COi-, can abstract an H atom from thiols (reaction 70), bu t  that the RS' 
radical also abstracts an I1 atom from formate (reaction 71). This conclusion has 

been drawn from the fact that tritium-labelled formate solutions exchange with water 
large amounts of tritium if irradiated in the presence of cysteine. Formation of oxalic 
acid, the combination product of two C0;- entities, is suppressed and the forma- 
tion of CO2 is observed instead. This might result from a reaction of the RS' 
radicals with C0;- (reaction 72). 

C0;- + RS- - CO, + RS- (72) 

7 '  in  the phosphite/thiol system (reac- 
tions 73  and 74).  The equilibrium constant is 800, k , ,  being 3 x lo8 and k 7 4  

3.8 x 10' M -' s-I . 
Thiolate ions readily complex with RS' radicals (reaction 75). The rate constant 

A similar equilibrium is observed' 
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(73) 

(74 )  
Poi2- -I- R S H  HP0;- + RS' (73,741 

k75 is of the order of lo9 M -' s-l for a large number of thiols. This behaviour of 
the RS' is similar to  that of halogen and pseudohalogen radicals which readily 
complex with halogenide and pseudohalogenide ions. The back-reaction (reac- 
tion 76) is usually three orders of magnitude slower (k7 6 - 1 O6 s- '  ) and hence the 

RS' + RS- RSSR'- (75.76) 
( 7 5 )  

( 7 6 )  

equilibrium constants are around 1 O3 M 9 5  9' 4. In the case of dithiothreitol' * * *  

the corresponding RS' radical complexes only with the RS- group within the same 
molecule (equilibrium 77) but not intermolecularly. The resulting complex has a 
pK of 5.5. 

Whereas the linear disulphide radical anions decay by first-order, the cyclic 
ones' ' ' decay only by second order (e.g. reaction 78). Because on  protonation 
the corresponding thiyl radicals are formed the decay rate will depend on the pH' ' s .  

7.- 

0 S H  j"'E?] 0 s  + Ht 
(77) 

2 H 0 c s *  0 s- + 2 H '  

"C? I+ (78-80) 
0 s  

+ "CS- + H +  (79) 
0 s- 0 S H  

2 

As expected k78 is smaller (1.7 x 10' M - '  s-') than k8o (1.7 x 109 M - '  s-') 
whereas the reaction of the  anion with the neutral thiyl radical is the fastest 
(k7g = 2.5 x lo9) .  A remarkable product from the radiolysis of penicillamine is 
the trisulphide. It has been proposed' ' 1 '  ' that i t  is formed via reactions (81) 
and (82). 

RSSR-' + H,O - RSS' + R H  + OH- (81 1 

RSS' -I- RS' RSSSR (82) 

2. Disulphides 

Disulphides react with the solvated electron at  virtually diffusioncontrolled 
rates to give radical anions. The latter can dissociate' ' (reaction 75) into thiyl 
radicals and thiolate ions as discussed above. The disulphide anion radicals are pro- 
tonated (reaction 83) with rate constants' ' 9 * 1  2 o  between 6 x lo8 and 7 x 1Olo 

RSSR'- + H t  - RSSRH' (83) 
M - I  s - l .  The resulting H adduct radical is thought' ' 9 7 1  2 o  t o  decompose rapidly 
into thiol and a thiyl radical (reaction 84). Thiyl radicals react readily with di- 
sulphides (reaction 85) and mixed disulphides are formed via a chain reaction on 
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(84) RSSRH' - RSH + RS' 

irradiation of a mixture of two different disulphides' >' 7 '  I ,  just as in non- 
aqueous media (see above). 

R'SSR'  + R ~ S '  - R'SSR* + R ~ S *  (85) 

t o  give 
rise to  about equal yields of radical cations (reaction 86) and OH radical adducts 
(reaction 87). The formation of these radical cations which had already been 

The reaction of OH radicals with disulphides has been shown' 2 * 1  

RSSR'+ + OH- I: R S S R ( 0 H ) '  

RSSR + 'OH 

postulated earlier' 2 4  has been proven by the appearance of conducting species. 
The existence of the OH adduct radicals is more indirectly inferred and finds its 
support by a number of subsequent reactions (see below) that help to  explain 
the data. 

The formation of disulphide radical cations is not  only brought about by 013 
radicals but more efficiently (-100%) by other oxidizing radicals such as the radical 
cations of 1,3,5-trimethoxybenzene and thio ethers, SO,, BrG-, and by metal ions 
in unstable vdency states such as Ag2+, Ag(OH)+ and T12+. Tl(OH)+ reacts with 
80% efficiency and the carbonate radical ion, COi-, with only 10% efficiency' * . 

In alkaline solutions the cation radicals decay in a first-order reaction' 
(reaction 88). The rate of reaction (88) is not diffusion-controlled. A good corre- 
lation of a log k/ko  plot against the Taft @-parameters of the R groups was taken as 

RSSR'* + OH- - RSSR(0H)'  (88) 
an indication that the rate of reaction (88) depends on the effective charge at  the 
sulphur bridge. In addition, structural effects may contribute to the observed 
changes in the rate constants since steric hindrance also increases parallel t o  the 
inductive effect' 3 .  

In neutral and slightly acid solution these species decay by second-order kinetics 
which can be followed using their strong absorption near 420 nm, and it has been 
shown that the rate is virtually diffusion-controlled. The rate of the disappearance 
of conductivity is slower than the decay of the optical signal, suggesting that the 
less-absorbing doublycharged product of reaction (89) has a certain lifetime. 

~ R S S R ' +  - RSW+ + RSSR (89) 

The radical cation RSSR" . itself is an oxidizing species and readily reacts with 
Fe(CN)%- at  a diffusion-controlled rate, bu t  about four orders of magnitude slower 
with Fe;+q. In the latter case the variations in the rate of reaction (go), dependingon 

(90) 

the nature of R in RSSR'+, have been explained t o  be due t o  similar effects as in 
the case of reaction (88). 

Pulse radiolysis experiments' 2 3  suggest that at pH > 10 the OH adduct radicals 
(from reactions 87 and 88)  undergo a base-catalysed decomposition (reaction 9 1). 
In fact, at pH > 12, G(EtSH) = 5.5 was found in the case of dietiiyl disulphide'23. 

RSSR-+ + Fe;: - RSSR + Fe:: 

R S S R ( 0 H ) '  -I- OH-  - RS- + R S ( 0 H ) ;  (91) 

In competition with reaction (9 1 )  the OH adduct radical may break up according 
to  reaction (92). Sulphenic acid (RSOH) may also be formed from RSSR2+ (reaction 
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93)  which is generated by reaction (89). Sulphenic acid, which is a fairly unstable, 
reducing compound' 6 ,  and the RSO' (RS(0H);) radical further undergo anumber 

(92) RSSR (0 H 1- - RS' + RSOH 

R S S R ~ +  + ~ H , O  - ~ R S O H  + 2 ~ +  (93) 

of reactions, the products of which have not  been fully characterized. In the case 
of di-t-butyl disulphide, isobutyleoe and trisulphide is produced' ' 3, and it has been 
suggested that  they may be formed via reaction (94)  which is reminiscent of re- 
action (81). 

CH3 

(94) 

Attention is drawn t o  the possibility that complications could arise with some 
disulphides on account of hydrolysis when they are investigated in alkaline media 
(reaction 95)' 7. 

RSSR + OH- - RSOH + RS- (95) 

P? I 
t-BuS-SBu-f - t-BuSS' + H2C=C-CH3 H 2 0  

3. Sulphides 
5 X 1 O7 M -' s-1)9 *' 2 8  

with hydrated electrons than do thiols and disulphides. In this reaction a C-S 
bond is cleaved (reaction 96) as has been confirmed by ESR spectroscopic studies 

R-S-R + eLq - R-S-- + 'R (96) 

and by product analysis' 29. The subsequent reactions have so far no t  found much 
attention. 

the electron adduct appears to  become protonated. 
2,2'-Bithienyl has been found as the major reaction product. In acidic solutions, 
the same optical spectra are observed. However, under these conditions the thiophene 
ring appears t o  break down and sulphur is liberated while the yield of 2,2'-bithienyl 
is drastically reduced. 

( 1  -2) x 10' M -' s-' 1' 3 0 .  The 
first step has been suggested' 30 to consist of OH addition to the sulphur (reaction 
97). At low sulphide concentrations (<l  0-4 M) t he  R2 SOH radicals eliminate 
H2O (e.g. reaction 98). At sulphide concentrations above 1 0-4 M it  wasobserved' 30a 

Sulphides appear t o  react much more slowly ( k g  6 

In the case of thiophene' 

The OH radical reacts with sulphides [kg 7 

R - S - R  + OH - R2SOH (97) 

'CHZ-S-CH3 

that the OH adduct radical RzSOH complexes with another sulphide molecule 
(reaction 99). The complexed OH-adduct is readily converted into the  complexed 

R25OH + R2S - [(R2S)20H] '  (99) 

radical cation either directly (reactions 100-102) o r  via the moiecular species 
(R2SOH, RzS'+) reaction (99) being reversibleI3Ob. Whereas with a number of 
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(R,S);+ + OH- (100) 

[ ( R 2 S ) 2 0 H I '  .&: (R2S);' + H 2 0  (101) 

HPO7- -f H 2 0  

simple sulphides the formation of the complexed cation radical proceeds even 
in solutions at pH 10 (reaction loo), methionine is converted under more acidic 
conditions only (reactions 101 and 102)' 3 0 c .  The radical cation complex (R2S);+ 
is relatively stable but  is in equilibrium with its components (reaction 103). There is 

(R2S);' ZF== R,S+' 4- R2S (103) 

increasing evidence for cation radicals in these systems, both from ESR spectroscopic 
s t u d i e s ' 4 ~ 7 0 ~ 8 8  and pulse radiolytic  investigation^^'^^^^^' 30-' 3 2 a 9 b .  

Intermolecular as well as intramolecular complexes are formed with di- and 
tri-thianess 9 8 9 a 9 1  3 2  c.  Stabilization of the oxidized sulphur atom can be ecfected 
by heteroatoms other than sulphurBga>' 3 2 a , b .  For example R2 SBr o r  R2 SCl are 
formed in the reaction of a sulphide with a complexed halogen atom, Br;- o r  C l l  
(e.g. reaction 104). At low bromide concentrations where primarily R2SOH is 
formed the same absorption has been observed' suggesting that reaction ( 105) 
can also take place. 

R,S + Bri- .  - R2SEr '  + Br- (104) 

R2.$OH 4- Br- - R2SBr' + OH- (105) 

that  thiophene adds OH radicals predominantly at C(*) 
(reaction 106) has been confirmed by ESR spectroscopic studies' 3 4 .  In alkaline 

(106) 

9 '  3 4  (reactions 
had indicated that an equilibrium between the 

The suggestion' 

Q:H 
u + - o H  - 

solutions the OH adduct radical rearranges and opens the ring' 
107 and 108). Whereas earlier work' 

OH adduct and its ring-closed anion exists, i t  was later' 34 concluded that depro- 
tonation immediately leads t o  the ring-opened species. Attempts t o  identify this 
species by ESR spectroscopy failed, however' 3 4 .  Because of the high tendency 
of polymerization of hydroxylated thiophenes, product analysis was restricted to  
the identification of the thiolactone (from the disproportionation reaction 109) 
and of 2,2'-bithienyl, a product which most likely arises by water elimination 
(reaction 1 1  1) of the combination product formed in reaction (1 10). 
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C. Oxygenated Solutions 

Whereas the free-radical chemistry of deoxygenated solutions of thiols and their 
derivatives is reasonably well understood, this is not the case with oxygenated 
solutions. One reason for this may be the relatively low rate of oxygen addition t o  
sulphurcentred radicals (reaction 11 2). Oxygen adds t o  carbon-centred radicals at 
virtually diffusion-controlled rates [ k(R3 C' + O 2  ) =z 2 x 1 O9 M -' s-l 1 while the 
rate of reaction of thiyl radicals with oxygen appears to  be considerably lower 
(Table 3).  Thus a t  thiolate concentrations higher than those of oxygen the reaction 
of the thiyl radical with the thiolate anion to give RSSR'- (reaction 75) might 
successfully compete with reaction (1 12). This effect is most prominent in com- 
pounds which contain two sulphhydryl groups such as dithiothreitol. As a result 
of this, O2 reacts with RSSR'- giving the disulphide and 0;- (reaction 113). At 

Clemens von Sonntag and Heinz-Peter Schuclimann 

RS' 4- 0, - RSO; (112) 

RSSR'- + 0, - RSSR + 0;- (113) 

low pH where reaction (1 12) predominates, the resulting RSO; radicals may undergo 
a.number of reactions. Although the system is not  yet fully understood some mech- 
anistic aspects can be discussed here. 

I t  is observed that  a chain-reaction takes place, the importance of which depends 
on thiol concentration and on the dose rate. The first step appears to be reaction 
(1 14). The resulting hydroperoxide may undergo two competing processes, a re- 
arrangement into sulphinic acid (reaction 11 5 )  and hydrolysis (reaction 1 16). Both 
reactions may well proceed by proton catalysis, and the substituent R may have an 
influence on kl 5 / k l  1 6. Thus in the case of glutathione' both the sulphinic acid 

RSO; 4- RSH - RS-0-0-H + RS'  (114) 

0 
II 

RS-0-OH R-S-OH 

R S - 0 - O H  + H20 - RSOH 4- H202 

TABLE 3. Rate constants of the reaction of 0, with some free- 
radical species derived from thiols and their derivatives' s 

Radical 

HOCII,CH,S' 
CH, SCH; - CH, $=CH, 

k 
(M -' s - '  ) 

4 x 10' 
3.4 x lo8 
7 . 8 ~  lo8 
2.3 x lo8 
4.4 x 108 
6 . 2 ~  10' 

Unreac tive" 
Unreac tivea 
Unreac tive" 

1 . 0 ~  109 

~ ~~~ 

"Timescale of pulse radiolysis experiments. 
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RS-0-OH f R S H  - RSSR + H20, (117) 

RSOH + RSH - RSSR + H 2 0  (118) 

and the disulphide are formed, whereas in the case of cysteine' only the disulphide 
and H202  have been reported as products. However, there appears to  be a further 
reaction (reaction 1 17) which competes with reactions (1 15) and (1 16). Reaction 
( 1  17) depends on the thiol concentration and therefore should only be noticeable 
at  higher thiol concentrations. Its product is the disulphide, and indeed it has been 
found' that the disulphide/sulphinic acid ratio increases with increasing thiol 
concentration. The termination of  the chain is less clear than the propagation and 
reactions such as (1 19) have been suggested' 7 .  

2 RSO; - RSSR + 2 0, (1 19) 

In neutral and alkaline solutions values are reached' 7-1 for G(-RSH) which 
suggest that a chain-reaction must occur under these conditions as well. Because of 
the fast establishment of the equilibrium leading to RSSR'- reaction (1 13) must 
take part. The  0;- radical must be the chain-carrier as it has been convincingly 
shown' 3 7  that its conjugated acid HO; is not  capable of propagating a chain. It 
has been argued' that the HO; radical cannot abstract an H atom from the thiol, 

ti+ 
0;- + RSH - R S '  + H,02 (120) 

but  that 0;- does (reaction 120). This reasoning is somewhat surprising as 0;- is 
expected to be a poorer hydrogen abstractor than its conjugated acid HO;. 
Evidence for this is given in experiments where i t  has been shown that 0;- does 
not  react with alcohols but that HO; has sufficient abstractive power to  propagate 
a chain (see Chapter 23). Thus one might have to reformulate the mechanism of 
this chain-reaction and consider that the thiolate anion could be involved, or that 
0; could form a labile complex with the thiol, a reaction which might not be 
undergone by the HO; radical. In this context it might be mentioned that the 
question as to whether 0;- can react with a sulphide (methional) has been con- 
sidered' ' . 

The reaction of oxygen with radicals derived from OH attack on disulphides is far 
from being understood. Major products are the corresponding sulphonic acids'42-147 
The straight disulphides were observed' 4 4  on irradiation of the mixed disulphides, 
e.g. CySSCy and CyaSSCya from CySSCya. 

that the radical cations RSSR'+ do no t  react with 0 2 ,  at 
least not  on the timescale of pulse radiolysis experiments. However, it cannot be 
excluded that such a reaction takes place under 6 o  Co-y conditions where the life- 
time of the radical cations would be longer because of the usually much lower 
dose rates of 6oCo-y sources compared t o  those employed in pulse radiolysis. A 
similar passivity towards O2 is also observed with the radical cations derived from 
sulphides' 5 .  

I t  has been shown' 

D. Some Biochemical Aspects 

DNA is considered the major target in the radiation-induced deactivation of the 
living cell2 8 .  It has been found that sulphhydryl compounds can to some extent 
protect against this damage2 (cf. Reference 149). In order t o  rationalize this 
observation it has been postulated that sulphhydryl compounds can repair radiation- 
induced DNA radicals. These radicals can be formed by an attack of radicals gen- 
erated in the neighbourhood of DNA, or  by its direct ionization. On hydrogen 
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abstraction in the former case (reaction 121), or proton loss in the latter (reaction 
122), a radical is formed which may undergo reactions leading t o  a damaged site, 
o r  may be repaired by sulphhydryl compounds according t o  reaction (1 23) .  The 
same sort of protection could also be exerted in favour of other vital components 
of the cell. 

RH (i.e. DNA) -I- X' - R' 4- X H  (121) 

R* + R'SH - R H  + R'S' (123) 

Another aspect is the radiation-induced deactivation of enzymes, and in the 
present context this topic is of interest in so far as they containIs0 sulphhydryl, 
sulphide and disulphide functions. I t  has been found that in some (e.g. 
trypsin' , ribonuclease' , lactate dehydrogenase' , yeast alcohol de- 
hydrogenase' and glyceraldehyde-3-phosphate dehydrogenase' ' ), but not all, 
enzymes (e.g. q-chymotrypsin' * and carboxypeptidase A' ), sulphurcontaining 
functions appear to be critically involved. 

of enzymatic activity may be through damage to the active 
site as well as through disruption of the proper conformation' 6 6 .  Inactivation of an 
enzyme through radiation is complete only after several hits have been scored' 1' 13 

even though transfer of charge and free-radical sites occurs to  some extent within 
the enzyme molecule' 9-1 74. It has been shown with papain that the degree of 
inactivation by OH radicals is higher in the presence of oxygen' 7s. 

Other important free-radical targets in proteins are the aromatic amino acids, 
tyrosine and tryptophane' 6 .  Even radicals derived from sulphur-containing amino 
acids bind to  proteins through addition to the aromatic constituents' 8 .  The 
involvement of complexed inorganic [e.g. Bri- or (SCN);-] and other radicals in 
these deactivation processes has been studied' s 1  7 '  7 9 - 1  3. These radicals have been 
shown to react with more specificity than the highly reactive OH radical. 

Impairment' 6 4  9 '  
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Bcnzyl-a,a-d2 bromide, in labelled ether 

2-Benzyl-5-~arboxymethyl-'~C-tetrahydro- 
synthesis 382 

1,3,5-thiadiazine-2-thione, synthesis of 
40 1 

Benzyl cations 31  1 
Benzyl cation transfer 313 
Benzyl 2-chloroethyl ~ u l p h i d e - ~ ~ S ,  synthesis 

S-Bcnzyl~ysteine-~~S,  synthcsis of 396 
1-Bcnzyl-1 -(2'-3H-3'-dimethylamino- 

propoxy)cycloheptane fumarate, 
synthesis of 406 

prop0xy)cyclohcptanc fumarate, 
synthesis of 406 

propoxy)cyclohcptanc fumarate, 
synthesis of 406 

autooxidation of 423  
benzylic cleavage in fragmentations of 

reduction o f  523  

synthesis 19 

inversion at oxygen in 231 

of 394 

1 - (Ben~yl -4-~H)-  1 -(3'-dimethylamino- 

1 - B ~ n z y l ( 7 - ~ ~ C ) -  1-(3'-dimethylamino- 

Benzyl ethers, 

311 

1 -Benzyl-2-(R)-ethylaziridine, in azacrown 

Benzyl ethyl ether boron trifluoridc complex, 

S-Bcnzylhomocy~teine-~~S,  synthesis of 
397 

Bcnzyl 2-hydroxyethyl sulphide-'sS, synthcsis 
of 394 

Benzylic alcohols, 
oxidation of 

by chromic acid 481 
by mangancse dioxide 490-493 

reduction of 5 18 
Bcnzylic clcavage in fragmentation 

Benzylic deuterium substitution 413 
Benzylmcrcaptan, gas-phasc thermal 

N - [  4-(2-Benzylmethylaminoethoxy)benzyl- 

reactions 309, 31 1 

decomposition of 464 

a-14C]-3.4-diethoxybcnzamidc. synthesis 
of 402, 403 

Benzyl methyl ether. 
mass spectrum of 3 1 1 
oxidation by nitric acid 509 
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Benzyl methyl sulphoxide, tritium exchange 

Benzyl ~ulphide-~’S, synthesis of 394 
Benzyl sulphoxide-”S, synthesis of 394 
3-(Benzylthio)alanine 397 
B e n z y l t h i ~ l a t e - ~ ~ S  397 
Bicyclic acetals, synthesis of 884 
(RS)-Binaphthol, in crown cther synthesis 

50,  51 
Binaphthyl crown ethers, in separation of 

racemates of amino acids 107, 108 
Binding sites, in crown ether complexes 

Biotin, structural investigations of 593 
4-Biphenylyldcu terio(me thoxy)phenylme thane, 

1,4-Biradical, in Patcrno-Biichi reaction 

Biradical intermediates, 

in 434 

92-99 

deuterium exchange in 433 

694 

in photolysis of cyclic acctals 916 
in photolysis of cyclic ethers 909, 912 
in pyrolysis of oxctanes 708 

Biradical structure, for oxiranes 634 
Birch procedure 5 17 
2,2’-Bis(benzothiazolyl) disulphide, 

quadruply labelled, synthesis of 401 
2,6-Bis(bromomethyl)pyridine, in crown ether 

synthesis 29 
2,6-Bisbromopyridine, in crown cthcr 

synthesis 30 
Bis(2-chlorocthyl) sulphidc-”S, synthesis of 

392 
Bis(2-chloroethyl) s u l p h o ~ i d e - ~ ~ S  392 
1,1 -Bis(chloromethyl)ethylcnc, in oxocrown 

Bisdinaphthyl hexaether ligand 209 
Bis- 1,3-dioxacyclopen tanc. conformational 

1,2-Dis(hydroxymcthyl)cyclohexane, 

1,3-Bis( hydroxyme thyl)cyclohexane. 

