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Foreword 

The present Supplement E brings material related to the chapters which appeared in 

the main volumes on The Ether Linkage (1967), on The Hydroxyl Group (1971), 

and on The Thiol Group (1974). 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 the Sulphonium 

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. SAUL PATAI 
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The Chemistry of Functional Groups 
Preface to the series 

The series ‘The Chemistry of Functional Groups’ is planned to cover in each volume 

all aspects of the chemistry of one of the important functional groups in organic 

chemistry. The emphasis is laid on the functional group treated 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 of the Ether Linkage deals with 
reactions in which the C—O-—-C group is involved, as well as with the effects of the 

C—O-C group on the reactions of alkyl or aryl groups connected to the ether 

oxygen. It 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-O—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 to 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) 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, or by introducing the new 

group directly or indirectly. 



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 Carbonyl 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 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 Amino 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 not at all. In order to overcome this 
problem at least to some extent, it was decided to publish certain volumes in several 

parts, without giving consideration to the originally planned logical order of the 

chapters. If after the appearance of the 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 of Alkenes (two volumes) 

The Chemistry of the Carbonyl Group (two volumes) 
The Chemistry of the Ether Linkage 

The Chemistry of the Amino Group 

The Chemistry of the Nitro and Nitroso Groups (two parts) 

The Chemistry of Carboxylic Acids and Esters 

The Chemistry of the Carbon—Nitrogen Double Bond 
The Chemistry of the Cyano Group 

The Chemistry of Amides 

The Chemistry of the Hydroxyl Group (two parts) 

The Chemistry of the Azido Group 

The Chemistry of Acyl Halides 

The Chemistry of the Carbon—Halogen Bond (two parts) 

The Chemistry of Quinonoid Compounds (two parts) 

The Chemistry of the Thiol Group (two parts) 
The Chemistry of Amidines and Imidates 

The Chemistry of the Hydrazo, Azo and Azoxy Groups (two ears) 



Preface to the series xi 

The Chemistry of Cyanates and their Thio Derivatives (two parts) 

The Chemistry of Diazonium and Diazo Groups (two parts) 

The Chemistry of the Carbon—Carbon Triple Bond (two parts) 

Supplement A: The Chemistry of Double-bonded Functional Groups (two parts) 

Supplement B: The Chemistry of Acid Derivatives (two parts) 

The Chemistry of Ketenes, Allenes and Related Compounds (two parts) 

Supplement E: The Chemistry of Ethers, Crown Ethers, Hydroxyl Groups and 

their Sulphur Analogues (two parts) 

Titles in press: 

The Chemistry of the Sulphonium Group 

Supplement F: The Chemistry of Amines, Nitroso and Nitro Groups and their 

Derivatives 

Future volumes planned include: 

The Chemistry of Peroxides 

The Chemistry of Organometallic Compounds 

The Chemistry of Sulphur-containing Compounds 

Supplement C: The Chemistry of Triple-bonded Functional Groups 

Supplement D: The 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 essentia! participation 

and partnership of my wife. 

The Hebrew University 

Jerusalem, ISRAEL SAUL PATAI 
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CHAPTER 14 

Oxiranes 

M. BARTOK and K. L. LANG 
Department of Organic Chemistry, Jézsef Attila University, 
Szeged, Hungary 
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A. By Oxidation of Alkenes 
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Qe 

3. 
4. 
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Oxidation with peroxy acids 
Oxidation with hydrogen peroxide : ; 
a. Oxidation with alkaline hydrogen peroxide . 

b. Oxidation with hydrogen peroxide and catalyst 

Oxidation with organic hydroperoxides . 

Oxidation with oxygen : 
Other methods of oxidation 

B. From 1,2-Difunctional Compounds i 1,3- Pliniation 
C. From Carbonyl Compounds 
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A. Deoxygenation . 

1. 
Ds 
Sh 

Deoxygenation with ‘electrophilic reagents 
Deoxygenation with nucleophilic reagents 
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B. Rearrangements . 

hWYN Be 

& 

. Base-catalysed Poarmaneements 

. Acid-catalysed rearrangements : 

. Thermal and photochemical rearrangements 

. Rearrangements on the action of heterogeneous eialyer and ele 

complexes 
Other searrangements 

C. Oxidation 

D. Reduction 

1. 
Ye 
3: 

Reduction with complex metal hydrides 
Catalytic hydrogenolysis 

Other reductions 
E. Polymerization . 
F. Formation of Heterocyclic Compounds 

1. 

Ds 
3. 
4. Transformation of oxiranes containing a functional group, by 

Ring-transformation of three-membered heterocyclic compounds into 
other three-membered heterocyclic compounds . : ‘ 
Ring-expansion to one-heteroatom heterocycles 
Transformation to two-heteroatom heterocycles 

ring-expansion 

609 
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Abbreviations 

AcAc Acetylacetone 

DATMP Diethylaluminium 2,2,6,6-tetramethylpiperidide 

DMF Dimethylformamide 

DMSO Dimethylsulphoxide 

LAH Lithium aluminium hydride 
MCPBA m-Chloroperoxybenzoic acid 

NBA N-Bromoacetamide 

NBS N-Bromosuccinimide 

PAA Peroxyacetic acid 

PBA Peroxybenzoic acid 

PNPBA p-Nitroperoxy benzoic acid 

TDAP Tris(dimethylamino)phosphine 
TMC Tetramethyl carbamide 

as p-Toluenesulphonyl 

1. INTRODUCTION 

The earlier literature data on the synthesis and chemistry of oxiranes were reviewed 

by Dittus! in 1965 and by Gritter? in 1967. Since then, the work relating to the 

synthesis and chemical transformations of the oxiranes has been surveyed by 

numerous authors* !? . 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, the present review is based 
mainly on the conclusions drawn from the experimental data of the most recent 

period (up to 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. 

il. SYNTHESIS OF OXIRANES 

A. By Oxidation of Alkenes 

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! 8 are to 

be found in some very good reviews, which deal with the mechanism and stereo- 

chemistry of the reaction and its practical modifications? 6 7>19,11,13,17,18, 
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. 

Wh tivated O 
C=C + RCO,H Ee ral = + RCO3H (1) 

ve NN 3 complex 

The fine mechanism of the reaction is still not known in every respect, for it 

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, 

SH electron 

. pee OOnOl activated ‘ 
I + RCO3H =——— enior complex et O (2) 

os complex other 

transformations 

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 investigations?!~28 also deal with the mechanism of the reaction, and 
with the structure of the transition complex?9»?9»3°, Significant conclusions 
may also be drawn from the results of stereochemical investigations (see below). 
The 1,3-dipolar cycloaddition mechanism?!~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—O 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)35-40" 

PBA 

eMeree O (Ref. 35) (3) 

RS 
H Me Me 
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Ha H H 

(CH), Yao Sy (Ref. 36) 
O 

H H 

MNPBA (Ref. 37) 

O 

MCPBA 
Hc =H EE (Ref. 38) 

O 

Me Me 

Me Me Me Me Me 

“S O (Ref. 39) 
‘Me 

Me Me Me Me 

O PBA 

Us se Ups O 

(Ref. 40) 

(0) 

Va pRB AR ey 

O 

(4) 

(5) 

(6) 

(7) 

(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)*!~48. 

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 

@ eC“ Cpe (Ref. 41) 

O 
PBA 

Z Sanam Xx (Ref. 42) 

x . 

X = CI,Br,CO,Me,CN 

(9) 

(10) 
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Ly | (Ref. 43) (11) 
OH 

CH 
O 

OH sn a= 2 OH 

O 
Me Me 

MCPBA 

ee (Ref. 44) (12) 
Me Me 

Me'Me 

CO>Me 

MCPBA 

ew Es (Ref. 45) (13) 
Uy, 

CO>Me 

MCPBA 

, a? | (Refs. 46,47) (14) 
Y = MI, “COOH =~ COOH 

H Ph 
Yee Eph 

MCPBA 7 
ae 0] (Ref. 48) (15) 

of carbon atoms*?, cyclic alkenes and dienes*®»5°-55, aromatic systems>®, 
unsaturated alcohols and their derivativess?°?, steroids®*°5, unsaturated 
carboxylic acids and their derivatives®®»®7, olefin propellanes®®»®9, phosphine 
oxides7° and phospholenes”!. 

Enantiostereoisomeric oxiranes may be prepared by epoxidation with chiral 

peroxy acids??-79, A method has been elaborated for the separation of racemic 
oxiranes, using optically active lanthanide complexes®° . 

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 alcohols®! , 

terpenes’? , acenaphthene®? and allenes®*-8”, or for the preparation of halogenated 
oxiranes®&-99, 

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 

temperatures? 394, Polymer-supported peroxy acids may be used for the oxidation 
of some olefins? 5»9®. In certain cases in situ peroxy acid procedures are used? +? 7»? 8. 

New epoxidizing reagents have recently been introduced, e.g. o-sulphoperbenzoic 

acid®3, p-methoxycarbonylperoxybenzoic acid®?, [bis(benzoyldioxy)iodo] ben- 

zene!9°  Q-benzylmonoperoxycarbonic acid! °!, peroxycarboximidic acids formed 
from nitriles with hydrogen peroxide!®2-!97, peroxycarbaminic acids!°* +199, 
peroxyacetyl nitrate!!°, disuccinyl peroxide!!! and benzeneperoxyseleninic 
acid! 12, 

> 

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 

(17). The mechanism of the process depends on the starting compound. No general 

and completely clear-cut correlations have yet emerged as regards the stereochemistry 
or stereoselectivity of this epoxidation. 

H202 + OH HO Z +H,O (16) 

= a —OHi CR 
heen + HO, = i ae <=> \y \| (17) 

O HOO O 

The procedure has been employed effectively for numerous types of compounds: 

a, -unsaturated ketones!!4-!!7, nitro olefins! 18, «8 -unsaturated nitriles! 19 +120 
endo- and exo-cyclic enones! 2!~123 and steroids! 24-128. The epoxidation is often 
of very high stereoselectivity (equations 18—22): 

COMe 

(Ref. 129) (18) 

(Ref. 130) (19) 

(Ref. 131) (20) 
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0 0 
H202 
OH 

(Ref. 132) (21) 
oO O 7 “ne, 

H HH soe H SOjCgH,Me 

c=c EES Ee (Refs. 48, 133) (22) 
Ph” SOnCgHgMe s 

With a chiral phase-transfer catalyst being used as base, optically-active oxiranes 

may be prepared in excellent yield! 3+ (equation 23). 

2 => ‘O—O 25. a0 

0 ue Il a) Z Nm 

1 
= Ie 

CH 
(23) 

| a 30% aq. H20o | 

ie toluene oa 

Ph Ph 

Hydrogen peroxide is also used in the new procedure of Kametani and co- 

workers! 35, 
b. Oxidation with hydrogen peroxide and catalyst. Some acids and their various 

transition metal salts are used as catalysts! 136144, The most frequent catalyst is 
sodium tungstate (HWO,4 + H,O, = HWO; + H,0O), 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- 

S UE 
ee O==6 

Q, Om | Weve ee i ae HO Wee 
Oo owes i 

\ YE 
AS ys Se A eS 

=O Non II O O (24) 
ON | YU 

S [No 

ne va Si 

\/ + HWO, 

istic studies confirm this reaction path!4?»143.145-149 and at the same time 

provide information on the stereochemical course of the reaction’ *°-' 5? (equations 

25 and 26). 
H As pone Hos HL sf 3 

C HWO4 ZA 
I o | (25) 
C 
eX 

H  “PO3H, H PO4H> 
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Cehi7 CgHy7 

H202 
Fe(AcAc)3 (26) 

RO RO 6 

68% B 
17% |\a 

Peroxo complexes readily prepared from hydrogen peroxide and MoO 3 can be 

likewise employed to produce oxiranes! 53-!5 © (equation 27). 

My | 
O, O G Oo O C— 

mS] +l mg + OC | (27) 
Oma Cc O c= 

L aN | 
x 

Useful conclusions have been reached as regards the mechanism!56!59 and 
stereochemistry! ®° of the epoxidation process. 

3. Oxidation with organic hydroperoxides 

Epoxidation of olefins with organic hydroperoxides and metal complex catalysts 
is both a laboratory method and an industrial procedure. Many reviews! 9 »161-164 
and patents! ®5-!79 deal with this topic. The essence of the procedure is given in 
equation (28). The following organic hydroperoxides are most frequently used for 

Nee 
catalyst catalyst + oe Franeition 

+ at — > ROH + y (28) 
aD Sim ROOH H complex 

epoxidation: ‘¢-butyl hydroperoxide!71»172, cumene hydroperoxide! 73+17%, 
ethylbenzene hydroperoxide! 7517 and t-amyl hydroperoxide! 77. The effect of 
the hydroperoxide structure on the epoxidation is discussed by Sheldon and co- 

workers! 78, 
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 O—O bond. The various Mo and V complexes have 

found the widest application!79»!8°. 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 Al,03 and SiO,!8!-!83 and catalysts bound to synthetic 
resin! 84.185 are mainly used. Various boron compounds have been similarly 
applied as catalysts or catalyst components! 8 6&1! 89. 

The increasing demands relating to the epoxidation procedure are demonstrated 

not only by the patents, but also by the research aimed at improving the economic 

efficiency of the method!99 !9!_ Very recent investigations! 9?>!93 indicate that 
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with chiral metal complex catalysts the method may be employed to prepare 
enantiomers. 

With a view to 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?»174,194-207 isotope tracing! 59.298, intermedi- 
atesi05-299-213. transition eompleresioe: MSTA A G.84 VADOAASIIS EN Varia c 

spectra 22216» 21.7) stereochemistry (see later) and solvent effects! 79> 218 These 
indicate that the epoxidation mechanism involves the steps shown in equation (29). 

Se Sa 
i aS 

MOma( ROOT) ii 

transition ve +t} 
=> {hie + ROH + 

complex O 

Mo” ———> Mo”! + ROOH 
(29) 

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! ®*, From cis-olefins cis-oxiranes are formed, and from trans- 
olefins trans-oxiranes! 74. The epoxidation of cyclic olefins was also shown to be 

stereoselective! 77, Besides permitting unambiguous conclusions as to the mechan- 
ism of the epoxidation, the stereoselective epoxidation of olefins containing various 

functional groups is also of great preparative importance*7»?! 9-227 (e.g. equations 
30 and 31). 

t-amy|l hydroperoxide 

MoCls or Mo(CO)g 
(Ref. 177) (30) 

OH OH 

t-butyl hydroperoxide 

Mo(CO)6 
O (Ref. 222) (31) 

4, Oxidation with oxygen 

The literature data relating to the procedures are summarized in some mono- 

graphs and reviews!9 164,228,229 Direct olefin epoxidation methods with oxygen 
can be divided into 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 procedures? 3°~? 3? 

photocatalytic procedures? 33-237 or radical-catalysed procedures? ?8»?3?. Special 

mention must be made of the cooxidation procedures! 9»? 36+238,240- 242 in 

which the alkenes are oxidized in the presence of substances prone to radical 

formation. 
If these methods are compared, from the aspect of application, with the methods 

described previously and those to 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 50%?3° 243, although an excellent yield has been 

described by Shimizu and Bartlett??®. 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 the mechan- 

isms232>236,243-248 and stereochemistry? ° 235 >236238,245 of the processes. 
The epoxidation process is a radical chain-reaction. Depending on the reaction 

conditions, the chain-propagating radical may be the peroxyacyl radical, the alkenyl- 

peroxy radical, etc. In some cases the epoxidation is stereoselective? 35 

The procedures based on catalysis by metal complexes are results a 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 to divide into two main groups the 

complex catalysts employed in the oxidation of olefins!®*. 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 data?* 2254, while one reaction is given 
as illustration?49 in equation (32). Certain metal complexes from group B epoxidize 

DELON 
+ Ss Oe sarees ( Po + on ‘): A (32) 

7% 76% 2% 15% 

alkenes with lower activity, but with considerably higher selectivity? 55-258 
(equation 33). Epoxidation by these methods is the subject of several 

MoO 2(AcAc)o 
CH,—CH-CH = CHoaClo oe 2 

CH,—CH=CH, + 0, SE Ww (33) 
sel. 70% 

patents?5 9262, Work has also been carried out with mixtures of metal complexes 
from groups A and B222.249 263,264 

Investigations on the mechanism of epoxidation in the presence of metal com- 

plexes have been reported in many papers?*57-?64-273. 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 on olefins with various heterogeneous catalysts mainly deal 

with the Ag-catalyst procedure? 74-278. Detailed kinetic studies?79-282 and the 
stereochemistry of the epoxidation?®3 have been reported, as well as the use of 
new heterogeneous catalysts? ©! »2 84-293 

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 WSs chromic acid, permanganate and hypochlorite ion are reviewed by 
Bertie 
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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 it? 94:25, 

Chromic acid oxidation may be employed ‘only with tri- and tetra-substituted 
olefins? ®-?98. The mechanism of the process seems to involve a carbonium ion 
type intermediate? 98 »299, 

Epoxidation of 1 with peracetic acid is not stereoselective, but with Na» CrO,4, 

KMn0O, or O3 high stereoselectivity is observed5? (equation 34). 

Me Me 
NagCrOq or KMnOq 

or O03 

Me ——_————————> Me (34) 

Me Me Me Me 
Me Me 

(1) 

Hypochloric acid and its salts can be used primarily for the epoxidation of 
electron-poor olefins, and very favourably because of the stereospecific nature of 

the process*®»399. A cis-oxirane is formed from a cis-olefin. The mechanism of the 
process may be explained in accordance with equation (35)?9°. 

= 

“pie Seon, ; No IY +4. 
C=C ae CG + OH SESS ——_ (35) 

eS as ZA. ges “an —cr O 
A OH 

OH 

With this method, 3,4-epoxybutanone-2 can be prepared in very good yield?°!, 
as can phenanthrene 9,10-oxide with a phase-transfer catalyst? °?. 

Shackelford and coworkers?°3 have elaborated a new stereoselective epoxidation 
method, with an alkaline solution of xenon trioxide. Kruse and coworkers?°4 
achieved good oxirane yields by applying NaClO3, OsOq4 and Tl(OAc)3 for the 

epoxidation of Cq alkenes. 
The electrochemical oxidation of olefins has also been used to prepare 

oxiranes®° 5. 
Five-membered cyclic phosphoranes are transformed almost quantitatively to 

oxiranes?°® (equation 36). 

EN | | 
Sa a ene. (36) 

0 

B. From 1,2-Difunctional Compounds by 1,3-Elimination 

2-Substituted alkanols and their esters can be converted to oxiranes by 1,3- 

elimination via an Snji mechanism (equation 37). In the transition state of the 

HO: 2 \ 

Noe et ee Yo : 9 . (37) 
Ww x a Wy <a ae mnce—Cun 

fe Sa ‘ ii 
X = Cl, Br, |, OSO2R, OCOR, NR3,N3, 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!3»1° 17. Studies on the 
mechanism?° 75398 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 t-butyl hypochlorite?°%, 
N-bromosuccinimide (NBS)35°3!9»31! or N-bromoacetamide (NBA)?6 385312], 
from «-haloketones by reduction?!3+3!4 and from «-halooxo compounds by a 
Grignard reaction?!5. Epoxycyanides may be obtained from bromoketones by the 

action of cyanide?! ®»3!7, lodohydrins may be prepared from olefins in the presence 

of oxidants?!8. 
Four chlorohydrin isomers prepared from 3-t-butylcyclohexene are transformed 

stereoselectively to the corresponding cis- and trans-oxiranes?!?, 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 Ag,CO3/celite??°. 
The halohydrin route has been used to prepare good yields of «,8-epoxysulphon- 

amides??!, «-fluorooxiranes?!5»32?, «&bromooxiranes?!4 and optically active 
oxiranes? 23+324_ 

With NBS, a stereospecific method has been developed for the preparation of 

vinyloxiranes containing Z-configuration double bonds??5. NBS can also be used in 

the selective epoxidation of the terminal C=C bond of polyenes?!!. 
Aromatic oxiranes are mainly prepared by the alkaline reaction of halo- 

acetates®2 6-29 | 
By a modification of the halohydrin method, with the use of tributylethoxytin 

or tributyl-2-halogenalkoxytin, oxiranes may be prepared in excellent yields? 3°. 

If the iodohydrins can be prepared, high oxirane yields can be achieved?3!. With 
the modification of the iodohydrin method shown in equation (38), a general 

O. 20 O O 
Po pr 

a EtO™ “OEt ea 

|e2 (38) 

Se a aad 

OH OPO3Et, 

procedure has been elaborated for the stereocontrolled synthesis of acyclic 
oxiranes? 32, 

In an aprotic solvent, the bicyclo[2.2.1] heptane iodolactone can be converted 
to an oxirane derivative?33 (equation 39). 

R | protic 
DMF R solvent R 

es ave (39) 

O COOH O=—e=6 a COOH 
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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. 
This ring-closure method too is stereoselective!?9»334-338 (e.g. equations 40 
and 41). 

COCH, COCH3 
= 0H = 0 

\wOTs 5 = 
OH eel (Ref. 129) (40) 

is Me 
= 0H = 0 

\wOTs eer 

ee (Ref. 336) (41) 

An exception to the anti elimination rule was found when the oxirane compound 
was formed from the cis-tosylate39 (equation 42). 

(42) 

Cis- and trans-2 may be prepared from the corresponding diols (equation 43)334. 

H2C=CH H»C=CH H3C=CH 

CHOH 2.NaH CHONa TsCl CHONa 
a es 

HOH —2H9 JXLHONa = —Nac! HOTs 

H5C=CH H,C=CH H»C=CH 

H»C=CH H 

—NaOTs O (43) 

H5»C=CH H 

(2) 

Carboxylate anions*?4*°, trimethylammonium ions?4!~343 and diazonium 
ions?3! have also featured as leaving groups for oxirane synthesis. 

In the preparation of alkali-sensitive oxiranes, Ag,O is used for ring-closure of 

the halohy drins**#4-34°. 
In many cases the 1,3-elimination procedures cannot be replaced by other 

oxidation methods, due to the sensitivity of the starting substituted olefin?47. An 
important application of the halohydrin procedure is for the preparation of oxiranes 

with configurations opposite to those obtained with the peroxy acid method?5»?°> 
38,312,348-351 (equations 44—46). The method can be similarly employed for the 
stereoselective preparation of steroid B-oxiranes?*°»35?. A new stereospecific 
chlorooxirane synthesis has been developed with t-butyl hypochlorite as epoxidizing 

pe M _aMe ——swcpBA ame _NBS, NaOH ae (Ref. 348) (44) 
WW, 
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O 
\ es 
WE Saar ues Oner 

3 Wercad (Ref. 349) (45) 

0 MCPBA NBS OH™ O (Ref. 35) (46) 

4) | Ho Me 
Me Me 

CHHTH 

agent?°9. The reaction proceeds with neighbouring-group Be eae (equation 

47). Steroid chlorooxiranes are formed by a similar reaction mechanism? 53. 
A 

yO 

ywOH Cl \ = 
t-BuOCl » 

—__ ———- (47) 
wr? H 

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- 

ates332»354,355 As an example, the synthesis of R,R-2,3-epoxybutane?54 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 

diol? 55 (equation 49). 

Me Me OcocH, Me. 

seg ree eee 
Het De Me PCls5 a Me OH Has Ns sceierir Tn by 

Me=—OH Mes amar ede 

s = X COOH Me H x 

. H cl H (48) 

H 

NBS %, 

CCl4 KOH Mes 
[Do 

H 
Mees 

Mes ime  mee PhCHO Mes NG H = 

M < 
RES OH Me we 0 Ph 

he 

Z He} 
O 

aul 

H 

Another 1,3-elimination is the base-catalysed decomposition of 6-hydroxyalkyl- 

mercurichlorides?5° (equation 50). The reaction is accompanied by the formation 
of isomeric oxo s anetieeng 

ee eal 4 0 es paw (50) 
= HgCl = Hg = 

Oxiranes have been prepared by the thermolysis of 1,2-diol monoesters?57 
(equation 51). 

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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OH 

(51) 
2 250°C 

cena — ee + R2COOH 

O 

tetraarylethylene glycol? 5§. Formation of the oxirane ring has similarly been proved 
in the case of diols with a steroid skeleton? 5°, and on the dehydration of diamantyl 

glycol in the presence of acids? ©° . 
A one-step synthesis of oxiranes has been achieved in the reaction of diaryl- 

dialkoxysulphuranes with 1,2-diols?®! (equation 52). 

OH Oe HEOR O 

Phome PP OCICEs}Ph BSN Ph-[>—~Me 
Ph Me + yeu ——" | Ph-2-Me = pp Me (52) 

- Ph SOC(CE3)5Ph coe 
: OH 

Oxiranes may also be prepared with TDAP from meso-1,2-diols in the presence 
of CCl, 3&2 >363 (equation 53). 

mae TDAP 

ccl 
OH OH oy POM AT 

A general method has been developed for the preparation of polycyclic aromatic 

oxiranes; the final reaction step is the conversion of the corresponding diol to the 

oxirane by heating with DMF—dimethylacetal? 64-3 ©© (equation 54). 

Ar H 

(53) 

Uy, oP AY Ny, ~ \ DMSO NY \\ 
My \ 1}, AY “Vy, \’ 

Co a ) Py-SO3 » 
———> a 

~S Cy ~) NY X Oo H \ O 

OH O 

LAH (54) 

My Vip, ww 
4 \\s 

7 \ MegNCH(OMe)> 
<< 

> My . ‘OH 
O 

OH 

\S 

C. From Carbonyl Compounds 

Various nucleophiles react with carbonyl compounds to produce new C—C 

bonds, and oxiranes are formed. Depending on the nucleophilic reagent, numerous 

modifications of the procedure outlined in equation (55) have been developed. A 
treat the individual methods from different number of monographs 

aspects! 13.16.17. Here we shall confine ourselves to a brief survey relating to the 
procedures, stressing the results of the past few years. 

3 R! R® Rae pote 
N latzas Neel Bs Nala 
(C—O) een GT ee C— Caan = C—C (55) 

ANG Al —™ \/ 
R? oO R4 fe) 2 

R x 
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The most useful method for the preparation of oxiranes containing substituents 

of an electronegative nature is the Darzens reaction, which proceeds by the above 

scheme. Besides carbonyl compounds, the following may serve as starting material: 

«-halocarbonyl compounds?®7:368, «-halocarboxylic acid derivatives?®9~377, 
a-halonitriles? 78-382, «-halosulphoxides?83»384, a-halosulphones*®5°38° and 

«-halosulphides? 87. 
The reaction has been studied in detail to establish the effects of various solvents 

and bases!?. The phase-transfer catalysis technique has recently been intro- 
duced38 1 :382 386 | 

Detailed information on studies of the mechanism of the Darzens reaction is 

to be found in the literature!3; it is concluded that?7? the formation of the 
oxiranes can be interpreted as the result of three reaction steps: proton exchange, 

aldolization and ring-closure (equation 56). 

B Mt + R—CH—C—zZ 

, 
BH + R-C=C—Z 

II Le bees 
O xX O™M 

petite 30 

| i \ ; woe 
(e} 

-pqt ri o R RIOMt 

oe ghee IS 
a \ —Mx 7S 

R CZ R2 'I*c—z 
II x || 
O O 

In spite of complex investigations! 3378, 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 White? ®® (equation 57). 

[e) as X = 1 
Sees Nu- ee : R 

Hoo eG Se Nu CHR? (57) 
E 

X =CN,Cl 

E = CNCRCOOE: 

Nu = stabilized carbanion 

In a manner analogous to the Darzens reaction, 2-methoxyoxiranes and 2-cyano- 

oxiranes can be prepared from carbonyl compounds with methoxide ion?89? or 
cyanide ion?! ©»3!7 (equation 58). 

H, Oo H Ox 
Lips = Spa wm apsc: DS 9 C=C —e C7 rn (58) 

Baza AEE Oe SENG H ' ’ H x 

Br Br H Ar H 

B-Epoxyketones may be prepared in good yield (50—80%) by the dimerization 
of a-bromoketones in the presence of Ni(CO)4 in DMF? 9°, 

Diazoalkanes with carbonyl compounds give two main products: an oxirane 
and a carbonyl compound isomeric with this*?! (equation 59). The first step is 
nucleophilic attack of the diazoalkane. The main conclusions in connection with 
the reaction are as follows!3. Of the two parallel reactions, oxirane formation is 



14. Oxiranes 625 

1 RIO 
R! R1 O yeu? 
S 
=e + R9CHN, ——> Nc—cHng = R? (59) 

TIN) 
2 2 

F : R? R'COCHR2R® 

generally of subordinate importance, but may predominate with acyclic carbonyl 

compounds having electron-attracting substituents in the «-position. Equatorial 

attack of the diazoalkane is favoured in the case of cyclic ketones. In spite of recent 

new applications?® 7-395, 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!3>1°!7 with sulphonium (3) and oxosulphonium (4) ylides. 
Recent investigations have led to the proposal of many active methylene transfer 
reagents, such as 5—9. 

+ = + = 
Me,S—CH, Meriese 

O 

(3) (4) 

NRS te 
a7 = = + = 

peer R'—S—CR?RS MeyS—CH— Ar 
| II | (Ar) 6 (Ar) 69 O 

—398 ales 39 ion a (ga to 

+ = te = 

Ph,S—C—CH, Ph,S—CHR 
o7, 
CH, 

(g) 792 gio 

Yields of more than 80% 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! 3-492.494-409_ Introduction of the phase- 
transfer technique means further advantages of application*!®-4!!. Asymmetric 
syntheses too may be carried out with optically-active reagentst!?-4!4. The 
currently accepted mechanism of the process is shown in equation (60). 

O id Ge Re 0 
I fe wig Ps 

ZL Poe HO gee 5 ee as =" ATK (60) 
S rallies - 1 4 Rae R3 *R4 bo y* R’ p2 p3R 

Many authors have dealt with the stereochemistry of the reaction! 3»338.39°¢: 
399 ,401,415-417 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 

RSCH,Li*°!>418 421! (equation 61). As in the Corey reaction, the process 
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R! R! nh + = 

+Me30BF 

DeSoe Re 5 =ChR No—cur? a 
27 | S| R R Li SR 

1 Oo. 1 OH 

E \! ni 3 OH : \l 3 

C—CHR —— C—CHR 
Roe eal au cnees . (61) 

SR?Me30 SR2.Me30.BF4 

O 
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takes place via a betaine intermediate. Yields vary between 50 and 90%*?° 

(equation 62). 

OH 

x x! RX | OH” O 
=> i —_—_—_— FF ee we OF: PhSCH> Li 100% SC ps Ae (62) 

SPh 

A method similar in principle was developed recently4 22-427. The new reagent 
is the alkylseleno or arylseleno carbanion, comparatively simply prepared from 

carbonyl compounds (equation 63). 

R! 1 R R! 
itis RSeH A SS bos BuLi Na 
ome ——$—__> ON —— ome 

R2 R2” “SeR Roane 

R3 

SS 
C—O 
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s (63) 
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R4 R2 yes R4 J R2 R4 | \p2 
about SeR SeR 

37-75% 

Me 

Carbonyl compounds with a geminal bromolithium reagent prepared in situ also 

give oxiranes* 2 8-43° (equation 64). The yield is 60—70%. 
Oxiranes are found by the reaction of two moles of an aromatic aldehyde with 

TDAP!3,431,432_ 

A new catalytic procedure has been developed for the preparation of «-keto- 

oxiranes (yield ca. 90%), by the reaction of ketones or keto alcohols with copper(II) 

methoxides of the type CuX(OMe)L (where X= Cl , Br or ClOg, and L = pyridine, 
bipyridyl, etc.)4* 33434 (equation 65). 
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Ill. REACTIONS OF OXIRANES 

A. Deoxygenation 

Deoxygenation may be induced with both electrophilic and nucleophilic re- 

agents. The former attack at the oxygen atom of the oxirane, and the latter at the 

carbon atom linked to 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 or inversion may occur. On the basis of the results of the past few years! ©, 

this type of reaction has become suitable for the stereospecific preparation of olefins. 

7. Deoxygenation with electrophilic reagents 

The metals of the first transition series fall into the following sequence as regards 
their activities in deoxygenation reactions*?5: V > Cr >Co> Ti> Ni. The metal 
atom attacks at the oxygen, and isomeric radicals are formed as intermediates? ?°®. 

The metal pair Zn—Cu is also used as a reagent**7-438. This deoxygenation is not 
stereoselective, as the rate of rotation about the C—C bond in the intermediate 

tadical is almost the same as the rate of formation of the C=C bond. 
With Ti(I1) as reagent, prepared from TiCl; with LiAlH,, the mechanism of the 

deoxygenation may be outlined as in equation (66)*?°. 

zill = zill . ee. 

& ms * reranees use ws I sl Lk id (66) 
ar ar 

MgBr> +Mg/Hg may also be used as deoxygenating agents**°. In deoxygenations 
with tungsten reagents obtained from WCl, with various lithium compounds, stereo- 

selectivity accompanied by retention has been observed in all cases**!. Metal 
complexes too may be applied as electrophilic deoxygenating reagents for oxiranes 

containing electron-attracting substituents**? (equation 67). 
Other electrophilic deoxygenating reagents are cobalt and iron carbonyls**3. In 

the case of cis- and transepoxymethyl succinates the deoxygenation is stereo- 
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© H © SiMe, 
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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 68*4%. 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. 

Tim 
Fe(CO), + TMC —=>> Fe(CO)4TMC | 

Fe(CO)4 

H5C-——CH, 
a A] 

O+ (CO),Fe>O 
as eis aan 

o=c a OR ce c (68) 

Fe(CO), Fe(CO)3 I 
| 

TMC TMC 
| me 

aX 
H»C=CHy + CO, + (TMC)2Fe(CO)3 TMC(CO),Fe_  O 

ip 
Chemically produced carbon atoms may also be utilized for deoxygen- 

ation** 5-447 (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 atoms*47. 

c 

BAe ad rem ae HoC TCH) age BoC — Cho 
0 

(69) 
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2. Deoxygenation with nucleophilic reagents 

One of the most important representatives of this type is the deoxygenation of 

oxiranes with compounds R3P=Y**8® (where Y may be S*49, Se45° or Te4#5!), In 
such reactions, first heteroatom exchange occurs, and then the olefins are formed 

by elimination of the heteroatom of the resulting episulphide, episelenide or 

epitelluridet*® (equation 70). These deoxygenation methods are stereospecific, 

with retention of configuration. With sodium O,O-diethyl phosphorotelluroate as 

reagent, the reaction is explained as in equation (71)*5!. Deoxygenation via 
heteroatom exchange can also be achieved with KSeCN*5? (equation 72). 

fe) + R3P=Y was NA 
—_ AG (70) Sa cas © 

C=C 2 

| | 

O O 

| aa 
K (EtO),P—O- ( O—P(EtO), 

Teeny a an a we 
Te Te R 

R 
(71) 

—PO9(EtO)> 

R 
= ——— We 

R Te Te 

Ne 

1) 
on oh? AGS OCN eRe 

Hi) SH atehre O Se ee TY ‘ 

R! SeCN oy R! seh 

H R1 R2H 

ye (72) 

R2 HR? 

Se + C=C 4\/~ 
a \ R' Se H 
R! H 

Ph, PLi too is suitable for deoxygenation** 3-454 (equation 73). Since the nature 
of the method is stereospecific, it is suitable for the isomerization of olefins via 

oxiranes. 

h R? PhO R2 
u R UR PhoPLi q V4 Mel q Va 

—C H R! H + R! 

[rel PPh PPh>Me | _ 
1 | A (73) 

Ph R! Oo  *PPhMe 
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a,8-Epoxysilanes can be subjected to stereospecific deoxygenation by various 

methods* 555456, This procedure is also suitable for the isomerization of olefins, 
and for the preparation of heteroatom-substituted olefins with epoxysilanes* °°. 
Inversion occurs if the silyl alcohol formed in the first step is reacted with acid, 

whereas reaction with base results in retention (equation 74). 

SiMe3H 

O R. R H H IN SiMe yo oe 

se —— HI" “UNH (74) 
{ Ha Se base F 

Me3Si R Me,Si R Right SiMe3R 

R H 

Deoxygenation with trimethylsilylpotassium*57? is stereospecific and is ac- 
companied by inversion (equation 75). 

H H 
Z, 4 —OK ae Re ad r [So + mesSik ——+ é (i... — Ik + Me,SiOK (75) 

He =x SiMeg 
$ SS R H 
R H 

If oxiranes are reacted with organolithium compounds, in addition to deoxy- 

genation substituted olefins are formed* 58. 
The complexes K,Fe(CO)4, KHFe(CO)445° and Cs; Hs Fe(CO)2 Na*®° 46! may 

serve as nucleophilic deoxygenating reagents. In the latter case the process is ac- 

companied by retention of configuration. 

3. Other deoxygenations 

Complex oxiranes undergo enzymatic biodeoxygenation? ©? , 
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 zeolites* ®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- 
oxiranes? © , 

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 reviews>>?> 

12,16,17,465,466 The main products of the rearrangement of oxiranes are carbonyl 
compounds and «,8-unsaturated alcohols. 

1. Base-catalysed rearrangements 

The base-catalysed rearrangements involve either «- or B-elimination. The latter is 

of great synthetic importance, since it gives allyl alcohol derivatives with good 

stereo- and regio-selectivity (equation 76). «-Elimination is illustrated in equation 

(77). The carbenoid intermediate*® 7>4° 8 js stabilized by transannular C—H insertion. 
If there is no possibility for this, ketones may be formed. Examples are also to be 

found of y,§ and w-eliminations! 2. 
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In the case of aliphatic and alicyclic oxiranes, regioselective hydrogen elimination 

occurs from the least-substituted carbon atom*®?»479,4794 with stereoselective 
formation of the trans-olefin* ©? :+7! and in certain instances the occurrence of cis 
elimination* 77. Equation (78) shows a characteristic example of regio- and stereo- 
selective isomerization‘ 7 >. 

Ce KR SOAS AWA (78) 

O OH 

90% 

For epoxycyclohexanes the rearrangement to allyl alcohols is maximum with 

LiNR, (R= primary alkyl) as reagent; with bulkier bases isomerization occurs to 

the cyclohexanone*7*. Newer investigations+ 7° show that at higher temperatures 
B-elimination and formation of the allyl alcohol is favoured, whereas «-elimination 
is predominant at lower temperatures. Hence the latter may be suitable for the 

preparation of bicyclic alcohols. If appropriate reaction conditions are employed, 

B-elimination can be suppressed*7® (equation 79). Transannular insertion may also 

H 

Co lO eae 0. ote (79) 

z OH 

Lape! 

98% 2% 

be a convenient preparative tool in the case of compounds that are otherwise dif- 

ficult to prepare+77 (equation 80). Elimination with ketone formation generally 

; H H 

OH 

4 i O  LiNEt, e 
: H (80) 

occurs if the 8 -elimination is excluded and no transannular hydrogen is available* 7°. 
With LiNEt,, y,3-unsaturated oxiranes are transformed to cyclopropane deriva- 
tives* 79 (equation 81). Aryl-substituted oxiranes rearrange to carbonyl compounds 

on the action of LiNEt,48® (equation 82). In the case of benzyloxirane, however, 

very rapid B-elimination takes place*®! (equation 83). 

XY LINEt afer phe (81) 

HO—CH, ~CH=CH2 
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Under basic conditions compounds containing a trans-hydroxy group in the 

position « to the oxirane ring tend to be converted to the isomeric «-hy droxy oxirane 

via intramolecular nucleophilic substitution? +8? »483 (equation 84). The process is 
known as oxirane migration. 

OH - fe) Q O 
level y al | | iy SES 

— C= Oa ——— Eigen Oe —— CC Cl ———— COC (84) 
No) WAS ap] P| 0 0 O- OH 

The rearrangements of a-epoxyketones have been widely studied®4 484-486, 
Compounds in which a methylene or methyne group is bonded to the carbon atom 

adjacent to the carbonyl group, undergo the Favorskii rearrangement (y-elimination) 

under nonpolar conditions, and allyl 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 detail82 487-494. 

2. Acid-catalysed rearrangements 

Oxiranes give carbonyl compounds with both Broénsted and Lewis acids. The 

initial step is the binding of the electrophilic agent, followed by splitting of the 

C—O 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 
(a) ~ WA ~R 

: oS Ny SBS BF, F,8—O 

; i O 
aN : = =o (85) 

Wee BF, i 7 
[0 B\ | O 

5 

wae —BF3 

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- 
sumed*?5~59° (equation 86). To clarify the mechanism of transformation of 
Oxiranes not containing a tertiary carbon atom, the rearrangements of deuterated 
derivatives of n-hexyloxirane have been investigated5°!, 
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(86) 

Many publications have appeared on the isomerizations of alkyl- and aryl- 

substituted oxiranes also containing various functional groups5®® 52-513. 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!4 (equation 87). In 

Ph Me ie T 
BF 

Cc = Phi C—C-— Me (87) 
ie | 

O ‘COOEt COOEt 

a study of the Lewis acid-catalysed acyl migration reaction®!5, a concerted mechan- 

ism was confirmed (equation 88). 

O co Me, CHO Me ‘My 

A ae BF Uy 7 
CHG) jag. DN pp (88) 
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The isomerizations of the cyclic oxiranes have been examined in detail because 

of their great variety>45 »595 516524 (e.g. equation 89)°?5. 

Me Me 

Ch — OC OL Cho Le Me 

The individual reaction directions are strongly influenced by the reagent 

employed, the experimental conditions and by electronic and stereochemical 

factors 2-532 (equations 90—93). 

ela ahs aetene 
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a an A (Ref. 528) (91) 
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The acid-catalysed isomerization of cyclopropyloxiranes has been studied in 

some detail533-537, The direction of the isomerization depends on the reactant 
and the experimental conditions (equations 94—96). 

0 Cx (Ref. 535) (94) 

CH,0H 

ar — Cr (Ref. 536) (95) 

ae —— os sli: (Ref. 537) (96) 
NaOAc 

An interesting ring-expansion reaction has been observed for cyclopentanol- 

oxiranes® 38»539 (equation 97). 

(OH 
ee ge 

CH 20H (97) 
eI 

Me OS 

Detailed studies have also been made of the isomerizations of various steroid 

oxiranes> 17549545. On the action of BF3°Et,O the oxirane ring linked to the 
steroid skeleton is isomerized to an oxolane>4°. The ring-expansion is attributed to 

the overcrowding of the oxirane ring. In the BF3-catalysed rearrangement of 5,6- 
epoxy steroids, a long-range substituent effect has been observed>*4. 

Because of their biochemical interest, arene oxides have recently been subjected 

to very detailed investigationS*®. These compounds isomerize on the action of 
acids (equation 98). It was proposed547-549 that the concerted ring-opening and 

H H H 

Co = OC er 7 
H O OH 

hydrogen transfer are followed by the dienone—phenol rearrangement. More detailed 
studies strongly suggest the involvement of a carbonium cation‘ 5°. 

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 oxiraneS>!, and on the basis of other studies55?»553, it has been 
concluded that a biradical structure is more probable than a carbonyl ylide. How- 

ever, some workers justify the existence of ylide intermediates® 54-558, The forma- 

tion of the latter was also assumed in the pyrolysis of a-keto-a-cyanooxiranes® 5? 

(equation 99). 
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Various oxiranes have been studied in detail as regards their thermal and photo- 
chemical rearrangements in recent years*4 »89 5399 534 ,536,560-S 64a 

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 compounds® ©5579 (e.g. equations 100—102). The formation of carbonyl 
compounds is a characteristic transformation. 

O 

ae RIMCKRS VAs a (Ref. 567) (100) 

O 

Ni O as im i Sains (Ref. 568) (101) 
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Pd oe 

Che Peaks es - os + a (Ref. 569) (102) 

Wide-ranging examinations have been carried out in an attempt to establish the 

mechanism of the catalytic reactions © 5 »568»569 »571,5 72, 
On oxide catalysts (Al,03, Si0,, MgO, TiO, and ZnO) oxiranes are isomerized 

to carbonyl compounds and unsaturated alcohols5 73-578 »526 (e.g. equation 103). 

oO = = = 7.0 
Aln03 ‘ ae (Ref. 578) (103) 

OH 

$26,579-5 83 have Investigations relating to the isomerizing effect of phosphates 

extended to the catalyst Li3PO,. Using the latter, a general method has been 
elaborated for the preparation of unsaturated alcohols from oxiranes (equation 104). 

LizPO0 

MeCH—CHCHMe —2—*> H,C=CHCHCHMe (Ref. 580) (104) 
és | 

O Me HO Me 

Modified zeolite types catalyse the isomerization of oxiranes to carbonyl com- 
pounds also$® 75765847586, 

Recent studies indicate that certain metal complexes also catalyse the isomeriz- 

ation to carbonyl compounds of oxiranes containing a n-electron system‘ 83-593, 

The experimental data obtained so far on the isomerization of aliphatic and alicyclic 

oxiranes have proved that only pentacyanocobalt complexes are active> 94, 
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5. Other rearrangements 

Homoallyl rearrangement occurs with «- and 6-pineneoxiranes in the presence of 

Et3 N-HF5°95. Phenyloxirane is isomerized to phenylacetaldehyde on natural 

graphites>?°. nS . 
Spirooxiranes containing an amine function undergo isomerization accompanied 

by ring-expansion5?7 (equation 105). 

A ‘ Ph 
iO ame, i 
Ph O NHEt 

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)5 98 +599, 

R OCN wk 
Uy, “OCN mR N 

C Kee AwwtO- Ge (106) 
Uy H H H 

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 unaffected®°® (equation 107). 
Phase-transfer agents can also be used for this oxidation®®!. 

Or 
HIOq O 0 

Z ele CHET a cio 
oO 

II 
O 

Dialdehydes may also be prepared using H,0,°°?, but oxiranes undergo 
perhydrolysis also with H,0,°°24>> (equation 108). In the base-catalysed addition 
of hydroperoxides to oxiranes®°* (-hydroxyperoxides are formed (equation 109). 

Ph Ph 
H202 Ph 

SS nat) Th (Ref. 603a) (108) 

2 OH OOH 

Me 
we. + Me,;COOH Me, COOCHMe (109) 
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On the action of DMSO, «-ketols may be produced®°5 »©96 (equation 110). 

h 
wi DMSO 
i a Co GRh ARNEL qrayuen (110) 

+ 
bess OH OS(Me)A7 OH O 

Oxiranes containing low numbers of carbon atoms may be oxidized to oxalic 
acid with HNO, 607. 
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D. Reduction 

The reduction of oxiranes with various reagents leads to the formation of al- 
cohols. The development in this area is well reflected by the reviews5»?»!7 that 
have appeared since 19672. 

1. Reduction with complex metal hydrides 

Most of the publications deal with reduction with LiAlH,4. Other reagents used 

are AlH3, LiAlH, + AICI3, LiBH,, NaBH4, Zn(BH,),, and their deuterated 
analogues. 

The regioselectivity, stereoselectivity and mechanism of the reaction were studied 

by Villa and coworkers>® 5»698-611 who conclude®!! that reduction with a com- 
plex metal hydride may proceed either by an intramolecular or an intermolecular 

mechanism, and that the reduction may also be accompanied by rearrangement 

(equations 111—113). Whether or not the different individual mechanisms occur is 

Ay SS Se Se (111) 
O eee OH D 

Al 
pe 
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a 
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y A Nee: 
“Ns eens Ye —— D DCaacan: ——+ eon (113) 

\y STs (ie ines pb | oN 
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determined by the steric and electric properties of the oxiranes and by the ex- 

perimental conditions. Other investigations too??7»®!2»°!3 support the following 
findings. On the reduction of oxiranes with LiAlHq, the H” ion attacks predomi- 
nantly on the side opposite to the O; 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 LiAlH, reduction of oxiranes the H” 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 (114)—(117) illustrate some of the regio- and stereo-selective re- 

ductions of open-chain and alicyclic oxiranes? 7°45»51,219,614-616, 

Me ips 

Me | OH see Me CCH,But (Ref. 614) (114) 
\/ 
ro) OH 
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Studies have also been made of the reductions of oxiranes containing other 
functional groups 87:115+116,470.a,61 7-624. 

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 rule? 5~®?7 (e.g. equations 118 and 119). Depending on the 

BoH 

PhCH—CHy ——, PhCH, CH, (Ref. 625, 626) (118) 

OH 

OH 

(Ref.627) (119) 

reactant and the experimental conditions, however, the ring-opening may also 
proceed in accordance with the Markownikoff rule®2® >? 8. 

The diborane reduction of «,8-unsaturated oxiranes displays the regioselectivity 
depicted in equation (120)®?°. 

BoH 

0 OH 

2. Catalytic hydrogenolysis 

Catalytic hydrogenolysis of oxiranes yields alcohols, and many studies deal with 

the preparation of primary alcohols from olefins, via oxirane intermediates® 3-63 © | 
and the stereochemistry??? »568+569,637,638 and mechanism5®8>569,636 of the 
hydrogenolysis (equation 121). Among good catalysts are various supported and 

catalyst 

H2C—CHR + Hy ———“\+ CH,CH)R (121) 
OH 

support-free metal catalysts???»63°-632_ metal borates®33, phosphorus-containing 
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metal catalysts°?4 and metal-containing zeolites®°35. The configuration of the 
alcohol formed is strongly influenced by the catalyst, the reactant and the experi- 
mental conditions® 315639, 

The review by Akhrem and coworkers° deals with ring-openings accompanied by 

retention of configuration. With 1,2-dimethylcyclohexene oxide®?® hydrogenolysis 

on Raney nickel and Pd(OH), results in, retention, while on PtO, it results in 

inversion (equation 122). 
Pd(OH)» or 

Me Se Me py! Ni awvle 

Me as Oa Rie (122) 

OH Me OH 

Extensive stereo- and regio-selectivities have also been observed in the hydro- 

genolysis of bicyclic monoterpene oxiranes on a Raney nickel catalyst® 37 

(e.g. equation 123). 

eit mu oH (123) 

a 

Nickel opens the ring on the more sterically hindered, and palladium on the less 

sterically hindered side5©8 569.649, The selectivities of Raney nickel and Raney 
copper are likewise not identical® 3°. 

3. Other reductions 

Much work has dealt with the application of alkali metals, and mainly lithium, 

to the reduction of oxiranes to alcohols?? >! 215618,641-647_ | iquid ammonia and 
ethylenediamine are generally used as solvents. These processes (equations 124—127) 

are usually regio- and stereo-selective. 
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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 

procedure®*? , 
The regioselectivity is the opposite if the reduction is performed in alcoholic 

medium, when isopropanol is formed from methyloxirane®*?. (The oxirane ring 
is similarly cleaved on the less sterically-hindered side in the reduction of steroid 

oxiranes with Cr2* 48.) 
Lithium triethyl borohydride has proved an excellent reagent for the reduction 

of sterically hindered oxiranes prone to rearrangement®4?»®5°, The reaction 

results in ‘Markownikoff alcohols’ (equation 128). 

Me 
LiEt3BH 

H»C—C = iin (128) 
WN 
OPP OH 

Aliphatic and aromatic oxiranes are reduced with opposite regioselectivities by 

10°51 (equations 129 and 130). 

Bu. Bu PhCH—CH, —t. ae (129) 

O OH 

(10) 10 
Me(CH2)7CH—CH, ———> Me(CH,),CHMe (130) 

ae | 
OH 

The regioselectivities are opposite in the reductions of «,3-unsaturated oxiranes 
with i-Buz AIH and with Ca/NH3°42. 

Oxiranes may also be reduced to alcohols with alkoxyaluminium hydrides® 2 9 »6 52 
and with aluminium trialkyls®5 3. 

E. Polymerization 

Since the monograph by Furukawa and Saegusa®54, the state of development 
of the various polymerization methods has been well surveyed by a number of 
reviews up to 1976°5 5-662. Hence we shall mention only a few recent characteristic 
researches® 6 3-6 68 

HpC—CH, ote mee 2 
; oY. 

x 

: i) PEAS =) (131) 

1) 

H2C—CH2 : 

X(OCH)CHy), OL? 7 Bt ea (OCHZCH9),, +4 SCH, SS gece ve 
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Lewis acid-catalysed cationic polymerization is outlined in equation (131), and 
the anionic polymerization induced by basic catalysts in equation (132). 

n Hac CHe 
fe) +OH = a ——— > HOCH,CH,0 HO(CHCH30),,CH»CH507 

+ 
FEE (132) 

HO(CHjCH,0), ,,CH»CH,0” 

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+19. 

1. Ring-transformation of three-membered heterocyclic compounds into other 

three-membered heterocyclic compounds 

Most experimental data deal with the transformation of oxiranes to thiiranes. 
Equation (133) presents an example of the stereospecific reaction® ©? . 

OH 2 R? R oR 1 S N ww 3 Ri 3 Ri 3 ¢ oR oR oh fe He Ape aes % CHEN ca eet 
\ 

4 lay : IW [723 Ss has : pak \, a PhP PhP ee 

mevaovoaion (133) 

SH R4 iy 
4 WR? R! Rees R' Roe < R! 

S R4 Se sO ae say PhaP=O Pf of “| es 
3% Ae. ee poo 4 P S pr” 4 eh ph” 4 Ph ph j>Ph 

Ph Ph Ph 

Heteroatom exchange occurs with CS,°7°, with 3-methylbenzenethiazole- 
2-thione in the presence of trifluoroacetic acid®7!, and with 1-phenyl-5-mercapto- 

tetrazole®72. The yields are high. Oxiranes also react with phosphine selenides in 

the presence of trifluoroacetic acid®7% (equation 134). The reaction is again stereo- 

specific. 

So: + (n-Bu);P=Se ——> CD + (n-Bu),P=O (134) 

A single-step aziridine synthesis has also been developed® 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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1 R! 2R 
i ArNHP(O)(OEt) Na salt Ry 

eee Ney, (135) 

; 1 
Ar 

2. Ring-expansion to one-heteroatom heterocycles 

In the presence of a copper salt, vinyloxirane reacts with diazomethane to give 
3-vinyloxetane®75. Oxocarboxylic acid derivatives®°7® and dicarboxylic acid 
derivatives® 7 78° yield y-lactones with oxiranes (equations 136 and 137). 

yo 

ve _metcHacooet _ 

ee keCeCe R O O me Bis! 

yee 

REEIOOCE 
O (137) 

aqueous Mgiccuenonen 

On the action of BF3, certain steroid oxiranes undergo isomerization with 

ring-expansion to yield oxolanes54°. 
By acid catalysis, cyclopropyloxiranes can be isomerized to dihydropyrans 

(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 yield®®!~689, For example, (£)- and (Z)-2,3- 
octene oxides are converted with total stereoselectivity to the corresponding 

erythro- and threo-acetonide on the action of anhydrous CuSO,4, the (Z)-oxide 

reacting three times more quickly®*3. The (£)- and (Z)-2-methyl-3-phenyloxiranes 
give the same erythro- (66%) and threo-acetonide (34%) mixture (equation 138). 

H 
O Ph, = oF x 

= a O O 
ase Se > [G eet \Y . ’ ‘ uw} I“, ot A ae Wik 

Ph Me ac H Me 

~ (138) 

O pH 

Ze CumH 

ee Nite 

aS St hie ae 5 cial OLN 
: Wy 7G 

ph] MM 6° an a  ( 

nee Ph Me 
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In the presence of various catalysts (bases, transition-metal complexes), oxiranes 

react with CO, to form 1,3-dioxolanones® 82 >688;5689 (equation 139). 

R 
R O 
Pg + CO, ——> oe (139) 

Equations (140)—(147) illustrate the preparation from oxiranes of compounds 

with oxazoline®?9°®95, oxathiolane®9®, oxaphospholane®?? and _ oxathia- 
phospholane®?® skeletons. 

The transformations presented in equations (140) and (143) are stereospecific. 

Oxiranes can also be converted in good yield to trithiocarbonates with NaS, COEt 

(sodium O-ethyl xanthate)®99, and to oxazolidines with carbodiimide7°° 
(equations 148 and 149). 

Compounds with 1,3-oxazine79! and 1,4-oxazine7°2»793 skeletons can be 
prepared from oxiranes with various reactants. An example is presented in 

equation (150). A trioxan ring is formed in equation (151)7°*. 

R? 

| 
Cc 

2 1 2 1 H R Il Rr & 

R = = H N R %G, SS 

\G-67 + R3CN | SoH he Oe a 
\W/ —_ C—C ae (Ref. 690) (140) 
O ave Wi Ne 
he HL eO iL 
BF3 BF3 E 

O Me 
H Me 

Etz0 

+ PhCN —m————> R Me (Ref. 692) (141) 
H Me Sncl 

Y N O R S 

Ph 

H H H OH O + On % OH % 

J. st ee ee a ee 
YW SK 1” *N R N‘ 

H H A 4 yd Va 
N 

\Il 
C—R (Ref. 693) (142) 

H R H R 
Rw = 2=,H Re BAY 

R aS =A ms =e 

iy, SoH aa, ‘ ii en N O 

ee, R R Ve 

R 

Bu 
fe) Wa 
Lae LiBr—Bu3PO0 N 

Ph + BuN=C=>O —————> Ph Cc (Ref. 694) (143) 

oO 
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R 

2 HCH r\ RCHCHS =e (02 NH 

: cae 1 Le K-cyanate HO N 
Ro (RCHCHS \| O 

DMF | | Cc 

N = a I (Ref. 695) (144) 

i 
O R x R 

aera oe 
a yas Ca 

O O EB 

eS 
a\ f, @Q, ANE. Mea S (Ref. 696) (145) 

Me—HC—CH, Z HaCig 

fe) . A + RgP=CH, : L_ PRs (Ref. 697) (146) 

O c—o(())-rs2 Me S 

(ENE Nie as 7 *{O)-08 (Ref. 698) (147) 

y NaS>COEt S 
oy ae ee ‘c=s (148) 

= \ e “INS 

=| H 

R2 R2 
R3N=c =NR3 N 

be IL Y=N—RS (149) 
HBFq 17-0 

R! R 

Li 

O R3CHCN hydrolysis CH20 Nea 
LX. > _ NICCHCHCHOH (Ref. 701) 

1 2 EtON R R baba GON oon ae 
R2 (150) 

OOH 
Ye Or H5C MesC =O O 

WY, see SS Me (181) 
oN CuSO4q O 

OH Me 

4. Transformation of oxiranes containing a functional group, by ring-expansion 

The ring-expansion of oxiranes to four-membered heterocyclic compounds can 
be seen in equations (152) and (153). 
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75% aqueous O 
ree MepSO H 

a RON Ox (Refs. 705,706) (152) 
OH Me base O eae 

OH 

RNH», DMSO > Sve 
cicH, <1} sa es seere eG), — | (Ref. 707) (183) 

OH R 

Equations (154)—(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 ring’7°° (equation 155). By means of 
1,3-dipolar cycloaddition7!°, dihydrofuran derivatives are formed (equation 156). 

H»C—O HO—H,C. OH WU dilute HaSOq D2 

K Rene ree ce a (- (Ref. 708) (154) 
Pee HgSO h => 

Ph C=CH k , ars 

ee A CHy—HCC I a 
op ee YeH— ee (Ref. 709) (155) 

OH 

0. oO 

R! NC 1 Necsec® 

NC [| R2 heat Cul l R2 MeO ‘OMe 
SEE eI c—c € \/ Se 

O O 

MeOv ye 

C 
| oO 
Txt (Ref. 710) (156) 
(& Cc OMe 1 Noe 

ne“ | O [Sat 
NC R 

0 O,NCH, CN 
\ 

O,NCHjHC—CHMe + CH(CN). ——> \ RS ee a) 
Me \o~ NH 

*F; 

O 0 Ph 
/\ BF3 OS x BF3° Et20 

Ph faa cae Ph cite a 

O 

Ph OBF3 Ph OBF3 AUS) 
Ph Ph EtOH Ph 

\yikigy Aes ee Bee (Ref.512) (158) 
H No 2 —No2 ‘O EtO O 

+ 
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acetone 

(MeO) 2PCHzCOOMe HoSO4 
-——— —__> 

=~ oO vo CHCOOMe 

PtOo/H 

a3 (Ref. 712) (159) 

O 

0 O 
NaH or Ig 

COOMe Me3COK O rye O 

ae + (Ref. 713) (160) 
TUTTE oer fe 

ey RNH> MeC=C 
— e 

ae = I (Ref. 714) (161) 
c=CMe ea 

R 

" HO—CH,, CN 
CH5N(CH>)9CN NaN (SiMe3)2 % 

i + (Ref. 715) (162) 
O H 

, 

Me 

. 
3 O26» OgO 

J i N | (Ref. 716) 

toe ae et ely (163) 

OH 
ether cee | 

ee #ARSeMGBC set RSGHECHCL 
Cl 

Cl 

| (Ref. 717) (164) 
KOH 

Me Me 

MeoC=O Dan RSeCH»HC—CH o ——— Ae 

Me 

Ph Ph 

H»oC—CHCH OPh SnClq 
2 e: 2 + PhCH=NPh ——~ ’ (Ref. 718) (165) 

CH,OPh 
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Ph Me 
Ph MeO Me  tClO4, MecN Sera BN en 

O Cae |\ YA NG 
MeO Me MeO | | ‘Me 

OH N. OH 
\ 

N=CMe =Ce 
£ Me 

MeO. Me 

H—-Ny 0 (Ref. 719) (166) 

| 

R! 

1 CN R2CSNHR3 o- 

R i (Ref. 720) (167) 
Oo CN dioxane —, 

or acetone Nes 

R2 

(CH), 

(CHp), 
— toluene 

Ph3PCH(CH>),—<1 ———> phe + PhaP (Ref. 721) (168) 
O reflux 3 Ne 3 me) 

The syntheses presented above generally display very good yields. Additional 

studies yielded other five-emembered7”2~73® and six-membered heterocyclic 
compounds? 31-733 , 

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 to alcohols! »734~73°. In the case of substituted 
oxiranes, the reaction generally gives an alcohol mixture (equation 169). 

Route (a) shows the normal addition, route (b) occurs on the action of the 

magnesium halide (2 RMgX = MgX, + MgR2), and route (c) is due to metal halide- 

catalysed isomerization of the oxiranes to carbonyl compounds. The latter two 

reactions do not take place in the case of MgR,. Via route (a), cyclopentene oxides 

yield 2-substituted cyclopentanols. Higher cycloalkene oxides give ring-contraction 
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(a) 
R'R2C—CR®R4 + eS ant 

[awe 
R OH OH R 

R'R2c—CR8R4 + gia acre (169) 
| 

xX OH OH X 

R' R4 
| | 

R*C—GR 

R? OH 

and rearrange to aldehydes, which in turn react with the reagent in the usual 

manner’?7 (equation 170). 

coe CHOM aoe aa 
0 4 sein OH (170) 

2. Reaction with magnesium alky/s and aluminium alkyls 

Both types of organometallic compound react with oxiranes to give 

alcohols734»738-742 Comprehensive work has been carried out on the comparison 
of the reactivities of the two types of compound and the mechanism of the 

reactions’*3. With a given oxirane, the two organometallic compounds give 

alcohols with different structures (equation 171). The stereostructure of the 

R! 

~ 
JCHCH,OH 

R2 

1 HC—CH 
2 PCG ==> JR CHCHE Re (171) 

AIRS O MgR5 | 

OH 

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). 

{ fast \ / R3Al | \ Z —C—C-— oe si aa eS zay Rg Ali S77 == mee =e oY, 
O . slow Co 

AIR3 R3Al_ AIR» 
| 

™; 

slow (172) 

Ve 

| R 
—CCO—AIR, fast |? _oair, 
y <— R—AI=R 

R RZAI—R | 
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S 
6 1 

R'MgR! 2Ho— = 2 cee 1 vIg ae Ja} a“ pee R HOCH TR ae (173) 
: Oo slow 

~ ° OH 
R'—Mg—R'! 

S 

S = solvent molecule 

3. Reaction with lithium dialkylcuprates 

Organolithium compounds generally react at the less-substituted carbon atom 

with asymmetrically substituted oxiranes’744-74® (equation 174). Similarly, cyclo- 

PhLi 

CICHy —CH— CH, ==> Tape \ apie (174) 

OH 

hexene oxide or 2,3-dimethyloxirane react with neopentylallyllithium to give the 

regular addition products’*7 (e.g. equation 175). 

Z Z 
(Me)3CCHjCH=CHCH5Li + Cp ——> i 

“non “Mo H 

(175) 

Lithium organocuprates are much more effective in their reactions with oxiranes 
than methyllithium or phenyllithium, and good regioselectivity has been 

observed74*8-759_ The reaction requires much milder conditions than in the case 
of other organometallic compounds (equation 176). Lithium dimethylcuprate does 

ap : OLi 
O O inversion | | retention 

SEAN IN ——> |—c—c— —__ SB see LiCuR5 Cc curs | 

‘ A SSD: Cur, 

OH 

} a 
aoe + RCu (176) 

| 
R 

not react with tetrasubstituted oxiranes?5!. Oxiranes containing unprotected 

carbonyl groups react only via their oxirane function. Accordingly, the reaction 

may be utilized for the a-alkylation of «,8-epoxyketones (a,($-unsaturated 

ketones)752»753 (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 

f¢) fe) 

MegCuLi me 

0) eee (177) 
My, 10) H 
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quantity of R(CN)CuLi is used, the desired alcohol may be obtained in high 

yield (>90%)754. 

4. Reaction with other organometallic compounds 

Dialkylcadmium and dialkylzinc do not react with oxiranes. In the presence of 

MgBr,, however, dialkylcadmium transforms phenyloxirane to a benzyl alkyl 

carbinol755 (equation 178). 

R2Cd 

MgBro 

ph—<) —— PRCH CHR (178) 

OH 

Trimethylchlorosilane reacts with oxiranes to give 1,2-chlorohydrin trimethyl- 

silyl ethers75® (equation 179). In the presence of magnesium, bistrimethyl- 
silyloxy derivatives are formed757. Trimethylisothiocyanatosilane75® and tri- 
methylsilyl cyanide75? react in a similar manner. 

CICH,CHR 

80% OSiMe, 

nr j H,C—CHR + Me3SiCl (179) 

20% 

Messiog:12cuR 

Cl 

Oxiranes give olefins in stereospecific transformations with lithiumtrialky]l- 
silane and stannate453»760-762 

Certain organoaluminium compounds react with oxiranes to yield B-hydroxy 

acetylenes or $-hydroxy olefins7® 3-768 (e.g. equations 180 and 181). 

C=CCgH,3 
O + Et,AIC=CCgH,; ——> eh (180) 

OH 

+ Et,AICH =CHEt 
fe) mene ba, Marien ae lS Cuet (181) 

OH 

The mircene—magnesium complex7®?, metal salts of imines?77°»77!, poly- 
chloroaryllithium?’?, 2-lithium-1,3-dithianes773»774 and the lithium salts of 
2-substituted 4,4-dimethyl-2-oxazolines’775 similarly give alcohols on reaction 
with oxiranes. With organoselenium compounds the oxiranes are converted to 

allyl alcohols*?!. The oxirane ring is likewise opened by 3-cyclohexenyl- 
potassium77°, 

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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tivity494.777-779 (equation 182). The reactions of lithium alkenylcuprates and 
vinyloxiranes lead to 2,5-dienol systems7®°. 

Me 
eS ON 

MepCuLi 

Q (Ref. 777) (182) 

— Me 

ne, fe eG OH 

OH Me 

Comparative investigations have been carried out on the transformations of 1,3- 

and 1,4-cyclohexadiene monoxides and vinyloxirane with certain types of organo- 

metallic compounds’®!>782 (e.g. equations 183—186). Cyclopentadiene monoxide 
gives different products with diethylhexynylaluminium in ether and in toluene7®? 

MeLi 

OH OH 

M 
Me2CuLi i i 

(183) 

Me 

35% 42% 23% 

OH 

ane 
(184) 

95% 

q 
On Me OH 

MeMgC! Me (185) 

70% 19% 

OH 

ane OH 

(186) 

37% 63% 
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(equation 187). Cyclooctatetraene monoxide reacts with an alkynyl Grignard 

compound to give a cycloheptatriene derivative via ring-contraction’®*. 

OH toluene ether wxOH 

C=Cht aaa Q —> (187) 

C=CBu 

6. Reaction of oxiranes containing functional groups 

With LiCuR, at low temperature, «-acetoxyoxiranes give «-alkylketones in 

moderate yield78 5 , while «,8-epoxysilanes give a B-hydroxysilane* 5+78°. «-Chloro- 

epoxycarboxylic acid esters give rise to a chlorocarbonyloxirane with Grignard 

reagents787 (equation 188). «,8-Epoxyketones or open-chain aldehydes can be 

cl 5 cl 
R’-MgBr / 

R'—CH—C a Retr (188) 

\/ ‘coor? rere We c—R3 
\| 
O 

30—70% 

prepared with Grignard compounds and dialkylmagnesium from cyanooxiranes, 

depending on their structures’? ®®. The transformations of cyanooxiranes have been 

studied with lithium dialkylcuprates7®°, alkyllithium7?° and trialkylaluminium’7??. 
At low temperatures, «-heterosubstituted oxiranes react with organolithium 
compounds, and the 1,2-epoxyalkyllithium compounds obtained serve as an im- 

portant nucleophilic oxirane source in organic syntheses79?. With LiCuR,, with a 

Grignard compound in the presence of a Cu* salt, or with trialkylborane7?3, 
alkynyloxiranes can be converted to allene alcohols in good yield79*»795 (equation 
189). Studies have also been made of the reactions of chloroxiranes with organo- 
magnesium7?® and organolithium compounds? ?7~799, 

3 5 3 oe A yk Licur3 RY YR 
RiC=CG— C=C —_—— po=C=C—C (189) 

|. p4  —30°e R1 |. | \p4 
R? R2 OH 

H. Photochemistry 

Photochemical transformations of oxiranes are treated in a number of reviews 
and monographs! ©»! 7,800-803 | 

The photochemical transformations include rearrangements, the formation of 
carbenes, and other reactions, all involving homolysis of a C—C or C—O bond of the 
oxirane ring. 

Rearrangements are generally accompanied by isomerization (equation 190); this 
frequently plays only a subordinate role, but it nevertheless occurs with noteworthy 
stereoselectivity®°*»8°5. The intermediate carbonyl ylide is formed by disrota- 
tional ring-opening®°®~8°° , and is then converted to the isomeric oxirane by ring- 
closure after rotation about the C—O bond. 

+ + + 
Roe fe A OG AOQc 0 lea BO 

Mi == YE Seg and oe : aN — EE (190) 
B D B D B D A D A D 
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Oxiranes containing strongly electron-attracting substituents (e.g. CN, COOEt) 
yield carbenes®!°-813_ For example, on the photolysis of 11 and 12, 13 and 14 

> 

PhO CN Ph O CO,Me Ph Ph 
“Ce ex 

R Ph Ph Ph CN CO,Me 

(11) (12) (13) (14) 

respectively, are formed. The mechanism of carbene formation was studied by 

Griffin and coworkers®!*, 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. 

+ + 
PhO CN Ph O CN Ph O CN PHsO SC la te 

= VN fee \ Ne IN ——> :C(CN)> (191) 
H CN H CN if Ss a CN 

(15) (16) (17) 

Although the intermediate may also be an ylide®°®»®15, the first step in most 
photochemical reactions is the homolytic splitting of one of the C—O bonds®!5. 

On the low-pressure photolysis of propylene oxide, propionaldehyde and acetone 

are formed®!® (equation 192). If the pressure is raised, the amount of acetone 

O CH, : 
Il | Me O He ee 
. Za e VEX CH—CH, 

Me O 
HC Ye (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 

groups® 52>553,817-837 some characteristic examples are presented in equations 

(193)—(198). 

Me £8417 Me penn 
4 0 ! 

l| Me 

ee SECS (Ref.821) (193) 
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Spiro-«-carbonyloxiranes are converted to 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 detected®?? (equations 194 and 195). Equation (196) shows 

O OH 

Ne (195) 

an* na* 

———— po (196) 

O O =) O 
O 

that the direction of the rearrangement also depends on the mode of excitation®? 5. 

Murray and coworkers??? proposed a general scheme for the photochemical 
transformations of 8,y-epoxycycloketones (equation 197). 

O O 1 O 

hv ys | O 

Z 

O O (oy 

—co (197) 

l ; wy iS 
0 O 2 

O 

The photolysis of «,@-epoxycarboxylic acid esters in alcoholic solution®33>834 
gives addition of the alcohol to the oxirane ring only in the presence of Fe** ions 

(equation 198). The photocatalytic solvolysis of certain oxiranes§35, and their 
photoreduction on the action of alcohols®3®, have also been examined. With NBS 
or other brominating reagents, «-bromooxiranes and «-bromoketones may be 
prepared by photochemical means®37, 

he “+ Ph O COOEt eax PhO COOEt |, a 
eed ——__—— > PhCH —G —COOEt (198) 

H Me H Me | 
Me 
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!. Thermally induced Reactions 

Thermally-induced reactions of oxiranes yield rearrangements to carbonyl com- 
pounds and unsaturated alcohols, as well as other rearrangements® 55-5 57,83 8-841. 

The kinetics of rearrangement of oxiranes to carbonyl compounds and unsatu- 
rated alcohols®43-846 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 
studied® 42, 

The mechanism of the electrocyclization and isomerization processes is outlined 
in equation (199). Investigation of the stereochemistry of electrocyclization334>55°6: 

Me 

a 

Me 

a 

———— (199) 
con CN 

0 H 

Ph 

840,841 has shown that only cis-dihy drofurans are formed. The first step is cleavage 
of a C-C bond, showing that the biradical structure is favoured5>!. The ring- 
opening is conrotationalS 54 +840 5847 

Stereospecific formation of dihydrofurans proceeds via disrotational ring-closure 

of the ylideS57»84°, The isomerization can similarly be explained in accordance 
with equation (199). The formation of dihydrooxepines from the cis-oxirane is a 

concerted [3,3]sigmatropic rearrangement, the transition state having a boat con- 

formations 5*»847 (equation 200). 

Me Me Me 

SS 
So (200) 

S ey 
O O 

Ylides formed from oxiranes containing electron-attracting substituents have 

given a possibility for a new type of dioxolane syntheses too’!® (equation 163). 
Much new information has been acquired in connection with the pyrolysis of 

oxiranes linked to large unsaturated rings®4®-§5°. Additionally, the radical-induced 
transformations of oxiranes have been investigated®®3 »§48»851-853_ In conclusion, 
attention is drawn to the review by Huisgen®54 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-O 

bond, in the course of which 1,2-difunctional compounds may be obtained. The 
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C—O 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 201 and 202). The equations also illustrate the stereochemical 

H 

H | 
O Ht ot YE ae HO + 

iyo ina fof ‘i = (201) 
Ae s 

> = 2 x (202) 

X = OH, SH, F, Cl, Br, |, CN, OR, OAr, SR, SAr, O5R, RCOd, 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 trans stereochemistry. There is a particularly abundant 
literature on the acid-catalysed reactions of the oxiranes. 

Most of the publications referred to in recent reviews?*!®»!7 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 on the basis of the A2, the Al or the borderline mechanism. 

Comprehensive kinetic studies®55 on the acid catalysis of alkyl-substituted 
oxiranes in aqueous and non-aqueous media pointed to a competition between the 

A2 and Al mechanisms, with the predominance of the former. Anhydrous con- 
ditions favour the Al 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). 

O 
Med * HX 

Me Me 

In another study of the acid-catalysed ring-opening®5® 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 to a concerted Sy 2 mechanism. With acid hydrolysis, and Sy 1 mechanism is 
suggested for the trans-oxirane, and an Sj 2 mechanism for the cis isomer®5 7-859. 

Many investigations have recently been carried out on the acid hydrolysis of 
oxiranes’ 0-86, The reaction rate and steric course®®° depend to a large extent 
not only on the configuration of the substrate, but also on the solvent type 
(equation 204). In a solvent with a low dielectric constant, mainly cis opening 

(203) 
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CHCl3 cl 

OH 
+HCl (204) 

A 
A o~ Ph Cl Ph 

Ph Cl 
+ 

OH OH 

occurs, with configuration retention. In water or in alcohols, the stereospecificity is 

lower. The retention can be ascribed in part to 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). 

Hy 

rr Ay 
my iCh=. > 0 Cl ¥ On Cl (205) 

+ = 
Ar wy i yw Wa 

Ar Ar 

In the course of stereochemical studies (equations 206 and 207), it has also been 

proved that the transition state leading to the cis products has a high degree of 

carbocationic character; the tendency towards the retention product is explained 

Ar. Cue KoH ALLO cigccoon = AE wou 
Hp0 H20 \y 
ee = SS (Ref. 863) (206) 

HR dh A i pr ee OR 

ROH we Ar pees } ——— OH (Ref. 865) (207) 
+3 =H 

4 \ 4 \ 
H Ar H Ar H 

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—O bond. At the 

same time, almost total antistereoselectivity can be observed in aliphatic and 
cyclo aliphatic oxiranes?48»8®®. The importance of the activation parameters in 
mechanistic studies is confirmed by recent results on the solvolysis of 1-arylcyclo- 

hexene oxides®®5»867. Attempts have been made to separate the inductive, 
conformational and stereoelectronic effects8®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 

reagents® 432, Neighbouring-group participation is manifested most often in cis 
ring-opening> 869-872 

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 formed® 73-875 (equation 208). 

OH OH 
DMSO H20 

“yp, + My 
AW “OSMe> MOH 

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 hydrolyses® 4 ® »8 768 80 . 
Many studies deal with the stereochemistry? 3?°881-883 and mechanisms®®!> 

884-895 of the ring-opening. Others deal with the acid-catalysed! 29 »68°.834, 
896-898 or base-catalysed>22»491,899-994 ring-openings of various oxiranes, and 
with their utilization in synthetic organic chemistry*? ! »93»834 5995-909 | including 
ring-opening reactions with carbanions® 89»776.998,910 A number of new examples 
are illustrated in equations (209)—(213). 

Cae ee sie, 

(Ref.911) (209) 
hin 

As, 

n Me FeCl3/ether H20 hi 
Phi Ani COOEt Ph Ch C —_ COOL tan (Reta ood) m2) 

le) eel 
Cl Me 

HSCH2COOEt 
Ar 6 —————————— Ar —CH—CH, (Ref.912) (211) 

OH SCH COOEt 

HO OH 
Pr-n PhSeH p H202 Se shorn 

rn ae at re Ref. 491) 

Wey, n-Pr nPr Zaet (Re (212) 

SePh 

Me Me (EtO)p>POCHCOOEt Me Me 
HA (Ref. 908) (213) 

O 

COOH 

The solvolysis of oxiranes has also been investigated on synthetic ion-exchange 
913 resins alumina?!4-°16 and silica gel®?!7, and extensive stereoselectivity has 

been observed in certain cases? 15.9! Oe 
An interesting ring-opening occurs on the alcoholysis of oxiranes in the dark in 

the absence of catalysts? !® (equation 214). 

Me 0 Me Me wom 

MeOH NAOH : 

=a (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 alcohols?4!+919-929 leading to a deeper understanding 
of the stereochemistry and the Sy2-type mechanism of the transformation, and to 
broad synthetic applications. Two examples are presented in equations (215) 
and (216). Similar studies have led to the recognition of two further modes of 
anchimeric assistance? 3 !»932, 

OH COMe 

NHRo2 H O 

vides erty (Ref. 930) 
H Oo COMe Ne H CSOD ae NR5 

(215) 

ew noe 
QO  PRCH2NH2 ‘gl Sa 

ROGH> —< @\Wiee— ot a — BOE ausNeH a (Ref. 931) 
\ NHCH.Ph Ne oe 
Poul 

R 

K. Other Reactions 

Because of the exceptional reactivity of oxiranes (there is perhaps no reactant 

towards which oxiranes are immune), it has not been possible to 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 syntheses? 33 +934; many 
reactions are known with various organic?35~94! and inorganic?4?2-95° halogen 
compounds, organic sulphur compounds?*5!»?52 and organic phosphorus com- 
pounds?5°.953,954, The reactions of oxiranes with CO,°55)956 are also of 
industrial importance. 
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1. 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. It 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 Dittus?-* and Kréper’. Since the survey by Gritter®, 
more recent reviews of certain aspects of the chemistry of cyclic ethers have also 

been published”? . 

Il. 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!® (equation 1). The yield is 35—95%, depending 

4 O 
H 

on the structural features and the experimental conditions. The following have been 
used as reagents: Pb(OAc)4; Pb(OAc)4 +1,; HgO or Hg(OAc), +I, or Brz; Ag,O, 
AgOAc or Ag, CO3 + I, 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!®»!!, which were found to depend both on the configuration 
and conformation of the alcohol, and on the oxidizing agent employed. The 

mechanism of the Pb(OAc)q 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 to the previous one) are also treated in detail in the review by 

Mihailovi¢!®, on the basis of his own results and those of Green and coworkers! !!2., 
In spite of the fact that the reactions are not stereoselective, they may be used 

to advantage for the synthesis of optically active oxolanes: the configuration of the 

carbon atom bearing the OH 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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Me or “Me Me 
cc, =—— Pais Me—CH, OH H OPb(OAc) CH A : ea tg Pb(OAc)3 

AcOH 

oe (ayes 

Me—CH — Me—CH----0 
H Pb(OAc)3 

Pb(OAc)3 

_ (2) 

—AcOH 

ay ie —Pb(OAc)2 

Me—CH OH Mee* irs Me 

Pb(OAc)3 

H Me H v 
NaH Me Ry e 

Oe SL GES Se OH ; . 
en Fae 

0% Z % if 
Me Me 

| (3) 

x Me 

S + Me H H © 

fe) ~1.5-H" OH 
= te , 

Uy, “Uy, 
Me f me 

active trans-2,5-dialkyloxolane may be prepared from the diastereoisomer mixture 

(obtained in a ratio of nearly 1:1) after chromatographic separation. 

