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Foreword 

In the first volume of “The Chemistry of Functional Groups”, which appeared in 
1964 (“The Chemistry of Alkenes”), t w o ,  chapters dealt with ketenes and 
cumulenes. In the fifteen years which passed since, the material published on these 
subjects grew so much that it fully justified the publication of a separate volume. 
The organization and presentation of this volume is in accordance with the general 
principles described in the “Preface to  the Series”, printed on the following pages. 

Some of the chapters planned for this volume did not materialize. These were 
“The Photochemistry of Ketenes and Cumulenes”, “Cycloadditions Involving 
Ketenes and Cumulenes” and “Rearrangements Involving Ketenes”. It is hoped to 
include these chapters in one of the supplementary volumes planned for the Series. 

Jerusalem, July 1979 SAUL PATAI 

V i i  



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 t h e  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-0-C group is involved, as well as with the effects of the 
C-0-C group on the reactions of alkyl or aryl groups connected t o  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 mat ter  is n o t  the  whole molecule, but the C-0-C 
functional group. 

A further restriction in the treatment of the various functional groups in these 
volumes is that  material included in easily and generally available secondary or  
tertiary sources, such as Chemical Reviews, Quarterly Reviews, Organic Reactions, 
various ‘Advances’ and ‘Progress’ series as  well as textbooks (i.e. in books which are 
usually found in t h e  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 nor t o  give a n  encyclopaedic 
coverage of his subject, but  to concentrete o n  the most important recent develop- 
ments and mainly on material that  has not  been adequately covered by reviews or 
other secondary sources by t h e  time of writing of the  chapter, and to address 
himself to  a reader who is assumed to be a t  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 a t  the same t ime 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. 

ix 



X Preface to  the Series 

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

(d) Chapters on the reactions, transformations and rearrangements which the  
functional group can undergo, either alone 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 Carbony1 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 t o  overcome this 
problem a t  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 ( t w o  volumes) 
The Chemistry of the Carbonyl Group ( t w o  volumes) 
The Chemistry of the Ether Linkage 
The Chemistry of the Amino Group 
The Chemistry of the Nitro and Nitroso Groups ( t w o  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 tlie Hydroxyl Group ( t w o  parts) 
The Chemistry of the Az ido  Group 
The Chemistry of Acyl  Halides 
The Chemistry of the Carbon-Halogen Bond ( t w o  parts) 
The Chemistry of Quinonoid Compounds ( t w o  parts) 
The Chemistry of tlie Thiol Group ( t w o  parts) 
The Chemistry of Amidines and Imidates 
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The Chemistry of the Hydrazo, Azo  and Azoxy Groups 
The Chemistry o f  Cyanates and their Thio Derivatives (two parts) 
The Chemistry o f  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) 
The Chemistry o f  the Carbon-Carbon Triple Bond (two parts) 
Supplement A :  The Chemistry o f  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) 

Titles in press: 

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

The Chemistry o f  the Sulphonium Group 
and their Sulphur Analogs 

Future volumes planned include: 

The Chemistry of  Organometallic Compounds 
The Chemistry o f  Sulphur-containing Compounds 
Supplement C: The Chemistry o f  Triple-bonded Functional Groups 
Supplement D:  The Chemistv of Halides and Pseudo-halides 
Supplement F: The Chemistry of Amines, Nitroso and Nitro Groups and their 

Derivatives 

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

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

The Hebrew University 
Jerusalem, ISRAEL SAUL PATAI 
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488 P. Brassard 

1. INTRODUCTION 

Although a small number of ketene acetals had been described earlier, no  general, 
and practical method of obtaining these compounds was devised until the extended 
investigation undertaken by S .  M. McElvain from 1935 onwards. Many of the 
properties and characteristic reactions of these substances were revealed during the 
30 years of this endeavour and since then, ketene acetals have attracted 
ever-widening attention. The literature on all aspects of the subject has been 
summarized in detail’ v 2  periodically while extensive reference to ketene acetals 
has been included in recent reviews of Claisen rearrangements3 and 0-silylated 
enolates4. 

The pronounced dipolar character of ketene acetals (1) confers on most mem- 
bers of this series not only great reactivity but extraordinary versatility. Therefore 
it is not surprising that initial results were sometimes obscured by the formation of 
complex reaction mixtures, the sensitivity of these reagents to minor changes in 
structure or experimental conditions and the uncertainty in  identifying certain 
products. 

+ 

c_ 

OR &OR 
CRlRz=C’ - ~ ~ 1 ~ 2 - c  

‘0 R ‘ 0  R 

Much of the early work has not been superseded and so, some fundamental 
behaviour of ketene acetals is presented very briefly in this chapter. The  develop- 
ment of newer types of reagents is emphasized and particular stress is placed on 
recent or useful solutions to  synthetic problems. On the other hand, kinetic studies 
and the formation of unusual structures are largely neglected. However particular 
types of derivatives of wide applicability such as tetraalkoxyethylenes, acylketene 
acetals, vinylketene acetals, etc., are discussed. 

II. PREPARATION OF KETENE ACETALS 

A. Ketene Dialkyl Acetals 

The original preparations published by McElvain and his coworkers are still valid 
today and references to general, individual and special procedures have been 
collected’ v 2 .  

One of the first practical methods of obtaining ketene acetals, and one of the 
most useful, consists in the elimination of hydrogen halide from an rx-halo acetal(2) 
in the presence of strong bases such as potassium t-butoxide’ J (equation 1). Few 
modifications, improvements or extensions have been suggested for this process, 
however, changes of solvent5 or of base6-’ have been proposed and a variation 
allowing the preparation of mixed acetals has also been deviseds-’ O .  

Elimination of vicinal halogen and alkoxyl functions from a-halogenated ortho- 
esters (3),  the Boord reaction, using metals such as sodium, magnesium or zinc has 
been shown to give good results particularly in the case of ketene dimethyl acetal 
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(11 
R' RZCX-CH(OR12 - B- R' RZC=C(OR)2 

( 2 )  

and is the most suitable procedure for preparing monoalkylketene acetals' i 2  

(equation 2 ) .  

(2 1 
R1CHX-C(OR)3 - M R'CH=C(OR)2 

(3) 

A third method, somewhat limited in scope, is based on the thermal elimination 
of alcohol from appropriate orthoesters (4). This reaction is subject t o  either acidic 
or basic catalysis and is often chosen for the preparation of dialkylketene acetals 
and when substituents capable of extending the conjugation of the system are 
present' 9 z  *' ' (equation 3). 

In a newer approach, some ketene acetals are obtained through substitution of 
1,l-dihalo- 1-alkenes by alkoxides. The procedure is simple, but remains in general 
restricted to  fluorine-containing compoundsZ z-l (equation 4), to conjugated 
substrates2 such as P,Pdichloroenones ( 5 )  (equation S) and to  particular 
reagents like P-alkoxy- and P-dialkylamino-alkoxides' 

5-1 ' 
(equation 6). 

NaOMe 
FCH=CC12 - CICH=C(OMe)2 (4) 

B. Ketene Alkyl Trialkylsilyl Acetals 

More recently, interest has extended to  the trialkylsilyl analogues of ketene 
acetals. These compounds in general are more readily accessible than the dialkyl 
derivatives and on  occasion show characteristic or unique behaviour. Th! first 
identified ketene alkyl trialkylsilyl acetal (7) was reported in 1959 as the product 
of the reaction of triethylsilane with an acrylic esterZo (6) (equation 7). This 
conversion was later found to be effectively catalysed by tris(tripheny1phosphine)- 
chlororhodiumZ . 

H2C=CHC02R + E t j S i H  - CH3CH=C' \ 
(7 ) OSiEt3 

(6 )  

Earlier, Hance and HauserZ2 had obtained sodium enolates of ethyl acetate and 
ethyl isobutyrate using sodium triphenylmethide and claimed that a subsequent 
reaction with trimethylchlorosilm yielded only the C-silylated product (8) 
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(equation 8). In contrast, the intramolecular alkylation of ester enolates to  ketene 
acetal has been reported2 (equation 9). 

1. Ph3CNa 

CH3C02Et 2. MegSiCl Me3SiCHzCOzEt 

RCHzC02CHzCH2Br 

Reexamination' of the reaction of trialkvlchlorosilane with enolates moduced 
by sodium bis(trimethylsily1)amide established that both C- and 0-silylaied prod- 
ucts are formed, albeit in low yield, and easily distinguished by their spectral 
properties. Simultaneously it was found that bis(carboxymethyl)mercury2 p 2  (9) 
or methyl (trialkylstannyl)acetates2 **' (10) react with triethyliodosilane and, 
depending on experimental conditions, selectively give either C- or 0-silylated 
derivatives (equation 10). Moreover the ketene acetal could be converted to  the 
ester by heating or by treatment with mercuric iodide. 

or 

Pr3SnCH2C02Me Et3SiCH2C02Me 

The same, groupz8 has tentatively assigned configurations to  the ketene alkyl 
trialkylsilyl acetals derived from certain substituted acetic esters. The E isomers 
(1 1) would be the kinetically controlled products which are then spontaneously or 
catalytically converted t o  the substanczs having the 2 configuration (12) (equation 
11). 

R OMe 

H ONa 

__L. 

\ /  

\ 
RCH2C02Me - /C=C 

R ,OMe R P S i M e 3  

H OSiMe3 H / \OMe 

- 'c=c \ c=c 
/ \  

(11) (12) 

Ketene alkyl trialkylsilyl acetals are currently prepared, in nearly quantitative 
yield, from trialkylchlorosilane and the appropriate alkali-metal ester enolate. The 
latter is obtained with strong bases such as lithium diisopropylamide2 or N-iso- 
propylcyclohexylamide30 p 3 1  . Lithium enolates are preferred for their greater stab- 
i l i t ~ ~ ~  while ketene acetals derived from t-butyldimethylchlorosilane are easier to 
isolate3 . With trimethylchlorosilane, in the absence of HMPA, mixtures are some- 
times formed; substitution on the alcohol portion was found to promote C-silyl- 
ation whereas branching in the a-position favours U-silylation3 The stereo 
chemical outcome of the reaction has also been found t o  be determined largely by 
the nature of the solvent used33. 

A convenient route for the preparation of disubstituted ketene alkyl trialkylsiiyl 
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acetals has been proposed by Ainsworth and coworkers2’J4. In this method, a 
reductive dealkoxycarbonylation of disubstituted malonic esters (13) is induced by 
metallic sodium in the presence of trimethylchlorosilane (equation 12). The mech- 
a n i ~ m ~ ~  of this reaction and stereochemical assignments3 have been discussed. An 
analogous treatment of ethyloxalate gave a mixture of the E and Z isomers of 
1,2diethoxy-l ,2-bis(trirnethyl~iloxy)ethylene~. U n s ~ i b s t i t u t e d ~ ~ * ~ ~  and mono- 
substituted3 s malonates give the normal products without decarboxylation. 

R’R2C(C02Me)2 + Na 
Me3SiCl - R ’  R2C=C(OMe)OSiMe3 (12) 

(13) 

The direct 0-silylation of a phenylacetic ester (14) by trimethylsilyl trifluoro- 
rnethane~ulphonate~’ (equation 13) as well as the concomitant alkylation and 
enolization of benzylidenecyanoacetates (1 5) by t-butyltrimethylsilylmercury38 
(equation 14) have recently been carried out.  These reactions have been applied in a 
limited number of cases and are of undetermined scope. 

ArCH2C02Et ArCH=CIOEt)OSiMej 

(141 

ArCH =C(CN)CO2 E t  

(151 

( 1  3) 

C. Ketene Bis(trialkylsily1) Acetals 

Ketene bis(trialkylsily1) acetals (16) first came to the attention of chemists a 
decade ago3 J 9 .  Since then the syntheses3 ,40,  thermal decomposition4 ,4 ‘ , 
rearrangement3 and other properties of these reactive species have been investi- 
gated extensively. They seein best prepared by either of two straightforward 
m e t h ~ d s ~ ~ - ~ O  involving the silylation of silyl ester enolates or  of carboxylic acid 
dienolates (equation 15). Lower members of the series also give appreciable 
amounts of the C-silylated product. 

R’ R2CHC02SiMe3 
1. (i-Pr)2NLi 

or 2. Me3SiCl * R’ R2C=C(OSiMe3)2 

R’ R’CHC02 H (16) 

D. Miscellaneous Ketene Acetals 

Tetraalkoxyethylenes (17), in view of their high electron density show unusual 
reactivity and have been studied in detail42. They are probably best prepared by 
the action of sodium hydride on dialkyl p-chlorophenylorthoformate4 but other 
methods are also available2. The acetal of dimethoxymethyleneketene, tetra- 
methoxyallene (18), has been obtained by treatment of 1 ,I-dibromotetrameth- 
oxycyclopropane by b ~ t y l l i t h i u m ~ ~  while the preparation and interesting appli- 
cations of (2,2-diethoxyvinylidene) triphenylphosphorane (1 9 )  have been investi- 
gated by Bestmann and collaborators4 ,4 6 .  Although 1 ,I-diacyloxyethylenes ( 2 0 )  
do not seem to  have been described, 1-alkoxyvinyl esters (21) have been synthe- 
sized, usually by the mercuric-ion catalysed addition of carboxylic acids t o  alkoxy- 
acetylenes4 ’. 
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OR MeO\ /OMe ,OEt 

OR Me0 ‘OMe ‘OEt 

,c=c=c Ar3P=C=C 
Ro, / 

/c=C 
\ 

RO 

117) (18) (19) 

P OCOR 
/ 

\OCOR 

HzC=C HzC=C 
OCOR 

\ 

(20) (21 1 

111. ELECTROPHI LIC ADDITIONS 

The electron-rich double bond of ketene acetals facililates 1,2-additions of a wide 
variety of reagents. In some cases the derivatives of orthoacetic acid thus formed 
are relatively stable but in others, particularly with reactions requiring higher 
temperatures, the initial products either eliminate alcohol, giving exchange pro- 
ducts, o r  break down t o  carboxylic esters, their analogues and t o  dimeric sub- 
stances. The additions are observed even with very weakly acidic compounds but  
are severely limited by the presence of electron-attracting groups on the ketene 
acetal. 

A. Reactions with Compounds Containing Labile Hydrogen 

Ammonia and amines react with ketene acetals and give rise to complex 
addition-elimination sequences2 . Although these compounds are nucleophilic, the 
observed reaction rates qualitatively fall in the order of their pKbs. Primary 
amine~48-5~ yield imino ethers (22) and with excess reagent, amidines (23) (equa- 
tion 16j. 

N H A r  

( 1  6)  
ArNH2 / OR ArNHp / 

R’ R ~ C = C ( O R ) ~  - R ’  R ~ C H - C  R’  R ~ C H - C  

%NAr ‘NAr 

Secondary amines on the other hand lead t o  ketene O,N-(24) and N,N-acetals 
( 2 5 ) ,  depending on the nature of the base and on reaction  condition^^^*^^,^^ 
(equations 17 and 18). Tertiary amines are usually unreactive. H y d r a ~ i n e s ~ ~ ,  
hydroxylamine~~ , amidines5 and 2-aminopyridine~~ (in the last case, with 
chloroketene acetals) give intermediate addition products with eventual ring-closure 
to heterocyclic derivatives. 

OR 

R’  R2C=C’ / (24) ‘NEtAr 

\CN-. , N a  

R ’  RZC=C 

R ’  R~C=C(OR) ,  

(1 7) 
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The addition of hydroxylated substances and their sulphur analogues to  ketene 
acetals has been extensively studied' t 2 .  In many instances acid catalysis has been 
shown to be operative5 6-5 g .  Thus water, primary and secondary alcohois2 
hydroperoxides6 2 ,  mercap tans6 l 6  3 ,  enols4 phenols6 4 ,  oximes6 s, . and carbl 
oxylic66 , s ~ l p h o n i c ~ ~  and hydroxamic68 acids, etc. readily give derivatives of 
orthoacids. With the exception of orthoesters (26), primary products or inter- 
mediates usually react further and give carboxylic esters, dimers or polymers 
(equations 19-22). 

8960 16 1 

R'R2CHC02R + ROH (20) 

R'R2CHC02R + ArOR (21 I 

R' RZC=C(OR12 

\ R 3 C 0 2 H c  
R'R2CHC02R + R3C02R (22)  

When phenolsa, carboxylic66 and various phosphorus69 acids react with unsub- 
stituted ketene acetals dimeric substances are obtained. Hydrogen cyanide and 
hydrogen halides behave in much the same way, a-alkoxycrotonic esters (27) being 
the principal products isolated from reactions with simple ketene a c e t a l ~ ' ~ ~ - ~ ~  
(equation 23). 

2H2C=C(OR)2 --!%- CH3C(OR)=CHC02R + ROH + RX (231 

(271 

Finally there seem to  be few examples of condensations resulting from the 
addition of ketene acetals to compounds containing active methylene 
groups42 1 4 8  ,71-73 .  Nevertheless, the reaction shows considerable potential in vari- 
ous synthetic approaches (equations 24-27). 
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B. Halogenation 

The addition of halogens and other halogenating agents t o  various ketene acetals 
has been studied in detail. Under carefully controlled conditions, bromine yields 
mainly the a-bromo ester74 , 75  (28)  (equation 28). Similar results are obtained by 
the use of N-ha losuc~ in imides~~ .  In the presence of an excess of the ketene acetal, 
dimeric substances such as 29 become the principal products70 (equation 29). An 
analagous reaction starting with tetramethoxyethylene gave a mixture of dimethyl 
oxalate (30) and dimethyl te t ramethoxy~uccinate~ (3 1) (equation 30). 

MeCH=C(OR)2 + 12 - MeCHIC(OR)2CHMeC02R (29) 

(29) 

Recently this reaction has been extended to ketene alkyl trialkylsilyl and 
bis(trialkylsily1) a c e t a l ~ ~ ~  . The method gives excellent yields and provides con- 
venient access to a-halogenated lactones (32), esters (33) and acids (34) (equations 
31 and 32). 

H O  
(32) 

Br2 ArCH=C(OSiR3)2 - ArCHBrCOzSiR3 2 ArCHBrC02H 

(33) (34) 

Other halogenating reagents such as cyanogen halides70 and nitrosyl chloride7 
give straightforward 1,2-addition products (35) (equation 33) with ketene dialkyl 
acetals. In the latter case, the nitroso compounds rearrange to the oximes (36) 
(equation 34) while reactions carried out with 0-silylated substrates yield the 
corresponding oximino estersso (37) (equations 35). 

/ O  

‘CN 

R’CH=C(OR);! + BrCN - R’CHBrC-OR 

(35) 

/O 

‘CI 
H~C=C(OR)Z  + NOCl HON=CH-C-OR 

(36) 

(33) 

(34) 
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.O R 
/ + NOCI - R ~ C ( = N O H ) C O ~ R  

R ~ C H = C  
\ 

(37) 
OSiR: 
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(35) 

C. Oxidation 

Ketene acetals like other electron-rich substances are particularly prone t o  attack 
by various oxidizing agents. Autoxidation of simple substrates generally leads to 
fragmentation with the formation of carbonates (38), the corresponding carbonyl 
compounds (39) and dimers (40) or po ly rne r~ ‘~  (equation 36). Tetramethoxyethy- 
lene reacts somewhat differently giving as principal product methyl triniethoxyace- 
tatesl (41) (equation 37). A rearranged product (42)is also observed in quantitative 
yield when a ketene bis(trialkylsily1) acetal combines with singlet oxygens2 
(equation 38). 

(36) 
0 2  

ArCH=C(OR)Z - CO(0R)z + ArCHO + Ar-CH-C02R 

(38) (39) Ar-CH-COZR 
I 

(40) 

(42 1 

The formation of an epoxide has been suggested in one of the pathways taken 
during the autoxidation of tetramethoxyethylenes . A more practical route to  
epoxides” (43) and thence to  a-hydroxy acids (44) has been proposed and applies 
the use of m-chloroperbenzoic acid to ketene bis(trialkylsily1) acetals (equation 39). 

1 2 lo\ R1RZC=C(OSiR3)2 - R R C-C(OSiR3)Z - R’RZC(OH)C0zH (39) 

(43) (44) 

Ozone seems to  induce the normal fragmentation process with ketene dialkyl 
acetalss4 (equation 40). However tetramethoxyethyleneS and ketene alkyl tri- 
alkylsilyl acetalsS5 give in part products resulting formally from migration of an 
alkyl (equation 37) or  trialkylsilyl (equation 41) group to  oxygen in the a-position. 

0 

,OMe 
R’ CH=C, R’CHO + R’FHCOZMe 

‘05 R3 I 
OSiR3 
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D. Reactions with Carbenes 

Many types of ketene acetals have been found to react smoothly with various 
carbenes. Usually the expected cyclopropane (45) can be isolated when carbene, 
dichloro- or phenylchloro-carbenes are used’ p 8  6-8 (equation 42). 

(42) 
1 2 /T2 

R’R2C=C(OR)2 + :CH2 - R R C-C(OR)2 

(45) 

With dibromo-, carbethoxy- and occasionally phenylchloro-carbenes the initial 
products break down more or less readily to  the corresponding acrylic 
esters44 9 7 5  i86 (46) (equation 43) or t o  ketene a c e t a l ~ ’ ~  (47) (equation 44). More 
recently, dichlorocarbene generated from bromodichloromethylphenylmercury has 
led t o  the advantageous syntheses of a-chloroacrylic esters8g-90 (48) (equation 45). 

H2C=C(OR)2 + : C B q  - H2C=CBrCO2R 

(46) 

(43) 

E. Condensations with Reactive Halides 

Reactive aliphatic halogen compounds have been known for some time to  give 
definitive products with ketene acetals (equation 46). The reactions occur at  high 
temperatures with ally166 $ I 6 ,  b e n ~ y l ~ ~  v 9  . benzhydrylg and m e t h ~ x y m e t h y l ~  
halides and therefore probably proceed through the intermediate carbonium ions. 
Yields have been improved on occasion by catalysing the substitution with the 
weaker Lewis acidsg2 ,94 l g 5  (equations 46 and 47). 

R’R2C=C(OR)2 + ArCHPBr - ArCH2CR’ R2C02R + RBr (46) 

,O E t ArCH2, ,C02Et 

ArCH2C(CN)=C + H2C=CH-CH2Br - C (47) 

(49) or 4,6-dichloro-5-nitro- 
pyrimidineg7, and organophosphorus halidesg8 probably react by an addition- 
elimination process and, depending o n  the nature of the substrate, give either 
substituted ketene acetals or esters (equations 48  and 49). 

H2 c =c H c H: ‘CN 
\ 

OSnR3 

Heterocyclic halides such as cyanuric chlorideg 

CH=C(OR);, 
I 
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EtOCOCH=C + R’ R’PCl - R’  R2PCH(C02Et)2 (49) 

,OEt 

‘OSiRJ 

F. Reactions with Various Cations 

Benzenediazonium salts have been shown to  give various types of products with 
ketene acetals. In the case of te t rameth~xyethylene~ 9 ,  a simple coupling reaction 
occurs but with dialkyl acetals 1 :2- (pyridazones) (50) and 2: 1-addition products 
(51) are isolated from reactions conducted in the absence of solventloo (equation 
50). 

I 
ArN =N 

I 

The triphenylcyclopropenylium ion ( 5 2 )  reacts analogously with tetramethoxy- 
ethyleneg9 (equation 51) and mercuric salts with ketene dialkyl acetals provide 
several types of metalated esters under carefully controlled conditions’ . 

IV. REACTIONS WITH CARBONYL COMPOUNDS 
AND THEIR SULPHUR ANALOGUES 

A. Additions to Aldehydes and Ketones 

At elevated temperatures, formaldehyde is converted to glyoxal in the presence 
of ketene acetalslo2. However its higher homologues tend t o  condense with these 
reagents and give low yields of a,@-unsaturated estersa4 1 ’  O 2  (53) (equation 52). 
Cyclic intermediates have been proposed for this reaction but convincing evidence 
of their existence has only recently been produced’ 03. Ketones and aromatic 
aldehydes in general do not give definite products under these conditions, however 
exceptions (54) to  this rule are known’03*104 (equation 53). 
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RO, ,OR 

R 

According to a similar procedure105 P-hydroxy esters (55) can be obtained 
systematically by the use of ketene slkyl trialkylsilyl acetals. Thus the elimination 
step can be avoided but only aromatic aldehydes have been found to give the 
desired products (equation 54).  Recently, this process has been reinvestigated using 
Tic14 as catalyst’ 0 6 .  It was found that a variety of aldehydes and ketones react 
smoothly even with mono- and di-substituted ketene alkyl trialkylsilyl acetals and 
usually give high yields of the corresponding P-hydroxy esters without dehydration 
and along with small amounts of the trialkylsilyl esters. 

OR 

\OSi RA 

ArCHO + R2R3C=C’ - ArCH(0H) -CR2R3C02R 

(55) 

(54) 

An analogous result was obtained by replacing the  carbonyl compound by its 
acetallo6. In this way, P-alkoxy esters ( 5 6 )  were formed in high yield and at low 
temperature (equation 55).  Even orthoesters are reactive under these conditions 
and lead to convenient preparations of 3,3-dialkoxy esters (57) (equation 56).  

OR 
R ~ R ~ C = C ’  + R5R6C(OR4)2 - TiCh R5R6C-CR2R3C02R 

\ I 
OSiRi  OR^ 

(55) 

+ CH(OMe)3 - CH(OMe)2--CHC02R (56) 
/O  

ArCH=C 
I 

(57) 

‘OSiR: CH2Ar 

Although acyclic a,p-unsaturated ketones generally give cycloaddition products 
with ketene acetals, the catalysed reaction takes a different course and gives 
Michael-type condensations. The procedure recommends the use of TiC14 or 
TiCI4 - Ti(O-i-Pr)4, for sensitive subtrates, and affords a simple synthesis of 6-keto 
esterslo7 (58) .  As in the preceding case, the method can also be applied to  the 
corresponding acetals (equation 57). 

OR 

R ~ R ~ C = C /  + R4R5C=CR6COR7 - R7COCHR6CR4R5CR2R3C02R (57) 
‘OSiR: 

(58) 
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B. Additions to Cyclic Enedionas 

Reactions between ketene acetals and cyclic enediones usually occur through 
complex and competing processes, but nevertheless have provided access to  a 
number of useful products or intermediates which are difficult to  obtain by other 
means. With nonenolizable substrates such as maleic anhydrides, two equivalents of 
the ketene acetal are required and either phthalic anhydrideslo8 ( 5 9 )  or the 
dihydro derivatives' O 9  (60) can be obtained (equations 5 8  and 59). 

Reactions with quinones are complicated by the fact that at least three distinct 
pathways have been identified. The nature of the favoured product depends largely 
on the structure of the substrate and also, to  a certain extent, on experimental 
conditions. The most straightforward process, a simple [ 2  + 21 cycloaddition, 
seems to  have been observed only once, in the case of a fairly unreactive naphtho- 
quinone' l (61) (equation 60) .  

Me 

CI 0 

(60) 

(61 1 

Dihydrobenzofurans' (62) and benzofuransl (63) are the usual products 
encountered with the use of benzoquinones, and probably arise through the 
facile enolization and cyclization of intermediate zwitterions (equation 6 1). 
The formation of substituted naphthoquinones 64 and 65 can be promoted, 
however, by conducting the reaction in a dipolar aprotic solvent such as dimethyl- 
sulphoxide'" v 1 1 3 p *  l 4  (equation 62) or by adding acetic acid to  the reaction 
mixture' (equation 6 3 ) .  Earlier, poor yields of naphthoquinones had been 
obtained by the condensation of ketene acetals with benzoquinone dihalides' 6 .  
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Although 1,4-naphthoquinone with ketene acetals gives only a small amount of 
the corresponding naphthofuran, the halogenated derivatives (in the 2- and 3-posi- 
tions) as well as Juglones (5-hydroxynaphthoquinones) readily form 1,3-dialkoxy- 
anthraquinonesl (66)  (equation 64). I t  would seem that the decreased ease of 
aromatization in this system as well as the stabilization of the keto form through 
hydrogen bonding favour reaction of the zwitterion with a second molecule of 
ketene acetal. 

(661 

The initial attack was first thought to occur on the halogen-bearing carbon, but 
subsequent investigation established that the reaction proceeds with complete 
regiospecificity on the adjacent unsubstituted position' Thus 2-chloro-6-methyl- 
naphthazarin ( 6 7 )  gives only catenarin diethyl ether ( 6 8 )  (equation 65) while a 
derivative of isocatenarin is the sole product formed from the 2,7-isomer. Analo- 
gous results were observed using 2- and 3-bromojuglones' '. 

OH 0 OH 0 @$ ' H2C=C(OEtI2-  \ / (65) 
Me OEt 

\ 
Me 

OH 0 OH 0 

With completely substituted enediones such as 2,3dibromonaphthoquinone~ I 2 

( 69 )  (equation 6 6 )  or 3-bromo-4-phenylcyclobutene-1 ,2-dione1 ' (70) (equation 
67), elimination of halogen halide prevents the usual sequence of transformations 
and gives the corresponding acetate or substituted ketene acetals. 
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(691 

(701 

C. Reactions with Acid Chlorides, Esters and Lactones 

In the absence of tertiary amines, carboxylic acid chlorides react with ketene 
acetals and sometimes produce good yields of useful synthetic intermediates. 
Unfortunately the process is complicated by the hydrogen halide given off during 
the reaction and important amounts of secondary products usually accompany the 
required substances. (Methods involving bases probably proceed at least in part 
through the corresponding keteries and are discussed along with other cyclo- 
additions.) 

Unrestrained reactions between ketene dialkyl acetals and acid halides yield 
mainly P-acylacetates (71) or  the corresponding enol esters66 (72) (equation 6 8 ) .  
The alcohols and hydrogen halide given off also react further with the starting 
material and produce very complex reaction mixtures. 

HzC=C(ORIz + R'COCI - R1COCH2C02R - 
(71 I 

R ' C = C H C O ~ R  + R ' C = C H C O ~ R  + RCI + ROH (681 
I 
OR 

I 
OCOR' 

(721 

At lower temperatures, acylketene acetals (73) become the principal prod- 
u c t ~ ~ '  a result which is also favoured by the use of a large excess of the ketene 
aceta19 i1 . Dibasic acid halidesg and chloroformates' give analogous 
reactions while succinoyl chloride behaves abnormally giving y4carbalkoxymethyl- 
ene)butyrolactoneY1 (74). 

n 
RCOCH=C(OR)2 

(731 
ROCOCH 

(741 

In contrast, few examples of this type of reaction as applied to  mixed acetals 
Seem to  have been described. The trialkylstannyl derivatives of malonic ester 
enolates (75)  give good yields of a roylmalonate~~ (76) (equation 69). Similar 
results have also been obtained using the trialkylsilyl analogues3 but extension of 
this process to simple members of this series gives variable yields of acylace- 
tates' 2 2  , 1 2 3  (71). 



502 P. Brassard 

,OEt ArCOCl R< 
R’C=C, ,C(C02 Et)Z 

1 OSnR3 A r c 0  
C02Et  

(69) 

(75) (76) 

Truce and coworkers have undertaken an extensive study of the  reaction of 
ketene acetals with alkanesulphonyl chlorides, mainly in the presence of tertiary 
amines. However, in the absence of such bases, unusual cyclic 2:  1-addition products 
(77) have been shown to arise124 (equation 70). 

2 HzC=C(OR)2 + CH3S02CI - Rox70R (70) 

0 2  

(77) 

Among esters, only sulphates and 1-alkoxyvinyl carboxylates seem t o  give defini- 
tive products with ketene acetals. Inoa unique case, diethyl sulphate reacted with 
propylketene dimethyl acetal at 145 C and gave a 65% yield of the  unexpected 
2-methylpentanoate l Z 5  (78) (equation 71). The process is obscure and probably 
deserves to  be better understood. Alkoxyvinyl carboxylates (21) on the other hand, 
through heating o r  treatment with zinc chloridelZ6 are converted by inter- 
molecular acylation to  enol derivatives of substituted b x o b u t y r a t e s  ( 7 9 )  (equation 
72). An analogous intramolecular process is also known127. 

PrCH=C(OMe)2 + (Et0)2S02 - PrCHMeC02Me (71) 

(78) 

A 
or ZnClz 

‘OCO R 1  OCOR’ 

(21) (79) 

- R’C=CHCO~R 
,OR 

l 
2 H2C=C (72) 

Finally, as in the preceding case, the behaviour of ketene acetals towards reactive 
lactones appears to have been little investigated. Diketene ( 8 0 )  has given rise t o  a 
number of 2,2-dialkoxy-2,3-dihydro-6-methyl-4-pyrones (81 ) and to  the cor- 
responding 2 - a l k o x y 4 - p y r o n e ~ ~ ~ ~  (82). The method also provides a convenient 
route to some pyridine derivatives (83) (equation 73). 

0 

R’CH=C(OR)2 + cH2b - A Z R  - 
0 CH3 0 OR 
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V. CYCLOADDITIONS 

A. Thermal 12 + 21 Cycloadditions 

Thermal reactions bet ween ketene acetals and isolated double bonds are a t  least 
formally [ 2  + 21 cycloadditions and have been shown to occur with a wide variety 
of substrates. Considerable controversy has arisen over the mechanisms of these 
processes, but it now seems likely that most, if not all, involve zwitterion inter- 
mediates' . 

1. Additions to Olefins and Acetylenes 

Ketene dialkyl acetals react with alkenes bearing electron-attracting groups and 
eventually give cyclobutanone acetals. Thus acrylic esters' 30 3' ' fumarates' 30 
(83), di- and tetra-cyanothylenes' 2 g 1  33 bu t  not a,punsaturated aldehydes and 
ketones' 0 2 ,  are converted in this way t o  the cyclic compounds, often with a high 
degree of stereospecificity (equation 74). 

Electron-rich ketene acetals such as tetramethoxyethylene also give cyclo- 
butanes' 32 33 under these circumstances, although the reactions are slow with 
substrates carrying only one electron-attracting group' 33. Nevertheless [ 2  f 21 
cycloadditions remain the preferred processes even in the case of 1,l  -dicyanobuta- 
dienes ( 8 5 )  and of related substances' 3 4  (equation 75). Cyclobutanes ( 8 6 )  derived 
from tetraalkoxyethylenes and substituted acrylonitriles have also been converted 
to otherwise difficultly accessible compounds such as cyanocyclobutenedi- 
ones' 3 4  i1 ( 8 7 )  cyanotetraalkoxybutadienes' (88) ,  and the acetals y-cyano- 
a-oxobutanoates' 37 ( 8 9 )  (equation 76). 

NC OR 

(75) 
IRO),C=C(OR), 

R'CH=CH-CH=C(CN)~ 

R'CH=CH OR 185) 

R'  

X NC El 
NC OR .#:: (86)  \ (87)  
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Ketene acetals are also known t o  add to reactive acetylenes in a 1: 1 ratio and to  
form cyclobutene derivatives (90) .  Usually the latter are no t  isolated but upon 
additional heating, undergo electrocyclic ring-opening t o  the corresponding 1 , l -  
dialkoxybutadiene' 5 * 1 3 2 * 1  3 8 7 1 3 9  (91) (equation 77). In the absence of solvent 
and a t  higher temperatures, acetylene dicarboxylates react with excess ketene 
acetal t o  form substituted phthalic esters' O Y  (92) (equation 78).  Under comparable 
conditions, the acetylenic monocarboxylic esters and ketones give only 1 : 1 ad- 
dition products. 

2 Additions to Ketenes 

Ketenes, either preformed or produced in situ from acid chlorides and tertiary 
amines, react smoothly with ketene acetals and the diversity of products observed 
seems largely attributable to  the nature and extent of substitution on the reactants, 
but mainly on the acetals. The initial product is probFbly a zwitterion ( 9 3 )  which 
then gives either a cyclobutanone (94), particularly with the use of disubstituted 
ketene acetals or in other cases1 8 * 1 4 0 - 1 4 4  (equation 79) by prototropy acyl- 
ketene acetals ( 9 5 ) .  

R'  R2C=C(OR)2 + R3R4C=C0 - R3R4C-COCR' R2b(OR)2 

R O g -  R3 

R 4  

(94) 

R3R4CHCOCR' = C I O R ) 2  

(95) 

(79) 

It has been suggested as well that acylketene acetals arise by the isomerization of 
initially formed cyclobutanones or oxetanes' 32 t 1  6 .  Indeed two products (96 
and 97) were isolated after the reaction of ketene with a chloroketene acetal and 
their formation was ascribed to  the electrocyclic ring-opening of intermediate 
enols' (equation 80).  



14. Ketene 0,O-acetals 505 

- CICH2COCH=C(ORI2 
RO 

I 
RO 

CICH=C(OR 12 H ~ C = C O _  H V <  

RO 

RO 

RO - 
RO 

(971 

(80) 

Ketene alkyl trialkylsilyl acetals in general are thermally unstable. Attempts to 
purify these substances result in their conversion to  ketenes and this procedure 
sometimes provides an excellent means of preparing some members of the series 
such as d i ~ h e n y l k e t e n e ~ ~  . Most pyrolytic products, however, react with excess 
starting material and give only the unconjugated silyl enol ether of the poxobuty- 
rates 9826 *29 (equation 81). This reaction has been studied extensively using 
preprepared ketenes' '. 

OR 
/ 

(98) 

Ketene bis(trialkylsily1) acetals give analogous results although less effectively4 O ,  

They also occur as intermediates in a recent method prescribed for the preparation 
of k e t e n e ~ ' ~ ~ .  The ketene acetals are formed by thermal decarboxylation of 
trialkylsilyl gemdiesters ( 9 9 )  and do  not interfere with the end-product (equation 
82). 

R'  RZC(C02SiR3)2 -A R '  R2C=C(OSiR3)2 - R'  R2C=C0 (82)  

199) 

When ketene alkyl trialkylsilyl acetals react with ketenes formed in situ from 
acid chlorides in the presence of tertiary amines, the results are less sharply defined 
and both isomeric silylated enol esters are obtained' 4 9 .  It has been postulated that  
the a,p-unsaturated compounds 101 derive from the acylammonium 
(equation 83). 

/OEt 
H2C=C 

NEt \OSiR3 
R'CH2COCI 2 R'CHzCOkEt3CI  R1  CH2--C=CHCOzEt 

I 

(101) 

(100) OSiR3 

p E t 

bsi., 
H2C=C 

E t 3 i H k I  + R'CH=CO R 1  CH=C-CHZCOzEt 
I 
OSiR3 

salt 100 

(83) 

B 
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3. Formation of Four-membered Heterocycles 

Under the conditions that convert carboxylic acid halides to ketenes, alkanesul- 
phony1 chlorides have also been shown to yield the corresponding sulphenes. The 
latter react with ketene acetals in much the same way as the previously described 
ketenes and in the case of simple substrates form the expected thietane dioxides' 
(102); even vinylsulphenes give four-membered heterocycles' ' (R' = -CH=CH2) 
(equation 84). This process has been studied in detail'50-'52 and was later 
extended to the preparation of spiro compounds' (103). 

(103) 

Numerous other thermal cycloadditions to ketene acetals giving four-membered 
heterocycles have been recorded. The following are but  a few examples of such 
procedures which allow the conversion of dialkyl azodicarboxylates (104) to 
diazetidines' 3 2  (105), of nitrosobenzene (106) t o  oxazetidines' 3 2  (107), of N- 
phenylbis(trifluoromethy1)ketene imine (108) to azetidines' 5 4  (109), of phenyl 
isocyanate (110) and phenyl isothiocyanate to azetidones' 3 2 ~ 1  5 5 * 1 5 6  (111) or 
their sulphur analogues (equation 8 5 ) .  The initial products or intermediates are 
sometimes unstable and lead to open-chain compounds and six-membered hetero- 
cycles. 
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6. Photochemical 12 + 21 Cycloadditionr 

The Woodward-Hoffmann rules predict a facile [ 2 + 21 cycloaddition of ketene 
acetals to double bonds by photochemical means. In practice a large number of 
such processes have been successfully carried out with a great variety of substrates. 
These types of reactions have been shown to occur smoothly with cyclopente- 
nones791571158 (1 12), cyclohexenones 79159-161 (113), coumarin162 (114), 
chromone' b y  (1 15), benzalacetones' * (1 16), vinylidene carbonates' 6 4  (1 17), as 
well as with compounds containing carbon-oxygen' 6 5  double bonds, such as 
acetone (1 18) and carbon-nitrogen' 6 6  *' double bonds, such as 3-alkoxyiso- 
indolone (119). As predicted in theory, the additions proceed with an orientation 
inverse to that observed in polar reactions (equation 86). 

0 

By subsequent transformation of such adducts, unlimited uses can be envisaged 
and some practical applications have already been proposed. For instance cycload- 
dition to  1-acetoxycyclohexen-3-one (120) followed by elimination and conrotary 
opening gives a reactive substituted dialkoxydiene' (121) (equation 87). Con- 
jugated enones such as isophorone' (122) can be a-carboalkoxymethylated 
to  123 (equation 88) while the photoannulation products of p h e n y l o x a z ~ l i n o n e s ~ ~ ~  
(1 24) and a.lkoxyisoindoloneslM (1 19) have been hydrolysed to P-aminopropio- 
phenones (125) (equation 89) and to azepine derivatives (126) (equation 90) 
respectively. 
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(119) (126) 

C. 1,3--Dipolar Cycloadditions 

Most of the usual 1,3-dipolar reagents readily give cycloaddition products with 
ketene acetals. The expected five-membered heterocycles are obtained; thus 
nitrilimines (127) are converted t o  pyrazoles' 6 9  (128), nitriloxides (129) and 
nitrones to isoxazolines' 7 0  (130) or isoxazolidines' l ,  azides (131) t o  triazoles' 7 2  

(132) and diazo ketones (133) to dihydro furans' 73 (134) (equation 91). 

Ar 

(132) (130) 

Some annulation products are unstable and either isomerize or  break down. 
Azides in particular seem to form various triazolines' 7 4  initially, but subsequent 
transformations have been shown t o  be quite complex. The processes involved have 
been studied in detail with phenyl azide, sulphonyl azides, acyl azides, azidoform- 
ates, etc.' 71-1 7 6 .  Electron-rich ketene acetals such as tetraalkoxyethylenes prob- 
ably form cycloadducts but these are extremely unstable. Dialkylimidocarbonates 
(136) are the only products isolated from reactions with sulphonyl azides' (135) 
(equation 92). 
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ArS02 -N=C(OR), (92) ArSOzN3 + (R012C=C(OR), - 
(135) (136) 

D. Diels-Alder Reactions 

[4 + 21 Cycloadditions envisaged with the use of ketene acetals require inverse 
electron demand in order to be successful. Therefore six-membered carbocyclic 
products are rarely encountered and seem to  have been observed only in reactions 
with particular substrates such as isoquinolinium salts and 4a-azoniaanthra- 
cenes178 9'" (137) (equation 93). The adducts can be converted to  a number of 
useful substances, including substituted P-naphthols (138) and phenanthrolsl 8 0 .  

ROVOR 

(137) +N( 7 

On the other hand, reactions with a$-unsaturated aldehydes, ketones, and 
occasionally esters, are frequently recorded. At first the products were assumed to 
be cyclobutanone acetals, a view which was later corrected102, but the process is 
still sometimes reviewed in the original lightZ . In fact, acroleina4 (139), 
benzylidene acetone' O 2  (140), a-cyano-a,P-unsaturated ketonesI8l (141), CY- 
methylenecyclohexanones182 (142). a-ketoketenesla3 (143). anhvdrochloral- 
urethanes (144) and -acetamides'@, etc., all 
a-pyrones (equation 94). 

CClJ 

RO 
OR 

yield the -acetals of 3,4-dihydro- 

OR 

ArCH=CHCOMe - L J  R '  R ~ C = C ( O R ) ~  
(143) (140) O R  

Me OR 

(941 
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In most cases the resulting dihydropyrans have served as intermediates for the 
subsequent synthesis of numerous required products. For example, acid hydrolysis 
gives the corresponding 6 - 0 ~ 0  acidss4 (145) and treatment with Grignard reagents 
affords the substituted 6 -carbonylacetals ’ (146) (equation 95) while the adducts 
(147) obtained from N-(2,2,2-trichloroethylidene)alkoxycarbonyl-amines or  -aceta- 
mides can be converted to substituted p-amino acid derivatives’ 84 (148) (equation 
96). 

H O+ 
R’ CO(CH2)3C(OR)2R2 - OR 3 R1CO(CH2)3COOH (95) 

(146) OR (1451 

OR - R1CONHCHiCC13)CH2CO2R 

R’ OR (148) 

(147) 

Cycloadditions between chloroketene acetals and enals or  enones have also been 
carried out. Nonstereoselective products (149 and 151) were obtained and trans- 
formed directly into a-pyrones (150 and 152) by the action of strong bases in 
dipolar aprotic solvents’ 8 6  9 ’  8 7  (equations 97 and 98). Enones substituted in the 
@-position by good leaving groups gave a-pyrones (1 53) simply by heating in the 
presence of ketene dimethyl acetal’ (equation 99). Somewhat similar syntheses 
of a-pyrones have been carried out using tetraalkoxyethylenes’ . 

R’ R’ R‘ 

CICH=C(OMel2 

OMe R3 

R’ iCH3 CICH=C(OMel2 R’ &:Me - RIAo (98) 

OMe 
(151) (152) 

OCOMe 
I 

(1 53) 

Acylketene acetals (1 54) have been used only on rare occasions as heterodienes 
in the Diels-Alder reaction. In one such case, a monosubstituted ketene acetal was 
shown to react with excess diphenylketene through the acylketene acetal 154 and 
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to yield a pyronone 4-acetal' 4 1  (155) (equation 100). An analogous reaction has 
been described between a benzoylketene acetal (1 56) and a s ~ l p h e n e ~ ~ '  (equation 
101). 

f o R  
+ ArCH=S02 - 

Ar Ar 

(156) 

(101) 

Finally cycloadditions accompanied by retrograde Diels-Alder processes appear 
to be the rule in certain heterocyclic systems. This has been studied particularly 
with triazines' (157) and tetrazines' When the substrates were unsymmetric- 
ally substituted, the reaction was shown not t o  be regiospecific and to give mixtures 
of products (equation 102). 

VI. CLAISEN REARRANGEMENTS 

The thermal isomerization of allyl phenyl ethers, the Claisen rearrangement, has 
been minutely investigated over the past sixty-five years. A closely related process 
involving vinyl benzyl ethers was observed in this field when an attempt was made 
to prepare ketene dibenzyl a ~ e t a l ~ ~  (1 58) (equation 103). 

,OCH2Ar 

'0 C H 2 Ar 

H2C=C 

CH2C02 CH2 Ar 

(1 58) 

Another modification of the original reaction using allyl vinyl ethers, although 
long known, has been found only recently to be of considerable practical useful- 
ness4. In particular allyl alcohols (159) can be transesterified with acid catalysis to 
the corresponding mixed orthoesters (160). These readily eliminate a molecule of 
alcohol giving ketene acetals (161), which then isomerize to the y,&unsaturated 
esterslag (162) (equation 104). 
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H2C=CR’ CHR20H + I ~ H ~ C ( O E ~ ) ~  H2C=CR1 CHR20C(OEt)2CH3 - 
(159) (160) ( 104) 

HpC=CR’ CHR20C=CH2 - CHR2=CR1 CH2CH2C02Et 
I 

OEt 
(161) 

Other variations of the basic principle use propargyl alcohols (163). In the 
presence of an acetamide acetal, the latter provide y-0x0 esters (165) through the 
ketene a-aminoallyl ethyl acetal’ ’ (164). When transesterification is camed out 
with orthoacetates, the intermediate (166) leads t o  a p-allenic esterI9* (167) 
(equation 105). 

R3CSEC-CR’ R 2 0 H  

CH3C(OEt12NMe2 / (163) 

R3- C-C-CR’ R20-C=CH2 
1 

R3CH=C-CR1 R20C=CH2 

OEt 
I 
OEt 

I 
NMe2 

(164) (166) (105) 

R 1  R2CHCOCH R3CH2C02 E t  R’ R2C=C=CR3 CH2C02Et 

(1 65) (167) 

Ingenious structural alterations of the substrates have been proposed and have 
provided advantageous procedures. Thus p-allenic alcohols ( 168) give nonconju- 
gated dienic esters’ (169) (equation 106); diallylic (170) and dipropargylic diols 
(172) can be converted to y,6-194 (171) (equation 107) and a,p:y,a-unsaturated 
butyrolactones’ (173) (equation 108) while somewhat analogous results with 
good stereochemical control are obtained by the use of lactone acetals 1 9 6  (174) 
(equation 109). 

C H 3 C ( O E t l 3  
R4R5C=C=CR3CR’ R 2 0 H  R’ R2C=CR3-CCH2C02Et (106) 

I I  
CR4R5 

(168) (169) 

(170) 

(108) do Ar Me 

CH3C(OEt)3 HO-CAr2CZCCMe20H 
\ 

Ar 

(172) (173) 
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oMe + c>;..t - A r C H z O - o Z Q  - (109) 

0 

(174) 

OEt 0 
ArCH20' 

OH 

Finally, ally1 esters (175) have been converted through the enolate ions to  the 
ketene ally1 trialkylsilyl acetals (176). The latter rearrange at  much lower temper- 
atures than analogous compounds and give directly the y,&unsaturated 
acids38*197v198 (177) (equation 110). 

R' R2CHC02CH2CH=CHR3 - R '  R2C=C-OCH2CH=CHR3 - 
I 
OSi R3 

(110) 
(175) (176) 

H2C=CHCHR3CR' R'COOH 

(177) 

VII. BISKETENE AND VINYLKETENE ACETALS 

Recently highly conjugated acetals of bisketene and vinylketene have been the 
object of considerable attention with respect both to preparative methods and to  
practical applications. When available these compounds show great potential as 
synthons, allying as they do the high reactivity of ketene acetals and the versatility 
of dienes. 

Several derivatives of bisketene are known and have been prepared by the 
ring-opening of c y c l ~ b u t e n e s ~ ~ ~ ' ~ ~  for compounds 88 and 179, the silylation of 
the appropriate di- or tetra-carboxylic esters with bis(trialkylsily1)mercury in the 
case of the mixed acetals199 180 and 181 or the isomerization of tetraalkoxy- 
butynes for the parent compoundsZoo 178. Most of these substances are highly 
symmetrical and details of their reactivity are awaited. 

( RO) 2 C=C R ' - C (CN )=T (0 R 12 (RO)~C=CR'- C R ' = C ( O R ) ~  

188) (178) R' = H 
(179) R' = COzR 

R~SiO(RO)C=CR2-CR2=C(OR)OSiRB 

(180) R2 = H . 
(181) R2 = CO2R 

With the exception of the preparation of isopropenylketene acetalsZo , the 
chemistry of vinylketene derivatives is a recent development in this 
field17~108~115~130~'39~'44~168~202~203. The practical application of these bu tadienes 
was not forthcoming until 1974 when their utilization afforded simple syntheses of 
naturally occurring quinones such as helminthosporin108 (182) (equation 11 1). 

OH 0 OR 

\ + f O R  ___ (111) 

Me 

OH 0 OH 0 

(182) 
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Acylketene acetals (183) on the other hand, were known in at  least one case to 
give cycloadducts with dienophiles such as sulphenes' 5 2  (equation 1 12). The 
process was applicable to quinones but the yields obtained were not very satis- 
factory' 7 .  Conversion of the reagents t o  vinylketene acetals (184) by enolsilylation 
provided a number of useful new dienes which have allowed effective syntheses of 
natural products such as rhodocomatulin tetramethyl ether' (185) (equation 113) 
as well as other condensations' ' 9 '  4 4  s2O3. 

RO J-Y 
0 

RO' 

O R  
I 

(184) ( 185) 

The formation of vinylketene acetals through electrocyclic ring-opening of inter- 
mediate cyclobutenes is a well-documented procedure. Highly substituted dienes 
produced in this way have shown surprising reactivity and have been used for 
simple and regiospecific preparations of a number of quinones such as ptilometric 
acid'* 9' 39 9 1 4 4  (186) (equation 114) and anthracyclinones' 6 8  (187) (equation 
1 15) which can only be obtained with difficulty by other means. 

OR 0 O R  0 

RocofOR + a ' RO CH2CH2CH3 OZR (1 14) 

C H 2 C H 2 C H 3  R O  
0 

(186) 

@ + @ I I -  a (115) 

0 0 0 

(187) 

The cyclic analogues of vinylketene acetals, furanZw (1 88) and oxazole 
ethers205 (189) are known and show many of the characteristics of the open-chain 
compounds (equations 1 16 and 1 17). They are, however, considerably less reactive 
giving cycloaddition products only with good dienophiles. 

Strong bases convert a,kunsaturated esters to  vinylcnolates and the latter give 
Diels-Alder adducts with benzynes2 O 6 .  The corresponding trialkylsilyl ethers 
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(116) 

(190) have been mentioned3I briefly but reactions applying those compounds do 
not seem to  have been used frequently except in Claisen rearrangements". They do 
however react smoothly with dienophiles and provide yet another direct entry into 
the group of polycyclic naturally occurring quinonesZo7 such as chrysophanol(191) 
(equation 1 18). 

OH 0 OH OSiR3 OH 0 bMe + @ ' - Me (118) 

0 0 

(190) (191) 

1. 
2. 
3. 
4. 
5. 

6. 
7. 

8. 
9. 

10. 
11. 

12. 
13. 
14. 

15. 

16. 
17. 
18. 
19. 
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1. INTRODUCTION 

A large part of the chemistry of allenes involves rearrangements of one form or  
another, and the literature is too voluminous to  review in detail. An attempt has 
been made to  cover the most important advances, particularly work of the 1970s 
and late 1960s. 

Reactions have been classified according to  mechanism, but often the classifi- 
cation is debatable and the decision reflects the author's prejudice. Rearrangements 
are included in which allenes are believed to participate as intermediates as well as 
those in which they serve as reactants or are formed as isolable products. 

II. PROPARGYLIC AND RETROPROPARGYLIC REARRANGEMENTS 

A. Prototropic 

1. Hydrocarbons 

Favorskii was the first t o  propose that allenes are intermediates in the base- 
catalysed isornerization of alkynes (equation 1) and, in support of this hypothesis, 
he cited the fact that 3-methyl-l,2-butadiene (2), which cannot rearrange t o  a 
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(1) 

2-alkyne, is obtained from the isomerization of 3-methyl-1-butyne (l) ,  equation 
(2)' . Later workers have substantiated Favorskii's proposal and have added much 
information about the details of the mechanism of isomerization. Much of the work 
has been reviewed, and only a brief summary of the results is given here, with 
particular emphasis on the role of allenes. Additional details are contained in the 
 review^^-^: 

base 
HCCCCH2R - [H2C=C=CHRI - CHJC-CR 

KOH(alc.) 
HCGCCHCH3 HzC=C=C-CH3 

I I 170% 

CH3 CH3 

(1) (2) 

A knowledge of relative thermodynamic stabilities of alkynes and their diene 
isomers is helpful toward understanding the results of isomerization studies. The 
numbers above the arrows in Scheme 1 are the standard free energy changes in 
kcal/mol a t  298 K for the reactions in the direction of the arrow, as calculated from 
tables of free energies of formation of the compoundss. Among the acyclic isomers 
with formula C,HZ,-~ ,  conjugated dienes are far and away the most stable, as can 
be seen for 1,3-butadiene and 1,3-pentadiene in Scheme 1. For reactions in which 

(3) 
+1.90 

H C G C C H j  H2C=C=CH2 

(--152_H - 
2C-CHCH=CHCH3 

(rl 

- 1 6 5  
HCLCCHCH3 - H2C=C=CCHj 

I 
CH3 

I 
CH3 

( 5 )  

SCHEME 1. 

equilibrium is established among the C4H6 isomers at 25O C, for example, 1,3-buta- 
diene will constitute more than 99.9% of the product mixture. As we shall see, 
however, formation of conjugated dienes is slow, at least for base-catalysed rear- 
rangement of simple alkynes and allenes, and quasi-equilibrium among some or all 
of the alkynes and allenes can generally be established without formation of 
detectable amounts of the conjugated isomers. It is these cases that will interest us 
most. 

In general, the order of stabilities for unbranched chains is 2-yne > 2,3- 
diene > 1 ,2-diene 2 I-yne. Increased stability results from alkyl substitution of SP 
or sp2 carbons. This may be used to  rationalize the differences in relative stabilities 
of atkynes and allenes in equations (3) and (6). In (3), the unsubstituted allene is 
significantly less stable than the monoalkyl alkyne, whereas in (6) the disubstituted 
allene is significantly more stable than the monosubstituted alkyne. Apparently the 
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stabilization is greater for substitution on sp carbon as evidenced by the greater 
stability of 2-pentyne over 2,3-pentadiene (equation 5 ) .  

The rate and extent of isomerization of simple 1 -alkynes are strongly dependent 
on the nature of the base, the solvent and the reaction temperature. The bases 
commonlyo used in these reactions have been categorized as: (a) ethanolic KOH 
(125-175 C), (b) alkali-metal alkoxides in alcohols (below 200° C), (c) metal 
amides in ammonia or an amine at  moderate temperatures, and (d) bases in 
categories (b) and (c), used a t  higher temperatures9. To these should be added a 
fifth category: (e) bases in dipolar aprotic solvents, e.g. potassium t-butoxide in 
DMSO or HMPT, and NaNHz or CH3SOCHzNa in DMSO. These are arranged 
roughly in the order of increasing activity, with categories (d) and (e) promoting 
the most extensive and deep-seated rearrangements. 

Product mixtures whose composition is largely kinetically controlled are c o n -  
monly obtained through the use of less active catalysts, while thermodynamic 
control may be approached with catalysts (d) and (e), although even here selective 
isomerizations have been achieved under mild conditions for short periods6. For 
example, it is possible to  effect isomerization of 1-butyne to 2-butyne in nearly 
quantitative yield without detectoable 1,3-butadiene formation by means of potas- 
sium t-butoxide in DMSO at 10  C". As we shall see below, selectivity in these 
reactions is a consequence of great differences in kinetic acidity of different types 
of protons in the substrate. 

Careful studies of the isomerization of 1-, 2- and 3-hexyne and 1,2- and 
2,3-hexadiene by Carr and coworkers9* have provided strong support for  
the stepwise, acetylene-allene-acetylene mechanism involving carbanionic inter- 
mediates first proposed by Jacobs and coworkersl2. For convenience, these 
compounds will be referred to  as 1 -, 2-, 3-, 1,2- and 2,3- respectively. For reactions 
catalysed by potassium t-butoxide in t-butyl alcohol at 8 5 O  C ,  the relative rates of 
isomerization were found to be in the order: 1,2- > 1- > 2,3- S- 3- > 2-, i.e. nearly 
the inverse of the order of stabilities. There is a great difference in reactivity 
between the first and last member of this sequence. For example, under the 
conditions stated, 71 % isomerization of 1,2- occurs after 15 minutes, whereas only 
1% isomerization of 2- occurs after 7 hours and 7.7% after 215 hours9. It is the 
slowness of isomerization of 2-alkynes that caused some earlier workers to conclude 
incorrectly that migration of the triple bond does not proceed beyond the 2-posit- 
ion. 

The rate of isomerization of 1,2- is greater than that of 1- or 2-, and the principal 
product of isomerization of 1,2- is 2-. Then, in agreement with the stepwise 
mechanism, which requires that the formation of 2- from 1 - occur by the sequence 
1- + 1,2- + 2-, the isomerization of 1 - produces 1,2- faster than 2- initially, but the 
concentration of 1,2- rises only to  a low level and remains nearly constant while the 
concentration of 2- rises steadily. These steps are summarized in Scheme 2 ,  where 
the carbanionic intermediates are also included along with the path by which the 
conjugated 1,3-diene would be expected to  arise. 

The anion 3 ,  formed by abstraction of a propargylic proton from 1- , can be 
protonated at the terminal position giving 1,2-.  It should be mentioned that the 
acetylide ion, C4H9C=Cr, formed from 1 -  by abstraction of the more acidic 
acetylenic proton, cannot undergo rearrangement. With potassium t-butoxide, only 
a small fraction of 1- will be converted to the acetylide, and the isomerization 
shown in Scheme 2 is able to  occur. With sodium amide in liquid NH3,  however, 
conversion to the sparingly soluble acetylide salt is essentially complete when 
equivalent proportions of the base are used, and consequently 1-hexyne fails to  
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HC=CCH2CH2Et 
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" - 1 HCZCCHCH2Et  - HC=C=CHCH2Et 

(3) 

.. .. 
{HZC=C=CHCHEt - H2C=C-CH=CHEt/ {H2C=C=CCH2Et - H2CCC-CCH2Et 

(5) (4) 

SCHEME 2. 

isomerize under these conditions' ' . In this connection it is interesting to  note that 
the isomerization of 1,2- with NaNH2-NH3 is extremely rapid, giving 2- (98.8%) 
and 1- (0.72%) after a reaction period of only 12 seconds' . 

Two paths are conceivable for the further rearrangement of 1,2- , depending on 
whether the allenic proton (Ha) or  the allylic proton (Hb) is abstracted. Removal of 
the latter and subsequent reprotonation of anion 5 leads to 1,3- ; the absence of 
detectable amounts of conjugated dienes signifies that reaction by this path must be 
very slow. The rapid formation of 2- on the other hand means that the sequence 
involving abstraction of Ha and reprotonation is fast9. 

Isomerization of 2,3- with potassium f-butoxide in t-butyl alcohol yields 2- and 
3 - ,  with 2- predominating somewhat; the interconversion of 2- and 3- takes place 
by way of 2,3- as indicated in Scheme 3 9 .  

CH3C-CC3H7 H2C=C=CHC3H7 / 

C ~ H S C ~ C C ~ H ~  

SCHEME 3. 

In view of these findings, the results of studies of the isornerization of 1 - , 2- and 
3-hexyne in the presence of CH3 SOCH2 Na in DMSC are perplexing' 3.  The hexyne 
isomers are interconverted by this catalyst a t  25 C giving a quasiequilibrium 
mixture containing 82% 2- ,  1 1  % 3- and 7% 1-hexyne, but surprisingly allenes are 
not present. The equilibrium ratio of allenes and acetylenes has been shown to be 
solvent dependent14 , and it is possible that the equilibrium proportions of 1,2- and 
2,3- are much smaller in DMSO than in t-butyl alcohol. 

The equilibrium ratio of cyclic allene to  cyclic acetylene (equation 7) is a 
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( 6 )  ( 7 )  

function of ring sizeI4. With potassium t-butoxide in t-butyl alcohol at 79.4O C, the 
ratio 6:7 is 16.4 for the nine-memebered ring system (n = 6 )  but it drops to  0.3 1 
for the eleven-membered ring (n = 8).  Four carbons are required to  be colinear in 
the acetylene but only three in the allene, and in the nine-membered ring the allene 
should suffer less angle-strain than the acetylene. The eleven-membered ring is large 
enough to accommodate the acetylene function without significant strain, and the 
allene-acet ylene ratio corresponds roughly to that of open-chain systems. 

Sodium amide in ethylenediamine is a potent catalyst for  isomerization of 
allenes and acetylenes’ . A quasi-equilibrium mixture with the same com- 
position is obtained by starting with any of the hexynes or  1,2- or 2,3-hexadiene. 
This mixture contains a small amount of 2,3-hexadiene but ,  surprisingly, no  
1,2-hexadiene. 

Interconversion of allenes and acetylenes, as well as isomerization of allenes to  
conjugated and non-conjugated dienes, has been accomplished with potassium 
t-butoxide in aprotic solvents. One of the mostointriguing examples is the con- 
version of 2-butyne by this base in DMSO at 27 C to a mixture containing 49% 
1,2-butadiene’ ’ . Examples of rearrangements to conjugated dienes are given in 
equations (8)’ and (9)’ 9 .  Cyclic allenes with 9- to 13-membered rings rearrange to 

give mixtures of conjugated and non-conjugated cyclic dienes whose composition 
depends on ring size and reaction time2 . 

1 -Alken-4-ynes and 1,4-alkadiynes undergo acetylene-allene rearrangement 
under much milder conditions than those required for simple alkynes by virtue of 
the additional acid-strengt hening group. 1 -Penten4-yne (8a) for example, rear- 
ranges to 1,2,4pentatriene (9a) in the presence of methanolic NaOH at room 
temperature2 1-2 . Several interesting features of this rearrangement have emerged. 

(8 )  (9) 

(a) R’ = R ’  = H  (c) R’ = H, R 2  = Me 

(b) R’ =Me, R2 = H 

When the rearrangement of 8a is carried out with NaOD in C H 3 0 D  and interrupted 
before completion, the recovered enyne does not contain deuterium at position 3 .  
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(10) 

Thus the carbanion 10 is formed in the slow step and undergoes rapid protonation 
selectively at the terminal acetylenic position, i.e. kz 3- k-  . In view of the charge 
delocalization to the terminal olefinic carbon in the carbanion 10, protonation at 
this position might be anticipated, but 3-buten-1-yne (1 1) was not formed and thus 
kz > k3. Furthermore, stereochemical integrity of the alkene linkage is maintained 
during the reaction as evidenced by the absence of cis-trans isomerization during 
the rearrangement of 8b and 8cz 3. 

Rearrangement involving migration of the alkene linkage has been observed with 
1-hexen-4-yne (12) in the presence of methanolic NaOH at 65-1 12O CZ4.  Both 13 
and 14 are formed simultaneously from 12, but 13 also slowly isomerizes to 14. 

NaOH 

MeOH 
CH3C=CCH2CH=CH2 - CHjCH=C=CHCH=CH2 + CH3CECCH=CHCH3 

(12) (13) (14) 

The first stage of the rearrangement of 1,4-diynes, which yields 1,2dien-4-ynes, 
is significantly faster than the second stage, which furnishes conjugated diynes, and 
it is usually possible to isolate the dienyne in reasonable yield. Thus, 1,2-nonadien-4- 
yne (16a) can be obt2ined from the rearrangement of 1,4-nonadiyne (15a) with 
ethanolic NaOH at  25 C z 5 .  The first stage of the rearrangement of l-ghenyl-l,4- 
pentadiyne (15b) in the presence of sodium ethoxide in ethanol at 26 C is three 
times faster than the second, making it possible to obtain 16b by quenching the 
reaction when the concentration of 16b reaches a maximum2 6 .  

base base 

IJOWJ 
R C G C C H 2 C f C H  - RC-CCH=C=CH;! - R C E C C G C C H 3  

(15) (16) 

(a) R = Bu 

(b) R = P h  

5-Methyl-3,4-hexadien-l-yne (17), in which the allene grouping is stabilized by 
two methyl substituents, does not rearrange in the presence of aqueous or alcoholic 
KOH, but does isomerize smoothly to the conjugated diyne 18 in the presence of 
potassium t-butoxide in DMSOZ7. 

r-BuOK 
MezC=C=CHC=CH * Me2CHCECCEECH 

DMS0.4O0C 

(17) (18) 
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Di- and tri-arylpropynes rearrange to the corresponding allenes under very mild 
O . Chromatography over basic alumina causes the rearrangements conditionsz 

Al203fbask) 
PhCHZCGCPh - PhCH=C=CHPh 

A IPO3bask) 
PhZCHCECPh Ph2C=C=CHPh 

shown in equations (10) and (1 1). Optically active allenes have been obtained by 
using alumina which had been pretreated with brucine or  quinine. 

o-Dipropadienylbenzene (20 ) ,  obtained from odi-2-propynylbenzene (19) by 
base-catalysed rearrangement, is a very reactive hydrocarbon3 . It dimerizes, 
apparently by way of the quinodimethane 21, giving 22 and other more complex 
dimers, and reacts with oxygen giving the cyclic peroxide 23. 

(19) (20) 

The rates of isomerization of Ph,CHC-CPh and PhzCDC-CPh have been 
studied in the presence of tetramethylammonium hydroxide in aqueous DMS03 z .  
A linear correlation of rate with the acidity function H- of the medium was found, 
along with a kinetic isotope effect of approximately 7. It was concluded that 
kydrngbn abstraction is the slow step with an advanced transition state strongly 
resembling a fully developed carbanion3 ,. 

Up to this point, we have treated acetylene-allene prototropic rearrangements 
as though they were strictly intermolecular, viz. discrete carbanions are formed and 
are protonated by an external source such as solvent. This treatment is justified for 
reactions carried out in proton-rich solvents, but under suitable circumstances the 
reactions show a high degree of intramolecularity. For example, when the rear- 
rangement of 1,3,3-triphenylpropyne-3d (24) is carried out  with 1,4-diazabicyclo- 
[2 .2 .2]  octane in 10% MeOH-DMSO, up t o  88% of the deuterium is retained in the 
product33. In this intramolecular process it is proposed that the proton (deuteron) 

Ph D 

PhnC-CfCPh I Ph &4;H) 
(24) 

is not completely removed, but remains hydrogen bonded to  the substrate as the 
rearrangement progresses - a process which has been called the ‘conducted tour’ 

When the rearrangement is carried out with potassium methoxide in 
methanol or potassium t-butoxide in t-butyl alcohol, the degree of intra- 
molecularity drops to ca 18%. 

The rearrangement of 3-phenylpropyne to  1 -phenylpropadiene in the presence 
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of CD3SOCD2Na in dimethyl sulphoxide-d6 occurs with less than 10% exchange 
with solvent34. The possibility is considered that the anion in this case is proto- 
nated by another molecule of 3-phenylpropyne and not by the solvent. 

The acid-catalysed prototropic rearrangement of alkynes and allenes has been 
realized, e.g. by the use of HBF4, HPF6 or H2 SO4 in sulpholane3 5 .  Intercon- 
versions of 1-, 2- and 3-hexynes and 1,2- and 2,3-hexadienes were studied. Vinyl 
cation intermediates are involved, as illustrated in equation (12) for the inter- 

* 
HC=CCH2Pr + Hf H&=CCH2Pr = H2C=C=CHPr + Ht etc. (12) 

conversion of 1-hexyne and 1,2-hexadiene, and the approximate order of react- 
ivities is 1,2-diene > 2,3-diene > 1-yne > 3-yne > 2-yne. 

Allenic intermediates have been shown to play important roles in the 
deep-seated rearrangements of diynes to  aromatic hydrocarbons that occur in the 
presence of strong bases3 6-3 a .  A summary is contained in a recent review3 9 .  

2. Functionally substituted derivatives 

Base-catalysed isomerization of butynoic and butadienoic acids, as the carboxy- 
late salts, occurs under mild conditions. The order of stabilities is 27 > 26 > 25, 
but the conversion of 26 to 27 is relatively slow, making it possible to  convert 25 to 
26  selectively in high yield40. Isomerization of 25 in the presence of K2C03 at 
40" C for 3 h, followed by acidification, provides 2,3-butadjenoic acid in 92% yield, 
corresponding to  an equilibrium ratio 26:25 = 11.5 at 40 C. When the rearrange- 
ment is carried out at 90° C, isomerization of 26 to  27 also occurs and 2- butynoic 
acid can be isolated in 60% yield. Separate determinations established the equi- 
librium ratio of 27:26 to be 2.2 at 90° C. 

HC3CCH2COS H2C=C=CHC02 CH3CiZCCO? 

(25) (26)  (27) 

Interesting results have been obtained from a study of the rearrangement of 
pentynoate and pentadienoate isomers4 . Interconversion of these isomers occurs 
in the presence of 6.25 M aqueous NaOH, and the equilibrium ratios are 1.28% 28, 
16.5% 29 and 82.2% 30. I t  is interesting that the equilibrium ratio of 30 and 28. 

CH3CH2C=CC02 W CHjCH=C=CHCOj C H 3 C f C C H 2 C O j  

(281 (29) (30) 

30:28 = 64, corresponds fairly closely to the  equilibrium ratio found for simple 
2-alkynes and 1-alkynes, i.e. 2-yne: 1-yne 73. It has been suggested on this basis 
that the carboxylate group and hydrogen have comparable effects on acetylenic 
equilibria4 . The greater stability of 30 over 29 can be rationalized in terms of the 
customary greater stability of dialkyl acetylenes over monosubstituted allenes. In 
the case of the methyl esters 31 and 32, the equilibrium ratio is approximately 1, 

CH3CH=C=CHC02Me CH3C=CCH2C02Me 

(31 1 (32) 

signifying that conjugative interaction of the carbomethoxy groups with the allene 
linkage is greater than that of the carboxylate group4' . 

The conversion of 28 to  29 occurs faster in D 2 0  than in HzO,  with k ( D z O ) / k  
(112 0) = 1.4; similarly for the conversion of 29 to  30 the ratio is 1.6. These values 
point to carbanion intermediates in both processes, as summarized in Scheme 4. 
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CH3CHC=C-C& ' 

- I 
ZH3CH=C=C-C& 

28 , = 2 9 =  1 
I CH~C=CCHC& 

134) 

From studies carried out  in D, 0 it was shown that the anion 33 undergoes proton- 
ation fastest a t  position 2 giving 29 preferentially, and carbanion 34 is also proton- 
ated preferentially a t  position 2 giving 304 Thus in each case, protonation of the 
carbanion gives the more stable isomer preferentially. 

As a result of the activation of the a-protons by the carboxylate group, allenic 
acids isomerize to the conjugated diene isomers under much milder conditions than 
are required for simple hydrocarbons. For example, potassium carbonate is suffici- 
ently basic to  effect the rearrangement of 35 t o  the conjugated isomer 3642. 

K2C03 
HzC=C=CHCH2COZ - HzC=CHCH=CHCOj 

6OOC 

135) (361 

2,4-Heptadiynoate (37) isomerizes to 3,s-heptzdiynoate (38) a t  65" C in the 
pre.sence of IN sodium hydroxide, and evidence has been presented which shows 
that the major path involves the intermediates shown in equation (1 3)43. 

EtCfC-CECCOZ - MeCH=C=CHCECCOZ MeCH=C=C=C=CHCOs 

137) 
(13) I 

MeC-C-C3CCH2C32 

138) 

(3,y-Acetylenic ketones rearrange under mild conditions, e.g. in the presence of 
K 2 C 0 3 ,  and the conjugated allenic ketones are generally stable enough to be 
isolated. Whether or not the migration proceeds further to the conjugated acetyl- 
enic ketone is uncertain3. An interesting example is the rearrangement of the 
secosteroid 39 t o  a 4: l  mixture of 40 and 41 brought about by  the enzyme 
As-3-keto steroid i s ~ m e r a s e ~ ~ .  

Interesting contrasts in behaviour are found in the base-catalysed rearrangement 
of propargylic ethers and their sulphur and selenium analogues. In equation (14), 
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&I k 2  

k -  1 k -  2 
(42) (43) 144) 

M = 0, S, Se 

PhMCH2CfCH PhMCH=C=CH2 PhMCECCH3 (14) 

when M = 0, k ,  = 0; when M = S ,  k = k -z = 0; but when M = Se al l  four rate 
constants have finite values4 9 4 6 .  Powerful bases are required to  effect rearrange- 
ment of the ethers, e.g. potassium t-butoxide in DMSO or in boiling t-butyl alcohol, 
or sodium amide in liquid NH3. When phenyl 2-propznyl ether (42; M = 0) is 
treated with potassium t-butoxide in DMSO at 30-40 C, a mixture containing 
68% 43 (M = 0) and 32% 42 (M = 0) is obtained. None of the 1-propynyl ether, 44 
(M = 0), is formed4 l4 '. 

Rearrangement of thio ethers occurs much more readily - a manifestation of the 
well-known ability of sulphur to  stabilize a-carbanions. Rearrangement of 42 
(M = S )  to  44 (M = S )  in the presence of dry KOH in THF is complete in 
30 minutes. In these rearrangements, k l  is significantly larger than k2 and by 
proper choice of conditions, e.g. by the use of sodium ethoxide in ethanol at 
30-40° C, it is possible to isolate the allenyl derivative 43 (M = S)4 v4 . 

Rearrangement of seleno ethers is somewhat slower than that of their thio 
analogues. The equilibrium mixture at 25O C contains 1% 42, 14% 43 and 85% 44 
(M'= Se)46. 

The anion formed when ethyl 1-propynyl sulphide (45) is treated with sodium 
axriide i.n Bqnid arxix;,ia protonates fastest at the a-position, making possible the 
contrathermodynamic conversion of 45 to 4648.  By the same token, the anion 
from 46 protonates fastest at the a-position, and it is possible to  convert 46 t o  47. 
Both processes are reversed by treating the products with sodium ethoxide in liquid 
ammonia. 

NaOEt. N H 3  NaOEr. NU3 
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kl k 2  

k -  1 k - 2  
(53) (541 (551 

principal product of isomerization of 53, but other workers have reported that the 
ynamine 55  is the principal product and only a small amount of 54 is present when 
the reaction is carried out  in the presence of potassium amide on aluminas4. With 
substituted propargyl derivatives such as 56,  however, the allenamine 57 pre- 
dominates. 

HCGCCHpNMep HZC=C=CHNMep C CH3C3CNMep (15) 

EtCECCHpNRZ EtCH=C=CHNRp 

(561 (57 1 

Rearrangement of the N-propargylphosphoramide 58 t o  the  allenyl derivative 59 
has been observed5 . 

NaH 

THF 
HC3CCH2NP(O)(OEt);! - H2C=C=CHNP(O)(OEt)2 

I 

(58) (591 

With secondary propargylic amines 60 ,  the rearrangement deviates from the 
normal course, and the  conjugated imines 62 are obtained upon treatment with 
potassium t-butoxide in t-butyl alcohol at  looo CS6 .  This is a consequence of the 
enhanced acidity of the proton attached to nitrogen in 61 in comparision with the 
allenic proton. When the rearrangement is carried out with dipropargylic secondary 
amines, substituted pyridines are formed, apparently by cyclization of allenic 
intermediatess6. 

Me 
I 

Me 

t-B UO K 

t-BuOH 
HCFCCHpNHR - [H2C=C=CHNHR] - HpC=CH-CH=N R 

(601 (61 1 (621 

Rearrangement of propargyltriphenylphosphonium bromide (63) occurs in the 
presence of potassium t-butoxide giving the corresponding allenyl derivative 645 ’. 

+ t-BuOK + 
HCZZCCH2PPh3 BF HpC=C=CHPPh3 BF 

r-BuOH 

3. Rearrangements at  gas-solid interfaces 

Numerous reports o f  rearrangements involving allenes in the presence of solid 
catalysts can be found in the early literatures8. The reactions were conducted by 
passing the vapour of an alkyne o r  allene over the catalyst, usually a silicate mineral 
such as ‘floridin’. Rearrangements of the types described above for base-catalysed 
rearrangements were observed, although rearrangement to  conjugated dienes was 
often a more significant reaction. 

Ruthenium has been reported t o  be an active catalyst for isomerization of 
acetylenes and allenesS9. For  example, allene and propyne are interconverted in the 
presence of a small amount of ruthenium and Zbutyne is converted to 1,2-butadi- 
ene t o  the extent of 2%. Slow isomerization of 1,2-butadiene t o  1,3-butadiene 
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occurs during the hydrogenation of 1,2-butadiene over nicke160. Very little deuter- 
ium is incorpated in the 1,3-butadiene when D2 is used instead of H 2 ,  indicating 
that the  rearrangement is largely intramolecular. 

The interconversion of propyne and allene on a zinc oxide surface has been 
studied6 1-6 . infrared spectroscopy shows that the same adsorbed intermediate is 
formed from both propyne and allene, and indicates it to  be an adsorbed propargyl 
species, (H2 C-C=CH),,,. Dissociatively adsorbed intermediates are also proposed 
for the TiOz -catalysed r e a r r a r ~ g e m e n t ~ ~ .  

Certain zeolites, as well as molecular sieves modified by incorporation of various 
metals, have been found to  be active catalysts6 5-6 8 .  

Treatment of the surface of silica or alumina catalysts with base increases the 
selectivity for  alkyne-allene interconversions6 t 7 O .  Thus, isomerization of 
2-butyne t o  1,2-butadiene occurs at  400° C in the presence of silica or  alumina, 
but the selectivity is low, and substantial conversion to  1,3-butadiene occurs. With a 
silica-alumina catalyst containing 15% sodium hydroxide, however, 2-butyne 
isomerizes to a mixture containing 21 % 1,2-butadiene and only 1.5% 1,3-butadiene. 
The increased selectivity is attributed t o  the deactivation of acidic sites on the 
catalyst by the added base70. 

4. Thermal interconversion of propyne and allene 

The kinetics of the uncatalysed interconversion of propyne and allene, which 
occurs a t  very high temperatures, have been studied by shock-tube 
techniques7 1-7 3 .  The reaction is unimolecular, and although widely different values 
for the activation parameters were obtained by two research groups, the most 
reasonable values appear to be: log k(s-') = 13.17 - 60,400/2.303 R T  for the 
rearrangement of allene t o  propyne71 T ~ ~ .  A direct [ 1,3] sigmatropic hydrogen 

(65)  

shift involving the four-centre transition state, 6 5 ,  has been proposed7 '* 7 3 ,  but the 
possibility of a two-step rearrangement involving cyclopropene as an intermediate 
has also been pointed Cyclopropene isomerizes at ca 500 K giving mainly 
propyne, along with a small amount of allene. 

Isomerization of propyne and allene has also been effected by means of a pulsed, 
megawatt, C 0 2  infrared laser using SiF4 as a sensitizer75 , 7 6 .  The SiF4 absorbs the 
laser radiation (1 025 cm -1 ) and moves to an excited vibrational state. The excess 
vibrational energy is transferred to  the hydrocarbon, effectively producing tempera- 
tures in excess of 1000 K while the reaction vessel remains at ambient temperature. 

B. Reactions Involving Free Radicals 

Propargylic radicals ( 6 8 ) ,  which can be generated from acetylenic ( 6 6 )  or allenic 
( 6 7 )  precursors by loss of hydrogen or other groups from the position indicated, are 
theoretically capable of giving propargylic ( 6 9 )  or  allenic (70)  products. As we shall 
see, mixtures of both types of products are obtained in some cases, while in others 
the propargylic isomer ( 6 9 )  is formed exclusively. The proportion of products 
derived from 68 is dependent on the  relative stabilities of the products and on the 
relative spin density at  the two positions77. 
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X 
I 

(69) 

X 

\ 
- \  / c=c=c 

/ 

Electron spin resonance studies have shown that identical radicals are formed 
from isomeric acetylenic and allenic precursors7 8 .  

Only 3-chloropropyne, with no  detectable amount of 1 -chloropropadiene, is 
obtained by the light-induced chlorination of either propyne or  allene with t-butyl 
hypochlorite (equation 1 6)79. Because the isomeric chlorides are expected t o  have 

comparable stabilities, the exclusive formation of 3-chloropropyne must be in large 
part a consequence of the greater spin density at the propargylic position in the 
intermediate radical 71. However, the nature of the atom donor that reacts with 71 
must also play a role in determining the product distribution, because propyne and 
allene are produced in the ratio 5.9:l by the reduction 
tri-n-butyltin hydride7 7. In the product-forming step of 
71 abstracts hydrogen from Bu,SnH. 

of 3-chloropropyne with 
this reaction, the radical 

Allenic chlorides are not formed in detectable amounts by the chlorination of 
2-butynea0, 2-pentyne or 2,3-pentadienesl . In these cases, spin density distribu- 
tion and stability factors are complementary and favour the propargylic product. 

A small amount (8-9%) of the allenic product, 3-chloro-l,2-butadiene, is 
obtained by the chlorination of 1-butyne, while the propargylic (73) and allenic 
(74) products are formed in the ratio 1.7: 1 from 3-methyl-1-butyne (72)82. These 
products are formed in the same ratio by the chlorination of 3-methyl-1,2- 
butadiene (75); in this case, allylic substitution products are also formeds2. 

\“i CI 
Me2CHCECH + r-BuOCI 

(72) I 
Me2CC=CH + MeZC=C=CHCI 

,y (73) 
Me2C=C=CH2 + r-BuOCI 

(74) 
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Interestingly, 72 and 75 are formed in a 1.7: 1 ratio by the reduction of 73 with 
tri-n-butyltin hydride7 - 

Equilibration of 3-bromopropyne and bromopropadiene can be accomplished by 
irradiation in the presence of hydrogen bromide (equation 1 7)8 . Bromine atoms, 
formed by photolysis of HBr, serve as the chain carrier. Values of the eauilibrium 

~ ~~~~ 

constant, K = [3-Bromopropynel /[Bromopropadiene] , range from 2.691 (135O C) 
to 2.00 (1 95" C ) .  

. . . . . . . . . 
Br -  + HC-CCH2Br HBr  + HC=C-CHBr (17a) 

HC=C-CHBr + HBr + Br- + H2C=C=CHBr (17b) 

The kinetics of the iodine-catalysed isomerization of propyne to  allene have 
been studied in the range 280-330° CS4.  

Isomerization to triphenylpropadiene accompanies the autoxidation of 1,3,3-tri- 
phenylpropyne (equation 1 8)85. An interesting rearrangement and dimerization 
occurs when propargylic acetates such as 76 are treated with copper ( I )  chlorides6. 
A free-radical mechanism has been proposed. 

. . . . . . . . . 

OOH 
0 2  I 

PhCGCCHPh2 - PhCECCPh2 + PhCH=C=CPh2 (18) 

Ph 

PhZC-CEC-Ph - Ph 

OAc 
I 

DMF 
(76) 

C. Anionotropic 

1. Replacement of OH by halogen 

Extensive rearrangement often occurs during the reaction of secondary and 
tertiary propargylic alcohols with the reagents commonly used for replacing OH by 
halogen, i.e. HX, SOClz ,  PX3, PCls, $c., giving allenic halides either alone or 
mixed with the propargylic isomer. Replacement occurs without rearrangement 
with primary and secondary alcohols by means of triphenyl phosphite dibromide 
and pyridine8 Propargyl alcohol itself reacts with phosphorus tribromide or 
thionyl chloride without rearrangements8 v 8  9 ,  but with triphenyl phosphite 
methiodide (equation 19) mixtures are obtained which contain 1-iodopropadiene 
(77) in amounts dependent on the temperature and solventg0. It is likely in this 
case, however, that at least part of the 77 is formed by rearrangement of 78 since it 
was shown that 3-iodo-I-butyne ( 7 9 )  rearranges to 80 at room temperature in the 
presence of triphenyl phosphite methiodide. 

+ 
(Ph013PMe I -  

H C E C C H 2 0 H  C H2C=C=CHI + HCECCH2I  (19) 

- (77) (78) 

I 
I P ~ O ) $ M ~  i 

c CHjCH=C=CHI 
I 

CH3CHCECH 
DMF, 25OC 

(79 1 (80 )  



536 W. D. Huntsman 

Allenic chlorides formed by the reaction of propargylic alcohols with thionyl 
chloride in ether-type solvents have the configuration which corresponds t o  the 
introduction of chlorine syn t o  the departing hydroxyl group. Thus, the configur- 
ation corresponds to  that expected from S N i '  collapse of the first-formed chloro- 
sulphite esterg For example, (S)-3,4,4-trimethyl-I-pentyn-3-01 (81) gives the 
allenic chloride 82 having the S configuration. 

\OLf 
(81 1 

Simple secondary propargylic alcohols 83 (R' = Me, Et, Pr; RZ = H) with thi- 
onyl chloride in ether-type solvents give mixtures containing approximately 60% of 
the corresponding allenic chloride 84a; the tertiary alcohol 83 (R' = R2 = M e)  

CI 
I 
I 
R 2  

OH 
I 
I 
R 2  

R ~ - C - C = C H  + SOCI, - R'-C=C=CHCI + R'-C-C-CH 
I 
R 2  

(83) (84a) 184b) 

exhibits comparable behaviour, giving 73% 84a (R'  = RZ = Me)89. The phenyl- 
substituted alcohol 83 (R' = Ph, RZ = H),  however, reacts with SOClz in diethyl 
ether at  0-25" C t o  give the propargylic chloride 84b (RI  = Ph, RZ = H) exclu- 
~ i v e l y ~ ~ .  When optically active alcohol is used, the propargylic chloride is .formed 
with 22% net retention of configuration; the low stereoselectivity is attributed to 
the stability of the delocalized cation formed by decomposition cf the  intermediate 
chlorosulphite esterg6. 

The chlorosulphite 85 is unusually stable, and it can be d i s t F d  at 1 loo C 
(1 1 torr) without decompositiong7. Decomposition occurs at 150 C giving the 
allenic product 86. 

OSOCI 
I 1 5OoC 

H - C E C - C H C 0 2 E t  - CHCl=C=CHC02Et  

(851 (86) 

When benzene is used as solvent for  the reaction of hydroxy ester 87 with 
phosphorus pentachloride, the products include not only the anticipated chlorides 
88 and 89, but also the phenyl-substituted derivative 909 5 .  Formation of 90 can be 

OH CI 
I PC15 I 

I 
Me 

CbHb I I 

(871 (88) (891 I901 

HCGCC-CO2Et  HCGCC-CO2Et  + CHCI=C=CC02Et + PhCH=C=CC02Et 
I 
Me Me Me 

accounted for in terms of electrophilic attack on benzene as formulated in equation 
( 2 0 ) .  
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Me 

LOPClg 
+ 

The allenic chloride 93, formed by the reaction of 91 with SOClz, PC15 or  HCl, 
is very reactive and either dimerizes or adds HCl as soon as it is formed and the 
products actually isolated are 92, 94 and 9S9 v 3  9 .  

OH CI 

Ph I Ph I [> 'Ph 

I S O C h  I 
HCECC--C02Et  HCZECCC02Et + ,C=C=C 

I I  
CI Ph 

(95) 

(94) 

The initial product of reaction of a propargylic alcohol with phosphorus tri- 
halides is a propargylic dihalophosphite 96 (Scheme 5). Cleavage of 96 by HX leads 

OH 

SCHEME 5. 

t o  the anticipated halides 97 and 98, but another path is open, i.e. ( 2 ,  31 sigma- 
tropic rearrangement giving the allenic phosphonyl dihalide 99l O 0 - l  0 2 .  This re- 
arrangement is discussed in Section VIII.B.3. Acid-catalysed cyclization of 99 
occurs giving, after aqueous work-up, the oxaphospholene 100. 

The interesting allenic halide 102 is obtained from the reaction of the trialkynyl- 
carbinol 101 with phosphorus trihalides' 03. 

C 
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R 
\ 

Allenic bromides are obtained in good yield by the reaction of secondary or 
tertiary propargylic alcohols with aqueous HBr in the presence of CuBr and NH4Br 
(equation 21)lo4.  Tertiary alcohols give pure allenic bromides, but  the product 

O H  
I HBr, CuBr '\- -(" 
I N H 4 B r  ~2 Br 

R'-C-CEC-H c 

R2 

from secondary alcohols contains small amounts (< 5%) of the propargylic 
bromide. Although the reaction occurs with HBr alone it is slow and incomplete 
and the presence of CuBr-NH&r leads to a dramatic increase in rate. Later studies, 
cited below, indicate that CuBr is the only essential component of the catalyst. 
Stereochemical and tracer studies have provided important mechanistic informa- 
t i ~ n ' ~ ~ .  The reaction is highly stereospecific with the (S) alcohol 103 giving bromo- 

allene 104 having the retained (S) configuration. Deuterium was not  incorporated 
in the product 106, obtained when the reaction of alcohol 105 was carried out  with 

OH 
I OBr. CuBr Br 

I H 
Me 

HCEC-C-Et  

(105) (106) 

DBr in DzO, demonstrating that copper acetylide intermediates are not involved. 
These features are rationalized in terms of a mechanism (Scheme 6 )  involving rapid 
formation of a x complex (loti), followed by a rate-determining, stereospecific 
S N ~ '  process giving the b r o m ~ a l l e n e ~ ~ ~ .  Very rapid 7r complex formation is evi- 
denced by the immediate disappearance of the acetylenic proton n.m.r. signal when 
CuBr was added to a solution of the acetylenic alcohol 107 (R' = RZ = Me) and 
HBr in diglyme. The reaction is first order in alcohol, with an activation energy of 
16.8 kcal/mol; the presence of Cu and NH&r has no  effect on the rate. 
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HBr + CuBr ==== A C k r 2  

R' R'  
very I - H-C-C-C-R2 
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. .  
107) Br 

(108) 

I H+ 
CuBr + H 2 0  

SCHEME 6. 

Allenic iodides are obtained, essentially free of propargylic isomers, by a com- 
parable procedure utilizing HI and CuI' 6. 

An attempt to synthesize the dibromoallene 110 by the reaction of the bromo 
alcohol 109 with HBr-CuBr gave a mixture consisting largely of the conjugated 
isomer 11 1 and only about 10% of the desired product 110' '. Furthermore, when 
the reaction mixture was allowed t o  stand, 110 quickly isomerized to 111 and it 

OH 
I 

Me2C-CECBr - 
Cu9r r 

was not possible to  isolate pure 110. Dihaloallenes can be obtained, however, by 
treating bromo or chloro alcohols 112 with aqueous HBr alone' 6. The reaction of 
the chloro alcohol 112 ( X  = C1) with thionyl chloride in boiling dioxane furnishes 
1 1-dichloroallenes. 

OH 

I 0-20% R2 Br 

I 

R2 

R'-c-c-C-x - 
1112) X = CI, Br 

Copper ( I )  halides, alone or in mixtures with hydrogen halide and ammonium 
halide, catalyse the interconversion of propargylic and allenic halides as illustrated 
in equation (22)' O 8  9 '  0 9 .  The reactions can be carried out homogeneously by the 

(22) 

use of CuCl and quaternary ammonium chlorides such as +Bu4 hCi in aprotic 
solventsg6; in these cases the catalyst may be represented as Bu4 NCuClz. 

CI 
I CuCI, HCI, NHaCI 

' Me?C=C=CHCI M q C - C _ C H  . 
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Intermediate x complexes have been proposed for these reactions' 0 9 ,  and 
support for the proposal is provided by the fact that  a 1 : 1 complex (1 14) which 
separates when 113 is mixed with aqueous CuCl-HC1, gives 3-chloro-1 ,Zbutadiene 
(1 15) when it is heated' ' . According to this formulation one would anticipate a 

CuCI. HCI 
* CH3-CGC-CH2 - A CH3C=C=CH2 

I 
ci 

H Z 0  J . 1  
CHjC=C-CH;?CI 

CI-Cu+CI 

( 1  13) (114) ( 1  15 )  

syn relationship between the entering and departing chlorines, but  evidence has 
been presented which indicates that anti  stereochemistry prevailsg 6 .  Thus, (R)-3- 
chloro-3-phenylpropyne reacts with CuCl and Bu, NCl in acetone giving the allenic 
chloride which is believed to have the R configuration as shown in equation (23). 