Bislactams, macrocyclic, flow synthesis of 2 1 
Bis(2-methoxycthoxy)aluminium hydride, in 

1,l-Bis(methylthio)cyclohexanc, photolysis 

1 ,S-Bis{ 2-[ 5-(2-nitrophenoxy)-3-oxa- 

synthesis 34 

preference of 242 

dehydration of 745 

dehydration o f  745 

cleavage of ethers 528 

o f  931 

pentyloxy]-phcnoxy}-3-oxaprntanc, 1 :2 
complex with KSCN 214 

1,20-Bis(8-quinolyloxy)-3.6,9,12.15,18- 
hexaoxaeicosane. RbI complex of 21 4 

1.1 1 -Bis(8-quinolyloxy)-3.6.9-triotaun- 
dccane. Rbl  complex of 210 

a.w-Bissulphonamides, in azacrown 
syntheses 19 

Bissulphoxides, synthesis of 553, 560 

Bond orders, for phenol 353  
L-Borneol, chiroptical properties of 281 
Boron isotope separations 437 
Boron tribrornide, in dernethylation of aryl 

Boron trifluoride, 
methyl ethers 437 

as catalyst-see Catalysts, BF, 
complexes with ethers and sulphides 436, 

Boron trifluoride etherate, “C-labelled 417 
Bromine, 

437 

as oxidant for ethers 515 
as oxidant for sulphides 549 

Bromine-DABCO, as oxidant for sulphides 

N-Bromoacetamide 610, 620 
Bromocyclohexanc, conformational 

preferences in 240 
5-Bromo-3,4-dihydro-2H-pyran, lithiation of 

802 
Bromolithium reagents, gcminal, in oxirane 

synthesis 626 
2-Bromo-3-methoxy-2,3-dimethylbutane, 

rotation about bonds in 226-229 
3-Bromo-3-methoxy-2,3-dimethylbutanc, 

gauche and trans rotarners of 226-229 
a-Bromooxiranes, synthesis of 620 
p-Bromophenetole, mass spectrum of 310 
2 - B r o m o p h ~ n o l - ’ ~ C ~  408 
p-Bromophenol. mass spectrum of 310 
4-Bromophenyl isothiocyanatc-”S 401 
N-Bromosuccinimide 610, 620 

3-Bromotctrahydrofuran-2-yl steroid ethers, 

2-Bromotetrahydropyran-2-yl steroid ethers, 

Bronsted acids, as  catalysts in oxirane 

Butadienc, 

573 

as oxidant for sulphides 550, 573, 577 

deprotection of 524 

deprotection of 524 

rearrangement 632 

as dehydration product of oxolanc 695 
synthesis of 738 

diols 731, 736  
1.3-Butadiene, :is dchydration product of 

Butadienyl ethers, hydrolysis of 776 
n-Butane, conformers of 241 
1.3-Butanedio1, dehydration of 736 
2.3-Butanediol. dehydration o f  728, 

1,4-Butanedithiol, radiolysis of 975 
1-Butancthiol. photolysis of 925 
Butancthiols. gas-phase thermal 

decomposition o f  464 
Butan-1-01, gas-phase thermal decomposition 

of 455 
2-Butanol, radiolysis of 940, 9 4  1 
(+)-2-Butanol. CD spectrum of 280 

730-732 
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n-Butanol, radiolysis of 940, 941 
t-Butanol, 

456 
gas-phase thermal decomposition of 455, 

photolysis of 905-907, 937 
radiolysis of 940, 941 
rcaction with presolvated electron 939 
rcactions of pcroxyl radicals dcrivcd from 

UV absorption spectrum of 904 
3-Butenols, reaction with SOCI, 837 
I-Butenyl ethyl ether, cycloaddition of to 

I-t-Butylallene oxide, synthesis of 864 
t-Butylammonium salts, free cncrgies of 

association with polyethcrs 85 
N-r-Butylaziridinc, nitrogen inversion in 23 1 
t-Butyl-d, chloride 399 
t-Butyl chromate, as oxidant for alcohols 

485 
cis-4-r-Butylcyclohexyl mcthyl ether, mass 

spectrum of 315, 316 
n-Butyl cthcrs, mass spectra of 304 
(+)-S-s-Butyl ethyl ether, CD spectrum of 

t-Butyl-1 ,l-d2 ethyl ether, vapour-phase 

t-Butyl hydroperoxide, 

958 

TCNE 788 

289 

thermolytic 0-climination of 412 

as oxidant for alkencs 616 
as oxidant for sulphides 542, 568. 569 

r-Butyl hydroxyalkylsulphoxides. cyclization 

r-Butyl (6-hydroxyalkyl)sulphoxides, cleavage 
of 824 

of 837 
Butyl 2-hydroxyethyl sulphidc-”S, synthesis 

of 392 
r-Butyl hypochlorite 620 

as oxidant for alkcnes 623 
as oxidant for sulphidcs 550-553. 

567-570, 573. 584, 585 
n-Butyl isopropyl ether, mass spectrum of 

2-t-Butyl-4-methyl-l.3-dioxacyclohcptanc. 

2-t-Butyl-5-mcthyl- 1.3-dioxacyclohcptane. 

2-r-Butyl-4-methyl- 1.3-dioxacyclopcntane. 

n-Butyl methyl cther. photolysis of 909 
t-Butyl mcthyl cthcr. 

303 

conformations of 270 

conformations of 270 

conformations of 270 

photolysis of 908, 909 
UV absorption spcctrum of 904 

4-r-Butyl-S-methyl thiacyclohexyliurn 
pcrchloratc. conformational frrc encrgy 
for 245 

spectra of 316 
7-r-Butyl-3-oxabicyclo[ 3.3. llnonanes, mass 

o-s-Butylphenol, vaporization enthalpy for 

p-t-Butylphenol, vaporization enthalpy for 

t-Butyl rotation 224, 225 
r-Butyl vinyl ether, polymerization of 417 
6-ButyrolactoneY ring-transformation to 

y-Butyrolactone, synthesis of 699 
Buys-Lambert R-values, for 1,3-oxathianes, 

-dioxanes and -dithianes 840 

363 

363 

2-pyrrolidonc 703 

Calcium in ammonia, reduction of sulphidcs 
by 589, 590 

Carbenc insertion 709 
Carbenc reactions, of enol ethers 794, 795 
Carbenes, 

formation from oxiranes 652, 653 
unsaturated, addition to a carbonyl group 

864 
Carbohydrates, radiolysis of 951 

2-Carbomethoxy-X-al kyloxacyclohexanes, 
conformational free energies for 239 

2-Carbome thoxy-6-r-bu tyloxacyclohexane, 
conformational free energy for 239 

Carbon atoms, chemically produced 628 
Carbon di~ulphidc-~~S,.  synthesis of 390 
Carbonium cation mechanism, for diol 

oxygcnatcd solutions of 960, 961 

dchydration 722-724, 727, 729, 733, 
747 

Carbon-sulphur bond, anodic cleavage of 342 
Carbonyl compounds, 

addition of an unsdturatcd carbene to 864 
as dehydration products. 

of 1,2401s 729-732 
of 1 -3-diols 732-736, 738-741 

in oxaspiropentanc synthesis 875 
in 1,3-oxathiane synthesis 839 
in oxiranc synthesis 623-627 

in oxetane rearrangements 697 
in oxiranc rearrangements 630-635, 

as precursors, 

as products, 

655 
photocatalytic 1,2-cycloaddition of, to 

Carbonyl oxides. as oxidants for sulphidcs 

Carbonyl ylidcs 652 
Carbonyl ylidc structure. for oxirancs 634, 

Cdrboxylic acids. 

olcfins 692-694 

56 1 

635 

catalyscd decompositions of 460 
unsaturatcd. in oxirane synthesis 613 

Carvacrol, kinctic study of disproportionation 
of 372 
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Cascade binding, in crown ether 
complexation 1 10, 120 

Catalyst poisoning, selective 700 
Catalysts, 

acid, 
in dehydration of 1,2-diols 722-729 
in dehydration of 1,3-diols 733, 

in dehydration of higher diols 751 
736-738 

acidic heterogeneous, in dehydration of 

alumina, 
cyclic ethers 695 

in dehydration of 1,2-diols 729-73 1 
in dehydration of 1,3-diols 737, 738, 

in dehydration of higher diols 745, 

BF3, in enol ether condensations 783,784 
bimetallic (Re-Ni), in hydrogenation of 

maleic anhydride 690 
bound to synthetic resin, in alkene 

oxidation 616 
Ca3(P0,)2, 

74 1 

7 4 6 , 7 4 8 , 7 5 0 , 7 5 1  

in. dehydration of 1,2-diols 73 1 
in dehydration of 1,3-diols 737, 741 
in dehydration of higher diols 741, 

745, 746, 750, 751 
(C H 3) 2s 0 7 

in dehydration of 1.2-diols 731 
in dehydration of 1,3-diols 736. 737 
in dehydration of higher diols 746, 749 

in dehydration of 1.2-diols 731 
in dehydration of 1,3-diols 
in dehydration of higher diols 746, 

copper. 

733, 738 

748, 750, 751 
copper/aluminium, 

in dehydration of 1,2-diols 7 3  1 
in dehydration o f  1,3-diols 738 
in dehydration of highcr diols 746, 

electrophilic. in rearrangement of 
750, 751 

dioxolanes 69 1 
FSO,H/SbF,/SO,, 

in dehydration of 1,3-diols 
in dehydration of higher diols 

in oxirane polymerization 641 
in oxirane rearrangement 632, 633 

736, 738 
749 

Lewis acid, 

metal, in oxirane hydrogenolysis 638, 639 
metal complex. 

in alkene oxidation 616-618 
in oxirane rearrangement 635 

nickel, in dehydration of 1,4- and 

organic acid. in dehydration of diols 722. 
1,s-diols 746. 751 

736, 745 

palladium, in dehydration o f  1,4- and 

palladium/carbon, in dehydrogenation of 

platinum. 

1,5-diols 746 

oxolancs 695 

in cyclic ether rearrangements 697, 698  
in dchydration of 1,4- and 1 ,S-diols 

746 
platinum/carbon, 

in dehydration of 1,2-diols 730 
in dehydration of 1,3-diols 738 
in dehydration of higher diols 750 

in dehydration of 1,3-diols 733 
in dehydration of highcr diols 748 

in dehydration of 1,3-diols 736, 738 
in dehydration of 1,4- and 1,S-diols 

Raney-type, 

RhCI,/PPh,, 

745 
supported, 

in alkene oxidation 616 
in dehydration of 1,2-diols 730 
in dehydration of higher diols 748 
in oxetane rearrangements 697 

in dehydration of 1,3-diols 738 
in dehydration o f  1,4- and 1.5-diols 

in heteroatom exchange 703 
in oxirane hydrogenolysis 639 
in oxirane rearrangement 635 
in ring-transformations 703 

Catalytic homogcneous clectron carriers 
345 

Catapinands, definition of 6 0  
Catapinates, definition of 60 
Catechin 5,7,3’,4’-tetramethyl ether, 

deuterium exchange in 431 
Catechol, in crown ether synthesis 3 ,  7, 8, 

46 
0,O’-Catechol diacetic acid, KCI complex 

of 138 
Cathodic reduction 327-339 

of disulphides 332, 333 
of ethers 335-339 
of hydroxyl groups 335-339 
of sulphides 328-332 
of sulphonium salts 334, 335 
of thiols 332 

Cation carricrs 78 
Cation radicals, from sulphides 562, 563 
Cation transport through lipid membranes 

C-C bond, homolysis of, in oxiranes 634, 

C D  spectroscopy, 

zeolite, 

745, 746 

115 

652 

of alcohols 279-282 
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of benzoate derivatives of alcohols 

of disulphides 295, 296 
of ethers 288-291 
of thio ethers 291-293 

282-288 

Ccdrane oxide, rcaction with ozone 

Cephalosporins, oxidation of 548, 575, 

Ceric ammonium nitrate, 
as oxidant for alcohols 
as  oxidant for sulphidcs 553 

507. 
508 

578-580, 582 

496, 497 

Ccrium(iv), in oxidation of alcohols 

Cerium (1v)-alcohol complex, as 
496-498 

intermediate in oxidation of alcohols 
with ceric ion 497 

complexes 123, 134. 135 

in radiolysis of alcohols 944 
in radiolysis of cthylencglycol 95 1 
involving 1.3-dioxolane-2-yl radicals 9 16 
involving formate and thiyl radicals 980 
involving a-hydroxyalkyl radicals 950 
of thiyl radicals and carbon monoxide 973 
radiation-induced. in crystalline 

CH-acidic compounds, in crown cthcr 

Chain-rcactions, 

carbohydrates 956 
Chain-transposition o f  disulphides, induced 

by thiyl radicals 976  
Chapman rearrangement 797 
Chargc densities 353-355, 360 
Charge localization 300, 305 
Chelate effect, of open-chain multidcntate 

Chemical ionization (CI) mass spectrometry. 
podands 87 

of ethers and sulphides 310, 312. 
3 16-3 18 

Chemically induced dynamic nuclear 
polarization (CIDNP) 936 

Chemical shifts. 
I3C, for substituted benzenes 360 
'H,  for substituted benzenes 360 

C-H insertion, transannular 630, 631 
Chiral configuration. of crown ethers 44-5 I 

cffcct on stability and sclectivity 107-1 I 1  
Chirality methods, aromatic 283, 284 
Chiral recognition 188, 207 
Chirosclectivc transport 109, 1 10 
Chiroselectivity 6 2  
Chloramine. as oxidant for sulphidcs 550 
Chlorine. as oxidant for sulphides 549 
!.3-Chloroacetatcs, as precursors in cyclic 

e t h e r s  nthcsis 686 
Chloro-:-I 2 C-acetic acid 408 

I-Chlorobenzotriazolc, as oxidant for 
sulphidcs 550 

N-Chlorocaprolactam, as oxidant for 
sulphides 570 

Chlorocyclohexadienones 374 
Chlorocyclohexane 238 
2-Chloroethano1, 

gas-phase thermal decomposition of 457 
structural parameters of 184 

1,3-Chlorohydrins, as precursors in cyclic 

2-Chloromethyl-cis-4,cis-6-dimethyl- 1,3- 

Chloromethyl mcthyl ether 241 

ethcr  syntheses 686 

dioxacyclohcxane, conformational 
preferences in 255 

gauche conformations of 2 18-220 
rotation about bonds in 218-220 , 

Chlorornethyl-dz methyl ether, synthesis of 

Chloromethyl methyl-d, ether, synthesis of 

Chloromethyl phenyl ethcrs. reaction with 

Chloromethyl pheny! sulphides, reaction with 

N-Chloronylon, as  oxidant for sulphidcs 

2-Chlorooxacyclohexane 241 
m-Chloroperoxybenzoic acid 610 
Chlorophenols 374 
2-(4-Chl0rophenyl)-2-~~C-thiazole-4-acctic 

3-Chloro-1-propanol- 1 -I4C, in labcllcd cther 

3-Chloropropionic-l-'"C acid, in labelled 

N-Chlorosuccinimide, as oxidant for 

a-Chlorosulphidcs, oxidation of 544, 555 
4-Chlorothiacyclohexane- 1 -oxides. 

Chlorotrimcthylsilane, in synthesis of silyl 

Cholcst-4-en-3P-ol, oxidation of 492 
Chroman, mass spectrum o f  31 1 
Chroman-4-oncs. mass spectra of 31 1 
Chromate esters. 

decomposition of 476, 477 
formation in alcohol oxidation by chromic 

380, 381 

380 

labelled chlorides 435 

labcllcd chlorides 435 

567, 573 

acid. synthesis of 41 1 

synthesis 385 

ether synthesis 385 

sulphides 550 

conformational preferences in 247 

cnol ethers 803 

acid 472 
Chromic acid, 

as oxidant for alcohols 471-487 
474 

as oxidant for alkencs 619 
as oxidant for ethers 512. 513 
as oxidant for sulphides 

in presence of V (IV) 

553. 554. 568, 
569 

Chromium (IV),  in chromic acid oxidation 
473-475, 484 
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Chromium (v), in chromic acid oxidation 

Chromium (vI), in chromic acid oxidation 

Chromium (IV) scavengers 485 
Chromium trioxide-3,5-dimethylpyrazole 

complcx 486 
Chromous chloride, reduction of sulphides 

by 600 
Chromyl chloride, 

473-475,477 

473, 476, 477 

adsorbed on silica-alumina 485 
as oxidant for alcohols 485 
as oxidant for ethers 513  

trans-Chrysanthemyl alcohol, oxidation of 

Cinnamic acids, mass spectra of 313 
Claisen rearrangcment, isotopic studies of 

Cleavage, 

493  

mechanism of 4 13-4 15 

of C-C bond, 
by C r  (IV) 475 
in oxidation of secondary alcohols 496 

of C-S bond 424. 426, 427 
i-Cleavage, in ethers and sulphides 300, 

a-Clcavagc, in ethers and sulphides 300, 

P-Cleavage. in ethers and sulphides 304 
Cobalt (HI),  as oxidant for ethers 514, 515 
C-0 bond, homolysis of, in oxiranes 652 
Collins oxidation 485 
Collisional activation (CA) studies 

rr-Complex mechanism, in para-Claisen re- 
arrangement of ally1 phenyl ethers 414 

Computer, use in mass spectrometry 304 
Conformational flexibility/rigidity. in crown 

Coordination modes 21 1 
Copolymerization. o f  cyclic ethers 700-702 
Core electron binding energies 3 17 
Corcy synthesis. stercochemistry o f  625 
Coronands-see also Crown compounds, 

301, 303. 306, 310 

301, 310 

302-304, 306, 307, 3 10, 3 12 

ether complexation 1 1  1 

monocyclic. 
definition of 60. 61 
ligand dynamics of 1 1  1 

Coronates. definition of 6 0  
Cresol. vaporization enthalpy o f  363 
2-Crcsol, free energy o f  hydration of 363 
p-Cresol-"C6 405 
Crotyl propenyl cthcrs. Claiscn 

rearrangement of 414 
12-Crown-4. 

cavity diameter o f  157. 158 
mass spectrum of 312 
synthesis of 5. 10. 17 
toxicity o f  5 1 

15-Crown-5, 
cavity diameter of 157, 158 
mass spectrum of 3 12 
Mg(SCN), complex of 126 
synthesis of 5, 17 
toxicity of 51 

18-Crown-6 60 
benzenesulphonamidc complex of 123, 

134, 189 
cavity diametcr of 157, 158 
chiral asymrnctric derivatives of 48 
C-H--O dipolar attractions in 192 
CH-, OH- and NH-acidic substrates, 

complexes with 134, 135 
complexes of, 

deformation strain in 191 
medium effects on 12 1 

'crown' conformation of 189 
CsNCS complcx of 189 
CsSCN complex of 126 
dimcthyl acetylenedicarboxylatc complex 

KNCS complex of 189 
KSCN complex of I 2 6  
ligand dynamics of 1 1  1 
malononitrilc complex of 135, 189 
[ MnN03(H,0)5]+-[ N03]-.H,0 complex 

NaNCS complex of 189 
NaSCN-H20 complex of 125 
NH4Br complex o f  201 
NH4Br.2 H z O  complcx of 189 
organic reactions mediated by 

potassium acctoacetatc complex of 130 
RbNCS complex o f  189 
RbSCN complex of 126 
solubilities of potassium salts in presence 

structural chcmistry o f  188-1 95 
antiplanar torsion angles 1 Y 5 
syrz-clinal torsion angles 194 

of 134, 189 

of 133 

161, 162. 
1 64- 1 7 1 

of 158, 159 

synthesis of 4, 5 ,  17 
thermodynamics of complexation o f  80, 8 1 
thiourea complexcs of 123 
toxicity o f  51 
transannular H - 0  contacts in 
triaza analogue, Pb" complex of 
U02(N0,), .2 H 2 0  complex of 132 
UO,(N0,),.4 H 2 0  complex of 189 

192, 195 
133 

20-Crown-4. mass spectrum of 3 12 
2 1 -Crown-7. 

synthcsis of 17 
toxicity of 51 

Ba(CIOJz complcx of 128 
synthesis of 17 

24-Crown-8, 
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Crown compounds-see also Crown systems; 
Crown-type ligands; Macrocyclic ligands 

complexation of 62,  64-66, 77, 78, 

synthesis of 38-40 

crystalline complexes of 135, 136 
organic reactions mediated by 159, 

stability constants for complexes of 94, 

synthesis of 40-44, 3 9  

acyclic-see also Podands 

112, 113 

bicyclic-see also Cryptands 

161, 164, 166-172 

95 

cavity size and shape of, effect on 

chiral 44-51, 62, 63, 107-1 1 1 
complexes of 207-209 
in enantiomeric resolution of amino 

acids 107, 11 0 
in optical separation o f  amines 109 

combination with dyes 143 
complexes of-see Crown ether 

complexing capability of 195 
containing amidc functions, 

complexation of 67. 96. 97 
synthesis of 33, 34, 43, 44 

synthesis of 34-36 
thermodynamics of complexation of 83, 

complexation 99-105 

complexation; Crown ether complexes 

containing carbonyl groups, 

84 
containing ester functions, 

complexation of 83, 96. 97 
synthesis of 3 1-33 

gauche and anri conformations o f  9 
incorporating aromatic residues 24-30 
incorporating imine and oximc functions 

mass spectra of 3 12, 3 17 
monocyclic-.see ~ l s o  Coronands; 

36-38 

Monocyclic rnultidentate ligands 61. 
72, 78 

complcxes of-.see Crown ether 
com plcxes, monocycl ic 

examples of 61 
organic reactions rncdiated b y  
synthesis of 16-38 

157-1 72 

‘more fold’ 1 0  1 .  106 
nomenclature o f  60 
optically active-see Optically active c r o w  

compounds 
racemic, separation of 109 
ring number and typc. effect on 

complexation 101 
shortening of C-C bonds in 189 
structural chemistry of 175. 176. 