B. From Difunctional Hydrocarbon Derivatives 

The most general and most frequent procedures for the synthesis of oxacyclo- 

alkanes are the transformations under various experimental conditions of the 

1,3-, 1,4- and 1,5-diols, and of difunctional compounds prepared from them, 
to oxetanes, oxolanes or 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 to 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 Cl, Br or OTs, while Y is H or Ac. The method may serve for the 

(CH5), X (CH5),, X (CHa)n 

va No Vi SSE =u 4 (4) 

H2C CH ONS ———— HoC Ch CHo 

we Na aes 

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 to prepare 2-aryl-!4 , 2,2-dialkyl-!5 , 3-alkyl- and 3-aryl-! ©, 3,3-dialkyl-! 7, 
2,3-dialkyl-!89!19, = 2-aryl-3-alkyl-!8, 2,4-dialkyl-!9 and  2,2,3,3-tetraalkyl- 
oxetanes?9 , C=C-substituted oxetanes? !~? 3, and various condensed polycyclic? 4»? § 
and steroid?®»?7 oxetanes. A number of publications deal with the preparation 
of the starting 1,3-chlorohydrins?® and 1,3-chloroacetates?9»3°, and also with the 
study of the mechanisms of the diol + acetyl chloride reactions? 1»? Asymmetric in- 
duction occurs in the Grignard-type addition reaction of 8-chlorobutyraldehy de? 8. 

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 data?® 33534 and 
has been convincingly justified by reaction kinetic and other examin- 
ations! 9:29 .35-37, 

Investigations relating to the mechanism of the reaction, which have extended to 

the transition states of the molecules, confirm the reaction route of equation 
(4)!9»35-42_ Studies on the stereochemical course of the process! §+19,24-27,30 
according to which the cyclization is stereospecific, similarly support the above 
mechanism (equations 5—7). 

O 
OH 

Ph OH 

=== Ph Ref. 25 5 Ee ae f\ rN) 

H Me 

| os (Ref. 19) (6) 
Cy H 4 

/ 
H 

Me 

OH ss 

meGue g (Ref. 26) 
TsO H 

; OH O 

ow 
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The basic cyclization of the quaternary salts of 1,3-amino alcohols**’** and 
1,4-amino alcohols** 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 oxetanes* ©, 

220—240°C 

Bu3SnO(CHy)3Br_ —————> __ Bu3SnBr + L} (8) 

Oxetanes may be prepared too by the reaction of 8-tosyloxycarbonyl compounds 

with organomagnesium or organolithium compounds (similarly by an Swi 

mechanism)‘ 7 (e.g. equation 9). 

“ _-CH,OT ue CH AOS: BUS ) (9) 

CHO Vous =Liows 

Me Me 

The basic cyclization of 1,4-diol dimesylates also occurs via an Syi mechanism? ® 
(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 Me 

| | Me H 
MsOCH oH- pies on = Aw 

(FHal2 = obs (GHa)2 —O_, bay (10) 

MsOCH MsOCH Mage 
| | Me 
Me Me 

The presence of the corresponding oxonium salt intermediate has been proved 

experimentally in the cyclization of y- and $-methoxyalkyl] halides in the presence 

of Lewis acids (e.g. equation 11)*?. 

+AQGBFa ¥ A 

ae at BE 6 ae (11) 
Me—O —AgBr —MeF 

Br Me 

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 to be found in the review by Mihailovié!°® . 
at 

CHa)o : (CH 2)2 (CH2)2 

een . Ke o— u HR + HR (12) 

t OH 
i 

R! R2 R2 

X = H, OH, OAc, Br, |, NO 
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Routes to oxolanes and oxanes not containing functional groups are shown 

in equations (13a) and (13b). 

R of R 

Z H + OH <2. 0 

R ‘ R 
cations dea (13b) =H Me. 

OH H 
Se ~ Me O R 

PhSeCl can be employed in the synthesis of oxacycloalkanes>® (equation 14). 

2-Allylphenol undergoes cyclization in the manner outlined in equation (15), with 

neighbouring-group participation’ !. 

SePh SePh 
SH = 

PhSeCl C) Ci) Raney Ni (3) (94) 

| CH,OH CH,OH 

OH OH 
WS 

;CH,CH=CH — ; 2 Bade ee CH,CH—CH O a eae y 
SERIE ae 1 

4. Cyclization of hydroxycarbony!l compounds 

Although the intramolecular cyclizations of 1,4- and 1,5-hydroxycarbonyl 

compounds5?-55 to 2-hydroxy-oxolanes and -oxanes are reversible, subsequent 
dehydration makes these processes irreversible (equations 16 and 17). By catalytic 

RK we ees 
H ee Co Liat Ce (Ref. 54) (16) 

O —H,90 rel 

(CH,),—OH ie 

R: R R 

= = | CHO (Ref. 55) (17) 
OH 67 OH 225 

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. 

R 



15. Cyclic ethers 689 

C. From Heterocyclic Compounds 

71. Formation from oxiranes 

Oxiranes containing various functional groups can be transformed to oxetanes, 

oxolanes and oxanes. ; 
By means of thermal rearrangement via alkoxytin intermediates, B-hydroxy- 

oxiranes may be converted to oxetane or oxolane derivatives, depending on the 

substituents on the carbon atoms of the oxirane ring5® (equation 18). In the 

Me 
Me Me 1 

Lae a. Me+—0 OH Me oN 
Bu.SnOC—C R20 —— + Me R2 (18) 

3 f M =p 
| Ro RI e f wag = 

Me Me Me Ro p2 the OH 

presence of bases, certain B-hydroxyoxiranes can be transformed to oxetanes 

directly in aqueous medium, by intramolecular cyclization57»58 (e.g. equation 19). 

cea 

H20/DMSO 

KOH 
oe (19) 

Oxolanes and oxanes may also be prepared from hydroxyoxiranes by either acid- 

or base-catalysed cyclization5? »©° (e.g. equation 20). 

OH QO 
| | 

| = | (Ref. 59) (20) 
“mu ms O O~ “Me HO O e HO H, 

B-Hydroxyoxiranes can be transformed to oxolanes by catalytic hydrogenolysis 

in the presence of acids, presumably via 1 ,4-diol intermediates®! (equation 21). 

Me 
Me Me 

ge OH Le Noire 
4 H,,H* aa Me 2’ HC. ae > (21) 

—H,0 
Hd OH % 

The vinyloxiranes undergo thermal rearrangement to dihydrofurans®?°®. 
Equation (22) illustrates the mechanism of the much-examined rearrangement. 

R 

Aiett 

— > [/ 
DNS 

ae) faa 

(22) 

The formation of oxolanes or furans can similarly be observed in certain reactions 

of steroid oxiranes®® or methoxyalleneoxiranes® 7. . 

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 23)®8 >? , 

Ar? + ce Ar2 + Ar2 
OH “$+ ~OH H 0 

Hee a a ee a | He aera | 
1 1 1 H Ar H ‘Art Ar Ar 

2. Reduction of oxacycloalkanones 

Lactones can be converted to oxacycloalkanes with LiAlH,, through the 
Grignard reaction or by catalytic reduction. Detailed studies have been carried out 

on various hydride-type reagents in the case of steroid lactones?°»7!. 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 utilized for the synthesis of 2,3-dihydro- 

furans’? , oxetanes?* and oxolanes’* (equation 24). 

0 HQ COOH 

=e > Oe east 
0 O 

ALS FAN Gi Pd in eke, (Ref. 74) (24) 
KOH 

tor ~~ 
3. Reduction of dihydrofurans and furans 

The reductions of furans have been reviewed by Armarego® and heterogeneous 

catalytic reductions (equation 25) by Bel’skii and Shostakovskii’. 

(FAN R* Max (E\ ‘i oar 

ui 0 aR aaitir ait 

OH 

1 H 

UN. i rife ge Baus. | Aas R2~ No 3H, 

OH 
(25) 

O\ Ho, PLC 
= SL CaHSCH HG eta £5 CHp)2GHR! 3 a Seat —H20 H7C5 0 R! 

pe OH OH ; 

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 satisfactory7°. 

Optically active 2-methyloxolane can be prepared easily and in good yield as in 
equation (26)77. 

TsCcl ON LAH XS 
fe os ceive SENS : 26 9” ~CH2OH 67 CH20Ts 0” ~Me oY 

4. Preparation of oxanes from oxolanes 

The procedures of Bel’skii7»78 are also suitable for the preparation of oxanes 
(equations 27 and 28). 

R! 

etic R? 2R3 [ " ; ; ee R3 (27) 
Seto Peer x8) 

OH Re 

H2 
Pt/C 

RIG site Ridin R2 

The mechanism of dehydration of 2-hydroxymethyloxolanes to yield dihydro- 

pyrans was studied’? »8°. The application of 2,3-dihydro4H-pyrans as base-stable, 
acid-labile protective groups has been surveyed by Armarego®. 

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 catalysts®!-**. The stereoselective rearrangement 

is shown in equation (29). Alkyldimethyl-1,3-dioxanes undergo rearrangement to 

hydroxyoxanes in the presence of acids®>. 

Me CH, R° 
NE ot 
EGHIS ae R2 Al203 

C Ol re oe ere ——> 

1 
nee ae e 

— Alz03 

(29) 

R3 

MeCO t 

; NZ CH ——=———— C at ee 
aie Seas Sp! 
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D. Via Cycloaddition Reactions 

Cycloaddition can be employed for the preparation of oxetanes, oxolanes and 

oxanes. Many reviews of this topic®»®®8°% have appeared and we shall deal here 
mainly with the results published since 1974. 

1. Synthesis of oxetanes 

Oxetanes may be synthesized by the photocatalytic 1,2-cycloaddition 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 acetals®? . 

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 to 80%. More recent papers deal 

with the regioselectivity, stereochemistry and mechanism of the cycloaddition. 

Studies have been made of the cycloadditions of olefins and aldehydes?°»?!, 
olefins and ketones?2-95 , and reactants containing various functional groups? &!°7 
(e.g. equations 30—33). Reaction (30) is fairly regioselective (3:4= 9:1). The 

Me 

q ae be dj i rs 
va ON Me—. -+—Me me. : 

Me 
Me Me CH, 

Me Me 

(1) (2) 

Me 

0 Me 
+ (Ref. 108) (30) 

Me Me Me Me 

Me 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 (£)-isomers is formed in the 

addition? ®. However, 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%)!°° (equation 31). 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! 99,110. 

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 

H yh cH + é R 
CJ K R i (Ref. 100) (31) 

O = 

H : 

R = Me, Ph (5) 
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CE CyF,N 3 
\c=cr + (CF3)5CO ea rae ° Ref. 9 y 2 3/2 Ce EAN c (Ref. 99) (32) 
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cn | A (Ref. 106) (33) 
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: Me He ae 
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NG | 
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| | 
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(CH>),, —+ don OE and/or (CHo), —— » 

t / Ayal 
C=C = (CH 

y Ne oe 2)n 

(34) 

influenced by steric factors. Most reactions have been described for n=2 and 

n= 3111-113) but 2,2,3,4-tetramethyloxetane has also been prepared in good yield 
(70%) from a conjugated enone (n = 0)!145115. 

Many polycyclic oxetanes have been prepared from systems with rigid skel- 

etons!!©, and particularly by the photocycloaddition of 5-acylnorbornenes and 
their halogen and methoxy derivatives, in yields of 20—90%117>118. 

The Paterno—Buchi reaction is frequently used in more complex syn- 

theses! 19.129 and may, for example, yield intermediates in the syntheses of 
insect pheromones! 2! or prostaglandin analogues! 22. 

Many hypotheses have been put forward for the mechanisms of the Paterno— 

Buchi reactions. A number of possibilities may be conceived for the radical for- 

mation itself, and for the reactions following this??»?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 predominant. 

As to 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, 
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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, singlet (1n, *) carbonyl 

is produced, which may pass over into a triplet (n, m*) 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! 23. A triplet state is often assumed 

in the reactions of aromatic ketones?4»?5, while aldehydes and aliphatic ketones 

primarily react with a singlet carbonyl state?! 9 7:107,112,123, 
As a result of the attack of the excited carbonyl, an excited transition complex 

(exciplex) is produced, which is converted to a 1,4-biradical, although the oxetane 
may also be formed from the exciplex via concerted development of two new 

o-bonds?’. The stereospecificity of the reaction in the singlet case is ensured by 
the higher rotational energy compared to that of the triplet state!24, and by the 
fact that (Z)—(£) isomerization at the radical site does not occur in general in a 

singlet biradical!?5. On the other hand, the regiospecificity is controlled by the 
relative stabilities of the radicals produced!°8. (A triplet 1,4-biradical may also be 
stabilized by cyclopropyl conjugation!?®.) The biradicals may then be stabilized 
by ring-closure. 

Meier gave a general scheme®? 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 2,5-cycloaddition reactions of furan and its derivatives, which can 

be used in many cases for the synthesis of condensed polycyclic oxolanes, have 

been reviewed by Armarego® (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. 

O 1 CHzeMes R! R2 

l| Gir CH fr) 
SSCS ——> Rak cS sBu_~ > lines | (Ref. 127) (35) 

R2 bo . 

O 
Me Me To Me | O 

hv 
Z ————— SS ——> EAA BI Op Z AnrVv (36) 

OH OH OH 
(Ref. 128) 

R R R 
1. LINi(Pr-/jo 

O2 2. Tscl 
——_> + (Ref.129) (37) 

O gE 
eee ey 

S O 
Me Me Me 

Armarego® similarly gives a detailed account of the various procedures (among 
others by [2 +2] mcycloaddition from acrolein and olefins) for the synthesis of 
2,3-dihydro-4H-pyrans and their cycloaddition transformations. 
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Il. REACTIONS OF CYCLIC ETHERS 

A. Deoxygenation 

Cyclic ethers undergo deoxygenation on reaction with atomic carbon, to give 
the products outlined in equation (38)!3°. The mechanism of the deoxygenation 
is shown in equation (39) for the case of oxetane! 3°, 

(CH), 

(CH>), H2C—CH, + Me(CH,),,_ ;CH=CH, 

(38) 

he 

CN Sal eS nN Been 

B. Dehydrogenation 

Experimental observations are available only as regards the dehydrogenation of 

the dihydrofurans and the oxolanes!3!-!137, The driving force of the dehydro- 
genation process is the striving towards aromatization, which is not possible for 

the oxetanes and the oxanes. 
On a Pd/C catalyst, oxolane and the 2-alkyloxolanes are dehydrogenated to the 

corresponding furans (yield ~80%)!3!. If oxolane and 2,5-dihydrofuran are reacted 
with hydrogen acceptors transfer—hydrogenation reactions take place! 32-134, 
Oxolane does not disproportionate on Al,03!35. 2,3-Dihydrobenzofuran and its 
derivatives are dehydrogenated to the corresponding benzofurans via an ionic 

mechanism! 36137 (equation 40). 

R1 R1 R1 

Oo R2 O R2 O R2 

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- 

pentadiene’. The dehydration is catalysed by various acidic heterogeneous catalysts. 

Under similar conditions the oxanes and oxepanes can also be transformed to 

dienes! 38, 2,5-Dimethyl-2,4-hexadiene can be prepared in good yield from 2,2,5,5- 

tetramethyloxolane! 39 (equation 41). 

Me O Me —H20 Hey (41) 

Me 
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D. Rearrangements 

Two reviews have recently appeared on the rearrangements of cyclic ethers’>®. 
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 

oxetanes? ©»149-145_ By means of acid catalysis the oxetanes are mainly isomerized 
to unsaturated alcohols?®1435145. The isomerization depicted in equation 
(42)!45 proceeds with high selectivity on a g.l.c. column of acidic character to 
yield a B,y-unsaturated alcohol. Another example is presented in equation (43)?°. 

O 
ve a H* transition / \ 

aes : eeuiges| man GA (42) 

CH50H 

O 

Equation (44) shows an acid-catalysed rearrangement of oxetane to oxolane!4®, 
On the action of neutral Al,03, «isopropylideneoxetanes are converted to the 

corresponding cyclobutanones in the course of rearrangement!*7 (equation 45), 

Br 
catal. 

“iy (44) 

Br 

Et 

Ph Ph 0 Me 6 

Ph O Ph Me 

Me aon 3 Me Me J Ph Me fae 

Megs 2 Me Me Ph Me 

On Al, O3 and Ca3(PO,)2 catalysts, isomeric carbonyl compounds are also formed 
in addition to the corresponding unsaturated alcohols in the rearrangement 
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reactions!*4. The synthesis of 3-substituted furans is made possible by the 
rearrangement reaction shown in equation (46)!48. In the presence of hydrogen 

Me H* Me CHM 
aaa if = | ae — [| Jr’ «se 

Oo + sa OH 

on supported metal catalysts, oxetanes undergo rearrangement to carbonyl com- 

pounds!40,149-1536 (equation 47). The mechanism of the reaction is very 

M/carrier 

Ries. er OHCICH,) Rat MeCH,CR (47) 
O aD) I| 

O 

complex, and depends to a great extent on the reaction conditions. From the 

examinations to date it is concluded! 53° 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 to the corre- 

sponding ketone via a 1,3-bond shift mechanism! 5* (equation 48). 

CHa. fs Us Hs ee es 
=) Rereneey 

mo” Bassate Nu or Ncw] Ncrs 
2) 

M M 

+ 2M | 

CH CH, CH GH, CH, CH, CH; CH, 
Nyce Me z SNE +H Ne ; Vea 

cH No% Ncuy oon” Nou o% \c/ Nou 
2 

M 

CH, CH2 CH TENG ZA ae 
cH,” | |NcH, 4 [cw NH, 

M 

M = Pt, Pd, Rh 

2. Rearrangement of oxolanes and oxanes 

Oxolanes and oxanes are converted to ketones with very high regioselectivity on 

platinum metals’. In mechanistic studies! 53b,155,156 it has been established that 

the presence of hydrogen is indispensable for the process to occur! 57, while in all 
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probability the reaction takes place according to a hydroisomerization mech- 

anism! 58 (equation 49). Some new results have also been reported on the rearrange- 

R Ox +Pt y Ro =H asst Ne pte eel he (49) 
=H OFZ iOaa7 O oO 

H Pt Pt Pt 

\ 
w 

ment reactions of dihydrofurans and certain furan compounds. Studies have been 

made of the thermodynamics of isomerizations according to equation (50)!59. 

R! R2 
Be re CBee. == (ality (50) 

O \p2 0 Xp O 

Examples of thermal isomerizations are the interconversions of 6 and 719 
(equation 51). 

Me H 
“ Me H 

a H 

go -—o = Caan = 07 5 

O 
A H 

(6) (7) 

The acid-catalysed rearrangements of 2-furylcarbinols are electrocyclic reactions 

occurring with controtation!®! (equation 52). The process is stereospecific, only 

O O 

U\ ; wR 

O CH (OR) RS Sa ar (52) 

H 
Uy, 
« Nou “O 

one of the enantiomer pairs being formed. Interesting rearrangements are to be seen 
in equations (53), (54)!®2 and (55)! 63, 

OF, _ 02, 
oe | COT tes 

hv | (54) 
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(55) 

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!®4,!65, or electrochemically!®®. A procedure has been 
developed for the joint preparation of 2-hydroxyoxolane and y-butyrolactone! °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 ethers’; 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—O bonds of oxolanes and oxanes 

can be cleaved by catalytic hydrogenolysis only. 

7. 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 LiAlH4!. The 

regioselectivity is influenced by electronic and steric effects, and also by the nature 

of the reagent! ©8+!69 (e.g. equation 56). The kinetics of the LiAlH4 reduction of 

LiAIH, AIHCl2 
Beer e x <— x —> AAD X (56) 

O 
OH OH 

2-aryloxetanes can be well explained by an Sy 2-type mechanism!7°. Studies have 

also been made of the reductions of certain 2-alkoxyoxetanes!7!, polycyclic 
oxetanes!72 and _ spirooxetanes containing carbethoxy  substituents5§»14! 
(equations 57—59). 

Li + ethylene- 

eee ene le H 

RE H (57) 

OH 
CH,0H 

COpEt an Saree Te ue J 

CO, Et CH OH HOCH CH OH 2 

eatage cok wc 9 hee RN 
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LAH 

CHj;0H—e = CH,0H (59) 
© OH 

2. Catalytic hydrogenolysis 

The hydrogenolysis of cyclic ethers on Group VIII metals and on copper has 

long been known. Recently, in order to elucidate the mechanism, use has been 

made of the pulse-microreactor technique! 534)», selective catalyst poisoning! 53>, 

isotope exchange!73, IR techniques!5*, calculations of a thermodynamic and 

thermochemical nature!5® and other investigations relating to the end-products 

and intermediates! 74. 
The catalytic hydrogenolysis of oxetanes on various metal catalysts has been 

employed in syntheses and also in structure confirmations*?»!72»175. The 
isomerization of 2,2,4,4-tetramethyloxetane on platinum metals is accompanied 

by hydrogenolysis! >* (equation 60). 

Pt,Pd or Rh 

Me Me H> Me Me Me Me 

ax YX + (60) 
Me O Me O Me Me Me Me OH 

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)! 7°. 
7-Hydroxyketones may be prepared by hydrogenolysis of the oxane ring! 77 

(equation 61): 

Raney Ni/M2> 

EtOH 

HO(CH5),CHR'CCH, R? (61) 
O pale earls I 

O 

By hydrogenation on a Pt/C catalyst and subsequent hydrogenolysis, 2-alkyl- 

2-methyl-2,5-dihydrofurans may be converted to the corresponding isoalkanes® . 
By selective hydrogenation of furfurol, various furan skeleton compounds can be 

synthetized; the hydrogenation may occur with! 78!8° or without! 8!-!86 ring- 
cleavage. Some of these reactions are of synthetic or 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! 87-295. 

As with oxiranes, the polymerization may take place by a cationic or 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 mechanism2° ©>297 jg 
illustrated in equations (62)—(65). The propagation steps may have either Syl or 
Sy 2 mechanisms. The coordination anionic mechanism?°8 is outlined in equations 
(66) and (67) with Al(OR)3 as initiator. . 

BF, + H,O HTBF,0H]; = HAR (62) 
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T He CH, 
HAT + Oo see) An (63) 

CH CH 

Ae: + Che Jehe2 JPA2 
on +O ——> HO—CH5:----CH, + 0 a 

CH ‘cu ; \ 2 By) CH» 

+ /CH2 
HO—CH5:----- CHD = 08 etc. (64) 

CH 

ea) 
@ + fLH2 CHy ~/He ScHs 

iG, +O me © Cha CH > —_ © == ais, (3) 
‘cH CH eat 2) Lup) A CH> 

RO 
RO. OR NoA 

2 
AlE=—CHs RO 

RO Oe /N—0-CH, 
CH. RO 

RO Jo CHa CH ,—OR : 

Al. ==>cH H aa Se 2 —_— Al—O—CH,, CH> — OCH, CH.—OR 
Ne RO 

CH (67) 

etc. 

1. Polymerization of oxetane 

According to recent investigations, the following initiators can be used for 

polymerization of oxetanes via the cationic mechanism: triethyloxonium salts?°°, 

hexafluorophosphate salts?!° (e.g. Et30° PF¢é, Ph3C*° PF¢) and ethyl trifluoro- 
methanesulphonate?!!. It is assumed?!!>?!? that both the oxonium ion produced 
in the initiation step, and the ester formed from it, are present in equilibrium 
(equation 68). With triethyloxonium salt initiators, oligomerization occurs in 

+ 

=~ <= wm0(CH5)30S04CF3 (68) 

OSO,CF3 

competition with the polymerization and cyclic trimers and tetramers are 
formed?°?. 
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Cyclic ethers often undergo copolymerization on the action of CO,. If triethyl- 

aluminium is used as initiator, the mechanism is anionic? !3, 

2. Polymerization of oxolane 

The following initiators are employed in the polymerization of oxolane by the 

cationic mechanism: ethyl 2,4,6-trinitrobenzenesulphonate?!4, the propylene 

oxide—BF3 system?!5, chlorosulphonic acid?!® and the trityl cation?! 7. Esters of 
superacids have recently been frequently used as initiators? ! 8-222. 

The copolymerization of oxolane and methyloxirane has been comprehensively 

studied by Blanchard and coworkers? 23-226, 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 copolymerization??7. Like other cyclic ethers, oxolane may also form 

oligomers?28. The kinetics of polymerization of oxolane at high pressure in the 

presence of Et;0* BF,4~ as initiator have been subjected to systematic study??°?. 
The cationic polymerization of oxepane has also been investigated?3°. Modern 

methods (e.g. !3C-NMR?!2>231) 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 oxolane???. 

H. Formation of Heterocyclic Compounds 

1. Ring-transformation of oxetanes to five- and six-membered heterocyclic 
compounds 

With t-butyl isocyanide in the presence of boron trifluoride etherate, oxetane 

is converted to iminooxolane?3 (equation 69). With carbonyl compounds, substi- 
tuted oxetanes may be transformed to 1 ,3-dioxanes?34>> (equations 70a and b). 

R12 Re 
R3 BF3(Et)20 R2 

ee, 

0 t-BuNC R1 NBu-t ie?) 

is Me 

bv. 7 Me x > (70a) 

Ph H Ph 

Me’Me 

0. O 

BF3:Ets0 
Rilo 7 Nes CO ne (70b) 

2. Ring-transformation of oxolanes, furans and oxanes 

The Yur’ev reaction??4° 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 patents?35-249. The literature provides infor- 
mation on the use of the following catalysts: Cr, 03738, CuO-Cr,03238, MoS3238, 
CoCl,/Al,0374°, HF/Al,0374°, potassium phosphotungstate/Al,03237 and 
various zeolites?4!-251_ Catalyst systems of complex composition are also used 
(e.g. metal/support+halo acid +sulphonated styrene—divinylbenzene copoly- 
mer? 3°, etc.). Some examples are given in equations (71)—(73). 

mel \ Me + PSs —— mel Me (Ref. 252) (71) 
s 

Me O Me Me Me 

o4(©)-ima)s + LI Se OOOO} 
(Ref. 235) (72) 

MoS3 

i ener | (Ref. 238) (73) 
O S 

Synthetic zeolites* are effective catalysts of heteroatom exchange. On zeolites 

of moderate acidity (BaY), the transformation of furan to pyrrole with NH3 pro- 
ceeds with a selectivity of ~ 100%?4!»?4?. With the use of an HL zeolite, oxolane 
can be converted to pyrrolidine with NH; with a selectivity of ~ 90%?4%4. 

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)?44. 

k 
ot : + es + Sih anor a ; NH, 

=1 

H 
O OH 

fast 

anne (74) 

1-Propylpyrrolidine can be obtained from oxolane with propylamine on an ALY 

zeolite catalyst?48. The transformation of y-butyrolactone to 2-pyrrolidone is 

catalised with the greatest selectivity by the CuY zeolite?4+?»?45, 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 CuY?47. The product depends on the structure of the amine. The yield is lower 

with NH3 than with primary amines. The reason for this is to be found in the dif- 

ferent basicities, but it is very important that the steric effect too be taken into 

account. 

The preparation of thiophen from furan with H2S proceeds on Li’ and Na’ ion- 
exchange zeolites*4®. The activities of these catalysts increase with the decrease of 

the Si/Al ratio, and with the increase of the polarizing power of the cation. Alkali 

metal ion-exchange Zeolites similarly catalyse the transformation of oxolane to 

*X and Y zeolites are sodium aluminosilicates of faujasite type with different SiO,/Al,O, 
ratios; zeolite is potassium aluminosilicate. 
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thiolane?4. It 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%?5°. The catalytic activity is enhanced in the 

presence of pyridine, but disappears on the action of HCl; 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 Landis? 53. 
Oxane can be converted with NH3 to piperidine on synthetic zeolite cata- 

lysts?44»25!_. The hydrogen-form L zeolites display a higher selectivity than the Y 
zeolites; dealumination of the L zeolites enhances the catalytic activity and the 

selectivity? >!. 

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 coworkers’. Two 
methods for the preparation of oxanes have already been discussed in Section II. 

C. 3. Equations (75—(80) depict the methods whereby it is possible to prepare 

pyrroles and pyrrolidines’»?54-?58 | pyrrolines?57, pyridines’, azepans?5?, pyra- 
zines’ and 1,4-dioxanes?®°>?®!_ All starting compounds may be obtained in good 
yields by classical syntheses from furfurol. The Yur’ev reaction has been utilized to 

develop a procedure for the formation of pyrrole from furfurol without isolation of 

R3 

R2 

Ce a Rectal Pt/C 

O Saree tis ae Siero nee (75) 

NHR2 O NHR2 NC 

R3 

Pr R1 

R2 

2 Pt/C 

O eae al ——— e cr | (76) 

NHAc Prats R2 Pr R2 

H 

H2 

R1 O CHR2 ——> Hae CRE = =5 1Ol (77) 

1 N NH5 O NH, R 
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H2 

O Saas oe mee ae ———> (78) 

N Map S NH, Pomeiy oR 

Hoa io a PrN R 

2 NG ma es Spanien ie > @) (79) 

O NH R7 *N 

R Ho R Boel oer i 07” ~CH,0CH,CHOH ——> Apa sere a tol —- 
—H20 

O. Ho O Cle OL Pr O R Pr oO R 

furan? ®2. Finally, equation (81) illustrates a ring-expansion reaction in which two 
oxolane molecules take part? ©. 

CN CN 
SZ EX CN + * \ 

+ ff 5 ——. 
CN 

C. 
Hea 

1. Reaction with Organometallic Compounds 

Compared to 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 years? ©4~2 ©®, 

7. Reaction of oxetanes 

This reaction is generally used for incorporation of the 3-hydroxypropyl group, 

with the involvement of either an organolithium?®7?°° or a Grignard com- 
pound! 7!,270-273 (eg. equations 82 and 83). In certain cases the reactions of 
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S S 
Li + —+ (CH>)30H (Ref. 269) (82) OO ae wae 

Hac=on—{(_))—Max + Ky aa H,o=cH{(_) (cH) 0H (Ref. 273) (83) 
O 

organolithium compounds are carried out in the presence of cuprous salts? 74. The 

reaction of 2-methyleneoxetane with phenyllithium results in methyl phenetyl 

ketone? 75. Whereas oxiranes containing a carbonyl function react regioselectively 
(via their oxirane function) with certain organometallic compounds! , oxetan-3-one 

reacts with a Grignard compound either via its oxo function, or via both functional 

groups? 7°, 
With trimethylchlorosilane, 2-alkyloxetanes yield the corresponding 1,3-chloro- 

hydrinsilyl ether isomers?77. On the action of triethylaluminium, pentanol is 
formed to only a very slight extent?7%. 3-Ethyl-3-hydroxymethyloxetane reacts 
according to equation (84) with phenylmercurihydroxide, while 3,3-bis(hydroxy- 
methyl)oxetane gives 3,3-bis(phenylmercurioxymethyl)oxetane*7?. An interesting 
reaction is shown in equation (85)?8°. 

Et CH5OH i Ry 
PhHgOCH,—C—CH,— O—CH 

+ PhHg(OH) ——> R - ‘ (84) 
fe) CH OH 2 

Li 
S OH 

one + LJ +HOAc OG —H20 ee) 

oa (85) 

2. Reaction of oxolanes 

On the action of alkyllithiums (e.g. n-BuLi), the oxolanes decompose to alkene 

and aldehyde enolate?®!~284 after the splitting-off of an «-hydrogen. Alkyllithium 
and cuprous salt, or lithium dialkylcuprate, causes the ring of the 2-alkyloxolanes to 
open? 74 (equation 86). 

R2 

ee 2 ae ere 
+ RECuLi —— (86) 

of 2 OH 

In the presence of tungsten hexachloride, oxolane undergoes «-phenylation with 

phenyllithium?®5. On the action of tri- and di-phenylmethyllithium, the corre- 
sponding butanol derivatives are obtained?®®>?87_ Lithium trialkylsilane converts 
oxolane to 4-trialkylsilanebutanol?®®. Trimethyliodosilane? 89 »?9° and dimethyl- 
dichlorosilane??! yield the corresponding 4-tri- and di-alkylsilyloxybutyl halides. 
In the presence of metals, trimethyliodosilane reacts with oxolane to give 1 ,8-bis- 
trimethylsilyloxyoctane? 92. 

CH,CH,CH.,4CH M CH.(CH.>)-CH 
(Ne) sSilghllee 9 sec ae lene a ag ae eel (87) 

O OSiMe, | OSiMe; OSiMe, 

With a Grignard compound, 2-dialkylaminooxolane forms a 1 ,4-amino alcohol? 93, 
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3-Oxolanone hydrazone can be opened with alkyllithium to give allene alcohol294. 
2-Alkoxyoxolane, which also contains an oxirane function, reacts regioselectively 
with lithium dialkylcuprate via the oxirane function 795 (equation 88). 

Q Q \\ \\\\\ \ RoCuLi R \\\\\ \ 

os) JCH— OMe Ho jCH— OMe (88) 
Mic a 1H 

Oxolane forms various complexes and adducts with transition metal halides? °° , 
rare-earth metal salts??7 and metal complexes? ?8>?299, 

2-Hydroxymethyloxolane interacts via the hydroxy function with diphenylzinc 

and phenylmercurihydroxide?2 7°. 

3. Reaction of oxanes 

The six-membered 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 oxane?7*. The 3-hydrazone derivative gives an allene 
alcohol on reaction with n-BuLi? 94 (equation 89). 

NNHTs i 

+ n-BuLi ——* HOCCH,CH=C=CMe (89) 
Me ee Me | | 

Me Me Me Me 

With trimethyliodosilane, oxane may be opened to 1,5-iodohydrintrimethylsily] 

ether, while in the presence of metals (Li, Na, K, Mg) 1,10-decanediolbissilyl ether 

may be obtained???2»399, 2-Aminoalkyloxanes react with Grignard compounds to 
give 1,5-amino alcohols?! 

New experimental data have been reported on the exchange of the 2-chloro 

atom in 2-chlorooxanes?°? and 2,3-dichlorooxanes? 3-38 for alkyl or aryl groups. 
Equation (90) shows the double reactivity of 2-vinyloxyoxane?°9. With a 

Grignard compound, 2-ethynyloxane gives an allene alcohol?°® (equation 91). 

Clonee, 2 OL Chee” oO” “OCH=CH, a ae R 

ie 

EtMgBr 

ee peewee Et (91) 
= See! 

O C=CHPh OH ~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 to oxetane?!9»3!! and also to 2-alkyl- and 2-aryl- 312-314, 3-alkyl- 
andas-ary lac 8 221on 9) -di-> * ON 3 Bedi 27S 19, 2 3-di- 24452205321 and 24-di- 
substituted??? oxetanes, and to polysubstituted and functional derivatives of 
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oxetane? 9»! 21,316,323-326 The decomposition of oxetanes has also been studied 

in the presence of rhodium complexes*?7+3?8. The publications referred to 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 

papers? 314 ,316,320,321,323,328,329 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 to undergo radical reactions is due to the com- 

parative weakness of the C—H bonds in the «-position. ESR studies have revealed 

the formation of the radicals 8 or 9 and 10 in the radiolysis of oxolane and 2- 
methyloxolane, respectively?3®. a-Radicals are also formed in the case of six- 

membered cyclic ethers?3!»332 The chemical evidence indicates that the tendencies 

(8) (9) (10) 

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—O bond in the latter. 

Radical alkylations of cyclic ethers with olefins?#3-33° 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 oxolane? 34 

are shown in equations (92) and (93). Chain-termination may be either dispro- 
portionation or combination of the radicals33 7338, 

(\ + CH,=cHR ——> be : (92) 
O 0” CH, — CHR 

(eas es aa (eae (93) 
0 0” CH, —CHR fs OQ” ~CH5CH5R 

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 aH atom from the ether, and the reaction proceeds by the same route 
as the radical-induced one?38. Cyclic acetals too display an analogous reaction? 37. 

Similar reaction are also observed in the case of cumulated dienes?49>34!. 
Depending on the conditions, the reaction of oxacycloalkyl radicals with acetylenes 
produces either alkylation?*? or ring-opening?*3. By direct photochemical re- 
action with oxolane, a suitably excitable unsaturated compound such as 11, for 

FoC—CCI 
| 

FoC—CF 

(11) 
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example, gives the corresponding 2-oxolane derivative?4+*, Oxolane similarly under- 

goes direct photochemical addition to maleic anhydride**5»34® and diethyl 
maleate??8.346, The reaction may also be induced by radicals?4®. Oxolane may 
participate in a photoaddition reaction with 1,3-dimethyluracil (equation 94)347, 

OC oe ees saad 
I 

ia Ye 

adenine, guanine and caffeine?*7. Excited purine and pyrimidine bases split off 
hydrogen from C2) of oxolane, and the radical formed reacts as indicated. 

In some reactions of cyclic ethers, ring-contraction occurs?* 8-3 5° On the action 
of light, tetramethyloxetanone is converted to acetone and dimethylketene in an 

apolar solvent, and to tetramethyloxirane in a polar solvent?*#8. 13 is formed selec- 
tively from 12 in a photochemical reaction?5® (equation 95). 2,3-Dihydropyran 
undergoes addition to benzene with very high stereoselectivity?*! (equation 96). 

Me Me Me 

M er Me / \\ —_- ee (95) 
caN O NG ‘0 M ew” 

CHO 

(12) (13) 

OOD = 
Nitrenes?52>353 and carbenes?54 355 are capable of insertion into the C—H 

bond. Studies have been made of the reactions of various cyclic ethers and carb- 
ethoxynitrene?>>, The mechanism of equation (97) has been proposed for the 

(Ce == os w x 
ae \ Me -~Me 
O Oe 

—NR HNR HNR Se 

H 
+ 

- 
( ie 

H an CaN 
HNR 

-N—+H HN CH, (97) 

insertion, and for the ring-opening side-reaction. In agreement with earlier 

observations? 52 , the attack of singlet nitrene is assumed. 
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Dichlorocarbene is likewise inserted into the «-C—H bond. «-Dichloromethyl- 

oxacycloalkane can be prepared in good yield (80%) via this reaction? 54. 
Numerous publications have appeared on the fragmentation occurring during 

the mass-spectroscopic determination of oxetanes?5®35® and cyclic ethers with 

larger rings* °°. 

K. Ring-opening with Nucleophilic Reagents 

Most of the experimental data in the literature relate to the acid-catalysed 

hydrolysis?4»26»141,360,361 of cyclic ethers (mainly oxetanes), their alcohol- 
ysis? 5»362-366 and their transformations with hydrogen halides?®?-37°, car- 
boxylic acids?5»37!»372 and their derivatives?5:»373-376. These reactions are 
depicted in equation (98). 

(CHa), 
Ha cH xX GH (CH), 0H2 (98) 

Sas 
OX 

Sil eee 

X,Y =H 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 Sn2 mechanism. However, some ob- 

servations (mainly on oxetanes) can only be interpreted by an Sy 1 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 

X 

Ph 

CH,OH 

~Ph i (Ref. 25) (99) 
CH, CH, 

X 
a 

CH OH 

salt, which is a reversible process. Numerous stable oxonium salts have been isolated, 
e.g. in the case of cis-2 ,5-dimethyloxolane?77, 

With steroid oxetanes, acid-catalysed cis faye opening has been observed to occur 
with surprisingly high Stereosclecnmive 75 (equation 100). 
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OAc 

Ac20/H* 
————__—> 

CH»0Ac 

(100) 

The ring-openings of cis- and trans-2,5-dimethyloxolanes take place by an 

Sn2 mechanism? 7? (equations 101 and 102). 

Me MgBro/Ac20 Me ict 

So i La ee uw OMe (101) 

H H OAc 

H 
Me H MgBrp/Ac20 Me Fov8r 

SY oe. (102) 

H Me Ac 

Other ring-opening reactions, mainly of oxetanes, occur, e.g. with phosphorus 
halides? 78-38 or carbonic acid derivatives?7+»38! . Some other unusual ring- 

openings of oxolanes take place with alkyl halides in the presence of mercuric 

salts382>383_ tetrafluorobenzene?®*, alkyl chlorosulphonate?®* and phosgene 
(equations 103—106): 

Q NCH,CI + oe 

373 

0 NCH,O(CH5)3Cl (Ref. 386) (103) 

CICH, epg ee OLS Q 
p+0-X ) ae ae (Ref. 387) (104) 

CICH) CAG O 

F 

A 
a F O(CH3)3CH RCOOH 

+{ \ — ee 
_— O F pees. 

F F 

F 

F O(CH>),0CR 

(Ref. 384) (105) 
F 

F 

i \ + ROSCI aes s ——> RO(CH,),CI (Ref. 385) (106) 

O I| O“---OSCI  —S°2 
O II 
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1. DEHYDRATION OF 1,2-DIOLS 

The transformations of 1,2-diols 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). 

H2SO Phnaed\ 

(CH3)5C — C(CH3) ed (CH3),CCOCH, (1) 

Wes “Hoe 
OH OH 

(1) (2) 

(ii) The formation of epoxides, which is observed mainly from tetrasubstituted 

and certain hindered trisubstituted diols. 

(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-diols, and 

the use of nonacidic reaction conditions differing from the classical ones, have 

received less attention. 

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 or 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 reviews*~5 as a starting point, we shall 

mainly discuss the results of the past 15 years. In 1963, Bunton and Carr® came to 

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 or 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 carbonium cation. This route for the rearrangement has 

been discussed in detail by Collins?»7-°. The reactions of the labelled diol (3) were 
studied in the presence of five different catalysts (concentrated H2,SO4, formic 
acid, dilute HzSO4, oxalic acid, dioxan—H,O—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 to a large extent on the reaction 

conditions, The carbonium cation is formed reversibly (neighbouring-group par- 
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* * i * * 

eles lat oa Hee oR ——> PhcocoPh, (2) 

OH OH OH 

(3) 

* + * 

ahaa aaa EN>GDCOPh (3) 

OH 

| 
Ph3C —GDOH 

| 
* + * * * 

Wee eet ——> Ph,CDCOPh (5) 

OH 

ticipation cannot be observed); this is followed by irreversible hydrogen or aryl 

migration (equation 6). 

Ph3CCDO (4) 

Ht 
ok 

PhjC—CHPh === PhyC—CHPh ooeman rn ——> Ph3CCHO (6) 
—Ht 

OH OH HQ OH OH 

(4) 

PhyCHCOPh 

At the same time, the presence of the carbonium cation was proved by rate 

measurements in D,0!°-!2 and by !8O-studies. Since the results reviewed earlier®, 
many authors have confirmed the above observations under very varied experi- 

mental conditions and with diols of different structures® 13-2! Many of the most 
recent investigations??~?7 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 ion? *®3 7, 
b. Concerted mechanism. From a study of the rearrangements of the diols 1, 

5 and 6 in 50% H,SOxq, Stiles and Mayer?® found that bond formation by the 

OH OH 

(1) R= Me 

(S) RSet 

(6) R=t-Bu 

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 



724 M. Bartok and A. Molnar 

i 
RC —CR, RC—CR3 (7) 
a <a I| 
OH OH5 OH 

+ 

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!?, 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 

x oxygen exchange 

rele 
se ie nal ee e 

OH OH, OH OH, PRR 

(7) 
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- 

tigations? 9+! 
c. Role of the epoxide intermediate. It has long been known*?“* 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 

R3,CCOR 

dil. HpSOq 

Seat yaaa PhCH — C(a-C,gH7)Ph 

OHM On 

| (9) 
conc. Hoa SOqg 

PhCOC(a-CygH7)Ph 

reaction of tetraphenylethylene glycol (8) in perchloric acid—acetic anhydride, it 

was found*> that, besides the direct rearrangement, the transformation also takes 

place via the epoxide (equation 10) (~80% at 75°C). The ratio of the two processes 

TE Te Ph3CCOPh 

OH OH (9) 

(8) Bee (10) 

Ph>G—GPh 2 Ney 2 

O 

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 the various methods of rearrangement of cis- and trans-1,2-dimethyl- 
cyclopentanediol®, pinacol??»33 and other tetraaryl glycols46.47 jt 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 
Ronald*®»47 described the transformation with the proved kinetic scheme of 
equation 11. 

Epoxide 

k3 
ais ieee 22 ka 

ky 
OH OH Glycol ———> Rt (11) 

(10) 
ko 

Ar =Ph, p-CH3CgHy, p-CH30CgH, \ 

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 

Rec —Cei) ————= Nara se Se (12) 

OH OH OH O 

1920s43»48,49 As a theoretical possibility, this mechanism was still mentioned 
by Kleinfelter and Schleyer in 19615°. 

The first evidence against vinyl dehydration was due to Mislow and Siegel>!. In 
aqueous H,SOq the dextrorotatory 1-phenyl-l-o-tolylethylene glycol (11) is 
converted to the optically active 12 (equation 13), which is incompatible with the 

formation of an enol intermediate. 

FETE, ——> Ph(0-CH3CgH,)CHCHO (13) 

OH OH 

(+)-(11) (+)-(12) 

On the basis of other facts in the relevant literature reports?»!1.78-3°, 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-diols5?»53, under identical reaction conditions (in 
CH3;COOH/I2 or in CH3COCI) the meso and racemic forms of 1,2-diphenyl-1,2- 

di-w-naphthylethylene glycol give different products: the higher melting isomer is 

converted to the phenyl ketone, and the other isomer to the «-naphthyl ketone. 

Studies with the geometrical isomers of other 1,2-diols+5»>* clearly demonstrated 
the role of stereochemical 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 to obtain a quantitative correlation 

R2 RS 
; le 4 R', R*, R2=Me, Et 
R'c—crR* 7 

| R” = t-Bu,t-Am, t-Hex, Et3C 

OH OH 
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for the structure—migrating group interactions?3»?7*, 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: sp? > sp”. 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 to 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 sizes®»?9»7 5.345566, 

In the case of the cyclohexanediols 14 and 15, even the first investigations> °»*® 
drew attention to the very characteristic transformations (equations 14 and 15), 

<CH3 CH, 
30H H2S0q CH; 

2 (14) 
WiiCHs 

" 0 
O 

(14) 

Hs 

prcenseer. ee (15) 
WiiOH COCH3 

‘oH, 

(15) 

Later, different results were obtained?°>®°, for it was found that transformation 
of the isomers led to the formation of the same product mixture?® (equation 16). 

CH3 CH3 
OH eas CH CH 

—> 3 + iw . (16) 
CH, COCH3 

OH e 

(14) or (15) 2-9% 91-98% 

The stereochemistry of the process was studied in connection with the trans- 

formations of the four isomeric 1-phenyl-4-t-butyl-1,2-cyclohexanediols (16—19) 

in the BF3;—Et2O complex?*. The reaction always begins with the splitting of the 
benzyl C—O bond, which leads to the formation of the open carbonium ions 

20 and 21. The original configuration of C1) no longer plays a role in the further 
reactions of these ions, the subsequent reactions being determined by the position 

OH Ph Ph OH 

Ph OH OH Ph 

OH OH OH OH 

(16) (17) (18) (19) 



16. Dehydration of diols UP 

Ph Ph 
+ 

OH H 

H OH 

(20) (21) 

of the C2) hydroxy group. In the carbonium ion (20) formed from 16 and 17, the 

axial hydrogen is readily able to migrate as ahydride 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 

ie ae i yr 

s \ H CHO 

(22) (23) (24) 

The study of some isomeric 1,2-cyclobutanediols revealed?* 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). 

R 
OH, ——~ _—— QOH2 (17) 

R COR HO 

OH R 

An investigation of the stereochemistry of the transformations of the diols 25 

and 27 in 25% H2SO,4 showed!3>!4 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 

(18) 

HO OH 

(25) (26) 

25% H2SO4 
SS (19) 

HO OH 6 

(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 

Cs) rings!3.14,18,67-72 whereas larger rings are characterized by diene for- 
mation!3,14,18,73,74 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! ?. 
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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 interpretation’*®. 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, Cl3 COOH, aniline hydrobromide, FeCl; ), 

Kyriakides’® prepared 2,3-dimethyl-1,3-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 anhydride’®, 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 

catalysts’°. Catalysts of complex composition, containing WO3, have also been 

used in the conversion of various 1,2-diols to dienes®° >! , 
Dienes can be obtained in good yield from bicyclic, ditertiary diols (e.g. 25 and 

27), mainly in the case of larger (Cg or C7) rings. Various concentrations of dilute 

H,SO,413214518,73,82 oxalic acid!®>74 or (CH3;CO),07° are suitable agents for 
the preferential formation of the diene rather than the spiroketone. With certain 

compounds, nonproton-donor catalysts [HCl-(CH3CO),0, CH3COCI—(CH3CO),0] 
are similarly well suited for the preparation of dienes® 3. 

With acid catalysis, p-cymene (30) may be isolated from (—)-cis-pinane-trans-2,3- 

diol (29) (equation 20)*7, and isomeric dienes are also formed from 3184. Similarly, 

HO,, 
HOw 4 Ht 

eerie (20) 

(29) (30) 

the transformation of 32 may also lead to aromatic products??. The ratio oxo 

compound/aromatic product depends on R and on the reaction conditions, but it is 

CH,0 3 
OH OO z OH 

HO 

a Ph Ph 
OCH 

(31) (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,SO,°5. 
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OH OH ie 
| 

Ore 50% H2S04 Overs (21) 
N N 

B. Transformations on Alumina 

In the presence of alumina, the 1,2-diols are transformed to either a carbonyl 
compound or a diene. Pinacol yields 2,3-dimethyl-1,3-butadiene’7»°® , while other 
publications’? »®7~-9° have dealt with the possibilities of ketone and diene formation. 
The diols 33 are converted to carbonyl compounds of type 34 (equation 22)?!, 

while 1,2-pentanediol yields pentanal? 2. 

R2 RS R2 
ars Alz0 | 3 1 — 

R'C—CC=CH —M——~>  R'C—CC=CH (22) 
| 200—400°C 
OH OH R? O 

(33) (34) 
1 PD Pooh ROP RoR = GC. =Ce 

A series of studies on cis- and trans-1,2-cyclohexanediol (35 and 36)®?°65>88 
showed that mainly cyclohexanone (37) is formed from the cis isomer, and primarily 

cyclopentaneformaldehyde (38) from the trans compound, together with the 

1,3-cyclohexadiene (39) generally accompanying the transformation (equation 23). 

Oo 

(35) eRe 6 + [)—cHo “ So (23) 

OH 

(37) (38) (39) 

MOH 

(36) 

The isomeric 1-methyl-1,2-cyclohexanediols®? 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 40°*, a carbonium cation 

mechanism was proposed, as shown in equation (24). 
The stereochemistry of the heterogeneous catalytic reaction was studied with 

d \cu—crt R? 
O | | 

OH OH 

(40) 

R'=H,Me 

R?2 = Et, n-Pr, iPr, 

vinyl, isopropeny| 
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R 
+ YA C essiae tous dV g.£% 

Oe leet a Se a 
2%, OH O Bsa = O (24) 

Ho %G | Tae ON, 
—o—Al—0—Al— eu | fe) “| Ra 

| fe) | 

the meso and racemic forms of 2,3-butanediol (41) and 1,2-diphenylethylene glycol 

(42) in the vapour phase on alumina (equation 25)?*. 
Alg03 

RCH—CHR ————> RCH,CR + RjZCHCHO (25) 
235—250°C \| 

OH OH 

(41) R=Me (d/-41) 92% 6% 

(meso-41) 84% 11% 

(42) R=Ph (d/-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 meso-42 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 at 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 d/ 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 d/-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 1,2-diols to 

carbonyl compounds?*5!°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 group?7»?8, 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 z-allyl system. 

CH 
HOds BH Shree 

ArCH—CHCH=CH, DSH (26) 
Ar t (e 

OH OH Eine 

* 

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 

(CyHg)gC —CHCH,; ——> Bly oo ea + G,HeCCHCH,(C2Hs) (27) 

OH OH 

(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 «-hydroxyketone (44) which is formed by dehydrogenation and 
which then undergoes rearrangement to the isomeric 45 (equation 28), followed by 
dehydration and hydrogenation. 

(CaH5)26— CCH, =—- CoHgG —C(CaHsICHa (28) 

OH O 0), 00 

(44) (45) 

On Pd/C catalysts?°»!°° 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? °? »!°°. In the presence of Cu/Al 
and Cu catalysts!°*, cis- and trans-1,2-cyclohexanediol yield (in addition to other 
products not formed by dehydration) cyclohexanone, and smaller amounts of 

formylcyclopentane, cyclohexanol and 2-cyclohexen-l-one. No essential differences 

were observed in the distributions of the products from these isomers. 

D. Dehydration Under Other Conditions 

On SiO,, NazHPO, or a mixture of the two as catalysts, 1,2-propanediol gives 

propionaldehyde in good yield!°5. On phosphate catalysts8?»19¢+197 the trans- 
formation leads mainly to diene formation. On Ca3(PO,)2°? and AIPO,!°8, 
pinacol yields pinacone and 2,3-dimethyl-1,3-butadiene, whereas tetraphenyl- 

ethylene glycol gives only triphenylmethyl phenyl ketone!®®. 2-Methyl-1,3- 
butadiene forms from 2-methyl-2,3-butanediol with LizPO,4 or Li,HPO, catalysts 
on various supports! °°, 

The transformations of pinacol (1) leading to the diene 47 are as outlined in 

equation (29)®?. Aluminium silicate, boron phosphate and silica gel primarily 

(CH3)3CCOCH3 

CH3 cH 

Eiisloi ray orale H »C=C—C=CHp 

OH OH 
CH3 (29) 

IChslat —C=CH, 

OH 

(1) (46) (47) 

catalyse the rearrangement. On Ca3(PO,4)2 and Al,O3 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 dimethylsulphoxide®?. 
With Friedel—Crafts catalysts (e.g. AlBr3, BBr3, TiBra, etc.)!°°, 47 is formed in 

good yield from pinacol, while 1,3-butadiene may be obtained from 2,3-butanediol 

in the presence of ThO,!!9:!!! or under thermal conditions! !*. 

In the thermal dehydration of ethylene glycol at 700—1000°C, microwave 

spectroscopy revealed vinyl alcohol, together with a little acetaldehyde and ethylene 

oxide! 13, 
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The transformation of the derivatives of certain 1,2-diols to carbonyl compounds 

has also been achieved under photocatalytic conditions! 147-1! °. 

E. Intermolecular Water Elimination 

In the presence of aluminium silicate catalyst at 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). 

CH5CH5OH aman 

CHyCH) —— of —- 9g 0d 
CH,CH,OH Ew 

OH OH 

(48) 

CH,CHO 

oH 
cnc | (30) 

or 

On the action of ion-exchange resins, the corresponding 1 ,4-dioxans (2,5-dimethyl- 

and 2,3,5,6-tetramethyl-1,4-dioxan, respectively) are formed from 1,2-propanediol 

and from 2,3-butanediol!!8, 

11. 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 (31) are characteristic. 

Cyclic ether 

a hey) Lecee| lnm 6 
SEES Diy sm ——— ey ce —> oc mea 

| 
OH OH OH O (31) 

re hr ee 

atest nae 
O 

To 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 H,SOq4 or metal catalysts (primarily various copper catalysts). However, the 

selectivity of the reaction decreases as the number of substituents rises. 

1. Dehydration on the action of sulphuric acid 

The transformations of simple aliphatic 1,3-diols were studied at the beginning 
of this century!!9!25 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)'?!3°. A carbonium cation mechanism 
has been assumed (equation 32)! 2%. 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). 

Rl eR2 Ri eRe R 
NZ Ht Mee) | > 

CH2CCHy ——> CH jCCH) ——~ CH,CCH,R 
tis cael Hoo alae = ee 
OH OH OH OH 

a (32) 

R! 

| 
R2CH5(R')CHCHO lara 

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!-133_ Systematic investigations began later?°»9®»!34, The role of the 
catalyst Cu/Al in the transformation of 1,3-butanediol (49) (equation 33) was 

Cu/Al 
CH3CHCH»CHy —————> CH3CC 2H, + CH3CH2CH2CHO (33) 

| | 150—280°C || 
OH OH 

75% 10% 

(49) 

studied! 35, and results were later reported on the transformations of 1,3-propane- 
diol!3® and 1,3-butanediol!?7 on various Raney-type catalysts, and on the effects 

of different supported copper catalysts!*®. It subsequently became possible to 

generalize the observations on the basis of extensive studies with different types of 

open-chain! 93,139-141 and alicyclic!°4»14? 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!*°»!%3 (see Section 

IEBR2)); 
Tas 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!43!144, As seen in the example of 1,3-butanediol- 
[3-H] (50), the process consists of three steps (equation 34). 

+diol 

CH3CDCH2CHO ——> CH3CD=CHCHO ——> 
| —H 0 

=f OH CH3CDHCH,CHO 

SOE Ie ; (34) 

OH OH —HD 

(50) +diol 
CH3,CCH,CH, ——> CH3CCH=CH, —— > CH3CCH2CH3 

I| | —H20 \| \| 
O OH O 

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 RhCl;/PPh3145)!*°, Apart from primary — 
secondary diols, disecondary and even secondary — tertiary diols!*® are transformed 
to the corresponding ketones (equation 35). On the action of RhCl3 and chiral 

phosphines!*7, it is also possible to achieve the enantioselective dehydration of 

1,3-butanediol. 

RhC13/PPh3 
(R™R2)C(R?)CHCHR* = ————+ _ (R'R?)CH(R°)CHCR* (35) 

| | 80—100°C \| 
OH OH O 

With other agents too, carbonyl compounds!® and unsaturated carbonyl com- 
pounds®?>!148-150 may be formed. 

B. Formation of Unsaturated Alcohols and Dienes 

The formation of these compounds via 1,2-elimination 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 to undergo similar processes by 

other reactants too [(CH3),SO, bromine, iodine, Al, O03]. 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!5!~!6! and hydrogen bromide75»!62>163 are used most fre- 
quently with 1,3-diols. References may also be found to molybdic acid!®?, 

HCl/CH3COOH!®§, organic acids (oxalic!5716®, benzenesulphonic7®, p-toluene- 
sulphonic! ©7168) and acid anhydrides (phthalic7®»!®9, acetic! 79»17!). Diene is 

likewise formed in FSO3H/SbF; /SO,!°. Similar agents may be employed for the 
dehydration of alicyclic compounds! 69 +!172,1 73. 

It is worthwhile to emphasize the results connected with 3-methyl-1,3-butanediol 

(51)152-156,160,161,174-176_ Kinetic studies! 57159177 have led to the scheme 
shown in equation (36). The fastest process in the system is the isomerization of 

dimethylallyl alcohol (52) to 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 

H.C = CCH.CH,5OH (CH = CH3 
2 2 2 3)2C =CHCH,OH 

(52) H5C =CCH=CH> 

Dk wt = ee (54) (36) 

+ by-products 
pes een Was Soke 

OH OH 

(51) (53) 

The dehydration of some 1,3-diols (1,3-propanediol! 78»!79 | 1 3-butanediol! 79, 
2-methyl-1,3-butanediol!®°, 2,2-diethyl-1,3-propanediol! 79, 2-n-butyl-1,3-propane- 
diol! 79, 2,4-pentanediol!®! and 2-methyl-2,4-pentanediol!®!) have been studied 
on Al,03 and Ca3(PO,4). catalysts, using heterogeneous catalysts with an acidic 
character. Equation (37) shows the reactions observed, and shows three dehydration 

aia —- SGiehues —__—_— Sipe 
| —H20 

O OH OH OH O 

| Ve aNghie A | 
—CCH3 if inh G — Gi CCH — CHyCH,CH— 

I I io ae <>- ee 
O O OH O OH 

SU As Gite —CH=CHCH= 

OH OH 

routes, and various types of fragmentation and hydrogen-transfer processes. The 

selectivity and the transformation mechanism!’? depend on both the reaction 

conditions (temperature, space-velocity) and the substrate. Dehydration accompanied 

by diene formation proceeds with high stereoselectivity!®!. 

2. Dehydration on the action of other agents 

Unsaturated compounds can also be obtained on the action of various metal salts 

(FeCl3, CuSO4, Na,SOq)!79:!83!84, Dienes are obtained in good yield from 
2-methyl-2,4-pentanediol on the action of iodine! 83-185. Dienes and an unsaturated 
alcohol are similarly formed in the presence of (CH3),SO (equation 38)®?. 

H2C=C(CH3)CH=CHCH, 

49% 
(CH3)2SO 

WR eice stolen —————_ (CH,),6—CHeH—=cH, (38) 

OH OH 

Betsey alee 25% 

OH 
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Bromine! *® and Al, 03/87 convert 1,3-cyclohexanediol to an unsaturated alcohol, 

while zeolite of NaX-type! ®® gives dienes. 
In the case of ditertiary diols, which undergo fragmentation on exposure to acids 

(see Section II.C), unsaturated alcohols and dienes are formed (equation 39) on the 

action of metal catalysts (Cu/Al, Cu, Pt/C)!4°!43 or RhCl;/PPh3!*°, 

CH, CH3 
Cu/Al | 

tear craecus 2 neg CHS ape CH + (CH3)>C=CHC=CH, (39) 
te 

OH OH OH 

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! 75»189-192 = heterogeneous catalysts containing phosphoric 
acid! 93,194 and other complex heterogeneous catalysts!?5~!°7, Butadiene may 
be obtained in a yield better than 90% with a catalyst of involved composition 

(carborundum — Al — Mg containing SiO, and WO;)®!. 

C. Dehydration Accompanied by Fragmentation 

With ditertiary 1,3-diols on the action of H,SO4!9%?°!, KHSO, 292-294 and 
FSO3H/SbF;/SO,!°, water is eliminated, fragmentation occurs, and a carbonyl 
compound and an olefin are formed (equation 40). The process can also be observed 

KHSO4 
PhoCCH»CPh, ——————> Ph,C=CH, + PhoC=O (40) 

| | 150—180°C 
OH OH 

for diols of lower order if the molecule contains a phenyl substituent? °5~?°8, or if 
a substituent is found on the carbon atom enclosed between the carbon atoms 

bearing the hydroxy groups?99»295>297,209 Similar findings hold for the cyclic 
diols too. 

Studies with open-chain diols?9°»293>»204,206,207 indicate that the transform- 
ations take place via a concerted mechanism?°°»296 +207, 

For asymmetrically-substituted compounds (e.g. 55), the possibility exists for 

two reactions, leading to different products (equation 41), and the direction depends 

ale + (CyHg)9C=CHCH, 

O 
CH, 

(C2H5)gCCHC(CH3)Ph (41) 

| | —H20 
OH OH 

(55) 
(CyH5)gCO + Ph(CH3)C=CHCH 

on the stereostructure of the diol?°°»?!°, In the case of the a- and B-isomers, 56 
and 57, respectively, the conformations favour trans elimination. 

An interesting example of the correlation between the structure and the reaction 
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7 
ES MOH, 
Ph Me id 

Oa a sla 
(OSeaacans C (Osonsaseg C 

7 TaN Eu, Et “oN 
“on, Me H 4 Me 

(56) (57) 

direction?®® is the difference between the transformations of 2,2-dimethyl-1,3- 
butanediol and 1-phenyl-2,2-dimethyl-1,3-propanediol: fragmentation occurs only 
for the latter compound. 

With cyclic 1,3-diols of type 5871°, ring-splitting is the predominant process for 
the cis-diol, whereas ring-splitting and fragmentation of the side-chain are comparable 

for the trans derivative. With the cis compound, trans elimination occurs in the case 
of the formation of the ring-splitting product, (59), while with the trans compound 

both splitting products, 60 and 61, may be obtained by trans elimination. 

Me 
| —C(OH)Me, 

OH 
Ph 

(60) (61) 

A similar interesting ring-splitting has been described for 2,2,4,4-tetramethyl-1,3- 

cyclobutanediol (62)?!1 (equation 42). The trans-diol is converted to the un- 

Me Me Me Me 

H>SOq4 QOH =H>0 
Mé Me Me / Me 

OH 

(62) 

(CH3)9C =CH(CH3)yCCHO 

(63) 

saturated aldehyde 63 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-diols?!?. 
Stereochemically interesting processes have been observed for the transformation 

of 2,2,5,5-tetramethyl-1,3-cyclohexanediol (64) in the presence of KHSO,4 

(equation 43)?!3>214. Besides the product formed by rearrangement (65), a ketone 

Me Me Me 

OH ‘ O Me HO 
KHSO4 Me 

Mé Me Ose + = (43) 

Me me Me Mé ~Me Mé ~Me 
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 positions to the departing axial hydroxy group (equation 44). For the 

67 (44) 

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 out with excellent yield from 68 in the 

presence of HCl and HCHO (equation 45)?15, and oxetanes were also obtained 
from some acetylene-1,3-diols (equation 46)?1°, 

In addition to the above, the presence of 2-methyloxetane and 3,3-diethyloxetane 

CH 
| 3 HCI/HCHO NC) CH, 

N C—CH.0OH (45) yl 2 

(68) 90% 

CH3. CH 
CH3, CH3 nee 

aD 2804 
RCHCCHC=CH ———+ R CCH, (46) 

HgO, H20 O I| 
OH OH 
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was demonstrated in the dehydrations of 1,3-butanediol and 2,2-diethyl-1,3- 
propanediol on Ca3(POq4)2. and Al,O3!7°. The other literature data?1!7-220 
proved that the procedure is not reproducible. 

2. Formation of oxolanes 

Various 1,3-diols are dehydrated to yield oxolanes on the action of 

H,SO41715208,221 H,pO,2?2?2, Et3PO,4222>223, p-toluenesulphonic acid?24 and 
ion-exchange resin??*>. In certain cases, isomeric aldehydes are formed together 

with the oxolanes (equation 47). Both products indicated result from rearrangement 

ie Me 

| 
Ba a ——> aldehyde 

~Me 

ee OH 
Baa cueeuen : (47) 

R 

OH, OH -~,! | . 
a R?CHCHCMe,CH, — > cyclic ether 

ei | 
OH 

(alkyl migration). The driving force of the process is the possibility of formation 

of more stable carbonium ions. 

111. DEHYDRATION OF HIGHER DIOL 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 

( \ === cHyenscuscu, ——- 4 \\ 
O | | O 

OH OH 

(48) 

ets =CH, + H,C=CHCH=CH, 

OH 

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 the same processes are also induced by 

various oxides and by Ca3(PO,), 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 (Hz SOq !?°°??%"?49, HC]?49-255, 
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H3 PO, ?*8»?49,256-265) or in certain cases acidic salts? 6? 7°, Organic acids too 
(benzenesulphonic?7!, p-toluenesulphonic??4»249»272-276  formic?4 7,250,277 
acetic? 78:279 oxalic?49»280) may be used in the same way. In most cases the 
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 H,SO, 
or H3POgq, the former gives a cyclic ether in excellent yield (equation 49)? 828! | 
while 70 yields scarcely any 71 (equation 50)?8?. The transformation may likewise 
occur for cyclic compounds with smaller rings?® 7269, 

CHOH eae el “ CH OH 

(69) 90-94% 

CH,OH i 
SS (50) 

O 
CH20H 

(70) (71) 

Various metal salts (e.g. MgCl,, CaCl,, ZnCl, , AlCl3 , CuSO, ) similarly catalyse 
the formation of tetrahydrofuran? ?5°254,279»283_ Cyclic ethers are also formed 
from 1,4- and 1,5-diols on the action of RhCl;/PPh3;!45. The use of PdCl, together 
with other salts [CuCl,, Cu(NO3)2, NaCl] leads to the formation of five- and six- 
membered cyclic ethers in various yields!5°. The yield is good in the case of the 
ditertiary 1,4-diol 72 (equation 51). 

PdClp/CuClo CH3 CH3 

(ens areu CHa TlEN sy Ve (51) 
O OH OH CH3 CH3 

(72) 70% 

Oxides?49»270,280,283-286 and particularly alumina??»245»249,270,280, 

283-285,287-290 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! 78»266,270,283,284,290-292 For example, oxolane is formed 
quantitatively from 1,4-butanediol in the vapour phase on the action of chromium 

oxide249»279 = alumina?79»285 and calcium phosphate! 78»?79»291, Where 
Ca3(PO4)2 is used as catalyst, however, the transformation is selective only at 

250—320°C; at 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 diol?®7-?89. From trans-1,4- 
cyclohexanediol the main product is 1,4-epoxycyclohexane??*"*95, whereas the 
cis isomer gives primarily 2-cyclohexen-1-ol (see Section III.C.3). 

The effect of aluminium silicates has mainly been studied with simple diols. 

Nearly quantitative yields of oxolane are reported?85»?9°>297_ With diprimary, 
primary — secondary and disecondary 1,4- and 1,5-diols too, good yields can be 

attained299»298-391 In the case of zeolites, it has been established?°?7 that the 
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HNaX form and the decationized X form, at temperatures of 240—260°C, are 

optimal for oxolane formation. 

Dehydrations of both 1,4- and 1,5-diols on supported Ni?°?»3°3, Cu and 

Pd139,304,305 and Pt!4! catalysts gave generally high yields. Because of the 

occurrence of other reactions, little 1,4-epoxycyclohexane is formed from the 

isomeric 1,4-cyclohexanediols, but the yield is always higher from the trans than 

from the cis compound!°4 396, The epimerization demonstrated by Pines and 

Kobylinski3°® (which has also been: observed on Cu and Cu/Al catalysts?°7) 

strongly suggests that in the case 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 
yields! 18,249,308 

In some cases Me,SO has also been employed to induce ring-closure. For the 

open-chain diprimary diols the reaction proceeds with a diol : Me2SO 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%)®?. The reagent is 
often used in a very great excess (diol : Me,SO = 1:12)?48399-31! 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 KHSO,?1273!4, aluminium 
silicate!°2 and ion-exchange resin!!® (equation 52). Cyclic ethers are likewise 

x oe 
X=S,N,O O 

formed from diols containing other groups too (trihydroxy compounds?4 9»315,316 | 
epoxytuols’ 47 unsaturated diols" 7 142472° 26 47289,316 5 

a, w-Diols, eit carbon chains consisting of six or more atoms, yield «-substituted 

oxolane and oxane derivatives, on the action of H,SO, and H3 PO, , independently 

of the number of carbon atoms (equation 53)3!9324, In the reaction of 1,6- 

Rees 

CHaICHzIg¢H, —— ERGs. (53) 
OH OH 

hexanediol, a small amount (1.5%) of oxepane too has been detected? ?5. Similarly, 
all three cyclic ethers are also formed in the presence of Al,0O3 and 
Caz (PO, )21 799326, 

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 bonds)3 27328, 

HOCH ,CH»XCH»CH»OH 

2. Mechanism of oxacycloalkane formation 

Mihailovic and coworkers?48»329 have made a detailed study of the ring-closure 
of 2,5-hexanediol (73) under various conditions (H3PO4,, H2SO4, Me, SO, Al, O3) 
and have found that the process is stereoselective in every case: the meso-diol is 
selectively converted to trans-2,5-dimethyloxolane (equation 54) and the (+)-diol 
to cis-2,5-dimethyloxolane. It follows from this that the ring-closure takes place by 
intramolecular substitution of Sj2 type, inversion occurring on the chiral carbon 
atom bearing the departing protonated hydroxy group. 

In the presence of Me, SO, one of the hydroxy groups interacts with the reagent 
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(54) 

CH3 

(meso-73) 

(74), thereby increasing the polarization of the C—O bond and facilitating cleavage 

of the bond. The results of Mihailovié disprove the conception of Gillis and 

Beck?°?, in whose view the cyclic transition state (75) is produced with the 

Me 

= Dati \va ventas 
O—SMe, oy) 0 ) 

: : Sime iO oe 2 

Me | 

(74) (75) 

participation of both hydroxy groups of the diol, 75 then being convertible to the 

cyclic ether without inversion. The intramolecular Sy 2 mechanism is supported by 

other investigations? 44 »2 75 
Primary — tertiary diols 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 55). 

238,239,260 

CH, CH, 
Ht 

racer react EN ees ete + ADEE SNS 
ae 

OH OH OH OH 

| (55) 

CH3 

O 
RCH, 

On the reaction of (—)-4-methyl-1,4-hexanediol (76) in the presence of p-TsOH 

or Me, SO, a racemic cyclic ether (77) is obtained? !° ; this is a consequence of the 
fact that a carbonium ion is formed on the departure of the tertiary hydroxy group, 

a possibility thus arising for the cessation of the chirality of Cra) (equation 56). The 

p-TsOH CH3 

CHIC HsICCHCH{CH,) ———_—> Moe (56) 
| | or MegSO O 

OH OH Gus 

(—)-(76) racemic (77) 

ring-closure proceeds via a carbonium cation in a similar way for diols not containing 

a tertiary hydroxy group (78, 79, 80), when the molecular structure promotes the 

formation of the carbonium ion and stabilizes it? 7°»31!. 
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PhCH(CH>),, CHPh ArCH(R' IBBLAIGH Rar 

on on oh OH 

n=2 (78) (80) 

n=3 (79) Ar = Ph, p-CH3CgHy, 2-CH30Cg Hq, 2-fury! 

On the other hand, the transformation of (—)-76 on Al, O3 catalyst is to a slight 

extent stereospecific. This can be interpreted? !° by assuming that the C(x) hydroxy 

group first undergoes selective adsorption, followed by nucleophilic substitution of 

the C(q4) hydroxy group. The low degree of stereoselectivity can be ascribed to the 

fact that the reaction takes place by another mechanism in addition to the above. 
Stereospecific dehydration has also been reported in the reactions of various di- 

secondary diols under similar conditions? 4 5»24 8329, 
In the study of the Al, O3-catalysed transformation of trans-1,4-cyclohexanediol 

(81), it was found?°* that the ring-formation involves an Sy 2 reaction even under 
these experimental conditions (equation 57). 

ce 6 

OH 
OH 

S =aiae oe 7 Oo) apeas aa 
HO a 

(81) 

Cyclic ethers are 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- 

pentanediol-[4-7H], and the results have been supported by data from measure- 

ments on the active centres of the catalysts! 43»144,305 

B. Preparation of Unsaturated Cyclic Ethers 

Certain metal catalysts may be used to prepare unsaturated oxacycloalkanes. 

Most of the data refer to supported?°5»339-332 and support-free Cu? °5 catalysts, 
but supported Co?3° 333 and Ag?3! 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)3°°*. The process is explained in a similar 
way in investigations relating to nonmetallic catalysts? 34. 

ae, 
MeO Sie Galen casi aga a ——— bak ests 

OH OH O OH as 

lee (58) 
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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-pentanediol?#5, only a cyclic ether is 
formed on the action of H,SO,4, whereas in the presence of other acids (H3PO,, 

formic acid, acetic acid/NaOAc) an unsaturated alcohol also appears in the product. 

On the action of p-TsOH/benzene and H3PO,, 1,4-diphenyl-1,4-butanediol (78) 
gives a diene, while under different reaction conditions (H,SO4, p-TsOH, Me, SO) 

the main product is a cyclic ether?1!, 
Likewise, H3PO,/Al,03 primarily catalyses diene formation from 2,5-dimethyl- 

2;5-hexanediol (82) (equation 59)3%°, while with other ditertiary diols on different 
10% H3P04/Al203 

CRESTS Lr (CH3)yC=CHCH=C(CH3)5 (59) 

OH OH 

(82) 83% 

catalysts the two main processes run in parallel?3?>247»264,337 or the cyclic ether 
may become the main product?5»*©!, For example, the diene 84 is formed in 
excellent yield from 83 (equation 60), whereas the diene cannot be prepared from 
the corresponding ee ee Ue 

c6H CPh> 
Ba ON 

(60) 
“eg CPh5 
Ve Ph }h 

(83) (84) 

70% 
Diene and unsaturated alcohol are formed from the isomeric 1,4-cyclohexane- 

diols on the action of KHSO, 295338, MgSO,4338, H,SO,4! 72339349 or oxalic 
acid? 39, 

1,4-, 1,5- and 1,6-diols have been studied in FSO3H/SbF;/SO,!°. The diprimary 
compounds do not react at all. 2,5-Hexanediol gives protonated 2,5-dimethyltetra- 

hydrofuran, while 82 is converted to a diene. 
Many authors have studied diols containing unsaturated bonds?41~34° a cyclic 

substituent often being present?*+4-347. Here again the reaction direction is in- 
fluenced by the structure of the diol. In the presence of 20% H,SO, and HgSO,, 

for instance, 85 gives the dihydropyran derivative 86 (equation 61)345; while the 

CP eas 20% H2SO4 ar 
a (61) 

OH 
OH C 

(85) (86) 

44% 

dialkyl-substituted compound with similar structure (87) yields the unsaturated 

alcohol under the same reaction conditions (equation 62). 
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CH, 
20% H2SO4 | 

GIG ae CNS HON: —__—_- CHES AEARS SF Sap: (62) 

OH OH OH 

(87) 49% 

2. Dehydration on phosphate catalysts | 

With Ca3(PO4)2, detailed investigations present illustrative examples of how the 
reaction conditions can affect the pathways and hence the product composition. At 

low temperature, cyclic ether formation is dominant (see Section III.A.1). With the 

increase of the temperature, the product also includes unsaturated alcohols, and 

then dienes, and if the temperature is further elevated these become the main 
products! 78:290-292,348 

Dienes may be formed from both the cyclic ether 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)! 781 82,290-292,348_ 

ies 
perce ee H»C=CHCH=CH, (63) 

OH OH 

(88) Be Geaseeiea 

OH 

Reppe?*® studied the possibilities of diene formation on other, special phosphate 

catalysts. 

3. Dehydration on oxide catalysts 

Most of the data refer to cis- and trans-1,4-cyclohexanediol on the action of 
Al, 03793°?95. The cis-diol yields an unsaturated alcohol, while the trans compound 
possesses a favourable conformation for ring-closure??* (see Section III.A.2). 

Detailed studies have been carried out?°* to clarify the dependence of the formation 
of the three possible products (1,4-epoxycyclohexane, 3-cyclohexen-l-ol, 1,3- 
cyclohexadiene) on the structure of the starting diol and on the reaction 

In the case of open-chain diols, studies have been made with Al, 03 248»310,349, 
350 and also with other oxide catalysts®!»2©®»35° the latter primarily from the 
aspect of diene formation. 

4. Dehydration on metal catalysts 

Observations with Cu/Al, Cu and Pt/C catalysts!° 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 (82), yielding mainly the cyclic ether. This phenom- 
enon can be explained by the rapid further reaction of the 90 formed. 
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Cu/Al 

(CH3)yCCH5CH CH 2C(CH3) ——__> + dienes (64) 

aire | CHs 7 ACH, 
ee OH CHa CH, 

(89) (90) 

28% 72% 
The isomeric 1,4-cyclohexanediols have been investigated on Ni/SiO,7?°® as 

well as on Cu/Al and Cu! °4 catalysts. On Ni/SiO, the transformation was carried 
out in the presence of hydrogen, and hence the unsaturated compounds could not 

be detected. On Cu/Al, 3-cyclohexenone and dienes are formed in addition to other 
products. 

D. Other Transformations 

Numerous observations! 78>231,249,351-357 show that variously substituted 
2-butene-1,4-diols are dehydrated to unsaturated oxo compounds in the presence 

of acids, Ca3(PO,4)2., Al,O3 and ThO, (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, it has been established?53»354 that the trans compound (91) is converted 
to crotonaldehyde (93), while both products are formed from the cis-diol (92) 

(equations 65 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% H2SO04 

JOM eee CHSCH=cHCHO (65) 

(91) (93) 
80% 

be See 10% H2SO4 
HO OW; tat CH, CH= CHCHON af 5) (66) 

O 
(92) (93) 

65% 35% 
In the transformations of the isomers of 1,1,4,4-tetraphenyl-2-butene-1 ,4-diol 

in acetic acid, on the other hand, only unidirectional processes can be observed? 58. 
In the presence of Al,O3, Ca3(PO4)2 and Al, 03/Ca3 (PO, )2! 78355356, 

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 20 a 
ee maa van qenaenbicile 

OH OH OH 

(67) 
—H20 

HjC=CHCH,CHO ——> CH3CH=CHCHO 

(93) 

The two processes (isomerization of the diol, and dehydration) occur on different 

active centres. 
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3-Hexene-2,5-diol (94) in H3PO4 gives two isomeric ketones (equation 68)?*7. 

In an investigation of the mechanism with D3PQ4/D20, it 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 «-protonation. 

15% H3P04 

CH3CHCH=CHCHCH,; =—————> CUS acinomae tes 4F ors ji cennore BP (68) 

| | 
OH OH O O 

(94) 90—95% 5—10% 

a-protonation 

SAREE ne esis 

O 

pak air Eiei or rae (69) 

OH 

(95) p-protonation 
CyH,CH= Fit was 

The diol 96 in acetic acid?°?, SOCI,3°? and KHSO,4?°° forms an unsaturated 
ketone by ring-opening and phenyl migration (equation 70). 

PhyCQH HOCPh, 
———" Phe SSCP NS (70) 

O 

(96) 

In the reaction of 1l-methyl-1,6-cyclohexanediol (97), Prelog and Kiting?®° 
isolated the ketone 98 (equation 71). By means of the reaction of the compound 

CH, CH, 
= 84% H3POq4 

eae eS (71) 

1 
OH O 

(97) (98) 

labelled with deuterium on C,6), it was proved that 1,6-hydride anion migration 
takes place in the course of the transformation. 
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1. INTRODUCTION 

The terms enol ether and vinyl ether are both generally used to designate O-alkyl 

derivatives of the enolized form of carbonyl compounds, specifically of aldehydes 
and ketones (equation 1). The proposed further differentiation into enol ethers! , as 

R 

Nee” eal Es Ete ace (1) 
Vt S i TEN dé XS 

en-ol enol ether 

derived from parent compounds which are enolized extensively (for instance 
1,3-diketones etc.), and vinyl ethers — derivatives of normal aldehydes and ketones 

where this is not the case — does not seem practical except for classifying the 
individual synthetic procedures”. 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,8-unsaturated ethers (1) or, on the other hand, as 
+M-substituted, i.e. activated alkenes (2). Since organic chemistry utilizes enol 

ere Praiee 
\ ®—=c*—o9—c*'— \y2—er | 
i, | / 

(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 subject*. A note is still necessary on the 

naming of the enol ethers: they used to be designated according to the generic 
principle, alkyl alkenyl ether, until, with the latest collective index, Chemical 

Abstracts 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 to restitution of the 

parent carbonyl compound (hydrolysis) or to derivatives such as acetals 
(addition of ROH). 