Heo CuCI, B u ~ N C I  '*+ F' - dc=c=c 
'H 

Ph*/C-C=C-H 
/ M q C O  

CI Ph 

2 Solvolysis of allenic halides 

The possibility of cationic intermediates 116 in the hydrolysis of allenic halides 
was first suggested by Jacobs and Fenton to account for the formation of pro- 
pargylic alcohols' l .  Since that time a wealth of evidence has been amassed, 
particularly by Schiavelli and coworkers, which supports this hypothesis and 
provides a detailed insight into many aspects of the reaction' 2-1 ' *' ' 

I 
R 2  

(116) 

From consideration of the charge distribution in cation 116 one might anticipate 
solvent capture at position 1 as well as at position 3,  giving a ,  P-unsaturated ketones 
in addition to  propargylic alcohols. Both types of products have been observed, but 
the latter always predominate, and only when position 3 is substituted with bulky 
groups are a,  P-unsaturated ketones formed in detectable amounts. For example, 
hydrolysis of 117 gives 118 and 119 in the ratio 4 : 1, but 120 gives the propargylic 
alcohol exclusively' ' 4 .  

( 1 1 7 )  ( 1  1 8 )  (119) 
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OH 
I 

Ph Bu-r I 

t-Bu 
H O  

}==(I f-Bu-C-CGC-Bu-r 

Ph 
(120) 

54 1 

N.m.r. studies have shown that the charge in cations of type 11 6 is delocalized 
extensively, and both positions I and 3 bear a significant part of the positive 
charge' 2 1  . A b  initio calculations indicate preferential attack of chloride at 
position 3 in 116 (R' = R3 = Me, R2 = H)' 22. 

Hydrolysis of the trisubstituted allenic chlorides 12 1 in aqueous acetone follows 
a first-order rate law accurately, and the value of p is found to be -2-0, which is 

(a) X = Y = H  

(b) X = OMe, Y = H 

consistent with an intermediate carbonium ion 116 with substantial charge delocal- 
ization to position 3' 2 .  The rate of hydrolysis of 121a increases markedly with 
increasing solvent polarity, and exhibits common-ion rate depression indicating the 
presence of, dissociated ions' 3. Additional support for a rate-determining ioni- 
zation mechanism has been provided by studies of leaving-group rate ratios, i.e. 
( ~ B , / ~ c I ) ,  (CH3 /€I) rate ratios and a- and P-secondary isotope effects' 4-1 ' i1 3. 
The solvolysis of optically active (R)-l-bromo-3-methyl-l ,Zpentadiene (122) has 
been interpreted in terms of nucleophilic attack on a tight ion pair' ' 7a .  

A recent study of the methanolysis of E- and Z - 1 2 3 4  has provided results of 
considerable significancellm. Thus, methanolysis of E-123C1 provides a mixture 
containing 15% E-123-OMe, 45% 2-123-OMe and 40% E-124C1; no Z-124421 could 
be detected. Similarly, Z-123C1 affords a mixture of 16% E-123-OMe, 46% 2-123- 
OMe and 38% Z-124C1. It is apparent that the solvolytic products are obtained 
from a common intermediate, whereas the return products are formed completely 

(E-  1 23-Cl ) (Z-123-CI) (E-124-CI) (Z-124-CI) 
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(126) 

(E-123-OMe) (Z-123-OMe) 

stereospecifically, without any detectable crossover. It is proposed that stereo- 
specific return occurs from the ion pair 125, and that the free carbonium ion, 126, 
is the common intermediate’ 7b. Interaction of solvent with the phenyl group may 
be responsible for the high ratio of 2 to  E products. 

3. Reaction of organometallics with propargylic derivatives 

The reaction shown in equation (24) summarizes a common type of rearrange- 
ment that occurs when organometallic reagents RM react with substrates bearing a 

leaving group L at the propargylic position. A wide variety of organometallic 
reagents have been used, including those derived from magnesium, lithium, copper 
and boron. Common leaving groups L include halogen, tosylate, alkoxy (including 
epoxy), acetate and carbamate. The reaction shown in (24) can be viewed as a 
substitution process with rearrangement and one might also anticipate products 
from substitution without rearrangement, i.e. 127. As we shall see, both types of 

R 4  
I 
I 
R3 

(127) 

R’-= - -C-R2 

products are formed in some reactions, while others show exceptionally high 
selectivity for allene formation. 

Grignard reagents react with propargylic halides to give allenes or  mixtures of 
allenes and acetylenes depending on the structure of the halide and Grignard 
reagent, the conditions and the presence of trace amounts of transition metal 
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salts' 24-1 6 .  I t  was reported originally that methylmagnesium bromide (1  29a) and 
4-chlor~4-methyl-2-pentyne (128) react to  give only the dlene(l30a)' 2 4 ,  but later 

R CI 

MeCGC-CMez I + RMgBr - '}==re + Me-CCC-CMe2 I 
Me Me 

(728) (1291 (1301 (131) 

(a) R = Me 

(b) R = Bu 

CI 
I FeCI, 

H C E C C H M e  + BuMgBr - BuCH=C=CHMe 

(1321 

work has shown that both 130a and 131a are formed, with 130a being favoured by 
using low concentrations of Grignard reagent and operating a t  low temper- 
atures' 2 5 .  Small amounts of iron (111) chloride catalyse selectively the formation of 
allenes which, in many cases, are formed in high yield to the exclusion of 
alkynes' 6 .  Thus, in the presence of 5 x 1 O-' MFeCI3, n-butylmagnesium bromide 
(129b) reacts with 128 to give 130b in 87% yield. The same selectivity prevails for 
reactions involving terminal alkynes, as evidenced by the exclusive formation of 
132 from n-butylmagnesium bromide and 3-chloro-l-butyne, but interestingly both 
the allene and acetylene 130a and 131a are formed in equal amounts when 
methylmagnesium bromide reacts with 128 even in the presence of the catalyst. It 
is proposed that organoiron intermediates are involved' 6 .  Organolithium reagents 
generally give higher yields of allenic products than do the corresponding Grignard 
reagents' 2 5 .  

The mechanism of reaction of propargylic chlorides with Grignard reagents and 
organocuprates, and the role of transition metal catalysts have been clarified by 
recent work' 2 6 .  

The reaction of methyl Grignard reagents with chlorides such as 133 constitutes 
a useful synthesis of vinylallenes 134' 7. 

CH M I 
HC=CCH=CHCHCI A CH3CH=C=CHCH=CHR 

I 
R 

(133) (134) 

R = H, alkyl 

Allenes, contaminated with only small amounts (< 10%) of the acetylenic 
isomers, are obtained by the reaction of Grignard reagents with esters of 8-bromo- 
propargyiic alcohols, as shown in equation (25)' 8 .  Methyl Grignards tend to 
attack the ester function preferentially, but this can be avoided by using pivalate 
esters. 

(25) 
E-Mg9r 

CH3C02CH2CECCH2Br  L C H ~ C O ~ C H Z C = C = C H ~  
I 
E t  

Acetate serves as the leaving group in reactions of propargylic acetates 135  with 
methylmagnesium iodide and magnesium iodide' 9-1 3 4 .  Methyl- and iodo-substi- 
tuted allenes, 136 and 137, are produced, and by proper choice of conditions i t  is 
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OAc 
I 

I 
R2 

HC=C-C-R’ 

(135) L 

H R2 

(1 36) 

(137) 

often possible to make either one the dominant product. The methyl-substituted 
derivative 136 is favoured when the Grignard reagent is prepared in situ by adding 
methyl iodide to  a mixture containing the ester 135, magnesium, and one equiv- 
alent of magnesium iodide. When the ester 135 is mixed with preformed Grignard 
reagent and four equivalents of magnesium iodide, the iodoallene 137 predomi- 
nates’ 3 2  3 4 .  I t  has been proposed that the iodoallenes are formed by an ionic 
mechanism, while the methyl-substituted allenes arise by a free-radical pathway. 
The predominant formation of allenes by the combination of anions with prop- 
argylic cations, however, constitutes a departure from the usual pattern of behavi- 
our. 

Dialkyl cuprates react with primary, secondary and tcrtiary propargylic acetates 
t o  give allenes, uncontaminated with the acetylenic isomers’ 3 5  9 1  7 a 9 1  8 .  Both 
alkylated 138 and nonalkylated allenes 139 can be formed, as illustrated in 
equation ( 2 6 )  and, by proper choice of conditions it is possible to obtain either one 

M ~ C E C - C H C ~ H I ~  I + Me2CuLi - Me}==<“ + ”>==(“ (26) 

OAc 

Me C 5 H l l  Me C5H11 
(138) (139) 

in high yield When the reaction is conducted at room temperature, the ratio of 
alkylated to nonalkylated allene is ca 95 : 5, but  when the reaction is camed out at 
low temperatures (- 50 to -7S0 C) the nonalkylated product 139 is favoured. In a 
recently reported procedure, yields of nonalkylated product are maximized by 
mixing the ester and cuprate reagent a t  -75O C, followed by reaction with lithium 
aluminium hydride at -75” C; by this procedure, for example, the yields of 138 and 
139 are 7.5% and 67.5% respectively137a. 

The coupling of a vinylcuprate reagent with a tertiary propargylic acetate 
constitutes the key step in a recently reported synthesis of vinylallenes, which, in 
turn, were converted to  1-hydroxy Vitamin D derivatives’ 7b. 
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Evidence has been presented which indicates that an intermediate such as 140 is 
involved. Rearrangement involving migration of R from copper to the sp2 carbon, 
which is favoured by higher temperatures and longer reaction periods, provides the 
alkylated allene 141. At low temperatures, however, the rearrangement is slowed to  
such an extent that 140 survives and is converted to  142 during hydrolytic work-up 
or LiAlH, treatment' 36 3' 3 7 a .  Some of the evidence which supports this mechan- 
ism is as follows. By using deuterium-labelled reagents it was established that the 
hydrogen in the nonalkylated product does not come from the dialkylcuprate 
reagent. Furthermore, direct distillation of the reaction mixture from 143 and 
lithium dimethylcuprate, without hydrolytic work-up, gave a product containing 
98% 144 and only 2% 145. Formation of the latter was attributed t o  traces of 

Me 
I 

moisture in the reagents. With esters of secondary propargylic alcohols the alkyl 
group is introduced anti to  the C-0 bond which is cleaved, as illustrated by the 
conversion of (S)-146 to  (R)-147'36. With esters of tertiary alcohols, however, syn 
stereochemistry may be preferred. 

(146) (147) 

Through an interesting variation of this reaction it is possible to  obtain optically 
active 1,3-dialkylallenes in high yield with substantial enantiomeric enrichment 
(60-800/0)139. The mixture of diastereomeric carbamates 148 and 149 formed by 
reaction of the racemic alcohol with (R)-l-( 1-naphthy1)ethyl isocyanate is separated 
by liquid chromatography. Treatment of the individual carbamates with lithium 
dialkylcuprate provides the enantiomeric allenes, (S)-lSO and (R) - l50 .  Synthesis of 
the sex attractant of the male dried bean beetle has been accomplished by utilizing 
this reaction for introducing a chiral allene grouping' 4 0 .  

1 H 
R$CuLi >- SR H C G C -  C111111 PCOYAr R - 

R 2  -'H 'H 

RICuLi H p - )=='; PCoN HAr 

'R1 R 2  H 

6)- ( 150) (148) 

1 

H C E C -  Cllllll H 

(149) (R)-(150) 

OH 
I 

(+)-Hc-c-cHR~ 
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Propargylic tosylates and halides can also serve as substrates in reactions with 
organocopper reagents’ . An intermediate, comparable t o  140 and form- 
ulated as the CU(III) complex 152, has been postulated to  account for  the 

/ I -  
Ph-C=C-CH?OTs - 

A 

I (151) 
MeCu ( 1 )  

Ph-C=C=CHz 
I 
cu ( I l l )  

Me’ 

(152) 

PhC=C=CHZ + PhC=C=CHp 
I 
Me 

(153) (1 54) 

PhC=C=CHz 
I 
Me 

(154) 

behaviour observed in the reaction of 151 with the ‘methylcopper’ reagent, pre- 
formed by mixing equivalent amounts of methylmagnesium bromide and copper (I)  
bromide’ 4 3 .  When the reaction is carried out at lzw temperature and the mixture is 
hydrolysed by the addition of methanol at -60 C, the nonalkylated allene 1 5 3  is 
the major product; 153:154 = 70:30. When CH30D is used for the hydrolysis, 
deuterium appears at  position 1 in 153 as shown. If the reaction mixture is allowed 
to  warm to room temperature and stand for one hour, 3-phenyl-l,2-butadiene 
(154) is the product; however, if the period of standing is shortened, 1-phenyl-l,2- 
propadiene (153) begins to appear’ 4 4  a .  0-Allenic esters are obtained from the 
reaction of ‘copper( I )  enolates’ with propargylic methanesulphonates, and it has 
been proposed that copper(Ir1) intermediates are involved144b. 

complex (155), has been proposed for  the 
reaction of propargylic chlorides with d i a l k y l ~ u p r a t e s ’ ~ ~ * ~ ~ ~ .  The stereochemical 
outcome for such a process would be expected t o  be opposite t o  that described 

A different type of intermediate, a 

H 

R’ Br 

I 
1- 1 

I 
R’  

H - C E C - C - R 3  

R’-CU-CI 

(155) (1 56) 

above for acetate substrates. It is interesting t o  note that the halogen of l-halo- 
allenes 156 is replaced without rearrangement by reaction with organo- 
cupratesI4 ’ 9 1 4 2 ,  but rearrangement does occur during the reaction of 1 -methoxy- 
allene with Grignard reagents in the presence of copper([) halides (equation 27)’45. 

(27)  R MgX 
HzC=C=CHOMe R C H z C f C H  

The reaction of propargylic ethers with dialkylcuprates or with Grignard re- 
agents, alone or in the presence of copper(1) salts, gives allenic products as 
illustrated in equations (28) and (29)’ 4 6  1’ Similarly the  reaction of 
alkynyloxiranes with dialkylcuprates, or better with Grignard reagents in the 

EtMgBr 

E t  H 8 
Ph’ 
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(29) 

H O ( C H ~ ) <  

presence of CuI, serves as a convenient synthesis of allenic alcohols (equat- 
ion 30)' 4 4  Introduction of hydrogen instead of an allcyl group is also possible, 

EtMgBr 

Et Me 
(30) 

as illustrated in equation (31)'48b. The solvent plays an important role in deter- 
mining the type of product formed. 

OMe 
I 

PhCH2NCH2 -CEC-CMeZ 
1. BuMgBr, Cul - PhCH2 NCH2CH =C=CMe2 (31 1 

I 2. H20 

Me 
I 

Me 

Borate complexes such as 157 and 160 undergo intramolecular anionotropic 
rearrangement giving the allenylboranes 158 and 161 150a1151a. The alkyl migration 
from boron to the alkyne carbon occurs predominantly anti to the leaving 
group151b. Protonation gives the corresponding allenes 159 and 162. In the original 
reports it was proposed that the allenic boranes 158 and 161 are precursors of the 
allenic hydrocarbons, but more recent work suggests that the allenic boranes iso- 
merize to the more stable propargylic isomers which are protonated, with re- 
arrangement, giving 159 and 162lSob. 

\ HOAc 
I Bu Bu 
OAc - 

/ C=C=CMe2 - LiC3CCMe2 
Bu3B 

(160) (161) 

BuCH=C=CMe2 

(1 62) 

Trialkylboranes react with ethynyloxiranes in the presence of oxygen to  give 
a-allenic alcohols in good yield, as illustrated by the formation of 2,3-hexadien-l-01 
(1 63) in 62% yield from triethylborane and ethynyloxirane' . The reaction is 
believed t o  proceed by a free-radical chain mechanism. 
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4. Reduction of halides, alcohols and ethers 

The rearrangements that have been observed during the reduction of propargylic 
and allenic halides, as typified by equations (32)  and (331, can be considered 
formally as involving displacement of Br- by  H- with rearrangement, and in this 
context can be classed as anionotropic rearrangements153* lS. Addition reactions 
giving organoaluminium derivatives, which undergo further reactions, complete 
with substitution, and often lead to complex product mixtures's. 

Me 

Me 

Br 
I LIAIH, 

M c ~ C - C E C H  - 

Me)_ -<"' LIAIH, 

Me H 
-- MeZCHCGCH 

(321 

(33) 

Displacement without rearrangement occurs almost entirely with primary prop- 
argylic bromides, equation (34),  whereas complete rearrangement occurs with 
I -bromopropadiene (equation 35) and propyne is formed exclusively' 1' 6. 
Secondary propargylic halides react by  both routes to significant extents. 

LiAIH, 
HCECCH2Br - C H j C G C H  (34) 

(35) LiAIH, 
HZC=C=CHBr - CH3CECH 

Derivatives such as 164 undergo clean-cut rearrangement upon reduction with 
LiAlH4 giving allenic alcohols 166, apparently by the SN~' mechanism illustrated in 
165, although it is possible that the process is not synchronous and tha t  cyclic 
organoaluminium intermediates are involved' 9 1  L I .  A wide variety of functions 
can serve as the leaving group X, e.g. halogen, hydroxy (leaving as-OA1H2), alkoxy 
(including epoxy), tetrahydropyranyloxy and trialkylammonium' ' . 

(1 64) (165) (166) 

The reaction of propargylic alcohols themselves with LiAlH4 commonly involves 
reduction of the triple bond t o  give allylic alcohols, but allene formation is a 
competing reaction which may predominate under some condition_s' 5 8 * 1  6 2  . Allene 
formation in these cases involves the -OH group, modified as -0AlH3, serving first 
as hydride donor and subsequently as leaving group (-OAlH2). Support for this 
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interpretation was provided by the finding that the configuration of the allene 168 
obtained by reduction of (R)-  2,2,3-trimethyl-4-hexyn-3-01 (1 67) corresponds to  
hydride attack at position 5 syn to the original OH group’ 8 .  The ratio of allene 
168 to allylic alcohol 169 was approximately 2: 1 

1 

While the reduction of 167 fails to occur in boiling ether or THF and requires a 
temperature of 1 60° C ,  the diphenyl derivative 170 is reduced in the lower boiling 
solvents162. The proportion of allene 171 and the ratio of Z and E isomers of 172 
are strongly solvent dependent. 

O H  OH 
I LiAIH, I 

PhZCCECMe - PhZC=C=CHM’: + PhzCCH=CHMe 

(170) (171) (172) 

Reduction of propargylic and allenic halides has also been accomplished with a 
zinc-copper couple in alcoholic solvents. In all likelihood the reaction involves 
formation of an organozinc intermediate which suffers electrophilic substitution 
by the protic solvent. Therefore the reaction is not rightfully classified as aniono- 
tropic, but because of the close correspondence of the overall reactions, it is 
considered along with hydride reduction. 

Propargylic halides and the isomeric allenic halides give product mixtures of the 
same composition upon reduction with a Zn-Cu couple’ 5 5 .  Both 3-bromopropyne 
and 1-bromopropadiene, for example, give allene and propyne in the ratio 2:1 by 
reduction with Zn-Cu in EtOH. Under the same conditions, 1,2-hexadiene and 
1-hexyne are formed in the ratio 36:  1 from both 3-chloro-1-hexyne and I-chloro- 
1,2-hexadiene’ . A single product may be formed from both isomeric halides in 
some cases, as illustrated in equation (36)’ 6 3 .  

Esters of y-bromoacetylenic alcohols such as 173 give the ester of the allenic 
alcohol 175 upon reaction with zinc in THF-EtOH, presumably by way of the 
organozinc intermediate 174, which undergoes rearrangement during cleavage with 
EtOH as shown’64. 
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Zn THF 
MeC02CHC3CCHzBr -jz&-- 

Me 
I 

Me 

(173) (174) 

MeC02CHCH=C=CH2 
I 

Me 

(175) 

Alkenylallenes are obtained smoothly by reduction of enynic chlorides with 
Zn-Cu in methanol at 25-40 C ,  as illustrated in equation (37)16 s. 

MeCHC-C-CH=CH2 - MeOH MeCH=C=CH-CH=CH2 (37) 

Rearrangement has also been found to occur during the catalytic hydrogenolysis 

Zn-Cu 

I 
CI 

of the propargylic halide 176l 

CI 
I H p .  R h  

. 

HC=C-C-CO;,Et H2C=C=C-C02Et 
I 
Ph 

I 
Ph 

(176) 

D. Rearrangements Involving 'Propargylic' Organometallic Reagents 

1. Structure of propargylic' organornetallies 

Propargyl and allenyl halides give Grignard reagents in ether o r  THF which 
exhibit identical i.r. spectra and which, according to  n.m.r. spectroscopy, are best 
represented as allenylmagnesium halides 177 ti 7-1 . The possibility of small 

Mg Mg 

(177) 

XCH2C=CH - H2C=C=CHMgX - HzC=C=CHX 

XMgCH2CECH 

(178) 

concentrations of the propargyl isomer 178 cannot be ruled out ,  and evidence has 
been presented which indicates its existence' 7 0 .  Infrared spectroscopy also shows 
that the corresponding derivatives of aluminium, zinc and cadmium exist entirely in 
the allenic form' 71  9' 7 2 .  
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Organometallic reagents derived from 3-bromo-I-alkynes have allenic structures 
17916s11 69 i1  73 7 4 ,  but Grignard reagents formed from I-bromo-2-alkynes con- 
tain the acetylenic (180a) as well as the allenic (180b) isomers' s ,' 73. Lithium 

MgBr 
I 

RCH=C=CHMBr RC-CCH2MgBr = RC=C=CH* 

(179) (180a) (180b) 

M = Mg, Zn. A1213 

derivatives of internal acetylenes, however, are believed t o  have allenic struc- 
tures' 7 5 .  Dimethylallenyllithium possesses structure 181 and the n.m.r. spectrum 
fails t o  reveal any of the acetylenic isomcr' 7 6 .  The derivatives of tin and lead, 182 
and 183, are capable of independent existence but they can be caused to  inter- 
convert under a variety of conditions' 77-1 s 1  . 

Me H 
\ / 

/ Me 
c=c=c R 3 M C H 2 C G C H  RJMCH=C=CH~ 

\Li 

(1 81 1 (182) (1 83) 
M = Sn, Pb 

Besides the propargylic-type rearrangement of organometallics, a slower, proto- 
tropic rearrangement may occur. Allenic Grignard reagents such as 184 slowly 
rearrange to  185Ia2, and a similar type of rearrangement has been observed for  the 
lithium derivative 181 7 6 .  

H 
I 
I 

R'-C-CECMgBr 
R \  

R2' R2 

C=C=CHMgBr - 

2 Electrophilic substitution reactions 

As summarized in Scheme 7, either form of propargylic-allenic organometallic 

I 
SCHEME 7. 

reagents is theoretically capable of undergoing electrovhilic substitution either with 
retention of structure (SE),  or with rearrangement (SE ). In some cases a single type 
of product is formed, while in others mixtures of both isomers may be formed, 
even in cases where the organometallic reagent has been shown by spectroscopic 
methods to exist entirely in the allenic form within the limits of detection. Some 
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authors have considered the possibility that a small amount of the propargylic form 
187, in rapid equilibrium with the allenic form 186, is responsible for the formation 
of mixtures7 Others consider this mechanism improbable and propose that mix- 
tures arise as a result of the two modes of attack, SE‘ and SE, on the allenic form 
186 of the organometallic’ ’ 3 ’  3. 

Among the factors affecting product composition are: the nature of the 
metal M, steric and electronic factors in the electrophile, E, and in the substrate, 
and the solvent. 

Recent evidence indicates that some of the reactions of these organometallics 
may in fact involve electron transfer followed by  coupling of the resulting free 
radicals’ . 

We shall examine briefly the reactions of these reagents with some of the 
common electrophilic agents with particular emphasis on the factors that influence 
the isomer ratio in the products. Most of the discussion will be concerned with 
Grignard and organolithium reagents. 

a. With aldehydes and ketones. Allenylmagnesium halides react with aldehydes 
and unhindered ketones giving acetylenic alcohols containing no more than traces 
of the allenic isymer (equation 38)’ 6 7  7 2  9 ’  83. Mechanisms involving cyclic (SEi’) 
or acyclic ( sE2  ) transition states have been proposed to  account for this behav- 
iour6 - Similar behaviour is found for Grignard reagents derived from 3-bromo-l- 
alkynes’ 4 .  

R2’ 

(190) 
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The extent of rearrangement during the reaction of carbonyl compounds with 
allenylorganometallics is a function of the metal and increases in the order 
Cd < Zn < Mg < Alla3. Allenylaluminium bromide gives Pacetylenic alcohols ex- 
clusively even with hindered ketones such as isopropyl t-butyl ketone. Allenylzinc 
bromide gives detectable amounts of nonrearranged alcohol even with simple 
aliphatic aldehydes, and shows a greater sensitivity to  solvent effects than does the 
Grignard reagent. The presence of HMPT in the solvent causes a significant increase 
in the proportion of nonrearranged alcohol from the reaction of allenylzinc bro- 
mide with ketones, whereas only a minor effect is noted with the Grignard 
reagent 3. 

Unlike the analogous Grignard reagents, 3,3-dialkylallenyllithium reagents do 
give products that are formed by electrophilic attack of carbonyl compounds at  
position 3' 7 6  *1 8 5 .  Both acetylenic and allenic products 195 and 196 are formed, 

0 Me OH O H  
\ I  1 1  I 

MeZC=C=CHLi + R1-C-R2 - HCECC-CR'R2 + Me2C=C=CHCR1R2 
I 

194 

R' RZ 195:196 

H 
Me 
Me 
Me 
Me 
Ph 
Ph 
Ph 
Ph 

H 
H 
Me 
Et 
t-Bu 
H 
Me 
Et 
i-Pr 

1oo:o 
92: 8 
19:81 
11:89 
0:lOO 

1oo:o 
92:8 
80:20 
0: 100 

S C H E M E  8 

in ratios that depend on the nature of the carbonyl electrophile. From the 
distribution of products from a variety of carbonyl derivatives, summarized in 
Scheme 8, i t  is seen that acetylenic alcohols 195 are the predominant products 
from aldehydes, while greater amounts of the allenic alcohols 196 are obtained 
from ketones, with the proportion increasing in the aliphatic series as steric 
hindrance becomes greater. The formation of greater amounts of acetylenic alco- 
hols from aromatic substrates than from their aliphatic counterparts does not 
follow the trend expected on the basis of steric considerations, but can be 
rationalized in terms of hard-soft acid-base theory' 7 6 .  Position 3 of 193, which is 
classified as being softer than position 1, shows greater reactivity toward softer 
carbonyl groups, e.g. those conjugated with aromatic rings. Harder electrophiles 
such as H2 0, COz and Me3 Sic1 tend to give allenic products exclusively' ' 6 .  

Interesting stereochemical results are obtained in the reaction of aldehydes and 
ketones with 1,2-butadienylmagnesiurn halides'74i186. The threo isomer of 197 is 
formed predominantly from aliphatic aldehydes while equal amounts of threo and 
erythro isomers arise from aromatic aldehydes and the erythro isomer predominates 
in the product obtained from acetophenone. 
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0 OH 
I I  I 

R1-C-R2 + CHgCH=C=CHMgX - R’-C-CCHCGCH 

A2 LH3 

(197) 

The lithium derivative of 198 reacts with carbonyl compounds to give allenic 
products 199 exclusively’ ’. Alkylation with alkyl halides follows a similar course. 

OH 
1. LiNEt2 1 

MeSC-CCH ( 0 E t ) z  R2 C- C=C=C(OEt)2 
I 
Sble 

(1981 (199) 

Extensive rearrangement occurs during the reaction of allenic or propargylic 
boronates with aldehydes or ketones1889189. Thus, alcohols 201 and 202 are 
obtained in a 93 : 7 ratio by hydrolysis of the borate ester mixture which is formed 

OH 0 t i  
1.PrCHO 1 I 

H~C=C=C-B(OCG H i  3 )2 - PrCHCH2-C-CMe + H~C=C=C-CHPI 
I 

(200) (201 1 (202) 

I 2. H 3 0 +  

Me Me 

by condensation of 200 with n-butyraldehyde. The anionotropic rearrangement of 
borate complexes 157 to  allenic boranes 158a was described in Section 11. C .  3. 
Recently it was found that treatment of the organoborane with aldehydes, followed 
by oxidation, gives either homopropargylic (203) or a-allenic (204) alcohols, 
depending on the temperature a t  which the borane is maintained prior to its 
reaction with the aldehydelS0. If the aldehyde is added to the organoborane a t  

(1571 (158a) 

I .  R ~ C H O ,  -?a0c 
2. H20.2. on- I 1. RICHO.-?BOC 

2. H 2 0 2 .  OH- 

R\ C=C=CH2 

/ 

I 
RCECCH2CHR’ 

I R’ C H  
I OH 

OH 

(203) (204) 

-78O C ,  the homopropargylic alcohol 203 is obtained almost exclusively; however, 
if the organoborane is f i z t  allowed to  warm to room temperature, and then the 
aldehyde is added at -78 C, the allenic alcohol 204 is obtained essentially free of 
the homopropargylic isomer. It is proposed that the allenic borane 1 5 8 ~ ,  formed by 
the spontaneous anionotropic rearrangement of 157, is stable at -78 C ;  reaction 
with the aldehyde occurs with rearrangement and gives, after oxidative work-up, 
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the homopropargylic alcohol 203. On the other hand, when the allenic borane 158a 
is warmed to  room temperature it rearranges to the thermodynamically more stable 
propargylic borane 158b. The reaction of 158b with aldehydes also occurs with 
rearrangement and leads to  the allenic alcohol 204l 

b. With carbon dioxide. Consistent with the classification of carbon dioxide as a 
harder acid than aldehydes and ketones is the finding that greater proportions of 
allenic products are formed in the reactions of the former with propargylic 
Grignard and lithium reagents' 7' 9' . Mixtures in which the allenic acid 
predominates over the acetylenic isomer are obtained from 1-bromo-2-alkynes as 
shown in equation (39a)lg0.  Allenic acids are formed to the exclusion of the 
propargylic isomers from the 3,3-dialkylallenic derivatives (equation 39b). 

b. 

(39a) 1.Mg 
2. co2 R C E C C H 2 B r  - H2C=C=CC02H + RC=CCH2C02H 

I 
R 

(39b) 
CO 

R'R~C=C=CHM 2 R' R ~ C = C = C H C O ~ H  

M = MgBr, Li 

c. Wirh alkylating agents. Allenylmagnesium bromide reacts with activated alkyl 
halides, e.g. allylic halides and achloro ethers, t o  give mixtures of the isomeric 
coupling products generally. For example, mixtures of I-hexen-5-yne and 1,2,5- 
hexatriene are obtained from ally1 bromide as shown in equation (40)' v 1  . An 
interesting effect of solvent on the orientation of coupling is observed in the 
reaction of allenylmagnesium bromide with the allylic chloride 205' 9 2 .  With ether 
as solvent, the acetylenic product 206 is obtained along with only a trace of the 
allene 207. With mixtures of ether, THF and HMPT, on the other hand, the allenic 
isomer predominates, 207 and 206 being produced in a 4 : 1 ratio. This type of 
behaviour can be rationalized in terms of the generalization that HMPT makes 
anions harder bases. 

(205) 

(207) 

Another example that illustrates how subtle changes can exert a major influence 
on product composition in reactions of propargylic Grignards is provided by the 
reaction with epoxides 208 and 210193. The allenyl derivative 209 is obtained 
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(208) (209) 

from the epoxy alcohol 208, having a P-OH group, whereas the propargyl derivative 
21 1 is obtained from 210 in which the OH group has the CY orientation. 

An intriguing coupling reaction occurs when oxygen is bubbled into a solution 
of 3-methyl-l,2-pentadienylmagnesium bromide (212). Dienyne 213 and diyne 21 4 
are formed in the ratio 63 : 34, and in virtually quantitative yield' 8 2 .  

Alkylation of allenyllithium reagents with aliphatic halides yields products 
consisting of the allenic isomer predominantly or  exclusively1 s. 1,2-Undecadiene 
(21 5) and 1-undecyne (21 6) are formed in the ratio 87 : 13 from allenyllithium and 
1-bromooctane, while even greater proportions of allenic products are obtained 
from mono- and di-substituted allenyllithiums. For example, only the allenic isomer 
21 8 is formed in the reaction of 1 -bromooctane with the dimethylallenyl derivative 
217' '. 

Me MgBr ,* 
&& 02 M e 7  + MeT ~ 

E t' \ 
6 

Et 

(212) (213) (214) 

MezC=C=CHLi + n-CgH17Br - MeZC=C=CHC8H17 

(217) (218) 

Reactions of benzyl halides with 217 are more complex, and evidence has been 
presented for the occurrence of processes involving electron transfer as well as 
carbenoid intermediates' 7 6 .  Benzyl bromide reacts with 217 to  give the acetylenic 
(220) and allenic (221) coupling products in the ratio 90 : 10. Observation of 
CIDNP phenomena during the reaction suggests that at least part of the coupling 
process involves electron transfer followed by radical coupling as indicated. The 
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PhCH2CMe2CZCH PhCH2CH=C=CMe2 

(220) (221 1 

predominance of 220 is attributed to  greater spin density a t  the propargylic 
position in the radical 219. Studies with cumyl chloride provide further support for 
such a mechanism. It is difficult to imagine the formation of 222 and 223 by 
nucleophilic processes, but they are readily accounted for by a radical coupling 
process. Furthermore, the formation of 224, the product anticipated from the 
coupling of two cumyl radicals, is convincing evidence for the involvement of free 
radicals. 

CI Me Me Me Me Me 

Ph-CMe2 + 217 - Ph-C-CCECH + Ph-C-CH=C=CMe2 + Ph-C-C-Ph 
I I 1  I I I  

I I  

(222) (2231 (224) 

Me M e  
I 

Me 
I I  

Me Me 

Interestingly, the reaction of 217 with benzyl chloride or  p-methoxybenzyl 
chloride affords 225 and 226, the latter suggesting the existence of carbenoid 
intermediates176. 

Me 
I 

I 
Me Me 

ArCH2CI + 217 - ArCH2CCECH + Me 

1225) (226) 

(a) Ar = Ph 

(b) Ar = p - M e O G  Hq 

Alkylation of lithium derivatives of propargylic ethers and acetals, generally 
yields allenic products, as illustrated in equations (4 1)-(44)187J94-196. Alkylating 
agents include alkyl halides, dialkyl sulphates and trimethylsilyl chloride. 

n-C5H11 

(41) 
\ 

/ 
C=C=CHOMe 

1. BuLi 
n-C5Hl1CECCH20Me 

R 

H 

(42 1 
/ 

MeaSi 
‘c=c=c 
/ ‘OCMe3 R 

Me3SiCECCHzOCMe3 2. RX 



558 W. D. Huntsman 

MeS 
1. li-PrIzNLi 

'C = c = c H 0 y e  
/ 

M e S C z C C H 2 0 M e  2 , R X  - 
R 

MeS 
1. EtlNLi \ 

/ 
C=C=C(OEtl2 MeSC=CCH(OEtl2 2,  RX - 

R 

(43) 

(44) 

3. Electrophilic substitution of silicon and tin derivatives 

Rearrangement accompanies electrophilic substitution of propargylic and allenic 
silanes as summarized in equations (45) and (46)' 9. Similarly, iodination of 
tin derivatives occurs with rearrangement as shown in equations (47) and (48)200.  

M e S 0 3 H  
M ~ ~ S ~ C H Z C = C = C ( S ~ M ~ ~ ) ~  - Me3S iCH2CHCzCSiMe3  (46) 

I 
Me  

I 
Me  

Ph3SnCHCGCH 2 RCH=C=CHI + P h ~ S n l  
I 

R 

4. Conjugate addition of copper derivatives 

3-Trimethylsilyl-2-propynylcopper (227) adds to unsaturated esters such as 228 
to  give mixtures of allenic and acetylenic adductsZ0' . The isomer ratio in the 
products is very sensitive to  the steric environment around the 6 carbon of the ester 
228, but is rather insensitive t o  substitution a t  other positions along the chain. 

Me3SiCECCH2Cu + ' C 0 2 E t  - M e 3 s i R C 0 2 E t  + ll&C02Et 

(2271 (228) I 
S i M e j  

5. Reactions of polylithium derivatives of alkynes 

The chemistry of polylithium compounds constitutes a fascinating development 
in organometallic chemistry, but space limitations do not permit more than a 
cursory treatment here. More extensive coverage can be found in recent 

Perlithiopropyne, Cs L4, whose properties are illustrative of the family, can be 
obtained by treatment of propyne with excess butyllithium' 7 5 .  Possible structures 
and orbital interaction patterns have been discussed, and ab iriirio calculations 
suggest a very curious structure2 4 .  Reactions with electrophilic reagents provide 
alkynes and allenes in proportions that depend on the reagent, the solvent, etc. 

articles1 7 5 92 0 2 32 0 3. 
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Considerable success has been achieved in rationalizing product compositions in 
terms of steric factors and hard-soft acid-base theory' 7 5  J o Z .  The proportion of 
allenic product increases with increasing size and increasing hardness of electro- 
phile. For example, ethylation using diethyl sulphate provides 229 and 230 in a 
4 : 1 ratio, whereas trimethylchlorosilane gives the allene 231 exclusively. Both 
EtzS04 and Me,SiCl are ordinarily classified as hard acids, but it appears from 
these results that the former is significantly softer. 

E f Z S 0 4  /-- E t 3 C C G C E t  + EtzC=C=CEt2 

I I I. ALLEN E-DI ENE REARRANGEMENTS I NVOLVING a-AL L E N  IC 
HALIDES, ALCOHOLS, ETC. 

Rearrangement of allenic substrates of type 232 to  the conjugated diene deriva- 
tives 233, as well as the reverse process, have been observed. Group X may be any 
of the common leaving groups, and Y is a nucleophile which may be delivered from 
an external source or  as a fragment from the leaving group X. 

(232) (233) ' 

Secondary a-allenic alcohols 234 react with thionyl chloride to  give mixtures 
containing ca 45% of the unrearranged (235) and ca 55% of the rearranged (236) 
chlorideZos. Similarly, mixtures of the two types of halides are obtained when HCl 
or HBr is used. In the former case, the rearranged product is most likely formed 
intramolecularly from the chlorosulphite ester, whereas an intermolecular process 
would be aniticipated in the case of the latter reagents. 

OH CI CI 
I soc12 I I 

RCHCH=C=CHz RCHCH=C=CHz + RCH=CHC=CHz 

(234) (235) (2361 

a-Allenic alcohols 237 are reduced to conjugated dienes 239 by heating them 
with LiAiH4 in boiling THFZo6. A mechanism has been formulated involving the 
intermediate 238 in which hydride is transferred intramolecularly and -0AlI-12 
serves as the leaving group. 

OH 
LiAIH4 

R'  R2(!-CH=C=CR3R4 T H F , ~ -  

_J 

1238) (239) (237) 
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derivatives to  give conjugated dienes 241 in good yieldzo7. 
Methanesulphinate esters of a-allenic alcohols 240 react with organocopper 

[ACuBr l  MgX . LiBr - HzC=C--C=CR' R 2  
T2 

H2C=C=C-C-O Me 
I I  
R OMe 

I I  
OMe R' 

(240) (241) 

The reverse of the structural changes that occur in the rearrangements con- 
sidered above has been observed during the solvolysis of 2-bromo-l,3- 
dienes208~20 9. The reactions occur when the bromodienes are heated at  100- 
1 50" C in aqueous ethanol containing triethylamine which suppresses secondary 
reactions caused by the HBr liberated. Ethoxyallenes 244 and a,punsaturated 
ketones 243 are formed along with conjugated enynes, formed by elimination. 
Evidence from kinetic studies, solvent effects and effects of structure on reactivity 
support a unimolecular mechanism involving a mesomeric vinyl cation 2422 l2 . 
Attack by water on the internal cationic centre leads to 243, by way of the enol, 
while capture by ethanol at the terminal site provides the ethoxyallene 244. The 
reason for the absence of 2-ethoxy-1,3-dienes and allenic alcohols is not clear. 

I /  
/ I  \ 
'c=c-c=c - 

Br 

(242) (244) 

Ethoxyallenes are the dominant products, typically constituting more than 50% 
of the product mixture, as illustrated for 2-bromo-4-methyl-l,3-pentadiene (245), 
in which 246, 247 and 248 are formed in the ratio 29:16:55. Interestingly 250 is 
the sole product obtained from 249208.  

0 OEt 
II I 

Br 
EtOH--H20 - HC_CCH=CMez + MeCCH=CMez + HzC=C=CH-CMe2 

I 
1 oooc H2C=C-CH=CMeZ 

1245) (246) (247) (248) 

OEt 
I 

Br 
EtOH--H20 

1oooc 
(249) (250) 

- MezC=C=CH-CMe2 
I 

MezC=C-CH=CMe2 

The same type of mesomeric cation is generated by solvolysis of 2-methylene- 
cyclopropyl bromides such as 251 * O .  The solvolyses are carried out at 80" C in 
aqueous dioxane containing suspended CaC03, and give a,P-unsaturated ketones 
and a-allenic alcohols. Cation 252, which arises from 251 through bromide loss and 
ring-opening, reacts with water a t  the charged sites to  give 253 and 254. Allenic 
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Me 

(253) ............._ 
H 2 C 3 - M e  5 [HzC=C-;H--CMe2] q o  

OH I 
ar HzC=C=CH--CMe2 

(251 1 (252) (254) 

alcohols predominate in the products: e.g. 254 is obtained in 61% yield. Formation 
of allenic alcohols in these reactions makes their total absence from the solvolysis 
products of 2-bromo-l,3-dienes even more interesting. 

IV. ACI D-CATALYSED REARRANGEMENTS 

Acid-catalysed rearrangement of allenes to  conjugated dienes occurs under 
relatively mild conditions. Allenic esters such as 255 rearrange to the conjugated 
derivatives 256 and 257 when they are warmed with p-nitrobenzoic acid or trifluore 
acetic acid2' ' .  The reaction is very rapid with the latter catalyst. When the 

H+ - H$=C-CH=CMe + Me2C=CH-C=CH2 
Me\ /Me c=c=c 
/ \ I 

OPNB 
I 

OPNB 
I 

Me 
OPNB Me 

(255) (256) (257) 

PNB = p-nitrobenzoyl 

rearrangement was carried out in the presence of C-labelled p-nitrobenzoic acid, 
the dienol esters 256 and 257 contained labelled p-nitrobenzoate corresponding to 
ca 50% exchange. The findings can be rationalized by the mechanism outlined in 
scheme 9. Proton addition to the central allenic carbon of 255 giving the resonance- 
stabilized cation 258 followed by proton loss is one possible path to 256 and 257, 
but it cannot be the only one because it fails to account for the incorporation of 
labelled p-nitrobenzoate. These results can be accounted for by postulating the 

256 
H 

Me2C=C=C 'OPNB /Me HX 1e2c&c<;N.] * 257 

X- 

(255) (258) 

HX = CFjCOzH 
or 

p- 0 2  N Cc H4 CO 2 H 

(259) 

SCHEME 9. 
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existence of 259, formed by addition of X -  t o  the cation 258. The formation of 
256 and 257 from 259 can occur directly by elimination, or by dissociation back to  
258 followed by proton loss2 

Rearrangement of the allenic thio ether 260 to  261 occurs under mild conditions 
in the presence of a trace of p-toluenesulphonic acid or picric acid2 2 .  Analogous 
behaviour is exhibited by higher homologues of 260. 

. 

(2601 (261 1 

Alkenylidenecyclopropanes undergo interesting rearrangements in the presence 
of zinc iodide in ether2 I 3. 3-Isopropylidene-1-methylcyclobutene (263) is formed 
from 262, while 1,2-diisopropylidenecyclopropane (265) is obtained from 264; 
both products are formed in virtually quantitative yield. Mechanisms which account 
for these products are outlined in Scheme 10 where, for simplicity, a single 
contributing structure is shown for intermediate ions. 

L 
(2621 

(2641 (2651 

SCHEME 10. 

Allenes with suitably located electron-donating groups give cyclic products by 
acid-catalysed rearrangement. 3-Phenylallene carboxylic acids 266, for example, 
give a,punsaturated lactones 268 upon treatment with trifluoracetic acid at room 
temperature214. Optically active acids 266 lead to  optically active lactones 268 
with the configuration shown, indicating that the cation 267 is formed prefer- 
entially by electrophilic attack ant i  to the carboxyl group and that cyclization is 
rapid2 4 .  

(2661 (2671 (2681 

1,3-Diphenylindene (270),  which is one of the products formed by acid treat- 
ment of triphenylallene (269), can be accounted for in terms of an intramolecular 
electrophilic substitution’ 5 .  
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Ph2 C= C = C H P h 

Ph 
(269) (270) 

Rearrangement involving transannular participation occurs when 1,2,5,8-cyclo- 
decatetraene (271) is treated with mercury(I1) sulphate and acetic acid2 p2 '. In 
contrast t o  most oxymercurations, only rearranged products, 272 and 273, are 
obtained with this and related cyclic allenes. When the reaction is carried out in 
acetic acid 0-d, deuterium is incorporated in 272 at position 5, but 273 is 

(273) H I  
(271 1 H(D) 

(272) 

27 1 

(a) 

....- . .  . .  

(274) 

HgX 

(277) 

AcO H - 

\ 
272 

273 

SCHEME 11. 

nondeuterated. The results can be rationalized by the mechanisms summarized in 
Scheme 1 1. Transannular participation (path a) in the initial complex 274 leads to  
the bridged ion 275 which may react with solvent t o  give 276. Demercuration of 
276 by addition-elimination accounts for deuterium incorporation at  this position. 
Homoallyl-cyclopropylcarbinyl rearrangement of 275 leads to  cation 278, which 
may be considered to be a metal-complexed carbene. Hydride shift and elimination 
of HgX complete the sequence to 273. Path (b) involving homoallyl-cyclopropyl- 
carbinyl rearrangement of 274 followed by transannular rearrangement is another 
possible route to 27tl2 '. 

When the tetracyclic diester 279 is stirred for 2 days with AgBF4 in dichloro- 
methane, a 3: 1 mixture of 280 and 281 is formed2 8 .  A possible mechanism for 
the formation of 280 is shown in Scheme 12; formation of 281 can also be 
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\ 

279 - Ag+ t P&CO.Me 

&C02Me C02Me C02Me 

Ag Ag 

(282) 

SCHEME 12. 

rationalized in terms of intermediate 282 by postulating cleavage of bond (b) of the 
cyclopropyl ring. The allene derivative 280 undergoes an unusual thermal rearrange- 
ment to 283. 

V. HOMOALLENIC PARTICIPATION 

The ability of (3-allenic groups to participate effectively i n  solvolysis reactions in a 
manner comparable to homoallylic participation has been demonstrated in a variety 
of studies. In the initial studies suggesting the possibility of participation, cyclo- 
propyl and cyclobutyl derivatives were reported as products of solvolysis of 
(3-allenic substrates, as summarized in equations (49)-(5 1)' 9-22 . Subsequent 

(49) 
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workers have verified that these products are formed, along with numerous other 
ones, particularly in the reactions summarized in equations (50) and (51). Non- 
rearranged products are obtained when potent nucleophiles such as azide ion are 
present" . 

A great deal of evidence has been accumulated which indicates that cyclo- 
propylvinyl cations (284) are intermediates in these reactions. Some have argued 
that these cations are the first-formed intermediates, while others postulate methy- 
lenebicyclobut onium ions as precursors of the cyclopropylvinyl cations. We shall 
examine some of the evidence pertinent to  the question. 

Cyclopropylvinyl cations apparently are most stable in the linear, bisected 
conformation 285, presumably because of the charge delocalization made possible 
by overlap of the vacant orbital (shaded) with the adjacent ring bonds2 3. The 
basic aspects of the mechanism in which a cation of type 284 is postulated to  be 
the first-formed intermediate are summarized in Scheme 13, where SOH represents 

1-3-41 
R '  - =+*; t 

1 2 3  
\ 

(287)  R2 

a:- ..... < 0s 

2' 

SCHEME 13. 
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solvent and the numbers in parentheses beside the arrows represent the position of 
solvent attack on 287, or the bond in 287 which migrates to give a cyclobutyl 
derivative. No indication of stereochemistry is included, but in products where 
geometric isomerism is possible, mixtures of cis- trans isomers are generally pro- 
duced. Also, elimination products, such as cyclopropylacetylenes, are not included. 
I t  should be noted that the substitution pattern of the allenyl substrate, the nature 
of the solvent, and the reaction conditions strongly influence the proportions of the 
various products formed. 

Inversion of configuration at the functional carbon was demonstrated by the 
formation of ketones 289 and 290 upon hydrolysis of (S)-1-methyl-3,4- 
pentadienyl tosylate (288)22492 5 .  The ketones were formed without loss of 
optical purity, thus providing strong evidence for participation by the allenyl group. 
Interestingly, the allenic alcohol 291 was racemic. Ketones 289 and 29G with the 
same configuration and optical purity were obtained when 288 was subjected to 
acetolysis followed by LiAlH4 reduction, but in this case the allenic alcohol 291 
showed a slight excess (3.1 %) inversionZ * . 

The products of solvolysis of kallenic halides have been found to correspond 
closely to those from the corresponding cyclopropylvinyl halide when the reactions 
are carried out  under similar conditions2 J '. This can be seen by comparing the 
distribution of products from the reaction of silver acetate in HOAc with 5-iodo- 
l,2-pentadiene (292a) and with I-cyclopropyl- I-iodoethylene (293) (Table 1). With 
the exception of methyl cyclopropyl ketone (294) and 3,4-pentadienyl acetate 
(297), the product compositions are seen to be remarkably similar, and the two 
discrepancies are easily accounted for. The excess acetate 297 from 292a can be 
attributed to  an independent pathway involving displacement by solvent. It was 
also shown that 293 reacts with AgOAc to give methyl cyclopropyl ketone by an 
undefined route parallelling the ionization route. 

X 

X (300) 

SCHEME 14. 
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The possibility must be considered that at least part of the cyclobutyl products 
298 and 299 arise from 292a by a 1 ,Ccyclization route which gives the cyclobutyl 
ion 300 directly (Scheme 14). It was shown in separate experiments that the ion 
300 gives only cyclobutyl products, and consequently the close correspondence in 
the amounts of cyclobutyl products 298 and 299 formed from 292a and 293 is 
taken to  mean that cyclization of 292a by the 1,4 route isoinsignificantZZ 6 .  

The enol acetate 296 reacts with acetic acid a t  100 C to  give methyl cyclo- 
propyl ketone (294). This accounts for the absence of 296 and the high percentage 
of 294 from the acetolysis of the tosylate 292b (Table 1). Furthermore, the 
acetylene 295 is unstable under the conditions for acetolysis of the tosylate. The 
solvent-assisted route plays a larger role, and ring-expansion to  give cyclobutyl 
products is also somewhat more significant under these conditions. 

The conclusions drawn from these studies are strongly reinforced by studies of 
the methyl-substituted homologues 301, 302 and 303. The distribution of cyclic 
products obtaintd (Scheme 15) when these iodides are treated with silver acetate in 
acetic acid at 25 C is practically identical in all three cases. Again the results can be 
rationalized in terms of the cation 304 as the first-formed intermediate2 '. 

L- I 

SCHEME 15. 

Unlike other simple homoallenic substrates, 1- and 2-methyl-3,4-pentadienyl 
tosylates 305 and  306 show complex kinetic behaviour upon acetolysis (Scheme 
16)228-2 30. In the case of 305, the integrated rate constant decreased rapidly during 
the reaction whereas with 306 a steady increase occurred. It was suspected that 
return-rearrangement to  the cyclopropyl derivative 308 was responsible for this 
behaviour, and in fact when the acetolysis of 305 was interrupted before completion 
the rearranged tosylate 308 was isolated. Furthermore 306 was shown to rearrange 
to both 305 and 308 during a c e t o l y s i ~ ~ ~ ~ .  In  a separate experiment, tosylate 308 
(cis, t ram mixture) was synthesized and subjected to acetolysis' 3 0 .  The spectrum of 
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(308) 

11 

(305) (307) 

569 

(306) 

(309) (310) (311) (312) (31 3) (314) (31 5) 

SCHEME 16. 

products 309-315 was the same from all three substrates, although the proportion 
of cyclopropyl products, particularly the trans ketone 3 11, was substantially greater 
in the case of 308. Again the products can be accounted for satisfactorily in terms 
of the intermediate cyclopropylvinyl cation, 307. 

Particularly interesting is the composition of the allenyl acetate fraction. In the 
case of 305 and 308, only traces of the primary acetate 315 were formed, while the 
secondary acetate 314 constituted 55% and 28% respectively of the acetolysis 
products. Less than 4% 315 was formed from the primary tosylate 306 while the 
secondary acetate 314 made up 40% of the product, signifying that the solvent 
displacement route is of minor importance in this case. The preponderance of 3 14 
from these reactions implies that the charge distribution in the cyclopropyl ring of 
cation 307 is unsymmetrical, with the greater charge residing on the carbon bearing 
the methyl group. The methyl group in 306 exerts a significant accelerating effect, 
e.g. the rate of acetolysis at 85 C is approximately 16 times that of the unsubsti- 
tuted derivative, 3,4pentadienyl tosylate. This effect is understandable on the basis 
of the charge delocalization in the ion 307. 

Unlike 305 and 306, the solvolysis of 308 is strictly first order, and the observed 
rate constant for its disappearance agrees well with the value calculated to  explain 
the kinetic behaviour of 305 and 306. Rearrangement to 305 or 306 does not occur 
during the solvolysis of 30g2 O .  

i t  is postulated that differences in the location of the tosylate counterion of 
307, depending on whether the ion pair is formed from 305, 306 or 308, may be 
responsible for the differences in product distributions, and for the differences in 
the facility of return vs product formationZ3 O .  

The effect of methyl substituents on homoallenic participation has been deter- 
mined by several groups2 s T~ s *z i2  1-23 3 .  The rate constant for the neighbour- 

D 
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ing-group participation component, k A ,  is given by ( k ,  - k , )  where kt is the 
titrimetric rate constant and k ,  is the solvent-assisted component. Jacobs and 
Macomber used model compounds for estimating the value of k,2289229.  The 
model compounds were tosylates of saturated alcohols having the same skeleton as 
the homoallenic derivative, and it was assumed that k,  (allene) = k,  (model). I t  seems 
likely that k ,  for the allenic derivative will be smaller than that of the saturated 
analogue because of the rate-retarding inductive effect of the allenic group, and the 
values of kA obtained in this way represent lower limits to the ‘true’ values. 

The rate constant for disappearance of 1 -methyl-3,4-pentadienyl tosylate (305) 
upon acetolysis a t  85” C is 1.95 x s-l 230, while k ,  for the model compound, 
1-methylpentyl tosylate, a t  this temperature is 2.03 x s-l Apparently this 
is a case where acceleration by participation just balances the inductive retardation. 
However, Santelli and Bertrand have estimated that k A / k ,  = 5.06 based on the 
excess of inversion (3%) that occurs in the acetolysis of optically active 30522 5 .  

A marked acceleration is produced by the methyl group a t  position 2 in 306. If 
the most recent value of the rate constant for disappearance of 306 upon acetolysis 
a t  85O C 2 3 0  is used for  k, ,  one calculates k A  to be 9.69 x s - l .  This value is 
approximately 36 times greater than the value of k~ for the unsubstituted deriva- 
tive, 3,4pentadienyl tosylate (292b)22 

Alkyl substituents a t  position 3 as in 316 increase the rate of solvolysis and also 
shift the product distribution in favour of cyclobutyl derivatives. The value of kA 
for acetolysis of 316 is 3.77 times that of the unsubstituted tosylate 292b, and the 
products consist of the cyclobutyl derivatives 317 and 3 18, and the unrearranged 

(316) (317) (3181 (319) 

acetate 31922 Stabilization of the cyclobutyl cation 320 by the methyl 
group is the most likely reason for the increased proportion of cyclobutyl products. 
It has been pointed out that the initial cation formed by ringexpansion of 

(320) 

cyclopropylvinyl cations is a ‘buckled’ methylenecyclobutyl cation in which very 
little allylic delocalization is possible because the II system is nearly orthogonal to 
the newly generated p orbital at position 322 6 .  Relaxation to a planar geometry 
must occur before full allylic stabilization is possible. On this basis the methyl 
group should play an important role in stabilizing the initial cation 320. 

Hydrolysis of the labelled tosylate 321 gives the cyclobutyl derivatives 
(75% yield) 322 and 323 in a 40:60 ratio, along with unrearranged alcohol 324 

(321 I (3221 (323) (324) 
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(25%) ,  whereas under the same conditions, 325 provides 322 and 323 in the same 
total yield, but in the ratio 60:40222. Alcohol 326 constitutes the remainder of the 
product in the latter case. The fact that 322 and 323 are not formed in a 50:50 
ratio in these reactions is taken as evidence that the cyclopropylvinyl cation 329 
cannot be the first-formed intermediate, and the authors propose instead the initial 
formation of the methylenebicyclobutonium ion 327 from 321 and 328 from 
325234. Their analysis of the distribution of products for hydrolysis of 325 is 
shown in Scheme 17. If isotope effects are ignored, rearrangement of 329 would be 

/ 325 - 328 

(329) 
(323) 

SCHEME 17. 

expected to give equal amounts of 322 and 323. The fact that 322 is formed in 
greater amount than 323 implies that an alternate pathway exists to 322, and this is 
proposed to be solvent capture by 328. Based on the 60:40 ratio of products, it is 
calculated that kz = 4 k l  . 

The formation of unequal amounts of 322 and 323 can be rationalized on the 
basis of an unsymmetrical location of the tosylate counterion associated with the 
cyclopropylvinyl cation 329, without invoking the bicyclobutonium ion 328230. 

The absence of rearranged allenic alcohols in these reactions is perplexing. Thus, 
one would anticipate mixtures of 324 and 326 from the hydrolysis of either 321 or 
325. 



HOAc 

OTs - -/- 

(330) 

cation is stable enough not to require assistance from the allenyl group. The rate of 
hydrolysis of 331 was only ca one-third that of analogous saturated tertiary 
derivatives, presumably reflecting the inductive withdrawal by the allenyl group. 
Cyclic products were also absent from the solvolysis of 2,2-dimethyl-3,4-penta- 
dienyl brosylate (332) under a variety of conditions, but in this case all of the 
products possessed rearranged skeletons23 l .  Thus, the tertiary acetate 335 is the 

OAc 

p=- + 6 + d" + 
0 

woAc + dY+ -,- OAc 

t 

(333) (334) (335) 

OEt OH 

principal product of acetolysis, accompanied by smaller amounts of the rearranged 
hydrocarbons 333 and 334. Similarly, the ether 336 and the alcohol 337 are the 
major products of ethanolysis and hydrolysis, respectively, the remainder being 
hydrocarbons 333 and 334. Careful examination failed to  reveal the presence of 
cyclic products or products with nonrearranged skeletons. Solvent-assisted displace- 
ment does not occur with 332 because of steric hindrance, and furthermore its 
reaction rate in solvents of equivalent ionizing power is unaffected by changes in 
the nucleophilicity of the medium. The gem dimethyl groups greatly increase the 
rate of the k~ process; e.g. 332 is approximately 350 times as reactive as 3,4-penta- 
dienyi 9-naphthalenesulphonate toward acetic acid at  60° Cz . 
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One reasonable mechanism for the solvolysis of 332 involves ring-opening of the 
initially formed cyclopropylvinyl cation 338 to  the stable tertiary cation 339, 
which can give trienes 333 and 334 by proton loss or 335 by acetate capture. 

333 + 334 
- H F  

However, the preponderance of nonconjugated trienes over the conjugated isomers 
in all the cases studied suggests the possibility of product formation directly from 
the cyclopropylvinyl cation 338 as indicated in Scheme 1 82 5 .  

‘0, 
0,. - 

SCHEME 18. 

Small amounts of products containing a cyclobutane ring do  arise in the 
solvolysis of 2,2,3-trimethyl-3,4-pentadienyl brosylate (340)23 9 2  5 .  Acetolysis of 
340 at 55” C gave a complex mixture in which the rearranged tertiary acetate 341 
predominated (66%), but which also contained the cyclobutyl derivatives 342,343 
and 344 (2.0, 0.6 and 2.0% respectively) and three acyclic trienes 345,346 and 347 

(1 676, 9.0% and 3.7%). The acyclic acetate 341 and triene 345 can be accounted for 
in terms of the mechanisms discussed for the solvolysis of 332. Ringexpansion of 
the cyclopropylvinyl cation 348 to  give the two cyclobutyl cations 349 and 350 
can account for the formation of 342 and 343. The formation of 344 requires a 
more deep-seated rearrangement, and one possibility involves successive ring-con- 
traction to 351 and expansion to  352235. 
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v 342 

(349) 

(348) 
OAc - 343 

I 

(351 1 (352) 

Kinetic studies indicate that homoallenic participation is more effective than the 
homoallylic counterpartz3 l ,  and support for this proposal is provided by the 
product distribution from substrates in which the two processes can compete. Thus, 
hydrolysis of 353 gives methylenecyclobutanols 354 and 355 (products of homo- 
allenic participation) and nonrearranged alcohol 35623 6 .  

H p O - G C O j  . ?OH + 3 J J A  
(354) OH (356) 

(355) 

4’ A n  lO0OC - 
(353) 

Extensive compilations of activation parameters have appeared for reactions 
involving homoallenic participation2 v 2  7. 

Solvolysis of a variety of cyclic substrates, e.g. 2-allenylcycloalkylz ’ J 
2-vinylidenecyclohexylcarbiny12 and 3,4-cyclononadienylz arenesulphonates, 
in general gives product mixtures comparable to those obtained from acyclic 
analogues. 

Hydride migration competes effectively with homoallenyl participation in the 
hydrolysis of 357, as evidenced by the fact that alcohol 358 is the major pro- 
duct222. It is proposed that steric congestion around the functional carbon hinders 

(357) 
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homoallenyl participation, and hydride participation is able to  compete because of 
the stable tertiary cation that is formed. 

Homoallenyl participation does not occur in the deamination of 4,S-hexadien-Z- 
amine (359), the only products being the nonrearranged alcohol 360 and the 
alcohol resulting from hydride shift, 361243 9 2 4  . The absence of participation is 
attributed to  the formation of the highly energetic ion pair 362 in a conformation 

4’ 2 /// A+pp 
OH 

(359) (360) (361 I 

which is not suitable for homoallenic participation. Collapse to give 360, or hydride 
shift t o  give 361, takes place before rotation can occur to give a conformation in 
which interaction with the n bond is possible234. However, participation has been 

-OH 

observed with substituted derivatives of 35924 * 9 2 4  2 .  For example, cyclic com- 
pounds 364-366 constitute the bulk of the product from the threo amine, 363, 
and each of these is formed with inversion of configuration at the functional 
carbon242. ’ 

Finally, participation has been demonstrated to  occur in the solvolysis of 
y-allenic substrates243 9 2 4 4 .  The products from acetolysis of (S)-l-methyl-3,4-hexa- 
dienyl tosylate (367) are the acetate 368, with 89% inversion of configuration, and 
the cyclic derivatives 369 and 370. The cyclic products are formed with inversion 

of configuration at the functional carbon, and the reaction proceeds without 
significant loss of optical purityZ44 . Efficient participation has been observed for 
an allenyl group even more remotely removed from the functional carbon24 s. 
Trifluorethanolysis of 371 gives 373 and 374, presumably by way of the 2-methyl- 
enecyclohexyl cation 372. 
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__c +jUCF3 + 

(371 1 (372) (373) (374) 

VI. OXIDATIVE CYCLIZATION 

Attack by per acids occurs exclusively on the olefin functions of 1.2.4-pentatriene 
(375a) giving the allenyloxirane 376az46. The same type of behaviour is observed 
for trienes bearing an alkyl group on the olefinic function, e.g. 375b + 376b, but 
the behaviour is changed drastically by substituents on the allenyl portionZ4’ J 4  * . 
Thus, 375c and 375d give cyclopentenones 377c and 377d respectively with no 
detectable amounts of the oxiranes 376c and 376d. The selectivity is diminished 
slightly with 375e, which furnishes 376e and 377e in a 5:95 ratio and it is still 
smaller when both functions are substituted as in 375f which yields 376f and 377f 
in a 35:65 ratio. 

(3751 (376) (377 1 

The reaction has promise for synthetic work, and i t  has been extended to  
1,2,4-trien-6-ynes as illustrated by the conversion of 378 to  379249. A comple- 
mentary method for converting 1,2,4-trienes to cyclopentenones involves treatment 
with mercuric acetate followed by dilute perchloric acid (equation 52)’ O .  
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The mechanism originally proposed for the conversion of 1,2,4-tnenes to cyclo- 
pentenones by peracids consists of the sequence of steps outlined in Scheme 19. 

A1C03i-l 
375 - 

SCHEME 19. 

0 

(377) 

Allene epoxides have been shown to rearrange to cyclopropanonesZ p 2  2 ,  thus 
providing a precedent for the postulated rearrangement of 380 to 381, and, in 
cycloaddition reactions, cyclopropanones appear to undergo ring-opening initially 
to a tautomeric dipolar structure analogous t o  382z v Z  5 4 .  Recent stereochemical 
evidence, however, argues strongly against this mechanism and indicates that the 
epoxide 380 rearranges by a concerted processz55. Thus, oxidation of (R)-3- 
methyl-l,3,4hexatriene (383) with m-chloroperbenzoic acid yields (S)-2,5-di- 
methyl-2-cyclopentenone (384), apparently with very little loss of optical purity. 
These results are accounted for by postulating that peracid attack on 383 occurs 
preferentially from the less hindered face, giving epoxide 385, which rearranges to  
384 by an allowed ( r Z s  + rz s + o2 s) processZ 5 .  

(385) 

1,2,5-Trienes react with peracids analogously to  1,2,4-trienes giving bicyclo 
[ 3.1.01 hexan-2-ones as illustrated in equation (53)z s Z  7 .  Dramatic increases in 
the yield of 387 are noted when the solvent is changed from dichloromethane to 
methanol; e.g. the percentage of 387a in the product increases from 50 t o  90 while 
that of 387b increases from ca 0 to 100. This solvent effect was cited as support for 
a mechanism involving a dipolar intermediate analogous to 382, which would be 
stabilized by solvation by methanolZ 7 .  However, the finding that (-)-386a fur- 
nishes optically active product, (-)-387a, casts doubt on this conclusion, and 
suggests a concerted process insteadZS 5 9 z  5 7 .  
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(386) (387) 

(a) 

(b) R’  = R 2 = M e  

R’ = M e ,  R2 = E t  

Oxidation of a-allenic alcohols with H2 O2 -PhCN gives 3-oxacyclopentanones, 
as illustrated in equation ( 54)2 * . Yields are excellent for tertiary, but fair to poor 
for secondary and primary alcohols. The behaviour of P-allenic alcohols depends on 
the substitution pattern. Alcohols that are disubstituted on the terminal allenic 

position, as in 389, behave in the same fashion as 388 giving 3-oxacyclohexanones 
(equation 5 5 ) 2 5 8 .  A stepwise mechanism comparable to that in Scheme 19 can be 
formulated for these reactions, but the finding that optically active products are 
obtained from active precursors (-)-390 and (+)-39 1 makes more likely a concerted 

(389) 

process involving intramolecular nucleophilic attack on the epoxide by the 
hydroxyl group2 5 .  

>2 F-7 HO 

(3901 (391) 

P-Allenic alcohols substituted at position 3 but unsubstituted on the terminal 
allenic carbon undergo a more deep-seated rearrangement giving y-lactones on 
oxidation with H2 0 2  -PhCN2 9 .  For example, primary, secondary or tertiary 
alcohols of type 392 lead to y-lactones 393 in yields of 80% or better. Scheme 20 
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summarizes a mechanism which has been proposed for the reaction. The cyclo- 
propanone 395, formed by rearrangement of the epoxide 394, reacts with the 
neighbouring hydroxyl group to give the hemiacetal 396. Ring-opening to give the 
carbanion 397 and proton abstraction from the solvent then complete the se- 
quence. Evidence cited in support of the mechanism is the fact that deuterium is 
incorporated in one of the methyl groups in the product 399 obtained when 
CH3 OD is used as the solvent for the oxidation of 39g2 9 .  

(394) (395) 1396) I 

SCHEME 20. (397) 

(398) (399) 

VII. ROTATION ABOUT THE ALLENE AXIS 

1,3-Disubstituted allenes can exist in enantiomeric forms, separated by a barrier 
which is high enough to prevent their interconversion at ordinary temperatures and 
thus permits isolation of optically active forms. The height of the bamer, which has 
been the object of numerous theoretical calculations, has been determined experi- 
mentally from a study of the kinetics of racemization of 1,3-dimethyl-(400a) and 

(a) R = Me 

(bl R = t -Bu  

(400) 

1,3-di-t-buty1-(400b) allene at elevated temperatures260. The first-order rate con- 
stant for isomerization of 400a (259-309O C) is given by log k(~-') = 13.61 - 
46,170/2.303 R T ,  and that for 400b (293-323OC) by log k(s-' ) = 13.39 - 
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46,910/2.303 R T .  The rotational barrier is significantly lower than that observed 
for simple alkenes (e.g. E,  = 65.0 kcal/mol for CHD=CHDZ6' and 62.2 kcal/mol 
for t r a n ~ - 2 - b u t e n e ) ~ ~ ~ ,  largely as a result of allylic resonance stabilization in the 
transition state (401) for isomerization of 4002 O .  By assuming that the methyl 
groups of 400a lower the barrier by the same amount as they do in 2-butene, i.e. 
65.0 - 62.2 = 2.8 kcal/mol, the rotational barrier in allene itself is estimated to bc 
approximately 49 kcal/molZb3. This value is in good agreement with those 
obtained from recent theoretical calculations2 3-26 5 .  

(401 1 (402) (403) 

The proposalZ60 that the transition state for rotation may have nonlinear 
geometry as in 402 instead of the commonly assumed linear arrangement 403 has 
received support from theoretical calculations, which indicate the former to be 
more stable by ca 6 kcal/mo12 

A progressive lowering of the barrier occurs as successive cumulated double 
bonds are added as can be seen in Table 2. Thus ( Z ) -  and (E)-2,3,4-hexatriene (404) 
are interconverted in the temperature range 100-1 SO0 C in the gas phase, with rate 
constant given by logk(s- ' )= 13.04 - 3 1 , 8 0 0 / 2 . 3 0 3 R p 6 6 ,  and with an equi- 
librium constant of unity. The barrier is lower than that for  2,3-butadiene (400a) 

. 

CH3 CH3 

H +=<""" l-i * 
H k=<H CH3 

(Z)-(404) (€)-(404) 

by 14.1 kcal/mol. A large part of the lowering is a result of the fact that both of the 
odd electrons in the diradical transition state 405 have allylic resonance energy, but  
part is also attributed to increased bonding between the central carbons in the 
transition state as implied by the contributing structure 406a. 

The geometric isomers, (2)-407 and (E)407, are stable at room temperature, but 
are interconverted on heating. The barrier for rearrangement in solution in the 
temperature range 75- 125OC is somewhat smaller than that found for the gas-phase 
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isomerization of the dimethyl analogue 404, but is relatively insensitive to  solvent 
polarity2 7 .  

The racemic tetraene 408 has been resolved into its enantiomeric forms by 
chromatography over 'peracetylcellulose' at low temperatures' * . Racemization 
occurs when the optically active material is heated at 85" C, and the rotation barrier 

(AH* = 26.1 kcal/mol) is slightly lower than that for 407. In the case of the 
pentaene, 409, the barrier is so low (AH* = 19 kcal/mol) that rapid interconversion 
of the 2 and E isomers occurs at room temperature268. Thus there seems to be no 
prospect for obtaining optically active heptahexaene or  higher cumulenes. 

Catalysis of internal rotation in allenic esters by silver salts is described in 
Section VIII.B.6. 

VIII. PERICYCLIC REACTIONS 

A. Electrocyclization, Internal Cycloaddition and Related Cyclizations 

1,2,4,5-Hexatetraene and its derivatives undergo electrocyclization to  3,4-bis- 
methylenecyclobutenes under mild conditions. The parent member, 410, cyclizes 
rapidly at 150° C269 or a t  room temperature in the presence of copper(1) chlor- 
ide2m, and the tetramethyl homologue 411 rearranges to  412 at 250° C2'l. 

1,2,4,5-Tetraenes are intermediates in the thermal rearrangement of 1,Sdiynes to 
bisme thylenecyclobutenes which is discussed in Section VIII.B.4.e. 

When bromoallene 413 is treated with CuCl in DMF, a mixture of stereoisomeric 
bismethylenecyclobutenes 415 and 416 is obtained, apparently by way of the 
dimer 4 1 4 ~ ~ ~ .  
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(41 31 

+ 

r-Bu 

(416) 

The tetrabromide 417 reacts with methyllithium at -30" C to give 419 pre- 
sumably by way of the cyclic bisallene 41g2 73. The rearrangement of cis-3,5-octa- 
diene-1,7-diyne (420) to benzocyclobutene (421), which dimerizes spontaneously 
to 422 apparently involves two successive electrocyclizations as shownZ 7 4 .  
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A related electrocyclization of allenylketene (425) has been proposed as the last 
step in the thermolysis of furfuryl benzoate (423) which gives 2-methylenecyclo- 
butenone (424)275. Allenylketene (425) is believed to  arise from 423 by two 
successive [3,31 shifts of the benzoate group, followed by aelimination of benzoic 
acid as shown in Scheme 21. Results of studies with deuterium-labelled ester are in 
agreement with this mechanismZ 5 .  

[3.31 
423 - 

ao pCH20iPh 640-7000c, 

CH2 

(423) (424) 

OCOPh 

SCHE/E 21. 

424 

The reversibility of the cyclization of 1,2,4,5tetraenes to bismethylenecyclo- 
butenes is described in Section VIII.B.4.e. Ring-opening to  give the vinylallene 427 
occurs when 426 is heated above 175" C276. The isomerization is much slower than 

(426) (427) 

that of simple alkylcyclobutenes, as evidenced by the large activation energy, 
estimated to  be ca 39 kcal/mol. A comparable ring-opening is postulated as the first 
step in the rearrangement of 428 to o-tolylacetylene (429) and indene (430) shown 
in Scheme 222 7 7 .  Rearrangement of 431 by [ 1,5] hydrogen shift is postulated as 

(428) 

428 - 
t i  r I 

L 

(432) 

- 430 

SCHEME 22. 
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the route to o-tolylacetylene, and rearrangement of the latter to the carbene 432 by 
[ 1,2] hydrogen shift, followed by carbene insertion accounts for the indene277. 

1,2,6,7-Tetraenes undergo rearrangement under mild conditions by processes 
analogous to  the dimerization of acyclic allenes2 9 2  7 8  >2 7 9 .  Thus, 1,2,6,7-octa- 
tetraene (433) rearranges to  435,436 and 437, with Arrhenius parameters given by 

C= -- - = [a] - + + 3 
(433) (435) (436) (437 1 

(434) 

log k(s - ' )  = 9.9 - 24,800/2.303 R T 2 7 8 .  In the range 80-150°C the distribution of 
products is independent of temperature, but does show a marked pressure depend- 
ence. For rearrangement in solution, corresponding to infinite pressure, the ratio is 
40:60:0, whereas at 1 torr it is 60:25:15 and a t  pressures below torr 435 is 
formed almost exclusively278. This behaviour can be rationalized in terms of a 
vibrationally excited diradical intermediate 434. At high pressure, rapid collisional 
deactivation of 434 occurs and the anticipated products 435 and 436 are formed. 
As the pressure is lowered, 434 transfers increasing amounts of excess energy to  its 
rearrangement products, 435 and 436, and the fraction of these which is not  
deactivated by collision can either regenerate 434 or rearrange to 437. At very low 
pressures, where the excited molecules have a sufficiently long life-time to  equilib- 
rate, the thermodynamic product 435 is obtained almost exclusively. It was shown 
that 437 rearranges to  435 and 436 at  temperatures above 170° C, and at still 
higher temperatures, e.g. above 25OoC, 436 rearranges to 435 irreversibly2 7 8 .  

It has been proposed that 435 and 436 arise by rearrangement of the diradical 
in different conformations, 434a and 434b2I9. In the chair conformation, 434a, 

n 

435 436 

the p orbitals at positions 3 and 6 are properly oriented for rupture of the 4-5 
bond giving 435. In  the planar conformation, 434b, however, the path is open 
for disrotatory rearrangement to 436. Evidence in support of this proposal has been 
obtained from studies of the distribution of the products 435 and 436 when the 
diradical was generated from a variety of precursors' 7 9 .  
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Internal cycloaddition involving the allene and alkene functions occurs when 
438 is heatedZ7l. 

When the bispropargyl ether or sulphide 439 (R = H) is treated with base the 
cyclic dimer 442 (R = H) is obtained; with the t-butyl-substituted derivatives, 439 
(R = t-Bu), the cyclic isomers 443 are producedza0. It was proposed that the 
reactions involve initial prototropic rearrangement to  the bisallenyl derivative 440, 
which then undergoes intramolecular allene dimerization to give the diradical44 1, 
or its equivalent. The diradical either cyclizes to give 443 or dimerizes to give 
4422 a o .  Strong support for this mechanism has been obtained recently2 a l .  The 
bisallenyl sulphides, 440b (R = H) and 440b (R = t-Bu), have been isolated and 
shown to rearrange thermally to 442b and 443b respectively. The unsubstituted 
sulphide, obtained when 439b (R = H) was treated with potassium I-butoxide at  
-65O C for one minute, rearranged to 442b when it was heated to SOo C. When 
439b (R = t-Bu) was chromatographed over Alz O3 impregnated with KOH, the 
sulphide 440b (R = t-Bu) was obtained as one of three prototropic rearrangement 
products; rearrangement to 443b occurred when this material was allowed to stand 
at 22O C for 18 hours281 . 

....- 
- x  4 ....:-. R 

2 
3 

F- 

k- 
X 

2 
\=i 
F- 

X 

(440) (441 1 

R 

I O2 

(442) 

Bu-t 

(443) 
I 

When the rearrangements were carried out  in the presence of oxygen the 
peroxides 444b (R  = H, t-Bu) were isolated, thus providing support for the inter- 
mediacy of the diradical 441 in these rearrangements2 ' . 

Rearrangement of the amino derivative 439 (X = NMe, R = t-Bu) gave results 
comparable to  the ether and sulphide, except that either the dimer 442 (X = NMe, 
R = t-Bu) or cyclic isomer 443 (X = NMe) could be obtained depending on the 
conditions2 a O .  

The product of reaction of the bromodiyne 445 with sodium sulphide is the 
thienocyclobutene 446, and it has been proposed that this product is formed from 
the initially formed thio ether by the same type of sequence as described above 
(Scheme 2 3 p  . 

A comparable type of rearrangement occurs with the bis( y,y-dimethylallenyl) 
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t-Bu 
\ 

t-Bu 
\ 

J= Ju-t 
Fs- Bu-t 

(445) SF - Bu-t 

Na2S 

S (t-Bu-SE-)2CHBr - - 
P i  4 Bu-t 4 

/ 
t-BU 

/ 
t-Bu 

t-Bu 
\ 
\\\ 
\ 

SCHEME 23, 

derivatives 447, except that the cyclization is accompanied by hydrogen migration 
giving 448283-285. Rearrangement of 447a occurs when it is heated at 75O C ,  but 

(447) (448) 

(a) X = SO2 

(b) X = S  

(c) x = 0 

(d) X = S e  

447b and 447c rearrange below room temperature, and attempts to  synthesize 
them have given the cyclic isomers 448b and 448c instead, as summarized in 
equations (56)  and (57). 
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The selenide 447d can be isolated, and a recent study of the kinetics of its 
rearrangement to the selenophene 448d at 30° C has provided useful information 
about the mechanism of the rearrangement2 5 .  The rate is practically insensitive to  
the ionizing power of the solvent, ruling out the possibility of ionic intermediates, 
and only a small isotope effect (kH/kD < 1.1) is noted for the rearrangement of 

C 3 CD3 CD3 CD3 

(449) 

449, ruling out an ene mechanism. A mechanism is proposed for the sulphur and 
selenium derivatives which consists of rate-determining cyclization to  the quino- 
dimethane-type intermediate 450, followed by rapid hydrogen transfer. 

X = S, Se (450) 

o-Di(3-methyl-l,2-butadienyl)benzene (451) rearranges at  30° C to  2-isopro- 
penyl-3-isopropylnaphthalene (453), and a study of the kinetics of rearrangement 
has shown an absence of solvent effect, and negligible isotope effect for the 
rearrangement of 4542 5 .  Here, also, a two-step mechanism is proposed involving 
slow formation of the quinodimethane 452 and rapid hydrogen transfer. 

r 1 

(451 1 (452) (453) 

‘CD3 

(454) 

A quinodimethane intermediate cannot be formed from the ether 447c, and the 
mechanism of rearrangement of this compound remains open. 

When the phenyl-substituted propargyl derivatives 455 are treated with base, the 
outcome of the rearrangement is different even though the initial steps are appar- 
ently the same as in the rearrangement of 4392 8 o  T~ *2 ’. The primary products 
obtained by treatment of 455 with potassium t-butoxide in THF for  short periods 
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(456) (4571 

(4581 (459) (460) 

X = 0, S, NMe 

have been shown to be 459. If the reactions are carried out under more severe 
conditions or for longer periods of time. further prototropic rearrangement occurs 
giving the naphthalene derivatives 460280. 

Prototropic rearrangement to the bisallenyl derivative 456 and cyclization to  the 
diradical 457 are proposed as the initial steps. The presence of the phenyl group in 
457 opens another reaction path to  the diradical, i.e. aromatic substitution giving 
458, which undergoes prototropic rearrangement to  the stable product 459 2 8 0 .  

Ally1 propargyl ethers such as 461 rearrange in the presence of potassium 
r-butoxide giving 464287. In this case prototropic rearrangement to the mono- 
allenyl ether 462 is the initial step. It has been proposed that the cyclization to  463 
occurs in this case by a concerted [n4 +r2 1 cycloaddition, but it is also possible 
that the diradical mechanism operates here as well. 

(461 1 
(462) 

(463) 

bh 

(4641 
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6. Sigmatropic Rearrangements 

7. n,51 and [ 1,7] Hydrogen shifts 
[ 1,5] Hydrogen shifts occur with unusual ease when the migration terminus is 

the sphybridized carbon of an allenyl system (equation 5 8 ) ,  as exemplified by the 
rearrangement of 5-methyl-1 ,2,4-hexatriene2 This rearrangement, which occurs 

at ca 100" C ,  has an activation energy of 24.6 kcal/mol, a value much below those 
found for comparable diene systems; for comparison, a value of 32.8 kcal/mol is 
found for the rearrangement of 2-methyl-l,3-pentadiene to 4-methyl-l,3-penta- 
diene. The rearrangement of the allene is exothermic by approximately 12.5 kcall 
mol whereas the rearrangement of the conjugated diene is exothermic by only ca 
0.5 kcal/mol, and part of the lowering of the energy of activation is undoubtedly a 
reflection of the greater exothermicity of the former. I t  is also likely that the 
smaller steric congestion around the sp-hybridized carbon is responsible for some of 
the lowering. 

When mesitylallene (465) is heated at 1 7OoC, the dihydronaphthalene 467 is 
formed by a sequence involving a rate-determining aromatic sigmatropic [ 131 

(465) (4661 (4671 

hydrogen shift giving 466 which undergoes rapid electrocyclization to 4672 8 9 .  The 
rearrangement follows a first-order rate law, with AH* = 28.8 kcal/mol and AS* 
(1 70" C) = - 140 

(471 1 
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Besides the anticipated dihydronaphthalene 470, (Z)-1,3-butadienylmesitylene 
(471) is also formed by the thermal rearrangement of 468. This is a consequence of 
the formation of two stereoisomeric quinodimethanes, (Z,E)469 and (2,2)469 in 
the initial [ 1,51 rearrangement, the former arising by the transfer of Ha in 468, and 
the latter by the transfer of Hb. The only path open for aromatization of (Z,E)469 
is disrotatory cyclization giving 470, but in the case of (2,2)469, a competing 
path - [ 1,7] antarafacial hydrogen migration - is open, and this is the route 
followed290. It was shown that 470 and 471 are not interconverted under the 
reaction conditions, and the fact that in the rearrangement of 472 the [1,7] 
rearrangement product 473 is formed to  the exclusion of the cyclization product 
474 lends support to the proposed mechanismZ 

(473) 1 
(474) 

Methyl substituents at the 3-position of the allenyl chain lead to  an increase in 
rate of the [ 1,51 hydrogen shift. Thus 468 rearranges approximately twice and 472 
approximately four times as fast as 465, presumably as a result of increased 
stabilization of the intermediate quinodimethanes. Methyl substitution at the 
1-position, however, leads to a drastic reduction in reactivity, the rate of rearrange- 
ment of 475 being only 0.0053 times that of 465. The lower reactivity is attributed 

(475) 

to steric interactions between the ortho methyl and the I-methyl in the coplanar 
arrangement required in the transition stateZ O .  

Additional insight into the reaction was obtained from studies of the labelled 
derivatives 476 and 477. The location of deuterium in the products is in agreement 
with the proposed mechanism, and the kinetic isotope effects, k~ /kn = 3.45 for 
476 and 1.20 for 477 (both at 170" C), are also in accord with a rate-determining 
[1,51 shift290. 

K> - [ I 3 1  0 [ weD ] (1.71 H c  GD 
Me Me 

Me 
(476) 
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[ 1,5] Hydrogen migration and subsequent 6-electron electrocyclization have 
been proposed to account for the rearrangement of the allenamidine 478 to the 
dihydropyridine 4792 . 

(4791 
(478) 

The rearrangement of l-(cis-2-methylcyclopropyl)-l,2-butadiene (480) t o  i ,4,6- 
octatriene (481) is stereospecific, with 480a giving 481a and 480b giving 481b292. 
This is rationalized in terms of the preferred conformation of 480 for the [1,5] 
homodienyl hydrogen migration as being the one where Hx and HY are eclipsed as 

(a) 

(b) 

R'  = Me, R 2  = H 

R' = H, R 2  = Me 

shown. The migrating hydrogen, H,, is transferred to  the syn lobe 1 of the p 
orbital resulting in cis stereochemistry for H, and R2 and for Hx  and Hy292 .  As 
might be anticipated, 480a rearranges faster than 480b. 

Thermolysis of 3-(truns-2-methylcyclopropyl)-l ,Zbutadiene (482) gives the mix- 
ture of products shown in equation (59)293. The cyclopentenes 483 and 484 are 

(482) (483) (484) (4851 (486) (4871 
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the products anticipated from a vinylcyclopropane-type rearrangement with the 
major one 483 arising by migration of the more highly substituted group. The 
formation of 485 and 486 (and the resulting 487) is particularly interesting, and it 
is proposed that the initial step in the formation of these products is geometric 
isomerization to 488 (Scheme 24). Rearrangement of 488 by [ 1,5] homodienyl 

_I 

(4881 ( 489 1 1490) 

l1.71 H / 

SCHEME 24. 

hydrogen migration would be rapid under the reaction conditions, and the product 
489 would be expected to equilibrate rapidly with 490 by [ 1,5] hydrogen shift. 
Cyclization of 490 and successive [ 1,5] hydrogen shifts lead to  485. To account for 
486, a competing [ 1,71 rearrangement of 490 is proposed which gives 491. 
Cyclization and subsequent [ 1,5] rearrangement then yield 486z93. 

Thermal rearrangement of cis-1 -allyl-2-ethynylcyclopropane (492) occurs under 
mild conditions and yields frans-l,2,5,7-octatetraene (493)2 9 4 .  From the Arrhenius 
expression, log k(s-' ) = 8.2 - 25,100/2.303 R T ,  it is seen that the A factor is 
surprisingly small, corresponding to  an entropy of activation (at 170" C) of 
-24 e.u. It is suggested that [ 1,5] hydrogen migrations in which an ethynyl carbon 
is the migration terminus may have an enhanced entropic demandZ 9 4 .  < 15O-17O0C- c= 

(492) (493) 

2. The silapropynylic rearrangement 

Propargyl- and allenyl-trialkylsilanes are interconverted at elevated temperatures 
by a process that involves [1,3] sigmatropic shift of the trialkylsilyl group and 
which is referred to as the 'silapropynylic rearrangement'2 5 .  The activation energy 
and entropy for conversion of propargyltrimethylsilane (494) to  allenyltrimethyl- 
siiane (495) are 49.9 kcal/mol and -4.0 e.u. (500" C), and the equilibrium mixture 
at 555" C contains 86.1% 495. Inversion of configuration at silicon was demon- 
strated by the formation of (-)a97 from (+)496 with little or no  loss of optical 
purity2 9 5 . 
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55OoC 
Me3SiCH2CGCH Me3SiCH=C=CH2 

(494) (495) 

3. [2,31 Sigmatropic rearrangements 

Alkyl propargyl ethers in which a stabilized anion can be formed a t  the 
a-position of the alkyl group undergo [2,31 rearrangement in the presence of strong 
bases to give allenylcarbinols as illustrated in equations (60)-(62)2 96-298 .  

OLR ’ MeLi 1 &‘;I .. L R  [2.31_ &H4R (60) 

R = H, Me 

When propargylic alcohols are heated with ‘N,N-diethylformamide diethyl 
acetal’, N,N-diethylamides of 2,3-dienoic acids (500) are formed in good-toexcel- 
lent yieldsZg9. It is postulated that the initial propargylic derivative 498 loses 
ethanol by a-elimination in a reversible process giving the stabilized carbene 499 
which undergoes [ 2,3] rearrangement to  the final product 500. 

Upon treatment with potassium t-butoxide, propargylic ammonium salts 501 
rearrange to  allenyl derivatives 503 and it is proposed that the reaction involves 
[ 2,3] sigmatropic rearrangement of the intermediate ammonium ylide 5023 O 0 .  A 
comparable rearrangement occurs when the keto derivative 504 is treated with 
aqueous NaOH, but evidence has been presented which indicates that the rearrange- 
ment of the ylide 505 is not necessarily concerted, and may proceed at least in part 
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(500) 

by way of the betaine 50630 1 ,302 .  The betaine 506 can undergo anti elimination 
to  give 507, the major product, or prototropic rearrangement to the ylide 508, 

(501 1 (502) 

R' = Me, Er; R 2  = Me, Et, PhCH2 

(503) 

which is formed in small amounts when the reaction is carried out  in water, but is 
not present when sodium hydride is used in  aprotic solvents30 2 .  Evidence for a 
nonconcerted rearrangement is provided by the fact that the rearrangement of the 
bicyclic derivatives 509 and 510 is not retarded significantly3 2 .  Steric require- 
ments for rearrangement of these derivatives by the concerted mechanism would be 
severe, leading to retardation. In support of this proposal is the finding that the 

\ +  
Ph-= 

\ +  
Ph -- 

o y N - M e *  
NMe2 OH- 

O Y  Ph P h  

(507 1 (508) 
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cinnamyl analogue of 509 fails t o  rearrange, and the rearrangement of the cin- 
namyl analogue of 510  is greatly retarded. 

The ease with which the rearrangement of the N-oxide 511  to the 3-methylene- 
indoline 512  occurs is striking3o3. It occurs, for example, when 51 1 is dissolved in 
common organic solvents a t  room temperature, and apparently involves successive 
[ 2,3] and [ 3,3] rearrangements as illustrated in Scheme 25. 

--I 
Me 
I I 

Me 
I 

SCHEME 25. 

Propargylic and allenic sulphonium ylides, which can be generated in a variety of 
ways, undergo [ 2,3] sigmatropic rearrangements under mild conditions. For ex- 
ample, the ylide 514, formed by treating the sulphonium salt 513 with butyllithium 
at -7OoC, rearranges spontaneously to the allenyl derivative S l S 3 0 4 .  

(51 31 (514) (515) 
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The sulphonium salt 516 rearranges very rapidly at room temperature in the 
presence of aqueous NaOH or  NazC03 giving a mixture of the allenic and 
propargylic isomers, 518 and 520, as shown in Scheme 263051306. Direct for- 
mation of the ylide 517 and [2,3] rearrangement leads to  518, whereas base-cat- 
alysed prototropic rearrangement to  the allenic sulphonium salt 519, followed by 
proton abstraction and [2,3] rearrangement account for the formation of 520. It 

Ph 

OH- LT 
S+-Me 

PhJ B F 4 '  PhJ EF4- 

-7 Ph --= 
S+-Me 

(516) (5191 

Ph 

LT 
S+-Me 

7 Ph - Ei 
S L  Me 

P h - d  Ph-L 

(517) 

I231 I 
Ph 

Ph? = 
SMe 

(518) 

12.31 I 

SCHEME 26. 

was demonstrated that 518 and 520 are not interconverted under the reaction 
conditions3 . 

Propargylic and allenic sulphonium ylides such as 521 and 522, formed by the 
reaction of the corresponding sulphide with diazomethane in the presence of CuCI, 
rearrange spontaneously as illustrated in equations (63) and (64)3 *3 '. 

(521 



59 8 W. D. Huntsman 

In a related reaction, the sulphonium ylide 524 is formed by the reaction of 
dicarbomethoxycarbene with the propargylic sulphide 523, and it rearranges spon- 
taneously to the allenic derivative as illustrated in equation (65)308.  

(5241 

Treatment of methyl 3-methyl-2-butenyl sulphide (525) with 526, a dimethyl- 
vinylidenecarbene (Me, C=C=C:) precursor, gave a mixture of four products of 
which the major one was 528, the product of [2,3] sigmatropic rearrangement of 
the sulphonium ylide 527309. 

CI 

+ LiCEC-CMe2 - I 

(528) 

(5261 
(5251 

(527) 

An interesting variant which has been postulated to involve [2,3] sigmatropic 
rearrangement of a sulphonium ylide consists of the reaction of the thio ether anion 
529 with benzyne3 O .  Treatment of a mixture of methyl 1-propynyl sulphide and 

- 
- .. j"""".j + 0, a\cH3 S-C =C =CH2 

CH2 =C=C-SMe 

(5291 

- .. 
,C =C=CH2 

Y 

PhS(CH212CGCH - - '2'31 U s \ C H 2  

(5301 
(531) 

bromobenzene with sodium amide produces 529 and benzyne, respectively. Nucleo- 
philic attack by the sulphur atom of 529 on benzyne, followed by proton transfer 
to the ortko anion gives the ylide anion 530, which after [2,31 rearrangement and 
protonation yields the thio ether 53 1. 