187-2 10 
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synthesis of 1-52 
design and strategy in 
factors influencing yields in 3-15 
hazards in 52 

15, 16 

toxicity of 5 1 
tricyclic-see also Cryptands 

crystalline complexes of 136, 137 
synthesis of 40-42 

Crown ether acctals, hydrolysis of 900 
Crown-ether-catalysed reactions 162-1 72 

stcreospecificity of 188 
Crown ether complexation, 

kinetics of 72 
mechanism of 68, 69 
selectivity of, 

definition o f  91, 92 
factors influencing 92-1 22 

definition of 91, 9 2  
factors influencing 92-122 
methods for determination of 92 

static complexation constants of 68 
stereoselectivity in 187, 207 
thermodynamics of 78-90 

stability constants for, 

Cp changes 80 
enthalpies 79, 87 
entropies 79, 9 0  
free cnthalpy changes 78,  79 

with a ‘hydratcd cation’ 128 

bifunctional guest moities in 204 
chiral 107-1 11 

Crown cthcr complexes, 

incorporation of functional cornplexing 

incorporation of steric barriers in 

3- and 4-point interactions in 
crystalline 122-143 

sclcctivity o f  124 
synthesis of 123 

groups in 109 

109 
109 

diastercoisomers o f  107 
dynamic stability o f  68 
rnonocyclic. 

crystalline 125-1 35 
kinetics of 71 -73 
medium effects in 12 1. 122 
sclectivity of 98 
stability constants for 

99. 105 
substituent effects in 116. I17 
thermodynaniics o f  80-83, 86. 87 

sandwich-type structure for 126 
structural chemistry of 187-2 1 1 
with alkylammonium ions, hydrogen 

Crown ethers-scv Crown compounds 
Crown ether-substrate intcractions 188 

92-94. 96, 97, 

bonding in 200. 201 
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Crown systems, 
fused to benzene rings, 

ligand dynamics of 1 13, 1 1 4  
synthesis of 24-27 

stability and selectivity of 

synthesis of 12-15, 44, 45, 49 
thermodynamics of 80 

complexation of 96 
synthesis of 27-29 

fused to pyridine rings, 
complexation of 96 
ligand dynamics of 1 12, 1 13 
synthesis of 29, 30 
thermodynamics of complexation of 

fused to cyclohexane rings, 
101, 105, 

113, 114 

fused to  furan rings, 

83-85 
fused to  thiophene rings 30 

complexation of 96 
synthesis of 30 

Crown-type ligands, 
as linear triatomic receptors 119 
many-armed 62 
open-chain 62, 65, 77, 78 

crystalline complexes of 137-143 
ligand dynamics of 1 12, 1 13  
thermodynamics of complexation of 

87-90 
18-Crown-6-type macrocycles, 

thermodynamics of complexation of 82, 
83 

[2.2.2]Cryptand, 
(E~C10,)[2.2.2]~+ cation o f  135 
Rb+ complex o f  135 

cavity sizc and shape of, effect on 

crystalline complexes of 135-137 
definition of 60 
‘football’-like 99, 101 
kinetics of cornplcx formation for 72 
kinetics of protonation and deprotonation 

ligand dynamics of 11  1 
macrobicyclic. calorirnctric measurements 

open-chain 62,  6 6  

tricyclic, 

Cryptands 62, 66, 74, 75, 78 

complexation 99-1 0 4  

of 76 

of complcxation by 84-86 

crystalline complexes of 139-143 

ammonium complex o f  136 
anion inclusion cornplcx of 136 
heavy metal complexes o f  136 
NaI  complexes of 136 

by 164, 166. 167 
[2.2.2]Cryptnte. organic reactions mediatcd 

Cryptate effects 86, 87 
Cryptates, 

anion 118 
cation-anion separation in 120 
definition of 62 
exchange kinetics of 120 
organic reactions mediatcd by 164, 

166-1 72 
[ 2lCryptatcs 188 
[3]Cryptates 188 

‘Cryptato therapy’ 1 19 
Cumene hydroperoxide, as oxidant for 

alkenes 616 
Cumulcne oxides 875 
2-Cyano-4,6-dinitroanisole, reaction of 

Cyanohydrin, as oxidation product of allylic 

Cyanooxiranes, reaction with Grignard 

Cyanophenols, thermodynamic parameters 

Cyclic acetals, 

intramolecular cation exchange process in 76 

methoxide ions with 419 

alcohols 493  

compounds 652 

for solution o f  363 

photolysis of 916, 917 
synthesis of 883 

Cyclic alkenes, in oxiranc synthesis 6 1 3  
Cyclic diols, 

cis-mms isomcrization in 728 
rearrangement of 728 

acid-catalysed hydrolysis of 7 10 
alcoholysis o f  7 10 
as dehydration products, 

of 1.3-diols 740, 741 
of higher diols 741-750 

Cyclic ethers-see cilso Oxacycloalkanes 

dchydration o f  695 
dehydrogenation of 695 
deoxygcnation o f  695 
free-radical reactions of 707-710 

mechanism of 707 
mass spectra of 306-308. 3 17 
oxidation o f  699 
photolysis of 909-9 IS 
polymerization of 700-702 
reaction with organornetallic compounds 

705-707 
rearrangement of 696-699 
reduction of, 

by catalytic hydrogenolysis 700 
by complex metal hydrides 699. 700 

acid-catalysed 7 10 
mechanism of 710 
stcreochemistry of 7 10 

ring-opcning of 710, 71 1 

ring-transformation of 702-705 
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synthesis of, 
from difunctional hydrocarbon 

derivatives 685-688 
from heterocyclic compounds 689-691 
from monofunctional hydrocarbon 

derivatives 684,  685 
photocycloaddition reactions in 

via cycloaddition reactions 692-694 
unsaturated-see Unsaturated cyclic ethers 

692-694 

Cyclic ketals, synthesis of 883 
Cyclic sulphides, 

mass spectra of 306-308 
photolysis of 927-931 
structural parameters of 182, 183 

base-catalysed, of hydroxyoxirancs 689 
intramolecular, in lead tetraacetate 

oxidation of alcohols 501 
of difunctional compounds 686, 687 
of hydroxycarbonyl compounds 688 
of secondary alcohols 684 

Cycloaddition, 1,3-dipolar, 
in oxirane synthesis 6 1  1 
to  oxirancs 645 

Cycl iza t ion, 

[ 1 + 2]Cycloaddition, to  cnol ethers 794, 

[2 + 2]Cycloaddition, 
795 

in pyran synthesis 694 
to  enol ethers 787-794 

[2 + 3]Cycloaddition, 1,3-dipolar, to cnol 

[2 + 4]Cycloaddition, to enol ethers 798, 

Cycloaddition reactions. 

ethers 795-798 

799 

in synthcsis of cyclic ethers 692-694 
of silyl cnol ethers 807 

Cycloalkyl ethers, mass spectra of 305. 306 
0-Cycloalkyl-S-methyl dithiocarbonatcs. 

Cycloalkyl sulphides, mass spectra of 305, 

0-Cycloalkylthiobcnzoatcs, reduction of 521 
1,2-Cyclobutanediols. rcarrangcmcnt of  727 
Cyclobutanes. as cycloaddition products. of 

enol ethers 787-789 
Cyclobutanol, oxidation of. 

by cerium (IV) 496, 4 9 8  
by chromic acid 
by vanadium (v) 499 

reduction of 521 

306 

474, 475, 478 

Cyclobutanols, cleavagc o f  483 
Cyclobutanone 875 
Cyclobutanones, as products in oxetanc 

Cyclobutyl methyl ether. mass spectrum of 
rearrangcments 696 

305 
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Cyclodehydration, of diols 741-751 
Cycloheptane, 

conformations of 268, 269 
pseudorotation in 269 
ring-rcversal in 269 

Cycloheptenc, conformations of 27 1, 272 
Cyclohcptene oxide, conformations of 272 
1,3-Cyclohcxadiene, as dehydration product, 

of 1,2-cyclohexanediols 729 
of 1,4-cyclohexanediols 750 

Cyclohexadienone structure, for fragment 

Cyclohexane, 
ions 309 

chair-chair ring-reversal in 237, 256 
chair-twist equilibrium in 247, 248 
conformational preference of 237, 263 
dihedral angle of 261 
stereodynamics of 244 

(?)-Cyc\ohexanc-trcrns-l ,2-diol, in chiral 

(+)-( 1 S, 2S)-Cyclohexane-rrns-I ,2-diol, in 

Cyclohcxanediols, dehvdration of 726 
1.2-Cyclohexanediols, dehydration of 729,  

1,3-Cyclohcxancdiols, 

crown ether synthesis 45  

crown ether synthesis 49  

73 1 

dehydration of 738 
mass spectra of 316 

1,4-Cyclohexanediols, dehydration of 745, 

Cyclohexancs. monosubstituted, 
749-75 1 

axial-equatorial ratio in 234-236 
conformational free energies for 240 
hydrogen bonding in 236 

Cyclohexano- 18-crown-6, ligand dynamics 

(~)-fmr1s-Cyclohexano-S)-crown-3 45 
( +)-(Shy)-rruris-Cyclohexano- 1 5-crown-5, 

(+)-(SS)-frrrns-Cyclohexano- 18-crown-6, 

Cyclohexanol, 

of 111 

synthesis of 49 

synthesis of 49 

conformational preferences in 237, 240 
oxidation o f ,  

by cerium ( I V )  498 
by vanadium (v) 498 

1.2-cycloiiexancdiol 73 1 
Cyclohcxanonc. as dehydration product of 

Cyclohexenc, half-chair geometry of 243 
Cyclohexyl chloride. mass spectrum of 

315 
(~)-rrom-2.2’-( 1.2-Cyclo hcxylidcnc)dioxy- 

ethanol. in crown ether synthesis 

Cyclohcxyl methyl ether, mass spectrum of 
13-15 

314. 315 
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Cyclohexyl methyl ~ulphide-~'S, synthesis of 

Cyclohexyl methyl s u l p h o n ~ - ~ ~ S  392 
Cyclohexyl methyl ~u lphox ide -~~S  392 
Cyclohexyl sulphides, mass spectra of 306 
1,2-CycIononadiene, peracid oxidation of 

Cyclooctane, barrier to ring-reversal in 274 
Cyclooctene epoxide 868 
Cyclopentaneformaldchyde, as dehydration 

product, of 1,2-cyclohexanediols 729 
Cyclopentene oxide, structural parameters 

of 179 
Cyclopentenyl ethers, hydrolysis of 776 
Cyclopentyl methyl cther, mass spectra of 

Cyclopentyl sulphides, mass spectra of 306 
Cyclopropanols, chromic acid oxidation of 

Cyclopropanone 859-861 
Cyclopropylcarbinol, oxidation of 496 
Cyclopropyl ethers, mass spectra of 305, 

Cyclopropyloxiranes, rearrangement of 690 
u-Cyclopropylvinpl methyl ether, hydrolysis 

Cystcine, radiolysis of 926 
C y ~ t e i n e - ~ ~ S ,  synthesis of 397 
C y ~ t e i n e - ~ ~ S ~ ,  synthesis of 397 
Cy~te ine-~jS  sulphate 410, 41 1 

Darzens reaction, mechanism of 624 
DATMP-see Diethylaluminium 

2,2,6.6-te tramethylpiperidide 
Dcamination, radical-induced, of amino 

sugars 952 
Dehydration reactions 450, 455, 456 
a-Dehydrochlorination 419 
Delocalization encrgy 372 
Delocalized modcl, of transition state in 

electrophilic substitution on phenols 

392 

867 

305 

483,484 

317 

of 775 

356-358 
Deoxygenation, of oxiranes 627-630 

by electrophilic reagcnts 627. 628 
by nucleophilic reagcnts 629, 630 
stercospecific 629 

Deoxyribonuclcic acid, 
radiation protection by thiols 
radical-induced strand breaks in 

987, 988 
955. 961 

Desolvation processcs, in crown ethcr 

Deutcrioamino group. in monosubstituted 
complexation 68 

cyclohcxanes, conformational 
preferences of 236 

a-Dcuteriobenzyl alcohol. oxidation of 491 
2-Deuterio- 1 -trideuteriomcthoxyacenaph- 

thenes, elimination reactions of 420 

Deuterium exchange, in ethcrs and 
sulphides 429-434 

catalytic 431 
Dcutcriurn fractionation 421, 431 
p-Dcutcroanisolc, acid-catalyscd deuterium 

p-Deuteroisopropyl ether, acid-catalysed 

p-Deutcrophenetole, acid-catalysed 

p-Dcutcro-ti-propyl ether, acid-catalysed 

3p,28-Diacetoxy-6p-hydroxy- 18p, 12-olcanen, 

Diacyl peroxides, as oxidants for sulphides 

Dialdehydes, as products of oxirane 

u,o-Dialkoxyalkanes, mass spectra of 314 
u,u'-Dialkoxy-p-phosphatoalkyl radicals, rate 

of phosphate elimination from 955 
Dialkylcadmium 650 
2.5-Dialkyl- 1,3-dithiacyclohexanes, 

exchange in 430 

deuterium exchange in 430 

deuterium cxchange in 430 

deuterium exchange in 430 

oxidation of 473 

544 

oxidation 636 

equilibrium between fratis- and cis- 
256, 257 

Dialkylzinc 650 
Diallyl sulphide, as prccursor in 

Diamines, bicyclic 60 
a,o-Diaminoalkanes, CI mass spectra of 

318 
2,4-Diamino-5-phcnyl thiazok-''C 

hydrochloride. synthesis of 41 0 
Diaryldialkoxysulphuranes, reaction with 

1.2-diols 623 
Diary1 sulphides, cathodic reduction of 328 
Diaza macrobicyclic polyethcrs 36-42, 188 
Diaza macrotricyclic polyethcrs 188 
Diazaparacyclophane crown ethers, 

1.1 0-Diaza-4,7,13,16-tetraoxacyclooctadecanc, 

Diazathiophcne, structural parameters of 

Diazo compounds, as products, o f  enol ether 

Diazonium salts. 

1,4-0xathiane synthesis 846 

complcxation of 97 

organic reactions mediated by 

183 

cycloadditions 795 

in oxidation o f  ethers 
reaction with enol cthers 782 

Dibenzoatc chirality rule 284-288 
Dibcnzo-18-crown-6 60 

161, 164 

510, 511 

bis(tricarbony1chrornium) derivatives of 

bromine complex of 123 
ligand dynamics of 11 1 
mono(tricarbony1chromium) derivatives 

116 

of 115, 116 
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nitration of 25 
organic reactions mediated by 

rate constant of complcxation with Na' 

RbSCN complex of 129 
synthesis of 3 ,  8, 24 

161, 164, 
165, 168, 169 

72 

Dibcnzo-21-crown-7, ligand dynamics of 

Dibcnzo-24-crown-8, 
111 

barium pcrchloratc complex of 200 
Ba(p icra t~)~ .2  H,O complex of 128 
barium picrate complex of 200 
disodium o-nitrophcnolate complcx of 

ligand dynamics of 11 1 
potassium isothiocyanate complex of 198 
potassium thiocyanate complex of 127 
sodium nitrophcnolate complex of 198 

Dibenzo-30-crown-10 78 
KI complex of 129 
ligand dynamics of 1 I 1  

127 

Dibenzocrown ethers, mass spectra of 312 
Dibenzo-18-crown-6 ethcrs, substitucnt 

effects in 115 
Dibenzo-1,4-dioxans, mass spectra of 31 1 
Dibenzothiophene 430 
D i b e n ~ o t h i o p h e n e - ~ ~ S ,  synthesis of 401 
Dibcnzothiophcne-5-dioxidc, reaction with 

sulphur 430 
Dibenzylmethylamine, nitrogen inversion in 

230 
a,o-Dibenzyloxyalkanes, mass spectra of 

313 
Dibcnzyl sulphidc-platinum chloride 

complexes, hindered inversion at  
sulphur 231 

Diborane, 
reduction of alcohols by 519 
reduction of oxiranes by 638 

trans-2,3-Dibromo-l,4-dioxacyclohexane, 
conformational prefercncc of 262 

1 ,I-Di-t-butylallcnc, peracid oxidation of 
868 

1,3-Di-t-butylallene, rcaction of 
rn-chloroperbcnzoic acid with 863 

Di-r-butylallene oxide, synthesis of 863 
1,3-Di-f-butylallcne oxide, isomerization to  

Di-t-butylcarbinol, oxidation of, kinetic 

2,6-Di-f-buty~-p-Crc~o~-'~C~, synthesis of 

2,2-Di-r-butylcyclopropanone 868 
~rans-2,3-Di-t-butylcyclopropanone 868 
2,5-Di-r-butyl-l,3-dioxacyclohexanc, 

conformational free energy for 25 1 

trans-2,3-di-t-butylcyclopropanone 868 

isotopc effect for 477 

405 

Di-t-butyl disulphide, photolysis of 932 
Di-t-butyl ether, 

photolysis of 908, 909 
UV absorption spectrum of 904 

Di-t-butylthiophenes, deuterium-labelled, 

trans- 1,2-Dichlorocyclohcxane, conformers 

trans-2,3-Dichloro- 1,4-dioxacyclohexanc, 

1,3-Dichloropropan-2-ol, in rnacrobicyrlic 

2,3-Di~hloro-l-propanol-3-~"CI, in labelled 

2,3-Di~hloropropionic-3-~~CI acid, in labellcd 

Dichlorotris(triphenylphosphine)ruthcnium, 

Dicyclohexano-18-crown-6, 
Ba(SCN), complex of 131 
(COCI)~  complex of 133 
configurational diastereoisomers of 

synthesis of 399 

of 262 

conformational preference of 262 

polyether synthesis 43 

ether synthesis 382 

ether synthesis 382 

in reductive coupling of alcohols 520 

12-15,44, 45 
complexation of 101, 105 

H30" complex of 123 
La(NO,), crs-syn4s complex of 13  1 
ligand dynamics of 114 
N a B r 2 H 2 0  complex of 131 
thermodynamics of complcxation of 8 0  
toxicity of 51 
UCI, complex of 132 

(+ )-(SSSS)-tra,zs-transoid-Irans-Dicyclo- 
hcxano-18-crown-6, synthesis of 49  

Dicyclohcxo-18-crown-6, organic reactions 
mediated by 161, 163-165 

a,a-Dideutcriobenzyl trityl ethcrs, 
disproportionation of 421 

2,2-Dideuteriothiophane, halogenation of 
427 

2.2-Dideutcro-p-methoxystyrene, 
polymcrization of 417 

Di(3,5-di-t-butyl-4-hydroxyb~nzyl-'~C) 
ether 387 

Diels-Alder additions, 
to  cnol ethers 798, 799 
to silyl enol cthers 807 

retro-Diels-Aldcr reactions, 
in tetrahydropyrans 307 
in thiochromans 31  1 

as dchydration products, 
of 1,2-diols 727-73 1 
of 1.3-diols 732-738 
of higher diols 

Diencs, 

741, 745, 749-751 
cyclic, in oxirane synthesis 613 
cycloaddition to enol ethers 799 

2.5-Dienols 651 
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Dienonc-phenol rearrangement 634 
I ,2,3,4-Diepoxybutanc, structural parametcrs 

Diesters, mixed, ring-closure of 839 
Dicthylaluminium 2.2,6.6-tctramcthyI- 

Diethyl azodicarboxylatc SOY 
Diethyl disulphide, 

of 179 

piperidide 610  

photolysis of 932 
UV absorption spcctrum o f  924 

Diethyleneglycol monovinyl ethcr. 

Diethyl ether, 
acid-catalyscd hydrolysis of 4 15 

complexes of, isotopic studies of 
metalation of 418 
oxidation of 422 
photolysis of 908, 909 
radiolysis of 422, 946 
UV absorption spectrum of 904 

Diethyl-l-'4C ether 417 
Diethyl ether-oxygen charge-transfer 

complcx, photolysis of 918. 919 
Diethyl sulphide, 

436 

doubly Iabclled 424 
synthesis of 391 

photolysis of 927  
UV absorption spectrum o f  924 

invcrsion at sulphur in 231 

complexation 68 

preference of 272 

Diethyl sulphidc-borane complex, hindered 

Diffusion processes, in crown ether 

5.5-Difluorocycloheptene, conformational 

2,3-Dihalothiophane 427 
2,3-Dihydrobenzoxepine, mass spcctrum of 

2,5-Dihydrofuran, as dehydration product of 

Dihydrofurans 655 

31 1 

2-butene-l,4-diol 75 1 

as rearrangement products of 

dehydrogenation of 695  
formation from oxirancs 645 . 
a-lithiation of 800 
rearrangement of 698  
reduction of 690, 691 

vinyloxiranes 689 

Dihydropyran, half-chair geometry of 243 
Dihydropyrans 642 

as products o f  cnol ether cycloadditions 

a-lithiation of 800 
798 

3,4-Dihydro-2H-pyrans. mass spectra of 307 
Dihydroqucrcetin 5.7,3'.4'-tetranicthyl ether. 

I .2-Dihydroxyalkyl radicals. watcr 

2.2'-Dihydroxy- 1 . 1  '-binaphthyl. in crown 

deuterium exchange in 431 

elimination from '95 1 

ether synthcsis 4 9  

2.7-Dihydroxyhcptanoic acid. cooxidation 

Diiodotriphcnylphosphorane, in reduction of 

Diisobutylaluminium hydride, reaction with 

Diisopropyl ether, 

o f  477 

alcohols 520  

ethers 527, 528 

oxidation of 5 I5 
radiolysis of 946 
UV absorption spcctrum of 904 

Diisopropyl ethers, oxidation of 513 
1,2:5,6-Di-U-isopropylidene- D-mannitol, in 

crown ether synthesis 50. 51 
3,4-Dimethoxybenzaldehyde- 

(carbonyl-I4C) 406 
1.2-Dimethoxybenzene, dcuterium exchange 

in 430 
I ,3-Dimethoxybenzene. deuterium exchange 

in 430 
1,4Dimethoxybenzcne. radiolysis of 957 
p-Dimcthoxybenzene, 0-dcmethylation of 

Dimcthoxybenzoic(carboxy1-"C) acid 406 
3,4-Dirnethoxyben~oyl-~~C chloride 406 
Dimethoxycarbcnium ions 313 
Dimethoxycoumarins. mass spcctra of 309 
1,3-Dimethoxy-2-cyano-4,6-dinitro- 

I ,3-Dimethoxycycloalkanes, CI mass spectra 

Dimethoxydecalins, mass spectra of 316 
2,7-Dirnethoxycis-decalins, CI mass spectra 

Dimcthoxycthane, 

420 

cyclohexadicnylide 41 9 

of 318 

of 318 

anomcric effcct in 253 
complexes of 137 

1.2-Dimcthoxyethane 9 
(Z)- 1,2-Dimcthoxyethene, lithiation of 

Dimethoxymethane. 
800  

anomeric effect in 24 1-243 
rotation about bonds in 220 
structural pararncters of 178 

Dimcthoxynaphthalenes, mass spectra of 

2,6-Dimethoxy(~-'~C-phenol). synthesis of 

(3.4-Dimethoxypheny1)acetic acid-2-I'C 

Dimcthoxytoluenes, mass spectra of 309 
Dimethylallyl alcohol. isomerization of 736, 

2-(Dimcthylamino)ethanol. tritium-labelled. 