(3) Electrophilic attack by reagents E~*®X; thus, addition and/or substitution 

products may be formed, the latter either directly via a o-complex mechan- 
ism or in the course of an addition—elimination process. 

(4) Cycloaddition, with the regiochemistry determined by the polarization of 
the enol ether t-system. 

With the exception of truly concerted cycloadditions, the initial step in each 

case is the attack of an electrophile (Lewis acid, H*, E*) at the 8-carbon of the enol 
ethers. Their chemistry is thus characterized by a close analogy to the chemistry of 

enamines which in the past 25 years have gained increasing preparative import- 

ance>»®. In both classes of compounds, excess r-electron density facilitates an 
electrophilic attack at the B-carbon, the higher relative nucleophilic 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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e.g. BF3 | | 

+E—ex 

oa 
X—C—C—E 

ba wl 

RO H 
eg. + A=B8 | | 

—C— ee 

tet 
A_B 

SCHEME 1. 

= Sy = — 

* x Nw 7 fac / oN ZL 
c=cé Nee c=c® -=—+ ‘“c—cH 

Ve ~ VE x fh \ ye x 

(3a) (3b) (4a) (4b) 

availability of the highest occupied MO for an electrophile, is tantamount, though, 

to a much lower oxidation potential. Since most electrophiles 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 other rather well. C-Acylation with phosgene, 

oxalylchloride, or sulphonyl isocyanates, for instance, proceeds smoothly with enol 

ethers, while with enamines stable N-acyl products are formed which, as highly 

deactivated olefins, no longer undergo B-C reaction. On the other hand, it is some- 

times rather difficult to find reagents with sufficient electrophilic potential to 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 aspecific OR moiety on the reaction behaviour 

of the 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 fact?’®. Towards an uncharged t-system in the ground state, the 
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donor poténtial of the NR» groups decreases in the order, N(C,Hs )2 = pyrrolidino 
> N(CH3)2 > piperidino > morpholino®»?. This gradation is especially manifest 
from the C® chemical shifts of the N-vinyl dialkylamines? (even though extreme 
care has to be taken if ground-state properties such as !'H- or !3C-NMR data are 
used for interpretation or prognostication of relative reactivities®»?). In cis- 

enamines, steric interaction forces the NR, group out of the olefinic plane, 

sacrificing N(2p,)/C=C(™) overlap (5); in Z-1-dialkylamino-1-propenes, the charge 
transfer from the amino moiety to the 7-system is thus reduced to half its value in 

the corresponding vinyl- and trans-propenyl-amines?. For cis enol ethers, 180° 

rotation about the C!—X bond relieves the steric strain and at the same time 

restores optimum C!—O overlap conditions (6). This double rotational minimum 

for highest resonance interaction is one of the most significant features of enol 
ethers. 

XX i Nee ney Se 
aS Ay SSS eee ye 

R N= R os R O 

oA C 
(5) S-CIS (6) s-trans 

Il. PHYSICAL PROPERTIES 

A. Conformation 

Methyl vinyl ether (7, Scheme 2) has been shown by infrared! ° and microwave! ! 
spectroscopy as well as by electron diffraction! to be most stable in a cisoid 

(syn, s-cis) form, with a planar heavy atom skeleton C=C—O—C. However, there 

is unequivocal evidence for the presence of a second conformer!®»!?; from 
the temperature dependence of the relative intensity of distinctive IR bands, it was 

shown to be less stable by 4.8 kJ mol™! in the gas phase! °. This second conformer 
was suggested to be a gauche form with a nonplanar skeleton! °, a result seemingly 
confirmed by electron diffraction (torsional angle @ = 80—110°)!?. When, however, 

00.9 
LA Heo Sc! 

2 yp || A Ly 

IN 

(7) 

H 

HT au Hin 
Cy, Cc 

ns 
O H Ha LO H ONeLH OX PH 

He=Cc New : eee, Cc Cc 

Bn Il Or Seal] I I 
Aue Cc G C 

EOS 

Eee tars) Siaiase os iid AH 

cisoid-staggered (CS) cisoid-eclipsed (CE) transoid-staggered (TS) transoid-eclipsed (TE) 

@ =0°, 6 = 60° @=0° 8 =0° $= 180°, 6 =60° d= 180° 8=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. On this basis, a torsional angle @ > 150° was derived for 

the minor conformer. 
In a detailed ab initio calculation of methyl vinyl ether by Epiotis and co- 

workers! 5, the relative orientation of the methyl rotor (0, 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 to the CH30 moiety. A second minimum 

is obtained for ¢ = 180° (TS), 4.2 (STO-3G) or 10.5 kJ mol! (4-31G) higher than 
that for the CS orientation. The barrier of rotation (CS > TS) is calculated at about 

20 kJ mol’, with a torsional angle ¢~ 70° in the transition state. The activation 
energy for the reverse process, TS > CS, has been determined at 15.5 kJ mol™! by 

ultrasonic absorption! ©; 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. 
The authors!* also present a descriptive rationale for understanding the con- 

formational preference of methyl vinyl ether, utilizing Epiotis’ concept of non- 
bonded attraction!’. For this qualitative MO approach, a x-type CH3-MO is 
included, incorporating the 1s AOs of the two methyl] hydrogens H@> in staggered 
position. (The procedure goes back to an idea of Hehre and Pople! ®, and has, in a 
more general context, been pointed out also by Lister and Palmieri! °.) Since of 

Q) O00 One 
Nye 

6 6 66 fe 
a,bna js? . EieaGs O C—C Five-centre, 6-electron 

(x) system 

course finite overlap between the H?»> (1s) and C?(2p,) orbitals is practical only in 
the CS orientation, the positive (7) 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 z-overlap populations in good agreement with the ab 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 cis/trans equilibration of various alkenyl alkyl ethers, 

Okuyama and collaborators?° 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? is a bulky group (isopropyl or 
t-butyl), it is the Z-isomer which surprisingly proves to be more stable; for the 
primary alkyl substituents [R? = CH3, C2H;, CH, CH(CH3),], on the other hand, 
the expected order holds (£F > Z). 

For an H%,(1s)-C?(2p,) attractive nonbonded interaction — which provides 
the additional stabilization for the cisoid conformer of methoxyethene — to be 

Operative in other enol ethers also, two a+hydrogen atoms in 4 cisoid staggered 
position are clearly prerequisite (8). This structural condition can be met only in 
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E-methoxy- and -ethoxy-l-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. For Z-propeny] ethers, cisoid 

orientation of the alkoxy group OR? isa priori impossible. However, via C3 H3-> 
(1s)—O(2p,) interaction (9), a five centre, 67-electron nonbonded stabilization, 

R! 

Za 
= pus 

2 \o pray: 10 ria 2 

Hea & ~ = 
HP anne. Ls NN 

(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 Z-isomer for enol ethers with s- and 

t-alkoxy groups (see Table 2). 

Additional experimental substantiation for this striking argument!> 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 

10 211 212 in an inert medium (hexane or cyclohexane, I,-catalysed)?!. From 

R—CH2, _CHa(H) Hae R—C 
c= Y- ao Se eae === CHa, SC—CH(CHg/H). === C—CH(CH3/H)2 

CH3—O CH3(H) ‘or of 
S 

(10) (11-E) (12-2) 
the respective thermodynamic data for the isomerization of various substituted 
enol ethers??»73, Taskinen and Anttila have evaluated interaction energies, 
S[R! < R?], between two Z-substituents across the C=C double bond of enol ethers 

(Table 3)?1. As the negative S[O<R?] values reveal, cis interaction between 
CH30 and alkyl groups is indeed stabilizing. This stabilizing effect decreases 

sharply, though, from CH3 to CH(CH3),; for [CH30 « C(CH;3)3], Z-interaction is 
destabilizing already. 

TABLE 3. Steric interaction energies for two Z-substituents 
R', R? across the C=C bond of enol ethers?! 

R! RZ S[R1<—R?] (kJ mol7’) 

C(CH,), CEs 18.2 + 1.0 
CH(CH,), CH: 11 +2 

C,H: 6.1 + 0.6 
CH(CH, Ye 6.0 + 0.6 

OCH, CCH): 2.9 + 0.5 
CH(CH, ), ~ 0.7+0.5 
Call? 1-5-4105 
Cris = Iie 6 
CH, —~ 2.9+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 n-type MOs*®. The uppermost 
occupied orbital, as shown by the vibrational fine structure of the first PE 

band?®-?7. is highly populated in the C=C bond, with partial charge transfer from 
the heteroatom*®»?* (m-~~c); the second MO corresponds mainly to the oxygen 
lone pair (ng). By resonance interaction, cc and nog, which per se have rather 
similar energies, are split 2—3 eV’? (the effective mesomeric stabilization for, for 
example, 3,4-dihydropyran*°® is 1.2 eV). The separation between the first two 

ionization potentials IP; 2 of enol ethers thus provides a sensitive probe for 
C=C(x)/O(2p,) collinearity?'. 

For the cisoid conformers of n-alkoxyethenes and pyrans, AIP; 2 is generally 

2.5—3.0 eV?°3!. At elevated temperatures (510 K), bands of a second conformer 
emerge in the PE spectrum of methyl vinyl ether?! ; since AIP; » is even larger for 
this minor form, it likewise must have planar, i.e. s-trans 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-trans orientation. The lesser conformer of 13 and 14, 

observed at 510K, is characterized by a AIP; » <0.5 eV?!, clearly indicative of 
gauche orientation. 

H. 4 HCH; 
bce EICH)2 olin Aig GA: 

H O CH, O 

(13) (14) 
Even though conformational isomerism of vinyl ethers was first discovered from 

vibrational evidence? »??, IR spectroscopy has proven a rather fickle tool for more 
detailed structural elucidation. Trofimov and collaborators?* have ruled out a 
planar, resonance-stabilized conformation for alkoxyethenes with bulkier OR 
groups from the analysis of two bands each in the p=c, Vc=o and W=cy, region. 
They have completely neglected, however, the possibility of two planar con- 

formations (CS, 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 Z-propenyl 
ethers, IR spectra clearly indicate the presence of only one, probably gauche, 

conformer? >. 
In a recent extensive vibrational study of n-alkyi vinyl ethers in the gaseous, 

liquid and solid state?®, the enthalpy differences between major (cisoid) and minor 
conformers were determined from relative Raman intensities in good agree- 
ment with the results cited above! °°!2°3!, However, the band assignment in this 
work?® relies mainly on the — meanwhile revised!* — electron diffraction results 
(¢= 80—-110°)!2. Furthermore, a frequency decrease from 586 to 504 cm”? is 
calculated for the C=C—O bending mode between the cisoid and transoid forms 
(@ = 0°/180°); since the actual absorption comes at 526 cm™', the second con- 

former is definitely assigned the skew orientation (@~ 120°). Owen and co- 

workers?7, in a painstaking comparative analysis of E/Z-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-trans form. Ford, 

Katritzky and Topsom?® also interpret their IR data in terms of a more or less 

coplanar second conformer for the n-alkyl vinyl ethers. 
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Both !3C- and !H-NMR respond with a large upfield shift of C-2 and the B-vinyl 

protons to the increased C-2 charge density in the vinyl ethers (15), but detailed 

(cis) H Co—r 

C=C 
(trans) H > 

(15) 

analysis once more presents a rather confusing picture. In the first 'H-NMR 
investigations on vinyl ethers*?»4°, the chemical shift difference between cis and 
trans C-2 protons (15), which depends strongly on the nature of the alkoxy group, 

was taken as indicative of the relative contribution of the oxonium resonance 
structure*®. In fact, however, only the cis proton moves downfield, from 5 4.23 
(OCH;) to 4.76 p.p.m. [OC(CH)3)3], while 5y-4+¢ns remains largely unaffected 
(the same behaviour was found for vinyl amines? °*! ). Actually, the authors*® were 
interpreting the (anisotropic) shift differences® between the s-cis and s-trans form 
and not the graduation in resonance interaction: variations in m+charge density 

should affect both protons identically. We ourselves found*? that the x-OR protons 
(OCH,—, OCH3) 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! 5 (7), the two cisoid «-protons (H?»») come to lie well within 
the shielding region of the C=C anisotropy field*+?; 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 Hatada** and of Trofimov**? also report a linear correlation 
between 5(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 
alkenes*® (with the ethereal O replaced by CH,). Rojas and Crandall*® 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 [C? < OCH; ] 
(Table 4). The pronounced downfield shift of C-2 in the cis compounds is probably 

due largely to the spatial interaction [0 C?] and not to steric inhibition of 

resonance; it is practically independent of the size of both alkyl and alkoxy 
groups*®. In the propenyl amine series, on the other hand, where sterical hindrance 
indeed causes torsion of the NR» group*’, thus effectively reducing N(2p,)/C=C 
resonance, we have found large downfield shifts for C-2 between trans- and 
cis-enamine (e.g. 18 p.p.m. between £- and Z-1-diethylamino-1-propene)?. 

44 

TABLE 4. 

6(p.p.m.) 

cis trans rN.) Ref. 

CH ,—C? H=CH—OCH, C-2 100.2 96.0 4.2 46 
OCH, 58.5 $4.9 3.6 

n-C,H,—C’* H=CH—OCH, C-2 106.6 101.8 4.8 46 
OCH, 58.4 54.6 3.8 

C,H,—C* H=CH—OC, H, 4.0 41 
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Steiger and coworkers*” have calculated 1 H/!H and ! H/!3C coupling constants 
for vinyl compounds, and discussed the CNDO/2-derived values in terms of con- 
figuration and conformation about the double bond. 

The fragmentation of alkyl vinyl ethers in electron impact mass spectrometry 
(EI-MS) is triggered by H-migration*®; it proceeds by multiple H-transfer, via 
2-methyl-substituted cyclic ether cations*®»4°, the most prominent fragment being 
ionized vinyl alcohol, CH2=CH—OH]* (m/e’44)*8»5°. In ion cyclotron MS, un- 
saturated compounds undergo [2+ 2]cycloaddition with the molecular ion of 
methyl vinyl etherS!. The cycloadducts are then cleaved orthogonally to the 
original cycloaddition orientation (equation 2), with the major radical cation 16 
indicating the position of the double bond in the substrate. 

R! R? 
1 ae R'—CH=CH—R? + CHj,=CH—OCH, © ——> = 

OCH 
: (2) 

x 
R2—CH=CH—OCH, |* + ... 

(16) 

For a series of alkyl and aryl vinyl ethers, dipole moments were correlated with 

electronic and steric substituent constants>?, and also with relative basicities> > 
(determined from ¥9_y 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 uw for the different ethoxyethene conformations‘*. 

C. Summary: Conformation and Reactivity 

The evidence of the reported physical investigations, probing for the molecular 

ground state of the enol ethers, may be summed up as follows: 

For trans(£)-alkenyl ethers with primary alkoxy substituents, the cisoid 

conformation is always predominant; the second conformer of methyl vinyl 

ether — at least in the gas state — is either the s-trans form or a conformation 

with ¢ close to 180°. 
The corresponding cis(Z)-alkenyl ethers, as well as vinyl and £-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 at 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 (OR 
or NR») is challenged, and resonance stabilization may easily overcome steric 
barriers which are prohibitive in the ground state. 

In contrast to 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. For 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)2 > 
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OC, Hs; > OCH3 55. The reactivity of alkoxyethene monomers in cationic POW ners 

ization likewise follows this order, correlating with Taft’s o7- or o*-constants*®* 7. 

lil. PREPARATION 

The various synthetic routes to enol ethers have been comprehensively summarized 

in a new volume of Houben—Weyl!»?. 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® and Reppe®”®). For various substituted phenois, Zn, Cd 

H—c=c—H + RO RO CH=CH (3) 
180—200 C/20—S0 bar 

and Hg(Il) acetate and like catalysts have also been employed successfully®®. 

Substantially lower temperatures are required in the case of activated alcohols®!. 

With methyl- and f-butyl-acetylene, nucleophilic addition of aliphatic alcohols 

ROH [R=CH3...C(CH3)3] usually affords g-substituted ethenyl ethers, 

RO—C=CH,; ®?; 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)°?. By 

using NaOD/D,O in the last step, 8,8-dideuterated ethenyl ethers may be prepared. 

[RO—CH=CH—*PPh3] Br> 
NEt3 ail eee’ H20 
ROH 

[Ph,P* —CH=CH—*PPhg] 2 Br~ 

ae a RO—CH=CH, (4) 

Transvinylation (equation 5) is catalysed by Hg(iI) salts of weak acids; the 

process is reversible°*. Therefore, if the donating enol ether does not boil higher 
than the alcohol to be vinylated, or if 19 cannot be distilled off, ethyl vinyl ether 

Ha(I!) 
R'O—CH=CH2 + R2OH === R'OH + R270—CH=CH> (5) 

(19) 

has to be used in large excess, and the catalyst destroyed before work-up. Vinyl 

interchange under Pd(II) catalysis proceeds stereospecifically® >, with inversion of 

the configuration about the C=C double bond; thus, from E-propenyl] ethyl ether 
and propanol, Z-propenyl propyl ether is formed. The drawback of the method — 
acetal formation above —25°C — has been overcome with special bidentate Pd(11) 

complexes®®. If optically active alcohols are converted to vinyl ethers by Hg(II)- 
catalysed transvinylation, and then recovered by acid hydrolysis (see below), their 

optical rotation is retained unimpaired®’ — unequivocal evidence that the vinylic 
(and not the alkylic) C—O bond is broken in vinyl interchange. 

By far the most important laboratory synthesis for enol ethers is the elimination 

of alcohol from acetals? (acid-catalysed: KHSO,, p-toluenesulphonic acid, 

Ca3(POq4)2°® etc.). For high preparative yields, careful separation of the alcohol 

formed is mandatory®? since the overall sequence, SC=0 2 acetal/ketal 2 vinyl 
ether, is fully reversible, and the enol ether equilibrium concentration is only 
~50 p.p.m.7°. (For acetaldehyde and its mono- and dichloro derivative, the 
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thermodynamics of this sequence have been carefully studied by 14C- and 
3H-labelling’! .) If one or more isomeric enol ethers can be formed, thermodynamic 
equilibration of the product mixture may be achieved by traces of acid or, specifi- 

cally, with iodine7*. Acetals of acid-labile substrates can be decomposed thermally ; 

especially for steroids, a number of special modifications has been devised? (e.g. 
reaction with 2,2-dimethoxypropane, which is not supposed to proceed via trans- 

acetalization). By the method of acid-catalysed pyrolysis (~150°C/<0.1 Torr)73, 
several nitroalkyl vinyl ethers could be prepared in excellent yield7*. 

If the acet(ket)alization is carried out with orthoformates’*, the acetals/ketals, 
especially of cyclanones®’, need not be isolated; with Amberlyst-15® and ethyl 
orthoformate, the procedure can be run in one step (0°C, N» atmosphere), the enol 
ethers being formed either directly, or by work-up distillation with a trace of 

p-toluenesulphonic acid?®. The enols or enolate salts of 1,3-diketo compounds can 
be alkylated directly at one oxo function (in dipolar aprotic solvents, employing 

highly reactive alkylating agents with low Syj2 potential and hard leaving 

groups)’7. 
The Horner—Wittig reaction (equation 6) of triaryl(oxymethylidene)phosphor- 

anes (20) with carbonyl compounds provides a versatile access to variously substi- 

tuted enol ethers?7*; the yields are generally better for R=aryl than for the 

R2 

ee 1 = C=CH—OR!' + Ph,P=O (6) PhzP=CH—OR' + R2—CO—R? ——> 
3 

R 
(20) 

alkoxymethylidene derivatives. A modified procedure (equation 7)’’, 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, sterically pure E- and Z- 

isomers of the vinyl ethers may thus be conveniently prepared7?. 

O R! 1 
I va | = x 1.+R2—co—R3 

PhjP—CH + [(CH3),CH],NLi ——~> Ph,P—C re 
\ 2.H2O 

OCH, OCH, 
(7) 

(21) O R' OH R1 R2 
|| | | 2 NaH/THF aX 

bea aE iy —_—_—_—_—+ e=C 
3 

CH,—-O R? O10 5 

(22) 

Symmetrical divinyl ethers have become easily available from the reaction 

of bis(phosphonium) salts, Phs P*—CH=CH—’PPh3, alkoxides and carbonyl com- 

pounds®®. From (alkoxymethane)phosphonic esters with —M-substituents in 

the a-position (23), various enol ethers with -acyl functions can be prepared®!. 

The C!—OR element of the enol ether need not be supplied from the phosphorane 

1 OR \| vy, 
ced ior aie 

A 

A=COOR, CONH,, COR, Ph 

(23) 
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component: examples for this ‘reversal of polarity’ are the reactions of triphenyl- 

(alkylidene)phosphoranes with ethyl fluoroacetates®? or with (alkyl/arylmethoxy- 

carbene)pentacarbonyltungsten, (OC); W: CROCH3°?. 

Rearrangement of allyl alkyl ethers with alkoxides in DMSO leads, stereo- 
specifically, to the corresponding cis-propenyl ethers®*; the analogous procedure 
has been employed for the synthesis of cis-1-dialkylamino-1-propenes®*»4!. In 
carbohydrate chemistry, this reaction is utilized as the first step in cleaving off 
allylic protecting groups, followed by hydrolysis of the propenyl ethers®®®7. 

Alkoxy-substituted arenes (benzenes, naphthalenes etc.) are transformed to cyclo- 
hexenyl enol ethers (1-alkoxy-1,4-cyclohexadienes) by either Birch or electrolytic 

reduction?. 
Further special procedures include: dehydrohalogenation of halo ethers and 

acetals’ 889 ; decomposition of B-alkoxy-tosylhydrazones (NaOR, 160°C), yielding, 
via B-alkoxycarbenes, preferentially cis-enol ethers?°»?! ; reaction of methoxyallene 
with organocopper(1) compounds??; CuBr-catalysed reaction of Grignard com- 
pounds with «,8-unsaturated acetals (equation 8)°?; B-alkylation of 8-bromoviny]l 

R'MgX + R2CH=C(R°)—CH(OEt,) <> R'R2cH—CR3=CH—OEt (8) 

R'=CH3... C(CH3)3 

R2, R°=H, CH 

X=Cl, Br 

ethyl ether with RMgBr, in the presence of catalytic amounts of nickel phosphine 
complexes?*. Dehydrative decarboxylation of threo-3-hydroxycarbonic acids (24), 

which are formed with high stereoselectivity? > from dilithiated carbonic acids and 
ketones?® or aldehydes, provides another stereoselective access to enol ethers; 

reaction of 24 with tosylchloride leads, via the B-lactone, to the E-form, while 
reaction with the azodicarboxylate/Ph3P adduct leads to the Z-form? 5. 

(9) 

(24) 

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. Hydrolysis? 7»? ® 

It 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 to the hemiacetal/ 
ketal (26) which in a last, fast step decomposes to the parent carbonyl compound 
and alcohol. Addition of H2O to 25 has proven decidedly faster than retrodepro- 
tonation in all cases investigated so far??»!°°, with but one special exception! °!. 
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OR he rd 

C=C + HA pai CH—C>=OR+A Seon oO 

=T 

(slow) (25) (26) (10) 

O 
YW 

Seek + ROH 
a SS 

Even for the most reactive member, a-cyclopropylvinyl methyl ether (see Table 5), 

this mechanism still holds!°°, although the margin for the limiting condition, 
k41l[A ] <k,[H,O], 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, CH, (OR)2!°?; this definitely excludes a nucleophilic function of 

TABLE 5. Rates of H,O*-catalysed hydrolysis of various enol 

ethers in aqueous solution (25°C) 

Enol ether ku, on (Me se*) Reference 

CH, =CHOC,H, 1.87 1024 
CH, =CHOC,H,-n 2.00 1027 
CH, =CHOCH, CH(CH, ), 2:95 1024 
CH, =CHOCH(CH, ), 4.45 1024 
CH, =CHOCH, CH, Cl 0.165 1024 
CH, =CHOC,H, 2.13 + 0.01 1139 
een OCU 

CHC 1.66 + 0.02 108? 
CH, 

OCH, 

CH, =C_ (5.79 + 0.11) 10? 103? 

CH, =CHOC, H, (3.28 + 0.02)107° 1032 

a OC, H, 

CH,=C 5.98 + 0.04 1032 
CH, 

H ais: 6 (4.54 + 0.17) 10? 1032 

OCH, 
Cy (4.23 + 0.04) 10! 103° 

OC Hs 

Cr (8.00 + 0.12)10! 103° 

CHe==ce (7.49 )10° 100? 

4Determined with HCl-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 to general acid catalysis! °?°!93 for which H3PO,4 
has proven an unusually active catalyst!°*. A Brgnsted factor, a= 0.63, was deter- 

mined! 93 for the hydrolysis of cyclopentenyl and isopropenyl ethers with carb- 
oxylic acid catalysis. This can be interpreted in terms of a significant degree of 

proton transfer to the enol ether in the transition state’°?. A salt effect was not 
detected!°5. The unexpected small primary isotope effect, ky/kp = 3.3 — 3.5, for 
vinyl ether hydrolysis with HF/H,O and DF/D,0O was attributed to strong hydro- 

genic bending vibrations in the transition state?? (which are absent, of course, in 
the diatomic H/D donor). 

irae oc oy 

(27) 

All this evidence goes to 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! °©. Conse- 

quently, the individual rates of hydrolysis (see Table 5) can be correlated with the 

stabilities of the intermediate carbenium ions (25), 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!®°7.) The large rate increase upon «&-alkyl substitution 
(10?—10*) thus becomes easily understandable. The slower hydrolysis of B+ NON 

ethers C,H;—CH=C(CH3)—OR (equivalent to an increase in AG* of 
~12kJ mol!) is attributed to additional (resonance) stabilization of the ground 

state!°®; Q-alkyl substituents likewise retard the rate of hydrolysis. The higher 
reactivity of cis-l-alkenyl ethers, on the other hand, which generally are hydrolysed 
four times faster than the corresponding trans isomers!°7 — irrespective of the 
relative cis/trans ground-state stability! °° — therefore cannot be due solely to their 
lesser thermodynamic stability*®. Within the ethenyl ether series, CH,=CH—OR, 
dependence of reactivity on the nature of OR follows the inductive order! !° 
[0.05 M HCl in acetone/water (80 : 20), 25°C]: 

R CH; C,H; (CH,CH(CH;), CH(CH,), C(CH,),. CHLCH.d 

Relative rate 
of hydrolysis’ !° Vea ACN) 1.6 7.3 16.6 0.18 
The relative rates are strongly dependent on medium polarity and the acid 

catalyst! 10; 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-4111> for 29, hydrolysis proceeds via both the normal pathway (rate- limiting 
C3 protonation) and protonation at the carbonyl group! !2. 

C*H »=CH—CH=CH—OR CH3,—C—CH=C 

(28) (29) 

The reaction of vinyl ethers with protic agents other than H,0O!!4 (alcohols, 
mercaptans, acids etc.) follows the same mechanistic course as hydrolysis, with 
rate-limiting H*-transfer to the olefinic C-2!13; 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 o-constants (see for example Reference 115). 

B. Halogenation 

The addition of Cl, 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 Hal, molecule, trihalo ethers are formed 

(equation 11)'17. If carried out at —20°C in the dark, however, the reaction of 

RO. 
cCcl = 

RO—CH=CH, + Hal) —{>> = CH—CH)—Hal + 
; Hal 

30 (30) (11) 

Hal 
+Halo | 

RO—CH=CH—Hal ———> RO—CH—CH(Hal)5 

Cl,, Brz and ICl even with the more reactive aliphatic enol ethers can be held at the 
stage of the primary addition compounds (30)!!8. Direct iodination gives only 
polymers! !°. Fluorination of enol ethers has gained importance in the steroid field; 
with FClO3 in pyridine, fluorine can be introduced into steroids with excellent 
yields under mild conditions! 2°. 

The stereochemistry of the reaction with electrophilic halogen is controlled by 

several factors. Addition of Cl, to the dihydropyran 31 in pentane gives stereo- 

selectively the cis-dichloro derivative (80% 32a), while in CHCl, the stereo- 
chemistry is inverted (66% 32b)!2!; this solvent dependence has been confirmed 
repeatedly!22. (HCl addition to 33, on the other hand, is exclusively syn.) 

+ zs ce a + HCI 
pe + | ——+> 32b (12) 

77 0 Cl 0 
(31) (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! ?!. The trans reaction can be triggered 
in three different ways: (1) dissociation of the Cl , (2) attack of a protic solvent 

molecule at C-1 from the backside or (3), for acyclic substrates, rotation of the 

RO*=C! moiety about the C!—C? bond (34 > 35)! ?!; this results in trans addition 
from the collapse of the ‘anti’ Cl: +: Cl ion pair (35). 

Cla Cl 

( “cl Q-4 cl 

Oo () . Be 

(34) (35) 

| | 
cis-Dichloro product trans-Dichloro product 
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The percentage of anti addition increases in the order Cl, < Br2 <ICl and 
likewise from p-methoxy- to p-chlorophenyl enol ethers!1® (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 chlorination!?1. 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, attack than in 

protonation! 23 (see above); this must be due to iodine participation. For the 
reaction with Br,, such halonium stabilization is much less effective!?*. The 
bromination of acetone in methanol, by the way, proceeds almost exclusively via 

the enol ether present in the equilibrium, CH3—C(OH)=CH, @ (CH3),CO 2 

(CH3 )o C(OR), 2 CH3—C(OR)=CH, 125) 

With N-bromophthalimide in alcohol or carboxylic acids, cyclic and acyclic enol 

ethers are transformed into a-bromoacetals in excellent yield!?®; the reaction is 

definitely ionic and not radical. From the reaction in CCl,, the addition product of 

Br* and phthalimide can be isolated (65%)!27; N-chloro-, -bromo- and -iodo- 
succinimide have also been employed successfully! 28. With t-butyl hypochlorite in 

ROH (equation 14), trans addition predominates (85%)!2°; in benzyl alcohol or 

Cl/Br 

CJ + (CH3)3COCI/Br SCF o. \ + Br/Cl O (14) 
O 

OR OR 
carboxylic acids, and likewise with hypobromite, the percentage of anti reaction is 

even higher. Chlorination of aliphatic enol ethers and dihydropyrans with iodoso- 

benzenedichloride, Cg HsICl,, is >95% trans! 3°; 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 Cl, 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/Br, in CH3CN (equation 15)!3?; although the reaction is mainly trans 
(37, 38), 20% cis product (39) is still formed. This addition likewise works with 
AgF/I, or with N-bromo(iodo) succinimide and HF! 32. 

OAc OAc OAc OAc 

ESS Jeg ag F 6 

n a Y7, + AgF + Bro pl ical AcO Br) + AcO 4  AcO ; 

AcO AcO F  AcO AcO [= 

Br Br 

(36) (37) (38) (39) 

(15) 

If the halogenation of the enol ethers is not used solely for the specific 
introduction of an ohalogen 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 should be mentioned’ 33: bromination of EtO-CH=CH), with Br, (in Et,0 
at —30 C), followed by substitution of the a-Br with RO , and-then by dehydro- 
halogenation, yields the mixed ketene acetal. 



17. Enol ethers—structure, synthesis and reactions 779 

C. Reactions with Electrophilic O, S, N and P 

Enol ethers are fairly stable against O, and react only with stronger oxidants 
(O3, peracids etc.). The epoxides formed from peracids and enol ethers are usually 
hydrolysed immediately in the acidic reaction medium! 3*. If the epoxidation is 
carried out in alcohol (equation 16), a-hydroxyacetals can be isolated in excellent 

OH OH 

| m-CICgH4COOOH + CH30H a Led 
—oxcuo = Oo; ——— + OCH, (16) 

O 

(9:1) 

0 O 0 “OCH, 

yield, with the addition of ROH preferentially trans!*5. The procedure works equally 

well with 1-methoxycyclohexene, affording 1,1-dimethoxy-2-hydroxycyclohexane, 

and allows the facile synthesis of mixed «-hydroxyacetals if the enol ether bears an 

OR function different from that of the epoxidation medium!35. With enol esters! 3° 
and with some special enol ethers (equation 17)!37, the epoxides can be isolated. 

CaHeQ LH R20, 0°C en 
exe + CgHsCOOOH ————> CgHe—C—CICH), (17) 

Ga CH, 0 
90% 

With ground-state (*P) oxygen atoms (generated by Hg-sensitized photode- 

composition of nitrous oxide), methyl vinyl ether is transformed into the oxirane 
40 with 45% yield!3® (total yield of oxygenation products 86%, equation 18). 40 

cer [0] O 
CH,0—CH=CH, ——> CH30—< | + CH30—CHy—CHO + CH3COOCH, + CO (18) 

45% 26% 2% 13% 

(40) 

is stable in CDCl3 solution at 25°C 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% yield!3® (though not yet ona 

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! 3°; from 
enol ethers of cyclic ketones, w-formylcarboxylic acids thus become readily avail- 

able!4°, 

R2cH=cR'—OoR? ———*-> r'coor? + R2CHO (19) 
2. H2/Pd 

Anodic oxidation of 1l-alkenyl alkyl ethers!4!:!4? in methanol (equation 20) 
yields 50% 1,4-dialkoxy-1,4-dimethoxybutanes (41)'*? (acetals of 1,4-dicarb- 
onyl compounds); analogous 8,8'-dimerization of 1-alkoxycycloalkenes affords, 

after hydrolysis, 2,2'-bis(cycloalkanones) with 30—50% current yield! *?. 
Two O-functions (e.g. OCOCH3) are usually incorporated into enol ethers upon 

| ike Gop aes 
2 \c=C—OR + 2CH,OH —2°> cH,0—C—C—C—C—OCH, (20) 

/ rae oad feta al 
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oxidation with Pb(Iv)!43 or Tl(111) acetate!44, with benzoyl peroxide!4°, and 
with HO: radicals!4®. Reaction of Co(II) derivatives (cobalamines, cobaloximes) 

with vinyl ethers gives, very probably via the m-bonded complexes 42, the 

corresponding o-bonded aCo acetals (equation 21)!47. 

X—ColiI!) + CHz=CH-OR ——> H,C—=CH—OR + X~ ——2*> Co(i11]—CHy—CH(OR), 

Co(ttt) 
(21) 

(42) 

Thiols RSH add to enol ethers at lower temperatures (e.g. —20°C in SO2) to 

yield the respective mixed O,S-acetals!*®; reaction at elevated temperature with 
either azoisobutyronitrile!49»!5° or UV irradiation! 5!, on the other hand, gives 
the anti-Markownikoff adducts (1-alkoxy-2-alkylthio-) in high yield. With sulphenyl 

chlorides, both addition and substitution products are formed!5?154 
(equation 22), 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! 5*. 
cl sR? 

its 
S 

ie 

R'O—CH—CH—R2 

R'O—CH=CH—R? + R°SCl_ —— rom oon] Cle 

—HCI R'O—CH=cR2—SR? 

(22) 

The 1 : 2 adducts of SCl, with vinyl ethers (43) are stable in solution but cannot 

be isolated! 55; 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, S,Cl,, are even less stable; the 
dithianes can be isolated, though, after nucleophilic Cl/OR exchange! °® or alkaline 
hydrolysis! 57. 

, 2 R20 CacO3 
2 R'CH=CH—OR* + SClp ——* S(CHR'—CH(OR2)Cl)) ———> 

oc H>20 

(43) 

R' =H, CoHs5 RUece en! (23) 

S(CHR'CHO) + aL lb 

R20; yO _-OR2 

(44) (45) 

Thionyl chloride, too, reacts with two molecules of ethenyl ethers 
(equation 24)!58. The bis(S-alkoxy-@-chloroethyl)sulphoxides 46 can be trans- 
formed to the dienamines 47; tertiary amines give double HCl elimination, 

partially accompanied by rearrangement!>®. Only one-sided 1:1l-addition is 
observed with the higher l-alkenyl ethers. 1-Alkoxycyclohexenes react with SO, 

(equation 25), reversibly forming a 1,3-dipole (48) not stabilized by con- 

jugation!S? ; 48 can also be reached directly from the acetal in SO. [2 + 3]Cyclo- 
addition of 48 to another cyclohexenyl ether molecule, followed by ROH elimin- 

ation, yields the tricyclic 491°°. 8-Sulphonylation of vinyl ethers is also possible 
with the pyridine—SO, adduct! ©°, ; 

Nitrosyl halides smoothly add to enol ethers with the expected regiochemistry 
(ON —cP), but the (probably dimeric) «-halo-§-nitroso ethers so formed (e.g. 
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R3 

R'O, PR 4 HONG : 

2h'O=CH=CH>-4+-"s0cl, ——> et Sh aa! 
cl I ‘cI 

O 

(46) 
(24) 

x | | Ye 
N—-C=C—$—C=C—N 

R3 | R3 

(47) 

OR SOR 
Gee 

SOx 

(48) 

(25) 

Se SOS RO 
OR 

85% 
(49) 

50) are very labile1®!. 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, or work-up without a HCl scavenger, affords 
oximes!®?; thus, cyclohexenoneoximes (51) are obtained from 1-alkoxycyclo- 
hexenes (equation 26)!°?. If the nitrosation leads to tertiary nitrosyl compounds 

OR 
COOR ROH Etz0 
CN Seon eee Ls + NOCI Set ar an 

(26) 
OR 

bs OR fees 2 ano 

N= SNOH 
H | 

O 2 

(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)!°*. This reaction has been put to elegant use in makrolide 
synthesis! ©*4, Nitrosation of 53 in the presence of stoichiometric quantities of ROH 
and H,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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NO Cl 
RO | CH30H 

(CH3)2C—=CH—OCH3 + NOC! eae (CHa) C= GH OCH a8 | ieee 

(27) 
(52) 

(CH3)2C—=NOH + HC(OCH3)3 

NOH 

a —co 
(ae: 1. EtOH, H20 H20 
ne + CgHgONO - are Coa (CH), > (CH>), (28) 

~— . Seatac \—-c0-0 

NOH 

(53) (54) (55) 

Diazonium salts couple readily with aw and §-substituted vinyl ethers in the 
B-position (equation 29), but only the hydrolysed glyoxalhydrazones 56 can be 

R! R2 
| | 

R2CH=C—OR?® + ArN3 Cl~ Ar —NH—N=C—CO—R' (29) 

R', R2 =H, alkyl (56) 

isolated!®5»1&6_ The analogous reaction of a-ethoxystyrene with azo esters gives — 
apart from Diels—Alder cycloaddition — the B-hydrazino-substituted styrene! °7 
(probably via a dipolar intermediate). 

In the presence of, for example, azoisobutyronitrile, H—PO(OR),. and other 
P(i1I) derivatives are smoothly added to vinyl ethers (of course with anti- 
Markownikoff orientation)!° 8 ; phosphine itself gives mono, bis- and tris-(6-alkoxy- 
alkyl)phosphines!®?. With PCl; and tetrahalophosphoranes, 8-substitution pro- 
ducts are formed via an ionic mechanism! 7°. 

D. Reactions with Carbon Electrophiles 

While B-alkylation of enamines is a facile process with a variety of alkylating 

agents RX°-7»!71\ the nucleophilicity of the C-2 in enol ethers is not sufficient for 
uncatalysed reactions! 7. 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! 74. 

1 1 R Re ORE jm ee) 
XS | H20 y/ © Br- + “C=CH—OR? Cerone zoe WE 

on NS SS 

R2 | Br H R2 

(30) 
Alkoxonium ions, SGaOr << eaOR 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 or ketones and 
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their derivatives with enol ethers has found widespread application! 75»!7°. 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 reaction! 78 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 f-alkoxyacetals or «a,@-unsaturated aldehydes are formed 
(equation 31); at the acetal stage, addition of a second vinyl ether molecule is 
possible. 

OR2 
BF | 

R'—CH(OR?), + CHy>=CH—OR? —> R'—CH—CH,—CH(OR2), —2 > 

R!—CH=CH— CHO 

+ CHp—=CH—OR2 

(31) 

Tagen 
R'—CH—CH,—CH—CH,—CH(OR*)5 

(57) 

Hoaglin and Hirsh have proposed a carbenium ion mechanism (equation 32) for 

the overall reaction! 7%, 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 B-alkoxyacetal 60, 

or another CH,=CH—OR? to the 1: 2-adducts 57. The partitioning between 

these two pathwaysis 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 at the 1: l-addition stage (60) with at least 80% yield if a large (5:1 or 

R! R! 

—Et20 | | y 2 

CH3;—C(OR?), + Et,0- BF; ———> CH,;—C=*OR? R70BF3 
+ CHp=CHOR 

(58) 

OR? 
| +pp2 p2 = Bs CH,—C—CH,—CH=*OR? R?0BF3_ === (57) 
RI 

32 (59) (32) 

| 
CH,—C—CH,—CH(OR?)5 

OR? 

R! 

(60) 
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more) excess of acetal is used!78. 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! ®° ; with «,8-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!8! (with ZnCl, catalysis) and of carotinoids! §?. If 
1-alkoxy-1,3-dienes are used as the enol ether component, the electrophilic alkox- 

onium centre of the acetal adds exclusively at C-4! 83. Alkoxydienes and 1-substi- 
tuted enol ethers (ketone derivatives) which have a much higher polymerization 
tendency than the enol ethers of saturated aldehydes! ®°, can be coupled only with 

the more reactive (aromatic and unsaturated) acetals since the Lewis-acid catalysts, 

used in the acetal condensation, at the same time promote polymerization. 
Dioxolanes and other cyclic acetals have also been employed in enol ether 

condensations! 84; with the much less reactive thioacetals, the reaction is limited to 
phenyl vinyl and divinyl ethers!'®* which do not polymerize so easily. The 
enhanced electrophilicity of the carbenium ions generated from «-halo ethers!®® and 

Schiff bases in HOAc!®7, 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(II) salts (equation 33)!®8 must also be classified among the conden- 
sation reactions with activated acetals. 

OR OAc 
| +CHp=CHOR 

CH2=CHOR + Hg(OAc), === = AcOHgCH,CHOAc pres ts AcOHgCHsCHCH5CH(OR)> 
3 

(61) 
+CH 9=CHOR 

(33) 

61 + CH,=CHCH,CH(OR), 

Hoaglin and Hirsh also report the BF3-catalysed direct condensation of aliphatic 
aldehydes with enol ethers!®? leading, via 1,3-dioxanes, to «,8-unsaturated alde- 
hydes (equation 34). Their findings have been confirmed by a Japanese group! 2°; 

OEt 
R! R! 

Et20-BF O + 
R'1CH=CHOEt + 2R2CHO —~—> ee RI cnaecho (34) 

R2 Oo R2 

(62) 

if the catalyst is neutralized before hydrolysis, the dioxanes 62 can be isolated and 

cleaved independently. These authors!?° have also extended the vinyl ether con- 

densation to acetone and to methyl ethyl ketone. The rather poor yields are due to 

the lesser carbonyl activity of the ketones and the concomitant increase in side- 
reactions; among these, trans-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 
1:1-products are unsatisfactory (20—50%)! 92. 
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Excellent yields are reported for cross aldol condensation via enol ethers with 
titanium catalysts (equation 35)! 93; essential for the success of the reaction is that 
both components are present in equimolar quantities, and that TiCl, and Ti(OR)q 
are applied together. 

i. 

2. ROOH H>5O 
: (CH) ,CHOCHR'CHR?—COR” “ 

oOR* 
1. TiCl4/TiI[OCH(CH4)>] 

2'CHO + R2cH=cR?0R4 ss =o (35) 
CH9Clo,—78°C 4 

R“ O 

Lat 
R'CH=C—CR? 

2. H2O0/NaHCO3 

The formylation of enol ethers with orthoformates! 7°!94 (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!?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! ?°>!97 (equation 37). 

R2 

: | 
HC(OR"), + R2R3c=cHOR' —* > (R'0},CH—C—CH(OR"), (36) 

R3 

Cl COS" 
| (ieee 

R'CH=CHOR*? + [H—C=*N(CH3)9] CI” ——> [(CH3)2NCH—CH—CH=*OR?] CI- 

(63) Des 
H20/OH (37) 

(CH3)2NCH=CR'CHO 

The decreasing reactivity of the higher ortho esters bars enol ether acylation 
beyond the orthoacetate stage, and has not been used much even there!?8. 
Tetramethoxymethane (methyl orthocarbonate), on the other hand, can be added 

smoothly to vinyl ethers under SnCly catalysis! °?. 
The acylation 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)?°°. Electronegative substituents likewise raise the carbonyl activity 

OAc 

CH3CO 
Ac20/BF3 

- = (38) 
20C,5 min 

J EtO 

EtO = 

H ~70% 

of the acyl component; with trifluoro(chloro)acetic anhydride, or the mixed 

trihaloacetic acetic anhydrides, vinyl ethers are B-trihaloacyl-substituted in quanti- 
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tative yield?°!. Effenberger and Maier have demonstrated strikingly how the course 
of the reaction depends on the electrophilic potential of the acyl function?®?: 
while acetyl chloride does not react at all with ethyl vinyl ether, and chloroacetyl 
chloride causes polymerization, dichloroacetyl chloride gives the addition, 

trichloroacetyl chloride the substitution product (equation 39). 

O O 
OEt \| ZL ClyCHCoc! Ci3CCOc! \| 

ClyCHCCH,CH CH>==CHOEt ClzCCCH=CHOEt (39) 
Cl 

° 
0°C, 48h O°C, 48h 

Oxalyl chloride, with similarly enhanced electrophilicity, readily adds two moles 
of enol ether at room temperature?°?; the resulting double «-halo ethers can be 

dehydrohalogenated facilely with tertiary amines. In the case of 3,4-dihydro- 

2H-pyran, the addition of (COCI)2 is exclusively cis?°*. Substitution of vinyl 
ethers with phosgene at O°C yields ®-alkoxyacryl chlorides (equation 40)?° 

=HCI 

ROCH=CH, + COCI, ——» ROCH=CHCOCI (40) 

which represent valuable reagents in heterocyclic syntheses? °° ; 8B-CO—NCO substi- 
tution is found in the reaction of vinyl ethers with isocyanatocarbonyl chloride?°® 7. 
B-Carboxamidation of enol ethers with isocyanates?°®, 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)?°°; if mixed tetrahalo- 
methanes are used, the halogen which is easiest cleaved off radically (Br-) is found 
in the «position of the halo ether 647!°. These primary adducts (64) are thermally 

R' Hal R" Hal 
—HHal 
SS 

rad. | 
R'CH=CHOR? + CHal, ——> HalzCCHCHOR? HalpC=C—CHOR? (41) 

(64) 

extremely labile, and give off HHal on distillation?°®. From the reaction of glycol 
divinyl ethers with CClq and azoisobutyronitrile, up to 50% bis(trichloroallyl) 
ethers, (—CH,;OCHCICH=CCl, ),, could be isolated?1!. The reaction has been 
utilized for the introduction of a CH3 group into the 6-position of steroids? !2 
(equation 42). Tetranitromethane has likewise been added radically to enol ethers, 
forming isoxazolidines? 12. 

+ CHal, ——> isle 
O 

RO CHal. 

eeu 
(42) 

CHalo 
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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 + 2] cycloadditions (for definitions, see Reference 
213), that asymmetry in the m-electron system is of paramount importance since 
the principle of orbital symmetry conservation? !4 forbids a concerted course, with 
parallel approach of the two m-systems, for this reaction? !4>?!5_ (The orthogonal 
(2s + 2g) mode*!®-?!7, which allows synchronous bond closure, is definitely 
operative only with ketenes?! 7, and perhaps with heterocumulenes.) Consequently, 

[2 + 2] cycloadditions with alkenes proceed via (singlet) biradicalic intermediates? ! 8 

while the highly polarized m-system of enamines tends towards a polar, two-step 

mechanism? !9»2?° | with a concomitant shift in the product spectrum from addition 
to 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 to individual mechanistic problems. Enol ethers have 
thus become favourite subjects for studying the mechanism of [2 + 2] cyclo- 

addition; in particular, the query ‘concerted or not concerted’ has instigated some 
highly sophisticated work. 

A. [2+ 2] Cycloadditions with Tetracyanoethylene 

The cycloaddition reaction of enol ethers with tetracyanoethylene (TCNE) can 

now be considered as definitely cleared up in almost every mechanistic 

detail?2!»222. Even though reaction mechanisms are more or less based on circum- 
stantial evidence, ‘the network of mechanistic criteria and experimental 

findings’?! 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 temperature??? (TCNE is 
characterized by a highly electron-deficient C=C bond with low-lying MOs). The 
reaction of either E- or Z-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 (1H-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 

to ring-closure by better solvation and reduced Coulomb attraction. But even in 

acetonitrile, ring-closure is still five times faster than this rotation for both cis- and 

trans-66224. In contrast, rotation is much faster than cyclobutane formation for 

the biradical from tetrafluoroethene and (Z)-2-butene??°; the [2 + 2] cyclo- 

addition of benzyne to (£)- and (Z)-1-propenyl ethyl ether, supposedly proceeding 

via a biradical, likewise shows substantial nonstereospecific portions**®. The ad- 

dition of fumaro- and maleo-nitrile to tetramethoxyethene, on the other hand, 

though very probably still proceeding via zwitterionic intermediates, gives sterically 
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cis/Z trans /E 

H H H OEt 
SS WA Ne / 

Olefins (65) Pome ran 

Et OEt Et H 

H *OEt 

H Ra 
BX 2S oe, \o/ ay 

Zwitterion (66) Etr <——— EL 

(CN)oC (CN)5C 

C(CN)5 C~(CN)2 

EtOEt Et H 

Lal lene 
Cyclobutanes (67) lel: ped aot 

(CN)>5 (CN) (CN)> (CN) 

SCHEME 3. 

pure E- and Z-dicyanocyclobutanes, respectively” 7. Thus, TCNE/enol ether cyclo- 
additions appear to rank at the lower end of the stereoselectivity scale among 

[2 + 2] 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 to contribute significantly to the height of the rotational 
barrier around the C-1/C-2 bond??1>228, 

If TCNE is reacted in CH3CN 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% Z > E-isomerized? 2+. For this, the simplest mechanism is formation 
of Z-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 redissociation2?!. 
But the mechanistic picture is still more complex. If a CHCl; solution of the 

TABLE 6. % Cyclobutane (67) with inverted 
configuration (see text), starting from (Z)- 

and (£)-1-butenyl ethyl ether 

Solvent (Z) (E) 

Benzene 2 2 

CH, Cl, 7 3 
Ethyl acetate 10 5 
Acetonitrile 18 16 
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TCNE/«-methoxystyrene cycloadduct is heated to 50°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 1l-methoxy-l-phenyl- to the 1-ethoxy-2,2,3,3-tetracyanocyclobutane. (In a 
similar situation, we have found 230% cycloreversion for ketene acetal/isocyanate 

cycloadducts at 65°C; in this case, both constituents are easily identified by 

1H-NMR2?°.) 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 solution? ?*. 

The zwitterion thus turns out to be the pivot around which the whole cyclo- 

addition scene revolves??!, yet so far its intermediacy has been inferred from 
kinetic and mechanistic evidence only. If the cycloadduct from TCNE and ethyl 
vinyl ether (69) is incubated with CH3;C=N, (CH3),C=O, or CgHs CH=NCH3, 
though, the 1,4-dipole of the zwitterion 68 is intercepted, and 69 converted 
quantitatively into six-membered ring-products (equation 43)?3°. Since addition of 
these dipolarophiles to 68 is rather slow, only 4—6% of 70 can be isolated directly 

from the cycloaddition in acetonitrile or acetone. 
+ 

CH=OEt 

H2C OEt 
Ch — Cie OF tami Ee | == 

(CN)C (CN)24—~(CN)5 
C7(CN), 

(68) (69) 

+CH3CN (e.9.) (43) 

OEt 

N 
| 

(CN)o 

(CN), 
CH3 

(70) 

Interception with ROH at 0°C is much more effective; 60—90%, depending on 

R, of the acetals 71 are formed under kinetic control??! (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 (71la/b) for the reactions in Scheme 4 

manifests 
ROH 71a/b 

OEt OEt 
(E)-CH3CH=CHOMe + EtOH 94:6 oy | LH [UH 

Seas Naf (Z)-CH;CH=CHOEt + MeOH 97:3 pe cogoue coms OMe 
TCNE + os H7 | CHy | 

(E)-CHzCH=CHOEt + MeOH 6:94 (CN)2C (CN)2c 
HC(CN)» HC(CN)5 

(Z)-CH;CH=CHOMe + EtOH 5: 95 
(71a) (71b) 

SCHEME 4. 
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In the gauche or cis conformation of the zwitterion, tacitly assumed in 

Scheme 3, the (CN).C |~ group offers ‘built-in solvation’??? from the inner side to 

the carboxonium pole; in fact, 66 represents an intramolecular ion pair with sub- 

stantial charge transfer. Nucleophilic 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 (S)-2-butanol, and 

demonstrated by X-ray analysis to have RRS-structure (72)?33, that is, indeed 
the result of outside attack of ROH. 

Meal s 

Et” No 
rl 

Ay RY — 

Me™ | 
(CN) oC 

OMe 

HC(CN)» 

(72) 

The rate of TCNE/enol ether cycloaddition strongly depends on the polarity of 

the reaction medium??°; the immense acceleration, ~10* from cyclohexane to 

acetonitrile, is unique among cycloadditions. A plot of log k vs. Ey for the reaction 
of four different enol ethers in ten solvents displays very good linearity over 

practically the whole polarity range?34»?35. Since TCNE cycloadditions, for 
example equation (44), are accompanied by a considerable increase in substrate 

Me>-—7— OE t 
Me,C=CHOEt + TCNE ——> (44) 

(CN), (cn), 

w(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 pathway??!. The large negative value for the volume of 
activation AVE (—36 ml/mol, constant for a series of enol ethers)?*5 and the 
solvent dependence of AV* 23© 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) equilibrium??5; it is not traversed in the course of 
the cycloaddition as usually formulated?37. 

Acrylo- and fumaro-nitrile do not react with enol ethers, owing to insufficient 

Stabilization of the zwitterion by only one CN group. Between 1,1-di-, tri- and 
tetra-cyanoethene, on the other hand, no great difference in cycloaddition react- 
ivity is found??® (Table 7); in fact, TCNE reacts slowest. In Diels—Alder cyclo- 
additions, these cyanoethenes exhibit a gradation of 107—10? in relative react- 
ivity??° (Table 7); the comparison once again demonstrates the fundamental dis- 

parity between these established concerted processes and the [2 + 2] cycloaddition 
of TCNE. 

As expected for the zwitterionic mechanism, the TCNE cycloaddition rate is 

enhanced tremendously by a second asubstituent in the vinyl ether (R, Ar, OR); 
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TABLE 7. Relative rates for [2 + 2] cycloadditions of polycyanoethenes? * °°? ° 

[2+ 2] (benzene, 25°C) Diels— Alder (dioxane, 20°C) 

Isobutenyl methyl ether Cyclopentadiene Dimethyl- 

anthracene 
ee ee ee 

Acrylonitrile 0 0.52 0.45 

Fumaronitrile 0 4.1 x 10' 7.0 x 10! 
1, 1-Dicyanoethene 16.0 D3 OF 6.4 x 10% 
Tricyanoethene 122 2.4 x 10° 3.0 x 10° 
Tetracyanoethene 1.02 Ase! 6.5 x 10° 
SS 

2%, =3.97x 10°°M"' s7'; this value has to be divided by a statistical factor of 2 for 
the relative rate. 

TABLE 8. Experimental rate constants k, [10°*M~' s~'] for TCNE cycloaddition 
to enol ethers (in ethyl acetate, 25°C)?*° 

R CH, =CHOR (Z)-C,H, CH=CHOR (£)-C,H,CH=CHOR 

C,H, 0.0043 - - 
CH, - SES) 4.2 
CHE 18 15 7) 
n-C,H, 20 — - 
CH(CH; ), oa 28 SY 
CAC 112 - = 
C(CHE): 255 80 140 

a-methoxystyrene, for instance, reacts 10° times faster than 8-methoxystyrene?*°. 
in contrast, the acceleration by B-substituents is moderate, ~50-fold for CH3, but 

rapidly dropping again with increasing bulkiness (Table 8)**°. Between (Z)- and 
(£)-1-alkenyl ethers, there is but little difference in TCNE cycloaddition reactivity 
(Table 8) — in striking contrast to ketene cycloadditions? !®»?4! (see below). The 
higher relative reactivity of the (Z)-1-butenyl methyl and ethyl ethers is due to the 
additional ground-state stabilization of the corresponding &-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 (alkoxycarb- 

onyl)-ethenes?*?. Furthermore, since the zwitterion is structurally analogous to the 
species produced in the initial step of the 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 @-substi- 
tuents (e.g (CH3 )3 G0 (CH3 )2 CHOF C, H;—O Gator i-alkyl)?* 3,244 : 

B. Other [,2 + ,2] Cycloadditions 

The addition of diphenylketene to enol ethers (discovered as early as in 1920745) 
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)*!°, can be considered as safely estab- 
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O IAL IR 

(74) (E)-(75) 

lished?!©>217;246 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 ketenophile? 17. 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 ether?! 7; bis(trifluoromethyl)ketene adds to enol 
ethers with the C=O?*7, bis(trifluoromethyl)ketene imines with the C=N double 
bond? **. 

The PMO treatment?!” predicts that successive replacement of the $-hydrogens 
in ethyl vinyl ether should accelerate the ketene addition (by raising the enol ether 

HOMO energy). (Z)-1-Propenyl ethyl ether indeed reacts slightly faster (Table 9), 
addition to the E-isomer, however, is retarded almost 100-fold?*!. This rate 
enhancement of ~10? for cis- over the respective trans-olefins appears to be a 
unique feature of ketene (,2, + 72,) cycloadditions?!°»?49»?5°, and must be due 
to the extremely stringent steric requirements for the antarafacial approach. 

Huisgen and Mayr?*! have advanced cogent arguments for diverse ketene orient- 
ation in the transition states of Z- and E-enol ether addition (since cyclobutane 

bonding cannot be far progressed in the transition state?4!1, the orientation com- 
plexes 73 and 74 represent appropriate models). The different steric interaction in 

TABLE 9. Cycloaddition rate constants k, (10°* M7’ s~') of diphenylketene to E/Z-isomeric 

j-alkenyl ethers 

(Z)/(E}-C,H,OCH=CHR' (in benzonitrile, 40°C)?*! 

me R'=H CH, Cou. (CH,),CH. .C(CH.). 

Keis_ > (ZP(75) {45} 109 128 117 Pe 
K trans > (E)-(75) 1.29 1.20 0.742 0.054 

Kcis!/k trans - 84 107 158 ~70 

(Z)/(E)-R? OCH=CHR! (in CCl, ,23°C)?*° 

keis/k trans RoC. = 120 115 = 8 x 
Rep Che — 160 150 = . 

—_—_—_—_—_—_—_—_—_—_— 
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73 and 74 is self-evident. Increasing the bulkiness of the B-vinyl substituent from 
methyl to isopropyl (Table 9) leaves both the cis and trans rate and the kejs/Ktrans 

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 9), but once more the cis/trans 
ratio is hardly affected. 

Detailed mechanistic and kinetic investigations have also been reported for 

dimethylketene”*° and other ketene derivatives. With unsymmetrical ketenes, the 
large substituent is turned to the outside in the orientation complex?5!, 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 B- and Z-enol ethers to heterocumulenes (e.g. isocyanates) 

likewise proceeds with very high stereoselectivity even in polar solvents such as 

CH3 CN*?>249 (Scheme 5). For the two azetidinones, (Z)-76 and (£)-76, obtained 
from tosyl isocyanate and cis- and trans-enol ethers, respectively, stereoselectivity 

can be assessed at 295% since the isomers are easily differentiated by 1!H-NMR‘4?>252. 
Unlike the cyclobutanones 75, the NCO adducts are thermally unstable: in 

solution, the sterically pure azetidinones are converted to an equilibrium £/Z 

mixture (60—75% F£) 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 (,,2, + 2s) 
mechanism was advanced also for the -N=C=O addition?*°. 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 kejs/Ktyans ratios for the tosyl 

R7Q. pee R70. yr 
Tos—N=C=O + via Bee + Tos—N—C—O 

H H H R! 

UA eae mation) 
R2OAt 2 

R20 R! HM, a “I, RI R 

207+ 8 TNA 
‘ait le te Roose Cin H ein orale 

N C C N 

Toe” O n~ “6 n“20 Tess O 

Toe ae 

(Z)-(76) (Z)-(77) (E)-(77) (E)-(76) 

R20—CH=CR'—CO—NH—Tos 

(78) 

SCHEME 5. 
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isocyanate cycloaddition (5—10 in CCl4 and 3—4 in CD3CN) likewise argue 

against the orthogonal m—7 approach (see above). 

Reaction of reactive N-acyl (CCl; CO) isocyanates with enol ethers affords both 

[2 + 2]- and [2 + 4]-cycloaddition?**; both products are unstable and isomerize to 
the respective B-substitution products. With N-thioaroyl isocyanates, only [2 + 4] 

products are found?5*. 
The efficiency of electron-rich olefins, e.g. vinyl ethers, in quenching singlet and 

triplet n,xr* ketone fluorescence and/or phosphorescence correlates well with 

TCNE charge-transfer data and gas-phase ionization potentials?°>5. Quenching 
involves an exciplex which partitions either to generate ground states, or to yield 

biradicals and thence oxetanes?>>. The [2 + 2] photocyloaddition of enol ethers to 
2-cyclohexenone, which affords 7-alkoxybicyclo[4.2.0]-2-octanones in good yield , 

is likewise formulated via a m-complex with the excited ketone?>©. The same 
regiochemistry is observed for the photoaddition of t-butyl vinyl ether to 1,3- 
dimethyluracil?*57. Irradiation of adamantanethione in the presence of enol ethers 
yields alkoxyspirothietanes (equation 47)?*8, but in extremely low quantum yield. 
From the n,rx* triplet, only 79 is obtained, with the C=C stereochemistry 
scrambled as becomes a biradical; with the 1,n*-excited thione (singlet), on the 
other hand, both 79 and 80 are formed. Addition in this case is no longer regio-, yet 

: | : : OR hv 

+ \c=C—or — 4 (47) 
gh 

OR 

(79) (80) 

Excitation: 500 nm (n, x” ) 100% 0% 

254 nm (x, 7") 67% 33% 

fully stereo-specific?**®. In photoaddition to benzene, ethyl vinyl ether gives 

the largest amount of [2+2]addition of all olefins; in polar solvents, the 

[2+ 2]/[2 +4] ratio is even higher?>?. 

C. [1+ 2] 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 cis?®°, 
i.e. in a more or less concerted fashion?®!. Dihalocarbenes (which have found the 
widest preparative application) as electrophilic agents add faster to enol ethers than 

to alkenes*®?; within the CH,2=CHOR series [R = CH3 ... C(CH3)3], relative 
reactivity towards CCl, follows the well-known inductive order as in hydrolysis, 
polymerization etc.?®*. The bicyclic products formed from cyclic enol ethers can 
undergo thermal cyclopropane ring cleavage (equation 48 and 49); in the dihydro- 
furan adduct 81 this rearrangement is an extremely facile process?®*, in 82 it 
requires 140°C26S. 

Dichlorocarbene addition to enol ethers of cyclic ketones with subsequent ring 

| Ci3C+-COOR Cl > 60°C SS a 

[ KOC(CH3)3 [ Je es (48) 
O O Omencl 

(81) 
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Cl 140°C ae Cl 

Cl HC) ' (49) 

O O 
(82) 

enlargement has been utilized for an elegant muscone synthesis (equation 50) 7° 
and also for the preparation of steroids with a tropone structure of the A-ring?® 7. 

cl 
RO A? RO 

>= 0 CH3 
1. CH3Li in THF/HMPT x Ho 

2. H90/H+ eG ——  D,L-muscone 

(CH2);, (CHo)h (CH), eo} 

=O 1 

1,1-Dibromo-2-alkoxycyclopropanes, formed in 50% yield by CBrzaddition to 
vinyl ethers, offer a convenient access to alkoxyallenes or, alternatively, to prop- 
argyl aldehyde acetals (equation 51)?°8. Chlorocarbene likewise adds to vinyl 

CH3Li OR EtOH/EtONa 
CH,=C=CHOR <——— SS = CCH he, HC=\CCH(OEt), (51) 

ethers in fair yield; the alkoxychlorocyclopropanes obtained are predominantly cis 

(cis/trans 20: 1)?©°. Cis-Disubstituted cyclopropanes are formed preferentially, 

too, with alkoxycarbene while phenoxycarbene gives the trans-diethers? 79°27! 
Cyclopropane formation from simple vinyl ethers in moderate to good yields has 
been reported also for difluoro-?7?, fluorobromo-?73 and phenylthio- 
carbene? 74>275_. The addition of cyclohexylidene carbene to t-butyl vinyl] ether, 
yielding cyclohexylidenecyclopropane? 7°, is noteworthy, too. 

D. 1,3-Dipolar [2 + 3] Cycloadditions 

Among 1,3-dipolar cycloadditions?77 to enol ethers, both mechanistic? 7® and 
preparative studies have been focused on the reaction with aryl, acyl and sulphonyl 

azides (less activated azides do not react, and some less reactive enol ethers are inert 

even towards p-nitrophenyl azide?7°). The overall reaction (Scheme 6) offers an 
extreme width in its product spectrum, depending on the number and nature of the 

substituents in both reactants? 78»78°. 
The primary 1,3-addition of the azide has been demonstrated to proceed 

stereospecifically cis*®!; the terminal azido nitrogen always attacks the m-bond at 
the electron-rich B-position, while the more nucleophilic N-1 bonds to C-l, in the 

a-position to OR. The addition rate is strongly accelerated with increasing solvent 

polarity?®? and is, for instance, 5 x 10* times faster with picryl than with phenyl 
azide? ®3; however, a concerted reaction mechanism, though with partial charges in 

the transition state at N-1 (8) and C-5 (8*) of the incipient triazoline structure 

(85)282, is now generally accepted?7® (but not by Firestone, see below). The 
triazolines from p-nitrophenyl azide and §,8-unsubstituted vinyl ethers (83) (R? = 
R* =H) lose alcohol R!OH at 130—150°C to form triazoles (86), e.g. 1-nitro- 
phenyltriazole from butyl vinyl ether (Scheme 6)?7°. The triazolines from vinyl 
ethers and phosphoryl azides (84, R° = R2P(=O)—), on the other hand, undergo 
thermal 1,3-dipolar cycloreversion to diazo compounds?’* (more generally 
observed with enamine/azide cycloadducts?®5). The triazolines from 1-alkenyl and 
isobutenyl ethers and p-nitrophenyl azide are much more labile? 80 owing probably 
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RS R2 

SK + R° N=N=N> 

Ro or! 

(83) (84) 

NZ Nyro? —R1oOH n7syeR? 
\ CH,>=N, + R°N=cR20R' ~«——— p3_\_¢_p2 —-————> Ho=d 

aoe eeell Bae \o2 
R4 OR! R 

(85) (86) 

+ NID 

hays ar NR® 
z Oy a R?—C—C—R2 ——— _ R®R‘*CHC 

| R2=H,~H Sey 
R4 or! On 

(87) (88) 

RRR =H |- 

R® 

BA 
IN 

Hi ¢—CHOR' 

(89) 

| + CH>=CHOR* 

oR' oe QR 
| —2r'oH —— 

(—CH,CHNR°—), and/or R°—N N—R®° and/or R°—N ———+ Ro— B: 

R'O oR! 

SCHEME 6. 

to better stabilization of the incipient carbenium centre in 85; the Nz expulsion 

is accompanied by a 1,2-hydrogen shift, with formation of imino ethers (88). 

Since both cycloaddition to Z-alkenyl ethers and N—N bond scission in the 

respective cis-triazolines are much faster than for the coysresponding trans 

compounds?®!, only trans-4-alkyl-S-alkoxytriazolines (85) (R? = R* =H) are 
obtained besides imino ethers from E£/Z mixtures of 1l-propenyl and 1-butenyl 

ethers?®°; with tosyl azide?®° or trichloroacetyl azide?®® (where the negative 
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charge in 87 is especially well stabilized), only imino ethers (88) are isolated (some 

in quantitative yield?®°), Tosyl azide reaction with unsubstituted vinyl ethers 

usually produces only polymeric oily material; under special conditions, however, 

either piperazines or pyrrols can be obtained, some in very good yields?® 7. Whether 
nucleophilic attack of the second enol ether molecule — with either subsequent 

ring-closure to a 2,5-dialkoxytetrahydropyrrol or further CH,=CHOR! addition, 
followed by polymerization —is to the zwitterion 87 or to 89, cannot be 

decided?®°. However, acetolysis?7? and alcoholysis*®® of the triazolines 85, in 
which the R°NH group ends up at the $-carbon of the former enol ether, must 

by necessity proceed via intermediate aziridine structures. 

Thermal decomposition of the WN-aryltriazolines from cyclic enol ethers 

(equation 52)?7° or direct cycloaddition with tosyl azides?79»?®9 affords the 

N Z 
ge WN pau iG ay * I ale (52) 

O , Oo” SN—R N~ No 

R (90) L 

WHIT 

iminolactones 90 which can then undergo Chapman rearrangement?®?. If no 
a-hydrogen is present and ROH elimination not feasible, as in the derivatives of 

alkoxycycloalkenes (equation 53), imino ether formation occurs via Wagner— 
Meerwein rearrangement? ?°. 

2 1 ort; OR 

=—N - i 
\ aEae 

WN | = (CHo)p Sn—R? (53) 

As Huisgen has repeatedly emphasized?7°, 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 elimination??! 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% 9379*. The slightly reduced 
polarity of the phenoxyalkene apparently suffices to overturn the usual addition 

direction. 

(CH), I + R2N, |(CH5), 

OR 
N N 

Tale eye 

e DOR 
(91a) (91b) 

(CF3)>C—N=C*C(CH3), + CHy=CH—OR ——> ({CF3)2o ) 
HC—CH, 
/ 

RO 

(92) (93) 

R = C4Hg, CH,CH(CH3)9, Ces 

For the addition of diazomethane to vinyl ethers, formation of 4-alkoxy- 

pyrazolines (94a) has been reported?7°+?°°, i.e. addition of the CH2N>. 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 beginning?®*) reports, how- 
ever, the formation of 3-ethoxypyrazoline (94b) from a 38-day reaction of CH2N2 

with ethyl vinyl ether in the dark?95 (the combined !'H/!3C-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 Fukui??®, and argues that the direction of 1,3-dipolar 
cycloaddition is governed by HOMO(1,3-dipole)/LUMO(dipolarophile) inter- 

action??7»298: for the CH,N,/enol ether reaction, addition is predicted between 
the terminal N atom of CH, N, and the C-2 of the vinyl ether, as in 94a. 

N Nw 

et Nagas 
HC—CH H,C—CH 
ip : oe 

RO OR 

(94a) (94b) 

Further heterocyclic syntheses via enol ethers include 1,3-cycloadditions of 

nitrile oxides, generated in situ??? and of phenylsydnone?°°. 

E. [2+ 4] Cycloadditions 

Normal Diels—Alder reactions, with electron-deficient dienophiles , are of 

course facilitated by alkoxy groups in the diene? °? ; however, as a rule the entropic 
term contributes more than half to the free activation energy, so that steric effects 

frequently override the electronic influence?°> as is often found for truly concerted 
processes. 1-Alkoxy-1 ,3-cyclohexadienes, readily accessible by Birch reduction of 

alkoxyarenes and subsequent KNH, rearrangement?, add twice to p-benzo- 

quinone?°*, For Diels—Alder additions with inverse electron demand?°! +395, enol 
ethers (like enamines) are ideally suited substrates; they smoothly react with 

cyclones, hexachloropentadiene and 1,2,4,5-tetrazines? 9°39 9. 
Desimoni and coworkers?!° have extensively studied the mechanism and stereo- 

chemistry of the [2 + 4] cycloaddition of vinyl ethers with «,8-unsaturated carbonyl 

compounds, namely with 4-benzal-5-pyrazolones (equation 55). The reaction is first 
order in each reactant, stereospecific with respect to the enol ether double bond, as 

demonstrated for the addition of (Z/E)-1-propenyl propyl ether to 4-benzal-1,3- 
diphenyl-5-pyrazolones?!!, and the resulting dihydropyran is formed preferentially 
with the 4-aryl and 6-alkoxy substituents cis to each other (96a)3!2. The under- 
lying additional stabilization of the endo transition state (here via RO @ C=O 

interaction) is analogous to that found for the regular Diels-Alder reaction?°!. 
Thus, all kinetic and stereochemical evidence indicates a concerted mechanism?! °, 
with the rate of addition controlled solely by HOMO(vinyl ether)/LUMO- 

(benzalpyrazolone) interaction?®7. Variation of the p-benzal substituent in the 
diene component (95) from NO, to N(CH3)z leads to a decrease in rate by a factor 

of ~10? while the cis/trans ratio remains practically unaffected; for both Keis and 
Krrans perfect Hammett plots vs. 0, are obtained?!°. 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 magnitude?!°. It would be interesting now to test the kinetics of 
the benzalpyrazolone cycloaddition to various (Z/E)-1-alkenyl ethers. 

301 
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x x x 

CH, 
Rs + Hl — + (55) 

ese Rayan { : | f : | N~ No PN 0, NOR. 9 N* 0." “OR 

th : Ph 
(95) (96a) (96b) 

R = CH(CH3)> a/b» 2.25—2.97 for X =NO2 ——* N(CH3)> 
For the addition to 3,4-dihydro-2H-pyran, some trans addition to the pyran 

double bond is found; a small fraction of the reaction thus must proceed via a 

zwitterionic intermediate?!3. The cycloadditions of 2-alkylidenecycloalkanones 

with enol ethers require 170°C and show definite acid catalysis?!4; 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 bases?! 5 
likewise argues a polar mechanism. a 

Diels—Alder additions of electron-rich olefins C=C—X to electron-rich dienes 
(with a +M-substituent, —X, in the 1- or 2-position) are virtually unknown. In one 
example, the reaction of the diene 97 (with OCH; in a vinylogous 2-position) and 

ethyl vinyl ether (equation 56), two cycloadducts are formed with moderate 

MeO. MeO. Zo CH, eer MeO 

—_—— + Il — + 
S~ CH 2d 

SS OEt 

(97) 40% 

MeO. BOE 

60% 

regioselectivity? !° ; 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 «-chloro- 

aldonitrones and AgBF,, with cyclic enol ethers of varying ring-size offers a further 

convenient route to medium-ring lactones*?!7. In the presence of Lewis acids, 
1,5-dipolar addition of 1,3-oxazolidines to cyclic enol ethers leads to 1,4-oxaze- 

pines in good yield?!8. 

Vi. METALATION 

Both a- and B-vinylic hydrogen atoms in enol ethers can be substituted with 

pentylsodium?!%. The «-sodium derivative can be trapped with CO, ;8-metalation, 

on the other hand, results in immediate cleavage into alcohol and acetylene, as in 

equation (57)?! °. 



800 Peter Fischer 

ees ee ee NaOCH,CH»CH2C=CH (57) a ——> NaOCH,C = i CH, CH>Nat a PARA aes 
O 

The first successful metalation with LiR was reported in 19723?°. 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 at 
the stage of the lithio derivative (98), rather special reaction conditions are needed. 
With ft-BuLi in tetramethylethanediamine (TMEDA) at —30°C??°, or in THF at 
—65°C32!) 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°C3?!. 

, OEt 
t-BuLi YA 

Ch —Cil] OE aaa Choo (58) 
TMEDA/—30°C Nui 

(98a) 

(CH»=C—oR] ——> [CH;—C=0] 

The usual enol ether polarity is inverted in 98, electrophilic substitution now 

being directed to C-1 (‘Umpolung’); at the same time, l-alkoxyvinyllithium repre- 

sents a masked acetyl anion, i.e. a synthon which allows nucleophilic acetylation. It 

readily adds to aldehyde and ketone C=O functions (equation 59), even in the 

sterically demanding case of 17-ketosteroids??!, and causes no enolization in the 
carbonyl substrate. If the addition reaction is quenched with NH,4Cl at 0°C, the 

enol ether (99) is recovered and can be further modified electrophilically at C-2; 

work-up with H,O/H®* directly gives the a-hydroxylacyl product (100). Reaction 
of A Us ethyl carboxylates results in double CH,=C—OCH3 substitution 

(101) i 

OCH, 
t-BuLi RU GC O As 

Gaby SGnCCre === (Gnhy=AC Gn Et —— RCC Sls 
THF/—65°C 2. NHqC1/0°C | 

OH 

(98b) (99) 

1. + RSCOOEt 
Hz0/H+ (59) 

2. + NH4Cl 

D. 
me OH i 

ear oat R'—C—cocH, 

| em es 

(101) (100) 

a-Lithiation of cyclic enol ethers (dihydro-furans, -pyrans) likewise requires 
t-BuLi (n- or s-BuLi are not sufficient)3??; the solvent THF is best kept at the 
minimum of 0.5—0.75 equivalents which are necessary for LiR dissociation. (Z)- 
1,2-Dimethoxyethene, in contrast, is smoothly monolithiated with n-BuLi (0°C in 
THF/TMEDA) and added to various carbonyl compounds, e.g. 17-ketosteroids323. 
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With specially prepared Cu(1) salts, 98a can be transformed into bis(a-methox ,- 
ethenyl)cuprate, (R2Cu)Li; this reagent is highly selective, adding to «,@-un- 
saturated cyclohexenones exclusively in the 1,4-position??4»325 (102), though 
rather sensitive towards sterical crowding at the electrophilic site. 

O 
R! 

R2 

“Wy 

C=CH 2 

OCH; 
(102) 

1-Alkoxy-2-propenyllithium (103) is readily accessible by «-metalation of allyl 
ethers with n- or s-BuLi(—65-C in THF)? 2°6>327: both alkylation and C=O addition 
take place, however, at the terminal C-3 [only after transformation into the corre- 
sponding zinc dialkyl (equation 60) can quantitative a-reaction be enforced? ?®]. 

RO RO 
if ( y he) 

os © ZnClo ks OH 
i‘ OR(Ph) = (2_ 4;+ Se Ce he (60) 
= a ‘ 2. H0/H* ir ee 

(103) 2 OCH, 

Allylic lithiation, and subsequent Y-alkylation, is likewise observed for (Z)-1- 

propenyl phenyl ether with n-BuLi/(CH3)3;COK??7, due probably to chele- 

tropic Li<«OR interaction. If, however, the 2-tetrahydropyranyl moiety is 

employed as ethereal component, the respective vinyl, (Z)-l-alkenyl, and also 

isobutenyl ethers are metalated exclusively in the «-position with s-BuLi/t-BuOK 
(—78°C in THF)328, owing probably once more to cheletropic stabilization (104). 

1 R me 

RoE 

(104) 

These 2-tetrahydropyranyl enol ethers can thus be readily alkylated, «- or f- 

hy droxyalkylated, and even formylated in the «-position?? 8. 
In both (£)- and (Z)-2-halovinyl ethers, the remaining B-hy drogen can be lithiated 

with BuLi (105) (—100°C in hexane/THF)*?°?; 105 can either be trapped with 
CO,, alkylated with RX, or added to C=O compounds (equation 61). HCl elimi- 

nation with a second mole of RLi yields alkoxyethinyllithium, Li-C=C—OR??°. 
From the 2-stannyl vinyl ethers, the corresponding nonhalogenated 6-lithio- 

+0 ; 
OFt BuLi mae yo =< ) OLi H20/H+ 

“a CH=CH —100°C ri c 

S 
OEt (61) 
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alkoxyethenes are accessible?3°. Reaction of 5-bromo-3,4-dihydro-2H-pyran, on 
the other hand, with ¢t-BuLi at —110°C yields the B-lithio derivative (106) via 

metal—halogen exchange*?!. 106 is significantly less stable than Li-CH=CH—OR, 
and shows alkyne cleavage already above —90°C. At —110°C, though, it can be 
added in high yield to ketones (equation 62); after transformation into the 

corresponding dialkyllithium cuprate, 106 also gives selective 1,4-addition to 

a S-unsaturated ketones?3!. 

a 

ee 
BI t-BuLi Li +rRiR2co CRR 

| reer | Ses: | (62) 
Oo LOS O O 

(106) 

1-Ethoxyvinyllithium also reacts readily with trialkylboranes (equation 63)?>?. 
For sterically undemanding n-alkyl BR3 groups, oxidation of the ‘ate’ complex 
(107) is faster than a second R transfer, and ketones (108) are obtained in good 

yield. With bulkier alkyl groups, or in the presence of acid, rearrangement is much 

faster, and the reaction is directed quantitatively towards the dialkyl methyl 

carbinols (109)? 32. 

CH,=C(OR)Li + R3B 

R OH 
H205/OH- | ~R 

R—CO—CH, ~«——— | R,B—C=CH, | Lit ————— R,C—CH, (63) 
1.2N HCI 

OR 2. HpO2/OH™ 

(108) (107) (109) 

R= n-alky|lPeeceee c-CgH,, 

Silanes can be added in good yield to enol ethers with H,[PtCl,] or Pd/C 
catalysts?33; in general, though, partitioning between addition and the usually 
prevailing cleavage of the vinyl ether linkage, =C—OR, by silane or borane reagents 
depends critically on catalysts and reaction conditions?34»335 (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-dienes?>°. 