Propargylic sulphenate esters, prepared by the reaction of a propargylic alcohol 
with a sulphenyl chloride as illustrated in equation ( 6 6 ) ,  undergo [ 2,3] sigmatropic 
rearrangement to  the allenic sulphoxide3 l .  In most cases the rearrangement occurs 
even at low temperatures and it is not possible to isolate the sulphenate ester, but 
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an accumulation of electron-withdrawing substituents on the aromatic ring of 
propargylic arenesulphenates retards the rearrangement and permits their iso- 
lation3 . 

The reverse process, the [2,31 rearrangement of the sulphoxide 532 to the 
sulphenate ester 533 is postulated to  be the first step in the rearrangement of 532 
to 534 which occurs when 532 is heated in CC4 solution3 - Subsequent [3,3] 

R 
\ I I  H 

(534) H 

rearrangement, tautomerization and hemithioketal formation complete the se- 
quence. This reaction is the basis of a convenient synthesis of condensed thio- 
phenes3 3 .  

Sulphoxides 535 which possess a chiral sulphur atom and a chiral allenic system 
undergo mutarotation on standing at room temperature3 4 .  The p.m.r. spectrum of 
the product after mutarotation is the same as before, and oxidation yields a 
sulphone with the same rotation as that from oxidation of the sulphoxide prior to 
mutarotation. Thus epimerization occurs a t  sulphur, but not in the allenic system, 
and it is believed to  involve the sulphoxide (535)--sulphenate (536) equilibration. 

(5351 (536) 

Chirality is transferred stereospecifically between the allenic system in 535 and the 
asymmetric carbon in 536 and these escape racemization3 4 .  

A dramatic lowering of the activation energy for this type of [2,3] rearrange- 
ment occurs when sulphur is replaced by selenium3 s .  Thus selenoxides rearrange 
to  a-phenylselenoenones at -3OoC, presumably by way of the selenate ester as 
depicted in equation (67). 

12.31 - 
-3OOC 
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Propargyl arenesulphinates (537) rearrange to allenyl arylsulphones (538), 2nd 
the evidence supports the formulation of the reaction as a [2,31 sigmatropic 
rearrangement284 93 v 3  ’. The reaction goes to completion as a result of the 

(537) (538) 

increased sulphur-oxygen bond strength in the sulphone group. Inversion of the 
propargyl chain has been demonstrated by studies with deuterium-labelled and 
alkyl-substituted chains (equations 68 and 6 9 ) 2 8 4  v 3  7 .  The high degree of stereo- 
specificity in the rearrangement of (+)-540 t o  ( -)-5413 7 ,  along with the absence 

0 Me 
II I 75% 

Ph-S-OCC=CH - PhSO2CH=C=CMez (69) 
I 

(539) 

Me 

of significant solvent effects on the rate of rearrangement of 539, and the  negative 
entropy of activation (-12.8 e.u.) for the rearrangement of this compound lend 
support to the concerted mechanism284. 

0 
II 1 3OoC 

P - C H ~ C S H ~ S O C H C ~ C H  - P-CH3C6H4SO2CH=C=CHCH3 
I 
CH3 

(540) (541 1 

Consecutive [ 2,3] sigmatropic rearrangements are involved in the conversion of 
the propargylic sulphoxylates 542 t o  the diallenic sulphone 5443 v 3  9. The first 
[ 2,3] rearrangement occurs spontaneously, and 543 is the product obtained from 
the reaction of the propargylic alcohol with sulphur dichloride at low temperatures. 

r 1 
H Me OH Me 

HC3C-CMe2 I I( HCEC-L--O-);] I 3 r$=</e+G-H 

//”-O 
Me SClZ 

(543) 
0 

I (542) 
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When 543 is heated in chloroform solution, the sulphinate-sulphone rearrangement 
occurs giving 54@ 8 .  

The first step in the rearrangement of the propargylic sulphite 545 to the cyclic 
sulphonate 548 is believed to  be a [2,31 rearrangement to the sulphonate 546 
which undergoes intramolecular cycloaddition, presumably via the diradical 
547320. 

(548) 

Numerous examples of the [ 2,3 I rearrangement of propargylic esters of phos- 
phorous, phosphonous and phosphinous acids have been reported, and serve to 
illustrate the wide scope of the reaction. A review appeared in 1969 which contains 
a thorough discussion of the reaction along with an extensive compilation of 
properties of reactants and products32 . 

The basic features of the rearrangement are contained in the skeleton equation 
(70). For the most part, the nature of the two remaining groups on phosphorus is 

immaterial, and the rearrangement has been accomplished with compounds in 
which carbon, nitrogen, oxygen or halogen atoms were directly attached to phos- 
phorus. Similarly, although substituents on the propargyl group may have a signifi- 
cant effect on the rate, they do not change the nature of the rearrangement. The 
rearrangement is strongly exothermic largely because of the great strength of the 
P=O bond in the . 

The initial products of reaction of propargylic alcohols with phosphorus tri- 
chloride, formed instantaneously, are propargylic dichlorophosphites 549. The 
presence of 549 can be shown by n.m.r. spectroscopy, or in cases where the 
subsequent rearrangement is slow enough, the dichlorophosphite can be iso- 
latedlo2. The existence of a propargylic dibromophosphite at low temperatures has 

F 
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also been demonstrated by n.m.r. spectroscopy322. When the hydrogen chloxide 
formed in the first step is removed with a stream of nitrogen, the dichloro- 
phosphites 549 undergo [ 2,3] rearrangement cleanly to the allenic phosphonyl 
dichlorides 550 .  The rate of rearrangement depends strongly on structure, decreas- 
ing in the order tertiary > secondary > primary. For example, the half-life for 
rearrangement of 549 when R1= H. RZ/R3= -(CH2)4- is 20 min at 24O C ,  but 
with the unsubstituted derivative, R' = RZ = R3 = H, the half-life is approximately 
3 h at 60" C. In the latter case the rearrangement is slow enough to permit isolation 
of propargyl dichlorophosphite' . 

The optically active ellenic phosphonyl dichloride (R)-552 was obtained without 
loss of optical purity from the reaction of PCIJ with the ( R )  alcohol 5 5 1  thus 
establishing that the rearrangement is a [2,3] sigmatropic process' 

Allenylphosphine oxides are obtained from the reaction of propargylic alcohols 
with phosphinyl chlorides in the presence of pyridine, by way of the phosphinite 
ester, as illustrated in equation (71)323. Here, also, the stereospecificity of the 

rearrangement has been demonstrated by the reaction summarized in equation 
(72)323. 

The rearrangement of propargylic phosphites and phosphinites occurs at much 
lower temperatures (20-50" C )  than those required for their allylic counterparts 
(100-150° C), and, accordingly, it is found that the rearrangement of esters of 
enynols involves the triple bond instead of the double bond (equation 73)3 24-3 6 .  

R2 
I 
I 

R 2  

(73) 
[2.31 R ' \  / 

CH=CHR3 
\ 

,c=c=c R'-CGC-C-CH=CHR3 - 
Y2P+ 

0 /O 
y2p 

Y = Ph, OEt 

When the arrangement is carried out with diynols (equation 74), the anticipated 
products are obtained326. The rearrangement shown in equation (75) has been 
cited as a possible example of a [ 2,S] sigmatropic rearrangement3 6 .  
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1 3OoC 
/Me 

Me-C=C-C 

>C-H (Et0)2P\\ CH=CHz 
0 

(Et0)2P-O-CHZ 

603 

(741 

(75) 

Tervalent phosphorus esters of allenic alcohols also undergo [ 2,3 I rearrange- 
ment, the products being the conjugated diene derivatives (equation 76)32 . The 
reaction requires higher temperatures (2 1 1 0" C) than those for the propargylic 
analogues 

\ \ /  /'-'\ / E.31 

/ 
\ 

/c\ - \ 

\ 
,c=c=c 

(761 

With esters of secondary alcohols such as 553 the product 555 has trans 
geometry at the disubstituted double bond, and this is ascribed to  the preferred 
geometry of the transition state 554 in which the methyl group occupies an 
equatorial position, as shown, to minimize 1 ,3- in te ra~t ions~~ 6 .  

Ph 

(5531 (554) 

* - M e a e  - 

Me Ph2P=O 

(5551 

The reaction of 2-butyne-l,4-diol with diethyl chlorophosphite at - 10" C gives 
products of single and double rearrangement, 556 and 557. in the ratio 10:90. 
Although 556 can be converted to 557, a temperature of 140" C is required, and it 
is suggested that 557 is formed directly by a double [2,3] sigmatropic rearrange- 
ment3 = 6 .  

OP(OEt12 
(Et0)2PGo 

HOCH2-C-C-CH20H (EtO)*PCI & +  
pyr., - 10% 

O=P(OEtl2 //OEtIz 
0 

(5561 (5571 

4. Cope-type rearrangements 

A review has appeared which covers the Cope and Claisen rearrangements 
through 1971327, and the present review will be devoted mainly to work that has 
appeared since that time. 



604 W. D. Huntsman 

a. Open-chain I-en-5-ynes, 1,2,5-trienes arid their OXY and amino derivatives. 
Cope-type rearrangements have been realized with a wide variety of molecules 
containing allenic groups along with a second, properly located, unsaturated group 
including olefinic, acetylenic or allenic functions. Allenic derivatives have been 
formed as products and have also served as reactants for the rearrangements. 

The simplest examples include the interconversion of 1 -alken-5-ynes and 1,2,5- 
alkadienes, as illustrated in equation (77) for 1 -hexen-5-yne and 1.2.5- 

(558)  (559) 

h e ~ a t r i e n e ~ ~ ~ .  The reversible [3,3] rearrangement is accompanied by a slower, 
irreversible cyclization of the triene giving 3- and 4-methylenecyclopentene. 

Kinetic and thermochemical studies of the rearrangement have been made with 
558 and 559, and with methyl-substituted homologues, and the results are sum- 
marized in Table 3329. A significant range in reactivity can be seen, with 6-methyl- 
5-hepten- 1-yne (570) showing the lowest, and 4,4-dimethyl-l-hexen-5-yne (564) 
showing the highest, reactivity. The A factors and energies of activation are typical 
of those found for Cope rearrangements of simple 1,5-dienes and 1,Sdiynes. The 
compounds with methyl substituents in the propargylic or allylic position exhibit 
the larger A factors, possibly signifying more flexible transition states. Replacement 
of the terminal acetylenic or olefinic hydrogens by methyl groups causes an 
increase in the energy of activation. 

The substitution pattern has a marked effect on the relative stabilities of the 
isomers. Qualitatively, a t  least, the changes can be rationalized in terms of the 
stabilization that occurs upon substitution of hydrogen by methyl on sp2- and 
sphybridized carbons, with the effect being somewhat greater for substitution on 
an sp centre. Thus for the unsubstituted pair, 558 and 559, the triene 559 is 
somewhat more stable, but in the case of 560 and 561, it is the enyne 560 that is 
more stable. With the 564-565 and 566-567 pairs, in which the trienes have two 
methyls on sp2 carbons and the enynes are unsubstituted, the trienes 565 and 567 
are very strongly favoured. 

The kinetics of cyclization of the trienes t o  give mixtures of 3- and 4-methylene- 
cyclopentenes have also been studied, and the results are summarized in Table 4329. 
The A factors for these reactions are seen to  fall in the same range as those for the 
[ 3,3] rearrangements, but the activation energies are substantially larger. 

A two-step mechanism has been proposed which involves rate-determining cycli- 
zation to a 1,3-diradical 573 followed by 1,2-hydrogen migration in each of the two 
possible directions giving the isomeric methylene~yclopentenes~ 9 .  The first 
step is endothermic by approximately 18 kcal/mol and thus one would anticipate 
the transition state leading to  573 t o  resemble the diradical 573. For the most part 
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TABLE 3. Rate and equilibrium data for interconversion of 1-alken-5-ynes and 1.2,5-alkatriene~”~ 

Reaction at 500 K‘ Log A(s-’)U Ea(kcal/mol)a K , ~  at 500 ~b 
Relative rate 

10.49 32.7 2.73 

(5581 (559) 

10.15 33.8 0.22 

c’ bJ 0.23 11.25 35.9 0.88 

(563) 
I 

(562) 

A. * 2.82 11.26 33.5 84.0 

(564) (565) 

L =a 0.65 11.27 35.0 58.8 

(5661 (567) 

A <’ 3 0 . 4 4  11.71 36.3 5.83 

(5681 (569) 

3 0.04 10.25 35.4 0.14 

(5701 ((571 I 

=For the conversion of the enyne to the triene. 
bEquilibrium constant = [triene] /[enyne]. 

the effects of methyl substitution can be rationalized in terms of stabilization of 
the diradical by methyl substituents or destabilization resulting from steric factors, 
although the two effects are often difficult to disentangle. 

The diradical 574 formed from 572 should be more stable than 573, and a small 
decrease in activation energy is found for the cyclization of 572. The large increase 
in activation energy for the dimethyl derivative 567 can be ascribed to  steric 
congestion at  the reaction site. In the dimethyl derivative 565, on the other hand, 
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(574) (575) (576) (577) 

TABLE 4. Thermal cyclization of 1,2,5-alkatrienes to 3- and 4-methylene~yclopentenes~~~ 
~~ 

Reaction‘ LogA(s-’) E,(kcal/mol) [3-MCP] : [4-MCP] 

(559) 

(572) 

1.27 

1.30 

1.76 

1 .oo 

0.53 

0.98 

1.28 

‘The starting material consisted of the ‘equilibrium’ mixture of triene and enyne, but all 
gvidence points to the triene as the compound which actually undergoes cyclization. 

‘Concurrent cyclization to l-methyl-l,4-~ycloheptadiene occurred. 
Ratio of 3-methylenecyclopentene to 4-methylenecyclopentene isomers in the product. 
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the methyl groups are removed from the reaction site, and are properly located to  
provide stabilization of the allylic radical. The barrier for cyclization in this case is 
ca 4 kcal/mol below that for 567,  and is approximately the same as that for the 
unsubstituted triene 5 5 9 .  Failure of the activation energy to drop significantly 
below that for 5 5 9  is attributed to steric interactions between the methyl groups 
and the ‘orrho’ hydrogens in 575. These steric interactions are strongly magnified 
in 576 and a large increase in activation energy is found for the cyclization of 
569. Steric interactions are smaller in 577,  the intermediate in the cyclization of 
563, because the exo methyl can be oriented away from the offending ‘ortho’ 
methyl as shown. 

The second step in the cyclization of 559 is estimated to  be exothermic by 
approximately 50 kcai/mol, suggesting an early transition state and little correlation 
between product distribution and product stability. This is borne out by the results 
presented in the last column of Table 4, where it is seen that in most cases the two 
methylenecyclopentenes are formed in nearly equal amounts, with a slight prefer- 
ence for the conjugated isomer. The notable exception involves the cyclization of 
569,  in which the nonconjugated cyclic product predominates. The severe methyl- 
methyl repulsion in 576 is partially alleviated in the nonconjugated isomer in which 
the ‘ortho’ methyl is no longer coplanar with the ring. 

A third cyclic isomer, l-methyl-l,4-~ycloheptadiene (578) ,  is formed from 567, 
supposedly by the mechanism outlined in equation (78)3 * 9. 4,4-Dimethyl-l,2,5- 
hexatriene (579) ,  for which the diradical 580 lacks hydrogens that can migrate, fails 
t o  undergo cyclization. 

(567) (578) 

The products obtained by thermolysis of lethynyl-2-methylcyclopropane (581) 
(Scheme 27) include 1,2,5-hexatriene (559 ) ,  and its rearrangement products des- 

(581 1 \ [c]- 0 
SCHEME 27. 
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cribed above, as well as 1 ,3 -~yc lohexad iene~~" .  It was suggested that 1,3,5-hexa- 
triene, formed from 559 by a surface-catalysed [ 1,3] hydrogen shift, may be the 
precursor of the cyclohexadiene. 

Several studies of the thermal rearrangement of 1 -alken-5-yn-3-01~ have been 
reported3 7. 4,s-Hexadienal (584) and 3-cyclopentenecarboxaldehyde (585) 
are obtained from 1-hexen-5-yn-3-01 (582) itself. The analogous products 588 and 
589 are obtained from 586, but in this case methyl 2-vinylcyclopropyl ketone 
(590) is also fomed3 v 3  i 3  7. These products can be accounted for in terms of 

CHO 

(582) (5831 (584) (5851 

the intermediate enols 583 and 587 which are fomed by [3,3] sigmatropic rear- 
rangement of the starting enynols. For simplicity a single stereoisomer of 583 and 
587 is shown, but, undoubtedly, cis, trans mixtures are formed3 7. The carbonyl 
derivatives 584 and 588 arise by simple tautomerization of the respective enols3 4. 

Studies of the effect of temperature on the distribution of 588, 589 and 590 
from the rearrangement of 586 have shown that 589 arises, a t  least in part, by 
rearrangement of 590. Both the cis and rruns isomers of 590 are present in the 
product, and are interconverted under the reaction conditions, but the evidence 
indicates that the cis isomer is the initial product formed from 587. The relation- 
ships are summarized in Scheme 28. Formation of cis-590 from 587 by homodienyl 
[ 1,51 hydrogen shift requires (Z) stereochemistry as shown. The isomerization of 
rruns-590 to 589 is the well-known vinylcyclopropane rearrangement. The possi- 
bility remains of direct isomerization of 587 to  589 by the same route that appears 
to  be followed in the isomerization of 583 to 58S3 34 y 3  7. 

mH ==== & 0 

CiS- (5901  frans-(590) 

(587)  \ COMe / 
0 
(589) 

SCHEME 28. 

I 
588 
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2-Vinylcyclopropanecarboxaldehyde (59 1 ) is not  found among the products of 
thermal rearrangement of 582, and, in view of the fact that  the temperature 
required for conversion of 591 to 585 is higher than that required for the 
rearrangement of 5823 another path must be open for the rearrangement of 583 

(591) 
(592) (a) R = H 

(b)  R = M e  

to 585. A direct process involving the bicyclic transition state 592a has been 
proposed332. This route may also be open for the rearrangement of 587 to 589, 
but steric hindrance introduced by the methyl group in 592b makes it less 
favourable in this case3 4 .  

Another reaction path is accessible to 1-en-5-yn-3-01s having a methyl group a t  
position 2337. Pyrolysis of 593 gives, in addition t o  the anticipated product 595, a 

(593) (594) (595) (596) 

(a) R = H 
(b) R = Me 

second acyclic carbonyl compound 596. The formation of this product can be 
rationalized in terms of a retro-ene reaction of 597 as outlined in Scheme 29. The 
exclusive formation of the cis isomer 596 is understandable, and additional support 
for the mechanism has been obtained from studies with deuterium-labelled com- 
pounds3 

+&yp+J$-Ry R H 

Me H // 

1594) (597) (596) 

SCHEME 29. 

0 

Rearrangement of the methyl ethers 598 stops after the [3,3] shiit, and the enol 
ethers 599 are obtained when the reaction is carried ou t  at 370-450 c33 7 .  

(598) (599) 
R = H. Me 
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In the rearrangement of dienynols such as 600, the reaction involves the diene 
system to the exclusion of the enyne system and the products are enynals 
601339,340. 

(600) (601 I 

5-Hexen- 1-yn-3-01 (602) gives a mixture of four products, 604-607, upon 
thermal rearrangement, and again the reaction can be interpreted in terms of an 
initial [3,31 rearrangement giving the allenol 603335. A mechanism involving a 
1,3-diradical, analogous to that involved in the cyclization of simple 1,2,5-alkatri- 
enes, has been proposed to account for 606 and 607, although the possibility of 
another route to  607 is considered likely. Kinetic parameters, E ,  = 30 f 2 kcal/mol, 
AS* = -14 e.u., have been reported for the reaction. Comparative rate studies have 
shown that the relative rates of [3,31 rearrangement of 602, 582 and 1,s-hexa- 
dien-3-01 at 350" C are 5.4:2.55:1336. 

(602) 

OH 

CHO + CHO + 

(604) (605) 

(603) 

CHO CHO 
I I 

(606) (607) 

Amino derivatives of 1 ,S-enynes, e.g. 608, rearrange thermally and in this case 
the initial product 609 undergoes a sequence of changes involving prototropic 
rearrangement, electrocyclization and elimination of dimethylamine, giving ulti- 
mately the biphenyl derivative 61034 . The method constitutes a useful synthesis 
of substituted biphenyls. 3-(2-Propynyl)-2-methyl-3H-indoles such as 6 1 1 undergo 
rearrangement consisting of initial imine-enamine tautomerization followed by 
[ 3,3] rearrangement of the enyne 6 12 giving 2-(2,3-butadienyl)-3-methylindole 
(613)342. 
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H 

(612) 
ri 

(613) 

b. I-Ethynyl-2-vinyl derivatives of small-ring compounds. The rearrangement of 
cis-1-ethynyl-2-vinylcyclopropane occurs under mild conditions (30-48O C) and 
the 1,2,5-~ycloheptatriene that is initially formed dimerizes rapidly (equa- 
tion 79)343. The rate expression, log k ( s - ' )  = 9.98-19,890/2.303RT, shows a 

d" - - [Q] - (79) 

small reduction in A factor but a major reduction in activation energy below those 
found for the acyclic derivatives. 

Among the products fornied by the pyrolysis of trans-I-ethynyl-2-vinyl- 
cyclobutane (614) shown in Scheme 30, the bicyclic derivatives 615 and 616 are 

(614) (615) (616) 

61 4 

...... c- . .  %. - 

(617) 

SCHEME 30. 

615 

616 
(618) 

analogous to the methylenecyclopentenes formed from acyclic 1 , 2 , 5 - t r i e n e ~ ~ ~ ~ .  A 
mechanism has been proposed which involves ring-opening and reclosure to  the 
strained cyclic 1,2,5-triene 617. The bicyclic products arise by way of diradical 
618 in a similar manner to  the acyclic analogues. 

cis-2-Ethynyl-3-vinyloxirane (61 9a) rearranges under mild conditions either in the 
gas phase or in solution giving cis-2-ethynylcyclopropanecarboxaldehyde (620a). 
Under the same conditions the labelled oxirane (619b) yields aldehyde 620b34 5 .  

The rearrangement obeys first-order kinetics, with AH* = 25.1 f 1.7 kcal/mol and 
AS* = -3 +- 3 e.u. A mechanism has been proposed (Scheme 3 1) consisting of two 
successive [ 3,3 I rearrangements, and involving the highly strained cyclic allene 
621 34 . 

With alkyl-substituted derivatives such as 622, rearrangement in the gas phase 
yields the expected cyclopropanecarboxaldehyde 624, but in solution only minor 
amounts of 624 were found, the major product being the dihydrooxepin 625346. 
Evidently 625 is formed from 623 by a bimolecular process because the formation 
of 625 decreases relative to  624 as the starting concentration of 622 is lowered. 
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R 
\ 

RwCHO 

8O-13O0C 

111 
I 

H H (a) R = H 
(619) (b) R = D 

I1P9 - 
H 

13.31 
619 - 

Bu 

1622) 

t3.31 
___) 

- H Hwj 
O q  

(621 1 

SCHEME 31. 

(623) 

(6201 

13.31 
620 

I 
(624) Bu 

QCHPr 

(625) 

The aziridine 626 rearranges thermally but the product, 628, is different from 
that expected by analogy with the o x i r a n e ~ ~ ~ ~ .  Nevertheless, it is likely that the 
first step involves a [3,3] rearrangement giving 627, which then undergoes [ 1,31 
hydrogen shift, probably through participation of the basic nitrogen. Pyrolysis of 
the frans isomer of 626 also gives 62834 '. 

c. Setnibenzerie -benzene rearrangements involving I ,2,5-trienes. Cope-type re- 
arrangements of intermediate 1,2,5-trienes have been implicated in the rearrange- 
ment of the tricyclooctene 629 to  the butynylbenzenes 630 and 631348.  Several 

(6291 (630) (631 1 
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(629) 

SCHEME 32. 

examples of this rearrangement have been studied, and convincing evidence support- 
ing the mechanism outlined in Scheme 32 has been presented348. The first step 
consists of a rate-determining retro-Diels-Alder reaction, which can take either of 
two paths, as indicated, giving 632 or 633. The o-semibenzenes, 632 and 633, 
undergo rapid, irreversible [ 3,3] sigmatropic rearrangement to  63 1 and 630 respect- 
ively. Rearrangement of the dideutero derivative 629-d2 gave 630-d2 and 631-d2, 
demonstrating clean inversion of the allenyl group in the second step. The inter- 
mediate o-allenylsemibenzenes 632 and 633 would not be expected to survive 

under the reaction conditions, and it is not surprising that they were not detected 
in the product mixture. Attempts to synthesize the o-propargylsemibenzene 635a 
from the cyclohexadienone 634 by a Wittig reaction gave instead the rearranged 
derivative 636a. Inversion of the propargyl group was demonstrated by the for- 
mation of 636b from 634b. Thus, the rearrangement of 635 to 636 occurs under 

R 
I 

Ph3PCH2 
___) 

(6341 

R 

-=w < 25OC 

(636) 

(a) R = H 
(b) R = D 
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very mild conditions, 625O C, demonstrating the driving force provided by aroma- 
t i ~ a t i o n 3 ~ 8 .  

d. 1,2-Dien-S-ynes. 1,2-Dien-S-yne.s undergo reversible [ 3,3] rearrangement 
under mild conditions, as illustrated in equation (80)349. From the Arrhenius 
equation, log k(s-' ) = 10.84-30,800/2.303 RT,  the A factor is seen to  be in the 
same range as those found for the [3,31 rearrangement of l-alkene-5-ynes, but the 
activation energy is significantly smaller. 4,s-Heptadien-1-yne is favoured a t  equi- 
librium, the value of the equilibrium constant ranging from 4.3 at  1 50°C to 3.45 at 
210OC. 

At higher temperatures a more deep-seated rearrangement occurs3 5 0 .  In the 
range 400 - 500°C , 1,2-hexadien-S-yne rearranges to  3-methylene- 1 -pen ten-4-yne, 
possibly by way of the diradical637. 

L (637) J 

e. I,S-Diynes and their oxy derivatives. 1,s-Hexadiyne rearranges to  3,4-bis- 
methylenecyclobutene in a two-step sequence consisting of rate-determining [ 3,3] 

sigmatropic rearrangement to  1,2,4,5-hexatetraene followed by rapid fourelectron 
electrocyclization (equation 81)3 s 2 .  The cyclization step, described in Section 
VIII.A, is much faster than the [3,3] shiftZ 6 9 ,  and the tetraene is not found in the 
products. Activation parameters, given by: log k(s-' ) = 1 1.41 -34,400/2.303R T ,  
are consistent with the proposed mechanism3 5 2  93 3 .  

The rearrangement has been carried out with a wide variety of substituted 
l,S-diynes, and the kinetics of rearrangement of methyl- and dimethylsubstituted 
derivatives have been determined3 v 3  53. Studies with stereoisomeric diynes with 
methyl groups on positions 3 and 4 have shown that the electrocyclization step 
occurs in a conrotatory manner in agreement with orbital symmetry require- 

The reversibility of the cyclization of 1,2,4,5-tetraenes has been demon- 
strated3 s 3 .  Isomerization of (Z,Z)-3,4-bisethylidenecyclobutene (638) to the (E,E) 
isomer 640 occurs at elevated temperatures, and equilibrium mixtures rich in 640 
are obtained. The absence of the (E,Z)  isomer, which is stable under the reaction 
conditions, indicates a stereoselective process, and the reaction is formulated in 
terms of conrotatory opening to the tetraene 639 followed by conrotatory closure 
in the same sense. 

ments352-3S4 
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The formation of benzene and fulvene when 1.5-hexadiyne is pyrolysed at  
temperature above 400' C355 can be accounted for in terms of reversibility of the 
cyclization of 1,2,4,5-hexatetraene to bismethylenecy clobutene 
(Scheme 33)356 p 3 5 7 .  At lower temperatures the cyclization of 1,2,4,Shexatetra- 
ene proceeds by the lower energy path to bismethylenecycyclobutene, but as the 

SCHEME 33. 

temperature is raised, and reversal of the cyclization becomes significant, the higher 
energy paths leading to  benzene and fulvene by way of the intermediate carbene 
diradicals become accessible. In fact, flow thermolysis of bismethylenecyclobutene 
at 620° C gives fulvene and benzene in approximately the same ratio (1:2) as that 
found on pyrolysis of l$hexadiyne, and studies with deuterium-labelled diyne 
support the mechanism shown in Scheme 33356. 

Phenol and the aldehyde 643 are the products of rearrangement of 1,Shexadiyn- 
3-01 (641)358. Both of these products can be accounted for in terms of the 
intermediate allenol642, as shown in Scheme 34, the aldehyde arising by 4electron 
electrocyclization and subsequent tautomerization, while phenol is formed in a 
manner analogous to  that involved in the formation of benzene from 1 ,Shexadiyne 
as described above. 

0 
OH II 

13.31 
__c 

/- 

SCHEME 34. 
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Rearrangement of 1,2-diethylcyclopropane leads to  bicyclo- 
[3.2.0] hepta-1,4,6-triene (645) (equation 821, presumably by way of the highly 
strained cyclic diallene 6443 59-3 . The reactions shows an unusual pressure 
dependence, with 645 being formed cleanly at  atmospheric pressure, but with 
fulvenallene (646), ethynylcyclopentadienes (647) and heptafulvalene (648) 
appearing when the reaction is carried out at low pressures (Q1 t ~ r r ) ~  9 .  This is 
discussed more fully in Section XI. C. 

(646) ( 647 1 (648) 

A rearrangement analogous to the formation of fulvene from 1,s-hexadiyne 
constitutes the major reaction in the pyrolysis of cis-1 ,Zdiethynyl- and cis-l,2-di( 1- 
propyny1)-cyclobutane, (649a) and (649b) (Scheme 35)362 J 6 3 .  In the case of the 

mu R 

(651 1 (653) 
(a) R = H  
(b) R = M e  

SCHEME 35. 

diethynyl derivative 649a, formation of the carbene diradical652a from the cyclic 
diallene 650a, followed by [ 1,2] hydrogen shift gives 1 ,Zdihydropentalene (653a) 
in 95% yield. Only a minor amount (2.5%) of the diallene undergoes fourelectron, 
disrotatory cyclization to  bicyclo[4.2.0] octa-l,5,7-triene (651a). 4,5-Dimethyl-l,2- 
dihydropentalene (653b) is formed in virtually quantitative yield from the rear- 
rangement of 649b. Large amounts of fragmentation products are obtained by 
pyrolysis of the trans isomers of 449a and 649b, Sut the reairangemeiit pioducts 
correspond closely to  those obtained from the cis isomers3 

f 1,2,6-Trienes. The [3,3] rearrangement of 1,2,6-heptatriene to  3-methylene- 
1,s-hexadiene (equation 83) occurs under mild conditions271, and the Arrhenius 
parameters, log k(s-' ) = 9.97 - 28,470/2.303RT, have been determined364. The A 

*3 3. 
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factor corresponds well with values found for [3,31 rearrangement of simple 
1,5-dienes, but the activation energy is substantially lower. 

cis-l,2,6-Cyclononatriene undergoes an analogous rearrangement at 130- 1 80° C 
giving l75-divinylcyclopentene (equation 84), with activation parameters given by: 

log k(s-' ) = 12.47 - 3 17680/2.303R TZ ' ' 3 3  5-3 '. Absence of free rotation in the 
ground state is largely responsible for the increase in A factor over that of the 
acyclic analogue, while the inability t o  achieve a chair-like geometry in the tran- 
sition state is responsible for the greater activation energy36 '. frans-l,2,6- 
Cyclononatriene (655), on the other hand, rearranges to  give the same product at 

CI 

HI& __L BuLi [ a 2 1 - 
- -_ 

6 H  H 
(654) (655) 

room temperature or below368. Thus, when the dichlorocyclopropane 654 was 
treated with butyllithium at  -78' C, and the mixture was allowed to warm to room 
temperature, only 1 ,5-divinylcyclopentene and none of the allene 655 was 
obtained. The great enhancement in rate of cyclization of this isomer is attributed 
to  the ease with which C and C(7) in 655 can approach each other in the proper 

rupturing 4-5 bond can be oriented parallel to the p orbitals on C(6) and C[-,lx8. 
orientation with relative i" y little angle strain, and to the ease with which the 

5. Claisen-type rearrangements 

a. Aryl propargyl ethers. Aryl propargyl ethers undergo thermal rearrangement 
readily and although 3-chromenes are generally the products actually isolated 
instead of allenes, the evidence that allenes are intermediates is convincing369. The 
mechanism of formation of 3-chromene (658) from phenyl propargyl ether is 
summarized in Scheme 36. 6-Allenyl-2,4cyclohexadienone (656), formed in the 
initial [ 3,3] rearrangement, undergoes in succession tautomerization, [ 1 3  ] hydro- 
gen shift, and finally electrocyclization resulting in 658. Evidence supporting this 
sequence includes these findings3 : o-Allenylphenol (657) rearranges readily at 
80' C giving 658. The presence of substituents at positions 2 and 6 of the ring, as in 
659a, prevents enolization of the allenylcyclohexadienone 660a, and an internal 
Diels-Alder reaction occurs instead yielding the tricyclic ketone 66 1 a. The location 
of deuterium in 661b, obtained by rearrangement of 659b, shows that reversal of 
the propargyl chain occurs, as required for a [3,3] rearrangement in the initial step. 
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SCHEME 36. 

(6591 (660) 

I 
(658) 

&o 

(661 1 

(a) R = H 

(b) R = D 

( C )  R = Me 

The allenyl derivative survives and can be isolated when the rearrangement of 
propargyl 1-methyl-2-naphthyl ether is carried out  a t  160- 1 70° C (equation 85)370. 

Unlike their allylic counterparts o-allenylcyclohexadienones (660) show little 
tendency to rearrange to the p-substituted phenol. With 659c, however, a small 
amount of 662 was obtained along with the tricyclic ketone 6 6 1 ~ ~ ~ ~ .  

p 
*, 

(662) 

The effects of substituents on the rate and course of the rearrangement have 
been reported3 1-3 7 3 .  Benzofurans instead of chromenes may be formed by the 
rearrangement of o-allenylphenols in the presence of base, as illustrated in equation 
(86)3 74 ~ Accordingly, the thermal rearrangement of aryl propargyl ethers in the 
presence of certain bases yields benzofurans3 5 .  
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Both types of products are formed by thermal rearrangement of the pyrimidyl 
propargyl ether 663, and the ratio of the products is strongly solvent depend- 
en t3 I6 .  

Me 

Me 
(663) 

I 
Me 

Two products, 665 and 666, are formed by thermal rearrangement of the 
propargyl cycloheptatrienyl ether 6643 '. Formation of 665 can be understood in 

I 

I 
0-* ke 

H H  

SCHEME 37, 
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terms of an initial [ 1,5] hydrogen shift giving 667 followed by the same sequence 
of steps as involved in the formation 3-chromene from phenyl propargyl ether. The 
formation of 666 is more involved, and two plausible alternate routes, summarized 
in Scheme 37, have been proposed. The first step of both paths also involves the 
formation of 667, but they diverge from this point on, one involving, in succession, 
[1,5], [3,3] and ene-rearrangement while the other consists of two [3,3] and an 
ene-rearrangement. There is little basis for  choosing one route over the other, and 
possibly both are operative3 7 .  

The sole product of thermal rearrangement of propargyl tropolone ether (668) is 
2-methyl-8Hcycloheptal[ b lfuran-8ane (669>, signifying that cyclization of the 

1 7OoC - 
(668) (669) 

668 - [ & O..""\ 1 - [ &cH2 - &CH2] 

- -.... I \ ,// 
- 

1 [ I 5 1  H 

669 

F 7 0 )  

&J - 

intermediate allenyltropolone 670 involves nucleophilic attack of oxygen on the sp 
carbon through intramolecular base catalysis. The strong intramolecular hydrogen 
bridge in 670 may be partially responsible for the failure to  rearrange by [ 1,5] 
hydrogen migration and cyclization, but it is not the only factor as evidenced by 
the exclusive formation of 8-acetyl-2H-1-benzopyran (673) from 6713 77. Strong 
intramolecular hydrogen bonding would be anticipated in the intermediate 672. 

(671) (672) (673) 

Behaviour analogous to  668  is observed in the rearrangement of the pyranone 
derivative 6743 a . 

The rearrangement of 7-substituted tropolone propargyl ethers 675 affords 
mainly the cycloheptafuranones 677, in conformity with the behaviour of the 
parent 6683 7 9 .  A small amount of the tricyclic diketone 678 was formed from the 
7-methyl derivative, signifying that the [ 2  -t 41 path is competitive with the 
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CHpOH C H p O H  
(674) 

tautomerization of 676 in this case. The rearrangement of 3-substituted tropolone 
propargyl ethers can also be understood in terms of allenic intermediates3 7 9 .  

Silver salts exert a dramatic catalytic effect on the rearrangement of aryl 
propargyl ethers, increasing the rate by factors as large as lo5 in some cases, and 
permitting reactions to  be carried out a t  20-80" C instead of 160-200" C as 
required for the uncatalysed  reaction^^^. Thus, the rearrangement of phenyl 
propargyl ether t o  3chromene (658)  occurs at 61" C in the presence of AgBF4in 
chloroform; a mixture of 658 and 2-methylbenzofuran is formed when benzene is 

(657) 

658 + 8 
used as solvent. Similarly, treatment of o-allenylphenol with AgBF4 in chloroform 
afforded 3-chromene, while the use of benzene as solvent afforded 3-chromene and 
2-methylben~ofuran~ ' O .  A mechanism has been proposed which involves rapid, 
reversible x complexing of the triple bond, followed by rate-determining silver-ion 
induced [ 3,3] sigmatropic rearrangement with subsequent tautomerization and loss 
of Ag+ as outlined in Scheme 38. The conversion of o-allenylphenol to 658, which 
occurs spontaneously at room temperature, is also catalysed by silver ion. 

The catalysed rearrangement of propargyl 1 -methyl-Znaphthyl ether at 80" C 
gives the same d e n y 1  ketone as obtained from the thermal reaction at 160-170° C 
(see equation 8 5 ) .  The analogous 2-butynyl ether 679, on the other hand. affords a 
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SCHEME 38. 

(657) 

A, or Ag+ I 
658 

mixture of two ketones 680 and 681370. The tricyclic ketone 681 is formed by 
rearrangement of 680, and the mechanism outlined in Scheme 39 has been pro- 
posed for the transformation. It is worth noting that the purely thermal rearrange- 
ment of 679 at 214OC furnishes the isomeric ketone 682, apparently by the path 
shown in Scheme 39. 

214OC I 

SCHEME 39. 

The catalysed rearrangement of mesityl 2-alkynyl ethers 683 yields the m-allenic 
phenols 684, the reaction occurring with a single inversion of the propargylic 

The initial step (Scheme 40) consists of a [3 ,3]  rearrangement, but in 
this case the product cannot tautomerize, and undergoes instead a silver-catalysed 
dienone-phenol rearrangement. 

Flash vacuum thermolysis of phenyl propargyl ether a t  460" C gives a mixture of 
2-indanone and 1,2-dihydrobenzocyclobutene as shown in equation (87), R = H380. 
The p-tolyl ether, R = Me, behaves in the same way381. The results from these and 
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(684) R = H, Me 
(683) 

SCHEME 40. 

(685) 

R = H, Me 

other studies utilizing the 0- and rn-tolyl derivatives support a mechanism (Scheme 
41) involving initial [3,31 rearrangement followed by intramolecular [ 2 + 41 cyclo- 
addition giving the tricyclic ketone 688 which serves as a common intermediate for 
both final products. A retro [ 2  + 41 process giving the ketene 689 and subsequent 
cyclization and hydrogen migration affords the indanone 686. This sequence is 
reminiscent of that presented earlier for the rearrangement of the naphthyl ether 
680 to 682. The route to 687 consists of decarbonylation of 688 giving the carbene 
690 which undergoes [ 1,2] hydrogen migration and cyclization. 

iq9H 11.21 Ra - 687 

R 

(690) 

SCHEME 41. 
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The rearrangement of propargyl 4-pyridyl ether is more deepseated and involves 
scrambling of the position of the nitrogen atom (equation 88)3 2 .  [3,31 Rearrange- 
ment t o  the allenyl derivative is believed to  be the initial step. 

Benzyl ethynyl ether rearranges to  2-indanone under mild conditions, pre- 
sumably by way of the ketene as shown in equation (89)383. 

b. Propargyl vinyl and alleriyl vinyl ethers. acetals, e t c .  Propargyl vinyl ethers 
undergo Claisen-type rearrangements readily giving Pallenyl carbonyl com- 
p o u n d ~ ~ ~ ’  ,384 .  The rearrangement can be accomplished by heating the previously 
isolated ether or, more commonly, by heating reaction mixtures in which the ether 
is formed from suitable precursors and undergoes rearrangement in situ. 

Vinyl propargyl ether itself rearranges at 250° C in a flow system to give 
3,4-pentadienal (equation 90)385,  while the allenic acid that is formed initially in 
the rearrangement of 691 isomerizes spontaneously to  the conjugated diene3 86. 

C 0 2  H 

(691 1 

A variety of (3-allenic aldehydes 692 has been prepared by heating propargylic 
alcohols with isobutyraldehyde in the presence of an acid catalyst3 8 7 .  

The configuration of optically active allenes can be correlated with that of the 
propargylic alcohol precursor on the basis of the stereochemistry of the cyclic 

(693) 1 (694) (695) 
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transition state of the [3,31 rearrangement. Thus, rearrangement of the ether 694 
derived from (S)-(+)-3-butyn-l-ol (693)  gives (-)-2,2-dimethyl-3,4-hexadienal 
which can be assigned the (S )  configuration 69S3 

Treatment of propar,qlic alcohols with vinyl ethers in the presence of an acid 
catalyst provides a convenient route to  vinyl propargyl ethers which generally 
undergo Claisen rearrangement in situ3’ p 3  T ~  O .  Thus 6-methyl-4,s-hepta- 
dien-2-one ( 6 9 6 )  is obtained when 2-methyl-3-butyn-2-01 is heated with excess 
2-methoxypropene in the presence of p-toluenesulphonic acid3 9 0 .  

There are several variations of the Claisen rearrangement involving changes in the 
vinyl portion of the structure which result in the formation of esters, acids or 
amides as products. In the ‘ortho ester Claisen rearrangement’ P-allenyl esters are 
obtained when propargyl alcohols are heated with an ortho ester in the presence of 
an acid catalyst3 91-393.  The reaction sequence involves ester interchange, de- 
alcoholation, and Claisen rearrangement, as illustrated in Scheme 42. This type of 

I OEt I I i 

SCHEME 42. 

sequence has found application in the synthesis of insect juvenile hormone analog- 
ues3 9 4  and the sex pheromone of the male dried-bean beetle3 s. 

In a variation of the ortho ester reaction, propargyl alcohols are condensed with 
‘amide a c e t a l ~ ’ ~ ~ ~  * 3 9 7 .  Thus, when N,N-dimethylacetamide diethyl acetal is heated 
with 2-methyl-3-heptyn-2-01, N,N,5-trimethyl-3-propyl-3,4-hexadienamide is formed 
by a sequence similar t o  that in the ortho ester Claisen rearrangement (Scheme 
43)396-3 9 8 .  With alcohols containing a terminal triple bond other products arise 
from intramolecular transfer of dimethylamine or ethanol to the triple bond. 

MeC(OEt12f N M e 2 )  

- EtO H 
c 

OH 

Pr--_ 

0 

4 NMe2 

SCHEME 43. 

In the ‘Reformatsky-Claisen’ reaction, the zinc enolate, formed by the reaction 
of zinc with an a-bromo ester, rearranges spontaneously giving the allenic acid in 
nearly quantitative yield (equation 9 1 )3 9 9 .  

Propargylic trichloroacetimidates undergo [ 3,3) rearrangement, but the allene 
that is formed initially isornerizes spontaneously to  the conjugated diene derivative 
(equation 9 2 ) 4 0 0 .  Propargylic pseudo ureas rearrange thermally, but here also the 
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initially formed allenic derivatives suffer further rearrangement giving, ultimately, 
Zpyridones in good yield4' ' . 

The allylic group, instead of the propargylic group, participates in the rearrange- 
ment of ethers of type 697889402-404. 

0 

X = H, OEt 

Vinyl ethers 698 derived from allenic alcohols undergo [3,3] rearrangement at 
300° C giving unsaturated aldehydes in high yield405. The very substantial lowering 
(ca 20%) of the activation energy for Cope rearrangements that is noted when 

olefinic groups are replaced by allenic groups is not observed for the Claisen 
rearrangement. For example, the energy of activation for rearrangement of 698 
(R' = H, RZ = i-Pr) is 28.6 kcal/mol - a value only 2 kcal/mol below that for the 
unsubstituted ethylenic analogues8. Steric interactions involving the isopropyl 
group may cause some elevation of the barrier, but other studies indicate compar- 
able reactivities of olefinic and allenic groups in Claisen rearrangements; for 
example, the ratio of 700 t o  701 from rearrangement of 699 is 77:2340 5 .  
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Typical examples of ‘ortho ester’ and ‘amide acetal’ variations of the Claisen 
rearrangement carried out  on allenic substrates are summarized in equations (93) 
and (94)40a*407. 

\ MeC(OEt1g r )= =\ 1 (3.31 \ 
(931 /==y -* I ‘ v - )=-L,02,t 

O H  /-‘ I nr_ L J 

L 1 -  __c 13.31 $= 
LCONMe2 

(94) 

Mixtures of the acetylenic and allenic ketones 702 and 703 are formed by 
thermolysis of 3-ethynyl-2,2-dimethyloxirane at 550 C (Scheme 44)408. It is 
believed that  these products are formed by Claisen rearrangement of the initially 
formed allenic and propargylic ethers as shown in Scheme 44. 

S C H E M E  44. 

c. Thio-Claisen rearrangements. When phenyl propargyl sulphide is heated at  
200° C in quinoline, a mixture containing 705-707 is obtained409. At short 
reaction times 706 is not present in the mixture, but does appear at higher 
temperatures or longer times at the expense of 707 which disappears. Evidence has 
been presented which shows that 707 is not formed from 704 by prototropic 
rearrangement; the interconversion of 704 and 707, referred to as a ‘thiopropynylic 
rearrangement’, may involve a direct [ 1,3] rearrangement analogous to  the thial- 
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lylic and silapropynylic rearrangements4 O . The mechanisms proposed for the 
rearrangements are summarized in Scheme 45.  

thiopropvnvlic asJ( . rearrangement I I  

706 705 

SCHEME 45. 

The rearrangement of 4-quinolyl propargyl sulphide4 and 2-thienyl propargyl 
sulphide41 2 - 4 1  has been studied. In both cases the initial step involves [3,31 
rearrangement to  the allenyl derivative which undergoes cyclization. The allenic 
product from rearrangement of the indole derivative, 708, is stable and can be 
iso1ated4l4. In the case of the benzimidazole, 709, however, cyclization of the 
intermediate allene occurred giving a mixture of 710 and 71 l4 5 .  

as)’ Me I Me I 

(708) 

(71 1) 
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The thio-Claisen rearrangement has been carried out  with acyclic derivatives and 
the initial allenic products have been isolated in a few instances, but in most cases 
the products isolated are those formed by further cyclization. Thus, the allenic thio 
aldehyde formed initially in the rearrangement of propargyl vinyl sulphide 
(equation 95) isomerizes and cyclizes, and 2H-thiopyran is the product isolated4 6 .  

The allenic thione ester 3 13, formed from 7 12 b y  rearrangement under mild condi- 
tions is stable and can be isolated4' 7 .  Other examples of rearrangements of 
propargylic sulphides have been reported4 7-4 - 

(712) (7131 

Vinyl allenyl sulphides rearrange at  125-135" C giving Y-acetylenic thio alde- 
hydes or  ketones (equation 96)420. Water, which is present in the reaction 

R = H, Me 

medium, serves to hydrolyse thioaldehydes as soon as they are formed and prevents 
their polymerization. 

1-Alkynyl allenyl sulphides 714 rearrange at  room temperature giving thio- 
ketenes, which can be trapped by reaction with a m i n e ~ ~ ~ ' .  Similar behaviour is 
observed for thioketenes formed initially by the [ 3,3] rearrangement of 1-alkynyl 
2-alkynyl sulphides4 . 

L 

R = Me, Et 

d. Amino-Claisen rearrangements. N-Propargylaniline fails to  undergo the 
Claisen rearrangement but N-propargyl-1-naphthylamine rearranges at 250' C giving 
7 16 and 71 74 . Similar behaviour is found €or the 2-naphthylamine derivative. 
The sequence of steps (Scheme 46) is the same as for the 0-Claisen rearrangement, 
the difference arising from the fact that 718 is unstable and disproportionates to  
716 and 717 under the reaction conditions. Interestingly, the N-methyl analogue 
719 behaves differently, giving the benzindole 721. Steric interaction between the 
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716 + 717 - & 
(7181 

SCHEME 46. 

N-methyl group and the perihydrogen in 720 inhibit attainment of the transition 
state geometry required for [ 1 ,Sl hydrogen transfer leading to 722. Instead 
nucleophilic attack by nitrogen on the sp carbon occurs faster, resulting in the 
formation of 721. 

&*--  Me, ,H !I dMe (721 1 

(719) (720) 

Examples of [3 ,3]  rearrangement of acyclic vinyl propargyl amines have been 
reported, several of which illustrate the facilitation of rearrangement brought about 
by a positive charge on nitrogen. Thus, rearrangement of the propargyl enamine 
723 occurs at 260° C4m, whereas the enammonium salt 724 rearranges in boiling 
acetonitrile4 * , The rearrangement of allenic allylic ammonium salts has been 
studied4 6. 
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\ Br- 

. 
(724) 

6. Propargyl ester - allenyl ester rearrangements 

Rearrangement of propargylic esters to allenic esters occurs at elevated temper- 
atures, as shown in equation (97)42 '. The parent esters themselves undergo 

interconversion in the range 240-276O C (equation 98), but the reaction is 
accompanied by fragmentation processes3 2 9 .  Certain metals and metal salts, 
notably silver salts, exert a remarkable catalytic effect and permit the inter- 
conversion of propargylic and allenic esters under very mild conditions4' g-430. 

(98) 
PAC 0 Ac 

\ 
HzC-CGCH H2C=C=CH 

Details of the mechanism of catalysis by silver salts (Scheme47), have been 
elucidated in an unusually thorough and exemplary study utilizing isotopic labelling 

. .  . .  R2 

As+ 

(725) 

- 

slow 
7 

R' 
L 

SCHEME 47. 
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and stereochemical and kinetic techniques2 . The rate-determining step involves 
rearrangement of a silver complex 725 which is formed in a rapid preequilibrium. 
As indicated in 726 complexing occurs with the p orbitals that are not involved in 
the quasicyclic six-electron transition state. The lowering of the energy of acti- 
vation brought about by silver is attributed to the positive charge, and the 
rearrangement falls in the category of charge-induced [ 3,3] sigmatropic rearrange- 
ments2' . 

The intramolecular nature of the rearrangement was established by the absence 
of crossover products when the rearrangement was carried out with an equimolar 
mixture of 727 and 728 in the presence of AgBF4. It was shown in separate 
experiments that 727 and 728 rearrange at nearly identical rates. Rearrangement of 
729, labelled with l80 in the carbonyl oxygen, gave 730 in which label appeared 
exclusively in the alkoxyl position. This evidence excludes the possibility of a 
mechanism involving ion pairs and also confirms the intramolecularity of the 
rearrangement2 - 

0 

Ar >=. 
(7281 

'A r 
(729) (730) 

Rearrangement of optically active propargyl esters gives inactive allenyl esters, 
but this is a result of Ag+-catalysed epimerization of the initial ester, which occurs 
faster than the rearrangement itself. Thus when the rearrangement of the 80-label- 
led optically active ester (+)-731 was run to 50% completion, the rotation of the 
recovered 731 was unchanged. The allenyl ester 732, however, was racemic, even 
though the 0 was in the alkoxyl portion exclusively. Further evidence for this 
rapid epimerization was obtained from studies of the interconversion of the 
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Me 

633 

Me 
Et 

0 / O '  

Y 
Ar 

'Ar 
(732) 

0' = ' 8 0  

Ar = p-nitrophenyl 

80-labelled diastereomers 733 and 734 (Scheme 48). Rate constants were deter- 
mined for a fixed concentration of AgBF4, and relative values are given in paren- 
theses with the appropriate arrow. In view of the great rate with which the allenyl 
esters, erythro-734 and threo-734, are interconverted, it is not surprising that the 
allenyl ester 732 obtained from optically active 731 is racemic? . 

Ar 
' 0  

I 

erythro- (733) erythro- (734) 

k 4  k 3  
(1790) 11 (18001 

rhreo- (733) rhreo-(734) 

0' = ' 8 0  

Ar = p-nitrophenyl 

SCHEME 48. 

The epimerization of esters by silver ion is probably initiated by x-complex 
formation, as illustrated in Scheme 49? . Two complexes, 736 and 737, are 
possible, depending on which x bond is complexed. Rearrangement to  the C(2) 
argentated allylic cation 738, which is stabilized further by the ester oxygen, resurts 
in loss of chirality. Reversion to x-complexes can occur to  give either 736 and 737 
or their epimers 736e and 737e. Loss of Ag+ from the latter two produces the 
enatiomer of the original allenic ester. 

The position of equilibrium between the propargylic and allenic esters depends 
strongly on the substitution pattern? . When R' and R2 are alkyl groups and R3 
is hydrogen, the allenic ester 740 is strongly favoured, but when R1 is alkyl and 
both R2 and R3 are hydrogen, the allenic ester is only slightly favoured. When all 
three are alkyl groups, the propargylic ester 739 is slightly favoured. 
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(736) 

1736e) 

R’  

I Ag+ R1\ P 3  
I R 2  /c=c=c ‘OCOAr 0 

R2-C-CGC-R3 

- 
‘C-Ar 

II 
0 

(739) 

(740 1 

The scope of the catalysed rearrangement has been extended to a wide variety ot 
esters (equation 99),  and a more convenient procedure has been developed in which 
the reaction is carried out with catalytic amounts (2.5 mol %) of AgOAc or 
AgBF4 in d i c h l o r ~ m e t h a n e ~ ~ ~ .  
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X 

R1-C-CZEC-R3 I &l+ P3 

R2 I 'x C H Z C I ~ ,  35o)c R2/c=c=c 

635 

(99) 

0 
II 

X = OAc, OP(OEt12. OCOAr, OCOCF3, OTs 

Tertiary propargylic alcohols undergo rearrangement to a,a-unsaturated alde- 
hydes or ketones in the presence of silylvanadate catalysts, as illustrated in equa- 
tions (100) and (101)431. The key step is believed to be a [3,3] sigmatropic 

OH 

CH3CH2C-C-CH 
IPh3Sil3VO 

* CH3CHzC=CHCHO 
I 
I 
CH3 

I 
CH3 

OH 0 

(101) 
IPhjS0) jVO I 1  

* (CH3)2C=CHCC2 Hg 
I 
I 
CH3 

CH3-C-CEC-C2 H5 

rearrangement of the vanadate ester 741, which is formed initially by a transesterifi- 
cation reaction. The rearranged ester, 742, undergoes transesterification with the 
silanol 743, which was liberated in the first step, t o  give the product and regenerate 
the silylvanadate catalyst43 . This type of rearrangement constitutes the key step 
in a recent stereospecific synthesis of Vitamin A 4 3 2 .  A polymeric silylvanadate 
catlayst has been developed which has less tendency to undergo hydrolysis than the 
simple ~ i l y l v a n a d a t e s ~ ~  3 .  

H 
C 

(742) 

The rearrangement of 3,'Ldiacyloxy- 1 ,S-hexadiynes to  cyclopentenones in the 
presence of Rh(r), as illustrated in equation (102), is believed to  involve a Rh(1)-cat- 
alysed propargylic-allenic ester rearrangement in the first step (see Scheme 50)4 3 4 .  

Rearrangement of the second propargylic ester in 746 is accompanied by cycli- 
zation to  747, and a retro-ene reaction giving 745 completes the sequence434. 
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\OAc 
(744) (745) 

(744) (746) \ 

(747) 

SCHEME 50. 

Another possibility involves a double [ 3,3] rearrangement followed by cycli- 
zation t o  give the rhodium-stabilized carbene 748. Acetate migration and loss of 
rhodium complete the sequence. This mechanism is particularly intriguing in view 
of the well-known stabilization of carbenes by rhodium and other transition metals, 
and in view of the similarity of this rearrangement to the very high-temperature 
rearrangement of 1,2,4,5-hexatetraene to  fulvene which is believed to  involve 
carbenes (Section VIII.B.4.e). 

744 

OAc 
I 

R hf 1) f - 
'1 

OAc 

Rh qy - 

OAc 

(748) 

- 0 A c  - 745 
-Rhf l )  

At very high temperatures, propargylic esters rearrange to 2-alkylidene-l,3-diO- 
nes (equation 1 03)4 5 .  A mechanism has been proposed which consists of an initial 
[3,31 rearrangement to the allenyl ester, followed by a 1,3-acyl shift giving the 
dione. Vinyl esters are known to  undergo 1,3-acyl shifts at  500-600° C432. 
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7. Dienol-benzene and dienone-phenol rearrangements 

Propargylcyclohexadienols undergo three competitive sigmatropic rearrangement 
processes in the presence of acid, as illustrated in Scheme 51 for 6-methyl-&prop- 
argyl-2,4-cyclohexadienol (749) and 4-methyl4-proparg~l-2,5-cyclohexadienol 
(750)436. The products, formed in essentially the same proportions from both 

(750) 

(751) 

1754) 

SCHEME 51. 

alcohols, arise by rearrangement of the common benzenium ion 751. The major 
products, 752 and 754, are formed by charge-controlled [ 1,2] and [3,4] sigma- 
tropic rearrangements, respectively, while 753 is the result of a charge-induced 
[ 3,3] rearrangemept. All three rearrangements are suprafacial in both components. 
The strong preference for [1,2] and [3,4] processes is attributed to the greater 
charge delocalization in the transition states for these rearrangements4 6 .  The ratio 
of the rate constants, k[3,41/k[ corrected for the statistical factor, is approxi- 
mately unity. 

P+ R 

(755) 

R = H, Me 

A 
(756) 
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In the rearrangement of the mesitol derivatives, 755 and 756, the products are 
the propargylmesitylenes 757, formed by [ 1,2] shift, and allenylmesitylenes 758, 
formed by [3,4] rearrangement. The possibility that 758 arises by consecutive 
[3,3] and [1,2] rearrangements cannot be ruled out  unequivocally, but it is 
rendered unlikely by the small yield of the [3,31 rearrangement product 753 which 
is obtained from 749 or 750436. 

Exclusive [3,4] rearrangement occurs with 759, giving 760, and exclusive [ 1,2] 
rearrangement of the allenyl chain occurs with 761, also giving 760. When methyl is 
substituted at the 3’-position on the propargyl chain as in 762, however, the [3,4] 
process is inhibited and k 1 ~ , ~ 1 / k 1 ~ , ~ j ~  0.4. These effects have been rationalized 
in terms of steric factors in the transition states for the two types of rearrange- 
ment436. 

H. 

- -  n I 

(759) (760) (761 1 

1121 

Analogous rearrangements occur when propargylcyclohexadienones, 763 are 
treated with acetic anhydride containing a catalytic amount of H2S04437,  The 
products, 765 and 766, arise by [1,2] and [3,4] rearrangements of the acetoxy- 
benzenium ion 764. For the most part, the effects of substituents are comparable 
to those noted for the dienols. The charge-induced [3,3] rearrangement has not 
been detected for the die none^^^ ’. 

8. Ene and retro-ene reactions 

pro- 
cesses, are closely related to  [ 1,5] sigmatropic and [ 1,5] homosigmatropic rear- 
rangements. Reactions have been reported in which allenes are formed as products 
of ene and retro-ene reactions involving alkynes, and others in which allenes Serve as 
the ene component. 

The ene and retro-ene reactions, commonly classified as (x2s + x 2 s  + 
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OAc 
I 

(763) 

(a) R' = R ~ = H  

(bl 

( c )  

R'  = H, R2  = Me 

R '  = Me, R2 = H 

(7651 

(7641 

(766) 

Reactions involving alkynes functioning as the Lene' component can be repre- 
sented by the general equation (1 04). where X=Y iepresents a x-bonded grouping 
such as RzC=O, RC-CRY etc. Typical examples include those summarized in 
equations ( 105)4 and (1 06)43 9 .  Two competitive intramolecular ene reactions 
occur in the rearrangement of trans-2-nonen-7-yne (767) ,  and the products 768 and 
769 are obtained in the ratio 8: 1. In the formation of the minor product 769,  the 
alkyne portion of 767 serves as the ene component and the olefin portion as the 
enophile, while the reverse is true for the formation of the major product. 

OH 

( 1  051 

(7671 (769) 

Allenes can function as the ene component, as illustrated in equation (107), and 
can be formed as products of retro-ene reactions, typified by equation 
(1 08)43 a *44 O .  Activation energies and entropies for the cleavage of propargyl 
ethers, illustrated in equation ( l o g ) ,  lie in the range 36-42 kcal/mol and -13 to 

+ H2C=C=CH2 - F2$* (107) 
FP Fzdo Fi! F2 F2 
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O/CH3 
\ R‘  

R 2  I R2  

R’-C-CGCH - )C=C=CH~ + C H ~ O  (108) 

-6 e.u., respectively. Formation of (R)-771 f rom (S)-770 established that the 
rearrangement is concerted44 O .  

p 3  
0 

(770) 

Alkylallenes show high reactivity 
as summarized in equation (109). 

(771 1 

as ene components with a variety of enophiles, 
The possibility of a nonconcerted, diradical 

process has been considered t o  account for the products obtained from the ene 
reaction of tetramethylallene with hexaf luor0-2-butyne~~ * . 

Phenyl-substituted dienes and alkynes are obtained from the reaction of benzyne 
with alkylallenes, as illustrated in equation (1  

I + \--1 CH3CH=C--CH=CH2 + CH3CHCEFCCH3 (110) 
I 
P h  

I 
P h  

IX. REARRANGEMENT OF ALKENYLIDENECYCLOPROPANES 

Alkenylidenecyclopropanes undergo smooth thermal rearrangement giving 
dimethylenecyclopropanes, as illustrated in equations ( 1  1 I)-( 1 13)443-446. The 
rearrangement of arylalkenylidenecyclopropanes is regioselective giving products in 
which the aryl groups are on the ring as illustrated in equation ( 1  13). 

P h  P h  
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The bulk of evidence indicates that the rearrangement is a typical methylene- 
cyclopropane-type rearrangement occurring by way of a perpendicular trimethyl- 
enemethane diradical, as summarized in Scheme 52 for the rearrangement of 772 

(774) RyMe .... .... . .  . .. ..... 

. .. 

k 
(7751 

SCHEME 52. 

(773) 

which gives 773445944 7 9 4 4 8 .  Cleavage of the ring-bond opposite the vinylidene 
group gives diradical 774 which recyclizes giving 773. The formation of 773 in 
preference t o  776 is attributed to  the greater stability of diradical774 over that of 
775. Thus, 774 is equivalent t o  a benzyl and an ailyl radical, whereas 775 is 
equivalent t o  the less stable combination of a primary alkyl and a cinnamyl radical. 
The importance of the stabilization provided by the benzyl radical portion of 
diradicals such as 774 is indicated by the fact that the methylated derivative 777 
fails to rearrange to a detectable extent at  140" C over a period of 24 daysa8. 

(7771 

Rearrangement of 778 and 779 occurs at  90- 120" C giving mixtures of 780 and 
781, with 780 being the kinetically preferred product from both precursors44 8 .  

When mixtures of 780 and 781 are heated, slow equilibration occurs with 781 being 
favoured, e.g. 64% 781 at  1 17" C. The preferential formation of 780 under kinetic 
control has been rationalized in terms of steric factors in the ring-openinga8. 
Diastereomerization of 778 and 779 occurs during the rearrangement. 
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Rearrangement of 782 occurs a t  140-190° C by two parallel paths giving 783 
and 784; 785 is formed in a subsequent reaction from 784 by a surface-catalysed 

(782) (783) 

(785) 

process44Y. The disappearance of 782 is a first-order process with E ,  = 34.8 kcal/ 
mol and log A ( s - l )  = 13.6, and the rearrangement is of particular interest because 
geometrical constraints prevent formation of an orthogonal diradical. 

The formation of 784 from 782, a u z s  + x 2 s  process, is symmetry forbidden as a 
concerted process and is interpreted to occur by cleavage of the 2-4 bond giving 
the nearly planar diradical 786, followed by rapid addition to  the 71 bond. The free 

A 

energy of activation for the formation of 786, AG$ (150" C) = 34.3 kcal/mol, is 
estimated to be only ca 4 kcal/mol less favourable than would be expected for a 
comparable orthogonal d i r a d i ~ a l ~ ~  9 .  Possible paths for the formation of 783 have 
been discussed. 

Steric strain inhibits normal dimethylenecyclopropane formation in the re- 
arrangement of 787 and, instead, the naphthalene derivative 788 is formed4 ''. A 
concerted (xZ a + a2 a -t a2s) mechanism has been proposed involving disrotatory 
ring-opening, x-bond formation and hydrogen migration to  the central allenic 
carbon. 
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Instead of the radialene 790, which would be formed by rupture of bond a and 
reclosure in the normal manner, the dienyne 792 is formed when 789 is heated at 
80" C451. Rupture of bond b and rotation of the saturated ring atom giving the 
doubly delocalized diradical 79 1, and subsequent hydrogen migration constitute 
the path to 792. Preference for this path is attributed to the greater stability of 791 
over that of the singly delocalized diradical that would be formed by cleavage of 
bond a4 . 

(787) I (788) 

(791) (792) 

X. REARRANGEMENT OF CYCLOPROPYLALLENES 

The thermal rearrangement of vhylcyclopropanes to cyclopentenes (equation 
114) is a well-known reaction45z, and a limited number of studies of the analogous 

(793) (794) 

(a) R = H 
(b) R = Me 

rearrangement of cyclopropylallenes 793 to methylenecyclopentenes 794 have been 
reported4 5 3  9 4 5 4 .  Quantitative rearrangement of 793a to 794a accurs in the range 
300-350" C, with first-order rate constant given by log k(s-  >= 14.08-50,200/ 
2.303RT453. The rate of rearrangement is nearly the same as that of vinylcyclo- 
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propane itself, for which log k = 13.61 - 49,700/2 .303RPss ,  and the enhanced 
reactivity observed for allenes in Cope rearrangements and [ 1,Sl sigmatropic 
rearrangements fails t o  appear here. A diradical mechanism has been proposed, and 
the interconversion of the deuterated derivatives cis-793a-d and trans-793a-d which 
occurs four to  five times faster than the rearrangement of 793a + 794a is cited in 
support of the mechanism. Molecules that are in the transoid conformation shown 
for cis-793a-d at the time of ring-opening, cannot rearrange to methylenecyclo- 
pentene, but can undergo geometric i somer i~a t ion~ 3. 

A greatly enhanced rate has been reported for the rearrangement of 793b to 
794b, with the first-order rate constant given by log k ( s - ' )  = 12.8 - 41,500/ 
2 .303RPS4 .  Thus, the activation energy is approximately 8 kcal/mol below those 
found for vinylcyclopropane and for 793a. In addition, MIND0/3 calculations give 

(cis-793a-d) (trans-793a-d) 

activation energies of 48.4 kcal/mol and 44.6 kcal/mol for the rearrangement of 
vinylcyclopropane and 793a respectively, suggesting that the activation energy 
should be significatly lower for the cyclopropylallene reaction. The lowering is 
attributed to the greater exothermicity for the 793a + 794a process454. 

While the significance of the MINDO/3 calculations has been questioned4 6 ,  it is 
difficult t o  rationalize the difference in the experimentally determined activation 
parameters for the rearrangement of 793a and 793b. It has been pointed out  that 
the temperature range for the study of 793a (50° C) was larger than that for 793b 
(20° C) and the activation parameters for the former should, therefore, be subject 
to  smaller uncertainties4 6 .  

XI. REARRANGEMENTS INVOLVING CARBENE INTERMEDIATES 

A. Alkenylidenecarbenes 

Much evidence has been accumulated in support of Hennion and Maloney's 
original postulate that vinylidenecarbenes 797 are formed as intermediates in the 

X 
I 

X 
0 H- I - 

Me2C-C3CH Me2C-CGC: 

(795) 

OH- 

ll 
Me2C=C=C : 

OEt OH - MeZCCECH + Me2C-CGCH + 
H20 I 1 

EtO ti 

(800) 
(798) (799) 

I 
Me2C-CGC: 
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alkaline solvolysis of propargylic and allenic halides such as 795 and 796457. The 
distribution of products 798, 799 and 800 is the same from both precursors 795 
and 796, with the ether 798 being the principal product formed when the solvent is 
80% aqueous ethanol4 p4 9 .  

Kinetic studies and studies of secondary isotope effects are in agreement with 
the proposed mechanism4 . Experiments in which the intermediate carbene is 
trapped by reaction with olefins also provide convincing support! l4 . A typical 
example is the formation of 801 and 802 from the reaction of 3-chloro-3-methyl-l- 
butyne with potassium t-butoxide in the presence of cis- and trans-2-butene 

CI 
I 

respectively4 6 2 .  Products arising by insertion of vinylidenecarbenes into C-H and 
Si-H bonds have also been detected4 4 .  

Recent studies have appeared describing the generation and reactions of vinyl- 
idenecarbenes using phase-transfer catalytic techniques4 5-4 and crown ethers as 
catalysts4 l-Bromo- l-alkynes can also serve as precursors of vinylidenecar- 
b e n e ~ ~ ~  9 ,  and the formation of a small amount of 805 when 5-cNoro-3-hexen-l- 
yne (803) is treated with potassium t-butoxide in the presence of styrene, indicates 
the intermediacy of the vinylallenic carbene 8044 'O.  

CI 
I 1 - 6 ~ 0  K 

c 
PhCH = CH2 

HCECCH=CHCHCH3 [: C=C=CHCH=CHCHj] 

(203) (804) 

B. Cyclo propyl ide nes 

Cyclopropylidenes, 806, which can be generated from a variety of precursors 
rearrange spontaneously to allenes. The reaction constitutes the most generally 

(806) 

applicable synthesis of allenes, and a thorough discussion can be found in the 
chapter of this volume dealing with synthetic methods. 

C. Reactions Leading to Fulvenallene 

Vinylidenecyclopentadiene (646), commonly referred to  as fulvenallene, is the 
product of thermolysis of a host of substrates as can be seen from the typical 
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\ 

5OO0C I 
qo 

0 

H 
(8121 

(81 1 I 

SCHEME 53. 

examples that are summarized in Scheme 53471.  Most often the reactions have 
been carried out in flow systems at  low pressures, commonly by flash vacuum 
thermolysis techniques472. The temperatures cited in Scheme 53 are a t  or near the 
lower limit of the range where reaction occurs, and in most cases improved yields of 
646 are obtained at  higher temperatures4'I. In some cases no  reaction occurs, 
while in others diffErent products are formed at temperatures below this threshold. 
Thus, below ca 600 C, heptafulvalene (648) is the principal thermolysis product of 

(648) 

phenyldiazomethsne (807), while 646 predominates a t  higher temperatures4 73.  

Ethynylcyclopentadienes (647), which accompany fulvenallene in these pyrolyses, 
are apparently secondary products formed by further isomerization of fulvenal- 

An interesting pressure dependence has been noted for some of the reactions. 
For example, trans-l,2-diethynylcyclopropane (8  13) rearranges cleanly to 645 at 
1 atm and 480" C (flow system) by the mechanism described in Section VIII.B.4.e. 
At lower pressures (2 1 torr), however, fulvenallene (646) and ethynylcyclo- 
pentadienes (647) begin to appear as kinetic products3 . These products, 646 
and 647, are also formed when 645 is pyrolysed, but only at  much higher 
temperatures (580" C, flow system) than are required in the case of 813. These 
results suggest that the triene is formed initially in a highly excited vibrational state 

lene4 7 1 9 4  7 4 .  

2 
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(813) (645)' (646) , (6471 

(645)*, and, in fact, it is estimated that the molecule contains ca 80 kcal/mol 
excess vibrational energy at the moment it is formed. At high pressures this excess 
energy is quickly dissipated through collision, resulting in 645, but a t  low pressures, 
deactivation is slower and the excited molecules are able to  pass over the next 
barrier to give 646 and 64736 . 

The need for higher temperatures in the rearrangement of 645 can be under- 
stood from this standpoint, and information about the mechanism of formation of 
646 from 645 has been obtained from deuterium-labelling studies3 6 .  The labelled 
triene 645-d2 rearranged at 580° C (flow system) giving fulvenallene 646-d2 in 
which most (87%) of the deuterium was in the terminal position. These results are 
accounted for in terms of initial cleavage of a cyclobutene ring bond and successive 
hydrogen shifts as illustrated in Scheme 543 6 .  Further support for this mechan- 

aD 
D 

SCHEME 54. 

ism, and consideration of the route that places 13% of the deuterium in the 
five-membered ring will be presented below. 

It has been generally agreed that carbenes are involved in the reactions leading 
from 807-812 to  646, but the mechanism of the ring-contraction and the inter- 
convertibility of possible carbenoid species has been the subject of debate. Phenyl- 
carbene (814) is anticipated from the decomposition of 807, while methylenecyclo- 
hexadienylidene (815) is anticipated from 808-811, and either or both might be 
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anticipated from thermolysis of the indazole 8 12. In addition, cycloheptatrienyl- 
idene -(816) has been proposed as an intermediate in the isotopic rearrangementbf 
814471,475. 

A recent study has helped to  answer some of the questions about the rearrange- 
suggested mechanisms are untenable4 7 6 .  ments, and to  show that previously 

Benzocyclopropene 'labelled' with 

(80%) 

a t  position 1, 808a, was heated at  800° C 

1 

(646a) (646b) 

. = '2c 

( 10-3 torr) and the distribution of ' C in the fulvenallene product was determined 
by n.m.r. spectroscopy. It was found that 14.7% of the 13C appeared at  the C(7) 
position, signifying that approximateIy 83% of the product was formed by the 
direct route, 808a + 81 5a + 646a, and 17% was formed by a route in which carbon 
scrambling occurred. When a sample of 646a containing more than 85% * C in the 
C(7) position was heated at 1050" C, 646b was obtained in which ca 100% 
scrambling had occurred, thus demonstrating that the carbon scrambling noted 
above occurred with 646a itself, i.e. 646a + 646b. 

The mechanism of the scrambling process is not certain, but the fact that 
phenyIcarbene-[7-' is known to  give isotopically rearranged 646 suggests a 
possible route to be the thermal interconversion of 646 and 814. Evidence which 
supports this postulate is as follows476. 0-, m- and p-Tolylcarbenes are known to 
undergo interconversion in the gas phase and all three give styrene and 1,2-dihydro- 
benzocyclobutene as products4 ' 94 '. The formation of these same products when 
817 is heated at  1000° C suggests tolylcarbene as an intermediate in this rearrange- 
ment, and supports the proposal that fulvenallene and phenylcarbene can be 
in t e r~onver t ed~  7 6  . 

Evidence pertaining to possible paths for the interconversion was obtained from 
studies of the rearrangement of phenylcarbene-[ 1-1 C] (814a). Pyrolysis of 807a 
under the mildest possible conditions for generating fulvenallene (590" C, 5-7 tom, 
Nz carrier) gave 646c with 13C at all positions, but the distribution was not 
uniform. Position 5 carried approximately three times more of the label than any 
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other carbon, and the extent of labelling decreased in the order: (5) > [ l  j,(4j > 
(2),(3)>(6)>(7). When the pyrolysis of 807a was carried out  a t  700" C 

torr), the excess of I 3 C  at position 5 was barely beyond the experimental 
error, and the n.m.r. spectrum of the  product obtained at 1000" C tom) 
showed complete randomization. 

The excess label at C[Q in the product from the pyrolysis at 590" C rules out 
mechanisms that involve direct ring-contraction of phenylcarbene as well as those 
involving pre-equilibrium interconversion of phenylcarbene and benzocyclopropene 
or methylenecyclohexadienylidene. The mechanism shown in Scheme 54 was 
suggested as a possible one to account for the findings4 6 .  

Cycloheptatrienylidene (81 6a) labelled at the carbene position, which arises by 
ring-expansion of phenylcabene-[ 1-' Cl(814a), undergoes electrocyclization giving 
the bicyclic triene 818 labelled at the bridgehead position as shown in Scheme 55. 

.. 
FH .. 

(820) (646f) I 

SCHEME 55. 

Fulvenallene (646e) with the label at position 5 is formed from 818 by way of 
diradical 819. Scrambling of the label occurs as a result of isomerization of 818 to 
820. Ring-opening of 820 and rearrangement of the diradical affords 646f labelled 
at  position 1. The entire process is reversible, as required by the results described 
for 808a and 646a, and it can be seen that complete scrambling will be the 

The finding of excess label a t  position 5 in the 590" C product, however, 
requires the ring-opening of 818 giving 819 to be faster than the [ 1,5] hydrogen 
migration giving 820; this order of reactivity is unusual. 

The formation of product with deuterium in the five-membered ring from the 
pyrolysis of 645-d2 can be rationalized in terms of this mechanism; furthermore, 
the formation of small amounts of heptafulvalene (648) in the pyrolysis of 645361 
lends support to  this interpretation. 

Hydrogen migration must precede loss of nitrogen in the thermolysis of indazole 
(812) and there are two plausible sites for the migration terminus, as in 821 and 
8224 7 5 .  Loss of nitrogen from these would be expected to afford cyclohexadienyl- 
idene (815) and phenylcarbene (814). respectively, either of which can rearrange to  
fulvenallene (646). Pyrolysis of indazole-[3-' 3C] (812a) at 650°C gave fulvenal- 
lene with ca 30% excess of the label a t  position 7, the remainder of the label being 
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Qp I 

ti 
(812) 

\, ?' / (821 1 

A 
(822) (814) 

distributed uniformly over all positions47S. These results can be interpreted in the 
framework of the mechanism given in Scheme 55 if it is assumed that both 814 and 

N 
I 
H 

(81 2a) 

. = '3c 

815 are involved as intermediates, the excess label a t  C ( 7 )  resulting from direct 
Wolff rearrangement of 81 5 to fulvenallene. 

Ring-contractions of the type leading to  fulvenallene have also been observed 
with nitrogen and oxygen analogues of carbenes4 v 4  7 2 .  Recent work has shown, 
however, that there are some fundamental differences in the mechanisms of 
ring-contraction of phenylnitrene and phenylcarbene4 7 8 .  

XI 1. PHOTOCHEMICAL REARRANGEMENTS 

Many of the photochemical rearrangements involving allenes have a counterpart 
in thermal rearrangements, while others are uniquely photoinitiated. In the para- 
graphs that follow, some of the more important aspects of these rearrangements are 
summarized. 

A. Sigmatropic Rearrangements 

Allenes have been obtained as products of photoinitiated [ 1,5] hydrogen 
migration in a variety of conjugated trienes, as illustrated by the conversion of 
(2)-1,3,5-hexatriene (823) to  (2)-1,2,4-hexatriene (824)4 7 9 .  The low quantum qH f other products 

(8231 (824) 

yield of 824 in this process has been attributed to  the low concentration of the cZt 
conformation (823) in the ground state480. In trienes in which this conformation is 
more important, e.g. 825 and 826, higher quantum yields of allenes are 
~ b t a i n e d ~ ~ ~ v ~ ~ ~  . These 2llenes rearrange thermally to the starting trienes a t  
temperatures of 120- 150 C. 
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CH A eY+ other products 

(826) 

[1,5] Hydrogen migration occurs when Vitamin D3 (827)  is irradiated and a 
mixture of the diastereomeric allenes 828 and 829 is obtained, along with other 
products482. In a separate experiment it was shown that 828 and 829 are inter- 
converted photochemically by a process involving internal rotation about the axis 
of the allene linkage48 3. 

P I I  
4 ’/‘4H 

f L < O >  (828) 

HO . ‘ L y g O ”  

(827) 

(8291 

Allenes are obtained, along with other products, upon irradiation of 172-dihydro- 
naphthalenes by a sequence involving cycloreversion and [ 1,5] hydrogen migration, 
as summarized in equation ( 1 1 5)4 84-4 6 .  

The conversion of 172,6-heptatriene to 3-methylene-1 ,5-hexadiene (equation 
1 16) and 172,6-cyclononatriene to 1,s-divinylcyclopentene (equation 1 17) by 
benzene-sensitized irradiation represent photochemical counterparts of the Cope 
rearrangement 4 8 7 . 
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( 1  17) 

4-Hale 1 ,Zdienes undergo photorearrangement to 2-ha10-1,3-dienes as illustrated 
in equation (118)4889489.  The reaction has been shown to proceed by a free- 
radical mechanism. The unusual photochemical ringexpansion of 2ethynylcyclo- 

heptanone (830) to 2,3-~yclononadienone (832) also amounts t o  
ment, and is believed to involve initial type I cleavage followed 
the diradical 83 l4  O .  

a [ 1 3 1  rearrange- 
by cyclization of 

B. Intramolecular Cycloadditions 

Internal head-to-head photocycloaddition of 833 gives the tricyclic ketone 834 
in 95% yield, while the corresponding ketene adds with reversed orientation giving 

(833) (834) 
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83549 . It has been suggested that differences in ground-state charge distribution 
may be responsible for the difference in behaviour between the allene and the 
ketene. 

When the stereoisomeric trienes 836 and 837 are irradiated the major product in 
each case is the bicyclopentane 838, accompanied by small amounts of the 
di-x-methane rearrangement products, 839 from 836, and 840 from 837492. The 
formation of 838 from both precursors 836 and 837 can be rationalized in terms of 
a concerted (x2s + xzs)  mechanism, but a diradical mechanism is also possible. 

K 

C. Electrocyclization and Cycloreversion 

Photochemical interconversion of methylenecyclobutenes and 1,2,4-trienes, or 
related derivatives, has been observed. For example, when the tricyclic ketone 841 
is irradiated in an argon matrix, a photoequilibrium mixture of 4-methyl-1,2,4- 
pentatriene (843) and 1-methyl-3-methylenecyclobutene (844) is obtained4 3. 
Presumably, the initially formed ketene 842 decarbonylates and the resulting 
carbene isomerizes to the triene 843. Interestingly, when 841 is irradiated in 
solution, 1,3-dimethylcyclobutadiene is obtained initially49 3. 

Cycloreversion of 3,4-bismethylenecyclobutene to 1,2,4,5-hexatetraene has been 
reported (equation 1 1 9)494. Photoisomerization of the cyclobutenone 845 
furnishes the lactone 847 by way of the intermediate allenylketene 8464 9 5 .  
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,--p <: 
Ph 

I 

P h  

(845) (846) 

(1 19) 

D. Rearrangements Involving Carbene Intermediates 

A host of rearrangements involving allenes can best be accounted for by 
postulating carbene intermediates, and selected examples of these are considered 
together here in spite of great differences in the nature of the substrates. 

The photochemical conversion of 1,2-~yclononadiene (848) to tricyclo- 
[4.3.0.0299 I nonane (850) apparently involves initial isomerization of the allene to 

(848) (849) (850) 

the cyclopropylidene 849 which furnishes 850 by transannular C-H 
insertion4 71 4 9  6 . 

Small amounts of allenes are obtained by irradiation of 85 1, the type of product 
obtained being dependent on the wavelength of the exciting radiation4 '. The 
ketol 852 is obtained by (n,x*) excitation, whereas the allenyl ketone 853 is 

(851 1 

obtained upon (x ,x*)  excitation. These products can be rationalized in terms of 
epoxide cleavage giving the diradical 854. Abstraction of H p  by the oxyradical 
furnishes 852, whereas elimination of acetone gives the carbene 855, and this, by 
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(855) 

simple [ 1,2] hydrogen migration, provides the allene 853. In a related rearrange- 
ment, trans-p-ionone epoxide (856) furnishes the allenyl ketone 857 in 11% 
yield4 . 

0 WL  (254 nm) 

(856) (857) 

Benzene-sensitized photolysis of the oxaspiropentane 858 yields a mixture of 
862, 863 and 864, and several steps of the proposed mechanism (Scheme 56) are 
analogous to those described above for the epoxy ketones499. Two routes from the 
initially formed diradical 859 to stable products are possible. One involves 
elimination of acetone, giving the cyclopropylidene 860, which can collapse to the 
cumulene 862. The second route consists of ring-opening to the isomeric diradical 
861 which can either eliininate acetone giving 862 or undergo [ 1,5] hydrogen shift 
giving the alcohol 864. The remaining product, 863, arises by photoinitiated 
addition of acetone to the cumulene 8624 9 .  

(862) \ 
(861 1 

SCHEME 56. 



656 W. D. Huntsman 

Esters of y-cyclopropylacrylic acids such as 865 undergo photochemical 
fragmentation giving, among others, allene derivatives, apparently by way of the 
intermediate carbene 86650 O .  

.. [t-CH=CH-C02Et h u  [HC-CH=CHC02Etl 2 H2C=C=CHC02Et 
2 4  

(865) (866) 

Irradiation of variously substituted benzocyclopropenes affords mixtures of 
substituted fulvenallenes and benzofurans as illustrated by the conversion of 867 to 
868 (66%) and 869 * . The origin of these products can be understood from 

, 

Ph 

C02Me Ph CO2Me 

")$&02Me c_c phf#f Me 

Ph ' ' Ph 

Ph Ph 

a consideration of the electron distribution in the diradical carbene 870 which is 
formed initially by cleavage of the three-membered ring. Ring-contraction by 
Wolff-type rearrangement gives the fulvenallene 868, while ring-closure involving 
the oxygen of one of the carbonyl groups affords the benzofuran 869. Attempts to 

obtain fulvenallene itself by photolysis of benzocyclopropene gave complex mix- 
tures in which anthracene and phenanthrene were identified. I t  is believed that 
fulvenallene was formed initially but reacted rapidly to give other products under 
the reaction conditions501 . 

SCHEME 57. (874) 
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E. Metal-mtalysed Photorearrangements 

One of the products formed by the photorearrangement of 7-methylenenorcar- 
ane (871) in the presence of CU(I) salts is vinylidenecyclohexane (874)s02. A 
possible mechanism, outlined in Scheme 57, consists of photochemical conversion 
of the initial x complex 872 to  the p’O-copper(1) carbonium ion 873. Ring-cleavage, 
followed by [ 1,2] hydride shift and loss of Cu(r) complete the route to  87450 2 .  
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I .  INTRODUCTION 

In recent years ketene thioacetals have become of interest t o  organic chemists for 
theoretical’-6 and preparative’ purposes. Although originally synthesized in 19 19 
by Freunda, their renaissance can be largely attributed to  the new preparative 
methods developed during the last decade. Today more than ten different routes 
give access to a variety of ketene thioacetals under diverse reaction conditions. As a 
consequence it has been possible to develop and exploit the wide spectrum of 
chemical transformations which ketene thioacetals undergo. These compounds 
allow the protection and installation of functionalities in molecules so efficently 
that they have become accepted as useful tools in natural product synthesis. 

Ketene thioacetals allow the functionalization of carbon atoms neighbouring a 
functional group. Classical methods for this purpose are generally limited to the 
installation of functional groups separated by an odd number of carbon atoms 
[ 1.(2n + 1) l .  Molecules with a [ 1.(2n)] relationship (even)  are made available by 
using ketene thioacetal chemistry. This ‘umpolung’ of reactivity has become a 
slogan, intimately attached to ketene thioacetals7 s 9 - ’  4 .  

Today, not only the preparation of ketene thioacetals has become convenient 
but also the facile demasking of the products of ketene thioacetal chemistry 
(usually thioacetals), and these processes are adaptable to a variety of reaction 
conditions7. Also, this experience has helped to  introduce ketene thioacetals into 
the repertoire of reactions of synthetically oriented organic chemists. 

In the following, I should like to  focus on those ketene thioacetals which are of 
direct synthetic utility. They can generally be described by formulae 1, 2 and 3. In 
the large majority of examples R, R’ , R’, R3 and R4 stand for alkyl, vinyl, ally1 or  
aryl groups. A few examples contain a triheterosubstituted double bond, but no 
tetraheterosubstituted case will be considered’ 5 .  These criteria still allow discussion 

of a representative number of ketene thioacetal molecules, demonstrating typical 
ketene thioacetal chemistry and giving a generally correct picture of this class of 
molecules to  the reader. 

11. PREPARATION OF KETENE THIOACETALS 

A. General Methods 

A wide variety of ketene thioacetals are accessible by the methods outlined in 
Figure 1. In route (A) 6-2 one forms disulphur-substituted cations, which elimi- 
nate a proton to  yield ketene thioacetals; X can be any nucleophuge group. Method 
(B)’4-31 can be considered as a p-elimination process or X extrusion. The possi- 
bility (C) has a sulphur-stabilized anion as the intermediate eliminating X’ 793’-4’ 

or fragmenting4’ to  yield the desired ketene thioacetal. One can also tautomerize 
a$-unsaturated thioacetals to form ketene thioacetals (D)3-5 v 4  3-4 6 .  Obviously, 
olefination of carbonyl compounds with appropriate substituted Wittig or Horner- 
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FIGURE 1. Synthetic methods for ketene thioacetals. 

Emmons reagents as formulated in (F)47-51 will lead to  ketene thioacetals. The 
Peterson o l e f i n a t i ~ n ~ ~ - ~  5 ,  route (G)56-6 O ,  provides an alternative olefination pro- 
cess with different conditions and feasibility. Closing this list are dithio esters 
(E)61-64*66-70, carbon disulphide (H)8*65  1 7 ~  *76-86 9 2 0 4 - 2 0 6  and the carbene in 
(1)35*87-90, which all contain the structural unit t o  generate ketene thioacetals and 
are used as starting materials for the synthesis of ketene thioacetals in some special 
examples. 

Having such a choice of methods for the preparation of these molecules, 
knowledge of the factors limiting these synthetic routes becomes relevant. Com- 
pounds for routes (A) or  (B) must either be substituted in a way which facilitates 
the reaction, or drastic conditions must be employed (pH, temperature,. . . ). This 
limits the use of these routes to  a small number of compounds. Notice, however, 
the procedure developed by Coreyzl which uses carboxylic esters as starting 
material (see Section I1.D). Elimination of water in (C) (X = OH) requires a 
benzylic leaving group. Grob fragmentation in (C)42 is only possible in compounds 
with a certain three-dimensional orientation of the bonds broken. Method (D) 
always gives an equilibrium mixture of ketene thioacetal and starting thioacetal. 
For the Wittig reaction in (F) only aldehydes give reasonable yields. To be useful as 
synthetic procedures, the pathways (E) and (H) require additional stabilization in 
either the starting material or  the ketene thioacetal product. 

Three methods, however, can be considered as convenient, useful and practical 
for the preparation of ketene thioacetals. The following sections deal in detail with 
these pathways: (A) Corey, (F) Horner-Emmons and (G) Peterson. 
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B. By Peterson Olefination 

The transformation (G) in Figure 1 was the first “easy” access to ketene 
thioacetals. Resulting from a reaction between a-silyl carbanions and carbonyl 
compounds, obseved in 1962 by Gilman and Tomasis j ,  developed and extended by 
Petersons2 v S 4  s5, this observation was used by the groups of Seebach5 7 ,  Carey5 
and LappertS9 to  develop a high-yielding, easy procedure for the preparation of 
ketene thioacetals (equation 1 ). Metalation of formaldehyde dithioacetal (4) with 

* Rs=(“’ (1) 
1. n-BuLi. 4 O o C  RS 1 .  n.BuLi. 78OC 

RS R 2  
2.  R1 RZC=O 

)-SiMe3 

RS 
R~ 2. MeaSiCI. -78OC 

(5) (1 I 

7 
(41 

n-butyllithium at -40° C in t e t r a h y d r o f ~ r a n ~ ~ - ~ ~  and addition of the so-formed 
carbanion to trimethylchlorosilane generates 5 in 90% yields6. Remetalation of 5 
at  -78O C, treatment with the carbonyl compound at -78O C and warming up to  
room temperature affords high yields of the ketene thioacetal In. ‘This approach 
gives access to 1 with a certain variety in R74975 and is tolerant of almost all 
substitution patterns of the carbonyl derivative employed. Table 1 lists the ketene 
thioacetals prepared in this manner with the corresponding references. Yields in the 
range of 70-90% can generally be expected. Only highly-hindered ketones give 
lower yields. 

TABLE 1 .  Ketenc thioacetals prepared by Peterson olcfination 

RS R’  

RS F S i M e J  + .-( R 2  - RS Rs=<”’ R2 

Li+ 

R R R’ R2 Yield (%) Reference 

Me Me H Alkyl 80-85 5 7 . 7 3 , 9 1  
Me Me H Aryl 85-90 91 
Me Me -(CHZ)n- 55-80 91 
Me M e  Ph Ph 85 5 7 , 7 3  
Ph Ph H CH(Me)Ph 85 5 7 , 7 3  
-(CH,)3- H Alkyl 70-80 57.59,  73,92-94 
-(CH,), - H k Y 1  70-95 57, 5 9 , 7 3 ,  92, 93 
-(CH2)3 - Alkyl Alkyl 60-85 58 ,59 ,92-95  
-(CH2)3 - -(CH,)n- 40-95 57-59,73,91-94 
-(CH,)3 - Ph Ph 75-85 5 7 - 5 9 , 7 3 , 9 2 , 9 3  
-(CH2)3 - H RC=CR, 70-90 57, 73, 92, 93, 59, 58 

-(CH,), - Tropone, adamantone, 40-85 5 8 , 9 6  
-(CH,)3 - Alkyl RC=CR, 60-80 57, 58, 73 

-CH,-S-CH,- Ph Ph 42 5 7 , 7 3  
2-norbornanone 

C. By Horner-Emmons Olefination 

While olefination with phosphor ylids (route (F) in Figure 1) as already 
mentioned above is of limited applicability4 7-50 T~ O 0 ,  the phosphonate approach5 * 
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n-BuLi, -78Oc 

I I 

turns out  to  be of more general use (equation 2). The synthesis of the starting 
phosphonate requires halogenated thioacetals (6 ) ,  available in over 90% ~ i e l d ~ ' - ~  
by chlorination of the corresponding thioacetal with sulfuryl chloride. At room 
temperature 6 reacts with (RO)$ to give the corresponding phosphonate 7. 
Metalation of 7 with n-butyllithium in tetrahydrofuran at - 7 8 O  C98*1009101 or 
sodium hydride in dimethoxyethane under refluxS1 followed by reaction with 
aldehydes or  ketones gives 1 in excellent yields (Table 2). One report in the 
literature describes an alternative method, which circumvents the prior generation 
of the carbanion from 7. The authors treat 7 with aromatic aldehydes in a 
two-phase system using triethylbenzylammonium chloride as a phase-transfer 
catalyst5' (see Table 2 and equation 2), and obtain the ketene thioacetals 1 in yields 
comparable to the procedure using n-butyllithium. 