N - [  4-(2-Dime thylaminoe thoxy)benzyl-a-"C]- 

309 

406 

406 

737 

synthesis of 381 

3,4,5-trimethoxybenzamide 
hydrochloride, synthesis of 402 

Dimetliylanilinr-2,4.6-d3 4 2  1 
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5,5-Dimethylbenzocycloheptcne, barriers to 
conformational exchange in 272 

5,5-Dimethyl- 1,2-benzocycloheptene, 
conformational prcference of 272 

2,2-Dimethylbenzothiazolium iodide 400 
4,4-Dimethyl-exo-8-bromo-3,5-dioxabicyclo- 

[5.1.0]octane, conformational 
preference of 272 

product of pinacol 728, 729. 731 
2,3-Dimethyl-l.3-butadicnc, as dehydration 

Dimethylcarbamates, photolysis of 521 
2,2-Dimcthylchroman, mass spcctrum of 

311 
cis- 1,2-Dimcthylcyclobutanol, gas-phase 

thermal decomposition of 457 
ci3- 1,2-Dimcthylcyclohexane, confinmational 

free energy of 244 
1,2-Dimethylcyclopentanediol, 

rearrangemcnt of 724 
cis-1 ,2-Dimethyl-l,2-~yclopentanediol, 

oxidation of 484 
2,6-Dimethyl-4-deuterophenol, in labelled 

ether synthesis 383 
Dimethyldichlorosilane, reaction with 

oxolanes 706 
2.2-Dimethyl- 1,3 -dioxabenzocyclohcptane, 

conformational prefercnce o f  272, 273 
2,2-Dimc thyl-1,3 -dioxabenzocycloheptcne, 

conformational preference of 272 
truns-4,7-Dimcthyl- 1.3-dioxacycIoheptane, 

conformations of 269 
2,2-Dimcthyl-l,3-dioxacyclohept-5-ene, 

conformational preference of 271 
2,2-Dimethyl-l,3-dioxacyclohexanc, 

chair-chair ring-reversal in 247 
5,5-Dimethyl-l,3-dioxacyclohexane, 

chair-chair ring-revcrsal in 247 
2,4-Dimethyl-l,3-dioxacyclohcxanes, 

2-substitutcd, conformational 
prcferences in 255 

2-substitutcd, conformational frcc 
energies for 250. 251 

2.2-Dimethyl- 1,3-dioxacyclooctane, barrier to 
conformational exchangc in 274 

6.6-Dimcthyl-l,3 -dioxacyclooctane, barrier to  
conformational exchange in 274 

truns-4,6-Dimethyl-l.3,2 -dioxathianc, 
13C-chemical shifts for 849 

2.2-Dimethyl- 1,3-dioxolane, photolysis of 91 6 
Dimcthyl disulphide, 

photolysis of 932 
structural parameters of 181 
UV absorption spectrum o f  924 

2.2-Dimethyl- 1,3-dithiacycIohexanc. 

5.5-Dimethyl- 1.3-dithiacyclohcxane. 

4,6-Dimcthyl-l,3-dioxacyclohexancs, 

ring-reversal in 256 

ring-reversal in 256 

ci.s-4,6-Dimcthyl- 1.3 -dithiacyclohexanes, 

Dimcthyl ether, 
stcreoselcctivc reactions o f  259, 260 

boron trifluoride coordination compounds 
of 436 

''C-labclled. 
dehydration of 422 
synthesis of 380 

invcrsion at oxygcn in 229, 230 
isotope effect study of gas-phase pyrolysis 

of 411 
molecular dipole moment of 177. 186 
radiolysis of 946 
structural parameters of 177 
tritium-labelled, synthesis of 380 

Dimethyl ether hydrochloride, isotope 
exchange distillation of 436 

Dimcthylformamide 61 0 
2,5-Dimethyl-2,4-hexadienc, synthesis of 695 
3,5-DimethylisoxazoIc, deutcrium exchange 

in 433 
rram-4,6-Dimethyl- 1,3-oxathiacyclohcxanc, 

conformational prcfercnces of 259 
2,2-Dimethyloxetane, photolysis o f  91 1 
2.5-Dimethyloxolanes 746 
Dimcthyl(phenethyl)sulphonium bromides, 

Dimethylphenols, combustion enthalpies for 

Dimcthyl sulphidc, 

deuterium-labelled, synthesis of 394 

367 

barrier to internal rotation of a methyl 

boron trifluoridc coordination compound 

chlorination of 427 
molccular dipole moment o f  186 
photolysis of 927 
structural parameters o f  181 
UV absorption spectrum of 924 

as catalyst-.see Catalysts, (CH,),SO 
as oxidant, 

group in 181 

of 436 

Dimethyl sulphoxide 610 

for alcohols 504-506 
for oxiranes 636 
for sulphidcs 553 

combination with acetic anhydride 505 
Dimethyl sulphoxidc-d6 390 
2,5-Dimethyltetrahydrofuran, 

as  dehydration product of 2.5-hexanediol 

photolysis of 909, 912 
749 

2.6-Dimcthyltetrahydropyran. ring-contraction 

cis-2.3-Dimethyl thiacyclohcxane, 

cis-3.4-Dimcthylthiacyclohcxane. 

in 307 

conformational free energy for 244 

conformational frce cnergy for 244 
dihedral angle of 245 
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Dimethyl trisulphide-d6, synthesis of 390 
5,5-Dimethyl-l,2,3-trithiane, conformation 

2,6-Dimethylylbenzoic acid-1 8-crown-5 20 1, 
of 263 

203 
f-butylamine complex of 201, 202 

l,l’-Dinaphthyl-20-crown-6, 

Dinitrogen tetraoxide, as oxidant for 

2,4-Dinitrophenyl phrnyl ether, reaction with 

2,4-Dinitrophenyl phenyl ethers, mass 

1,4-DioI dimesylates, cyclization of 687 
1 J-Diol monoesters, therrnolysis of 622 
Diols, 

t-butylammoniuni complex of 205 

sulphides 548, 567-569 

piperidine 421 

spectra of 3 12 

cyclic-scc Cyclic diols 
dehydration of 686, 722-752 
deuterium-labelled, in study of dehydration 

oxidation of 484 

condensation with thionyl chloride 835 
dehydration of 622, 722-732 

by action of acids 722-729 
by action of metals 
on alumina 729, 730 
thermal 731 

in oxirane synthesis 621 
isomers of 725 
reaction with diaryldialkoxysulphurancs 

of 1,3-diols 733 

1,2-Diols, 

730, 731 

623 
cis-l,2-Diols 

cleavage by lead tetraacetate 501 
oxidation of 493 

mcso-1,2-Diols, reaction with TDAP 623 
1.3-Diols. 

as precursors in 2-0xo-l,3,2- dioxathianc 

dehydration of 732-741 
synthesis 850 

by action of acids 
by action of metals 733. 736 
mechanism for 733. 736-738 

733, 736. 737 

~~ 

with fragmentation 732. 734. 735. 
737-740 

with migration of C(2) substitucnts 733 
2.5-Diols, dehydration of. intramolecular Ss2 

mechanism for 746. 747 
am-Diols. CI mass spectra of 3 18 
3.5-Dioxabicyclo[ 5.1 .O]octanes. conformation 

Dioxacycloalkancs. rcarrangement of 69 1 
1.3-Dioxacyclohcptane. conformations of 

1.3-Dioxacyclohept-5-cn~s. conformations 

of 272 

269 

of 271 

1,3-Dioxacyclohexane, 
chair-twist equilibrium in 247, 248 
ring-reversal in 256 

1,4-Dioxacyclohexane, conformation of 261 
(rruns-2,3-rruns-5,6-d4)-l ,4-Dioxacyclo- 

1,3-Dioxacyclohexanes, conformations of , 

hexane, ’H DNMR spectrum of 261 

247-256 
electrostatic interactions on  249 

1,3-DioxacycloOctane, barrier to 
conformational exchange in 274 

2,5-Dioxahexane, structural chemistry of 
194 

1,3-Dioxanc, structural parameters of 179, 
180 

1,4-Dioxane, 
as scintillator 946 
fluorescence of 946 
photolysis of 909, 910, 914, 915 
radiolysis of 946 
structural parameters of 179, 180, 183 
UV absorption spectrum of 904 

Dioxanes, stereochemistry of 176 
1,3-Dioxanes 702 

mass spectra of 307, 308 
5-substituted, conformational preferences 

in 253 
1,4-Dioxanes. synthesis of 704 
1,4-Dioxaspiro[ 2,2]pentanes, as 

intermediates in oxidation of allene 
oxides 867 

hydrogenolysis of 846 

in 849 

2.8-Dioxa-6-thiacyclo[3.2.l]octanes, 

1,3.2-Dioxathiane. barrier to ring-rcversal 

1.3,5-Dioxathiane. conformation of 849 
1,3.2-Dioxathianes. synthesis of 849 
1.3,5-Dioxathianes. synthesis of 849 
1.3.6-Dioxathiocane. 

1R spectrum of 852 
mass spectrum of 852 
synthesis of 852 

1.4-Dioxenc. half-chair reversal in 262 
1.2-Dioxctanes. as oxidants for sulphides 
1.3-Dioxolanc. 

561 

photolysis of 91 6 
UV absorption spectrum of 904 

mass spectra of 307. 308 
synthesis of 642 

1.3-Dioxolanes 

1.3-Dioxolanc-2-yl radicals. rearrangement 

1.3-Diosolanones. synthesis of 643 
Diosolenium ions 593. 894 
3.5-Dioxo-l.3-oxathiolancs 835 
Diphenoquinoncs. formation from oxidative 

of 916 

coupling of phenols 373 
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Diphenyl carbonate, mass spectrum of 3 12 
2,2-Diphenylchroman, mass spectrum of 

Diphenyl ethcr, mass spectrum of 3 1 1, 3 12 
Diphenyl ethers, mass spectra of 312 
1.2-Diphenylcthylencglycol, dehydration of 

2,2-Diphenyl-4-(2-piperidyl) 1,3-dioxolane 

Diphenyl sulphide, 

31  1 

730 

hydrochloride 406 

mass spectrum of 31 1 
reaction with formaldehyde 427 

2,4-Diphenylthietane 1 , l  -dioxides, as 
precursors in 2-oxo-l,2-oxathiolane 
synthesis 823 

Diphenylzinc, reaction with oxolanes 707 
Diphosphines, rotation about bonds in 222 
Di-n-propyl ether, radiolysis of 946 
Disaccharides, radical-induced scission of 

Disodium ethylenebisdithiocarbamate, 

Dissociation cnergy, for C-C bond in ethcr 

Disulphide chromophore 294-296 
Disulphides-see also Dithioethers 

cathodic reduction of 332, 333 
chiroptical properties of 294-296 
gas-phase thermal decomposition of 465. 

466 
oxidation o f  556, 558, 576, 577 
photolysis of 9 3  1, 932 
radiolysis of, 

glycosidic linkage of 955 

’‘C-labelled, synthesis of 390 

and sulphide molecular ions 300 

in aqueous solution 982-984, 987 
in nonaqucous media 975, 976 

rotation about bonds in 216-218, 221, 

sulphur-labelled, synthesis of 388, 389 
tritium-labelled, synthesis of 393 
UV absorption spectra of 923, 924 

222 

Dithiaacetals, photolysis of 9 3  1 
1,4-Dithia-(l2-crown-4), ‘H NMR spectra 

1 ,2-Dithiacyclohexane-4.4,5,5-d4. H DNMR 

1,3-Dithiacyclohexane, ring-reversal in 256 
1,4-DithiacycIohcxanr, conformation o f  262 
1,3-DithiacycIohexanes, con formational 

preferences in 256-261 
1,3-DithiacycIopcntane-2-spiro- 1 ’- 

cyclohexane, UV absorption spectrum 
of 924 

1,3-Dithiacyclopentane-2’-spiro- 1 ’- 
cyclohexane, photolysis of 93 I 

1.3-Dithianc, radical cations dcrived from 
977 

of 852, 853 

spectrum of 262 

1115 

Dithianes, deuterium-labellcd 393 
1,3-Dithianes, mass spectra of 308 
Dithiapyridinocrown, 

alkali/alkaline earth complexes of 133 
CuCI2com lex of 134 

2,2’-Dithi0-~ P .  S2-bisbenzothiazole, synthesis 

of 401 

in 435 

521 

of 192 

Dithiocarbamic acid esters, sulphur exchange 

Dithiocarbonates, reduction of alcohols via 

I ,  IO-Dithio-l8-crown-6, structural chemistry 

2,2-Dithioethanol 392 
Dithioethers-see also Disulphides 

oxidation of 571 
1,3-Dithiolanes, mass spectra of 308 
Dithiothreitol, radiolysis of 980 
Ditropyl ether, pyrolytic clcavage of 51 1 
DMF-see also Dimethylformamide 610 
DMSO-sec Dimethyl sulphoxide 
Donor atoms, effect on crown ethcr 

complexation of, 
arrangement of, 99  
number o f  97, 98 
type of. 92-97 

Double-bond location 

Doublc-labelled molecules 424 
Duplodithioacetone-see 

3,3,6,6-Te tramethyl-s-tetrathiane 
‘Dynamic’ nuclear magnetic resonance 

(DNMR) spectroscopy 216 

o f  acyclic disulphides 221 
of benzyl ethyl cther boron trifluoride 

of t-butyl group 223, 224 
of chloromethyl methyl ethcr 218, 

of haloacetoxybutancs 255-228 
of substituted cyclohcxancs 244, 

of s-tctrathianes 263-267 
of trialkyloxonium salts 230 
o f  trideutcriomcthyl cyclohexyl ether 

301, 305, 307. 308, 
318  

IH. 

complex 231 

219 

261 -263 

234-236 
“F, o f  pcrfluorotetramcthyl Dewar 

thiophenc 232. 233 

Edward-Lcmieux effect 241 
Elcctrocyclization. of oxiranes 655 
Electron, 

hydrated, 
formation of 947 
reactions o f  947 

1,4-Dithianc, structural parameters of 183 presolvatcd 939 
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Electron, contd. 
reaction of, 

with alkali atoms 946 
with boronates 945, 946 
with disulphides 982 
with thiols 974, 979 

absorption spectra of, in alcohols 938 
in photolysis of 1,4-dioxane 9 14 
in photolysis of thiolates 926 
reactions in alcohols 939 
reaction with N 2 0  940 

in ethers 945 

solvated, 

solvation of 938, 939 

trapped a t  low temperatures 9 3 8  
Electron diffraction methods, in determining 

structural parameters, 
for the ether  group 175-180 
for the hydroxyl group 175, 176, 184-187 
for the sulphide group 175, 176, 181-184 

Electron-metal ion pairs 945 
Electron scavenging 937 
Electrostatic potentials, for electrophilic 

1,2-Elimination, 
reagents 359 

in dehydration o f  1,3-diols 736 
of thiol from sulphide ions 304 

in 1,2-difunctional compounds 6 19-623 

of hydrogen chloride from cyclohcxyl 

1,3-Elimination 

S N i  mechanism for 61 9 

chloride 315 
1,4-Elimination, 

of alcohols from ether ions 304 
of thiol from sulphide ions 304 
of water from cyclohexanol 315 

anti Elimination, in oxirane synthesis from 
1,2-difunctional compounds 621 

cis Elimination, in base-catalysed 
rearrangements of oxiranes 631 

ElcB Elimination, Et3N-promoted, of HF 
from PhS0,CHD-CHF-SPh 434 

trans Elimination, in dehydration of 
1.3-diols 739 

a-Elimination, 
in base-catalyscd rearrangements of 

oxirancs 630, 631 
in mctalation of ethers 4 17. 4 18 

in basc-catalyscd rearrangcments of 

in mctalation of ethers 418. 419 

0-Elimination. 

oxirancs 630-632 

Enantiomeric differentiation 107-1 1 1  
Enantiomcric guest molecules 62 
Enantiomer sclectivity. of chiral cro\vn 

Endopolarophilic cavity 60 
Enol acetates. anodic oxidation of 399 

compounds 196 

Enol ethers, 
acylation of 785 
anodic coupling of 348 
basic reactions of 762, 7 6 4  
conformation of 765-768, 771 
cyclic, a-lithiation of 800 
[ 1 + 2]cycloadditions to  794, 795 
[ 2 + 2]cycloadditions to 787-794 

with diphenylketenc 791-793 
with heterocumulencs 793, 794 
with tetracyanoethylene 787-791 

[2 f 3]cycloadditions to 795-798 
[ 2 + 4]cycloadditions to 798, 799 
definition of 762 
formylation of 785 
halogenation of 777, 778 
hydrolysis of 774-777 
mass spectra of 306 
mctalation of 799-802 
nomenclature of 762, 763 
reaction of, 

with carbon electrophilcs 782-786 
with electrophilic 0, S, N and P 

779-782 
reactivity of 771, 772, 810 
spectral properties of 769-771 
synthesis of 772-774 

Enoncs, cyclic, epoxidation of 6 14 
Enthalpy 361 

of activation 371 
of adduct formation, for phenols 364, 365 
of combustion 366. 367 
of dimerization, for  phenols 363 
of formation 366-370 
of hydration. for phenols 363  
of melting 362 

of reaction 366 
of sublimation 362, 363 

of transfer. for phenols 364  
of transition 362 
of vaporization 362 

for phenol 363 

for phenols 367 

for phenols 363,  367 
Entropy 361 

of activation 37 1, 372 
of hydration. for phenols 363 
of melting 362 
of sublimation 362 
of transition 362 
of vaporization 362 

Enzymes. radiolysis of 988 
D-JI-Ephidrine. incorporation of. into crown 

cthcrs 47 
Epichlorohydrin-'6C1. synthesis of 382 
Epimcrization 429 
Episulphidcs. chiroptical properties of 292, 

293 
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Epoxida tion, 
of alkenes 61 1-619 

mechanism of 6 1 1. 6 15-6 19 
stercochcmistry of 61 1-61 9 

of enol ethers 779 
of polycnes, selective 620 
of sulphides 542-546 

as intermediates in pinacol rcarrangement 

dehalosilylation of 863, 864 
formation of, in photolysis of alcohols 907 
mass spectra of 306, 307, 317 
opening of, by 2-lithio-1,3-dithiane 526 

Epoxides. 

724, 725 

Epoxidizing rcagents, new 614 
fruns-2,3-Epoxybutanc, Hg-sensitized 

photolysis of 918 
a,@-Epoxycarboxylic acid esters, photolysis of 

654 
1,4-Epoxycyclohexane, as dehydration product 

of 1,4-~yclohexanediols 745, 746, 750 
@,y-Epoxycycloketoncs, photolysis of 654 
Epoxy esters, CI mass spectra o f  317 
1,2-Epoxyethane-d4, synthcsis of 382 
a-Epoxyketoncs, 

rearrangement of 632 
synthesis of 624 

reaction with lithium organocuprates 649 
synthesis of 652 

a,@-Epoxykctones, 

2,3-Epoxypropan- 1 -01, u-' 4C-labelled, 

a,fGEpoxysilanes, 

652 

synthcsis of 382 

dcoxygenation of 630 
rcaction with organornctallic compounds 

5,6-Epoxysteroids, rearrangement of 634 
a,P-Epoz:ysulphonamides, synthesis of 620 
Epoxytetralins, mass spectra of 307 
Equilibrium separation factors 436 
Equilibrium yields 367 
Erythritol, radiolysis of 95 1 
Esters, catalysed decompositions of 460 
Etard complex 513 
Ethanc, rotation about bonds in 216, 217 
Ethancdithiol. in thiacrown synthcsis 23 
Ethanethiol, 

doubly labelled with carbon-14 and 

gas-phase thermal decomposition of 

ionization potential o f  973 
photolysis of 924. 925 
rotation about bonds in 217 
UV absorption spectrum of 924 

gas-phase thermal decomposition of 453. 

sulphur-35 391 

462. 463 

Ethanol. 

454 

ionization potential of 973 
photolysis of 905, 906 
radiolysis of 940, 941 
reactions of peroxyl radicals dcrived from 

rotation about bonds in 217 
structural parameters of 184 

Ethanolamines 64 
Ethenyl alkyl ethers, lithiation of 800 
Ethcnyl ethers, hydrolysis of 776 
Ether chromophorc 288-291 

inscrted in a sugar structure 289 
Ether group, structural parameters of 

Ether linkage, abstraction of hydrogen a to 

Ethers, 

958 

177-180, 186 

507 

acyclic, structural parameters of 177-179 
anodic oxidation of 343-349 
aromatic-see Aromatic ethers 
bromination o f  422 
catalyscd decomposition of 460 
cathodic reduction of 335-339 
chiroptical propertics of 288-291 
cleavagc of 5 1 1, 5 12 
complcxes of, 

enthalpies of formation for 436 
IR spectra of 436 
isotopic studies of 436, 437 

crown-see Crown compounds 
cyclic--see Cyclic ethers 
cycloalkyl-see Cycloalkyl ethers 
elimination reactions of 417-420 
enol-see Enol ethers 
6-ethylenic, McLafferty rearrangements in 

gas-phase decomposition of 41 1-413 
inversion at oxygen in 229-231 
isotopically labeilcd, 

306 

in biology, medicine and agriculture 

in isotope exchange studies 430-435 
in tracer and isotope effect studies 

synthesis of 380-388,402-409 
macrocyclic-we Macrocyclic ligands 
mass spectra of 299-3 18 

functional group interactions in 

stereochemical effects in 314-316 

402-409 

41 1-424 

3 12-314 

metalation of 417-419 
optically active-sce Optically activc cthers 
oxidation of 343-349,422,423. 