R! 

| 4 

Hoc) SCH R? ie 
| : ——> [R3BCH,CR°CHR*CR'=CH,] ——>+ 

R5B,~CR*—OR* 
CH5 

R3BOR* + H»C=CR°CHR2CR'=CH, (64) 

With Grignard reagents, either the vinyl or the alkyl ether C—O bond is broken, 
depending largely on the size and nature of the vinyl ether C-1 substituent337, 
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Vil. SILYL ENOL ETHERS33 8-339 

A. Preparation and Reactivity 

The OR group of alkyl alkenyl ethers as a rule is introduced via nucleophilic 
reactions (Section III); silyl enol ethers, R3Si-—O—C=C<, on the other hand, are 
without exception prepared by O-silylation of either the parent carbonyl com- 
pound or its enolate, and not by incorporation of a silyloxy moiety?38. The 
standard procedure for O-silylation is refluxing the carbonyl substrate with chloro- 
trimethylsilane (Me3SiCl) and triethylamine or diazabicyclo[2.2.2]octane in 
DMF3*°., Silylation is much faster and can be effected under far milder conditions 
with some new reagents such as trimethylsilyl trifluoromethanesulphonate?4!, or 
alternatively, Me3SiCl in the presence of C4yF 9SO3K (with NEt3 in cyclo- 
hexane)>*?, or trimethylsilyl ethyl acetate?4 3. The latter reagent, in the presence of 
quaternary ammonium fluorides, also allows highly stereoselective (299%) pre- 

paration of Z-enol ethers (equation 65)34*. E-Enol silyl ethers are best prepared 

9 OSiMe, 
1% BugNtF~ 

PSs + Me3SiCH,COOC Hz : ery (65) 
= VA =F Cy 

99.5% (2) 

with Me3SiCl and lithium diisopropylamide?** or lithium 2,2,6,6-tetramethyl- 
piperidide?* >. 

Enolate ions can be generated regiospecifically with (R,Cu)Li from a,«'-di- 

bromo- or «,@-unsaturated ketones (equation 66) or by Li/NH3 reduction of such 

fe) OSi(CH3)3 

CH USS2 ee Br ee WE, SH3 (66) 3 Se a: 

CH 
CH, : H3C CH 

(110) 
alkenones, and then trapped by reaction with Me3SiCl as silyloxyalkenes (110)?38. 
Potassium hydride?*® or lithium hexamethyldisilazane?*+7 have been employed 
successfully for the metalation (with subsequent silylation) of sterically hindered, 

e.g. t-butyl, ketones. 
1,4-Addition of hydrosilanes to «,8-unsaturated aldehydes and ketones is affec- 

ted with Pt, Ni, and especially Rh catalysts*?3*%; among these, (Ph3P)3RhCl has 
been found the most effective?+®. 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 SiMe3 group and, probably, to the lack of nonbonded 
attractive stabilization). Relative to Me3SiOMe, the Si—O force constant in silyl 

vinyl ethers appears diminished by ~25%3*° ; for silyl phenyl ether, H3SiOC,Hs, 
an unusually large Si—O distance has been determined?5°. Both findings indicate 
an especially high mesomeric potential of the silyoxy oxygen — as has indeed been 

verified by the great reactivity of silyl enol ethers**°. Conversely, the SiR3 moiety 
in silyl vinyl ethers is rather labile; it is often removed directly by the nucleophilic 

counterion, X~, of the attacking electrophile, thus regenerating the parent carbonyl 
compound, now in the a-substituted form (equation 67). Ethenyloxytrimethyl- 

silane has consequently been employed as silylating agent for alcohols, thiols, 

amines and acids? *!. 
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CHy=C—OSiMe; + E—X ——-> E—CH2—CO—R + MegSix (67) 
| 
R 

B. Reactions with Heteroelectrophiles 

Among the reactions of silyl enol ethers with protic reagents HX, that with 

liquid anhydrous HCN is noteworthy, affording «-silyloxynitriles (111) in ~50% 
yield (equation 68)35?. With HN3, the «-azido silyl ethers 112a, and with HN3 
and excess alcohol in the presence of TiCly, the «-azido alkyl ethers 112b are 

formed?53, 
1 R' OSiMeg 1 : R= .OR 

| HCN os Yo 1. HN3 | | 
CH—C—CN +«—— (C=C CH—C—Nz (68) 
| | A Nag 2. HN3/R40H/TiCl4 | 
R23 A R2 R3 

(111) (112a) R=SiMe3 

(112b) R=R* 

Acid-catalysed addition of «,w-diols or 2-mercaptoethanol provides a rapid and 
high-yield synthesis of O,O- and O,S-acetals (113), respectively?5*; with isopro- 
penyl trimethylsilyl ether, trans-cyclohexane-1,2-diol has thus successfully been 

transformed into the corresponding acetonide for the first time. 

R! x 
a 

/CH—CH (CH), 
R2 my 

(113) 

X=0,S 

Halogenation of silyl enol ethers (with molecular Cl,, Brz or, alternatively, 

N-halosuccinimides) yields not the addition products but rather the desilylated 

a-halocarbonyl compounds?5*, and is especially suited for the preparation of 
a-halo aldehydes?5®, However, bromination in the presence of triethylamine 

(in CH, Cl,, —60°C) smoothly affords 2-bromo-substituted 1-silyloxy-l-alkenes?5 7. 
Peroxidation of ketone-derived silyl enol ethers with, for example, m-perbenzoic 
acid gives, via an intramolecular Si migration, the «-silyloxyketones 114 in 

70—90% yield (equation 69)358; from 1-silyloxyalkenes, the a-hydroxyacetals 
115 are obtained? 5°. 

OH OSiMe 1 Me,SiO O 
; | 3 R4cO00H BN Se R4COOOH 5 

R'—C—CH wa C=C ———> R'—c—c—R? (69) 
Lorn R3=H af eS 
R2 ocor* a R R2 

(115) (114) 

R4 =m-CICgHy 

Me3Si migration (116) likewise occurs in the photosensitized addition of singlet 
oxygen (equation 70), the second peroxide (117) being formed via an ene-reaction 
pathway?°°. Pb(OCOR),4 oxidation?®! and ozonolytic cleavage?®? 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 
a-silyloxycamphor. 
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OQ OOSiMe MesSiO. CH, Me3SiO CH3 

Ph—C—C(CH3)5 <—— Vm +0} —— > Ph—C—C=CH) (70) 
Ph CH3 a 

(116) (117) 
Oxidation of (ketone-derived) silyl enol ethers with AgNO 3 in polar aprotic 

medium yields (G,8-coupled) 1,4-diketones, and may also be applied for cross- 
coupling reactions (equation 71)?°3; the high specificity is rationalized in terms of 
a silver enolate intermediate, generated regiospecifically. 

AGNO3/DMSO 

R3cocR'R2CR'R2COR? (71) 2 R'R?C=CR°—OSiMe, 
60—100°C 

Attack of-sulphur or nitrogen electrophiles at the B-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 sulphony]l 

ia O §£ 

ie icara | + R,Si—X (72) a a i— 

» NOL aes 
halides with silyl enol ethers gives B-keto sulphides*°* and sulphones?®°, respec- 
tively, in good yield; sulphonation with sulphamoyl chlorides requires metal halide 

catalysis and is rather troublesome? ®®. Nitrosation with NOCI produces, as in the 
case of the alkoxy analogues, the tautomeric «-oximino derivatives? ® 7; with nitryl 
chloride, NO,Cl, the a-halo C=O derivatives are formed*®*, due probably to the 
inverted regiochemistry of the electrophilic attack. B-Nitration of acyclic, cyclic and 

bicyclic silyl enol ethers can be effected in excellent yields with nitronium tetra- 

fluoroborate (in CH3CN, —25°C)?°?. 

C. Reactions with Carbon Electrophiles; Metalation 

Even with the highly reactive silyl enol ethers, C—C linkage requires strong 

activation of the carbon electrophile, TiCl4 having proven the most versatile among 

the various Lewis acids. Thus, Reetz and Maier? 7° have developed the first direct 
and general t-alkylation procedure by treating a mixture of silyl enol ether (118) and 

t-butyl chloride in CH,Cl, at —45 to —78°C with one equivalent TiCl, (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 

Me3SiO. P ones, 
C= ——————— Rizo Poni? (73) 

1 2 TiClga, ZNClo 
R R R2 

(118) (20-90%) 

O 
C(CH3)3 

“CH3 

(119) 

86% 
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>95% regioselectivity. It works equally well with «-bromoadamantane as the 

alkylating agent?7!, and is being extended to other alkyl halides? 7°. Less heavily 
substituted silyloxyalkenes require ZnCl, (in catalytic amount) and give decidely 

lower yields. 
As a rule, however, the directed enolates, regenerated from the silyl enol ethers 

with CH; Li (e.g. 120), are used as substrates for the uncatalysed alkylation with 
either alkyl or allyl halides?4°-37?-373. 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 stoichiometric? 74 or catalytic? 75 amounts of NRq‘F , in the form of 
their quaternary ammonium salts. A new procedure for the annelation of cyclo- 
hexanones utilizes the (Michael-type) addition of a-silylated vinyl ketones to 

cyclohexanone enolates (equation 74)?7?»37°. 

CH3 CH3 

CH3Li Rae. 
———- eS ————_— > 

R20 CH3CO 
Me3SiO 

(74) 
(120) 

Reaction of a silyl enol ether-derived enolate with trifluoromethanesulphonic 

anhydride represents the most convenient route to primary vinyl triflates and 
thence vinylidene carbenes (equation 75)?77. 

1. CH3Li 
R'R2C=CHOSiMe, ——————> R'R?C=CHOSO,CF,; ——= R'R®?C=C] (75) 

2. (CF3SO05)0 

Enolate substitution with ‘functionalized’ C-electrophiles is limited toCH,0?7?. 
If the carbonyl component is strongly activated by one equivalent of TiCl,, how- 
ever, both aldehydes and ketones?7® as well as the respective acetals and ketals 379 

undergo smooth condensation with the parent silyl enol ethers (equation 76). The 

: 3 
a Rs Fé 

MOR ye 1. R4ROC(OR®)9/TICIg \| | Sexe Se i ee ORO (76) ni \p2 2. RARSC=O/TICly 

R? Re 

(121) 

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!~> in 121), though, must be hydrogen. By using TiClq in con- 

junction with Ti(IV) isopropoxide, the acetal condensation could be extended to 
1-trimethylsilyloxy-1,3-butadiene?®°. In the presence of TiCl, or, better, of TiCl, 
and Ti[OCH(CH3)2]4, the Michael reaction of «,$-unsaturated ketones, the respec- 
tive acetals and esters with silyl enol ethers affords 1,5-dicarbonyl compounds 

in good to excellent yield?8! ; with the acetals of «,8-unsaturated aldehydes, Ti(Iv ) 
t-butoxide must be employed. 

Despite the high nucleophilic potential of silyl enol ethers, their acylation 
requires di- or tri-haloacyl halides*®? and anhydrides?®?, respectively; since the 
primary addition products immediately lose Me3SiX, the a-acylated carbonyl 
derivatives are formed under nonacidic conditions. In the presence of HgCl,383 or 
N-(4-pyridyl)-pyrrolidine??%, silyl enol ethers are O-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. 

R2 O 

R?CH=CR'—OSiMe, + (COCI), ——> / (77) 
R! O O 

D. Cycloaddition Reactions 

The cycloaddition behaviour of silyl enol ethers fully parallels that of alkyl enol 

ethers. trans-1-Methoxy-3-trimethylsilyloxy-1,3-butadiene, for instance, has proven 
a valuable and highly reactive diene component in Diels—Alder additions?®5, 
especially because of the ease with which the C=O function can be regenerated 
from the C=C—OSi functionality in the [2 +4]cycloadduct. 1,3-Dipolar cyclo- 

addition of arenesulphonyl azides offers a convenient route to N-sulphonyl cyclo 
alkanecarboxamides, (equation 78)38°. [2+2]Cycloadditions, yielding either 
cyclobutane derivatives or B-substitution products, likewise present no surprising 
aspects? 38, 

Me3SiO eas 

C—OSiMe, ArSO2N3 ee ROH iI 
(CH>), II ——+ (CH,),,,. N = — (CH), CHCNHSO2Ar (78) 

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 group?®7; cyclopropanols (equation 79), 

a-methyl carbonyl compounds (122), cyclobutanones (equation 80) and cyclo- 
pentanones have thus become readily available (average yields 290%). At the same 

time, equation (80) presents a general route to «-spirocyclobutanones?§ 7. 

CH CH30H/NaOH ' CH30H/H* ; 
R! co—r? «———_ R OSiMe, —————> R OH (79) 

(122) 

OSiMe : 
l 3 CHplo/zn OSiMe, 0 

CH,=C—C=CH, — > (80) 
| Me3SiO Me3SiO 

8-Methylidene substitution is observed (123) if the Simmons—Smith reaction is 
carried out with one third the amount of solvent usually employed?*®. The 
1-silyloxy-2,2-dihalocyclopropanes from CCl, or CBr, addition upon acidic hydro- 

lysis undergo ring enlargement (124), with excellent overall yields*®°. 

ic 
/ “CHOSiMe, CHalo/Zn / COSiMe, 1. CClo | habs 

(CH), CH an Sa ah al 
n 

eee CHs KaeorH 2.H uae 

(123) (124) 
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VII. 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°C?°°, 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—40°C, and of 81% at 200°C. These values are in good accord with earlier PE*’, 
electron diffraction??! and IR results?°?, 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 initio calculations!*, that the lesser 

conformer of methyl vinyl sulphide has a gauche orientation (¢ ~ 105°)" 

The first PE ionization potential for s-cis methyl vinyl sulphide (8.45 eV 
is lower than for the s-cis conformer of the oxo analogue?! ; nevertheless, the ng—7 

resonance interaction of SCH3 is much less pronounced than for OCH3 as shown, 

for instance, by the calculated gross atomic populations in the frontier orbital? °: 

CHy=CH—S—CH, CH ,=CH—O—CH, 

0.63 0.20 1.10 1.03 0.53 0.39 
Calculations also demonstrate that C—S hyperconjugation lowers the oc_g orbital 

energy in a 90° conformation??® (in contrast, PE spectroscopy indicates that in 
allyl methyl sulphide C—S hyperconjugation is unimportant??*). The barrier of 
rotation from gauche to s-cis (8 kJ/mol, as determined by ultrasonic relaxation! © ) 

is only half that for methyl vinyl ether (s-trans > s-cis), but rather similar for the 
reverse process! 9»395, 

Since the smaller bond angle =C—S—CH3 (~95°)3%? induces significant steric 
strain in the cisoid orientation even for methyl vinyl sulphide, the homologous 
alkylthioethenes [R=C,Hs ... C(CH3)3] probably assume s-trans confor- 
mation?’»3°®, Within the methyl ... t-butyl vinyl sulphide series, both !H-397 
and 13C-NMR behaviour**»3°8 closely parallel that of the corresponding enol 
ethers, especially in the pronounced downfield shift of the 8-vinyl carbon resonance 

with increasing bulk of the alkyl group. Asin the case of the alkoxyethenes, this is 
most probably not due to steric inhibition of resonance (see Section II.B). 

3.93526 

B. Preparation 

Thioenol ethers are prepared either by dehydration of B-hydroxyethyl sulphides 

with KOH3°?°, or by HX elimination from 8-haloethyl sulphides+°°. The latter 
reaction has recently been extended to the selective synthesis of, alternatively, 1- or 

2-alkenyl sulphides (equation 82)*°!; at —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 (5:95). 

The alkoxide-catalysed rearrangement of allyl sulphides in ethanol yields pro- 
penyl sulphides at reflux temperature*®?; under these conditions, the correspond- 
ing allyl ethers are recovered unchanged. Wittig—Horner reaction of the ylides, 
generated from (methylthio)methyl phosphine oxides+®? or from (methyl- 
thio)methanephosphonic esters*?*, 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 to phenyl alkenyl sulphides so far is the elimin- 
ation of thiophenol from thioketals with Cu(1) ions (equation 83)4°5. 
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SCH, Br 
—78°C A | 

RCH=CH2 + CH3SBr ———» RCHCH,Br ———> RCHCH,SCH, 
(77°C) 

(CH3)3COK (CH3)3COK 

(82) 

| 
CH3SC=CH, (E/Z)-RCH =CHSCH3 

(125) (126) 

hee 3 pene R’'R*CHC(SPh)>R° + Cut ——> R'R*C=CR3SPh + CuSPh + Ht (83) 
THF 

Condensation of a silyl- and thienyl-substituted methyllithium (127) with 

ketones (equation 84) yields alkenyl phenyl sulphides (128) in good to excellent 

SPh 
n-BuLi | 

———> Me3SiCH~ Li* + R'R?CO ——» R'R2C=CHSPh + Me3SiOLi —(84) 

(127) (128) 

yield even in the case of sterically hindered and «,$-unsaturated substrates (e.g. 
pinacolone, cyclohexenone)*°°. While the oxygen analogues require t-BuLi to 

minimize nucleophilic attack at 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)*°7. 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 131. 

CH3 
C=CO,~~ 2Li* 

CHase 

+ Ar(CH2)p7Br 

(85) 

CH 
NaH/NCS yn Ht Dace 

Ar(CH2),CCOOH = ————*  Ar(CHp),C —— > Ar(CHp),,_ CH= CL 
DME SCH3 SCH, 

SCH3 

(129) (130) (131) 

C. Reactivity 

For the hydrolysis of alkenyl sulphides, too, a mechanism with rate-deter- 

mining ®-carbon protonation has been definitively established (Brénsted factor 

a= 0.7)398:199 Thus, hydrolysis can be considered as a model reaction for elec- 

trophilic addition/substitution processes. Generally, it proceeds 100—1000 times 

slower39® (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, 

kyH,0° (LOSS Vimtesan)) 

R= CH. C,H, CH(CH; ), C(CH;), 

CH, =CHSR 117 10.4 8.98 4.17 
CH, CH=CHSR (Z) = 0.49 0.79 0.54 

(E) = 0.28 0.45 0.34 
CH, =C(CH, )SR - 814 = =! 

“Determined with aqueous HCl in 10% aqueous CH, CN solution, ionic strength adjusted 
to u = 0.50 by addition of KCl, 25°C. 

series!°7, B-alkyl substituents retarding the rate by a factor of ~100, while a-CH3 
increases the reactivity about hundredfold (Table 10)?°8. The reversed order in the 
hierarchy of the S-alkyl substituents, which is in contrast to that found for 

CH,=CHOR, has been rationalized in terms of decreasing hyperconjugative 

potential [C(CH3)3 < CH3]2°°; 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 reactions*® 8. This must be due 
to a specific sulfur effect since the relative gradation between the various alkenyl 

substrates, as well as the gradation between the individual SR functions within each 
series (Table 11)*°8, are practically identical with that found for the alkoxyalkenes 

TABLE 11. Experimental rate constants, k, (10°* M~' s~'), for TCNE cycloaddition to 
alkyl alkenyl sulphides (in CH, Cl, , 25°C)*°°® 

R= CH, Cir CH(CH,), C(CH,); 

CH, =CHSR 21.0 34.2 85.4 252.0 
CH, CH=CHSR (Z) e 7.69 14.3 51.3 

(E) os 25.6 pe, 93.1 
CH, =C(CH, )SR g 2150 2 is 
CH, =C(CH, )OR es 19.9 = a 

TABLE 12. Experimental rate 
constants, k, (10°° M7! s7'), for 
TCNE cycloaddition to vinyl 
phenyl ethers and sulphides: 

R X=0O Nias 

p-OCH, 2.4 4470 
p-CH, 0.98 719 
m-CH, 0.65 215 
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(see Section V.A, Table 8). The higher cycloaddition reactivity of (£)- compared to 
(Z)-propenyl compounds is even more pronounced in the alkylthio series+°®. The 
Same authors have also demonstrated that, in the cycloaddition of TCNE to vinyl 
phenyl ethers and vinyl phenyl sulphides, the effect of a m- or p-aryl substituent is 
transmitted far better through the S than the O linkage*®®: (Table 12), an effect 
predicted by CNDO/2 calculations?® 9. 
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!. 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 O—S, S—S or 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! »?. 

il. FOUR-MEMBERED RINGS 

A. 1,2-Oxathietane 

The geometry of 1,2-oxathietane (1), which is known only as its 2-oxide (2), has 

been optimized using the CNDO/B parametrization? . 

Oo O 

L 3 er 
(1) (2) 

If capable of existence, 1 can be expected to exhibit equilibrium behaviour similar 
to that of oxetane?-5 and thietane® 8 . 

B. 2-Oxo-1,2-oxathietane 

Durst and coworkers? found that 8-hydroxysulphoxides (3) react with N-bromo- 
succinimide, N-chlorosuccinimide or SO2 Cl, to give initially 2-oxo-1,2-oxathietanes 

(4), which are probably formed via intramolecular cyclization of the initially formed 
6-hydroxychlorosulphonium chloride to an alkoxyoxosulphonium salt which 
fragments to 4 and t-butyl chloride (equation 1). They were, however, able to 

On O—CR?R eS bee re as 
t-BuSCHR'CR*R? }=————>  S—CHR! 4+ t-BuCl (1) 

CH2Clo || 

(3) (4) 
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characterize only the 4-phenyl derivative of 4 with its !H-NMR spectrum from a 

crude product since 2-oxo-1 ,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 SO,Cl, at 203 K (equation 2)!°. 6 decomposed quantitatively into 

|| SO2Clo Cae CH2Clo Phy y Me 
PhgCOHCMe2SBu-t ——————> ; SSS Cc—E (2) 

203K Ph3 Me 303 K Ph~ ~ Me 

(5) (6) 

1,1-diphenyl-2 ,2-dimethylethylene when warmed in CH, Cl, at 303 K for 24h. The 

authors!® suggest that the conformation of 6 is nonplanar with the substituents on 

C3) and C,q) 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 to lie 62° out of the average plane of the ring!?. The 
potential energy surface for the [2 +2] retrocycloaddition of 2 has also been 

partially investigated! ?. 

(tl. FIVE-MEMBERED RINGS 

A. 2-Oxo-1,2-oxathiolanes 

1. Preparation 

Since 2-oxo-1,2-oxathiolanes (7) are also cyclic sulphinate esters they can be 

synthesized by a reductive desulphurization of thiosulphonates!3>!% (equation 3). 

S fo) 
| + P(NEt>)3 | ———> Cy + S=P(NEty) (3) 

Cole ass so aie 

(7) 

Treatment of cis- and trans-2,4-diphenylthietane-1,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-1,2-oxathiolanes (11), respectively!>. The mechanism of this 

reaction has been discussed and believed to resemble closely that of the Stevens 

rearrangement! © !7. 

Ph /~NPh 

(8) (10) 

—————— OO Fads 

is V/A die O50 
\ = O O 

Ph 

(9) (11a) (11b) 
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The best route to 2-oxo-1,2-oxathiolanes and other related cyclic sulphinate 

esters is, however, the cyclization of t-butyl hydroxyalkylsulphoxides with 

N-chlorosuccinimide or SO, Cl, in CH, Cl,1*!% (equation 4). 

NCS @=sS5 
t-BuS(=O) C5 Ch OW = aaasaen cme ecb UCIET n> (4) 

CHo2Clo, 298 K 

(7) 

2. Structure 

Dodson and colleagues!5 analysed the !H-NMR spectra of 10 and 11 and found 
that the observed parameters are best explained by assuming that the sultines exist 

in half-chair conformations where the bond connecting C4) and Cs) bisects the 

plane including C(3), S(2) and O(1). 

The cis-sultine (10) is practically anancomeric whereas the trans isomer behaves 

like a 9: 1 mixture of 11a and 11b, although calculation of dihedral angles suggests 

that the conformation of 11 resembles an envelope (llc) more closely than the 

(11c) 

half-chair forms (lla and 11b). The latter conclusion is in good accord with the 

structural properties of 2-oxo-1,3,2-dioxathiolanes (see Section IJI.F.2) and the 

conclusion based on !H- and 13C-NMR spectra!? that cis- (12) and trans-4- 
phenyl-2-oxo-1,2-oxathiolanes (13) prefer C(3) envelope conformations. Despite 

N NE 
a =. 

O 

(13) (12) 

the preparation of various substituted 2-oxo-1,2-oxathiolanes!8»!9 their detailed 
structural features are still largely unknown. 

Exner and coworkers?® tried to correlate the magnitude of the dipole moments 
with the postulate that the strong preference for an axial S=O configuration in 

2-oxo-1,3,2-dioxathiolanes, 2-oxo-1,2-oxathiolanes, and in the corresponding six- 

membered rings!* results from a dipolar interaction analogous to the anomeric 

effect?!. Their attempts to estimate the dipole moment of 7 failed, however, 
although they were able to evaluate the dipole moment of 14 by assuming that 
2-oxo-1,2-oxathiane exists predominantly in the S=O axial chair form (14). 

MS i 

(7) (14) 
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3. Reactions 

Najam and Tillett?* 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 lactones*3-?®. The authors?? were not, however, able to 
make any definite conclusions as to the detailed mechanism of the decomposition 

except that 2-oxo-1,2-oxathiolane (7) does not undergo !%O-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 yields?7. 

B. 1,3-Oxathiolanes 

7. Introduction 

1 ,3-Oxathiolane (15) 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.2), 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—17. Moreover, epimeric 1,3-oxathiolanes 

can be equilibrated to obtain energetic information from the structural properties 

and their !'H-NMR spectra are normally reasonably well resolved at least at 220 MHz. 

a (15)exXeO7\4=S 

aah a (16) X=Y=0 
(17)X=Y=S 

2. Preparation 

In most cases 1,3-oxathiolanes have been synthesized conventionally (equation 5) 

by the p-toluenesulphonic acid—benzene (or CH2Cl,) azeotrope method?®3°, 
Wilson and coworkers?® obtained somewhat higher yields by using BF3;—Et,O 
instead of p-TOS—benzene. 

R! 

C6EHe R® O R2 

HOCR R-CR°RISH: + R°R°C=0. =———— 3. + H20 (5) 
p-TOS Ro Ss R 

R4 

(18) 

The preparation of some 2-alkylimino- and 2-acylimino-1,3-oxathiolanes has also 

been reported?°4?. 

3. Structure 

Cooper and Norton*? 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:s5)-envelope, 
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15a). Pasto and coworkers** analysed the !'H-NMR spectra of some 2-substituted 

derivatives and concluded from the chemical shift data that the O(, )-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 substituent* 5. Nevertheless they were able to estimate con- 

formational energies for the 2-methyl and 2-ethyl groups fairly accurately?°»*® but 
greatly overestimated that for 2-isopropyl. Wilson and colleagues*” concluded from 

the 3/4 coupling constants for a set of 2-substituted 1,3-oxathiolanes that the 

Cs)-envelope (15a) is the preferred conformation, although they could not al- 
together exclude the existence of the O(,)-envelope (15b) which they regarded as 
the next stable ring conformation. Later on Wilson*® carried out conformational 

O 

ear =, aSWes 
S 

(15a) (15b) (15¢) 

energy calculations on 1,3-oxathiolane (15) and 2-methyl-1,3-oxathiolane (19) and 

pointed out that the conformational energy minima for both compounds are quite 

bea 
(19) 

shallow and the lowest energy transition states for pseudorotation are of the order 

of 13 kJ mol7!. In both cases the minimum exists at the C(s5)-envelope (15a) where 

in the case of 19 the methyl group is anti to Cs) with respect to the ring plane. 
A systematic study of the 'H-NMR spectra of several diastereomeric alkyl- 

substituted 1,3-oxathiolanes? °-3!>45>49,59 in conjunction with the chemical 
equilibration of epimeric derivatives? 9-3! >45>4© has been proved to be very fruitful. 
Table 1 lists the results of chemical equilibration of several epimeric 1,3-oxathiolanes 

MOEN with some comparable data for 1,3-dioxolanes (16)5! and 1 ,3-dithiolanes 
7) 4 

Together with the values of vicinal coupling constants (345), these results con- 
firmed that the most favoured ring conformation is the Ccs5)-envelope (15a), 

although in some cases the Ra )-envelope or the half-chair form where C4) is above 
and S,3) below the plane defined by the remaining three atoms (15c) may appear 
to be peas eee 

Conformational energies?!»5 increase in the order Me-4 < Me-2 < Et-2 < Me-5 
< i-Pr-2 < t-Bu-2 in such a way that —-AG°(4-Me) ~ 0 and —AG°(2-t-Bu) = 8.6 kJ 
mol7! whereas the rest of the values are between 4.6 and 5.7 kJ mol7!. 

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 ringS?»54 whereas an oxygen atom appears to do the opposite5!. 
Furthermore, the distortion due to the greatly different bond lengths*3 in 15 is 
responsible for the special features of this ring system, at least to the extent that 
1,3-oxathiolane can almost better be compared with 1,3-oxathianes than with its 
symmetric counterparts, 16 and 17. 

Eliel and coworkersS' pointed out that the steric requirements of the 
1,3-dioxolane ring are very small and only the most bulky substituents may raise 
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the barriers for the otherwise fairly free pseudorotation. This is understandable 

since the deviation of the ring atoms from the average plane of the molecule is 

fairly small. The importance of the 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,2) is at 

the isoclinal position (17c)>?°54. Due to the long C—S bonds, isomeric 2,4- 
dimethyl-1,3-dithiolanes (Table 1) are. almost equally stable. The same situation 

ES 
o——_S 

YY 
(17c) 

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 rotamers>® of 4-ethyl-1,3-oxathiolane (20) 
and its 2- and S-alkyl-substituted derivatives have been determined5°® using the 
Karplus equation and the values of Jax and Jgx from the methylene protons of 
the ethyl group to H(4). In general 21a is 1.7 + 0.2 kJ mol7! more stable than 21b 

and 3.0+0.4kJ mol more stable than 21c, although their relative amounts 

aN 

Q Ss 
\}—cH a HgCly 

Hx 

(20) 

ace S: Cis) Ss Cis) 

CHS He Ha CH Hg Ha 
Hy Hy Hy 

(21a) (21b) (21c) 

depend also on the accessible ring conformations. Bushweller and colleagues57»58 
investigated the rate of the t-butyl rotation in 22—26 with the aid of the 1H-DNMR 
spectra and determined their activation parameters. In going from 22 to 23 and from 
24 to 25 the barrier increases by about 12 kJ mol™! indicating that methyl is 
substantially more hindering to t-butyl rotation than hydrogen as expected. Re- 
placement of O 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). 

ee ce 
X x Oo S 

\eay 

(22) X=S,R=H (24) R=H 

(23) X=S,R =Me (25) R=Me 

(26) X =O, R =Me 
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Aromatic solvent-induced shifts in the !H-NMR spectra (CoH. or Ce Hs CH vs. 
CCl4) of the methylene protons in the 4,5-position of 2 ,2-dimethyl-1 ,3-dioxolane 
(27)5° , -dithiolane (28)5° and -oxathiolane (29)®° 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-oxathiane (30). 

: Me 

oe nro 
ay) S 

(27) X=Y =O (30) 

(28) X=Y=S 

(29) X= OF Ya=—S 

Optical rotatory dispersion, circular dichroism and IR data for a series of 3-spiro- 
1,3-dioxolane, -1,3-oxathiolane and -1,3-dithiolane derivatives of 4-oxosteroids have 

been discussed and an axial sulphur substituent « to the carbonyl found to greatly 
enhance the carbonyl Cotton effect®!. 

Mass spectrometric fragmentation pathways of 1,3-oxathiolane (15) and its alkyl 

derivatives have been well documentated®?-®*4. Types I and II are the main frag- 
mentation routes, although the parent compound (15) decomposes also by type 

v3 and 19 by type II1®*. 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-dioxolanes®?>®4 (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-oxathiolanes 
(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. 

c 

“Os. 8 Os ji ae aes Se a Se SE Nye 

(1) (11) (uit) (iv) (Vv) 

4. Reactions 

a. Acid-catalysed hydrolysis. De and Fedor studied the acid-catalysed hydroly- 

sis of 2{substituted phenyl)-1,3-oxathiolanes (31) and concluded that protonation 
occurs predominantly on the oxygen atom which actually means that the ring 

TABLE 2. The relative intensities of the [M]* and [M — Me]” ions 
of some 1,3-diheterocyclopentanes at 70 eV 

Compound [M]* (%) [M — Me] *(%) 

2-MethyI-1,3-dioxolane 11 100 

2-Methy}-1,3-oxathiolane 51 16 
2-Methyl-1,3-dithiolane 100 91 

2, 2-Dimethyl-1,3-diox olane - 53 

2, 2-Dimethyl1-1,3-oxathiolane 21 6 

2, 2-Dimethyl-1,3-dithiolane 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 Jao3?3 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 Al 

mechanism for the hydrolysis reaction. 

Pihlaja®S has shown that the data for the hydrolytic decomposition of 15, 19 

and 29 are, however, best consistent with an Al mechanism in which the ring 

cleavage occurs at the acetal ag eae bond (equation 6). A peculiar feature 

HO HO 
H2O Ne 

ae =) 0 * J (6) 
~ slow Ww Vian slo’ mee fast HS 

(32) (33) 

(30) 
of the acid-catalysed hydrolysis of 1,3-oxathiolanes is the specific solvent deu- 

terium isotope effect since the rate is much higher when the deuterium atom fraction 

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 contribution® 5. Another explanation is 

that the reaction involves parallel routes®°®. There is, however, very little support 

for this view and all the available evidence seems to point to the mechanism in- 

volving 32 and 333233 ,67,68 
Guinot and Lamaty®7»®8 found that the protonation of 2,2-dimethyl-1,3-oxa- 

thiolane (29) in FSO3H—SbF, led exclusively to the formation of the carbonium— 

sulfonium cation (34) which despite the extreme conditions®? accords with the 

Mey 4 + 
MeO CH2— CHa— OH 

(34) 

results for the hydrolytic decomposition®5. They also concluded®® from the 
magnitude of the kinetic deuterium isotope effects of 35 and 36 that the acid- 

catalysed hydrolysis proceeds through the C—O bond rupture since in the case of 

the C—S bond cleavage ky/kp should have been greater for 36 and not for 35 as 

kulky 1.32 

(35) (36) 

The relative rates in the oxathiolane series 38 are very similar to those in the cor- 
responding 1 ,3-dioxolane series (37) 

ale oir os Xx x oes 

(37) X =O; Kg 1 4300 43,000 
(38) X =S; kx 1 2250 114,000 
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whereas 1 ,3-dithiolanes are practically inert under the same conditions®5. The rate 
increase due to the second methyl substituent is-57-fold in 38-but-only 10-fold in 
37°. In both cases, however, one of the groups bound by the bonds attached to 
the acetal carbon is forced to bend inward and the other outward in relation to the 
ring. This steric retardation is different in 2,2-dimethyl-1,3-dioxolane®5»®? and 
2,2-dimethyl-1,3-oxathiolane®® since in the latter the interaction between a bending 
2-methyl and a 4-hydrogen is at least initially very small (Table 2) whereas that 
between the bending 2-methyl and a 5-hydrogen is even initially around 4 kJ mol™!. 

b. Photochemically initiated reactions. These reactions have been studied in 

CFCl; at 273 K35. In the presence of benzophenone 2-alkyl-1 ,3-oxathiolanes (39) 
are photolysed considerably more slowly than the corresponding 2-alkyl-1,3- 

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 no 

R” oH HJ A R 
2 @ 

es BSc Ave oo “Sy ee a CAG) (7) 
Nea Ves 

i CH»CH,CI 
(39) X=S Clk 

(40) X=O (41a) (41b) (42) 

trace of the O-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 O-alkyl thio esters*5 may also contribute to the occurrence of the specific 

ring-opening. 

c. Reduction. The reduction of 43 with LiAlH,-AICl3 (equation 8) leads to 

the corresponding $-hydroxyethyl and y-hydroxypropyl sulphides (44)?® whereas 

the reduction with metal—liquid ammonia combinations (equation 9) gives rise to 

B- and y-alkoxythiols (45)?4°79. The hydrogenolysis by the ‘mixed hydride’”! in 

R! Pte eae " R iN LIAIH4—AICl3 =) M—NH3 \ 
(8) CHS(CH»),,OH (Oe. CHO(CH>),SH (9) a2” 2'n he's n a2” n 

(44) (43) (45) 

ether solution involves selective cleavage of the C—O bond but the M—NHz3 re- 

duction occurs principally through a C—S bond rupture, although in some cases the 

yields remain low??. 
d. Miscellaneous reactions. Wilson and Huang?? used halogenation of 1,3- 

oxathiolanes derived from benzophenone, diisopropyl ketone and cycloheptanone 

for regeneration of the ketone. 
Emerson and Wynberg7? reported good to excellent yields of the corresponding 

aldehydes and ketones in the treatment of 1,3-oxathiolanes with a solution of 

sodium NV-chloro-p-toluenesulphonamide in water, ethanol or methanol under mild 

conditions. This method is a useful addition to the older more tedious methods”? in 

protecting carbonyl groups during synthesis. 

C. 3-Oxo-1,3-oxathiolanes 

Very little is known about 3-oxo-l,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-1 ,3-oxathiolane (47)7*. The purpose 

of this analysis was to solve the configuration of the single product obtained in the 
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oxidation of 2-p-nitrophenyl-1,3-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 O(,) and 

Cis) 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 oxo group 

is anti to the ring oxygen (46a). From 7/45 values it has been estimated that 46a is 

about 4.6 kJ mol7! more stable than 46b75. The above conclusion is also in 
accordance with the observations of Harpp and Gleason!*. 

148 
O 

141 / —46 +59 B a 
0 
\ \ 

Re ey ey NSE Vie = Beas 
1 // Wi 

188 O O OR 

415 _42 (46a) (46b) 
S 

142 185 */ 
(47) 

Schank and coworkers report a cyclofragmentation of 3-oxo-1,3-oxathiolanes 

(equation 10) to vinyl sulphenates (48)7°. Kellogg?’ mentioned the oxidative forma- 

aN [0] Bo eg strong base HCHO + CHo=CHSOK (10) 

ee) Ne a 
(48) 

tion of substituted 3-oxo-1,3-oxathiolanes from the corresponding trans-2 ,4-disub- 

stituted S-diphenylmethylene-1,3-oxathiolanes but did not characterize them very 

well. 

D. 5-Oxo-1,3-oxathiolanes 

1. Preparation 

The title compounds are both thioacetals and esters and can be prepared by 

various methods from aldehydes or ketones and «-mercaptocarboxylic acids (49)78, 

Satsumabayashi and colleagues’° 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 

; “3 P~CHR? 
R'CHO + HSCHR*COOH ~———>_—R'CH Leathe (11) c= 

(49) s 
(50) 

R! = Me, Et, Pr, Ph, p-NOCgHy,p-CH3CgHy 

R? =H, Me 
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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). 

SCHR2COOH SCHR2COOH 

R'CH alae 

SCHR2COOH iy 

(51) (52) 
Pailer and coworkers®® prepared several 2-substituted 4 ,4-diphenyl-5-oxo-] ,3- 

oxathiolanes (53) by transacetalization and purified them as their hydrochlorides. 
Some authors®!~83 have used BF3.Et,O as catalyst to enhance the yield of some 
5-0xo-1,3-oxathiolanes. 

\e 0 
H S Ph 

Ph 
(53) 

R = Me,NCH, EtpNCH, MeyNCH5CH>, p-Me,NCgHg, etc. 

2. Structure 

Due to the lactone grouping —C—C(=O)—O—C-, the conformational situation 

in 54 is clearly different from that in 1 ,3-oxathiolane (15) which has been shown to 

favour the C(5) envelope form (Section III.B.3). The only significant conformation 

of 5-oxo-1,3-oxathiolane (54) is an envelope where S,3) is the flap atom®*. Chemical 

S 

| ane], ee 

S 

O 

(15) (54) 

equilibration of epimeric 2,4-dimethy] and 2-t-butyl-4-methy] 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®?. The enhanced magnitude of the conformational energiés is in 
accordance with the structural difference between 54 and 15. 

1H-NMR spectra have shown that trans-2,4-dialkyl-5-oxo,1,3-oxathiolanes (55) 
exhibit larger *J,4 values than the cis forms (56) in good agreement with the re- 

lative magnitude of the 4/2 5 values in correspondingly substituted 1 ,3-dioxolanes®?. 

2 2 H R2 H 44 

op —-. a1 = 

O 0 
: H4 S R2 

(55) 4J,, = 0.7 Hz (56) 445, = 0.4 Hz 

Accordingly, 2-phenyl-5-oxo-1,3-oxathiolane (57) is mainly in the equatorial 

envelope form and */2,44¢ is about 0.6 Hz and 4J> 444 about 0.4 Hz as reported by 

Brink, although he was not able to assign the relative orientation of the protons 

in 5785. The characteristic IR bands of several alkyl-substituted 5-oxo-1,3-oxa- 

thiolanes have also been reported®?. 
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2a 
H 

H42 R! R2 

—==(0) 
Ph S O 

S de 0 Ph 

Ph O 

(57) (58) 

Mé@ller and Pedersen®! studied the electron impact mass spectra of some 2-mono- 
and 2,2-dialkyl-substituted 4,4-dipheny]l-5-oxo-1,3-oxathiolanes (58) and came to 
the naive conclusion that the ester function appreciably changes the balance between 

the different fragmentation modes from that of 1,3-oxathiolane (15) and its alkyl 

derivatives®? for which types I and II predominate (Section III.B.3). The main 

fragmentation mode of 2,2-dialkyl-substituted derivatives®! (58: R! = R? = alkyl) 
is III followed by types V and II whereas for 2-monoalkyl derivatives®® »8! (58: 
R! =H, R? = alkyl) the most important mode is IV, followed by III, I, I] and V. 

O O O OQ O 

an Ss ae ae 
y~ 7 / \ OSS 0,228 o%S Os Os 

(1) (11) (111) (IV) (V) 

3. Reactions 

The reaction of 2-aryl-4,4-diphenyl-5-oxo-1,3-oxathiolane (58) with ethyl- 

magnesium bromide®® (equation 12) gives the acid 59 when R = Ph or p-CH3 OC, Ha, 
whereas no 59 is formed when R=p-NO) Cg Hq. The acids are the result of an attack 

on C2) and a subsequent cleavage of the carbon—oxygen bond®®-87. 

Ph 

58 + EtMgBr ———+ cemcmieae (12) 

HOOC Et 

(59) 

On treatment with concentrated sulphuric acid and dilution with water (equation 

13), 58 gives isobenzothiophenes (60) as primary products®®»89. Pyrolysis of 58 
(equation 14) gives rise to 1,1,2-triarylethylenes (61) via thiirane intermedi- 
ates (62)?°. 

Ph 

conc. H2SO4, H2O Ze 

Ph o = (13) 
Ph 

R 
Ne (60) 

Re " Ph oR Ph R 

(58) =€03 oa. Sa Y= (14) h —S 

; Sa - Ph H 

(62) (61) 
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Oxidation of 58 with either peroxysebacic acid or HO, gives both diastereo- 
isomeric forms of 63, the relative configurations of which are assigned on the basis 
of their 'H-NMR spectra?!. The assignment has been carried out by postulating 
the signal of Hz) of the trans form (63a) at higher field. In most cases this isomer 
was also the main product of oxidation?! in agreement with the orientation of the 
S=O group in 63 (Section III.C)74°75, 

O 

R I R 
O==S 

ee ines: 
oO Oo 

(63a) (63b) 

Glue and colleagues?? prepared some 2,2-dialkyl-substituted 3,5-dioxo-1,3- 

oxathiolanes (64) by smooth oxidation (Hz 02, 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-oxathiolanes (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 6792. 

O 
NG Sie, ae ai Ac20 R' venrg ens 

A \ SS tee 

@)_ 2 
os OAc 

(64a) R! = alkyl, R2 = Me Pe 
(64b) R' =H, R2 = alkyl (65) (66) 

R! i “f (15) 

hes ORG 

(67a) R' = alkyl, R2 = Me 

(67b) R! = Me, R2 = alky! 

E, 2-Oxo-1,3,2-dioxathiolanes 

Of the various methods of preparation? ?»9* of cyclic sulphites the best yields 

have been obtained by the condensation of 1,2-diols with thionyl chloride in the 

presence of pyridine? (equation 16). The ring geometry of 68 and its alkyl and 

phenyl derivatives have been extensively studied by electron diffraction? ©»97, [R98 

1H-NMR?5+98599 CD techniques!®® and '3C-NMR!°!; these reports review the 

older literature fairly thoroughly. Although the electron diffraction study of 

2-oxo-1,3,2-dioxathiolane (68) itself postulates an essentially planar structure for 



836 K. Pihlaja and P. Pasanen 

| | pyridine p 

HO 6—— COD SOC as aan en O——O. (16) 
| | Et2O NX 

O 

(68) 

the ring, a later report?’ shows that the experimental findings for cis-4, trans-5, 
r-2-0xo- (69) and trans-4, trans-5, r-2-oxo-1,3,2-dioxathiolanes (70) can be best 

explained by the existence of the twist-envelope forms in agreement with the 

CD!°° [R28 and the most recent NMR work?®:!9!_ These twist-envelope forms 
are interconverted by rapid pseudorotatory (68a and 68b) paths not involving 

H H 

H O O 

Me eee Me om 

H Me 

(69) (70) 

O O O O 
SO as. Se 
om Bee 

(68a) (68b) 

inversion at 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 IV.G). 

In this context it is worth noting that 2-oxo-1 ,2,3-oxadithiolane (71) and its 

5-methyl derivative (72) have also been prepared!°? (equation 17). Thompson 
and coworkers!93 have obtained 2-thioxo-1,3,2-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) | HSCHR2CHR'OH + SOCI, GO. ER 
We 

(18) HOCHR?CHR'OH + S,Cl, KER 

% Y R! R! 

(71) S O H H 

(72) S O Me H 

(73) O S H H 

(74) O S H Me 

(75) O S Me Me 
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IV. SIX-MEMBERED RINGS 

A. 2-Oxo-1,2-Oxathianes 

1. Preparation 

The 1,2-oxathiane system is unknown and, apparently unstable, but the 2-oxides 
are fairly well described in the literature. As sulphinate esters, the title compounds, 
e.g. the nonsubstituted molecule (76), can be prepared via the reductive desulphur- 
ization coupled with rearrangement of the six-membered thiosulphonate (77) in the 
presence of tris(diethylamino)phosphine (equation 19)!3414 The conformation 

ae ENE SOz SO 

8 b+ (So, (19) 
— P(NEt>)3 

(77) (79) (76) (78) 

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! 34, 

Certain 4-chloro derivatives (80) are obtained by treatment of 3-butenols with 

SOCI, (equation 20)!94,105, 

SCI» Cl oo 

CHy=C(Me)CHzCH,OH ——> O (20) 

Me 

(80) 

The most general route to cyclic sultines developed by Sharma and coworkers! ? 
utilizes cleavage of t-butyl (6-hydroxyalkyl)sulfoxides (81) by SO Cl,, and enables 

preparation of several specifically substituted derivatives such as 82 from relatively 

simple precursors in isolated yields of ca. 75% (equation 21). Although this method 

R 
O 

O 
SO2Clo \ 

t-Bu—S—(CH5)3CH(R)OH }=———> SO (21) 

(81) (82) 

reduced the problem of preparing various alkylated 2-oxo-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 

x to the sulphur atom!?. 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! ? . 

2. Structure 

The main interest in the structural study of 2-oxo-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. 

The 100 MHz ! H-NMR spectrum of 76, as temperature-independent from —90 
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to +150°C, is best interpreted in terms of a rigid chair conformation with a strong 

preference for the axial structure (76a) over the equatorial one (76b)!*. The energy 

O 
| 
1 AG? > 84kJ Creuse 
eS 

O 

(76a) (76b) 

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)!97, and in 2-oxo-1,3,2-dioxathianes (12—20 kJ)!°8, if the reasoning 
based on dipole—dipole interactions between the exocyclic and ring hetero- 

atoms! 4:2! is relevant. 
This concept is qualitatively supported by the dipole moment measurements 

of Exner and coworkers? , 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. 

By 'H-NMR and !3C-NMR measurements as complementary tools Buchanan 
and his colleagues!°® came to the conclusion that even molecules like 83 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 behaviour?4»!°9.11!° are not discussed!°®, but it finds some resem- 
blance in the results of the combined 'H-NMR and IR study by Dhami! °4>!95, 
who noted that cis-4-chloro-, trans-4-methyl, r-2-oxo-1,2-oxathiane (84) exists in a 

single chair form (84a) where both the Cl and S=O groupings are axially orientated 
(see also Sections IV.C. and IV.G). 

O 
iI Ph 

esas —— ee 
O ~ Ng-0 Ph 

e 

Me 

(83a) (83b) 

O Cl 
l Cl 

\ Me —————— Oe 
Oo izes 

Me 

(84a) (84b) 

3. Reactions 

The kinetics of the alkaline hydrolysis of 76 was studied by Najam and Tilett? ? , 
who reported some anomalous features in the relative reactivity along the series 

from five- to six-membered and open-chain analogues (see Section III.A.3). The 
facile oxidation of 2-oxo-1,2-oxathianes has served as a proof of their structure! 34, 

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 

7. General remarks 

The 1,3-oxathiane system (85), as structurally intermediate between 1,3- 
dioxane (86) and 1,3-dithiane (87), offers an interesting opportunity to compare 

X~ Sy D 

a 
(85) X=O,Y=S 

(86) X=Y=O 

(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-oxathianes (88) can be synthesized by conventional 

acid-catalysed condensation of asuitable mercaptoalkanol and a carbonyl compound 

or its acetal in the case of sterically constrained molecules (equation 22)!!1!-!19. 

HO 

C—Oyee + H,0 (22) 
HS 

(88) 

Certain derivatives are obtained in 90% yields by the ring-closure of mixed 

diesters (equation 23)!19»129, 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 (92) may be obtained if 

enantiomers of 89 are available in reasonable purity!?°. While the 1,3-dioxane (93) 
is not formed from 90, the disubstitution product (94) leads to 1,3-dithiane (95), 

OH deeerain eine eta e es. KSAc PAP ee 

(89) (90) (91) (92) 

CH20/CH30H,H* 2eq.KSAc (23) 

ee pees 

5A Nee CH30H, “CH30H, HY = 

(93) (94) (95) 
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with the same configuration as 92, indicating that the mechanism of the ring-closure 

does not involve hydrolysis of the OMes group, but rather that of the SAc function, 

followed by internal Sy 2 displacement of the sulphonate grouping!?°. 
Some synthetic utility may be derived also from the reaction of 85 with s-butyl- 

lithium to give 1,3-oxathianyl-2-lithium, which on subsequent treatment with alkyl 

halides yields a variety of 2-alkylated 1,3-oxathianes!?!. Similarly, the acid- 
catalysed equilibration of 85 with 2-R-substituted 1,3-dioxanes leads to 2-R-1,3- 

oxathianes!22>!23 in 79-95% yields. 

3. Structure 

There are no exact studies on the ring geometry of 85, but 'H-NMR data! !!> 
114-116,118,119,124-135 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. 

Although Gelan and Anteunis!?® tried to construct two deformed models for 
the chair form of 85, this has later been shown to be a misinterpretation of the 
dissymmetric character of the 1 ,3-oxathiane ring itself! 15»130-132,136_ 

Table 3 presents a collection of Buys—Lambert R-values [R = 3Jygns/?J cig 1132 
133 and torsional angles [cos? y = 3/(2 + 4R)]139133 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 cxygen-containing rings have an inherent 

tendency to flatten the C(4)—C(s5)—Ci6) moiety (in 86 and 97 4.5 =Ws5\6 = 558), 
while their sulphur analogues favour a somewhat puckered shape (in 87 and 98 

Wa,s =Ws5.6 =63°)131-133. Interestingly, 85 can still adopt a normally staggered 
arrangement, and contrary to a previous conclusion! 2° the type of substitution 

does not seem to engender any profound effect (W4 5 = Ws 6 ~ 60° in 85, 96, 100 
and 101), with the exception of derivatives with severe steric crowding in their 

TABLE 3. R-values and torsional angles (Wy) in some 1,3-oxathianes, 1,3-dioxanes and 
1,3-dithianes 

Compound Side R y Reference 

(85) 1,3-Oxathiane S 2.97 61 130 

O 2.29 59 130 
(86) 1,3-Dioxane O 1.76 55 SES 2) 
(87) 1,3-Dithiane S 3.23 63 1S etS2) 
(96) 2-Me-1,3-Oxathiane S 2.38 59 115 

O 2.44 60 115 
(97) 2-R-1,3-Dioxane® O 1.81 55 2%, 118383 
(98) 2-R-1,3-Dithiane? S 3.23 63 132,133 
(99) 2,2-Me,-1,3-Oxathiane S 2.47 60 130 

O 1.94 56 130 
(100) 4,4-Me,-1,3-Oxathiane O 2.40 Sy) HES 
(101) 6,6-Me, -1,3-Oxathiane S 2.50 60 115 
(102) 2,2-trans4,6-Me,- 

1,3-Oxathiane 0,S 165° <54¢ DIL 

#R = p-chlorophenyl' *? or ¢-butyl! ??. 
PR = phenyl! *?, 
“Average value for the C(4)-C(s)-C6) moiety. 
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chair forms, e.g. 99 and 102115. In fact, the average torsional angle (~ 54°) deter- 
mined for 2,2-trans-4,6-tetramethyl-1,3-oxathiane (102) is characteristic of a 2,5- 
twist—boat (102b). In general, 1,3-oxathianes having various syn-axial 2,4- or 2,6- 

as OO 
(102a) (102b) 

methyl—methyl interactions in their chair conformations favour some of the three 
conceivable (1,4-, 3,6-, or 2,5-) twist forms! !4»115,137,138 The basic geometry of 
the 1,3-oxathiane ring is also consistent with aromatic solvent-induced 1 H-NMR 
shifts of the ring protons®® (see Section III.B). 

As to the quantitative evaluation of different stereochemical preferences, most 

information apart from !'H-NMR data has been provided by chemical equili- 

bration! 14,116,138-140 of proper epimeric 1 ,3-oxathianes. For instance, the chair— 
twist energy parameters for 85 were estimated!*® and recently recalculated! 15 
from equilibrium data for r-2-t-butyl-2,cis-6- (103), and r-2-t-butyl-2,trans-6- 
dimethyl-1,3-oxathianes (104) by making some relevant assumptions about the 

eee WSS 
(103) (104) 

plausibility of contributing twist forms!!5°137. The values thus obtained for the 
chair—2,5-twist equilibrium (equation 24) are roughly intermediate to those evalu- 

ated for 86 and 87!°»!29 (Table 4), and indicate a fair additivity of the opposite 

Wetec == LO (24) 

Chair 2,5-Twist 

trends. Conformational energies of methyl groups at different positions of the 

1,3-oxathiane ring derived from equilibration data! 814° are presented in Table $ 
together with the corresponding values for the symmetric analogues 86 and 8719129. 

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(2)!4! in 2,2-dimethyl-1,3-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 871!!+129-139. Positions 6 in 85 and 86 
are energetically comparable whereas AG*® (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  AGEr (kJ mol“') AHeT (kJ mol“!) AS@y (J mol"! K~!) Reference 

(85) 1,3-Oxathiane 23.5 27.0 11.6 115,138 

(86) 1,3-Dioxane 33.5 35.8 9.1 1,129 

(87) 1,3-Dithiane 11.0 16.7 19.0 1,129 
Oe 
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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 
Se ee ee ee eee eee 

Conformational energy (kJ mol~’ ) for 
different locations 

Parent compound 2a 4a Sa 6a References 

(85) 1,3-Oxathiane 13.6 7.4 2.9—3.7 1233 115,116,139,140 
(86) 1,3-Dioxane 16.7 222 ca. 4 WA 22 1129 
(87) 1,3-Dithiane 8.0 6.5 4.9 6.5 WG Ags) 

85 (6.5 vs. 7.4kJ mol 7!) at the expense of some loss in torsional strain 111.115.129. 
The relatively low AG® (5-Me) of 85 is, apart from the small steric requirements of 

the heteroatoms!!!>!29 4 manifestation of the fundamental deformation of the 
ring, whereas the slightly higher estimate for 87 is attributed to the enhanced 

puckering of its Cay as) C6) region and/or to the large van der Waals’ radius of 

sulphur as compared to oxygen!!15114,129, 
From ! H-NMR!26>1345135 and equilibration! 26»!35,!38-140 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, 

trans-4,6-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! 26134 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 

kJ mol7!) (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-trans-4-cis-6-trimethyl-1,3-oxathianes (107) at various tem- 
peratures!39»14° firmly confirmed the original estimates!?2®»134 and made the 
chemical-shift method questionable. 

at eee 
(105b) (105a) 

ja ee 
(106) (107) 

Additional structural knowledge about the title compounds comes from electron 
impact mass spectrometric studies!42-145, The main features in the positive-ion 
mass spectra of 1,3-oxathianes!4? 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 II) are 
found!*?, which is different from the behaviour of 1,3-dioxanes but comparable 
rather to that of 1,3-oxathiolanes (see Section III.B.3)®2~6*, 

2 O 

a ae, 

as A 

( 

i 

1) (II) 

Measurement of the ionization and appearance potentials for a series of stereo- 

isomeric | ,3-oxathianes has yielded information about their conformational energies 

in the gas phase!*3. According to the principles derived originally by Pihlaja and 

Jalonen!*® 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 ground-state 

enthalpies of isomeric structures can be evaluated from equations (25) and 

(26)!43+146,147, where AP is the appearance potential of the primary fragment 

IP({M]*) — IP([M,]*) = AHP (M,) — AHP (M) (25) 

AP([M—R]*)— AP([M, —R]*) = AH P(M,) — AAS (M) (26) 

ion, IP the ionization potential and AH the standard enthalpy of formation of the 

compound in question. The most interesting point was the observation!4? that 
cr 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 *)!15>!38,. Also 
the values of other conformational energies from appearance and/or ionization 

potentials are in fair agreement with the liquid-phase values! 155139. 
Bowie and Ho!4* studied negative-ion mass spectra of 2-aryl-1,3-oxathianes 

(2-aryl = o-, m- or p-nitrophenyl). The spectra were characterized by intense mole- 

cular anions and large fragment ions produced by simple (I—III) or complex 

modes of cleavage. With the aid of deuterated derivatives the authors!4* were able 

Neh HA 
\ t 

Cas Oss | OS 

2 \ 

Ar Ar Ar 

(1) (11) (11) 

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-dithianes!45 but is in marked contrast to 

isomeric 2-nitrophenyl-1,3-dioxanes!** which display mutually very similar spectra 
and exhibit no hydrogen scrambling. 

4. Reactions 

Pihlaja and coworkers!*® determined the relative rates for the acid-catalysed 

hydrolysis of 1,3-oxathiane (85), 2-methyl-1,3-oxathiane (108) and 2 ,2-dimethyl- 

1,3-oxathiane (109) and found that the acceleration effect for 108 is exceptionally 

low in comparison with 1 ,3-oxathiolanes®*. A possible explanation is the acidic 

character of the protons at position 2 in 85 and 108, but the exact mechanism for 
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the hydrolytic decomposition of 85, 108 and related molecules is not clear and 

requires further study!4°. 

RRA (85) R'=R*=H 
pee (108) R'=H, R2=Me 
Regs (109) R'=R2=Me 

Eliel and his colleagues!5° described an asymmetric synthesis of (S)-(+)-atrolactic 
acid methyl ether (110) proceeding either from (S)-(—)-4,6,6-trimethyl-1,3-oxa- 

thiane (111, R = H) with about 100% optical yield, or from (R)-(+)-4,4,6-trimethyl- 

1,3-oxathiane (112, R=H) with ca. 92% optical yield. The reaction sequence 

S) 
2 Me (S) COOMe Me (R) 

Me ~s-T>R Ph OMe Me ws 

o O 
Me Me Me 

(111) (110) (112) 

involves a stereoselective electrophilic attack on a biased 2-lithio-1,3-oxathiane 

leading exclusively to equatorial substitution, where the original chirality at Ccq4) or 

C6) is transferred to C(2), and an asymmetric reaction of a Grignard reagent to 

yield 111 (R =(S)-C(OH)MePh) with an exocyclic asymmetric centre which after 

methylation, ring-cleavage and oxidation produces 110! 5°. 
For the reduction of cyclic monothio-acetals and -ketals, see Section III.B.4. 

C. 3-Oxo-1,3-oxathianes 

Only a few reports!5!~!53 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! 5!. 

cn I ; 
S 

bale ——— mae 

R 

(a) 

(113) R=H 

(114) R=Me 

Conformational preferences in 113152153 and 114153 were examined by 
1H-NMR spectra. Interestingly, at ambient temperatures 113a and 113b are nearly 
equally populated, whereas at —95°C 113b is reported to predominate in a ratio of 
8 : 115? which is approximately in agreement with the result of 84 : 16 at —98°C 
(-AG® =2.4kJ mol!)!53, In 114 with gem-dimethyl grouping at the 5-position, 
the proportion of 114b is drastically lowered (114b/114a ~ 1 : 9 and —AG® ~ 3.0 
kJ mol~! )'53. Consequently, the disfavouring effect caused by syn-axial S=O and 
methyl groups would amount to 5.4 kJ mol7!. 
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These results are pronouncedly different from those observed for thiane-1-oxides 
(-AG® = 0.73 kJ mol“! in favour of the axial S=O form)!54, and for 1,3-dithiane- 
3-oxides (equatorial preference of S=O at and below ambient temperatures)! 52.153 | 
emphasizing the difficulties in evaluating interactions between polar groups and 
lone-pair electrons. 

D. 1,4-Oxathianes 

7. Preparation 

1,4-Oxathianes have been synthesized with a variety of different methods of 

which the most recent ones will be described in the following. Karabinos and 

Hazdra!>* obtained 1,4-oxathiane (116) and 1,4-dithiane (117) in a 7: 1 ratio 
from the cyclization of thiodiethyleneglycol (115) upon treatment with PF, 
(equation 27). 

PFs y. \ 

(ROCHIGH>),S)— ge Se CESSROR (27) 
yh 

(115) 
(116) X=O 

(117) X=S 

Black prepared 2-methyl-1,4-oxathiane (118) from 1+2-hydroxyethylthio)-2- 

propanol by dehydration with orthophosphoric acid and some 2-0xo-1,4-oxathianes 

(119) from the reactions of thioglycolic acid with oxiranes!*°. 

O 

Jo aN. 
O S O S 

Me R 

(118) (119) R=H, Me, Ph 

3-Chloro-1 ,4-oxathiane (120) has been prepared by chlorinating the parent com- 

pound with N-chlorosuccinimide!57 or with Cl, in CCly at ca. 260K!58. In 
areaction with RNa 120 gave different 3-substituted 1,4-oxathianes (equation 28)!°8. 

S OR RING ak O + NaCl (28) 

Cl R 

(120) 

Evans and Mason!59 used a modification of the Haubein method!®©® 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 to be substituted on the same side. 

The structure of 121 was confirmed by desulphurization (equation 29) which 

O cl 
Ni(H) Zn 

es ———> EtOCCI,CH,cl ———> EtOCCI=CHCI 

S Cl 

(121) 

(29) 

H20 
—+—+ CH,CICOOH + 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- 

Cl 
“ Ni(H) H20 

Cl, ———— EtOCHCICHCI,, CHE CHOT EIOn (30) 

S Cl 

(122) 

sistent with the chlorination and thermal dehydrohalogenation of diethyl ether! ©! 

whereas for that of 121 at 353 K an entirely different mechanism must be postulated 

(equation 31)!59»162, 

ole Ge lee licene keane 
cl 

5 Cin O Ca= 6: Be 
Ss” ~¢| St Gj (e 

(121) 

(31) 

Hydrogenolysis of the acetal function of 2,8-dioxa-6-thiabicyclo[3.2.1] octanes 

also affords 1,4-oxathianes!®*. Reaction of (CH,=CCH3CH))20 with SCl, gives 
3 ,3-dichloromethyl-3 ,3-dimethyl-1,4-oxathiane (123)!®4 and _ hydrolysis of 
(ROCHCICH; )2 S yields 2 ,6-dialkoxy-1,4-oxathianes (124)! 65, : 

O O O OH 

Tote SO emo CIHEC. asa CHOC! RO@ SOR S R' 

(123) (124) (126) 

Blagoveschchenskii and colleagues!®® prepared several 2- and 3-substituted 
1,4-oxathianes by treatment of 1,4-oxathiene and 3-chloro-1,4-oxathiane with RH 
(R = Me3CO, PrS, Me3CS, Me, EtCS, PhCH, S, PhS, (MeO), P(S)S and (EtO), P(S)S), 
respectively. Acetamido-substituted 1,4-oxathianes (125) can be obtained through 

the base- or acid-catalysed intramolecular cyclization of S-hydroxyalkylated 2- 
acetamidopropenethiolates (equation 32)!°7. 

R. -NHCOCH3 R Gaeks 
IC Faas cxcon[_ She (32) 

Ss RS H SCHR°CR2R'OH 

(125) 

1 ,4-Oxathianes have also been prepared by mercuric salt ring-closure from diallyl 

sulphide!®8 and by cyclization upon electrochemical fluorination of 115 (R= 

H)!°°. The reaction of 2-mercaptoethanol with R! CHXCOR? (X = halogen) in 
C.H¢ containing KOAc gives substituted 1,4-oxathianes (126) in good yields! 7°. 

Some 2-oxo-1,4-oxathianes have been prepared by heating mercaptoacetic acid 

with oxirane or substituted oxiranes! 7! as well as by intramolecular dehydration of 
HOCH, CHRSCH,CO2H(R = H, Me)! 72. These methods have been used to synthe- 
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size the corresponding seven-membered compounds, 2-0xo-1,4-oxathiepanes (see 
Section V.A.). 

2. Structure 

The conformation and structural characteristics of 1,4-oxathiane and many of its 
derivatives!55>173,174 have been extensively ‘studied. Jensen and Neese!75 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 mol7!, AS# 2+1J mol! K"! 
and AG* 36 + 1kJ mol7!. The free energies of activation measured for the ring- 
reversal of 2-oxo-1,4-oxathiane and its 6-methyl, 5-phenyl and 6-phenyl derivatives 

are 41, 73, 79 and 79 kJ mol~!, respectively! 7°. ; 
The microwave!77, IR and Raman! 78, and electron diffraction! 79>!8° results 

for 1,4-oxathiane are all in accord with a chair form. The crystal structure of trans- 
2,3-dichloro-1,4-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-!85. The torsional angle in 127 is 
60° from the values of the vicinal ! H-coupling constants using the Buys—Lambert 

approach! 3?>186 in good agreement with the diffraction results!81. 128 is some- 
what less puckered since its torsion angle is only 57°. 

Crossley and coworkers tried to apply an improved microwave procedure to the 

detailed conformational study of 1,4-diheterocyclohexanes (116, 117 and 130) but 

with a relatively small amount of new information!®7. In a number of papers 

Zefirov and colleagues! ®8+!89 have studied the conformational properties of 
2-substituted 1,4-oxathianes and heteroanalogues of bicyclo[3.3.1] nonane! §°:!9°, 
The results of these investigations have been already reviewed?. 

Cl 

Xx 

x Y 
Cl 

(127) X=0,Y=S (116) X=0O, Y=S 

(128) X=0,Y=O (117) X=S,Y=S 

(129) X=S,Y=S (130) X=0,Y=0O 

Burdon and Parsons synthesized different highly fluorinated 1,4-oxathianes! ?} 
and deduced their structures from the !? F-NMR spectra by a chemical-shift para- 

meter scheme!?2. The majority of the compounds exist in chair conformations, 

with a strong anomeric effect or its equivalent operating both « to oxygen and « to 

sulphur! 92. A comparison with a similar set of polyfluorinated 1,4-dioxanes has 
also been made. Phillips and Wray!?? evaluated an additive method of calculating 
2 Jip in polyfluoro-1,4-dioxanes and -oxathianes and stated that the approach may 
be useful in stereochemical and conformational studies of related molecules. 

Szarek and colleagues!9* studied the 13C-NMR spectra of a number of 1,4-oxa- 
thianes including 4-oxo and 4,4-dioxo derivatives and applied the results to carrying 

out astructural differentiation of the two nucleotides 131 and 132. 
Condé-Caprace and Collin!95 discussed the various modes of fragmentation of 

116 and 117 and found that they are qualitatively very similar but.differ consider- 

ably from those of 1,4-dioxane (130)!9° (see also Sections II.B.3 and IV.B.3). 
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‘nme 

Y 

(131}%=.0,1-=S 
(132) X=S),¥=0 

Obviously the influence of the sulphur atom predominates in the case of oxathia- 
cyclanes® 2-64 5142195. 

Sweigart and Turner! ?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 through-space and through-bond 

mechanisms; the latter is favoured in 116, 117 and 130, whereas 1 ,3-diheterocyclanes 

prefer the former. 

3. Reactions and 4-oxo-1,4-oxathiane 

Havinga and coworkers!?® studied the chlorination of 116 under different 
conditions and prepared 3-chloro- (133), 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-oxathianes (136). The substitution takes place preferentially at C3) and, up to 

three chlorine atoms, in the same half of the ring. The use of peroxides favours 

substitution at C(2). 

R! R2 = R3 R4 

Ov wR! (133) =H Fe ice 
R2 (134) H cloc H 

Negeeranee 435) H  H?  chl- cl 
(136) Cl Cl Cl Cl 

The oxidation of 116 by H,0O, in several solvents and mixed-solvent systems 

and the influence of solvent on the mechanistically related t-butyl hydroperoxide 
oxidation have also been studied!9°. Foster and colleagues?°° 29! treated 137 
with NaIOq and obtained a 10 : 1 mixture of the axial (138) and equatorial (139) 

CH OH CH50H 
NW-° [O] ane 

|_| Lome . OMe 
» 

(137) (138) R=SO., 
(139) R= SOeq 

sulphoxides. With O3 the sulphoxides were obtained in about equimolar yields. In 

general, the control of S-oxidation was best achieved by variation of the configur- 
ation at the anomeric centre, Cz); an axial substituent engenders equatorial S-oxy- 
genation whereas an equatorial substituent leads to an axial S-oxide. 

Foster and coworkers?°? also used !'H-NMR spectra to assign sulphoxide con- 
figuration using the significantly different shielding effects of axial and equatorial 
S=O groups?°?. A crystal structure determination?°* established that the major 



18. Oxathiacyclanes: preparation, structure and reactions 849 

sulphoxide obtained by NalO, oxidation of trans-2-methoxy-6-hy droxymethy]-1 ,4- 
oxathiane (140) has the trans-4-methoxy, cis-6-hydroxymethyl, r-4-oxo configur- 
ation (141) in agreement with ! H-NMR results?°9 5. 

eae CH OH 

[O] O O HSS p= 
-—\ ae peg 

OMe OMe I 

(140) (141) (142) 

13C-NMR data?°3>26 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 report?°7 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 (116), like 1,4-dioxane (130), easily forms complexes with 
iodine?°8, ZnMe, 29° and many metal halogenides?!°213, but this topic will not 
be considered here. 

E. 1,3,5-Oxadithianes and -Dioxathianes 

The title trineterocyclohexanes are not well characterized. The reaction of satu- 

rated aldehydes with gaseous H,S has been reported?!4 to give 143—145. Some 
4-alkoxy-4-alkyl derivatives of 144 can be obtained in 40—50% yield by treating 

S (143) X= 0, Y= 0 
xX x (144) X=S,Y=0 

Y (145) X=S,Y=S 

sodium oxydimethylenedithiosulphate with CH3COOR in absolute propanol in the 

presence of HCl for 7—8 h?!5. 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 substituents? 1°. 
Oxidation of 144 with perhydrol for 2.5h at 333-338 K gives the 3,3,5,5- 

tetroxide in nearly quantitative yield?!5. The H—D exchange at C2) of 145 accel- 
erates when S(s) is converted to a sulphinyl or sulphonyl group. The remote 

Daneieaien of the sulphur atom is also seen in the slow H—D exchange at C6) of 

143 ; 

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 IV.G). Since the early attempts! > [see also 

Section III.E] to prepare 1 ,3,2-dioxathiane (146) and some of its alkyl derivatives 

Wood and coworkers?!8»2!9 have reported the synthesis of a number of methyl- 

substituted 1,3,2-dioxathianes. The barrier (AG*) to the ring-reversal of 146 is 

somewhat higher than that for cyclohexane or 1,3-dioxane but lower than that for 

1,2,3-trithiane?!9. 13C-chemical shifts for trans-4,6-dimethyl-1,3,2-dioxathiane 

(147) have also been reported!!°. The above results are still in some doubt since 

one of the present authors??° has not been able to repeat the preparation of the 

materials. 
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O cau 

¢ ) Mie 
d O 

(146) (147) 

6 (p.p.m.) 

CLinen7ae 
Cis) 39.4 
CNB pane! 

G. 2-Oxo-1,3,2-dioxathianes 

These compounds are cyclic sulphites and can be easily prepared from SOCIl, 
and 1,3-diols?4»?21~-224. 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)??*. In the same context the 
chair form of 146 is estimated to be ca. 31 kJ mol™! more stable than the twist 
form??4, Two other recent reports? 25°22 confirm the conclusions made by Pihlaja 
and coworkers?2* as to the high preference of the chair form and withdraw, to- 

gether with the latter and some other consistent publications! 3!»227-241 the 
significance of the discussion based on the existence of simple alkyl-substituted 

derivatives in the twist form?4»1°9.110,222,242-253 In a forthcoming report? 3° a 
correct assignment of the IR bands in the 1180—1250 cm™! region also disproves 

the necessity of twist forms in contrast to opposite claims?47»?52»253. The only 
substituted 2-oxo-1,3,2-dioxathiane which has been proved to attain a twist 
conformation is trans-5-chloro, cis-4, trans-6-di-t-butyl, r-2-oxo-1,3,2-dioxathiane 

(149)?27. A complete discussion as to the detailed structure and properties of 148 
and its derivatives will be published in a separate review23° and in some future 

reports? 2572 3°, 

O O 

| I 
ee OCS 

Yo 
(148) (149) 

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 (151) (equation 33)254. The structure of 150 was stated to be 

confirmed by conventional means but no data were reported?54*. Attempts to 
synthesize eight-membered rings by lengthening the hydroxyalkyl chain failed? 54. 
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AcNH 
Me NHAc O 

Ht Se Oy or HO 

H™ ~S(CH5)30H S 

(151) (150) 

Preparations of 2-oxo-1,4-oxathiepane (152) (equation 34)!72, and 7-oxo-1,4- 
oxathiepane (153) (equation 35)!7! have also been reported. The latter synthesis 
utilizing the ring-cleavage of oxiranes by B-mercaptopropionic acid (154) leads to 
appreciable amounts of 155 as a by-product! 7!. 

HSCH2COOH + CHy=CHCH,Cl ——> CI(CH2)3SCH COOH oe 2G \ (34) 

(152) 

0 O 

HSCHy»CHzCOOH + \ ag ie + HOCH sCH2SCH2CH> COOH (35) 

S) 

(154) (153) (155) 

B. 1,4,5-Oxadithiepanes 

1,4,5-Oxadithiepane (157) is obtained by treating 156 with Naz S,4 at 358—363 K 

in aqueous solution in the presence of sodium alkylnaphthalenesulphonate, NaOH 
and MgCl, (equation 36)?55. Cannizzaro reaction of 2 op Naa ae 

CICH5CH O—CH,CH,Cl eu es (36 
ane aee2 Wabesesie 

(156) 
(157) 

nal) in aqueous NaOH yields 158 which is readily cyclized in the presence of Ac, O 
to 2-0xo-1,4,5-oxadithiepane (159) (equation 37)?5°. Both 157755>757 and 159756 
are readily polymerized by alkoxide, alkylaluminium and metal hydride catalysis. 

Ac20 aa 

l (37) HOCH.CMeSSCMe,COOH LP Ben 

(158) ml 

(159) 

Heats of polymerization for 157 in bulk, CgH» and 1,4-dioxane solutions were 

measured by Dainton and coworkers?57 who suggested an anionic mechanism for 

iodine-catalysed reaction in which I~ is assumed to be the initiator. 

C. 2-Oxo-1,3,2-dioxathiepanes 

Seven-membered cyclic sulphites (160) can be similarly synthesized, though 

in lower yields than their six-membered homologues (see Section IV.G.), e.g. by 
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treatment of the corresponding diol with SOCI,?5%?°!. Structural information 

about 160 is very limited. According to !'H-NMR and IR measurements by Faucher 

and Guimaraes?°? 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 to occur by a bimolecular (A2) 

mechanism?252»263 which is also normal for lower homologues and acyclic 

sulphites? ©3. 

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)? 4:7 5. 

S Os S 

We Wie Ne ay/ 

CH 5CH 
ie =e (116) (117) 
S (38) 
‘s Ht aN 
CH»CH OH CHpo S O 

162 o eee 
(161) 

Direct cyclization of 162 gives 1,4-oxathiane (116), or after disproportionation, 

1,4-dithiane (117)? ©* (see also Section IV.D.1). In an IR study of 161 and related 
heterocycles Tarte and Laurent? ®® discovered that the oxygen atom has little effect 

on the CH, deformation frequency whereas sulphur lowers that of adjacent CH, 

groups by ca. 40 cm7!. 

Mass spectrometric fragmentation of 1617°7 includes the loss of CH,O 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 
heterocycles? °8. 

E. Macrocyclic Rings 

Several polyether sulphides containing 9—21 ring atoms have been prepared? ©? 

by treatment of an oligoethylene glycol with a suitable dithiol or Na, 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 1H-NMR spectra recorded for some members 

(163) 
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such as 1 ,4-dithia(12-crown-4) (163) are reported to be consistent with the assumed 
stereostructures? ©? , 

38. 

Se), 
40. 
41. 

. D. O. Harris, H. W. Harrington, A. C. Luntz and W. D. Gwinn, J. Chem. Phys., 44 
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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 C3H,O energy surface that besides 1 includes 
cyclopropanone (2), 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. 

(1) (2) (3) (4) 
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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 to 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. 

Il. THEORETICAL CALCULATIONS 

A number of quantum-mechanical calculations dealing with the C3;H,O 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 to 

be some 6—21 kcal/mol less stable than 2. All calculations except EHMO also 
predict that singlet oxyallyl (3) resulting from the disrotatory ring-opening® of 2 is 
a high-energy species with some 36—232 kcal/mol above 2 and therefore higher in 
energy than even 1. 

Besides disagreement on the relative stabilities of these species as determined by 

the various calculational methods, there is the question of the exact mechanism of 

interconversion or isomerization between 1, 2 and 3. Liberles and coworkers*>5 
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 intermediates? 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) to cyclopropanone (2) was proposed by Zandler and coworkers® 

TABLE 1. Theoretical calculations of the C,H, O energy surface 

Relative energies (kcal/m ol)? 

Calculation? 1 2 3 Reference 

EHMO —21 0.0 —23 1 

MINDO/2 c 0.0 78 2 

INDO c 0.0 220 3 

INDO 6 0.0 B52 4 

ab initio SCF 21 0.0 83 4 

MINDO é 0.0 36 Sy 

CNDO/2 c 0.0 110 6 

MINDO/3 c 0.0 66 7 

4See original reference for definition and details. 
Relative to cyclopropanone (2): negative energy indicates 
greater stability than 2, positive energy indicates lower stability 
than 2. 
“Not given. 
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60 80 

240 220 200 180 160 140 120 100 80 60 

FIGURE 1. Contour diagram of the CNDO/2 energy surface for the allene 
oxide—oxallyl-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 7 III of 

Scheme 1 for the allene oxide—cyclopropanone isomerization. Such a pathway has 
only one half the energy barrier of the pathway via II. The lower barrier was 

suggested® to be the result of the lower energy requirements of bond bending 

compared to bond stretching. Stabilization due to delocalization in II is apparently 

insufficient to compensate for destabilization due to bond breakage®. On the 
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SCHEME 1. 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. 
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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 out®, 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 orif the pathway via oxyallyl (II) 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. No 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 oxyallyls>. Unfortunately, the cor- 

responding substituted allene oxides were not considered. This calculation shows 
that methyl-, methoxy- and fluorine-substituted cyclopropanones undergo ring- 

opening to oxyallyl more readily than the parent compound but the exact magni- 

tudes of the energy differences between the appropriate isomeric cyclopropanone 

and oxyallyl are unreliable>. 
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! 7. 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 calculations* 

(see Table 1). Although this agreement is likely to be fortuitous, other indirect data 

from microwave!> and photoelectron spectroscopy!* studies on 2 also suggest 2 to 
be the most stable isomer on the C3H,O energy surface. 

if. PREPARATION 

Allene oxides have been proposed as intermediates, along with cyclopropanones, in 

the Favorskii reaction’5»1®. As yet, no allene oxides and only a few cyclo- 
propanones have been trapped in the Favorskii reaction! 7. Indeed very few allene 
oxides at all have been isolated as stable compounds at room temperature. 

There are two main approaches to 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 

Analogously to normal epoxidation of olefins via peracids, peracid oxidation 
would seem the logical and simplest entry into allene oxides (equations 1 and 2). 

O 
Ne nes 4 solvent N/\_ 74 
X= + RCO3H Se (1) 

SS Pee solvent \ RB Bg 
YE—C= CS RCO ae De ae (2) 

As part of an extensive investigation of epoxidation reactions, Boeseken! 8 investi- 
gated the reaction of peracetic acid with 1,1-dimethylallene 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 

coworkers?°"?5. As will be shown in Section IV 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 to the 

allene dioxide and in some instances isomerize to the corresponding cyclo- 
propanone. 

The first stable allene oxide was prepared and isolated by Camp and Greene? ® 
by the reaction of m-chloroperbenzoic acid with excess 1,3-di-t-butylallene in 

hexane (equation 3). The allene oxide 5 is a colourless liquid, stable for long 

“t-Bu Bu-t O 
7 m-CICgH4gCO3H \ 
“=c=C Eee © t-BuCH—C =CHBu-t (3) 
¢ SS hexane, 25°C 

H H (5) 

periods at room temperature, with spectral properties fully consistent with its 

structure?®. There are two geometric isomers possible for any 1,3-disubstituted 
allene oxide, 6a and 6b. The simplicity of the NMR spectrum of 5 (CCl4), 60.98 

(s, 9H), 1.08 (s, 9H), 3.25 (s, 1H), 4.82 (s, 1H) suggests that it is a single species but 
of unknown geometry. 