TABLE 2. Ketene thioacetals, prepared by Homer-Emmons olefination 

RS R' R '  

RS R* 

b L ! ( 0 R 3 1 2  t o< - RsM 
RS R 2  

Li+ 

R R R' R2 Yield (%) Reference 
~ ~~~ 

Me Me H H 95 51 
Me Me H Alkyl 90 51 
Me Me Alkyl Alkyl 80 51 
Me Me H Aryl 85 51 
Me Me Aryl Aryl 80' 51 
Me Me -(CHZ)n- 80-82 51 

-(cH2)3- H HGCR, 85 98 
-(cH2)3- Alkyl k Y  1 70-85 5 1 , 9 8  
-(cH2)3- H Alkyl b5 98 
-(CH2)3- Aryl Aryl 70 51 
-(CH, 13 - -(CHz)n- 95 98 
-CH,-S-CHI- Aryl Aryl 66 51 
0-C, H, H Aryl 95 100 
0-C, H, H HC=CR, 95 100 
0-C, H, -(CHz)n- 95-98 100 
0-C, H, Alkyl Aryl 9 0  100 
0-C, H, Aryl Aryl 60-95 101 

~~ 

aPhosphonate anion is generated in a two-phase system. 
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D. From Esters 

Originally developed as a procedure to protect lactones and esters against 
nucleophilic attackZo, Corey and coworkers20 *z have employed the reaction of 
esters with bis(dimethylaluminium)-l,3-propanedithiolate (8) for the synthesis of 
ketene thioacetals (equation 3). The organoaluminium derivative, prepared prior to 

MeZAIS(CH2)3SAIMeZ + R’ R’CH-COOMe (3) 

(8 J (9) 

use from trimethylaluminium and 1,3-propanedithiol in tohenelmethylene chlor- 
ide, reacts with methyl esters a t  room temperature in 48 hours to  form ketene 
thioacetals in good yields (Table 3)z1 . The corresponding reaction with lactones 
leads to ketene thioacetal derivatives (10) possessing a hydroxyl function in the 
molecule (equation 4). Under acidic conditions these compounds can yield cyclic 

R2AIS(CH2),SAIR2 + 0 

(10) 

TABLE 3. Ketene thioacetals prepared from esters 

R2AIS(CH2),SAIR2 + MeOOC-CHR’ R2 (GLH R’ 

L S  R2 

n R1 R2 Yield (%) Reference 

2 

2 

2 

2 

0 Go 
H n-C,, H, 3 
H Ph 
H Ph 
H Alkyl 
H Vinyl 

H CH,SMe 
Me SPh 

-(CH2)n- 

94 

94a 

81‘ 

91= 

93 
98 
86 

60 

52 
65 

50-65 

60-85 

20 

20 

20 

20 

20 
20 
21 
21 
21 
21 
21 
21 

%elated after acid treatment to form dithioortho esters (see 
equation 4 ) .  
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dithioortho esters2 (see Section 1V.C). This access to  ketene thioacetals differs 
from the two foregoing methods (Section 1I.B and 1I.C) in that it retains the carbon 
skeleton of the carboxyl compound in the ketene derivative 9 or 10. In both the 
Peterson olefination and the Homer-Emmons procedure one carbon atom is added 
to the starting carbonyl compound in forming the ketene thioacetal. 

E. Preparation of Ketene Thioacetal Monosulphoxides 

The monosulphoxides of ketene thioacetals have been shown to be synthetically 
especially useful compounds' 02-' * . As I will comment on this later, their pre- 
parative access only is discussed here. 

Three principal routes, differing in the sequence of oxidizing the sulphur atom, 
constructing the carbon skeleton and formation of the bissulphur-substituted 
double bond, are available for ketene thioacetal monosulphoxides (equations 5, 6 
and 7). Aldehydes possessing a potential leaving group in the a-position are 

ow<;' - "sHx - RsHx - Rs-\ 
(5) 

RS R' RS R'  
 EL^ R'CHO RS R '  

I 1  
0 

I I  
0 RS 

(111 (12) (13) 

(12, X = OH) 

0 

(1 1 (15) 

transformed to the thioacetals 11, which are oxidized to 12. Subsequent pelimi- 
nation of HX yields 13 (equation 5)lo3. This procedure is exclusively used for the 
preparation of 13 (R1 = H). Other ketene thioacetal monosulphoxi.les derived from 
low molecular weight aldehydes are best prepared by employing the 2-lithium 
formaldehyde dithioacetal synthon, also mentioned in equation ( 5)Io3. The inter- 
mediate 12 (X = OH) is also accessible by reaction of aldehydes with the organo- 
metallic compound 14. By the elimination of 'water' one generates the desired 
ketene thioacetal monosulphoxide (13) (equation 6)Io2. Oxidation as the last step 
is developed in another attractive reaction sequence'09. Equation (7) illustrates the 
possibility of oxidizing ketene thioacetals, prepared by Peterson olefination, with 
sodium metaperiodate to form the monosulphoxides. This method seems to have 
the widest range of choice of R' and R2. 
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TABLE 4. Reparation of ketene thioacetal monosulphoxides 

0 

MeS Mek' R2 

R' R1 Method Yield (%) Reference 

H Ph Equation (6) 73-99 102 
NHZ Alkyl/ar yl Equation (6) 72-77 102 
H n-CsH,, Equation (7) 82 109 

-(CHz)S- Equation (7) 81 109 
H H Equation (5) 77 103 
H Me Equation ( 5 )  so 103 

All the preparations mentioned above give access to ketene thioacetal mono- 
sulphoxides in reasonable yields (Table 4) and in many cases they allow an easy 
and convenient entry to these molecules. 

111. PHYSICAL PROPERTIES OF KETENE THIOACETALS 

A. General Characteristics 

Ketene thioacetals generally form colourless liquids or white crystalline solids, 
which have no odour. The frequently experienced mercaptan-like smell is due to  
impurities in the p r o d u ~ t ' 9 ~  .73. 

Liquid ketene thioacetals are purified by short-pathway distillation under high 
vacuum73. Solid compounds generally are recrystallized from hot methanol7 3 .  

Some ketene thioacetals can also be purified by chromatographic means, using 
benzene/hexane ( 1 : 1 ) as eluant on silica gel2 * v 5  6 .  The recrystallized compounds 
can be stored without special precautions while the liquid materials are preferably 
kept at 0" C to 40" C to avoid slow d e c o m p o ~ i t i o n ~ ~ .  

B. U.V. Spectra 

Only a few data are available on characteristic absorption bands of ketene thio- 
acetals and moreover, they have been inadequately i n t e r ~ r e t e d ~ ~ . ~ .  Molecules 
investigated under this aspect do not show absorptions typically different from 
those observed on  t h i o a c e t a l ~ ~ ~ * " ~ - " ~  (248-252 nm for dithiane). However, in 
some cases they are overlapped by absorptions of other chromophores, like dienes, 
trienes, etc. The measured values are given in Table 5. 

C. 1.r. Spectra 

Ketene thioacetals containing the dithiane moiety in the molecule show a sharp, 
not extensive, but characteristic peak between 900 and 910 cm-' , interpreted as a 
dithiane skeleton vibration32. Open-chain thioacetals as well as the dithiolane 
compounds lack this peak32 '. The bissulphur-substituted double bond is reflected 
in an absorption at  1550-1630 cm-I depending on the substitution ~ a t t e r n ~ ~ . ~ ~ .  
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TABLE 5. U.V. absorption of ketene thioacetals 

Compound Solvent h,,,(nm) E Reference 

MeOH 

MeOH 

MeOH 

MeOH 

EtOH 

Et,O 

25 6 71,000 56,73 

255 5000 56.73 

274 8800 56,73 

296 21,000 56,73 

3 20 56 

312 22,700 56,73 

D. N.mr. Spectra 

1. H-N.m. r. 
H-n.m.r. spectra of ketene thioacetals, usually measured in carbontetra- 

chloride or trideuterochloroform with tetramethylsilane as internal standard, show 
chemical shifts in the range of values given in the literature as typical for protons 
with comparable electronic e n v i r ~ n m e n t ~ ~ ~ - ~ ~ ~ .  The CH2 groups next to the 
sulphur atoms in 2-alkylidene-l,3-dithianes give multiplets at 2.1-2.3 p.p.m. (6) 
for the a C H 2  and 2.7-3.0 p.p.m. (6) for the P C H 2 5 6 * 7 3  with a characteristic 
structure for  all compounds in this seriesS 6 .  In ketene bismethylthioacetals the 
S-CH3 corresponds to  a singlet appearing between 2.0 and 2.2 p.p.m. (6). The 
oxidized derivatives, ketene methylsulphinyhetl~ylthioacetals, are obtained as a 
mixture of isomers, when R '  # RZ in 15, or R'  f H  for 1 3 * 0 9 ,  yielding more 
complex ' H-n.m.r. spectra. One expects the CH3 -SO between 2.5 and 3.0 p.p.m. 
(6) and the CH3-S between 2.1 and 2.4 p.p.m. ( 6 ) ,  as singlets. Concerning the 
proton shifts in R1 and R2 the statement made at  the onset of this section holds. 

The 
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2- 1 C-N.m. r. 

The only 1 3 C  data available on ketene thioacetals were measured on 2-alkyl- 
idene-1,3-dithiane derivativess6. They are summarized in Figure 2. The chemical 
shifts of carbon atoms C(4), c(6) and C(5) are unaffected by the double bond in the 
molecule. The data measured for these atoms correspond to those available from 
dithiane derivativeslZ0 (C(4),(6$ 29.9 p.p.m., Cf5): 26.6 p.p.m., TMS as standard in 
CDC13). Of interest is the change in the chemical shifts of two spa-hybridized 
carbon atoms in the function of the substituents R1 and R2 reflecting the electron 
distribution in the double bond. Both sp2 carbon atoms appear between 100 and 150 
p.p.m. (TMS as standard) with the disulphur-substituted atom at  higher field 
( 1  10- 11 5 p.p.m.). The dashed line in Figure 2 is calculated from shift increments 
given in the literature' 1-1 3 .  

0. .. -I.;: I.. 

. 

. 

I I I I l l  I I I t I I 

150 140 1 3 0  120 110 50 40 30 20 10 0 

6, p.p.m. 

FIGURE 2. 1 C-n.rnr. chemical shifts for 2-alkylidene-l,3dithianes in deuterochloroform, 
tetramethylsilane as internal standard. 

E. Mass Spectra 

The mass spectra of ketene thioacetals, extensively studied on 2-alkylidene-l,3- 
dithianes onlys6 3 '  2 4 ,  show several features, which are characteristic of all examples 
investigated. At 70 eV their parent ion peak is of medium intensity. With high 
intensity, however, the spectra show M - 74 and/or M - 75, irrespective of their 
substitute pattern in R' and R2. This fragmentation has to be interpreted as a loss 
of C&Is S and/or C&+, typical for the dithiane ring (Figure 3)125-128. 

IV. CHEMICAL PROPERTIES OF KETENE THIOACETALS 

A. General 

Most chemical transformations achieved on, or  with the help of ketene thio- 
acetals are based on the specific properties of the bissulphur-substituted double 
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, 
+S 

R ARl 
M-7L 

FIGURE 3. Mass spectral fragmentation of 2-alkylidene- 
1, fdithianes. 

bond' 9 .  The stabilising effect sulphur exercises on neighbouring positive and 
negative charges4 makes this double 7' reactive towards nucleo- 
philes as well as electrophiles and extremely versatile for organic synthetic purposes. 
There are almost no limits in the imaginative use of ketene thioacetals as synthons 
for carbon-carbon bond formation or for positioning of functionality in a mole- 
cule. Figure 4 gives only a modest selection of these possibilities. The following 
sections will consider in more detail the transformation indicated schematically in 
Figure 4. 

B. 'Umpolung' with Ketene Thioacetals 

One of the major interests in ketene thioacetal chemistry clearly stems from the 
potential use of these compounds in masking acyl anions (16), enolate cations (17), 
homoenolate anions (18) or their vinylogues7*' . Th' is reactivity pattern, in- 

trinsic to the chemical nature of ketene thioacetals examplifies 'umpolung' activity 
in carbonyl systems' p i  . A generalized picture of this feature is shown in Figure 
5. The chemical behaviour of ketene thioacetals allows their use in the creation of 
[ 1 .(2n)] relationships between functional groups (usually oxygen, sulphur or 
nitrogen functions), a relative positioning accessible only with difficulty by classical 
chemical means7 9 1  1-1 4 .  

1. Reaction of ketene thioacetals with nucleophiles 

Ketene thioacetals and their vinylogues are reactive towards nucleophiles gener- 
ally on carbon atoms C(2), Cd4), C(6) etc. . . . (see Figure 5)7*3213791w. We name this 
pattern schematically N2, N , N6 etc. . . . r e a c t i ~ i t y ~ ~ ~ ~ ~ ~ ~ .  Ketene thioacetals add 
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Precursor - Ketene thioacetal - Product 

>-O - 

A 

> CO2R 
H 

H J = O  - 

- 

R’>_o - 
R2 

+o - 

R’ SR 

R 2HSR 
- 

)- CHO 

)- COOH 

>- CO-SMe 

+OOd 
Hal 

t 

ALkyl 

(i=. E 

FIGURE 4. Principal synthetic transformations available 
by ketene thioacetal chemistry. 

Proton Electrophilic Nucleophilic 
abstraction at attack at attack at 

‘\a . .  c [ 21, (4). (6) ,. . . 
1 3 5 7  

Rsyyyj7 C(31 . l5 l , (7 l . . . .  

R S H  H H 

FIGURE 5 .  ‘Umpolung’ of carbonyl reactivity with ketene thioacetals. 
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alkyllithium compounds like n-butyllithium and t-butyllithium at carbon atom C(2) 
(equation 8 ) j 2  * 3 7 * 1 0 9  - The so-generated lithiumorganyl 20 can be trapped by 

Li+ 

(19) (20)  (21 1 

electrophiles (E) to form thioacetals 2 1. However, this enolate cation reactivity 
(26) is only found in the absence of allylic hydrogen atoms in 19 (R1 = H, Ph, t- 
BuIo9. The overall transformation 19 -+ 21 consists of attack by a nucfeophile at 
C(2),  followed by an electrophile at C(1) (Figure 5 and structure 26) .  This N2/E1 
reactionIW can be extended to  vinylogous compounds like 22, allowing N4/E* 
(equation 9)lW. 

(25 )  

In these reactions alkyllithiums always behave as nucleophiles. Abstraction of 
pentadienylic or allylic protons has never been observed, with exception of a 
steroid example given in Table 6. The ally1 anion 23 is trapped with electrophiles in 
general a t  carbon atom C(1). Exceptions are aromatic aldehydes and ketones which 
give rise to some N4/E3 reaction t o  form 25. 

(26)  (27 )  

Limiting the above-mentioned N2 /El (261, N4 /El (27) and N4 /E3 trans- 
formations, however, is the scarcity of nucleophiles which can be employed; n-, s- 
and t-butyllithium generally react in high yield (Table 6). Under special circum- 
stances, hydrides can attack ketene thioacetals at carbon atom C r )  (equation 

which after aqueous work-up lead to a formal reduction o the double 
bond. 2-Deoxy-4,5-isopropylidene-1~~rythro-pent-lenose diphenyldithioacetal 
[28 ;  R = Ph, R1 = HC(O-C(CHJ2-O-CH2] reacts with lithium aluminium hydride, 
whereas the corresponding 0-methyl ether is unreactive towards this reagent. 
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TABLE 6. "/EL and N4/E' reactions on ketene thioacetals 

R' R2 E Yield (8) Reference 

H 
H 
Ph 

t-Bu Me1 
n-Bu HIO 
t-Bu Me1 

90 56,109 
90 56,109 
98 56, 109 

+ R3Li + E - C S P R 3  S E  

R' R1 R3 E Yield (8) Reference 

H 
H 
H 
Me 
Me 
Me 
Me 
H 

n-Bu 
t-Bu 
t-BU 
n-Bu 
n-Bu 
n-Bu 

n-Bu 
n-Bu 
n-Bu 
n-Bu 
n-Bu 

t-BU 

89 
95 
92 
80 
74 
77 
90 
76 
84 
76 
82 
0 

56,109 
56, 109 
56,109 
109 
109 
109 
109 
56,109 
109 
109 
109 
56, 109, 124' 

'Proton abstraction occurs at carbon atom C(s); see Table 10. 

RS>FZ' + LiAIH4 - (10) 

RS RS 

(28) (29! 

This, however, already exhausts the list of nucleophiles which can be used. 
Methyllithium or phenyllithium as well as Grignard reagents fail to undergo this 
reactionS 6 ,  as do other more stabilized organolithium compounds. Organocuprates, 
known as ideal reagents for Michael additions in cr,P-unsaturated carbonyl com- 
pounds (N3 reaction) do  not facilitate the NZ or  N4 reaction on ketene thioacetals 
19 either*. 

2. Reaction of ketene thioacetal monosulphoxides with nucleophiles 

The synthetic applicability of ketene thioacetals was considerably reduced by 
the factors mentioned above, which limited their use in N2 /El reactions. Since the 
advent of ketene thioacetal monosulphoxides these problematic criteria have been 
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overcome. Ketene thioacetal monosulphoxides present a convient enolate cation 
equivalent (26)' z-l ' , and they can be used under conditions which favour 
Michael type reactions : 

(a) The product anion is thermodynamically more stable than the starting anion 
and therefore can react directly with electrophiles (E) (equation 11). 

0 0 R '  R2 

E 

RS R 2  

(15) (30) 

(b) The product anion is thermodynamically less stable 'than the starting anion, 
but a proton shift is possible, driving the equilibrium towards the desired product 
(equation 12). 

(31 1 (15; R' = R2 = H) 

Using these reaction conditions ketene thioacetal monosu-2hoxides have been 
coupled with enolate anions from ketones'-, e ~ t e r s ' ~ ~ * ~ ~ ,  P-keto e~ters'~', 0- 
dike tone^'^^, m a l o n a t e ~ ~ ~ ~ J ~ ,  u$-unsaturated  ester^'^^*'^ and amideslW or 
enamines' in a NZ reaction mode (Table 7). The ease of acidic hydrolysis of the 
product dithioacetal S-oxides 30 and 3 1 to carbonyl compounds' 9 '  4 4  D l  4 5  

makes this reaction pattern extremely useful for the preparation of 1,4-dicarbonyl- 
derivatives 32 (equation 13), a positioning of oxygen functionality frequently 

encountered in natural products. In as much as NZ reactivity is now accessible by 
the use of ketene thioacetal monosulphoxides, there is no corresponding example 
for N4 reaction with these compounds. 
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TABLE 7. "/El reaction with ketene thioacetal monosulphoxides (R = Me) 

0 I1 
R g h  0 R' R2 or R ! d  

E + enolate - 
Rs=<"' RS R2 RS E 0 RS H 0 

(15) (30) (31 1 

R' R' Enolate from E Product Yield (%) Reference 

H H 
H H 
H H 
H H 
H H 
H H 
H H 
H H 
H H 
Me H 
Me H 
H H 

H H 

Ester 
a$-Unsat. ester 
a-Alkylthio ester 
P-Diketone 
PKeto ester 
Malonate 
Ester 
Ester 
Enamine 
Ester 
Malonate 
p,y-Unsat. ester 

Malonate 

Ketone 
Ester 
Amide 
Ketone 

H+ 
H+ 
H+ 
H+ 
H+ 
H+ 
CH,I 
H2C=CHCH,Br 
H+ 
H+ 
H+ 
Alkyl-I 
Allyl-Br 
Propargyl-Br 
Alkyl-I 
Allyl-Br 
Propargyl-Br 
H+ 
H+ 
H+ 
H+ 

30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
31 

31 

30 
30 
30 
30 

94 
88 
90 
91 
92 
98 
90 
88 
92 
90 
75 
74-96 

75-98 

-7 0 
<20 
35 
<20 

103 
103 
103 
103 
103 
103 
104 
104 
103 
103 
103 
104 

104 

109 
109 
109 
109 

3. Reaction of ketene thioacetal monosulphonium salts with nucleophiles 

Ana!ogously to the N2 reaction of ketene thioacetai monosulphoxides discussed 
above, the corresponding monosulphonium salts 33 undergo the same type of 
transformation * 6. Under carefully chosen reaction conditions ketene thioacetal 
monosulphonium salts 33, prepared in situ by base treatment of 34l 6 ,  react with 

TABLE 8. N'/E' reaction with ketene thioacctal monosulphonium salts 
7 

+ LiN(;-Pr)2 + RCO-CHR' R2 - OHC-CH2-CR1RZ-COR 

R R' R' Yield (%) Reference 

OEt Me C0,Et 70 146 
OEt Et C0,Et 46 146 
OEt -CO(CH,),- 82 146 
OMe Me COPh 62 146 
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active methine compounds to give aldehydes 35 containing an oxygen function in 
the Y-position (1,4-relationship, N2 reation, equation 14) in moderate yield (Table 

The by-products in this reaction are vinyl thio ethers 36, which under 
special work-up conditions can become the major product' 6 .  

4. Metafated ketene thioacetals and their reactivity towards electrophiles 

The foregoing sections indicate that bissulphur-substituted carbon atoms carry- 
ing a negative charge, introduced by NZ additions of carbanions to ketene thioacetals, 
are quite reactive to  electrophiles. Primary and secondary alkyl iodides, primary 
aUcyl bromides, allylic and benzylic bromides and chlorides as well as saturated or 
unsaturated aldehydes and ketones, always react smoothly, whereas epoxides some- 
times need higher reaction temperatures5 6 .  

A different route to  bissulphur-substituted carbanions in ketene thioacetals in- 
volves abstraction of allylic protons (equation 15, 37 + 38). The large majority of 

examples documented in the literature transform 38 to  39 by reaction with 
electrophiles (E) on carbon atom Cc, (El r e a c t i ~ n ) ~ * ' ~ .  Some examples also 

with aromatic aldehydes and ketones, when 37 is not further functionalized 
7732*s6*1 2 4 .  This is in agreement with the situation normally found in other 
vinyl/allyl heterosubstituted systems, namely that proton abstraction is more facile 
from the a-position to the heteroatom in the ally1 compound than from the 
y-position in the vinyl derivativeI4'. In the latter this effect may be so pro- 
nounced, that it kinetically favours formation of a much less stable carbanionoid 
species, as was found in the metalation of the ketene thioacetal 4 1  (equation 

indicate the possible formation of pro d uct 40 (E3 reaction, Table 9) in reactions 
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TABLE 9. Reactions of metalated ketene thioacetals (38; R/R = -(CH,l3-) with electrophiles 
(E' or E3 reaction) 

R s y  R' R2 + Ri=;t.2 

""R2 + - 
RS R '  Li+ RS E RS R' 

(38) (39) (40) 

Yield (%) 

R' R' E 39 40 Reference 

H H w, D' 75 25 56,124 
H H Me1 99 - 56,124 
H Me,n-Pr Me1 90 - 124,148 
H Ph Me I 1:l 4 
H Ph MeS-SMe 90 - 149 
H CN Alkyl halide - 31-75 43,150 
H SMe Alkyl-I, benzyl-Br 93-94 - 21 

124,148 Me H Alkyl halide 92 - 
Et Me D+ 87 - 56, 124 
Et Me Alkyl halide 80-87 - 124,148 
n'-Pr H w 86 - 21 
n-Pr H Alkyl halide 81 -88 - 21 
n-Pr H MeS-SMe 33 33 21 

MeI, i-PrI 

MeI, benzyl-Br 
Alkyl halide 
w 
Alkyl halide 
Allyl-Br 
Ph,CO, PhCHO 
Me1 

Allyl-Br 

3-Cholestanyliden Me1 

-(CH,),-CH=CH- Me1 
-(CH,),-CH=CH- H' 

56,124 

80 - 124,148 
75 - 124,148 
90 - 21, 124,148 
90 - 21, 124 
86 - 21 
- 50 56,124 
77 - 124,148 

- 81 
61 31 

21 
21 

124,148 75 - 
73 - 21 
65 13 21 

1 6)329s6. Depending on the reaction conditionss6, one can either generate the 
lithium derivative 42 or the ally1 anion 43. 

Table 9 clearly shows the wide applicability of these reactions. Equation (1 7) 
illustrates a specific example which indicates further possibilities implicated in this 
chapter of ketene thioacetal chemistry. 

However, not only simp!e ketene ihioacetals, but also the vinylogue compounds 
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44 

csy  S R  
- 0 =Y R 

an be metalated by using 
abstraction occurs on carbon 

ppropriate bases and reaction conditions (proton 
, equation 1 8)569124. For subsequent 

reasoning147 given in the comment to equation (1 5) applies by analogy (Table 10). 
Unpublished experiments indicate that 45 (R* = R2 = R3 = H) can undergo E3 
reaction with benzophenone, since 47 has been isolated from the reaction mixture 
(equation 1 9)56. The reaction sequence: proton abstraction and subsequent re- 
action with electrophilic reagents (equation 15 and 18) is, however, limited to 

reaction of the pentadienylic carbanion atom ""4 5 with electrophiles to yield 46, the 

TABLE 10. Reaction of metalated ketene thioacetals (45; 
R/R = -(CH2)3-) with electrophiles (El reactions) 

R s d R 3  ..... R@R2 - - R3 
...: + € -  

RS R' RS E 

R' R' R3 E Yield (%) Reference 

H H H Me1 90 124 
H H H H+ 90 56 
--(CH212- H Me1 86 124 
-(CHZ)2- H H+ 50 56 
CCholesten-3-yliden Me1 75 124 
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ketene thioacetals and in particular exploited on 2-alkyliden-l,3-dithianes. The 
ketene thioacetal monosulphoxides ( 13) and monosulphonium salts (33) success- 
fully employed for N2 /El and N4 /El reactions fail in this transformation, due to the 
enhanced acidity of the protons next t o  the oxidized sulphur atom. 

C. Reaction of Ketene Thioacetals with Electrophiles 

Sulphur does not only stabilize a negative, but also a positive charge on the 
neighbouring carbon atom4 9' '-l 2 .  Advantage is taken of this in the following 
transformations. Electrophilic agents can attack the double-bond system in ketene 
thioacetals a t  carbon atom C(z), yielding a bissulphur-stabilized cation. Trifluoro- 
acetic acid transfers a proton' 5 1  to  the x system of a ketene thioacetal (1) 
(equation 2 0 ) ,  t o  form cation 48 which is then trapped by adding triethylsilane, 

US RS 
CFjCOOH - )A'R2 Et3SiH - )& 

(20) 

R '  

US u2 RS H RS H H 

(1) (48) 149) 

yielding 4948958. This reaction transforms aldehydes or ketones into their next 
higher homologous aldehyde (equation 2 1). Cation 48, generated under acidic 

conditions, was also trapped intramolecularly by other nucleophiles, like double 
bonds. This reaction sequence was utilized in a ring-closing enone or  ketone 
formation (equation 22)' 5 2 .  

In a similar way intramolecular addition of a hydroxy function to ketene 
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&', 

U 

thioacetals in acidic medium occurs. Corey and coworkers exploited this reaction 
for protecting lactones and esters against nucleophilic agents (equation 23)2 O .  

In analogy t o  protons attacking ketene thioacetals electrophilically, bro- 
monium4 8 ,  chloronium4 and acylium' ions are used in the following examples 
(equations 24 and 25). Trifluoro- and trichloro-acetic acid anhydrides or chlorides 

(51) add to  ketene thioacetals by electrophilic attack at carbon atom C(2); the 
reaction products are the more complex functionalized ketene thioacetals 52l 3. A 
recent communication extends this E2 /N1 reaction pattern of ketene thioacetals 
with electrophiles to the conjugated unsaturated analogues 53. Reaction with tri- 
phenylphosphonium tetrafluoroborate gives compound 54, the addition product of 
the phosphonium salt t o  53 (equation 25)' 5 4 .  Mechanistically, electrophilic attack 
of a proton at carbon atom C(4) precedes the nucleophilic approach of triphenyl- 
phosphine to the intermediate ally1 cation of the ketene thioacetal 53 (E4/N3). 
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D. Hydrolysis of Ketene Thioacetals 

Ketene thioacetals contain a bissulphur-substituted carbon atom at the formal 
oxidation level of a carboxyl group (see ketene thioacetal formation from esters, 
Section 11). Therefore, hydrolysis unmasks this function to  yield carboxylic acid 

. The first isolable compounds in the 
treatment of ketene thioacetals with acid are thiol carboxy derivatives 
(54)2 9 4 2  ,74 9 '  5 7 ,  which on further hydrolysis give the free carboxylic acid deriva- 
tive (equation 26). In view of the possible formation of 1 from carboxylic acid 

derivatives2 0 ,Z 7 , 4 0 , 7 9 , 9 0 , 1  5 5 , I  5 6 . 1  6 5 - 1  6 8  

RS 0 
H +  

)=CR1 R2 - ' F C H R '  R2 H+ R302C-CHR' R 2  (26) 

RS RS 

(1 1 (54) 

derivatives' this overall transformation is of interest for the protection of carboxyl 
groupszo. The access t o  54 from 1 has become of recent importance, due to  the 
synthetic value of thiol carboxyl derivatives in macrolide syntheses' 6 4 ,  their 
expressed reactivity towards 0- and N-nucleophiles' ''-' 6o  and their role in ketone 
synthesis by reaction with cuprates and Grignard derivatives' 6 3 .  Table 1 1 lists 
examples and yields for  54 ( R  = Me) the product of trifluoroacetic acid/water 
treatment of 1 (R = Me; R/R = -(CHz)3 - are not hydrolysed under these con- 
ditions). 

By oxidative solvolysis of ketene thioacetals (1) a-halo (55) or  a,a-dihalo (56) 
esters are accessible (equation 27)60*169*170. The mechanism of this reaction seems 
to imply an intermediate haloketene dithioacetal ( 57)48. 

- R302C-CR' R2Br 

TABLE 11. S-Methyl thiocarboxylates (54; R = Me) from 
ketene thioacetals (1; R = Me)'69 

Rs)==(!R1 + CFJCOOH + HzO - 
RS R 2  RS R2 

(1 1 

R' R2 Yield (%) 

H Aryl 86-89 
H Alkyl 83-86 

-(CH2I5- 87 
-(CH,),-CHMe- 63  
Me Aryl 88 
k Y l  Aryl 85 
3-Cholestanyliden 40 
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E. Cycloaddition 

The elevated reactivity of the double-bond system in ketene thioacetals and their 
a ,@saturated analogues suggests that these compounds could be used as 
functionalized enes or dienes in cycloaddition reactions. Carey and Court' ' report 
a study on compound 58 as a potential enophile. This is a synthetic equivalent of 
the difficultly accessible ~ i n y l k e t e n e ' ~ - ' ' ~  which would undergo many undesired 
side-reactions. 

Reaction with tetracyanoethylene and with maleic anhydride yields respectively 
the Diels-Alder adducts 59 and 60 (equation 28)"l; 58 does not react with weaker 

(58) 
c Go 

0 

p" CN 

(59) 

(60) 

dienophiles. Danishefsky and coworkers' extended this reaction scheme to  the 
more reactive ketene thioacetal compound 6 1 which undergoes Diels-Alder 
reactions with methyl vinyl ketone, methacrolein and methyl acrylate in moderate 
yields. With more reactive agents Michael reactions lead to  by-products (e.g. the 
formation of 62 with dimethyl acetylenedicarboxylate, equation 29)' 7 6 .  

(61) 
C 0 2 M e  

I CO;! Me 111 
I 
C 0 2 M e  (621 

Although feasible only in a f ew examples, the transformation mentioned above 
is of synthetic value, as it generates a fully differentiated highly functionalized 
molecule with a minimum of reaction steps. Some more data on cycloadditions of 
conjugate unsaturated ketene thioacetals were obtained by Kelly and coworkers 
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using compound 63 in unsuccessful attempts t o  synthesize adriamycin (64) (equa- 
tion 30) l 

QqP 
sUs 

Examples of cycloaddition reactions with ketene thioacetals of type 65 have 
been briefly mentioned. Cyclization products are generally complex functionalized 
heterocyclic compounds1 79-1 * . 

"s=i=" RS 

(65) 

Ketenes with a-carbanion-stabilizing substituents' 2-1 4 ,  like ketene dithio- 
acetals, possess the synthetic possibility of a two-carbon chain addition t o  an 
olefinic substrate. From this point of view the reaction of 2-carbonyl-l,3-dithiane 
(66) with cyclopentadiene in a (2  + 2 )  manner has synthetic value (equation 3 1)' 5 .  

Ring-opening' of the functionalized cyclobutanone yields an interestingly sub- 
stituted cyclopentene (67). 

F. Miscellaneous Transformations with Ketene Thioacetals 
The foregoing sections dealt with ketene thioacetal reactivity ascribed to  the 

specific stabilizing effect of sulphur atoms on neighbouring charges. This leads t o  
the general feature that ketene thioacetals are attacked by nucleophiles as well as 
electrophiles first at  carbon atom C(z) (or C(4) in vinylogues) forming a stabilized 
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intermediate, and then at carbon atom C(1). There is no  doubt that this is the 
predominating feature in the most useful aspects of ketene thioacetal chemistry. 

This section considers reactions not classifiable in the above manner, which 
normally concern more complex functionalized ketene thioacetals. Quite a few 
examples have the dithioacetal unit of a ketene thioacetal as a Michael acceptor 
activator, as well as a potential leaving group. This feature was used by Corey and 
coworkers1 to  achieve specific multifold P-alkylation in carbonyl compounds 
(equation 32). In other more complex ketene thioacetal derivatives 68 this feature 
was exploited in the synthesis of ketene acetals 69 and 70, also of compounds 
deriving from further transformations of 70 (equation 33). Table 12 contains a 
small selection of examples utilizing this reaction sequence with the corresponding 
literature references. 

”)=<” + Nu - 
RS Y RS Y Nu Y 

(68) (69) (70)  

- products 

X, Y = CN, NOz,O=CR, 0 2 C R . S O 2 R .  CgH:, . . . 
Nu = nucleophile 

(32) 

(33) 

V. CONCLUSION 

Ketene thioacetals, readily accessible from carbonyl or  carboxyl compounds,offer a 
wide range of transformations, especially useful in organic synthesis. They provide a 
convenient method for homologation of carbonyl compounds, nucleophilic acyl- 
ation, and the conversion of ketones and aldehydes to the homologous acid or  acid 
derivative. Furthermore the synthesis of qfhnsaturated carbonyl derivatives by a 
reductive transformation or a C-C bond formation between aldehydes, ketones and 
esters becomes accessible with or without the introduction of nucleophiles and 
electrophiles. These reactions are especially useful, as they give compounds with a 
positioning of functional groups, which is only accessible with difficulty when 
employing classical chemical procedures. In addition to  the utility of ketene 
thioacetals in carbonyl chemistry these compounds were shown to be versatile in 
the construction of heterocyclic systems. Ketene thioacetals appropriately func- 
tionalized are reactive towards nitrogen nucleophiles. These reactions produce 
useful heterocyclic compounds not  otherwise available by such an easy 
manner. 

Further work on ketene thioacetals will certainly be focused on their use as a 
tool to build molecules, and the selection of transformations with ketene thioacetals 
given here is meant to inspire the intuition of the reader. 
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I. INTRODUCTION 

Although ketene imines (nitrogen analogues of ketenes) were reported by 
Staudinger in 1921 , much of the knowledge of this moiety has been accumulated 
within the last fifteen years. In this chapter the structure, and some preparations, 
physical properties and chemical properties of ketene irnines are described. The 
reader is directed to articles by G .  R. Krow [Angew.  Chem. (Intern. Ed.)  10, 435 
(1971)l and by N. P. Gambaryan [Russ. Chem. Rev., 45, 630 (1976)l for compre- 
hensive reviews of this function. 

II. STRUCTURE 

The formal structure for ketene imines (1) would indicate that the 
heterocumulene would be linear with two orthogonal double bonds. The obser- 
vation by Jochims and Anet that the energy barrier to racemization of the N-phenyl 
group in 4 is 9.1 kcal/mo12 supports this structure. However, resonance-contributing 
structure 2 may be important also as evidenced by the X-ray work of Daly3 and of 

- + t -  
RzC=C=N-R -+ RzC-CEN-R t-) R;!C=C-N--R 

(1) (2) (31 

Wheatley4. Daly found the C = N bond length for 5 to approximate the CN 
triple-bond length while Wheatley found a similar CN bond length for 6. The C-NC 

bond angle in 5 was found to be about 145O while the same angJe in 6 was 180". 
Both the shortened CN bond length and the C-N-C angle of 180 in 6 would be in 
keeping with a major contribution to the ketene imine structure from 2. One would 
assume that the strong electron-withdrawing substituents on 5 and 6 are responsible 
for the enhanced importance of contributor 2 t o  the structure of these ketene 
imines. 

Contributing structures 1 and 2 can also account for the nucleophilic nature of 
the nitrogen and of the P-carbon on ketene imines. Contributing structure 3 has 
been employed to  explain the electophilic nature of the ketene imine rx-carbon5 ; 
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however, since models of the molecule show clearly that the carbon-carbon TK bond 
is the least sterically shielded and, hence, the more available for attack of the two x 
bonds and since nucleophilic attack on the a-carbon would lead to a more stable 
intermediate than attack on the P-carbon, 3 is really not needed in order to explain 
nucleophilic attack on ketene imines. 

I I I. PREPARATION 

The choice of method for preparing 7 from the numerous examples cited in the 
literature essentially rests with the substituents on 7. If these substituents are all 

R’ R2C=C=NR3 

(71 

aromatic groups, then the ketene imine will be a solid, thermally stable, easily 
isolated, and hence, can be prepared by most of the available methods. As the 
aromatic substituents are replaced by other groups, the ketene imines are more 
likely to be thermally labile liquids which are more difficult t o  separate from 
reagents, and thus, require more specialized conditions for their preparation. 

The preparative methods available for ketene imines can be divided into two 
general classes. The three most commonly employed methods - the linear dehyd- 
ration of amides, the dehydrochlorination of imino chlorides, and the treatment 
of amides with triphenylphosphine dibromide in triethyl amine - represent Class A. 
Class B contains special synthetic techniques designed for the preparation of a 
particular ketene imine. 

A. Class A Methods 

1. Linear dehydration of amides 

Stevens and Singhal reported in 1964 that anilide derivatives of diphenylacetic 
acid would undergo dehydration when treated with Pz05  in pyridine to  produce 
ketene imines (equation In their studies they found X could be 0- or  p-methyl, 

pzo5 

pyridine 
X - PhZC=C=N Ph2CHCONH 

p-methoxy, p-halo, p-n-butyl and p-thiomethyl. The yields obtained ranged from 
50% to  87% with the majority of the yields above 70%. The directions call for 
heating the stirred mixture at reflux for seven hours. The temperature requirement 
for this reaction makes it unsuitable for the preparation of the thermally labile 
aliphatic substituted ketene irnines. Several modifications have been tried t o  extend 
the usefulness of this preparative method to aliphatic systems, but seldom do the 
yields exceed 20%. However, for aryl-substituted ketene imines, this procedure is a 
reliable and a good-yield method. 

2. Dehydrohalogenation of imino chlorides 

Equation ( 2 )  illustrates a second general preparative procedure for ketene 
imines. This procedure, reported by Stevens and French7, involves the dehydro- 

PC15 E I ~ N  
R2CHCONHR - RzCHC=NR RzC=C=NR 

CI 
C6H6 I 
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chlorination with triethylamine of an imino chloride produced from the appropri- 
ate amide. The method requires maximum temperatures of benzene heated to  
reflux and of an intermediate distillation to remove phosphorus oxychloride. Thus, 
the thermal conditions for this preparation are less demanding than those for linear 
dehydration, and hence, allow for the production of a few more thermally labile 
ketene imines. The yields for aryl-substituted ketene imines are approximately 70% 
while that reported for one totally aliphatic substituted moiety (n-butylethylketene 
N-n-butylimine) is 57%. Therefore, the utilty of this procedure is the elaboration of 
thermally labile ketene imines in better yields than the dehydration method. 
However, yields of thermally stable ketene imines prepared by this method are 
usually lower than those for the dehydration method. 

3. Amides, triphen ylphosphine dibrornide and trieth ylarnine 

Bestmann and coworkers reported a general procedure for preparing ketene 
imines in 1968*. Their procedure involves treating amides with triphenylphosphine 
dibromide and triethylamine in a methylene chloride solution. These mild con- 
ditions permit the preparation of alkyl- and aryl-substituted ketene imines in yields 
usually exceeding 80%. 

The major disadvantage of this procedure is that often the ketene imine pro- 
duced and the triphenylphosphine oxide by-product have very similar solubilities 
and, hence, are hard to  separate9. Fortunately, an alumina column is usually 
effective for separating the materials’ O .  

B. Class B Methods 

7. Condensation of diphen ylketene and phosphinimines 

Staudinger and Hauser reported the original preparation of ketene imines. Their 
procedure involved the condensation of triphenylphosphine alkyl- or  aryl-imines 
with diphenylketene‘ . Although several ketene imines were prepared by this 
method, no yield data were given. Lee and Singer have modified this method to  
produce thermally labile ketene imines in good yields1° (65-85%). The mild 
conditions utilized by Lee and Singer are illustrated by their ability t o  prepare 
chiral ketene imines in which the asymmetric centre is directly attached to  the 
nitrogen. 

2. Alkylation of nitriles 

Several investigators have employed the alkylation of nitriles as a route to  ketene 
imines. Dijkstra and Backer have reported that 8,  when treated with diazomethane, 
yields 6 (equation 3)’ l .  This procedure was utilized to prepare N-alkyl ketene 

(Me2OS)zCHCN + CH2N2 - (Me20S)2C=C=NMe (3) 

( 8 )  (6) 

imines for X-ray studies. Newman and coworkers found that nitrile anions pro- 
duced by treatment of the nitrile with amide ion can be alkylated with alkyl iodides 
to yield ketene imines12 and Mueller and coworkers found that metalation of 
1,l-dicyano- 1-alkenes with trialkyl tin hydride gave nitrogen metal sustituted 

HR’C=C(CN)2 + 6 S n H  - RR’CH-C=C=NSnR; (4) 
I 
CN 
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ketene imines' (equation 4). Other reactions with nitriles have led to N-substi- 
tuted silicon and boron ketene imines' q 1  and ferrocene-substituted ketene 
imines' 6 .  

3. Heterocyclic intermediates 

ketene imines through the rearrangement of heterocycles. 
Equ:itions (5)' ', (6)18, and (7)' illustrate the preparation of some unusual 

t-Bu-N, CHzC12 
5-Methylisoxazole + r-butvl alcohol + HC104 - 

+ o  

CH3COCH=C=NBu-f 

Several other techniques have been reported for  the preparation of ketene 
imines. The review articles listed in the introduction contain information on these 
less common syntheses. 

IV. SPECTROSCOPY 

A. Infrared 

Although several workers have commented on both the position and the in- 
tensity of the infrared absorption bands of ketene imines, only Stankovsky and 
Kovac have reported an infrared study of this class of compounds20. These 
investigators studied the spectra of 9 where X was methoxy, methyl, H, chloro, 

(9) 

bromo and nitro. In general they observed a complex absorption near 2000 cm-' 
whose wave number was essentially independent of the substituent X. However, 
both the intensity of the absorption and the half-band widths were substituent- 
dependent. 

A linear relationship between the log of the integrated intensities and both up 
and UP' was observed. Thus, a direct relation between the electronic nature of the 
substituent and the intensity of absorption appear5certain. The positive slope of these 
linear relations would seem to  indicate that the ,C=C=N- function is an electron- 
releasing group. 
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B. Nuclear Magnetic Resonance 

A' 3C-n.m.r. study of ketene imines has been reported2I . This study was 
designed to  gain at least a qualitative idea of the relative importance of contributing 
structures 1, 2 and 3 t o  the actual structure of a ketene imine. The 3C-n.m.r. of a 
series of ketene imines of structure R' R2 C=C=NR3 were determined in which R1 
and R2 were all possible combinations of hydrogen, methyl and phenyl and R3 was 
phenyl except in one case where R' = R2 = Ph and R3 = Me. The =-carbon of the 
heterocumulene exhibited absorptions between 6 186.55 and 195.49 while the 
Pcarbon exhibited absorptions between 6 36.94 and 77.79. 

The obseved shielding of the sp2 -hybridized P-carbon can be rationalized by 
assuming a conjugative interaction between the C=C bond and the lone pair of 
electrons on nitrogen. Such an effect would be illustrated by contributing structure 
2. That ketenes exhibit a similar shielding P-carbon while the terminal carbons of 
allenes absorb nearer t o  6 100 (little shielding) is additional support for the 
importance of contributing structure 2 t o  ketene imines. 

Earlier work by Krow and coworkers2Z with proton-n.m.r. led him to  suggest 
that 2 is not an important contributor to  the ketene imine structure. Krow's work 
is based on the 3C-H coupling constant at the p-carbon in ketene imines and for 
the similar carbon in allenes. Since both J values are approximately the same, 
electron distributions are considered to  be similar indicating little contribution to  
the structure from 2. Actually, both investigators seem to  agree that the lone pair 
on nitrogen interacts in a conjugative manner with the C=C bond x orbital. 
However, they disagree as to  whether 2 accurately represents this interaction. 

The extreme deshielding of the central carbon in ketene imine is not unexpected 
when the bonding to this carbon is considered. 

C. Ultraviolet and Visible 

beyond the presence of absorptions expected for unsaturated systems. 
The ultraviolet and visible spectra of ketene imines provide little information 

V. REACTIONS 

A. Nucleophilic Additions 

1. General 

Since triarylketene imines are thermally stable and easily synthesized compared 
to alkyl-substituted systems, most of the known chemical properties of ketene 

PhNH2 
PhzCH-C(NHPh)=NAr 

PhZC(CI)C(CI)=NAr 

Phz CHC (C I) =N A r  

PhZCHCSNHAr 

PhZCHCONHAr 
H20/Ht 

MeOH 

M e 0  
+e PhZCHC(OMe)=NAr 

PhZC=C=NAr 

SCHEME 1. 



17. Ketene imines 707 

imines come from studies on triarylketene imines. The a-carbon of the moiety is 
electrophilic and is attacked by numerous nucleophiles to form amide deriva- 
tivesZ 9 2 4  (Scheme 1). Thus, triarylketene imines have been shown to react with 
amines to form amidinesZ 3, with chlorine or with hydrogen chloride to  form imino 
chlorides, with water in the presence of acid to form amides, and with alcohols in 
the presence of base to form imidatesZ4. 

The stable bis(trifluoromethy1)ketene imine has been used to examine the 
chemical properties of alkylketene iminesZ 5 .  The addition products of this ketene 
imine are similar to those of arylketene imines (Scheme 2). 

SCHEME 2. 

It is not clear in either system (aryl- or alkyl-ketene imines) whether initial 
nucleophilic addition occurs across the C=C or the C=N bond. If initial addition 
were across the C=N bond, the adduct formed would immediately isomerize to a 
more stable product (equation 8)2 5 .  

RzC=F-NH R 

4 

\ R2CH- F =NR 

X 

An investigation of the relative reactivities of alkyl- and aryl-substituted ketene 
imines to nucleophilic addition has been reportedZ 5 .  Stevens observed in the 
reaction of triaryl- and trialkyl-ketene imines with amines to  form amidines that 
triarylketene imines were far more susceptible t o  nucleophilic attack than trialkyl- 
ketene imines. For example, diethylamine reacted with diphenylketene p-tolylimine 
in an ethereal solution at room temperature to  form N,N-diethyl-I#-(p-tolyl)- 
diphenylacetamidine in a 93-94% yield whereas, ethyl-n-butylketene N-butyl- 
imine required diethylamine at reflux in xylene using sodium or  lithium metal as 
catalysts for reaction. Apparently, the electron-withdrawing effect of N-aromatic- 
substituted ketene imines increases the likelihood of nucleophilic attack by amines 
at the a-carbon compared to  the N-alkyl-substituted ketene iminesZ5 (Scheme 3). 

EtZO 
PhZC=C=NAr + Et2NH - Ph2CH-C(NEt2)=NAr 

r.t. 
Ar = p-tolyl 

xylene (refluxl 

N a  or Li 
BuC(Et)=C=NBu + EtZNH c BuCH(Et)-C(NEt2)=NBu 

SCHEME 3. 
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2 Carbanions 

Nucleophilic attack on an aryl- or alkyl-ketene imine by carbon has been shown 
to occur a t  the acarbon exclusively. This type of nucleophilic addition is not 
dependent on the nucleophile. Scheme 4 illustrates the synthetic utility of this 
process. 

Reference 
C H ( C O O E ~ ) ~  

/-* R2C=?-NHR 26 
I 
CH(COOEt)2 

CH(CN(COOEt1 
R2CHC-NHR 26 

I1 
C(CN)(COOEt) 

R2C--C(Me)=NR 27 
I 
CHZSMe (10) 

R2C(OH)C(Me)=NR 27 

R2C=C=N R 

\ MerLi - R2C=C(Mes)NHR 28 

SCHEME 4. 

Interestingly, the reaction of dimethylketene N-phenylimine with dimethyl- 
sulphonium ylide yields 10, whereas the reaction of dimethylketene N-phenylimine 
with dimethyl oxosulphonium ylide yields 11. Both products are thought to be 
formed by 2,3-sigmatropic rearrangements of intermediates formed by nucleophilic 
attack by the respective ylides on dimethylketene N-phenylimine (Scheme 5 illus- 
trates this proposed mechanism for attack by dimethylsulphonium ~l ide)~’ .  

MeZC=C=NPh + MeZS-CHZ - MeZC- -NPh - MeqC=C-NHPh - + -  - 

-7 
+,CH2 

Me-S 
I 

I 
Me 

(12) 

MeZF-F=Npl’ 
Me-S-HZC Me 

Me2F-C-NHPh II - 
Me-S-HZC CH2 

(13) (10) 

SCHEME 5. 

3. Carbox yiic acids 

Ketene imines have been shown to react readily with carboxylic acids to form 
N-acyl amides. Evidence was obtained that the reaction of ketene imines with 
carboxylic acids (equation 9) proceeds via the intermediate 14 which subsequently 
rearranges through a four-membered transition state t o  give the imide 1S29-31 . 
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0 
II 

Ph2C=C=NAr + RCOOH - PhzCH-C=N-Ar - PhZCH-C-NAr (9) 
I 
I 
c=o 
R 

Ar = p-tolyl &l R 

(15) 
‘fi’ 0 

(14) 

4. Alkylation 

Aromatic rings have been alkylated with ketene imines in Friedel-Crafts-type 
reactions. For example, ketene imine 16 has been shown to react with resorcinol 
dimethyl ether in the presence of AlC13 (equation 1 O)5. 

(MeS02)2CH- =NMe 

AIC13 @Me (10) FoMe - OMe OMe 

( M e S q  )2C=C=NMe + 

(16) 

5. Carbene 

The addition of dichlorocarbene to diphenylketene N-p-chlorophenylimine 
yields 17. A tentative mechanism for the formation of 17 is given in Scheme 632. 

Ph2C=C=N-G H4CI-p + CHC13 + Na’OCMe3 

Ph2CH-C=NC6 H4CI-p 

c=o 
0 

CMe3 

(17) 

I 
I 
I 

SCHEME 6. 

B. Cycloadditions 

The most important group of cycloadditions of ketene imines are those which 
lead to heterocycles. Thus, this discussion will be restricted to examples of this class 
of reactions and to examples where products are actually isolated. Publications 
which describe heterocycles from ketene imines as intermediates or which describe 
the production of cycloalkane derivatives are not included. 
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1. Four-membered rings 

Thermal and photochemical cycloadditions of ketene imines with appropriate 
reagents have led to  the preparation of oxetanes, azetidines, thietanes, oxazetidines 
and diazetidines. 

a- Oxetanes. The first isolation of heterocycles from a ketene imine was re- 
ported by Singer and Bartlett in 1 96433. As an extension of the photochemical 
cycloaddition of aldehydes and ketones with olefins, they investigated the photo- 
chemical cycloaddition of carbonyls with 18 (equation 11). The results were most 

(11) 

Marvin W. Barker and William E. McHenry 

ho 
R' R2C=0 + MeZC=C=N- Me2 - Me2F-F=N-FMe2 and/or 

R'  R2C-0 C N  
(18) CN (19)(4 

'i 
CN 

MeZC- =N-c!Me2 I ' i  
0-CR1R2 

(20) (3) 
interesting. While benzaldehyde, p-chlorobenzaldehyde and p-methoxybenzal- 
dehyde yielded only the P product 20,  acetophenone and benzophenone gave both 
a and P products 19 and 20, and flourenone gave only a product 19. The only 
mechanistic observation reported by these workers was that reactive carbonyls have 
a n-n* configuration for their lowest-lying triplet state. 

Singer and collaborators have pursued these studies with the goal of explaining 
the results of BartletP4. Their investigations showed that with benzophenone and 
ketene imines the reactive state of the ketone is the triplet state; the cycloaddition 
step itself is within an order of magnitude of diffusion control; energy transfer from 
triplet to ground-state ketene imine competes with cycloaddition as aryl groups are 
substituted for alkyl groups on the ketene imine; and for totally aryl-substituted 
ketene imines energy transfer occurs exclusively (no cycloaddition occurs). 

A similar investigation of the photochemical cycloaddition of flourenone with 
dimethylketene N-cyclohexylimine by Singer34 indicated that the reactive states 
for the ketone were both the singlet and triplet states. Thus, the replacement of the 
ketene imine alkyl substituents with aryl substituents does not alter the overall 
cycloaddition yields of this ketone with ketene imines. Yields for the reaction with 
several ketene imines bearing totally alkyl through totally aryl substituents ranged 
from 30 to 78%. 

One example of a thermal cycloaddition yielding an oxetane has been 
reported3 5 .  Treatme$ of diphenylketene N-p-tolylimine 2 1 with perfluoroacetone 
in acetonitrile at 100 C with pressure results in the production of the a product 22 
in 26% yield (equation 12). N o  other product from this reaction was described. 

MeCN 
PhZC=C=NAr + (CF3)2C=0 - 

~ O O ~ C ,  press. Ph2'i-F=NAr 
(21) (CF3)2-C-O 

(12) 

Ar  = p-tolyl (22) 

b. Azetidines. Ketene imines have served as precursors to azetidines through 
dimerization and through cycloaddition with perfluoro olefins. Two examples of 
dimerizations of ketene imines leading to azetidines have been reported. In the first 
publication, Barker and Rosamond reported that thermolysis of diarylketene N- 
alkylimines leads to  an unsymmetrical dimer as illustrated in equation ( 13)3 6 .  
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(131 
1 

PhZF-F=NMe 2 Ph2C=C=NMe - 
Ph2CZC-NMe 

Ketene imines substituted in any manner other than diary1 N-alkyl are reported to 
either dimerize or trimerize to other adducts or  not react a t  all. 

Gambaryan and coworkers reported that ketene imines of structure 23 where R 
is Ph, Et, Bu or substituted Ph, when treated with perfluoroisobutylene in the 
presence of nucleophiles, gave azetidines of structure 24 (equation 1 4)3 This 

(CF3)2C=C=NR + (CF3)zC=CF2 (CF3)zC=C-N-R (14) 
I I  

F V F  (23) (CF3 )2C- 

F 
(24) 

reaction represents one of the few additions known to occur across the carbon- 
nitrogen double bond of the ketene imine. Along with the thermal cycloaddition 
product 24, Gambaryan observed a dimer of the same structure as Barker's dimer 
(see equation 13). This dimer had been reported earlier by Gambaryan as a product 
of thermolysis of 2338. 

c. Thietanes. Bestmann and Schrnid have reported the preparation of two 
thietanes from a ketene imine3 9 .  These products are unusual in that the starting 
ketene imine is an ylide and the heterocycle produced is an ylide (equation IS). 
Both thietanes were obtained in good yields. /" + -  

+ -  
PhgP-C=C=NPh 

\ 
(15) 

+ -  
Ph3 P-v-y=NPh 

d- I ,  2-Oxazetidines. Barker and coworkers have shown that the cycloaddition 
of aryl nitroso derivatives to aryl-substituted ketene imines is an efficient route to  
3-imino-1,2-oxazetidines (equation 16)40. Only 25 is reported as a product. That is, 

Ph2C=C=NAr + PhNO - PhZC-C=NAr + PhZC-C=NAr (16) 
I 1  I I  

PhN-0 Ar = p-tolyl 0-NPh 

(25) 

both possible modes of addition did not occur with the ketene imines studied while 
they do occur for nitrosobenzene and ketene4'. Mechanistic studies led them to 
conclude that the reaction was occurring through the triplet state of nitrosobenzene 
and the ground state of ketene imine. The triplet state of nitrosobenzene could be 
achieved by either photosensitized or thermal conditions4 O .  

From a synthetic point of view it is interesting to  note that bis(ketene imines) 

(261 
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when treated with nitrosoarenes yield bis(oxazetidines)40. The yields reported for 
the reaction of 26 with several nitrosoarenes ranged from 41 to  84%. 

e. 1,2-Diazetidines. Symmetrical substituted azobenzenes condense with 
diphenylketene N-p-tolylimine under photochemical conditions to  yield 3-imino- 
1,3-diazetidines (equation 17)42. Barker and Jones have studied this reaction to  

Ph2C=C=NAr + PhN=NPh - Ph2C--C=NAr (17) 

Marvin W. Barker and William E. McHenry 

ho 

t l  
Ar = p-tolyl Ph-N-N-Ph 

determine the necessity of light43. They observed that treatment of ketene imines 
with cis enriched azobenzene without irradiation yielded diazetidines while similar 
reactions with trans azobenzene gave no  product. Apparently, irradiation provides the 
cis form of the azobenzene needed for  cycloaddition. This postulation was subtanti- 
ated by the reaction of diphenylketene N-p-tolylimine with dibenzo [ c,fl diazepine 
in the dark. This heterocycle has a cis locked azo linkage with geometry very similar 
to  cis-azobenzene. Cycloaddition with ketene imine occurred with a 68% yield, 
which would seem to prove that irradiation is necessary in the cycloaddition 
reaction only to provide the cis-azobenzenes. 

The cycloaddition of diphenylketene N-p-tolylimine with a series of unsym- 
metrical azobenzenes has been investigated (equation 1 8)43. Solvent studies led 

Ph2C=C=NAr + Ar ’NZNPh - PhZC-C=NAr + PhzC-C=NAr (18) 
h 1‘ 

I I  I t  
Ar = p-tolyl Ar ‘-N- N-Ph Ph -N- N- Ar’ 

(27 )  (28) 

Ar’ =o-,  m- andp-substituted phenyl 

Barker and Jones to  propose a concerted reaction mechanism. Of the two possible 
products from this cycloaddition, 27 was always observed in excess regardless of 
the electronic nature of the phenyl substituent of the azobenzene. For o-methyl, 
chloro and cyano substituents, only 27 was observed. For meta substituents, the 
ratio of 27 to 28 was approximately 75:25 while for para substituents the ratio 
was about 65:35. These data suggest a steric effect after alignment during the 
concerted cycloaddition. 

The synthetic utility of the azobenzene-ketene imine cycloaddition as a route 
to  1,2-diazetidines is demonstrated by the production of bis heterocycles from 
bis(ketene i m i n e ~ ) ~ ~  . Again unsymmetrical azobenzenes were found to  undergo 
cycloaddition with the bis(ketene imines) to yield ratios of possible adducts 
explainable by the mechanism proposed by Barker and Jones. 

I: 1,3-Diazetidines. One example of a 1,3-diazetidines from ketene imines have 
been reported38. Gambaryan and coworkers have observed that bis(trifluoromethy1) 
kelene N-arylimines yield symmetrical dimers (29)  when treated with ‘weak bases’. 
This reaction is unusual in that the C=N bond of the ketene imine is utilized again. 

I t  
(C F3 )2C=C- N- R 

R--N--C=C(CF3)2 

(29) 

2. Five-membered rings 

The mechanisms of several of the reactions leading to  five-membered hetero- 
cycles from ketene imines have not been elucidated. Even though rearrangement or 
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other pathways may be responsible for the generation of these heterocycles, all 
reported preparations are included in this section . 

a. 1,2,3-Triazoles. Barker4’ and G a m b a r ~ a n ~ ~  each studied the addition of 
diazomethane to ketene imines and each observed the formation of 1,2,3-triazoles 
as the major product. Barker’s work with aryl-sustituted ketene imines and 
Gambaryan’s work with bis(trifluoromethy1)ketene N-phenylimine are illustrated 
by equations (1 9) and (20) respectively. Each of these cycloadditions appears to be 

PhZC=C=NAr + CH2Nz ---+ P h z C H T , l - A r  

N’ 

(CF3)zC=C=NPh + CHZNZ - (cF3)zCH~;l-Ph (20) 

occurring across the C=N bond of the ketene imine to  yield an intermediate 30 
which then isomerizes to  the aromatic triazole. Diazoethane, diazopropane, 1- 

(30) 

phenyl-diazoethane and diphenyldiazomethane gave no  reaction with the aryl- 
substituted ketene imines. 

b. Oxazolines. Kauffman has reported that the reaction of dimethyl- and di- 
ethylketene N-fp-tolyl) imines with ethyl azidoformate gives oxazolines (equation 
2 1)4 ’. Since the reaction occurred under thermal but not photolytic conditions, he 

Ar = p-tolyl 

OEt 

(31 1 

suggested that a nitrene intermediate was unlikely. He proposed an acyltriazoline or 
aziridine intermediate to  account for the oxazoline structure 31. As with most 
ketene imine additions, reaction occurs across the C=C bond not the C=N bond. 

c. Oxindoles and I,3-diazolidines. Ohshiro and coworkers investigated the react- 
ions of ketene imines with oxaziridines, nitrones and sulphur diimide4 s .  With 
oxaziridines and nitrones he found that ketene imines yield oxindoles and 1,3-di- 
azolidines. Equation (22) illustrates the preparation of the 1,3-diazolidines. The 

Me 

c MezC=C-N-Ar __L M+f0 
8OoC, 50 h 

N 
I t  

I 

MeZC=C=NAr + r-Bu-N-CHPh 

Ar = Ph,p-tolyl orp-anisyl ‘0’ 
‘gH6 

t-Bu’ y “ A r  
0 CHPh 

Ph ( 2 2 )  
‘i 
BU-t 

(33) (32) 

proposed reaction mechanism is a cycloaddition by the oxaziridine across the C=N 
bond of the ketene imine to give 33 which rearranges to 32.Yields for the systems 
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studied ranged from 40 to 60%. No consistent pattern for ketene imine behaviour 
versus ketene imine substituent in this reaction was observed. For instance if ketene 
imines 34 were employed, no reaction occurred and the ketene imines were 

RgC=C=N-cyclohexyl 

(34) 

R = M e  or Ph 

Marvin W. Barker and William E. McHenry 

recovered unchanged. If a totally aryl-substituted ketene imine were used, an 
oxindole was produced, albeit in low yield (equation 23). The formation of an 

PhZC=C=NAr + r-Bu-N-CHPh - (23) 

I 
Ar =p-tolyl V 

Phpb-CONHAr 

oxindole in this ketene imine reaction leads one to  speculate that an oxygen 
transfer reaction is responsible for the product. The similarity of this product with 
that from the oxygen transfer from pyridine N-oxides to ketene imines is readily 
apparent4 p. Furthermore, the related reaction of dimethylketene N-phenylimine 
with C,N-diphenylnitrone to yield 3,3-dimethyloxindole (equation 24), as observed 
by Ohshiro4 is most certainly occurring through an oxygen transfer to the ketene 
imine central carbon followed by intramolecular cyclization. 

MeZC=C=NPh + PhN=CHPh - Q2;e (24) 
& 
0 

I 
H 

The one reported example of the reaction of a ketene imine with a sulphur 
diimide would indicate that the reaction is complex48. Equation (25) shows the 
products from this reaction. The thiotriazepine derivative 35 was obtained in an 8% 
yield, indole 36 in 25% yield and amidine 37 in 4% yield. 

NHPh 

(25)  
I 

+ Ph2C--C=NPh 
I 
NHPh NHPh 

I 
H (36) (37) 

(35) 

d. Miscellaneous. Perhaps the most unusual synthesis of five-membered hetero- 
cycles from ketene imines is from their reaction with malonyl chloridesS . Equa- 
tions (26) and (27) illustrate these reactions. 

!h 

PhgC=C=NAr + RCH(C0Cl)g 1 70-180°Cc 15 min &%: (26) 

Ar = o- and p-tolyl, R = benzyl and ethyl A 
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(27) 
R2 Rw Ph 

R2C=C=NAr + PhCH(COC12) - 
Ar = p-tolyl 

R = Me and Et (a) R’ = Me, R2 = H 

(b) R’ = Et, R2 = Me 

3. Six-membered rings 
a. Quinolines. Ketene Nary1 imines have been shown to react with electron-rich 

dienophiles such as ethoxyacetylene, ketene acetal, vinyl ethers and amino 
acetylenes to form quinoline derivatives46*51. The reaction between diphenylketene 
N-phenylimine (38) and N-diethylarninophenylacetylene (39) demonstrates this 
type of cycloaddition (equation 28). 

I I 
NEt2 NEtz (28) 

(40) (41 1 

The mechanism proposed for formation of the quinoline derivatives is a cyclo- 
addition involving the initial formation of a stabilized 1,4-dipole which undergoes 
cyclization to  a six-membered ring. Ghosez and Perezs1 have succeeded in demon- 
strating the presence of this 1,4-dipolar intermediate. In the reaction of N,N-di- 
ethylaminomethylacetylene (42) and diphenylketene N-methylimine (43) the 
initially formed 1,4-dipolar intermediate either cyclizes to  44 or is trapped by a 
second molecule of ketene imine to yield 45. (Scheme 7). A similar reaction has 

+ M e E C N E t Z  

(42) 

I 

Me NEt2 
I 

NEtz 

(45) 

SCHEME 7. 

also been shown to occur with bis(trifluoromethy1)ketene N-aryl imine (equation 
29). The reaction between ketene N-aryl imines and electron-rich dienophiles is a 
valuable route to  substituted quinolines. 

b. Quinazolines. Barker succeeded in preparing quinazoline derivatives by 
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OR 
I 

thermolysis of dialkyl ketene N-aryl irniness2. This reaction could also occur 
through inital formation of a weak 1,Cdipole followed by internal cyclization to  
the substituted quinazoline (Scheme 8). 

- A ........... 
Me2C=C=NPh - Me2C-C-N-Ph - 

I 
Me2C=CyN-Ph * 

CMe2 CMe2 

SCHEME 8. 

c. Triazines. Dimethylketene N-cyclohexylimine (47) yields the trimer 48 upon 
thermolysisS 3. As with the quinazoline derivatives, this product can be explained 
through formation of the 1 ,Cdipolar intermediate 49 which traps a third molecule 
of ketene imine 47 to  yield the substituted triazine (equation 30). 

R 

A ........... - +47 M e 2 C y $ p e 2  (30) 
Me2C=C=NR - Me$-C-N-R - 

(47) Me2C=C-N-R I R / N y N ~ ~  

R = cyclohexyl CMe2 

(49) (48) 

C. Oxidations 

Staudinger and Hauser, in their early report on the preparation and chemistry of 
ketene imines, Fbserved that oxidation of the moiety occurred when it was treated 
with air at 150 C1 . They proposed a dioxetane intermediate 50 to account for the 
products (equation 3 1). 

Oxidation of ketene imines with peroxy acids4%, ozones5, singlet oxygens6, 
N-oxidesS7 and air under copper ( 1 1 )  chloride catalysis5 * have now been reported. 

PbC=C=NPh + 0 2  - Ph2C-C=NPh - ph2C=0 + phN=C=O (31) 
1 5OoC 

I I  
0-0 

(501 

1. Peroxy acids 

Ketene imines when treated with peroxy acids yield ketones and isonitriles 
(equation 32). Kagen and Lillien postulated an epoxide intermediate 5 1  to  



17. Ketene imines 717 

account for these products and have offered as evidence of 5 1 the formation of an 
a-acyloxy amide if excess peroxy acid is employedM. 

PhzC=C=NPh + (MeCOOOH or PhCOOOH) - PhzC=O + PhNGC 

(32) \ /  0 
!I RCOOH 

Ph2vc-NHPh PhIC-C=NPh 

'0' 0-C-R 

2. Ozone 

The only reported oxidation of a ketene imine with ozone is the oxidation of 
dimethylketene N-phenyliminess . As with peroxy acid oxidation, ozone oxidation 
yields a ketone (acetone) and an isonitrile (phenylisonitrile). The investigators 
involked an a-epoxy imine similar to 5 1 to  rationalize their results. 

3. Singlet oxygen 

Singer, in a brief research abstract, has reported the oxidation of ketene imines 
with singlet oxygens6. He found that 52 (R = a-phenylethyl, pheny1,t-butyl and 
benzyl) when treated with '02 gave benzophenone and an isocyanate in high yields 
(equation 33). The '02 could be generated by either photosensitized or thermal 
conditions. The iminoperoxyoxirane intermediate 53 was proposed to account for 
the products. 

Ph2C=C=NR + ' 0 2  - Ph2C=O + RN=C=O 

'52) \ / (33) 

Ph2C- =NR I F  
0-0 

I( (531 

4. N-oxides 

When diphenylketene N-p-tolylimine is treated with excess y-picoline N-oxide 
and benzoic acid, an 86% yield of N-(p-toly1)-a-benzoxydiphenylacetamide is 
obtaineds7. This result differs markedly form that when the ketene imine is treated 
with a carboxylic acid alone. Barker and Sung have suggested a mechanism in- 
volving oxygen transfer from the N-oxide to the ketene imine to account for the 
observations (Scheme 9). To test this hypothesis, the same ketene imine was treated 
with y-picoline N-oxideS7 alone. High temperatures were needed for reaction and 
the products obtained could not be identified with certainty. However, acid 
hydrolysis of these products resulted in the formation of N-substituted oxindoles. 
The oxindole formation can be rationalized through intermolecular cyclization of 
intermediate 54 (Scheme 9). Several pyridine N-oxides gave the same result. 
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PhZC=C-NAr 
I 
? 

+PhCOOH 

-PhCOO- 
- 

I 
M e  

0 0-COPh 

M e  

SCHEME 9. 

5. Oxygen with copper ( 1 1 )  chloride 

Staudinger’s early work on the reaction of ketene imines with oxygen showed 
that high temperatures were necessary for reaction; however, Barker and Perumal 
have shown that reaction between oxygen and ketene imine occurs rapidly at room 
temperature if copper (11)  chloride is present5 *. The ketene imines studied were 
diphenylketene N-psubstituted phenylimines and the products of the reaction were 
benzophenone, aryl isonitrile and aryl isocyanate (equation 34). The yield of 

0 2  (air) 
Ph2C=C=NAr - CUlIIlCI* Ph2C=O + ArN=C=O + A r N G C  (34) 

benzophenone was reasonably constant for the substrates studied but the ratio of 
isocyanate to  isonitrile varied considerably. This ratio favoured isocyanate when a 
substituent Y in the aryl group was electron-releasing and favoured isonitrile when Y 
was electron withdrawing. The substituent control of substrate oxidation (different 
products, not just different isomers) appears t o  be novel. The authors propose a 
cation-radical mechanism to account for their observations. 
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I. INTRODUCTION 

Carbodiimides have attracted great attention due mainly to their importance in 
synthetic organic chemistry. The versatility of the carbodiimides can be seen in 
their various uses as reagents in chemical synthesis; and especially as starting 
materials in the synthesis of various heterocyclic systems, as condensing agents in 
peptide and nucleotide synthesis and in combination with dimethyl sulphoxide as a 
mild oxidation agent. 

Carbodiimides were first synthesized, characterized and formulated a little over 
one hundred years ago', but undoubtedly they were obtained as early as 1 8522 i3. 

Although much of the fundamental work concerning the chemistry of the carbo- 
diimides dates back to  the end of the last century and the beginning of this century, 
the systematic work, as well as the use and application of carbodiimides, is of 
recent origin. 

In 1953 the chemistry of carbodiimides was first reviewed by Khorana4. Four- 
teen years later it was again reviewed, this time by Kurzer and Douraghi-Zadehs. 
Khorana discussed the use of carbodiimides as condensing agents in phosphoryl- 
ation reactions in his book on phosphate esters6. The use of carbodiimides as 
condensing agents in peptide synthesis has been reviewed recently in Volume 15 of 
Houben Weyl's Methoden der organischeri Chemie7 as well as in Bodanszky, 
Klausner and Ondety's book on peptide synthesiss. Oxidation by the carbodi- 
imide-dimethyl sulphoxide system is discussed in detail by Moffatt9. 

In this chapter our aim is not to give a comprehensive review dealing with all the 
physical, chemical and biological properties of the carbodiimide group, but to  deal 
with the most significant aspects of the functional group, followed by illustrative 
examples. 

II. STRUCTURE AND PHYSICAL PROPERTIES 

Carbodiimide (1) is isomeric with cyanamide (2). One might look upon carbodi- 

HN=C=NH H2NC3N 

I11 (2 )  

imide as the symmetrical, and upop the cyanamide as the unsymmetrical anhydride 
of urea. The free carbodiimide (1) has never been isolated, although the possibility 

HN=C=NH + H2N-CEN (1 1 

of the existence of carbodiimide and cyanamide as two tautomeric forms (equation 
1)  has been considered by various workers studying the molecular structure of 
cyanamide. These studies using i.r. spectra, Raman spectra and dipole moment 
measurements show that such a tautomerism does not in fact exist and the 
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molecule exhibits only structure These results should not  surprise us since if 
indeed such a tautomerism should exist, the imide form should be favoured only at 
high temperatures. Carbodiimide was obtained (although it was not isolated) by 
pyrolysis of cyanamide in a hot nozzle under very low vapour pressure. The 
carbodiimide produced from the pyrolysis was trapped in solid argon matrix at 
20 K and identified from its i.r. spectral0. 

Carbodiimides were expected (mainly from dipole moment measurements) to 
exhibit the same molecular dissymmetry as the appropriately substituted allenes". 
This prediction was supported during the last few years by theoretical and experi- 
mental studies. INDO-MO calculations for the free carbodiimide molecule, as- 
suming an sp-type bonding for the central carbon atom and an sp2 hybridization 
for the two nitrogen atoms, show that the most stable geometry of the molecule is 
dissymetric with the substituents in perpendicular planes which intersect along the 
N=C=N axis' z .  Similar results were obtained by calculation for dimethylcarbodi- 
imide' 3. The calculated nitrogen inversion barrier of unsubstituted carbodiimide 
was found to be 8.0 kcal/mol using the INDO--MO method12 and 8.4 kcal/mol 
using the SCF-LCAO methodI4.  A MIND0 1-$CF calculation gave an inversion 
barrier of 9.54 kcal/mol for free carbodiimide and 7.98 kcal/inol for phenylcarbodi- 

The dissymmetry of diisopropylcarbodiimide (3) has been shown by the 

C'H 
CH3 N=C=N' 'CH3 
.)C' 

difference in the n.m.r. shifts of the methyl protons of the two isopropyl groups at 
low temperature - a difference similar in magnitude to  the one reported for 
diastereotopic substituents of allenes. The inversion barrier which was calculated 
from the above n.m.r. studies was found to be 6.7 kcal/mo116. A low molecular 
symmetry (C2 point group) and a close analogy with the allene-type structure was 
found for the dimethylcarbodiimide from i.r. and Raman spectra' '. X-ray studies 
on crystals of di-p-tolylcarbodiimide showed that the stereochemistry of the 
molecule is of the allene type with the two C-N=C planes approximately normal 
to each other with C-N=C angles of 127.2" and 128.4" and with an N=C=N angle of 
170.4" 8 .  Different is the case with di-p-nitrophenylcarbodiimide, a phenomena 
which was attributed' to  the interaction of the p-nitro group on the aromatic ring 
and the cumulene chain. 

All the above calculations, and some of the experimental data, show that the 
inversion barrier for the isomerization of the carbodiimides is not higher than 8-9 
kcal/mol, a value indicating rapid racemization at  room temperature. I t  is interest- 
ing to  note that there is just one claim in the literature for the resolution and 
isolation of an optically active carbodiimide. In 1966 Schlogl reported the reso- 
lution of diferrocenylcarbodiimidezo , a report which is now questionable in the 
light of the low value of the inversion barrier. 

Substituted carbodiimides have a characteristic band absorption in the U.V. region 
below 2000 A2 ' . Dimethylcarbodiimide in the gas phase has an absorption band at 
1910 a and in solution (n-heptane) the absorption band appears at 2060-2100 a. 
The most important absorption bands in the i.r. region are at  around 2300 cm-' 
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and 1460 cm-l due to the stretching of the N=C=N bands and around 615 cm-’ 
due to the bending of the bands2 . Again dimethylcarbodiimide has absorption 
bands at 2365 cm-’ ,  1418 cm-’ and 618 cm-’ ”. 

111. PREPARATION 

A. From Thioureas 

Desulphurization of N,N‘disubstituted thioureas to  form the corresponding 
carbodiimides using metal oxides as desulphurization agents is a well-known reac- 
tion (equation 2)’. The first reported synthesis of carbodiimide is the synthesis of 

R’NHCSNHR2 + MO - R’N=C=NR2 + MS + H 2 0  (2 )  

diphenylcarbodiimide from diphenylthiourea using yellow mercuric oxide as a 
desulphurizing agent’ . The reaction is carried out in a variety of solvents (e.g. ether, 
benzene, acetone, toluene, xylene, carbon disulphide) in presence of a suitable 
dehydrating agent (e.g. CaC12, MgS04, Na2S04) which inhibit the addition of the 
water eliminated during the reaction to  the carbodiimide to  form the corresponding 
urea. The most frequently used metal oxide is yellow mercuric oxide, but various 
other oxides and even salts or complexes of other elements have been used (e-g. 
PbO, As203, ZnO, ZnC12, PbC12, [HgI4I2-). 

Thioureas react with phosgen to  yield the corresponding carbodiimides. The 
reaction proceeds in the case of aliphatic thioureas via the formation of the 
thiazetidinone 4 which upon heating decomposes to  the desired product and 
carbonyl sulphide. With aromatic substituted thioureas formamidine chloride 5 is 
formed first, and in turn loses hydrogen chloride upon heating to yield the corre- 
sponding carbodiimide (equation 3)22. 

R’NHCSNHR~ + coci2 

I?‘- (3) 

(4) 

-2 HCI 

- N R ~  

Recently it was observed that NJV’dilithio- or -dibromomagnesio-thioureas 
could be decomposed at 170° C to give the corresponding carbodiimides in 
30-60% yield (equation 4)23. These salts are prepared in situ from thioureas and 

R’N=C=NR~ (4) 
GM 

M t‘M 

[R’N=C’ R z ]  - 
‘N’ 

R’- N-CS-N-F? - 
I I 

M 

M = Li, MgBr 
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either butyllithium or ethylmagnesium bromide. In the case of the lithium deriva- 
tives it has been observed that the use o,f carbon disulphide as a solvent allows a 
lowering of the reaction temperature to 0 C and increases the yield of the product 
(up to 90-95%). The carbon disulphide acts not only as a solvent but also reacts 
with the lithium derivative via an insertion in to  the Li-N bond to give com- 
pound 6 ,  which decomposes instantaneously to the corresponding carbodiimide 
(equation 5). 

S 

(6) 

Oxidation of thiourea with alkaline hypochlorite is a well-known method for the 
preparation of carbodi imide~~.  It has been observed that better yields (up to 
SO-85%) of carbodiimide are obtained using N-bromosuccinimide as the oxidizing 
agent24. 

Thiourea reacts with various compounds (e.g. dichlorodicyanobenzoquin- 
one-DDQZ , 2-chlore4,6-dimethylpyridineZ , 2,4-dichlor~pyridine~ 7 ,  1 -chloro- 
benzotriazo12 8 ,  trichloroisocyanuric acid2 ) to  form the corresponding isothiourea. 
The isothioureas yield upon basic hydrolysis the desired carbodiimide in 70-90% 
yield. A similar reaction occurs with diethyl azodicarboxylate and triphenyl- 
phosphine (equation 6)2 9 .  

(6) 
Ph P 

EtOOC-N=N-COOEt + R'NHCSNHR2 -- Et00C-NHN-COOEt 3 
I 
I 

R ~ N = C - - N H R ~  

S 

EtOOCNHNHCOOEt + R'N=C=NR2 + PhSPS 

Reaction of compounds containing an S-C1 bond (e.g. SOCl~,S02C12,SO~ClH, 
SCl2,S2C1, ) with thioureas followed by basic hydrolysis of the reaction product 
yields the carbodiimide in reasonable y i e l d ~ ~ ~ 9 ~ ' .  

Acyl chloroformamidines (7) react with N,"-diarylthioureas in the presence of 
triethylamine to  give the corresponding carbodiimides (equation 7)3 *3 3. 

CI 

(7 1 
I 

R1N=C-NR2 + Ar'NHCSNHA? * R'NHCSNR2 + Ar'N=C=NAr2 
I I 
COMe COMe 

(7) 

Bromotriphenylphosphonium bromide (triphenylphosphine dibromide, 8) reacts 
with thiourea in presence of triethylamine to  give the corresponding carbodiimide 
in 70-75% yield: presumably the reaction proceeds via the intermediate 9 (equa- 
tion 8)34. Instead of using 8 the reaction could be carried out  with triphenyl- 
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R ’ N H ~ N H R ~  

-2HBr  1 - - 
Br.. -R N-C-NRZ + Ph3PS (8) [ Ph!& 1 

(9) 

P h J P h r  + R’NHCSNHR2- 

(8 )  

phosphine using carbon tetrachloride or a mixture of carbon tetrachloride- 
methylene chloride as a solvent. The triphenylphosphine reacts with the carbon 
tetrachloride to give trichloromethyltriphenylphosphonium chloride (8a) which 
reacts with the thiourea in a similar way to 835. 

Ph3;-CC13CI 

(8a) 

B. From Ureas 

Dehydration of ureas to carbodiimides can take place by using p-toluene- 
sulphonyl chloride in ~ y r i d i n e ~ ~ ,  or in methylene chloride in presence of triethyl- 
amine3’, the desired products are obtained in 50-8076 yield. Dehydration can also 
be carried out by phosphorus p e n t o ~ i d e ~ ~ ,  in similar yields. 

8 and 8a, which have been shown to react with thioureas to give the correspond- 
ing carbodiimides, react with ureas in an identical manner34 *3 s. 

C. From lsocyanates 

The thermal decarbonylation of isocyanates to  form carbodiimides was observed 
over 90 years ago39. Hofmann was able to isolate diphenylcarbodiimide after 
prolonged heating of phenyl isocyanate, but it does not appear that he realized the 
nature of the product he obtained. 

Carbodiimides can be obtained from isocynates in high yield and under very 
mild conditions in presence of suitable catalysts. Among the most active catalysts 
reported are: 3-methyl- 1-ethyl-3-phospholene- 1-oxide ( 1 0)4 O ,  3-methyl- l-phenyl-3- 
phospholene-1-oxide (1 1)41 , 1-alkoxy-2-phospholene-1-oxide ( 12)42, 1-(2-chloro- 
ethoxy)-3,4-dimethyl-3-phospholene-l-oxide (13)42, 1,3-dimethyl-2-ethyl-1,3,2- 
diazaphospholidine-2-oxide ( 14)4 3 ,  1,3-dimethy1-2-ethylhexahydro-1,3,2-diaza- 
phosphorine-2-oxide (1 5)4 3. Other catalysts used are simple phosphine oxides 

Me-N, - ,N-Me Me-N,D,N-Me 

0 4  t 0% 
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(e.g. tributyl, t ~ i p h e n y l ) ~ ~ ,  certain alkoxides of titanium and zirconium [e.g. (Mez 
CH0)4Ti, (C8Hl,0)4Zr145, triarylarsines& and various metal carbonyls such as 

The nature of the isocyanate has a great influence on the ease of carbodiimide 
formation. In the case of the aromatic isocyanates the presence of an electron- 
releasing group on the aromatic ring tends to inhibit the reaction while the presence 
of an electron-withdrawing group tends to increase the reaction rate. 

The noncatalysed decomposition of the isocyanate is thought to  proceed by 
initial dimerization40 or t r i m e r i z a t i ~ n ~ ~ :  In the first case the symmetrical inter- 
mediate 16, or the unsymmetrical 17, or both, are formed followed by decom- 
position to  the desired product and C02 (equation 9)44. In the second case the 

Fe(CO) 5, Fe2 (CO) 4 ,  W(c0) 6 ,  MdCO) 64 '. 

R-N=C=O R-N-C=O 

" \ 
+ 

O=C=N-R O=C-N-R 

R-N=C=O 

+ ___L 

R-N=C=O R=N-C-0 

(17) 

trimer 18 is formed, which in turn decomposes, probably via a cyclic displacement, 
to carbodiimide, isocyanate and C02 (equation 10). 

(18) 

The various phosphine oxide derivatives which act as catalysts in the decarb- 
oxylation reactions act by nucleophilic attack of the polarized oxygen on the C=N 
bond of the isocyanate to give the cyclic intermediate 19 which decomposes in a 
rate-determining step to phosphinimide (20) and COz (equation 11). Thephosphini- 
mide once formed reacts very rapidly with another molecule of isocyanate to form 
another cyclic intermediate (21) which decomposes quickly to the desired carbodi- 
imide and the phosphine oxide (equation 1 2)49.  

RAP-0 

R2 N-C=O 
RiP=O + F?NCO I I  - R J P = N R ~  + coz (11)  

RAP-0 
R:P=NR~+ R ~ N C O  = I I - - R ~ P = O  + R ~ N = C = N R ~  (12)  

R~ N - c =N R 
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Isocyanate reacts directly with phosphinimide to  give the unsymmetrical carbo- 
diimide (equation 1 3 ) 5 0 .  

R'N=PRZ + R 3 N C 0  - R'N=C=NR3 + *P=O (13) 

D. From lsothiocyanates 

Isothiocyanates react with catalytic amounts of various phosphine oxides to  
form the corresponding carbodiimides and CS2 in a similar way to the catalytic 
decarboxylation of the isocyanates4 . Like isocyanates, isothiocyanates react also 
with phosphinimide t o  give the unsymmetrical csrbodiimides. 

isothiocyanate reacts with N-sulphinylamine at 1 80-200° C in an exchange 
reaction which gives the exchange products in 20-30% yield. Beside the exchange 
products t he  unsymmetrical carbodiimide is obtained in about the same yields1. 
The reaction proceeds presumably via the two intermediates 22 and 23; 22 
decomposes to  give the desired carbodiimide while 23 decomposes to  give the 
exchange products or the starting materials (equation 14). 

R l- N -s =O - R ~ N = C = N R ~  + so + s (14) 
R ~ -  N=C-s 

// (22 )  

R '  NSO + R ~ N C S  

E. From Tetrazoles 

The pyrolysis of 1,5-disubstituted tetrazole derivatives to form carbodiimides is a 
well-known reaction5. Disubstituted tetrazoles with identical substituents yield the 
symmetric carbodiimide in high yield. In case of nonidentical substituents a 
mixture of products is obtained - containing the unsymmetrical carbodiimide as 
well as the corresponding two symmetrical carbodiimides (equation 15). When one 
of the substituents is phenyl, 2-arylbenzimidazole is formed as a by-product. 

In the case of 1,4-disubstituted, 5-unsubstituted tetrazolium salts (24) the 
corresponding carbodiimide can be obtained just by reacting 24 with one equivalent 
of base (e.g. triethylamine) (equation 16). Using the above method the carbodi- 
imide can be prepared in siru and the product used as it is, since all by-products can 
be removed easily - nitrogen is bubbled off and the triethylamine hydrochloride 
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CH - R’N=C=NR2 + N;! + EtgN ’ HX 
R ~ - N  / \ N - R ~  \+ 

(16) 
I I  
F N  ’- 

(241 

can be precipitated from the reaction mixture when the reaction is carried out  
in a nonpolar solvent. Using this method various ‘active’ or ‘sensitive’ carbodi- 
imides have been prepared [ e.g. N-methyl-N‘-viny1cr)rbodiimide ( 2 9 ,  N-methyl- 
“-dime thylaminocarbodiimide (26) and N-methyl-N -carboethoxymethylcarbodi- 
imide (27)]. 

Me-N=C=N-CH=CH;! 

(25)  

Me-N=C=N-N Et;! 

126) 

Me-N=C=N-CHzCOOEt 

(27)  

F. Miscellaneous 

Amidoximes are dehydrated by P0Cl3 in pyridine t o  give the corresponding 
carbodiimides in 50-7076 yield (equation 17)52. The reaction proceeds via a 

H 

(17) 
I 

RCNHPh + POCI3 - R-C-N-Ph - RN=C=NPh 
II 
N-OPOCI;! 

I I  
NOH 

(28 )  

rearrangement of the intermediate 28. It is interesting to note that the P0Cl3 can 
be replaced by phosphorus pentoxide as the dehydrating agent. 

Amidrazones (29) are converted by triphenylpyrilium salts (30) into salts. The 
salts (31) are converted by treatment with mild base into the substituted pyridine 
N-imides (32). Pyrolysis of 32 yields the corresponding carbodiimides and tri- 
phenylpyridine in a very high overall yield (equation 1 8)5 3. 

(321 
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N,N'-disubstituted formamidines are converted into the corresponding carbodi- 
imides either by oxidation with N-bromosuccinimide (equation 19) or  by addition 
of bromine followed by dehydrobromination by base (equation 20)5 4 .  

base 
R1-N=CH-NHR2 + Brz - R'-NBrCHBrNHRZ - R'-N=C=N-R2 (20) 

1-Aryl- 1-aziridinecarboximidoyl chloride (33) undergoes rearrangement to form 
the corresponding carbodiimide in over 85% yield5 5 .  The rearrangement occurs in 
the neat state or in solution and is catalysed by strong acids: it probably proceeds 
via a cationic intermediate formed by acid-assisted heterolysis of the carbon- 
chlorine bond (equation 21). 

Isonitriles react with azides in presence of iron carbonyl t o  yield the unsym- 
metrical carbodiimides (equation 2 2 ) 5 6 .  The reaction proceeds in a similar way to  
the iron carbonyl catalysed process of the isocynate de~arbonyla t ion~ '. 

Unsymmetrical carbodiimides are obtained by silver oxide oxidation of the Pd(I1) 
complex of N"'-&substituted d iamino~arbene~ '. The reaction takes place by the 
addition of silver oxide to  a solution of the desired amine and isonitrile in the 
presence of catalytic amounts of PdClz. 

Diphenylcarbodiimide is obtained in 55% yield by the 1,3-~ycloaddition of 
N-sulphinylaniline and benzonitrile oxide (equation 23)5 8 .  This method is used 
mainly for the synthesis of unsymmetrical carbodiimides. 

Ditrifluoromethylcarbodiimide is formed by fluoride ion assisted isomerization 
of perfluorm2,4-diazapenta- 1,4-diene (34)' ; the reaction proceeds at  room temper- 
ature in the presence of caesium fluoride (equation 24). 
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IV. REACTIONS 

A. Additions to the C=N Double Bond 

The carbon-nitrogen double bond which is part of the cumulative double-bond 
system is easily attacked by various nucleophiles and electrophiles (Scheme 1). Water 
is added to carbodiimides to  form the corresponding ureas, and the reaction is 
catalysed by acids as well as by bases60. Hydrogen sulphide61 or hydrogen 
selenide6 form the corresponding thio- or  seleno-urea respectively. Hydrogen 

R’NHCONHR’ 
f 

R’ N=C=NR’ 

R’NHCSNHR’ 

R’ NHC=NR’ 
I 
CN 

R’NHC=NR’ 
I 
0 R2 

R‘ NHC=NR‘ 
I 
S R 2  

R’ NHC=NR’ 
I .  
OAr 

R’ NHC=NR’ 
I 
N H R ~  

R’NHC-NHR’ 
I1 
NOH 

R’ NHC=N E’ 
R ~ N O H  I 

R ’  
/ 

‘COR’ 

R’NHCON 

SCHEME 1. 
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cyanide is added to  carbodiimides to yield the corresponding a-cyano-NJf- 
disubstituted f ~ r m a m i d i n e ~ ~ .  While alcohols are usually inert toward carbodiimides, 
in the presence of a suitable catalyst (e.g. Cu2C12,CuC121 they are added to 
carbodiimide to give the corresponding i ~ o u r e a s ~ ~ .  Isoureas are obtained by the 
reaction of alkoxides with c a r b o d i i m i d e ~ ~ ~ - ~ ~ .  Thioalcohols react very easily with 
carbodiimides to form the corresponding isothioureas6 7 .  Weakly acidic phenols react 
with carbodiimide (either at high temperature or in presence of a suitable catalyst) 
to yield the corresponding isoureas, while strongly acidic phenols react under very 
mild conditions to  form the corresponding N-arylurea6 However, this distinction 
does not hold in all cases and it has been observed that strongly acidic phenols react 
with cyclohexylcarbodiimide to form the corresponding isourea derivatives (e.g. 
2,6-dichlord-nitropheno16 '). Ammonia and amines react with carbodiimides to 
form the corresponding di- or  tri-substituted guanidines respectively5. Reactions of 
hydroxylamine and N-substituted hydroxylamines with carbodiimides yield 1- 
hydroxy- and 2-hydroxy-guanidines r e s p e ~ t i v e l y ~ ~ .  Carboxylic acids add to car- 
bodiimide (using 1:l mole ratio of reactants) to form N-acylurea; the reaction 
proceeds via the acylisourea as an intermediate". The mechanism of the reaction 
of carboxylic acids with carbodiimide in various solvents, various ratios of reactants 
and both in absence and presence of strong and weak bases has been studied71 9 7 2 .  

In the case of N-betaines the product is not the acylurea but the corresponding 
amide and isocynate, thus trimethylammonium acetate reacts with di-p-nitro- 
phenylcarbodiimide to give trimethylammonium p-nitroacetanilide and p-nitro- 
phenyl isocynate (equation 25)73. 