506-5 15 
bv frcc-radical reactions 507-509 ~, 
by hydridc transfer reactions 509-5 12 
by metal ions and metal oxides 

5 12-5 15 
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Ethers, oxidation of, confd. 
electrochemical 343-349, 508 
one-electron 5 14, 5 15 

ozonation of 423, 507 
photolysis of 907-915 

radiolysis of 945-947 

rearrangement of 413-415 
reduction of, 

Hg-sensitized 917, 918 

aqueous solutions of 953-961 

by catalytic hydrogenation 522 
by complex metal hydrides 527, 528 
by dissolving metals 522-524 
by organometallic reagents 524-527 
electrochemical 335-339 

rotation about bonds in 216-219, 

saturated aliphatic, 
222-229 

anodic oxidation of 346 
mass spectra of 300-305 

silyl enol-see Silyl enol ethers 
thioenol-see Thiocnol ethcrs 
unsaturated-see Unsaturated ethers 
UV absor tion spectra of 904  

E t h i ~ n i n e - ~  P S, synthesis of 396 

1-Ethoxy-1 -alkynes, addition to  carboxylic 

4-Ethoxy-2,6-dimethylpyrylium 
acids 420, 421 

tctrafluoroborate, isotopic studies of 
hydrolysis of 4 16 

3-Ethoxypyrazoline 798 
1-Ethoxyvinyl esters, addition to  carboxylic 

acids 420, 421 
1-Ethoxyvinyllithium, rcaction with 

trialkylboraiics 802 
Ethyl alcohol-'80, in labelled cther synthesis 

35 1 
Ethylarnine, rotation about bonds in 21 7 
Ethyl-1,l-d, aryl ethers, reaction with 

N-Ethylaziridine, nitrogen inversion in 2 3  1 
Ethyl 2-benzamido-3-chloropropionatc 396 
Ethylbenzene hydropcroxide, as oxidant for 

Ethyl benzyl-a,a-dz ether, 

propylsodium 41 7,  4 18 

alkenes 616 

metalation of 4 18 
synthesis of 383 

metalation of 417 
synthesis of 383 

Ethyl-l,l-dz p-f-butylphenyl ether, 

Ethylene, cyclic tetramers of 2 
Ethylene-d,, in labelled ether synthesis 382 
Ethylene-d4ychlorohydrin. in labelled cthcr 

synthesis 382 
Ethyleneglycol 484 

dehydration of 732 
photolysis o f  905 

radiolysis of 95 1 

acid-catalysed cyclooligornerization of 10, 

photolysis of 9 1 1 
structural parameters of 179 

Ethylene oxide, 

11 ,  18 

Ethylene-d, oxide. synthesis of 382 
Ethylene oxide oligomers, helical structure 

Ethyl ether-'", synthesis of 381 
Ethyl ethyl-l-"C ether, synthesis of 381 
Ethyl n-hexyl ether. mass spectra of 304 
Ethyl isopropyl cther, pyrolysis of 909 
Ethyl mcrcaptan 391 
0-Ethyl  0-(5-methyl-2-nitrophenyl)phos- 

phoramidothioate, 14C-labelled, 
synthesis of 409 

enthalpies of 363 

of 210 

3-Ethyl-5-mcthylphenol. vaporization 

Ethyl methyl sulphide. photolysis of 927 
4-Ethyl-I ,3-oxathiolane, relative stabilities of 

2-Ethyl-2.3-pentanediol. dehydration of 730 
Ethylphenols. vaporization enthalpies of 363 
Ethyl-1,l-d, phenyl ether, 

cthyl rotamers of 828 

metalation of 417 
synthesis of 383 

2-Ethyl-2-phenyl-4-(2-piperidyl)-l,3- 
dioxolanc hydrochloride 406 

Ethyl ti-propyl ether, photolysis of 909 
4-Ethyl sulphonyl- 1 -naphthalcnesulphon- 

Ethyl-l .I-d, thiocyanate, gas-phase 

Ethyl-d, thiocyanate, pyrolysis of 313  
Ethyl 4-(3,4,5-trimethoxycinnamoyl)-[2,5- 

'lC]piperazinylacetate, synthesis of 404 
Ethyl 4-(3,4,5-trimetho~y[~-'~C]cinnamoyl)- 

piperazinylacetatc, synthesis of 404 
Ethyl vinyl ether, 

amidc-"N, synthesis of 410 

thermolysis of 413 

cycloaddition o f  
t o  diazomcthanc 798 
t o  diencs 799 
t o T C N E  789 

early synthesis o f  762 
EU(III)  cr tates 76 
Eugcnol- C. synthesis of 405 
Exolipophilic compounds 60 

Favorskii rearrangement 632, 862 
FCtizon's reagent 503. 504 
Ficld ionization kinetics 309 
Fluorene-94. deuterium exchange in 432 
Fluorcnyl cthcrs. mass spectra of 313 
Fluoroalkyl sulphides. oxidation of 581-583 
Fluorornethanol. conformers of 241 
a-Fluorooxirancs. synthesis of 620 

YS : 
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Football molecules 99, 101, 118 
Formaldehyde dimethyl acetal, 

photolysis of 915, 916 
UV absorption spcctrum of 904 

Formylphenols, thermodynamic parameters 

Fragmentation, in radiolysis of alcohols 

Fragment ions, 

of solution of 363 

942-944 

C3H6: 305 
C7H7 311 
C7H8t 311 
C,H,Ot 306 

C3H70+ 304, 305 
C4H90+ 305 

C2H,St 306 

C2H5O+ 302, 304, 305 
heat of formation for 305 

C,H,O+; 310 
CH3S+ 303 

C,H,S+ 303-305 
heat of formation for 305 

C,H,S+ 303-305 
CnH2,+,S+, isomcrization in 305 

Free energy 366-368 
of activation 371 
of solution, for phenols 363 
of transfer, for phcnols 364 

Free-radical initiators 707, 708 
Frcc-radical reactions, 

induced by radiolysis 707 
of cyclic ethcrs 707-7 10 
photochemical 707-709 
thermal 707, 708 

Friedel-Crafts-type synthesis 659 
Fulvencs, 6,6-disubstituted, 

photooxygenation of 870 
Functional-group migration, in oxiranc 

rearrangement 633 
Furan, 

acid-catalyscd cyclic cooligomerization with 

ring-transformation of 703 
acetone 6 

to pyrrole 703 
to thiophen 703 

Furan derivatives, anodic oxidation o f  348 
Furans, 

cycloaddition reactions of 694 
reduction of 690. 691 
ring-transformation of 702-704 
3-substituted, synthcsis of 697 

Furfurol. hydrogcnation of 700 
d,/-3(2'-Furyl)alanine 403 
2-Furylcarbinols, rearrangement of 698 

D-Galactose. incorporation into crown 
ethers 48 

D-Galactose diethyldithioacetal, photolysis 

Gauche effect 220, 241 

Gd(rrr) cryptates 76 
Gibbs energy-see Free energy 

of 931 

in crown ethcr synthesis 9-1 5 

D-GlUCOSe, 
incorporation into crown ethers 48 
radiolysis of 952 
reactions of pcroxyl radicals derived from 

p-D-Glucose, conformational preferences in 

Glycine-"C 401 
Glycoldibcnzoatcs, chirality of 254, 285 
Glycolic acid, cooxidation with 2-propanol 

478 
Glycol monoformate, structural parameters 

of 185 
Glycols 64 

960 

239 

oxidative cleavage of 343-345 
stereochemistry of 285 

Glymc-analogous compounds 64, 66 
crystalline complexes of 137, 138 
thcrmodynamics of complexation of 87-90 

crystalline complexes of 137, 138 
Glymes 38-40, 64, 66, 67 

Gold(lrr), as oxidant for sulphides 554 
Grignard compounds, 

reaction of, 
with cnol ethers 802 
with oxanes 707 
with oxiranes 647, 648 
with oxolanes 706 

reduction of lactones by 690 
Guanidinium ion, as guest in crown ether 

Guest ions in crown ether complcxes, 
complexes I17 

anion rccognition of 118 
coordination number of 97, 98, 11 9 
effect of typc, size and charge of 

spherical recognition of 118 
tetrahedral recognition of 118 

117-120 

G-value. definition of 937 

'Halazone', as oxidant for sulphidcs 
Haloacetoxybutanrs, rotation about bonds 

in 225, 226 
a-Halocarbonyl compounds. as precursors in 

oxiranc synthesis 624 
a-Halocarboxylic acid derivatives, as 

precursors in oxiranc synthesis 624 
2-Haloethyl-1 -"'C ethyl ethers, synthesis of 

381 
p-Haloethyl sulphides, as prccursors in 

thiohol ether synthesis 808, 809 

550 
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Halohydrins, in oxirane synthesis 620 
a-Halonitrilcs, as  precursors in oxirane 

Halophcnols, dissociation of. thermodynamic 

o-Halophenols, intramolecular hydrogen 

p-Halophcnols, transition enthalpies for 

a-Halosulphides, 
as  prccursors in oxirane synthesis 624 
oxidation of 544, 555,  577, 578 

a-Halosulphones. as precursors in oxirane 

a-Halosulphoxides, as precursors in oxirane 

2-Halovinyl ethers, lithiation of 801 
Hammctt correlation, in crown ether 

systems 116 
Harnrnett p value, 

synthcsis 624 

functions for 363 

bonding in 360 

363 

synthcsis 624 

synthesis 624  

for aryl sulphide oxidation, 
by bromine 549 
byN,O, 548 

for diary1 sulphide oxidation, 
by hydrogen peroxidc 543  
by perbenzoic acid 543, 560 
by pcrsulphoxide 560 

Hantzsch-type condcnsdtion 32  
Hcat  balances 367 
Heat  capacity 360  

for  cresols 361 
for phenols 36 1, 362 

Heavy metals. in crown ether complexes 

Helical conformation, in crown ether 
complexes 9 0  

Herniacetals, as intermediates in  hydrolysis 
of acctals, ketals and or tho esters 

119, 131-134, 142. 143  

888-891 
tz-Heptyl vinyl ether, mass spectrum o f  306 
Heterocyclcs, 

as prccursors in cyclic c thcr  syntheses 

five-membered 645 
formation from oxirancs 6 4  1-647 
four-membered 644 
six-rnembcred multisulphur. conformations 

in 263-268 
two-hetcroatom 642 

689-692 

Heterolytic ipso-cleavage 300. 301, 303. 

Hexabcnzo-18-crown-6, synthesis of 24 
Hcxabutyldistannoxanc-bromine. as oxidant 

Hexaethyleneglycol dicthyl cthcr. complcxes 

Hexafluoroacetone kctals. double-bond 

306 

for sulphidcs 555 

of 137. 21 1 

location and 308 

'Hexahost'-type molecules 62 
2,s-Hcxanediol, ring-closure of 746 
1,4,7,10,13,16-Hexaoxacyclooctadecane- 

Hexathia-18-crown-6, synthesis of 20 
6-(',N-1'.6'-HcxyI~ncformamidinc-'~C)- 

penicillanic acid, synthesis of 407 
Homoallyl rearran ement, of oxiranes 636 
H o m ~ l a n t h i o n i n e - ~ ~ S ,  synthesis of 397 
Homolytic ipso-cleavage 303 
Homolytic fission 450 
Homovanillic acid-2-"C, synthesis of 387 
Horner-Wittig reaction 773 
Host-guest association 2 I4 
Host-guest chemistry 107, 132 
Host-gucst compounds 196-210 

see also 18-Crown-6 188 

neutral 134, 135, 143 
spatial relationships in 204 
stcric hindrance in 210 

Hydrazincs, rotation about bonds in 
Hydrodesulphurization 597 
Hydrogen. formation in radiolysis of 

alcohols 940-942 
Hydrogenation. catalytic, 

5 16, 5 I7 

222 

o f  alcohols 
of ethers 522 

Hydrogcn atoms. 
formation in radiolysis of water 947 
hot reactions with thiols 925 
rate constants of reactions with alcohols 

948 
reaction of. 

with ethers and acctals 953  
with thiols 979 

Hydrogen bonding, 
in crown ether ammonium salt complcxes 

131 
in monofunctional ethers 3 18 
in phenols. 

intermolecular 355, 360, 363 
intramolecular 360, 363 

in 221 

o f  431 

Hydrogen disulphidc, rotation about bonds 

Hydrogen exchange, aromatic, acid catalysis 

Hydrogen-ion transfer 421 
Hydrogcnolysis, catalytic 638 

of i3-hydroxyoxiranes 689 
Hydrogen or tho esters 891 
Hydrogen peroxide. 

as oxidant for alkcncs 614-616 
as oxidant f o r  oxirancs 636 
a s  oxidant for  sulphides 542. 568, 569, 

576. 577. 579. 582-585 
catalysis by Se compounds 544 
catalysis by W. Zr. Mo. V and Mn salts 

under basic conditions 544 
544 
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rotation about bonds in 200, 221 
Hydrogen rearrangement, 

in 4-alkoxycyclohexanoncs 3 17 
in ethers and sulphides 301, 302, 307 

Hydrogen-transfer reactions, 
in arenc oxides 634 
in ethers and sulphides 302, 306, 315, 

3 1 6  
Hydroisomerization mechanism 698 
Hydroperoxidcs, as oxidants for sulphides 

catalysis by V and Mo salts 544-546, 
542. 568, 569 

570, 574, 577. 578, 585 
Hydroperoxyl radical, 

formation in radiolysis of water 947 
pK value of 947 

P-Hydropcroxysulphidcs, synthesis of 

Hydrosulphoniurn ion, barrier to inversion 

a-Hydroxyacetals, as oxidation products o f  

a-Hydroxyalkylperoxyl radicals 957, 958 
0-Hydroxyalkylperoxyl radicals 957. 958 
a-Hydroxyalkyl radicals, 

546 

in 231 

cnol ethers 779 

disproportionation/cornbination ratios of 

formation of 939 
pK values of 949 
reactions of 950 

with thiols 980 

949  

P-Hydroxyalkyl radicals 950, 95 1 
Hydroxycarbonyl compounds, intramolecular 

cyclization of 688 
cis-2-Hydroxycyclohexanecarboxylic acid, 

oxidation of 489 
5-Hydroxy- 1,3-dioxacyclohexanc, 

conformational preferences in 238 
P-Hydroxyethyl sulphides. as precursors in 

thioenol ether synthesis 808. 809 
P-Hydroxycthyl thio ethers, hydrogenolysis 

of 425 
1-(2-Hydroxyethyl thio)-2-propanol. 

dehydration of 845 
a-Hydroxy ketones, 

oxidation of 493 
reduction of 5 18 

Hydroxyl chromophore 279-282 
Hydroxyl group. 

anodic oxidation of 343-349 
cathodic reduction of 335-339 
formation in radiolysis of water 947 
in monosubstituted cyclohcxancs. 

conformational prcfcrcnccs o f  236 
rate constants of reactions with alcohols 

948  
reaction of, 

with alcohols 948 
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with disulphides 983 
with ethers and acetals 953 
with sulphides 984  
with thiols 979 

structural parameters of 184-186 
5-Hydroxymethyl-2-furaldehyde, in crown 

ether synthesis 2 7  
P-Hydroxy olefins, gas-phase thermal 

decomposition of 457, 458 
2-Hydroxyoxanes, synthesis of 688 
a-Hydroxyoxiranes, isomerization o f  632 
P-H ydroxyoxiranes. 

catalytic hydrogenolysis of 689 
thermal rearrangement of 689 

2-Hydroxyoxolanes. synthesis of 688 
0-Hydroxyperoxides. as products in oxiranc 

oxidation 636 
p-Hydroxyphenylacctaldehyde oxime 403 
P-Hydroxysilanes 652 
P-H ydroxysulphoxides, 

as precursors of 2-0~0-1,2-oxathictanes 

synthesis of 545, 546  
822  

Hypochloric acid, as oxidant for olefins 

Hypohalite reactions 684 
619 

L-Iditol, incorporation into crown ethers 

Imino ethers, as  products of cnol ether 

Iminolactones, as  products of cnol ether 

lminooxolane 702 
Indanol, oxidation of 482  
Inductivc effect, of alkyl groups 353 

48 

cycloaddition to azidcs 796, 797 

cycloaddition to azides 797 

influence o n  deuterium exchange 

in substituted phenols 373 
scyllo-Inositol, radiolysis of 949 
Insect pheromones, synthesis of 693 
lntcrmolccular attraction, in crown ether 

Intraannular functional groups. in crown 

reactions 430 

complexes 196 

ethers, 
coordinating ability of 94-97 
effect on  ligand dynamics I 13 

Iodine, as oxidant for sulphides 549, 550, 

1odobenzcnc-l-"C-2.4.6-d3. amination of 

lodobenzene dichloride. as oxidant for  

570 

42 1 

sulphides 547, 568, 569, 572, 573. 
s 7 9  

3-(4-Iodophenoxy)- 1 -isopropylamino-2- 
propanol-i2'1. synthesis of 408 

lodosobenzene. as oxidant for sulphidcs 
547. 568. 569 
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Iodosobenzene diacetatc, as oxidant for 
sulphides 547 

Iodosobenzene dichloride, reaction with 
ethers 509 

Ion cyclotron resonance (ICR) studies 302, 
303, 310 

Ion-dipole interactions, in crown ethcr 
complexes 196 

Ionizing radiation, absorption of 936 
Ion kinetic cnergy 31 1 
Ion-molecule reactions 939 
Ionophorcs 64, 6 9  
Ionophoric structures 143 
Ion-pair cffects, in crown ethcr complexes 

120 ,201  
Ions-see Fragment ions 
Ion-selectivity in crown ether complexation, 

effect of ring-closurc and ring-sizc on 
106, 107 

Iridium salts, as oxidants for sulphides 571 
Iron pentacarbonyl, in deoxygenation of 

Isobutanol, radiolysis of 940, 941 
Isobutyl vinyl ether, polymerization of 417 
Isocyanate groups, in monosubstituted 

cyclohexanes, conformational 
preferences of 236 

I s o e ~ g e n o l - ~ ~ C ,  synthcsis of 405 
Isomerization-see also Rearrangement 

cis-trans, induced by thiyl radicals 926, 

of alkyl chain in ethers 302 
of mass spectral fragment ions 305 
of oxiranes 631, 633-636, 652 ,655  

oxiranes 628 

973 

Isoprene, synthesis of 736 
Isopropanol, 

photolysis of 905, 906 
reactions of peroxyl radicals derived from 

UV absorption spectrum of 904 
Isopropenyl ethers, hydrolysis of 776 
1 -Isopropylamino-3-( 1 -naphthyloxy) 

propan-2-01 hydrochloride. isotopically 
labelled. synthesis of 403 

2-Isopropyl-5-chloro- 1,3-dioxacycloI~cxanc, 
conformational prefcrenccs in 249 

4-Isopropyl-3,5-dioxabicyclo[ 5.1 .O]octanc. 
conformations of 271 

2-Isopropyl- 1.3-dioxanes, 5-substituted. 
conformational free encrgies for 252. 
253 

4-Isopropylidenc-5,5-dimethyl-2-dime thyl- 
amino-1.3-dioxolane. synthesis of 865. 
866 

2,3-O-lsopropylidcne-~-glycerol. in synthesis 
of chiral macrobicyclic polyethers 4 9  

Isopropyl methyl ethcr, photolysis of 909  

958 

Isopropylphcnols, Planck functions for 370 
2-Isopropyl-5-substituted-5-methyl-l,3- 

dioxacyclohcxanes, conformational, free 
energies for 254 

Isopropyl vinyl ether, 
conformation of 769 
isotopic studics of hydrolysis of 415 

Isothiazolcs, desulphurization of 593 
Isothiocyanate groups, in monosubstituted 

cyclohexancs, conformational 
preferences of 236 

Isotope effects, 
carbon-1 3 

in pyrolysis of dimethyl ether 41 1 
in sulphide reactions 429 

in Claisen rearrangement 414 
in gas-phase decomposition of allyl 

in pyrolysis of dimethyl ether 41 1 
in sulphide reactions 425 

in isotope exchange distillation of 

in sulphidc reactions 429 

in bromination of ethers 422 
in Claisen rearrangemcnt 413, 415 
in cyclopentane-inhibited pyrolysis of 

MczHg and (CD,),Hg 412 
in enol ether hydrolysis 776 
in ether elimination reactions 417-420 
in gas-phasc thermolysis of unsaturated 

ethers 412 
in hydrolysis of acetals, ketals and ortho 

esters 898 
in intrarnolecdar rearrangement of allyl 

thionbenzoates 412, 413  
in isotope exchange distillation of 

dimcthyl ether hydrochloride 436 
in miscellaneous ether reactions 

in oxidation of alcohols 473, 475, 476, 
487. 491. 498 

in oxidation of ethers 422, 423 
in pyrolysis of dimethyl ether 412 
in reaction of ethcrs and sulphides with 

labelled chlorides 435 
in sulphidc rcactions 424-427 
in vinyl cthcr hydrolysis 415-417 

for racemization in deuterated solvent 433  
in crown ether complexation 119 
in fragnicntation reactions 308, 310, 311 
nitrogen-15 427, 429 
oxygen- 18. 

carbon-1 4 

ethers 412 

chlorine, 

dimethyl ether hydrochloridc 436 

deutcrium. 

320-422 

in isotope exchange distillation of 
dimcthyl cther hydrochloride 436 
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in vinyl ether hydrolysis 416 

in ether climination reactions 420 
in sulphide reactions 424 
in vinyl ether hydrolysis 415, 416 

in ether climination reactions 419, 420  
in hydrolysis of acetals, ketals and ortho 

in reaction of ethers and sulphides with 

in sulphide reactions 424, 426, 429 
in vinyl ether hydrolysis 415, 416 

in ether climination rcactions 419 
in hydrolysis of acetals and ortho esters 

in vinyl ether hydrolysis 415 

Isoureas, reduction of alcohols via 521 
Isoxsuprine hydrochloride, tritium-labelled, 

primary 422 

secondary. 

esters 898 

labelled chlorides 435 

solvent, 

899  

sulphur-34 424, 425 

synthesis of 404 

Jones’ reagent 482, 486 

K+-crown ether, deuterium exchange in 4 3 3  
Ketals 881, 882 

cyclic-.we Cyclic ketals 
hydrolysis of 888, 889 

hemiacetal intermediates in 888 
oxocarbonium ion intermediates in 

potential energy surface for 896, 897 
rate-determining step in 889, 891-895 
reacting bond rules for 896 
secondary deuterium isotope effects in 

888, 891-895 

898 
mass spectra of 301, 308, 313 
synthesis of 882-885 

Keto-enol equilibrium, in phcnols 372, 373 
a-Ketols, a s  products in oxirane oxidation 

636 
Ketonc acetals, dcacctalization of 509 
Ketones, 

as precursors, 
in 5-0x0-I ,3-oxathiolane synthesis 832  
in thioenol ethcr synthesis 808, 809 

in cyclic ethcr rearrangements 697-699 
in dehydration of 1.2-diols 
in dehydration o f  1,3-diols 732-736. 

in pinacol rcarrangcment 722-728 
in rcaction of allcne oxides with 

nucleophilcs 87 1-874 

as products 

722-73 I 

7 40 

photocatalytic 1.2-cycloaddition to olcfins 
692 

strained, as oxidation products of alcohols 

unsaturated-see Unsaturated ketones 
479 

Kharasch rule 367 

Lactones, 
formation in silver carbonate oxidation of 

diols 503 
reduction of 690 

y-Lactones 642 
LAH-see Lithium aluminium hydride 
Lanthanidc salts, in crown cther complexes 

123, 131 
Lateral discrimination, in crown ethcr 

systems 116 
Lead tetraacctatc, 

as oxidant for alcohols 499-502 
as oxidant for ethers 509, 514 
as  oxidant for sulphides 554 

Lewis acids. as  catalysts, 
in oxirane polymerization 641 
in oxirane rearrangement 632, 633 

Ligand-cation interaction, in crown ether 
complexes 188 

Ligand dynamics, in crown ether 
complexation 11 1-1 14 

Ligand exchange processes, in crown ether 
complcxation 68 

Ligand parameters, effect on stability and 
selectivity of crown ether complexes 
92-1 17 

LiNR,, as reagent in base-catalysed 
rearrangements of oxiranes 631 

Li3P0,, in oxirane rearrangement 635 
Lipophilicity, in crown compounds 114, 

2-Lithio-l,3-dithiane, in epoxide opening 

2-Lithio-2-phenyl-l,3-dithiacyclohexane, as a 

Lit 11 i um , 

115, 120 

526 

contact ion-pair 260 

in amines, rcduction of sulphides by 

in ammonia, reduction of sulphides by 
588-591, 595. 597 

588-591 
Lithium alkenylcuprates, reaction with 

vinyloxiranes 65  1 
Lithium alkylcuprates, reaction with 

vinyloxiranes 650, 65  1 
Lithium aluminium hydride 610  

reduction of alcohols by 5 18, 5 19 
reduction of lactones by 690 
rcduction of sulphidcs by 598 
with TiCI,, reduction of sulphidcs by 541, 

Lithium-biphenyl adduct, reduction of  ethers 
599 

by 523 
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Lithium dialkylcuprates, reaction of, 
with oxirancs 649, 650 
with oxolanes 707 

Lithium-ethylamine, rcduction of sulphidcs 

Lithium-naphthalene, reduction of sulphidcs 

Lithium naphthalenide, reaction with 

Lithium trialkylsilanc, reaction with oxolane 

Lithium tricthyl borohydride, reduction of 

Lithium-trimcsitylboranc, reduction of 

by 541 

by 591 

tetrahydrofuran 526 

706 

oxiranes by 640 

sulphides by 591 

Macrobicyclic diamines 40 
Macrobicyclic hgands-see also Crown 

compounds, bicyclic; Macrobicyclic 
polyethers 

organic reactions mediated by 

solubilities of potassium acetate in 

synthesis of, 

161, 164, 
166-172 

presence of 159 

with carbon bridgeheads 4 3  
with nitrogen and carbon bridgeheads 

with nitrogen bridgeheads 40-43 
4 3 , 4 4  

Macrobicyclic polyethcrs, 
stereospecific synthesis of irz-our isomers 

thermodynamics of complexation o f  
of 49 

84-86 
Macrocyclic diamide compounds, synthesis 

Macrocyclic diestcr compounds, synthesis 

Macrocyclic dithiocster compounds. synthesis 

Macrocyclic effects 86 
Macrocyclic ligands-see Crown compounds; 

Macrobicyclic ligands; Macrocyclic 
polyethcrs; Macropolycyclic ligands; 
Macrotricyclic ligdnds; Monocyclic 
multidentate ligands 

ligands 

of 31-34 

of 31, 32 

of 31, 32 

Macrocyclic pol yethers-see also Macrocyclic 

crystal structure of 852 
stereochemical aspects of 195 
structural chemistry o f  175. 176. 