R R 
“Ly, “I £5 R a a 

NI \ uf ; nt Ve 

H R 

(6a) (6b) 

Reaction of 1,1,3-tri-t-butylallene (7) with m-chloroperbenzoic acid gave the 

stable tri-t-butylallene oxide (8)?* (equation 4). 

t-Bu t-Bu, O 
Uy m-CICgH4CO3H Gel 
Cc + par UH (4) 

t aut Bu-t t-Bu 1 

Bu-t 

(7) (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 

An elegant synthesis of allene oxides has been developed by Chan and 

coworkers? 73° via dehalosilylation?! of epoxides (9) (equation 5). This approach 

RU OaSIMéy eee tay aR b Oe. op? 
2 eh (5) 

aaa C 
H CH H 

| H 
Cl 

(9) (10) 
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1. RLi SOCIp 
Me, SiCBr=CH, Pew Serena Me3,SiC=CHy + 

t-BuCHOH sae 

Cl 

(11) (12) (13) 

ar 
pucc err CH3CO3H . CsF 

t-BuCH=C ————> Bu, Q SiMe; —————— 
AcOH, 45°C CH3CN, 25°C 

ee H CHCl Zz 

(14) (15) 

t-Bu O 

) Nc, 

(16) 

SCHEME 2. 

has the advantage that the epoxide ring is preformed by standard techniques with a 

subsequent elimination under very mild conditions to 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 (11) with alkyllithium followed by pivaldehyde gave alcohol 
(12) which gave a mixture of chlorides 13 and 14 upon treatment with SOCI,3?. 
Epoxidation of 14 gave epoxide 15 which upon fluoride-initiated dehalosilylation 
gave the product 163°. Allene oxide (16) was formed, in 55% yield from 15, asa 
colourless liquid which is stable in dilute solutions at room temperature for 1—2 h 
followed by polymerization?®. 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 

An interesting approach to allene oxides consists of the addition of an unsat- 

urated carbene?? (17) to a carbonyl group (equation 6). Such a reaction has been 

ae Se Esc Se 
Z= BE ar K ——— pe => Cae (6) 

(17) 

investigated by Kuo and Nye?* as well as Newman and Liang?5. Kuo and Nye34 
investigated the addition of carbene (19), 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 334. 

Completely different results were obtained by Newman and Liang?>. 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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SCHEME 3. 

i 
2 (rcwecnictih 
bee 

5 (24) 

phase 

OH ——S> Gs 
transfer ( 

CH,NCOCH, eel & 
| ys Y 

NO CK 5 

(23) T 
CHC(CH3)3 

(25) 

(22) 

SCHEME 4. 

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 Liang**. The reasons for the discrepancy of the results of Kuo 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 Liang?°. 

There has been a claim made*® that tetramethylallene oxide (33) was obtained 
by the zinc—copper debromination of ketone 32 in dimethylformamide (equation 
7). However, subsequent results have shown that the actual product was 4-iso- 
propylidene-5,5-dimethyl-2-dimethylamino-1,3-dioxolane (34) rather than 337%, 
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One® 
(29) 

4s 

CoHs 
27 | 

pee arya (reno = cnn 
transfer 

25 (30) 

ngerice 

(echo =¢ichs) 

(31) 

SCHEME 5. 

O 
|| Bro, PBr3 \| zeus IK oe as 7 

(CH3)y9CHCCH(CH3)5 a (CH3)9CBrCCBr(CH3)9 Ti cee oe (7) 

CH, CH3 
(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 at present unclear. 

H_ _NICH3)o 

ORO 

CHy_ p—-CHy 

i CH, 

CH, 

(34) 

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 cyclopropanones? 2. Bulky substituents such as f-butyl 

that provide steric hindrance to interaction with nucleophiles allow isomerization 
to cyclopropanone. For aryl- or di-substituted allene oxides the rate of isomer- 

ization to cyclopropanone is generally faster than nucleophilic attack??. 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 ftom 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). 

ox Ak bases peracid WS oe ye 

Dig a! SS eT 4g} 

O 

(35) 

Epoxidation of tetramethylallene?! 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- 1-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. Acid-catalysed 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 

products in the peracid oxidation? *5»*® of 1,2-cyclononadiene (41) as shown in 

equation (9). In the peracid oxidation of 2,5,5-trimethyl-2,3-hexadiene (44), the 

O RCO3H 0 oS) RCO3H Coy 3 —— > products (9) 

(41) (42) (43) 

spiro dioxide 45 could be isolated as a stable compound and spectrally character- 
ized (equation 10)??. Reaction of 45 with HCl was shown?? to give oxetanone 
(46) and an unsaturated ketone (47) (equation 11). The products 46 and 47 are 

CH3C 03H PR | CH3C 03H 

(CH3)oC =C=C(CH3)3 Pe aS (CH3)4C—C =C(CH3)o (ne 

Q 
LEN 

ovine per 
\o 

(36) 

O O 

O a 
0. (39) (40) 

meee 

(37) 
SCHEME 6. 
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H O CH3 

CH3CO3H WOES pee yaa See (10) (Vil ee sl > / me, \ 

H (CH,),¢ OCH; 

(45) 

Oo O 
H CH, a 

(CHy)4C. OM CHE C(CH4)3 

(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. Isomerization to Cyclopropanones 

As indicated in Section I, the allene oxide—cyclopropanone isomerization has 
attracted considerable theoretical as well as experimental®>! 7 interest. It represents 
the interconversion of two highly strained small-ring systems??. 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-2,3-di-t-butylcyclo- 

propanone (48) with af, /2 of five hours at 100°C (equation 12). Similarly, peracid 

O 

t-Bu O 100°C 
4 \ SS » ome 7 (12) 

5 tp = 5h t-Bu» H 
ie ee H But 

(5) (48) 

oxidation of 1,1-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)?3. 

CH3CO3H Pp 

(t-Bu)>C=C=CH, “euseigee (t-Bu)>C—C =CH, i SEY (13) 

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 known®>!7 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 to tetramethylcyclopropanone and the subsequent 
reactions of the latter?>. Cyclooctene epoxide obtained in the peracid oxidation of 
1,2-cyclononadiene was similarly rationalized? 5-38. Cyclopropane-derived products 
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Ar O SiMe3 = SER a on 

oe ——— ae 
H. CHCl H We 4 

(51) 

HO Nu 

AY, ee serene 

(52) Ar = Ph, p-CH3CgHy 

Nu=OMe, EtS, PhNH 

SCHEME 7. 

(52) were also observed? in the reaction of l-arylallene oxides (51) with various 

nucleophiles as shown in Scheme 7. The l-aryl substituents in the reactions of 

Scheme 7 are essential for isomerization to occur. In the case of l-alkyl- or 

3-aryl-allene oxides the allene oxide itself was intercepted by the nucleophiles (see 
below) prior to rearrangement to the corresponding cyclopropanone?®. Similar 

results were obtained?® 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 (56) by 

reaction with ethanethiol?°. The rearrangement of 51 and 54 were interpreted?° as 

O SiMe 

Cl 

(53) 

oe 

O 

O 

(54) (55) 

HSeet O 

OMe 
Me 

(56) (57) 

SCHEME 8. 
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Ar O. SiMe, ee Ar O A (7 

y eS ae ) Scu X =CHo9,O, 

H CH,Cl H a H N—CO2CH3 

x 

// Dir 

(58) 
SCHEME 9. 

R 
| p-NO2CgH4CO 3H OR 

=== HES —— ae aad 

(59) CH= CN 

0. 7 O 
R ‘Sy R 

———__> + ——— 

fa. 
CH=CH, ei 

R=Me, n-Pr 

SCHEME 10. 

RR aes Rapes O 
C C R 

Ce eee 2 Ra, we A 
(61) (62) 

R = Me, Ph 

SCHEME 11. 

evidence for an oxyallyl intermediate in the allene oxide—cyclopropanone isomer- 
ization. In the case of 51 the isomeric cyclopropanones were also trapped*® as 
Diels—Alder adducts (58) as shown in Scheme 9. 

Allene oxide—cyclopropanone isomerization was also invoked*! to account for 
the observed cyclopentenone products (60) in the peracid oxidation of vinylallenes 

(59) as shown in Scheme 10. Similarly, the allene oxide—cyclopropanone isomer- 

ization was used to explain*? the formation of 3,3-disubstituted-2-(3H)-oxepinones 
(62) in the dye-sensitized photooxygenation via singlet oxygen of 6,6-disubstituted 
fulvenes (61) as shown in Scheme 11. 

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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nucleophiles. 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 HOAc?! (equation 14). Similarly, a wide variety of 

O 

BR HOAc 

(CH3),C=C=C(CH3)9 —— > (CH3)2C—C=C(CH,)., ———~ OAc (14) 

(63) 
1-monoalkyl-substituted allene oxides (64) gave*? ketone products (65) as shown in 

equation (15). The reactions of 64 with the nucleophiles (HNu) were found to be 

O 
RP HNu I 
Yn ——+ RCH(Nu)CCH, (15) 
H 2 

(64) (65) 

R =H, Me, /-Pr, t-Bu, c-CgH4 1,N-Ci9H21 

Nu=OH, OMe, EtS, Cl, 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 conditions??. 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)*° (equation 16). This 
reaction further demonstrates the electrophilic nature of allene oxides. 

R R 

0 A O— = 77 s 
i CH 

(64) (68) (69) 

A summary of known allene oxides, their mode of generation and major reaction 

products are given in Table 2. 

OCH3 

N-CrgHo, 9 CH30H 
———> (CH3(CH2)gCHCCH3 

CH \| 
H 2 O 

(66a) (67a) 

O 
CH30H | 

cm Seis Be CHI OCH CCHsIGH 19 CH, 

(66b) (67b) 

SCHEME 12. 
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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). 

(79) (71) 

A. Oxaspiropentanes 

To the extent that one normally considers the electron-rich bonds of a cyclo- 
propane as being analogous to the n-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 at 28 kcal/ 

mol*3. Therefore the strain energy of oxaspiropentane is likely to be close to the 

65 kcal/mol of strain energy in spiropentane**. 
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 coworkers** (equation 17) and subsequently 
applied to a large number of systems*® ‘8. 

RCO3H or 

P< cis Mast ea Py (17) 
SN ArCO3H, CH2Clo 

A second major route to oxaspiropentanes is the reaction of sulphur ylides with 

carbonyl compounds as developed by Trost and coworkers*?5!. In particular, 
reaction of diphenylsulphonium cyclopropylylide with carbonyl compounds gave 

high yields of oxaspiropentanes (equation 18). 

) O 
2 = ,l 2 _KOH R| 

[>—sph Bra + RCR ——_ ae + Rij. oh H5O ar ISERe (18) 
R2 

There are two major modes of reaction of oxaspiropentanes: Lewis or Brénsted 

acid catalysed rearrangement to cyclobutanones***° and base-catalysed rearrange- 

ment to vinyl cyclopropanols*! isolated as the silyl ether as shown in Scheme 13. 

The oxaspiropentane—cyclobutanone rearrangement has been invoked to explain 

O 
ES acid ge 

O 

R10 - R1 LiO R\ QSiMe, 
LiNEt2 Me3SiCl 

CH, V redn wd V 

to 
SCHEME 13. 
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9 ) 
fe) 

ae 

(72) (74) 

0 

prs | +( ro <= (AG == 74 

NMe5 

(73) 

SCHEME 14. 

the formation of the spiroketone 74 in the reaction of the diazocyclopropane 72°? 
as well as the ylide 735? to cyclohexanone as shown in Scheme 14. 

Finally, oxaspiropentanes, virtually unknown ten years ago, have proven to be 

versatile synthetic intermediates>°>5!, 

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 Middleton5* 

involved the reaction of bistrifluoromethyl thioketene with bistrifluoromethyl 

diazomethane to 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). 

N=N 
/ \ reflux 

(CF3)2C=C=S + (CF3)2CNyp ———> (CF3)2C= CO __CICF3)2 one 

(75) 

S 
/\ 

(CF3)gC=C—C(CF3)9 (19) 

(76) 

The tetramethylallene episulphide 80 was prepared by vacuum pyrolysis of 77 as 
shown in Scheme 15. The carbene 78 and the ylide 79 were proposed‘ ® as possible 
intermediates in the pyrolysis of 77 to give 80 as a colourless stable liquid. 

Na* 

NNHTs NNTs 

Ss S vacuum eX 

(77) (78) 

iy / IK] — dec Qs ee 
+ 

(79) (80) 

SCHEME 15. 
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S S 600—700°C [ 

bok AY vacuum | 5 C2H4 t CS 

S 

(81) (83) 

; 
600—700°C aN 
i one CCH et 
vacuum 

S (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 81 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(sp*)—S bond of 
1.849 A. The dipole moment of 84 was found to be 1.36 D5®. Allene episulphide 
was found to have a gas-phase lifetime of about 3 min at room temperature and 

20 min at dry-ice temperature at 0.05 Torr®®. 
Episulphide 84 can also be prepared by the pyrolyisis of 85 and 86 at 520°C 

S 

3g a O SO NN(Na)Ts 

(85) (86) 

The formation of 84 has been independently reported>” via pyrolysis of 87 at 
500°C and 0.5 Torr as shown in Scheme 17. The formation of 84 from 87 was 

explained via a 2nm,+ 2x, + 2m, cycloreversion and the intermediacy of 83. The 
observation of C,H4 and CS in the decomposition of both 81 and 87 seems 

consistent with the involvement of 83. 

pee ee eee 
CH2Clo OH OH CH2Clo, CgeH5N ee 0.5 Torr 

O 

(87) 

ASA ; a 

‘hisses [p==0 te COg oct | ——> 84 + CoH, + CS 

8 O (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 835°. This, of 

course, is in contrast to the greater stability of the cyclopropanone rather than the 

allene oxide in the case of the oxygen analogue. The greater stability of cyclo- 

propanone compared to allene oxide is probably partially due to 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 to 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. 

Vil. REFERENCES 

1. R. Hoffman, J. Amer. Chem. Soc., 90, 1475 (1968). 
2. N. Bodor, M. J. S. Dewar, A. Harget and E. Haselbach, J. Amer. Chem. Soc., 92, 3854 

(1970). 
J. F. Olsen, S. Kang and L. Burnelle, J. Mol. Struct., 9, 305 (1971). 

A. Liberles, A. Greenberg and A. Lesk, J. Amer. Chem. Soc., 94, 8685 (1972). 
A. Liberles, S. Kang and A. Greenberg, J. Org. Chem., 38, 1922 (1973). 
M. E. Zandler, C. E. Choc and C. K. Johnson, J. Amer. Chem. Soc., 96, 3317 (1974). 
R. C. Bingham, M. J. S. Dewar and D. H. Lo, J. Amer. Chem. Soc., 97, 1302 (1975). 
N. J. Turro, Acc. Chem. Res., 2, 25 (1969). 

H. E. Zimmerman, D. Dopp and P. S. Huyffer, J. Amer. Chem. Soc., 88, 5352 (1966); 
H. E. Zimmerman and D. S. Crumine, J. Amer. Chem. Soc., 90, 5612 (1968); T. M. 

Brennan and R. K. Hill, J. Amer. Chem. Soc., 90, 5615 (1968); P. Kropp, Org. 
Photochem., 1, 1 (1968). 

10. M. Fisch and F. E. Richards, J. Amer. Chem. Soc., 90, 1547, 1553 (1968); R. Noyori, F. 

Shimizu, K. Fukuta, H. Takaya and Y. Hayakawa, J. Amer. Chem. Soc., 99, 5196 (1977). 

11. E. Block, R. E. Penn, M. D. Ennis, T. A. Owens and S. L. Yu, J. Amer. Chem. Soc., 100, 
7436 (1978). 

12. S. W. Benson, Chem. Rev., 78, 23 (1978); 69, 279 (1969). 
13. J. M. Pochan, J. E. Baldwin and W. H. Flygare, J. Amer. Chem. Soc., 91, 1896 (1969). 

14. P. C. Martino, P. B. Shevlin and S. D. Worley, J. Amer. Chem. Soc., 99, 8003 (1977). 

15. For a summary of early references see A. S. Kende, Org. Reactions, 11, 261 (1960). 
16. H. O. House and W. F. Gilmore, J. Amer. Chem. Soc., 83, 3980 (1961); A. W. Fort, J. 

Amer. Chem. Soc., 84, 2620, 2625, 4979 (1962); H. O. House and H. W. Thompson, J. 

Org. Chem., 28, 164 (1963); H. O. House and G. A. Frank, J. Org. Chem., 30, 2948 
(1965); H. O. House and F. A. Richey, J. Org. Chem., 32, 2151 (1967); R. C. Cookson 
and M. J. Nye, J. Chem. Soc., 2009 (1965); R. C. Cookson, B. Halton, I. D. R. Stevens 
and C. T. Watts, J. Chem. Soc. (C), 473, 928 (1967). 

17. H. H. Wasserman, G. C. Clark and P. C. Turley, Fortschr. Chem. Forsch., 47, 73 (1974). 
18. J. Boeseken, Rec. Trav. Chim., 54, 657 (1935). 

19. V. I. Pansevich-Kolyada and Z. B. Idelchik, J. Gen. Chem. USSR, 24, 1601 (1954). 
20. J. K. Crandall and W. H. Machleder, Tetrahedron Letters, 6037 (1966). 

21. J. K. Crandall and W. H. Machleder, J. Amer. Chem. Soc., 90, 7292 (1968). 

22. J. K. Crandall, W. H. Machleder and M. J. Thomas, J. Amer. Chem. Soc., 90, 7346 

(1968). 
23. J. K. Crandall and W. H. Machleder, J. Amer. Chem. Soc., 90, 7347 (1968). 
24. J. K. Crandall and W. H. Machleder, J. Heterocycl. Chem., 6, 777 (1969). 

25. J. K. Crandall, W. H. Machleder and S. A. Sojka, J. Org. Chem., 38, 1149 (1973). 
26. R. L. Camp and F. D. Greene, J. Amer. Chem. Soc., 90, 7349 (1968). 

CWNIAAKRY 



B. 
5 1B}, 
me 

(Ce 
oy 

19, Allene oxides and related species 879 

. T. H. Chan, M. P. Li, W. Mychejlowskij and D. N. Harpp, Tetrahedron Letters, 3511 
(1974). 

. T. H. Chan, B. S. Ong and W. Mychejlowskij, Tetrahedron Letters, 3253 (1976). 
. B.S. Ong and T. H. Chan, Tetrahedron Letters, 3257 (1976). 
. T. H. Chan and B. S. Ong, J. Org. Chem., 43, 2994 (1978). 

. For reviews and leading references on dehalosilylation see: A. W. P. Jarvie, J. 
Organomet. Rev. (A), 176 (1970); T. H. Chan, Acc. Chem. Rev., 10, 442 (1977). 

. T. H. Chan, W. Mychejlowskij, B. S. Ong and D. N. Harpp, J. Org. Chem., 43, 1526 
(1978). 

. For a recent review and leading references on unsaturated carbenes see: P. J. Stang, 
Chem. Rev., 78, 383 (1978). 

. Y. N. Kuo and M. J. Nye, Can. J. Chem., 51, 1995 (1973). 

. M. S. Newman and W. C. Liang, J. Org. Chem., 38, 2438 (1973). 

. H. M. R. Hoffmann and R. H. Smithers, Angew. Chem. (Intern Ed. Engl.), 9, 71 (1970). 
. H. M. R. Hoffmann, K. E. Clemens, E. A. Schmidt and R. H. Smithers, J. Amer. Chem. 

Soc., 94, 3201 (1972). 
. W. P. Reeves and G. G. Stroebel, Tetrahedron Letters, 2945 (1971). 
. For a previous discussion of the allene oxide—cyclopropanone isomerization and a review 

of early work on allene oxides see: F. D. Greene, R. L. Camp, L. Kim, J. F. Pazos, D. B. 

Sclove and C. J. Wilberson, Proc. Internat. Congr. Pure Appl. Chem., 2, 325 (1971). 
. B.S. Ong and T. H. Chang, Heterocycles, 7, 913 (1977). 
. J. Grimaldi and M. Bertrand, Tetrahedron Letters, 3269 (1969). 
. W. Skorianetz, K. H. Schulte-Elke and G. Ohloff, Helv. Chim. Acta, 54, 1913 (1971); N. 
Harada, S. Suzuki, H. Uda and H. Ueno, J. Amer. Chem. Soc., 94, 1777 (1972). 

. J. D. Cox, Tetrahedron, 19, 1175 (1963). 

. P. v. R. Schleyer, J. E. Williams and K. R. Blanchard, J. Amer. Chem. Soc., 92, 2377 
(1970). 

. J. K. Crandall and D. R. Paulson, J. Org. Chem., 33, 991 (1968); Tetrahedron Letters, 

2751 (1969). 
. J. R. Salaun and J. M. Conia, Chem. Commun., 1579 (1971); Tetrahedron, 30, 1413 

(1974). 
. D.H. Aue, M. J. Meshishnek and D. F. Shellhamer, Tetrahedron Letters, 4799 (1973). 
. J. K. Crandall and W. W. Conover, J. Org. Chem., 43, 3533 (1978). 

. M. J. Bogdanowicz and B. M. Trost, Tetrahedron Letters, 887 (1972). 
M. Trost and M. J. Bogdanowicz, J. Amer. Chem. Soc., 94, 4779 (1972). 
M. Trost and M. J. Bogdanowicz, J. Amer. Chem. Soc., 95, 289, 5311, 5321 (1973). 
R. Wiseman and H. F. Chan, J. Amer. Chem. Soc., 92, 4749 (1970). 
R. Johnson, G. F. Katekar, R. F. Huxol and E. R. Janiga, J. Amer. Chem. Soc., 93, 
Al (GIS). 

. W. J. Middleton, J. Org. Chem., 34, 3201 (1969). 
. A. G. Hortmann and A. Bhattacharjya, J. Amer. Chem. Soc., 98, 7081 (1976). 
. E. Block, R. E. Penn, M. D. Ennis, T. A. Owens and S.-L. Yu, J. Amer. Chem. Soc., 100, 

7436 (1978). 
. E. Jongejan, Th. S. V. Buys, H. Steinberg and Th. J. DeBoer, Rec. Trav. Chim., 97, 214 

(1978). 



é _s 

7 a . 

tae soianisy | APA ahi ey 
iy aes erin NT hwy Mi es wi Shwe daluakish 

ee are | | Pat Ves $5 " ree CO eee, Foal 
aN fia he oli’ Soditadss ; > - al 
sah a4 > ecto, at Pastheee W z 

“5 by ie - iif peepaal Brisa it i Seite Perse, _ 

mips b> Me ATE daly Stilo ed tire le ae P ePlie , 
‘ a 

: J - Wi a i “a : acne. et, Be ae . 
ype : ’ me ; i 

=. belie BOR tle ayn eo Tieng 
i) Fs CG's Cae aah ey; 

re She sab eer 
it teh Voie Sh fhe lath Ae Ns eatasd t ‘ *glaae mit \ Rott” Diy n oy Ne ; a pas oti nig 

srs NER, 
one 7 bat wtviacn denny f Syedum die 091 OP tered i ward F 

Ling ties ; ; ; Mn joie yet ili @yeAl ious aly in. ¥ waned yet) ou) | , 

; Wa. ", APRA = aes ine i" ined si 0a ae: zree wens i 

® ny Ans Ewet iy a ; mye oot - i, Vv J. gic ve salt aly “~K 

P 7 7 ba (Aw 1 Sak! Lae c “> 1 ny 

Dy? Oe, «RS Serb BEY ee 
the at's cate auch) ye tee eee 

aes . oe Mie SAV ag 

: a : ay ‘Cs “ur a eS “ines on 

® id i J As 3 y Reo nee’ aerite Ges 

. 

me 4. pai Ar ae 
ee ae ie 

if 

: eee 4 ) Bie 
mes Wear aia ale a ee Aiea abe aD 

vais. | 7 Aonhistase ‘ i, ma 
ee : 

ae 
; ol SA fa Tian gins | 

naa rad wh 4 iH - af ines ia, i = aa 

ty / ar S-  oe ay i sa eta f wi : re . & 

3) MPa. 5 ial ei. & fi mart meng 

st z hana. > imac 

é : of OO” wa ’ Ali, ? ng Ah iv “ ad £4 ee ¥. 

- — : : oO ¥ 4 . “eva. 4 hates) 

A ~ | aS y a ; = ai ae 4° 54d 9 Pre 

7 v, Ve ae | 
Mnrest A 
Yoo i nM é ay 

ia eT 

sa | : 

slic . : A Ti a = ¥ bes - uy a : 

Ce. 2 eee > Th! F : 
ue 4 _ “ 7 oi, Tp Tet) 



CHAPTER 20 

Advances in the chemistry of acetals, 
ketals and ortho esters 

R. G. BERGSTROM 

California State University, Hayward, California, U.S.A. 
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1. INTRODUCTION 

Acetals and ketals are characterized by the presence of two alkoxy groups (—OR) 
attached to a carbon atom. Acetals (1) differ from ketals (2) in that they always 

have at least one hydrogen atom attached to the central carbon atom involved in 

C—O bond formation. Ketals are obtained by replacing the hydrogen atom of the 
acetal with an alkyl group (—R). Because of the similarity of acetals and ketals, it is 

common to find both categorized as acetals. Replacement of the alkyl group of 2 

with an alkoxy group leads to an ortho ester (3). 

881 
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(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 O, 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 Cordes? has 

contributed a chapter on ortho esters. Ortho esters have also been reviewed by 

DeWolfe? in his monograph on ortho acid derivatives. The mechanism of hydrolysis 

of acetals and related substances has been the subject of several reviews*~7 since 

1970, the most comprehensive by Cordes® 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 to 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 up to date, we 
shall devote a substantial portion of this chapter to the hydrolysis mechanism and 

its useful implications. 

Il. FORMATION OF ACETALS, KETALS AND ORTHO ESTERS 

A. Introduction 

The chief methods for preparing acetals, ketals, ortho esters and their thio 

analogues have been treated adequately in the forementioned reviews!~? 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 to 

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 or 

related compound. Alcohols and thiols also add readily to oxocarbonium ions?, 

alkynes! and «,B-unsaturated ethers! to yield acetals and thioacetals. Ortho esters 

are products of alcohol additions to ketene acetals? | 
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 to imidate salts (4) gives 

ROCR,Y + RXH ROCR>XR + YH (1) 
X=0;S 

simple! ° or mixed!!>!? ortho esters (equation 2). This reaction, known as the 
Pinner synthesis, is restricted to substitution by primary and secondary alcohols. 
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2h 

pNHax 
RCS + 2ROH ——> HC(OR)3 + NH,4X (2) 

OR 

(4) 

Ortho esters may also be obtained from the action of sodium alkoxides on 
polyhalides?, as shown in equation (3). 

R'CX, + 3NaOR? ——~ R'C(OR?), + 3NaX (3) 

B. 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 or 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 

R3 RS R? 
x 1. R20H/H+ | | ia 

HO—(CH>),—OH + C=O R20—C—O—(CH,),-O—C—OR2 ——> 
rf 2. CEH 

R 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 M — —_— M we Renta Oa (CMaln PY 
an y ve Ss rah 30% Mee mOs(CHs)h—-0 on IME 

(6) (7) 
the reaction of a diol with 2,2-dimethoxypropane under the influence of an acid 

catalyst!4. 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. 
Barton, Dawes and Magnus! © have recently shown that diethylene orthocarbon- 

ate (8) is a useful reagent for the conversion of ketones into their corresponding 

dioxolanes in good yield at room temperature (equation 5). Pyrrole-2- (9a) and 

‘ 1 RV Rp 
c=0 + w% & o (5) 

are eco = ‘o 
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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). 

| O Me 
CH cae JoH20H TosOH/CgHe ae 

(Ae eek mar geese © 
N Ya IN O i 

Me  CHjOH 

(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). 

OR? OR? 
“) 20EOs 1 2 Feed 2 II H—C:+ R20S03 + R'CHO + R20H R'—C—H_ + R?0SO3H + HC—N(CH3), 

N(CH3)5 OR? 
(7) 

(10) 

Base-catalysed ketalization has also been observed. Newkome, Sauer and 

McClure! showed that di-2-pyridyl ketone (11) could be converted to 2,2-di(2- 
pyridyl) 1,3-dioxolane (12) in 45% yield in refluxing 2-chloroethanol with anhy- 
drous lithium carbonate added (equation 8). The reaction is believed to proceed 
through initial quaternization of 11 by 2-chloroethanol. 

Ce 0 =. ume 
N N N N (8) 

LiCO3, A 

i oO Oo 

(11) (12) 

Hall and coworkers?°?3 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 2,6-dioxabicyclo[2.2.2] octane 
(14) (equation 9). 

HOCH, OCHS eA ence 
CHCH5CH5CH ——> (9) 

HOCH ‘och, ihe O 

(13) (14) 

In a similar reaction, ethyl orthoformate (15) reacts with triols (e.g. glycerol) in 
the presence of p-toluenesulphonic acid as catalyst to give the corresponding 
bicyclic ortho esters in good yield?* (equation 10). 

0 

TosOH 
HC(OEt)3 + HOCH,CHOHCH,0H —M———> ja (10) 

0 ) 
(15) (16) 
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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 acid?*"?® ethanolic hydrogen chloride?7>28, p-toluenesulphonic 
acid?°~31 ferric chloride??>33 | ammonium nitrate34»35 , ammonium chloride?® or 
amberlyst-15°7, an acidic ion exchange resin (equation 11). 

popes Homes NX /OMe (11) — —_—_——S 

R acid catalyst “ae Sone 

More recently, Taylor and Chiang?* found that the reaction proceeds most 

readily and with highest yields (> 90% for all cases reported) when acidic mont- 

morillonite clay K-10 is used as the catalyst. 
Evans and coworkers? ? 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 

1D) 
1 

Ri Etoo BS pee 

2 MeSSi(Me)3 + (C=O ——> eR + O(SiMe3), (12) 

R2 R2 SMe 

(17) (18) 

C. Miscellaneous Preparations 

The following methods are less general, and starting materials may contain 

functional groups other than carbony! groups. 

7. From olefins 

According to Frimer*®, 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 (20) 
followed by its rapid solvolysis. The ether oxygen may be either exo- or endo-cyclic 

as shown in equations (13) and (14). Yields are high and the reaction can be used 

Se hn oe gneene C ke |— C [one (13) 
MeOH OMe OMe 

i 
(Op too Bou OH 

y, 
0 MeOH O O “10 Me O ome 

with acid- and base-sensitive compounds. It is also possible to obtain hydroxy 

spiroacetals 22 by the reaction of enol acetals with hydroxyketones in the presence 

of ultraviolet light*! (equation 15). 
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i 
OCH5CH»CCH 

O 
\| H* A 

|| + 2cH,CCH,CH,0H ——= O — 
MeO~ So in 

OCH,CH»CCH3 

O 
\| 

OCH,4CH,CCH3 HO. CH3 

hv 

O a (15) 
= 2 OF 

(22) 

Griengl and Bleikolm*?°*? report that 5-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). 

Lewis 

ang sg are: 4 (16) 
5 N O acid 

(23) (24) 

Simple alkenes such as cyclohexene, styrene and 1-phenyl-l-propene (26, R = 
Me) undergo extremely rapid oxidative rearrangement to give the corresponding 

dimethyl acetals (25) and (27) by interaction with thallium (111) nitrate absorbed 

on K-10, a readily available and inexpensive acidic montmorillonite clay, in an inert 

solvent (heptane, methylene chloride, carbon tetrachloride, toluene, dioxane)** 

(equations 17 and 18). 

OMe 
TI(NO3)3/clay MeOH/solvent Ye OC) 4 an 

20°C 
OMe 

(25) 

" pore 

(C)-cn=cr—r —- (C)-on—cn (18) 
XS 
OMe 

(26) (27) 

2. From organoborane derivatives 

Several preparations of acetals involving boron intermediates have been reported. 

For example, alkenylboronic acids (28) react with bromine*® in the presence of 

sodium methoxide and methanol to form the corresponding «-bromo dimethyl 

acetals (29) in good yield (equation 19). The reaction apparently proceeds through 
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R H OMe 
& Yi MeOH J 

C=C ap 2 Bro + 3NaOMe RCHCH + B(OH)50Me + 3NaBr (19) H% \B(OH), —78°C [aN 
Br OMe 

(28) (29) 

a methyl vinyl ether intermediate formed by the trans elimination of boron and 

bromine from 30. 

R H 

BriiiiC —C—OMe 

H B(OH)» 

bie 

(30) 

a-(Phenylthio)alkylboron compounds of the type 31 are efficiently and selec- 
tively cleaved by N-chlorosuccinimide (NCS) in basic methanol to give the cor- 

responding monothioacetal (32) or, in the presence of excess NCS, the acetal*® 

(equation 20). The reaction is reported to be compatible with an alkene or acetal 

Me 
p Me NCS 

RCH=—B = RC OMe 20 
| ‘Oo Me — CH30H/Et3N | ee 
SPh Me SPh 

(31) (32) 

function elsewhere in the molecule and is useful in that it converts an organoborane 

directly into a thioacetal under mild basic conditions. 
In an isolated example, Clive and Menchen*? have shown that tris- 

(phenylseleno)borane (33) converts aldehydes and ketones into selenoacetals (34) 

in good yield (equation 21). 

i BY Sen 
(PhSe),8 + R2CR' ——> oe (21) 

R'  SePh 

(33) (34) 

3. From oxidations 

Shono and Matsumura‘*® 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 

> am y (22) O == O O 
\ / MeOH, MeONa 

OMe 

hydrogen atom abstraction from the «-position of the ether by an anodically 

generated radical. Consequently acetal yields are observed to be dependent on the 

reactivity—selectivity of the «-hydrogen abstraction step. 

Extending the foregoing procedure, Scheeren and coworkers*? showed that 

acetals can be converted electrochemically into ortho esters (equation 23). Again 
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p ~e iP 
Me—C Me—C (23) 

ul \ MeOH/MeONa Meo’ na 

the reaction was shown to be dependent on the accessibility of the hydrogen, since 

acetals with bulky groups at the carbon atom gave low yields. 
In addition, 2-methoxy-1,4-dioxanes (36) have been obtained electro- 

chemically5® by anodic oxidation of ®-oxocarboxylate ethylene acetals (35) 

(equation 24). 

Q ae OW 
3 CRUCR2R°CO7 Ka ER CRAR- 

f, fof 
O 

(35) | rearrangement (24) 

OMe 
0 ie O@5R! 
C MeO- ie ue 

2 Oar Re O eu it 

(36) 

Hewgill and coworkers>!°°? have recently shown that mixtures of phenols with 

alkoxyphenols can be oxidized by silver oxide or potassium ferricyanide to yield 

interesting and novel trimeric spiroacetals such as 37 (equation 25). Since one pair 

Bu-t Bu-t 

OMe But O ‘eS 
But K3Fe(CN)6 Me Me 

+ eouseies none (25) 
or Ag2O 

Me O 

OH OH 

MeO 

Bu-t 

(37) 

of phenols can yield up to six trimers, separation of the products can be a 

formidable task. 

lil. 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 to a hemiacetal and (3) 
breakdown of the latter to an alcohol and an aldehyde or ketone (equations 
26=2823438., 

OR 

Nes + HA ——> \C—or + ROH + A (26) 
a ‘oR Za 
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OH Nt Si x7 A 
JE—OR + H20 Cant (27) 

OR 

fo) 

a ; + RO 2 VN oR H (28) 
OR 

Some mechanistic studies have addressed the problem of ascertaining which 
stage in the mechanism is rate-determining, while others have investigated the 
degree to which proton transfer from the catalyst to an ether oxygen of the acetal 

(equation 26) is sychronous with C—O bond cleavage between this oxygen and the 

central carbon atom. Investigators have relied primarily on kinetics to elucidate the 
mechanistic details and for most of the substrates studied the rate-determining step 

involved C—O bond cleavage? >4 »® (equation 26). Usually preequilibrium protonation 

of the acetal occurs much more rapidly than C—O bond cleavage, the hydrolysis 

being subject to 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 ketal53»54) or oxygen 
basicity is suppressed (e.g. 2-(4-nitrophenoxy)tetrahydropyran® 5°> ©). 

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 mechanism® 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 hydrolysis®. Consequently, direct kinetic studies of the latter stages of 

the reaction were not possible, although some indirect kinetic investigations have 

been reported57©°. 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 ortho esters hydrolyse by similar mechanisms at high pH?>4>8, ive. 
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 to 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. 

7. Detection of hemiacetal intermediates 

Schaleger and coworkers®!»®? thoroughly investigated the kinetics of hydro- 

lysis of 1-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 OH ee 

O 
= — —— > (Et),CCHO + MeOH (29) ma ENS (Et) C io (Et), 

Et H OMe 

(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 
at pH values greater than 8.0, and hydrolysis of a hemiacetal intermediate (39) 

becomes rate-limiting at 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 at high acidity. However, theoretical and 
experimental evidence to be discussed below preclude this possibility. 

Atkinson and Bruice®? 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. 

nt 1 

“i ——> HOCH,CMe,CH— OMe == a ha (30) 
gal 

Me OMe Me 

(41) (42) 

The exceptional behaviour of these two cyclic acetals, 38 and 41, can be 

attributed to relief of steric strain in the ground state®? which facilitates bond 
breaking and promotes general acid catalysis. Thus one might also expect to detect 
hemiacetal intermediates during hydrolysis of other acetals in which both alkoxy 

groups are unusually bulky. In search of such an acetal, Capon®* reinvestigated the 
hydrolysis reaction of benzaldehyde di-t-butyl acetal (43) (equation 31), originally 

OBu-t OBu-t O 
i! — t-BuOH ff —t-BuOH \| 
y ——— ae CH SS CH (31) 

OBu-t \on 

(43) 

studied by Anderson and Fife®> and found to be subject to general acid catalysis. 
He discovered that under the conditions of aqueous buffer concentrations less than 

0.025M 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 Lenz®® 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 to determine [hemiacetal]/[acetal] 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 coworkers®” selected «-acetoxy-a-methoxy toluene (44), 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) 

OMe OMe O 

it —HOAc 7, —HOMe \| 
CH ==> CH —S> Cao (32) 
\ \ 
OAc OH 

(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 «-chloroacetoxy derivative were identical. In a related investigation, Capon and 

coworkers®® were able to record the nuclear magnetic resonance spectrum of 

dimethyl hemiorthoformate (47) derived from the hydrolysis of acetoxydimethoxy 

methane (46) (equation 33), thus supplying direct spectroscopic evidence for the 
existence of the hydrogen ortho ester. 

vee Die ] 
H—C—OMe H—C—OMe ——~ H—C—OMe (33) 

\yaé on 

(46) (47) 

In an earlier investigation Bladon and Forrest®? 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 

0 CF. 

mle O OH 

(48) 

compound lacked a carbonyl stretching band in the solid infrared spectrum and 

displayed a proton NMR 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 it has also been possible to detect oxocarbonium ions as 

transient intermediates, again by arranging conditions such that the oxocarbonium 

ion forms more rapidly than it decays. 
Recently, McClelland and Ahmad7°>7! 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 to produce very stable 

oxocarbonium ions such as tropone diethyl ketal (49)53°54 trimethyl orthomesi- 

toate (52)54 and dialkyl ketals of 2,3-diphenylcyclopropenone (55)°* (equations 

34-36). 
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EtO OEt O&t Oo 

(49) (50) (51) 

MeO. _,0 

oe aces ee 
Me Me Me Me 

aos (35) 

Me Me 

(52) (53) (54) 

RO. OR 

an cr ke aaa on (36) 

(55) (56) (57) 

Below pH 5, the initial ultraviolet spectra of aqueous solutions of 49 are 

identical to the ultraviolet spectrum obtained on dissolving in water the borofluor- 

ate salt of the ethoxytropylium ion (50). In both cases the spectrum slowly changes 

to 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 50 and subsequent rate-limiting hydrolysis of 50 

to tropone (51). Above pH 8.5, formation of the ion, 50, becomes rate-limiting. 

The experimental results for 52 and 55 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 50 requiring stopped-flow techniques to 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 Jencks®® have described a different approach for demon- 

strating the existence of oxocarbonium ions as intermediates in ketal hydrolysis and 
to 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 

OMe 

Ar eee 

Aye 

(58) 
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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 to 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 1M sulphite ion (kg) and with 

water (ky, 0): which were found to be in the range 1.3 x 107! to7x 102. Thep™ 
value for the ratio ky o/ksg of a series of m- and p-substituted acetophenone 

dimethyl ketals is 1.6. This suggested that both kyo and kg cannot represent 
activation-controlled rate constants since the 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 kg must represent a diffusion-controlled 
reaction of sulphite ion with the oxocarbonium ion. 

Kresge and coworkers’?~7* studied the kinetics of hydrolysis of a series of 
2-aryl-(and 2-cyclopropyl-)2-alkoxy-1,3-dioxolanes (59 and 60). These compounds 

\ RO ‘o Ro ‘o 
(59) 

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 

R 

XCgHy—Ci | 
fo) 

(61) 

N-hydroxybenzimidate ester products’> upon addition of hydroxylamine as an 

oxocarbonium ion trapping agent7®»77. 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 = 

OCH,CHCl, : 1; OCH,=CH: 1.34; OCH,CH,Cl: 1.48; OCH,CH2OMe: 2.11; 

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 

iM 

Xen “P p 

TS 

(60) 
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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 (ky*) 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 kyq+, at low pH all give carboxylic acid ester at 

the same rate (ky+ = 3.0 + 0.13 x 102 m7! s7!). Evidently at low pH the decom- 

position of the hydrogen ortho ester (62) has become the slow step. 

XC,.H 6 eo) 

\ 
HO O 

(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 coworkers’? 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)1 ,3-dioxolane (59; 
R= Me, X = p-OMe) in 0.5M HClOq4 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 0.02mM HClO, or from the corresponding amide acetal, 
2-(N,N-dimethylamine)-2-(p-methoxy phenyl)-1,3-dioxolane), was observed to 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 water?! (k = 1.0 x 103 s"‘). 
The second slower portion of the biphasic dioxolenium ion decay also yielded first- 

order rate constants which were identical to those obtained by monitoring the 

carboxylic acid ester product. This portion of the decay reaction was found to 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 (62) plus a proton. 

O 
Kr ko+ky lI 

627" +7, HOCH5CHZ0CAr (37) 61 

The rate law required by this mechanism is: 

_ ko + ky+[H"] 
obs 1 a [H*] [Kp 

The best values of the three parameters, kg = 1.4 s7!, ky+ = 7.5 x 102 M7! 57! and 
pKp = 1.1 for 61 (R=Me, 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 studied7? (59; R = OMe; 
X = p-tolyl, H, p-F, p-Cl, p-Br, m-Cl and p-NO,) only weak transient dioxolenium 
ion reese could be detected and therefore calculation of pK p 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 not found to undergo a change in rate-determining step, 
C—O bond cleavage (equation 26) remaining as the slow step at all pH values. 
Kresge and coworkers’? 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 

OH i 

Ree CaO R—E nh COR mEEROH 

OR 

ae A (38) 

OH 
/. 

R—Cit 
OR 

(63) 

of the media is decreased a change in rate-determining step from stage 3 to stage 1 

should not occur. This prediction appears to be fully corroborated in the case of 

acetals, ketals and ortho 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 cyclic®!~®? and t-butyl 
acetals®4»®® and acyloxy ortho esters®® and acylals®”? 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 effect7®. 

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—O bond cleavage 

For most substrates studied stage 1 involves rate-determining C—O bond cleavage 

without accompanying buffer catalysis (Al mechanism)*. 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 detail*>®. 

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. 

94 9OR 

NS 
OR 

(64) 

Alternative mechanisms for general acid catalysis are unattractive. For instance, 

a stepwise mechanism (equation 39) of general catalysis can be excluded on the 

+ 

OR HOR . 

4 + HA === meg ee Ne=0r + ROH (39) 

OR OR 

Cc 
S 

Ys 

basis of several arguments’’. For this mechanism to 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 to —8.58. Thus, protonation of these 

compounds in aqueous solution is thermodynamically very unfavourable and the 

processes should have very late transition states. Assuming that Brdnsted 

exponents, a@ and 8, can be used as a measure of transition state structure®®, it 

follows that prgnsied plots for the hydrolysis would be expected to yield a-values 

close to one®!. However, a-values which have been determined for acetal and ortho 
ester Bycreise are generally found to be around 0.58. 

Secondly, the magnitude of the calculated rate constants for protonation of the 

substrate is insufficient to account for the observed overall rate constant for 
hydrolysis. Assuming the rate of deprotonation of the conjugate acid to be 

diffusion-controlled, 10!° M7! s~!, and using known pK, values of the substrates, 
the calculated rate constants for protonation are as much as 10° 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 ortho esters considered here, has received consider- 

able attention recently and is still a matter of controversy®?-87. For reactions 
which can occur by either a stepwise route or 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’Ferrall®® 

and Jencks®*, was first used by Ingold, Hughes and Shapiro®®, recognized by 
Bunnett?°?! in his formulation of the theory of the variable E2 transition state 
and later applied to proton transfer reactions by Albery??. Thornton has summar- 
ized these arguments as the reacting bond rules?* 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 to the 
predictions based on the Leffler-Hammond®*»?> postulate while perpendicular 
effects lead to conclusions opposite of these predictions. 

It is useful to illustrate these structure—reactivity feltiouning on a three- 
dimensional potential energy contour diagram. Such a diagram (referred to as a 
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FIGURE 1. A contour map representing the potential energy surface for the first stage of 
acetal hydrolysis (equation 26). Path (A) represents the stepwise reaction route, while path (B) 
represents the concerted reaction route. 

More O’Ferrall—Jencks plot) for the first stage of hydrolysis of an acetal or related 

substance is shown in Figure 1. The horizontal axis represents the progress of proton 

transfer and the vertical axis denotes the progress of C—O bond cleavage. Potential 

energy is the third dimension, and is represented by the contour lines in the figure. 

The starting materials, acetal (SOR) and the acid (HA), are in the upper right-hand 
corner 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 the upper right-hand corner the 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—O bond cleavage to products S*. The reaction coordinate 

for the concerted route would lie near the diagonal from SOR to S", avoiding the 

high-energy intermediates at the corners, and involves passage through transition 

state (B). 
With reference to the two possible pathways for hydrolysis of an acetal 

presented in Figure 1, we now consider the effect on the system of changing the R 
group of the substrate. Introduction of an electron-withdrawing substituent into R 
will stabilize RO~ 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 Hammond effect). The result will be a transition state involving more 

proton transfer and more positive charge development on the oxygen atom in SOR, 

corresponding to an increase in the Brdénsted exponent @. 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 Brénsted a-values as the electron-withdrawing power of R 

increases. 
It 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 (pKjg) in 

terms of the interaction coefficient Poy of equation (40). Since hydrolysis via a 

2s 
Pxy OpK ig (40) 

concerted mechanism predicts an increase in @ with increasing basicity of the 
leaving alcohol, this corresponds to a positive py’ coefficient. A look into the 

experimental picture clearly shows that antitHammond 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 Nimmo??7 obtained an interaction 

coefficient pyy' = 0.2 for the aryl oxide pen expulsion from benzaldehyde aryl 

methyl acetals, and Kresge and coworkers’* in a similar study of alcohol expulsion 
from 2-alkoxy-2-phenyl-1,3-dioxolanes obtained a value of pyy' = 0.08. Other 

studies include alkoxide ion expulsion from addition compounds of phthalimidium 

ion7? (px ' = 0.07), from formaldehyde?® (pxy' = 0.09), from tosylhydrazone 
addition compounds? ? (py y' = 0.05) and from Meisenheimer complexes of the 
1,1-dialkoxy-2,6- dire eve lone dianat: type © (pyse=0:12). 

3. Secondary deuterium isotope effects 

It 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 or 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 sp? to sp? with a 

concomitant change of the C—H bond force constants. Thus ky/kp 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 Cordes®. 

Recently, Lamaty and Nguyen! °! determined the a-secondary isotope effect for 
the hydrolysis of benzaldehyde ethyl phenyl acetal (65) catalysed by a series of 

Zak yok 

YN 
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, ky/kp 

are: for H30’, 1.045; acetic acid, 1.175; cacodylic acid, 1.190; HO, 1.243. Thus 
these data indicate that as the strength of the catalysing 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 «-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 to 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 effect?*4»95) and at the same time toward the 
upper left-hand corner (Thornton effect??). 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—O bond cleavage, in agreement with 
the observed isotope effects. 

D. Medium Effects 

7. Kinetic solvent isotope effects 

The kinetic solvent isotope effects resulting from a change in solvent from H,O 

to D,O in the hydrolysis of various acetals and ortho esters can be useful in 

studying the reaction mechanism. For the Al mechanism, preequilibrium proton 

transfer followed by a rate-determining reaction of the protonated POSES the 

calculations of Schowen!°? predict, and it is observed experimentally’, that 
ky,0/kp,o should fall in the range 0.29—0.43. On the other hand, if the first step 
involves rate-determining proton transfer (A-Sp 2) the reaction will be influenced by 

both primary and secondary isotope effects. In a rate-determining proton transfer 
from hydronium ion to an acetal or ortho ester the maximum value of ky, 9/kp,0 

will be around 3 since both primary and secondary effects contribute!°3. Only 

primary effects are important when the proton transfer is from a molecular acid 

and values of ky ,olkp,o 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 ky, 9/kp,o = 1.4—3.48*1°*. Con- 
sequently, these results do not support the Al *mechanism, nor are they large 
enough to be in complete agreement with a true A-Sp2 mechanism. These results 

might be interpreted as supporting evidence for the concerted process involving 
proton transfer and C—O bond breakage occurring in the same step. This view, 

however, is in opposition to the rule of Swain, Kuhn and Schowen! °°, 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 to primary hydrogen isotope effects. In other 

words, the hydrogenic motion must take place in a rapid step before or after C—O 

bond breakage. It follows then, that a Brdnsted plot should have a slope @ equal to 
zero or one, contrary to what is observed experimentally (@ generally has a value 

around 0.5). 
Recently, Eliason and Kreevoy!°® 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 to 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 haat atom 

motion. A similar model also has been proposed by Young and Jencks°°® 

2. Salt effects 

Kubler and coworkers examined kinetic salt effects on the hydrolysis of benzal- 

dehyde dimethyl acetal in water!°7 and in 95% methanol—5% water'°®. Neutral 

salts such as alkali metal and ammonium perchlorates and halides increase the rate 
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of acid hydrolysis. The rate enhancement showed specific cation effects in the 

order Li’ <Na <K’ <NHg. According to the authors the observed kinetic salt 

effects could not be rationalized in terms of the Debye—Huckel—Br¢nsted 

approach, indicating that factors other than activity coefficient changes (for 

example steric effects) are important when considering salt effects on acetal 

hydrolysis reactions. 
Gold and Sghibartz!°? examined the kinetic salt effects on the acid-catalysed 

hydrolysis of some crown ether acetals (66) in dioxane—water (60 : 40 by volume) 

atom: 

(66) 

For the series of compounds (66) with n= 0-3, corresponding to acetals 
containing 5-, 8-, 1l- and 14-membered rings and 2,3,4 and 5 oxygen atoms in the 

ring, respectively, they found that in the presence of 0.25M 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—S). 
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 to 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. 

Unlike the crown ether acetals, only small salt effects on the rate of hydrolysis 
of acyclic ether acetals 67 were found. 
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1. INTRODUCTION 

In this review we intend to 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 > 3s Rydberg-type transition’ around 

185 nm. The photochemistry of compounds with additional chromophores that are 

excited at longer wavelengths, such as carbonyl or aryl 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 reviews?’ in this series. 

903 
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Since the topic has been reviewed by us recently? 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 photolysis?»? of the title compounds is not 

discussed in the present review, we are reporting briefly on the present knowledge 

of the Hg-sensitized photolysis and the photolysis of O2-charge-transfer complexes. 
In both kinds of systems, the alcolol and ether oxygen may be involved as the 

fulcrum of the interaction. 

11. ABSORPTION SPECTRA. ACTINOMETRY AT 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 to an 
n->o*> 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 185nm. This would correlate with its comparatively high ionization 
potential! 9. With the remarkable exception of 1,4-dioxane!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 no such matching. Their absorbance at 185 nm is much 

lower in the neat liquid (e.g. e(MeOH)*729°?1, e€(i-PrOH) = 3222, e(t- 
BuOH) = 9072) than in the gas phase (see Table 1). This is most likely due to 
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- 

carbons*3"?5. At shorter wavelengths other chromophores (o > 6*) are excited. In 
this wavelength region, fine structure of the absorption bands is observed with 
alcohols as well?°®. 

TABLE 1. Molar extinction coefficients (base ten, averaged) of some 

saturated alcohols, ethers, and acetals at 185 nm in the gas phase 

Compound eyes (Mier cma.) Reference 

Methanol — 160 6—8 

Isopropanol ~ 240 6-8 
t-Butanol 1150 7 

Diethyl ether ~2000 7, 9-11 
Diisopropyl ether 500 7 

Di-t-butyl ether 2200 ii 

t-Butyl methyl ether 200 9 
Tetrahy drofuran ~ 650 13,14 

1,4-Dioxane 3000 14,15 

Formaldehyde dimethyl acetal 50 16 

Pivalaldehyde dimethyl acetal 400 17 
1, 3-Dioxolane 480 18 
—_—_—_—_—_—_—_—_—_—_—————————— 
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In the saturated systems considered here, the alcohol or ether chromophore is 
selectively excited at 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, or does not contribute significantly to their photolysis. At 185 nm the 

actinometry of liquid systems is most easily accomplished using the Farkas actino- 

meter, a SM aqueous ethanol solution which gives H, with a quantum yield of 0.4. 

The Farkas actinometer has been discussed in detail elsewhere?* . 

lil. PHOTOLYSIS OF ALCOHOLS 

Studies have been made of the photochemistry of methanol? °33, ethanol? 7»?9»34. 
isopropanol? 7-35-39, t-butanol?*4»?5»38.49-42 and ethylene glycol**. In these 
systems the quantum yields of the sum of the primary processes leading to products 

approaches unity. Judging from the work on methanol it appears to make little 

difference, with respect to the importance of the various primary processes (see 
Scheme 1), whether the photolysis is carried out in the gas phase??? or in the 
neat liquid? 7-29. However, considering the strong influence that nonabsorbing 
solvents exert on the primary processes of t-butanol?*»?5 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 to 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 seission of the 
O-H bond (reaction 1) or (ii) the elimination of molecular hydrogen (reaction 2). 

i 
Ha C— Ort th (1) 

R R 
H—C—O—H* 

| 
i i 

C=0+H, (2) 
| 
R 

Liquid phase22-29 Gas phase?! 

CHO Fats) 575% 
(3) 88% 79% 
a H’+"CH,OH < 13% 

CH30H* ( 
CH,0 + H5 6.5% 20% 

(5) 

CH 0H 5.5% 1% 
(6) 

SCHEME 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 at the cost of process (1) (in methanol, $(2)/@(1) ~ 
0.09; in ethanol, $(2)/¢(1) © 1; in isopropanol, ¢(2)/(1) © 3). The scission of the 
C—O bond is of minor importance (<10%) as is the scission of the C—C bond in 

ethanol (<2%) and isopropanol (5.5%). It has been shown?” 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. 

— Say ieee At (7) 

CH 
CH; ; 

se al CH, +H—C—OH (8) 
| 

OAS CH, 

"CH3 + Helen (9) 

CH, 

Such a process does not contribute to more than about 15%, mostly less, of all 
primary processes in the lower alcohols investigated. 

Excitation at wavelengths shorter than 185 nm does not bring about a drastic 

change in the gas-phase photolysis of methanol?®. Below a threshold of 130 nm for 

methanol and 145 nm for C,—C, alcohols the formation of electronically excited 

OH radicals was observed**. 

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 

no longer true in neat t-butanol (Scheme 2). Homolytic scission of the O—H bond 

appears not to occur. Instead O—H bond scission occurs via two molecular modes: 

‘CH + CH3— COH—CH, 35% 

CHy + CH3—CO—CH, 67% 
32% 

CH, + HxC=COH —CH, 

Hy + (CH3)9C—CH, 17% 
0 

H» + (CH3)3C — O—CHy— C(CH3)5 6% 

. . OH 

OH + (CH3)3C 10% 

Te) H20 + (CH3)g9c=CH, < 2% 

SCHEME 2. 185 nm photolysis of neat t-butanol*'. 
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(i) intramolecular epoxide formation (reaction 13), and (ii) intermolecular ether 
formation (reaction 14)49>*!. 

A process similar to reaction (13) has also been observed?® 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 

H H H Hie H 
H H H 

H H H Dee D6 ee 

H H H 

12 CH3 CH3 

CH, 

n-Propanol lsopropanol t-Butanol 

could also, in principle, undergo a reaction similar to that depicted in reaction (14). 
The corresponding products, however, were not observed. If 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 successful**. 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 mol™! 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 lons 

Alkoxide ions absorb light at longer wavelengths than do the alcohols them- 
selves, and in liquid ammonia electrons are ejected at 254 as well as 316 nm with 

quantum yields of unity**® (reaction 17). In liquid ammonia the electrons become 

solvated and are detected by their blue colour. 

hv 

EtO. —— EO + eso (17) 

IV. PHOTOLYSIS OF ETHERS 

A. Acyclic Ethers 

In the photolysis of saturated acyclic ethers at 185mm in the liquid 

phase?’! 2,46-49 the major process is the scission of a C—O bond. This scission can 

proceed by homolysis or via a molecular process, the latter being indistinguishable 
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CH; 

p——> CH;—C: + O—CHz 52% 
(18) l 

CH 
: 82% 

pe 
CH3—C—O' + "CH 30% 

(19) cael 
CH3 

iV 
CH3z—C  +HOCH 8.5% 

(20) 3 l 3 9 

CH 
E 10.5% 

CH3 ral 

CH3—C—O—CH3 AG SUS 2% 

CH3 CH3 

le 
H———> ‘CH,+ C—O—CH, 1% 
(22) | 

CH 
: 4.5% 

i 
L—+» CH,+C—O—CH 3.5% 

(23) 4 | 3 

CH; 

re 
H3—C—O—CH, +H 3% Cae ce ae a 

CH, 

SCHEME 3. 185 nm photolysis of t-butyl methyl ether?®. 

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 
ether?, diethyl ether*® and methyl n-propyl ether*7). The reverse is the case with 
di-t-butyl ether! ?. Other reactions than those involving the oxygen in one way or 
other are negligible by comparison (see Scheme 3 and cf. Reference 4). 

Asymmetrically substituted ethers split the C—O bonds with different prob- 

abilities (reactions 25 and 26). Because of the high hydrogen-abstracting power of 
the alkoxyl radicals (R!O° and R20") these radicals are rapidly converted into the 
corresponding alcohols (R! OH and R?OH). 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 (20) in Scheme 3 also contribute to 
the formation of alcohols. Table 2 gives a compilation of data presently available. 

R1 + ‘O—R? : (25) 

Ri= 0" eRe (26) 
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TABLE 2. UV photolysis (A = 185 nm) of liquid ethers (R'-O—R?). 
Quantum yields of alcohols 

R!—O=R? o(R' —OH) o(R?—OH) Reference 

Et—O-Et 0.46 46 

Me—O-Pr-n 0.16 F 0.70 47 

Me—O-Pr-i 0.16 0.40 4 
Me—O-Bu-n 0.08 0.44 4 

Me—O-Bu-t 0.41 0.20 9 

t-Bu—O-Bu-t 0.84 12, 

Et—O-—Pr-n 0.31 0.28 4 
Et—O-Pri 0.26 0.25 4 

These data suggest that in the competition between reactions (25) and (26) the 
smaller alkyl group is split off preferentially, though t-butyl methyl ether presents 

an exception to the rule. This behaviour of the ether chromophore is in contrast? 7 

to that of the carbonyl chromophore in aliphatic ketones, where the large alkyl 

group is preferentially eliminated in the «-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 phase5°-5? is probably* mechanistic- 
ally similar to that in the liquid phase. The elucidation of the primary processes on 

the basis of the 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—O bond that is mostly cleaved. The intermediacy of a biradical has 

been suggested in the photolysis of 2,5-dimethyltetrahydrofuran5? 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 

tetrahydrofuran? 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 observed5*. In 

tetrahydrofuran>?, reclosure of the biradical and molecular breakdown into cyclo- 

propane and formaldehyde predominates, whereas in tetrahydropyran*®* mainly 

the disproportionation products are observed, and breakdown into smaller fragments 

is negligible (on a further reaction see below). In the oxepane®® system there is no 

fragmentation. In 1,4-dioxane! 5 only one disproportionation route (or molecular 

process?), i.e. that leading to the unsaturated alcohol, is observed. Fragmentation, 

either via the biradical or a molecular process does not halt at the first step 

(cyclobutane and formaldehyde) but efficiently proceeds to ethylene and further 

formaldehyde. 

The photolysis of the various cyclic ethers is discussed below in more detail. 
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7. Oxiranes 

The photolysis of oxirane has been studied in the gas phase>7-©° only. It may be 
conjectured that the main primary photochemical event is C—O bond scission, 
which is followed by extensive breakdown into smaller fragments (reaction 27). 
There is a strong wavelength dependence in the pattern of primary processes®°. 
Whereas reaction (28), the extrusion of an oxygen atom and the inverse to epoxide 
formation®!, is of little importance above 174 nm, it plays a considerable role at 
147 nm. At this wavelength two further primary processes (reaction 30 and 31) are 
believed®° 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. 

185-178nm 174nm 147nm 

"CH3 + “CHO (CO + H) 1 1 1 

O + HyC=CHz (H—C=C—H + Hp) 0.1 0.1 0.7 

H2C~CH2" Hy + (HgC=C—O) - 0.1 0.1 

O 

CH3;—CHO - - 0.2 

CH2 + CH20 - ~ 0.2 
(31) 

SCHEME 4. Photolysis of ethylene oxide in the gas phase. Relative importance of primary 
processes at different wavelengths®°. 

The fate of the oxygen atom and the CH, 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 at 147 nm and half of it has been ascribed®° to reaction (32) even at the 
comparatively low pressures (13 torr) that were employed. 

“CHO + “H + M CH2z0 + 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 strain® *»°?. 
The 185 nm photolysis of 2-methyloxirane vapour®* apparently leads to con- 

siderable primary rearrangement into propanal. Some acetone and propanal were 

thought to be produced via rearrangement of the 2- and 3-oxiranyl 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 solutions®*. 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)/6(35) being 1.2. The conceivable ring-opened products (see 
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CHa Or 
| | —+* H,C=CH, +CH,0 (33) 
CH — CH, 

CHO" HoC=CH, + (CH,)2CO (34) 

CH,—C—CH 2 3 CH 

CH shes +CH,0 (35) 

CH, 

Table 3) were not observed (propionaldehyde) or not looked for (allyl alcohol). At 

photolysis temperatures above 100°C a chain-reaction sets in (reactions 36—38). 

CH—O : 
] | ——> H»C=CH, + CHO (36) 
CH 2-CH, 

‘CHO ——~> CO+H (37) 

meaty aeo) CH—O 
Hi | | — H,+ | | (38) 

3. Tetrahydrofurans 

The photolysis (A = 185 nm) of tetrahydrofuran and some of its methyl deriva- 

tives has been studied in the liquid phase5*. The fact that cis(trans)-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—O bond scission must play 

a considerable role (reaction 39). The same biradical may also be considered the 

hv ae Av 
—_> ee 

yw O “Ny, RS O° P O \ (39) 

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 the subsequent processes. The most noticeable 
influence is on $(H,) which rises from below 10% 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 trans(cis)-2,5-dimethyltetra- 

hydrofuran. Although H atoms may be involved (reaction 44) it is not unlikely that 
in the cases where $(H2) 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 ether*®. 

In the gas-phase photolysis of tetrahydrofuran®>»®® 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 : 353. In a recent gas-phase study®” 
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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GHot 
CH,0 + H2C—CcH, 

(45) (46) 

CH 
H,C=CH— 
3 CHs H,C-CH, 

HC =CH + O—CH,—CH5 

(47) (48) 

_ / CH3— CHO HCCH, 

CH3CH2CH,CHO 

HC =CHCH.CH,0H 

| H+H° 

O 

5) | i] +4, 

O 

SCHEME 5. 185 nm photolysis of liquid tetrahydrofuran‘. 

4. Tetrahydropyran and oxepane 

The photolysis of liquid tetrahydropyran>* at 185 nm resembles that of tetra- 
hydrofuran. Typical products are listed in Table 3. However, there is a major 
product, 2-(5-hydroxypentyl)tetrahydropyran (@= 0.21) which appears to be 
formed without free radicals as intermediates (reaction 46). The mechanism of this 

PO! 
—+ (46) 

0 O~ SCH,CHCHCHCH,0H 

reaction is not known. Similar compounds also appear to be formed in the photo- 

lysis of tetrahydrofuran>* and oxepane®®, 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 oxepane>® (see 
Table 3). 

5. 1,4-Dioxane 

1,4-Dioxane presents in its photochemistry some interesting features compared 

to the cyclic ethers discussed hitherto. In the gas phase®®@ 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 phase!* (see Table 3). Similarly, the related compound 

1,4,6,9-tetraoxabicyclo[4,4,0] decane photolysed in cyclohexane gives ethylene 

(¢= 0. 56) and ethylene glycol diformate (¢ = 0.5) as the only major products®8 >, 

4 ——> 2CH,0+C5H, (47) 

It has been shown®?>7° 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. N,07!»7? also quenches the fluorescence, more strongly 

than it quenches the formation of the products described above (~85% vs. ~35%). 
At the same time, nitrogen [@(N,)*0.6] 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 N, O than is the product-forming 

state! 5. In both cases energy is transferred to NO, giving rise to oxygen atoms and 
nitrogen. The former insert into the C—H bond of 1,4-dioxane giving 2-hydroxy-1 ,4- 

dioxane (reactions 48—51). 

Av 

1,4-dioxane ——>  1,4-dioxane* (48) 

1,4-dioxane* +N,0 —— _ 1,4-dioxane + N,0* (49) 

N,0* No+0O (50) 

O + 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. NO 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-dioxane! 5. 
The proposed mechanism involves the formation of a solvated electron in the first 
step (reaction 52)!5»7!. The radical cation is considered to rapidly lose a proton 
(reaction 53). The solvated electron reacts with the proton to give a hydrogen atom 

(reaction 54), or with N2O to give a hydroxyl radical (reaction 55). Both will 

abstract a hydrogen atom from 1,4-dioxane (reaction 56). The resulting dioxanyl 

1,4-dioxane* ———>  (1,4-dioxane) ** + @aq (52) 

(1,4-dioxane)"* ——> (1,4-dioxane—H)° +Ht ~ (53) 

@3gt+H* ——~> H° (54) 

Cag + NyO == (OH AND OH (55) 
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H*(‘OH) + 1,4-dioxane H5(H0) + (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.O and H* 
compete for the same species?!. However, it has been pointed out!5»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 N,O 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>74. 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—O bond cleavage is the major process. Scheme 6 presents the reactions of 

the simplest compound in this series, formaldehyde dimethyl] acetal!®. Data on 
acetaldehyde dimethyl acetal75 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 

O 
Y HC + CH, ($ = 0.18) 
S OCH, 

ee 
a , HC + ‘CH, ($= 0.17) 
OCH, 

ne CH,0 + OCH, 
(63) 

“CH,OCH + “OCH, (¢ = 0.18) 

CH,0 + CH,0CH, (g = 0.13) 

OCH; OCH 
H'+HC HC (¢ = 0.04) 

(62) OCH3, OCH; 

SCHEME 6. Primary processes and their quantum yields in the 185 nm photolysis of liquid 

formaldehyde dimethyl acetal’ °. 
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CH3— CH(OCH3)9" ———» H,C=CHOCH3 + CH30H (64 

CH3—CH(OCH3),*, ——» CH3—COOCH3 + CHy (65) 

formaldehyde dimethyl acetal (reaction 58 in Scheme 6). In acetaldehyde dimethyl 

acetal75 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. 

CH ese 

CHz—¢ + °C—H (66) 
CH OCH * | | 
| | CH; OCH, 

CH,—C——_C—H 
| | CH, OCH, 
CH3 OCH, | | 

aaa fits taat (67) 

CH3 OCH, 

Among the cyclic acetals, 1,3-dioxolane7®»!® and 2,2-dimethyl-1,3-dioxolane!§ 
have been studied, the former in both the gas phase’® and the liquid phase! ®. The 
gas-phase photolysis leads to 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—O 

bond predominates. A mechanism is proposed in Scheme 7. As in the cyclic ethers 

the intermediacy of biradicals leads to various fragments. CO, (@~ 0.1), and 
acetaldehyde and ethylene oxide (together ¢~ 0.3) are important products. The 

CO, 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 HO as well as CO,, H, and 2 H’77>78. The precursor of acetaldehyde and 
ethylene oxide is considered to be the biradical “CH, —CH,—O’. In 1,3-dioxolane 
the yield of ethylene oxide is somewhat higher (¢ = 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 “CH, -—CH2—O° 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 to ethyl formate. The radical-induced rearrangement of 1,3- 

dioxolanes and other 1,3-dioxacyclanes into esters is well known (cf. References 
79-81). 

Whereas the quantum yields of primary processes in the 185 nm photolysis of 

the above aliphatic acetals range from about 0.6 to near unity no products were 

= A O 

(eos al as u (81) 
CH,—0 CH»—O 

CH 0 = 2 || CH2—O CH3 \| CHy—O 

he 2 Pe SGa ay CH (82) 
CH,—O CH5 =O CHo—O CH,—O 
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(72) | Ci + °R 

SCHEME 7. Primary processes in the photolysis (A = 185 nm) of liquid 1,3-dioxolane (R = H) 

and 2,2-dimethyl-1,3-dioxolane (R = CH,)'®. 

found in the photolysis of 2-phenyl-1,3-dioxolane®? at 254 nm, where it absorbs 
strongly. This indicates that primary processes leading to products must have a 

quantum yield of much less than 10°~*, considering that this compound also 
undergoes radical-induced rearrangement to ethyl benzoate via a chain reaction® >. 

Likewise, the photodegradation of polyoxymethylene around 300 nm has been 

shown8* to proceed only through sensitization, e.g. if carbonyl groups are present. 

Vi. Hg-SENSITIZED PHOTOLYSIS OF ALCOHOLS AND ETHERS 

The Hg-photosensitized decomposition (A=254nm) of alcohols®*1!°° and 
ethers®8»191-111 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 f-butanol?*), acyclic saturated ethers® 8 »1015103,105,108-110 and alkanes 
(cf. Reference 112) fit the first hypothesis, the behaviour of vinyl ethers! 13-115, 

epoxides! 94,196,197,111 thiols!!® and sulphides (cf. Reference 11) agree more 
with the second, in that bonds other than those to hydrogen are cleaved, often to 

the virtual exclusion of hydrogen production. Alcohols suffer O—H bond cleavage, 

acyclic ethers and alkanes lose a carbon-bound hydrogen. It seems that a complex 

(Hg'RH)* might be the intermediate for both paths (equations 83—85). Evidence 

Hg* + RH ———~ (Hg-RH)* (83) 

R’ + “HgH (84) 

Hg + fragments (85) 

in favour of such complexes has been obtained??+!12+118-129, [ny particular, the 
lifetime of (Hg-CH,;OH)* has been determined?? at 14 ns. (A similar complex 
(Cd:CH3;OH)* has been observed. The Cd-photosensitized decomposition (A = 

326 nm) apparently also proceeds via O—H bond fission!?1. The transient 

species HgH has also been observed? 7°!2?. Depending on whether the substrate was 
CH;0OH or CH30D HgH or HgD was seen?’, supporting conclusions drawn from 
earlier work that the simple alcohols lose hydrogen from the hydroxyl group in 

the primary process. 

A recent study! °° 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. It 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 

yield!°°. 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-epoxybutane!°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 Hg-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 rearrangement® 2 »°3. 

Vil. PHOTOLYSIS OF 0, -CHARGE-TRANSFER COMPLEXES 

Like many other compounds, ethers! 23-13 and alcohols! 23»13! 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!3?. In diethyl ether!?7 the maximum 
of this absorption is at 215 nm. This CT complex is very photoactive [¢(primary 
processes leading to products) © 0.5 at 254 nm]. 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 to O2 (reaction 86) followed by a number of subsequent reactions 
(87—92). The ether—O, 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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EtOEt---0, eet + 05~ 

EtOEt’* + 05° ——+ —CHCHOEt + HOS 

CH3CHOEt+ HO; ——+ _—_CHCHOEt 

"OH 

CH3CHOEt +O,  ——>  CH,CHOEt 

0; 
2 CHzCHOEt ——- _CH,COOEt + 0, + CH3CHOEt 

Us OH 
2 St Os ——> _—_ 2°CH, + 2CHOOEt + 0, 

03 

CH3CHOEt+ HO; ——>  CH,COOEt +H,0 + 0, 
| 
02 

(89) 

(90) 

(91) 

(92) 

occur by way of such reactions. Since their products are hydroperoxides and 
carbonyl compounds which are also photoactive, the system is self-enhancing 

Alcohol—O, CT complexes begin to absorb appreciably at shorter wave- 

lengths! 23-131 than do the ether—O, CT complexes, and are therefore perhaps less 
likely to interfere with photochemical studies at wavelengths usually employed. It 
has been pointed out!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! 3! , can impair the functioning of the laser system. 
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1. 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 to absorb at considerably longer wavelengths than 

their oxygen analogues. Their first absorption band is assigned to a transition which 

has more or less n—o* nature while: at shorter wavelengths Ryberg-type transitions 

come into play®. Spectral data of some compounds of interest are presented in 

Table 1. 

D3) 
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TABLE 1. Molar extinction coefficients (base ten) of some organic divalent 

sulphur compounds near 254 nm, and some Ama x Values 

Compound Medium eMecm .Ocnm) eanar panes 

MeSH Vapour ~60 (254)? ~230'° 204'° 
see Vapour ~80 (254)!° ~230'° 202"* 

n-Heptane 40 (254)'! ~230'! 196'! 
Me, S Vapour ~10 (240)? ~2201° 205% 
Et, S Vapour ~30 (240)? ~220'° 205 

Ne Vapour ga C545Ke ~260'° 2091° ¢ 

(ea Vapour 12 (254)'° ~260'° 20519 ¢ 
S 

ie Ethanol 833 (248)! ? 2481? 

Me. § Vapour ~300 (254)? 250° 
x Liquid 316 (254)!? 

Et, S, Vapour ~310 (254)? 255° 

?First absorption band. 
Second absorption band. 

“Band shows structure. 

11. PHOTOLYSIS OF THIOLS 

A. The General Reactions 

The photolysis of saturated thiols!»!*-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 

H’ + RSH 

Rom anon 

Rae ine le 

Si sedRSal > 

el 

—————— 

—_——_—> 

H, + RS" 

RSSR 

RH+ RS 

HS + RS" 

(1) 

(2) 

(3) 

(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—H and C-—S cleavage? ®. 

B. Factors Changing the Relative Importance of the Primary Processes 

In the gas-phase photolysis of methanethiol!? and ethanethiol! 5 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 
$(1)/¢(2) drops from 13 at 254nm to 3 at 214nm!4. At 195 nm it is 1.7!8. 
Ethanethiol is similar'5. In assessing these ratios, the possibility of hot hydrogen 
atoms H** being present (from reaction 1) has been taken into account!4)!5. H** 
can mimic reaction (2) through the displacement reaction (7) (see also below). 

H’* + RSH R’+H,S (7) 
There is evidence that even thermalized H atoms can bring about such a displace- 
ment?3+27_ The substitution of the sulphur-bound hydrogen by deuterium con- 
siderably enhances @(2) at the cost of ¢(1)!7. 

A suppression of reaction (2) has been noted in liquid ethanethiol photolysed at 
254 nm where ¢(1) was found to 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 hot RS” 
radicals are initially formed!4-!7+2°, and there is evidence that reaction (7) is far 
from negligible! 4"! 7578. Such a displacement has also been postulated?? to occur 
in the liquid phase where it is thought to involve thermal H atoms??>?7. The 
photolysis of liquid thiols yields H, and HS, their ratio depending on the nature 

of the thiol. In liquid t-butanethiol the ratio 6(H,S)/¢(H2) ~ 1, in the (secondary) 
cyclohexanethiol it drops to ~0.25?3, and in the (primary) ethanethiol no H,S 
appears to be formed at all!3. Addition of hydrogen donors led to a decrease in this 

ratio with increasing donor concentration?*. The donor (QH) is considered to 

compete for hydrogen atoms (reactions 8 and 9) thus reducing the H,S and 

Gc Oe eee an att actatino (8) 

ie AC Tn Mie Me remem © Sin ba ae (9) 

enhancing the H, yield. It is reasonable to assume that reaction (8) involves the 

intermediate RSH. Similar complex radicals are formed from sulphides with 

hydroxyl (R2SOH)?°, phenyl, hydrogen and *SH?°>. The formation of these 
complexes is subject to conformational constraints? °°. 

Hot H atoms should be able to abstract carbon-bound hydrogen in competition 

to reactions (3) and (7). However, no HD has been found in the gas-phase photo- 

lysis of CH3;SD?*. 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 K?°. 
There seems to 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! 4.15 because it can be argued that the thiol radicals are converted into thiyl 

radicals in reaction (10). 

RCHSH + RCHjSH ———> RCH,SH + RCH.S" (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 at 77 K, hot RS 

radicals as well as hot H atoms are produced?®. Both mostly generate solvent 

radicals by hydrogen abstraction, rather than being thermalized. The hotness of the 

RS" is conclusively proved by 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 
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disappear and regenerate RS’ radicals. The RS’ radicals are stable until the matrix 

is melted?°. Even though thermal thiyl radicals at room temperature are practically 

inert with respect to abstraction of aliphatic carbon-bound hydrogen atoms, they 

are known to abstract more weakly bound hydrogen?!>3?. 
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 MeS*3% 

and ~0.13 for EtS°34 in the gas phase and near zero for EtS” in the liquid 

phase! 3). Thioformaldehyde, a conceivable disproportionation product of MeS’, is 
produced in the photolysis of methanethiol in an argon matrix, most likely from 

photolysis of the primarily generated MeS 1°. 

When thiyl radicals are produced in the presence of trivalent organo- 

phosphorus compounds, they are desulphurized to the alkyl radicals (reaction 

11)35. Thiyl radicals add reversibly to olefins as shown by cis—trans isomerization 

R's +PR2 ———> R' +S=PR3 (11) 

that occurs in the presence of thiyl?®»37 (e.g. reaction 12), and induce a chain- 
reaction (reactions 12 and 13) which can be of preparative value (cf. Reference 6). 
Further examples of reactions undergone by thiy! radicals can be found in Chapter 24. 

RSidH50—=CH-3 4s _ YRSCHS— ICH; (12) 

RS—CH,—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 methanethiol 

RS + 0, RSO} (14) 

near 230 and 260 nm in the presence of oxygen?® leads to 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 to react rapidly with oxygen! ®. 

Also, the radiolysis of mercaptoethanol?” and cysteine? in oxygenated aqueous 

solution has shown that reaction (14) is fast, almost diffusion-controlled in these 
systems??, where it is in part followed by reaction (15). 

RSO,+ RSH ——* RSOOH+ RS” (15) 

D. Photolysis of Thiols in Aqueous Solutions 

In aqueous solutions the thiols are in equilibrium with their anions [e.g. pK(SH 
of cysteine) = 8.549]. On photoexcitation the thiolates eject an electron (reaction 

16). The electrons become solvated (see Chapter 23) and rapidly react with the 

thiols to give R_ radicals (reaction 17, see Chapter 24). RS radicals and thiolates 

RS~ ERS en, (16) 

@3g+ RSH ——> HS" +R’ (17) 

RSRSe e-——=6 (RSSR)a (18) 

form complexes*! (reaction 18, for details see Chapter 24), which can be easily 
monitored by their strong optical absorption near 420 nm*?. 
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Il. PHOTOLYSIS OF SULPHIDES 

A. Acyclic Alkyl Sulphides 

In the photolysis of acyclic alkyl sulphides! §»34.43-49 the main if not the only 
process is the scission of a carbon—sulphur bond (reactions 19a and 19b). In the 

R' + sR? (19a) 

R's + R? (19b) 

competition between methyl and larger alkyl groups it is the methyl radical which 

is preferentially eliminated*?. In the gas-phase photolysis (A = 229 nm) of CH3— 
S—C2Hs, $(19a)/$(19b) = 1.3 is observed* 7. This preference appears to 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 found3*. The 
absence of hydrogen cannot entirely rule out C—H bond rupture in view of the 

possible displacement reaction?°® analogous to reaction (8). The absence of 
methane in the photolysis of diethyl sulphide*® indicates that C-C bond rupture 
does not occur. 

Minor contributions of molecular processes (reactions 20 and 21) in the diethyl 

sulphide photolysis are possible but not established since the same products could 

also arise from disproportionation reactions of the radicals formed in reaction (19). 

hv — CH3—CH,—S—CyH, ——> H,C=CH+C HSH (20) 

ae = (21 CH3— CHy—S—CoHs CH,— CH, + S=CH—CH, ) 

The radicals generated in reaction (19) retain a certain amount of excess energy 

depending on the wavelength of the exciting light. Particularly in the case of MeS* 
generated from dimethyl sulphide*® this excess energy manifests itself by permit- 

ting hydrogen abstraction reactions to occur (reaction 22). Because the excess 

MeS’* +RH ——> MeSH+R- (22) 

energy is spread over more degrees of freedom the radicals formed in the photolysis 
of diethyl sulphide*® are less hot. Similar reactions are observed in organic matrices 
at 77 K49,, their behaviour resembling that of the thiol-containing glasses°. 

The Hg-photosensitized decomposition of acyclic sulphides*3»34>5° 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 atoms? can mask C—H bond cleavage. In diethyl sulphide there may be a 

side-reaction which could amount to at most 20% (reaction 24)3*. 