+ 
Me3NCH2COOH + p-N02C6H4N=C=NC6H4NO-p (25)  

X- 
+ 

Me3NCHzCONHC6H4N02-p + P - N O ~ C ~ H ~ N C O  

X- 

Various reactions which lead to  the formation of heterocyclic systems take place 
between carbodiimides and bifunctional compounds (e.g. o-aminothiophenol, 
aminoalcohols, hydrazides, hydroxy acids). These reactions will be discussed in 
Section V. 

Cyanuric chloride reacts with dicyclohexylcarbodiimide to give 35 (equation 
26)74. 

CI 

CI 

135) 

Trimethylsilyl cyanide reacts with carbodiimides in presence of catalytic 
amounts of AlC13 to  give N-trimethylsilyl-1-cyanoformamidine (equation 27)7 s .  
The unsubstituted N-trialkylsilyformamidine is obtained by reacting trialkylsilane 
with carbodiimides (equation 28). These reactions take place at high temperatures 
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C N  
AlCl I 

R-N=C=N-R + Me3SiCN 2 R-N-C=N-R 
I 
I 
SiMe3 

PdCl 
R-N=C=N--R + MegSiH 2_ R-N-CH=N-R (281 

I 
S i M e j  

and in the presence of catalytic amounts of palladium chloride or tris(tripheny1- 
phosph ine )ch lo ro rhod~m~~ . 

Carbodiimides react with various organometallic compounds to  give the cor- 
responding formamidine derivatives. Thus reaction of simple organometallic com- 
pounds such as butyl- or phenyl-magnesium bromide yields the formamidine 36 
(equation 29)77.  A similar reaction occurs with methylniobium(V) and methyl- 

R’-N=C=N-R’ + R’MgBr - R’-N=C-N-R’ (29) 
I I  
R’MgBr 

(36) 

tantalum(V) chlorides which give products of the type Me,MClb [NR- 
C(Me)=NRl where a = 0, b = 4; a = 1, b = 3; a = 2 ,  b = 278. These compounds arise 
from the insertion of the carbodiimide moiety into the metal-carbon bond. A 
similar type of insertion occurs with titanium(1V) and zirconium(1V) amidesn 
where the insertion takes place into the metal-nitrogen bond. In a different 
manner, phenyl(bromodichloromethy1)mercury (37) with diisopropylcarbodiimide 
gives mainly N-isopropyldichloroimine (38) with small amounts of isopropyliso- 
nitrile and phenylmercury bromide (equation 30)80. 

i-PrN=C=NPr-i + PhHgCClzBr - i-PrN=CCIz + i-PrNC + PhHgBr (30) 

(37) (38) 

‘Active’ carbodiimides react with phosphonium ylides: thus diphenylmethyl- 
enetriphenylphosphorane reacts with diphenylcarbodiimide to yield N-phenyl- 
iminotriphenylphosphorane and triphenylketene imine in good yield (equation 
31)81. The reaction seems to  proceed via a polar addition to the double bond to 

Ph3P=CPh2 + PhN=C=NPh Ph3P=NPh + PhZC=C=NPh (31 1 

give the intermediate 39 according to  a Wittig-type reaction. In a somewhat 

I 

(39) 

+ 
Ph3 P-CPhz 

P h N - C Z N P h  

different manner addition of the thiazolium ylide 40 to  di-p-tolylcarbodiimide 
gives the salt 41 (equation 32)82. 

Acyl chlorides react with carbodiimides to form the corresponding acylchloro- 
formamidines (7)32. Phosgen reacts to give the corresponding chlorocarbonyl- 
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chloroformamiidines (42Is3 which are unstable products but are important syn- 
thetic intermediates. 

CI 

R-N=C-N --R 

COCl 

I 

I 

(42) 

Strongly acidic C-H adds to the carbodiimide double bond; an example is the 
case of Meldrum’s acid (43) which reacts with dicyclohexylcarbodiimide (44) in 
presence of piperidine at room temperature (equation 33)84.  Malononitrile reacts 
with 44 in presence of sodium methoxide to  form 1,l-dicyclohexylamino- 
2, 2-dicyanoethylene (45) (equation 34)s4. 

B. lsomerization 

Similarly to  the photochemical isomerization of ketene imines to  nitriles’ 5 ,  

carbodiimides isomerize into the corresponding cyanamide derivativesS 6 .  Irradia- 
tion of 44 at 2537 a in degassed dioxane results in conversion of 10% of the 
carbodiimide to  diphenyl cyanamide followed by quantitative recovery of the 
unreacted carbodiirnide. 
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C. Oxidation 

Oxidation of carbodiimides by ozone yields mainly the corresponding substitu- 
ted ketone, isocyanate and cyanoamidines '. Oxidation may occur either a t  the 
carbon-nitrogen double bond (path a) or a t  the carbon-nitrogen single bond (path 
b). Oxidation at  the carbon-nitrogen double bond gives the corresponding iso- 
nitrile and nitroso derivatives which upon further oxidation yield the corresponding 
isocyanate and ketone respectively. Oxidation a t  the carbon-nitrogen single bonds 
yields directly the corresponding ketone and cyanamide. Thus oxidation of 4 4  by 
ozone gives cyclohexyl ketone, cyclohexyl isocyanate and cyclohexyl cyanamide 
the latter also yielding finally cyclohexylisocyansite (equations 35 and 36) .  

(44) 

l i  

Reactions of carbodiimides with carboxylic acids and hydrogen peroxide usually 
result in the formation of the corresponding diacyl peroxides8. In the case of 
hindered carbodiimides oxidation of the carbodiimide cumulative double-bond 
system takes place; thus reaction of di-t-butylcarbodiirnide and m-chloroperbenzoic 
acid result in the formation of di-t-butyldiaziridinone (46) in 20% yields9. 

D. Cycloadditions 

The reaction of a substituted carbodiimide with another heterocumulene yields 
two isomeric [2  + 21 cycloadducts. Linear 1,l-adducts are formed only in cases 
where the developing charges in the initial bond formation step are sufficiently de- 
localized, and generally these 1,l-adducts undergo 1,4cycloaddition to  form six 
membered ring heterocycles. The actual isomer formed in the [ 2 + 21 cycloaddition 
is usually identified by ring-opening followed by characterization of the products 
obtained. Using methyl-t-butylcarbodiimide as a marker for the fragmentation 
reaction (considering that in the reaction of ethyl-t-butylcarbodiimide with di- 
phenylketene the addition takes place across the less hindered carbon-nitrogen 
double bond)g0, it was shown that while aryl isocyanates and arenesulphonyl 
hocyanates add across their carbon-nitrogen double bond, benzoyl isocyanate adds 



736 Yecheskel Wolman 

across its cumulative carbon-oxygen double bond. Reactive isothiocynates add 
across their carbon-sulphur double bond while N-sulphinyl sulphonamides add 
across their nitrogen-sulphur double bondg ’ . 
1. Four-membered rings 

a.  Azetidiries. Carbodiimides undergo 1,2-~ycloaddition reactions with ketenes 
to  form in high yield the corresponding imino-$-lactam (42) (equation 37)92. The 

(47) 

reaction proceeds in a two-step process via a dipolar intermediate 48. The two-step 
process and the presence of the dipolar intermediate was shown in the case of the 

I 
R2-C-C=0 - R 2 ‘  --C-C=O 

I - 
RB-N=C-N-R + ‘  3 R3- h=C-N-R3 

(48al (48b) 

reaction of diphenylketene (R’ = RZ = Ph) and diisopropylcarbodiimide 
(R3 = i-Pr). Quenching t.he reaction mixture with water results in the formation of 
N-diphenylacetyl-N,N -diisopropylurea (491, diphenylacetic acid and diisopropyl- 
urea beside the normal 1,Zadduct (47). Another proof for this mechanism 
is the quantitative formation of 1,1-dioxo-2-(N-isopropylimino)-3-isopropyl- 
5,5-diphenylthiazolidine-4-one (50)  when the reaction is carried ou t  in liquid SO? 
(Scheme 2)9 3. 

phaC=C=O + i-PrN=C=NPr-i 

Ph2C_-C=C) 

+ ‘ I  i-PrN=C-NPr-i i -PrNEC-NPr- i  

Ph2CHCONCONHPr-i PhZC-C=O PhPC-C=O 

I I I  OZS, / “Pr-i 
C 

NPr- i  

Pr- i  i-PrN=C-NPr-i 

(47; R’ = R2 = Ph, R3 = i-Pr) I 1  149) 

(50) 
SCHEME 2 .  
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Using an unsymmetrical carbodiimide two isomeric imino-&lactams are formed 
(equation 38). The isomer ratio is 95:s in the case of ethyl-t-butylcarbodiimide 

PhZC=C=O + R1N=C=NR2 - R:JT~N~R~ + R:-JT;~R~ (38) 

Ph Ph 

where the addition takes place mainly across the less hindered carbon-nitrogen 
double bond, but in the case of ethylisopropylcarbodiimide a 5O:SO mixture is 
o b t ainedgO. 

b. Diazetidines. Cycloaddition of benzoyl isocyanate and diphenylcarbodiimide 
gives the diazetidine derivative 5 1  which is very easily isomerized thermally to the 
oxadiazine derivative 52 (equation 39)94.  Another diazetidene derivative is 

(51 I (52)  

obtained by cycloaddition of sulphonyl isocyanate to dicyclohexylcarbodiimide in 
ether or benzene solution (53; R = C-CS H I  1 1’’. 

N-SOzCI 

(53) 

c. Thiazetidines. Diphenylphosphinothioyl isothiocyanate or  p-tolysulphonyl 
isothiocyanate react with dicyclohexylcarbodiimide to yield the corresponding 1,3- 
thiazetidine derivatives (equation 40)96. It has been shown using various substituted 
phenyl isothiocyanates and dicyclohexylcarbodiimide that the configuration 

of the two exocyclic carbon-nitrogen double bonds is Z,E.  Formation of this 
isomer is consistent with a pericyclic process whose stereochemistry is kinetically 
controlled by steric factors in the transition state’ 7 .  

d. Tlziadiazetiditzes. N-Sulphinyl sulphonamides react with carbodiimides to 
form the corresponding 3-imino-l,2,4-thiadiazetidine-l-oxides ( 54)9 8 .  The only 
reaction in which 54 was isolated was the reaction of N-sulphinyl p-tolyl sulphon- 
amide and dicyclohexylcarbodiimide ( R ’  = p-CH3C6Hq, R2 = c - C ~ H ~  1 ). All other 
cases yield the respective sulphonylcarbodiimides (55) and sulphinylamine ( 5 6 ) ,  
which are obtained from the decomposition of the unstable thiadizetidine deriva- 
tive (equation 41 1. 
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R’S02N=C=NR2 + R 2 N S 0  

(55) (56) 

2 Five-membered rings 

a. Diazolidines. 1,3-Diphenyl-2-azaallyllithiurn reacts with dicyclohexyl- 
carbodiimide (44) t o  give a 1,l-adduct which can in turn react with another 
molecule of the carbodiimide to  form compound 57 (equation 42)’ ’ . 

b. Oxadiazolidines. It has been observed that mesitylnitrile oxide or p-nitro- 
phenylnitrile oxide (58) react with diphenylcarbodiimide in presence of BF3 t o  give 
the corresponding oxadiazole derivatives (59). 59 reacts with another molecule of 
the nitrile oxide to  form the spiro-l,2,4-oxadiazole 60 (equation 43)lOO. A similar 
reaction occurs between 5-nitrofuran-Zcarbohydroxamoyl chloride (61) and di- 
cyclohexylcarbodiimide (44)’ O 1  . The product of this reaction was found t o  be 
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1,4-dicyclohexyl-3-( 5-nitro-2-furyl)-4,5-dihydro-5-oxo-l -H-triazole (62),  a re- 
arrangement product of the oxadiazolidine 63 (equation 44). In the case of the 

HC-CH HC-CH 
02N-C,0/C-C=NOH II I I  +44 02N--C,O/C--t-?-C6HI I 1  II 1-C 

CI I N~,C=NC~H~ 1-C 

(61) (63) 

reaction of nitrones (64) with diphenylcarbodiimide the corresponding oxadiazo- 
lidines 65 or their rearrangement products, the triazolidinones 66, were obtained 
(equation 45)' 0 2 .  The product obtained depends upon the nitrone used, thus 64a 

NPh 
4O 

I P-Ph 

0 

(45) 
Ph - N-Cf Ph-N-C, 

R1 

R2  

\ t  
I ?  R ~ - C - N  R~-C-N 

I I  

C=NR3 + PhN=C=NPh - 
/ 

(641 A1 k 3  R' R3 

(65) (661 

(a) R1 = H, R 2  = Ph, R 3  = t-BU 

(b) R '  = H, R 2  = Ph, R3 = Me 

yields the oxadiazolidine 6% while 65b yields the rearrangement product, triazoli- 
dinone 66b. 

c. Thiadiazolidines. Reaction of carbodiimides with N-sulphonylimino- 
thiaziridines (67) (generated by thermolysis of 4-alkyl-5-sulphonylimino-1,2,3,4- 
thiatriazolines, 68)  yields the corresponding thiadiazolidine derivative 69 
(equation 46)Io3 ,Io4. 

(67 I 

R2S02N y,,N - R3 
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d.  Triazoles. Triazoles are obtained by reaction of diazoalkyl compounds with 
carbodiimides, thus diazomethane react with diphenylcarbodiimide t o  give 
l-phenyl-S-anilino-1,2,3-triazole (equation 47)' 5 .  

P h - N-C-N HPh 
PhN=C=NPh + CH2N2 - N& I JH (47) 

N 

3. Six-membered rings 

a. Oxazines. A general method for the preparation of oxazine derivatives is the 
reaction of suitable ketene derivatives with carbodiimide. Diketene reacts with 
carbodiimide to give the corresponding oxazine derivatives (equation 48)' 6 .  

0 

(48 I 

Acylketenes (generated in situ either by dehydrochlorination of a monosubstituted 
malonyl chloride' ' or by theimolysis of 1,3-dioxin-4-ones' * ) yield upon reac- 
tion with carbodiimides the corresponding oxazine derivatives (equations 49 and 
SO). 

CI 0 
\4 

C 

C I  

0 

b. Oxadiazines. As mentioned earlier, oxadiazine derivatives are obtained by the 
reaction of benzoyl isocyanate and carbodiimide followed by thermal rearrange- 
ment of the [2 + 21 cycloaddition product (Section IV. D.l.a)94. 

c. Thiadiazines. The reaction of benzoyl isothiocyanate and carbodiimides 
proceeds, unlike the reaction of benzoyl isocyanate, via [4 + 21 cycloaddition to  
yield directly the thiadiazine derivativesg 4 .  

d. Triazines. Arylsulphonyl isocyanates react with dialkylcarbodiimides t o  yield 
three triazine derivatives. Thus reaction of p-tolysulphonyl isocyanate (70) with 
dicyclohexylcarbodiimide (44: R = c-c6 H I  ') will give 1,3-di-p-tolysulphonyl-S- 
cyclohexyl-6-cyclohexylimino-1,3,S-triazine-2,6 dione (7 I ) ,  l-p-tolylsulphonyl-3,5- 
dicyclohexyl-2-cyclohexylimino-4-p-tolysulphonylimino-l,3,5-triazine-2-one (72) 
and l-cyclohexyl-3,5-di-p-tolylsulphony1-2,4,6-tri( cyclohexylimino) -1 ,3 ,  Striazine 
(73). 71 is formed by the interception of one acyclic polar form of the 1: 1 adduct 
74 by another molecule of the isocyanate, while interception of a second form of 
74 by p-tolysulphonylcyclohexylcarbodiimide (75) (which is generated by an 
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ArSOZNCO + RN=C=NR 

(701 (441 

I +70 

NR 

04 
R-N N-SOZAr 

0 ANAo I 

S02Ar 

(71 1 

74 1 

R = cyclohexyl 

Ar ‘p-CH3 cg  Hq 

II 
k 

(72) 

RS02N=C=NR + RNCO 

(75) 

(73) 
SCHEME 3. 

exchange reaction) yields 72. 73 is formed by interception of the 1,l  acyclic polar 
adduct of 75 with 44 by another molecule of 75 (Scheme 3)’”’. 

In the case of chlorosulphonyl isocyanate the picture is much simpler. While 
addition of the isocyanate to a solution of dicyclohexylcarbodiimide yields the 
corresponding diazetidinone (see Section 1V.D. 1 .b) the reverse addition gives only 
one triazine derivative, 1,3-di( chlorosulphonyl)-5-cyclohexyl-6-cyclohexylimino- 
1,3,5-triazine-2,6-dione (76)9 5 .  

NCg H 1 1-C 
I I  
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V. APPLICATION OF CARBODllMlDES IN ORGANIC SYNTHESIS 

A. Dehydration 

molecular or intramolecular dehydration while they are converted into ureas. 
Carbodiimides are best known as dehydrating agents causing either inter- 

1. Intermolecular dehydration 

Carbodiimides dehydrate y-hydroxy ketones to  form cyclopropane derivatives. 
The reaction presumably proceeds via the isourea (equation 5 1)' ' O .  y-hydroxy 

b H  

CH 0 - H2C&H/TIMe + RNHCONHR 

RHN' 

ketones yield under the same conditions the a@-unsaturated compounds (equation 
52)' O .  These dehydration reactions take place at  150" C without a catalyst and 
proceed in boiling ether solution in the presence of cuprous chloride as a catalyst. 

Hydroxamic acids are dehydrated by carbodiimide to the corresponding iso- 
cyanates via a Lossen rearrangement'". It has been found that the dehydration 
reaction and the rearrangement proceeds under unusual conditions in water a t  
pH - 5  using water-soluble carbodiimide (1-benzyl-3-dimethylaminopropylcarbo- 
diimide)"?. 

Oximes are converted into the corresponding nitriles by reaction with dicyclo- 
hexylcarbodiimide. The reaction proceeds via the isourea which decomposes 
thermally' ' , or decomposes spontaneously in the presence of Cu* as catalyst' ' 4 .  

I t  has been shown that aldehydes can be converted to  the corresponding nitriles, 
without isolation of the oximes, in over 90% yield' ' 4 .  

The 'dimeric' N,"-dicyclohexylcarbodiimidium tetrafluoroborate (77 )  or the 

R 
I 
N R 

R - N ~ > N + '  BF;~ 
N 'H 
I 
i3 

(77)  

R = cyclohexyl 
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corresponding fluorosulphonate dehydrate alcohols to the corresponding alkene. 
The reaction takes place in boiling dioxane, toluene or heptane, or also by pyrolysis 
of the reactants a t  100-150 C' 5 .  Somewhat milder conditions are used for the 
dehydration of alcohols by N,N,"-trialkylcarbodiimidium tetrafluoroborate' 6 .  
This reagent dehydrates aliphatic glycols to cyclic ethers. 

Dicyclohexylcarbodiimide is used also as a cyclization agent by means of 
intermolecular dehydration. A few examples of this reaction will be given in 
Section V. C. 

2 Intramolecular dehydration 

Carbodiimides are widely used as condensing agents in peptide and nucleotide 
syntheses. This subject has been adequately reviewed5-8 and will not be discussed 
by us. 

Carboxylic acids are dehydrated by carbodiimides to  form the corresponding 
anhydrides among other products; the nature of the products depends on the 
reagents present and )he reaction conditions7' 3 7 2  v1 7 .  The dehydration of 
Dl -acetic acid to  a,a Dz-acetic anhydride was reported using dicyclohexyl- 
carbodiimide as a condensing agent' a. Monothio carboxylic acids are dehydrated 
by dicyclohexylcarbodiimide to  the symmetrical monothio anhydrides 
(equation 53)' 9 .  

2 RCOSH + C-CsH11 N=C=NCsHll-C - (RC0)2S f C-CsH11 NHCONHCsHl 1-c (53) 

Carboxylic acids react with various amines, alcohols, thiols and phenols in the 
presence of carbodiimide to  form the corresponding amide, ester or thio ester and 
urea5. Reaction of carboxylic acids with diazomethane in the presence of dicyclo- 
hexylcarbodiimide yields the corresponding diazo ketones in about 50% yield. The 
method is used when other methods fail, e.g. with benzyloxycarbonylamino 
acids' and 3-cyanopropionic acid' ' . 

Sulphinic acid derivatives react with alcohols and amines in the presence of 
dicyclohexylcarbodiimide to  give the corresponding sulphinates' or sulphin- 
amides' respectively and dicyclohexylurea. Sulphuric acid reacts with alcohols, 
thiols phenols and amines in presence of dicyclohexylcarbodiimide to  yield the 
corresponding sulphate esters (in the case of thiols, thiosulphate esters). These 
reactions take place in concentrated solutions (2 mol/l), while at lower concentra- 
tions (20 mmol/l) the onlv reaction which takes dace  is that between subhuric 
acid and alcohoisi z 4 .  

This observation is used for selective sulphatation of e.g. p estradiol (78); using 

OH 
I 

(78)  

lower concentration of reactants results in the formation of the monosulphate 
ester (sulphatation at the 17-hydroxy group), while working in concentrated 
solution yields the bissulphate ester. 

p-Phenyl-substituted (ary1hydroxycarbene)pentacarbonylchromium complexes 
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Cr(C0)5 .y OH (C015Cr. .y 
\ 

c6 H4 R-P 

(541 
\;. 

'c6 H 4 R -p 
F 0 - C  

44 2 (C015Cr-C 

P-RC6H4 

(791 (801 

( 7 9 )  yield by reaction with dicyclohexylcarbodiimide (44) the anhydride complex 
80 by intramolecular water elimination (equation 54)' 5 .  Somewhat different 
dehydration reactions take place with alkyl- or  aryl-hydroxycarbenepenta- 
carbonyltungsten complexes (81), involving intermolecular water elimination 
followed by substitution of the transcarbonyl ligand by the alkyl- or aryl-penta- 
carbonylmetallate to form 82 (equation 5 5)lZ6. 

(81 I (821 

Intramolecular dehydration leading to  the crosslinking of proteins is a reaction 
which takes place in water by water-soluble carbodiimides. This reaction was 
observed by Sheehan in 1957 when he used lethyl-3(-2-morpholinyl-4- 
ethy1)carbodiimide metho-p-toluenesulphonate (83) for the cross linkage of 
gelatin' 7 .  

(831 

Carbodiimides are used for the attachment of biomonomers and biopolymers to  
insoluble carriers. Examples are the attachment of uracil to polyvinyl alcohol' 2 8 ,  

and the attachment of nucleic acids to  cellulose'29. In both cases the products 
obtained are used as specific supports for affinity chromatography. Proteins have 
been coupled to insoluble supports or cell surfaces by carbodiimides' 30-1 3 2 .  

Dicyclohexylcarbodiimide is used for the dehydration of various inorganic 
phosphates to  yield oligo- and poly-phosphates. Orthophosphoric acid in presence 
of a tertiary amine yields mainly the cyclic trimetalphosphate anion with one of the 
nonbonding oxygen atoms substituted by the urea resulting from hydration of the 
carbodiimide 84. Dehydration in absence of the amine yields mainly the 1 ,5-pL-oxo- 

(~ - )P-O-P(O~l -O-P(O)  IN (Pr-ila I [urea] 
I I!--- 0- 

(84) 

tetrametaphosphate anion (8S)l 3. Methylene diphosphoric acid ( 8 6 )  is condensed 
and dehydrated to  the phosphonic analogue of phosphorus pentoxide 87l 3 4 .  The 

0 0  

HOPCH2POH 

0 0  

I1 I1 

II II 

(851 (861 
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bridged compound P4010 was obtained by dehydration of tetramethyl 
phosphate' 5 .  

B. Oxidation 

Dimethylsulphoxide-carbodiimide is a useful combination of two reagents 
acting as an oxidizing agent in acidic media. A detailed discussion of the use of this 
combination for the oxidation of alcohols as well as its application in the steroid, 
carbohydrate and alkaloid systems was given by Moffatg . Polymeric carbo- 
diimides136 have been used for the oxidation of the labile prostaglandin inter- 
mediate 88 t o  the aldehyde 89. The oxidation in dimethyl sulphoxide formed 89 in 
over 90% yield' '. 

B 
CHpOH d 

0 

(88) 

0 

(89) 

The combination dicyclohexylcarbodiimide-dimethyl sulphoxide reacts not 
only with alcohols but also with a variety of other functional groups. Reaction with 
oximes (3  equivalents of 44, 0.5 mol equivalents of trifluoracetic acid using a 1 : 1 
mixture dimethyl sulphoxide and benzene as solvent) yields a mixture of nitrone 
and oxime ether (e.g. fluorenone oxime yields 71% of the nitrone 90 and 5% of the 
isomeric oxime ether 9113. Syrz and anti  aldoximes yield the corresponding nitrile 

-03N-CH2SMe N-0-CH2SMe 
I \  I I  

and nitrone in different proportions. Thus syn-p-bromobenzaldoxime gives both 
p-bromobenzonitrile and a-p-bromophenyl-N-(thiomethoxymethy1)nitrone while 
the anti isomer gives the nitrile in 84% yield with only a small amount of the 
nitrone' 8 .  Phenols in presence of both a proton acceptor and a proton donor give 
a variety of products, all of them derived from the initially formed aryloxysul- 
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phonium cation' 3y,' Carboxylic acids yield the corresponding methylthio- 
methyl ester' , acylamides form the corresponding N-a~ylsu lphi l i rn ine~~ and 
sulphonamides yield the corresponding S,S-dimethyl-N-sulphonylsulphilimine 
(92)' * . Aromatic amines yield the  N-aryl-S,S-dimethylsulphilimines (93) which 
are formed either through a cyclic process or in two steps via proton loss from the 
corresponding sulphonium salt' . 

M e  
RSOzN=SMez ArN=S ' 

\ 
M e  

(92) (93) 

C. Synthesis of Heterocyclic Compounds 

A large number of heterocyclic compounds are formed by cycloaddition of 
carbodiimides (Section IV), or by reaction of carbodiimides with bifunctional 
compounds. In this section we shall discuss the synthesis of some representative 
heterocyclic systems by the latter method classified according t o  the ring size of the 
product. 

1. Fivemembered rings 

diimides with diphenylbutadiyne (97) in presence of iron ~ a r b o n y l ' ~ ~ .  
Various pyrroline derivatives (94-96) are obtained by the reaction of carbo- 

Ph C E C P h  

R 

(94) 

Ph 

I 
R 

(95) 

\\ / 
R N  Ph 

(96) 

P h C E C - C E C P h  

(97) 

Reaction of oxalyl chloride with carbodiimides yields the corresponding 
2,2-dichloroimi dazolidinedione (98) which could be hydrolysed to the trione or 
form a large number of imidazolidinedione derivatives via nucleophilic exchange 
with various hydroxy, thiolo or amino compounds' . A similar reaction occurs 
with disubstituted malonyl chloride derivatives to  give the corresponding six- 
membered ring 99l 4 5 .  
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a-Ethylpropargyl alcohol (100) reacts with diisopropylcarbodiimide in the 
presence of cuprous chloride to give the 2-imino-4-methyleneoxazolidine deriva- 
tive 10 1 (equation 56)'46. a-Phenylpropargyl alcohol gives the 2-imino-4-methyl- 

NPr-i 
II 

i-Pr - / - - o  
CH=CCHOH + i-PrN=C=NPr-i - 

H2C 
I 
Et 

(56) 

oxazoline derivative 102. Iminooxazolidine derivatives are obtained also by the 
reaction of ethylene glycol and carbodiimides, again in presence of cuprous chloride 

N P r - i  

i-Pr -N 

Me J==4 P h  

as catalyst (equation 57)' 4 7  8' 48. It is interesting to  note that truns-l,2-cyclo- 
hexanediol gives upon reaction with dicyclohexylcarbodiimide the desired oxazo- 

N R  

lidine derivative 103 while the cis isomer yields the imino ketal 104' 4 9 .  Methyl- 
glycolic acid reacts with diisopropylcarbodiimide to yield 2-isopropylimino-3- 
isopropy loxazolidine-4-one' 

Kurzer and his group have shown tha various nitrogen compou ds (ethoxy- 
carbonylhydrazide (105)' 3 I  5 2 ,  1,2-diaminophenylguanidine (106)' 53, thio- 
carbohydrazide ( I  07)' 5 4 ,  amidohydrazines (108)' 5 ,  carbohydrazides (109)' 
and substituted carbohydrazides and thiocarbohydrazides' 7 ,  react with carbo- 
diimides to form various triazole derivatives. The reaction proceeds via the forma- 
tion of the 1,l-or the 1,2-adduct followed by cyclization to  fo rm the five- 
membered ring. 
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NHZNHCOOEt R -C- N H N H 2 
I I  

(105) .NH 

(108) 

NHzNHCNHNHz NHzNHCNHNH, 
I I  It 
NPh 0 

(106) (109) 

NH2NHCNHNH2 

S 

(107) 

II 

2. Six-membered rings 

1,3-Propandiol reacts in a similar way to  ethylene glycol with dicyclohexylcar- 
bodiimide t o  form the corresponding oxazine 110’ Aromatic o-hydroxy acids 
such as salicylic acid and 1-hydroxy-2-naphthoic acid react with 2 moles of 
dicyclohexylcarbodiimide to form the corresponding benzoxazine 1 1  1 or  
naphthoxazine 1 1  2, respectively, and dicyclohexylurea’ 5 8 .  

TH1 l-c C-C~HI  1-N K’ l-c C-C6H11-N 0 
XH”” 

om 
(1121 

o% 
c-C6H1 -NUo 

(110) 

(1111 

The pyranoxazine 11 3 is obtained by the reaction of 6-chloro-4-hydroxy-2-oxo- 
pyran-3-carboxylic acid chloride (1 14) with one mole of di-p-tolylcarbodiimidel 9 .  

c‘%y (113) (114) 

rdc6 H4 CH3-p CI 

N -C6 H4 C H 3-p 

p ; : c l  
0 0  0 0  

While dibasic carboxylic acids react with carbodiimides to  form the corresponding 
anhydrides, malonic acid and monosubstituted malonic acid derivatives react with 
two moles of dicyclohexylcarbodiimide to give the corresponding barbiturates and 
dicyclohexylurea’ 6 0 .  Disubstituted malonic acid derivatives yield the correspond- 
ing oxazine 115 which can be rearranged to the barbiturate 116I6O. 

CGH1 1-c 
I 
\ /CO-N 

c=o \ R’, 

I I 

Rl /co--0 

‘ C  C=NCGH, 1-C R2/C 
R2’ \CO-N/ ‘CO-N’ 

C6H1 1-c C6H1 1-c 

(115) (116) 
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Triazines are obtained by the reaction of oxaziridines ( 1  17) with diphenyl- 
carbodiimide (equation 58)' ' . The only exceptions to  this reaction are the N-iso- 

Ph NPh 

I 1  
(117) Ph R 

propyl- and the N-t-butyl-aziridines: in the first case the reaction product is 
triphenylguanidine (1 18) while in the second case the oxazolidine 119 
is obtained' 6 1  . 

PhrPh 

N-CH 
I I  PhHN 

\ 
C=NPh PhN=< 1 

PhtlN' 0-N-Bu-t 

(1 18) (1 19) 

Dehydration of o-benzylsulphinylbenzoic acid ( 120) by carbodiimide gives 
2-phenylbenzoxathian4one (121) via a Pummerer-type rearrangement (equation 
59)' 6 2 .  The formation of 121 from 120 proceeds in high stereoselectivity: using 

CH2Ph 

1,2-dichloromethane as a solvent 121 is obtained in 91% yield with 30% stereo- 
selectivity. A similar reaction is observed with the isomeric compound a-phenyl- 
sulphinyl-o-toluic acid (122) which dehydrates t o  3-phenylthiophtalide (123) 
(equation 60)' 

Ph 
I 

SPh 
/ 

3. Seven-membered rings 

Aromatic carbodiimides react with phenylbromoacetylene a t  90- 1 OOo C in 
presence of iron carbonyl to give the corresponding benzodiazepinone derivatives 
124 in 20-40% yield'63. A route for the synthesis of 1,2-diazepinones is the 
internal dehydration of o-phenylacetic acid phenylhydrazones, thus t h e  ring-closure 
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of 2-acetyl-4,5-dimethoxyphenylacetic acid phenylhydrazone (125) by dicyclo- 
hexylcarbodiimide yields the corresponding benzodiazepin-4-one 126 (equation 
61)164. 

(61) 

CH2 - COOH 

c=NN HPh 

Me 

Me0 

Me I 

(125) (1261 

D. hliscellaneous Synthetic Applications 

Carbodiimides are used for various synthetic applications beside the  ones which 
have been previously discussed. 

Primary aliphatic amines are converted in 70-95% yield to the corresponding 
isothiocyanates by reacting them with carbon disulphide and carbodiimide 
(equation 62)' . 

Carboxylic acids having an adjacent tertiary nitrogen undergo decarboxylation 
and dehydration by the combined action of dicyclohexylcarbodiimide and 
p-toluenesulphonic acid. Thus the dimethyltetrahydro-(3-carboline carboxylic acid 
(127) yields the amine 128l 6 6 .  

Me 

(127) 

Me 

(128) 

An interesting reaction is the stereoselective deamiRation of phenylalanine and 
p-substituted phenylalanines t o  the cis-cinnamic acids by the decomposition of the 
corresponding a-diazo-P-phenylpropionic acids in the presence of BF3 and dicyclo- 
hexylcarbodiimide. cis-Cinnamic acid is obtained in 80% yield with less than 1% of 
the trans isomer. Similarly p-nitrocinnamic acid is obtained without any trans 
isomer while the p-methoxy acid is obtained with less than 2% of the trans 
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isomer' '. The mechanism of the reaction is not clear but presumably it proceeds 
via the formation of the 1,3-cycloaddition product (129) of the diazo compound 

c 
(129) 

and the carbodiimide. 129 has three possible conformers (a) A = B =  H, 
C = p-XCa4;  (b) A = C = H, B = P-XCJI~ ;  (c) B = C = H, A = p-XC&. Among 
these a must be the most preferred conformer, since it has the least steric repulsion 
between the aromatic and the cyclohexane rings, and its decomposition should 
yield the cis-cinnamic acid. 

Carbodiimides have been used for the modification of the carboxyl groups of 
proteins, either by esterification (usually with amino acid esters' *) or by con- 
verting them into amines via formation of the hydroxamate followed by a Lossen 
rearrangement' 2 .  These reactions proceed under very mild conditions, in water at 
pH-5 .  

Substituted phenylnaphthalene-2,3-dicarboxylic acid anhydrides are obtained 
upon the reaction of substituted phenylpropiolic acids with dicyclohexyl- 
carbodiimide (equation 63). Heterocyclic acetylenic acids form analogous products 
(equation 64)' 9 .  

0 

PhCECCOOH - (63) 

(64) - 
O C G C C O O H  0 

1 

Thiophenol reacts with dicyclohexylcarbodiimide to form the corresponding 
isothiourea which in turn will react at elevated temperatures with weakly acidic 
thiophenols (phenyl, tolyl etc.) to form the corresponding diaryl disulphide 
(Ar' SSAr2). Reaction of the isothiourea with strongly acidic thiopenols (e.g. 
p-nitrophenyl) will tesult in the formation of the diaryl sulphide (Ar' SAr2)' 7 0 .  

Dialkyl sulphides (R'SRZ) are obtained by the reaction of thiols with alkyliso- 
urea'". Aromatic hydrocarbons can be obtained in over 90% yield by the 
hydrogenation of arylisoureas over Pd/CaC03 or over Pd/C' 2 .  
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1. INTRODUCTION 

Methyleneketene (propadienone), H. C=C=C=O, is the second member of the 
series of heterocumulenes, H2C=(C),=0, of which ketene, H,C=C=O, is the first. 
The chemistry of methyleneketene and its substituted derivatives is still relatively 
undeveloped and few generalizations concerning this class of compounds can be 
made with assurance. However, surprising features have been encountered in the 
chemistry of these molecules and these may provide new insights into the behaviour 
of linear heterocumulene systems. 

The name methyleneketene has been used to emphasize the close relationship 
between this compound and ketene. The respective systematic names propadienone 
and ethenone are less descriptive of this relationship. It should be noted that many 
of the derivatives of methyleneketene have been indexed under ethenone (ketene) 
in Chemical Abstracts. 

The qualitative impressions obtained from valence-bond diagrams and the quan- 
titative information from molecular orbital calculation can provide guidance for the 
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interpretation of the behaviour of methyleneketene. The difference in the 
magnitude of approximately one Debye unit between the dipole moments’ of 
formaldehyde, p = 2.34 D, and ketene, p = 1.41 D, can be attributed to resonance 
contributions from oxonium hybrids, i.e. 

H$=O - H 2 6 - 6  
+ -  4. 

H2C=C=O - H2C=C-O c-t H 2 C - C 3 0  

A similar decrease is encountered when the dipole moments of propenal, 
p = 3.1 1 D, and methyleneketene, p = 2.14 D, are compared and the difference can 
be attributed to  the same cause. (The isomeric propynal has p = 2.39 D.) 

+ -  t 
H2C=CH-CH=O - H2C=CH-CH-O - H2C-C=C-O 

t -  + t 
H2C=C=C=O - H2C=C=C-O t-) H2C-CGC-0 C-C H2C=C-C=O 

From these considerations it appears that methyleneketene may be susceptible 
to attack by nucleophiles a t  either the 1- or  the 3-position. The compound might be 
expected therefore to  exhibit chemical reactions similar to those of ketenes, but 
additional reactivity due to  the electrophilicity of the 3-position might also be 
encountered. The polarizability of the extended x-system may further enhance its 
susceptibility to  attack, and there is some evidence from microwave measurements 
that the heterocumulene system is easily distorted from linearity. 

Radom2 has calculated the x-electron distributions perpendicular t o  the 
molecular plane for the various atoms in formaldehyde, ketene and methylene- 
ketene using ab initio molecular orbital theory, and these reflect the qualitative 
interpretation outlined above. 

H 0.915 1.085 H 1.293 0.963 1.744 H 0.930 0,981 0.830 1.259 

‘c=c=o ‘c= C---C= - 0 
/ / 

‘c=o 
H H 

/ 
H 

Methyleneketenes are acryloylating agents and reaction with water, methanol or  
aniline yields respectively acids, methyl esters and anilides of the corresponding 
acrylic acids. Attack on the  methyleneketene may proceed through a carbanion 
intermediate (equation 1). 

RzC=C=C=O + H2NPh - R2C=C-COAH2Ph - R2C=CH-CONHPh ( 1 )  

The few examples of cycloaddition reactions of methyleneketenes so far 
observed suggest that their behaviour is analogous to  that of ketenes. Aryl- 
substituted methyleneketenes dimerize in high yields to give bis(arylmethy1ene)- 
cyclobutan- 1,3-diones (equation 2 )  while the alkyl-substituted compounds give 
lower yields of dimers and methyleneketene itself appears t o  be converted into a 
polymer rather than into a dimer. 
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Interception of this dimerization process and isolation of other cycloaddition 
products has proved difficult but some examples are known and the classes of 
compounds that might be expected from simple consideration of charge inter- 
actions have been found. Thus, reaction of methyleneketenes with ketenes gives 
both the diketone and the enol lactone (equation 3). A single example3 of the 
parent methyleneketene undergoing a [ 2 + 41 cycloaddition is known (equation 4). 

Of a number of attempted additions of 1,3-dipolar compounds to methylene- 
ketenes, only one (addition of a cyclic nitrone to dimethylmethyleneketene) has 
yielded a direct addition product and, surprisingly, this took place on the 2,3- rather 
than the 1,2-double bond (equation 5). This is the sole evidence found so far that 
the 3-position of the methyleneketene system has electrophilic reactivity. 

x +z 
‘Y’ 

II. METHODS OF GENERATION 

A. By Photochemical Cleavage or Ring-opening 

Photochemical approaches to the generation of methyleneketenes have used 
either the cleavage of an a,P-unsaturated carbonyl compound (Type A) or the 
fragmentation (or rearrangement) of a suitable ketene (Type B). The groups X, 
which in the precursors A or B protect either the central or the terminal C=C bond 
of the desired methyleneketene, have been chosen to produce stable products of 
fission such as an aromatic hydrocarbon or carbon dioxide. 
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The generation of simple ketenes from derivatives of ethano-bridged naph- 
thalenes or  anthracenes requires a high temperature for the thermal fission, but  
proceeds very efficiently on irradiation4s5. On this basis Hart and his colleagues6 
studied the photolysis of a series of a-methylene ketones (1) chosen as Type A pre- 
cursors of methyleneketenes. Photolysis of the benzylidene derivative 1. R1 = H, 
R2 = Ph, in methanol gave E- and 2-cinnamates ( 1  : 1) in 37-42%yield together with 
an equivalent amount of anthracene photodimer. This is consistent with cleavage to 
form PhCH=C=C=O followed by addition of methanol to  the ketece function. A 
competing process of rearrangement via Norrish Type I cleavage, 180 rotation, and 
rebonding led to a mixture of stereoisomeric esters (3)  (58-63% yield) formed by 
addition of methanol to  the ketene (2). These reactions (equation 6 )  showed some 
dependence on wavelength, with rearrangement being favoured at 350 nm (n,x* 
excitation?) and cleavage becoming more prominent at 300 nm (x,ri*?). 

+ 

The simple methylene compound 1, R1 = R2 = H, failed to  undergo any signifi- 
cant amount of cleavage to  H2C=C=C=0. Thus methyl acrylate could not be 
detected, only a trace of anthracene dimer was formed, and the major product was 
the rearranged ester (3;  93.6%). The formation of rearranged esters was shown not 
to  involve cleavage to  methyleneketenes and recombination by observing the specific 
rearrangements of 1-methyl and 4-methyl derivatives of the system 1. 

Photolysis of the a,$-unsaturated azetidinone 4 in methanol appears to give 
dimethylmethyleneketene and an imine’, (equation 7) although the major product 
isolated was not the expected a,&unsaturated ester but the $,y-isomer 
H2C=CMeCH2C02Me which is considered to  be a product of secondary photo- 
isomerization. There is no clear evidence in this work for the formation of 
H2 C=C=C=O from the 3-methylene azetidinone. 

Y e  
MqC=C=C=O 

hi; 254 nm + 
Me-fi-Me 

Me 
(41 

MezC= N Me 

(71 



19. Methyleneketenes 76 1 

In contrast to the preceding reactions in which the formation of methylene- 
ketene is inferred from the isolation of unsaturated esters, the technique for 
cleavage of a Type B ketene developed by Chapman and coworkers8 permits the 
detection and spectroscopic characterization of the methyleneketene itself. The 
required ketene is generated by ring-contraction of an a-diazocarbonyl compound; 
thus photolysis of the diazolactone 5 in argon matrix at  8 K forms the ketene 6 
which on further irradiation loses carbon dioxide to form the parent compound 
Hz C=C=C=O, (equation 8) characterized by infrared spectroscopyg. This elegant 
method has the clear advantage over all competing approaches that the other 
fragments are unlikely to cause serious interference to  chemical and spectroscopic 
study of the product. 

Application of the same technique to the photolysis of 3-diazobenzofuranone 
(7)' led to  the formation of two primary photoproducts, the colourless ketene 8 
and the orange o-quinonoid methyleneketene 9 (equation 9). The two products 
were interconverted in a photochromic system in which irradiation at 254 nm 
favoured the orange methyleneketene whereas above 350 nm the colourless ketene 
predominated. Continued irradiation of the system at 254 nm led to  decarbony- 
lation of the ketene 8 to benzocyclopropenone and then to benzyne. Irradiation of 
2-diaze 1-indanone gave the colourless ketene 10 as the sole primary photoproduct 
and on further irradiation a photostationary state involving the purple-red methyl- 
eneketene 11 was established (equation 10)'. 

matrix \ \mo- \ 

B. By Pyrolysis of Derivatives of Acrylic and Propiolic Acids 

The first reference to the possible pyrolytic generation of H2 C=C=C=O 
appeared in a paper by A. L. Brown and P. D. Ritchie'O on the pyrolysis of 
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unsaturated and cyclic anhydrides. Acrylic anhydride (12) was pyrolysed at 
500" C/760 mm through a packed Pyrex tube with a relatively long residence time 
(24 sec) to  give acetylene, carbon monoxide, acrolein and acrylic acid. Brown and 
Ritchie proposed that Hz C=C=C=O, formed by elimination of acrylic acid, under- 
went rearrangement to  H(FCCH=O which then lost carbon monoxide to give 
acetylene. Subsequently the Monash group showed that Hz C=C=C=O is indeed 
formed on flash vacuum pyrolysis of acrylic anhydride at 510-560" C/0.02 mm 
(equation 1 1 ) and can be detected by infrared and microwave spectrometry' *1 2. 

No evidence for isomerization of H2C=C=C=O" or PhCH=C=C=0I3 to the 
corresponding propiolic aldehydes has been found under flash pyrolytic conditions, 
and the formation of acetylene by the pyrolysis of acrylic anhydride probably 
involves direct decarbonylation of methyleneketene (see Section 1V.C). 

An alternative approach to  methyleneketene involves intramolecular hydrogen 
transfer in an ester of propiolic acid, a process closely analogous to the pyrolysis of 
ally1 ethers such as 13 investigated by Cookson and Wallis14 (equation 12). 
Pyrolysis of diphenylmethyl propiolate (14) at 560" C/O.OS mm gives benzo- 
phenone and methyleneketene' (equation 13), but the reaction is not a clean 
source of methyleneketene because other modes of decomposition of the ester also 
occur. 

A somewhat related process has been proposed1s as the first step in the 
pyrolysis of phenyl propiolate (15) at 650" C/lU4 mm (equation 14), which leads 
to  2H-cyclohepta[b I furan-2-one (see Section 1V.D). 

(151 
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C. From Methylenemalonic Acid Derivatives 

1. B y  decomposition of mixed anhydrides 

Pyrolysis of mixed anhydrides of substituted malonic acids is a longestablished 
method for the formation of ketenes. In 1923, Staudinger and SchneiderI6 re- 
ported unsuccessful attempts to synthesize phenylmethyleneketene and dimethyl- 
methyleneketene by pyrolysis of the mixed anhydrides of diphenylacetic acid and 
phenylmethylene and dimethylmethylenemalonic acids, PhCH=C(C02 COCHPhz )2 

and MezC=C(COzCOCHPh& respectively. Also, pyrolysis of the supposed cyclic 
anhydride formed when the silver salt of phenylmethylenemalonic acid was reacted 
with oxalyl chloride failed to  yield the phenylmethyleneketene. 

What appears to be the first clear evidence for the formation of diphenylmethyl- 
eneketene was obtained by Taylor" who prepared the mixed anhydride 16 of 
diphenylmethylenemalonic acid by reacting it with ketene. The anhydride, on 
treatment with potassium carbonate in ethyl acetate, yielded 2,4-bis( diphenyl- 
methylene)cyclobutan-1,3-dione (1 7) in 42% yield (equation 15). Diphenylmethyl- 
eneketene was postulated as an intermediate in this reaction. The cyclobutane- 
dione 17 has also been obtained in 56% yield by heating a melt of the anhydride 16 
at 1 40° C/O.OSmm for 20 minutes' 8 .  

R 

0 

(16) (17) 

It has been found that when (2-methylpheny1)methyleneketene is generated, it 
undergoes an intramolecular rearrangement with the formation of 2-naphthol in 
high yield (see Section 1V.D). When (2-methylphenyl)methylenemalonic acid was 
treated with ketene, it was converted into the mixed anhydride 18. Flash vacuum 
pyrolysis of this anhydride' * at 470° C/O.1 mm afforded a mixture of 2-naphthol 
(26%) and (E)-3-(2'-methylphenyl)propenoic acid (19) (20%) (equation 16). I t  

/ 
\ 

119) 

appears that a major pathway in these transformations involves the (2-methyl- 
pheny1)methyleneketene leading to  the formation of 2-naphthol but alternative 
routes, possibly involving loss of ketene from the anhydride followed by decarb- 
oxylation of the malonic acid, lead directly to the cinnamjc acid 19. Flash vacuum 
pyrolysis of (2-m~thylphenyl)methylenemalonic acid (470 Cl0.05 mm) was shown 
to yield (E)-3-(2 -methylphenyl)propenoic acid (19) which was in turn recovered 
unchanged when pyrolysed under the same conditions. 
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2. By pyrolysis of 5-meth ylene-2,2-dimethyl- 1,3-dioxan-4,6-diones 
Condensation of aldehydes or ketones with 2,2-dimethyl-l,3-dioxan4,6-dione 

(Meldrum's acid) (20 )  followed by flash vacuum pyrolysis (f.v.p.) of the products a t  
430-500° C provides the simplest and most productive method for obtaining 
substituted methyleneketenes' (equation 17). The product from such a reaction 
can be collected and retained as the methyleneketene by condensing the pyrolysate 
directly onto a surface cooled with liquid nitrogen. Warming the product to  room 
temperature generally induces a series of colour changes and a substituted 2,4-di- 
methylenecyclobutan-1,3-dione is most frequently obtained as t,h" end-product of 
the reaction. When higher temperatures of pyrolysis (e.g. 550 C) are used, the 
methyleneketene may be decarbonylated to yield the corresponding acetylene. 

Roger F. C .  Brown and Frank w. Eastwood 

0 

R2C=O + H2P0)( - R2c?)( 0 

0 FO 0 

f.v.p. 430-500°C I (17) 

(20)  

0 

I I  
0 

R C G C R  - R2C=C: 

Benzylidene- and 4'-methyl-, 4'-methoxy-, and 4'-chlorobenzylidene-2,2- 
dimethyl-l,3-dioxan4,6-diones on pyrolysis a t  430" C gave the 2,4-bis(arylmethyl- 
ene) cyclobutan-l,3-diones in yield of 54, 27, 10 and 24% respectively. In each case 
it was possible to  demonstrate the presence of the free arylmethyleneketene at the 
temperature of liquid nitrogen by means of the characteristic infrared absorption at 
aroupd 2 100 cm - I .  

4 -Cyan0 benzylidene-2,2-dimethyl-l,3-dioxan-4,6-dione when pyrolysed at a 
relatively low temperature (430' ClO.0 1 mm) decarbonylated to  give 4-cyano- 
phenylacetylene rather than the methyleneketene, whfle a t  lower temperatures it 
ftiled to decompose' 9 .  Two compounds, namely 2 -methoxybenzylidene- and 
2 -phenyl benzylidene-2,2-dime thyl-2,2-dimethyl-l,3-dioxan-4,6-dione, also de- 
carbonylated readily but in these cases the failure to obtain the methyleneketene 
can be attributed to  steric crowding by the ortho substituent (see Section 1V.C). 

The diphenylmoethylene derivative of Meldrum's acid was volatilized only with 
difficulty at 170 C/0.02 mm but on pyrolysis a t  430' C/0.02 mm it gave the 
brick-red compound 2,4-bis(diphenylmethylene)cyclobutane-l,3-dione in 93% 
yield' 9 .  

Condensation of acetone or of cycloalkanones with Meldrum's acid proceeds 
satisfactorily and the products are suitably volatile. S-(Dimethylmethylene)2,2- 
dimethyl-l,3-dioxan-4,6-dione (21), on flash vacuum pyrolysis a t  430" Cl0.03 mm, 
gave a pyrolysate with an infrared absorption maximum at  2100 cm-' which 
when warmed to  room temperature yielded, after vacuum sublimation, the dimer 
2,4-bis(isopropylidene)cyclobutan-1,3-dione in 4 1 % yield (equation 18). 5-Cyclo- 
alkylidene-2,2-dimethyl-l,3-dioxan-4,6-diones have not similarly been converted 
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into the analogous derivatives but ohave been found to  decarbonylate readily at 
temperatures in the range 480-640 C to yield products that are explicable on  the 
basis of the formation of an intermediate methylenecarbeneZ0 followed by a 
variety of insertions and rearrangements (see Section 1V.C). 

Me&x __L M e  / \c=c=c=o +Me \ (18) 

Me Me / 
Me M e  

/ 

0 0 

(21 1 

5-r-Butylmethylene-2,2-dimethyl-l,3-dioxan-4,6-dione (22) can be prepared 
satisfactorily by condensation of, 2,2-dimethylpropanal with Meldrum’s acid. 
Pyrolysis of the product at 430 ClO.05 mm gave the corresponding r-butyl- 
methyleneketene which had infrared absorption at 21 13  cm-’ . When warmed to  
room temperature this pyrolysate gave a complex mixture of products from which 
trace amounts of the dimer 2,4-bis(r-butylmethylene)cyclobutan-l,3-dione could be 
isolated with difficulty (equation 19). However, the presence of the methylene- 
ketene was confirmed by reacting the pyrolysate with aniline vapour and isolating 
the anilide of 4,4-dimethylpent-2-enoic acid’ 9. 

.‘u\c*)( - t - B U  \c=c=c=o / - t-Bu\c+(;”-t (19) 

0 
H/ H’ H 

0 

(22) 

With both 5-ethylidene- (23, R=H) and 5-isobutylidene-2,2-dimethyl-1,3-dioxan- 
4,ddione (23, R=Me) no dimeric products could be isolated on warming the 
pyrolysate to room temperature, and reaction of the pyrolysate with aniline vapour 
gave respectively but-3-enanilide and 4-methylpent-3-enanilide’ 9 ,  suggesting that 
the intermediate acylating species was the vinylketene (equation 20) rather than the 
alkylideneketene. 

(23) 

Condensation of Meldrum’s acid with trimethyl orthoformate yields methoxy- 
methylene-2,2-dimethyl-l,3-dioxan-4,6-dione which on flash vacuum pyrolysis and 
introduction of aniline vapour into the pyrolysate gives 3-methoxyprop-2enanilide 
in 18% yield (equation 21). The formation of this product suggests that methoxy- 
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methyleneketene is an intermediate2 . This is the only methyleneketene carrying a 
heteroatom substituent that  has been reported. 

Arylmethylene and alkylidene derivatives of Meldrum's acid can be prepared by 
direct condensation of aldehydes and ketones with Meldrum's acid as described 
above. The unsubstituted methylene compound is not available by this process and 
has to be obtained with the double bond protected by a thermally labile group. 
Preparation of 2,2,5-trimethyl-5-phenylseleno-l,3-dioxan4,6-dione (24) from the 
anion of methyl Meldrum's acid and phenylselenenyl bromide gave a compound 
with a potential doub!e bond. Treatment with m-chloroperbenzoic acid yielded the 
powerfully electrophilic methylene derivative which was trapped in situ with cyclo- 
pentadiene (equation 22). The resultant 5,5-disubstituted Meldrum's acid (25) 
provided a stable precursor for pyrolytic generation of the methylene derivative3. 

Roger F. C. Brown and Frank W. Eastwood 

(22) 
(241 (251 

f.V.P. 

+ CH3COCHj + C 0 2  + HzC=C=C=O 

I 
clash vacuum pyrolysis of the adduct 25 gave methyleneketene from about 

470 C (equation 22).  The concentration of methylenEketene in the pyrolysate rose 
to a maximum at a pyrolysis teTperature around 600 C, dropping to  about a third 
of this maximum value at  750 C. The relative abundance of methyleneketene in 
the (cool) gas stream was measured directly by the signal intensity in the microwave 
spectrometer. The same technique was used to estimate the stability of the 
compound when the signal intensity of a microwave transition was monitored with 
time' in a static system; the half-life was found to increase from 8 to 16 sec as the 
pressure decreased from 0.1 to  0.02 mm 

D. Miscellaneous Reactions involving Methyleneketene Intermediates 

Rosebeek22 showed that on heating Me2 C(OH)C=COEt in benzene or 
Ph2 C(0H)CrCOEt in carbon tetrachloride, ethylene was evolved and 2,4-bis(iso- 
propy1idene)cyclobutan- 1,3-dione (6% yield) or 2,4-bis( diphenylmethy1ene)cyclo- 
butan- 1,3-dione (59% yield) were obtained (equation 23). The initial reaction was 
considered to  yield the ketene which dimerized and eliminated water to  give the 
cyclobutandione product. 

0 

Two possible intermediates were suggested based on [ 2  + 21 addition of the 
ketene intermediates to  the initial ethoxyacetylene to yield 26 or dimerization of 
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the ketene to yield 27. While these suggestions are feasible, the methyleneketenes 
Me2C=C=C=0 and PhzC=C=C=O are known to  dimerize to  give the products 
isolated and they cannot be discounted as possible reaction intermediates. 

A less ambiguous situation arises in the reaction of triphenylphosphoranylidene- 
ketene, PhQ=C=C=O, with aldehydes and active ketones to  yield ylide-substituted 
cyclobutan-1 ,3-dionesu. The reaction was presumed to take place through methyl- 
eneketene intermediates formed by addition of the starting ylide to  the carbonyl 
compound followed by loss of triphenylphosphine oxide (equation 24a). A [2  + 21 
addition of the starting ylide to  the methyleneketene results in the stable products 
isolated (equation 24b). 

Dehydrohalogenation of acid chlorides with tertiary amines is a well-established 
method for the synthesis of ketenes but application of this reaction to acryloyl 
chloride derivatives does not necessarily give rise to methyleneketenes. PayneZ4 
showed that Me2 C=CHCOCl was converted into an acyl quaternary ammonium salt 
(28 )  when dry trimethylamine gas was bubbled into the acid chloride in hexane. 
Stirring the product in acetone containing a catalytic amount of sodium iodide 
yielded the unstable p-lactone (29) in 62% yield (equation 25). 

M e  M e  

CH3C=CHC&Me3 C i  - HzC=C-CH 
I 

II 
0 

(25) 

MeAMe 

Two different products from elimination of trimethylammonium chloride from 
the quaternary salt 28 are possible, namely, dimethylmethyleneketene, 
Me2 C=C=C=O, from 1,2-elimination. and isopropenylketene, H? C=C(Me) 
CH=C=O, from 1,Celimination. The available evidence points to  the latter as the 
probable intermediate in the dimerization process since reaction of H2 C=C(Me) 
CH2COCl under the same conditions gave the lactone 29 in 20% yield (equation 
26). Also, addition of ethyl vinyl ether to  the reaction mixture starting from the 
quaternary salt 28 gave a mixture of 3-ethoxy-2-isopropenylcyclobutanone (30) 
and 3-ethoxy-2-isopropylidenecyclobutane (3 l ) ,  the former isomerizing to  the 
latter a t  room temperature (equation 27). 
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Me 
I 

HZC=CCH2CiMe3 C? - 
I1 
0 

The intermediacy of the ketene H2 C=C(Me)CH=C=O in these reactions appears 
reasonable since in all cases investigated so far, Me2C=C=C=O dimerizes to  give 
2,4-bis (isopropy1idene)cyclobutan- 1,3-dione. Dimerization of H2C=C(Me)CH=C=0 
to the p-lactone 29 requires the shift of a double bond into conjugation with the 
ester carbonyl, and this process is not without precedent. 

This same type of reaction was investigated by Rey and collaborators2 using tri- 
ethylaniine as the base and chloroform as the solvent. Reaction of Me2 C=CHCOCl 
under these conditions gave the klactone 29 as only a minor product (8% yield), 
the principal ones being 2-pyrones. It was also found that addition of'cyclopenta- 
diene to the reaction mixture resulted in the isolation of 7-isopropylidene- 
bicyclo[3.2.01 hept-2-en-6-one (32) in 30% yield (equation 28). This product is the 
adduct expected from [ 2 + 21 addition of cyclopentadiene to  Me2 C=C=C=O; 
however, in systems where H2 C=C=C=O or Me2 C=C=C=O have been generated in 
the gas phase and condensed together with a diene, no such adducts have been 
found (see Section IV.B)26. I t  is possible therefore that the [2 + 21 addition 
actually takes place on isopropenylketene and that the isopropenyl double bond 
moves into conjugation with the carbonyl group after the addition has taken place. 

M e  
I 

M e  
I 

H 2 C=C- C H=C=O 
II 
0 

(28) 

Under the same conditions H2 C=C(Ph)CH2 COCl yielded two pyrones, a resorci- 
no1 derivative and only 1% of the cyclobutandione 332 5 .  Methylphenylmethylene- 
ketene, MePhC=C=C=O, would be expected to  dimerize directly to yield this 
product, but on the basis of the elimination reaction described above, the initial 
reaction can as easily yield the ketene H 2  C=C(Ph)CH=C=O, which on dimerization 
might yield an intermediate which could isomerize to  the conjugated product 
(equation 29). 
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(33) 

Vishwakarma and Walia' showed that reaction of 2-phenylprop-2-ynal with 
methanol in the presence of potassium cyanide gave a 90% yield of a 1 : 1 mixture of 
methyl (E)-3-phenylprop2-enoate and methyl (Z)-3-phenylprop-2-enoate. Simi- 
larly, prop-2-ynal yielded methyl prop-2-enoate in 85% yield. The postulated 
mechanism (equation 30) involves formation of a cyanhydrin, transfer of hydrogen 
from the 1- to the 3- position and loss of hydrogen cyanide to  yield phenylmethy- 
leneketene or methyleneketene respectively in the two cases studied. 

H 
CN- I 

I 
RCGC-CHO - RCEC-C-0- - ~ c ~ c - i j - 0 ~  

I 
CN CN 

I 
H' 

/ 
H 

P H  

H 
R\  / 

/c=C 

c 4 M e  
\ 

H 

R, /C02Me 

\ 
H H 

+ /c=C 

A more detailed study of the mechanism of the hydrogen transfer was made. 
2-Phenylprop2-ynal was reacted with methanol-d in the presence of potassium 
cyanide. The resulting methyl esters were separated into the E and Z isomers by gas 
chromatography and these were examined by p.m.r. spectroscopy. Each isomer 
consisted of 90% of the (2,3-d2) and 10% of the (2-d) species so that no  more than 
10% of the product resulted from intramolecular transfer of hydrogen from the 1- 
to the 3-position. Prop-Zynal in methanol-d and potassium cyanide gave only 
methyl prop-2-enoate(2,3,3-d3). The initial exchange of the methyne proton of 
prop2-ynal is known to be facile and all subsequent proton transfers were thus 
shown to be intermolecular. 

The above findings are in agreement with the proposed mechanism but, while 
the mechanism may be plausible for the more stable phenylmethyleneketene, the 
known properties of methyleneketene would seem to preclude its formation under 
the reaction conditions described and an alternative mechanism involving addition 
of methanol to the hydroxyallene or acyl cyanide intermediate should be con- 
sidered (equation 31). 

Earlier, Yanovskaya and coworkers2" had obtained 2-cyanopropyl, E- and Z-3- 
phenylprop-2enoate from the reaction of phenylprop-2-ynal with acetone cyan- 
hydrin in the presence of triethylamine and this result was interpreted by 
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Vishwakarma and Walia2 i2 as also involving the intermediacy of phenylmethyl- 
eneke t ene. 

examined the 
reaction of the aldehyde PhCH=CBrCHO with methanol in the presence of potas- 
sium cyanide. The products isolated were the E and 2 isomers of PhCH=CHC02 Me 
together with some of the ester PhCH(OMe)CH2C02Me. The authors proposed a 
mechanism involving the elimination of the elements of HBr from th: cyanhydrin 
of the aldehyde leading to the series of intermediates postulated in the previous 
reactions. 

as an 
intermediate in the reaction of methylmagnesium iodide with methyl propiolate, 
but the products obtained from the reaction were later shown by B e ~ k e r ~ ~  to be 
explicable on the basis of the addition of the Grignard reagent to the ester to  yield 
a vinylmagnesium compound (equation 32). 

Based on these mechanistic proposals, Vishwakarma and Walia3 

Methylmethyleneketene, MeCH=C=C=O, was proposed by Rhinesmith3 

MeMgl 
H C 3 C C O W c  - MeCH=C-COMe 

i :I 
Mg..O 

II 
0 

(32) 

111. GENERAL PROPERTIES 

Methyleneketene, H2C=C=C=0, has a lifetime of only a few seconds when kept 
as a gas under vacuum at room temperature' a ,  but it can be collected on a sodium 
chloride plate at  the temperature of liquid nitrogen and examined by infrared 
spectroscopy. The spectrum showed a strong, sharp non-symmetrical absorption 
band at  21 10  cm-' and this absorption persisted for some time3. A general 
impression has been gained that substituted methyleneketenes are more stable than 
the parent compound. In experiments involving the addition of vaporized nucleo- 
philes to the pyrolysate stream, methyleneketene could only be trapped using the 
shortest possible path between the region of generation and the point of addition of 
the reagent3, while the substituted methyleneketenes underwent the same reactions 
with less stringent requirements. 

Several of the substituted methyleneketenes have been collected at the temper- 
ature of liquid nitrogen and examined by infrared absorption spectroscopy' 9 .  All 
exhibit strong absorption around 2100 cm-' . The frequencies of infrared absorp- 
tion of the methyleneketenes R1 R2C=C=C=0 are: R1 = R2 = H, 21 10; R' = H, 
RZ = Ph, 2090; R '  = H, RZ = 4-MeC6H4, 2082; R' = H, R2 = 4-MeOC6H4, 2081 ; 
R' = H, R2 = 4-ClCgH4, 2094; R' = R2 = Ph, 2080; R' = H, RZ = t-Bu, 21 13; 
R1 = R2 =Me, 2100 cm- ' .  

The dipole moment of the unsubstituted H2 C=C=C=O has been determined by 
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microwave spectroscopy12 to  be 2.14D (7.07 x Cm). However, the shape of 
the molecule has not been determined with precision because of phenomena 
associated with centrifugal distortion. The available data can be interpreted as 
requiring a low-frequency bending mode of high amplitude in the molecular 
vibration but this is by no means the only interpretation possible. 

IV. REACTIONS 

A. Reactions with Nucleophiles 

Methyleneketenes tend to  behave as typical ketenes in their reactions with 
nucleophiles, HNuc, such as methanol and andine, but the a,@-unsaturated primary 
products may undergo secondary changes under the conditions used for their 
generation (equation 33). In spite of this, such reactions have been used as evidence 
for  the generation of methyleneketenes even when none of the primary product 
has been isolated. 

R2C=C=C=O + HNuc R2C=CHCONuc - secondary products (33) 

Monosubstituted methyleneketenes generated in solution appear to react with 
methanol t o  give approximately equal amounts of the 2 and E isomers of the 
apunsaturated esters. Thus PhCH=C=C=O generated photochemically from an 
anthracene adduct6 or by treatment of PhCrCCHO with methanolic KCNZ7 adds 
methanol to give both isomers of methyl cinnamate. However, pyrolytic generation 
of PhCH=C=C=O from the Sbenzylidene derivative of Meldrum's acid and addition 
of hot methanol vapour to the hot pyrolysate stream gave only the thermodynamic- 
ally more stable methyl E-cinnamate, and t-BuCH=C=C=O reacted with aniline 
under similar conditions to give E-~-BUCH=CHCONHP~'~. This stereochemical dif- 
ference is probably due t o  secondary 2-E isomerization in the pyrolytic system. 

In some cases alkyl-substituted methyleneketenes react with nucleophiles to  give 
p,y-unsaturated products, and there may be some uncertainty as to the species in 
which migration of the double bond has occurred. Generation of Me2C=C=C=0 in 
methanol by photolysis of an N-methyl azetidinone derivative at  254 nm gives 
H2C=CMeCHz COz Me and a little Hz C=CMeCHz CONHMe rather than the expec- 
ted a,@-unsaturated derivatives. Mazzocchi and coworkers have proposed7 that 
these are formed by secondary photoenolization and deconjugation of the a,@- 
unsaturated products rather than by isomerization of the methyleneketene t o  a 
vinylketene H2 C=CMeCH=C=O. In pyrolytic experiments attempted generation of 
MeCH=C=C=O and Mez CHCH=C=C=O from Meldrum's acid derivatives failed to  
give the expected methyleneketene dimers, and mixing of the pyrolysate streams 
with aniline vapour gave the P,y-unsaturated anilides H2 C=CHCH2 CONHPh and 
Me2 C=CHCHz CONHPh' 9 .  In these cases thermal or  base-catalysed isomerization 
of the methyleneketene to a vinylketene may have occurred, but the evidence is 
ambiguous. By contrast Me, C=C=C=O generated pyrolytically readily formed the 
orange dimer19 (see Section IV. B) and reacted with aniline vapour to give 
Mez C=CHCONHPh3 3. 

6. Dimerization and Cycloaddition Reactions 

The great ease of dimerization of many substituted methyleneketenes is a 
striking feature of their chemistry, and the formation of orange or red dimers (34) 
is a useful indicator of  success in the generation of methyleneketenes either in 
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solutign or by pyrolysis. Dimerization is inhibited in the monomers deposited at 
-1 96 C or lower, so that spectroscopic study of the monomers is possible, but the 
colour of the dimer appears immediately on warm-up. Dimerization under these 
conditions is faster than diffusion and reaction with a layer of a reactive nucleo- 
phile (methanol or aniline) deposited on top of the methyleneketene layer. 

Dimers (34; equation 34) have been obtained with the following substitution 
patterns: R1 = R2 =Ph1 7 . 1 9 . 2 2 .  R l  = H R2 = p-XC6H4, with X = H, Me, Me0 

dimeric benzylidene compound has been found by X-ray ~ r y s t a l l o g r a p h y ~ ~  to be 
the E-stereoisomer (32), R' = H, R2 = Ph. N o  dimers were obtained on  attempted 
pyrolytic generation of  CH3 CH=C=C=O or  MeCHz CH=C=C=O' y ,  and isomer- 
ization to  the corresponding vinylketenes may have occurred in these cases (see 
Section 1V.A). 

and C1'9; R' = Me, R2 = Ph2;; Rl = R 2  = Me1 9 9 2 2 .  R' = H R2 = t-Bul9 The 

(35) 

The properties of the dimers deserve mention. The orange tetramethyl com- 
pound (34), R1 = R2 = M e, and the dark-red tetraphenyl compound (34) 
R1 = RZ = Ph, show infrared carbonyl absorption a t  rather low frequencies, 1680- 
1690 cm-I and 1692-1694 cm-I respectively in paraffin mulls or in KBr' 7 9 1 9 9 2 z .  

These compounds are thermally rather stable and cannot roeadily be dissociated to  
give the monomers on flash vacuum pyrolysis a t  400-500 C. The dirners tend to  
behave as x acids with strong bases; the tetraphenyl compound dissolves in sodium 
methoxide solution t o  give the colourless 35, and the red dimer is regenerated 
quantitatively on acidification' 7 .  

Pyrolytic generation of Hz C=C="C=O from the cyclopentadiene adduct 2S00f 
the methylene compound 37 at 540 C and collection of the products a t  -196 C 
leads after warm-up t o  a colourless polymeric deposit insoluble in most organic 
solvents but soluble in aqueous sodium hydroxide' Formation of the cyclo- 
butanedione 36 has not been observed, but this species might itself be expected to 
polymerize rapidly (cf. the ready polymerization of 373 ). Generation of Hz C=C= 
C=O at a lower temperature, 495" C, a t  which decomposition of the precursor 37 is 
not complete in one pass, leads t o  the 12 + 41 cycloadduct 3g3 (equation 35). This 
reaction appears to  occur in the gas phase; a deposit containing 38 tended to con- 
dense close to  the exit of the pyrolysis tube. The structure 38 is based on 
methanolysis and methylation of the deposit t o  give Hz C=C(COz Me)CHz CH(C02 
Meh .  

There have been no reports of successful [ 2 + 21 cycloaddition reactions of 
methyleneketenes with alkenes, whether electron-rich or electron-poor26, or with 
1,3-dienes such as ~yc lopen tad iene~ .  In many cases it appears that such reactions 
cannot compete with dimerization of the methyleneketene. Cycloadducts between 
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dimethylmethyleneketene and simple ketenes have however been obtained by 
copyrolysis of two derivatives of Meldrum's acid3 5 .  With ketene itself the products 
were the Plactone (39a; 27%) and the 1,3-diketone (40a; 8%), and dimethylketene 
behaved similarly in giving the major adduct (39b) and the minor adduct (40b) in 
the ratio 2 : l  (equation 36). Ln terms of the discussion of the dimerization of 
ketenes by Woodward and H ~ f f m a n n ~ ~  the methyleneketene in these reactions 
behaves as the highly electrophilic n2a component and the simple ketene as the n2s 
component. The steric interference which disfavours P-lactone formation in the 
dimerization of alkylketenes3 ' is less serious when one component is a methylene- 
ketene, and so attack on the carbonyl group of the ketene is favoured, just as in the 
dimerization of ketene itself. 

(39) (40) 

(al R = H (a) R = H 

(b) R = M e  (b) R =Me 

Cycloaddition of Mez C=C=C=O to a cyclic nitrone, 5,s-dimethyl pyrroline 
1-oxide (41), has also been achieved35 (equation 37). Introduction of the vapour of 
the nitrone into a stream of pyrolysate containing dimethylmethyleneketene in 
excess gave a 1,2-adduct, the blactone 43. The first step in this reaction is 
considered to  be addition of the nitrone to the terminal C=C bond of the methyl- 
eneketene, leading t o  the bicyclic ketene 42, which can react with more methylene- 
ketene to  give the P-lactone, in accord with the behavour of simple ketenes. The 
structure 43 has been confirmed and the stereochemistry established by X-ray 
crystallography3 The bicyclic ketene 42 appears to  react rather slowly with 
further nitrone, and addition of methanol to  a pyrolysate containing excess of 
nitrone gave in low yield the stereoisomeric bicyclic esters 44. 

C. Decarbonylation 

Methyleneketenes formed by flash vacuum pyrolysis decarbonylate thermally, 
usually at temperatures somewhat higher than those employed for their generation, 
to  give methylenecarbenes (ethenylidenes, R2C=C:)13. However, the two temper- 
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ature ranges overlap, and in some cases only products of decarbonylation can be 
isolated from such experiments. Methylenecarbenes rearrange to  alkynes, R E C R ,  
and their intermediacy is inferred mainly from the isolation of alkynes. Inter- 
molecular trapping of a methylenecarbene derived from a methyleneketene has not  
been achieved, although products apparently formed by intramolecular reactions of 
methylenecarbenes have been isolated' i2 O .  

Radom' has discussed the thermochemistry of the decarbonylation of propadi- 
enone itself using data derived from ab initio calculations (STO-3G and 4-3 1G basis 
sets) combined with experimental heats of formation for related molecules. He 
predicts that the activation energy for the overall decarbonylation leading to 
acetylene and carbon monoxide should be more than 40 kcal mol-' , though this 
would be some what reduced if decarbonylation and rearrangement were concerted, 
rather than stepwise as shown in equation (3 8). The overall reaction is predicted to 
be exothermic by 2-5 kcal mol-I . 

H2C=C=C=0 - H2C=C: + CO - H C f C H  + CO (38) 

Optimum temperatures for the pyrolytic generation of H2 C=C=C=O from 
acrylic anhydride, diphenylmethyl propiolate or  the cyclopentadiene adduct of 
2,2-~imethyl-5-methylene-l,3-dioxan-4,6-dione (see Section I1 0.2) are close to 
550 C at  0.02 mm for each of the three precursors as shown by microwave 
spectrometry; the formation of increasing amounts of acetylene above 520" C can 
be detected by infrared and mass Spectrometry' a .  

The decarbonylation of alkyl-substituted methyleneketenes (e.g. the t-butyl and 
dimethyl compounds) formed at 430" C19 occurs at  600" C to  give the corres- 
ponding acetylenes, but the pyrolysates have not  been fully examined. The pyroly- 
sis of a series of cycloalkylidene derivatives (45; rn = 3-7) of Meldrum's acid has 
been studied in more detailz0. In this series the methyleneketenes appear t o  
decarbonylate with great ease, 2nd no dimers havz been obtained even on pyrolysis 
at temperatures as low as 400 C. At 480-640 C the products are mixtures of 
hydrocarbons formed by processes which include ring-expansion t o  give cycle- 
alkynes (e.g. 46 -+ 47; equation 39)  and an insertion-rearrangement process leading 
t o  1,3-cycloalkadienes (48 + 49; equation 40) or to  bicyclic alkenes. 

Aryl derivatives of methyleneketene decarbonylate smoothly in the gas phase a t  
550-600" C t o  give arylacetylenes ArC-CH by rearrangement of the intermediate 
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methylenecarbenes, and the pyrolysis of 5-arylmethylene derivatives of Meldrum's 
acid at these temperatures thus providing a convenient method for the preparation 
of arylacetylenes from aromatic aldehydes' - The method has given phenylacety- 
lenes bearing meta or para substituents (H, Me, MeO, C1, CN) in 64-98% yield, but 
cannot be used in the presence of an o-CHR, substituent (see Section 1V.D). 
Decarbonylation appears to be promoted by other ortho substituents, because both 
o-methoxy and o-phenyl benzylidene derivatives give the corresponding arylacetyl- 
enes even at 420° C. That free carbenes are indeed involved in such decarbony- 
lations is suggested by the behaviour of the o-phenylbenzylidene compound 59 
which gave, in addition to the arylacetylene, phenanthrene and 1 ,Zbenzazulene 
(51) (equation 41). The formation of the benzazulene is considered to  involve 
carbene addition to  an aromatic double bond followed by rearrangement leading to 
expansion of the phenyl ring. 

(50)  t 
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D. Intramolecular Rearrangements 

Methyleneketenes conjugated with a further C=C bondobearing a cis-alkyl group 
in 54 rearrange smoothly in the gas phase at  400-650 C to give intermediate 
hexatrienones (55) which cyclize to cyclohexadienones (56) or, where one R group 
in 56 is also hydrogen, to  phenols (equation 43). 

This rearrangement provides a synthetically useful route from a suitably substi- 
tuted carbonyl compound 52 to a phenol, by condensation with Meldrum's acid 
and flash vacuum pyrolysis of the condensation product 5338 (equation 42). Yields 
of phenols are frequently better than 90% and the pure products deposit in the exit 
tube of the pyrolysis apparatus. The further C=C bond usually forms part of an 
aromatic ring, as in the rearrangement of the o-tolylmethplenckctene 57 to 2-naph- 
tho1 (equation 44) 57 is obtained in almost 100% yield on flash vacuum pyrolysis 
of the condensation product 53 derived from o - t o l ~ a l d e h y d e ~ ~ .  Application of the 
same sequence to  o-isopropylbenzaldehyde gave the ( 1H)naphthalenone 58. The 
aromatic ring is not essential, however; pyrolysis of the condensation product 53 
derived from PhMeC=CH-CH=O gives 3-hydr~xybiphenyl~  The formation of 
3,5-dimethylphenol in 84% yield by pyrolysis of the dimethylcyclobutylidene com- 
pound 59 (equation 45) is clearly a closely related process*', but the mechanism of 
fission of the cyclobutane ring is uncertain. 

Me 

(45) 
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Baxter, Brown and M c M ~ l l e n ~ ~  have applied this synthetic method to  the 
heterocyclic aldehydes 60 (X  = 0, NH, NMe, or S) and obtained the phenolic 
benzoheterocycles 61  (R = H). The limit of the method in terms of molecular size is 
probably indicated by the double annelation of 2,s-dimethylfuran to the dibenzo- 
furan 62 in a seven-step sequence4'. The yield of the benzofuranol 61 X = 0; 
R =  Me) in the first pyrolytic step was 90%, but that in the second pyrolytic step 
leading t o  62 was only 28% because the pyrolytic precursor did not sublime 
smoothly. 

Me ; 0 HO dOMe 
&OH (62) (61 1 

Trahanovsky and his co1leaguesl5 have proposed that the formation of the 
bicyzlic lactones 65 (R = H or Me), by flash vacuum pyrolysis of aryl propiolates a t  
650 C (see Section ILB), involves the rearrangement of intermediate methylene- 
ketenes 63 and 64. The formation of the methyleneketene 63 by a (3 ,3]  rearrange- 
ment of the propiolate H C C C 0 2 A r  appears unexceptional, but the mechanism of 
the subsequent rearrangement of the proposed ring-opened species 64 is less clear. 
The dashed arrows about structure 64 merely indicate the 'overall bond changes" 
involved in the formation of the lactone 65 (equation 46). 

CH=O 

Me A$Me 
(601 

P ? 
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CHAPTER 20 

The preparation of allenes and 
cumulenes 

HENNING HOPF 
University of Wurzburg, Am Hubland, 0-8700 Wurzburg, Germany 

I. SCOPE OF THE REVIEW . 

11. THE PREPARATION OF ALLENES . 
A. Survey of General Methods . 

1 .  Allenes from olefins by elimination reactions . 
2. Allenes by Wittig and related reactions . 
3. Allenes by propargylic rearrangements . 
4. Allenes by 1,4-addition reactions to  enynes . 
5. Allenes from 1,l -dihalogenocyclopropanes - the Doering-Moore- 

Skatteb4l method (DMS method) 
6. Allenes by other reactions involving carbenoid intermediates . 
7. Allenes by cycloreversion and fragmentation reactions 
8. Allenes from other allenic systems 

1. Alkyl-substituted allenes . 
2. Allenes carrying unsaturated substituents 

B. Acyclic Allenes . 

a. Vinylallenes . 
b. Cyclopropylallenes . 
c. Ethinylallenes . 
d. Diallenes . 
e. Allylallenes . 

3. Aryl-substituted allenes . 
4. Allenic alcohols . 

a. a-Allenic alcohols 
b. pAllenic alcohols 
c. y-and Higher allenic alcohols . . 

5 .  Allenic aldehydes, ketones and their derivatives 
a. Aldehydes 
b. Ketones . 

6. Allenic carboxylic acids, esters and amides . 
7. Allenic nitriles 

C. Cyclic Allenes . 
1. Endocyclic allenes . 

a. Six-membered and smaller rings 
b. Seven-membered rings . 
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c. Eight-membered rings . 
d. Nine-membered rings , 

e. Ten-membered rings . 
f. Eleven- and higher-membered rings . 

a. Vinylidenecyclopropanes . 
b. Vinylidenecyclobutanes 
c. Vinylidenecyclopentanes . 
d. Vinylidenecyclohexanes 
e. Higher vinylidenecycloalkanes 

3. Bicyclic allenes of type (iii) 
D. Heterosubstituted Allenes . 

1. Group la and l la  substituted allenes . 
2. Group IIIa substituted allenes . 

2. Exocyclic allenes . 

a. Aluminium 
b. Boron . 

a. Silicon . 
b. Germanium, tin and lead 

a. Nitrogen . 
b. Phosphorus . 

a. Oxygen . 
b. Sulphur . 
c. Selenium and tellurium 

a. Fluorine . 
b. Chlorine . 
c. Bromine . 
d. Iodine . 

3. Group IVa substituted allenes . 

4. Group Va substituted allenes . 

5. Group VIa substituted allenes . 

6. Group VIIa substituted allenes . 

111. THE PREPARATION OF CUMULENES 
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1. SCOPE OF THE REVIEW 

Since the treatment of the chemistry of allenes and cumulenes appeared in this 
series in 1963l several review  article^^-^ and sections of  book^^-^ have summarized 
the preparative developments in this rapidly expanding field. Furthermore, both 
The Chemical Society's Annual Reports and Specialist Periodical Reports (since 
19739) regularly contain chapters on the title compounds, so that the need for an 
additional survey may not be obvious. 

However, most of these reviews are organized around specific reaction types 
whereas the following, for the first time, concentrates on various structural types. It 
is the author's opinion that it is not so much the development of new synthetic 
methods for the preparation of these compounds that has characterized the last 
decade (the literature covered here extends to the end of 1977, with occasional 
reference to  work published in 1978), but rather the application of more or  less 
established procedures to the deliberate preparation of certain types of allenic or 
cumulenic structures, e.g. cyclic or highly fluorinated ones. 

The review does not include a section on the synthesis of naturally occurring 
allenes and cumuleneslO-ll, although reference to  this unusual class of natural 
products will be made at times. 

Diastereomeric and enantiomeric allenes and cumulenes will be treated similarly, 
since this volume contains a separate chapter on this subject, and a recent review on 
the preparation of chiral allenes is available' * . Finally, heterocumulenic systems, 
although of considerable current preparative interest' ,I4, will be excluded alto- 
gether. 

Each major section opens with a brief summary of the standard methods used in 
the preparation of a!lenes and cumulenes. The main emphasis will szbseqcenl!y be 
on hydrocarbon systems and their functionalized derivatives. Allenes and cumu- 
lenes carrying hetero substituents will be organized according to the appearance of 
the respective substituent atoms in the Periodic Table. 

II. THE PREPARATION OF ALLENES 

A. Survey of General Methods 

A very useful and comprehensive compilation of methods is available, which is 
sometimes overlooked in the Western literature, summarizing all allenic compounds 
which have been prepared up to  the end of 1967l 5 .  The review includes detailed 
descriptions of experimental methods. 

1. Allenes from olefins by elimination reactions 

Since allenes are a special class of olefins it is not surprising to  find many of the 
preparative procedures used for the synthesis of alkenes in allene chemistry also. 
Thus the elimination of halogen atoms with metals, hydrogen halides with bases or 
water with the aid of acids or catalysts, from suitable olefinic precursors have been 
applied extensively for the synthesis of allenes. These procedures, which have been 
reviewed in detail' * 2 * 5 i 7 i 8 * 1  are valuable for the preparation of simple and stable 
allenes and halogenoallenes (cf. Section II.D.6) but have been replaced by more 
selective ones in the case of polyfunctional or polyunsaturated systems. In these 
latter instances, because of the frequently quite harsh reaction conditions, second- 
ary reactions may take place (isornerization, addition, polymerization) during 
elimination. 
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Elimination reactions are nevertheless receiving attention in modern allene 
chemistry. F o r  example, novel base systems have been developed to induce the  
process. Thus 2-halogeno- 1 -p-nitrophenylpropenes are transformed in good yields 
to the  corresponding allenes when treated with tetraethylammonium fluoride in 
acetonitrile or potassium fluoride in various solvents’ 6 .  Another nonconventional 
base is potassium diphenylmethide in liquid ammonia which has been used to 
obtain several aryl-substituted allenes’ ’. Novel leaving groups include triflate’ and 
triphenylsilyl’ ’. In earlier work i t  had already been shown that dihalogeno or 
halogeno olefins d o  not necessarily have t o  be used as substrates in elimination 
reactions (inter alia allenes from 2-chloro-2-alkenylphosphonic acids2 ’ , bromo 
ethers2’ , 2 2 ) .  In an unique and quite, general ‘double 1,2-elimination1 allenes have 
been obtained by treatment of a,a -dibrominated ethylene ketals with zinc in 
hexamethylphosphoric triamide or magnesium in t e t r a h y d r ~ f u r a n ~  9 2 4 .  

Surprisingly little is known about  the  detailed mechanisms (s tereochemis try, 
kinetics) of the classical allene-producing elimination reactions. Only in rare cases 
such as the  dehydrobromination of 4-brome4-octene under typical E2 conditions 
has it been shown that the cis isomer prefers elimination to  3,4-octadiene in more 
than 85% yield (avoiding a syn elimination process), whereas the Cram isomer yields 
4-octyne in quantitative yield”. Vinyl halide involving SNI/EI processes have 
only rarely been used for  the synthesis of allenes, since the energy needed t o  
produce the vinyl cation in the first step is t o o  great. However, when the precursors 
carry cation-stabilizing substituents, allene production may occasionally compete 
favourably with side-reactions. For example, 2-bromo-4-methyl-1,3-pentadiene on 
solvolysis in 80% aqueous acetone buffered with triethylamine leads to 4-ethoxy-4- 
methyl-l,2-pentadiene in 55% yieldZ6. 

2. Allenes by Wittig and related reactions 

Although once thought to be of restricted importance in allene chemistry2 7 ,  the  
Wittig reaction has become increasingly popular in recent years, and is, in fact, the  
method of choice for the synthesis of various functionalized allenic systems, 
including the allene carboxylic acids and esters treated in Section 1I.B.6. 

In its simplest form, either vinylidenephosphoranes (1) are reacted with ketones 
or methylenephosphoranes (2) with ketenes (equation 4 .  Both procedures, 

especially the second alternative, have been applied to  the synthesis of aryl-substi- 
tuted allenes (cf. Section II.B.3). Ketene itself undergoes a Wittig reaction when 
treated with ‘stable’ phosphonium ylids yielding the functionalized terminal allenes 
3 (equation 2)28 .  

Occasionally the  ketenes are produced in situ as in the reaction of alkylidene- 
phosphoranes with carbon dioxide2 9 .  This procedure also allows the preparation of 
ful ly  alkylated allenes (cf. Section II.C.3). 

Possibly a variant of the Wittig reaction is the treatment of ketones of the 
general structure R’ R2 CHCOCH, with dibromotriphenylphosphine in the presence 
of triethylamine. The  highest yields of terminal allenes R’ R2 C=C=CH2 (50--70%) 
are again realized when one of the substituents is an ester or keto group3’. 
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R '  R' 

R2' R2' 

\c=PPh3 + O=C=CH2 - \C=C=CH2 + Ph3PO 

R' R2 Yield 3(%) 
~~ ~ 

H CN 78 
H COMe 59 
H COOEt 64 
Me COMe 74 
Me COOEt 70 
Me COPh 80 

3. Allenes by propargylic rearrangements 

In a propargylic rearrangement an acetylene of the general formula 4 is reacted 
with a reagent Y and the allene 5 is produced (equation 3)2. Since the acetylefiic 

(4) (5) 

substrates are easily obtainable in most cases, the process is of great preparative 
value. The range of applicability of the process is broad since propargylic rearrange- 
ments are induced by numerous reagents and may take place by a plethora of 
mechanisms2 *3 . 

In the case where X = Y = H the isomerization constitutes a prototropic reac- 
tion, for X = Y = anion the process is said t o  be anionotropic, if X and Y are 
different groups the isomerization is known as a propargylic displacement reaction, 
and finally when the system 4 is incorporated into certain larger frameworks (see 
below) intramolecular rearrangements of the Cope- and Claisen-type may take 
place. 

The prototropic rearrangement of acetylenic hydrocarbons with numerous base 
systems has been extensively used in the early days of allene chemistry' v 2  * 5  i7 p 1  s. 
Although quite useful for the synthesis of, for  example, arylallenes (cf. Section 
II.B.3), alkyallenes, and especially polyunsaturated ones, are preferably prepared by 
other methods, since i t  is in practice difficult t o  stop the isomerization at  the 
(thermodynamically unfavourable) allene stage3 i3 3 .  The resulting mixture of 
isomers almost always requires special techniques like gas chromatography for 
separation, and for this reason the purity of the products isolated by distillation in 
some of the older literature should be viewed critically. On the other hand the 
process is very valuable for the synthesis of functionalized allenes, like allenic 
derivatives of nitrogen (cf. Section II.D.4), oxygen (Section II.D.5) and sulphur 
(II.D.S), to mention but g few. 

Aiiionotropic rearrangements have been observed preferentially with propargyl 
halides and esters (acetates, benzoates, tosylates). The acetate or  benzoate re- 
arrangement, the so-called Saucy-Marbet reaction34 is treated in detail in Section 
II.D.5. These isomerizations do  not  actually involve an intermolecular attack of  an 
anion on a propargylic substrate as might be expected from equation (3), and in the 
cases where a detailed mechanistic study has been carried out, no t  even internal ion 
pairs could be detected. 
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In the propargylic displacement reaction a propargylic substrate is attacked by a 
nucleophile (which may be charged or  not)  and an anionic leaving group is set free 
(equation 4). 

(4) 

Again, the actual mechanism for a specific substrate may be entirely different. In 
the past, propargyl halides and alcohols have been used most often as starting 
materials for attack by various nucleophilesZ . In more recent applications acetates 
and tosylates have been reacted with various organometallic reagents, especially 
organocopper compounds (cf. Section 1I.B. 1). 

Intramolecular rearrangements involving the change of propargylic to an allenic 
unit have received increased attention in the last few years. Many diynes, enynes 
and allenynes undergo Cope-type isomerization reactions as discussed in another 
chapter in this volume. These rearrangements are however, not  restricted t o  all-car- 
bon systems as shown by the preparatively very useful Claisen isomerization of 
propargyl vinyl ethers t o  allenic aldehydes (cf. Section II.B.5.a). Other [ 3,3]  
sigmatropic changes have also been reported, e.g. [ 2,3] rearrangements of acetyl- 
enic sulphoniumJ5 and ammonium yields3 6 .  

4. Allenes by 1.4-addition reactions to en ynes 

The 1,4-addition of a molecule X-Y t o  a conjugated enyne 6 provides a very 
useful method for the synthesis of functionalized allenes (equation 5). The reaction 
has been used successfully in the addition of polar reagents like hydrochloric3 and 
hydrobromic acid38 as well as of 

(5) 

Y 

Of particular preparative value is the addition of organolithium compounds to  
conjugated enynes. This process leads initially to allenyllithium derivatives 7 which 
may be intercepted by a large number of electrophiles E (equation 6 ) ,  among them 

R ’  R 2  

(6 )  
+ E  \ / 

R ’  R 2  

/ - /c=c=c \ 

/c=c=c ‘ C H ~ R ~  E \CH2R3 
R’-C=C-CR2=CH2 + R 3 L i  - 

Li (7) 

water4 9 4 2 ,  carbon dioxide43, various aldehydes and  ketone^^^-^^, e p o x i d e ~ ~ ~  9 4 6  

etc. Other additions involve a-chloro ethers47, arnines4’ and lithium dialkyl- 
amides4 ’. Furthermore, allene-producing radical additions t o  vinylacetylene have 
been reporteds0ls1 . Since the 1,4-addition t o  conjugated enynes has recently been 
summarized (with inclusion of literature up t o  19758) this brief selection may 
suffice to  illustrate the importance of the method. 

5. Allenes from 7, 7-dihalogenocyclopropanes - the Doering-Moore-SkattebZl 
method (DMS method) 

The addition of dichloro- or dibromo-carbene to  double bonds yields 1 ,I-dihalo- 
genocyclopropanes 8 which, by treatment with a variety of reagents (e.g., lithium 
alkyls) are converted into allenes (equation 7). 
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Hal Hal 

/ 
\C’ 

(7) 
\ /‘ / R L i  \c=c=c - /c-c \ / \ 

)C=C’ \ + :CHal2 

(81 

The reaction was originally discovered by Doering and coworkers5 ’, and later 
applied by many authors, notably by Moores3 and SkattebdlS4 who introduced 
the use of lithium alkyls. Since each of these names has been attached to  the 
reaction in the chemical literature, it is proposed to  name it  the Doering-Moore- 
Skattebdl synthesis (DMS synthesis) of allenes. 

Among all approaches the DMS method possesses the greatest general applic- 
ability. I t  has been used for the preparation of a very large number of acyclic, 
mono-, bi- and poly-cyclic structures, functionalized or  not, and has also proven to  
be useful for synthesizing cumulenes. 