187-210 
Macrocyclic thia polycthcr dicsters. synthesis 

Macropolycyclic ligands. synthesis of 40-42 
Macrotricyclic ligands. synthesis o f  

of 31 

4 0 4 2  

Magnesium, reduction of sulphides by 592 
Magnesium alkyls, reaction with oxiranes 

Malodinitrile, in crown ether complexes 123 
(?)-Mandelate anion, pairing with crown 

Manganese dioxide, 

648 

ether complexes 11 0, 1 11 

as oxidant for alcohols 490-493 
as oxidant for sulphides 554 

Manganese(i1)-sulphite-xygen, as oxidant for 

D-Mannitol, incorporation into crown cthcrs 

D-Mannose, incorporation into crown cthers 

Manool, oxidation of 482, 486 
Markownikoff alcohols 640 
Markownikoff rule 638 
Mass spectrometry 

chemical ionization 
low-voltage 304 
negative-ion 843  
of crown compounds 3 12, 3 17 
of cthcrs and sulphides 299-3 18 
of ketals 301, 308. 313 
of oxathiacyclanes 829, 834, 842, 843, 852 

in aromatic cthers 31 1 
in cpoxidcs 307 
in sulphides 303. 306 

sulphidcs 564 

48 

48 

3 10, 3 12, 3 16-3 18 

McLaffcrty-type rearrangements, 

MCPBA-see Metachloroperbcnzoic acid 
Mechanism, 

Al. for acid-catalyscd hydrolysis of 

SNi, in cyclization reactions 687 
Mcisenhcimer complcx, I,l-dimcthoxy 419 
Mercaptoalkanols. as precursors in 

2-Mercaptoben~oth iazole-~~S~,  synthesis of 

2-Mercapto-"S-bcnzothiazolc 400, 401 
a-Mcrcaptocarboxylic acids, as precursors in 

Mcrcaptocthanol. radiolysis of 926 
2-Mcrcaptocthanol. as precursor in 

Mctachloropcrbcnzoic acid. as oxidant for 

1,3-oxathiolancs 830 

1,3-oxathiane synthesis 839 

40 1 

5-0x0-1.3-oxathiolane synthesis 832 

1 ,k)sa th ianc  synthesis 846 

sulphidcs 54  1-543, 547-569, 571, 
572. 574-576. 578. 579. 583, 584 

Metal complexes, 
21s catalysts in alkcne oxidation 
in dcoxygenation of oxiranes 630 

rcduction o f  ethers by 527. 528 
reduction o f  oxirancs by 637, 638 

616-618 

Mctal hydrides, 

Mctapcriodic acid, as oxidant for oxirancs 
636 
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Mcthanesulphonatcs. clectroreduction of 
336, 337 

Methanethiol, 
gas-phase thermal decomposition o f  462 
molecular dipole moment of 186 
photolysis o f  924, 925 
proton affinity o f  973 
struc:ural paramcters of 186 
UV absorption spectrum of 924 

Methanethiol-d , synthesis of 390 
MethanethioL3% 392 

synthcsis of 390 
Methanol, 

gas-phase thermal decomposition of 452, 
453 

molecular dipole moment of 186 
photolysis of 905, 906 

Cd-sensitized 9 18 
proton affinity of 973  
radiolysis of 940. 941 
reactions of peroxyl radicals derived from 

rotation about bonds in 
structural parameters of 184 
UV absorption spectrum o f  904 

doubly labelled with carbon-14 and 

dehydromcthioninc from 558, 559, 565 
mass spectrum of 300 
oxidation o f  553, 554, 558, 564, 565 

9 5 8  
216. 217 

Mcthionine, 

sulphur-35, synthcsis of 395 

Methionine(I4C-3), synthesis of 395 
M ~ t h i o n i n c - ~ ~ S ,  synthesis of 395. 397 
1.-Methionine, doubly labelled with 

carbon-14 and tritium 396 
1 -Methoxyacenaphthenes, 

dcuterium-labcllcd, base-catalysed H-D 
cxchange of 433  

p-Methoxyacctanilide. 0-demethylation of 

Methoxyacetonc, hydrogcn-dcutcrium 

Mcthoxybenzcne, dcutcrium exchange in 430 
p-Mcthoxyben~enediazonium-BF~, reaction 

with deutcrated amincs 42  I 
Methoxybenzenes, bromination o f  422 
4-'4C-Methoxybenzoic acid 406 
2-Methoxy-2-butenc. conformation of 769 
Methoxychloromethylenc 4 I 9  
Methoxycyclohcxanc. conformational 

I-Methoxycyclohcxene, structural paramctcrs 

3-Methoxycyclohcxylacctic acid cstcrs. CI 

3-Methoxycyclopcntylacctic acid esters. CI 

420 

cxchange in 431 

prcferenccs in 240 

o f  177 

mass spectra of 318 

mass spcctra of 3 18 

2-Methoxy-l,3-dioxacyclohexane, 

2-Mcthoxyethanol- 1,l -d2, oxidation of 

3-Mcthoxy fatty acid esters, mass spectra of 

I-Methoxy-3-methylbenzene, lJC-labellcd. 

4-Methoxy-4-methyl-2-pcn tanonc, 

conformational preferences in 249 

423  

313, 314 

synthesis of 408 

p-dimination of methoxide ion from 
419 

I--2-(6'-Methoxy-2'-naphthyl)propanol, 
isotopically labelled 407, 408 

o-2-(6'-Me thoxy-2'-naphthyl)propionic acid, 
isotopically labelled 407, 408 

Mcthoxyphenols, thcrmodynamic data 
for 362 

p-Methoxyphcnylacetaldehydc oxime 403 
a-(p-Mcthoxyphenyl)-a'-nitro-4[ 3-(dimethyl- 

arnino)propoxy]stilbenc, tritium-labelled, 
synthcsis of 404 

synthesis of 386 

fragmentation of 309 

fragmentation of 309 

fragmcntation of 309 

386 

2-Methoxyphcnyl- 1 -propenc-1 -"C-3, 

2-Methoxypyridine, formaldchydc loss in 

6-Methoxypyrimidine, formaldchyde loss in 

2-Metho::yquinoline, formaldehyde loss in 

4-Methoxy~tilbene-a,c*'-~~C~,~, synthesis of 

p-Methoxytoluene, oxidation of 423 
2-Mcthoxytropones, isotopic studies of 

hydrolysis of 41 6 
Mcthyl allcnyl ether, structural parameters 

of 177 
Methyl allenyl sulphidc. structural 

parametcrs of 18 1. 182 
Methylamine. rotation about bonds in 216, 

217 
N - [  4-(2-Methylaminoetho~y)benzyl-a-'~C]- 

3.4-dicthoxybenzamidc hydrochloridc 
403 

Methyl-'4C-borncsitol, synthcsis of 3x8 
2-Mcthyl- 1.3-butadicne, as dehydration 

2-Methylbutan-2-01, gas-phase thcrmal 

(+)-S-2-Mcthylbutyl cthyl ether, C D  

1 -Mcthyl-I-cyclobutanol. oxidation o f  483 
Methylcyclohcxanc. conformational free 

1 -Mcthyl- 1.2-cyclohcxanediols, dehydration 

1 -Mcthylcyclohexanol. gas-phase thermal 

product 731 

decomposition of 456 

spectrum of 289 

cnergy for 244 

o f  729 

dccomposition of 456, 457 
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Methyl- 1 -cyclohexcnyl ether, 
hydrofluoric-acid-catalysed hydrolysis 
of 416 

2-Methyl-1-cyclohexcnyl ether, 
hydrogenation of 522 

S-Methylcysteine, CI mass spectrum of 3 18 
4-Methyl-2,5-diisopropylphenol, 

isomerization of 372 
4-Methyl- 1,3-dioxacyclohexancs, 

2-substituted, conformational free 
energies for 250 

Methylene blue, 35S-labellcd 437 
2-Methyleneoxetane, reaction with 

a-Methylene proton exchange 41 9 
Mcthylene transfer reagents 625 
Methyl ethers, rotation about bonds in 
2-Methyl-l,2-ethoxypropane, BF3-catalysed 

,Methyl formate, tritium-labelled, in labelled 

Methyl-D-glucopyranosidcs, ''C-labclled. 

8-Methyl-truns-hydrindanoles, chromic acid 

I-Methylindole, dcuterium- and 

M ~ t h y l - ' ~ C  iodide 405 
3-Methyl-6-isopropylphenol, enthalpy of 

Methylisopropylphenols, Planck functions 

Methyl i s ~ t h i o c y n a t e - ~ ~ S ,  synthesis of 39  1 
2-Methyl-2-methylthiocarboxylic acids, .as 

precursors in thioenol ether synthesis 
809 

Methyl[2,2-*H2]-p-nitrophenethyl sulphide, 
synthesis of 394 

2-K-4-Methyloxacyclohcxanes, 
conformational free energics for 238, 
239 

spectrum of 289 

phenyllithium 706 

224 

rearrangement of 437 

ether synthesis 380 

synthesis of 388 

oxidation of 475 

tritium-labelled, synthesis of 400 

formation of 367, 368 

for 370 

(+)-S-3-Methylpentyl ethyl ether, C D  

2-Mcthylphenol, 
chlorination of 368, 372 
isopotcntial curves of 358 

3-Methylphenol, alkylation of 367 
Me thylphenols. 

combustion enthalpy for 367 
Planck functions for 369. 370 
reactivity indexcs of 354 
stability of 370 

Mcthylphenylglycinates 107. 108 
2-Methyl-2-propanethiol, gas-phase thermal 

2-Methylpropan-2-01, gas-phasc thermal 
dccomposition of 463 

decomposition of 455, 456 

Methyl n-propyl ether, photolysis of 908, 

S-Methyl-6-propyl-2-thio~racil-~~S, synthesis 

Methyl-'4C-sequoyitoI, synthesis of 388 
2-Methyl tetrahydrofuran, 

909 

of 410 

chain-autoxidation of 960  
photolysis of 912 
radiolysis of 946  

2-Mcthyl te trahydropyran, 
ring-contraction in 307 

trans- 1 -Methyl-l,4,5,6-tctrahydro-2-[2- 
(2-thienyl)vinyl]pyrimidinc, 
isotopically labelled 409, 410 

conformational prcferencc of 247 

hexafluorophosphate, conformation 
of 246, 247 

2-Methylthiacyclohexane, 

1 -Methylthiacyclohexylium 

Methylthio-2H,)acetic acid 395 
Methyl thiocyanate, structural parameters 

p-Methylthioethanol, CI mass spectrum of 

Methylthioethyne, structural parameters of 

4-Methyl-2,6,7-tri t hiobicyclo[2.2.2]octane, 

Methyl vinyl ether, 

of 182 

318  

182 

synthesis of 394 

conformation o f  765, 766 
PE spectrum of 769 
structural parametcrs of 177 

mass spectrum of 306 
physical properties of 808 
structural parameters of 

Microelectrodc systcrn 64 
Microwave methods, in determining 

structural parameters, 
for the ether group 175-180 
for the hydroxyl group 

for the sulphide group 

Methyl vinyl sulphidc, 

18 1, 182 

175, 176, 

175, 176, 
184-187 

181-1 84 
Migration, 

313  

727 

diols 752 

reactions 303 

of alkoxy group in fragmentation reactions 

of hydride anion, in pinacol rearrangement 

of 1 -6-hydride anion, in dehydration of 

of methyl group in sulphidc fragmentation 

Milas reagent 
Mineral acids, in pinacol rearrangment 722 
Model calculations 425 
Molecular elimination reactions 458, 459 

544, 577, 578, 585 
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Molecular mechanics calculations 268. 479 
Molybdenum salts, as  catalysts, in oxidation 

o f  sulphides by peroxy compounds 
544-546, 574 

Monoaza-18-crown-6, synthesis of 2 1 
Mono-1-butylthiophenes, deuterium-labelled, 

Monochlorodimethyl cther, structural 

Monocyclic multidentate ligands, 
cavity diameters of 157, 158 
organic reactions mediated by 161-172 
solubilities of potassium salts in prcscnce of 

158,  159 
synthesis of 16-24 

16,  17 

16,  17 

synthesis of 399  

parameters of 177 

condensations, two- and four-molecule in 

cyclization, intra- and inter-molecular in 

Monoethers, cyclic, structural parameters of 
179 

Monopyrido- 1 8-crown-6, I-butylammonium 
pcrchlorate complex of 214 

More O’Ferrall-Jencks plot, for acetal 
hydrolysis 897 

(N-C3H3)-Morphine, synthesis of 405 
o-(0-Morpho1inoethoxy)diphenyl ether 

hydrochloride, isotopically labellcd, 
synthesis of 404, 405 

Multidentatc complexones 78  
Multiheteromacrocycles, molecular 

complexation of, chiral rccognition in 
207 

Muscone synthesis 795 
Mustard gas, isotopically labellcd, synthesis of 

392 

11-Naphthacenol, keto-enol equilibrium in 

I - N a p h t h ~ l - l - ~ ~ C  4 0 3  
a-Naphthol, keto-enol equilibrium in 372 
Naphthoquinones, mass spectra of 314 
a-Naphthylamine-2,4-d2 421 
j3-Naphthylaminc-I-d 421 
Naproxen 407, 408  
Naproxol 407, 408 
N B A  -see N-Bromoacetamide 
NBS -see N-Bromosuccinimidc 
Neighbouring-group participation 622 

in cyclization of 2-allylphenol 688 
in oxirane ring-opening 645, 657 

373 

Neutron diffraction methods 176 
Nickel boride, desulphurization with 596 
Nigericin antibiotics 64,  69, 78  
Nitrcne insertion 709 
Nitric acid, 

as oxidant for ethers 509 

as oxidant for oxiranes 636 
as oxidant for sulphides 548, 568, 569, 

Nitric acid-acetic anhydride, as oxidant for 
sulphides 548 

Nitriles, a,j3-unsaturated-see 
a,P-Unsaturated nitriles 

o-Nitroanisolc, mass spectrum of 314 
o-Nitroanisole-Me-2H, enzymatic 

demethylation of 420 
p-Nitroanisole, 0-demethylation of 420 
o-Nitrobenzaldchyde dimethyl acetal, mass 

o-Nitrobenzyl aryl sulphides, mass spectra of 

Nitrogen dioxide, as oxidant for sulphides 548 
Nitronium tetrafluoroborate, in cleavage of 

alkyl methyl ethers 51 1 
Nitro olefins, epoxidation of 614 
p-Nitroperoxybenzoic acid 610 
[ 2,2-2H&p-Nitrophenethyl bromide, in 

labelled sulphide synthesis 394 
4-Nitrophenol, radiolysis of 957 
p-Nitrophenol-ammonia complexes 360 
Nitrophenols, thermodynamic parameters for 

p-Nitrophenyl alkyl ethers, dealkylation of 

Nitrosyl halides, reaction with enol ethers 

1 -(5-Nitro-2-thiazolyI)-2-imidaz- 

1 -(5-Nitr0-2-thiazolyI-2-’~C)-2- 

Nitrous oxide, 

582, 583 

spectrum of 314 

314  

solution of 363 

420 

780, 781 

olidinone -4-14C, synthesis of 409 

imidazolidinonc, Synthesis of 409 

as electron scavenger 937 
chain-reactions in alcohols 937 
fluorescence quenching by 914 

NMR spectroscopy, 
13c, 

of cycloheptanes 269, 270 
of cyclohcptenes 271 
of oxathiacyclanes 824, 828, 835. 838, 

847, 849 
’H, of oxathiacyclanes 824, 826, 833, 835, 

838, 842, 850, 852 
19F, of 1,boxathianes 847 

7-Norbornadicnol, oxidation of 491 
Norbornanc 183 
I-Norbornanol, oxidation of 483 
2-Norbornen-7-yl p-toluenesulphonate, 

acetolysis of 419 
Nuclear deutcration 430 

‘Octopus’ moleculcs 38-40, 62, 64 
Oestradiol-3-mcthyl e t h ~ r - 6 . 7 - ~ H ,  synthesis 

of 383 
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Oestrone-3-cyclopentyl-1 -I4C cthcr, synthesis 
of 388 

Ce~trone-6,7-~H-3-cyclopentyl ether. 

Olefin elimination, in ethers and sulphidcs 

Olefin propellants, in oxirane synthesis 6 13 
Olefins-+ee a/so Alkenes 

synthesis of 383 

301, 303 

catalysed isomerizations of 461 
electron-poor, cpoxidation of 614 
photocatalytic 1,2-cycloaddition of, to  

carbonyl compounds 692-694 
Oligoethers, short-chain 64 
Oligoethyleneglycol ethers 77 
Oligoethyleneglycol phenyl ethers, crystalline 

Oligoethyleneglycols, crystalline complexes of 

Oligooxadiaza ligands, thermodynamics of 

Onsager dipole moments 355 
Optically active crown compounds 62 

from natural products 47-49 
from resolved precursors 49-5 1 

complexes of 138 

138 

protonation of 85 

synthesis of, 

Optically active ethers 428 
Optically active oxancs, synthesis of 688 
Optically active oxiranes, synthesis of 615, 

Optically active oxolanes. synthesis o f  684,  

Organoalkali metal compounds, reaction with 

Organolithium compounds, reaction of, 

620 

688, 69 1 

ethers 417-419 

with enol ethers 800-802 
with oxetanes 706 
with oxirancs 649-652 

Organometallic compounds, 
reaction of, 

with cyclic ethers 705-707 
with enol cthcrs 709-802 

reduction of ethers by 524-527 
Organoselenium compounds, reaction with 

Orphenadrinc hydrochloride, tritium-labelled. 

Ortho effcct 314 
Ortho estcrs 881. 882 

oxiranes 650 

synthesis of 381 

hydrolysis of 888. 880 
hcmiacetal intermediates in 
kinetic solvcnt isotope effects in 
oxocarbonium ion intermediates in 888, 

potential energy surface for 896  
rate-determining stcp in 

rcacting bond rules for 896 

888, 89 1 
899 

89 I .  894 

889, 891. 894. 
895 

secondary deuterium isotope effects in 
898 

synthesis of 882-884, 887 
Osmium tetraoxide, as oxidant for sulphides 

Oxacycloalkanessee also Cyclic ethers 

Oxacycloalkanoncs, reduction of 690 
Oxacyclohcxanc, chair-chair ring-rcversal in 

Oxacyclohcxanes, 

571 

formation of 741-748 

237 

2-halo-substituted 238 
methyl-substituted 239 
2-substituted 240 

3-Oxacyclohexanol, conformational 

1,3,5-0xadithiane, oxidation of 849 
1,3,5-Oxadithianes, synthesis of 849 
1,4,5-Oxadithiepane, 

heats of polymerization for 85 1 
synthesis of 85 1 

as product of oxirane oxidation 636 
in Cr(w) oxidation of 2-propanol 477 

prefercnces in 237 

Oxalic acid, 

Oxane, ring-transformation to piperidine 
704 

Oxanes, 
optically active-see Optically active oxanes 
reaction with organometallic compounds 

rearrangement of 697 
ring-transformation of 702-704 
saturated, structural parametcrs of 180 
synthesis of 685-689, 691, 692, 694 

7-Oxanorbornane, structural parameters of 

Oxaphospholanes 643 
Oxaspiropentanc, strain energy of 875 
Oxaspiropentanes, 

707 

179 

as synthetic intermcdiatcs 876 
rcarrangemcnt of 785, 876 
synthesis o f  875 

1.4-Oxathiacyclohcxane, conformation of 
262 

1,4-Oxathiane, 
chlorination o f  845. 848 
oxidation of 848 

acid-catalysed hydrolysis of 843 
appcarancc potentials of 843 
Buys-Lambert R-values o f  840 
conformational energies for 841. 842 
equilibration studies o f  842 
'H NMR studies of 842 
ionization potcntials for 843 
mass spectra of 842, 843 
ring geomctry of 840, 8 4  1 

1.3-Oxathiancs, 
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synthesis of 839, 840 
twist Conformation of 841 

acetamido-substituted 846 
activation parameters for the ringreversal 

proccss in 847 
conformation of 847 
crystal structure of 847 
fragmentation modcs of 847 
spectral studies of 847, 848 
synthesis of 845-847 

Oxathiaphospholanes 643 
1,4-Oxathiepanes, synthesis of 850, 85 1 
1,2-Oxathietane-2-oxide, geometry of 822, 

Oxathiolanes 643 
1,3-0xathiolanes, 

1,4-0xathianes, 

823 

acid-catalysed hydrolysis of 829-83 1 
CD spectra of 829 
chemical equilibration of 826, 827 

13C NMR chemical-shift correlations for 
alkyl-substituted 828 

conformation energics for 826 
crystal structure of 825 
envelope conformation of 826 
'H NMR spectra of 826 
IR spectra of 829 
mass spectra of 829 
miscellaneous rcactions of 831 
ORD spectra of 829 
photolysis of 831 
reduction of 831 
synthesis of 825 

1,3-0xazines 643 
1,4-Oxazines 643 
Oxaziridincs, as oxidants for sulphides 
Oxazolidines, synthesis of 643 
Oxazolines 643 

548 

as products of cnol ether cycloaddition to 
azides 797 

Oxepane, photolysis of 909, 910, 913 
2-(3H)-Oxepinones, 3,3-disubstituted 870 
Oxetane, 

photolysis of 910, 91 1 
polyrncrization of 701, 702 
rearrangement to oxolane 696 

acid-catalyscd isomerization of 696 
as dehydration products of 1.3-diok 740, 

basc-sensitive synthesis of 687 
deoxygenation of 695 
hydrogenolysis of 700 
pyrolysis of 707 

Oxctancs. 