R—S—R+Hg* ———> RS +R+Hg (23) 

_ (CaHg)9S + Hg" = ———> C,H SH + C2Hq + Hg (24) 

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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7. Thiiranes 

The essential mechanism of the thiirane photolysis is represented?5! by the 

reactions (25)—(30). Direct excitation leads to the singlet excited state (reaction 

hv (25) 
S. ' S i 

H,C-—CH, <  \Hg€—CH 

; s : H»S+ CH=CH (26) 

felis Kees 3(°CH,— CH, —S") (27) 

H»C=CHp + S(3P) (28) 

3("CH»—CH»—S') J 
deactivation (29) 

s(3p) +Hy»C-—CH, ——> S)+H2C=CH, (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(?P) (reaction 28), or be deactivated 
(reaction 29). The excited sulphur atoms appear to react efficiently with thiirane, 
extracting a sulphur atom (reaction 30). The importance of reaction (28) followed 
by reaction (30) is shown by the high quantum yield of ethylene [@(C2H,4) = 1.9]. 
The existence of sulphur atoms was proved through the formation of thiiranes from 

added olefins>!. This reaction is given by both singlet and triplet sulphur 
atoms 2°53, 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 added>? (reaction 31). It has been shown in a different system that S(3P) 
3 . . . . ("CHy>—CH,—S") + H3C=CH, ———> [9(°CH,—CH,—CH,—CH,—S$")] ——> | 

S 

(31) 

rapidly reacts with thiirane>* (reaction 30). Other reactive species such as hydrogen 
atoms, carbon atoms, and methyl radicals do the same (cf. Reference 55). The S, 

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* ©*. The system may be even more complex since thermally 
excited thiirane generated by the addition of S(/D,) to ethylene rearranges into 
vinylthiol with high efficiencyS ©°. 

H»C-——CH, + S—CH,—CH, ———> 2H2C=CH,+S, (32) 

The photolysis of thiirane in the liquid state, neat and in hydrocarbon solutions, 

is explained similarly®7. $(C,H4) increases with increasing thiirane concentration. 

This could be due to a competition between reactions (29) and (32). The maximum 
value of 0.8 for $(C2H4) is reached in neat thiirane. Considerable formation of 
polymeric products was observed in the photolysis of liquid methylthiirane5 ®. 

The photolysis of tetrafluorothiirane has been reported to show very little 
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conversion even after prolonged irradiation®?. The reason for this might be that the 
spectrum of the irradiating light and the absorption spectrum did not match 
sufficiently well. It 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 

The photochemistry of thietane®!~°* (including some alkyl-substituted thiet- 
anes®4»®5) has been studied over a wide wavelength range, between 214 and 
313 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!°. These two 
bands lead to remarkably different photochemistries. 

The results obtained using 254 and 313 nm light (first absorption band) lend 

themselves to interpretation more readily. The essential features of the mech- 

anism®* 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 ¢(37) attains unity®*. 
Their ratio is larger than 10: 1 in all cases®*. 

CH>—S 
PS ee ees (33) 

CH,—CH, 

CHSCHCh>S) = | BEC CH 5G —s (34) 

CHACH,CH,S' + 12 | ae "C3HgSSC3Hg (35) 
CH,—CH, deactivation (36) 

: , cH,——-S——S——Ch,, 
CgHgSCC3Hg ———> by ara esonp eels (37) 

The biradical hypothesis is strongly supported by the finding that suitably 

substituted thietanes on photolysis undergo cis—trans isomerization®*4»®> 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) 

2C,H,S° ———> C,H,SSC3H, (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)°*. 

Propylene®! »©2+64 and cyclopropane®! have been found in small amounts and 
evidence has been presented®?»®* that propylene is formed in a secondary reaction. 

The mechanism of the photolysis in the second absorption band appears to be 

more complex®!. Irradiation at 214 and 229 nm produces much cyclopropane and 
propylene beside ethylene. The ratio ¢(C2H4)/@(c-C3H,¢ + C3H¢) is near 0.7 at 
214 nm, and near 1.2 at 229nm®!. 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 C3H, hydrocarbon 

products are secondary here. The conversions reached®! were less than 1% in the 

experiments with the higher substrate pressures, and it is there that the C3H6 
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products are relatively most important. The essential process that has been postu- 

lated®! to explain the formation of C3H¢ is reaction (40). A similar process 

C,H-S* + eer = B(Onayaes (40) 376 CHy—CH, 213% 22 

(reaction 32) may occur in the photolysis of thiirane?»>!. The postulate of reaction 
(40) is in accordance with the observation that the sum of $(C2H,4), $(c-C3 Hg) and 

@(C3H,¢) under some conditions exceeds unity, reaching a value near 1.46! ata 

substrate pressure of about | torr and a temperature of 236°C. 
The Hg-photosensitized decomposition of thietanes has also been 

studied®! »©®.7_ Its results are similar to those of the direct photolysis in the first 
UV absorption band. The C—S bond is cleaved to the biradical which then 
undergoes fragmentation, or cis—trans rearrangement and reclosure. There is some 

evidence®” for a small contribution by reaction (41). The alternative possibility of 
process (42) is not excluded. 

CH,CH,CH,S ——> CH,—CH=CH,+HS (41) 

Hg” +C.H.S ———= HgSHi+ C,H, (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 compound is 

photolysed at 254nm? or at 214nm®® and that the biradical (here CH2— 
CH, —CH,—CH,-S') plays a major role as an intermediate at both wavelengths. 
The intermediacy of the thiapentamethylene biradical was proved through addition 
reactions with olefins?. The wavelength dependence is largely expressed in the 

change of relative abundance of products. Reactions (43) to (51) constitute a 
plausible mechanism with features similar to those postulated for thiirane and 
thietane. 

CH me 
h . . 

—*~ “CH,CH,CH,CH,S** (43) 
eee 

H,C=CH, + CH2CH.S” (44) 
CH CH,CH,CH.S ; 

CHjCH{CH, + CHoS (45) 

H9—(CHp),,—S* + °CHy—(CH2),—S = ——> S)+°CH)—(CHy),, + CH »—(CH,), (46) 

Sy + CyHg + CH —(CH,); (47) 

CH— CHy CH, —CH 
CHp (Chip) pon act Ss ‘s + CH3—(CH, as (48) 

CH,—CH. cH, ch, 

deactivation (49) 

CH2CHCH{CH) ———* 2H ,C=CHy,c-CyHg (50) 

"R14 °R2 ——~+ products (51) 

('R', R= any radical; m,n = 1 or 3) 
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Ethylene has also been observed as a product in the liquid-phase photolysis of 
thiacyclopentane and thiacyclohexane*$ , and ESR experiments at 77 K have given 
evidence for (CH2),S_ biradicals from these compounds®?>7°. 

IV. PHOTOLYSIS OF DITHIAACETALS 

The photolysis of a few dithiaacetals! 2»7!~73 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 1,1-bis(methyl- 
thio) cyclohexane 7! 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 

CH,— ; CH3—S 

een che © Me CH,— 
important primary process. The formation of cyclohexyl methyl sulphide is not as 

straightforward as the route to dimethyl disulphide (reaction 53). One might 

2CH;,—S’ ——+ CH,—S—S—Ch, (53) 

consider disproportionation reactions but also a molecular process such as reaction 

(54). A similar process has been invoked!? to explain the formation of cyclo- 

CH3— h CH3— 

XD mee 
hexanethion which appears to be the precursor of its dimer, the major identified 
product in the photolysis of 1,3-dithiacyclopentane-2-spiro-1'-cyclohexane (re- 

actions 55 and 56). Possibly by a process similar to reaction (54), the photolysis of 

S 
Ee SUED SX) +"cH,—cH—s (55) 

. 

S 

) — OOO S 

D-galactose diethyl dithioacetal7?? yields 1-S-ethyl-1-thio-D-galactitol in 60% yield 

(reaction 57). 

HC(SEt), CH,SEt 

HCOH HCOH 

HOC tv, oe + other products (57) 
HOCH HOCH 

HCOH HCOH 

CH,0OH CH,OH 

V. PHOTOLYSIS OF DISULPHIDES 

The photolysis of disulphides found considerable attention! 318 »23,45 49,69 ,74-89 

and has been the subject of a number of reviews? *. 
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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 

R'—s' +"Ss—R? (58) 

1 2 Av “4 D 2 V— SSF R' +’S—S—R (59a) 

R'—s—s'+°R2 (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 disulphide®®, polarized 
isobutane and isobutene were detected in a photo-CIDNP study of di-t-butyl 
disulphide®5, and RSS_ radicals were detected by ESR spectroscopy in the 254 nm 

photolysis of disulphides in an organic matrix at low temperature? ”. 

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 at shorter wavelengths. In the dimethyl disulphide gas-phase system 

where $(59)/@(58) has been reported to be practically nil at 254 nm®°, 6(59)/6(58) 
is around 0.7 at 185 nm!8, whereas in its Hg-photosensitized decomposition®°® this 
ratio is 0.25. Equally, C—S cleavage is induced by other photosensitizers?®. 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 

RS. RSS RoR = S— Rune ace (60) 

cophotolysis (A ~ 260 nm) of dimethyl disulphide and diethyl disulphide in the 

liquid phase®!. Since any other process is insignificant compared to the trans- 

position reaction a photostationary state can be established (reaction 61). For 

2R'—S—S—R? RSS Re Re —=S —S—— Re (61) 
hv 

R!'=Me and R?=Et the value of the equilibrium constant K = 

[MeSSEt] */[MeSSMe] [EtSSEt] has been found to be ~5 in the liquid phase7®>®!. 
The efficiency of the transposition diminishes rapidly as the alkyls get larger! 3>77. 

A similar transposition takes place in the presence of thiols”? (reactions 62—64). 

hv 
Ri S= 6 Re Res (62) 

R'—S'+R2—SH ——> R'!—SH+R2—S° (63) 

R?—s'+R'—S—s—rR!’ ——+ R?—s—s—pRl apis’ (64) 

Cleavage of the disulphide bond by radicals other than thiyl (cf. Reference 2) e.g. 
OH radicals?! , has also been observed. 
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1. INTRODUCTION 

The great interest in the radiation chemistry of alcohols is reflected in the number 
of reviews that deal with this 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 the main substrate for investigating the effect 
of ionizing radiation on condensed matter in the beginning stages of radiation 
chemistry, the scope of this interest is easily understandable. In comparison with 

this, ethers have found little attention!. The material on the radiolysis of alcohols 

and ethers in aqueous solution® is at least as extensive as that devoted to these 

Q35 
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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 technique’, 

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. It 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 

Ht H* 

OH" (1) oy QH;* (2) 

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 technique® is usually run under 
steady-state conditions to 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 reported®, and the combination of pulse radiolysis and 

polarography has been reviewed!°. 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 Basson® 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. 

ll. 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 

Ml => WIP? se = (3) 

Ml. aaa MIE (4) 

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 

re ee *nH2 
M R' + R (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 are strung 
along the linear tracks, the concentration of the reactive intermediates is inhomo- 
geneous (for details see References 12—16). Part of the species will react with each 
other before they can escape into the bulk of the solution. Excitation energy that 
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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 of 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 to undergo reaction (6). In the gas phase, 

M* Met + e7 (6) 

G(ionization)} ~ 4 has been found for alcohols! ®. Because of a lowering of the 
ionization potential in the liquid compared to the gaseous state! 2, G(ionization) 
might be somewhat higher in the liquid. As it cannot be determined directly in 

liquid alcohols, attempts have been made to establish it indirectly by using high con- 

centrations of electron scavengers such as Nz O where G(N> ) has been considered? ° 

to reflect G(scavenged electrons) (reaction 7). The results?° are in agreement 

with the above reasoning. One has to keep in mind, however, that excited states 

may transfer their energy to N2O and thus also yield N, (reaction 8)?!»?2. As the 

GQ” ae INO NE ue yrs (7) 

Bs Ogee Mat NG tO (8) 

excited states of alcohols appear to be either very short-lived, or inefficiently to 

transfer energy to N2O dissolved therein at atmospheric pressure (< 4% transfer 

from the lowest excited state of t-butanol?*), G(N2) might begin to be driven 
beyond G(treaction 7) at elevated NO pressure. On the other hand, sufficiently 

high electron scavenger concentrations are desirable and necessary to compete 
successfully against the spur reactions of the electron such as reactions (9)—(11). 

e7) ta ROHS = —— ROH POH: (9) 

er eROUS =a ROR (10) 

| | 
eneHC=0) isa toad (11) 

(The carbonyl compound in reaction 11 is formed as a molecular product; see 
below). The radiation-induced chain-reaction of N,O with alcohois has been shown 

to occur only at elevated temperatures?*>?°. 
The G-value of excitation is more difficult to assess. If the theory of the optical 

approximation? ®»?7 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 available?® (see Chapter 21). Besides straightforward 

ionization (reaction 3), ionization accompanied by a fragmentation of the radical 

cation (reaction 12) has often been considered to account for some products, and 

M —yY— N' +R +e (12) 

attempts have been made to correlate product formation in the liquid phase with 

mass spectra29-3!. In that approach data obtained at pressures below 107° bar 

must be extrapolated to the conditions of the liquid state, where, however, rapid 

thermalization of a vibrationally excited radical cation can occur. Electronically 

excited radical cations may behave differently, though. 

tThe radiation-chemical yield G, ‘G-value’, is defined by the equation G=N/E; unit: 

(100 eV)~!; N = number of species or events of whatever kind, & = radiation energy absorbed 

causing these events. 
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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 

e +n ROH e- (13) solv 

are also known?!°"). If the electrons are solvated outside the so-called Onsager 

radius where its potential energy in the field of the geminate positive ion (e?/er) 
equals its thermal energy (KT) (cf. Reference 32), they are called free electrons. 

Considerable effort has been spent to 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). 

It would exceed the scope of this article to 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 800 nm, and also by its ESR signal in the glassy state at low 
temperatures, where one speaks of the trapped electron?»44*®. Making use of the 
picosecond pulse radiolysis technique at room temperature*+?5? or by slowing 

down the solvation process through lowering the temperature and working at the 
nanosecond or microsecond time-scale54-®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 in a polar medium®3>64-68_ During 
photobleaching alcohol radicals are formed®? via reaction (14) and subsequent 

+ ROH RO- +H" (14) 
esolv 

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 to the 
‘presolvated’ electron, is observed which shifts to the visible as solvation pro- 

ceeds®4»79-72. 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 state7*~7°. The nature of the 
solvation shell of the trapped electron in low-temperature glasses has also been 

studied by ESR spectroscopy®°®>®!, 
The solvated electron is considered to 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 temperature®?»83 or an increase in pressure84»85 causing a 

blue-shift as the cavity is contracted (cf. References 64 and 86) or compressed® 7. 
The change with temperature has also been explained on the basis of thermal 
disorientation of the cavity-forming dipoles®®. In mixed solvents the electron tends 
to associate with molecular aggregates of the more polar constituent®?-?! 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 less?2-95. As 
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 compound®? >? 69 8 , 

It is thought that in low-temperature glasses the trapped electron reacts with 
acceptors mostly by tunnelling??. The ease of the tunnelling phenomenon seems to 
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depend on the nature of the medium! °°. Presolvated and solvated electrons react 

at different rates°?»1°1-198_ The orientation of the acceptor with respect to the 
tunnelling electron may also influence the reaction rate! °°. If the solid is crystal- 
line instead of glassy, then under otherwise equal conditions the number of 
electrons becoming trapped is much smaller! !°. 

In liquid alcohols the reactions of the solvated electron have been monitored by 

pulse radiolysis, making use of its strong optical absorption®4»85°!1!1!-113 > and by 
the salt effect on its reactions with scavengers! !*>115. At room temperature the 
solvated electron reacts comparatively slowly with alcohols (reaction 14: 

k,4(MeOH, EtOH) < 105 M7! s“! (Ref. 113); k,4(EtOH) = 7 x 103 M7! s~! (Ref. 

116)). Reaction (15) predominates over reaction (14) in benzyl!!7 and allyl! 18 

+ ROH R° + OH- (15) solv 

alcohols where the ensuing radical is resonance-stabilized. It has been suggested! ! 9 

that in f-butanol the presolvated electron can undergo a reaction similar to (15), 
but with a higher specific rate. Data on solvated electron reactions in alcohols have 
been compiled! 29"! 22, 

C. lon-molecule Reactions 

Knowledge about ion-molecule reactions stems from studies in the gas 
phase! 23-!27 where it has been shown that the molecular ions of alcohols effici- 
ently (in principle on every encounter) transfer a proton to 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 to be much favoured over reaction (17) because the oxygen-bound 

hydrogen is involved in hydrogen bonding, in contrast to the carbon-bound one! 284, 

CH,0D*° + CH3,0D CH3,0° + CH,0D5 (16) 

CH3,0D*" + CH,0D ‘CH,OD + CH,0DH* (17) 

The direct measurement by ESR spectroscopy of the alkoxyl! radical in irradi- 

ated crystalline methanol has been reported! 28>. 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! 3°"! 35. 
The G-values obtained by making use of the alkoxyl radical’s oxidizing properties 

reach values between 1.5 and 2.0 for ethanol and methanol!3°. The question as to 

whether, in methanol, G(CH30°) and G(° CH, OH) (from reaction 17) are roughly 
equal! 39,133,135 6; whether essentially only the alkoxyl radical is primary! 344° 
is still being debated!?&4!34, 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 «-hydroxyalkyl radicals (reaction 18). By pulse radiolysis ki, 

has been measured!374 as 2.6 x 105 M7! s~!. An intramolecular rearrangement of 
the methoxyl into the hydroxymethy! radical has also been invoked!28> a reaction 

which might be analogous to the same reaction occurring in aqueous solution where 

it is mediated by the solvent!37>>°, Some of the reactions of the hydroxymethyl 
radical in methanol have been studied by pulse radiolysis! 374. 

CH,0° + CH,0H ———> CH,OH + “CH,OH (18) 
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D. Formation of Hydrogen 

In Table 1 the major products of the radiolysis of some neat alcohols (meth- 

anol!22, ethanol! 2!, propanol! 38-139, 2-propanol?!+149-143, n-butanol?°, 2- 

butanol?°, isobutanol?? and t-butanol??°!44»145 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 to 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 to be the reaction of the electron with 
the protonated alcohol (from the very fast reactions 16 and 17). Reaction (19) 

| 
are So +H" (19) 

| a 
sland: Er eran 

produces an H atom which rapidly reacts with the alcohol by abstracting hydrogen 

preferentially at the position « to the hydroxyl group (reaction 20). Indeed, if the 

| | 
H’ + peel H, + ‘pfclt (20) 

electrons are removed by electron scavengers G(H2) is strongly reduced (but not 
fully suppressed, see below)!4?2»146,1474 In competition with this reaction the 
electron might react with the alkoxyl radicals from reaction (16) (reaction 21: its 

ROM Saas) Ol (21) 
esoly 

reaction with the a-hydroxyalkyl radical has also been considered!47°), or might 
be scavenged by carbonyl compounds (reaction 22) present as impurities or formed 

C=O) th Sine (22) 

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 61461485149. 
In Table 2 are shown the effects of the electron scavenger N»O and of acid on the 

relative isotopic composition of the hydrogen evolved in the Y-radiolysis of several 
deuterated n-butanols!>°. 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 D, is negligible. 

It has been suggested! 5! that the electron might be chemically trapped by H’ 
(reaction 23). The hydride is expected to form hydrogen in reaction (24), but the 

®solyv 

a 4p H’ ———————e H— (23) 

H- + ROH ——~ H, + RO (24) 

smallness of the D, yield from O-deuterated alcohols where considerable formation 

of D’ 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 (G ~ 1.5; about a quarter) of the hydrogen evolved 

(consisting of H, 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 4K even after low 
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exposures, reactions (25) and (26) have been considered! *%. It is certain that 
hydrogen atoms are formed in the dissociation of excited alcohol molecules (see 

CH,0°* ——> H, + HCO (25) 

(CHIOD? b=. 2 HD EaHCO (26) 

CH,0H"* —-Y—» CH,OH* + H" (27) 

Chapter 21). No 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 O-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 to the formation of some H2. 

CH3,0D* CH,0° + D° (28) 

CH,OD! ———= CH Op eae (29) 

CHJOD* - 5, CHO) HD (30) 

The results listed in Table 2 indicate that there is also some primary carbon— 
hydrogen cleavage from carbons other than Cj), 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 D, 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! 5?. 
A further uncertainty with respect to the interpretation of the mechanism of 

hydrogen formation comes from the very low G(H3) 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 it meets a radical from 

another spur (randomized radical) is minute (1: 10,000) at the dose rates 
commonly used. Fully one third of G(H,) finds its equivalent in the sum of 
G(isobutene oxide) and G(t-butoxy-2-hydroxy-2-methylpropane)!45. These two 

products are also formed in the photolysis of t-butanol at 185 nm!5? where they 
balance all the H, formed (see Chapter 21). 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 
yieid from nonionic fragmentation, or is due to considerable electron scavenging by 
impurities or accumulated radiolysis products. On acidification G(H,) 6 is 
found! *8, at 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 (31) and (32). 
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CH,;—CH, + CH3CHO + Ht (31) 

CH3—CH,—CH—CH,** 

OH 

CH3;—CH,—CHO + ‘CH, + H* (32) 
There is some more detailed material on the C—C bond fragmentation in 

isopropanol’ 5-15. Using deuterated isopropanols and radical scavengers it has 
been shown that electron scavengers do not 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 

CH, 

H=C=OH +CH3 (33) 

ie FAC, (34) 
Fs H—C=0O 

ie Y 
CH CH 2 

3 | + CH, (35) 
H=C—OH 

m eCHs—-CHO=4t2He 4aUCHs «tye (36) 

CH CH3 
| 

CHa ae es a CH, sCaeoH (37) 

CH CH3 

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! 57>! °8. 

It has been suggested that, apart from in reaction (15), the ‘parent’ alkyl radical 

may be formed from alcohols by the dissociative electron capture of the protonated 

alcohol! 59»16° (reaction 38). However, this reaction does not appear to play a role 

~~ R—OH} + ec R' + H50 (38) 
solv 

in methane formation from methanol where it has been shown!®! that G(CH,) is 

unaffected by addition of either H* or N20. 
In the radiolysis of alcohols at room temperature or below, ethers are formed 

with low G-values!®?. Besides the trivial reaction (39), reaction (40) has been 
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considered! ®?2,. One would also envisage reaction (41), a reaction which has been 

shown to be implicated in the formation of ethers in the gas-phase radiolysis of 

alcohols (see below). 

RO cn? = PRS OR- (39) 

R'OH + *R2 = =9——~>_ R'0R? + H* (40) 

R'oOH, + R'OH ———> R'OR' + H,O + H* (41) 

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 ———> H,C=CH, + H20, AH = 46kJ/mol (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! 435163). 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 418. Electron 
scavengers reduce G(H,) by the same amount!©4>165,166a and it has therefore 
been argued!°* 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 to correlate mass spectral data with the 

reactions occurring in the gas-phase radiolysis!?3»!®7!7°. Obviously, such an 
approach is more justifiable here than in the case of liquid-phase 
data?9-31,139,154_ However, it has been pointed out!®® that there remain many 
uncertainties with respect to an acceptable theoretical treatment of this problem. 

At elevated temperatures (>250°C) chain-reactions set in!®3.171-175 (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!*7>!77 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 to alkane and aldehyde (reaction 46) are considered to be free radical in nature. 

TABLE 3. G-values of modes of cleavage in the gas-phase radiolysis of some alcohols 

MeOH! °? 4 EtOH! ** ? i:PrOH? °? 

G(C—H and O—-H bond cleavage) 10.4 9.9 EY 
G(C—O bond cleavage) 0.3 1.8 2-9 
G(C-C bond cleavage) 3:3 5.3 

“For other work see compilation! ??. 
For other work see compilation! *’. 
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HzO + olefin (43) 

H5O + ether (44) 

Alcohol 

’Hy + carbony! (45) 

alkane + aldehyde (46) 

C3H,OH, = HC =CHo HO" (47) 

CyH5OH3 + CzHZOH ———> (C3H,OH)5H* (48) 

(C2H,OH)5H* Sete On 0 CoH, HOF (49) 

H,07 + C,HZOH C,H,OH5 + H,O (50) 

IV. NEAT ETHERS 

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!78]. Higher 
basicity means that the positive charge, which is formed and stabilized in reactions 

(51) and (52), remains somewhat more localized because the proton tends to be less 
mobile in R,OH* than in ROH}. 

R50 ee (ete (51) 

R507 art yR50 R,OH* + R,O(—H) (52) 

In contrast, the mobility of the solvated! 7° or the trapped! ®° 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 at room temperature! ®!1-1 84. There is a relatively larger 
blue-shift of the absorption maximum with decreasing temperature! *®*, 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!85>18° (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!85>187 (for a review see Reference 1 88a). In 2-methyl- 
tetrahydrofuran glass an inner solvation shell of three equivalent solvent molecules 

appears to envelop the electron! 88>, 

An interesting method, not applicable to 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)! 8°. In ethers, 
alkali metal cations and solvated electrons coexist as ion pairs (M*, e,g1y) which 

R,OH” + LiAIH, ————= Li + R,0 +.AIH, + °H5 (53) 
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are characterized by a strong blue-shift of the solvated electron absorption spec- 

trum! 9°-193. 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!?!»!°?. Spectra of eJo1y, Na” and K™ in 
various ethers have been obtained! 94. 

As with the alcohols, the radiolysis of ethers 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!?5, and similar values have been accepted for the liquid 
phase! 96-198, 

Apart from undergoing fragmentation, molécules is excited states may also 

transfer energy to solutes!®®, or show luminescence!?°. The latter behaviour is 
seen to be of particular importance in 1,4-dioxane, in some contrast to other ethers. 

Dioxane fluoresces (Amax 247 nm) on excitation with 185 nm light?°°»?°! and 
also on radiolysis! 9°»2?. This fluorescence is quenched by N,0??»?°3 and other 
quenchers?°?»2°3_ Energy transfer to scintillators yields visible light; this property 
together with the ability of 1,4-dioxane to accommodate aqueous material in 

homogeneous distribution have earned it a place among the media employed for 

low-energy B-radiation counting (cf. References 204 and 205). 
Hydrogen is a major radiolysis product (cf. Reference 1) in all ethers investi- 

gated, including diethyl?°°»2°7, di-n-propyl'°®, diisopropyl?°® and dibutyl?°® 
ethers, tetrahydrofuran?°??!!,  2-methyltetrahydrofuran??®»?12-2!5 = and 
1,4-dioxane?°8:216 219 Jt 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 «-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. 

RLOH tec, area MG HOR e's (Zhe (54) 

H’ + R?—CH,—O—R' ——> R?—CH—oR' + H, (55) 

R30 —rY—» R}5O(—H)’ + H’ (56) 

R3—CH,—CH,—OR’ —Y— > R3—HC=CH—oR!' + H, (57) 

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 «-radical seem 
now established? ?°>22!, 

Diethyl ether presents a case where an extensive product analysis has been carried 

out for both gas- and liquid-phase radiolysis? °®>?°7,. The product distribution differs 
in the two phases although G(ether consumption) is nearly the same, at about 11.3. 

Similar to photolysis??? and pyrolysis?*3, cleavage of the C—O bond is a major 
event?°6,207,210,216 in radiolysis, probably partly through ionic, and partly 
through excited states (reactions 58—61). There is some evidence that dissociative 
electron capture (reaction 62) may also occur??4»?25_ Fragments resulting from 
C—C bond rupture such as methane and successor products of CH; are of lesser 
importance and, as expected, more in evidence among the products from the 
gas-phase radiolysis?° 7. 
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REOHist nent) © == ROH + R° (58) 

Y— > __ROH + olefin (59) 

R50 een CHO RH (60) 

Y—- © RO +R (61) 

R,Ost-e= ROSeeR (62) 

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, the radiation 

energy is largely absorbed by the solvent water leading to OH radicals, hydrated 

electrons (e aq), H atoms, the molecular products H2O2 and Hz, as well as the ions 

H* and OH“ (reaction 63). 
H50 ae ere 0, aHodH Ole (63) 

Bf N50) 5 | “OH SENS HTH be 
ee ep 

Cra + O, pee ee (oe (6) 

Hata Sa HOS 

The hydrated electrons (for rate constants see References 226 and 227) can be 

converted into OH radicals by saturating the solution with N,O (reaction 64; 

[N,O] =2.2x 10-2 M at 20°C and atmospheric pressure, kg4 = 5.6 x 10° 
M~!s7!), At low pH they are converted into H atoms (reaction 65;k¢5 = 2.3 x 
101° m~! s~!). In the presence of O2, hydrated electrons can be converted into O2 
radicals (reaction 66; kgg = 2x 10!° M7! s~'). The H atom (for rate constants see 
Reference 228) does not react with N,O but reacts readily with O, (reaction 67; 
ke7 = 10!°m ~!s~!), The resulting HO} is in equilibrium with its basic form O03 [pKa 
(HO}) = 4.75)?2?. Saturation of an aqueous solution with a mixture of N,0/O, 
(4/1 v/v) converts hydrated electrons into OH radicals whereas the H atoms are 
scavenged by O,. The G-values of the molecular products and of the ions are little 

TABLE 4. G-values of radicals generated in the y-radiolysis of neutral water 
in the presence of inert gases (e.g. He, Ar, N,), N, O and O, 

Saturating gas G( OH) G(eaq) GH’) G(O;>) 

Inert gas : alk Os 0.55 = 
N,O 5.44 - 0.55 _ 
Oz, D7 — — 3225 
N, 0/0, (4/1 v/v) 5.44 — — 0.55 

“There is evidence?*°’?*' that under N, O saturation G(OH) may be as 
high as 6. 
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changed by these additives [(G(H,0,)=0.7, G(H2)=0.45, G(H")=3.4, 
G(OH~) = 0.6]. The G-values of the radicals at the various conditions are summar- 

ized in Table 4. The values for 05 given in Table 4 are only valid as long as other 

additives are used in concentrations which do not interfere with reactions (66) or 

(67). 

B. Deoxygenated Solutions 

1: Saturated alcohols 

Hydrated electrons do not react with saturated alcohols at a measurable rate 

(k< 10° m~!s7!)226,232_. 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 H atom?*®. The 
reactivity of the SOj radical is somewhere in between?35 (Table 5). The latter can 
be generated by reaction of the solvated electron with S,Og~ (reaction 68). The 

Cra SoOg) Wet — ae SOQ at SOs (68) 

preferred site of attack of the OH radical is the position « to the hydroxyl 

group??° 237. With increasing chain-length of the alcohol the probability of H 
abstraction at positions other than « to 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~1s7!) of OH radicals, H atoms and 
SO; radicals with some alcohols in aqueous solutions (references see 
text) 

Substrate “OH H’ SO;7 

Methanol 9 x 10° 2x 10° 3.2 x 10° 
Methanol-d, 4.2 x 10° Deoixel One ED xe Og 
Ethanol 1.8 x 10° 2.6 x 10’ 1.6 x 10’ 
2-Propanol 2.0 x 10° 6.5 x 10’ B22 x 1107 
2-Methyl-2-propanol 4.5 x 10° 8 x 10° 4.0x 10° 

@Value calculated from k(H* + methanol) on the basis of an H/D 
isotope effect of 7.52355, 

TABLE 6. Relative yields (%) of H abstraction by OH radicals at 
different positions from various alcohols” * 7 

Substrate fe Byy,8 etc. OH 

CH. OH 93.0 — 7.0 
C,H, OH 84.3 1322 2S 
CH? CH, CH: OH 53.4 46.0 <0.5 

(CH, ), CHOH 85.5 13553 192 
CH, CH,CH,CH, OH 41.0 58.5 <0.5 
(CH, ), COH — 95.7 4.3 
CH. OH—CH,, OH 100 _ <<() 1 
CH, OH—CH OH—CH, 79.2 20.7 <0.1 
CH, —CHOH—CHOH—CH, 71.0 29.0 <0.1 
i 
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TABLE 7. pK values of some «-hydroxyalkyl radicals and their parent 
alcohols 

Radical pk pK of parent alcohol ApK 

*CH,,0OH 10571 10:7? 15.09¢ 4.38 
CH, CHOH 11.51°11.62 15.93¢ 4.42 
(CH, ), COH 12.037 12.2? 17.1¢ = 5.07 
(CF; ),COH 1.707 9.84 —8.1 

"From Reference 239. 
bFrom Reference 238. 
“From Reference 240. 

Using the pulse radiolysis technique it has been shown that the «a-hydroxyalkyl 
radicals are more acidic by about four pK units than their parent alcohols? 38. This 

has been confirmed by in situ ESR spectroscopic studies? 3° (Table 7). 
In their self-termination, the a-hydroxyalkyl radicals disproportionate and 

dimerize (reactions 69 and 70). 

R! R! 
| | 

ae gett (69) 

| 
ei ae 

R? R' R! 
| 

= (OC e— "| (70) 

Re R2 

The disproportionation/dimerization ratio increases with increasing methyl 

substitution (R} = R? = lel. Kk6o9/K70 << OME R! = H, R2 = CH3, keo/k70 = 0.43; 

R! = R? = CH3, keo/k10 ~ 4)?8. In the disproportionation of 2-hydroxy- 
propyl-(2) radicals the transfer of a carbon-bound hydrogen atom (reaction 71) 

has a higher probability than the transfer of the oxygen-bound hydrogen atom 

(reaction 72)?4!. 

ie CH; 

ea AF eee (71) 

Gs CH, CH; 

25 O-—Ot 

CH 
i ih Fis 

One a7 ae (72) 

| 
CH3 CH3 

An optically active carbon atom which carries an OH group may lose its former 

optical activity on going from the alcohol through the radical state back to the 

alcohol. This has been found?*? with scyllo-inositol where the major dispropor- 

tionation product is myo-inositol (reactions 73 and 74). 



950 Clemens von Sonntag and Heinz-Peter Schuchmann 

H OH OH 0) (73, 74) 

HO HO HO OH 

OH ‘OH OH 

The a-hydroxyalkyl radicals are rapidly oxidized by Fe(CN)2 (reaction 75; 
k ~4x 109 M~!s7!), a reaction which has been followed by pulse radiolysis??°. 

[Fe(CN),]2— + RjCOH [Fe(CN)g]4~ + R,CO + H* (75) 

With Fe2* ions these radicals form a complex which can be monitoyed by its 
short-lived absorption? +. However, reduction of these radicals does not take place, 

and the products are the same as observed in the absence of Fe2* ions. Intermediate 
complexes of the «hydroxyalkyl radicals with other metal ions such as Ag*?**, 
Agt245 Nit246 Ca+247 and Pb*?484 were also detected. A compilation of rate 

constants for the reaction of metal ions in unusual valence states has appeared? +8. 

The reaction of a-hydroxyalkyl radicals with hydrogen peroxide is quite rapid 

(reaction 76;k © 105 mM~!s~!)?49-251 and leads to the formation of an OH radical 
which propagates a chain. 

R,COH + H,0, ——* RCO + H20 + ‘OH (76) 

The anions of the a-hydroxyalkyl radicals are better electron donors than the 

«-hydroxyalkyl radicals themselves (for pK values see Table 7). Therefore, 

electron-transfer reactions are more efficient at high pH where chain-reactions have 

been observed with alkyl halides and with N,0252"?5°. Likely propagating steps 
are the reactions (77) and (78). 

Rico’ + R*8r ——> Rico + R? + Br (77) 

R3CO. F°N,0° ——=" "RECON uno (78) 

8-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, 8-hydroxyalkyl radicals are formed in the reaction 

of OH radicals with tertiary alcohols, e.g. t-butanol (reaction 80). 

“OH + HoC=CH, ——~ ~CH,—CH,OH (79) 

7" CH3 
; | 
OH + Ue amo Ont a 2a geo (80) 

CH CH3 

In their reaction with Cu?* they are reported to give epoxides (e.g. reaction 
812575258. 

ES *CHy—CH OH + Cu2* ——» H,C—CH, + Cut + Ht (81) 

From strongly reducing metal ions such as Ni* the B-hydroxyalkyl radicals accept 
an electron, yielding olefins (e.g. reaction 82)?*°. 

6-Hydroxyalkyl radicals also abstract hydrogen atoms from their parent alcohol 
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CHs CH3 

Nit + Chor tr ——> _Ni2* + Riley + OH- (82) 

CH, CH 

if derived from a primary or secondary alcohol. Thereby the $-hydroxyalkyl 

radicals are converted into «-hydroxyalkyl radicals (e.g. reaction 83). The rate 

"CH,—CHj0H + CH3—CH,OH ——* CH,—CH 20H + CH;—CHOH (83) 

constant of this reaction is around 30—50 M~!s7! 249,259,260 A value higher by 
one order of magnitude has also been reported?®!. 

2. Polyhydric.alcohols and carbohydrates 

The radiolysis of polyhydric alcohols and carbohydrates in deoxygenated 

aqueous solution is characterized by the elimination of water from the original 

1,2-dihydroxyalkyl radicals (reaction 84). This reactions has first been observed by 

nee ——— aio + HO (84) 

OH OH 

ESR spectroscopy? ®2-25 and was later further investigated by product analy- 
sis?©6-269 and pulse radiolysis?7°. The elimination of water is acid- and base- 
catalysed. The acylalkyl radicals (-CO—CH—) have oxidizing properties*7°> and 
readily abstract hydrogen atoms from the starting material (e.g. reaction 85), thus 

inducing chain-reactions. In the case of ethylene glycol as a substrate the rate 

constant of reaction (85) was found to be 75 M~!s7! 268. A typical example of the 

"CHy— CHO + CH,OH—CH,OH ——» CH3—CHO + “CHOH—CH,OH (85) 

various reactions involved is given in Scheme 1 for the simplest molecule in this 
series, ethylene glycol. 

In the case of erythritol the radical at C(2) has two possible ways to eliminate 

water. It is noted?71»?7* that the elimination towards C,,) (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. 

CHy 

e=0 (86) 
4—¢—oH 

free mon 
‘C—OH 0 

He—OH 
tor CcH20H 

c=0 
He (87) 

CH,OH 
The same type of reaction can proceed with B-alkoxy-«-hydroxyl radicals (re- 

action 88, X = OR)?7°,272-276, Reaction (88) is especially fast if X is a good 

leaving group, e.g. F, Cl, Br, I, CH3CO2 and H2 PO ae 252,05 007 128k. 
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CH,OH—CH,OH + “OH ——* CHOH—CH,OH + H,0 

(1) (2) 

+? CHjOH —CHOH — CHOH— CH,0H 

"CHOH— CH,OH 8) 

rare 
(2) CH,0H—CH,0H + CHO —CH,OH 

(1) (5) 

“2 ~ CH3CHO + CHO—CH,OH 
—H20 

(6) (5) 

wes 
CHO — CH,—CHOH—CH,0H 

CHO—CH3 (7) 

(3) +3 
CHO— CH,— CH,— CHO 

(8) 

CH3CHO + 2 (chain reaction) 

(6) 

SCHEME 1. Reactions of radicals derived from ethylene glycol? 

%G-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~’. G(tetritol, 4),= 

0.15, G(glycolaldehyde, 5) = 1.05, G(acetaldehyde, 6) = 1.2, G(2-deoxy- 
tetrose, 7) = 0.25 and G(succinaldehyde, 8) = 1.7. 

aiGilea tien a ci + HX (88) 

OH X O 

The radical-induced deamination of amino alcohols and amino sugars has been 
considered*®?»?83 to proceed through the radical zwitterion (reactions 89, 90). 

A —Ht . —NH3 6 

—C—CH— > bes — Bier (89, 90) 

OH NH} O” NH3 O 

This pathway may be followed even at pH 5 where deamination is still observed. In 

the hydrolytic equilibrium, the radical zwitterion might be present at a sufficient 

concentration. The acidity increase of an OH group that is attached to 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 D-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 G-values from the y-radiolysis 
of deoxygenated N, O-saturated?”* or N, O/O, (4 : 1)-saturated? °* 
aqueous solutions of D-glucose at a dose rate of 0.18 Wkg™ at 
room temperature 

 _——_—————————————. 

G-values 

Products N,O N,0/O, 

D-Gluconic acid 0.15 0.90 
D-arabino-Hexosulose 0.15 0.90 
D-ribo-Hex os-3-ulose 0.10 Os5i7 
D-xylo-Hexos-4-ulose 0.075 0.50 
D-xylo-Hexos-5-ulose 0.18 0.60 
D-gluco-Hexodialdose (O29 1255 

2-Deoxy-D-arabino-hexonic acid 0.95 Absent 

5-Deoxy-D-threo-hexos-4-ulose Absent 

5-Deoxy-D-xylo-hexonic acid 0.08 Absent 
2-Deoxy- D-ery thro-hexos-5-ulose Absent 
5-Deoxy-Dxylo-hexodialdose Absent 

3-Deoxy-D-ery thro-hex os-4-ulose Absent 
3-Deoxy-D-ery thro-hex osulose 0.25 Absent 

4-Deoxy-L-threo-hexos-5-ulose Absent 
6-Deoxy-D-xylo-hexos-5-ulose 0.05 Absent 
2-Deoxy-D-ery thro-hexos-3-ulose a Absent 
4-Deoxy-D-threo-hex os-3-ulose a Absent 
D-Arabinose 0.01 0.10 
D-Arabinonic acid Absent ‘ 
D-Ribose <0.005 Absent 
D-Xylose <0.005 } 0.08 
xylo-Pentodialdose Absent ; 
2-Deoxy-D-ery thro-pentose 0.04 Absent 

D-Ery throse 0.01 | 0.02 

D-Erythronic acid Absent 
Threose <0.003 Absent 
L-threo-Tetrodialdose Absent 0.20 
3-Deoxy tetrulose 0.02 Absent 

Dihydroxyacetone 0.03 Absent 
D-Glyceraldehyde and glyceric acid Absent 0.13 
Glyoxal b 0.11 
Glyoxylic acid and glycolic acid b 0.4 
Formaldehyde b 0.12 
Formic acid b 0.6 
D-Glucose consumption 5.6 5.6 

“Products identified (no G-values given) in Reference 285. They are 
expected to be included in the G-values of the other deoxy- 

hexosulose given in the table. 
Not determined, probably absent. 

reactions typical for the lactol function see below.) For 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 «-position to the ether 

linkage (reaction 91). 
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C sl 
R'CH,OR? + “OH R'CHOR? + HO (91) 

The resulting w-alkoxyalkyl radicals show a number of reactions which re- 

semble those observed with «-hydroxyalkyl radicals. They are readily oxidized 

by [Fe(CN),¢]3> (k =2x 109 m~!s7!)?36 or hydrogen peroxide (k =5.5 x 104 
M ~1571)287, 

In reaction (92), the l-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)?88. 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 

CH3CHOC,H, + [Fe(CN)g]>? ——* CH3CH=OCjH, + [Fe(CN)g]4~ (92) 

CH3CHOC,H, + HO ——+ CH3CHOHOC,H, + Ht (93) 

CH3CHOHOC,H, cH COe en On (94) 

CH3CH=OC Hs Se CH= CHOC Haan (95) 

also formed. Because of the high reactivity of HzO, with the ethoxyethyl radicals 

the radiolytically generated hydrogen peroxide (see above) can only attain very low 

steady-state concentrations at the usual dose rates of ®°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 reaction? ®8. 
«-Alkoxyalkyl radicals which carry a good leaving group (e.g. X = halogen or 

phosphate) in the position 8 to the free spin rapidly eliminate this group and two 

new radicals are observed*7®»28° 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 

ROCHCH,OH + HX (96) 

ROCHCH,X + H20 

ROCHOHCH> + HX (97) 

. . + 

ROCHCH,X ——> ROCHCH2 + X~ (98) 

+ oe 

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 
decay??°. 

CH.20 CH20 CH,0* 
: “OH See 3 XY: 

CHCH,X —— CCH,xX —— CCH, + X7 
YA —H20 fi | 

0 O 
| | ? 
CH CH CH3 (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 to the neutral form, the rate constant of 

phosphate elimination increases by three to four orders of magnitude with each 
protonation step (X=PO%, kog~0.1-1s7!; X=HPOZ, kog ~ 103 s”!; 
X = H,PO4, kog © 3 Xx HOS) 282. 

The mechanism which has been described here appears also to operate in the 

formation of OH radical-induced strand breaks of DNA?9!~293._ The isolated 
products are in agreement with the radical at C4’ being their precursor. The DNA 

strand is broken by the elimination of the phosphate ester group at the 3 and 5’ 

positions (reactions 101 and 102). 

ZCH. 0. base 

(101) 

oo (P)—O—CH, O. base o—() ~ 

~(P)—O—CH, 09__ base 
O—(P)~ 

® (102) 

: 

The «-alkoxyalkyl radicals undergo fragmentation reactions?°*. If they are 

suitably substituted the rate of fragmentation can compete successfully with the 

biomolecular decay processes. For example?°*, steady-state conditions can be 
chosen such that reaction (103) is not observed by ESR spectroscopy, in contrast 

to reaction (104). The latter appears to be faster by more than two orders of 

magnitude at room temperature, and only the f-butyl radical is seen. 

CH3 CH3 

“CH OCCH,. —~—> CHAO +.>CCH, (103) 

bi, bu, 

CH3 CH3 CH CH3 

-COCCH, ——~ C=O + -CCH, (104) 

ete ie but, 

Similar reactions have been invoked to explain some products in the radiolysis of 

sugars, e.g. 5-deoxy-D-xylo-hexonic acid from D-glucose? 7° (cf. Table 8; reactions 

105 and 106). int =: 

One of the pathways in the radiation-induced scission of the glycosidic linkage 

of disaccharides?9 62974 and fragmentation of dioxolanes??7° is also thought to 
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CH,0H eae 

O 

OH PAO ote Teg 
HO 

OH 

Guzen 

CH 
2 O 

OH had (105, 106) 

HO 

OH 

follow this type of reaction, as do some interesting chain-reactions in crystalline 

carbohydrates induced by y-irradiation? 98-3 °°. 

4. Phenols and aromatic ethers 

The radiation chemistry of phenols?°!~3!! and aromatic ethers?95+399: 
310,312°318 is different from that of their aliphatic counterparts largely because 

OCH, OCH, OCH; 

(107) Ces —Ht =p “(110) 
OH (109) OH, 

OCH CHsO" 

OCH3 OCH, OCH3 

+ OH au! arene + CH30H + H* 

OCH, Ge OCH, 

OCH OCH 

(108) Be tonne ee 7 CH3 OH 

OCH, 

(114) OCH3 OCH3 

+OH _ = mare oO at =O + CH30H + OH 

OCH 

SCHEME 2, 
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the OH radicals add to the ring but do not abstract hydrogen. Indeed, there appears 
to be negligible, if any, H abstraction even from the-methyl groups of methoxylated 
benzenes*'!8. Because of their electrophilicity the OH radicals add preferentially at 
positions activated by electron-donating substituents? ° 9-3 11,317, 

Scheme 2 gives an example of the general reaction mechanism. In the chosen 
case of 1,4-dimethoxybenzene*!® there are two possibilities for OH addition, 
namely at a free position (reaction 107, see Scheme 2) and at the ipso position 
(reaction 108). The protonation of the OH group and elimination of water leads to 
the formation of the radical cation (reactions 109 and 110), which is well character- 
ized by its ESR spectrum?!8. The same species is obtained by electron transfer 
from 1,4-dimethoxybenzene to Tl?*, Ag?*+ and SOq4 316. The ipso OH adduct 
eliminates methanol in a spontaneous reaction (111) and in an acid- (112 and 113) 

and base- (114 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 zwitterion?!5>316,. 
In the phenol series the radical cations immediately (t, ;. < lyus)?°° lose a proton 

and are converted into phenoxy] radicals (reaction 116) which are observed by ESR 

spectroscopy?°®. Phenoxyl radicals are also formed under basic conditions from 

the deprotonated dihydroxycyclohexadienyl radicals (reaction 117)?°°. 

OH O; 

Ey 6 eee. a 
R R R R 

On (oy 

OH 

H =. 

= + OH (117) 

R R R R 

Among the final products of the reaction of OH radicals with phenols are more 

highly hydroxylated phenols? !~394,306,3116_ Some of these reactions are also of 
preparative interest?°3. 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-nitrophenol, among other products, is formed from 4-nitrophenol?°’. 

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. If N,O/O, (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 at virtually diffusion-controlled rates (e.g. reactions 

N18 and 119)73°. 
The peroxyl radicals derived from «hydroxyalkyl radicals and from f-hydroxy- 

alkyl radicals show quite a different behaviour. 

R! R! 

aan +0, —— ‘202 ¢=6n (118) 
| by i. 
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R! R! 
| | 

“CH>—- C—O -O> *“O—O—CH2—C—OH (119) 

R? Ne 

The ohydroxyalkylperoxyl radicals undergo a unimolecular elimination of 

HO} 284,319-324 most likely??! via a five-membered transition state (reaction 
120). The reaction parameters are given in Table 9. There is also a base-catalysed 

R! O—O- RY 
ae SF HO5 (120) 

R2 

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! 

R' O0-—O° R' O0—0° | 
‘y & saat one —— ¢c=0+05 (121, 122) 

R2 ‘O—H ~ Roser ne 

In competition to the elimination of HO} there is the bimolecular decay of the 
arhydroxyalkylperoxyl radicals which is near to diffusion-controlled. Because of 

the comparatively slow elimination of HO} at pH 7 in the case of the HOCH, 0, 

radical (cf. Table 9), the bimolecular decay kinetics and its products can be studied 

more conveniently than in other cases. It has been shown*?5 that the major route 
(> 80%) leads to formic acid and hydrogen peroxide (reactions 123 and 124). A 

HO H-O-O OH ~ 
2 HOCH,05 po gC Saar HZ0py ee HC (123, 124) 

H  ‘O-#-0---H” H OH 

very short-lived tetroxide and a bicyclic transition state which resembles the 
monocyclic transition state of the HO} elimination has been postulated. 

The B-hydroxyalkylperoxyl radicals decay only by second-order reactions which 

are also near to diffusion-controlled judging from the data obtained with the 
peroxyl radical derived from t-butanol??®. A very short-lived tetroxide has been 
considered to decompose along various pathways as indicated in Scheme 3, Re- 

action (126) is formulated according to the Russell mechanism (cf. Reference 327), a 

concerted process with a six-membered transition state. Reaction (128) depicts the 
elimination of O, and the formation of two caged oxyl radicals which either 

combine to the peroxide (reaction 130) or disproportionate (reaction 131) to give 

TABLE 9. Rate constants for the first-order formation of H* and O;” from R' R*C(OH)OO’ 
radicals (kK, ) and for the OH -catalysed reaction (kK, ) in aqueous solutions 

R} R? Kcat22,C Activation Preexponential Reato.« 
(Sa) energy (kJ mol™') factor (s~') (Mia tsee) 

H H <10 iS xg 
H CH, 52 60 Deaiteo  & 8x 10° 
CHE CH: ~670 56 6x 10’? 5.x, 102 
OR OH >70,000 
SS 
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the same products as obtained via the Russell mechanism. The oxy] 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 (129). The 
elimination of H,0O, (reaction 127) is similar to the major reaction of two 

HOCH,03 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 O; [pK,(HO3) = 4.75)]. 

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 oMalkoxyalkylperoxyl radicals readily undergo a chain autoxidation 

reaction? 24°32 (e.g. reactions 137 and 138). This reaction is apparently not given 

| Lo-o + | | ee Lo—oH + | ] (137) 
oO” “CH 0" ~CH3 O07 “CH 0” = *~CH, 

ie +03 == Om: (138) 
O O CH3 

at neutral pH by the «-hydroxylalkylperoxyl radicals because of their fast HO} 

elimination (reactions 120—122). At neutral pH this leads to O2 , a species of low 
H-abstractive power which is incapable of propagating a chain? ?4»33°, 

Because of the fast reaction of O, 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 N2O0/O,-saturated aqueous solutions leads to six 
different peroxyl radicals with about equal yields (reaction 139)?8*. 

CH OH CH,OH CH,0H 
O OH O 

OH ae > OH + (OH OH 
CH,OH HO a = lt f0 HO 

0 OH O07 50t ‘O—0 OH 
“OH 

eh OH Sas (139) 

HO te CH OH 0-O cH,OH 6—O—CH,0H 
O—0 O 0 oO. 

OH OH + OH OH + OH OH 
HO HO “As 

OH OH OH 
Five of these (those at Ci1) to Cray and C(6)) are a-hydroxyalkylperoxyl 

radicals which readily eliminate HO, (reactions 120-122). Especially fast 
(k > 7x 10% s“!) is the HO} elimination from the peroxyl radical at C1). But even 
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the peroxyl radical at Cs) may, with base catalysis, eliminate HO} (reactions 140 
and 141). The corresponding carbonyl compounds are thus the major products (see 

CHj0H CH,OH CH,0H 

Oo—O fe) ee 0-0 O a OmrO 
OH esas gee. On See OH o7- ——— OH 

HO HO HO . 
OH OH OH 

(140, 141) 
Table 8). In competition with this HO, elimination the sugar peroxyl radicals 
undergo reactions second order in peroxyl radicals. The longest-lived peroxyl radical, 

that at Ccs ), Shows most clearly such a reaction (reactions 142—145). The reaction 

CH,OH CH20H 

OO O RO} O O 
OH a nas OH OH (142) 

HO HO 

OH OH 

CH,OH 
‘O (6) Omer O : 

se bo) 0-0 cHOH 
OH OH =eHp0H, —cooH OH OH 

HO H H 

OH OH OH 

(143, 144) 

(=O Gr Or, o : 0 
OH eet OH + HO5 

H H H (145) 

sequence is similar to that discussed above (cf. Scheme 3). The end-product is 

L-threo-tetrodialdose (see Table 8). As expected the erythro isomer is formed from 

the peroxyl radical at Cis) of D-ribose??!. Similar reaction sequences have been 

considered for an explanation of some products from the radiolysis of oxygenated 

solutions of ribose-5-phosphate?3?, N-acetylglucosamine* 3? and thymidine? 34. In 
DNA the peroxyl radical at Cs’) has been considered*** to give rise to DNA 
strand breaks via such a mechanism, and that at C2’) to an alkali-labile? 3° site (for 

a review see Reference 293). 
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1. INTRODUCTION 

The observation that sulphhydryl compounds can to some extent prevent radiation 

damage in vivo!»? 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 to 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 sites?. 

The radiolysis of thiols and disulphides has been reviewed in a previous volume 

of this series*#, with an 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 reviews*~?. 
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 22), and their main product 
therefore is the disulphide. However, the scope of thiol radiation chemistry is wide 

compared to that of alcohols because of several features relating to the sulphur 

atom. Thiols are more acidic but also seem to undergo protonation more easily 

than alcohols (at least in the gas phase!®). With sulphides, this basicity is reflected 
in the existence of stable trialkylsulphonium compounds such as, for instance, 

[SR3]* SR~ and ({SR3]*)2. S?~ 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 R3S° 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 to the misassignment of ESR 

signals to 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! 3-17, 

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. RADIOLYSIS IN NONAQUEOUS MEDIA 

A. Thiols 

The present section deals with the radiolysis of thiols (neat liquid and solid!5»17-29, 
nonaqueous solutions! 9~?2»26.30-38 | pas phase3?944), and where it seemed ap- 
propriate mass-spectrometric data*4-5° (cf. Reference 10) have been used to 
interpret the results. 

Isotopically labelled thiols have been employed in hydrocarbon radiolysis as 

a probe to 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 Y H, + olefin (1) 

R'H yY¥—— _ ‘R' +H" (2) 

R'H hee SS Bah ner (3) 

“R' + R2SH —— > R'H + R25° (4) 
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H+ R*SH ——+ H, + R2S° (5) 
H + R?sH ——> ‘R? +445 (6) 

R*s° + R2S° ——+ R2ssp2 (7) 

R25. + *R'  ——> R*sr! (8) 

R?s° + RSH ——— R?SS"(H)R? (9, 10) 
(10) 

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 to be EtSS(H)Et has been observed?8 ; the existence of the homologous 

species RSSR,° would not seem improbable!7. The homolytic displacement re- 
action (6) has recently been established in the photolysis of thiols! and may 
have to be taken into consideration in radiolytic systems as well. 

In olefinic hydrocarbons chain processes occur such as (11) and (12) which have 

been shown to lead to G-valuest of the order of 105 for the isomerization of cis- 

into trans-2-butene>?. The reverse reaction is also observed and has a G-value three 
to ten times smaller. 

(11) . 

RS + Et—CH=CH—Et eS Et -CH(SR)— CH Et (11,12) 
(12) 

In the gaseous thiol/carbon monoxide system5? a chain-reaction of a different 

kind appears to be operating at 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). 

RS’ + CO ——>  (R—S=C=O) (13) 

(R—S=C=0) ——~ R + S=C=0O (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 
23) brings about new aspects. Thiols appear to be able to scavenge positive charges 

(reactions 15 and 16). Their gas-phase ionization potential (J) is lower and their 

“"R' + R?RSH3 (15) 

R'H* + R?SH = 

R'H + R2SH*" (16) 

gas-phase proton affinity (P) is perhaps slightly higher than the corresponding. 

properties of alcohols; J(EtSH) = 9.28 eV, J(EtOH) = 10.48 eV5*; P(MeSH) = 
770 kJ mol7!, P(MeOH)= 760 kJ mol7! 55. The same holds with respect to 
saturated hydrocarbons but may not always be the case with unsaturated ones°®. 

The scavenging of tle positive charge from a hydrocarbon radical cation, R! He 

(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)3", are well estab- 

+The quantity G, called G-value, is defined through G = N/E, unit (100 eV)“, where N is the 

number of radiolytically generated species or events of whatever kind caused by the absorbed 

radiation energy F. 
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RS’ + R?SH> (17) 
+? 

R2SH*" + R2SH 

(R7SH)3- (18) 

lished species®7 (see below). They are the structural analogues of (RSH)3°. It can 

be estimated from thermochemical data that reaction (15) tends to be more exo- 

thermic than reaction (16) but one might expect that its activation energy be higher. 

Reaction (17) appears close to thermoneutral (see below). Formation of the complex 

(RSH)3" (reaction 18) is considered! 7 as an alternative to proton loss (reaction Ay 

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 annealed?3»38. Re- 

action (17) has also been excluded in the radiolysis of thiophenol!? . 
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 

domain’ ®. The smaller polarity of the thiol molecule [dielectric constants: e(EtSH) = 
6.9; e(EtOH) = 24.352] 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 to form domains in hydrocarbon solution. 

Other possibilities could be suggested (reactions 20—22). 

e + 7 RSH ——— erty (19) 

RS- +H (20) 

e + RSH R’ + ~SH (21) 

RSH’ ~ (22) 

Thermochemical argument indicates that reactions (20) and (21) should be 

endothermic in the gas phase, reaction (21) to a lesser extent than reaction (20)* 9»5° 
However, the appearance potential of reaction (20) is found to be lower than that 
of (21)**. In methanolic and aqueous glasses reaction (21) has been shown to 

occur! ”, but 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 to have 

been observed by ESR spectroscopy in the low-temperature radiolysis of thiols? 3> 

28,38,60,61 (but cf. Reference 17) whereas the trapped electron was not seen?8>6!, 
In view of the foregoing, there are many possible neutralization reactions. In 

particular, reaction (23) has been discussed to 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*" diminish? ®>38 

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)—(31) 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° the situation may be not much different 
considering the similar ratios of disulphide and H,S formation. 

Reaction (27) is an intriguing one. There seems to be ESR spectroscopic evidence 

that it does not occur in methyl, ethyl, propyl and butyl thiols, but from pentyl 
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RSH** + e (24) 

RS’ + H" (25) 
RSH Y ue i 

R’ + "SH (26) 

“"R(-H)SH +H" (27) 

RSH* + RSH ——> ‘R(-H)SH + RSH4 (28) 

HS’ + RSH ——— a hSee HS (29) 

“R(-H)SH+RSH = —— RSH + RS’ (30) 

RS’ + “SH —— RSSH (31) 
thiol onward an increasing proportion of the radicals observed appear to be alkyl 

thiol radicals *R(—H)SH?*»?5>2° 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 links?4>®2»3. Another 
implication of the absence of these radicals including the thiol a-radical is that 

reaction (28) ought to be even less important than reaction (17) (if, indeed, they 
occur at all in the condensed state). In the gas phase, it has been shown*® with 
methanethiol that reactions (17) and (28) occur at 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 atom®*. 
Interesting results have been obtained with 1,4-butanedithiol?!. In dilute hydro- 

carbon solutions 1,2-dithiane was formed in high yield (reactions 32 and 33). Its 

3 Sr "R S 
SH qh seas d (32, 33) 

yield was shown to decrease with increasing dithiol concentration while that of 

disulphidic compounds of higher molecular weight increased. One might suggest a 

cyclization reaction (reaction 32) to occurin competition with bimolecular addition 

(reaction 34), the latter being favoured at high dithiol concentrations. 

. te, 

S SH Cae ZES 
3 —<——— (34) 

SH SH Simao 

In the presence of oxygen (cf. References®»®»8»33>5), 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 glasses?®»37»38»6670 and in 

the gas-phase+*»7! it 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 scavenger’? is com- 



976 Clemens von Sonntag and Heinz-Peter Schuchmann 

parable to that of sulphur hexafluoride and other good electron scavengers’? , 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 35 and 36). 

R'H + R2SSR‘2 (35) 

R'H’* + R2SSR2 - 

“Rl + R2SS(H)R2 (36) 

In dilute cyclohexane solution diethyl and dipropyl disulphides rapidly equi- 

librate under the influence of ionizing radiation??, and it may be inferred’? that 

thiyl radicals are also present, generated via reactions (37)—(43). Reactions (40) 

PrSSPr + e ——> PrSSPr — (37) 

(38) 

PrSSPr — ————— a PrSi ta Prise (38, 39) 
(39) 

PrSSPr + H’ ———> PrSS(H)Pr (40) 

PrSS(H)Pr = ———> PrS''+ PrSH (41) 

PrsSPr + R’ ———>  PrSS(R)Pr (42) 

PrSS(R)Pr = ——> prs’ + RSPr (43) 

and (41) explain the formation of thiol7?. The other product, cyclohexyl propyl 

sulphide RSPr, is formed!” in reactions (42) and (43). The mixed disulphide is 
formed’? via reactions (44)—(46). In the presence of thiols a similar transposition 

takes place’? via reactions (47) (cf. Reference 70) and (48). 

PrS’ + EtSSEt ——> EtSS(SPr)Et (44) 

PrS- + EtSSEt"* M+ Etss(sPr)Et (45) 

EtSS(SPr)Et ——> 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 disulphide??. On 
the other hand, G(disulphide 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]}° have been observed in the gas phase”! and in solid media3®. 

RSSR* + RSSR~ = IRSSR (49) 

RSSR* + RSSR SSRIs. : (50) 

[RSSR]5° + RSSR~* ——+ 3RSSR (51) 
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C. Sulphides 

The present information on the radiolysis of sulphides (nonaqueous liquid? 5~8°® 
and solid?®»37,38,70,81-86,87a conditions; mass-spectrometric studiest5»47>51; 
71,87) reveals little about the nature of the final products. Apart from studies on 
thiophene’5>77 the only product that seems to have been measured is hydrogen? °> 
81-83. It is noted that hydrogen formation declines as the atomic fraction of 

sulphur in the system is increased either intramolecularly by employing lower alkyl 
homologues [from G(H,)=1.5 in (C,1;H23)2S to 0.14 in (CH3),S)], or in an 
alkane/dialkyl sulphide mixture by increasing the sulphide content?°»®3. 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 of sulphides where apparently sulphide 

radicals “R(—-H)SR of all possible types are being formed? 81.82. 2-Methyl- 
tetrahydrothiophene, in contrast to 2-methyltetrahydrofuran, does not physically 

trap electrons®?. Instead, anion radicals are formed which seem to be ring-opened 

forms of the type R,C—S~. Dissociative electron capture by dimethyl sulphide*4 

CH3SCH, + e —M——> CH,S~ + CH (52) 

(CH3)5S— + (CH3159° ———>" (CH3) SH + “CH5SCH, (53) 

(reaction 52) is endothermic in the gas phase but occurs in methanolic glass’. 
Proton transfer (reaction 53) appears to be slightly endothermic in the gas phase’ ! 

which would suggest that, until it is neutralized, the positive charge remains in the 

Rsae eG oe (RaSh, ] (54) 

form of the original radical cation of its complex (RS)3* (reaction 54). Optical, 

ESR, mass spectroscopical, and product studies have adduced evidence for such 

complexes! 2>38,57,70,79,80a,88,89 | 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 nm7?:8°4, 

11. RADIOLYSIS 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 review* 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 (egg) 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 NO (reaction 56). In 

acidic solutions the solvated electron is converted into a hydrogen atom 

(reaction 57). Hydroxyl radicals, egg, and H atoms readily react with the title 

H50 {me OH ye AH HT AOHT a Hy, SH5O5 (55) 

@aq + NO "OH + Nz + OH7 (56) 

oy he greek (57) 
aq 

compounds. There is now a wealth of rate constants available (for compilations see: 

OH radicals?°»?!, solvated electrons??»?3, H atoms?*). 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 HSCH, CH, NH, 
Cysteine HSCH,CH(NH, )COOH 
Cystine (SCH, CH(NH, )COOH), 
1,4-Dithiothreitol CH, SH 

HOCH 

HCOH 

CH, SH 
Gluathione(= glutamylcysteinylgly cine) HOOCCH(NH, )CH, CH, 

(oe 
is 

HSCH, i 

Bs 
ie 

Aa ; HOOCCH, 
Lipoic acid i ; a ae 24 COOH 

) sS—S 
Methional CH,SCH,CH,CHO 
Methionine CH, SCH, CH,CH(NH, )COOH 
Penicillamine HSC(CH, ), CH(NH, )COOH 
rr eS 
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B. Deoxygenated Solutions 

1. Thiols 

Thiols rapidly react with the hydrated electron. The rate?5»9® is near to dif- 
fusion-controlled if the thiol is neutral or positively charged [k(e aq + RSH) ~10!° 
M~' s"']. The rate constant drops if the electron reacts with a negatively charged 
species. It appears not to make much difference whether an adjacent carboxyl 
group is dissociated, or 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(€aq + RSH) drop to ~3 x 108 m~! s7!. Two pro- 
cesses are conceivable (reactions 58 and 59). Because of the lower dissociation 

Re eshia (58) 

RSH + e5, =| 
Rowen (59) 

energy of the C—S bond compared to that of the S—H bond one might expect 
reaction (58) to be favoured over reaction (59). Indeed, it has been suggested? 5 
that only reaction (58) occurs and that reaction (59) can be neglected. However, 

there is evidence that at least in 2-hydroxyethanethiol?? and in 2-aminoethane- 

thiol(cysteamine)?® reaction (59) may play a considerable role. This is seen from 
the fact that G(H2S) (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. It 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) 
RSH + H"™ ps 

R’ + HS (61) 

k(60+61) is around 10° M~* s“! for a number of thiols studied. The ratio ko /ke 1 
can be derived from the ratio G(H, )/G(H2S) if G(H2 ) is corrected for the ‘molecular 

H,’ from reaction (55). The kgo/k6, ratio is near five??°!°° for primary thiols, 
but decreases for secondary (1.8!°! and 0.559°, observed for two different thiols) 
and tertiary thiols (0.82!9! and 0.449°, observed for two different thiols). It has 
been reported!°? that G(H2S) increases with increasing temperature. This effect 
has been reinvestigated!®! but could not be reproduced with either cysteine or 
penicillamine. Thus it appears that kgo/ke , is not much temperature-dependent. 

Reaction (60) 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 
62) in which the sulphur exhibits a three-electron bond. It has already been 

RSH + HX ——~> RSH, (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 shown!°? to react with thiols (reaction 63) at 

virtually diffusion-controlled rates [kg3 = (1-2) x 10!° M7! s7']. The reaction 

with thiolates (reaction 64) is generally slower by a factor of two!°3. There is good 
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evidence from ESR spectroscopic studies!®°* that carbon-centred radicals are also 

formed from thiols on OH attack (reaction 65). 

“OH + RSH ——> HO + RS” (63) 

"OH + RS- ——.OH + RS (64) 

‘OH + RSH ——> H,O + “(R—-H)SH (65) 

‘R + RSH —M—— RH + 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 

108 m~! s~!. However, there are a number of other radicals which show rate con- 
stants avai than 107 M~! s~!, among them the OH adduct radicals of uracil and 
thymidine!° 5, 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 to abstract from methanol than from isopropanol, and 

therefore the reduction of the corresponding radical should be easier for hydroxy- 
methyl than for 2-hydroxy-2-propyl. Attempts to detect a short-lived complex such 

as formed by H,S!°8 (reactions 67—69), have failed with thiols! °3. 2-Hydroxy-2- 

R! R! R! 
| (67) lige | ; 

HOC SaaS HO—C—S ——> HO—C—H + HS (67—69) 
(68) \ (69) 

R2 R2 H R2 

propyl is electron-richer than the hydroxymethyl radical and therefore it should 

undergo formation of the tetravalent complex RR’ SH 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 tetrahy dride. 

The reactions of some inorganic radicals with thiols have also been stud- 

ied! 9°»11° (see Table 2). It is interesting!!! that the carboxyl anion radical, 
COz, can abstract an H atom from thiols (reaction 70), but that the RS* 
radical also abstracts an H atom from formate (reaction 71). This conclusion has 

70 

C05 + RSH — HCO, + RS’ (70, 71) 

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 CO; entities, is suppressed and the forma- 

tion of CO, is observed instead. This might result from a reaction of the RS* 
radicals with CO; (reaction 72). 

C055 RS CO eno (72) 

A similar equilibrium is observed!!2+113 in the phosphite/thiol system (reac- 
tions 73 and 74). The equilibrium constant is 800, k73 being 3 x 108 and ky, 
3.8x 105m! s7! 

Thiolate ions readily complex with RS’ radicals (reaction 75). The rate constant 
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(73) ; 
PO, “> - RSH === HPO;, + HS (73, 74) 

(74) 

ks is of the order of 10? M~! s~! fora 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¢ ~ 10® s~!) and hence the 

" (75) 
RSet RS ooh (75, 76) 

(76) 

equilibrium constants are around 103 m95>114_ In the case of dithiothreitol! !°»115 
the corresponding RS* radical complexes only with the RS~ group within the same 

molecule (equilibrium 77) but not intermolecularly. The resulting complex has a 

DKGOt SS: 
Whereas the linear disulphide radical anions decay by first-order, the cyclic 

ones! !5;116 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!!5. 

cS HO 
BO H ——— H S + He (77) 

O_USH OFS 

HO S 
2 H + 2Ht (78) 

OnSm 

Ss Si SH Poca (AE Se A im (feed a eg eh apy) HOS TR Toe saree (78-80) 
OnSs OSH OFS OSH 

HO Ss 
2 H (80) 

As expected k7g is smaller (1.7 x 108 m7! s7!) than kgo (1.7 x 10? M7! s~!) 
whereas the reaction of the anion with the neutral thiyl radical is the fastest 

(kag = 2.5 x 10°). A remarkable product from the radiolysis of penicillamine is 
the trisulphide. It has been proposed!!7+!18 that it is formed via reactions (81) 
and (82). 

Roo hmiit H,O ===> RIS SP RYH) ae © (81) 

RSS’ + RS’ Sama ROOK (82) 

2. Disulphides 

Disulphides react with the solvated electron at virtually diffusion-controlled 
rates to give radical anions. The latter can dissociate!13 (reaction 75) into thiyl 
radicals and thiolate ions as discussed above. The disulphide anion radicals are pro- 
tonated (reaction 83) with rate constants!19»129 between 6 x 108 and 7 x 10!° 

RSSR*~ + H* ——> RSSRH’ (83) 

M~! s~!. The resulting H adduct radical is thought!!9!2° to 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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RSSRH’ ——— RSH + RS’ (84) 

irradiation of a mixture of two different disulphides!1?>113,12 just as in non- 
aqueous media (see above). 

R'sSR' + R2S° ——> ap'lssr2 + R'5° (85) 

The reaction of OH radicals with disulphides has been shown!22>!23 to 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 

RSSR** + OH- (86) 
RSSR + ‘OH |" 

RSSR(OH)° (87) 

postulated earlier!?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 OH 

radicals but more efficiently (~100%) by other oxidizing radicals such as the radical 

cations of 1,3,5-trimethoxybenzene and thio ethers, SO4, Br3~, and by metal ions 

in unstable valency states such as Ag?*, Ag(OH)* and Tl2*. TI(OH)* reacts with 
80% efficiency and the carbonate radical ion, CO3~, with only 10% efficiency! 25. 

In alkaline solutions the cation radicals decay in a first-order reaction! 23 

(reaction 88). The rate of reaction (88) is not diffusion-controlled. A good corre- 
lation of a log k/ko plot against the Taft o-parameters of the R groups was taken as 

RSSR* + OH7> —— RSSR(OH)’ (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 to the 

inductive effect! 23. 
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 doubly-charged product of reaction (89) has a certain life-time. 

2RSSR’** ———— RSSR2* + RSSR (89) 

The radical cation RSSR*° itself is an oxidizing species and readily reacts with 
Fe(CN)é- at a diffusion-controlled rate, but about four orders of magnitude slower 

with Bea: In the latter case the variations in the rate of reaction (90), depending on 

RSSR'* + Fe2* ——> RSSR + Feag (90) 

the nature of R in RSSR**, have been explained to be due to similar effects as in 

the case of reaction (88). 
Pulse radiolysis experiments! 2? suggest that at pH > 10 the OH adduct radicals 

(from reactions 87 and 88) undergo a base-catalysed decomposition (reaction 91). 

In fact, at pH > 12, G(EtSH) = 5.5 was found in the case of diethyl disulphide! ??. 

RSSR(OH) + OH” RS~ + RS(OH)>5 (91) 

In competition with reaction (91) the OH adduct radical may break up according 

to reaction (92). Sulphenic acid (RSOH) may also be formed from RSSR?* (reaction 
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93) which is generated by reaction (89). Sulphenic acid, which is a fairly unstable, 

reducing compound! 2°, and the RSO* (RS(OH)3) radical further undergo a number 

RSSR(OH) = RS ae IRF (92) 

RSSR> 2, Oe ISO ez a (93) 

of reactions, the products of which have not been fully characterized. In the case 

of di-t-butyl disulphide, isobutylene 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). 

OH CH3 

L=% 
t-BuS—SBut ———> tBuSS° + H2C=C—CH, + H,0 (94) 

Attention is drawn to the possibility that complications could arise with some 

disulphides on account of hydrolysis when they are investigated in alkaline media 

(reaction 95)!27. 

RSSRE OH a RSO om (95) 

3. Sulphides 

Sulphides appear to react much more slowly (kgg ~ 5 x 107 M 

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 

“1 -1)95,128 

S53 oe iy =~ abe RR (96) 

and by product analysis! 29. The subsequent reactions have so far not found much 
attention. 

In the case of thiophene! ?® 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 to break down and sulphur is liberated while the yield of 2,2'-bithienyl 
is drastically reduced. 

The OH radical reacts with sulphides [kg7 © (1—2) x 10!9 m7! s-1]!30. The 
first step has been suggested! 3° to consist of OH addition to the sulphur (reaction 

97). At low sulphide concentrations (<10~4 mM) the R,SOH radicals eliminate 

H,0O (e.g. reaction 98). At sulphide concentrations above 1074 M it was observed! 304 

R—S—R + OH —— R,SOH (97) 

(CH3),S0H ———> H,0 + CH,=S—CH, (98) 

‘CH, —S—CH, 

that the OH adduct radical R, SOH complexes with another sulphide molecule 

(reaction 99). The complexed OH-adduct is readily converted into the complexed 

R,SOH + R»S ——~ [(R2S) OH] (99) 

radical cation either directly (reactions 100—102) or via the molecular species 

(R,SOH, R,S**) reaction (99) being reversible!39>. Whereas with a number of 
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(RoS)5> + OH> (100) 

. Ht 
[(RoS),0H] (R2S)57 + HO (101) 

H2POq° 

a4 (R,S)3* + HPOZ- + HZO (102) 

simple sulphides the formation of the complexed cation radical proceeds even 

in solutions at pH 10 (reaction 100), methionine is converted under more acidic 
conditions only (reactions 101 and 102)!3°°. The radical cation complex (R»S)3* 
is relatively stable but is in equilibrium with its components (reaction 103). There is 

(RS)p = = REST SERS (103) 

increasing evidence for cation radicals in these systems, both from ESR spectroscopic 

studies!4>79>88 and pulse radiolytic investigations® 7°8 94,1 30-1 32a,b_ 
Intermolecular as well as intramolecular complexes are formed with di- and 

tri-thianes® 7 »894)132¢_ Stabilization of the oxidized sulphur atom can be effected 
by heteroatoms other than sulphur®?4)1324,b. For example R2SBr or R>SCl are 
formed in the réaction of a sulphide with a complexed halogen atom, Brz7 or Cly” 

(e.g. reaction 104). At low bromide concentrations where primarily R,SOH is 
formed the same absorption has been observed®?4 suggesting that reaction (105) 
can also take place. 

RoS + Bro ——=> lisse or (lr (104) 

R,SOH + Br. ———> R,SBr’ + OH (105) 

The suggestion'?? that thiophene adds OH radicals predominantly at C2) 
(reaction 106) has been confirmed by ESR spectroscopic studies! 3%. In alkaline 

[| |] + on —— | ae (106) 
S S) OH 

solutions the OH adduct radical rearranges and opens the ring! 33+!34 (reactions 
107 and 108). Whereas earlier work! 33 had indicated that an equilibrium between the 

ia . - 

Q Je oO Ty i107) oe 7108) —_. || k (107, 108) 
S OH 

s-No 

OH adduct and its ring-closed anion exists, it was later!?4 concluded that depro- 

tonation immediately leads to the ring-opened species. Attempts to identify this 

species by ESR spectroscopy failed, however!34. 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 111) of the combination product formed in reaction (110). 

haat ee 
nla ait (110) 
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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 to 

sulphur-centred radicals (reaction 112). Oxygen adds to carbon-centred radicals at 

virtually diffusion-controlled rates [k(R3C° + O,) © 2 x 109 m~!s7!] while the 
rate of reaction of thiyl radicals with oxygen appears to be considerably lower 

(Table 3). Thus at 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 (112). 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 O37 (reaction 113). At 

RS’ + 0, ——> RSO} (112) 

RSSRigelGs O 7 lee wnINCS iia Ona (113) 

low pH where reaction (112) predominates, the resulting RSO3 radicals may undergo 
a number of reactions. Although the system is not yet fully understood some mech- 

anistic aspects can be discussed here. 

It 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 

(114). The resulting hydroperoxide may undergo two competing processes, a re- 

arrangement into sulphinic acid (reaction 115) and hydrolysis (reaction 116). Both 

reactions may well proceed by proton catalysis, and the substituent R may have an 

influence on k,;5/k,16. Thus in the case of glutathione! 3© both the sulphinic acid 

RSO, + RSH =F KE @O—OSte) 2 RS (114) 

O 

RS—O—OH SSS onion (115) 

RS—O—OH) + H[0°——>" _ RSOH + H50, (116) 

TABLE 3. Rate constants of the reaction of O, with some free- 
radical species derived from thiols and their derivatives’ °° 

k 
Radical (M7! s"') 

HOOCCH(NH, )C(CH; ), S" 4 x10’ 
Crs” 3.4 x 10° 
t-BuS 7.8 x 10° 
HOCH,CH, S$’ 2.3 x 10° 
CH, SCH; <> CH, S=CH, 4.4 x 108 
CHS CHCH, <> C,H, 5 =CHCH, 6.2 x 10° 
(CH, |), CHS—C(CH, ), —> (CH,), CHS= =(CHaye 1.0 x 10° 
RSSR* Unreactive? 
Resa Unreactive? 
(RES) se Unreactive? 

“Time-scale of pulse radiolysis experiments. 
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RS--O—OH + RSH ——+ RSSR + H505 (117) 

RSOH + RSH ——— Wntsisinh sr inies®) (118) 

and the disulphide are formed, whereas in the case of cysteine! 37 only the disulphide 
and H,O2 have been reported as products. However, there appears to be a further 
reaction (reaction 117) which competes with reactions (115) and (116). Reaction 
(117) 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! 3® 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 (119) have been suggested! 37. 

2RSO, —— RSSR + 20, (119) 

In neutral and alkaline solutions values are reached! 37-!4° 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 (113) must 
take part. The O3 radical must be the chain-carrier as it has been convincingly 
shown! 37 that its conjugated acid HO} is not capable of propagating a chain. It 
has been argued! 37 that the HO} radical cannot abstract an H atom from the thiol, 

05~ + RSH RS H,0, (120) 

but that Oz does (reaction 120). This reasoning is somewhat surprising as O37 is 

expected to be a poorer hydrogen abstractor than its conjugated acid HO. 

Evidence for this is given in experiments where it has been shown that O; 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 
Oz; 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 O37 can react with a sulphide (methional) has been con- 

sidered!4!, 
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-!47 
The straight disulphides were observed! 44 on irradiation of the mixed disulphides, 
e.g. CySSCy and CyaSSCya from CySSCya. 

It has been shown! 35 that the radical cations RSSR** do not react with O2, at 
least not on the time-scale of pulse radiolysis experiments. However, it cannot be 

excluded that such a reaction takes place under ©° Co-y conditions where the life- 

time of the radical cations would be longer because of the usually much lower 
dose rates of ©°Co-y sources compared to those employed in pulse radiolysis. A 

similar passivity towards O, is also observed with the radical cations derived from 

sulphides! 35. 

D. Some Biochemical Aspects 

DNA is considered the major target in the radiation-induced deactivation of the 

living cell?»148. It has been found that sulphhydryl compounds can to some extent 

protect against this damage? (cf. Reference 149). In order to 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 to a damaged site, 
or may be repaired by sulphhydryl compounds according to reaction (123). The 

same sort of protection could also be exerted in favour of other vital components 

of the cell. 