The dihalogenocarbenes may be prepared classically5 ~ 5 7  by adding the halo- 
form to  a s t i r r -d  solution of potassium t-butoxide, with the olefin and dry pentane 
kept below 0 C under phase-transfer conditions with triethylbenzylammonium 
chloride (TEBA) as catalyst’ (this procedure is particularly simple when sodium 
trichloro- or  tribromo-acetate is used as carbene precursor5 ) or by thermal 
decomposition of phenyl( trihalomethyl)mercury6 O. 

In  a direct alkene t o  allene conversion the isolation of 8 is by-passed altogether 
by treatment of excess olefin with one equivalent of carbontetrabromide and two 
equivalents of methyllithium in ether a t  - 6 5 O  C6 . 

For the dehalogenation of 8 methyllithium in ether at  reduced temperatures is 
most often used nowadays, since n-butyllithium may rearrange the allenes produced 
to  their acetylenic isomers6’. The dibromo derivatives of 8 are frequently preferred 
over the less reactive dichlorides, although the latter are often prepared in higher 
yields. 

The conversion of 8 into the allene starts by a halogen-metal exchange, the 
radical character of which has been detected by chemically-induced dynamic 
nuclear polarization (CIDNP)63. Assuming that the subsequent transformation 
takes place via a free carbene, this species may undergo ring-opening by a t  least four 
pathways64 (equation 8). 

A conrotatory opening leads to  either an orthogonal or  a planar allene (path a), a 
disrotatory opening gives a planar allene (path b), a ‘monorotatory’ opening yields 
an orthogonal (path c), and a ‘nonrotatory’ opening a planar allene (path d). 

Experimental facts that may be reconciled with either of these modes are 
available64. Potential energy surfaces have been calculated for these four alter- 
natives for both singlet and triplet cyclopropylidene by a Simplex-INDO study6 4 ,  

and it has been concluded that for the case of singlet cyclopropylidene a ‘mixed- 
mode of opening’ is operating, the process beginning with a disrotatory movement, 
followed by a change of direction of rotation of one of the methylene groups, and 
ending by a conrotatory movement of the two substituent-carrying carbon atoms. 

The DMS procedure occasionally gives rise to side- and unexpected products. 
For example, when the fully substituted 1,l-dibrome2,2,3,3-tetramethyl- 
cyclopropane is reacted with methyllithium only a trace of the expected tetra- 
methylallene is formed, while 1,2,2-trimethylbicyclobutane is formed in nearly 
quantitative yield65 * 6 6 .  Since other tetrasubstituted derivatives 8 show similar 
behaviour, but trisubstituted ones yield allenes again, it was once thought that 
tetrasubstitution is a prerequisite for this unusual b e h a ~ i o u r ~ ~ .  In fact, reactions in 
which disubstituted cyclopropanes yield bicyclobutanes6 and tetrasubstituted 
ones lead to  allenes are 
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R' 
R3 

k' 

Thus l,l-dibromo-2-r-butyl-2-methylcyclopropane ( 9 )  o n  dehalogen.ation with 
methyllithium furnishes a hydrocarbon mixture (70% raw yield) which consists of 
1-t-butyl-1-methylallene (12) and I-t-butylbicyclo[ 1.1 .Ol butane (1 1) in the ratio of 
3:2 (equation g)as. 

The so-called geminate dialkyl effect observed in this reaction operates only with 
sterically demanding substituents; the 1,l-diethyl derivative gives only allenic pro- 
duct. It seems reasonable that the large steric bulk of the t-butyl group causes a 
widening of the angle a in the intermediate 10 by which the carbon-hydrogen 
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c 

CH3 

(16) 

bond of the methyl group is forced into better orientation for reaction with the 
empty p orbital of the carbene centre. 

When the fully substituted dibromide 13 is treated with methyllithium the 
exocyclic allene 15 is produced in 60% yield (equation Insertion of the 
cyclopropylidene 14 into one of the &carbon-hydrogen bonds of the five- 
membered ring is avoided now, evidently because the bicyclobutane 16 which 
would be generated by such a process is too highly strained. 

Another competing reaction frequently occurs when there are functional groups 
directly attached to the three-membered ring. For example, when 1,l-dibromo-2- 
methyl-2-isopropenylcyclopropane is reacted with methyllithium only 5 %  of the 
expected 3,4-dimethyl- 1,2,4-pentatrine is produced whereas 3,4-dimethyl-l,3-~yclo- 
pentadiene is produced in 95% yield71. This ring-enlargement takes place by a 
vinylcyclopropylidene-cyclopentadiene rearrangement with subsequent carbon- 
hydrogen bond insertion as has been confirmed recently by a mechanistic 
The formation of fulvenes during the dehalogenation of various 2,2,2',2'-tetra- 
bromo bicyclopropyl derivatives can presumably be explained by an analogous 
mechanism (cf. Section II.B.2d)73. 

Intramolecular trapping of the cyclopropylidene by various other functional 
groups74, including insertion into the nitrogen-hydrogen bond7s, has also been 
observed76 * 7  7 ,  as has the formation of 3-methyl-3-phenyipropynes as secondary 
products in the dehalogenation of 1 -phenyl-2,2-dihalogenocyclopropanes with ex- 
cess m e t h y l l i t h i ~ m ~ ~ * ~ ~  ~ 

As already pointed out, the cyclopropylidene-allene conversion is in most cases 
induced by treatment of 1,l-dibromocyclopropanes with methyl- and sometimes 
rt-butyl-lithium. When the latter reagent is complexed with the chiral tertiary amine 
(-1-sparteine optically active allenic hydrocarbons may be prepared' l a o .  Other 
organometallic compounds and metals are also known t o  trigger this ring-open- 
ing8 ' , including several chromium(I1) saltsa and a chromium(l1I) chloride- 
lithium aluminium hydride reagenta ~ 

It  should finally be pointed out that other methods exist, different in principle 
from those mentioned above, for the generation of cyclopropylidenes and hence 
allenes, among them the addition of atomic carbon to  olefins (cf. Section II.A.6) 
and the decomposition of N-nitrosourea or N-nitrosocarbamate derivatives of cyclo- 
propane under a variety of  condition^^^-^ 3 .  The latter process is very important for 
preparing optically active allenes" p 9  ', and has provided a deeper understanding of 
the mechanism of the cyclopropylidene ring-opening p r o c e d 4  9 9 2  99 3 .  
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6. Allenes by other reactions involving carbenoid intermediates 

Other reactions proceeding by way of carbene-like intermediates are the addition 
of carbon atoms to olefins and the dehydrohalogenation of 3-substituted 3-chloro- 
1-alkynes (Rz CCl-CFCH) with strong bases (Hartzler reaction). 

When carbon atoms are trapped by olefins, a cyclopropylidene is formed again, 
and the allene produced by ring-opening thereof (equation 1 1 )94-9 6 .  Although the 

/ 

\ 
(11) 

\ - ,c=c=c 
:c: + \ /  /c=c, - [ *] 

process is of considerable theoretical importance, most allenes that have been 
prepared thereby may be obtained by simpler alternative procedures. On the other 
hand, ‘double trapping’ of the higher carbon homologue C3 with unsaturated 
reagents has been applied to prepare some unusual allenic structures which are 
difficult to obtain by more conventional approaches (cf. Section 11.C.3). 

The primary reactions of free carbon atoms and the related chemistry of C2, C3 
and C20 has recently been reviewed9 ’. 

In the Hartzler reaction the propargyl halides 17 or their isomeric allenes 18 
are treated with a strong base like potassium t-butoxide in aprotic media, and 
vinylidenecarbenes 19 are generated by dehydrohalogenation (equation 1 2)9 : 

\ 
C-CGCH 

R2’ I 
Hal 

(17) 

/H *c=c=c. \ 
I?’ 

+x I ,  
R’\ 

: = c g  (12 )  

Since the carbenoid 19 may be trapped by various olefinic substrates to afford 
viiiyiidenecyclopropane derivatives 20 or dimerize t o  hexapentaenes 21 the reaction 
constitutes a valuable procedure for both the synthesis of allenic and cumulenic 
molecules (cf. Sections II.C.2a and 1II.A). Vinylidenecarbenes have been generated 
from many precursors other than 17 and 1898,  but these two starting materials are 
of greatest practical importance because of their ready availability. 

7. Allenes by cycloreversion and fragmentation reactions 

The preparative importance of ring-cleavage reactions is limited, since the start- 
ing materials are frequently not easily prepared, and the reaction conditions so 
harsh as to  partially destroy the product allenes by cycloaddition or polymerization 
reactions. However, these methods are valuable for the synthesis of certain unusu- 
ally substituted allenes. 

In most allene-producing cycloreversions four-membered ring compounds are 
thermally decomposed. These may be methylenecyclobutanes 22 or methylene 
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---_ pf + ---- -2- ) = c q  t-- A Fo (13) 

I / 
-co, 

(23) 

-# 
(22) 

Plactones 23 (equation 3). The cleavage of substrates 22 is only rarely as 
successful as in the pyrolysis of 3-methylene-l,2 bis(methoxycarbony1)cyclobutane 
which affords the methyl ester of 2,3-butadienoic acid in 42% yieldg9. In most 
other cases the two modes of cleavage ('horizontal' or 'vertical') compete and cause 
the formation of product mixturesg9, not to  mention the fact that  methylenecyclo- 
butanes are usually prepared from allenes and olefins' O 0 .  In practice the thermal 
decomposition of the substrates 23 is more important, especially when highly 
substituted lactones are decomposed allowing the synthesis of otherwise difficult to 
prepare allenes"' , l o 2 .  Some applications of this reaction may be found in 
Sections 1I.B. 2a, II.C.3, II.D.6a and b. 

The RetreDiels-Alder reaction, which has so far been of no  importance for the 
preparation of allenes, allows the preparation of certain cumulenes that cannot be 
synthesized by other methods (cf. Section 111). 

Fragmentation reactions of the type shown in  equation (14) are in principle very 

N2 
I1 

c=c=C P3 + Np + 2 (e.g. N2) (14) \ 
R' 

R1\C,c\C/R2 .I 

R4 
\ 

R 2 /  \/ \R4 R2' 

attractive since the energy required to  produce the allene moiety is more than 
offset by the energy gained by the production of nitrogen or other stable mole- 
cules. Although some reactions of this type are known (cf. also Section 111) the 
method does not qualify as general' 0 3 9 1 0 4 .  

In most other known fragmentations reactions sodium salts of tosylhydrazones 
are decomposed thermally or photochemically' 3' 6 .  Thus the bicyclic substrate 
24 on heating with sodium methoxide in diglyme leads to  1,2,5-hexatriene (251, 
among other hydrocarbons (equation 15)' 6 .  

Other examples may be found in Sections II.C.2c and II.C.2d. 

N N HTS &i ~ and other products (15) 

8. Allenes from other allenic systems 

Since most types of functionalized allenes are now readily available, preparative 
Procedures that convert these into more complex allenic structures are bound to be 
of growing importance in this area of organic chemistry. 

Two examples may serve to  illustrate this point. When allene itself is lithiated in 
tetrahydrofuran a t  -70° C with n-butyllithium and the product allenic lithium 
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reagent trapped with octyl bromide or iodide a mixture of the allene 26 and the 
alkyne 27 is formed in 86% yield, with the former product dominating strongly 
(equation 16)lo7. Repetition of the sequence allows the synthesis of allene 28 of 

1. n-BuLi 

2. n-CgH17Hal 
H2C= C= CH;! * n-CsH1 ,--CH=C=CHz + n-CsH17-CH2-CECH (16) 

(26)  (87%) (27 )  (13%) 

1. n-BuLi 
2. CH,I I 

n-CBH17CH=C=CHCH3 

(28)  

94% purity in 93% yield. In an extension of these reactions various bromoallenes 
were converted into their lithio derivatives by lithium or n-butyllithium treatment 
and alkylated t o  trisubstituted allenes' O 7 .  

Bromoallenes (cf. Section II.D.6c for preparation) are also used as starting 
materials in a reaction with lithium dialkylcuprates a t  low temperatures providing 
1,3-di- and 1,1,3-trialkylallenes in good to  excellent yield (equation 17)' 9 1  9 .  

(17) 
\ /H 

H R2 

Ha I R 3  R '  
\ 

RiCuL i  + R3,C=C=C ' -  ,c=c=c \ 
R2 

\ 

R' RZ R3 Yield (%) 

Me Me Me 74 
Me Me Et 85 ' 

Me n-Pr H 85 
Me t-Bu Me 87 
Et Me Me 51 
Et Me Et 59 
t1-Bu t1-Pr H 81 

and others 

Further highly alkylated allenes are described in Section 1I.B. 1. 

B. Acyclic Allenes 

1. Alkyl-substituted allenes 

Many alkyl substituted allenes are listed in the tables of Reference 15. Most of 
them have been prepared by eliminations or propargylic rearrangements. However, 
these older methods are occasionally cumbersome and sometimes provide only poor 
yields. The following selection of recent methods tries to  trace some of the more 
modern developments. 

In a considerable number of these syntheses propargyl esters are used as starting 
materials. Thus the substituted propargyl acetate 29 reacts with lithium dialkyl- 
cuprates 30 t o  afford the alkylallenes 31 in fair t o  high yields (40-85%) 
( 1  8)' ' Ovl ' * . The reaction has been carried out predominantly with cyclic esters 
29, i.e. R' and R2 form a molecular bridge and the products are hence vinylidene- 
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R' R3 

dC= = 'R" 

\ / C-C=C-R3 + R2CuLi - 
OAc 

R1\ 

R 2 4  

(29) (30) (31 1 

R3 = H. Me, n-Bu 

R4 = Me, n-Bu 

79 1 

(18) 

cyclopentanes, -hexanes and -heptanes (cf. also Section II.C.2c and d), but some 
acyclic allenes have also been prepared thereby' 2 .  Application of the procedure to 
appropriate derivatives of steroids' ' leads t o  the correspond- 
ing allenes. 

Several mechanisms for this propargylic rearrangement have been con- 
sidered' ' -' 9 '  4 ,  the most likely one' ' involving an organometallic inter- 
mediate 33, formed by attack of the dialkylcopper anion 32 on the propargyl 
acetate (equation 19). Intermediate 33 may subsequently form the allene 34 by 

or prostaglandins' 

~ 0 A c  R' R 2  
R4- \ / 

\ - 4c=c=c R3 R 
R $ C U - C = C - ~ : ~  - 1  - j 
(321 &4 (34) 

(33) (19) 

R'CH=C=CR2R3 

(35) 

alkyl migration from copper to the sp2-hybridized carbon atom, while its hydro- 
lysis produces the  corresponding nonalkylated allene 35. Since the rate of rear- 
rangement may be slowed down by a decrease in reaction temperature the pro- 
cedure allows the synthesis of nonalkylated and alkylated allenes, respectively, by 
suitable control of the conditions' ' 4 .  

Mechanistically related to  this reaction but of greater versatility is the treatment 
of acetylenic tosylates R' C%C-CHRZOTs (R' = H, alkyl, aryl, Hz C=C(CH3)- or 
CH3 G C - ;  RZ = H or r-Bu) with organocopper( 1) compounds formed from 
Grignard reagents RMgCl or RMgBr (R = alkyl, aryl, 2-thienyl-) and cuprous bro- 
mide in tetrahydrofuran, for which the intermediacy of a copper(II1) derivative is 
also likely. Yields of the trisubstituted allenes RR' C=C=CHRZ are excellent 
(80-90%), and the relative amount of contaminating acetylene normally less than 
5 % " 5 .  

In still other variations 2-propynyl sulphinates R1 -CC-C( RZ,R3)-OS(0)CH3 
are converted into allenic hydrocarbons RR1 C=C=CRZ R3 by treatment with 
organoheterocuprates (RCuBr)MgX in tetrahydrofuran, again a copper( I l l )  species 
being most likely formed in the first step of this 1,3-substitution prncess' ''. 
Allenes are also formed when propargyl chlorides are treated with lithium dialkyl 
cuprates' O 9  and propargyl ethers with Grignard reagents in ether a t  room temper- 
ature in the presence of catalytic amounts of cuprous bromide' ''. 
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In  an improvement of the Zakharova reaction (treatment of propargyl halides 
R' R2 CC1-CsC-R3 with Grignard reagents' ' '1 ferric chloride is used as a catalyst, 
and this procedure is claimed to possess advantages over the already mentioned 
reactions using lithium dialkylcuprates as alkylating agents' 9 .  In a further exten- 
sion, tetrasubstituted allenes with one substitutent being aryl, vinyl, allyl or 
propargyl have been synthesized (for other procedures leading to  these derivatives 
cf. Sections II.B.3 and II.B.2a and e respectively)' 2 o  7' ' . Concerning the mech- 
anism of this reaction a SN 2'-type process seems t o  be favoured' over processes 
involving vinylidenecarbene intermediates' 3. 

Hydride can also be employed as nucleophile and propargyl halides have been 
reduced to  allenes with lithium aluminium hydride' 2 4  ,' 5 .  

An interesting duality of reaction mechanisms has been observed when the 
acetates of tertiary propargyl alcohols R' R2 C(0Ac)CECH are treated with methyl- 
magnesium iodide' ' . When performing the reaction with a Grignard reagent 
prepared in sifu and in the presence of one molar equivalent of magnesium iodide a 
methylallene R' R2C=C=CHCH3 is formed by a radical pathway. If, on the other 
hand, the process is carried out with 'normally' prepared Grignard reagent and in 
the presence of four-fold excess of the iodide a mechanism involving cationic 
intermediates is preferred, and iodoallenes R' RZ C=C=CHI are produced. The 
reaction may also be carried out with other primary and some secondary Grignard 
reagents' 32. 

The reaction of lithium chloropropargylides with trialkylboranes which leads t o  
alkylallenes via allenic boranes (cf. Section 11.D.2) may be regarded as an intra- 
molecular variant of the 1,3-substitution processes discussed here. 

Introduction of the t-butyl group has often been of great value in reducing the 
reactivity of all kinds of hydrocarbons. Various t-butylallenes have been synthe- 
sized from the mono-t-butyl compound' 3, various bis-' 34-1 and tris-f- 
butyl derivatives' * 9 '  37 to  tetrakis-t-butylallene (37) which has been prepared 
recently,from the allyl alcohol 36 by elimination (equation 20)' . 

p-TsOH. benzene 

. .  
2.  CI-C-C-O-CH2C~H5 

I 1  I I  
0 0  

lsponfaneour decomporif ion 
a f  room temperature] 

Allene 37 is one of the most unique allenes ever prepared: it does rzof react with 
ozone in methylene chloride a t  room temperature, m-chloroperbenzoic acid in 
refluxing chloroform, bromine or chlorine in refluxing carbon tetrachloride, potas- 
sium-sodium alloy (not  even when dibenzo[ 181 crown-6 is added), and other 
reagents which attack normal allenes vigorously. One reason for this chemical 
inertness is of course the steric shielding of the allene part of the molecule by the 
space-filling substituents. Furthermore, as indicated by model considerations, any 
attack at  the central allene carbon atom would increase the steric hindrance 
between the bulky substituents, and is hence disfavoured. (This may in fact partly 
explain why 37 is formed from 36 or its derivatives at all.) 
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Other allenes substitued with voluminous groups are also known, e.g. 
mesityl-1 and various adamantyl-' allenes. 

2. Allenes carrying unsaturated substituents 

a. Vinylallenes. These constitute a unique class of unsaturated compounds, since 
1,2,4pentatriene is the smallest molecule conceivable that a t  the same time 
contains a cumulenic and a conjugated diene system. The vinylallene unit is part of 
various natural products and recently there has been considerable research activity 
in this area of allene chemistry. Several general approaches for synthesizing 
vinylallenes have been developed. 

Treatment of various (readily available) 4-alken-1-ynes (38) with a solution of 
5% sodium hydroxide in methanol under reflux leads to the vinylallenes 39 in good 
to  excellent yield (equation 21)145. The mechanism of this isomerization has been 
investigated by the same authors' 6 .  

bas? 
R'-CH=CH-CHR2-C3ECH - R'-CH=CH-CR2=C=CH2 (21 1 

(38) (39) 

R' R' Yield (%) 

H H 80 
M e  H 70 
Et H 70 
i- Pr H 70 
H Me 70 
Me Me 40 
H Pr 40 

In the second and third general methods (which also start from easily available 
materials) a-chloroenynes 40 are either treated with methylmagnesium iodide in 
ether under reflux for 3-4 hours (formation of 41) or are converted to  their 
Grignard derivatives, which are subsequently hydrolysed (formation of 42). Yields 
are good in both cases (equation 22)1479148. 

1. Mg. ether 
\ MeMgl R 2  \ /  R3 Me 

c 

\ /C' 2. H 2 0  \ #R4 - R'-C=C-c=c , ,c =c = c 
FH .c = c, R 

~~ ~~~ 

Yield (%) 

R' R' R3 R4 41 42 

H H H H 22 31 
H H H Me 50 40 
H Me H H 52 47 
H Me Me H 75 55 
Me H H H 28 52 
H Me Me Me 78  - 

A4 

(42) 

(22) 
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The method is also applicable to  various cyclic enynehalogenides. For example 
from the bromo derivative 43 3-vinylidenecyclohexene (44) can be prepared in 30% 
yield using the Grignard procedure (equation 23)’ 8 .  

1. Mg. ether 

2 .  H20 
Br 

(23) 

(43) (44) 

Higher unsaturated hydrocarbon systems include the chiral 1,3,4,6-heptatetraene 
(divinylallene)’ 9 ,  and several 1,2,4-triene-6-ynes (46; allenenynes), the latter being 
prepared in moderate to good yields from the cz-allenic alcohols 45 (equation 
24)’ O .  

-c C=C=CH-C=C JR4 (24) \ 
R’ 

R2’ 

1. MsCl or TrCI, 
EtJN/ether 

R4 
/H I 

C=C=C CH-CECH 
I %C,CH 
R3 

\C/-R3 2.  KOH 

I 
R2’ 

6 H  
(45) (46) 

R’ R’ R3 R4 Yield (%) 

H Me Me H 35 

Me Me Me H 70  
Me Me H H 65 
Me Me H M e  52 
Me Me Me Me 35 

H n-C,H,, Me H 39 

Mono- and bi-cyclic vinylallenes (with an exocyclic vinylallene system) have 
been obtained by subjecting 5-halogeno-3-en-1-ynes (general structure 40) to strong 
bases (potassium t-butoxide or sodium hydroxide under phase-transfer conditions) 
and intercepting the vinylallene carbenes thus generated with styrene, cyclohexene, 
tetramethylallene inter ufiu 

Among the functionalized vinylallenes, the a-alcohols 48, prepared by lithium 
aluminium hydride reduction of the propargyl allenic alcohols 47 or their acetates 
are noteworthy (equation 25)’ ’ 2i1 ”. 

‘(cf. Section II.C.2a). 

OH 
/R4 1. LiAIH, I 

 OR^ 
I 
I 
R2 

- R’-C-CH=CH-CH=C=C 
I 
R 2  

R’-C-C-C-CH=C=C 
\R3 2. H z 0  

(47) I48 1 

R’ R’ R3 R‘ R’ Yield (%) 

Me Me Me Me MeCO 85 
Me Me t-BU t-Bu MeCO 83 
Me Me c-Hex Mex H 80 
c-Hex c-Hex Me Me H 60 
Me Me Me Ph H 50 
Ph H Me Me H 60 
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A promising method for introducing substituents into the 1,2,4-pentatriene 
framework consists in adding cuprates like 49 to  unsaturated esters like methyl 
propiolate (50) (equation 26)' 5 4 .  

\ ( }=*-). CuLi + HC-C-CO2Me - c=c=c' \ /H (26) / 

(49) (50) H' 'C02Me 

Me H 

c=c 2 "% Me 

(51 1 

Vinylallenes carrying phosphorus substituents have been prepared by reacting 
vinylethinylcarbinols with diphenyl- or diethoxychloro-phosphines' . 

The chemical behaviour of vinylallenes has been studied extensively during the 
last few years (equation 27). On pyrolysis the parent compound' as well as its 
4-methyl derivative cyclize t o  3-methylenecyclobutenes (52)' '. Sensitized 
photodimerization yields various products, among them cis- and trans-3-allenyl-2- 
vinyl-methylenecyclobutane (53)' 8 .  Catalytic dimerization with a trisisopropyi- 

(551 
0 

phosphine-modified Pd(0) catalyst furnishes several dimers, with 3-methylend- 
allenylcyclohexene (54) dominanting strongly (73%)' 5 9 .  With various double-bond 
dienophiles vinylallene prefers the [ 2 + 41 cycloaddition mode, i.e. the Diels-Alder 
adducts 55 are formed exclusively' 60-1 63. Epoxidation' 6 4  9' with p-nitroper- 
benzoic acid provides a-allenic oxiranes 56 or cyclopentenones 57 (see below), the 
product ratio being determined by the degree of substitution on the olefin and 
allene part of the molecule. Cyclopentenones are also formed in fair to good yields 
(20-60%) during the acetoxymercuration of 1,2,4-pentatrienes' 66. Hydrochloric 
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and hydro bromic acid react readily with vinylallenes providing principally cis- and 
trans-2-halogeno- 1,3-pentadiene derivatives 58' 7. The Grignard derivatives of 
these unsaturated hydrocarbons (prepared from 5-halogeno-3-alken-l-ynes, 40;  
see above) have been reacted with oxiranes' and numerous aldehydes and 
ketones' 69-1 7 1  . The resulting unsaturated alcohols are useful substrates for 
syntheses in the pheromone area. 

The vinylallenic ester (-)-methyl n-tetradeca-trans-2,4,5-trienonate ( 5 9 )  has 
been isolated from the male dried bean beetle (A canthoscelides obtectus),  and 
is presumed to  be a sex attractant. This is thought to  be the first example of an 
allenic coinpound occurring in the animal kingdom. Since its isolation and 
structure elucidation' 7 2  at least five syntheses have appeared in the chemical 
literature' 5 4,' 7 3-1 7 6 

H H 

(59) 

The observation that many natural products of plant origin contain an 
isobutylamide group conjugated with a trans double bond has lead to  the synthesis 
of various 2,4,5-trienamides as potential insecticides' 77. 

In other natural products work, vinylallenes have been converted by the above 
epoxidation-cyclization reaction (which presumably occurs via the transposition of 
an intermediate vinylcyclopropanone) to  ketones of the dihydrojasmone type' 
and to  dehydrojasmon (60 ,  R = Me) and normethyldehydrojasmon (60 ,  R = H) 
(equation 28)' 7 9 .  

R = Me, H 

(60) 

R = CH3: 45% 

R = H: 70% 

It may finally be noted that the 1,2,4-pentatriene system is part of the fungal 
metabolite mycomycin' and that on irradiation of Vitamin D3 two stereo- 
isomeric vinylallenes (9,1O-secocholesta-5( 10),6,7-trienes) are produced' s ' *' 8 2 .  

b. Cyclopropylallenes. The parent molecule cyclopropylallene 6 1 ( 1,2-propa- 
dienylcyclopropane) is most readily obtained by applying the DMS procedure to 
vinylcyclopropane' 8 3  s 4  or by cyclopropanating vinylallene with diazomethane 
in the presence of catalytic amounts of cuprous chloride (equation 29)' 5 .  Various 
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alkyl derivatives of 61 are known, e.g. 2,3-butadienylcyclopropane1 a cis-( 1,2- 
butadienyl)-2-methylcyclopropane' ', truns<2,3-bu tadienyl)-2-me thylcyclopro- 
panel a as well as 1, I-dichloro' 8 9  *' and 1, I-dibromo' ' derivatives, all having 
been prepared by methods analogous to the ones given for the parent molecule. 

In a different route to cyclopropylallenes, whose preparative potential has not 
been explored, the enyne bromides 62 (R = H, Me) were first treated with lithium 
in ether and the resulting lithium organic compounds then hydrolysed (equation 
30)lg2. 

Me 
I 1. Lilether \ /Me 

R-C-C-C=CH-CH2CH2Br ---+ C=C=C 

h H' 2. H20 
(62) 

R = H. Me 
R =  H: 30% 

R = kle: 27% 

Cyclopropylallenes have furthermore been isolated as side-products in the pyro- 
lysis of cyclopropylketene dimer' and the solvolysis of various cyclopropylvinyl 
triflates (equation 3 1)' 9 4 .  For example when the triflate 63 is solvolysed in 800/0 

A 
OTf 

80% TFE 

80aC 
61 (25.8%) 

I 
P C H z - C = C H z  ----+ 

aqueous trifluoroethanol buffered with pyridine for three days at  80° C the parent 
system 61 is formed in 25.8% yield, the main product (57%) being 3-cyclopropyl- 
propyne' 9 4 .  Depending on the type of substituent present, cyclopropylallenes on 
heating undergo a vinylcyclopropane-type rearrangement' 8 4  8a  or  vari- 
ous isomerization reactions involving hydrogen shifts' 

c. Ethinylallenes. Interest in this class of allenes stems from the fact that the 
allenyne unit has been discovered as an important structural feature of various 
mould metabolities' 7. Of the various methods proposed' to  prepare this 
system only the copper-catalysed coupling of appropriate alkynic and allenic 
substrates seems to  possess general applicability. The simplest representative of this 
group, 1,2-pentadiene-4-yne (ethinylallene) was prepared by the reductive elimi- 
nation of 3-chloro-l,4-pentadiyne with activated zinc in n-butanol (equation 
32)' 9 .  

1' * (cf. Chapter 1 5). 

Zn 
HCSEC-CHCI-CECH H2C=C=CH-CEECH (32) 

Base-catalysed isomerization of diynes, while in principle possible, suffers from 
the disadvantage that the prototropic process may not or only partially be stopped 
at the allenyne stage. The resulting mixtures are almost always difficult to 
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separate. The base-induced rearrangement of 1,4-nonadiyne to 1,2-nonedien-4-yne 
with aqueous sodium hydroxide solution constitutes one of the more successful 
examples of this method of preparation (yield 44%)’ O .  

In the majority of cases the coupling reaction has been applied to  the preparation 
of allenynic alcohols. When, for example, 2-methyl3-butyne-2-01(64) is reacted with 
propargyl bromide in aqueous ammonia in the presence of a catalytic amount of 
cuprous chloride the dienynic alcohol 65 is formed in 70% yield (equation 33)2 . 

tam 
Me2C-CfCH + B r C H 2 - C z C H  - Me2C-CEC-CH=C=CH2 (33) 

I cu+ I 
OH O H  

(64) (65) 

The amount of product formed depends on the kind of base (ammonia being 
preferred), the substitution of the alcohol, and the leaving group of the propargyl 
halide; yields are good to  excellent. 

In a modification and extension of this reaction propargyl acetates were cata- 
lytically dimerized (equation 34)2 2 .  

R’ R’ Yield (%) 

Me Me 7 8  
Me Et 65 

Me t-BU 60 
Me Ph 80 

-(CH2)5- 7 3  

Various types of vinylallenynols 67 were obtained analogously by coupling of 
propargyl alcohols with functionalized enynes 66 (equation 3S)’O ’ . 

R 4  R 4  
I cu+ R ’  I 

R’  R 2 C C E C H  + HC=C-C=C-CHCIR5 - ‘C-C=C-CH=C=C-C=CHR5 (35) 
R2’ I I 

O H  R3 
I 
R3 

(66) (67 1 

I 
OH 

R‘ R1 R3 R4 RS Yield (%) 
~~ ~ ~~ 

Me Me Me Me M e  70 
Me Me -(CH2I4- Me 60 
Ph Me Me Me Me 68 
c-C, H, M e  Me -(CH2)4- 80 

Instead of using propargylic substrates allenic halides may also be reacted with 
ethynyl compounds in the presence of cuprous ions and a suitable base (equation 
36)’ 9 8 .  1-Iodo- and 1-bromo-3-monoalkylallenes give best yields and purest pro- 
ducts by adding one equivalent of aqueous ethylamine or I-butylamine to one 
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cu+ 
RR'C=C=CHX + HCEC(CH2InRZ - RR'C=C=CH-C-C(CH2),R2 (36) 

base 

equivalent of cuprous chloride or bromide in N,N-dimethylformamide followed by 
an excess of the terminal acetylene compound and one equivalent of the halogeno- 
allene. Depending on the substituents in the two coupling partners yields are 
generally between 40 and 70%. 

d. Diallenes - (i) Conjugated diallenes. Although there are scattered reports in 
the older literaturez0 3-20 describing the preparation of molecules that contain 
two directly joined allene units the systematic investigation of this interesting class 
of compounds is of recent origin. 

The parent system 1,2,4,S-hexatetraene 69 (biallenyl) is most readily pre- 
pared by coupling allenylmagnesium bromide 68 (the Grignard reagent of propargyl 
bromide) with propargyl bromide in ether in the presence of CuCl (equation 
3712 6 .  The other main product of the reaction is 1,2-hexadiene-S-yne (70), which, 

ether 

CuCl 
H2C=C=CH--MgBr + HCGC-CH2Br - 

(68) (37) 
HzC=C=CH + H2C=C=CH 

\ 
HC=C=CH2 'CH 2 C=C H 

(691 (40%) (70)(60%1 

however, does not interfere during most reactions of 69 (see below).  When the same 
method is extended to  alkyl-substituted propargyl halides complex hydrocarbon 
mixtures results. For  example reaction of 68 with 1-bromo-2-butyne (71) leads to 
at least six products, all formed in similar yields (equation 38)207.  On the other 

ether ,CH3 
68 + H3C-CEEC-CH2Br - 69 + 70 i H2C=C=C + 

CuCl \ 
15% 20% HC=C=CH2 

(71 1 
13% (38) 

7 3  7 4 3  
H2C=C=CH + HzC=C=C + H2C=C=C 

\ \ 'CH2-C-C-H 
CH2-CZ5C-CHj CH~-C=C-CHJ 

11% 14% 14% 

hand, diallenes carrying aryl substituents (73) may be prepared in good yields (up 
to 72%) by a formally related coupling reaction in which bromoallenes 72 or 
prop2-ynyl acetates 74 are treated with CuCl in DMF a t  room temperature 
(equation 39)208.  

(72) (73) (74) 

(a) 

(b) 

(c) 

R' = R 2  = Ph 

R i  = biphenyC2,2'-diyl, R 2  = Me 

R i  = biphenyl-Z,Z'-diyl, R 2  = Ph 
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When the ethinylallene 75 is treated with CuCl/DMF according to  the same 
procedure d, I -  76 and meso-3,8-di-?-butyl-l,5,6,1 O-tetraphenyldeca-3,4,6,7-tetra- 
ene-1 ,g-diyne (77) as well as 3,6-di-?-butyl-l,5,8-triphenyl-6-phenylethinyl-octa-3,4- 
diene- 1,7-diyne (78) result (equation 40)2 1’ O .  

\ 
/Ph CUCl ..G=‘ f-BU, 

f i  /c=c=c ‘Br 
__L 

DMF 

Ph’ r-BuQ 
(75) 

(76)(11%, R = Ph-CGC-1 (77)(11%, R = Ph-CEC-) 

f-Bu 

In another novel coupling reaction, the propargyl radical 80 is produced by 
the addition of phenacyl bromide to  an enyne 79 in the presence of a zinc-copper 
couple in DMSO (equation 41)2 l l .  The dimers 81-83 are formed in 78% (R = Et) 
and 91% (R = Ph) yield, the pure isomers being obtained by column chromato- 
graphy on silica gel. 

Me 

1 2x 

I 
............. 

(80) 
[ 

Zn-Cu 

DMSO 
PhCOCH2Br + H2C=C(Me)C=C-R - PhCOCH2CH2-C-C=C-R] - 

(79) 

R = Et, Ph 
(41 1 

PhCOCH2CH2(Me)C=C=C-R PhCOCH2CH2(Me)C-C=C-R PhCOCH2CH2(Me)C-C=C-R 

A +  PhCOCH2CH2 (Me) C- C G C -  R PhCOCH2CH2(Me)C=C=C-R PhCOCH2CH2(Me)C-C-CR 
I I +  

(81 1 (82) (83) 

When a-acetylenic alcohols, e.g. 1-phenyl propargyl alcohol (84), are subjected 
to  a coupling procedure originally developped by van Tamelen and coworkers2 
diallenes (e.g. 1,6-diphenyl- 1,2,4,5-hexatetraene, 85 are formed in small yield 
(equation 42)’ 3. The dicyclopropyl derivative 86 has been analogously synthe- 
sized. 

OH - 
I TCl3 

Ph-CH-CGCH - PhHC=C=CH 
CH.Li \ 

t 

PhHC=C=CH-CH(Ph)CECH + HCrC-CH(Ph)CH(Ph)CECH (42) 

10% 8% 
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Me 
/ 

Me HC=C=C, 

Although convenient in certain cases (see above) coupling reactions leading to 
diallenes suffer from the lack of generality of the method as well as the frequent 
production of mixtures of isomers. 

A synthesis which has some general applicability involves the addition of 
dibromocarbene to a diene (87) followed by reaction of the bis adducts 88 with 
methyllithium, i.e. the DMS allene synthesis (equation 43)2 ,2 5 .  As shown in 
equation (43) both alkyl- and aryl-substituted diallenes may be prepared; the 

Br Br 
R1'C' R3 

R\~=~(:3 R~ 2 :CBr, yl& ,R5 CHsLilether  

R Z  ( ' )  )C=CGi/4) R h - C  

(87 1 Br Br 

R6 R4 d'R6 R 4  (31 \ 

/ \  

(88) 

R.: /R3 
,c=c=c )c=c=c P5 

R2 
R 4  'a6 

(43) 

R' R' R3 R4 R5 R6 Yield (%) 

Me Me H H Me M e  93 
Et Me H H Me Et 82 
Yh Me H H Me Ph 90 
t-Bu Me H H Me t-Bu 91 

dibromocarbene may be either generated from bromoform with potassium t-but- 
oxide or under phase-transfer conditions [ bromoform-pentane/SO% aqueous 
sodium hydroxide solution/triethyl-benzylammonium chloride (TEBA)] . With 
acyclic dienes substituted fully at C ( , )  and C(4) the yields are excellent. When the 
number of substituents is reduced or C ( 2 )  and C ( 3 )  are the substituent-carrying 
carbon atoms a side-reaction leading to derivatives of fulvene may compete with 
diallene production and even become the sole observable process. For example 
when the bisbromocarbene adduct of 1,3-pentadiene ( 8 9 )  is dehalogenated with 
methyllithium in ether the product mixture contains besides the desired 1,2,4,5- 
heptat7traene (90) the,tiyo methylfulvenes 91 and 92 (equation 44)2 7 .  In ' he  case 
of 1 , l  -dimethyl-2,2,2 ,2 -tetrabromobicyclopropyl (93) 1,2-dimethylfulvene (94) 
is the only volatile product isolated (equation 44)73. When C(2)  and C(3) of 87 are 
joined by a short molecular bridge, as in 95, or by certain polycyclic ring-systems 
( 9 7 )  diallene formation leading to 962 and 9 8 5 8 ,  respectively, is again favoured 
(equation 45). I t  is very likely that these reactions proceed in a stepwise fashion via 
allenylcyclopropylidene intermediates 93 (equation 46)2 ', and it could well be 
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Br Br 

(891 

Er xi"' Br 

(93) 

ether 

'Me 

relative product ratios 

MeLi 

ether 

Me 

(94) 

- d 1. CHBr-,/r-BuOK 

2. CH3Li/ether 

\ 
(95) (96) 

2. C H ~ L i / e t h e r  - &  - -._ 
1. CHBr3 lNaOH (p.t.c.1 

Y 

C H j L i  
88 - 

(99a) I 
Diallene 

1 (loo 
Fulvene 

(45) 

that the diallenes are formed from the transoid conformation 99a whereas the 
cisoid intermediate 99b undergoes what amounts to  a vinylcyclopropane rearrange- 
ment to  the isomerized carbenes 100. These could then stabilize themselves to 
fulvenes by an insertion reaction. It is reasonable to  assume that the 99a* 99b 
equilibrium is influenced by steric interference of interal substituents as well as the 
build-up of strain during the 99b + 100 interconversionZ ' '. 
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Diallene syntheses in which the starting material already contains the required 
number of carbon atoms are also known. For  example 1,1,6,6-tetraphenyl-3,4- 
dibromo-l,2,4,5-hexatetraene (102) is prepared in 80% yield ,by treating the diol 
101 in acetic acid with concentrated hydrobromic acid at 0 C for 30 minutes 
(equation 47)2 * Similarly, diol 0103 is converted into the tetra-t-butyldiallene 
with thionyl chloride in pyridine (0 C ,  2h, 34%)2 9 .  

0r 
/ 

\ 
/C= C=CPh2 

Ph2C=C=C 

Br 

Phz F - (CEC)2 -  CPh2 - HOAc 
I 

OH OH 

CI 
,Bu-t 

CI 'BU-t 

/ 
t-Bu t-Bu f-Bu 

pyraine f - 6 ~  
>c=c=c \ 

I I soc12 

I /c=c=c HO-C-C-C-CEX-C-OH __f 

I 
t-Bu t- BU 

When the highly unsaturated alcohols 105 or acetates 106 are reduced with lithium 
aluminium hydride reducing agents the functionalized diallenes 107 result in 50 to 
75% yield (equation 48)2 Os2 '. 

H 

R =  H: 105 

UAIH, or 

LiA1H30CH3 in T H F  or I 
I- ether 

R 4  

LiAlH30CHj  I 
R = C - C H j :  106 (107) 

in THF 

(a) R' = R4 = Me, R 2  = R 3  = H 
II 
0 

(b) 

(c) 

(d) 

(el 

(f) 

R '  = Me, R 2  = R 3  = H, R4-R4 = -(CH2)5- 

R'  = R 2  = H, R 3  = R4 = Me 

R' = R2 = R3 = R4 = Me 

R' = R2 = R3 = Me, R4-R4 = -(CH2)5- 

R' = H. R2 = R3 = R4 = Me 

Origin for the interest in conjugated diallenes is the unique x-electron system of 
these compounds: they are at the same time conjugated and cumulenic dienes, and 
hence one might (I priori expect to observe both [ 2 + 21 and [ 2 + 41 cycloaddition 
reactions, the typical reactions of allene and 1,3-butadiene (out  of which 69 is 
formally composed). In fact, in most addition reactions, diallenes prefer the 
Diels-Alder mode. For example, with double-bond dienophiles the Diels-Alder 
adducts 108 result73 *2 2, whereas the reaction with various trip' --bond dienophiles 
opens up a particularly simple pathway t o  derivatives of t2.2) paracyclophane 110 
(yield 20-5076 depending on dienophile), p-xylylenes 109 being the presumed 
intermediates (equation 49)2 * y 2  2 4 .  Reactions with sulphur dioxide at  room 
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A 
(1121 (111) 

temperature leads also t o  1: 1 adducts, that  is to  say 2,5-bis(alkylidene)-2,S-dihydro- 
thiophene-1,l-dioxides (112) in good yields (70-85%)'' s. Treatment of the parent 
hydrocarbon 69 with diazomethane in pentane in the presence of CuCl affords all 
possible cyzlopropanation products" s. When diallenes are heated to  approxi- 
mately 100 C they quantitatively cyclize t o  3,4-bismethylenecyclobutene (1 11) 
and its derivativesZo i2 The same process may also be brought about by CuCl 
catalysis214~226.  This type of isomerization was used in the first synthesis of a 
benzo[ 1,2:4,5] -dicyclobutene 113209. For  that purpose hydrocarbons 76 or 77 
were heated in an aromatic solvent (equation SO). 

A final point of interest is the stereochemistry of substituted diallenes: they may 
occur as either nieso compounds (1 14) o r  d,l pairs ( 1  1 S), and in fact several pure 
meso diallenes are already kno wnz O I z  v Z  *2 

(1  14) (meso) (1  151 (d,l) 

A different type of conjugated diallene, one in which the two allene moieties are 
separated by an aromatic ring system, has been obtained by either base-catalysed 
rearrangement of o-dipropargyl-benzene 1 16 and naphthalene 119, respectively, or 
by subjecting the corresponding divinyl arenes 118 and 121 to the DMS allene 
synthesis (equation S1)229.  On standing, the aromatic diallenes 117 and 120 
cyclize t o  ortho-quinodimethanoid systems 122 which may be intercepted by 
various reagents (oxygen, dimethyl fumarate, dimethyl maleate)2 9 .  The parent 
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R=H:116 R = H :117 R = H: 118 

R = a : l 1 9  R = a : 1 2 0  R = a : 1 2 1  

- 

Interception products 

805 

(51 1 

system 1,2,4,6,7-octapentaene has been proposed as an intermediate in the base- 
catalysed isomerization of cis-4-octene- 1 ,7-diynez O .  

(ii) Diallenes of the type H2 C=C=CH--X-CH=C=CH-, (X = CH2 : 123). Besides 
the parent system 1,2,5,6-heptatetraene (123) which has been obtained in small 
yields by base-catalysed rearrangement of 1,6-heptadiyne o r  from 1,4-pentadiene 
by the DMS methodz3 , several diallenes in which X represents various hetero- 
atoms or functional groups are known. The diallenic sulphone 125 is formed from 
2-methyl-3-butyne-2-01 124 and sulphur dichloride via a double [ 2,3] sigmatropic 
rearrangement of the initially formed propargylic sulphoxylates (equation 
52)2 i z  3 3 .  On gentle heating 125 undergoes quantitative cyclization to  the 

Me 

HCfC-CMe2 
I 
OH 

(124) 

(52) 
Me Me 

Me >-O-C-CECH 
I 
I 

\ ,C = C= CH 

Me 
0 

thiophene-1,l-dioxide 126 providing a novel access to an otherwise difficult to 
obtain class of compounds. 

Both the bispropadienyl sulphide 128 ( X  = S) and ether 128 (X = 0) have been 
synthesized by isomerizing the corresponding dialkynes 127 (X = S,O) with various 
base systems? 3 4 1 2 3  5 .  The allenes are unstable and on standing gradually undergo 
dimerization t o  bisthienocyclooctadiene 129 ( X  = S )  and bisfurocyclooctadiene 
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129 ( X  = 0). presumably via the 3,4-dimethylenethiophene and furane diradicals, 
respectively (equation 53). 

H 

- x  )C=C=CH2 - xax (53) 
CH2CECH base 

/ 
X’ 

\C H2 C E  C H )C=C=CH2 
H 

(127) (128) (129) 

x=s ,o  x=s ,o  x = s , o  

The only example of an acyclic dialleneketone seems to  be 3,S-dichloro-l,1,7,7- 
tetraphenyl-1,2,5,6-heptatetraene-4-one (131) produced in varying amounts (1 5- 
30%) by treatment of the diacetylenic ketone 130 with concentrated hydrochloric 
acid in THF (equation S4)2 6 .  

0 

! !  (54) 
II Ph 

OMe * P h 4 h P h P h  

(1301 (131) 

It may finally be noted that the mercury compound 133 is produced during the 
electrochemical reduction of 3-bromo-3-methyl-1-butyne or  its isomer l-bromo-3- 
methyl-1.2-butadiene on a mercury electrode in DMFZ3 ’. The organometallic 
diallene could arise by attack of the allenyl radical 132 on mercury, although it is 
surprising that the direct coupling product of 132, the diallene 134, is not isolated, 
although it is one of the most stable diallenes known (equation 55) .  

(134) 

(iii) Conjugated diallenes as reaction intermediates. Conjugated diallenes have 
been postulated to occur as intermediates in various reactions, the most thoroughly 
investigated ones so far being thermal and base-catalysed rearrangements of alkynes. 

The parent system 1,2,4,S-hexatetraene (69) is presumably formed in the first 
step of the thermal isomerization of 1, 5-hexadiyne (1 35) to  3 ,Cbismethylenecyclo- 
butene (111)206 *2 38 (equation 56). Similar [3,3] sigmatropic processes have been 
described for a substantial number of derivatives of 135, both acyclic and cyclic ones. 
For example on pyrolysing the ‘bridged’ 1,s-hexadiyne cis- 1,2-die.thynylcycIo- 
butane (136), 1,2-dihydropentalene (139) is formed in more than 90% yield. The 
most likely precursor for this hydrocarbon is the (not isolable) cyclic diallene 
137, which by a 1,s-bridging step can form a vinylcarbene 138 that inserts into the 
neighboring C-H bond to  form 1-39 (equation 56)2 3 9 .  
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r- 

8 0 7  

Base-catalysed rearrangements of appropriate dialkynes to diallene intermediates 
have also been observed on several crccasions. For example 1,6-dithiacyclodeca-3,8- 
diyne 140 is isomerized by potassium r-butoxide in t-butanol t o  142, with the 
diallene 141 as the most reasonable precursor (equation 57)240. Similarly, bis- 

(140) (141) 

R 

(143) 

R = H. Et  

(142) 

(144) 

2-alkynyl ethers (143) rearrange under the influence of alkali amide in liquid 
ammonia to the vinylfuranes 14424 l .  More recent examples include the isomer- 
ization of 4-methyl4-penten-2-ynyl propynyl ether to 6-methyl4,S-dihydroiso- 
benzofuran and 5-methyl-I ,3dihydroisobenzofuran2 2 ,  the reaction of 1,5-di- 
t-butyl-3-bromo-l,4-pentadiyne with sodium sulphide to thieno[c] cyclobutene 
derivatives2 , and the base-catalysed isomerization of various bispropargyl 
sulphides, ethers and amines to a host of new heterocyclic ~ y s t e r n s ~ ~ ~ . ~ ~ ~ .  Some 
of the diallenic intermediates postulated in these interconversions have meanwhile 
been isolated and characterized, e.g. 128 (X = S,O)’ 3 4 y 2  ’. 

( i v )  a, a-Diullenes. 1,2,5,6-Heptatetraene (123) is the first member of the 
homologous series H2C=C=CH-(CH2 ),--CH=C=CH2 ( a ,  o -diallenes). The homo- 
logues with n = 2,3 and 4 (146-148) have been prepared by the DMS method from 
the corresponding a,o-dienes 145 (equation 58)74 . The thermal behaviour of 146 
has attracted the interest of various 9 2 4 7  since by an intramolecular 
allene dimerization the intermediate 2,3-dimethylene-l,4-~yclohexadiyl (149) is 
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(145) n = 2: 146 (149) 

n = 3: 147 

n = 4: 148 

produced which can serve as a model for the diradicaloid species formed in the 
dimerization of allene itself’ O 0 .  

A novel and promising method for the preparation of derivatives of 146 consists 
in the treatment of enynes with lithium followed by demetalation of the first- 
formed coupling products with water or trimethylsilyl chloride (equation 59)24 : 

1. Li, THF, -3OOC 
R-CH =C=CH-CH2CH2-CH=C=CH-R 

2. H20  
R = Me, E t  (70-80%) 

(59) 

/Me 
Me 
\ 
,C = C =CH - C H2 CH2-CH = C=C 

1. Li, THF, -3OOC 

2. MejSiCl E Me3Si ‘SiMe3 

R-C=C-CH=CH2 

(v) Cyclic diallenes. Besides the not isolated and/or nonisolable cyclic allenes 
already referred to  (e.g. 137, 141) several stable cyclic molecules which contain 
more than one allene or cumulene group are known. They are discussed in Sections 
1I.C. 1 and 1II.C. 1. 

e. Allylallenes. Allylallenes 152 ( 1,2,5-hexatrienes) have been prepared by vari- 
ous methods (coupling of allenylmagnesium bromide with ally1 bromide2 9 ,  ther- 
mal rearrangement of appropriate enynes2 , solvolysis of homoallenyl brosy- 
 late^^^' , DMS synthesis applied to the 1,4-pentadiene system74), but in all these 
methods isomeric side-products may be formed, and often their general applic- 
ability has not been explored. 

The most general procedure t o  date is apparently the reaction of P-allenic 
aldehydes with Wittig reagents (equation 60)2 2 .  The starting aldehydes are 
obtained by a Claisen-Cope rearrangement of the vinyl propargyl ether formed on 
acid-catalysed condensation of a-acetylenic alcohols ( 150) with isobutyric alde- 
hydeZs3 (cf. Section II.B.5 on allenic aldehydes and ketones). The yield of the 
151 + 152 conversion is satisfactory (‘“SO%), and simple distillation suffices to  
purify the allylallenes. 

In a more recent report the synthesis of functionalized allylallenes (e.g. 155) by 
treatment of various dienoic esters (e.g. 153) with 1-trialkylsilylpropynyl copper 
derivatives 154 has been described (equation 6 1)’ 5 4 .  

Novel hydrocarbons of this general type are 1,2,5,7-octatetraene (157), obtained 
by thermolysis of cis-1-allyl-2-ethynylcyclopropane ( 1  56) (equation 62)2 s, and 
1,l-diallylallene produced as side-product ( 15- 18%) in the reaction of allylzinc 
bromide with propargyl bromide in tetrahydrofuran’ 56 . 

The most frequently studied reaction of allylallenes so far is their oxidation with 
p-nitroperbenzoic acid in methylene chloride which leads to  various products, 
among them derivatives of bicyclo[ 3.1 .O] hexan2-one2 The photochemical 
behaviour of 1,1,4,4-tetrarnethyl-6-phenyl- 1,2,5-hexatriene has also been investi- 
gated2 i2 O .  

iz 
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R'-c=c-C-OH + (CH-,)~CHCHO - I 

R' R' R3 R4 

H H H H 
Me H H H 
Me Me H H 

-(CHZIS- H H 
Me H Et H 
Me Et H Me 
and others 

+ Me3Si-CGC-CHZCu - (61 ) 

(155) 

R = MejSi-, 64% 

3. Aryl-substituted allenes 

Aryl-substituted allenes have been known since the early days of research about 
molecules with cumulenic bond systems, and hence much information about them 
may be found in the older review literature' *2 is s. For their synthesis many of 
the general procedures presented in Section 1I.A have been applied. 

Thus elimination of two equivalents of hydrobromic acid from 1,2-dibromo-3- 
methyl-1-phenylbutane ( 158) with various base systems furnishes 1 -phenyl-3,3- 
dimethylallene (159), the best yields (65%) being obtained with sodium amidel 
sodium t-butylate in tetrahydrofcran at 60' C (equation 63)26 ' . 

base Ph, /Me 
PhCHBr-CHBr-CHMe2 - ,c=c=c 

H \Me 
(158) (159) 
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Likewise, the 2-bromo- 1-propenes 160 are readily converted to  the correspond- 
ing allenes 161 when refluxed with ethanolic potassium hydroxide (equation 
64)262.  

KOH 

EtOH 
(p-R1CsH4)zCH-CBr=C(CsH4R2-p)2 do-R1CgH4),C=C=C(C6H4R2-p)2 (64) 

(1601 (161) 

R 1  = H  

RZ = CH3, Br, CI 

Almost 100% yield 

The Wittig reaction has been applied successfully to the synthesis of arylallenes 
in several instances. For alkylated systems this methods frequently suffers from the 
fact that the reaction conditions required to  decompose the betain intermediate are 
so harsh that the allenes produced are destroyed by polymerization and other 
processes2 7 .  The morc stable arylallenes, howzver, survive the procedure. For 
example, when the betaine 162 is heated to  150 C under high-vacuum conditions, 
l,I-dimethyl-3,3-diphenylallene (163) is formed in 64% yield (equation 65)26 3. 

Ph 

-O--C=CPhz Me 'Ph 

Ph36-CMe2 A Me \ / ,c=c=c __c I (65 ) 

1,l-Dimethyl-3-phenyl-3-mesitylallene is prepared azalogously in 50% yield by heat- 
ing the corresponding phosphonium betaine to 160 C2 3. 

An interesting extension of this method consists in heating the ylids 164 in the 
presence of benzalanilins 165 (equation 66)2 6 4 .  

A 
RCHzCH-PPh3 + PhCH=NAr - Ph3P + H z N A r  + RCH=C=CHPh (66) 

(i64) ' (1651 

R Ar Yield (%) 

H Pi1 43 
Me Ph 4s 
El Ph 41 
H P-CH, c, H, 29 

Base-catalysed propargylic rearrangements have been used for example for the 
synthesis of l-phenyl-3,3-biphenylallene ( 167) from 9-phenylethynylfluorene 
(166)265,  and 1,1,3-triphenylallene (169) from 1,3,3-triphenylpropyne (168) 
(equation 67)266.  

Among the more recent methods for synthesizing arylallenes the acid-catalysed 
dienone-phenol rearrangement ought to be mentioned. Treating the dienone 170 
for two hours with a mixture of trifluoroacetic anhydride/boron trifluoride 
etherate results in the formation of 3-allenylmesitol (171) as the sole reaction 
product (67%) (equation 6 8 ) 2 6 7 * 2 6 8 .  

This method has been applied to a wide variety of dienones providing arylallenes 
with substituents both in the aromatic and allenic parts of the molecule. Other 
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4 ‘., ether.20°C 

(166) (163) (58%) 

basic alumina 
HCPh2C=C-Ph c Ph2C=C=CHPh 

20% 
(168) (169)(84%) 

81 1 

(67) 

novel isomerization reactions include the silver tetrafluoroborate-catalysed re- 
arrangement of propargyl phenyl ethers’ ‘ 9, and the photoisomerization of various 
1- and 2-alkylated 1,2-dihydronaphthalines’ 1’ . 

The simplest arylallene, phenylallene, is among the products formed in the 
solvolysis of certain phenylvinyl trifluoromethanesulphonates’ ’ . 

One of the oldest arylallenes (and allenes as such) is tetraphenylallene (173)’ 73. 
Of the various methods known for its preparation a recently described one is 
particularly simple (equation 6912 7 4 .  

/Ph 

\Ph 

Ph HMPT Ph 

Ph 

,c=c=o \ * )c=c=c 
6.5h. 90°C. 43% ph 

(69) 

4. Allenic alcohols 

a. a-Allenic alcohols. a -Allenic alcohols are of interest as starting materials in 
other synthetic work 75-2 7 8  and as substrates for various mechanistic 
studies’ 79-281 . Many natural products and pharmaceutically interesting com- 
pounds contain an a-allene alcohol moiety, e.g. grasshopper ketone, fucoxanthin, 
neoxanthin (cf. Section II.C.2d), various antiinflammatory drugs e tcZ8 ’. 

A recent review article is devoted solely to the description of synthetic 
methods282. From this collection, only a few will be presented here, all involving a 
propargylic rearrangement. 

The reaction of acetylenic derivatives of the general structure 174 with lithium 
aluminium hydride in ether or  tetrahydrofuran has proven to be particularly 
valuable. The starting materials are easily available in most cases, and the yields are 
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often good t o  excellent. The reaction proceeds via an s ~ 2 ’ -  type mechanism, and 
since the attacking nucleophile is formally a hydride ion, the allene obtained 
always carries one hydrogen atom (equation 70). Among the leaving groups X 
tested are: C1’ 3j2 ‘ 4 ,  tetrah dro-Zpyranyloxy (X = OXY-THP)~ ’ , tetraalkylam- 
monium’ 9,2 ’ 6 ,  methoxy2 a { t-butoxy2 and others’ . 

1 
(701 /H 

OH 

,C-CEC-C 

(174) 

R Z  \CR3R4 
I 

I 
,d ‘R4 I O H  

Subjecting the tetrahydro-2-pyranyloxy derivatives 174 ( X  = OXy-THP) to  
lithium aluminium hydride in tetrahydrofuran a t  reflux temperature leads to  
conjugated diene systems in one step’ ’ ‘8’ . When the ethers 174 ( X =  OMe, 
R* = RZ f H) are treated with n-butyllithium, allenic alcohols with a tetrasubsti- 
tuted allene group result290. Optically active a-allenic alcohols are obtained in 
good yield and with enantiomeric excess of greater than 90%291 when optically 
active tetrahydropyranyloxy derivatives are subjected to  the above reaction con- 
ditions. 

Other useful starting materials for a-allenic alcohols are2 t;acetylenic epoxides 
175, which o n  treatment with dialkyllithium cuprates (yield 50-70%), 
Grignard reagents in the presence of cuprous iodide2 (yield 90%) or trialkyl 
boranes in the presence of catalytic amounts of oxygen294 (yield 20-60%) are 
converted into the desired alcohols (equation 71). 

R l C u L i  ,CR~ R ~ O H  
/c=c=c 

\R2 

,R2 R2 R 3  
/ 

(1  75) I 

6. PAIlenic alcohols. Although a considerable number of reactions leading to  
0-allenic alcohols are known (e.g. lithium aluminium hydride reduction of 0-allenic 
aldehydes and ketones29 ’, addition of Grignard reagents t o  allenic aldehydes296 , 
reduction of hydroxypropargyl halides with zinc-copper couples2 7 ,  addition of 
propadienyllithium derivatives t o  oxiranes” ‘), the number of simple and general 

procedures is limited. One classical way consists in preparing the non-con- 
jugated enynol 177 from a,$-unsaturated ketones 176 and alkali acetylide, isomer- 
izing 177 with sulphuric acid to its conjugated isomer 178, and reducing this to  the 
allenol 179 with lithium aluminium hydride in refluxing ether (equation 
72)2 9 9.3 0 0 . 
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R 2  R 2  R3 
I NaNH2 I 1  H+ 

R’-CH=C-C-R3 + HC=CNa - R1--CH=C- -C=CH - 
liq. NH3 ’i 

OH 
I1 
0 

172) 
1176) (177) 

R 2  R 3  R 2  R3 

R’-$H-C=C-C=CH - R1-CH-CH-C=C=CH2 
I I  LIAIH, I 1  

I 
OH 

(178) 

I 
OH 

(179) 

R’ = R3 = H, alkyl, cycloalkyl etc. 

R 2  = H, alkyl, cycloalkyl, aryl 

This reaction sequence has been considerably improved (yields in the vicinity of 
70% for each stage) by substituting lithium amide for sodium amide in the first step 
and by reducing the acetates of the alcohols’” in the last3”. Mechanistic 
investigations have been carried out  both for the reduction of the alcohols3o2 and 
their acetates30 3. 

Another procedure reduces a-allenic aldehydes with lithium aluminium hydride 
in ether, the starting materials being prepared in good yields by Claisen-type 
rearrangement of propargyl vinyl ethers3 q2 . 

In two more recent developments p-allenic alcohols are synthesized in good to  
excellent yields by treatment of 5-alkoxy-, 5-tetrahydropyranyl-2-oxy- (i.e. 180) or 
5-trialkyla~monio-3-pentyn-1-ols with lithium aluminium hydride in tetrahydro- 
furan at 65 C3’ ’, and by reacting the first two types of compounds (e.g. 181) with 
Grignard reagents in the presence of cuprous iodide (equation 73)30 6 .  Both 

n 
LiAIH,, 

THF 
(o/ lo ,CH2CGC-CH2CH20H - H2C=C=CH ,CH20H 

h H 2  

(180) 80% 
(731 

Me 
MeMgBr Me \ I 

c /C=C=C, NCH20H 
Cul ,  ether M~ CH2 

ao,r- C= C - C H2 C H 2 0 H 

Me 

(181 I 
56% 

processes involve a propargyl rearrangement, and are clearly related to  the reactions 
used to  prepare the lower homologues (cf. Section II.B.4a). 

Another novel reaction exploits the ring-opening through @-elimination of 2- 
alkyl-4,Sdihydrofurans (equation 77)307. 

(741 
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The solvolytic behaviour of various derivatives of P-allenic alcohols, especially 
their tosylates, has received much attention. The homoallenyl participation shown 
by these compounds is not only mechanistically important but also opens up  useful 
preparative entries to  numerous cyclopropane and cyclobutane derivatives3 O z. 
Homoallenyl participation is incidentally not restricted t o  cationic intermediates as 
is shown by the rearrangement of 3,4-pentadien- 1-yl Grignard reagent to  its l-cyclo- 
propyl vinyl isomer3 3 .  

c. Y -  and Higher alleriic alcohols. In the presently most general sequence to 
Y-allenico alcohols3' the carbinol 182 is first converted with bromoform in pentane 
at  -20 C in the presence of potassium t-butoxide into the gern-dibromocyclo- 
propanol 183. After protection of the alcohol function the resulting ether 184 is 
debrominated by treatment with n-butyllithium in ether at -40 C. The a l ly i c  
ethers 185 are finally hydrolysed with dilute ethanolic hydrochloric acid a t  45 C, 
providing the desired carbinols 186 in fair to  good yield (equation 75)314. The 

R 2  
/ 
\ 

(186) OH 

(CHz)2-CH-R3 
I 

R' 

R' R1 R' Yield (%) 

H H H 10 
H H Me 30 
H Me Me 60 
H Me H 50 
Me H Me 80 

procedure has also been applied to  the synthesis of a few Y 3 1 5 -  and E-allenic 
alcohols. 

Alternative procedures for the preparation of  Y-allenic alcohols involving re- 
arrangement3 '' and fragmentation3 '' reactions are available, but their scope 
appears to be rather limited. 

Like their lower homologues (cf. Section II.B.4b) secondary Y-allenic tosylates 
have been subjected to  solvolysis experiments which have shown that cyclization to  
derivatives of 2-methylidenecyclopentanol or cyclohexanone takes place3 *3 ' 9 .  
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5. Allenic aldehydes, ketones and their derivatives 

Allenes containing an aldehyde or  keto function have frequently been prepared 
by oxidizing the corresponding alcohols3z O ,3z ’ . Secondary P-acetylenic alcohols 
may also be used, undergoing a propargyl rearrangement during the oxi- 
dation3” 9323. While ‘standard’ aldehyde and ketone preparations have also been 
applied324, there are procedures that are unique for this class, and some will be 
presented below. 

a. Aldehydes. a-Allenic aldehydes 188 are obtained when a,P-dialkyl-Pchloro- 
acroleins 187 are treated with triethylamine for three hours at 60° C (equation 
76)32 5 .  

1187) (1  88)  

R’ = H, Me 

R 2  = Me, Et ,  n-Pr, i-Pr, n-Bu 

a-Allenic dithio ketals 191 have been synthesized from S-propargylic dihhio 
esters 189 by reaction with ethylmagnesium bromide in tetrahydrofuran at -30 C. 
The primary product 190 spontaneously undergoes a [ 2,3] sigmatropic rearrange- 
ment t o  an allenic thiolate which is stabilized by methylation (equation 77)32 6 .  

S SEt 
II I 1. [2,31 - 

R1-C~C-CHR2-S-C-R3  + EtMgBr - R1-C-C-CHR2-S-R3 - I 2 .  Me1 

(189) 
MgBr 

(77) (190) 

SMe 
(191) 

R’ R’ R3 Yield (%) 

H H Et 64 
Me H Et 69 
Ph H Et 58 

Me Me Et 0 
Me H C6K3 74 

When 5,5-diinethyl-N-nitrosooxazolidone, a known precursor of dimethyl- 
methylene carbene, is decomposed by various bases in glyme in the presence of 
ethoxyacetylene, a-allenic acetals are produced in 3040% yield3 ”. 

The method of choice for the synthesis of P-allenic aldehydes 193 is the 
Claisen-Cope rearrangement of propargyl vinyl ethers 192 (equation 78)’ 5 2  9’ 3, 
3 0 4 . 3 2  8 .  
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(192) (1931 

R’ R’ R3 R4 Yield (76) 

H H H H 20-30 
H H H Me 10-20 
H H Me Me 10 
Me Me H H 70 
Me Me Me H 60 
Me Me Me Me 76 

Increased substitution leads t o  a faster rearrangement at  lower temperatures and 
to  higher yields304. For the case of R’ = RZ = Me this synthesis is particularly 
simple, since the ethers 192 may be prepared directly by acid-catalysed conden- 
sation of various propargyl alcohols with isobutyraldehyde and rearranged 
in situ’ s 2  9’ 3 .  In most cases the aldehydes 193 are obtained in about 50% yield. 

In another [ 3,3 1 sigmatropic isomerization vinylpropargylcarbinols are thermally 
rearranged via y-allenic enol intermediates to y-ullerzic aldehydes. With the appropri- 
ate substitution y-allenic ketones may also be prepared, but both reactions suffer 
from the disadvantage that isomeric compounds are formed as by-products3 2 9 .  

P-Allenic aldehydes have been used as starting materials for  allenic cyanohydrins, 
amino nitriles and amino acids3 O, as well as p-allenic alcohols (cf. Section II.B.4.b). 

b. Ketones. A considerable number of methods have been developed for the 
synthesis of a-allerzic ketones, and only the more recent ones will be summarized 
here3 . 

When esters are reacted at -80’ C with allenylmagnesium bromide in ether a 
mixture of P-acetylenic and a-allenic ketones is produced (equation 79)3 . 

0 0 
R ’  II R: II 

,CHC02Et + HZC=C=CHMgBr - )CH - c - C H ~  C-CH + ,C H -c -cH = c =cH2 

R2 A2 R 2  (79) 

R’ Ra Yield of mixture (%) 

H H 20 
Me H 38 
Et H 40 
Ph H 30 
Me Me 25 

This mixture isomerizes under the influence of base (potassium carbonate in 
dimethyl sulphoxide), and its allene ketone content increases. Since by treatment 
with silver nitrate the acetylenic ketone may be eliminated, the procedure consti- 
tutes a useful way to a-allenic ketones. The  reaction, whose mechanism has been 
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also proceeds with a-halogenated esters, and the substituents of the 
Grignard reagent have also been varied3 3.  

Another route to z-allenic ketones involves the acid-catalysed hydrolysis of 
e t h ~ x y e n y n e s ~ ~ ~ .  Since the resulting ketones are known to  add water under acidic 
conditions ( to  yield P-diketones), the reaction conditions are critical, best yields of 
allene ketones having been obtained when the hydrolysis is effected with a dilute 
solution of perchloric or orthophosphoric acid. When ethoxyenynols are subjected 
t o  the same conditions allenic ketoalcohols are produced3 5 v 3  36 . 

A promising new method for the preparation of a-allenic ketones starts with the 
easily available nitriles 194 which are alkylated in quatitative yield by propargyl 
bromides in tetrahydrofuran to the ammonium salts t95. When these are reacted 
with potassium t-butoxide in tetrahydrofuran at  -40 C for 30 minutes the salt 
196 is produced which undergoes a [ 2 , 3 ]  sigmatropic change to the allenic nitrile 
197. Cupric-ion catalysed hydrolysis of the latter furnishes the ketones 198 in good 
yields (60% starting from 194) (equation 80)337. 

T H F  N-C7(+/ base 
H N  - / 

N?C-CHR'-N, + R ~ - C E C - C H ~ B ~  - 
R 2 - = i  - 

(196) (197) 

R'  = Me, Et, PhCHZ 

(198) 

R 2  = Me, E t  

An elimination reaction has been used for the synthesis of the unusually 
substituted allenic ketone 199 (allenyl diazomethyl ketoneI3 8 ,  and 2,5-diaryl-3- 
bromofurans have been shown to  undergo ring-opening to aryl-substituted a-allenic 
ketones when treated with n - b ~ t y l l i t h i u m ~ ~ ~ .  

o<-= C H N 2  

(199) 

Concerning p- and y-allenic ketones 202 a general method of preparation consists 
in applying the DMS method to protected p- and y-keto olefins 200, and hydro- 
lysing the thus formed allenic ethylene ketals 201 with acid (equation 81)340.  

(200)  (201 1 
n = 1:  $-ketone 

n = 2: '(-ketone 

(202)  
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An important and specific method for the synthesis of P-ketoallenes consists in 
the reaction of tertiary acetylenic alcohols with vinyl ethers in the presence of 
catalytic amounts of p-toluenesulphonic acid or phosphoric acid in hydrocarbon 
solvents a t  60 to  80° C (equation 82)34 . It is likely that in this process, which has 

been used for  example in the synthesis of pseudoionon and some of its mono- and 
di-methyl  derivative^^^', the mixed ketal 203 is initially formed which by a 
subsequent loss of alcohol is converted to  the propargyl isopropenyl ether 204. This 
intermediate evidently undergoes a Claisen-type rearrangement to afford the P- 
allenic ketone. 

y-Allenic ketones have also been obtained by a thermal [3,31 sigmatropic 
i s o m e r i z a t i ~ n ~ ~ ~  , and by condensation of a-allenic bromides with the sodium salt 
of acetoacetic ester followed by hydrolysis and d e c a r b ~ x y l a t i o n ~ ~  3 .  

Synthetic applications of a-allenic ketones include their reduction with various 
reagents3 4 4  (cf. Section II.B.4.b), their use as dienophiles in Diels-Alder reac- 
t i o n ~ ~ ~ ~  and their alkylation with lithium dimethyl c ~ p r a t e ~ ~  , which takes place 
as an 1,Zaddition to the activated double bond of the allene system. The latter 
reaction has been exploited in the synthesis of lavandulol, a monoterpene 
alcohol34 '. 

6. Allenic carbox ylic acids, esters and amides 

The method of choice for the preparation of a-allenic carboxylic acids and their 
derivatives, especially their esters, is the Wittig reaction. 

When acid chlorides 205 are treated with the Wittig reagents 206, phosphonium 
salts 207 are formed, which in a subsequent step are dehydrochlorinated by a 
second molecule of the ylid 206 (which now functions as a base) to  yield the 
phosphonium salts 208 and the betains 209. Elimination of triphenylphosphine 
oxide from the latter provides the a-allenic esters 210 in good yields (equation 
83)348t349. When ylids 206 esterified with optically active alcohols are used, the 
allenic esters formed show optical activity3 

has also been applied for synthesizing 
a-allenic esters. In this procedure a-diethylphosphonocarboxylic esters 21 1 are 
converted into their salts 212 by base treatment, and the latter reacted with ketenes 
213 (equation 84)3s2. Best yields (70-80%) are realized when working in boiling 
dimethoxyethane as solvent. The free acids are obtained by saponification with a 
solution of 10% sodium hydroxide in aqueous ethanol3 2 .  A procedure applicable 
also for the synthesis of thermally labile a-allenic esters, has recently been 
developed353, as has a general procedure for the separation of enantiomers of 
allene carboxylic acids3 3 .  

a-Alkyl-P-keto esters 214 have been transformed in a single step into allenic 
esters by initial reaction with hydrazine (giving 5-pyrazolone derivatives 21 5 in situ) 
followed by oxidation with thallium ( 1 1 1 )  nitrate (TTN) in methanol (equation 
8 5 P S 4 .  

The so-called phosphonate method3s 



20. The preparation of allenes and cumulenes 8 19 

- R3 0 
R’  I I  / 

\CH-C-CI + Ph3P=C 
R2’ ‘COP E t  

(205) (206) (207) 

R3 
I 

R3-CH-C02Et CI- + ,C-C-C-C02Et - 
R2 11 +I 

0 PPh3 0 P P h j  
- +  (209) 

[ +/lPh3 1 [”’- 
(208) 

R: P3 
Ph3PO + ,C=C=C 

R2 ‘COz E t  

R’ R2 R3 Yield (%) 

H H Me 59 
Et H Me 55 
n-Bu H Me 66 
n-Pe H Me 80 
Me Me Me 42 

R\ 
R 3  II -/ R3 +NaH 

0 

(EtO);! P-CH 
+ fc=c=O - -+ (Et0)2P-C 

1 1  / 

‘CO;! E t  ‘C02Et R 

Me Et Ph 
Ph Me Et 
Ph Et Me 
Ph Me Me 
Ph Ph Ph 

and others 

Propargylic rearrangements have also been exploited for the synthesis of a-al- 
lenic esters; thus suitable hydroxy acetylenic esters were treated with thionyl 
chloride3 5 5  or phosphorous ~ e n t a b r o m i d e ~  6 ,  or the corresponding acetates were 
isomerized with mild bases35 or their chlorides hydrogenated3 *. 

The reaction of Grignard reagents with carbon dioxide has also been used for the 
preparation of a-allenic acids359. 

Among the recent applications of these allene derivatives in organic synthesis 
their use in various addition reactions may be mentioned. 1,3-Diethoxycarbonyl- 
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0 0  

I 
I 1  I I  +N2H4 

A’ R~CHC-CHCOR - 
R3 

(214) (215) 

R 3  
(85) 

TTN R \  / - ,c=c=c 
R2 ‘C02 Me 

R’ R’ R3 Yield (%) 

H H Me 50 
H H Et 48 
H H i-Pr 54 
H H n-Pe 7 0  
Et H Me 55 
Et H Et 61 

allene is c?n active dienophile and ethoxycarbonylketene equivalent in the synthesis 
of antibiotic C-nucleosides’ O .  The diester allows the pre aration of highly 

diazoalkanes to  allenecarboxylic acid esters leads to pyrazolines which are con- 
verted to novel spiro systems by attack of a second molecule of the diazo 
compound3 3. 

It should be noted that allene esters may also be of the enole ester type 216. 
These compounds will be discussed in Section II.D.6.a. 

substituted 2-pyridones by nucleophilic addition of enamines3 c! 1,3 ’. Addition of 

H 
/ 

‘0-C-R 
H2C=C=C 

II 
0 

(21 6) 

A general method for the preparation of p-allenic esters 217 consists in heating 
mixtures of 1-hydroxy-2-propynes and orthoesters a t  150 C in the presence of 
catalytic amounts of propanoic acid (equation 86)364. 

,,t R 2  R’ 

(86) 
HO-CR2R3-CGC-R’ + R4CH2C(OEt13 - )C=C=C / 

15ooc R3 ‘CHR3-C02Et 

(2171 

R’ R’ R3 R‘ Yield (%) 

H H H H 34 
H Me H H 63  
H I 1  -Pr H H 60 
H Me Me H 54 
H Me Me Me 59 
Me Me Me H 61 
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Less general routes to  21 7 involve the photochemical decomposition of pyrazo- 
lenine esters36 ’, photoisomerization of dienoic acids3 ‘, and application of the 
Carey aldehyde -ester transformation t o  certain conjugated enyne aldehydes3 6 7 .  

p-Allenedithiocarboxylic acid esters have been synthesized from ketene dithio- 
acetals by thermal rearrangement in excellent overall yields3 6 8 .  

Some yallenecarboxylic acid esters have been synthesized along more con- 
ventional lines, e.g. by reaction of l-bromo-2,3-butadiene derivaties with aceto- 
acetic ester and subjecting the resultingp-keto esters to  ether ~ l eavage3~3 .  

a- and P-Allenic amides have been obtained by some special procedures after 
having been isolated as by- or  main-products in base-catalysed rearrangements of 
their acetylenic isomers3 

A general method for the preparation of the a-amides 218 consists in treating 
a-dlenic nitriles (cf. Section II.B.7) with alkaline hydrogen peroxide (equation 
8713 ‘ O .  

(218) 

R’ R’ Yield (%) 

Me Me 35 
Me Et 71 
Et Et 57 
t-Bu t-Bu 70 

Alternatively N-r-butylamides are formed in a Ritter reaction when the nitriles 
are treated with t-butanol and concentrated sulphuric acid with yields in the 60% 
range3 . 

Tertiary allenic amides are produced in high yields by the reaction of propargyl 
alcohols with diethylformamide acetals in refluxing hydrocarbon solvents, the 
process occurring via a [ 2,3] sigmatropic shift (equation 88)3 I . 

I 
R’ 

I 
R’ 

The reaction of tertiary propargyl alcohols with dimethylacetamide diethyl- 
or with ynamines374 leads t o  fi-ulleriic amides. In both cases the 

In another application of N,N-dialkylynamines these are reacted with carbon 
operation of a Claisen-type mechanism is likely. 
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dioxide in acetonitrile/ether a t  room temperature to afford diamides of 1,3-allene- 
dicarboxylic acid 219 (equation 89)3 7 5 .  On heating, the alkyl substituted deriva- 
tive 21 9 undergoes an unexpected thermal transformation to the 6-amino-a-pyrone 
derivative 2203 7 6 .  

(220) (40%) 

R’ R2 R’ Yield (%) 
~ ~~ ~~ 

Et Et Me 95-100 
Ph Me H 40 

7. Allenic nitriles 

Allenic nitriles (cyanoallenes) 221 may either be prepared by treatment of 
(preferably tertiary) acetylenic alcohols with 1.5 equivalents of cuprous cyanide, a 
trace of copper, one equivalent of potassium cyanide and hydrobromic acid (48%, 
2.5 equivalents) for three days at  room temperature (method a) or by reaction 
I-alkyl- or 1,1-dial~yl-3-bromoallenes with cuprous cyanide in N,N-dimethyl- 
formamide at  35-60 C for two hours (method b) (equation 90)377*378. 

(90) 
methoda R’ /H rnethodb R1 

A: ,C-CZECH - )C=C=C - >c=c=c 
R2 b H  R* \CN R2 \Br 

(221 1 

R’ 

Me 
Me 
Et 
Me 
Me 
i- Pr 
t-BU 
H 
H 
H 

R’ 

Me 
Et 
Et 
i-Bu 

i-Pr 

Me 
i-Pr 
Ph 

t-Bu 

t-BU 

Yield (%) (method) 
~~ ~ ~ 

30 (a). 40 (b) 
51 (a), 51 (b) 
75 (a), 61 (b) 
40 (a). 5O(b) 
25 (a), 65 (b) 

67 (b) . 
90 (b, without solvent) 
55 (b) 
60 (b) 
70 (b) 

The dicyanoallene 224 is produced in 68% yield when the P-lactone 222 is 
treated with triethylamine. This unique decarboxylation presumably occurs via the 
zwitterionic intermediate 223 (equation 91)3 79. 
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0 

823 

II + 
r.l .  ,C-N E t 3  CN - )(=C=C’ i- COz + N E t 3  

*N N/ x (91 1 

+ NEt3 

N 

NC N$f 
(222) (223) (2241 

The a-cyanoallene (227 )  is formed in 28% yield from N-(2-propynyl)- 
butyramide (225) .  The scope of this process which probably involves a Claisen- 
type isomerization (intermediate 226) has not been explored (equation 92)3a0. 

/H 

‘ C H C ~ H ~  
I 

HzC=C=C 1. COClz/THF EN\ - CH3CH2-dll CfHp - [ H C G C  ] CN 
2. Et3NTTHF 

(225) (226) (227) (92) 

Cyanoallenes are of interest because of their head-to-tail-dimerization3 a 9 3  a 2 ,  

and especially as substrates for the preparation of numerous heteroorganic com- 
pounds (unconjugated and conjugated enaminic nitriles3 a 9 3  a 4 ,  imidazolines and 
imidazoles3 a 5 ,  oxazolines, thiazolines, oxazoles, thiazoles, and pyrazoles3 33 a 7 ) .  

The yields in most of these transformations are good to excellent (70-90%). 

C. Cyclic Allenes 

Three general categories of cyclic allenes will be discussed in this review: the two 
monocyclic systems (i) and (ii), which will be referred to  as endo- and exo-cyclic 
allenes, and the bicyclic molecule represented by (iii): 

(i) (ii) (iii) 

This nomenclature does not take into account the complexity of the ring 
systems in (i)--(iii). An allene unit incorporated into a polycyclic molecule may 
therefore be listed under either of these structural types. In other words the 
‘molecular bridges’ in these three general formulae may possess any degree of 
complexity. 

1. Endoc yclic allenes 

!t shculd be noted that medium-sized rings (C, to  C1 1 ) tolerate an allene linkage 
more readily than the electronically related triple bond3 a 1 3  ~ 3 ~ .  Since, however, 
the isomeric dienes, especially conjugated ones, are thermodynamically consider- 
ably more stable than either of the first two combinations of x electrons, isomer- 
ization reactions of cycloalkynes normally lead to  mixtures of isomeric products. 

Ring-strain in cyclic allenes may be reduced by two general modes of defor- 
m a t i ~ n ~ ~ O .  In the first one, exemplified by the process 228 + 229, the normal, 
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orthogonal geometry 228 is modified by a bending of the allene group at C ( 2 )  
about an axis which is perpendicular to one of the methylene planes. This will 
introduce s-character into the p orbital at  C(2), which is a t  right angles t o  the 
bending axis, and consequently reduce the x-character of the double bond t o  which 
this orbital contributes; the perpendicular double bond will remain unchanged 
(equation 93)390. 

(230) (228) (229) 

In the second deformation, 2284  230, a planar arrangement is produced by a 
twisting motion of one of the methylene units about the C(l)C(2)C(3) axis. The x 
system thus generated corresponds to  a linear arrangement of p orbitals with one 
nonbonding p orbital perpendicular t o  the 71 system at C ( 2 )  (equation 93). A 
combination of both the bending and the twisting mode seems t o  be the most 
effective way for reducing strain in small cycloallens. Detailed INDO-MO calcu- 
lations on these systems have been performed39o, and it has been concluded that 
the incorporation of an allenic linkage into a five-membered ring should not be 
more difficult than into its next higher hornologue, and even the intermediate 
generation of 1,Zcyclobutadiene intermediates should be possible. 

a. Six-membered and smaller rings. The smallest cyclic allene whose existence 
was proven beyond doubt is 1,2-~yclohexadiene (232). All experiments which 
could have led t o  1,2-cyclopentadiene have been proven u n s u c c e s s f ~ l ~ ~  1-3 3. 

Hydrocarbon 232 has been generated from various precursors, among them 
1-halogenocyclohexene (231)394-3 (by treatment with potassium t-butoxide), 
2,3-dihalogenocyclohexene (233)3 7-3 9 9  (by treatment with magnesium), and 
6,6-dibromo-bicyclo[ 3.1.01 hexane (234) (by treatment with m e t h y l l i t h i ~ m ) ~ ~ ~  
(equation 94). 

That 232 is indeed produced in these eliminations is shown by various trapping 
and oligomerization experiments. Thus 1 ,Zcyclohexadiene may be intercepted with 
diphenylisobenzofuran to the Diels-Alder adducts 23539 v4 , whereas styrene 
,provides the [ 2 + 21 adducts 2364" '. The dimer 237 is formed in good yield when a 
solution of the dibromide 234 in ether is added to  a refluxing ethereal methyl- 
lithium solution. Changing reaction conditions cause the formation of tetra- 
men3  p 4 O o  ,40 3. The mechanism of the dimerization process has been investi- 
gated4O4l4O 5 ,  and several other trapping agents - including acyclic and cyclic 
dienes - provide the adducts expected for the intermediate formation of 
2323 9 a ,40 6,410 I. 

6. Seven-meinbered rings 1,2-Cycloheptadiene is also too unstable to  be isolated 
in substance. However, the fact that i t  and its derivatives may be generated is 
proven by several observations. 

When 1,2-dibromocycloheptene (238) is treated with potassium t-butoxide in 
the presence of diphenylbenzofuran the two Diels-Alder adducts 240 and 241 are 
formed in 2.8 and 8.1% yield, respectively (equation 95)408.  
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Hal b””‘ 
(2331 

(2321 (2341 

825 

Q$lQ dH 
’’ Ph 

(37%) (76%) (55%) 

(235) (236) (2371 

M 
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Whereas 240 is the direct addition product of the diene to the intermediate 
l-bromo-l,2-~ycloheptadiene (239), 241 is a secondary adduct formed by attack of 
the trapping agent at  the substituted double bond of 239 and subsequent dehydro- 
bromination. Analogous adducts are produced when I-bromocycloheptene is re- 
acted with base, indicating the formation of 1,2-cycloheptadiene. However, since 
the Diels-Alder product 242 of cycloheptyne to  diphenylisobenzofuran was shown 
to rearrange very readily to  the cycloallene adduct 243, these trapping experiments 
are not unambiguous (equation 96). 

I 
Ph 

I 
Ph 

1242) 1243) 

When the elimination of 1-bromocycloheptene was repeated in the absence of 
the diene, tricyclic hydrocarbons C I 4 H 2 ,  are formed - another hint that  1,2- 
cycloheptadiene has been produced as a reaction intermediate. The same conclusion 
may be drawn from several other elimination reactions of this general type40 i4 O .  

Particularly revealing is an experiment in the presence of bis(tripheny1phosphine)- 
(ethy1ene)platinum which leads to  the stable metal complex 2444 ~ 

Ph3 ph3p;pt0 P 

(2441 

Interestingly, 1,2-cycloheptadiene cannot be prepared by the DMS method. 
Rather, treatment of 7,7-dibromobicyclo[ 4.1 .O] heptane (245) with methyllithium 
yields a variety of products, among them the hydrocarbons 247-249, formed by 
intramolecular insertion of the intermediate cyclopropylidene 246 (equation 
97141 2 .  

From a study with several derivatives of 245 (and hence 246) it has been 
concluded that in general a cyclopropylidene incorpated into a bicyclo- 
[4.1.0] heptane system does not experience ring-opening to an allene prior to 
carbon -hydrogen insertion. This behaviour is surprising since the next lower (cf. 
Section 1I.C. 1.a) and higher homologues (cf. Section 1I.C. 1 .c) do open to 1 ,2-cyclo- 
hexadiene and 1,2-cyclooctadiene, respectively. To explain this contradiction, it has 
been assumed that the bicyclo[4.1.0] heptane system lies in a structural region for 
which opening in the conventional sense to  an orthogonal allene is denied because 
the cycloallene thus produced would be too highly strained; this process is only just 
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barely possible for the next higher homologue. The [3.1.01 system, on the other 
hand, leads to  a (possibly planar) allene, but by a different mechanism. Rather than 
forming the cyclopropylidene, the a-bromocyclopropyllithium intermediate may 
rearrange in a manner analogous to the carbonium ion rearrangement found for 
endo-&substituted derivatives of bicyclo[3.1.01 hexane, processes which evidently 
occur because of relief of strain413. For this mechanism to become operative, 
the t4.1.01 system may not be strained enough. 

A growing number of publications have appeared during the last few years in 
which derivatives of 1,2-~ycloheptadiene were postulated as intermediates or even 
trapped by appropriate reagents. 

Thus, when syn-or anti-tricyclo[4. 1.0.02 i4 ] heptan-5-ylidene (252 and 253) are 
produced by pyrolysis of the precursors 250 and 251 the dimer 255 of 1,2,5-cyclo- 
heptatriene (254) is formed in yields up to 94% (equation 98)4 ’ 4 .  

1 

(251 I (253) 

The occurrence of the still higher unsaturated tetraene 256 as well as its 
4,s-benzo derivative 257 during, inter alia, the dehydrochlorination of 2-chloro- 
1 ,3 ,5 -he~ ta t r i ene~~  and 5,6-benzo-1-chloro-1,3,5-~ycloheptatriene~ is made 
likely by various trapping and dimerization experiments, which all yield the p r e  
ducts expected for the structures given. 

(256) (257) (258) 

Bicyclo[3.2.1 I octa-2,fdiene (258) has been suggested as an intermediate in the 
dehydrobromination of 3-bromo-bicyclo[ 3.2.11 oct-2-ene4 with potassium t-but- 
oxide in dimethylsulphoxide. However, other workers have concluded that the enol 
ethers formed as reaction products were more likely produced by the interception 
of acetylenic intermediates with t-butano14 *4 9 .  On the other hand, 258 has 
been generated by treatment of 3,4-dichlorobicyclo[ 3.2.1 ] oct-2-ene with mag- 
nesium as evidenced by several trapping experiments with cis-pentadiene, 2,3- 
dimethyl-l,3-butadiene, styrene and ~yclopentadiene~ ”. 

Oxa and aza derivatives of 1,2-cycloheptadiene have finafly been invoked as 
intermediates in the thermal rearrangements of a-ethylenic, a -acetylenic oxiranes 
and aziridines, respec tively4 3 .  
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c. Eight-membered rings. When 8,8-dibromobizyclo[ 5.1 .Ol octane (259) is 
added t o  an etheral solution of methyllithium at 0 C five products are formed, 
four of which are stable enough to  be isolated by gas chromatography. The fifth 
one, whose maximum yield was 8% immediately after terminating the experiment 
by quenching with water, is evidently the desired 260 since it shows the character- 
istic absorption for allenes at 196 1 cm-' in the infrared; i t  could be hydrogenated 
to  cyclooctane (262) and trapped with hydrochloric acid/phosphorus pentachloride 
t o  3-chlorocyclooctene (equation 99)424.  When an aged product mixture was 
hydrogenated under identical conditions no 262 could be detected. On standing, 
.260 dimerizes to  the tricyclic diene 261 which itself is one of the four stable 
products referred to. 

(259) (260) (261 1 

0 
(262) 

Hydrocarbon 260, which like its lower homologue forms a stable bis(tripheny1- 
ph0sphine)platinum complex4 ' ' , is  also obtained as an intermediate when l-bromo- 
cycloocteneo is reacted with potassium t-butoxide in dimethylsulphoxide for four 
hours at 40 C 4 2 5  or the methanesulphocate ester of 3-cyclootynol is reduced with 
lithium aluminium hydride in ether at  5 C?26. In both cases the existence of 260 
was inferred from dimerization and trapping products, formed for  example by 
cycloaddition of d ipheny l i sobenz~fu ran~~  . 

In view of this lack of stability i t  is not surprising that still higher unsaturated 
derivatives of 1 ,2-cyclooctadiene have only been proposed as nonisolable reaction 
intermediates. These polyolefinic compounds include 1,2,4,5,7-~yclooctapentaene 
(263), a possible intermediate in the converison of cis, cis-3,5-octadien-l,7-diyne to  
the dimer of b e n z o c y ~ l o b u t a d i e n e ~ ~  ', 1,2,5-cyclooctatriene (264) and 1,2,4,5- 
cyclooctatetraene (265) in the thermal isomerization of trans-1 -ethynyl-2-vinyl- 
c y c l o b ~ t a n e ~ ~ ~  and 1,2-diethynylcycl~butane~ 9 ,  respectively, and the isomeric 

1,2,4,6-~yclooctatetraene (266), which is very likely formed in the photodecom- 
position of the sodium salt of '1,3-homotropone-p-toluenesulphonylhydrazone4 9. 

266 yields a typical allene dimer during the photolysis in 70% yield, and may be 
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trapped with diphenylisobenzofuran t o  a stereoisomeric mixture of 1 : 1-Diels- 
Alder adducts when the precursor is decomposed thermally. The same trapping 
agent has also been used to intercept 2,3-cyclooctadienone (267) which is pre- 
sumably formed when 3-bromo-3-cyclooctenone is treated with base4 O .  

d.  Nine-membered rings. 1 ,ZCyclononadiene (269) is the first cyclic mono- 
allene that is stable enough to be handled under normal laboratory conditions. The 
compound may be prepared by either base-catalysed isomerization of cyclononyne 
(268)388*389 or by the DMS route from cyclooctene (270)43’ (equation 100). 