74 1 

biradical intermediates in 708 
in the presence of rhodium complexes 708 
stereochemical course of 708 

reaction with organomctallic compounds 
705, 706 

rearrangement of 696, 697 
reduction of 699 
ring-opening of 7 10, 71 1 
ring-transformation of 702 
synthesis of 685-687, 689, 690, 692-694 

asymmetric, of sulphides 545, 570, 571 
electrochcmical, 

of alcohols 343-349 
of alkenes 619 
of ethers 343-349 
of sulphidcs 339-343, 541, 564, 565 
of thiols 339-343 

Oxidation, 

in vivo, of sulphides 566, 567 
of alcohols 343-349, 471-506 
of alkenes 610-619 
of allene oxides 866-868 
of cyclic ethers 699 
of ethers 343-349, 506-515 
of oxathiacyclanes 835, 838, 848, 849 
of oxiranes 636 
of sulphidcs 339-343, 541-585 
one-electron, 

of alcohols 496-504 
of ethers 514. 515 
of sulphidcs 555-559, 562-565 

photochemical, of sulphidcs 553, 558-563 
selective, of dithioethers 571, 572 
stercoselcctive, of sulphidcs 566-571, 

threc-electron, of alcohols 477 
Oxidative cationic cyclization 486 
Oxide catalysts, in oxirane rearrangement 

Oximc linkages in macrocycles 38 
Oxiranc, photolysis of 91 1 
Oxiranc migration 632 
Oxiranes, 

579, 580, 585 

635 

acid-sensitive, synthcsis of 613 
acyclic, stcreoselective synthesis o f  620, 

alkali-sensitive, synthcsis of 621 
aromatic-see Aromatic oxiranes 
as oxidation products of enol ethers 
as prccursors in 1.4-oxathianc synthesis 

asymmetric, synthcsis of 625 
base-catalysed hydrolysis of 656 
dcoxygenation of 627-630 
enantiostereoisomeric, synthesis of 61 3 
formation of hcterocyclic compounds from 

a-kcto, synthcsis of 626 
optically activc-.we Optically active 

622 

779 

846 

64 1-647 

oxirancs 
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Oxiranes, contd. 
oxidation of 636 
photochemistry of 652-654 
polymerization of 640,  641 
racemic, separation of 613  
reaction of, 

with carbon dioxide 659 
with organometallic compounds 647 

rearrangement of 630-636 
kinetics of 655 

reduction of 637-639 
by catalytic hydrogenolysis 638 
by complex metal hydridcs 

acid-catalysed 656, 658 
base-catalysed 656,  658 
by nucleophilic reagents 655-659 

solvolysis of 657, 658 
sterically hindered, reduction of 640 
synthesis of, 

by oxidation of alkenes 610-619 
from carbonyl compounds 623-627 
from 1,2-difunctional compounds by 

1,3-elimination 61 9-623 

637, 638 
ring-opening of, 

thermally induced reactions of 655 
a$-unsaturated-see a$-Unsaturated 

Oxiranyl radicals, rearrangement of 918 
Oxocarbonium ions, as  intermediates in 

oxiranes 

hydrolysis of acetals, ketals and ortho 
esters 888, 889, 891-894 

Oxo-l8-crown-5, synthesis of 34 
Oxocrown cthers, synthesis of 34 
2-0x0- 1,3,2-dioxathianc, conformation of 

2-0~0-1,3,2-dioxathianes, synthesis of 850 
2-0x0-I ,3,2-dioxathiepane, 

conformation o f  852  
hydrolysis of 852 
synthesis of 85 1, 852 

2-0~0-1,3,2-dioxathiolanes, 
ring gcometry of 835 
spectral studies of 835  
synthesis of 835 
twist-cnvelope conformation o f  836 

as product of oxetane rearrangcment 696  
a-phcnylation with phenyllithium 706 
photochemical addition to malcic anhydride 

polymerization of 702  
radiolysis of 708 
ring-transformation t o  pyrrolidinc 703 

Oxolanes 634. 642 
as dehydration products o f  1.3-diols 741 
as prccursors in oxane synthesis 
condensed polycyclic. synthesis of 694 

850 

Oxolane, 

709 

691 

dehydration of 695 
dehydrogenation of 695 
optically active-see Optically active 

oxolanes 
oxidation of 699 
reaction with organometallic compounds’ 

rearrangement of 697 
ring-transformation of 702-704 
synthesis of 684-692. 694 

706 

Oxonium salt intermediates, in cyclic ether 

Oxonium salts 710 
2-0~0-1,4,5-oxadithicpane, synthesis of 85 1 
2-0~0-1,2,3-oxadithiolane, synthesis of 836 
4-0x0- 1,4-oxathiane, 

synthesis 687 

I3C NMR data  for 849 
IR and Raman spectra for 849 

2-0x0- 1,2-oxathianes, 
conformations in 837, 838 
hydrolysis of 838 
N M R  studies of 838 
oxidation of 838 
synthesis of 837 

3-Oxo-1,3-oxathianes, conformations in 

2-0~0-1,4-oxathiepane, synthcsis of 85 1 
7-0~0-1,4-oxathiepane, synthesis of 85 1 
2-0x0-  1,7,-oxathietanes, synthesis of 822, 

2-0~0-1,2-oxathiolanes, 
hydrolysis of 825 
metalation o f  825 
structure of 824 
synthesis of 823, 824 

crystal structure of 831 
cyclofragmentation of 832 
half-chair conformation of 832 
oxidative formation of 832 

conformational energies for 833 
conformations in 833 
‘ H  NMR spectra of 833 
IR spectra of 833 
mass spectra o f  834 
oxidation of 835 
pyrolysis o f  834  
reaction of, 

844, 845 

8 2 3  

3-0~0-1,3-oxathiolanes 

5-0~0-1,3-oxathiolanes, 

with concentrated sulphuric acid 834 
with ethylmagnesium bromidc 834 

synthesis of 832. 833 
Oxosulphonium ylides. in oxirane synthesis 

Oxyallyl 859-861 
(%)-I.  If-Oxydipropan-2-ol, synthesis of 45  
meso- I,l’-Oxydipropan-2-ol. synthesis of 45 

625 
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Oxycnc reaction 51 1 
0 xygen, 

as oxidant for alkenes 617, 618 
molecular, as oxidant for sulphides 542, 

singlet, as oxidant for sulphides 558-562, 
546 

584 
Oxygen charge-transfer complexes, photolysis 

of 918. 919 
Oxygen cxchangc, in pinacol rearrangement 

Ozone, 
724 

as oxidant for alkenes 619 
as oxidant for enol ethers 779 
as oxidant for ethers 507 
as oxidant for sulphides 555-558, 568, 

569, 577, 579, 582 

PAA-see Peroxyacctic acid 
Papaverine, de-0-methylated, 15-crown-5 

derivative of 25 
P a p a v ~ r i n e - ~ ~ C  405, 406 
Paraformaldehyde-3H 405 
Paterno-Biichi rcaction 692-694. 

mechanism of 693, 694 
stereospecificity of 694 

PBA-see Peroxybenzoic acid 
Penicillin, structural investigations of 593 
Penicillins, oxidation of 555, 567, 578-580 
Pentaacetyl-a-D-glucose, conformational 

preferences in 239 
13-Pentacenol, kcto-enol equilibrium in 373 
Pcntacyanocobalt complexes, in oxirane 

Pentaerythritol, in macrobicyclic polyether 

Pentafluorophenol, thermodynamic data for 

1,4-Pentanediol, dehydration of 748 
Pentane-I-thiol, gas-phase thermal 

t-Pentanol, gas-phase thermal decomposition 

Pentasulphur titanium complex 267, 268 
Pentathia-15-crown-5, synthesis of 20 
n-Pentyl ethers, mass spectra of 304 
Pentylsodium. reaction with enol ethers 799, 

800 
Peracetic acid, as oxidant for sulphides 542 
Peracids. 

rearrangement 635 

synthesis 43  

362 

decomposition of 464 

of 456 

as oxidants. 
for sulphidcs 541-543, 567-572, 

hazards with 544 
574-576, 578-581, 583-586 

polymcric, as oxidants for sulphides 

Perbenzoic acid, as oxidant for sulphides 

567, 
579,580 

543, 

Pcrcamphoric acid, as oxidant for sulphides 

Perdeuterated complexes, isotopic studies of 

Perfluoro-f-butyl alcohol, structural 

Pefluorotetrarnethyl Dewar thiophene 232, 

feri  effect 3 14 
Permanganate esters, as intermediates in 

570 

436 

parameters of 185 

233 

potassium permanganate oxidation of 
alchols 488 

Permethyl ethers, mass spectra of 313 
Peroxides, 

acyclic dialkyl 221 
rotation about bonds in 216, 217. 220, 

Peroxo complexes, as oxidants for alkenes 

Peroxyacetic acid 610 
Peroxy acids, 

22 1 

616 

as oxidants for alkenes 61 1-614 
chiral, as oxidants in synthesis of 

polymer-supported, as oxidants for alkenes 
enantiostereoisomeric oxiranes 61 3 

614 
Peroxybenzoic acid 610 
Peroxy compounds, as oxidants for sulphides 

Peroxytrifluoroacetic acid, as oxidant for 

Persulphate, as oxidant for sulphur 575 
Pcrsulphoxide, 

542-546 

sulphides 542, 585 

as oxidant 553-562, 565 
formation of 557-562 

Pfitzner-Moffatt oxidation 504, 505 
Pharmaceutical compounds 143 
Phase-transfer catalysts, 

chiral, in oxiranc synthesis 615 
crown ethers as 115 
in alkenc oxidation 619 
in oxirane synthesis 624, 625 

Phase-transfer reagents, in oxirane oxidation 

Phenacyl cojatc, crystallinc complexes of 

Phcnetole-4-’H, synthesis of 382 
Phenctoles. mass spectra of 3 10 

636 

138 

Phenol, 
alkylation of, thermodynamics of 357. 367 
angles of polarization for 359 
charge densities of 353 
combustion cnthalpy for 367 
clectronic spectra of 359 
isopotcntial curves for 357 
keto-enol equilibrium in 372 
magnetic resonance spectra of 359 
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Phenol, confd. 
oscillator strengths for 359 
Planck function for 369 
reactivity of 356 
singlet excitation energies for 359 
vaporization enthalpy for 363 

Phenol-dl, thermodynamic data for 362 
Phenol-d5, thermodynamic data for 362 
Phenol(u-14C) 406 
Phenol-ammonia complexes 360 
Phenolic compounds, electroreductive 

elimination of hydroxyl groups from 
337 

Phenols, 
alkyl-substituted. resonance energy for 

dipole moments of 355 
electrophilic substitution on  356-359 
hydrogen bonding in 
ionization of 363 
ionization potentials for 355 
oxidative coupling of 373 
phenolic form of 373 
physiological properties of 360 
quinonoid form of 373 
radiolysis of 956 
structural parameters of 186, 187 
2-substituted 354, 355, 362, 367-369. 

3-substituted 354, 355, 362-369, 373 
3,5-substituted 355, 363, 365 
4-substituted 354, 355. 362-365, 368, 

5-substituted 373 
thermodynamic data for 360-374 

Phenol structure, for fragment ions 309 
Phenothiazinc, pulse radiolysis of 424 
Phenoxyalkyl ethers, CI mass spectra of 3 18 
Phenoxyalkyl methyl sulphides, CI mass 

spectra of 3 18 
2-Phcnoxyethyl halides, mass spectra of 3 10, 

313 
2-Phenoxyethylsulphonium salts, elimination 

o f  phenoxidc from 419 
Phenoxyl radicals 313, 957 
Phcnyl alkyl ethers. acid-catalysed deuterium 

exchangc in 430 
Phenylalkyl p-hydroxysulphidcs, cathodic 

rcduction of 330. 331 
Phcnyl ally1 ether. tritium-labclled, synthesis 

o f  384 
Phcnylbenzyldimcthylammonium nitrates. 

nuclcophilic substitutions o f  429 
Phcnyl-f-butylcarbinol. oxidation of 488 
1 -Phcnyl-4-r-butyl- 1.2-cyclohexanediols, 

Phenyl s-butyl 35S,-disulphide 399 

3 7 3 , 3 7 4  

187, 355, 360, 363 

372, 373 

369 

dehydration o f  726 

PhenyL3H s-butyl disulphidc, synthesis of 
398 

PhenyL3H s-butyl 35S1-disulphide, synthesis 
of 399 

I-Phenylcycloalkanols, hydrogenolysis of 
518 

Phenylcyclohexane, conformational 
preference of 251 

4-Phenyl-8,8-diehloro[ 5.1 .O]octanc, 
conformational preferencc of 273 

2-PhenyIcis-4,cis-6-dimethyl-l,3-dioxa- 
cyclohexane, conformational preferences 
in 252 

conformational preferences in 25 1, 252 
2-Phenyl-l,3-dioxacyclohexane, 

2-Phenyl-l,3-dioxolane, oxidation of 5 10 
2-Phenyl- 1,3-dithiacyclohcxane 258 
pnrn-Phenylene units, incorporation into 

crown ethers 27 
(k)-(R,S)-a-Phcnyle thylammoniumhcxa- 

fluorophosphate, complexation with 
crown compounds 109 

Phenyl ethyl-1,l-d, ether, synthesis of 383 
(R)-Phenylglycinc methyl ester, complexes 

with chiral crown compounds 207-209 
Phenyl-4-*H isopropyl ether, synthcsis of 

382 
Phcnyllithium, reaction of, 

with 2-methyleneoxetane 706 
with oxolanc 706 

2-Phcnyl-2-mesitylethanol-1 -“C, synthesis of 

2-Phenyl-rm,zs-2-me thoxy- 1 -nitro- 
387 

cyclopcntane, p-elimination of methanol 
from 419 

Phenylmethyl-dz methyl ethcr. synthesis of 
381 

Phenyl orthoformate, deuterium solvent 
isotope cffcct in hydrolysis of 415 

Phenyloxiranes, catalytic hydrogenolysis of 
630 

4-Phenyl-2-0x0- I .2-oxathiolancs. envelope 
conformation of 824 

Phenyl-4-*H propyl ether. synthesis of 382 
Phenylsulpholan-3-yl ethers, isotopic studies 

of base-catalysed hydrolysis of 41 6 
Phcnyl-sulphur rotation 218 
2-Phcnyltetrahydrofuran, mctalation o f  

Phenyl vinyl sulphide, mass spcctra of 306 
Phloroglucinol, kcto-enol equilibrium in 

373 
Phospha tcs, 

418 

elcctroreduction o f  336 
in oxiranc rearrangement 635 

Phosphine oxides. in oxiranc synthcsis 613 
Phosphines. rotation about bonds in 217 



Phosphite ozonide, as oxidant for sulphidcs 

Phospholenes. in oxirane synthesis 6 13 
Phosphoranes, cyclic, in oxirane synthesis 619 
Phosphorus-hydriodic acid, in reduction of 

alcohols 520 
Phosphorus p~ntasu lphide-~~S,  synthesis of 

390 
Ph2PLi, deoxygenation of oxirancs by 629 
Pinacol 484 

dehydration of 722-724, 728, 729, 731 
Pinacoline-type rearrangcmcnt 622 
Pinacol rearrangement 722-728, 731 

concerted mechanism for 722-724 
rate of 726 
stereochemistry of 725-728 
via a carbonium cation 722-724, 726, 727 
via an epoxide intermediate 722, 724, 725 
via vinyl dehydration 722, 725 

Piperazincs. as products of e n d  ether 
cycloaddition to azides 797 

Pipcridine 704 
Pivalaldehyde dimcthyl acetal, 

556 

photolysis of 915, 916 
UV absorption spectrum of YO4 

Planck functions, for phenols 368-370 
PNPBA-see p-Nitroperoxybcnzoic acid 
Podands 77 

crystalline complexes of 137-143 
end-group interactions in 141 
helical structure of 140 

thermodynamics of complcxation of 
87-YO 

23Na NMR investigations of 90, 122 
Podates 137-143 
Polarography of radicals 936 
Polycyclic compounds 27 
Polyether dithioesters, synthesis of 3 1 
Pol ycthers. 

acyclic-we ~ J / S O  Crown compounds, 
acyclic; Crown-type ligands, 
open-chain; Podands 

structural chemistry of inclusion 
compounds of 2 10, 2 1 1 

cyclic-xec dso Crown compounds; Crown 

formation from oxidative coupling of 
systems 60 

phenols 373 
Polyethylcncglycol ethcrs 38-40 
Polycthglcne oxide chains. helical structure of 

Polyhydric alcohols. radiolysis Of 95 1 
Polymeric structurcs, in crown cthcr 

complcxation 140. 143 
Pol ymcrization. 

anionic 641 
o f  cyclic ethcrs 700-702 

210 
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of oxiranes 640, 641 
radical 641 

Polymers, kinetics of degradation of 936 
Polymer-supported oxidants, as oxidants for 

Polyoxymethylcne, rotation about bonds in 

Polysulphides 427 

Polythiaether complexes, in cancer studies 
437 

Polythiaethers, 

sulphides 567 

220 

sulphur exchange in 435 

in Lcukaemia P338 test system 438 
synthesis of 20 

Potassium-ammonia, reduction of sulphides 
bv 587 

Potassium permanganate, 
as oxidant for alcohols 487-490 
as oxidant for olefins 619 
as oxidant for sulphides 571, 572, 582, 

583 
Prilezhaev reaction, mechanism and 

Primary alcohols, 
stereochemistry of 61 1 

oxidation of 479-48 1, 494 
synthesis of 638 

L-Proline, incorporation into crown ethers 

1,2-Propancdiol, dehydration of 732 
1,2-Pr0panediol-l-'~C 385 
(+)-Propan-1,2-diol, in chiral crown ether 

synthesis 45 
1,3-Propanedithiol 393 
Propanol, radiolysis of 940, 94 1 
Propan- 1-01, gas-phase thermal decomposition 

Propan-2-01, gas-phase thermal 

2-Propanol, 

47 

of 454 

decomposition of 454, 455 

cooxidation with glycolic acid 478 
oxidation of, 

by chromic acid 473, 475 
by ruthenium tetroxide 494. 495 
by vanadium (v) 499 

radiolysis of 040, 941 
Propargylic ethers, a-cleavage in 301 
(%/E)-Propenyl alkyl ethers, lithiation of 800 
(Z)-1 -Propenyl phenyl ether, lithiation of 

Propcnyl sulphides. isotopic studies of 

Propranolol-'H. synthcsis of 404 
Propranolol hydrochloride-"C. synthesis of 

Propyle n c ox idc, 

80 1 

hydrolysis o f  4 I 7 

403 

cyclic tctramers of  2 
in chiral crown cther synthesis 45 
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R-(+)-Propylcne sulphide, CD spectrum of 

Propylsodium, reaction with cthers 417, 

Prostaglandin analogues, synthesis of 693 
Proton affinity (PA) 302, 316, 317 
Proton transfer 421 
Pseudo-2-benzoylbenzoatcs, isotopic studies 

Pscudocyclic cavity 64 
Pseudorotation 267 

in cycloheptanc 269 
Pulsc-microrcactor technique 700 
Pulse radiolysis 936 
Pummcrer rearrangement, in oxidation of 

Purple benzene 490 
Push-pull-type process, in crown ether 

Pyranosc sugars, anomeric hydroxyl in 
Pyrantel base 409, 410 
Pyrazines, synthesis of 704 
Pyridine-chromium trioxide, in oxidation of 

allylic alcohols 485, 486 
Pyridincs, synthesis of 704 
Pyridinium chlorochromate 486 
Pyridinophanc cryptands 74 
Pyrolysis, very low-pressure (VLPP) 466 
y-Pyrone, exchange reaction with 

"0-enrichcd water 435 
Pyrrole 703 
Pyrroles, synthesis of 704 
Pyrrolidinc 403 
Pyrrolidines, synthesis of 704 
2-Pyrrolidonc 703 
Pyrrolincs, 
. - Z S  products of e n d  eihcr CyCiOadditiGil to 

292,293 

418 

of hydrolysis of 41 6 

sulphides 552-554 

complexation 69 
240 

nilrile y i id~s  797 
synthcsis of 704 

Pyrrols. as products of cnol ether 
cycloaddition to azides 797 

Quadrant rulc, for disulphide group 295. 