RH (ie. DNA) + X° ———~ R‘ + XH (121) 

RH**) ———~ R' + H* (122) 

R’ + R'SH ——> RH+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 contain!®°® sulphhydryl, 
sulphide and disulphide functions. It has been found that in some (e.g. papain!51-154 , 
trypsin'55, ribonuclease!5®!58, lactate dehydrogenase!5?, yeast alcohol de- 
hydrogenase!®® and glyceraldehyde-3-phosphate dehydrogenase! ®!), but not all, 
enzymes (e.g. «chymotrypsin! ©? and carboxypeptidase A! ©), sulphur-containing 
functions appear to be critically involved. 

Impairment! ©4>!5 of enzymatic activity may be through damage to the active 
site as well as through disruption of the proper conformation! °°. Inactivation of an 
enzyme through radiation is complete only after several hits have been scored! 7+! 68 
even though transfer of charge and free-radical sites occurs to some extent within 

the enzyme molecule! ®9! 74, It has been shown with papain that the degree of 
inactivation by OH radicals is higher in the presence of oxygen! 75. 

Other important free-radical targets in proteins are the aromatic amino acids, 

tyrosine and tryptophane! 7°. Even radicals derived from sulphur-containing amino 
acids bind to proteins through addition to the aromatic constituents! 77-178. The 
involvement of complexed inorganic [e.g. Br;~ or (SCN)3~] and other radicals in 

these deactivation processes has been studied! 5!»179-183. These radicals have been 
shown to react with more specificity than the highly reactive OH radical. 
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Alkyl phenyl ethers, mass spectra of 313, 318 

Alkyl cis-propenyl ethers, isomerization of 
431, 432 

Alkylseleno carbanions, in oxirane synthesis 
626 

Alkyl vinyl ethers, mass spectra of 306 
Alkyl vinyl sulphides 

isotopic studies of acid-catalysed hydrolysis 
of 416, 417 

mass spectra of 306 
Alkynyl sulphides, 

oxidation of 576 
reduction of 589 

Allene episulphide, structure of 877 

Allene episulphides 875 
synthesis of 876, 877 

Allene oxide, 

as part of the Cz;H,O energy surface 
859-862 

isomerization of 860-862 
Allene oxides, 

as intermediates in the Favorskii reaction 
862 

isomerization to cyclopropanones 866, 
868-870 

oxidation of 866-868 
reaction of, 

with cyclopentadiene 871 
with nucleophiles 866, 870-874 

synthesis of 862-866 
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Allenes, 
in oxirane synthesis 613 
peracid oxidation of 862, 863 

Allyl alcohol, reaction with solvated 
electron 939 

Allyl alcohol derivatives, as products in 
_ Oxirane rearrangements 630 

2-Allyl-1-!4C-4-allyl-3-!4C-6 -allylanisole, 
synthesis of 386 

Allyl 2-allyl-1-!"C-6-allylphenyl ether 386 
2-Allyl-1-'4C-6-allylphenol, in labelled ether 

synthesis 386 
Allyl 2-allyl-1-!4C-phenyl ether 386 
Allyl 4-deutero-2,6-dimethylphenyl ether, 

isotopic study of thermal rearrangement 
of 413 

4-Allyl-1,3-!4C, />-2,6-dimethylanisole, 
synthesis of 385 

4-Allyl-3-!4C-2,6-dimethylanisole, synthesis 
of 385 

Allyl ether, reduction of 523 
Allyl ethers, 

Claisen rearrangement of 413-415 
isotope effect study of gas-phase 

decomposition of 412 
Allylic alcohols, 

oxidation of, 
by chromic acid 481 
by manganese dioxide 490-493 

reduction of 517-519 
Allylic ethers, 

a-cleavage in 301 
mass spectra of 301, 306 

Allylic sulphides, mass spectra of 306 
o-Allyloxyanisole-'4C 405 
2-Allyl-1,1-d>-oxybenzothiazole, thermal 

rearrangement of 424 
4-Allyloxy-3-chlorophenylacetic-1-!4C acid, 

synthesis of 405 
2-Allylphenol, cyclization of 688 
2-Allyl-1-!4C-phenol, in labelled ether 

synthesis 386 
Allyl sulphides, as precursors in thioenol 

ether synthesis 808 
2-Allylthiobenzothiazole, thermal 

rearrangement of 424 
Allyl thiolbenzoates 412, 413 
Allyl thionbenzoates, deuterium isotope 

effect in intramolecular rearrangement 
of 412 

Allyl-!4C p-tolyl ether, Claisen 
rearrangement of 415 

4-Allyl-2,6-xylenol-7H 383 
Allyl-3-!4C-2,6-xylyl ether 385 
4-Allyl-2,6-xylyl-4-°H ether, synthesis of 383 
p-Altrose, incorporation of into crown 

ethers 48 
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Aluminium alkyls, reaction with oxiranes 

648 
Aluminium hydride, tritium-labelled, in 

labelled ether synthesis 380, 381 
Amides, catalysed decompositions of 461 
Amines, catalysed decompositions of 461 
Amino alcohols, cyclization of quaternary 

salts of 687 
1,2-Amino alcohols, formation from 

oxiranes 659 
2-Amino-4(benzylthio)butyric-*°$ acid 395 
2-Aminoethanol, structural parameters of 

184 
Se-Aminoethylisoselenouronium bromide 

hydrobromide-’°Se, synthesis of 391) 
S-Aminoethylisothiouronium bromide hydro- 

bromide-!4C, synthesis of 391 
S-(2-Aminoethy])isothiouronium-*°S bromide 

hydrobromide 424 
2-Amino-4-mercaptobutyric-*°S acid 395 
Aminophenols, electrophilic substitution on 

357 
2-Aminothiazoline-'4C 391 
Ammonium salt complexes, of crown ethers 

131 
t-Amyl hydroperoxide, as oxidant for 

alkenes 616 
Anchimeric assistance 313, 659 

trans-Anethole-3-!4C, synthesis of 386 
Anion-activating agents, crown ethers as 115 
Anion cryptates 118, 119 
Anion receptor molecules 143 

incorporating guanidinium groups, 
synthesis of 27 

Anions, 

as guests in crown ether complexes 118, 
119 

chelating 199 
naked 157, 164, 165 

relative nucleophilicities of 160, 161 
Anisole, proton affinity of 317 
Anisole-2,4,6-d3, bromination of 422 

Anisole-2-7H, synthesis of 382 
Anisole-4-7H, synthesis of 382 
Anisoles, mass spectra of 308, 309 

Anodic oxidation 339-349 
of enol ethers 779 
of ethers 343-349 
of hydroxyl groups 343-349 
of sulphides 339-343 
of thiols 339-343 

Anomeric effect 179, 220, 240, 241 

generalized 220, 241, 252 
in substituted 1,3-dioxacyclohept-5-enes 

272 
in 4,4-dimethyl-exo-8-bromo-3,5-dioxa- 

bicyclo[5.1.0Joctane 273 

Subject Index 

in cis-4,6-dimethyl-1,3-dithiacyclo- 
hexanes 260 

in 1,3-dioxacycloheptane 270, 271 

in 1,3-dioxacyclohexanes 249-256 

in oxacyclohexanes 237-243 
reverse 256 

Anthraquinones, mass spectra of 314 
9-Anthrol, keto—enol equilibrium in 372 
Antibiotics 64, 69, 70, 78, 111 
Apomorphine, 15-crown-S derivative of 

25 
Aromatic ethers, 

mass spectra of 308-312 
radiolysis of 956 

Aromatic oxiranes, 
K-region 658 
polycyclic 623 
synthesis of 620, 623 

Aromatic sulphides, 
35§-labelled 402 
mass spectra of 308-312 

Aromatization 630, 695 
Aryl alkyl sulphides, cathodic reduction of 

328 
1-Arylallene oxides, reaction with 

nucleophiles 869 
Arylallyl ethers, cleavage with Grignard 

reagents 525 
Aryldiazonium fluoroborates, in oxidation of 

ethers 510, 511 

2-Aryl-3,6-dihydro-2H-pyrans, synthesis of 
690 

threo-1,2-Arylethyleneglycols, oxidation of 
503 

Aryl ethyl ethers, B-substituted, phenoxide 

elimination reactions of 419 
Arylmethyl ethers, cleavage with Grignard 

reagents 525 
2-Aryl-1-phenylethanols, chromic acid 

oxidation of 474 
Arylseleno carbanions, in oxirane synthesis 

626 
Arylsulphonylhaloethylenes, nucleophilic 

substitution of 429 
Aryltrifluoromethylcarbinols, oxidation of 

487 
Asymmetric induction 686 
(S)-(+)-Atrolactic acid methyl ether, 

asymmetric synthesis of 844 
Autoxidation, of 2-methyltetrahydrofuran 

960 
Azacrown ethers, 

stability constants for complexation of 
93-95 

synthesis of 19, 20 | 

high-dilution conditions in 15, 21 
Aza polyether diesters, synthesis of 31 
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Azeotrope method 825 
Azepans, synthesis of 704 
Azetidinones, as products of enol ether 

cycloadditions 793 
Azide ion, in crown ether complexation 99, 

119 
Azides, 1,3-dipolar cycloaddition to enol 

ethers 795-798 
Aziridine, synthesis of 641 

Back-bonding 182 
Barium manganate, as oxidant for alcohols 

and diols 490 
4-Benzal-5-pyrazolones, cycloaddition to enol 

ethers 798, 799 

Benzhydrol, 

oxidation of, 

by potassium permanganate 487 
by ruthenium tetroxide 494 

reductive coupling of 520 
Benzoate chromophore 282-288 
Benzoates, electroreduction of 336 

Benzoate sector rule 283 
Benzo-9-crown-3, synthesis of 8 

Benzo-15-crown-5, 

4’-amino derivatives of 116 
calcium 3,5-dinitrobenzoate trihydrate 

complex of 196 
Ca(NCS),:CH30H complex of 197 
Ca(NCS),°H,O complex cf 196, 197 
Ca(SCN),-H,O complex of 126 
Ca(SCN),;MeOH complex of 126 
K* complex of 126 
KI complex of 126, 196 
medium effects on complexes of 121 
Nal complex of 126, 196 

4’-nitro derivatives of 116 
organic reactions mediated by 164 
pentagonal cavity in 196 

Benzo-18-crown-6, 
substituent effect in complexes of 116 
synthesis of 7 

Benzo-27-crown-9, synthesis of 7, 8 
Benzocrown ethers, 

mass spectra of 312 
thiourea complexes of 134 

Benzocyclobutenol, oxidation of 482 
1,2-Benzocycloheptane, conformational 

preference of 272 
Benzocycloheptene-4,4,6,6-d4, barriers to 

conformational exchange in 272 
Benzo-1,4-dioxan, mass spectrum of 311 
1,3-Benzodioxoles, mass spectra of 311 
Benzofurans, formation of 695 
Benzoic acids, methoxylated, radical 

zwitterions from 957 
Benzopyrylium ions 311 
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2-Benzothiazolyl disulphide, sulphur 
exchange in 435 

Benzo[b]thiophene, deuterium- and 

tritium-labelled, synthesis of 400 
Benzyl alcohol, reaction with solvated 

electron 939 
Benzyl-a,«-d, alcohol, in labelled ether 

‘ synthesis 383 
Benzyl alcohols, oxidation of 496 

Benzyl-a,«-d, bromide, in labelled ether 

synthesis 382 
2-Benzyl-5S-carboxymethyl-!4C-tetrahydro- 

1,3,5-thiadiazine-2-thione, synthesis of 
401 

Benzyl cations 311 
Benzyl cation transfer 313 
Benzyl 2-chloroethyl sulphide-*°S, synthesis 

of 394 
S-Benzylcysteine-*S, synthesis of 396 
1-Benzyl-1-(2'-°H-3’-dimethylamino- 

propoxy)cycloheptane fumarate, 
synthesis of 406 

1-(Benzyl-4-7H)-1-(3’-dimethylamino- 
propoxy)cycloheptane fumarate, 
synthesis of 406 

1-Benzyl(7-!4C)-1-(3'-dimethylamino- 
propoxy)cycloheptane fumarate, 
synthesis of 406 

Benzyl ethers, 
autooxidation of 423 
benzylic cleavage in fragmentations of 

sul 
reduction of 523 

1-Benzyl-2-(R)-ethylaziridine, in azacrown 
synthesis 19 

Benzyl ethyl ether boron trifluoride complex, 
inversion at oxygen in 231 

S-Benzylhomocysteine-*°S, synthesis of 
397 

Benzyl 2-hydroxyethyl sulphide-*°S, synthesis 
of 394 

Benzylic alcohols, 
oxidation of 

by chromic acid 481 
by manganese dioxide 490-493 

reduction of 518 
Benzylic cleavage in fragmentation 

reactions 309, 311 

Benzylic deuterium substitution 413 
Benzylmercaptan, gas-phase thermal 

decomposition of 464 
N-[4-(2-Benzylmethylaminoethoxy)benzyl- 

a-!4C]-3,4-diethoxybenzamide, synthesis 
of 402, 403 

Benzyl methyl ether, 
mass spectrum of 311 
oxidation by nitric acid 509 
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Benzyl methyl! sulphoxide, tritium exchange 
in 434 

Benzyl sulphide-*°S, synthesis of 394 
Benzyl sulphoxide-*°S, synthesis of 394 
3-(Benzylthio)alanine 397 
Benzylthiolate-*>S 397 
Bicyclic acetals, synthesis of 884 
(RS)-Binaphthol, in crown ether synthesis 

D0), Syl 
Binaphthyl crown ethers, in separation of 

racemates of amino acids 107, 108 
Binding sites, in crown ether complexes 

92-99 
Biotin, structural investigations of 593 
4-Biphenylyldeuterio(methoxy)phenylmethane, 

deuterium exchange in 433 
1,4-Biradical, in Paterno—Biichi reaction 

694 
Biradical intermediates, 

in photolysis of cyclic acetals 916 
in photolysis of cyclic ethers 909, 912 
in pyrolysis of oxetanes 708 

Biradical structure, for oxiranes 
Birch procedure 517 
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 ether 

synthesis 30 
Bis(2-chloroethyl) sulphide-*°S, synthesis of 

392 
Bis(2-chloroethyl) sulphoxide->S 392 
1,1-Bis(chloromethyl)ethylene, in oxocrown 

synthesis 34 
Bisdinaphthyl hexaether ligand 209 
Bis-1,3-dioxacyclopentane, conformational 

preference of 242 
1,2-Bis(hydroxymethyl)cyclohexane, 

dehydration of 745 
1,3-Bis(hydroxymethyl)cyclohexane, 

dehydration of 745 
Bislactams, macrocyclic, flow synthesis of 21 
Bis(2-methoxyethoxy)aluminium hydride, in 

cleavage of ethers 528 
1,1-Bis(methylthio)cyclohexane, photolysis 

of 931 
1,5-Bis{2-[ 5-(2-nitrophenoxy)-3-oxa- 

pentyloxy ]-phenoxy}-3-oxapentane, 1:2 
complex with KSCN 214 

1,20-Bis(8-quinolyloxy)-3,6,9,12,15,18- 
hexaoxaeicosane, RbI complex of 214 

1,11-Bis(8-quinolyloxy)-3,6,9-triotaun- 
decane, RbI complex of 210 

a,@-Bissulphonamides, in azacrown 
syntheses 19 

Bissulphoxides, synthesis of 553, 560 

634 

Subject Index 

Bond orders, for phenol 353 
L-Borneol, chiroptical properties of 281 
Boron isotope separations 437 
Boron tribromide, in demethylation of aryl 

methyl ethers 437 
Boron trifluoride, 

as catalyst—see Catalysts, BF3 
complexes with ethers and sulphides 436, 

437 
Boron trifluoride etherate, '4C-labelled 417 
Bromine, 

as oxidant for ethers 515 
as oxidant for sulphides 549 

Bromine-DABCO, as oxidant for sulphides 
573 

N-Bromoacetamide 610, 620 
Bromocyclohexane, conformational 

preferences in 240 
5-Bromo-3,4-dihydro-2 H-pyran, lithiation of 

802 
Bromolithium reagents, geminal, in oxirane 

synthesis 626 
2-Bromo-3-methoxy-2,3-dimethylbutane, 

rotation about bonds in 226-229 
3-Bromo-3-methoxy-2,3-dimethylbutane, 

gauche and trans rotamers of 226-229 
a-Bromooxiranes, synthesis of 620 
p-Bromophenetole, mass spectrum of 310 
2-Bromophenol-'*C, 408 
p-Bromophenol, mass spectrum of 310 
4-Bromophenyl isothiocyanate-*°S 401 
N-Bromosuccinimide 610, 620 

as oxidant for sulphides 550, 573, 577 

3-Bromotetrahydrofuran-2-yl steroid ethers, 
deprotection of 524 

2-Bromotetrahydropyran-2-yl steroid ethers, 
deprotection of 524 

Bronsted acids, as catalysts in oxirane 

rearrangement 632 
Butadiene, 

as dehydration product of oxolane 695 
synthesis of 738 

1,3-Butadiene, as dehydration product of 
diols 731, 736 

Butadienyl ethers, hydrolysis of 776 
n-Butane, conformers of 241 
1,3-Butanediol, dehydration of 736 

2,3-Butanediol, dehydration of 728, 

730-732 
1,4-Butanedithiol, radiolysis of 975 

t-Butanethiol, photolysis of 925 
Butanethiols, gas-phase thermal 

decomposition of 464 
Butan-1-ol, gas-phase thermal decomposition 

of 455 ; 
2-Butanol, radiolysis of 940, 941 
(+)-2-Butanol, CD spectrum of 280 
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n-Butanol, radiolysis of 940, 941 
t-Butanol, 

gas-phase thermal decomposition of 455, 
456 

photolysis of 905-907, 937 
radiolysis of 940, 941 

reaction with presolvated electron 939 
reactions of peroxyl radicals derived from 

958 
UV absorption spectrum of 904 

3-Butenols, reaction with SOCI, 837 
1-Butenyl ethyl ether, cycloaddition of to 

TCNE 788 
1-t-Butylallene oxide, synthesis of 864 
t-Butylammonium salts, free energies of 

association with polyethers 85 
N-t-Butylaziridine, nitrogen inversion in 231 
t-Butyl-dg chloride 399 
t-Butyl chromate, as oxidant for alcohols 

485 
cis-4-t-Butylcyclohexyl methyl ether, mass 

spectrum of 315, 316 
n-Butyl ethers, mass spectra of 304 
(+)-S-s-Butyl ethyl ether, CD spectrum of 

289 
t-Butyl-1,1-d, ethyl ether, vapour-phase 

thermolytic B-elimination of 412 
t-Butyl hydroperoxide, 

as oxidant for alkenes 616 
as oxidant for sulphides 542, 568, 569 

t-Butyl hydroxyalkylsulphoxides, cyclization 
of 824 

t-Butyl (8-hydroxyalkyl)sulphoxides, cleavage 
of 837 

Butyl 2-hydroxyethyl sulphide-*°S, synthesis 
of 392 

t-Butyl hypochlorite 620 
as oxidant for alkenes 623 
as oxidant for sulphides 550-553, 

567-570, 573, 584, 585 
n-Butyl isopropyl ether, mass spectrum of 

303 
2-t-Butyl-4-methyl-1,3-dioxacycloheptane, 

conformations of 270 
2-t-Butyl-5-methyl-1,3-dioxacycloheptane, 

conformations of 270 
2-t-Butyl-4-methyl-1,3-dioxacyclopentane, 

conformations of 270 
n-Butyl methyl ether, photolysis of 909 
t-Butyl methyl ether, 

photolysis of 908, 909 
UV absorption spectrum of 904 

4-t-Butyl-S-methylthiacyclohexylium 
perchlorate, conformational free energy 
for 245 

7-t-Butyl-3-oxabicyclo[ 3.3.1 ]nonanes, mass 
spectra of 316 
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o-s-Butylphenol, vaporization enthalpy for 
363 

p-t-Butylphenol, vaporization enthalpy for 
363 

t-Butyl rotation 224, 225 

t-Butyl vinyl ether, polymerization of 417 
6-Butyrolactone, ring-transformation to 

2-pyrrolidone 703 
y-Butyrolactone, synthesis of 699 
Buys—Lambert R-values, for 1,3-oxathianes, 

-dioxanes and -dithianes 840 

Calcium in ammonia, reduction of sulphides 
by 589, 590 

Carbene insertion 709 
Carbene reactions, of enol ethers 794, 795 

Carbenes, 
formation from oxiranes 652, 653 

unsaturated, addition to a carbonyl group 
864 

Carbohydrates, radiolysis of 951 
oxygenated solutions of 960, 961 

2-Carbomethoxy-X-alkyloxacyclohexanes, 
conformational free energies for 239 

2-Carbomethoxy-6-t-butyloxacyclohexane, 
conformational free energy for 239 

Carbon atoms, chemically produced 628 
Carbon disulphide-*>S,, synthesis of 390 
Carbonium cation mechanism, for dio! 

dehydration 722-724, 727, 729, 733, 
747 

Carbon-sulphur bond, anodic cleavage of 342 
Carbonyl compounds, 

addition of an unsaturated carbene to 864 
as dehydration products, 

of 1,2-diols 729-732 
of 1,3-diols 732-736, 738-741 

as precursors, 
in Oxaspiropentane synthesis 875 
in 1,3-oxathiane synthesis 839 

in oxirane synthesis 623-627 
as products, 

in oxetane rearrangements 697 
in oxirane rearrangements 630-635, 

655 
photocatalytic 1,2-cycloaddition of, to 

olefins 692-694 
Carbonyl oxides, as oxidants for sulphides 

561 
Carbonyl ylides 652 
Carbonyl ylide structure, for oxiranes 634, 

635 
Carboxylic acids, 

catalysed decompositions of 460 
unsaturated, in oxirane synthesis 613 

Carvacrol, kinetic study of disproportionation 
of 372 
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Cascade binding, in crown ether 
complexation 110, 120 

Catalyst poisoning, selective 700 
Catalysts, 

acid, 
in dehydration of 1,2-diols 722-729 
in dehydration of 1,3-diols 733, 

736-738 
in dehydration of higher diols 751 

acidic heterogeneous, in dehydration of 
cyclic ethers 695 

alumina, 

in dehydration of 1,2-diols 729-731 

in dehydration of 1,3-diols 737, 738, 
741 

in dehydration of higher diols 745, 
746, 748, 750, 751 

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(PO4)o, 
in, dehydration of 1,2-diols 731 

in dehydration of 1,3-diols 737, 741 
in dehydration of higher diols 741, 

745, 746, 750, 751 
(CH3),SO, 

in dehydration of 1,2-diols 731 
in dehydration of 1,3-diols 736, 737 
in dehydration of higher diols 746, 749 

copper, 
in dehydration of 1,2-diols 731 
in dehydration of 1,3-diols 733, 738 
in dehydration of higher diols 746, 

748, 750, 751 
copper/aluminium, 

in dehydration of 1,2-diols 731 

in dehydration of 1,3-diols 738 
in dehydration of higher diols 746, 

750, 751 
electrophilic, in rearrangement of 

dioxolanes 691 
FSO3H/SbF;/SO,, 

in dehydration of 1,3-diols 736, 738 

in dehydration of higher diols 749 
Lewis acid, 

in oxirane polymerization 641 
in Oxirane rearrangement 632, 633 

metal, in oxirane hydrogenolysis 638, 639 
metal complex, 

in alkene oxidation 616-618 
in oxirane rearrangement 635 

nickel, in dehydration of 1,4- and 
1,5-diols 746, 751 

organic acid, in dehydration of diols 722, 
736, 745 

palladium, in dehydration of 1,4- and 

1,5-diols 746 
palladium/carbon, in dehydrogenation of 

oxolanes 695 
platinum, 

in cyclic ether rearrangements 697, 698 
in dehydration of 1,4- and 1,5-diols 

746 
platinum/carbon, 

in dehydration of 1,2-diols 730 

in dehydration of 1,3-diols 738 

in dehydration of higher diols 750 
Raney-type, 

in dehydration of 1,3-diols 733 
in dehydration of higher diols 748 

RhCl;/PPh3, 
in dehydration of 1,3-diols 736, 738 

in dehydration of 1,4- and 1,5-diols 
TAS 

supported, 
in alkene oxidation 616 
in dehydration of 1,2-diols 730 
in dehydration of higher diols 748 
in oxetane rearrangements 697 

zeolite, 

in dehydration of 1,3-diols 738 
in dehydration of 1,4- and 1,5-diols 

745, 746 
in heteroatom exchange 703 
in oxirane hydrogenolysis 639 
in Oxirane rearrangement 635 
in ring-transformations 703 

Catalytic homogeneous electron carriers 
345 

Catapinands, definition of 60 
Catapinates, definition of 60 
Catechin 5,7,3’,4’-tetramethyl ether, 

deuterium exchange in 431 
Catechol, in crown ether synthesis 3, 7, 8, 

46 
O,O'-Catechol diacetic acid, KCl 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 carriers 78 
Cation radicals, from sulphides 562, 563 

Cation transport through lipid membranes 
115 

C—C bond, homolysis of, in oxiranes 634, 
652 : 

CD spectroscopy, 
of alcohols 279-282 
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of benzoate derivatives of alcohols 
282-288 

of disulphides 295, 296 

of ethers 288-291 
of thio ethers 291-293 

Cedrane oxide, reaction with ozone 507, 
508 

Cephalosporins, oxidation of 548, 575, 
578-580, 582 

Ceric ammonium nitrate, 
as oxidant for alcohols 496, 497 

as oxidant for sulphides 553 
Cerium(Iv), in oxidation of alcohols 

496-498 
Cerium (Iv)—alcohol complex, as 

intermediate in oxidation of alcohols 
with ceric ion 497 

CH-acidic compounds, in crown ether 
complexes 123, 134, 135 

Chain-reactions, 

in radiolysis of alcohols 944 
in radiolysis of ethyleneglycol 951 
involving 1,3-dioxolane-2-yl radicals 916 

involving formate and thiyl radicals 980 
involving o-hydroxyalkyl radicals 950 
of thiyl radicals and carbon monoxide 973 

radiation-induced, in crystalline 
carbohydrates 956 

Chain-transposition of disulphides, induced 
by thiyl radicals 976 

Chapman rearrangement 797 
Charge densities 353-355, 360 
Charge localization 300, 305 
Chelate effect, of open-chain multidentate 

podands 87 
Chemical ionization (CI) mass spectrometry, 

of ethers and sulphides 310, 312, 
316-318 

Chemically induced dynamic nuclear 
polarization (CIDNP) 936 

Chemical shifts, 

13C, for substituted benzenes 360 
1H, for substituted benzenes 360 

C—H insertion, transannular 630, 631 

Chiral configuration, of crown ethers 44-51 
effect on stability and selectivity 107-111 

Chirality methods, aromatic 283, 284 

Chiral recognition 188, 207 
Chiroselective transport 109, 110 
Chiroselectivity 62 
Chloramine, as oxidant for sulphides 550 

Chlorine, as oxidant for sulphides 549 
1,3-Chloroacetates, as precursors in cyclic 

ether synthesis 686 
Chloro-1-!4C-acetic acid 408 
1-Chlorobenzotriazole, as oxidant for 

sulphides 550 
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N-Chlorocaprolactam, as oxidant for 

sulphides 570 
Chlorocyclohexadienones 374 
Chlorocyclohexane 238 
2-Chloroethanol, 

gas-phase thermal decomposition of 457 
structural parameters of 184 

1,3-Chlorohydrins, as precursors in cyclic 
ether syntheses 686 

2-Chloromethyl-cis-4,cis-6-dimethyl-1,3- 

dioxacyclohexane, conformational 
preferences in 255 

Chloromethyl methyl ether 241 
gauche conformations of 218-220 
rotation about bonds in 218-220 

Chloromethyl-d, methyl ether, synthesis of 
380, 381 

Chloromethyl methyl-d, ether, synthesis of 
380 

Chloromethyl phenyl ethers, reaction with 
labelled chlorides 435 

Chloromethyl phenyl sulphides, reaction with 
labelled chlorides 435 

N-Chloronylon, as oxidant for sulphides 

567, 573 
2-Chlorooxacyclohexane 241 
m-Chloroperoxybenzoic acid 610 
Chlorophenols 374 
2-(4-Chlorophenyl)-2-!4C-thiazole-4-acetic 

acid, synthesis of 411 

3-Chloro-1-propanol-1-!4C, in labelled ether 
synthesis 385 

3-Chloropropionic-1-!4C acid, in labelled 
ether synthesis 385 

N-Chlorosuccinimide, as oxidant for 

sulphides 550 
a-Chlorosulphides, oxidation of 544, 555 
4-Chlorothiacyclohexane-1-oxides, 

conformational preferences in 247 
Chlorotrimethylsilane, in synthesis of silyl 

enol ethers 803 
Cholest-4-en-3B-ol, oxidation of 492 
Chroman, mass spectrum of 311 
Chroman-4-ones, mass spectra of 311 
Chromate esters, 

decomposition of 476, 477 
formation in alcohol oxidation by chromic 

acid 472 
Chromic acid, 

as oxidant for alcohols 471-487 
in presence of V (Iv) 474 

as oxidant for alkenes 619 
as oxidant for ethers 512, 513 
as oxidant for sulphides 553, 554, 568, 

569 
Chromium (Iv), in chromic acid oxidation 

473-475, 484 
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Chromium (Vv), in chromic acid oxidation 
473-475, 477 

Chromium (vi), in chromic acid oxidation 
473, 476, 477 

Chromium (Iv) scavengers 485 
Chromium trioxide—3,5-dimethylpyrazole 

complex 486 
Chromous chloride, reduction of sulphides 

by 600 
Chromy] chloride, 

adsorbed on silica—alumina 485 
as oxidant for alcohols 485 
as oxidant for ethers 513 

trans-Chrysanthemyl alcohol, oxidation of 
493 

Cinnamic acids, mass spectra of 313 
Claisen rearrangement, isotopic studies of 

mechanism of 413-415 
Cleavage, 

of C—C bond, 

by Cr (Iv) 475 
in oxidation of secondary alcohols 496 

of C—S bond 424, 426, 427 
i-Cleavage, in ethers and sulphides 300, 

301, 303, 306, 310 
a-Cleavage, in ethers and sulphides 300, 

301, 310 
B-Cleavage, in ethers and sulphides 304 
Cobalt (1), as oxidant for ethers 514, 515 
C—O bond, homolysis of, in oxiranes 652 
Collins oxidation 485 
Collisional activation (CA) studies 

302-304, 306, 307, 310, 312 
n-Complex mechanism, in para-Claisen re- 

arrangement of allyl phenyl ethers 414 
Computer, use in mass spectrometry 304 
Conformational flexibility/rigidity, in crown 

ether complexation 111 
Coordination modes 211 
Copolymerization, of cyclic ethers 700-702 
Core electron binding energies 317 
Corey synthesis, stereochemistry of 625 
Coronands—see also Crown compounds, 

monocyclic, 

definition of 60, 61 
ligand dynamics of 111 

Coronates, definition of 60 
Cresol, vaporization enthalpy of 363 
2-Cresol, free energy of hydration of 363 
p-Cresol-4C, 405 
Crotyl propenyl ethers, Claisen 

rearrangement of 414 
12-Crown-4, 

cavity diameter of 157, 158 
mass spectrum of 312 
synthesis of 5, 10, 17 

toxicity of 51 

15-Crown-5, 

cavity diameter of 157, 158 
mass spectrum of 312 
Mg(SCN), complex of 126 
synthesis of 5, 17 
toxicity of 51 

18-Crown-6 60 

benzenesulphonamide complex of 123, 
134, 189 

cavity diameter of 157, 158 
chiral asymmetric 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 121 

‘crown’ conformation of 189 
CsNCS complex of 189 
CsSCN complex of 126 
dimethyl acetylenedicarboxylate complex 

of 134, 189 
KNCS complex of 189 
KSCN complex of 126 
ligand dynamics of 111 
malononitrile complex of 135, 189 
[MnNO;3(H,O)<5]*-[NO3] -H,O complex 

Ofel33 
NaNCS complex of 189 
NaSCN-H,O complex of 125 
NH,Br complex of 201 
NH,Br-2H,0 complex of 189 
organic reactions mediated by 161, 162, 

164-171 
potassium acetoacetate complex of 130 
RbNCS complex of 189 
RbSCN complex of 126 
solubilities of potassium salts in presence 

Ot MISS H1S9 
structural chemistry of 188-195 

antiplanar torsion angles 195 
syn-clinal torsion angles 194 

synthesis of 4, 5, 17 

thermodynamics of complexation of 80, 81 
thiourea complexes of 123 
toxicity of 51 
transannular H--O contacts in 192, 195 

triaza analogue, Pb2+ complex of 133 

UO,(NO3),°2 H,O complex of 132 
UO,(NO3),-4H,O complex of 189 

20-Crown-4, mass spectrum of 312 

21-Crown-7, 

synthesis of 17 
toxicity of 51 

24-Crown-8, 

Ba(ClO,4), complex of 128 
synthesis of 17 



Subject Index 

Crown compounds—see also Crown systems; 
Crown-type ligands; Macrocyclic ligands 

acyclic—see also Podands 
complexation of 62, 64-66, 77, 78, 

WAZ, sts} 
synthesis of 38-40 

bicyclic—see also Cryptands 
crystalline complexes of 135, 136 
organic reactions mediated by 159, 

161, 164, 166-172 
stability constants for complexes of 94, 

5 
synthesis of 40-44, 49 

cavity size and shape of, effect on 
complexation 99-105 

chiral 44-51, 62, 63, 107-111 
complexes of 207-209 
in enantiomeric resolution of amino 

acids 107, 110 
in optical separation of amines 109 

combination with dyes 143 
complexes of—see Crown ether 

complexation; Crown ether complexes 
complexing capability of 195 
containing amide functions, 

complexation of 67, 96, 97 
synthesis of 33, 34, 43, 44 

containing carbonyl groups, 
synthesis of 34-36 
thermodynamics of complexation of 83, 

84 
containing ester functions, 

complexation of 83, 96, 97 
synthesis of 31-33 

gauche and anti conformations of 9 
incorporating aromatic residues 24-30 
incorporating imine and oxime functions 

36-38 
mass spectra of 312, 317 
monocyclic—see also Coronands; 

Monocyclic multidentate ligands 61, 

72, 78 
complexes of—see Crown ether 

complexes, monocyclic 
examples of 61 
organic reactions mediated by 157-172 

synthesis of 16-38 
‘morefold’ 101, 106 

nomenclature of 60 
optically active—see Optically active crown 

compounds 
racemic, separation of 109 
ring number and type, effect on 

complexation 101 
shortening of C—C bonds in 189 
structural chemistry of 175, 176, 

187-210 
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synthesis of 1-52 
design and strategy in 15, 16 
factors influencing yields in 3-15 
hazards in 52 

toxicity of 51 
tricyclic—see also Cryptands 

crystalline complexes of 136, 137 
synthesis of 40-42 

Crown ether acetals, hydrolysis of 900 
Crown-ether-catalysed reactions 162-172 

stereospecificity of 188 
Crown ether complexation, 

kinetics of 72 
mechanism of 68, 69 
selectivity of, 

definition of 91, 92 

factors influencing 92-122 
stability constants for, 

definition of 91, 92 
factors influencing 92-122 
methods for determination of 92 

static complexation constants of 68 
stereoselectivity in 187, 207 
thermodynamics of 78-90 
C, changes 80 
enthalpies 79, 87 
entropies 79, 90 

free enthalpy changes 78, 79 
with a ‘hydrated cation’ 128 

Crown ether complexes, 
bifunctional guest moities in 204 
chiral 107-111 

incorporation of functional complexing 
groups in 109 

incorporation of steric barriers in 

109 
3- and 4-point interactions in 109 

crystalline 122-143 
selectivity of 124 
synthesis of 123 

diastereoisomers of 107 
dynamic stability of 68 
monocyclic, 

crystalline 125-135 
kinetics of 71-73 
medium effects in 121, 122 

selectivity of 98 
stability constants for 92-94, 96, 97, 

99, 105 
substituent effects in 116, 117 
thermodynamics of 80-83, 86, 87 

sandwich-type structure for 126 
structural chemistry of 187-211 
with alkylammonium ions, hydrogen 

bonding in 200, 201 
Crown ethers—see Crown compounds 
Crown ether-substrate interactions 188 
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Crown systems, 

fused to benzene rings, 
ligand dynamics of 113, 114 
synthesis of 24-27 

fused to cyclohexane rings, 
stability and selectivity of 101, 105, 

113, 114 
synthesis of 12-15, 44, 45, 49 
thermodynamics of 80 

fused to furan rings, 

complexation of 96 
synthesis of 27-29 

fused to pyridine rings, 
complexation of 96 
ligand dynamics of 112, 113 
synthesis of 29, 30 

thermodynamics of complexation of 
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 112, 113 
thermodynamics of complexation of 

87-90 
18-Crown-6-type macrocycles, 

thermodynamics of complexation of 82, 
83 

[2.2.2]Cryptand, 
(EuClO,)[2.2.2]** cation of 135 
Rb* complex of 135 

Cryptands 62, 66, 74, 75, 78 

cavity size and shape of, effect on 
complexation 99-104 

crystalline complexes of 135-137 
definition of 60 
‘football’-like 99, 101 
kinetics of complex formation for 72 
kinetics of protonation and deprotonation 

of 76 
ligand dynamics of 111 
macrobicyclic, calorimetric measurements 

of complexation by 84-86 
open-chain 62, 66 

crystalline complexes of 139-143 
tricyclic, 
ammonium complex of 136 
anion inclusion complex of 136 
heavy metal complexes of 136 
Nal complexes of 136 

[2.2.2]Cryptate, organic reactions mediated 
by 164, 166, 167 

Subject Index 

Cryptate effects 86, 87 
Cryptates, 

anion 118 
cation—anion separation in 120 
definition of 62 
exchange kinetics of 120 
organic reactions mediated by 164, 

166-172 
[2]Cryptates 188 
[3]Cryptates 188 

intramolecular cation exchange process in 76 

‘Cryptato therapy’ 119 
Cumene hydroperoxide, as oxidant for 

alkenes 616 
Cumulene oxides 875 
2-Cyano-4,6-dinitroanisole, reaction of 

methoxide ions with 419 
Cyanohydrin, as oxidation product of allylic 

alcohols 493 
Cyanooxiranes, reaction with Grignard 

compounds 652 
Cyanophenols, thermodynamic parameters 

for solution of 363 
Cyclic acetals, 

photolysis of 916, 917 
synthesis of 883 

Cyclic alkenes, in oxirane synthesis 613 
Cyclic diols, 

cis—trans isomerization in 728 
rearrangement of 728 

Cyclic ethers—see also Oxacycloalkanes 
acid-catalysed hydrolysis of 710 
alcoholysis of 710 
as dehydration products, 

of 1,3-diols 740, 741 
of higher diols 741-750 

dehydration of 695 
dehydrogenation of 695 
deoxygenation of 695 
free-radical reactions of 707-710 

mechanism of 707 
mass spectra of 306-308, 317 
oxidation of 699 
photolysis of 909-915 
polymerization of 700-702 
reaction with organometallic compounds 

705-707 
rearrangement of 696-699 
reduction of, 

by catalytic hydrogenolysis 700 
by complex metal hydrides 699, 700 

ring-opening of 710, 711 
acid-catalysed 710 
mechanism of 710 
stereochemistry of 710 

ring-transformation of 702-705 



Subject Index 

synthesis of, 
from difunctional hydrocarbon 

derivatives 685-688 
from heterocyclic compounds 689-691 
from monofunctional hydrocarbon 

derivatives 684, 685 

photocycloaddition reactions in 
692-694 

via cycloaddition reactions 692-694 
unsaturated—see Unsaturated cyclic ethers 

Cyclic ketals, synthesis of 883 
Cyclic sulphides, 

mass spectra of 306-308 
photolysis of 927-931 
structural parameters of 182, 183 

Cyclization, 
base-catalysed, of hydroxyoxiranes 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 611 
to oxiranes 645 

[1+ 2]Cycloaddition, to enol ethers 794, 
795 

[2 + 2]Cycloaddition, 
in pyran synthesis 694 
to enol ethers 787-794 

[2 + 3]Cycloaddition, 1,3-dipolar, to enol 
ethers 795-798 

[2 + 4]Cycloaddition, to enol ethers 798, 
qs 

Cycloaddition reactions, 
in synthesis of cyclic ethers 692-694 
of silyl enol ethers 807 

Cycloalkyl ethers, mass spectra of 305, 306 
O-Cycloalkyl-S-methyl dithiocarbonates, 

reduction of 521 
Cycloalkyl sulphides, mass spectra of 305, 

306 
O-Cycloalkylthiobenzoates, reduction of 521 

1,2-Cyclobutanediols, rearrangement of 727 
Cyclobutanes, as cycloaddition products, of 

enol ethers 787-789 
Cyclobutanol, oxidation of, 

by cerium (Iv) 496, 498 
by chromic acid 474, 475, 478 

by vanadium (v) 499 
Cyclobutanols, cleavage of 483 
Cyclobutanone 875 
Cyclobutanones, as products in oxetane 

rearrangements 696 
Cyclobutyl methyl ether, mass spectrum of 

305 
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Cyclodehydration, of diols 741-751 
Cycloheptane, 

conformations of 268, 269 

pseudorotation in 269 
ring-reversal in 269 

Cycloheptene, conformations of 271, 272 

Cycloheptene oxide, conformations of 272 
1,3-Cyclohexadiene, as dehydration product, 

of 1,2-cyclohexanediols 729 
of 1,4-cyclohexanediols 750 

Cyclohexadienone structure, for fragment 
ions 309 

Cyclohexane, 
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 

(+)-Cyclohexane-trans-1,2-diol, in chiral 

crown ether synthesis 45 
(+)-(1S, 2S)-Cyclohexane-trans-1,2-diol, in 

crown ether synthesis 49 
Cyclohexanediols, dehydration of 726 

1,2-Cyclohexanediols, dehydration of 729, 
TPH 

1,3-Cyclohexanediols, 

dehydration of 738 
mass spectra of 316 

1,4-Cyclohexanediols, dehydration of 745, 

749-751 
Cyclohexanes, monosubstituted, 

axial—equatorial ratio in 234-236 
conformational free energies for 240 
hydrogen bonding in 236 

Cyclohexano-18-crown-6, ligand dynamics 
Oi WIE 

(+)-trans-Cyclohexano-9-crown-3 45 
(+)-(SS)-trans-Cyclohexano-15-crown-S, 

synthesis of 49 
(+)-(SS)-trans-Cyclohexano-18-crown-6, 

synthesis of 49 
Cyclohexanol, 

conformational preferences in 237, 240 
oxidation of, 

by cerium (Iv) 498 
by vanadium (v) 498 

Cyclohexanone, as dehydration product of 
1,2-cyclohexanediol 731 

Cyclohexene, half-chair geometry of 243 
Cyclohexyl chloride, mass spectrum of 

315 
(+)-trans-2,2'-(1,2-Cyclohexylidene )dioxy- 

ethanol, in crown ether synthesis 
13-15 

Cyclohexyl methyl ether, mass spectrum of 
314, 315 
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Cyclohexyl methyl sulphide-*°S, synthesis of 
392 

Cyclohexyl methyl sulphone-*°S 392 
Cyclohexyl methyl sulphoxide-*°S 392 
Cyclohexyl sulphides, mass spectra of 306 
1,2-Cyclononadiene, peracid oxidation of 

867 
Cycloéctane, barrier to ring-reversal in 274 
Cycloéctene epoxide 868 
Cyclopentaneformaldehyde, as dehydration 

product, of 1,2-cyclohexanediols 729 
Cyclopentene oxide, structural parameters 

of 179 
Cyclopentenyl ethers, hydrolysis of 776 
Cyclopentyl methyl ether, mass spectra of 

305 
Cyclopentyl sulphides, mass spectra of 306 
Cyclopropanols, chromic acid oxidation of 

483, 484 
Cyclopropanone 859-861 
Cyclopropylcarbinol, oxidation of 496 
Cyclopropyl ethers, mass spectra of 305, 

317 
Cyclopropyloxiranes, rearrangement of 690 
a-Cyclopropylvinyl methyl ether, hydrolysis 

(0) es) 
Cysteine, radiolysis of 926 
Cysteine-*>S, synthesis of 397 
Cysteine-*°S,, synthesis of 397 
Cysteine-*>S sulphate 410, 411 

Darzens reaction, mechanism of 624 

DATMP-—see Diethylaluminium 
2,2,6.6-tetramethylpiperidide 

Deamination, radical-induced, of amino 
sugars 952 

Dehydration reactions 450, 455, 456 
a-Dehydrochlorination 419 
Delocalization energy 372 
Delocalized model, of transition state in 

electrophilic substitution on phenols 
356-358 

Deoxygenation, of oxiranes 627-630 
by electrophilic reagents 627, 628 
by nucleophilic reagents 629, 630 
stereospecific 629 

Deoxyribonucleic acid, 

radiation protection by thiols 987, 988 

radical-induced strand breaks in 955, 961 

Desolvation processes, in crown ether 

complexation 68 
Deuterioamino group, in monosubstituted 

cyclohexanes, conformational 

preferences of 236 
a-Deuteriobenzyl alcohol, oxidation of 491 
2-Deuterio-1-trideuteriomethoxyacenaph- 

thenes, elimination reactions of 420 

Subject Index 

Deuterium exchange, in ethers and 

sulphides 429-434 
catalytic 431 

Deuterium fractionation 421, 431 

p-Deuteroanisole, acid-catalysed deuterium 
exchange in 430 

p-Deuteroisopropyl! ether, acid-catalysed 
deuterium exchange in 430 

p-Deuterophenetole, acid-catalysed 
deuterium exchange in 430 

p-Deutero-n-propyl ether, acid-catalysed 
deuterium exchange in 430 

3B,28-Diacetoxy-6B-hydroxy-18p, 12-oleanen, 
oxidation of 473 

Diacyl peroxides, as oxidants for sulphides 
544 

Dialdehydes, as products of oxirane 

oxidation 636 
a,@-Dialkoxyalkanes, mass spectra of 314 
a, a’ -Dialkoxy-B-phosphatoalkyl radicals, rate 

of phosphate elimination from 955 
Dialkylcadmium 650 
2,5-Dialkyl-1,3-dithiacyclohexanes, 

equilibrium between trans- and cis- 
UNO, 27 

Dialkylzinc 650 
Diallyl sulphide, as precursor in 

1,4-oxathiane synthesis 846 
Diamines, bicyclic 60 

a,@-Diaminoalkanes, CI mass spectra of 

318 
2,4-Diamino-5-phenylthiazole-!4C 

hydrochloride, synthesis of 410 
Diaryldialkoxysulphuranes, reaction with 

1,2-diols 623 
Diaryl sulphides, cathodic reduction of 328 
Diaza macrobicyclic polyethers 36-42, 188 
Diaza macrotricyclic polyethers 188 
Diazaparacyclophane crown ethers, 

complexation of 97 
1,10-Diaza-4,7,13,16-tetraoxacyclooctadecane, 

organic reactions mediated by 161, 164 
Diazathiophene, structural parameters of 

183 
Diazo compounds, as products, of enol ether 

cycloadditions 795 
Diazonium salts, 

in oxidation of ethers 510, 511 

reaction with enol ethers 782 
Dibenzoate chirality rule 284-288 
Dibenzo-18-crown-6 60 

bis(tricarbonylchromium) derivatives of 
116 

bromine complex of 123 
ligand dynamics of 111 
mono(tricarbonylchromium) derivatives 

Of SSG 



Subject Index 

nitration of 25 
organic reactions mediated by 161, 164, 

165, 168, 169 
rate constant of complexation with Na* 

12 
RbSCN complex of 129 
synthesis of 3, 8, 24 

Dibenzo-21-crown-7, ligand dynamics of 
111 

Dibenzo-24-crown-8, 

barium perchlorate complex of 200 
Ba(picrate).2H,O complex of 128 
barium picrate complex of 200 
disodium o-nitrophenolate complex of 

127 
ligand dynamics of 111 
potassium isothiocyanate complex of 198 
potassium thiocyanate complex of 127 
sodium nitrophenolate complex of 198 

Dibenzo-30-crown-10 78 
KI complex of 129 
ligand dynamics of 111 

Dibenzocrown ethers, mass spectra of 312 
Dibenzo-18-crown-6 ethers, substituent 

effects in 115 
Dibenzo-1,4-dioxans, mass spectra of 311 

Dibenzothiophene 430 
Dibenzothiophene-*°S, synthesis of 401 
Dibenzothiophene-S-dioxide, reaction with 

sulphur 430 
Dibenzylmethylamine, nitrogen inversion in 

230 
a,@-Dibenzyloxyalkanes, mass spectra of 

B18 
Dibenzy] sulphide—platinum chloride 

complexes, hindered inversion at 
sulphur 231 

Diborane, 
reduction of alcohols by 519 
reduction of oxiranes by 638 

trans-2,3-Dibromo-1,4-dioxacyclohexane, 

conformational preference of 262 
1,1-Di-t-butylallene, peracid oxidation of 

868 
1,3-Di-t-butylallene, reaction of 

m-chloroperbenzoic acid with 863 
Di-t-butylallene oxide, synthesis of 863 

1,3-Di-t-butylallene oxide, isomerization to 

trans-2,3-di-t-butylcyclopropanone 868 
Di-t-butylcarbinol, oxidation of, kinetic 

isotope effect for_ 477 
2,6-Di-t-butyl-p-cresol-!4C,, synthesis of 

405 
2,2-Di-t-butylcyclopropanone 868 
trans-2,3-Di-t-butylcyclopropanone 868 
2,5-Di-t-butyl-1,3-dioxacyclohexane, 

conformational free energy for 251 

1111 

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, 

_ Synthesis of 399 
trans-1,2-Dichlorocyclohexane, conformers 

of 262 
trans-2,3-Dichloro-1,4-dioxacyclohexane, 

conformational preference of 262 
1,3-Dichloropropan-2-ol, in macrobicyclic 

polyether synthesis 43 
2,3-Dichloro-1-propanol-3-*°Cl, in labelled 

ether synthesis 382 
2,3-Dichloropropionic-3-*°Cl acid, in labelled 

ether synthesis 382 
Dichlorotris(triphenylphosphine)ruthenium, 

in reductive coupling of alcohols 520 
Dicyclohexano-18-crown-6, 

Ba(SCN), complex of 131 
(CoCl), complex of 133 
configurational diastereoisomers of 

12-15, 44, 45 
complexation of 101, 105 

H,0* complex of 123 
La(NO3)3 cis-syn-cis complex of 131 
ligand dynamics of 114 
NaBr-2H,O complex of 131 
thermodynamics of complexation of 80 
toxicity of 51 
UCI, complex of 132 

(+)-(SSSS)-trans-transoid-trans-Dicyclo- 
hexano-18-crown-6, synthesis of 49 

Dicyclohexo-18-crown-6, organic reactions 

mediated by 161, 163-165 
a,a-Dideuteriobenzyl trityl ethers, 

disproportionation of 421 
2,2-Dideuteriothiophane, halogenation of 

427 
2,2-Dideutero-p-methoxystyrene, 

polymerization of 417 
Di(3,5-di-t-butyl-4-hydroxybenzyl-!4C) 

ether 387 
Diels—Alder additions, 

to enol ethers 798, 799 
to silyl enol ethers 807 

retro-Diels—Alder reactions, 

in tetrahydropyrans 307 
in thiochromans 311 

Dienes, 

as dehydration products, 
of 1,2-diols 727-731 
of 1,3-diols 732-738 
of higher diols 741, 745, 749-751 

cyclic, in oxirane synthesis 613 

cycloaddition to enol ethers 799 
2,5-Dienols 651 
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Dienone—phenol rearrangement 634 
1,2,3,4-Diepoxybutane, structural parameters 

of 179 
Diesters, mixed, ring-closure of 839 
Diethylaluminium 2,2,6,6-tetramethyl- 

piperidide 610 
Diethyl azodicarboxylate 
Diethyl disulphide, 

photolysis of 932 
UV absorption spectrum of 924 

Diethyleneglycol monovinyl ether, 
acid-catalysed hydrolysis of 415 

Diethyl ether, 
complexes of, isotopic studies of 436 

metalation of 418 
oxidation of 422 
photolysis of 908, 909 
radiolysis of 422, 946 
UV absorption spectrum of 904 

Diethyl-1-!4C ether 417 
Diethyl ether—oxygen charge-transfer 

complex, photolysis of 918, 919 
Diethy! sulphide, 

doubly labelled 424 
synthesis of 391 

photolysis of 927 
UV absorption spectrum of 924 

Diethyl sulphide—borane complex, hindered 
inversion at sulphur in 231 

Diffusion processes, in crown ether 
complexation 68 

5,5-Difluorocycloheptene, conformational 
preference of 272 

2,3-Dihalothiophane 427 
2,3-Dihydrobenzoxepine, mass spectrum of 

311 
2,5-Dihydrofuran, as dehydration product of 

2-butene-1,4-diol 751 
Dihydrofurans 655 

as rearrangement products of 
vinyloxiranes 689 

dehydrogenation of 695 
formation from oxiranes 645 
a-lithiation of 800 
rearrangement of 698 
reduction of 690, 691 

Dihydropyran, half-chair geometry of 243 
Dihydropyrans 642 

as products of enol ether cycloadditions 
798 

a-lithiation of 800 
3,4-Dihydro-2H-pyrans, mass spectra of 307 

Dihydroquercetin 5,7,3’,4’-tetramethyl ether, 
deuterium exchange in 431 

1,2-Dihydroxyalkyl radicals, water 
elimination from 951 

2,2'-Dihydroxy-1,1'-binaphthyl, in crown 
ether synthesis 49 

509 

Subject Index 

2,7-Dihydroxyheptanoic acid, cooxidation 
of 477 

Diiodotriphenylphosphorane, in reduction of 
alcohols 520 

Diisobutylaluminium hydride, reaction with 
ethetss 1527, 528 

Diisopropy] ether, 
oxidation of 515 
radiolysis of 946 
UV absorption spectrum of 904 

Diisopropyl ethers, oxidation of 513 
1,2:5,6-Di-O-isopropylidene-D-mannitol, in 

crown ether synthesis 50, 51 

3,4-Dimethoxybenzaldehyde- 
(carbonyl-'*C) 406 

1,2-Dimethoxybenzene, deuterium exchange 
in 430 

1,3-Dimethoxybenzene, deuterium exchange 

in 430 
1,4-Dimethoxybenzene, radiolysis of 957 
p-Dimethoxybenzene, O-demethylation of 

420 
Dimethoxybenzoic(carboxyl-'4C) acid 406 
3,4-Dimethoxybenzoyl-'4C chloride 406 
Dimethoxycarbenium ions 313 
Dimethoxycoumarins, mass spectra of 309 
1,3-Dimethoxy-2-cyano-4,6-dinitro- 

cyclohexadienylide 419 
1,3-Dimethoxycycloalkanes, CI mass spectra 

of 318 
Dimethoxydecalins, mass spectra of 316 
2,7-Dimethoxy-cis-decalins, CI mass spectra 

of 318 
Dimethoxyethane, 

anomeric effect in 253 
complexes of 137 

1,2-Dimethoxyethane 9 

(Z)-1,2-Dimethoxyethene, lithiation of 
800 

Dimethoxymethane, 
anomeric effect in 241-243 
rotation about bonds in 220 
structural parameters of 178 

Dimethoxynaphthalenes, mass spectra of 
309 

2,6-Dimethoxy(u-'*C-phenol), synthesis of 
406 

(3,4-Dimethoxyphenyl)acetic acid-2-!4C 
406 

Dimethoxytoluenes, mass spectra of 309 
Dimethylallyl alcohol, isomerization of 736, 

TES 
2-(Dimethylamino)ethanol, tritium-labelled, 

synthesis of 381 - 
N-[4-(2-Dimethylaminoethoxy)benzyl-a-!4C]- 

3,4,5-trimethoxybenzamide 

hydrochloride, synthesis of 402 
Dimethylaniline-2,4,6-d, 421 



Subject Index 

5,5-Dimethylbenzocycloheptene, barriers to 
conformational exchange in 272 

5,5-Dimethyl-1,2-benzocycloheptene, 
conformational preference of 272 

2,2-Dimethylbenzothiazolium iodide 400 
4,4-Dimethyl-exo-8-bromo-3,5-dioxabicyclo- 

[5.1.0]octane, conformational 
preference of 272 

2,3-Dimethyl-1,3-butadiene, as dehydration 
product of pinacol 728, 729, 731 

Dimethylcarbamates, photolysis of 521 
2,2-Dimethylchroman, mass spectrum of 

Sill 
cis-1,2-Dimethylcyclobutanol, gas-phase 

thermal decomposition of 457 
cis-1,2-Dimethylcyclohexane, conformational 

free energy of 244 
1,2-Dimethylcyclopentanediol, 

rearrangement of 724 
cis-1,2-Dimethyl-1,2-cyclopentanediol, 

oxidation of 484 
2,6-Dimethyl-4-deuterophenol, in labelled 

ether synthesis 383 
Dimethyldichlorosilane, reaction with 

oxolanes 706 
2,2-Dimethyl-1,3 -dioxabenzocycloheptane, 

conformational preference of 272, 273 

2,2-Dimethyl-1,3-dioxabenzocycloheptene, 
conformational preference of 272 

trans-4,7-Dimethyl-1,3-dioxacycloheptane, 
conformations of 269 

2,2-Dimethyl-1,3-dioxacyclohept-5-ene, 
conformational preference of 271 

2,2-Dimethyl-1,3-dioxacyclohexane, 

chair—chair ring-reversal in 247 
5,5-Dimethyl-1,3-dioxacyclohexane, 

chair—chair ring-reversal in 247 
2,4-Dimethyl-1,3-dioxacyclohexanes, 

2-substituted, conformational 

preferences in 255 
4,6-Dimethyl-1,3-dioxacyclohexanes, 

2-substituted, conformational free 

energies for 250, 251 
2,2-Dimethyl-1,3-dioxacycloéctane, barrier to 

conformational exchange in 274 
6,6-Dimethyl-1,3 -dioxacycloéctane, barrier to 

conformational exchange in 274 
trans-4,6-Dimethy]-1,3,2 -dioxathiane, 

'3C.chemical shifts for 849 
2,2-Dimethyl-1,3-dioxolane, photolysis of 916 

Dimethyl! disulphide, _ 
photolysis of 932 
structural parameters of 181 
UV absorption spectrum of 924 

2,2-Dimethyl-1,3-dithiacyclohexane, 

ring-reversal in 256 
5,5-Dimethyl-1,3-dithiacyclohexane, 

ring-reversal in 256 

1103 

cis-4,6-Dimethyl-1,3 -dithiacyclohexanes, 

stereoselective reactions of 259, 260 
Dimethyl ether, 

boron trifluoride coordination compounds 
of 436 

'4C-labelled, 
‘ dehydration of 422 
synthesis of 380 

inversion at oxygen 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 

Dimethylformamide 610 
2,5-Dimethyl-2,4-hexadiene, synthesis of 695 
3,5-Dimethylisoxazole, deuterium exchange 

in 433 
trans-4,6-Dimethyl-1,3-oxathiacyclohexane, 

conformational preferences of 259 
2,2-Dimethyloxetane, photolysis of 911 
2,5-Dimethyloxolanes 746 
Dimethyl(phenethyl)sulphonium bromides, 

deuterium-labelled, synthesis of 394 

Dimethylphenols, combustion enthalpies for 
367 

Dimethyl sulphide, 
barrier to internal rotation of a methyl 

group in 181 
boron trifluoride coordination compound 

of 436 
chlorination of 427 
molecular dipole moment of 186 
photolysis of 927 
structural parameters of 181 
UV absorption spectrum of 924 

Dimethyl sulphoxide 610 
as catalyst—see Catalysts, (CH3),SO 
as oxidant, 

for alcohols 504-506 
for oxiranes 636 
for sulphides 553 

combination with acetic anhydride 505 
Dimethyl sulphoxide-dg 390 
2,5-Dimethyltetrahydrofuran, 

as dehydration product of 2,5-hexanediol 
749 

photolysis of 909, 912 
2,6-Dimethyltetrahydropyran, ring-contraction 

in 307 
cis-2,3-Dimethylthiacyclohexane, 

conformational free energy for 244 
cis-3,4-Dimethylthiacyclohexane, 

conformational free energy for 244 
dihedral angle of 245 
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Dimethyl trisulphide-d¢, synthesis of 390 
5,5-Dimethyl-1,2,3-trithiane, conformation 

of 263 
2,6-Dimethylylbenzoic acid-18-crown-S 201, 

203 
t-butylamine complex of 201, 202 

1,1’-Dinaphthyl-20-crown-6, 
t-butylammonium complex of 205 

Dinitrogen tetraoxide, as oxidant for 
sulphides 548, 567-569 

2,4-Dinitrophenyl phenyl ether, reaction with 
piperidine 421 

2,4-Dinitrophenyl phenyl ethers, mass 
spectra of 312 

1,4-Diol dimesylates, cyclization of 687 

1,4-Diol monoesters, thermolysis of 622 

Diols, 

cyclic—see Cyclic diols 
dehydration of 686, 722-752 
deuterium-labelled, in study of dehydration 

of 1,3-diols 733 

oxidation of 484 

1,2-Diols, 
condensation with thionyl chloride 835 
dehydration of 622, 722-732 

by action of acids 722-729 
by action of metals 730, 731 
on alumina 729, 730 
thermal 731 

in oxirane synthesis 621 
isomers of 725 
reaction with diaryldialkoxysulphuranes 

623 
cis-1,2-Diols 

cleavage by lead tetraacetate 501 
oxidation of 493 

meso-1,2-Diols, reaction with TDAP 623 
1,3-Diols, 

as precursors in 2-oxo-1,3,2- dioxathiane 

synthesis 850 
dehydration of 732-741 

by action of acids 733, 736, 737 

by action of metals 733, 736 

mechanism for 733, 736-738 
with fragmentation 732, 734, 735, 

737-740 
with migration of Cz) substituents 733 

2,5-Diols, dehydration of, intramolecular Sy2 

mechanism for 746, 747 

a,@-Diols, CI mass spectra of 318 
3,5-Dioxabicyclo[5.1.0]octanes, conformation 

OfmZ712 
Dioxacycloalkanes, rearrangement of 691 
1,3-Dioxacycloheptane, conformations of 

269 
1,3-Dioxacyclohept-5-enes, conformations 

Of 274 

Subject Index 

1,3-Dioxacyclohexane, 
chair—twist equilibrium in 247, 248 
ring-reversal in 256 

1,4-Dioxacyclohexane, conformation of 261 

(trans-2,3-trans-5,6-d4)-1,4-Dioxacyclo- 
hexane, 'H DNMR spectrum of 261 

1,3-Dioxacyclohexanes, conformations of 

247-256 
electrostatic interactions on 249 

1,3-Dioxacycloéctane, barrier to 

conformational exchange in 274 
2,5-Dioxahexane, structural chemistry of 

194 
1,3-Dioxane, 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 

2,8-Dioxa-6-thiacyclo[ 3.2.1 ]octanes, 
hydrogenolysis of 846 

1,3,2-Dioxathiane, barrier to ring-reversal 
in 849 

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, 

IR spectrum of 852 
mass spectrum of 852 
synthesis of 852 

1,4-Dioxene, half-chair reversal in 262 

1,2-Dioxetanes, as oxidants for sulphides 
1,3-Dioxolane, 

photolysis of 916 
UV absorption spectrum of 904 

1,3-Dioxolanes 

mass spectra of 307, 308 
synthesis of 642 

1,3-Dioxolane-2-yl radicals, rearrangement 
of 916 

1,3-Dioxolanones, synthesis of 643 

Dioxolenium ions 893,894 

3,5-Dioxo-1,3-oxathiolanes 835 

Diphenoquinones, formation from oxidative 
coupling of phenols 373 

561 



Subject Index 

Diphenyl carbonate, mass spectrum of 312 
2,2-Diphenylchroman, mass spectrum of 

311 
Diphenyl ether, mass spectrum of 311, 312 

Diphenyl ethers, mass spectra of 312 
1,2-Diphenylethyleneglycol, dehydration of 

730 
2,2-Diphenyl-4-(2-piperidyl)1,3-dioxolane 

hydrochloride 406 
Diphenyl sulphide, 

mass spectrum of 311 
reaction with formaldehyde 427 

2,4-Diphenylthietane 1,1-dioxides, as 

precursors in 2-oxo-1,2-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 

glycosidic linkage of 955 
Disodium ethylenebisdithiocarbamate, 

14C-labelled, synthesis of 390 
Dissociation energy, for C—C bond in ether 

and sulphide molecular ions 300 
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 of 556, 558, 576, 577 

photolysis of 931, 932 
radiolysis of, 

in aqueous solution 982-984, 987 

in nonaqueous media 975, 976 
rotation about bonds in 216-218, 221, 

222, 
sulphur-labelled, synthesis of 388, 389 
tritium-labelled, synthesis of 393 

UV absorption spectra of 923, 924 
Dithiaacetals, photolysis of 931 
1,4-Dithia-(12-crown-4), 'H NMR spectra 

of 852, 853 
1,2-Dithiacyclohexane-4,4,5,5-d,, 'H DNMR 

spectrum of 262 

1,3-Dithiacyclohexane, ring-reversal in 256 

1,4-Dithiacyclohexane, conformation of 262 

1,3-Dithiacyclohexanes, conformational 

preferences in 256-261 
1,3-Dithiacyclopentane-2-spiro-1’- 

cyclohexane, UV absorption spectrum 
of 924 

1,3-Dithiacyclopentane-2’-spiro-1'- 
cyclohexane, photolysis of 931 

1,3-Dithiane, radical cations derived from 

977 
1,4-Dithiane, structural parameters of 183 
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Dithianes, deuterium-labelled 393 
1,3-Dithianes, mass spectra of 308 
Dithiapyridinocrown, 

alkali/alkaline earth complexes of 133 
CuCl, complex of 134 

2,2'-Dithio-3 S,-bisbenzothiazole, synthesis 
of 401 

Dithiocarbamic acid esters, sulphur exchange 
in 435 

Dithiocarbonates, reduction of alcohols via 

Sil 
1,10-Dithio-18-crown-6, structural chemistry 

of 192 
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 cleavage of 511 
DMF—-see also Dimethylformamide 610 
DMSO—see Dimethyl sulphoxide 
Donor atoms, effect on crown ether 

complexation of, 
arrangement of, 99 

number of 97, 98 
type of, 92-97 

Double-bond location 301, 305, 307, 308, 

318 
Double-labelled molecules 424 
Duplodithioacetone—see 

3,3,6,6-Tetramethyl-s-tetrathiane 

‘Dynamic’ nuclear magnetic resonance 
; (DNMR) spectroscopy 216 
H 
of acyclic disulphides 221 
of benzyl ethyl ether boron trifluoride 

complex 231 
of t-butyl group 223, 224 
of chloromethyl methyl ether 218, 

219 
of haloacetoxybutanes 255-228 
of substituted cyclohexanes 244, 

261-263 
of s-tetrathianes 263-267 
of trialkyloxonium salts 230 
of trideuteriomethyl cyclohexyl ether 

234-236 
19, of perfluorotetramethyl Dewar 

thiophene 232, 233 

Edward—Lemieux effect 241 

Electrocyclization, of oxiranes 655 
Electron, 

hydrated, 
formation of 947 

reactions of 947 

presolvated 939 
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Electron, contd. 

reaction of, 
with alkali atoms 946 
with boronates 945, 946 
with disulphides 982 
with thiols 974, 979 

solvated, ‘ 

absorption spectra of, in alcohols 938 
in photolysis of 1,4-dioxane 914 
in photolysis of thiolates 926 
reactions in alcohols 939 
reaction with N,O 940 

solvation of 938, 939 
in ethers 945 

trapped at low temperatures 938 
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 

reagents 359 
1,2-Elimination, 

in dehydration of 1,3-diols 736 

of thiol from sulphide ions 304 
1,3-Elimination 

in 1,2-difunctional compounds 

Syni mechanism for 619 
of hydrogen chloride from cyclohexyl 

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, Et,;N-promoted, of HF 

from PhSO,CHD—CHF—SPh 434 
trans Elimination, in dehydration of 

1,3-diols 739 
a-Elimination, 

in base-catalysed rearrangements of 
oxiranes 630, 631 

in metalation of ethers 417, 418 
B-Elimination, 

in base-catalysed rearrangements of 
oxiranes 630-632 

in metalation of ethers 418, 419 

Enantiomeric differentiation 107-111 
Enantiomeric guest molecules 62 
Enantiomer selectivity, of chiral crown 

compounds 196 
Endopolarophilic cavity 60 
Enol acetates, anodic oxidation of 349 

619-623 

Subject Index 

Enol ethers, 

acylation of 785 
anodic coupling of 348 
basic reactions of 762, 764 
conformation of 765-768, 771 

cyclic, «-lithiation of 800 

[1+ 2]cycloadditions to 794, 795 
[2+ 2]cycloadditions to 787-794 

with diphenylketene 791-793 
with heterocumulenes 793, 794 
with tetracyanoethylene 787-791 

[2+ 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 
metalation of 799-802 
nomenclature of 762, 763 

reaction of, 

with carbon electrophiles 782-786 
with electrophilic O, S, N and P 

779-782 
reactivity of 771, 772, 810 
spectral properties of 769-771 
synthesis of 772-774 

Enones, cyclic, epoxidation of 614 

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 

for phenol 363 
of reaction 366 
of sublimation 362, 363 

for phenols 367 
of transfer, for phenols 364 
of transition 362 
of vaporization 362 

for phenols 363, 367 

Entropy 361 
of activation 371, 372 

of hydration, for phenols 363 

of melting 362 
of sublimation 362 
of transition 362 
of vaporization 362 

Enzymes, radiolysis of 988 
D--Ephidrine, incorporation of, into crown 

ethers 47 2 
Epichlorohydrin-°°Cl, synthesis of 382 
Epimerization 429 
Episulphides, chiroptical properties of 292, 

293 



Subject Index 

Epoxidation, 
of alkenes 611-619 

mechanism of 611, 615-619 

stereochemistry of 611-619 
of enol ethers 779 
of polyenes, selective 620 

of sulphides 542-546 
Epoxides, 

as intermediates in pinacol rearrangement 
724, 725 

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 
Epoxidizing reagents, new 614 
trans-2,3-Epoxybutane, Hg-sensitized 

photolysis of 918 
a,B-Epoxycarboxylic acid esters, photolysis of 

654 
1,4-Epoxycyclohexane, as dehydration product 

of 1,4-cyclohexanediols 745, 746, 750 

B,y-Epoxycycloketones, photolysis of 654 
Epoxy esters, CI mass spectra of 317 
1,2-Epoxyethane-dy, synthesis of 382 
a-Epoxyketones, 

rearrangement of 632 
synthesis of 624 

a,B-Epoxyketones, 
reaction with lithium organocuprates 649 
synthesis of 652 

2,3-Epoxypropan-1-ol, u-!4C-labelled, 
synthesis of 382 

a,B-Epoxysilanes, 
deoxygenation of 630 
reaction with organometallic compounds 

652 
5,6-Epoxysteroids, rearrangement of 634 
a,B-Epoxysulphonamides, synthesis of 620 
Epoxytetralins, mass spectra of 307 
Equilibrium separation factors 436 
Equilibrium yields 367 
Erythritol, radiolysis of 951 

Esters, catalysed decompositions of 460 
Etard complex 513 
Ethane, rotation about bonds in 216, 217 

Ethanedithiol, in thiacrown synthesis 23 

Ethanethiol, 

doubly labelled with carbon-14 and 
sulphur-35 391 

gas-phase thermal decomposition of 

462, 463 
ionization potential of 973 
photolysis of 924, 925 
rotation about bonds in 217 
UV absorption spectrum of 924 

Ethanol, 
gas-phase thermal decomposition of 453, 

454 

U7 

ionization potential of 973 
photolysis of 905, 906 
radiolysis of 940, 941 
reactions of peroxyl radicals derived from 

958 
rotation about bonds in 217 
structural parameters of 184 

Ethanolamines 64 
Ethenyl alkyl ethers, lithiation of 800 
Ethenyl ethers, hydrolysis of 776 
Ether chromophore 288-291 

inserted in a sugar structure 289 
Ether group, structural parameters of 

177-180, 186 
Ether linkage, abstraction of hydrogen « to 

507 
Ethers, 

acyclic, structural parameters of 177-179 

anodic oxidation of 343-349 
aromatic—see Aromatic ethers 
bromination of 422 
catalysed decomposition of 460 
cathodic reduction of 335-339 
chiroptical properties of 288-291 
cleavage of 511, 512 

complexes 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 

306 
gas-phase decomposition of 411-413 
inversion at oxygen in 229-231 
isotopically labelled, 

in biology, medicine and agriculture 
402-409 

in isotope exchange studies 430-435 
in tracer and isotope effect studies 

411-424 
synthesis of 380-388, 402-409 

macrocyclic—see Macrocyclic ligands 
mass spectra of 299-318 

functional group interactions in 
312-314 

stereochemical effects in 314-316 
metalation of 417-419 
optically active—see Optically active ethers 
oxidation of 343-349, 422, 423, 

506-515 
by free-radical reactions 507-509 
by hydride transfer reactions 509-512 
by metal ions and metal oxides 

512-515 
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Ethers, oxidation of, contd. 

electrochemical 343-349, 508 
one-electron 514, 515 

ozonation of 423, 507 
photolysis of 907-915 

Hg-sensitized 917, 918 
radiolysis of 945-947 

aqueous solutions of 953-961 
rearrangement of 413-415 
reduction of, 

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, 
222-229 

saturated aliphatic, 
anodic oxidation of 346 
mass spectra of 300-305 

silyl enol—see Silyl enol ethers 
thioenol—see Thioenol ethers 
unsaturated—see Unsaturated ethers 
UV absorption spectra of 904 

Ethionine-*°S, synthesis of 396 
1-Ethoxy-1-alkynes, addition to carboxylic 

acids 420, 421 
4-Ethoxy-2,6-dimethylpyrylium 

tetrafluoroborate, isotopic studies of 

hydrolysis of 416 
3-Ethoxypyrazoline 798 
1-Ethoxyvinyl esters, addition to carboxylic 

acids 420, 421 
1-Ethoxyvinyllithium, reaction with 

trialkylboranes 802 
Ethyl alcohol-!80, in labelled ether synthesis 

381 
Ethylamine, rotation about bonds in 217 
Ethyl-1,1-d, aryl ethers, reaction with 

propylsodium 417,418 | 
N-Ethylaziridine, nitrogen inversion in 231 
Ethyl 2-benzamido-3-chloropropionate 396 
Ethylbenzene hydroperoxide, as oxidant for 

alkenes 616 
Ethyl benzyl-a,a-d, ether, 

metalation of 418 
synthesis of 383 

Ethyl-1,1-d, p-t-butylphenyl ether, 
metalation of 417 
synthesis of 383 

Ethylene, cyclic tetramers of 2 
Ethylene-dy, in labelled ether synthesis 382 
Ethylene-d,-chlorohydrin, in labelled ether 

synthesis 382 
Ethyleneglycol 484 

dehydration of 732 
photolysis of 905 

Subject Index 

radiolysis of 951 
Ethylene oxide, 

acid-catalysed cyclooligomerization of 10, 
1S 

photolysis of 911 
structural parameters of 179 

Ethylene-d, oxide, synthesis of 382 
Ethylene oxide oligomers, helical structure 

of 210 
Ethyl ether-!80, synthesis of 381 
Ethyl ethyl-1-!4C ether, synthesis of 381 
Ethyl n-hexyl ether, mass spectra of 304 
Ethyl isopropyl ether, pyrolysis of 909 
Ethyl mercaptan 391 
O-Ethyl O-(5-methyl-2-nitrophenyl)phos- 

phoramidothioate, !4C-labelled, 
synthesis of 409 

3-Ethyl-5-methylphenol, vaporization 
enthalpies of 363 

Ethyl methyl sulphide, photolysis of 927 
4-Ethyl-1,3-oxathiolane, relative stabilities of 

ethyl rotamers of 828 
2-Ethyl-2,3-pentanediol, dehydration of 730 
Ethylphenols, vaporization enthalpies of 363 
Ethyl-1,1-d, phenyl ether, 

metalation of 417 
synthesis of 383 

2-Ethyl-2-phenyl-4-(2-piperidyl)-1,3- 
dioxolane hydrochloride 406 

Ethyl n-propyl ether, photolysis of 909 
4-Ethyl sulphonyl-1-naphthalenesulphon- 

amide-!5N, synthesis of 410 
Ethyl-1,1-d, thiocyanate, gas-phase 

thermolysis of 413 
Ethyl-d; thiocyanate, pyrolysis of 413 
Ethyl 4-(3,4,5-trimethoxycinnamoyl)-[2,5- 

14C]piperazinylacetate, synthesis of 404 
Ethyl 4-(3,4,5-trimethoxy[B-!4C]cinnamoyl)- 

piperazinylacetate, synthesis of 404 
Ethyl vinyl ether, 

cycloaddition of 
to diazomethane 798 
to dienes 799 
to TCNE 789 

early synthesis of 762 
Eu(i) cryptates 76 
Eugenol-*"C, synthesis of 405 
Exolipophilic compounds 60 

Favorskii rearrangement 632, 862 

Fétizon’s reagent 503, 504 

Field ionization kinetics 309 
Fluorene-9-d, deuterium exchange in 432 
Fluorenyl ethers, mass spectra of 313 
Fluoroalkyl sulphides, oxidation of 581-583 
Fluoromethanol, conformers of 241 

a-Fluorooxiranes, synthesis of 620 



Subject Index 

Football molecules 99, 101, 118 

Formaldehyde dimethyl] acetal, 
photolysis of 915, 916 
UV absorption spectrum of 904 

Formylphenols, thermodynamic parameters 
of solution of 363 

Fragmentation, in radiolysis of alcohols 
942-944 

Fragment ions, 
C3H,t 305 
CjH7* 311 
CjHg* 311 
C,H,0* 306 
C,H;O* 302, 304, 305 

heat of formation for 305 
C3H7O* 304, 305 
C,H,O* 305 
CsH,O* 310 
CH;3S* 303 
C,H,S* 306 
C,H;S* 303-305 

heat of formation for 305 
C3H,S*t 303-305 
C,,H,4,;S*, isomerization in 305 

Free energy 366-368 
of activation 371 
of solution, for phenols 363 

of transfer, for phenols 364 
Free-radical initiators 707, 708 

Free-radical reactions, 

induced by radiolysis 707 
of cyclic ethers 707-710 
photochemical 707-709 
thermal 707, 708 

Friedel—Crafts-type synthesis 659 
Fulvenes, 6,6-disubstituted, 

photooxygenation of 870 
Functional-group migration, in oxirane 

rearrangement 633 
Furan, 

acid-catalysed cyclic cooligomerization with 
acetone 6 

ring-transformation of 703 
to pyrrole 703 
to thiophen 703 

Furan derivatives, anodic oxidation of 348 

Furans, 
cycloaddition reactions of 694 
reduction of 690, 691 
ring-transformation of 702-704 
3-substituted, synthesis of 697 

Furfurol, hydrogenation of 700 

d,l-3(2'-Furyl)alanine 403 
2-Furylcarbinols, rearrangement of 698 

p-Galactose, incorporation into crown 

ethers 48 

1119 

D-Galactose diethyldithioacetal, photolysis 
of S93i 

Gauche effect 220, 241 

in crown ether synthesis 9-15 
Gd(i) cryptates 76 
Gibbs energy—see Free energy 
D-Glucose, 

incorporation into crown ethers 48 
radiolysis of 952 
reactions of peroxyl radicals derived from 

960 
B-D-Glucose, conformational preferences in 

239 
Glycine-'4C 401 
Glycoldibenzoates, chirality of 284, 285 

Glycolic acid, cooxidation with 2-propanol 
478 

Glycol monoformate, structural parameters 

of 185 
Glycols 64 

oxidative cleavage of 343-345 
stereochemistry of 285 

Glyme-analogous compounds 64, 66 
crystalline complexes of 137, 138 

thermodynamics of complexation of 87—90 

Glymes 38-40, 64, 66, 67 

crystalline complexes of 137, 138 
Gold(im), as oxidant for sulphides 554 
Grignard compounds, 

reaction of, 
with enol ethers 802 
with oxanes 707 
with oxiranes 647, 648 
with oxolanes 706 

reduction of lactones by 690 
Guanidinium ion, as guest in crown ether 

complexes 117 
Guest ions in crown ether complexes, 

anion recognition of 118 
coordination number of 97, 98, 119 

effect of type, size and charge of 
117-120 

spherical recognition of 118 
tetrahedral recognition of 118 

G-value, definition of 937 

‘Halazone’, as oxidant for sulphides 550 
Haloacetoxybutanes, rotation about bonds 

in 225, 226 
a-Halocarbonyl compounds, as precursors in 

oxirane synthesis 624 
a-Halocarboxylic acid derivatives, as 

precursors in oxirane synthesis 624 
2-Haloethyl-1-!4C ethyl ethers, synthesis of 

381 
B-Haloethyl sulphides, as precursors in 

thioenol ether synthesis 808, 809 
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Halohydrins, in oxirane synthesis 620 

a-Halonitriles, as precursors in oxirane 
synthesis 624 

Halophenols, dissociation of, thermodynamic 
functions for 363 

o-Halophenols, intramolecular hydrogen 
bonding in 360 

p-Halophenols, transition enthalpies for 
363 

a-Halosulphides, 
as precursors in oxirane synthesis 624 
oxidation of 544, 555, 577, 578 

a-Halosulphones, as precursors in oxirane 
synthesis 624 

a-Halosulphoxides, as precursors in oxirane 
synthesis 624 

2-Halovinyl ethers, lithiation of 801 
Hammett correlation, in crown ether 

systems 116 
Hammett p value, 

for aryl sulphide oxidation, 
by bromine 549 
by N,O, 548 

for diaryl sulphide oxidation, 
by hydrogen peroxide 543 
by perbenzoic acid 543, 560 
by persulphoxide 560 