(268) (269) (270) 

Since the first reaction is an equilibrium process, the second one is preferred if  
very pure material is required43 . The ring-opening of the 9.9-dibromobicyclo- 
l6.1.01 nonane precursor of 269 can also be effected with chromium (111) chloride- 
lithium aluminium hydride’ 3 .  Several halogeno olefins have been dehydrohalo- 
genated t o  269 by treatment with strong bases432-43 ’, the product mixtures 
contain, however, smaller or larger amounts of isomeric hydrocarbons, depending 
on reaction conditions. Both enantiomers of the chiral hydrocarbon are 

The cyclic allene has been isomerized to 1.3-cyclooctadiene by treatment with 
potassium t-butoxide in dimethylsulphoxide! ’, hydroborated with diborane4 
and d i ~ i a m y l b o r a n e ~ ~ ~ ,  reacted with hydrogen bromide under various con- 
d i t i o n ~ ~ ~ !  * 4 4 2 ,  and dimerized ’% both its racemic and optically active form443. 
Under pyrolytic conditions (640 C, 0.3 torr, flow system) it suffers ring-opening 
to 1-nonen-&yne and cyclization t o  cis-bicyclo[4.3.01 non-7-ene and trans-bicyclo- 
[ 43-01 non-Zene, respectively444. 

The photochemical behaviour of 269 is unique since the tricycle[ 3.3.0.02*9 ] - 
nonane formed on  benzenesensitized irradiation a t  2537 A in t h e  gas phase 
may be the result of an allene-cyclopropylidene conversion, and as such consti- 
tutes one of the very rare examples of the reversion of the decisive step in the 
DMS synthesis44 ’. 

1,2-Cyclononadiene has furthermore been subjected to o x y r n e r ~ u r a t i o n ~ ~  6 ,  

treatment with formic acid in the presence of mercuric s ~ l p h a t e ~ ~  7 ,  peracetic acid 
in methylene and thallic acetate in glacial acetic acid (oxythal- 
l a t i ~ n ) ~ ~ ~ .  The reduction of this allene with diimide450 and under Birch con- 
d i t i o n ~ ~ ~ ’  has been reported, as has its use in a simple and effective route to  
d, I-is~caryophyllene~ ’ ’. 

A considerable number of derivatives of 269 have been synthesized and their 
chemical properties investigated. Thus 1-methyl-1 ,2-cyclononadiene has been 
obtained from 1-methylcyclooctene using the one-step olefin-allene conversion 
mentioned in Section 1 ~ A . 5 ~ ’ ~ .  Among the higher unsaturated derivatives, 1,2,6- 
cyclononatriene (271) has been most thoroughly studied, especially its thermal 
behaviour4 874 ’ 4-4 . The cyclopropanated derivative cis-bicyclo[ 7.1.01 -deca- 
4,s-diene of 271 has also been described4 ’ 9 3 4 G  2 .  

The reactive 1,2,5,7-cyclononat~traene (272) dimerizes with a half-life of 10 
minutes in deuteriochloroform at 0 C t o  the tricyclic olefin 27346 3 .  Research in 
progress on  the preparation of precursors for the presumably very reactive 
1,9,4,6,&cyclononapentaene has revealed some inconsistencies with the older litera- 
ture4 . 

known I 2 , 4 3  6 ,4  3 7 
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(271 (272) (273) 

The DMS method has also been employed for preparing 5-hydroxy-l,2-cyclo- 
n ~ n a d i e n e ~ ~ ~  and its 4hydroxy isomer. The relative configurations of the two 
diastereisomers of the latter compound have been determined by chemical and 
physical methods4 ti i4 7 .  Among cyclic allenones 2,3-cyclononadienone has been 
obtained both by irradiation of 2-ethinylcy~loheptanone~ *469  and from 3- 
hydroxycyclooctene by the DMS reaction and subsequent oxidation4 7 0 ,  with the 
second approach also allowing the synthesis of the optically active ketone. 

e. Ten-membered rings. 1,2-Cyclodecadiene (275) may be prepared by either 
base-catalysed rearrangement of cyclodecyne3 8 9  or by the DMS method from 
c y ~ l o n o n e n e ~ ~  * . In  a recent synthesis cis-3-bromocyclodecene (274) is treated with 
potassium t-butoxide in dimethylsulphoxide a t  room temperature for five minutes 
(equation 1 0 1 ) ~ ~ ~ .  

(274) 

Several derivatives of 275 which contain one or two additional double bonds 
have been prepared by the DMS procedure from the corresponding cyclic alkenes 
and dienes, respectively. 1,2,5-cyclodecatriene (276) from 1,4-cy~lononadiene~ 7 3 ,  

1,2,5,&cyclodecatetraene (277) from 1,4,7-cy~lononatriene~ v 4  7 4 ,  1,2,5,6-cyclo- 
decatetraene (278) from the bisdibromocarbene adduct t o  1,4-cycl~octadiene~ 3, 
and 1,2,6,7-~yclodecateiraene (279) analogously from 1,5-cycl~octadiene~ s 5  6 .  

When this procedure was applied to  the synthesis of the conjugated bisallene 
1,2,4,5-cyclodecatetraene (280) only its valence isomer bicyclo[ 6.2.01 deca-1,7,9- 

(276) (277) (2781 (279) (280) (281 I 

triene could be isolated46 j .  The intermediate formation of meso-l,2,4,6,7,9-~yclo- 
decahexaene (281) during the dehalogenation of 3,3,10,1O-tetrabromotricyclo 
[ 7.1. 0.04 p 6  ] deca-2,7-diene (a bisdibromocarbeneadduct of cyclooctatetraene) with 
methyllithium has been postulated475 and rejected476. 

From the bisallene hydrocarbons, the molecule 279 has so far attracted the 
greatest attention. Its pyrolytic behaviour has been investigated4 7 7 ,  and several 
publications have dealt with the stereochemical properties of this molecule, which 
in principle may exist either as the rneso(282) or  d,1(283) isomer475 9 4 7 6  9478 .  
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(2821 (283) 

Actually, the literature s y n t h e s i ~ ~ ~ * ~ ~  furnishes the meso isomer, as had 
been concluded earlier from model considerations and chemical evidence4 5 ,  and 
confirmed recently by an X-ray study4 7 8 .  The conformational properties of 279 
(as well as of the nine-membered ring systems 1 ,Zcyclononadiene and 1,2,6cyclo- 
nonatriene) have been investigated by dynamic n.m.r. sgectroscopy and force-field 
calculations, and it has been concluded that the lowest-energy conformation of this 
hydrocarbon possesses ci symmetry479. 

The 4-hydroxy derivative of 1 ,Zcyclodecadiene has been prepared by reacting 
3-hydroxycyclononene with Seyferth’s reagent (PhHgCBr3 ), and subjecting the di- 
bromocyclopropane derivative formed to  the influence of n-butyllithium4 JJ O .  Various 
3-0x0-5,lO-secosteroids incorporating the 1,2-~yclodecadiene ring have shown to be 
irreversible inhibitors of A9-3-ketosteroid i ~ o m e r a s e ~ ~  . 

f. Eleven- and higher-membered rings. Endocyclic monoallenes up to  1,2-cyclo- 
pentadecadiene have been prepared and their chemical properties studied44 Os4 ” 9 

82-4 (inter alia hydration to cyclic ketones4 2, hydroboration with disiamyl- 
b ~ r a n e ~ ~ ’ ,  reduction with sodium in liquid ammonia to cis and rrans 
c y ~ l o a l k e n e s ~ ~ ~ ,  addition of hydrogen bromide4 8 5 ) .  

Most of these allenes have been prepared by the DMS method. When dibromo- 
cyclopropane precursors are dehalogenated with chromous (+)-tartrate in 50% 
aqueous dimethylformamide or by n-butyllithium in the presence of (-)-sparteine 
optically active cycloalienes result48 6 .  

Higher unsaturated derivatives of this group include 1,2,7-cycloundecatriene 
(284) (obtained from cis,cis-1,6-cyclodecadiene by the DMS method4 8 7 ) ,  and 
1,2,9, i 0-cyclohexadecatetraene ( 28q4 whose tetrakis( trimethylsilyl) derivative 
286 has been obtained by metalation of cyclotetradecadiyne with n-butyllithium in 
tetrahydrofuran and quenching of the reaction mixture with trimethylchloro- 
silane4 . 

M q S i  Me3Si .  a c5J (;;) 
SiMe3 S iMej  

(2841 (2851 (2861 

Monocyclic bisallenes like 285 are of interest in their reactions with metal 
c a r b o n y l ~ ~ ~ ~ ,  and since they may exist in two diastereomeric forms. The first 
cycloallene which could be separated into diastereomers was 3,4,9,1 O-cyclododeca- 
tetraene-1,7-dione (290). The tetraacetal 287 was converted to  the bisdibromo- 
carbene adduct 288, followed by methyllithium dehalogenation. Separation of 
isomers was accomplished at this stage by thin-layer chromatography and crystal- 
lization, and hydrolysis of the pure meso- and d,l-allenic acetals 289 afforded the 
pure meso- and d,I-diketone 290 respectively (equation 1 02)4 7 6  p 4  9 4  . 
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Me0 OMe Me0 OMe 

c3 Me0 OMe Me0 OMe 

+ 2 :  ca r ,  ~ “0:: 
Br 

(287) 

1. rep. of isomers 

2. hydrolysis 

Me0 OMe H‘ H H‘ 

(289) (meso-290 (d.1-290) 

Substrate 287 has also been used to prepare 3 8 9-cycloundecatriene-1,6-dione 
(291) ,  as well as the interesting furanophane 292“”. The bisallene 289 has been 
transformed in several steps into meso- and d,l-3,4,10,1 l-cyclotetradecatetraene- 
l,&dione ( 2 9 3 ) 4 9 1 .  

(291 1 (292) (meso-293) (d,/-2931 

1-Ethoxy-3-methyl- 1, Zcyclotridecadiene is generated as a reaction intermediate 
when the dichlorocarbene adduct of 1-ethoxycyclododecene is reacted with 
m e t h y l l i t h i ~ m ~ ~  3. Application of the same sequence to 1-ethoxycyclotetradecene 
provides a new route to  d, I-muscone4 

A carbene-allene conversion has been suggested to  account for some anomalies 
observed in the chemistry of the P-methanoannulenylidene 294. Some of the 

. 

a=ql /* 

(294) (295) 

behaviour of the carbene 294 can be best explained in terms of the allene isomer 
295 (e.g. dimerization to polycyclic cyclobutane  derivative^)^ 9 4  y 4  5 .  Theoretical 
calculations indicate that cycloheptatrienylidene may participate in a similar equi- 
librium ( to  1,2,4,6-cy~loheptatetraene~ ’, cf. Section 1I.C.l.b). In a related 
experiment, 1 1,1 I-dichloro-l,6-methano[ 101 annuiene (296)  was treated with n- 
butyllithium or  methyllithium in the presence of 1,3-diphenylisobenzofuran. The 
structure of the 1: 1 adduct 300 isolated in 65% yield may be rationalized by 
postulating a conversion of the primary carbene 297 t o  the bicyclic allene 298, 
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followed by Diels-Alder addition to 
(equation 103)496. 
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299 and concluding cyclization to 300 

D = diphenylisobenzofuran moiety 

2 Exocyclic allenes 

a. Vinylidenecyclopropanes. Vinylidenecyclopropane (301) has been synthe- 
sized by the DMS method (equation 104)497, or, preferably, by the Hartzler 

reaction (cf. Section II.A.61, i.e. 
olefin (equation 1 05)4 8-5 O O . 

i302) 

1. : CBr, 
2. PhLi. ether * b = C H 2  (104) 

(301 1 

the addition of a vinylidenecarbene 304 to  an 

+ +( - *c=c/  \ (105) 

The intermediates 302 are normally prepared in situ by treating tertiary prop- 
argyl halides49 8-5 O 0  * chloroa l lene~~ 8-5 or bromoal lene~~ v 5  * with strong 
bases like potassium t-butoxide in an aprotic solvent. Whereas the carbene 302 
usually carries alkyl substituents, a wide variety of aliphatic and aromatic olefins 

(303) 
(106) 
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has been used to  trap it, including less conventional cyclic alkenes like norborn- 
adieneS0 and 2,5-dihydrofuranSo4 5 .  Vinyl derivatives of 302 have recently 
been generated by treatment of th: vinylogous propargyl halides 303 with potas- 
sium t-butoxide in pentane at -10 C (equation 106)506. The interception with 
aroma tic, aliphatic, and functionalized olefins affords the  vinylidenecyclopropanes 
304 in fair t o  good yields (up to  45%). 

The Hartzler reaction has been reviewed several times, the most recent survey 
including work that appeared up to  197198i507.  

When vinylidenecarbenes are added to  allenes, me thylenevinylidenecayclopro- 
panes 305 result (equation 107)508. The fully methylated derivative of 305 has 

(107) 
R 2  4“ R’ R3 

Me\ c=c=c: + ‘c=c=c’ - 
Me’ R2’ ‘R 

YMe 
Me 

(305) 
R’ -R4  = Me 
R’  = R 2  = H, R3  = R 4  = Me 

also been prepared by adding dimethylmethylenecarbene t o  tetramethylbuta- 
triene5 O 9 .  

Novel developments in this area include the generation of vinylidenecarbenes 
under phase-transfer conditions5 I 0-5 2 ,  sometimes in the presence of crown 
ethers5’ v 5  * 4 ,  and the use of 1-bromo-alkynes as precursors of the carbenes 

. A mechanistic study has compared dimethylvinylidene and dimethyl- 
methylidenecarbene with respect to  their addition reactions with styrene and 
insertion reactions into several R-H bonds in aprotic solvents. The results show 
that the former carbene is much more reactive than the latter in the addition 
processes5 8 .  

On heating, vinylidedenecyclopropanes (including the  parent system 301) re- 
arrange to 1,2-dimethylenecyclopropanes 306 (equation 9 - 5  , or  on 
exposure to  zinc iodide in boiling ether to  methylenecyclobutenes 307 or  306, the 

5 1 5 - 5 1 7  

(3071 (3061 

direction of isomerization being strongly influenced by the  number of substituents 
present in the starting materialSZ5. 

Among additions of alkenylidenecyclopropanes reactions with hydrogen 
chloride5 2 6 ,  N-phenyltria~olindione~ 7-5 9 ,  chlorosulphonylisocyanate and tosyl 
isocyanate5 30-5 z, methylene ma lo din it rile^^ 3 ,  1, I-dichloro-2,-difluoroethyl- 
ene534, various electrophilic reagentss3 and acetylenic dienophilesS3 have been 
reported. Most of the allenes used in these mechanistic and preparative studies were 
prepared by the procedure of Hartzler. 

A vinylidene cyclopropane served as the crucial reaction intermediate in a new, 
stereoselective synthesis of trans- chrysanthemic acid (308) (equation 109)’ ’ 7 .  

From the  product mixture formed in the oxidation step, the pure t ram acid was 
isolated by gas chromatography and sublimation. 
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Me 

Me Me 

c'\ \ ?-BuOK Me-C-CCICH + C=CHCH20H - ,C=C 
Me / / 

H 
45% 

(109) 

Me&" CH2 O H  CrZOs-pyridine Me&-02 H 

Me H Me H 

(308) 

55%. cis and trans 90% (cis and trans) 

b. Vinylidenecyclobutanes. Practically all vinylidenecyclobutanes known to 
date have been prepared by the DMS method. 

The parent compound vinylidenecyclobutane (31 1) is obtained when methyl- 
enecyclobutane (309) is first treated with bromoformlpotassium-butoxide in pent- 
ane (60%), and the resulting 1,l-dibromo-spirohexane (310) then dehalogenated 
(equation 1 10)' . 

(309) (310) (31 1) 

For the preparation of methylene-2-vinylidene- (314), 1,2- (315) and 1,3-bis- 
(viny1idene)cyclobutane (316, R = H), allene is thermally dimerized t o  1,2- (312) 
and 1,3-bismethylenecyclobutane (3 13). These hydrocarbons are subsequently con- 
verted to  314-316 in the normal fashion (equation 11 1 ) 5 4 3 * 5 4 4 .  

d 
(314) 

1. :CBrZ R 
2. MeLi 1 

2 =.= - a +  
(31 2 

1 .  2 :CBrZ 

2. MeLi 

0 
(313) 

(111) 

R 

(316) 

R = H. Ph, P - C H ~ O C G H ~  
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The octaphenyl(315) and octa-p-anisyl derivatives of 316 have been prepared by 
photodimerization of the corresponding tetraarylbutatrienes. Originally these 
dimers were thought of [41 radialene; an X-ray structure analysis has, however, 
proven this assumption to  be erroneouss4 s. 

A cumulene, tetra-t-butylhexapentaene 3 17, has been used successfully to  pre- 
pare the tetrakis(viny1idene)cyclobutane 318, as well as the derivatives 319 and 320 
by cycloaddition with perfluoroethylene and perfluoro-2-butyne, respectively 
(equation 11 2)546. 

t-Bu 

. 
Bu-t 

A 
Bu-t 

Bu-t t-Bu 

K B u - t  

+ F3CCGCCF3 t-Bu +.=.=.=( - 
(317) 

t-Bu 
F3c Yt  

Bu-t 

F3cE 
+ FzC=CFz (318) 

(112) 

Bu-t 

I (320) 

F F+fu-t 

tS,Bu-r 
Bu-t 

(319) 

The synthesis of a tricyclic hydrocarbon incorporating the tetraallene framework 
of 318 has been reporteds4’. 

c. Vinylidenecyclopentanes. The parent systems42 9 s 4 8 9 5 4  and simple deriva- 
tives are obtained most readily from the corresponding exo-alkylidenecycle 
pentanes by  the DMS synthesis. 

CVinylidenecyclopentene (323) is isolated in small yield as an isomerization 
product of 322 in the decomposition (heating with sodium methoxide in diglyme at 
1 60° C) of the p-toluenesulphonyl hydrazone of nortricyclanone (321) (equation 
113)550351. 

Formally introducing an additional double bond in 323 produces fulvenallene 
(324). There exist nearly a dozen approaches to this interesting molecule’ ”, but 
little is known about its chemistry, although its addition and cycloaddition react- 
ions should prove worth studying. Several phenyl and methoxycarbonyl derivatives 
of 324 have been reported553,554, as has its vapour-phase infrared spectrums55. 
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(324) 

The incorporation of the fulvenallene system into the more complex frameworks 
325 and 326 could in principle impart divalent character to the central carbon atom 
of the cumulenic linkage (cf. Section 11. D.5.a on the discussion of ‘push-pull’ 
allenes): 

(327) 

Neither 325 nor 326, which are obviously closely related to the calicenes, are 
known. However 327 has been prepared5 and according to spectroscopic data it 
does not possess any significant carbene character. This could, however, well be 
caused by the annelation, and it remains to  be seen how lower or non-annelated 
derivatives of 327 behave. 

Vinylidenecyclopentanes have been studied for mechanistic or theoretical 
reasons, and this structural unit has also been incorporated in a sizeable number of 
steroids. The allene 329 for example, has been prepared as the major reaction pro- 
duct in 53% yield by reduction of the propargyl alcohol 328 with lithium aluminium 
hydride/aluminium trichloride (3: 1) in tetrahydrofuran (equation 114)’ ’-’ 5 9 .  

(328) (329) 

(1 14) 

d. Vinylidenecyclohexanes. Various ways of preparing the parent system of this 
group (331) have been proposed, e.g. the treatment of the acetylenic alcohol 330 
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with hydrochloric acid and subsequent reduction of the presumably formed cblor- 
ide with lithium aluminium hydride in etherS6O, the decomposition of 3-ni t roso4 
methyl-5,5-pentamethylene-2-oxazolidone (332) with sodium 2-methoxyethoxide 
in 2 -me thoxye than~ l~  ' and the photoisomerization of 7-methylenenorcarane 
(333) in ether in the presence of copper trifluoromethanesulphonate ( C U O T ~ ) ~  6 2  

(equation 11 5). 

(15%) - v  
U 

(330) (331) (332) 
( 1  15) 

hc, CuOTf i 

(333) 

The vinylidenecyclohexane skeleton has incorporated into various bi- and poly- 
cyclic structures. Thus the  bicyclic monoterpenes p-pinene, camphene and sabinene 
have been converted into the corresponding allenes by the DMS and 
vinylideneadamantane, whose chemical behaviour has been investigated thoroughly, 
has been obtained analogously564. 

The DMS method does not yield the desired methylenvinylidenecyclohexane 
337 when the dibromide 334 is treated with methyllithium in ether and 336 is 
formed as the sole reaction product (equation 1 16)543. 

(3341 (335) 

(337) 

The fixed s-cis geometry in the presumed intermediate 335 allowing an ener- 
getically favourable vinylcyclopropane-type rearrangement is evidently responsible 
for the exclusive formation of 336 (cf. Section II.A.5). This is supported by a 
control experiment in which the s-trans system 338 is dehalogenated (equation 
1 1 7)543.  

Now an allene (340) is formed again, presumably because the fixed s-trans 
geometry of the intermediate 339 negates interaction of the cyclopropylidene with 
the double bond and subsequent cyclopentadiene production. 
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Br 

&Br.. [GI - 6 
(338) (339) (340) 

839 

(117) 

Various functionalized vin lidenecyclohexanes have been reported, e.g. the ether 
341565 and the amide 342y66 (cf. Section II.B.6 on the synthesis of allenic 

MeKCONMe2 C 

I I  
MeOC-(CH2)1 o, 

H' c = c = c 3  cs> 
I341 1 (342) 

amides), and reaction intermediates incorporating this allenic ring system have been 
invoked in several isomerization reactions5 as for example, in the astonish- 
ing thermal rearrangement of 1,5,9-cyclododecatriyne (343) to [ 61 radialene (344) 
(equation 1 1 8)5 9 .  

s5 

(343) (344) 

Numerous natural products incorporate the vinylidenecyclohexane ring system, 
including fucoxanthin 345 found in brown algae, and the structurally related 
neoxanthin 346, which is present in all green ' l .  The latter pigment 
may be the precursor of the so-called grasshopper ketone 347, isolated from an 
ant-repellent secretion of the large flightless grasshopper Romolae microptera 
5 72-5 7 6 
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(347) 

In another recent development, allenic retinals are used for the preparation of 
artificial rhodopsin analogues5 7 .  

e. Higher vinylidenecycloalkanes. Very few vinylidenecycloalkanes containing a 
ring larger than six-membered are known, and they have been prepared by base-in- 
duced decomposition of various tosylhydrazones. 

The dibenzo-annellated 5-vinylidenecycloheptene 3 5 0  is formed when dibenzo- 
semibullvalene 1-carboxaldehyde tosylhydrazone (348) is treated with sodium 
hydroxide (equation 1 19)578. The (not detected) acetylene 349 is the most likely 
precursor of 350. 

H H  

C 
H 

C 
I I  
CHZ 

(349) (350) 

Decomposition of the sodium salt of the tosylhydrazone 351 under various 
conditions causes the formation of methylene-3-vinylidenecyclotridecane (352) 
(equation 1 2 0 ) ~  7 y .  

&Y””’ J_ -.4 

(120) 

(351 I (352) 

3. Bicyclic allenes of type (iii) 

The smallest allene of this type, dicyclo-propylidenemethane (353), has been 
synthesized by the DMS approach5 or by an elimination5 * (see equation 12 1). 
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Br 
(353) 

Actually the first derivatives of 353 were prepared much earlier in one of the 
rare preparative applications of the reaction of triatomic carbon, C3, with olefins. 
Carbon vapour produced in vacuo -lo-' torr) reacts with isobutylene at a 
liquid nitrogen-cooled surface to produce the tetramethyl derivative 354 in 40% 
yield (equation 122)582-584. 

Me 

(354) 

With propene this reaction provides three isomeric 'bisethan~allenes '~ * . When 
the same technique is applied to certain imines, diazo derivatives of 354 are 
formedsa5. 

Dicyclobutylidenemethane ('1,3-bis( trimethy1ene)propadiene') has been pre- 
pared from the now readily available bicy~lobutyl idene~ ". 

While 1,3-bis( tetramethy1ene)propadiene apparently has not been synthesized, 
the next two members of the series, 356 and 357, have been obtained by pyrolysing 
betains of the type 355 (equation 123)587. I t  is likely that in this dimerization 
reaction ketenes are produced as intermediates. 

0 

(355) 

17 = 5: 356 (34%) 

n = 6: 357 (36%) 

The ketene 358 has in fact been used as the starting material in the synthesis of 
bisadamantylidenemethane (360) through the elactone dimer 359 ( S O % ) ,  which on 
heating to  260" C decomposes to  360 (95%) and carbon dioxide (equation 
124y  8.  

(358) (359) (360) 

An allene of type (iii) containing at the same time a five- and seven-membered ring 
has been discussed in Section II.C.2.c. 
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An isomeric structure of iii is conceivable in which the two ‘bridges’ are not  
anchored at  the same carbon atom but at  the end of the allene system, viz: 

N o  stable representative of this topologically intriguing molecule seems to  be 
known. 

D. Heterosubstituted Allenes 

1. Group la and lla substituted allenes 

Although alkali and alkaline earth derivatives of allenes must be involved in 
many reactions of allenes and alkynes, not much is known about their structure, 
and the number of deliberate attempts to  prepare these compounds is very limited. 
For example, the base-catalysed isomerization of acetylenes, which has been 
studied in great detail32 *.589 and used for preparative purposes’ J ,  presumably 
involves allenyl sodium and potassium compounds. These derivatives have, however, 
never been prepared as such. Allenic salts whose structures have been established by 
i.r. and n.m.r. spectroscopy are the magnesium, zinc and aluminium derivatives of 
allene, which are formed when propargyl bromide is reacted with the respective 
me ta15 O *5 . 

Most publications in this area have been concerned with lithio derivatives. These 
are for example formed from various allenic ethers H3 CO-CH=C=C( R)SiMe3 5 9  * 
and from acetylenic ethers PhCzC-CHROMe (R  = H, Me, Et, i-Pr)593 by treatment 
with n-butyllithium. I f  one equivalent of 361 is metalated with two equivalents of 
rz-butyllithium in ether at -75” C the  allenic dianion 362 is generated. Its for- 
mation if  proven by a host of derivatization reactions, the methylation with 
dimethyl sulphate t o  363 serving as one example (equation 125)’”. 

* /OMe (125)  

Ph 
\ 

Li+ Li+ 
2 BuLi IMe012S02 

\ 
PhCGC-CHZOMe ----+ PhC=C=C-OMe ,c=c=c 

75% 

(361 1 
(362) 

M e  Me 

(363) 

Unsubstituted allenic hydrocarbons have also been converted into lithioallenes. 
For example, the reaction of 3,3-dimethylallene (3-methyl-1,2-butadiene) with 
lithium tetramethyl piperidide or  with methyllithium leads to  3,3-dimethylallenyl- 
lithium, as evidenced by the n.m.r. spectrum of the derivative generated594. The 
conversion of bromoallenes into allenyllithium reagents has already been referred 
to‘07.  

Metalation of various alkynes with alkyllithium agents and subsequent deri- 
vatization with, for example, trimethylchlorosilane affords silicon-substituted al- 
lenes of great variety and often in good yields595-597. This does not, however, 
necessarily indicate that the intermediate lithio derivatives possess an allenic struc- 
ture. For example, the ‘lithiocarbon’ C3Li4, which is produced when propyne is 
polylithiated in  hexane, was originally thought5 * 5 9 8  to  have the allenic structure 
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(3651 1366) 

Li 

(364) 

364. However, the infrared spectroscopic evidence on which this assignment was 
based, has been reinterpreted in terms of either a tetralithiopropargylide 365 or a 
tetralithiosesquiacetylenic structure 36659 v 5  ’, with the second alternative being 
favoured600. A b  initio molecular orbital calculations support structure 367 €or the 

(367) 

most stable configuration of C3Lb601 . This structure is very similar to 366, but 
according to  the authors601 it is more satisfactory to postulate a multicentre, 
covalently bonded structure than an ion-pair arrangement, as in 366. Unfortunately 
no X-ray structural investigation has been performed on C3 L4 as yet. 

More complicated alkynes like 2,4-hexadiyne also lead to  allenic and cumu!enic 
products if submitted to the above metalation-derivatization s e q ~ e n c e ~ ~ ’ . ~ ~ ~ ,  
but again, no refined structural data are available and hence the structure assign- 
ment is an open question. 

Although they are derivatives of a Group IIb element, it should be noted that 
several allenic mercury compounds, including dial lenylmer~ury~ i6 0 4 ,  have been 
prepared. 

2 Group / / la  substituted allenes 

a. Aluminium Allenes carrying aluminium substituents have been prepared by 
the reaction of propargyl halides with aluminium (cf. Section II.D.l), however, no 
stable derivative has been isolated and characterized. This contrasts with the recent 
synthesis of a stable aluminium derivative of [ 31 cumulene (cf. Section 1II.D. 1). 

b. Boron. The only stable derivatives in this class are boronates. Thus the 
bis-n-butyl derivative 370 may be obtained by reacting allenylmagnesium bromide 
with methyl borate via intermediate 368 and the not isolated boronic acid 369 

ErCH2CGCH HZC=C=CHMgBr 
BIOMel,  - 

(3681 (369) 

(equation 1 2 6 ) 6 0 5 .  Several allenyl boronates carrying alkyl substituents at C(l) and 
C(J) of the allenyl moiety have been prepared by the same method in medium 
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yields (30-60%)606, and derivatives in which the boron atom is part of a cyclic 
system are also known607*608.  

I t  is interesting to  note that the allenyl boronates 370 react with aldehydes like 
allenylmagnesium- bromide, providing, after hydrolysis, a-acetylenic alcohols (equa- 
tion 127)609. 

370 + n-PrCHO - HCEC-CH2-CH-OB(OBu-n)2 
I 

n-Pr 

(127) 
3 H20 - HC-C-CHZCH-Pr-n + B(OH)3 + 2n-BuOH 

I 
OH 

Allenic boranes have been suggested as reaction intermediates in a novel allene 
synthesis6 O .  For example when lithium chloropropargylide is treated with tris 
(cyclopenty1)borane the initially generated ate complex 371 may undergo a spon- 
taneous anionotropic rearrangement in which one cyclopentyl substituent migrates 
from boron to carbon concomitant with an electron-pair shift and loss of chloride. 
The boroallene 372 produced is not isolated but hydrolysed to a substituted allene 
(cf. Section II.B.1) (equation 128)610. 

(aB - LiCGCCH2CI + 

Li+ 

L 

(371 1 

9 
F=C=CH2 

% 0 b B  C=CH2 

(372) 

(128) 

H 

3. Group I Va substituted allenes 

Q. Silicon. The number of silicon derivatives of allenes has increased rapidly 
during the last few years. As shown in equation (129), C3Li4 (373), obtained by 
treating propyne in hexane with four equivalents of n-butyllithium, may be deri- 
vatized with trimethylchlorosilane to  tetrakis(trimethylsily1)allene (374), with the 
tris- (379, and penta- (376) silicon compounds produced as side-products (equa- 
tion l 29)598*61. 
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C3 Li4 

(373) 

Me3SiCIITHF I 

845 

1. n-BuLilTHF 

2.  Me3SiCl 
* HzC=C=CH2 (129) /SiMe3 * 

MegSi 
excess Me3SiCI \ 

SiMe3 170%) 
LilTHF /c=c=c\ 

130-50%) Me3Si 

(374) 
CI 

/H 
Me3Si, 

/c=c=c 
[MejS i l  2CH-C3-S iMe3 

(375) (15%) MefSi 'SiMe3 

(377) 
+ 

SiMezCHzSiMe3 
/ 
\ 

IMe3Sil zC=C=C 

SiMe3 

(376) 15%) 

On heating, compound, 375 is partially isomerized to  the trisubstituted allene 
377. Compound 374 has also been prepared, in an unusual reaction, from hexa- 
chlorobenzene6 and other polyhalogenobenzenes6 3, as well as by passing %as- 
eous allene into a solution of n-butyllithium in hexane/tetrahydrofuran at  -50 C 
and subsequently adding an excess of trimethylchlorosilane6 4 .  

Other alkynes that have been converted into lithiated species and derivatized to  
silicon-carrying allenes include the isomeric butynes5 y S 9  9 ,  3 - m e t h y l b ~ t y n e ~ ~ ~ ,  
1,3-pentadiyne6' 5 ,  2,4-hexadiyneS9 ' p 6 0  2, I-phenylpropyne6 and various 
enynes6 '. 

In a more direct, but mechanistically presumably similar, route mono- (378) and 
bis- (379) (trimethylsily1)allene are obtained when propargyl bromide (or allenyl 
bromide, which leads to the same product mixture) is treated with the system 
trimethylcNorosilane/magnesium/hexamethylphosphoric amide at 50-60 C 
(equation 130)61 

HCECCHZBr  Mg1Me3SiCI HMPT - Me3SiCH2-C-CH f H2C=C=CH--SiMe3 (130) 

18% (378) (53%) 

/SiMe3 
+ Me3SiCHz-CEC-SiMe3 + H2C=C=C 

10.5% SiMe3 

(379) (3.5%) 

The preparation of various allenic silicon compounds carrying functional groups 
5 9 2 p 6 1  9 9 6 2 0  as well as triphenylsilyl-substituted allenes has also been described62 l .  
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b. Germatziurn, tin arid lead. Germanium, tin and lead derivatives of allenes may 
be prepared by reacting the Grignard reagents of propargyl bromides with halides 
of the general structure RiMX (380), where M stands for the metal a tom (equation 
131)622. In principle, the process can lead to  three isomeric structures 381-383; 

RAMCH R2-CEC-R3 

(381 1 

RiMCR3=C=CHR2 (131) 

(382) 

RjMCR2=C=CH R3 

(383) 

RJMX + BrMgCHR2-CGC-R3 

(380) 

M = Ge, Sn, Pb 

X = Hal. 

however, allenes 383 possessing the ‘retained’ configuration of the propargyl 
substituents are never formed. The ratio of the two isomers 381 and 382 depends 
on the nature of the metal atom and the substituents R’, R2 and R3, the  highest 
percentage of allenes being obtained with M = Pb. Thestrongest substituent effect 
is exhibited by  R3, and largest allene yields are obtained with R3 = H. The nature 
of R’, whether alkyl or aryl, is comparatively unimportant. The  propargyl 
derivatives 381 of tin ( M  = Sn) rearrange into their isomers382 within minutes 
when heated in electron-donating solvents, thus providing another route to  these 
allene derivatives62 2-6 4 .  

In a third method623 triphenyltin bromide is first converted into its lithio 
derivative3 which, on  addition of propargyl bromide, yields triphenyltimilene 
385 (equation 132)623. No propargyl isomer is produced in this case. 

PhgSnBr - Li Ph3SnLi + H c E C C H ~ B ~  - Ph3SnCH=C=CH2 
TH F 30% 

(132) 

(384) (385) 

Hydrostannation with trimethyltin hydride of enynes has been reported, but the 
low yields of the desired 174-addition products render this procedure imprac- 
tical6’ 5 .  Derivatization of the polylithio derivative of propyne (cf. Sections 1I.D.I 
and II.D.3a) with trimethyltin chloride has been shown t o  yield tetrakis(trimethy1- 
stanny1)allene as the principal product5 8 .  It  seems Likely that this technique could 
be extended to the synthesis of many other Group IVa substituted allenes. 

With the exception of a few reactions of allenyltins (electrophilic displace- 
ment626,  sulphur dioxide insertion into the carbon-tin bond62 ’, reaction with 
iodine628), the chemical behaviour of this class of allene derivatives seems to  be 
largely unexplored. 

4. Group Va substituted allenes 

a. Nitrogen. Allenes carrying one or more nitrogen-derived functional groups a t  
one of the allenic carbon atoms (386) or in the a- (387) or  p- (388) position have 
been reported. A systematic investigation of this group is lacking, however. 

The derivatives 386 are of preparative interest, since they constitute a special 
tjjpe of enamines. In fact, one of the earliest reports on the synthesis of enamines 
describes the formation of what is probably N-allenylpiperidine6 i6 O .  
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(386) (387) (388) 

Allenic amines 390 have been prepared by isomerization of N,N-dialkyl-2- 
alkynylamines, 389 using a dispersion of potassium amide on alumina as a catalyst 
system(equation 133)631. 

R’ ,NR2R3 \ 
R 2  

/c=c=c 
‘R3 H 

R1-C=C-CH2N/ 
(133) 

(389) (390) 

R’ = H, Et 

R2 = R3 = alkyl, cycloalkyl 

In the case of R’ = H the product is unstable, giving rise to  the formation of 
olefinic side-products. With R’ = Et  the allenic amine may be distilled, however. 
Further base treatment converts 390 to NjV-dialkyl-I-alkynylamine, i.e. the above 
isomerization represents a novel procedure for the synthesis of ynamines. An exten- 
tion of this method has lead to the preparation of derivatives 390 whose nitrogen 
atom is incorporated into a heterocyclic system634. 

Nearly all of the simple N,N-bistrifluoromethylaminoallenes have been obtained 
by elimination reactions, with only the tetrakis derivative missing. The preparation 
of 1,3-di( bistrifluoromethy1amino)propadiene (393) may illustrate the general 
approach used (equation 134)633-635. 

h u  
2 (CF3)2NBr + H2C=C=CH2 - 

(391) 

(CF3)2N-CH2CBr2CH2-N(CF3 12 (CF3)2NCH=C=CHN(CF3)2 

(392) (93%) (393) (97%) 

Irradiation of a 2: 1 molar mixture of the N-bromoamine 391 and allene in the 
vapour phase in daylight gives the 2: 1 adduct 392 in high yield. When the latter is 
dehydrobrominated over potassium hydroxide the disubstituted allene3 is pro 
duced nearly quantitatively. 

The allentetramines 395 have been prepared by treatment of the 1,1,3,3-tetrakis- 
(dialky1amino)allyl cations 394 (X- = C1-, C104-) with n-butyllithium (equation 
13 5)6  6 .  

(135) 

A (3951 

(394) 

R = Me, Et  
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Reactions of 395 with water, phenyl cyanate, sulphur, carbon dioxide, and 
carbon sulphide have been carried out,  and it has been concluded that these allene 
derivatives are comparable in reactivity to  ynamines and ethylenetetramines. 
Dialkoxydiaminoallenes were prepared by the same method, starting with the 
corresponding dialkoxydiamino cations63 6 .  

Allenic quarternary ammonium salts are produced in varying amounts when 
tertiary propargylic chlorides R' RZ CC1-CZCH are treated with trialkylamines. 
Enynes are also formed in this reaction, and the product ratio depends on  factors 
like the size of the substituent R' and R2,  basicity and nucleophilicity of the 
tertiary amine employed63 ' 9 6 3  8 .  

Other allenic nitrogen compounds which have been described o r  postulated in 
the literature include allenic a ~ i d e s ~ ~  9 ,  diazoallenes and allenyl d i a z ~ t a t e s ~ ~ ~ ,  
p h o ~ p h o r a m i d e s ~ ~ '  and amides 6 4 2  with the nitrogen atom bonded directly to  the 
allene moiety. (For the synthesis of the amides of allene carboxylic acids cf. 
Section II.B.6.) Allenic amines have been invoked as intermediates in the thermal 
[ 3,3] singmatropic isomerization of 4-dimethylarnino-l-hexen-5-yne~~~ 3 .  

a-Alleriic amines have been obtained by treatment of gem-amino ethers and 
aldimines with various organometallic reagents derived from propargyl bro- 
mide644-64 6 ,  and especially by 1,4-addition of amines and lithium dialkylamides 
to  conjugated e n y n e ~ ~ . ~ ~  9 4 9 .  P-Allenic amines are formed when l-azido-2-en4-ynes 
are reduced with lithium aluminium h ~ d r i d e ~ ~ ' 9 ~ ~  They have been deaminated 
by nitrous acid treatment, and in the large majority of cases do not  show homo- 
allenic participation (cf. Section II.B.4b)649. 

b. Phosphorus. A large number of phosphorus-substituted allenes, especially 
phosphine oxides 397 ( R  = alkyl or  aryl) is known and most of them have been 
prepared by the propargylic rearrangement of various 2-alkinyl esters 396 of 
phosphorus, phosphonous and phosphinous acids, respectively. In fact, the acetyl- 
enic esters 396 are in most cases not isolated, since they are only stable at room 
temperature or  below (equation 136). 

(396) (397) 

As indicated in a recent review of this isomerization650, the substituents in 396 
may be varied over a very broad range. The atoms adjacent t o  phosphorus may be 
oxygen, nitrogen, sulphur and carbon, and the 2-propynyl moiety may carry all 
kinds of substituents from hydrogen to  saturated and unsaturated6 1-6 3 ,  acyclic 
and cyclic6 groups, as well as halogen6 5 .  Allenic sugar phosphonates have been 
obtained by this procedure65 6 .  The reaction proceeds via a five-membered tran- 
sition state by nucleophilic attack of the terminal acetylenic carbon atom by the 
phophorus lone-pair electrons. The process is stereospecific, providing optically 
active allenes from optically active acetylenic alcohols6 ,6 'i6 The substrates 
396 are frequently obtained by reacting diphenylchlorophosphines or dichloro- 
phenylphosphines with propargyl alcohols in the presence of a tertiary base like 
N-methylmorpholine6 5 9 ,  triethylarnine660*6 ' or pyridine6 '. 

Allenic phosphonyl halides and their hydrolysis products, allenic phosphonic 
acids, have been prepared by treatment of propargylalcohols with phosphorus 
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tribromide and trichloride under carefully controlled conditions6 2 .  Under the 
influence of Bronsted acids phosphonic acids cyclize to oxaphospholenes6 9 6 6 4 .  

Several allenic phosphines have been prepared and subjected t o  a detailed n.m.r. 
analysis6 5-6 7 .  The allenyl phosphotiium salt 399 is formed when the phos- 
phonium bromide 398 is dehydrobrominated with triethylamine (equation 
1 3 7)6 . 

[ P h ~ k H 2 C B r = C P h 2 1  Br- [Ph2C=C=CH&h3] Br- (1371 

(398) (399) 

The diphenylphosphine oxide substituent exerts an activating influence on the 
allene grouping (cf. Section II.D.5.b for a similar effect for certain sulDhur-sub- 

~~ 

stituted allenes), allowing, among others, the facile addition of lithium &ethyl- 
cuprate6 p 6  'O .  

The stereospecific selective hydrogenation of 1 ,Zdiene phosphonic esters with a 
5% palladium on  calcium carbonate catalyst as a general route to cis-1-alkene 
phosphonates has been noted6 * . 

5. Group Vla substituted allenes 

Among the oxygen-substituted allenes most effort has been de- 
voted to the synthesis and applications of allenyl ethers, readily prepared by isomer- 
ization of suitable Zalkynyl ethers with various bases6 72-6  7 8 .  

For example, when the propynyl ethers 400 are heated without a solvent in  the 
presence of potassium t-butoxide the allenyl ethers 401 are formed in excellent 
yields (equation 1 38)6 and n o  1-propynyl ethers H3 C-CFC-OR are produced. 

a. Oxygen. 

HC=C--CH2 OR 
t-BuOK 

7OoC, 2-3h 
c 

R Yield (%) 

Me 82 
Et 85 
n-Bu 91 
n-C,H,, 92 

90 
-YHOE' Me 

The products 401 are themselves useful starting materials for higher substituted 
allenyl ethers, since metalation with n-butyllithium removes the allenic hydrogen 
atom next to  the oxygen substituent, and the resulting anions react with alkylating 
and benzylating reagents to  afford ethers of the general structure H?C=C=CR' OR 
in good yield673. When propynyl ethers are isomerized with n-butlllithium in the 
presence of TMEDA (tetramethylenediamine) in ether at  -78 C the allenic 
carbanion produced in situ can be trapped to  polysubstituted allenic ethers with 
dialkyl sulphates or  trimethylchlorosilane in nearly quantitative yield6 7 9 .  

In more recent investigations, 1,3-dialkoxy-l-alkynes RZ R3 C(OR1 )-C-C-OR, 
where R and R1 are alkyl substituents, and R2 and R3 stand for hydrogen or  alkyl, 
have been reacted with organolithium compounds R4 Li to  afford mixtures of 
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1-substituted allenyl ethers R2 R3 C=C=CR4 O R  and 2-alkynyl ethers of the general 
structure R2 R3 C( OR’ )-CEC-R4 - The product ratio depends on the nature of 
R4 Li, the leaving groups OR and OR’ , as well as the solvent6 80. 

In another novel procedure, Grignard reagents attack propynal diethylaceta1402 
at the terminal carbon atom in the presence of cuprous bromide, to provide the 
allenic ethers 403 in about 80% yield (equation 139)68 

CuBr 
RMgX + HC=C-CH(OEtl2 -25 1o +300c- R-CH=C=CHOEt (1  391 

(402) (403) 

X = CI, Br R = n-Bu, r-Bu, c-Pe 

Less common methods leading to  allenic ethers are the reaction of propargyl and 
allenyl chloride with sodium alkoxides6 *6 3, the alkaline cleavage of certain 
N-nitroso-N-2-propynyl amides in methanol, and the photolysis of alkynone tosyl- 
hydrazones6 8 4 .  

The DMS synthesis has also been used to prepare several alkoxyallenes6 5 ,  e.g. 
in the synthesis of the tetramethoxyallene 405 from the corresponding olefin 404 
(equation 140)G86. Allene 405, the acetal of carbon suboxide, is another member of 

Me0 OMe Me0  

MeO’ \ O M e  M e 0  OMe 

loMe 1. :CBr2(47%] 
c >.=C=< 

2. n-BuLi. pentane 
\=C (1401 

(4041 (405) (72%) 

electron-rich allenes (cf. Section 1I.D. 5.a and 5.b) whose chemical behaviour to- 
wards 

In the so-called push-pull allenes 406, A stands for an electron-accepting and D 
and in various [ 2 f 21 c y c l o a d d i t i ~ n s ~ ~ ~ ~ ~ ~ ~  has been studied. 

for an electron-donating substituent. As indicated by the various resonance struc- 
tures these substituents can impart either nucleophilic or electrophilic, as well as 
carbene-like character on the central carbon atom. 

Several push-pull allenes 409 have been synthesized by the Wittig reaction of 
2,2-diethoxyvinylidenetriphenylphosphorane (407) with nonenolizable 1,2-dike- 
tones 408 (equation 141)690-692. 

The reactions of the monocyclic derivatives 409(X= 0, CH2) with water, 
ethanol and acid chlorides are best explained by assuming nucleophilic character of 
the central atom. On the other hand, this position possesses carbenoid properties in 
the case of the aromatic push-pull allenes, as shown by the reaction of these 
derivatives with carbon disulphide, sulphur and other carbene traps6 3 ,  as well as 
their dimerization to  sterically hindered olefins6 9 4 .  
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Ph3P=C=C /OEt 

\ 
OEt 

C-OEt 
(407) (408) ‘OEt 

85 1 

(141) 

Allenyl enol esters of type 411 may be prepared by thermal or  silver-ion 
catalysed ‘Saucy-Marbet rearrangement’ of propargyl acetates 410 or substituted 
p-nitrobenzoates (equation 1 42)34 9 6  5-6 7 .  The yields vary from 40-65% de- 
pending upon the degree of substitution and the size of the substituents. Terminal 

R 

alkynes give better yields than internal ones, and tertiary esters rearrange normally 
with higher yields and faster than secondary esters. With aromatic substitueiits a t  
R’ , R2 or R3 mixtures of 410 and 41 1 result. Solvents used include chlorobenzene, 
aqueous dioxane and dichloromethane, with various silver salts being used as 
catalysts. A detailed mechanistic investigation has shown that the reversible 
410 =+ 41 1 rearrangement can best be described as a [ 3s,3s] sigmatropic reaction 
occurring in a silver(1) x-complex with the carbon-carbon triple bond6 9 8 .  

Interestingly, the Saucy -Marbet reaction takes 2 completely different course when 
the metal salt catalyst is changed to  zinc chloride as shown by dehydrolinanyl- 
acetate which in the presence of this latter catalyst only leads to  cyclized products, 
whereas with silver nitrate the normal, i.e. rearranged acyclic products are formed 

Allenyl ethers can be converted to  2-methoxyvinylacetylenes700, t o  furan 
derivatives70 ’ 9 7 0 2 ,  and hydrolysed to  a,punsaturated carbonyl compounds6 9 .  

Reaction with Grignard reagents in the presence of copper(1)-halides leads to  
I-alkynes7 3 ,  and treatment with preformed homo- c r  hetero-cuprates provides 
vinyl ethers704. The preparation of Wittig reagents (from methoxyallene) carrying 
a methoxyvinyl substituent has recently been described. After condensation with 
carbonyl components the enol ether grouping is hydrolysed by acid treatment, 
affording a,P-unsaturated aldehydes70 5 .  

b. Sulphur. In all cases discussed here the sulphur-derived functional group will be 
in the position a to the allene unit. 

Allenyl sulphides 415 (allenyl thio ethers) are most easily prepared from the 
readily available70 alkynyl thio ethers 41 2 by base-catalysed propargyl rearrange- 
ment (equation 143)707 9 7 0 8 .  

6 9 9 .  
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R’ 
I 

c 
NaNH2 

liq. NH3 
R2-CH-C=C-S-R3 

H. Hopf 

R ’  
I 

(143) R2-C-CGC-S- R3 - 
L 

(413) 

(412) 

R’ 

R2 

(414) 

R ’  SR3 
\ ,c=c=c / 

R2 ‘R4 

R ’  H - H 2 0  ,c=c=c \ / 

R 2  ‘SR3 

(415) 

R’ R’ R’ Yield (%) 

70-75 Et 

H H 
Me H 
Et H 
n -Pr H 

The allenic carbanions 414 formed as intermediates in this process may also be 
trapped with primary and secondary alkyl bromides, thus opening up a route t o  the 
1-alkylated systems 41 6. 

The isomerization is not restricted to  alkyl substituted systems (for example R1 
in 412 may be p h e n ~ l ~ ~ ~ ) ,  and other bases, like potassium t-butoxide in dimethyl- 
sulphoxide, have also been applied7 O .  

1-Alkynylallenyl sulphides are obtained (as secondary products) when alkyne 
thioacetates are reacted with propargyl bromide in liquid ammonia7’ l .  A some- 
what related approach has been developed to  arrive at 1 -alkenylallenyl sul- 

Various methods are known to prepare 1,1,3-tris- and 1,1,3,3-tetrakis-(alkyl- 
thio)allenes. For example, when 1-methyl-thio-propyne (41 7) is added to  an excess 
of lithium amide in liquid ammonia followed by dimethyldisulphide, tetrakis- 
(methy1thio)-allene (718) is formed in good yield (equation 144)71 ‘. The same 

phides71 2971  3 

1. LiNH,INH, - MeS \ ’ -  SMe NaH M e S A S M e  .. . . ., 
\ 

(144) TH F 
MeS SMe SMe 

/c=c=c 
H3C-CEC-SMe 

2 .  MeSSMe 
(417) M eS 

- oc1o4 
(418) 

(419) 

allene, as well as its ethyl, t-butyl and phenylderivatives, has also been prepared by 
deprotonation of the ally1 perchlorates 419 with sodium hydride in tetrahydro- 
furan7’ 5 .  

Allenic thio ethers, especially in the form of their carbanions 414, which react 
with various electrophiles, have frequently been used in organic synthesis, as 
indicated by a recent summary7 6 .  Cycloaddition reactions of tetrakis(ethy1thio)- 
allene with tetracyanoethylene and sulphonyl isocyanate and isothiocyanate occur 
via dipolar i n t e r m e d i a t e ~ ~ l  7 .  
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a-Allenic sulphonium salts 421 are produced from their propargyl isomers 420 
(prepared from propargyl bromide and an dialkylsulphide) in neutral or basic 
solution (equation 145)71 8 .  

R ~ L C H ~ C ~ C H  - RZ&-CH=C=CH~ (145) 

- Br Br- 

(4201 R = Me, Et  (4211 

Their reactions with P-keto esters, P-keto sulphones or P-diketones in ethanolic 
solution in the presence of sodium ethoxide leads t o  furans 422 in good to  
excellent yields (equation 146)’l 9 3 7 2 0 .  

0 
+ II 

MezS-CH=C=CH2 + R ’ - C - C H ~ - R ~  - 
B r- 

Me Rz 

& 
(422)(70-90%) 

Me 

The isomerizatic 

(146) 

Various unsaturated sulphonium ylids have been prepared in situ by treating 
allenic sulphonium salts with base, and as expected, these species undergo a [ 2,31 
sigmatropic shift (equation 147)721 . 

SM e 
RZ Me R 2  

+ I  base 

I 
R ~ C H ~ S - C = C = C H ~  - 

R’ = H, CECH, Ph 

R2 = H, Me 

of another type of sulphonium ylid (423) is exploited i 
synthesis of artemisia ketone (425) (equation 148)722 ~ 

a 

a-A llenic sulphoxides are generally prepared from propargylic starting materials. 
Thus treatment of the easily accessible propargyl alcohols 426 with suphenyl 

chlorides 427 in pyridine leads first to  sulphenyl esters 428 as rarely isolable 
intermediates, which by a subsequent 1,3-intramolecular shift are converted t o  
cx-allenic sulphoxides 429 (equation 149)72 3-72 5 .  Yields are generally satisfactory 
and the reaction tolerates a wide variety of substituents (hydrogen, alkyl, cyclo- 
a1 kyl , aryl) . 

Primary and secondary propargyl halides may serve as starting materials for 
allenic sulphoxides when they are first transformed into Grignard derivatives, and 
these are reacted with esters of sulphinic acids, e.g. menthyl toluene-p-sulphinate 
(430) (equation 1 By applying optically active esters 430 active allenic 
sulphoxides are obtained, which are asymmetric at  sulphur and in the allene system. 
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s/ + ‘c=c=c: 
/ 

(from LiCECCMe21 
I 

1 i .1  

(423) 

I2.31- - 

(424) 

pyridine 
HO-CR’R’-CC-CR2 + R3SCI -200c - 

(426) (427 1 

R’ 
I 

I 
R‘ 

R3SO-C- 

1149) 

p-CHgCgHqSOO-rnenth + R1CEC-CR2R3MgBr - RSOR’ C=C=CR2R3 

(430) 

rnenth = menthan-3-yl 

R’ = H, Et.n-Bu 

R 2  = H, Me 

R3 = H, Me, Et, n-Pr 

(150) 

The base-catalysed isomerization of propargyl sulphoxides with triethylamine or 
on an activated alumina column has also been used for the sunthesis of a-allenic 
sulphoxides. The reaction conditions seem to  be critical, however, since other 
workers725 have met with failure applying this obvious method. 

a-Allenic sulphones can be prepared by oxidation of the corresponding sulphides 
and sulphoxides with m-chloroperbenzoic acid or sodium m e t a p e r i ~ d a t e ~ ~ ~  9 7 2  7 ,  

and by base-catalysed isomerization of propargyl s ~ l p h o n e s ~ ~  In a thermal 
process, acetylenic sulphinic esters have been transformed to  a-allenic sulphones 
7 2  9 .  These allene derivatives undergo addition with various electrophilic reagents, 
hydrolysis and l i t h i a t i ~ n ~ ~  5 ,  as well as c y ~ l o a d d i t i o n ~ ~  O .  Allylic sulphoxides and 
sulphones are obtained when the corresponding allenic substrates are treated with 
symmetrical and nonsymmetrical homocuprates7 p 7  2 .  

c. Selenium and tellurium Knowledge about allene derivatives of the higher 
elements of this group is very limited. 
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Several selenium and tellurium compounds 433 have been prepared by treating 

propargyl bromides 431 with anions of the general structure 432 (equation 
151)733. The reaction mixture always contains varying amounts of the propargyl 

(433) (435) 
alcohol 1 HO- 

R3- M-CH R2-C=C-R1 

Br-CH--C=C-R’ + R3-M- 
I 
R2 

(431 1 (432) 

(433) (435) 

t 

R3- M-CH R2-C=C-R1 I Ho- 

.”..”- I 
R2 

R’ = H, Me, Ph 

R2 = H, M e  

R3 = Et, Ph 

M = S e , T e  

(151) 

isomer 434 (which, in fact, may be the sole reaction product). lsomerization with 
sodium ethoxide in ethanol or potassium hydroxide in tetrahydrofuran converts 
these derivatives in  acceptable yields to  the allenic isomers 435. 

6. Group Vlla substituted allenes 

groups are predominantly prepared by elimination reactions. 

equation (1 52). 

a. Fluorine. Fluoroallenes proper as well as fluoroallenes carrying perfluoroalkyl 

All possible simple fluoroallenes 436-440 have been prepared734, as shown in 

H2C-CH2-CHF m o l t e n  - H2C=C=CHF 
1 4OoC 

(436) (6%) I 
Br 

I 
Br 

aq. K O H  

6O-8O0C 
H C F -C H 2 - C H F - HFC=C=CHF 

(437)(27%) I 
Br 

I 
Br 

H2C-CH2-CF2 H~C=C=CFZ 
14OoC 

(438)(24%) I 
Br 

I 
0r 

aq. KOH 
HCF-CH2-CF2 60-*ooc * HCF=C=CF2 

(439)(16%) I 
Br 

I 
Br 

Mg, THF 
FZC-CBr=CFz * F2C=C=CF2 

(440) (71%) 
I 
Br 

(152) 

For fluoroallenes 438735*736 and 440734 9 7 3 7 * 7 3 8  alternative methods of prep- 
aration have been developed, but the one given for 440 in equation (152) is 
apparently the most effective73 y .  

The simplest perfluoroallene carrying one trifluoromethyl group is perfluorel ,2- 
butadiene (442). It has been synthesized by reacting carbon vapour with perfluore 
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propene (441) (equation 153)740.  The same technique has also been applied to the 
preparation of trifluorobromoallene740, although the yield is poorer in this case. 

The next higher homologue of 442, perfluoro-3-methyl-l,2-butadiene (444) is 
obtained ix? essentially quantitative yield by passing the iodo olefin 443 at 1-2 tzrr  
through a silica tube containing freshly precipitated copper powder at  200 C 
(equation 154)741. In an older procedure 444 had been synthesized by dehydro- 
halogenation of 2H,2H- hexafluoro- I-iodo-3-trifluorornethylbutane74 2 .  

1, I-Bis-( trifluoromethyl)-3-fluoroallene (446) has been isolated in 45% yield 
after treating the propargyl alcohol 445 with sulphur tetrafluoride (equation 
1 5 5 ) 7 4 3 .  This method may also be applied t o  alcohols 445 in which the fluorine 

a t o m  have partially been replaced by chlorine and hydrogen, thus providing 
various chlorofluoroallenes. 

Two polytrifluoromethyl allenes have been prepared by pyrolytic decom- 
positions of lactones. The perfluorolactone 447 leads to  the allenic acid fluoride 
448 and the blactone 449 is cleaved to carbon dioxide and tetrakis(trifluoro- 
methy1)allene (450) (equation 1 56)744. Allene 450 has been intensively studied by 
Russian workers74 , 7 4 6 .  

F F  

- A 
7OO0C 

(CF3)2C=C= CcF3 + CF20  

CO F 

C F3 

(447) 

(448) (78%) 
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Perfluoro- 1,2-pentadiene has been synthesized by dehydrohalogenation with 
alkali-metal hydroxides of 2H,2H-3-chloro-octafluoro- 1-iodopentane, 2H-3-chloro- 
octafluoro- 1-pentene or W,2H-nonafluoro-I-iod0-pentane~~ 7. 

The method developed for the conversion of 443 into 444 has been generalized, 
and s e e m  to  be the most versatile one known presently for synthesizing perfluoro- 
1,Zdienes (equation 157)748. 

cu. 200oc ,c F3 
F3 C-CI=C RCF3 * F2C=C=C 

'R 
(-IF) (1571 

~~ 

R Yield (%) 

i-C3, 95 

c, 5 95 
11-c,, 96 

The 4,4,4-trifluoro-1,2-butadienyl unit has also been incorporated into several 
steroids749. 

Fluoroallenes are of interest as model substances for spectroscopic studies7 
and especially as reaction partners in numerous processes7s 

6. Chlorine. Chloroallenes are routinely prepared by elimination reactions and 
by treating various propargyl alcohols with concentrated hydrochloric acid in the 
presence of cuprous chloride, or with thionyl chloride and phosphorous trichloride, 
respectively, in the presence of pyridine, triethylamine or  an etherZ Isomeri- 
zation and fragmentation reactions leading to  chlorine-substituted allenes are also 
known' s. 

Only representative applications of these methods (whose mechanisms have 
been discussed extensively in the older review literatureZ), that have appeared in 
the chemical literature since Taylor's summary ( 1966) will be discussed here. 

2,3,4,4-Tetrachloro-3-butenoic acid ethyl ester (45 1) is dehydrochlorinated by 
lithium t-butoxide at -75' C, using a method previously developed for the syn- 
thesis of per~hloroa l lene~ 6 ,  to  the unstable ethyl ester of trichloroallenecarb- 
oxylic acid (452) (equation 158)7s7q7s8.  

5 5 .  

ClpC=CCI-CHCI-COpEt base . c12c=c=c / CI - 2 x  cl:l" (1581 
(451 ammonia, 'C02Et CI 

propane- 

-78OC 
(4521 C o p  E t  

(453) 

Like many other chloroallenes (see below) 452 dimerizes readily on standing at 
room temperature, providing the cyclobutane derivative 453 in essentially quan- 
titive yield. The generality of this procedure for the preparation of polyhalogenated 
allenes is further demonstrated by the synthesis of trichloroallene (455) from 
1,2,3,3-tetrachloro-l-propene (454) (equation 1 59)7s9.  

N 
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7' Br2 
_Lc 

NaNHz \ 

* ~ = c = c \ c l  
prcwane- 
ammonia, H 

CICH=CCI-CHC12 

(454) 
(455)(76.5%) -7a0c 

(456)(76%) (457) (80%) 

Allene 455, in turn, is transformed by careful addition of bromine to the 
dibromide 456 which 0: treatment with sodium amide in the liquid ammonialn- 
propane mixture at -75 C 7 5 6  furnishes bromotrichloroallene (457)760. The lithio 
derivative of 455 has been prepared by reacting 454 with two equivalents of 
n - b ~ t y l l i t h i u m ~ ~ '  . 

That thionyl chloride reacts also with sterically hindered propargyl alcohols may 
be inferred from the successful preparation of the t-butylallene 459 from the 
alcohol 458762. and the adamantane derivative 461 from 460 (equation 160) 7 6 3 .  

Ph Ph 
soc12 \ c=c=c \ 

C-CEECH - 
OH 

t- BJI t- B"/ 'CI 

(458) (459) 

(460) (461 1 

A highly substituted chloroallene has also been prepared from tris(r-butylethyny1)- 
carbinol by phosphorus trichloride treatment764 * 7 6 5 .  

Among the recent fragmentation and isomerization processes leading t o  ch lo re  
allenes, the decomposition of the acid 462 t o  the fully chlorinated vinylallene 
463766, as well as the surprising ring-opening of perchloro-2-pyrones 464 with 
Grignard reagents to  chloroallendiols 465 ought to  be cited (equation 16 1)7 7 .  

cIzc=ccI-ccI=c=ccI~ + coz + CI- 

(463)(97%) 
(161) 
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Isomerization and decomposition reactions have also proven successful for the 
synthesis of a-chloroallenes, as shown by the base-catalysed ring-opening of per- 
chlorocyclopent-3-enone (466) to 3,4-perchloropentadienoic acid (467)7 and 
the formation of trichloromethylallenes 469 from the oxetan-2-ones 468 (equation 
162)769. 

+ 3 R2MgBr - R ’  RZC-CCI=C=CCI-CR1 ~2 

I I 

(465)~30-40%) 

R’ OH OH (464) 

CI CI CI CI 

(162) 
7’ CI 

\ 

\ 
CC12C02H 

CI /c=c=c 
CI 

H O  0- 
(467 1 

“p A RCH=C=CH-CC13 
H 

cc13 (469) 

1468) R = H: 66% 

R = Me: 50% 

R = Et: 40% 

Of all the reactions of chloroallenes, their dimerization to derivatives of 1,2- 
dimethylenecyclobutane has so far received the largest a t t e n t i ~ n ~ ~ O - ~ ~ ~ .  The 
solvolytic behaviour or di- or tri-aryl-substituted chloroallenes has been extensively 
studied‘ 7 4 .  The reaction of allenic chlorides with malonic esters has been investi- 
gated, and a number of allene derivatives of barbituric and thiobarbituric acid have 
been synthesized from the allenylalkylmalonic esters produced, with urea and 
thiourea, respectively7 7 5 .  

c. Bromine. Knowledge about bromoallenes is quite extensive, and interest in 
this class of compounds was heightened by the recent isolation of the aromatic 
bromoallene 470 from a marine mollusk (Aplysia brasiliena), which is distasteful t o  
fish and rejected by sharks7 6 .  

WC H= C=CH ~r 
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The  preparation of 1 -bromoallene has been described previously’ 
bromo- (472) and tetrabromo-allene (474) have been obtained by 
sequence starting with tetrabromocyclopentene-3,4-dione (47 1 ) 
163)7779778.  

N H 3  
r HzNCOCONH2 + Br2C=C=CHBr 

Br - 75OC. 75% 
(472) Br 

Br 

(471) 

, and tri- 
a reaction 
(equation 

5 

(163) 

Br2 -HBr 

CCI, 80% 
- Br2C=CBr-CHBr2 - Br2C=C=CBrz 

(473) (474) 

Bromine addition converts 472 into the pentabromide 473, which may be 
dehydrobrominated to perbromoallene (474). 472 has also been detected as an 
intermediate in the alkali cleavage of xanthogallo17 7 9 .  

Allenyl bromides 475 have most  often been obtained, besides by elimination 
reactions, from tertiary and secondary acetylenic alcohols in good to excellent 
yields (equation 164)7807781.  

H B r ,  CuBr. Cu 

NH4Br .  35-40°C 

R’ 

R2/c=c=c 

‘ C - E C H  

OH 
1475) 

(164) 

R’ R2 Yield (%) 

FI Me 31 
H I F P I  67 
H ri-Pr 43 
H Ph 13  
Me Me 65 
Me Et 79 
Me t-Bu 81 
t - B u  r-Bu I 0  

-(CH2)s- 4s 

Mechanistic studies support  the intermediacy of an acetylene-coppe,r(l) x-com- 
plex from which the 1-bronioallene is formed by a stereospecific S N ~ - p r o c e s s  in 
which the configuration is re ta ined782.  For the synthesis of various arylallenic 
bromides the catalyst can be disposed of, and 1,l-dibromoallenes may be obtained 
by starting with bromoethynyl a l ~ o h o l s ~ ~ ~ , ~ ~ ~ .  

Phosphorus tribromide and thionyl bromide may also be used as halogenating 
reagents785 7 7 8  6. Occasionally the acetylenic alcohols initially form the correspond- 
ing propargyl bromides, which, however, may be isomerized to the desired bromo- 
allenes by cuprous bromide treatment. 

The method for preparing allenes by 1,4-addition reactions to enynes (cf. 
Section ll.A.4) has also been applied to the synthesis of bromonllenes. Thus 
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vinylacetylene is readily converted by bromine addition to  1,4-dibromo-l,2-buta- 
diene, a compound from which other functionalized allenic bromides may be 
prepared7 8 7  3 7 8 8 .  

a -  and Higher allenic bromides are obtained in 40-75% yield from the cor- 
responding alcohols by treating eqtimolar mixtures of alcohols and pyridine with 
triphenyl phosphite dibromide at 0 C under strictly anhydrous conditions789. 

a-Broinoallenes have also been obtained by reacting 1,4-dibromo- and 1,4-di- 
chlore2-butynes with various organomagnesium and organolithium reagents. This 
propargylic rearrangement depends on the nature of the organometallic reagent as 
well as the solvent790*791.  

The solvolytic behaviour of bromoallenes has been extensively investi- 
gated792 3 7 9 3 ,  as have various coupling reactions - with dialkyllithio copper re- 
agents t o  allenic hydrocarbons' O 9  (cf. Section lI.A-8), with terminal acetylenic 
compounds in the presence of cuprous ions and base to  allenynes (cf. Section 
1 1 . B . 2 . ~ ~ ~ ~  9 7 9  5 ) ,  with butadiynyl( trialky1)silane under comparable conditions to 
a l l e n e d i y n e ~ ~ ~  5 .  Allenic bromides may be converted into Grignard reagents which 
in turn provide allenic acids with carbon dioxide79 6 .  The application of allenic 
bromides as alkylating reagents has also been described79 '. 

a-Elimination with strong bases in the presence of olefinic trapping agents 
constitutes a good way of generating vinylidenecyclopropanes, as has been des- 
cribed in Sections II.A.6 and II.C.2.a. Under certain conditions (either with dry 
cuprous cyanide or  with cuprous iodide or  bromide in dimethylformamide) 1,4- 
elimination of suitable I-bromoallenes competes favourably with 1, l-elimination, 
giving alkenynes in good yields79 8 .  

B r ~ r n o a l l e n e s ~ ~  7 3 7  7 8 ,  like their chloro analogues (cf. Section II.D.6.b) undergo 
[ 2 + 21 cycloadditions readily. With suitable dienes they may, however, also take 
part in [ 2 + 41 cycloaddition reactions. Thus hexachlorocyclopentadiene and 
bromoallene react t o  the Diels- Alder adduct 5-bromomethylene-l,2,3,4,7,7-hexa- 
~Noro-norborn -2 -ene~~  9 .  The a-allenic bromide 1 -bromo-2,3-butadiene has been 
transformed in three steps to  the natural product hypoglycin A8O0, a compound 
that exhibits marked hypoglycaemic properties and is of considerable biochemical 
interest. 

d. Iodine. All mono- t o  tetra-iodoallenes are known' , but their 
chemistry has not been studied as extensively as that of the other halogen deriva- 
tives. 

One method for preparing i o d o a l l e n e ~ ~ " ~  consists in the addition of l-alkyl- 
prop-2-yn- 1-01s t o  a solution of triphenylphosphite methiodide in dimethylforma- 

t 
(PhOJ jPMel /DMF 

50 100°C 
RCH-C=CH * R C H = C = C H I  

(476) 
I 
OH 

R = H .  Me, Et. n-Pr etc. (165) 

+ 
(PhOJjPMel 

RCEC-CH-C-CH - R--CiECCH=C=CHI 
80 -9OOC I 

OH 

(4771 (4781 

R = H: 37% 

R = Me, t-Bu: 40% 
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mide. The iodoallene is distilled off and subject to  further purification. The 
reaction, which most likely proceeds by an SN~' mechanism affords the iodo 
derivatives 476 in yields between 50 and 60% (equation 165)804. The procedure is 
applicable to  more complex propargyl alcohols as demonstrated by the conversion 
of the dialkyn-( 1)-ylcabinols 477 to the l-iodo-l,2-pentadien4-ynes 478 (equation 
165p5. 

1, I-Dialkyl-2-yn- 1-01s do not react with the above halogenating reagent, pre- 
sumably owing to  steric hindrance to  the approach of the oxygen to  the phos- 
phorus atom. 3,3-Dialkyl-l-iodoallenes 480 are, however, obtained by reaction of 
3-alkyl-3-hydroxy- 1-alkynes 479 with aqueous hydriodic acid (45%) in the presence 
of copper, cuprous iodide and ammonium iodide (equation 166)806. 

CUtCUl - - 
R ' R ~ C E C H  + HI  - NH41 R R C-C-CHI (166) I 

OH 

(479) (480) 

R' R' Yield (%) 
~ 

Me Me 61 
Et Et 65 

A second method involves the reaction of methylmagnesium iodide with acetates 
of tertiary propargyl alcohols 481 in the presence of an excess of magnesium iodide 
(equation 1 67)' ' 9' ' is' . 

MeMgl 
R' R ~ C C E C H  4 MgI2. ether, 35OC t R~ R~C=C=CHI (167) 

I 
OAc 

(481 1 (482) 

R' R' Yield (%) 

Me Me 43 
Me Et 38 
Ph Me 32 
c-C, H, Me 27 

-(CHz), - 20 

The substituents may be varied within a broad range as indicated by the 
examples in equation (167). Mechanistic experiments have shown that the reaction 
proceeds via a propargyl cationEoE. A variation of this approach, used to  synthesize 
alkylallenes, is described in Section 1I.B. 1. 

A promising method not yet fully explored consists in the cleavage of prop- 
argyltin compounds 483 with iodine (equation 168)E09. 

(168) 
12 

Ph3Sn-CHC-CH - PhsSnl + RCH=C=CHI 

R = H :  80% 

(483) R = Me: 70% 

I 
R 
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111. THE PREPARATION OF CUMULENES 

863 

A. Survey of General Methods 

Compared to the amount of work directed to the preparation and study of the 
chemical behaviour of allenes, the investigation of the higher cumulenes is still in its 
infancy, excepting certain special cases like aryl-substituted butatrienes, which have 
been studied quite extensively'. The  generality of the methods leading to  the 
various cumulenes remains, therefore, to be established in the majority of cases. 

Most procedures used to  prepare the [31 and higher cumulenic systems may also 
be used, and were, in fact, originally developed in many instances for the synthesis 
of allenes (cf. Section 1I.A). 

Thus elimination reacfions of suitable halides like 484 and 486 lead to tetra- 
phenylbutatriene (485) and tetraphenylpentatetraene (equation 169)8 '' * 8  * '. 

KOH 

EtOH 
Ph2CH-C=C-CHPh2 - Ph2C=C=C=CPh2 

I 1  
Hal  Hal 

(484) 

Hal = CI, Br  

(485) (60%) 

(169) 

KOH 
Ph2C=CBr-CH2-CBr=CPh2 DMF- Ph2C=C=C=C=CPh2 

(486) (487) 

Aryl-substituted butatrienes 490 are obtained from the cumulenic Wittig reagent 
489 (generated from the phosphonium salt 488 by pyridine treatment) with 
aromatic aldehydes (equation I70)* ' 2 .  

+ - pyridine 
[PhaP -CH=C=CPhz] Br  - [ P ~ J P = C = C = C P ~ ~ ]  (170) 

(488) (489) 

+ ArCHO - Ar-CH=C=C=CPh2 
55-70% 

Propargylic rearrangements have been used most often to  synthesize the higher 
cumulenes. The transformation of various acetylenic and polyacetylenic diols and 
their derivatives to  131- [Sl- and [71- cumulenes is of preparative value. This 
procedure is, however, necessarily restricted to cumulenes with an uneven number 
of double bonds (even number of carbon atoms). Butatrienes have also been 
prepared by vinylogous propargyl rearrangements (see below)8 3. 

Using the Doering-Moore-Skattebdl synthesis both acyclic and cyclic cumulenes 
have been prepared from the corresponding allene precursors. In principle, this is 
the most general cumulene synthesis, since only one carbon atom may be added to  
the substrate at a time, and therefore cumulenes with an even or odd number of 
double bonds may be prepared. In practice, the procedure suffers from the quite 
drastic reaction conditions, and especially from the great instability of non- o r  
alkyl- substituted cumulenes towards basic reagents. 

Syntheses involving other carbenoid ititertnediates have also been described. 
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Thus both carbenes 491 and 492 provide cumulenic structures (equation 
171)814,81 5 .  

(491 

(171) 
- [)=.=:I 2x )=c=c=c=c=c / 

\ 
(4921 

Fragmentation processes like the retro-Diels- Alder reaction have beenemployed 
recently to prepare cumulenes, as shown in Section 1II.B. 1 .b). 

6. Acyclic Cumulenes 

7. Parent systems and alkyl-substituted cumulenes 

a. [3]Cutnulenes. Many of the methods reviewed in Section 1II.A have been 
applied to  synthesize alkyl derivatives of [ 31 cumulene ( 1,2,3-butatriene). 

Following earlier investigations8 ' Arens, Brandsma and coworkers have 
developed a general procedure for the synthesis of aliphatic 1,2,3-trienes 494 by 
reducing 1,4-dichlor0-2-alkynes 493 with zinc dust o r  sodium iodide in dimethyl- 
sulphoxide (equation 1 72)8 

(493) (494) 

~~ 

R' R' Yield (%) 

H H 80 
H Me 55 
H Et 5 5  
Me Me 55 
Me Et 5 5  

The decisive improvements over earlier preparations consist in the application of 
a polar-aprotic solvent as reaction medium and the fast removal of the very 
unstable cumulenes from the reaction mixture immediately after their formation by 
applying vacuum. The base-catalysed isomerization of the above trienesE E ,  the 
addition of ethanethiolsl and hydrochloric acid ( to  1 ,2,3-pentatrienes2 O )  have 
been studied. The parent system shows the unusual property of thermally dimer- 
izing to  1, 5-cyclooctadiyneE 9. 

In another elimination reaction, the product formed by reaction of l-iodo-l- 
hexyne (495, R = ti-Bu) with 2,3-dimethyl-2-butylborane (thexylborane) is treated 
with base to  provide frutzs-1,4-di-rz-butyl-l,2,3-b~itatriene (497) (equation 1 73)82 l .  

This reaction, which probably proceeds via intermediate 496, has also been applied 
to the preparation of frut~s-l,3-dicyclohexyl 1,2,3-butatriene (497, R = c-Hex); it 
constitutes the first stereo selective synthesis for derivatives of [ 31 cumulenes. 
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(497) OMe 

(496) 

R = n-Bu, c-Hex 

The monocyclohexyl derivative of butatriene is formed in low yield when 
triphenylpropargylphosphonium bromide is converted by n-butyllithium treatment 
into a Wittig reagent (presumably allenyl triphenyl phosphorane), and the latter 
condensed with cyclohexylcarboxaldehyde8 2. 

A vinylogous propargylic rearrangement takes place when the enyne ether 498 is 
treated with lithiumorganic compounds (equation 1 74)82 9 8 2 4 .  The aliphatic 

(1 74) 
/Me 

Me 
I ether 

R L i  + H2C=CH-CGC-C-OBu-n - R--CH2CH=C=C=C 

'Me 
low temp. I 

Me 
(4981 

1,2,3-trienes produced are contaminated with isomeric compounds, however, that 
are probably formed by a secondary base-cataylsed isomerization. 

Most alkyl-substituted [3]  cumulenes known to  date have been obtained by 
methods that involve carbenoid intermediates. The DMS procedure has been used 
to synthesize 4-methyl-l,2,3-pentatrieneg2 ,82 6 ,  4-methyl-l,2,3-he~atriene~~ 5 ,  

cis- and trans- 1 , 3 -d ime thy lb~ ta t r i ene~~  and tetramethylbutatriene8 8 ,  the start- 
ing materials in all cases having been prepared by dibromocarbene addition to  an 
allene. 

Tetramethylbutatriene (500) is also formed when the carbenoid 499 (from 
1,l-dibromo-2,2-dimethylethylene y d  n-butyllithium in tetrahydrofuran) is 
warmed to  temperatures above -60 C (equation 1 7S)82 9 .  Tetrabenzylbutatriene 

\ /Me  
Me 

Me/ b r  Me / 'Me 

(499 I (500)(50%) 

Me \ /Li >-6OoC 
2 c=c - c=c=c=c (175) 

( 1,6-diphenyl-2,S-dibenzyl-2,3,4-hexatriene) has been prepared analogously from 
1-chloro-2,2-dibenzylvinyllithiuma30~83 . 

In still another route to  hydrocarbon 500 (whose base-catalysed isomerization 
has been investigated* 32 ) the disodium salt of tetramethyl-l,3-~yclobutanedione 
di-p-tosylhydrazone has been decomposed thermallyM 3-8 . 

Some retro-Diels-Alder reactions may yield [ 31 cumulenes. Thus 7-isopropyl- 
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idene-5,6-dimethylene-7-oxa-bicyclo [ 2.2.1 1 hept-2-ene (50 1 ), 5,6-dimethylene-7- 
oxa-bicyclo] 2.2.1 [ hept-2-ene (502) and 7,8-dimethylenebicyclo[ 2.2.21 octa-t,5- 
diene (503) all yield butatriene when pyrolysed at temperatures above 500 C 
(equation 1 76)a 6 .  

(501 I I A 

(503) 

In an interesting catalytic reaction, t-butylacetylene is dimerized to  cis- and 
trans- 1,4-di-f-butyl-butatriene, with dihydridocarbonyltris( tripheny1phosphine)- 
ruthenium serving as catalysta ’. 

b. /4 /  Cumulenes. Unfortunately both the elimination of functionalized poly- 
acetylenes of the general formula 504 and the dimerization of carbenes of type 505 
can only yield molecules with an uneven number of double bonds (equation 177). 

(1771 
\ / / 2 x  / 
4 I \  / \ - :c-c==v C-(C33,-C - ‘c*c*c 

x = 2. 4, 6. etc. X X 

(504) (505) 

It is hence not surprising that up to 1976 only six pentatetraenes had been 
reported, the majority carrying stabilizing arylsubstituents (cf. Section II.B.3). In 
that year the parent hydrocarbon 509 was prepared: the dibromoketone 506 

Br 0 .& 
MeLi - A I z O j ,  benzene 

* 
-80% \ /  / \ 75oc 

\ /  / \  

- 
(5071 (506) 

- H2C=C=C=C=CH2 4 HCEEC-CEC-CH3 (178) 

& A  - (5091 (70%) (51 0) (30%) 

(5081 
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was converted by the DMS approach to the allenic alchol 507, which on treatment 
with aluminum oxide oxide under carefully controlled conditions yielded ;he 
vinylallene 508. When the latter is submitted to flash vacuum pyrolysis (700 C, 
1 (r3 torr) anthracene is split off, and a mixture of 1,2,3,4-~entatetraene (509) and 
1,3-pentadiyne (510) is produced in 85% yield (equation 178)838 *8039. H y d r e  
carbon 509 is stable enough to  be purified by gas chromatography at 25 C; its spec- 
tral propertiess 39, including the photoelectron spectruma4 O ,  have been reported. 

The tetramethyl derivative of 509 is obtained when 2,4-dimethyl-2,3-pentadiene 
(tetramethylallene) is converted to its bisdibromocarbene adduct, and the sgiro 
compound thus formed is dehalogenated with methyllithium in ether at -78 C. 
Tetramethyl[4] cumulene was the first aliphatic cumulene with an even number of 
double bondsa2 a .  

Methyl-l,5,5-tris( trimethylsilyl)-1,2,3,4-pentatetraene is obtained in 23% yield 
when 2,4hexadiyne is metalated with an excess of methyllithium in ether, and the 
reaction quenched with trimethylchlorosilane after 5 5  minutesa4 . 

c. I S / -  arid higher cumulenes. Neither the parent system 1,2,3,4$hexapentaene 
nor any of its simple alkyl derivative have been prepared. Because of the high 
reactivity to be expected for these compounds (see below), it seems likely that 
novel synthetic approaches have to be developed for their preparation. 

Tetramethyl[ S ]  cumulene (512 2,7-dimethyl-2,3,4,5,6-octapenatene) was postu- 
lated to be one of the (unstable) reaction products formed by treating the 
tetrabromide 51 1 with methyllithium in ether at -78O C (equation 1 79)84 2 .  

M e  
M e H M e  MeLi \ /Me +MeMgBr - c=c=C=C=C=C - Me2C-?-E-CMe2(179) 

I 
CI 

I 
Er Er Me 'Me CI 

/ 
Er Br 

(51 1 1 (5121 (5131 

Moxe information (infrared spectrum, qualitative electronic spectrum) on the 
extremely unstable 51 2 was obtained when 2,7-dichloro-2,7-dimethyl-3,5-octadiyne 
(51 3) was subjected to the Zakharova reaction with methylmagnesium bromide in 
ethera43. In more recent work it has been shown that 512 is formed when the 
tetrahydropyranyl ether 214 (or the acetate) is deprotonated with n-butyllithium in 
tetrahydrofuran at -78 C, and the anion thus generated decomposed with cat- 
alytic amounts of cuprous chloride (equation 180)a44.  In fact, the reaction 

(5141 

X = OThp, OAc 

15151 

continues to  cyclododeca-l,3,7,9-tatrayne 51 5. The [ 5 )  cumulene hence resembles 
butatriene which also dimerizes to a strained cyclic acetylene (cf. Section 1II.B. 1 .a.). 

t-Butyl substituents, known for their stabilizing effect on numerous unstable 
molecules (cf. Section 1I.B. 1) also reduce the reactivity of [ 51 cumulenes drastic- 
ally, so that their physical and chemical properties may be investigated. 

Tetrakis(t-buty1)hexapentaene (517), a solid melting at 188" C, is among the 
products formed on treatment of the acetate 516 with potassium t-butoxide 
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(equation 181)845-846.  517 may also be prepared from the dibromide 518 by 
dehalogenation with-zinc8" '. 

(516) (517) (518) 

[ 51 Cumulenes are presumably formed as reaction intermediates when quarter- 

N o  [ 6 ]  cumulenes carrying alkyl substituent have been described in the literature 
nary salts of diacetylene Mannich bases are reacted with aqueous alkali848*84 9 .  

so far. 

2. Cumulenes carrying unsaturated substituents 

The simplest representative of this class of cumulenes, 1,2,3,Shexatetraene 
(521), has been prepared in 30% yield by dehalogenating a mixture of the isomeric 
chlorides 519 and 520 (cis and trans) with zinc in diethyleneglycol dibutyl ether at 
70° C (equation 182)* O .  

Zn 
H2C=CH-CHCI-CECCH2CI + CICH2CH=CHCECCH2CI  - HzC=CH-CH=C=C=CH* (182) 

(519) (520) (521) 

Like its lower homologue vinylallene (cf. Section II.B.2a), 521 undergoes 
[ 2 + 41 cycloaddition reactions with its butadiene part. 

Several alkyl- arid aryl-substituted derivatives of 521 have been prepared in 
moderate yields (up t o  40%) by reducing the 4,5-dien-2-yn-l-ols 522 or their 
acetates with lithium aluminium hydride in ether (equation 1 83)85 '. When the 

R' OR R '  

R2 

/R3 1. LiAIH, \ 

'R4 R 4 'R" 
2. H 2 0  

C=C=C=CH-CH=C - \ I  
/ 

C-C=C-CH=C=C 

(522) 
R = H, MeCO 

R' -R4  = H, Me, f-Bu, Ph 

(523) 

R' -R5 = H, alkyl 

(524) 

same procedure is applied to the carbinols 523, derivatives of 1,3-divinylbutatriene 
524 (which itself is unknown) are produced in 60% yield. The mechanism of both 
reduction processes has been investigatedS 

Apparently no cyclopropyl-substituted cumulenes have been prepared so far. 
The carbenoid 526, generated from 525, on treatment with n-butyllithium yields, 
by the Fritsch-Bu ttenberg-Wiechell rearrangement, only dicyclopropylacetylene 
(527) and no tetracyclopropylbutatnene (528) (equation 1 84)8 3 .  

2 .  
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3. Cumulenes carrying aromatic substituents 

Aryl groups stabilize higher cumulenes e.g. tetraphenylbutatrienes 4 .  In most 
cases the aryl-substituted representatives were prepared much earlier than the 
corresponding cumulenes carrying alkyl substituents. The parent compounds are in 
most cases hardly or not at all known beyond the [41cumulene stage, whereas 
arylcumulenes with up  to  ten consecutive double bonds have been described. 

a. [3/Curnulenes. The method of choice for  synthesizing aromatic [31 cumu- 
lenes 530 consists in reducing tertiary 2-butyn-l,4-diols 529 with stannous chloride 
in ether in the presence of hydrochloric acid, with potassium iodide in ethanol- 
sulphuric acid or with phosphorus tribromide in pyridine (equation 185). 

Ar Ar 

agent / 
* c=c=c=c /"' reducing / 

'A, Ar Ar OH OH 

(185) 

(529) (5301 

These preparations and their chemical behaviour has been reviewed several 
times' hence only some developments of the last decade and some leading 
references will be mentioned. 

The diols 529 are usually prepared by reacting aromatic ketones with sodium 
acetylide' , lithium acetylide -ethylenediamine complex8 or acetylenedimag- 
nesium bromide' . When unsymmetrical ketones are employed unsymmetrical 
butatrienes will result. Among the recent members of this group of compounds are 
numerous 1,4-diphenyl-l,4-diarylbutatriene~~ as well as 1,4-diphenyl-l,4-di- 
(2-pyridy1)- and tetra( 2-pyridy1)-butatriene8 

[ 31 Cumulenes possessing this type of substitution may exist in either cis or trans 
form, and both isomers have been obtained' e S 5 ' .  Geometrical isomerism has also 
been detected for various 'mixed' butatrienes carrying both aryl and alkyl groups. 
Thus cis and trans-1 ,4-di-t-hutyl-l,4-diphenylbutatriene have been obtained in pure 
form by column chromatography on aluminium oxides5 * s 6 0 .  The mixed butatri- 
enes I ,4-dimethyl-l,4-diphenyl [ 31 cumulene' ' , 2,7-dimethyl-3,6-diphenyl- 
3,4,5-octatriene ( 1,4-diisopropyl-l,4diphenyl [ 31 cumulene)862, l-methyl-l,4,4-tri- 
phenyl [ 31 cumulene863 and l - t - b u t y l - l , 4 , 4 - t r i p h e n y l b ~ t a t r i e n e ~ ~ ~ * ~ ~ ~  have been 
prepared analogously from the appropriate diols, but attempts t o  synthesize 1, l -  
diphenylbutatriene failed86S. 
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Aryl-substituted bis[ 31 cumulenes in which the triene linkages are separated by 
an aromatic ring (general formula 531) or  an ethano group (532)866 have likewise 
been prepared from acetylenic diols8 ’. 

Ar’ 

p r ’  c=c=c=c /’” pt rh Ph 

c=c=c=c \ 
/ \ /  

\Ph c=c=c=c Ph CH2 CH2 
‘Ar2 

\ 

Ar /:=c=c=c 

/ 
Ph 

(531) (532) 

In an interesting extension of the Hartzler reaction (cf. Section II.A.6) vinyl- 
idene carbenes are produced from ethynyl carbinols by base treatment in the 
presence of a diazocompound in an inert solvent (equation 1 86)8 8 .  

a’ R3 
\ 

C-CGCH - 
R I \  OR 

R’ R3 R’  R3 
\ =a / - \ c=c=c=c / 

R 1 2  R4 
\ R /2c=c=z \ R4 

~~ 

R’ R2 R3 R4 . Yield (%) 

Ph Ph Ph Ph 21 

Me,CH 

That alkylidene carbenes can dimerize to  [ 31 cumulenes has been known for 
some ; in a novel butatriene synthesis these species have been generated 
in a first step from the easily obtainable copper(1) reagents 533 by alkylation with 
an excess of methyl iodide in tetrahydrofuran at  0” C via the intermediate sulphur 
ylide 534, and then intercepted by a second molecule of 534 . Aryl- and alkyl- 
butatrienes 535 are produced in yields between 20 and 50% (equation 1 87)8 ‘ O .  It 
is interesting to  note that the cumulenes formed in this sequence possess the cis 
configuration. 
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+ Me1 [pq Cu(MgX or Li) -Cul 

2 

(533) 

and cumulenes 

(534) 

871 

R' = Me, Et. i-Pr. Ph, n-Pe etc. 

R 2  = H, Ph 

Carbenes are presumably also involved when either 1 , l  ,l-trihalogeno-2,2-diaryl- 
ethanes or 1,l-dibromo-2,2-diphenylethylene are converted into [ 31 butatrienes in 
approximately 50% yield by treatment with metallic copper or cuprous chloride in 
dimethylformamide at  20-45O C8".  

In a new elimination reaction leading t o  the aromatic [31cumulenes 538 the 
gem- dicNorocyclopropanes 536 were first prepared by dichlorocarbene addition to  
the corresponding olefins, and subsequently treated with various alkoxides in 
alcohol or dimethylsulphoxide (equation 188)872.  When hot  pyridine was used as 

R'  R3 

\R4 

base \ -!?EL [; C=CCI-CH=C 4 - C=C=C=C/ (188) 
CHR3 R4 / 

RJ 

R 2  R2 

(536) (537) (538) 

R' R1 R3 R4 Yield (%) 

Ph Ph Ph Ph 73 

M e 0  Ph Ph m 76 

base and solvent, the 2-chlor~113-butadienes 537 were isolated in good yield, 
making these compounds likely intermediates in the 536 to  538 conversion. 

1,6-addition reactions to  divinylacetylenes ( 1 ,S-hexadien-3-ynes) also provide 
[ 31 cumulencs, the process being a vinylogous pendant of the 1,4-addition reaction 
to  vinylacetylenes, which - as has been discussed in Section II.A.4 - leads to 
allenes8 3. 

The chemical behaviour of aromatic [ 31 cumulenes has been reviewed' v 5 .  Novel 
reactions include complex formation with metal carbonyls8 7 4  9' 5 ,  carbonylation 
in the presence of dicobalt octacarbonyls76, and a reinvestigation of the dimeri- 
zation of tetraphenyl and tetra-p-anisyl [ 3 ] cumulene3 7 7 .  The latter reaction was 



8 7 2  H. Hopf 

shown t o  lead to  a derivative of 1,3-bis(vinylidene)cyclobutane, and no t  to  a 
[ 41 radiallene as had been assumed previously. 

b. [4 /  Cutnulenes. 1,2,3,4-Pentatetraenes carrying aryl groups represent a rela- 
tively poorly investigated class of cumulenes. Kuhn, Fischer and Fischer first 
prepared tetraphenyl- and tetra-p-anisyl-[ 41 cumulene by dehydrobrominating the 
corresponding tetraaryl-2,4-dibromo-l ,4-pentadiene8 7 8  v S  79. 1 ,S-Bis( 2-isopropyl- 
phenyll- 1, S-diphenyl[ 51 cumulene has recently been prepared by an analogous 
elimination8 '', as have tetrakis( 2-methoxypheny1)- and 1 ,S-bis( 2-benzyloxy- 
pheny1)- 1, S-bis( 2-me thoxy-5-methylpheny1)-pentatetraene from the corresponding 
dibromopentadieness . 

Several alkyl-aryl-substituted [41 cumulenes have been prepared from butatri- 
enes by the DMS method,  among them 1 ,5-di-f-butyl-l,5-diphenyl-l,2,3,4-penta- 
tetraenea I *s  and 2,2,8,8-tetramethyl- 1,3,7,9-tetraphenyl-3,4,5,6-nonatetraene 
8 8 1 * 8 8 3 .  These molecules are  of interest in studies concerned with the 
measurement of rotational barriers around (cumulenic) double bondss p a S 4  and 
for the preparation of  optically active cumulenes. In fact, the complete optical 
resolution of 1 ,5-di-t-butyl-l,5-diphenyl- 1,2,3,4-~entatetraenes has been accomp- 
lished88 ', t hus  confirming a more than 1 0 0  year old prediction by van't HoffSs6 
that cumulenes with fou r  consecutive or any even number of double bonds should 
be chiral. 

c. [S] Cumu1enes.Two general pathways to hexapentaenes have been known for 
a long time: the reduction of hexadiynediols' 3 7 ,  and the so-called self- 
condensation of diarylpropynols according t o  Cadiot which presumably occurs via 
vinylidenecarbene intermediates' . Tetraphenyl[ 51 cumulene has been prepared by 
these methods, and also by treating l,l-diphenyl-3-bromoallene with potassium 
t-butoxide in dimethylsulphoxide / e the r  (26% yield) or  by subjecting 1,1- 
dibromo-3,3-diphenylallene to  butyllithium in ether a t  room temperature ( 1  1% 
yield)8 . 