Quantum-mechanical tunnel effect 41 2 
Quinoline polycthrrs. UV absorption 

Quinopavine-'"C 405, 406 

Rabbit ear effect 220 
Radiation protection by thiols 
Radical alkylation. of cyclic ethers with 

Radical anions. dcrivcd from disulphides 

Radical cations, 

296 

measurements of complexation of 77 

987, 988 

olcfins 708 

982 

complexcd, from sulphides 973 

derived from aromatic ethers 957 
derived from a,a'-dialkoxyalkyl radicals 

derived from disulphidcs 983 
derived from 1.3-dithiane 977 
derived from sulphides 984 

Radicals, polarography of 936 
Radionuclcide purging ability, biotransport 

Radioprotection 424 
Raney cobalt, desulphurization with 597 
Raney nickel, desulphurization with 540, 

Ratcliffe procedure 486 
Ratc constants, 

954 

studies of 437 

586, 592-597, 599 

definition o f  371 
for crown ether complexation 68-78 

in dehydration of diols 740, 751, 752 
of ally1 phcnyl ethers 413-415 
of cyclic ethers 696-699 
of dioxacycloalkanes 691 
of oxiranes 689. 690 

Rcarrangcmen t, 

acid-catalyscd 632, 633 
base-catalysed 630-632 
photochemical 634, 635, 652, 654 
sigmatropic 655 
thermal 634, 635, 655 
with hetcrogcneous catalysts 635 
with mctal complexes 635 

pinacoline-type 622 
Receptor complexes 78 
Rccluction, 

electrochemical 327-339, 599 
of alcohols 335-339, 5 15-522 
of cyclic ethers 699, 70U 
0 1  cthers 335-339, 522-528 
of oxacycloalkanones 690 
of oxathiacyclanes 83 1 
of oxiranes 637-640 
of sulphides 328-332. 585-600 
photochemical 599 

Reduction potentials 328, 329 
effect o f  substituents on 329 

Reductive silylation 591 
Regioselcctivi ty. 

in base-catalysed rearrangements o f  

in cyclic cther rcarrangements 697 
in oxctanc rcduction with lithium 

aluminium hydridc 699 
in oxirane reduction 637. 639 

oxiranes 630, 631 

Rcgiospecificity. of reactions of allenc oxides 

Resonance encrgy 372-374 
Rcsonance stabilization 304 
Resorcinol, kcto-cnol equilbrium in 373 

with nuclcophilcs 871 
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Rhodium salts. as oxidants for sulphides 571 
D-Ribose, radiolysis of 961 
~-Ribose-5-phosphatc, radiolysis of 961 
S-Ribosyl-L-homocysteinc, isotopically 

Ring-closure. 
in dehydration of diols 741-751 
of mixed diesters, in 1 J-oxathiane 

labelled, synthesis of 398 

synthesis 839, 840 

in aromatic ethers 31 1 
in cyclic ethers 709 
in cycloalkanone ethylene ketals 308 
in tetrahydropyran ring 307 

Ring-expansion, 
in cycloalkanone ethylene ketals 308 
in oxiranes 634, 636, 642, 644 

neighbouring-group participation in 645 
Ring-opening, 

Ring-con t ract ion, 

in cyclic ethers 710 
in dehydration of diols 740, 752 
in oxiranes 639, 655 

with nucleophilic reagents 655-659 
Ring-splitting, in dehydration of diols 739 
R,P=Y compounds, dcoxygenation of 

RSCD, compounds, deuterium exchange in 

R-S-CH,Li reagents, in oxirane synthesis 

Ruthenium tetroxidc, 

oxiranes by 629 

432 

625, 626 

in oxidation of alcohols 493-496 
in oxidation of ethers 513, 514 

R-value method 237 

Sarrett method 486 
Schiff-base condensation, synthesis of 

Secondary alcohols, 
macrocycles from 36, 37 

oxidation of 479, 494 
oxidative intramolecular cyclization of 684 

of crown ether complexation 91-122 
Selectivity, 

between mono- and di-valcnt cations 
98, 114 

cavity 101 
effect of guest parameters on  
effect of ligand parameters on 
effect of medium (solvent) parameters on 

120-1 22 
multiple 101, 106 
overall 113 
peak 111 
plateau 11 1 

precipitation 138 

92-1 17 
92-1 17 

Selenium dioxide. in oxidative cleavage of 
P,y-unsaturated cthers 515 

Selenium h~dride-’~Se 391 
Selenoacctals, synthesis of 887 
Selenomethionine, mass spectra of 300 
Se Ieno~rea -~~Se ,  synthesis of 391 
Sclenoxides, as oxidants for sulphides 

Silanes, addition to enol ethers 802 
Silica gel-sulphuryl chloride, as oxidant for 

Silver carbonate, as oxidant for alcohols 

Silyl enol ethers, 
cycloadditions of 807 
reactions of, 

553 

sulphides 573 

502-504 

with carbon electrophiles 805-807 
with hetcroelectrophiles 804, 805 

synthesis of 803, 804 
Simmons-Smith reaction 807 
Soccer molecules 99, 101, 118 
Sodium amalgam, reduction of sulphides by 

Sodium-ammonia, reduction of sulphides by 

Sodium bis(2-methoxyethoxy)aluminium 

592 

587, 589, 590 

hydride, reduction of alcohols by 
519 

Sodium chlorite, as oxidant for sulphides 
550 

Sodium hypochlorite, as oxidant for 
sulphides 550, 581, 582 

Sodium metaperiodate, as oxidant for 
sulphides 540, 546, 547, 567-569, 571, 
574, 576, 577, 579, 582, 583, 585 

Sodium oxydimethylenedithiosulphate, as 
precursor in synthesis of 1,3,5- 
oxadithianes and -dioxathianes 849 

546, 547 

495,496 

sulphides by 591 

peroxide oxidation of alkcnes 615, 
616 

Sodium periodate, as oxidant for sulphides 

Sodium ruthenate, as oxidant for alcohols 

Sodium-trimethylsilyl chloride, reduction of 

Sodium tungstate, as catalyst in hydrogen 

Solid-state reactions, 
of phenols 374 
thermodynamics of 362 

Solvent effect, on stability and selectivity of 
crown ether complexes 120-1 22 

Solvent polarity. in  establishing 
conformational preferences 229 

Solvent system, two-phase, in oxirane 
synthesis 614 

Spin-labelling technique. for radicals derived 
from alcohols 939 

Spiroadamantylallene oxide 869 
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Spiro dioxides, formation by oxidation of 

Spiro groups, in crown-type ligands 101, 107 
Spiroketones, formation in pinacol 

Spirooxiranes, rearrangement of 636 
Stability constants, for crown ether 

effect of anion interactions on 120 
effect of guest parameters on 117-120 
effect of ligand parameters on 92-1 17 
effect of mcdium paramctcrs on  120-122 

2-Stannyl vinyl ethers, lithiation of 801, 802 
Stereochemical assignments, in bifunctional 

Stereoselectivity, 

allenc oxides 866-868 

rearrangement 727 

complexation 9 1-122 

cyclic molecules 3 18 

in addition of lithium alkylcuprates to 

in base-catalysed rcarrangments of oxiranes 

in dehydration of diols 748 
in oxirane isomerization 652 
in oxiranc reduction 637, 639 
in oxirane synthesis 61 1, 614, 618-622, 

in rearrangement of dioxacycloalkancs 

vinyloxiranes 650, 65 1 

630, 631 

625 

691 
Stereospccificity, 

795 
in cycioaddition of azides to cnol ethers 

in dehydration of diols 748 
in deoxygenation of oxiranes 629 
in olefin synthesis 627 
in oxiranc synthesis 611, 619, 620. 625 
in Paterno-Buchi reaction 694 
in transformation o f  oxiranes to thiirancs 

64  1 
Steric blocking 310 
Stcric hindrance 373 
Stcroid lactoncs, reduction of 690 
Stcroid oxetanes, ring-opening of 710 
Steroid oxiranes 669 

rcarrangcmcnt of 634, 642 
synthesis of 636 

Steroid 8-oxiranes. stcrroselective synthcsis of 
62 1 

Steroids. 
epoxidation of 61 4 
in oxiranc synthcsis 613 
saturated hydroxy. CD data o f  28 1 

Stilhene cpoxidcs, mass spectra of 307 
Stoichiometry. of crystallinc crown cthcr 

Styrene cpoxidcs. mass spcctra of 307 
8-Styryl cthcrs, hydrolysis of  776 
Sugars. CD spectra of 287. 288 
Sulphate esters, in reduction of alcohols 

complexes 124-1 43 

521 

Sulphato radical (SO, T) rate constants of 

Sulphenic acids, 
reactions with alcohols 948 

as antioxidants 546 
formation of 546, 560, 572 

Sulphide group, structural parameters of 

Sulphides-see also Thio ethers 
181-184, 186 

aromatic--see Aromatic sulphides 
clcavagc reactions of 425, 426 
complexes of, 

isotopic studics of 436, 437 
with halogen atoms 985 

cyclic-see Cyclic sulphides 
cycloalkyL-see Cycloalkyl sulphidcs 
climination reactions of 425, 426 
gas-phase thermal decomposition of 465, 

isotopically labelled, 
466 

in biology, medicine and agriculture 

in isotopc exchangc studies 434, 435 
in tracer and isotope cffcct studies 

synthesis of 388-402, 409-41 1 

409-41 1, 437, 438 

424-430 

mass spectra of 299-3 18 
oxidation of 339-343.427, 428, 541-585 

asymmetric 545, 570, 571 
electrochemical 541, 564, 565 
gcneral methods for 542-567 
in vivo 566, 567 
one-clectron 555-559, 562-565 
photochcmical 553, 558-565 
rearrangement during 573, 574 
stcreosclectivc 566-571, 579, 580, 585 

ozonation of 555-558, 568,569,577, 579 
photdysis of 927-93 I 

Hg-sensitized 927 

in aqueous solution 984-987 
in nonaqueous media 977 

rcduction of 328-332. 585-600 
by Group I and I1 metals 587-592 
by lithium aluminium hydride 
by Rancy nickcl 592-598 
clcctrochemical 328-332, 599 
photochcmical 599 

saturated aliphatic. mass spectra of 

unsaturated-sce Unsaturated sulphidcs 
UV absorption spcctra of 923. 024 

in oxirane synthesis 621 
in reduction of alcohols 52 I 

anodic oxidation of organic sulphidcs to 

radiolysis of, 

598. 599 

300-305 

Sulphonatc cstcrs, 

Sulphoncs. 

339 
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direct formation from sulphides 556, 557, 

559-561 
Sulphonic acids, aromatic, in pinacol 

Sulphonium ions 304, 305 

Sulphonium salts, cathodic reduction of 334, 
335 

Sulphonium ylides, in oxirane synthesis 625 
Sulphoxides, 

rearrangement 722 

cyclic 425, 426 

anodic oxidation of organic sulphides to 339 
chiral 825 
180-labelled 548, 549, 551, 552, 567, 

oxidation of 543, 545, 556, 560 
pyrolysis of 540, 541 
synthesis by oxidation of sulphides-see 

572, 573 

sulphide precursor 
Sulphur-35, elemental 392, 399 
a-Sulphuranes, as intermediates in sulphide 

oxidation 550-552, 583 
Sulphur dichloride, rcaction with enol ethers 

780 
Sulphur dicyanide, structural parameters of 

182 
Sulphur dioxide, as antioxidant 546 
Sulphur radicals, complex 925 
Sulphuryl chloride, 

as oxidant for sulphides 549, 578 
reaction with tetrahydrofuran 508 

Sulphur ylidcs, as precursors in 
oxaspiropentane synthesis 875 

Sulphydryl group, in  monosubstitutcd 
cyclohexanes, conformational 
prefcrences of 236 

Sultincs, half-chair conformations of 824 
Superoxide radicals, dcrivcd from 

Surfactants, “C-labellcd nonionic aryl, 

Symmetry rule, for episdphide group 
Synthesis, 

a-hydroxyalkylperoxyl radicals 958 

synthesis of 408 
293 

of acetals 882-888 
of alkenes 627 
of allene oxides 862-866 
of crown ethers and analogues 
of cyclic ethers 684-694 
of enol cthcrs 772-774 
of isotopically labelled ethers 380-388. 

of isotopically labelled sulphidcs 

of kctals 882-885 
of ortho esters 882-884. 887 
of oxathiacyclancs 823-825. 832. 833. 

o f  oxiranes 6 10-627 

1-52 

402-409 

388-402, 409-41 1 

835-840. 845-847, 849-8s I 

I--Tartaric acid, incorporation into crown 

TCNE-see Tetracyanoethylene 
TDAP-see Tris(dimethy1amino)phosphine 
Temperature jump method, for measuring 

ethers 47 

rate constants of crown ether 
comdexation 72 - 

Template effect, in crown cther synthcsis 
3-9. 36 

kinetic evidence for 7 
Template participation, in crown ether 

‘Tennis fissure'-likc conformation, of KI 

Terminal donor group systems 62 
Terpcnes, 

synthesis 123 

complex of dibenzo-30-crown-I0 129 

in oxiranc synthesis 61 3 
saturated hydroxy, CD data of 281 

Tertiary alcohols, oxidation of 482,483, 500 
2,4,4,6-Tetrabromocyclohexadienone, as 

Tetra-t-butyldiphosphine, rotation about 

Tetracyanoethylene, cycloaddition of, 

oxidant for sulphides 550 

bonds in 222 

to enol ethers 787-79 1 
mechanism of 787-789 
rate of 790, 791 

to thioenol ethers 810 
Tetradeuterothiophcne, synthesis of 399 
Tetraethyleneglycol, in crown cther synthesis 

4. 6. 17. 34 
Tetraethylencglycol diethyl cther, complexes 

of 137, 21 1 
Tetraethylencglycol dimcthyl cther, 

Tetrahydrobcnzoxepine, mass spectrum of 

Tetrahydrocannabinols, tritium-labelled. 

Tetrahydrofuran, 

complexes of 137, 138, 211 

31 1 

synthesis of 383 

as dehydration product of diols 745 
dipole moment of 179 
photolysis of 909, 910. 912. 913 
radiolysis of 946 
structural parameters of 179 
UV absorption spectrum of 904 

Tetrahydrofuranc, oxidation of 5 13 
Tetrahydrofurans, as dehydration products of 

Tetrahydropyran, photolysis of 909. 910, 

Tetrahydropyrans, CI mass spcctra o f  3 18 
Tetrahydro- 1,3,3-thiadiazine-2-thiones. 

”S-labelled 3,5-disubstituted. synthcsis 
of 401 

Tctrahydrothiophcne, structural paramcters 
of 182 

1,3-diols 733 

913 
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a-Tctralol, oxidation of 481, 4 8 2  
5,7,3',4'-Tetramethoxyflavan, deuterium 

exchange in 431 
5,7,3',4'-Tetramethoxy-2,3-rruns-flavan- 

3,4-cis-diol, deuterium exchange in 431 
Tetramethoxymethanc, structural parametcrs 

of 178 
Tctramethylallene episulphidc, synthesis of 

876 
Tetramcthylallene oxide 865 
Tetramethylcarbamide 6 10 
2,2,4,4-Tetramethyl-l,3-~yclobutanediol, 

dehydration of 739 
Tetramethyldibenzo-18-crown-6, complexes 

of 130, 198 
2,2,6,6-l'etramethyI- 1,3-dioxacyclooctane, 

barrier to conformational exchange in 
274 

3.3,6,6-Tetramcthyl-1,2-dioxanc, chair 
reversal in 262 

Tctramethylene diamine, as guest in crown 
ether complexes 204 

2.2,5,5-Tctramcthyltetrahydrofuran. 
photolysis of 912 

3.3,6,6-Tetramethyl-s-tctrathiane, 'H DNMR 
conformation study of 263-265 

3,3,6,6-Tetramethyl-1,2,4,5-tetroxane, 
conformational preference of 262 

Tetramethyl thiuramdisulphidc, sulphur 
exchange in 435 

Tetramcthyl thiurammonsulphidc, sulphur 
exchange in 435 

Tetrapodands 66 
Tetrathia-12-crown-4, synthesis of 20 
s-Tetrathianes, 

conformational preferences in 263-268 
twist gcometry of 266, 267 

Tetrathiofulvalenc, oxidation o f  543 
Tetratrifluoromethylallene episulphidc, 

Thallium nitratc, as oxidant for sulphidcs 

Thermal decompositions, gas-phase 

synthesis of 876 

555 

449-466 
chain process in 454 
dehydration in 455. 456 
1,2-hydrogen shift in 457 
maximal inhibition of 453 
6-mernbcred ring transition state in 
shock-tube studies of 450. 455, 463 
static mcthod for 450. 463 
unimolccular 455. 456 

458 

Thiaalkancs, rotation about bonds in 

7-Thiabicyclor2,2, Ilhcptane, 
strain effect in 182. 183 
structural parameters of 183 

216. 
217 

:t Index 

5-Thiabicyclo[ 2,2,l]hcxane, 
strain effect in 182, 183 
structural parameters of 183 

Thia-18-crown-6, synthcsis of 23 
Thiacrown ethers, 

complexation of, 
stability constants for 93, 94 
thermodynamics of 8 4  

high-dilution conditions in 15 
synthesis of 20, 22-24 

Thiacyclohexanc, 
photolysis of 931 
protonated, conformation of 245 
R-value of 244 

Thiacyclohexane-3,3,5,5-d4, chair-chair 

Thiacyclohexanc dioxide, ring-reversal in 

Thiacyclohexane- 1-oxide, conformational 

Thiacyclohexanes, methyl-substituted, 

Thiacyclopentane, photolysis of 9 3  1 
2-Thiahydrindans, CD spectra of 291 
Thiancs, oxidation of 567-569 
Thianthrene, anodic oxidation of 341 
Thia polyether dithioesters, synthesis of 31 
Thiazolcs, oxidation of 561 
Thicpins, oxidation of 574 
Thictane, UV absorption spectrum of 924 
Thietancs, 

ring-reversal in 244 

247 

prcference of 247 

conformational preferences in 244, 245 

oxidation of 543, 550 ,  551, 555, 567, 568 
photolysis of 929, 930 

Thiirane, UV absorption spectrum of 924 
Thiiranes, 

formation from oxiranes 641 
oxidation of 574 
photolysis of 928, 929 

Thiirans, oxidation of 544, 585, 586 
Thioace tals, 

oxidative hydrolysis of 54 1 
synthesis of 887 

Thioallylic rearrangement 424 
Thioanisolc, mass spectrum o f  310 
Thioanisoles, deuterium-iabclled, synthesis of 

2,2'-Thio-"S-bisbenzothiazole, synthesis o f  

Thiocarbarnates, reduction of alchols via 

Thiochromans, mass spectra of 31 1 
Thiocyanation reactions 427 
Thiodiethyleneglycol, 

as prccursor in 1,3.6-dioxathiocanc 
synthesis 852 

cyclization o f  845 

398  

400 

52  1 

p.p'-ThiodigIycoL3'S 392 
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Thiocnol ethers, 

cycloaddition t o  tetracyanoethylene 810 
hydrolysis of 809, 810 
physical properties of 808 
reactivity of 809, 810 
synthesis of 808, 809 

chiroptical properties of 291 -293 
doubly labelled, synthesis of 391 
rotation about bonds in 218, 225 
sulphur-labelled, synthesis of 388 

Thio e t h e r c s e e  also Sulphides 

T h i o g ~ a n i n c - ~ ~ S .  synthesis of 401 
Thiokctals, 

as precursors in thioenol e ther  synthesis 

mass spectra of 308 
Thiolane, photolysis of 930  
Thiolanes, oxidation of 550, 567, 568, 

Thiolate ions, photolysis o f  926 
Thiol group, structural parameters of 186 
Thiols, 

808, 809 

574-576 

anodic oxidation of 339-343 
cathodic reduction of 332 
doubly labelled 424 
gas-phase thermal dccomposition of 

in radiation protection 987, 988 
mass spectra of 972 
photolysis of 924-926 

Hg-sensitized 924  
radiolysis of, 

in aqueous solution 979-982. 986. 987 
in nonaqueous media 972-975 

462-465 

reaction with enol ethers 780 
35S isotope exchange of 435 
sulphur-labelled, synthesis of 388 
UV absorption spectra of 923, 924 

Thiomethyl ethers. complexes of 436 
Thionyl chloride, reaction with enol ethers 780 
Thiophen 703 
Thiophene, 

deuterium exchange in 432 
radiolysis of 977, 984 
structural parameters of 183  

Thiophene-d,, synthcsis of 399 
3.4-dz-Thiophene, synthesis of 399 
3d-Thiophene, synthesis o f  399  
Thiophencs, 

dcsulphurization of 593-597 
oxidation of 561, 583-585 

Thiophenetoles, mass spcctra of 
Thiophenol, 

oxidative addition to olefins 545 
radiolysis of 974 

Thio sugars. chiroptical properties of 291. 

3 10 

392 

Thiosulphonates, reductive desulphurization 

2 - T h i o u r a ~ i l - ~ ~ S ,  synthesis of 401 
Thiourea, complex with open-chain crown 

ether 143 
Thiourea-*"C 410 
Thioureas. N-subsiituted, sulphur exchange 

with 35S-urea 435 
Thiouronium bromide 393 
1,4-Thioxanc, structural parameters of 183 
T h i o ~ a n t h i n e - ~ ~ S ,  synthesis of 401 
2-Thioxo-l,3,2-dioxathiolancs, synthesis of 

836 
Thiurams, sulphur exchange in 435 
Thiyl radicals, 

of 823, 837 

chain-transposition of disulphides induced 

ESR spectroscopy of 972 
formation of 924, 927, 932 
reactions of 924-926, 980, 986 

by 976 

L-Threitol, incorporation into crown ethers 

Thymidine, radiolysis of 961 
Thymol 367 
Titanium (II),  as  reagent in deoxygenation of 

oxiranes 627 
Titanium-HSCN complexes, isotope effects 

in 437 
Titanium tetrachloride, in reactions of enol 

ethers with carbon electrophiles 805, 
806 

hydride, in reductive coupling of 
alcohols 520 

48 

Titanium trichloridc-lithium aluminium 

TMC-see Tetramethyl carbamidc 
Toluene, protonation study of 359 
Toluene carrier technique 462, 466 
p-Toluenesulphonyl 610 
a-Toluenethiol, gas-phase thermal 

a - T o l ~ e n e t h i o l - ~ ~ S ,  in labelled sulphide 

rn-Toluidine-2,4,6-d3 42 1 
p-Tolyl allyl-l-14C sulphide, cleavage of 426 
p-Tolyl ethers. '"C-labelled, synthesis of 

Topology, in crown ether complexation 

Toposelcctivity, in crown ether 

p-Tosyloxycarbonyl compounds. reaction 

Transacetalization, in 5-oxo-l,3-oxathiolane 

Transfer-hydrogenation reactions 695 
Transition metal ions. glymc complcxes of 

decomposition of 464 

synthesis 394, 396 

385 

99-1 11 

complexation 101 

with organometallic compounds 687 

synthesis 833 

137 
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Transition metals, 
in deoxygenation reactions 627 
in oxiranc rearrangement 635 

Transition metal salts, as catalysts, in 
hydrogen peroxide oxidation of alkenes 
615 

Transition state, proton-transfer, in 
hydrolysis of vinyl cthcrs 4 16 

Transvinylation 772 
Trialkylborane, as oxidant for sulphides 548 
Trialkyloxonium salts, inversion-rotation 

Trialkylsulphonium compounds 972 
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