Hantzsch-type condensation 32 
Heat balances 367 
Heat capacity 360 

for cresols 361 
for phenols 361, 362 

Heavy metals, in crown ether complexes 

119, 131-134, 142, 143 
Helical conformation, in crown ether 

complexes 90 
Hemiacetals, as intermediates in hydrolysis 

of acetals, ketals and ortho esters 
888-891 

n-Heptyl vinyl ether, mass spectrum of 306 
Heterocycles, 

as precursors in cyclic ether syntheses 
689-692 

five-membered 645 
formation from oxiranes 641-647 
four-membered 644 

six-membered multisulphur, conformations 
in 263-268 

two-heteroatom 642 
Heterolytic ipso-cleavage 300, 301, 303, 

306 
Hexabenzo-18-crown-6, synthesis of 24 
Hexabutyldistannoxane—bromine, as oxidant 

for sulphides 555 
Hexaethyleneglycol diethyl ether, complexes 

Ot Ney, will 
Hexafluoroacetone ketals, double-bond 

location and 308 

Subject Index 

‘Hexahost’-type molecules 62 
2,5-Hexanediol, ring-closure of 746 

1,4,7,10,13,16-Hexaoxacyclooctadecane— 

see also 18-Crown-6 188 
Hexathia-18-crown-6, synthesis of 20 
6-(N,N-1',6’-Hexyleneformamidine-!*C)- 

penicillanic acid, synthesis of 407 
Homoallyl rearrangement, of oxiranes 636 
Homolanthionine-*°S, synthesis of 397 
Homolytic ipso-cleavage 303 
Homolytic fission 450 
Homovanillic acid-2-!4C, synthesis of 387 
Horner—Wittig reaction 773 
Host-guest association 214 
Host-guest chemistry 107, 132 
Host—guest compounds 196-210 

neutral 134, 135, 143 
spatial relationships in 204 
steric hindrance in 210 

Hydrazines, rotation about bonds in 222 
Hydrodesulphurization 597 
Hydrogen, formation in radiolysis of 

alcohols 940-942 
Hydrogenation, catalytic, 

of alcohols 516, 517 

of ethers 522 
Hydrogen atoms, 

formation in radiolysis of water 947 
hot reactions with thiols 925 
rate constants of reactions with alcohols 

948 
reaction of, 

with ethers and acetals 953 
with thiols 979 

Hydrogen bonding, 
in crown ether ammonium salt complexes 

131 
in monofunctional ethers 318 
in phenols, 

intermolecular 355, 360, 363 

intramolecular 360, 363 

Hydrogen disulphide, rotation about bonds 
ine 22 

Hydrogen exchange, aromatic, acid catalysis 
of 431 

Hydrogen-ion transfer 421 
Hydrogenolysis, catalytic 638 

of B-hydroxyoxiranes 689 
Hydrogen ortho esters 891 
Hydrogen peroxide, 

as oxidant for alkenes 614-616 
as oxidant for oxiranes 636 
as 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 

544 
under basic conditions 544 
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rotation about bonds in 200, 221 

Hydrogen rearrangement, 
in 4-alkoxycyclohexanones 317 
in ethers and sulphides 301, 302, 307 

Hydrogen-transfer reactions, 
in arene oxides 634 
in ethers and sulphides 302, 306, 315, 

316 
Hydroisomerization mechanism 698 
Hydroperoxides, as oxidants for sulphides 

542, 568, 569 
catalysis by V and Mo salts 544-546, 

SOSA NOU UO MoS 
Hydroperoxyl radical, 

formation in radiolysis of water 947 
pK value of 947 

B-Hydroperoxysulphides, synthesis of 

546 
Hydrosulphonium ion, barrier to inversion 

ings 
a-Hydroxyacetals, as oxidation products of 

enol ethers 779 
a-Hydroxyalkylperoxyl radicals 957, 958 
B-Hydroxyalkylperoxyl radicals 957, 958 
a-Hydroxyalkyl radicals, 

disproportionation/combination ratios of 
949 

formation of 939 
pK values of 949 
reactions of 950 

with thiols 980 
B-Hydroxyalkyl radicals 950, 951 
Hydroxycarbonyl compounds, intramolecular 

cyclization of 688 
cis-2-Hydroxycyclohexanecarboxylic acid, 

oxidation of 489 
5-Hydroxy-1,3-dioxacyclohexane, 

conformational preferences in 238 
B-Hydroxyethyl sulphides, as precursors in 

thioenol ether synthesis 808. 809 
B-Hydroxyethyl thio ethers, hydrogenolysis 

of 425 
1-(2-Hydroxyethylthio)-2-propanol, 

dehydration of 845 
a-Hydroxy ketones, 

oxidation of 493 
reduction of 518 

Hydroxyl chromophore 279-282 
Hydroxyl group, 

anodic oxidation of 343-349 
cathodic reduction of 335-339 
formation in radiolysis of water 947 
in monosubstituted cyclohexanes, 

conformational preferences of 236 
rate constants of reactions with alcohols 

948 
reaction of, 

with alcohols 948 

A 

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 27 
B-Hydroxy olefins, gas-phase thermal 

decomposition of 457, 458 

2-Hydroxyoxanes, synthesis of 688 
a-Hydroxyoxiranes, isomerization of 632 
B-Hydroxyoxiranes, 

catalytic hydrogenolysis of 689 
thermal rearrangement of 689 

2-Hydroxyoxolanes, synthesis of 688 
B-Hydroxyperoxides, as products in oxirane 

oxidation 636 
p-Hydroxyphenylacetaldehyde oxime 403 
B-Hydroxysilanes 652 
B-Hydroxysulphoxides, 

as precursors of 2-oxo-1,2-oxathietanes 
822 

synthesis of 545, 546 
Hypochloric acid, as oxidant for olefins 

619 
Hypohalite reactions 684 

L-Iditol, incorporation into crown ethers 

48 
Imino ethers, as products of enol ether 

cycloaddition to azides 796, 797 

Iminolactones, as products of enol ether 

cycloaddition to azides 797 
Iminooxolane 702 
Indanol, oxidation of 482 

Inductive effect, of alkyl groups 353 
influence on deuterium exchange 

reactions 430 
in substituted phenols 373 

scyllo-Inositol, radiolysis of 949 
Insect pheromones, synthesis of 693 
Intermolecular attraction, in crown ether 

complexes 196 
Intraannular functional groups, in crown 

ethers, 

coordinating ability of 94-97 
effect on ligand dynamics 113 

Iodine, as oxidant for sulphides 549, 550, 
570 

Iodobenzene-1-!4C-2,4,6-d3, amination of 
421 

Iodobenzene dichloride, as oxidant for 

sulphides 547, 568, 569, 572, 573, 

S71) 
3-(4-Iodophenoxy)-1-isopropylamino-2- 

propanol-!**T, synthesis of 408 
Iodosobenzene, as oxidant for sulphides 

547, 568, 569 
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Iodosobenzene diacetate, as oxidant for 

sulphides 547 
Iodosobenzene dichloride, reaction with 

ethers 509 
Ion cyclotron resonance (ICR) studies 302, 

303, 310 
Ion—dipole interactions, in crown ether 

complexes 196 
Ionizing radiation, absorption of 936 
Ion kinetic energy 311 
Ion-molecule reactions 939 
Ionophores 64, 69 
Ionophoric structures 143 
Ion-pair effects, in crown ether complexes 

120, 201 
Ions—see Fragment ions 
Ion-selectivity in crown ether complexation, 

effect of ring-closure and ring-size on 
106, 107 

Iridium salts, as oxidants for sulphides 571 
Iron pentacarbonyl, in deoxygenation of 

oxiranes 628 
Isobutanol, radiolysis of 940, 941 
Isobutyl vinyl ether, polymerization of 417 
Isocyanate groups, in monosubstituted 

cyclohexanes, conformational 
preferences of 236 

Isoeugenol-!4C, synthesis of 405 
Isomerization—see also Rearrangement 

cis—trans, induced by thiyl radicals 926, 

O73 
of alkyl chain in ethers 302 
of mass spectral fragment ions 305 
of oxiranes 631, 633-636, 652, 655 

Isoprene, synthesis of 736 
Isopropanol, 

photolysis of 905, 906 

reactions of peroxyl radicals derived from 
958 

UV absorption spectrum of 904 
Isopropenyl ethers, hydrolysis of 776 
1-Isopropylamino-3-(1-naphthyloxy) 

propan-2-ol hydrochloride, isotopically 
labelled, synthesis of 403 

2-Isopropyl-S-chloro-1,3-dioxacyclohexane, 
conformational preferences in 249 

4-Isopropyl-3,5-dioxabicyclo[5.1.0]octane, 
conformations of 271 

2-Isopropyl-1,3-dioxanes, 5-substituted, 

conformational free energies for 252, 
253 

4-Isopropylidene-5,5-dimethyl-2-dimethyl- 
amino-1,3-dioxolane, synthesis of 865, 

866 

2,3-O-Isopropylidene-D-glycerol, in synthesis 
of chiral macrobicyclic polyethers 49 

Isopropyl methyl ether, photolysis of 909 

Subject Index 

Isopropylphenols, Planck functions for 370 
2-Isopropyl-5-substituted-5-methyl-1,3- 

dioxacyclohexanes, conformational free 
energies for 254 

Isopropyl vinyi ether, 
conformation of 769 
isotopic studies of hydrolysis of 415 

Isothiazoles, desulphurization of 593 
Isothiocyanate groups, in monosubstituted 

cyclohexanes, conformational 
preferences of 236 

Isotope effects, 
carbon-13 

in pyrolysis of dimethyl ether 411 
in sulphide reactions 429 

carbon-14 
in Claisen rearrangement 414 
in gas-phase decomposition of allyl 

ethers 412 
in pyrolysis of dimethyl ether 411 
in sulphide reactions 425 

chlorine, 
in isotope exchange distillation of 

dimethyl ether hydrochloride 436 
in sulphide reactions 429 

deuterium, 

in bromination of ethers 422 
in Claisen rearrangement 413, 415 

in cyclopentane-inhibited pyrolysis of 
MeHg and (CD3).Hg 412 

in enol ether hydrolysis 776 
in ether elimination reactions 417-420 
in gas-phase thermolysis of unsaturated 

ethers 412 
in hydrolysis of acetals, ketals and ortho 

esters 898 
in intramolecular rearrangement of allyl 

thionbenzoates 412, 413 

in isotope exchange distillation of 
dimethyl ether hydrochloride 436 

in miscellaneous ether reactions 
420-422 

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 ethers and sulphides with 

labelled chlorides 435 
in sulphide reactions 424-427 
in vinyl ether hydrolysis 415-417 

for racemization in deuterated solvent 433 
in crown ether complexation 119 
in fragmentation reactions 308, 310, 311 
nitrogen-15 427, 429. 
oxygen-18, 

in isotope exchange distillation of 
dimethyl ether hydrochloride 436 
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in vinyl ether hydrolysis 416 
primary 422 

in ether elimination reactions 420 
in sulphide reactions 424 
in vinyl ether hydrolysis 415, 416 

secondary, 

in ether elimination reactions 419, 420 
in hydrolysis of acetals, ketals and ortho 

esters 898 
in reaction of ethers and sulphides with 

labelled chlorides 435 
in sulphide reactions 424, 426, 429 
in vinyl ether hydrolysis 415, 416 

solvent, 

in ether elimination reactions 419 
in hydrolysis of acetals and ortho esters 

899 
in vinyl ether hydrolysis 415 

sulphur-34 424, 425 

Isoureas, reduction of alcohols via 521 
Isoxsuprine hydrochloride, tritium-labelled, 

synthesis of 404 

Jones’ reagent 482, 486 

Kt-crown ether, deuterium exchange in 433 
Ketals 881, 882 

cyclic—see Cyclic ketals 
hydrolysis of 888, 889 

hemiacetal intermediates in 888 
oxocarbonium ion intermediates in 

888, 891-895 
potential energy surface for 896, 897 
rate-determining step in 889, 891-895 
reacting bond rules for 896 
secondary deuterium isotope effects in 

898 
mass spectra of 301, 308, 313 

synthesis of 882-885 
Keto-—enol equilibrium, in phenols 372, 373 

a-Ketols, as products in oxirane oxidation 
636 

Ketone acetals, deacetalization of 509 

Ketones, 
as precursors, 

in 5-oxo-1,3-oxathiolane synthesis 832 
in thioenol ether synthesis 808, 809 

as products 
in cyclic ether rearrangements 697-699 
in dehydration of 1,2-diols 722-731 
in dehydration of 1,3-diols 732-736, 

740 
in pinacol rearrangement 722-728 
in reaction of allene oxides with 

nucleophiles 871-874 
photocatalytic 1,2-cycloaddition to olefins 

692 
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strained, as oxidation products of alcohols 

479 

unsaturated—see Unsaturated ketones 

Kharasch rule 367 

Lactones, 
formation in silver carbonate oxidation of 

diols 503 
reduction of 690 

y-Lactones 642 
LAH—see Lithium aluminium hydride 
Lanthanide salts, in crown ether complexes 

35. Ihil 
Lateral discrimination, in crown ether 

systems 116 
Lead tetraacetate, 

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 111-114 

Ligand exchange processes, in crown ether 
complexation 68 

Ligand parameters, effect on stability and 
selectivity of crown ether complexes 
92-117 

LiNR3, as reagent in base-catalysed 
rearrangements of oxiranes 631 

Li3PO,, in oxirane rearrangement 635 
Lipophilicity, in crown compounds 114, 

115, 120 
2-Lithio-1,3-dithiane, in epoxide opening 

526 
2-Lithio-2-phenyl-1,3-dithiacyclohexane, as a 

contact ion-pair 260 
Lithium, 

in amines, reduction of sulphides by 
588-591, 595, 597 

in ammonia, reduction of sulphides by 
588-591 

Lithium alkenylcuprates, reaction with 
vinyloxiranes 651 

Lithium alkylcuprates, reaction with 
vinyloxiranes 650, 651 

Lithium aluminium hydride 610 
reduction of alcohols by 518, 519 
reduction of lactones by 690 
reduction of sulphides by 598 
with TiCl,, reduction of sulphides by 541, 

599 
Lithium—biphenyl adduct, reduction of ethers 

by 523 
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Lithium dialkylcuprates, reaction of, 
with oxiranes 649, 650 
with oxolanes 707 

Lithium—ethylamine, reduction of sulphides 
by 541 

Lithium—naphthalene, reduction of sulphides 
by 591 

Lithium naphthalenide, reaction with 
tetrahydrofuran 526 

Lithium trialkylsilane, reaction with oxolane 
706 

Lithium triethyl borohydride, reduction of 

oxiranes by 640 
Lithium—trimesitylborane, reduction of 

sulphides by 591 

Macrobicyclic diamines 40 
Macrobicyclic ligands—see also Crown 

compounds, bicyclic; Macrobicyclic 
polyethers 

organic reactions mediated by 161, 164, 
166-172 

solubilities of potassium acetate in 
presence of 159 

synthesis of, 
with carbon bridgeheads 43 
with nitrogen and carbon bridgeheads 

43, 44 
with nitrogen bridgeheads 40-43 

Macrobicyclic polyethers, 
stereospecific synthesis of in—out isomers 

of 49 
thermodynamics of complexation of 

84-86 
Macrocyclic diamide compounds, synthesis 

of 31-34 
Macrocyclic diester compounds, synthesis 

Of sie 32 
Macrocyclic dithioester compounds, synthesis 

Ofmesihes2 
Macrocyclic effects 86 
Macrocyclic ligands—see Crown compounds; 

Macrobicyclic ligands; Macrocyclic 
polyethers; Macropolycyclic ligands; 
Macrotricyclic ligands; Monocyclic 
multidentate ligands 

Macrocyclic polyethers—see also Macrocyclic 
ligands 

crystal structure of 852 
stereochemical aspects of 195 
structural chemistry of 175, 176, 

187-210 
Macrocyclic thia polyether diesters, synthesis 

Obmrsill 
Macropolycyclic ligands, synthesis of 40-42 
Macrotricyclic ligands, synthesis of 

40-42 

Subject Index 

Magnesium, reduction of sulphides by 592 
Magnesium alkyls, reaction with oxiranes 

648 
Malodinitrile, in crown ether complexes 
(+)-Mandelate anion, pairing with crown 

ether complexes 110, 111 
Manganese dioxide, 

as oxidant for alcohols 490-493 
as oxidant for sulphides 554 

Manganese(I1)-sulphite—oxygen, as oxidant for 
sulphides 564 

D-Mannitol, incorporation into crown ethers 

48 
D-Mannose, incorporation into crown ethers 

48 
Manool, oxidation of 482, 486 

Markownikoff alcohols 640 
Markownikoff rule 638 
Mass spectrometry 

chemical ionization 310, 312, 316-318 

low-voltage 304 
negative-ion 843 
of crown compounds 312, 317 

of ethers and sulphides 299-318 
of ketals 301, 308, 313 

123 

of oxathiacyclanes 829, 834, 842, 843, 852 
McLafferty-type rearrangements, 

in aromatic ethers 311 
in epoxides 307 
in sulphides 303, 306 

MCPBA—see Metachloroperbenzoic acid 
Mechanism, 

Al, for acid-catalysed hydrolysis of 
1,3-oxathiolanes 830 

Sni, in cyclization reactions 687 
Meisenheimer complex, 1,1-dimethoxy 419 
Mercaptoalkanols, as precursors in 

1,3-oxathiane synthesis 839 
2-Mercaptobenzothiazole-*°S,, synthesis of 

401 
2-Mercapto-*°S-benzothiazole 400, 401 
a-Mercaptocarboxylic acids, as precursors in 

5-oxo-1,3-oxathiolane synthesis 832 
Mercaptoethanol, radiolysis of 926 
2-Mercaptoethanol, as precursor in 

1,4-oxathiane synthesis 846 
Metachloroperbenzoic acid, as oxidant for 

sulphides 541-543, 547-569, 571, 
572, 574-576, 578, 579, 583, 584 

Metal complexes, 
as catalysts in alkene oxidation 616-618 
in deoxygenation of oxiranes 630 

Metal hydrides, 
reduction of ethers by 527, 528 
reduction of oxiranes by 637, 638 

Metaperiodic acid, as oxidant for oxiranes 
636 
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Methanesulphonates, electroreduction of 
8365337) 

Methanethiol, 

gas-phase thermal decomposition of 462 
molecular dipole moment of 186 
photolysis of 924, 925 
proton affinity of 973 
structural parameters of 186 
UV absorption spectrum of 924 

Methanethiol-d3, synthesis of 390 
Methanethiol-*°S 392 

synthesis of 390 
Methanol, 

gas-phase thermal decomposition of 452, 
453 

molecular dipole moment of 186 
photolysis of 905, 906 

Cd-sensitized 918 
proton affinity of 973 
radiolysis of 940, 941 
reactions of peroxyl radicals derived from 

958 
rotation about bonds in 216, 217 

structural parameters of 184 
UV absorption spectrum of 904 

Methionine, 

doubly labelled with carbon-14 and 
sulphur-35, synthesis of 395 

dehydromethionine from 558, 559, 565 

mass spectrum of 300 
oxidation of 553, 554, 558, 564, 565 

Methionine(!4C-3), synthesis of 395 
Methionine-*°S, synthesis of 395, 397 
L-Methionine, doubly labelled with 

carbon-14 and tritium 396 
1-Methoxyacenaphthenes, 

deuterium-labelled, base-catalysed H—D 

exchange of 433 
p-Methoxyacetanilide, O-demethylation of 

420 
Methoxyacetone, hydrogen—deuterium 

exchange in 431 
Methoxybenzene, deuterium exchange in 430 

p-Methoxybenzenediazonium—BF,, reaction 
with deuterated amines 421 

Methoxybenzenes, bromination of 422 

4-'4C-Methoxybenzoic acid 406 
2-Methoxy-2-butene, conformation of 769 

Methoxychloromethylene 419 
Methoxycyclohexane, conformational 

preferences in 249 
1-Methoxycyclohexene, structural parameters 

Ofalitd 
3-Methoxycyclohexylacetic acid esters, CI 

mass spectra of 318 
3-Methoxycyclopentylacetic acid esters, CI 

mass spectra of 318 

ts) 

2-Methoxy-1,3-dioxacyclohexane, 
conformational preferences in 249 

2-Methoxyethanol-1,1-d5, oxidation of 
423 

3-Methoxy fatty acid esters, mass spectra of 
313, 314 

1-Methoxy-3-methylbenzene, !4C-labelled, 
synthesis of 408 

4-Methoxy-4-methyl-2-pentanone, 
B-elimination of methoxide ion from 
419 

L-2-(6'-Methoxy-2’-naphthyl)propanol, 
isotopically labelled 407, 408 

D-2-(6'-Methoxy-2’-naphthyl)propionic acid, 
isotopically labelled 407, 408 

Methoxyphenols, thermodynamic data 
for 362 

p-Methoxyphenylacetaldehyde oxime 403 
a-(p-Methoxyphenyl)-«’-nitro-4[ 3-(dimethyl- 

amino)propoxy]stilbene, tritium-labelled, 
synthesis of 404 

2-Methoxyphenyl-1-propene-1-!4C-3, 
synthesis of 386 

2-Methoxypyridine, formaldehyde loss in 
fragmentation of 309 

6-Methoxypyrimidine, formaldehyde loss in 
fragmentation of 309 

2-Methoxyquinoline, formaldehyde loss in 
fragmentation of 309 

SPE Soh emai alec synthesis of 

p-Methoxytoluene, oxidation of 423 
2-Methoxytropones, isotopic studies of 

hydrolysis of 416 
Methyl allenyl ether, structural parameters 

Ofmlidi7, 
Methyl allenyl sulphide, structural 

parameters of 181, 182 
Methylamine, rotation about bonds in 216, 

217 
N-[4-(2-Methylaminoethoxy)benzyl-a-!4C]- 

3,4-diethoxybenzamide hydrochloride 
403 

Methyl-!4C-bornesitol, synthesis of 388 
2-Methyl-1,3-butadiene, as dehydration 

product 731 
2-Methylbutan-2-ol, gas-phase thermal 

decomposition of 456 
(+)-S-2-Methylbutyl ethyl ether, CD 

spectrum of 289 
1-Methyl-1-cyclobutanol, oxidation of 483 
Methylcyclohexane, conformational free 

energy for 244 
1-Methyl-1,2-cyclohexanediols, dehydration 

of 729 
1-Methylcyclohexanol, gas-phase thermal 

decomposition of 456, 457 
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Methyl-1-cyclohexenyl ether, 
hydrofluoric-acid-catalysed hydrolysis 
of 416 

2-Methyl-1-cyclohexenyl ether, 
hydrogenation of 522 

S-Methylcysteine, CI mass spectrum of 318 
4-Methyl-2,5-diisopropylphenol, 

isomerization of 372 
4-Methyl-1,3-dioxacyclohexanes, 

2-substituted, conformational free 
energies for 250 

Methylene blue, °S-labelled 437 
2-Methyleneoxetane, reaction with 

phenyllithium 706 
a-Methylene proton exchange 419 
Methylene transfer reagents 625 
Methyl ethers, rotation about bonds in 224 
2-Methyl-1,2-ethoxypropane, BF3-catalysed 

rearrangement of 437 
Methyl formate, tritium-labelled, in labelled 

ether synthesis 380 
Methyl-p-glucopyranosides, !4C-labelled, 

synthesis of 388 
8-Methyl-trans-hydrindanoles, chromic acid 

oxidation of 475 
1-Methylindole, deuterium- and 

tritium-labelled, synthesis of 400 

Methyl-!4C iodide 405 
3-Methyl-6-isopropylphenol, enthalpy of 

formation of 367, 368 

Methylisopropylphenols, Planck functions 
for 370 

Methyl isothiocynate-*°S, synthesis of 391 
2-Methyl-2-methylthiocarboxylic acids, as 

precursors in thioenol ether synthesis 
809 

Methyl[2,2-7H,]-p-nitrophenethyl sulphide, 
synthesis of 394 

2-R-4-Methyloxacyclohexanes, 

conformational free energies for 238, 
239 

(+)-S-3-Methylpentyl ethyl ether, CD 
spectrum of 289 

2-Methylphenol, 
chlorination of 368, 372 

isopotential curves of 358 
3-Methylphenol, alkylation of 367 
Methylphenols, 

combustion enthalpy for 367 
Planck functions for 369, 370 

reactivity indexes of 354 
stability of 370 

Methylphenylglycinates 107, 108 
2-Methyl-2-propanethiol, gas-phase thermal 

decomposition of 463 
2-Methylpropan-2-ol, gas-phase thermal 

decomposition of 455, 456 

Subject Index 

Methyl n-propyl ether, photolysis of 908, 
909 

S-Methyl-6-propyl-2-thiouracil-*°S, synthesis 
of 410 

Methyl-!4C-sequoyitol, synthesis of 388 
2-Methyltetrahydrofuran, 

chain-autoxidation of 960 
photolysis of 912 
radiolysis of 946 

2-Methyltetrahydropyran, 
ring-contraction in 307 

trans- 1-Methyl-1,4,5,6-tetrahydro-2-[2- 

(2-thienyl)vinyl]pyrimidine, 
isotopically labelled 409, 410 

2-Methylthiacyclohexane, 
conformational preference of 247 

1-Methylthiacyclohexylium 
hexafluorophosphate, conformation 
of 246, 247 

Methylthio-*H;)acetic acid 395 
Methyl thiocyanate, structural parameters 

of 182 
B-Methylthioethanol, CI mass spectrum of 

318 
Methylthioethyne, structural parameters of 

182 
4-Methyl-2,6,7-trithiobicyclo[ 2.2.2 ]octane, 

synthesis of 394 
Methyl vinyl ether, 

conformation of 765, 766 

PE spectrum of 769 
structural parameters of 177 

Methyl vinyl sulphide, 
mass spectrum of 306 
physical properties of 808 
structural parameters of 181, 182 

Microelectrode system 64 
Microwave 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 
Migration, 

of alkoxy group in fragmentation reactions 
313 

of hydride anion, in pinacol rearrangement 
V1 

of 1,6-hydride anion, in dehydration of 
diols 752 

of methyl group in sulphide fragmentation 
reactions 303 

Milas reagent 544, 577, 578, 585 

Mineral acids, in pinacol rearrangment 722 
Model calculations 425 
Molecular elimination reactions 458, 459 



Subject Index 

Molecular mechanics calculations 268, 479 

Molybdenum salts, as catalysts, in oxidation 
of sulphides by peroxy compounds 
544-546, 574 

Monoaza-18-crown-6, synthesis of 21 
Mono-t-butylthiophenes, deuterium-labelled, 

synthesis of 399 
Monochlorodimethy] ether, structural 

parameters of 177 
Monocyclic multidentate ligands, 

cavity diameters of 157, 158 
organic reactions mediated by 161-172 
solubilities of potassium salts in presence of 

1SS3a59 
synthesis of 16-24 

condensations, two- and four-molecule in 

NG, 117/ 
cyclization, intra- and inter-molecular in 

is 19/ 
Monoethers, cyclic, structural parameters of 

179 
Monopyrido-18-crown-6, t-butylammonium 

perchlorate complex of 214 
More O’Ferrall—Jencks plot, for acetal 

hydrolysis 897 
(N-C?H3)-Morphine, synthesis of 405 
o-(B-Morpholinoethoxy)diphenyl ether 

hydrochloride, isotopically labelled, 
synthesis of 404, 405 

Multidentate complexones 78 
Multiheteromacrocycles, molecular 

complexation of, chiral recognition in 

Muscone synthesis 795 
Mustard gas, isotopically labelled, synthesis of 

B92 

11-Naphthacenol, keto—enol equilibrium in 

SHB) 
l-Naphthol-l-'4C 403 
a-Naphthol, keto-enol equilibrium in 372 
Naphthoquinones, mass spectra of 314 
a-Naphthylamine-2,4-d, 421 
B-Naphthylamine-l-d 421 
Naproxen 407, 408 
Naproxol 407, 408 

NBA — see N-Bromoacetamide 
NBS — see N-Bromosuccinimide 
Neighbouring-group participation 622 

in cyclization of 2-allylphenol 688 
in oxirane ring-opening 645, 657 

Neutron diffraction methods 176 
Nickel boride, desulphurization with 596 
Nigericin antibiotics 64, 69, 78 

Nitrene insertion 709 
Nitric acid, 

as oxidant for ethers 509 

27 

as oxidant for oxiranes 636 
as oxidant for sulphides 548, 568, 569, 

582, 583 
Nitric acid—acetic anhydride, as oxidant for 

sulphides 548 
Nitriles, «,B-unsaturated—see 

a,B-Unsaturated nitriles 
o-Nitroanisole, mass spectrum of 314 

o-Nitroanisole-Me-7H, enzymatic 
demethylation of 420 

p-Nitroanisole, O-demethylation of 420 
o-Nitrobenzaldehyde dimethyl! acetal, mass 

spectrum of 314 
o-Nitrobenzyl aryl sulphides, mass spectra of 

314 
Nitrogen dioxide, as oxidant for sulphides 548 

Nitronium tetrafluoroborate, in cleavage of 

alkyl methyl ethers 511 
Nitro olefins, epoxidation of 614 
p-Nitroperoxybenzoic acid 610 
[2,2-7H,]-p-Nitrophenethyl bromide, in 

labelled sulphide synthesis 394 
4-Nitrophenol, radiolysis of 957 
p-Nitrophenol-ammonia complexes 360 
Nitrophenols, thermodynamic parameters for 

solution of 363 
p-Nitropheny] alkyl ethers, dealkylation of 

420 
Nitrosyl halides, reaction with enol ethers 

780, 781 
1-(5-Nitro-2-thiazolyl)-2-imidaz- 

olidinone -4-14C, synthesis of 409 
1-(5-Nitro-2-thiazolyl-2-!4C)-2- 

imidazolidinone, synthesis of 409 
Nitrous oxide, 

as electron scavenger 937 
chain-reactions in alcohols 937 
fluorescence quenching by 914 

NMR spectroscopy, 
13C 

of cycloheptanes 269, 270 
of cycloheptenes 271 
of oxathiacyclanes 824, 828, 835, 838, 

847, 849 
1H, of oxathiacyclanes 824, 826, 833, 835, 

838, 842, 850, 852 
19F of 1,4-oxathianes 847 

7-Norbornadienol, oxidation of 491 

Norbornane 183 

1-Norbornanol, oxidation of 483 

2-Norbornen-7-yl p-toluenesulphonate, 
acetolysis of 419 

Nuclear deuteration 430 

‘Octopus’ molecules 38-40, 62, 64 
Oestradiol-3-methyl ether-6,7-°H, synthesis 

of 383 
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Oestrone-3-cyclopentyl-1-!4C ether, synthesis 
of 388 

Oestrone-6,7-*H-3-cyclopentyl ether, 
synthesis of 383 

Olefin elimination, in ethers and sulphides 
301, 303 

Olefin propellanes, in oxirane synthesis 613 | 
Olefins—see also Alkenes 

catalysed isomerizations of 461 
electron-poor, epoxidation of 614 
photocatalytic 1,2-cycloaddition of, to 

carbonyl compounds 692-694 
Oligoethers, short-chain 64 
Oligoethyleneglycol ethers 77 
Oligoethyleneglycol phenyl ethers, crystalline 

complexes of 138 
Oligoethyleneglycols, crystalline complexes of 

138 
Oligooxadiaza ligands, thermodynamics of 

protonation of 85 
Onsager dipole moments 355 
Optically active crown compounds 62 

synthesis of, 
from natural products 47-49 
from resolved precursors 49-51 

Optically active ethers 428 
Optically active oxanes, synthesis of 688 
Optically active oxiranes, synthesis of 615, 

620 
Optically active oxolanes, synthesis of 684, 

688, 691 
Organoalkali metal compounds, reaction with 

ethers 417-419 
Organolithium compounds, reaction of, 

with enol ethers 800-802 
with oxetanes 706 
with oxiranes 649-652 

Organometallic compounds, 
reaction of, 

with cyclic ethers 705-707 
with enol ethers 799-802 

reduction of ethers by 524-527 
Organoselenium compounds, reaction with 

oxiranes 650 
Orphenadrine hydrochloride, tritium-labelled, 

synthesis of 381 
Ortho effect 314 
Ortho esters 881, 882 

hydrolysis of 888, 889 
hemiacetal intermediates in 888, 891 

kinetic solvent isotope effects in 899 
oxocarbonium ion intermediates in 888, 

891, 894 
potential energy surface for 896 
rate-determining step in 889, 891, 894, 

895 
reacting bond rules for 896 

Subject Index 

secondary deuterium isotope effects in 
898 

synthesis of 882-884, 887 
Osmium tetraoxide, as oxidant for sulphides 

S7/il 
Oxacycloalkanes—see also Cyclic ethers 

formation of 741-748 
Oxacycloalkanones, reduction of 690 
Oxacyclohexane, chair—chair ring-reversal in 

2311 
Oxacyclohexanes, 

2-halo-substituted 238 
methyl-substituted 239 
2-substituted 240 

3-Oxacyclohexanol, conformational 
preferences in 237 

1,3,5-Oxadithiane, oxidation of 849 

1,3,5-Oxadithianes, synthesis of 849 

1,4,5-Oxadithiepane, 

heats of polymerization for 851 
synthesis of 851 

Oxalic acid, 

as product of oxirane oxidation 636 
in Cr(v1) oxidation of 2-propanol 477 

Oxane, ring-transformation to piperidine 
704 

Oxanes, 
optically active—see Optically active oxanes 
reaction with organometallic compounds 

707 
rearrangement of 697 
ring-transformation of 702-704 
saturated, structural parameters of 180 
synthesis of 685-689, 691, 692, 694 

7-Oxanorbornane, structural parameters of 
179 

Oxaphospholanes 643 
Oxaspiropentane, strain energy of 875 
Oxaspiropentanes, 

as synthetic intermediates 876 
rearrangement of 785, 876 
synthesis of 875 

1,4-Oxathiacyclohexane, conformation of 

262 
1,4-Oxathiane, 

chlorination of 845, 848 

oxidation of 848 
1,3-Oxathianes, 

acid-catalysed hydrolysis of 843 
appearance potentials of 843 
Buys—Lambert R-values of 840 
conformational energies for 841, 842 
equilibration studies of 842 
'H NMR studies of 842 
ionization potentials for 843 
mass spectra of 842, 843 
ring geometry of 840, 841 
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synthesis of 839, 840 
twist conformation of 841 

1,4-Oxathianes, 

acetamido-substituted 846 
activation parameters for the ring-reversal 

process in 847 
conformation of 847 
crystal structure of 847 
fragmentation modes of 847 
spectral studies of 847, 848 

synthesis of 845-847 
Oxathiaphospholanes 643 
1,4-Oxathiepanes, synthesis of 850, 851 
1,2-Oxathietane-2-oxide, geometry of 822, 

823 
Oxathiolanes 643 
1,3-Oxathiolanes, 

acid-catalysed hydrolysis of 829-831 
CD spectra of 829 
chemical equilibration of 826, 827 

13C NMR chemical-shift correlations for 
alkyl-substituted 828 

conformation energies for 826 
crystal structure of 825 
envelope conformation of 826 
'H NMR spectra of 826 
IR spectra of 829 
mass spectra of 829 
miscellaneous reactions of 831 
ORD spectra of 829 
photolysis of 831 
reduction of 831 
synthesis of 825 

1,3-Oxazines 643 

1,4-Oxazines 643 
Oxaziridines, as oxidants for sulphides 548 
Oxazolidines, synthesis of 643 

Oxazolines 643 
as products of enol ether cycloaddition to 

azides 797 
Oxepane, photolysis of 909, 910, 913 
2-(3H)-Oxepinones, 3,3-disubstituted 870 
Oxetane, 

photolysis of 910, 911 
polymerization of 701, 702 
rearrangement to oxolane 696 

Oxetanes, 
acid-catalysed isomerization of 696 
as dehydration products of 1,3-diols 740, 

741 
base-sensitive synthesis of 687 
deoxygenation of 695 
hydrogenolysis of 700 
pyrolysis of 707 

biradical intermediates in 708 
in the presence of rhodiumcomplexes 708 
stereochemical course of 708 

reaction with organometallic compounds 
705, 706 

rearrangement of 696, 697 
reduction of 699 
ring-opening of 710, 711 
,Ting-transformation of 702 
synthesis of 685-687, 689, 690, 692-694 

Oxidation, 

asymmetric, of sulphides 545, 570, 571 
electrochemical, 

of alcohols 343-349 
of alkenes 619 
of ethers 343-349 
of sulphides 339-343, 541, 564, 565 
of thiols 339-343 

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 sulphides 339-343, 541-585 

one-electron, 

of alcohols 496-504 
of ethers 514, 515 
of sulphides 555-559, 562-565 

photochemical, of sulphides 553, 558-563 
selective, of dithioethers 571, 572 

stereoselective, of sulphides 566-571, 

579, 580, 585 
three-electron, of alcohols 477 

Oxidative cationic cyclization 486 
Oxide catalysts, in oxirane rearrangement 

635 
Oxime linkages in macrocycles 38 
Oxirane, photolysis of 911 
Oxirane migration 632 
Oxiranes, 

acid-sensitive, synthesis of 613 
acyclic, stereoselective synthesis of 620, 

622 
alkali-sensitive, synthesis of 621 
aromatic—see Aromatic oxiranes 
as oxidation products of enol ethers 779 
as precursors in 1,4-oxathiane synthesis 

846 
asymmetric, synthesis of 625 
base-catalysed hydrolysis of 656 
deoxygenation of 627-630 
enantiostereoisomeric, synthesis of 613 

formation of heterocyclic compounds from 
641-647 

a-keto, synthesis of 626 
optically active—see Optically active 

oxiranes 
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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 hydrides 637, 638 

ring-opening of, 
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 619-623 
thermally induced reactions of 655 
a,B-unsaturated—see «,B-Unsaturated 

oxiranes 

Subject Index 

dehydration of 695 
dehydrogenation of 695 
optically active—see Optically active 

oxolanes 
oxidation of 699 
reaction with organometallic compounds: 

706 
rearrangement of 697 
ring-transformation of 702-704 
synthesis of 684-692, 694 

Oxonium salt intermediates, in cyclic ether 
synthesis 687 

Oxonium salts 710 
2-Oxo-1,4,5-oxadithiepane, synthesis of 851 

2-Oxo-1,2,3-oxadithiolane, synthesis of 836 

4-Oxo-1,4-oxathiane, 

13C NMR data for 849 
IR and Raman spectra for 849 

2-Oxo-1,2-oxathianes, 

conformations in 837, 838 

hydrolysis of 838 
NMR studies of 838 
oxidation of 838 
synthesis of 837 

3-Oxo-1,3-oxathianes, conformations in 

844, 845 
2-Oxo-1,4-oxathiepane, synthesis of 851 

Oxiranyl radicals, rearrangement of 918 7-Oxo-1,4-oxathiepane, synthesis of 851 
Oxocarbonium ions, as intermediates in 2-Oxo-1,2-oxathietanes, synthesis of 822, 

hydrolysis of acetals, ketals and ortho 823 
esters 888, 889, 891-894 2-Oxo-1,2-oxathiolanes, 

Oxo-18-crown-5, synthesis of 34 hydrolysis of 825 
Oxocrown ethers, synthesis of 34 metalation of 825 

2-Oxo-1,3,2-dioxathiane, conformation of structure of 824 

850 synthesis of 823, 824 

2-Oxo-1,3,2-dioxathianes, synthesis of 850 3-Oxo-1,3-oxathiolanes 

2-Oxo-1,3,2-dioxathiepane, crystal structure of 831 
conformation of 852 cyclofragmentation of 832 
hydrolysis of 852 half-chair conformation of 832 
synthesis of 851, 852 oxidative formation of 832 

2-Oxo-1,3,2-dioxathiolanes, 5-Oxo-1,3-oxathiolanes, 
ring geometry of 835 conformational energies for 833 
spectral studies of 835 conformations in 833 
synthesis of 835 ‘H NMR spectra of 833 
twist-envelope conformation of 836 IR spectra of 833 

Oxolane, mass spectra of 834 
as product of oxetane rearrangement 696 oxidation of 835 
a-phenylation with phenyllithium 706 pyrolysis of 834 
photochemical addition to maleic anhydride reaction of, 

709 with concentrated sulphuric acid 834 
polymerization of 702 with ethylmagnesium bromide 834 
radiolysis of 708 synthesis of 832, 833 
ring-transformation to pyrrolidine 703 Oxosulphonium ylides, in oxirane synthesis 

Oxolanes 634, 642 625 ; 
as dehydration products of 1,3-diols 741 Oxyallyl 859-861 
as precursors in oxane synthesis 691 (+)-1,1'-Oxydipropan-2-ol, synthesis of 45 
condensed polycyclic, synthesis of 694 meso-1,1'-Oxydipropan-2-ol, synthesis of 45 



Subject Index 

Oxyene reaction 511 
Oxygen, 

as oxidant for alkenes 617, 618 

molecular, as oxidant for sulphides 542, 

546 
singlet, as oxidant for sulphides 558-562, 

584 
Oxygen charge-transfer complexes, photolysis 

of 918, 919 
Oxygen exchange, in pinacol rearrangement 

724 
Ozone, 

as oxidant for alkenes 619 
as oxidant for enol ethers 779 
as oxidant for ethers 507 
as oxidant for sulphides 555-558, 568, 

DS O/T), DIN, te? 

PAA—see Peroxyacetic acid 
Papaverine, de-O-methylated, 15-crown-5 

derivative of 25 
Papaverine-'4C 405, 406 
Paraformaldehyde-7H 405 
Paterno-Biichi reaction 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, keto—enol equilibrium in 373 

Pentacyanocobalt complexes, in oxirane 
rearrangement 635 

Pentaerythritol, in macrobicyclic polyether 
synthesis 43 

Pentafluorophenol, thermodynamic data for 

362 

1,4-Pentanediol, dehydration of 748 

Pentane-1-thiol, gas-phase thermal 
decomposition of 464 

t-Pentanol, gas-phase thermal decomposition 
of 456 

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 

Peracids, 

as oxidants, , 

for sulphides 541-543, 567-572, 
574-576, 578-581, 583-586 

hazards with 544 
polymeric, as oxidants for sulphides 567, 

579, 580 
Perbenzoic acid, as oxidant for sulphides 

542 

542 
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Percamphoric acid, as oxidant for sulphides 
570 

Perdeuterated complexes, isotopic studies of 
436 

Perfluoro-t-butyl alcohol, structural 

parameters of 185 
Perfluorotetramethyl Dewar thiophene 232, 

233 
Peri effect 314 
Permanganate esters, as intermediates in 

potassium permanganate oxidation of 
alchols 488 

Permethyl ethers, mass spectra of 313 
Peroxides, 

acyclic dialkyl 221 
rotation about bonds in 216, 217, 220, 

221 
Peroxo complexes, as oxidants for alkenes 

616 
Peroxyacetic acid 610 
Peroxy acids, 

as oxidants for alkenes 611-614 
chiral, as oxidants in synthesis of 

enantiostereoisomeric oxiranes 613 
polymer-supported, as oxidants for alkenes 

614 
Peroxybenzoic acid 610 
Peroxy compounds, as oxidants for sulphides 

542-546 
Peroxytrifluoroacetic acid, as oxidant for 

sulphides 542, 585 
Persulphate, as oxidant for sulphur 575 
Persulphoxide, 

as oxidant 553-562, 565 
formation of 557-562 

Pfitzner—Moffatt oxidation 504, 505 
Pharmaceutical compounds 143 
Phase-transfer catalysts, 

chiral, in oxirane synthesis 615 

crown ethers as 115 
in alkene oxidation 619 
in oxirane synthesis 624, 625 

Phase-transfer reagents, in oxirane oxidation 
636 

Phenacyl cojate, crystalline complexes of 
138 

Phenetole-4-7H, synthesis of 382 
Phenetoles, mass spectra of 310 
Phenol, 

alkylation of, thermodynamics of 357, 367 
angles of polarization for 359 
charge densities of 353 
combustion enthalpy for 367 
electronic spectra of 359 
isopotential curves for 357 
keto—enol equilibrium in 372 
magnetic resonance spectra of 359 
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Phenol, contd. 

oscillator strengths for 359 
Planck function for 369 
reactivity of 356 
singlet excitation energies for 359 
vaporization enthalpy for 363 

Phenol-d,, thermodynamic data for 362 
Phenol-d;, thermodynamic data for 362 

Phenol(u-'4C) 406 
Phenol—ammonia complexes 360 
Phenolic compounds, electroreductive 

elimination of hydroxyl groups from 
337 

Phenols, 
alkyl-substituted, resonance energy for 

373, 374 
dipole moments of 355 
electrophilic substitution on 356-359 
hydrogen bonding in 187, 355, 360, 363 
ionization of 363 
ionization potentials for 355 
oxidative coupling of 373 
phenolic form of 373 
physiological properties of 
quinonoid form of 373 
radiolysis of 956 
structural parameters of 186, 187 
2-substituted 354, 355, 362, 367-369, 

394, IS: 
3-substituted 354, 355, 362-369, 373 
3,5-substituted 355, 363, 365 

4-substituted 354, 355, 362-365, 368, 
369 

5-substituted 373 
thermodynamic data for 360-374 

Phenol structure, for fragment ions 309 
Phenothiazine, pulse radiolysis of 424 

Phenoxyalkyl ethers, CI mass spectra of 318 
Phenoxyalkyl methyl sulphides, CI mass 

spectra of 318 
2-Phenoxyethyl halides, mass spectra of 310, 

315 
2-Phenoxyethylsulphonium salts, elimination 

of phenoxide from 419 
Phenoxyl radicals 313, 957 
Phenyl alkyl ethers, acid-catalysed deuterium 

exchange in 430 
Phenylalkyl B-hydroxysulphides, cathodic 

reduction of 330, 331 
Phenyl allyl ether, tritium-labelled, synthesis 

of 384 
Phenylbenzyldimethylammonium nitrates, 

nucleophilic substitutions of 429 
Phenyl-t-butylcarbinol, oxidation of 488 
1-Phenyl-4-t-butyl-1,2-cyclohexanediols, 

dehydration of 726 
Phenyl s-butyl 3°S,-disulphide 399 

360 

Subject Index 

Phenyl-7H s-butyl disulphide, synthesis of 
398 

Phenyl-3H s-butyl >°S;-disulphide, synthesis 
of 399 

1-Phenylcycloalkanols, hydrogenolysis of 
518 

Phenylcyclohexane, conformational 
preference of 251 

4-Phenyl-8,8-dichloro[5.1.0]octane, 

conformational preference of 273 
2-Phenyl-cis-4,cis-6-dimethyl-1,3-dioxa- 

cyclohexane, conformational preferences 

Inge coZ 
2-Phenyl-1,3-dioxacyclohexane, 

conformational preferences in 251, 252 
2-Phenyl-1,3-dioxolane, oxidation of 510 

2-Phenyl-1,3-dithiacyclohexane 258 
para-Phenylene units, incorporation into 

crown ethers 27 
(+)-(R, S)-a-Phenylethylammoniumhexa- 

fluorophosphate, complexation with 
crown compounds 109 

Phenyl ethyl-1,1-d, ether, synthesis of 383 
(R)-Phenylglycine methyl ester, complexes 

with chiral crown compounds 207-209 
Phenyl-4-7H isopropyl ether, synthesis of 

382 
Phenyllithium, reaction of, 

with 2-methyleneoxetane 706 
with oxolane 706 

2-Phenyl-2-mesitylethanol-1-'*C, synthesis of 
387 

2-Phenyl-trans-2-methoxy-1-nitro- 
cyclopentane, B-elimination of methanol 

from 419 
Phenylmethyl-d, methyl ether, synthesis of 

381 
Phenyl orthoformate, deuterium solvent 

isotope effect in hydrolysis of 415 
Phenyloxiranes, catalytic hydrogenolysis of 

630 
4-Phenyl-2-oxo-1,2-oxathiolanes, envelope 

conformation of 824 
Phenyl-4-*H propyl ether, synthesis of 382 
Phenylsulpholan-3-yl ethers, isotopic studies 

of base-catalysed hydrolysis of 416 
Phenyl—sulphur rotation 218 
2-Phenyltetrahydrofuran, metalation of 

418 
Phenyl! vinyl sulphide, mass spectra of 306 
Phloroglucinol, keto—enol equilibrium in 

373 
Phosphates, 

electroreduction of 336 
in oxirane rearrangement 635 

Phosphine oxides, in oxirane synthesis 613 
Phosphines, rotation about bonds in 217 
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Phosphite ozonide, as oxidant for sulphides 
556 

Phospholenes, in oxirane synthesis 613 
Phosphoranes, cyclic, in oxirane synthesis 619 
Phosphorus—hydriodic acid, in reduction of 

alcohols 520 
Phosphorus pentasulphide-*°S, synthesis of 

390 
Ph,PLi, deoxygenation of oxiranes by 629 
Pinacol 484 

dehydration of 722-724, 728, 729, 731 
Pinacoline-type rearrangement 622 
Pinacol rearrangement 722-728, 731 

concerted mechanism for 722-724 
rate of 726 
stereochemistry of 725-728 
via acarbonium cation 722-724, 726, 727 

via an epoxide intermediate 722,724, 725 
via vinyl dehydration 722, 725 

Piperazines, as products of enol ether 
cycloaddition to azides 797 

Piperidine 704 
Pivalaldehyde dimethyl acetal, 

photolysis of 915, 916 
UV absorption spectrum of 904 

Planck functions, for phenols 368-370 
PNPBA—see p-Nitroperoxybenzoic acid 
Podands 77 

crystalline complexes of 137-143 
end-group interactions in 141 
helical structure of 140 

thermodynamics of complexation of 
87-90 

23Na NMR investigations of 90, 122 
Podates 137-143 
Polarography of radicals 
Polycyclic compounds 27 
Polyether dithioesters, synthesis of 31 

Polyethers, 

acyclic—see also Crown compounds, 
acyclic; Crown-type ligands, 
open-chain; Podands 

structural chemistry of inclusion 
compounds of 210, 211 

cyclic—see also Crown compounds; Crown 
systems 60 

formation from oxidative coupling of 
phenols 373 

Polyethyleneglycol ethers 38-40 
Polyethylene oxide chains, helical structure of 

210 ; 
Polyhydric alcohols, radiolysis of 951 
Polymeric structures, in crown ether 

complexation 140, 143 
Polymerization, 

anionic 641 
of cyclic ethers 700-702 

936 

133 

of oxiranes 640, 641 
radical 641 

Polymers, kinetics of degradation of 936 

Polymer-supported oxidants, as oxidants for 
sulphides 567 

Polyoxymethylene, rotation about bonds in 
220 

Polysulphides 427 
sulphur exchange in 435 

Polythiaether complexes, in cancer studies 
437 

Polythiaethers, 
in Leukaemia P338 test system 438 
synthesis of 20 

Potassium—ammonia, reduction of sulphides 
by 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 

stereochemistry of 611 
Primary alcohols, 

oxidation of 479-481, 494 
synthesis of 638 

L-Proline, incorporation into crown ethers 

47 
1,2-Propanediol, dehydration of 732 
1,2-Propanediol-1-'4C 385 
(+)-Propan-1,2-diol, in chiral crown ether 

synthesis 45 
1,3-Propanedithiol 393 

Propanol, radiolysis of 940, 941 

Propan-1-ol, gas-phase thermal decomposition 
of 454 

Propan-2-ol, gas-phase thermal 
decomposition of 454, 455 

2-Propanol, 
cooxidation with glycolic acid 478 
oxidation of, 

by chromic acid 473, 475 
by ruthenium tetroxide 494, 495 
by vanadium (v) 499 

radiolysis of 940, 941 
Propargylic ethers, a-cleavage in 301 
(Z/E)-Propeny]l alkyl ethers, lithiation of 800 
(Z)-1-Propenyl pheny] ether, lithiation of 

801 
Propenyl sulphides, isotopic studies of 

hydrolysis of 417 
Propranolol-7H, synthesis of 404 
Propranolol hydrochloride-!4C, synthesis of 

403 
Propylene oxide, 

cyclic tetramers of 2 
in chiral crown ether synthesis 45 
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R-(+)-Propylene sulphide, CD spectrum of 
2925293 

Propylsodium, reaction with ethers 417, 

418 
Prostaglandin analogues, synthesis of 693 
Proton affinity (PA) 302, 316, 317 
Proton transfer 421 
Pseudo-2-benzoylbenzoates, isotopic studies 

of hydrolysis of 416 
Pseudocyclic cavity 64 
Pseudorotation 267 

in cycloheptane 269 
Pulse-microreactor technique 700 
Pulse radiolysis 936 
Pummerer rearrangement, in oxidation of 

sulphides 552-554 
Purple benzene 490 
Push—pull-type process, in crown ether 

complexation 69 
Pyranose sugars, anomeric hydroxyl in 240 
Pyrantel base 409, 410 
Pyrazines, synthesis of 704 
Pyridine—chromium trioxide, in oxidation of 

allylic alcohols 485, 486 
Pyridines, synthesis of 704 
Pyridinium chlorochromate 486 
Pyridinophane cryptands 74 
Pyrolysis, very low-pressure (VLPP) 466 
y-Pyrone, exchange reaction with 

'8Q-enriched water 435 
Pyrrole 703 
Pyrroles, synthesis of 704 

Pyrrolidine 403 
Pyrrolidines, synthesis of 704 
2-Pyrrolidone 703 
Pyrrolines, 

as products of enol ether cycloaddition to 
nitrile ylides 797 

synthesis of 704 
Pyrrols, as products of enol ether 

cycloaddition to azides 797 

Quadrant rule, for disulphide group 295, 
296 

Quantum-mechanical tunnel effect 412 
Quinoline polyethers, UV absorption 

measurements of complexation of 77 
Quinopavine-'4C 405, 406 

Rabbit ear effect 220 
Radiation protection by thiols 987, 988 
Radical alkylation, of cyclic ethers with 

olefins 708 
Radical anions, derived from disulphides 

982 
Radical cations, 

complexed, from sulphides 973 

Subject Index 

derived from aromatic ethers 957 
derived from a,«’-dialkoxyalkyl radicals 

954 
derived from disulphides 983 
derived from 1,3-dithiane 977 
derived from sulphides 984 

Radicals, polarography of 936 
Radionucleide purging ability, biotransport 

studies of 437 
Radioprotection 424 
Raney cobalt, desulphurization with 597 

Raney nickel, desulphurization with 540, 

586, 592-597, 599 
Ratcliffe procedure 486 
Rate constants, 

definition of 371 
for crown ether complexation 68-78 

Rearrangement, 
in dehydration of diols 740, 751, 752 

of allyl phenyl ethers 413-415 
of cyclic ethers 696-699 
of dioxacycloalkanes 691 
of oxiranes 689, 690 

acid-catalysed 632, 633 
base-catalysed 630-632 
photochemical 634, 635, 652, 654 
sigmatropic 655 
thermal 634, 635, 655 
with heterogeneous catalysts 635 
with metal complexes 635 

pinacoline-type 622 
Receptor complexes 78 
Reduction, 

electrochemical 327-339, 599 

of alcohols 335-339, 515-522 
of cyclic ethers 699, 700 
of ethers 335-339, 522-528 
of oxacycloalkanones 690 
of oxathiacyclanes 831 
of oxiranes 637-640 
of sulphides 328-332, 585-600 
photochemical 599 

Reduction potentials 328, 329 

effect of substituents on 329 
Reductive silylation 591 
Regioselectivity, 

in base-catalysed rearrangements of 
oxiranes 630, 631 

in cyclic ether rearrangements 697 
in oxetane reduction with lithium 

aluminium hydride 699 
in oxirane reduction 637, 639 

Regiospecificity, of reactions of allene oxides 
with nucleophiles 871 

Resonance energy 372-374 
Resonance stabilization 304 
Resorcinol, keto—enol equilbrium in 373 



Subject Index 

Rhodium salts, as oxidants for sulphides 571 

D-Ribose, radiolysis of 961 
D-Ribose-5S-phosphate, radiolysis of 961 
S-Ribosyl-L-homocysteine, isotopically 

labelled, synthesis of 398 

Ring-closure, 
in dehydration of diols 741-751 
of mixed diesters, in 1,3-oxathiane 

synthesis 839, 840 
Ring-contraction, 

in aromatic ethers 311 
in cyclic ethers 709 
in cycloalkanone ethylene ketals 308 
in tetrahydropyran ring 307 

Ring-expansion, 
in cycloaikanone ethylene ketals 308 
in oxiranes 634, 636, 642, 644 

neighbouring-group participation in 645 
Ring-opening, 

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 
R3;P—Y compounds, deoxygenation of 

oxiranes by 629 
RSCD ; compounds, deuterium exchange in 

432 
R—S— CH,Li reagents, in oxirane synthesis 

625, 626 
Ruthenium tetroxide, 

in oxidation of alcohols 493-496 
in oxidation of ethers 513, 514 

R-value method 237 

Sarrett method 486 
Schiff-base condensation, synthesis of 

macrocycles from 36, 37 
Secondary alcohols, 

oxidation of 479, 494 

oxidative intramolecular cyclization of 684 

Selectivity, 

of crown ether complexation 91-122 
between mono- and di-valent cations 

98, 114 
cavity 101 
effect of guest parameters on 92-117 
effect of ligand parameters on 92-117 
effect of medium (solvent) parameters on 

120-122 
multiple 101, 106 
overall 113 
peak 111 
plateau 111 

precipitation 138 
Selenium dioxide, in oxidative cleavage of 

B,y-unsaturated ethers 515 
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Selenium hydride-”°Se 391 
Selenoacetals, synthesis of 887 
Selenomethionine, mass spectra of 300 
Selenourea-’*Se, synthesis of 391 
Selenoxides, as oxidants for sulphides 

y 23 
Silanes, addition to enol ethers 802 

Silica gel—sulphuryl chloride, as oxidant for 
sulphides 573 

Silver carbonate, as oxidant for alcohols 

502-504 
Silyl enol ethers, 

cycloadditions of 807 
reactions of, 

with carbon electrophiles 805-807 
with heteroelectrophiles 804, 805 

synthesis of 803, 804 
Simmons-Smith reaction 807 
Soccer molecules 99, 101, 118 

Sodium amalgam, reduction of sulphides by 
592 

Sodium—ammonia, reduction of sulphides by 
587, 589, 590 

Sodium bis(2-methoxyethoxy)aluminium 
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 

Sodium periodate, as oxidant for sulphides 
546, 547 

Sodium ruthenate, as oxidant for alcohols 
495, 496 

Sodium-trimethylsilyl chloride, reduction of 
sulphides by 591 

Sodium tungstate, as catalyst in hydrogen 
peroxide oxidation of alkenes 615, 

616 
Solid-state reactions, 

of phenols 374 
thermodynamics of 362 

Solvent effect, on stability and selectivity of 
crown ether complexes 120-122 

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 
allene oxides 866-868 

Spiro groups, in crown-type ligands 101, 107 
Spiroketones, formation in pinacol 

rearrangement 727 
Spirooxiranes, rearrangement of 636 

Stability constants, for crown ether 
complexation 91-122 

effect of anion interactions on 120 
effect of guest parameters on 117-120 
effect of ligand parameters on 92-117 
effect of medium parameters on 120-122 

2-Stannyl vinyl ethers, lithiation of 801, 802 
Stereochemical assignments, in bifunctional 

cyclic molecules 318 
Stereoselectivity, 

in addition of lithium alkylcuprates to 
vinyloxiranes 650, 651 

in base-catalysed rearrangments of oxiranes 
630, 631 

in dehydration of diols 748 
in Oxirane isomerization 652 
in oxirane reduction 637, 639 

in oxirane synthesis 611, 614, 618-622, 

625 
in rearrangement of dioxacycloalkanes 

691 
Stereospecificity, 

in cycloaddition of azides to enol ethers 
795 

in dehydration of diols 748 
in deoxygenation of oxiranes 629 
in olefin synthesis 627 
in oxirane synthesis 611, 619, 620, 625 
in Paterno—Biichi reaction 694 
in transformation of oxiranes to thiiranes 

641 
Steric blocking 310 
Steric hindrance 373 
Steroid lactones, reduction of 690 
Steroid oxetanes, ring-opening of 710 
Steroid oxiranes 689 

rearrangement of 634, 642 

synthesis of 636 
Steroid B-oxiranes, stereoselective synthesis of 

621 
Steroids, 

epoxidation of 614 
in oxirane synthesis 613 
saturated hydroxy, CD data of 281 

Stilbene epoxides, mass spectra of 307 
Stoichiometry, of crystalline crown ether 

complexes 124-143 
Styrene epoxides, mass spectra of 307 
B-Styryl ethers, hydrolysis of 776 
Sugars, CD spectra of 287, 288 
Sulphate esters, in reduction of alcohols 521 

Sulphato radical (SO, +) rate constants of 
reactions with alcohols. 948 

Sulphenic acids, 

as antioxidants 546 
formation of 546, 560, 572 

Sulphide group, structural parameters of 
181-184, 186 

Sulphides—see also Thio ethers 
aromatic—see Aromatic sulphides 
cleavage reactions of 425, 426 
complexes of, 

isotopic studies of 436, 437 
with halogen atoms 985 

cyclic—see Cyclic sulphides 
cycloalkyH-see Cycloalkyl sulphides 
elimination reactions of 425, 426 
gas-phase thermal decomposition of 465, 

466 
isotopically labelled, 

in biology, medicine and agriculture 
409-411, 437, 438 

in isotope exchange studies 434, 435 
in tracer and isotope effect studies 

424-430 
synthesis of 388-402, 409-411 

mass spectra of 299-318 
oxidation of 339-343, 427, 428, 541-585 

asymmetric 545, 570, 571 

electrochemical 541, 564, 565 

general methods for 542-567 
in vivo 566, 567 
one-electron 555-559, 562-565 
photochemical 553, 558-565 

rearrangement during 573, 574 
stereoselective 566-571, 579, 580, 585 

ozonation of 555-558, 568, 569, 577, 579 

photolysis of 927-931 
Hg-sensitized 927 

radiolysis of, 
in aqueous solution 984-987 
in nonaqueous media 977 

reduction of 328-332, 585-600 

by Group I and II metals 587-592 
by lithium aluminium hydride 598, 599 
by Raney nickel 592-598 
electrochemical 328-332, 599 

photochemical 599 
saturated aliphatic, mass spectra of 

300-305 
unsaturated—see Unsaturated sulphides 
UV absorption spectra of 923, 924 

Sulphonate esters, 
in Oxirane synthesis 621 
in reduction of alcohols 521 

Sulphones, 

anodic oxidation of organic sulphides to 
339 



Subject Index 

direct formation from sulphides 556, 557, 
559-561 

Sulphonic acids, aromatic, in pinacol 

rearrangement 722 
Sulphonium ions 304, 305 

cyclic 425, 426 
Sulphonium salts, cathodic reduction of 334, 

335 
Sulphonium ylides, in oxirane synthesis 625 
Sulphoxides, 

anodic oxidation of organic sulphides to 339 
chiral 825 
'8O-labelled 548, 549, 551, 552, 567, 

SPs SIE} 
oxidation of 543, 545, 556, 560 

pyrolysis of 540, 541 
synthesis by oxidation of sulphides—see 

sulphide precursor 
Sulphur-35, elemental 392, 399 

o-Sulphuranes, as intermediates in sulphide 

oxidation 550-552, 583 

Sulphur dichloride, reaction 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 ylides, as precursors in 

oxaspiropentane synthesis 875 
Sulphydryl group, in monosubstituted 

cyclohexanes, conformational 
preferences of 236 

Sultines, half-chair conformations of 824 

Superoxide radicals, derived from 
a-hydroxyalkylperoxyl radicals 958 

Surfactants, !4C-labelled nonionic aryl, 
synthesis of 408 

Symmetry rule, for episulphide group 293 

Synthesis, 

of acetals 882-888 
of alkenes 627 
of allene oxides 862-866 
of crown ethers and analogues 
of cyclic ethers 684-694 
of enol ethers 772-774 
of isotopically labelled ethers 380-388, 

402-409 
of isotopically labelled sulphides 

388-402, 409-411 
of ketals 882-885 
of ortho esters 882-884, 887 
of oxathiacyclanes 823-825, 832, 833, 

835-840, 845-847, 849-851 
of oxiranes 610-627 

1-52 

ST 

L-Tartaric acid, incorporation into crown 

ethers 47 
TCNE—see Tetracyanoethylene 
TDAP—see Tris(dimethylamino)phosphine 
Temperature jump method, for measuring 

rate constants of crown ether 

complexation 72 
Template effect, in crown ether synthesis 

3-9, 36 
kinetic evidence for 7 

Template participation, in crown ether 
synthesis 123 

‘Tennis fissure’-like conformation, of KI 
complex of dibenzo-30-crown-10 129 

Terminal donor group systems 62 

Terpenes, 

in oxirane synthesis 613 
saturated hydroxy, CD data of 281 

Tertiary alcohols, oxidation of 482, 483, 500 

2,4,4,6-Tetrabromocyclohexadienone, as 

oxidant for sulphides 550 
Tetra-t-butyldiphosphine, rotation about 

bonds in 222 
Tetracyanoethylene, cycloaddition of, 

to enol ethers 787-791 
mechanism of 787-789 
rate of 790, 791 

to thioenol ethers 810 
Tetradeuterothiophene, synthesis of 399 
Tetraethyleneglycol, in crown ether synthesis 

4, 6, 17, 34 
Tetraethyleneglycol diethyl ether, complexes 

Oe 13/6 PALI 
Tetraethyleneglycol dimethyl ether, 

complexes of 137, 138, 211 
Tetrahydrobenzoxepine, mass spectrum of 

St 
Tetrahydrocannabinols, tritium-labelled, 

synthesis of 383 
Tetrahydrofuran, 

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 

Tetrahydrofurane, oxidation of 513 
Tetrahydrofurans, as dehydration products of 

1,3-diols 733 
Tetrahydropyran, photolysis of 909, 910, 

Ons 
Tetrahydropyrans, CI mass spectra of 318 
Tetrahydro-1,3,3-thiadiazine-2-thiones, 

35§-labelled 3,5-disubstituted, synthesis 
of 401 

Tetrahydrothiophene, structural parameters 
of 182 
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a-Tetralol, oxidation of 481, 482 

5,7,3’,4'-Tetramethoxyflavan, deuterium 
exchange in 431 

5,7,3’,4'-Tetramethoxy-2,3-trans-flavan- 
3,4-cis-diol, deuterium exchange in 431 

Tetramethoxymethane, structural parameters 
of 178 

Tetramethylallene episulphide, synthesis of 

876 
Tetramethylallene oxide 865 
Tetramethylcarbamide 610 
2,2,4,4-Tetramethyl-1,3-cyclobutanediol, 

dehydration of 739 
Tetramethyldibenzo-18-crown-6, complexes 

of 130, 198 
2,2,6,6-Tetramethyl-1,3-dioxacycloéctane, 

barrier to conformational exchange in 
274 

3,3,6,6-Tetramethyl-1,2-dioxane, chair 

reversal in 262 
Tetramethylene diamine, as guest in crown 

ether complexes 204 
2,2,5,5-Tetramethyltetrahydrofuran, 

photolysis of 912 
3,3,6,6-Tetramethyl-s-tetrathiane, 'H DNMR 

conformation study of 263-265 
3,3,6,6-Tetramethyl-1,2,4,5-tetroxane, 

conformational preference of 262 
Tetramethyl thiuramdisulphide, sulphur 

exchange in 435 
Tetramethyl thiurammonsulphide, sulphur 

exchange in 435 
Tetrapodands 66 
Tetrathia-12-crown-4, synthesis of 20 
s-Tetrathianes, 

conformational preferences in 263-268 
twist geometry of 266, 267 

Tetrathiofulvalene, oxidation of 543 

Tetratrifluoromethylallene episulphide, 
synthesis of 876 

Thallium nitrate, as oxidant for sulphides 
555 

Thermal decompositions, gas-phase 
449-466 

chain process in 454 
dehydration in 455, 456 
1,2-hydrogen shift in 457 
maximal inhibition of 453 
6-membered ring transition state in 458 
shock-tube studies of 450, 455, 463 

static method for 450, 463 

unimolecular 455, 456 
Thiaalkanes, rotation about bonds in 216, 

ANY 
7-Thiabicyclo[2,2,1]heptane, 

strain effect in 182, 183 

structural parameters of 183 

Subject Index 

5-Thiabicyclo[2,2,1]hexane, 
strain effect in 182, 183 
structural parameters of 183 

Thia-18-crown-6, synthesis of 23 
Thiacrown ethers, 

complexation of, 
stability constants for 93, 94 
thermodynamics of 84 

synthesis of 20, 22-24 
high-dilution conditions in 15 

Thiacyclohexane, 
photolysis of 931 
protonated, conformation of 245 
R-value of 244 

Thiacyclohexane-3,3,5,5-d4, chair—chair 

ring-reversal in 244 
Thiacyclohexane dioxide, ring-reversal in 

247 
Thiacyclohexane-1-oxide, conformational 

preference of 247 
Thiacyclohexanes, methyl-substituted, 

conformational preferences in 244, 245 
Thiacyclopentane, photolysis of 931 
2-Thiahydrindans, CD spectra of 291 
Thianes, oxidation of 567-569 

Thianthrene, anodic oxidation of 341 

Thia polyether dithioesters, synthesis of 31 
Thiazoles, oxidation of 561 

Thiepins, oxidation of 574 
Thietane, UV absorption spectrum of 924 
Thietanes, 

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 

Thioacetals, 

oxidative hydrolysis of 541 
synthesis of 887 

Thioallylic rearrangement 424 
Thioanisole, mass spectrum of 310 
Thioanisoles, deuterium-labelled, synthesis of 

398 
2,2'-Thio-35S-bisbenzothiazole, synthesis of 

400 
Thiocarbamates, reduction of alchols via 

Syl 
Thiochromans, mass spectra of 311 

Thiocyanation reactions 427 
Thiodiethyleneglycol, 

as precursor in 1,3,6-dioxathiocane 

synthesis 852 
cyclization of 845 

B,B’-Thiodiglycol-2°§ 392 



Subject Index 

Thioenol ethers, 
cycloaddition to tetracyanoethylene 810 
hydrolysis of 809, 810 
physical properties of 808 
reactivity of 809, 810 

synthesis of 808, 809 
Thio ethers—see also Sulphides 

chiroptical properties of 291-293 
doubly labelled, synthesis of 391 
rotation about bonds in 218, 225 

sulphur-labelled, synthesis of 388 
Thioguanine-*°S, synthesis of 401 
Thioketals, 

as precursors in thioenol ether synthesis 
808, 809 

mass spectra of 308 
Thiolane, photolysis of 930 
Thiolanes, oxidation of 550, 567, 568, 

574-576 
Thiolate ions, photolysis of 926 
Thiol group, structural parameters of 186 
Thiols, 

anodic oxidation of 339-343 
cathodic reduction of 332 
doubly labelled 424 
gas-phase thermal decomposition of 

462-465 
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 

reaction with enol ethers 780 
35§ 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,, synthesis of 399 
3,4-d>-Thiophene, synthesis of 399 
3d-Thiophene, synthesis of 399 

Thiophenes, 

desulphurization of 593-597 
oxidation of 561, 583-585 

Thiophenetoles, mass spectra of 310 
Thiophenol, 

oxidative addition to olefins 545 
radiolysis of 974 

Thio sugars, chiroptical properties of 291, 

292 
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Thiosulphonates, reductive desulphurization 

of 823, 837 
2-Thiouracil-*°S, synthesis of 401 
Thiourea, complex with open-chain crown 

ether 143 
Thiourea-'4C 410 
Thioureas, N-substituted, sulphur exchange 

with *S-urea 435 
Thiouronium bromide 393 
1,4-Thioxane, structural parameters of 183 

Thioxanthine-*°S, synthesis of 401 
2-Thioxo-1,3,2-dioxathiolanes, synthesis of 

836 
Thiurams, sulphur exchange in 435 
Thiyl radicals, 

chain-transposition of disulphides induced 
by 976 

ESR spectroscopy of 972 
formation of 924, 927, 932 

reactions of 924-926, 980, 986 
L-Threitol, incorporation into crown ethers 

48 
Thymidine, radiolysis of 961 
Thymol 367 
Titanium (11), 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 
Titanium trichloride—lithium aluminium 

hydride, in reductive coupling of 
alcohols 520 

TMC—see Tetramethyl carbamide 
Toluene, protonation study of 359 
Toluene carrier technique 462, 466 
p-Toluenesulphonyl 610 
a-Toluenethiol, gas-phase thermal 

decomposition of 464 
a-Toluenethiol-*°S, in labelled sulphide 

synthesis 394, 396 

m-Toluidine-2,4,6-d3 421 

p-Tolyl allyl-1-!4C sulphide, cleavage of 426 
p-Tolyl ethers, '4C-labelled, synthesis of 

385 
Topology, in crown ether complexation 

99-111 
Toposelectivity, in crown ether 

complexation 101 
B-Tosyloxycarbonyl compounds, reaction 

with organometallic compounds 687 
Transacetalization, in 5-oxo-1,3-oxathiolane 

synthesis 833 
Transfer—hydrogenation reactions 695 
Transition metal ions, glyme complexes of 

137 
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Transition metals, 
in deoxygenation reactions 627 
in oxirane rearrangement 635 

Transition metal salts, as catalysts, in 
hydrogen peroxide oxidation of alkenes 
615 

Transition state, proton-transfer, in 

hydrolysis of vinyl ethers 416 
Transvinylation 772 
Trialkylborane, as oxidant for sulphides 548 
Trialkyloxonium salts, inversion—rotation 

processes in 230 
Trialkylsulphonium compounds 972 
Trialkylsulphonium ions, barrier to inversion 

in 231 
Triallylboranes, reaction with enol ethers 

802 
Triarylcarbinols, oxidation of 483 

Triazoles, as products of enol ether 

cycloaddition to azides 795 
‘Triazolines, as products of enol ether 

cycloaddition to azides 795, 796 
Tribenzo-27-crown-9, synthesis of 8 

Tri-t-butoxyaluminium hydride, reduction of 
ethers by 527 

Tri-t-butylallene oxide, synthesis of 863 

Tributylethoxytin, in oxirane synthesis 620 
Tributylstannane, reduction of alcohols by 

521 
3,4,5-Trichloro-1,2-dithiolium 

chloride-(3,4,5-°C1), synthesis of 399 
3,4,5-Trichloro-1,2-dithiolium 

chloride-(3,5-*°C1), synthesis of 399 
Trichloroisocyanuric acid, as oxidant for 

ethers 515 
Trideuterioacetic acid 420 
Trideuteriomethyl cyclohexyl ether, 

conformational preferences in 234-236 
Triethanolamine tripod ligands 39 
3-[2',4',5’-Triethoxybenzoyl-(carbonyl-!4C)]- 

propionic acid, synthesis of 407 
Triethylaluminium, reaction with oxetanes 

706 
Triethyleneglycol, in crown ether synthesis 

o-Trifluoromethylphenol, hydrogen bonding 
in 360 

2-(3-Trifluoromethylphenoxy)-1-!4C-acetic 
acid, synthesis of 408 

Trifluoroperacetic acid, as oxidant for 
sulphides 542 

2,4,6-Trimethoxybenzaldehyde, 
decarbonylation of 422 

1,3,5-Trimethoxybenzene, 
bromination of 422 
coupling with p-chlorobenzenediazonium 

ion 421 
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deuterium exchange in 430, 431 

2,4,6-Trimethoxy-4’-chloroazobenzene 

421 
1,3,5-Trimethoxy-2,4-dimethylbenzene, 

bromination of 422 
1,3,5-Trimethoxy-2-methylbenzene, 

bromination of 422 
Trimethylaluminium, in reductive alkylation 

of alcohols 519, 520 

Trimethylchlorosilane, reaction of, 

with oxetanes 706 
with oxiranes 650 

2,cis-4,cis-6-Trimethyl-1,3-dioxacyclo- 
hexanes, conformational free energies 
for 254, 255 

Trimethylene oxide, structural parameters 

of 179 
Trimethylene sulphide, 

strain effect in 182, 183 
structural parameters of 183 

2,5,5-Trimethyl-2,3-hexadiene, peracid 
oxidation of 867 

Trimethyliodosilane, reaction of, 
with oxane 707 
with oxolane 706 

2,4,6-Trimethylpheny] allyl ether-y-!4C, 
Claisen rearrangement of 414 

Trimethylsilylpotassium, deoxygenation of 
oxiranes by 630 

N,N’,N"-Trimethyl-1,3,5-triazane, 
conformational preferences in 263 

2,4,6-Trimethyltrioxane, structural 

parameters of 180 
Trinitroanisoles, reaction of methoxide ions 

with 419 
Triols, stereochemistry of 288 
1,2,3-Triol tribenzoates, chiroptical 

properties of 288 
3,5,8-Trioxabicyclo[5.1.0]octane, 

conformation of 272 
1,3,5-Trioxane, 

molecular dipole moment of 180 
structural parameters of 179, 180 

Trioxans 643 
Triphenylmethyl cation, in oxidation of 

ethers 509, 510 

Triphenylphosphines, mass spectra of 313 
Tripodands 66 

thermodynamics of complexation of 90 
Tripod arrangement, of NH*---O hydrogen 

bonds, in a polyether complex with 
t-butylammonium perchlorate 204 

Tris(dimethylamino)phosphine 610 
reaction with aldehydes 626 
reaction with meso-1,2-diols 623 

1,1,1-Tris(hydroxymethyl)ethane, in 
macrobicyclic polyether synthesis 43 
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Trisulphides, tritium-labelled, synthesis of 
393 

Trithia-9-crown-3, synthesis of 20 

1,4,7-Trithia-15-crown-5, synthesis of 23 
1,4,10-Trithia-15-crown-5, synthesis of 23 

1,2,3-Trithiane, conformation of 263 

1,3,5-Trithiane, conformational preferences 
in 262 

s-Trithianes, mass spectra of 308 

Trithiocarbonates, synthesis of 643 

Trithiolane, oxidation of 577 

Tritium exchange, in ethers and sulphides 

430-434 
Tritium fractionation 421 
Trityl alkyl ethers, pyrolytic cleavage of 511 
Trityl ethers, benzylic cleavage in 

fragmentations of 311 
Tropylium bromide, reaction with enol 

ethers 782 
Tropylium ions 311 
Ts—see Toluenesulphonyl 
Two-cycle mechanism, in para-Claisen 

rearrangement of allyl phenyl ethers 
414 
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Unsaturated alcohols, 

as dehydration products, 
of 1,3-diols 732-738, 740 
of higher diols 741, 745, 747, 749-751 

as precursors in cyclic ether synthesis 687 
as products in oxirane rearrangements 

630-635, 655 
in oxirane synthesis 613 
oxidation of 481 

B,y-Unsaturated alcohols, as products in 
oxetane isomerizations 696 

a,y-Unsaturated aldehydes, as precursors in 

silyl enol ether synthesis 803 
Unsaturated cyclic ethers, synthesis of 748 
Unsaturated ethers, 

aromatic, isotope effect study of gas-phase 
thermolysis of 412 

nonaromatic, mass spectra of 306 
a,B-Unsaturated ethers—see Enol ethers 
B,y-Unsaturated ethers, oxidative cleavage 

of a5 
Unsaturated ketones, as dehydration 

products of diols 752 
a,B-Unsaturated ketones 419 

as precursors in silyl enol ether synthesis 

803 
epoxidation of 614 

«,B-Unsaturated nitriles, epoxidation of 614 

a,B-Unsaturated oxiranes, reduction of 640 

Unsaturated sulphides, nonaromatic, mass 
spectra of 306 
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Uranium hexafluoride, reaction with ethers 
$11 

Uranyl crown ether complexes 123 
UV spectroscopy—see Absorption spectra, 

Valence shell ionization energies 317 
Valinomycin 69, 78 
Vanadium (V), in oxidation of alcohols 498 
Vanadium salts, as catalysts, in oxidation of 

sulphides by peroxy compounds 
544-546, 570, 577, 578, 585 

Van der Waals’ interactions, transannular, in 

crown ether complexes 198 
Van der Waals’ radii, in monosubstituted 

cyclohexanes 236 
Vicinal proton—proton coupling constants, 

relationship with dihedral angle 235, 
236 

Vilsmeier—Haack reagents 785 
Vinylacetylene sulphides, mass spectra of 

306 
Vinylallenes, peracid oxidation of 870 

4-Vinylbenzo-18-crown-6, synthesis of 24 
4-Vinyl-15-crown-S, synthesis of 24 
5-Vinyl-1,3-dioxolanes, rearrangement of 

691 
Vinyl ethers—see also Enol ethers 

cleavage of 528 
isotopic studies of, 

electrophilic addition of alcohol to 417 
hydrolysis of 415-417 

3-Vinyloxetane 642 
Vinyloxiranes, 

reaction with organometallic compounds 
650, 651 

rearrangement of 689 
stereospecific synthesis of 620 

Vitamin A, oxidation of 490 
Vitamin B,, *°S-labelled, synthesis of 401 

Wagner—Meerwein rearrangement 797 
Walden inversion 637 
Water, radiolysis of 947, 948, 977, 978 
Wheland model 358 
Williamson synthesis 4, 17, 428 
Wittig—Horner reaction 808 
Wittig rearrangement, of allyl and benzyl 

ethers 526, 527 

Xanthone(carbonyl-!8O), synthesis of 407 
Xanthurenic acid-methoxy-!4C, 8-methyl 

ether of, synthesis of 402 
Xenon trioxide, as oxidant for alkenes 619 
X-ray diffraction (XD) crystallography 176 
Xylenols, vaporization enthalpies for 363 
m-Xylyl crown ethers, synthesis of 6, 26 
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m-Xylylene dibromide, in crown ether Zeolites—see also Catalysts, zeolite 
synthesis 26 synthetic 630 

p-Xylylene dibromide, in crown ether Zinc—acetic acid, reduction of sulphides by 
synthesis 27 592 

Zinc—trimethylsilyl chloride, reduction of 
Ylids, formation in electroreduction of sulphides by 591, 592 

sulphonium salts 334, 335 \ Zwitterions, as intermediates in enol ether 
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mechanism of 703 787-791 
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