Appropriately substituted diacetylenic diols also serve for the preparation of 
'mixed' [ 51 cumulenes, e.g. 1,6-diphenyl-l,6-di-t-butylhe~apentaene~ s 4 i 8 s  9 0 ,  
2,2,9,9-tetramethyl- 1,3,8,1 0-tetraphenyl-3,4,5,6,7-decapentaenea 8 4  and 2,7- 
diphenyl-2,3,4,5,6-octapentaenes9 . 

d. Higher cutnulenes. Several [ 71 -, [ 81 -, [ 91 - and even [ l o ]  -cumulenes bearing 
aromatic substitirents have been prepared, but all of them before 1967/68. The 
reader is therefore referred to  the older review literature' y 5 .  

4. Functionalized cumulenes 

Functionalized cumulenes, i.e. alcohols, carboxylic acids and esters, nitriles etc. 
constitute an.essentially unexplored area of organic chemistry. General methods of 
preparation or  reactivity patterns are hence unknown. 

From the limited information available it seems that conjugated enynols are 
useful substrates for the synthesis of curnulenic aldehydes and ketones. For 
example. 5-me t hyl-5-hydroxy- 1 -111ethosy- 1 -hexcn-3-yne ( 539) under carefully 
controlled conditions yields 10- 15% of 5-methyl-'.3,4-hexatrie1l~I (540) (equation 
1 8 9 ) 8 9 2 .  

H 

(1891 
\ / c=c=c=c 

Me 
H+ 

I Me / 'CHO 
OH 

Me2C-C -C-CH = CHOMe 

1539) 1540) 

Sinlilarly various phenyl-substituted cumulenic ketones are obtained by treat- 
ment of the corresponding enynols with ac idxy  3 9 n y J .  
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C. Cyclic Curnulenes 

categories: endocyclic (i) and exocyclic (ii), and bicyclic cumulenes of type (iii). 
Like their allenic homologues cyclic cumulenes will be grouped into three main 

(ii) (iii) 

1. Endoc yclic cumulenes 

Some simple cyclic cumulenes like 1,2,3-cyclodecatriene (541) have been 
prepared (equation 1 90)895,  but no  systematic investigation has appeared: even the 

Br Br 
\/ & MeLi 

( 100%) - 8OoC a PhHgCBr, 

(541 )(>go%) 

limiting ring size fo r  incorporating a [3]cumulenic unit into a cyclic system is 
unknown. 

1,4,7,1 O-Tetraphenylcyclododeca-l,2,3,7,8,9-hexaene (544) is formed when the 
diol 542 is dehydrated by acids. The reaction occurs via the divinylacetylene 
intermediate 543, which dimerizes under the  reaction conditions (equation 
19 1 )89 544 prefers a quasi- 
boat conformation. Several metal complexes of this unique biscumulene have been 
prepared8 9 8  * 8  9. 

'. According to  spectroscopic investigations 8 9  

P h  
H+ 

2 gc=c-c, I / CH3 - - 4 H 2 0  &=qhP t:=:$ (191) 

H3C OH OH 

(542) (543) Ph Ph 

(544) 

Another cyclic biscumulene is cyclotetradeca-3.4,5,10,1 1,12-hexaene-l J-dione 
(546) which has been synthesized from racemic or rneso-diallene 545 (cf. Section 
1l.C.l.f) by the DMS method (equation 192)900 .90 ' .  

M e 0  OMt- 

w Me0 OMe 

1 .  2 :CBrl  
2.  MeLi 

3. n' 
(192) 
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pentaene units have been obtained in multi-step s y n t h e s e ~ . ~ ~ ~ - ~ ~ ~ .  
Several macrocyclic ring systems containing one (547) or two (548) hexa- 

.=.-.-.- 7 3  
(547) ii -.=.=.=.- 

.=.=.=.- 

(548) 

( ? - - - R 3  

R = -CMe2(CH;,)3C6H4(CH2)3CMe2 I 

-CMe2(CH2)6CMe2- 
R = - C M ~ ~ ( C H ~ ) ~ C ~ H ~ ( C H ~ ) Z C M ~ ~ -  

Of great interest for the  development of t h e  theory of aromaticity are the 
so-called 'acetylene-cumulene dehydroannulenes' investigated extensively by 
Nakagawa and his coworkersgo 5-90 For the synthesis of these highly unsaturated 
mono- or bi-cyclic molecules a combination of oxidative coupling and elimination 
reactions has proven to  be very effective. As illustrated in equation ( 1  9 3 )  for the 
tetradehydro[ 181 annulenes (555) the reaction sequence starts with 3-substituted 
2-penten-4-ynol (549) which is rearranged by an anionotropic isomerization t o  the 
aldehyde 550. Aldol condensation with a methyl ketone affords the diene ketone 
551, which is oxidatively dimerized t o  the diketone 552. Bisethynylation yields 
553 with terminal acetylene units, and the ring is closed by a second oxidative 
carbon-carbon coupling. The annulene 555 is finally generated by treatment of 
554 with stannous chloride. 

OH 

(549) (550) (551 1 

Ill 0 

I C"2' 
Pyridine 

R UR1 
1552) 

L I C E C H  H 
I 

I 

R bRl 
OH 

(5533 

(554) (555) 1556) 
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The problem with 555 and similar ring systems is whether they contain truly 
acetylenic and cumulenic units or  whether the system is delocalized to  an  aromatic 
molecule in which these ‘halves’ of the molecule may no longer be distinguished 
from each other, as shown in formula 557. 

(5571 

Chemical as well as spectroscopic evidence (n.m.r. and Raman) prove the 
tetradehydroI 181 annulenes to  be aromatic hydrocarbons, with the formal 
diacetylene and hexapentaene units identical (formula 557). However, other 
acetylene-cumulene dehydroannulenes show bond alternation. Thus from an 
X-ray analysis for 3,11,14,22,-tetra-t-butyldidehydro[ 221 annulene it follows that 
the alternate bond structure 558 is preferred over the delocalized structure 559909.  

(558) (559) 

Endocyclic cumulenes have also been postulated or  proven as reaction inter- 
mediates in various processes9 ] 0-9 ] * ,  a recent example being the basic elimination 
of the dibromide 5 6 0  which leads mainly to the ether 562 (equation 194)912.  

1560) 1561) (562) 

According to  the authors there is little doubt that the conversion involves the cyclic 
conjugated eight-membered cumulene 561. 

2. Exoc yclic cumulenes 

was exocyclic9 3. 

The first naturally occurring cumulene (563) isolated from Conyza bonarierzsis 

(563) 
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The parent systems of this group have not  been investigated, but some deriva- 
tives with annelated benzene rings 565 and 566 are known. They have been 
obtained by reaction of the cumulenic Wittig reagent 564 with carbonyl 
components or acetylenecarboxylic esters (equation 1 95)9 4 .  

R’  
\ 

/C=O - 
R 2  

(566) 

Exocyclic cumulenes of the general structure 567 (n = 1,2,4) have been prepared 
b y  the reduction of the corresponding alkynyl diols (see above)9 5 .  

(5671 

3. Bicyclic cumulenes of type (iii) 

The simplest representative of this group described so far is the  relatively stable 
1,4-bis( trimethy1ene)butatriene (569), which was synthesized from the propadiene 
568 (see Section II.C.3) by the DMS method (equation 196)58.6. 

Experiments along the same lines gave hints o n  the formation of the next higher 
homologue of 569 1 ,5-bis(trimethy1ene)pentatetraene; however, this hydrocarbon 
could not be obtained in pure form. 

Several 1 ,n-bis(pentarnethylene)cumulenes have been preparedzo4 ,9 I 6 .  The 
stabilizing influence of alicyclic ring systems at  the  end of the cumulenic unit  has 
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AdC=C=C=CAd AdC=C=C=C=CAd 

"370) (571 1 

A d =  @ 
also been experienced with the recently prepared hydrocarbons 570 and 57lS8'. 
The former molecule was obtained from the corresponding acetylenic diol by the 
usual route, and served as starting material for 571 using the DMS route. The 
stabilizing effect of the adamantane skeleton is ieflected by the extreme thermal 
stability of  the two molecules: 570 melts at  295 C, and 571 begins to  decompose 
at temperatures above 360" C! 

The so-called diquinoethylene 572 has been prepared, and dimerizes in low yield 
(1 0- 12%) to  the [4 ]  radialene derivative 573, when heated in a refluxing toluene 
solution for several days (equation 197)9 7 - 9 2 0 .  Analogous behaviour has been 

A 
(1971 

(573) 

noted for  perchlorobutatriene (cf. Section III.D.3) and tetrakis(t-buty1)hexa- 
pentaene (cf. Section II.C.2.b). 

A very large number of aryl-substituted cumulenes is known in which the 
aromatic substituents are 'pinned back' by a zero or  methano bridge as in 574 and 
575, respectively' 7 9 2  3 .  In other words, these are benzoannelated derivatives of 
1,4bis-(tetramethyiene)- and -(pentamethylene)-cumulenes. Since this work has 
partly been reviewed' only a few remarks are necessary here. These compounds are 
as stable as other cumulenes with terminal aryl groups. Because of the molecular 
bridges, however, the phenyl substituents are in a coplanar arrangement causing 
extensive delocalization over the whole x system. For their synthesis the standard 
methods for the preparation of cumulenes with an uneven number of double bonds 
have been used' . 5  (cf. Section 111.B.3). Such cumulenes with electron-donating 

(574) 
n = 2 . 4  

(5751 
n = 2, 4. 6 
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substituents at one end of the cumulenic system and electron-accepting ones a t  the 
other may be prepared. These ‘polar c u m ~ l e n e s ’ ~ ~ ’  are another example of the 
‘push-pull systems’ already mentioned in Sections II.C.2.c and 1I.D.S.a. 

The recently prepared 1, l  I - (  1,2-ethenediylidene)bis( 5, l  O-dimethylcyclotrideca- 
2,4,10,12-tetraene-6,8-diyne) (576) is the first macrocyclic fulvalene containing a 
cumulene linkage and ring systems that are nonannelated (equation 1 9 8 ) 9 2 4 .  

I 
c 

H C G C M g B r  

THF. 20°C 

SnCI2. 2 H 2 0  

HCI 

(5761 (65%) 

D. Heterosubstituted Cumulenes 

1. Introduction : miscellaneous systems 

Judging from the number of publications describing heterosubstituted 
cumulenes, it seems that  oxygen, sulphur and the halogens stabilize the sensitive 
cumulenic grouping most effectively. 

Lithiocurnulenes may be involved as reactive intermediates in the polylithiation 
of various diacetylenic hydrocarbonss9 i s  and acetylenic diethers of the general 
type R’ OCH(R2 C C C H 2  OR’ . 1,4-Diphenyl-l,4-(diethylaluminium)butatriene, 
the first organometallic [ 3 1 cumulene, has been synthesized recently9 9 9  ’. 

2. Group Vla substituted cumulenes 

A general method for the preparation of [ 3 /  cumulenic ethers 579 involves 
reacting the acetylenic bisethers 577 with two equivalents of n-butyllithium in ether 
and quenching their metalated derivatives 578 with an electrophile (equation 
1 99)92 a .  Yields are good (60-70%), and in none of the examples could products 

/E 

‘-0 R3 

8 Y p z L i  
+ E  - R~CH=C=C=C - R~CH=C=C=C I n-BuLi 

R’ OCHCECCH20R3 I -20 to -5OOC 
R2 

(577) (578) (5791 

E = H 2 0 .  D20, Mel, acetone, etc. (199) 

derived from the isomeric enyne form of 578 or from a cumulenic ether lithiated in 
the6  position be detected. When the trisether EtOCH2C-CCH(OEt)2 is subjected to  
the same conditions, 1,4-bis(et hoxy) bu tatriene results. 
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3 0 ,  and in 
metalation, followed by alkylation and hydroxyalkylation reactionsg 3 0  has been 
studied, as has their use in a new synthesis of 3-alken-1-ynes and 1-methoxy-1,3- 
b ~ t a d i e n e s ~ ~ '  . An n.m.r. study of several alkoxybutrienes has revealed that the 
geminal coupling constant2J(H-C-H) is of the same order of magnitude and 
negative sign (-9.5 Hz) as allenic 'J. The long-range coupling SJ(H-C=C=C=C- 
H)4(fcis and truns)differ only slightly and are positive (+5.5-6.1 Hz), and 6J(H- 
c=C=C=C-C-CH) constants are negative again (-0.9 to  - 1.5 H Z ) ~  2 .  

Cumulenic tAio ethers may be prepared like their oxygen counterparts 579 by 
treating the bisthio ethErs RSCH2.CZCCH2 SR with two equivalents of n-butyl- 
lithium in ether at  -50 C, followed by the addition of water928. In this case, 
however, besides the desired derivatives RS-C=C=C=CH2 the isomeric enynthio 
ethers RSC-C-CH=CH2 are also produced. Since it was shown that  the isomeriz- 
ation does not take place by prototropy during work-up, it is most likely that both 
cumulenic and enynic lithium intermediates are generated in the initial metalation. 
When the acetylenic ditio acetal MeOCMe2 C3CCH(SEt)2 was reacted with one 
equivalent of n-butyllithium in ether at  -50" C the cumulenic dithio ether Me2 
C=C=C=C( SEt)2 could be prepared92 8 .  Other 1 ,I-bis(alky1thio) derivatives of 
[ 31 cumulenes have also been reported9 3. 

In  an elegant new method, perchlorobutenyne (580) has been converted into the 
tetrakis(alky1thio)butatrienes 582 by treatment with thiolates in dimethyl- 
sulphoxide (equation 200)9 3 4  i 9  5 .  The exchange-isomerization process has been 

The chemical behaviour of cumulenic ethers towards bases9 

- 
R Yield (%) 

t-Bu 62 
c-Hex 31 
CH, Ph 36 
Ph 50 

35-77 and 
others 

shown to  begin with the formation of the (isolable) acetylenic thio ether 581 .  If 
these latter derivatives are reacted with a thiolate differing from the one initially 
employed, mixed butatrienes 582 result. Instead of 580 the isomeric perchlorobuta- 
triene (cf. Section III.D.3) may also be used as a starting material for  5 8 2 9 3 4 .  

X X -  - X  \\ x 
\\ 

1583) (585) 
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Butatrienylsulphonium saJts 584 are obtained when the acetylenic disulphonium 
salts 583 are treated at -40 C with sodium alkoxides (equation 201)9 9 9  '. The 
structures of the (unstable) cumulenes 584 follows from spectroscopic datay 6 ,  
and from [ 2 + 41 cycloaddition reactions with cyclopentadiene which yields the. 
(stable) propadienyl sulphonium salts 585 (cf. Section 1I.D.S.b). 

Cumulenic thio ethers are still a rare and poorly investigated class of cumulenes, 
even though several of these compounds are found in Nature938-940. 

3. Group Vlla substituted curnulenes 

Preparative work in this area is likely to  be difficult due to  the expected high 
reactivity of halogenocumulenes. Their behaviour in addition reactions should 
prove t o  be interesting, and for spectroscopic studies the  whole set of halogenated 
butatrienes would be of importance. 

1,1,4,4-Tetrafluorobutatriene has been prepared by the  dehydrobromination of 
1,4-dibromo-l,l.4,4-tetrafluoro-2-butene with potassium hydrooxide. In the liquid 
state this compound detonates violently a t  temperatures near 0 C94 l .  

Tetrakis(trifluor0methy)butatriene has been obtained by flash pyrolysis of 
1.2,3,4,5,6-hexakis(trifluoromethyl)tetracyclo[ 4.4.0.0294.031s 1 deca-7,g-diene at  
700" C and t ~ r r ~ ~ ~ .  

The only other trifluoromethylbutatriene known seems to  be 1 ,1-bis(trif1uoro- 
methyl-3,3-diphenyl-butatrieneg4 3. 

Monochlorobutatriene is one of the  dehydrochlorination products of 1,4- 
dichloro-2-butyne if the reaction is interupted before all the  starting material has 
been consumed. Low reaction temperature seems to  favour the butatriene forma- 

The surprisingly stable perchlorobutatriene (586) has been synthesized in a 
three-step sequence starting with @,Bdichloroacrolein (equation 202)94 7 - 9 4  a .  On 
heating to  100" C 586 dimerizes to  perchloro [4 ]  radialene (587). 

tion9 4 4-9 4 6 

I r-EuOKlpet. ether 

1.1,4-Trichloro-l,2,3-pentatriene has also been prepared by an elimination 
reaction949. 

Some chlorobutatrienes carrying aryl substituents of varying complexity have 
been synthesized, and their solvolytic behaviour has been investigated9 

The first cumulene with more than two double bonds, was, in fact, a 
dibromocumulene, trans-diphenyldibromobutatriene, obtained by treating 

5 2 .  
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diphenyldiacetylene with one equivalent o f  bromide9 3. The method  has  been 
adop ted  for the prepara t ion  o f  o the r  diaryldibromocumulenesg 5 O .  

Some ‘mixed’ diarylbromochlorobutatrienes have been isolated after dehydro-  
halogenation of various chlorobromoolefins9 O .  

20. The preparation of allenes and  cumulenes 
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Subject Index 
Absolute configuration. 

Absorption spectra, 
see Confguration, absolute 

of butatrienes, 170, 171 
of hexapentaenes, 170-172 
of ketene, 172 

Acenaphthalene, 283 
Ace tals, 

acylketene, 501,504,510 
bisketene, 513-515 
ketene alkyl trialkylsilyl, 489-491 
ketene bis(trialkylsilyl), 49 1 ,492  
ketene dialkyl, 488,489 
vinylketene, 5 13-515 
see also Ketene acetals; Ketene thioacetals 

Acetanilide, 
formation of, 167 

D -Acetic acid, 743 
Q p - D ,  -Acetic acid, 743 
Acetone, 

‘Acetylene-cumulene dehydroannulenes’, 

Acetylene dicarboxylates, 504 
Acetylenes, 

decomposition of, 240 

874 

disubstituted, 212 
ionized, 190 

a-Acetylenic alcohols, 
esters of 7-halogenated, 385 

Acetylenic compounds, 
addition of organometallics to, 385 

a-Acetylenic epoxides, 812 
Acetylenic monocarboxylic esters, 504 
Acetylenic semsteroids. 464 
Acetylenic thioethers, 

metalation of, 392 
Acetylenic tosylates, 791 
Acid chlorides, 501 

Acid halides, 

Acidities, 

Acid strength effects, 

dehydrohalogenation of, 767 

dibasic, 501 

intrinsic (gas-phase), 322 

on addition to ketenes, 321 

Acridine, 326 
Acrylic esters, 503 
Acrylanitriles, 503 
Activation energy, 211 
N-Acyl amides, 708 
Acylammonium salt, 23 1 
Acylation, base-catalysed, 

of carboxylic anhydrides, 327 
5-Acyl-3,3-dimethy1-3H-pyra0les, 

Wolff rearrangement of, 262 
Acyl halides, 

dehydrohalogenation of, 231,260 
Acylium ions, 689 
Acylketene acetals, 501, 504,510 
Acylketenes, 296, 297 

N-Acylsulphilimine, 746 
Adamantane skeleton, 

ketenes with, 244 
Adamantylallene, 793 
1 +Addition reactions, 

Adipoyl chloride, 

Alcohols, 493 

preparation of, 254-258 

in preparation of allenes, 784 

dehydrohalogenation of, 254 

addition to ketenes, 314-320 
from organometallic derivatives, 375 

Aldehydes, 497 
a,p-unsaturated, 509 

Aliphatic halogen compounds, 496 
Aliphatic 1,2,3-trienes, 864 
Alkaloids, 

Alkanesulphonyl chlorides, 502 
A1 kenylidenecarbenes, 644 
Alkenylidenecyclopropanes, 

3-Alkoxy-2-alkylcyclobutenones, 288 
Alkoxyalkynes, 288 

thermal cleavage of, 237, 238 
Alkox ycarbonylke tenes. 

preparation of, 258-260 
Wolff rearrangement to, 252 

3-Alkoxycyclobutanones, 281 
4-Alkox y-l -hydrox y-bbutyne, 300 

allenic, 46 1 

rearrangement of, 640-643 
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964 Index 

Alkox yketenes, Allenic azides, 848 
preparation of, 251-253 

1 -A1 kox yv inyl car box ylates, 50 2 
1-Alkoxyvinyl esters, 491 
Alkyl allenes, 790-793 
6-Alkyl-6-carboxybicyclo [3,1,0] hex-2-enes, 

Alkylhaloketenes, 250, 282, 284, 291 
Alkylidenecyclobu tanones, 2 89 ,29  8-3 00 
Alkylidenetriphenylphosphorone, Allenic halides, 

2-Alkylimidazoles, 302 
2-Alkylimidazoline, 3 02 
3-Alkylisoindolone, 507 
Alkylke tenes, 

a-Alkyl-p-keto esters, 8 18 
Alkyl orthotitanates, 327 
Alkyl radicals, Allenic retinals, 839 

reaction of, 345 
Alkyl p-tolyl sulphone, 440 
2-Alkyltropones, 284 
Alkynes, a-Allenic sulphoxides, 853 

p-Allenedithiocarboxylic acid esters, 82 1 
Allene phosphonic acids, Allentetramines, 847 

Allenes, stability of, 366 

Allenic boranes, 792 
Allenic bromides, 86 1 
Allenic carbanions, 395, 852 
Allenic carboxylic acids, 81 8-822 
Allenic dianions, 394 

Allenic esters, 818-822 
a-Allenic-aethylenic alcohols, 344 

284 ,285  a-Allenic dithioketals, 815 

l,telimination, 213 solvolysis of, 540-542 
Allenic hydrocarbons, 386, 791 

Allenic ketones, 303, 815-818 
Allenic nitriles, 302, 822, 823 
Allenic phosphines, 849 
Allenic phosphonyl halides, 848 
Allenic quartemary ammonium salts, 848 

Allenic sugar phosphonates, 848 
a-AIlenic sulphones, 854 
Allenic sulphonium salts, 302, 853 

Allenic thioethers, 852 

optically active, 7 87 

preparation of, 241-245 

m on osu bstituted, 2 12 
metalation of, 392 

electrophilic reactions of, 353 

acyclic, 790-823 
aryl-substituted, 809-81 1 
bicyclic, 823, 840-842 
carbon-13 n.m.r. of, 56, 88, 121 
configurational stability of, 118 
cyclic, 823-842 

diasteromeric, 781 stability of, 366 
dipole moments of, 47  Allenyl phosphonium salt, 849 
enantiomeric, 781 Allenyl sulphides, 85 1 
endocyclic, 823 - 833 Allenyl thio ethers, 85 1 
excited states of, 35-39, 131 Allenyltins, 846 
exocyclic, 823, 833-840 Allenyl p-tolyl sulphone, 440  
gas chromatography of, 183 3-Allenyl-2-vinyl-methylenecyclobutane, 795 
heterosu bsti tu ted, 842-862 Allenylzin c bromide, 
hydroboration of, 354 
infrared spectra of, 172-174 Allenynes, 794 
ionized, 190 Allylallenes, 304, 808 
naturally occurring, 781 Allylic cations, 
n.m.r. spectra of, 177 
optical rotations of, 118 Allylic protons, 
unconjugated, 453-455 abstraction of, 685 
vibrational frequencies of, 56 ,64  Aluminium, 

Allenylaluminum bromide, 

Allenyl boronates, 843, 844 
Allenyl boranes, 844 
Allenyl bromides, 860 
Allenyl diazotates, 848 
Allenyl enol esters, 85 1 
Allenyl ethers, 849, 850 

ring-strain in, 823 Allenylmagnesium bromides, 

stability of, 366 

in halogenation, 356 

Allenic alcohols, 81 1-814 
a-Allenic alcohols, 302, 344 
p-Allenic alcohols, 302, 387 
Allenic aldehydes, 815, 816 
Allenic amides, 818-822 Amides, 
Allenic amides, 847, 848 

allenic derivatives of, 365-386, 843 
diethyl derivatives of, 336 
propargylic derivatives of, 365-386 

Amides, 707 

linear dehydration of, 703 
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Amidines, 492,707 
Amidohydrazines, 747 
Amidoximes, 729 
Amidrazones, 729 
Amine oxidases, 476 
AmineN-oxides, 326 
Amines, 492 

2-Aminoacetonitrile, 479 
a-Amino acid oxidase, 473 
D-Amino acid oxidase, 473 
a-Amino acids, 212 
Aminoalcohols, 732 
y-Aminobutyric acid (GABA) transaminase, 

4-Aminohex-5-ynoic acid, 469 
Aminoke tenes, 

2-Amino4-keto-2-pentenoate, 4 76 
2-Aminomethylenecyclopentanones, 

N,N-substituted, 296 
2-Amino4-pentynoic acid, 466 
3-Aminopropionitrile, 480 
o-Aminothiophenol, 732 
Ammonia, 492 
Anhydrides, 

reaction with ketenes, 324-326 

469 

prepawtion of, 251 -253 

decomposition of, 232,233 
pyrolysis of, 763 

Anionotropic rearrangements, 535-550, 783 
Annulenes, 874, 875 
Anthranilic acid, 326 
Anthranilic acid derivatives, 

flash thermolysis of, 258 
Appearance potential measurements, 198 
Arenesulphonyl isocyanates, 735 
Arylacetylene, 774 
Arylallenes, 809-811 
1-Aryl-1-aziridinecarbox imidoyl chloride, 730 
2-Arylbenzimidazole, 728 
Aryl cyanates, 297 
Aryl cyanides, 297 
Arylketenes, 

Ar y lox y ke tenes, 25 2 
Aryl propiolates, 

L-Aspartate aminotransferase, 466 
Azaallene, 208 
Azetidines, 710,736 
Azetidinones, 295 

Azides, 301, 508 
Azidoke tenes, 

Azidotropone, 

Azilbenzene, 

preparation of, 246-249 

pyrolysis of, 777 

photolysis of, 236, 760 

preparation of, 258-260 

decomposition of, 259 

Wolff rearrangement of, 246 
Aziridines, 749 
Azobenzenes, 7 12 
Azomethine oxides, 301 

Base strength effects, 

Basis sets, 4 , s  
on addition of alcohols, 3 17 

contracted gaussian. 5 
double zeta, 5 
minimum, 4 

Benzalacetones, 507 
1,2-Benzazulene, 775 
Benzenediazonium salts, 491 
Benzocyclobutenedione, 26 7 
Bemocyclobutenones, 265 
Benzodiazepin4-one, 750 
Benzo[ 1,2:4,5] -dicyclobutene, 804 
Benzofuran-2,3-dione, 257 
Benzonitrile oxide, 730 
p-Benzoquinone, 293 
Benzotriazinones, 

photolysis of, 258 
thermal decomposition of, 257 
4,5-Benzotropolone, 283 

Benzoyl isocyanate, 735 
Benzoylketene, 297 
Benzvalene, 281 
Benzyicyclopentane, 443 
1 -Benzylcyclopentene, 443 
Benzylidenecyclopentane, 442,443 
Benzylideneketene, 237 
o-Benzylsulphinylbenzoic acid, 749 
Benzyne, 225,266 
Biallenyl, 799 
Bicyclic lactones, 777 
Bicyclo[n,2,0] Jkanediols, 281 
Bicyclo[7,1,0] deca4,5diene, 300 
Bicyclo[3,2,0] heptand-ones, 281 
Bicyclo [ 3,2,0] hept-2end-one, 281 
Bicyclo[3,1,0] hexan-2-ones, 304 
Bicyclo[3,1,0] hex-2endendo- 

carboxaldehydes, 286 
Bicyclo[ 3,2,1] octa-2,34iene, 827 
Bisadamantylidenemethane, 841 
2,5-Bis(alkylidene)-2,5dihydrothiophene-l, 

Bis(3,3dimethylallenyI)mercury, 437 
Bis(3,3diphenylallenyl)mercury, 436,437 
‘Bisethanoallenes’, 841 
1,4-Bis(ethoxy)butatriene, 878 
Bisfluorocyclooctadiene, 805 
Bisketene acetals, 513-515 
Bis(ketene imines), 71 1 
Bisketenes, 

3,4-Bismethylenecyclobutene, 804 

ldioxides, 804 

preparation of, 266, 267 
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Bisoxazetidines, 7 12  
1 p-Bis(pentamethylene)cumulenes, 876 
Bisthienocyclooctadiene, 805 
1 ,l-Bis(trifluoromethyl)-3-fluoroallene, 856 
1 ,l-Bis(trifluoromethyl)-3,34iphenyl- 

Bis(trifluoromethyl)ketene, 242,289,299 

Bis(trifluoromethyl)thioketene, 269 
1,4-Bis(trirnethylene)butatriene, 876 
1,5-Bis(trimethylene)pentatetraene, 876 
Bis(trimethylsilyl)ketene, 230 
1,3-Bis(vinylidene)cyclobutane, 835 
Bond angles, 48,50-55,60-63,66,67 
Bond lengths, 48 

butatriene, 880 

dimerization of, 332 

c=c, 
of allenes, 50-55 
of butatrienes, 65 
of carbon suboxide, 68 
of carbon subsulphide, 68 
of hexapentaenes, 68 
of ketene imines, 60,64 
of ketenes, 59-62 
of phosphacumulenes, 68 
of thioketenes, 61,63 

of allenes, 58,59,63 
of ketenes, 59-62 

of carbodiimides, 62,64 
of heterocumulenes, 74 
of isocyanates, 64 
of ketene imines, 6 1 ,64  
of phosphacumulenes, 68 

of carbon dioxide, 59 
of carbon suboxide, 68 
of ketenes, 59-62 
of phosphacumulenes, 68 

of carbon disulphide, 63 
of carbon subsulphide, 68 
of phosphacumutenes, 68 
of thioketenes. 61,63 

of azides, 50 
of carbodiimides, 62 
of cumulenes, 66,67 
of ketene imines, 6 1 

C=H, 

C=N, 

c=o, 

c=s, 

N=N, 

Bond polarities, 123,136 
Boron, 

allenic derivatives of, 396-398,843,844 
derivatives of, 336 

Bromoallenes, 859-861 
p-Bromobenzonitrile, 745 
Bromochloroketene, 249,283 
2-Bromocyclohexane-l,3dione 

dehydrohalogenation of, 254 

Bromoketene, 249 
3-Bromo-3-methyl-l-butyne, 436,437 
Bromonium ions, 689 
l-Bromo-3-phenyallene, 435 
3-Bromo4-phenylcyclobutene-l,2-dione, 500 
a-p-Bromophenyl-N-( thiomethoxymethyl) 

N-Bromosuccinimide, 725,730 
Bromotrimethylsilylketene, 23 1 
Bromotriphenylphosphonium bromide, 725 
2,3-Butadienoic acid, 789 
Buta-2,3-dienoyl€oA, 463 
Buta-1,2-dienyl p-tolyl sulphone, 440 
Butatrienes, 866 

absorption spectra of, 170,171 
Butatrienylsulphonium salts, 880 
2-Butenoic acid dianion. 396 
But-2enyl p-tolyl sulphone, 440 
t-Bu tylallenes, 7 92 
N-t-Butylbenzylimine, 290 
t-Butylcyanoketene, 238, 288,299 

dimerization of, 333 
1-t-Butylcyclopentadiene, 280 
t-Butyl isocyanate, 203 
l-t-Butyl-l,4,4-triphenylbutatriene, 869 
p-r-Butyltropolone, 283 
2-Butyne. 288,289 

nitrone, 745 

Carbene rearrangement, 229,247 
Carbenes, 496 

as intermediates, 265, 788, 863 
insertion of, 227,253 
reaction with ketene imines, 709 

Carbodiimide-dimethyl sulphoxide 
oxidation by, 722,745 

Carbodiimides, 295,297 
configurational stability of, 118 
dipole moments of, 47 
optical rotations of, 118 
reactions of, 339-341 

Carbohydrazides, 747 
Carbon atoms, 

addition of, 787,788 
Carbon disulphide, 750 
Carbon-1 3 nuclear magnetic 

spectroscopy 
of allenes, 56,88,121,179,180 
of carbon suboxide, 183 
of cumulenes, 180 
of cyclic allenes, 180 
of ketene derivatives, 183 
of ketene imines, 706 
of ketenes, 63, 181 
of ketene thioacetals, 676-678 
of lithiated allenes, 57 
of thioketenes, 63 

Carbon scrambling, 193 



Carbon suboxide, 
bond lengths of, 68 
carbon-13 n.m.1. specka of, 183 
gas chromatography of, 186 
infrared specka of, 175 

Carbon vapour, 841 
Carbonyl compounds, 292 
2Carbonyl-1 ,3dithiane, 290,296 
Carboxylic acids, 212,239,340,493 

decomposition of, 232,233 
reaction with ketenes, 321-324 

allenic, 455-460 

acid, 

Carotenoids, 

Catalysis, 

in addition of alcohols, 317 
in addition of water, 312 
in rearrangements, 561-564 

in addition of alcohols, 319, 320 

in addition of alcohols, 317-319 

of diyne isomerization, 797 
of monoalkyne isomerization, 425 

amide, 

mine,  

base, 

in addition of alcohols, 320 
in propadiene-propyne isomerization, 

silver(l), 
343 

of propargyl-allenyl rearrangement, 
423 

spontaneous, 
in addition of water, 312 

Cellulose, 744 
Charge distribution, 

Chiral perturbation, 113, 114, 117 
Chirality, 

in ketenes, 310 

axial, 104 
centrochirality, 104 
observations, 100, 106, 109,110 
order of, 108 

Chirality functions, 107-1 12, 119, 124, 

qualitative completeness of, 109-112 

condensation with tin derivatives, 399 

129 

Chloral, 290,293, 298 

~ ~ x o - C ~ ~ O I O - ~ ~ X O - ~ ~ C O ~ O ~ ,  286 
Chloroallenes, 857-859 
3-Chloro-2-azetidinones, 29 5 
OChlorobenzaldehyde, 293 
lChlorobenzotriazo1, 725 
CNorocarbonylchlorofrmamidhes, 73 3 

Chlorocyanoketene, 258,296 
2~hloro4,6-dimethylpyridine. 7 25 
achloroenyes, 793 
Chlorofluoroketene, 249 

aChlorodc-cyano9-imino-p-lactam, 296 
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Chloroformates, 501 
Chloroketene, 250,293,295 
3-Chlor~3-methyl-2-azetidinones, 295 
3Chloro-3-methyl-l-butyne, 436,437 
Chloronium ions, 689 
mChloroperbenzoic acid, 495,735 
6-Chlorc-1 -phenyl-1 ,Zhexadiene. 442-444 
6Chloro-l -phenyl-1-hexyne, 442,443 
3Chloro-3-phenyl-l-propyne, 444,445 
Chlorokialkyl-l,3cyclobutanediones, 292 
Cholesta-5,23,24-kien-3&ol, 481 
Chromatography, 

Chromium(II1) chloride-lithium aluminium 

Chromium(I1) salts, 787 
Chromone, 507 
Chromopores, 131, 133, 138. 139, 142, 

affinity, 744 

hydride, 787 

145 
exciton model, 15 1 
independent systems model, 147, 151 

trans-Chrysanthemic acid, 834 
Cinnamic acids, 750 
Cinnamic aldehyde, 396 
Cinnamyl alcohol, 201 
Circular berefringence, 101 
Circular dichroism, 101 

Claisen-Cope rearrangement, 

Claisen rearrangements, 51 1-513, 617-63 1 
Claisen-type rearrangement, 81 8 
Closed-shell cations, 203 
Collisional activation, 190 
Configuration, 

of allenes, 133-135, 138-143, 149, 150 

of vinyl propargyl ethers, 808, 815 

absolute, 109, 114, 119, 120, 124, 127, 
136, 148, 149,151 

Configuration interaction, 10- 12 
Configurational nomenclature, 108 
Configurational stability, 118 
Conformational effects, 

on optical activity, 125, 128, 129, 138 
Conformers 

see Isomers, conformational 
Conjugation, 

of allene system, 169 
Cope rearrangements, 603-6 17 
Copper(I1) chloride, 718 
Copper(1) reagents, 870 
Correlation energy, 10 
Cotton effect, 102 
Coumarin, 507 
Coupled electron pair approximation, 11 
Coupled oscillator model, 148 
Coupling constant, 

Cumulenes, 
for allene, 176 

[3]-, 864-866,869-872 
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[4]-, 866, 867, 872 
[ 5 ] ;  867, 872 
[6]-, 868 
[ 71 -, [ 81 -, [ 91 - and [ 101 -, 872 
aromatic-substituted, 869-872 
bicyclic, 873, 876-878 
cyclic, 873-878 
endocyclic, 873-875 
exocyclic, 873. 875, 876 
functionalized, 872 
heterosubstituted, 878-88 1 
higher, 868, 872 
metal complexes of, 70 
naturally occurring, 78 1 
‘polar’, 878 
preparation of, 863-881 

Cumulenic ethers, 878, 879 
Cumulenic thio ethers, 879 
Cu pra tes, 

Cyanamides, 297, 722, 723 
Cyanates, 198 
Cyanoallenes, 822,823 
a-Cyanc-N,”-disubstituted formamidine, 732 
Cyanogen halides, 494 
Cyanoglycine, 4 80 
Cyanoketenes, 238 

Cyanuric chloride, 732 
Cyclic allenes, 

ring strain in, 5 7  
Cyclic transition states, 

in addition of water, 313 
Cyclization, 

electro-, 5 83-589 
oxidative, 576-582 

allenic, 390 

preparation of, 258-260 

Cy cloaddition, 
1.3-, 508 
1,4-, 735 
[ 2+2], 503-506, 735,740 

photochemical, 507,508 
[4+2], 740 
internal, 583-589 
of acylketene, 296 
of allenes, 4 16 
of dichloroketene, 

to acenaphthalene, 283 
to 2-butyne, 288 
to cyclohexene, 285 
to 1,6-dihydroazulene, 283 

t o  ethoxyacetylene, 288 
to sulphur diimides, 297 

of ketene imines, 709-716 
of ketenes, 

of diphenylketene, 

to allenes, 287 
to carbodiimides, 295 

to carbonyl compounds, 292 
to chloral, 293 
to imino compounds, 295 
to  methylenecycloalkanes, 289 

of methylchloroketene, 
to cyclohexene, 285 

of methyleneketenes, 772, 773, 758 
of pentamethylketene, 290 
steric effect in concerted, 712 
to alkenes, 251 
to cyclopentadiene, 250 
to  ketene thioacetals, 691-694 
to metalated ketenes, 403,404 

Cycloalkynes, 774 
1,3Cyclobutanediones, 235, 288, 290, 291 
Cyclobutanones, 280- 283 

alkylateol, 205 
photochemical reactions of, 205 
photolysis of, 236 

Cyclobut-2-enone, 
photolysis of, 252 

Cyclobutenones, 262, 263, 288, 289 
1,2€yclodecadiene, 830 
1,2,4,6,7,9Cyclodecahexane, 830 
1,2,5,6€yclodecatetraene, 830 
1,2,5,8Cyclodecatetraene, 422, 870 
1,2,6,7Cyclodecatetraene, 830 
1,2,3Cyclodecatriene, 872 
1,2,5Cyclodecatriene, 830 
3,4,9,1 OCy clododecatetraene- 1,7-dione, 

1,5,9Cyclododecatriyne, 839 
1,2Cycloheptadiene, 824 

1,2,4,6-Cycloheptatetraene7 832 
1,2,5Cycloheptatriene, 827 
8H€yclohepta[d] tropolone, 283 
1,2,9,1 OCyclohexadecatetraene, 83 1 
Cyclohexadiene, 280, 285,426,824 
Cyclohexadienone, 200 
Cyclohexa-2,4-dienones, 264 
1,2Cyclohexanediol, 74 7 
Cyclohexene, 280,285 
Cyclohexenones, 507 
1,2Cyclononadiene, 299, 829 
1,2,4,6,8Cyclononapentaene, 829 
1,2,5,7Cyclononatetraene, 829 
l,SCyclooctadiene, 280 
2,3Cyclooctadienone, 829 
1,2,4,5,7Cyclooctapentaene, 828 
1,2,4,5Cyclooctatetraene, 828 
1,2,4,6-Cyclooctatetraene, 828 
1,2,5Cyclooctatriene, 828 
Cyclooctene, 

1,2Cyclopentadecadiene, 83  1 
Cyclopentadiene, 280, 284, 290 

831 

0x0- and aza- derivatives of, 827 

cis- and trans-, 280 
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Cy clopentadienone, 
dimer of, 224 

Cyclopentene, 280 
Cyclopentenones, 300, 507 
Cyclopropanation, 804 
Cyclopropanes, 742 

derivatives of, 284-287 
in oxidation of allenes, 356 

Cyclopropene, 
ring-opening of, 39 ,40  

Cyclopropylallenes, 796, 797 
rearrangement of, 643.644 

Cy clopropylallenes, 
rearrangement of, 643 ,644  

Cyclopropylidenes, 645 
conversion into allene, 787 
intramolecular trapping of, 787 
ring-opening mechanism of, 787 

Cyclopropylvinyl triflates, 797 
Cycloreversion, 200, 205-21 1 

Cy cloreversion, 

Cyclotetradeca-3,4,5,10,11,12-hexaene-l,8- 

3,4,10,1 l-cyclotetradecatetraene-1, 8- 

1,2,7-Cycloundecatriene, 83 1 
3,8,9-Cycloundecatriene-1,6-dione, 832 
y-Cystathionase, 466 
Cystathionine-y-synthetase, 466 
Cytosine, 209 

in allene preparation, 788, 789 

in preparation of allenes, 788, 789 

dione, 873 

dione, 832 

2.3-Decadienoic acid, 463  
(+)-2,3-Decadienoyl-N-acetylcysteamine, 463 
(+)-2,3-Decadienoyl thiol ester, 463 
Decafluorodiphenylketene, 247 
3-Decynoyl-N-acetylcysteamine, 463 
Dehydrojasmon, 796 
Diacyl peroxide, 735 
Dialkylallenes, 790 

Dialkylarsine, 

Dialkyl azodicarboxylates, 506 
2,2-Dialkyl-3ethoxycyclobutenones, 288 
3,3-Dialkyl-l-iodoallenes, 862 
Dialkylketenes, 24 1 

Dialkyl sulphides, 75 1 
Dialleneketone, 806 
Diallenes, 779-808 

racemization of, 344 

halogeno, 385 

dimerization of, 291 

conjugated, 806, 807 
cyclic, 808 
stereochemistry of, 804 

Diallenic sulphone. 805 
1,l-Diallylallene, 808 

Diaminocarbene, 730 
Diaryl disulphide, 75 1 
Diaryl sulphide, 751 
Diarylnitrones, 326 
Diazaphosphorine-2-oxide. 726 
1,2-Diazepinones, 749 
1,2-Diazetidines, 712 
1,3-Diazetidines, 71 2 
Diazetines, 737 
2,5-Diazidoquinones, 

Diazoalkanes, 30 1 
Diazoallenes, 848 
Diazobenzofuranone, 248 
a-Diazocarbonyl compounds, 227-229 

decomposition of, 238 

Wolff rearrangement of, 227-229, 
245,246 

2-Diazocyclohexane-l,3-dione, 

Diazoindanone, 248 
Diazoketones, 245, 246, 508, 743 
Diazolidines, 713, 738 
Diazomethane, 404.; 713, 743 

reaction with ketenes, 282 
a-Diazo$-phenylpropionic acids, 750 
Diazophospholidine-2-oxide, 726 
Dibromoketene, 249, 283 
Dibutylallenyl boronate, 396 
1,4-Di-r-butyl-butatricne, 866 
trans-l,4-Di-n-butyl-l,2,3-butatriene, 864 
Di-t-butylcarbodiimide, 735 
Di-t-butyldiaziridinone, 734 
1,4-Di-t-butyl-l,4-diphenylbutatriene, 869 
Di-t-butylketene. 243 
Di-t-butylthioketene, 269 
1,4-Dicarbonyl derivatives, 

preparation of, 683 
Dicarboxyallene, 301 
qwDicarboxylic acid dimethyl esters, 201 
3,3-Dichloro-2-azetidinones, 295 
7,7-Dichlorobicyclo [ 3,2,0 ] hept-2end- 

7,7-Dichlorobicyclo [ 3,2,0] hept-2-en-6-one, 

a,a-Dichlorocyclobutanones, 280, 281 
Dichlorodicyanobenzoquinone-DDQ, 725 
2,2-Dichloroimidazolidinedione, 746 
D ichloro ketene, 

thermolysis of, 254 

exo-01, 286 

281,283 

in synthesis, 280, 281, 283, 285, 288, 289, 
293,295, 296 

preparation of, 249 
Dichloromethylenecycloalkanes, 295 
2,6-Dichloro-4-nitrophenol, 732 
3,3-Dichloro-2-oxetanones, 294, 295 
2,4-Dichloropyridine, 7 25 
Dichlorospiro(3,3] heptanone, 289 
sym-Dichlorotetrafluoroacetone, 293 
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3,5-Dichloro-l,l,7,7-tetraphenyl-1,2,5,6- 

Dicyanoallene, 822 
Dicyanothylene, 503 
Dicyclohexenoannulene dione, 449 
1 ,l-Dicyclohexylamine-2,2-dicyanoethylenc, 

trons-1,3-Dicyclohexyl-1,2,3-butatriene, 864 
Dicyclohexylcarbodiimide, 295, 286, 732, 

N,N’-Dicyclohexylcarbodiimidium tetra- 

Dicyclopentadiene, 280 
Dicyclo-propylidenemethanc, 840 
Diels-Alder reaction, 509-51 1, 795, 803 

retro-, 208-210, 789, 864, 865 
1,2-Diene phosphonic esters, 849 
1,3-Diethoxycarbonylallene, 304, 819 
3,3-Diethoxy-l-methylthiopropyne, 

Diethyl azodicarboxylate, 725 
cis-l,2-Diethynylcyclobutane, 806 
Diferrocenylcarbodiimide, 723 
Difluoroketenc, 249 
Dihalogenocarbenes, 785 
1,l-Dihalogenocyclopropanes 

Dihedral angles, 86-88,92 
1,6-Dihydroazulene, 283 
Dihydrocinnamyl aldehyde, 20 1 
Dihydrocoumarin, 245 
Dihydrojasmone, 300, 796 
Dihydromayurone, 228 
1,2-Dihydropentalene, 806 
Dihydropyran, 280, 290 
Diisopropylcarbodiimide, 290, 295, 723, 

733, 747 
Diketcne, 

heptatetraene-4-one, 806 

734 

743, 744, 748, 750, 751 

fluoroborate, 742 

metalation of, 395 

in preparation of allenes, 784-787 

dimerization of, 334 
fragmentation of, 205 
mass spectrum of, 194 
reaction with carbodiimide, 740 
reaction with Grignard reagent, 336 
reaction with ketene acetals, 5.02 

a,@-unsaturated, 197 
7-Dilactones, 

Dimethylallene, 299,301,437 
3-Dimethylamino-l-propyne, 4 76 
l,l-Dimethyl-3-bromoallene, 436 ,437  
1,3-Dimethylbutatriene, 865 
Dimethylcarbodiimide, 723, 724 
1 ,l-Dimethyl-3-chloroallene, 436 
5,S-Di1ncthylcyclopentenone, 245 
1 ,l-Dimcthyl-3,3-diphenylallene, 810 
1,4-Dirnethyl-l,4-diphenyl[ 3 ] cumulcne, 86 9 
2,7-Dimctliy1-3,6-diphenyl-3,4,5- 

octatricne, 869 

Dimethyleneketene, 237 
Dimethylfulvene, 280 
5,5-Dimethyl-l,2-hexadien4-one, 438,439 
Dimethylketene, 241, 242 

addition of water to, 312 
in synthesis, 282, 293, 294, 298, 299, 300 
reaction with methylcyclopentadiene, 242 

rearrangement of, 339 
Dimethylketene trimethylsilylacetal, 

2,7-Dimethyl-2,3,4,5,6-octapentaene, 867 
2,7-Dimethyl-2,3,5,6-octatetraene, 437 
3,3-Dimethyl-l-oxaspiro[ 3 3 1  nona-5,8-diene- 

l,l-Dimethyl-3-phenyl-3-mesitylallene, 8 10 
1,l-Dimethylpropylcyanoketene, 238 
S,S-Dimethyl-N-sulphonylsulphilimine, 746 
Dimethylsulphoxide-carbodiimide, 745 
Dimethyltetrahydro-D-carboline carboxylic 

Dimethylthioketene, 270 
mass spectrum of, 196 

2,s-Dimethyltropone, 284 
2,4-Dinitrobenzenesulphenyl chloride, 

Dinitrofluoromethycarbodiibnide, 730 
Di-p-nitrophenylcarbodiiiide, 723, 732 
Dioxetanc, 7 16 
1,3-Dioxin4-ones, 296, 297 
2,4-Dioxobenzo-l,3-dioxane, 

Dioxolanes, 3 84 
Diphenylacetylene, 289 
1,l-Diphenylallene, 435, 436, 445 

reduction of, 434 
1,3-DiphenyIallene, 299 
Diphenyl-N(arylmethy1) ketene imines, 

rearrangement of, 34 1 
Diphenylbenzofulvene, 280 
1,4-Diphenyl-l,4-bis@-cNorophenyl)- 

butatriene, 448,449 
1 ,l-Diphenyl-3-bromoallene, 435,436 
1 ,I-Diphenylbutatriene, 869 
Diphenylcarbodiimide, 724, 726, 730, 

1 ,l-Diphenyl-3-chloroallene, 436 
1,4-Diphenyl-1,4-diarylbutatrienes, 869 
1,6-Diphenyl-2,5-dibenzy1-2,3,4- 

1,4-Diphenyl-l,4-dibiphenylbutatiene, 

trans-Diphenyldibromobutatiene, 880 
1,4-Diphenyl-1,4-di-t-butylbutatriene, 448 
1,4-Diphenyl- 1,4-(diethylaluminium)- 

1,4-Diphenyl-1,4-di-cu-naphthylbutatriene, 

1,4-Diphenyl- 1,4,-di( 2-pyridyl) butatriene, 86 9 

2,7-dione, 293 

acid, 750 

addition to phenylallene, 422  

thermal decomposition of, 257 

733,749 

hexatriene, 865 

448,449 

butatriene, 878 

44 8 
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Diphenylfulvene, 280 
1,6-Diphenyl-1,2,4,5-hexatetraene, 800 
Diphenylketene, 246, 735 

condensation with phosphinimines, 704 
in synthesis, 293, 294, 296-299 

Diphenylketene-N(p-tolyl)imine, 197 
Diphenylmethylenetriphenyl- 

phosphorane, 733 
3,6-Diphenyl-1,2,3-oxathiazin4(3H)-one 2- 

oxide, 297 
Diphenylphosphine, 403 
1,l-Diphenylpropane, 434,445 
1,l-Diphenyl-1-propene, 434 ,445  
1 ,l-Diphenyl-2-propene, 434 
4,4-Diphenyl-l,2,5-thiadiazolidin-3-one, 297 
Diphenylthiourea, 724 
Dipole moments, 

of allenes, 47  
of carbodiimides, 4 7 

Dipole strength, 103 
o-Dipropargylbenzene, 804 
Diquinoethylene, 877 
1,6-Dithiacyclodeca-3,8-diyne, 807 
1,3-Dithietane derivatives 

Dithioacetal unit, 

Dithioalkylketenes, 296 
Dithio esters, 384 
Dithiocthylketene, 252, 296 
Di-p-tolylcarbodiimide, 723, 733, 748 
Divinylallene, 794 
1,3-Divinylbutatriene, 868 
Doering-Moore-SkatebJgl method, 784-787, 

flash thermolysis of, 270 

as Michael acceptor, 694 

801,863 

Electrochemical oxidation, 
of tetraphenylallyl anion, 433  

Electrochemical reduction, 
of tetraphenylallene, 432 

Electrocyclization, 5 83-589 
n-Electron densities, 

of allenes, 121 
Electrophilic addition, 

t o  allenes, 348-354 
E' reaction, 685,686 
E3 reaction, 686 ,687  
E4 /N3 reaction, 689 
Elimination reaction, 

Enediones, 

Ene reactions, 357,638-640 
Energy of formation, 

Enols, 493 

in preparation of allenes, 781, 782 

cyclic, 499 

free, 156 

Enthalpy, 
of combustion, 159, 160 
of formation, 155-164 
of hydrogenation, 156-157 

Entropies, 155 
Enynes, 

Enzymes, 
conjugated, 784 

flavin-linked, 472-478 
pyridoxal-linked, 466-472 
see also individual enzymes 

*Epoxy imine, 7 17 
Esters, 501 
P-Estradiol, 743 
1 ,l'-( 1,2-Ethenediylidene) bis(5,lO-dimethyl- 

cyclotrideca-2,4 , lo ,  1 2-tetraened-8- 
diyne), 878 

Ethinylallenes, 797-799 
Ethoxyacetylene, 288 
Ethox yenynes, 

hydration of, 427 
1-Ethoxy-1-heptyne, 288 
Ethoxyketene, 251 
1 -Ethoxy-3-methyl-l,2-cyclotridecadiene, 8 3 2 
Ethyl acetoacetate, 

Ethyl azidoformate, 713 
Ethyl-t-butyl carbodiimide, 735 
Ethyl-carbonate, 384 
Ethylchlorocarbate, 3 84 
Ethyl diazoacetate, 251 
Ethylene ketals, 

a,a'-dibrominated, 782 
Ethylidenecyclobutanone, 287 
Ethylketene, 230 
Ethylol, 32, 33 
a-Ethylpropargyl alcohol, 747 
Ethyl vinyl ether, 280 
Ex citation, 

thermolysis of, 255 

double, 11 
single, 11 

Excited states, 
of allenes, 35-39, 131 

Exocyclic olefins, 295 

Field ionization kinetics, 190 
F!ash thermolysis, 224, 228, 233, 235, 252, 

258 ,264 ,265 ,270 
Flavanone, 257 
Flavin-lin ked enzymes, 4 7 2-4 7 8 
Fluorenyl cation, 197 
Fluoroallenes, 855-857 
Fluoroketene, 250 
1 -(3-Fluorophenyl)-4,4-dimethyl-2-pentyn-l- 

Foliachrome, 456 
one, 446 
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Foliaxanthin, 456 
Formamidine chloride, 724 
Formyl carbene, 

as intermediate, 32 
Fragmentation reactions 

in preparation, 
of allenes, 788, 789 
of cumulenes, 864 

mechanisms of, 189 
Friedel-Crafts alkylation, 

with ketene imines, 709 
Frogs, 

allenic alkaloids from, 461 
Fucoxanthin, 455,456, 811, 839 
Fulvenallene. 645-650, 837, 878 
Fumarates, 503 
Fungal allenes, 452,453 
Furan, 302, 5 14 

Furan-2,3-dione 

Furan-2,4-dione, 292 
Furanophane, 832 

flash thermolysis of, 265 

thermal decomposition of, 254 

Gas chromatography, 
of allenes, 183 
of carbon suboxide, 186 
of ketenes, 185 

Geminate dialkyl effect, 786 
Germanium, 

allenic derivatives of, 846 
organometallic derivatives of, 389-405 

preparation of, 253, 254 
Germylketenes, 238 

g-factor, 103, 140 
Glutamic-pyruvic transaminase, 466 
3-N-(yL-Glutamyl) propionitrile, 480 
Glycidic amides, 197 
Glycidic esters, 197 
Grasshopper ketone, 458, 811, 839 
Crignard reagents, 336 

vinylallenic, 303 
Guanidines, 74? 

Half-wave potential, 
for allene, 186 

2-Haloacyl halides, 
dehydrohalogenation of, 229-23 I 

7-endo-!-!r!o-7-~kylbicyclo [ 3,2.0] hept-2-en- 

7-Hale7-alkylbicyclo [ 3,2,0] hept-2-en-6-ones, 

a-Halo-or-alky lcyclobutanones, 2 8 2 
Haloallenes, 

or-Halocyclobutanones, 284 

6-endo-ols, 286 

284,285,286 

solvolysis of, 41 9 

Halogenated ketenes, 280, 283-286, 
289, 291 

preparation of, 249-253 
Halogenocumulenes, 880, 881 
a-Halo halides, 

dehydrohalogenation of, 251 
Halonium Ions, 

in halogenation, 349, 350 
N-Halosuccinimides, 494 
Hartzler reaction, 787, 837, 870 
1,2,5,6-Heptatetracne, 805, 807 
1,3,4,5-Heptatetraene, 794 
Heteroallenes, 202 
Heterocumulenic systems, 781 
Heterocycles, 709 

Heterocyclic halides, 496 
Heterocyclic intermediates, 

bis, 7 12  

in preparation, 
of ketene imines, 705 

Heterosu bstituted allenes, 84 2- 86 2 
Hexadecylketene, 244 
Hexafluoroacetone, 293 
Hexamethyltrithian, 270 
1 9'-Hex anoy lox yf ucox anth in, 4 5 6 
Hex apentaenes, 

absorption spectra of, 170-172 
1,2,3,5Hexatetraene, 86 8 
1,2,4,5-Hexatetraene, 799 
1,2,5-Hexatrienes, 789, 808 
1-Hexyne, 289 
Homoallenic participation, 564-576 
Horner-Emmons olefination, 672,673 
Hybridization, 46  
Hydrazines, 492, 732, 747 
Hydroboration, 

of allenes, 354 
Hydrogenation, 

of allene, 356 
Hydrogen atoms, 

addition of, 345 
Hydrogen bonds, 91 
Hydrogen bromide, 324,346 
Hydrogen chloride, 

gas-phase addition of, 350 
Hydrogen cyanide, 493 
Hydrogen exchange, 

Hydrogen halides, 493 

Hydrogen iodide, 324, 
Hydrogen scrambling, 193 
Hydrogen shifts, 

allenyl, 4 19  

addition to  ketenes, 324 

[ 1,5]-, 590-593 
[ 1JI-j 590-593 

Hydroperoxides, 493  
Hydrostannation, 846 
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Hydroxamic acid, 493 
a-Hydrox y.acid dehydrogenases, 4 72 
a-Hydrosy acid oxidases, 472  
Hydroxy acids, 732 
2-Hydroxy-3-butenoic acid, 473  
2-Hydroxy-3-butynoate, 472 
P-Hydroxydecanoyl thiol ester dehydrase, 462 
3-Hydroxy-3,3-diphenyl-l-propyne, 445 
Hydroxyguanidines, 732 
Hydroxyketene, 252 
Hydroxylamine, 492, 732 

reaction with ketene, 168 
Hydroxyl radicals, 

addition of, 347 
Hydroxyl transfer, 191 
1-Hydroxy-2-naphthoic acid, 74 8 
8-Hydroxy-5,6-octadienoic acid, 454 
3-Hydroxy-3-phenyEl-butyne, 445 
3-Hydroxy-3-phenyl-l-propyne, 445 
Hyperconjugation, 64 
Hypochlorite, 725 

Imidates, 707 
Imidazolines, 302 
Imines, see Ketene imines 
4-Imino-2-azetidinones, 295 
Imino chlorides, 707 

Iminoketenes, 

Iminooxazolidines, 747 
Indanedione, 

thermolysis of, 265 
Indene, 280 
Indole, 714 

Infrared spectra, 

dehydrohalogenation of, 703 

preparation of, 254-258 

INDO-MO, 723 

of allenic compounds, 172- 174 
of carbon suboxide, 175 
of deuterated allene, 173 
of fluoroallenes, 173 
of ketene, 174,175 
of ketene-d, and -d, , 175 
of ketene imines, 705, 706 
of ketene thioacetals, 676-678 
of methyleneketenes, 770 
of organometallic derivatives, 367, 

of silyl derivatives, 175 

allenes from, 460  

addition of, 352 

368 ,402  

Insects, 

Iodine isocyanate, 

Iodoallenes, 86 1, 862 
Iodosilver dibenzoate 

addition of, 352 
Ion cyclotron resonance, 190 

Iron carbonyl, 730 
Isatoic anhydride, 

Isocyanates, 198, 296, 297, 717, 726-728, 

Isodesrnic reactions, 9 
Isodihydrohistrionicotoxin, 46 1 
Isofucoxanthin, 456 
Isofucoxanthinol, 456 
Isomerism, 75-93 
Isomerization, 

base-catalysed, 
of monoalkynes, 425 

inversion, 79, 80, 81, 83 
of acetylenic alcohols, 193 
of allenes, 342-344 
of allenic alcohols, 193 
of diynes, 797 
of naturally occurring compounds, 194 
of organometallic derivatives, 398, 399 
of propadiene, 343 
of 1-propenylketene, 328 
rotation, 77, 78, 81, 84, 86, 89 ,90  
stereoisomerization, 77, 79-81 
t o  perfluoromethacryl fluoride, 242 

allene, 39 
CH,CS, 34 

conformational, 77, 83, 86-88, 

constitutional (structural), 76, 109- 112, 

diasteromers, 78, 114, 115, 117 
enantiomers, 76, 78, 104, 108, 11 1 
geometrical (cis-trans), 76, 78 
meso compounds, 78, 79, 117 
mixtures of, 110, 112 
permutation, 76, 105, 109, 110 
residual, 77 
stereoisomers, 76, 78 
torsional, 76 

Isonitriles, 7 17, 730 
Isopropenylketene, 76 7 
3-~sopropenyltropolone,~283 
N-Isopropyldichloroimine, 733 
Isopropylisonitrile, 733 
Isopropylketene, 293 
2-Isopropyl-5-methyltropone, 284 
Isopropyltropolones, 283 
Isoquinoline, 326 
Isoquinolinium salts, 509 
Isotetrahydrohistrionicotoxin, 46 1 
Isothiocyanates, 198, 728, 750 
Isothioureas, 725, 732, 751 
Isotope effects, 

thermal decomposition of, 257 

735 

Isomers, 

C,H,O, 31-34 

90-93, 126 

125 

intra- and inter-molecular, 417 
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kinetic secondary, 41 7 
Isoureas, 732 

cis-lasmone, 281 

Ketene, 
absorption spectra of, 172  
dimers of, 235-237, 335, 336 
dissociation of, 24, 29 
excited states of, 23-30 
ground state of, 18-23 
heterolytic elimination of, 215 
infrared spectra of, 174, 175 
preparation of, 240, 241 
photochemistry of, 24 
trapping of, 167 

Ketene acetals, 327 
addition of halogens to, 494 
hydrolysis of, 336-338 
polymerization of, 338 
reactions with, 338, 339 
rearrangement of, 338, 339 

decomposition of, 233-235 
Ketene acylals, 

Ketene alkyl trialkylsilyl acetals, 489-491 
Ketene bis(trialkylsily1) acetals, 491 ,492  
Ketene N-t-butylimines, 

pyrolysis of, 341 
Ketene dialkyl acetals, 488, 489 
Ketene imines, 265-267 

configurational stability of, 118 
carbon-13 n.m.r. spectra of, 706 
cation-radical mechanism of, 718 
cycloadditions of, 709-716 
dimerization of, 710, 71 1 
1,4-dipolar intermediate, 7 15 
electrophilic a-carbon of, 702, 707 
Friedel-Crafts alkylation, 709 
infrared spectra of, 705 
metal substituted, 704 
n.m.r. spectra of, 706 
nucleophilic addition to, 706- 709 
optical rotations of, 118 
oxidation of, 716-718 
preparation of, 703-705 
racemization of, 34 1 
reactions of, 341, 342, 706-718 
reaction with carbanions, 708 
reaction with carbenes, 709 
reaction with dienophiles, 715 
relative reactivities of, 707 
structure of, 702 
vibrational frequencies of, 64 

Ketene phosphoranes, 256 
Ketsnes, 

addition to ketene acetals, 504 
dimerization of, 33 1-334 

gas chromatography of, 185 
oxidation of, 329,330 
thermal decomposition of, 328, 329 

Ketene thioacetal monosulphonium salts, 
reaction with nucleophiles, 684,685 

Ketene thioacetal monosulphoxides, 
preparation of, 675,676 
reactions of, 683,684 

Ketene thioacetals, 
carbon-13 n.m.1. of, 676-678 
chemical properties of, 678-694 
cycloaddition with, 691-694 
general characteristics of, 676 
hydrolysis of, 336-338,690 
infrared spectra of, 676 
mass spectra of, 678 
metalated, 685-688 
n.m.r. spectra of, 677,678 
physical properties of, 676-678 
preparation of, 670-676 
reaction with electrophiles, 338,688,689 
reaction with nucleophiles, 679-682 
ultraviolet spectra of, 676 
a,p-unsaturated, 670 

0-Ketoallenes, 81 8 
Ketone acylals, 

Ketones, 497 
flash thermolysis of, 233 

allenic, 303 
decomposition of, 232, 233 
deuterated allenic, 427 
reactions with, 327 
a,p-unsaturated, 509 

As-3-Ketosteroid isomerase. 463 
Kinetic energy release, 198, 218 
Kinetics, 

Kovat’s retention indices 
field ionization, 190 

for allene, 183 

Laballenic acid, 453 
L-Laclate dehydrogenase, 473 
6-Lactol, 209 
Lactones, 205, 501 

Lamenallenic acid, 453 
Lead, 

Lead-substituted allenes, 846 
Lead tetraacetate, 353 
Lithiated allenes, 

intermediates in oxidation, 329 

organometalic derivatives of, 398-400 

carbon-13 n.m.r. of, 57 
spin-spin coupling constants of, 57  
structures of, 57, 74, 75 
vibrational frequencies of, 57 

Lithiocumulenes, 878 
3-Lithio-l-trimethylsilylpropyne, 39 1 
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Lithium, 
allenic derivatives of, 386-396 
propargylic derivatives of, 386-396 

Lithium aluminium hydride, 426 
Lithium chloropropargylides, 792 
Lithium dialkylcuprates, 790 
Lithium phenylethynolate, 400,401 
Lossen rearrangement, 742, 751 

Magnesium, 
allenic derivatives of, 365-386 
propargylic derivatives of, 365-386 

Magnetic nonequivalence, 84, 85 
Maleic anhydrides, 499 
Malonic acid, 748 
Malononitrile, 734 
Malonyl chlorides, 714, 746 
Marasin, 452 
Mass spectra, 

of diketene, 194 
of ketene, 194 
of ketene thioacetals, 6 76-6 78 

Matrix isolation, 224 
McLafferty rearrangement, 190 
Meldrum’s acid, 734, 764 

cycloalkylidene derivatives of, 774 
for methylene derivative, 766 

Mercaptans, 493 
Mercurinium ions 

bridged, 351 
Mesitylallene, 793 
Metalation, 

of acetylenic hydrocarbons, 388-392 
of allenic hydrocarbons, 388-392 

Metal complexes, 
of cumulenes, 70 

Metal ketenides, 405 
Metastable ion, 2 18 
Methoxyallene, 303 
Methoxyketene, 252 
1-Methox y-1-phenylallene, 

reduction of, 438  
1-Methoxy-1-phenylpropene, 438 
3-Methoxy-3-phenyl-l-propyne, 438 
Methox ypropadiene, 

Methoxy radicals, 

2-Methylbenzylideneketene, 233 
Methylbromoketene, 293 
3-Methyl-l-butyne, 437 
Methyl-2-butynoate, 

N-Meth yl-hr-carboethoxymethyl- 
carbodiimide, 729 

Methylchloroketene, 285, 289, 293, 
295,299 

metalation of, 393 

addition of, 347 

metalation of, 395 

ndex 975 

Methylcyanoketene, 23 8 
l-Methyl-l,2-~yclononadiene, 829 
2-Methylcyclopentadiene, 280 
N-Methyl-N’-dimethylaminocarbodiimide, 

3-M~th~lene-4-allenylcyclohexene, 795 
Methylenecarbenes, 773 
Methylenechloroalkanes, 295 
Methylenecyclobutanes, 289, 788 
3-Methylenecyclobutenes, 795 
Methylenecyclohexane, 289 
5-Methylene-2,2-dimethyl-l,3-dioxan4,6- 

729 

diones, 
pyrolysis of, 764 

Methylene diphosphoric acid, 744 
Methyleneketenes, 233, 7 5 7- 777 

cycloaddition reactions of, 758, 

decarbonylation of, 773, 774 
dimerization of, 771 
dipole moments of, 758, 770 
n-electron distributions of, 758 
from [ 3,3] rearrangement, 777 
infrared spectra of, 770 
properties of, 770 
reaction with nucleophiles, 771 
rearrangement to phenols, 776 

a-Methylene ketones, 
photolysis of, 760 

Methylene 0-lactones, 789 
Mediylenemalonic acid derivatives, 

pyrolysis of, 763-766 
Methylenephosphoranes, 782 
Methylene-2-vinylidenecyclobutane, 839 
Methylenevinylidenecyclohexane, 83 8 
Methylene-3-vinylidenecyclotridecane, 840 
Methylglycolic acid, 747 
5-Methyl-l,2-hexadien4-one, 43 8 
5-Methyl-2,3-hex atrienal. 8 72 
4-Methyl-1,2,3-hexatiene, 865 
Methylketene, 230, 243, 293 
3-Methyllumiflavin, 476 
5-Methyl-2-norbornene, 289 
4-Methyl-l,2,3-pentatriene, 865 
l-Methyl-l-phenyI-3-bromoallene, 435 
(-)-Methyl n-tetradeca-fruns-2,4 ,S-trienoate, 

l-Methylthio-3-methoxypropyn~, 
metalation of, 395 

Methylthiyl radicals, 
addition of, 347 

l-Methyl-l,4,4-triphenyl[ 31 cumulene, 869 
Methyl-1,5,5-tris(trimethY~s~Yl)-l,2,3,4- 

pentatraene, 867 
4-Methyltropolone, 283 
6-Methyl uracil, 209 
N-Methyl-N’-vinylcarbodiilnide, 729 

772,773 

460, 796 
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Meyer-Schuster rearrangement, 421 
Michael acceptor, 694 
Mimulax anthin, 45 7 

Mitochondrial monoamine oxidase, 476 
Molecular classes, 105 
Molecular ellipticity, 101 
Molecular skeletons, 107 
Molecular skeletons, 

symmetry of, 104 
Monoalkylketenes, 230, 243 

dimers of, 231 
Monoallylphospliate ester, 385 
Monochlorobutatriene, 880 
Monochloro-2-oxetanones, 294 
Monomethylthioketene, 269 
Mycomycin, 170,452, 796 

Naphthalenediazooxides, 
thermal decomposition of, 266 

Neighbuuring-group participation, in 
carboxylic acid esters, 
of allenes, 192 

MlNDO 1-SCF, 723 

Nemotin, 454 
Nemotinic acid, 454 
Neochrome, 456 
Neoxanthin, 456, 811, 839 
Nitrile oxides, 301 
Nitriles, 742 

alkylation of, 704 
allenic, 302 

Nitrilimines, 508 
Nitriloxides, 508 
Nitrogenease, 357 
Nitrogen-substituted allenes, 846-848 
Nitrones, 508, 713 

cyclic, 773 
p-Nitrophenyl isocyanate, 732 
Nitrosoarenes, 7 12 
Nitrosobenzene, 506 
N-Nitrosocarbamate, 787 
N-Nitrosourea, 787 
Nitrosyl chloride, 493 
Nitroxide, 215 
1,2-Nonedien-4-yne, 798 
Norbornadiene, 280 
Norbornene, 280 
Normethyldehydrojasmon, 796 
Nuclear magnetic resonance spectroscopy, 

of allenes, 177 
of cyclic allenes, 177 
of ketene, 178 
of ketene imines, 706 
of ketene thioacetals, 676-678 
of organometallic derivatives, 368, 

369,402 
N’ reaction, 683 

Index 

N’/E’ reaction, 681,685,688 
N4 /E’ reaction, 6 81,6 88 
N4 /E3 reaction, 6 8 1 
Nucleotide synthesis, 722, 743 

3,4-Octadiene, 782 
1,2,6,7-0ctapentaene, 805 
1,2,5,7-0ctatetraene, 808 
Odyssic acid, 454 
Odyssin, 454 
Olefination, 

Horner-Emmons, 672,673 
of metalated ketenes, 405 
Peterson, 671, 672 

exocyclic, 295 

conformational effects on, 125, 128, 

solvent effects on, 119, 125 

Olefins, 

Optical activity, 

129 ,138  

Optical purity, 119 
Optical rotations, 101 

ofallenes, 114,115, 117,120, 124 
of carbodiimides, 11 8 
of ketene imines, 1 18 
of pentatetraenes, 118 
quantum-mechanical theory of, 123 

absorption region, 101 
of allenes, 129, 130 
Rosenfeld equation, 102, 103 
quantum-mechanical theory of, 102, 103 
transparent region, 101 

n-Orbital densities, 
of allenes, 126, 127 

Orbital symmetry, 210 
Orders of reaction, 3 14 
Organoaluminium derivatives, 

preparation of, 366 
Organoboron derivatives, 

preparation of, 396, 397 
Organoheterocuprates, 79 1 
Organollithium derivatives, 784 

preparation of, 386 
reaction with metalated ketenes, 403 

Organomagnesium derivatives, 
preparation of, 365, 366 

Organomercury radicals, 
adsorbed, 436 
disproportion of, 435 
reduction of, 435 

action of, 

Optical rotatory dispersion, 140, 144 

Organometallic derivatives, 

amides, 383 
amines, 370,403 
carbonyl compounds, 372-380, 

387, 397 
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epoxides, 372, 387 
esters, 382, 387 
orthoesters, 383 
Schiff bases, 381, 382 
orunsaturated compounds, 380 

alkylation of, 37 1 
carbonation of, 383 
coupling with oxygen, 385 
from pacetylenic bromides, 381 
halogen substitution of, 371 
hydrolysis of, 370, 386,403 
infrared spectra of, 367, 368,402 
n.m.r. spectra of, 368, 369,402 
of allenic structure, 381 
of group IVb elements, 398-400, 

of ketenes, 400-405 
reaction with propargylic derivatives, 

structure of, 367-370, 402 
Organozinc derivatives, 

preparation of, 366 
L-Omithine decarboxylase, 470 
‘Ortho’ effects, 200, 203, 204 
Orthophosphoric acid, 744 
3-0xacyclanones. 302 
Oxadiazines, 740 
Oxadiazolidines, 738 
Oxalyl chloride, 746 
1,2-0xazetidines, 71 1 
1,3-0xazine-2,4-diones, 297 
Oxazines, 740, 748 
Oxaziridines, 713, 749 
Oxazole ethers, 514 
Oxazolidines, 747, 749 
Oxazolines, 713, 747 
Oxetanes, 710 
Oxetanone, 

2-Oxetanones, 292-295,297,298 

Oxidation, 

401-405 

542- 548 

photolysis of, 236 

dimers of, 291 

ketene imine/DMSO, 

kinetics of, 329, 330 
of allenes, 166, 354-356,432 
of ketene imines, 716-718 

of alcohols, 341 

Oxidative cyclization, 576-582 
Oximes, 493, 742 
Oxindoles, 71 3 
Oxirene, 

as intermediate, 31-33 
ionized, 2 17 

8-0xoheptafulvene, 287, 291 
l,S-cc-Oxotetrametaphosphate, 744 
Oxygen, 

coupling with organometallics, 385 

(3p) atoms, 329 
singlet, 330, 495, 717 
with copper(I1) chloride, 718 

Oxygen-substituted allenes, 849-851 
Oxygen transfer, 192 
Ox ymercuration, 

of allenes, 351,352 
of cyclodeca-1,2,5,8-tetraene, 422 

of trialkylsilylketene, 405 

reaction with allene, 355 
reaction with ketene imines, 341 

Ozonation, 

Ozone, 330,495,717, 735 

[ 2,2] Paracyclophane, 803 
Pargyline, 476 
Partition diagrams, 107,108 
Peak-shape analysis, 2 1 1 
Penicilline-B-methyl ester, 197 
1,2-Pentadiene-4-yne, 797 
1,2-Pentadien-Q-one, 438 
Penta-2,3-dienoyl-CoA, 463 
1,3-Pentadiyne, 867 
Pentamethyleneketene, 290 
Pentatetraenes, 

magnetic nonequivalence of, 85 
optical rotations of, 118 

I-Pentene, 280 
2-Pentyl-2-cyclopentenone, 300 
n-Pentylketene, 287 
Peptide synthesis, 722, 743 
Peracids, 

reaction with, 
allene, 356 
ketene imines, 34 1 

Perchloroallene, 298, 857 
Perchlorobutatriene, 8 7 7, 880 
Perdeuteroketene, 3 36 
Perfluoro-l,2-butadiene, 855 
Perfluorocyclobutanone, 357 
Perfluoro-2,4-diazapenta- 1 ,4-diene, 7 3 0 
Perfluoromethacrylyl fluoride, 24 2 
Perfluoro-3-methyl- 1 ,Zbutadiene, 856 
Perfluoro-1 ,Zpentadiene, 857 
Pericyclic reactions, 582-640 
Peridinin, 457 
Peroxy acids, 716 
PeIoxy radicals, 330 
Peterson olefination, 671,672 
Phenanthrenequinone, 294 
Phenols, 493 
Phenoxyketene, 252,293 
Phenoxymethylketene, 252 
Phenylacetylene, 289 
Phenylalanine, 750 
Phenylallenes, 445,811 

hydrohalogenation of, 350,422 
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2-Phenylbenzoxathian4-one, 749 
l-Phenyl-3,3-biphenylallene, 8 10 
N-Phenylbis(trifluoromethy1)ketene 

Phenylbromoacetylene, 749 
Phenyl(bromodichloromethyl)mercury, 733 
Phenylbromoketene, 25 1 
1-Phenylbutan-1-01, 447 
l-Phenyl-2-buten-l-o1,447 
l-Phenyl-2-buten-l-one, 447 
l-Phenyl-2-butyn-l-one, 446 
Phenylcarbodiimide, 723 
Phenylchloroketene, 251, 299 
Phenylcyanoketene, 238,258 
2-Phenylcyclobutanone, 282 
3-Phenylcyclobutanone, 282 
rruns-l-Phenyl-2-cyclobutylethane, 444 
rruns- 1 -Phenyl-2-cy clo bu tylethene, 443 
1-Phenylcyclohexene, 443 
3-Phenylcyclohexene, 443,444 
l-Phenyl-4-cyclohexyl-2-butyn-l-one, 446 
Phenylethylketene, 282 
l-Phenyl-2,3-hexadiene, 435,440-442 
fruns- 1 -Phenyl- 1,5-hex adiene, 44 3 
1-Phenylhexane, 44 1-443 
1-Phenyl-1-hexene, 435,441-443 
l-Phenyl-2-hexene, 435,44 1-443 
1-Phenyl-1-hexyne, 440-442 
Phenylhydrazones, 749,750 
N-Phenyliminotriphenylphosphorane, 733 
Phenyl isocyanate, 198,506, 726 
Phenyl isothiocyanate, 297, 506 
Phenylketene, 

Phenylmercury bromide, 733 
Phenylnaphthalene-2,3-dicarboxylic acid 

anhydrides, 751 
l-Phenyl-2-nonyn-l-one, 446 
a-Phenylpropargyl alcohol, 747 
Phenyl propiolate, 

pyrolysis of, 762 
1-Phenylpropyne, 

dimetalation of, 425 
a-Phenylsulphinyl+-toluic acid, 749 
3-Phenylthiophthalide, 749 
Phenyltrimethylsilylketene, 282 
Phosphine oxides, 726, 727 
Phosphinimide, 727 
Phosphinimines, 704 
Phospholene-1-oxides, 

as catalysts, 726 
Phosphonate method, 818 
Phosphoramides, 848 
Phosphoranes, 

of ketenes, 256 
Phosphoranylideneketenes, 

preparation of, 267-269 

imine, 506 

hydrolysis of, 314 

Index 

Phosphoranylidenethioketenes, 267 
Phosphorus acids, 493 
Phosphorus pentoxide, 726 
Phosphorus-substituted allenes, 848 
Phosphorus ylides, 405 
Phosphorylation reactions, 722 
Photochemical reactions, 

of cyclobutanones, 205 
Photochemical rearrangements, 650-657 
Photochemistry, 

of ketene, 23 
Photolysis, 236, 252, 258, 259, 264, 270 
Phthalimidoketenes, 

p-Pinene, 289 
4-Piperidinone, 301 
Plants, 

allenes from 453-460 
Plasma monoamine oxidase, 478 
Pleiadiene-7,8-dione, 2 8 3 
Polarity, 

of bonds, 123,136 
Polarization functions, 5 
Polymerization, 

Wolff rearrangement to, 252 

of ketene acetals, 338 
kinetics of, 331-336 

Polymetalation, 390 
Polymethylene ketenes, 289 
Polyvinyl alcohol, 744 
Propadienyl sulphoniur. saltr, 880 
1,3-Propanediol, 748 
rruns-Propanols, 303 
Propargyl-allenyl rearrangement, 423-425 
Propargylamine, 478 
Propargyl g!ycine, 466 
Propargyl halides, 

Propargylic ethers, 

Propargylic rearrangements, 5 22-559, 

Propargylmagnesium bromide, 369 
Propyne, 21 1 
2-Propynyl sulphinates, 791 
Propl-ynyl p-tolyl sulphone, 440 
PropZynyl p-tolyl sulphone, 440 
Prostaglandin synthesis, 281 
Protonation, 

gas-phase, 

reduction of, 426 

metalation of, 393 

783, 863 

of allene, 348 
Prototropic rearrangements, 522-533, 783 
Pulvinic acid, 21 3 
Pumiliotoxin, 

allenic, 46 1 
Pummerer-type rearrangement, 749 
‘Push-pull’ allenes, 837, 850 
‘Push-pull’ systems, 878 
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2-Pyridones, 301 
Pyridoxal-linked enzymes, 4 6 6 4  72 
Pyrolysis, 232, 265, 269, 270 
Pyrones, 209, 213, 287, 296 

irradiation of, 261 
3-Pyrrolidinones, 30 1 

Quinazolines, 715 
Quinolines, 7 15 
Quinones, 294,499 

Racemization, 
of dialkylallenes, 344 
of 2,4-dichlor~3-phenylcyclobutenone, 

263 
Racemization barrier, 

[6]  Radialene, 839 
Radical addition, 

to allenes, 344-347 
Radical chlorination, 

of allenes, 346 
Rearrangements, 

acid-catalysed, 56 1-564 
allene-diene, 559-561 
anionotropic, 5 3 5-550 
carbene, 229, 247 
dienol-benzene, 637,638 
dienone-phenol, 637,638, 810 
intramolecular, 

of acetylenes, 783 
multiple hydrogen, 201 
multistep, 206, 21 1-218 
photochemical, 650-657 
propargyl-allenyl, 423-425,631-637 
propargylic, 522-559,791,863 
pho totropic, 5 22- 53 3 
sigmatropic, 590-640 

of ketene imines, 341,702 

[2,3], 594-603, 708, 817, 821 
of a-allenic alcohols, 344 
of a-allenica-ethylenic alcohols, 344 

silapropynylic, 593, 594 
viny Icy clopropy lidene-cy clopentadiene, 

with ‘propargylic’ organometallics, 

see also Claisen, Cope etc. 

of &,a-dichlorocyclobutanones, 281 

787 

550-559 

Reduction, 

Regiospecific reactions, 281 
Reversibility , 

Ring-cleavage reactions, 788 
Ring conjunction, 

Ring contraction, 

in organometallic reactions, 376 

stereochemistry of, 210 

of a-halocyclobutanones, 284 
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Ring strain, 

Rosenfeld equation, 102, 103 
Rotation, 

in cyclic allenes, 57 

around double bonds, 77, 81 
around single bonds, 84, 86, 89, 90 
barriers to, 77,78, 160 

Rotatory strength, 103, 134, 136, 143, 
147, 148 

Salicyclic acid, 748 
Salicyloyl chloride, 

thermal decomposition of, 257 
Saucy-Marbert reaction, 783, 85 1 

Scrambling, 
hydrogen and carbon, 193 

9,1 O-Secocholesta-5(10),6,7-trienes, 796 
Secosteroids, 

Sector rules, 136 
Selenium-substituted allenes, 854 
Selenophosphoric acid, 324 
Selenoureas, 216, 731 
Semicarbazone, 203 
Shrinkage effect, 65 
Sigmatropic rearrangements, 344, 590-640 

Silapropynylic rearrangement, 593,594 
Silicon, 

SCF-LCAO, 723 

acetylenic, 464 

[2,3], 594-603,708,817,821 

organometallic derivatives of, 398-400, 
401-405 

Silicon-substituted allenes, 844, 845 
Silylketenes, 238 

Singlet state, 710 

ketene in, 329 

in addition of alcohols, 316 
on optical activity, 119, 125 

Spin-spin coupling constants, 
of allenes, 50 ,58 ,63  
of ketenes, 63 
of lithiated allenes, 57 

preparation of, 253, 254 

Smog, 

Solvent effects, 

Spirobicyclo[ 3,2,0] heptane-6,7‘-cyclo- 
hexatrieneones, 29 1 

Spiro compounds, 289-291 
Spiro dioxides, 

Spiro[ 3,nJ ketones, 289 
Spiro[ 3,3] ketones, 289 
Spiro[ 3,5] ketones, 289, 290 
Spiro[3,5] nonanone, 289 
Spiro-l,2,4-oxadiazole, 738 
Stannylketenes, 238 

preparation of, 253,254 

in oxidation of allenes, 356 
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S tereochemistry , Tetrakis (t-butyl)hexapentaene, 867 
Tetrakis(trifluoromethyl)butatriene, 880 

Tetralithiopropargylide, 390 

of organometallic reactions, 377, 

of ring conjunction, 210 
381,382 Tctrakis(trimethylsilyl)allene, 844 

Steroid olefins, 280 Tetralithiosesquiaacetylene, 390 
Stigmasta-5,24(28), 28-trien-3p-01, 481 Tetramethoxyallene, 850 
Structural effects, Tetramethylallene, 290,299,347 

in addition of alcohols, 315 
in addition of aniline, 325 
in reaction with anthranilic acid, 326 

ra, ro,  rs and rz,  48,49  
theoretical, 71-75 Tetraphenylallene, 298,432,433,811 

Tetramethylbutatriene, 865 
2,2,4,4 -Te t ramethyl- 1,3-cyclo b u tanedione , 

29 8 
Structures, Tetramethylcyclobu tanedithione, 

flash thermolysis of, 270 

Styrene, 280 Tetraphenylallene dianion, 433 
S N ~ / E ,  reaction, 782 
Substituent effects, Tetraphenyallyl radical, 433 

Tetraphenylallyl anion, 432,433 

1,1,4,4-Tetraphenyl-l ,Zbutadiene, 447 
1,1,4,4-Tetrapheny1-1,3-butadiene, 448 
1,1,4,4-Tetraphenylbutane, 447,448 

in addition of alcohols, 3 15 
in phenylketene hydrolysis, 314 

Sulphenes, 506, 5 11 
Sulphenyl halides, Tetraphenylbutatriene, 447-449,863 

Sulphinamides, 743 
Sulphinates, 743 1,1,4,4-Tetraphenyl-2-butyne. 447 
N-Sulphinylamines, 297, 728 1,4,7 ,lo-Tetraphenylcyclododeca- 
N-Sulphinylaniline, 297, 730 
N-Sulphinyl sulphonamides, 736 1,1,4,4-Tetraphenyl-2,3dibromo- 
Sulphones, 1,3-butadiene, 449 

allenic, 440 1,1,6,6-Tetraphenyl-3,4-dibromo- 
Sulphonic acid, 493 1,2,4,5-hexatetraene, 803 
Sulphonium salts, 1,1,4,4-Tetrapheny1-2,3-dichloro- 

Sulphonium ylids, 853 
Sulphonyl halides, 1,1,3,3-Tetraphenylpropane. 434 

Sulphur dihnides, 297, 7 13 
Sulphur-substituted allenes, 85 1-854 
Symmetry, Thermochemktry, 1 5 5  

addition of, 351 1,1,4,4-Tetraphenyl-l-butene, 447,448 
1,1,4,4-Te tr ap hen yl-2-bu tene , 4  4 I ,  44 8 

1,2,3,7,8,9-hex ane, 8 7 3 

allenic, 302 1,3butadiene, 449 
Tetraphenylpentatetraeno, 8 63 

addition of, 347 1,1,3,3-Tetraphenylpropene, 433,444 
Tetra(2-pyridyl)butatriene, 869 
Tetrazoles, 728,729 

site, 106 Thermodynamic properties, 155 
of allenes, 162 

Telluricm-substituted allenes, 854 of ketenes, 163 
Tetraalkyl-l,3-~yclobutanediones, 292 Thiadiazole, 270 
Tetrabromoallene, 860 1,2,3-Thiadiazoles, 
3,11,14,22-Tetra-t-bu tyldideh ydro [ 22 ] - 

annulene, 875 Thiadiazetidines, 737 
Tetra-f-butylhexapentaenc, 836 Thiadiazines, 740 
Tetrachlorocyclobutenone, Thiadiazolidines, 739 

irradiation of, 262 Thiazetidines, 737 
Tetracyanothylene, 503 Thietanes, 7 11 
Tetracyclo[4,2,0,02 r4 ,03,’ ] oct-7-ene, 281 
Tetracyclopropylbutatricne, 868 

1,1,4,4-Tetrafluorobutatriene, 880 Thioacetal monosulphox ides, 
Tetrahydro[ 181 annulene dione, 449 
4-(Tetrahydro-2-pyranyloxy)- l-hydroxy- Thioacetals, 

1,1,3,3-Tctrakis(alkylthio)allenes, 852 Thioacylketenes, 
Tetrakis-t-butylallene, 792 preparation of, 254-258 

flash thermolysis of, 270 

Thioacetal monosulphonium salts, 
see Ketene thioacetal monosulphonium 

Tetradehydro[ 181 annulenes, 874 Salts 

see Ketene thioacetal monosulphoxides 

2-butyne, 300 see Ketene thioacetals 
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N-Trimeth ylsilyl-lcyanoformamidine, 732 
Trimeth ylsilylcyclopntadiene, 280 
Trimethylsilyl esters, 

flash thermolysis of, 2 35 
Trimethylsilylketene, 282 
Trimethylsilylthioketenes, 269 
1,1,3-Triphenyldene, 8 10 
Triphenylcyclopropenyliunl ion, 497 
Triphenylguanidine, 749 
Triphenylketene imine, 733 
Triphenylphosphine, 725 
Triphenylphosphine dibromide, 704 
Triphenyltinallene, 846 
Triplet state, 710 
1.1,3-Tris(alkylthio)alienes, 85 1 
Trolliflor, 457 
Trollmanthin, 457 
Tropolones, 283,284 
Tropones, 283,284 
Tryptophan synthetase, 480 

Thioalkyiketenes, 

Thiocarbohydrazide, 747 
Thiocyanates, 

Thioethers, 

Thioketenes, 

preparation of, 251-253 

addition of, 347 

metalation of, 392 

mass spectra of, 196 
preparation of, 269-271 

Thioketones, 384 
p-Thiolactams, 206 
Thiols, 

Thiophenol. 751 
Thiophosphoric acid, 325 
Thio-cr-pyrones, 296 
Thiosemicarbazone, 20 3 
Thiotriazepine, 714 
Thioureans, 724-726,731 
Thymine, 209 
Tin, 

addition to ketenes, 320, 321 

organometallic derivatives of, 336, 
398-400,401-405,846 

p-Toluenesulphonyl chloride, 7 26 
o-Tolylmethyleneketene, 7 7 6 
p-Tolylsulphinate, 440 
Transition metal chelates, 320 
Trapping, 

1,1,3-Trialkylallenes, 790 
N,N,N’-Trialkylcarbodiimidium tetrafluoro- 

borate, 743 
Trialkyl-l,3cyclobutanediones, 292 
Trialkylsilane, 732 
N-Trialky Isilylformamidine, 7 3 2 
T-iazines, 740,741,749,716 
Triazoles, 713,740,747 
Trichloroallene, 85 7 
Trichloroisocyanuric acid, 725 
Trichlorometh yltripheny Iphosphonium 

1,1,4-Trichloro-1,2,3-pentatriene, 880 
2,4,5 -Trienamides, 79 6 
1,2,4-Triened-ynes, 794 
Triethylamine, 704 
4,4,4-Trifluoro-l,2-butadienyl unit, 857 
Trifluoromethylfluoroketene, 25 1 
Trinuoromethylketenes, 260 
Trifluoromethylmalonyl fluoride, 

Trimetalphosphate anion, 

Trimethylammonium acetate, 732 
Trimethylammonium p-nitroacetanilide, 732 
Trimeth ylgexm ylketene, 2 S 2 
Trimethylsilyl cyanide, 732 

of ketene, 167 

chloride, 7 26 

dehydrohalogenation of, 260 

cyclic, 744 

Ultraviolet spectrum, vacuum, 
of allenes, 169 

‘Umpolung’, 670,679 
Uracil, 209 
Ureas, 203,726,731,744 
Uridine, 340 
Uridine-5’-phosphate, 340 

Vau cheriaxanthin, 45 7 
Vey logue compounds, 

metalation of, 686 
Vibrational frequencies, 

of allenes, 56,64 
of ketene imines. 64 
of ketenes, 64 
of lithiated allenes, 5 7 

Vibrations, 
C-H stretching, 5 8 

Vinylallenes, 300,793-796 
Vinylallenynols, 798 
Vinylidene carbonates, 507 
Vinylidenecyclobutanes, 835,836 
5-Vinylidenecycloheptene, 840 
Vinylidenecyclohexanes, 837-840 
3-VinylidenecyclohexeneI 794 
Vinylidenecyclopentanes, 836,837 
4-Vinylidenecyclopentene, 836 
Vin ylidenec yclopropanes, 83 3 - 83 5 
Vinylidenephosphoranes, 782 
Vinylketene acetals, 513-515 
Vinylketenes, 209,237,287,295,765,772 

preparation of, 260-266 

Water, 
addition to ketenes, 311-314 
gas-phase reaction, 312 
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reaction with ketene acetals, 493 Ylide, 
Wittig reaction, 782, 810,818 
Wittig reagents, 808 Ynamines, 289 
Wolff rearrangement, 

addition to methyleneketene, 767 

of 5-acyl-3,3dlimethyl-3H-pyrazoles, 262 

of adiazocarbonyl compounds, 227-229, 

to alkoxycarbonylketenes, 252 
to phthalimidoketenes, 252 

Zakharova reaction, 792, 867 
of azilbenzil, 246 zinc, 

allenic derivatives of, 365-386 
245,246 propargylic derivatives of, 365-386 
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